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We calculate strong-coupling corrections to the 3P, neutron-star-matter Ginzburg-Landau func-
tional including spin-orbit and central forces. Based on a two-parameter approximation for the
spin-orbit scattering amplitude and typical estimates for the neutron-matter Landau parameters we
conclude that the most likely equilibrium phase of >P, neutron matter is described by a unitary order
parameter. Better calculations of neutron-matter parameters, particularly the spin-orbit scattering

amplitude, would allow a stronger conclusion.

INTRODUCTION AND SUMMARY

Recent theoretical work on superfluidity in neutron
stars has concentrated on the structure and hydrodynam-
ics of the rotating 3P, superfluid interior."> The novel
properties of the >P, neutron superfluid that distinguish it
from the more conventional s-wave superfluid are a
consequence of spontaneously broken spin-orbit symme-
try. In particular, the structure of vortices in the *P, neu-
tron superfluid, which play a central role in theories of
the rotational dynamics of pulsars, depends implicitly on
the equilibrium-phase order parameter, or condensate am-
plitude for the 3P, neutron pairs.® The problem of deter-
mining the equilibrium-state order parameter 3P, pairing
separates into two parts. The first part is to determine the
possible phases by minimizing the general fourth-order
Ginzburg-Landau (GL) free-energy functional over the
space of 3P, order parameters for arbitrary values of the
parameters that define the functional. This problem has
been solved by Sauls and Serene* and Mermin.> The
second part of the problem, which is the subject of this
paper, is to calculate the parameters which define the GL
functional from a microscopic theory and thereby deter-

mine the equilibrium phase. The calculation presented -

below extends the earlier work of Ref. 4 to include spin-
orbit scattering in the strong-coupling corrections to BCS
theory for P, pairing. Our conclusion that the equilibri-
um phase of P, neutron matter is described by a unitary
order parameter agrees with the tentative conclusion of
Sauls and Serene; we emphasize that this conclusion is
significantly strengthened by our calculations which in-
clude spin-orbit scattering. In the Introduction we briefly
review the GL theory of P, pairing and pay particular at-
tention to the relevance of corrections to the BCS theory,
discuss the importance of the spin-orbit forces to the
properties of neutron matter at high density, and summa-
rize our results for the equilibrium phase diagram for *P,
neutron matter. The rest of the paper summarizes the cal-
culation of strong-coupling corrections with spin-orbit
scattering for *P, pairing.

The GL theory of 3P, pairing is discussed by several
authors; for our purpose we use the notation of Sauls and
Serene.* The order parameter A, for 3P, pairing is a
three-dimensional complex matrix which is both traceless
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and symmetric. The equilibrium order parameter is deter-
mined by minimizing the homogeneous mean-field free-
energy functional over the space of *P, order parameters.
This functional, expanded through fourth-order in 4,,,, is
AQ[A]=+aTrdA* + B, | Trd?|*+B,(Trd4*)?
+B;Tr4%4*? . (1.1

The important result is that all the minima of this func-
tional can be found for any set of parameters {;}. There
are three classes of minima corresponding to the three la-
beled regions of the phase diagram (Fig. 1). In the region

P3=1§3/B2

REGION |

UNSTABLE REGION 2

FIG. 1: The phase diagram for 3P, Ginzburg-Landau func-
tional. The BCS theory predicts p;=0 and p;=—1 corre-
sponding to a unitary order parameter. Strong-coupling correc-
tions give p; <0 and a phase point between the half-lines A%
and B*° (with slopes of —1.6 and 4.0) in the limit when spin-
orbit forces dominate, or between the half-lines 4 and B'™
(with slopes of —1.4 and 11), when we use Landau parameter
values of Bickman et al.!'! The phase point moves away from
nonunitary regions 1 and 2.
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1 the superfluid state (referred to as “type 17 hereafter) is
described by

AL o (uy+ivy, uy, +iv,) (1.2)

with #-0=0, corresponding to a condensate of neutron
pairs in a pure M; = +2 state along @ =# X . The type-1
phase is a ferromagnetic superfluid with magnetization

kg?
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which is of the same order of magnitude as the magnetic
field in the interior of neutron stars. The type-1 phase
would also have interesting rotational dynamics because
the order parameter allows for vortex structures without
singular cores.

