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100th anniversary of AGN jets 

“A curious straight ray” in M87 which was 
“apparently connected with the nucleus 
by a thin line of matter” (Curtis 1918).
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cm-VLBI observations 
• Moving shocks (Marscher & Gear 1985) 
• MOJAVE & BU monitorings: 

• Collimated conical jets (Pushkarev+ 2017) 
• Γ~10, θ≲10 
• Kinetic-flux dominated 

• Disk-jet connection. VLBI core may correspond 
to a recollimation shock located ~pc away from 
the central BH (Marscher+ 2002, Chatterjee+ 
2011, Casadio+2015, Fromm+2015). 

• Crossing of components through mm-VLBI core 
may trigger high energy flares (Marscher+2010)
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Jet formation 
• Helical magnetic fields, either anchored in the 

black hole (Blandford & Znajek 1977) or 
accretion disk (Blandford & Payne 1982), 
launch, accelerate, and collimate the jets.

Different types of jet launching models 

BH launched 

narrow jet 

BZ-type 

disk launched 

wider jet 

BP-type 

BH + disk launched 

stratified  jet 

combined BP+BZ 
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Jet formation 
• Helical magnetic fields, either anchored in the 

black hole (Blandford & Znajek 1977) or 
accretion disk (Blandford & Payne 1982), 
launch, accelerate, and collimate the jets. 

• GRMHD simulations of a fast spinning black 
hole (a=0.99) are now capable of reproducing the 
jet launching in magnetically arrested disks 
(MAD) with an efficiency > 100% (extracting 
spin energy from the black hole).

Tchekhovskoy et al. (2011)
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Magnetic field structure at pc-scales 
• Low lineal polarization (m≲15%) suggests 

partially tangled field. But, there are some 
indications of large scale ordered (helical) field. 

• Faraday rotation produces a rotation of the 
observed polarization                            , where 

                      

It is therefore possible to determine the 3D 
structure of the magnetic field in AGN jets 
t h rough mul t i - f r equency po la r ime t r i c 
observations.

Magnetic launching

Poynting-flux
Acc. & collimation Kinetically dominated

χ = χ0 + RMλ2

RM = 812∫ n eB∥dl

B pointing away

B towards
the observer

A helical magnetic field would lead to a gradient in 
RM across the jet width (Laing 1981) and a point-
symmetric structure around the core (Porth+2011).



Accretion disk
(X-rays) JetSuperluminal

knot

cm-VLBI

VLBI core

Radio (cm)mmIROptical

BLR clouds

101Rs 102 103 104 105 106 107
pc 10−4 10−3 10−2 10−1 101 102 103

Magnetic field structure at pc-scales 
• Low lineal polarization (m≲15%) suggests 

partially tangled field. But, there are some 
indications of large scale ordered (helical) field. 

• Faraday rotation produces a rotation of the 
observed polarization                            , where 

                      

It is therefore possible to determine the 3D 
structure of the magnetic field in AGN jets 
t h rough mul t i - f r equency po la r ime t r i c 
observations.

Magnetic launching

Poynting-flux
Acc. & collimation Kinetically dominated

χ = χ0 + RMλ2

RM = 812∫ n eB∥dl

Asada+ (2002)

See talk 
and poster 

by 
Knuettel & 
Gabuzda 
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Magnetic field in collimation zone 
• MWL observations of BL Lac revealed 

rapid optical polarization rotation 
associated with the motion of a 
component through a helical magnetic 
field in the acceleration and collimation 
zone (Marscher+2008)
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LETTERS

The inner jet of an active galactic nucleus as revealed
by a radio-to-c-ray outburst
Alan P. Marscher1, Svetlana G. Jorstad1,2 , Francesca D. D’Arcangelo1, Paul S. Smith3 , G. Grant Williams4 ,
Valeri M. Larionov2 , Haruki Oh1{, Alice R. Olmstead1, Margo F. Aller5 , Hugh D. Aller5 , Ian M. McHardy6,
Anne Lähteenmäki7, Merja Tornikoski7, Esko Valtaoja8,9, Vladimir A. Hagen-Thorn2 , Eugenia N. Kopatskaya2 ,
Walter K. Gear10, Gino Tosti11, Omar Kurtanidze12 , Maria Nikolashvili12 , Lorand Sigua12 , H. Richard Miller13

& Wesley T. Ryle13

Blazars are the most extreme active galactic nuclei. They possess
oppositely directed plasma jets emanating at near light speeds
from accreting supermassive black holes. According to theoretical
models, such jets are propelled by magnetic fields twisted by dif-
ferential rotation of the black hole’s accretion disk or inertial-
frame-dragging ergosphere1–3. The flow velocity increases outward
along the jet in an acceleration and collimation zone containing a
coiled magnetic field4,5. Detailed observations of outbursts of elec-
tromagnetic radiation, for which blazars are famous, can poten-
tially probe the zone. It has hitherto not been possible to either
specify the location of the outbursts or verify the general picture of
jet formation. Here we report sequences of high-resolution radio
images and optical polarization measurements of the blazar BL
Lacertae. The data reveal a bright feature in the jet that causes a

double flare of radiation from optical frequencies to TeV c-ray
energies, as well as a delayed outburst at radio wavelengths. We
conclude that the event starts in a region with a helical magnetic
field that we identify with the acceleration and collimation zone
predicted by the theories. The feature brightens again when it
crosses a standing shock wave corresponding to the bright ‘core’
seen on the images.

