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Abstract. The partition function for a one-dimensional system of Bosons with
repulsive delta-function interaction is investigated. We prove that if the Bethe
Ansatz eigenfunctions form a complete set then the grand canonical pressure
is given by the Yang-Yang formula. The proof uses a probabilistic formalism
to express the partition function as an expectation with respect to a probability
measure on a Banach space of measures; the asymptotic behaviour of the
expectation in the thermodynamic limit is determined by the Large Deviation
Principle. This method is applicable in situations in which the Hamiltonian
can be diagonalised using the Bethe Ansatz.

1. Introduction

Often, in mathematical physics, we are faced with the problem of determining the
asymptotic behaviour, for large I, of a sequence

{traceexp[ — po#']|1=1,2,...},

where f is a positive real number and {#"|=1,2,...} is a sequence of self-adjoint
operators on some Hilbert space. The problem arises, for example, in many-body
theory; here ' is the Hamiltonian of the system, f is the inverse temperature and
the volume V, of the system increases as I increases. In this setting, there are not
many cases in which the problem has been solved. For a long time, only for the
free quantum gases, boson and fermion, was an explicit expression known for

.1 .

llir?o iz Intraceexp [ — " ].
In 1969, Yang and Yang [1] made a notable advance: they developed a
thermodynamic formalism for dealing with those interacting systems whose
Hamiltonians can be diagonalized with the help of the Bethe Ansatz. Yang and
Yang [1] applied their formalism to the quantum non-linear Schroedinger model
whose Hamiltonian had been diagonalized six years previously by Lieb and Liniger
[2]. In recent years, as more and more problems have succumbed to the Bethe
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Ansatz (see [3] or [4] for a review), the use of the Yang—Yang formalism has
spread; for example, it has been used to determine the thermodynamic functions
in the Kondo problem [5, 6,7] and to compute the central charge of the Virasoro
algebra associated with critical two-dimensional classical statistical mechanical
systems such as the Potts model and the Ashkin—Teller model [8].

The core of the Yang—Yang formalism is their derivation of an expression for
the entropy density of the system; as they themselves point out, this derivation
unlike the rest of their paper, is far from rigorous. It is, in fact, an ingenious
elaboration of the derivation given by Landau and Lifshitz [9] for the non-
equilibrium entropy density of a free quantum gas. Our aim in this paper is to
give a rigorous proof of the Yang—Yang trace formula. We see little hope of doing
this by supplying the needed rigour at each step of the Yang-Yang argument
(any more than we could for the Landau—Lifshitz derivation). Instead, we use a
probabilistic formalism to express trace exp [ — f#'] as an integral

| efV1St™K, [dm]

E

with respect to a probability measure K; on a topological space E and we use
Varadhan’s theorem [10] to determine the asymptotic behaviour of the integral.
Varadhan’s theorem is an extension to regular topological spaces of Laplace’s
theorem on the asymptotic behaviour of integrals over the real line. By checking
that the hypotheses of Varadhan’s theorem are satisfied, we are able to give a
rigorous proof of the Yang—Yang trace formula.

At first sight, the probabilistic formalism which we use may seem far removed
from the Yang-Yang thermodynamic formalism. In fact, they are close in
spirit, since Laplacian asymptotics (the method of the largest term) is at the
heart of thermodynamics. Moreover, the Landau-Lifshitz expression for the
non-equilibrium entropy density of a free Fermion gas appears naturally in the
course of checking that the hypotheses of Varadhan’s theorem are satisfied, and
the Yang—Yang expression is related to it by a simple transformation.

In this paper, we apply the probabilistic formalism to the non-linear quantum
Schroedinger model; we emphasize that it has the same wide applicability as has
the Yang—Yang thermodynamic formalism. Nevertheless, it would not be profitable
to display this work as an application of some general scheme, since the details
may vary greatly from model to model. The classical non-linear Schroedinger model
requires very different techniques; recently it has been treated rigorously by
Lebowitz et al. [11].

