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Uniqueness for Stochastic Scalar Conservation Laws on Riemannian
Manifolds Revisited

Nikola Konatar?®

®Faculty of Natural Sciences and Mathematics, University of Montenegro

Abstract. We revise a uniqueness question for the scalar conservation law with stochastic forcing
du + div,f(x, u)dt = O(x, u)dW;, xe M, t>0

on a smooth compact Riemannian manifold (M, g) where W, is the Wiener process and x  f(x, &) is a vector
field on M for each & € R. We introduce admissibility conditions, derive the kinetic formulation and use it
to prove uniqueness in a more straight-forward way than in the existing literature.

1. Introduction

The aim of the paper is to offer a simpler proof of uniqueness of admissible (i.e. kinetic) solution to the
Cauchy problem for a stochastic scalar conservation law of the form

du + div, f(x, u)dt = (x, u)dW;, xe M, t=0 (1)
uli=o = uo(x) € L*(M) 2)

on a smooth, compact, d-dimensional (Hausdorff) Riemannian manifold (M, g). The object W is the Wiener
process which can be finite or infinite dimensional which does not affect the essence of the proofs.

The proof of well-posedness has been recently presented in [14]. The authors considered the kinetic
formulation of (1) and prove the uniqueness by finding a relation between the kinetic function and square
of the kinetic function (see [14, (4.13)]). The procedure appeared to be quite complicated and we show here
that it is possible to obtain the proof by considering the product of kinetic solution & and the function (1 -h).

More precisely, our idea of proof has the same starting point as in [14] since it is based on the appropriate
kinetic reformulation of the problem (see (35) below). In [14], the authors then prove that the kinetic function
h given by Definition 3.4 satisfies #*> = h. However, unlike the method from [14] where the authors derive
the equation for h? and then compare it with the equation for & in order to draw conclusions, we obtain
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an equation for (1 — k) and use it to prove the uniqueness. Although the latter sounds the same, the
regularization procedures in our situations are easier to follow (as we essentially closely follow the steps
from the Euclidean case) and thus the method seems simpler than the one proposed in [14].

The basic reason for the simplification lies in the fact that the equations for & and (1 — ) are symmetric
which is why we can fairly easily eliminate the terms appearing on the right hand-side of the latter equations
and thus reach the Kato inequality (see (45)). Moreover, by regularizing the equation via the convolution
with respect to x and & we obtain a function which is by assumption continuous with respect to time and
we can directly use the It6 formula instead of using its generalized variant (see [14]).

We note that one of the ingredients of the proof is the classical method of the doubling of variables
(see [22]). The method could be avoided since we regularized the equation (which means that we can use
basic calculus for smooth functions). However, the analysis would then require various adaptations of the
Friedrichs lemma (specially in a viewpoint that we have terms with the Wiener measure) and it appears
that the proofs would not be easier.

Let us now introduce precise assumptions on the coefficients of the equation. First, we shall assume
that we work with one-dimensional Wiener process defined on the stochastic basis (Q, 7, {F:}, P). We will
also assume that

e the flux f € C/(M x R;R?) satisfies the geometry compatibility conditions and a decay property as
follows respectively:

div, f(x,&) = 0 forevery & € R 3)
[IFC, Mlleeny < C1 +[AD; 4)

e the function @ is continuously differentiable and it decays to zero at infinity i.e. ® € Cj(M x R), and

sup |®(, A)A| € LY (M). (5)
AER

Nowadays, we are witnessing a rapid development of stochastic conservation laws and related equa-
tions. The rising interest to this field of research is motivated by concrete applications in biology, porous
media, finances (see e.g. randomly chosen [1, 4, 32] and references therein) and, in general, any realistic sit-
uation in which we cannot determine parameters precisely (i.e. the coefficients of the equations governing
the process).

Moreover, such equations have rich mathematical structure and therefore, they are very interesting
and challenging from the mathematical point of view. We have numerous results in different directions
beginning with the stochastic conservation laws [5, 6, 12, 13, 18, 19, 34], then velocity averaging results for
stochastic transport equations [7, 25], stochastic degenerate parabolic equations [15, 36]. We remark that
latter list of references is far from complete. As for the stochastic PDEs on manifolds, we mention [2] where
the wave equation was considered.

Now we briefly recall the definition of the divergence on a manifold. We suppose that the map
(x,&) P f(x,&), Mx R — TM is C! and that, for every & € R, x - f(x, &) € ¥(M) (the space of vector fields
on M).

In local coordinates, we write

f(x, &) = (f1(x,&), ..., f4(x, ).

The divergence operator appearing in the equation is to be formed with respect to the metric, so in local
coordinates we have (cf. (10) below):

div, f(x, u) = div, (x - (x, u(t, x))) = aixk( FR(x, u(t,x)) + r,{].(x) FR(x, u(t, x)) (6)

where the I'-terms are the Christoffel symbols of g and the Einstein summation convention is in effect.
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As we can see, the divergence operator on manifolds is more involved than the one in Euclidean setting.
Therefore, in order to prove uniqueness, we need to assume (3). Remark that (3) is the incompressibility
condition from the fluid dynamics point of view, because, due to conservation of mass of an incompressible
fluid, the density in a control volume changes according to the stochastic forcing

Dp dW[

Dr = PP (7)
where p is density of the control volume and % = g—‘; + 4.V is the material derivative for the flow velocity
% = %1, ey %). If we assume that the function p is smooth, we can rewrite equation (1) in the form

ap . aw

=+ Ie(ix ©)|., - Vop + divy i(x, &), = Px, P ®)

Then, taking as usual % = 8g(f(x, é))) £=p and comparing (8) and (7), we arrive at

div, f(x, &)

E=p =0,

which immediately gives what is called the geometry compatibility condition.

