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M87$(Virgo$A;$NGC4486)

- The 2nd brightest galaxies in Virgo cluster

- The 1st jet discovered (Curtis 1918)

- “Rosetta Stone” of AGN jet


- 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
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- A baseline 9,000+ km, giving a resolution θ ~ 20 μas     
to image the BH shadow in M87(~2.5Rs w/ 6.6 × 109 M⊙) 

- Shipping the GLT to Thule (2016- ) for VLBI 
commissioning (86/230GHz)

Image: H.-Y. Pu (ASIAA)

(e.g., Macchetto+ 1997; 
See also Walsh+ 2013)

(e.g., Gebhardt+ 2011)

Greenland$$Telescope$(GLT)

@Summit



Junor+ (1999), Nature
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Q.$What$is$a$large$gap? Q.$Collimation$is$real$(i.e.$$$$
the$jet$is$cylindrical$or$not)?

No$clear$view$of$jet$acceleration/collimation$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
even$in$the$most$studied$AGN$source…

Puzzle$Has$Remained$Unsolved$
During$decades
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• Introduction$to$M87;$puzzle$has$remained$

unsolved$on$the$jet$acceleration/collimation$

!

• MHD$Jet$global$structure$and$dynamics$under$

the$BH$gravitational$influence$and$beyond$

!

• Lessons$learned$from$M87;$“jet$break”$in$AGNs$
may$be$norm$in$the$BHWgalaxy$coWevolution?$

!

• Summary



Bp field lines and characteristic surfaces

McKinney (2006)

Out-going Fast

Light Cylinder
Out-going Alfvén 

Out-going Slow 
In/out-flow Separation 

Ergosphere

Pu, MN, + (2015), ApJ

GRMHD Simulation (a/M=0.9375) Steady GRMHD (cold) solution (a/M=0.9375)
Bp field: parabolic solution (Blandford & Znajek 1977) 


+ perturbation (Beskin & Nokhrina 2006)

In-going Alfvén 

In-going Slow 

Horizon/in-going Fast

GRMHD$(1st$ever)$Steady$Inflow/Outflow$
Solutions$for$a$Parabolic$Streamline

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



Fate$of$GRMHD$Jets:$How$Acceleration/
Collimation$is$Terminated?

µ

�
= 1 + �

σ : Poynitng-to-matter energy flux ratio

- Capability of cold RMHD jet acceleration 
can be measured by the total (matter + 
Poynting)-to-matter energy flux ratio:

�� � µ (�� � 0)

µ � 101�3

(Beskin 2010; Nokhrina+ 2015)

would be 
norm?

µ � 10
�� � 0

which follows the black holeʼs rotation, is however always
positive along the magnetic field line. At the separation surface,

� �Ru u 0r , and hence �Ω ΩF .
The radial and toroidal components of the orthonormal

velocity at large distance are given by

�u g u¯ , (45)r
rr

r

�G
GG

Gu g u¯ (46)

as shown in the fourth panel of Figure 4. The profile of ūr is
quite similar to the result in M06, but Gū has a relatively steeper
profile compared to the simulation result. We suppose that this
is related to the field configuration beyond the fast point, where
we are not able discuss in current prescribed field
configuration.

The orthonormal components of the magnetic fields at a
large distance can be defined by

�B g B¯ , (47)r
rr

r

�G
GG

GB g B¯ . (48)

Note that B̄r is given initially when solving the WE, and GB̄ ,
which is not initially known, can be determined after solving
the WE. The bottom panel of Figure 4 shows the profile of the
pitch angle, G� ∣ ∣B Btan ( ¯ ¯ )r1 . Because Br and GB are both
functions of gtt (see the Appendix), they quickly decrease and
change sign when entering the ergosphere ( �g 0tt ). As a
result, ∣ ∣B̄r and G∣ ∣B̄ are ill-defined close to the black hole, and
we only plot the profile in the region where �g 0tt . The reason
why the pitch angle profile in M06 does not have this problem
should be related to the definition of the field. The explicit
form of the magnetic field we adopt is provided in the
Appendix. Nevertheless, at far region (e.g., the outflow
region), spacetime becomes more flat and the differences of
the definition are less important, our result agrees with the
result of M06. The locations where � G∣ ∣ ∣ ∣B B¯ ¯r are close to the
light surface. At a large distance, ∣ ∣B̄r is well-described by

x G
GG∣ ∣ ∣ ∣B B R g¯ ¯r

L , where �R 1 ΩFL , as also obtained
in M06.

