The Annals of Applied Probability
2003, Vol. 13, No. 2, 515-539
© Institute of Mathematical Statistics, 2003

SOLVING LANDAU EQUATION FOR SOME SOFT POTENTIALS
THROUGH A PROBABILISTIC APPROACH

BY HELENE GUERIN

Université Paris 10

This article deals with a way to solve the spatially homogeneous
Landau equation using probabilistic tools. Thanks to the study of a nonlinear
stochastic differential equation driven by a space—time white noise, we state
the existence of a measure solution of the Landau equation with probability
measure initial data, for a generalization of the Maxwellian molecules case.
Then, by approximation of the Landau coefficients, the first result helps
us to state the existence of a measure solution for some soft potentials
[y € (—1,0)]. This second part is based on the use of nonlinear stochastic
differential equations and some martingale problems.

1. Introduction. The Landau equation is obtained as a limit of Boltzmann
equations, when all the collisions become grazing. In the spatially homogeneous
case, it is written

d
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where f(v,f) > 0 is the density of particles having velocity v € R? at time
t eR*, and (q; j(2))1<i, j<a 1s a nonnegative symmetric matrix depending on the
interaction between the particles.

This equation is also called the Fokker—Planck—Landau equation. Arsen’ev and
Buryak (1991) have shown that the solutions of the Boltzmann equation converge
toward the solutions of the Landau equation when grazing collisions prevail. On
that topic, one can read the paper of Villani (1998a), which gives many references.

If we assume, for example, that any two particles at distance r interact with
a force proportional to 1/r°, the matrix a has the following expression, up to a
multiplicative constant:

a;j(2) = 21" 215 (2),

where |z| is the Euclidean norm of z in R?, T1(z) is the orthogonal projection on
zt (2 #0), thatis, 1 (z) = §;j — (zizj)/|z|* and y = (s — 2d — 1)) /(s — 1).
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The Landau equation has a physical sense when d = 3. However, we will prove
some results in more general cases (d > 2). Moreover, in this paper, we will
consider a matrix a of the form

aij(z) = 2|7 2105 () h(|z]%),

where £ is a bounded nonnegative locally Lipschitz continuous function. We define
d
bi(z) =) 9;aij(2).
j=1

So by integration by parts, for any test function ¢, we can write a weak
formulation of the Landau equation, at least formally [Villani (1998a)],

d
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where 0;¢ = d¢/dv; and 9;;¢ = 8%/ dv; dv;.
The properties of the equation depend heavily on y:

1. for y > 0, one speaks of hard potentials;

2. y =0 corresponds to the case of Maxwellian molecules;
3. for y < 0, one speaks of soft potentials;

4. y = —3 corresponds to the Coulomb interaction.

Villani (1998b) carefully studied the Landau equation for Maxwellian molecules.
Desvillettes and Villani (2000) proved the existence of a solution, in a weak sense,
for hard potentials under some conditions on the initial data. Little is known
about soft potentials; we can mention the works of Villani (1998a) and of Goudon
(1997). Those two independent articles prove the existence of a weak function
solution of the Landau equation when y € (—2,0) and when the initial data is a
nonnegative function with finite mass, energy and entropy, using the convergence
of the solutions of the Boltzmann equation toward the solutions of the Landau
equation.

This paper deals with an original probabilistic way to solve the spatially
homogeneous Landau equation for y € (—1, 0]. Thanks to this method, we can
assume weaker conditions on the initial data than in the previous articles. We
restrict our study to the case y € (—1, 0] to have enough regularity on the Landau
coefficients to obtain the existence of solutions [the coefficients have linear growth;
see (14) and (15)].
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REMARK 1. Choosing ¢(v) =1, v; or |v|2/2, we can easily check that the
mass, the momentum and the kinetic energy are conserved.

So, if we suppose that [ps f(v,0)dv =1, we can define the probability flow
(P)i=0 by Pi(dv) = f(v,1)dv.

Since the functions z +— a;;(z) and z — b;(z) are respectively even and odd for
any i, j, we obtain a new expression of the Landau weak formulation, which will
be the base of our study,

d 1 &
= [ow P = P [, rav( [, rvaa;o - v jase
() |

d
+i:ZI/R" Pz(dv)(/Rd Pi(dv)bi (v — U*))&‘(p(v).

DEFINITION 2. Let Py be a probability measure on R¢ with a finite two-
order moment [i.e., [pa |v|2Py(dv) < oo]. A measure solution of the Landau
equation (3) with initial data Py is a probability flow (P;);>0 on R4 satisfying (3)
for any function ¢ € @g(Rd,R), where @g(Rd,}R) is the space of bounded
functions of class €% on R¢ with bounded derivatives.

REMARK 3. With an abuse of notation, we will say that a probability mea-
sure P on C([0, T],RY) is a measure solution of the Landau equation when its
time-marginals flow is a measure solution in the sense of Definition 2.

There are two ways to solve (3) in a probabilistic sense. The first consists
in finding a probability measure P which satisfies a nonlinear martingale
problem. Funaki (1984) solves this martingale problem when the matrix a is a
nondegenerate matrix. However, the collision matrix a of the Landau equation is
degenerate. The second way consists in associating with the Landau equation (3)
a nonlinear stochastic differential equation driven by a space—time white noise.
Those two methods are related. Indeed, a solution of the differential equation is
a solution of the martingale problem and a solution of the martingale problem is a
weak solution of the differential equation [see El Karoui and Méléard (1990)].

The benefit of the second method is that one can develop a Malliavin calculus to
state the existence of a density and then to show the existence of a weak function—
solution of the Landau equation (2), when the coefficients are smooth enough. If,

for any r > 0, P, has a density with respect to the Lebesgue measure on R?, that is,
there exists a nonnegative function f (-, #) such that P;(dv) = f(v,t)dv, then f is
a weak function—solution of the Landau equation (2). This question is studied
in Guérin (2002).
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In this paper, we are first interested in solving the Landau equation with regular
coefficients (e.g., y = 0 and & = constant). In this case, we solve a nonlinear
differential stochastic equation driven by a white noise to find a measure solution
of the Landau equation.

