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Local perturbations and approach to equilibrium

by

R. LIMA (*) and A. VERBEURE (*¥)

ABSTRACT. — For the Fermi Lattice system locally perturbed equi-
librium states are studied and conditions are found for approach to

equilibrium within an order {~* where « = n, or pinisa positive integer.

1. INTRODUCTION

We study the approach to equilibrium of a perturbed state by a local
perturbation. We start with a solvable model (bilinear Hamiltonian)
of a Fermi system. Its equilibrium state is well-defined. Then we
apply a local perturbation. The first problem is to establish the
perturbed equilibrium state (theorem 1 below). Then for those states
which tend to equilibrium (in particular for ergodic states) we study
how fast they tend to equilibrium. Sufficient conditions are given for

an approach to equilibrium faster then > where « =;11 or o = n;
n is a positive integer.

Technically we use the algebraic set-up and start with the C*-Clifford
algebra @ = @ (H, s) (see e. g. [1]) built on a real Hilbert space (H, s);
it is also the smallest C*-algebra generated by the set of elements
{B(¥)|WeH]}, where B is a real linear map of H into @ satisfying
the anticommutation relations

(B(¥), B@) =2s5W|9).1
1 is the unit element of @.
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228 R. LIMA AND A. VERBEURE

In particular we are interested in the description of the Fermi lattice
system (F. L. S.). Let Z be the set of all positive and negative integers,
and { ¢, },ez an orthonormal basis of H. For any finite subset A of Z
consider the C*-subalgebra @ (A) of @ generated by the set

{Bi=B (¢x) | k€A }; then @ is the norm closure of U @ (A) and
Aez

can be considered as the algebra of quasi-local observables of the lattice.

Let ¢ : a€Z — o, be a mapping of the group Z of lattice translations
into the -automorphisms o, of & defined by ¢, Bx = By

On the other hand, consider a time translations induced by the

following locally defined bilinear Hamiltonians : for each AcZ, the
hamiltonian H,x is given by

1) Hoa = 2 v;; B;B;
i,jeN
the c-numbers v;; satisfy :

@) vy=0;; 1, jeZ;

@) Y lvy| <w; jez
i€Z
(111) Vitk, j+k = Ui, j for i, jeZ, keZ.

The details of the time evolution automorphisms will be given in
the next section.

2. THE EQUILIBRIUM STATES
Define o by oA (2) = ™ ze “™ for re@ (z€C) (complex
numbers). The set { a:®|zeC} is a group of automorphisms of &
(%-automorphisms if Im z = 0).

If { A} is a sequence of finite subsets of Z tending to infinity in
the sense that is contains every finite subset then for each {€R (real
numbers), the sequence { a9}, tends strongly to a %-automorphism «;
of @ defining a strongly continuous one-parameter group of auto-
morphisms {€ R — aut. & ([2], Th. 7.6.2).

Lemma 1. — The set of automorphisms { o2 |z€ G} lends fo a group
of automorphisms { «%|z€ G} densily defined on & as A tends lo infi-
nity and

| a2 Bo) || < exp (| 2] C),

C =2| Dio — Dot |.

lez

where
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LOCAL PERTURBATIONS AND APPROACH TO EQUILIBRIUM 229

Proof. — For ke A, where A is some finite subset of Z, consider
N B) =Bi + TEBOag) +--.+ CLBDL o)+

where Dy is an antisymmetric operator on H defined by

2 s (¢x | DA @) = 1 (v — vwi) for k, leA,
=0 for k or l¢A.
Note D = D3.
An immediate calculation shows that for all A,

| a2A By [| < el<16,  with € =\ — v
lez
The existence of the limit : lim a’A (Br) = a2 (By) follows from the
A>o
fact that B (D} ¢:) tends in norm to B (D* ¢;) as A tends to infinity
because || B (D} i) ||* = s (D4 9x| D% ¢x) and that o (By) is the
limit, uniform in A, of the sequence { fX (z) }x with

=8+ 528 e,
= Q. E. D.

Now we consider perturbations of the free (bilinear) Hamiltonian
defined in (1). In particular consider the locally defined Hamiltonian :

3) Hp = Hoz + Vi,
where Hya is defined in (1) and V, is any monomial of order n in the B; :
V.=B,B,...B;.
From [2] (Th. 7.6.2) it is clear that also the map
ad: zea M ge M

tends to a %-automorphism «; of & as A tends to infinity.

