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Abstract. We discuss the behaviour of the BCS model in the limit of infinitely many
degrees of freedom. A new limiting procedure, based on spin waves, is proposed, by which
the usual convergence difficulties can be overcome.

Introduction

This article is concerned with the behaviour of the Bardeen-Cooper-
Schrieffer model [1] in the limit of infinitely many degrees of freedom.
Since this problem has already been extensively studied by several
authors [2-5], some explanation is needed for the publication of a new
paper on this subject.

The method used by the above authors is, in essence, the following:
for any finite number, say Q, of degrees of freedom, the system is deter-
mined by a C*-algebra U, and a Hamiltonian H,,. The algebras U,
form an ascending series,

A, C A,

if Q< €, thus it is possible to define a new C*-algebra U, by

A, = norm completion of () A,
Q

9, is the smallest C*-algebra containing all 9.

Now one constructs suitable representations © of U, — mostly the
thermodynamic representations [6] which are readily obtained using the
results of Thirring and Bogoliubov, Jr. [7] — and asks the following
questions:

i) does w(H,) converge, at least on a dense set?
ii) does m(expiHyt) converge towards a unitary operator?
iii) does, for S e (A,)

n(expiHgt) Sm(exp — iHyt)

converge and determine an automorphism of the algebra A ? (This
automorphism may, of course, be representation-dependent.)
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It turns out that the situation is somewhat paradoxical. For tempera-
ture 0, ©(H,) converges weakly but not strongly on a dense set towards
Bogoliubov’s reduced Hamiltonian Hg. Due to this fact, n(expiHyt)
behaves completely irregularly and does not converge to a unitary
operator. Nevertheless, Hy gives the correct time dependence in the
sense that

n(expiH,t) Sw(exp — iHgt)—> exp(iHgt) Sexp(— iH pt)

For finite temperatures, we cannot expect n(Hp) to converge in any
sense, but, according to Ref. [8], one has to subtract suitable elements
Koe(U,). Then one arrives at a similar situation: n(Hp)— K, is
convergent, but only weakly, exp[it(n(Hy) — K)] behaves irregularly,
but again w-lim(n(H,) — K,) gives the correct time dependence in the
above-mentioned sense.

Thus the usual methods do not permit us to answer questions i) and
ii) in a satisfying manner. One might argue that therefore the above
described limiting procedure is not adequate to the problem. This idea
is also confirmed by the occurence of certain pathologies discovered by
Jelinek and Thirring [9] (see Appendix 1).

In this paper we propose another limiting procedure based on spin
waves. While in the theory of ferromagnetism the usefulness of the
concept of spin waves has been well known for a long time [10], we shall
see that they also can be used with success in the BCS theory. Thus the
words “spin wave” are not to be understood literally. We shall not consi-
der the usual Bloch spin waves themselves, but shall rather construct a
formal analogue of them which bears all the essential features.

As Bogoliubov [2] pointed out, the fundamental quantities in BCS
theory are the quasi-particle creation and annihilation operators which
are obtained from the ordinary creation and annihilation operators by
means of a “Bogoliubov transformation”. The BCS ground state (for the
infinite system) is the quasi-particle vacuum, and the Hilbert space of
the system is spanned by all n-quasi-particle states. For infinite tempera-
tures, roughly speaking, the quasi-particle vacuum is replaced by some
“thermal background” and the Hilbert space is spanned by all states
differing from this background by a finite number of quasi-particles or
holes.

Now we take the view that the above-mentioned states are not of
physical relevance, but rather coherent linear combinations of them
where each of these states enters with infinitesimal weight. We shall
formulate this idea in a mathematically rigorous way, and shall see
that our method enables us to give satisfactory answers to all three
questions i)—iii).



Spin Waves 321

Just one remark on the strategy of this paper. It is divided into
two parts. Part 1 is concerned with generalities on the finite system,
and the construction of spin wave operators and vectors (also for the
finite case). In Part 2, the limit Q— oo is performed by means of Trotter’s
theory of approximating sequences of Hilbert spaces. We shall see
that the infinite BCS system occurs in two kinds of phases, normal-
conducting ones and super-conducting ones. These phases are not in
thermal equilibrium in the usual sense but only in a restricted sense.
Nevertheless we obtain “all” thermal Green’s functions. Furthermore,
it will be possible to decide whether a given phase is stable or not, a
problem which lies completely outside the scope of the usual approach.

1. The Finite System

A. Generalities

In the following, we shall deal with the strong coupling version
of the BCS model [11] which is particularly simple. It is based on the
assumption that an interaction only occurs between pairs formed by
electrons placed around the Fermi surface. Thus it seems to be reason-
able not to consider the original Hilbert space of the system, but to
take into account pair excitations only. The Hilbert space J#, obtained
in this way is a tensor product of Q two-dimensional Hilbert spaces,

Hp=C’RC*®---®C?. 1.1)
In #, an orthonormal basis is formed by the vectors

%) ®1%2) ® - ® |Xg) (1.2)

=) (o

The first alternative states that the p'™ pair state is occupied, while the
second states that this is not the case. As can be seen easily, the number Q2
of all pair states is proportional to the volume of the super-conductor.

