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FIG. 2. Temperature dependence of the heat capacity of a mechanical
mixture of nucleotides ( I ) and single strands of DNA in the state of
statistical balls (2) with n = 23 mole H2O/MBP.

L. Andronikashvili, 1956; see Ref. 6). We were able to ap-
proach the solution of the problems indicated above with the
help of the high-sensitivity low-temperature microcalori-
metry developed at the Institute of Physics of the Georgian
SSR Academy of Sciences.7'8

It has been established that the critical value of the
amount of water of crystallization (water which does not
participate in the ice-water phase transition when solutions
of biopolymers are heated and cooled), without which DNA
is no longer "ordered" and loses its biological activity, is
determined by the chemical compositions of DNA and de-
pends linearly on the GC content according to the law
n = [28.0-0.12 (% GC)] moles of H2O/MBP.8'9

The thermal effects at low temperatures (10, 50, 100,
200 K), discovered in a chaotic-amorphous mixture of nu-
cleotides (which are the building blocks of the native DNA
molecule), sharply distinguish this state from the aperiodic
structure of DNA (Fig. 1). The character of Cp = f (T) for
single polynucleotide chains in the state of statistical balls
also differs from Cp = f (T) for native DNA, but is the
same as the temperature dependence of the heat capacity
(including phase transitions in the solvent) for a mechanical
mixture of nucleotides over the entire temperature range
(Fig. 2). Thus a qualitative jump in the properties character-
izing the "native" biopolymer arises not at the level of cre-

ation of the unique linear sequence of nucleotides (which
remains in single chains of DNA), but rather after the com-
plete formation of the double helix. In addition, as is evident
from the data presented, the role of the solvent (water)
turned out to be decisive in determining the physical proper-
ties of this—"self-organizing from chaos"—macromolecu-
lar structure. Taken as a whole, the studies performed
showed that the formation of the native structure of DNA
(i.e., ready for the functioning of the genome) is a result of
the coalescence of two substructures, one of which is aperi-
odic (polynucleotide chains of DNA), while the other is a
lattice of hydrogen bonds, created between the water mole-
cules built into the double helix. This lattice is not complete-
ly ordered (topologically disordered). (The geometry of the
water "framework" of the hydrate shell of DNA in different
ordered forms was recently determined in detail by the
method of x-ray structural analysis.10>") Thus native DNA
must be regarded as an aperiodic crystal, "penetrating" the
bulk of the solvent, approximating a glassy state, and there-
fore we are dealing with a special type of state of condensed
matter ("aperiodic solid"). Further studies of the physical
characteristics of such macromolecular structures at low
and superlow ( < 1 K) temperatures taking into account the
effect of the water medium could substantially change our
ideas about the dynamic properties of biopolymers.

"The material in this report will be published later in a separate paper.
(Editors).
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N. N. Gor'kavyi and A. M. Fridman. Resonance nature
of the rings of Uranus and prediction of new satellites of Ura-
nus. The ten narrow, eccentric, and widely separated rings of
Uranus are strikingly different from the wide circular ring of

Saturn, split up by several gaps. Immediately after the dis-
covery of the rings of Uranus in 1977, an intensive search
began for explanations for the unusual properties of the
rings.
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Dermott and Gold' proposed that the rings of Uranus
correspond to the position of the three-frequency resonances
from Ariel-Titanus and from Ariel-Oberon—the known
large satellites of Uranus. This hypothesis, which explained
five of the nine rings, was criticized, since there are stronger
resonances in the zone of the rings, for example, from Ariel-
Miranda. A year later Steigmann2 modified the Dermott-
Gold hypothesis, having studied the corresponding posi-
tions of five rings of Uranus with the three-frequency
resonances from Ariel-Miranda and Miranda-Uranus VI
(hypothetical satellite on an orbit with a radius of 105 221
km). Specialists turned their attention to other hypotheses
for three reasons: 1) this hypothetical satellite was not dis-
covered by Voyager 2; 2) there are no three-frequency reson-
ances with the four remaining rings; and 3) there are no
answers to the question of why no rings were observed at
locations of stronger resonances? Such, for example, were
the hypotheses put forth in 1979 regarding the existence in
each ring of internal satellites, determining the dynamics of
the particles of the rings.3'4 The most popoular hypothesis,
however, was that of Goldreich and Temaine5 regarding the
existence of a pair of satellites around each ring—"shep-
herds," which do not allow the particles in the rings to
spread out because of mutual collisions (a year later, in
1980, the "shepherd" satellites were discovered near the nar-
row F ring of Saturn).

