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CONFERENCES AND SYMPOSIA PACS numbers: 01.10.Fv 

Scientific session of the Division of General Physics 
and Astronomy of the Russian Academy 
of Sciences (30 November 1994) 

A scientific session of the Division of Genera l Physics and 
A s t r o n o m y of the Russ ian A c a d e m y of Sciences was held 
on 30 N o v e m b e r 1994 at the P L Kap i t za Ins t i tu te of 
Physical Prob lems . The following paper s were presented at 
this session: 

(1) V S Troitskii ( Inst i tute of Appl ied Physics, N i z h n y 
N o v g o r o d ) "Exper imenta l evidence against the Big Bang 
cosmology" ; 

(2) A A Sluts kin (Physicotechnical Ins t i tu te of L o w 
Tempera tu res , K h a r k o v ) " ' F rozen ' electronic phase and 
high- temp era ture sup erco nduct iv i ty ' ' . 

Summar ies of these paper s are given below. 

PACS numbers: 98:80.Bp 

Experimental evidence against the 
Big Bang cosmology 
V S Tro i t sk i i 

1. Introduction 
A cosmological theory is tested by compar ing the observed 
and theoret ical dependences of the apparen t luminosi ty 
( m ) and the angular size ( 6 ) of the galaxies on the red shift 
( z ) . In s t andard cosmology, the expressions for these 
quant i t ies in te rms of linear and stellar magni tudes are as 
follows: 

siz)= L(*) 
W R2(zM9 

m(z) = - 2 . 5 1 g £ ( z ) = 5\gR(xm +M(z) - 5 , (1) 

R(z9qo)oL0' 

The first expression gives the inverse-square dependence of 
the surface i l luminance ( £ ) at the observer as a function of 
h i s /he r distance R to the observed galaxy whose absolute 
luminosi ty L(z) is in wa t t s per s teradian. The thi rd 
expression is a purely geometr ic relat ionship governing 
the apparen t angular size of a galaxy whose linear size is 
l(z). The influence of a specific cosmological theory 
appears in these expressions only in the na tu re of the 
dependence of the distance R(z, qo) on the red shift of a 
galaxy and, to a slight extent, on the functions ocm = z + 1 
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and oce = (z + These functions are found theoretically 
and they depend on the assumed red shift mechanism. In 
par t icular , the expanding Universe theory predicts for a 
closed mode l (q0 = 1) tha t the metr ic distance is 
R(z)=Rnz/(z + l), where 0 < z < oo, RU=CHQ1 and 
H0 is the H u b b l e constant . The dependence R(z)ocm = RRz 
has been confirmed by measurements for distances less 
t han 1% of the limiting value (which is R R = 6000 M p c if 
H0 = 50 k m s _ 1 M p c - 1 ) and it represents the wel l -known 
H u b b l e law. A theory can be checked and an exper imen
tally tested cosmology can be developed if at least the 
function R(z) or the p roduc t of this function and a are 
found from measurements carried out over the whole 
accessible range of the red shifts 10~ 3 < z < 5. The 
cosmological ' s t andard candle ' and ' s t andard r o d ' tests 
have been p roposed for this pu rpose over 50 years ago. 
These tests are based on measurement of the apparen t 
luminosi ty m(z) and of the angular size 0(z) of galaxies 
which are located at different distances z, bu t have the 
same s tandard luminosi ty L(z) = L0 = const and the same 
s tandard linear size l(z) = lo = const. It is evident from 
expressions (1) tha t the exper imental dependences m(z) and 
0(z) de termine directly the u n k n o w n functions R(z)ocm and 
R(z)(%e- The correctness of this approach , in principle, is 
no t in any doub t , bu t its pract ical appl icat ion gives 
ambiguous results. This is due to the fact tha t the galactic 
pa rame te r s L(z) and l(z) are r a n d o m quant i t ies with a very 
large scatter. The dis t r ibut ion law of the apparen t 
quant i t ies P(m/z) and P( lg 6/z) is defined directly for 
galaxies which are at the same distance z ± A z . Hence , it 
follows from expressions (1) tha t the p r imary pa rame te r s 
P(M/z) and P[lg l(z)/z] have the same dis t r ibut ion. 
Sandage et al. [1] found tha t in the case of the E, SO, 
and S galaxies in the Virgo cluster, located at a p p r o x 
imately the same distance z, the dis t r ibut ion law P(M/z) is 
n o r m a l and the var iance is a — 1.5 magni tudes . M y own 
and m y col leagues ' invest igations [2, 3] carried out on 
ensembles of up to 30 000 galaxies and 4000 quasars have 
demons t ra ted tha t the condi t ional n o r m a l dis t r ibut ion law 
is obeyed r igorously in the range 10~ < z < 4 with a 
var iance ( 7 = 1.2 ± 0 . 1 magni tudes b o t h for the galaxies 
and the quasars . The Schechter law P(L) = l~xx~l, derived 
earlier for galaxies with z < 0.1 (x = L / L ) , is no t purely 
experimental , because it is deduced from the calculated 
values of L in accordance with expressions (1), so tha t it 
cannot be used in our case. The H u b b l e d iagram for the 
apparen t luminosi ty m(z) = 51g£(z)(z + 1) + M ( z ) — 5 is 
thus obta ined in the form of a field of r a n d o m poin ts which 
lie within a noise b a n d of width ±3cr ~ ± 3 magni tudes . 
This cor responds to var ia t ion of the luminosi ty L(z) at 
each z by a factor exceeding 10 on either side of the average 
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value. The scatter is somewhat less for the r a n d o m values 
of lg#(z) and lg / (z) , which also obey the condi t ional 
n o r m a l dis t r ibut ion. In this case the dynamic relat ionships 
R(z)xm or R(z)(%e a r e masked by the noise in the 
exper imental dependence m(z) and lg#(z) , which is due 
to the r a n d o m scatter of the absolute luminosi ty M(z) and 
lg / (z) . Fami l ia r averaging m e t h o d s have to be used to 
reveal the dynamic relat ionships. A field of r a n d o m 
galactic quant i t ies should be characterised by specific 
statistical re la t ionships such as the dis t r ibut ion law, and 
by pa rame te r s such as the average value, deviat ion, 
correlat ion, etc. Only these relat ionships and pa rame te r s 
can reveal the dynamics latent in the r a n d o m quant i t ies . A 
theory must therefore be checked by employing averaged 
functions E(mjz) — m{z) and E(\gO/z) = lg#(z) , which are 
found by the familiar me thod of regression analysis. A 
compar i son of the regression functions m(z) and lg6(z) 
with the theoret ical re la t ionships (1) makes it possible to 
find the averaged functions L(z ) , [Af (z)], and l(z) and also, 
most impor tan t , to determine the dynamic function R(z), 
which is our ma in task here. It is quite clear from the above 
tha t it is impossible to apply the ' s t andard candle ' and 
' s t andard r o d ' m e t h o d s wi thout ways for independent 
measurement of M and / of galaxies for any value of z. 
Several decades ago Sandage a t t empted to solve this 
p rob lem by p ropos ing tha t the brightest galaxies in the 
galactic clusters at var ious distances should be regarded as 
the ' s tandard candle ' . This would seem to be based on a 
fairly reasonable assumpt ion tha t there should be an upper 
limit to the absolute luminosi ty. F r o m the poin t of view of 
statistics, this implies the hypothesis of the existence of a 
sharp discontinui ty in the dis t r ibut ion curve of the absolu te 
luminosi ty P(M /z) at some value M m a x , which is the same 
for all z. However , such discontinuit ies are not observed in 
this dis t r ibut ion. Galaxies selected in accordance with the 
Sandage criterion are in fact in the wing of a Gauss ian 
dis t r ibut ion and, therefore, cannot be selected u n a m b i g u 
ously. The objects selected in accordance with this idea are 
ra re and exotic galaxies. In view of their high br ightness , 
they are most p robab ly subject to rapid evolut ion of the 
luminosi ty and size, bu t the selection described above 
a t t empts to exclude the influence of such evolut ion. After 
m a n y years of appl icat ion of this me thod of selection of 
galaxies ' sui table ' for compar i son with theory, it has been 
found tha t the agreement between the theoret ical and 
observed values of m(z) requires 0.5 < q0 < 5, whereas in 
the case of observat ions of lg#(z) there is no quant i ta t ive 
or quali tat ive agreement with theory. Therefore, these 
m e t h o d s have failed to solve the p rob lem of checking the 
theory and, as demons t ra ted in the t ho rough reviews of 
Burbidge [4] and Baryshev [5], we are in a bl ind alley. 

