Time Evolution of Infinite Particle Systems

BY FRANCESCO GROTTO

The aim of these notes is to give a concise introduction to the theory of deterministic dynamics
of infinite interacting particle systems at equilibrium. We will see how existence and uniqueness
for time evolution of an infinite system of particles under Newton’s law can be proved for almost
every initial data with respect to physically relevant invariant measures. Physical intuition will be
essential, so we deem it necessary to begin with a (very short and elementary) introduction to the
basic concepts of statistical ensembles and equilibrium states. Such introduction, in the easy case
of finite systems presented in Section 1, will take place in Section 2, whereas the generalisation
to infinite volume and particles will be treated in Section 3. Section 4 will then concern existence
of time evolution of particle systems, Section 5 will collect statements of further results, such as
uniqueness and invariance of Gibbs’ measure.

1 Finite Particles in Finite Volume

Consider N point particles of unitary mass in R? evolving according to Newton’s law with force
given by a configurational pair potential ®. Their positions and momenta are denoted by

(q1,p1), ---(qn, pn) € REXY,

and they evolve according to the equations
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{ pi=F(q ):*Zﬁ&ivq)(%' — )"

We assume ®: R¢— IR to be a smooth radial function. The precise form of ®, that is the assumptions
one needs to make in order for the mathematical theory to work, is a crucial point. We might ask
for physically meaningful potentials, or aim to the greatest mathematical generality. However,
especially in the infinite case, we would encounter hard difficulties and even open problems. We
will thus limit ourselves to the simplest nontrivial cases.

Such systems are Hamiltonian, that is, their dynamics can be rewritten as
Gi=0p,H(q,p) 2
. ) p
{pi=—3qﬂ(q,p) 22 Ipif 2;

where the Hamiltonian H is equivalently called the energy of the system. Let us recall two funda-
mental features of this kind of systems.

Proposition 1. Let H: (RN — R be a smooth Hamiltonian. Global well-posedness holds for
Hamilton’s equations. If xy= (pt, q) is a solution, then we have

e (evolution of observables) if f: (RN =R is a smooth observable, its value f(z;) on
a trajectory of the system satisfies
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as a consequence the Hamiltonian H is an integral of motion, that is, it is constant along xy;

e (evolution of states) if p: (R™*H)N — R is a smooth nonnegative probability density, the
measure dp; = () gpdpdq = pidpdq on (RN is absolutely continuous and its density
satisfies

N
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as a consequence Lebesgue’s measure dpdq and every absolutely continuous measure f(H(q,
p))dqdp with integrable density f(H) are invariant.

It is natural to consider such finite systems of particles inside a fixed finite volume. In what follows,
we will do so treating two different models:

e Periodic boundary conditions: we replace the configuration space with the d-dimensional
torus T¢=R%/Z% so that the phase space is now its tangent bundle T¢ x R¢; Hamilton’s
equations do not change in their form, but they are to be considered as differential equations
on the (flat) manifold T¢ x R%

e Elastic boundary conditions: we fix a (smooth) domain D C R¢ for the positions ¢; and
impose that whenever a particle hits the boundary 0D it is elastically reflected towards the
interior of D, that is, the tangential part of its velocity changes sign.

The periodic model is easier, since it deals with an actual Hamiltonian system on a (flat) manifold,
and in this case it is quite straightforward to deduce again conservation of energy and Liouville’s
theorem. Let us devote the remainder of this section to the elastic reflection model.

One way to build the elastic boundary is to modify the Hamiltonian, defining

ﬁ(q,p):%z |pi|2+%z O(q;—g)+ Y 2(pi ) x(a: ¢ D).
5 i i

Formal differentiation promptly gives the desired reflection at the boundary; however, distribu-
tional derivatives are needed in order to give a precise meaning to Hamilton’s equations, thus we
prefer to avoid this strategy (which makes very difficult to obtain, for instance, Liouville’s theorem).

A somewhat less drastic modification of H is

1 1
He(q,p):§z |pi|2+§z ®(q; — ) +Z 9e(qs),
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where g. is a smooth function converging pointwise to +o0o - x(¢; ¢ D) as € — 0. The solution
(ge, pe) of the (classical) Hamilton’s equations will converge to the one with instantaneous elastic
reflections. Such limit clearly has discontinuous trajectories (of momenta), so it can not be a limit
in the topology of continuous functions, or even in Skorohod’s topology of cadlag functions (since
it is a limit of smooth functions, which are a nowhere dense closed set in such topology). The
limit might be taken only pointwise in time, or in some LP space. Again, we refrain from such
complicated considerations?.