Many-body theory is characterized by the existence of a number operator: for
each Hamiltonian #, there is a self-adjoint operator /"' whose spectrum is the
set 0,1,2,... and which commutes with #". The operator ./ is interpreted as the
observable corresponding to the total number of particles in the system; the
eigenspace of A" corresponding to the eigenvalue N is called the N-particle
subspace. Since #' commutes with 4", we may regard #"' as the direct sum
of a sequence {Hy|N=0,1,2,...} of operators, where Hy is the restriction
of #" to the N-particle subspace. To investigate the asymptotic behaviour of
traceexp { — '}, it is convenient to generalize the problem slightly: we examine
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the behaviour of trace exp {f(uA"' — #")}, where u is a real number. Put

1
i) = g Intrace exp (Bt — #)} (L1)
1
and, denoting by tracey the trace over the N-particle subspace, put
1
Jip) = — 5 Intraceyexp { ~ BHY, (1.2)
1

where p = N/V,; we have
exp {BVipu(k)} = trace exp { BN — A7)

= Y  eNtraceyexp{— BHYy}
N=0,1,2,...

= ¥ exp{BViup — fi(p))}. (1.3)

N=0,1,2,
In many models of physical systems, the limits p(u)= lim p,(u) and f(p)=
-

lim f,(p) exist; the function p() is called the grand canonical pressure and the
-

function f() is called the canonical free-energy. For | sufficiently large, the main
contribution to p,(1) comes from the largest term in the summation on the

right-hand side of (1.3) and, in the limit, we have
() = sup {up — [(P)}- (1.4)

p
The crux of the thermodynamic formalism is the possibility of making an indirect
evaluation of f(p). We illustrate this first in the case of the free Fermion gas.

In the case of a free gas, the N-particle Hamiltonian HY, is the sum of N copies
of the single-particle Hamiltonian H' . Suppose that the single-particle Hamiltonian
is the one-dimensional Laplacian with periodic boundary conditions on the interval
[0, V;]. The eigenvalues of H), are given by

EN(k)=|k|>=k% + - + k3, (L.5)

where
2n
In the case of Fermions, the k; are distinct: k; # k;if i # j. As [ increases, V; increases
and the possible values of the momenta k; become increasingly dense in the real
line. It is argued that, in the limit [ — oo with p = N/V/, fixed, the “eigenvalues” are
described, not by vectors k, but by continuous distributions p(’). These are
functions satisfying p(k) 2 0, { p(k)dk/2n = p; the energy density corresponding to
R

a distribution p is given by
dk
— 2
ulpl= l{ k=pl)5 -

in the limit | - co. But now we must count multiplicities. The entropy, the logarithm
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of the multiplicity of an eigenvalue, can be estimated in the limit [—» o0 by a
combinatorial argument (see Landau and Liftshitz [9], Sect. 54, p. 154) which gives
its density as

dk
s[pl = — [ {p(k)In p(k) + (1 — p(k))In(1 — p(k))}ﬁ. (1.6)
R
A second application of Laplacian asymptotics then gives the following
expression for the free-energy density:
fp)=  inf {ulpl—p~'slpl}- (1.7)
{peL L (R)lliply =5}

This argument leads to the well-known formula

P = 51 [In(1 +ePms) 26 (18)
R 2n
for the grand-canonical pressure of a free-Fermion gas.

Next we sketch briefly the extension of the thermodynamic formalism needed
to deal with Hamiltonians which can be diagonalized with the aid of the Bethe
Ansatz. Consider the non-linear quantum Schroedinger model: its Hamiltonian
can be written symbolically as

H = i {0:0*(x)0(x) + 2c(¢*(x)(x))* } dx, (1.9)
where ¢(x) is a one-dimensional Boson field satisfying
[¢(x), #*(1)] = d(x — y), (1.10)
and ¢ = 0. The number operator .4 is given by
JV=lj;¢>*(x)qb(x)dx. (1.11)

It commutes with ## and the restriction of J# to the N-particle space, which we
identify with I2(R"),,,,, can be written as

N
Hy=— ) 03,+2c 3, o(x;—x;). (1.12)
=1 j

i>j
N
For ¢ = oo, we interpret Hy to be — ) 9%, with Dirichlet boundary conditions
=

on the surfaces x; = x;, (i # j).

