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FIG. 2. a) Spectra of the amplitudes of oscillations of BL, initiated by
magnetic fields perpendicular (1, 2) and parallel (3, 4) to the vectors M in
the domains (H, = 75 mOe (1), Hz = 150 (2), Hx = 6 (3) and Hx = 7.5 (4);
b) free oscillations of BL excited by rectangular pulses of fields Hz (1-3)
and Hf (4-6) with a duration of 9 ̂ s (H, = 300 mOe (1), H, = 500 (2), H,
= 700 (3), H, = 8 (4), H, = 15 (5), and #z = 20 (6)).

gyrotropic force proportional to the rate of displacement r of
the BL. Here y is the gyromagnetic ratio, z is a unit vector
lying along the z axis, and v= + 1 is a topological invariant,
which depends on the structure of the core of the BL. The
free energy F of the BL includes the energy which depends
on the displacement along the DW and the energy which

depends on the displacement perpendicular to the DW, lead-
ing to bending of the DW. The latter is determined by the
energy expended on bending the DW.

Thus the BL is located in a two-dimensional potential
well. A particle in this well would have two linearly polar-
ized oscillatory modes. For the BL, appearing as a mangetic
vortex, there exists only one mode of the elliptically polar-
ized oscillations, analogous, to the Thompson oscillations of
a vortex in hydrodynamics. These vibrations are accompa-
nied by the bending oscillations of the DW and in the lan-
guage of fields represent magnons localized on the BL.

If the length over which the oscillating BL bends the
DW becomes greater than the distance between neighboring
BL, then all BL oscillate synchronously with the DW.

The characteristic features of the observed resonance
oscillations are as a whole described quite well by the studied
model of the two-dimensional elliptically polarized oscilla-
tions of BL in DW. We note also that the displacements of
the BL, accompanying the oscillations of the DW, can deter-
mine not only its inertial properties, but also the viscous
losses accompanying the motion of the DW in the process of
magnetization of the entire crystal.
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A. G. Morozov, M. V. Nezlin, E. N. Snezhkin, and A.
M. Fridman. Laboratory simulation of the generation of the
spiral structure of galaxies (theory and experiment). The spi-
ral arms of galaxies are primarily visible as formations with
high luminosity, created by young bright stars. Radio obser-
vations show that virtually the entire gas is concentrated in
the arms—the high gas density in the spirals is what enables
the constant formation of stars there. In our galaxy, the gas
mass is only 10% of the mass of the galactic disk, and the
gravitational potential ^ in the spirals exceeds by approxi-
mately the same magnitude the background gravitational
potential i/>0. The gas component in the galaxy therefore
plays an important role in the formation of the spiral struc-
ture.

In the gravitational conception of density waves, the gas
is given an auxiliary role: it merely "responds" to the spiral
gravitational perturbation of the density, arising initially in
the stellar component.

In 1972 one of the authors (A. M. F.) advanced the hy-
pothesis1 that in the presence of velocity and density gradi-
ents, hydrodynamic instabilities whose main features exceed
those of the gravitational instabilities (they develop at
smaller wavelengths and over shorter periods of time, they

are incomparably more difficult to stabilize, etc.) can deve-
lop in the gaseous galactic disk.

The observational discovery of a section with a sharp
decrease in the rotational velocity of the gaseous galactic
disk of a number of galaxies2^1 (Fig. la) stimulated the devel-
opment of the theory of stability of such disks.5"8

It was shown5"8 for gaseous galactic disks2^1 that for the
reasons enumerated above the perturbed gravitational force
can be neglected in the spiral density waves in comparison
with the magnitude of the perturbed pressure force. In other
words, the sole function of gravity is to maintain the equilib-
rium of the gaseous disk. This function is fulfilled by the
stellar component, whose mass distribution is determined by
the quantity d^i^dr and thereby fixes the observed velocity
profile V0(r) in the gaseous disk (see Fig. 1), in accordance
with the condition of equilibrium V^/r = di/>o/dr (the term
with the pressure gradient, as a rule, is negligibly small).

