
Masa Nakamura (ASIAA, Taiwan)
Institute for Theoretical Physics Seminar, Goethe University, Frankfurt, Germany, 12/04/2015 

Jet	Break	in	M87:	
Fundamental	Property	
in	AGN	Jets	



SOC: P. Ho (ASIAA, Chair)!
          L. Ho (KIAA, Vice-chair, keynote speaker)!
          R. Blandford (Stanford, keynote speaker) !
          A. Fabian (IoA, Keynote speaker)!
          R. Narayan (CfA, Keynote speaker)!
          K. Asada (ASIAA, Secretary)!
          M. Nakamura (ASIAA, Secretary)!
      

Towards(the(100th(Anniversary(of(the(Discovery(of(Cosmic(Jets

M87 Workshop  
May 23-27 2016, ASIAA, Taipei

Image courtesy (left: Francisco Diez, middle: J.-C. Algaba, right: Greenland telescope)

Web.: http://events.asiaa.sinica.edu.tw/workshop/20160523/index.php!
Contact: m87ws2016@asiaa.sinica.edu.tw

Invited Speakers (*TBD): !
K. Asada (ASIAA), J. Biretta (STScI), G. Bower (ASIAA), A. Broderick 
(U. Waterloo), E. Churazov (MPA), S. Doeleman (MIT Haystack), *A. Doi 
(JAXA), J. Hawley (U. Virginia), A. Levinson (Tel Aviv U.), B. McNamara 
(U. Waterloo), H. Li (LANL), *D. Meier (Caltech), S. Mineshige (Kyoto U.), 
M. Mościbrodzka (Radboud U.), M. Nakamura (ASIAA), E. Perlman 
(FIT), W. Potter (U. Oxford), Ł. Stawarz (Jagiellonian U.),                        
A. Tchekhovskoy (UCB), *C. Walker (NRAO),  J. Walsh (Texas A&M U.)

TOPICS	

• SMBHs;	mass,	spin,	and	imaging	of	BH	silhouettes			
• BH	accretion	flows;	from	Bondi	radius	to	the	horizon	
• BH	Jets;	from	the	horizon	to	galactic	scale	
• Co-evolution	of	galaxy	and	black	hole:	AGN	feedback		
• High	energy	emissions	in	LLAGNs;	their	sites	and	mechanisms

	Registration & Abstract Submission ( - 2016/02/15)

mailto:m87ws2016@asiaa.sinica.edu.tw


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	
!

• MAD	in	Action;	how	large	is	the	BH	spin?	
!

• Lessons	learned	from	M87;	“jet	break”	in	AGNs	
may	be	norm	in	the	BH-galaxy	co-evolution?	
!

• Summary
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Q.	What	is	a	large	gap? Q.	Collimation	is	real	(i.e.				
the	jet	is	cylindrical	or	not)?

We	 have	 no	 clear	 view	 of	 jet	 acceleration/
collimation	even	in	the	most	studied	AGN	jet	…

Puzzle	Has	Remained	Unsolved	
During	decades

θ



Bp field lines and characteristic surfaces
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GRMHD Simulation (a =0.9375) Steady GRMHD (cold) solution (a =0.9375)
Bp field: parabolic solution (Blandford & Znajek 1977) 


+ perturbation (Beskin & Nokhrina 2006)
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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



Open	Question	1:	How	Acceleration/
Collimation	in	MHD	jets	is	Terminated?

µ

�
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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.
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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; similar 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)
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Figure 1. Contours are plotted at -1, 1, 1.4142, ..., 1024 × 2.12 mJy beam−1, which is three-times the residual r.m.s. noise in the first
epoch image. The synthesized beam is 19.9 mas × 14.6 mas with the major axis at a position angle of 73.4◦ for the first epoch. Model
components and trajectories are represented by green circles and blue line, respectively.

subluminal (< 0.3 c) or no proper motions within error
(e.g., Reid et al. 1989; Dodson et al. 2006; Kovalev et
al. 2007). The range of speeds were intensively measured
with VLBA at 15 GHz, and it was revealed that only very
slow proper motions between 0.003 c to 0.05 c exist in
the range from 1 to 20 mas from the nucleus (Kovalev et
al. 2007). On the other hand, recent VLBA observations
at 43 GHz claimed to detect very fast proper motions;
1.1 c or more at 0.5 mas (Acciari et al. 2009) and say
2 c in the range from 1 to 5 mas (Walker et al. 2008).
These observed speeds are different from the previous
observations. We will discuss this discrepancy in section
4.3.

