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l. The equations for vertex functions of the Larkin—
Mipdal ’1/ approach to superfluid Fermi liqﬁid were solved,
in the acoustic limit ( i.e., for le, kv<< A, where w,_l:
denote the frequency and the wave vector of an external field,
respectively, fur 4O and V- being the energy gap and the

quasiparticle velocity on the Fermi sphere, respectively) fox

systems wlth isotropic S-pairing in paper /1/ « For the system
with the Balian-iWerthamer re/ pairing *  such equations for
such a limit were solved by us for scalar and vector vertices /44
and for spin vertices /37 « In papers 1/ and 7495/ the
effective interaction in the particle~hole channel, coinciding

with the effective quasiparticle interaction for normal system,

*® It 1is known to very few persons only that the main results

of this paper were obtained independently by Vdovin 73/ .



was of quite general form. On the other hand, the effective
.
interaction in the particle~particle ( or hole-hole) channel

was restricted only to pairing channel, il.e., to e =0 in /3

and to £ =1 in /495/ « Note that according to papers /1y4/
~ _I_\_"
this interactlon can be represented by two functlons JCE(FI” ) ,
€ + 1, such that

oo

E 2o, T, o4,
§el )ZZ_‘(Z[‘DICF((F/’), @
(=0

with the summation over even ( for € =1 and over odd {”
for € -l. The Legendre amplitudes of such an interaction,

}-( , arc equal, for dimensionless interactlon, to [}"‘(2}/”’2)]4

y where § denotes the cut—off energy with 7"2

belnp some nonnegative constants ( cf.paper /1/ Yo In the pairing
channel, l.e.,, for (, =0 for S-pairing and { =1 for pairing
/253/ y Ty=24 ’ /1447 3 we wlll denote hereafter (
for the pairing channel by [0 "+ It can be easlily verified for
equations for vertex functlons 1n papers /1s455/ that if

?L‘L? ’ @n(ﬂ/’fe)l s 1s at least, a number of order of unity,
0

then the harmonics with {"é (o could be neglected in the
acoustic limit. On the other hand, if Zuz:] b (a/me)l << 4

and the harmonic fulfilling thils inequalilty appears in the
equations for the vertex functions, then the solutlons obtained
in papers /L15435/  are not valld unless Jwi, kv «<

o [t lmtorol]

equations for spin vertices for systems with Balian-Werthamer-~

Note that only in the

Vdovin (BIV) pairing there appear together both functions ;E
e + 1 ( cf.papers /1s4/ ) Hence, only for BWV palring

and spin vertices one can meet the Legend1:e amplitudes with
Aé =1; in the remaining cases the minimal A(: 2. The 7[)(
amplitudes have to diminish beginning from some { y &S a
result of the centrifugal force /1/ .

Hence, it is rather unexpected to fulfil the condition

IVVL(A/’Y'L)I << ] for £ - 2445544« ( BCS pairing) or

{ = 39557 see (BYV pairing). On the other hand, the condi-—
tion | €n (a/me)) << 1 seems to be quite natural for the
B¥V palring, since the tendency to diminish [€ for increasing
f acts here agalnst a tendency for greater /} in the
pairing channel, Hence, it is interesting to solve the equations
for the spin vertex for systems with the BV pairing assuming
that | (/n(d/ﬂ"e)l «< ] only for [ =0, Our results can play

a role for spin waves in the B-phase of s}xperfluid 3He. Our
previous results /5/ can be obtained from the present ones by

a limiting transition. Our present notation coincides with the
previous onej the definitions of /5/ will not be repeated, as
a ruley, here, Our paper /3/ will be hereafter denoted as I;

its formulae by (n,I), where 7. denotes the number of the
formula in I,

2. The equations for the tensor describing the normal
spin vertex, in the acoustic limit, will be now of the form

( ¢f.I and /3/ )

