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Abstract

We prove local well-posedness in regular spaces and a Beale—Kato—Majda blow-
up criterion for a recently derived stochastic model of the 3D Euler fluid equation
for incompressible flow. This model describes incompressible fluid motions whose
Lagrangian particle paths follow a stochastic process with cylindrical noise and also
satisfy Newton’s second law in every Lagrangian domain.
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1 Introduction

The present paper shows that two important analytical properties of deterministic
Euler fluid dynamics in three dimensions possess close counterparts in the stochastic
Euler fluid model introduced in Holm (2015). The first of these analytical properties
is the local-in-time existence and uniqueness of deterministic Euler fluid flows. The
second property is a criterion for blow-up in finite time due to Beale et al. (1984).
For a historical review of these two fundamental analytical properties for determin-
istic Euler fluid dynamics, see e.g. Gibbon (2008). We believe this fidelity of the
stochastic model of Holm (2015) investigated here with the analytical properties of
the deterministic case bodes well for the potential use of this model in, for example,
uncertainty quantification of either observed or numerically simulated fluid flows. The
need and inspiration for such a model can be illustrated, for example, by examining
data from satellite observations collected in the National Oceanic and Atmospheric
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Fig. 1 This figure shows latitude and longitude of Lagrangian trajectories of drifters on the ocean surface
driven by the wind and ocean currents, as compiled from satellite observations by the National Oceanic and
Atmospheric Administration Global Drifter Program. Each colour corresponds to a different drifter (see
Lilly (2017)). Upon looking carefully at the individual Lagrangian paths in this figure, one sees that each
of them evolves as a mean drift flow, composed with an erratic flow comprising rapid fluctuations around
the mean (Colour figure online)

Administration (NOAA) “Global Drifter Program”, a compilation of which is shown
in Fig. 1.

Figure 1 (courtesy of Lilly 2017) displays the global array of surface drifter dis-
placement trajectories from the National Oceanic and Atmospheric Administration’s
“Global Drifter Program” (www.aoml.noaa.gov/phod/dac). In total, more than 10,000
drifters have been deployed since 1979, representing nearly 30 million data points of
positions along the Lagrangian paths of the drifters at 6-h intervals. This large spa-
tiotemporal data set is a major source of information regarding ocean circulation,
which in turn is an important component of the global climate system. For a recent
discussion, see for example Sykulski et al. (2016). This data set of spatiotemporal
observations from satellites of the spatial paths of objects drifting near the surface
of the ocean provides inspiration for further development of data-driven stochastic
models of fluid dynamics of the type discussed in the present paper.

Inspired by this drifter data, the present paper investigates the existence, uniqueness
and singularity properties of a recently derived stochastic model of the Euler fluid
equations for incompressible flow (Holm 2015) that is consistent with this data. For
this purpose, we combine methods from geometric mechanics, functional analysis and
stochastic analysis. In the model under investigation, one assumes that the Lagrangian
particle paths in the fluid motion x, = 7,(X) with initial position X € R? each follow
a Stratonovich stochastic process given by

dne(X) = u(ni(X). 0de + Y &(i(X)) 0 dB; . (L.1)

1
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This approach immediately introduces the issue of spatial correlations.

In particular, an important feature of the data in Fig. 1 is that the ocean currents
show up as persistent spatial correlations, easily recognized visually as spatial regions
in which the colours representing individual paths tend to concentrate. To capture this
feature, we transform Lagrangian trajectory description (1.1) into the spatial represen-
tation of the Eulerian transport velocity given by the Stratonovich stochastic vector
field,

dy, (x) = u(x, 0)dt + Y & (x) o dB} = dn, 1, (x) . (1.2)

1

In Egs. (1.1) and (1.2), the Bf with i € N are scalar independent Brownian motions,
and the &; (x) represent the spatial correlations which may be obtained as eigenvectors
of the two-point velocity-velocity correlation matrix C;; (x, y),1, j =1,2,..., N, as
an integral operator. Namely,

> [ g ooy =i, (13)
J

These correlation eigenvectors exhibit a spectrum of spatial scales for the trajectories of
the drifters, indicating the variety of spatiotemporal scales in the evolution of the ocean
currents which transport the drifters. This feature of the data is worthy of further study.
In what follows, we will assume that the velocity correlation eigenvectors &; (x) with
i = 1,..., N have been determined by reliable data assimilation procedures, so we
may take them to be prescribed, divergence-free, three-dimensional vector functions.
For explicit examples of the process of determining the &; (x) eigenvectors at coarse
resolution from finely resolved numerical simulations, see Cotter et al. (2018a,b).
For an extension of this method to include non-stationary correlation statistics, see
Gay-Balmaz and Holm (2018).

A rigorous analysis of the stochastic process 7; in (1.1) is under way by the authors.
Following from classical results (e.g. Kunita 1984, 1990), we show in a forthcoming
paper that n, is a temporally stochastic curve on the manifold of smooth invertible maps
with smooth inverses (i.e. diffeomorphisms). Thus, although the time dependence of 1,
in (1.1) is not differentiable, its spatial dependence is smooth. The stochastic process
dn;(X) in (1.1) is also the pullback by the diffeomorphism 7, of the stochastic vector
field dy, (x) in (1.2). That is, n;dy,(x) = dn,;(X) (see e.g. Holm (2015) for details).
Conversely, the stochastic vector field in (1.2) is the Eulerian representation in fixed
spatial coordinates x of the stochastic process in (1.1) for the Lagrangian fluid parcel
paths, labelled by their Lagrangian coordinates X.

The expression for the Lagrangian trajectories in Eq. (1.1) is clearly in accord
with the observed behaviour of the Lagrangian trajectories displayed in Fig. 1. More-
over, expression (1.2) for the corresponding Eulerian transport velocity has been
derived recently in Cotter et al. (2017) by using multi-time homogenization meth-
ods for Lagrangian trajectories corresponding to solutions of the deterministic Euler
equations, in the asymptotic limit of timescale separation between the mean and fluc-
tuating flow. In particular, the fluctuating dynamics in the second term in (1.2) has been
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shown in Cotter et al. (2017) to affect the mean flow. Thus, beyond being potentially
useful as a means of uncertainty quantification, the decomposition in (1.2) represents
a bona fide decomposition of the Eulerian fluid velocity into mean plus fluctuating
components.

The approach of incorporating uncertainties in incompressible fluid motion via
stochastic Lagrangian fluid trajectories as in Eq. (1.1) has several precedents, includ-
ing Brzézniak et al. (1991), Mikulevicius and Rozovskii (2004) and Mémin (2014).
However, the Eulerian fluid representation in (1.2) will lead us next to a stochastic par-
tial differential equation (SPDE) for the Eulerian drift velocity u driven by cylindrical
noise represented by the Stratonovich term in (1.2) which differs from the Eulerian
equations treated in these precedents. For detailed discussions of SPDE with cylindri-
cal noise, see Prato and Zabczyk (2015), Pardoux (2007), Prévot and Rockner (2007),
Schaumloffel (1988).

1.1 Stochastic Euler Fluid Equations

As shown in Holm (2015) via Hamilton’s principle and re-derived via Newton’s law
in “Appendix A” of the present paper, the stochastic Euler fluid equations we shall
study in this paper may be represented in Kelvin circulation theorem form, as

d v,(x,t)dxf:yg o Fdx/ (1.4)
cn 0] '

in which the closed loop c(¢) follows the Lagrangian stochastic process in (1.1),
which means it moves with stochastic Eulerian fluid velocity dy, in (1.2). In Kelvin’s
circulation theorem (1.4), the mass density is denoted as p, and F; denotes the jth
component of the force exerted on the flow. In the present work, the mass density p will
be assumed to be constant. Notice that the covariant vector with components v; (x, 1)
in the integrand of (1.4) is not the transport velocity in (1.2). Instead, v;(x, ) is the
jth component of the momentum per unit mass. In what follows, the force per unit
mass p~ ' F = - p'o ;p will be taken to be proportional to the pressure gradient.
For this force, the Kelvin loop integral in (1.4) for the stochastic Euler fluid case will
be preserved in time for any material loop whose motion is governed by Stratonovich
stochastic process (1.1). That is, Eq. (1.4) implies, for every rectifiable loop ¢ C R3,
the momentum per unit mass v, has the property that for all r € [0, T],

f vt-d)C:fvo-dx, a.s. (1.5)
n:(c) c

pathwise Kelvin theorem (1.5) is reminiscent of the Constantin—Iyer Kelvin theorem
in Constantin and Iyer (2008) which has the beautifully simple implication that smooth
Navier—Stokes solutions u, are characterized by the following statistical Kelvin theo-
rem which holds for all loops I" C R3,

/ut~dx=IE|:/ mydx], (1.6)
r A ()
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where A, is the back-to-labels map for a stochastic flow of a certain forward It
equation and [E denotes expectation for that flow. Unlike pathwise Kelvin theorem
(1.5) which holds for solutions of the stochastic Euler fluid equations, Constantin—
Iyer Kelvin theorem in (1.6) is completely deterministic, since the fluid velocity u; is
a solution of the Navier—Stokes equations. For more discussion of Kelvin circulation
theorems for stochastic Euler fluid equations, see Drivas and Holm (2018).

In the case of the stochastic Euler fluid treated here in Euclidean coordinates,
applying the Stokes theorem to the Kelvin loop integral in (1.4) yields the equation
for w = curl v proposed in Holm (2015), as

do + (dy, - V)& — (- V)dy, =0,  wli—o =y, (1.7)

where the loop integral on the right-hand side of (1.4) vanishes for pressure forces
with constant mass density.

Main Results This paper shows that two well-known analytical properties of the deter-
ministic 3D Euler fluid equations are preserved under the stochastic modification in
(1.7) we study here. First, 3D stochastic Euler fluid vorticity Eq. (1.7) is locally well-
posed in the sense that it possesses local-in-time existence and uniqueness of solutions,
for initial vorticity in the space W22(R3) (Ebin and Marsden 1970). See Lichtenstein
(1925) as mentioned in Frisch and Villone (2014) for a historical precedent for local
existence and uniqueness for the Euler fluid equations. Second, vorticity Eq. (1.7) also
possesses a Beale—Kato—Majda (BKM) criterion for blow-up which is identical to the
one proved for the deterministic Euler fluid equations in Beale et al. (1984).

Theorem 1 (Existence and uniqueness) Given initial vorticity wy € W>? (T3, R?),
there exists a local solution in W2 of stochastic 3D Euler Eq. (1.7). Namely, if
oM, 0@ : 2 x [0, 7] x T> - R3 are two solutions defined up to the same stopping
time T > 0, then ©V = @,

Our result corresponding to the celebrated Beale-Kato—Majda characterization of
blow-up (Beale et al. 1984) is stated in the following.

Theorem 2 (Beale—Kato-Majda criterion for blow-up) Given initial wy € W>?
(’]I‘3, R3), there exists a stopping time Tmax : & — [0, 00] and a process w :
E x [0, Tmax) X T3 — R3 with the following properties:

(i) (w is a solution) The processt >  (t N Tmax, -) has trajectories that are almost
surely in the class C ([0, Tmax); W22 (T3; R3)) and Eq. (1.7) holds as an identity
in L? (']T3; R3). In addition, tmax is the largest stopping time with this property;
and

(ii) (Beale—Kato—Majda criterion Beale et al. 1984) If tmax < o0, then

Tmax
/ lw (2) loodt = +00
0
and, in particular, lim SUP; e o ()]0 = +00.
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Plan of the Paper

e Section 2 discusses our assumptions and summarizes the main results of the paper.

— Section 2.1 formulates our objectives and sets the notation.

— Section 2.2 discusses the cylindrical noise properties of (1.1) and provides
basic bounds on the Lie derivatives needed in proving the main analytical
results.

— Section 2.3 provides additional definitions needed in the context of explaining
the main results of the paper.

e Section 3 provides proofs of the main results

— Sections 3.1 and 3.3 prove the uniqueness properties needed for establishing
Theorem 1.

— Section 3.5 introduces a cut-off function which is instrumental in the proof of
the BKM theorem for the stochastic Euler equations given in Section 3.4.

e Section 4 summarizes the proofs of several key technical results which are sum-
moned in establishing Theorems 1 and 2.

Section 4.1 discusses fractional Sobolev regularity in time.

— Section 4.2 provides the a priori bounds needed to prove estimate (3.19).
Section 4.3 proves the bounds needed to complete the proof that estimate (3.19)
is uniform in time.

Section 4.4 establishes the key estimates for the bounds involving Lie deriva-
tives that are needed in the proofs.

e “Appendix A” provides a new derivation of the stochastic Euler equations intro-
duced in Holm (2015) from the viewpoint of Newton’s second law and derives
the corresponding Kelvin circulation theorem. The deterministic (resp. stochastic)
equations of motion are derived using the pullback of Newton’s second law by the
deterministic (resp. stochastic) diffeomorphism describing the Lagrange-to-Euler
map. The Kelvin circulation theorems for both cases are then derived from their
corresponding Newtonian 2nd Laws. The importance of the distinction between
transport velocity and transported momentum is emphasized in “Appendix A”
for both the deterministic and stochastic Newton’s Laws and Kelvin’s circulation
theorems.