It was shown by Gor'kavyiet al.k that the rings lie in the
zone of intensive collisional destruction of the particles,
which collide as a result of the differential rotation of the
rings with significant velocities ~fla (a is the size of the
particles and ft is the angular velocity of orbital rotation).
The formation of satellites in the zone of the rings is forbid-
den and they must lie outside the boundary of this zone—in
the region of lower collisional velocities. Rings and satellites
can coexist only in a narrow transitional zone between the
regions of the rings and the satellites. For this reason, it is
difficult to agree both with the hypothesis of "shepherd"
satellites and with the model of internal satellites, predicated
on the presence of a large number of satellites in the entire
zone of the rings. On the other hand, at the beginning of the
1980s small narrow (often eccentric) rings, whose position
correlates well with the Lindblad [of the n: (n + 1) type]
resonances of lowest order (« = 1,2,3,...) from external sat-
ellites were discovered in Saturn's rings. The authors7'8 pro-

posed the hypothesis that the rings of Uranus have a reso-
nant character. According to this hypothesis the positions of
the rings are determined by the lowest (1:2, 2:3, 3:4) Lind-
blad resonances from a series of small undiscovered satellites
outside the outer boundary of the rings. Indeed, between the
rings and the nearest known satellite of Uranus—Miranda—
there is a significant (about 80 000 kilometers) space which
cannot be empty because of the continuous distribution of
matter in the protodisk. Analogous series of small satellites
have been discovered in recent years beyond the outer
boundary of the rings of Saturn and Jupiter. A compelling
reason for suggesting this hypothesis was the surprising re-
gularity, discovered by the authors, in the radial distribution
of the rings of Uranus: the rings can be divided into pairs, for
each of which there is an outer orbit which is in a resonance
ratio of the type 1:2, 2:3, or 2:3, 3:4 with the given pair of
rings. This makes it possible to calculate the orbits of the
most probable satellites.2' Figure 1 illustrates the hypotheti-
cal system of satellites, proposed by the authors, and the
position of their resonances in the zone of the rings. The
satellite V is an exception: it only has one resonance in the
zone of the rings, but then it fulfills an additional function: it
"herds" the ring £—the widest and most elliptical of all the
rings (in Fig. 1 it is not the rings themselves that are shown,
but rather the zones of their eccentric motion; the rings
themselves are very narrow—from 600 meters up to 100
km). Figures 2a-d show the sequence of gradual narrowing
of the most probable regions of the satellites: a) the zone of
the satellites, which have at least one resonance in the region
of the rings (we have in mind only the resonances of the type
understudy); b) is the region of the satellites with two reso-
nances in the zone of the rings; c) contains four regions,
which can contain satellites with resonances in two groups of
rings; d) contains five narrow zones of the most probable
position of the satellites—with two resonances near pairs of
rings. The dots indicate the chosen positions of the hypo-
thetical satellites (from the requirement that the resonances
be as close as possible to the rings).

Figure 2e shows ten satellites, discovered in January of
1986 by the American space probe Voyager 2, which passed
near Uranus. As expected, all satellites were located outside
the outer boundary of the rings (except one, the smallest
one, discovered in the "transitional" zone near the outer
boundary of the rings).
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FIG. 1. The general arrangement of the rings of Ura-
nus and of the proposed satellites. This figure is taken
from Ref. 7 and contains the additional satellite z0

(with the radius of the orbit equal to 61 860 km) from
the first, unpublished variant of the work published in
Ref. 7. The rings are denoted by lines (or rectangles),
whose width corresponds to the spreading of the posi-
tion of the rings owing to the eccentricity; the arrows
mark the resonance orbits from the outer satellites in
the zone of the rings.
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FIG. 2. Algorithm for separating the most probable
zones of undiscovered satellites and comparison of
their positions with the discovered satellites. The zone
of the satellites having the following-, one resonance of
the type 1:2, 2:3, 3:4 in the zone of the rings (a); two
resonances in the zone of the rings (b); resonances in
three groups of rings and resonances near two rings
(c); the dots indicate the proposed satellites, whose
position is chosen from the requirement that the reso-
nance be as close as possible to the rings (d); Fig. 2e
indicates the satellites discovered by Voyager 2.

