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Abstract
In this paper, we set the mathematical foundations of the Dynamical Low Rank Approxi-
mation (DLRA) method for high-dimensional stochastic differential equations. DLRA aims
at approximating the solution as a linear combination of a small number of basis vectors
with random coefficients (low rank format) with the peculiarity that both the basis vectors
and the random coefficients vary in time.

While the formulation and properties of DLRA are now well understood for ran-
dom/parametric equations, the same cannot be said for SDEs and this work aims to fill
this gap. We start by rigorously formulating a Dynamically Orthogonal (DO) approxi-
mation (an instance of DLRA successfully used in applications) for SDEs, which we then
generalize to define a parametrization independent DLRA for SDEs. We show local well-
posedness of the DO equations and their equivalence with the DLRA formulation. We also
characterize the explosion time of the DO solution by a loss of linear independence of the
random coefficients defining the solution expansion and give sufficient conditions for global
existence.

1 Introduction

This paper is concerned with the theoretical foundation of dynamical low-rank methods for
stochastic differential equations (SDEs). Low-rank methods aim to approximate solutions of
high-dimensional differential equations in a well chosen low dimensional subspace. Such methods
are widely used in computational science and industrial applications [2, 22, 30, 36]. Our focus
here is on low-rank methods for high-dimensional SDEs, which is a case of primary interest, for
instance in finance [32, 31], or in various applications such as biology [1] or machine learning [28]
where SDEs often appear as discretizations of Stochastic Partial Differential Equations (SPDEs).
Among such low-rank methods, of particular interest in this paper is the Dynamically Orthog-
onal (DO) approximation [33], which is known to be an equivalent formulation of the so-called
Dynamical Low Rank Approximation (DLRA)[18] when applied to random PDEs (see [27, 24]).
Given a high-dimensional matrix differential equation, the main idea of DLRA is to constrain
the dynamics to the manifold of matrices of fixed (small) rank; this corresponds to projecting
the right-hand side, defining the time derivative of the studied dynamics, onto the tangent space
of the low-rank manifold at every instant of time. This procedure requires the differentiability
in time of the solution, needed to recover the system of equations that describe the DLRA.
Concerning specifically the DO method, this strategy approximates random or stochastic
time-dependent equations by using a sum of a small number of products between spatial and
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stochastic basis functions, thus leading to a low-rank approximation with explicit parametriza-
tion of the low-rank factors. This implies that, unlike DLRA, the DO strategy is parametrization
dependent. A crucial distinction from classical reduced order models is that, in the DO frame-
work, both the spatial and stochastic basis functions depend on time; see for example [27, 9] for
more details. The DO/DLRA methodology has been successfully applied in several fields; vari-
ous promising computational results are available for applications to random partial differential
equations (RPDEs) [8, 6, 7, 9, 27, 25, 26, 15, 33], to SDEs [33, 34, 35, 38|, and to measure-valued
equations associated with SDEs in [33, 4].

The DO approximation is given by the solution of a system of equations, which provide the
evolution of the deterministic and stochastic basis functions. This system is however highly
nonlinear, even if the original dynamics was linear. In addition, its well-posedness is not obvious
due to the presence of the inverse of a Gramian, which is not guaranteed to exist at all times.
Moreover, in the specific case of SDEs, the DO solution depends on the law of the whole process
at every instant of time. These features make the well-posedness study challenging and not-
standard, questioning also whether the existence of solutions is global or only local and, in the
latter case, what happens to the solution at the explosion time. Besides being of interest per
se, a well-posedness study of the DO equations is also important to derive consistent and stable
time discretization schemes, which are eventually needed to apply these techniques in real-life
problems.

For RPDEs, theoretical results on the existence and uniqueness of the solution of the DO
equations [14], as well as stability and error estimates of time discretization schemes [15, 27, 40]
are available. An existence and uniqueness result is also available for the DLR approximation
of two-dimensional deterministic PDEs [3], where the sum involves products of basis functions
for the different spatial variables. In contrast, for SDEs well-posedness results remain largely
unexplored. This lack of theory for SDEs is unfortunate, since DO approximations are very
appealing and have been widely used in several problems modeled by SDEs (see e.g. [33, 34, 35,
38]). This paper aims at filling this gap between application and theory by:

e (Re-)deriving the DO equations for SDEs. We also derive the corresponding parametriza-
tion independent DLRA equation for SDEs.

e Showing the equivalence between DO approximation and DLRA. By exploiting this equiv-
alence, we show that the DO equations and the DLRA equation are well-posed.

e Characterising the finite explosion time in terms of the linear independence of the stochastic
DO basis.

e Discussing the extension of DLRA beyond the explosion time. We also provide a sufficient
condition under which the DO/DLRA solution exists globally.

More precisely, we start by revisiting the DO equations for SDEs, which were originally
derived in [33] relying on the formal assumption that the DO solution is time differentiable,
a property that SDE solutions do not possess. Deriving DO equations without using the time
derivatives is a fundamental challenge, since the essence of the usual DLRA methodology consists
in projecting the time derivative onto the tangent space of the low-rank manifold. We overcome
this challenge by pushing the differentiability to the spatial basis, while the stochastic basis
remains non-differentiable. It turns out that this alternative approach leads to the same DO
equations as in [33], supporting their validity as a correct dynamical low-rank approximation.

In the DLRA literature [18, 16], it is well known by now that, when applied to RPDEs,
the DO formulation is just a specific parametrisation of the DLRA, the parameters being the
deterministic and stochastic time-dependent bases defining the DO solution [27, 14]. In this
paper, we derive an analogous result for SDEs. In particular, starting from the DO equations,
we derive a parameter independent low-rank approximation which we name DLRA for SDEs,
and show its equivalence with the DO formulation. The main result of this work is to prove local
existence and uniqueness to both DO and DLRA equations. As a part of our existence result, we
give a characterisation of the interval [0, T¢) on which the solution exists. More specifically, we



show that, if the explosion time T, is finite, then the stochastic DO basis must become linearly
dependent at T¢.

Although the characterisation of the explosion time provides us a valuable insight into the
DO solution, it is not satisfactory from the practical point of view; if the true solution still exists
at T, and beyond, we expect any sensible approximation to exist as well. Under some mild
integrability condition on the initial datum, we show that, while the DO solution ceases to exist
at the explosion time T, the DLRA can be continuously extended up to T, and beyond. Thus,
our findings offer insights on how to continue a DO approximation beyond the explosion time
T.. As a final result, we show that a sufficient condition for global existence of a DO solution
(i.e. Te = +00) is that the noise in the SDE is non-degenerate.

The rest of the paper is organised as follows. Section 2 introduces the DO equations, together
with theoretical justifications for why they are sensible. Furthermore, it introduces a DLRA
formulation that does not depend on the parametrisation. Section 3 concerns the local well-
posedness of the DO equations, where we also show the continuity of the solution with respect
to the initial data. In Section 4, we study the behaviour of the solution up to and beyond the
explosion time T,. In Section 5 we draw some conclusions and perspectives.

2 The DO equations

Let (Q,.%,P; (F)i>0) be a filtered complete probability space with the usual conditions; see for
example [37, Remark 6.24]. Consider the stochastic differential equation (SDE)

t t
Xt () = Xfrue 4 / als, X'™°(s)) ds + / b(s, X (s)) AW, (2.1)
0 0

where W, = (W},...,W/™) T is a standard m-dimensional (%;)-Brownian motion. Here, we
used the notation X'e(¢,w) = (X (t,w),..., X% (t,w))" € RYfor t > 0 and w € Q. Let | - |
and || - ||r denote the Euclidean norm and the Frobenius norm, respectively. We work with the
following assumptions.

Assumption 1. The drift coefficient a: [0, 00) x R? — R? and the diffusion coefficient b: [0, 00) x
R? — R4*™ are Lipschitz continuous with respect to the second variable, uniformly in time:

{ la(s, ) — a(s,y)| < Criplz —y|

(2.2)
[b(s,2) = b(s,y)|lr < CLiplz —yl,

for some constant Cri, > 0. Moreover, a and b are jointly measurable.

Assumption 2. The drift a and the diffusion b satisfy the following linear-growth bound con-
dition

la(s, 2)[* + [lb(s, 2)[[f < Cign (1 + [2]*) (2.3)
for some constant Cigp, > 0.

Furthermore, we assume that the initial condition X§™° in (2.1) satisfies the following:

Assumption 3.
Xfrue is Fy-measurable and satisfies E[| X™¢|?] < +o0. (2.4)

Under these assumptions, equation (2.1) has a unique strong solution; see for example [37,
Theorem 21.13].

Let us consider a positive integer R such that R < d. To numerically approximate (2.1), in
this work we consider dynamically orthogonal approximations of the form

R
X X :=UTY =Y UY eR, (2.5)

j=1



where U = (Ut)te[o 7] is a deterministic absolutely continuous matrix-valued function that

gives an orthogonal matrix in R*? for all ¢, whereas Y = (Y;)c(o,7) is an Itd process with
values in R with linearly independent components for all t. It is worth pointing out that
for all t € [0,7] and w € €, the approximate process X;(w) belongs to an R dimensional
vector space span{U}, ..., UR} spanned by the rows U}, ..., Ul of Uy, whereas each component
X/,j=1,...d, belongs to span{Y;},...  Y,}.

Approximations of the form (2.5) for SDEs have been considered already in [33], where the
following evolution equations, hereafter called DO equations were derived for the factors (U,Y)
by formal calculations, treating the process Y as differentiable:

Cy, U =E[Ya(t,U, Y¢)"|(Laixa — PSY), (2.6)
dY, = Uwa(t,U] Y ,)dt + Ub(t, U] Y )dW,.

Here, we let Cy, := E[Y Y, "] whereas P;?™ € R denotes the projection-matrix onto the row
space span{U}, ..., UF} C R? of U;; when U, has orthonormal rows, one has Py = UtTUt.
In Section 2.1, we will give a rigorous justification for (2.6) and (2.7).

Having stated these equations, we now define the strong DO solution and DO approximation
for an SDE problem of the type (2.1).

Definition 2.1 (Strong DO solution). A function (U,Y) : [0,7] — REX4 x L2(Q;RE) is called
a strong DO solution for (2.1) if the following conditions are satisfied:

1. (Up,Yo) = (p,€&), for some ¢ € REX4 matrix with orthonormal rows and & € L2(Q; R)
with linearly independent components;

2. the curve t — U; € RE*4 is absolutely continuous on [0, T]. Moreover, U; has orthonormal
T
rows for all t € [0,7], and U, U, =0 € RE*E for ae. t €[0,T];

3. the curve t — Y;(w) € R has almost surely continuous paths on [0,7] and it is .%;-
measurable for all ¢ € [0,7]. Moreover, for any t € [0,7] the components Y;}, ..., Y, are
linearly independent in L?(Q);

4. U satisfies equation (2.6) for a.e. t € [0, 7] and Y is a strong solution of (2.7) on [0, 7.
For convenience, given a DO solution (U,Y") we call the product U 'Y a DO approximation.