What we will do is to consider the quotient phase space

Q=(DxR%)/~, (¢.p)~(d,p) & q=q €dD, (p,i)y=—(p'.n),

1. The two outlined approaches are often referred to by physicists modifying the Hamiltonian by adding the potential
term V(q) =400 x(q: ¢ D).



where 7 is the outward normal versor on dD. Indeed, () is a flat manifold just as in the periodic
case, so we get, as above, conservation of energy and Liouville’s theorem with no additional effort,
at least for the Hamiltonian dynamics on (2. Let us observe, though, that continuous trajectories on
) can be lifted uniquely to cadlag? trajectories on D x R?, and we thus recover the desired model.
Conservation of energy is now trivially preserved by the lifting, and so is Liouville’s theorem, since
the measures we consider give 0 mass to the boundary 0D x R%.

2 Gibbs Measures for Finite Particle Systems

The topics we are going to treat are very classical, and we thus refer to any basic text on Statistical
Mechanics for a proper introduction to the subject. Our presentation aims to be motivational, so
it will be tailored on a particular model, the Newtonian particles on the torus T. As in the last
section, we restrict to the case of smooth, compactly supported pair potential U.

The point of view of statistical mechanics is the following: when the number of particles IV is
large, on one hand the precise configuration (microstate) of the physical system is very difficult to
determine, on the other it is somewhat irrelevant if we aim to give a good description of the system
as a whole. Such a description will in fact depend on a small number of macroscopic observable
quantities, such as total energy, temperature, entropy and so on. The mathematical interpretation
of this idea is to associate to each choice of those relevant quantities a (probability) measure on
the phase space: such measures are called states of the system, and they are meant to “collect”
configurations with the specified macroscopic quantities.

A prominent role is played by equilibrium states. It beyond our scope to give a correct physical
definition of equilibrium here: what we will do in the remainder of the section is to derive mathe-
matically the invariant measures corresponding to equilibrium states from physical principles that
we take as granted. An equilibrium state describes the long-time behaviour of a system. As time
passes and the physical system evolves, the free energy

A=(E)-TS

will decrease towards its minimum, so an equilibrium state should be a measure minimising the
free energy.

Let us make this vague consideration more precise: we fix three macroscopic observables of the
system, namely the number of particles IV, the volume allowed for the particles’ positions V' and
the temperature T, or rather its inverse 5= % Temperature should be interpreted as an “average
energy”: in fact it is a quantity only defined at equilibrium.

In the definition of A above, FE is the internal energy of the system, and in our case it coincides
with the Hamiltonian H, the bracket denote average with respect the considered state and S is
the entropy with respect a reference measure, which we assume to be Lebesgue’s. In other terms,

Vpdpdq € Pr(Q) A(ﬂ)Zl2 H(p,q)p(p,q)dpdtﬁﬁl2 p(p, q)logp(p, q)dpdq,

where we denoted the phase space with Q= (T¢ x R%)V.

Proposition 2. (Variational Principle) Let N € N and 8> 0 be fized. There exists a unique
minimum my_ g for the functional A(p) among all the nonnegative probability densities p with
respect to Lebesgue’s measure: such measure is called the Gibbs’ measure relative to the Canonical
Ensemble, it is characterised by

A(my . g) =min A(p) =log Zn g,
P

2. The choice of right-continuous paths is arbitrary: what really matters is to choose uniquely the momentum at
boundary hitting times of the trajectory.



and it has the explicit form

dmy s(p, q) :%ﬁe_ﬁH(p’q)dpdq, ZN,B :Ae_BH(Ihq)dpdq.

)

The proof of the latter statement is a simple application of Jensen’s inequality. The name Canonical
Ensemble refers to the fact that we fixed N,V , T, while the name Gibbs’s measure to the specific
expression we found. Let us remark that such a characterisation of equilibrium measures is in
general difficult to obtain for more complex systems.

Remark 3. (Maxwellian distribution of momenta) Let us observe that, whatever the inter-
action potential U might be, under Gibbs’ measure the momenta p; of particles are independent
Gaussian variables with mean 0 and variance 8~/2.