Let us introduce the operators ¢{”(x=1,2,3) as Pauli matrices
acting on the p'™ mode of #,:

9=191® - Qr’® - ®1, (L.3)

and let us define the operators o, in a similar way. Then clearly o,
annihilates and o, creates the p™* pair. Furthermore, since

where

20,0, =1—0, (1.4)
23*
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the quantity ¢(1 —o'») where ¢ stands for the Fermi energy, turns out
to be the operator of the kinetic energy of a pair.
The BCS Hamiltonian now takes a very simple form

Q Q
Ho=¢) 1—-aP)—-Q7" Y 0,0, . 1.5
p=1 p.q=1
Thereby we have chosen our units so that the “critical temperature”
is 4. A detailed discussion of this Hamiltonian may be found in the
literature stated above. For the “quasi-spin method” just formulated,
cf,, the paper of Baumann, Eder, Sexl and Thirring [12].

B. Mixed States

If one wants to discuss thermodynamic properties of the system,
one has to encounter mixed states. As it is well known (see, e.g., Ref. [8]),
it is possible to use a Hilbert space formalism for their description.
One simply takes as a new Hilbert space $, the set of all operators
acting on 7, (or, in the general case, if the original Hilbert space is not
finite-dimensional, the set of all Hilbert-Schmidt operators) and defines
a scalar product by

(R, S)m»tr(R*S). (1.6)

The map R SR (1.7

defines an operator S acting on $,,. Similarly

R~»RS (1.8)
defines an operator S, and thus the commutator map
R~[S,R] 1.9
defines the operator § = S — S. The map
S S (1.10)
is an isomorphism, while .
S S (1.11)
is an anti-isomorphism.
Since .
troS = tro*So?, (1.12)

o being the density matrix, the thermal expectation value of the operator S
equals in the new language the matrix element of S taken with o%, the
latter quantity now being considered as an element of . In &g, the
equation for the time evolution of an operator

d
i R=[H,R] (1.13)
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takes the form of a Schrodinger equation:
LRy =111 (1.14)
dt 7 :

where |R) shall indicate that the former operator R is now considered
as vector in $,,.

From usual textbooks, see, e.g. [13], one knows that $, can be
identified with

Ho@ Ay . (1.15)
The operator S corresponds to
S®1, (1.16)
while S corresponds to
1®SsT. (1.17)

Since 3, is itself a tensor product, we obtain, by rearrangement of
the modes, the following final form for $,:

H2=(C*QRCHR(C*RCHR - RIC*RC?). (1.18)
Then
T9=(1®1)® - ®E“RH® - Q(1®1) (1.19)
pthmode
and
F'=(191)® - ®(1R®PN® - ®(1®1). (1.20)
Now, of course,
cWOT =g) DT _ 5@ BT () (1.21)
and
6'T=06", o T=0". (1.22)

C. Bogoliubov Transformations

As already mentioned in the Introduction, the main tool in mathe-
matical BCS theory is the Bogoliubov transformation. It takes, in terms
of the pair annihilation and creation operators, a very simple form:
it is a map

O.La) 'W*‘Cg,a),
where
10 =M, (1.23)

M being a real orthogonal (3,3) matrix. This map clearly being an
automorphism, for the “quasi-pair” operators ¢\, the same commu-
tation relations are valid as for the ¢{s.
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The matrix M depends on two angles ® and &, and reads explicitly as

cos P sin® 0
—cos@sin® cos®cos® —sinf |. (1.24)

—sin® sin® sin® cosP cos®
In particular,

o = —sin@ 12 + cos O 1Y
—i® __+ __ (1) . (2) Q1 (3)
2e7"%0, =1, +icosO 1’ +isin@O 1, (1.25)

2¢%0, =10 —icos @ t{¥) —isin® V.
In the following Sections we shall only consider the 7’s. It is obvious
that it can be calculated with them in the same way as with the o’s.
The vectors .
cos @/Ze_””/z)

I+)= (isin 0/2 ¢
and (1.26)
—isin@/2e” 1?2
=)= ( cos ©/2¢'®? )

1
thereby replace the vectors ( O) and (?) since
) =17]-)=0, ®|H)=x]1)
T=)=1+4), TI+H)=]-).

By means of these vectors we can define the quasi-particle vacuum
|vac)q in H#:

(1.27)

[vacre=|+)®[+)® - ®|+) (1.28)
and the n-quasi-particle states |p;, ..., p,>o by
IP1s s Pada=Tp, - Tp, |VACDg (1.29)

(I=p;=Q, pi+p; if i+Kk)
All these states together form an orthonormal basis for #4,, replacing
the basis described by formula (1.2).