Since the equation we consider is a nonlinear hyperbolic equation, its solution in general contains
discontinuities and we need to pass to the weak solution concept. However, this induces uniqueness issues
as one can in general construct several weak solutions satisfying the same initial data. Thus, in order to
isolate the physically admissible one, we need to introduce entropy type admissibility conditions [22]. We
will first derive them locally and then, using the geometry compatibility conditions, we shall show that the
conditions hold globally as well.

Having the admissibility conditions, we can derive the kinetic formulation to (1) (see (33)). We will use
it to prove the uniqueness to the considered Cauchy problem. The strategy of proof is adapted from [6].
We have tried to be as precise, self contained and intuitive as possible. We have therefore proven a simple
corollary of the It6 lemma concerning the derivative of the product of two stochastic processes and derive
the uniqueness proof first informally, and then also formally.

The paper is organized as follows. In Section 2 we introduce notions and notations from differential
geometry and stochastic calculus. We then move on to derive the kinetic formulation of (1) and heuristically
show how to get uniqueness to the solution. In Section 5, we formally prove the uniqueness result.

2. Preliminaries from Riemannian geometry and stochastic calculus

We shall split the section into two parts. In the first one, we will provide details from differential
geometry, and in the second one, we recall necessary results from stochastic calculus.

2.1. Riemannian geometry

Our standard references for notions from Riemannian and distributional geometry are [17, 26, 27, 29]. As
before, (M, g) will be a d-dimensional Riemannian manifold. If v is a distributional vector field on M then its
gradient Vv is the vector field metrically equivalent to the exterior derivative dv of v: (Vv, X) = dv(X) = X(v)
for any X € X(M). In local coordinates,

- Jv
Vo = g”ﬁaj, (9)
with g/ the inverse matrix to g;j = (9, 0)-
As for the Laplace-Beltrami operator A, on M, for a function f € C?(M) in terms of local coordinates we
have

A f=V2f = 1|g| 2 (Niglg"9,)

NE
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Finally, the divergence operator on M is locally defined via the Christofel symbols for a C! vector field

on X € 7} = ¥(M) with local representation X = X'

k
divX = %

i sk
™ + Fk],X . (10)

To proceed, we shall need basic notions from the Sobolev spaces on manifolds.
Since M is a compact manifold, we can define for a fixed k € IN (keeping in mind the Poincare inequality)

feH'M) & IIVefliza < .
As for for the Sobolev spaces with negative indexes, we have
feH* M) if IF € H*(M) such that A*F = f
and we define
WA e+ any = NF Ny (11)

The spaces H*(M), k € Z, are Hilbert spaces and we denote by {ex}ren the orthogonal basis in L?(M) which
is given as the set of eigenfunctions corresponding to the Laplace-Beltrami operator:

Agek(x) = —/\kek(x).

At the same time, the set {ex}reny is the basis in H*(M), s € Z, according to the density arguments. We remark
that it is usual to take the eigenvectors of the operator (1 — A,) but since we are on the compact manifold,
we can safely work with the simplified version.

Notice that if we have a function g € H*(M) and we rewrite it in the basis {ex/|lexl HEvy )

909 =Y geex(0/ el (12)
k=1
then
Ik = f g(X)ﬂdx (13)
v llekllEraa

which is easily obtained by multiplying (12) by e/llekl|gxa), integrating the result over M and using the
orthogonality of {ex/llexl|x}- Moreover,

lglln = ), 97 (14)
k=1
It is not difficult to notice that according to the definition of ¢; and (11), we have

llewllzan = VAkllexll-1 - (15)

Let us now recall basic notions from stochastic calculus.

2.2. Stochastic calculus

We start with the notion of predictability for the Hilbert-space valued stochastic processes.
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Definition 2.1. Let (Q, F, P) be a probability space and {Filiejo,r), T > 0, be a filtration of the sigma algebra ¥ . Let
V be a fixed Hilbert space with dual V*.

We say that the stochastic process X : Q X [0, T] — V is adapted with respect to the filtration {F}epo,1) if for
every @ € V* the stochastic process (X(t), @) is measurable with respect to the o—algebra F; for any t > 0.

