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Transport and continuity equations with (very) rough noise

Carlo Bellingeri, Ana Djurdjevac, Peter Friz, Nikolas Tapia

Abstract

Existence and uniqueness for rough flows, transport and continuity equations driven by general
geometric rough paths are established.
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1 Introduction
We consider the transport equation, here posed (w.l.0.g.) as terminal value problem. This is,
d . -
—0eu(t, x) = _fi(x) Deu(t, x)W] = Tu(x)W, in (0,T)xR", (1)

i=1
u=g on {T}xR"

for fixed T > 0, with vector fields f = (f1, .. ., fy) driven by a €-driving signal W = (W?!, ..., W9).

The canonical pairing of Du = D,u = (8,1 u, . . ., Oxnu) with a vector field is indicated by a dot, and
we already used the operator / vector notation

F;: f,'(X)-DX, r:(rl,...,rd).
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C. Bellingeri, A. Djurdjevac, P. Friz, N. Tapia 2

By the methods of characteristics, the unique (classical) B! transport solution u: [0, T] x R" — R,
is given explicitly by
u(s, x) = u(s, x; W) := g(X3%), (1.2)

provided g € 6" and the vector fields fi, . . ., fy are nice enough (B} will do) to ensure a 6" solution
flow for the ODE

d
X = KXW = (X)W,
i=1

X =x.

In turn, solving this ODE with random initial data induces a natural evolution of measures, given by the
continuity - or forward equation

d
Op=3_divi(fi(x)p) W, in (0.T) xR".
i=1

p(0)=p on {0} xR".

Well-posedness of the “trinity” transport/flow/continuity will depend on the regularity of the data. For
W € 6" we have an effective vector field

d

b(t,x) = f(x)W}

i=1

which is continuous in t € [0, T] and inherits the regularity of f. In particular, f € B* will be sufficient
for a G1!-flow. In a landmark paper, DiPerna—Lions [9] and then Ambrsosio [1], showed that the
transport problem (weak solutions) is well-posed under bounds on div b (rather than D, b) which in
turn leads to a generalized flow. Another fundamental direction may be called regularisation by noise,
based on the observation that generically X = fy(X) + (noise) is much better behaved than the
noise-free problem, see e.g. [3, 5] 6, (10} 11 [21].

Our work is not concerning with DiPerna-Lions type analysis, nor regularisation by noise. In fact, our
driving vector fields will be very smooth, to compensate for the the irregularity of the noise, which we
here assumed to be very rough. (This trade-off is typical in rough paths and regularity structures.)

Specifically, we continue a programme started independently by Bailleul-Gubinelli [2] (see also [7]) and
Diehl et al. [8] and take /' as rough path, henceforth called W. As in these works, we are interested in
an intrinsic notion of solution. (Rough path stability of transport problems was already noted in [4])). The
contribution of this article is a treatment of rough noise of arbitrarily low regularity. Based on a suitable
definition of solution, carefully introduced below, we can show

Theorem 1.1. Assume W is a weakly geometric rough path of Hélder regularity with exponent
v € (0, 1]. Assume f has 2|y~ | + 1 bounded derivatives. Then there is a unique spatially regular
(resp. measure-valued) solution to the rough transport (resp. continuity) equation with regular terminal
data (resp. measure-valued initial data).

This should be compared with [2, 8], which both treat the “level-2 case”, with Holder noise of exponent
v > 1/3. Treating the general case, i.e. with arbitrarily small Hlder exponent, requires us in particular
to fully quantify the interaction of iterated integrals, themselves constrained by shuffle-relations, and the
controlled structure of the PDE problem at hand. In fact, the shuffle relations will be seen crucial to
preserve the hyperbolic nature of the rough transport equation. This is different for (ordinary) rough
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differential equations where the shuffle relations can be discarded at the price of working with branched
(think: lto-type) rough paths. For what it's worth, our arguments restricted to the (well-known) level-2-
case still contain some worthwhile simplifications with regard to the existing literature, e.g. by avoiding
the analysis of an adjoint equation [8] and showing uniqueness for weak solutions of the continuity
equations via a small class of test functions. On our way we also (have to) prove some facts on
(controlled) geometric rough paths of independent interest, not (or only in the branched setting [16} [17])
available in the literature.

Relation to existing works: Unlike the case of rough transport equation, when it comes to stochastic
constructions it is impossible to mention all related works stretching over more than four decades,
from e.g. Funaki [15], Ogawa [23] to recent works such as [24] with fractional noise and Russo—Valois
integration.

The many benefits of a robust theory of stochastic partial differential equations, by combining a
deterministic RPDE theory with Brownian and more general noise, are now well documented and need
not be repeated in detail. Let us still recall one example of interest: multidimensional fractional Brownian
motion admits a canonical geometric rough path lift (see e.g. [12]) 1/4 < a < H, which constitutes
an admissible rough noise for our rough transport and continuity equations. Various authors (see for
example Unterberger [26], Nualart and Tindel [22], etc.) have constructed “renormalised” canonical
fractional Brownian rough paths for any H > 0, fully covered by Theorem|1.1

Notations

We fix once and for all a time T > 0. In what follows we abbreviate estimates of the form |(a) — (b)| <
|t — s|7 by writing (a) = (b). Given v € (0, 1) we denote by 6" the classical Hdlder space, i.e.
vy

consisting of functions f: [0, T|] — R such that

|y — £
sup
t4s |t —s|7

< 0

Throughout the paper we say geometric rough path, when we really mean weakly geometric rough
path (since we only work with this type of rough path, the difference [13] will not matter to us).

2 Rough paths

We start by reviewing the definition of geometric rough paths of roughness y € (0, 1) and controlled
rough paths. We will do so in a Hopf-algebraic language following [17], but before we will introduce
some basic concepts.

A word of length p > 1 over the alphabet {1,...,d}isatuple w = (i,...,ip) € {1,...,d}",
and we set |w| := p. We denote by & the empty word, which is by convention the unique word with

zero length. Given two non-empty words v = (i1, ..., i,) and w = (ip41, - . ., iptq), We denote by
vw = (i, ..., Ipy Ip+1, -« ip+q) their concatenation. By definition ew = we = w. We observe that
in any case |vw| = |v| + |w|. The concatenation product is associative but not commutative.