Thus the "gravitational" terms are absent in the equa-
tions for the perturbations of the gaseous gravitating disk.
As a result, we obtain the equations for the perturbations in
rotating "shallow water" (the thickness of the disk is much
smaller than its radius), taking into account the fact that the
velocity of sound in the gas cs is replaced by the characteris-
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FIG. 1. a) The dependence of the linear rotational velocity of the gaseous
disk ya on the radius r, observed in galaxies2"4; b) experimental arrange-
ment. 1) Cone, rotating rapidly with angular velocity /2,; 2) slowly rotat-
ing (in particular, stationary) disk; for not too low rotational velocity, the
disk 2 was replaced by a cone sloping at an angle of several degrees to the
horizontal; 3) layer of shallow water.

tic velocity of waves in shallow water c = JgH0 \g is the ac-
celeration of gravity and H0 is the depth of the liquid). There-
fore, with a "galactic" profile of the rotation of shallow
water (see Fig. la) we should see the "galactic" spirals
(bulges on the perturbed surface of the liquid will correspond
to increased gas density in the galactic disk) on the surface of
the water.

To make a model check of the theory, the following
experiment9 was performed (Fig. Ib). A "discontinuity" of
the velocity of width ~H0 was created in a thin layer of
liquid with a depth of H0 = 2, 3, and 4 mm, lying on the
surface of a rapidly rotating cone 1 (the "nucleus," angular
velocity fij and a disk 2 ("the periphery," angular velocity
/22) rotating slowly in the same direction (in particular, a
stationary disk). The discontinuity occurred at a radius of

R = 4 cm and the diameter of the disk was D = 28 cm. The
experiments with the stationary periphery were performed
for /22<2s~1, the ratio n2/f21 = 0.1 was close to the charac-
teristic value for the galaxy studied. The largest value of
Mach's number Ma = Rfl ,/c in the experiment was equal to
approximately 12. The working liquid was water, colored
with a dye. In contrast photographs12 the crest of the wave
against the background of the white bottom appeared darker
than the "trough" between the crests.

We shall compare the results of the linear theory of sta-
bility of a gaseous galactic disk (or rotating shallow water
with a "discontinuity" of the angular rotational velocity:
fi = niforr<R and fi = /22 for r >R ) with the experimen-
tal results.

A qualitative comparison shows that the experiment
confirms the following results of the theory:

1. In the case Ma<l the stability develops both for
&2<fll and /?2>/21; and we identify it as a Kelvin-Helm-
holtz instability.10-11

2. In the case Ma>l the instability develops only for
ni<Oi, and we call it a centrifugal instability.1)>9

3. The centrifugal instability generates spiral surface
density waves, rotating in the same direction as the nucleus
(Fig. 2).2'-9

4. The generated spirals are backward spirals: their
ends are oriented opposite to the direction of rotation (Fig.
2).9

5. The angular velocity of the spiral pattern /2p is less
than the angular velocity of the nucleus /2, (Fig. 3).9

6. The dependence of the angular velocity of the spiral
pattern /2p on the angular velocity of the nucleus fit is linear
(Fig. 3a).9

7. As the Mach number Ma increases, the number of
arms in the generated spiral structure decreases (Figs. 2 and
3).9

FIG. 2. Typical examples of spiral surface den-
sity waves. The modes m = 3,2,1, and 0. The
last case corresponds to the frequently observed
ring galaxies.
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FIG. 3. Dependence of the angular rotational velocity of the spiral pattern
np on the angular rotational velocity of the nucleus fi, (/22 = °) witn a
constant depth of the liquid Ha = 4 mm (a) and 2 mm (b). The Mach
numbers Ma are also plotted along the abscissa axis. The arrows indicate
the sequence of modes accompanying a change in flt.

A quantitative comparison of the experimental results
and the theory leads to the following conclusions.

