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Λ . sess ion of the Division of General Physics and
Astronomy was held on December 24, 25, and 26 at the
conference hall of the P . N. Lebedev Physics Institute.
The following papers were del ivered:

1. V. A. Belinskii, Ε. Μ. Lifshitz, and I. M.
Khalatnikov, Relativist ic Cosmology with a Singular
Point Oscillating in T i m e .

2. L. M. Qzernoi, Present Status of the Problem of
Origin of Galaxies.

3. A. I. Larkin, Fluctuations in Superconductors.
4. V. V. Shmidt, Cri t ical Currents in Superconduc-

t o r s .
5. V. L. T a l ' r o z e , Chemical L a s e r s .
6. V. V. Fadeev, Ultraviolet L a s e r s Using Organic

Scinti l lators .
7. A. P. Sukhorukov, T h e r m a l Self-action of Intense

Light Waves.
We publish below brief contents of some of the

p a p e r s .

L. M. OzernoL Present States of the Problem of the
Origin of Galaxies.

1. Gist of the problem. The observed universe is
s tat is t ical ly homogeneous and isotropic only with
sca les <ΐ Mps (3 χ 10 2 6 cm). On a s m a l l e r sca le , the
presence of inhomogeneities makes it essentially dif-
ferent from the idealized Fr iedmann model. The
degree of inhomogeneity δρ/ρ = (ρ - p~/p~ increases
with decreas ing sca le . In galaxies, the average density
differs by a factor 106 - 3 χ 106 from the density of
their mat ter " s m e a r e d o u t " in space (~ 3 x 10~31 g/cm 3 ) .
This means that when the c h a r a c t e r i s t i c dimensions of
the expanding universe were s m a l l e r than the present-
day ones by a factor ~ 100, the galaxies did not have
their individuality, being " d i s s o l v e d " in a homogeneous
background (with the possible exceptions of their cores) .
In the m o r e r e m o t e past, the degree of inhomogeneity
should be even s m a l l e r . However, it cannot become
vanishingly smal l . Some initial " n u c l e i " of inhomo-
geneities a r e essent ia l if we a r e to obtain the p r e s -
ently observed picture of the galaxies and their c lus-
t e r s .

Therefore, the theory of galaxy production should
clarify the following:

1) the physical nature of the initial perturbat ions;
2) the mechanism of their changeover into galaxies,

with indication of (a) the main p a r a m e t e r s of the galax-
ies (mass, angular momentum, dispers ion of random
velocities, large-sca le magnetic field) and (b) the main
p a r a m e t e r s of galactic c l u s t e r s ;

3) the origin of the initial perturbat ions .
The question of the occurrence of galaxies has

grown into an important physical problem, especially
in connection with item (3). Following Lifshitz [ 1 1 , it

was proved in a number of papers that the aforemen-
tioned " n u c l e i " of the inhomogeneity should be accom-
panied with finite perturbations of the m e t r i c (which
do not vanish a s t — 0). It is not very likely that these
perturbations a r e the resul t of e lementary " t h e r m a l
n o i s e " (thermodynamic fluctuations). On the other
hand, if the perturbations constitute a definite initial
s t r u c t u r e with a nonthermal spectrum, then its nature
and origin a r e inseparable from the physical proper-
t ies of the universe, concerning which, in essence, a l-
most nothing is known. By the s a m e token a solution
of the problem of the origin of galaxies, albeit in gen-
e r a l outline, will contain also fundamental cosmologi-
cal information.

In connection with the la t te r , it is of interest to
investigate as broad a c lass as possible of spatial
perturbations capable of leading to the modern s t r u c -
t u r e of the universe . Apparently, all reduce to the
following types of per turbat ions : (1) of the total density
(or p r e s s u r e ) and corresponding potential velocities;
(2) of the composition, including (a) the entropy, (b) the
baryon charge, and (c) the e lectr ic charge, c u r r e n t s ,
and corresponding magnetic field; (3) of the vort ical
velocity.

Although these perturbations could exist for a long
t ime (both " i n i t i a l l y " and as a resu l t of generation of
some of them by the others) , they could hardly play an
equal role in the formation of the observed s t r u c t u r e .
The difference in the existing concepts concerning the
formation of the galaxies a r e based on a pr ior i prefer-
ences for one of the initial perturbation or another .
Such a situation is possible, of course , only to the
extent that one ignores various theoret ica l r e q u i r e -
ments that follow from the extensive factual m a t e r i a l .
The purpose of the present paper is therefore to out-
line schematically various approaches to the theory of
galaxy production, indicate the difficulties they encoun-
t e r in at tempts to interpret the observed phenomena.