At the end of this section, we discuss how the flow solution
would change if we adopt a δ, which also satisfies the matching
condition, but does not equal to unity. Keep in mind that the
outflow solution is well constrained by the matching condition,
and the uncertainty of δ is due to the degeneracy of the inflow
solutions (Section 3). As a result, the outflow solution will
remain the same if a different value of δ is adopted. For the

Figure 3. Characteristic points of a fiducial PFD GRMHD inflow. Toward the
black hole: Alfvén surfaces (filled cyan triangles), light surfaces (empty green
circles), and fast surfaces (filled blue squares). The event horizon and static
limit (the outer boundary of the ergosphere) are shown by the thin solid and
dashed lines, respectively. Field lines are represented by the thick solid line.
The Alfvén surfaces are located inside the the negative energy region (shaded
region), implying that the black hole energy is extracted outward.

Figure 4. Fiducial PFD GRMHD flow solution properties along a field line.
Top panel: jet opening angle of the prescribed field. Location of characteristic
surfaces are also shown: separation point (plus sign), light surfaces (empty
circles), Alfvén surfaces (filled triangles), and fast surfaces (filled squares).
The thin vertical line indicates the angular profile of the static limit (gtt = 0).
Second panel: electromagnetic energy component (upper solid line), EEM, and
fluid energy component (lower solid line), EFL, of the total energy
� � �E const E E. EM FL, in unit of fluid rest-mass energy. The profile of Γ

is shown only when gtt < 0 (dashed line). Third panel: electromagnetic (upper
solid line), LEM, and fluid (lower solid line), LFL components of total angular
momentum, � � �L L Lconst. EM FL. Fourth panel: the orthonormal velo-
cities ūr and Gū . Bottom panel: the pitch angle of the orthonormal field,

G� ∣ ∣B Btan ( ¯ ¯ )r1 (solid line), which is well-described by GG
� ∣ ∣R gtan ( )L

1

(dashed line) at large distance, where �R 1 ΩL F . Because the orthonomal
field is related to gtt and becomes ill-defined near the black hole, the pitch angle
is only shown when �g 0tt . Along the field line, the location of the event
horizon, the static limit, and the separation point are indicated by the vertical
solid, dotted–dashed, and dashed lines, respectively.

8

The Astrophysical Journal, 801:56 (11pp), 2015 March 1 Pu et al.

Pu, MN, + (2015), ApJ;  qualitatively consistent with McKinney (2006)
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along a streamline that threads the EH at mid-latitude (similar to McKinney 2006)

separation point

�B̄r/B̄� ' 1
quasi F-F;

e.g., Lyutikov+ (2005)

Clausen-Brown+ (2011) 

c.f., Jorstad+ (2005) 
Pushkarev+ (2009)

Clausen-Brown+ (2013) 
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Transition$found$in$MOJAVE$AGNs$

Figure 6. Histograms of projected linear distance for jet featuresHoman+ (2015)Lister+ (2013) (see also Kellermann 2004; a tendency can been seen)

- 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, so that jets is still being collimated (Homan+ 2014; also Pushkarev & 
Kovalev 2012 w/ Tb analysis)



 

Supplemental Figure 2: Images of M 87 jet at different scale. (top) Image of M 87 

taken by MERLIN at 1.6 GHz.  (bottom) Image of M 87 taken by EVN.  We mainly 
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Asada, MN+ (2014), ApJL 
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Kovalev et al. 2007: VLBA at 15 GHz
Reid et al. 1989: Gloabal VLBI at 1.6 GHz
Cheung et al. 2007: VLBA at 1.6 GHz
Biretta et al. 1999: HST
Biretta et al. 1995: VLA at 15 GHz
Meyer et al. 2013: HST
Ly et al. 2007; VLBA 43 GHz (area)
Walker et al. 2008: VLBA 43 GHz
Acciari et al. 2009: VLBA 43 GHz

Kovalev et al. 2007: VLBA at 15 GHz
Reid et al. 1989: Gloabal VLBI at 1.6 GHz
Cheung et al. 2007: VLBA at 1.6 GHz
Biretta et al. 1999: HST
Biretta et al. 1995: VLA at 15 GHz
Meyer et al. 2013: HST
Ly et al. 2007; VLBA 43 GHz (area)
Walker et al. 2008: VLBA 43 GHz
Acciari et al. 2009: VLBA 43 GHz

This work: EVN at 1.6 GHz

A$Missing$Link$Has$Been$Filled



Asada & MN (2012), ApJL; MN & Asada (2013), ApJ; Asada, MN, +(2014), ApJL

Jet$Structure$and$Dynamics$in$M87

Sub/Superluminal$$Pairs
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Trails$of$Components?
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Growing Current-driven instability
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Trails$of$MHD$Shocks?



Hints$by$Jet$Opening$Angle

“DownWtheWpipe”?

MN & Asada, in prep.