The symmetric group S, acts on words of length p by permutation of its entries, that is, o.w =
(is(1), - - - Io(p))- Given two integers p, g > 1, a (p, q)-shuffle is a permutation o € S, 4 such that

o(l)<o(2)<---<o(p)and o(p+1)<o(p+2)<---<a(p+q).
We denote by Sh(p, q) the set of all (p, q)-shuffles.
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2.1 The shuffle algebra

The shuffle product was introduced by Ree [25] to study the combinatorial properties of iterated integrals,
following K.-T. Chen’s work. Let d > 1 be fixed, and consider the tensor algebra H over R9, which is
defined to be the direct sum

H = @(Rd)®’3.

A linear basis for H is given by pure tensors e; ® --- ® €;,, p > 1 where {ey, ..., g} is a basis
of R?, and the additional element 1 which generates R®° := R1. In order to ease the notation we
denote, foraword w = (i1, ..., ip), ew = €, ® €, @ - - - ® e;,. By definition, the set {e,, : |w| = p}
is a linear basis for (R)®” for any p > 0.

The space H is endowed with a product LLI: H ® H — H, called the shuffle product, defined on pure
tensors as

€y L €1y i g = E €o.(i1,..riprq)"
o€Sh(p,q)

There is also another operation, called the deconcatenation coproduct A: H — H ® H, defined by

Ae,, = Z e, e,. (2.1)

uv=w

The shuffle product and the deconcatenation coproduct satisfy a compatibility relation (which will not
play any role in the sequel), turning the tripe (H, LU, A) into a graded connected bialgebra. This implies
the existence of a linearmap S: H — H, called the antipode, turning (H, LU, A, S) into a Hopf algebra.
In our particular setting, S can be explicitly computed on basis elements by S(e;...;,) = (—1)Pe;,...i,-

The coproduct endows the dual space H* with an algebra structure via the convolution product given,
for g, h € H*, by

(g*h x) = (g®h Ax).

On pure tensor this yields

(gxhe) =3 lg.ellhe).

uv=w

A character is a linear map g € H* such that (g, x LW y) = (g, x)(g,y) forall x,y € H.ltis a
standard result (see e.g. [20]) that the collection of all characters on H forms a group G under the
convolution product whose identity is the function 1* € H*, defined by 1*(e,) = 0 for every word b and
1*(1) = 1. The inverse of an element g € G can be computed by using the antipode: g7 = g o S.

Given N > 0, we consider the step-N truncated tensor algebra

Definition 2.1. A step-/N truncated character is a linear map g € H}, such that

(g.xwy) = (g .x)(gy) (2.2)

forall x € (R?)®P andy € (R9)®9 withp + q < N.
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Transport and continuity equations with (very) rough noise 5

It is not hard to show that the set G(V) of all step-\ truncated characters is also a group under
the convolution product, whose identity is again 1*. Denoting by €7, ..., e} the basis of R dual to
{e1, ..., eq}, we introduce the dual basis (e}) of Hy, in the canonical way, that is, for a word w we
denote by e}, the unique linear map on Hy such that

(en. &) = du(v).

The convolution product of two of these basis elements can be explicitly computed. Indeed, by definition

() x €y, ew) = Z (enrew)(ey, ev)

u'vi=w

which is nonzero if and only if w = uv, in which case (e} x e}, e, ) = 1. Therefore e} x e} = e . For
this reason this product is also known as the concatenation product.

2.2 Geometric rough paths

We now recall the notion of geometric rough paths. The group G (M) can be endowed with a sub-additive
homogeneous norm || - ||y GM) — R, see [19] for further details. This allows us to define a left
invariant metric on G(V) by setting

du(g. h) = [[h gl
Definition 2.2. Let N, .= Lfy_lj denote the integer part of y 1. A geometric rough path of regularity

7y is ay-Holder path W : [0, T] — (G, dy). The set of all geometric rough paths of regularity -y
will be denoted by €.

By definition of the increments W;; := W;l * W, satisfy the so-called Chen’s relations

W, = Wi, x W, (2.3)
forall0 <'s, u, t < T. Moreover, by construction of the homogeneous norm || - ||y, for any word w
such that |w| < N, one has
Wi, e
sup M < 0. (2.4)

s |t — s|lwly

2.3 Controlled rough paths and rough integrals

One of the main goals of rough paths theory is to give meaning to solutions of controlled equations of
the form

d
dXe =) fi(X,)dW], (2.5)

i=1
for some collection of sufficiently regular vector fields fi, . . ., f; on R" and where the driving signals
W?, ..., W? are very irregular. The general philosophy is that if the smoothness of the vector fields

compensates the lack of regularity of the driving signals, then we can still have existence of solutions
given that we reinterpret the equation in the appropriate sense. The central ingredient for proving this
kind of results is the notion of controlled rough path which we now recall.
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Definition 2.3 ([16,12]). LetW € € and1 < N < N, + 1. Arough path controlled by W is a path
X: [0, T] — Hn_y if for any word w such that |w| < N — 1 the path t — (e}, X;) € 6" and

(en, Xe) = (Wexe), Xs). (2.6)

(N—=[w[)y

for all s < t. We denote by 9,9’,,7 the (vector) space of paths X satisfying (2.6).

We say that a path X : [0, T| — R is controlled by W if there exists a controlled path X € D,y such
that (1*, X;) = X;; we call X a controlled rough path above (the controlled path) X.

Remark 2.4. The definition in [12] seems more restrictive in that one always take N = N.,, which is
the minimal value of N required for rough integration. The case N = N., 4 1 is convenient to keep
track of the additional information obtained by rough integration, see Remark([2.7,

Remark 2.5. Alternatively, by writing X and W as the sums

Xi= > (el Xsyew, We= > (Wi eel,

[w[<N-1 [v|<N

the condition in eq. (2.6) can be explicitly written

(€, Xe) = Y (e, Xs) (Wer @), (27)

N—|w
N o =]

for any word w.

By construction of the vector space QZVI\,I,”, the quantity

. |<ejv, Xt> - <Wst * e:vr X5>|
IXllw.n = Y sup It — s|(N=Twh '

0<|wl<n °<t

is finite for any X € 9. We can easily show that || - H@v'\\'ﬂ is a seminorm and, it becomes a Banach
space under the norm
X = max |{e*, X X|lw:nw-

X = max 1€k X0l + X lwvs
We extend the notion of controlled rough path above a vector-valued path X: [0, T] — R". In this
case, the path X takes values in (Hy_1)", that is, each component path (e}, X) is a vector of R”,
which we denote by

(er, X)=({er, X)1,.... (e}, X)n)-

w? w? w?

Then we require the bound in eq. (2.6) to hold componentwise, or equivalently, we can replace the
absolute value of the left-hand side by any norm on R". We denote this space by (9,’,}/,")”.

Using the higher-order information contained in the controlled rough path X &€ QZNA’, we recall the
rigorous notion of rough integral of X against W. For its proof see [12].

Theorem 2.6. LetW € €7 and X € 93’,“. Foreveryi € {1,...,d} there exists a unique real
valued path in 67

tH/O X, dW; = Jim Y (e Xo) (W, ewi), (2.8)

[a,blem 0<|w|<Ny—1
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Transport and continuity equations with (very) rough noise 7

where T is a sequence of partitions of [0, t]| whose mesh || converges to 0. We call it the rough
integral of X with respect to W'. Moreover one has the estimate

t s t
/X,,dwu"—/ X, dW! —:/ X, dW! = > (el Xo) (W, ens), (2.9)
0 0 s

i =
Ny+1
(D7 o (e,

for any s < t. Introducing the function [, X, dW,: [0, T] — H, given by

t t t
<1*,/ xudw,j> ::/ X, dw! <e;;,.,/ x,,dwu"> = (e, X;) (2.10)
0 0 0

and zero elsewhere, one has fo X, dWJ c 9|(A//V7+1)7.

Remark 2.7. Differently from the general definition of the 9,’,\{,7 spaces, in order to define the rough

integral it is necessary to start from a controlled rough path X € 9,7] 7. The operation of integration on
controlled rough path comes also with some quantitative bounds. Looking at the definition, it is also
possible to prove there exists a constant C(T,«y, W) > 0 depending on T, v, W such that

/ X, dw!
0

Therefore the application X +— f X dW' is a continuous linear map.

< C(T, 7, W)IIX|

@&’/\”y*’l)’\’

The second operation we introduce is the composition of a controlled rough path and a smooth
function. Given a smooth function ¢: R” — R, its k-th derivative at x € R" is the multilinear map
Dk¢(x): (R™)®* — R such that for v?, ..., vk € R",

D¥¢(x)(v',...,v¥) = i L(X)Vl v (2.11)

To ease notation we define

k¢ k¢
89(x) = =P (x) = =2 (x)
OXay - - OXay 0xy - - Oy
for a word & = (ay,...,ax) € {1,...,n}k; of course, such a induces a multi-index i =
(i, ..., in) € N", where i; counts the number of entries of c that equal .

We note that Dkd)(x) is symmetric, meaning that for any permutation ¢ € S, we have that
Dk(,‘b(X)(vlv ce Vk) — Dk(l)(x)(va(l)v . Vg(k)).

Remark 2.8. Observe that we also use the notion of word in this case, albeit with a different alphabet.
In order to avoid confusion we reserve latin letters such as u, v, w, etc for words on the alphabet
{1, ..., d}, introduced in the beginning of Section@ and greek letters such as o, B, etc for words on
the alphabet {1, ..., n} as above.

With these notations, Taylor's theorem states that if ¢: R” — R™ is of class €"*(R", R™) then for
any j = 1,..., mone has the identity

H() =3 D6y %)) +Olly — xI™) 212
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In what follows, for any finite number of words uy, . . ., ux we introduce the set

Sh(ur, ..., u) = {w: (€}, ey ... Le,) # O}

Since the shuffle product is commutative, for any permutation o € S, we have that
Sh(ul, ey Uk) = Sh(ua(l), Cey ua(k)).

Thanks to this notation, we can prove Faa di Bruno’s formula (see also [18]). We denote by %(m) the
collection of all partitions of {1, ..., m}. Given ™ = {By, ..., B,} € P(m), we let #m = p denote
the number of its blocks, and for each block we denote by | B| its cardinality.

Lemma 2.9. For any couple of functions g: R" — R" and f : R" — R sufficiently smooth and every
m > 1, letting h := f o g one has the identity

D™h(x)(va, .., Vm Z D#"f(g(x))(D'Blg(x )(vBl),...,D‘B"|g(x)(vBP))
TEP(m
where vg = (Vj,, ..., V) for B ={i, ..., Ig}.
In particular, for any word o = (al, R ozm) we have
1
& h(x) =Y ﬁZﬁ D*f(g(x))(0Pg(x). ..., 0% g(x)). 2.13)
k=1 Loee

Proof. We proceed by induction on m. For m = 1 the formula reads

Dh(x)v = Df(g(x))Dg(x)v

which is the usual chain rule. Suppose the formula holds for some m > 1. Then, applying the chain
rule to each of the terms we get

D™ h(x) (i, ..., Vimy1) = Z Z D#™tf(g D|Bl|ng1, DB (v Vi), D‘Bk‘ngk)

+ Z D#™1f(g(x))(D'Plg(x)va,, . ... D'Plg(x)vs,, Dg(x)Vim+1)
TeP(m)
= Y DFHE0) (DM e((ve). - D g ((vs,)
7' €P(m+1)

where the last identity follows from the fact that every partition 7' € %(m + 1) can be obtained by
either appending m + 1 to one of the blocks of some partition 7 € %(m) or by adding the singleton
block {m + 1} to it.

Given aword o« = (exg, ..., &), we evaluate the previous formula in the canonical basis vectors
Vi = €4y, Vm = €q,, t0 Obtain

0%h(x) = D"h(x)(w, . .., vm)
= T DF gl 8. .., 0% ()

TEP(m)
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Transport and continuity equations with (very) rough noise 9

where ag = (e, ..., @) if B={i,..., iy} Itis now clear that for any choice of m € %(m) the
words ag,, ..., ap, satisfy & € Sh(ag,, ..., apg,). Conversely, if & € Sh(B, ..., P«), there is a
partition 7 = {By, ..., By} with B; = is such that §; = ag;. Moreover, for any choice of such a

partition, any of the k! permutations of its blocks result in the same evaluation by symmetry of the
differential. Thus

h =Y 5 Y Dle())@*s(x). ... 0%5(x)

O
Remark 2.10. This result should be well-known to experts, yet the closest reference we found in the
literature [18] only covers the scalar case (and does not immediately yield the multivariate case).
Using a similar technique we show a version of this identity for controlled rough paths.

Theorem 2.11. LetW € ©',1 < N < N, +1, X € (2);))", and ¢ € C(R", R™) and set
X: = (1, X;). We introduce the path ®(X): [0, T] — (Hn_1)™ defined by (1*, ®(X).); = ¢/(X:)

and foranyj =1, ..., m, and any non-empty word w by the identity
|w]
(e, d(X),); = ZF > DEY(Xo)((eh, Xe), .. (eh,. Xe)). (2.14)
= ui,..., Uy

weSh(ui,...,ux)
Then (X)) is also a controlled rough path belonging to (Zi)™.
Remark 2.12. A similar statement in the setting of branched rough paths [16, Lemma 8.4] is known
and somewhat easier due to the absence of shuffle relations.
Before going into the proof, we introduce some more notation. If X is a controlled path, L €
Z((RM®K, R™), t > 0and uy, . .., ux are words, we let
L(t;uy,...,u) =L({e, Xe), ..., (el , X¢))

uy? ug?
Proof. It is sufficient to prove the result when m = 1. We first prove the result for the case of
(1*, d(X):) = ¢(X:). By Taylor expanding ¢ up to order N around X we get that
N-1 oy
_ k . ®k
(Xe) o kzﬁD (X ((Xe — X))

n
Since X € (92,%") , according to Remark we have

(1, Xe = X;) o= (Wee =17 X5) = D (el Xo) (W, e). (2.15)

0<|ul<N

Plugging this estimate into the above equation and using the character property of W,; in (2.2) we
obtain

N—-1
1
$(X) =D o > DAG(X)(siun, i) (W, ey -+ L ey, )
v k=0 ’ ui,..., Uy
N-1

*

Souk)(er, ey W Ley, ) (W, ew)

I
x| -
l\/]
1M
o
=
3
@
=
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so the desired estimate follows.

Now we show the bound (2-6) for all words w # 1. By fixing an integer 1 < k < |w/| and words
U, ..., Ugsuchthat w € Sh(uy, ..., ux) we consider the term

chl)(Xt)(t; Uy, ..., Uk). (2.16)

Again, since X is controlled by W, plugging the estimate in Remark into (2.16) and using the
multilinearity :of the derivative we obtain

D*¢(X:)(t; u1, ..., uk) (N_<= » Z D*¢(X:)(s; uvi, ..., uvi) (W, e, LLI-- - LT ey, ).
o (2.17)
Performing a Taylor expansion of D¢ up to order N — |w| between X, and X, we obtain
N—|w|—1 1
k . _ k+m m * *
D*¢(X:)(s; tava, - . ., UxVi) o mZ:o —D FME(Xe) (Xe — Xo)®™, (€l Xs)r - oo (e 0 Xs)).

(2.18)
Combining the estimates (2:17) and (2:18) with (2.15) into the definition of (e, ®(X);), we obtain the
identity

(ef, D(X):) . mZ:O > > ﬁDH”Qﬁ(XS)(ulvl, e UKVK, ZL -y Zm)

X (W, e LU+ ey, Wey, W---Wey,).
(2.19)

Since the derivative D**™¢(X,) is symmetric we can replace it with
k!m! m
e E DkJr ¢(X5)(u,-1v,~1,...,zjl,...,u,-kv;k,...).
(k +m)!
IUdm={1,....m+k}

Replacing this expression in the right-hand side of (2.19), it is now an easy but tedious exercise to
verify the resulting expression is equal to the sum

[wi+|ul
1
> Y ﬂD’qb(Xs)(s; Vi, V) (Wi, ).
0<|u|<N—|w| I=1 Vi,V )

Thereby proving the result. O

Remark 2.13. A similar proof gives quantitative bounds on the application X — (X ). Indeed for any
¢ € BY(R",R™) it is possible to prove that this application is locally Lipschitz on 90,’,7.

3 Rough Differential Equations
Now we come to the definition of solution of the RDE

d
= f.(X,)dw!,
dX: Zl (Xe) dW; (3.1)

XOZX.
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Transport and continuity equations with (very) rough noise 11

We assume that the vector fields f;, . . ., f; are of class at least 8", so that by Theorem the
n n
composition f;(X;) can be lifted to a controlled path F;: <9,’,VJ7) — (QZVA,I,'”) .

Definition 3.1. A path X: [0, T] — R”" is a solution of (3.1) if there exists a controlled path X €
n
(9,,'\,/,"7) satisfying (1*, X;) = X, such that

d t
X:— X = Z/ Fi(X), dW. (3-2)
i=1"v*

foralls, t € [0, T].

Remark 3.2. We stress that (3.2) is an equation in 93’;’7, which in fact implies that (e, X;) = F.,(X:)
for all words w with |w| < N., — 1.

Remark 3.3. If X € @VA,I,W satisfies eq. 1} it can also be regarded as an element of 9,(,{,V Yy
eq. (2.8). Therefore we freely treat solutions to RDEs as elements of either of these spaces.

n
By solving a fixed point equation on (QZVA,I,W> (see e.g. [12]) of the form

d t
X=X+ Y [ F(X),0W,
i=1 70
with (see below for the definition of the functions F, : R" — R")
X = Z Fu(x)e, € (HNw_l)n.
|w|<Ny—1
Ny+1

We can prove that there exists a unique global solution of (3.2) if the vector fields are of class 6,
We recall this interesting expansion of the solution.

Proposition 3.4 (Davie's expansion). A path X: [0, T] — R" is the unique rough path solution to
eq. (2.5) in the sense of Definition|3. 1 if and only if

Z FW(XS)<Wst, ew> (3.3)

t pu—
Ny+1
(Ny+1)y 0<|w|< Ny

and the coefficients of its lift X € (9,’,}’]“)” are given by (e, X:) = F,(X;) where the functions
F.: R" — R" are recursively defined by by F, = id and
Fiw(x) = DF,(x)f(x). (3.4)

Remark 3.5. By eq. 1) this results actually implies the chain of estimates, for all words |w| < N.,,

Fu(X)) = > Fuu(Xe) (Wep, &)

Ny+1—|w
(Ny [wi)y 0<|u|<N—|w]|

Proof of Proposition[3.4. Suppose that X is a rough solution to eq. (2.5) in the sense of Definition (3.1
We define the functions F,,: R” — R" recursively by F;(x) := f;(x) and
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Now it is an easy but tedious verification to show that these functions satisfy F;,,(x) = DF, (x)fi(x);
this identity essentially amounts to a reiterated use of the Leibniz rule. The form of the coefficients
of X is shown by induction, it being clear for a single letter i = 1,...,d. If w is any word with
0<|w|<N-—-1landi€{l,...,d} by definition

(et Xe — Xo) = < W,,Z/ dvvz>
= (e, Fi(X)s)

where, in the second identity we have used eq. (2.10). By Theorem [2.11] the last coefficient equals

Z Z D*fi(Xe)(t; un, . .., ue) = Fui(Xe)

by the induction hypothesis. Then we obtain eq. (3.3) from Definition [2.3|and Remark 2.5

Conversely, suppose that X admits the local expansion in eq. and that the path X satisfies
(ef, X:) = F,(X;) for all words w with |w| < N. First we show that X is controlled by W with
coefficients given by X. For this we have to Taylor expand the difference F,, (X;) — F.,(Xs) and collect
terms as in the proof of Theorem Then, by eq. it is not difficult to see that in fact

(eh: Xi) = Fui(X:) = < W,,Z/ dwg>

so that Definition is satisfied. H

3.1 Differentiability of the flow

Itis a standard result in classical ODE theory that given a regular enough vector field V/, the equation
X = V(X) induces a smooth flow on RY. Indeed, if we let X denote the unique solution of this
equation such that X§ = x, then the map (t, x) — X[ is a flow, in the sense that (t, X}) — X},
and the mapping x — X7 is a diffeomorphism for each fixed t. More precesily, if V' is of class @, then

the application x — X7 is also of class 6.

Now we show that a similar statement is true in the case of RDEs. The statement is the following

Noy+1+k

Theorem 3.6. Letfi, ..., fy be a family of class G, vector fields in RY for some integer k > 0,

and W € €". Then

1 the RDE

d
dXe =) fi(X)dW,, X,=x
(N'v""l)’Y

has a unique solution X** € D,

2 the induced flow x — X;* is a class €*** diffeomorphism for each fixed s < t, and
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Transport and continuity equations with (very) rough noise 13

3 the partial derivatives satisfy the system of RDEs

d o
do*X5x = ZZ > DMAXP)(@P X, P X AW (3.6)

i=1 k=1 'aGSh(ﬁl ..... Bk)

with initial conditions X5* = x, 8' X$* = e; and 0> X5* = 0 for all words with |o| > 2.
S S S

Proof. Point 1. and 2. are standard results in rough paths as found e.g. in Chapter 11 in [14]. For the
algebraic identity in 3., it suffices to show the results in the case W is smooth. Indeed, by standard
arguments W € € can be approximated uniformly with uniform «y-Hélder rough path bound, and
hence in €7~ for any n > 0, while on the other hand the particular structure (cf. Chapter 11 in [14])
of the system of (rough) differential equations guarantees uniqueness and global existence so that the
limiting argument is justified.

It remains to show point 3. for W smooth. We note that the integral representation of the solution

d t
xer—x+ Y [ OG du
j=1"°S

holds. By Lemma[2.9] for any & = (a1, ..., o) and s < u < t, we have

XXX = / ZZ Z Df(X3*) (8P X5~ ..., 0P XS¥)W! dr (3.7)

”:1k1'1 .....

which is the smooth version of eq. (3.6). O

We aim now to obtain a Davie-type expansion of the partial derivatives % X** by making use of point
3. above. We observe that the above system of equations has the form

dX; = Zf (X5) dW,

dDX5* = Z DFf(Xs>X)DXE* dW]

i=1

d
dD>X;* = DA(X;*)D* X dW] + (---)

i=1

with initial conditions X = x, DX = I, D?X5* = D3Xs* = ... = 0, where the inhomogeneity
(- ) is not important to spell out.

The expansion is clear only for the first equation; it is just eq. (3.3). We would like to use Proposition
to obtain an expansion of the second equation but the problem is that the vector field driving the
equation depends on time, so the result does not directly apply. For the third and subsequent equations
the problem is not only that but also they are non-homogeneous.

To solve this problem we extend our state space R" to (the still finite-dimensional space)

Sk =R"®LR"R") @ - @ L((R"*, R
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and define the vector fields (we give a more precise definition below in eq. . G — Gy by
fi(x) = (fi(x), Di(x)(»1), D*£i(x)(y1, 1) + Dfi(x)(y2), - )

where t = (X, y1, Y2, . . ., Yk—1) € Sk. The previous proposition shows that if

X = (XPX, DX, ..., DFIXEX)
then

d

dx* =S (X)W, X =r=(x,10,...,0).

i=1
This transformation turns the system of non-autonomous non-homogeneous RDEs into a single
autonomous homogeneous RDE in &.

Corollary 3.7. For any word o, the partial derivatives of the solution flow X** have the following Davie
expansion: foranyp =1,..., k — 1,

P Y S.X p
DPX? Wi > DPF,(x) (W, ey).

0<|v|< Ny
In particular, foraword a € {1, ..., n}? we have that
X = > O F(x) (W, e).
(7+)’YO<‘ <N,
Proof. The hypotheses on the vector fields f1, . . ., fy imply that f1, . . ., f4 are of class %gﬁl on &,

so this equation has a unique solution. Applying Proposition in this extended space we obtain, for

EE X - ;;W S 1 eW

0<|w|<N
In order to deduce the result, we need to show that §,(r), = DPF,(x) for all words w and p =
0,1,...,k — 1. We do this by induction on the length of w. If w = i is a single letter, the p-th
component, p =0, 1, ..., k — 1, of the vector field ; is given by f;(x)o = f;(x) and

- Z Z 17)'“ e (j1) DPIH(x) (1 - vyjrj) (3.8)

where the inner sum is over the set of indices (r1, ..., r;) suchthatry +---+r, = p —j+ 1l and
ri—+2ry+-- -+ jr; = p. For our particular initial condition, y; = O for j = 2,3, ..., k — 1 the formula
simplifies to

fi(x)p = DPfi(x) € 2((R")*", R")
since the only term left in (3.8) is the one with j =1, ; = p.

We continue by induction on the length of the word. We compute the p-th derivative of x — Fj, (x) =

DF,,(x)f;(x) by recognizing that F;,, = ¢1 © @, with ¢1(x, h) = DF,,(x)h and p(x) = (x, f;(x)).

A quick check gives that the higher order derivatives of 1 and ¢, are given by

m

D™p1(x, N)((u1, v1), ..., (tm, Vm)) = D™ F (x)(un, . . ., U, h) + Z D"F,(x)(uy, ..., dj, ...

Dm(p2(X)(h1, ey hm) = (h15m:1, Dmf,'(X)(hl, ey hm))
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where ; = v;. Thus, using Lemma 2.9 we get that

DPFi(x)(h1, ... hy) = > D¥p1(pa(x))(DPlpa(x)hs,., . . ., DPelpy(x) hg, ).

mEP(p)

Now we have three cases, depending on the number of blocks of the partition in the above summation:

1 g = p: there is a single partition with p blocks, and each block is a singleton. In this case the
term equals

DPTF,(x)(hy, ..., hy, Fi(x)) + i DPF,,(x)(hy, ..., DE(x)h, ... hy).

2 q = l:there is a single partition with one block, namely ™ = {1, ..., p}. In this case the term

equals
DF,(x)[DPfi(x)(hy, ..., hy)].

3 1 < g < p:there is at least one block of size greater than one, which means that the first term
in the expression for D™, vanishes since at least one of uy, . .., u, vanishes. For the rest of
the terms, the exact result depends on whether there is a block with exactly one block or not: if
all blocks have more than one block then the whole expression vanishes; otherwise, we obtain
one term for each of the blocks having size exactly one, and it is of the form

D#*"F,,(x)(hg, D*P7IBIf,(x) hp ).

In either case, using the induction hypothesis it is possible to show that each of the terms appearing
are of the form 0,5, (r),fi(x),, which then means that DPF;,,(x) = [DFw(xr)fi(z)], as desired. For
example, the term

Dp+1FW(h1, e hp, f;(X))

corresponds to
[Bo8w (x)ofi(x)ol (1, - - - hp)

and so on.

In particular for the first derivative, the first few terms of the expansion read

DXp* =1+ DF(x)Wee, @)+ D_ (DE()DA(x) + D*((x)(F(x),id) ) W, €5) + -

i=1 ij=1

3.2 It6’s formula for RDE

The last ingredient to add in the study of the rough transport equation is to write down a change of

variable formula for a solution of eq. (2.5) for some sufficiently smooth vector field f = (fi, ..., fy).
By analogy with terminology of stochastic calculus we call it an “It6 formula”. Forany i = 1, ..., nwe

denote by I'; the differential operator f;(x) - D, and for any non-empty word w = i - - - i, we use the
shorthand notation
[y =l o0---0ol;

Im *

Moreover we adopt the convention [, = id.
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Lemma 3.8. Letf;,..., fy € BV T(R"; R") be vector fields on R". If ¢: R™ — R is a smooth
function and w is a nonempty word, then

() =2 > D) (Fu(x), ... Fu(x). (3.9)
k=1 ui,..., Uy
weSh(ui,...,uxk)
Proof. Before commencing we introduce some notation. If ¢: R” — Rand g1, ..., gx: R" = R”"

are smooth functions, we define

D*$(x) : (g1, - ... 8k) = D*¢(x)(g1(x). . ... 8k(x))

where the right-hand side was defined in eq. (2.11). The Leibniz rule then gives that for any h € R" we
have

h-Dx(D*¢(x) : (g1, ... &) = D""¢(x) : (h, &, - .. ,gk)+2 D*¢(x) : (g1, .-, (Dxgi)h, ..., &)-

We now prove the result by induction on the word’s length |w|. If w = i is a single letter then
Fip(x) = fi(x) - Vé(x) = D$(x)f;(x) which is exactly eq. (3.9). Supposing the identity true for any

word w’ such that |w’| < |w|, we prove it for jw where j € {1, ..., d}. By induction one has
|w|
1
M) =3 5 2 D(I(Fu(x)..... Fu(x).
k=1 ug,..., Uk

By the above form of Leibiz's rule, with g; = F,, and h = f;(x), and noticing that by definition
DyFu(x)fi(x) = Fu(x)
we obtain that
[;(D*¢(x) : (Fuy, - .-\ Fu)) = D*'(x) : (F, Fuy, -\ Fuy)

k
+5 D*¢(x): (Furr- s Fiup - Fu).
=1

Summing this expression over words uy, . . ., Uk, we can rewrite it as
k
> > D*¢(x) : (Fuyr -\ Fjuy, -+ Fu,)
r=1 ui,..., Uy
JweSh(u1,....jur,...,ux)
k+1 rth place
1 1 A~ =~

FEEY Y DN (R ),

"l wesh(un )

the factor 1/(k + 1) is introduced because of the symmetry of D¥*1¢(x). Summing finally over k, we
can express the final expression as

[wl k
1
rjw¢(X):ZH Z Dk(;b(X):(Fuly"' vFju,,---,Fuk)

k=t = jWGSh(LLllll .......... j Z, ..... uk)

[wl k+1 rth place

1 k+1 . ~

iy DR TR

= r=1 uy, Uy
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Since the letter j may appear as a single word or concatenated at the right with some word, we finally
identify the whole expression above with

O

Now we show a formula for the composition of the solution to the RDE (2.5) and a sufficiently smooth
function.

Theorem 3.9 (It6 formula for RDEs). Let f; € Mt andlet X € Q(WN”H)” be the unique solution of

eq. {h and X, = (1%, X,). Then for any real valued function ¢ € €, (R") one has the identity

¢(X:) = $(X;) + Z / t(r,-qS)(X,) dw; . (3.10)

More generally, one has the following estimates at the level of controlled rough paths

: =
(Noy+1—=|w|)y

(ef, D(X),) = <e;;,q>(X)5>+<e;,z/t(r,¢)(X),dwj>, (3.11)

where I';®(X) is the controlled lift of composition of X with the functionT ;¢ € @M and any non-empty
word such that |w| < N.,,.

Proof of Theorem|[3.9. The theorem is obtained by comparing the coefficients of the controlled rough
paths ®(X); and fot(r,-cb)(X,) dW, forevery i =1, ..., d. Using Lemmaand Proposition
for every non-empty word a one has

w4 | (3.12)

Using the same identities we also deduce for any word w,
d ¢ '
<e$,-,Z/ (Ff¢)(X)rdW,’> = (ep, ([O)(X)e) = Tw(M¢)(Xe) = Twjd(Xe).  (3.13)
i=1 /0

Since Y, fot(r,-cb)(X), dW/, and (X)) belong both to Q(WN”H)W for any word w one has both

(en, ®(X)e) — (e, ®(X)s) Y (e X)) (Wt ),

Ny+1—|w|)y
Wt 1=l o<
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and

n t n s
e, ) (X), dW! - e | / FO)(X), AW ) (W, e,).
< > [ o) >‘“|Z|< > [ e >< e

The identities (3.12) and (3.13) imply that the right-hand sides of the above estimates are the same
quantities. Thus we obtain eq. (3.11) by simply subtracting one side from the other. In case w = 1 one
has

BOX) — 406) — 3 / (Fg)(X,) W) =

’ (N7:1)7
Since (N, +1)y > 1 and the right hand side is the increment of a path, one has the identity (3.10). O

Using the identities (3.12) we can rewrite the 1t6 formula using only the operators I, .

