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CONTINUOUS TIME LIMIT OF THE STOCHASTIC ENSEMBLE
KALMAN INVERSION: STRONG CONVERGENCE ANALYSIS*

DIRK BLOMKER', CLAUDIA SCHILLINGS!, PHILIPP WACKER?,
AND SIMON WEISSMANNGS

Abstract. The ensemble Kalman inversion (EKI) method is a method for the estimation of
unknown parameters in the context of (Bayesian) inverse problems. The method approximates the
underlying measure by an ensemble of particles and iteratively applies the ensemble Kalman update
to evolve (the approximation of the) prior into the posterior measure. For the convergence analysis of
the EKI it is common practice to derive a continuous version, replacing the iteration with a stochastic
differential equation. In this paper we validate this approach by showing that the stochastic EKI
iteration converges to paths of the continuous time stochastic differential equation by considering
both the nonlinear and linear setting, and we prove convergence in probability for the former and
convergence in moments for the latter. The methods employed do not rely on the specific structure
of the ensemble Kalman method and can also be applied to the analysis of more general numerical
schemes for stochastic differential equations.
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1. Introduction. Inverse problems have a wide range of application in sciences
and engineering. The goal is to recover some unknown quantity of interest, which can
only be observed indirectly through perturbed observations. These problems are typi-
cally ill-posed; in particular, solutions often do not depend on the data in a stable way,
and regularization techniques are needed in order to overcome the instability. The
Bayesian approach to inverse problems interprets the problem in a statistical frame-
work, i.e., introduces a probabilistic model on the parameters and measurements in
order to include the underlying uncertainty. The prior distribution on the unknown
parameters reflects the prior knowledge on the parameters and regularizes the problem
such that, under suitable assumptions, well-posedness results of the Bayesian problem
can be shown. The posterior distribution, the solution to the Bayesian inverse prob-
lem, is the conditional distribution of the unknown parameters given the observations.
Since the posterior distribution is usually not directly accessible, sampling methods
for Bayesian inverse problems have become a very active field of research.

We will focus here on the ensemble Kalman filter (EnKF) for inverse problems,
also known as ensemble Kalman inversion (EKI), which is a very popular method
for the estimation of unknown parameters in various fields of application. Originally,
the EnKF was introduced by Evensen [27, 28] for data assimilation problems, and
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more recently, it has been considered to solve inverse problems [42]. The EKI has
been analyzed in the literature as particle approximation of the posterior distribution
as well as a derivative-free optimization method for classical inverse problems. Both
the EnKF and the EKI method have been analyzed in a continuous time formulation
as a coupled system of stochastic differential equations (SDEs). The main focus of
this work is to theoretically verify the convergence of the discrete EKI method to its
continuous time formulation.

We will give an introduction to our mathematical setup after a brief overview of
the existing literature.

1.1. Literature overview. As stated above the EnKF was introduced by Evensen
[28] as a data assimilation method which approximates the filtering distribution based
on particles. This method was first applied in the context of Bayesian inverse problems
in [15, 23] and analyzed in the large ensemble size limit under linear and Gaussian as-
sumptions [54, 48] as well as nonlinear models [53]. In [50] the authors study the mean
field limit of the closely related ensemble square root filter (ESRF). The EnKF has
been formulated in various multilevel formulations [34, 16, 35, 10]. A long time and
ergodicity analysis are presented in [43, 65, 44], including uniform bounds in time and
the incorporation of covariance inflation. Under linear and Gaussian assumptions the
accuracy of the EnKF for a fixed ensemble size was studied in [66, 56|, the accuracy
of the ensemble Kalman—Bucy filter was studied in [19, 18]. Beside the large ensemble
size limit, much work has been done in the analysis of the continuous time formulation
[5, 6, 60]. Theoretical verification of the continuous time limits of the EnKF [52] and
the ensemble square root filter [51] have been theoretically verified. In [52], uniform
boundedness and global Lipschitz continuity on the forward and observation model
is assumed. In [49], this assumption could be relaxed to general nonlinear functions
by working with stopping time arguments introducing cut-offs and controlling the the
empirical covariances. The results on the continuous time limits then hold locally
in time with bounding constants growing exponentially in time or in convergence in
probability, but error estimates are not given in any moments uniformly in time.

The application of the EnKF to inverse problems has been proposed in [42]. It
can be viewed as a sequential Monte Carlotype method as well as a derivative-free
optimization method. While in the setting of linear forward maps and Gaussian prior
assumption the posterior can be approximated in the mean field limit, for nonlinear
forward maps this iteration is not consistent with respect to the posterior distribution
[26]. In [20, 32] the authors analyze the mean field limit based on the connection to
the Fokker—Planck equation, whereas in [22] weights have been incorporated in order
to correct the resulting posterior estimate for nonlinear models. Much of the existing
theory for EKI is based on the continuous time limit resulting in a system of coupled
SDEs which was formally derived in [63] and first analyzed in [7]. Furthermore, in
[1] a stabilized continuous time formulation has been proposed. The continuous time
formulation can be regarded as a derivative-free optimization method due to its gra-
dient flow structure [63, 47]. In the literature two variants are typically considered:
the deterministic formulation, which basically ignores the diffusion of the underly-
ing SDE, and the stochastic formulation including the perturbed observations. In
[8] the authors extend the results from [63] by showing well-posedness of the sto-
chastic formulation and deriving first convergence results for linear forward models.
The EKI for nonlinear forward models has been studied in [13] in discrete time with
nonconstant step size. In [9] the dynamical system resulting from the continuous
time limit of the EKI has been described and analyzed by a spectral decomposition.
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In the viewpoint of EKI as an optimization method it naturally turns out that one
has to handle noise in the data. In [64] the authors propose an early stopping cri-
terion based on the Morozov discrepancy, and in [40, 41] discrete regularization has
been considered. Most recently, in [12] the authors include Tikhonov regularization
within EKI. Furthermore, adaptive regularization methods within EKI are studied in
[59, 39].