Definition 2.2 (DO approximation). We call a process X : [0,T] — L2(;R%) a DO approz-
imation of (2.1) if there exists a strong DO solution (U,Y’) such that X; := U] Y for all
te[0,T].

Given a DO approximation X, the corresponding DO solution (U,Y) is determined only up
to a (process of) rotation matrix. Indeed, let (U,Y) and (U,Y) be two strong DO solutions

such that U, Y, = thTYt = X, for all t > 0. Then the orthogonality of U implies Y; = O, Y
with O; = UtU: . The matrix O; is orthogonal for every ¢ € [0,7], but not necessarily an
identity. See Section 2.3, in particular Proposition 2.9, for more details.

2.1 Consistency of the DO equations

In this section, we rigorously show the consistency of the DO equations (2.6) and (2.7) in
the sense described hereafter. Assume that the exact solution of (2.1) is of the form X =

Y UJY7 with deterministic function U, = Yoy € and an It6 process Y (w) =
L U7Y7 withd f U,=(U}...,UR)T e REXd and an1 Y
(Vi(w),...,Y,E(w))" € [L*(Q)]E for some R < d that fulfil the following properties:

1. the function [0,7] 3 t > U, € Rf*4 4 > R, is absolutely continuous on [0, 7] and satisfies

T
U,U, =0 RE*E for almost every t € [0, T]; moreover, UtU;r = I € REXE for almost
every t € [0,T], where I is the identity matrix;



2. Y = (Y)icjo,r] is an Itd process
dYt - Oétdt + ﬁtth, (28)

with coefficients a; € R® and 3; € RF*™  where o; and f; are progressively measurable
and have a continuous path almost surely.

Then (U, Y ;) must satisfy equations (2.6) and (2.7).
Indeed, since a; and f3; in (2.8) are progressively measurable, by applying It6’s formula [10,
20] we have

R
dX, = (U )Y, + U] dY,+ ) d{U7,Y7)(t) (2.9)
j=1
— U, Y, dt+ U] (oudt + BdWy) +0 - Byt (2.10)
— (U, Y, + U/ o) dt + U] B, dW,, (2.11)
where (U7,Y7), j =1,..., R is the quadratic covariation of U7 and Y7. Since X is assumed to

satisfy (2.1), the uniqueness of the representation of Itd processes implies

UtTYt + UtTat = a(t, U;rYt) (212)
U/ B =bt,U[Y,). (2.13)

Now, using UtUtT =0 € R¥E and U, U] = I € RE*E for almost every t € [0,T], these
equalities imply
o =Uwa(t,U}Y,) and B, =Ub(t,U/]Y,). (2.14)

Moreover, U; is absolutely continuous and by assumption Y is a.s. continuous. This implies
that oy and 5; have a continuous path almost surely, and hence (2.7) follows. In turn, from
(2.12) we find

Cy,U; =E[Y,a(t,U'Y,) | —E[Y,a(t, U] Y,) U U,
=E[Y,at,UY,) (Isxa — U U,),

with Cy, := E[Y ;Y ']. Hence, from the orthogonality assumption of U we have
Cy, Ui =E[Ya(t, U] Y) |(Taxa — PEY).

This completes our consistency argument.

2.2 DO equations interpreted as a projected dynamics

The DO equations (2.6)—(2.7) are posed as a system of equations for the separate factors U

and Y. We now discuss what equation the DO approximation X = Zle U7Y7 should satisfy.
In other words, we aim to derive an equation for X in the ambient space, independent of the
parametrisation (U,Y).

For this purpose, we substitute (2.6) and (2.7) into (2.9); we obtain

dX: = ((Iaxa — P Ela(t, U] Y)Y 10y Y + PYa(t, U] Y,)) dt + PYb(t, U, Yy) dW,
= ((Iaxa — PF™) [Py ,a(t, U Y )] + PE¥a(t, U, Yy)) dt + PYo(t, U, Y ) AW,

(2.15)
where Py,a(t, X;) € R? is the application of the L?(Q)-orthogonal projection Py,: L*(Q) —
span{Y;},..., Y,F} to each component of a(t,X;) € R% To derive a parameter-independent

equation, we seek a parameter-free expression of the projections Py, and Py,.



Given X; € L*(5RY), ¢t € [0,T], let Py (x,): R — Im(E[X;-]) C R? be the orthogonal
projection matrix to the image of the mapping E[X; -]: L?(Q) — R?, and let Py x,): L2(Q) —
Im((X,"-)) € L?(2) be the L?()-orthogonal projection to the image of the mapping &, : R —
L?(Q2). In Lemma 2.3 we will show dim(Im((XtT- )) = dim(Im(E[X; -])), i.e., Im((XtT- ) is a finite-
dimensional linear subspace of L?(£2), and thus Py x,) is well defined.

In the case of DO approximation X; = U, Y, we have Im(E[X; -]) = span{U}, ..., U} and
Im((X,")) = span{Y}',...,Y;"}, we conclude that P (x,jv = U/ Uw = Pi*v, v € R and
Pyxyw = E[wY:]C{,th = Py, w, w € L*(Q), so that (2.15) can be rewritten as

dX; = ((Lixda — Pux)) [Pyxnalt, UL Y )1+ Pucx)at, U Y ) dt+ Pyx b, U Y ) dWy,

(2.16)
This equation, derived from (2.6) and (2.7), does not depend on the parametrisation of the pair
(U,Y) and could be taken as an alternative definition of DO approximation. More precisely,
given any process X' = (X})¢ejo,7] With &y € L2(S;RY) for t € [0,T], we can define the following
stochastic process:

dXt = ((Idxd — @u(;ﬁ))[ﬁy(;@a(t, Xt)] + gzu(_)(t)a(t, Xt)) dt =+ yu(/yt)b(t, Xt) th (217)

It is worth noticing that (2.17) is a McKean-Vlasov-type SDE since the evolution of X; depends
on the law of the process.

Finally, to speak of the rank of the solution X to (2.17) we note the following. Given
X € L?(Q;R%) the mapping K ¢: R? — L?(Q) defined by Kgv := XTv for v € R? is by
definition finite rank. Moreover, the operator K7} := E[X]: L?(Q) — R? is the adjoint of K g:

Ely(K 3v)] = E[y(X v)] =E[v ' Xy] =v Ky, VyeL*(Q), YoeR’
The operator K3 K 3: R? — R? is given by KiKzv = E[XXT|v for v € R?. The following
lemma characterises the rank of these operators.
Lemma 2.3. Given X € L*(;R%), we have rank(K: K 5) = rank(K g) = rank(K%).

Proof. First, notice that we have ker(K%) = Im(K )+, where L is the orthogonal complement
with respect to the Euclidean inner product. Hence, we have ker(K%|im(x ;) = {0}. Thus, the
rank-nullity theorem implies

dim(Im(K7 |im(x 5))) = dim(Im(Kg)).

Therefore rank(K% K ) = rank(K 3). Moreover, from rank(K 3) = rank(K7%) (see for example
[12, Theorem II1.4.13)), the proof is complete. O

In view of the lemma above, we call dim(Im(E[X;-])), equivalently dim(Im((&,"-))) and
rank(E[X; X,T]]), rank of A;.

Definition 2.4 (DLR solution of rank R). A process X : [0,7] — L*(;R%) is called a
DLR solution of rank R to (2.1) for an initial datum X, € L2(Q;R?) if it satisfies (2.17),
dim(Im(E[X; -])) = R for some R € N for all ¢ € [0,T], and X has almost surely continuous
paths.

The parameter-independent formulation (2.17) corresponds to the projected dynamics in the
DLRA literature; see [18], also [15, Proposition2]. Notice however that in our formulation, only
the projector & (x,) is applied to the diffusion term b(t, X;) dW;, instead of the full projector

Pux) + Py — Pux) Py

If we naively wrote the projected dynamics following the standard DLRA approach, we would
end up with the alternative formal expression

dXt = (‘@U(Xt) + gzy(/yt) - gzu(xt)yy(xt)) [a(t, Xt) dt + b(t, Xt) th] 5 (218)



which would coincide with (2.17) if one could prove that “ 2y, [b(t, X;) dW;] = 0” for a.e. t > 0.
However, it is not obvious how to give a rigorous meaning to the term Py x,)[b(t, X;) dW;] as
an It6 integral and for this reason we do not pursue the formulation (2.18) further.

To confirm that (2.17) is nevertheless a sensible projected dynamics, let us ask ourselves the
following question: if the solution X of (2.17) satisfies

dim(Im((&,"-))) = dim(Im(E[X; -])) = R around t,

is the right hand side of (2.17) consistent with this structure of X? In the following, we will see
that the answer is affirmative, which supports the validity of (2.17), and thus (2.6) and (2.7), as
a correct DLRA formulation for SDEs.

In view of Lemma 2.3, we study the rank of the matrix E[X,X,"], where X; is given by (2.17).
To do this, we will show that % (E[Xt XtT]) is in a tangent space of the rank-R manifold, i.e., the
manifold of d x d matrices with rank equal to R, at E[X;X,"]. For j,k = 1,...,d, Itd’s formula
implies

A(XXf) =& [pf dt + ) Sft dWf]
=1
+ [pd dt + sl awfxl 4> sl dt,
=1 =1

where Mf = [(Idxd — ﬂu(xt))[f@y(;(t)a(t,/'\’t)] + f@u(xt)a(t,.)(t)]k and Z?e = [gzu(;(t)b(t, Xt)]kg.
Thus, we have

d
pr (E[XtXtT]) =E[Xp, +mX, +52]] for almost every t € [0, 7], (2.19)
with p, = [,Ltf]kzl _____ d € R% and Y= [Efq k=1,....d € Rdxm
{=1,...m

On the other hand, from [39, Proposition 21] we know that the tangent space of a rank R
manifold at E[XX "] = Qdiag(71,...,7r)Q ' can be characterized as

Vi'Q=0,V; e RT*A,

Tapexn M= Q1T +15Q7 + QAQT | V,'Q =0,V, € RIXF,
and A € R4x4

To conclude 4 (E[X,X,']) € Tjx,x;)M we will use the following result.