8. The theory predicts the Mach numbers at which the
increment of the centrifugal instability of mode m begins to
exceed the increment of mode m + 1 as Ma increases. In the
experiment, a restructuring of the modes also occurs as Ma
increases. Transitions between the modes 6—>5, 5—»4,4—>-3,
and 3-»2 under the experimental conditions (Fig. 3b) is ob-
served at Ma = 3.3, 3.7,4.0, and 4.4, and the corresponding
theoretical values are equal to Ma = 2.5, 2.7, 3.3., and 5.2.9

It is evident that the experimentally determined Ma
numbers differ from the theoretically computed values by
not more than 30%.

9. The linear theory gives the ratio f l v / f l l = 1/2 (for
/22<f2,). The experimentally observed ratio fl^/fl^ is two to
five times smaller than the theoretical value; in addition, this
difference increases as m decreases. The indicated disagree-
ment between the experiment and the linear theory5"8 could
be due to the nonlinearity of the processes studied. One of the
indications of this nonlinearity is the jump-like and hystere-
tic nature of the transitions between modes with different
values of m (see Fig. 3).9 The second factor of nonlinearity
consists of the fact that at the base of the spirals the observed
perturbations have the nature of vortices (which are generat-
ed due to the studied centrifugal instability at the discontin-
uity of the rotational velocity).9 The amplitude of these vorti-
ces is so large that their boundaries are impenetrable to the
particles of liquid. During their motion, these vortices,

which are reminiscent of Rossby vortices, studied experi-
mentally in Refs. 12 and 13, excite "ship" type waves, which
in this case have the form of large spirals in shallow water.
The velocity of rotation of the spirals around the center of
the system coincides with the velocity of the vortices, so that
(in the light of the results of Refs. 12 and 13) it is not surpris-
ing that it is lower than the values predicted by the linear
theory.

It is important to note that the theory being discussed is
in good qualitative agreement with the data obtained from
astronomical observations. In galaxies, where, as in the ex-
periments described, the processes studied undoubtedly are
strongly nonlinear, the angular rotational velocity of the spi-
ral pattern is less than the theoretical value of/2p. It is inter-
esting that the quantitative disagreement here is close to the
disagreement between the given linear theory and the model
experiment under study.9

We can thus state that the theoretically predicted new
instability of rotating shallow water with a tangential dis-
continuity of the velocity, in particular, exceeding the char-
acteristic velocity of waves, has been observed experimental-
ly. The instability develops if the radial gradient of the
angular velocity is negative at the discontinuity. It is appar-
ently responsible for the formation of the spiral structure of
galaxies with an analogous profile of the rotational veloc-
ity.2"^ It is interesting to note that under different experi-
mental conditions the instabilities studied here are apparent-
ly the reason for the generation of the Rossby autosoliton,
which models the Great Red Spot on Jupiter.14

In conclusion, we indicate the following experimental
fact: in the nonstationary state, for example, in the presence
of a gradually changing rate of rotation of the nucleus, the
restructuring of the modes occurs first near the nucleus and
then the new mode forming at the discontinuity gradually
propagates toward the outer part of the periphery. In this
case, during the transient process a "two-level" structure of
the spiral pattern is observed: the arms "branch" (for exam-
ple, they bifurcate) outwards, when the nucleus accelerates
and inwards when the nucleus decelerates. This fact suggests
the hypothesis that the two-level galaxies of the two types
indicated above, observed by astronomers, are also in a
strongly nonstationary state.

"Only this stage (Ma> 1, /22 < /?,) is discussed below, since it is character-
istic for the galaxy studied.
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participation of A. S. Trubnikov.
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Z. G. Berezhiani and Dzh. L. Chkareuli. Horizontal
symmetry: masses and mixing angles of quarks and leptons of
different generations; neutrino mass and neutrino oscillation.

