
Magnetic-Tower Jet Solution 
for Astrophysical Jets

Yoshiaki Kato
Center for Computational Sciences,

University of Tsukuba 

Workshop on MHD Processes in Galaxies, Accretion disks and in Star Forming Regions @ Chiba Univ. Nov. 17 - 18, 2005



Outline of my talk

Introduction
Why we study jets?
Connection between accretion disks and astrophysical jets
Previous studies of MHD jets and unresolved issues

A new study of MHD jets “Magnetic-Tower Jet”
Formation of magnetic-tower jets in accretion disks 
around black holes

Formation of magnetic-tower jets in accretion disks 
around weakly magnetized neutron stars

Summary
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Why we study jets?
The radio sky above an optical 
photograph of the NRAO site in 
Green Bank, WV
Image courtesy of NRAO/AUI
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Young stellar objects
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X-ray
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X-ray binaries
(SS433)

Keywords：　Accretion Disks　B-fields

Extended radio sources 
are outflows/jets!

150 kpc

7 pc

VIRGO A
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non-steady

Synchrotron=
B-fields + high energy electrons

http://archive.ncsa.uiuc.edu/Cyberia/NumRel/Movies/SupermassBlkHole.mov

M87 Artistic Animation



Accretion Disks & Astrophysical Jets
Microquasar：”small-Quasars/AGNs” X-ray Binaries

12 Fender, Belloni & Gallo
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Figure 7. A schematic of our simplified model for the jet-disc coupling in black hole binaries. The central box panel represents an X-ray hardness-intensity

diagram (HID); ’HS’ indicates the ‘high/soft state’, ’VHS/IS’ indicates the ’very high/intermediate state’ and ’LS’ the ’low/hard state’. In this diagram, X-ray

hardness increases to the right and intensity upwards. The lower panel indicates the variation of the bulk Lorentz factor of the outflow with hardness – in the

LS and hard-VHS/IS the jet is steady with an almost constant bulk Lorentz factor Γ < 2, progressing from state i to state ii as the luminosity increases. At

some point – usually corresponding to the peak of the VHS/IS – Γ increases rapidly producing an internal shock in the outflow (iii) followed in general by

cessation of jet production in a disc-dominated HS (iv). At this stage fading optically thin radio emission is only associated with a jet/shock which is now

physically decoupled from the central engine. As a result the solid arrows indicate the track of a simple X-ray transient outburst with a single optically thin jet

production episode. The dashed loop and dotted track indicate the paths that GRS 1915+105 and some other transients take in repeatedly hardening and then

crossing zone iii – the ’jet line’ – from left to right, producing further optically thin radio outbursts. Sketches around the outside illustrate our concept of the

relative contributions of jet (blue), ’corona’ (yellow) and accretion disc (red) at these different stages.

of the LS peak we can estimated the size of the ejection even which

is to follow, and is a further indication that the study of neutron

stars will shed important light on the physics of jet formation in

black hole systems.

7.1 Ejected disc or ejected corona ?

It is interesting to compare the sequence of events we have out-

lined as being responsible for ejection events with the interpre-

tation most commonly put forward when the disc-jet coupling in

GRS 1915+105 was first observed. In this source oscillations, on

timescales of tens of minutes, between hard (state ’C’ ≡ hard

VHS/IS) and soft (states ’A’ and ’B’ ≡ soft VHS/IS – see Fig 1(a))

were associated with cycles of disc ’emptying’ and refill (e.g. Bel-

loni et al. 1997b). When the relation to ejection events (Pooley &

Fender 1997; Eikenberry et al. 1998; Mirabel et al. 1998) was dis-

covered, it was suggested that the ’disappearance’ of the inner disc

was directly related to its (partial) ejection (see also Feroci et al.

