Rev. Mat. Iberoam. 39 (2023), no. 1, 29-90
DOI 10.4171/RMI/1366

©2022 Real Sociedad Matemética Espaiiola
Published by EMS Press and licensed under a CC BY 4.0 license

Gibbs measures as unique KMS equilibrium states
of nonlinear Hamiltonian PDEs

Zied Ammari and Vedran Sohinger

Abstract. The classical Kubo—Martin—Schwinger (KMS) condition is a fundamental
property of statistical mechanics characterizing the equilibrium of infinite classical
mechanical systems. It was introduced in the seventies by G. Gallavotti and E. Ver-
boven as an alternative to the Dobrushin—Lanford—Ruelle (DLR) equation. In this
article, we consider this concept in the framework of nonlinear Hamiltonian PDEs
and discuss its relevance. In particular, we prove that Gibbs measures are the unique
KMS equilibrium states for such systems. Our proof is based on Malliavin calculus
and Gross—Sobolev spaces. The main feature of our work is the applicability of our
results to the general context of white noise, abstract Wiener spaces and Gaussian
probability spaces, as well as to fundamental examples of PDEs like the nonlinear
Schrodinger, Hartree, and wave (Klein—Gordon) equations.
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1. Introduction

The Kubo—-Martin—Schwinger (KMS) condition emerged in quantum statistical mechanics
as a criterion characterizing the equilibrium states for infinite quantum systems [17, 39].
Ever since, the concept has been considered as a cornerstone in the study of quantum
dynamical systems and more generally in C* and W *-algebras topic, see e.g. [56]. In the
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seventies, G. Gallavotti and E. Verboven, suggested a classical analogue to the quantum
KMS condition suitable for classical mechanical systems and they analysed its relation-
ship with the Dobrushin-Lanford—Ruelle (DLR) equation, see [33] and also [1]. The work
of Gallavotti and Verboven generated interest in the study of KMS states for infinite clas-
sical systems (see for instance [26, 54] and the references therein). To the best of our
knowledge, only few results are concerned with nonlinear PDEs, namely [9,24,53].

On the other hand, Gibbs measures for nonlinear Hamiltonian systems have attracted
a lot of interest in the PDE community since [13-15, 42, 62], following on the analysis
of this problem in the constructive quantum field theory literature [36,57]. Indeed, these
measures turn to be an effective tool in the study of almost sure existence of global solu-
tions with rough initial data since they provide conservation laws beyond the classical
energy spaces, see e.g. [20,49,51,60,61] and the references therein. In this approach, the
main ingredient is the invariance of the measure, rather than its statistical properties. In
principle any invariant measure would produce conceptually similar results. It is therefore
desirable to bridge the statistical and PDE points of view with the aim of obtaining a bet-
ter understanding of stability and ergodic theory for PDE dynamical systems. Moreover,
in light of recent progress made in quantum statistical mechanics it is quite tempting to
investigate thoroughly the structure of classical KMS states for such dynamical systems.
In particular, the KMS states are a convenient tool for the study of thermodynamic limits,
multi-phase behavior and ergodic properties.

The purpose of this article is to introduce the concept of KMS equilibrium states for
Hamiltonian PDEs and to study their main properties and general structure. In this respect,
one of the primary problems that we shall consider is the relationship between KMS states
and Gibbs measures. To answer such a question, we consider an abstract framework for
Hamiltonian PDEs within which it is possible to rigorously define a Gibbs measure. First,
we show that such a Gibbs measure is a KMS equilibrium state (Theorem 4.11). Second,
we show that, under additional assumptions, the Gibbs measure is the unique KMS equi-
librium state of the Hamiltonian PDE (Theorem 4.14). The general framework we consider
encloses several fundamental examples that include white noise, abstract Wiener spaces,
and Gaussian probability spaces, see Section 3. Our analysis applies to nonlinear PDEs
like the nonlinear Schrédinger, Hartree, and wave (Klein—Gordon) equations as illustrated
in Section 5.

Let us formally explain our setup. A dynamical system is described by a vector field
X:8 — §, defined as a mapping over a phase-space §, and a field equation,

u(r) = X(u(r)),

where u: R — § is a solution satisfying a prescribed initial condition u(0) = ug € §.
There are two general approaches for the study of the dynamics. A deterministic point of
view aims to establish local or global well-posedness results in different functional spaces
(i.e.: existence, uniqueness and stability in Hadamard’s sense). The main related questions
in this approach concern periodic and soliton solutions, blow-up solutions and scattering.
A second probabilistic point of view aims to study the dynamics of ensembles of initial
data rather that of a single point in the phase-space. This leads to the consideration of the
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Liouville equation,

d
(L) » /S Fu) pue(du) = /S (VF (). X () e (du).

where (-, -) denotes a given Euclidean structure on the phase-space §, VF is a gradient
of the smooth function F and ¢ € R + u, is a probability measure solution with a pre-
scribed initial condition pto. The main questions within this approach are about existence,
uniqueness, asymptotic statistical stability of solutions and chaotic or ergodic behavior
of the dynamical system. In this context, probability measures on the phase-space S are
regarded as classical states of the dynamical system and the classical KMS condition is
a widely accepted criterion that singles out the equilibrium states among all possible sta-
tionary states of the Liouville equation (1.1), see [17]. In fact, we will say that u is a KMS
state at inverse temperature 8 > 0 if and only if

(1.2) /S (F.GY(u) p(du) = B /S (VF (). X)) G(u) ju(du).

where F,G:§ — R are two smooth functions and {-, -} denotes a Poisson structure over
the phase-space S. By taking the function G = 1 one remarks that any KMS state is a
stationary solution of the Liouville equation.

The two approaches complement each other. The first is suitable when the nonlinear
effects are “weak” while the second is more adapted to “strong” nonlinear effects and tur-
bulence. Of course such a classification is heuristic and undermines the complexity and
the variety of dynamical systems. On other hand, the Liouville equation is at a crossroads
between dispersive PDE, kinetic theory, probability and statistical mechanics. It is there-
fore quite instructive to unify the different techniques from these fields towards a better
understanding of the dynamical behavior of some of the fundamental examples of PDEs
such as the nonlinear Schrodinger and wave equations. Indeed, the general aim of this
article is to study the Liouville equation from the following three perspectives.

* We prove that the nonlinear vector fields of these equations make sense as the Mallia-
vin derivative of energy functionals in the Gross—Sobolev spaces, thus highlighting the
fact that global stochastic analysis is a well fitted tool for the study of such determin-
istic dispersive PDEs.

* We prove that Gibbs measures are stationary solutions of the Liouville equation, which
indicates that the techniques of kinetic theory and measures transportation would be
fruitful in this problem, see e.g. [2] and [4].

* We show that the Gibbs measures are KMS equilibrium states of the dynamical system
and therefore it is very tempting to study the system near equilibrium and to investigate
its statistical stability and asymptotic properties.

Beyond the formal program sketched above, there are more precise motivations for
our present work. First, characterizing Gibbs measures through the KMS condition would
provide an alternative method for the derivation of Gibbs measures from many-body
quantum field theories, see [8] and [28-32, 43, 44, 55, 58]. Second, the Gibbs measure
as a KMS state and a stationary solution of the Liouville equation should generally yield
the existence of a global flow defined almost surely on the phase-space §, see [3—5]. These
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questions will be addressed elsewhere and here we focus on the more fundamental prop-
erties of the KMS condition.

For an illustration of our main results, consider the NLS equation on the 2-dimensional
torus T2 defined through its classical Hamiltonian,

1 1
st =5 [ v+ iax o [ an,

where : : denotes Wick ordering (see Section 5). Furthermore, we note that the nonlinear
functional h!: H=5(T?) — R, defined over the negative Sobolev space with s > 0 and
given by

1
h(u) = %/TZ Cul?™ o dx,

belongs to the Gross—Sobolev space D12 (1 8,0), where [1g ¢ is a centered Gaussian meas-
ure with covariance operator 87! (—A + 1)~! (see Definition 4.10 below). Moreover, we
prove that the Gibbs measure

I
Bl M"B.0>

pp=z5e
forzg = pu ,g,o(e_ﬂ hI) a normalization constant, is the unique equilibrium KMS state of
the NLS dynamical system. In particular, g is a stationary solution of the corresponding
Liouville equation (1.1) with the vector field

X(u) = —i(=Au +u + Vi! (),

where VA! is the Malliavin derivative of the nonlinear functional 2 (see Lemma 4.9 for
the precise definition). The above statements are obtained as a consequence of a more
general result (Theorem 4.14). Indeed, consider a complex Hamiltonian system

h(u) = ho(u) + h' (u)

such that ho(u) = %(u Au), with A a positive self-adjoint operator admitting a compact
resolvent such that for some o > 1,

Tr[A™%] < c0.

Moreover, assume that the nonlinear functional h! e D"2(up,0) and that e Bh ¢
L?(1p,0), where pg g is the centered Gaussian measure with covariance operator 147!,
So, we prove that if u is a KMS state for this dynamical system which is absolutely

continuous with respect to g o with a density ¢ = dﬁgo S ]D)l’z(,u,g,o), then u is the

Gibbs measure ug, i.e.,

1
e P

H= g =
e N L1 g0

HB.0-
The proof of the above result is based on the derivation of a differential equation on the

density o given by
Vo + BoVh! = 0.
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To solve such an equation, one uses the Malliavin calculus in order to prove that ce ™ h
are the only solutions of the above equation. Uniqueness is then obtained using the nor-
malization of the density o. The details of these arguments are given in Section 4. We note
that our latter result requires the absolute continuity of u with respect to the Gaussian
measure (g o. Therefore, strictly speaking, our result does not apply to the physically rel-
evant model <I>‘3‘ of 3D cubic NLS. It would be interesting to remove this assumption of
absolute continuity or to extend the analysis to possibly other reference measures. For a
recent analysis of the @‘3‘ model, we refer the reader to [10, 11] and the references therein.
Another topic that we do not specifically address in this article is equilibrium states of
integrable infinite-dimensional Hamiltonian systems, see for instance [53]. In light of our
contribution, it would also be interesting to revisit this question.

Overview of the article. We define, in Section 2, the notion of KMS states and study
their main properties in a general framework. In particular, we establish a relationship
between Kirkwood—Salzburg type hierarchy equations and KMS states, and prove station-
arity, convexity and characteristic identities. In Section 3, fundamental examples of KMS
states are given in terms of Gaussian measures over countably Hilbert nuclear spaces and
canonical Gaussian measures on Wiener spaces and Gaussian probability spaces. Finally,
we prove the equivalence between KMS states and Gibbs measures in Section 4 for

* finite dimensional dynamical systems,
* linear complex Hamiltonian systems,
* nonlinear complex Hamiltonian systems.

To emphasize our main results and show their wide applicability, we consider in Sec-
tion 5 several examples of nonlinear PDEs such as the nonlinear Schrodinger (NLS),
Hartree and wave equations. When studying the NLS in 1D, we also address the problem
of the focusing nonlinearity. In this case, we prove that suitably localized invariant meas-
ures of Gibbs type satisfy a local KMS condition, see Section 5.3 for the precise definition.
In Appendix A, we provide a short review of Malliavin calculus. In Appendix B, we prove
some auxiliary facts about Sobolev embedding and discrete convolutions that we use in
Section 5.

2. KMS states and their main properties

In this section, we define classical KMS states in a general abstract framework and study
their main properties.

2.1. General framework

There are several possible settings for the notion of KMS states. We first give the definition
in the most general setting. In the sequel, we adapt this to the probability and PDE context.
So, we start with a rigged Hilbert space setting together with a compatible symplectic
structure. The latter allows us to define a Poisson structure on an appropriate algebra of
smooth cylindrical functions.
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Rigged Hilbert space. Consider a rigged Hilbert space ® C H C &, where (H, {-,-))
is a real separable Hilbert space, ® is a dense subset of H equipped with the structure
of a topological vector space such that the natural embedding i: ® — H is continuous,
and @' is the dual of ® with respect to the inner product of H. Two standard examples are
S(RY) C L2(R%) C 8'(R?) and H*(R?) C L2(R?) € H~5(R?), where S(R?) is the
Schwartz space and H*(R¢) is the Sobolev space with a non-negative exponent s > 0.

In all the sequel, B(®’) denotes the Borel o-algebra over &', where the latter space is
equipped with the weak-* topology. Moreover,  (®’) denotes the set of all Borel prob-
ability measures on @’.

Symplectic structure. Assume further that the Hilbert space H is endowed with a non-
degenerate continuous symplectic structure 0: H x H — R, i.e., 0 is a continuous bilinear
form satisfying o (u,v) = —o(v,u) forallu,v € H and if o(u,v) = 0 for all v € H then
u = 0. Therefore, there exists a unique bounded linear operator J: H — H such that

o(u,v) =(u,Jv), VYu,veH.

In particular, the transpose operator of J is J 7 = —J . Suppose further that J maps contin-
uously @ to itself and consequently J extends uniquely and continuously to J: ®" — @',
For now there is no need to introduce a compatible complex structure. Such an assumption
will be required in Section 4.

Smooth cylindrical test functions. Let {e,},eN be a countable linearly independent
subset of @ such that spang{e;, j € N} is dense in /. One defines the spaces of smooth
cylindrical test functions, denoted respectively by €25, (®’), Scyi(®') and €35, (P), as
the sets of all functions F: ®’ — R such that there exist n € N and a function ¢: R"” — R

satisfying for all u € @',

2.1 Fu) = o({u,er),...,{u,e,)),

with ¢ € C°(R"), ¢ € S(R") or ¢ € Cp°(R") respectively. Here, we recall that the latter
space consists of smooth functions all of whose derivatives are bounded. Obviously, one
has the following inclusions

CZ (D) C Seyi(P) C €%, (D).

We note that CZ%,,(®’) is stable under multiplication but not stable under addition of its

elements, while Ggf’cyl (®') is a unital algebra over the field R. Although the representation
formula (2.1) may not be unique, these classes of smooth functions are quite convenient
for the analysis. Indeed, they are endowed with a nice differential calculus. In fact, all the
functions in C%,,(®’) are differentiable over @’ in the direction of /. More precisely,

taking F: ® — R asin (2.1), then forall v € H,

. F+v)-F@)
(22) DF@[v] = lim Bl

= "0ip((u.er)..... (u.en)) (ej.v).
j=1

Furthermore, the differential DF (u) is regarded as a continuous R-linear form in £(H,R)
~ H . In particular, the gradient of F' is defined as

(2.3) VF@) =Y dp((u.e1).....(u.en))e; €D,
j=1
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and the following product rule is true for all F, G € €, oy (@) andu € O
24 V(FG)u) =VFu)Gu) + Fu)VG(u).

It is useful to write the gradient of a smooth cylindrical function using the Fourier trans-
form.

Lemma 2.1. Forany F € 8., (®') satisfying (2.1), for some n € N and ¢ € §(R"),
n n
VF(M) = —(271')_"/22/ lej (Re(gﬁ)(tl,...,t,,) sin(Ztkek,u)
— Jrn
j=1 k=1

+ Im(@)(t1, . .. ,t,,)cos< 2”: tk €k, u>) dt,

k=1
where @ is the Fourier transform of ¢.

