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Abstract. Given the existence of a solution {f(t,x,2)}+>0 of the Boltz-
mann equation for hard spheres, we introduce a stochastic differential
equation driven by a Poisson random measure that depends on the den-
sities {f(¢,z, 2)}+>0. The marginal distributions of its solution solve a
linearized Boltzmann equation in the weak form. Further, if the distribu-
tions admit a probability density, we establish, under suitable conditions,
that the density at each ¢ coincides with the solution of the Boltzmann
equation f(¢,x,z). The stochastic process is therefore called the Boltz-
mann process.
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1 Introduction

The Boltzmann equation describes the time evolution of the density of
molecules in a dilute (or rarified) gas for a given initial distribution. Each
molecule (or particle) moves in a straight line without any external forces
acting on it until it collides with another particle and gets deflected. The
Boltzmann equation forms the basis for the kinetic theory of gases [6].
The Boltzmann equation has the general form

0

a—{(t,x,z)—i—z-vxf(t,x,z):C(f,f)(t,x,z), (1.1)
where f is a probability density function that depends on time ¢ > 0, the
space (location) variable x € R?, and velocity, z € R®. The function C is
a certain quadratic form in f, called collision operator (or integral).

Set E := (0, 7] x [0,27). Then C can be written in the general form

C(f, Nt 2, 2) :/{f(t,x,Z*)f(t,:v,v*)*f(t,:c,Z)f(t,x,v)}B(z,dv,d(?)dsb-

R3 X =

(1.2)
The dynamics of collisions are encoded in the collision kernel B(z, dv, df).
Each v € R? in (1.2) denotes the velocity of an incoming particle which
may hit, at the fixed location = € R3, particles whose velocity is z. Let
z* € R3 and v* € R? denote the resulting outgoing (post-collision) ve-
locities corresponding to the incoming (pre-collision) velocities z and v
respectively. The angle 6 € (0, 7] denotes the azimuthal or colatitude an-
gle of the deflected velocity, v*, and ¢ € [0, 27) measures the longitude of
v*.
In the Boltzmann equation, the collisions are assumed to be elastic and
hence, conservation of momentum and kinetic energy hold, i.e. considering
particles of mass m = 1, the following equalities hold:

v =240 (1.3)
|22+ o' P = |2 + o] '
In fact,
2 =z+ (n,v—2)n
{ ot (1.4
v =v—(n,v—2z)n
where
X —z

where (-, ) denotes the scalar product, and | - |, the Euclidean norm in R3.
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Remark 1.1. The Jacobian of the transformation (1.4) is 1 in magnitude,
and (z*)* = z since the collision dynamics are reversible.

The outgoing velocity z* is then uniquely determined in terms of the co-
latitude angle § € (0, 7] measured from the center, and longitude angle
¢ € [0,2m) of the deflection vector n in a sphere with north-pole z and
south-pole v centered at % (and with radius determined by the con-
served kinetic energy) which are used in equation (1.1) and (1.2) (see e.g.
the article by H. Tanaka [19] for futher details). It follows

(v—z,n) = |v—z|cos(g - g) = |v—z|sin(g), (1.6)

where 6 is the angle between v — z and v* — 2*, and § —
between n and v — z. In polar coordinates we obtain

9

5 is the angle

(v—2z,n)dn = |v— 2| sin(g) cos(g)dﬁdq’) (1.7)

Figure 1.1 below visualizes the deflection vector and its angles men-
tioned above.

Figure 1.1: Parameterization of collisions
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The collision measure B(z,dv, df) appearing in (1.2) has then the form
.0 0
B(z,dv,df) = |v — z| sm(§) cos(i)dt?dv. (1.8)

(1.1) with (1.8) is then the "Boltzmann equation with hard spheres”, pro-
posed by Ludwig Eduard Boltzmann. In further modifications of the
Boltzmann model the collision measure B(z,dv,df) is a o-additive pos-
itive measure defined on the Borel o-field B(R?) x B((0,7]), depending
(Lebesgue) measurably on z € R3. The form of B depends on the version
of Boltzmann equation one has in mind (see e.g. [20]). In general, one sets

B(z,dv,df) = o(jv — z|)dvQ(db) (1.9)

where o, known as velocity cross-section, is a positive function on RT, and
Q is a o-finite measure on B((0,7]). If Q is a finite measure, it is called
the cut-off case.