We note that in the latter definition we require the weak measurability of the mapping X : Q x [0,T] — V,
but as we are going to deal with the Sobolev spaces H*(M), k € N U {0} which are separable, the notions
of weak and strong measurability coincide (see e.g. [23]). To this end, we use the following notations for
HY(M) and L?(M)-valued square integrable stochastic processes:

T
L3 L2(©, T HA (M) = {u: (0, T)xMxQ—R fQ fo 1t @) g HAP(@) < o}

T
L2(Q; L4((0, T) X M))) =1{u: (0, T)XMxQ—R : f f ||u(t,x,w)||§z(M)dth(w)<oo}
QJo

In both cases, the required measurability assumptions are tacitly assumed.
Let us now introduce the It6 lemma and some of its corollaries. To this end, let X; be a stochastic process
satisfying the following stochastic differential equation:

dXt = [.lldt + olth. (16)

We remark here that the latter equation is actually an informal way of expressing the integral equality

to+s to+s
Xt0+5 - th = f [J1dt +f 01dW;, Vi, s > 0. (17)

to to

By Itd’s lemma, for each twice differentiable scalar function f = f(t, z) the equation

d of o> ? d
df(X,) = (a—{ + yla—f; + éa—zj;]dt + alg—JchWt (18)

holds.
By taking f(t, X;) = X?, we get

dX7 = 2u Xidt + o2 dt + 201 X, dW. (19)
Notice that 2y Xsdt + 201 XidW; = 2X(u1dt + 01dWy) = 2X,dX;, so (19) becomes
dX; = 2X;dX; + o3dt. (20)

Similarly, if Y; is a stochastic process satisfying the stochastic differential equation

dY; = ppdt + 02dWy (21)

then
dY? = 2Y,dY; + o3dt, (22)
AXe + Y2 = 2(X; + Y)d(Xe + Yy) + (01 + 02)2dt. (23)

The left-hand side of (23) is

d(X; + Yi)? = d(X? + 2%, Y + Y?) = dX? + 2d(XYy) + dY? (24)
= 2X;dX; + o7dt + 2d(X; Y1) + 2YidY; + o5dt,
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and the right side is

20X + Yd(X; + Yi) + (01 + 02)%dt
= 2XudX; + 2XidY; + 2Y,dX; + 2Y1dY; + o7dt + 20102dt + o5dt.  (25)

By annuling the same terms on the left and right side respectively, and dividing the equation by 2, we
get

d(Xth) = XtdYt + Yth[ + O'lﬁzdt. (26)

Let us finally recall the It6 isometry. The following equality holds

(oo e

3. Entropy admissibility and kinetic formulation

E

Let us first informally derive the admissibility conditions. As usual, we start with the parabolic approx-
imation to (1)

due + divy(f(x, ue))dt = O(x, ue)dWi + eAgucdt, x e M, t € (0,T) (27)

where, as before, f = f(x, ) € C}(M x R) and (M, g) is a d-dimensional Rimannian manifold with the metric
g. We will assume that W is a Wiener process and @ € Cj(M x R).
Let us recall the definition of the weak solution to (27), (2).

Definition 3.1. We say that the measurable function Q 3 w — u.(-, w) € L*([0, T]; H'(M)) adapted with respect to
the filtration {F4} is the weak solution to (27), (2) if for a test function ¢ € C3([0, T] x M) it holds almost surely

T T T
f f (u€8t(p +div,(f(x, ue))VE,(p) dxdt = f f eD(x, u:)dW; — € f f U Agpdxdt.
0 JIM 0 Jm 0 Jm

Existence of the solution to (27), (2) can be concluded from the general arguments given in [23]. One can
also find a proof in [16].
Using the Itd formula, from (27) we get (here and in the sequel, we will set {'(x, &) = d:f(x, &)):

d6(ue) = (= 0 ()i (x, 1) - Ve + 6'(ue) divy 0 p)| _,

q)z(xr MS)
2

(28)
+ &N 0(ue) — €0 UV e ? + 0 (o) )t + D(x, )0 (1) AW,

for all twice differentiable scalar functions 0.
Using the standard approximation procedure and taking into account convexity of the function 6(u) =

- >
lu—¢&ly = g & ul B E, we know that we can safely plug it into (28). After letting ¢ — 0 and assuming
3 else

that E(Ju.(t,x) — u(t,x)[) = 0 as ¢ = 0, we get the following distributional inequality:

dlu = &l < —F'(x, u) v, usign, (u — E)dt + 0 (u) div, f(x, p)|p:udt

D2(x, 1)
T

(29)

O(u — &)dt + D(x, u) sign, (u — E)AW;.
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Taking into account the geometry compatibility condition (3), we have
(%, 1) - (Vgu) sign, (u — &) = div, (sign, (u — E)((x, u) - f(x, £))) 0
+sign, (u — &) div, f(x, &) = div, (sign+(u - &)(F(x, u) — f(x, cf))) ,

and using the Schwartz lemma on non-negative distributions, we conclude that there exists a non-negative
stochastic kinetic measure m (to be precised later) such that the equation (29) can be written as

@ (x,
1. = — div(sign, (u ~ )06 1) ~ T, Nt + D 50— £yt -
+O(x, u) sign, (u — E)AW,—dm(t, x, E)dt.
Next, we find the partial derivative of the expression given in (31) with respect to & to get
2
doelu — &l = —divy(—f(x, &) sign, (u — &))dt + 0 (q> (;' u)é(u - 5)) dt 32)
+de(D(x, u) sign, (u — E)AW;) — dedm.
Introducing h(t, x, &) = —=d¢|u — &4 = sign, (u — &) into (32) gives
o D2 (x, u)
dh + div,(f'(x, E)h)dt = -0 Té(u — &) |dt — I(P(x, u)hdW;) + dzdm. (33)
Notice that
e (D(x, u)hdWy) = de(P(x, u) sign, (u — &))dAW; = —D(x, u)o(u — E)dAW; (34)

= —D(x, £)6(u — E)AW,.

Using W(S(u -&) = wé(u — &) and (34), and denoting the measure —d:h = 6(u — &) by vx(), we
finally get the weak form of our equation:

DA(x, &)
2

dh + div,(f'(x, E)h)dt = -0 ( v(t,x)(é)) dt + D(x, E)v (i) (E)W, + dedm. (35)

We shall call the latter equation the kinetic formulation of (1).
It is important to notice that the function & = 1 — h satisfies

P*(x, &)
2

dh + div,(f' (x, E)h)dt = s ( v(t,x)(é)) dt — D(x, E)( ) (E)AW; — dsdm. (36)

We can now introduce a definition of an admissible solution. Let us first introduce what we meant
under the stochastic measure here.

Definition 3.2. We say that a mapping m from Q) into the space of Radon measures on [0, T] x M X R is a stochastic
kinetic measure if:

o for every ¢ € Co([0, T] X M X IR) the action {m, ¢) defines a P-measurable function

(m, ) : Q- R;
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e m vanishes for large &: if By, = {E € R|| & [~ R}, then
1%1_{20 Em(Co([0, T] x M X Bg)) = 0

o for every ¢ € Co(M x R), the process

t— (P(Xr E)dm(sr X, é)

[0,]]1xMXR
is predictable.

Definition 3.3. The measurable function u : [0, T] x M x Q — R almost surely continuous with respect to time in
the sense that u(-,-, ) € C(R*; H™1(M)) for P-almost every w € Q, adapted with respect to the filtration {¥3}, is an
admissible stochastic solution to (1), (2) if

o there exists C; > 0 such that E(esssup,co 7y lu(t)llzon) < Co;

e the kinetic function h = sign, (u — &) adapted with respect to the filtration {;} satisfies (31) with the initial
conditions h(0,x, &) = sign,, (uo(x) — &) in the sense of weak traces and h satisfies (36) with the initial conditions
E(O, x, &) =1 —sign, (uo(x) — &) in the sense of weak traces.

We shall also need a notion of the generalized stochastic kinetic solution.

Definition 3.4. A measurable function w +— h(-,-,-,w) € L*([0,T] x M x K)) N Cr([0, T; H*(M x K)) (with
Crr(X) we denote the set of left and right continuous functions on X), for some k € IN and any K cC R, adapted
with respect to the filtration {F;}, bounded between zero and one and non-strictly decreasing with respect to & € R
such that h = —d:v(x) is the generalized stochastic kinetic solution to (1), (2) if there exists a non-negative stochastic
kinetic measure m such that h satisfies (35) and the initial conditions h(0,x, &) = sign, (uo(x) — &) in the sense of
weak traces.

Clearly, if we have the admissible solution to (1), (2) then we have the generalized stochastic kinetic
solution as well. Interestingly, vice versa also holds which follows from the standard uniqueness arguments
(see e.g. [6]). The concept of the generalized solution used here is essentially the same as the one from
[14] except that we do not require boundedness of the p-moments, p € [1, ), of the measure v;x (see [14,
Definition 3.3]). We note that the equation considered here is somewhat simpler than the one in [14] since
we do not have cylindrical Wiener process and we require somewhat stricter conditions on the coefficients
(compare in particular (4) and (5) here and [14, (2.1), (2.2), (2.3)]). Although insubstantial, the relaxation
of the conditions seems sufficient to avoid additional requirements for the generalized stochastic kinetic
solution from Definition 3.4.

4. Informal uniqueness proof — doubling of variables

In this section, we shall informally show how to get uniqueness. Formal proof does not essentially differ
from the procedure given in this section but one needs to introduce several smoothing procedures which
significantly complicates some steps of the proof. Therefore, for readers’ convenience, in this section we
essentially explain the basic ideas of the proof. We also remark that, in order to simplify the notation, we
will denote by dx the measure on the manifold instead of usual dy(x).

Let hl(t,x, &) and K(t,y, C) be two different generalized kinetic solutions to (1), (2) (see Definition 3.4).
Then

?(x, &)

dh' + div,(f' (x, E)h')dt = —9; (Tvl)dt + O(x, W' AW, + dedmy, (37)

2
® (;" Q#) dt — Dy, OV dW; — dedms. (38)

2 + divy(f' (y, Oh2)dt = J (
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By (26), the following holds:
d(h'h2) = K'dl? + h2dh" — O(x, E)D(y, Ov' @ v2dt. (39)

Multiplying (37) by W2 = Rt y, 0), (38) by h! = hl(t,x, &), adding them and using the geometry compat-
ibility conditions (3), yields

n2dh + Rdl2 + B2 (x, &) - Vghtdt + B (y, C) - v, h2dt

2
. (cp( 9 ) L 19, (CD 5.9 , )dt+h2(1>(x VAW, - K ®(y, QVPdW,

+ 129edmi(t, x, &) — W ddmy(t, y, O)dt. (40)

Inserting (39) into (40), we get
A h2) + O(x, E)D(y, Ov' @ V2dt + 12F (x, &) - v, hldt + h'f (y, C) - v, yh2dt
2 2
—h20; ((D 8 )dt o, ((D 3.9) 2 )dt + (R2D(x, E' — W' D(y, OvA)AW,

+ W20 dm (t,x, E)dt — h'dcdma(t,y, C)dt. (41)

We now choose the non-negative test function ¢(¢,x,y, &, C) = p(x—y)y(E —C), where p and 1 are smooth
non-negative functions defined on appropriate Euclidean spaces. Multiplying (41) with ¢ and integrating
over (0, T) X M? X R* we get

f f H\(T, x, KT, y, Op(x — y)Y(& — Q)dCdedydx (42)

M2 R?

- f f B2 p(x = y)(& — Q)dCdEdydx

M2 R?

+ f f f pox = YIP(E = OD(x, E)D(y, v, ) (Odvy, o (E)dydxdt
0 M2 R2?
T
+ f f f F/(x, &) - Voxh' (t, %, Ot Y, Op(x — y)P(E — OdldEdydxdt

0 M2 R?

ffff (v, 0)- ngh2(t y,C)hl(t x, &)p(x — y)P(& — O)dCdEdydxdt
M2 R?

(90—

[ [ [ 5520y, opx - yywr e - O (epicayixie

0 M2 R?

T

D2(y,
" f f f (;, %, Dptx - w6 - Odv?, ,\(OdEdydxdt

0 M2 R2
T

v [ [ [ o= yyce - iy, 000 v, (E)dcaydsan,

0 M2 R?
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T
- f f f px = YP(E = O (t, x, Dy, Odv, ) (Qdedydxd W,

0 M2 R?

T
- f f f o(x = Y)W/ (& — QIR y, Ot x, &)dCdy

0 M2 R?
T

- f f f o(x = Y)W (E = O (E, x, E)dmat, y, OdEdx.
0 M2 R?

By using integration by parts with respect to C and £ in the first and second and in the last two terms on
the right hand side in (42), and using d:h! = —v! and dch? = 12, we obtain:

f f (T, x, EH(T,y, Op(x — y)P(& — dCdedydx 43)
M2 R?
- f f hi(x, Oy, Op(x — (& — OdCddydx

M2 R2?

T
+ fffp(x - Y)w(é - C)(D(X, é)q)(Y/ C)dv(zt,y)(C)dvzt,x)(é)dydxdt

0 M2 R?
T

+ ffff,(x/ 5) ' Vg,xhl (t/ X, E)h_Z(t/ Yy, C)P(x - Y)l,/J(E - C)dCdédydxdt

0 M2 R2

T
+ f f f 7'(y, Q) - Voyhi2(t, y, O (t, %, E)p(x — y)p(& — QdCdEdydxdt

0 M2 R?

T
2
=f f f Q—(;'E)P“‘YW-OdV?t,y)<C>dva,x><é>dydxdt

0 M2 R2

T
D2(y,
+f f f _<2y QP("‘W(‘S—C>dV<2f,y><C>dva,x><é>dydxdt

0 M2 R?

T
+ f f f pOx = YIP(E = OI2(L, Y, OD(x, E)dvy,  (E)dCdydxd W

0 M2 R?

T
- f f f POC— YIP(E = Ol (t,x, E)D(y, Qv (O)dedydxd W,

0 M2 R?
T

- [ [ [ o= iwte - 0wt @ame x exacay

0 M2 R?2

T
- f f f px = YIW(E = O (E)dma(t,y, O)dEdx.

0 M2 R?
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Finally, moving the third term on the left hand side in (43) to the right hand side and using non-negativity
of the measures m; and m, yields

f f (T, %, EH(T,y, Op(x = y)P(& — dldedydx (44)
M2 R2
- f f hi(x, Oy, Op(x — y)yp(& — OdCddydx

M2 R2?

T

+ ffff’(x, &) - Vg,xhl(t, X, E)h_z(t, y, Op(x — y)P(& — O)dCdédydxdt
0 M2 R?
T

+ f f f 7'(y,0) - Voyl2(t, y, O\ (t, %, E)p(x — Y)WW(E — Q)dCdEdydxdt

0 M2 R2

T
< % f f f (D(x, &) = Dy, 0)*p(x = Y)P(E = v, ) (O, ,(E)dydxdt
0 M2 R2
T

+ f f f pOx = YIW(E = OI(L, Y, OD(x, E)dvy,  (E)dCdydxd W
0 M2 R2?
T

- f f f pOx = YP(E — O (t,x, )Py, Odv(, o (OdedydxdW,.

0 M2 R?

Setting (&) = 6(&) and p(x) = 6(x) and rearranging it a bit, we obtain

f f WN(T, x, E)H2(T, x, £)dEdx
M R

T
< f f hgh_gdgdx— f f f (%, &) - Vol (t,x, ER2(E, x, E))dEdxdt
0 M R

M R
T

—fffCD(x,5)85(h1(t,x,é)ﬁ(t,x,é))dédxdwt. (45)
M R

0

Another integration by parts provides

f f WN(T, x, E)H2(T, x, £)dEdx (46)
M R

T
< f f hh2dgdx + f f f ' (x, EhL(t, x, EH(t, x, E)AEdxdW(F)
M R 0 M R

where we used the geometry compatibility conditions to eliminate the flux term.