D. Spin Wave Operators

We shall now introduce spin wave operators along the lines of
Dyson’s paper [14]. The spin wave operators are quantities 73 [1]
defined by o

@A =027% ) ety (1.30)
p=1
where A is of the form 2nk/Q, k=0,1,...,Q2—1. (We shall denote the
set of all these A’s by A,,.)
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The commutation relations for the 9 [A]’s are
[+ 21, ©@ [u]] = 2iQ™ *e* e A+ 4], (1.31)
in particular
[[§[A1, 75 [1]] = £ 2Q 7 *15 [A+ 4]
[6[4], toul] =R <P [A+4].
(We make the convention that expressions like A+ pu or —A should

always be understood modulo 27.)
The index A is not conserved under conjugation, but transformed

(132)

into —A:
@A) = tT9[—A],
(rgi (4D v [—4] (133)
(g [A)* =3[ —4].
Formula (1.4) tells us that
D[0]=2*-20Q7 %N, (1.34)
where N, denotes the “quasi-pair number operator”
Q
YTy = Y tal—A1T6[4]. (1.35)
p=1 Aedg

E. Spin Wave Vectors in

These vectors are obtained by application of the 1, [A]’s to |vac)g:
1215 s Ao =10[A] ... Ta[A,]|vac)e (1.36)

(The 4, need not be pair-wise different.)

They have more complicated properties than the |p,,...,p,De’s-
Firstly, one sees easily that the one-spin wave states are mutually ortho-
gonal and also orthogonal to |vac),. However, if n>1, one finds only
that

o5 ooos Al oo HmP@ =0 (1.37)
if n=m. If n=m, then one can show that [15]:
Q</119"-9/1n,”1,'--7#n 9=0(Q_1) (138)

if the two lists (4, ..., 4,) and (4, ..., u,) are essentially different, i.e.,
cannot be obtained from another one by permutations. (Note that if
this were the case, then |4, ..., 4,00 = |/, ..-; Uye since alle 75[A]’s
commute.)

For the norm one finds that

1ALy e Awpall = (T a;, )  + O(Q7 ). (1.39)
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Here we introduced the multiplicity function a, which denotes how
often an index A occurs in the list (4, ..., 4,).
The action of the spin wave operators on these vectors is given by

Tl s A=t Ay, .., Ao (1.40)
(this follows simply from the definition),
Ta[ﬂ] |A'1> '-'7}‘n>ﬂ
=0, - lhis A2, s Ao (1.41)
o 0, —a Ay ey A L Aa+ 0@

(4; means that the index 4, is suppressed),
(T 1] = Q%0,,0) [ A1 ., Ao = 0(Q7 ). (1.42)
Thus, 2~ #1$[u] is almost a c-number:

QP s Ada=0,0141, s Ao +OQTY). (1.43)

F. Spin Wave Vectors in §q. Definition and Simple Properties

The construction of the analogue of the above defined vectors in
the spaces $, is rather cumbersome.

To begin with, let us introduce an orthonormal basis for C>® C?
consisting of the four vectors

I‘”)—I/ |+)®I+)+|/ Yioel-)

o) =1+)®|-)
[e7)=1-)®[+)

)= |3 el - | F el-).

By means of these vectors, an orthonormal basis for §, is given by the
VECtOTS  |Prs-eos P15 Qs -vs Qs T1» ---» Tnpo defined as tensor products

%) ® %) ® -+ @ |x0)

(1.44)

where

le*) if ie{py,...,p}

oN if i

) if i gy, s gu} (1.45)
|Q) if iE{rl,-~~9rn}

@) otherwise .

|x;) =
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Physically, |0”)® 0" ® - ® |¢”’) would correspond to the density
matrix o

exp (ﬁB Y rﬁ,”) / tr exp (ﬂB i 1:},3)) (1.46)

p=1 p=1
the connection between y and f being given by
y=tanhfB. (1.47)

Now the spin wave vectors |4y, ..., A5 thys -5 s V15 ---> Vargo are defined
by the expression

_ltm+n
Q 2
i(A et At urgyt o Fvirgtoee) . .
e( e R ! |P1,---,Pz,CI1,--~,qma7‘1a~~~>rn>sz~
P15 D1
q1, ..., dm
Filyeeestn (1.48)
(all different)

Straightforward calculations show that for them similar properties hold
as for the [4,, ..., 4,)¢’s, namely

QA ooy g5 s s M3 Vis ey Vy
A s A My ey 3 Vi ey Vi =0
if I+, or m*+m, or nn. If I=I' m=w', and n=r/, one finds that

(1.49)

Q15 ooy Al Mys oevs fms V1o -es Vy
. . _ -1
AL e A B s M VEs - Ve =0(Q7)

if at least one of the three lists (4, ..., 4), (g5 -5 )y (V15 ..o V) 1S
essentially different from its dashed counterpart.
Finally, for the norm, one obtains

“lj’la "'92'1; ”’17 nu'm; vl’ Ty vn>!2“ =(Hal!bu!cv')%+0(9—%) (1'51)

where a;, b, and ¢, are the multiplicity functions for the three lists.