Second, using the results obtained in the first part, we study the Landau equation
with y € (—1, 0] and /& some bounded continuous function. We approximate the
coefficients by some coefficients having the same regularity as in the first part.
Then, thanks to the study of martingale problems and of nonlinear stochastic
differential equations, we state the existence of a measure solution of the Landau
equation with y € (—1, 0]. Moreover, we obtain a weak solution for the associated
nonlinear stochastic differential equation.

NOTATION. (a) C([0, T1, R?) is the space of continuous functions from [0, T']
to RY; fork € N, @{)‘([0, 71, R?) is the space of bounded functions of class C* with
all its derivatives bounded up to order k.

(b) My 4 (R) is the set of d x d’ matrices on R.

(¢) If (P"),>0 and P are probability measures, we denote by P" = P
convergence in distribution of the sequence (P") toward P.

(d) K is an arbitrary notation for a constant (K can change from line to line).

We consider, as mentioned above, a matrix a which has the following form:
) aij(z) = 2" h(|z1) 8ij — zizj/121)

with 47 some bounded nonnegative locally Lipschitz continuous function on R
and y € (—1, 0]. Then the vector b has the following expression:

d
(&) bi(Z):Zajaij(Z):_(d_ Dh(lz*) 1zl zi.
j=1
For example, in dimension 2, a and b are given by
2
Z —212
a@=lrnip)| 2 ThE]
—2122 2]
b@) = —elh(zP) | 2 |.
22
and in dimension 3 they are given by
z% —I—z% —2122 —Z2123
a@)=1z"h(z) | —z1z2 2425 —2z |,
—2123  —2223 21+23

21
b(z) = —2lzI"h(|z1H) | z2 | .

<3
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As a is a symmetric nonnegative matrix, there exists a matrix o in My 4 (R) such
that

(6) a=o0-0%,

where o* is the adjoint matrix of o and d’ is an integer greater than or equal to 1.
There is not uniqueness of o; one can take, for example,

1
|z|7/2+ 0 1 (|z|?)

[as T1(z) is a projection, then a(z) - a(z) = |z|Y T?h(|z|*)a(z)] or, in dimension 2,

_ /2 2y 22
®) 0@ =1z | 2 |

and, in dimension 3,

72 —Z3 0
) 0(Z)=|Z|7’/2\/h(|2|2)[—z1 0 Z3:|-

0 21 —22

(N o(z) = a(z)

If we denote by ¢ a constant greater than O such that V z € R4, h( |z|2) < ¢, one can
note that

la(z)| < clz|” 12,

Ib(z)| < (d — D)clz|’ !

and, in the previous examples, |0 (z)| < /clz|?/>H.

2. The Landau equation with regular coefficients. In this section, we deal
with the case of Lipschitz coefficients b and o.

2.1. A nonlinear stochastic differential equation associated with the Landau
equation. We associate with the Landau equation a nonlinear stochastic differ-
ential equation driven by a space—time white noise which gives a probabilistic
interpretation of the Landau equation (3). We highlight the nonlinearity using two
probability spaces.

Let (2, F,(F)=0.P) be a filtered probability space and let ([0, 1],
B([0, 1]), da) be an auxiliary probability space, where d« is the Lebesgue mea-
sure on [0, 1].

The Skorohod theorem [Skorohod (1965)] links those two spaces: it states that
for any probability measure P on the Polish space C ([0, T'], R?), with the topology
of uniform convergence, there exists a random variable Y : ([0, 1], B([O0, 1]),
da) — C([0, T1, R?) which has distribution P.



520 H. GUERIN

For clarity of exposition, we will denote by E the expectation and by £ the
distribution of a random variable on (2, ¥, P) and E,, £, for a random variable
on ([0, 1], B([0, 1]), da).

For k > 2, we define $; to be the space of continuous adapted processes
X = (X¢)r=0 from (2, F, (F)r>0, P) to R4, suchthatV7T > 0, E[supy<;<7 1X, K]
< oo, and Pi, the space of continuous processes ¥ = (¥Y;);>0 from ([0, 11,
B([0, 1]), da) to R?, such that VT > 0, Eg[supg, <7 |¥;[¥] < oc.

Let T > 0 be arbitrarily fixed. The symbol pr denotes the Vaserstein metric on
the space of probability measures on C ([0, T'], RY) defined by

p3(P, Q)

=inf{E( sup |A; — B:|?

0<t<T

~ A and B processes on C([0, T'], ]Rd)
" with distribution P and Q, respectively |’

We define the d’-dimensional process wd by
Wi
wd=| :
Wu

where the W; are independent space—time white noises with covariance mea-
sure da dt on [0, 1] x [0, 0co) [according to the definition of Walsh (1984)].

Let X( be a random vector on R? independent of W9 with finite moment of
order 2.

Let o and b be the functions defined by (6) and (5), respectively.

We consider the following nonlinear stochastic differential equation:

1
+f0t/0 o (X5 — Ys(@)) - W' (da, ds)

+ /Otfol b(Xs — Ys(@))dads

with L(X;) =Ly (Yy) Vi > 0.

