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Superfluid states of symmetric nuclear matter with finite total momentum of Coopel| pagigar Larkin-
Ovchinnikov-Fulde-Ferre{lLOFF) phasé are studied with the use of Fermi—liquid theory in the model with
Skyrme effective forces. It is considered the case of four-fold splitting of the excitation spectrum due to finite
superfluid momentum and coupling =0 and T=1 pairing channels. It has been shown that at zero
temperature the energy gap in triplet-singl€8) pairing channelin spin and isospin spacefor the SkM*
force demonstrates double-valued behavior as a function of superfluid momentum. As a consequence, the phase
transition at the critical superfluid momentum from the LOFF phase to the normal state will be of a first order.
Behavior of the energy gap as a function of density for TS pairing channel under increase of superfluid
momentum changes from one-valued to universal two-valued. It is shown that two-gap solutions, describing
superposition of states with singlet-tripl&T) and TS pairing of nucleons appear as a result of branching from
one-gap ST solution. Comparison of the free energies shows that the state with TS pairing of nucleons is
thermodynamically most preferable.
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In this report we shall study superfluid states of nuclearaction amplitudes are taken into account on an equal footing
matter with nonzero total momentum of Cooper pairs. Firs{9]. This will allow us to consider consistently influence of
the states with moving condensate were considered in Refthe FL amplitudes on superfluid properties of the nuclear
[1,2] with respect to metallic superconductors. In this casd-OFF phase. Besides, as a potentialN interaction we
the superconducting condensate has a spatially periodighoose the density dependent Skyrme effective forces, used
structure. Corresponding phase is called the Larkin€arlier in a number of contexts for description of superfluid
Ovchinnikov-Fulde-Ferre[LOFF) phase. Recent upsurge of Properties both finite nucl¢iL0,11 and infinite nuclear mat-
interest to the LOFF phase is related with the possibility ofter [12,13.
formation of this phase in nuclef8] and quark mattel4,5]. Superfluid states of nuclear matter are described by the
In Ref.[3] it was considered in model calculations the casenormal  f, . =Tr Qa,fzakl and  anomalous g, .,
of neutron-proton superfluidity, when the quasiparticle spec=Troa, a,, distribution  functions of nucleons «(
trum |'s.two—fold Sp'|lt due to asymmetry of nuclear matterE(p,U,T)’ p is momentum,o(7) is the projection of spin
and finite superfluid momentum. It was sho_wn, that the isospin on the third axis,e is the density matrix of the
nuclear LOFF phase appears as a result of a first order phagggiar e shall study two-gap superfluid states in symmet-
transition in the asymmetry parameter from the spatially unisic nclear matter, corresponding to superposition of states
form BCS superconducting state. Further increase of thg i g spinSand isospir of a pairS=1, T=0 [triplet-
asymmetry parameter leads to the second order phase tran lnglet (TS) pairing] and S=0, T=1 [singlet-triplet (ST)
tion from the LOFF phase to the normal state. In the study o airing] with the projectionsS,=T,=0 (TS-ST states In

Ref. [3] it was _assume_d_ that coupling between isospin single his case, assuming that a condensate moves with the finite
and isospin triplet pairing channels can be neglected. How: '

ever, as emphasized in REB], in the region of low densities ][nom_entumq, the normalf and anomaloug distribution
; - unctions read6,8]

coupling betweerm=0 andT=1 pairing channels may be

of importance, leading to the emergence of multigap super-

fluid states, characterized by nonvanishing gaps in both pair- P, = Fool P1)(9070) ey, P, e

ing channels. Thus, we shall consider the case of four-fold D

splitting of the quasiparticle spectrum, caused by account of, =

first, finite superfluid momentum and, second, coupling of Gry, = (GadlP2) 737272 0o P1) 727a72) 01 —pta-