LEMMA 2 :

(a) For each finite subset ACZ and any B€R, exp (— 3 Hy) is an
element of @ and can be written in the form

6—3 Hy _ e_Bqu TA.8s

> B B By K
Tap =1+ f dg, [ ds ... f ‘ de | [ (V)
F—1 0 Yo 0 I—1
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230 R. LIMA AND A. VERBEURE

(b) If A tends lo infinity, Ta,g (T3!y) lends lo an element Tg (Tg') of
the algebra @, such taht

® . - k
Tg=1Jrglfoﬁam.fuBdﬁz...fuﬁ d@k!;[ial‘?ﬁl A

(¢c) The group of %-automorphisms {o,|l€R} extends fo a group
of automorphism (not ¥-automorphisms). { a3 |B€R | densily defined
on & such that

g (-) = 5 (Tg . Tg").

Proof. — (a) is proved in [4], Appendix I.
To prove (b) remark first that

8 B, Bis i
fo dg, f s, ... f B l_l 3 (V2)

ae = TA g

é Ikﬁlll\ (elﬁlc)uk

and

Hence for all A :
| Tagll<exp[|2](ePI€)],
| Tagll <exp[|8](efCy].

To prove the existence of the limit Ty in @ it is sufficient to remark
that Tx,g is the norm limit, uniform in A of the sequence { g }»,

N B8 8, Bi—s k
97\=1+2f0 d@fo d@f dge ] | 44 (Vo)
k=1 =1

and that by lemma 1, each of the elements g\ has a limit if A tends to
infinity. An analogous argument establishes the limit Tg' in Q.

Using analogous arguments to derive (a) (see [4]) with an imaginary
variable (— if) instead of the real variable 3, we get

ad () = A (T, _yx TR _y), zEA

As in (b), Ta,—i tends to an element T_; of the algebra if A tends
to infinity. Then trivially

o, () = a) (T x TZY), TEA.

The proof of (c¢) is complete if we prove that this expression can be
extended to a purely imaginary variable. For this it follows from (b)
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LOCAL PERTURBATIONS AND APPROACH TO EQUILIBRIUM 231

that «;3 (Tg) exists, hence on all elements z€ @ in the domain of N
a;3 is defined and given by

ag () = o <TB x TE)), reA.
Q. E. D.

In the F. L. S. for any evolution {e€R — af : «) (B (9z)) = B (e"* 9}
there exists a unique quasi-free state on @, satisfying the Kubo-Martin-
Schwinger boundary condition with respect to the evolution «! [5].
The quasi-free state is uniquely determined as is well known see e. g. [1]
by an antisymmetric operator A on H given by

eBIDl _ —BID)
T BN 1 Bl
D=J|D| (polar decomposition of D).

This state will be called the equilibrium state for that evolution.
Note by w, the equilibrium state linked to the evolution «! induced by
the bilinear Hamiltonian given above in (1) and let H,, ¢, 2, be the
G. N. S.-representation, respectively representation space an cyclic
vector induced by w,.

Now we look for the equilibrium state wg linked f#, the evolution
{ - a,, induced by the Hamiltonian (3). We prove that

C00(Tg) (R |T (Te) T, () 20)
@ W)=y =@ T 8y

Lemma 3. — With the notations of above and Tz, B€R defined in
Lemma 3, we have

I, (Tp) = 2 1, (2% (Tgp) T,
where ) is a constant.

Proof. — We prove that :
0, (Tg)~" o (2% (Tg) Tsp)

commutes with a weakly dense subset of II, ()", hence it belongs to
the commutant II, (&)". Otherwise it follows from Lemma 2 (b) that
it also belongs to the algebra II, (@)”, and , being a factor state [6]
the lemma follows.

By lemma 2 (c) there exists a dense set of elements x€@ such that
(for convenience 3 =1) :

1, (%, (1)) =1, (of, (Tip @ Tih)).
Also

Ay == Qyss © Qypa, o) )

— 40
= Xy o Uy
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232 R. LIMA AND A. VERBEURE

hence
0y (2 (x)) = o (@ (2202 Tips) Tupp & Tih al i (T7))
and
M, (Ty) Mo () Mo (T7") = Ty (@2, 0 a; (2))
= Il (@2ip (Tip)) Wy (Tope) I (z)
X Ty (T54) Ty (22 s (T3A)-
Therefore

I, (T2)~ T, (220 (Ti)) Ty (Ty) T, (2)
= 1L, () I, (T)~ s (22 s (o)) To (Ti)

for a dense set of elements II, (z) of II, (Q)".