(1.50)

G. The Effect of the Spin Wave Operators

The generalizations of formulae (1.40)—(1.43) are

T DAy, oo 25 B e Bl Vis o VD

1—
—2—y—|}’1’""lls%;”la""“m;vlﬁ"'ﬂvn>9 (1.52)
1+ A
+ ‘_il(én,—vlu'la "‘9’1!;#17 veos My V15 V2, "'avn>.()+ )

+0(@Q %
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To [ A1y coes A3 Has ooy By Vis oes Voo

l [T+

= —211111,...,/1,;/11,...,u,,,;vl,...,v,,,x>g (1.53)
1—y 2

=+ T((L,-Mlil,iz, ceos A3 My s eees By Vi oees Vpdot o 0)

+0(Q7%)
@D D] =y Q¥ ) Ay ves A3 s oo s Vis oo VD
=V 1=y A5 s A s s s 25 V15 o5 VDo (1.54)
+l/ l_yz(éx,—ml’q‘l’ ""}'l;ﬁl’ Hasooos Ui V15 ""vn>ﬂ+ )
F 0@ ).

The corresponding formula for the % [%]’s would be rather complicated.
However, observing that the behaviour of the ¢’s under transposition
is very simple, it suffices to calculate the effect of the operators (& [x])"
on the spin wave vectors. For simplicity, we shall write % [x] instead of
ES[])".

Then, one only has to substitute

Tolxl—nall,
Tall - ngll, (1.55)
y—o—y
in formulae (1.50) and (1.51), and
7' Dl > 1 %] (1.56)

(y remaining unchanged), in formula (1.52) in order to get the new
relations.
The connection between the G’s and the #’s is established by the

formula
QA1 =L 0B [A], (1.57)

where the matrix L is related to the matrix M by
[f = (=) M=, (1.58)
Thus, in particular
¥ = —sinOn? + cosOn>
265 =M —icos@n® —isin@n® (1.59)
2e7®6" =W +icos@nP +isin@n

(we suppressed the index A).
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Finally, let us consider the operator
Ni' =~} Q@ [0] — i [0). (1:60)

This operator can be interpreted as “relative quasi-pair number
operator” since

1 . .
NEY ALy ey A3 By oo s Vis oees VoD

(1.61)
=M—=DAs ey A B> oens s Viseees Voo

2. Transition to Infinitely many Degrees of Freedom
A. Trotter’s Theory

Formulae (1.38) and (1.39) can be interpreted in such a way that,
for Q—o0, the spin wave vectors |4,,...,4,0o approach an ortho-
gonal system, the norm of each of these vectors tending to (ITa,!)*. A more
sophisticated formulation of this idea is obtained by the use of Trotter’s
theory of “approximating sequences of Hilbert spaces” [16].

We say that a sequence of Hilbert spaces #5, (which, for the moment,
need not be the spaces considered in Part 1) is approximating a Hilbert
space £, if there exists a sequence of linear maps @,: #,, — #, such
that, for any vector |x), € #,, we have

P2 1%D0 1o = 113 [l 21)
and, if, in addition:
sup || @gll <co. 22
[In order to avoid misunderstandings, we write || --- ||, for the norm in
Ho, ||+ llo for the norm in s#,. The norm of @, is defined by

Sup 1901%De0lle XDnle" ]

Now the usual definition of strong convergence of a sequence of vectors
can be generalized as follows: we shall say that a sequence of vectors
| x> € #, is (strongly) convergent towards |x),, € 5, — in which case we
shall write |x>o—|x), — if

x>0 — Po XD llo—0. (2.3)

A sequence of bounded operators S, in S, is said to be convergent
towards a not necessarily bounded operator S, in S, — So— S, — if,
for any |x),, in the domain of S,, we have

S0 Po XD = 8y [X)s - 24
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The main result of Trotter’s theory is: suppose that the sequence of
self-adjoint operators S, converges towards the essentially self-adjoint
operator S_,. Then, for any bounded continuous function f,

f(S)— f(8%). 2.5)
Thus, in particular
exp(iSot) — exp(iSEt)
for real ¢.

B. Application to the Spaces #, and Hg,

It is almost obvious how Trotter’s theory applies to the sequences
Hy and Hg. Let us first construct the limiting space 5, of the sequence
Hp. (In order to avoid immaterial complication, © shall run only through
the powers of two.)

In #,, an orthogonal basis will be given by a vector

|vac),
[Ags s Apde (2.6)

where the A; belong to the set 4 =u A, which consists of all numbers
of the form 2z - k- 27/, Thereby two vectors

and vectors

,21: "'fﬂ'n>oo and I:ulﬁ"",un>eo

are considered to be equal if the two lists (4,,...,4,) and (4, ..., &)
are not essentially different.

The norm of |vac), is 1, the norm of |4, ..., 4, is (ITa,;!)%. The
maps @, are determined by

|A1s...r Aypo if this vector is defined in
Doldis s Aoy = 1 Hoy, 1.€., all A; belong to A, 2.7
0

otherwise .

The validity of relations (2.1) and (2.2) follows readily from formulae
(1.38) and (1.39) and the relation

[@oll =1VQ2 (2.8)

which is derived in Appendix 2.

The above considerations can be generalized easily to the case of
the sequence $,,. It will be approximating a space H* in which an ortho-
normal basis is given by vectors

(Hal!bu!cv!)—%I/h’ ~-"/,{l;ﬂ11 oos Hms V15 ~"fvn>oo (29)

where again we disregard the order of the indices within the three lists
Ay .-2), (g, ...) and (vq,...).



