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Messier	87	(M87)	jet	
NASA and The Hubble Heritage Team (STScI/AURA)

1.	Origin	(SMBH?	and/or	Accretion	disk?)	

2.	Bulk	acceleration	(																				)	

3.	Collimation	(										)	

4.	Termination	&	Morphology	(FR	I	/	II)	

5.	Origin	of	VHEs	(GeV	~TeV)																																																																																				
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Struggling	for	a	century;	there	are	still	many	unknown…

‣ Role	of	Magnetohydrodynamics	(MHD)		(1976	-	)	
!

‣ BH	-	Galaxy	co-evolution	(1995	-	)																	

Jets	from	Active	Galactic	Nuclei



Classical Issue: Collimated or not?

✤ Conical jet paradigm            
(e.g., Blandford & Königl 1979) 

✤ Hoop-stress (collimation) 
paradigm                                     
(e.g., Sakurai 1985;                                           
Heyvaerts & Norman 1989) 

Figures from Blandford+ (1990)
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Q. How do the dynamical and 
geometrical properties of super-
escape jets change beyond the 
SOI (or not)? 

Jets under the BH-Gal. Co-evolution

➡ A. This is intimately related to the 
fundamental problem (“acceleration 
and collimation”) in AGN jets



MHD Jets



Development During Four Decades

Figure from Vlahakis (2015)

alyzed by comparing time scales on which
different processes occur. In this case, the
most important time scale is the dynamical
time !d, which is the characteristic time for
information to propagate through the system.
In a magnetized plasma, !d " R0/cms, where
the magnetosonic sound speed cms includes
both plasma and magnetic field pressure and
R0 is the characteristic size of the jet-produc-
tion region. Because the system is initially in
equilibrium and confined by gravity, the dy-
namical time is comparable to the free-fall or
escape time !esc0 " (R0

3/ 2GM )1/ 2 (which is
a constant factor 1/23/2# " 0.11 shorter than
the orbital period at R0), where M is the mass
of the central object and G is the gravitational
constant.

The response of a jet-producing system to
the twisting of the magnetic field depends on
the time it takes for the magnetic energy to,
say, double. If this takes longer than a dy-
namical time, then the system’s internal
structure can adjust in a quasi-static fashion
to accommodate the new conditions. Howev-
er, if the increase occurs in less than a dy-
namical time, then the new conditions sur-
prise the system, forming shock waves that
distribute the new information in less than
a sound-crossing time. Often, such rapid
changes in the system result in a catastrophe,
such as an explosion or a collapse. Determin-
ing which type of jet outflow results and
finding what its effects are on the jet-produc-
ing system are some of the chief goals of the
study of MHD jet production.

Astrophysical Applications of the
MHD Mechanism
One of the earliest applications of the MHD
model was pulsar wind theory, developed to
explain observations of the Crab Nebula (10,
11). The observations showed that a large
amount of particle energy was being injected
continually into a supernova remnant, proba-
bly from the pulsar at the center of the nebula.
Because the magnetic fields near a pulsar are
very strong (B2/8# $$ %v2 ) and the particle
density is low, radial outflow was expected,
not a collimated jet. Therefore, work on pul-
sar winds tended to focus on accelerating the
particles and feeding the nebula. Much later,
however, the twin-jet star SS 433 was discov-
ered, which may be a pulsar buried in a dense
accreting envelope (5, 12). This object is
probably an example of the opposite extreme:
as the dense material falls toward the neutron
star, it bends the pulsar magnetic field back-
ward, producing a tight helical coil that re-
sults in a narrow jet (Fig. 4A). In addition,
new images from the Chandra X-ray Obser-
vatory now show that even isolated pulsars
can produce jetlike structures (13).

Also in the late 1960s, and quite indepen-
dently, investigators studying the late stages
of stellar evolution performed computer sim-

ulations of the effects of a magnetic field on
the collapse of a rotating stellar core as it
forms a proto–neutron star (14, 15). The sim-
ulations found that, even if the initial mag-
netic field were weak, during the core col-
lapse it was enhanced by differential rotation
to such large values, in less than a dynamical
time, that a magnetic explosion occurred,
driving away the stellar layers by magnetic
pressure alone, sometimes in a jet along the
rotation axis (Fig. 4B). Further studies of this
mechanism (16) concluded that explosive
MHD jets would not occur in most collapsing
supernova cores. Instead, over several dy-
namical time scales, a magnetic bubble
would be produced in each of the northern
and southern hemispheres and then buoyantly
rise up the rotation axis, bursting into the
surrounding stellar envelope. Only in a few
rare energetic cases would a narrow fast jet
form.