The reader might wonder why we did not consider, and fix, the observable H (energy) instead of
the temperature (we would have obtained the so called Microcanonical Ensemble). The reason is
technical: even if less intuitive, the Canonical ensemble is easier to treat in terms of mathematics.
In fact, we are going to replace in an analogous fashion the observable N (number of particles)
with the chemical potential v or the activity z, taking the role of “average number of particles”,
thus defining the Grand Canonical Ensemble. This is going to be an important step towards a
good understanding of Gibbs’ measure for infinite particles.

Since we want to let N vary, we need to fix some additional notation. In the remainder of this
section, we consider the phase space

Q=[] (Tx RV~
N=0

where ~ denotes equivalence by permutations of the variables in the N-fold product. We take such
quotients to ensure that the particles are indistinguishable. This was not a problem when their
number was fixed, but in this new setting overcounting would cause a problem known as Gibbs’
paradoz, namely entropy would not be an extensive quantity. We refer the reader to the literature
about such problems. The Lebesgue’s measure on 2 is defined as

AN g L
di= @ dpNd gN = @ ~7dp1--dpydqi...dqy.

Remark 4. The latter expression should remind the reader that any function f € L} (X" /~) is
in fact a symmetric function on X%, and it holds

/XN/Nfdx:/XNfdﬁé:%/XNfdx.

For fixed 3, 4 >0, we define the Gibbs’ measure relative to the Grand Canonical Ensemble as

dmy,5(%) = Zl Be‘“H(@—“N(@)df, Zmﬂ:Ae_ﬂ(H(i)—HN(i))dj’
,

where N (&)= x(1dxre)~ /~(Z) and H(Z) is the Hamiltonian on (T¢ x RY)"N /~ if N(Z)=N. The
same variational principle of the Canonical Ensemble is satisfied, with the only difference that uN
should be subtracted to the internal energy.



Everything can be more conveniently expressed in terms of non-symmetrised variables and substi-
tuting z = eMP > 1,

dm, - Z_ e BHP:DgpNgoN Z, 5= ol —BH(p,0) g pNaN .
m,5() ZMJ@O NI P & NZ:0 N raxman ped

Remark 5. (Poisson distribution of N) In the limit case =0, it is easily observed that under
m;, g the number of particles N is a Poisson random variable of mean 1. The general case is more
complicated, let us only observe that in the free interaction case U =0 we have

and, as a consequence,

o0 N X\(z,8) AN gp? Br%
dm. s(x) = P WB)T'@%T) 2 e 2 dpy..e 2 dpy,
N=0 ’

thus N is Poisson with mean A(z, 3) and momenta are centred Gaussian variables of variance 5~1.

Exercise 1. (Gibbs’ measures for Gradient Diffusions) Consider, for suitably smooth and integrable
potential U: R*— R, the following SDE:

dX,=—VU(X)dt+ \/%dBt,

where B is a d-dimensional Brownian motion. Prove, by studying the associated Fokker-Planck equation,
that such diffusion process has a unique invariant measure mg = Ziefer(””)d:r7 that such measure satisfies a
B8

variational principle analogous to the one we stated above, and that the corresponding free energy functional
is a Lyapunov function for the Fokker-Planck equation, that is, it decreases along solutions of the equation.

3 Configuration Space for Infinite Particles

In order to study infinite particle systems, the first step is to clarify what is the phase space in
which we set the problem. Motivated by the above discussion, we expect momenta of particles
to have Maxwellian distributions, that is, to be independent Gaussian variables. We thus ignore
momenta in this section, and discuss only the configurational part of phase space. Overall, the
aim of this section is to provide the correct generalisation of Gibbs’ measures on the configuration
space for infinite particles; however we will not discuss whether our definitions can be motivated
by physical principles, such as the variational principles of Section 2 (which, by the way, is the case).

Let us begin by introducing the following set:

Q {locally finite sequences (¢;) C R4}

C = {discrete positive Radon measures on R4}
C MT(R?) = {positive Radon measures on R}.

We endow M*(IR%) with the vague topology (induced by the duality with C°(IR?)), and its subsets
Q, 0/ with the subspace topology. Let us emphasise that while Q' is a closed set in this topology,
Q is not. However, it can be shown that 2 with this topology is in fact a Polish space, that is, its
topology is induced by a distance which makes it complete (and it is separable). In what follows
we will sistematically identify configurations g € Q with measures on R? made of the (countable)
sums of Dirac’s deltas on the points g;.