To write (1.1), (1.2) in its weak form (in the functional analytic sense), we
need a result by Tanaka (cf. [18], Appendix):

Proposition 1.2. Let ¥(u,v,y, z) € Co(R2), as a function of u,v,y, z €
R3. For each 0 € (0, 7] fized

/ w(u,v,u*,v*)dgbdudv:/ Y(u*,v*, u,v)dédudv (1.10)
RS x [0,27)

RS % [0,27)
Consider the Boltzmann equation (1.1) with collision operator (1.2). Mul-
tiply (1.1) by a function 1 (of (z,z) € R®) belonging to C}(RS), and

integrate with respect to x and z, using integration by parts, we arrive at
the weak formulation of the Boltzmann equation:

(@) (b0, )dede — [ F(t,2,2) (2, Vo, 2))duds
o ot o
= / f(t,z,2)Liy(x, z)dedz (1.11)
]RG
for all t € RT with
Lyt = [ {0(@, 2%) = ¥(@, 2)} £ (t,,0) Bz, dv, d0)d,
R3 % (0,7]%x[0,27)

where B is as in (1.9).

We will introduce in Section 2 the McKean -Vlasov type Stochastic Differ-
ential Equation (SDE) (2.1) and prove that the distribution of its solution



On the construction and identification of Boltzmann processes 5

satisfies the Boltzmann equation in its weak form. In other words, we
construct in Theorem 2.1 the SDE which has its associated Kolmogorov
equation as the Boltzmann equation (1.11). We call its solutions "Boltz-
mann processes’. Under some suitable regularity conditions on the dis-
tributions, in Section 3 we get the existence of the solutions of (2.1) for
the hard sphere case treated by Boltzmann, however in the non -cutoff
case. To obtain this result we first assume the existence of a solution of
the Boltzmann equation, using which the desired Markov process is con-
structed. This ingenious suggestion was given to us by Professor Presutti.
An alternate way to overcome this obstacle was proposed and studied by
us in relation to the Boltzmann-Enskog equation [2]. For hard and soft
potentials, solvability and uniqueness of the Boltzmann-Enskog equation
were carried out in subsequent works [12] and [13]. Indeed, there is a vast
literature on various aspects of Boltzmann equation or Boltzmann type
equations as well as their stochastic interpretation and we refer the reader
to 7], [9], [11],[10], [16] [18, 19], [20], and the references therein. To our
knowledge this is the first article which constructs the SDE which has its
associated Kolmogorov equation as the Boltzmann equation itself. How-
ever, it is well known, that long time ago Tanaka [18], [19] constructed
the SDE associated to the spatial homogeneous Boltzmann equation. The
McKean Vlasov type SDE (2.1) associated to the Boltzmann equation
(1.11) is constructed here in Section 2 for the non -cutoff case for hard
sphere, as well as for Maxwell molecules, or soft and hard potentials. The
existence of its solutions is obtained here for the non-cutoff case for hard
spheres with o(|z — v|)= |z — v|.

The solution of (2.1) is obtained by first proving in Theorem 3.2 the exis-
tence of the solution of (3.2), depending on the solution {f(t,x, 2) }+cjo,7]
of the Boltzmann equation (1.1), and then assuming that its solution has
time-marginal densities for all ¢ € [0,T]]. In Theorem 3.4 it is proven
that the density marginals of (3.2) coincide with {f(t,,2)}ie0,1)- We
therefore conclude in Theorem 3.5 that equation (3.2) coincides with the
McKean Vlasov SDE (2.1) and the stochastic process that solves it is a
Boltzmann process with density {f(t,, z)}+co,7]), since the latter family
of densities solve the Boltzmann equation (1.1).

Definition 1.3. A collection of densities { f (¢, z, z}1eo,7], with z, 2z € R?,
is a strong (resp. weak) solution of the Boltzmann equation in [0, 7] if for
any ¢ € [0, 7] it solves (1.1) (resp. (1.11)).

We denote by D := D([0, 7], R3) the space of all right continuous func-
tions with left limits on [0, 7] taking values in R3, and equipped with the
topology induced by the Skorohod metric.

Definition 1.4. A stochastic process (X, Zs)sejo,7] With values in D x D,
and with their time-marginal probability densities denoted by f(¢,x, z) at
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each t € [0, 7], is called a "Boltzmann process" if f(t,z, z) solve equation
(1.11) for all t € [0, T].

We remark that the infinitesimal generator of a Boltzmann process is
given by (z,V,)+ Ly. Costantini and Marra (8] analyzed hydrodynamical
limits of a process given by a the drift term involving (z,V,) and Ly in
addition to a martingale.

We use the following notation R). := {t € R : ¢t > 0}. In this article we
assume the following hypothesis.

Hypotheses A:

A1l. The measure @ on [0,7) is finite outside any neighbourhood of 0,
and for all € > 0, it satisfies

/EGQ(dG) < o0.

0
A2. The function o : RY — R} (entering (1.9)) is given by o(z) := ¢27,
with ¢ > 0, v € (-1, 1] fixed.

The case of v = 1 corresponds to hard-sphere interaction, and v = 0
refers to Maxwellian molecules. When v € (—1,0), we are in the realm
of molecules with soft potentials while v € (0, 1) corresponds to molecules
with hard potentials.