Modern MHD jet theory, and its relation
to accreting stars and black holes, began in
the mid-1970s when it was shown that the
same MHD processes occurring in pulsars
and collapsing magnetized supernova cores
also could occur in magnetized disks in
Keplerian rotation about accreting stars and
black holes (17, 18), as well as near the
horizon of the spinning black hole (19). In the

latter case, the magnetic field extracts energy
and angular momentum not from the accret-
ing matter but rather from the black hole’s
rotation. These two related jet mechanisms
are pictured in Fig. 4, C and D.

One way to study these MHD acceleration
problems is to set up and solve the full set of
eight partial differential MHD equations on a
computer, making as few assumptions as pos-
sible. Such simulations often run for several
hours or days on large supercomputers, cal-
culating the evolution of a rotating disk or
stellar core of magnetized plasma and show-
ing the effects of the field on the flow, and the
flow on the field. Multidimensional and su-
personic processes, such as jets, rotation, and
shock waves, can be followed in detail.

With the exception of the early work on
MHD supernovae, until the mid-1980s most
MHD acceleration models were semi-analyt-
ic; that is, by making several simplifying
assumptions, the eight MHD partial differen-
tial equations were reduced to one ordinary
differential equation that could be solved
quickly on a modest computer. One of the
most widely used assumptions was that of a
steady state, in which the plasma flow and
magnetic field structure do not change with
time. This assumption causes the solution to
focus on the long-term structure that forms

Fig. 4. Schematic dia-
grams of four astro-
physical scenarios in
which differential rota-
tion of a magnetic field
might generate relativ-
istic jet outflow. Color
is used to aid in identi-
fication of the field
lines. (A) The dipole
field of a heavily ac-
creting, rapidly rotating
pulsar can be swept
back by the accreting
matter as close as a
few tens of kilometers
from the stellar surface.
Some of this material
will be ejected in a jet
at the local escape
speed. (B) A slowly ro-
tating pre-supernova
white dwarf or dense
stellar core will collapse
to a rapidly rotating
proto–neutron star.
Even an initially uni-
form axial field will be
drawn inward and
wound into a tight coil,
ejecting some of the dense core material. The jet may have sufficient power to alter the shape of the
supernova ejecta or even drive the explosion on its own. (C) The poloidal magnetic field protruding from
an accretion disk orbiting a compact object will fling disk coronal material outward in a wind.
Conservation of angular momentum will slow the wind’s rotation and, if the outflow is dense enough,
sweep back and coil the field lines. (D) Near a rotating black hole, the space itself rotates differentially.
This dragging of inertial frames is particularly strong inside a radius about twice that of the hole—the
ergosphere—where material must rotate with the hole. Here only the twisting of vertical field lines is
shown, but as the plasma accretes toward the black hole, these lines will be drawn inward, creating a
structure similar to that in (B) or (C).

www.sciencemag.org SCIENCE VOL 291 5 JANUARY 2001 87

H I G H E N E R G Y A S T R O P H Y S I C S

Blandford & Payne (1982)

7 Theory of Relativistic Jets 179

φ

ExBφ

J

VJxB

+
+ +

+
+++

−−−−−−−
+

E
Ω

φB

Fig. 7.2 A “wire” of plasma charges closes the circuit. The current J and its associated azimuthal
magnetic field B! is shown in the figure. An outflowing Poynting flux .c=4"/E !B! is naturally
formed, and thus energy and angular momentum is extracted from the disk. If the streamlines
are more collimated than the current lines then the J ! B!=c force (shown in the figure) has a
component along the bulk speed, accelerating the outflow, and a component normal to it, affecting
its collimation

environment of the jet. Tyically the magnetic acceleration leads to Lorentz factors
!0:5E=Mc2 or even larger for not extremely relativistic flows, where E is the
extracted energy flux (that initially resides in the electromagnetic field) and M is
the baryonic mass flux of the jet.

In the next section these results will be extensively analyzed. We start by
presenting the MHD equations in Sect. 7.2 and the associated integrals of motion
for steady and axisymmetric flows in Sect. 7.3. Then we describe the collimation-
acceleration mechanism in Sect. 7.4, the rarefaction acceleration in Sect. 7.5, and
the impulsive acceleration in Sect. 7.6.