1999; Nandi et al. 2001). The following sequence of events was

envisaged:

(i) Thin disc extends close to black hole (soft state)

(ii) Inner disc is ejected, resulting in:

• Disappearance of inner disc→ transition to hard state

• Synchrotron event

(iii) Refill of disc→ return to soft state

However, Vadawale et al. (2003) argued that it was the

’corona’ which was subsequently ejected as the disc moved in,

Accretion disks are launching pads for astrophysical jets
Fender et al. 2004

Tanaka & Lewin 1995

Microquasar GRS 1915+105Spectral Type of X-ray Binaries (XRBs)
Mirabel 2004

optically thick disk optically thin disk
or corona

JetsSchematics of SED
in Black Hole XRBs
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Previous Study of MHD Jets
Large-scale ordered magnetic fields 
permeating the accretion disks
Magneto-centrifugally driven outflows          
(Blandford & Payne 1982)

Magnetic-pressure driven outflows               
(Uchida & Shibata 1984)

Both accelerations may work simultaneously 
along the magnetic field lines (Kudoh & 
Shibata 1997)

Although the origin of large-scale magnetic 
fields is not well understood,,,,

 people frame the existence of large-scale magnetic 
fields within a paradigm of astrophysical jets 

Uchida, Nakamura, Hirose Kudoh, Shibata

Magneto-centrifugally
driven

Magnetic-pressure
driven

Colors = Density
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No-correlation between the direction of large-scale 
magnetic fields and that of the observed jets in YSOs

F. Ménard and G. Duchêne (2004)
F. Ménard and G. Duchêne: Alignment of T Tauri stars in Taurus-Auriga 977

Fig. 1. Plot of the orientation of the stars with respect to the magnetic field. Small segments represent interstellar polarisation measurements
while long bold segments indicate the orientation of CTTS. Thick vectors with arrow heads are for CTTS with jets, thick vectors without arrow
heads are for CTTS with a disk but no detected extended outflow. Short thin segments trace the direction of the magnetic field.

Fig. 2. Cumulative distribution function of the di erence in PAs be-
tween the local magnetic field and the CTTS symmetry axis (solid
histogram, Table 1) and the major axis of optical cores (dashed his-
togram, from Lee & Myers 1999). The dotted line is the function ex-
pected for an infinite randomly oriented sample.

contradiction lies in the larger size of our sample and in biases
in the composition of previous samples.

In the study of Strom et al. (1986) the sample was incom-
plete and made only of stars with well defined jets or bright
Herbig-Haro objects. Many of their sources are included in
Table 1; those not included are not CTTS but more embed-
ded YSOs. In the study of Tamura & Sato (1989), the orienta-
tion of the YSOs was deduced from near-infrared polarimetry.

This is a more indirect method that relies on models. Caution
must also be used as it furthermore su ers from a 90◦ ambigu-
ity, with polarisation vectors being parallel or perpendicular to
the disk depending whether or not an envelope is present (e.g.,
Whitney & Hartmann 1993). This ambiguity can not be lifted
easily without direct imaging. Therefore, the samples used in
previous studies were biased towards sources driving bright
jets, or with a poorly or ambiguously defined geometry.

On the opposite, the sample in Table 1 is made only of stars
where the disks and/or jets are well resolved. The orientation
of all sources projected in the plane of the sky is secure and
determined without ambiguity. We note that there are selection
e ects against the detection of both jets and disks in the case of
pole-on systems. However, it is unlikely that this bias prevents
us from including targets at specific PA with respect to the mag-
netic field projected on the plane of the sky. Furthermore, our
sample contains CTTS only, removing the possible confusion
arising from the presence of an extended and dusty envelope
around the class I sources contained in other samples.

5. The influence of magnetic field throughout star
formation

On the large scale, star formation in the Taurus-Auriga molec-
ular cloud appears to be at least partially driven by the mag-
netic field. First, both the dense gas clouds and the YSOs
show a large scale filamentary distribution roughly perpendicu-
lar to the magnetic field. Furthermore, at the smaller, individual
object scale, Hartmann (2002) showed that pre-stellar cores,

978 F. Ménard and G. Duchêne: Alignment of T Tauri stars in Taurus-Auriga

which are most likely prolate (Curry 2002), are elongated pref-
erentially parallel to the direction of the filaments. These find-
ings contrast with our main result that individual CTTS are ran-
domly oriented with the local magnetic field at a typical age
of 1−3 Myr. Are these apparently contradicting results reveal-
ing a physical mechanism at play during the late stages of star
formation or the mere consequence of poor statistics associated
with small samples?