2 Assumptions and Main Results
2.1 Formulating Objectives and Setting Notation
Our aim from now on will be to prove local-in-time existence and uniqueness of regular
solutions of the stochastic Euler vorticity equation
o
do + Lyodt + Y LewodBf =0, wl—o = w, (2.1)
k=1
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which was proposed in Holm (2015). Here, £, w (resp. Lg, @) denotes the Lie derivative
with respect to the vector fields v (resp. &) as in (A.27) applied to the vorticity vector
field. In particular,

Lyw= (G- Vo — (- V)& =&, w]. 2.2

A natural question is whether we should sum only over a finite number of terms
or, on the contrary, it is important to have an infinite sum, and not only for generality.
An important remark is that a finite number of eigenvectors arises in the relevant case
associated with a “data-driven” model based on what is resolvable in either numerics
of observations, and it would simplify some technical issues [we do not have to assume
(2.11)]. However, an infinite sum could be of interest in regularization-by-noise inves-
tigations: see an example in Delarue et al. (2014) (easier than 3D Euler equations)
where a singularity is prevented by an infinite-dimensional noise. However, it is also
true that in some cases a finite-dimensional noise is sufficient also for regularization
by noise (see examples in Flandoli et al. (2010, 2011, 2014)).

As mentioned in Remark 32, for the case of the Euler fluid equations treated here in
Cartesian R? coordinates, the two velocities denoted u and v in the previous section
may be taken to be identical vectors for the case at hand in R?. Consequently, for the
remainder of the present work, in a slight abuse of notation, we simply let v denote the
both fluid velocity and the momentum per unit mass. Then, @ = curl v is the vorticity,
and &, comprise N divergence-free prescribed vector fields, subject to the assumptions
stated below. The processes BX with k € N are scalar independent Brownian motions.
The result we present next will extend the known analogous result for deterministic
Euler equations to the stochastic case.

To simplify some of the arguments, we will work on a torus T3 = R3/Z>. However,
the results should also hold in the full space, R>.

Stochastic Euler vorticity Eq. (2.1) above is stated in Stratonovich form. The cor-
responding It form is

o0 o0

1

k 2

dw + Lywdr + E Lg wdB; = 3 E Liwdt, wli=0 = oo , 2.3)
k=1 k=1

where we write

L2 o= Ly (Leo) =&, [&. o],

for the double Lie bracket of the divergence-free vector field & with the vorticity
vector field w. Indeed, let us recall that Stratonovich integral is equal to It6 integral

plus one half of the corresponding cross-variation process':

t t 1
/ Le,wg 0 dBX = / Lg,wsdBF 4 3 [ﬁg,{a), Bk] .
0 0 !

! The subscript ¢ on the square brackets distinguishes between the cross-variation process and Lie bracket
of vector fields. To avoid confusion between these two uses of the square bracket, we will denote the Lie
bracket operation [ & , -] by the symbol Lg, -, as in Eq. (2.2).
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By the linearity and the space independence of BX, [ Lz 0, B¥], = Ly, [0, B¥] . As o,
has the formdw, = a,dt+)_ h bf’ odB,h, where B" are independent, the cross-variation
process [w, B¥], is given by

t
[a), Bk] =/ bfds.
t 0

In our case b¥ = — Lg wj, hence
a) Bk = / Lg wgds.
Finally
E%‘k w, B / L',Eka)sds

and therefore, in differential form,
;Cgkw; o dBlk = Eéka)t dBtk £ a)tdt

Among different possible strategies to study Eq. (2.3), some of them based on
stochastic flows, we present here the extension to the stochastic case of a classical
PDE proof (see, for instance, Kato and Lai 1984; Lions 1996; Majda and Bertozzi
2002).

The proof is based on a priori estimates in high-order Sobolev spaces. The determin-
istic classical result proves well-posedness in the space w (f) € W3/>+€.2 ('[F3; R3),
for some € > 0, when wp belongs to the same space. Here we simplify (due
to a number of new very non-trivial facts outlined in Sect. 4.2) and work in the
space w (t) € w22 (']I‘3; R3 ) Consequently, we may consider Aw (¢) (to avoid frac-
tional derivatives) and investigate existence and uniqueness in the class of regularity
Aw (1) € L? (T*; R?).

If f,g € L?(T% R¥), we write (f, g) = [ps f (x) - g (x) dx. We consider the
basis of L2 (']I‘3; C) of functions {eZ”ig'x; S Z3}, and for every f € L? (’]1‘3; (C),
we introduce the Fourier coefficients f(ﬁ; )= fT3 e72mIEX £ (x) dx, £ € Z3; Parseval
identity states that fT3 | f ()2 dx = de% |f(§)|2. IfvelL? (T3; R3) is a vector
field with components v;, i = 1,2, 3, we write D (§) = ng e2miExy, (x) dx and we
may easily check using the components that have [ [v ))?dx = ZS ez U (E )2
Since functions which are partial derivatives of other functions, on the torus, must
have zero average, we shall always restrict ourselves to functions f € L2 (T3; (C)
such that fT3 f (x)dx = 0. In this case, f(O) = 0 and the term with £ = 0 does not
appear in the sums above.

We introduce, for every s > 0, the fractional Sobolev space W* 2 (']I‘3; C) of all
f € L?(T?; C) such that
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£ = Y 16 [ F®] < oo

£€Z3\{0}

As stated above, we are assuming zero average functions; hence, we have excluded £ =
0. We denote by Wg’z ("JI‘3, R3) the space of all zero mean divergence-free (divergence
in the sense of distribution) vector fields v € L? ('11‘3; R3) such that all components
vi, i = 1,2, 3, belong to W2 (T3; C). For a vector field v € W52 (T?, R?), the

. . . 3
norm ||v|lyys.2 is defined by the identity ||1)||%}V§2 =>4l ||%ny2, where | v; II%V&Z
: : 2 o 25 |1 2
is defined above. We thus have again ||v||W;..2 =) £cZ\(0) |E1° [v'(§)|*. For

f € W2 (T3; C), we denote by (—A)*/? f the function of L? (T?; C) with Fourier
coefficients |£|* f(é ). Similarly, we write —A~! f for the function having Fourier
coefficients |&| -2 f(s ). We use the same notations for vector fields, meaning that the
operations are made componentwise.

The Biot—Savart operator is the reconstruction of a zero mean divergence-free vector
field u from a divergence-free vector field w such that curlu = . On the torus,
it is given by 1 = — curl A™'w. In Fourier components, it is given by # (§) =
|& |2 & x @ (&). We have the following well-known result: for all s > 0

lullys12 < el s (2.4)

Indeed, using the definition given above of |lu II%}VS +1.2, the formula which relates u (£)
to @ (§) and the rule |a x b| < |a| |b|, we get

ez = ) EFP@EP= Y 1EFETExsEP

£€73\{0} £€73\{0}
< Y EPPET RO
£€Z3\(0}

and the latter is precisely equal to [|l|}; 5.2, by the definition above.
We shall denote the dual operator of the Lie derivative £, of a vector field as L},
defined by the identity

(CiB.v)=(B. Lay).

for all smooth vector fields «, 8, y. When diva = 0, the dual Lie operator is given in
vector components by

(Cav) == (a0 + vitnel) . 2.5)
j
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2.2 Assumptions on {&;} and Basic Bounds on Lie Derivatives

We assume that the vector fields & : T> — R? are of class C* and satisfy

< CIfI3e (2.6)
LZ
Z Leof, Lo f) < ClUS Iz @.7)
k=1
forall f € W22 (T%; R?) and
[o/e]
D &Gy < oo 2.8)

k=1

These properties will be used below, both to give a meaning to the stochastic terms in
the equation and to prove certain bounds. In addition, a recurrent energy-type scheme in
our proofs requires comparisons of quadratic variations and Stratonovich corrections.
Making these comparisons leads to sums of the form <£§k . f > + (Egk [ Le f ) In

dealing with them, we have observed the validity of two striking bounds, which a
priori may look surprising. They are:

(c2r. p)+Las Los) = P10 2.9)
<A££2“kf’ Af> + <A‘C$kf’ AESkf) = C1§2) ||f||sz ) (2.10)

for suitable constants C(O) C 152). For these estimates to hold, the regularity of f must
be, respectively, W22 (T3, R¥) and W*2 (T3; R3). The proofs of estimates (2.9) and
(2.10) are given in Sect. 442

Concerning inequality (2.9), it is clear that the second-order terms in <£§k . f > and
(Le, f. L, f) will cancel. However, the cancellations among the first-order terms are
not so obvious. Remarkably, though, these terms do cancel each other, so that only the

zero-order terms remain. Similar remarks apply to the other inequality.
In addition, we must assume

o0
Zc‘o) <00, Y ¢ <co. 2.11)

Because the constants C,Ei) are rather complicated, we will not write them explicitly
here. In the relevant case of a finite number of &’s, there is obviously no need of this

2 We thank Istvan Gyongy and Nikolai Krylov for pointing out to us that estimates such as (2.9) and (2.10)
hold in much more generality (see e.g. Gyongy (1989), Gyongy and Krylov (1992), Gyongy and Krylov
(2003)).
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assumption. In the case of infinitely many terms, see a sufficient condition in Remark
28 of Sect. 4.4.

2.3 Statement of the Main Results

Let {Bk } ren be a sequence of independent Brownian motions on a filtered probability
space (&, F, F;, P). We do not use the most common notation 2 for the probability
space, since w is the traditional notation for the vorticity. Thus, the elementary events
will be denoted by 6 € E. Let {£&};cn be a sequence of vector fields, satisfying the
assumptions of Sect. 2.2. Consider Eq. (2.3) on [0, 00).

Definition 3 (Local solution) A local solution in W22 of the stochastic 3D Euler

Eq. (2.3 ) is given by a pair (7, ) consisting of a stopping time 7 : E — [0, 00)

and a process w : 2 x [0, 7] x T2 — R3 such that a.e. the trajectory is of class
C ([0, 71; W22 (T% R%)), o (t A7, ), is adapted to (F7), and Eq. (2.3) holds in the
usual integral sense; more precisely, for any bounded stopping time T < t

T 0 T ' 1 0 T )
wz —w0+/0 L‘,va)dt—i—Z/o Le,wdBf = EZ/O L} o dt (2.12)
k=1 k=1

holds as an identity in L? (T°; R3).

Definition 4 (Maximal solution) A maximal solution of (2.3) is given by a stopping
time Tmax : & — [0, oo] and a process w : E X [0, Tmax) X T3 — R3 such that: @)
P (tmax > 0) = 1, tmax = lim,,— o T, Where 7, is an increasing sequence of stopping
times, and (ii) (t,, ®) is a local solution for every n € N; In addition, tpyax is the
largest stopping time with properties (i) and (ii). In other words, if (z/, @') is another
pair that satisfies (i) and (ii) and @’ = w on [0, T’ A Tmax), then, T/ < Tpax P-almost
surely.

Remark 5 Due to assumptions (2.6) and (2.7) and the regularity of w, the two terms
related to the noise in Eq. (2.3) are well defined, as elements of L? (T3; R3).

Remark 6 Recall that, for every o > 0, o (t) € W*?(T°; R?) implies v (1) €
wetlh2 ("]T3; R3). Hence, solutions in W22 have paths such thatv € C ([0, 7]; W32
(’]I‘3; R3)). Moreover, recall that W2 (']I‘3; R3) ccC (']1‘3; R3) for o« > 3/2. There-
fore, w- Vv € C ([0, 7] x T*; R?) and v Vwisatleastin C ([0, 7]; W!? (T3 RY)),
hence at least

[v,w] € C ([0, ] w2 (T3; R3>) a.s.

which explains why the term [v, w]isin L? (T%; R?). (Recall that Definition 3 instructs
us to interpret Eq. (2.3) as an identity in L? (T3; R3).)
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Remark7 If w : E x [0, 7] x T3 — R3 has the regularity properties of Definition 3
and satisfies Eq. (2.3) only in a weak sense, namely, for any bounded stopping time
T<T7T

(@), d) + /Of (06), £5)0)ds + i/o (06). £5.0) B!

(w0, ¢) + Z/ © (), Eskﬁskqb)

for all ¢ € C*® (T3; R3), then, by integration by parts, it satisfies Eq. (2.3) as an
identity in L? (T%; R?).

Theorem 8 Given wy € W3'2 (T3, R3), there exists a maximal solution (Tmax, ®) of
the stochastic 3D Euler Eq. (2.3). Moreover, if(r’, w’) is another maximal solution of
(2.3), then necessarily Tmax = T’ and w = w'on [0, Tmax). Moreover, either Ty = 00
or lim SUDP/ 4 2 low (@) |ly22 = 4o00.

In this paper, we will also prove a corresponding result to the celebrated Beale—
Kato—Majda criterion for blow-up of vorticity solutions of the deterministic Euler fluid
equations.

Theorem 9 Given wq € Wg'z (T3, R3), if Tmax < 00, then

Tmax
/0 oo (0o di = +00

In particular, lim SUDP; 4 7 lw (¢) || oo = +00 almost surely.

Remark 10 As in the deterministic case, Theorem 9 can be used as a criterion for test-
ing whether a given numerical simulation has shown finite-time blow-up. Following
Gibbon (2008), the classical Beale-Kato—Majda theorem implies that algebraic singu-
larities of the type ||®||oo > (t* — )P must have p > 1. In our paper, we have shown
that a corresponding BKM result also applies for the stochastic Euler fluid equations;
hence, the same criterion applies here. In Constantin et al. (1996), the L°° condition in
the BKM theorem was reduced to L?, for finite p, at the price of imposing constraints
on the direction of vorticity. We hope to obtain a similar L°° result for the stochastic
3D-Euler equation in future work.