Proof. Using (2.3), one writes

(VF(u),v) Zajgo( u,er),....{u,e,)) (ej,v)

j=1

n
= (2m) "2 Zf 0;(t1. ... 1) & Th=t Bk (o )y dy
j=1'R"
Since the left-hand side is real, then one shows

n
(VF®u),v) = i(zn)‘””/ (11, ... ) & Tk=1 Tloei) <thej,v>dt
Rn

Jj=1
n
= —(2n)"? / (Re(@)(rl, ey ly) sin< Z tkek, u>
R k=1
n n
+ Im(Q)(t1, ..., tn) cos< Z tkek, u>) < thej, v) dt
k=1 j=1
The last equality proves the claimed identity. ]

Poisson structure. The above differential calculus enables us to define a Poisson struc-
ture over the algebra C5, Cy,(CIJ/ ). In fact, in this framework we define the Poisson bracket
forall F,G € Ggf’cyl(cb’) and all u € @' as

(2.5) (F,GY(u) = 6(VF(u), VG(u)) = (VF(u), JVG(u)).

Using (2.3), one shows that {F, G} belongs to the algebra {7, (@) and obviously the
bracket is bilinear and skew symmetric. Moreover, one checks that the Leibniz rule and
the Jacobi identity are satisfied for all F, G, R € CJ7,,(®'):
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* {R,FG}={R,F}G+{R,G}F,
* {FAG.R}} +{G.{R. F}} +{R.{F.G}} =0.
The Poisson structure is one of the main ingredients that enters in the definition of

KMS states. Similarly as in Lemma 2.1, one can express the Poisson bracket using the
Fourier transform.

Lemma 2.2. Assume that F, G € S¢y1(®') are such that (2.1) is satisfied for both F and G
withn,m € N and ¢ € S(R"), ¥ € S(R™) respectively. Then

n m
{F,G}(u)z_(zn)—(n+m)/2[ / <’p‘(t1,...,tn)w(sl,...,sm)<2tjej,JZskek>
R JRm = i1
x ol Li=1telusee)+i X7y srluser) gy do

Proof. The claim follows from (2.5), using the identities
n
VF@u)=i@Qr)™"? ) /R G(11,. .. 1y) e Zim e 1o gy
ji=1

and

m
VG(u) =i(Q2r)™? Z / Vst Sm) e Tizisrlwer) o o ds. [
Rm
k=1

2.2. KMS equilibrium states

Consider a Borel vector field X : ® — @’ defining a (formal) dynamical system given by
the differential equation

(2.6) dru(t) = X(u()),

where t € R — u(t) € @ is a curve with prescribed initial condition u(0) = ug € @'.
The above equation may not make sense, and usually additional assumptions on the solu-
tions u(-) or the vector field X are required. One can look at the field equation (2.6) from
a statistical point of view. So, instead of studying the initial value problem (2.6) for each
fixed data ug, one can consider the dynamical evolution of an ensemble of initial datum
given by a probability distribution. It turns out that the statistical dynamics related to the
vector field equation (2.6) are described by the Liouville (transport) equation

d
@ G L F i = [ (97, Xa0) deo.

for all F € Gﬁyl(é’ ) and where 1 € R +— u; € P (') is a curve of statistical solutions
with a prescribed initial condition g € £ (P’). Note that the definition of the Liouville
equation requires neither a symplectic nor a Poisson structure. We remark also that the
Liouville equation (2.7) may not make sense without further requirements on the vector

field X or on the solutions y,. Existence of solutions for the above Liouville equation (2.7)
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and its relationship with the original field equation (2.6) are studied in [4]. In this article,
we focus only on stationary solutions of the Liouville equation that represent dynam-
ical equilibrium. A Borel probability measure p on @' is a stationary solution of the
Liouville equation (2.7) if and only if for all F' € Cﬁyl(©/), the function (VF(-), X(-)) is
p-integrable and

(2.8) A/(VF(M), Xw))du =0.

Not all stationary solutions correspond to a statistical equilibrium of the dynamical system.
The KMS condition that we shall define below is a widely accepted criterion that defines
the notion of statistical equilibrium and stability.

Kubo-Martin—Schwinger condition. The Kubo—Martin—Schwinger (KMS) condition,
given below in (2.9), is a dynamical characterization of equilibrium measures of the
Liouville equation (2.7) at an inverse positive temperature 8 > 0. These equilibrium meas-
ures will be called KMS states and their definition is rigourously given below.

Definition 2.3 (KMS states). Let X: ® — @' be a Borel vector field and let § > 0. We say
that u € P(P’) is a (B, X)-KMS state if and only if the function { f, X(-)) is u-integrable

forall f € ®,and forall F,G € Ggiﬂ(q)/)’ we have

2.9) A AF.GYowy d = A (VF (). X)) GGo) du.

where the Poisson bracket {-, -} is defined in (2.5).

The existence and uniqueness of such KMS equilibrium states is in general a nontrivial
question, as one can see for instance in [33]. Despite this fact, it is useful to underline the
general properties of these measures.

Lemma 2.4. If p is a (B, X)-KMS state, then the identity (2.9) is true for all F,G €
Cooey (@)

Proof. Using a standard pointwise approximation argument of functions ¢ € C7°(R") by
sequences of functions in C°(R"), the equality (2.9) extends by dominated convergence

toall F, G € €5, (). [

Not all stationary solutions of the Liouville equation (2.7) are KMS equilibrium states,
but the converse is true. We note that here the time invariance is formulated without
appealing to a flow for the field equation (2.6).

Proposition 2.5. Any (8, X)-KMS state is a stationary solution of the Liouville equa-

tion (2.7).
Proof. Thanks to Lemma 2.4, it is enough to take in (2.9) the function G(-) = 1, which
belongs to Ggf’cyl(dy ), and hence obtaining (2.8). |

One important geometric feature of the set of KMS states is convexity.

Proposition 2.6. The set of (B, X)-KMS states is a convex subset of P(P’).
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A simple identification of the KMS states in terms of their characteristic functions is
provided below. We note that, in [24], the identity (2.10) is regarded as the definition of
KMS states.

Theorem 2.7. Let 1 € P (®'), X a Borel vector field on ® and > 0 be given. Then the
two following assertions are equivalent.

(1) wpisa (B, X)-KMS state.
(ii) Forall ¢1, 3 € D, the function (¢, X(+)) is w-integrable and

(2.10) (p1. Jp2) A el ap e ip . (p1. X(u)) "2 dp = 0.

Proof. Assume (i) true and take f, g € ® such that f = ¢; and f + g = ¢,. Then

(Jo1, @2)e!92) = (£ Jg)elluf)oilug)
= —{sin({f, u)), sin({g, u))} + {cos({ f,u)),cos({g, u))}
+ i{sin({ f,u)),cos({g,u))} + i{cos({ f,u)),sin({g,u))}.

Hence, integrating the above equality with respect to u and using for each bracket the
KMS condition (2.9) and Lemma 2.4, one shows

(o1, 92) / o'l dy

= [ (£:X0) (= cos(fo) sinlg. ) = sin( ) cosl. )
+ i cos(f,u) cos{g.u) — i sin(f,u) sin(g.u}) d
= [ ton X0) (= sintf + o) + 5 cos(S + 1)
=B [ tor. Xy e du.
Thus, (ii) is proved.

Conversely, suppose that (ii) holds true; then, as before, equation (2.10) gives for all
/g€,

@i (fdg) [T au = —ip [ (X)) dp
/ ¢/

For F,G € fo;yl(cb’), there exist n,m € N and ¢ € C°(R”) and € C°(R™) satisty-

ing (2.1), respectively. The inverse Fourier transform gives
F(u) = 2m)™"/? / Pltr.... ty) ' D=1 gy,
]Rn

Gu) = (2n)‘”’/2/ V(S1. ...\ Sm) e Zim1570e)) g
]Rm
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where ¢ and 1} are the Fourier transforms of ¢ and . By Lemma 2.2, one has

{F.G}(u) = —(2m)”(tm)/2 / P(trse e ) U1y Sm)

R xR™
n m
X <Zt]’€j, J Zsk€k> ol Dz telued Fidamy srluer) gy,
j=1 k=1

Hence, writing the identity (2.11) with f = }"7_, #je; and g = }"7_, s;e; and multiply-

ing it by @(t1,...,t;) X V(1. ....Sm) and then integrating with respect to ¢; and s;, one
obtains
@12 | (FGdi = [ RG) GO dn.

where R(-) is a real-valued function given by

R(u)

n
i(zn)_n/zf <ij€j,X(M)> P(t1,... 1) & Timrteleed gy
Re VY
j=1

_(2n)—n/2 An <ézjej,X(u)> (Re(@)(rl,...,ln) sin< gtgeg,u>

+ Im(Q)(t1, ..., tn) cos<2n:tgeg, u>) dt
(=1

(VF(u), X(u)).

The last equality follows by Lemma 2.1. Thus, the identity (2.12) yields the KMS condi-
tion (2.9). [ ]

The following statement may be interpreted as the passivity of the dynamical system
at equilibrium which means that the system is unable to perform mechanical work in a
cyclic process (see e.g. Section 5.4.4 in [17] for an analogy with quantum KMS states).

Corollary 2.8. If is a (B, X)-KMS state, then for all ¢ € ® and all F € Ggf’cyl(q)’),

[ (p, X())du =0 and / (VF(u), X(w)) Fu)du = 0.
@ @'

Proof. In order to obtain the first identity, we take ¢, = 0 in (2.10). In order to obtain the
second identity, we take G = F in the KMS condition (2.9) and apply Lemma 2.4. ]

2.3. Stationary and equilibrium hierarchies

In the recent article [5], a duality is established between the Liouville equation (2.7) and
the Bose—Einstein hierarchy equation generalizing the Gross—Pitaevskii and Hartree hier-
archies studied for instance in [22, 23,41, 59] and the references therein (see also [35,
38,45] for similarity with the BBGKY hierarchy of classical mechanics). For a detailed
discussion, we refer the reader to [5] and [6, 7]. In this paragraph, we extend the above
duality to stationary and equilibrium states.
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Throughout, we assume that X is a Borel vector field on @’.

Lemma 2.9. Let i € P (') be such that (¢, X(+)) is pu-integrable for any ¢ € ®. Then
is a stationary solution of the Liouville equation, i.e., it solves (2.8), if and only if for all
ped,

(2.13) / (0, X)) &™) dp = 0.
@/

Proof. Suppose that w is a stationary solution. Then the identity (2.8) extends to all F' €
Coey(®). In particular, taking F(-) = cos(-, ) and F(-) = sin(, ¢) in C3%,,(®’), one
obtains for any ¢ € span{e;, j € N},

(2.14) L cos(u, ¢) (¢. X(u)) dp = L sinfu, @) (¢, X(u)) du = 0.

Hence, the equality (2.13) is proved for all ¢ € ® by a density argument. Conversely, if
the identity (2.13) holds true, then taking real and imaginary parts one gets (2.14). Hence,
using Lemma 2.1 one recovers (2.8). [

Lemma 2.10. Let i € P (') and assume that for any ¢ € ® there exists 0 < C < 1 such
that for all k € N,

(2.15) / [(u. )" (@. X(w))| dp < C* k!
q)l

Then | is a stationary solution of the Liouville equation (2.8) if and only if for all k € N
and ¢ € ®,

| ot x0) dye = 0.

Proof. Thanks to the hypothesis (2.15), the function

m:Aie | A0 (o X (1)) du
@/
is analytic on the disc D = {1 € C : |A| < C~!}. Hence, using Lemma 2.9, the measure
is a stationary solution of the Liouville equation if and only if

d*m

SR = z'"[y(u,w)k (0. X)) d = 0. .

Similarly, one proves the following result concerning the equilibrium KMS solutions
of the Liouville equation.

Lemma 2.11. Let 1 € P (') and assume that for any @1, g2 € ® there exists 0 < C < 1
such that for all k € N,
\k

(2.16>/ |(u,92)[" dpe < C¥* k! and /I(M,<02)k(<p1,X(u))|dMSC"“k!.
(o4 [
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Then p is a (B, X)-KMS state if and only if for all k € N and ¢1, ¢2 € D,

@17 p [ et X00) d =k J) [ g d
and
e.19) | tor.xw) an =o.

Proof. Since the functions
A / Mo (o) X(u)) dp and mg A [ P2 gy
¢/

are analytic on the disc D = {1 € C : |A| < C~!}, one can replace ¢; by Ag; for j =
1,2, and expand the identity (2.10) as a A-power series on D to deduce a relation on the
coefficients. Indeed, one has

. ik o i
> G (o) [ () an) +zﬂk§ﬁ/\k( [ e0n)* o Xy an) =o.

Such an equation yields the claimed equilibrium moment relations. ]
Assume further that the operator J defines a compatible complex structure over the
Hilbert space H,i.e., forallu,v € H,
e J2 =1,
e o(Ju,u) >0,
e o(Ju,Jv) =0o(u,v).

In particular, H can be considered as a complex Hilbert space,
(2.19) m+iQu:=nu—2,Ju,
endowed with the inner product

(2.20) (U, v)He = (u,v) +io(u,v).

We now state an equivalence between stationary solutions of the Liouville equation
and stationary hierarchy equations, given by (2.21) below.

Proposition 2.12. Assume that the Hilbert space H is endowed with a complex structure
as above, and suppose that X (e'%u) = ¢'® X (u) for all 6 € R and u € ®'. Consider | €
P (') which is U(1)-invariant and satisfies the estimates (2.15). Then | solves (2.8) if
and only if the symmetric hierarchy equation
(2.21)

k

Z[ (1Y @ X(u) ® u® ) (| + u®*) WU @ X(u) @ u*|)du =0
(b/

holds for all k € N.
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Remark 2.13. We recall that u € (') is said to be U(1)-invariant if for any B € B(d’)
and any 6 € R we have

n({e"u.u € BY) = u(B).
The identity (2.21) shall be understood in a weak sense, i.e.: for all ¥, ¥, € Symk (D),
the integrals

/wfl,u®.~-®X(u>®-~-®u>(u®k,wz>du
@/
and

/<w1,u®"><u®-~®X(u)®-~®u,wz>du
¢/

are well-defined, where Sym” (®) is the k-fold algebraic symmetric tensor product of ®.
Moreover, the hierarchy equation (2.21) can be interpreted as a system of infinite coupled
equations for the k-densities {y %} <y defined in the weak sense by

y = [ ek e dn.

as sesquilinear maps on Symk (P) x Symk (®). For more details on this formulation and
relationship with Gross—Pitaevskii hierarchies, we refer the reader to [5], Section 3.

Proof. Suppose that u is a stationary solution of the Liouville equation (2.8). According
to Lemma 2.10, one has

, (Re(u.@hac)" Relp. X())ae dpu = 0.

Hence, the U(1)-invariance of u and a polynomial expansion yield,

k . : . . ) .
(j)«o,e”uﬂ,c (. o) (9. ¢ X)) e + (X)) 1c) dis

All the terms in the above sum are zero because of the U(1)-invariance, except the ones
obtained by taking 2j + 1 = k and 2j — 1 = k (k should be odd), which can be seen by
taking averages in 8 € [0, 25r]. Therefore, one obtains that for all p € N,

|t oV (o X0hme dnt [ oty o) (X p) e du =0,

0= Z/ ((p®p,u®(-/_l) ® X(u) ® u®(p—.i)>H(C (u®p’(p®p>HC
+ <(p®p’u®p>HC (u®(j_1) R X(u) ® u®(p—j),(p®p>H(C du

p
- <¢®p’ 3 (L WU @ X () @ u® )y w7 |
—

+ [u®P) g, WD @ X(u) @ u®®=9| dp,) (p®p>

= ((p®p, Qp (p®p>H(c s

Hc



Gibbs measures as KMS equilibrium states 43

where Q) denotes the sum in the previous line, interpreted as a quadratic form on the
p-fold algebraic symmetric tensor product space Sym? (®). Thanks to the polarization
formula,

(7. 0p §%7) e

1 1
:/ / <(621n9n+621n¢§:)®p’ Qp (62”167’]-}-62”“05)@1))11 eZzn(pG—ptp) d@d(p,
0 0

C
and the fact that any element in Sym? (®) can be written as combination of {#®?, 5 € ®},
one obtains the claimed hierarchy equation (2.21). The converse statement follows by
reversing the above arguments. ]

We end up this section with an equivalence result between KMS equilibrium states
and equilibrium hierarchies.