The jet of BL Lac (Fig. 1) approaches us within 6–10u of our line of
sight at a flow speed of 0.981–0.994 c (where c is the speed of light),
corresponding to a Lorentz factor of 7.0 6 1.8 (ref. 6). Relativistic
aberration and the Doppler effect strongly beam the radiation, result-
ing in the apparent luminosity being hundreds of times higher than it
would be if the emitting plasma were at rest. An essentially identical
counterjet is presumably present, but too faint to detect because of

1Institute for Astrophysical Research, Boston University, 725 Commonwealth Avenue, Boston, Massachusetts 02215, USA. 2Astronomical Institute of St Petersburg State University,
Universitetskij Prospect 28, Petrodvorets, 198504 St Petersburg, Russia. 3Steward Observatory, 4MMT Observatory, University of Arizona, Tucson, Arizona 85721-0065, USA.
5Astronomy Department, University of Michigan, 830 Dennison Building, Ann Arbor, Michigan 48109-1090, USA. 6Department of Physics and Astronomy, University of
Southampton, Highfield, Southampton SO17 1BJ, UK. 7Metsähovi Radio Observatory, Helsinki University of Technology TKK, Metsähovintie 114, 02540 Kylmälä, Finland. 8Tuorla
Observatory Väisäläntie 20, 21500 Piikkiö, Finland. 9Department of Physics, University of Turku, 20014 Turku, Finland. 10School of Physics and Astronomy, Cardiff University, Cardiff
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Figure 1 | Sequence of Very Long Baseline Array images of BL Lac at a
wavelength of 7 mm (and a frequency of 43 GHz). The images are
convolved with a circular gaussian function (shown in the bottom-left
corner) that has a full width at half maximum of 0.1 mas, the resolution of
the longest baselines of the array, which corresponds to 0.12 pc at the
distance of 291 Mpc derived from the redshift, z 5 0.069, and the Hubble
Law with an assumed slope of H0 5 72 km s21 Mpc21 (ref. 22). The vertical
axis shows angular distance relative to the core. The contours indicate total
flux intensity, starting at 0.023 Janskys (Jy) per beam
(1 Jy 5 10223 erg s21 cm22 Hz21) and increasing in factors of two. The

colour scale represents polarized intensity, and peaks (yellow) at 0.215 Jy per
beam. The yellow line segments indicate the electric vector position angle
(EVPA) of the polarization, which has an uncertainty of 67u in each image.
The EVPA has been rotated by 16u in the clockwise direction to compensate
for Faraday rotation; see the Supplementary Information. The approximate
path of the centroid of the knot, the definition of which includes a point from
an image obtained on 12 March 2006 in addition to those shown, is given by
the slanted red line. The knot’s observed proper motion of 1.2 mas yr21 is
equivalent to an apparent speed of 5.0c after correction for time dilation due
to cosmological redshift.
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beaming in the opposite direction. The stationary core lies at the
northern end of the visible jet. Bright ‘knots’ emerge from the core
at a rate of 1–2 per year and move south at apparent superluminal
speeds, an illusion caused by their relativistic motion6.

The radio, optical, and X-ray light curves in Fig. 2 indicate a double
flare in late 2005. The highly significant detection7 of .0.2 TeV c-rays
from 2005.819 to 2005.831 during the first X-ray flare implies that
acceleration of electrons with sub-TeV energies was particularly effi-
cient at this time. These electrons can both produce X-rays from
synchrotron radiation and scatter the X-ray photons to GeV c-ray
energies that are boosted to the TeV range by relativistic motion of
the jet plasma. The location of such flares has been controversial:
some observations8,9 indicate that they occur downstream of the core,
whereas most theoretical models require that they take place well
upstream of this region, where the plasma is more compact. As we
explain below, our data indicate that the first flare in late 2005 corre-
sponds to a disturbance passing through the zone upstream of the
core, where the jet flow is still accelerating, and that the second occurs
as the disturbance crosses a standing shock system in the core.

The identification of the location of the initial flare within the
acceleration and collimation zone is significant, since previous obser-
vations of jet collimation are quite limited. For example, an image10 at
7-mm wavelength of the radio galaxy M87 appears to reveal an ini-
tially broad outflow that narrows into a nearly cylindrical jet. This is
consistent with gradual collimation by either a toroidal magnetic
field4 or external confining gas pressure that decreases with distance
from the black hole11. The flow seen in M87 could include a ‘sheath’
that moves more slowly and is less focused than the ‘spine’12. In the

case of BL Lac, the high apparent superluminal motions of bright
knots in the jet and the pronounced variability at all wavelengths
imply that the observed radiation arises exclusively from the spine,
where special relativistic effects dominate.

The primary observational indicator of magnetic collimation
requiring a coiled magnetic field in the spine of the jet is the evolution
of the polarization. When observed at an angle to its axis, synchro-
tron radiation from a circularly symmetric jet with a helical field
displays a net polarization oriented either parallel or perpendicular
to the projected jet axis13. Such parallel and perpendicular polariza-
tions can be confused with shock waves and velocity shear, respec-
tively, which can produce the same polarization patterns. However,
in a model where magnetic forces gradually accelerate and focus the
jet, the flow velocity is directed along streamlines that follow a helical
trajectory with a different, wider, pitch angle than that of the mag-
netic field5. The rotation of the flow can be traced back to the base of
the jet in the orbiting accretion disk or differentially rotating ergo-
sphere, where the spin of the black hole drags the inertial frames. A
shock wave or other compressive feature propagating down the jet
traces a spiral path that follows a streamline and cycles through the
orientations of the helical field (see Fig. 3 and ref. 5). This should
manifest itself as a rotation of the position angle of linear polarization
as the feature moves outward. The degree of polarization should drop
to a minimum in the middle of the rotation, when the mean magnetic
field in the flaring region is transverse to that of the previously exist-
ing emission14. As Fig. 2g, h demonstrates, we see both effects.