In Fig. 2, we have also plotted the CDH of the relative
angle between the major axis of optical cores from Lee &
Myers (1999) and the local magnetic field in Taurus. We used
the orientation of the long axis of the cores as their symme-
try axis since they are likely to be prolate (Curry 2002). We
have included all cores in the same area of the sky where we
have studied CTTS and have used the same method to deter-
mine the orientation of the local magnetic field. The CDH of
optical cores is systematically under the theoretical distribu-
tion for random orientation and the median relative angle is
about 55◦. As pointed out by Hartmann (2002), the alignment
of cores is uneven across Taurus. For example, it is particu-
larly good in a few regions, e.g., his group 3. In general, optical
cores have their major axes preferentially oriented perpendic-
ularly to the local magnetic field. As a group, the probabil-
ity (from a Kolmogorov test) that their distribution can be
drawn from a randomly oriented parent distribution is small,
only ∼8%.

Similarly, the probability that the samples of CTTS and op-
tical cores can be taken from the same randomly oriented par-
ent distribution is only about 11%. In other words, the moder-
ate trend observed for optical cores to be preferentially oriented
perpendicular to the local magnetic field does not seem to apply
anymore at the later CTTS stage.

The available observations of the Taurus-Auriga molecular
cloud and its populations of prestellar cores and CTTS there-
fore suggest a scenario in which the role of the cloud’s mag-
netic field decreases as star formation proceeds to ever smaller
scales. As suggested by Hartmann (2002), the magnetic field
has likely driven the early collapse of the entire cloud into sev-
eral regularly-spaced filaments that are perpendicular to the
large scale magnetic field. On the intermediate scale, that of
individual cores, this preferred orientation of the cores is still
observed, though as a weaker trend. At small scales however,
moving towards the formation of individual star+disk systems
out of dense cores, the memory of the original direction of col-
lapse appears lost as indicated by the observed random orienta-
tion of the CTTS’ symmetry axis in the same reference frame
of the magnetic field.

This evolution of the distribution of PAs from large to small
scales does not necessarily invalidate the current paradigm of
isolated, quasi-static star formation. However, it indicates that
during the end stages of the star formation process the final ori-
entation of a system may be determined by a stochastic mech-
anism that becomes independent of the magnetic field.

This decoupling from the early stages could come from
the fact that prolate prestellar cores may first evolve towards
a quasi-spherical configuration due to their self-gravity (Curry
2002), in line with the observation that protostellar cores are
rounder than starless cores (Goodwin et al. 2002). Alternatively

Fig. 3. Cumulative distribution function of the difference in PAs be-
tween the local magnetic field and the CTTS symmetry axis (Col. 10
in Table 1). The dashed histogram is for all sources with a jet, the dot-
dashed histogram for sources with a disk but no jet/outflow and the
solid histogram is for the whole sample. The dotted line is the func-
tion expected for an infinite randomly oriented sample.

or additionally, these cores could fragment into two or more
smaller and more spherical cores, as needed to account for
the very high binary frequency among young stars (Hartmann
2002). Because of their proximity, these rounder cores would
be more prone to dynamical interactions (for example) that
could randomize their orientations.

6. Exploring the influence of orientation
on the jet properties

In this section we explore the impact of the orientation of a
CTTS with respect to the large scale magnetic field on its ca-
pacity to launch a powerful and a well collimated outflow.
Surprisingly, while a connection between the (random) orienta-
tion of a T Tauri stars and the strength of its outflow is a priori
not expected in the current models, our results may indicate
othwerwise.

Consider all CTTS where only a disk is detected, i.e., the
bottom part of Table 1. Surprisingly, they appear to align pref-
erentially at a large angle from the local magnetic field (i.e.,
with the major-axis of their disk parallel to the magnetic field).
This is illustrated in both Figs. 3 and 4. The probability that the
CDH for this subsample is drawn from a randomly distributed
sample or from the same parent distribution as the CTTS with
a resolved jet are 5% and 13%, respectively. Due to the small
number of sources with only a disk in our sample, these lev-
els are not conclusive. However, they suggest that objects for
which a jet has not yet been detected are oriented diÿerently
than the complete sample, with a preference to be perpendicu-
lar to the local magnetic field.

It is interesting to note however that almost all these sources
also have forbidden emission lines which trace mass-loss activ-
ity in their spectrum (Cabrit et al. 1990; Hartigan et al. 1995;
Hartigan & Kenyon 2003). This means that mass-loss is most
likely present in all the CTTS of Table 1, but it is either not

Cumulative distribution function of the difference 
in polarization angles between the local B-fields 
and the CTTS symmetry axis.

All samples
Random 

distributions

Jet
Disk

B-fields

The existance of large-scale magnetic fields may not be 
a necessary condition for launching astrophysical jets
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Look at the Sun!
Sun creates large-scale magnetic 
fields by its magnetic activities

Solar flare and Coronal Mass Ejections (CMEs)

Schematic of CMEs

What about the accretion disks?
http://svs.gsfc.nasa.gov/vis/a000000/a002500/a002509/
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Initial Model
See Kato, Mineshige, Shibata 2004 
for more detail

A magnetized rotating torus is in 
equilibrium around a black hole:

Isothermal, hot, low-density corona 
outside the torus:

B-field is given by vector potential:

Employ pseudo-Newtonian potential 
in order to take into account 
general relativistic gravity

Absorbing boundary at R=2rs 
sphere

r

z

!

r

z

!

(a)

(b)

Localized Poloidal B-fields
plasma-β=10, 100

BH

rAφ ∝ ρ when ρ > ρc

Cs,corona ≈ 0.5 − 0.9cρc,0 = 10
−5

ρ0

Ψ = −

GM

r − rs

ρ(r, z) = ρ(40rs, 0) = ρ0

Colors = density

Initial torus &
magnetic fields

Workshop on MHD Processes in Galaxies, Accretion disks and in Star Forming Regions @ Chiba Univ. Nov. 17 - 18, 2005



Basic Equations
(Resistive MHD Equations)

∂ρ

∂t
+ ∇ · (ρv) = 0

∂B

∂t
= −c∇ × E

ρ
dv

dt
= −ρ∇ψ − ∇p +

J × B

c ψ = − GM

r − rs

E = −
(v

c

)
× B +

4πη

c2
J

Γ = η|J |2 : heating term

J =
c

4π
∇ × B

ρ = ρ̃ρ0rs = c = 1 p = p̃(ρ0c
2) B = B̃(ρ0c

2)1/2 Density is a free parameter
Λ = Qrad : cooling term

Assumptions:
Non-relativistic MHD approximation & Using pseudo-Newtonian potential.
Employ anomalous resistivity (Yokoyama & Shibata 1994):

Neglect radiative cooling

ρT
ds

dt
= Γ − Λ where s = K ln (p/ρ)

η =

 0 for vd < vcrit

ηmax[(vd/vcrit) − 1]2 for vcrit < vd < 2vcrit

ηmax for vd ≥ 2vcrit

vd ≡ |J |/ρ
ηmax = 10−3crs

vcrit = 10−2c
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Evolution of Magnetic Fields
in the Disk and the Jet

(Magnetic Coupling between the Disk & the Jet)
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1. Before the formation of jets
2. During the formation of jets
3. After the formation of jets
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Initial weak poloidal fields are converted into toroidal fields, 
and the toroidal fields injected into the jet. 



Magnetic Fields in the Accretion  
Disks and the Dynamo

By transferring the angular 
momentum between the plasma 
connected via magnetic field lines, 
MRI (Balbus & Hawley 1991) creates 
the radial magnetic fields,

Azimuthal magnetic fields are 
generated by winding up the radial 
magnetic fields as a result of the 
differential rotation,,,,

MRI + differential rotation = 
Efficient Dynamo.

Even if the initial magnetic field is weak, magnetic pressure can 
be comparable to gas pressure in a few dynamical time-scale.