Lemma 2.5. Let the singular value decomposition E[XXT] = Qdiag(y1,...,7r)Q ", with
Yis--sYr > 0 be given, where Q@ € R¥™E is a matriz consisting of R orthogonal columns
qi,---,qr € R Then, the canonical expansion of the finite rank operator E[X -]: L?(Q) — R¢
is given by

R 711/2]}—‘:[9 ©1]

1/2 .
Elxy] = %/ *Elyor]ax = Q : , fory e L*(9),
k=1 1/2
i *Ely r)
where @, 1= 'y,:l/QXthk, k=1,...,R is an orthonormal basis of Im((X "-)) C L*(Q).
Proof. From
EXX T, q,] = 7 ' Qdiag(m, -, 7r)Q a4y, = s

we have {q,}?, C Im(E[X -]), and thus {g,}f_ | is an orthonormal basis of Im(E[X -]) C
RY. Thus, with some coefficients {cx}f*; C R we have for any y € L?(f) a representation
ZkR:1 ckqy, = E[Xy], which implies

cr = af ElXy] = E[X T qy) = v/ "Bl X T q] = 7, "ElX T q).

The functions @) = 'yk_l/QXqu, k = 1,...,R are orthonormal in L?(Q), and thus form an
orthonormal basis in the R-dimensional subspace Im((X '-)). O



The equation (2.19) together with this lemma shows 4 (E[X;X,"]) € Tjx, 27 M. Indeed, the
first term of the right hand side of (2.19) can be written as
E[Xu! | = E[X(Pyx)alt, X)) Taxd — Pux,)) + E[Xalt, %) "] Py,
= QiBi(Iixa — Q@) + Q:CiQiQY
where, using Lemma 2.5, we may write Q:B; := E[Xt(ﬂy(xt)a(t, Xt))T] and Q.C; :=
E[X;a(t, X;) "] with some By, C; € R¥*4. Then, with V; := (Bi(Iyxa — Q:Q; )" and A, := C,Q;

we have

E[Xtuﬂ =Q:V," +Q:AQ) .

Similarly, we have E[u;X,'] = V,Q; + Q: A Q] and E[X,;%]] = Q:Q/ E[b(t, X,)b(t, X)) T]1Q:Q, .
Hence, if E[X;X,"] is of rank R around ¢, then its derivative (2.19), which was derived from the
projected dynamics (2.17), lies indeed in Tgx, Xtr]/\/l. This consistency supports the validity of
the formulation (2.17), and in turn that of the DO equations (2.6) and (2.7).

2.3 Equivalence of DO and DLR formulations

In the previous section, we showed that if there exists a strong DO solution (U, Y:) to (2.1),
then the corresponding DO approximation X, = U, Y, satisfies (2.17). We now investigate the
reverse question: if &; is a rank-R solution of (2.17) (DLR solution of rank R of (2.1)) does there
exist a DO solution (U,Y’) such that X = U'y?

First, we need the following bound for the DLR solution.

Lemma 2.6. Let a rank-R DLR solution X;, t € [0,T], to (2.1) with Xy € L?(;R?) be given.
For allt € [0,T], X; satisfies

E[|X;|°] < 3(E[|X|*] + CigbT (T + 1))exp(3C1euT(T + 1)) =: M(T) (2.20)

Proof. Taking the squared L?(Q)-norm of X; and using (2.17) in integral form, together with
1t6’s isometry, Jensen’s inequality, and Assumption 2, we have

t
BIAP] =E1% + [ (Taa = P [Pyieyals, 2] + Puceals, 2.)) d
0

+ Pyab(s, Xs) dW,|?]

<3E[| X[ + 3K /Ot (Tixd — Puy) Pryiayals Xs) + Prggnyals, &) dsl?]
+ 3E|| /Ot Pri(x)b(s, Xs) AW, |?]

<3E[|X|?] + ST/Ot Ell(Iaxa — Puia.)) Py(x,yals, Xs) + Pyx,yals, Xs) |*]ds
+ 3/0tE[|3”u(xs)b(57Xs) *]ds

<3E[| Ao ]?] + 3Ci(T + 1) /O (1+ E[X,[2))ds.

Hence, Gronwall’s lemma implies the statement. [l
The following theorem gives the uniqueness of the DLR solution.

Theorem 2.7. Let Xy € L%(Q;R?) be such that dim(Im(E[X, -])) = R. Suppose that two DLR
solutions Xy and Z; of rank R to (2.1) with initial datum Xy exist on [0,T]. Then X and Z are
indistinguishable.



Proof. The processes X; and Z; are assumed to satisfy

dX, = ((Iaxd = Pux) [Pyxnalt, X)] + Pucxyalt, &) dt + Py b(t, ) dW;

=P, a(t,X)

and

dz; = ((IdXd - gu(zf,))[@y(zt)a(ta Z)] + Pz, alt, Zt)) dt + Py(z,)b(t, Z2¢) dW4,

=Pz, a(t,2t)

respectively, for the same initial datum AXjp. This implies that

t
B - 207 < B | ((axa — Puiey) P + Puce)als, X,
0
— ((Taxa — Puz.)) Py(z.) + Pucz.))als, Zs)ds

t
+/ @u(;(s)b(s,Xs)f@u(zs)b(s,Zs)dWS|2]
<4IE|/ — 92 )als, X)ds|?] +4IE|/ Tz (a(s, Z4) — a(s, X)) ds]’]
+4E[|/ (ngU(XS)7<@U(Zs))b(57Xs)dWS|2]
0

t
+4E[|/ Pz, (b(s, Xs) — b(s, Z,))dW,|?]

’ (2.21)

Denote by 7 := infyc(o 7 or(E[X;X,"]) the infimum over time of the R-th singular value of the

matrix E[X,X,T] € RE*E where for all ¢t we are considering the singular values in a decreasing

order. We have v > 0. To see this, first note that, from Lemma 2.3 the rank of E[X;X,"] is the

same as the rank of X;. But from the definition of DLR solution, X; has always rank R, and

moreover, the continuity of X; implies continuity of op (E[Xt X,"]) on [0, T]. Hence v > 0 follows;
see also [14, Lemma 2.1].

Using Assumptions 1-2, Lemma 2.6, It6’s isometry and Jensen’s inequality to (2.21), we can
take ¢ € (0,7 such that

t/
E[| Xy — Zu[?] < 4Cig(1 + M(T))T / El[Bx, — Bz |?)ds
0
t/
+ 4Ci(1 + M(T)) / E(Puce) — Pucz.)Plds

t/
+4(T + 1)CLip/ E[|Z, — X.|*]ds
0
<

(T +1) [Chg (1 + M(T)) + 2C1Lip M (T)] ¥/
sl
RQ

where we used M(T) as defined in Lemma 2.6. Then, Proposition A.2 is applicable for all
€ (0,t'], and for such s we have

R
Bl (. — ¥z, )0l < (3) E[X, = Zu]0)2aqe  forany v e I2(Q,RY)
7 (2.22)

R 2
(Pucx.) — Pucz,))” < (;) E[|X, — 2,7,



and hence (2.21), Itd’s isometry and Jensen’s inequality lead to

t t
E[|Xy — Zt/|2] < 4T/ EH(YBXS — mgs)a(s, Xs)|2]ds + 4T/ E[|%Bz. (a(s,Zs) — afs, Xs))|2]ds
0 0
t/
4 [ BN (P = Puce.) bl Al

+4/0 E[| Py z.) (b(s, Xs) — b(s, Z))|*]ds

<4 ((9T +1) RQV—QCIgb(l + M(T)) + Crip(T + 1)) /t E[|Xs — Zs|2]ds.
0

Al

(2.23)
Gronwall’s lemma yields E[|X; — Z;|*] = 0 for all ¢ € [0,#] and therefore (Z;)c(o,¢] and (X;)eqo,i]
are versions of each other.

Since the choice of #' and the positive constant constant C' depend only on M (T), Clgp, and
CLip and independent of ¢, we can use the same argument on the interval [¢, min{2¢',T}] with
initial datum Xy . Repeating this argument up to T', we see that (Z;)cio,r) and (X)ico,1
are versions of each other. Moreover, because they both have a.s. continuous paths, they are
indistinguishable; see for example [29, Theorem 2]. O

Given a strong DO solution (U,Y") to (2.1), the corresponding DO approximation X; satisfies
the equation (2.16), and thus (2.17). Hence, Theorem 2.7 gives the sought equivalence between
the DLR equation (2.17) and the DO equation (2.6)—(2.7), which we state as a corollary.

Corollary 2.8. Let Xy € L?(;R?) with dim(Im(E[Xp -])) = R. Suppose that a DLR solution
X: of rank R to (2.1) and a strong DO solution (U,Y) exist on [0,T], both with initial datum
Xy. Then, X; and the DO approzimation X; = U:Yt are indistinguishable on [0,T].

Moreover, the DO solution giving the same DLR solution is unique up to a rotation matrix.
See also [14, Section 2.2] for a similar result.

Proposition 2.9. Assume that a DLR solution X; of rank R to (2.1) with initial datum
Xo € [L3(Q)]? exists for all t € [0,T]. Suppose there exist two strong DO solutions (U, Yy)
and (Vy, Z;). Then there exists a unique orthogonal matriz © € REXE such that (Vy, Z;) =
(BU,0Y,).

Proof. The proof follows closely the arguments in [14, Lemma 2.3, Corollary 2.4, and Lemma 2.5].
We will show that there exists a unique absolutely continuous curve ¢ — ©(t) with orthogonal
matrix O(t) € REXE for all ¢ such that (Vy, Z;) = (O(t)U¢, ©(t)Y,), and that such ©(t)
is a constant in t. First, we will derive an equation that ©(¢) must satisfy. Suppose that
sought O(t) exists. Note that, since both U, Y, and V[ Z, satisfy (2.16), Theorem 2.7 implies
X, = UtTYt = VtTZt for all ¢t and a.s. Then since (V, Z;) is a strong DO solution, one must
have

U =©O©H)V)=0"T 1)V, +0"T(t)V, forae tel0,T). (2.24)

As UtU: =0 and UtU;r = IgrxR, from U; = O (t)V it follows

. N T . .
0=0T(1)V, (@T(t)Vt n @T(t)Vt) —0T () (@(t) v, @(t)) . (2.25)
Using orthogonality of ©(t) and V,thT = 0, we obtain the following differential equation that
O(t) has to satisfy: '

O(t) =0 for a.e.t€[0,T] with ©(0) = O,, (2.26)
where O, is an orthogonal matrix. But this equation has a unique solution ©(t) = O,, which is
an orthogonal matrix. Hence, going back the argument above, © satisfies (2.24). The absolute
continuity of U and OV yields U; = O(t)V; + C for all t € [0, T], with some matrix C' € RF*F,
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Such O, that makes C' = 0 can be constructed explicitly. Since U, V; are deterministic,
from Uy Yo =V Zo we must have

Uy =V E[ZY(]Cy.