The optical EVPA shown in Fig. 2g rotates steadily by about 240u
over a five-day interval before settling at a value of ,195u. The
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Figure 2 | Flux density at various wavebands and optical polarization of BL
Lac, as functions of time. a–d, Dependence on time of the flux of radiation
from BL Lac over a two-year interval at the indicated wavebands. The X-ray
measurements in a are of photon energy flux F integrated over photon
energies of 2–10 keV. Error bars represent 61 s.d. uncertainties in the values
plotted. The exponent of the power-law dependence of X-ray flux density on
frequency is denoted by 2ax. e–h, Enlargements of the 0.25-yr time interval
marked by vertical dotted lines in panels a–d, but with optical R-band EVPA
(g) and degree of polarization P (h) respectively replacing X-ray spectral
index (b) and radio flux density (d) (whereas e and f respectively show the
magnified intervals in a and c). Error bars represent 61 s.d. The interval of
highly significant detections7 at photon energies .0.2 TeV is indicated by
the width of the head of the arrow in e. The rotation in optical R-band EVPA
near the time of the peak of the first optical and X-ray flare is apparent.
Because there is an ambiguity of 6180u in the value of the EVPA, we have
selected the quadrant of each value that provides a consistent overall trend of

rotation between 2005.81 and 2005.83. The solid curve in g corresponds to
the pattern predicted by the model shown in Fig. 3 when relativistic
aberration is included. The vertical arrow (with error bar) in h indicates the
time at which the superluminal knot is coincident with the stationary core
seen in the images displayed in Fig. 1. Optical polarimetric data were
obtained from Steward Observatory and the Crimean Astrophysical
Observatory. Optical flux density points were obtained from photometry at
these two sites plus Lowell Observatory, Perugia University Astronomical
Observatory and the Abastumani Astrophysical Observatory. All of the
optical telescopes are equipped with charge-coupled-device cameras.
Measurements of X-ray flux and the continuum spectrum were obtained
from a monitoring program with the NASA Rossi X-ray Timing Explorer.
Measurements of radio flux density were obtained from the University of
Michigan Radio Astronomy Observatory and the Metsähovi Radio
Observatory. Descriptions of telescopes and data analysis are available in the
Supplementary Information.
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Marscher et al. (2008)

BL Lac



Accretion disk
(X-rays) JetSuperluminal

knot

cm-VLBI

VLBI core

Radio (cm)mmIROptical

BLR clouds

101Rs 102 103 104 105 106 107
pc 10−4 10−3 10−2 10−1 101 102 103

Magnetic field in collimation zone 
• MWL observations of BL Lac revealed 

rapid optical polarization rotation 
associated with the motion of a 
component through a helical magnetic 
field in the acceleration and collimation 
zone (Marscher+2008) 

• Further evidence found in observations of 
3C454.3 (Zamaninasab+ 2013), BL Lac 
(Gómez+ 2016), CTA102 (Casadio in 
prep.) and M87 (Walker+ 2018)
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The  polarization  structure  is 
consistent with the existence of a 
helical magnetic field threading the 
jet (Gómez+ 2016).

BL Lac RadioAstron observations of BL Lac

Gómez et al. (2016)
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Carolina Casadio et al.: CTA 102 from High Resolution mm-VLBI

Fig. 4. Faraday Rotation image using the 43 and 86 GHz stacked im-
ages. Colors show the rotation measure and black sticks the intrinsic
(Faraday-corrected) EVPAs. The restoring beam and contours are the
same as in Fig. 3.

The RM gradient, the change of sign, and the peculiar ori-
entation of intrinsic EVPAs resemble the situation in BL Lacer-
tae, as recently found by Gómez et al. (2016). The authors, who
performed the Faraday rotation analysis using 15 and 43 GHz
VLBA data and 22 GHz RadioAstron data, associate their find-
ings to the presence of a large-scale helical magnetic field.

Moreover, relativistic magneto-hydrodynamic simulations
including such large-scale helical magnetic fields in a Faraday
rotating sheath surrounding the jet predict transverse gradient in
RM (Broderick & McKinney 2010). In addition, the observed
EVPA orientation around the core center has been produced by
simulations in which the jet is observed at very small viewing an-
gles (Porth et al. 2011). Hence it is reasonable to postulate that
the core region in CTA 102 is threaded by a large-scale helical
magnetic field.

4. The Connection with the Multi-Wavelength Flares
in 2016 - 2017

4.1. The Gamma-ray Doppler Factor

In Fig. 5 we display the light curves we obtained from the �-
ray (top panel) and X-ray (bottom panel) analysis, confirming
the high state"s" of activity at both frequencies during December
2016 - January 2017 (⇠57735 - 57760 MJD). In both light curves
we can separate two peaks, the first one around 57752 MJD (30
December) and the second one after 8 days, around 57760 MJD.

Given the fact that we detect X-ray and �-ray emission and
the timing between the two frequencies suggests a common ori-
gin, we can use the method in Mattox et al. (1993) to derive
a lower limit for the Doppler factor (��). This method is based
on the maximum optical depth allowed in order to avoid pair-
production absorption, given a plasma moving relativistically as
in AGN jets. We then inferred �� for the two events using equa-
tion (4) in Mattox et al. (1993) and the parameters reported in
Table 3.

