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Abstract

A theorem on the canonical form of an antisymmetric matrix, which we
attribute to Zumino, is used to show how the derivations of the results of
two earlier papers by Blatt on expectation values of operators can be consid-
erably simplified.

1. Introduction

The quasi-chemical equilibrium approximation to statistical mechanics,
first expounded in 1957 [1], has been shown recently ([2] and [3], called
E, and E; henceforth, and references quoted there) to be particularly
applicable to the phenomenon of supercomductivity. The comparatively
slow development of the theory was due mainly to the absence of expressions
for expectation values of operators; since for any approximation to statistical
mechanics to be useful, one at least requires a method for evaluating expec-
tation values of operators which enter into the Hamiltonian of the system.
It was not until 1960 [2], that any progress in the desired direction was made;
even then, closed expressions for the expectation values of one and two par-
ticle operators were obtained only after a drastic simplification (viz. the
assumption of one pair state only) of the problem, and the use of a rather
specialized mathematical technique which could not be generalized .
Consequently, there was another time lapse before general expressions (for
the case of many pair states) were obtained [3]; again with the help of a
rather abstruse formalism !. It is the purpose of the present paper to show,
using a theorem which we attribute to Zumino (4], how the derivations of
the results of papers E; and Ej; can be considerably simplified.

Since the difficulties encountered in E; and especially in Ej;, resulted
from the use of formal labelling operators in the original Ansatz, it is
clearly desirable to eliminate these operators in the beginning; this is done
in section 2. The new expression for the density matrix, together with

* On leave of absence from Kyoto Uni{rersity, Kyoto, Japan.
1 The reader is referred to papers E; and Ej; for details.
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Zumino’s theorem, as stated in section 2, is used in sections 3 and 4 to
rederive expectation values of one and two particle operators.

2. Formalism and Preliminaries

The density matrix 4 in the quasi-chemical equilibrium theory is
(equation (2.12) of reference [5]):

(2.1) @ = wexp (QY)¥ exp (Q)w
where

(2.2a) Q=3 WAL

(2.2b) ¥ =TI )
and ’

(2.2c) W, = 2"‘3"2,‘ W, (Ry, ka)ay @y, -

The w,(k,, ;) are related to the eigenfunctions ¢,(%,, ;) and the eigenvalues
v, of the pair correlation matrix through:

(2.2d) W, (ky, Ba) = vA(140) @ulky, ko) (1),

The operator ¥~ describes the statistical behaviour of single particles, and
both exp (Q') and exp (Q) describe that of correlated pairs. The a,, a} are
Fermi destruction and creation operators respectively and satisfy the anti-
commutation relations;

(2.2e) (%, “I']-a- = O [@r, Gp]y = [a], “LL- =0

the 4,, A} are formal “labelling operators” (introduced to make 4 commute
with the number operator 4" = 3,ala,) which satisfy the Bose-Einstein
commutation relations;

(2.2f) [A,, A} = 8,5 [d,, Agl-=[4], 4] =0

and w is the projection operator onto the formal vacuum state; i.e., the state
for which the eigenvalues of A} 4, are zero for all «.

An expression for 4 which contains no labelling operators, we assert,
is the following:

(2.3) @ =J d'r]"[e“-f VT 2
F 4 « R

where 2

t II denotes direct product.
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(2.4a) P=YW:}

(2.4b) 7 = ()™

(2.4¢) T = H ¢, and u= H (35)
a a 27!

(2.4d) T=T[T, and R=[IR.

and

(2.4¢) T,={x:xreal,z> 0} and R, = {z:x real, —n < 2 < «} for all a.

To prove this assertion, we first consider the special case in which the sum
(2.2a) reduced to one term (i.e. there is only one pair state). We therefore
drop the index «. Expanding the exponentials in (2.1) and using the identity
(which follows from (2.2f})

(25) w(A)N(A*)Mw = de.MN!
we get 3
(2.6) @ =3 (N)-Y(WH¥y (W)N.
N=0
Now for the special case under consideration, (2.3) becomes
2.7) X = f dtet f D e Wyt W
[ —n 27
and since
; ™ dv -
(2.83.) J‘_' -2—7; 8"(M N = 6N,M
and
P e~V —
(2.8b) J’o dte—*t¥ = NI

the expanded form of (2.7) is identical with (2.6). This completes the proof
for the special case,

For the general case, we first note that the identity corresponding to
(2.6) is

(2.5a) @ 1:[ (A,)N- 1;[ AHMr o =w l;]_' Oy, (Na)!

and since we can obtain the same result (again ignoring the w) by replacing
A, by 2, and integrating (c.f. (2.8)) viz,:

3 If we are content to use the expanded form we may neglect the projection operator @.
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(2.8¢) f ar[Le f (AR T ™ IT (5% = T 2, eV,

it is clear that the proof for the general case goes through in an entirely
analogous way to the above. This completes the proof of the assertion.