In comparison to the EKI method studied in the following, a modified ensemble
Kalman sampling method was introduced in [29] and further analyzed in [30, 21, 61].
The basic idea is to shift the noise in the observation to the particle itself and make
use of the ergodicity of the resulting SDE related to the Langevin dynamic in order
to build a sampling method.

1.2. Mathematical setup. We are interested in solving the inverse problem of
recovering the unknown parameter u € X’ from noisy data y € R¥ described through
the underlying forward model

(1.1) y=G(u) +n.

Here G : X — RX denotes the possibly nonlinear forward map, mapping from a
parameter space X' to an observation space R, and n ~ N(0,T') models the noise
incorporated in the measurement. Throughout this article we will assume a finite-
dimensional parameter space X = RP. Due to the subspace property of the EKI (cp.
[42]) the EKI ensemble stays in the affine subspace spanned by the initial ensemble,
thus rendering the dynamics finite dimensional. Determinstic approaches to inverse
problems typically consider the minimization of a regularized loss functional

51%1]15) {Lrpx (G(u),y) + Rre(u)},

where Lpx : RE x RX — R, describes the discrepancy of the mapped parameter
and the data, whereas Rrr : RP — R, is the regularization function incorporating
prior information on the parameter v € RP. Classical choices of regularization include
Tikhonov regularization [25] and total variation regularization [14, 62]. For more
details on the different types of regularization we refer to [24, 4].

In contrast, from a statistical point of view, the Bayesian approach for inverse
problems incorporates regularization through prior information of the underlying un-
known parameter by introducing a probabilistic model. The unknown parameter u is
modeled as an RP-valued random variable with prior distribution p¢ which is stochas-
tically independent of the noise 7. Hence, we can view (u,y) as a jointly distributed
random variable on RX x RP, and solving the Bayesian inverse problem means condi-
tioning on the event of the realized observation y € RX. The solution of the Bayesian
inverse problem is then given by the distribution of w | y, also known as the posterior
distribution:

(1.2) pldu) = 7 exp(~® (w5 ) pao(du)

with normalization constant Z := [, exp(—®(u;¥y))uo(du) and least-squares func-
tional ®(-;y) : RP — Ry defined by ®(u;y) = % |ly — G(u)||%, where ||-||r == [T 7/2 ||
and | - || denotes the Euclidean norm in R¥. We note that for a linear forward map
G() = A -, A€ L(RP,R¥) and Gaussian prior assumption g = N(0, $Cp) the
maximum a posteriori estimate is computed as

, A
min @ (u;y) + 2 ull?,

uERP
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which relates the Bayesian approach for inverse problems to the Tikhonov regulariza-
tion with particular choice

1 A
Lax(G()y) = 5lly = G and Ra(u) = Zulg,.

1.3. EKI: The EnKF applied to inverse problems. The EKI method, as
it was originally introduced in [40], can be viewed as a a sequential Monte Carlo
method for sampling from the posterior distribution (1.2). The basic idea is to draw
an ensemble of samples from the prior distribution and evolve it iteratively through
linear Gaussian update steps in order to approximate the posterior distribution. The
linear Gaussian update steps are based on the introduced tempered distribution

(13) o () = exp(—hb(u;y))un ()
n

with h = 1/N for some N € N and normalizing constants Z,. Note that pg corre-
sponds to the prior distribution and py to the posterior distribution.

To be more concrete, we introduce the initial ensemble (u G ))ge{l .y of size J
as an independent and identically distributed (i.i.d.) sample from the prior uoj ~ Q-
The particle system in the current iteration is used as empirical approximation of the
tempering distribution defined in (1.3):

J
1
n(du) ~ j ; (Suglj) (du)

Given the current particle system (ug))j€{17...,J} we compute the EnKF update for
each particle accordingly to obtain a Gaussian approximation on the distribution

Un+1- We define the following empirical means and covariances:

1, _ 1
Cun) = j;(ug) —ﬂn)(u%j) _ﬂn) Up = jz:: )
1 J ) ) _ _ 1 J
C"P(up) = Wi Z(“g) - ﬂn)(G(ugzj)) - Gn) Gn j Z (j)
J
€7 () = 3 (G = G) (Glal)) — G

Il
-

J

The ensemble Kalman iteration in discrete time is then given by
(14) u) = uf) — O (u,) (CPP (u) + D) NG W) —4Y))), G =1,...,7,

where h > 0 is the given artiﬁcial step size and yfﬂ_l is the artificially perturbed

observation y,(w)rl =y + §n+1, where fﬁf}_l are i.i.d. samples according to N(0, %F)

The above perturbation can also be viewed acting on the mapped particles G(ugf ))
with possible interpretation of randomization. In this context, the scheme might be
connected to sampling via randomized likelihood [2] and sampling via randomize-
then-optimize [3]. Considering the EKI iteration in (1.4) we find the two parameters
h > 0, denoting the artificial step size, and J > 2, denoting the number of particles.

To analyze the EKI method, typically at least one of the limits h — 0 or J — o0
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is applied. While the limit J — oo refers to the mean field limit, the limit h — 0
corresponds to the continuous time limit of the EKI.

