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We derive and solve the Boltzmann equation for viscosity and diffusive thermal conductivity at low
temperatures in the B phase of superfluid *He. The viscosity 7 is shown to tend towards a constant value as
the temperature tends to zero, with the constant being inversely proportional to an angular average of the
collision probability. A general expression for the collision probability valid at any temperature is given in
terms of the singlet and triplet components of the normal-state scattering amplitude. If one takes for the
normal-state amplitude the s- and p-wave approximation, the constant viscosity is found to equal about one
third of its value at the transition temperature. The diffusive thermal conductivity kj, is found to vary as
T-!, as in the normal state, and with roughly the same coefficient of proportionality. We calculate as a
function of pressure the viscosity and diffusive thermal conductivity in the normal state and in the superfluid
at T =0, and the normal-state quasiparticle relaxation time at the Fermi energy. The results are compared
with experimental data, and the adequacy of the s- and p-wave approximation for the normal-state scattering
amplitude is discussed. Finite temperature corrections to  and k, T are obtained for a particularly simple
normal-state scattering amplitude, showing that 7 initially decreases with increasing temperature while k, T

increases.

I. INTRODUCTION

In the preceding paper' (referred to as I) trans-
port and relaxation processes in superfluid liquid
3He close to the transition temperature 7, were
considered. The approach involved a systematic
expansion in terms of the small parameter A/kgT,
where A is a typical value of the gap in the excita-
tion spectrum. In the present paper we treat the
opposite limit, in which the thermal energy k3T
is small compared to the gap energy, or, equiva-
lently T<< T,. (For reference to earlier work on
this subject we refer the reader to I.) We consider
the B phase of liquid 3He, which is the only phase
presently accessible to experiment at T< T, and
we shall assume this phase to be the Balian-
Werthamer (BW) state.? The experimental evi-
dence for this identification, particularly from
magnetic resonance experiments, is now quite
considerable.?

There are a number of important ditferences
between the two limits 27> A and kT << A. In
the region close to T, we worked in terms of
quasiparticles having a positive energy above the
Fermi surface, and a negative energy below, so
that in the limit A -0 one recovers the normal-
state dispersion relation. At low temperatures
(k5T «<A) it is more convenient to use quasiparticle
states which all have positive energy, both above
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and below the Fermi surface. The methods for
solving the Boltzmann equation are also rather
different. Close to T it is solved by perturbation
theory starting from the normal-state solution.

In the low-temperature limit the equation may be
solved exactly rather simply; in particular we
show that the simple relaxation-time approxima-
tion for the collision term gives the exact results
for the viscosity and diffusive thermal conductivity.
The characteristic relaxation time is inversely
proportional to the number density of excitations,
and as a consequence the shear viscosity tends

to a constant, while the diffusive thermal conduc-
tivity has the same temperature dependence as in
the normal state (~7-!).*

The temperature dependence of the transport
coefficients does not depend on detailed properties
of the quasiparticle scattering amplitude, but the
numerical values of quantities of course do. Given
the interaction between normal-state quasiparti-
cles one can find the interaction between super-
fluid quasiparticles by performing a Bogoliubov
transformation. The scattering amplitude for
quasiparticles in the superfluid is a linear com-
bination of normal-state amplitudes. As a result
of the anisotropy of the superfluid state, the scat-
tering amplitude for superfluid quasiparticles gen-
erally has a much more complicated angular de-
pendence than the corresponding amplitude for nor-
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mal state quasiparticles, and also depends on the
quasiparticle energy. We give detailed expres-
sions for the transition probability for superfluid
quasiparticles. This is used to obtain expressions
for the characteristic relaxation time when the
scattering amplitude for normal-state quasiparti-
cles is given by the s- and p-wave approximation
in terms of Landau parameters.® The leading
finite-temperature corrections to the low-tem-
perature behavior of the transport coefficients
are of order k,T/A, and we evaluate the coeffi-
cients for the particular case of a constant normal
quasiparticle scattering amplitude acting only in
singlet spin states.

The paper is organized as follows. In Sec. II
we derive and solve the low-temperature Boltz-
mann equation for viscosity and diffusive thermal
conductivity. Section III and the Appendix contain
the evaluation of the collision probability in terms
of the singlet and triplet components of the nor-
mal-state scattering amplitude, in addition to ex-
plicit expressions for the transport coefficients
in terms of the Landau parameters occurring in the
s- and p-wave approximation. In Sec. IV we calcu-
late the finite temperature corrections for the
simplified normal-state scattering amplitude.
Section V contains a discussion of the experimen-
tally important question of the magnitude of the
mean free path, and also a consideration of the
adequacy of the particular approximate scattering
amplitude used to calculate the magnitude of the
transport coefficients.

II. BOLTZMANN EQUATION

Low-frequency long-wavelength transport and
relaxation processes in the superfluid may be
dealt with in the framework of a Boltzmann equa-
tion, provided w and qv, are very much less than
A. Here w and g are the frequency and wave num-
ber of the disturbance, v, is the Fermi velocity,
and A is the superfluid gap, which is isotropic
for the BW state. The streaming terms in the
Boltzmann equation have the standard form, and
in the hydrodynamic limit, when w and qv, are
small compared with a typical quasiparticle colli-
sion rate, all distribution functions in the stream-
ing terms may be replaced by local equilibrium
distribution functions. Throughout this paper we
shall confine ourselves to the hydrodynamic limit.
Thus for the case of the shear viscosity the
streaming terms reduce to

- = ou ang

On the left-hand side of (2.1) the gradient operator
acts only on the velocity field. Terms involving

the gradient of the quasiparticle energy cancel

in the usual fashion. For definiteness we assume
the velocity field U to have only an x component,
whose magnitude varies only in the y direction.

D is the quasiparticle momentum. v, which depends
on P, is the quasiparticle velocity, and #§ is the
equilibrium distribution function

n3=(eBp/ kBT +1) (2.2)

where E, is the quasiparticle energy. In (2.1) we
have retained only terms of first order in the
velocity gradient, which is assumed to be small.
We also suppress spin indices for the moment.

The quasiparticle energy in the state of global
equilibrium is given by

E,=(a%4+ £2)/2 (2.3)

where £,=(p - Pp)Vp is the normal-state quasi-
particle energy, measured with respect to the
chemical potential and p is the Fermi momen-
tum. The quasiparticle velocity is

8By _ &
3p FTE,’

which is an odd function of £,, in contrast to the
case for a normal Fermi liquid, where it is an
even function of £,, if one works in terms of the
usual quasiparticle states. The driving term for
the case of viscosity is therefore odd in §,, and
has /=2 angular symmetry.

In the case of thermal conductivity the driving
term is

v= (2.4)

. = . YT/
V‘Vn’=E’V' T(——B—EPP—> N (2.5)

which again is odd in &,.

