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Phase Transitions in Reservoir-Driven Open Systems
with Applications to Lasers and Superconductors

by Klaus Hepp
Department of Physics, ETH, CH-8049 Ziirich, Switzerland

and Elliott H. Lieb?)

Institut des Hautes Etudes Scientifiques, 91440 Bures-sur-Yvette, France

(17. IV. 73)

Abstract. We present a class of mean field model Hamiltonians consisting of a small, but
macroscopic system S of N components interacting with a large reservoir R. The Dicke model of a
laser is a particular example of S. Both R and S are fully quantum mechanical. The exact equations
of motion are studied, and it is shown that it is possible to eliminate the reservoir variables and, in
the limit N — «, to derive closed equations for the extensive variables of S. These equations are
classical, and the effect of the reservoir is to provide damping and driving (or pumping) terms. As
the parameters of the system are varied, S can undergo phase transitions in the sense that its
equilibrium orbits bifurcate. To the next order, N1/2, the reservoir drives the fluctuation observables
of S linearly with Markovian, Gaussian random forces. Within the context of our class of models our
results are rigorous and are obtained without any approximation.

1. Introduction

The Dicke-Haken—-Lax model of the finite mode laser [D1], [H1], [L2] is interesting
both for equilibrium and non-equilibrium statistical mechanics. Not only is it supposed
to have some relevance to the real world, but from the theoretical point of view it
provides an exactly soluble model with non-trivial consequences. The structure of the
model without losses is such that to leading order in N (the number of atoms) the
equations of motion for the expectation values of extensive observables are classical,
while to the next order, N1/2, quantum effects become manifest. It was because of this
clean separation of quantum and classical effects that we were able to deduce exactly
the equilibrium thermodynamic properties of the 1-mode laser in the rotating wave
approximation [H4] and were later able to generalize those results by permitting
several photon modes, eliminating the rotating wave approximation and even dis-
pensing with the necessity of spatial homogeneity of the atoms [H5], [H7], [W1].

1) On leave from the Department of Mathematics, M.I.T., Cambridge, Mass. 02139, U.S.A.
Work partially supported by U.S. National Science Foundation Grant GP-31674 X and by a
Guggenheim Memorial Foundation Fellowship.
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In this paper we take the next step which is to elucidate the properties of a laser
coupled to a reservoir. On the basis of our previous work we expect that the primary
effect of the reservoir will be to provide a simple damping for the laser and at the same
time to drive the extensive quantities of the laser to new stationary, non-equilibrium
values, when the coupling or pumping constant exceeds a critical value. Again, to
leading order in NV, the new equations for the extensive observables should be classical
and the residual quantum effects of the reservoir should be manifest only to order N/2
as fluctuation forces which should drive the laser fluctuation observables linearly about
their mean values. If one assumes this to be true, then one has precisely the theory of
the laser developed by others, except near the critical point, where the limit N — o is
not interchangeable with the limit time — «. The problem is to validate the above
assumptions, and it is to this to which this paper is devoted. If one looks at the equa-
tions of motion for the laser and the reservoir operators, the above-mentioned N-
dependence is at once clearly seen to be consistent with those equations but, because the
reservoir is huge compared to the laser, it is quite another matter to prove that the
effect of the reservoir is really as tame as it would appear to be. Since different reservoirs
can produce different stationary states for the laser, the reservoir is of paramount
importance to the laser.

One might turn the question around by saying that the problem is to find a large
system which, when coupled to the laser, behaves the way a reservoir is intuitively
expected to behave according to the phenomenological equations of semi-classical
theory. There are some analogies to the construction of a sensible macroscopic measur-
ing apparatus in the theory of quantum mechanical measurement [H3]. In this paper
we actually construct a proper reservoir. It is built of fermions and some objects not
readily obtainable from the laboratory shelf, but it shows that the phenomenological
equations are consistent with at least one microscopic model. In the future we hope to
be able to provide more realistic reservoirs.

A typical Hamiltonian for the laser system S that one might wish to consider 1s

If 4 =0, (1.1) is the 1-mode Dicke model in the rotating wave approximation. a* are
the creation and annihilation operators for a single photon mode, and S{y, = >, Si,
1=1, 2, 3, are the total ‘spin’ operators for N 2-level atoms (S, is a spin } operator).
The physical interpretations of S?y, is that of the total atomic inversion operator,
while S¢y, = Sly, < 1S3, are proportional to the total polarization operators. The
inclusion of more than one photon mode and of multi-level atoms without spatially
dependent coupling constants to the radiation field does not vitiate our methods, it
only makes the resulting equations and their properties more complicated. The closed
system properties of such a Hamiltonian (1.1) have been discussed by us previously
[H4], [H5] and by many others [S2], [S3], [T1], [W1].

The reservoirs we shall consider consist of separate systems for each atom and
each photon mode. A desirable photon reservoir would itself consist of bosons [S5], 1.e.

HP = j dwE (w) A% A, + f dw(k(w) A% a + h.c.), (1.2)

where 4,,, w € R, is a boson field with [4,,, A%.] = 8(w — w"), and the initial state of the
reservoir is, for instance, the vacuum. The reservoir for a single atom could be imagined
to consist of a large number of 2-level atoms [S1] in a state of inverted population
which, by a suitable coupling, has the effect of pumping the laser atoms. It is well known
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that the excitations of such an ensemble of atoms are boson-like, so we may as well
eliminate a needless difficulty by assuming ab initio that the atom reservoir does indeed
consist of bosons, i.e. for the »th atom

(1.3)
where B¥, and C¥, are two boson fields. The B-field pumps the atom down and the
C-field pumps it up. Actually, the reservoirs we shall consider in Section 5 are similar to

(1.3), but are mathematically more tractable.
The full Hamiltonian [H1], [L2] is

N
Hpy=Hg, +HE, HE,=H"+ 3 H. (1.4)

n=1
For any operator, 4, A () = exp (¢Ht) A exp (—iH¢). (We drop the subscript N, whenever
it is not absolutely necessary.) The equations of motion for the A-, B- and C-field
operators are easy to derive and are linear, and can be solved in terms of the (¢ = 0)-
operators and the photon and atom operators. Inserting these solutions into the equa-

tions of motion for the latter operators, one finds (with 4 = dA jdt)

i (t) = —iva(f) — IAN=Y2SG, () — iuN-Y2S g, (0 j.ds;ct——s) a(s) +f),  (15)

SiH() = 1eSk () — 2AN-V2S3(t) a*(t) — 2iuN-"2S3(t) al?)

+2 jdsn t—5) Si(s) S3(t) — 2 j dsyc(t —5)S3(H) S(s) + G4, (1.6)
SH) = (—AN"V2SE(H) a(t) — ipN-Y2SH(H) a* () + h.c.)
+ j dslyc(t —$) S5 () SH(s) — yalt — ) S3(5) Sa(f) +hc]+ Gy (L7)
8
and
) =—i j dwk*(w) A, exp (—iE(w) 1), (1.8)

GH(t) = —2i j dwgy(w) BX, S3(t) exp (iF(w) #

~2i [ duwg¥(w) S3(t) Cpexp (—iF(w) ),

(1.9)
G =i f dwgg(w) BX,S3(t) exp (i F(w) f)
— J' dwgc(w) C*, S+ () exp (iF(w) #) + h.c.
In the above
() = j dw|k(w)|? exp (—E(w) {), (1.10)
) = jdw|g3(w)|2exp (F(w) ), (1.11)

- j dw|gc(w)|2 exp (—iF(w) £). (1.12)
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In (1.5) and (1.6), the operators f(¢) and G, (f) have the property that their (partial)
expectation value in the reservoir vacuum is zero. For that reason we call them fluctua-
tion forces. f is explicitly given and is of O(1), and the main problem is to show that
gl (t) = N~12 % GL(#) is also O(1), where the precise meaning of O(1) for these un-
bounded operators will be explained later. If fis truly O(1) and if Si, is O(N) and a is
O(N'?), then there is no objection to dropping f in (1.5). However, in (1.6) G# is O(1),
and it has a profound influence on S;, which is also O(1). In fact, it is an essential
ingredient in preserving the norms and the commutation relations of the Si(¢). The
hope would be that one could find an equation for the total S{y,(#), in which the total
fluctuation force N'/2gl,,, which is O(N'/?), can be dropped. This suggests summing
(1.6) over n and dividing by N. Unfortunately this does not yield a closed equation for
Sén(t); it would do so, if yp and . were Dirac delta functions. If vz and y are not
delta functions (which case we shall term the regular reservoir) a more subtle procedure
is required to obtain an equation for S{,(¢). In a subsequent paper we shall deal with
that question. For now, we suppose that y,, y¢ and « are indeed proportional to delta
functions. This requires choosing

Ew) = F(w) =w, gs(0)=gs glw)=gc and k(w)=*.

