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Rela,vis,c	  Jets	

•  Ac,ve	  galac,c	  nuclei,	  
gamma-‐ray	  bursts,	  etc.	  

•  Lorentz	  factor	  Γ~10-‐103(?)	  
•  One	  of	  the	  major	  problems	  
in	  astrophysics	  

•  Those	  objects	  are	  
candidates	  of	  high-‐energy	  
CR,	  ν,	  and	  GW	  emi_ers.	

Radio	  image	  of	  Cygnus	  A	

M87	  (Hada+	  2011)	



Promising	  Scenario	

Low	  density	 High	  density	
•  Steady	  extrac,on	  of	  
rota,onal	  energy	  of	  accre,on	  
disk	  or	  BH	  (Goldreich	  &	  Julian	  
1969;	  Blandford	  &	  Znajek	  1977;	  see	  
also	  KT	  &	  Takahara	  2014)　→　
Poyn,ng-‐dom	  jet	  (Kino+	  15)	  

•  Mass	  loading	  mechanism	  
unknown.	  Unsteady	  process	  
or	  diffusion	  of	  high-‐energy	  
hadrons?	  (KT	  &	  Takahara	  2012;	  
Kimura	  et	  al.	  2015)	  

•  Ma_er	  accelera,on	  by	  
Lorentz	  force	  	  

•  Collima,on	  by	  external	  
pressure	  

Disk	  wind	

Jet	

BH	
Accre,on	  disk	

(see	  numerical	  simula,ons	  by	  J.	  McKinney,	  
A.	  Tchekhovskoy,	  etc.)	



Ma_er	  accelera,on,	  collima,on	

⨀	
B' ⇢E

Jp ⇥B'

Jp

E

•  Par,cles	  are	  accelerated	  by	  J×B force	  
(=	  energy	  flux	  conversion	  from	  
Poyn,ng	  to	  kine,c)	  

•  J×B force	  also	  collimates	  the	  flow	  
•  But	  ρE	  force	  expands	  the	  flow	  
•  In	  the	  rela,vis,c	  flow,	  E ~ -vp×Bφ ~ Bφ	  

beyond	  the	  light	  cylinder	  è	  Bφ
2	  	  stress	  

is	  not	  effec,ve	  for	  collima,on	  (except	  
for	  the	  region	  near	  the	  axis)	  
(Komissarov+09;	  Lyubarsky	  09)	  

•  Efficient	  accelera,on	  requires	  
expansion	  of	  magne,c	  flux	  tube	  (~	  de	  
Laval	  nozzle)	  (e.g.	  Begelman+94;	  KT	  &	  
Takahara	  2013)	

BH	 Accre,on	  disk	



Accelera,on	  mechanism	
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Fig. 2. Solution for vϕ/c (left), |bϕ| ≡ |Bϕ|/(cηE) (right; solid line), and bp ≡ Bp/(cηE) (right; dashed line)
corresponding to Fig. 1.

This equation means that, in order to have d# > 0, S has to increase in the region of # < (E − #)1/3

and vice versa, and # = (E − #)1/3 at the fast point. This behavior is quite similar to the de Laval
nozzle for a steady, 1D, non-relativistic hydrodynamic flow [31], and is often called the magnetic
nozzle effect [15], where 1/S corresponds to the cross section of the magnetic nozzle. Some results
of the numerical calculations by Komissarov et al. indeed show that S has a maximum (see Fig. 10 of
Ref. [19]). On the other hand, in the wind solution shown for the case of the monotonic decrease of S,
Bpr2 ∝ r−q with q > 0, u p monotonically grows from non-relativistic to super-fast speed, passing
through the fast point, as first demonstrated by Ref. [24] and also by Fig. 1. This does not appear to
be consistent with Eq. (3.1).

In order to solve this apparent inconsistency, we rewrite Eq. (2.11) into a similar form to Eq. (3.1)
but retaining the next-order terms. As shown in the Appendix, Eq. (2.11) can be rewritten by using
Eqs. (2.9), (2.14), (2.27), and (2.28) as

!