There are many useful consequences of A1l. Let us set

a(z,v,0,¢) := (n,(v—2))n (1.12)

Define é(z,v,0,¢) = a(z,v,0,¢)o(|z — v]). Condition Al implies that
there exists a constant C' such that the following estimates hold.

/_ |6z, v,0,8)|Q(d)dp < C|z —v|' T, (1.13)
and hence
/_ |a(2,0,0,0)|Q(d0)dp < C(|2"*7 + [v['+7). (1.14)

Moreover, the following parameter transformation was introduced for each

z # v in [18] (see also [9], Section 3, or [11]).

1 — cos(6)
2

:sinz(g)(v—z)—&-SiLQ(e)F(v—z,qb) (1.15)

a(z,v,0,0) = (v—12)+ MF(U —2,0)
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for all ¢ € [0,27), where
T(v—2z,¢)=1(v—2z)cos(¢p) + J(v — z) sin(¢)

and X== I(v—z) J(w—=z)

form an orthogonal basis and hence are defined
[v=z]’ fv—z] " Jv—2z]

through Figure 1, where IZ:; appears. It follows in particular that
2m
/ I'(v—2z,¢)d¢p=0. (1.16)
0

In order to study solutions to the Boltzmann equation it is feasible to
study continuity properties of (v —v,n)n in u,v for fixed 0, ¢. However, it
was already pointed out by Tanaka that (u,v) — (u — v,n)n cannot be
smooth. To overcome this problem Tanaka introduced in Lemma 3.1 of [1§]
another transformation of parameters, which describes a rotation around
the longitude angle, is bijective and has Jacobian 1. As a consequence of
this transformation ¢g, he proved the following Lemma 1.5.

Lemma 1.5. (¢f. [18], [11]) There exists a measurable function ¢ :
R'2 — (0,27] such that

IT(v—2,0) =T =2, ¢+ ¢o(z,v,2",0"))| <3|z —v— (2" = )] (1.17)
and hence
la(z,v,0,0) —a(z' v, 0,0+ po(z,v, 2", 0")| < 20(|z— 2|+ |v—2"]) (1.18)

and
la(z, 0,0, ¢)] < 20(]2] + [v]) (1.19)

Moreover by using the estimate (1.17), the following inequality is ob-
tained (cf. [11], Section 3):

™
J
where by an abuse of notation we use the same symbol C > 0 in (1.14)
and (1.20), even though the constants are different.

27
/ a(z,0,0,¢) — a(2',0',0,9)dg| Q(df) < C(|z = 2| + v —v']), (1.20)
0

Let {f(t,7,2)}cry be a collection of densities on (R3xR3, B(R3 xR3)).
Let us introduce the operator C(f, f)(-) defined through the right side of
equation (1.11)

Ci(f, ) == /]RG f(t,z,2)Lyyp(x, 2)dedz (1.21)
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It is easy to verify that
Clf, /)W) =0 for (z,2)=a+(bz)+clz (1.22)

Va,c€,be R3. (For a rigorous proof see Chapter I1.7 [5] or [7], [4].)
The integral form of equation (1.11) corresponds to

Yo, 2) f(t,a, 2)dedz = | (e, 2) (0,2, 2)dads
R6 R6

+/ F(t 2, 2){(5, Vath(w, 2)) + Lytb(w, 2)dadeds,  (1.23)
0 R6

It is worthwhile to note that if a second collection of probability den-
sities {g(t, ,2)}rero on (R3 x R3, B(R? x R3)) is given, then

CHL9W) =0 for p(@z)=a+(b2)+cz*  (1.24)
Va,c €,b € R3 with the operator C7 defined through
C(£,9)() = Cu(f,9)() +Celg, 1)) (1.25)
with

Ci(f,9)(W) = /RG g(t,x, 2)Lyy(z, z)dxdz. (1.26)

The following Povzner type inequality is essentially contained in [16,
Lemma 3.6]. (See also [7], Theorem 6.2.1 and Appendix B of Chapter 6
for p > 2 and references there.)

Lemma 1.6. For all 0 € (0,7], p>2 and v € (0,1],

2m
/O ({z +a(z,v,0,0))* + (v — a(z,0,0,9))* — (2)* — (v)*") d¢

S
w4
-

sin’(0) g
((0)* + (2)*) + Cy sin®(6) (0) " (22728 4 ()P 724(2)?F) |

2

e
Il
=

where (v) = (1+ |[v|?)2, |x] € Z is defined by |z| < z < |z| + 1 and
Cp > 0 is some constant.