Remark 6. The distance on  we just mentioned can be chosen as the following L2-Wasserstein-
like distance: for ¢, q’ €, we set

d(q,q’)=inf\//Iw—yl2ﬂq,q'(dfc,dy),

where the infimum is taken over all the locally finite sequences (g;, ¢/) C R? x R? (identified as
measures 7, - on the product R? x R?) with marginals ¢ and ¢.

The reader can check that a base for the topology on 2 is given by
Bumax={q€Q:q(K)=q(A)=m}, m €N, K Ceompact A Copen RY,
while the associated Borel o-algebra is generated by
Bpa={qeQq(A)=m}, m € N, A C R?bounded Borel set.

Let us set up some notation: for a fixed Borel subset A C (2,
Oa={qeQq(A) =0}~ | | AV/~,
N=0

where we denote by ~ the equivalence under permutation of variables,

A Q= Qp, WAq(A):qA(A):q(AOA),
falq)= f(maq), for f:Q— Rmeasurable,
pa=(ma)gp  for p Borel measure on Q.

To describe measures on {2, which is a matter of paramount importance for us, we need to resort
to conditional distribution on bounded regions of RY. Making our treatment precise will require
some facts about conditional probabilities which we recall in the forthcoming Remark.

Remark 7. Let (Q, F,P) a probability space, (T, T) and (S,S) measurable spaces. A probability
kernel from T to S is a map p: T x S — R* which is T-measurable in T and a probability measure
on (S,8) foreach teT. If £&:Q— S and n: Q— T are random variables, £ has a regular conditional
distribution with respect to 7 if there exists a probability kernel p from 7" to S such that

p(n, B) =P(§ € Bln) =E[xs(§)|o(n)].

If S, T are regular enough (say Polish spaces), conditional distributions always have regular
versions.

The following proposition will allow us to build measures on € starting from systems of conditional
distributions on bounded regions, provided they are consistent in the sense we are going to specify.

Proposition 8. Given m a probability measure (a nonnegative Borel measure of total mass 1) on
Q, there exists reqular conditional distributions

IIa(gae, A) =m(q € Algae),

where A is any bounded Borel set of R?, A a Borel set of Q, and q, g are to be understood as
random variables under m. Moreover, 11, satisfy the compatibility relations

o IIZ(, ANA)=xa()HTA(-,A) for all A€ B(Q) and A’ € B(Qxe),



o IIn(q,A)= [TIx(¢’, A)a(q,dq’) for all AC A’ CR? bounded Borel sets.

Conversely, given a system of probability kernels 115 from Qac to Q satisfying the relations abowve,
there exists a (possibly non unique) measure m which has them as conditional distributions on
bounded regions.

Remark 9. The first part of the statement is a simple consequence of the facts we recalled above
on conditional probabilities, thanks to the fact that g: Q2 — Q (the identity) and gae: 2 — Qe are
random variables on Polish spaces. As for the second part, we want to point out that uniqueness of
the measure built from a system of conditional distribution is quite a subtle matter. In particular,
non-uniqueness might occur in the case of equilibrium (Gibbs) measures, a fact which is related to
the physical phenomenon of phase transitions.

Remark 10. As a consequence of the first compatibility relation,
A(qae, A) =TIa(gac, AN Ape) = xaxe(qas)a(gac, An),
where we used the notation (valid only inside this remark)
Apr={qeQ|3¢ € Aimaqg=7rq'},

the analogous holding for Aje. In particular without loss of generality we can consider II, as
a measure on )y ~ |_|§VC:0 AN / ~. Indeed, the intuitive understanding of I as the law of mrq
conditioned to a given mcq is now a formal statement.

As a first example (and in order to provide a “uniform” reference measure on ), we define the
Poisson-Lebesgue measure, which is in a sense the simplest possible measure on 2. In the light of
the latter remark, we directly write IIp as a measure on {04, in fact Lebesgue’s measure, and we
take it independent of gje:
O o IAAIN
e
MA(gas, dga) = Y %dq?mdq%,
N=0

(where we denoted by dg the Lebesgue’s measure on A normalised to be a probability measure).
We will denote with m the Poisson-Lebesgue measure on €2, and with m, the measure built in the
same way but starting from Lebesgue’s measure on A multiplied by z > 0.

