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Fermi-liquid theory of superfluid asymmetric nuclear matter
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Influence of asymmetry on superfluidity of nuclear matter with triplet-singlet pairing of nucl@orspin
and isospin spacgss considered within the framework of a Fermi-liquid theory. Solutions of self-consistent
equations for the critical temperature and the energy gap=di are obtained with the use of Skyrme effective
nucleon interaction. It is shown that if the chemical potentials of protons and neutrons are determined in the
approximation of ideal Fermi-gas, then the energy gap for some values of density and asymmetry parameter of
nuclear matter demonstrates double-valued behavior. However, accounting for the feedback of pairing corre-
lations through the normal distribution functions of nucleons, two-valued behavior of the energy gap turns into
universal one-valued behavior. At=0 superfluidity arises and disappears as a result of a first order phase
transition in density.
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It is well established, that neutron-proton) pairing  body calculation of the effective pairing potential is a com-
plays an essential role in the description of superfluidity ofplex one and still is not solved. For this reason, it is quite a
finite nuclei with N=Z (see Refs.[1,2] and references natural step to develop some kind of a phenomenological
therein and symmetric nuclear mattg8—5|. In astrophysi- theory, where instead of microscopical calculation of the
cal contextnp pairing correlations can be important for the pairing interaction one exploits the phenomenological effec-
description ofr-process6,7] and cooling of neutron stars, tive interaction. We shall investigate the influence of asym-
which permit pion or kaon condensatif®,9]. In this Rapid metry on superfluid properties of nuclear matter, using Lan-
Communication we shall investigate the influence of asymdau’s semiphenomenological theory of a Fermi-liq(fd.).
metry onnp superfluidity of nuclear matter. Previously this In the Fermi-liquid model the normal and anomalous FL
problem was treated with the use of various approaches arititeraction amplitudes are taken into account on an equal
potentials of NN interaction. In particular, the cases of footing. This will allow us to consider consistently the influ-
33,-°D, and ®D,, pairing were considered in Ref&,10/on  ence of the FL amplitudes on superfluid properties of nuclear
the basis of the Thouless criterion for the thermodynaiic Mmatter. Besides, as a potential N interaction we choose
matrix. As a potential oNN interaction, the Graz Il and the Skyrme effective forces, describing the interaction of two
Paris potentials were chosen, respectively. Superfluidity imucleons in the presence of nucleon medium. The Skyrme
35,-°D; pairing channel was studied also in R¢l1] forces are widely used in the description of nuclear system
within BCS theory of superconductivity with the use of the properties and, in particular, they were exploited for the de-
Paris potential in the separable form. Investigations, basegcription of superfluid properties of finite nuclei5,16 as
on the Thouless criterion, deduce the suppressiorpgsair- ~ Well as infinite symmetric nuclear mattgt7-20.
ing correlations with increase of isospin asymmetry. How- The basic formalism is laid out in more detail in REf9],
ever, the Thouless criterion can be exploited for finding thevhere superfluidity of symmetric nuclear matter was studied.
critical temperature only, but does not permit one to drawAs shown there, superfluidity with triplet-singl€TS) pair-
any conclusions about superfluidity with a finite gap. Theing of nucleondtotal spinSand isospirr of a pair are equal
studies in Ref[11], based on the BCS theory, were carriedS=1, T=0) is realized near the saturation density in sym-
out with the use of the bare interaction and the single particlénetric nuclear matter with the Skyrme interaction. There-
spectrum of a free Fermi-gas and give, thus, overestimatef@re, we shall study further the influence of asymmetry on
values of the energy gap. The effect of ladder-renormalizeguperfluid properties of TS phase of nuclear matter. For the
single particle spectruifi2] on the magnitude of the energy states with the projections of total spin and isosBjs=T,
gap in 3S,—°D, pairing channel was investigated in Ref. =0 the normal distribution functiofi and the anomalous
[13]. The ArgonneV,, potential was explored as input for distribution functiong have the form
determination of the single particle energy and the bare in-
teraction in the form of the Paris potential was used to evalu- | (P)=fodP)oo7o+ TosP) o073,  9(P)=0adP) 030272,
ate the energy gap. The use of the bare interaction in the gap (1)
equation seems to be a very strong simplification, becausghere o;,7, are the Pauli matrices in spin and isospin
medium polarization strongly reduces the magnitude of th&paces. The operator of quasiparticle energyd the matrix
gap(see Ref[14] for the influence of the polarization effects grger parameted of the system for the energy functional,

on the pairing force in the'S, channel. In principle, the  peing invariant with respect to rotations in spin and isospin
effective pairing interaction should be obtained by means ofpaces, have the analogous structure