X; == X()
(NSDE(o, b))

PROPOSITION 4. Assume that the coefficients b and o are Lipschitz continu-
ous. Let Py be a probability measure with finite moment of order 2. Let Xo and Y
be random variables such that L(Xy) = Ly (Yo) = Po. If we assume that there
exists a solution (X, Y) of (NSDE(o, b)), in P2 x P2 o, with initial data (Xy, Yo),
such that Vit > 0, L(X;) = Lo (Yy). Then the common flow (Py);>0 is a measure
solution of the Landau equation with initial data Py.
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PROOF. Let ¢ € CZ(R?, R).
Using It6’s formula, we obtain

d t
X)) = ¢(Xo) + 3 3ij(X;)aij(Xy — y) Py(dy)d
P (X)) = g °)+2,-,,~Z:1/0/Rd j0(Xaj (X — y)Py(dy) ds

d t
" ; /o /R 0ig(Xs)bi (X5 — y) Ps(dy) ds

d d

t ol
+ZZ/O /0 oik(Xs — Ys(@))0i9(Xs) Wi (da, ds).

i=1k=1

According to Theorem 2.5 in Walsh (1984), Vi, k, fé fol oi k(X5 —Y(@)dip(Xy) X
Wi (da, ds) is a martingale. So the expectation of ¢ (X;) satisfies

d t
Elpx01 = EtpCol+3 Y [ E[aj000( [ a0t = yran) |ds

i,j=1

d .
+> [ E[a,-wxs)(/w bi (X, — y)Ps(dy)ﬂ ds.
i=1
Since L(X;) = P; YVt > 0, the proposition is proved. [J

Consequently, it is enough to solve the nonlinear stochastic differential equation
to find a measure solution of the Landau equation.

2.2. Solving a nonlinear stochastic differential equation driven by a white
noise. We use the same notation as in Section 2.1.

DEFINITION 5. Let n and f be two continuous functions. Let W be a
process on RY having independent white noise components on [0, 1] x [0, 4+00)
with covariance measure da dt and let X be a random variable with finite moment
of order 2. We consider Y a random variable on ([0, 1], B([0, 1]), d«) such that
Lo (Yo) = L(Xg). We will say that a couple (X, Y) is solution of the nonlinear
stochastic differential equation (NSDE(n, f)) if, for any ¢ > 0,

t pl , t pl
X,=Xo+/0/(;n(XS—YS(oe))-Wd(doe,ds)—F/(;/of(XS—YS(oe))dads
and L(X) = L4 (Y).

We state the existence of a solution of (NSDE(#, f)) under some conditions on
the regularity of the functions n and f:
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ASSUMPTION (H). The n and f are globally Lipschitz continuous functions
from R? respectively to My (R) and to R?, where d and d’ are integers greater
than or equal to 1.

To simplify the expressions, we consider in this part d = d’ = 1. Nevertheless
the same arguments can be applied when the dimensions are higher.

The following method, based on a stochastic calculus for a white noise, is a
variation of the method constructed by Desvillettes, Graham and Méléard (1999)
in the different case of Poisson measure.

DEFINITION 6. Let W be a space-time white noise with covariance mea-
sure da dt on [0, 1] x [0, +00), let X¢ be an independent random variable with
finite second-order moment, let Z be a J-process and let ¥ be a &, 4-process.
The equation

t 1 t pl
(10) X, =Xp —I—/(; /(; n(Zs — Ys(a))W(da, ds) —I—/(; '/0 f(Zs = Ys(a)) dads
defines an application ® by Z, Y, Xo, Wi X =®(Z, Y, Xo, W).
We first state a technical lemma:

LEMMA 7. Ion and W are such as in Deﬁmtlon 6. Foiri = 1,2, we consider
theprocesses ZiePrandY' € P> o. We define Xi=®(Z, Y, Xo, W), i=1,2.

Then X' € $5. Moreover, forany T > 0, there exists a constant K > 0 such that
T
E[ sup |X}—Xt2|2}51({/ E[|1Z! — 72?] ds—i—/ Ey[Iv) —v2? ]ds}.
0<t<T 0

PROOF. It is clear that the processes (X f),zo are continuous.
Let T > 0. Using the Burkholder-Davis—Gundy and the Holder inequalities, we
obtain that

£| sup 1x} - 3P|
0<t<T

< Z{CE(/OT /01 (2! — Y (@) — (22 — Y2 (@)  det ds)
+ TE(/OT /01 [£(Z! =Y} @) - f(2% - Y2(@))] da ds) }

Since 1 and f are Lipschitz continuous, if we denote by K, and Ky their Lipschitz
constant, respectively, we have

£ sup 1x! - x3P]
0<t<T

T
54(CK§+TK]%){/O E(1z! — 7% ds+/ Eu (7} - 3|2)ds}.
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The lemma is proved. [J
We first study a standard stochastic differential equation.

THEOREM 8. Assume that W is a space—time white noise with covariance
measure do dt on [0, 1] X [0, 00), X is an independent random variable with finite
second-order moment and Y is a P o-process. If n and f satisfy Assumption (H),
the equation

t 1 t 1
(1) X, =Xo+ /0 /0 n(Xy — Yo(@) W (det, ds) + /0 /0 F(Xs — Yy(a)) da ds

has a unique strong solution X belonging to 5;.

PROOF. We prove the existence of a solution of (11) which belongs to &,
using a standard method of approximation of the solution by the following Picard
sequence, for any ¢ > 0:

X9 = X,
t rl t pl
X+ =X0+/0 /0 n(xX" — Ys(a))W(da,ds)+/0 /0 f(X§ —Ys(@))dads.

(The proof is easy and can be adapted from the proof of Theorem 10.)
Moreover, using Gronwall’s lemma, we state the strong uniqueness on [0, T']
forany 7 > 0. 0

REMARK 9. Let X be a solution of the linear stochastic differential equation

t N N ’

+/Ot/01f(Xs — Ys(@))dads.

Strong uniqueness of X implies as usual uniqueness in law. Moreover, the
distribution of X depends on the distribution of Y only through its flow
(oCa(Yz))tzo-

PROOF. We define, for any ¢ > 0, the flow P; = L,(Y;) and a martingale
measure W* on [0, 1] x [0, +00) such thatV A € B([0, 1]), V¢ >0,

t pl
P _
W) = [ L) wde. o)

‘We notice that

t rl
£(W}’(A)):N(0,/O /0 ]IA(YS(oe))dads>

=N(0, /Ot/R]IA(U)Pg(dU)ds),
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where N (A, k) is the Normal distribution with expectation A and variance k.
Moreover, if AN B = @, we have WZP(A UB) = WtP (A) + WtP(B).