Take O, = IE[ZOYOT]C;i. Then, from the argument above U; = ©V; holds for all ¢ € [0,T].
We conclude the proof by noting the orthogonality of ©.,:

Inxr =UgU,; =0]V V0, =0]0..
O

Remark 2.10. In Section 3, under Assumptions 1-3 we will show that there exists a unique
strong DO solution (U,Y) in a certain interval [0,7]. Hence, in view of Theorem 2.7 and
Corollary 2.8, a unique DLR solution X} exists on [0, 7] and moreover, given X}, we can always
find a strong DO solution (U,Y) such that A; = U;rYt.

3 Local existence and uniqueness

The equations (2.6) and (2.7) define a non-standard system of stochastic differential equations.
Notice that in (2.6), the matrix-valued function [L*(Q2)]® 5 Y, — Cy! € R®*® is not defined
everywhere in [L2(Q)]f. Moreover, the vector field E[Y; a(t, X;) '] requires taking the expecta-
tion, and thus depends on the knowledge of all the paths of Y. Hence, the vector fields that
define the DO equation are not defined path-wise a priori. This setting makes the existence and
uniqueness result of DLR solutions non-trivial.

To establish existence and uniqueness of solutions of (2.6) and (2.7) given initial datum
(Uoy,Y ), we follow a fixed-point argument. We will define a sequence of Picard iterates, which
belongs to a specific set of functions, where the first element of the sequence is made of a pair of
constant-in-time functions (Ug, Y o). Then we will show that this sequence converges in this set.

Let U € O([0,t]; R*9) be such that the rows U}, ..., Ut € R? of U are linearly independent
for every s € [0,t], and let Y € L2(Q;C([0,t];R?)) be an (.#)-adapted process such that
Y, = (Y(s),...,YE(s)) € [L?(Q)]" has linearly independent components for every s € [0,].
For ¢ € Rf*4 with d > R and & € [L?(2)]%, define

t
F(U,Y)t) :=¢ +/ Cy'E[Y,a(s, U Y ) |(Taxa — PFY) ds € R, (3.1)
0
t t
Fy(U,Y)(t) ::§+/ Usa(s,UsTYS)der/ U.b(s,ULY )dw, € [L*(Q))F, (3.2)
0 0
where we recall that Pi7™ is the projection-matrix onto the row space span{U},..., UF} C

R? of U,. Note that the stochastic integral fot U.b(s, U;rYs)dVVS is well defined, since Y €
L?(Q; C([0,t]; REF)) is (indistinguishable from) a progressively measurable process.

We will construct a unique fixed point of F; and F5. Because of the aforementioned difficulties,
defining a suitable sequence of Picard iterates requires some care. Let us consider ¢ € RF*4
with d > R having orthogonal row vectors, and &€ = (£1,...,6r) € [L?(Q)]F, having linearly
independent components, Fo-measurable with p? := [|€]|7,> o and v := |C¢ *[le. We force
iterations to belong to balls in RF*? and [L?(Q)]® around ¢ and &, respectively, of a suitable
radius 7.

For the ball in Rf*¢, to invoke Proposition A.1 in the appendix, we equip R**¢ = [R?|® with
the norm ||UH[2]R(L]R = Zf’:l [UI[2. For ¢ = (¢',..., M) 7 orthogonal, we have ||¢|/gqr = VR,
and
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so with 7y := n(vV/R,VR) asin (A.1), v € By, () implies ||(vv")~!||r < 2. Hence, the projection
(laxa — PgrY) is Lipschitz continuous on By, (¢); see Lemma A.3.

For the ball in [L2()]¥, first note that, since [L2(Q)]? > Z — E[ZZT]™' € RExH is
continuous in the open set I' = {Z € [L2(Q)]" | det(E[ZZ "]) # 0} (cf. [14, Proof of Lemma 3.5]),
and £ € T, via Proposition A.1 there exists a ball B,,(€) in [L?*(Q)]® around & with radius 7, =
n(p,7) > 0 such that any w € By, (&) has linearly independent components and [|Cyt||r < 27.
Abusing the notation slightly, we let

n=n(R,p,7) = min{n(VR, VR),n(p,7)}.

Proposition A.1 tells us that 7 is non-increasing in both variables p and ~.

We want to define sequences Yg") € B,(&) and U,En) € B, () for t € [0, 6] with a suitable § =
5(¢, &) > 0. To this extent, let (U, YY) := (¢,&), UMY .= FU™, Yy ™)), Y™ =
BU™, Y™)t), and X := (UM) Y™, n=0,1,... for t € [0,6] with

min{1,7%} min{n?, R}

6 := min{1, )
{ 36RCigh(1+3R(3p2 + 1)) 842(3p2 + 1)Cign (1 + 3R(3p% + 1)) (Vd + VR)

_}. (33)

Moreover, let

sup ||V < 3R, and
Dyet :=  V € C([0,); RE*) | o<i<s
Ve B,(yp) for t € [0,0]
and
Z is Fi-adapted,
Dy = Z € L2(2;C([0,8);RF)) | B sup 1Z0P] <3p°+1, and

Z, € B, (&) for t € [0, 0]

The following lemma shows that our Picard sequence takes value in Dget X Dgto-

Lemma 3.1. Under Assumptions 2-3, the sequence ((U("), Y(")))n>0 defined above satisfies

U™, Y™) € Doy X Dyyo for all n €N,
where 6 = §(Cign, d,n, R, p) is defined in (3.3).

Proof. We have [l = R, [|€]17,2qyr = p*, and trivially £ € B, (€) and ¢ € By(¢p), where
17 = n(p,) is built as in Proposition A.1. Moreover, £ is Fi-adapted thanks to Assumption 3.
Thus, (U®, Y ) € Dyet x Dygo. Assume (U™, Y ™) € Dyoy x Do for n € N. Then, from
Assumption 2, we see that U™ and Y"1 are well defined, and that Y "V is F,-adapted.

Moreover, from E[ sup |Y§")|2} < 00, Doob’s martingale inequality, Itd’s isometry, and the
0<t<s

inequality [|[AB| r < ||All2]|B||r for A € R"*™ B € R™*? imply

E| sup [¥{""VP]
0<t<§

t t 2
< 3E[|€|2} +3E[ sup t/ |\U§n)||§|a(S,X§n))|2 ds + sup ‘/ Ugn)b(S,X&(,"))dWs‘ ]
o<t<s Jo 0

0<t<5
5 o
< 3p2 + 3E [353/ la(s, X ()2 ds] +12E [/ 1O b(s, X ) 2 ds|
0 0
< 3p” + 36RCign(1 +E[ sup |X{[*))s

0<s<é
< 3p% + 36RCig, (1 + 3R(3p% +1))5 < 3p* + 1,
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where in the penultimate line we used § < 1, and in the last line |a(s,z)[? + ||b(s,2)||% <
Cign(1 + |2|?) together with the definition of 6. Similarly, we have
]

We readily have Y"1 ¢ L2(Q;C([0,6]; RE)) and hence Y+ ¢ Dy,. Likewise, we have
Uty ¢ Dget, since

t t
£ sup (¥ ] SQELEEJ | et xR s+ sup | [0, x0)

0<t<s 0<t<s

< 24C1g, R(1 4+ 3R(3p% +1))6 < 1.

t
sup HU(n+1 |2 <2R+2 sup t/ HC;%MIE[an)a(s,Xs(n))T](]dxd - PITJO(VX))H%CZS
0<t< 0<t<s : s

s
§2R+8672/ E[ sup |Yg”)|2] [ sup |a(s, X(") )| ](\/_+\/_)
0

0<s<é 0<s<6

< 2R+ 867%(3p% 4+ 1)Cign (1 4+ 3R(3p> + 1))(Vd + VR)?
< 3R,

where in the second inequality we have used the fact that Pro o is an orthogonal projector, hence

1P lle = VR. Finally,

sup. U — @l < 49(3p? + 1)Che (1 + 3R(3p* + 1)) (Vd + VR)?5 < .

Thus, by induction we conclude (U("), Y(")) € Dyt X Dyt for n € N. O

We now establish a Lipschitz continuity for F; and F on Dgey X Dggo-

Lemma 3.2. Take § > 0 as in (3.3). There exists a constant C = Cya,byRypygﬁ > 0 such that for
any (V,Z),(V,Z) € Dyet, X Dsto it holds

sup [|[F1(V, 2)(t) - Fu(V, Z)(t |F+1E[sup [F2(V, Z)(t) - 2(V,Z)(t)|2}
t€[0,d] te[0,0]

o N N (3.4)
< c/ ( sup [V — V|2 +E[ sup |Ze — zt|2]> ds
0

telo,s] te[0,s]

Proof. For any (V,Z),(V,Z) € Dget X Dyto, from Doob’s martingale inequality and It6’s isom-
etry we have

| sw IRV, 2)0) - BV, 2)(0F
t€(0,4]
t t o
< QE[ sup | [ Vsa(s,V[]Z,)ds —/ V.a(s,V, Zy) ds|2]
tef0,6] Jo 0

+21E[sup‘/ (Vb(s,VIZ) = V.b(s, V
te[0,0

< QE{ sup / \Vsa(s,V]Z,)— Vs,V
te[0,8] J0

6 ~ ~

+ 8E [/ |Vsb(s, V] Z,) - Vib(s,V
0

6 ~ ~
S Ca,b,R,p,(s/ (HVS 7Vs||%‘+E[|Zsfzs|2]) dS
0

)
< Conips / (sup |[Vi— Vo2 +E sup |Z, — Z,|)ds
0 r€l0,s] rel0,s]
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where Cq 1, r,p,5 is a positive constant. Similarly, we have for a constant Cq p r,p,s5 > 0 that

6
sup I\Fl(V,Z)(t)fFl(V,Z)(f)l\%SCa,b,R,p,a,w/ (sup ||V, =V, [[g+E[ sup |Z,—Z.[*))ds
t€0,0] 0 r€0,9] rel0,s]

where we used the Lipschitz continuity of C{,i and PgPY; see [14, Lemma 3.5] and Lemma A.3. [

Thanks to the previous results, we have that sequences (U™),, and (Y ™), not only live in
Dget and Dygy,, respectively, but also converge therein.
Lemma 3.3. The sequence (U™), admits a limit U € Dgey € C([0,6];RE*D), and the se-
quence (Y ™), admits a limit Y € Dy, C C([0,68];RE) almost surely. Moreover, Y is also an
L2(; C([0, 8); RR))-limit.
Proof. From Lemma 3.1 we have (U("),Y(")) € Dget X Dyt for all n € N. Let A(U")(s) =
sup UM — U™ V|2, Then, since || U™ — U™ V|2 is continuous on [0, 4], so is A(U"), and

0<r<s

thus A(n) is measurable. Similarly, A(n)(s) = sup Y™ —Y "V 12isas. continuous on [0, ].
0<r<s

Noting that Y™ € Dy, implies ||C’ () |2 < 2v, from Lemma 3.2 we have

A )+ E[AWY (5] <c/ (=D () + B]AY T (5))) ds

/ / / AL (s1) + EIAY (s1)]) dsy - dsn

= O A (5) + AL (8)). (3.5)

BRG]
Chebyshev’s inequality then implies
> n n 1 =L (206)"
S B(APG) +AP6) > 5.) < (AD6) + EAP ) 2 Z s,

(n—1)!
n=1 n=1

and thus from the Borel-Cantelli lemma we have
1
P({F = k() s:t. n 2k = AP0 + AP 0) < 57}) = 1.

Hence, (Y™ (w)),, has a limit Y (w) € C(]0,6); RR), where the convergence is uniformly in ¢
on [0, 4], a.s. Moreover, from the completeness of the underlying probability space, Y is (F;)-
adapted. Also, from Y™ ¢ Dgto, n € N, Fatou’s lemma implies

E[ sup |Yt|2] < hmlanE{ sup |Y(n)| } < dp, (3.6)

0<t<s 0<t<s

E[ sup [v,— €] <o, (3.7)
0<t<s

and thus Y € Dgo. An analogous argument applies to see that (U(”))n has a limit U in
C([0, 6]; RE*4) with U € Dyet.

The sequences Y (™ converge in L2(€2; C([0, 6]; R®)) as well. Indeed, from (3.5), for j > n we
have

Jj—1
W sup v~ ¥ R] < 3 [8] sup (¥ — v
k=n

0<t<s 0<t<s

< /AP ) + E[al (5) le 705“
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and thus Fatou’s lemma implies

. C5 k—1
E[ sup |V, — Y >|2} < (A ©6) +EAP () (Z > < 0,

0<t<§
hence Lm IE[ sup Y, — Y,E")ﬂ —0. .
n—00 0<t<$s

We are now ready to establish an existence result for the DO solution.

Theorem 3.4 (Existence of a DO solution). For any (Uo,Y o), with ||Yo|l[2)r = p >0 and

HC;—iHF =~ > 0 the DO equations (2.6) and (2.7) have a local (in time) strong DO solution
(U,Y) € Dyet X Dgto with 6 given by (3.3).

Proof. We show that the limit (U,Y") in Lemma 3.3 satisfies U = F1(U,Y) and Y = F>(U,Y ),

hence it is a DO solution. From Lemma 3.2, F} and F are (Lipschitz) continuous on Dget X Dgto:

max{ sup BV, 2)(0) - Fy(V, Z)(0)]12. E[ sup |Fo(V, Z)(t) — F2<V,Z><t>|2]}
t€[0,6] t€[0,4]

5

< C/ < sup |V — V|2 +E[ sup |Z; — Zt|2]> ds
0 te0,s] t€(0,s]

<Cs ( sup ||V — VtHF +E[ sup |Z; — Zt| ]) )

t€[0,6] t€[0,06]

Thus, we have

| sup Vi - B YOR] = i B sup 1¥( - O, O]
t€[0,4] n=oo [¢ef0,6]

— lim IE{ sup [y — Y§"+1)|2} =0,

n—=0o0  l¢ef0,d]
and hence Y; = F5(U,Y)(t) for t € [0,6], a.s. We see U; = F1(U,Y)(t) analogously. O
To establish uniqueness, first we will show the following norm bound analogous to Lemma 2.6.

Lemma 3.5. For T > 0, suppose that U € C([0,T]; RT*?) with Uy having orthonormal rows,
and Y € L?(Q;C([0,T);RT)), with Y having linearly independent components, satisfy U; =
FU,Y)(t) and Y, = Fo(U,Y)(t) for all t € [0,T]. Then, for all t € [0,T] we have

|Ule = VE; (3.8)
E[|Y¢?] < 3(E[Yo|*] + (1 + T)TClgn)exp(3(1 + T)T Cgp,) =: M(T).

Proof. First, from U; = F1(U,Y)(t), the function U is absolutely continuous on [0, 77, and thus
differentiable almost everywhere. The derivative U, satisfies

UU/[ = Cy'E[Ya(t,U[Y) (Iaxa — PFY)U,{ =0,

and thus %(U,:UtT ) =0 a.e. on [0, T]. Therefore, from the orthonormality of the initial condition
pp' = Irxr, for all t € [0,T] we have

t
(UtU ) = €k +/ 0ds = €j,
0
where €;; = 1 only if j = k, and 0 otherwise. This shows the identity (3.8).

15



For Y, [t0’s isometry implies
t t
B[IY ) < 38| [YoP +t [ 0. Blals UTY )P ds| + 8] [ 1020607 1 0]
0 0
t
< 3E[|Yo]?] +3(1+ T)Clgb/ (1+E[|Y %)) ds
0

where we used Assumption 2 |a(s,x)|? + [|b(s,z)||3 < Cigb(1 + |2|?). Thus, Gronwall’s lemma

implies (3.9). O
Now the following uniqueness result follows.

Theorem 3.6 (Uniqueness of DO solutions). Let the assumptions of Lemma 3.5 hold. ForT > 0,
suppose that U,U € C([0,T]);R™*%) and Y, Y € L*(;,C([0, T]; R satisfy Uy = Fy(U,Y)(t )
and U, = F1(U Y)(t); Y, = Fp(U,Y)(t) and Y: = F(U,Y)(t) fort €[0,T]. Then, we have

]P’( sup. |\Ut7Ut||F+ s |Yt—Yt|>0) ~0.
0<t<

Proof. By hypothesis, the solutions U, U and Y,Y satisfy the stability estimates shown in
Lemma 3.5. Moreover, from the continuity of ¢ — E[Y, Y], we have

max{ max |E[Y,Y]]"!|r, max H]E[ffsff;r]—lnF} =5 <
s€[0,T s€[0,T]

for some 4 > 0. Then, noting the norm bounds (3.8) and (3.9), by an argument similar to the
proof of Lemma 3.2 (see also [14, Lemma 3.5] and Lemma A.3), with a constant C = C(%) > 0
we have

t
sup |Us —ULl|g +E[ sup Y, —Y.|?] SC/ < sup |[Us — U’HF+E[ sup |Ys—Y'] })
0

0<s<t 0<s<t 0<s<r <s<r
(3.10)
for t € [0,7]. Thus, applying the Gronwall’s lemma yields
sup ||U ~U.|2 +E[ sup. |Y ~Y' ] =o0.
0<s
Now the proof is complete. O

Remark 3.7. The uniqueness of the DO solution can be also deduced from the proof of Propo-
sition 2.9. To see this, let (U,Y) and (U,Y) be two strong DO solutions with the same initial
datum (Uy,Y ). Then, following the proof of Proposition 2.9, we have (U,Y) = (OU,,0Y)
with © = Ip«R.

We conclude this section by showing the continuity of the solution with respect to the initial
datum.

Lemma 3.8. Let us consider two DO solutions (U, Y'y), (U, Y) on [0,T] with initial data
(Uo,Y0), (Uo,Y0), respectively. Then, under Assumptions 1 and 2,

B sup [Ye = Y1)+ sup [[U: = Uil < Casrpr (B0 = Yol?) + [Uo - Uol2)
te[0,T te[0,T]

holds. Moreover, consider X; and X; be the DO approzimations with initial data Xo and X,
defined on [0,T), and denote

5 := inf E[X, X,
2 tel[r017T]0'R( (X: X)),
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where op(A) is the smallest singular value of a rank-R matriz A € REXE. IfE[| X, — Xo|?] <

2 .
(21) , then, for every T > 0 such that

N2
(T + 1) [Cign (1 + M(T)) + 2C1i, M(T)| T < <%) ,
there exists a positive constant C' > 0 satisfying
sup E[|X; — X:|?] < CE[|Xo — Xo|?. (3.11)

te[0,7]
Proof. Following an argument similar to the proof of Lemma 3.2 and Lipschitz continuity result
of Lemma A.3, for the stochastic basis it holds
~ ~ T ~ ~
E[ sup Y, — Y] <2E[|Yo — Yo|’] + Ca,b,R,p,T/ (sup U, U, +E[ sup |V, =Y, [*])dt,
te[0,T] 0 r€[0,t] ref0,t]

and, similarly, noting the Lipschitz continuity of the inverse Gram matrix [14, Lemma 3.5], for
the deterministic basis we have

T
|U: = Ul <2|Uo - Uo| + Ca,b,R,p,T,—y/ (sup [U, —U.|§ +E[sup [Y, Y, [*])dt.
0 ref0,t] rel0,t]

Then, the Gronwall’s lemma yields the first part of statement. Finally, to prove (3.11), we
proceed as above and as done in Theorem 2.7. Via triangular inequality, one gets

\/EHXf _ X< \/E[|X0 — Xo?] + \/(T +1) [Cign (1 + M(T)) + 2C1ip M(T)] T (3.12)

and, hence, Lemma A.2 holds. Therefore, for all ¢ € [0, T] we have for a positive constant C' such
that it holds

t/
E[|X: — X %] < 2E[| X0 — Xo|?] + 20,1,177R7T7;Y/ E[| X, — X4|?]ds,
0
< CE[|Xo — Xo/?],

where in the last line we use the Gronwall’s lemma. O

4 Maximality

In the previous section, we established the existence and uniqueness of strong DO solutions
locally in time on an interval [0,T]. In this section, we investigate how much such an interval
can be extended.

We give a characterisation of the maximal interval of existence of the strong DO solution in
terms of HC{,in It turns out that the DO solution can be extended until ||C’;,i||p explodes. If
HC{,in stays bounded for all ¢ > 0, then the DO solution exists globally. If HC;tlHF explodes
at a finite explosion time T, the couple (U,Y) inevitably ceases to exist at T; we will show
nevertheless that the DO approximation X = U'Y can be extended beyond Te.

4.1 Explosion time of the DO solution

Theorem 3.4 guarantees the (unique) existence of a strong DO solution, albeit up to possibly
a short time 7'. In this section, we show that the solution can be extended until C’{,} becomes
singular.
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Analogous maximality results have been considered in the DLRA literature for deterministic
and random PDEs [19, 14]. For the SDE case of this paper, we need to proceed with caution.
Indeed, adhering to the definition of SDEs, we need the DO solution to be path-wise continuous
a.s. As such, we consider extension with countable number of operations, which we describe in
the following.