1 −
u2

f

u2
p

"
d#

E − #
+ c2#in

r2$2#

d#
u p

+
#

1 + 2#in

#

$
(−vϕdvϕ)

v2
p

= −dS
S

. (3.3)

Note that this equation is valid only for r > rlc. Clearly, this equation is not exactly the same as the
case of the de Laval nozzle. Even at and inside the fast point (i.e., u p ≤ u f ), the second and third
terms of the left-hand side allow d# > 0 while dS < 0. Thus the monotonic decrease of S discussed
in Ref. [24] can have a solution of the flow passing through the fast point. Equation (3.3) and its
derivation indicate that the azimuthal direction of freedom allows the solutions of the monotonic
decrease of S. For r ≫ rlc, however, the second and third terms of the left-hand side are negligible,
and u2

f ≃ B2
ϕ/(4πρc2#2) ≃ (E − #)/#, and then we have Eq. (3.1). At the fast point, we have

# ∼ (E − #)1/3 at r = r f . (3.4)

This property has already been shown in Ref. [15].
Now let us examine which shape of S leads to more efficient acceleration, the monotonic decrease

shape or the nozzle shape. In order to do this, we compare wind solutions of Eq. (2.17) with different
models of S. The first model is S ∝ x−q with q = 0.1, as shown in Fig. 1, while the second one is
a broken power-law form that has a maximum point,

S ∝
% x

C

&p '
1 +

% x
C

&s(−(q+p)/s
, (3.5)
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High	  𝑃	 Low	  𝑃	

De	  Laval	  nozzle:	  	  
one-‐dimensional	  hydrodynamic	  case	

✓
1� v2

c2s

◆
dv

v
=

�dS

S

S	

Two-‐dimensional	  magneto-‐hydrodynamic	  case	

Magne,c	  flux	  tube	  must	  be	  expanded	  when	  the	  super-‐fast	  flow	  is	  
accelerated.	

S = Bp r2	

v > cs	v < cs	



Accelera,on	  mechanism	

•  Steady	  axisymmetric	  
MHD	  solu,on	  

•  BH	  gravity	  neglected	  
•  External	  rigid	  wall	  
(parabolic)	  

•  Gradual	  accelera,on	  
•  Collima,on	  near	  the	  
axis	  leads	  to	  expansion	  
of	  outer	  region	  	Poloidal	  B	  field	  lines	  

&	  Density	
Poloidal	  currents	  
&	  Lorentz	  factor	

(Komissarov,	  Vlahakis,	  Konigl	  &	  Barkov	  2009)	

(see	  also	  Lyubarsky	  2009;	  
Asada,	  Nakamura	  et	  al.	  2014)	



Accelera,on	  efficiency	

Magnetic acceleration of jets 1191

Figure 7. Distribution of ! and µm = µhσ across the jet in models B1 (left-hand panel) and D (right-hand panel). Solid lines show ! at η = 5 × 104, 5 ×
105, 5 × 106, 5 × 107 (increasing upward), dashed lines show µhσ at the same locations (increasing downward), and the dash–dotted line shows µ.

Figure 8. ! (solid line), µm = µhσ (dashed line) and µ (dash–dotted line) along the magnetic field line with $ = 0.8$max as a function of cylindrical radius
for models B1 (top left-hand panel), B2 (top right-hand panel), B3 (bottom left-hand panel) and B4 (bottom right-hand panel).

C⃝ 2009 The Authors. Journal compilation C⃝ 2009 RAS, MNRAS 394, 1182–1212

Poyn,ng	  flux	

Kine,c	  energy	  flux	

•  Poyn,ng/kine,c	  ~	  1	  at	  r	  ~	  104	  rlc	  
(z	  ~	  106	  rlc)	  which	  is	  extremely	  
large	  distance	  

•  But	  observa,ons	  of	  blazars	  
imply	  Poyn,ng/kine,c	  <	  0.1	  at	  r	  
~	  103	  rlc	  (e.g.	  Kino+	  2002;	  Sikora
+	  2005)	  

•  (Efficient	  magne,c	  dissipa,on?)	  