Corollary 3.10 (It6-Davie formula for RDEs). Let X: [0, T| — R" be the unique solution of eq. .

Then for any real valued function ¢ € C@LV"H([R”) and any word w one has the estimate
Mwd(X:) = > Tud(X) (W, e,). (3.14)
(Ny+1—|w|)y
0<|v[< Ny —|w]

4 Rough transport and continuity

4.1 Rough transport equation

We now consider the rough transport equation

{—dus =37 T dW/,
u(T, ) =g()

where we recall the differential operator I'; := f; - D, for some vector fields f;, ..., f; on R".

(4.1)

We now prepare the definition of a regular solution to the rough transport equation. Since we are in the
fortunate position to have an explicit solution candidate we derive a graded set of rough path estimates
that provide a natural generalisation of the classical transport differential equation.

Definition 4.1. Lety € (0,1), W € €" a weakly-geometric rough path of roughness <y and
g € MA@ ML function u: [0, T] x R" — R such that u(T, ) = g(-) is said to be a regular
solution to the rough transport equation (4.1) if one has the estimates

[y us(x) = Z Cuote(x) (W, ), (4.2)

Ny+1—|w
(1= o <

forevery s < t € [0, T|, uniformly on compact sets in x and any word w.

Remark 4.2. Since each application of the vector fields I',...;, amounts to take n derivatives, these
estimates have the interpretation that time regularity of I';,...; u, can be traded against space regularity
in a controlled sense.

Theorem 4.3. Let f € C@iN"H, g € 8N and consider the rough solution X* to eq. 4) Then

u(s, x) == g(X3*) is a solution to the rough transport equation in the sense of Definition[4.1]
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Proof. We first note that by Theorem the map (s, x) — X3* belongs to €1 Since g €
BN then u(s, x) = g(X3*) € €M T, Let us show that u is a solution by proving the estimates
given in Definition for some fixed times s < t < T and x in compact set. By uniqueness of the
RDE flow one has X3 = X7 where y = X;"*. Thus we deduce from the definition of u the identity

us(x) = u(X3). (4.3)

Let X denote the controlled rough path such that X7 = (1*, X;). Since g € C@Q’”H, we can apply
the rough 1t6 formula in eq. (3.14) to the function x — wu;(x) obtaining

(X?X) (N’Y+1)’y Z r th )<W5t,W>

[w|<N

obtaining (4.2) for the case of w = €. To show the estimates on [';,...; us, we apply Lemmato the
function x — wug(x)

k
1 X X X
Fus(x) =3 & Y Du(XF)OhX:, o 9FX).
I=1 B1....B1
a€Sh(By,....Br)
Since the vector field £ € Co"" and every B; such that a € Sh(By, . . ., ) satisfies | 8;] < |a| we
can apply Corollary [3.7]to get
X = P F,(x) (W, e,
LNyt lwl)y 2 ) We, )

0<|v|<Ny—|w]
Plugging these estimates in D'u,(X;*) and one has

D'u (X)) (0P XEx, ..., 0P X3 ) =

t

(Ny+1—|wl)y
4,
S DuXE) (P Fu(x), ... P (x) Wa ey - ey).
0L |va |-+ |vi| <Ny —|al
Plugging this expression into and we obtain
[wl n k 11
I Us —— Fox
@ (Ny+1— |w|)ﬂyZ IZ Zak 121/ (x)
weSh(ug,..., uk)
> S DXV Fu(x), -, 0P Fy () War e L ey,
0<|dy|-|di|<Ny—a]  Bi,---.Bi
aESh(ﬁl ..... ﬁl)
(4.6)
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Rearranging the sums and applying the definition of the functions F,, we obtain the identity

1 S, X - o
— k! ul;LIk Shz D' uy(X3*) (0P F, (%), ..., 0F Fu(X))FE(x) - - F2*(x)
- weSh(u,...,uk) o€ \o(cl|3;kﬁl)
— Z D' ue (XY (Fup (x), -, Fur (%)),
TN u;
weSh(uy,...,u]

Therefore the right-hand side of (4.6) becomes

|wl

Z Z Z %DIUt(X:'X)(FuiW(X), o Fu () (W, e, W -+~ Wi ey,).

1=1 0<|vy || vy | <Ny —|w| Uy,

4.7)
We perform now a Taylor expansion of D'u,(X;™) up to order N — |w/| between X;” and x, yielding
for any words ug, - - -, Uy

D' u (X3%) <Fuivl (x), -+, Fu;v,(x)> =

(Ny+1—[wl)y
N—|w]| (4.8)
1 m S, X m
Z WDH_ Ut(X)((Xt' _X)® ,Fuivl(X),"' ,FU;V,(X)).
m=0 ’

Plugging now the Davie expansion (3.3) truncated at order Ny — |w/| into (.7) we have the following
estimate

|w| Noy—|w]|

11
ECUMENI N Wy i s 2

I=1 m=0 Wl 0L |va] vy | <N—|w]| (4.9)
weSh(ug,...,up) 0<|z1| | zm| <N—|w]|
I+m .
D™ ue(x) s (Fupvyr - oo Py oo ) (W, €4y L - L gy L= )

Using the symmetry of D'*™u,(x), we deduce
tm!
m1 _
I+ m)! Y D) (P P o),
LUdm={1, ,m+I}

Replacing this expression in the right-hand side of (4.9), we can easily verify that the resulting expression
is equal to the sum

|w|+|v] 1
> > D" (x)  (Fups o ) (War, ).
0<|v|[<N—|w| n=1 Ul,...,Un :

Thereby proving the result. O

We can now show that solutions in the sense of Definition [4.1] are unique.