The variability timescales during the X-ray events in 57752
and 57760 MJD are ⇠16 and 48 hours, respectively, and these
are the fastest significant variations we can derive from the X-ray
light curve. Nevertheless these values could be underestimated,

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.

since a better sampling could give faster variability. The highest
photon energy detected in the �-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 in both the
X-ray and �-ray bands, similar limiting 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-
ary feature has already been observed in many previous studies
(e.g. Jorstad et al. 2005, 2017), and was interpreted as a recolli-
mation 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 in the jet.

A new superluminal component, K1, has been visible in
CTA 102 since November 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: Te j = 2016.55±0.07 (18 July 2016) and �app = 11.5±0.9c
(0.209±0.017 mas year�1), respectively. Considering the aver-
age 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 flux of the core which
was previously in a flaring state, see Fig. 7.

Afterwards, at the beginning of 2017, both the light curves
of K1 and the core show an increase in the flux density; the
jet downstream, represented by K0, remains instead constant
in flux. This increase in flux of K1 coincides with its passage
through the stationary feature C1 and with the brightest phase of
the flaring period at gamma and X-ray frequencies (see Fig. 5),
but also at optical and UV frequencies (Raiteri et al. 2017; Kaur
& Baliyan 2018; Prince et al. 2018; Gasparyan et al. 2018). After
that, component K1 restarts its decreasing trend moving down-
stream along the jet while the core continues to vary around the
flux of 2 Jy for many months.

Article number, page 5 of 12

CTA102 — GMVA 3mm

Casadio et al. (in prep.)

See poster 
by Casadio
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the end of the data set, in 2008, the innermost northern feature
(#35) does move away more decisively. That feature appears
to be related to the radio flare in the core region that occurred
around the time of the TeV flares seen between MJD 54,497
and 54,509 and is shown in difference images in Acciari et al.
(2009). Here this feature is seen to have accelerated to
b » 0.64app at ∼0.8 mas from the core. For features farther
from the core, there is a general trend for speeds to increase out
to ∼2 mas, reaching speeds βapp≈2 albeit with large scatter.
Simply averaging all the points more than 1.8 mas from the
core for both years gives results for the north and south ridges
of 1.43c and 2.19c with SDs of 0.67c and 0.90c, respectively.
These averages correspond to 5.44 and 8.30 mas yr−1. But
averages may be too simplistic if, for example, additional
acceleration is involved.

Our results can be compared to those presented for the 2007
data by MLWH. That study used the Wavelet-based Image
Segmentation and Evaluation (WISE) velocity field analysis
combined with a stacked cross-correlation analysis (Mertens &
Lobanov 2015) to analyze the velocity field in a manner that
was able to pick out overlapping fast and slow motions.
Velocities from the WISE analysis, as shown in Figure 3
of MLWH, show a wide scatter with predominantly slow
speeds near the core and speeds over a wide range up to nearly
3c beyond about 2mas. Visual inspection does not show clear
evidence for multiple components. The velocity plots shown in
our Figures 13 and 14 look similar in character. It was the
stacked cross-correlation analysis in MLWH that helped
delineate the velocity structure of the jet. The analysis found
that, at core distances between 0.5 and 1 mas, the motions are
in the range of b = –0.2 0.5app with the higher speeds in the
north. Between 1 and 4 mas, there are two velocity compo-
nents. The slower component has b = 0.17app (north) and 0.49
(south). The faster component has b = 2.41app (north) and 2.20
(south). Speeds were also determined along the center of the jet
with values found between those of the northern and southern
edges.

The stacked cross-correlation analysis found a clear division at
about b = 1.5app between the fast and slow components.
For comparison, using only 2007 data (the only data used by
MLWH), our visually determined components at core distances
greater than 1.8mas have an average b = 1.47N

app with SD of 0.60
for the northern edge and b = 1.79S

app with SD of 0.56 for the
southern edge. Similar averages for the WISE data in Figure 3
of MLWH for all points beyond 1.8mas are b = 0.91N

app and
b = 1.26S

app . The WISE analysis clearly picks out more slow
components than our visual analysis. Restricting the average to
components that have individual speeds above βapp=1.5 to try to
focus on the fast component seen by MLWH, the averages for our
data are b = 2.04N

app and b = 2.06S
app , while they are b =N

app

2.05 and b = 2.10S
app for the data from Figure 3 of MLWH. Thus,

the data sets give essentially the same result for the faster
components. In fact, they are remarkably close given the
limitations of the data and of our visual analysis method. For
further discussion of the velocity results, the reader is referred to
Section 4.2 and to MLWH.

3.3. Polarization Images

Images of the polarized emission of a radio jet can provide much
information about the magnetic fields in the jet. For that reason, all
of our observations included the necessary cross-hand correlations
and calibration observations to allow imaging of the polarization.
Difficulties were encountered with the calibration, and a full
polarization analysis has been deferred. But two epochs, 2007
January 27 and 2007 May 10, were successfully calibrated and
imaged. The polarization structure within 3mas of the core is
shown in Figure 15 for those two epochs. Magnetic field vectors
are shown under the assumption that they are rotated 90° from the
measured electric field vectors and that there is no significant
relativistic aberration or rotation measure. These assumptions will
need to be checked because rotation measures high enough to
matter (greater than about 5000 rad m−2) have been observed at
other positions and frequencies in M87 (Zavala & Taylor 2002;
Kuo et al. 2014). It may be possible to extract rotation measures