Theorem 2.14. Assume that the Hilbert space H is endowed with a complex structure
as above, and suppose that X(e'%u) = ¢'® X(u) for all 0 € R and u € &'. Consider a
U(1)-invariant u € P (') satisfying the estimates (2.16). Then 1 is a (B, X)-KMS state
if and only if for all p1,¢> € ® and p € N we have that

f
022 L [l ey (X du

= 2ilngidnc [ (2l tegy du.

Proof. Suppose that u is a (8, X )-KMS state. By Lemma 2.11, we have that (2.17) holds.
By using the U(1) invariance of X and p, we can rewrite this identity as

—i j ki —i
2[% (e el +e o2 me)” (¢ (o1 XG0 ae +¢ 7 (X0 1) e ) dp
k . i ; k—
(2.23) = k=1 Reler. —ig2)ne A/ (7 (. g2) e + €' (g2 1)) dp,

for 6 € [0, 2x]. We then take the average over 8 € [0, 27] in (2.23) to deduce that both
sides vanish if k is even, and for k = 2p + 1 odd, by using the Newton binomial formula,
the above identity is equivalent to

p_f— i L,WLW?’IE (. 2) . (X (). 1) dp

+ [t w2t tor. X0 du]
(.24 = 2ilg e = ilprpabic) [ Ngm.die PP die.

The identity (2.24) holds for all ¢y, ¢, € ®. In particular, it holds if we replace @, — €%,
for any 6 € [0, 2r]. We hence deduce (2.22). The converse follows by analogous argu-
ments. Note that the identity (2.18) is true thanks to the U(1) invariance of the measure p
and the vector field X. |
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Remark 2.15. We note that in the recent articles [47,48] a global Hamiltonian structure is
constructed for the Gross—Pitaevskii hierarchies such that their time evolution is described
by a Hamiltonian functional #gp, i.e.,

d
Er(t) = Xgp(T'(1)),

where I is a GP hierarchy and Xgp is the vector field defined by #Hgp according to
a given Poisson structure {-,-}. With this point of view and the above dualities, one
can formally interpret the stationary and equilibrium GP hierarchies as the I" satisfying,
respectively,

{Hep, F}YI') =0 and {F.G}I') = p{Hcp. F}(I') G(I),

for all F, G in a given subalgebra of observables.

3. Gaussian measures and KMS states

We show in this section that Gaussian measures in infinite dimensional spaces are funda-
mental examples of KMS equilibrium states. It is possible to study Gaussian measures
from different points of view. Here, we consider Gaussian measures on dual nuclear
spaces, abstract Wiener spaces and Gaussian probability spaces. Our aim is to outline
the fundamental aspects of KMS states and to emphasize their applicability in various
contexts.

3.1. Gaussian measures on countably Hilbert nuclear spaces

The general setting given in Subsection 2.1 will be restricted here, since we are going to
consider Gaussian measures on the dual space ®'. Therefore it is useful to require that ®
is a suitable nuclear space. Before proceeding further, we give the precise assumptions
on the spaces. We recall that H is always assumed to be a separable real Hilbert space
endowed with a symplectic structure o induced by the operator J (see Subsection 2.1)
satisfying J® C &, and that H is endowed with a Hilbert rigging

dPCHCP

such that ® is dense in H. Assume furthermore that ® is a countably Hilbert nuclear
space. This means that ® is a Fréchet space whose topology is given by an increasing
sequence of compatible Hilbertian norms {|| - ||», 7 € N} and such that taking H, to be
the completion of & with respect to the norm || - ||,,, one has the chain of embeddings

(I)gan an—l"'ngv
satisfying for all n € N the existence of m € N, m > n, such that the embedding

imn : (Hp, || - lm) = (Ha, |- 11n)
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defines a trace-class operator. Recall that the norms are said to be compatible if for any
sequence (xg)x in @ that is Cauchy for both || - ||,, and || - ||, one has

(lilznxk =0in H,) < (1ilglxk =0in Hp).

This shows in particular that i, , is a well-defined embedding and hence H,, can be
identified with a subset of H, whenever n < m. Moreover, the space ® is identified with
the topological projective limit associated to the projective system (Hp, i,,,) such that

®= () Hy = limH,.
neN
For more details on nuclear spaces, see e.g. [34]. The main example for such a setting is
given by the rigging S(R?) € L2(R?) € 8'(R?), where 8(R?) is a nuclear space endowed
for instance with the sequence of norms

/
lelle = (30 10+ P20 o)) -

lo|<n

In this framework, it is known that the Minlos theorem provides an elegant general-
ization of the Bochner theorem. The point is that the (canonical) Gaussian measures on
infinite dimensional Hilbert spaces are not o-additive measures on H, but only additive
cylindrical set measures. However, such cylindrical set measures extend to probability
measures by means of a radonifying embedding on a larger space. A convenient statement
of the Minlos theorem is given below. Recall that a normalized positive-definite functional
G: ® — C is a map satisfying

i G0 =1,
(ii) Foralln e N,A; e C,uj e Pforj =1,...,n,

n
> XAk Guj —ug) = 0.
J.k=1
Theorem 3.1 (Minlos’ theorem). Assume that ® is a countably Hilbert nuclear space.

Then any continuous normalized positive definite functional G on ® is the characteristic
Sunction of a unique p € P (P’) such that, for all w € P,

G(LU) — /;I), ei(u,w) dﬂ

For more details on the above theorem, we refer to Theorem 4.7 in [40] and Chapter [V
of [34].

Consider a positive symmetric (bounded or unbounded) operator A: D(A) € H - H
such that A > c1 for some constant ¢ > 0 and D(A) D . In particular, A is invertible,
with A~! being a bounded operator on H.

Corollary 3.2. Let f > 0 be given. There exists a unique pgo € P (') such that its
characteristic function is given for allv € H by

ﬁﬂ,O(U) :[ ei(v,u) dﬂﬂ,o — e*ﬁ(v,A—lv).
@/
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Recall the spaces of cylindrical smooth functions (2.1), the gradient (2.3) and Poisson
structure on Gb,cyl(dy ) (2.5), as well as the definition of KMS states in Definition 2.3 from
Subsection 2.1.

Theorem 3.3. The Gaussian measure jig o provided by Corollary 3.2 is a (B, X)-KMS
state for the linear dynamical system given by the vector field X = JA.

Proof. In order to prove that g ¢ is a KMS state, we will use Theorem 2.7. Let 1, ¢ € ®
be given. Then, using the Cauchy—Schwarz inequality one easily checks that the function

(@1, X()) is pp o-integrable:

) 1/2
/ |(AJ<p1,u)| dug,o < (/ (AJ @1, u) dliﬂ,o) < 00,
% %

since AJp; € H and all the second moments of the Gaussian measure g ¢ are finite (i.e.,
(f.+) € L*(up,o) forall f € H, see Theorem 4.4 and Remark 4.5). Using Corollary 3.2,
observe that

. d .
; X i{u.p2) g — _(/ i{u,—sAJo1+¢2) 4
IA/ (1. X(u)) e reo =\, € “ﬂﬁ) |s=0

i (e—ﬁ(—sAJ(01+¢72,A71(—SAJ¢1+¢2)))

ds 5=0
— l (Jo1,¢2) e—ﬁ(wz,A_lfﬂz)
B
! i(e0)
=3 (Jo1.02) L digo-
This proves the identity (2.10) and hence g o is a (8, X)-KMS state. ]

Remark 3.4 (White noise). An interesting example for the above Theorem 3.3 is the
so-called white noise measure. According to Minlos’ Theorem 3.1, there exists a unique
probability measure (i, on 8'(R) having the characteristic function

~ _ i(u,w) _ *%”””1242 R
Hwn (1) = € djpwn(w) = e ®),
8'(R)

named the canonical Gaussian measure or white noise measure on 8’ (R) corresponding to
the choice § = 1, ® = S(R), A = 1, and J being any operator inducing a non-degenerate
symplectic structure on L2(R) such that JS(R) € S(R).

3.2. Wiener and Gaussian probability spaces

The result in Theorem 3.3 extends to abstract Wiener spaces and Gaussian probability
spaces. Indeed, one can prove that the canonical Gaussian measure in both cases is a
(B, X)-KMS state for 8 = 1 and for a given linear dynamical system.

Abstract Wiener space. Let B be a separable Banach space such that the Hilbert
space H is embedded into B through an injective continuous linear map i: H — B.
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Assume that the map i radonifies' the canonical Gaussian cylinder set measure on H.
Then (i, H, B) is called an abstract Wiener space (see e.g. [37, 40]). This means that
there exists a Borel probability measure (s on B such that its characteristic function is
given by

Rows(u) = / ellwwl djpys(w) = e_%”ullz
B
for all u € H. As in Theorem 3.3, one shows that the canonical Gaussian measure [Lyg

on B is a (8, X)-KMS state for the dynamical system induced by the vector field X = J
with 8 = 1 and J is any operator implementing a symplectic structure on H .

Gaussian probability space. It is a complete probability space (2, X, IP) with a family
of centered Gaussian random variables W(f): 2 — R indexed by a separable Hilbert
space H such that, forall f, g € H,

(3.1) EW( W) =(/8).

In particular, the map f € H — W(f) € L*(2,P) is a linear isometry. For more details
on Gaussian probability spaces, we refer the reader to the book [50]. As before, we are
going to prove that the probability measure PP is a (8, X )-KMS state for a certain dynam-
ical system with an inverse temperature 8 = 1. Let {e; } be an orthonormal basis of H and
define the linear operator J as

(3.2) Jerj_1 =exj, Jey; =—ezj1, VjeN,

Then, J induces a symplectic structure on H . Furthermore, consider («;);eN a sequence
of positive real numbers such that

(3.3) > ot <oo.
Using this sequence, one can define a Hilbert rigging H; € H € H_ by taking

o0
H, = {u € H‘ Zaj(u,ej)z < oo}
j=1

as a Hilbert space endowed with the inner product given by

L= afue)ev)
j=1

for any u,v € H,, and considering H_ as the dual of H, with respect to the inner product
of H. We note that the norm on H_ is given by

lulla = (Za (u.ej) )1/2.

We note the following analogue of Theorem 3.3 in the context of Gaussian spaces.

't transforms a cylindrical measure on H into a Radon measure over B.
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Lemma 3.5. Forall f,g € Hy, we have
(3.4) (LI E(E®) +i E(W(—Jf)e®) = 0.

Proof. The idea of the proof is similar to that of Theorem 3.3, except that now we do not
have a vector field at our disposal. Instead, we use the Gaussian structure. We start by
observing that for all f € H, we have

3.5) E(¢")) = e HII,

In order to deduce the identity (3.5), we note that by Wick’s rule and (3.1), we have that
forallk € N,

(2n)! | £1I?* ifk = 2nis even,

E(W()) = {Sm if k s odd.

For f, g, we compute

i iW(—sJf+g)
T E(e )

On the other hand, by using (3.5), we can rewrite (3.6) as

(3.6) o, = IE(W(=Jf)e"®).

Js=

d 1 J 2 iW
(3.7) - e 2ll-sIf+zl |S=0 = (Jf, g)]E(el (g)).
The identity (3.4) follows from (3.6) and (3.7). ]

In order to see the above identity (3.4) as a KMS condition similar to (2.10), one needs
to introduce a vector field X that is interpreted as an element of the space L?(2, P; H_)
of square integrable H_-valued functions.

Lemma 3.6. Let X, = Z;'Zl W(e;) Jej € L2(Q,P; H). Then the sequence (Xn)neN
converges to an element X € L>(Q,P; H_), i.e.,

o0
X =) W) Jej € L*(Q.P:H-).
j=1

Proof. Ttis enough to show that (X,),en is a Cauchy sequence in L2(Q,P; H_). Indeed,
one has

o0
”Xn - Xm||]242(9,]p;].1_) = /Q ”Xn - Xm”%-l_ dP = L ZO(]-_I(X" - Xm’ej)z dP.
j=1

Using the definition of X,, and applying (3.2), one notices that for j € N,

(Xn — Xm.ej) = lpnyont11m2en() Wej—1) = lmn—11n2n+1(7) Wejt1).
Thus, one concludes by (3.3),
n
1Xn = XmlF2@pimy = 2 @ 'E(W(e)?) — 0. .

. " n,m—o0o
J=m
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As in Subsection 2.1, one defines the class of smooth compactly supported cylindrical

functions F € C7%,,(€2) as all the functions F: 2 — R satisfying

F = (p(W(@l), cey W(en))

for some n € N and ¢ € €°(IR"). Similarly, one can introduce a gradient for these func-
tions given as below:

VF =) 0j0(W(e1)..... W(en)) ej € L*(Q.P: H).
j=1

Hence, one can also introduce a Poisson bracket for any F, G € Gg‘iy,(Q) as

{F,G} = (VF,JVG) e L*(Q,P).

Proposition 3.7. Let (2, X, P) be a Gaussian probability space with J and X defined as
before. Then P is a (1, X)-KMS state in the following sense: for all F,G € C= (),

c,cyl
(3.8) E({F.G}) =E((VF.,X)G).
Proof. Since the map f + W(f) is a linear isometry from H to L2(2,P), one checks
that for f € H,

n

(fX) =1lim " (f Jej) Wiey) = lim W ( Y (=Jfep)es) = W(=Jf).

j=1 =1
Therefore, the equality (3.4) reads
(£ E(E™®) +iE((f. X) &) = 0.
Following the lines of the proof of Theorem 2.7, one proves the KMS condition (3.8). m

Remark 3.8. The identity (3.8) can be regarded as a generalization of the KMS condi-
tion (2.9) to Gaussian probability spaces or more generally to stochastic processes.

4. The Gibbs—KMS equivalence

In this section, we address the problem of equivalence between Gibbs measures and
KMS states. It is quite instructive to first consider finite dimensional dynamical sys-
tems, since they provide significant insight into the problem. Afterwards, we consider in
Subsection 4.2 the case of complex linear infinite dimensional dynamical systems; while
nonlinear infinite dynamical systems are treated in the last Subsection 4.3.
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4.1. Finite dimensional dynamical systems

Let E be a Hermitian space of dimension n endowed with a scalar product (-, -) which is
anti-linear with respect to the left component. Fix an orthonormal basis {eq, ..., e,}. One
can consider E as a Euclidean vector space with respect to the scalar product

() ER :=Re(,").

For convenience, we simply denote by Er the Euclidean vector space (E, (-, ‘)g.R).
Notice that if we set f; = iej, for j = 1,...,n, then {e1,...,e,, f1...., fu} is an
orthonormal basis of Er and we have the decomposition

A.1) Er = K ®iK,

where K = spang{ei, ..., e,}. Moreover, ER is isomorphic to the direct sum K @ K
through the canonical R-linear mapping

4.2) Vx,yeK, Erdx+iy=xdyecKoK.

Within this isomorphism, the complex structure in E is implemented in K @ K by the

linear operator
0 1
=5

suchthat J: K ® K - K & K and Ju @& v = v & —u. In particular, J2=—1and J
corresponds, via the above isomorphism, to the multiplication by the complex —i on E.
In the sequel, we will sometimes use the identification Er >~ K @ K without making
reference to the isomorphism (4.2).