By using non-negativity of ' and h2, we have after finding expectation of square of (46) and taking into
account the Itd isometry
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E|( f f N (T, x, EHA(T, x, 5)d5dx)2 (47)
M R

T
SE|( f f h})h_gdédx)z + || |AE f ( f f Wt x, EH(t, x, g)dgdxfdt .
M R 0 R

M

From here, using the Gronwall inequality, we get

E|( Mf Rf W (T, x, E(T, x, é)dédx)ﬂ sEl( Mf j10(x) — 120 (0lax)’ |. (48)

From here, if assume that u19 = u, we get almost surely for almost every (£, x, &) € [0, 0) X M X R:
hl(t/ X, é) (1 - hz(tl x/ 5)) = 0

This implies that either hl(t,x,&) = 0 or h*(t,x,&) = 1. Since we can interchange the roles of h! and
h?, we conclude that 1 and 0 are actually the only values that h! or h? can attain and that ' = h? = h.
Since h is also non-increasing with respect to & on [0, o), we conclude (taking into account the initial data
ho = sign, (up(x) — &)) that there exists a function u : [0, c0) X M — R such that

h(t,x, &) = sign, (u(t,x) — &). (49)
We thus have the following corollary which is proven in the final section.

Corollary 4.1. The generalized stochastic kinetic solution to (1), (2) has the form (49). If the function u satisfies the
second item from Definition 3.3, then it is an admissible stochastic solution to (1), (2).

5. Uniqueness - rigorous proof

In this section, we shall formalize the arguments from the previous section. To this end, it will be
necessary to express (35) in local coordinates. So, assume we are given a generalized stochastic kinetic
solution /. To prove uniqueness locally we take a chart (U, k) for M and assume, without loss of generality,
that x(U) = R?. Define the local expression of 1 as the map (in order to avoid proliferation of symbols,
we shall keep the same notations for global and local quantities but we shall write X to denote the local
variable)

hR'XRIXxRxQ - R, htx & w)=htc 1 (X),Ew0)GX),
where G(X) is the Gramian corresponding to the chart (U, ). Similarly, for X € R? we define

D%, &) = D(x (%), &),
f(%, &) =f(x'(%),&), (% &) =T(K1X),E)=ax¢E) (50)
Vit (A) = Vi 15 (A G(X),

and m(t, X, £) will be the pushforward measure of m with respect to the mapping «.

With such notations at hand, we now rewrite (35) locally in the chart (U, ) into an equation in terms of
hi(t, %, &) and hy(t, X, &), which are two generalized kinetic solutions to Cauchy problems corresponding to
(1) with the initial data 119 and uyg, respectively. Below, we use the Einstein summation convention and we
remind thata = (a1,...,49) = = ( fl’ Seee, fé). Also, since the equations are to be understood in the weak
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sense, we need to add the Gramian in each of the terms below except in m; and 5, since the corresponding
part in these terms is implied there by the definition of the pushforward measure. This is why we introduce
the conventions from (50).

dnl(t, %, &) + divg(a(x, M)t + hlr,{j(s()ak(t, %, £)dt (51)
= —0; (% Vi, x)(5)) dt + DX, v, o (AW, + edmy,

dr2(t, §, 0) + divy(a(§, Oh2)dt + ﬁrij(y)ak(t, ¥, Q)dt (52)

= ¢ (% (Zty)(c)) dt — O(F, Ovf, 5, (QdW; — dedmy

We introduce two mollifying functions w1 € D(RY), w, € D(R) where d is the dimension of the manifold
M, such that w; > 0,i = 1,2 and jﬁ, w1 = fRa)z = 1. Taking ws,(X, &, 1) = dwl (6)61)2( ) for some 6,7 > 0,
and using convolution, (51) and (52) yield (below and in the sequel, subscrlpts 6 and r denote convolution
with respect to the corresponding variables):

dn? |+ divs(a(% hL )it + g} dt + (l"lij(i)ak(t, %, 5)h1) dt (53)
’ ’ o1
cDZ
—y (ﬁ gtx)(,g)dt) (DX, )V, (o, AW, + ectns 5,

A+ divy(a(y, OV )dt + 2, dt + (r,ij(y)ak(t, 9, c)ﬁ)m dt (54)

(¥,
_aC(M gty)(C)dt) — (@F, OV} (s dW; — dedm s,

where
g5, = divs(a(x, Eh")s, — divs(a(x, E)h; )
g2, = divy(a(y, Q). - divy(a(y, Q2.
These terms converge to zero as 6,r — 0 according to the Friedrichs lemma [30].