In the terms of the remark above, the conditional distribution II gives to mpq the following law:
independently of the distribution of macq, the number of particles is chosen with a Poisson random
variable of mean |A[, then the positions of the N particles are chosen independently (of mpcq, N
and of each other) with law d¢®. When considering m., the only change is in the Poisson variables
mean, which becomes z|A|.

The following important facts on the Poisson-Lebesgue measures are left to the reader as exercises:
indeed, they are just facts about sequences of independent Poisson variables.

Exercise 2. (Moment Generating Function) For any f € C2°(R%), it holds
E’”[exp/ f(x)dq(a:)} :exp/ (ef®) —1)da.
R4 R¢

Exercise 3. In dimension d=1, it holds

a(fn,n+ 1)) _0):17

li =
m( nnsup logn /loglogn

n— 00

which gives an upper bound (which is unfortunately not sharp) on the growth of local densities. (Hint: use
Stirling’s formula).



Exercise 4. Let A=|A|, then for N > A, uniformly in the A’s with same measure,

)

- N
m(a(8)> N) < )

which, for instance, gives a uniform bound on the mean number of particles in unitary cubes. (Hint: use the
exponential Chebichev’s inequality).

We can now define Gibbs’ measures on €2 using the Poisson-Lebesgue measure as a reference. Let
us fix parameters 3 >0 and z > 1, and consider the local energy on a bounded borel set A C R¢,

1
ExQ=R,  Eng)=3 Yo Ulaa)+ Y. Ulaay),
qi,q; €A GiEN, g EA

where U is a pair potential on which we need to make (as in the finite case) some assumptions.

We will consider U(z, y) = U(|x — y|) given by a smooth, compactly supported, radial function.
We then define conditional distributions as

1 _ . /
IA(gae, A) = xZg<oo(ch)A—/ xa(qae +maq) e PENar T (dg'),
’ Z3(qae) Jo
where the partition function is given by

Zé\(ch):/e*BEA(QAc+7rAq/)mZ(dq/).
Q

Exercise 5. Check that the IT5 thus defined satisfy the compatibility relations.

A measure having these conditional distributions, which we denote by m. g, is called a Grand
Canonical Gibbs’ measure. As we have already said, it might not be unique. It is possible, but very
difficult, to prove uniqueness for z small (that is, smaller than a constant depending on § and the
particular U we chose).

Remark 11. If we choose U =0, we get again (independently of ) the Poisson-Lebesgue measure,
so our notation m for both measures but with different subscripts is in this sense coherent.

Proposition 12. (Ruelle’s probability bounds) Let U be a pair potential satisfying:

e Superstability: the potential can be written as a sum U =U’+ U", where U’ is such that
there exists B >0 such that for any finite configuration qi...qm it holds

1 m
5 > Ullgi—qj)>—mB,
i,j=0

(U’ is stable) and U" is a positive continuous function such that U"(0) >0;

e Lower regularity: there erists a positive decreasing function u:[0,00) — R™ such that

U(z) > —u(|z|)Vr€R? and / t4=Lu(t)dt < .
0

Let { Q4 }reza is the partition of unitary lattice cubes of R? indexed by their bottom-left vertex, then

39>0,d>0 VEeZ? m, p(q(Qr)>n) <exp(—gn?+dn).



Note that such estimate is quite stronger than the one we got for the Poisson-Lebesgue measure
in the exercise above.

Remark 13. We observe that the zero potential U = 0 is stable but not superstable, and it is
thus ruled out by our hypothesis. We refer to the original work of Ruelle for a thorough derivation
of the result and deeper analysis of the hypothesis above. For the sake of simplicity, our reader
should think of a potential shaped like X{,.Sl}e(l_"er, even if this is far from the most general
assumptions we might make.

In fact, the above estimate is the only thing we will use in dealing with Gibbs’ measures on 2,
so one might as well try and restrict the discussion of Newton’s equations to a certain set of
initial data satisfying an upper bound on particle densities at infinity derived by Ruelle’s bound,
ultimately ignoring all the complications of there measures. However, aside from the motivational
purpose, we have decided to introduce Gibbs’ measures, even if in a way which is all but lacking of
formal completeness, because they will play an important role in at least two different ways. The
first, as we just mentioned, is to determine a full measure subset of ) of “good” initial data for the
dynamics. The second is the fact that they will be left invariant by the dynamics, thus providing
the estimates needed for a global (in time) well-posedness result. All of this will be the content of
the next Section.