LemMmA 4. — With the same notations as in lemma 3,
I, (4l (Toppe)) = o (Tg) = p Me (T_g ),
where p. is a constant.

Proof. — As in the proof of lemma 3 for a dense set of elements re@

(put B =1) :
o (e—ipp (@) = Iy (222 (T—ae ® T2 )

and
Xjpr 0 A2 (x) = X.
Hence
I, (@) = o (@, (Tue [2202 (T—ipp 2 TZ0)] Ti2)) _
= I (a2 (T12)) o (T—1p2) Wy () Wy (T—1)™* Mo (g (Tipe)) ™
and
IL (27, (Typ)) I (T—sp0) € 1L ()" N 1L, (1)

By the factoriality of II, :

I (Toy)~ =T (2}, (Ti))  with peC.
Q. E. D.

TueoreM 1. — The functional »g defined by (4) on @ is a stale salis-
fying the K. M. S. boundary condition with respect o the evolution t — «,
linked to the Hamiltonian defined in (3).

Proof. — First we prove that it is a state. By lemma 3 for a dense
set of elements xeA,
wo (22182 (Tgp) Tg2 )
wg () = .
A CLIPHY ¢ PR P
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LOCAL PERTURBATIONS AND APPROACH TO EQUILIBRIUM 233

By the invariance of w, for «; :

. (A% (ozi,-p/z (T@/Z) alp (T.B/'l IZ'))
wg (¥) = wo (T a8, (Tgy2))

By the fact that w, is a K. M. S. state for the evolution ¢ — « :

g (@) = @o (Tgp x ajg), (Tg))
¥ wo (Tgy2 of 8/2 (Tsy))

and by lemma 4 : .
op (@) — 2 Ton 2 16)
@9 (Tﬁ/z TB/-z)
hence wg is a state.
That wg satisfies the K. M. S. condition with respect to the evolution
t — o, follows from the fact w, is a K. M. S. state for the evolution

t—> a) as follows :

0o (Tg y % (@) = w0 (Tg y o (Tg x Tg"))
= oo (Tg 2 Tg' Tg y) = wo (Tp zy)

for all ye@ and a dense set of elements reA.

3. APPROACH TO EQUILIBRIUM

In this section we consider the evolution and behaviour at infinity
of the state

®) pr=wgoa

this is the free evolution of the perturbated state. Because of the
particular form of the equilibrium state wg in terms of the state o,
(see theorem 1), an easy argument shows that the state p, tends point-
wise to the original state w, if the latter one is ergodic in the sense that
it is an extremal time invariant state.

A necessary and sufficient condition for ergodicity is that the spectrum
of the operator D is purely continuous ([3], Th. 1). In what follows
we suppose that the evolution « satisfies this condition, and we are
interested in the question, how fast the state p, tends to w, as f tends
to infinity. We do not give a general answer to this question, but
only consider the situation that the convergence is faster than any
rational power of £

LemMa 5. — For ergodic bilinear interactions as given in (1), the
approach in the weak sense, for local observables of the perturbed state p, (5)
lo the equilibrium state w, is majorized by homogeneous polynomials in

the functions
Fij () = s (9:€"" 9))

ANNALES DE L’INSTITUT HENRI POINCARE 16



234 R. LIMA AND A. VERBEURE
in particular, if X =B, ... B,,,, then
lpe (X) — we (X) |
tends to zero if t tends to infinity, at least as fast as F;; ({)>".

Proof. — We prove the lemma explicitly for observables which are
monomials of order two, i. e. m = 1 in the lemma. The generalization
to arbitrary order is trivial.

