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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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•
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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
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Different types of jet launching models

Helical magnetic fields, either anchored in the
black hole (Blandford & Znajek 1977) or
accretion disk (Blandford & Payne 1982),
launch, accelerate, and collimate the jets.
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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
•

•

Jet

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
2
observed polarization χ = χ0 + RMλ , where

RM = 812 n e B∥dl
∫
It is therefore possible to determine the 3D
structure of the magnetic field in AGN jets
through multi-frequency polarimetric
observations.
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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 pointsymmetric structure around the core (Porth+2011).
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rapid optical polarization rotation
associated with the motion of a
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field in the acceleration and collimation
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Figure 1 | Sequence of Very Long Baseline Array images of BL Lac at a
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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).
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Figure 15. Magnetic ﬁeld vectors overlaid on total intensity contours and a polarized intensity grayscale im
January 27 (MJD 54,127) and 2007 May 10 (MJD 54,230). The contour levels are 1, 2, 4, 8, 16, 32, 64, 128, 2
resolution of 0.43×0.21 mas, elongated along position angle −16°, is shown at the lower right. The p
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M87 is a nearby (16.7 Mpc), low-luminosity,
slightly misaligned (18 deg) AGN featuring a very
9 Min
tomassive
a conical shape
may then
signal
crucial change
black
hole
ofa ~6x10
⊙.the physical conditions of the
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

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
s (Biretta et al. 1999). Then, a
natural question to ask is: does the flow show acceleration in the parabolic region comprised 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 kinematic 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 sdetected 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:

Current VLBI arrays can probe the innermost jet
regions in M87 at scales <100 R .
The jet shows a clear limb brightening (Kim+
2016), with stratification in velocity (Mertens+
2016).
The jet is already formed at tens of R (Hada+ 2011),
suggesting BZ or inner accretion disk launching.

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.)

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.

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 streamline with nearly five orders of magnitude in distance. Three
points of VLBI cores are not used for a fit to data points to derive 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 origin 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.

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).
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 acceleration in the trans-Alfvénic regime, let us follow the wave

Are blazar (mm-)VLBI cores similar to HST-1?
5
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F. Mertens et al.: Kinematics of the jet in M 87 on scales of 100–1000 Schwarzschild radii
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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

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.)

The jet accelerates in parabolic stream lines up to
The collimation profile shows a transition between a
the location of the recollimation
shock HST-1
at the 1,
parabolic (collimating) to a conical (free expanding)
Poynting dominated jet (
1) in the far-zone (R
1) (Lyubarsky 2009).
Bondi radius.
In the equilibrium case and for  > 2 one can obtain the jet at the Bondi radius, where HST-1 is located.
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Do powerful blazar jets behave
the same as M87?
where B and p are the characteristic magnetic field and the

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 cylinder radius, R = ⌦ r/c and Z = ⌦ z/c.

0

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 streamline with nearly five orders of magnitude in distance. Three
points of VLBI cores are not used for a fit to data points to derive 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 origin 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.

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).
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 acceleration in the trans-Alfvénic regime, let us follow the wave
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external pressure at the light surface, respectively. In the nonequilibrium case, the jet shape is asymptotically conical.
Evolution of the Lorentz factor can also be obtained, depending on the acceleration regime:
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Polarimetric VLBI imaging at ≲50 µas (≲104 Rs) is required

VLBI Observations at the highest angular resolution
Studying the innermost regions of AGN jets requires the highest possible angular
resolution, which is given by λ/D, can be achieved with either:
Shorter wavelengths
Ground-based VLBI at millimeter wavelengths,
such as the Event Horizon Telescope,
including phased-ALMA, and GMVA.

Larger baselines
Space VLBI observations such as the
RadioAstron mission.
RadioAstron

Event Horizon Telescope

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

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

Ground support array for RadioAstron

RadioAstron “Polarization” KSP Observations
Target
0642+499
BL Lac
BL Lac
3C273
3C273
3C279
OJ287
0716+714
3C345
OJ287
OJ287
3C345
3C454.3
CTA102
OJ287
BL Lac
3C279
3C120
3C273
OJ287

Date
9 Mar. 2013
29 Sep. 2013
11 Nov. 2013
18 Jan. 2014
13 June 2014
10 Mar. 2014
04 Apr. 2014
3 Jan. 2015
30 Mar. 2016
16 Apr. 2016
25 Apr. 2016
4 May 2016
8 Oct. 2016
17 Oct. 2016
7 Mar. 2017
8 Oct. 2017
15 Jan. 2018
1 Feb. 2018
9 Feb. 2018
22 Apr. 2018