Exercise 6. Let mg be a Gibbs’ measure (with intensity z = 1) associated to a potential satisfying Ruelle’s
hypothesis. Then, independently of g,

2(Qx)
m Sup —————< 0
ﬁ(kezd Vl1oglk| V1 >

Exercise 7. Include in the definition of Gibbs’ measures Maxwellian momenta for the particles. More precisely:

define the phase space for infinite particles in R¢ (still called 2) including both the configurational part discussed
above, that is the sequences (g;), and coordinates for momenta, that is a sequence (p;) C RY. A Gibbs’ measure
with parameters z, 8 on the new space should give to the configuration g the same law of the ones we just built,
and make the momenta p; centred independent Gaussian variables of variance 371 (independent also of q).

From now on, we will denote by ) the phase space for positions and momenta described in the
latter exercise, and by mg a Gibbs’ measure on such space. We will set z=1 to lighten notation.

4 Existence of Infinite Particles Dynamics

The aim of this section is the following: given an initial datum (po, ¢o) belonging to a full-measure
subset of 2 with respect to a Gibbs measure mg, we will prove the existence of solutions to the
infinite set of differential equations

Qi:pi
Pi==2;4,VU(¢ — @) (1)
¢i(0) = qo,i,  Pi(0) = po,s,

(the indices ¢ denoting an arbitrary enumeration of the particles in the initial datum). Such
solutions will define a measure preserving flow on (€2, mg).

In order to carry out our program, we need a good set of approximate solutions, in the sense that
they should be easy to treat mathematically, and some good a priori estimates, in the sense that
they should provide compactness of our approximants.

We will use as approximated solutions the following well-posed dynamics. Let R > 0, and denote
by B the ball of R¢ centred in the origin with radius R. We will denote by (pF, ¢f*) the evolution
of (po, go) given by:

1. particles outside Bp (that is, particles with ¢; ¢ Bg) remain still: ¢; = p; =0;



2. particles inside Bpr evolve according to our system of equations but are elastically reflected
by the boundary (as in the first section).

Proposition 14. The expression T;%(po, qo) = (pf, ¢F) defines a semigroup of measurable mappings
T Q — Q which preserve any Gibbs’ measure mg (independently of B).

Proof. Thanks to the results of the first section, it is readily checked that for any fixed R, T;f*
does preserve the conditional probabilities ITx. Indeed, since it acts as identity on the I, with A
disjoint from Bp, by the compatibility relations one reduces himself to check that IIz, is preserved.
However, Ilg,, is the grand canonical Gibbs’ measures on Br with elastic boundary, up to adding
to the Hamiltonian the interaction with the fixed part of the configuration outside Bpg, which is
not touched by T;*. Thus, the evolution is in fact the Newtonian evolution of particles inside Bg
with reflecting boundary under a given (constant in time) external force, so Liouville’s theorem
applies and the proof is concluded. O

Remark 15. To be precise, checking only the conditional distributions, we are implicitly assuming
uniqueness of the Gibbs’ measure. Since this might not be true, either one assumes it, or instead
he says that T;* maps a Gibbs’ measure to another with same potential and temperature. To fix
ideas, our reader should assume uniqueness.

Let us turn to the estimates. The key quantity to estimate is the desplacement of positions ¢; in a
finite interval of time, since increments of momenta depend only on such displacement because of
the Newtonian nature of our problem. We begin with a small but significative computation: from
now on we denote

logx =log|z| V1 vz e R

Lemma 16. For any b > 0 there exists a constant M(b) > 0 such that any f € C*([0, T], R9)
satisfying

T
/0 Tog: ()" =°

also satisfies

|F(T) = £(0)] < M (b)log| f(0)].