Such a reservoir is called singular, because its energy has neither an upper nor a lower
bound and the Hamiltonian is in general only defined as a bilinear form and not as an
operator. In Section 3 we shall give a meaning to the time evolution of systems coupled
to singular reservoirs.

With this assumption we can now sum (1.6) over » and, recalling that S3(f) St (f) =
S#(#)/2, and introducing the intensive observables

oy () = N71V2a,(8),

alw(®) = NS (#), (1.13)
one finds

by (8) = —(1v + K) gy (f) — 1Aagy () — ipodn(f) + e (®), (1.14)

Gn(t) = (ie — ) ol (t) — 20003y, (B) ady)(f) — 2ipain () aw®) + xan(®), (1.15)

aom (@) = —2y(adn () — 1) + xdn (1) + [FAomw (@) adn(®) + ipoi(t) ey () + h.c,

(1.16)

where

n=[|gc|* — |gsl?]/2[|gc|* + |g8|] (1.17)
is the pumping rate (which can vary between —4 and ), and

y = 7l|gc|* + |g8]?), (1.18)

" 119)

are damping constants.

Equations (1.14)—(1.16) are the desired equations of motion for the intensive
observables. As the commutators of ofy, and oy, are O(N'), and as the fluctuation
forces gxy, Xin, are hopefully O(N~1/2), we expect that (1.14)—(1.16) go over into classical
equations in suitable states (which we shall call ‘classical’ in Section 2).

The nature of the solutions of this non-linear equation (1.14)—(1.16) (in the classical
limit) can be expected to depend sensitively on the parameters (damping constants and
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pumping rate), and we shall give some physical examples in the last section. In particu-
lar, the laser threshold will be an example of a phase transition in a stationary, but
non-equilibrium state. This interpretation of the laser threshold has been given before
but without rigorous justification [D2], [G2], [S4].

We have written the above equations (1.1)—(1.19) to outline the steps one would
like to follow from a microscopic Hamiltonian to a classical differential equation. It is
plain that our justification, such as it was, for the various steps was at best circular and
imprecise. It is to give a rigorous proof of the above expansion in powers of N~!/2 that
the rest of this paper is devoted. In so doing we shall give a non-trivial example of a
microscopic quantum mechanical theory of macroscopic irreversibility and self-
oscillatory behaviour, in a sense a model of a quantum mechanical steam engine. To be
perfectly precise, however, the model we shall treat in the sequel is not exactly the same
as (1.1)—(1.3), although it is hardly less physical and the classical equations are essen-
tially the same as (1.14)—(1.16). The reason for the alteration is a technical one having
to do with the unbounded nature of boson fields. In a later paper [H6] we shall return to

the model (1.1)—(1.3), but here we study fermion reservoirs and introduce an arbitrarily
large photon number cutoff proportional to N.

R
N
N N s

Sy 1

Ry

Ry

N

Figure 1

Structure of a system S ={S,, ... Sy} with mean field interaction and independent reservoirs
R - {Rli .o RN}

Sections 2, 3 and 4 give a systematic account of dissipative fermion systems with
non-linear mean field type interaction of the symbolic structure depicted in Figure 1.
The setting is somewhat abstract, but we believe that this has the advantage of clarify-
ing the fundamental mathematical ideas behind the proofs. The main theorems have
clear intuitive meaning, and they are not pushed to utmost generality. Chapter 5 gives
the application of the general theory to various physical systems, namely to the laser

and to a system consisting of two strongly coupled superconductors, the reservoir
driven, mean-field Josephson effect.

2. Classical Limits in Mean Field Models

In this section we consider a large number, N, of identical subsystems coupled
together by a mean field-like Hamiltonian. Clearly, the relevant operators do not have
limits as N — o in a strong sense, but their expectation values do have limits in
certain states (which might typically be the ground state or Gibbs states [H4], but not
necessarily so). We shall characterize states in which a polynomial algebra of macro-
scopic observables have reasonable physical homogeneity properties, as classical with
respect to these observables, and the precise definition of this concept is given below.
The problem is to show that if the expectation values are classical at time zero, that
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they continue to be classical for all times, and that expectation values (Wightman or
Green functions) obey simple classical equations. A similar problem arises, if one starts
with initial conditions where the fluctuations of relevant observables around the
classical values are normal. Do they continue to be normal, and are the resulting
equations of motion linear as one expects from the theory of ordinary differential
equations?

In the following, each ./, is a collection of operators which act on one of the
identical subsystems, and it can be imagined to be all linear operators on a finite
dimensional complex vector space. This space might, for example, be the internal
states of several multi-level atoms with a fixed number ot electrons.

Let &/, neZ (all integers) be a countable family of C*-algebras, where each
o, ~ #(CX) is isomorphic to the set of all linear operators on a fixed C¥. For m % n,
[, ] = 0. Let o be the quasilocal C*-algebra generated by U &7,[R2]. (There are
obvious generalizations to fancier quasilocal structures.) Let = be a representation of
Z as translation automorphisms of .&/. Let A € &/, and

N
OC(N)=N'1 Z T?!A' (2.1)
n=1

oy 15 called an intensive observable of first degree. (A more general class of averages
has been studied by [K1], [R3].) Let A1, ... AL be a basis of &/, (L = K?) and aly,, ...
afyy the corresponding intensive observables. A polynomial By, = Bladny, ... ohy) is
called an intensive polynomial, If

')/(N) = 'y(ot(lN), & sy CZ(LN)) =N — limﬁm(a%N), P a(liq)) (2.2)
m->c0
uniformly in N with fixed intensive polynomials B(},, then y,y, is called an intensive
observable.
An extensive observable, A y,, is N times an intensive observable, 4 v, = Nagy-
For every € C

ANy = ‘/ﬁ(“(m — ) (2.3)

is called the fluctuation observable of oy, around e.

For intensive polynomials «y, and B, (and more generally for a large class of
intensive observables of the type (2.2)), [otay, Bawy] = O(N™1) for N — . Hence these
operators are candidates for classical observables, while the fluctuation operators could
become boson operators with c-number commutators in the limit N — o. The limit
N — o cannot be discussed in o7, but it is meaningful in certain states of &/ which we
now describe.

Let % be a self-adjoint Lie subalgebra of o/, with real basis 4%, ... 4% All future
statements will be made relative to ..

A state w of o is called classical (with respect to %) if, for all intensive polynomials

B(N) = B(Oﬁ(lzv): ‘x%m),
lim o (Boy) = (B (2.4)

exists. Then there exists [R3] a probability measure u, on the ‘phase space’ R! with
support in |o*| < ||4¥||, 1 < & </, such that for all monomials

Tim (o)) ™0 . . (ccdyy)™®) = j o (@) (o) ™D (l)mD. (2.5)

Nosw
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A state w of &/ is called a pure classical state (with respect to %), if y,, is concen-

trated on one point « = (o, ... «!) € R!; alternatively, if for all monomials
]
lm @ (o)™ .- - (ofy) ™) = TT (o)™, (2.6)
N-ow A=1

It is known [K1], [R3] that every translation invariant state w on .o/ is classical
and w is pure if it is an extremal point of all translation invariant states on 7.
A state w on .o has normal fluctuations with respect to ey, = (etlyy, - - - %{n,) around
« € R, if, for all monomials in afy, = VN(aly, —o¥), 1 <k <l s=1,2,...
imw(@gy...aHy) = a* V., a3, (2.7)
N-o
exists. By the GNS construction there exists a Hilbert space #, with a vector £, € #,

which is cyclic with respect to the algebra of all polynomials in (possibly unbounded)
linear operators a4, ... al, on J#,, such that

@V g Oy = (Q, akV . g0 ). (2.8)

w?r "

It is easy to see that a classical state with normal fluctuations around « is pure
with u,, concentrated on ¢ and that for all 1 < 7,7 <!/

I 1
[AL AN =3 CUAx = [al,al]= S CUak (2.9)
k=1 k=1

Of course, not every pure classical state has normal fluctuations. Necessary and
sufficient conditions for purity and normality can be expressed in terms of the truncated
w-expectation values. Those are defined recursively for X!, ... X5 € o by

WT(X1. . X% =w(X!.. X% = > ol (XD, Xi0) . oT(X/D,  XIO)  (210)

where >’ extends over all partitions of {X?, ... X*} into more than one set and w7 (x) =
w(X?%.The relevant operators are the Ak =7, 4% for l<k<landn=1,2, .... w18
pure, if and only if

N

Im N > wdh) =a* 1<k« (2.11)

N-wx n=1

exists and for all s > 2

N
IimN— > wT(4AKD... A% =o. (2.12)

Now n(1),...n(s)=1

w has normal fluctuations around «, if and only if

N
lim N-1/2 2 {w(4¥) — o} (2.13)
N-w n=1
exists and
N
GmN=2 3 oT(4KD. 4K (2.14)
n(1),...n(s)=1

exists (s > 2). |
One sees that a translation invariant direct product state w with wT(4%3, ..
AkS) =0 for s > 2, has normal fluctuations.
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In the following theorem the assumption of % being a finite dimensional Lie
algebra is important for the first time:

Theorem 2.1: Let the Hamiltonian H y, = Hy, = NB(aly), - - - «ly,) be an extensive
polynomial (associated with ). Define

Then for all 1 <2< and all {e R the afy,(f) are intensive observables and they are
uniformly approximated by

k() =n —lim o n(2).
(! n0),...nrw O o) L)

The polynomials afyno. .. ney I Xny, --- afy, are recursively defined by (2.22) as
iterative solutions of the integral equation

wlin(®) = ali(s) +1 [ THon(7), adin(1)]. 2.17)

)

These solutions are entire analytic in £ and uniformly bounded in N in a neighbourhood
of the real ¢-axis.