Using conservation laws and Lemma 1.6, it can be proven that if
{f(t,z,u)}1ep0,r) is a weak solution of the Boltzmann equation in [0, 77,
with initial finite second moment, i.e. [pq[2[*f(0, 2, z)dzdz < oo, then for
allp>1

/ |2|Pf(t,x, z)dzdz < o0Vt € [0,T]. (1.27)
R6
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For a proof we refer the reader to [16, Theorem 3.6].

Let {u(dz, dz)}teRi be a collection of probabilities on (R? xR?, B(R3 x
R?)). Let us define the operator

G = [ it 2 (do.do) (1.28)

acting on all 9 for which the integral on the right side is finite.

Lemma 1.7.

Ce(f,m)(|2*) = / ([o* = |2[*)o (|2 = v]) SinQ(g)Q(de)dﬁbf(t,Lv)dwt(d% dz).

o (1.29)
Proof.
Gl e) = [ LplePuelde. dz) (1.30)
= [ B = P)a(lz = o) QUas)abs (e v)dvyu(da, ).
Moreover,
ATAOIER

= /RQXE@Z*F P = 2P = (oo (|2 = v))QAD)def (¢, x, v)dup(de, d=)
_ /RQXE(IU*P — o) (|12 — v))QUdB)AG £ (t, x,v)dvps (da, d)
= [ = oot — oD@t e ), (131)
where in the last equality we used that the kinetic energy is conserved

during the elastic collision, see (1.3).
Combining equation (1.30) and (1.31), we obtain

Ce(f, m)(121%)

x o(|z —v))Q(dO)do f (¢, z,v)dvu:(dx, dz)

= /]R (z4+v,a)o(|z —v|)Q(dO)do f(t, x,v)dvu(de, dz), (1.32)
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Using the parametrization (1.15) for & = a(z,v, 0, ¢) and (1.16) we obtain

Ce(f,m)(121%)
= +/ (z+v,v—2) sin2(g)cr(|z —v])Q(dO)dof(t,x,v)dvu(dx, dz)
RY x

= [ (e = ) si (G)o(l: = D Q)deS 1. v)dope(d, d2)

O

The plan of this article is the following: In Section 2, given a family
of densities { f(t,, z) }+e[o,1) satisfying few regularity conditions stated in
conditions Bg - Bgs, we construct the McKean -Vlasov type Stochastic
Differential Equation (SDE) (2.1) and prove in Theorem 2.1 that, if its
solution (X, Z.) exists, its density time marginals { f(t, z, ) }+c[o, 1) satisfy
the Boltzmann equation in its weak form (1.11). The SDE (2.1) is of
McKean -Vlasov type, because the time marginals of the density of the
solving process appear also in the compensator of the Poisson noise. In
Section 3 we consider the hard sphere case without cutoff (y = 1) and
construct the SDE (3.2) of the same form, by depending in the same way
as in (2.1) through the compensator on { f(t, x, 2) }+e[0,1], however without
making any assumption on the distribution of its solution. This equation
is hence not any more of McKean -Vlasov type, despite the r.h.s. is defined
in the same way. In the Paragraphs 3.1 and 3.2 we make the additional
assumption that {f(t,, 2) }sc[0,r is a collection of densities which solves
the Boltzmann equation (1.1). In Paragraph 3.1 in Theorem 3.2 we get
that under few regularity conditions B4 - B¢ on {f(, 2, 2) }+e(0,77 (3.2) has
a weak solution (X., Z.) in [0, T']. In Paragraph 3.2 we prove in Theorem 3.4
that under the hypothesis that (X., Z.) has a density (and few integrability
conditions stated in condition C1) its density coincides with the solution of
the Boltzmann equation {f(t,x, z)}+c[0,7) appearing in the compensator.
As a direct consequence we can conclude in Theorem 3.5 that the SDE (3.2)
coincides with the McKean VLasov SDE (2.1) and the solving stochastic
process is a Boltzmann process with density {f(¢,z, 2) }+cjo,7]- We have so
constructed a Boltzmann process with density { f(t, z, 2) };c[0,1 solving the
Boltzmann equation (1.1). The Kolmogorov equation of this Boltzmann
process is (1.1).

Acknowledgments. The authors are very thankful to Professor Errico
Presutti for suggesting us to use a given solution of the Boltzmann equation
in order to construct a Boltzmann process. The second author considers
herself blessed for having had the opportunity to write her Doctoral Thesis
under the supervision of Errico Presutti.
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2 The Boltzmann process

We use the following notation throughout the paper. Uy = D x [0,7) x
(0, 27].
Let {f(t,z,v)}iero be a collection of densities on (R3 x R3, B(R3 x

R3)). Then m(t,v) denotes the marginal density of velocity v at time ¢,
Le. m(t,v) := [po f(t,x,v)dx so that f(t,z|v)m(t,v) := f(t,z,v), upon
disintegration of measures.