2. Development of adiabatic and entropy perturba-
tions . The evolution of adiabatic perturbation (the
quantum density p r and the m a t t e r density p m fluc-
tuate simultaneously at a constant specific entropy),
and of entropy or i sothermal perturbations (only p m

fluctuates and 5Tr = 0, i.e., the specific entropy fluc-
tuates) has been considered in many papers and sum-
marized in a number of rev iews [ 2 " 4 ] . It is determined
by the competition between growth under the influence
of gravitational instability and damping as a resu l t of
dissipative p r o c e s s e s . The r a t e of one or the other
dependence on the scale of the perturbations and, in
addition, it is different on intervals separated by two
cr i t ica l moments preceding the separat ion of the in-
homogeneities from the expanding background. The
first c r i s i s occurs at the instant teq ~ 3 x ΙΟ3 Ω ' 2 year s
(red shift z e q » 2 χ 104 Ω ) , when the equality p m = p r
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as 10 1 6 Ω 4 g/cm 3 took place (the tempera ture then was
T e q « 6 χ ΙΟ4 Ω°Κ, where Ω is the factor by which the
total density of m a t t e r differs from the cr i t ica l density
in the Fri,edmann model; according to observations of
galaxies, Υ30 < Ω < 2). The second c r i s i s is connected
with the s t a r t of recombination of the hydrogen plasma
( t r e c

 a 2 x ΙΟ5 Ω ~ 1 / 2 y e a r s , z r e c » 1.5x 103, p r e c » 3
x ΙΟ" 2 0 Ω g/cm 3 , T r e c * 4 x 10 3 o K).

The c h a r a c t e r of the growth of a perturbation as a
function of its scale is determined by the relat ion b e -
tween the m a s s of the perturbation and the so-called
J e a n s m a s s M j , in which the gradient of the p r e s s u r e
is balanced by the gravitational force. When p r » p m ,
the p r e s s u r e is determined by the radiation and M j
« 3 x ΙΟ 1 5 Ω " 2 ( t / t e q ) 3 / 2 M o , coinciding in order of mag-
nitude with the m a s s contained inside the cosmological
horizon. When teq < t < t r e c we have M j = const
« 3 x ΙΟ 1 5 Ω " 2 Μ Θ . Starting with t = t r e c , the medium

becomes t ransparent to the radiation and M j ( t r e c + 0)
drops rapidly to ΙΟ5 Ω " 1 / 2 Μ Θ , being now determined by
the gas p r e s s u r e , which is much smal ler than the r a d i -
ation p r e s s u r e .

When t < t e q , the perturbations of all the m a s s e s
with Μ 2> M j increase monotonically (δρ/ρ OT t) as a
r e s u l t of gravitational instability. This pertains also to
the typical galactic m a s s (M ~ ΙΟ 1 0 M©), so long as its
dimensions a r e larger than the horizon. But at
t > 0.6 Ω " 2 / 3 year s this m a s s , " b u r r o w i n g " under the
horizon, turns out to be smal le r than the Jeans m a s s
and the adiabatic perturbations δρ/ρ can oscil late only
like sound waves. In the adiabatic approximation, their
amplitude is constant when t < t e q and d e c r e a s e s like
t~ 1 / 6 when t > t e q . Only after recombination, when M j
drops sharply, is the growth of such perturbations
again possible. Now δρ/ρ increases like t 2 / 3 , and in
order for it to have t ime to grow to unity, say to
ζ ~ 10, it is necessary to set " m a n u a l l y " at the in-
stant t r e e an amplitude δρ/ρ ~ 1%. Much greater
density inhomogeneities (or, accordingly, potential
velocities l a r g e r than ~10 km/sec1-5·1) lead to s e p a r a -
tion of objects with average density exceeding that ob-
served in normal galaxies.