So W7 is a white noise with covariance measure P;(dv)ds [according to the
definition of Walsh (1984)]. Then, we can rewrite (12) as

t t
_ _ P _
X,_X()—I-/(; A;{n(Xs Y)W (dy,ds)+/0 /];Qf(XS v)Py(dy)ds.

A white noise is entirely defined by its covariance measure, and that of W is
v(dy,ds) = Ps(dy) ds. Consequently, the distribution of X depends only on the
distribution of Y through its flow (L4 (¥7))s>0. U

We now study the nonlinear stochastic differential equation (NSDE(n, f)).

THEOREM 10. Assume that W% isa process on R4 having independent white
noise components on [0, 1] x [0, +00) with covariance measure da dt, and assume
that X is an independent random vector on R? with a finite moment of order 2.
Then, under Assumption (H), there exists a couple (X, Y) solution of the nonlinear
equation (NSDE(n, f)). Moreover, (X,Y) € P2 X P 4.

We note that the distribution of X depends only on the distribution Py = L(Xo)
and not on the specific choice of the white noise and of Xg.

PROOF. We prove this theorem in dimension d = d’ = 1. The proof is
almost the same in higher dimensions if we work with each component, but the
expressions are more complex.

We now use a generalization of the Picard iteration method. We construct two
recursive sequences:

(a) Let XY be such that Vs > 0, X? = Xo and let Y° be such that Vs > 0,
YS0 = Yy, where Yy is a random variable on ([0, 1], B([0, 1]), da) such that
L4 (Yo) = L(Xp) (obtained by Skorohod’s theorem).

(b) We define

t 1
X" =X+ n(X" — Y)W (da, ds)
0 JO

+ ,/ot ,/01 f(X§ =Y () dads.

On the probability space ([0, 1], B([0, 1]), da), we construct a continuous process
Y"1 suchthat Lo, (Y Y0, ..., Y") = L£(X"H | X0, ..., X"). In particular, we
have, for any n > 0, Ly (YO . Y =L(X0, ..., X").

Let us define g, (t) = E[supofsfl(XgH'1 - X;’)Z].
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Lemma 7 implies
t t
aut) < K| [ E[x2 = x2 Plas+ [ Elvy = v; " Plas |

! t
=2K/ E[|X;’—X§’—1|2]ds521</ gn_1(s)ds
0 0

< 2K)" Can [ (ty) dt
= 0 1 0 ) 80n n-

For a fixed T > 0, it is easy to state that g¢ is bounded on [0, T'].

If we define C = supy—, -7 go(t), we have g,(t) < C2K)"'T"/n!.

Then, for any 7 > 0, the sequence (X")n>0 converges for the norm ||U|| =
| supg<y<7 Usllp2 and, using the Borel-Cantelli lemma, (X") converges almost
surely_urfiformly on [0, T'] toward a continuous process X . Consequently, (Y"*),>0
converges also in L2 and a.s. We denote its limit by Y. Since Loy(YO, Y =
L(X0,...,X") Vn, we have £4(Y) = L(X).

In particular, for any 7' > 0,

supE( sup |X:’|2>=supEa( sup |Y,”|2> < 00.
n>0 0<t<T n>0 0<t<T

Using the dominated convergence theorem, we easily check that (X,Y) is
effectively a solution of the nonlinear stochastic differential equation

t pl t pl
X,=X0+/(;/0n(Xs—Ys(a))W(da,ds)+/0/(; f(Xs —Ys(a))dads.

Moreover, thanks to the strong uniqueness proved in Theorem 8 and con-
sequently to the uniqueness in law, the distribution of X depends only on
Py=L(Xp). O

THEOREM 11. Under Assumption (H), uniqueness in law holds for a solution
of (NSDE(n, f)).

PROOE. Assume that (U, V) is a solution on C ([0, 7], R?) with initial data X,
of

U=®U,V, X, W) with L4(V) = L(U) = 0.
Assume that (X, Y) is the solution given by Theorem 10 of
X=9(X,Y, Xo, W) with L4 (Y) = L(X) = P.

We want to state that P = Q.
LetT > 0.
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Let T €]0,T]; let pr be the Vaserstein metric on the space of probability
measures on C ([0, 7], R?) defined by

pe(p. 00 =int | Eu( sup 14~ B ): £(4) = P, £a(B) = 0.
0<t<t
We prove that there exists at least one T > 0 such that p, (P, Q) =0.
Let ¢ > 0; there exist A° and B?, two &, ,-processes, such that L, (A°) = P,
Lo (Bf) = Q and

pe(P. 00 < Eo( sup A7~ BP) < pe(P. 0 46,
O<t<t
Let X? be the solution of X¢ = ®&(X?, A%, Xo, W) given by Theorem 8. Since
Ly (A%) = L4 (Y) = P and following Remark 9, we have £(X?) = L(X).
If U? is the solution of U? = ®(U?, B?, X, W) obtained in Theorem 8, we
also have L(U?) = L(U). Thanks to the bound given in the proof of Lemma 7,
we have the following inequality:

| sup 1x; - g

0<t<t

T T
54(c1<§+r1<}){/ E[|X§—U§|2]ds+/ Ea[|A§—B§|2]ds}
0 0

54(CK§+1K}){/OTE[ sup |X§—U§|Z]ds+r(,of(P, Q)2+8)}

O0<u<s
and, by Gronwall’s lemma, we obtain
E[ sup |X—U? |2} <4t (CK;+1K7)(p: (P, Q)* +¢)exp (4T (CK] +TKY).
0<t<rt

Thus, for any ¢ > 0,
pe(P, Q)* <4T(CK; +tK7) exp(4(CK; + 1K) (p: (P, Q)% +¢).

If we choose 7 > 0 such that 4T(CK$ + ‘EKJ%) exp(4r(CK% + rKJ%)) < 1, then
pz (P, Q) = 0. We have uniqueness in law on [0, ], but we would like to obtain
uniqueness in law on [0, T']. We will extend the property by induction.