Figure 15. Magnetic field vectors overlaid on total intensity contours and a polarized intensity grayscale image for the 43 GHz VLBA observations made on 2007
January 27 (MJD 54,127) and 2007 May 10 (MJD 54,230). The contour levels are 1, 2, 4, 8, 16, 32, 64, 128, 256, and 512 mJy beam−1. The convolving beam, with a
resolution of 0.43×0.21 mas, elongated along position angle −16°, is shown at the lower right. The peak total flux densities are 666 and 660 mJy beam−1,
respectively, while the peak polarized flux densities, at slightly different positions from the peak total flux densities, are 6.15 and 4.91 mJy beam−1, respectively. The
percent polarizations at the positions of the peak polarized intensity are 1.5% and 1.1% at the two epochs and rise to about 4% at about 0.4 mas along the jet ridges.
The cutoff levels for plotting of the polarization vectors are 0.5 mJy beam−1 for the total intensity (2.5 and 3.1 times the rms noise for the two epochs) and
1.0 mJy beam−1 for polarized intensity (4.3 and 5.0 times the rms noise of the Q and U images for the two epochs). Both epochs show a consistent polarization
structure near the core. On the jet side, the magnetic vectors wrap around the core. There is a minimum in the polarized intensity near the peak of the total intensity
where the polarization direction jumps by about 90°.
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Difficulties were encountered with the calibration, and a full
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imaged. The polarization structure within 3mas of the core is
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are shown under the assumption that they are rotated 90° from the
measured electric field vectors and that there is no significant
relativistic aberration or rotation measure. These assumptions will
need to be checked because rotation measures high enough to
matter (greater than about 5000 rad m−2) have been observed at
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The poster-child case of M87 

M87 is a nearby (16.7 Mpc), low-luminosity, 
slightly misaligned (18 deg) AGN featuring a very 
massive black hole of ~6x109 M⊙. 

Current VLBI arrays can probe the innermost jet 
regions in M87 at scales <100 Rs. 

The jet shows a clear limb brightening (Kim+ 
2016), with stratification in velocity (Mertens+ 
2016). 

The jet is already formed at tens of Rs (Hada+ 2011), 
suggesting BZ or inner accretion disk launching.

 4 Page 28 of 48 B. Boccardi et al.

Fig. 10 VLBI observations of M 87 at 86 GHz (Image reproduced with permission from Kim et al. 2016,
copyright by the authors). The image was created after stacking 5 VLBI images taken during 2004–2015

to a conical shape may then signal a crucial change in the physical conditions of the
plasma, marking the termination of the acceleration zone. Interestingly, the transition
occurs in the vicinity of the Bondi radius (where a change in the ambient pressure
gradient is expected) and of a stationary feature in the HST-1 complex, a bright region
where superluminal speeds of 4c−6c have been measured (Biretta et al. 1999). Then, a
natural question to ask is: does the flow show acceleration in the parabolic region com-
prised between its base and HST-1? Previous kinematic studies (Biretta et al. 1995;
Kovalev et al. 2007; Ly et al. 2007; Asada et al. 2014) have yielded contrasting results,
likely due to the poor sampling and to the intrinsic difficulty in identifying moving
features in a jet that lacks well defined spots, and is transversely stratified. The method
recently employed by Mertens et al. (2016) enabled a detailed two-dimensional kine-
matic structure to be inferred and, therefore, appears as the most appropriate in the
case of M 87 (Fig. 8). In this work, accelerating features are detected on scales from
102 to 104 RS; the speeds, which are mildly relativistic, increase faster up to distances
of 103 RS, while a milder gradient is observed further downstream. These properties
could be well interpreted in the framework of MHD acceleration and collimation:
the bulk of the acceleration occurs within thousands of Schwarzschild radii, and is
followed by a regime of saturation of the Poynting flux conversion which may extend
up to HST-1.
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Figure 3. Distribution of the radius of the jet as a function of the de-projected distance from the core in units of rs. Readers can refer to Figure 1 in Asada & Nakamura
(2012) for detailed description. Three data points of VLBI cores (at 43, 86, and 230 GHz) are added as the most inner jet emissions at each frequency. The solid line
is the linear least-square for data points except three inner cores (VLBA at 43/86 GHz and EHT at 230 GHz), indicating the parabolic streamline with a power-law
index a of 1.73 ± 0.05. On the other hand, the dashed line indicates the conical streamline with a of 0.96 ± 0.1. HST-1 is located around 5 × 105 rs. The thin dashed
line denotes the Bondi accretion radius located at RB ≃ 3.8 × 105 rs. The black area shows the size of the minor axis of the event horizon of the spinning black hole
with maximum spin. The gray area indicates the size of the major axis of the event horizon of the spinning black hole with maximum spin, and corresponds to the
size of the event horizon of the Schwarzschild black hole. The thin dotted line indicates the size of the inner stable circular orbit (ISCO) of the accretion disk for the
Schwarzschild black hole.
(A color version of this figure is available in the online journal.)

and ∆z (230 GHz) = 4.34 ± 2.17 rs, respectively. As is shown in
Figure 3, three points of VLBI cores (core43, core86, and core230)
are plotted under our assumption that the axial offset position
at infinite frequency ∆∞(→ 0) is the location where the SMBH
and/or accretion disk plane exist. Note that VLBA core sizes at
5.0 and 8.4 GHz coincide with the jet width derived in VLBA
observations at 43 GHz (K. Hada 2013, private communication);
thus, it may be reasonable to interpret the frequency-dependent
VLBI core as an innermost synchrotron emission where the jet
emissions become optically thin.