This picture is greatly a l tered quantitatively by dis-
sipative damping of the perturbations, considered
in' 6~ 9 ] and in greater detail i n [ 1 0 ] . For adiabatic per tur-
bat ions, the main contribution to the damping is made
by diffusion of the quanta from the regions of increased
p r e s s u r e . By the instant tree» the perturbations atten-
uate exponentially up to Μ » ΙΟ 1 2 Ω ' 5 / 4 Μ Θ . If account
is taken of the delayed course of the recombination,
when the perturbations become gradually t ransparent ,
the damping extends over even l a r g e r m a s s e s , up to
Μ « ΙΟ 1 4 Ω " 1 / 2 Μ Θ , in accordance with prel iminary e s -
t i m a t e s [ 1 0 ] which will be verified for different condi-
tions by numerica l calculation.

As a resul t of the dissipative p r o c e s s e s , the ampl i-
tude of the adiabatic perturbations becomes smal le r in
the ga lact ic-mass sca le than in the sca le of galaxy
c l u s t e r s , provided only the initial (undistorted) spec-
t rum of the perturbation is not too s teep. This imposes
important l imitations on the s t i l l non-existent theory of
transformation of adiabatic perturbations into galaxies.
In principle, the first to be separated gravitationally
from the background can be the inhomogeneities of the

very largest m a s s e s with Μ > M j ( t r e c - 0), the
growth of which was never suppressed by damping and
was not a l tered by osci l lat ions. In this case the theory
must explain why the average density of galactic c lus-
t e r s , to the contrary d e c r e a s e s rapidly with the dimen-
sion of the c lus ter . The existence of superc lus ter s
(clusters of second order) and the absence of accumu-
lations of higher order r a i s e additional difficulties for
the hypothesis with the e a r l i e r separat ion of the largest
m a s s e s .

Independently of the course of the spectrum of the
perturbations in the region of the largest m a s s e s , the
formation of galaxies must be regarded in view of the
dissipative damping of the perturbations of the galac-
tic sca les as a resul t of fractionalization of much
larger m a s s e s than possessed by the galaxies. This
concept is difficult to re la te with the observed large
difference (by a factor (~10 3 ) in the average densit ies
of c lus ter s , which is accompanied by a much smal ler
difference (a factor of ~30) in the average densities of
the galaxies themselves .

Finally, the greatest difficulty in the theory of adia-
batic perturbations l ies in the explanation of the r o t a -
tion of galaxies and their c l u s t e r s . It is assumed 1- 1 1 ' 1 2 1

that the angular momentum of the galaxies was a c -
quired in the pre-galactic stage as a resul t of tidal
gravitational interaction with the surrounding proto-
galaxies. However, the closeness of the e s t i m a t e 1 1 2 1 of
the angular momentum of the galaxy to the observed
value is i l lusory, since the quadrupole moment was not
calculated in a self-consistent manner (as a resul t of
the non-sphericity due to tidal forces), but was st ip-
ulated, and furthermore strongly exaggerated. No a c -
count was taken here of the dissipative damping of the
perturbations of the galactic m a s s e s and of the need of
their subsequent reproduction, which should change the
resul t of the calculations. The observational data l ike-
wise do not support the tidal origin of the angular m o -
mentum of galaxies. Thus, dense galaxy c lus te r s ,
where the action of the tidal forces might appear to be
particularly effective for the generation of rotation,
consist mainly of elliptic (E) galaxies, i.e., objects
with much larger specific angular momentum than in
spi ra l (S) galaxies. To the contrary, in more raref ied
c lus ter s , consisting mainly of sp i ra l galaxies, one ob-
serves symptoms of general rotation. Fur ther evidence
against tidal forces as the mechanism of acquisition of
angular momentum by the galaxies is provided also by
physical pairs of galaxies forming isolated sys tems
(the contribution to the potential energy from neighbor-
ing galaxies does not exceed 30%). A list of 87 such
pai r s is given, for example, i n [ 1 2 1 , among which there
a r e 30 EE (34.5%), 23 ES (26.4%), and 34 SS (39.1%)
p a i r s , i .e. , the number of ES differs little from that of
E E . This indicates that the angular momentum of S
galaxies is more readily native than acquired. Con-
firming this is the fact that the number of SS galaxy
pai r s with oppositely directed rotation does not exceed
the number of pa i r s haying the s a m e rotation d i r e c -
t i o n ^ .

