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1. INTRODUCTION

1 HE properties of matter in states with unusually high
energy concentration (such states and the external con-
ditions corresponding to them will be called extremal)
were always of considerable interest in a number of
branches of physics and related sciences—astrophysics,
geophysics, and some applied disciplines. Investiga-
tions of extremal states of matter have become partic-
ularly important recently. This is due to the appear-
ance of a number of practical problems (such as the
realization of controlled thermonuclear fusion or the
production of ultrahard materials), the development of
new methods for realizing extremal conditions, the
discovery of new extremal states in nature (neutron
matter in pulsars), etc.

Foremost among the extremal external conditions
are high pressures and high temperatures, to which we
confine ourselves in this review. The corresponding
region on the "pressure-temperature" diagram can be
broken up naturally into a number of individual sec-
tions, each corresponding to a special state or to
special properties of matter. Such a breakdown can be
effected in accordance with various attributes: in ac-
cordance with the type of structural units of matter
(for example, electron-nuclear and neutronic forms of
matter), in accordance with the character of its aggre-
gate state (solid, plasma), in accordance with the role
of the interaction and correlations between particles
(ideal and nonideal, Boltzmann and degenerate gases),
in accordance with the course of the nuclear processes
(thermonuclear and pycnonuclear reactions), etc.

In the literature there are sufficiently detailed de-
scriptions of each such state separately. However, the
general systematization and classification of the ex-
tremal states is given only in part, either separately
for high pressures and high temperatures, or only in
accordance with some of the attributes listed above
(see, for example,11"71).

The purpose of the present review is to attempt to
fill this gap and to give a general idea of the structure
of the region of extremal states as a whole. Principal
attention will be paid not to descriptions of individual
extremal states, but to their interrelationships and to
transitions between them. For the sake of clarity, the
results are given in the form of "pressure-tempera-
t u r e " and "density-temperature" diagrams. We point
out immediately that transitions between extremal
states are in most cases continuous. Therefore the
transition lines on the aforementioned diagrams have
an arbitrary qualitative meaning and give only order-
of-magnitude values.

It is necessary to stipulate from the very outset that
the term " m a t t e r " is used in this review for a macro-

scopic extended medium. We omit from consideration
therefore such objects as the atomic nucleus, systems
produced when high-energy particles collide, etc. even
though the conditions inside such objects can be re-
garded as extremal in a certain sense.

The exposition is planned as follows. Section 2 con-
tains information on natural objects whose matter in
an extremal state, and also on the laboratory capabili-
ties of realizing extremal external conditions. In Sec.
3 we indicate the ranges of pressures and tempera-
tures that will be considered in the review. Section 4
is devoted to a classification of the states of the elec-
tronic component of matter, and Sec. 5 to the nuclear
component. In Sec. 6 we consider different regimes of
isothermal nuclear processes. Finally, in Sec. 7 we
describe transformations that lead to the occurrence
of new forms of matter—neutronic, positronic, pho-
tonic, etc. In the main text we attempted to get along
without formulas; the relations needed to plot the dia-
grams and their derivations are contained in appen-
dices.

The following units are used in the review: the
pressure Ρ is measured in megabars (1 Mbar
= 1012 erg/cm 3 « 106 atm), the temperature Τ in elec-
tron volts (1 eV ss 10"12 erg « 104 deg), and the density
ρ in g/cm3. The following notation is used: m is the
electron mass, Μ the nucleon mass, Ζ the atomic
number (or charge of the ion), A the mass number, η
the electron concentration, and Ν the concentration of
the nuclei (ions). The Boltzmann constant is assumed
equal to unity.

For reasons indicated in Sec. 3, we do not consider
the region of relatively low pressures (below 102 Mbar)
and temperatures (below 10 eV); this region is more
accurately defined by curve 1 of Fig. 1 below. The
readers interested in this region can refer to the
monographs and reviews [1~21].

2. EXTREMAL STATES IN NATURE AND UNDER
LABORATORY CONDITIONS

Figure 1 shows several characteristic objects whose
matter is under extremal conditions, and also notes the
pressure and temperature regions accessible to re-
search under laboratory conditions.

Under natural conditions extremal states are pro-
duced principally by gravitational forces. These forces,
which have an unscreened long-range character, com-
press the matter and, as a consequence, heat it
(directly or by increasing the probability of the nuclear
processes in which energy is released). Therefore
typical examples of extremal states should be sought
in the interior of the earth, in celestial bodies, and in
the universe during its earlier evolution stages.
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FIG. 1. Extremal states in nature
and under laboratory conditions. A)
Earth's center, B) sun's center, C)
center of white dwarf, D) crust of
pulsar, E) mantle of pulsar, E) nuclear
matter. The numbers in parentheses
are the logarithms of the density (in
g/cm3). Regions a and b correspond to
the static and dynamic methods of ob-
taining high pressures, and region c to
methods of obtaining high tempera-
tures. Curves 1 and 2 are the bound-
aries of the region of extremal states
considered in this review.

At the center of the earth (point A on Fig. 1) the
pressure reaches about 4 Mbar, the density 10—20
g/cm3, and the temperature approximately 0.5 eV [17>22].
At the center of the sun (point B) we deal approximately
with 105 Mbar, 102 g/cm3, and 103 eV [ 2 3 ]. Pressures
reaching 1016 Mbar and a density up to 109 g/cm3 are
realized in cooling stars (white dwarfs) [ 2 4 '2 5 1. The
point C corresponds to conditions typical of the core
of a white dwarf, namely 1010 Mbar, 106 g/cm3, and
103 eV. The recently discovered pulsars t 2 6~2 8 1 are
examples of an object with unprecedented extremal
conditions. Deferring the details to the end of Sec. 7
(see also Fig. 9), we point out that typical conditions
for the crust of the pulsar are 1018 Mbar, 1011 g/cm3,
and 104 eV (point D), and for the Mantle* the respective
values are 1022 Mbar, 1014 g/cm3, and 104 eV (point E).
The density of matter in the atomic nucleus is
3 χ 1014 g/cm3 (point F). We emphasized that data per-
taining to the upper part of the diagram are very tenta-
tive and give only a general idea of the orders of mag-
nitude .

The extremal states realized under laboratory con-
ditions, in spite of the progress reached in this field,
are characterized by much more modest figures.

The static method based on the use of special
mechanical devices[8~10], yields pressures on the order
of y2 Mbar; this figure will probably reach 1 Mbar in
the nearest future. Simultaneously with compression,
it is possible to attain heating to a temperature on the
order of 0.1 eV (region a in Fig. 1). Dynamic methods
are based on the use of powerful explosion shock
waves1-11'121. They make it possible to reach pressures
of several dozen Mbar. The temperature then reaches
1 — 10 eV (region B).

The methods that can be used to obtain high tem-
peratures are quite varied, powerful discharge in a
plasma, resonant heating with an electromagnetic field,
injection of pre-accelerated plasmoids into a plasma,
heating with lasers, e tc . [ 2 1 > 2 9 ' 3 0 ] . The temperatures
reached by now exceed 103 eV (region c).

3. BOUNDARIES OF THE REGION OF EXTREMAL

STATES

Let us separate the region of pressures and tem-

peratures that will be considered in the present re-
view.

At relatively low pressures and temperatures,
matter continues to exhibit the exclusive variety of
forms which it possesses in the cold uncompressed
state. Accordingly, the characteristics of matter
continue to be quite abrupt and nonmonotonic functions
of its composition. The classification of the states of
matter under this condition is a complicated and cum-
bersome problem, far beyond the scope of the present
brief review.