HST observations revealed trails of superluminal fea-
tures at around 1 arcsecond from the core (a region
named as HST-1) with a range of 4 c - 6 c (Biretta et
al. 1999). VLA observations detected both super- and
subluminal motions downstream of HST-1 (Biretta et al.
1995). Both HST and VLA observations give a global
trend that observed proper motions decrease as a func-
tion of the distance from HST-1 smoothly.

As the summary of observed proper motions, an inter-
esting picture is derived so far; no evidence for highly
relativistic velocities between the core and HST-1, and
then, suddenly, superluminal motion of components im-
mediately HST-1. There is a missing link on the velocity
field of the M87 jet between 160 and 900 mas. Exploring
the velocity field on this spatial scale is the key to inves-
tigate the dynamics of the M87 jet, and it would provide
us a clue to understand the acceleration mechanism of
the jet.

2. OBSERVATION AND DATA REDUCTION

We conducted monitoring observations towards M 87
on 12 March 2007, 2 March 2008, and 7 March 2009 using
the EVN and Multi-Element Radio Linked Interferome-

ter Network (MERLIN) at a wavelength of 18 cm. EVN
observations were conducted with Cambridge (UK), Ef-
felsberg (Germany), Jodrell Bank (UK), Knockin (UK:
only at last epoch), Medicina (Italy), Noto (Italy), On-
sala (Sweden), Torun (Poland), and Westerbork (Nether-
lands) stations. Both left and right circular polarization
data were recorded at each telescope using 8 channels of
8 MHz bandwidth and 2 bit sampling. The data were
correlated at the Joint Institute for VLBI (JIVE) corre-
lator.

A priori amplitude calibration for each station was de-
rived from a measurement of system temperatures during
each run and the antenna gain. Fringe fitting was per-
formed using AIPS. After delay and rate solutions were
determined, the data were averaged over 12 seconds in
each IF and self-calibrated using Difmap.

For the selfcalibrated images, we performed model fit-
ting using Difmap. The core is defined by Gaussian
model fitting for the innermost bright region. Both of
the circular or elliptical Gaussian models have been ap-
plied, but the relative position of each component with
respect to the core is well determined.

3. RESULTS

We show the multi-sequential images by EVN observa-
tions in Fig. 1. The bright core at the eastern edge of the
jet and the continuous jet emission up to 500 mas from
the core are clearly detected. The isolated component at
the distance of 900 mas from the core corresponds to the
HST-1 knot. The jet components between 160 mas to
500 mas have been suggested in previous measurements
(Cheung et al. 2007), but they are robustly detected and
resolved with high significance in our EVN observations.

In Fig. 1, green circles mark the model components
for the jet structure by fitting circular Gaussians to the
emission. Red lines represent their individual trajecto-

Asada, MN+ (2014), ApJL 

SL	Motions	Upstream	of	HST-1
EVN Observations@1.6GHz
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This work: EVN at 1.6 GHz

A	Missing	Link	Has	Been	Filled
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Jet	Structure	and	Dynamics	in	M87

Sub/Superluminal		Pairs		
(Trailing	MHD	shocks?		
MN+	2010,	MN	&	Meier	2014)
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Open	Question	2:	How	Are	GRMHD	Jets	Confined?
HARM 2D (Gammie+ 2003; Noble+ 2006): 2562 grids a = 0.9375

�p ⌘ pgas/pmag
pgas pmag

- Quasi-steady jet is formed, while corona/wind are highly turbulent (~ 2,000 MG/c3)
- Global jet structure is unchanged even after the MRI in the corona is saturated
- Gas pressure-dominated corona may not confine the jet, suggesting the jet and 

corona/wind may be a force-free on the small scale (< 100 rs)

BZ77 BP82

PRELIMINARY



- 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)

Outer	Boundary	of	GRMHD	Jets

- 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.
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Comparison	w/	Observations	in	M87

MN, Noble+ in prep.
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Trails	of	Components?