T=0 andT=1 pairing channels. Another simplifying mo- ) ) ) ) ) )

ment in Ref.[3] is the use of free single particle spectrum Whereo; and 7, are the Pauli matrices in spin and isospin

and bare interaction in the gap equation without taking intoSPaces, respectively. For the energy functional, being invari-

account the effects of medium polarization. A “first- nt with respect to rotations in spin and isospin spaces, the

principle” derivation of the pairing interaction from the bare duasiparticle energy and the order parameter have the similar

NN force still encounters many problems, such as, e.g., treafitructure

ment of core polarizatiofi7]. Hence, it is quite natural to

develop some kind of a phenomenological theory, where a 8K1K2=soo(pl)(GOTO)K1K25p1’p2,

phenomenological pairing interaction is employed. As such a )

theory, we shall use the Fermi-liquirL) approach8]. In B

the Fermi-liquid model the normal and anomalous FL inter- Ak, = (BadP1) 030272+ AogP1) 027372y, 9p, -~y
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If to take into account the antisymmetry propertids  due to(1) finite superfluid momentumg0), (2) coupling
=—A, g'=—g and to sep;=p+q/2, p,=—p+0q/2 (qis  of TS and ST pairing channelg go# 0,A 37 0).

total momentum of a paip is momentum of one of nucleons  To obtain the closed system of equations for the quantities
in the center of mass frame of a paithen we obtain A and é, it is necessary to set the energy functional of the
system. In the case of symmetric nuclear matter with TS and

q a ST pairings of nucleons the energy functional is character-
+-|= —p+o|=
Aso PF 5| =As0| ~PF 5| =Asdlp.A), ized by one normal, and two anomalou¥,V, FL am-
(3)  plitudes[6,13]. Then one can obtain the self-consistent equa-
q q tions in the form
Ag3 Pt5 =003 P35 =Ao3(p,q)
~ p?
— .0/ _ 0 O/my—
and analogous relationships hold for the functiong,gos- ¢(P)=2o(P) = +eadP),  &o(P) 2mg’ ®

Further we shall write the self-consistent equations for the
quantitiesA3o(p,q), Agz(p,q). Using the minimum principle - 1

of the thermodynamic potential and procedure of block di- 0dP)= 5y, 2 Uo(K)fodP"),  k=—F—,
agonalizatior{8], one can express evidently the distribution P

functionsfyy,030,d03 in terms of the quantities and A:

1
Asg(p,a)=5 2 Va(p,p")GadP’, Q). 9
1 + — gs + - Vp,
fOO:Z (1+n+—n+)—E(1—n+—n+)
1
I T Aogp.@)=3; 2 Va(P.P)GosP' @), (10)
+(1+n_—n_)—E—(1—n_—n_) , (4) p’

where my being the mass of a bare nucleon. Further for
obtaining numerical results we shall use the Skyrme effective
interaction. In the case of Skyrme forces the normal and
anomalous FL amplitudes red3]

Ay . A P
Oso= ~ gg, (1-ni-ny)-zg-(I=ni-n),

A, LA L
9os= ~ zg _(1=ni—ny)+ = (1-nZ—nJ). (6) 1
+ - Uo(k)=6ty+tz08+ ﬁ[6t1+2t2(5+4x2)]k25d0+eok2

Here fyo=foo(p+0/2), N*=n(*p+0g/2) and (11)

E.=vVE&E+|ALY, A=A+ Ag,

1
Vi Ap,p")=to(1£X0) + Etggﬁ(ltxg)

q) 1 q q
&\ pt 5 —§(§ P+ & —pF+35] ] 1 .
+ < t(1Ex)(p+p'9), (12)
q 1( q q 2h
+-|== +=|—& —p+=
fal P3| = 2| &(PF 3] ¢ ~PF; wheret; ,x; , 3 are some phenomenological constants, char-

0 . acterizing the given parametrization of Skyrme for¢e®
E(p)=egoP)—u, Ne={expYo(§atEL)+1} 7, shall use the SkPL0], SkM* [14] potentialg. With account

0 . . . ) of Eqg. (11) we obtain
u” is chemical potential, which should be determined from
the normalization condition