Forn > 1, we define X" = (X;r+¢)¢>0, and we define similarly Y", U", V" ...

Let us assume that we have uniqueness in law on [0, nt]. Then, in particular,
L(Xy,7) = L(Uyr). We consider the process U to be a solution of

- t+nt 1 -
Ut1ne = Xue +/ / U(Us - VS((){))W(dOl, ds)
(13) nt 0

+/nl:m /(;1 f(Us — Vy(@)) dads
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with initial data X,,,.
We can rewrite (13) as

- toel - t rl N
U'=Xp; —I—/(; '/0 n(uy — v (a))W(da,ds)%—/o '/0 U = Vvi(a))dads,

where W is a white noise with covariance dardt on [0, 1] x [0, oo) defined by
VAeB(0,1)]),

W(A x[0,t]) = W(A x [0,nT +1]) — W(A x [0, nt])
=W(A x [nt,nt +1))

[if A € B([0, 1]) is fixed, (W (A x [0, ¢]));>0 is an independent increment process].

According to the uniqueness in law, obtained in Remark 9, £(l7 M= LU
on [0, 7] and thus £(ﬁ") =Ly(V" on [0, T].

Consequently, thanks to the first part of this proof, we have L£(U") = £(X") on
[0, T]. We deduce from the recurrent hypothesis that the flows (L4 (V;))o<t<r4nt
and (Lo (Yy))o<r<r+nr are the same. According to Remark 9, we have L£(X) =
L(U) on [0, (n+ 1)7]. Hence, by induction, we conclude L(X) = L(U) on [0, T]
forany 7 > 0. O

2.3. Existence of a measure solution of the Landau equation with regular
coefficients. In the previous part, we proved the existence and uniqueness in law
of a solution of the nonlinear stochastic differential equation (NSDE(n, f)) when
n and f satisfy Assumption (H).

According to Proposition 4, we have finally stated the following theorem.

THEOREM 12. Assume that Py is a probability measure with a finite moment
of order 2. There is a measure solution (P;);>o with initial data Py to the Landau
equation

d 1<
“ [owpian =5 b [, e ( [, Pidvoaw - v )y

d
+;./Rd Pt(dv)(,/]gd Pi(dv)bi(v — U*))ai(/)(v),

where (a;j)o<i, j<d is a matrix of the form a = o - o*, with o and b satisfying
Assumption (H).

REMARK 13. If we assume that y = 0, choosing for ¢ the expression (8) in
dimension 2, or (9) in dimension 3, we can notice that if / is a bounded nonnegative
function of class C! such that there exists a constant K > 0 with h/(x) < x% when
X — 400, o and b satisfy Assumption (H). In particular, if 4 is a constant function
(the Maxwellian case), o and b satisfy Assumption (H). We can generalize those
properties in dimension d > 3.
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When the initial data is a probability measure with a finite moment of order 2,
we have thus proved the existence of a measure solution of the Landau equation (3)
under some conditions on the function 4. Moreover, we can state the uniqueness
of the measure solution [see Corollary 7 in Guérin (2002)].

3. Study of the Landau equation for some soft potential (y € (-1, 0]). We
use the same notation as in Section 2.

The case y € (—1,0] with & some bounded locally Lipschitz continuous
nonnegative function is more difficult than the previous case, because the
continuous coefficients b and o are no more Lipschitz continuous on R?. We will
use the results obtained in the Section 2 approaching the coefficients o and b by
two sequences (¢") and (b") of Lipschitz continuous functions. Then, for any
n > 0, we build a sequence of random couples (X", Y"*) solution of the nonlinear
differential equation:

t rl ,
X! = Xo +/ / " (X" — Y™ ()) - W? (da, ds)
(NSDE(¢", b)) 0o

ol
+/ / b" (X} — Y (o)) dads.
0 JO

Our aim is to show that the sequence (X") converges, in a certain sense, toward a
process X, and, if we denote by P the distribution of X, to state that P satisfies
a nonlinear martingale problem. We will see that this last property has two main
consequences: the existence of a measure solution of the Landau equation when
y € (—1,0] and h some bounded locally Lipschitz continuous function, and the
existence of a weak solution of the nonlinear stochastic differential equation

t 1 )
X, = Xo+ / / o (X, — Yo(@) - W' (dat, ds)
(NSDE(, b)) ; 0 | 0
+ fo fo b(X, — Y, (@) da ds,

where o and b are defined by (6), (4) and (5).

For the last stage (Theorem 20), we use results obtained by El Karoui and
Méléard (1990), and thereby we need a symmetric condition on ¢ (consequently,
d' = d). So we choose in this section the expression (7) given in the Introduction,

that is,
ZiZj
i (z) = |z|"* T/ h(|z)?) (% - ﬁ)

As y € (—1,0], we notice that o and b have linear growth: if we write ¢ =
SUp, crd h(|z|?), we have (differentiating the case |z| > 1 from the case |z| < 1)

(14) b(2)| < clz)”* <e(d — D)(|z| + 1),
(15) lo(2)] < Velz|?? < ezl + 1).
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Those inequalities will be very helpful below.
We first give a technical lemma.

LEMMA 14. We assume that Xo € L* for k > 2.
IfZeP andY e ﬂ’olf then the process X defined by

t pl t pl

Xt=Xo+/ / G(ZS—YS(Ol))-Wd(dOt,dS)—f—/ / b(Zs — Ys(a))dads
0 JO 0 JO

belongs to P*.

PROOF. The ith component of X is given by

d t prl
Xii=Xio+ Z/O /0 0i.j(Zs — Ys(@))W;(da, ds)
—~

_|_/(;t'/01bi(2s — Y () dads.