Let us now turn to the collision term. In1I we
found that close to T, coalescence and decay pro-
cesses played an important role. However at low
temperatures and for superfluid states with a
finite gap everywhere, coalescence and decay
processes are less important by a factor ~e-4/*sT
than the two-excitation scattering processes. The
total rate of coalescence processes is proportional
to the probability of three quasiparticles colliding,
~(e~2/%BT)3; the rate for decay processes is also
proportional to e-*2/%#s7 since a quasiparticle with
an energy of at least 3A is required for the decay
tobe kinematically allowed. On the other hand,
the rate for two-quasiparticle scattering processes
is proportional to e?4/%sT. In this paper we con-
cern ourselves only with the low-temperature lim-
it, and corrections to the low-temperature limit
involving powers of 7. Thus we may neglect the
coalescence and decay processes, and the colli-
sion term may be written in the standard form
for two-quasiparticle scattering. It is convenient
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to work with the deviation function ¢,,, which is
defined in terms of the deviation 8n; of the dis-
tribution function from the local equilibrium dis-
tribution, by

=n3(1 =m0, , (2.6)

where ¢ denotes both momentum and spin variables
P; and 0;. The linearized collision integral may
then be written

on
(_E#) =_ E W(1,2;3,4) ningd B1+D2s 3 +Dy
coll

2,3,4

X8(E,+E,-E,~E,)
x(¢1+¢2‘¢3_4}4) . (27)

The usual factor (1 - #9)(1 —»3) which takes into
account blocking of transitions due to occupation
of the final states has been neglected in (2.7) since
it differs from unity only by amounts of order
e™*/*sT, W,(1,2;3,4) is the collision probability
for a transition in which quasiparticles in the
states 1 and 2 are scattered to the states 3 and 4.
At low temperatures the Boltzmann equation may
be further simplified. First, typical values of
£, are small compared with A, and therefore we
may expand E, in powers of £,:

E,=(A%4 £2)1/2~AL £2/24 . (2.8)

That this expansion is valid at low temperatures
is apparent from the corresponding approximate
form of the distribution function 7°;

nO(E)ze-A/kBTe-tzlekBT, (2.9)

which shows that the important values of £ are of
order (AkBT)‘/ % at low temperatures. The quasi-
particle group velocity corresponding to the quasi-
particle energy (2.8) is

so (2.8) has the form

E=A+3mg0?, (2.11)
with the “effective mass” given by

Mogg =A/V% . (2.12)

The collision probability in (2.7), in general,
depends both on the angles between the momenta
D,, D, Ds, and P, and also on the quasiparticle
energies. As one can see from the detailed ex-
pression for the collision probability given in Sec.
II, the energy dependence comes from the £, de-
pendence of the superfluid coherence factors. The
latter is on an energy scale of order A, and there-
fore in the low-temperature limit all values of
§, of interest are much less than A, which means
that the collision probability may be evaluated for
§,=£§=¢=£,=0. Note, however, that this is not
true for evaluating the finite temperature correc-
tions.

To reduce the collision integral (2.7) to manage-
able form we convert the nine summations over
momentum variables into three integrals over the
normal-state energies and two angular integrals
over 6 and ¢ in precisely the same way as is done
in normal Fermi liquid calculations.® (To do this
we have used momentum conservation to remove
three of the nine momentum sums and performed
one integration over an angular variable which
does not enter the collision probability.) Also in
the low-temperature limit we may use the ap-
proximate forms (2.8) and (2.10). It is then easy
to show that the Boltzmann equation for the case
of the shear viscosity, given by equating the
streaming term (2.1) to the collision term (2.7),
reduces to

1 du,
k T px ya—y '-Hlp; (2-13)

v(&,) = (&,/A) (2.10) where the operator H is defined by
9
(), = ~[2 -n) ) () (2.14)
coll
n1*3 © © © 1
= 81 ° f.., dEz j;e dEIi j_' d§4 (Wg)ng 6('2_A (Ei"' ﬁ; - fg— §§)) (¢1+ 4’2 —ZP3 - ll)4) . (2-15)
Here probability is defined by
d(coso) f" do wo, q)) Wo _ 1 o
o 0 — X = wal,2;3,4).
(w9 = f 21 cos() (2.16) W, )= 3 al'ozz';m §(1,2;3,4)
is the collision probability averaged over spins (2.17)

and angles of the initial and final quasiparticle
states. 6 is the angle between B, and B,, and ¢
is the angle between the plane of , and {5, and the
plane of P, and B,. The spin-averaged transition

In (2.17) the factor of ; averages over initial
spins, and the factor of 3 avoids double counting
final states. The superscript 0 indicates that the
probability is to be evaluated for § =§,=£,=£,=0
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It is simple to solve the Boltzmann equation
since if x is an odd function of £, then

(HX), =x,/T, (2.18)

where the relaxation time 7, which, as we shall
see, is independent of £, is given by

*3 00 L 00
L e o [t

xé<52+§§_£2_£2>.

2A
(2.19)

This follows from the fact that the X,, X;, and X,
terms in (2.15) vanish identically if x is an odd
function of £, irrespective of the angular depen-
dence of X, because the integral kernel is an even
function of the §&;.

The integral over £, and £, in (2.19) is easily
performed if one works in terms of the variable
£2 + £, and one finds

1 _ 72 A ny (7 , 0
L.z (Zﬂ v (o)(w,)) , (2.20)
where

Nex= 2 n, =v(0)(21ak,T)2e™ 2487 (2.21)

P292
is the number density of excitations, which tends
to zero exponentially at low temperatures, and v(0)
is the density of states for both spins at the Fermi
surface in the normal state. » is the number den-
sity of *He atoms, and m* is the effective mass.
The fact that the relaxation time is independent of
energy is a direct consequence of the fact that the
density of states of a pair of excitations in the
superfluid, moving in definite directions, is inde-
pendent of energy for energies small compared
with A, The quantity in large parentheses in (2.20)
is a dimensionless number which turns out to be
rather large for liquid 3He (~12 at the melting
pressure). Clearly by symmetry the solution to
(2.13) must be an odd function of £, and therefore
using (2.18) one finds

Bu!

2y T. (2.22)

1
Y= ETP; vy
Having obtained ¢, it is straightforward to find
the viscosity from the expression for the shear
stress IL,,

o= pruybn;o, (2.23)
po
where 0%, given in terms of ¥ by (2.6), is
ang 9
Ons =T -2 p,v,—’i’- . (2.24)

Pe”" BE,

One finds by combining (2.23) and (2.24) with the
definition of the viscosity 7,

“U“”(Z_Zi' +%j-_%€-ﬁo,.,>, (2.25)
that

1 =5Pp (V%) (2.26)

=15 (VRPE/BInaT, (2.27)

where

=T S P = e na (2.28)
is the density of the normal fluid, and

(V%) = (RgT/B) V% (2.29)

is the mean-square thermal quasiparticle velocity.
Since T x<n;} it follows that 1 is independent of
temperature.

An alternative way of writing the result (2.27) is

n=snm*v37,, (2.30)
where
2 2
WL A S (L 0
= (g v Ow). (2.31)

Here we have introduced the “Fermi energy”
Ep=p%/2m*, The results (2.30) and (2.31) indi-
cate that the zero-temperature viscosity is not too
different from the viscosity at T,, since A ~kyT,.
The detailed calculations below give n(0) ~3n(T,)
for the particular approximate normal-state scat-
tering amplitude used.