Our aim is to give a rigorous verification of the continuous time limit for fixed
ensemble size 2 < J < oo. Therefore, we first rewrite the discrete EKI formulation
(1.4) as

uly = u) = RO () (hCPP (un) + 1) TG (u)) — y)
VRGP () (hC7 () + 1) TR,
where C,(lel are i.i.d. samples according to N(0, Fx « k), where Fx « is the identity
matrix in RE*K . Taking the limit A — 0 leads to (h CPP(u,) +T)~! — I'"! and the
continuous time limit of the discrete EKI can formally be written as the system of
coupled SDEs

(1.5)  dul? = P (u)T " (y — G dt + CP(u)T~2 aw ), j=1,...,J,

where W) = (Wt(j ))tZO are independent Brownian motions in RP. We denote by
Fi = (T(WS(J ),s < t) the filtration introduced by the Brownian motions and the
particle system resulting from the continuous time limit, respectively. Furthermore,
we denote by F, = U(C,gj), j =1,...,J, k < n) the filtration introduced by the
increments of the Brownian motion and the particle system resulting from the discrete
EKI formulation, respectively. In particular, for the rest of this article we will consider
the filtered probability space (0, F,F = (F)ieo,1]:P) and (Q,F,F = (Fo)i_1, P),
respectively.

We are going to analyze the discrepancy between the discrete EKI formulation and
its continuous time limit. Therefore, we introduce a continuous time interpolation of
the discrete scheme denoted as Y (t), and we describe the error by E(t) = Y (t) — u(t).
We will provide convergence in probability of the discrete EKI for general nonlinear
forward maps, whereas in the linear setting we will provide strong convergence under
suitable assumptions.

1.4. Outline of the paper. The contribution of this paper is a rigorous the-
oretical verification of the continuous time limit of the EKI. We provide two very
general results independent of the structure of the ensemble Kalman method, which
can then be applied to the EKI. In particular, we formulate the strong convergence
result in such a way that it applies to various variants of the EKI. It is only required
to verify the existence of moments up to a certain order.

We make the following contributions:

e We present approximation results for a general class of SDEs. Based on
localization we are able to bound the error of the discretization up to a
stopping time. Removing the stopping time leads to our two main results:

1. convergence in probability with given rate function and
2. convergence in L? with given rate function.

e We apply the general approximation results to the EKI method in a general
nonlinear setting, where we can verify convergence in probability under very
weak assumptions on the underlying forward model.

e In the linear setting we are able to prove strong convergence in LY of the
discrete EKI method. While for general linear forward maps we obtain L’
convergence for 6 € (0,1), we provide various modifications of the scheme in
order to ensure LY convergence for 6 € (0,2).
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With this manuscript we resolve the question posed in [7]: It is indeed the case
that the specific form of the discrete EKI iteration (in particular the additional term
(hCPP(u,) + I')~! vanishing in the continuous-time limit A — 0) can be thought of
as a time discretization for the SDE (1.5) specifically enforcing strong convergence,
which cannot be said for a simple Euler—Maruyama-type iteration of form

w9 = ul) = h O () (G(u)) — y) + VA CP (u,) T3 V)

Indeed, numerical simulations (not presented in this manuscript, but easily imple-
mented) show that the Euler-Maruyama discretization does not exhibit strong conver-
gence (as already demonstrated for a similar SDE in [37]) due to rare events resulting
in exploding iteration paths. There are connections to taming schemes (which have a
similar effect of cutting off exploding iterations), as in [36], although the specific form
of EKI is not a taming scheme in the narrow sense.

The remainder of this article is structured as follows. In section 2 we present
our general numerical approximation results for SDEs which are then applied to the
solution of general nonlinear inverse problems with the EKI method in section 3. The
application to linear inverse problems is presented in section 4. We close the main part
of the article with a brief conclusion in section 5 discussing possible further directions
to take. Most of our proofs are shifted to the appendix in order to keep the focus on
the key contribution presented in this article.

2. General approximation results for SDEs. In this section we discuss a
general approximation result for SDEs, which is then applied to the EKI. We consider
local solutions (i.e., up to a stopping time) of the following general SDE in R™ in
integral notation:

(2.1) x(t) :x0+/0 f(x(s))dt+/0 g(x(s))dW (s).

Given a step size h > 0, we assume that f and g are approximated by f, and g,
respectively, and we consider the following discrete numerical approximation to x(t):

(2.2) Y () = 20+ / fa(Y (Ls)))ds + / an(Y ([]))dW (s),

where we round down to the grid |s| = max{kh < s : k € N} and suppress the
index h in this notation.

It may seem strange to allow for the flexibility of approximating f and g by fn
and g, (instead of just using pointwise evaluations of f and g), but this is exactly the
case for the continuous and discrete version of EKI; see section 3. One can check that
Y is a continuous time interpolation of the following discrete scheme:

We assume that both the discrete and the continuous scheme start at the same initial
value, i.e., (0) = Y(0) = zo. Note that for every fixed h > 0 the discrete scheme
exists for all times and cannot blow up in finite time. For the nonlinearities we assume
that the limiting drift terms f and the limiting diffusion matrix g are locally Lipschitz
and that the nonlinearities f;, and g, have a local uniform bound in A on the growth
and approximate f and g again in a local sense. To be more precise we formulate the
following assumption.

Copyright (©) by STAM. Unauthorized reproduction of this article is prohibited.
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Assumption 2.1. Assume that the functions f, f : RP — R? and g,g5, : RP —
RPXEh € (0,1), are locally Lipschitz such that for all radii R > 0 there exist
constants Cy, L, and B such that for all u,v € R™ with norm less than R the following
properties hold:

1. uniform approximation on compact sets

[fn(w) = f(W)]| < Ca(Bh),  lgn(u) = g(u)l[us < Ca(R, h)

with Cy (R, h) — 0 for h — 0;
2. local Lipschitz continuity

[f(u) = fF)l < L(B)[lu =, [lg(u) = g(v)llas < L(R)[lu—vl|;
3. growth condition

[fa(@ll < B(R),  lgn(u)llus < B(R).