The s a m e difficulty with the explanation of the r o t a -
tion of galaxies is present also in the theory of entropy
perturbat ions. Unlike the adiabatic perturbations,
these perturbations a r e not smoothed out so c a t a s t r o -
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phically by radiation as the adiabatic ones. By the in-
stant of recombination, there attenuate only per turba-
tions with Μ < M j ~ 10 eM© t 3-'. However, radiation
friction very rapidly damps out any motions of entropy
perturbations against the background of the radiation,
so that by the instant of recombination they a r e p r a c -
tically static inhomogeneities. Their ult imate fate is
not c lear . I n [ 1 5 ] these perturbations serve as the bas i s
for a mult is tep scheme of galaxy formation. It is a s -
sumed that the first condensations with Μ ~ 1 0 6 Μ Θ

form unstable " p r o t o s t a r s , " the explosions of which
heat the surrounding neutra l gas and i n c r e a s e M j to
1 0 9 Μ Θ . The inhomogeneities of these m a s s e s a r e
identified by the authors of [15] with q u a s a r s . Their
explosions heat the gas sti l l m o r e and in turn produce
inhomogeneities of the type of protoc lus ter s . The
galaxies a r e assumed to be the last generation p r o -
duced as a resul t of fragmentation of such protoclus-
t e r s , i .e., in analogy with the previously outlined scheme
with adiabatic perturbations (although as a resul t of
different causes) .

In another v a r i a n t [ 1 6 ] of the theory of entropy per-
turbations it is a lso assumed that the inhomogeneities
" s u r v i v i n g " the dissipation had a decreasing spectrum,
so that at f irst m a s s e s ~10 6 M were separated. How-
ever, unlike i n [ 1 5 ] , it is assumed here that they do not
form supermass ive s t a r s , but a r e fragmented as a r e -
sult of cooling by the molecular hydrogen into a large
number of s t a r s , producing spher ical c l u s t e r s . The
succeeding evolution is visualized, in main outline, as
a unification of the spher ica l c lus ter s into galaxies,
and these in turn into c l u s t e r s . However, that part of
the theory is unsatisfactory even at the level of qualita-
tive arguments .

In both var iants of the theory of entropy per turba-
tions it was impossible to obtain a character i s t ic
p a r a m e t e r of the galaxy m a s s , and all the more to
develop some detailed quantitative scheme.

We shall not stop to d iscuss the evolution of other
types of composition perturbations'· 1 7 ' 1 8- 1 l isted in Sec.
1, for which the possibility of their t ransformation into
galaxies has not yet been demonstrated.

3. Evolution of vort ical perturbat ions, Weizsacker^ 9 · 1

advanced the hypothesis that the pr imary s t r u c t u r e ,
from which the galaxies were formed, had the c h a r a c -
t e r of a turbulence. However, the notion [ 2 0 1 of a high
radiat ion density in the past ( p r > p m ) is incompati-
ble, as shown i n [ 2 1 ] , with the turbulence of plasma
against the unperturbed background of radiat ion: the
motions should attentuate within a t ime much s h o r t e r
than cosmological. In o r d e r to re ta in an idea of the
p r i m a r y turbulence, it is necessary to consider an en-
t i re ly different type of compatible motions of radiation
and the plasma associated with it, having a solenoidal
c h a r a c t e r ("photon v o r t i c e s " ) . The main phases of the
evolution of such vort ices , superimposed on an iso-
tropically expanding cosmological background, were
considered i n [ 2 2 ' 2 3 ] .

In the l inear hydrodynamic approximation, solenoidal
(s) motions a r e not accompanied by density inhomo-
geneities and by the corresponding potential (p) m o -
t ions . However, in second order v p / v s ~ (vs/u) 2 ,
δρ/ρ ~ ( v s / u ) 2 . During the p r » p m s tage, the sound
velocity u = c/V~3~, and v s = const, and if vs < u, then

subsonic solenoidal motion generates only quadraticaily
smal l inhomogeneities.

It is possible to indicate uniquely a spectrum for a
subsonic cosmological turbulence. The reason is that
owing to the large Reynolds number in the past (Re
= vZ/vr O T z)> the initial motions with a rb i t ra ry spec-
trum acquire the character of turbulent pulsations. As
a re su l t , a Kolmogorov velocity spectrum ν OT I
should be established within sca les of I bounded from
below by dissipative damping (principally as a resul t of
radiative viscosity) and bounded from above by the
equality of the c h a r a c t e r i s t i c hydrodynamic and cos-
mologic t i m e s .