Let [0, T] be the interval on which the DO solution (U, Y") exists; such existence is guaranteed
by Theorem 3.4. Let us choose n € N such that the following two bounds are satisfied

E[[Y7[I”) < E[|Yol*] +n = pj;

% y (4.1)
ICL 12 < CyHI2 +n =12,
We will show that the solution can be extended at least until E[HYtH2] or HC{ftl H% hits the bound

p2 or v2. Define §(n) by

) { min{1,n2} min{n?, R} }

d(n) :=min< 1, , ,
36 RCigh(1 +3R(3p2 + 1)) " 872(3p2 + 1)Clan(1 + 3R(3p2 + 1)) (Vd + \/R)i |

4.2
where 7, := min{n(pn, ), n(v'R,VR)}, with 1(-,-) defined in (A.1). Then from the proofs of
Lemmata 3.1 and 3.3, and Theorem 3.4, we can construct a convergent Picard-iteration for the
interval [T, T + d(n)], which yields the extension of the DO solution up to [0,7 4 §(n)]. Set
T := T+ §(n). By construction §(n) is independent of T', and with the same d(n) we can repeat
the same argument as long as the bound (4.1) is satisfied. Hence, the solution can be extended

until either E[[|Y 7450 (%] < p2 or ||C{,1T+5(n) |2 < ~2 gets violated.
From the argument above, the following quantities are well defined for any n € N:

7, = inf{t > 0 |Cy}llr = [|Cy, lIp +n},
7'3 = mf{t > 0 | ||Yt||[L2(Q)]R = ||Y0||[L2(Q)]R + TL}

with a convention inf @ = co. With these, we define the sequence

7o = (U0, YY) := min{7}, 72}, neN, (4.3)

n 'nlto

which is a sequence of stopping times. By continuity of the paths, (7, )nen is a non-decreasing

sequence, which allows us to define T, := lim 7,.
n—o0

Now we will show that if T, < oo, then the norm of the inverse of the Gram matrix must
blow up.

Proposition 4.1. We have either T, = lim 7, = 0o or T, < co, where 7, is defined in (4.3).
n— o0

If T, < 0o, we necessarily have 1%1%1 HC{,iHF = 00.
tTTe

Proof. From the norm bound (3.9), for sufficiently large n we must have [[Y|[[z2()r <
1Y oll{z2(qyr +n for any ¢ € (0,T¢), and thus without loss of generality we assume

T =Ty = inf{t >0 | ||C;t1||p = ||C{,$||F +n}, neN.

We will first show that T, < oo implies lim sup ||C;—t1||p = 0o. We argue by contradiction,
t

e

and assume T, < oo and limsup ||C’;,i||p < 00. Then, we have  sup ||C{,t1||p < K < oo for
1T te[Te—6,Te)

some K > 0 and 6 > 0. But then since T, < oo, the continuity of ¢ — Y implies ||C{,1 lr =

||C{,i |[F + n and thus for any n sufficiently large we have
ICy,, llr = ICy,lle +n < K,

which is absurd. Hence, T, < oo implies lim sup HC;’HlF = 0.
t

e
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To conclude the proof we will show

lim [|Cy ! |r = oo.
lim [y, [lp = o0

If this is false, then there exist a sequence t,, T T, and v > 0 such that ||C{,i lr <~ for all
m > 0. But since lim sup ||C;;i||];‘ = oo there is a sequence sy, 1 e such that |Cy' |l >+ 1 for
1T, ok

e

all £ > 0. We take a subsequence (sg,, )m so that ¢, < si,, for all m. From the continuity of
t— ||C’;,:Hp on [tm, Sk, |, there exists hy,, € [0, Sg,, — tm] such that ||Cy lr =~ + 1. Now,
from (3.9) and [14, Lemma 3.5] we have for any m > 0

1
tm+hm

1< ||Cy!

tm+hm

e =107, lIF < Or o |Y tr b = Yt 20y
which is absurd since h,, — 0 as m — oo and Y is continuous on [0,7.). Hence, the proof is

complete. [l

4.2 Extension up to the explosion time

Even when the explosion time T, for the DO solution is finite, and thus U and Y cease to exist
at T,, we will show that the product X = U'Y nevertheless admits a continuous extension up
to [0,T,], and beyond T,, under suitable assumptions.

For any ¢’ <t < T, from (2.17) we have

t t
Xt — Xt/ = / (f@u(xs) + f@y(xs) — gzu(xs)gzy(xs))a(s,Xs) ds +/ e@u(xs)b(S,Xs) dWs,
t’ t

(4.4)
and, hence, the It6’s isometry implies

t t
E[|X: — X¢|?] < 2Te/ la(s, X,)|? ds + 2/ b(s, X4)|| ds.
t/ t/

From Assumption 2, the orthogonality of U; and the norm bound (3.9) of Y7 it follows that
E[lXe — Xe ] < C(t —t')

with C := 4 max{1, T, }Cigp (1 +M(Te)). Therefore, (X;)o<i<7, admits a unique extension Xr, :=
hmtTTe X € L2(Q; Rd)

Thus obtained (X;)o<¢<7, is continuous from [0, 7] to L?(€2;R%), but not necessarily path-
wise a.s. continuous on [0,T,]. It turns out that for initial data with suitable integrability, the
DO approximation X; actually admits a.s. Holder continuous paths. Namely, we assume the
following P-integrability condition.

Assumption 4. The initial condition X satisfies
E[| X o|?*] < 400, for some k € N. (4.5)
Notice that this condition is equivalent to
E[|Y o|**] < oo, for some k €N, (4.6)

where Y € [L?()]" is arbitrary such that Xo = U, Y for Uy € R4 orthonormal. Indeed,
for any DO initial condition U(—)r Y o = Xy, the orthogonality of U implies

k k
E[lY o] < EI(IIU] I31U7 Yol?) ] < EllXol*] < BI(IUJ I31¥ o) ] = E[Yo|*] < +o0,
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provided that the 2k-th moment of either Y or Xy (hence both) exists. Thus, E[|X|?*] =
E[|Y 0|?¥]. Similarly, for any other DO initial condition U’gi’o = Xy we have

E(|Y o*] = E[|Xo|*] = E[[Y o|**].

Hence, Assumption 4 is equivalent to (4.6), with an arbitrarily fixed stochastic basis.
Analogously, for all ¢ > 0 we have

E[|X:|?*] = B[|Y|**] < 4+o0. (4.7)
The DO solution preserves the P-integrability of the initial datum.

Lemma 4.2 (Even order moments of the solution). Let a and b satisfy Assumptions 1 and 2.
Suppose that the DO solution for (2.1) exists on [0,T]. Suppose that Assumption 4 is fulfilled
for some k € N. Then, for any t € [0,T] we have

E[|Y "] < (E[|Y o[**] + K:1(T)) Ka(T),
with K1(T) := (3k2(1+1c/c—T),) and K»(T) := exp{6k2Cign(1+ 1/Cig) T}

Proof. From the It formula, |Y;|?* satisfies the following SDE (see also [17, Theorem 4.5.4]):
t T
V2 = Y[ +/ 2KY, 1 (Usals, U] Y)Yt
0

.
4 E[Y 22Ty ((Usb(s, UZYS)) (Usb(s, UIYS)) )
+ k(2k — )Y J* Y] Ub(s, U] Y ,)|ds

t
+/ 2k|Y |2 (Y,) Usb(s,U!'Y )dW,.
0

We take the expectation of both sides, and, noting the progressive measurability of Y,
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a(t,U]Y}), and b(t,U, Y,), use Fubini’s theorem to obtain
2k 2k K 2k—2 T T
t = s s ) s s
B[] < E[|Y | ]+/ ERKY 2 (Usa(s.UTY)) | ¥ Jds+t
0
t T
+/ E[2k2|YS|2k2Tr<(Usb(s,U;rYs)) (Usb(s,USTYS)) >]ds
0
t
<E[Yo™] + [ BHY.P (o UTYL)P + (Y. )lds
0
t
+ [ BRIV, U Y s
t
<E(Yol*]+ [ ERY. 20 (14 (L+ 1/Ciun)| Y ds
0
t
+/ E[2k?|Y s 2Cigp (1 + Y s[?))ds
0
t
<E(Yol*]+ [ EWY. 2 (15 (L+1/Ciun)|Y) ds
0
t
+/ E[2k2|YS|2k7201gb (1 + (14 1/C’1gb)|YS|2)]ds
0

t
< E[[Y o] +/ E[BR?[Y 2 Cigp (1 + (1+1/Cign)[Y s |*)]ds
0
Clgb

(\/(1 + 1/Clgb))2ki2
t 2k—2 2
/0 E[( (1+1/01gb)> Y |2+—2 <1+( (1+1/01gb)) |YS|2>]ds

Then, by using the relation (1 + 72)r2=2 < 1 4 2r2¢ for r € R4, the statement follows by
Gronwall’s lemma:

BV ] < B0+ kS i a1/l
TF1/C)) 0

C t
< E[|Yo|**] + 3k? BT 4 6k2Cign (1 + 1/Clgb)/0 E[|Y .|**]ds

(1 1/Ciav))

< E[|Yo|?*] 4 3k?

O

With Lemma 4.2, we can now establish a “Holder” type bound on E[|X; — X/|?*] for 0 <
t’ <t < T,, which by Kolmogorov-Chenstov theorem, implies the existence of an a.s. continuous
version of X;.

Proposition 4.3. Suppose that the DO approzimation X; of (2.1) exists on [0,T.). Suppose
that Assumption 4 holds for some k € N. If a and b satisfy Assumption 2, then there exists a
constant C := C(Xo, R, k, Te, Cign) > 0 such that

E[|X; — Xu|?*]<Ct—-t), 0<t <t<T.. (4.8)

Proof. The proof follows closely the one in [17, Theorem 4.5.4]. First, notice that, in the view

of (4.7), Lemma 4.2 gives an estimate of the 2k-moments of the DO approximation X for some
m

k € N. Now we use the inequality |r1 + -+ + rp|P < mP~1 S |ry|P for r € R twice and Jensen’s
i=1
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inequality to (4.4) to obtain
E[IX: — Xy [*"] = E[| /t,t(%f(xs) + Pyx.) = Pucx) Pyix,))als, Xs) ds
+ /t/t Pux.)b(s, Xs)dW, ]
<2E] /t,t(gzmxs) + Pyixn) — Pucxn) Pyx.)als, Xs) ds|*)

t
2B [ P blo, X)W
t/
t

_ _ k
<2 — )P 1E[/t (1 Zucx) + Pyix.) — Pux)Pyxnllzlals, Xo)|?)" ds]

’

t
+ 225 1E[| [ Pyxb(s, Xs)dW,|*H]
t/
t t
§22’°’1(t*t’)2’°’1E[/ Ia(s,Xs)IQ’“dsH?”“’lE[l/ Pux,)b(s, Xs)dW,|*¥]
t/ t/

For the first term in the last inequality above, using the inequality (1 4 r2)F < 28=1(1 4 2F)
for r € Ry, Assumption 2 and Lemma 4.2, we get

t t
B[ las. XoP*ds) < Bl | Gl + X))
t
gc{;b%l/ (1+E[[UTY ,[2*))ds
t/

¢ 4.9
<l [ By s (49)

< G2t /t (1+ (B[Y o] + K1(T.)) Ka(T.)) ds
= Ok 25 (14 (BIIXo|™] + K1 (T)) Ka(T2)) (8 —t').