(Komissarov,	  Vlahakis,	  Konigl	  &	  Barkov	  2009)	

We	  look	  for	  boundary	  
condi,ons	  for	  more	  efficient	  
accelera,on	



Field	  line	  near	  the	  boundary	PTEP 2013, 083E02 K. Toma and F. Takahara
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Fig. 4. Schematic picture of our model for Types 1 and 2. The whole outflow region with non-zero poloidal
magnetic flux!0 is confined by the external medium with thermal pressure and/or magnetic pressure of closed
fields. We fix the shape of the external boundary as the solid line, and discuss the flux function for the region
just inside the boundary, !0 − δ! < !(r, z) ≤ !0, and wind solutions for the field line of !0. The dashed
curved line represents y = A0xa0 (except for Type 2-C), where y = z/rlc and x = r/rlc.

a′ ̸= 0 is a long-lasting decrease of Bpx2 realized, although it decreases only logarithmically. Below,
we discuss a type of flux function with a′ ̸= 0 similar to Type 1.

4.1. Model and parameters
The poloidal magnetic flux within a BH accretion system is not infinite in reality. We assume that the
system has a finite region with non-zero poloidal magnetic flux around the axis, and this region drives
a relativistic outflow. The finite magnetic flux is defined as !0 (see Fig. 4). The flow is confined by
the pressure of the external medium, which includes thermal pressure and/or magnetic pressure of
the closed fields. In this case the pressure balance condition should be satisfied at the boundary (cf.
Ref. [21]). Since the magnetic field measured at the plasma rest frame is B ′ = (B2 − E2)1/2, the
boundary condition is given by

!
B2

p + B2
ϕ − E2

8π

"#####
!=!0

= Pext(z). (4.3)

We fix the shape of the external boundary, and discuss the flux function for the region just inside
the external boundary, !0 − δ! < !(r, z) ≤ !0, and wind solutions for the field line of !0.

We assume that the boundary at r ! rlc has a shape of

y = A0xa0 (4.4)

(i.e., !(r, z) = !0 is equivalent to Eq. (4.4)), where A0 and a0 are constants (except for Type 2-C
below). At r " rlc the boundary and the last field line are assumed to deviate from this shape and
be anchored to a thin disk at r0 with Keplerian rotation, as illustrated by the solid line in Fig. 4.
However, for simplicity, we use wind solutions of the Bernoulli equation along the field line shaping
as y = A0xa0 for 0 < x < ∞ (i.e., the dashed curved line in Fig. 4). This treatment is justified since
the acceleration efficiency does not strongly depend on the field structure inside the fast point, as
discussed in Sect. 3. For the wind solutions that we obtain, Pext(z) can be deduced by Eqs. (4.3)
and (4.4).
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Accre,on	  disk	

•  Focus	  on	  the	  fluid	  mo,on	  
along	  the	  field	  line	  near	  the	  
boundary	  (not	  solving	  
transverse	  structure)	  

•  Assume	  the	  shape	  of	  the	  
boundary	  

•  Look	  for	  field	  structure	  for	  
efficient	  accelera,on	  

•  External	  pressure	  

PTEP 2013, 083E02 K. Toma and F. Takahara
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Fig. 4. Schematic picture of our model for Types 1 and 2. The whole outflow region with non-zero poloidal
magnetic flux!0 is confined by the external medium with thermal pressure and/or magnetic pressure of closed
fields. We fix the shape of the external boundary as the solid line, and discuss the flux function for the region
just inside the boundary, !0 − δ! < !(r, z) ≤ !0, and wind solutions for the field line of !0. The dashed
curved line represents y = A0xa0 (except for Type 2-C), where y = z/rlc and x = r/rlc.

a′ ̸= 0 is a long-lasting decrease of Bpx2 realized, although it decreases only logarithmically. Below,
we discuss a type of flux function with a′ ̸= 0 similar to Type 1.

4.1. Model and parameters
The poloidal magnetic flux within a BH accretion system is not infinite in reality. We assume that the
system has a finite region with non-zero poloidal magnetic flux around the axis, and this region drives
a relativistic outflow. The finite magnetic flux is defined as !0 (see Fig. 4). The flow is confined by
the pressure of the external medium, which includes thermal pressure and/or magnetic pressure of
the closed fields. In this case the pressure balance condition should be satisfied at the boundary (cf.
Ref. [21]). Since the magnetic field measured at the plasma rest frame is B ′ = (B2 − E2)1/2, the
boundary condition is given by

!
B2

p + B2
ϕ − E2

8π

"#####
!=!0

= Pext(z). (4.3)

We fix the shape of the external boundary, and discuss the flux function for the region just inside
the external boundary, !0 − δ! < !(r, z) ≤ !0, and wind solutions for the field line of !0.

