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The interaction between accreting intergalactic gas and the magnetic field of the Galaxy is discussed. If
this field and the intergalactic gas have certain parameters, then a magnetosphere can develop around the
Galaxy. Since no magnetic field would exist outside the magnetosphere, the galactic radio halo is
identified with the magnetosphere. In view of observational evidence for a flattened radio halo
(Z < 10kpc), a model magnetosphere extending to Z ~5-8 kpc is proposed; at its boundary the accreting
gas would have a demsity of =~(1-3)X10"% g/cm® and the magnetic field strength would be
~(3-5)%10~7 gauss. The mean intergalactic gas density in the Local Group would then be

~(0.3-1)x10~%
the form B =2x10"% (Z/H)™*

g/cm’. The undisturbed magnetic field generated by the Galaxy is specified by a law of
gauss, where 2H represents the thickness of the gas disk and

1/25x$3/4. This model will be valid if the density and temperature of the galactic gas inside the
magnetosphere satisfy the conditions p < (2 — 8) X 1072 g/em®, T~ 10°K.

PACS numbers: 98.50.Lh, 98.50.Tq, 98.50.Eb

1. INTRODUCTION

There is no longer any doubt that the galactic disk has
a magnetic field with a strength of several microgauss
(see, for example, Parker!), Far less study has been
made of the magnetic field away from the disk, although
the presence of such a field is suggested by the nonther-
mal radio waves received from those regions.

The concept of a magnetic field existing outside the
disk was worked out in 1957 by Pikel'ner and Shklovskii,?
They regarded the Galaxy as having an extended (charac-
teristic size of several tens of kiloparsecs) corona con-
sisting of hot gas with a magnetic field and observed in the
form of a radio halo, Further research has shown that the
radio halo of the Galaxy is much smaller in size, probably
extending less than 10 kpc along the Z coordinate, How-
ever, as interpretation of the radio data is rather prob-
lematical, the size of the galactic radio halo still remains
an open question,®

In this paper we shall discuss how hot intergalactic
gas should interact with the magnetic field of the Galaxy.
It will be shown, in particular, that the size of the radio
halo is determined by the parameters of the intergalactic
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gas and of the galactic magnetic field. We shall give an
illustration of how these parameters might be evaluated
from the observational data.

We begin with the fact that the radio halo of the Galaxy
measures less than 10 kpc across. But since the view is
sometimes held even today that the radio halo is more ex-
tensive (see, for example, Lipovka?), we would point out
in advance that such a halo could signify either that the
intergalactic gas density is substantially lower than
10-3! g/ecm®, or that active processes taking place in the
Galaxy are so powerful as to cause a steady streaming
of galactic gas out of the Galaxy.

2, INITIAL ASSUMPTIONS

Suppose that outside the galactic disk, at |Z| > 100 pe,
a large-scale magnetic field exists, generated by currents
flowing within the disk and perhaps outside as well. To .
permit qualitative analysis of the problem we shall repre-
sent the strength of the magnetic field generated by the
Galaxy in the form

1Z| )

B=B.(®) (- &)
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Here Bd(R) denotes the magnetic field strength in the disk
(|1Z| = H), R and Z are the ordinary cylindrical coordi-
nates, and the half-thickness H of the disk will be taken
to be 100 pc. The field strength in the disk will be as-
sumed constant and equal to 2- 10~ gauss (see, for ex-
ample, Ruzmaikin and Sokolov?), although there is some
evidence that B4(R) rises toward the galactic center, We
shall further regard the pressure of the galactic gas as
less than or comparable with the magnetic pressure,

3. MODEL MAGNETOSPHERE

According to current ideas the intergalactic gas has
a mean density p,, of order 10~%° g/cm®, The density
reaches 10-28 g/cm® at the center of rich clusters of gal-
axies, where the témperature T ~ 10°-10°%K, Under such
conditions the mean free path I ~ 200T2p5~! pc. Here T;
denotes the temperature in units of 10°K and py, is the
density in unts of 10 g/ecm®, Thus the gas-dynamical
approximation will hold if pgy s 0.1 and T 2 10%K, and
since the characteristic diffusion time of the magnetic
field in such a gas is longer than 10 yr, the intergalactic
gas should be a diamagnetic plasma, At the present time
there is no evidence to suggest the existence of an inter-
galactic magnetic field of strength above 10~% gauss, so
we shall neglect it.