For the second term, we will show

t t
B [ Dbl X)WL < (- ) b2k = 1) [ B, X)[ds. (1.10)
t/

+/

To see this, let I; := f:, @u(xs)b(s, Xs)dWs. Then the It6 formula implies

_ 1 _
d|I)?* = 2k|1,|?* 1sgn(It)32u(Xt)b(t,Xt)th+§2k(2k71)|It|2k N Puixnb(t, Xo)|[pdt. (4.11)

Taking the expectation of both sides, by Holder’s inequality we get

t t
E| / Py obls, X)W, = B[ 1] = 0+ k(2K — 1) / B[ 52| Py bls, Xo) [ 2ds
t/

t!

t

< k(2k—1) [ BLPHE(b(s. X [#]Eds
t/

By Lemma 4.2, we have f;IE|Xs|2kds = ftt, E|Y 4|?*ds < oo and, hence, by |AB|r

[IA]l2||Bl|F and (2.3), it holds E| ftt/ Pu(x.)b(s, Xs)dW|?*] < oo. This implies that |I.[** =

| [y Pux.,)b(s, Xs)dW|?* is a submartingale. Therefore, it follows

IN

t t
E] / Db, Xo)AW, ] < k(2k — DE[L*]1~ / E[[lb(s, X2} ds.
t/

t
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Raising both sides to the k-th power and dividing them by E[|I;|?*]*~!, we get

k

E[|/t/ Pux.b(s, Xs)dW,[**] < [k(2k — 1)]* (/t E[Hb(s,Xs”%k];ds) ’

and thus (4.10) follows by Jensen’s inequality. Therefore, bounding ft, [[1b(s, X5)||2¥]ds similarly
to (4.9) we obtain

t

]E[|/ Pu(x)b(s, Xo)dW, ] < (t—t")F[k(2k—1)]FCEL 2% (14 (B[ Xo**] + K1(T0)) Ka(T0)) -
t/

Putting all together, (4.8) follows:

t t
B~ X0 ) < 2270 = B Ja(s, XA+ 2B [ g bl Xo)aw,
t’ t’

<2720 1)y, (14 (B[ Xo[*] + K1(Te)) K2(Te))

+ 2072 — ) [R(2k — 1)) O, (1 + (B[ Xo[*] + K1(T2)) K2(Te))

< (t =) (TF + [k(2k — 1)]F) 2%72CF, (1 + (E[|Xo|*] + K1(Te)) K2(Te))] -
1

Having proved these results concerning boundness of 2k-moments of the DO solution, we are
now ready to extend it up to the explosion time 7T, with a.s. continuous paths.

Theorem 4.4. Let a and b satisfy Assumptions 1 and 2. Let an DO approximation X on [0,T,)
be given. If Xo satisfies Assumption 4 for some integer k > 1, then X admits a unique continuous
extension to [0,T.], almost surely. This extension is Hdélder continuous on [0,T.], and satisfies
E[|X¢|**] < o for all t € [0,T.].

Proof. By Assumption 4, Proposition 4.3 holds and (X;)o<i<7, admits an extension X, :=
limyp, X; € LP(Q;R?) that is unique in L*(Q;RY). From ||X; — Xy || r2rey < [|X; —
X[ por(oray for 0 < ¢ <t < T, the extension is unique in LP(Q;RY) for p € [2,2k]. By
construction of X7, , we have

E|X; — Xu P <Ct—t), 0<t <t<T.. (4.13)

Therefore, by Kolmogorov-Chenstov Theorem (see for example [11]) there exists a version
(Xt)teo,1.) of the DO approximation that is g-Hélder continuous for all 0 < ¢ < k2—7€1 By
construction, (Xt)te[O,Te] is a process with bounded 2k-moments.

Finally, let us see that (X¢)cp0,7,] and (Xt)te[O,Te] are indistinguishable. Indeed, by con-
struction of X we have X7, = X1, a.s. Moreover, (Xt)tepo,r,) and (Xt)te[O,Te) have a.s. contin-
uous paths and are versions of each other, and thus indistinguishable. Hence, (X¢)¢cjo,7.] and

(Xt)te[O,Te] are indistinguishable. This completes the proof. O

Together with Proposition 4.1, Theorem 4.4 gives us an insight into how to continue a DO
approximation beyond the explosion time T,. Let a DO approximation X of (2.1) with explosion
time T, that satisfies (4.5) be given. Suppose dim (Im(E[X;-])) = R for all ¢ € [0,T¢), with
a positive integer R. By Theorem 4.4, X can be continuously extended up to T., while from
Proposition 4.1 we know }%I%l ||C;;i||];‘ = oo. This implies that dim (Im(E[Xr, -])) = R’ < R.

Therefore, one can extend our DO approximation X continuously in ¢ beyond 7T, by considering
the DO system (2.6)—(2.7) with initial datum X7,. The corresponding DO solution satisfies
U, € REXd and Y, € [L2(Q))® for t € [T.,T. + T!), where T! is the new explosion time for
(U, Y).

23



4.3 The case of uniformly positive-definite diffusion

In the previous section, we have shown that by assuming the boundedness of the 2k moments of
the initial condition of the DO approximation for k > 1, the DO approximation can be extended
up to the explosion time T,. It turns out that, under the condition that we will introduce in the
following, the explosion time T, is never finite; as a result, rank-R DO solution exists globally.

A sufficient condition is that the diffusion matrix b(¢,z)b(t,z)" is positive definite with a
lower bound on the smallest eigenvalue, where the bound is uniform in ¢ and x. This condition
turns out to ensure that the smallest eigenvalue of the Gram matrix E[YtY;r ] remains bounded
below uniformly in ¢ and z, which in turn guarantees the global existence of the DO solution.
In the following, we use the notation A > B (respectively A = B) with A, B square matrices to
indicate that A — B is positive definite (respectively positive semidefinite).

Proposition 4.5. Suppose the rank R DO solution (U,Y) exists on [0,T]. Assume moreover
that there exist oy,,op > 0 such that

Oy, =E[YY{] = oy, Irxr; (4.14)

b(t,x)b(t,2)" = o Iixa, for any t € [0,T] and for any = € R%. (4.15)

Then for all t € [0,T] we have

2

) o

Cy, = min{oy,; FTeWREESYa] b(lB+ M)}IRxR, (4.16)
g

where M = M(T) is defined in Lemma 3.5.

Proof. By introducing the shorthand notation a; = a(t, X;) € R? and b; = b(t, X;) € R4*™ the
k-th component Y/* of Y; € [L?(Q2)]® satisfies

Y = Z UFaldt + Z Z Ukrprtaw?

=1 r=1

Hence, using It6’s formula for 1 < j, k < R, we have

m d d
AYPYF) = d(Y7 )Y+ Y dyE) + 0 Ui T uteat
=1 i=1 r=1
d

d m d
= O Ultaidt +> > UPvawhyF + v (YUl Zdt+ZZUtk’”b”th)
=1 =1 =1 =1 =1 i=1

d d
+Y DU Uty

=1 1=1 r=1

Hence,
dY . Y))= @Y, )Y + Y. (dY )" +Ub(Ub;) " dt

and taking the expectation of both sides yields

dE[(Y.Y[)]

- =E[U,a;(Y)] +E[Y (Ua,) "] + E[Ubb] U/

We now aim at analyzing the smallest eigenvalue of Cy, := E[(Y,Y )] through the Rayleigh

quotient. For any unit vector v € R, we have

LB

= v=20"E[Ua,(Y])]v+ v E[Ubb U/ v. (4.17)

24



Thanks to (4.15), the last term can be bounded below as
v E[U b U/ o =0 U E[bD U v >0 UsoplpxrU/] v > 0p.
The first term can be bounded above as
0 E[Y (Usar) ol = [El" Yo/ U/ 0] < [E[p" Yia]]

1 €
Q—EEHUTYJQ] + §]E[|at|2]

1 €
< Q—EE[vTYthTv] + 5 Cigo (1 + E[[Y[))
1
< Q—EUTE[YtY;r]v + %Clgb(l + M) for any ¢ > 0.
Taking ¢ = m leads to the following estimate on the derivative of 4; := v’ Cy,v =
v E[(Y,Y])]v:
d 1 oB
— Ay > ——Ay+ — 4.18
dt t — c t+ 9 ) ( )
from which we deduce co . .
Ay > TB(e? —1)e"F 4 Age” =

Noting that (4.14) implies Ag > oy, we conclude

TE[Y Y[ v > EUTB + (oy, — EUTB)e—?
U2B
> min{oy,,—} >0 for any t € [0,T].
= min{oy, 401gb(1+M)} v telo.T]

O
As a consequence of the proposition above, the following global existence result is obtained.

Theorem 4.6 (Global Existence of DO solution). Let Assumptions 1 —3 hold. Suppose that the
assumptions of Proposition 4.5 hold. Then, the DO solution exists for all t > 0.

Proof. From Theorems 3.4 and 3.6, the rank R solution uniquely exists up to a certain time
T > 0. Denote by T, its explosion time and suppose, to obtain a contradiction, T, < +o0. Then,
from Proposition 4.1 we have tl%rTn HC{,H\F = +o00. But by Proposition 4.5 the Rayleigh quotient

Ay = v Cy,v with v € R satisfies
2

g
A; > mi : B 0
¢ 2 min{oy,; A1 (1 + M(Te))} > 5

and, hence, for some constant & > 0 we have ||C;;i||];‘ < k for all t € [0,T.). This contradicts
lllrr%l ||C’;,:Hp = +o00. Therefore, T, = +o0. O
1Te

Remark 4.7. Tt is worth noticing that (4.15) is satisfied in the case of additive non-degenerate
noise.

5 Conclusion
In this work, we achieved to set a rigorous DO setting for SDEs under the conditions that the

studied drift and diffusion satisfy a Lipschitz condition and a linear-growth bound. First, we (re-
)derived the equations which characterize the evolution of the deterministic and stochastic modes,
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in a DO formulation, and showed how these can be re-interpreted as a projected dynamics leading
to a DLRA formulation. Our derivation makes use of the It6’s formula and avoids the direct
use of time derivatives. We proved local-existence and uniqueness of the DO formulation and
analyzed the possibility of extending the solution up to and beyond the explosion time. Finally,
we gave a sufficient condition that assures the global existence of the DLR approximation.