For some T > 0, by the Burkholder—Davis—Gundy and the Holder inequalities, we
have

E[ sup |Xi,l|k]
0<t<T

< 3]‘_1{E[|Xi,0|k] + Crd %2222
d .1 /1 '
X Z./() /(; E(|oi j(Zs — Ys())|") dards
j=1

T 1
+Tk_1/0 /OE(|b,‘(ZS—Ys(a))|k)dads}.

Since y € (—1, 0], using (14) and (15), we obtain

E| sup 1%l ]
0<t<T
<3kl {E[|Xi,0|k] + Cud T2k
T rl1 X
X/O fo E((1Zs — Ys(@)| + 1)) dads

k=1 k.7 1\k Tl _ k
+ T c*d 1)/0/0E((|Zs Ys(o)| + 1) )d(xds}.
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So, there exists K > 0 such that
E[ sup |X,|k}<K{ [1X0l*] +/ Ak ds+/ «(1Y515) }
0<t<T

The lemma is proved. [
3.1. Approximation of the solution.

3.1.1. Construction of the approximation. Let x be an even smooth function:
_ [ ifzlz2,
X@=\o0, iflzl <1,

such that, for any z € R4, 0< x(2) <1.
We define
a"(z) = x(nz)a(),
b"(z) = x (nz2)b(2),
0" (z) = Vx(n2)o (2).

Then, " and b" satisfy Assumption (H) of Section 2. Moreover, we can notice
that

la"| <lal, Ib*| < bl and |o"|<|o].

We consider the following approximation of the Landau equation: for any
g € CZ(RY,R),

“ [owrran=3 / prav( [, pravoao- v*>) 0(0)
(16)

+i:ZI/Rd Pﬁ(dl))(/Rd Ptﬂ(dv*)bf’(v — U*)>ai§0(v).

(We have chosen x even to keep the conservation of mass, of momentum and of
energy in the approximation of the Landau equation.)

For any arbitrary T > 0, we define as follows the martingale problem (MP")
associated with this equation: let X be the canonical process on C([0, T'], R%)
[i.e., for w € C([0, T],RY), X,(w) = w(?)], and let us define the second-order
differential operator

L"(Q)p(x) =} Z [ @ty =ow@na <p<x>+2 / B (x — ) Q(dy) (%),

i,j=1

where Q is a probability measure and ¢ € Gg R4, R).
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We will say that a probability measure Q on C([0, T], R%) is a solution of the
nonlinear martingale problem (MP") if

t
M = p(X) = p(Xo) = [ L"(Q0p(X)ds

is a Q-martingale for any ¢ € Gg(]Rd,R), where Oy = Q o X I Taking the
expectation of M}, we note that a solution of the martingale problem is a measure
solution of (16).

If we assume that Xo € L, adapting the proofs of Section 2.2, we show the
existence of a solution (X", Y") € Pk x j’c{j unique in law, of the nonlinear
stochastic differential equation

t rl
X! = Xo +/ / o" (X" — Y () - W (da, ds)
0 Jo

t prl
+/ / b (XY — Y (o)) dads.
0 JO

Moreover, if we denote by P" = L(X") = L(Y") the common distribution,
P" satisfies the martingale problem (MP"), for any n.

3.1.2. Tightness of the sequence (P").

PROPOSITION 15. Assume that Xq is a square integrable random vector
of RY. The sequence of probability distributions (P™) built in Section 3.1.1 is tight.

According to Aldous’ criterium and Rebolledo’s criterium [see Joffe and
Metivier (1986)], it is enough to prove the following lemma to state the
proposition.

LEMMA 16. If Xg e IL*, with k > 2, there is a constant C > 0 such that, for
any T > 0, sup,~o E[supy<, <7 |X,”|k] <C.

PROOF. We note that |6"(z)| < +/clz|"/**! and |p"(2)| < c(d — 1)|z]" T,
where ¢ = sup, cpd h(|z]?). Since L(X") = L4(¥Y"), according to the proof of
Lemma 14, we have

t
E[ sup IXZI"} 53"‘1{E[|X0|"]+K/0 E(|X;’|"(7’/2+1)_|_|X;l|k(y+1))ds}

O<u<t

t
<K+ Kzf E( sup |X;’|k) ds
0 0<u<s
with Ky and K, independent of n.
Using Gronwall’s lemma, we have E[supg, <7 |X7|¥] < K1eX2T . The lemma
is proved. [J
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PROOF OF PROPOSITION 15. We denote by M" + A" the Doob—Meyer
decomposition of X", that is,

t rl
M,”:/ / o (X" — Y (@) - W (da, ds),
0 JO

t rl
Al =X +/ / b (X! —Y(a))dads.
0 Jo

Then for any T > 0, there exists a constant K > 0 such that, for any n > 0, § > 0,
tel0,T]andn >0,

82
supP(|A) 4 — A} >1n) < KE[ sup |X;’|2]—2
6<é 0<s<T n

and

1)
SupP((M" )0 — (M"):| > ) < KE| sup X3P |7,
(%) 0<s<T n

where (M) is the bracket of M. According to Lemma 16, the two sequences
(A™) and (M") satisfy the hypothesis of Aldous’ criterium. Then, for any
T > 0, according to Rebolledo’s criterium, the sequence (P"), where P” is the

distribution of (X"), is tight in the space of probability measures on C([0, T'], R9).
O

Consequently, there is a subsequence of (P") which converges toward a
probability distribution P. Let us now identify this distribution.

3.2. The nonlinear martingale problem associated with the probability mea-
sure P. For a probability measure Q, we define the elliptic operator

d d
L@y =} 3 [aytx=»0@naier + Y. [ bitx -y,
i=1

i,j=1

where ¢ € @g (R4, R).
For any arbitrary T > 0, we define the nonlinear martingale problem (MP):
a probability measure Q on C([0, T'], R?) is a solution of (MP) if

t
My = p(X) =9 (Xo) = | L(Q)p(X,)ds
is a Q-martingale, where Oy = Q o XS_I.
THEOREM 17. Assume that Py has a finite moment of order 4. Let P" be a

solution of (MP™") with initial data Py for any n > 0 and let P be a cluster point
of the sequence (P"). Then P satisfies the martingale problem (MP).
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REMARK 18. Assume that Py has a finite k-order moment. Let P be a cluster
point of (P™). Thanks to Lemma 16, there exists a constant C > 0 such that

Ep[ sup |X,|k] <C,

0<t<T

where E p is the expectation under the distribution P.