7.2 MHD Equations

Amagnetized outflow is described by the set of the well known ideal magnetohydro-
dynamic equations. In order to focus on the interaction of matter bulk motion with
the electromagnetic field and simplify as much as possible the picture, we neglect
thermal effects and consider the flow as cold. This is a reasonable assumption
especially for relativistic flows, since the possible thermal content by itself is

Figure from Meier+ (2001)
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Blandford & Znajek (1977)

,B
Faraday disc (Homopolar generators)

Acc./Coll.

Poynting flux

‣ Steady, axisymmetric EM/MHD winds (e.g., 
Weber & Davis 1967; Goldreich & Julian 1969) !

- Blandford & Znajek (1977): EM energy extraction 
from the Kerr black hole
!

- Blandford & Payne (1982): self-similar NRMHD 
jets from the Kepler disk
!

- Li+ (1992): generalized BP82 in the SRMHD 
regime (see also Vlahanigl 2003, Polko+ 2013)
!

- Pu, MN+ (2015): generalized BZ77 in the GRMHD 
regime (inflow/outflow; c.f. McKinney+2006)

!‣ Non-steady MHD jets/winds !

- Uchida & Shibata (1985): 2.5D NRMHD 
simulation of disk-magnetosphere interactions
!

- Ustyugova+ (1995), Meier+ (1997), Ouyed & 
Pudritz (1997): long term simulations w/ a fixed 
disk boundary (→quasi-steady state)
!

- SRMHD simulations w/ a fixed jet wall 
(Komissarov+ 2007, 2009; Tchekhovskoy+ 2009)
!

- GRMHD simulations (Koide 1999; De Villiers+ 
2004; McKinney & Gammie 2004; McKinney 
2006; Tchekhovskoy+ 2010)

Accretion disk Inertial Frame  
dragging



“Magneto-centrifugal 
force” (tention)

Gas pressure gradient

Toroidal magnetic 
pressure gradient

“Hoop-stress” (tension)

Slow magneto-sonic

Alfvénic

Fast magneto-sonic
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- GRMHD simulations of the 
radiatively inefficient accretion 
flow with poloidal fluxes

!

- Applicable to nearby LLAGNs 
(e.g., Sgr A*, M87, …)

!

- OTOH, broader emission 
components (in VLBA) could be 
the disc wind (McKinney 2006)?

Yuan & Narayan (2014)

McKinney & Gammie (2004)

log ⇢ A�

Fig. 2aFig. 2bFig. 2.—(a) Distribution of !, b2="0, and ut in the fiducial run, based on time- and hemisphere-averaged data. Starting from the axis and moving toward the
equator: (1) ut ¼ "1 contour shown as a solid black line, (2) b2="0 ¼ 1 contour shown as a red line, (3) ! ¼ 1 contour shown as a magenta line that nearly matches
part of the ut ¼ "1 contour line, and (4) ! ¼ 3 contour is shown as cyan line. (b) Motivated by the left panel, the right panel indicates the location of the five main
subregions of the black hole magnetosphere. They are (1) the disk, a matter-dominated region where b2="0T1; (2) the funnel, a magnetically dominated region
around the poles where b2="0 3 1, where the magnetic field is collimated and twists around and up the axis into an outflow; (3) the corona, a region in the relatively
low density upper layers of the disk with weak time-averaged poloidal field; (4) the plunging region; and (5) the wind, which straddles the corona-funnel boundary.
See x 3.1 for a discussion.

Fig. 2a Fig. 2b
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MHD Jets from Spinning BHs
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t = 2000GM/c3



Bp field lines and characteristic surfaces

Pu, MN+ (2015)

GRMHD Simulation (a =0.9375)

McKinney (2006)

Out-going Fast　

Light Cylinder
Out-going Alfvén

Out-going Slow

Ergosphere
In-going Alfvén 

In-going Slow 

Horizon/in-going Fast

In/out-flow Separation 

MHD Jets from Spinning BHs
2 H.-Y. Pu et al.