Brueckner renormalization, which gives the correct interac-
tion after modifying the bare interaction for the effect of &(p)=egy(P)ooTot+eos(P)ooTs, A(P)=As(P)T30575.
nuclear medium. However, the issue of a microscopic many- (2)
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Using the minimum principle of the thermodynamic poten-

tial and procedure of block diagonalizati¢@1], one can
express evidently the distribution functiorigy, fq3, and
O30 in terms of the quantities and A:

1 &y + o3 E—&p3

fap el g a2 @
1 E+ o3 E—$o3

fo3= 2 tanh >T tanh >T | (4)
Ay E+&os E—&os

030= — 4E< |'—+t |'—2-|- . 5)

Here
T A2 0 0
E=V&0T A% &o0=&00— Moor $03= 03— Mo3s

0 0 0 0
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Tis temperature/,Lg and ,uﬂ are chemical potentials of pro-
tons and neutrons. To obtain the closed system of equatio

for the quasiparticle energy and the energy gap, it is
necessary to express the quantiied through the distribu-

tion functionsf and g. For this purpose one has to set the
energy functionak(f,g) of the system. In the case of asym-
metric nuclear matter with TS pairing of nucleons the energy

functional is characterized by two normél,,U, and one
anomalousV,; FL amplitude[19]. Differentiating the func-
tional £(f,g) with respect tog [21] and using Eq(5), one
can obtain the gap equation in the form

Asy()

E(q)+
X tanhmn%anh

Agg(p)=—

E(a)—£03(Q)

2T
(6)

The anomalous interaction amplitudé; in the Skyrme
model read$19]
1 B
Vi(p,q) =to(1+Xp) + gtsg (1+X3)

-+-—E—t (1+x1)(p*+9?) )
o2t 1 )

wherep is density of nuclear mattet; ,x; , 8 are some phe-

RAPID COMMUNICATIONS

PHYSICAL REVIEW C63 021304R)

1
v

3 $0o(P) ( P‘E(p) + €o3(P)

E(p) 2T
+tant E(p);fos(p)”:e, ®)
E(p) + &os(P) E(p)— £oa(P)

1
l_izp [tanh

- anh—]=ag,

2T 2T

€)
being the normalization conditions for the normal distribu-
tion functions fyy,fp3. In Eqg. (9) the quantity a=(o,
—@p)/e is the asymmetry parameter of nuclear matter,
05,0, are the partial number densities of protons and neu-
trons. Note that the account of the normal FL amplitudes in
the case of the effective Skyrme interaction, being quadratic
in momenta, is reduced to the renormalization of free
nucleon masses and chemical potentials. Expressions for the
quantitieséqg, &3, Which enter in Egs(6),(8),(9), with re-

gard for the explicit form of the amplitudés,,U, [19] read
L
0" 5m Moo, 03" 5 M03;

ihere the effective nucleon masg, and effective isovector

massmy; are defined by the formulas

%2 %2

%
— 4+ 3+ ty(5+4%,)],
2oy 2md, 16[ 1+ ta( 2)]
hZ
2Mos E[t1(1+2x1)—t2(1+2x2)], (10

my, being the bare mass of a nucleon. The renormalized
chemical potentialgtg, o3 Should be determined from Egs.
(8), (99 and in the leading approximation on the ratios
T/eg,Aleg have the form

ﬁzkﬁpn
2mpyn
(1D

1
Mo¢=§(ﬂp+ﬁw0, ﬁm3=§(ﬂp—ﬁm): Hpn= :

where ka’nz(Sﬂ'zgp’n)l’?’, m, and m, are the proton and
neutron effective masses, defined as

