PHYSICAL REVIEW C VOLUME 55, NUMBER 2 FEBRUARY 1997

Superfluidity in asymmetric nuclear matter
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The onset of superfluidity in isospin-asymmetric nuclear matter is investigated within the BCS theory. A
neutron-proton superfluid state in the chanig}-3D; comes about from the interplay between thermal
excitations and separatiofu of the two Fermi surfaces. The superfluid state disappears above the threshold
value of the density-asymmetry parameter (n,—n,)/n=0.35. For large enough shift between the two
Fermi surfacedu = %(,un—,up) the transition to the normal state becomes a first-order transition and a second
gap solution develops. This solution, however, corresponds to a metastable superfluid state which is unstable
with respect to the transition to the normal std®0556-28187)50402-X

PACS numbefs): 21.65:+f, 25.70—~z, 25.75-q, 74.20.Fg

Microscopic calculations, based on the BCS theory for thepairing is assumed to be decoupled from the isospin-triplet
bulk nuclear matter, show that the isospin-asymmetric matteone, because th&D coupled channels contain the dominant
supports Cooper-type pair correlations in th&;-°D; part of the attractive pairing force. Within this approxima-
partial-wave channel due to the tensor component of théion, an extension of the BCS theory to asymmetric nuclear
nuclear force. The energy gap for this pairing has been founchatter in the Gorkov approach is straightforward. Assuming
to be of the order of 11 MeV for the infinite nuclear matter atthe superfluid state to be a unitary triplet st&tee alsd3])
the saturation density within simple approaches which do nothe spin dependence is explicity worked out. Then the
include medium-polarization effecfd—3]. Because of rela- proton/neutron propagator can be cast in the fofins ()
tively large values of the gap, pairing in tH&,-3D; chan-
nel could have important implications for nuclear physics (pin),
and nuclear astrophysics. Models of neutron stars, which per- G,/ (K,om)=—46
mit pion or kaon condensation such as the nucleon star
model recently proposed by Brown and Befd¢ could give ) )
a major role to the neutron-proton superfluidity in the inter-While the neutron-proton anomalous propagator acquires the
pretation of neutron star rotation dynamics and its thermafo™m
evolution. Furthermore, experimental evidence on neutron- .
proton pairing could be obtained from the disassembling . A;U,(k)
phase of the compound system formed in heavy-ion colli- Foo(Kom)=—— EN(iw—E) @
sions[5]. In this case, one has a unique chance to study the (tom+ B (fom=Eg)

crossover from the BSC neutron-proton pairing to a Bose ) )
condensate of deuterofs, 6]. wherew,, are the Matsubara frequencies, the upper sign cor-

The existence of the pair correlations crucially depend$€SPonds to protons and the lower one to neutrons. Here the
upon the overlap between the neutron and proton Fermi syfuasiparticle energy spectrum is separated in two branches
faces. If the system is driven out of the isospin-symmetric . —
state, one expects a suppression of the p_airing correlations. Ep = VEHAL* degg, 3
At zero temperature, a small asymmetry is enough to pre-
vent, at least in the BCS model, the formation of Coopefyhere

pairs of neutrons and protons with momektand —k. The
superfluidity may be restored either by thermal excitations 1 . (m ® ()
which smear out the two Fermi surfaces or by collective G=5e +e ), =50 —eg),
motion of the pairs which results in a shift of the two Fermi
spheres with respect to each other. For most applications, the

Qn,p) . . .
guestion arises of how large an isospin asymmetry could gnd ex are the single particle ene.rg|es of neutrons and
superfluid neutron-proton state sustain. protons. In the case of the free Fermi d&s be considered