The diffusive thermal conductivity «, may be
calculated by precisely similar methods to those
used for the viscosity. The driving term (2.5),
proportional to the heat current carried by a quasi-
particle E,v,=§,v,, is again an odd function of £,
and the Boltzmann equation may be solved exactly.
The deviation function is found to be

$3 == /kgT?)E, - VTT, (2.32)
and the deviation from local equilibrium is
E = g
o> = —L J. —_—t
ng =V VTt °E, * (2.33)

From this one can calculate the diffusive heat
current j,, given by

o= L ETO;,, (2.34)
po



3388 C.J.

whence the diffusive thermal conductivity «,, de-
fined by

To=-#9T, (2.35)
is given by
Kp =5Cy{ V%), T (2.36)
=3(A/T)v2 neT (2.37)
=(n/m*)(a%/TYyr, (2.38)
or
KT = -2 nv;n(—’l u2(0)<wg>)' (2.39)
s 2T
Here
cy=(A2/kgT?)nex (2.40)

is the heat capacity per unit volume. As one can
see from (2.39), k, has the same temperature de-
pendence as in the normal state, and «,T does
not depend explicitly on the gap. As we shall see
below k,T is not very different from the normal-
state value.

In contrast to the Boltzmann equation for the
normal Fermi liquid, that for the superfluid in the
low-temperature limit is very simple to solve, and
the reasons for this are perhaps worth remarking
on. One is that in the low-temperature limit the
collision probability can be replaced by its value
for £, =0, since its variation with the §; occurs
only on scales of order A, If one were to do trans-
port theory for the normal state using only positive
energy excitations one could not neglect the §;
dependence, because the nature of the excitations
in the normal state changes discontinuously from
being holelike to particlelike at &, =0. The colli-
sion probability in the normal state is therefore
not invariant under the replacement of §; by -¢,.
As we shall see in Sec. IV, this symmetry also
ceases to exist in the superfluid when the tempera-
ture is finite.

Another quantity of direct physical importance
is the quasiparticle mean free path /, since for the
concept of a transport coefficient to make sense
spatial variation must occur over length scales
large compared with I, [ is given by the quasi-
particle relaxation time 7 multiplied by a charac-
teristic quasiparticle velocity, which we take to be
the root-mean-square thermal velocity (2.29).
Thus

1= (v?)Y?)7=(2n) Y2p 7, ek5T (2.41)
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We return to a discussion of the magnitude of ! in
Sec. V.

It is a simple consequence of the existence of the
energy independent relaxation time 7 common to
both the viscosity and heat-conductivity equation
that the ratio of these two transport coefficients
is independent of the collision probability. One
finds from (2.27) and (2.37) the simple relation

kp T/ =542 /p% . (2.42)

III. COLLISION PROBABILITY

To estimate the collision probability in the su-
perfluid state we wish to make use of the experi-
mental information one has about scattering in the
normal state. We shall make the standard weak-
coupling assumption that the residual interaction
in the superfluid is the same as in the normal liq-
uid. One might question this assumption in view of
the importance strong-coupling effects have in sta-
bilizing the A phase.” However, in the case of
free-energy calculations the strong-coupling cor-
rections are particularly important because they
have to be compared with the rather small dif-
ference between the free energies of two phases.
In the case of transport calculations it seems un-
likely that strong coupling effects play such an im-
portant role. A second reason for neglecting
strong-coupling effects on the residual interaction
is that these are almost certainly small compared
with uncertainties in our knowledge of the normal-
state residual interaction. We note, however, that
estimates of the strong-coupling effects may be ob-
tained quite straightforwardly within the frame-
work of, for example, the spin-fluctuation model.

Once the weak-coupling assumption has been
made, the scattering amplitude for superfluid
quasiparticles may be found by performing a Bo-
goliubov transformation on the corresponding nor-
mal-state amplitude. As discussed in Sec. II we
take into account only the two quasiparticle scat-
tering processes. The result for the spin-averaged
transition probability is

I II II1

FIG. 1. Diagrammatic illustration of the scattering
amplitudes entering the collision probability.
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Do
3
| =
DO =

S w,1,2;3,4)

01,02.03'04

Ws(ﬁp 52; 53’ ﬁq) '='—h—

~ ¥
| =

2,,2 2902 042 5,2 2 2
{(w3u2u2u3 + 02 0203 v2)(S2+ 3T %) +2u, v, u, v, u VUV,

x[c0s%6 ,,5%+ (2 cos?,, +2 cos?0 ,, — cos?0,,)T2 + (cos?0 , — cos?0,,)2T,S,]

22 2.2 2,2
= (w0, 0,0, V3 + v30d) +uy v u, v, (VT us + 6 07)] €088 ,,(S1y Sy = 5T 1y Trxr +Sts Trxr = T Suad)

2,,2,2,2

+ (W2ulvZul +ul v2uiv?) (3 + 3T3) + 2u, v, u, v,u, VU, v,

x [cos?6,,52; + (2 cos?,, +2 cos?0,,— c0s?0,,)T?; + (cos?8 , — c0s®8 ,)2S,, T, ]

= [ty v, 0, 0,2 %2 + 02 02) +u, v, u, v, @EU2 + v202)] 080, (S;Sy1r + 5Ty Tyyr =St Tirr = TSty

(2222

v2ulul v +ulviviud)(Si+3T3) +2u, v, u, v,u, VU, v,

x[c08%0 582, + (2 c0S%0 , + 2 c0S%0, — c0S%0 ;) T2y + (OS? |, — 05?0 ,,)28 11 Tyy1 |

— [y v, 0, 0,2 U3 + 02 02) 420, 0, 0, V(U202 + 12 02)] €OSO 14(S; Syy + 5Ty Ty +Sy Tyr + T1 Sy}

For brevity we have omitted the modulus signs on
the |u;|? and |v;|? in this equation.

The details of the calculation are given in the Ap-
pendix, in which the corresponding results for the
decay and coalescence processes are also included.
Here S and T are the singlet and triplet quasipar-
ticle scattering amplitudes for quasiparticles in
the normal state. The Roman numeral subscripts
label the various normal-state scattering ampli-
tudes which contribute to the superfluid amplitude.
S; and T, give the amplitudes for a process in
which the incoming quasiparticles have momenta
P, and P, and the outgoing quasiparticles have mo-
menta p, and p,. S;; and T, are the amplitudes for
quasiparticles of momenta - ﬁa and 52 to be scat-
tered to states —p, and p,. Finally Sy;; and Ty,
are the amplitudes for quasiparticles of momenta
- P, and P, to be scattered to states P, and - p,.
The processes are illustrated diagrammatically in
Fig. 1. 6, is the angle between P, and P,, and the
coherence factors # and v are given explicitly in
Egs. (A8) and (A9).

We observe that the second and third group of
terms in (3.1) are obtained from the first group by
the replacements u, —~v,, u,—~v,, cosf ,~— cosf,,
and , = v,, u,~v,, cosf,,~—cosf,,, respectively,
provided one makes the obvious replacements of
S% by S%; and S%;; and of S;; Sy by S; Sy and S; Sy,
etc., in addition to making the appropriate changes
of sign in the cross terms.