Hypotheses B: We assume that ¢t — f(t,2,v) is differentiable for each
xz,v € R3 fixed, and satisfies

Bo. |%f| is bounded on any compact subset of R x RS.

By. %(t,-) € L'(R%), VteRY,

Ba. sup,eps [gs [ul' TV f(s, 2z, u)du € C([0,T]) VT >0.

Bs. sup,eps Jps [ul'T7 2 f(t, z,u)du € LY([0,T]) VT > 0.

Theorem 2.1. Let {f(¢,x, U)}telRi be a collection of densities which sat-
isfies hypothesis B. Suppose that the hypothesis A holds. Let Xy and Zy be
R3- valued random variables. Suppose that for any fivred T > 0 there exists
a stochastic basis (0, F, (Ft)iejo,1), P), an adapted process (X, Zt)ieo, 1)
with values on D x D, which has time marginals with density f(t,z,v), and
such that it satisfies a.s. the following stochastic equation fort € [0,T]:

t
X, :X0+/ Zds
0

t
Zy = Zp+ / / a(Zs,vs,0,0)1(0, 512, —v.]) £ (5, X, [v)] (T)AN,
0 UOXRS,

(2.1)
where dN := N(dv,df,de,dr,ds) is a Poisson random measure with com-
pensator m(s,v)dvQ(df)dedsdr. Then (X, Zi)icjo,1) is a Boltzmann pro-
cess.
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Proof. From (1.14) it follows for each T' > 0

T
[ B 1002000 0.0)00 2,5, 7ol 0)de Q) s
0 UOXR(J,
T
— [ Bl 1a(Zer0.06.6) 55 X 0)00QUa8) e ds
0 Uo
T
< C/ / (121 + [o]" ) f (s, 2, 2) f (5, 2, v)dzdzdvds,
0o Jro

T
< 20/ sup / (|2["7 f(s, 2, 2)dz) f(s,2,v)dvdads < cc.
0 RS

z€R3

for some constant C' > 0. In the above estimates we have used that the
function f(¢) is the probability density of the process (X, Z;), as well the
assumption Ao and Bs. It follows that we can apply the It6 formula to
(Xs, Zs)ser+ [17]. In fact let t, At >0, ¢ € CZ(R3 x R3), then

V(Xrat, Zerat)
t+At

— (X0, Z0) + / (Zo, Votb(Xs, Z,))ds
t

t+ At
+ / / {1/1(st Zs + (X(ZS,US, 0, ¢)1[0, o(|Zs—vs|) f(s,Xs|vs)] (T))
t +
Ug xR

e ZS)}dN
It follows that

E[)(Xitat, Zivar) — (Xe, Zt)]

t+At
_E / (Zo, Vath(Xo, Z4))ds
t
+E / (0(X s Zo+ (Zs, 05,0, 8))0(X s, Z5)}
t Uy

x o(|Zs—vs|) f(s, Xs,0s)dvQ(d)dods
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Upon dividing by At on both sides, we obtain

Atw At/ (@, u){f(+ At 2, u) — f(t,z,u)}drdu

t+At
= ilglo E/ /R6 (u, Vop(z,u)) f (s, x,u)dzduds +

t+At
B L oy P 00.0) i)
x o(jlu—vl])f(s,x,v)f(s,x,u)dvQ(d0)dpdrduds (2.2)

Letting At — 0 in every term of (2.2) we obtain (1.11). Indeed, for
e.g., let us consider the second term on the right side of (2.2). To find this
limit, we first prove the continuity of the function

o(s) = [ [+ lu,0,0,6)) — ()}
RO XR3 x[0,7) X (0,27]
o(lu—v])f(s,z,v)f(s,z,u)dvQ(df)doddzdu.

Since

{w(x’ U+ O[(U, v, 07 (b)) - ¢(‘T7 U)} = Vzﬂ/’(% U)CM(U, v, 97 ¢)

with (z,z) € K compact set, and
0
|OZ(U7U70, QS)‘O—(‘U - UD < |u - U|1+A/‘ Sin(§)|a

by denoting with F a compact set in R? which includes all projections z
of (z,z) € K, it follows that

99) = s0)| < C [ [F(ss,0)f(5..0) = Fso.0) s0.,0)

x (Ju| T 4 Jo| ") dadudv, (2.3)
with .
C o= [Vuvlc2r | 6Q(0)
0

We split the integral on the right side of (2.3) into two terms, one with
|u|Y Tt (resp. |v|7*1), and get

/ \f(s,x, u)f(s,x,v) - f(S(),.’E, u)f(so7x,v)||u|7+1dxdudv

F xRS

:/ ‘f(S,.’E,’LL)f(S,(E,’U) - f(s,x,u)f(so,x,v)||u\7+1dxdudv
F xRS

4 / £ (s, u) f (50,2, 0) — F(50, 2, 0) f (0, 2, 0) |u] " dedudy
FxR6
:Jl(S) + JQ(S) (24)
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where Ji(s) (resp. Ja(s)) is the first (resp. second) term on the right side
of (2.4).