is a direct result of that the electromagnetic components
dominates the GRMHD flow, and the electromagnetic
component is responsible for extracting the black hole
energy, similar to the BZ77 process. The outward energy
flux, after extracted from the black hole, is expected to
propagate continuously outward throughout the magne-
tosphere from the inflow region to the outflow one. In
this paper, we focus on the PFD GRMHD flow in the fun-
nel region, including both the inflow and outflow parts.
For comparison, let us quickly consider the case when

the GRMHD flow becomes fluid-dominated? In that
case, the energy flux is dominated by the fluid compo-
nent, and therefore it has an inward direction for inflow
but outward for outflow (c.f. the energy flux direction
shown in Figure 1). Such discontinuity of the energy and
momentum fluxes implies that the outflow is accretion-
powered, which is constrained by the energy input from
the disk/corona. The switch-on and switch-off of the
extraction of the black hole energy (inflow) may closely
related to the launching and quenching of relativistic jets
(outflow) (e.g. Pu et al. 2012; Globus & Levinson 2013).
Prior to the GMRHD studies mentioned above,

Phinney (1983) considered the inflow and outflow along
a mono-pole field jointly by the conservation of the to-
tal energy flux per flux tube. In this pioneering work,
they consider energy extraction from the black hole
via BZ77 process (the inflow part), and the Michel’s
“minimum torque solution” (Michel 1969), in which the
fast(-magnetosonic) point is located at infinity (the out-
flow part). We, however, suggest that a more realis-
tic situation can be considered as mentioned above: the
black hole energy extraction process in the framework
of GRMHD, and a type of parabolic GRMHD flows as
a result of external pressure confinements provided by
the corona/accretion. Recent observational evidence also
motivates us to this picture; one of the nearby active ra-
dio galaxy, M87, exhibits the parabolic streamline up to
∼ 105 Schwarzschild radius (Asada & Nakamura 2012).
Furthermore, we are interested in the case that the

fast point of the outflow is located at a finite distance.
This consideration is directly related the conversion from
Poynting-to-kinetic energy fluxes of the flow and there-
fore the jet acceleration. Poloidal magnetic flux is re-
quired to diverge sufficiently rapidly in order that most
of the Poynting flux can be converted into the kinetic en-
ergy flux beyond the fast point (as known as the “mag-
netic nozzle” effect (e.g. Camenzind 1989; Li et al. 1992;
Begelman & Li 1994; Takahashi & Shibata 1998) .
Beskin & Nokhrina (2006) examine the acceleration of

the jet along a parabolic streamline by introducing a
small perturbation into the force-free field. As a result,
the fast point is located at a finite distance. This indi-
cates how plasma loading in the flow play a role in accel-
erating the flow as well as a conversion from Poynting to
kinetic/particle energies. They consider the behaviour
of the outflow in the flat spacetime. However, we are
interested in both the inflow and outflow near a black
hole.
All above theoretical works provide important pieces

toward a picture which includes the following process
along the field line: i) in the inflow region, the rota-
tional energy of the black hole is extracted outward by
the GRMHD inflow, ii) at the the inflow/outflow separa-
tion surface, the extracted energy flux is carried out con-

Black Hole

corona  
+  

accretion flow

inflow

energy flux

light surface

separation surface

light surface

static limit

Black Hole

outflow

Fig. 1.— Schematic illustration of a Poynting flux-dominated
(PFD) GRMHD flow confined by the accretion flow and its corona.
The outward-streaming curves indicates ordered, large-scale mag-
netic fields that thread the black hole event horizon. The inflows
and the outflows (represented by thick white arrows) are along
the field lines, and they are separated by the separation surface
(marked by a dashed line). The energy flux (represented by a grey
arrow) is outward in both the inflow and outflow regions, as the
black hole rotational energy is extracted and transported outward.
The static limit (dashed curve) and the light surface (solid curve)
outside the black hole (black region) are also shown.

tinuously, and iii) in the outflow region, the flow passes
the fast point, and hence the bulk Lorentz factor in-
creases. Although the above picture has been already
recognised in the quasi-steady state in GRMHD simula-
tions (e.g. McKinney 2006; McKinney & Gammie 2004;
Hawley & Krolik 2006), no steady solution is available in
the literature.
In this paper, we present the first semi-analytical

work as above-mentioned. We consider the energy
extraction from the black hole via the GRMHD (in-
flow), and the perturbed force-free parabolic field line in
Beskin & Nokhrina (2006) (outflow). With given black
hole spin, field angular velocity and magnetisation at
separation surface, we are able to to constraint the out-
flow solution by the inflow solution. For a reference, we
adopt similar parameters reported in the GRMHD sim-
ulation of McKinney (2006) (hereafter M06). Our semi-
analytical solution passes all the critical points (inner
and outer, Alfvén and fast points), and agrees with the
inflow and outflow properties along a mid-level field line
in M06.
The paper is organised as follows. In §2, we outline

the GRMHD formulation and the wind equation. In §3,
with the consideration of the conservation of energy flux