Symplectic structure. The Hermitian space E is naturally equipped with a canonical
non-degenerate symplectic form

o(-,) :=Im(,-).
In particular, the following relation holds true for all u, v € E:

4.3) o(u,v) = (iu,v)gr = (U, JV)kekK -

Moreover, since K = {u € E | 6(u,v) = 0forall v € K}, then K is a Lagrangian sub-
space” and the isomorphism (4.2) provides a polarization of the phase-space E into canon-
ical position and momentum coordinates.

Poisson structure. Consider two smooth real-valued functions F, G € C*(FE). The
Poisson bracket is defined by

n

(4.4) {F.G}(u) := —( )V( u) — T(u)ﬁ( u),
J

2We recall that this means that o restricts to zero on K and on its symplectic complement K+ = {u € E |
o(u,v) =0forallv e K}.
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where the partial derivatives are given by

oF . F(u+ Aej) — F(u) G . Gu+Af;)—Gu)
—(u) = lim , = lim .
de; A—0,A€R A af; A—0,A€R A

Such a bracket is skew symmetric and satisfies both the Leibniz rule and the Jacobi iden-
tity. It is sometimes useful to use the derivatives with respect to the complex coordinates.
For this, we define the Wirtinger derivatives® by

oF oF LOF oF _ OF OF
4.5) gj(u) = @(u) —la—fj(u) and g_j(u) = 90 (u) +i o, (u).

Hence, one can write the Poisson bracket as

n

1 oF G G oF
{F.G}Hu) = 57 Z B_ZJ-(M) g_j(u) - gj(“) 8—%(14)-

One can also write the Poisson bracket using the symplectic form o in (4.3). In fact,
consider a differentiable function F': E — R. Then its real differential is a R-linear form
given, forallv € K @ K such thatv = Z;?:l vje; ® Z;'l=1 wje;, by

oF

. OF
VFw)v] = va —(u) + w;
= 8ej
Hence, it can be identified with the following element of K & K ~ ER:

n

OF OF
4.6 VFu) =Y —Wu) e & —)e;.

Thus, one checks that for all Fréchet differentiable functions F, G : E — R,
4.7 {F,G}(u) =0(VF(u),VG(u)).

Hamiltonian system. Consider a function #: Er ~ K @ K — R of class . Then as
above, the differential of /4 is given by

=\ o oh 2, ok h
(4.8) Vh(u) =) o e + a—f(u) L=y o) e & a—f_(u) ej.
j=1 J J j=1 J J

Define the 03 operator as
"\ OF
3 F(u) = ; 5_j(u) ej.

Then, using the Wirtinger’s derivatives in (4.5), one remarks

—id:h(u) = JVAQ).

3The standard definition has 1/2 in front of the derivatives, but here we overlook this factor.
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A Hamiltonian dynamical system on the phase-space E is then defined by means of
the energy functional 4 and the associated continuous vector field X: E — E given for all
u € E by

4.9 X(w) = —idzh(u) = JVh(u).
Indeed, the Hamiltonian system is governed by the vector field equation
(4.10) u(t) = X(u()),

where u: I CR — E isa C! curve and I is a time interval. The differential equation (4.10)
is complemented by an initial condition u(f9) = uo € E at a fixed initial time ¢ € /. Since
the vector field X is only continuous, one cannot apply the Cauchy-Lipschitz theorem
and the existence of a smooth flow is not guaranteed. Nevertheless, the Peano existence
theorem provides at least the existence of local solutions for the equation (4.10).

Gibbs measure. In order to define the Gibbs measure for the above Hamiltonian sys-
tem, we assume that

(4.11) zp = [ e PP 4L < 400,
E

for some B > 0 and where dL is the Lebesgue measure on E. In this case, we define
the Gibbs measure of the Hamiltonian system (4.10), at inverse temperature 8 > 0, as the
Borel probability measure given by
-Bh() g1, 1

e
4.12 = "= - .BrO 4y
12 R P TN T
Notice that zg > 0. When the Hamiltonian system (4.10) admits a smooth global flow, we
know by the classical Liouville theorem that the Lebesgue and the Gibbs measures are
invariant with respect to this flow.

KMS states. The general framework presented in Section 2.1 is applicable in the
finite dimensional setting. We henceforth consider ® = Fr = @ with the vector field
X: E — E derived from the Hamiltonian functional 4: E — R as in (4.9) and consider
the KMS states as in Definition 2.3. Specifically, we say that u € P (E) is a (8, X)-KMS
state if and only if

4.13) /E {F.G}(w) du = B [E Re(V F(u), X(u)) G(u) dy.

for any compactly supported smooth functions F, G € C°(E). The following lemma is
useful to express the above KMS condition in terms of the Poisson bracket.

Lemma 4.1. Forany F € C°(E) andu € E, we have
Re(VF(u), X(u)) ={F,h}(u).

Proof. Using the isomorphism (4.2) and the identity (4.8), the vector field (4.9) can be
written as

*. Oh oh *. Oh dh
XG) =T 3 500 ¢ @ gre =3 Fm) e &5
j=1

de;
j=1 /
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Similarly, using (4.6), one obtains

n

Re(X(u), VF — ) — — W) — W) ={F.h
e(X(w). VF()) = ]Zae,“f() ()%(u) (Fhw).  m

Thus, by Lemma 4.1, the KMS condition (4.13) is equivalent to the identity

(4.14) /E (F.GYu) du = B /E (F hy0) Gu) dp.

for any compactly supported smooth functions F, G € C°(E).

Theorem 4.2. Consider a function h: E — R of class C! on the phase-space E and
assume that (4.11) holds for some B > 0. Then u € P(E) satisfies the KMS condi-
tion (4.14) if and only if  is the Gibbs measure j1g in (4.12).

Proof. Letus check that the Gibbs measure g satisfies the KMS condition (4.14). Indeed,
using the Fubini theorem and an integration by parts, one shows

[ ) 90 ) diag = —— / ()—(—(u)e’ﬁh(“)) JL

de; af; af;
82
=~ [ 60 gy + 8 [ G T S dug.
and
—(u) — = —— — () e Bh)
[ G grw diy =~ [ 6w 5 (Fow ) ar
2
[ 6w afj(“)dﬂﬂ‘Fﬂ/ Gl 5-0) o) dty.

Hence, by (4.4), we have

[ 456300 du=p [ (£ G dyp.
E E

Conversely, consider a Borel probability measure w such that the KMS condition (4.14)
is satisfied. Then we note that for any F, G € €°(E), we have by the Leibniz rule that

{F,Ge My = (F G e Ph) _ B(F b} G(u)e P"®

Therefore,
{F,Ge BhtI\ oBh) — (F Gy — B{F,h}G(u),

and notice that the above right-hand side is integrable with respect to the measure (.
Hence, the KMS condition (4.14) gives

/E (F, Ge™Ph)) oBhw) g/ — ¢,
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Since e#"0) is a positive Borel function, the map
B+~ v(B) = / P gy
B

defined for all Borel sets B of E, gives a Borel measure on E. So, one obtains that for any
F,G € C(E),

[ {F,Ge P"y) dv = 0.
E

But since the classical Hamiltonian / is a G!-function, one obtains for all F € €°(E) and
G € CH(E),

/ {F,G}(u)dv =0.
E

This condition implies that v is a multiple of the Lebesgue measure. Indeed, take G(-) =
Re(ej, ) ¢(-) or G(-) = Re(f;, ) @(), with ¢ € C§°(E) being equal to 1 on an open set
containing the support of F. Then the Poisson brackets give

oF oF
F.G)=——w) or {F,G}=—(u).
(F.G) === or {F.G) = 5=
So, in a distributional sense, the derivatives in all the directions of the measure v are zero

and therefore dv = ¢ dL for some constant ¢ > 0. Using the normalization condition
for p, one concludes that

¢! =/ e PR g1, — zg
E

and consequently,
1
uz—e‘ﬂh(')dL = ug. |
;]
Remark 4.3. Later on we will see that the above Theorem 4.2 can be extended to non-

smooth vector fields. Indeed, one notes that Theorem 4.14 below applies with minor
modifications to the finite dimensional setting.

4.2. Linear infinite dimensional dynamical systems

For applications in PDEzs, it is convenient to work in a more concrete setting than the one
from Section 3. In particular, we suppose that H is a separable complex Hilbert space.
Hence, H is naturally equipped with a natural symplectic structure o (-, -) = Im({., -), a real
scalar product (-,-)g r := Re(-,-) and a compatible complex structure. Note that H as a
real Hilbert space will be denoted by Hg.

Complex linear Hamiltonian system. Consider a positive operator A: D(A) C H - H
such that

4.15) dc>0: A>cl.

The linear Hamiltonian dynamical system is given by the quadratic energy functional

(4.16) h:DAY?) >R, hu) = %(u,Au).
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So, the vector field in this case is the linear operator Xo: D(4) — H,
X 0 ( Ll) = —iAu s
leading to the linear differential equation governing the dynamics of the system

@.17) u(t) = Xo(u(t)) = —iAu(t).

Compact resolvent. We suppose additionally that the operator A admits a compact
resolvent. Therefore, there exists an orthonormal basis of H composed of eigenvectors
{e;}jen of A associated respectively to their eigenvalues {A; };en such that forall j € N,

(4.18) Aej = Aje;.

Furthermore, assume the following assumption:
1
(4.19) Is=0: Y

j=1

Tt < 4o00.
J

We note that if we set f; =i e; forall j € N, then {e;, f;};eN is an orthonormal basis
of Hg.

Weighted Sobolev spaces. One can introduce weighted Sobolev spaces using the oper-
ator A as follows. For any r € R, define the inner product

Vx,y € DA%, (x,y)ur = (A7?x, A7/%y).

Let H* denote the Hilbert space (D(A4%/2), (-,-)gs), where s > 0 is the exponent in (4.19),
while H S denotes the completion of the pre-Hilbert space (D(A~*/2), (-,-) g-s). Hence,
one has the canonical continuous and dense embeddings (Hilbert rigging)

(4.20) H*CHCH™.
We note that H ~* identifies also with the dual space of H* relatively to the inner product

of H.

Cylindrical smooth functions. Using the orthonormal basis {e;, f;},en, one considers
the spaces of smooth cylindrical functions as in Subsection 2.1. More specifically, consider
for n € N the mapping 7,,: H™* — R?" given by

4.21) mn(x) = ((x,en)mR, ... (x.en)mR: (X, f1)HR. ... (X, fa)HR).

Then we define C*°

o Cyl(H ~%), respectively @gf’cy](H ), as the set of all functions F: H
— R such that

4.22) F = @ oMy,
for some n € N and ¢ € C°(R?"), respectively ¢ € ey (R2™). In particular, the gradient
of F at the point u € H ™S is given by

n

(4.23) VFw) =Y 8 o(ma)) e; + 3 o(ma()) fj € H™.
j=1
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where 8(11)<p, cees 8511)(/) and 8(12)<p, ey 85,2)(,0 are the partial derivatives of ¢ with respect to

the n first and n second coordinates, respectively. It also useful to introduce the following
mapping:

P,:HS - E,
4.24 z
( ) ut—)Z(ej,u)ej,
j=1
where E, = spanc{ei, ..., e,} a finite dimensional subspace of H*. The Euclidean

structure of E, is the canonical one such that {e;, f;};=1....» is an orthonormal basis

Poisson structure. We now precisely describe the Poisson structure over the algebra of
smooth cylindrical functions €gS,,(H ™). Consider F, G € €fS,,(H ™) such that for all
ueH™S,

(4.25) Fu) =¢omy(u) and Gu) =1y omm(u),

where ¢ € GEO(RZ") and ¥ € GZO(Rzm) for some 1, m € N. Then, for all such F, G €
Cooyt (H™),

min(7n,m)

4.26) {F.G}w) ==Y 8\ p(a () 0y (rm ) — 0 Y (1 () 8 @ ().

j=1

Gibbs measure. The Hamiltonian system (4.16)—(4.17) admits a Gibbs measure at
inverse temperature 8 > 0, formally given by

O gy
3.0 = T BRGD) gy

and rigourously defined as a Gaussian measure on the Hilbert space H ~* for the exponent
s > 0 such that the assumption (4.19) is satisfied. Recall that one says that m € H ™5 is
the mean-vector of u € P (H™*) if for any f € H™S the function u — (f, u)g-s R is
[-integrable and

=S

(fim)a-s R =/ (fru)g-sgr du.

When m = 0, one says that p is a zero-mean or centered measure. Additionally, the
covariance operator of the Borel probability measure @ on H~* is a linear operator
Q: Hy® — Hg* such that for any f,g € H™* the function u — (f,u)g—sr (. g)H—s R
is p-integrable and

(. 08)trm = [ ot —m)gr-sg (u — 1, g) - g d.

H—S

For more details on Gaussian measures over Hilbert spaces, we refer the reader to the
book by Bogachev [12], Chapter 2. In particular, the following result is well known.
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Theorem 4.4. Let 8 > 0 and assume that the assumptions (4.15) and (4.19) are satisfied.
Then there exists a unique zero-mean Gaussian measure on H™°, denoted g o, such that
its covariance operator is ,B_IA_(HS), i.e., forall f,g € H™S,

1 _
(4.27) 3 (AU s g = /H e (w8 ditpo.
or equivalently for all f,g € H®,
1 _
B (fLA'g)uRr = /Hﬂ (fru)ar (U, 8)HR ditpo-

Moreover, the characteristic function of g o is given for any w € H* by

(4.28)

(4.29) fipo(w) = / IR g o = 2 AT
H—S

or equivalently, for any v € H™* we have

(430) / ei(v,u)H—s)R d“/ﬂ,o — e_ﬁ(v,A_(H—S)v)H—s )

Remark 4.5. The following observations are useful.

(i) The Gaussian measure g o given above coincides with the one provided by Corol-
lary 3.2 if one considers ® = N;~oD(A"). In particular, it is not difficult to prove that ®
is a countably Hilbert nuclear space and pg o(H ) = 1.

(i) We note that in particular, one has

1
4.31) Trag [ A0 =Y —— = [ ol dig.o-
BA ] H-s

j=1

(iii) Note that, according to (4.28), the random variable (f,-)gr € L?(ug,o) for all
/€ H™! in the sense that (f,-)gr := lim, (/. )mr in L*(1g,0) with (fn)nen any
norm approximating sequence in H* of f € H™1.

It is convenient to characterize 1g o using a position and momentum coordinates sys-
tem. So, we define two sequences of image measures given by

Vg,() = (mn)g g0 and /’Lﬁ,o = (Pn)y K“g.0

respectively on R?" and E,. Here, () denotes the pushforward. We can explicitly com-
pute these measures.

Lemma 4.6. The Gaussian measure [ig o satisfies the following relations for alln € N:

n
BAi gl (x24y2
(4.32) Vio = (Tn)sipo = l_[ 2_711 e P T dxidy;
ji=1

B_g("A') dL,,

fE,, e 2 (0 Aw) dLyy, ’

(4.33) Wao = (Pastipo =

where Loy, is the Lebesgue measure on the Euclidean space E, of dimension 2n.
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Proof. Let k, denote the measure in the right-hand side of (4.32). One easily computes
the characteristic function of «,,,

n
k\n(él’ e é_n; Niyeens nn) - / ei Z;l=1(xj§j+J’j77j) dKn = l_[ e_ﬁ@jz—i_n})'
R2n j_l

On the other hand, by Theorem 4.4, one checks

Vg oiee bt i) = [ ¢! Limi (e G S am ) dy g
H—s

=Kn(C1.o G, M)

This shows that k, = vj . Similarly, to prove the second relation, it is enough to note that
the characteristic function of the right-hand side of (4.33) is given by

e 2w WR _ o). Yw € Ep,
where the equality follows from (4.29). ]

Let iy: E, > H™*, i,(u) = u for all u € E,, be the canonical embedding of E,
into H7S. It is useful to introduce for any u € P (H ~*) the image measures on H —*
given by

(4.34) Pn = (in© Pn)gpt.