Y

Tt = ‘ag ~<B{4(MP) T4 -Pps Tuc po—
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The equations for a. will coinclde with thosé in I, The
equation for the variable 1& 4/ , for )[3 consilsting of
only zeroth Legendre harmonic, in the acoustic limlt, can be

rewritten as follows
;\a[% (a/m) -’ (F'&'P)‘_;.J: —({w kD] J'“F4>F. , &)

where the label "O" near /7~ was omitted for simplicity. It is
N
clear for the symmetry reasons that gkf-r/\ km and, hence,

eqe (3) can be rewritten as

- ] A 4)
XLM(A/fr)Jr%Icrzc"z_wzj:-‘(Lw# (k U’)]ku];”;é>i);
n (2
Let us define 7;_(— T + ‘jaé y where ‘7a4 is expressed
by 'Z/q‘ , as in I. Ilence
{2) . gy N A
T s = R(B[w*“‘v)]“af’é>:./ ~
Al 2 4/ (5)
(BIADT L PRIl p. >q,

Using formulae (19.1) one can find that the first term of the
right-hand side of eq. (5) is given by

Aty ko bw)kapy + §lbo-6)LE ] ©

Koyl
with W = (‘c{-") . Hence one can find that

a &

T - (¢ +C/w)+ E L, k

1f we take 1nto account that the terms (7) form a closed set

A
with respect to multiplication 2c/fc appearing in

(5). Substituting (7) 1into (5) one finds

(,=Dw

4 (®
,, é l é (7“{1)5 )

with

(9
Szll*%é.?*%'éz .

~— (1
Taking into account the expression of Jalé by the variables

XyR describing T, ( cfe I) and formula-(7) one can write

Ta = (At Al o (5,9 807t + DAL, |

- / ~AoA AN (20)
[Cot (GO IW + Cow? kg pet (EES1E W)k, by

where the variables A,,L - E,L are expressed by Xy,R by
formula (17-20, I) and (25-30,1). Substituting (10) into (4)

one finds
A [/A(A/T) +§k?vz—wzj= - L (A B £, —

(1)~ Leo(Ay+B v E 4G 4D) an



’ 1
Substituting here (,, @ and £/ from (8) and /4,,..5,L

from (17-20,I) and (25-30,1I) one obtains

A (o Ky o) = EXhvaalb,-8)14)S == Leufrd 1S o)

where

a = \/’1+é4)£~n(/4/f)")/ (13)

(/;,2 = _’é ‘/-2(,“ go)“-#é){héz)(q +%'60 +%£2 )—4 . oo

In order to obtain the equations for X and R, corresponding

to the equation for (z/ac one should substitute .7;

instead of .72:2 into egs. (34.I) and (36.1), i.e., substitute
Eot £y (o4 ¢, and (4+(," 1nstead ot E,, (o

and (,1 s respectively, with the remaining substitution

unchanged., Hence one finds

/ . , . a®
X f‘\wz~ {:/(“L}'z)::—w(Ao*Eo +E’a)——;4:k(f(A4+D4t4),

(cfe (34.I) ) and the equation for R remains unchanged. Thus,
the solution for R and the fomulae for variables expressing
by R only ( 1l.e.y AO/A,,BOI B4, D ) remain unchanged too.
Substituting formulae (8), (17.I), (20.I), (25.I), (29.I) and
(30.I) into (15) one gets

%?\wkb’(éo-éz>+X(032~U;2k2)=—w ) (16)

A s

where -

Uazﬁ 45’ U2(4 *%60 + %62)(“64%“‘3)(“%5, 45363)—1 an

denotes the squared velocity of longitudinal spin waves. Solving

the system of equations (.2,16) one finds
X = o (=t ) 0™ Y ar Lk Jn,) — *] (18)

A= dku(tib)w™u, o uz).i[wi- Lt I 1 Y s2e, *_%63)1},(19?

where
. - (20
W= %,(OL”(ZUfi ”’“9’”““% )
with
(21)
rlop2 32,72 ,2. 0 2 2 17\
Vo = U; -fUi +(’3 ) l/3 - 27 v (60‘62) {4%4){/“%6“37162)1
and

. 2 e . . (22)
Go=(a+k ) ~ 1ak,* > C.