1. Three generations of quarks and leptons
. (u, d, ve, e), (c, s, v,,, (A), (t, b, vt, T) (1)

with identical strong and electroweak interactions with the
standard, experimentally confirmed, symmetry SU(3)C ® -
SU^sUfl)1 have now been discovered (although the t
quark has not yet been discovered, its existence is not doubt-
ed).1

The identity of these generations strongly suggests that
an additional symmetry transforming one generation into
another, the so-called horizontal symmetry, could exist. It
appears that an entire range of phenomena, which are essen-
tially unexplainable within the framework of the standard
scheme, such as the splitting of the masses between genera-
tions of quarks and leptons, mixing of quarks, CP violation,
etc., could be associated with the spontaneous breaking of
this symmetry. If it is assumed (in analogy to the standard
SU(3)C 9 SU(2) ® U(l) that the horizontal symmetry is local,
then this indicates the existence of a new "horizontal" inter-
action, which changes the quark-leptonic flavors. It follows
from the experimental limit on_the rate of the processes
caused by this interaction (K°-+K°, ATL— »/Te, etc.) that the
distances characteristic for it must be very small: R < 10~6

2. For the three generations of quarks and leptons (1), it
is natural to adopt the group SU(3)H(22) as the horizontal
symmetry group. The large splitting between the masses of
the different generations (for example, for the bottom quarks
md: ms: mbzz 1:20:600) supports the chiral filling of this
group, when the "right" (R) components of the quarks and
leptons transform as triplets while their "left" (L) compo-
nents transform as SU(3)H antitriplets:

^R<z»

= l, 2, 3(SU(3)H) (2)

(or vice versa). In the case of vector filling, when the "left"
and "right" quarks (and leptons) are both triplets, the large
mass splitting observed experimentally is generally speaking
impossible.

Spontaneous breaking of the horizontal symmetry
SU(3)H is achieved by a simple set of scalars—two triplets g*
and 17" and the sextet ̂ -(^i SU(3)H (a,& = 1,2,3)—generat-
ing vacuum averages (VA) of the following form (3,4):

£a> = (0, 0, pp,
rf> = (9, 0, 0)«,
X{ap>> = diag (r,, r2, r3)aB,

VH = \ -P (3)

where VH is the full VA matrix of the horizontal symmetry
whose matrix elements follow the hierarchy /•3>$>r2>/>>ri
(on the average differing by an order of magnitude from one
another).

3. The appearance of a quark-leptonic mass spectrum
depends on the form of the Yukawa couplings in the theory.
The simplest variant of the studied model contains only the
standard Higgs doublet (p = (£0

+) and the horizontal scalars
(3). In the case of SU(3)H the symmetry admits only unrenor-
malizable quadrilinear (with respect to the fields) couplings
(5). For example, for the bottom quarks these couplings have
the form:

1 ,-
(4)

where Afp is the Planck mass, which enters as a natural regu-
lator. It is generally believed that gravitation must induce
such couplings at supershort distances. They arise naturally
in schemes with supergravitation.

After the horizontal scalars develop their VA and the
scalar <p((tp°) = v) condenses, the mass matrices of quarks
and leptons mu ,md, and me, practically repeating the struc-
ture of the matrices of the horizontal VA(3), m ~ (v/Mf) FH,
arise. To have quark and lepton masses of the correct order
of magnitude, it is evidently necessary to adopt for the lar-
gest of the VA, breaking SU(3)H, the value r3 = O (10~ l)MP.

The obtained mass matrices in", md, and /nc, in princi-
ple correctly reflect the regularity in the growth of the
quark-leptonic masses from one generation to another and
give (in order of magnitude) the experimentally observed
small quark mixing angles. The number of independent pa-
rameters in these matrices, however, is still too large to ob-
tain accurate values of the masses and mixing angles.

4. Additional restrictions on the obtained mass matri-
ces appear in grand unification models, in particular, in the
most popular of these models SU(5).6 If it is assumed that the
quarks and leptons of each of the generations (1) fill the re-
ducible multiplet 5 + 10 of the SU(5) group, then all three
generations (1) must form the multiplet (5 + 10, 3) of the
group SU(5)» SU(3)H in accordance with the chiral nature
ofSU(3)H.

We now discuss the scalar composition of the theory.
The introduction of a single Higgs 5-plet into the Yukawa
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