Moreover, we can assume without loss of generality that all R -dependent con-
stants are nondecreasing in R.

Remark 2.2. Note that item 3 of Assumption 2.1 just means local boundedness,
but we will use the specific growth factor B(R) in the proofs later and have to compute
the dependence of B on R. To be more precise, we will fix R depending on h such
that various terms depending on h, B(R), L(R), and C,(R,h) are small. See, for
example, (2.7).

Here and in the following we used || - || and (-,-) for the norm and the standard
inner product in RP, while || - ||gs is the standard Hilbert—Schmidt norm on matrices
in RP*P which appears in Itos formula.

Using the Lipschitz property, we immediately obtain the following statement re-
garding the one-sided Lipschitz property.

LEMMA 2.3. Under Assumption 2.1 we have for a small € > 0 that
2(f(u) = f(y)su—v) +cllg(u) = g(v) s < (6(R) — €)[Ju — v]?
for all u,v € R™ with norm less than R with
(2.3) §(R) := 2L(R) + cL(R)* + .

This estimate with ¢ = 1 4 € is needed if we want to bound second moments of
the error. The higher the moment we want to bound, the higher ¢ has to be.

Convergence of the Euler-Maruyama scheme for SDEs was postulated under con-
dition of finite exponential moment bounds of the discretization in [33], but this
condition was soon after proven to be too restrictive: Divergence of the vanilla Euler—
Maruyama scheme for non-Lipschitz-continuous coefficients was demonstrated in [37]
due to an exponentially rare (in h) family of events with biexponentially bad behavior,
which is why standard textbooks about numerical approximations of SDEs [46, 55,
57] generally assume globally Lipschitz-continuous coefficients. This led to the devel-
opment of “taming schemes” in [38, 36] which are able to cut off the rare tail events
leading to exploding moment bounds. The idea is to replace the Euler-Maruyama
iteration for an SDE of form dz = p(z)dt + o(x)dW of type

Tpy1 = Tp + b p(zn) + o(zn) AW,
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by something of the form

h-p(zn) + o(zn) AW,
1+ |- p(zn) + o(x,) AW, |

Tn41 = Tn +

The denominator is close to 1 for small (well-behaving) increments, and it bounds large
deviations (which have very small probability anyway) to avoid exploding paths. Our
method of using stopping times to bound (stopped) moments and then remove the
stopping times is based on ideas in [33].

2.1. Residual. We want to bound the error E(t) = a(t) — Y (t) solving
(2.4) dE = [f(z) — f(z — E)|dt + [g(z) — g(x — E)]dW + dRes,
where we define the residual Res, which is an RP-valued process solving
(2.5) dRes(t) = [=fr(Y([t])) + F(Y()]dt + [=gn (Y ([£])) + g(Y (£))]dWV.

Note that the scheme is set up in such a way that E(0) = 0. Our strategy of proof is
to first bound the error assuming that F, x, and Y are not too large. Later we will
show that this is true with high probability.

DEFINITION 2.4 (cut-off). For a fized time T > 0 and sufficiently large radius R
(which will depend on h later) we define the stopping time

Try =T ANinf{t > 0: ||z(®)|| > R—1, or |[E(t)]| > 1}.
Obviously, we have

sup |lz(t)|| < R and sup ||[Y(¢)|| < R.

(0,7R,n] [0,7R,n]

Moreover, 7, > 0 a.s. if ||(0)|| < R — 1, as both = and E are stochastic processes
with continuous paths. We first bound the residual in (2.5).

LEMMA 2.5. For t € [0,7gn] one has dRes(t) = Resi(t)dt + Resa(t)dW with
Res1 = —fr(Y([t])) + f(Y(¢)) and Rese = —gn (Y ([t])) + g(Y (¢)). Then for i =1,2

E sup |Res;(t)||? < CpK(R,h)P

te[0,7r,n]

with a constant C, > 0 depending only on p and
(2.6) K(R,h) := Cy(R,h) + L(R)h'/*B(R) .
As the residual needs to be small in order to prove an approximation result, in
the applications we will need to choose a radius R = R(h) with R(h) — oo for h — 0
such that

(2.7) K(R(h),h) =0 for h — 0.

Proof. For the proof see Appendix A. ]

Copyright (©) by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 05/16/23 to 137.250.102.74 . Redistribution subject to SIAM license or copyright; see https.//epubs.siam.org/terms-privacy

CONTINUOUS TIME LIMIT OF THE EKI 3189

2.2. Moment bound of the error. For the error we first prove the following
lemma.

LEMMA 2.6. We have for K from (2.6)
E||E(t ATrp)|? < CK(R, h)? max{1,e®)  for allt > 0.
Sketch of the proof. The main idea here is to apply It6’s formula in order to derive

d|E||? = 2(E,dE) + (dE,dFE)
=2(E,[f(x) — f(x — E)] + Resy)dt
+2(B,[9(x) — g(x — ) + Ress]dW) + [|[9(z) — g(z — E)] + Resq|[fgdt

and imply
t
E|E(t ATra)lI* < |EO)]* + 5(R)E/ IE(s ATrop)lIPdt + CK (R, h)*.
0

The assertion follows by application of Gronwall’s lemma. For full details of the proof
see Appendix A. ]

Remark 2.7. Note that for §(R) < C' (which implies global Lipschitz continuity of
fn and gp, by its definition (2.3)), we have a valid error bound as soon as the residuals
are small determined by K (R, h). In the contrast to that, in the case §(R) oo for
R — 00, we might have an additional exponential in the bound. Thus we will have
to take R(h) much smaller in h, and we expect it to be some logarithmic term in h
at most.

We could now proceed and extend this result to arbitrarily high moments; i.e.,
we can do estimates of E||E(t A 7g;)||P by using

_ p _
d|E|" = d(|E|[*)*"? = pl| E|"~*(E, dE) + S||E|"~*(dE, dE)

1
+ 5p(p — 2)|E|P4(E, dE)?.

Each power is now sort of straightforward but needs a different one-sided Lipschitz
condition. To avoid having too many technicalities, we only go up to the fourth power.
We obtain as before
d|E|* < 4| E|X(E, f(x) — f(z — E) + Res)dt
+3[|1E[?llg(x) — g(z — E) + Resy|[figdt
+ 2| E|*(E, [g(x) — g(z — E) + Resy]dW)
< [26(R)|IE||* + Cc|[Reso|ls + Ce[Res: || ] dt

+2||B|*(E, [9(x) — g(z — E) + Resy]dW.
Note that for the fourth power we need a slightly different one-sided Lipschitz condi-
tion than for the square. This would yield a different 6(R). Nevertheless, we slightly

abuse notation and consider the same d(R), i.e., the larger one, for both cases. Finally
from Lemma 2.5, using the martingale property of the stopped integrals,

tATR, R
E||E(tATrp)|* < 25(R)E/ |E||*dt + C.TK (R, h)*
0

t
< 25(R)E/ |E(s ATrp)||*dt + CK (R, h)*,
0

and again Gronwall’s lemma implies:
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LEMMA 2.8. We have for K from (2.6)
E||E(t ATrp)|* < CK(R,h)* max{1,e?@ ) for all t > 0.

2.3. Uniform moment bound of the error. With our moment bounds we
now obtain a bound on Esupy, .. 1 [|E||*. Recall that 75 < T by definition.

LEMMA 2.9. For all T > 0 there is a constant C' > 0 such that for K from (2.6)
E sup [|E|? < CK(R,h)*(L(R)? + 1) max{1,e* BT},
[0,7R,n]
Proof. For the proof see Appendix A. ]

Now we can finally fix in applications R(h) — oo for h — 0 (but sufficiently slow)
such that

E sup |E|?*— 0 for h — 0.
[0,7R(R),n]
Let us remark that we could also treat Esupy .. i [[£[|P for p > 2, but this will be
quite technical and lengthy, using Burkholder-Davis-Gundy.

2.4. Removing the stopping time. We present two results depending on how
good our bounds are on z and Y.

Convergence in probability. For convergence in probability we only need stopped
moments of x, as we do not control the error beyond the stopping time. Moreover,
these moments can be very weak, for example, logarithmic.

THEOREM 2.10. Assume that there is a radius R(h) — oo and a y(h) — 0 such
that

v(h)2E sup |E|?>—=0 for h— 0.

[0,TR(n),n]

Moreover suppose that for an unbounded monotone growing function ¢ : [0,00) —
[0, 00) we have uniformly in h € (0,1) that Eo(||x(Trn)x)|) < C. Then

P (sup |E| > 'y(h)> —+0 for h = 0.
[0,7]

Proof. Consider first using the definition of 7 (where R = R(h) — oo for
h — 0):

P(rrn <T) <P(|E(TrR )| 2 Lor [l2(rrn)| = R —1)
<P(E(rrn)l 2 1) +P([z(rrn)l = R —1)
<E

IE(Tru)I? + P (lz(7R0) | = R~ 1).

Using this we thus obtain

[0,77]

P (Sup 1] > V(h)> <P <£Sup} Bl > ~(h); TR = T>
0,T

+P (sup IE|| > ~(h); TR < T)
T

)

<E sup [|E[*(1+~(h) ) +P(|lz(rrn)ll = R~ 1).

[0,7Rr,R]
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Using the first assumption of the theorem for the first term, together with
P(|z(rrn)| > R—1) < o(R—1)"'Ep([lz(trp)ll) = 0 as R=R(h) = oo
by Markov inequality and the second assumption, finishes the proof. ]

Convergence in moments. In order to bound the moments, we need control of the
error beyond the stopping time 7g . Thus, we need a control on the moments of x
and Y. Consider, for 6 > 0 to be fixed later, and p > 1,

E|E@®)|’ = /{ NCOEE / |E(t)|°dP

{Tr,n<t}

- / VE(t A 7o) AP + Ex (o , <y | E(H)]°dP
{tr,n>t}

1/p
<E|E@EA )+ Plrr < -2 (BIE@P) .
1/ 1/po 1/po 0
Now we use first (E|[E(t)|*) "< c((Ell=t)17) " (1Y @&)1) ' )
Secondly, we already saw (here ¢ € [0, T])
IP(’TR’h < t) < P(TR’}L < T) <E sup ||.E||2 +P(Hx(TR,h)” >R— 1)

0,7R,n
We fix ¢ > 6, 6 <2 and p = ¢/6 to obtain the following theorem.

THEOREM 2.11. Assume that there is a radius R(h) — oo such that

E sup |E|*—0.
(0,7R(n),n]
Moreover suppose that for an unbounded monotone growing function ¢ : [0,00) —
[0,00) we have, uniformly in h € (0,1),

Eo([lz(rren,nll) < €

and suppose the following moment bounds for some q > 0:

sup E|z(¢)]|74+ sup E[Y ()] <C.
te[0,T] te[0,T)

Then we have for any 0 € (0,q) N (0,2] that limpx,0 Supse(o, 1 E|E®)|? = 0.

Remark 2.12. In Lemma 2.3 we have provided a weak one-sided Lipschitz prop-
erty which is enough to prove convergence of the error. Nevertheless, we remark
without proof that all the error terms are much smaller if §(R) is negative or at least
bounded uniformly in R. We are even able to obtain rates of convergence in that
case. For optimal rates we would also need arbitrarily high moments of both z and
Y leading to quite technical estimates. See, for example, [33]. Since determining an
optimal §(R) is quite delicate in theapplication we have in mind, we postpone these
questions to further research.

Remark 2.13. Furthermore, we remark without proof that we expect to be able
to exchange the sup,¢[o 77 and expectation in the statements. Actually, many strong
convergence results are formulated as Esup, || E(t)[|® — 0.

For this we anyway have to first prove the result that we stated in the theorem
above and then, in a second step, improve the estimate by using Burkholder inequality.
As this would add further technical details and usually halves the order of convergence,
we refrain from giving further details here.
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3. Application to EKI: The nonlinear setting. After deriving approxima-
tion results for a general class of SDEs, we want to apply the proposed methods in
order to quantify the convergence of the discrete EKI algorithm to its continuous
version. We start the discussion by recalling our general nonlinear inverse problem
y = G(u)+n, where u € R?, n ~ N(0,T) for I' € RE*X and y € RX. We suppose for
simplicity that the forward model G : R? — R¥ is differentiable and grows at most
polynomially. To be more precise we assume that there is an m > 0 and a constant
such that for all u

3.1 IG)] < CA+[lull™) and DGl < C(1+ [u™).

Recall that the discrete algorithm of the EKI is given by
w9

U =l — hC™(u,) (hCPP(u,) + 1)~ H(G(u)) — y)
+ hY2CUP (u,) (RCPP (uy,) + T) "' TV2W9),),

while the continuous time limit is given by the system of coupled SDEs
(3.2) dul? = ¢ (u)T " (y — G(uf?)) dt + C*P (u)T~2dW,Y,

where the sample covariances are defined in section 1.3 with ensemble size J > 2 and
W are i.id. N(0,1) random variables in both j and n. Now consider u € RP’ as
u = (u, ..., uN)T with u) € RP, and define the drift f : R?/ — RP’ and the
diffusion ¢ : RP7 — RP/*PJ by

FO (@) = @Iy = GW)) and [g(u)z], = CP @,

The drift and diffusion in the discrete model aregiven by f,gj) (u) = C"P(u)(hCPP(u) +
)~Y(G(uY)) —y) and [gn(u)z]; = C*P(u)(hCPP(u)+T)*T'1/22;, while the continuous
interpolation Y is defined in (2.2) such that Y'(nk) = wu,. Consider as before the error
FE = u — Y between the continous solution u and the continuous interpolation Y of
U,
We first observe that Assumption 2.1 is satisfied:
1. Obviously, both nonlinear terms are locally Lipschitz, since G is.
2. The matrix (hCPP(u)+T)~1 is uniformly bounded such that we have B(R) =
C(R'?™ 4+ 1) in Assumption 2.1 (f contains G twice).
3. Similarly, by computing the derivative we obtain that L(R) = C(R*™ +1) in
Assumption 2.1.
4. For the approximation, we mainly have to bound

[(hCPP (u) + 1)~ = T~} |us = [|AD ™ CPP (u) (hCPP (u) + 1)~ |lus
< Ch(R*™ +1).

Therefore we can choose Cy (R, h) = Ch(R*™*1 4+ 1) in Assumption 2.1.
Thus we obtain for h € (0,1)

K(R,h) := Ch(R*™F! £ 1) + h12C(R>™ + 1)C(R™?™ + 1) < CRY?*(R*™+ +1).
Moreover, we can choose a trivial bound with §(R) = C(R*™ +1). Thus, for any fixed

v € (0,1/2), we can fix a radius R(h) / oo growing very slowly (logarithmically) in
h such that using Lemma 2.6 (for small h — 0)
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h"2E|E(t ATrp)llP < Ch™2VK(R(h), k)2’ BT
< ChIT2IR(R)S™H2eCRI™ 0 for h — 0.

We are now ready to rewrite Theorem 2.10 for the EKI.

THEOREM 3.1. Consider for the EKI with G satisfying (3.1). Define the error
E = u—Y as above, and fix R(h) / oo as above. Suppose that for a monotone
growing function ¢ : [0,00) — [0,00) and every T > 0 in the definition of the stopping
time Tr,n we have uniformly for h € (0,1) that Eo(||u(Tgrm),n)l) < C. Then for any
fized v € (0,1/2) and T >0

lim P [ sup ||E|| > A" | =0.
h\0 [0,7)
In the nonlinear setting based on Theorem 3.1 we will now prove the following

main theorem for globally Lipschitz G. Later in the next section, we will use Theorem
3.5 in the case when G is linear.

THEOREM 3.2. Consider for the EKI with G satisfying (3.1) with m = 1. Let
ug = (Ué]))je{17..‘7‘]} be Fy -measurable maps Q@ — RP such that E[||ué])\|2} < 00, and
suppose ||y||||IT~12|lus < C. For the error E =u —Y as above we have for any fized
~€(0,1/2) and T >0

lim P | sup ||E|| > A" | =0.
h\0 [0,T)
Proof. For the proof see Appendix B. ]

We note that the above result can be used to verify unique strong solutions of the
coupled SDEs (3.2). The proposed function o(||u|?) = In(1 + ||i]|?) can be used as a
stochastic Lyapunov function. With the computations given in the proof of Theorem
3.2, it is easy to verify that for V(u) = ¢(||@||?) it holds true that LV (u) < CV (u)
for some constant C' > 0, where LV denotes the V defined as

LV () := YV () - f(u) + 5 Te(g" () V[V ](w)g(w).