A theorem which will be of major importance in the remainder of this
work is

THEOREM (Zumino). If Y is a complex anti-symmetric matriz, then
there exists a unitary matrix U such that

UTYU =X
where X has a normal form, i.e.

Xk, K)=0 unless ¥ =1Fk
and
Xk k) = —X(E k).

A proof of this theorem may be found in reference [4].

In the statement of the Z-theorem above, the “‘conjugate” of £, denoted
by k and satisfying (k) = &, is used to indicate a pairing (%, k) of the index
parameters {%} 5. For finite dimensional matrices, the dimension must be
even for the pairing process to be exhaustive. In this case, the canonical
form of Y consists of “boxes’” down the diagonal of the form

(Cxn 57)

and zeros elsewhere. (The possibility of some X (&, k)’s being zero is not
excluded.) When the dimension is odd, there will be an index remaining:
this merely gives rise to a ‘‘diagonal box” of one element, which is zero.
The applications of the Z-theorem in the present paper will be to “in-
finite dimensional’’ matrices, so that a pairing (%, k) of the index parameters
will always be possible. Moreover, in the work to follow, we will find it
convenient to decompose the index set into a union of a set & and its
conjugate & defined by & = {£: ke &}
To demonstrate the applicability of the Z-theorem to our theory, as well
as to provide us with a result that will be needed in the following sections,
we devote the remainder of this section to an evaluation of Tr(ol}).
As a first step we write (2.3) in the form

¢ T denotes transpose. .

® Normally, the index parameters are the states & = (4, s), # denoting wave vector and s
spin. In this case it is usual to take k as the time reversed state to %, i.e. £ = (—&, —s).
However, since in the present work we will find it convenient not to specify our index para-
meters, the normal convention will not be adopted.
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(2.9) U = L' dr 1;[ et fa au(v, t)
with
v={r}, t= {t.}
and
(2.10) U, t) = PV P

The problem then reduces to calculating Tr(@?(v, t).
Using the cyclic property of the trace, we may write

(2.11) Tr (2 (v, t)) = Tr (VP eP')

(2.11) can be simplified using the ‘“‘quenching identity” of reference [51:
Let F(a---) be an operator containing only destruction operators and let
G(a' -+ +) be an operator containing only creation operators, then

(2.12) Tr (¥ FG) = T (") (0| FG|0)

where F and @ are obtained from F and G respectively by the replacements
(2.13a) a, — d, = (1+u,)ta,

(2.13Db) al - a} = (1+u,)tal

and |0) is the vacuum state defined by

(2.13c) a,0> =0 all %

Thus

(2.14) Tr (4(, t)) = Tr (¥)<0lePeP'|0>
where from (2.13), (2.4a), (2.2d) and (2.2¢)

(2.15) b =kzk Y (ky, ky)ay a,

Y (%, k;) being defined by
(2-16) Y (ky, ky) = 274 3 vkl ok (R, ko).

Now since the ¢} (k,, k;) are anti-symmetric, (Y (k,, k,)) is antisymmetric,
so we may employ the Z-theorem:

We first define new Fermi destruction and creation operators a, and
a} respectively, through s:

¢ Note that the transformation (2.17) preserves the Fermi anti-commutation relations

(2.2¢).
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a4 = g Uy

(2.17)
al = ; Uk*/\“:r\

and choose the unitary matrix U such that
(2.18) X =UTYU

is in canonical form. (The transformation 2.17—18 will be known henceforth
as the Z-transformation.)
Substitution in (2.15) then yields?

(2.19) P = ;' z(1)Bx
where

z() = 2X(4, 2)
(2.20) 2() = —w(d) } ‘e
and

Br = mpox
(2.21) By = —ﬂA} AeZ.