The accretion regime of the intergalactic gas depends
in an essential way on the ratio of three velocities: the
velocity ag of sound, the velocity v, of the Galaxy relative
to the intergalactic gas, and the parabolic velocity vp. If
we suppose that the velocity v, is of the same order as the
velotity dispersion of the galaxies in the Local Group
(50-100 km/sec), we will have ag ~vp and vy < vy, far
away from the Galaxy (at distances of 80-100 kpc). Clear-
ly, then, the regime of accretion by the Galaxy should be
roughly spherically symmetric, with an anisotropy of sev-
eral tens of percent.

The velocity of sound in the intergalactic gas should
be comparable with the parabolic velocity at distances of
order 50-70 kpc. Accordingly, in the vicinity of the Gal-
axy (at distances ¢ 10-15 kpc) the accreting plasma should
fall in at parabolic velocity.® Because of the diamagne-
tism of the intergalactic plasma, the incoming flow will
compress the galactic magnetic field until the pressure
PA = pv? of the accreting material becomes comparable
with the pressure Py = Bfn/&'}r of the magnetic field (By
denotes the perturbed field strength of the Galaxy):

P X Sl
P p=K 3o 2

m

As a result a closed surface will develop beyond which no
magnetic field exists — that is, a magnetosphere. In Eq.
(2), Py and Vp denote the density and velocity of the in-
coming flow at the boundary of the magnetosphere. The
coefficient k has been introduced to allow for the en-
hanced field strength at the magnetosphere boundary com-
pared with the undisturbed strength (Bm = kB), In the
magnetosphere region, where there would be no singular-
ities (neutral points or branch points), k = 2 for a flat
magnetosphere and k ~ 3 for a spherical boundary.

Figure 1 illustrates how the magnetic pressure Py, =
10~'%(Z/H)~?* and the pressure Py = pmv; of the accret-
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FIG. 1. Magnetic pressure Pm (solid curves) and pressure P, of the accret-
ing flow (dashed curves) as a function of height Z for selected values of the
index % and the intergalactic gas deﬁsity pm at the boundary of the mag-
netosphere. The latter curves are labeled on the right with the density pp,
in units of 10-? g/cm®. The value of Zp, at the point where the curves
P and Py intersect corresponds to the stationary boundary of the magneto-
sphere.

ing flow will depend on Z for various values of « and vari-
ous gas densities at the magnetosphere boundary, We have
taken a coefficient k = 2.5, and the values of vp correspond
to the values of the axis of symmetry of the Galaxy in the
Einastos' model.’

In order for a magnetosphere to develop we must
evidently have v = 1y 9, for otherwise the pressure of the
magnetic field will fall off more slowly with increasing Z
than the pressure of the incoming flow. On the other
hand, if the magnetosphere is to have a size Zp, ~ 3~ -
10 kpc, then we sheuld have « £ 1, because if « were as
great as 1 the density of the incoming flow would have to
be below 10720 g/em?, and as a result the density of the
intergalactic gas 50-100 kpc away from the Galaxy would
be too low: P, = Pm(Rm/Re)®/2~3.1032 g/cm?, We
therefore conclude that for Zy ~ 3-8 kpe:

. Sn<?, By (3—5)-10-" gauss,
pm=(1—3) - 10~ g/cm®.