By lemma 2 : .
pe (B: B)) — w0 (B: B))

= oy (T8 B (€ ) B (e 27) — on (Tg) o0 (B B))

Using the time invariance of w,; in particular :
wo (B (€"* ¢/) B (" 9,)) = wo (B: B))
we have
p: (B: Bj) — wo (B: B))

1 * -8 B Br—1
:mgf as | d(sg...fo 5
k
X [me (I[ g, (Va) B (e 9:) B (™ <Pi)>
=1

— Wy <]_V[a?l (Vﬂ)> wo (By B/)]
=1

atg, (Vo) = | 2%, B
p=1

But

hence
pe (B: Bj) — w0 (B: By)

1 hd -8 B4 Bi—t
Za—(mgf dga,fﬂ dﬁg...fo dBy
r ok n
X [mo (II l] alg, (B,) B (" 9) B (" ¢ /)>

=1 p=1
k n
— <H ]] ajg, (Bi,,)> wo (B: Bj):l'
=1 p=1 y
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LOCAL PERTURBATIONS AND APPROACH TO EQUILIBRIUM 235

From lemma 1 : ‘
[| g, (By,) || < €€

for all I and p.

Suppose for the moment V, =B, B, and put ajg (Bs) = Gay—i)+s
for I=1, ..., k and s =1, 2, then using the recursion formula for
quasi-free states (see e. g. [5], Appendix) :

k
o <n ais, (B) as, (B) B (€ 9:) B (e %’))

(=1

k
— ®o 17[ al(’)ﬁz (Bl) a?ﬁl (B2)> [an) (BL B/)

=1

=N N 00Gue Gt Gy G0 (GuB () 00 (G B 9) ],

m=1 m#q

where G, and G, stand for G,, and G, omitted in the product.
The right hand side is majorized by
2k 2k — 1) ert—28¢ f(p),
with )
f@ = maxyf wo (G B (€"* 92)) wo (Gg B ("¢ 9)) | = e28C.
m.geZ

Hence

] (Pt — ﬁ)o) (BlBi) lé I AN (1T{3)l < 1%21{(21( - 1) e(zk_i)ﬁ(:)f(t)

1 s
= Tt (72 €)1

In general, for V, a monomial of order n as in (3) :

where P = ¢28¢,

1 0
— B)| - —— ([ —— (eBP"
[ e = 00 ®(B) | = iy (775 €M) 10
Hence the majorization is dominated by the behaviour of the function
£ > wo (25 (By) B (™ ).

By straight forward calculation, analogous to that in the proof of
lemma 1, we get

| wo (273 Bp) B (" ¢)) | < | Fy,; (O |
C m Cr
+ 8L Fns O 4o+ ZE B, @+
where pi Zp, p Z P, P1s ---
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236 R. LIMA AND A. VERBEURE

Remarking that the right hand side is convergent, the lemma follows,
Q. E. D.

From lemma 5, it follows that the approach to equilibrium is reduced
to the study of the asymptotic behaviour of the function

®) Fij() =s(e€"9) (Lj€Z)

as t tends to infinity.

Remark first that because of the translation invariance F;; (f) depends
only on the difference 6 =|j —i|. It will become clear that the
asymptotic behaviour of Fy; (f) for large ¢ does even not depend on 0.

Let a, = i (Vo — Von) and

W . . A N\ .
) g (@) = }_‘ a, emnr — 2 a, e = 2 12‘ a, sin nzx,
n0 n>0 n>0

then for all ¢; elements of the orthonormal basis

{ P (x) = eiix’ xe[O, 2 7r) }/‘EZ
f £2([0, 2 :
of 2 (27 Do) @ = g @) 9 @

and
1 2T
Dl — —i0x plg(x)
¥ s(o: €" 9)) Q“fu e~z elsl) de.
TueoreM 2. — Let H, be a bilinear Hamiltonian [see (1)] such that

the corresponding function g (z) [see (7)] is at least K-times differentiable

and also K is the maximum order of the stationnary points in the inlerval
1 .

[0, 2], then the function F.; (1) [see (6)] tends to zero as R if t tends

{fo infinity.

Proof. — The theorem follows immediatly from [7] (p. 52) applied
to the integral (8). The result is independent of . We remark that

the function g () being odd, the contribution of the term fl/—ulﬁ> does
not vanish if g (x) has a stationnary point of order K.
Q. E. D.

TueoreMm 3. — Lel H, be as theorem 1 and the function g (x) such that
there exists a finite sequence (To, ..., X)) :

O=xo<x1<...<x1=ﬂ
such that :

(i) The function g (x) is monolone and (K + 1)-times continuously
differentiable in the open intervals (z: i) with i=0,1, ..., 1 —1
and ¢ (x) # 0 and g continuous.
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LOCAL PERTURBATIONS AND APPROACH TO EQUILIBRIUM 237

(ii) g (x) has left and right points of contact of order K in each z;, i. e.
if g~ is the inverse function of g, then :

lim () @) = lim (g =...= lim (g @=0.