The type-2 phase has an order parameter
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A,‘fv) <UL U, +e VU, +e wuw, , (1.3)

A A A

where (#,0,) is an orthonormal triad. There is no net
spin polarization in this phase even though time-reversal
symmetry is broken by the type-2 order parameter. Be-
cause of the complex phase factors in Eq. (1.3) the type-2
phase has interesting topologically stable line defects that
carry circulation; however, this phase does not allow for
the coreless vortex structures associated with the type-1
phase.

In region 3 the GL free-energy functional is minimized
by any real, traceless and symmetric order parameter

~

A;f,,’o:u”u‘,—H'v‘,v‘,—(1—{~r)w,4wV , (1.4
where (#,0,%) is an orthonormal triad and —1<r< —+
parametrizes the accidental degeneracy of the type-3
phases. In particular, the state with r = — %,

AL o< (uyu,—58,,) (1.5)
describes *P, Cooper pairs in a pure M;=0 state with u
as the quantization axis, and is the most probable candi-
date for the uniform equilibrium 3P, phase if a type-3
phase is energetically stable.*

The type-3 phases are likely candidates for the equili-
brium state because the BCS theory values of the GL pa-
rameters {f3;} lie in region 3. However, relatively small
corrections to the BCS parameters could stabilize the
type-2 phase. Much larger modifications to the BCS-
theory values could stabilize the ferromagnetic type-1
phase or destabilize all possible phases within the fourth-
order GL theory.

The corrections to the BCS free-energy functional were
systematically examined by Rainer and Serene.® There it
was shown that the free energy has an expansion in the
parameter T,/TF, the ratio of the transition temperature
to the Fermi temperature. Estimates of this ratio for the
3P, neutron superfluid vary between 10~3 and 1
The BCS free energy is of the order (T, /Tf)? while the
strong-coupling corrections to the free energy are of the
order (T,/Ts)*|T|? where |T| is the normalized
quasiparticle-scattering amplitude. The important con-
clusion of Rainer and Serene is that to leading order in
T./Tr the strong-coupling corrections are given by

0—1 15,4 °
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weighted angular averages of the normal-state scattering
amplitude for quasiparticles at the Fermi surface. Thus,
with a good approximation for the quasiparticle-scattering
amplitude the leading-order strong-coupling corrections
can be calculated. The form of the dimensionless
quasiparticle-scattering amplitude T, (K1,KpK3,84) is
dictated by the microscopic forces among particles. When
only central forces are present the 7 amplitude has the
form

TSN (Ry,RasR3,R4) =T16,$)84,8p,
+T0,0)5 gy Ty

where (6,4) are the Abrikosov-Khalatnikov’ angles for
four unit vectors K;, K,, K3, K4 for the directions of the
quasiparticle momenta which satisfy the momentum con-
servation law K;4+K,=K;+RK,. Specifically, cos@=%r"K,
and  cosp =K (K3 —Ky/(1—R"K,). Nucleon-nucleon
scattering phase-shift data at laboratory energies E; > 300
MeV (corresponding to Fermi energies Er > 75 MeV) sug-
gest that at the densities p > 5.10'® g/cm? (i.e., inside neu-
tron stars) spin-orbit forces between neutron excitations at
the Fermi surface are large, while central forces are small-
er and repulsive.® Thus, we suggest that the T amplitude
at high densities in neutron-star matter is dominated by a
spin-orbit scattering term

(1.6)

T 58y (R1,Ro5R3,Re) =L (q,q" 1§ X" (8y T g+ Gy B, -
(1.7

Here =k3—k; and q'=k4—K; are the momentum
transfers and K; =kgKk;, i=1,2,3,4. In a potential approx-
imation the function L(q,q’) is given by

i d = d =
L , ’ —_— L —_ ’ N .
(g,9") 7 |9 dqf(q)+qdq,f(q) (1.8)
where f(q) is proportional to the Fourier transform of the
radial factor V(r) in the spin-orbit interaction
V(r)L-S/#.
The total T amplitude is given by the sum of T'°*™ and

T in Egs. (1.6) and (1.7).° The strong-coupling correc-

tions AB; in the GL free-energy functional are weighted
angular averages of the total T amplitude. In order to
evaluate these quantities we use the s-p wave approxima-
tion of Dy and Pethick,'®© which relates 7™ to the
1=0,1 Landau-Fermi liquid parameters, while for T it
is most convenient to expand (d /dg)f(q) in the Legendre
polynomials of x,=%&,"R, [q=2kp((1—x,)/2)'7?]. After
retaining only the / =0,1 terms in (d /dq)f(q), the result-
ing expressions for AfB; are functions of three Landau pa-
rameters Ay, A§, and A7, and two spin-orbit parameters
ag and a@;. When spin-orbit forces dominate we show
that the corrections to the BCS theory do not lead to
nonunitary phases; spin-orbit scattering moves the phase
point away from regions 1 and 2. Very large values of
T./Tr and the spin-orbit coupling strength may lead to
breakdown of the stability conditions on the fourth-order
GL functional.