First, let us consider the simplest possible case,
in which the singlet amplitude is a constant S;=S,
=S;11=S, and the triplet amplitude vanishes T =Ty,
=Ty;=0. As we shall see, this is a rather good
first approximation for liquid *He. The corre-
sponding collision probability is

w6, ¢)=(2n/7)35S? sin*(30)(3 + cos?¢).  (3.2)

(3.1)

U
To obtain this result the coherence factors » and v
in (3.1) were put equal to 1/V2, their value for
£,=0, and the angles 6;; were expressed in terms
of the usual angles 6(=6,) and ¢ defined below Eq.
(2.16). The relations are

cosé,,=cosb, (3.3)

cosf,, =cosf,, = cos®(36) +sin®(30) cosp,  (3.4)
and

cosf,, = cosf,, = cos?(30) - sin®*(36) cosp.  (3.5)

Note that W vanishes in the forward direction (8
=0). This is due to two effects. First, the scat-
tering amplitude for initial or final states having
quasiparticles in the same state must vanish by
virtue of the Pauli principle; this is the argument
which shows that the triplet amplitude for 6 =0
must vanish in the normal state. The fact that in
the superfluid the other amplitudes also vanish in
the forward direction is a consequence of a can-
cellation due to interference between S,, S;;, and
S11; which occurs only when the singlet amplitude
is a constant. We remark that the angular depen-
dence of W2(8, ¢) in this simple case is due entire-
ly to the anisotropy of the superfluid state, since
the normal-state scattering amplitude is constant.
The angular average (W2) is given by

R #de 1d(cosﬁ)) W, ¢)
(WO)= f e st (3.6)
=(2n/ﬁ)§632. (3.7)

The corresponding quantity for the normal state is
(Wy)=(2n/R)5 S, (3.8)

which shows that the effect of the superfluid cor-
relations is to reduce the amount of scattering.
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We have also calculated the transition probability
in the BCS state of an s-wave superfluid for the
constant singlet amplitude and find the same angle-
independent value as in the normal state

W|scs=Wy=(21/R)%S? (3.9)

the angular average of which is of course the same
as for the normal state, Eq. (3.8). For a given
normal-state interaction, one therefore expects
less scattering in the BW state of a p-wave super-
fluid than in the BCS s-wave state.

To make more-realistic estimates of the scat-
tering amplitude we need to take into account the
angular dependence of the normal-state scattering
amplitudes. S; and T, are functions of the vari-
ables 6 and ¢. S;; and T,; are the same functions
of the angles 6;; and ¢,;, related to process II in
the same way as § and ¢ are related to process I.
Similar remarks apply for Sy;; and Ty, and the
corresponding angles are 6,;; and ¢ ;. For the
normal-state scattering amplitude we use the s-
and p-wave approximation, as in Paper I:

v(0)S,=C,+C, cosb (3.10)
and
v(0)T,=(C,+C, cosh) cose. (3.11)

The dimensionless coefficients C; are related to
the Landau parameters by the relations given in
Eq. (E13) of I.

Substituting (3.10) and (3.11) into (3.1), and put-
ting all coherence factors equal to 1/V2 , one ob-
tains a rather lengthy expression for (W2). The
number of distinct integrals may be reduced by
using the fact that

f d(cos@)d /cos(z6) - - -

may be replaced by

[ d(coséy,) d¢u/cos(%9u) tee

or
fd(cosoux) do11/cos(30y) - -+,

as is obvious from the fact that the phase space
for the scattering process may be described equal-
ly well in terms of the angles for any of the pro-
cesses I, I, or III. To perform the final integrals
it is convenient to use the variable

% =cos(39), (3.12)
since d(cosf)/cos(36) =4dx.

The angles 64y, 0y, ¢y, and ¢y are expressed
in terms of x and ¢ by

€080, =— c080,,= - x% + (1 —x%) cos ¢, (3.13)
€oSfyy = - cos0,,==x%= (1 —=x%) cosp, (3.14)

(1-x%)cosp +3x2-1
(-1+x% cos¢ +1+x%°

cos¢u= (3.15)

and

(1-x?)cos¢p —3x2+1

(1-x%)cosp+1+4% ° (3.16)

coSP ;=

We find then for the entire collision probability
(W?) within the s- and p-wave approximation
[(3.10) and (3.11)]

2T
vHOXWS) =5 D_D;;CiCy (3.17)
i
where the symmetric matrix D;; is given by
T2 _s L )
60 84 240 2
-5 13 -l 1
84 140 280 168

1 1 _ 1139 15 ~ 3021 .15
240 — 280 tap + 4712 -5+ 2 1n2

Lx—iz T8 10+ 4 ln2 "%*‘Jiilnz_,
(3.18)

or approximately as

(117 -60 4 9

-60 93 -4 6

D=10"3x . (319)
4 -4 226 -98

L9 6 -98 135

The numbers in (3.19) with the exception of D,, dif-
fer somewhat from those given in Ref. 4 due to a
computational error in the previous work, where
the integrals were done numerically rather than
analytically.

To calculate the zero-temperature viscosity n(0)
and the thermal conductivity we must finally com-
bine (2.30), (2.31), and (2.39) with (3.17)—(3.19).
The values of the coefficients C; are obtained from
the available experimental information on the Lan-
dau parameters Fj, Fg, and F; with F{ fixed by the
forward-scattering sum rule. The results of such
a calculation using Wheatley’s® tabulated values of
the Landau parameters are shown in Figs. 2 and 3
and in Table I. We have used the weak-coupling
gap A=(r/y)ey T ,~1.T6k; T, A discussion of
these results will be given in Sec. V. Here we
shall only point out that the calculated n(0) is be-
tween 0.27 and 0.34 times the value of the viscosity
at T, the ratio changing slightly with pressure be-
tween 0 and 34 bar. For k,T the corresponding
variation is between 0.63 and 0.72 of k ,(T,)T,.
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FIG. 2. Calculated zero-temperature viscosity 7(0)
as a function of pressure. The rapid increase with de-
creasing pressure is due primarily to the decrease in
the magnitude of the zero-temperature gap.

The magnitudes of the matrix elements of D, Eq.
(3.19), cause the singlet part of the amplitude to
dominate the angular average of the collision prob-
ability because of the large value of C, in particu-
lar. Note that there is little mixing between the
singlet and the triplet parts of the normal-state
scattering amplitude due to the smallness of the
relevant matrix elements. In the constant singlet
approximation (C,#0, C,=C,=C,=0) the value of
(W?) differs by approximately 10% from the value
obtained from the s- and p-wave approximation.
However the ratio 7(0)/7(T,) in the constant sin-
gletapproximation is 0.53 which is significantly dif-
ferent because of the considerable change in the
value of 7(T,) in the two approximations. For ther-
mal conductivity the corresponding number is 0.87.