The intergalactic gas density p, far from the Galaxy (at
~ 50-100 kpc) should thus be of order (0.3-1)- 1030 g /ocm3
The extent of the magnetosphere in the direction along the
disk evidently will not be much different from the size of
the gas layer, or Rpy = 15-20 kpe.

4, MAGNETOSPHERE AND RADIO HALO

Since no magnetic field would exist beyond the galactic
magnetosphere, the dimensions of the nonthermal radio-
emitting halo will clearly be determined by the size of the
magnetosphere., Hence in order to refine the size of the
galactic magnetosphere and to determine the parameters
of the intergalactic gas and the magnetic field of the Gal-
axy, it is especially important to have observations of the
Galaxy's nonthermal radio emission,

Our model for the galactic magnetosphere provides
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a natural interpretation of the asymmetry in the radio
halo parameters on opposite sides of the galactic equator,
Observations at northern latitudes are known to indicate
a flatter radio halo than at southern latitudes.! In fact,
since the accretion regime may deviate from spherical
symmetry by several tens of percent, we may expect the
magnetosphere to have an asymmetry of the same order.
The magnetosphere will be more firmly "pressed down"
in the direction toward which the Galaxy is moving than
in the antapex direction, leading to a corresponding aniso-
tropy in the radio emission. This effect would provide an
opportunity for measuring the magnitude and direction of
the Galaxy's velocity relative to the intergalactic gas.

4. WARP OF THE GAS-DUST LAYER IN THE GALAXY

Radio observations of neutral hydrogen have estab-
lished that the gas disk of the Galaxy is bent relative to
the galactic equator, and the deflection of the gas layer
is symmetric about the galactic center on both sides,??
In a recent note'® we have interpreted this warp as a pre-
cession of the gas disk due to the torque resulting from
the accretion of intergalactic gas by the Galaxy.

The torque applied to the disk is regarded as being
of order

M=~anpv,Rd". (3)
Here p denotes the density of the accreting gas near the
galactic disk, v, is the velocity at which the Galaxy is
moving relative to the intergalactic gas, Rq is the char-
acteristic radius of the galactic disk, and o < 11is an
anisotropy coefficient, In order for the observed preces-
sion to develop the degree of anisotropy ought to reach
several tens of percent (that is, & = 0,1-0.3) and the ac-
creting gas should have a density p 5 102 g /cm®, which
is consistent with the model we have adopted for the mag-
netosphere. We have remarked!® that in principle the
magnetic field of the Galaxy could be responsible for pro-
ducing the torque., Let us now make this suggestion more
precise.

As Zhigulev and Romishevskii have shown,!! if dia-
magnetic plasma flows asymmetrically around a dipole
then the magnetosphere of the dipole will be subjected to
a torque given, to order of magnitude, by the expression
(3). In the event the magnetic field of the Galaxy has a
quasimultipole global structure, then asymmetric accre-
tion will evidently generate a torque applied to the mag-
netosphere, Since the magnetic field in the disk is frozen
into the gas, the torque that develops will be distributed
throughout the disk and will induce a differential preces-
sion in it. One can show that the precession period of a
ring at distance R olt from the center will be given by

a(R)e(R)R

apvo’

P(R)= . (4

Here o(R), @(R) represent the surface density and angular
rotational velocity of the ring layer. Since the quantity
o(R)R remains approximately constant in the disk and
even diminishes at the periphery, the precession will be
more significant at the edge than at the center.

6. SUBSEQUENT ACCRETION OF INTERGALACTIC GAS
FROM THE MAGNETOSPHERE

Let us consider the rate at which perturbations in the
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magnetosphere will grow due to Rayleigh—Taylor (RT) in-
stability., In our case the growth increment for RT insta-
bility may be written in the form

- ()"

()

(5

Bt =

where A is the scale of perturbation and $(Z) represents
the gravitational potential of the Galaxy, The magnetic
field By near the magnetosphere has a nearly homogene-
ous structure: the power-law decline of the undeformed
galactic magnetic field will be partially compensated by
the accreting plasma "pressing down" on the magnetic
lines of force. Setting

aw(2)

d B.}
~
! ¥

2100 (an/sec)/kpc,
dZ 8n e

we find that perturbations of scale A will have a charac-
teristic growth time

RTAA0" A%y ()
Here A, is measured in parsecs.