To discuss the phase point (8,/85,,8:/B,) with both cen-
tral and spin-orbit scattering included, we fix 7" with
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the Landau parameters evaluated by other authors'!'2

and vary the spin-orbit parameter a, (it turns out that
contributions proportional to a; can be neglected). For a
range of values of a, determined from nucleon phase-
shift data, we find that the phase point moves away from
regions 1 and 2, so that spin-orbit scattering is not expect-
ed to stabilize either of these phases.

II. CALCULATION AND ANALYSIS
OF STRONG-COUPLING CORRECTIONS

The GL functional is a functional of the off-diagonal
self-energy A(K), which is related to the 3 X 3-matrix order
parameter by

AR)=iFo* AR) ,
2.1
3
= 3 A,K); .
j=1
The GL functional can be written as the sum of the BCS
term plus strong-coupling corrections,
AQgL[A]=AQpcs[A]+Adsc[A] , (22)

where A¢gc has a diagrammatic expansion. The leading
terms for A¢gc are determined by the normal-state

notation of Rainer and Serene,’ A¢sc=Adg+Adc
+A¢p+ Adp, the expressions for Ad, (a=B,C,D,F) are
calculated with the scattering amplitude 7T =7
+ T given by Egs. (1.6) and (1.7) and are listed in Ap-
pendix A. After doing the spin traces the resulting ex-
pressions contain angular integrals of the form

dQ, ~dQ, . dQ,
| el rwall B [ERCSS SRR

XA(;(\I)'?2"?3)B(Q1"?2’R3) ’ (2.3)

where A (K,K,k3) depends only on T @=T9g,4),
T@=T10)9,4), L =L(q,q"), and L =L(q,x) with a=s,
a, K=K+ &,, and (, ¢) are Abrikosov-Khalatnikov an-
gles for (K3, —K,,K;,—K4). All these amplitudes are func-
tions of (6,¢). The function B(,,K,,k;) contains products
of different energy-gap vectors A,(k;) and projections of
g, §’', and K, and therefore it depends on other variables
besides (6,¢). In Appendix A we integrate out these extra
variables expressing A¢, in terms of weighted averages
over the angles (0,¢). Our result for the strong-coupling
corrections