Lemma 4.7. For any u € P (H™%), the sequence (Jin)neN converges narrowly to (L on
P(HS), ie, lim, [;_s Fu)dpn = [y F(u)dup for any continuous bounded function
F:HS - R.

Proof. We note that the maps i,, o P, : H* — H~* are linear and continuous. One checks
that for allu € H %,

o0
lin o Pae) —ul3s = Y 27 (u.e))hig + (. fi)im)-
j=n+1

Hence, this proves that the sequence (i, o P, (u4)),eN converges towards u in H . Con-
sequently, one shows that by dominated convergence, for any continuous bounded func-
tion F: HS — R, we have
lim Fu)du, =lim/ F(ipoPy(u)du = / Fudu. |
n H—s n H—s H—s
Within the framework of this subsection, we prove a KMS—Gibbs equivalence result.

Before doing this, we remark that for all F € Gg’iyl(H %) satisfying (4.22),

Re(Xo(u). VF)) = Y 0 0(ms () (~iAu. ;) ap + 09 0(ta () (—iAu, f;)
j=1

is a well-defined continuous bounded function on H ~*. Thus, the KMS condition (2.9) in
Definition 2.3 makes sense.
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Theorem 4.8. Suppose that assumptions (4.15) and (4.19) hold. Let X be the vector field
given by Xo(u) = —iAu and let § > 0. Then pu € P (H™5) is a (B, Xo)-KMS state if and
only if w is the Gaussian measure [1g o provided by Theorem 4.4.

Proof. Let u € P (H™°) satisfy the KMS condition (2.9). Consider the image measure
fn = (Pp)gp € P(E,). For F,G € Gﬁyl(H_s) as in (4.25) with n = m, one observes
that for any u € H ™5,

{F.G}(Pp(u)) ={F.G}(u) and Re(VF(Pp(u)).Xo(Pn(u)))=Re(VF(u), Xo(u)).

Hence, the KMS condition (2.9) reads as

/ {F.G}(Ppu) dp = ﬁ/ Re(VF(Py(u)), Xo(Pn(u))) G(Pn(u)) du.
H—s H—s

and consequently,
| (F.6Yw) ditn =B [ Re(VF@). Xo(w)) G(w) dir.
E, E,

This means that the Borel probability measure fi,, on E, satisfies the KMS condi-
tion (4.14) in finite dimensions with the continuous vector field Xy , (1) = —iAu and
the C! energy functional hg, (u) = %(u Au) for u € E,. So, by Theorem 4.2 one con-
cludes that
fn = e 504 dLoy ()

’ ~5 tw.u) dLan(u)

fE,, e

Now, using Lemma 4.6 one obtains

(4.35) fn = Mg,o = (Pn)li,U«,B,O'

Using (4.34) and (4.35), and applying Lemma 4.7 for the Borel probability measure g9,
one obtains

Mn = (ino Pn)#//‘ = (in)ﬁ fin = (ino Pn)ﬁPL,B,O njo)o M“g,0-
Since by Lemma 4.7, u, converges narrowly to u, we deduce that

H=HUgo-

Conversely, Theorem 3.3 and Remark 4.5 (i) show that g ¢ is a (8, Xo)-KMS state. Note
that thanks to the complex structure on H, one hasthat J = —i and Xg = —iAd = JA. =m

4.3. Nonlinear infinite dimensional dynamical systems

In this part we address the question of equilibrium (KMS) states for nonlinear Hamilto-
nian PDEs and their equivalence to Gibbs measures. We consider the same setting and
notation as in Subsection 4.2 above. In particular, pg ¢ is the Gaussian measure provided
by Theorem 4.4.
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In order to explicitly define an abstract nonlinear dynamical system that encloses the
most important examples of PDEs that we wish to explore, we use the framework of
Malliavin calculus and Gross—Sobolev spaces. First, we explain the main ideas behind
these concepts and refer the reader to the book [50] for further details. Note that the spaces
used here are slightly different from the ones in the above reference (we are using the
duality (H*, H %) instead of working with a single Hilbert space structure).

Lemma 4.9 (Malliavin derivative). For p € [1, 00), the linear operator V with domain
D = GC",‘;yl(H_S) and
V:DcCL(ugo) — LP(uposH™),
F — VF
where VF is given by (4.23), is closable.

Proof. Let F,, € Gg‘;yl(H_x), n € N, be a sequence such that F, — 0in L?(ug,) and

VF, — Y in L?(ug0; H™*). In order to prove that the operator V is closable, one needs
to show that ¥ = 0. Indeed, using* Proposition A.1 one proves for any G € ng’cyl(H ),
@ € spangie;, fj;j =1,...,k}and e > 0,

[ GV R . ) ditpo= [ Fa(= (VG . 0) + 5 G . Av) dipn

where G = G e¢049)” ¢ Cooey (%) satisfies G (-, Ag) € Cooep(H ™) S L9 (g 0),

with g the Holder conjugate of p. Taking the limit n — oo of both sides and using the
Holder inequality, one obtains

[ Gw e dua =0
Letting ¢ — 0 and using the density of the space €%, (H ™*) in L?(11,0), one shows that,
for any ¢ € spang{e;, fj;j =1,...,k},
(Y’ (P) = 07 Mﬂ,O‘a'S'

Hence, using the separability of H and a density argument, one proves that ¥ = 0 almost
surely with respect to g g. ]

In light of Lemma 4.9, one can introduce the following Gross—Sobolev spaces.

Definition 4.10 (Gross—Sobolev spaces). For p € [1, 00), we denote the closure domain
of the linear operator V from Lemma 4.9 by D7 (1 9). On D7 (14 9), we consider the
norm

p — p p
(4.36) I 10 g 0) 7= W NLoGup o) T IV E Loy gim-s) -

By Lemma 4.9, we obtain that D7 (1 8,0) endowed with the above graph norm (4.36)
is a Banach space. Furthermore, if p = 2, it is a Hilbert space with the inner product

(F, G)Dl'z(u«ﬁ,o) = (F, G)Lz(uﬂ,o) + (VF, VG)LZ(,Utﬁ’O;H_S) .

“Here, we are applying Proposition A.l for functions in G‘C’iyl(H —5) and Cgocyl(H ~¥), for which the

norm (4.36) is finite. At this step, we do not need to apply the full strength of Proposition A.1.
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The abstract nonlinear dynamical system that we shall consider is defined as a pair
consisting of a linear operator A satisfying (4.15), (4.18)-(4.19) and a Borel nonlinear
energy functional 2/ : H™5 — R satisfying for some 8 > 0 the following hypothesis:

4.37) e PO e Ll (ugo) and h' € D2 (ugy).
More specifically, the vector field of the system is given by
(4.38) X() = —iAu —iVh! (),

defining a field equation in the interaction representation given through the non-autono-
mous differential equation for v(¢) := e/*4u(z),

U(Z) — eitAXI(e_itAU(Z)),

where X! = —iVh!: H™ — H™* is a Borel vector field belonging to L?(ig,0; H™)
and r € R — v(t) € H™* is a stochastic process solution. We note that by the Cauchy—
Schwarz inequality, the assumption (4.37) implies that X! € L! (mg,0; H™S).

According to Definition 2.9, a Borel probability measure ; on H ™ is a (8, X )-KMS
state of the dynamical system induced by the vector field X = —i4 + X/, at inverse

temperature f > 0, if and only if for all F, G € CZ%,,(H™),

(4.39) /H_S {F,G}u)du =8 /H—s Re(VF(u), —iAu + X' (u)) G(u) dp.

Theorem 4.11. Assume that the assumption (4.37) is true and, furthermore, that for any
@ € HS the function (Vh!, (p)e_ﬂhl € LY (up,0). Then the Gibbs measure

_ 1
_ e Ph HB,0
Ju-se P dpgo

is a (B, X)-KMS state satisfying (4.39), where X is the vector field given in (4.38).

(4.40) g

Proof. Let F,G € Gfocyl(H_S) be such that for some p,q € N and ¢ € C°(R??), ¢ €
C°(R?7), we have

Fu) =¢omn,(u) and Gu) =y omy(u),

where 7, and 7, are the mappings in (4.21). We assume without loss of generality that
p < q. Hence, according to (4.26) one writes

p
1 _apl
/H_S{F,G}duﬂ => Z—/_s (3e; F 35,G = 0e,G 35, F)e " dpug .
j=1°F7H

where Bej and 0 7, are directional derivatives, and

(4.41) zp =[ e P dug.
H—S
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is the normalization constant in (4.40). We note that there exists a sequence of functions
O € G}J (R) such that 0 (x) — e~ #* and O (x) — —Be~B* pointwise for all x € R with

(4.42) 0<6r(x)<eP* and |0](x)] <ceP~,

for some constant ¢ > 0 and for all k large enough. Indeed, we can take 0 (x) = e #* if
x > —k and 6y (x) = arctan(—BeP¥ (x + k)) + eP* if x < —k. By applying the dominated
convergence theorem and Proposition A.1 with ¢ = f; and ¢ = e;, respectively, we have

14
) 1
[ F Gy g =tim Y [ F G =00 G iy ) 6 di
=1

p
) 1
i) [ 6= 0500, F 0 + Bl AT F.) 1)

+ G (0e, (05, F O (")) — B{u. Aej)(VF, f;) O (h")) dug.o.

Note that we also used Lemma A.2 in order to deduce that 6 (h7), e, F O (h") and
df; F Ok (h!) belong to D 2(1,0). Moreover, one observes that

p
Y 0o, Fdph! =07, F 0o;h" = Re(VF,—iVh'),
j=1
P
D (u Af;)(VF.e;) — (u, Ae;)(VF. f;) = Re(VF.—iAu) ,
j=1

Thus, using the assumptions of the theorem and dominated convergence, one obtains

[ tr.6ydug
= lilgn%/;{_s G(Re(VF,iVh') 6, (h") + BRe(VF, —iAu) O (h')) dug,o
_ ﬁ% [ G(Re(VE.~iVR') + Re(VF. idu)) e P dug.
This proves the KMS condition (4.39) for the Gibbs measure ig. ]

Our next main result shows that the dynamical system at hand admits a unique KMS
state which is the Gibbs measure j1g. But before stating such a result, we need to prove
some preliminary results.

Proposition 4.12. Assume (4.37) is true. Let i be a Borel probability measure on H™*
which is absolutely continuous with respect to [Lg o, i.e., there exists a non-negative density
0 € LY (up.0) such that for all Borel sets, we have

w(8) = [ ot dugo.
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Assume further that the density 0 €DV (g o). If w is a (B, X)-KMS state satisfy-
ing (4.39), then the density o satisfies the equation

(4.43) Vo+BoVh! =0
in Ll(uﬂ,o; H™), where V is the Malliavin derivative from Lemma 4.9.

Proof. Consider u € P (H ™) satisfying the KMS condition (4.39) and the above hypo-
thesis. There exists a sequence o, € Ggf’cyl(H ~*) such that 0, — 0, 9¢;0n — 0¢;0 and

df,0n — df,0in L?(up,0) forall j € N. Then using the Leibniz rule, one proves that for
F,G € C (H™),

c,cyl

tm [ {F.Gan)dispo =tim [ (F.Ghandupo+ [ 1F.00)Gdugo
n H-s n H—s H—s

=/ {F,G}du+/ Re(VF,—iVo)Gdugy.
H—s H—s

On the other hand, the KMS condition satisfied by the measure j1g,9 yields

lim | {F.Goa}dppgo=plim | Re(VF.Xo)Gondupo
n H-s n H—s

=,B/ Re(VF, Xo)Gdpu,
H—s

where Xo(u) = —i Au. Hence, the two above equalities give

B Re(VF,XO)Gdu:/ {F,G}du—i—/ Re(VF,—iVo)Gdugy.
H—s H—s H-s

Since p satisfies the KMS condition with the vector field X = X + X I then one con-
cludes forall F,G € C>_,(H™*),

c,cyl

/ Re(VF,Bo X! —iVo)Gdugy = 0.
H—s
We recall (4.38) and apply a standard density argument to deduce that
Vo+ BoVhi =0
wp,0-almost surely and as an element of L' (ug,o; H ™). |

Lemma 4.13. Assume (4.37) is true and e B ¢ Lz(uﬂ’o). Let @ be the density in Pro-
position 4.12, and take any convex combination,
(I1-0a) —Bh!

(4.44) 6 =00+
e N L1y 0

’

witha € (0,1). Then

log(g) € D'*(up0) and Vlog(d) =

<
f01|©1
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Proof. One checks that e B ¢ DY (up.0) and Ve Bh' 4 ,Be*ﬁh[ Vh! = 0. Indeed,
take 0y the same function as in the proof of Theorem 4.11. Then by dominated conver-
gence one has

. _BHul .
11]£n||9k(h1)—e PP lLiup =0 and lim IV 0k (h") = VO (W) 21y g5y = 0.

Hence, the sequence 0y (h!) converges to e ~# ' in DLt (18,0)- Thus, one concludes as a
consequence of Proposition 4.12 that

Vo + BaVh! =o.

Since ¢ > 0 then
Vé 1 2 —s
_é =—BVh' € L=(ugo; H™).

There exists a sequence of functions ki € (‘3117 (R) such that k5, (x) — log(x) and «,,(x) —
1/x pointwise for x > 0, and furthermore,

c
lken (X)| < [log(x)] and |k, (x)| < o

for some constant ¢ > 0 and all x > 0. Indeed, we can take k, (x) = log(x) for 1/n <x <n,

Kn(x)=—n/x+ 14 log(n) for x >n and k, (x) = narctan(x —1/n)— log(n) for x <1/n.

By Lemma A.2, one knows that k, (6) € D'?(ug,0) and Vi, (0) = k,,(8) V4. Hence, dom-

inated convergence yields

| o | s Vo
tim [ 16,(@) ~ oe@ P dupo = tim [ | @Ve- L] dupo=o0.
n H-s n H-s o H—s

Therefore, one concludes that log(d) € D'2(1 ) and V log(é) = V/o. n
Theorem 4.14. Assume that (4.37) is true and e ¢ L?(ug,0). Let j1 be a Borel prob-

ability measure on H™® which is absolutely continuous with respect to g o, i.e., there
exists a non-negative density 0 € L' (u 8,0) such that for all Borel sets,

w(8) = [ 0w diso.

Assume further that o = %‘;’0 € ]D)l’z(,u,g,o). Then wis a (B, X)-KMS state for the vector
field X in (4.38) if and only if w is equal to the Gibbs measure
_anl
e Pl HB,0

Hp = - :

S e P @djigg
Proof. Sufficiency follows from Theorem 4.11. Take ¢ the convex combination density in
Lemma 4.13 and note that ¢ > 0. By Lemma 4.13 and the assumption (4.37), one knows
that the function

F =log(@) + Bh' € D"?(up,0).
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Moreover, one has
V5
V(log(d) + ph') = ?Q + BV =0.