We assume that the boundary at r ! rlc has a shape of

y = A0xa0 (4.4)

(i.e., !(r, z) = !0 is equivalent to Eq. (4.4)), where A0 and a0 are constants (except for Type 2-C
below). At r " rlc the boundary and the last field line are assumed to deviate from this shape and
be anchored to a thin disk at r0 with Keplerian rotation, as illustrated by the solid line in Fig. 4.
However, for simplicity, we use wind solutions of the Bernoulli equation along the field line shaping
as y = A0xa0 for 0 < x < ∞ (i.e., the dashed curved line in Fig. 4). This treatment is justified since
the acceleration efficiency does not strongly depend on the field structure inside the fast point, as
discussed in Sect. 3. For the wind solutions that we obtain, Pext(z) can be deduced by Eqs. (4.3)
and (4.4).
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Examples	  of	  field	  line	  structure	

PTEP 2013, 083E02 K. Toma and F. Takahara
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Fig. 6. Poloidal field lines of ψ = 0.95 for the flux functions given by Eqs. (4.7) and (4.10) for which
"0/(cηr2

lc) ≃ 46 is set (dashed lines). The top left, top right, middle left, middle right, and bottom panels
correspond to Types 1, 2-A, 2-B, 2-C, and 2-conical, respectively. The solid lines represent the external bound-
ary ψ = 1. Note that the vertical scales of the middle left and bottom panels are different from those of the
other panels.

for"0 − δ" < " ≤ "0, where a0 < b, F(ψ) < A0, F ′ < 0, and b is constant. For this flux function
we have more efficient and rapid acceleration. Equation (4.10) provides

Bpx2 = "0

r2
lc

A0xa0−b + F
(−F ′)

!"
x
y

#2

+
"

A0a0xa0−1 + Fbxb−1

A0xa0−1 + Fxb−1

#2

. (4.11)

Choosing the boundary shape as Eq. (4.4), we set F0 ≡ F(ψ = 1) = 0 and obtain for the field line
of "0

Bpx2 = "0

r2
lc

A0xa0−b

(−F ′
0)

!"
x
y

#2

+ a2
0, (4.12)

where we have defined F ′
0 ≡ F ′(ψ = 1).
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•  Boundary:	  y	  =	  0.1	  x2	  
•  Plot	  the	  field	  line	  of	  Ψ	  =	  0.95	  Ψ0	  

PTEP 2013, 083E02 K. Toma and F. Takahara

The parameter ! is given by

!("0) =
!

G M

r3
0

=
!

rsc2

2r3
0

. (4.5)

Then the light cylinder radius is

rlc("0) = c
!("0)

=

!
2r3

0

rs
=

√
2R3/2

0 rs,

"
R0 ≡ r0

rs

#
. (4.6)

For the field line with R0 = 4, as an example, we have rlc ≃ 10 rs.
The wind solution u p(x) and corresponding external pressure profile Pext(x) depend on the param-

eters A0 and a0, but not on R0, which just converts (x, y) to (r, z) by using Eq. (4.6). To have
rough constraints on A0 and a0, we may use a simple opening angle estimate at the emission site
as re/ze ∼ 0.1. Substituting this relation into y = A0xa0 with a0 = 2, we have

√
2R3/2

0 × 102 ∼
A0(ze/rs). Observations suggest that ze ∼ 103–104 rs. For ze/rs = 103, we have A0 ∼ 0.4, 1, and 3
for R0 = 2, 4, and 8, respectively. For ze/rs = 104, we have A0 ∼ 0.04, 0.1, and 0.3 for R0 = 2, 4,

and 8, respectively. For a0 = 1, we have A0 ∼ 10 for any value of R0. Below we will adopt A0 = 0.1
and A0 = 1 with a0 = 2 and for A0 = 10 with a0 = 1 as the fiducial values, for which we show
calculation results.