AB;i=ABETC4+ABP+ABY

quasiparticle-scattering amplitude and T, /T#.% Using the in terms of these averages is
1
ABB+C— _p 884 (gBtcpen  pBrCp@ry gBHC 2 YOB+C o) T @B G @)
16 ’
ABP=—q 10 L (@P(TOF O 4 T@OT @) f P (TOF @ L T@OF ) 4 g PLE L ¥ OPLTY 4 ROPLT @Y, (2.4)
ABF= 32 44( Fpeon y gFp@2 g Fp 2§ ©Fp 7o) LY @OFLT@)
TABLE I The weighting functions @,7,7,X ®® expressed over momentum-transfer variables #, and 3, where
x'=[(1—t,—13)t3]""%
B+C D F
0, 102, —1,2) — 1428, +6(t5 —tyt5 —152) 20(t, —t,2)—40t,15
0, 8—8(t,—1,%) — 448, +4(t;—t,t3—1t52) 8—8(ty —1,2)—8(t3 —132)— 32,15
03 —8—12(¢t,—1,%) 2—4t, —12(t3 —tyt3—132) —8—52(t, —1,2)+28(t3—132)+ 112¢,23
7 4—34(t,—1,°) 1—2t, —16(t3 —tyt3 —132) 8 —68(1; —1,2)—48(t3—13%)+168¢,15
b 8—8(t,—1,%) — 4481, +4(t3—ty13—152) —8+48(t,—1,2)+8(¢3—132)+32t,¢5
T3 60(t, —1,2) 6—12t, 4+ 24(t3 —t,t3—1t3%) 244-36(t, —1,2) —44(t;—t32) — 176114
7 (=212, —21t3+28,13)/7 x'(1—%1,) [ —16+72(t,+1t5)—48(2,2+ 132 — 248,131 /7
2 (—96 4961, + 16t; — 120¢,2
—96¢,t;—40t3%) /7 x'(—21,) [16—16(t, +1t3)+48(2,3+132) —256t,t31/7
3 (24 + 181, + 6615 +72t,>
+ 241,15+ 24t52) /7 x'(—2) [16—128(ty+13)+48(1,2 4+ 132) + 75215131 /7
X5 (12—241,)(2,25)'? [16—16(12+13)](1285)' " (—20+ 81, +3213)(1,13)'?
Xy 0 [—16(2;+13)](2,23)'7 (—3265+32t3)(2,13)'
Xy (—24+448¢,)(t,t3)1? [ —20+48(t,+13)1(2223)' (40+ 161, —96¢3)(t,13)'/?
xe (—124241,)(1,23)172 [ —26432(t,+13)](2523)2 (60—72t, —4813)(t,t3)'/?
Y@ 0 [—16(t,+123)](2,2)'? (—326,+3283)(2,23)'
xy (24—481,)(2,15)'2 [52—48(1,+13)](£y23)7> (— 124+ 1761, + 72t3)(2,23)'2
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The coefficient p=N (0)(30kg T,vppr)~! is related to the BCS value of B, by n=1.173(T, /T)BES and the strong-

coupling GL coefficients are defined by

Apy=ABY | TrA? |2+ ABXTrAA*)>+AB§Trd%4*?,

while AB?"'C:AB?-{—AB,Cand
1 27 d
("-)Efod(cosﬂ/Z)fo Eﬁ("').

In Table I we give weighting functions @, U, @, X “® expressed in terms of the momentum-transfer variables

ty=(1—x,)/2 and t;=(1—x3)/2, where

(7 . 20
X, =E1-;’?3=cos2; +sm2§—cos¢ ,

and

,0

% .
xX3=R, ~k‘4=cosz—2— —sin -2—cos¢ .

To complete the calculation we need a reasonable approximation for the scattering amplitudes. For the central force
we use the s-p wave approximation of Dy and Pethick.!® In this case 7' and T ‘*) become

TO=A5+ A5 +1,(—345—348—2A45)+15(—24%),

TO=—A§— A5 +1t,(AS+AG+2A45)+13(245 +245+245) ,

TW=A)—A] +1,(—345—345)+1;(24) ,

(2.5)

T O=A§ 4245+ A5 +1,(— A5 —A3)+13(—2A45 —245—245) .

We have used the forward-scattering sum rule (FWSSR)!3
to write 4{=—(Aj+ A7+ A4§) in the s-p wave approxi-
mation. We use a potential approximation for the spin-
orbit amplitudes L and L and parametrize

d = 9 d - 9 3

dqf(q)—— sz dx2 f(q) sz lgoalPl(xz)
and similarly for f(q’) and f(k); P, is a Legendre polyno-
mial of order I. The effective spin-orbit potential f(g) is
real and therefore so are all g;’s. Although little is known
about the spin-orbit interaction in neutron matter, we as-
sume that the effective potential V(r) is very attractive at
short distances, while for » >1 fm V(r) is assumed unim-
portant. Numerical estimates of {a;} based on several
short-range attractive potentials for a Fermi wave vector
kp=1.8 fm~!, which is typical for neutron-star interiors,
show that a¢>0, 0<a;<a, with a typical value
ay~ay/2, and |a;| <ay/5 for 1>2. In general, once
a,&[~0,ay] which happens for potentials of longer
range (or at larger kz’s) a;’s with / >2 also become of or-
der ag and our approximation breaks down. With these
assumptions, the spin-orbit amplitudes are approximately

L =i(t2t3)1/2 i a,[P,(x2)+P1(x3)]
1=0

=2i(t,t;) " [ag+a,;(1—t,—13)] ,

(2.6)

0

L=i[(1—t,—13)t,]'"? 3 q;[Pi(x,)+P)(—x,)]
=0

=2i[(1—1,—13)13]'?[ao+a,1;3] .

-
Inspection of Egs. (2.4)—(2.6) and the weighting func-

tions given in Table I shows that AB¥ are linear combina-
tions of basic angular averages C,,,=(t,"t;") for
m,n=1,2,..., which can be easily evaluated. We then
find that the spin-orbit contribution to AJ3; is

ABY = —7ay*(1.06140.104x +0.008x2) ,

ABY = —1ag*(2.49140.517x +0.066x2) , 2.7)

ABY =ma*(3.863+0.472x 4+0.040x2) ,

where x =a/ay,. The cross products between the spin-
orbit and the central terms give the following contribution
to AB it

ABP* = —mag(—1.2945—5.7345—0.7145)
—1a;(0.0945—0.6148+0.2145) ,

ABS =na,[6.18(A5+A8)]
+ma;[0.37(45+ 491, (2.8)

ABY = —1ay(8.8045+17.7048+1.344%)
—ma;(—0.1545+1.6345+0.1747) .

Finally, the central-force contributions to the AS;, calcu-
lated in the s-p wave approximation with 4§ eliminated
by the forward-scattering sum rule, are!*
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"= —[4.47(A45)*+26.07(A5)*+8.87(A47)*+19.834545+11.074347 +27.404341] ,

ABY"
ABS™ = —n[11.73(A4§)*+17.40(A4§)*+2.80( 4] )*+23.20454 5 +3.214547 +6.994541] ,
ABS™

2.9

=n[3.76(A45)*+2.83(A45)—15.20(A4%)*+8.684545 —16.394545 —20.874345] .

To analyze the position of the phase point (py,p3),
where p, =B,/B, and p;=p3/B,, it is convenient to nor-
malize the strong -coupling parameters to BZCS by wntmg
b;=ApB;/B5. The coordinates of the phase point in Fig.
1 are then p,—b,/(l+b2) and p3=(b3;—1)/(1+4b,).
First we consider the case of very strong spin-orbit forces
when AB; can be approximated by AB .

From Eq. (2.7), AB{° is negative for any value of
x=a,/aqy, which means that the phase point moves away
from region 2. The slope of the line which connects the
phase point (p;,p3) with the BCS phase point (0, —1) is
given by S=(b,+b3)/b; and depends only on x if we
neglect the central terms. The minimum slope
S=—1.55>—2 for x=—2.64 shows that region 1 is
also excluded. Finally, we check if strong spin-orbit
scattering violates the stability conditions on the fourth-
order GL free-energy functional. In our case B; <0 and
S > —2 imply that the relevant stability requirements are
B2>0 and p3> —2(p,+1). The first condition b, > —1
for typical values ap=2 (see Appendix B), x =7, and
T,/Tp=4Xx10"2 is satisfied by a factor of 20. The
second condition gives a?T, /Ty <0.13 using x =+; for
the above estimates of ag and T, /T this inequality is sa-
tisfied by a factor of 8. However, ag and T, /Ty are not
well known. A transition temperature as high as
T,/Tr~10""is not ruled out. A violation of the stabili-
ty conditions presumably implies that higher-order terms
in the GL functional determine the equilibrium phase.

To estimate AB; with both spin-orbit and central forces
included, we use the available calculations of neutron-
matter Fermi liquid parameters.!!? For kp=1.8 fm~!,
from Bickman et al.!! follows 4§5=0.14, 43=0.50, and

1= —0.57, which gives

ABy=(—2.560+3.101a—1.245a4?)

_ T, _
ABy=(—5.707+4.643a,—2.922a,%) —B5S | (2.10)

T 7 BCS
AB;=(4.347—10.932a5+4.531a,* )T 2.
F
J

Sp= %Taﬁ,,,p(set 1)

Typ,ap(set 2)(ARDAR))) ol AR A

IWe have neglected the a; terms since they are an order of
magnitude smaller than the a, terms. ApB; given by Eq.
(2.10) is always negative which implies that the phase
point moves away from region 2. The minimum slope
S(—5.4)= —1.43 > —2 shows the phase point also moves
away from region 1. For values of a, between 5 and 2
the slope is large and positive (S ~ 10) and the phase point
may cross the p3=—2(p;+1) stability line if T,/Ty is
sufficiently large. For ao=2 and T,/Tr=4Xx10"3 (a
typical estimate for this ratio!>*) the phase point is close
to the BCS phase point (p;=-—55X10"3 p;3+1
=—3.1X107?).