Proof. It is clear that for any such f it holds

|F(T) = F(O)[ <b-Tog | f oo

so we only need to control log|| f||ec in terms of log| f(0)|. By triangular inequality the line above
implies that

[ flloo = b-log[| flloc <[ £(0)],

. . 1 Do .
hence, setting ¢(b) = min, > T ogtT (which is always a positive number as the reader can
= +

r — blog4r)
check), we get i

log.e |/ lsc
Tog.| 7(0)] =)

and this, together with the above inequality, concludes the proof with M (b) =b-¢(b). O

10



Before we state and prove the announced a priori estimates, let us introduce some useful quantities,
the mere definition of which should motivate the computation we just carried out. We set, for

(r, @) ={(pi, i)icr } €9,

il
B(p,q) = Sup|—,
( ) iel 10§+qi
~ Bx(p, q) 5
B(p, = sup —122 Bi(p, ¢) = max |p;,
P.9) kegd logk (pq) G EQk [Pl
_ 1 [ dt
B(po, q0) = P B(Ti(po, %))Wa

where the Q’s are the usual partition in lattice cubes of R? and T} is a measurable mapping of 2
into itself (which will be specified case by case). We might have defined B simply integrating on a
bounded interval of time, avoiding the necessity of the weight (1+4¢2)~! (the constant 7! is there to
normalise the integral). We choose this definition in order to easily treat global (in time) existence.

Proposition 17. (A priori estimates) Let T;: Q) — Q be a semigroup of measurable mappings
preserving mg defined by a time evolution t— {(pi +, qi.t)icr} such that

Viel,teR.

d
‘%%,t <|pi el

It holds E™?[B] = E™5[B] < oo, the value of the integral being independent of the particular
evolution T; we chose. Moreover, on the full-measure set Q={B < oo} (with respect to mg), which
s also independent of T,

|qit — qijol < M(m(1+7%)B(po, go))logqio  Viel,|t|<T,

where M (-) is the constant of the lemma above.

Remark 18. We can not stress enough that the constants in the estimate we provide are

e uniform in 7}, so that they can be applied to the whole set of approximations in order to
obtain compactness;

e depending on the initial data (po, go), thus we will not be able to treat simultaneously the
set of good initial data, or in fact any set of initial data of positive measure. We will come
back later on this.

Proof. Note that, up to a universal constant, 0< B(p, q¢) < B(p, ¢), so we can check the integrability
of B to obtain the one of B. In other words, we reduce ourselves to control particles inside the
cubes Q, and thanks to Ruelle’s estimates we are exceedingly efficient at it. By conditioning, and
since momenta have Gaussian distributions, we first bound

ma(q(Qr) =n)ms(Bi(p, q) > Alq(Qr)=n)

hE

mp(Bi(p,q) > A) =
0

S ma(a(Qe) =n) -nCe=C'4* = CeC A E™[q(Qy)]

n=0

1T A2
< Ce 94

2

IN

where C' and C’ are positive constants (depending on (), and the last passage is due to the fact
that by Ruelle’s bounds E"#[¢(Qy)] is bounded uniformly in k (we renamed the constant C' in the
last step). Hence,

mp(B(p, q) > A) = Z ma(Bi(p, q) > Alog. k) SCZ ¢~ C"A%(l0g k)?
kezs kezd
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which is actually more than we need. Once we have established integrability of B, since by assump-
tion T; preserves mg,

- 1 [ dt 1 (> dt
mp — ™8| — | == . _.[EmsB — ™8
E™5(B]=E [W/ BoTt1+t2} W[m1+t2 E™5(B] =E™#[B],

— 00

thus concluding the proof. O

Exercise 8. Explicit the missing detail of the integrability of B integrating in A the estimate we got above.

The reader will notice that the approximants we described above fit the hypothesis of our estimates.
Indeed, we are ready to pass to the limit and obtain the promised existence result. In what follows,
analogously to B above,

_ 1 [ n dt
BR(pOa QO) = ; B(ﬂ (pOa (JO)) 1+ 2
—0o0

Boo(po, qo) = liminf Br(po, qo)-
R— o0

By Fatou’s lemma (and integrability of Br) we have that B, is integrable, in particular the set
Qoo = {Boo <00} CQ is of full measure.

Proposition 19. Let (po, qo) € Qoo, then there exists a solution, global in time, of

Qi:pi
¢i(0) = qo,i,  pi(0) = po,i.

Proof. By assumption, there exists a constant b > 0 and a sequence RyToc such that Br,(po,
go) <b, and thus by the a priori estimates,

a1 — qiol S M(m(1+ 7%)Bp (Po; @0))logsqio  Viel,|t| <.
Let us now fix ¢ € I and 7 > 0, and denote M = M (w(1 + TQ)BRN(po, qo0)). We can choose N
(depending on i, 7) such that the i-th particle does not hit the boundary of By, in the time interval
[—7, 7], imposing

Ry > |qi ol +Mlogyqi o

(this is a direct consequence of the estimate above). Moreover, if L is the diameter of the support
of U, the a priori estimate also gives us that the j-th particle interacts with the i-th one at some
moment in the time interval [—7, 7] if and only if

lg;.0l — Mlogyq;.0<]|qiol +Mlogygio+ L.