We restrict the system to a finite interval of length V,, impose periodic boundary
conditions and denote the resulting Hamiltonian by HY,. The eigenvalue problem
for HY was solved by Lieb and Liniger [2], using the Bethe Ansatz. They obtain
the remarkable result that the eigenvalues are given by

ENK)=K2 + - + K2, (1.13)

with the I~cj solutions of the equations

N ~ ~
ji

=1
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where
k
0.(k) =2arctan(z> (1.15)

and the k; are given by

2

k,.=7”m,., mieZ, if Nis odd,
j

and

2

T -
k;=—(@m;+3), meZ, ifN iseven.
1

V
In other words, the eigenvalues of the N-particle Hamiltonian of the non-linear
Schroedinger model can be labelled in the same way as the eigenvalues of
the N-particle Hamiltonian of the free Fermion gas: there is a one-to-one
correspondence between eigenvalues of Hy and N-vectors k= (k,,...,ky) with
distinct entries taken, in this case, from the set {...—2n/V,,0,2n/V,,...} when
Nis odd and from {..., — 3n/V,, — n/V,,n/V,,3n/V,,...} when N is even. Yang and
Yang [1] assumed that, just as in the free Fermion case, the “eigenvalues” can be
described, in the limit [ — co with 5 = N/V, fixed, by a distribution p(k) satisfying

- ~dk
p(k)z0, § plk)—=p.
R (4

The energy density is now given by

~ ~dk
ulpl=| kzp(k)%.

It remains to obtain an expression for the entropy density s[p]. In the free-Fermion
case, we can interpret the term

dk
- l{ plk)In p(k)5—

as the contribution to the entropy density from the occupied k-values and the term

dk
—l{(l = pk)In(1 —p(k))5—

as the contribution from the unoccupied k-values (the “holes”).
We could make this explicit by introducing p,,, the density of holes, and writing

dk
ste1=[{(o+pp)In(p+pi) —plnp —pylnpy}>— (1.16)

together with the side-condition

p(k) + pulk) = 1. (1.17)

In the case of the non-linear Schroedinger model, Yang and Yang give a
combinatorial argument which, in the limit /- oo, yields the same formula (1.16)
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for the entropy density, but with the side-condition (1.17) replaced by
~ ~ ~ ds
p(k) + py(k) =1 +592(k—5)p(8)ﬂ' (1.18)
R

Notice that, in the limit ¢ — oo, the free-Fermion side-condition (1.17) is recovered.
Using these expressions for u[ p] and s[p], it is not difficult to solve the variational
problem and obtain the Yang—Yang trace formula:

1
lim — Intraceexp { — f#'} = [In(1 + e"”s"‘;’”)%, (1.19)
|4 R 2n

I-o0 ¥V

where ¢(k; f) satisfies the integral equation
elk; B)=k*— B~ {0k —s)In(1 + e"’”‘“ﬂ))g—i. (1.20)
R

Notice that, since 0,(s) = 2¢/c? + 52, the free-Fermion result is recovered in the limit
¢— oo and the free Boson result is recovered in the limit ¢ — 0.
We now turn to the probabilistic formalism. Our aim is to express

trace exp {B(uAN" — A1)},
in the case of the non-linear Schroedinger model, as an integral

[ eIk [dx]

by suitable choices of topological space E, functional G[-] and probability measure
K,. This will be accomplished using two propositions:

(1) In the case ¢ = oo, the limit
1
p°(u) = lim ﬂ—Vlntraceexp {BuN™t— #"} (1.21)
1= 1
exists and is given by the free-Fermion expression
0 -1 Bu—k?) dk
pPP(w)=p""[In(1 + &Pe~*)—. (1.22)
R 2n

(2) The eigenvalues of the Hamiltonian of the non-linear Schroedinger model for
0 < ¢ < oo are in one-one correspondence with the eigenvalues of the Hamiltonian
for ¢ = o0, and given by the Lieb—Liniger formula (1.14).