The qualitative results are rather insensitive on particu-
lar values of Landau parameters. This suggests that
spin-orbit scattering will not stabilize a nonunitary P,
phase. It also appears unlikely that strong spin-orbit
scattering violates the stability conditions of the fourth-
order GL functional. Better estimates of 7, and spin-
orbit scattering amplitudes would decide both questions.
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APPENDIX A

Let A¢, (a=B,C,D,F) be the free-energy contribution
of diagram a of Rainer and Serene.® Near T, A¢, is
fourth order in 4, and has the form

N(0)
kgTcvpPp

dQ dQ
X f 47r1 f 417'2 f

A¢a =fa

aQs ~ o~ o
8(|\K4||“1)Sa(K1,K2,K3)«
4qr

(A1)
The constants f, come from frequency sums and com-

binational coefficients and are given by fz= ; fe
=—6.84/16, fp=10.15/2, and fr= —30 44/8. The S,
are functions of A(X;) and AR;)= —io?5- A(R;)*,

(/K\'z) )ﬂﬁ >

Sc="1Tapgp(set DT, wplset 2(ARDAR ) wal ARDBRS)),yy

Sp="5Tapyp(set VT g oy(set 3INARDAR,)) ol

(A2)

(7?4),,,,'3(732)33 ,

SF = % Taﬁ,yp(set 1 )Ta'Br,.yfp'(SCt 4)Z(ﬁ1 )aa'K(/k2)Bﬁ'A(k:;)YY'A(k‘*)PP' »

where set 1, set 2, set 3, and set 4 denote ordered quadruples of unit vectors (K,Ky;K3,K4), (K3,K4K1,K5), (Ry, —KpK3, —K4),

and (_I/(\l,-—/i(\'z;—k:;, —784).

Summation over repeated spin indices is assumed. After performing the spin sums in (A2)

and using the invariance of the domain of integration in (A1) under Kj<>K,, K3<>Ky, (K3, —Ky;K1, —Ka)<>(K1,K2;K3,K4), and
the antisymmetry property of the T amplitude, we express Ad, in the form (A1) with S, now given by
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Sp= (|| Ky| P[] Kol P =Ty W) T2 (3] | &y ] | K] 2+ 581 U T2+ 20 (6, R T R)— | | &4 | &, PIL2,
Sc=& 4] P &3] 2= 6y ) T2+ 3| Ky ||| &3] [P+ 8y U T4 2[ (T, RT3 R)— || &4 2| K5 2IL
+2[(F; XU3)-§XG ' JiL(TS —T@) |
Sp=| K| PANTOT S 4 TOT @) 4 (—T - Gp(TOT @ 4 T@OT )
H{ A PHE RN AS G+ (R @ WA SR+ (U1 N UagR)+ (RN U § ")+ Ag¥RXG)LL
LU & P41 &3] PV Tap+ Agp( T+ 83)]§X G JLT
F LA P4+ K5 D Tap+ BTy +T3) —2( Ry T1)A 5 —2(A 3 T3)Ag]-§x G JiLT @,
Sr=(A3100+ ApAy — Ay AT) T2+ (— 583180 + 345,841+ 5A3,AT,) T2
+2[A3180— 2431 ( A4 RYASR) — (U R Tap RV IL 244 Agy(T 31§ X GV ULT®

(A3)

+4{[Aspts—( Ky t3)A%5—( K‘S'&QLJ@X@'}!'LT‘“) .
The notation in Eqs (A3) is A= A(K ) U, =A;xA*¥ for i=1,2,34, Aij-—-Ki-K;, and Ti,-,-:K,—XK}' for i=3,4 and
]—1 2 and Atz—A A 2 and A34 A3 A4 AISO
7@ _T1la (0,¢)= @R, Ry R Rs)
T(a)=T(a)(5,$)=T(a)(ﬁ3,—ﬁz;l?l,—f(\‘;)
for a=s,a,and L=L(q,q'), f:L(q,K).
In order to simplify these expressions for A¢, we use the identity
dQl sz dQ3 ——¢_ K 21ré_1£
S | T 8RR - D=1 f d(cosd/2) f f = [, 5 (A4)