Now, multiplying (53) and (54) with h = h2 (ty,0) and hl = h1 (t,x, &), respectively, and using (26),
we obtain

d(h}, 12 ) + (D, E)Vh o (O)or(@(F, OVE ) (Ot ©
+ I dive(a(R, E)ib, Mt -+ 1}, vy ay, O )t
. (Flij(i)ak(t, %, E)hl) @dt i (r,{j(y)ak(t, ¥, C)ﬁ)r hy dt =

— g 2 dt = g2 B dt+ 2 (D, )V, o (E)s,AW: — B (@(F, OVE 5 (O)s,dWe

2 2
ag(q) .9 %ty)(c:)) dt — 12 ag(q) (;‘ ) }tx)(é)) dt

+ 12 Decim o, (t, X, E)dt — 1L dedma s, (t,§, Oyt

Next, we choose non-negative functions p € D(R?), ¥, ¢ € D(R) such that j;RL, p= f]R 1 = 1. Using the
test function p,(X — §).(& — O <x+y) with p, (%) = Sdp( ) Pe(&) =1y (%), for some ¢ > 0, and integrating
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(55) over (0, T), the equation is rewritten in the variational formulation (recall that i! and h? are continuous

with respect to t € R*):

f f 1L (T, %, &2 (T,§, Ope(X = F)ipe(& C)(p( )déd(_,dxdy
IRZd IRZ
f f g 5, (% G 5, (F, Ope(X = F)pe (& = C)(p( )dédCdxdy
R2 R2?
n f f f ( 2 dive(a(%, &) + 1l divy(a(y, c)@))x
0 Ro R2

X pe(X — D€ - C)(p( )dédCdxdydW,

T
+ f f f ((F}ij(i)ak(t,i,g)hl)ér%+(Fij(y)ak(t,y,C)ﬁ)érhér)x

0 RM R2

X pe(X = y)Pe(E — C)<p( )dédCdxdy

= f f f (%mz + G35, _hz {DE, E)v, o (E))sr + hy (OF, C)V(zt,y)(C))a,r)x
0 RM R2

X+§¥

X pe(X = §)Pe(& - C)(p( )dédCdidyth

T
(.9 P (%, &)
[ ] (hé,,&c( v %ty(C)) —hza( X %m@)

0 R R2

— @& OV, (o PF, OV (0o )pe (X = P& ~ C)(p( )dédCdxdydt

T
+ fff(@(tl }N’r C)&éml,é,r(tl X, é) - ]’l(ls,r(t, }N’, E)&sz/é/‘y(t, }7, C))X

0 RAM R2

X pe(X = )P (E - C)<p( )dédCdxdydt

We shall analyze this equality term by term. We start with the terms from (56)—(58). We have:

f Iy (T, %, EVE2 (T, 5, Q)pe (X = (& - C)<p( )dCdédydx
R R2
- [ [ 105,805,006~ 5106 - 0p (5 ) acazayax
R¥ R2
T
- [ [ [ el 5007 0,50 [we - 00 (5 ) voux-9)
0 R2 R2

+

+ 30ex = (e — OV () acasagaar

(56)

(57)

(58)

(59)

(60)

(61)

(62)

(63)
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T
+ f f f a(§, Ol (4, % E2 (9,0 - [1/»{(5 C)qo( )Vpg(f(—y)
0 RM R2
1
- 3pe& = (e - OV () Jacasagaar
1o o2 (T < . < X+y
:fj%MT&Ww@%Omu—ww@ Q( )%ﬁ@h—
IRZd ]RZ
_ .
f f 0,%, £ (0,5, 0p.(% = )& ~ Op (5 | dcdzdyds
R R?

X+

- f f f (a%, &) ~ (5, 0) - Vp. (5~ Dk (4%, O (1,5, Ol ~ O

0 R¥ R2

) dcdcdydxdt

1 f f f (@5, &) + (9,00 - Voo (2L ik (6%, £ 1,5, O~ )€ - OdCdedasat

0 R R2

The penultimate term in (63) can be rewritten as (below dV = dCdédydxdt):

T

[ (a6 = at5,0) - pu(x = 90,5 002,05, 00 - O (52 Jav -

R R2
fff(a(x & a5, 00V (50 () ote 5 0 05, Ot - 0 (Y Jav =
0 R¥ R2
T
g 8 1 1 o Xty
(0% &) = a3, ) - V@, 105 O (15,00 — O (22 )dv =
0 R¥ R2 '
7 1 y
fff ROZD . L9000, 00,5, 0t - Op (5 Jav -
0 R R
f I DD i 45 + €2, 0,3, 00 (& = O (3+ ) av
0 R¥ R2
where z = =X, We notice that, as 7,6, ¢ — 0 (in any order), this term becomes

T

f f f 30§, 1,9, VR S, () f 210, p(a)zdsdydi
0 RI R R
T

- f f f divy a(y, ', 3, R, 3, E)p(y)dEdyd

R? R

0
T
ifffrlij(y)ﬂk(t,y,é)hl(t,y,g)ﬁ(t,ylg)dgdydt.
0

1629

(64)

(65)

(66)
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due to properties of the mollifier p. Thus, from (65) and (63) we conclude that as 7,6, ¢ = 0 in any order

(56) + (57) + (58) .

2 (67)
j‘f(hlh2 XT,¥,8) (x)d.{dx—j‘f(hlh2 )X, E)p(X)dEdx
RY R
fffa(x & (hlhz)(t X, E)Vo(R)dédxdt — fff (R)ar(t, %, N, %, 5)h2(t X, &)d&dxdt.
Term (59) is easy to handle. We simply let 7,6, ¢ — 0 to conclude
(59) 2 fffﬂ"] X)ar(t, x, & hlhz(p(x)dcfdxdt (68)
0

In order to prepare handling (60) and (61), we use regularity of the function ® (recall that ® € C}(R?XIR)).
We have

2 2 X
f f f ((D - %tx)(é)) Vigyor(© = T 5)V%tic),é/(é)V(thf’)'é'r(C)]X ~

0 R R2

X pe(X—§)pe(& - C)(P( )dCdcfdydx . 0,

and similarly

f [ [ (06 ewt0),, (065,00%,,0), - (0% 7h5,(6) (05,05, 0) (70)

R2 R2

X pe(X = §)pe( C)(p( )dCdédydxdt — 0.