Proof: For finite N, H y, € &, and afy,(f) € & is norm-continuous in ¢ and satisfies
llocgyy ()] = [|A*|| for all £ and all 1 <k< /. Let 0 <7 <s and let X, ;, be the Banach
space of all norm-continuous curves

s ll) = (#1(0), , . . M) € A FSEC )
||| = sup max |x¥()]. (2.18)
r<t<s 1<k<l
Let « =max|4¥| and X2, ={xe X, ¥l <2a}. For ze &' and xe X, ;, we
define y = T, (2, %) € X 5, by

yr(t) = 2%+ j duB (' (), . . . x()), (2.19)

where
Bk(“(lzv)(“) e “:N)('“)) =1[H yy(u), “(ICN)(“)]

1s a polynomial which can be computed using the Lie structure (2.9) of Z. It is easy to
see that there exists some 4 > 0 such that, whenever |1' - s] < d and ||z]| = max ||z¥|| <
3a/2, T 5(2,-) isa contraction on X 2% with a Lipschitz constant 4. Thus, for0 </ <4,
we can use the contraction fixed-point theorem to approximate the solutions to (2.17),
uniformly in N, by a sequence of intensive polynomials aly,,(f) = T5(xw,)*(¢), which are
recursively defined (as elements of X3%,) by

To(zw) = Tio,alxmy To Hawmw)),
Tg(Q.C(N)) = 2Ny : (2.20)

Since for allm =1, 2, ..., ||y (md)|| < «, one can use ay,(md) to compute oy (f)
for md <t < (m + 1)d, by applying the fixed-point theorem. Let T7(z) be defined as in
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(2.20), with (0,d) replaced by (md, (m + 1)d) and .y, by z. We claim that for every
m=0,1,2, ... and every € > 0 there exists some K(m, €) < o such that for all #(0), ...
n(m) = K(m,e) and for all md <t < (m + 1)d and all N

lotEnyncoy . . . nomy () — adn ()l < e (2.21)
The a(N) ne). .. n(m) are reCurSively dEﬁned as elementS in X(md_ (m+1)d) by
0. . .nemy = T (Sayncoy . . . nm—1> (7)), (2.22)

where the recursion starts at (2.20). Since T, is a contraction, one has for all » and for
all z, y with [|x]], ||ly|| < 3«/2:

ITm(®) — Tl < llx =yl + $I T ) — T () < 2l — ol (2.23)
Givenm =0, 1, ... and € > 0, there exists some K (m, €) < w, such that for all #(0), ...
n(m) > K(m,e) and forallu=0,1, ... m

lewy — T ey (pd) | < €2 (m + 1)~ (2.24)

as elements of X2% (,,,s)- Hence, by (2.23),
”a(N) — O(Nn0). . .n(m)” < HO‘(N) - T'»:c(m)(o_‘(zv)(m‘i))”
+ HT,’,',(’")(g(N)(md)) - T:,(m)(QC(N)n(O). . nm—py(md)) || < e(m+1)7"
= 2”“(1\1) — (N0 . . .n(m—l)” <€ (2'25)
QOED

Remark: Obviously this theorem can be generalized to a large class of non-
polynomial extensive interactions and even beyond finite dimensional Lie algebras.

Theorem 2.2: Under the assumptions of Theorem 2.1 one has

sup N|[[eegny(s), ey ()] < oo (2.26)
i,J,N

uniformly on compacts in s, ¢.

Proof: Starting from (2.19) one obtains

2 l .. l t * s
th: aim()] = kzl CY “::N) E 5 kZI J. d"ﬁlk(z(m("), (4w “fm(”)])x (2.27)
= =t o0

where B7* is linear in [Ay,, o, (7)]. This linear Volterra equation can be solved by itera-
tion, uniformly on compacts in ¢. By repeating this argument for

[Aw(5), ady )] = [Alw)- adiy(®)] + 2 jdfﬁ”‘(zm)(f), [Aw (7). ol (#)]) (2.28)

k=19

with (2.27) as input, one obtains Theorem 2.2.
QED

The following theorem gives a classical interpretation to the time-evolution under
extensive interaction for expectation values of intensive observables in classical
states:

Theorem 2.3: Under the assumptions of Theorem 2.1, let w be classical with respect
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to & with probability measure u,. Then w is classical with respect to all intensive
observables af,(f), 1 <k <, £ R, and for all monomials

lim (o (7). . . ooy () = j Roldy) €i(y,7) ... adly, ) (2.29)

uniformly on compactsinv, ... £

Here «(y,f) is the solution of the ordinary differential equation

&k ={B, o} = B¥(a),
ot (y, 0) = ¥~ (2.30)

where ¥ is obtained from H , by treating B as a polynomial in commuting variables
ol, ... o and by using the Poisson brackets {«', o’} = ¢ > CiJ .

In particular, if w is pure with respect to oy, ... afyy, then w is also pure with
respect to all oy, (2).

Remark: In this framework, the classical limit (the limit N — o) establishes the
following correspondence:

Quantum-classical correspondence

Quantum mechanics Classical mechanics
Classical state Ensemble in phase spacet
Pure classical state Point in phase space
Intensive observable Function on phase space
Heisenberg time evolution Hamiltonian time evolution
z.N[m(‘;’\')x “(?V)] {of, ot}

Proof: 1f one can show that the classical equations
T

ak(l) = ok(s) + | drBH(a(r)) (2.31)

s

have iterative solutions ok . uom(f) = o*(f) for md <t < (m + 1)d, as in Theorem
2.1, then clearly (2.29) will hold. This is so, since every pair of finite approximations
%Ny (o). . .nemy(E) DA %poy . . nom (v, ¢) to the quantum and classical equations (the latter
with initial condition vy at ¢ = 0) satisfy

1im w(otyymeo) . . . mo)() - - - Krymcoy . . . mer(£))
Now

= J Ho (dl") O‘rin(O). .. m(p)(l’: 7)... o‘ﬁi(()) (1), (2.32)

since w is a classical state. The left-hand side of (2.32) approximates the left-hand side
of (2.29) uniformly in N, by Theorem 2.1. By the iterative construction for (2.31), the
integrand of the right-hand side of (2.32) is uniformly bounded by an integrable func-
tion and converges pointwise for m(0), ... m(p), ..., #(0), ... n(1) = « to «'(y,7) ...

t A phase space R?/ with the symplectic structure of classical Hamiltonian mechanics can be
obtained by group contraction from SU(2)” (see the laser model in Section 5).
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a’(y,t). Hence the right-hand side of (2.32) converges to the right-hand side of (2.29)
by the dominated convergence theorem.

That the classical equations have global solutions follows from a group-theoretical
argument: Complete A!, ... A' to a real basis 4!, ... A* of the Lie algebra & of
GL(K,C), L = K?2. ® has the Casimir operator

K L
2 EY*Ed= % x,,A'AS (2.33)
i,j=1 i,j=1

where (x;,) is a positive definite L x L matrix. In the extended phase space Rl one

can study the differential equation

=B o}, l<i<lL, (2.34)

where the o« correspond to the A* and have well-defined Poisson brackets {«f, &/} and
where B = B(at, ... &) is independent of a!*1, ... ok For initial conditions a!(y,0) = ¢,
l<i</,and « (y, 0)=0,l+1<i< L, theal(y,?), 1 <7</, are the solutions of (2.30).
Since

B, 2 %t} =0,
one has for all ¢

L
> apdy )= 3 xyiy (2.35)

i,j=1 i,j=1

Since (#;;) is positive definite, the «!(y,f) stay bounded uniformly in /. Hence the
iteration scheme can be used for all times in the classical equations (2.30).
QED

Theorem 2.4: Under the conditions of Theorem 2.1 let aly,, ... aly, have normal
fluctuations in w around ¢!, ... ¢'. Then, for all times ¢ and all 1 < & </, the oy, () have
normal fluctuations in w around «*(y,#), and for all monomials in

adn(t) = N (afyy () — ouly. 1)

lim e (afu() - ad(0) = (L, a40) .. ad ) Q). (2.36)

Here, af(t) is the solution of the linear variational equation of (2.30) around «(y,?)
with initial condition «k(0) = ak.