The first proposition is a well-known result; for completeness we give a proof
in Sect. 2. Up to now, the status of the second proposition has been uncertain; the
results presented in the Lieb—Liniger paper [2] are rigorous, but they do not claim
that the Bethe Ansatz eigenfunction form a complete set; Yang and Yang [1] make
such a claim, but only sketch an argument, based on continuity, to support it. Our
proof of the Yang-Yang trace formula is complete modulo a proof of this
proposition. We will return to the problem of completeness of the Bethe Ansatz
eigenfunctions in another publication.

Since the strategy of proof which we adopt to verify the Yang—Yang thermo-



Thermodynamic Formalism and Large Deviations 37

dynamic formalism is not yet well-known among theoretical physicists, we first
give an informal sketch of it. Consider, first, the case ¢ = co: We can write the trace
(1.3) as a sum over configurations by introducing the space (2 defined by

Q={O‘2Z—>{0,1}IZO'J-< oo}, (1.23)
JjeZ
and the functions k': 22— R” defined by
2n
7 if ) o;is odd;
k(@)= , ez (1.24)
Tmtd), it Yo is even.
Vi jez
Then
exp {BVipi (1)} = ZQ exp {ﬂ 2. ol — k(o) } (1.25)
o€ neZ
Introducing the ¢ = co-occupation measure on R by
1
m[A;0] = 7 Y. 6,04, [Al, A<R, (1.26)
1 neZ
we can re-write (1.25) as
exp {BVipY(W} = Zﬂ exp { BV f(n— k*)mldk; o] } (1.27)
o€ R

The corresponding expression in the case ¢ < oo is obtained by the following device:
for an arbitrary bounded positive measure m, define the function f,, as the unique
solution of the equation

Slk) =k = [0.(f (k) = fru(k))m(dK); (1.28)
then we have
exp {fVipi(p)} = Zﬂ exp {ﬁ Vif (= f(k)*)my[dk; 0] } (1.29)

(It is here that we have to assume that the Bethe Ansatz eigenstates form a complete
set.) But this can be re-written as

exp {BVip()} = deXp {ﬁ ViJ (k2 —f (k) )m[dk; 0] }'eXp {ﬂ Vi § (u—k?)my[dk; 6]}
age R R

=exp {BVipl (W)} ;ﬂ exp {ﬁ ViJ (k2 — fn (k) )m [ dk; 0] }Pi‘ [o], (1.30)

where P{[.] is the probability measure defined on the countable set 2 by

Pi[o] =exp {—BVipi (1) }exp {ﬂ Vi (u— k*)m[dk; o] } (1.31)
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This, in turn, induces a probability measure K{ on the space E=
{mey (R)|[k*m(dk) < o0},
R

K¢ = Phom, !, (1.32)

since m, is a measurable mapping from 2 to E. Introducing the functional G defined
on E by

G[m] = [(k* — fn(k)*)m(dk), (1.33)

we have, finally,
exp {BVip1)} = exp {BVipP (1)} "MK} [dm]. (1.34)
R

The measure P is in fact the grand canonical measure for ¢ = oo, and we call the
induced measure K# the Kac measure. (See introduction to [12] and [13] for the
historical background.) But these interpretations carry no hidden hypotheses: for
the purpose of the proof, P} is the measure defined by (1.31).

The next step in the programme is to determine the asymptotic behaviour of
K# for large [. If we were able to define Lebesgue measure on E, we might aim to
prove that, for large I, K} behaves as exp { — fV,I*[m] }dm for some non-negative
functional I*[m], and then apply Laplace’s theorem to conclude that

lim —l—ln eV StIK i [dm] = sup {G[m] — [*[m]}. (1.35)

[Aadd] 1 E

In the absence of a suitable reference measure on E we have to settle for a more
technical description of the asymptotic behaviour of K:

Definition. Let {K;|l=1,2,...} be a sequence of Radon probability measures on a
regular Hausdor(ff space E and let {a,|] = 1,2,...} be an increasing sequence of positive
numbers diverging to + co. The sequence {K,} is said to obey the large deviation
principle with constants {a,} and rate function I.E — [0, o0] if the following conditions
are satisfied:

(LD.1) I[.] is lower semi-continuous.
(LD.2) The level sets {xeE|I[x] < b} with 0 <b < o0 are compact.
(LD.3) For each closed set C c E,