With increasing pressure or temperature, however,
matter acquires a more and more universal structure,
and its characteristics become continuously smoother
functions of the composition. This clearly pronounced
tendency is connected with the fact that, owing to the
increase of the internal energy of matter, a definite
ordering and "simplification" of its structure becomes
possible. The molecules or molecular complexes be-
come destroyed with increasing pressure or tempera-
ture, and matter goes over into the purely atomic state.
The electron shells of the atoms become realigned, the
filling of the levels becoming increasingly regular.
Simultaneously, the outer electrons, which determine
the chemical individuality of matter, become detached.
Finally, if the matter remains in the solid state during
the compression and heating, its crystal lattice also
becomes ordered. Going through a series of structural
transformations, it becomes more and more closely
packed and acquires in final analysis a single structure
common to all substances (body-centered cubic*).

Such "universalization" of the properties of matter
arises when the increment of its energy as a result of
compression or heating becomes larger than the char-
acteristic energies of the aforementioned realignments.
In order of magnitude, these energies (per particle) do
not exceed the energy of the outer electrons of the
atom e2/a0 ~ 10 eV, where a0 = fi2/me2 is the Bohr
radius of the electron; the corresponding energy
density is of the order of e2/a4 ~ 1014 erg/cm3. There-
fore the lower boundary of the region of the universal
state of matter corresponds to a temperature on the
order of 10 eV and to a pressure on the order of
102 Mbar (see curve 1 of Fig. 1 and Appendix 1). Only
at a sufficiently large distance from this boundary, at
larger Ρ or T, is some general description of the
properties of matter possible at all. It must be stipu-
lated that the universality we have in mind pertains to
the atomic-molecular level; it disappears in those
cases when the shell structure of the atomic nucleus
becomes important.

The upper boundary of the region considered below
is determined by the extent of our knowledge of high-
energy physics. We assume that the energy increment
due to heating or compression should not exceed about
me2 ~ 1 GeV per particle, i.e., we confine ourselves to
a region that is nonrelativistic with respect to the
nucleons. We stay in any case below the threshold of
production of such hypothetical particles as quarks or
intermediate bosons. At higher temperatures or pres-

*We use geophysical terminology in view of the clear outward simi-
larity between the structure of a pulsar and that of the earth.

*This structure is the most favored only at such extremal conditions
when the electrom shells of the atom cease to exist.
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s u r e s the proper t ies of mat ter would turn out to be
radical ly dependent on whether such part ic les actually
exist .

The energy increment Δ Ε ~ 1 GeV assumed by us
corresponds to a character i s t ic length fic/ΔΕ ~ 2
χ 1 0 " " cm and to an energy density on the o r d e r of
10 3 7 e r g / c m 3 . Therefore the discussed upper boundary
is determined by a t e m p e r a t u r e on the order of 109 eV
and a p r e s s u r e on the o r d e r of 10 2 5 Mbar. The general
form of this boundary is given by the curve 2 of Fig. 1
(see Appendix 1). Beyond this limit we a r e left with the
conditions in the ear l ies t s tages of the evolution of the
universe, in a number of celest ia l bodies that undergo
collapse or catastrophic s tages of their evolution, and
possibly also in the c o r e s of massive p u l s a r s .

As seen from Fig. 1, the conditions real ized in
laboratory experiments a r e on the whole insufficiently
ext remal for mat ter to go over into the universal s ta te .
Our concepts concerning the propert ies of mat ter in
the region considered below a r e therefore based
principally on theoret ical considerat ions, which for the
t ime being can be confirmed with the aid of experi-
ments and observations only to a very insignificant
degree . Yet the possibi l i t ies of a theoret ical analysis
a r e strongly limited by the need for taking into account
the interactions between par t ic les , and near the upper
boundary of the region under consideration we do not
have even a rel iable theoret ica l foundation, since there
is no consistent theory of strong interact ions. For
this reason there a r e st i l l many problems to be solved
in the physics of ext remal s t a t e s .

4. STATES OF ELECTRONIC COMPONENT OF
MATTER

So long a s mat ter r e m a i n s in the usual e lectron-
nuclear form (concerning other forms see Sec. 7 be-
low), many of i ts proper t ies a r e determined mainly by
the electrons—the lightest s t ructura l units of m a t t e r .
The present section i s devoted to the classification of
the s ta tes of the electronic subsystem.

It has already been noted that on going through the
boundary of the universal s tate of mat ter (curves 1 of
Fig. 1 and 2) the outer e lectrons of its a toms turn out
to be completely shared. Any substance that r e m a i n s
solid in such a transit ion has metallic proper t ie s . In
the language of band theory, the " m e t a l i z a t i o n " of
matter is connected with broadening of the energy
bands, a s a resul t of which the electron F e r m i level
must ultimately fall inside the allowed band. For
matter in the t r a n s c r i t i c a l gaseous-liquid s ta te , the
cross ing of curve 1 leads to the plasma s t a t e * . At not
very high t e m p e r a t u r e s , the plasma is strongly non-
ideal and close to an ordinary liquid from the point of
view of the c h a r a c t e r of ion motion (see Sec. 5).

The remaining e lectrons of a toms with a value of Ζ
that is not smal l remain near curve 1 in a bound s ta te .

*We point out that the degree of ionization on curve 1 itself is al-
ready quite high [']. Analogously, metallization of semiconductors
having a narrow forbidden band begins much below this curve. To the
contrary, such a substance as nickel can apparently first go over into a
dielectric state and only at an approximate pressure of a thousand Mbar
it is finally transformed into a metal [1 8·3 ' ] ·

FIG. 2. States of electronic com-
ponent of matter. 1) Boundary of the
region of universality (of the collecti-
vization of the external electrons), 2)
of the collectivization of most elec-
trons (Z = 10), 3) of the collectiviza-
tion of the internal electrons (z = 10),
4) boundary of relativistic region, 5)
boundary of degeneracy region, 6)
boundary of the region of quasiclassi-
cal approach, 7) limit of applicability
of the self-consistent-field approxi-
mation, 8) boundary of the region of
ideality (homogeneity) of electron
gas. The shaded region is the one in
which the Thomas-Fermi model is
applicable.

Their greater part has a binding energy on the order
of G 4 / 3 e 2 /a 0 and is localized in a volume on the o r d e r
of Z ' ^ o (these es t imates resul t from the Thomas -
F e r m i model). The boundary where most e lectrons of
the atoms lose their connection with the atom is d e t e r -
mined by a temperature of the order of Z 4 / 3 χ 10 eV
and a p r e s s u r e of the order of Z l o / 3 χ 102 Mbar (curve
2 of Fig. 2). It sti l l r e m a i n s to consider the e lectrons
that a r e closest to the nucleus and a r e most strongly
bound to it, with binding energies on the order of
Z 2 e 2 / a 0 and a localization volume Z"3ao. These e lec-
t rons become collectivized at a temperature of the
order of ζ 2 χ 10 eV and a p r e s s u r e of the order of
Ζ 5 χ 102 Mbar (curve 3 of Fig. 2). As a resul t the sub-
stance is t ransformed either into a fully ionized e lec-
tron-nuclear plasma or into an ideal metal with a
lattice made up of " b a r e " nuclei.

Curves 2 and 3 on Fig. 2 a r e shown for Ζ = 10. For
a r b i t r a r y Z, they can be obtained from curve 1 by
assuming that the Ρ and Τ coordinates a r e replaced
by Z - 1 O / 3 P and Z " 4 / 3 T (curve 2) or Z " 5 P and Z" 2 T
(curve 3).