The subsonic character of the turbulence is possible
only up to the instant of recombination t r e c , when the
situation changes qualitatively. After completion of the
recombination, the sound velocity will be determined
by the elasticity of the gas and not of the radiation, as
a resul t of which it d e c r e a s e s by a factor equal to
(quantum density/nucleon density) » ΙΟ4 Ω " 1 / 2 . T h e r e -
fore in sca les where Vs > u, the vort ices generate po-
tential motions and corresponding inhomogeneities in
the distribution of m a t t e r .

The amplitude of the inhomogeneities produced in a
certa in scale I depends on the rat io of the c h a r a c t e r -
istic hydrodynamic t ime th = Z/v to the character i s t ic
t ime of cosmological expansion t e x p = (d l n p / d t ) " 1 .
We consider first the scales where t n < texp at the
instant t r e c . For these, as a resul t of nonlinear effects
in the steady-state turbulence, we can expect vp ~ v s

and accordingly relatively large inhomogeneities
δρ/ρ ~ 1. Such an equipartition between the solenoidal
and potential motion does not allow plane shock waves
to collapse and produce large density discontinuities.
The dissipating motions a r e reproduced a s a resu l t of
energy pumping from the largest sca les , where th
> texp· The excess kinetic energy at the instant t r e c

also prevents an immediate separat ion of these in-
homogeneities. Separation from the expanding back-
ground becomes possible when the kinetic energy drops
to a value admitted by the v ir ia l t h e o r e m . I n [ 2 4 1 , in the
approximation of the adiabatic decrease of the energy
of the solenoidal and potential motions with expansion
of the universe (without allowance for their par t ia l a t-
tenuation), we calculated the principal cosmogonic
p a r a m e t e r s of the produced galaxies: the instant of
gravitational separat ion, the r a d i u s - m a s s ra t io , the
specific angular momentum, and the velocity dispers ion.
The appearance of sp i ra l galaxies is expected in those
sections of the medium having predominatly solenoidal
motions, whereas elliptic galaxies a r e expected in s e c -
tions where potential velocities predominate. The f rac-
tion of the m a s s contained in the regions of the null
l ines of the field of the solenoidal velocities makes it
possible to est imate the relat ive number of the S and
Ε galaxies and the fraction of the m a s s falling in the
spher ica l c l u s t e r s . Numerical e s t imates , in which use
is made of the natura l assumption that the c h a r a c t e r -
istic scale and velocity in it at the instant t e q were
close respectively to c t e q and u e q « c/V"3~, lead to
values close to those observed. It is interesting that
the theory explains the existence of an upper limit of
the galaxy m a s s (as the m a s s in a scale where th
= t e x p at the instant t r e c ) ; its numerical value, close
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to that observed, depends only on the fundamental
physical constants (c, G) and on the specific entropy of
matter in the universe.

Let us turn now to the fate of scales where th > t e x p

at the instant t r e c - Potential motions and the corre-
sponding density inhomogeneities are relatively small
here, and, unlike the smaller scales, their evolution is
determined not by the hydrodynamic but by the gravita-
tional instability. If in a given scale the potential
velocity is able to grow within a time t exp to a value
sufficient for the extinction of the velocity of the differ-
ential cosmological expansion, then the corresponding
inhomogeneity is "switched off" from the background
and a gravitationally bound system is produced. Obvi-
ously, the perturbations of these scales correspond to
agglomorates (clusters) of galaxies with different num-
bers . The spatial correlation of the velocities in the
metagalactic turbulence indicates that the inhomogenei-
ties in which potential velocities prevail over solenoidal
ones (elliptical galaxies) are predominantly grouped
into spherical and furthermore denser clusters than
clusters of irregular form (which reflects the pres-
ence of a common angular momentum), which will con-
tain predominantly spiral galaxies and are separated
later (at a lower background density) owing to the
relatively smaller potential component of the velocity125'.
A principal fact is that the galaxies are separated from
the background independently of the completion of the
formation of their clusters, which continues up to
ζ ~ Ω " 1 and is not completed at al l in sufficiently large
s c a l e s . The maximum possible m a s s of the " g a s " of
the galaxies, within which δρ/f) can grow to unity
towards ζ = 0, is, as can be shown, about 1 0 1 4 Μ Θ

- 1 0 1 5 Μ Θ . This theoret ical es t imate is close to the
m a s s of the largest galactic c lus ter s observed at p r e s -
ent.