Table I shows the Voyager 2 data on the ten new satel-
lites of Uranus and their comparison with the predicted or-
bits. We compare below the assumptions of the hypothesis
with the Voyager observations obtained 6 months after the
publication of these data.

The confirmation of the hypothesis of the resonance
nature of the rings of Uranus proves that the resonance effect
of the outer satellite gives rise to the appearance of a narrow
ring. The formation of narrow rings of Uranus evidently be-
gins with the appearance of a series of spiral density waves
and flexural waves at the resonance points of the circum-
planetary protodisk.

The spiral density waves, propagating outward from
the resonant orbit, serve as barriers in the path of fine dust,
moving toward the planet under the action of, for example,
the Poynting-Robertson effect or friction against the gas.
The dust can stop at the outer edge of the region perturbed
by the spiral wave, forming annular condensations. Thus the
distance between the resonance and the ring cannot exceed
the characteristic scale of damping of the spiral wave (which
in the rings of Saturn reaches several hundreds of kilo-
meters).

The flexural waves, propagating toward the planet, can
be regions of elevated dust velocity. In this case, the dust can

accumulate on the internal edge of the flexural wave—on the
boundary of the unperturbed zone.

An analogous mechanism of growth resulting from the
flux of fine dust, was studied by the authors for the case of
spontaneous annular fluctuations of the disk.10 Taking into
account the nondiffusion motion of fine dust leads to the
following dispersion relation for annular perturbations of
the disk with rare particle collisions10:

v = — D&+AK + B,

ST.
dff+
6Ta • 2nG>

where D = 6v>0 is the positive diffusion coefficient (v is
the coefficient of kinematic viscosity), N + is the rate of in-
crease of the surface density cr0 of the disk accompanying the
absorption of dust, c2 is the square of the variance of the
velocities of chaotic motion of particles, and k is the wave
vector. For A > 0, B > 0 the initial perturbation of the disk
grows (x>0) , and actively absorbs the settled dust. The
large-scale stratification (from 50 to 1000km) of the rings of
Saturn forms according to this scheme; in a sufficiently
dense disk it could happen that D < 0, and then a short-wave

TABLE I.

Radii of orbits
of predicted
satellites
/Jp r ,km

66450

62470
61860
58600
55380
51580

Radii of orbits of
discovered satellites' '
- R a , k m

85980
75100
69920
66090
64350
62700
61750
59100

53300
49300

Accuracy of the
agreement of the
orbits Rpr -/?d.km

+360

-230
+110
-500

-1720

Number and type
of resonances in the
zone of the rings
from the satellite

2 (1 : 2, 2 : 3)
1 (2 : 3) .
2 (2 : 3, 3 : 4)
2 (2 : 3, 3:4)
2 (2 : 3, 3 : 4)

1 (3 : 4)
0

Diameter of the
satellite, km

100
80
50
80
50

25
15

*The orbits are determined to within about 50 km.
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instability with a scale of statification of several hundreds of
meters develops.10

The evolution of the annular condensation, induced by
the resonance perturbation from the satellite, has not yet
been studied in adequate detail.

The eccentricity of the rings can counteract the diffu-
sion spreading of the rings. Indeed, particles can escape from
a circular ring, and under mutual collisions can cross over to
neighboring quasicircular orbits, not intersecting the
"mother" ring. For particles escaping from an elliptical ring
such close orbits do not exist. All orbits of escaped particles
necessarily intersect with the ring, as a result of the differen-
tial precession of the orbit in the nonspherical field of Ura-
nus, i.e., the particles will be efficiently returned to the ring.
The differential precession of the ring itself is stabilized by
self-gravitation for a surface density of the ring of about
25g/cm3.10