Hence, using Proposition A.4 one concludes that for some constant ¢ € R,

log(@) + ph" = ¢
1g,0-almost surely. Finally, using the normalization of the density ¢ one shows that

e Ph
=Tty
e N L1 g0

Remark 4.15 (Relative entropy). In statistical mechanics, it is common to characterize
the Gibbs measure pg by means of relative entropy functional. So it is not surprising to
find a link between our analysis based on KMS states and the concept of entropy. In par-
ticular, note that the functional F(o) = log(o) + Bh! used in the proof of Theorem 4.14
is similar to the integrand that is found in the Gibbs variational principle. More precisely,
given u € P (H™*), we define

445) Eugo) = [ oloz@)dnpo+p [ nldu= [ (oste)+pil)edns.
where g is the density satisfying ;1 = oug,o. We note that

EMﬁ,O (/’L) = guﬂ (PL) - IOg(Zﬁ) ’

where 4 4
v v
Ev(p) = / - log(—) dp
H 2

denotes the classical relative entropy of v, u € P (H ™) and zg is given by (4.41). One
knows that &,,; (i) is non-negative with &,,, (1) = 0 if and only if 4 = ug. In particular,
this means that ug is the unique minimizer of (4.45).

5. Nonlinear PDEs

In this section, we apply the concept of KMS states to various examples of nonlinear
PDEs, namely to the nonlinear Schrodinger, Hartree, and wave (Klein—-Gordon) equa-
tions. The construction of invariant Gibbs measures for such equations is well under-
stood. In particular, the analysis is based on probabilistic tools, truncation to a finite
number of Fourier modes, and nonlinear stability estimates (see e.g. [13,20,27,42,49,61]
and the references therein). Here we emphasize that the nonlinearities appearing in the
above equations belong to the Gross—Sobolev spaces. Thus, it is possible to appeal to the
Malliavin calculus and to apply our results.
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5.1. Nonlinear Schrodinger equations

Gibbs measures for NLS equations are well studied, due to the fact that they are useful
tools for establishing existence of global solutions and well posedness for rough datum,
see e.g. [14-16,20,51,52] and the references therein.

Consider the Hilbert space H = L2(T%), where T¢ = R?/(2nZ%) is the flat d-di-
mensional torus, and define the Sobolev weighted spaces H ~*, as in Subsection 4.2, by
means of the positive self-adjoint operator

5.1) A=—A+1,

where A is the Laplacian on T?. So, the family {e; = e¥* }keza forms an orthonormal
basis of eigenvectors for the operator A which admits a compact resolvent. Throughout
this section, we consider

d

(5.2) s > > 1.

Note that (4.18)—(4.19) are satisfied for s as in (5.2). In particular, in the one dimensional
case we can take s = 0. Therefore, according to Subsection 4.2, the Gaussian measure g9
given by Theorem 4.4 is a well-defined Borel probability measure on H ™ and it is the
unique (B, Xo)-KMS state for the vector field Xg = —iA and for any inverse temper-
ature B > 0. We now analyze the KMS-condition in the context of various nonlinear
Schrodinger-type equations, which we describe in detail below.

In the sequel, we write (x) = /1 + |x|? for the Japanese bracket. Furthermore, we
write A < B if there exists C > 0 such that A < CB. If C depends on the parameters
ai,...,ag, we write A S4,.q, B. We write A 2 B if B < A. Finally, if A < B and
B < A, we write A ~ B.

(1) The Hartree equation on T'. When d = 1, we consider V: T! = T — R a point-
wise nonnegative even L! function. The Hartree nonlinear functional is given as

53 W= [ [P Ve P drdy =o.

(2) The Hartree equation on T4, d =2,3. When d = 2,3, we need to renormalise
the interaction by means of Wick-ordering (see e.g. [15,28,58]). We summarise the con-
struction here. Given n € N, we recall the projection map in (4.24), that we take in our
case to be

Py= )" lex){exl.

|k|<n
and define for x € T9 s

{logn/ﬂ, ifd =2,

1
L 2 — -~
54) o,p:= /H_S|Pnu(x)| dug,o = Z BUkE + 1) n/p, ifd = 3.

lk|<n
Note that 0, g is independent of x. Let us henceforth use the shorthand

(5.5) Uy = Pyu
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and consider the Wick ordering with respect to jig ¢:
(5.6) Sunl® = unl® —oup.

We observe that the above construction depends on §, but we suppress this in the notation.
We let

1
5.7 hiﬂ(u) = Z[]I‘d /;rd un ()2 Ve —y) lua()?: dxdy.

Here and in the sequel, we write : |u, (x)|? : instead of : |u,|? : (x) for (5.6) evaluated
at x. We work with even V € L'(T¢) such that there exist € > 0 and C > 0 with the
property that for all k € Z¢ the following estimates hold:

{o <Vk)<C/k)  ifd =2,

>8) 0<V(k)<C/k)>re ifd =3.

In particular, V' is assumed to be of positive type (i.e., Vis pointwise nonnegative). Under
the assumptions (5.8), the arguments in [15] show that (5.7) converges in L? (11g,9), for
all p>1,to

1
(5.9 hl(u) zlirrlnhiﬂ(u) = Z/Td /Td )2 Vix=y) : lu(y)?: dxdy.

Let us note that, in the recent work [25], the authors extend the result of [15] for d = 3
to potentials satisfying 0 < I7(k) < C/{k)'~¢. We do not consider this extension in our
current paper.

We recall the details of the proof of (5.9) in Appendix B. We refer to (5.9) as the
Wick-ordered Hartree nonlinear functional. Since V' is of positive type, we have that

(5.10) h! (u) € [0, c0) 8,0 -almost surely.
Note that (5.3) and (5.10) imply that e™#%" € L2(j14,¢) in dimension d = 1,2,3.

(3) The NLS equation on T. In the one dimensional case, the assumption (4.19) is
satisfied for s = 0, and the nonlinear functional is given by

(5.11) h"(u):l / lu(x)|9dx =0
q Jr

forqg = 2r withr e N, r > 2.

(4) The NLS equation on T?2. On T2, we consider the general Wick-ordered nonlin-
earity. Given r € N, and recalling (5.4), we define

w2
(5.12) un? = (=1)"rlo, 4 Lr<| nl ),

; On.p
where L, is the r-th Laguerre polynomial. Note that this is a generalization of (5.6) since
Li(x) = —x + 1. For a given s > 0, one can consider the nonlinear Borel functional

h': H™S — R defined as the following limit in L2(ug,0):

1 1
(5.13) ki) =1im hl () =lim—/ unl? s dx = —/ Sul? s dx.
n n 2r Jy2 2r Jr2

We refer the reader to [51] for a self-contained proof of (5.13).
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For the nonlinear functionals introduced above, the following statement holds true.

Proposition 5.1. The nonlinear Borel functionals h' (u) given by (5.3), (5.9), (5.11)
and (5.13) belong to the Gross—Sobolev spaces D'-P (jug o) forall 1 < p < co.

Proof. We prove each case separately.

(1) The Hartree equation on T.
It is well known that for V' € L(T), we have that

(5.14) hl(w) € L? (up o).

We note that it suffices to prove (5.14) when p > 2, as the claim for p € [1, 2) then fol-
lows from Holder’s inequality. More precisely, by using the Cauchy—Schwarz inequality,
Young’s inequality, and the Sobolev embedding H®(T) < L*(T) for ¢ € (1/4,1/2)
in (5.3), we get that

0 <A' @) Ze IV Ileo lullye

and we deduce (5.14) by arguing similarly as for (4.31) above.
A direct calculation shows that

(5.15) Vh!(u) = %(V s Jul?) u.

Fors € (—1/2,0),let { := —s € (0,1/2). By using (5.15) and by applying Lemma B.1
twice for sufficiently small o, we deduce that for some ¢’ € (¢, 1/2),

IV @) rGuggsrr = 11O Py ullae | oge, o Sevio 100 | Loguy 0

1/p
(5.16) = (/ Jul?%, duﬂ,o) <.

In (5.16), we used the observation that ||V * f| go < ||I7||goo N ge <V e If Nl ge-

(2) The Hartree equation on T4, d =2,3.

We note that (5.9) implies that 1 (u) € L?(up,0). As was noted earlier, (5.9) can be
deduced from the arguments of [15] under the assumptions given by (5.8). When d = 3,
a detailed proof of this fact is given in Lemma 1.4 (i) of [58]. Note that, here, one assumes
that V € L4(T?3) for ¢ > 3, which follows from (5.8) (see (29) in [15] and (1.44)—(1.45)
in [58]). When d = 2, this fact is shown in detail in Lemma 1.4 (ii) of [58] if, in addition to
satisfying (5.8), one assumes that V' is pointwise nonnegative. In Appendix B, we present
the proof of (5.9) from [15] which does not require pointwise nonnegativity of V.

A direct calculation shows that

Vi = 3 B[ ([ VE=3) s ha I )] =5 PalV 5 il )

As was noted earlier, it suffices to consider p > 2. For s as in (5.2), we want to show that
(hﬁ (1)) is a Cauchy sequence in L? (ug,o; H™*).
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By Minkowski’s inequality, we have

IV @ lergpgmn ~ (30 67 [0 % ual? :)un]A<k>|2)l/2‘

kezd |k|<n L2 (up,0)

~ 1/2

(X Wl o] ©lg,,)
kezd |k|<n

Likewise, for n > m, we have

(517 VR @) = Vi, () Lr o o)

R R 1/2
(X W0 ] O =0 ] O,

keZd |k|<m
- 1/2
+ ( Z (k)2 [V % Junl® ) un] (k)”Lp(M 0)) :
keZd m<|k|<n ’

In what follows, we view the Gaussian measure (g o as the probability measure induced
by the map

(5.18) weQr p(x) =PY(x) = % ) gk(c)o) gk

kezd (k

where (gx)reza 1S a sequence of independent standard complex Gaussian random vari-
ables (centred with variance equal to 1) on a probability space (€2, £, P). Recalling (5.17)
and (5.18), we consider for fixed k € 74 the expression

(5.19) TV 5 < funl? D unl ) Lo gug ) = IV % 2 Ual® ) ul” (R) Lo -

where ¢, = ¢;"ﬁ =P, ¢§’.
We recall the following estimate from Theorem 1.22 in [57].

Lemma 5.2. Let the random variable Y be a polynomial in (g;);cza of degree m € N.
Then, for all p > 2, we have that

1WlLr@ < (2= D™ ¥l -

We note that (Vs : |¢n|? 1) ¢u] (k) is a polynomial in (8j)jeza of degree three.
Therefore, by Lemma 5.2, we have that

(5.20) (5.19) < (p = D32V * < |¢nl? ) ]~ (0 L2 -
Recalling (5.6) and (5.18), we have
(:lnl? )" (k)
1 lge(@)>—1 1 g, (@) g, (w)
521 = (=Y 2L ")+ (= e ot .
N ﬁazsn (6> )k ’ (/3 <t omti—tamk (1) (E2) )k#)
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Therefore, by (5.21), we get that for k € Z¢ with |k| < n, we have

IS 4 (V) |ge(@)]> = 1 gk ()
(522) [V % : Igul? ) ul"(0) = W(WZS’ o)

1 i g€1(w) g€2(a))g£3(a)) .
5 > Vil —t) Sy = k) + TR,

[L1]<n,lt2|<n,|t3]<n

U—lr+Ll3=k l1#Ls

We now analyse each of the terms I, (k) and 11, (k) separately.
Analysis of 1, (k).

By using Holder’s inequality and Lemma 5.2, we have that

2
||In(k)||L2(§z) <5 H Z |ge(62)€))|2 gk (w)
[¢|<n

L) H (k)

L4(Q)

21

< H wzfn |z>’e(6(o€)>|2

‘ gk (w)
@l (k) e’

which by using the fact that |g, |?> — 1 are independent and of mean zero is

1 \1/2 1 1
(5.23) 5(2_4> <.
Z 07 Wl
By analogous arguments as for (5.23), we deduce that for n > m, we have
1 \1/2 1 1
524 L0 -Ln®lee S (Y 75) 7 S T
S S m e
for some 6 > 0.
Analysis of 11, (k).
Let us first compute
1 ~ ~
M1 @) = 5 / ) S V-tV -1
[€1]=n,l2]<n,l3|<n €] |<n,|t)|<n,|t;|<n
bi—botls=kL#b () —t)+0,=k U} #L,
5.25) g0, () g, (®) g, (0) 82, (@) g (@) 8¢, (@) o

(€1) (£2) (£3) {€1) (€3) (63)

We can use Wick’s theorem to deduce that

(5.26) (5.25) < Ay (k) + Bu(k) + Cyu(k),
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where
1 ~ 2 1
5.27 A, (k) = — Vi, -1 —_—
627 ® 3 |€1|<n,|£§<:n,|e3<n (Ve ) (€1)2(€2)%(¢3)?
41—_42-‘:-53;]@@1#22
1 A~ ~ 1
5.28 B, (k) := — V=) Vly —4L3) ——————,
(5.28) (k) := 23 > (t =) V(2 = ba) Fsrmss

[€1]=n,|€2|<n,[43]<n
L=l +l3=k b1 #Ls

(5.29) c,,ao;:% Yo V=) Vik—ty)

We now analyse the cases d = 2 and d = 3 separately.

Analysis of 11, (k) when d = 2.

1
(k)2(€2)2(65)2

[€2]<n,|t5|<n

We have
1 ~ 2 1
) ﬂz( ;} ) (o)
b—lry=k—
log(k—€3) 5o 2 1 1 log(k).
030 52 gy Ve GE S L ey < e

Here, we used Lemma B.2 with § = 2 and M = p = 0 twice and we recalled (5.8).
Using

~ ~ 1., ~ ~
(531 V=)Vl —t3) < S [(V(t — )" + (V&2 — )]
in (5.28) and arguing analogously as for (5.30), we get that
log (k)
(5.32) By (k) < :
Pk
Finally, by (5.8) and Lemma B.2 with § = € and M = p = 0, we have
1 /log(k)\2 1
5.33 C,(k < < .
(5.33) ()Nﬂ (Z Vik— ) N(k)Z((k)e) ~ (k)2
Using (5.26), (5.30), (5.32), and (5.33), we deduce that
log'/? (k

(5349 I 002y < &8

(k)

Let n > m be given. We recall (5.22) and argue analogously as for (5.25) to write

I ) =11 () ) = 55 [ 3 S Pl—b) V-0

[e1l<n,|b2]<n,ls|<n |£]|<n,|t;|<n,|ts|<n
max{[€11,[€2],[€3}>m max{| €] |,]€, ,1¢5]}>m
b-botb=kb#b g ok 20,
g0, (@) g, (@) g, (w) &4, (@) 8o (@) gy, (@)
(€1) (€2) (€3) (€h) (€5) (£3)

(5.35)
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As in (5.26), we have
(5.36) (5.35) < Apm(k) + Bum(k) + Cpm(k),

where we modify (5.27), (5.28), and (5.29) as

. ~ 1
(5.37)  Apm(k) = o5 > (7t - t2))" (€)2(62)2(L3)2

[€1]<n,|L2|<n,|t3]<n
max{[£1],[¢2],[¢3]}>m
U —lr+l3=k 1 F£L>

1

1 ~ A~
538)  Bum(k) = o3 Vit —0) V(b —3) 7555+
(538)  Bum(k) = - > G =)V =6) e
[L1|<n,|l2|<n,|l3]|<n
max{|€1],[£2],|¢3]}>m

Li—Lba 3=k b1 #Ls
1

1 A~ -5 /
(539)  Cpm(k) = — > Vk=L) V=8 apmeaye

3
[€2]=<n,65]<n

max{|kl,£2],1¢5|}>m

We observe that for any p € (0, 2), we have

log (k)

(5.40) Anm(k) <p,p 2P (myp

In order to obtain (5.40), we argue similarly as for (5.30). If max{|¢;|, |¢{2|} > m, in our
first application of Lemma B.2, we take M = m. We then use (5.8) and argue as for (5.30).
If |£3] > m, we take M = 0 in the first application and M = m in the second application
of Lemma B.2.