The parabolic jet seems to follow a single power-law stream-
line with nearly five orders of magnitude in distance. Three
points of VLBI cores are not used for a fit to data points to de-
rive a power-law index a of 1.73 ± 0.05 in AN12. One, however,
has to bear in mind the following questions: where does jet ori-
gin exist and how is its non-thermal emission initiated at some
higher frequency? It is nevertheless useful for us to examine the

nature of the jet parabolic structure—how it is maintained under
the stratified ISM in the dominant gravitational potential by the
central SMBH.

In the following sections, based on the MHD jet theory, we
analyze the bulk acceleration of the trans-Alfvénic flow and
derive the approximate MHD nozzle equation of the trans-fast
magnetosonic jet in Section 6. We discuss the formation of
the parabolic streamline in M87 as well as a potential limit of
exploring the innermost jet emission by using VLBI core shift
measurements as questioned above in Section 7.

6. ANALYSIS OF THE PARABOLIC STREAMLINE

6.1. Bulk Acceleration of the Trans-Alfvénic Flow

In order to inspect the property of the NRMHD jet accel-
eration in the trans-Alfvénic regime, let us follow the wave

5

The collimation profile shows a transition between a 
parabolic (collimating) to a conical (free expanding) 
jet at the Bondi radius, where HST-1 is located. See 
also poster by Algaba. 

HST-1 is a recollimation shock (Levinson & Globus 
2017) at 5x105 Rs, and behaves as a VLBI core, with 
superluminal components emerging for its location 
(Giroletti+ 2012). 

Are blazar (mm-)VLBI cores similar to HST-1?

Nakamura & Asada (2013)
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The poster-child case of M87 

The jet accelerates in parabolic stream lines up to 
the location of the recollimation shock HST-1 at the 
Bondi radius. 

We can study the collimation and acceleration 
region in M87 through direct mm-VLBI imaging, as 
well as in other nearby misaligned AGN (Cygnus A, 
3C84, NGC 1052, Can A). See talks by Bach, 
Baczko, and Kim. 

Do powerful blazar jets behave the same as M87?

Kim et al. (2016)
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Schwarzschild black hole.
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5.0 and 8.4 GHz coincide with the jet width derived in VLBA
observations at 43 GHz (K. Hada 2013, private communication);
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VLBI core as an innermost synchrotron emission where the jet
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In the following sections, based on the MHD jet theory, we
analyze the bulk acceleration of the trans-Alfvénic flow and
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measurements as questioned above in Section 7.
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F. Mertens et al.: Kinematics of the jet in M 87 on scales of 100–1000 Schwarzschild radii

Fig. 15. Acceleration profile of the jet in M 87. We plot the Lorentz factor measured from WISE analysis of VLBA images at 7 mm (blue), 2 cm
(green), from Cheung et al. (2007) using VLBA at 1.7 GHz (red), from Giroletti et al. (2012) and Asada et al. (2014) using EVN at 1.7 GHz
(magenta and gray respectively), and from optical images using HST (Biretta et al. 1999; orange). The Lorentz factor and de-projected z axis are
computed assuming ✓ = 18° (z ⇠ 3.2 zobs). Two regimes are found with a linear acceleration up to z ⇠ 103

Rs, followed by a slow acceleration up
to HST-1

Fig. 16. Evolution of the apparent velocity with distance from the core
of the fast velocity component in the jet sheath.

ascribe these measured velocities to a single field line (located
on a single magnetic flux surface) with a profile corresponding
to the collimation profile of the sheath as determined in Sect. 2.4.
Under this assumption, and assuming ⌦ = const along this field
line, we can conveniently use variables scaled to the light cylin-
der radius, R = ⌦ r/c and Z = ⌦ z/c.

4.4.1. Asymptotic relations in the far-zone Poynting
dominated approximation

In the ideal cold MHD approximation, one can further simplify
the solutions by considering the additional approximation of a

Poynting dominated jet (� � 1) in the far-zone (R � 1, � �
1) (Lyubarsky 2009).

In the equilibrium case and for  > 2 one can obtain the
following relations for the jet shape:

R =

 
3 Z


✏p

!1/4

f

f =

r
2 � 
⇡

"
1

C1
cos2 w +C1

✓
C2 cosw +

⇡

2 �  sinw
◆2

#1/2

w =
2p✏p
2 �  Z

1�/2 � 4 � ⇡
2 � 

⇡

4
,

(15)

with ✏p describing the ratio of the plasma pressure to the mag-
netic pressure:

✏p =
6⇡p0

B
2
0
, (16)

where B0 and p0 are the characteristic magnetic field and the
external pressure at the light surface, respectively. In the non-

equilibrium case, the jet shape is asymptotically conical.
Evolution of the Lorentz factor can also be obtained, depend-

ing on the acceleration regime:
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where ⇥break
app is the local opening angle at the transition between

the two regimes. From Fig. 16, we estimate that this transition
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Polarimetric VLBI imaging at ≲50 µas (≲104 Rs) is required



Studying the innermost regions of AGN jets requires the highest possible angular 
resolution, which is given by λ/D, can be achieved with either:

RadioAstron

Ground-based VLBI at millimeter wavelengths, 
such as the Event Horizon Telescope, 
including phased-ALMA, and GMVA.

Shorter wavelengths Larger baselines

Event Horizon Telescope

VLBI Observations at the highest angular resolution

Space VLBI observations such as the 
RadioAstron mission.

See Falcke’s talk on Thursday



10 m orbiting antenna.

Launched in 2011.

9 days period, with 
perigee at 600 km.

Apogee of 350,000 
km allows a maximum 
angular resolution of 
~7 μas (at 1.3 cm).

Dual polarization 
receivers at 18 cm 
and 1.3 cm.

Bit rate 128 Mbps.

Mission extended until 
2019.



