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It is by now generally belived that the low temperature

3 3He-A and 3I-Ie-B, correspond to the

phases of superfluid “He, i.e.
so-called Anderson - Morel (AM)(I) and Balian - Werthamer (BW)(z)
states, respectively. Both AM and BW States are formed on the basis
of the spin triplet pairing.

In the present work we analyze this type of pairing with
the help of the Hartree - Bogoliubov (HB) theory formulated in terms
of one-particle operators. This method, originally developped by
Herbut and Vujié&ié¢, (3)introduces two basic trial operators, the

A

A
density operator f , and the pairing operator Pa defined by the

properties
= =P (1)

In the simple case of BCS singlet spin pair;ng ga is the time-reve-
rsal operator éa’

In the AM model the total spin of a pair is S =1, the orbi-
tal angular momentum L = 1, and Sz'= + 1. This is so-called equal
spin pairing (ESP). The "up"™ and "down" spin particles form comple-
tely independent and non - interacting systems (at first sight at
least) . A possible choice for the pairing operator in the ESP state
is Sa = 18, whereia is the conjugation operator. ga = 16 is an anti-

unitary involution, i.e. satisfies the conditions (1) and has the

canonical form in the one - particle basis*|K>‘formed of plane waves

(PW) . The Bogoliubov transformation for the present case is the spe-
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cial one

* +
dﬁ.b = ’U.wzclg-& + Uiy Qowy (2)

A

The density operator f is diagonal in the (PW) representation, and
A A
commutes with the pairing operator Pa = iC and with the correlation
A
operator t (f §51/2Pa i.e. the Bogoliubov condit::l.ons(3 ) are sa-
tisfied when Pa = iC On the other hand, starting from the Hamiltonian
4
+ +
Z £ QAuy q"‘b - z \/uk.' Aurg Aoy Qo 1 Puy (3)

w,m!
A A
it is easy to see that the set of operators h 3, Pa, Aq(where h is

the HB one-particle Hamiltonian andﬂ"‘ pairing potential operator) is
commutative. The solution for the density operator matrix elements
is of the BCS-1like form(3),

However, the spin triplet pairing with Sz = O has been negle-
cted in the AM model. The general triblet pairing, which includes this

(2). They introduced a

possibility was studied by Balian and Werthamer
canonical transformation coupling the electrons of opposite momenta

and of both same and opposite spins
+ ® + 3
d“b = ;. (’u&zl a“%, + Va‘.a-ub,) (4.)
This transformation mixes four states, and thus is more gene-
ral than the usual one. However, as Bloch and Messiah pointed out(4)r
each canonical transformation U can be regarded as pairing of the

BCS-Bogoliubov type between two single particle states in an appro-

priate representation. In the present case

Ugen = Uspec ° Ul (5)

where U1 is the transformation leading to the representation in which
A

A
f and ta are in the canonical form, and U is a special transfor-

spec
mation one has to performe after U1 in order to diagonalize the Hamil-

tonian. Uspec is given by
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+
Aua = Uua gl‘)\ + Viea B (6)

where b +k A are linear combinations of the spin-up and the spin-down

annihilation operators, i.e. Ul is given by

égghz At“aznﬂ-Bt”azu (7
and A is a new quantum number to be defined below. The coefficients
in (7) can be determined if one knows the pairing operator lga, and
vice versa. Taking E"a = 'f"a we determine A + k , B + k from the con-

dition that bk+;\ and b_ create mutually time-reversed states. This

k A
gives the relations
+ =3
Bea = Rxka
(8)
+
Bika = “Pka

which do not determine A, B in a unique way. A possible choice, cor-

responding to the helicity representation, is

¥ : ¥
‘tk.'.:cosg’_“e au0+5mi“,e Quy

¢ P 9)
. [ (78 -tV
Buo = -dim On o Taus +COSBue  Quy
where A=+ 1is the helicity quantum number.
In fact, Ul amounts then to the rotation
(O i NACE &,
e $éy e z Q10

in the spin space, specific for each k. Q!é and \Pk are the polar ang-

les of the momentum k with the 2z - axis. The matrix elements of the
r

pairing potential operator Aa and of the correlation operator ?:a are

non-zero between the states of the same helicity only, i.e.

(Ea)ua,lﬂ'a' = (aa)“k,-x J"« A
(‘La)u.x’d' = (%c\)z,-u §a,a'
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In the special case of Qk =0
A & BLS
(ﬁa.)k,-.u= B+ A

while for Qk =
A Esp

(Ba) e = B = D

i.e. the general triplet pairing obtained with ;a = ;a includes the
simpler cases of tve BCS and of the ESP pairing. Another possible
choice of the pairing operator is @a = 16, but in this case the ma-
trix elements of Aa never reduce to the simpler form of the BCS or
of the ESP pairing.

We conclude that the most general triplet pairing in the super-

fluid 3

He is on the basis of the time reversal operator Sa =£a’

in contrast to the ESP case, where Qa = 12. Usually, the time-rever-
sal based pairing is associated with the singlet pairing only; howe-
ver .we have shown explicitly that for the triplet pairing ;a = %a'
but the canonical basis is no more the (PW) basis. Finally, one
should notice that the thermodynamically stable state (BW) state)

is a non - ESP state for L = 1, and probably this holds for L>1

also(S).
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