To complete the calculation we require a method for evaluating vacuum
expectation values. One method is as follows: In an expression of the form
0| F (@, a})|0> we use the Fermi anticommutation relations (2.2e) to move
destruction operators to the right then use the identity 4,[0> = 0 all %
(or perhaps (Ola} = 0 all Z).

Applying this procedure to the vacuum expectation value in (2.14),
noting, from (2.2e) that

(2.22a) eZa3()ha fT 228t _ 1—'Ir £ NBa m (Bt
A

and

(2.22b) (B2 = (Bl)* =0

one has

(0lePeP|05 = IT <Ol(1-+a()a) (1-+2* 1)B1)10>
= I;[’ (1+1z(2)1?)
= exp [3'In (1+1=(3)/")]

or, in terms of the X operator (2.20)
(2.23) = exp [ TrIn(1—4X*X)]

? Primed sums and products will denote sums and products over the set .
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Now from (2.18)

(2.24) X*X = U'Y*YU

and since (U is unitary)

(2.25) Tr (UTAU) = Tr (4)
(2.26) 0lePeP'|0) = exp(} TrIn(1—M)]
where

(2.27) M =4Y*Y =23 (v,v5)q52,2;
and “

(2.28) CRIgslE' > = 3 galks R )gs (R, K).

Finally, we combine (2.26), (2.14) and (2.9) to get
(2.29) Tr (@) =Tr ("/f)f dr [ e“ﬂf du exp [3TrIn (1—M)].
T a R

For the case of one pair state only, noting that M is independent of » (2.29)
reduces to the result given in E,.

(2.30) Tr (@) = Tr (¥) f: dte~t exp [} Tr In (1 —2vtg)]
with
(2:31) Chlglt'> = 3 gk, K)o, )

The equivalence of (2.29), in its full generality, and {[6], 2.25) can be
easily established by inverting the process indicated in the arguments from

(2.3—8).
In the work to follow, we will be required to evaluate expressions of the
form
(2.32) f dr [ e f Au0ePAeP'|0> / f it f aucC, t)
T L R 7 Jr
with
(2.33) Cr,t)y=T] e exp[3Trin (1—M)]

and A some operator.
For convenience we introduce the following notation

<KA> = (0|eP AeP'0) |exp [} Tr In(1—M)]
and the weight function p(p, £) defined by
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(2.35) p(v, 8) = C(», t)/J’Tdr [auc, 1.
With this notation, (2.32) can be written in the form

(2.36) [ gt [pdnpv. 6 <4>.

3. Expectation values of one-particle operators

The expectation value of a typical one-particle operator

(3.1) J= waaiay
is defined by

(3:2) > =Tr (JU)
where

(3.3) ¥ = Y[Tr (&)

The reduction of (3.2) was carried out in E,; (E; 2.8) using the quenching
identity (2.12). In the notation of section 2, E; 2.8 reads

(3.4) Ty =3 St f drf dup(», 6)<J>
k T R

with

(3.5a) A = tp(1+1,)1

and

(3.5b) J= g' (14u) 4 T (14+-u,)Halap = kzk']kk'alak’

To evaluate the quantity in (3.4) under the integrals, we employ the Z-
transformation (2.17—18) and the method of section 2; thus:

(3.8) <I> = A2 F A p)<ala,>
where *
(3.7) F=UtJU

<afw,> = 8,,01(14+2(2)B)alea(142* (2)81) 10/ (1+|2(A) %)
(3.8) = Op,lx(2) ?/ (142 (2)[?)
= §,,I(3) le&
and

(3.9) Lafar> = <afa,>> 1e S
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If we now define an operator H by
(3.10) H = —4X*X(1—4X*X)"!
it follows from (2.20) and (3.8) that
H(A, ) = 0,,1(A)

(3.11) H@A,Z) =H@Z,2) e

so (3.6) can be expressed in the following way:

(3.12) <J> =.12;"j(;" MH@, A) =Tr (fH).
We now substitute (3.7) in (3.12), noting that (c.f. 2.24—28)
(3.13) UHU'= —M(1—-M)1=h

to get

(3.14) &J> = Tr, (Jh).

Combining (3.14) and (3.4) we obtain finally:

(3.15) Iy =3 iefut [ ar [ duptv, 0 Tr, (0.

It should be noted that in general, % is a function of the z,; though for the
special case of only one pair state, it is a function only of ¢: indeed, for this
case

(3.16) = —2utq(1—2vig)!

and (3.15) reduces to the result given in E;. The equivalence of (3.15) and
the general expression given in E;; can be easily established by the process
indicated in section 2.