2. Initial observational data 
U s e of the regression analysis to check a theory mus t be 
based on the global number of galaxies, so as to ensure tha t 
the da ta ensemble is statistically representat ive. This should 
be done tak ing account of the var ious effects of selection. 
The global regression dependence m(z) has been found 
from an ensemble of 9000 galaxies of all types and all 4000 
k n o w n quasars in the red shift r ange 10~2"5 < z < 4 within 
the V b a n d (visible range) . U s e has been m a d e of 30 recent 
reviews and catalogues. A study has been m a d e of 
the influence of the Ma lmqu i s t effect [2, 3]. Moreover , a 
K correct ion, calculated from the average spectra of 
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Figure 1. Global Hubble regression diagram: (o) galaxies, (•) quasars; 
the dashed lines form a family of theoretical dependences 
m(z) — 51gz + M 0 + 43 calculated for q0 — 1 and H0 — 75 
km c m - 1 M p c - 1 . 

galaxies and quasars , has been in t roduced. In each interval 
A l g z = 0.2 the n o r m a l dis t r ibut ion law P(m/z) has been 
checked. This has shown tha t in the case of galaxies and 
quasars the mean square deviat ion in each interval of z is 
a= 1.2 zb 0.1 magni tudes . The influence of an i nhomoge -
neous dis t r ibut ion of the number of da ta over z is avoided 
by de terminat ion of the regression function on the basis of 
the values of the average m for intervals Az. The global 
regression dependence m(z) obta ined by the present au tho r 
and his colleagues [3] is r eproduced in Fig. 1 together with 
a family of theoret ical dependences . The analytic depend
ence in te rms of the stellar and physical quant i t ies is 

z - 1 . 1 0 1 0 - 7 . 4 4 9 ( 2 ) m(z) = (2.7 =b 0.1) lgz + 18.6, S(z) 

10" 2 - 5 < z < 4 . 

This dependence na tura l ly differs fundamental ly from the 
curves usually p lot ted on the basis of a few tens of selected 
' s t anda rd ' galaxies. 