Spin Waves 331

The maps @, are to be replaced by the maps @3 determined by

BB [ Aty ooy Aty Bty oees By Vi oees Voo

[Ags ces AL s ooes B3 V15 o> Vapo  If this vector is
= defined in g,

0 otherwise .

As before it can be shown (cf, [15]) that conditions (2.1) and (2.2) are
fulfilled.

(2.10)

C. The Limit of the Spin Wave Operators

It is readily seen that the sequences of operators t5 [ 1] are convergent
in the sense of Trotter, their limits t<[ 1] being defined on the set of all
finite linear combinations of |, ..., 4,),’s. (Unless otherwise stated,
we shall always understand that the domain of operators acting on #,,
is this set.) Explicitly, the t£[u] are given by

To_o[#]l/ll: "'7j'n>oo = [ﬂ’ll’ "";Ln>oo
and .
‘C;—)[M]llla "'9ln>oo =5u,—lllll’j'25 -~-7;Ln>oo+ (2'11)

Furthermore
) [u] — Q5,0 0. (2.12)

With some elaboration, one also can show that
AD L AD > AD 4D (2.13)

where A stands for any of the above operators t3[u] or
(3 [1] - Q%d,,0), and

AY = lim AY
(cf. [157).

Thus the t£ [ 1] obey boson commutation relations:
(0401, 1 [21] =85, -, (2.14)
The Hermitian combinations
VY2 ]+t [ 1)
i/)/ 25 (1] = 7 [— 1)) (2.15)

are essentially self-adjoint (this follows from standard arguments,see, e.g.,
Putnam [17], Chapter 4) and may be considered as some sort of co-
ordinate and momentum operators of the spin wave with frequency p.

and
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Finally, we remark that the sequence N, converges towards N,
given by

NplArs coos 2o =B1A1s ooy Ao (2.16)
hence
N,= Y t[—A]t5[A]. (2.17)
AeAd

Analogous results are true for the operators 7% [»] and 7% [x]. We
find that

T5[x] -7, [x]. (2.18)
The operator on the right-hand side being defined on the set of all finite
linear combinations of |4y, ..., A5 My --er Bms Vis--» Vnw S- (Again we

shall always understand that operators acting on $? are defined on
this domain.) The effect of the 75 ,[x] on the |A;, ..., 45 fys--e) fns
Vi eeer Voo S 18 €asily deduced from formulae (1.50) and (1.51).
Also
T[] > 73, [x] (2.19)

if »#0. In contrast to the sequence 73’ [x], the limits 7¢),[»] are not
zero but can equally be easily deduced from formula (1.52). This formula
also tells us that the sequence (75’ [0] — yQ?) is convergent:

@ [0] = y 24 = Yo, - (2.20)
One obtains thus the commutation relations
[y 37y [, y 37, ,[¢]] =6, (2:21)

[T, 0], T, [0 1] = [T, (%], 4o s ] =0 _ (¢ #0).  (222)

Again it can be shown that the Hermitian combinations of 75 ,[x]’s
are essentially self-adjoint, as well as the 73),[»]’s and y,, , are. The
algebra generated by all these operators is of type III. Similar statements
are true for the #’s.

Concerning the sequence N§, it is plain that its limit NI, exists and
equals

and

Y @ [T, 8] = g, L= ] 1, []) - (2.23)

xed

D. The Ground State of the BCS Model

The first problem we want to discuss in our spin wave formalism
is that of the ground state of the BCS model in case of infinitely many
degrees of freedom. We shall show that, if the angles ® and @ are properly
chosen, the Hamiltonians H,, converge towards an essentially self-
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adjoint operator H_, and consequently,
exp(iHpt) > exp(iHFt) (2.24)
so that the well-known difficulties of the usual treatment (cf, the

Introduction) do not occur in our new method.
In terms of the spin wave operators, H, can be written as

—eQ¥6$'[0] — 65 [0] 053 [0] (2.25)

(here, and in the following, we shall always skip irrelevant c-numbers).
Thus after performing a Bogoliubov transformation, we arrive at the
expression

Hy = I+ o+ M+ IV, (2.26)
where
Io, = —gcos ©@ Q¥ 1P[0] — 4sin? @ (z5’[0])?, (2.27)
g = — }(c5’[0])* — ;cos? O (z[0])°, (2.28)
M, =10 "%cos® 1§’ [0] —1Q *sin @ t@[0], (2.29)
IV, = eQ%sin @ 12[0]
1 .: 2 3 3 2 (230)
—45in @ cos O (12’[0] 5’ [0] + 75’[0] ©2[0]) .
Now always
I, —%cos®, (2.31)
Il — — £(z9[0])* — fcos® O (:[0]), (2.32)
whereas
I,—(2ecos @ +sin’ @) N, . (2.33)

The crucial quantity is IV,. We obtain convergence only if either
sin® =0 or
2e=cos O, (2.34)

the latter condition will be referred to as “gap equation”.