Thus, by Theorem 3.5 in [45] we obtain global existence of unique strong solutions.

COROLLARY 3.3. Under the same assumptions of Theorem 3.2 for all T > 0
there exists a unique strong solution (ut)epo, ) (up to P-indistinguishability) of the
set of coupled SDEs (3.2).

Remark 3.4. We note that assuming that the forward map G takes values G(u) =
0 for ||u|| > M, where M is a certain tolerance value, we can directly apply Theorem
2.11 in order to prove strong convergence of the EKI iteration. This assumption forces
the particle system in discrete and continuous time to be bounded, and is reasonable if
it is known that proper solutions of the underlying inverse problem should be bounded.
This assumption can be implemented by modifying the underlying forward map with
a smooth shift to 0 close to the boundary of |ul| € (=M, M). The EKI has been
analyzed under this assumption, for example, in [13, 12].

Moreover, we can rewrite Theorem 2.11.

THEOREM 3.5. Under the setting of Theorem 3.1 suppose we additionally have
for p > 0 uniform bounds on the p-th moments of u and Y, i.e., there exists a C' > 0
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such that for all h € (0,1)

sup Ellu®)[|” + sup E[Y(?)[” < C;
te[0,T te[0,T]

then we have for any 6 € (0, min{2, p})

Jim sup B (1) =
010,17

We note that we only need to prove sup,,c(o,|1/n]} E|lu,|* < C in the linear case
later. As we have

0= [ 2Ushis+ [ anr(lsaws

with dllY (¢)[1> = 2(Y'(t), fa(Y [t]))dt + llgn(Y [¢])[[frsdt + (Y (), gn(Y [t])dW), we
provide the following interpolation result verifying that it is sufficient to derive bounds
on the discretization scheme E||u,, ||?.

LEMMA 3.6 (an interpolation lemma for lower moments).  Let u(t) = wuo +
t- fluo) + g(uo)We with ug, Wy independent and p € (0,2). Assume further that
Elluo|P < C and E|u(1)||? < C; then E|u(®)||P < Cp [E|uo||” + Elju(1)||P] for all
t e [0,1].

Proof. The proof for this statement can be found in the appendix. ]

We note that we can extend the above result to the whole time interval [0, 7] by
a shift in time. We leave the details to reader.

4. Application to EKI: The linear setting. We consider the linear inverse
problem of recovering an unknown parameter v € RP, given noisy observations y =
Au+n € RE where n ~ N(0,T) for I' € REXK | The ensemble Kalman iteration in
discrete time is then given by

;J)l = u(J) C(un)AT(AC(un)AT + hflr)fl(Aung) _ (j) )

— u?) — hO(up) ATT ™3 (AT ™3 AC(u, ) ATT ™% + 1) 71T 3 (Au) —y¥) ),

where we consider perturbed observations yffll —y+h 202 W( )1 with W(J )1 being
i.i.d. A(0,1) random variables, and we denote by F,, = U(Wr(n),m <nj=1,...,J)
the filtration introduced by the pertubation.

Further, we denote the identity matrix I € RP, we define the scaled forward model
B .= F*%A, and we write the ensemble Kalman iteration for simplicity as

ul) ) = u$) — hC(un) BT M (uy)(Buf) — T~ 2y) + VRC(un) B M (u,) W),

where we have introduced the notation M (u,) = (hBC(u,)BT +1)~!
1 ~ ~ 1 ~ o s
We can decompose '™ 2y = g+, where § € rangel'™2 A and g is in the orthogonal
complement, such that the iteration reads as

ul?) | = u9) — hO(un) BT M (un)(Bu$) — §) + hC(un) BT M (un)j
+ VRO () BT M (u, )W),

Our first result states that the EKI dynamic ignores the part of observation which
takes place in the orthogonal complement of the range of B.
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LEMMA 4.1. Let § € range(B)*; then for all n € N we have C(u,)BT M (u,)
7=0.

Proof. For the proof see Appendix C. ]

Our goal is to apply Theorem 3.5 in order to prove strong convergence of the
ensemble Kalman iteration. To do so, we have to derive bounds on the moments of
the continuous time limit u(¢) and on the continuous time interpolation of the discrete
iteration Y (¢). We formulate our main result in the following theorem.

THEOREM 4.2. Let ug = (uéj))je{l,m”]} be Fo-measurable maps @ — RP such

that E[Hugj)HQ] < o0o. Furthermore, we assume that the discrete ensemble Kalman
iteration can be bounded uniformly in h, i.e., there exists a C > 0 such that for all
je{l,...,J} it holds true that

sup  E[[ulf]?] < C.
ne{l,....,T-N}

Then we have strong convergence of the approximation error of the EKI method:

lim sup E||E(t)]|” =0  for all § € (0, min{2, p}).
h\0 [0,7]

Proof. In order to apply Theorem 3.5 we have to verify that

sup Ellu(t)[[” + sup E[Y(£)[
te[0,T] t€[0,7]

is bounded uniformly in h. Much work has been investigated in the solution of the
continuous formulation in [20, 8], where sup,cp 7] E[lu(?)||P can be bounded as the
ensemble spread can be bounded in high moments up to p < J + 3 and moreover the
bound follows by application of Itd’s formula and Hoélder’s inequality [20, Lemma 5].
Note that this can be seen better in the continuous time formulation