In Sects. 3.1 and 3.2, we prove uniqueness. The rest of the paper will be devoted
to proving local existence of the solution and Theorem 9.
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3 Proofs of the Main Results

3.1 Local Uniqueness of the Solution of the Stochastic 3D Euler Equation

In the following proposition, we prove that any two local solutions of the stochastic
3D Euler Eq. (2.3) that are defined up to the same stopping time must coincide. The

proof hinges on bound (2.9) and assumption (2.11).
Proposition 11 Let t be a stopping time and oV, @ : [0, 1) x T3> — R3 be two
solutions with paths of class C ([O, 7); Wg,z (T3; R3)) that satisfy the stochastic 3D
Euler Eq. (2.3). Then oV = ©® on [0, 7).
Proof We have that
. 4 ad . 1 )
QWO 4 Lyoo® i+ Y Ly aBE = 13 Lo ar =12,
k=1 k=1
where ) = curl v¥). The difference Q2 = " — @ satisfies
o0 1 o0
dQ + L, dt — L,o0® dt + ) Ly QdBf = 3 Y LrQd
k=1 k=1
and thus (set also V = v — p@)
o0 1 o0
02+ LyoV dr + Lo Qdr+) Lo QdBf =5 ) L Qdr.
k=1 k=1

It follows

oo
%d 12, + <,cvw<1>’ sz> dt +(L,09Q. Q) dt + Y (L5, Q) dBf

k=1
1 & 1 &
=Y (he.Q) ar+ 3 ) (£a 9. Lo ) ar.
k=1 k=1

We rewrite

(evo®, @) +(£,09 9)

- <v Vo, Q> — <a)(1) YV, sz) + <u<2> V. sz) - <sz V@, Q>

3 The following identity and all the subsequent ones hold as identities in L2 (T3, R3) and represent the
differential form of their integral version in the same way as Eq. (2.3) is the differential form of (2.12).
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and use the following inequalities:

Kv : vwm,sz)( < Q2 IVl 4

N PR O

W2’2
[e)

(o0 vv. Q) <1212 19V, 2172

W2.2
<v<2> Ve, Q) =0

(2 vo@, 9} <1212, [vo®| _<iai. [v®] | <ce®] ., 190,
Here and below, we repeatedly use the Sobolev embedding theorems
w22 (T3) c 6, (T3), w22 (T%) c wh (T%) 3.1)

and the fact that Biot—Savart map @ — v maps W*? into W*+1-? for all « > 0 and
p € (1,00). ng into Wg“’z for all s > 0; see (2.4). For instance, the sequences of
inequalities used above in the case of the terms || V|| ;4 and H vo® | oo Were

IVIigs = ClVIwi2 = CTIIQL
e S e T
L w3.2

w® ”

w22 w22’

We omit similar detailed explanations sometimes below, when they are of the same
kind.
Using also (2.11), we get

o
2 k 1 2 2
1213 +2) (L 2.2) dBf <€ (14 o]+ [o®] ) 1212 ar.
k=1
Then
d (e 191%) = e 1213, ¢ (1+ |00 et o] o) FeTd IR

oo
< —2¢" ) (£59. Q) dBf,
k=1

where Y is defined as

t
S M
R e (R Z ey

The inequality (recall 29 = 0)

o® H ) ds
S |22 ’

o T
T Q:7, < —22/0 e’ (L6, Q. Q) B
k=1
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holds for every bounded stopping time T € [0, t]. Hence, we have

MWWM522/ Y (Lo 20 24) dBE

=— 22/ ly<ce (L 9, Q) dBE.
k=170
In expectation, denoted E, this implies
E[e" Qe < 0
namely E [e"*7 [|Q; 4, ||iz] = 0 and thus, for every ¢,
N Qncll7 =0 as.

Since Y;or < 00 a.s., we get IIQ,MIIi2 = 0 a.s. and thus

(1) 2)
Winr = Oiar a.s.

Recalling the continuity of trajectories, this implies

oV =0® as.
The proof of the proposition is complete. O

3.2 Existence of a Maximal Solution
Given R > 0, consider the modified Euler equations
dog + kg (wR) Lyzor dt + Z L'gka)RdBt = Z‘Céka dt, WR =0 = wo,

k=1
(3.2)

where wgp = curl vg. In (3.2), kg (@) := fr(||VV]ls), Where fr is a smooth function,
equal to 1 on [0, R], equal to O on [R + 1, 00) and decreasing in [R, R + 1].

Lemma 12 Given R > 0 and wq € W(%Z (T3, ]R3), let wg : B x [0, 00) X T - R3
be a global solution in W>? of Eq. (3.2). Let

R
TR = inf{t >0: [olly22 > E}’

where C is a constant chosen so that

Vvl = Cllofly22 .
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Finally, let v : B x [0, Tg] X T3 — R3 be the restriction of wg. Then, w is a local
solution in Wg,z of stochastic 3D Euler Eq. (2.3)

Proof Obviously, because for r € [0, tg] we have [|[Vv|, < C lwlly22 < R and

thus kg (wg) = 1; namely, the equations are the same. O

The following proposition is the cornerstone of the existence and uniqueness of a
maximal solution of stochastic 3D Euler Eq. (2.3)

Proposition 13 Given R > 0 and wg € W3’2 (T3, R3), there exists a global solution
in W(%Z of Eq. (3.2). Moreover, ifw;el), wg) 1 B x [0, 00) x T3 — R3 are two global
solutions in Wg,z of Eq. (3.2), then a)g) = wg).

We postpone the proof of Proposition 13 to the later sections. For now, let us show
how it implies the existence of a maximal solution.

Theorem 14 Given wg € W}z (T3, RS), there exists a maximal solution (Tmax, @) of
stochastic 3D Euler Eq. (2.3). Moreover, either Tmax = 00 or lim SUDP; 4 7 oo ()l 2.2
= +4-00.

Proof Choose R = n in Lemma 12, then (1,, ®,) is a local solution in Wg’z of
stochastic 3D Euler Eq. (2.3). Moreover, define 1y, := lim,_, o 7, and define w as
l[0,7,) ‘= ®cnl[0,7,)- By uniqueness wy,|0,7,) = @ul[0,7,) for any m > n. So w is
consistently defined.

The statement that either 7,,x = 00 or lim SUDP/ 4 lo ()]l w22 = +o00is obvious:
if Tmax < 00, then by the continuity of @ on [0, Tnax), there exist some random times

%, < T, such that 7, — %, < 1 and that |® (£,)[l22 > 2L, Then,

lim sup ||@ (t)|ly22 > lim sup ||@ (T,) ||y22 = o0.
1 Tmax ntoo

We prove by contradiction that (Tyax, @) is a maximal solution. Assume that there
exists a pair (r/ , a)’) such that @’ = w on [0, T/ A Tmax), and T/ > Tyax With positive
probability. This can only happen if T < 00, therefore by the continuity of ' on
[0, 7') on the set {t/ > Timax}

0o = lim sup ||@ (%,)[ly22 = lim sup |[&' (3,)|| W = |&" (tmax) | w22 < 00,
ntoo ntoo

which leads to a contradiction. Hence, necessarily, T < T P-almost surely, therefore
(7, w) is a maximal solution. m]

3.3 Uniqueness of the Maximal Solution

Let us start by justifying the uniqueness of solution truncated Euler Eq. (3.2). The
proof is similar with that of Proposition 11 so we only sketch it here. Let a)g) , a)g) :

E x [0, 00) x T? — R3 are two global solutions in W22 of Eq. (3.2 ). We preserve
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the same notation as in the proof of Proposition 11, i.e. denote by Q2 = a)g) — a)g)

and V = vg) - vﬁ?) . We also assume that the truncation function fg is Lipschitz and

we will denote by K the quantity

Kr = fr(1VvR lloo) = FrUVVR o)
and observe that,*
Kzl <C ng) — @ Hoo
=ClVVie = ClIQI5,-
To simplify notation, we will omit the dependence on R in the following.

We are looking to prove uniqueness using the W22-topology; therefore, we need
to estimate the sum [|2[1%, + [|AQ]|?,. Then,

o o
1
dQ+ @ dt + Ly, QdBf = 3 > L,
k=1

k=1
where
O =« (w(l)) Evu)w(]) — K (w(2)> Evma)(z)
and thus
= ke
dQ + (@, Q) dr + kgcgksz dB; = - ;5&9 dr.

Then,

1 > 1 &

SA1913 + (@, 9) dr + ;w&sz, Q) dBf = ;(ggg, sz) dr

+ (Le2, Le, Q) dr.

N =
WK

k

On the set 7@ < (1) observe that @ is 0 if ||| wae = g. It follows that, on this
set, there exists a constant cg such that (recall that 0 <« < 1)

(P, Q)] = ‘K <£v(|>w(l), Q> + Kk (w(2)> <£Va)(]), Q) + K (a)(z)) (Ev(z)Q, Q)‘

< cCR “Q”%V” + Kﬁva)(l), Q> ‘ + i(ﬁv(Z)Q, Q>|

4 Here and throughout the paper, we use the standard notation C for generic constants, whose value may
differ from case to case.
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and, similar to the proof of Proposition 11, we deduced that

o0
2 k 1 2
Q0% +23 (Le 2, Q) dBE < € (1 n Hw< >HW2.2 n Hw( >HW212) 1202z dr.
k=1

(3.3)
Similarly, on the set 7@ < ¢ observe that & vanishes, if Hw(z) ” w2 = g and 3.3
holds true, as seen by observing that there exists a constant cg such that

(@, 9 =K (£,00?,2) +x (o) (Lvo®, Q) +x (o) (£,02. 2|
<cr Q.. + ‘(ﬁva)(z), sz> ‘ + (L, 9, Q).

Next we have

oo o

1

k _ 2

dAQ+ Adl +) ALy QdBf =5 ) ALZQdr
k=1 k=1

from which we deduce that

1 2 . 1 > )
SA1AQI: + (A0, AQ) + Y (ALg Q. AQ) dBf = 5 Z<A£Ek§2, AQ> dr
k=1 k=1
1 o0
+5 D (ALy Q. AL Q) dr.

w-
Il

1

From the Lemma 25, we have

(aL,m%. 8Q) < € |[Vo@| 19135, + CliUe [V I2ly20

@ 2
=Clo@] 190

Moreover, by similar arguments,
(aLve®. ag)| < C1VVIL [o®] IR0y
+ Co®| L IVViyes 12y2

< ClIVV]y22

M)
o] oo 12022

(1) 2
=Clo®] 19208

Similar estimates hold true for [(ALyw®, AQ)| and |(AL,1)Q, AQ)|. Next, as
above, on the set 7@ < (D observe there exists a constant cg such that
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‘K<A£U<1>a)(l), AQ)‘ <cC HVU(I)HLOO H“’(I)H 12122

W2,2
(¢)) (¢))
N o PO AL PR T

<cr Q.-
Similarly, on the set 7@ <)
K (AL,m00, AQ)| < cr 1203,

Summarizing, we deduce that

1 [o,0]
SAIAQIE+)_ (ALy 9. AQ) dBf < C (H”‘”(UH W2‘2+Hw(2> H WM) 1212,
k=1

| =

oo oo
+ Z<A£§k9, AQ> dr + % > (ALeQ. ALy Q) dr.
k=1

k=1

It is then sufficient to repeat the argument of the proof of Proposition 11 to control
||SZ||%2 + ||AQ||%2 and obtain the uniqueness of the truncated Euler equation. The
computation required here requires more regularity in space than what we have for
our solutions (we have to compute, although only transiently, Aﬁgk 2). In order to
make the computation rigorous, one has to regularize solutions by mollifiers or Yosida
approximations and do the computations on the regularizations. In this process, com-
mutators will appear and one has to check at the end that they converge to zero. The
details are tedious, but straightforward and we do not write all of them here.

We are now ready to prove the general uniqueness result contained in Theorem 8.
More precisely we prove the following

Theorem 15 Let wy € W(%’z (T3, R3) and (Tmax, @) be the maximal solution of
stochastic 3D Euler Eq. (2.3) introduced in Theorem 14. Moreover, let (t, ®) be
another maximal solutions of the same equation with the same initial condition
wo € Wg,z (']T3, R3). Then, necessarily T = Tmax and w = 'on [0, Tmax).

Proof From the local uniqueness result proved above, we deduce that ® = @ on
[0, min (7, Tmax)). By an argument similar to the one in Theorem 14, we cannot have
Tmax < T on any non-trivial set. Hence, T < Tmax. But then from the maximality
property of (t, ®), it follows that necessarily T = tyux and therefore @ = @ on
[0, Tmax)- O

3.4 Proof of the Beale-Kato-Majda Criterion

In this section, we prove Theorem 9. In the following, we will use the fact that there
exist two constants Cjand C; such that

Cillollz2 = llvllz2 = Callwllz 2 - G4
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The first inequality follows from that fact that @ = curl v, while the second inequality
follows from (2.4).

Lemma 16 There is a constant C such that®
Vel = € (1+ Qg3 + ) ll0lls) - (3.5)
Proof By comparing Beale et al. (1984), the following inequality holds true
IVlloe < € (14 (1 +1og™ l[vll32) llolleo) + ll@l] - (3.6)

The result is then obtained from (3.4), the obvious inequality 1 + logta <
Clog (a + e) for C sufficiently large (say C > 2) and the fact that ||w]||, < C ||w||s
on a torus. O

Theorem 17 Let t! and t? be the following stopping times

1 . 1 1 .
T = lim 7, where t, =inf {t > 0| ||lw >nt,
n n n 120{ jul | || 1”2,2 = }

n—oo

t
2 = lim t? where t° =inf{t >0 / || oo ds zn} :
>0 0
Then, P-almost surely l =72
Proof Step 11! < 2.
From the imbedding W2 (T3; R3) c C (’H‘3; ]R3), there exists C such that
[lollse < C ll@|lp2. Then,

1

Tn
/ [lwslloo ds < ([C]+ 1) sup [|wsllr o < ([C]+ 1) n.
0 s<t)
Hence, t,} < ‘L'(Z[C] i = 72, and therefore, the claim holds true.