Unlike c l u s t e r s , the formation of the main part of
the galaxies was completed in the relatively ancient
cosmological epoch (ζ ~ 100). Direct observation of
such galaxies is very difficult. On the other hand, ob-
servation of a young galaxy at smal l values of ζ (which
in itself would be of considerable interest) will not
have a direct bear ing on the verification of the " s o l e -
n o i d a l " theory, since such galaxies should be m o r e
readily an object of second or even la ter generation.
The mechanism of their formation can be radical ly dif-
ferent than that of objects of the fundamental genera-
tion (e.g., t h e r m a l instabi l i ty 1 4 ' 7 1 ) . To verify the
theory, the most promising a r e s e a r c h e s for young
c lus te r s , i .e., a decreasing clustering of the galaxies
into the most mass ive c lus te r s with increasing red
shift.

The solenoidal theory of galaxy formation, which is
now in the stage of intense further development, is
faced with a number of important problems. It is
necessary to go outside the framework of the adiabatic
approximation i n [ 2 4 ] , i .e. , to perform a detailed analy-
s i s of the behavior of turbulence in the post-recombina-
tion s tage . We note that its dissipation can become
manifest in the distortion of the Wien part of the black-
body spectrum of the rel ict r a d i a t i o n [ 2 e ] . Unfortunately,
important details of the dissipation can be obtained only
on the bas i s of the st i l l non-existent physical theory of
supersonic turbulence. It is necessary to analyze the

physical processes during the stage of t ransformation
of the protogalaxy into a stationary sys tem. Interesting
prospects a r i s e when one considers the transformation
of the cause of galaxies and their possible cosmologi-
cal ro le in the formation of galaxies [ 2 7-1. Rotating c o r e s
a r e also regarded as responsible for the occurrence of
the large-scale magnetic field of galaxies, a field
shown to be explained within the framework of the
solenoidal model i n [ 2 8 ] .

Problems of the solenoidal theory inevitably turn
into cosmological problems when at tempts a r e made to
explain the origin of the vor t ices , and part icular ly
thei r aforementioned r a t h e r natural p a r a m e t e r s at the
instant p r = p m (limitations on these p a r a m e t e r s , con-
nected with smal l-sca le angular inhomogeneities of
vort ical motion in the re l ic t radiation background, were
calculated in^29·1). Of course , these vort ices can be
regarded just as an inevitable property of the universe,
as its expansion, but this "exp lanat ion" cas t s l ittle
light on the cosmological problem. Extrapolation of the
anisotropic propert ies of vort ices into the past has led
to the conclusion 1 2 2 · 1 that e a r l i e r s tages of the c o s m o -
logical expansion were not of the Friedmann type.
F u r t h e r investigations of the possible c h a r a c t e r of the
cosmological expansion near the singularity'- 3 0 ' 3 1 1, and
especially of the rotat ional fluctuations in this "boiling
k e t t l e , " will possibly be provided by a solution of the
intriguing problem of the origin of the vor t ices .

4. Conclusion. At the present t ime there a r e three
competing hypotheses concerning the nature of the
pr imary perturbations as potential, solenoidal, and
entropy-type. It is possible that they form a " l inear ly-
independent b a s i s , " to which it is possible to reduce
any new hypothesis concerning galaxy formation. It is
clear even now, however, that not al l the foregoing
types of perturbations a r e responsible with equal
probability for the bas ic features of the future theory.
The most abundant m a t e r i a l of astrophysical observa-
tions narrows down greatly the conceivable possibili-
t i e s . Thus, static (entropy) perturbat ions, although they
a r e inevitable in the damping of other types of per tur-
bations, have apparently played a secondary ro le in
the formation of galaxies and their groups; nonetheless,
one cannot exclude the possible genetic connection b e -
tween entropy perturbations and the subgalactic s t r u c -
ture such as spher ical c l u s t e r s , a connection that calls
for further analysis . On the other hand, the formation
of the galaxies themselves, and part icular ly of the i r
c lus ter s , can be justifiably connected with perturba-
tions of dynamic type, i .e., potential or turbulent mo-
t ions . The final choice between the lat ter will become
possible when the theories become m o r e detailed and
their fundamental consequences a r e reliably interpreted.
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A. I. Larkin, Fluctuations in Superconductors.