4. Expectation values of two-particle operators

The reduction of the expectation value

(4.1) (K> = Tr (K%)
of a typical two-particle operator
(4.2) K = 3 K, vyalalaya,

kLEV

has been again carried out in E(E; 2.12) using the quenching identity. In
our notation, E; 2.12 reads
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(K) = k}l: (Kt ir— K, 1) fia 3

(4.3)

+ fT dr fRdM(v, t) <R + der [appiv. <>
where
(4.4) Ty = g (14-1) 71

is the average number of particles in the single particle state %, and the one-
particle operator K and the two-particle operator A are defined by

(4.5a) R — g’lﬂ}}a;ak,

(4.5b) K&" = fig(l 1) (K e, mpe K o, km— K o, mpe — X e, i0m) (L4u,) 4

and

(4.6a) R =3 R vvalala,an

LKV
(4.6b) Kkl,k’!’ = {(14-5;) (142,)} P Ky o { (1 F200) (U F01p) i

respectively.
Since KW is a one-particle operator, the second term in (4.3) becomes,
using the results of section 3

(4.7) [ o7 [ dup (v, £) Try (RWE).

The term remaining in (4.3) can be evaluated, again with the help of the
Z-theorem, in the following way:
We first apply the Z-transformation (2.17—18) to get

(4.8) <B> = > A (A, A y) «a}a}a“:a,v»
) Au, Ap

where

(4.9) A (A, X p') Eﬂ%yUI\kULlKkl,k'l’Uk’/\'U v

then observe that <afala, x,>> vanishes unless either

1) =4 and ¥ =pu, or W' =pu and A =4, or
2) u=1 and u' =1.

That is:
(4.10) <K> "'E;“"“' #) <<a1aA«L¢,.>>+A§ & (2, p) <BLB >
»

where
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(4.11a) M@, p) = (Ap, Ap)—H (A, pd)+ [, p) o A, B)] A, pe P

and

(4.11b) LA, p) =H (4, pp)—H A, 4 pp)—[pes> gldpes.

Now, using the methods of sections 2 and 3, noting that 4 # u, we have
<> = O|(1+=()8,)BL(1+=* (1)B1)10>/(1+1=(A)2)

(4.12a) = x(2) (14|=(4)2)?

= P(4) Ae ¥
(4.12b) B> =—<pl> Ae&
(4.12¢) KBy>=P*u) = —<kB;>» ped
and
(4.13) <Pl B> = P(A)D*(u) Aues

and also, from (3.8)

(4.14) Lafmala,> =IA)I(u) Apes.
Next, we define an operator ¥ by

(4.15) ¥ = {(1—4X* X)X —[(1—4X* X)-1X]T}
and observe that (c.f. (2.20))

(4.16a) Y, ) = 5,y D(A)

(4.16b) wo, i) = —w@ )t

so on combining (4.10), (4.13), (4.15) and (3.10) we have
<K> = 3 o (s, ') X' | Pligs)

Ap, A g
(4.17) S W, ) (g, X )P )
Ap A'p
= Tr, (X P)+CPIH P
with
(418)  (AulPWu'> = H(Q, V) H(u, p')—H(@, w) Hp, 7).

To obtain a result in terms of our original quantities, we simply substitute
(4.9) in (4.17), using (3.13) and (c.f. (2.18) and (2.24—28))

(4.19) UPU' = {1 —M) 'Y —-[(1—-M)1Y)T} =y
to get
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(4.20) <R> = Try(Bp)+<y|Rly)

where

(4.21) KRIpIR'Y ) = <RIBIR > LAY —<RIAED AR
and, in expanded form

(4.22a) pik, k) = g va(k, &)

i
Yalk, &) = (vg) 22 3, (KK (A—M) R D (R, &)

(4.22b)
— <R (L=M) R D, (R, k) }.

Combining (4.20), (4.7) and (4.8) we have, finally
<K> = %: (Kkz,kr—KIu,u) iy hly

(4.23)
+ [pdr [Laup(, O {Try(ROB)+Try(Rp)+ piR )},

Again it is an easy matter to show that (4.23) is equivalent, in its full gener-
ality, to the result given in E;;, and of course, in the special case of only
one pair state, to the result given in E|.
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