The diameter A of the clumps into which accreting
plasma passing through the magnetosphere should frag-
ment evidently ought to be such that TR < T¢f, where Tgf
is the characteristic time of free fall from the magneto-
sphere. Hence if we set 7¢f =~ 10% yr we find that the
clouds of accreting plasma will have a maximum size
A< ;\max ~100 pc.

On the other hand, at scales shorter than the mean
free path the gas-dynamical treatment is not appropriate.
For a temperature T;= 0.5-1 and a density py, ~ 2-
10~2 g/cm® the mean free path ! = 2-10 pc; hence RT in-
stability should cause the growth of perturbations having
a wavelength A =~ 100 pc. The clouds should be cigar-
shaped. The length of the cigars will evidently be deter-
mined by the maximum characteristic size of the regular-
ity in the magnetic field along the magnetosphere boundary
(of the order of several kiloparsecs). The mass of the
clouds may reach 50 Mg.

If the gas in the magnetosphere has a temperature
Ts s 3, the gas-dynamical treatment would be inapplicable
at scales A = 100 pc. In this event gas could accumulate
in the magnetosphere over a period of order (3-5)-10% yr,
and after this length of time perturbations could grow with
a scale A = 1-2 kpc, The mass of the clouds would then
reach 10 Mp. Such clouds of ionized hydrogen, acquiring
a velocity of 200-300 km /sec near the gas disk, might be

" able to instigate the formation of high-latitude clouds of

neutral hydrogen,

7. CONCLUSIONS

Figure 2 portrays the form that the magnetosphere
of the Galaxy might have if the circumstances discussed
above are taken into account, We have here neglected the
contribution of galactic gas pressure on the magnetosphere
boundary, This simplification is legitimate in terms of
our proposed model if its density and temperature satisfy
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FIG. 2. A possible configuration for the magnetosphere of the Galaxy.
The arrow at the upper right indicates the direction toward the apex,
The gaseous galactic disk, shown along the R axis, precesses because of
the torque applied to the magnetosphere,

the conditions p ¢ (2-8)-10-% g cm®, T ¢ 105K,

Our model of the magnetosphere explains the flattened
form of the galactic radio halo, the observed asymmetry
of the nonthermal radio emission, and the observed deflec-
tion of the gas-dust layer in the Galaxy.

Of course the estimate obtained in Sec. 3 for the in-
tergalactic gas parameters and the magnetic field of the
Galaxy merely serve to illustrate that the Galaxy can, in
principle, have a magnetosphere; the results cannot pre-
tend to any special accuracy. Nevertheless, the values
we have found seem quite reasonable.

We should like to conclude by pointing out two pros-
pects for detecting magnetospheres in the galaxies nearest

to our own. From their nonthermal radio emission we
might be able to determine the size and shape of their
magnetosphere, while soft x-ray observations might re-
veal the shock wave that ought to develop in the acereting
intergalactic gas near the magnetosphere,

The author is grateful to A, V. Zasov, V. N, Kuril'-
chik, and N. 1. Shakura for valuable conversations and
critical remarks,
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Large-scale ionized hydrogen regions in the Galaxy: the

aftermath of supernova explosions
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Evidence is presented that powerful supernova explosions are responsible for having produced the large-
scale neutral-hydrogen regions that are weak emitters at radio wavelengths, as well as the associated

large-scale ionized-hydrogen structures.
PACS numbers: 98.50.Lh, 98.40.Fx, 98.40.Hz, 97.60.Bw