At relatively low p r e s s u r e s and t e m p e r a t u r e s , the
motion of the electrons can be regarded as nonrelativ-
i s t ic . The effects of relativity theory become notice-
able when the energy increment as a resul t of the com-
press ion or heating r e a c h e s a value on the order of
m e 2 (the corresponding character i s t ic length is K/mc).
This corresponds approximately to 10 1 1 Mbar and
10 5 eV (curve 4 of Fig. 2). The formulas on the bas i s
of which curves 1—4 of this figure were plotted a r e
given in Appendix 1.

It is convenient to present the dynamic description
of the electronic subsystem in the language of c h a r a c -
ter i s t ic lengths. Apart from the Bohr radius a 0 ) there
a r e four such lengths. Foremost a r e the average d i s -
tance between electrons d ~ n - 1 / 3 (n is the average
electron concentration) and the average distance be-
tween nuclei D ~ Z I / 3 d . Next comes the de Broglie
wavelength of the electron λ =1ί/ρ (p is i ts average
momentum); at low and high t e m p e r a t u r e s we have
λ ~ n" 1 / 3 and λ ~ R / ( m T ) 1 / 2 , respectively. Finally we
have the character i s t ic inhomogeneity length I within
which the electron distribution in space changes
noticeably. This quantity coincides with the electronic
screening radius and is expressed in t e r m s of the a l-
ready introduced lengths, I ~ ( a o d 3 ) 1 / 2 / \ ; in cold
mat ter I ~ a j / 2 n 1 / 6 and in hot mat ter I ~ ( T / e 2 n ) 1 / 2 .



E X T R E M A L S T A T E S O F M A T T E R ( U L T R A H I G H P R E S S U R E S A N D T E M P E R A T U R E S ) 515

The general express ions for the introduced lengths and
also the formulas used to plot the pertinent curves a r e
contained in Appendix 2.

At different ra t io of the character i s t ic lengths, we
a r r i v e at different s tates of the electronic subsystem.
The inequality λ <C d corresponds to a c lass ica l
(Boltzmann) electron gas : at λ ~ d degeneracy sets in.
The curve bounding the region λ ~ d is shown in Fig.
2 (curve 5).

The condition λ <ξί I means that the wavelength of
the e lectron changes little over a length equal to the
wavelength. This , as is well known, corresponds to the
condition in which the e lectron motion i s quas ic lass ica i .
In the opposite limiting case , the behavior of the e lec-
t rons has an essentially wave-like c h a r a c t e r . The r e -
lation λ ~ I corresponds to curve 6 of Fig. 2.

Under the condition λ <C {a.<A)1/2 o r , equivalently,
e 2 n 1 / 3 <C p 2 /m, the energy of the Coulomb interaction
of a pair of e lectrons is smal l compared with their
kinetic energy. This , however, s t i l l does not lead to
smal lness of the interaction effect in genera l . The
point is that there is a strong interaction between the
electrons and the nuclei . In addition, owing to the long-
range c h a r a c t e r of the Coulomb forces, the e lectron
can interact with a large number of i ts neighbors.
These interact ions can be comprehensively described
in the language of the average quantities, i .e., within
the framework of the H a r t r e e self-consistent-field
method. Therefore the inequality in question actually
denotes smal lness of those effects which cannot be
described within the framework of the Hart ree approxi-
mation. They a r e called corre lat ion effects and in-
clude, bes ides the exchange effects connected with the
Pauli principle, also the corre lat ion effects proper,
which descr ibe the deviation of the t rue interaction
from the average one (for detai ls s e e [ 4 ] ) . A plot of
λ ~ (aod) 1 7 2 is shown in Fig. 2 (curve 7).

At sti l l higher p r e s s u r e s or t e m p e r a t u r e s , both the
just-mentioned e lectron-nuclear interaction effects
and the effects of collective e lectron-electron in terac-
action become inessential . The electron gas can then
be described by the formulas of an ideal gas, and its
distribution in space becomes practically homogene-
ous* . This occurs when the inhomogeneity length I
exceeds the largest p a r a m e t e r with the dimension of
length; this p a r a m e t e r is the average distance between
nuclei D. The I ~ D curve for Ζ = 10 is shown in
Fig. 2 (curve 8). For a rb i t ra ry values of Ζ it can be
obtained from curve 7 by assuming the axes to r e p r e -
sent the quantities Z " 1 0 / 3 P and Z " 4 / 3 T .

In the region where the e lectron gas is ideal, the
equation of state of mat ter has a well known f o r m [ 1 ] ,
namely P ~ ( R 2 / m ) n 5 / 3 (nonrelativism, degeneracy
region), P ~ ficn4/3 (ultrarelat ivism, degeneracy region),
or Ρ ~ nT (Boltzmann region). At lower t e m p e r a t u r e s
and p r e s s u r e s the equation of state is a l tered by the
effects of the Coulomb interaction, the contribution of
the nuclei, e tc . For e s t imates , however, we can con-
tinue to use the presented formulas .

*Deferring the details to Appendix 2, we note that in the region of
homogeneity an appreciable fraction of the electrons can still be in the
bound state (curve 8 lies inside curve 2).

As seen from Fig. 2, curves 6 and 7 lie outside the
region considered by us in the review. When descr ib-
ing the electronic subsystem, we can therefore neglect
the corre lat ion and quantum effects (the latter reflect
the inaccuracy of the quasiclass icai approximation),
and we can use the T h o m a s - F e r m i model. This per-
ta ins to the region shown shaded in the figure; in the
remaining part of the region of ext remal s tates of
interes t the e lectrons can be regarded in general as
an ideal gas . Details concerning the questions d i s -
cussed in this section can be found i n [ 4 > 3 2 ] , and the
r e s u l t s of numerical calculations i n [ 3 3 ] .

Figure 2 shows also severa l character i s t ic objects
from Fig. 1. We see that the e lectrons in the centra l
part of the sun form a nonrelativistic ideal gas which
which can be regarded as c lass ica l , albeit not very far
from degeneracy. The hydrogen a toms, which a r e the
predominant components of the matter of the sun, a r e
fully ionized, and the atoms of the heavier elements
can st i l l re ta in a cer ta in fraction of the e lec t rons . In
the centra l p a r t s of white dwarfs, the electron gas is
ideal and degenerate . Relativistic effects play a notice-
able r o l e . Under these conditions, mat ter consis ts of
e lectrons and " b a r e " nuclei . The same pertains also
to matter in the c r u s t s of pu l sar s , where the electron
gas can be regarded as u l t rare la t iv i s t ic .

5. STATES OF NUCLEAR COMPONENT OF MATTER

The s ta tes of the nuclear subsystem determine the
answers to two important questions, that of the aggre-
gate state of mat ter and that of the c h a r a c t e r of the
course of the nuclear p r o c e s s e s . The first will be
considered in this section and the second in the follow-
ing one.

At high t e m p e r a t u r e s , when the t h e r m a l energy is
high compared with the Coulomb energy, mat ter is a
plasma with propert ies close to those of an ideal gas .
With decreasing t e m p e r a t u r e or with increasing p r e s -
sure (the lat ter leads to a decrease of the average d i s-
tance between nuclei), the role of the Coulomb interac-
tion between the nuclei i n c r e a s e s . For this reason, the
order ing of the nuclear sys tem, namely the t ransi t ion
of the matter into the crystal l ine s ta te , becomes en-
ergywise favored (on the other side of the line of
transi t ion to the crystal l ine state we deal with a liquid-
like p l a s m a [ 5 1 ) . In par t icular , at zero t e m p e r a t u r e (and
at not too low or not too high p r e s s u r e s ) any substance
will be in the solid state [ 3 4 ~ 3 7 ] .