Proof: By taking the difference between (2.17) and (2.31) one obtains

afn)(t) = aliy + | dsNY2(i[H yy(s), oty (5)] — {B(x) (2.37)

Ot__“_‘

In the integrand of (2.37) we combine corresponding terms

m 1
N“z[a'(‘%)(S) af%:)() “k(l)(s) ) k(m) Z ak(u) n k(v) + Z 3(’;{)(3)__

v=1 =

VU

(2.38)

Each 8/,(s) is a sum of monomials (with coefficients independent of N) in ady,(s),
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a’(s), 1 < 1,7 </, and is linear in afy,(s). 8/4,(s) contains at least one factor of the type
(oedny(s) — o¥(s)). We consider (2.37) as a linear Volterra equation for the al,(f). The
iterative solution converges in the w-expectation to (2.36), since, by Theorem 2.3, the
&y-terms do not contribute in the limit N — oo,

QED

It is clear that the above class of non-linear differential equations does not show
self-oscillatory behaviour, since the equations of motion generated by the time
independent Hamiltonian, B, have at least 8 and the Casimir functions of the Lie group
as integrals of motion. In other words, a system with a globally attractive limit cycle
would necessarily have 8 = constant on that limit cycle, and this cannot be reached
by an initial state with a different value of B, because § is a non-constant analytic
function of the phase space coordinates. In the context of these models, ‘coarse graining’
does not give rise to irreversible behaviour. Hence, in order to build a system having

laser-like behaviour, dissipation is an absolute necessity. We turn to that question in
the next section.

3. Linear Dissipation in Fermi Systems

Having previously considered a system consisting of many small systems coupled
together by a mean field like Hamiltonian (i.e. an interaction which does not dis-
tinguish the relative location of the small systems), we now introduce the concept
of the reservoir. The small systems will be composed of fermions, and each small
system will have its own reservoir which is taken to be a fermion field of infinitely
many degrees of freedom. We shall begin by studying the one system—one reservoir
pair. It is then easy to describe many such pairs simultaneously and to see how the law
of large numbers determines the properties of the intensive and fluctuation
observables.

The use of fermion reservoirs, instead of boson or two-level atom reservoirs, has a
mathematical and a physical motivation. From the mathematical point of view, the
simplicity of dealing with bounded operators is obvious, and it turns out that the
equations of motion have a closed solution (this boundedness would not be true if one
used the boson reservoir mentioned in the introduction [S1]). Physically, dissipation
by fermion—fermion coupling can hold for superconductors and for atoms in a solid
state laser. In both cases the small system fermions are really identifiable as electrons
(cf. Section 5).

We first consider one fermion a* coupled to two Fermi fields A%, B¥, where the
parameter w characterizes the degrees of freedom of the Fermi field, and w varies over
R! for simplicity. All operators anticommute except for

{a,a*}=1, {A,,A%)}={B,, B} =56(w—w'). (3.1)

Let o/F be the C*-algebra generated by a* and the smeared-out A%, B¥. The
Hamiltonian

+ o
HO — j dww(A* A, + B B,) (3.2)

is the infinitesimal generator (in the Fock representation) of the continuous 1-para-
meter group af of automorphisms of o/F, which acts (in distribution language) asa — a,
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C,, — C,, exp (—iwt). For simplicity, we shall often use the symbol C to stand either for
A or for B. Fore >0

Vo= [dwe (g5 43 + g5 B a+ he) (3-3)

belongs to o/F. Hence H = H° + V also generates a 1-parameter group of of automorph-
isms of &/F, and the action of «f can be computed by a norm-convergent Dyson series.

The operators a*(f) = «f(a) and C;,(f) = «f(C,,) are solutions of the linear Heisenberg
equations

ar(l) = =i [ dw (g, A3(0) + ga BL(0),
Ci(t)

—1wC, () — igt exp (—ew?) a’(t). (3.4)

Hence, one can express C,,() in terms of the initial condition C,, at £ = 0 and by a®(s)
for |s| < ¢:

Cult) =e™™C,, —ig¥ f dsexp — (ew? + 1w(t — 5)) a¥(s). (3.5)
0
This leads to the linear Volterra equation
a’(t) = a — (|ga|* + |gs|? jt dsa®(s) 8°(t — s)
) 0
—1 fds f dw{g, A, + gg B, } exp—(ew? + iws). (3.6)
0

As € | 0, 6%(s) — 2m6(s). One easily deduces from the iterative solution of (3.6):

Theorem 3.1: Let y = 7(|g4|* + |gs|?). Then for all e R and 4 € #(R?)

n— an a*(t) =alt) =e"a—1 I dse 1*=sl{g  A(s) + gg B(s)}, (3.7)
gl0Q 0
n —Lim | dwh(w) CE(t) = j dwh(w) C,(f), (3.8)
where
C(s) = j dwC,, exp (—iws), | (3.9)
Colt) =™ C,, — igk j dsa(s) exp — iw(t — s). (3.10)
. 0

(a,C,) <> (a(t),C,,(?) can be extended to a strongly continuous 1-parameter group of
automorphisms of &/, o, (4) = n — limo;(4).
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Comment: When € > 0, the reservoir, as defined by H°+ V,, is called regular.
By modifying H° (e.g. w — (w? + 1)1/?), one could even make the energy bounded from
below. The equation (3.6) can be solved by Laplace transform. We shall return to the
study of regular reservoirs in a later paper.

In the sequel we shall always take ¢ > 0. Then a(f) is the solution of the differential
equation ‘

a(t) = —ya(t) —ig, A(t) — igg B(Y) (3.11)

with ‘damping constant’ y > 0 and ‘fluctuation force’ F(f) = —ig, A(f) — igg B(f). The
Hilbert space of the system a® and the reservoir A%, B will be taken as # = #5 ®
H r. The initial state w at ¢ = 0 of the combined system has to describe the coupling of
the system in any state wg (an arbitrary density matrix in 55 ~C?) to the reservoir in
the state wg, which 1s “full’ of B-quanta and ‘empty’ of A-quanta. Hence we take
w=wg Q wg, With wg = (2, %), i.e. the vector state £2; in the Fock space #,
which satisfies

A,Qx=B:0,=0, VweR. (3.12)

The A*(¢) and B*(¢) act like ‘white noise’: they are ‘Gaussian’ in the sense that all
truncated wg-expectations of order >2 vanish. They are also ‘Markovian’ and stationary
with zero mean, since the only non-vanishing wg-expectations of order <2 are

wr(A(s) A*(®) = wg(B*(s) Bt)) = 2n8(s — £). (3.13)

One deduces from (3.7) and (3.13) that the following limits are attained with errors
that vanish exponentially in time:

lim w(a* () =0
SE (3.14)
tliin w(a*(t) alt)) = |ga|*(|ga|* + |a|)
Let wg(f) be the partial expectation over wg of w = wg ® wyg evolved under «,. By
(3.14), wg(t) converges to the Gibbs state for a* 4 with a temperature (7)™ =In|g,|> —
In|gg|? € (—o0, x).
From Theorem 3.1, the anticommutation relations between a®(r), C¥(s) and
C*(#) follow for all times. For instance,

{a(s), a*(t)} = exp — y|t — 5],
{4(0), a*(t)} = img,
{B(f), a*(8)} = img},

{C@),a()}=0. (3.15)

(3.15) is not in contradiction with the distribution identity {4 (f),a*(0)} = 0 for all ¢
One has to be careful in computations in the singular reservoir. Ambiguities are resolved
by taking limits after a regularization: a(f) = lima®(f).

The above formalism of linear dissipation will now be generalized to a ‘small’
system of infinitely many fermions, each coupled to its private big reservoir. In the
spirit of Section 2, we have a countable number of C*-algebras &/F, n € Z, each of which
is generated by M Fermi operators a'*, 1 < m < M, with their own reservoir operators
Ap¥ Bp¥ TForalll <m < M, neZ, we assume
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{an,aw*} =1,

and that all other anticommutators between first degree fermion operators vanish.
/% contains the quasilocal C*-algebra o/, generated by all particle-conserving fermion
polynomials at site . &/, contains the operators

Sl=a**al, 1<k I<M, (3.17)

which are a basis of the Lie algebra % = Lie U(M) of U(M). By taking instead of &7,
the even fermion algebra «&/¢<.o/F, we could have included operators of the type
(a“al)* and obtain the Lie algebra of O(2M). Since all our examples are inbedded in
Lie U(M), we refrain from this notational complication.