1
lim supa—ln K,[C] =< —infI[x].
1

1= xeC

(LD.4) For each open set O — E,
1
lim inf—InK,;[0] = — infI[x].
1= a[ xe0

In place of the Laplace theorem, we have Varadhan’s theorem. We state a version
which covers all the situations that arise in this paper:
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Varadhan’s Theorem. Let {K,|/=1,2,...} be a sequence of Radon probability
measures on a regular Hausdorff space E satisfying the large deviation principle with
rate function I:E— [0, c0], and constants {a)|]l=1,2,...}. Suppose that G:E—R is
continuous and

L 1
lim limsup—In |  €"9™K;[dx]= — 0. (1.36)

A= 1o A1 (eE|G 2 4)

Then
1
lim —In [ e#™K;[dx] = sup {G(x) — I(x)}.
E xeE

1-0

We prove in Sect. 3 that the sequence {K}} satisfies the large deviation principle
with constants V), and rate function I*[.], where

1“[m] = p°(p) + f°Lm] — ulim]. (1.37)

Here p°(p) is the free Fermion pressure (1.22), and f°[m] is the free-Fermion free
energy,

fOlm] =ulm] — B~ "s[m], (1.38)

where u[m] = jkzm(dk) is the internal energy and s[m] is the entropy density,
R

dk dk
- {—I{plnp+<l—p)ln(1—p)}ﬂ, if m(dk) = p(k)5—and p(k) < 1;
s\m| = R

— o0 otherwise.
(1.39)
After some reduction Varadhan’s theorem yields the formula
p(w) = Sug{u lml —fm1}, (1.40)
where
fIm] = [ fulky’m(dk) — B~ s[m]. (1.41)
R
Using (1.40) it is not difficult to show that
—pg-1 ~ petis g K
p(u) =B~ [In (1 + e~ Pl —, (142)
R 2n
where ¢(k; B, u) satisfies the integral equation
ek ) =k*—p— P[0,k —s)In(1 + e"”““”’“’)—j—z. (1.43)
R

In this way the Yang—Yang trace formula is established. We recognize (1.39) as
the Landau-Lifschitz expression for the free-Fermion entropy density.

There is an alternative expression for the local free energy f[m] which makes
the connection with the Yang—Yang result a little clearer: for an arbitrary measure
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m, define the function h,, by

ho(k) =k + [0k — K')m(dK). (1.44)
R
In Sect. 2 we show that h,, is the inverse of f,,. Defining
m=meof 1, (1.45)
we have
u[m] = [ f(k)y*m(dk) = [k*m(dk). (1.46)
R R
When #(dk) = (k)(dk/2r), we have
plk) = (B L) (k) f (k) = pROR(R) ™, (1.47)
so that

stm] = — [{p(k)(In p(k) — In (k)
~T\/(TY— 1 ~ (T~ 1 /”dk
+ (1= AU ()™ HIn (1 = A (k)™ ) (k)

= [{HEn K (®) — ()10 58 — (W (E) — H0) (K (E) - ﬁ(%))}f;% (1.48)

Making the identification p(k) = p(k) and #'(k) — p(k) = p,(k), we see that (1.44) and
(1.48) together are equivalent to the Yang—Yang expression, (1.16) and (1.18), for
the entropy.

The advantage of the probabilistic formalism which we have sketched is that
we are able to make each step rigorous. The first objective is to prove that the
large deviation principle holds for the sequence {K}{'} of Kac measures for free
Fermions. To do this, we first find a candidate for the rate function. When E is a
topological vector space, there is a standard trick which often works: if {K}'} were
to satisfy the large deviation principle with some rate function I*[.] and Varadhan’s
theorem were to hold for the linear functional G[m] = {t,m), then we would have

1
C*[1] = lim C}[¢] = —— In ["*™ K} [dm]
1= BVI E

=sup{<t,m) — ["[m]}. (1.49)

meE

This relationship between C*[.] and I*[.] is satisfied by the Legendre transform
of C*,

I*[m] = sup {<t,m) — C*[£]}, (1.50)
teEx

so this expression is the usual starting point of a rigorous proof of the large
deviation property. (See [13] for a counterexample.)

Here is the structure of the paper:






