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Random magnetic fields in the galactic wind flow

V. N. Zirakashvili 1, V. S. Ptuskint, and H. J. Volk?2

Linstitute for Terrestrial Magnetizm, lonosphere and Radiowave Propagation, Russian Academy of Sciences, 142190, Troitsk,
Moscow Region, Russia
2Max-Planck-Institut fir Kernphysik,Postfach 103980, D-69029 Heidelberg, Germany

Abstract. The transport of random magnetic fields by a 2 Equations for random magnetic field.
galactic wind driven by cosmic rays is considered. Magnetic
field disturbances are advected by the gas flow from the uppeMagnetohydrodynamic (MHD) turbulence is created in the
part of the galactic disk to the halo. The magnetic field in- galactic disk mainly by the numerous supernovae. It seems
homogeneities become very elongated due to the flow accekhat turbulent diffusion and helicity really provide dynamo
eration. Applications for cosmic ray transport in the galactic action in the disk of our Galaxy (Parker, 1992). Those ef-
wind are considered. fects can be less important in the galactic halo, especially if
galactic wind flow exists. The approximation used here is
that at heights of several hundred pc the magnetic inhomo-
geneities created in the upper part of the disk are picked up
by the wind flow and transported into galactic halo. We shall
1 Introduction neglect turbulent magnetic diffusion and reconnection here.
The magnetic field is frozen into the galactic wind gas and

o . ) ) ) evolves according to equation
The galactic wind driven by cosmic rays is a prominent ex-

ample of the dynamical importance of energetic particles in9B

our Galaxy (Ipavich, 1975; Breitschwerdt et al., 1987, 1991; 5; — [V x [uxB] @)
Zirakashvili et al., 1996). Cosmic ray sources in the galactic ] ]

disk generate energetic particles which can not freely escap¥/e shall assume that gas veloaitgnd density are nonran-
from the Galaxy but rather generate Adfv waves (see e.g. dom quantities and are described by steady state equations
Wentzel, 1974). In spite of strong nonlinear Landau damping

(Livshits and Tsytovich, 1970; Lee andd\, 1973; Kulsrud, Vipu) =0 @
1978; Achterberg, 1981; Achterberg and Blandford, 1986; 1

Fedorenko et al., 1990; Zirakashvili, 2000) such waves leatp(uV)u = -V (P, + P.) + pV® — 4—<[B x [V x B]])(3)

to an efficient coupling of thermal gas and energetic particles g

(Ptuskin et al., 1997) and cosmic rays drive galactic wind Here P, and P, are the pressures of gas and cosmic rays re-
flow due to their pressure gradient. In the simplest approxi-gpectively,d is the gravitational potential. Angular brackets
mation one can assume that a frozen-in magnetic field is ady,ean averaging over volume. It is easy to see from last eq.

vected from near the galactic disk region to the galactic halo(3) that dynamical effects of magnetic field can be described
Such a field and its tension was taken into account by Zi-if one knows the mean tensd;; = (B;B;). The equation
rakashvili et al., (1996) for calculations of the galactic wind g this tensor can be derived from equa%ion 1)

flow. An idealized regular magnetic field configuration was
considered. This short report develops these ideas furthewB;;
In particular we shall take into account the random magnetic 5;
field component that exists in galactic disk and dynamically
dominates over the regular component.

= —upVyB;j —2B;; Vi uy +Bkjvku7;+Bikkaj(4)

We shall consider steady state solutions of equation (4) cor-
responding to the steady state equations (2),(3). This is a
development of our previous results (where the steady state
Correspondence toV. N. Zirakashvili equation (1) for the regular magnetic field was used) to the
(Zirak@izmiran.rssi.ru) case including random magnetic fields.
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3 Random magnetic field effects A(®9)
Assuming azimuthal symmetry of the galactic wind flow it is
convenient to introduce the coordinaten meridional direc-
tion and the azimuthal angle. The tensor components; ;
should be written in terms of those coordinates. The gas ve-
locity has the meridional and azimuthal componantsand

ue respectively. For the sake of simplicity we shall assume
that the magnetic field is tangent to the surfaadong which

the galactic wind streams. Therefore we have only three in-
dependent component®,,, B,, andB,. Introducing the
flux-tube cross-sectiod(s) we obtain

By A?(s) = const (5)
Ug usBS¢ e -
2 20 Q) 6 0 T

T rBygs (6)

9 B2 Fig. 1. Flux-tube geometry characterized by the surfacehich
Us Byo _ %0 — const @) contains the wind stream lines. The flux-tubes of cross sect{ah
r2 \ Bss B2 have axial symmetry aroungraxis. In the disk £ = 0) the gas

rotates with angular velocit@2(r). Near isotropic in the galactic
Using thep-component of eq. (3) one finds angular momen- disk magnetic field disturbances become strongly elongated in the

tum conservation along the surface S: galactic halo.
TBS¢ N
e dmpus ¢ (8) height over the disk. Therefore, at large heights over the disk,

. Bgyg is given b
Here, the quantitie® andC are constant along the surface 9¢ 150 y

S, andr is the distance from the axis of rotation. Expres-
sions forug and B,, can be found using equations (6) and B, = B
(8). They contain the denominator— A2, where M, =

\/A4mpu?/Bss, the meridional Alfien Much number. As-

02 Mi (r2 — 7“2)2

a
SS
r2u2

(122 42

In the general case when magnetic field components per-

suming acceleration of the wind flow from sub-Adfvic to
super-Alf\enic velocities one can find a relation betwegn
and() which leads to finite values af, and B,

C = Qr? 9)

Here,r, is distance from the Alfénic pointd, = 1 to the
axis of rotation. As a result

2 _ 2772
Qo —riM;

pendicular to the surface S are present, equation (4) also
describes the generation of a random magnetic field due to
differential rotation of neighboring surfaces. Nevertheless
all B;; components except (5),(11) and (12) tend to zero as
the wind accelerates. Hence, expressions (5),(10),(11) and
(12) are valid in the general case for large heights above the
disk. It is easy to picture the magnetic field geometry in the
galactic halo (see Fig.1). Magnetic field lines are strongly
elongated in one direction due to wind acceleration and bend

r 1-—M; away from the meridional direction because of the rotation

of the Galaxy. This picture is similar to the one obtained in

B..—RB ﬂMaQ (7"2 - 7}21) (11) our previous investigation for the regular magnetic field. The
¢ rus 11— M2 presence of magnetic field gives some properties of elastic

. ) o body to the surface S, that can now resist to velocity shear.
It is easy to see that these expressions are similar to thosenjs feature allows magnetic connection and corresponding

for the azimuthal components of gas velocity and magnetigransport of angular momentum along this surface even for
field in our previous investigation (Zirakashvili et al., 1996) the zero regular magnetic field case.

and in the theory of azimuthal symmetric MHD flows (We-

ber and Davis, 1969; Yeh, 1976; Sakurai, 1985). The only

difference is the definition of the AlBn Much number. Here 4 Numerical results

it containsB,, instead of the square of the meridional regu-

lar magnetic field component. Equation (7) shows tBaj Galactic wind calculations were performed for the same pa-
is not reduced to the square of the azimuthal field componentameters of our Galaxy as described in our previous investi-
in our previous investigation but rather contains an additionalgation (Zirakashvili et al., 1996). They include the gravita-
term. Nevertheless this term is inversely proportional to thetional potential of Miyamoto and Nagai (1975) and take into
square of meridional velocity and hence quickly drops with account a dark matter halo of our Galaxy (Innanen, 1973).
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The geometry of the flow is prescribed. The surfatés our Galaxy is surrounded by a large wind halo with a rather

chosen to have a hyperboloidal form strong magnetic field even though this field strength is prob-
9 9 ably an upper limit. The field geometry is rather simple. The

T z . . . . .

— -5 =1, (13) magnetic field disturbances are nearly isotropic in the galac-

o 20 ~To tic disk and have a size about 100 pc. They are strongly elon-

wherez, = 15 kpc is galactic disk radius, and, is that gated in the galactic halo. The elongation estimated is 1:10-
galactocentric radius where the flux-tube under consideratiord:100. This magnetic field leads to an effective angular mo-
originates. Energy conservation along the surfdagas as- mentum transport and a correspondent additional centrifugal

sumed (see (Zirakashvili et al., 1996) for a discussion) acceleration of the flow, which then results in larger terminal
9 5 velocity of the wind. At large distances the field is practi-
Us o Y _ qru + e Py o+ cally azimuthal and sign dependent with fluctuating direc-
2 2 Yy —1p tion. One can expect that cosmic ray diffusion in such a field
Ve P, is highly anisotropic, enhanced diffusion being in elongation
+% -1 (M +1) o const, (14) direction. It can be also expected that high energy protons

with energies larger thad - 10'7 eV are hardly be held by
such a sign dependent field. The gas heating due to damping
of Alfv én waves generated by the cosmic ray streaming in-
stability is rather effective, the wind halo being filled by a hot

where, andvy, are the adiabatic indices of cosmic rays and
gas respectively. We used the valugs= 1.2, v, = 1.6.
The only difference in comparison with our previous consid-

eration is the substitution of thecomponent of the regular ' ) -
ic fieldB. by BY/2. These components coincide with rarefied gas with a temperature of about one million degrees.
magnetic field; by Bz ". P The angular momentum loss rate of the Galaxy is mainly due

t_he meridional ones at smaII_ hg|ght§ above the d_|sk.. Observ%agnetic torque and is about 50%lidi° years.
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Fig. 2. Variation of the meridional and azimuthal velocities anduy, azimuthal and meridional magnetic field stren@m2 andBél.S/Q,
and gas temperatufg, with distance from the disk. The resulting initial velocity.is = 31.5 km/s, and the critical points positions are
zs = 7.1 KpC,zo = 21.6 kpc, andzy = 84.8 kpc. The terminal velocity is ; = 698 km/s.

12
10 r T T ]
r pusz,Pc,Pg, 82/87V, erg/cm3 ]
10-13 L |
—14
10 "¢ ) E
z ou. |
| 5 il
B/87
107" E
z 2 |
~18
107 F P E
z, kpc ]
10" | | | | | | |
0 20 40 60 80 100 120 140

Fig. 3. Variation of dynamic pressureu?, cosmic ray pressurg., gas pressur®,, and magnetic pressui@’ /8= with distance from the
disk.