For finitely many sites, 1 < # < N, we shall consider the linear dissipation described
by the Hamiltonian

N
R
H(N)= E HE,
n=1

M
Hy= 3 [f Go(ARs AR, + B B w + | dulel® AR ol + gf B o + he|
m=1

nw “n J’

(3.18)
where we assume
y"=7(gq* +|gn?) >0 foralll<m< M.
With
cr(t) = J dwCm exp (—iwt) (3.19)

the time evolution of the local fermion operators, af(f), is again of the type (3.11).
Using (3.15), the resulting differential equations for the

SiH(t) = exp (1HRt) S exp (—iHR?) fort>0
become

SE(t) = ¥k — M SKNE) + FXL() + FH(2), (3.20)
where 8* is the Kronecker delta and

7%= 2m|gk|?, P =k 4o,

Fpi () = gl AL (0)* al(9) + g5 BL(2) ak()*,

F(t) = —iggt an(t) Bi(0)* — igh ak(t)* 4,(¢). (3.21)
The separation (3.20) into damping constants 4*!, pump parameters n*, and fluctuation

forces F¥L(#) is natural, if one considers states w = wg ® wg in which the reservoir
wg = (g, Q%) is full of B-quanta and empty of A-quanta:

AR, Qp=BIEQ,—0 (3.22)
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for all m, n, w. It follows from (3.21) that, however complicated the () ¥ may be
(and they will be complicated in the next section), the partial trace

wr(Fyi(t) =0,
since

FR () Qg=FR)*Q2:=0. (3.23)

The fact that every local fermion operator af* is coupled to its own reservoir

implies a strong law of large numbers for the M? intensive observables (which we
collectively write in vector notation as g;),

ol = N-1 5 S, 320

n=1

under the time evolution H§,:

Theorem 3.2: Assume that w has the form wg ® wg, where wy satisfies (3.22) and
wg 1s classical with respect to gy, with probability measure u,,. Then w is classical with
respect to gy, (f) and for all monomials

lim w(oi, () . .. of%(s)) = j po(de) 0 (e, t) . .. aP(a,s) (3.25)

N-ow

uniformly on compactsing, ... s. ForallZ € R, g(g,?) is the solution of the linear dissipa-
tive equation

o*!(a, ) = 8! n* — sgn (1) Y (2, 4),
(2,0) =¢, (3.26)

19

1.e.
0¥ (a,£) = exp (—yM]) et + 8[n¥ — exp (—M[t])]/¥. (3.27)
Proof: From (3.20) one obtains for { > 0:
a8 (t) = 8 n* — YK ol (8) + ol (2), (3.28)
where

P = b+ () + o&hH_(2),

and
N
Pie(t) =N-1 3 Fi(). (3.29)
n=1
Hence,
am(f) = o exp (—y*8) + S [nk — exp (=M 8] /% + 854, (0). (3.30)
Here,

t
&t = fds exp — Y*(t — s) iy (s) (3.31)
0
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is explicitly known, using the solution (3.7) for the a(s)* occurring in @¥,(s). One

obtains (3.27), if one can show that, for all 7, ... ¢ and all monomials (with ¢ = (¢4,1,),
Il<ip< M),

iim @(0(yy - 0l 8En(1) - 8l)(t) oy - . allvy) = 0.
=00

(3.32)
Since

8w (7) = 880+ (7) + 88, _(7),

where the first term annihilates w on the left- and the second on the right-hand side, it
suffices to show that

[odv, 88+ ()] = O(NTY),

(3.33)
[Béky=(s), 86y ()] = O(N) 3.34)
for N — . To prove this we use (3.15) and (3.21):
x N t
[od, 8+ (0)] = sexp —yP(t— )
21k
x {g5* A7 (s)* a, 6* exp (—y?s) — g§ By (s) ai* 8" exp (—y”s)}.
(3.35)

Since the smeared-out A- and B-fields are bounded operators, (3.33) is manifestly

O(N~1). In the (—,+)-case, which is the most interesting, (3.34) leads to the majorization
of '

[Pti—(s), 9T+ ()]

N

= N2 3 [(g5* an(s) Ba(s)* + ghan(s)* 4,()), (8% AR(®)* a3(t) + &5 Br(®) an()*]-

n=1

(3.36)
(3.36) can be evaluated in terms of anticommutators, by using the identity

[UV,XY]=U{V,X}Y —{U,X{V, Y} + XUV, Y} +{U, X} YV - X{U, Y} V,

(3.37)
and one obtains

N
N~2 Z [27|g5|? 8 8(s — ¢) an(s) ah(s)* + 2m|g4|* &' 8(s —8) an(s) * ai(s)

—g"* goH{an(s), AR(t)*H{BA(s)*, a4(t)} (3-38)

and similar terms of the type {U,XH{V,Y}
+ &5* 88 Ba(l) ax(s){ Bn(s)*, an(£)*}
and similar terms with either B or A* to the left or B* or A to the right.

The first two terms are O(N™!), when integrated over s and ¢ From (3.7), one
obtains

{al(s), A2(t)*} = —2migh 8% (s — ) exp — yi(s — §). (3.39)
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Hence the third term is O(N~') and has support in {s = ¢}, and can therefore be omitted
under the s—f-integration. All other terms are O(N~!) and annihilate w either to the
left- or to the right-hand side. The commutators of the type [@p&,_(s), p&h_(¢)] are of
similar structure, except that the (s — £)-terms are missing.
QED
(3.35) and (3.38) are useful in the following investigation up to o(1) of the com-
mutators of fluctuation observables, which are larger by a factor N:

Theorem 3.3: Under the assumption of Theorem 3.2, let gy, have normal fluctua-
tions in wg around «. Then the g,(f) have normal fluctuations in w around g¢(g,?)
(cf. (3.26)), and the limits s(#) of the fluctuation observables

VN(gw(®) — ol 8) = siw (D),
Ill_)rg W (S (7) - . . sEH(B) = (2, 5%(7) ... sP(t) Q),

are solutions of the linear inhomogeneous equations (¢ > 0):

$#40) = M (Y + 50,

sK(0) = sk, (3.40)
where the fluctuation forces f&'(¢) will be defined by (3.45).

Proof: For t > 0, s.y,(¢) can be evaluated from (3.30) and (3.27):
sty (0) = sty exp[— A 61+ [ ds fh(s) exp [ — y4(¢ — )], (3.41)
(4]

where fov(s) = 4/N P (s). Instead of (3.32) we have now to investigate the limit
N — oo of '

w(s(iN) e S(J..N)f(’fn(") . -f(fu)(t) SNy« -+ S(Ny) - (3.42)

Now, [s&,, /&8, (f)] leads to N times the integrand of (3.35) and, when integrated over ¢,
is O(1) for N — . However, this commutator is a sum of two terms which annihilate w
either to the left- or to the right-hand side. The commutator of this commutator with

iy OF fW5(#) is O(N~1/2), by the same argument. Hence [s&,, f&h ()] can be dropped in
(3.42) for N — .

Similarly, [ f( N—(8), fEAL ()] 1s O( ), when integrated over s and ¢{. Here N times the
first two terms in (3.38) converge in (3.42) to the c-numbers

A 7a(s, f) = 2m8(s — ){8%4 §'7|gh|? — S¥1 0P (o, t) |gh|2 + 8P oM (. )|gh]?}.  (3.43)

The {U, X}{V, Y}-terms vanish when integrated over s and ¢. The others have O(N —4i2)
commutators with s3% and /() and annihilate w either to the left- or to the right-hand
side. Hence they can be dropped for N — .

Thus the limit N — o of (3.42) has the form

(s, 88, - - 5825) (2, f5(1) - . - fa() L), (3.44)
where the operators s!, and f¥(r) act in different Hilbert spaces #g and # ». # s, with
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vacuum L2, is the Hilbert space of the GNS construction for the fluctuation operators
s at £=0 (cf. (2.7)). The f&!(s) = fkL(s) + fXL(s) are generalized Bose fields in a Fock
space ' with vacuum £ satisfying for all s, t and all &, /, p, ¢:

o (8) L2p =0 =fiL(s)* g,
[/ (S) 1#)]=0
[fal(s), w+()]=A"”"“(s,t). (3.45)

Hence we obtain (3.40). To the damping of the fluctuations, y*, the dissipation
adds a fluctuation force f{,(#), which does not vanish for N — «. However, from the
messy expression for finite NV, f&,(#) is ‘purified’ by the law of large numbers to a Gaus-
sian and Markovian external force, f&'(¢). For { — o, the f&'(f) become stationary and
independent of w, since

AR5 Pa(s 8 > 2mS(s — 8) kP §17|gk| 2. (3.46)
QED

Remark: (1) If the model is changed so that all fermions aj* are coupled to one
and the same reservoir, then the macroscopic equations are drastically changed even
in O(N), and they no longer lead to the phenomenologically accepted exponential
decay law (3.27).

(2) The limits € |, 0 (from a regular to a singular reservoir) and N — o can be inter-
changed in Theorems 3.2 and 3.3.