J1(s) :/F ; lu[ 7T f (s, 2,u |/ (r,z,v)dr|dzdudv
X

s 0
< (sup |u"’+1f(s,ac,u)du> / \—f(r,x,v)|dxdvdr
r€R3 JR3 so JRS6 (97‘

By B; and By limg_,, J1(s) =0
Let us consider Ja(s).

J2(s) :/F o lu| " £ (s0, 2, v |/ (r,z, u)dr|dzdudv
X

S/ / < |u7+1(r,x,u)|du) f(so,x,v)dzdvdr
so J FxR3 \JR3 or

Since sup,eps [ps [u]* 1L (r, 2, u)|du is integrable in [so,s] by Bs, we
obtain lim,_,, Ja2(s) = 0.
Likewise, and without any changes in the arguments it follows

lim C/ If(s,z,u)f(s,2,0) — f(s0,2,u)f(s0,,0)||v] T drdudv = 0
F xRS

S—»So

Hence lim,_, 4, g(s) = g(so), so that g is a continuous function and

1 t+At
lims [ ol =00

Note that in the above arguments we have taken s > sg for simplicity. One
may also take sg > s. O

Theorem 2.1 motivates the following Definition.

Definition 2.2. Let {f(¢t, z, U)}teR(jr be a collection of densities satisfying
Hypothesis B. Suppose that for any fixed 7" > 0, there exists a stochas-
tic basis (2,7, (Zt)teo, 1, P) and an adapted process (X, Z;)iecjo,7) With
values on D x I such that

i) (Xt, Zt)iejo,r) has time marginals with density f(¢,z,u), for t €
(0,77,

ii) (X, Zt)icjo, 1) is a solution of the McKean -Vlasov SDE (2.1).

Then we say that “the McKean -Vlasov equation (2.1) with density func-
tions {f(¢,z, U)}tGRi is associated to the the Boltzmann equation (1.1)”.
If the above property holds for 7' € [0,.5] with S > 0, then the McKean
-Vlasov SDE (2.1) with density functions { f(t, 7, v)}+[o,5] is associated to
the Boltzmann equation (1.1) up to time S.
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Remark 2.3. Let us assume hypothesis A. From Theorem 2.1 it follows
that any stochastic process (Xt, Zt)iejo,1) solving a McKean -Viasov equa-
tion (2.1) associated to the Boltzmann equation (1.11) is (according to
Definition 1.4) a Boltzmann process. The Boltzmann equation (1.11) is
hence the Kolmogorov equation associated to the McKean -Viasov equa-
tion (2.1).

3 Existence of the Boltzmann process

In Theorem 2.1 we proved that any process (X, Z;)¢c(o,7] solving the McK-
ean -Vlasov equation (2.1) associated to (1.11) in [0,7] is a Boltzmann
process. In this section we analyze the following: given a strong solution
{f(t,,2)}+ejo,r) of the Boltzmann equation (1.1), we find sufficient condi-
tions for the existence of a solution of the McKean -Vlasov equation (2.1)
with density {f(¢,z,2)}icjo,r]- The solution process (X, Z;)icjo,7] is then
a Boltzmann process.

We present an overview on the construction of Boltzmann processes.
We briefly outline the construction of the process (X, Zt):e[o,r) under
suitable conditions before stating the main result on Boltzmann processes.
The proofs of the ensuing results on the existence of a solution to a certain
linearized stochastic system will appear in a separate paper [1].

3.1 Construction of a solution of a SDE defined
through a collection of densities solving (1.1)
In this paragraph, we assume that { f(t,, z) }se[0,77 is a collection of den-

sities which solves the Boltzmann equation (1.1) and satisfies the following
conditions:

B4~ SupsE[O,T],zGR?’ fRS f(sa z, ’U)d?} < C’T < 0.