If sin ® =0, then lim H,, exists but is not semi-bounded from below.
Thus we do not obtain a description of the ground state of the infinite
system. We are rather dealing with the “normal conducting phase”
which is unstable at low temperatures. We shall discuss this question in
more detail in Section G.

If, however, the gap equation holds, then H, converges towards

+sin? O (P01 + Y. to[— Al th[A] (2.35)
A%0
(“superconducting phase”).
This result can be interpreted in the following way: in the infinite
case the spin waves behave like a system of independently moving
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bosons, indexed by the set A. The operators 7, [A] and 7,,[ — A] annihilate
or create, respectively, the A™ boson. Thereby, all but one “particles”
behave like harmonic oscillators with frequency one, while the remaining
one behaves like a free particle.

There is an essential difference between Bogoliubov’s reduced
Hamiltonian and the Hamiltonian H,, which we have obtained above.
Bogoliubov’s Hamiltonian has a pure point spectrum, whereas H_
contains also a continuum in its spectrum. This continuum contribution
is caused by the spin wave with frequency 0. We shall discuss later on
what this means physically.

E. The Limit of the Sequence Hy(y <1)

By virtue of formula (1.57), we can decompose Hy, in an analogous
manner as before Hy:

Hy =Ty + I+ 110, + IVp, (2.36)

The connection between I, and If, (and similarly between the other
terms) is given by

=T, 2.37)
[cf, Eq. (1.7)], If, being obtained from I, by substituting
T[] ->n@[4]. (2.38)
Now
I, - (26cos O + ysin? @) Ni!, (2.39)

I, - — [(%,[01)* — (%, [01)*]
—zcos? O[(z2,[01)* — (n,[0])*] .
I, —0. (2.41)

As before, the crucial quantity is IVy,. In order to get convergence, we
must require that either sin ® =0 (“normal-conducting phase”) or

2¢=ycos® (2.42)

(2.40)

(“super-conducting phase”), the latter equation will be referred to as
“temperature dependent gap equation”. The reason for this name will
become clear in the next Section.

If (2.42) is fulfilled, IV, converges to

—$sin@cos Oy, ,(T2,[0]— 12, [0]) (2.43)

and thus H,, converges to
'O + A ® (2.44)
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Fysc(0
where H5'Q equals

Fsin® @ [(T2,[0])* — (2, [0])*]

2.45
—%sin@cos O [T2 [01—12,[01] X, @49
and A5® equals
Y (@, L= 4170, [A] =110, [ — AT 15, [A]). (2.46)
A¥0
Therefore the following equations of motion are valid:
d> _ —
T, U= —yi, 0] @=12)
p (2.47)
d— 1(3) [/1] 0
if A0, and
a 7@ 1,2
FELI00=0  @=12)
(2.48)
4 ey =0
dg X=r =2
In the normal-conducting case we find similarly
Hy— H2O + Are®) (2.49)
where H"“‘O) equals
2ey~' =1 [7,,[017,,[01 — 15, [0] 1, [0]] (2.50)

and
ﬁo':)“(yl) = 28y‘1 ;,Z (?;,y[— )'] fo-‘v.;,yl:)‘:l - r’;,y[_ A’] ”;,y[l]) . (251)
0

The first group of equations of motion are obtained from Eq. (2.47)
by changing y into 2¢, while the second group is now

2
A R0 =0-2072,00]  @=1,2)
; 2.52)
—Zt— Koo,y = 0.

F. Thermodynamic Properties

We are now going to discuss the question whether the operators
7® [4] and y,, , are describing an infinite system in thermal equilibrium.
ThlS would be the case if the KMS condition

[ fe—iB)<BAydt= [ f(t)<{AB)dt (2.53)

24 Commun. math. Phys., Vol. 23
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(where the function f is the Fourier transform of a class 9 test function)
were true. Thereby, A and B denote polynomials in the above-mentioned

operators, i i
A, = et fo~ ot (2.54)

[ﬁw stands either for the normal-conducting Hamiltonian (2.49) or
for the super-conducting one (2.44)], and < ... > means the matrix element
with the spin wave with I=m=n=0.

Now it is clear that in general the KMS condition must be violated
since the 7% ,[0] (2 =1, 2) behave in the super-conducting case like a free
particle, whereas we meet a runaway situation if in the normal conducting
case 2e <y. However, this “non-thermal” behaviour of the spin wave
operators referring to the 0 mode is not too surprising. In fact, the
Hamiltonian of the finite system is invariant under all permutations of
the indices p, as well as the operators ¢&[0] are. Comparing this situation
with ordinary many-body systems, one sees that the ¢[0] are just the
analogues of the centre-of-mass variables, and thus have to be disregarded
in questions of thermal equilibrium. We shall discuss this point in detail
in the next Section.

It is readily verified that the KMS condition is true if 4 and B do not
contain spin wave operators referring to the 0 mode. (See also Verbeure
and Verboven [18].) Hence we can say that all 4 0 modes are in thermal
equilibrium at a certain temperature which is uniquely determined by
(2.53).