Step 2 2 < 7! P-as.
We prove that for any n, k > 0 we have

2
E | log sup  laxlloo ] +e < Q. (3.7
se[0,72Ak]

In particular, sups¢[g, ;24 Il@l2,2 is a finite random variable P-almost surely, that
is

P sup  |laxllpp, <00 ) =1
se[0,72Ak]

5 We thank James—Michael Leahy for pointing out an error in an earlier version of the proof of this result.
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Since

{ sup IIwz||2,2<OO}=

se[0,72Ak] LNJ
<U
N

sup  |laxllrp < N
se[0,72nk]

T, /\k<‘L’N}C{‘L'nZ/\k§‘(1}

we deduce that r,% Ak < t! P-almost surely. Then,
2 1 2 1] _
{7: 51} nli)rrgor <T}—m{‘t <r} ﬂm{T /\k<r}
n

and therefore, the second claim holds true since all the sets in the above intersection
have full measure.

To prove (3.7), we proceed as follows: For arbitrary R > 0, and v € (0, 1), let a);e
the solution of equation

o
do}, + kg (k) Ly oy df + Zﬁgka)ﬁdBtk = vAsa) dr + - Zﬁéka
k=1

with wy|;—0 = wo. We know from the analysis in the next section that if wy €
w22 (TI‘3; R3), then w, € W*2 (TI‘3; R3). To simplify notation, in the following we
will omit the dependence on v and R of w}, and denote it by . We have that

1 o
54 loll7> + k& (@) (Low, ®) df + Y (Lyw, ) dBf
k=1
o

=v <A5a), a)> dr + %;((ﬁéw, a)> dr + <E§kw, Lgkw>) de.

1 o0
54 lAwll7, + kg (@) (ALyw, Aw) df + Y (ALg o, Aw) dBf
k=1

<A o, Aw>dt+ Z(<A£ o, Aw) +(ALyw, ALs o)) dr.
k=1

Next we will use the following set of inequalities

(o) =~ 0], 0. {3t 7], =0

[(Lyw, o] < [Vl l0l172, HALyw, Aw)| < C (lolls + [VVlleo) 0]l 5 -

The first two inequalities are obvious. The third one comes from the fact that in
(Lyw, w) the term (v - Vw, w) vanishes and the term [{(w - Vv, w)| is bounded by
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[IVV]] oo ||a)||i2. The last one, the most delicate one, comes from Lemma 25:

(ALyw, Aw)| < C |Vl lol3 5 + C ol V]2 ol 2

and then, we use |Vvllp 2 < [[vll32 < C |lwlly2; see (2.4).
Hence,

o0
dlol7, +2) (Lew. o) dBf < C 1+ ol + Vo]l o7, df (3.8)
k=1

o0
d|Aol7, +2) (ALyw, Aw) dBf < C (1 + [l + V0]l l0l3, dr,

k=1
3.9)

where we used inequalities (2.9), (2.10) coupled with assumption (2.11) to control
o
Z <<£§ka), a)> + Ly, Lg o)+ <A£§ka), Aa)) + (AL w, Aﬁgka))) .
k=1

Using Itd’s formula and the fact that ||| |2 7 =< ey || + || Aw; ||L2, we deduce, from
(3.8)+(3.9), that

d1og (|lexl3, +e) < d 1oy,

1
(||a>t||%2 +e)

o0
- 2 Z A’Cé‘kw’ Aa))| + |(£Eka)’ a)>| )2
(||wt||22+e k=1

< ————— (I + ol + [Vl @5, df +dM;,
(llex|3 5 +e)

where M is the (local) martingale defined as

(Lo, o)+ (ALyo, Aw) |
M, = f dB!
' Z (llorll3, +e) '

We use now (3.5) to deduce
dlog (||w,||32 + e) <mC (1 + ||l log (||w,||§2 + e) dt +dM,.

which, in turn, implies that

t
e log (113, + ¢) < log (lool2: + 1AwIZ, + ) + / e~ChdM,, (3.10)
0
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where
t
Y, =/ (1 + ollo0) ds
0

and we use the conventions e=*° =0 and 0 x oo = 0.
Again, by using the fact |(£gka), a)>| is controlled by |[|V&||s ||a)||i2 and that

(Aﬁgka), Aa)> | is controlled by [|& |5 » ||a)||%2 following Lemma 25, we deduced that

(Lo, 0) + (ALgw, Aw)| < C &l o3, - (3.11)

From (3.11) and assumption (2.8), we deduce the following control on the quadratic
variation of stochastic integral in (3.10)

. 2
[/ fcyfdMS} =4§:/le_2”x (o o)+ [algo Aa))
0 t k=170

(13, +e)’

Y A P21 g
<4CY NEIZ, | ————ds
k=1

0 (llenll3, +e)?
< Ct.

Finally, using the Burkholder—-Davis—Gundy inequality (see e.g. Theorem 3.28, page
166 in Karatzas and Shreve (1991)), we deduce that

s
E| sup /e_CY'"dM,‘ < C+/i.
s€[0,¢] 1/0

This means there exists a constant C independent of v and R such that, upon reverting
to the notation wj, we have

E[ sup eI ORI 1og (| g (s)ujﬁe)}

s€[0,1]

< log (lleoll?> + 1 Awl + ) + CVr

By Fatou’s lemma, it follows that the same limit holds for the limit of w}, as v tends
to 0 and R tends to oo, hence

. [ sup ¢~ i COHIorldr o <||ws||§2 + e)i| < .
s€[0,7]
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It follows that

e CRIHME L qup  log (I o ()13, + e)
Se[ovrnzAk]

<E |: sup e ¥ log (||60 ®13, + e)]

se[0,72Ak]

s€[0,k]

<E |: sup e ¥ log (IICU(S)H%,Z + e):|
< log (o122 + l1A0l2, +¢) + Ci < oo,

which gives us (3.7). The proof is now complete. O

Remark 18 The original Beale—-Kato—Majda result refers to a control of the explosion
time of ||v][3 , in terms of [||w||, . Our result refers to a control of the explosion time
for |||l 5 in terms of ||w||«,. However, due to (3.4), we can restate our result in terms
of [|v]]3 2 as well.

3.5 Global Existence of the Truncated Solution

Consider the following regularized equation with cut-off, with v, R > 0,

o
do}, + kg (k) Ly op df + Z Egka)detk
k=1

1 o0
= vA whdr + 3 Y Liwhdt,  whl—o=wo. (3.12)
k=1

where wp, = curl v, div vy = 0. On the solutions of this problem, we want to perform
computations involving terms like AL%a) (1), soweneed w (1) € W42 (']I‘3; R3). This
is why we introduce the strong regularization vASwﬁ; the precise power 5 can be
understood from the technical computations of Step 1. While not optimal, it a simple
choice that allows us to avoid more heavy arguments.

This regularized problem has the following property.

We understand Eq. (3.12) either in the mild semigroup sense (see below the proof)
or in a weak sense over test functions, which are equivalent due to the high regularity
of solutions. However, Asw‘;e cannot be interpreted in a classical sense, since the
solutions, although very regular, will not be in w10.2 (’]T3; R3). The other terms of
Eq. (3.12) can be interpreted in a classical sense.

Lemma 19 For every v, R > 0 and wy € W3’2 (T3, ]R3), there exists a pathwise
unique global strong solution ‘”l;e’ of class L? (E; C ([O, T1; W3,2 (T3; RS))) for
every T > 0. Its paths have a.s. the additional regularity C ([8, T]; W42 (']T3; RS)),
forevery T > 6 > 0.
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Proof Step 1 (preparation) In the following, we assume to have fixed 7' > 0 and that
all constants are generically denoted by C > 0 any constant, with the understanding
that it may depend on T'.

Let D(A) = W)%2(T% R*) and A : D(A) C L2 (T, R}) — LZ (T R?)
be the operator Aw = VA3 w; L?, (T3 , R3) denotes here the closure of D (A) in
L? (’]1‘3, R3) (the trace of the periodic boundary condition at the level of L? spaces
can be characterized; see Temam 1977). The operator A is self-adjoint and negative
definite. Let ¢’4 be the semigroup in L(z, (’H‘3, R3) generated by A. The fractional
powers (I — A)“ are well defined, for every @ > 0, and are bi-continuous bijections
between W(7 (T3 R3) and W(’? 0.2 (T3 R3) for every 8 > 10«, in particular

I fllwioez < Co ||(T = A* f|,2

for some constant C, > 0, for all f € W02 (’]I‘3; R3).

In the sequel, we write (f, g) = fT3 f (x) - g (x) dx. We work on the torus, which
simplifies some definitions and properties; thus, we write (1 — A)*/? f for the function
having Fourier transform (1 + & IZ)S/2 f(é ) (f(é ) being the Fourier transform of f);
similarly, we write A1 f for the function having Fourier transform |& |_1 f(é).

The fractional powers commute with e/4 and have the property (from the general
theory of analytic semigroups, see Pazy 1983) that for every « > Oand 7' > 0

o =wmets]. =

Ol
— 2
ALY

forall € (0, T]and f € L2 (T*; R3).
From these properties, it follows that, for p = 2, 4

”/ U x)Af(s) ds

t
1
<C R — 2 d
W2 /0 ([ )p/lO ”f(s)||L2 S

<cT'=h sup If 9% (3.13)
t€[0,T]

forall f € C ([O, T1; Lg (’]T3; R3)) and ¢ € [0, T], because

'
H/ eI () ds
0

t
<C H I - A)P/‘O/ I F () ds

0

wp:2 L2

! 1
: C/o (t —s5)P/10 ILf ()22 ds.

In particular, the map f +— ( fot eU=IA £ (5) ds) 0.7] is linear continuous from
tel0,

C ([0, T1; L2 (T% R?)) to C ([0, T1; W22 (T?%; R?)). Moreover, for p = 2,4
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E| sup
t€[0,T]

Z/ (t— S‘)Af (S) dBk
wr2
< CE [Z / e LU ds}

=CT'"PPE| sup ank )72 (3.14)
s€l0, T]k 1
because
o0 t 2
E| sup Z/ =94 £ (s)dBF
1€l0.7] || ;= /O W
=E| sup /(1 A)P/10 pl1= S)Afk(s)dBk
1€[0,T] 2

oo t 2
_ /10 (t—s)A
sCE[E_:fO [ = )P0 =4 g, (s) des]
< CE [} :/ )p/s I fic 5172 ds} :

It is here that we use the power 5 of A, otherwise a smaller power would suffice.

Step 2 (preparation, cont.) The function w +— kg (w) Lyw from w22 (T3; R3) to
L? (’]1‘3; R3) is Lipschitz continuous, and it has linear grows (the constants in both
properties depend on R). Let us check the Lipschitz continuity; the linear growth is an
easy consequence, applying Lipschitz continuity with respect to a given element °.

It is sufficient to check Lipschitz continuity in any ball B (0, r), centred at the
origin of radius r, in W*?2 (T%; R¥). Indeed, when it is true, one can argue as
follows. Take 0, i = 1,2, in W>2(T% R3). If they belong to B (0, R +2),
we have Lipschitz continuity. The case that both are outside B (0, R + 2) is triv-
ial, because the cut-off function vanishes. If one is inside B (0, R 4+ 2) and the
other outside, consider the two cases: if the one inside is outside B (0, R + 1),
it is trivial again, because the cut-off function vanishes for both functions. If the
one inside, say 1), is in B (0, R), then £,yo Vg (0V) — L,00Pkg (0?) =
LynoWVig (0); one has | £,00Vkg (0D) |2 < Cr (same computations done
below) and |0 — 0@ | w22 = Cr. for two constants cg, Cg > 0, hence

Hﬁv(l)a} )KR ( a )> — EU(Z)C()O)KR (a)c))‘ w?® H

< Cr Hw(l)
L2 7 CR

w22’
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Therefore, let us prove that the function ® > kg (0) Ly from W22 (T3; R?)
to L2 (T3; R3) is Lipschitz continuous on B (0,r) C w22 (T3; R3). Given o) €
B (0,r),i =1, 2, let us use the decomposition

Euu)a)(])KR (w(l)) — Ev(z)a)(z)fcR (a)<2))
= ‘Cv(]) (w(l) - a)(z)) KR (a)(])> + ﬁ(v(l)iv(z))a)(z)KR (w(2)>

+ Ev(na)(z) (KR (a)(l)> — KR (a)(z)>> .

Then,
e (=) (),
o) PO 5 =0 e (68 o0 [0
o ) [5R o0= wa o) oo [0

2
20,M _ 2 .
=R Hw @ HW2’2 ’

similarly
@ 2\ |I?
o)
< () [v (o0 o) o]

00 w22

2,0 _ o 2o @

<Cr Hv —v H <Cr Ha) —w ‘

W3,2 W2.2

by the Sobolev embedding theorem and (2.4). Finally

2
e (e () e (52))
L2
2 2 2
< Jen (o) = (@) [0 o]
00 w22
2 4
<l (57) - o)
W2,2

2
o (o) = (o)

because ”VU(DH; <C Hw(z) ”ivll as above, and then, we use the Lipschitz continuity
of the function w +— «g ().

Step 3 (local solution by fixed point). Given wg € L? (E; Wg'z (T3 , R3)), Fo-
measurable, consider the mild equation

< crt

w(t) = (Tw) (1)
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where

t
(Tw) (1) = e awg — f e"TINL o (5) kR (o (5)) ds
0
/ (-4l ZE a)(s)ds—Z/ U S)Aﬁg a)(s)dBk

with, as usual, curl v = , divv = 0. Set Yr := L* (E; C ([0, T1; W2 (T%; R?))).
The map I', applied to an element w € Y7, gives us an element I"w of the same space.
Indeed:

(i) "4 is bounded in W22 (T?; R?) (for instance because it commutes with
(I — A7) hence e'4wy is in Vr;
(i) Lowkg (@) € L? (8 C ([0, T]: L (T*: R?))) by Step2,hence fy e~ Ly
() kg (w (s)) ds is an element of yT, by property (3.13) of Step 1;
(iii) Z}:o 1 Ez w € L2( ([O T]; L? (T3 R3))) from assumption (2.6), hence
f’ U Y)Al Zk 1 £ a) (s)ds is in YVr by property (3.13);
iv) since, by assumptlon (2.7),

o0
S Lgw®)]72 < Cllo ()13,
k=1

we apply property (3.14) and get that Y o, f(; e(t_S)Aﬁgkw(s) dBf is in
L?(8; C ([0, T]; W2 (T3 R?))).