In a similar fashion, we have

T
[ [ [em0v@), 7,65.0 - (0,04,0), 1, 6x0)x

0 Ro R2

X pe(X = §)Pe(E - C)(p( )dCdEdydxth

T
— [ [ [ [0 005,002,050 - 065,08 5, (O, (15,00

0 R R2

X peli = 9elé ~ O (Y ) acdzagasaw, + f GosredWi
0
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where
P31 = f f [( (P, cf)v%t/i)(cf))é,r —D(x, &) (V%t,x)(‘z))(s,r )@(t, %,0)
RZd ]R2
~((0,00%,(0),, - 93,0 (7 0),, )b, 6.5 5]x
X pe(X = §)Pe(€ - C)<p( )dcdgdydx
and g3, — 0as 6,7 — 0 almost surely. From here, using ﬂ = v}t,i),é,r( &) and dhﬁ,r;?’r@ _

integration by parts, we have the following conclusion for (60)

T

f [ (@, Evl (D), 12,3, 0) = (DF,0v,5)(Q), 1, (%, é)]x

0 R R2

X pe(X—§)pe(& - C)(p( )dCdédydxth

%u[ffﬁ“éwaxﬂﬂﬂé>wmwmm

where we used the procedure leading to (65).
Having in mind (69), (70), and (71), we conclude that (61) has the following asymptotics:

f f f (qﬂ(x'g) %m(é)) 24,9, 0p(X = PYL(E - c>go(* y)dCdgdydidH

R R2

f f f(@z ¥.9) » )(C)) 5, (8%, E)pe(X = JIVL(E — C)(p( )dCdédydxdt—

0 RM R2

- f [ [ (emeriy @), (@.00450), x

0 RM R2

><l
'~<1

X pe(X=§)Pe(& - C)<p( )dCdEdydxdt—

_ f f f ((q)(f(,é)v(lt,i)(é))é’r@(t,y, 0 - (0@, C)v(zty)((:))élrh}j,r(t,i,5))><

0 RM R2

><l
’~<1

)dCd&dydxth —

1,0—0

X pe(X = )& — C)(p(

hrn fff(q)(X, &) — Oy, C))2Pe(x Y)ll)é(é C)(P( )dv(ty)(C)dvtx)(é)dydxdt

0 RAM R2

f f f D' (X, ORI (£, %, EV(, X, E)AEAW,

1631

2
V(l‘,y),é,r (C)/

(71)

(72)
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T
- f f f ' (%, RN (8, %, EVE( %, )AEAXAW,. 73)

Finally, we want to get rid of the entropy defect measures from (62). We use the fact that h' and h? are
decreasing with respect to £ (i.e. C) and that the measures m; and m, are non-negative. We have after two
integration by parts (keep in mind that d: (& — C) = —dc (& — 0))

T

f f f r(t/ 5}/ C)géml,é,r(t/ f(/ ‘S) - h(ls/y(tl }7/ é)aCmZ,é,r(t/ S’/ C))X (74)

R R2

X pe(X = §)pe (& - C)(p( )dédCdxdy

T
o B B R R G A

0 R R2

X pe(X = §)Pe(E - C)<p( )dgdcdxdy<o

Finally, from (67), (68), (71), (72), and (74), we conclude after letting r,0,& — 0 (first 7,06 — 0 and then
& — 0) that (56)—(62) becomes:

T
WY(T, %, E)RA(T, %, £)p(X)dEdx + T} (R)a(t, %, EL(E, %, EHA(E, X, E)p(R)dedxdt
/] []f

Sffh1h2¢(x)d£dx+fffa(x &) V(p(x)(hlhz)(t X, &)dEdxdt
R4

T
+ f f f (%, (%, ER(E, %, E)p(R)AEAKAW.

From here, using the definition of the integral over a manifold and recalling (50), we see that it holds
f fhl(T, X, é)ﬁ(T, x, £)G(x(x))p(x)dEdx (75)
M R

T
< | [ Hyx R, )G pEdEdx - (H'12)(t, x, E)G(R(a(x, £) - Vyp(x)dEdxdt
/] 1]
T

n f f f D' (x, &)W R2)(t, X, £)G(x(x))@(x)dEdXAW,.

0 M R

Since we are on the compact manifold, we can take ¢ = 1 which yields:
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f f WN(T, x, E)H2(T, x, &)G(k(x))dEdx (76)
M R

T
< f f 1 (6, E)H2(x, £)G(x(x)dEdx - f f f (' 2)(t, x, E)G(r(X))a(x, &) - V,1 dedxdt
M R 0 R

M

T
’ 172
+ f f f ' (x, £)TB)E, %, E)GOO)AEDXAW,.

0 M R

We arrived to (46) plus a term which does not affect using the Gronwall inequality and It6 isometry which
give uniqueness as in (47). Remark that the Gramian has no influence on the procedure since it is a positive
bounded function.
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