4.2. Type 1
First let us consider a type for which the flux function for "0 − δ" < " ≤ "0 is given by

y = D
$ x

d

%a(ψ)
, (4.7)

where a′ < 0 and a(ψ = 1) = a0. The parameters D and d are constants. This type is suggested to
give a long-lasting acceleration from the discussion below Eqs. (4.1) and (4.2). The constant d should
be ≪1, since all the magnetic field lines intersect and the field strength would diverge at x = d. For
the field line of " = "0, we have

Bpx2 = "0

r2
lc

1
(−a′

0) ln(x/d)

!"
x
y

#2

+ a2
0, (4.8)

where we have defined a′
0 ≡ a′(ψ = 1).

Figure 5 (top left) shows a wind solution for Bpx2 given by Eq. (4.8) and the corresponding profile
of σ (see Eq. 2.16) with solid and dashed lines, respectively. The parameters are given as Bp(x =
1)/(cη) = 100, d = 10−2, D = 10−5, a0 = 2, xA = 0.991, and E = 55.8. This parameter choice
corresponds to the field line shape of" = "0 as Eq. (4.4) with a0 = 2 and A0 = 0.1. For x/y > a0,
i.e., x < 5, Bpx2 rapidly decreases, roughly scaling as ∝ x/y ∝ x−1, i.e., Bpx2 ∝ x−q with q = 1,
so that the acceleration is very rapid. This causes the fast point, where ' ≈ E1/3 ≃ 3.8, to be closer
to the Alfvén point than the case of Fig. 1 (q = 0.1). For x > 5, however, the last factor of Eq. (4.8)
is roughly constant, so that Bpx2 decreases only logarithmically. As a result, we have σ ≤ 0.2 at
x ≥ 170, corresponding to y ≥ 2.9 × 103 and then z ≥ 4 × 103 R3/2

0 rs, although σ ≤ 0.1 is realized
only at x > 104, corresponding to z >

√
2 × 107 R3/2

0 rs, which is a very large distance compared
with the observational suggestions.

To illustrate the magnetic field structure of this type, we plot the field line of ψ = 0.95 with
the dashed line in Fig. 6 (top left). This is the line of Eq. (4.7) with the power law index set to
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Fig. 5. Wind solutions of the Bernoulli equation for u p (solid lines) and corresponding σ as functions of x
(dashed lines). The fast points are represented by dots, and the maximum level of the Lorentz factor " ≈ E
by dot-dashed lines. Top left: Bpx2 is given by Eq. (4.8) and the parameters are Bp(x = 1)/(cη) = 100,
d = 10−2, D = 10−5, a0 = 2, xA = 0.991, and E = 55.8. Top right: Bpx2 is given by Eq. (4.12) and the
parameters are Bp(x = 1)/(cη) = 100, A0 = 0.1, a0 = 2, F0 = 0, b = 3, xA = 0.990, and E = 48.2. Bot-
tom left: Bpx2 is given by Eq. (4.12) and the parameters are Bp(x = 1)/(cη) = 100, A0 = 1.0, a0 = 2,
F0 = 0, b = 3, xA = 0.991, and E = 55.8. Bottom right: Bpx2 is given by Eq. (4.11) and the parameters are
Bp(x = 1)/(cη) = 100, A0 = 1.0, a0 = 2, F0 = 0.03, b = 3, xA = 0.990, and E = 48.7.

a(ψ) = a0 + a′
0(ψ − 1). We have assumed that %0/(cηr2

lc) = 10 × ln(102) ≃ 46 and given a′
0 by

using Eq. (4.8) evaluated at x = 1 with Bp(x = 1)/(cη) = 100.
Figure 7 (solid line) shows the external pressure calculated by Eq. (4.3). Pext(x) decreases very

steeply just beyond the light cylinder, and it roughly scales as ∝ x−2 far outside the fast point. This
behavior can be understood by an approximate equation of Eq. (4.3),

Pext ≈
B2

p

8π
r2'2

c2

1
"2 , (4.9)

which is derived by using Eq. (2.27) for x > 1. For the rapid acceleration region, 1 < x < 3, the
external pressure Pext ∝ B2

pr2/"2 ∝ x−4/"2 decreases by a factor of ∼ 10−5. For x ≫ 5, " ∼
const, and the external pressure scales as Pext ∝ B2

pr2 ∝ x−2/(ln x)2. Since z ∝ x2, we have Pext ∝
z−1/(ln z)2.

4.3. Type 2
Next we consider a flux function given by

y = A0xa0 + F(ψ)xb, (4.10)
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More	  efficient	  accelera,on	



Solu,ons	  of	  cold	  MHD	  wind	  eq.	