� � 11.5

Quad RMHD shock model for explaining 
super/sub-luminal pair at HST-1 (Biretta+ 
1999) needs this underlying flow (MN & 
Meier 2014), while observed superluminal 
motions are                     in the upstream of 
HST-1 (Asada, MN+ 2014) … missing a 
fast spin component?

� � � 1/�v

� � a�
a� 1

z

r
� z(a�1)/a

�j �
r

z
� z(1�a)/a

(e.g., Komissarov+ 2009)

(e.g., Jorstad+ 2005; Pushkarev 2009                 
; Clausen-Brown+ 2013)
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Outer$Boundary$of$GRMHD$Jets

- A power-law dependence of the current density 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)

!
- Strong BH B-field squeeze the accretion flow vertically 

down to h/r ~ 0.05  near the EH from ~ (0.3 - 1) at large 
distances (Tchekhovskoy 2015)

a=0.9375

BZ77

BP82

dI�
dr

/ 1

r2�⌫

0 2 4
0

2

4

Jets from magnetically arrested BH accretion L81

In any case, we track the amount of mass and internal energy added
in each cell during the course of the simulation and we eliminate
this contribution when calculating mass and energy fluxes.

Model A0.99f (Table 1) uses a resolution of 288 × 128 × 64
along r-, θ -, and ϕ-, respectively, and a full azimuthal wedge, #ϕ =
2π . This set-up results in a cell aspect ratio in the equatorial region,
δr : rδθ : rδϕ ≈ 2 : 1 : 7. To check convergence with numerical
resolution, at t = 14 674rg/c, well after the model reached steady
state, we dynamically increased the number of cells in the azimuthal
direction by a factor of 2. We refer to this higher resolution simu-
lation as model A0.99fh and to A0.99f and A0.99fh combined as
model A0.99fc. We also ran model A0.99 with a smaller azimuthal
wedge, #ϕ = π . We find that the time-averaged jet efficiencies of
the four A0.99xx models agree to within statistical measurement
uncertainty (Table 1), indicating that our results are converged with
respect to azimuthal resolution and wedge size.

Our fiducial model A0.99fc starts with a rapidly spinning BH
(a = 0.99) at the centre of an equilibrium hydrodynamic torus
(Chakrabarti 1985; De Villiers & Hawley 2003). The inner edge
of the torus is at rin = 15rg and the pressure maximum is at
rmax = 34rg (see Fig. 1a). At r = rmax the initial torus has an aspect
ratio h/r ≈ 0.2 and fluid frame density ρ = 1 (in arbitrary units).
The torus is seeded with a weak large-scale poloidal magnetic field

(plasma β ≡ pgas/pmag ≥ 100). This configuration is unstable to the
magnetorotational instability (MRI, Balbus & Hawley 1991) which
drives MHD turbulence and causes gas to accrete. The torus serves
as a reservoir of mass and magnetic field for the accretion flow.

Equation (1) shows that the BZ power is directly proportional to
the square of the magnetic flux at the BH horizon, which is deter-
mined by the large-scale poloidal magnetic flux supplied to the BH
by the accretion flow. The latter depends on the initial field con-
figuration in the torus. Usually, the initial field is chosen to follow
isodensity contours of the torus, e.g. the magnetic flux function is
taken as (1(r, θ ) = C1ρ

2(r, θ ), where the constant factor C1 is
tuned to achieve the desired minimum value of β in the torus, e.g.
min β = 100. The resulting poloidal magnetic field loop is centred at
r = rmax and contains a relatively small amount of magnetic flux. If
we wish to have an efficient jet, we need a torus with more magnetic
flux, so that some of the flux remains outside the BH and leads to a
MAD state of accretion (Igumenshchev et al. 2003; Narayan et al.
2003). We achieve this in several steps. We consider a magnetic flux
function, ((r, θ ) = r5ρ2(r, θ ), and normalize the magnitude of the
magnetic field at each point independently such that we have β =
constant everywhere in the torus. Using this field, we take the initial
magnetic flux function as (2(r, θ ) = C2

∫ θ ′=θ

θ ′=0

∫ ϕ′=2π

ϕ′=0 BrdAθ ′ϕ′ and
tune C2 such that min β = 100. This gives a poloidal field loop

Figure 1. Shows results from the fiducial GRMHD simulation A0.99fc for a BH with spin parameter a = 0.99; see Supporting Information for the movie. The
accreting gas in this simulation settles down to a magnetically arrested state of accretion. (Panels a–d): the top and bottom rows show, respectively, equatorial
(z = 0) and meridional (y = 0) snapshots of the flow, at the indicated times. Colour represents the logarithm of the fluid-frame rest-mass density, log10ρc2