PROOF. Up to a subsequence, (P") converges toward the distribution P.
According to the Skorohod theorem [see Skorohod (1965)], there exists a sequence
of random processes (Y"),>¢ and a process Y defined on ([0, 1], B([0, 1]), d«)
such that

Ly(Y")y=P" Vn=>0,
Lo¥Y)=P

and Y" =2 Y a.s. Using Fatou’s lemma and Lemma 16, we note that

Ep[ sup |Xt|k}§limn£1£OEpn[ sup |X,|’<}§c.

0<t<T 0<t<T

PROOF OF THEOREM 17. Let M be the process defined by M; = ¢(X;) —
9(Xo0) — Jo L(Py)¢(Xy)ds.

To prove that P satisfies the martingale problem (MP), we have to state that
M is a P-martingale. Let (g;) be a sequence of bounded continuous functions.

M is a P-martingale if and only if, forany 0 <s <t, k>1land0<s; <--- <
s <s, M satisfies

Ep[(M; — M)g1(Xs,) -~ gk(X5,)] =0.

Wechoose0<s<t,k>land0<s; <.--<s5; <s.

We know that, for any n, P" is a solution of the martingale problem (MP").
We will still denote by (P") a subsequence of (P") which converges toward
P:P"= P.

As M" is a P"-martingale, we have Epn[(M]' — M) g1(Xs,) - - - k(X5 )] =0.

Let us prove in the following that

Epn [(Mln — M:l)gl (Xsl) cc 8k (Xsk)]
P Ep [(Mt - Ms)gl(Xsl) e 'gk(Xsk)]'

Since ¢, g1,...,8 are bounded continuous functions and x — x; is a
continuous function, x — @(x;)g1(x;) - - - gk (x¢) is a bounded continuous function,
and then V¢ > 0,

(18)  Eprlp(Xt)g1(Xe) -~ gk(Xe)] —> Eple(X1)g1(X:) - - gk (X1)].

A7)
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Knowing convergence (18), we just have to check the following convergence:

n—oo

— Ep[( / tL(Pu><p<Xu>du)g1(Xsl)---gk(xsk)].

We can write
t
Epr [( / L"(P))p(Xy) du)g1 (X5) - gk(XSk)}
- EP[(/ L(Pu)(p(Xu) dl't)gl (Xsl) v 'gk(Xsk)]

ZE””K/ L”(P;’w(xu)du)gl(Xsl)'-'gk(XSk)]
20) '

— e ([ Do du)er (X)X, |
vem|( [ CL(Po(X) du ) (X)X, |

- Ep[( / ’ L(Pu><p<Xu>du)g1(Xsl) . gk(XSk)]

We will use a product-space to simplify those expressions. As P” = P, we note
that P" ® P" = P ® P when n goes to 4+oo. If we denote by (X, ) the canonical
process on C([0, T], Rd) x C([0, T, ]Rd), we note that

Ep[( [ L"(P:w(xu)du)gl(xﬂ) . -gk(XSk)]

d t

= % Z Epngpn [alnj(xu - Yu)aijSD(Xu)gl(Xsl) e ‘gk(Xsk)] du
ij=1Y%

d .t
+ Z/ Eprgpn [blnj (Xu — Yu)ai(p(Xu)gl (Xsl) ce gk(Xsk)] du.
iZYs

We make the same transformation for the other expectations of the second term
of (20), and we divide the convergence study of (19) into two parts.

As ¢ € G,%(Rd, R), and gy, ..., gr are bounded functions, there exists a finite
constant m > 0 such that m = sup(]|0¢|lco, @ llcos 1€ lloc, i =1, ..., k).
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Part I. We state that
!
\Epn [( [ Do) du)e(x,) - gk(Xs,()}

— 0.
n— oo

‘E”"[(/ L(P;‘w(xu)dbt)gl(Xsl)'-'gk(XSk)]

We first study the convergence of the term with the coefficients a"

ij and a;;:

t
E1 = ‘E}M@Pn[/ a{’j(Xu - Yu)aij(p(xu)gl (Xsl) o 'gk(XSk)dui|
s

t
— Epngpn [/ aij(Xu - Yu)aij(p(xu)gl (Xsl) e ‘gk(Xsk)d”]
s

<mF T Epug pn Ust @l (X = Yy) — aij (X — )] du]
Since [af}(2)] < laij (2)] < clz|?*? and !} (2) = a;j(z) on |z| = 2,
E| < kaHC/t Epngpn[|Xy — Yul" T x,—v,|<2/n] du.
As y + 2 > 0, there finally sexists a constant K > 0 such that

t
‘EP”(X)P" |:/ a;lj (Xy — Yu)aij(p<Xu)gl (Xsl) e 'gk(Xsk) du:|

=<

t
— Eprgpr [ [ i = s og (X)) -+ gk(Xsk)du]

We can use the same arguments for the term with the coefficients b7 and b;. Hence,
we obtain

t
‘EP"@)P"[,/ b (X — Y)dip(Xu)g1 (Xs,) - ~'gk(XSk)d”}

nrt2’

! K
- EP"®P" |:/ bi(Xu - Yu)ai(p(xu)gl (Xsl) v 'gk(Xsk) dui| = ny 1 .
N
Consequently, since y € (—1, 0], we have proved
t
([ D0t du)er(x) -+ 0(x)]
t
— Epn[</s L(P] )(p(Xu)du>g1(XS1) . -gk(XSk)] njgoo.
Part 1. We now state that
t
‘Ep[( / L(P;’)w(Xu)du)gl(Xsl)-~-gk(XSk)}
1) '
= Ep ([ LPw ) du Y1 (X)) || =0