We confine ourselves to a substance containing
nuclei of only one sort , and for simplicity we neglect
the change of the effective charge of the ion in the
region inside curve 3 of Fig. 2. To make the analysis
common to al l e lements , we begin with natural
" n u c l e a r " density and tempera ture units, AM/A3, and
Z 2e 2/A 0, where Ao =R 2 /AMZ 2 e 2 i s the Bohr radius of
the nucleus, and we introduce the " r e d u c e d " quantities

p· = pZ~M-4, T* = TZ^A-1,

the use of which makes the description universal, For
the p r e s s u r e , however, which is determined mainly by
the electronic subsystem, such sel f-s imilari ty will no
longer take place. We shall therefore have to deal with
a " d e n s i t y - t e m p e r a t u r e " d iagram.
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FIG. 3. States of nuclear compo-
nent of matter. 1) Boundary of the
degeneracy region of the nuclei, 2)
boundary of the ideality region, 3)
melting curve, 4) boundary of the
region in which the lattice can be re-
garded as classical.

FIG. 4. The same in coordinates Ρ
and Τ for carbon. 5) Boundary of re-
gion of electron degeneracy, 6)
boundary of region of electron re-
lativism.

igT.eV

In the plasma s ta te , the nuclear subsystem i s de-
scribed by the following character i s t ic lengths: the
average distance between the nuclei D ~ N~ 1 / 3 (N = n / Z
i s the average concentration of the nuclei), the
de Broglie wavelength of the nucleus Λ ~ n/p (p is the
average momentum of the nucleus), and the inhomo-
geneity length L ~ (AoD3)1/2/A, which coincides with the
Debye screening radius of the plasma. Just as in the
case of the electrons, the line separating the Boltz-
mann region from the region of degeneracy of the
nuclei (see curve 1 on Fig. 3 and Appendix 3) is deter-
mined by the condition D ~ Λ.

The role of the effects of Coulomb interaction in a
plasma is determined by the ratio of the lengths D and
L. The curve D ~ L is shown in Fig. 3 (curve 2). We
point out that it is meaningless to continue the curves
of this figure into the region of larger temperatures
and pressures, since the light nuclei (hydrogen,
helium) "burn out" in this region (see Sec. 6 below),
and for heavy nuclei we already found ourselves in a
region that is relativistic with respect to nucleons and
is excluded from consideration in this review.

The line of interest to us, that of the phase transi-
tion into the crystalline state, should lie to the left of
curve 2, i.e., in the region where the Coulomb effects
play an important role. If both the plasma and the
crystal formed from it can be regarded as classical
objects, then the equation for the melting curve should
not contain Planck's constant. Only one combination of
characteristic lengths, being dimensionless, does not
contain B. This is the ratio D/L. It is therefore obvi-
ous that the equation for the melting curve should have
the form D/L = const. The value of this constant for
strongly compressed matter is close to 10. This cor-
responds to a Coulomb energy Z2e2N1 / 3 which is
larger by two orders of magnitude than the thermal
energy T*. We emphasize that the foregoing corre-
sponds exactly to the well known Lindemann criterion,
namely the ratio 6m of the average amplitude of the
oscillations of the nuclei to the average distance be-
tween nuclei is constant on the melting curve (see [ 1 5 > 1 7 ]).
In our case 6 m ~ Y*l3e\

The phase-transition line is shown in Fig. 3 (curve
3). Although it lies to the right of curve 1, which deter-
mines the boundary of the classical-plasma region,

nonetheless the initial premises concerning the ap-
plicability of classical statistics are not valid over the
entire extent of curve 3. The point is that the charac-
ter of motion of the nuclei in the crystal is essentially
different than that in a plasma. The criterion for the
applicability of the Boltzmann statistics will also be
different, namely, the amplitude of the zero-point
oscillations of the nuclei should be small compared
with the total amplitude, which includes also thermal
oscillations. This criterion reduces to the obvious con-
dition fiu>D <C T, where WQ is the Debye frequency.
Under the conditions considered by us WJJ « 0.45 a>o,
where &L>O = (47rNZ2e2/AM)1/2 is the plasma frequency
of the nuclei1 4 0 1. The plot of Ku>D ~ Τ is shown in Fig.
3 (curve 4). The point Μ where curves 3 and 4 inter-
sect limits the reliable section of the melting point,
represented by the thick line. We present also the
"pressure-temperature" diagram for Ζ = 6 and
A = 8 (Fig. 4), which is analogous to the diagram of
Fig. 3.

For a rough qualitative description of the course of
the melting curve in the quantum region we can use the
Lindemann criterion and the known formulas for the
quantum oscillator [ 3 4 ]. This is done in Appendix 3, the
results of which were used to construct the diagram of
Fig. 5. The same figure shows also the usual phase
diagram with triple point.

Quantum effects lead to a bending of the melting
curve towards higher pressures and lower tempera-
tures. This in turn leads to the appearance of limiting
values of the temperature, density, and pressure, above
which the crystalline state is impossible. Let us dis-
cuss in greater detail the "cold melting" effect, which
in principle should take place also at zero temperature
(it is precisely this effect which explains the existence
of liquid helium at low temperatures and atmospheric
pressure; see Appendix 3). Cold melting is due to the

FIG. 5. Approximate form of phase
diagram, a) Triple point.

The change of density in the phase transition, occurring at consent
pressure, is quite negligible under the conditions considered here (not
more than one-hundredth of one per-cent; see [39]). This allows us to
regard the density as a single-valued variable.
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zero-point oscillations of the nuclei: the energy of
such oscillations fiu>D ~ N 1 / 2 at sufficiently high com-
pressions exceeds the Coulomb binding energy of the
lattice, which is proportional to N1^3. A reliable de-
scription of this phenomenon is hindered by the exceed-
ingly strong dependence of the melting density pm on
the Lindemann constant, pmSm> a U t n e more since
this constant itself varies to a large degree [ 4 1 ]. The
published estimates of pj^ range from 103 to 108

g/cm3[35>4°>42~441. If the very lightest nuclei are ex-
cluded, even the relative values of p m and of the
nuclear density are not well known. It is therefore not
yet clear whether the phenomenon in question is even
real.

In concluding this section, let us stop to discuss
certain astrophysical application. Figure 3 shows the
points corresponding to the conditions at the center of
the sun (hydrogen), at the center of a typical white
dwarf (carbon), and in the crust of a pulsar (iron). It
is seen from the figure that solar matter is in the
plasma state, that of the white dwarf in a state close to
crystallization1 3 4 1, and that of the pulsar crust in a
solid state [ 4 5 ] . The foregoing pertains, of course, only
to the typical conditions assumed by us. There are no
grounds for doubting, say, the existence of cold solid
white dwarfs.