Rainer and Serene,® show that for fixed (,¢) the triad (R;,%,,K;) can be thought of as a rigid body whose orientation is
given by a unit vector K and the angle ¥, by which 2 <& has to be rotated around & to align it with k; —&,. The (®,9) in-
tegrals of the functions S (ﬁl,ﬁz,ﬁ3) with A, (K;)=A4,,(k;),, become linear combinations of two basic integrals:

. 2 -
M #4({1})=f o fo ﬂn i

i=1

40 (A5)
By B, o « 27 d 6 _u

M 1= | — I,
G T= [ S —‘ﬁzwg ,
where the vectors 7,- are linear combinations of (K|,kK,,K3). The functions M, and M are rotationally invariant tensors of
ranks 4 and 6, and can be written as

MTWH( { T})=5u1y25u3u4x4“ T,,7,),(T3,7T4)+two other pairings ,

(A6)
Mg T ) =8, B Buguxs( T 1, T2),(T3,T4),(T'5, T 6))+fourteen other pairings ,
where
xaW(T 1, T (T3, T =2y (T ToX( T3 T )42l T - TNT 5 T ) +(T - TN(T5 T )1,
i, e e oo (A7)
x6((11’l2)’( 13’14)y(15;l6))=y1(l]‘lz)( 13 ) )(l l )
A2 { (T T)ICT 3+ T )T 4T ) +(T 5T )T 4+ T 5)]+four other products}
+p3[(T 1+ T3)(T5 TN T4 Tg)+seven other products] .
I
The coefﬁcien_gs in (A7) are determined by selecting spe- and the weighting functions in the table follow directly
cial choices { / } and contracting M, and Mg with vari- from Egs. (A3) and (A6)—(A8).
ous Kronecker symbols. Specifically,
=4, z;=—L, APPENDIX B
(A8) Let 83P;) be an isospin-1 and orbital angular

16 5 2
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two nucleons with center-of-mass energies #kp2/2m (m
is the neutron mass). Then the quantity

(k)= —[28(3Py)+38(°P,)—58(°P,)]/12  (B1)

is approximately equal to the Born scattering phase shift
in the 3P, state if only spin-orbit forces were present.>16
The 3P, scattering phase shift is given by

exp[2i8(°P,)]=1—im>N'(0)

X [dQ, [dQ,YI(BY R, Y1(@), (B2)

where N’(0) is the single-spin free-neutron density of
states at the Fermi energy and the transition matrix ele-
ment R,, describes scattering from the two-particle state
| @ ) with particle momenta k& and —k @& and both spins
up into a state | b) with particle momenta kpb and —kpb
and both spins up. In the Born approximation R, is
is given by

Ry, =(21r)'3l"(1(:2”(prA,0, —kpb,0; —Kkp8,0, —k£8,0) ,
(B3)

where I''? is the bare four-point vertex. In order to ex-
press Ry, over the dimensionless quasiparticle-scattering
amplitude T in neutron-star matter, we use the relation

T(Ry,Ry;R3,Re) =[2N(0)/2%]T(1,2;3,4)

=[2N(0)/z*11"%(1,2;3,4) , (B4)
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2i8(3P,)
e Y=

2711

where the second equality follows from the Born approxi-
mation for the full four-point function T, i =(krk;,0) for
i=1,2,3,4, and spin arguments have been suppressed. The
factor z describes the renormalization of the quasiparticle
pole (0<z<1) and N(0) is the single-spin quasiparticle
density of states at the Fermi energy.
From Egs. (B2)—(B4) it follows that
iz2N'(0)
16N(0)
x [dQ, [dQ,Y1(B)' T, (b, —b3a,—8)Y1(8)-
(B5)
Substituting the expression (1.7) for the dimensionless

quasiparticle-scattering amplitude and using the
parametrization of L explained below Eq. (2.5), we obtain

iTz’N'(0)
6N (0)

recalling that in the Born approximation 8(*P,) equals 853

when only spin-orbit forces are present. Neglecting the a,

term in the last equation and expanding the exponential
on the left-hand side to terms linear in 81}, we obtain

=1—

2i83(kg)
e 11'°F =1+

(ao——az/S) ) (B6)

ap=(12/m)8(m* /m)(1/2?) . (B7)
From the nucleon-scattering data, Signell® obtains
$9~17° for kp=1.8 fm~!. This value for 8} and the
value for the neutron effective mass ratio?

N(O)/N'O)=m*/m~0.9 give ao~1/z% and we take
ay=2 as a typical value.
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