To prove this, let us first assume that

A=y75 (=41, B=y7¥5 U]
and compare the matrix elements
(A"B") (2.55)
with the expression
(1 —e A tr[e P (a*)"a"] (2.56)

where the a and a* are the ordinary annihilation and creation operators
from quantum mechanics. Once this has been done, the general result
is easily deduced and it is thus found that the KMS condition in the
above stated restricted form is true if

y = tanh fe (2.57)
in the normal-conducting case, and
y =tanh fy/2 (2.58)

in the super-conducting case. These relations are in agreement with
Thirring’s results [7].
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Finally, it remains to establish the connection between the thermal
Green'’s functions for the finite system

(oG .. ol o =tr(e PHagly). ol /tr e~ FHa (2.59)
and our Green’s functions
@e 4] ... a8 4.0 -

A simple combinatorial argument shows that

Q
flli}}(}o Z i eiGapi+ '“)<o-§f‘l”... O'Eff,")>p,n
o (2.60)

where all A; have to be different from 0. Utilizing the standard results on
!;H?O o8, o5 o
[7], one finds
lim {o§OLA]. . 0 [An)Dp.0 = GBI - T[] (261)

if B is smaller than the inverse critical temperature S, determined by
2¢ =tanh fi¢. (2.62)

(The matrix element on the right-hand side of formula (2.61) refers to
the normal-conducting phase.)

Ifﬂ> BO:
, io _ _
lim <o TAY - o ThDp0 = | 5 GEIAT . FeLD  (263)

the matrix element in the integrand referring to the superconducting
phase. Since the gap equation only fixes @, the angle @ remains free
and we have to average over all possibilities.

It can also be shown [15] that any of the expressions

[}1_{?0 (o5 05705 0
can be constructed from the
GEY ] ...a8 A1
or
dd _ _
§ s G W A 7

respectively, (4; & 0). Therefore the thermodynamic information yielded
by the A+ 0 modes is as complete as the information which one obtains
in the usual treatment.

24
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G. Stability of Phases

As a last point we have to discuss the physical meaning of A%
and HQ. We shall see that there is a close connection between these
quantities and the stability of phases.

To begin with, let us consider the normal conducting phase at high
temperatures, i.e., if y <2e Then the equations of motion (2.52) tell us
that not only

TG, [01) = <T2,[01) = {¥eo,,» =0 (2.64)
for all times, but that also the fluctuations
@Y,[00)*>  etc, (2.65)

remain bounded if time increases.

This is no longer true when the corresponding frequency becomes
imaginary, i.e., if y > 2¢. Then the fluctuations become larger. and larger.
If the system were large but finite, this would mean that the vector

Q
sa=071 ) 6,=Q %6,[0] (2.66)
p=1
is displaced more and more until it arrives at a new position. Since a
phase is completely characterized by the limit of the expectation value
of s,, we conclude that the normal conducting phase has the tendency
to go over in another phase, i.e., is unstable.
The temperature ;' where the normal-conducting phase changes
from being stable to unstable is given by

2e=y. (2.67)
and, inserting (2.57), we find the equation
2¢ =tanh fi ¢
which coincides with Eq. (2.62). For the super-conducting phase the

situation is different. Since

gd{ T [0] = i[H£D, 7 [0]] (2.68)

where H5'?) stands for the expression
4sin? @ (72, [0])*> — 4sin O cos O y,, , 72),[0], (2.69)

we see that a displacement of the system in the t' direction does not
cost energy. This corresponds to the fact that the Hamiltonian of the
finite system is invariant under rotations around the 3 axis. Thus we
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expect that any super-conducting phase characterized by y and &
(@ is fixed by the gap equation) has the tendency to mix up with all
other phases characterized by the same value of y but other angles &'.
(This is the analogue of the usual spreading of a wave packet in quantum
mechanics.)

The situation may be illustrated by the following figure:

Fig. 1

However, (2 ,> remains bounded in time and thus there are no further
possibilities of phase transitions.

Another point of view is the following: if we consider the BCS
model as a ferromagnet (with long-range interaction), then the parameter
y means the average spontaneous magnetization since

Q 2
y?2=lim { Q2 ( Y Ep> > (2.70)
Q-0 p=1
The connection between © and y is given by the gap equation and is
shown in the next figure:

5~C-Ph05e

n.c. phase
~<
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whereas the relation between y and f is graphically:

The two curves are given by Egs. (2.57) and (2.58). However, in the
super-conducting case, one must be careful; while the equation

y=tanhfy/2
has a non-trivial solution for all =2, the gap equation
2e=ycos@®

can only be fulfilled if y = 2¢, i.e., if §=f,.

If now B> B,, then the “ferromagnet” may occur in two phases,
and clearly the phase with higher order is preferred, ie., the phase
with larger y is expected to be stable, and indeed the lower y corres-
ponds to the normal conducting phase which we have seen to be unstable
in this region.

The author is greatly indebted to Professor W. Thirring for many useful discussions.
He also wishes to thank Dr. F. Jelinek for help in earlier stages of this work.