The global regression dependence lg#(z) has been 
obta ined by us for 10 250 n o r m a l galaxies in the red shift 
r ange 10~2"5 < z < 0.5 within the V b a n d . A n analysis has 
been m a d e of all possible systematic d is tor t ions of the 
function 0(z) when i sophote measurements are made . These 
dis tor t ions m a y be due to the likely evolut ion of the surface 
br ightness of the galaxies. The results demons t ra t e the 
absence of any significant d is tor t ions [6]. The logar i thmic 
and linear forms of the regression function are: 

l g 0(z) = - ( 0 . 5 5 ± 0.05) lgz + 0.93 , 

0(zj = ^ 9 1 0 - 2 - 5 < z < 0 . 5 . 
(3) 

The regression function is p lo t ted in Fig. 2 and compared 
there with the theoret ical dependence for the q$ = 1 model . 
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Figure 2. Global regression dependence of the angular size of galaxies 
(black dots). The continuous curve is the theoretical dependence for 
q0 — 1 and l{z) — const. 

The global regression dependence also differs radically 
from the dependence obta ined for a small n u m b e r of 
selected exotic objects, as was done by Sandage [7], 
K a p a h i [8], and Ke l l e rmann [9], who obta ined 6 oc z~l. 
The exper imental re la t ionships (2) and (3) m a k e it possible 
to detemine the average surface br ightness over a galactic 
disk, averaged over all the galaxies: 

fi(z)=m(z) + 5\g6"(z) = ( - 0 . 0 5 ± 0 . 1 ) l g z + 23 , 

10" 2 - 5 < z < 0 .5 . 
(4) 

which is expressed in stellar magni tudes per square of an 
arcsecond. W e can see tha t this surface br ightness is 
practical ly independent of z and equal to /JL(Z) = 23 
magni tudes . Direct measurements of the surface br ightness 
carried out recently with the aid of charge-coupled devices 
give 22.0 < fi(z) < 24.0 magni tudes irrespective of the red 
shift of the sources in the interval 10~2"5 < z < 0.5 
( G r a h a m [10], Hoessel et al. [11], Dressier et al. [12], and 
Peletier et al. [13]). This is a good conf i rmat ion of the 
precision of the independent series of measurements of 
m(z) and lg9(z) and, consequent ly, of re la t ionships (2) and 
(3). The theoret ical expressions (1) can be wri t ten in a form 
m o r e convenient for further compar i sons : 

L(z) 

M z ) = - 2 - 5 lg 

6"{z) = 2 x 1 0 

L(z)R2

e 

l2{z)Rl 

(5) 
+ 2 6 . 6 . 

A compar i son of re la t ionships (2) and (3) with the 
cor responding first two rela t ionships given above yields 

z° - 5 6 10 3 - 7 2 [ L M ] Rm{z) 

Re{7)=Z^ltf31Kz) 

1/2 

(6) 

Hence , by el imination of z, we find tha t 
Re[L(z)]1/2/Rml(z) = 4.5. H e r e . J h e function Re(z)/Rm(z) 
and the expression [L(z ) ]^ 2 / / ( z ) are of different physical 
origin, so tha t they are independent and, consequently, 
each of them is equal to a cons tant . Obviously, 
Re(z)/Rm(z) = oce/ocm = 1, so tha t 

Kz) 

1/2 

= 4.5, Rm(z)=Re(z)=R(z). (7) 

The statistical relat ionship [ L ( z ) ] ^ 2 / / ( z ) = const found in 
this way is suppor ted by a n u m b e r of investigations, which 
are summarised in my recent paper [14]. They are also 
suppor ted by studies of the correlat ion between the 
luminosi ty and the size of galaxies listed in the U G C 
cata logue [6]. The required functions are thus found to be 

R(z)=R0z 

Kz) 

0 ,5 [L(z)]l/2 

4.5. 

10 3.72 

(8) 

Here , L ( z ) / L 0 is an a rb i t ra ry function, since for the three 
required functions L(z), /(z), and R(z) there are only two 
relat ionships: (2) and (3). Therefore, the experimental ly 
determined functions R(z) and (xm/(xd differ fundamental ly 
from the theoret ical functions used in s t andard cosmology. 
It would seem tha t by selecting L(z) one can m a k e the 
expression for the distance (8) agree with the function of 
the distance in s t andard cosmology. However , this is 
impossible even in principle since in s t andard cosmology 
there are two expressions for the distance. F o r example, if 

1, Rm = R^z and Re = Rnz(z + l ) - 2 . Selection of <7o 
L(z)/L0 =Z ' ensures agreement with the distance Rm(z) 
and selection of L ( z ) / L 0 

ment with Ro(z). 
z°"9(z + l ) z p rovides agree-

3 . Statistical cosmological tests 
Since the observed ast rophysical pa rame te r s of galaxies and 
quasars obey specific statistical laws, a number of new tests 
can be p roposed . F o r example, one could investigate the 
dependences on z of the var iances of the luminosi ty and 
angular size, and also of the average values and variances 
of the spectral indices of the rad ia t ion emitted by galaxies 
and quasars , and so on. Our invest igations [2, 3] show tha t 
neither the dis t r ibut ion law of m and \g6 nor their var iance 
depend significantly on the red shift and it is found tha t 
cr(m) = const applies to galaxies and to quasars t h r o u g h o u t 
the investigated red shift range 10~ 3 < z < 4. The var iance 
is also constant , cr(lg^) = 0.25, in the range 10~ < z < 0.5 
accessible to investigation. The var iance and the average 
value of the spectral index and the con t inuous spectra of 
the opt ical rad ia t ion emitted by quasars and galaxies are 
found to be independent of the red shift [2, 15]. The same 
result is repor ted by Hutch ings et al. [16] for the microwave 
emission spectra of quasars . The fact tha t these statistical 
characterist ics are independent of the posi t ions of the 
objects in space are evidence of the equil ibrium state of the 
Metaga laxy system. All these tests demons t ra t e u n a m b i g 
uously the absence of any detectable evolut ion of the 
average luminosi ty L(z) and size l(z) of galaxies in the 
investigated range of their existence, which is 7 to 10 billion 
years. Thus , on the assumpt ion tha t L ( z ) = L 0 , we can 
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n o w find the numer ica l values of the pa rame te r s L 0 , 
l(z) = lo, and R0. 