In the present Rapid Communication we study the pairingoelow) &\ =k?/2m— (™), 4("P) being the chemical po-

in an infinite asymmetric nuclear matter. The isospin-singletentials for neutrons and protons, respectively.
From Egs.(1)—(3) we obtain the BCS gap equation for
asymmetric nuclear matter using the angle-averaging proce-
*Present address: Center for Radiophysics and Space Researclyre, which has been proved to be a quite good approxima-
Cornell University, Ithaca, NY 14853. tion [3]. We find
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Kl 2\/§E,+D(k’)2 12.0
x[1-f(E])—f(E)], (4)
where D(K)2=Aq(k)?+A,(k)? is the angle-averaged _ 4|
neutron-proton gap functiorf,(E)=[1+exp(BE)] ! is the §
Fermi distribution function,3 being inverse temperature. < 4|

The driving termV;, is the bare interaction in th®D chan-
nel. The partial densities of neutrons and protons are ob-  ,,|
tained from Eq(1) after summation over frequencies,

20

1 & .
(p/n) — E [ _< 1+ —= =
n + f(E;)
- 2 [e2, A2 k 0.0 ' ‘ ‘ ‘ ‘
k,o S+ A= 0.0 1.0 2.0 3.0 40 5.0 6.0 7.0 8.0
&t A T MeV]
&k =
+ 2 1- \/ﬁ [1- f(E|Z ) () FIG. 1. Pairing gap in théS;-3D, pairing channel as a function
&ty of temperature at a fixed density=0.132 fm™ 3.

The coupled system of Eq&}) and (5) is a generalization of ~ critical temperature at a fixed density is consistent with the
the BCS equations for isospin-asymmetric nuclear matteri€sults[6,9] obtained by using the Thouless criteript0].

These should be solved self-consistently. In the present work/€ note that the lower critical temperature is, in fact, asso-
we give the results obtained with a single particle spectruntiated with the existence of a metastable state, which is sig-
of a free Fermi gas. This will allow us to demonstrate theN@/€d by a reduction of the gap with decreasing temperature.
new qualitative behavior of the system and separate the ef.n€ System would undergo a phase transition to a normal

fects resulting from the modifications of single particle spec-Stte at a higher temperature, corresponding to the onset of

tra. Inclusion of the full single particle spectrum is straight- an instability at the point where the gap starts to decrease

. . . ; ee the discussion belpw
forward. In the symmetrical case its effect is a suppression o(fs Let us turn to the case when the total chemical potential

:ZE opnalggg s(i:t(;/ r[r?)e]lla'%%r; rgﬂ%h;¥if; ? ggﬁftosr SIV%I? %tefg\?v s:rtg of the .syste.m is fixed and the dgviation from the symmetric
obtained using the separable version of the Paris potentigla?e s given by the chem.|cal potc_anuall exce@a
(PEST 4 of Ref. [7]. Using the bare interaction in the gap = 2(#n—#p). The results are displayed in Fig. 2. First of
equation might appear to be a very strong simplification beall, it should be noticed that the partial densities of the sys-
cause, as well known, the medium polarization strongly retem are changing along th&u =const curve; therefore, the
duces the magnitude of the gégee Ref[8] for the influence  two different solutions found for the same temperature cor-
of this effect on the pairing in th&S, staté. However, at the respond to different densities. In the range §u<7 MeV
same time, the medium polarization tends to enhance th&e trend of the function\(T) vs T resembles that of the
effective mass, which could lead to a cancellation of theSymmetrical case. Far<1, the gap is constant and equal to
previous effect. its symmetric matter valud g, regardless of the value of
There are two alternative ways of describing the isospindu. In a restricted range @ {2< Su<A m two solutions
asymmetric superfluid state. Either one can fix the total den-
sity and consider a deviation from the symmetric case in
terms of the partial densities of neutrons and protons, or one
may fix the total chemical potential of the system and con-
sider deviations in the chemical potentials of neutrons and
protons. The two corresponding macroscopic states could
show different properties as, for instance, in the casg@ of
equilibrium among protons, neutrons, and electrons. Let usg
start with the first case. Figure 1 shows the values of the £
pairing gap in the®S;-3D; state as a function of the tem-
perature for a fixed total density=0.132 fm 3. The asym-
metry parameter is defined as= (n,—n;)/n. The superfluid
state exists in the range of asymmetry parameter
0=<«=<0.35. It can be seen that the gap is successively sup-
pressed and the critical temperature is lowered with increas-
ing asymmetry. The gap as a function of temperature shows °%s 10 20 30 40 50 60 70 80
a maximum which bends down to lower temperatures with T MeV]
increasing asymmetry. Above the value @f- 0.3 the zero-
temperature gap vanishes, which results in an appearance of FIG. 2. The same as in Fig. 1 for fixed total chemical potential
a lower critical temperature. This two-valued behavior of they =32 MeV.
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10 [ T T T T asymmetry G<dus<Ag,. The lower solution A,
Critical Temperature =\/Asym(25,u—Asym)]. only exists in the rangeAgy,{2
L = 32 MeV §5,usA_Sym._ The main features_of this simple approxima-
tion survive in the exact calculation as can be seen in Fig. 2
and Fig. 3, though the BCS relatighi=const T, is largely
violated in our case. The change in the thermodynamic po-
tentials in these two cases are