Exp.
GK047
GA030A
GA030B
GA030C
GA030F
GA030D
GA030E
GL041A
GG079A
GG079B
GG079C
GG079D
GG081A
GG081B
GG081C
GG083A
GG083B
GG083C
GG083D
GG083E

λ Corr.
L Yes
L Yes
K Yes
K Yes
L Yes
K Yes
K Yes
K Yes
L Yes
L Yes
K No
K No
K No
K No
K Yes
K No
K No
K No
K No
K No

Status
Early Science — Lobanov et al. (A&A, 583, A100, 2015)

Data analysis
Gómez et al. (ApJ, 817, 96, 2016)
Bruni et al. (A&A, 604, A111, 2017)
In preparation (Bruni+)
Data analysis
In preparation (Gómez+)
In preparation (Kravchenko+)
Data analysis
Data analysis

Complementary GMVA observations
GMVA
EHT+ALMA and GMVA+ALMA
GMVA
GMVA+ALMA
GMVA
GMVA+ALMA
EHT+ALMA and GMVA+ALMA

RadioAstron “Polarization” KSP Observations
Target
Date
Exp.
λ Corr.
Status
Early Science — Lobanov et al. (A&A, 583, A100, 2015)
0642+499 9 Mar. 2013
GK047 L Yes
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
First3C345
time polarimetric
blazar jet at the highest angular resolution (20-40
4 May 2016VLBI-imaging
GG079D K ofNo
µas)
combining
3 wavelengths
1.3 cm) with
almost
matching beam
3C454.3
8 Oct.
2016 GG081A(1.3
K mm,
No 3 mm, and
Complementary
GMVA
observations
andK quasi-simultaneously.
CTA102 17 Oct. 2016 GG081B
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
Early Science — Lobanov et al. (A&A, 583, A100, 2015)
0642+499 9 Mar. 2013
GK047 L Yes
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
First3C345
time polarimetric
blazar jet at the highest angular resolution (20-40
4 May 2016VLBI-imaging
GG079D K ofNo
µas)
combining
3 wavelengths
1.3 cm) with
almost
matching beam
3C454.3
8 Oct.
2016 GG081A(1.3
K mm,
No 3 mm, and
Complementary
GMVA
observations
andK quasi-simultaneously.
CTA102 17 Oct. 2016 GG081B
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

OJ287 at K-band

RadioAstron Polarization KSP
OJ287
April 4, 2014

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.
RadioAstron
1.3 cm
Gómez et al. (in prep.)

RadioAstron Polarization KSP

OJ287 at K-band
Natural — FWHM 140 μas

Uniform — FWHM 56 μas
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OJ287 progressive inner jet bending with
increasing resolution, in agreement with a
precessing jet produced by a binary BH
system.

Gómez et al. (in prep.)

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

First GMVA+ALMA observations

Fig. 3 The telescopes forming the Global Millimeter VLBI Array (GMVA), operating at the frequency of
First86participation
of phased-ALMA
in GMVA 3mm observations took place in March/
GHz. Credit: Helge
Rottmann

April 2017, targeting three sources: SgrA* (P.I. Brinkerink), 3C273 (P.I. Akiyama), and
OJ287
(P.I. Gómez).
(Europe,
America, and Asia—Table 1, Fig. 3). The phased ALMA, located in Chile,
The has
GMVA
features for
an array
of 17
antennas
plus phased-ALMA,
GLT
added
also now
participated
the first
time
in mm-VLBI
experiments inwith
April
2017.
To
in 2018
IRAM-NOEMA
the near
date,and
most
of the GMVAinstations
arefuture.
observing at a bandwidth of 512 MHz (which

corresponds to a data rate of 2048 Mbit/s), and further upgrades are expected in the

First GMVA+ALMA observations of OJ287
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.
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Observations of OJ287 at K-band
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.

Simulations by Roman Gold & Avery Broderick (Perimeter Institute)

Observations of OJ287 at K-band
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.

Movie by Hesp. Simulation by Liska & Tchekhovskoy (in prep.)
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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 mmVLBI a recollimation shock that determines this transition?
Did I mention we don’t know the jet composition, what accelerate particles, or how is the highenergy produced?
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?