IV. FINITE-TEMPERATURE CORRECTIONS

At finite temperatures the exact solution of the
Boltzmann equation is not given by the relaxation-
time expression. There are two classes of cor-
rections that must be taken into account. The
first arises because one must retain higher-order
terms in £ in the expressions for the quasiparticle
energy and related quantities. We shall refer to
these corrections as kinematical corrections. The
quasiparticle energy (2.3) is thus approximated by

Ex~A+8/2A - £/8A°% . (4.1)

Previously we kept only the quadratic term in the
expansion (4.1). The inclusion of the quartic term
modifies the group velocity of the excitations ac-

cording to

v=vg(E/A)1- (kpT/A)x?], (4.2)
where
x=£/(2AkgT)/? (4.3)

is a convenient dimensionless variable. The oc-

26 T 1 1 7T ] T T 177 T 1 1 T T

2L -

%p T lerg/sec cm)

Pressure [bar)

FIG. 3. Calculated zero-temperature limiting value
of k,T. Note that «pT is given in terms of 7 by the re-
lation kpT/n=54%p%.

cupation factors »n°(E) change as well, and for the
purposes of calculating the leading finite-tempera-
ture corrections may be replaced by

n2(E) =~ e~5%8T =1+ L(kyT/A)x*]. (4.4)

The second class of corrections comes from
changes in the collision probability due to the &
dependence of the coherence factors. We shall
refer to these corrections as dyrnamical ones.
The coherence factors are given by

u=[3(1+¢/E))"/?
and (4.5)
v=[$(1-¢/E)] V2.

When expanded to second order in ¢ the quantities
u?, +#, and up, which are the only ones that enter
the expression (3.1) for the collision probability,
are

u=3(1+¢/a),

v?=3(1-¢/a),
and

uv=A/2E~3(1- £2/2A%) . 4.7)

The corrections to the viscosity and diffusive
thermal conductivity due to the above sources are
of order k,T/A relative to the low-temperature
limiting value. A further source of corrections
comes from decay and coalescence processes,
and the 1-# factors in the two-quasiparticle scat-
tering process. These give contributions of rela-
tive order e~2/*87, and thus at low temperatures

(4.6)
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vanish more rapidly than the contributions dis-
cussed above. Finally, we remark that the tem-
perature dependence of the gap may also be ne-
glected, since the leading term is proportional to
e~4/*87,

The simplest way to calculate the leading finite
temperature corrections to the transport coeffi-
cients is to use the variational principle which
gives a lower bound on the viscosity and the
thermal conductivity. For the viscosity one has

n=kyT[ (U, X)?/(U,H)] , (4.8)

where the scalar product is defined by

“,B)= Z AP1°1 pro ( 1) (4.9)

P10

and the linear operator H is given by Eqs. (2.14)
and (2.15). Also

X310y =V, D1y /kgT,

which equals the driving term in the Boltzmann
equation (2.13) with —8u, /8y replaced by unity.
The trial function U in (4.8) is arbitrary, but for
U equal to iy, the exact solution of the Boltzmann
equation, the bound (4.8) is equal to the true vis-
cosity, given by

n=kpT(®,X) . (4.10)

One may calculate the leading finite-temperature
corrections by evaluating the variational expres-
sion using the zero-temperature solution as the
trial function. Because of the variational property,
- |

1
fdxlf dxzf dxsf dx, e & (l Ekil‘x";

X5<x21+x§—x§—x§—

deviations of y from the zero-temperature solution
do not affect the leading corrections, and there-
fore one can avoid solving the finite-temperature
Boltzmann equation. The trial function U is there-
fore taken to be proportional to the zero-tempera-
ture solution (2.22),

pl 1 511’1 pl

Let us consider the numerator and the denomi-
nator of (4.8) in turn, leaving out for the moment
the dynamical corrections, which will be added
later. For the term in the numerator in (4.8) one
finds

(X, 0)=(X, U)y(1 +8 kpT/A) , (4.12)

where (, ), is to be understood as the 7'~ 0 limit
of the quantity. This result is easily established
by noting that (X, U) is proportional to the integral

(4.11)

" dg eEns) -

-co

If one now expands v and »° in powers of x, using
(4.2) and (4.4), the integral is proportional to

” 2,-x2(1_ kaT 2)( T kgT 4)
fmdxxe <1 A x 1+2 A x
=‘/7<1+§M> (4.13)

to linear order in kT/A.

When the changes in the collision probability are
ignored, the relevant integral in the denominator
is

1£,.T m2 15 kT
E—i—(x':+x§—x§—x:)>=—5<l+—4—i—> (4.14)

to linear order in k,T/A, since the delta function when integrated with respect to x, and x, gives

” = 1kgT
[_mdxsj:”dx46<xf+x§—x§-x§—E—Z—(x‘§+x2 xs—x4)> <1+§(x +x3) ET)-

(4.15)

4 A

Consequently, the kinematical corrections combine to reduce the viscosity by the factor (1 -3k,T/A).
Now let us turn to the dynamical corrections. After performing integrals over all angular variables
except 6 and ¢ one finds for the denominator in (4.8), neglecting kinematical corrections,

21rd 1 d cosé C ) 0 )
e 32 S [ a  , fte [at iti

X x,[ %, +x, P,(cos8) — x, P,(cosb,,) — x, Py(cosb,,)] ,

)W, (9’ ¢’ X1y X25 X3, x4)

(4.16)

where 6, and 6,, are the angles between p, and p,, and p, and p,. The P, functions are /=2 Legendre poly-
nomials, which enter the viscosity by virtue of the /=2 symmetry of the driving term.
We now evaluate (4.16) assuming that the normal state scattering amplitude is a constant S acting only in



3394 C.J.

PETHICK, H. SMITH, AND P. BHATTACHARYYA 15

the singlet spin state. This approximation gives results for the low-temperature viscosity which differ by
less than 10% from those of the full s- and p-wave approximation. The collision probability expanded to

second order in the x; is

kT
W, (0, %1, Xz, X3, Xq) < 6 —LA ( Ko+ XgXy— X 1Xg— X 1Xg— XpX3— X3X4)

+ 2<1 —E-il‘ i: x3 )(coszo +cos%6y; +cos?0y; )

i=1

- <4_ ) kpT 2 x3 )(cose— cosf; — cosfyy )

A =

+ (o 2+ X3%,)COSO+ (¥, X4+ x,%5) COSO, +(x,Xx5+x,%,)COSO .

(4.17)

When this is substituted into (4.16), the only terms proportional to 2 T/A which survive are ones involving
integrals of x%, x%x2, x2x%, or x2x%: the rest vanish by symmetry. The final angular integral to be per-

formed is

fwi?r 1 ‘cin(;;(ziz;(%(l-cose)’+(1+cos0n)2+(1+cosem)2]
0 =1 2

2k,T
- 8_13:_1_‘ (cos?6 +cos20y +c0s29yy — COSH +C0SH | +C0Shyy ) - —A‘— (1 - cosg)P,(cosb)

4k

Note that this integral depends on the angular part
of the trial function, through the P,, and will there-
fore not be the same for other transport coeffi-
cients. It is therefore not possible at finite tem-
peratures to use a common relaxation time to de-
scribe both the viscosity and the diffusive thermal
conductivity. Combining the kinematical and dy-
namical corrections one finds

n=0(0)(1-12 kyT/A) , (4.19)

where 7(0) denotes the zero-temperature viscosity
calculated in Sec. III, in this case corresponding
to the result (3.7) for the collision probability. In
weak-coupling theory

A(T=0)=(n1/y)kgT,~1.76 kgT,,

and therefore the finite-temperature correction
term is close to -n(0)T/T,. We have not made
estimates of the correction term for more general
interactions, but it seems likely that for ones ap-
propriate for liquid He, n will decrease with in-
creasing temperature.