As a consequence, there can be only a finite number of particles which interact with the i-th in
the time interval [—7, 7], say n, and this number does not depend on N. We thus bound

i1 <n VU]

(using in an essential way the smoothness hypothesis on U). Let us stress that this last estimate
holds for any i € N, 7 >0 fixed, uniformly in N (big enough) and |t| <T.

12



Ascoli-Arzela Theorem now ensures (up to subsequences) the uniform convergence of pf{;’ on

[-7, 7], but in fact a diagonal argument provides convergence on compact subsets of R. Since
Qfgv = pf{f , the same convergence takes place also for qf{v .

Identification of the limit is now a simple exercise: for a given time ¢ there exists N big enough
such that

t
G = a0+ [ypiyds
R t R R
Dit =Di0o— fOZ#iVU(qj,LY - q,t-,;\’)ds,

)

that is, the i-th particle satisfies Newton’s equations without reflections. Since in [0, ¢] the i-th
particle interacts with finitely many other particles (whose number does not depend on N as noted
above), and thus as N — co not only ¢; ; but also all the ¢; ; interacting with it converge uniformly,
then the above equations pass to the limit (smoothness of U has to be used again here). This
argument can be repeated for all particles and all bounded time integrals. O

5 Remarks on Uniqueness and Stationarity

The final result of the previous section leaves of course many questions open. Let us list some of
them: we will answer below with a few precise statements that, however, we will not prove here.

e In the existence theorem there is no measure theory, and the construction is adapted to a
single phase space point (pg, qo). Is there a way to work simultaneously with (almost all)
points, or even with a positive measure set of them?

e The latter question is clearly related to this one: can we pass to the limit the invariance
result for Gibbs’ measures we proved for T;%?

e Is it possible to remove some of the hypothesis on U, especially the ones which are not
needed for Ruelle’s bounds to hold? (Non compact support and presence of singularities are
ubiquitous phenomena in physically relevant potentials).

e Does uniqueness of the solution hold for the initial data we chose? Does uniqueness hold for
any initial data at all? Does this question require even more hypothesis on U to be answered?

The theory developed since the works of Lanford by Dobrushin, Fritz et cetera, answers to many
of these questions. Here are some facts already known to Lanford.

Proposition 20. (Uniqueness) Under the above hypothesis on U, there exists at most one
solution of Newton’s equations on [0, 7] for initial data satisfying

q(Qk)

SUp —F——=< X0
kezd \/logik ’

among those solutions for which

sup Sup|qz',t—qz‘,0| <

Q0.
tefo,7] i€l loggi.0

The hypothesis on the initial data does not really concerns us, since we have proved it to hold for
almost every configuration with respect to Gibbs’ measure. The second, however, does, since there
might be “singular” solutions of the equations (with particles moving quite far from their starting
position) not covered by our hypothesis. In fact, we have a sort of “conditional” uniqueness result.
We will be reassured about this below, but first let us turn to the issue of “non-uniformity” of the
passage to the limit in the existence result.
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Proposition 21. Fiz e,r,7>0. There exists R such that for R > R,
@ =il <e Vi fgiol<r, ft<T,

the latter holding for all (po, qo) of mg measure at least 1 — e (where g; ; without superscripts denotes
the limiting solution).

Corollary 22. The approzimant flows TF converge in measure (both in space with respect to Gibbs’
measure and on compact time intervals) to a limit Ty which is thus jointly measurable in time and
space, a semigroup of mappings and preserves Gibbs’ measure for each fized t.

Turning back to uniqueness, what happens is that even if there exist multiple anomalous solutions
which are not covered by our uniqueness result, they can not be pieced together to form a measure
preserving flow.

Proposition 23. Let S; be a flow of Newton’s equations® preserving a Gibbs’ measure mg, then
(for any fized t) S; and T;, the latter being defined by the solution we built in the existence result,
must coincide almost surely with respect to mg.

3. That is, a semigroup of measurable mappings of 2 into itself preserving mg induced by a solution of the usual
infinite system of equations.
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