Bs. For every K > 0, there exists a corresponding constant C¥ > 0 such
that

sup max(1, |v|**7) |V, f(s,z,v)|dv < CE < .
s€[0,T],|z|<K JR3
Bg. SUP,c(o,7),0er? Jga [0 (5, 2,0)dv < er < o0

On any fixed filtered probability space (Q,.7, (%t):cpo0,17, P) satisfying the
usual conditions, let S := S%(R?) denote the linear space of all adapted
cadlag processes (Xt)te[o,T] with values on R? equipped with norm

1 X151, = E[ e | X1 (3.1)
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Under hypotheses B4 - Bg, and adopting the notation

f(s,z,v) = f(s,x|v)m(s,v)

upon disintegration of measures, we first prove the existence of a weak
solution to the stochastic differential equation

t
X, :X0+/ Zds
0

t
Zy = Zy +/ / a(Zs,vs,0,0)110, 512, —vs]) £ (5,X s Jv)] (T)AN,
0 Uo)(]R(J)r

(3.2)
for t € [0, T] where dN := N(dv, df,d¢,dr, ds) with its compensator given
by m(s,v)dvQ(df)dpdsdr with values in Sk := SL(R3 x R3).

Here we do not assume that (3.2) is of McKean -Vlasov type.
First, we recall the definition of weak solutions in the context of stochas-
tic analysis [15].

Definition 3.1. A “weak solution” of equation (3.2) in the time interval
[0, T]is a triplet (2,7, (F¢)iecjo, 1), P), N(dv,db,de, dr,ds), (Xt, Zt)icjo,1))
for which the following properties hold:

® (2,.7,(F4)ef0,1, P) is a stochastic basis;

e N(dv,df,d¢,dr,ds) is an adapted Poisson random measure with
compensator m(s, v)dvQ(df)dodsdr;

o (X.,Z) := (Xt,Zi)tejo,r)) is an adapted cadlag stochastic process
with values in R? x R? which satisfies (3.2) P -a.s.

The existence of solutions to the stochastic system (3.2) is stated in
the following theorem, proven in [1].

Theorem 3.2. Let v = 1 and Hypothesis A be satisfied. Let T > 0
and { f(t,x,v) }repo,r) be a collection of densities which satisfy f(t,z,u) €
C([0,T] x R®) and Hypotheses B. Let the initial distribution of (Xo, Zo)
admit finite second moment. There exists a weak solution

((Q7 y? (ﬁt)tE[O,T] ) P)) N(d’l}, dav d¢7 dTa dS), (Xt7 Zt)tE[O,T])
of (3.2) such that (X.,Z.) € Sk. Moreover,

sup E[|X;*]+ sup E[Z*] < o0 (3.3)
tel0,T) t€[0,T]
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The proof of the theorem uses truncation of the functions « and ¢ in
order to first obtain the existence of a solution to (3.2) up to a stopping
time. This is wrought by constructing a suitable Picard scheme. Next,
any such solution is shown to be extendable to the whole of [0,7] by
patching of measures. It is worthwhile to remark that our methods lead to
a weak solution (in the sense of stochastic analysis), and we do not claim
uniqueness of solutions.

We remark that the estimate (3.3) is proven by symmetry arguments
similar to those appearing in the proof of Lemma 1.2. The form of the
stochastic system (3.2) with the process taking values in R® at each t €
[0,T7], one obtains that the solution lies in D x D.

3.2 Construction of Boltzmann processes with densi-
ties satisfying (1.1)

We recall the concept of relative entropy which plays a key role in the proof
of the following theorem. Recall that for any two probability measures
i, v on a common measurable space (X, X), the relative entropy of v with
respect to p, denoted R(v || i), is defined by

Rl = [ (105 ) dv

if v is absolutely continuous with respect to p. Otherwise, we set R(v || 1) =
o0. The following Lemma is well known.

Lemma 3.3. Let p,v be two probability measures on a measurable space
(X,X). Then R(v||pn) >0 and R(v|| 1) =0 if and only if p = v.

We assume that {f(t,,2)}.cp0,r) is a collection of densities which
solves the Boltzmann equation (1.1) and satisfies hypotheses B as well
as the following condition:

C1. The densities f(¢,x,z) and g(t,x, z) are in C*2([0,T] x R%) and
are strictly positive-valued functions with glog g, glog f € L'(R) for each
t € [0,T] and lim || g(t,z,2) = 0 and ¢(0,2,2) = f(0,z, 2) a.s.

Theorem 3.4. Let (X, Zt)iejo,1) be a stochastic process that solves the
stochastic system (3.2). Suppose that (X, Zt)iejo,1) has time marginals
with density g(t,x, z), for each t € [0,T]. Suppose that {f(t,,2)}ej0.1)
and {g(t,z, 2) }sejo,1) satisfy hypotheses Bo—Bg and C1. Then g(t,z,z) =
ft,z,2z) ae. foralltel0,T].

Proof. We will write R(g || f) for the relative entropy of the measure with
probability density g with respect to the measure with probability density
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f. The theorem is proved by establishing the following equality.