2 2

q p q
A g &\ Pt 5 = om, " 8m, (13
$2 foo(p+§ =e, Y
p where
o is density of symmetric nuclear matter. As follows from X 2
the structure of the distribution functiorfgg,gsg,003, the 5 = 2—_1—6[3t1+t2(5+4x2)]
quantity M2 2Mo
q and the effective chemical potential should be determined
W =& Ep+ > +E., from the normalization conditiov). Besides, expression for
the quantityé, reads
being the exponent in Fermi distribution functions (*p q bq e q
+0/2), plays the role of the quasiparticle excitation spec- ga( o= _ 20 E f00<p’+ =lpp’. (19
trum. In the considering case the spectrum is four-fold split 2) 2mg 4 p’ 2
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The normal distribution functioriyg in turn depends on the 1.6 = (SKP
quantity ¢, and, hence, expressidf4) represents an equa- s (SkP)
tion for determining the quantit§,. Since the second term T4r ]
in Eq. (14) is proportional to the scalar produgt], solution 12k ts (SkM))
of Eq. (14) should be found in the formé,(p+q/2) '
=pg/2m*, wherem* is some effective mass. Using Egs. 1.0}
(4)-(6), we present equations for the order parameters _.
Asp,Aps, effective chemical potentigh and effective mass 2 osf
m* as 2
< 06}
A 2 v A’ . * e st (SkM')
’ ' ' (a)
— +- - 1 1 1 1 1 1 1
£ tanthLtanhﬁ) ] ' (19 00 002 004 006 008 010 012 014
940 |
ts (SkP)
A 2 Vo ){ Ay t h— h—)
03— — 2(P,P an +tan 930 | .
4y 2T 2T st (SkM") ts (SkM))
- h“i hw,*_* 5 %o
— +
; tan 5T tan > | [ (16) é
E ot0}
1 s [ & tanhet +tanr‘w_+)
V5 2E, 2T 2T 000 |
17
5 [ tanhsis + tanh ) 0
— an } an = s 1 1 1 1 1 1 1
2E_ T 2T @ 898.00 0.02 004 006 008 010 012 0.14
alp;
2 pp [(tanh——tanhf) FIG. 1. Energy gagtop) and effective massn* (bottom vs.
superfluid momentum for different types of pairing and Skyrme
(18) forces ato=0.03 fm 2 and zero temperature.

+ tanhai—tanha:)]=ﬂ. o
2T 2T m* peculiarity, namely, the energy gap demonstrates nontrivial
double-valued behavior in the region, where it sharply falls.
Here we denote AL=A.(p’,q), ol .==*p’'gl2m* Such behavior differs from the ordinary one-valued behavior
+E-(p’,q). Equations(15)—(18) describe two-gap super- of the energy gap, as, e.g., in the case of TS pairing and SkP
fluid states of symmetric nuclear matter with moving con-effective interaction. To understand this difference, we have
densate and contain one-gap solutions withy#0,A =0  determined the effective mass® as a function of superfluid
(TS pairing and A3;=0,A3#0 (ST pairing as some par- momentum, Fig. (b). For the SKP potential the mass' is
ticular cases. We shall analyze E€&5)-(18) using the sim- equal to the bare mass, of a nucleon practically for all
plifying assumption, that FL amplitudas, ,V, are not equal superfluid momenta. Unlike to this behavior, the effective
to zero only in a narrow layer near the Fermi surfacg} massm* for the SkKM potential rapidly decreases close to
<0, 0<ep (we setd=0.1sf). the region of phase transition to the normal state. Since the
First we shall find the dependence of the order parametemrmassm* enters into Eqs(15)-(18) only through the ratio
As(p=pp),Ag(p=pp from the superfluid momentum at g/m*, descent of the effective mass leads to the increase of
zero temperature. Let us first find one-gap solutions of théhe effective shift between the centers of proton and neutron
self-consistent equations. The results of numerical determiFermi spheres, on which the paired proton and neutron lie.
nation of the energy gap are presented in the FHag). 1 This gives the possibility to the appearance of the second
It is seen, that a general tendency is quite clear: At lowsolution for the energy gap. According to Ed1), the pa-
superfluid momenta the energy gap retains its constant valuametere, of the normal FL amplitudéJ, determines the
and then rapidly decreases and vanishes at some criticailgn before the sum in the lL.h.s. of E(L8), and, hence,
point. This means, that one-gap superfluid states with movdetermines whether the mas8 will be greater(if e,<<0) or
ing condensate will disappear at large enough superfluid mdess(if e,>0), than the bare mass, (if corresponding sum
menta. However, for TS pairing of nucleons, interacting viais nonzerg. For the SkM potentiale,>0 while for the SkP
SkM* effective potential, the phase curve has an interestingotentiale;<0, that explains the difference in the behavior
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FIG. 2. Order parameters;y,Ag; vs. superfluid momentum for