4. Average parameters of galaxies and space 
W e shall de termine R0, L 0 , and l0 from the average 
luminosi ty of g roups of galaxies within the rad ius z < 0.02, 
which is M0 = —21 ± 0.5 magni tudes . It is k n o w n tha t 
- 2 . 5 l g L 0 = M 0 - 5, and hence L 0 = 1 0 1 0 4 L 0 = 
1 0 4 3 erg s _ 1 sr. Final ly, it follows from expressions (8) tha t 

R(z)=R0z0-55 , 

R0 = (830 ± 2 0 0 ) M p c , 

Z0 = (35 ± 8) kpc , 

M -21 zb 0.5 m a g n i t u d e s . 
(9) 

Here , / ? 0 is the distance from the galaxies characterised by 
z = 1. The fact tha t the average values of the luminosi ty 
and size, the forms of the spectra of galaxies and quasars , 
and the var iances of these quant i t ies are independent of the 
pos i t ions of the objects in the space of the Metaga laxy fits 
well the k n o w n fundamenta l cosmological principle of 
homogene i ty and isot ropy of the Universe in space and 
t ime, established earlier for the average vo lume density of 
mat te r . Na tu ra l ly , the cons tancy of these average values 
does no t exclude the possibili ty of evolut ion of the 
luminosi ty and size of specific galaxies. There is an 
appropr i a t e ana logy here with the average strength of 
people on the whole of our planet , which remains cons tant 
in t ime, a l though each m a n undergoes evolut ion of his 
s trength. The statistical homogene i ty of the characterist ics 
of galaxies in the space of the Universe is evidence of the 
great age of the Universe , which at least should be an order 
of magn i tude greater than the age of the galaxies, est imated 
at 15 to 20 billion years. 

5. Nature of the red shift 
The experimental ly determined dependence z = R2/RQ 
limits greatly the range of hypotheses which can account 
for the red shift. This range is limited even further if it is 
pos tu la ted tha t a new explanat ion of the origin of the red 
shift should agree with the k n o w n and thorough ly 
investigated physical processes. These condi t ions are 
satisfied by the familiar gravi ta t ional shift. In fact, 
following classical physics, a spherical light wave 
p ropaga t i ng in an infinite med ium with a h o m o g e n e o u s 
density p per forms work against the gravi ta t ional force of 
mat te r interact ing with the spherical wave. This reduces the 
wave energy by an a m o u n t — de = sc~2 dcp, where e = hv, 
(p = 4nGpR2/3, and, consequent ly, dv/v = 8nGpR dR/3c2. 
In tegra t ion in the range from the frequency V\ at the 
m o m e n t of emission to v 0 at the m o m e n t of reception of a 
wave p ropaga t ing from R = 0 to R gives 
V i / v 0 = (z + 1) = exp( /? 2 /2 rg ) , where r g = y/3c2/%nGp is 
the gravi ta t ional radius . In the relativistic t rea tment , 
confirmed for weak fields, we have 
( z + 1) = (1 -R2/r

2

gy0-5. If fl<rg, then in b o t h cases 
we find tha t z = R2/2rL Accord ing to expressions (9), 
we should have z = R2/RQ and then on the assumpt ion tha t 
Rl = 2 r 2 , we find the required density of mat te r is 
p = 10~ 8 g c m - 3 , which is 5 0 - 1 0 0 t imes higher t han the 
publ ished est imates. This conclusion also follows from 
s tandard cosmology. It is therefore assumed tha t 
9 8 % - 9 9 % of the mass is in a h idden invisible state. It 

is possible also tha t other bu t qui te hypothet ica l explana
t ions of the red shift (such as those p roposed by K r o p o t k i n 
[17]) will p rove to be in bet ter agreement with experiments . 

6. Microwave background 
Accord ing to the repor ted results, the Universe is a 
practical ly u n b o u n d e d system of galaxies. This makes it 
possible to explain the observed microwave b a c k g r o u n d by 
the rmal emission of b o t h microwave and opt ical rad ia t ion 
by stars. The stellar microwave rad ia t ion flux at the 
observat ion wavelength A0, collected within a solid angle Q 
of the aper ture of an an tenna at a dis tance R in an element 
of vo lume QR2dR, is dp = r3nmQF(A, T) dR dA0, where 
F(A,T) = (2nc2h/A5)[exp(hc/AkT) - 1] is the Planck emis-
sivity function of stars whose t empera tu re is T; 
k — X0(z + 1) is the wavelength of the rad ia t ion emitted 
by a star; r is the average rad ius of the stars; n is the 
average density of galaxies; m is the average number of 
stars in the galaxies. This rad ia t ion is screened (absorbed) 
by galaxies on its way to the observer. The a t t enua t ion or 
screening function is approximate ly y = (1 — 0.33nl2R), 
where / is the average size of the central regions of the 
galaxies. If dp is mult iplied by y and integrat ion with 
respect to R is performed for R = Roy/z, the result is the 
spectral density of the flux at the wavelength A0. The 
equivalent t empera tu re Th of this microwave b a c k g r o u n d 
can be found by equat ing the spectral flux density from a 
black b o d y in a solid angle Q at the wavelength A0 when the 
t empera tu re is Th. This gives 