= (0] M I, z)araz =
Ri(olf) ._/Rﬁl g<f(t7m))g(t, )dadz =0 Ve [0,T]  (34)

We first apply the It6 formula [14] to log(g(t, X;, Z¢)), where (X, Zt)iecjo,1
solves (3.2) and take expectation to obtain

/]RG log (g(t,z, 2))g(t, x, z)dzdz —/

R6

- /o /Rexksxc{log (g(s,2,2%)) = log (9(s, 7, 2))}
x o(|z —v|) f(s,2,0)g(s, , 2)Q(df)dpdvdrdzds. (3.5)

log (g(0,z, 2))g(0, x, z)dzdz

Indeed, in arriving at (3.5), we have used the following two calculations:

// —log (g(s,x,2))g(s, x, z)dxdzds
re O

¢
= / 2g(s,;zc, z)dxdzds = / (9(t,x,2) — g(0,z, 2))dxdz = 0
o JRS Js

R6

since g is a probability density.

(ii) / z -V log(g(s,z,2))g(s, x, z)dxdz = / z2-Vaeg(s,z,2)dxdz =0
RS R6

where the last equality is obtained by integrating and using the condition
that | 1‘1m g(t,x,z) = 0. Likewise, one obtains upon taking expectation
—

and recalling that {f(t,z, 2) }+cjo,7] is a collection of densities which solves
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the Boltzmann equation (1.1),

/ log (f(t,z,2))g(t, x, z)dxdz —/ log (f(0,z,2))g(0, x, z)dxdz

R6

/ Cf,—ssvz) 9(s,x, z)dxdzds

SZ‘Z

R6
O A R R Ty
REXR3XE
x o(lz =) f(s,x,v)g(s, x, 2)Q(df)dpdvdxdzds

/ / (s,x,2* g(s,x,z)}
RIXE S €T, z* f(S,Z',Z)
X a(|z — o)) f(s,z,v)f(s,z,2)Q(d0)dpdvdxdzds ,

Jr/0 /]RGxRiixg{log (f(s,x,2%)) —log (f(s,x,2))}
x o(|z —v|) f(s,2,0)g(s, , 2)Q(df)ddvdzdzds.  (3.6)

It is worthwhile to note that the last equality in the above display results
upon rewriting

/ / f’ (5,2, 2) s,x, z)drdzds
RO (s,z, 2)

- / / A ) a0) = flow2) (s

g(S’ J;, Z)

f(87 x? Z)

// (s,z,2* _g(s,x,z)}
roxe f(s,2,2%)  f(s,x,2)
X 0(|z —v|)f(s,x,v)f(s,z,2)Q(d0)dpdvdrdzds ,

x o(|lz —v]) Q(db)dpdvdzdzds

by using Proposition 1.2.
Combining equations (3.5) with (3.6) we obtain that

Ri(glf)
:/ log (g(t,x, 2))g(t, x z)dxdzf/ log (f(t,x, 2))g(t, z, z)dxdz

R6

[ e e () s
x J(\zfv\) (s,2,0)f(s,2,2)Q(d0)dpdvdrdzds (3.7
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Transforming (3.7) in the equivalent equation below, and recalling that for

x> 0 we have 1+ log () — x < 0, we easily see that

Ri(glf)

[ e () s e

9(87 x? Z) _
X 7f(s,:v,z)a(|z o)) f(s,z,v)f(s,z,2)Q(d)dpdvdrdzds
<0.
However, by Lemma 3.3, R:(g|f) > 0, and hence, R:(g|f) = 0. O

Under the assumptions of Theorem 3.4 it follows that (X, Z;)icjo,1
in Theorem 3.2 solves the McKean-Vlasov equation (2.1) associated to
the Boltzmann equation (1.1) and is a Boltzmann process with densities
{f(t,z,2) }+eo,r) up to time 7. Tt is worthwhile to recall that v = 1
corresponds to the case of hard-sphere interaction.

The main result of this work is given below:

Theorem 3.5. Let Hypotheses A be satisfied and v = 1. Assume that
{f(t,2,2) }iejo,r) is a collection of densities which solves the Boltzmann
equation (1.1), and satisfies the hypotheses Bo—Bg. Let the random vector
(Xo, Zo) have finite second moment. Suppose that the weak solution of the
stochastic system (3.2) has its distribution that admits a probability density
at each time t € [0,T] given by g(t,x,z). If condition C1 is satisfied by
{f(t,z,2) } o, and {g(t, x, 2) }iepo,1, then the McKean-Viasov equation
(2.1) (that involves {f(t,,2)}icio,1)) has a weak solution in [0,T] with
values in DxD, and its Kolmogorov equation coincides with equation (1.1).

Proof. The result follows from Theorem 3.2 and Theorem 3.4. In fact,
equation (3.2) coincides with the McKean Vlasov SDE (2.1) and its solu-
tion is a Boltzmann process with time-marginal densities {{f(t, z, 2) }+cjo,77}
since the latter solve the Boltzmann equation (1.1).
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