It can be proved that u‘h?_ are increasing functions of kz ’
U,> 0 and, for k? <<lal], {,(ZQ,/ kQLr1z Moreover, the sign
of (,(1 coincides with the sign of a. Hence, we have here
always the "acoustic" mode passing, for suitably small k ’
into the mode determined by us in I. If A > ( ( i.e., 1f the
etfective interaction in the pairing channel is greater than the
one in the channel [ =0), then also the "optical" mode
appears. Since for L Pee [Ke¥ Uy~ Ao ‘(2( UZZ{' (/’32)

thus it corresponds to excitations with a gap

ZA(/I+61)4/2[:&L(<1/4‘)]1/2 << 24. 1f <O, then



the Moptical" mode posses into the diffusive one. MOte that in
all our previous formulae ¢ and k- are me‘asured in units
2 A o Hence one should substitute CJ/ZA and kou/24
instead of (o and ku‘ s respectively, in order to obtain
the formulae without the above restriction, If ICJ/ZA}

(k U/28) << |l 2— then X passes into his previous

value, ?\ tends to zero, and we obtain our previous solution.

3. Let us pass to the tensor of the paramagnetic suscepti-
bllity. According to papers /4/ and I, in the acoustic limit,

it can be written as follows

%aé - U 2)\‘76 /QC -+

[0 1 (KTN[R(éag=Pofi) + (R k- ful 1 1k ﬁJyes)

Expressing J;CL by R,X and ';{ y by means of formulae
(8), (10) and (17-20,1), (25-30,I) after simple integration

one finds
Nt = Xptalic [fag +6at-kokdooR 1k Byeox 4
(24)
—£< kg (1446 z)kﬁlj
Note that if we put 4a%(1+6,) Ln (a/7)

instead of a, then we obtain 'Xaéfor /) and kv not measured
in units 24 .

It can be easily ohecked that, as previously,
wnmt X - (A’VVL R - -,[ov"o\):éC and &wﬁtc
k—>0 k-0 k0
Hence, l(é“"(”}f/(aét ¢ for W (C and this fact has very
-

simple interpretation ( cf.I). One can add that even the

10

appearance of the excltations with a gap much smaller than aan
2/ . —‘

does not lead to terms of order of Wi in ’{a[\ =, CJ)

which are here not out of our accuracy. It means that

wm Xag ~ cw¥4a® 4 l.e., it 1s determined by the energy

K~ 0O
of a pair dlssoclation. On the other hand, ((m R= liuc X = /5

[

but gb'méx =-kuv (/“621//4241&4 (d//r)(/”, "g +.LDZ_’)O
Hence

bime Xt =X st { as -
. vy e
kookeg (k0 (1 +%6,-L6)24 0% m (0143 éo%éz)]},

'Note that for normal Femml liquids and for our previous (xaé

it was sufficlent to make only one limiting transition, ¢ —* 0
in order to obtain ,’Xstatic Sq4 + Now 1t 1s necessary to
perform 1im 1im . It means that if | Q) << 4a?

k=0 wW=—0
then, in order to obtain the statlc response, 1t is unsuffi-
cient 1f the fleld varies weakly over the correlatlion lengthj;

the field has to vary weakly also over the length 't%U'/l al %.

The collective excltations with a gap for superfluld
(superconducting) Ferml liquids were oonsidered in the lite-
rature ( cf.ye.g.,papers /6/ and /3/ ). On the other hand,
among them, the collective excitations with a gap much smaller
than 24 were not considered. It should be noted that the
appearance of such excitations 1s a feature of the Larkin—
igdal approach 7}/  1f the ratio of the Legendre amplitudes
of the effectilve interaction in the particle~particle channel
tor £ = (o and [—.— él# (o is close to unity. It is clear

that for consideratlon of such excitations for superconductors

11



it 1s necessary to introduce the long-range Coulcnd part in the
effective quasiparticle interaction.
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