SkM* force ate=0.03 fm 3 and zero temperature. FIG. 3. Order parameters;y,Ay; vs. density for SkM force at

g/pe=0.04 and zero temperature.

of the effective mass for these two forces. However, dimin- o o )
ishing behavior of the effective mass* does not guarantee ~ AS one can see, superfluidity with finite superfluid mo-
that the energy gap will have two-valued behavior as a funcMentum exists in finite density regiore{(q),02(q)), ex-
tion of superfluid momentum. In Fig.(d we have plotted cluding some vicinity of the poing =0 (for TS pairing the
also the dependence of the energy gap for ST pairing oeft pointg,(q) is very close tog =0). The most important
nucleons and Sk¥ potential. As follows from here, in spite Peculiarity, i.e., the double-valued behavior of the energy gap
of correctness of the inequa"%>o, the energy gap dem- for TS pairing in the case of SkMpOtentIal IS preserved for
onstrates the usual one—valued behavior. Since ST coupliff§€ given ratiog/pg. For other types of pairing and Skyrme
constant in the Skyrme model is always less then TS[6he forces, considered earliéncluding the SkP potential, which
one can conclude, that the pairing interaction should bds not shown in Fig. B the order parameter for one-gap
strong enough for the second solution to be developed. Theolutions has one-valued behavior. In the case of two-gap
possible two-valued behavior of the energy gap has imporsolutions the mechanism of their appearance is similar to the
tant consequence. If to go from the region of large enougt¢onsidered above, i.e., it is branching from one-gap ST solu-
superfluid momenta in the direction of low momenta, then atlon.
some critical point the energy gap will arise by a jump, and, However, in general case behavior of the energy gap as a
hence, the phase transition to the superfluid phase will be dfinction of density is more complicated. In Fig. 4 we plot the
a first order. dependence of the energy gap in the case of TS pairing and

Now we go to the study of two-gap superfluid states wherSkM* interaction for the set of fixed values of the ratio
both order parameters\s, and Ays, are not equal to zero. 9/Pr.
The results of numerical determination of the order param- It is seen, that behavior of the phase curves may be one-
etersAzo(q),Aox(q) on the base of Eqq15)-(18) are pre- valued or two-valued, that depends on the value of the ratio
sented in Fig. 2. Heresst(ts) andtss{(st) are notations for

the dependencies of TS and ST order parameters in the 1-8f .
TS-ST solution of the self-consistent equations. As seen from 16k SkM
Fig. 2, TS-ST solutions appear as a result of branching from -
one-gap ST solutior(in the branching pointA;;=0, Ay; 1'4_'
=Ags, AS; being one-gap ST solutipnNote that the self- 12}
consistent equations have two-gap solutions in the case of _ ;[ 1065
SkM* potential, but have no such solutions for the SkP po- & | 9/p=0.009
tential. As clarified in the Ref6], for the existence of TS-ST = 08}
solutions it is necessary that TS and ST coupling constants < 4[
must be of the same order of magnitude. However, this con- I 0.1 0.06
dition is broken for the SkP potential, where TS coupling 041 0.04
constant is much larger than ST one. 0.2} 0.02
Since we use density dependent effective interaction, it Voo, oL

.0 L L

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18
3

p (fm”)

allows us to study also the dependence of the order param-
eters from density of nuclear matter. The results of numerical
determination of one-gap and two-gap solutions of self-

consistent equations at fixed superfluid momentum are pre- FIG. 4. Energy gap vs. density in the case of TS pairing and
sented in Fig. 3. SkM* force for different values of the ratig/pe .