PTEP 2013, 083E02 K. Toma and F. Takahara
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Fig. 5. Wind solutions of the Bernoulli equation for u p (solid lines) and corresponding σ as functions of x
(dashed lines). The fast points are represented by dots, and the maximum level of the Lorentz factor " ≈ E
by dot-dashed lines. Top left: Bpx2 is given by Eq. (4.8) and the parameters are Bp(x = 1)/(cη) = 100,
d = 10−2, D = 10−5, a0 = 2, xA = 0.991, and E = 55.8. Top right: Bpx2 is given by Eq. (4.12) and the
parameters are Bp(x = 1)/(cη) = 100, A0 = 0.1, a0 = 2, F0 = 0, b = 3, xA = 0.990, and E = 48.2. Bot-
tom left: Bpx2 is given by Eq. (4.12) and the parameters are Bp(x = 1)/(cη) = 100, A0 = 1.0, a0 = 2,
F0 = 0, b = 3, xA = 0.991, and E = 55.8. Bottom right: Bpx2 is given by Eq. (4.11) and the parameters are
Bp(x = 1)/(cη) = 100, A0 = 1.0, a0 = 2, F0 = 0.03, b = 3, xA = 0.990, and E = 48.7.

a(ψ) = a0 + a′
0(ψ − 1). We have assumed that %0/(cηr2

lc) = 10 × ln(102) ≃ 46 and given a′
0 by

using Eq. (4.8) evaluated at x = 1 with Bp(x = 1)/(cη) = 100.
Figure 7 (solid line) shows the external pressure calculated by Eq. (4.3). Pext(x) decreases very

steeply just beyond the light cylinder, and it roughly scales as ∝ x−2 far outside the fast point. This
behavior can be understood by an approximate equation of Eq. (4.3),

Pext ≈
B2

p

8π
r2'2

c2

1
"2 , (4.9)

which is derived by using Eq. (2.27) for x > 1. For the rapid acceleration region, 1 < x < 3, the
external pressure Pext ∝ B2

pr2/"2 ∝ x−4/"2 decreases by a factor of ∼ 10−5. For x ≫ 5, " ∼
const, and the external pressure scales as Pext ∝ B2

pr2 ∝ x−2/(ln x)2. Since z ∝ x2, we have Pext ∝
z−1/(ln z)2.

4.3. Type 2
Next we consider a flux function given by

y = A0xa0 + F(ψ)xb, (4.10)
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Fig. 6. Poloidal field lines of ψ = 0.95 for the flux functions given by Eqs. (4.7) and (4.10) for which
"0/(cηr2

lc) ≃ 46 is set (dashed lines). The top left, top right, middle left, middle right, and bottom panels
correspond to Types 1, 2-A, 2-B, 2-C, and 2-conical, respectively. The solid lines represent the external bound-
ary ψ = 1. Note that the vertical scales of the middle left and bottom panels are different from those of the
other panels.

for"0 − δ" < " ≤ "0, where a0 < b, F(ψ) < A0, F ′ < 0, and b is constant. For this flux function
we have more efficient and rapid acceleration. Equation (4.10) provides

Bpx2 = "0

r2
lc

A0xa0−b + F
(−F ′)

!"
x
y

#2

+
"

A0a0xa0−1 + Fbxb−1

A0xa0−1 + Fxb−1

#2

. (4.11)

Choosing the boundary shape as Eq. (4.4), we set F0 ≡ F(ψ = 1) = 0 and obtain for the field line
of "0

Bpx2 = "0

r2
lc

A0xa0−b

(−F ′
0)

!"
x
y

#2

+ a2
0, (4.12)

where we have defined F ′
0 ≡ F ′(ψ = 1).
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Both	  cases	  show	  Poyn,ng/kine,c	  ~	  0.3	  at	  r	  ~	  3	  rlc	

More	  efficient	  
accelera,on,	  
consistent	  with	  
blazar	  observa,ons	up	

Poyn,ng/
kine,c	



Solu,ons:	  external	  pressure	
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Fig. 7. External pressures as functions of x corresponding to the wind solutions in Fig. 5. The solid, dashed,
dotted, and dot-dashed lines correspond to Types 1, 2-A, 2-B, and 2-C, respectively.