2 1 1 2 1 1

Mo3

Moo

mp M m, my

The critical temperature of transition to TS superfluid
phase is found from Ed6), determining the energy gap, in
the linear onA approximation. Considering, that the interac-

tion amplitudeV, is not equal to zero only in a narrow layer

nomenological parameters, which differ for various versionsear the Fermi surfackfqg< 6 (we shall se=0.1u40) and

of the Skyrme forceglater we shall use the SkP potential entering

[15]). Equation(6) should be solved jointly with equations

new variables x= 500//1«00, 00: 0//VL00, T
=T/ pgo, We present this equation in the form

"
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FIG. 1. Critical temperature as a function of density.
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The results of numerical integration of H42) are shown
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FIG. 2. Energy gap as a function of density in uncoupled calcu-

lations.

Passing in Eq(13) to integration on a layer, we arrive at the

equation for determining

= A3/ poo:

1_gJ'90 dx
4 *f’o\/XzTyz

12

the dimensionless gap

s - |

Mos
(14

(for >0 it holds truemyz>0, ©13<0). The contribution to

the integral gives the domain oq for which the function,
standing as an argument of the function sgn, is positive. In
particular, such values of the gap, density, and asymmetry
parameter of nuclear matter are possible, that this function
has no roots with respect o In this case the whole domain
from — 6, to 6, gives the contribution to the integral in Eq.

(14) and we arrive at the equation of the BCS typeTat0

in Fig. 1. For small values of asymmetaythere exist such With the solutiony = 6,/(sinh(14)).

regions of large and low densities of nuclear matter, for
which we have two critical temperatures. Whernncreases,

Let us first find the solutions of E@14) in the case when
the chemical potentialg.qg, g3 are given in the main ap-

these regions begin to approach and at some value Proximation onA/er. The results of numerical integration
— a, (@,~0.071) it takes place contiguous to the regions, sPf Eq. (14) are presented in Fig. 2. In the case of symmetric

that we have always only two critical temperatufés the

nuclear matter 4=0) we obtain the phase curve with one-

regions, where solutions exisFor a> «a, the phase curves valued behavior of the gap. For small values of asymmetry
are separated from the density axis and turn into the closei€reé exist such regions of large and low densities of nuclear
oval curves. Under further increase®the dimension of the Matter (excluding some vicinity of the poinp=0), for

oval curves is reduced and at some «,, the oval curves
contract to a point ¢,,~0.092). For the valueg> «, the

which we have two values of the energy gap, where one of
these values is the solution of the BCS type and practically

triplet-singlet superfluidity fails. Note, that our results con- €oincides with the corresponding value of the gap for the
cerning two-valued behavior of the critical temperaturec@S€a=0. Fora less than some., the energy gap dem-

qualitatively agree with the results of R¢.0], where °D,
pairing of nucleons with the Par§N potential was consid-

ered.
ergy gap aff=0 has the form

Asy(q)
E(q)

+sgnE(q) — &3(a))}-

1
Asdp)= =75 % Va(p, @)= ——{SINE(q) + £p3(q))

onstrates  double-valued

behavior in the intervals

(Omin:@min) and (©@/hax:Cmax, While in the interval

(©1in@may it has one-valued behavigsee Table | for the
As follows from Eq.(6), an equation determining the en- values of various boundary poingg. Whena increases, the

regions with double-valued

behavior of the gap begin to ap-

proach and atr=a. [the samea, as for the phase curves

(13
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T.(0)] it takes place contiguity of the regions with two so-
lutions. For a>a. two branches of the phase curves are
separated from the density axis and combine to one curve,
beginning and ending in some points of the phase curve with
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TABLE I. The values of the boundary pointm fm~32), deter-
mining the intervals of double- and one-valued behavior of the en- 20} SkP ~— = =0.0001
ergy gap in uncoupled calculations. | —a=0.01
: .......... 0=0.02
o @min @ min O max @max : """" a=0.026
-~ |
0.06 0.0004 0.0045 0.070 0.121 % I
0.07 0.0008 0.016 0.035 0.116 =3 :
0.072 0.0017 - - 0.113 < : :
0.09 0.0018 - - 0.102 i !
0.14 0.0053 - - 0.068 i :
E i
15 !
a=0. In this case the energy gap differs from zero only in | : : !
the interval © min,©@max, Where it has double-valued behav- 0.8 0(;-' : 063 - oé)le 5 ;)9 52 o015 o1s
ior. When « increases further, the boundary points of the ' ) ) o ) ) '
phase curves move towards and at semeq,, [not equal to P [fm”]