The kinematics of neutral and ionized hydrogen on the
scale of the Galaxy were first compared directly by Kerr
et al,! in 1968, Their comparison rested on observed ra-
dial velocities of the H109a radio line received from com-
pact H II regions (see Reifenstein et al.?) and on the radial
velocities of H I.regions having a maximum brightness tem-
perature. To a first approximation such a correlation
was found to be present in the kinematics, However, at
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distances of 4 to 6 kpe from the galactic center (at ALES
22-32°), where the compact H II zones are located, no cor-
relation exists, The H109« radial velocities observed in
this region are displaced sharply in the interval of maxi-
mum radial velocity, whereas the H I clouds of maximum
surface brightness at these longitudes are located 8-10 kpe
from the galactic center.
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Two extensive surveys of the ionized hydrogen emis-
sion from the galactic plane in the H166¢ radio line have
recently been published.3'4 These observations, unlike
previous surveys® ¢ in which the radio-line emission was
recorded from large-scale regions of ionized hydrogen in
certain directions in the Galaxy, have provided maps of-
the radiation received in the longitude interval I1I ~ 0-60°,
These maps give us information on the location and kine-
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matics of large~-scale ionized-hydrogen structures over a
wide area of the Galaxy.

We have previously suggested®!? that the Galaxy con-
tains a number of large-scale regions of ionized hydrogen
that participate in producing the thermal background radio
emission, and we have indicated how they may be dis-
tributed in space, Unlike the compact H II zones, the
large-scale ionized-hydrogen regions were found®!? to be
associated in space with large-scale zones of neutral hy-
drogen having a diminished radio brightness., The asso-
ciation was especially distinct for low-brightness H I re~
gions located in the radial-velocity range VISR = 60-

95 km /sec relative to the local standard of rest and cen-
tered at 11l ~25°,

Figures 1a and 1b display isophotes of the galactic
radio emission in the H116a line® and in the neutral-hy-
drogen radio line!! for the longitude range 1M~ 22-32
mentioned above, The crosses in Fig, 1a mark the posi-
tion of the compact H II regions according to observations
in the H109« line; the horizontal bars indicate the width
of the radio-emitting zones, The dashed contours in Fig.
1b represent regions of diminished H I brightness, and
the dots designate regions where the continuum radio
emission of discrete sources!'? is absorbed in H I clouds
(Ref. 14),

2

In order that some progress might be made toward
understanding how the large-scale regions of ionized hy-
drogen have formed, we shall attempt to use the available
observational material to represent the dynamics of the
interstellar medium in this part of the Galaxy.

In Fig, 2a we show a scan of the continuum radio
emission along the galactic plane (bll = 0°), as obtained
in the 21-cm survey of the Galaxy by Altenhoff et al.!?
The short-dashed curve indicates the result of a possible
discrimination of the background radio emission from the
radiation of discrete sources. On the basis of the survey,
carried out with ~ 10' space resolution, it would appear
that the background galactic radio emission is made up
of components whose radio emission varies smoothly with
longitude, together with radio emission from a number of
large-scale regions. Figure 2b shows contours of equal
radio brightness temperature in the 21-cm line for the
large-scale regions as a function of longitude and latitude.
Our procedure for separating this component out is similar
to the method described previously.!?

Figures 2c and 2d demonstrate how the radiant power
of the H166¢a radio line? and the H I radio line!’ depend on
galactic longitude. The longitude dependence of the radiant
power of the H I radio line is shown separately for regions
of positive (solid curve) and negative (dashed curve) ra-
dial velocity.

According to Figs. 2a-c there is a correlation between
the longitude positions of the large-scale continuum region
and the radiant power of the H166c line. Even though we
do not know the proportion of synchrotron radio continuum
emission coming from the large-scale structures, we
shall estimate the mean electron temperature Te in the
longitude range in question, excluding only the interval
11T ~30-32°, where radiation from strong discrete sources
is clearly present.
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