A
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D
G (HST-1)

Cheung+ (2007)

c1:4.3c

c2:0.47c

MN+ (2001); MN & Meier (2004)

Growing Current-driven instability

The Astrophysical Journal Letters, 774:L21 (6pp), 2013 September 10

Meyer et al.

Figure 3. Upper left: knot I appears to fade and move backward along the jet at 0.23 ± 0.12c. Lower left: knot A is shown with a stretch to emphasize the fading of

the knot over time. Middle panel: the knot A/B complex shows remarkable variability
, with both sub-relativistic

and superluminal apparent motions. The white arrow

is pointing to a “bar” which appears in the last epoch. Right panel: knot C shows speeds on the order of 0.4–0.9c. Bottom panel: a depiction of velocities as vectors

from their positio
ns along the jet.

(Animations of this figure are available in the online journal.)

slope of zero, with typical errors on the order of 0.003 pixels yr−
1

or 0.02c. 3. RESULTS

Starting from the core, the first well-detected features in our

data set include a small narrow extension from the core (out to

∼0.′′ 5) probably corresponding to knot L seen in VLBI images,

as well as the famous variable feature, HST-1. Both the core and

HST-1 are highly variable in flux and frequently saturated in

our images. Because special care must be taken with saturated

images, an analysis of the inner region of the M87 jet up to and

including HST-1 will be addressed in a follow-up to this Letter.

For all the knots described below, the WFPC2 image stacks

(galaxy subtracted) described above are shown in Figures 1

and 3.

3.1. The Inner Jet: Knots D, E, F, and I

Knot D is the most consiste
ntly bright feature after the knot

A/B/C complex, and significant proper motions were measured

in both previous studies.5 As suggested by the contours overlaid

on Figure 1, D-Middle is one of the fastest components with

a speed of 4.27 ± 0.30c along the jet, while
the brighter

D-West shows evidence of deceleration radially, slowing to a

near stop by the final epoch in 2008, while maintaining one of

the largest transverse speeds of −0.59 ± 0.05c (see Figure 2).

These measurements are consiste
nt with

the results of B99

(5.26 ± 0.92c and 2.77 ± 0.98c for D-Middle and D-West,

respectively), where we compare with our estim
ated velocity of

D-West in 1996 of 2.73 ± 0.40c from the quadratic fit.

Previous results on knot D-East have been conflicting: B95

found that it moved inward along the jet at 0.23 ± 0.12c

(possib
ly consiste

nt with being stationary), while B99 found

a large outward apparent velocity of 3.12 ± 0.29c; our result of

0.28 ± 0.05 is more in line with B95. It is possib
le that there

is a stationary feature at D-East, through which components

emerge (analogous to what is seen in HST-1). In that case, the

higher-resolution Faint Object Camera was perhaps tracking

5 It is important to note that B95 used data from 1985 through 1995, and so

directly precedes the epoch of our data set, while B99 overlaps with only the

early part of it, spanning 1995–1998. All βapp (including previous work) were

computed with the conversion factor 0.264c yr mas−
1 .

4

Note: Knots are NOT stationary except HST-1

Projected V-fields (Meyer+ 2013)

Projected B-fields (Owen+ 1989) B�

B�

B�
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Trails	of	MHD	Shocks?
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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
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n(E) � E��,

� = 2.2� 2.3

rcmp = 3.3� 3.5

A	super-fast	magnetosonic	flow	drives		
forward/reverse-fast/slow	shocks

“Counter-rotation” 
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BAF / ADAF 
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r/rs

ṀB � 0.12M�/yr (e.g., Di Matteo+ 2003)

RIAF theory/simulation suggests a substantial decrease 
of the BH mass accretion; how is the M87 jet powered 
(Pj ~ 1043-44 erg/s)?