031302-4



RAPID COMMUNICATIONS

SUPERFLUID STATES WITH MOVING CONDENSATE IN . .. PHYSICAL REVIEW 65 031302

a/pe. At small enough superfluid momentufe.g., forq forces. It has been considered the case, when the quasipar-
=0.009;) the gap behaves as a one-valued function of denticle excitation spectrum is four-fold split due to finite super-
sity; for the ratiosq/pg, larger than some critical value fluid momentum and coupling of =0 and T=1 pairing
d:1/pg, the gap has two-valued behavior in the region closechannels. Apart from the renormalization of the chemical
to the right critical pointe,(q). Further increase of the ratio potential and bare mass of a nucleon, taking into account of
a/pg leads to formation of the second part of the phase curvéhe normal FL amplitude leads to appearance of additional
with double—valued behavior in the region close to the |efteﬁective massm* in the linear on Superﬂuid momentum
critical point ¢1(q) (e.g., forq=0.1ps). Whenq increases, term in single particle energy. It is shown that at zero tem-
the regions with double-valued beh_avior of the gap bggin tcberature the energy gap in TS pairing channel for $kM
approach and &=q, (q.~0.106) it takes place contigu- niential demonstrates two-valued behavior as a function of
ity of the regions with two solutions. Fa@>dc the phase g serfiuid momentum. This is caused by the decreasing be-
curves are separated from the de_nS|ty axis and_ turn into thﬁavior of the effective mass* close to the region of the
closed oval curves. Under further increase éfie dimension phase transition to the normal state and strong enough inter-
of the oval_ CUrves 1s r_educed and at soqreqy, the oval action in TS pairing channel. The behavior of the energy gap
curves shrink to a pointd,~0.108). For the valuesy 555 fynction of density in TS pairing channel in general case
>0y TS superfluidity of nuclear matter vanishes. Thus, inig more complicated and under increase of superfluid mo-
the range 8<q<q; the gap is one-valued function of den- eniym it changes from one-valued to universal two-valued
sity, in the rangeq, <q<q, the phase curvés=A30(€)  characteruntil superfluidity disappears at some critical mo-
has one part with double-valued behavior, <q<qc it mentum. Two-gap solutions of self-consistent equations,
contains two distinct parts with double—valued behavior a”Q;orresponding to the case when both TS and ST order pa-
for gc<q<am the gap has a universal double-valued behavyameters are not equal to zero, appear as a result of branching
or. , . from one-gap ST solution. Calculation of the free energy
~ Since we have a few solutions of self-consistent equashows that TS superfluid state is thermodynamically most
tions, it is necessary to check, which solution is thermodyeferaple state. In the case of double-valued behavior the
namically favorable. Calculations show that due to the Iarg%alo changes in the critical point by a jump and, hence, the
size of the gap in TS pairing channel the free energy of thg)nase transition from the LOFF phase to the normal state

corresponding state as a function of momentum or density ig;i|| pe of a first order(in superfluid momentum or densjty
smaller then for the case of ST and TS-ST pairing. Hencegjnce the possible two-valued behavior of the gap will be

TS superfluid state wins competition for the thermodynamicpreserved for small asymmetry, this will be also true for

stability. If to compare the free energies of two different,yeakly asymmetric nuciear matter, that differs from the pic-
branches, corresponding to double-valued behavior of thg, e of a second order phase transition in R&f.

energy gap in TS pairing channel, then the branch with larger

size of the gap will be thermodynamically favorable. The author is grateful for discussions and useful com-
In summary, we studied superfluidity of symmetric ments to S. Peletminsky, G. Roepke, H.-J. Schulze and A.

nuclear matter with moving condensate in the FL model withYatsenko. The financial support of STGgrant No. 148Dis
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