• f 
Jo 

(z + l f y ( z ) dz 

o v £ [ e x p ( M z + l)M,*r)-l] 

exp 
he 

AftkTi 
i - i (10) 

Here , z 0 is found from the condi t ion y(z 0 ) = 0. A 
calculat ion of T b , carried out with the use of the well-
k n o w n pa rame te r s of galaxies and stars in the M a i n 
Sequence, yields the observed b a c k g r o u n d tempera tu re , 
which is determined pr imari ly by the stellar rad ia t ion 
obeying the R a y l e i g h - J e a n s law at distances of up to 
60 000 M p c in the range 0 < z < 5000 and is independent 
of the observat ion wavelength in the range 
0.1 < X0 < 100 cm. This result makes it possible to 
est imate small-scale f luctuations, ATh/Th = 3 x 10~ 5 , in 
agreement with observat ions [18]. W e can use relat ionship 
(10) to account for the myster ious agreement between the 
energy of the opt ical rad ia t ion integrated over all the 
frequencies for our Ga laxy and the b a c k g r o u n d rad ia t ion 
energy (see Ref. [4]). 

In conclusion, it should be po in ted out tha t the conflict 
between the dependence R = RQ^/Z and the generally 
accepted H u b b l e law R oc z is not a convincing a rgument 
against the results obta ined, since the H u b b l e law has been 
established for small values of z 0.02) when any smooth 
function, including R = Roy/z, is dis t inguishable from a 
straight line. There have been new de terminat ions of the 
dependence R(z) based on the T u l l y - F i s h e r law by Arp 
and van F l ande rn [19], and measurements of G i r aud [20], in 
good agreement with our empirical dependence R(z), which 
moreover is suppor ted by the m o r e realistic hypotheses 
abou t the red shift. A reduct ion in the est imates of the 
distances to galaxies and quasa r s by a factor of 4 for z ~ 1, 
compared with the est imates obta ined from s tandard theory, 
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eliminates the p rob lem of super luminal velocities of the 
expansion of mat te r in these objects, which n o w become less 
t han the velocity of light. Finally, appl icat ion of the statistical 
app roach to the p rob lem of checking the Big Bang theory, 
s tarted almost s imultaneously by us [21] and by Segal 
and Nicol l [22], gives similar results for the dependence R(z). 
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'Frozen' electronic phase and high-
temperature superconductivity 
A A Slutskin 

In the thirties, Eugene Wigner demons t ra ted [1] tha t a 
h o m o g e n e o u s F e r m i liquid of free electons, which repel one 
ano ther in accordance with the C o u l o m b law, can undergo 
a first-order phase t rans i t ion to a localised state with a 
per iodic spatial s t ructure (Wigner crystal). Accord ing to 
Wigner , this h a p p e n s when the electron density is so low 
tha t the characterist ic C o u l o m b energy per electron 

2 

( i ) 
e 

u = — 
r 

{e is the electron charge and r is the average distance 
between electrons) exceeds the characterist ic kinetic energy 

(2) 

which is acquired by an electron of mass m when it is 

localised in a region ~ f because of the q u a n t u m 
uncer ta in ty principle. 

Wigner ' s concept of electron crystall isation was first 
applied to the conduct ion electrons in solids by Verwey [2]. 
Verwey measured the electrical conduct ivi ty of meta l oxide 
F e 3 0 4 as a function of t empera tu re T and observed an 
ab rup t change in the conduct ivi ty at T ~ 10 2 K, which he 
t reated as melt ing of a Wigner crystal formed by charge 
carriers in the oxide. Such Verwey t rans i t ions have since 
been discovered in a whole range of meta l oxides which are 
semiconductors . In explaining the Verwey t rans i t ions by 
Wigner ' s concept it is necessary to assume tha t the 
characterist ic d imensions of the electon localisation region 
exceed a typical per iod a 0 of the conduc tor lattice. One can 
then expect the appea rance of boson excitat ions, which are 
p h o n o n s with relatively high velocities and are typical of a 
Wigner crystal. However , to the best of my knowledge, 
these excitat ions have no t been detected experimentally. 
This has m a d e it necessary to pos tu la te the existence of n o n -
Wigner collective mechanisms of electron localisation. 

M y pu rpose will be to show tha t long-range C o l o u m b 
forces in h o m o g e n e o u s n a r r o w - b a n d conduc to r s m a y lead 
to electron self-localisation of a new type [3, 4], which is of 
purely dynamic ( q u a n t u m ) na tu re and thus fundamental ly 
different from the ' t h e r m o d y n a m i c ' Wigner crystall isation. 
I shall also show tha t the macroscopic electronic state 
formed as a result of such localisation differs quali tat ively 
from a Wigner crystal in respect of its t h e r m o d y n a m i c and 
conduct ing proper t ies . 