There is an interesting explanation for the existence
of linear sequences of white diagrams on the
"luminosity—temperature" diagram1 3 9 1. In accordance
with this explanation, each line of the diagram corre-
sponds to crystallization of the matter in a white dwarf
with definite chemical composition. Let us recall two
important properties of the crystallization process:
a) the pressure and temperature at which the crystalli-
zation takes place are connected by a rigorous relation—
the equation of the melting curve; b) owing to the re-
lease of the latent heat, the temperature and the pres-
sure remain constant during the time of crystallization.
It follows from property (a) that the connection between
the luminosity and the surface temperature is also
unique, leading precisely to a linear sequence on the
diagram. The latent heat released in the crystalliza-
tion of the matter of a white dwarf is relatively large [ 3 4 ],
and is estimated in r 3 9 ] to amount to Τ per nucleus.
Therefore the crystallization-time interval during
which the observed white-dwarf characteristics do not
change is also relatively long. For this reason, white
dwarfs are most probably observed during the course
of their cooling just during the time of their crystalli-
zation. The theoretical relations obtain in [ 3 9 1 between
the luminosity and the surface temperature agree with
observations if reasonable assumptions are made con-
cerning the composition of white dwarfs.

The hard crust of pulsars explain the sharp changes
in their angular velocity. As the rotation slows down,
shear stresses accumulate in the crust, and from time
to time the crust experiences breaks ("starquakes")
leading to a change in the pulsar's angular momentum.
On the basis of this picture and of the angular-velocity
relaxation time, it became possible to show sufficiently
convincingly that neutron (proton) matter in the mantle
of a pulsar is in the superfluid (superconducting)
state [ 2 7 > 2 8 ' 4 7 ' 4 8 1 (see Ginzburg's review [ 4 7 ] concerning
the problem of superconductivity and superfluidity in
the universe).

The density in the pulsar's solid crust can be so
high that the lattice binding energy, 1.45 Z2e2N1 / 3 (per
nucleus) for a body-centered-cubic lattice1 4 0 1, can turn
out to be of the order of hundreds of Megaelectron
volts. Under these conditions one can expect the lattice
to exert a strong influence on the nuclear properties of
matter. One can assume, for example, that the frag-
mentation of the nuclei, which leads to fragmentation
of the charge (fission, a decay), may turn out to be
inconvenient. In fact, it would mean a transition to a
state closer to that of a homogeneous plasma, and
would be accompanied by a loss in the lattice binding
energy. Thus, for fission into two equal fragments, Ζ
in the preceding formula should be replaced by Ζ/2, Ν
by 2N, and a factor 2 must be introduced (owing to the
increase in the total number of nuclei); as a result,
the binding energy decreases in absolute magnitude by
a factor 22 / 3. For this reason, superheavy nuclei, for
which fragmentation is the main source of instability,
might turn out to be stable under conditions of the
pulsar's crust. In general, the effects of the crystal
lattice lead to a decrease of the Coulomb energy of the
nucleus and to an enlargement of the nuclei in the
pulsar's crust, increasing the equilibrium values of
their mass number and charge by at least 1.5 t imes' 6 2 1 .

6. EXOTHERMAL NUCLEAR PROCESSES

When the temperature or pressure become large
enough, exothermal nuclear transformations (with re-
lease of energy) come into play in substances on a
noticeable scale. The importance of these processes,
let alone thermonuclear fusion under terrestrial condi-
tions, lies in the fact that they are the main source of
energy in stars (including the sun), comprise an im-
portant factor in the evolution of celestial bodies, and,
finally, account for the chemical composition of the
substance. Characteristic examples of exothermal re-
actions are the transformations 4p — He4 and 3He4

— C1 2; the former is realized in accordance with the
scheme of the carbon or hydrogen cycle.

Although the reactions in question are accompanied
by release of energy, in order for them to occur at a
noticeable rate it is necessary that the external condi-
tions be extremal to a sufficient degree. This is neces-
sary to overcome the Coulomb barrier that prevents
the reacting nuclei from coming together. The penetra-
bility of the barrier increases because the relative
energy of the reagents increases when the substance is
heated, or because the barrier itself becomes dis-
torted (narrower) when the substance is compressed.
These two nuclear-reaction regimes, called thermo-
nuclear and pycnonuclear, respectively, correspond
also to different kinetic mechanisms of the reaction.
The rate of a thermonuclear reaction in a plasma is
determined, besides the barrier-penetration factor,
by the number of partners encountered by one nucleus
per unit time as it moves inside the substance. The
rate of a pycnonuclear reaction in condensed matter is
determined by the number of approaches of the reacting
partners, which oscillate about neighboring equilibrium
positions, per unit time, i.e., by the frequency of such
oscillations. The present section is devoted to a de-
tailed classification of the regimes of nuclear reac-
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tions at different temperatures and pressures
(see [44>491).

We confine ourselves for simplicity to a substance
consisting of nuclei of one sort, which react with one
another.* At relatively high temperatures and low
densities, when the plasma differs little from an ideal
gas, the barrier-penetration factor almost coincides
with the corresponding expression for a pair of isolated
nuclei:

exp (- • 1,T*

(cf., e.g., [ 5 0 ]). Assuming τ » I (otherwise the sub-
stance will burn up too rapidly), the effective energy of
the reacting nuclei (the energy of the Gamow peak) lies
on the tail of the Maxwellian distribution, Teff ~ τΤ
^> T. Owing to the smallness of the average distance
between nuclei compared with the Debye radius, the
influence of the remaining substance reduces to a small
correction to the argument of the exponential; this
correction reflects the screening of the Coulomb inter-
action by the particles that do not participate in the
reaction. This is the so-called thermonuclear regime
with weak screening. The corresponding region lies to
the right of curve 1 on Fig. 6, which coincides with
curve 2 of Fig. 3 and corresponds to the condition
D ~ L.

On going through this boundary, the effects of the
Coulomb interaction in the plasma become consider-
able, and we enter the region of liquid-like plasma,
and after crossing curve 3 in Fig. 3 we enter the solid
region. From our point of view, however, the differ-
ence between these states is inessential, since only the
short-range order is of importance for nuclear reac-
tions. The transition of a substance into the condensed
state affects strongly the form of the interaction poten-
tial between the nuclei, but the nuclei themselves can
be regarded as free in a certain sense, even far beyond
the boundary of the region in question. The point is
that, as already indicated, the effective energy Teff of
the colliding nuclei greatly exceeds the real tempera-
ture of the system. Actually, therefore, the Coulomb
effects become significant from the point of view of the
kinetics of the reaction when D becomes of the order
of the effective Debye radius, which is obtained from
the usual expression by replacing Τ with Teff. This
indeed determines the left-hand boundary of the region
in question (see curve 2 of Fig. 2 and Appendix 3); this
curve coincides with curve 4 of Fig. 3. The discussed
regime is called thermonuclear with strong screening.
The penetration coefficient for this regime is strongly
altered by the screening effects; an expression for it
is given in [ 4 9l.

At still lower temperatures, the reacting nuclei can
also be regarded as "frozen." A decisive role is as-
sumed here by the oscillations of the nuclei about the
equilibrium positions. So long as Teff is large com-
pared with Hu>D (see Sec. 5), these oscillations have
mainly a thermal character. This is the pycnonuclear

FIG. 6. Regimes of exothermal
nuclear reactions. 1) Boundary be-
tween thermonuclear reactions with
strong and weak screening, 2)
boundary between thermonuclear
regime with strong screening and
the pycnometric regime with hot
nuclei, 3) boundary of pycnonuclear
regime proper, 4) approximate form
of the "threshold" for the hydrogen
reaction. -5

*In the general case, it is necessary to replace in the formulas that
follow Z2 by Z,Zj and A by 2A!A2/(Ai + A2), where Zi, A! and Z2,
A2 are parameters of the reacting nuclei. Reactions between impurity
nuclei are discussed in Γ 3 4 · 5 1 · 4 9 ] .

regime with hot nuclei. The left-hand boundary of the
region under consideration is determined by the condi-
tion fia>D ~ Teff ( s e e curve 3 and Appendix 3).