Analogous calculations can be carried out for the
finite temperature contribution to the diffusive
thermal conductivity. The variational expression
for the diffusive thermal conductivity is similar to
(4.8) but with X3, 0, Proportional to the heat current

carried by a quasiparticle
Ev, =t . (4.20)

The appropriate trial function is again proportional
to the zero-temperature solution y, given by

4
- —LA I (1+cosgy )P,(cosb,,) - —B—kA I (1+coséy, )Pz(coseu)> acl- —

121 kT
Zpl | (418
98 A (4.18)
-
V3, CEV, VT =§,0.5,°VT . (4.21)

Note that ¢ is linear in £ |, as in the case of vis-
cosity, but has /=1 angular dependence. After cal-
culations similar to those described above for the
viscosity, one finds for the kinematical corrections

(X, 0)=(X, U)(1+ £ EgT/A), (4.22)
(U,HU)=(U,HU),(1+ £ £ T/A) . (4.23)

Thus the kinematical corrections to ;T vanish.

For a constunt singlet effective interaction in the
normal state the dynamical corrections are given
by an expression identical with (4.16), apart from
the replacement of the P, that occur there by P,.
One finds

(U,HU)=(U,HU),(1- B £pT/A), (4.24)
and hence
kpT =kpT |peoll+ B kpT/A) . (4.25)

Thus k,T, in contrast to n, increases with in-
creasing temperature. The main reason for the
different behavior is that the current X is rigor-
ously proportional to ¢ for all ¢ in the case of the
heat current, but not in the case of the momentum
current.

V. DISCUSSION

In this concluding section we first discuss the
experimentally important question of the mag-
nitude of the mean free path at low temperatures.
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20

10

I-e~8/%T [micron]

Pressure [bar]
FIG. 4. Calculated values of the low-temperature
mean free path I. le ®*sT is shown as a function of
pressure [cf. Eq. (2.41)].

Subsequently we shall deal with the adequacy of
the s- and p-wave approximation to the scattering
amplitude used in the calculation of the magnitude
of the transport coefficients.

To perform an experiment which measures the
low-temperature viscosity characteristic of the
bulk liquid the mean free path must be less than
the dimensions of the sample and other character-
istic lengths such as the viscous penetration
depth. We have defined the mean free path ! by
Eq. (2.41) in terms of the thermally averaged
group velocity of an excitation and the relaxation

- -
o N

o
@™

1, T2 11078 sec m K?)

ob—— v Loy 1o 1y
0 10 20 30

Pressure [bar)

FIG. 5. Pressure dependence of the normal-state

viscous relaxation time 7, times T2, where the viscosity
is related to 7, by n=‘?m*nv} 7y. The circles are ex-

perimental values from Ref. 3, and the full line is the
theoretical value calculated using the s- and p -wave
approximation to the scattering amplitude.

T T2 [10 8 sec m K2

Pressure [bar)

FIG. 6. Pressure dependence of the normal-state
thermal-conductivity relaxation time 7, times Tz,
where the thermal conductivity « is related to 7, by
K =%cvv,2; T.. The circles are experimental values taken
from Ref. 3, and the full line is the theoretical value
calculated using the s- and p -wave approximation.

time 7. Once the angularly averaged collision
probability is calculated, one can from it derive
T, Eq. (2.31), and hence the magnitude of the
temperature-independent quantity le™/*87, The
latter is shown in Fig. 4 as a function of pressure. The
rapid increase at lower pressures reflects the in-
crease in the normal-state mean free path at the tran-
sition temperature T, withdecreasing T,. To ob-
tain the low-temperature value of ! at a given tem-
perature and pressure, one may use the plot in
Fig. 4 together with the value of the exponential
eA/%BT gt the temperature in question. Note that
on the melting curve ! is no greater than about

6u at T=3T,. It is therefore possible to have I
smaller than any characteristic length in an ex-
periment, even when kyT<A. In this connection
one should note that the viscous penetration depth
6 also increases as the temperature is lowered,
since 8= (1/p,w)*/2cc T/ 4 ¢2/2k3T)  The magnitude
at a given frequency w is readily calculated from
the value of the zero temperature viscosity to-
gether with the expression for p, given by Egs.
(2.28) and (2.21).

In Figs. 2 and 3 we displayed results for the
shear viscosity and diffusive thermal conductivity
calculated using the s- and p-wave approximation
for the normal state scattering amplitude. To
give some idea of how good the s- and p-wave ap-
proximation is we give in Figs. 5 and 6 and in
Tables I and II results for various normal- state
properties and 7(0) calculated using this ap-
proximation. The theoretical expressions for the
normal-state quantities are all given in the pre-
ceding paper.! The first point to be made is
that the s- and p-wave approximation accounts
rather well for the magnitudes of the measured
normal-state relaxation times, considering the
limited amount of experimental information the ap-
proximation employs. The scattering amplitude
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TABLE II. Experimental and theoretical values of
T(0) T2

7(0) T?
(usec mK?)
Pressure Theory

(bar) (s- and p-wave

Experiment approximation)
33.45 0.262 0.20
29.34 0.262 0.21
24.02 0.302 0.22
20.7 0.36" 0.23

2 Orbital relaxation (Ref. 8).
b Spin relaxation (Ref. 9).

for $=0, and, because of the Fermi statistics,
for ¢ =m, may be expressed in terms of Landau
parameters, but one has no direct way of investi-
gating the scattering amplitude for ¢ #0. The in-
terpolation used in the s- and p-wave approxi-
mation is the simplest consistent with the Fermi
statistics, but for a system as dense as 3He
there is no reason to expect the contribution from
higher partial waves to be negligible. One can
understand why the discrepancy between theo-
retical and experimental values is greater for
the viscous relaxation time than for the other re-
laxation times, because the viscous relaxation
time depends most strongly on the scattering
rate for ¢~ 37, where our knowledge of the scat-
tering amplitude is poorest.

One may ask whether it is possible to find a
scattering amplitude which accounts for all the
measured normal state properties. There are
many ways in which one can modify the scat-
tering amplitude when one goes beyond the simple
s- and p-wave approximation. We have explored
the consequences of treating A{ as an adjustable
parameter in the s- and p-wave approximation
rather than fixing it by imposing the forward-
scattering sum rule. In Figs. 7 and 8 we show
nat T=0and at T=T,, and k,T in the normal
state, and in the superfluid close to T'=0 at the
melting pressure as functions of A{, the other
Landau parameters being kept fixed at the values
given by Wheatley.® For A{=~-1.8 (F¢=-1.1)
the normal-state properties agree with the ex-
perimental values. At other pressures it is pos-
sible to obtain agreement between theory and ex-
periment by adjusting A{. At zero pressure the
value of A{ required is — 0.9 (F =- 0.7), which is
close to the value needed to satisfy the forward-
scattering sum rule if one neglects Landau param-
eters with I>1.