RIAF	in	M87

GADAF

CDA
F/A

DIO
S

(Kuo, Asada+ 2014, RM obs.,  
SMA@230GHz)

Ṁ• � 9.2� 10�4M�/yr
2D MHD sim. (Yuan+ 2012)

3D MHD sim. (Pang+ 2011)
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MAD	in	Action	in	M87?

0 0.2 0.4 0.6 0.8 1
1040

1041

1042

1043

1044

1045

1046

0 0.2 0.4 0.6 0.8 1
1040

1041

1042

1043

1044

1045

1046

Black hole spin : a� � a/M Black hole spin : a� � a/M

�
=

P
j

Ṁ
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e.g., Tchekhovskoy (2015)

-Magnetically Arrested Disk (MAD)                                               
(Bisnovatyi-Kogan & Ruzmaikin 1974, 1976;   
Narayan 2003; Tchekhovskoy+ 2011; Tchekhovskoy 
& McKinney 2012; Zamaninasab+ 2014)

58 A. Tchekhovskoy

Fig. 3.6 Vertical slice through BH accretion system illustrates how the balance of forces
determines the maximum possible field strength on the BH. The BH, shown as a black circle, is
threaded with vertical magnetic field, whose lines of force are shown with blue lines. The magnetic
pressure force, FB, pushes outward on the accretion disk gas, which is shown in red. Clearly,
if we removed the disk, the magnetic field would leave the BH due to the “no-hair theorem”,
which states that an isolated BH can only possess mass, spin, and charge, but not magnetic flux
(Sect. 3.3). Thus, it is the weight of the disk, or the associated force FG, that keeps the magnetic
field from leaving the BH. The disk must be massive enough to keep the magnetic flux on the BH:
FB < FG. If the opposite is true, i.e. if the magnetic field gets too strong, it pushes parts of the disk
away, the excess magnetic field leaves, and the accretion flow enters a magnetically-arrested disk
(MAD) state (Bisnovatyi-Kogan and Ruzmaikin 1974, 1976; Igumenshchev et al. 2003; Narayan
et al. 2003; Igumenshchev 2008; Tchekhovskoy et al. 2011; Tchekhovskoy and McKinney 2012;
McKinney et al. 2012). A characteristic size r ! few " rg involved into the force balance is
indicated

field gets too strong, it pushes parts of the disk away, and the excess magnetic
field leaves. The accretion flow then becomes the magnetically-arrested disk, or
a MAD (Bisnovatyi-Kogan and Ruzmaikin 1974, 1976; Igumenshchev et al. 2003;
Narayan et al. 2003; Igumenshchev 2008; Tchekhovskoy et al. 2011; Tchekhovskoy
and McKinney 2012; McKinney et al. 2012). In this state the magnetic field on the
BH and the jet power are maximum, and we discuss this state in detail below.

Thus, the maximum possible magnetic field strength on the hole is given by the
condition FB D FG. We write disk mass asMDisk ! !" .4"r3=3/" .h=r/, and get:

B2

8"
4"r2 D GMBH!4"r

3=3

r2
: (3.13)

Now, using mass continuity equation PM D 4"r2!vr".h=r/ to eliminate gas density
!, where vr is radial velocity of the infalling gas, we obtain an estimate of field
strength at the BH event horizon:

BMAD ! 2 " 104 ŒG#
!

L

0:1LEdd

"1=2 ! MBH

109Mˇ

"#1=2 # .vr=c/ " .h=r/
0:05

$#1=2
;

(3.14)

�• =
�•

(�Ṁ•�r2
gc)1/2

� 50 (spin� average)

MN+  in prep.

Ṁ• � 6.3� 10�4

�
R

10rs

�0.5

M�/yr

(e.g., Kuo, Asada+ 2014; Russell+ 2015)

for a MAD state (FG ≈ FB)
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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° 



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.GRMHD jet sim./MAD scenario may give the BH spin as 

a > 0.7 
!5.We propose that the “Jet Break” (from parabolic; BP82  

to conical; BK79) may be norm in AGNs