Finally, to the left of this curve we enter in the
pycnonuclear regime proper [ 5 2 > 5 3 ' 4 4 > 4 9 ], where the reac-
tion proceeds via zero-point vibrations of the nuclei.
At sufficiently high compressions, the reaction can
occur also at zero temperature, since the Coulomb
barrier narrows down to a width on the order of
D ~ N"1^3. The corresponding penetration factor is
given by

«ρ(-χ), χ~2,8/μ0ΛΓ1/3)1/2~ρ·-1/ι\

where, as before, we should assume that χ ^> 1.
Although the reactions in question have no threshold

in the exact sense of this word, a noticeable yield of
the reaction occurs only at high temperatures or pres-
sures. For the hydrogen reaction this occurs at
Τ ~ 10 2-10 3 eV or ρ ~ 10 4-10 5 g/cm3, and for the
helium reaction the temperature rises to 104 eV.
Under simultaneous heating and compression, the cor-
responding boundary can be found from the cumber-
some expressions given in [ 4 9 1 for the penetration fac-
tors at all the regimes listed above. We confine our-
selves to presenting a purely qualitative curve for the
hydrogen reaction (curve 4 of Fig. 6).

We point out by way of an example that nuclear re-
actions in the interior of the sun and similar stars are
thermonuclear reactions with weak screening; this is
seen directly from the diagram of Fig. 3.

In concluding this section, let us stop briefly on the
reactions d + d — Τ + ρ (or —He 3 + n) and d + Τ
— He3 + n, which are important from the point of view
of " ter res t r ia l " applications. These reactions, unlike
the hydrogen reaction considered above, proceed via
strong interaction and their purely nuclear cross sec-
tion is therefore larger by twenty orders of magnitude
than the cross section of the hydrogen reaction, which
proceeds via weak interaction. However, the "thresh-
old" temperature and the "threshold" density for
these reactions are relatively close (in a logarithmic
sense) to those indicated in Fig. 6. This is due to the
strong dependence of the penetrability factor on T*
and p* . We note that the muonic catalysis once pro-
posed for these reactions by Ya. B. Zel'dovich and
A. D. Sakharov can be regarded in a way as a method
of "compressing" matter; inasmuch as the radius of
the mesic atom is approximately 1/2OOth of the radius
of the ordinary atom, we are dealing here with an in-
crease of the effective density by almost seven orders
of magnitude.
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8

FIG. 7. Photon and positron compo-
nents of matter: 1) pressure of photonic
component, 2) pressure of positronic com-
ponent.

lgT.eV

7. NEW FORMS OF MATTER

The end resul t of the p r o c e s s e s considered in the
preceding section was only a regrouping of the nucleon,
leading to a t ransformation of some nuclei into o t h e r s .
There was no change in the s t r u c t u r a l composition of
the mat ter at the elementary part icle level, and no new
forms of mat ter appeared.* Yet t ransformations of this
type a r e inevitable at high t e m p e r a t u r e s and p r e s s u r e s ,
and play an important role in as t rophys ics .

We begin with the s implest p rocess , viz., the ap-
pearance, at high t e m p e r a t u r e s , of equilibrium t h e r m a l
radiation a s a separate component of mat ter making a
noticeable contribution to i t s energy, p r e s s u r e , e tc .
Using for the radiation p r e s s u r e the well known for-
mula Ρ ~ T 4 / n 3 c 3 (see curve 1 of Fig. 7), we readily
see that near this curve the photon component of the
matter makes a large and even decisive contribution
to the p r e s s u r e .

A very s imi lar picture could be obtained also for
the neutrino component of m a t t e r . The neutr inos, how-
ever, go off from the celest ia l bodies and can play a
role as a separate component of mat ter only during the
e a r l i e r s tages of the evolution of the universe ( s e e [ 2 ] ) .

Let us proceed to the production of e lectron-posi-
t ron pa i r s and to the appearance of the positron com-
ponent of m a t t e r . This p r o c e s s is endothermal (with a
corresponding threshold 2mc 2 « 1 MeV). As seen from
the r e s u l t s of Appendix 4, at Τ ^> me 2 the expression
for the positron p r e s s u r e is practically the same a s
for radiation, and at Τ < 2mc 2 an exponential threshold
factor e x p ( - 2 m c 2 / T ) a p p e a r s . The boundary of the
region where the positron p r e s s u r e is substantial is
given by curve 2 of Fig. 7. We do not show in the figure
the corresponding curves for the production of muon,
baryon, and other p a i r s , the thresholds for which a r e
higher.

The foregoing p r o c e s s e s a r e character ized by the
fact that their onset r e q u i r e s t h e r m a l excitation of the
sys tem. At low t e m p e r a t u r e s , accordingly, these p r o -
c e s s e s have a negligibly smal l intensity. They include
also t h e r m a l dissociation of nuclei, part icular ly of the
nuclei of the stablest isotope Fit. This react ion r e -
duces to the t ransformations Fe — 13 He 4 + 4n and
He 4 — 2p + 2n, and leads to the appearance of the neu-

FIG. 8. "Iron—helium—nucleons"
thermal dissociation: 1) curve of half-
way dissociation of iron, 2—of helium.

as I US
T-W1, eV

tron component of m a t t e r . Figure 8 shows a diagram
borrowed f rom [ 5 4 ] ( see a l s o [ 2 ] ) . Curve 1 corresponds to
half-way dissociation of iron, and curve 2 to hel ium.

The most important type of t ransformation occur-
ring in cold mat ter is i t s neutronization, i .e. , the cap-
ture of an electron by the nucleus and conversion of
the intranuclear proton into a neutron. The scheme of
this react ion is (A, Z) + e" — (A, Ζ - 1). Since the
initial nucleus is assumed to be stable, and the r e s u l t -
ant neutron-excess nucleus has a higher energy, the
neutronization process is endothermal and has a
threshold AMc 2 = ( M A _ j - M A ) c 2 . The energy needed
to overcome the threshold i s drawn in cold mat ter*
from a gravitational source, namely, the gravitation
forces c o m p r e s s the s t a r , increase the F e r m i energy
of the e lectrons, and acce lera te them to the required
energy. At high t e m p e r a t u r e s the neutronization is
due to the increase of the thermal energy of the e lec-
t rons and is connected with the usual chemical-equil i-
br ium mechanism. The neutronization of mat ter is the
subject of a r a t h e r extensive l i te ra ture (cf.
e .g ./ 1 " 3 ' 5 5 " 5 9 1 ) . However, many pertinent problems
sti l l await their quantitative solution, owing to the im-
perfection of the existing methods for describing
multinucleon sys tems, and especially those containing
even heavier par t ic le s . We therefore confine ourselves
below to severa l r e m a r k s and to a smal l number of
quantitative e s t i m a t e s . The la t ter , with a few excep-
tions, a r e quite approximate.

The neutronization threshold is given by the formula
ρ ~ (Mc 3 /h 3 ) [AM) 2 - m 2 ] 3 / 2 . The corresponding p r e s -
sure at ΔΜ > m i s P ~ c5(AM)4/fi2 (see Appendix 4).
We indicate by way of an example that the threshold
density and p r e s s u r e amount to 4 χ 10 1 0 g/cm 3 and
6 χ 10 1 6 Mbar for the transi t ion Cf — B f and 2
χ 109 g/cm 3 and 8 χ 10 1 4 Mbar for Sill — A12J.