The effect of making A{ more negative is to
shift weight from 6=~7 to § ~0 in the singlet
scattering amplitude, which is much more im-

120

100

60

40

Viscosity [millipoise)

20

0 1 Il L | 1 | L
-20 -10 0 10 20

A
FIG. 7. Calculated normal-state viscosity n(T,) at
the melting pressure shown as a function of the param-
eter A} =F{/(1 +%F{). For comparison the correspond-
ing dependence of the zero-temperature viscosity n(0) is
exhibited.

portant than the triplet amplitude. Since the in-
verse viscosity and hence 7;' to a good approxi-
mation is proportional to the angular average
(Wy(6, ¢)sin®psin*(36)) of the normal-state col-
lision probability W, a shift of weight from =17

T T T T T T T

%pT lerg/seccm]
o

Superfluid

0 1 1 ! ] L | L
-20 -10 0 10 20

A
FIG. 8. Calculated A{ dependence of the quantity x,T

at the melting pressure in the normal state and in the
superfluid at low temperatures (cf. Fig. 7).
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to 0 will increase the viscosity by decreasing the
magnitude of this average. For the thermal con-
ductivity the difference in weighting of transitions
with 6 ~0 and 6 ~7 is less than for the viscosity,
and therefore the relative change in the thermal
conductivity with variation of A} is not so great

as the relative change in the viscosity. 7 and

kpT in the superfluid depend much less on A}

than do the normal-state properties. The es-
sential reason is that the averages of the scattering
amplitudes occurring in the relaxation time in the
superfluid do not, in contrast to the viscous re-
laxation time in the normal state, weight strongly
any particular angles for the normal- state scat-
tering amplitude. The relaxation time of a normal-
state quasiparticle at the Fermi energy 7(0) shows
little A{ dependence for similar reasons.

The s- and p-wave scattering amplitudes with
Af adjustable are unphysical, in that they generally
violate the forward-scattering sum rule and the
values of F{ required are more negative than those
obtained from spin-echo measurements.'® How-
ever, the calculations suggest that it may be pos-
sible to find a scattering amplitude that can give
a consistent account of normal- state transport
measurements. Clearly when one goes beyond
the simplest s- and p-wave approximation there
are many possible forms one could use for the
scattering amplitude: among the possibilities are
to include higher Landau parameters, and higher
partial waves.

All the transport quantities exhibited in Figs. 2—-8
were calculated from Wheatley’s tabulated Landau
parameters.® Recently, Halperin et al.!'! made
specific-heat measurements at the melting pres-
sure in the normal state and obtained an effective
mass ratio m*/m=5.6, which is 10% lower than
the value given in Ref. 3, m*/m=6.2. To in-
vestigate the effect of this 10% difference we have
calculated transport coefficients using a value of
F] obtained from the new value for m*/m and
F; and F§ derived from the measured sound
velocity and magnetic susceptibility using the new
value of m*/m. The results of the calculations are
shown in Table III. The first column gives the
results obtained using m*/m =6.22, and A? is
equal to the value -0.69 which satisfies the for-
ward-scattering sum rule. The next two columns
show results for m*/m=5.6. In both cases
Fg, F{, and Fj were altered to be consistent
with the value of m*/m, as explained above. For
the second column we kept A{ at the old value - 0.69,
and the resulting scattering amplitude thus does
not satisfy the forward scattering sum rule. For
the third column A{ was set equal to —0.21 to
satisfy the forward-scattering sum rule with
Ag, A}, and A} having their altered values. The

TABLE TII. Dependence of transport properties of *He
at the melting pressure on m */m. The value m*/m
=6.22 is taken from Ref. 3, and the value m*/m=5.60
from Ref. 11. The calculations were made using the
s- and p-wave approximation. In the first two columns
A% was taken to be the value obtained from the forward-
scattering sum rule, with m*/m=6.22. In the third
column, A{ was obtained from the forward-scattering
sum rule, with m*/m=5.60.

m*/m 6.22 5.60

nT? 0.44 0.38 0.31
(PmK?)

kT 6.9 6.3 5.4
(erg/seccm)

DT? 0.111 0.099 0.084
(cm?mK?/sec)

o, 1.05 0.978 0.802

o, 1.89 1.71 1.25

ap —0.350 —0.482 —0.770

T(0) T2 0.20 0.17 0.16
(Lsec sz)

1(0) 21 20 18

(mP)

changes in the normal-state transport coefficients
can be as large as 30% for the viscosity, and 20%
for the thermal conductivity, but unfortunately in-
crease the discrepancy between theory and experi-
ment. Note also the relatively large effect of
allowing A7 to change to preserve the forward-
scattering sum rule. These results indicate that
the discrepancy between theory and experiment

is not due to uncertainties in our knowledge of
m*/m.

Clearly the above discussion shows that more
experimental and theoretical work is needed to
arrive at a satisfactory expression for the scat-
tering amplitude. Accurate measurements of the
zero temperature viscosity and thermal conductiv-
ity in the superfluid state would be of value, since
they constitute measurements of different angular
averages of the collision probability than in the
normal state. In this sense they complement the
normal-state transport coefficients which have
been so useful in giving insight into the nature of
the quasiparticle interaction in mixtures of 3He in
“He as well as in pure 3He.

The work described in this paper and the pre-
ceding one provides the framework for analyzing
low-frequency long-wavelength transport and
relaxation processes in superfluid Fermi systems.
Since the transport equation has been solved ex-
actly in a number of cases of experimental im-
portance, it is possible to obtain quantitative in-
formation about microscopic properties of liquid
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3He. Also, the exact solutions serve as a useful
starting point for variational calculations in the
intermediate temperature range in which our re-
sults are not applicable.

ACKNOWLEDGMENTS

The authors wish to thank J. Serene for valuable
discussions and correspondence that led to a con-
siderable simplification of the calculation of the
averaged collision probability. They are also
grateful to Martti Salomaa for carrying out some
numerical checks.

APPENDIX: TRANSITION PROBABILITY

The basic scattering amplitude may be written
in the form of an interaction Hamiltonian

H=‘—1;1;4(3,4\T|1,2)a1a§a1a2, (A1)
where a' and @ are creation and annihilation op-
erators for normal-state quasiparticles. Within
the weak-coupling assumption we are making
this Hamiltonian is the same in the superfluid and
normal phases. According to standard time-de-
pendent perturbation theory the rate at which
transitions are being made from some state | ¥;)
with a quasiparticle distribution 7#; to other states
is given by

24, | HOE, - H)H ), (a2)

where H, given by (Al), is the interaction Ham-
iltonian, and H, is the unperturbed Hamiltonian.
The simplest way to extract the transition proba-
bility for quasiparticles 1 and 2 to be scattered

to states 3 and 4 is to pick out in (A2) the coef-
ficient of 7, n,(1 - n,)(1 —n,). Since the argument
of the energy-conserving delta function may be
easily read off, we may alternatively find the
coefficient of n, n,(1 —n,)(1 —n,) in (¢, | H?| ;) ,
or, since we are interested in a thermal ensemble,
in ( H®),, where(***),, denotes a thermal average.
The average of H? is

1
(H%),=7= 2. (1,8 T 5,6)
16 , 57,
X(a:a:asasa:a;alaz>av
x(3,4 T|1,2). (A3)

The thermal average in (A3) may easily be eval-
uated with the help of Wick’s theorem, and the
expressions for the elementary contractions:

<a‘:ai>av=lu{izni+1 v(lz(l_n—l), (A4)

(aia:)-v=!utlz(1"”4)+|”ilz'l-u (A5)

(@)= SR [n, - (1= n), (a6)

at
<at‘a¥>.v=——'—2§3 L[ng-(1-n_y). (A7)
i
All these contractions depend on the spin vari-
ables, which we have not written out explicitly.
| 4,12 and | v; | are diagonal in the spin index and
have the values

lu;l2=%(l+§i/E¢) (A8)
and

IU‘I2=%(1—E‘/E‘). (A9)

A is the usual gap matrix. All contractions apart
from the ones in (A4)-(A"7) vanish.

