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On the Phases of Compressed Matter
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It is shown that matter during the process of compression under the conditions of complete thermodynamic
equilibrium at low temperatures should sequentially pass through 14 monoisotopic phase states. The nuclear
subsystem is a Wigner crystal in almost all phases and is a quantum liquid at the maximum pressure.
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Matter observed under normal (terrestrial) condi-
tions is usually in a metastable state with respect to
nuclear reactions. Matter subjected to strong compres-
sion, when internuclear distances become noticeably
smaller than the atomic size, but are larger than the
nuclear radius electrons, becomes uncoupled with
nuclei and forms an almost ideal Fermi gas [1]. The
thermal motion of the nuclei leads to their collisions and
the equilibrium nuclear composition can be established
in the presence of an electron reservoir. This equilibrium
is usually considered at high temperatures [2]. The prob-
lem of the equilibrium nuclear composition of com-
pressed matter at low temperatures is of fundamental
interest [3]. Low temperatures in this problem are tem-
peratures below mc?, where m is the electron mass. The
relativistic electron gas at these temperatures is strongly
degenerate. The value ~mc? also corresponds to the
characteristic scale of the difference between the ener-
gies per nucleon for various nuclei and isotopes.

Equilibrium at zero temperature corresponds to the
minimum of the energy E of matter in the volume V at
a given nucleon chemical potential L. Let us first disre-
gard the Coulomb energy. In this case, the potential that
should be minimized, Q = E — uN, is given by the
expression

Q = Y Myc*Nyy+ E(NJV)V-uN, 1)
ZA

where N,, and M, are the number and mass of the ZA
nuclei, E, is the energy of the electron gas, N, =

ZZ 4 ZNz, is the number of electrons, and N =

ZZ ANz, is the number of nucleons. The neutrino
contribution should be neglected (see [1]).

Let us vary potential (1) with respect to the number
of isotopes

8Q = Y (Myc” + Zu, - AL)SN 4,

ZA

where |, is the electron chemical potential. A state is
equilibrium if the condition it = (M ¢ + ZJ,)/A is sat-
isfied for all nuclei existing in a given phase. For the
stability of the state, the inequality M,,c* + Z'u, — UA' >
0 should be valid for all other nuclei. In this case, the
addition of these nuclei, 0N, > 0, leads to an increase
in Q. It is clear that, when L, varies in a certain interval,
only one type of isotope with the minimum value of n
corresponds to equilibrium.

The equilibrium nuclear composition at high tem-
peratures includes a number of isotopes and their con-
centration determined by the chemical equilibrium con-
ditions is a continuous function of temperature and
pressure [2]. At a zero temperature, monoisotopic
phases should be realized and a change in the composi-
tion ZA — Z'A’' occurs at the critical pressures corre-

sponding to the electron chemical potentials {1, = L, :

c _ A'MZA_AMZ'A' 2
l"l‘e - Z'A—ZA'

These transitions are accompanied by jumps in the
nuclear component of the mass density

ZA' - 7'A
Az P

and the electronic density remains unchanged.

An analysis of the parameters of 3180 known iso-
topes [4]1 shows that only 14 nuclei (see the table) can
appear on the phase diagram of matter at a zero temper-
ature. The possibility of existing short-lived isotopes
that have not yet been discovered and could compete
with isotopes presented in the table is not excluded.
However, the current status of the theory cannot pro-
vide a certain reliable conclusion on this problem
(18K, 1208r9),

2

Ap =

! Isotope masses were presented in [4] and the masses of the Z
electrons should be subtracted from these quantities for the prob-
lem under consideration.
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Table of isotopic phases

Isotope u A [Ths a

H 74 “Mn:9.2 | 16 20
""He 72 "H:0.9 32 24
40 51-
Mg 61 Cl:2.3 45 55
1S 55 |9CLo4 | 467 67
AT 54 |*5:0.6 47 71
TN 26 PCuls | 474 170
Zn 21 8Zn:1.4 220
T Ge 15 80Ge:0.2 300
Sise 11 80Kr:0.7 420
S°Ni 8.1 |%Fe:1.2 550
SeNi 52 [2Ni0.3 850
SoFe 3.9 | *Ni:0.9 1100
SeNi 19 | %Fe:0.4 2300
2oFe 0 Ni:1.5

Note: “Z corresponds to the transition with an increase in the
pressure, A is the minimum energy of a nuclear impurity,
W¥ corresponds to the appearance of neutrons in the phase,

a is the distance between the nearest nuclei in the bcce lattice
at the minimum pressure. The energies and lengths are

given in units of mc? and 10713 cm, respectively.

The neutron Fermi gas appears in the system at [L >
Mc?, where M is the neutron mass. This occurs in the

8Ni phase at |1, > W* = 47.4mc?. A further increase in
pressure leads to the filling of the neutron Fermi sphere.

The Coulomb corrections give rise primarily to the
ordering of the nuclear subsystem of almost all phases
in the form of a crystal lattice. When the spatial modu-
lation of the electron density is disregarded, the situa-
tion is completely equivalent to the problem of the
Wigner crystal. According to the known results [5], the
nuclei are most probably located at the sites of a bece lat-
tice. The Coulomb energy of the structure consisting of
the ZA nuclei differs from the energy of the lattice with
localized electrons by the change ¢ — Ze:
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where Ap = 1.79186 is the constant calculated by Fuchs
[6]. The Coulomb contribution given by Eq. (3) pro-
vides small corrections to the nucleon chemical poten-
tial and pressure. It is easy to verify that the inclusion
of these corrections leads to small, ~1073, relative
jumps in the electron density in the transitions under
consideration and to small, ~10-1072, shifts of the
critical pressure points.

The effects of the quantum delocalization of the
nuclei become important in the maximum-pressure
phases. Indeed, a comparison of the kinetic energy,
~h2/AM(dx)?, of the motion of the nuclei near the site of
the lattice with the characteristic change in the energy

of the Coulomb interaction between nuclei,
~72e%(dx)%a’, gives
B = (B0 A1 |may @
a’ ZeJAMa Z.JAN Ma

where a, ~ 1078 cm is the atomic size. The estimate of
the parameter B shows that the "H phase is likely a
Fermi liquid already after the transition from the °He
phase (B ~ 1). Quantum melting (§ ~ 0.3) is possible in
the '"He phase. In other phases,  ~ 10°-1072,

Thermally activated impurities of other nuclei
appear in equilibrium matter at low temperatures. The
table presents the impurities with the minimum energy
in each phase near the transition point with an increase
in the pressure. With a further increase in temperature,
as well as for the case of normal phase transitions, the
lines of the isotopic transitions should end at critical
points.

The phases discussed above must be realized at the
final stage of the cooling of stars. At this stage, nuclear
reactions inside the phases cease and the kinetics of the
isotopic phase transitions is the single source of the
energy release until the phase interfaces stop in the
equilibrium positions.

I am grateful to A.Ya. Parshin for stimulating dis-
cussions.
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