3
2l

QM -Q,=— 3 N(0)AT, (6)

02— 0,=—N(0)[ A2+ su(Vou?—A2-5uw)]. (7)
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0 ——— L — l S é — EL E— For each relevanbu, Q) is always larger tharf), and

Su [MeV] Q) therefore the lower solution is unstable. The same holds
true at finite temperature according to the fact that the lead-
- ) _ ing temperature-dependent correction to the thermodynamic
FIG. 3. Critical temperature obtained from the gap equation by,stential arises solely from the normal state contribution and
taking the limit of vanishing gap. tends to reducé),, as the temperature increagdd].
In summary, we studied the onset of superfluidity in
ymmetric nuclear matter in the framework of the BCS ap-
proach. The separation of the Fermi surfaces of neutrons and
) . . o X protons prevents the formation of Cooper pairs at zero tem-
fluid state disappears. In this rangedi finite gap persists  yora1re. However, thermal excitations permit a superfluid

in the T— 0 limit, which is in contrast to the case with fixed giate 1o set in on asymmetric matter at finite temperature. The

total density. It vanishes only when the temperature is iNynserpjay between thermal excitations and chemical potential

creased abov&., where the system undergoes a first-ordergpit qetermines the temperature and asymmetry thresholds

phase transition to the normal state. With increasing asymy,, \anishing of superfluidity. For large separations of the
metry the temperature range where the superfluid phase ex;o Fermi surfaces, the transition to the normal state be-
ists decreases and then tends to zero in the limikymes 5 first-order phase transition. A secéiogver) solu-

Su—Agym- tion of the gap equation has been found for fixed Fermi-

In Fig. 3, the critical temperature is plotted as a functionenergy level separation larger than, /2. However
. .. . . . S . l
of 6u showing that the BCS prediction is consistent with the . responding superfluid state is metasytable, i.e., it is un-

one based on the Thouless criterif10,9. It shows the  giapie with respect to a transition to the normal state. The
behavior of the BCS solution in the limX(T) -0, however  gapijity of this state may be retrieved in the case when the
by definition does not provide any information on the StateCooper pairs are moving with a non-vanishing total momen-
with a finite gap. tum [12].

The instability of the lower solution of the gap equation A getailed study of the thermodynamics of the asymmet-

can be proved by calculating the change in thermodynamic gyperfiuid state and of its stability is in progress.
potential AQ=Q,—Q,, when the system goes from the

normal to the superfluid state. In this note a simple estimate Stimulating discussions with Professor P. Noe& Pro-
is given using the weak coupling approximation. At fessor G. Rpke, Professor P. Schuck and Dr. G. Angilella
T=0 the higher solution isA;=A,, in the range of and Dr. F. Siringo are gratefully acknowledged.
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of the gap equation are simultaneously present at the samg
temperature. They approach each other with increasjng
and coincide at the threshold 6ju~ A, where the super-
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