The proof that I is Lipschitz continuous in YVr is based on the same facts, in
particular the Lipschitz continuity proved in Step 2. Then, using the smallness of the
constants for small 7' in properties (3.13) and (3.14) of Step 1, one gets that I" is a
contraction in Yr, for sufficiently small 7 > 0.

Step 4 (a priori estimate and global solution). The length of the time interval of
the local solution proved in Step 2 depends only on the L? (E; Wg’z (T3, R3)) norm
of wyp. If we prove that, given 7 > 0 and the initial condition wy, there is a constant

C > 0 such that a solution w defined on [0, 7] has SUP;¢[0.7] E [Ila) (f)||sz] <dC,

then we can repeatedly apply the local result of Step 2 and cover any time interval.
Thus, we need such a priori bound. Let @ be such a solution, namely satisfying
o = Twon [0, T]. From bounds (3.13) and (3.14) of Step 1, we have

2
W2,2

E[lo®13:.] < CE[

o

t
+ CE |:H/0 e(t_S)AEU(S)a) (s) kR (w (s)) ds

2

+CE el 9al Zﬁ w (s)ds

w22
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00 2

t
Z/ DALy w (s) dBF
0

k=1

+ CE

W2,2
2 ! 1 2 .
< CE[Jlell}: | + CE | oWl |

hence, we may apply a generalized version of the Gronwall lemma and conclude that

sup E[llo)l}22] = €.
t€[0,7T]

Step 5 (Regularity) Let w be the solution constructed in the previous steps; it is
the sum of the four terms given by the mild formulation @ = I'w. By the property
e'“wy € D (A), namely Ae'*wy € L2 (T?,R?), forall 1 > 0 and wy € L2 (T, R?)
(see [Pazy], property (5.7) in Theorem 5.2 of Chapter 2, due to the fact that e’4 is an
analytic semigroup), we may take § > 0 and have Ae®4wy € L?, (']I‘3, R3); then, for
t € [8,T], we have Ae'Awy = e DAAe 40y = e=D40;s where ws 1= Ae’?wy
is an element of Ltz, ('JI‘3, R3). Since ¢ > ¢4 is continuous on [§, 7] (because
the semigroup is strongly continuous), it follows that  + Ae’4wy is continuous
on [8, T], namely ¢ > e’ Awo belongs to C ([8, T]; D (A)). In particular, it implies
e'Awy € C([8, T1; WH2 (T3, R?)),forevery T > § > 0. The two Lebesgue integrals
in I'w belong, pathwise a.s., to C ([0, T]; w42 (T3; R3)), for every T > 0, because
of property (3.13), and the fact that £,wkg (@) and Z,fil Lgkw are, pathwise a.s.,
elementsof C ([0, T1; L* (T%; R?)), as shown in Step 2. Finally, the stochastic integral
in ['w belongs to L2 (E; C ([0, T]; w42 (’]T3; R3))) by property (3.14) and the fact

that [Supse[O,T] pyal HL',gkw (5) Hiz] < 00, as shown again in Step 2. O

Definition 20 On a complete separable metric space (X, d), a family F = {1y}, of
probability measures is called tight if for every € > 0 there is a compact set K. C X
such that i, (K¢) > 1 — e forall v > 0.

Remark 21 The Prohorov theorem states that, for a tight family of probability mea-
sures, one can extract a sequence { /Lun} which weakly converges to some
probability measure,

neN

W limfwduvn=/<pdu,
n—o0 X X

for all bounded continuous functions ¢ : X — R. We repeatedly use these facts below.

In order to prove Proposition 14, we want to prove that the family of solutions
{wll)e}wo (R is given) provided by Lemma 19 is compact is a suitable sense and
that a converging subsequence extracted from this family converges to a solution of
Eq. (3.17). Since {a);}wo are random processes, the classical method we follow is
to prove compactness of their laws {u,},- . For this purpose, we have to prove that
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{1y}, 1s tight and we have to apply Prohorov theorem, as recalled above. The metric
space where we prove tightness of the laws will be the space E given by (3.15).°

Lemma22 Let T > 0, R > 0 and wy € W3'2 (']I‘3, ]R3) be given. Assume that the
family of laws of {a)ye }v>0 is tight in the space

E=C ([o, T1; wh? (T3, R3>) (3.15)

for some B > % and satisfies, for some constant Cr > 0,

E|: sup ||w11)e(t)||€vz2:| < Cg
t€[0,T]

for every v > 0. Then, the existence claim of Proposition 13 holds true, and thus,
Theorem 8 is proved.

Proof Step 1 (Gyongy—Krylov approach). We base our proof on classical ingredients,
but also on the following fact proved in Gyongy and Krylov (1996), Lemma 1.1.
Let {Z,},cn be a sequence of random variables (r.v.) with values in a Polish space
(E, d) endowed with the Borel o-algebra B (E). Assume that the family of laws of

{Z,},,en 1s tight. Moreover, assume that the limit in law of any pair (Zn< n, Zna))
J J jeN

of subsequences is a measure, on E x E, supported on the diagonal of E x E. Then,
{Z,},,en converges in probability to some r.v. Z.
We take as Polish space E the space (3.15) above, as random variables {Z, },, < the

sequence {a)}e/ "} N whose family of laws is tight by assumption. We have to check
ne

1n® 1@
that the limit in law of any pair (a) R/n" , R/n’ ) is supported on the diagonal of
jeN

E x E. For this purpose, we shall use global uniqueness.

Step 2 (Preparation by the Skorokhod theorem). Let us enlarge the previous
D 1@
pair by the noise and consider the following triple: the sequence {a) R/nj , @ R/n" ,

{B,k}keN } converges in law to a probability measure p,on E x E x C ([0, TPV,
jeN

We have to prove that the marginal g x g of u on E' x E is supported on the diagonal.

By the Skorokhod representation theorem, there exists a probability space (E, F, P)

and E x E x C ([0, T])N-valued random variables {G;gj, 55{/, {Ek’} ] and
keNJ jeN

~ ~ (R . 1 1m?
(B, D%, {B,k}keN) with the same laws as {a)R T wp ! ,{B,"}kEN . and p,

jeN
. : ~1,j ~ . ~2. ~ .
respectively,” such that as j — oo one has @y’ — @k in E, &g’ — &% in E,

6 The authors would like to thank Zdzislaw Brzezniak for pointing out to a gap in an earlier version of the
tightness argument.

7 In particular, for each j, {gk] }k N is a sequence of independent Brownian motions.
€
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Ekj — Ek in C ([0, T']), a.s. In particular, {E-k}keN is a sequence of independent
Brownian motions.

1/n?

Since the pairs <a)R T {B-k}keN)’ i = 1,2, solve Eq. (3.12) and (cT)iéj,

{§k J }k N) have the same laws (being marginals of vectors with the same laws),
€
by a classical argument (see, for instance, Prato and Zabczyk 2015), the pairs
~i,j | gk.j . . ) ._ @ . _
(a)R ,{B‘ }keN)” = 1.2, also solve Eq. (3.12), with v := 1/a1", i = 1,2,

respectively. In other words,

o0
day +icr (5;’) L@y A+ Lo @y dBf =0 A Jdr s Zﬁz & d
. o G160
with 52] l/=0 = wp, where Z'ollé] = curl 'JIR’]
Step 3 (Property of being supported on the diagonal). The passage to the limit
in Eq. (3.16) when there is strong convergence (P-a.s.) in L2 (0,7; L2 (T3, RY)) is
relatively classical (see Flandoli and Gatarek (1995)). We sketch the main points in
Step 4. One deduces

o0 o
— — — l -
ATy + kw () Ly B dt + Y Loy BY = 5D LAy dr (3.17)
k=1 k 1

in the weak sense explained in Remark 7. Since 593 have paths in C ([O, T]; w22
(T3, R3)) (see Step 4), the derivatives can be applied on Z‘o’)e by integration by parts
and we get the equation in the strong sense. Now we apply the pathwise uniqueness
of solutions for Eq. (3.2) in W?? as deduced in Sect. 3.3 to deduce &k = @%. This
means that the law of (5 1le’ ET)%) is supported on the diagonal of E x E. Since this law
is equal to wE « £, we have that ;g « g is supported on the diagonal of E x E.

Step 4 (Convergence) In this step, we give a few details about the passage to the
limit, as j — oo, from Egs. (3.16) to (3.17). We do not give the details about the
linear terms, except for a comment about the term v( )AS /. Namely, in weak form

we write it as (with ¢ € C* (T3, R?))

v /Ot <5’RJ (s) . A5¢> ds

and use the pathwise convergence in L> (0, T;L? (T3, R3)) of sz] (s) plus the fact
(@)
that v;

The difficult term is the nonlinear one, also because of the cut-off term « 5 (5’R (s)).
We want to prove that, given ¢ € C* (T3 , R3),

/OzKR (521' (s))<wRJ (), LF ,¢>ds — /KR a)R(s))<a)R(s) E ¢>

(3.18)

— 0.
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with probablhty one. From the Skorokhod preparatlon in Step 2, we know that

5'13" — @Y as j — oo in the strong topology of E, P-as.,fori = 1,2 Inthe sequel,

we fix the random parameter and the value of i = 1, 2. Since Wf 2 (’H‘g, R3) is con-

tinuously embedded into C (T, R?) (recall that 8 > 3/2), it follows that &y — @,

in the uniform topology over [0, 7] x T3. By the continuity of Biot—Savart map

from W/ (T3, ]R3) to whH12 (T3, R?) and the formula for L;l.‘j which contains first
R

derivatives of 7' R , we see that L* P — L qb in the strong topology of E again,

and thus, again by Sobolev embeddmg, ¢ — L gb in the uniform topology over

vy
[0, T] x T3. Hence, < J ), L* ¢> converges to <ET)’R ), L,:,,- ¢>> uniformly over
R

[0, T']. Hence, if we prove that kg (wiéj (s)) — kg (LB’R (s)) for a.e. s € [0, T], and
because these functions are bounded by 1, we can take the limit in (3.18). There-
fore, it remains to prove that, P-a.s., kg (E)llé] (s)) converges to kg (@% (s)) for a.e.
s € [0, T], or at least in probability w.r.t. time. This is true because strong con-
vergence in L? (0, T) in time implies convergence in probability w.r.t. time, and

we have strong convergence in L? (0, T), of kg <5;’j (s)), because kg is bounded
continuous, and 5;’] converges strongly in L? (0, T, wh?2 (T3, R3)), hence V'ﬁll'éj
converges strongly in L2 (0, 7; W2 (T3, R?)) hence in L? (0, T; C (T?, R?)) by
Sobolev embedding theorem. Hence, kg (&3;] ) converges to kg (5’R) in probability

w.r.t. time. Finally, from the integral identity satisfied by the limit process @', one can
deduce that @ € C ([O, T]: W22 (T3, R3)) following the argument in Kim (2009).

O
Based on this lemma, we need to prove suitable bounds on {w% } )o0°
Theorem 23 Assume that, for some N > 0 and o > é—lt,
]E|: sup ||a)R (r)||W22} <C (3.19)
T ok (1) — ok (S)H -N.2
w
/ [ | dtds < Ca (3.20)

forallv € (0, 1). Then, the assumptions of Lemma 22 hold.
Proof We shall use the following variant of Aubin—Lions lemma, which can be found

in Simon (1987). Recall that, given an Hilbert space W, a norm on wed 0, T; W)is
the fourth root of

T —
fo FAGI dt+/ / ”f<f> sﬁfﬁinwdfd
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Assume that V, H, W are separable Hilbert spaces with continuous dense embedding
V C H C W such that there exists 8 € (0, 1) and M > 0 such that

ol < Ml vl
forevery v € V. Assume that V C H is a compact embedding. Assume « > 0. Then,
L®0,T; V)N W0, T; W)

is compactly embedded into C ([0, T']; H) (see Simon (1987), Corollary 9). We apply
it to the spaces

H = wh2 (T3, R3> V= w22 ("11‘3, R3) W= w2 (’11‘3, R3>

where 8 € (%, 2). The constraint § < 2 is imposed because we want to use the

compactness of the embedding w22 (’]TS, R3) c wh2 (']I‘3, ]R3). The constraint 8 >

% is imposed because we want to use the embedding W52 (’]T3, R3) ccC (’IF3, R3).
Let {Q,} be the family of laws of {w}}, supported on

Eq = C (10.71; w2 (T3, R?) ) n wes (0,73 w2 (T2, RY)))

by the assumption of the theorem. We want to prove that {Q,} is tight in E. The sets
KR|.R,., R, defined as

T
{f: sup ||f<r>||szsR1,f0 FRGI

tel0, T
r ||f(f)—f(S)||
/ / S|l+4aW “drds < R3}

with Ry, Ry, R3 > 0 are relatively compact in E. Let us prove that, given € > 0, there
are R, R>, R3 > 0 such that

Q” (chh,Rz,R3) =€
for all v € (0, 1). We have
Qv< sup [1f (D)322 > Rl) P( sup [wi (r)\}wzz)
1€[0,T] €[0.7]

E [SuPte[O,T] |k @) ||%sz] c
< <
B Ry Ry
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and this is smaller than € /3 when R] is large enough. Similarly, we get

T TS O = Ol
v<f0 /0 |t—s|1+4"‘w dtdS>R3)§

when Rj3 is large enough. Finally,

W[ m

T
0, ( /0 If O, v dr > Rz) <0, (T sup £ (O)I1% v, dr > R2>

1€[0,T]

=0 (CT sup ||f(t)|Iszdt>R2>

1€[0,T]

for a constant C > 0 such that || f (t)||W voe < CIf (t)ll‘évz.z. Hence, also this

quantity is smaller than § when R is large enough. We deduce Q, (K Icel, R. R;) <e€
and complete the proof. O

The difficult part of the estimates above is bound (3.19). Thus, let us postpone it
and first show bound (3.20).
4 Technical Results
4.1 Fractional Sobolev Regularity in Time

In this section, we show that bound (3.20), with N = 1, follows from (an easier version
of) bound (3.19).