¥ glail 0 y>g y>glaio
Then F;; (I) tends to zero if t tends to infinity as t'l"
Proof. — In each interval [, xz..] introduce the variable u by
iu = ¢ (x) then
Fy (f) = 515 [ ® (u) e du,

where

1] (H) — e~1§| 1) (i) dg du(lu)

If iuy=g9g(); j=0,1, ..., 1 then

®"(u)=0 for n=0,1,....,K—1; i=0,...,1L
Now the result follows from [7] (p. 49).
Q.E.D
Remarks. — If in theorem 3, the function ¢ (z) satisfies condition (ii)

for all integers K, then the function F;; ({) is a * rapidly decreasing ”
function of { as t tends to infinity.

Although we only stated the results for the Fermi lattice systems,
the treatment can easily be generalized to the continuous Fermi system,
where H,x is the free Hamiltonian for the volume A ; for the interaction
we take a finite linear combination of monomials

BW, ...BWW,)

such that all W, belong to the domain of the operator D induced by
the free Hamiltonian.

The independence of the results on the local perturbation suggests
that the results remain valid for some strictly quasi-local perturbations.
The characterization of the most general perturbation such that the
perturbed equilibrium state is a K. M. S. state for the same von Neumann
algebra is an open question.
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APPENDIX

As an example we treat the perturbed XY-model given locally by
N
(Al Hy = — M {J.ojo},, +Jy050},, + nho}},
j=0
o5, o%, o7 being the ordinary Pauli matrices.

The Hamiltonian (A 1) is a particular case of (1). An explicit calcula-
tion of the operator D [see formula (2)] yields :

D*9)@=h(@e@E; z=¢, x€0,27]
where o€ L2 ([0, 2 7]) :
—h@=J.+J +@Eh +ph@.+I)E4+2)+ T, +24).

By a straightforward calculation, the function s (¢; "’ ¢;) is obtained
as the sum of integrals of the type (8), where ¢ () is replaced by the
function h (z); then we can apply theorem 2; the equation for the station-
nary point is

dh(z) dz d
dr ~ dx dz

h(z) =0, where z = e,

The solutions of this equation are
z, = enr? (n=0,1, 2, 3).
These stationnary points are of order one (K = 1), because

a2 h (2)
dx?

= — 2. 8ph(J. +J) —32J,.J, 0.

The asymptotic behaviour of s (9; e"*¢,) is therefore of order '/
as ! tends to infinity.
In particular for X = B; B,; it follows that

o, (Bx Br) — wo (BrBy)

tends to zero proportional to ' as { tends to infinity, a result found
in [8]. Remark that in [8] only a perturbation of the type V. =B, B,
is considered. In lemma 5 we proved furthermore that the results
are independent of the perturbation as far as the perturbation remains
strictly local.

VOLUME A-XvIII — 1973 — n~° 3



LOCAL PERTURBATIONS AND APPROACH TO EQUILIBRIUM 239

REFERENCES

[1] E. BALsLEV, J. MANUCEAU and A. VERBEURE, Comm. Math. Phys., vol. 8, 1968,
p. 315.

[2] D. RuUELLE, Statistical Mechanics, W. A. Benjamin Inc., 1969.

[3] A. VERBEURE, The Notion of Ergodicity in Solvable Models; Statistical Mechanics
and Field Theory; Keter Publishing House, Kiryat Moshe, Jerusalem.

[4] C. RapiN, Comun. Math. Phys., vol. 23, 1971, p. 189.

[5] F. Rocca, M. SiruGuUE and D. TEstarp, Comm. Math. Phys., vol. 13, 1969, p. 317,

[6] J. MaNUcEAU and A. VERBEURE, Comm. Math. Phys., 18, 1970, p. 319.

[7] A. Erpervy1, Asymptotic Expansion, Dover, 1956.

[8] D. B. ABraHAaM, E. BaroucH, G. GarrLavoTT: and A. MARTIN-LoF, Phys. Rev.
Lett., vol. 25, 1970, p. 1449.

(Manuscrit regu le 30 janvier 1973.)

ANNALES DE L’INSTITUT HENRI POINCARE