Imaging blazar jets with RadioAstron at the highest angular resolution

RadioAstron

Ground support array for RadioAstron
Three imaging Key Science Programs (KSP): 

“Powerful AGN”. Flow transition from 
magnetic to kinetic flux domination and 
plasma instabilities in power blazars (i.e.,
3C273, 3C345, 0836+710). See talks by 
Lobanov and Vega-García 
“Nearby AGN”. Nearby AGN (i.e., M87, 
3C84) under the magnifying glass of 
RadioAstron. See talks by Savolainen and 
Giovannini 
“AGN Polarization”. Probing the innermost 
structure and magnetic field in the vicinity of 
the central black hole in a sample of highly 
polarized blazar jets at tens of µas angular 
resolution to test jet formation models. See 
also talk by Kravchenko and poster by 
Pötzl



RadioAstron “Polarization” KSP Observations
Target Date Exp. λ Corr. Status

0642+499 9 Mar. 2013 GK047 L Yes Early Science — Lobanov et al. (A&A, 583, A100, 2015)
BL Lac 29 Sep. 2013 GA030A L Yes Data analysis
BL Lac 11 Nov. 2013 GA030B K Yes Gómez et al. (ApJ, 817, 96, 2016)
3C273 18 Jan. 2014 GA030C K Yes Bruni et al. (A&A, 604, A111, 2017)
3C273 13 June 2014 GA030F L Yes In preparation (Bruni+)
3C279 10 Mar. 2014 GA030D K Yes Data analysis
OJ287 04 Apr. 2014 GA030E K Yes In preparation (Gómez+)

0716+714 3 Jan. 2015 GL041A K Yes In preparation (Kravchenko+)
3C345 30 Mar. 2016 GG079A L Yes Data analysis
OJ287 16 Apr. 2016 GG079B L Yes Data analysis
OJ287 25 Apr. 2016 GG079C K No
3C345 4 May 2016 GG079D K No

3C454.3 8 Oct. 2016 GG081A K No Complementary GMVA observations
CTA102 17 Oct. 2016 GG081B K No GMVA
OJ287 7 Mar. 2017 GG081C K Yes EHT+ALMA and GMVA+ALMA
BL Lac 8 Oct. 2017 GG083A K No GMVA
3C279 15 Jan. 2018 GG083B K No GMVA+ALMA
3C120 1 Feb. 2018 GG083C K No GMVA
3C273 9 Feb. 2018 GG083D K No GMVA+ALMA
OJ287 22 Apr. 2018 GG083E K No EHT+ALMA and GMVA+ALMA



RadioAstron “Polarization” KSP Observations
Target Date Exp. λ Corr. Status

0642+499 9 Mar. 2013 GK047 L Yes Early Science — Lobanov et al. (A&A, 583, A100, 2015)
BL Lac 29 Sep. 2013 GA030A L Yes Data analysis
BL Lac 11 Nov. 2013 GA030B K Yes Gómez et al. (ApJ, 817, 96, 2016)
3C273 18 Jan. 2014 GA030C K Yes Bruni et al. (A&A, 604, A111, 2017)
3C273 13 June 2014 GA030F L Yes In preparation (Bruni+)
3C279 10 Mar. 2014 GA030D K Yes Data analysis
OJ287 04 Apr. 2014 GA030E K Yes In preparation (Gómez+)

0716+714 3 Jan. 2015 GL041A K Yes In preparation (Kravchenko+)
3C345 30 Mar. 2016 GG079A L Yes Data analysis
OJ287 16 Apr. 2016 GG079B L Yes Data analysis
OJ287 25 Apr. 2016 GG079C K No
3C345 4 May 2016 GG079D K No

3C454.3 8 Oct. 2016 GG081A K No Complementary GMVA observations
CTA102 17 Oct. 2016 GG081B K No GMVA
OJ287 7 Mar. 2017 GG081C K Yes EHT+ALMA and GMVA+ALMA
BL Lac 8 Oct. 2017 GG083A K No GMVA
3C279 15 Jan. 2018 GG083B K No GMVA+ALMA
3C120 1 Feb. 2018 GG083C K No GMVA
3C273 9 Feb. 2018 GG083D K No GMVA+ALMA
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First time polarimetric VLBI-imaging of blazar jet at the highest angular resolution (20-40 
µas) combining 3 wavelengths (1.3 mm, 3 mm, and 1.3 cm) with almost matching beam 

and quasi-simultaneously.



RadioAstron “Polarization” KSP Observations
Target Date Exp. λ Corr. Status

0642+499 9 Mar. 2013 GK047 L Yes Early Science — Lobanov et al. (A&A, 583, A100, 2015)
BL Lac 29 Sep. 2013 GA030A L Yes Data analysis
BL Lac 11 Nov. 2013 GA030B K Yes Gómez et al. (ApJ, 817, 96, 2016)
3C273 18 Jan. 2014 GA030C K Yes Bruni et al. (A&A, 604, A111, 2017)
3C273 13 June 2014 GA030F L Yes In preparation (Bruni+)
3C279 10 Mar. 2014 GA030D K Yes Data analysis
OJ287 04 Apr. 2014 GA030E K Yes In preparation (Gómez+)

0716+714 3 Jan. 2015 GL041A K Yes In preparation (Kravchenko+)
3C345 30 Mar. 2016 GG079A L Yes Data analysis
OJ287 16 Apr. 2016 GG079B L Yes Data analysis
OJ287 25 Apr. 2016 GG079C K No
3C345 4 May 2016 GG079D K No

3C454.3 8 Oct. 2016 GG081A K No Complementary GMVA observations
CTA102 17 Oct. 2016 GG081B K No GMVA
OJ287 7 Mar. 2017 GG081C K Yes EHT+ALMA and GMVA+ALMA
BL Lac 8 Oct. 2017 GG083A K No GMVA
3C279 15 Jan. 2018 GG083B K No GMVA+ALMA
3C120 1 Feb. 2018 GG083C K No GMVA
3C273 9 Feb. 2018 GG083D K No GMVA+ALMA
OJ287 22 Apr. 2018 GG083E K No EHT+ALMA and GMVA+ALMA

First time polarimetric VLBI-imaging of blazar jet at the highest angular resolution (20-40 
µas) combining 3 wavelengths (1.3 mm, 3 mm, and 1.3 cm) with almost matching beam 

and quasi-simultaneously.