4. Fermi Systems with Mean Field Interaction and Linear Dissipation

Now we shall combine the structures of Section 2 and 3. The main result will be
that for N — « the intensive observables obey ordinary differential equations which
are the sum of a Hamiltonian and a linear dissipative part. In a normally fluctuating
state, the fluctuations around the expectation values of the intensive observables obey
linearized equations with a Gaussian and Markovian external force. These fluctuation
forces are Bose fields in a Fock representation with commutators determined by the
instantaneous values of the intensive observables.

As in Section 3, the building blocks of the dynamics are fermions a™¥ with reser-
voirs AR¥ Bn¥ and the Lie algebra is Lie U(M). As Hamiltonian for the finite system
(N < «) we take

Hpyy=H{,y+ HE,. (4.1)

H¥,=NB(aw,) is a self-adjoint extensive polynomial, and HE&, has the form
(3.18). Hy, € o can be considered to be a perturbation of the H&,-automorphism
group of Theorem 3.1. Therefore H y,, too, determines a strongly continuous 1-para-
meter group of automorphisms «fy, of 7.

. Fort > 0, the equations of motion for the local fermion operators afy,(f) = ocfy,(ak)
are

nny(t) = —y™ aniwy (O) — 184 AR (®) — ighy By(t) + i[Hw(), anim ()] (4.2)
The intensive observables satisfy
O(ﬁ)(t) = 0" — M U(kz&)(t) + (P(N)(t) + 1[H n (8), U(Iﬁ)(t)] (4.3)
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By the Lie structure, i[Hfy,(f), o&,(¢)] is a polynomial in gy, (f). The fluctuation forces
&, (1) have the form (3.21), (3.29) with ajf(¢) replaced by the very complicated solution
amy,(f) of the local equations (4.2). However, if we consider initial states at /=0 of
the type w = wg ® wy With wg = (25, 25) satisfying (3.22), one still has

Pin(8) = e+ () + piy_(2),
9’:‘15)—('5) QR = 99(“15)-»(’5)* r=0. (4.4)

=1 0(3(¢) commutes with H§y,. For suitable dissipations and special H3,, the

equations of motion might fortuitously close on a subgroup of U(M) (e.g. on SU(2) x
SU(2)). In this section we shall disregard this possibility, which will be discussed in
the examples of Section 5.

As in Section 3, the direct integration of the equations of motion of the intensive
observables,
kl

ol (t) = oby(s) exp[ — YA(t — 5)] + 89 (n* — exp[—*(t — )] y*

3 j dr expl— ¥t =N HiHE (1), o6 1)] + 9601} (4.5)

can be effected with only a qualitative knowledge of the ¢f,(#), which depend on the
local operators affy,(7) :

Theorem 4.1: Let w=wg ® wg, where wg is classical with respect to g, with
probability measure u,, and wg satisfies (3.22). Then for all monomials

lim w (0f%,(7) . .. 0Z3(0) = jp,w(dg) o, 7) . .. 0P(g, §)  (4.6)

N-cw
uniformly on compactsinz, ... £. Here g(g,?) is the solution of the classical equation
('J.kl s Skl 'T]k _ ,ykl O.kl 4 {B’ o.kl} (47)

with g(e,0) = «. In particular, if wg is pure with respect to g(y,, then w is a pure classical
state with respect to all gy, (f)-

Proof: We first remark that the classical equations (4.7) have global solutions
for every initial condition « € RM*: The Casimir function 7= >M,_, [¢¥|? of U(M)
satisfies {8, 7} = 0, and therefore along every integral curve of (4.7)

3 2o+ z o o, (4.8)

i,Jj=1

Hence + = 0 on the compact surface > given by

* Ulc’ulz + Z Phk(gk — ke [20kK)2 % (%) 2 (441, (4.9)
i*Jj

Here we use the assumptlon on (3.18) that ™ > 0 for all 1 <m < M. Hence for all p
sufficiently large, the regions D, = {o| Z] iJ|2 < p} are invariant under the flow of (4.7),
since 7 < 0 on the boundary of D

As in the proof of Theorem 2.2 we shall show that the quantum equations (4.5)
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again have the fixed point property, that one can approximate gy, (#) bY gvy o). . . nery (&)
uniformly in N and that the w-expectation values of the iterative solutions
TNyn(0) . . . nery(f) converge to the u,-mean of the corresponding classical approximations
Tn). .. nry(%:1)-

By solving (4.5) for @f},(#) and using the fact that |of4,(7)|| = 1 uniformly in N,
one proves that

< const (1 + | £ —s|) (4.10)

[ argliy ) exp -y — )

uniformly in N. Hence (4.5) again has the fixed point property, and the solution can be
approximated uniformly in N by polynomials in the initial conditions o, (having
the same structure as the approximating polynomials for the classical equations) and
by integrals over the fluctuation forces gy,(s). We have to show that in every fixed
order in the iteration scheme the fluctuation forces give a vanishing contribution in the
w-expectation

w(“(iN) v ‘T(jN) ‘me(") cos (P(IN)(t) 0("&) ces U(';'Q)) (4.11)

for N — . Using (4.4) this follows if one can commute the gf,.(7) freely among
themselves and with the oy, with O(IN—1) errors for N — c when integrated over 7.
For this purpose we investigate the behaviour of the anticommutators {aZ,(#) *,
CE(s)*} for N — . For definiteness we consider
{anm ¥, Ai(s)*}expy™t = biiyy(s, ) *. (4.12)

We define b! = b}, b2 =bi*, ..., pM =pM* _  p>MN = pM* Then the local equations
(4.2) lead to the following linear Volterra equation for the anticommutators (4.12):

bim (s, t) = —2migl B(¢ — s) expy's + J dar
0

M 2NM
kz Poy(s,r) + N~ > P(N)(s ¥t
=1

k=2M+1
(4.13)
4 2ML 2MN
biwy(s,8) = jd” & Pay(s,7) + N1 2 Pin(s, 7)1,
o k=2M(L—-1)+1 k=1

k¢ [2M(L-1),2ML]

(>1)

where L satisfies 2M (L — 1) <! < 2M L and where the P, (s,7) are fixed polynomials
in the local and intensive observables and linear in bfy,(s,#) with coefficients which are
uniformly bounded in N. Hence one can ‘compute’ the bf,(s,#) by iterating (4.13), and
this series converges uniformly in N, since the afiy,(r)* and ggy,() are uniformly
bounded. Since the input vanishes for s > ¢, bk, (s,#) = 0 for s > £. For 0 < s <, b{y)(s,?)
1S norm continuous in s, £ and satisfies

sup by, (s, )ll< o, 1<k<2M,
N

sup N||b& (s, Hll < ©, 2M +1 <k <2MN, (4.14)
N
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uniformly in N and uniformly on compacts in ¢. By a similar system of linear Volterra
equations one obtains for N — o

sup ”{“rﬂm(t)#, “rﬁw)(s)#}“ < @

n,N

sup Nll{anin(6)*, agn(s) "}l < o, (4.15)
n#q,N :

uniformly on compacts in s, ¢, and hence
[owy(s), oy ()] = O(NY). (4.16)

Now the proof of Theorem 3.2 can be repeated, with the only difference being that the

mean field interaction contributes O(N~!) to the non-diagonal part in the anti-

commutators, as shown in the second line of (4.15). Formerly this part vanished.
QED

Similarly, the limit of the fluctuation observables in a normally fluctuating state
can be discussed by generalizing Theorems 2.4 and 3.3. Let 5 be the GNS Hilbert
space of the fluctuation operators s*' at time zero with cyclic vector £. Let 5 with
vacuum £2, be the GNS Hilbert space of field operators f*(s) = f¥!(s) + f*!(s) satisfying

(3.45) with A¥74(s, ) of the form (3.43), where o*!(, ) are the solutions of the classical
equations (4.7).

Theorem 4.2: Under the assumptions of Theorem 4.1 let gy, have normal fluctua-
tions in wg around «. Then all s, (f) = NY2(a,(f) — 0*(«, #)) have normal fluctuations
In w = wg ® wg. For every monomial

lm (s, (7) . .. sZ(8) = (R, s*() ... s?(t) ), (4.17)

N-ow

where s¥*(f) is the solution (in J# = #3 @ # g with vacuum 0= Qg ® £2;) of the
linearized equations of (4.7) around o%*(,¢) with inhomogeneity f¥*(f).

Remark: The f'*(¢) are Gaussian and Markovian, but not stationary, unless
o(e,?) is stationary.

Proof: By subtracting the quantum mechanical and the classical equations one
obtains

r
sthy(t) = sty exp (—y* ) + [ ds/(s) exp (—y™(t - 9))
o

+ [ds N2 (LHENS), ol ()] — (B, o™} exp (-y*E—s). (418
0

As in Theorem 2.4, NY2(i[H,, ol¥,] —{B,0%})(s) can be expressed in terms of poly-
nomials in intensive observables g,(s) and cla,ssical solutions g(s). Moreover, it
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contains the sq,(s) linearly. Hence one can ‘solve’ (4.18) by iteration in terms of the
initial conditions s, and the fluctuation forces fy,(s) = N'2gy,(s). This iterative
solution has coefficients which are uniformly bounded, and their w-expectation values
converge for N — . The computation of the Wightman functions starts from
expressions of the type (3.42) in the manner given in Theorems 3.3 and 4.1.