One natural development of this work would be to extend this DO framework and well-
posedness results to accommodate weaker assumptions on the drift and diffusion (e.g. local
lipschitzianity and/or weak monotonicity).

Furthermore, it would be interesting to build a DLR formulation as a fully projecting dy-
namics as in (2.18) by giving a rigorous meaning to the term 2y, [b(t, X;) dW;], possibly in a
distributional sense. In case one manages to achieve this goal, the direct connection to the stan-
dard DLRA formulation for deterministic or random equations would allow us to apply numerical
projector splitting schemes, which have been shown to perform very well in those contexts [5,
23].
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A Appendix
For a Hilbert space (H, (-,-)), denote by [H]# the product Hilbert space equipped with the norm
1Y |l = W/Zle Y32 for Y = (Y7) € [H]E. For Y € [H]|® let Zy be the Gram matrix

Zy = (<Yj’Yk>)j,k:1,...R € RE,

If Zy, is invertible, then for Y close to Yo, Zy is also invertible. The following result makes
this intuition precise.

Proposition A.1. Suppose that Yo € [H|® has linearly independent components Yoj, j =
1,...,R in H, and that ||[Yo|lg < p and HZ;*i”F < « hold for p,v > 0. Then, there exists
n:=n(p,v) > 0 such that we have

125" e <2y, for any Y € By(Yo),

and 1(p,~) is decreasing in both p and . Here, B, (Y ) is the open ball in [H]" of radius n
around Y g.

Proof. Any Y € B, (Y ) may be written as Y = Yo + 78 with r <7 and [0z = 1. We will

derive an upper bound 7 on r that guarantees || Zy||p < 27.

Define Y (s) := Y + sd and let f(s) := Z;,}S). Then, we have

—f(s) = —f(s) | (187, Y(9)")jumr,r + (Y (),8)) ot | £(5).

=25,y (s) =2y (s),5
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Therefore, it holds

d

SIFOIR = ST(f(s)7T ()

= —Tr(f(s)(Zs,v(s) + Zy(5).8)f () f " (5)) = Ts(f(s)f T (5)(Zy(s).5 + Zo.w () [ (5))
<2/ Zs,yv(s) + Zy(s)s el f2(5)l|r

<2(1Zs,y () ¥ + 1 Zy () s 1)1 ()|

<418/l 1Y ()l =)L ()

<4(p+5)| f(9)[I3-

Let E, = || f(s)||2 so that E; ? 4B+ < 4(p + s) and

ds
T _E‘;l/Q T 3 Es
/ QMdS:/ FEs 3d ds§4pr—|—2r2,
0 dS 0 dS

_1 _1

which implies —2E,. * + 2E, * < 4pr + 2r2. Now we use Ey < ¥? to obtain the bound y~! —
_1

2pr —r? < E, . Forany 0 <r < —p+,/p®+ %, we have % —2pr —r? > 0 and thus this bound

yields
1 1

g1 < = .
I YT”F_ L 2pr — 12 %+PQ*(P+T)2

¥

Then, HZ{,i |2 < 44?2 is guaranteed by the condition 0 < r < —p+,/p% + %, which also implies

% — 2pr — 12 > 0 above. Finally,
n(p,7) = —p+4/p* + e (A1)
) 2/7

is decreasing in p and v:

0

a—n* p 171<0, Vp,v > 0;
P p2+ﬂ

0 1 1

a—n:*F <0, Vp,’}/>0
Y 2 p2+21

O

Recall that a finite rank functions as in Definition 2.4 admits a representation reminiscent of
the singular value decomposition as in (A.2) below; see [14, Lemma 2.1]. For such functions that
are close enough, the following Lipschitz bounds hold for the projector-valued mappings. The
proof of this statement follows closely [3, Proof of Lemma A.2]; see also [41, Lemmata 4.1 and
4.2] for a finite dimensional version.

Proposition A.2. Suppose that X, Xe L?(Q; H) have the following representations

R R
X =3 oUiVy, X =% 6;U;Vj, (A.2)

j=1 j=1

with oj,6; > 0, and U}, Uj cH,Vj, VJ € L?(Q) all orthonormal in their respective Hilbert spaces,
forj=1,...,R. Here, 0; and 65, j = 1,..., R, are ordered in the descending order. Suppose
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further that || X — XHLZ(Q;H) < or/R holds. Then, the projections Py = Zle(Uj, SYpU; and
Py = Zle E[V; -1V} satisfy

R N R -
|Pv—Pplla—u < ;”X_XHLZ(Q,H) and || Py — Py || n2(0)—» 12 () < E”X_X”L?(Q,H)- (A.3)
Moreover, we also have
R ~
|Py + Py — PuyPy — (Py + Py — Py Py )| 20, m)y—12(0,1) < SEHX — Xlz2,m)-  (A4)
Proof. For any f € L?(2; H), one has
R
1Py f = Py Py fll s = II(d — Py) Py fllrogum = l(d = Py) Y E[V; £Vl 2.,
j=1
and using (U;, X) g = o,V it follows
R
1
| Pvf — Py Py flleo.m = [(d — Py) ZU—]EVf (U, X)all 2o m)-
j=1 "7
From (id — PV)X =0, we have
0= (Uj,(id — Pp)X )y = (Uj, X)ir — (U, Po X

but [21, Theorem 8.13] implies

R
(U, PoX)m = (U, E[V; X))V

<.
I
—

E(U;, V; X)u]V; = XR:IE[V}(UJ»,X)H]V; = Py ((U;, X)),

j=1

I
WE

<.
Il
—_

and thus (id— Py )((U;, X)) = 0 for j € 1,..., R. Therefore, o} 'E[V; f](id— P ) ((U;, X)i) = 0
for j €1,..., R. Hence, the Cauchy-Schwarz inequality and orthonormality assumptions on U}
and Vj imply

R
1
1Py f = Py Py fllaqum = 1Gd = Py) Y —EIV; fIU;, (X = X))all o)
j=1"7

<|(id - Py )|\L2(QH)—>L2(QH)Z Vil p2sm | £l L2 1 U5 | e | X — X || 2gosm)
=%
R X
< —|flleec:m X — Xl z2(0:m)
OR

(A.5)
and thus the assumption || X — X|p2m) < or/R yields |[|[Pv — Py Pyl r2.m)—r2sm) < 1.
Hence, following the same argument as in [14, Proof of Lemma 3.4], we invoke [13, Lemma 221]
(see also [12, Theorem 1.6.34]) to obtain

[Pv — Py Pyllr2im—r2 @i = 1Py = Pyllz@m—r2@im)-

Therefore, from (A.5) it follows

R N
[Pv = Pyll2(oumy—r2 i) < a”X — X2
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By similar arguments, we can obtain the analogous bound for the projections Py =
Zf’:l(Uj, 2 rU; and Py = Zf’:l(Uj, -yaU; onto the span of {U;}; and {U;};, respectively:

R X
|Pv — Pyllasm < E”X — Xl z2(0,1)-

Finally, to show (A4), notice HPU — PUHH%H = ||PU — PU||L2(Q;H)_>L2(Q;H).
Then it follows that

|Pv + Pv — PuPy — (Py + Py — Py Pyl L2(9,1) 12 (Q.H)
=|(Pv — Py) + (id = Py)Pv — (id — Py) Pyl 120, H)— L2 (0, H)
=||(PU — PU) + (id — Py)Py — (id — PU)PV
+ (id — Py) Py — (id — Py ) Py || L2, )= 12 (9, H) (A.6)
<I(Pu = Py)ll2o,my—r2@,m) + [1(d = Pu)(Py — Py)ll L2, H)— L2 (9, H)
+ [(Pr — Py) Pyl 120, H)— 12 (9, H)

3R -
<—||X — X|lp2(,m)-
OR

We conclude this section giving another useful result inherent to orthogonal projections.

Lemma A.3. Given v, R > 0 two positive constants, let

B, r:={te[0,T] = U, e R| sup [[(UU]) r <y and sup |Uslr < VR},
s€[0,T) s€[0,T]

where the invertibility of UtU;r is implicitly assumed. Define the orthogonal projectors Pry™ :=

UtT(UtU:)_lUt, Pg’:” = UtT(Ut(jtT)_lﬁt onto the rows of Uy and U, respectively. Then
there exists a constant Cy1 > 0 such that the following holds

sup ||PgY — Pt lle < Ci sup Uy —Ulp.
t€[0,T] t€[0,T]

Further given v, M > 0 two positive constants, let

Bsa o= {t €[0,7] = Y € [L2(Q))F | sup |E[Y,Y ] 'r <7 and E[ sup |Y,|?] < M}.
SE[OaT] SE[O,T]

~ ~ T~ ~T ~

Given' Y,Y € B, ur, let Py, []:=Y[E[Y,Y/|T'E[Y,], Py [] =Y, E[Y,Y, | 'E[Y¢] be the
orthogonal projectors onto the subspace spanned by the components of Y, and Y, respectively.
Then there exists a constant Cy > 0 such that the following holds

E[ sup [|Py, — Py 32(0)-12())? < CoE[ sup Y, — Y ,[?
te[0,T] te[0,T7]

Proof. For Y, Y, € [L*(Q)]" we have

~ T ~ ~T ~
Y/E[Y,Y,] 'E[Y,g] - Y, E[Y,Y, ] 'E[Y ]
=Y, - Y, )E[Y,Y,] 'E[Y.q]
~T _ - =T
+Y, (EY, Y] —E[Y,Y, ] E[Y,g]

+ Y E[Y Y, T E]Y 9] — E[Y g)).



Let Y,Y € B, 5. From [14, Lemma 3.5], there exists a constant C'(R, M) > 0 such that

~ ~T ~ ~ 1
IE[Y Y ]t —E[Y,Y, ]| e <ACR,M)E[|Y, - Y,|*]?

<AC(R,M)E[ sup |Y;— f’t|2]%,
t€[0,T]

and thus

sup |(Py, =Py, )9l <7 sup |¥:— Y| E| s [Y¢l|g]]
telo,

te[0,T) te[0,T]

+3C(R,M)( sup [Vol) (B sup |¥, — Yu*}))E[ sup [¥ilg]
t€[0,T] t€[0,T] t€[0,T]

+ ((sup [Yu[)F(EL sup [Yo— Yillgl)).
te[0,T] te[0,T]

Then, using the Cauchy—Schwarz inequality to Elsup,c(o 7y [Y¢/|g/] and Efsup,e(o ) Y — Y llgll,
taking the square of both sides and taking the expectation yields the result. The result for Pg™

can be analogously shown. O
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