ar for the pha;e Curvei'c(g)]’ the brar]ches of solgt|ons FIG. 3. Energy gap as a function of density in a self-consistent
contract to a point. The value,, determines the maximum ¢ ame.
value of the asymmetry parameter, when TS superfluidity
exists atT=0 (a,,~0.179). order phase transition in density from the normal to super-
Let us now find the solutions of E¢L4) while accounting  fluid state.
for the influence of the finite size of the gap on the chemical The temperature dependence of the energy gap was stud-
potentialswog, oz. The results of integration of E§14) in  jed in Refs[11,13 with the use of the bare interaction in the
this case are presented in Fig. 3. Here the solutions of Eqgap equation in the form of the Paris and Argonng po-
(14), (8), and(9), obtained for differentr, correspond to the tentials, respectively. Our results agree qualitatively with
different parts of the dome-shaped curve, contained by theéheirs atT=0. However, in our calculations with the effec-
dashed lines of the same type for a givenOne can see that tive density-dependenN interaction we obtain the gap
taking into account the feedback of the finite size of the gams a function of densitynot at fixed densityand this allows
through the normal distribution functiorig, fo3in EGs.(3),  us to find new important features in behavior of the energy
(4) leads to the qualitative change: instead of two-valuedyap.
behavior of the gap we have universal one-valued behavior. In summary, we studied TS superfluidity of asymmetric
The first solution of the BCS type, obtained in uncouplednuclear matter in the FL model with density-dependent
calculation, remains practically unchanged in self-consistenskyrme effective interactiofSkP force. In the FL approach
treatment of the gap equati@h4) and with sufficiently high  the normal and anomalous FL amplitudes are taken into ac-
accuracy equals to its value at=0 in the self-consistent count on an equal footing and this allows us to consider
determination. The second solution in uncoupled scheme, teonsistently within the framework of a phenomenological
which corresponds the smaller gap width, under simultatheory the influence of medium effects on superfluid proper-
neous iterations of Eq$8), (9), (14) tends to the first solu- ties of nuclear matter. It is shown that for some values of
tion of the BCS type. Taking into account the finiteness ofdensity and asymmetry parameter of nuclear matter the criti-
the gap results in the reduction of the threshold asymmetryal temperature of a second order phase transition demon-
at which superfluidity disappears, to the valag~0.029. strates double-valued behavior, that agrees with the results of
Thus, in spite of the smallness of the ratlder (A/eg  previous studies. In the case when the chemical potentials
<0.12 for all densitie®), the backward influence of pairing g, xo3 (half of a sum and half of a difference of the proton
correlations is significant. This is explained by the fact that ifand neutron chemical potentials, respectiyefye deter-
the quantityA in Egs. (8), (9) differs from zero, then the mined in the approximation of ideal Fermi-gas, the energy
absolute value of the chemical potential; increases a few gap demonstrates for some values of density and asymmetry
times as against its value At=0. The increase ofugg is  parameter the double-valued behavior. If we consider the
equivalent to the increase of the effective shift between neufeedback of pairing correlations through the dependence of
tron and proton Fermi surfaces, that leads to significant rethe normal distribution functions of nucleons from the en-
duction of the threshold asymmetry. As @t 0 the gap is ergy gap, then the energy gap drastically changes its behav-
finite everywhere, superfluidity arises and disappears undéer from two-valued to universal one-valued character. In
changing density by means of a first order phase transitiorspite of relative smallness of the ratib/eg, taking into
In principle, this phase transition can be observed in laboraaccount the finite size of the gap in chemical potentials leads
tory conditions under the study of intermediate-energy heavyo the significant increase of absolute value wof; and,
ion reactions. If we assume that the final stage of the reactiohence, to considerable reduction of the threshold asymmetry,
can be described as an expansion of a compound nucle@t which superfluidity af =0 disappears. In self-consistent
system[4], formed in a heavy ion collision, then under low- determination the energy gap &&0 as a function of den-
ering density this disassembling phase can undergo a firsity has a finite width and normal-to-superfluid and
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