The mechanism of the pos tu la ted ' dynamic ' C o u l o m b 
self-localisation can be unde r s tood by considering first the 
possibili ty of format ion of a Wigner crystal in a n a r r o w 
b a n d conduc tor on the basis of the familiar L i n d e m a n n 
criterion. Accord ing to this general criterion, a crystal exists 
if the ampl i tude of its zero-point v ibra t ions 5r satisfies 

5 r 2 

< 0.3 , (3) 

(4) 

or in the case of a Wigner crystal 

^ = « i / 6 ^ y / 2 < o . 3 . 
r \m* J 

where n = N/N0 oc ocl/r3 is the n u m b e r of electrons (per 
a tom) par t ic ipa t ing in the conduct ion process; N is the 
to ta l n u m b e r of electrons; N0 is the number of sites in the 
crystal lattice; m* is the effective mass of a conduct ion 
electron, which is related to the width t of an energy b a n d 
by 

k 2 

(5) 

where m 0 is the mass of a free electron. Since in the case of 
a n a r r o w - b a n d conductor , we have m* > m 0 , the L inde
m a n n criterion (4) and the essentially equivalent 
t h e r m o d y n a m i c Wigner criterion 

A <u9 (6) 

can be satisfied even at 'metal l ic ' values of the electron 
density (n ~ 1). Hence , it follows tha t the long-range 
C o u l o m b interact ion leads unavoidab ly , at a given density 
n, to the localisation of the whole ensemble of n a r r o w - b a n d 
electrons at sufficiently low tempera tures . However , it is 
definitely not t rue tha t such a localised s t ructure must be a 
Wigner crystal! 
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The reason for this is tha t the dynamics of a n a r r o w 
b a n d electron is essentially discrete: it can be described by 
the t ight-binding approx imat ion , according to which an 
electron undergoes q u a n t u m j u m p s to adjacent sites in the 
crystal lattice and tunnels between equivalent a tomic 
orbi tals . In this s i tuat ion a very impor t an t factor is the 
rat io of the width t of an energy b a n d to a characteris t ic 
var ia t ion 

\2 
bu ( a 0 (7) 

of the C o u l o m b energy of an electron in the course of its 
h o p p i n g between adjacent lattice sites. The role of the 
pa ramete r t/bu can be unde r s tood if we compare the 
ampl i tude br of the zero-point v ibra t ions in a Wigner 
crystal with the intersite distance a 0 . It follows from 
expressions (4), (5), and (7) tha t 

br1 f t \ _l/2ft 
oc ( — ) oc n 1 

ou 

1/2 

(8) 

where e 0 = e / a 0 is a characterist ic a tomic energy. In the 
case of a n a r r o w - b a n d conduc tor we have t <̂  e 0 , so tha t 
the pa ramete r t/bu and, therefore, the rat io br/oc0 are bo th 
~ 1 even at a low electron density: n~t/e0. However , in 
accordance with the t ight-binding approx imat ion , the 
ampl i tude br m a y be only of the order of or greater 
t han the intersite distance a 0 . This suggests tha t at electron 
densities 

t f t 
n ~ — < — > 

e 0 \ ou (9) 

a Wigner crystal should t ransform (most likely by an 
infinite series of second-order phase t ransi t ions) to a 
localised phase with a quali tat ively different s t ructure. 

The na tu re of the new macroscopic state becomes clear 
if we consider the limit t/bu ^ 1. In this case an electron 
located at a given site of the crystal lattice cannot in general 
tunne l to any one of the adjacent sites, because the 
C o u l o m b fields created by the remain ing electrons push 
apar t the energy levels of the nearest orbi tals by an a m o u n t 
~ bu, which is considerably greater than the width of the 
energy b a n d t. This means tha t if t/bu <̂  1, then the long-
range forces of the m u t u a l repulsion between electrons 
destroy completely the Bloch (current-carrying) states in a 
n a r r o w b a n d and tha t all electrons are localised at certain 
crystal lattice sites. M o r e precisely, if ( 1 — t h e 
s ta t ionary states of the whole ensemble N of the 
n a r r o w - b a n d electrons represent , in the leading app ro x i ma
t ion in te rms of the pa ramete r t/bu, all possible p roduc t s 

\M = \ri)\r2)...\rN) (10) 

of N arbi t rar i ly selected orbi ta l electron states at sites 
\ri), | r 2 ) , . . . , \rN) ( r is the vector number of a site). Such a 
localised macroscopic state, which differs radically from a 
Wigner crystal, m a y be called a 'frozen electronic p h a s e ' 
(FEP) . The characterist ic features of an F E P can be seen 
most clearly in the limit t/bu <^ 1. The mos t impor t an t 
features are as follows. 

(A) If the electron density n is fixed, then in the g round 
state of an F E P , we have 

\^) = \r\)\rl)..yN) (11) 

and the sites #f (/ = 1, 2, ...,N) occupied by electrons 
form generally a very disordered s t ructure of the 

quasicrystal type, k n o w n as an 'electronic glass ' [3, 4]. 
This disorder is a direct consequence of the fact tha t a 
per iodic ( t ransla t ion-symmetr ic) electron configurat ion, 
which cor responds to the absolute m i n i m u m of the energy 
of the m u t u a l C o l o m b repulsion of electrons, is incom
mensura te with the crystal lattice of a conduc tor in the 
general case of i r ra t ional vaues of n (in the t h e r m o d y n a m i c 
limit when N, N0 - > g o ) . 