(red shows high and blue low values; see colour bar), filled black circle shows BH horizon, and black lines show field lines in the image plane. (Panel e): time
evolution of the rest-mass accretion rate, Ṁc2. The fluctuations are due to turbulent accretion and are normal. The long-term trends, which we show with a
Gaussian smoothed (with width τ = 1500rg/c) accretion rate, ⟨Ṁ⟩τ c2, are small (black dashed line). (Panel f): time evolution of the large-scale magnetic flux,
φBH, threading the BH horizon, normalized by ⟨Ṁ⟩τ . The magnetic flux continues to grow until t ≈ 6000rg/c. Beyond this time, the flux saturates and the
accretion is magnetically arrested. (Panels (c) and (d) are during this period). The large amplitude fluctuations are caused by quasi-periodic accumulation and
escape of field line bundles in the vicinity of the BH. (Panel g): time evolution of the energy outflow efficiency η (defined in equation (5) and here normalized
to ⟨Ṁ⟩τ c2). Note the large fluctuations in η, which are well correlated with corresponding fluctuations in φBH. Dashed lines in panels (f) and (g) indicate time
averaged values, ⟨φ2

BH⟩1/2 and ⟨η⟩, respectively. The average η is clearly greater than 100 per cent, indicating that there is a net energy flow out of the BH.

C⃝ 2011 The Authors, MNRAS 418, L79–L83
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Tchekhovskoy+ (2011)
⌦ Toroidal current: Iφ

⌦ ⌦ ⌦ ⌦ ⌦ ⌦ ⌦ ⌦

⌫ = 1
⌫ = 3/4

(Parabolic, BZ77)

(Blandford & Payne 1982)

(split-monopole )⌫ = 0
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Comparison$w/$Observations$in$M87
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But,$the$story$never$ends$…



Asada et al., in prep.

SpineWSheath$Resolved$by$SpaceWVLBI

cf. VLBA@15GHz

(Kovalev+ 2007)

VSOP (1997~2005)
Dodson+ 2006, PASJ 
✓ No evidence for significant motions 
✓ Core TB is well below the IC limit, suggesting   
     that the emission is not strongly Doppler boosted



Asada et al., in prep.

SpineWSheath$Resolved$by$SpaceWVLBI

cf. VLBA@15GHz

(Kovalev+ 2007)
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- The inflow/outflow stagnation surface: 
- A origin of the jet, depending on the black hole spin (MN & Pu, in prep.) 
- A natural site of pair formation/particle acceleration? (Broderick & Tchekhovskoy 2015)

A$Constraint$of$BH$Spin$w/$BZ77$&$BK79

Opacity-driven  
VLBI core shift

MN & Pu, in prep.

Spin-driven  
stagnation shift

M• = 6.6� 109M� (Gebhardt+ 2011)

230 GHz (EHT)

Bp field line: parabolic solution 

(Blandford & Znajek 1977)

Blandford & Königl (1979); Hada+ (2011)

a/M � 0.5
(see also Doeleman+ 2012)
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Outline

• Introduction$to$M87;$puzzle$has$remained$

unsolved$on$the$jet$acceleration/collimation$

!

• MHD$Jet$global$structure$and$dynamics$under$

the$BH$gravitational$influence$and$beyond$

!

• Lessons$learned$from$M87;$“jet$break”$in$AGNs$
may$be$norm$in$the$BHWgalaxy$coWevolution?$

!

• Summary



Case$2:$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+, submitted to ApJL

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



QSO 1633+382 (4C38.41, z=1.807; 8.54pc/mas), log M● = 9.67, θv=2°.6 

EHT@230 GHz

@43 GHz

z � r

z � r1.53

Asada, MN+ in prep.

Case$3:$Blazar

VLBI cores@mm ~ sub-mm are very 
important to study inner stream 
(maybe non-conical?) for blazers!

See also, BL Lac objects; 1803+784, 3C 66A (Jorstad+ 2005)



Summary

• M87: The best observable for examining the AGN jet with 
the highest angular resolution (1 mas ~ 125 rs)  
!1.Sub-mm VLBI will reveal the origin of the jet in M87       
as well as the jet inner structure for blazers (non-BK79?)               
!2.VSOP obs. reveals the jet spine (BZ77), while the jet 

sheath may be the outermost streamline (BP82) from BH 
!3.Jet acceleration/collimation takes place in the parabolic 

stream up to ~ 105 rs (inside the sphere of BH influence) 
!4.We propose that the “Jet break” (from parabolic to 

conical) may be norm (see also, Potter’s talk) in AGNs               
!
⇒ MHD jet paradigm in a realistic galactic environment   
will be examined in the coming years