QED

We conclude this section with some qualitative statements about the classical
equations (4.7), which describe the approach to equilibrium of our class of systems to
O(N). We have already remarked that all solutions of (4.7) are global and uniformly
bounded in ¢ in terms of the initial conditions «. In the purely lossy case (i.e. n™ = 0 for
l<m< M, o*(a,t) = 0 for t > o and all «. For small pumping, %, the stationary
solution (for certain f)

Oij = 0» ) ta j;
M = 2 (4.19)

persists as a stable attractor until it becomes unstable. For some critical value of the
coefficients of (4.7) (e.g. of the pump parameters n*, which are sometimes under the
control of the experimenters), another attracting critical point or a closed orbit [HS8]
or even more complicated attractors [ J1], [R4] can bifurcate from (4.19).

In many cases the set of attractors 4 () will be piecewise analytic in 5. At every
7., Where the structure of the attractors changes, we speak of a reservoir-induced phase
transition of an open system which is in general far away from thermal equilibrium.
Experimentally and theoretically, the best understood example is the laser threshold
(see Section 5), but other phenomena in solid state physics, in chemistry [G1] and in
biology [P1] might have a similar idealized microscopic explanation.

It is to be remembered that, for small pumping, every classical state converges to
the pure classical state (4.19) as ¢ — «. Consequently the probability measure wul,
loses its classical entropy.

If the system is in a normal classical state, then the linearized equations around the
classical observables can have stability, asymptotic stability, or instability with respect
to fluctuations. All three cases can occur: For instance the stable but not asymptotically
stable case holds for attracting periodic solutions, e.g. for the laser above threshold.
In that case, there is one characteristic exponent zero, and the fluctuations are not all
damped in directions parallel to the periodic orbit. The fluctuation forces succeed, in
a sense, to restore the broken symmetry in this case. It is tempting to identify the
unstable attractors with metastable phases [W2]. In normal classical states, Onsager’s
hypothesis [O1] about the ‘regression of fluctuations’ is valid: The equations of motion
for the fluctuations, when averaged over wyg, are equal to the linearized equations of
the intensive observables. This conjectured profound connection between transport
theory and fluctuation theory can easily be derived in our mean field type models.

We have always taken the limit N — oo first and then the limit £ — . Physically
one wants to take the limit the other way around. We can show in our models that such
an interchange is justified if the damping is very large with respect to the coupling
constants of the non-linearities in 5. We do not expect this to hold for all values of the
parameters, at least not at critical points. This accounts for the difference between our
results and those of Risken [R1] and of Hempstead and Lax [H2] at the laser threshold.
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5. Examples of Reservoir-Induced Phase Transitions
The mean field Josephson oscillator

As a first illustration we shall study a model of two strongly coupled super-
conductors. Let %,, ... &y be the momenta characteristic of 1-electron states in the
neighbourhood of the Fermi surface of a many electron system in a box of volume V.
N and V are assumed to be proportional. The 1-electron states are denoted by

+n=(km T)’ —nz(—le,,,J,), (5'1)

where the arrow gives the spin state. Now imagine two such boxes, V, of electrons, and
let a¥, and 5%, be their electron creation and annihilation operators with the usual
anticommutation relations. Let us introduce quasi-spin operators for the two electron
systems:

Ry =aja_,=(Ry)* R;=(aza,—a%,a,)2
Sa=brb_,=(S7)* Sa=(bnb,—b%,b_,)[2

I

N N
Ry = Zl R, Sim= 2 Su (5.2)
L n=1

They are the generators of Lie(SU(2) x SU(2)) = &. The total Hamiltonian of the
system 1is

Hy, = €(R3, + S3vy) + uN Y RE, Ry + Siny Siv) + ANTHRE, Saw + S Rawy)-
(5.3)

The first two terms are the usual BCS strong coupling Hamiltonians for the two boxes
[T2], which we henceforth refer to as superconductors. The last term constitutes a
tunnelling Hamiltonian which one might think of as a mean field Josephson junction.

The closed system shows a second-order phase transition [H5]. As a caricature of
a driven Josephson junction from a constant current source, we shall assume that
electrons have the R-superconductor by linear electron dissipation into a large empty
normal electron reservoir and enter the S-superconductor from a full reservoir. The
reservoir fermion field operators are denoted by 4%,, and B¥,, with w € R and the
usual anticommutation relations. According to Section 3, we consider states w =
ws ® wg, where wg = (25, 2¢), which satisfy

Ao Rr=0=B* 0. (5.4)

for all +# and all w.
The linear dissipation is described by

(N) z H+m

H+n_ jdw A+nwA+nw+ B+nw B+nw w+ jd?ﬂ *A+nwa+n +g* B:nwbﬂ'z +h.C.),
(5.5)

where y = 2m|g|? > 0.
The results of Section 4 apply to this model. We shall discuss the behaviour of the
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inten_sive observables pey, = N 'Ry and gy = N"'S., in classical states wg. The
classical equations of motion are

pt=(ie —y) p* — 2ipp* p* — 2ida* p?,
p>=—y(p* + 1) +iX(p~ 0" —p*o7),

ot = (e — y) ot — 2tpo™ o — 2iAp* 03,

6* =—y(a® — ) + iAo p* — ot p). (5.6)

We remark that the dissipation does not couple operators from & to other operators
in LieU(4). From (5.7) we obtain the time dependence of the Casimir functions
Bz e |p+|2 + (p3)2 and 9_2:

d

2 ="2(p" P+ (P + D) — 1),

d :

& = 2(o" ]+ (0° — 17— ). (5.7)
The physical region

D={p| <% |o <% (5.8)

i1s invariant under time evolution, and even if one starts outside of D, one would
eventually come into D, as { — oo.

For the simplest typical case, let us set u = 0. Then the global flow can be discussed
further, if one uses the following consequences of (5.6):

d
— P>+ %) =—y(p> + 09, (8.9)
g; (pT +1i0%) = (te — v + 2A0%) (p* + 10™) — 2iAa™ (p* + &%), (5.10)
d
% (p* —i0™) = (te — y — 2X0?) (p+ — i0™) — 2iAa™ (p? + 0?). (5.11)

One sees from (5.9) that p(¢) + () = (p3(0) + 03(0)) exp—yt. For A <+ one deduces
from (5.10) and (5.11), using o® < % for (p,0) € D, that both p* +do* and p* —i0*
converge to zero as ¢ — . By going back to (6.6) one proves that the stationary
solution

pt=0"=0,

pP=—0®=—} (5.12)

is a global attractor for A < y.

For A > v, (5.12) becomes unstable, as the discussion of the linearized equations
around (5.12) shows. If one writes (5.6) as a real system, then a pair of complex conjugate
eigenvalues for the linearized system passes the imaginary axis from the left, away from
the origin. By the Hopf bifurcation theorem [H8], a stable attracting periodic solution
should bifurcate from (5.12). The harmonic Ansatz p*(f) = p* expiwt, o™ (f) = o+ expiwt
with time-independent p*, o*, p*, ¢ and w leads to the Hopf solution
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w=¢ 0 =—p>=y/2A,
pr=10%, [o*|>=y(l —y/A)/4A. (5.13)

Of course, the common phase of p* and ¢* is not uniquely determined by (5.13), because
of time translation invariance.

We see that this system of strongly coupled superconductors interacting with
reservoirs of different ‘voltages’ can exist in two regimes: For A<y, the friction
dominates, and p is drained and ¢ drowned by the reservoirs. For A slightly larger
than v, the system becomes self-oscillatory. The asymptotic state of the system does
not depend on the initial conditions (except on a set of codimension two and except
for a phase factor). The mean field Josephson oscillator produces a periodic process at
the expense of a non-periodic source of energy, just as a clock or a steam engine does.

The Dicke—Haken—Lax laser model

This model has already been physically characterized in the introduction. We
take Hy, asin (1.1) and H? as in (1.2) with k(w) = £ > 0 and x = wk? and E(w) = w. In
this paper we want to avoid difficulties associated with unbounded boson operators.
Therefore we shall consider a ‘solid state laser’, where the dissipation (or pumping)
proceeds not by the coupling of two-level atoms with a reservoir consisting of two-
level atoms but by an exchange of electrons with an electron reservoir.