Locations are depend on 
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Jet is accelerated (Γ increases) 
where the jet is parabolic



Observation of MHD Jets



Image: Clausen-Brown+ (2013)

- 	Relativistic	jets	can	be	spatially	resolved	
!
- Proper	motions	from	sub-to-superluminal																																																																				
regime	(acceleration	on	sub-pc	to	pc/kpc)	!

- Structure	(collimation	profile)
⇔	MHD	jet	theory

Observation of Radio Galaxies

Can we see both?



Credit: 
NASA, ESA, and G. Bacon (STScI) 
Constellation Region of Galaxy M87: A. Fujii  
Galaxy M87: R. Gendler  
Hubble View of M87 Jet: NASA, ESA, E. Meyer, W. Sparks, J. Biretta, J. Anderson, S.T. Sohn, and R. van der Marel (STScI), C. Norman (JHU), and M. Nakamura (ASIAA), and G. Bacon (STScI)

M87	(Virgo	A;	NGC4486)
- The 1st jet discovered (Curtis 1918)

- “Rosetta Stone” of AGN jet (Biretta 1993)


- Nearby: ~ 16.7 Mpc (1 mas ~ 125 rs)

- M● ~ (3.2-6.6)×109 M⊙

- FR I / Misaligned BL Lac (θv ~ 14°)

1. 2nd largest BH shadow ( ~ 40 µas)

2. Relativistic outflows (≦ 6 c; 0.99c)

3. VHE TeV emissions (core/HST-1)

4. AGN feedback (radio mode) in action



Asada & MN (2012); MN & Asada (2013); Hada+ (2013); Hada+ (2016)
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VLBI Observations of the M87 Jet

HST-1



Structural Transition

Asada & MN (2012) (see also, MN & Asada 2013; Hada+ 2011; 2013)

Parabolic

Con
ica

l

“Jet Collimation Break ”

z / r

z / r1.7

HST-1



Asada, MN+ (2014)
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Jet Acceleration/Deceleration



Length scale (Rg)

FS     FFRF       RS

Conical expansion

Length scale (pc)

A CHST-1

Trailing knots

Flow streamline 
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BDE DW

Trails	of	MHD	Shocks?

θv~ 14°:	
Vε ~ 0.99 c    ⇒ FF	
VEast ~ 0.79 c ⇒ RF

DSA	(Fermi	I	acceleration		
via	relativistic	shock):	
1.Proper	compression	
!
!
!
2.Low	magnetization	
!
!
3.Low	magnetic	obliquity

� � 0.5

� � 13�

n(E) � E��,

� = 2.2� 2.3- Quad-shock model (MN, Garofalo, & Meier 2010; MN & Meier 2014)

- A super-fast magnetosonic flow drives “forward/reverse-fast/slow” 

shocks in a helically twisted MHD jet

- Pairs of super/sub-luminal motions (Biretta+ 1999; Cheung+ 2007) can 

be reproduced

Biretta+ (1999)



Examination of Parabolic Stream in M87



- A power-law dependence of the azimuthal current             
on the equatorial plane (McKinney & Narayan 2007):

!

!
!
!
!
!
- GRMHD simulated jet agrees well with the force-free field 

solution for a thin disc with an r-5/4 (i.e., BP82)

Magnetic	Field	Structure	of	GRMHD	Jets

⌫ = 1
⌫ = 3/4

(Parabolic, Blandford & Znajek 1977)

(Quasi-parabolic, Blandford & Payne 1982)

(split-monopole)⌫ = 0

dI�
dr

/ 1

r2�⌫

a = 0.9

a = 0.9375

- All magnetic field lines threading 
the ergo spheric disk have a 
turning point in the equatorial 
plane and do NOT cross the event 
horizon

!