All p r e s s u r e s above threshold, the nucleus becomes
" o v e r l o a d e d " with neutrons . Up to about 1 0 u g/cm 3

and about 10 1 8 Mbar these nuclei re ta in their m a s s
numbers and only their charges d e c r e a s e . This is due
to the fact that the instability of such nuclei outside the
substance would be manifest by their β decay. In the
substance, however, such a decay is impossible be-
cause of the high F e r m i boundary of the e lec t rons . At
higher densit ies and p r e s s u r e s the disintegration of
the nuclei, which re l ieves them of the excess neutrons,
becomes more convenient. This gives r i s e to an au-
tonomous neutron component of m a t t e r . At sti l l higher
densi t ies (presumably near 5 χ 10 1 3 g/cm 3 ) the nuclei
dis integrate completely and the matter is t ransformed

*We disregard to neutrinos and positrons produced in the hydrogen
reactions, since they either escape from the substance or are annihilated.
In no case do they lead to a new form of matter.

*The term "cold" is quite arbitrary and refers to temperatures that
are low compared with AMc2.
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7-Iu'tlcm'

210'

7-10g/cm:

FIG. 9. Model of internal structure of pulsar of medium mass: 1)
outer crust (nuclei + electrons), 2) inner crust (nuclei + electrons + neu-
trons), 3) mantle (neutrons + protons + electrons), 4) core of pulsar
(the same + hyperons + mesons).

into a mixture of neutrons, protons, and electrons, with
the density of the charged particles smaller by about
two orders of magnitude than the neutron density[56>57].
Further increase of the density is accompanied by the
appearance of new elementary particles in the sub-
stance, which are unstable under ordinary conditions.
These are predominantly muons (production threshold
about 10" g/cm3), the decay of which is hindered by the
high Fermi boundary of the electrons, followed by hy-
perons, resonances, etc. (thresholds in the region
10 1 4 -10 1 5 g/cm 3 )t"- 5 9 l .

The existence in nature of neutron matter was pre-
dicted already about forty years ago. It was indicated
then that this substance should be sought in the inter-
iors of special (neutron) s tars . Such stars were dis-
covered quite recently and were identified with short-
period variable sources of radiation, namely pulsars.
Figure 1 shows the model of a medium-mass pulsar.
This model used presently by astrophysicists'^81. The
outer shell, the crust, consists of neutron-excess
nuclei and in part of free neutrons. The intermediate
layer, the mantle, is a neutron-proton-electron liquid.
The central part, the core, contains hyperons, reso-
nances, etc.

We had to consider in this review a wide region of
extremal conditions up to pressures exceeding atmos-
pheric by 30 orders of magnitude and temperatures
higher than that of the human body by 10 orders. Such
a difference in scales, of course, staggers the imagina-
tion. It must be recalled, however, that " . . .in nature*""}
this phenomenon is perfectly natural and common- /
place. The domains of some rulers in Germany and (
Italy, which can be circled in about a half hour, when \
compared with the empires of Turkey, Muscovy, or \
China, give only a faint idea of the remarkable con- I
trasts that are hidden in all of nature . " [ 6 0 ] . ^_^-^

The author is indebted to L. V. Al'tshuler, V. L.
Ginzburg, Ya. B. Zel'dovich, S. M. Stishov, and E. L.
Feinberg for valuable remarks.

1. LINES OF GIVEN ENERGY INCREMENT

A given energy increment ΔΕ resulting from heat-
ing or compression, corresponds to the condition <£/n

~ ΔΕ, where Β is the electron energy density and η
the electron concentration. It is assumed that Δ Ε is
larger than or of the order of the electron energy in
cold uncompressed state. Using the ideal-gas model
for estimates, we have

= 2 f iPprijf. (ρ), η = 2 jcPpnp

where d3p = dp/(27in)3, n p = [exp{(e(p) - μ)/Τ> + I]" 1 ,
e(p) is the electron energy, and μ is the chemical po-
tential. The result will be expressed in terms of
Fermi-Dirac functions'^11

" l " J β χ ρ ( ζ - η ) - , 1 '
(J

where η = μ/Τ. When?] < -4 and 77 > 20 we can use
the asymptotic expressions Ιη(η)~ Γ(η + lje7? and
Ιη(η) ~ η /n + 1, respectively.

In the nonrelativistic case e(p) = p2/2m and
Ρ = 2#/3, and we obtain a parametric representation
of the line of given energy increment in the coordina-
tes Ρ and Τ or η and T:

In the asymptotic regions we have respectively
Τ ~ ΔΕ and p ~ πι3 / 2ΔΕ5 / 2/ηΛ Curves 1 of Figs. 1 and
2 correspond to ΔΕ ~ e2/ ao. curve 2 of Fig. 2 to ΔΕ
~ e2 Z4 / 3/a0, curve 3 of Fig. 2 to ΔΕ ~ e2 Z2/a°, and
curve 4 of Fig. 2 to ΔΕ ~ me2.

In the ultrarelativistic case e(p) = cp, Ρ = S/'3, and

In the asymptotic regions Τ ~ ΔΕ, Ρ ~ (AE)4/B3c3 and
η ~ (ΔΕ/fic)3. Curve 2 of Fig. 1 is plotted in accord-
ance with these formulas.

2. CHARACTERISTIC LENGTHS OF ELECTRONIC
SUBSYSTEM

Using the results of Appendix 1, we can express in
explicit form the characteristic lengths introduced in
Sec. 4. In the nonrelativistic case the average distance
between particles is

\'mT
the average de Broglie wavelength is

and the inhomogeneity length is

\ i<2

The first two expressions are obtained directly, and to
derive the third it is necessary, to use the Thomas-
Fermi equation for the self-consistent potential Φ:

ΑΦ eimTf

A P P E N D I C E S H e n c e

ΔΦ- V

In a d d i t i o n , i t i s e a s i l y s e e n t h a t i n t h e e n t i r e r a n g e of

variation of TJ the quantity ΙΊ/2Ι3/2/Ι1/2 i s of the order
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of unity. A direct verification shows that the relat ion
I2 ~ a o d 3 / \ 2 holds (with logarithmic accuracy) at all
values of η . In the nonrelativist ic case we have
d ~ ( f i c / T ) ^ ) - 1 7 3 , λ ~ (nc/T)I 2(r,)/l3(r)).

The relat ion λ ~ d is valid in the region bounded by
the curves

P ~ m3l2Ti!-,h', μ ~ Μ (mT):l- -/Λ>

(nonrelativistic case) and Ρ ~ T 4 /B 3 c 3 , ρ ~ M(T/fic) 3

(ultrarelat ivist ic case) . Curve 5 of Fig. 2 is constructed
from these formulas .

The relat ion λ ~ I yields Τΐ ! / 2 (η)/ΐ !/ 2 (η) ~ e 2 /a 0 .
In the degeneracy region Ρ ~ eVa4,, and in the Boltz-
mann region Ρ ~ T 3 e 4 a 0 (see Fig. 2, curve 6).

Curve 7 of Fig. 2 corresponds to the relat ion
λ ~ Va od or

In the degeneracy region Ρ ~ e2/aS, and in the Boltz-
mann region Ρ ~ T 4 / e 6 . The same express ions with
e 2 /a 0 replaced by Z 4 / 3 e 2 / a 0 correspond to curve 8 of
Fig. 2.