Theorem 4.4. Letf; € %iN"H with associated differential operators I ;, and W € €. Given regular

terminal data g € @M1, there exists a unique regular solution to the rough transport equation (@1).
g g
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Proof. Existence is clear, since Proposition[4.3]exactly says that (t, x) — g(X+*) gives a regular
solution. Let now u be any solution to the rough transport equation. We show that, whenever X = X*Y
for every 5, y one has the estimate

u(t, X¢) — u(s, Xs) (1 0. (4.10)

Since (NW + 1)'y > 1 this entails that t — u(t, Xt) is constant, and so we recover the uniqueness
from the identities
u(s, x) = u(s, X3*) = u(T, X3") = g(X37).

To prove (4.10) we show that for every k = 0, - - - , N, and any choice of indexes i1, - - - , i (if Kk = 0
we do not consider indexes) one has the estimates

F,-...,- X — ri1---i s Xs .
1 kuf( t) (No+1—K)y ku( )

Let us prove this estimate by reverse induction on the indices length. The case when the indices
i1 -+ In, have length N., comes easily from the algebraic manipulation

r,l ’N Ut(Xt) r;l...,'NWUS(XS) = <r,‘1...,‘N’YUt(Xt) - r,l ’N US(Xt)>

+ (F,-l...,-NW US(Xt) — ril---i,\,,y Us(Xs)> .

Using the defining property of a solution in the estimates (4.2), the first difference on the right-hand side
is of order «y. Moreover by hypothesis on v one has [';,.. iny ( ) € Ct, always uniformly in s € [0, T],
therefore the second difference is also of order -y, as requwed. Supposing the estimate true for every
indices of length k we will prove it on every indices iy - - - ix_1 of length k — 1 . By repeating the same
procedure as before we obtain

|_,'1...,'k71 Ut(Xt) — F,-l...,-H US(XS) = <F,-1...,-k1 Ut(Xt) — |_,'1...,'k71 US(Xt))

-~

I

+ (ril"'ikl US(Xt) - ril"'ik—l US(XS)> .

-~

II

Using the definition of a solution, the first difference on the right-hand side satisfies

Noy+1—k
I(N7+1 k)y ; |Zkr,1 eawle(Xe) (Wep, w).

On the other hand, using Lemma|3.8]two times we write [;,..., _, us(X¢) = (€}..; _,, Us(X):) so that
the second difference can be replaced by the usual remainder

Ny+1—k
 Us(X)s) (W,
N+1 k)y ; |Wzk i ik—1w Uy (X)s) (Wse, w)
Ny+1—k
r’l i) 1WUS s WSy .
N’H-l k) ; IZk k— )< t >
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Combining the two estimates we obtain

Ny+1—k

I+II=- Y > (F,-l.._,-klwut(Xt) —~ r,-l_..,-klwus(xs)) (Wi, w) .

k=1 |w|=k

Since the terms in the sum involve the increment ', u;(X;) — ', us(Xs) where o has length bigger or
equal than k we apply the recursive hypothesis obtaining that each term satisfies

Ui wle(Xe) — T wlts( X =
1 lk—1 uf( t) 1 lk—1 U( )(N'y+1_k_|W‘)’Y

and the multiplication with (W, w) gives the desired estimate. O

4.2 Continuity equation and analytically weak formulation

Given a finite measure p € JML(R™) and a continuous bounded function ¢ € C,(R"), we write
f #(x)p(dx) for the natural pairing. We are interested in measure-valued (forward) solutions
to the contlnwty equatlon

dip: = Zdlvx 1(x)pr) dW’ in (0, 7)xR",
po=p on {0} xR"

when W is again a weakly geometric rough path. As before we use the notation I'; = f;(x) - D,,
whose formal adjointis [T = — div,(f-).

Definition 4.5. Lety € (0,1), W € €7 and u € M(R"). Any function p: [0, T] — ML(R") such
that po = w is called a weak or measure-valued solution to the rough continuity equation

dp: = Zdlvx, x)p¢) dW’ (4.11)

if for every ¢ bounded in C@Q’”H and any word w with |w| < N, one has the estimates

Pt(rW¢) = Z ( Wv¢)< stvev> (4.12)

Ny+1—|w|)y
N DY oo 1w

forevery s < t € [0, T] and uniformly in ¢.

Theorem 4.6. Letf € C62N”+1

solution to the measure-valued rough continuity equation, explicitly given for ¢ € 6,

and W € €. Given initial data . € JL(R"), there exists a unique
Mot

= [ #0uex).

where X°* is the unique solution of the RDE d X, = ¥ %, f;(X,) dW/ such that X3 = x
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Proof. (Existence) Using the composition of the controlled rough path X %> with ¢ € ‘Eg”H and the

shorthand notation X% = X, we can write
N’Y
$(Xe) = BX)+D D Tud(Xe)(Wep, w),
(Ny—+1)y k=1 |wi—k

Ny—n

I_il'”in¢(XS) + Z Z ril"'inW¢(X5)<W5t' W>'

k=1 |w|=k

Ciin(Xe)

(Ny+1=n)y

This showing the existence when i = 4, thanks to Proposition Since we are dealing with bounded
vector fields, all these estimates are uniform in Xy = x. Thus we can integrate both sides with respect
to the measure ., obtaining the existence.

(Uniqueness) To prove the uniqueness, we will show that for any 0 < t < T, any function g € C@g"“

and any solution u: [0, t] x R” — R of the RPDE

d
du, = Tu(r,x)dW/, u =g,

i=1
the function r € [0, t] — a(r) = p,(u,) is constant. This property implies that for any function

g€ C@Q’"H and t > 0 one has the identity

pe(g) = pe(ue) = po(uo) = (o)

which uniquely determines the measure p; for any 0 < t < T. Since the parameter T was also
arbitrary it is not restrictive to prove the result when t = T. Then « is constant if and only if one has
the estimate

a(r) = afs). (4.13)

(N7:1)7
Writing us , = u, — us and similarly for p one has
pr(ur) - ps(us) - ps,r(ur) + ps(us,r) .

: : : N. :
By construction of regular solution with ¢ = u, € %b”Jrl the first summand expands as

N’Y
ps.r(uy) W > Y sl ) (W, w). (4.14)

k=1 |w|=k

On the other hand, we expand the second summand on the right-hand using the very definition of
regular backward RPDE obtaining

Ny
Us P\ X - - I—Wur X Wsry w,,
9 5, L T T

where the remainder is uniform on x. By integrating this estimate on ps, we obtain

N’Y
ps(uss) = =D > p(Twt) (W, w). (4.15)
(Ny+1)y k=1 |w|=k
Combining the two estimates (4.15) and (4.14) we obtain (4.13) and the theorem is proven. O
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