- At some point the magnetic 
configuration would have to 
change so that all magnetic field 
liens entering the ergosphere also 
penetrate the event horizonKomissarov (2005)
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Comparison w/ analytic solutions: HARM 2D (Gammie & McKinney 2003; Noble+ 2006)
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Comparison w/ analytic solutions: HARM 2D (Gammie & McKinney 2003; Noble+ 2006)



Moderately	Magnetized	Corona	is	important	
a = 0.9

a = 0.9

Comparison w/ analytic solutions: HARM 2D (Gammie & McKinney 2003; Noble+ 2006)



“Jet Collimation Break ”

M87 Jet: Obs. vs. Theory (1)

Refs. Reid+ (1989); Biretta+ (1995, 1999); Kovalev+ (2007); Cheung+ (2007); McKinney & Narayan (2007); Ly+ (2007); Tchekhovskoy+ (2008); 
Doeleman+ (2011); Giroletti+ (2012); Asada & Nakamura (2012); Hada+ (2013); Nakamura & Asada (2013); Meyer+ (2013); Asada+ (2014); 
Akiyama+ (2015); Hada+ (2016); Mertens+ (2016)
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Asada, MN, & Pu, ApJ in press

Spine	Jet	Resolved	by	Space-VLBI

cf. VLBA@15GHz

(Kovalev+ 2007)



Hawley & Krolik (2006)

Spine-sheath structure?

M87 Jet: Obs. vs. Theory (2)

MN, Asada, Hada+, in prep.
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MERLIN, EVN: K. Asada et al. VLBA, HSA: K. Hada et al.

Spine-Sheath	as	Observed?
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Comparison w/ analytic solutions: HARM 2D (Gammie & McKinney 2003; Noble+ 2006)



Structural Transition is Norm?



Figure 6. Histograms of projected linear distance for jet featuresHoman+ (2015)Lister+ (2013)

Transition	found	in	MOJAVE	AGNs	

- A transition from positive to negative acceleration seems to locate at ~ 10 
pc (Lister+ 2013; Homan+ 2015) ⇒ ~ 100 pc or longer in de-projection


- Non-ballistic flows are strongest at < 10 pc; jets are expanding less rapidly 
than z ∝ r, ⇒ jets are still being collimated (Homan+ 2015)



Second	Case:	FRI	RG– 15 –
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Fig. 2.— The jet radius plotted against deprojected distance from the core in units of rs

and pc. We use previous VLBA measurements at 15 GHz (blue circles) and at 5 GHz

(green circles), EVN measurements at 1.6 GHz with three weighting schemes (purple circles,

triangles and crosses), and VLA measurements at 1.4 GHz (red circles). The jet streamline

can be described by a broken-power-law fit (brown) with a parabolic shape upstream (a1 =

2.02±0.12) and a conical structure downstream (a2 = 0.94±0.04). The geometrical transition

of the jet locates at around 2⇥ 105 rs, which is close to the sphere of influence of the SMBH

in NGC 6251 (black). Size of VLBI cores are used to estimated the innermost jet radius

with core shift measurements (blue, green, and purple squares). Note that the VLA data

and core size are excluded from the fit.

Tseng, Asada, MN+, in press

NGC 6251(0.5 pc/mas = 8700 rs), log M● = 8.78, θv=19° 



M87 (Asada & MN 2012; MN & Asada 2013 
NGC 6251(Tseng, Asada, MN+ 2016, in press) 
3C273 (Akiyama, Asada, MN+ 2016, in prep.)

VLBI cores (Algaba, MN+, in press)

Preliminary	Results
Sphere of influence (SOI)

- Similarity of the jet structural transition between QSOs and RGs 
⇒ Is the “jet collimation break” fundamental in AGNs? 

- “Conical jet paradigm” (Blandford & Königl 1979) may need to 
be re-examined w/ sub-mm VLBI observations

EHT	will	explore	
Blazars	inside	the	SOI



Summary	&	Future	Work

• M87 provides us the best understanding of the structure 
and the dynamics of relativistic jets; sub-mm VLBI will 
access the origin of the jet (< 10 rg) 

!
• GRMHD simulations reproduce the observed jet structure   

in M87, suggesting the Blandford-Znajek process in action 
!
• A transition of acceleration/collimation to deceleration/de-

collimation is norm? → Observing blazars w/ sub-mm VLBI             
is essential for re-examining “conical jet paradigm”  

!
• “Jet collimation break” gives a clue to see how AGN jets 

behaves under the co-evolution between SMBHs and host 
galaxies