(B) In view of the absence of con t inuous spatial degrees 
of freedom in an F E P , its e lementary excitat ions are no t 
p h o n o n s , as in a Wigner crystal, bu t t rans i t ions in two-level 
electron systems localised in regions of ~ a 0 size and 
dis tr ibuted at r a n d o m over the whole configurat ion of 
an electronic glass. These two-level systems (like the 
familiar two-level systems of a tomic glasses) form because 
of accidental degeneracy, which appears as follows. In view 
of the disorder of an electronic glass, its sites must include 
N ~ (t/bu) N < N ' lability' sites Ra (a = 1, 2, . . . , N), 
which are distingished by the fact tha t a j u m p of an 
electron from site Ra to one of the adjacent sites Ra alters 
the C o u l o m b energy of the system by a small (compared 
with bu) a m o u n t 5wa, comparab le with the b a n d width t. 
The tunnel l ing lifts this degeneracy at the ' lability' sites and 
this gives rise to the format ion of an electronic glass of N 
two-level systems with the excitation energies 

coa = [At2 + ( 5 w a ) 2 ] 1 / 2 (a = 1, 2 , . . . , N). (12) 

Then , b o t h the g round and excited states of t w o -
level systems represent the following superposi t ions of 
orbi ta ls at sites: 

(13) 

where the absolute ampl i tudes a J and are comparab le 
with uni ty. 

(C) The the rmodynamics of an F E P is very complex and 
its detailed descript ion is outs ide the scope of this paper . It 
is impor t an t to stress tha t , in contras t to a Wigner crystal, 
an F E P is of purely dynamic origin and hea t ing of this 
phase does no t convert it into a F e r m i liquid of free 
electrons: an F E P remains a localised s t ructure wi thout 
a long-range order . 

The electronic glass modif icat ion of an F E P is infinitely 
degenerate , like a spin glass. In other words , there is an 
infinitely large number of s ta t ionary states described by 
expression (10) and the C o u l o m b energies of these states are 
exponential ly close (at least in t e rms of the pa rame te r N1^2 

to the C o u l o m b energy of the g round state, bu t the electron 
configurat ions r u r 2 , . . . , rN differ considerably from one 
another . A characteris t ic t rans i t ion t ime of the electron 
system between these states is exponential ly large: 
~ (bu/t)N. This means tha t an electronic glass should 
have a number of proper t ies typical of a spin glass: an 
infinite spectrum of the re laxat ion t imes, nonergodic 
behaviour , and slow relaxat ion to a t h e r m o d y n a m i c 
equil ibrium state when an external pe r tu rba t ion is removed. 

These proper t ies of an F E P appear in full measure if the 
external field created by ions of dop ing elements is 
sufficiently homogeneous , namely when the characteris t ic 
change in the poten t ia l energy of an electron is such a field 
(experienced as a result of intersite hopp ing) is less t han bu. 
This condi t ion m a y be satisfied, for example, in layer 
(quasi- two-dimensional) conduc tors if dono r s or acceptors 
are located sufficiently far from conduct ing layers. It is very 
impor t an t to stress tha t in layer conduc tors where the 
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distance between the layers L is much greater t han the 
crystal lattice per iod a 0 it is relatively easy to satisfy a long 
the layers one of the main condi t ions for the format ion of 
an F E P : the e l e c t r o n - e l e c t r o n long-range interact ion. This 
is because in a layer electron system the screening rad ius of 
the e l e c t r o n - e l e c t r o n interact ion is always greater t han or 
of the order of L for any (including 'metallic ') values of the 
two-dimens iona l electron density. Consequent ly , the m u t u a l 
C o u l o m b repulsion of two-dimens ional electrons is of the 
long-range type if the average distance r between them is 
less t han or of the order of L . This condi t ion is easily 
satisfied. 

A typical example of layer conduc to r s with L > a 0 

are cuprates k n o w n to exhibit h igh- tempera ture super
conductivi ty. Therefore, it is interesting to consider the 
possible role of an F E P as an impor t an t factor in the 
appearance of h igh- tempera ture superconduct ivi ty . 

Let us n o w consider an sd system which consists of 
electron layers of two types: (a) s layers of light s electrons 
(with their mass of the order of the free-electron mass) 
which are in the Fermi- l iquid state; (b) d layers of n a r r o w 
b a n d d electrons. In the p roposed superconduct ivi ty 
scenario of a layer sd system there are only C o u l o m b 
e l e c t r o n - e l e c t r o n interact ion forces. These forces play a 
dua l role: the m u t u a l long-range repulsion between the d 
electrons is reponsible for the appea rance of an F E P 
(electronic glass) and the C o u l o m b sd in teract ion ensures 
tha t the s electrons exchange (by a vir tual mechanism) 
elementary excitat ions of an electronic glass (electronic 
glass excitations) which — as stated above — are t rans i t ions 
in electron two-level systems. Since such electronic glass 
excitat ions are Bose-like, this exchange unavo idab ly leads 
to an effective ss a t t rac t ion with all the consequences tha t 
follow from it: the Cooper instabili ty of the Fermi- l iquid 
subsystem of the s electrons and its t ransi t ion to a 
superconduct ing state at some critical t empera tu re Tc. 

A theoret ical investigation of the superconduct ivi ty of a 
layer sd system [4] reduces to the following. If the s-d 
hybr idisa t ion is ignored (the role of such hybr idisa t ion 
reduces simply to equal isat ion of the chemical potent ia ls of 
the s and d layers), the Hami l t on i an of such a system is 

(14) 

where Hs is the Hami l ton i an of the F e r m i liquid of the s 
electrons; the index / labels the d layers; H*g and Hfd are, 
respectively, the Hami l ton i an of the electronic glass state of 
the /th layer and the Hami l t on i an of the C o u l o m b 
interact ion of the electronic glass with the s layers which 
are closest to the /th d layer. Both Hami l t on i ans Hf8 and 
Hfd are expressed in te rms of the creat ion and 
annihi la t ion (Ba) ope ra to r s of excitat ions in the two-level 
systems in a given d layer, which satisfy the following 
mixed commuta t i on rules 

[BaBa,] = [BaB$] = [B+B$]=09 

where, as above, the index a labels two-level systems; {...} 
represents an an t i commuta to r ; [...] is a c o m m u t a t o r . Then 
ffz

e g is similar in its s t ructure to the Hami l ton i an of free 
p h o n o n s and Hfd resembles the Hami l ton i an of the 
e l e c t r o n - p h o n o n interact ion: 

Heg = ^ coaB^Ba + cons t ; (15) 

" S d = ^(o-1(Rx-Ra)WVsd(Rx-rs)n(rs)(B^ +B„). 