2'The radii of the orbits of only those satellites which determine the posi-
tion of two rings at the same time can be determined with the greatest
probability.
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S. P. Mikheev and A. Yu. Smirnov. Neutrino oscilla-
tions in a medium with variable density. Neutrino oscilla-
tions' are modified in a medium.2 In the case when two neu-
trinos are mixed va = (ve,vfl) the Schroedinger equations
have the form iva = Mva, and in addition the diagonal ele-
ments of the evolution matrix M contain terms which are
proportional to the density of the matter p. The main con-
cepts are the mixing angle 6m and the characteristic states of
the neutrino in the medium vim (i — 1,2). v,m are defined as
the states which^ diagonalize the evolution matrix:
va = 5vm, S ~ 1MS = Mdiag. 0m is the angle in the unitary
matrix S, relating v l m, v2m and ve, v^. The medium alters
the mixing of the neutrino. For/9 = 0 v,m differ from v, —the
states with definite masses and <9, = 6( p ( t ) ) ^6m.

The effect of the medium has a resonant character.3 The
dependence sin2 2#m on the density or neutrino energy is a
Breit-Wigner peak, whose maximum sin2 26m = 1 is
reached at /,, = /0 cos 29 (the condition of resonance), /0 is
the characteristic length for the matter (10 oc (G F p ) ~'), lv

is the length of the oscillations in the vacuum (/,. = 4-rrE /
Aw2), and GF is the Fermi constant. The half-width of the
peak is given by A/?R =pR sin 26 (or A£R = ER sin 26),
wherepR (ER ) is the resonance density (energy), for which
the resonance condition holds. The appearance of the reso-
nance is determined by the fact that the mixed neutrinos are
essentially a system of weakly coupled oscillators (the stiff-
ness of the coupling is determined by 6 ) . The medium alters
differently the characteristic frequencies of the oscillators,
and at resonance these frequencies are equal. The effective
density-dependent masses of ve and v^ coincide at reso-
nance.4 The manifestation of the resonance depends on the
nature of the variation of the density of the medium.

The angle 6m determines the flavor (i.e., the ve and v^
composition) of the characteristic states v,m, 6m and there-
fore the flavor depends on the density. As p decreases from

R top <^.pR the angle 6m decreases from rr/2 to 6. Corre-

spondingly (for small 6) the flavor vim changes almost com-
pletely. If vlm (p>p* ) = v,,then vlm ( p<£pR ) = ve. This
property is the basis of the neutrino transformations under
discussion.

The dynamics of the oscillations follows from the equa-
tions for the characteristic states: /vm = (Md'ag

+ 0mcr2) vm, cr2 is a Pauli matrix.5'6 The off-diagonal terms,
describing the transitions vlm<->v2m — 6m, are proportional
top. The picture of the oscillations is as follows, depending
on the rate of change of the density.

In a medium with a constant density (6m =0)v,m

evolve independently. The admixtures of v,m in the neutrino
state do not change with time, the flavor v,m is conserved.
Based on this, the general character of the oscillations turns
out to be the same as in a vacuum. In a medium with/o = pR

the depth of the oscillations with arbitrarily small 6 is maxi-
mum, AP = I. If neutrinos with a continuous energy
spectrum are generated, then in the energy range ER

— A.ER -H.ER + A£R the oscillations will be resonantly am-
plified.3

In a medium with a slowly varying density, the adia-
batic regime is realized.3'5~'° The condition of adiabaticity
\6m | 2<^ |Aff a d -Mf"1)2 = 47T2//2

n (/m is the length of the
oscillations in matter), which in the region of the resonance
assumes the form 2ArR > /m (ArR is the spatial width of the
resonance layer3), means that v,m evolve independently, and
the transitions vlm<H>-v2m can be neglected. Admixtures of
v,m in a given neutrino state are conserved and equal the
admixtures at the moment the neutrinos are generated; the
flavor v,m changes in accordance with the change in the den-
sity. The probability of observing at time t a neutrino of the
starting type is a quasiperiodic function, oscillating around
the average value P(/) withadepth^4P ( t ) . At the same time,
P and AP are universal functions of one variable
n = ( p — pR )/AyOR and one parameter—the values of n at
the initial moment (Fig. 1), the values of P and AP do not
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