Let us make a few r e m a r k s concerning the last
curve . The statement made in the text that D is the
largest of al l character i s t ic lengths (with the excep-
tion of I) follows directly from the relat ions D > d
at Z » l , d > λ ; and d <JC a 0 . We can verify directly
that above curve 8 the energy of the e lectron-nuclear
interaction i s smal l compared with the kinetic energy,
namely, the condition I ;$> D i s a direct consequence
of the inequality Ze 2 /D <S p 2 / m . We can est imate ana-
logously also the collective e lectron-electron i n t e r a c -
tion.

In the Boltzmann region, curve 8 l ies inside curve
2. This means that the e lectron gas becomes ideal
under conditions when a noticeable fraction of the
electrons is sti l l in the bound s ta te . Here , of c o u r s e ,
there is no contradiction, since we a r e re ferr ing to the
ideality of the gas in the mean. The Coulomb energy
(per nucleus) of the bound e lect rons, which is of the
order of n Z e 2 x 2 ( x 0 ~ Ze 2 /T is the radius of the " h o t "
ion), i s a fraction on the order of (D/Z)6 of the kinetic
energy ZT of the e lec t rons . This fraction d e c r e a s e s
rapidly on moving away from curve 8 towards higher
p r e s s u r e or t e m p e r a t u r e .

The last r e m a r k concerns the est imate given above
for I. This quantity has the meaning of the inhomo-
geneity length in the distribution of the e lectrons
around each of the nuclei . Accordingly, when consider-
ing the equation for the potential Φ, we have left out
from i ts right-hand side the charge density of the
nuclei, which is assumed to be independent of Φ. Such
a consideration, in any c a s e , is valid so long a s
I ^ D. This justifies the equations obtained above,
which correspond to curves 6—8 of Fig. 2. The usual
Debye screening mechanism comes into play when D
becomes smal le r than the Debye radius for the plasma,
L ~ Z//Z (cf. Appendix 3 below). This corresponds to
p r e s s u r e s or t e m p e r a t u r e s high enough for the e lec-
tron gas to be regarded as ideal .

3. CHARACTERISTICS OF NUCLEAR SUBSYSTEM

In describing the nuclear system we can confine
ourse lves to the nonrelativist ic re la t ions . In the Boltz-

mann region relat ive to the nuclei we have ρ ~ (AMT) 1 / 2.
Therefore Λ becomes of the o r d e r of D when

(curve 1 of Fig. 3).
In the Boltzmann region the length L is of the order

of ( T / Z 2 e 2 N ) V 2 . The relat ion L ~ D gives an expres-
sion for curve 2 of Fig. 3

The point of intersect ion of curves 1 and 2 corresponds
to Τ ~ 105Z4A eV. This t empera ture is higher than
Me 2 even for carbon.

The equation for the melting point in the c lass ical
region (curve 3) corresponds to D/L ~ 10 or

p· ss WMT*'/*.

The limit of c lass ica l motion of the nuclei i s de ter-
mined by the relat ion Τ ~ fiu>D or

( s e e c u r v e 4 o f F i g . 3 ) . T h e p o i n t o f i n t e r s e c t i o n o f t h e

last two curves corresponds to Τ ~ 10~6e2/A0.
Figure 4 is Fig. 3 replotted in the coordinates Ρ

and Τ for the values Ζ = 6 and A = 12. Its plotting
cal ls for knowledge of the equation of state of the sub-
stance, which i s determined mainly by the electronic
component. This equation is given by the set of ex-
press ions for Ρ ( η ) and n(rj) (see Appendix 1). In the
Boltzmann region relat ive to the e lectrons we have
Ρ ~ nT, and in the degeneracy region Ρ ~ fi2n5//3/m
(nonrelativistic case) and Ρ ~ lien4 ' '3 (ultrarelativist ic
case) .

The connection between the Lindemann parameter
5 m and the melting tempera ture Tm of a quantum
crys ta l i s given by the formula

3 Λ
)

where the averaging is over the phonon spectrum.
Changing over to the Einstein model with one frequency,
we choose the lat ter from the condition 1/ω2 =( 1/ω2)
a 12/ω§ [ 8 β 1 . Then putting 6 m = const, we find

The maximum melting t e m p e r a t u r e is Τ* ~ 1 0 2 6 m eV,
the cold-melting density is ρ* ~ 1086rn g/cm 3 , and the
corresponding p r e s s u r e is Ρ ~ 1 0 1 6 z " A 2 0 / 3 6 m Mbar.
We emphasize once more the low reliability of these
values, in view of their strong dependence on 5 m .
Figure 5 shows a qualitative melting curve, the thick
section of which corresponds to a c lass ica l c rys ta l .

In connection with the mention made in the main text
of cold melting of liquid helium, let us point out a
specific feature of this c a s e . The interaction of helium
atoms is character ized by strong repulsion at short
dis tances, like l / n 2 with n > 2 (overlap of electron
shel ls) . The binding energy is therefore of the order
of l /D 1 1 ~ N n / 3 . The average oscillation frequency is
determined by the quantity | 8 2 U / 3 r 2 1 1 / 2 ~ l / D 1 + n / 2

~ N 1 / 3 + n / 6 . The rat io of fi< ω ) to the binding energy is
therefore of the order of N ( 2 ~ n > / 6 . At n < 2 we obtain
the case considered in the text, namely, melting oc-
c u r s when the p r e s s u r e i n c r e a s e s . At n < 2 we obtain
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the opposite situation, which indeed corresponds to the
diagram of s tate of helium.

The condition under which the Coulomb effects for
nuclei become appreciable with the energy of the
Gamow peak a r e determined by the relat ion D ~ L e f f ,
where L e f f = ( T T / Z V N ) 1 / 2 i s the effective Debye
r a d i u s . This gives the relat ion (see curve 2 of Fig. 6)

which has occurred already e a r l i e r for curve 4 of Fig.
3. The l imit of the c las s ica l motion of the lattice
nuclei under the same conditions is given by the r e l a -
tion τ Τ ~ RGI>D or

( s e e c u r v e 3 o f F i g . 6 ) .

4 . P O S I T R O N A N D N E U T R O N F O R M S O F M A T T E R

T h e p r o d u c t i o n o f e l e c t r o n - p o s i t r o n p a i r s i n h o t

matter is described by the re lat ions μ+ + μ, = 0 and
n_ - n* = n 0 , where n 0 i s the initial e lectron concen-
trat ion, and the indices (+) and (-) pertain to positrons
and e lec t rons , respectively, hence

Β * — f d » p B + | 1 , P + ~ j t P p e l p ) n + p ,

,,±p= |~exp Ρ (

t. 3 3
For Τ > m e 2 we have n+ ~ (T/fic) 3 and P + ~ T 4 / £ c ,
and for Τ < m e 2

P+~T~
(mT)3'2 -3mc2

»• ρ — '

( s e e c u r v e 2 o f F i g . 7 ) .

N e u t r o n i z a t i o n o f c o l d m a t t e r b e g i n s w h e n t h e e l e c -

t r o n c o n c e n t r a t i o n r e a c h e s t h e v a l u e g i v e n b y

c ((3.i2i3n) -4-m3c2) ' " —ΔΛ/c2.

T h e e x p r e s s i o n f o r t h e t h r e s h o l d d e n s i t y i s t h e r e f o r e

When ΔΜ ^> m the threshold p r e s s u r e is given by the
formula Ρ ~ ficn4/3 ~ c 5(AM) 4/K 3. When ΔΜ ~ m it i s
necessary to use the equation of state of a relat ivist ic
degenerate electron gas ( see f 2 1 ) .
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