The contributions to ( H?),, may be divided into
three classes, according to whether they have
0, 2, or 4 anomalous contractions of the types
(A6) and (A7). A typical term of the first class is

(1,2 T13, 4)| ;|2 u,l?| g | w,|2¢3, 4l T[1,2)
xXn, n,(1 =n)(1 —n,). (A10)

To complete the evaluation, one has only to cal-
culate the spin trace implicit in (A10). This is
precisely the same as in the normal state, and
one finds a contribution

(I Sel2 + 31 Ty12)] 13| wol?] ugl?| uyl?n, 7, (1 = 15)(1 = 2,).
(Al11)

The notation for the singlet and triplet scattering am-
plitudes is explained in{Sec. IIl of the text. Thereare
five other terms related to (A11) which have some
(or all) of the |u; |2 factors replaced by | v, |3;
these are obtained from the | v;|? terms in the
contractions (A4) and (A5).

The next class of terms are those involving
two anomalous contractions. With spin indices
written explicitly a typical term is

(la’, - 45| T| 3y, -28")

X AT(_ 51)¢x’a A(— 52)6’8
2E, 2E,

X{3y, - la| T| - 45, 28) n,n,(1 - n,)(1 —n,).
(A12)

The spin traces are most easily calculated if one
uses the crossing relations to express the scat-
tering amplitudes as follows:

| ugl?| v,|2

(la’, - 40| T|3y,-28") = (- Sy +iTy)0 505y
+(5Sy + ;‘-Tu)aa:a: . 35,
(A13)
and
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< 3y, - ldl Tl - 46; 23) = (%Sm*' %Tm)ay 66 oB
+ (= 38+ §Ty)0y 5 * O s
(A14)

The gap matrix for a p-wave sugerfluid may be
expressed in terms of a vector Ak) by means
of the relation

A(K) g =8 () @ 0,) a8, (A15)

and thus the final task is to evaluate the spin
traces. The required traces are

88r0 5y A*(=Dy)ar aA(=DB;)pr 80750 as
=Tr(1)Tr[AT(=B,)a (= B,)]
=48%(-1)-A(-2)  (A16)
and
Garpr* Oy A=) orad(=D2)878 0ys* T as
=Tr(o;0,)Tr[5;8%(=P,)o; A(-D,)]
=48%(- 1) A(-2). (A1T)

The trace involving a single bRx: operator van-
ishes. Collecting the results together, one finds
the contribution (A12) is

%(Snsm =Ty Sy +Sy Ty = 5Ty Tyy)

A*(1)- A2
X _(Ezfz—(—) | uglt] v |2m, n,(1 = n,)(1 = 7).

The final class of terms are those involving
four anomalous contractions. A typical contribu-
tion is

Tr(5,a(1)0; A1(3) Tr[o, A7(4)5, A(2))

A 'q A®,)a
(=3, =40 T| - 1o, - 29) 2B SBena

b *@y)y'y 8*Pss
zEa 2E4

x{ 3y, 46| T| 1a, 28) n,n,(1 =n,)(1 -n,).  (A18)
If one writes
(3y, 40| T|1a,2B) = (5S; +1T;)04 085
+(= 48, +3T|)T oy Tps,
(A19)

the spin traces may be performed straightfor-
wardly. One finds

By 850 AD,)ar oA (Ba)s 8 A*Ba)y 1y 8* (005500055
=Tr[a@)a@)] Tr[at(3)aT(4)
=4[ Z(1)- K@) [E*(3)- a*(4)).
(A20)

The trace with one of the 66 terms in (A20) re-
placed by 00 is

Tr[a(1)o,0%3)] Tr[o; a7 (4)A(2))
== 4[E*3)xE(1) - [B*(4)xA(2)]
= - 4{[B+@)- K@) [A(1)- &(2)]
- [B*(3)- &) [&(1) - Ex(4)]}.
(A21)

The term with the 0+ 0 and 66 terms reversed is
the same, and the term with two 0+ G operators
is

= 4Ak (I)A}r (3)(6ik 61’! + 6“ 611: - 61‘1 6“ )Atn(4)An (2)(6{m6.ﬁn+ 6in bim_ 6mn 6” )
=4{2[&(1)- Ax@)[A(2)- B*(3)) +2[A(1)- K(2)) [A*(3)- K*(4)] - [E(1)- A*@3)[Z(2)- A*(4)}. (A22)

In the BW state the vector -A.(ﬁ‘) has a constant
magnitude A, and a direction obtained by per-
forming a (§; independent) rotation on P;. Thus
A(p;)- Alp;)=42p,+ p;. Substituting this expression
into the various contributions, and adding them
one obtains Eq. (3.1) for the transition probability.

Our result, Eq. (3.1), differs from that of Geil-
ikman and Chechetkin!? in a number of important
ways, as can be seen by making the identifications
appropriate for potential scattering described
by the scattering amplitude V7,

S1= V35t V5,5
(A23)
T,= V;s_;l - V;4_;1, etc.

r

For instance, when all four momenta are paral-
lel the collision probability should vanish in the
constant singlet approximation [cf. Eq. (3.2)].
This property is not shared by the collision prob-
ability exhibited below Eq. (16) of Ref. 12. Also
the terms in Eq. (3.1) of the type u?uZuZu%, which
are independent of angle but do depend on energy
seem to have been replaced by a constant, equal
to their value at &; =0.

A number of other results may easily be ob-
tained using the above calculation. One simple
case is the transition probability for the Anderson-
Brinkman-Morel state, which is obtained by in-
serting the appropriate values of A(p,)*A(p;) in
the expressions above. A second example is the
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transition probability for a process in which a
quasiparticle in the state 1 decays into three quasi-
particles in the states —2, 3, and 4. This is ob-
tained by finding the coefficient of 7 (1 —n_,)(1
-n,)(1-n,) in (A3). From the general form for
the contractions (A4)-(A7), it is clear that the
transition probability for this process is obtained
from the one we have calculated by replacing | u,|?
by | /%, | 9|2 by | u,/?, and changing the sign of
terms containing A(p,), A(-P,), or their Hermitian
conjugates. Finally we remark that results may
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easily be obtained for the BCS state if one uses
for the gap matrix ¢0,A, where A is the mag-
nitude of the gap.

As an alternative to the procedure described
above we have also determined the collision prob-
ability (3.1) directly from the superfluid quasi-
particle scattering amplitude, obtained by ex-
pressing e’ and a in (A1) in terms of the creation
and annihilation operators for superfluid quasi-
particles. The two methods give identical re-
sults for the collision probability.
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