Similarly, for any p € (0,2), we have

log (k)
(5.41) Bum(k) <g,p W.
Finally, for any p € (0, €), we have
log (k)
(5.42) Com(k) <g,p W.

In order to deduce (5.42), we need to consider the contributions max{|{»|, |€}|} > m
and |k| > m separately.

In the case max{|{,|, |¢,|} > m, we argue as for (5.33), but in one of the applications
of Lemma B.2 we take M = m.

If |k| > m, then (5.42) follows from (5.33).

Using (5.36), (5.40), (5.41), and (5.42), it follows that for 8 > 0 sufficiently small,

log'/? (k)

(5.43) 1L, (k) — I (k)| L2() Sp.0 OTme
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Recalling (5.22) and using (5.18) followed by Lemma 5.2 in (5.17), we have that for
6 > 0 sufficiently small,

(5.44) |IVRE @) = VR )|y i)

/
5,,( D NG -0 @ + Y, (k)7 IIIIn(k)—Ilm(k)lliz(m)12

felic|<m ke lic|<m

—2s 2 —2s 2 1/2 1

X W IL@IGe+ X W IEw) S g
k,m<|k|<n k,m<l|k|<n

Here, we used (5.23), (5.24), (5.34), (5.43), and the assumption that s > 0. Therefore,
(hL(u)) is a Cauchy sequence in L? (ig o; H™).

Analysis of 11,,(k) when d = 3.

We now show that for d = 3, (5.34) and (5.43) get replaced by

1
(545) ||H (k)”LZ(Q) ~B <k>2+5 and

1
(5.46) ML, (k) — (k) | 22¢2) Sp.0 m,
for 6 € [0, 1/2), whenever n > m. Using (5.23), (5.24), (5.45) and (5.46), the fact that
s > 1/2, and arguing as in (5.44), we indeed deduce that (hﬁ (u)) is a Cauchy sequence in
LP(ug.o: H™).

Our goal is now to show (5.45) and (5.46). With A, (k), B,(k) and C, (k) defined
as in (5.27), (5.28) and (5.29), we have the following estimates. By arguing similarly as
in (5.30), we have
1 1 1

<

(5.47) Au(k) <p Z (L)~ 2= (= La)57 26 (03)2 ~ (h)y2e’

V(k 53))

43

We again use (5.31) in (5.28) and argue as in the proof of (5.47) to deduce that
1

(5.48) Bn(k) <p oy

Here, we first used Lemma B.3 with § = 0 and M = p = 0. Then, we recalled (5.8)
and we used Lemma B3 withd =2+ ecand M = p = 0.
Similarly, when d = 3, (5.8) and Lemma B.3 with § = € and M = p = 0 imply that

1
(5.49) ZV(k 6) ~Z = £2+e )2 = (kyi+e

Using (5.49) and arguing as in (5.33), we get that

1
(5.50) Cok) %9 e

We hence obtain (5.45) from (5.47), (5.48), and (5.50).
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We now show (5.46). With A ,, (k), By m(k) and C, ,, (k) defined as in (5.37), (5.38)
and (5.39), we have the following estimates.
We observe that for any p € [0, 1), we have

1
(5.51) Anm(k) <p.p Ky 2ze=n (myp

Here, we argue as for (5.51). By analogous arguments, we have

1
(5.52) Bum(k) <p.p Y2 (myp

Finally, modifying the proof of (5.50) analogously as in (5.42), we get, for any p € [0, 1),

1
(5.53) Cam(k) <p.,p 20 (mye

We hence obtain (5.46) from (5.51), (5.52), (5.53).

(3) The NLS equation on T.
We use the Sobolev embedding H8(T) < L4(T) for¢ € (1/2—1/¢g,1/2)in (5.11)
to deduce that
hY(u) S llull, .

We then deduce that 2! (1) € L? (mg,0) as in part (1). A direct calculation shows that
Vh (u) = |[u]9u.

By using Lemma B.1 g — 1 times for sufficiently small ¢, and by arguing as in (5.16), we
get that for some ¢’ € (—s, 1/2)

1/p
-1
VA @llrgupirr Ssaer ([ 10157 dugo)” < co.

We conclude that i € D7 (ug o).

(4) The NLS equation on T?2.

In case h! is given by (5.13), the result is a consequence of Proposition 1.1 in [51] and
Proposition 1.3 in [51]. Indeed, it is proved there that (hﬁ)neN and (Vhﬁ)neN are Cauchy
sequences in L?(ug o) and L? (g o; H ~*) respectively. We omit the details |

Thus, as a consequence of Theorems 4.11 and 4.14, one concludes that the above NLS
dynamical systems on the torus T¢ admit each a unique KMS state given by the Gibbs
measure jlg = zlgle_ﬂhl 18,0, With zg an appropriate normalization constant. Note that
uniqueness here 1s in the sense of Theorem 4.14, and it is among measures that are abso-
lutely continuous with respect to g o with a density ¢ € D2 (u 8,0)- Finally, one remarks
that such a result suggests the study of general dynamical systems satisfying the condi-
tion i/ € DV2(ug ) without relying on the precise form of /. The above discussion is
summarized below.
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Corollary 5.3. Let B> 0and s > —1/2 satisfying (5.2). Consider h' to be one of the non-
linear Borel functionals h': H=5 — R of the Hartree or NLS equations given respectively
by (5.3), (5.9), (5.11) and (5.13). Then:
(i) The Gaussian measure g is the unique (B, Xo)-KMS state of the vector field
Xo = —iA.
(i) The nonlinear functionals h! DY? (g o) and e P ¢ LP(ug,o) forall 1 <
p < oo.
(iii) The Gibbs measure
e_ﬂ h!

Ju-e P dpugo
is a stationary solution of the Liouville equation (2.8).

(iv) The Gibbs measure [1g is the unique (B, X)-KMS state, for the vector field X =
—i(A 4+ Vh!), among all the absolutely continuous measures y with respect to

[1p.0 such that ﬁgo e DV2(H™).

ng = M“g.0

Remark 5.4. The previous corollary extends also to the NLS nonlinearity (5.13) on
2-dimensional compact Riemannian manifolds without boundary or on bounded domains
in R? following Propositions 4.3, 4.5 and 4.6 in [51]. We omit the details.

5.2. Nonlinear wave (Klein—-Gordon) equations

One can study Gibbs measures for nonlinear wave (Klein—-Gordon) equations by means
of probabilistic and PDE methods, see e.g. [18-21,27,46,52] and the references therein.
The nonlinearities that are usually considered are similar to the ones recalled in the above
Subsection 5.1. The main difference comes from the use of the real structure of fields
rather than the complex one. Specifically, we consider the nonlinear wave (Klein—Gordon)
equation on the torus Td, d=1,2,3,

5.5 {3$u+u—Au+Vh1(u)=o,

Up=0 = fo, OiUpp=0 = f1,
where VA is the Malliavin derivative of some functional 4! that we will specify below.

Before proceeding, we explain how the nonlinear wave equation (5.54) fits within the
general framework of Subsection 4.3.

Framework for wave equations. Consider the Hilbert space H = LHZK(T 4y @ Lﬁ(Td ),
where L]IZ§ stands for real-valued square integrable functions, and define the Sobolev
spaces for y € R as

(5.55) HY = HY(T?) @ HY ™' (T9).

The nonlinear wave equation (5.54) takes the form

n(2) =7 ()= () (o)
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with the vector field X, given by

J A
e e e
_[ o 1]_Jo 1][-Aa+1 0
(5.56) XO:z[A——l 0}“[—1 (J [ 0 1}

with J is a compatible complex structure on H and A is a positive linear operator. We
note that H is endowed with a canonical symplectic structure induced by J and given by

clud®v,u ®v) = (u@v,]u’@v’)L%&@L%.

Moreover, H can be considered as a complex Hilbert space according to (2.19)—(2.20),
and the couple (J, A) defines a complex linear Hamiltonian system as in (4.16)—(4.17).
Now, the vector field X can be written as

s a)a(e()o ()

Although the operator A does not have a compact resolvent, it still possible to do the same
analysis as before. Indeed, one uses the Sobolev spaces in (5.55) instead of the definition
given in Subsection 4.2.

Results for wave equations. The Gaussian Gibbs measure g ¢ in this case is defined
as a product measure such that

dpg.o(u,v) = dug o () dug 4 (v),

with “;13,0 and /,L%’O are the Gaussian measures on the distribution space D’(T¢) with cov-
ariance operators 87! (—A + 1)~ and 871 respectively. The existence and uniqueness
of such measures follow from Corollary 3.2. According to Theorem 4.4, for s > —1/2
satisfying (5.2), the measure g o coincides with the centered Gaussian measure with
covariance operator

S [(=A+1)=0+9 0
p 0 (=A 4+ 1)~0+9)

on the Sobolev space H ™ given in (5.55). In particular, g ¢ is a Borel probability meas-
ure over H ~*. Therefore, Theorem 3.3 shows that j1g ¢ is a (B, Xo)-KMS state with the
vector field X in (5.56). Moreover, using the arguments of Subsection 5.1 one can define
rigourously the Gibbs measure of the nonlinear wave equation as

1 _
pp=—e"

rl 1 2
Z Hp0 ® Hpo0-

where zg is a normalization constant and h! is one of the following possibilities:

(53)or (5.11) ifd =1,
(5.58) W =1(G9or(5.13) ifd =2,
(5.9) ifd = 3.
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Note that since the fields are real, the Wick-ordered power nonlinearity : u2” : in (5.12) is
defined in this case through Hermite polynomials H, instead of Laguerre polynomials:
(5.59) cul = a;/; Hr(an_llg/zun).

In particular, the nonlinearity 4! depends only on the u variable. Furthermore, in (5.18),
we add the condition

(5.60) gk = 8k-

By arguing analogously as in the proof of Proposition 5.1, we deduce that 4 belongs to
the Gross—Sobolev spaces DI’P(M},’O) or DP (g o) for all 1 < p < oo (note that the
additional condition (5.60) does not increase the L?(£2) norms of the relevant quantit-
ies). Consequently, the Malliavin derivatives VA! are well-defined. Thus, we have at hand
all the ingredients to apply Theorems 4.11 and 4.14. So, all the statements (i)—(iv) of
Corollary 5.3 with the appropriate modifications hold true for the nonlinear wave equa-
tion (5.54) with the nonlinearities (5.58). In particular, we emphasize the following result,
where H ~* is defined according to (5.55) and s satisfies (5.2).

Corollary 5.5. The Gibbs measure j1g = %e“g o u}, 0® /L% o IS the unique (B, X)-KMS
state, for the vector field X = JA + J(VhI & 0), among all the absolutely continuous

measures |1 with respect to |ig o such that diﬁ e DL2(H™).

As in Remark 5.4, the above corollary extends to wave equations with the nonlinear-
ity (5.13) defined on 2-dimensional compact Riemannian manifolds without boundary or
on bounded domains in R? following the discussion in Section 1.2 of [52].

5.3. The focusing NLS and the local KMS condition

Consider the focusing NLS equation on the one-dimensional torus T,
i0u =—Au+u—|ulP2u,

for 4 < p < 6, where the nonlinear energy functional is given by

1 __l p
B () = pA|u<x>| dx.

which is similar to (5.11) with a negative sign corresponding to a focusing nonlinearity.
Recall that here one has the same framework as in Subsection 5.1 with s = 0. Although it
is not possible to define a global Gibbs measure in this case because of the negative sign
in the front of the nonlinear term A?, it is proved in [13,42] that the local Gibbs measure

- I _gprg
Mg = 5 e BR7O) 1[O,R](” : ”iZ(T)) M“B,0,
(5.61) AR

~ —Bhi(
where  Zg g ;:/ e 7O 100 gy (I 17 201y) ditgeo-
L2(T)
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is well-defined for some arbitrary constant R > 0if 4 < p < 6 or R > 0 sufficiently small
if p = 6. For our purposes, we modify (5.61) and consider, for an analogous choice of R

1 _gurg
ng = Zﬂ—R@ PO (- ||i2(1r)) HB.0-
(5.62) ’
_Bhl(
where zg g ::/ e PPO yp (] - 172¢1)) dig.o
L2(T)

and where y g = y(-/R) for y € C2°(R) such that y(x)=11if [x| <1, y(x)=0if |x|>2.

Lemma 5.6. Let 8 > 0 be given and let y g be given as above. Then the Radon—Nikodym
derivative of the measure g in (5.62) with respect to g o satisfies

dug.

dpg,o

Proof. Note that |xg(-)| < cljo2r)) for some constant ¢ > 0. Hence, the statement
G() = e B O) xr(l - ||22(T)) € L9(jug,0) forall g > 1, is essentially proved in [13,42].

For an expository summary of the construction, we refer the reader to Appendix A of [55].
Using Lemma 5.1 and the approximation idea in Lemma 4.13, one shows

e D"?(ugo).

(5.63) VG() = —BVh! (u) G(u) +2¢PH Oy (|| 220y u € L2(ip.0: LA(T)).
In fact, take 6 the same sequence of functions as in the proof of Theorem 4.11 and let
Gr() = Ok (W' ) 2& - 12py)-

Since we know by Lemma 5.1 that the functionals || - ”12,2(1r) and h' belong to D1-? (18,0,

then using Lemma A.2 and the chain rule (2.4), one proves, in Lz(uﬂ,o; Lz(T)),
(5.64) VGr(u) = 6, (h" ) V" ) xr([ulF2ery) + 20 (B ) xr(lullF2(p)) -
Hence, dominated convergence with the estimates (4.42) give the following limits in
L4(,u,3’0) and L4(,u,3’0; L?(T)), respectively:

. —BRl(

lim 0 (8" () 2R (1 [ 72ez) = =B xRl I Faer))

and
—BhI ()

lilin ek(hl(u)) X/R(”u”iz(qr)) u=e X/R(” : ”%,2(’]1‘)) u.

Thus, the above limits with the Holder inequality yield the claimed identity (5.63) when
carrying k — oo in the equality (5.64). ]
We show here that such a measure g satisfies a local form of the KMS condition.

Proposition 5.7. Let B > 0 be given and let j1g be the Borel measure defined in (5.62). Let
F € CZ(L*(T)) be such that F(u) = 0 for all ||u||i2(T) > R’, with R’ € (0, R) arbitrary

and R the radius given in (5.62). Then we have for all G € @ﬁyl(Lz(T)),

(5.65) / {F,.G}dug =ﬂ/ Re(VF(u),iAu—iu—thI(u))Lz(T)G(u)duﬁ.
L2(T) L2(T)
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Proof. 1t follows by applying the integration by parts formula in Proposition A.1. Since
G € G ,(L*(T)), there exist n € N and ¢ € C°(R?") such that G(u) = ¥ (7nu). So,

c,cyl
using the Poisson bracket formula (4.26) and the fact that d., F(u) = 9y, F(u) = 0 if

[ullZ>(py > R. one shows

/Lz(T){F Gldug = Z/;Z (861 F(M)af G(u)— 861G(u)3f F(u))e™ Bh! (u)d,uﬂo
Taking x € C2°(R) such that y(x) =1 for all x| < R" and y(x) = 0 for all [x| > R,

then we have Fe A" = Fx( - ||22(T))e_ﬂh1. So, the boundedness of F and Lemma 5.6

show that Fe=Ph" ¢ L?(pp,0). Moreover, the product rule yields
— 1 ~ —_Bul ~ _ I
VIFe P = VF (- [Z2e)e ™™ + F VIR - I72e)e "] € L2 (up0: LA(T)).