€ 

τ S  ,  τMRI

€ 

τMRI
*

€ 

τB

Schematic evolution of magnetic fields 
in the accretion disk

τMRI ∼ τ∗

MRI ∼ τs = 1/Ω ∼ τK

τB ∼ H/vA = vs/(vAΩ) ∼ βτK

Time-scales:
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Toroidal (poloidal) fields dominates poloidal (toroidal) field at the rim (core) of the tower.
Magnetic-tower is collimated by the external force = it is not collimated by itself!

Structure of Magnetic-Tower
(Collimation of Magnetic-Tower Jet)

Workshop on MHD Processes in Galaxies, Accretion disks and in Star Forming Regions @ Chiba Univ. Nov. 17 - 18, 2005



Model dependencies

A. Strong B-fields, Hot Corona
Strong Bφ in the inner region of the disk
Transient jet / outflow

B. Weak B-fields, Hot Corona
Filamentary strong Bφ in the disk
No jet / No outflow

C. Strong B-field, Cold Corona
Persistent strong jet / outflow ~ 0.5 c

D. Weak B-field, Cold Corona
Persistent weak jet / outflow ~ 0.1 c

C
s=

0.
91

c
C

s=
0.

65
c

Fig. 10.—Summary of the results of four calculated models. From left to right, contours of toroidal field strengths and of density in different times are displayed
for modelsA, B, C, and D (top to bottom). Arrowsshow thevelocity vectors. Initial magnetic field strengthsareweaker in modelsB andD (in which ! ¼ 100while
! ¼ 10 otherwise), while external pressure is 10 times weaker in models C and D.
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! ¼ 10 otherwise), while external pressure is 10 times weaker in models C and D.
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for modelsA, B, C, and D (top to bottom). Arrowsshow thevelocity vectors. Initial magnetic field strengthsareweaker in modelsB andD (in which ! ¼ 100while
! ¼ 10 otherwise), while external pressure is 10 times weaker in models C and D.

β=100 β=10

B A

CD

Formation, collimation, velocity of the jets depend on the corona
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832 B. von Rekowski et al.: Structured outflow from adynamo activeaccretion disc

Fig.6. Results for a larger domain, [0,8] × [−2,30], with the sameparameters as in Fig. 4, averaged over times t = 200 . . .230, β = 0.1. Left
panel: velocity vectors, poloidal magnetic field lines and grey scale representation of h in the inner part of the domain. Right panel: velocity
vectors, poloidal magnetic field linesand normalized specific enthalpy h/|Φ| in the full domain.

Our results are insensitive to the size and symmetry of the
computational domain: we illustrate this in Fig. 6 with a larger
domain of the size [0, 8] × [−2, 30]. The disc midplane in this
run is located asymmetrically in z in order to verify that the
(approximate) symmetry of thesolutions isnot imposed by the
symmetry of thecomputational domain. Figure6 confirmsthat
our resultsarenot affected by what happensnear thecomputa-
tional boundaries.

Unlike thenonmagnetized system, themagnetized outflow
changes only comparatively little when the mass sink is in-
troduced at the centre. We show in Fig. 7 the results with a
sink (τstar = 0.01) and otherwise the same parameters as in
Fig. 4. Ascouldbeexpected, thesink leadstoareduction in the

outflow speednear theaxis; theflow in thehigh speed conebe-
comes slower. But apart from that, the most important effects
of the sink are the enhancement of the conical structureof the
outflow and the smaller opening angle of the conical shell. A
decrease in τstar by a factor of 2 to 0.005 has very little effect,
as illustrated in Figs. 8 and 10.

Increasing the entropy contrast (while keeping the specific
entropy unchanged in thecorona) reducestheopeningangleof
theconical shell. Pressuredriving isobviously more important
in this case, as compared to magneto-centrifugal driving (see
Sect. 3.5). A model with β = 0.02 (corresponding to a den-
sity and inversetemperaturecontrast of about 50:1between the
disc and the corona) is shown in Fig. 9. At ϑ = 60◦, the radial

Related Works in
Magnetic-Tower Jet Solutions

Fig. 1.—Initial (left) and final (right) distribution of log!0 in the fiducial model on the r sin " r cos" plane. At t ¼ 0 black corresponds to !0 " 4;10#7, and
dark red corresponds to !0 ¼ 1. For t ¼ 2000, black corresponds to !0 " 4;10#7, and dark red corresponds to !0 ¼ 0:57. Theblack half circleat the left edge is the
black hole.