Lemma 24 Assume

Jup E [0k O}22] = C.

Then, the bound in (3.20), with N = 3 and any o < %, holds true.

Proof Step 1 (Preparation) In the sequel, we take r > s and denote by C > 0 any
constant. From Eq. (3.12), we have

why (1) — oy () = /Zﬁgka(r)dBk /(ASw;(r)Jr Zc Wl (1)
g (@) () Loy @k () dr

hence

(r)wR (r)

t
E[||w;e ) — o (s)||$v,3_2} §C(t—s)3[ E[KR (@ (m)* . 32]01
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+C(t—v)3/ |:”UA5(1)R (r)H ]dr
4
+C(t—s)3/ { ]dr
w32

4
+ CE .
W73’2

Recall that || f|lyy-32 < C || fl;2, whichfollows by duality from || f|l ;2 < C || f llyy3.2.
Hence, again denoting any of the constants in the calculation below as C > 0, we have

wR (r)

t o0
f Z‘C§kw‘;€ (r)dBf
S k=1

o
E[ ok 0 - og 0[] s co-9? / E | kg (w0 (r)*

- ‘ Asa); (r)H:/—&z] dr

t
+C@t—-s)Y| E
4
Z.c&wR | |dr
L L2
/ Zﬁgka r) dB

4
+CE .
L2

. . 4 .
The only term where W32 necessary is the term || A wp (1) || w325 wekeep italso
in the first term, but this is not essential. Now let us estimate each term.
Step 2 (Estimates of the deterministic terms) We have

Evl PR (r)H ] dr

|(vk - Vg 8)| = [(@k vk - V)]
< lglwiz [vi ]2 [@k]
< Cliglwa |@p] = @kl

= Cliglwe [kl |0k yea -
so that
vk - Vokly-22 = € [0R a0k 22
Moreover, also
[0k - Yokl 2 < |0kl 10N 2 < € okl loklyez

Summarizing

2
Lonok ), = Clofl~ okl

|
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Therefore,

N 4
w-3.2 = ¢ ”w‘I}? ” w22 -

<k (@ ) | Logroh )

For the next term, we have

4

|asay]! < clapltas

hence

' 4
/ E |:H Asw;
s w=

because we have the property sup, o 71 E [”w% ) ||;‘4,2,2] <C.

t
] ar = c/s E[loklhe:]ar < €

For the subsequent term, we have

2

< C |k ]300

o0
Z L} o} (r)
k=1

L2

by assumption (2.6), and therefore,

t
/E

as above.
Step 3 (Estimate of the stochastic term) One has, by the Burkholder—Davis—Gundy
inequality

t
dr < c/ E [||wye (r)||‘;vz,2]dr <C
S

1 & !
5 2 LE k()
k=1 L2

E

4 ; 00 ) 2
< CE < Z Hﬁgka); (r)HL2> dr
L2

S k=1

t o0
/Zﬁékwl}}? (r)dBf
S k=1

t
< C(t—s)/ JE[Hw; (r)Usz,z]dr
S
by assumption (2.7),
< CE b [y22 | ¢ = 77

by the assumption of this lemma.
Step 4 (Conclusion) From the previous steps, we have

E |:||w2 (1) — w; (S)”tvflz] <C(t— S)z.
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Hence

4
T T (Y (1) — oY (s _ T T C
E // |k © Ii(4)||w3'2dtds sf f g dds =C
o Jo |t — 5! 0 Jo lr—s*"

forallx < % O

4.2 Some a priori Estimates

In order to complete the proof of Theorem 8, we still need to prove estimate (3.19). To
be more explicit, since now a long and difficult computation starts, what we have to
prove is that, given R > 0, called for every v € (0, 1) by w} the solution of equation

o0 o0
1
dwg + kg (0g) Loy ok df + E Le,whdBF = vASwhdr + 5 E Eg_.ka)% dr
k=1 k=1

with wp|,—0 = wo, there is a constant C > 0 such that

t€[0,T]

]E|: sup ”a); (t)”ivzz] <C

for every v € (0, 1).
In order to simplify notations, we shall simply write

v
w for wp
%
v for vp

i for kg (w)

not forgetting that all bounds have to be uniform in v € (0, 1).
Difficulty Compared to the Deterministic Case In the deterministic case, % fw |Aw

(1, x)|* dx is equal to the sum of several terms. Using Sobolev embedding theorems
(3.1), one can estimate all terms as

<c [ a0l ar,
3
except for the term with higher-order derivatives

(v-VAw) - Aw dx .
T

However, this term vanishes, being equal to

1 1
-/ (U-V)|Aa)|2dx=——/ |Aw|? div v dx = 0.
2 3 2 T3
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In the stochastic case, though, we have many more terms, coming from two sources:

(i) the term % >k Lgka) dr, which is a second-order differential operator in w, hence
much more demanding than the deterministic term £, w;
(i1) the It6 correction term in It6 formula for d f1r3 |Aw (1, x)|? dx.

A quick inspection in these additional terms immediately reveals that the highest
order terms compensate (one from (i) and the other from (ii)) and cancel each other.
These terms are of “order 6 in the sense that, globally speaking, they involve 6
derivatives of . The new outstanding problem is that there remains a large amount of
terms of “order 5, hence not bounded by C ng |Aw (2, x) |2 dx (whichis of “order 4”).
After a few computations, one is naively convinced that these terms are too numerous
to compensate and cancel one another.

But this is not true. A careful algebraic manipulation of differential operators, as
well as their commutators and adjoint operators, finally shows that all terms of “order
5” do cancel each other. At the end, we are able to estimate remaining terms again by
C ng |Aw (1, x)l2 dx (now in expectation) and obtain the a priori estimates we seek.
Preparatory Remarks By again using the regularity result of Lemma 19, we may write
the identity

t t
Aw (1) = Awy + A/ Aw (s)ds —/ Kk (s) ALyw (s) ds
0 0
11 &,
+§/0 AZESka)(s)ds
k=1
o0 t
-y / ALg o (s)dBF
k=10

and we may apply a suitable Ito formula in the Hilbert space L ("JI‘3) (see Krylov and
Rozovskii 1979) to obtain

1 2
—d/ |Aw (¢, x)|* dx + v/ ‘Aza)‘ dxdt = —« (2) </ ALyw - Awdx) dr
2 T3 3 T3

1 — 2
+§Z</E3A/J$kw-Awdx>dt

k=1
o

-y </ ALgw- Awdx) dBF
- T

+ It0 correction. 4.1)

Being Aw (¢) of the form d (Aw (t, x)) = a; (x) dt + Y32 ; b (x) dBK, with b (x) =
— ALg w (t), one has
1 1 2
d= Ao (1,0 = Ao (1, %) -d (Ao (1,)) + = 3 [b (x)‘ dr:
2 2 &
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hence, the Itd correction above is given by (we have to integrate in dx the previous
identity)

1 o
1t correction = — Z / |A£§kw ) |2 dxdt.
2 k=1 T3

Let us list the main considerations about identity (4.1).

(1) The term v fT3 ‘Aza)‘z dx will not be used in the estimates, since they have to be
independent of v; we only use the fact that this term has the right sign.
(2) The term

K (1) / ALyw - Awdx 4.2)
sl

can be estimated by C fT3 |Aw (t, )c)|2 dx exactly as in the deterministic theory.
The computations are given in Sect. 4.2.

(3) The term Y ;2 (fps ALgw - Awdx) dBF is a local martingale. Rigorously, we
shall introduce a sequence of stopping times, and then, taking expectation, this
term will disappear. Then, the stopping times will be removed by a straightforward
limit.

(4) The main difficulty comes from the term

i ((A/jgkw, Aa)> + (AL, Aﬁgka))) , 4.3)
k=1

N =

since it includes, as mentioned above in Sect. 4.2, various terms which are of
“order 6” and of “order 5, where “order” means the global number of spatial
derivatives. These terms cannot be estimated by C fw |Aw (1, x)|? dx. As it turns
out, the terms of “order 6” cancel each other: this is straightforward and expected.
But a large number of intricate terms of “order 5 still remain, which, naively,
may give the impression that the estimate cannot be closed. On the contrary,
though, they also cancel each other: this is the content of Sect. 4.4, summarized
in assumption (2.11).

Estimate of the Classical Term (4.2) The following lemma deals with the control of
the classical term (4.2).

Lemma 25 Given u € W2, @ € W22 (not necessarily related by curl u = w), one
has

2
= ClVullpe llolly2. + CllollLe [Vully22 lolly22

/ AL,w - Awdx
sl

2

= CUIVollpe + lloll L) el -

Proof Since the second inequality is derived from the first and the fact that || Vu || 22 <
C |lwl|ly22, we concentrate on the first. We use tools and ideas from the classical
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deterministic theory; see for instance (Beale et al. 1984; Kato and Lai 1984; Lions
1996; Majda and Bertozzi 2002). We have

f AL,w - Awdx
sl
=/ A(v~Vw)~Awdx+/ A (w - Vv) - Awdx
T T3
= / (Av - Vo) - Awdx +/ (v - VAw) - Awdx
T T
+2/ D (Oav - Viuw) - Awdx
™
+/ (Aa)-Vv)-Aa)dx+/ (w - VAV) - Awdx
T3 T3

+2/ Z(aaw.vaau).mdx.
™

The term 13 (v - VAw) - Awdx is equal to zero, being equal to % Jpv-V |Aw|? dx
which is zero after integration by parts and using div v = 0. The terms

2/ Z(aav.vaaw).Awder/ (Aw - Vv) - Awdx
T T3

are immediately estimated by C ||Vv|| 1« IIa)II%Vu. The term ng (w - VAV) - Awdx is

easily estimated by C ||w| ;. ||cu||%v2,2. It remains to understand the other two terms.
We have

< Cl|Av- Vol lloly22

/ (Av - Vo) - Awdx
T3

‘/ (Oqw - Vg v) - Awdx
3

< C |0qw - Vvl 2 llollw22 .
Hence, we only need to prove that

|8e@dpd, v] 2 < C UIVVIL% + @l ) llolly22 (4.4)

for every o, B,y = 1,2,3. Recall the following particular case of Gagliardo—
Nirenberg interpolation inequality:

196 S 74 < CUSNloo 1 w2z,

which implies
2
|80@dpd, 0> < Cllwllog lolly22 VVllo V0l 2z
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Moreover, due to the relation between v and w, we also have ||Vv| 22 < C [|o|y2.2.
Hence,

1/2 1/2 1/2 1/2
|8awdpd,v]| < Cllwllsl Il s, IVollsl ol

= Clolle lolly22 + C Voo l@llw22

and inequality (4.4) has been proved. The proof of the lemma is complete. O

4.3 Estimates Uniform in Time

We introduce the following notations
w= [ JotoPars [ 180@nP
R3 R3

t o0
M, =/ Z(/ [:g,{a)~a)dx+/ Aﬁgka)-Aa)dx> dBf.
0 o \JR3 R3

Consequently, following from the estimates of the previous section and assumption
(2.11), we have

t
o §ao+2Mt+CR/ ogds
0
o}

sup oy < e“F(ap +2 sup |Ml)

s€[0,7] s€[0,1]
E[ sup o] < 4eCk (af + E[ sup |M,|*]). 4.5)
s€[0,1] s€[0,¢]

By the Burkholder-Davis—Gundy inequality (see e.g. Theorem 3.28, page 166 in
Karatzas and Shreve 1991), we have that

E[ sup |M, %] < K>E[[M]]], (4.6)
s€(0,¢

where [M] is the quadratic variation of the local martingale M and

oo t 2
[M]tZkZ:;/O (/}é}ﬁg,{a)-a)dx+vé3Aﬁgka)-Awdx> ds.

Lemma 26 Under the assumption (2.8), there is a constant C > 0 such that

[M], < Ca?.
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Proof Since Lgw =& - Vo — w - V&, we have
ALg =& - VAw + Riw

where Rj;w contains several terms, each one with at most second derivatives of w.
Since [p3 & - VAwAwdx = 0, we deduce

< Cyro

’/ Le o - wdx +/ ALgw - Awdx
R3 R3

for some constant C; > 0. Hence

o9 ' 2 00 '
M]; = Z/ ( Le w - wdx +/ ALgw - Awdx) ds < ZC,%/ alds.
k=170 R3 R3 k=1 0

With a few more computations, it is possible to show that
Cr = Cll&kliwsz -

Hence, we use assumption (2.8). O

From Lemma 26, we deduce

t
BIML = C [ B sup oidr @)
0 ref0,s]
and thus, finally from (4.5), (4.6) and (4.7) and Gronwall’s inequality, we obtain

E[ sup az] <C,

s —
s€[0,]

independently of € > 0. This proves bound (3.19) and completes the necessary a
priori bounds, modulo the estimates of the next section.

4.4 Bounds on Lie Derivatives

Recall the notation Lg,k = 1,...,00 for the (first-order) operators Lg o =
[Ekaw]7 k= 1,...,00.

Lemma 27 Inequality (2.9) holds for every vector field f of class W?2.