536 H. GUERIN

As in Part I, we first study the term with the coefficients a;;, that is, the convergence

t
’EP"®P'I [/ a;j(Xu — Yu)dijo(Xu)g1(Xs,) - "gk(XS")du]
(22) '

?
— 0.
n—oo

!
- EP®P|:/ aijj (Xy — Yu)aij(p(xu)gl (Xsl) o 'gk(Xsk) dui|
S
Let f:C([0,¢], R x C([0, 1], R?) — R be the function defined by

t
(o) > F0) = [ @iy = 380 du g () - el
S
So, we can rewrite (22) as

’EP"@P”[f(X’ Y)]— EP@P[f(X’ Y)]‘njr)o)oo

The function f is not a bounded function; hence we cannot just use the
convergence in distribution to conclude. But we have the following estimate on
the function f

t
If(x,y)lfink+l/1Iag(xu—-wﬂldu

N

s
Smk+10/ | X _)’u|y+2d”
t

SK( sup |x,|" T2+ sup Iyuly+2).

O<u<t O<u<t

Consequently, using Lemma 16 with k =2 when y € (—1,0) and with k =3
when y = 0, we easily prove that

lim sup Epngpr[ f(X, V)] rx,v)>c] =0.

C—>+oon20
Consequently we have
[Eprgpn[f(X, V)] = Epgplf (X, V)| — 0.

To complete the proof of (21), we still have to check
t
’EP”@P” |:/ bi (Xu - Yu)ai(p<Xu)g1 (Xsl) tot gk(Xsk) du:|
S

?
— 0.
n—oo

t
- EP®P[/ bi(Xu - Yu)ai(p(Xu)gl (Xsl) o 'gk(Xsk)du]
We define the function f: C([0,1],RY) x C([0,¢],RY) > R by

u»n»ﬂnw=/mm—mmmewamJ~&mJ
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As for the function f, we state that
|EpngprLf(X, V)] = Epgrlf (X, Y)]| — 0.

Conclusion. According to Parts I and II, we have proved the convergence (19).
Then, thanks to (18), we have

Epn[(M]' = M{)g1(Xg,) -+ 8k(Xg)] =2 Ep[(M; — My)g1 (X)) - - 8k (Xs)]-

Hence, since Epn[(M}' — M) g1(Xs,) - - - k(X5 )] =0, we have, forany 0 < s < ¢,
O0<si<---<s=<s,

Ep[(M; — My)g1(Xy,) - 8k (X)] =0.
So, P satisfies the martingale problem (MP). [

There are two main consequences of this theorem. The first concerns the
existence of a solution to the Landau equation when y € (—1, 0]:

THEOREM 19. Let a and b be defined by (4) and (5), respectively. Let
Py be a probability measure with a finite moment of order 2 when y € (—1,0)
and of order 3 when y = 0. There exists a measure solution (P;);>0 with initial
data Py of the Landau equation

= / (V) Pr(dv) = / Pt<dv>( [, Pitavoaw- v*>) 3,0 (v)

" ; [, et ( [, Piavobio = v) Jopw)

when y € (—1, 0] and h is a bounded continuous nonnegative function.

The second one states that the distribution P can be also interpreted as the
distribution of a weak solution of a nonlinear stochastic differential equation:

THEOREM 20. Let the matrix a and the vector b be defined by (4) and (5),
respectively. Let Xo be a random variable with a finite moment of order 2 when
y € (—1,0) and of order 3 when y = 0. Then there exists a weak solution X of the
nonlinear stochastic differential equation:

X, = X0+// X, — Yy(@)) - W (da, ds)
(NSDE(, b))
—|—/ / (X5 — Ys(a))dads,

where o is a symmetric matrix such that c* -0 = a.
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PROOF. Let P be a cluster point of (P"). Let X be a process with
distribution P.
We first state the following lemma:

LEMMA 21. The process M, = X, — Xg — f(; b(Xy, Py)ds is a continuous
local P-martingale and its bracket is given by (M;, M), = f(; ajj( Xy, Py)ds,
where b(X, Py) = fb(Xv —y)Ps(dy) and aij(XS7 Py) = faij(Xs —y)Ps(dy).

PROOF. We denote by a A b =min(a, b) and Bg = {x e R?: |x| < R}.

Using the functions ¢; € G%(R‘{R) such that ¢;(x) = x; on Bpg, for i =
1,...,d, itis easy to check that M is a continuous local P-martingale.

Using the functions ¢;; € G%(Rd , R) such that ¢;;(x) = x;x; on Bg, we state
that the processes

t
Niji=Xii X1 —XioXjo0— /0 aij(Xy, Py)ds

t t
_'/0 bi(XSaPs)Xj,st_'/O bj(XSaPs)Xi,st

are continuous local P-martingales, i, j € {1, ..., d}.
MOI‘GOVGI‘, Mi,zMj,z — f(; a,'j(Xs, Ps)ds = Nij,l — X,"()Mj’t — Xj,OMi,l- Then
(M;, Mj); = [} aij(Xs, P)ds. O

According to Theorem III-10 in El Karoui and Méléard (1990) (o is a sym-
metric matrix), we conclude that there are, on an extension of the probability
space, d continuous orthogonal martingale measures (WklD )k=1,....a With intensity
P;(dy)ds on R4 x [0, oo) such that, forany k=1, ...,d,

d o
M, = 2/ / oi(Xs — )WL (ds, dy).
k=1 0 JR4

As the measure P(dy)ds is deterministic, using Theorem III-3 in El Karoui and
Méléard (1990), we deduce that the WklD are white noises and

d ot
Xiy=Xo+ Y / / oix(Xs — )W (ds, dy)
(26) k=170
t
+/0 /b,-<Xs—y>Ps<dy)ds.

We can easily rewrite (26) under the expression (NSDE(o, b)) (see the proof of
Remark 9). Consequently, we have proved the theorem. [
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