Figure 5 (top right) shows a wind solution for Bpx2 given by Eq. (4.12). The parameters are Bp(x =
1)/(cη) = 100, A0 = 0.1, a0 = 2, b = 3, xA = 0.990, and E = 48.2; we call this case ‘Type 2-A’.
In this case, Bpx2 decreases as a power law function of x , not logarithmically (i.e., Bpx2 ∝ x−q with
q = b − a0 = 1), even outside the rapid decrease phase of x/y > a0. As a result, we have σ ≤ 0.1 as
early as x ≥ 6. This corresponds to z ≥ 3.6 ×

√
2R3/2

0 rs ∼ 40 rs for R0 = 4, which is small enough
to obtain σ < 0.1 at the emission site, as suggested by observations.

The dashed line in Fig. 6 (top right) represents the poloidal field line of ψ = 0.95 for this type
of flux function. This line is plotted as Eq. (4.10) with F(ψ) = F0 + F ′

0(ψ − 1) and with the same
value of$0/(cηr2

lc) as that for Type 1, i.e., the dashed line in Fig. 6 (top left). This clearly shows that
the field lines of Type 2 expand sideways (and Bpx2 decreases) more rapidly than those of Type 1.

Figure 7 (dashed line) shows the corresponding structure of the external pressure. It drops very
rapidly at 1 < x < 3 and decays as a power law of x at x ≫ 5, similarly to Case 1. At x ≫ 5, Eq. (4.9)
implies that Pext ∝ B2

pr2 ∝ x−4 ∝ z−2.
We also obtain a wind solution for the case of A0 = 1.0 and show the result in Fig. 5 (bottom left).

We call this case ‘Type 2-B’. For this parameter value, the rapid acceleration phase x/y > a0 (i.e.,
x < 0.5) is so short that the acceleration is slower than the case of Fig. 5 (top right). This means
that more-collimated jets have a slower fluid acceleration in this type of flux function. Even though
the last term of Eq. (4.12) does not strongly contribute to decreasing Bpx2, u p increases rapidly
just beyond x ∼ 1. This is simply a generic property for the cases of Bpx2 decreasing as a power
law function of x , as discussed in Sect. 2.3. While the acceleration is rapid in the initial phase, the
acceleration d%/dx decreases monotonically, as can be expected by Eq. (2.26). The range where
σ ≤ 0.1 is x ≥ 18, which corresponds to z ≥ 3.2 × 102 ×

√
2R3/2

0 rs ∼ 4 × 103 rs for R0 = 4. This
is comparable to the observational suggestion ze ∼ 103 rs. For reference, we plot the the field line of
ψ = 0.95 in Fig. 6 (middle left) and the external pressure profile in Fig. 7 (dotted line).

Next let us examine the cases for a0 = 1, b = 2, and F0 = 0. The external boundary in this case has
a conical shape. The field line of ψ = 0.95 for Bp(x = 1)/(cη) = 100, A0 = 10, and $0/(cηr2

lc) ≃
46 is shown in Fig. 7 (bottom). The wind solution we obtain for xA = 0.992 and E = 58.2 (not
explicitly shown) is quite similar to Fig. 5 (bottom left). This result is expected, because the last
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Longer	  rapid	  decay,	  
more	  efficient	  
accelera,on	

Very	  rapid	  decay!	

Jet	  axis	

Outlow	  region	

？？	

External	  medium	  could	  
be	  the	  corona	  with	  
closed	  field	  loops?	



Summary	

•  MHD	  jet	  can	  accelerate	  the	  par,cles	  to	  rela,vis,c	  
speeds	  (e.g.	  Komissarov+	  2009)	  (consistent	  with	  
radio	  observa,ons	  of	  M87	  jet…	  Asada+	  2014;	  
Kino+	  2015)	  

•  More	  efficient	  accelera,on	  is	  needed	  for	  
explaining	  the	  blazar	  gamma-‐ray	  spectra	  

•  We	  show	  boundary	  condi,ons	  for	  very	  efficient	  
accelera,on,	  which	  correspond	  to	  very	  rapid	  
decay	  of	  external	  pressure	  

•  Another	  possibility	  is	  efficient	  magne,c	  
dissipa,on	  (whose	  mechanism	  is	  not	  clear	  yet)	