Proof Step 1 We have

ﬂgk =—Lg + 5,
Lg S2 = $2Lg — Sa,
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where S> and Sy are certain zero-order operators (see below for a proof). We have

(6. 1. T £+ (8 (& Lef Lo f)+(C2 7. )

=
= (L f Lo f) + (L f L1, )
=
=

Le f. Lo f)—(Le fo Lo f)+H(Le fo S2f)
Le f.S2f).

However, since (f, S2 f') = (S2.f, f’)forany f, f’ two square integrable vector ficlds
(see below for a proof)

(Lot $20) = (1. L5, 52F) = — (7. LS + (£, 537)
— (£ 2L f)+ F. Sah) + (1. 531)
— {S2f Lo f)+ F. Saf) + (£, 531)

Hence

1
(. f1. 16k fD + (L6 6 11 ) = (L f S2f) = 5 (72 (83 + 500 1)

Step 2 Now we prove that £ = — Lz + S and that (f, S>f') = (So.f, /') for
any two square integrable vector fields f, f’. We also have by integration by parts and
using V - & = 0 that

(Lo f. f)= Z/ﬂ§3(£skf)i(X)ﬁ’(x)dx3
= Z Z'/R_g(i"/gajfi — 8,6 (x) fl(x)dx®
i
= Z ; ( /RJ—%? 9 )00 fi(0)dx® — A @D <x>f,-’<x>dx3)
== ZXJ: (/R}(S,Zajf/ — f10,60 () fi (x)dx?

+ /R 3(&»&{ + ajs,i>(x>fj<x)ﬁ’(x>dx3>
- <f’£§kf/>+<f7 S2f/),

where

(f. S2f ) = (S2f . ') ZZ/ D] + 850 () f(0) £ (1) dx’.
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Step 3. Finally, we prove that Lg S> = S$:Lg — Ss. We have (S f); (x) =
Zj aij (x) fj (x), where g;j (x) = aj; (x) = — (Biékj + 8‘/§,£) (x) . Then,

(Le.S2f), Z@ka (S20)i — (S2f); 3D (x)
= Z Z(s,{a, @it fi) — aji fid; &) (x)
= ZZ(&kaﬂa fi + & fidjai — aji fid; ) (x)

_ZZ(gka,,a ) (x)+Zb,zfz(x)

where b;; = Zj(élg djai; — a,-lajs;,i). Similarly, we find that
Szl:gk Z aj; (x) ﬁgk

= ZZCM ) &0, fi — £10;80 ()
_ZZ(gkazla fl) (x) — chjfj x),

wherecij = Y aji (x) 3;&. Hence, (S4 f); = (S2Lz ), — (L Saf), = — X (bu+
ci) fi- a]

Remark 28 From this computation, one can easily deduce that

laij| , < 211Vékllo -
51 o = 6 (116l g0 + VIR )
leij] o, < 611VEIIZ

¥ = ¢ (116l oo 188Kl oo + 11 VIR, )

where c is an independent constant (¢ = 48). Therefore, the first of assumptions (2.11)
is fulfilled, provided

> (18] oo 118 oo + 11 VIR, ) < 00

k=1
The condition for the second assumption in (2.11) is similar.

Remark 29 A typical example arises when &; are multiples of a complete orthonormal
system {ey} of L2, namely & = Areg. In the case of the torus, if e; are associated with
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sine and cosine functions, they are equi-bounded. Moreover, if instead of indexing
with k € N, we use k € Z3, typically |Vex| < C |k| and |Aex| < C |k|2. In such a
case, the previous condition becomes

> 3G IkI? < oo,
kez?
which is a verifiable condition.
Lemma 30 Inequality (2.10) holds for every vector field f of class W*2.

Proof Let us define S| to be the following operator S; f := ALg f — Lg Af. By a
direct computation, we find that

S1/); = (Aﬁékf - CSkAf)i
=S 07 (&0 5 — £30,80) — (800,07 i — 97 10,8
Jl
=07l 0; fi + 20,8 010, fi — fi070,E0 — 201 £10,9;8].

I
=Afi+Bif.

Consequently, S is a second-order operator, whose dominant part may be expressed
as

A=) 205 019; .
j.l

where B; is a first-order operator. Similarly, the computation

(Lef); = Z (élgajfi - fjajéli) =Cfi—Dif

J

shows that Cf; — D; f is a first-order differential operation, whose dominant part may
be expressed as the operator

Ci=) &9,
J
and D; is a zero-order operator. Let 83 := S1Lg, — Lg S1. Then, one computes

(S3f); = ((Slﬁék — Ly, Sl) f)i
= A (L f), + Bi (L. f) — C (S1f);i + Di (S1f)
= ACf; — AD; f + B; (Lg f) — C (Af; + Bi f) + D; (S1.f)
=(AC—-CA fi+Eif.
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We now note that both (AC—C A) and E; are second-order operators. Consequently,

(Aci%kf’ Af) = <(‘C5kA + Sl) Le f Af)
= (ALef Ly AF)+ (5151, AF)
— (AL [ Lo Af)+ (AL fo SaAf) +(S1Le fo AS)

- <A£Skfv AESkf) + (A‘C’Ekf’ Slf) + (Slﬁékfv Af)
+ (ALg [, S20f).

Hence,

(ALZ roaf)+ (AL ALe f) = (ALs f.S1f)+ ($1£5. 1. M)+ (ALe S, S2AS) .
Observe that

(ALe £ S1f)+(S1Le foAf) = (Lo, A SIS+ (S1fS1f) +(SiLe foAf)
=(Af. L S0f)+(SiLaf ML)+ (515, 510)

— (AF, LeS1)H(AS, 281 f)+H(S1Le, fo A )
+ (S1f, S1f)

=(Af.S30) +(Af, 2851 f) +{S1f. S1f) .
4.8)

The last term satisfies
(ALy £, 20f) = ((Ly A+ $1) £, $28f)
== (AL Lo oA L)+ (AL L)+ (S1f. $1A1)
— (Af S2LE ALY+ (AL SaAS) + (AL L)+ (SIS, $2A1)

— (S2AS, Lo Af)+ (AF SaA) +(AS. ALY+ (S1F. 2 ),
so that
1
(280, 8Le f) = 5 ((SAL. AF) + (AL )+ (S8F.510). 49)

Since the terms in both expressions (4.8) and (4.9) can be controlled by || f 113 it

follows that indeed, there exists C;, @ =C ,Ez) (I 1k, oo) such that

w22

(ack raf)+(acs . ALy f) < 21
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Appendix A: Derivation of the Stochastic Euler Equations

Summary The generalization from the classic deterministic Reynolds Transport The-
orem (RTT) for momentum to its Stratonovich stochastic version derived in this
Appendix preserves the geometric Lie derivative structure of the RTT. Specifically,
the Lie derivative structure of the Stratonovich stochastic RTT for the vector momen-
tum density derived here turns out to be the same as the expression appearing in
the stochastic Kelvin circulation theorem derived in Holm (2015) from a stochastic
version of Hamilton’s variational principle for ideal fluid flows. Thus, by combining
the Stratonovich stochastic RTT with Newton’s second law for fluid dynamics, one
recovers a known family of stochastic fluid equations. The simplest of these is the 3D
stochastic Euler fluid model, which was introduced in Holm (2015). This model was
re-derived via multi-time homogenization in Cotter et al. (2017), and is re-derived once
again here from Newton’s Law, as it is the main subject of our present investigation.

A.1. Review of the Deterministic Case

Newton’s 2nd Law, Reynolds Transport Theorem, Pullbacks and Lie Derivatives The
fundamental equations of fluid dynamics derive from Newton’s 2nd Law,

dM(t d
@®_ —/ md>x =/ Fd’x = F(), (A.1)
dr dr Q) Q@)

which sets the rate of change in time ¢ of the total momentum M(#) of a moving
volume of fluid €2(¢) equal to the total volume-integrated force JF applied on it;
thereby producing an equation whose solution determines the time-dependent flow 1,
governing Q (1) = n,2(0).

The fluid flows 7, considered here will be smooth invertible time-dependent maps
with a smooth inverses. Such maps are called diffeomorphisms, and are often simply
referred to as diffeos. One may regard the map 7; as a time-dependent curve on the
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space of diffeos. The corresponding Lagrangian particle path of a fluid parcel is given
by the smooth, invertible, time-dependent map,

mX =n(X,t) € R3, for initial reference position x(X,0) = noX = X. (A.2)

This subsection deals with the deterministic derivation of the Eulerian ideal fluid
equations. So the map 7, is deterministic here. The next subsection will deal with
parallel arguments for the stochastic version of n; in Eq. (1.1), and we will keep the
same notation for the diffeomorphisms in both subsections.

In standard notation from, e.g. Marsden and Hughes (1994), we may write the ith
component of the total fluid momentum M; (¢) in a time-dependent domain of R3
denoted Q2(r) = n,$2(0), as

M,-(t):/ m(x, ) e (x)d>x :/ mj(x, el j(x)d>x (A.3)
Q) Q@)

=/ n;“(m(x,t)-e,-(x)d3x>=/ n;‘(mj(x,t)ej,-(x)d3x). (A.4)
Q(0) 2(0)

Here the e; (x) are coordinate basis vectors and the operation n; denotes pullback by
the smooth time-dependent map n,. That is, the pullback operation in the formulas
above for the total momentum “pulls back” the map 7, through the functions in the
integrand. For example, in the fluid momentum density m(x, ) at spatial position
x € R3 at time 7, we have nim(x, ) =m@n(X,1),1).

Lie Derivative The time derivative of the pullback of 5, for a scalar function 6 (x, )
is given by the chain rule as,

d | d 30 dn’/ (X, 1)
—ni0(x,t) = —0(n: X, t) =0,0(n(X,1),t _
vl (x,1) " mX,t) =0,0(n(X,1) )+377’ o

a0 .
ny <8,9(x, 1+ —u’l(x, t)) . (A.5)
ax/

The Eulerian velocity vector field u(x, 1) = u/(x, )9, in (A.5) generates the flow
n; and is tangent to it at the identity, i.e. at # = 0. The time-dependent components of
this velocity vector field may be written in terms of the flow #; and its pullback »; in
several equivalent notations as, for example,

dni(X,t . . , '
% =u/ (X, 1), 1) = nful (x, 1) = u (nfx, 1), orsimply u=1nn".

(A.6)
Calculation (A.5) also defines the Lie derivative formula for the scalar function 6,
namely (Marsden and Hughes 1994)

d
GO0 D = (00 1) + Lub (. 1)), (A.7)
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where £, denotes Lie derivative along the time-dependent vector field u = w (x, )0,
with vector components u/ (x, t). In this example of a scalar function 6, evaluating
formula (A.7) at time t = 0 gives the standard definition of Lie derivative of a scalar

function 6 (x) by a time-independent vector field u = ul (x)0d,,, namely,

89(x)

T t=o”;k9(x) Ly (x)0(x) = M’(X)

(A.8)
Remark 31 To recap, in Egs. (A.3) and (A.4) for the total momentum, the Eulerian
spatial coordinate x € R3 is fixed in space, and the Lagrangian body coordinate
X € Q(¢) is fixed in the moving body. The Lagrangian particle paths nfx = n(X, 1) =
n:X € R? with x(X, 0) = 70X = X may be regarded as time-dependent maps from
a reference configuration where points in the fluid are located at X to their current
position n7x = n(X, t). Introducing the pullback operation enables one to transform
the integration in (A.3) over the current fluid domain €2(#) with moving boundaries
into an integration over the fixed reference domain €2 (0) in (A.4). This transformation
allows the time derivative to be brought inside the integral sign to act on the pullback
of the integrand by the flow map ;. Taking the time derivatives inside the integrand
then produces Lie derivatives with respect to the vector field representing the flow
velocity.

The coordinate basis vectors e; (x) in (A.3) for the moving domain and the corre-
sponding basis vectors in the fixed reference configuration E; (X) are spatial gradients
of the Eulerian and Lagrangian coordinate lines in their respective domains. The coor-
dinate basis vectors e; in the moving frame and E; in the fixed reference frame are
related to each other by contraction with the Jacobian matrix of the map 7;; namely,
(Marsden and Hughes 1994)

(X, 1)

nreli(x) = A

0x .
EA/(X) = ( axA>EAl(X) L DEY (X)), (A9)

As a consequence of the definition of Eulerian velocity in Eq. (A.6), defining relation
(A.9) for nfe’; (x) implies the following evolution equation for the Eulerian coordinate
basis vectors,

d, 0 dnf(X.1) 4
dt( el (x ) = XA @ EZi(X)

u’ 0x
<axk 8XA> E%(X)
)
=1 (G)

axk ’

(A.10)
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Likewise, the mass of each volume element will be conserved under the flow, 7;.
In terms of the pullback, this means

(o (x, d>x) = p(n(X, 1), 1) det(J) d> X = po(X) d>X , (A.11)

where the function p (x, t) represents the current mass distribution in Eulerian coordi-
nates in the moving domain, and the function pp(X) represents the mass distribution
in Lagrangian coordinates in the reference domain at the initial time, + = 0. Conse-
quently, the time derivative of mass conservation relation (A.11) yields the continuity
equation for the Eulerian mass density,

%(n?(p(x, 0d%x)) =i (o +ul o0+ p o ul)dx) = (@ + Lu) (o)) =0,

(A.12)
and again, as expected, the Lie derivative £, appears. In this example of a density,
evaluating formula (A.12) at time ¢ = 0 gives the standard definition of Lie derivative

of a density, p(x) d3x, by a time-independent vector field u = u/ (x)0,;, namely,

a‘tzon;k ('O(x) d3x) = Eu(x) (/O(x) d3x) = div(p(x)u(x)) d3x . (A.13)

Next, we insert mass conservation relation (A.11) into Eq. (A.4) and introduce the
covector v (x,t) :==mj(x,t)/p(x, t) in order to distinguish between the momentum
per unit mass v(x, ) and the velocity vector field u(x, t) defined in (A.6) for the flow
s, which transports the Lagrangian particles. In terms of v, we may write the total
momentum in (A.4) as

M; (1) =/ ny (vj(x,t)ej,-(x)p(x, 1) d3x> ) (A.14)
Q(0)

Introducing the two transformation relations (A.9) for e/;(x) and (A.I11) for
p(x,t) d3x, yields

Mi(1) = fQ o (v,(x 2 aXA) EYi(X)po(X) d*X (A.15)
:/ <v,(x 1) 0x ]A>8(x — (X, 0)EY(X)po(X)d>X,  (A.16)
Q(0) 0X

where in the last line we have inserted a delta function § (x — n(X, t)) for convenience
in representing the pullback of a factor in the integrand to the Lagrangian path.