984 (V611/59554) 8/10/04

Lynden-Bell 
(1996) Proposed a solution of a magnetic-tower

Published 
Papers Dimension Initial Disk Initial

B-fields Notes

Turner et al. 
(1999)

2-D 
Axisymmetric

Boundary 
Condition

Poloidal Newtonian

Li et al. 
(2001)

2-D 
Axisymmetric

Boundary 
Condition

Dipole
Magneto-

static solution 

Kudoh et al. 
(2003)

2-D 
Axisymmetric

Thick Torus Poloidal Newtonian

von Rekowski 
et al. (2003)

2-D 
Axisymmetric

Thin Disk with 
Mass Supply

Poloidal
Newtonian
α-ω Dynamo

Kato et al. 
(2004a)

2-D 
Axisymmetric

Thin Torus Dipole
pseudo-

Newtonian

Kato et al 
(2004b)

3-D Thin Torus Poloidal
pseudo-

Newtonian

McKinney et 
al. (2004)

2-D 
Axisymmetric

Thick Torus Poloidal
Full General 
Relativistic

Romanova et 
al. (2005)

2-D 
Axisymmetric

Thin Disk Dipole Newtonian

922 LI ET AL. Vol. 561

FIG. 7.ÈMagnetic pressure distribution at t \ 0 (top left panel) and
t \ 4 (top right panel). The quantity plotted is wherelog10 (B2/P

c
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is the total magnetic pressure, is the poloidalB2 \ B
p
2 ] BÕ2 B

p
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c
] 1) B 0, B2 > P

c
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twist causes the Ðelds to expand along the z-axis, with increased poloidal
and toroidal magnetic pressures. Again, these solutions were obtained in a
ln rÈspherical coordinate with but we present the results in armax \ 1,
smaller R-z plane for clarity.

4.4. L imitation on Increase of Twist
We Ðnd that it is not possible to increase the twist beyond

what is shown in Figure 3. When more twist is added, the
system evolves from a conÐguration with all Ðeld lines being
tied to the disk to a new topology with some poloidal Ðeld
lines close on themselves instead of connecting to the disk
(i.e., forming an isolated ““ island ÏÏ of poloidal Ñuxes, or
““ plasmoid ÏÏ). At this point, our method used to solve equa-
tion (13) becomes unstable. The plasmoid formation is
associated with the Ðeld lines that are in the FF regime

The transition to the plasmoid formation is(( [ (
c
).

sudden, giving a sense of eruptive behavior of the solution.
However, as discussed below, this numerical behavior is
associated with instability of the method but not necessarily
related to instability of the MHD equations.

Such eruptive behavior has been the subject of intense
research in the solar Ñare community (Aly 1984, 1991, 1995 ;
Sturrock et al. 1995). The formation of a plasmoid from a
single arcade (Inhester, Birn, & Hesse 1992) is a loss-of-
equilibrium bifurcation related to tearing instability of the

current sheet which forms at the center of the arcade when it
is sheared strongly (Finn & Guzdar 1993). In addition, it
has been shown that plasmoid formation can occur directly
as a consequence of linear instability when multiple arcades
exist (Mikic et al. 1988 ; Biskamp & Welter 1989 ; Finn,
Guzdar, & Chen 1992).

This behavior of the solutions with increasing twist can
be traced to a mathematical nature of the elliptical equation
we are solving (e.g., eqs. [11] and [13]). We can write this
equation in a pseudoÈtime-dependent form, e.g.,

L(
Lt

\ *|( ] 1
2

dH2
d( [ AR2( exp [[((/(

c
)2] , (21)

where a steady state is achieved progressively when L(/
Lt ] 0. Here is a positive constant. The com-A \ 8nP

c
/(

c
2

putational domain can then be divided into three parts
depending on the ratio of Region I : large R. The(/(

c
.

pressure term [R2 o dP/d( o dominates. Since it is negative,
it drives ( to 0 exponentially for small ( (i.e., d(/dt P

with The solution in this region is quite[C1 (, C1 [ 0).
stable. Region II : small R and small z (close to the disk), i.e.,
the FF region with a negligible pressure term. Region III :
small R but large z (along the rotation axis), where all three
terms contribute. The eruptive behavior we found could
occur in both regions II and III, whenever the poloidal
current term dH2/d( exceeds a certain critical value. With a
large current, magnetic Ðelds tend to expand enormously
and Ðll up the whole computational domain.