OJ287 at K-band

OJ287  is  the  best  candidate  for hosting  a 
supermassive binary black hole system.

RadioAstron  imaging  in  2014  combining 
perigee imaging and long-baseline snapshots 
during the  same orbit  with  fringes  detected 
(SNR~11) at a record spacing of 15.2 DEarth.

OJ287
April 4, 2014

RadioAstron 
1.3 cm 

Gómez et al. (in prep.)

RadioAstron Polarization KSP



Natural — FWHM 140 μas

Uniform — FWHM 56 μas

Gómez et al. (in prep.)

OJ287 progressive inner jet bending with 
increasing resolution, in agreement with a 
precessing jet produced by a binary BH 
system.

OJ287 at K-band RadioAstron Polarization KSP

Omitted unpublished results



First participation of phased-ALMA in GMVA 3mm observations took place in March/
April 2017, targeting three sources: SgrA* (P.I. Brinkerink), 3C273 (P.I. Akiyama), and 
OJ287 (P.I. Gómez). 
The GMVA now features an array of 17 antennas plus phased-ALMA, with GLT added 
in 2018 and IRAM-NOEMA in the near future.

 4 Page 8 of 48 B. Boccardi et al.

Table 1 Properties of the antennas operating at 86 GHz

Station Location Effective diameter [m] SEFD [Jy]

Effelsberg Germany 80 1000

Onsala Sweden 20 5100

Plateau de Bure France 34 820

Pico Veleta Spain 30 650

Yebes Spain 40 1700

Metsähovi Finland 14 17 000

Green Bank United States 100 140

VLBA (× 8) United States 25 2500

KVN (× 3) South Korea 21 3200

ALMA Chile 85 60

Col. 1: Name of the telescope. Col. 2: Its location. Col. 3: Effective diameter in meters. Col. 4: Typical
value of the system equivalent flux density (SEFD), which is a measurement of the telescope sensitivity.
Lower values indicate a better performance

Fig. 3 The telescopes forming the Global Millimeter VLBI Array (GMVA), operating at the frequency of
86 GHz. Credit: Helge Rottmann

(Europe, America, and Asia—Table 1, Fig. 3). The phased ALMA, located in Chile,
has also participated for the first time in mm-VLBI experiments in April 2017. To
date, most of the GMVA stations are observing at a bandwidth of 512 MHz (which
corresponds to a data rate of 2048 Mbit/s), and further upgrades are expected in the
near future thanks to the fast development of digital VLBI recording systems. Global
VLBI observations at 86 GHz can achieve a typical angular resolution of 50–70 micro-
arcseconds, and an array sensitivity of ∼0.9 mJy/h.

At frequencies higher than 86 GHz, atmospheric effects become even more dom-
inant, and VLBI experiments are plagued with additional difficulties. Nevertheless,
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First GMVA+ALMA observations



OJ287 was observed in April 2, 2017, 
showing fringes to ALMA with SNRs as high 
as 150. 
ALMA provides an increase in north-south 
resolution by a factor of ~4.

ALMA

First GMVA+ALMA observations of OJ287

BU 7mm

Omitted unpublished results



RMHD simulations with a frozen in magnetic field of a binary black hole system with a mass ratio of 
q=1:1. Twin jets are produced from the poles of the two black holes.

Observations of OJ287 at K-band

Simulations by Roman Gold & Avery Broderick (Perimeter Institute)



Alternatively, the innermost jet 
structure  may  result  from the 
precession  of  a  tilted 
accretion disk.

Simulations  by Tchehovskoy+ 
showing  a  45  deg.  titled 
accretion  disk  around  a 
spinning  black  hole  (spin 
vertically upward).

The  disk  undergoes  regular 
precession  with  the  jet 
following the disk.

Observations of OJ287 at K-band

Movie by Hesp. Simulation by Liska & Tchekhovskoy (in prep.)



cm-VLBI
Radio (cm)mmIROptical

101Rs 102 103 104 105 106 107

But we still don’t have a (good) answer for: 
What is the dominant launching mechanism, BZ or BP? What determines the accretion rate and jet 
power? What is the typical scale length for the acceleration and collimation? 
How and where is the transition from Poynting-flux to kinetically dominated jets? Is the mm-
VLBI a recollimation shock that determines this transition? 
Did I mention we don’t know the jet composition, what accelerate particles, or how is the high-
energy produced?

Magnetic launching

Kinetically dominated
Partially ordered fieldPoynting

B helical

VLBI is in its second youth … exciting times wait ahead for the new generations of astronomers 
Millimeter VLBI (EHT, GMVA) and space VLBI (RadioAstron) are opening a new window in our 
study of blazar jets allowing us for the first time to study how they are launched. Will we be able 
to image the event horizon of a supermassive black hole with the EHT?

Summary 
(current view of blazar jets)