(16) 

Here , the index / is omit ted for the sake of simplicity; n(rs) 
is the opera to r of the ^-electron density at a site rs in an s 
layer; V sd(r) is the screened C o u l o m b poten t ia l of the sd 
pair in teract ion; the summat ion over a extents to all the 
two-level systems in a given d layer; the summat ion over rs 

applies to all the sites in the s layers adjoining a d layer. 
The effective Hami l ton i an of the ss interact ion Hfff can 

be found from pe r tu rba t ion theory in te rms of the p a r a m 
eters t/bu and a 0 / L . The p rocedure is ana logous to the 
familiar technique used in the s tudy of the e l e c t r o n - p h o n o n 
interact ion in what is k n o w n as the weak coupl ing 
approx imat ion . In this case the mat r ix element of a 
t rans i t ion between pai rs of states with opposi tely directed 
m o m e n t a p is described by the following expression: 

(p, -p\Hs^\p+p, -p-q) 

%t2q2V2

sd(q) P 
Jo 

g(s)co (e) 

[E(p+q)-E(p)]2-CD2(s) 
d e , (17) 

where q is the transferred m o m e n t u m : Vsd(q) is the Four ie r 
t ransform of the ^ - i n t e r a c t i o n potent ia l ; E(p) is the 
dispersion law of the s electrons; co(e) is the excitation 
energy of two-level systems given by formula (12) and 
cor responding to the C o u l o m b splitting bua = e; g(s) is the 
number density of two-level systems with the given value of 
e, which vanishes when e is equal to or greater t han a 
certain m a x i m u m energy e m a x ~ bu. Hence it is clear tha t 
the ss a t t rac t ion occurs in tha t pa r t of the m o m e n t u m space 
where [E(p + q) — E(p)]2 is less t han or of the order of t 2 . 

The next step is the appl icat ion of the canonical BCS 
scheme to the effective Hami l t on i an Hs^. The resul tant 
integral equat ion for the gap width (self-consistency 
condi t ion) has a number of special features which are 
due to , on the one hand , the square- root singularity of 
the number density of two-level states with the limiting 
energy co — It and, on the other , the smallness of the rat io 
a 0 / L . This makes it necessary to modify considerably the 
t rad i t iona l calculat ion technique. The final result, which 
gives the gap width A(p) on the F e r m i surface at absolute 
zero T = 0 is 

A(p) = ytexp 
Vn2 + 1 - 1 

n2^P) 
7 .5 . (18) 

The dependence on the m o m e n t u m p occurs only in the 
quant i ty 

s(o)«d 

4ntivlv(p)L3 

a o \ -1 /2 

T ] n 
(19) 

where nd(a0/r) is the n u m b e r of electrons per uni t cell in a 
d layer; v F is the number density of the s electrons in an s 
layer on the F e r m i surface; v(p) is the velosity of an s 
electron at a given poin t on the F e r m i surface; pF is a 
characterist ic F e r m i m o m e n t u m . Therefore, the gap 
reproduces directly the an iso t ropy of the dis t r ibut ion of 
the F e r m i velocities and it increases on reduct ion in v„. 
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The critical t empera tu re Tc is related to the m a x i m u m 
value of the gap, m a x A(p), by the same simple relat ionship 
as the t empera tu re and gap width in the isotropic BCS 
theory: 

kQTc = Cmax A(p), C = 0.57 . (20) 

The dist inguishing feature of the expression for the gap 
(17) is the independent of the pa ramete r X (and, therefore, 
of the a rgument of the exponent ia l function) on the d-band 
width t, i.e. on the characterist ic width of the a t t rac t ion 
region. Accord ing to the est imate given by expression (19), 
the value of X and, consequent ly, the gap width and TC9 all 
increase on reduct ion in the distance between the layers L 
and on reduct ion in nd. However , the value of nd is limited 
from be low by the long-range condi t ion: r < L. The op t imal 
s i tuat ion obviously cor responds to L ~ a 0 and nd ~ 1. In 
this case the a rgument of the exponent ia l function in 
expression (17) is comparab le with uni ty and fairly high 
values of Tc are obta ined even for relatively n a r r o w bands . 
F o r example, the t empera tu re Tc ~ 10 2 K cor responds to 
the d-band width ~ 1 0 ~ 2 eV. 

W e thus reach the conclusion tha t the C o u l o m b 
e l e c t r o n - e l e c t r o n repulsion in a layer sd system induces 
a t ransi t ion between the subsystem of the n a r r o w - b a n d 
d electrons to an F E P state (i.e. it suppresses the F e r m i -
liquid behav iour of the subsystem) and can by itself lead to 
superconduct ivi ty with a relatively high value of T c in a 
wide range of the electron densities. It follows from the 
above discussion tha t the layer na tu re of the electron 
s t ructure is needed only to ensure, at all electron densi
ties, the long-range interact ion (weak screening) of the 
C o u l o m b forces which results in q u a n t u m self-localisation 
( 'freezing') of the d electrons. 
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