Near the t e m p e r a t u r e of t ransi t ion into the s u p e r -
conducting s ta te , just as near other second-order
transi t ion points, the ro le of fluctuations i n c r e a s e s .
However, the region of t e m p e r a t u r e s where the fluctua-
tions exert a noticeable influence on the propert ies of
superconductors is very smal l . According to Ginz-
burg ' s est imate^ 1 1 , for pure bulky superconductors it
equals 10"1 5 degrees . The fluctuations play a noticeable
role in thin films with smal l e lectron mean free paths,

and they were observed experimentally in precisely
such films of b i s m u t h M . It turned out that on approach-
ing the t rans i t ion t e m p e r a t u r e the film r e s i s t a n c e R
d e c r e a s e s smoothly and at t e m p e r a t u r e s not too close
to the t rans i t ion t e m p e r a t u r e T c it is given by

-1 , , _ (Λ \

w h e r e t h e p a r a m e t e r s R x a n d r 0 d o n o t d e p e n d o n t h e

t e m p e r a t u r e .

S i m u l t a n e o u s l y , t h e f l u c t u a t i o n s o f t h e r e s i s t a n c e o f

t h e s u p e r c o n d u c t o r s w a s i n v e s t i g a t e d t h e o r e t i c a l l y [ 3 ] .

A t t e m p e r a t u r e s h i g h e r t h a n T c , t h e s u p e r c o n d u c t i n g

p a i r s d o n o t f o r m a B o s e c o n d e n s a t e , b u t c a n b e p r o -

d u c e d b y f l u c t u a t i o n i n n o t i c e a b l e a m o u n t s . T h e i r

d e n s i t y n n o b e y s a k i n e t i c e q u a t i o n t h a t c a n b e d e r i v e d

f r o m t h e G i n z b u r g - L a n d a u t e m p o r a l e q u a t i o n

π(4Γ-*'π)*'+{'-Τ'+£)'*-τ> ( 2 )

where Ε is the e lectr ic field intensity, ρ the pair
momentum, and Μ the p a r a m e t e r of the Ginzburg-
Landau theory.

The contribution of the fluctuation pa i r s to the c u r -
rent density is called paraconductivity, and for a thin
film of thickness d it is equal to

Jit. (3)

Substituting the solution of Eq. (2) in formula (3), we
obtain in a weak low-frequency field the second t e r m of
express ion (1). The rat io T0/Roo f ° r the res i s tance of
a film square is equal to the universal value

T0/H«, = fl!/16ft=3.10i»/lG.l.1i7 Cm/sec = 1.52-10-5 cm i. (4)

The universality of this ra t io was later verified for
films of different th icknesses .

Many investigations were made of the dependence
of paraconductivity on the e lectr ic field and its f re-
quency. As seen from (2), the pair density, and conse-
quently their contribution to the conductivity, decrease
with increasing field and with increase of its frequency.
Equation (2) takes into account the deviation of the pair
density from thei r equilibrium distribution under the
assumption that the unpaired e lectrons come into the
equilibrium s tate m o r e rapidly than the p a i r s . This is
c o r r e c t if there a r e magnetic impurit ies in the film
and the film is placed in a magnetic field, or if the
energy relaxation of the e lect rons, which is connected
with the electron-photon and e lectron-electron interac-
t ions, is sufficiently la rge . Otherwise it is necessary
to take into account the fact that the fluctuation p a i r s
influence also the conductivity of the unpaired e lec t rons .
The c u r r e n t density then acquires the so-called
" a n o m a l o u s " t e r m , which leads to an effective increase
of the p a r a m e t e r το^\ In some experiments with lead
f i l m s [ 5 ] the measured value r 0 turned out to be half as
large as the theoret ical one. There is s t i l l no s a t i s -
factory explanation of this fact.

In addition to the contribution of the fluctuations to
the conductivity of thin f i lms, there was observed ^ an
influence of fluctuations on the tunnel c u r r e n t . A
noticeable contribution is made by fluctuations to the
magnetic susceptibility of superconductors at a t e m -
p e r a t u r e higher than the t ransi t ion point [ 7 ] . In a wide