Thus, one concludes that Fe=#"" e DV2(ug. o). Therefore, applying Proposition A.1
with the function G in (A.1) replaced by I*:] = 0¢; F e Ph ¢ Dl’z(/xlg,o) and F by

G € €2%,,(L*(T)), one obtains

/ de; F(u) e PH ™ (VG (), ;) dpg,o
L2(T)
_ / Gu)(—dy, Fu) + B Fru) (. Af)) dpupo.
L2(T)
and similarly,
/ 87, F(u) e P00 (VG(u), e;) dpug o
L2(T)
- / G(u)( = e, 5 ) + B Fy () (. Aey)) dupo.
L2(T)

where Fj =05 F e P ¢ D"2(1p,0) and A is given by (5.1). We note that the proof of
Lemma 5.6 yields

87, Fj(u) = —Bas h! (u) de, Fu) e M@ 9,8, Fuye P,
Be; Fy () = —Be, kT (u) 3y, Fu) e P00 19, 97 F(u) e =100

Hence, one concludes
/ (F,G}dug = —— Z[ G(u)(de; F(u)ds,hY (u) — 0, h! ()0, F(u)
L2(T) j L2(T)

+ 3, F(u){Au, f;) — 37, F(u)(Au, e;)) e dpg
= i G(u)((VF(u), —iVh! (u)) + ( —iAu, VF(u))) e~Bh @) dugo-
ZB,R JL2(T)

Thus, recalling that (-, -) = Re(-,-)2(T), one proves the local KMS condition. |
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A. Malliavin calculus
For completeness, we give a short overview of some useful tools from Malliavin calculus.
In particular, the following integration by parts formula is useful.

Proposition A.1. Let F € CF° cyl(H_S) and G € D"2(ug o), or F € D'?(pug o) and G €
Ggf’cyl(H S). Then for any ¢ € H',

D) [ GOTF@. g dugo = [ FG)(=(VGw. )+ G . Ap)) dupo

Proof. First, one proves that for any R € €3%,;(H ") and ¢ € spang{e;, fi:j=1,...,k}
for some k € N, we have

(A2) | (VR dipo = [ . Ag) RO dio

Indeed, the above equality (A.2) follows from equation (4.32) in Lemma 4.6 and a stand-
ard integration by parts on R?*. On the one hand, taking R = ¥ o 7, for some n € N
withn > k and ¢ € €;° (R2?"), and integrating by parts again, we have

| RGghdrgo =3 [ (0000 + (5 0) 870) dvg
H—s j=1 RZn

n
(A3) =8 - <Z)Lj(xjej + yjfj),go)w(xl,...,xn;yl, e ¥n) dvg g,
j=1

where vg 0 is the Gaussian measure in Lemma 4.6. On the other hand, we have

ﬂ/ (u, Ag) R(“)dﬂﬂo—ﬂZ/ (. €) e 9) -t )0 f50)) ¥ (nt) g

j=1
(A4) = :3 - <Z)&j(xj'€j +yjf,-),<p>1/f(x1,...,xn;yl,...,yn) dUE,O,
=1

where 7, is the mapping in (4.21). Since n > k, we have that

n k
(A5) < Y Ai(xjes + i i), <P> = (Z Aj(xjej + yj i) <ﬂ>~
j=1 j=1
We hence deduce (A.2) from (A.3), (A.4), and (A.5). Now, the identity (A.2) extends to all
@ € H' thanks to a standard approximation argument and Remark 4.5 (iii). The integration

by parts formula (A.1), for any F,G € € oy \(H™%), is a straightforward consequence
of (A.2) with R = FG € Gb Cyl(H ) and the product rule (2.4). Finally, (A.1) extends

to all G € D?(uup,o) (respectively, F € D'?(11p,0)) by the density of €%,,(H ™) in
D2 (1up,0) with respect to its graph norm (4.36). n
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Lemma A.2. Let y € GIIJ(R) and F €DYP (ug o), for pe[l,00). Then x(F)eDYP (g o)
and
V(F)=y'(F)VF.

Proof. Suppose that we are given Fy, € C2%,,(H ™), n € N, a sequence such that F, — F
in D2 (11p,0). Then the chain rule yields

Vx(Fn) = X/(Fn)VFn .

Since F, — F in L?(ug,), there exists a subsequence (Fy,)r such that F,, — F
11g,0-almost everywhere. Therefore, one obtains

li]:nx/(Fnk)VFnk = y(F)VF inL”(ugo).

and (y(Fy,))x is a Cauchy sequence in D7 (ug o), which is a Banach space. L]

The space P(H ™) is defined as the set of smooth cylindrical functions F: H™ — R
such that there exists n € N and F(u) = o((u,e1),..., (u,en); (u, f1),...,{u, fa)) for
allu € H™®, where ¢ € €°°(]R2”) is such that for all multi-indices ¢ € N2", there exist
constants m,, cg > 0 such that, for all x € R?”,

0% p(x)| < ca (1 4 [x[)™
Lemma A.3. The following inclusions hold true for all p € [1, 00):
CR(H™) C P(H™) S D" (ugo).

Proof. Recall the explicit form of the centered Gaussian measures ”Z,o = ()4 MB,0

defined over R?" and given in Lemma 4.6. Since all the moments of such measures are
finite, one concludes for all m > 0,

(A6) (1+Xn:(u,ej)2+<u,ﬁ)2)mduﬁ,o=/
j=1

n
m
2., .2
[ (S e) gy <o
— o
Hence, P(H ™) is included in all the spaces L”(ug,) for all p € [1, 00). Since the
gradient of F € P(H™%) is also given by the identity (4.23), one obtains using the estim-
ates (A.6) that VF € LP(ugo; H™*) forall p € [1, 00). |

The following well-known result asserts that a random variable whose Malliavin deriv-

ative is zero, is almost surely constant.

Proposition A.4. Let F e D12(u 8,0) such that VF = 0 for ug o-almost surely. Then F
is constant j1g o-almost surely.

Proof. 1t is a straightforward consequence of the Wiener chaos decomposition (see e.g.
Propositions 1.2.2 and 1.2.5 in [50]). In fact, consider H, () to be the n-th Hermite poly-
nomial and let

Wop() = a'b! [ ] Hay (&) [] Ha (¢ i)
j=1

j=1
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with & = /BAje;, f; = /BA; fj and a = (a;)jen. b = (bj)jen such that a;, b; are
non-negative integers with a; = b; = 0 except for a finite number of indices. Then such a
family {¥, 5} forms an orthonormal basis of the space L? (g 9). Furthermore, a standard
computation yields

(e ¢]

(A7) (VWap. V‘Ifa/,b/)szﬁ,o;H_s) = Bda.a’ Sppr Zl}_s (aj +bj).
j=1

So, using the orthogonal decomposition with respect to the basis {¥, ,} and (A.7), one
proves

(A8) IV F 122 ity = DO0F Ya)® (YA (@ +8)).

a,b j=1

for all F in the algebraic vector space spanned by {W¥,;}. Then a density argument
extends (A.8) to all F € D?(ug o). Hence, VF = 0 almost surely implies that (F, ¥, ;)
=0 forall @ # 0 or b # 0. Thus, one concludes that F(-) = (F, W) W¥o,0(-) = ¢ for
some real constant c. (]

B. Proofs of auxiliary facts from Section 5

We note a product estimate in one-dimension. This is used in part (i) of the proof of
Proposition 5.1.

LemmaB.1. Let ¢ € (0,1/2) and o € (0, 1) be given. The following estimate holds on T '
I /&l me Sea 1S N aerer 18l ga-ar + | f | ma-or gl getar -

Proof. Let D¢ denote the Fourier multiplier with symbol (k)®, and let &' denote the
inverse Fourier transform. We note that

I fglas ~ | 0)F D2 k= k) 8k
k'eZ

o S| 0F X 17k =118
k k'eZ

&

2
(k

e || otk =k F G =R + | D2 17k =k ) 12k
k'eZ , krez

~e |OFFTADF NN e+ [ F AT F D | s
which by Holder’s inequality is
B.1) < D F Y flllara-o 1F TGN 2o + 1F 7 Flll2re IDEF 7@ 200 -
By using the Sobolev embedding, we have
(B.2) HY2(TY) s L2011y and HO~9/2(T1) — L2/%(T1).

Substituting (B.2) into (B.1) and using the fact that L2-based Sobolev norms are invariant
under taking absolute values of the Fourier transform, we deduce the claim. [
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Let us now prove two useful discrete convolution estimates. In the estimates below,
we are summing over elements in Z¢ (with appropriate constraints).

Lemma B.2. Let d = 2. Let § € (0,2] and M > 0 be given. For all n € Z* and all
o € [0,6), we have

®3 DL A

k+t=n
max{|k|,|[€]} > M

LemmaB.3. Letd = 3. Let 8§ > 0 and M > 0 be given. For alln € Z3 and all p € [0, 1),
we have

1 1
< .
~3, _
k;(:n K02 P () e (M )
max{|k|,[{|} = M

Proof of Lemma B.2. We need to consider two cases, depending on the relative sizes of |k|
and |£|.

Case A: |k| = |{].

In this case, we are estimating

1
B X wTonr

L n—tl=M

We now need to consider three subcases, depending on the size of |£|.

Subcase Al: |[£| < |n|/2.
Note that in this case, by the triangle inequality, |n — £| > |n|/2. In particular, since
|n — €| > M, we have that

1 1

®9 =27 = ey

Furthermore, we have

(B.6) > L < log (n).

2
[l <Inl/2 ©

Combining (B.5) and (B.6), we deduce that the contribution to (B.4) from this subcase
satisfies the bound in (B.3).

Subcase A2: |n|/2 < |£| < 2|n|.

In this subcase, we have |[£| ~ |n|. Furthermore, we have M < |n — £| < 3|n|. Putting
everything together, we get that if § € (0, 2), the contribution to (B.4) is

| 1 (n)>~ 1
(B.7) 5( Z ( _e)8> (n)? < (n)? b W‘

£, ln—L] <3In|
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If § = 2, the upper bound gets modified to
log(n) _ _log(n)
()2~ (n)>P(M)P
Note that (B.7) and (B.8) are acceptable upper bounds.
Subcase A3: |£| > 2|n]|.
We now have |n — £| ~ |£| = M. Therefore, the contribution to (B.4) is

(B.8)

1 1
<5 Z 2345 80 5 ,
. s
£,1¢] 2 max{M,|n|} (€) (n)o—, (M)

which is an acceptable upper bound.

Case B: |k| < |£].
Since k 4+ £ = n, we have that |£| > |n|/2. Hence in this case, we are estimating
(B.9) .
(n—€)%(£)?

£, 4] >max{M,|n|/2}
We now need to consider two subcases, depending on the size of |£].
Subcase B1: || < 2|n]|.

In this case, we have that |£| ~ |n| 2 M and |n — £| < 3|n|. Therefore, the contribution

to (B.9) is
1 1 log (n

(X o) e e

£, |n—L| <3|n|
Here, we argued as in (B.7) and (B.8).

Subcase B2: |£| > 2|n]|.

In this case, we have that |n — €| ~ |£| Z M. Hence, the contribution to (B.9) is

1 1

A<,8 0 :

()28 =58 (n)s=e (M)P

s
£, €] > max{M,|n|/2}
Proof of Lemma B.3. The proof is similar to that of Lemma B.2. We just outline the main
differences.

Case A: |k| > |{].
In this case, (B.4) gets replaced by
1
B.10 —_—
( ) Z (n— g)2+8 (g)z

L n—Lll=M
‘We consider three subcases as earlier.

Subcase Al: |[£| < |n|/2.
Instead of (B.5) and (B.6), we use

1 1 1
< d — < (n).
(n —0)2+8 ~8.p (n)2+8=p (M)P an IZISXIn:I/Z 0z~ {n)

which give us the desired bound.
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Subcase A2: |n|/2 < |£] < 2|n|.
Here, we note that

1 1-6
(B.11) > g
£, |n—¢| <3|n|
and we argue similarly as in (B.7).
Subcase A3: |£| > 2|n]|.
We argue as in Subcase A3 in the proof of Lemma B.2 and obtain that the contribution
to (B.10) is

1 1
S8 Z 55 S8 AT ’
o1zt (O (n)ireme (M)

Case B: |k| < |£].
Instead of (B.9), we need to estimate
1
B.12 _
( ) Z (n _ g)2+8 (()2

£, €] = max{M,|n|/2}

‘We consider two subcases as earlier.
Subcase B1: |£| < 2|n]|.
The contribution to (B.12) is
1 1 1
<( —s) T3 She T T
€,|n§:§3n (n _5)2+8 (n)2 I <n>1+5—p (M)P
Here, we recalled (B.11).

Subcase B2: |£| > 2|n|.
The contribution to (B.9) is

1 1
<8 Z 45 S8 TATes :
0101 w23 (6 (n)1+o=r (M)r

We present the proof of (5.9) for d = 2 and V as in (5.8). Let us note that this proof
can be deduced from [15], and we just present it here for the convenience of the reader.

Proof of (5.9). We recall (5.6) and rewrite (5.7)

VO [ lual? )" O] + i > (lun?) (k) (|un?) " (=) V (k)

k#0

1
hEu) = hi 5(u) n

(B.13) = hl ) + h12 ).

We show that the sequences (hi’1 (u)) and (hﬁ’z(u)) are bounded in L?(ug ). By appro-
priately modifying the proof, using Lemma B.2 and the same arguments as in part (ii) of
the proof of Proposition 5.1, we get that these sequences are Cauchy in L?(ug). We
omit the details of this step.
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Recalling (5.18) and (5.21), and using and Holder’s inequality, we get that

12 20 Gap 0 S H( Z —'ge(‘é}))'j e =1 Z —'g‘(”(}))'j =)

L4(Q)
<| 3o @)l ol | ( )| —1 Z 1

[El<n [€l=<n

Similarly,
B.15) 1740

<o | 3 3 Dy — ) P (€, — 1))

[1]=n,|2]<n,lb3]<n.|la|<n |€]|<n,|t;|<n, 5] <n )| <n
G-betlaba=002l (-t +0-l,=0,6,£0,

. 86(©) 86,(©) 86, () g1, (@) 84(@) 86,(©) 8¢, () 8¢, ()

d E)

(€1) (£2) (£3) (L4) (€7) (€5) (€5) () w<X+Y

where
2
’ {1
(B.16) (eIZeZV(l Sy )( ))
and
O 1

B.17) Y = Z V(€ —4£) (01)2(£2)2(€3)2(€4)2 .

L1—Lr+L3—L4=0

In the last step, we used Wick’s theorem and we used (5.8) to bound 1% < 1for Y. We now
estimate the expressions (B.16) and (B.17).
By (5.8), we have

1 1 2 log (€1) )2
(B.18) X =< (Z )2 ; (6 _52)5(52)2) S (; (KI)Z-:-G)

4y

Above, we used Lemma B.2 with § = € and M = p = 0 to estimate the sum in £5.
Furthermore, we have

1
B.19 Y = V(-1 —_—
(B9 51222 =) G PO NEAE
L3—Lyg=—L1+L2

111,132 £)? (52) (€ —£2)?

log (¢1)
<Z EXTE 61—62)2"2 0 <.

41,42
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Above, we used Lemma B.2 with § =2 and M = p = 0 to estimate the sum in {3, {4
and in £,. We also used (5.8). The boundedness claim now follows from (B.13), (B.14),
(B.15), (B.18), and (B.19). [
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