An important question is whether this eruptive behavior
actually occurs in a system described with the full set of
dynamical equations. Recent axisymmetric simulations
using the full set of MHD equations by Ustyugova et al.
(2000) and Goodson et al. (1999) indicate that Ðeld lines can
reconnect and become open. Clearly, the rate of reconnec-
tion is enhanced by the artiÐcially large resistivity in such
codes ; the exact role of resistivity in allowing reconnection
when it might not otherwise occur is not completely clear.
In Ustyugova et al. (2000), two regimes have been found
after approximately tens of rotation periods of the inner
disk : a hydromagnetic outÑow from the outer part of the
disk and a Poynting outÑow, which has negligible mass Ñux
but is dominated by the electromagnetic Ðeld along the
rotation axis.

5. DISCUSSIONS AND CONCLUSIONS

We have shown that a static plasma pressure is funda-
mental in shaping the overall magnetic equilibrium, despite
the fact that the plasma pressure is exceedingly small (the
maximum magnetic pressure over the plasma pressure is
1011 in this study). This is essentially di†erent from the pure
force-free models (e.g., LB94 ; see, however, Lynden-Bell
1996). This di†erence comes from the fact that the Ðeld lines
that are being twisted the most expand the furthest, so they
are most a†ected by the plasma pressure. This is opposite to
the behavior in the solar Ñare models, where most of the
shear is concentrated around the O point. The least amount
of shear is applied near the O point in the accretion disk
case. In regions where the plasma pressure is negligible, the
physics of expansion is dominated by the force-free condi-
tion (J Â B \ 0). Their expansion is predominantly toward
larger radii along an angle of h D 60¡ from the z-axis
(LB94). But for Ðeld lines a†ected by the plasma pressure,
their radial expansion (away from the z-axis) is slowed or
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Dipole Magnetic Field

NS

Initial Model for NS
See Kato, Hayashi, Matsumoto 2004 
for more detail

A magnetized rotating torus is in 
equilibrium around a black hole:

Isothermal, hot, low-density corona 
outside the torus:

B-field is given by vector potential:

Dipole Magnetic Fields

Employ pseudo-Newtonian potential 
in order to take into account 
general relativistic gravity

Fixed boundary at R=2rs sphere
Localized Poloidal B-fields

plasma-β=10, 100

BH

ρc,0 = 10
−5

ρ0

Ψ = −

GM

r − rs

Initial torus &
magnetic fields
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ρ(r, z) = ρ(13rs, 0) = ρ0

Cs,corona ≈ 10
−2

c



Magnetic-Tower Jets in NS-Disk System

B-fields lines #1（r=20rs）#2（r=8rs)

Lynden-Bell 1996 40 rs
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Magnetic Flares & Magnetic-Tower Jets 
in NS-Disk System

plasma-β
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Bφ Jφ

Hot plasmoids are injected into the 
magnetic-tower and propagate along it



Summary of
magnetic-tower jets

The magnetic-tower jets 
are universal mechanism 
which can  produce jets in 
dynamo-active accretion 
disks even when strong 
structured magnetic fields 
do not exist in the system

The magnetic-tower jet is a 
kind of process to generate 
large-scale structured 
magnetic fields

BH

external

coronal

pressure

 plasma ! < 1 

 Bp << B"!

 B
p
 >

 B
"
 

 Magnetic Tower Jet 

disk corona

plasma ! ~ 1

accretion flow

 turbulence, dynamo 

plasma ! > 1
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A New MHD Jet Solution
Magnetic-Tower Jets
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Magnetic-Tower Jets emerging from 
Quasars/AGNs in the early 
Universe are most promising 

mechanism for the origin of large-
scale cosmic magnetic fields!!