The atomic ‘spin’ operators are represented, as in the Josephson model, in terms
of two Fermi operators per atom #»

Si=08b_,=(Sa)* Si=(b%b,—b%,b_,)/2. (5.14)
Each b%, is coupled to its own Fermi bath with creation and annihilation operators
B,, and C%,, by

H&):ZHiAn

Hi, = [ d0(B2p, Bimy + CliCamd @+ [ d{(f% Bl +5C2) bun + hic).

(5.15)
The state £y of the reservoir is again characterized by
AWQ =BiHWQR=C;hWQR=O’ (5.16)
and we assume customary commutation and anticommutation relations.
We choose the coupling constants in (5.15) to satisfy
Fol? + les* = 117 + e[,
lgs|? = /-] (5.17)
which insures that the mean electron number per atom
N
vy =N"1 3, (%D, +b%,b_,) (5.18)
n=1

does not couple in O(1) through the dissipation to the other operators gy, and ay),
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and has the stationary value 1 (macroscopic charge neutrality). There remain two free
parameters describing the dissipation:

y=2m(|g.|* + |g_]?).
7= (|g+]* — g3 /2(|gs]? + || (5.19)

Then the macroscopic equations of the laser take the form (1.14), (1.15) and (1.16),
except that in (1.16) the factor 2y is changed into y. This will neither change the laser
frequency (5.39) nor the threshold condition (5.37), but only the slope of |al3,, as a
function of n — 5, (5.40). It is not surprising that different models for the reservoirs
can lead to different physical predictionsin O(N). The ‘quantum mechanical consistency’
[H1] allows for one more free parameter (8§ > 0 instead of 2y in (1.16)) in the Dicke laser
model.
The time dependence of the Casimir function becomes

d

— 0 ==2y(|o* |+ (* — /22 — ), (520
and for u = 0 one has, in addition,

d

2;(|o:|2+03) = —2x|a|? — y(o® — 7). (5.21)

One can prove [H6] and expects from the equilibrium thermodynamics of the system
[H4] that the mean photon number per atom, |«|?, should approach a stationary
value |«|3,, < o for every reasonable initial condition. In order to avoid having to deal
with unbounded boson operators, we therefore introduce a high photon number cut-off

at a*a = N, where { > ||, is an arbitrarily large integer. Technically, we replace
(see e.g. [Al])

a— ({N)~1/2 Ry, (5.22)

Here the R/.y, are spin operators in the irreducible representation of SU(2) with spin
{N /2. If one replaces the n-photon states £, by eigenstates 2, of Ry, with eigenvalue
n — {N/2, then one has

(N

n

-1/2
Q=)™ ( ) (Reewy)" L0, (5.23)

Rimy 8&2,(IN)Y2 = (n + 1)12 2, ,(1 —n[{N)/?,
[Rwy: Riny) 82,(LN)~1 = 2,(1 — 2n/{N).

In the sense of (5.23), the Ry, ({V) ~!/?act as photon creation and annihilation operators
uniformly in N for mean photon numbers #/N < (.
The final form of our Dicke Hamiltonian is
Hivy = v(Riwy + IN/[2) + €3y + L V2N"'AREw Siny + REM Sy + hoc).
(5.24)

There exists a model of a photon reservoir, which leads to the same phenomenological
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dissipative part as (1.2) (up to O({~1)): One only has to introduce 2{N Fermi operators
a¥,.. 1 <m< {N and

RY,=a%a*,, R;=(aka,—a_,a*,)/2,

Riny = Z R;, (5.25)
asm$25=0, 1<m<{N.
Then one couples the a¥,, to Fermi reservoirs A%, by Hfy,= > H%,, where
_ j dw ( WA, Ay + 2 (A%, G + h.c.)) (5.26)
V32

and Aimw'QR - O‘
For { fixed, the results of Section 4 apply for the intensive observables

oy =N""Siw,  pim = (IN)™* Rigw.- (6.27)
More useful for the limit { — o will be

O, N) = g2 PNy (5.28)
The resulting equations of motion are

&eny = —(1v + k) g, wy + 20 pewy Oy + 2ippieny Oy + Pee, wys (5.29)

oy =—(1e + ) ogn + 2X iy e, by + 200050y o by + XNy (5.30)

oy = —y(0%n — 1) + (Ao, ol + IRoG) o, My + hec) + XE,wy- (5.31)

These equations are the same as in Section 1, except for different fluctuation forces

and for the fact that there is ply, instead of } in (5.29). p{,y, is not a c-number but
satisfies

pevy = —k(pegny + 3) + @, my + LBy o, wy + ipochy ot vy + hec)). (5.32)

We note, however, that if { is so large that the last term, which is O({™!), can be
neglected then, provided we start at time zero with pg.y, = —3, (5.29) reduces to (1.14).

We shall consider states w = wg ® wg With wg classical with respect to p(.y, and
owy- Then the w-expectation values of monomials in g, (f) and o« x,(f) can be
expressed, in the limit first N — o then { — o by the solutions of the classical equations

o =—(iv + k) « —1Ac™ — iuac™,
o~ =—(te +y) 0~ + 2iAa® o + 2tpo® a¥,
&> =—y(0®> —n) + ((Ao™ a* + tuo~ o + h.c.), (5.33)

where the parameters satisfy
y,k,,v>0, AueR, A%0. (5.34)
For all u there exists one time-independent stationary solution of (5.33):

=7, o =a=0. (5.35)
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For u=0 (and hence for small |u|) this stationary solution is unique, since for
(07, e) % (0,0) the coefficient determinant of the equation ¢~ = & =0 has to vanish.
The latter is analytic in w and, for u = 0, it takes the value (iv + k) (i€ + y) — 2A%0> 0.

For the stability of (5.35) one has to discuss the linearized equations around (5.35) :

& =—(v+ k) & —IAo” — tuo™,

6~ =—(1€ +y) ot + 2idna + 2iuna*,

-3 3

5 =—yo®. (5.36)

For u =0, one root of the characteristic polynomial
ZH{k+y+ilv+e}z—2n+ (w+k)(te+y)=0

crosses the imaginary axis away from the origin, if

L O ik T

Hence, for strong damping or far away from resonance (i.e. for . > ) the non-radiating
solution is stable for all physical values of the pump parameter, namely |y| < 3.

By the Hopf bifurcation theorem, a stable periodic solution will branch from
(5.35), if ) > 7. This picture will persist for small u, with small changes in 1.

For pu = 0 and 7, < 7 there exists a one-parameter family of harmonic solutions of
(5.33) of the type () = aexp—iwt, 0~ (f) = o~ exp—iwt with time-independent «, o, o
and w given by

o*=mn, 0 =(ik+w—1y) o], (5.38)
w = (vy + ex)(y + 1)1, (5.39)
|| = y(n — 70) 2. (5.40)

This solution lies in the physical region |g| < 4. Note that ¢* isindependent of the pump
parameter 7 and that the mean photon number increases linearly with » above.
threshold. These formulae are well-known from semi-classical laser theory [H1] and
are in fair agreement with experiments on finite lasers [D2]. In the gas laser, /2« has
to be replaced by v/« in (5.40).

This harmonic solution is stable near threshold. We have verified stability for all
1 — n°, if either 2k = 9 or v = €. In the former case one can even show, that (5.38, 5.39,
5.40) is the unique stable attractor of the system: (5.36) with u =0 is equivalent to
(6.21) and

B+[i(e + v — 20) + k + y] B+ 2X%(5. — ) B =0, (5.41)
where

B(t) = a(t) exp — iwt.
For

2k=y, o) >n— |B(t)[2
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exponentially. Hence the attractors can be determined from (5.41) with o> replaced
by n — |B|?. This equation has a Ljapounov function

H(B,B) = B> + X|B|* + 2X2(n. — )| B|? (5.42)

with H = —6k| BP, and H = 0 only for 8 = 0. Hence for every integral curve B(f) — 0,
which entails o*(f) — 7. and hence |B(/)|> = 7 — 7.

We see that the laser, too, shows a non-equilibrium phase transition at #, (provided
that 7. <) between a unique non-radiating time-independent macrostate and a
1-parameter family of stable ‘self-oscillatory’ attracting macrostates. In both regimes,
the fluctuation theory can be worked out and we hope to return to this interesting
question in the future.

Conclusion

The main point of this paper is to exhibit a many-body system showing irreversible
behaviour, where one can really separate classical and quantum effects. It has always
been the faith of physicists that, for reservoirs which are very large with respect to the
system of interest, the effect of the reservoir can be described to O(N) by phenomeno-
logical classical dissipative equations and by a Langevin-type linear fluctuation theory
in O(v/N) around the classical macrostate. We have solved a non-linear quantum
mechanical model (without using uncontrolled approximations such as master equa-
tions, quasilinearization and ‘adiabatic’ elimination procedures), where the conven-
tional wisdom of irreversible statistical mechanics far from thermal equilibrium can be
deduced from a microscopic theory.

It incidentally happens to be the case that our theory leads to a model of the laser
and that it gives qualitative predictions which have some resemblance to experimental
facts.
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