Appendices

1. Some Pathologies

In the conventional treatment, one meets the following strange
situation: let us decompose H,, into two parts,

Hy = Hg" + Hg", (A1)
Q
Hy"=¢ Y o, (A2)
p=1
(2}
Ht'=—-Q ' Y 0,0, . (A.3)
p.q=1

Let = be a thermodynamic representation of the algebra of the ¢’s
at a certain temperature 7, above the critical temperature. Then

n(HiM) —0. (A4)
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that means, that for high temperatures the system cannot be distinguished
from the free system characterized by H5™ only. Since the free system
does not exhibit a phase transition if it is cooled down, we arrive at the
paradox that in the infinite case one and the same Hamiltonian describes
two systems which thermodynamically behave completely differently.

If, in particular, ¢ =0 and T = %, then all thermodynamic representa-
tions coincide and are the “chaotic” hyperfinite type II, factor representa-
tion — a very strange situation since Hugenholtz' theorem [19] predicts
a type III factor representation for finite temperatures. There is no time
evolution, i.e., 7(c{”) is always constant in time. A careful analysis shows
that in this case the concept of temperature loses its meaning — or one
could equally say that the system is in thermal equilibrium with any
system of temperature >3 [20].

2. Derivation of the Relation | ®q|| =1

Since A1y +evs Agllys -o-s Umpo =0 if nm, it suffices to show that,
for fixed n, the inequality

’ C(M,...,A")(Haz!)_%l/h,---,/1,.>9H2 = Z
Q (41,

(A5 +ees An) ey A
is true. Thereby the C’s are arbitrary coefficients and the summation
is taken over all essentially different lists.
But this inequality is an immediate consequence of Dyson’s theorem
[14] which says that the operator

) )(Ua,m!)_1 14055 Ada o€Aes oos Al (A.6)

1Clas i (AS)
n)

(A1, 005 A

acts as the unit operator in the subspace of #, spanned by all

Ill 9 vy ln>Q,S.
Thus, if M denotes a matrix with elements

le,..., )y (15 oo i) — (Ma,! bu!)_%:z()q yoos Ay ooos b (A7)

we have
M = M*= M?. (A.8)
Consequently

bl 2
Z C(Zly-"sﬁ«n)]\l(ll:-n, 2n), (‘ll’---,ﬂn)c(ﬂhnu Hn) é Z IC(}-L«-«, ln)l ‘ (A'9)
(A1, .-2)s (p1, -20) (21, ..2)

This proves the assertion since the expressions on the left-hand side
of formulae (A.5) and (A.9) coincide.



342 A. Wehrl: Spin Waves

References

. Bardeen,J., Cooper, L. N, Schrieffer,J.R.: Phys. Rev. 108, 1175 (1957).
. Bogoliubov,N.N.: Soviet Phys. JETP 7, 41 (1958).
. Haag,R.: Nuovo Cimento 25, 287 (1962).
. Thirring, W., Wehrl, A.: Commun. math. Phys. 4, 303 (1967);
Kato, Y., Mugibayashi, N.: Progr. Theor. Phys. 38, 813 (1967).
. Jelinek,F.: Commun. math. Phys. 9, 169 (1968).
. Ruelle, D.: Statistical Mechanics. New York-Amsterdam: W. A. Benjamin, Inc. 1969.
7. Thirring, W.: Commun. math. Phys. 7, 181 (1968);
Bogoliubov,N.N., Jr.: Kiev preprints (1968).
. Haag,R., Hugenholtz,N.M., Winnink, M.: Commun. math. Phys. 5, 215 (1967).

9. Thirring, W.: In: CERN Yellow Report 69—14 (1969); and in “The Many-Body Prob-
lem”, proceedings of the Mallorca International School of Physics 1969. New York:
Plenum Press 1969.

Jelinek, F.: Unpublished.

10. Bloch, F.: Z. Physik 61, 206 (1930); 74, 295 (1932).

11. Wada,J,, Takano,F., Fukuda, N.: Progr. Theor. Phys. 19, 597 (1958);
— Fukuda, N.: Progr. Theor. Phys. 22, 775 (1959);
Thouless, D.J.: Phys. Rev. 117, 1256 (1960).

12. Baumann,K., Eder, G., SexL,R., Thirring, W.: Ann. Phys. 16, 14 (1961).

13. Dixmier,J.: “Les Algébres d’Opérateurs dans I'Espace Hilbertien”, 2nd ed. Paris:
Gauthier-Villars 1969.

14. Dyson,F.J.: Phys. Rev. 102, 1217 (1956).

15. Wehrl,A.: To be published.

16. Trotter,H.F.: Pacific J. Math. 8, 887 (1958).

17. Putnam,C.R.: Commutation Properties of Hilbert Space Operators. Berlin-Heidel-
berg-New York: Springer 1967.

18. Verbeure,A.F., Verboven, E.J.: Physica 37, 1 (1967).

19. Hugenholtz,N.M.: Commun. math. Phys. 6, 189 (1967).

20. Thirring, W.: Private communication.

[< W%} W N

[>]

A. Wehrl
Institut fiir theoretische Physik der Universitit
A-1090 Wien/Osterreich, Boltzmanngasse 5