Newton’s second law for fluids We aim to explicitly write Newton’s second law for
fluids, which takes the form

dM; (1)

=/ p ' Fieli(x) pdix, (A.17)
dr Q@)
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for an assumed force density F; e/; (x) d>x in a coordinate system with basis vectors
e/ ;(x). To accomplish this, we of course must compute the time derivative of the
total momentum M; (¢) in (A.15). The result for the time derivative dM; (¢)/dt is the
following,

dM; (1) . dock 9 dxky axi\ 4 3
= v, —; — EA (X)po(X)d>X .
dr /Q(O) " (( )+ v g e | BN G000
(A.18)

Upon defining uf := % (in a slight abuse of notation) and using Eqgs. (A.9) and
(A.11) this calculation now yields

dM; (1) _
dr

f ny (,o(x, 1) (8,vj(x, ) + ukaxkvj + vkax_,-uk> eli(x) d3x>
Q(0)
(A.19)

:f p(x,t)(atvj(x,t)—i—ukaxkvj+vk8xjuk)ej,'(x)d3x. (A.20)
Q)

Perhaps not unexpectedly, one may also deduce the Lie derivative relation

dM; (¢ .
dlt( ) :/ p(x, t)(alvj(x, t) +Mk3xkvj + vkaxjuk) eli(x)d*x  (A21)
Q)

:/ (8,—i—Eu)(vj(x,t)eji(x),o(x,t)d3x>, (A22)
Q1)

where, in the last step, we have applied the Lie derivative of continuity Eq. (A.12). We
note that care must be taken in passing to Euclidean spatial coordinates, in that one
must first expand the spatial derivatives of e/; (x), before setting e/; (x) = 9;x/ = (Si] .
One may keeping track of these basis vectors by introducing a 1-form basis. Upon
using continuity Eq. (A.12), one may then write Newton’s second law for fluids in
Eq. (A.17) as a local 1-form expression,

(8,vl-(x, 1)+ ukakvl- + ka,-uk) dx' = (0 + Eu)(vi(x, 1) dxi) = ,o_lFl- dx’.
(A.23)

Remark 32 (Distinguishing between u and v) In formula (A.23), two quantities with
the dimensions of velocity appear, denoted as u# and v. The fluid velocity u is a
contravariant vector field (with spatial component index up) which transports fluid
properties, such as the mass density in continuity Eq. (A.12). In contrast, the velocity v
is the transported momentum per unit mass, corresponding to a velocity 1-form v;dx’
(the circulation integrand in Kelvin’s theorem) and it is covariant (spatial component
index down).

In general, these two velocities are different, they have different physical meanings
(velocity versus specific momentum) and they transform differently under the diffeos.
Mathematically, they are dual to each other, in the sense that insertion (i.e. substitution)
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of the vector field u into the 1-form v yields a real number, ukvk, where we sum
repeated indices over their range. Only in the case when the kinetic energy is given
by the L? metric and the coordinate system is Cartesian with a Euclidean metric can
the components of the two velocities u and v be set equal to each other, as vectors.

And, as luck would have it, this special case occurs for the Euler fluid equations
in R3. Consequently, when we deal with the stochastic Euler fluid equations in R? in
the later sections of the paper, our notation will simplify, because we will not need to
distinguish between the two types of velocity u and v. That is, in the later sections of
the paper, when stochastic Euler fluid equations are considered in R?, the components
of the velocities u and v will be the denoted by the same R3 vector, which we will
choose to be v.

Deterministic Kelvin Circulation Theorem Formula (A.22) is the Reynolds Trans-
port Theorem (RTT) for a momentum density. When set equal to an assumed force
density, the RTT produces Newton’s second law for fluids in Eq. (A.23). Fur-
ther applying Eq. (A.23) to the time derivative of the Kelvin circulation integral
I(t) = ¢l0(l‘) vi(x,1) dx/ around a material loop ¢(¢) moving with Eulerian veloc-
ity u(x, t), leads to Holm et al. (1998)

awm _d . j_if “(: j
dr  dr fi(t) (U](X,t)dx >_dl c(o)n <UJ(X,t)dX>

7{ U;k((&vj(x, t)+ ukaxkvj + Ukaxjuk) dxj) (A.24)
¢(0)

= @ Lu)(v‘, (x, 1) dxf)

= f ple,' dx’ .
c(t)

Perhaps not surprisingly, the Lie derivative appears again, and the line-element stretch-
ing term in the deterministic time derivative of the Kelvin circulation integral in the
third line of (A.24) corresponds to the transformation of the coordinate basis vectors
in RTT formula (A.21). Moreover, the last line of (A.24) follows directly from the
Newton’s second law for fluids in Eq. (A.23).

The Deterministic Euler Fluid Motion Equations The simplest case comprises the
deterministic Euler fluid motion equations for incompressible, constant-density flow
in Euclidean coordinates on R?,

dui (x, 1) + uF du; + updiu* = —8;p, with d;u/ =0, (A.25)

for which the two velocities are the same and the only force is the gradient of pressure,
p-
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Upon writing Euler motion Eq. (A.25) as a 1-form relation in vector notation,

(0 + Ly)(u-dx) =—dp, (A.26)
one easily finds the dynamical equation for the vorticity, @ = curl u, by taking exterior
differential of (A.26), since @ - dS = d(u - dx) and the differential d commutes with
the Lie derivative £,. Namely,

0w+ - Vo — (w-V)Yu=0. (A.27)
In terms of vector fields, this vorticity equation may be expressed equivalently as
orw + [u , a)] =0, (A.28)

where [u, w] is the commutator of vector fields.

A.2. Stochastic Reynolds Transport Theorem (SRTT) for Fluid Momentum

For the stochastic counterpart of the previous calculation we replace u = 1, n, !
written above in Eq. (A.6) with the Stratonovich stochastic vector field

dyf = u*(x.)dt + Y " &F(x) o dB] = dnin; " (A.29)

1

where the B! with i € N are scalar independent Brownian motions. This vector field
corresponds to the Stratonovich stochastic process

dnf (X) = u* (9,(X), )dt + Y EF (i (X)) 0 dBY (A.30)

where 1, is a temporally stochastic curve on the diffeomorphisms. This means that the
time dependence of 7; is rough, in that time derivatives do not exist. However, being
a diffeo, its spatial dependence is still smooth.

Consequently, upon following the corresponding steps for the deterministic case
leading to Eq. (A.20), the Stratonovich stochastic version of the deterministic RTT in
Eq. (A.20) becomes

dM; (1) = / o(x, z)(dvj (x. 1)+ dy¥d v + ka)x_/dyf)eji(x) Bx. (A3D)
Q)
We compare (A.31) with the Lie derivative relation (cf. Eq. (A.22))

(dvj e 1)+ dyf ey + vt dyf ) ded = (dy + Lay) (v r D drl) . (A32)
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Here, L4y, denotes Lie derivative along the Stratonovich stochastic vector field dy, =

dy{ (x, 1)d,; with vector components dy,/ (x, t) introduced in (A.29). We also introduce
the stochastic versions of auxiliary Eq. (A.8) for a scalar function 6 and (A.12) for
a density p d>x, and we compare these two formulas with their equivalent stochastic
Lie derivative relations,

d(n;6(x, 1) = 0} (dO(x, 1) + Lay,0(x, 1)), (A.33)

[
d( (p (e, D)) = 0 ((dp + 0,4 (p dy! (x,0))d ) = 07 ((d + Ly (0 d*x)) = 0.
(A.34)

Stochastic Newton’s second law for fluids The stochastic Newton’s second law for
fluids will take the form

dM; (1) = / p~ Fiedi(x) pdix, (A.35)
Q(1)

for an assumed force density F; e/;(x) d’x in a coordinate system with basis vectors
e’ (x). Because of the stochastic RTT in (A.31), expression (A.32) in a 1-form basis
and the mass conservation law for the stochastic flow in (A.34), one may write the
stochastic Newton’s second law for fluids in Eq. (A.35) as a 1-form relation,

(dvj(x, 1)+ dy¥acv; + vkax,-dyf) del = (d 4 Lay,) (vj(x, 1) dxd) = p~ Fydd de .
(A.36)

Stochastic Kelvin Circulation Theorem The stochastic Newton’s second law for fluids
in the 1-form basis in (A.36) introduces the line-element stretching term previously
seen in the stochastic Kelvin circulation theorem in Holm (2015).

Proof Inserting relations (A.31) and (A.32) for the stochastic RTT into the Kelvin

circulation integral I (t) = fc(t) vj(x,1) dx/ around a material loop ¢(¢) moving with

stochastic Eulerian vector field dy, in (A.29), leads to the following, cf. Holm (2015),

dI(t):d?{ vi(x, 1) dx’ =d?§ n*(vi(x, 1) dx’
c(t)< ! ) c(0) ( ! )
=/ n?‘((d+£dy,)(vj(x,t)dxj)>
c(0)

(A37)
=f 7 ((doy e, 1)+ dyFa ey + ved, dyf) de
c(0)

= | @+ Lay)(vsx.0ax7).
c(t)

Substituting the stochastic Newton’s second law for fluids in the 1-form basis in (A.36)
into the last formula in (A.37) yields the stochastic Kelvin circulation theorem in the
form of Holm (2015), namely,
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di(t) =d vj(x, 1) dx/ =7§ p VF;dxd dr. (A.38)
c(t) c(t)

m}

Remark 33 As we have seen, the development of stochastic fluid dynamics models
revolves around the choice of the forces appearing in Newton’s second law (A.35) and
Kelvin’s circulation theorem (A.38). For examples in stochastic turbulence modelling
using a variety of choices of these forces, see Mémin (2014), Resseguier (2017), whose
approaches are the closest to the present work that we have been able to identify in
the literature.

The Stochastic Euler Fluid Motion Equations in Three Dimensions The simplest
3D case comprises the stochastic Euler fluid motion equations for incompressible,
constant-density flow in Euclidean coordinates on R* which was introduced and stud-
ied in Holm (2015). These equations are given in (A.37) by

dv; (x, 1) + dyFopv; + vpdidyk = —9;pdr, with 9;(dy’) =0, (A.39)

in which the stochastic transport velocity (dy, ) corresponds to the vector field in (A.29),
the only force is the gradient of pressure, p, and the density p is taken to be constant.
The transported momentum per unit mass with components v;, with j =1, 2, 3,

appears in the circulation integrand in (A.38) as v; dx/ = v - dx. 3D stochastic Euler
motion Eq. (A.39) may be written equivalently by using (A.37) as a 1-form relation

(d+ Lay)(v-dx) = —dpdr (A.40)

where we recall that (d) denotes the stochastic evolution operator, while (d) denotes
the spatial differential. We may derive the stochastic equation for the vorticity 2-form,
defined as

®-dS :=d(v-dx) = (vjx — vk ;) dx* Adxd = wjp dxk A dx/ = curlv - dS,
with dx/ A dx* = —dx* A dx/, by taking the exterior differential (d) of (A.40) and

then invoking the two properties that (i) the spatial differential d commutes with the
Lie derivative Edyf of a differential form and (ii) d> = 0, to find

0= (d+ Lgy)(@-dS) = (dw — curl (dy, x w)) .dS. (A41)

In Cartesian coordinates, all of these quantities may treated as divergence-free vectors
inR3, thatis, V-v=0=V. dy,. Consequently, Eq. (A.41) recovers the vector SPDE
form of 3D stochastic Euler fluid vorticity Eq. (1.7),

do + (dy, - V)o — (@ - V)dy, =0. (A42)
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In terms of volume preserving vector fields in R3, this vorticity equation may be
expressed equivalently as

dow + [dy,, 0] =0, (A.43)

where [dy, , w] is the commutator of vector fields, dy, :=dy, - Vand w := w - V.
Equation (A.43) for the vector field w implies

d(nfw) = n; (do + Lgy,0) =0, (A.44)
where Lgy @ = [dy, , w]. In vector components, this implies the pullback relation

. ox/ .
nf (o) (x, 1) = nf <8XLA> Wi (X), or o' (n(X,1),1) = (

an’ (X,
%)%‘(X’),

(A.45)

where a)é (X) is the Ath Cartesian component of the initial vorticity, as a function of
the Lagrangian spatial coordinates X of the reference configuration at time t = 0, and
n; is the pullback by the stochastic process in (1.1). Equation (A.45) is the stochastic
generalization of Cauchy’s 1827 solution for the vorticity of the deterministic Euler
vorticity equation, in terms of the Jacobian of the Lagrange-to-Euler map. See Frisch
and Villone (2014) for a historical review of the role of Cauchy’s relation in determin-
istic hydrodynamics.

Foundational results for other SPDEs for hydrodynamics related to (A.42) can be
found in Flandoli (2011), Flandoli and Gatarek (1995), Flandoli et al. (2014) and
references therein.
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