J
. 1 . i j
duf = 23 (B ),y - Buf + dwW )P - ).
k=1

Secondly, we have to bound sup,c(o 7 E[|Y (¢)[|P. We apply the interpolation lemma
for the p-th moments as the nodes of the interpolation are assumed to be bounded
uniformly in A and, hence, sup,¢(o ) E[IY (1|7 < C. d

The update of the ensemble mean is governed by
an+1 = Up — hc(un)BTM(un)<Bﬂn - g) + \/ﬁc(un)BTM(un)WnJrl

with W, 11 = %2]21 W,(Ljﬁl Further, we set e = uly) — Un, the particle deviation
from the mean. Here we get the update formula

)| = e — hC(un) BT M (1) Be?) + VhC (1) BT M (un) (W) — Wiiy).
We have seen that the update can be written as

@) w9 =49 — hC(u,) BT M (un)(Buf) — §) + VEC () BT M (un) WY,
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where g € range(B), i.e., there exists @& such that § = Bu. We define the residuals

r,(f ) = uﬁf ) _ 1, where the update of the residuals can be written as

42) 9 =79 — hC(up) BT M (un) Br$) + VhC (un) BT M (un )W),

We note that all of the derived auxiliary results below crucially depend on the taming
through

(4.3) M (uy,) = (hRBC(u,)BT +1)7!

suggesting that ignoring hBC (u,)B” (which corresponds to an Euler-Maruyama
scheme) does not lead to a stable discretization scheme.

We note that the result of Theorem 4.2 can be used as a general concept in order
to prove the strong convergence for different variants of the EKI method as Tikhonov
regularized EKI [12], ensemble Kalman one-shot inversion [31], or EKI under box-
constraints [11]. Here, the main task is to derive bounds on the discrete ensemble
Kalman iteration. To do so, we present a series of properties which can be used to
bound the discrete iteration in moments.

Our first useful auxiliary result is a bound on the ensemble spread. In particular,
we prove that the spread of the particle system is monotonically decreasing in time.
This property is very useful from various perspectives. First, this property can be used
to derive bounds on the particle system itself as we can describe the decrease of the
spread through a concrete Lyapunov-type bound. Hence, by adding + Z i1 ||en |2
to the target value to bound, the increments of the target value decrease. We will see
how to apply this approach in Proposition C.4. Second, in the interpretation of EKI
as an optimization method we are interested in a convergence of the EKI to a point
estimate. Hence, we expect each of the particles to converge to the same point. In
particular, we will need to prove the following statements (see Appendix C):

e We provide a bound on the spread of the particles, i.e., we prove
SUPpeq1,..,N} E[He(])H ] < const, where e = u) — a,.

e We extend this result by boundm% the spread of the particles mapped by B
i.e., we prove sup,,c1, . ny E[[| Be J)|| < const.

e We provide a bound on the residuals mapped by B, i.e., we rove that the
data misfit is bounded in the sense that sup, e Ny IE[||BT ] < const.

Using these auxiliary results we are then able to prov1de various strong conver-
gence results under certain assumptions, which are summarized in the following:

e In the first main result we do not state specific assumptions on the forward
model without being linear. However, the strong convergence in Theorem 3.5
only holds for 6 € (0,1).

e QOur second main result is based on the assumption that the initial ensemble
lies outside the kernel of the forward map. While the moments of the dy-
namical system can be controlled in the image space of B, we are not able to
control the unobserved part of the system, which is moving in the kernel of
B. We again obtain strong convergence in the sense that Theorem 3.5 holds
for all 4 € (0,2).

e Furthermore, including Tikhonov regularization within EKI we can verify the
strong convergence for 6 € (0, 2).

4.1. Strong convergence for general linear forward maps. In this section
we consider general linear forward models B = RX*P. In the following we derive
bounds for E[||u,||?] for any 6 € (0,1).
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LEMMA 4.3. There exists a constant C > 0 independent of h and J but depending
on T such that for all j € {1,...,J}

(4.4) sup E[||u$f)||] <C.
ne{l,....,T-N}

Proof. For the proof see Appendix C. O

COROLLARY 4.4. Let ug = (uéj))je{l,_““]} be Fo-measurable maps Q — RP such

that ]E[||u(()])||] < 00. Then we have strong convergence of the approximation error of
the EKI method

lim sup E||[E()||® =0 for all 6 € (0,1).
o, sup IE@)] f (0,1)

Proof. The proof is a direct implication of Lemma 4.3 and Theorem 4.2. 0

Remark 4.5. We note that the bound on € < 1 is due to technical reasons and
does not come from a fact that there exist no uniform bounds on the moments of
the discrete time system. In particular, we expect existence of uniformly bounded
moments

(4.5) sup  E[|[uff|?) < C

ne{l,....,T-N}
up to p = 2 and hence strong convergence up to § < 2. However, for proving bounds
in L? one needs to derive bounds on moments of the ensemble spread in discrete time

up to power 4, which is a challenging task in itself. Furthermore, we note that the
derived bound is increasing in time with /7.

4.2. Strong convergence for the particle system initialized in the or-
thogonal complement of the kernel. The key idea of the following proof is to
divide the particles dynamics into the dynamics in the kernel of the forward map B
and its orthogonal complement. To do so, we introduce the orthogonal projection
onto the orthogonal complement of the kernel P = BT(BBT)~ B, where (BB")~
denotes the generalized Moore-Penrose inverse of BB'. The idea is to split

r9) = pr) 4 (1 — P)r)
and provide bounds for each term separately. We can verify bounded second moments
of the particle system for the discrete EKI iteration initialized in the image space.

LEMMA 4.6. Let ug = (u(()j))je{l 7777 7y be Fo-measurable maps Q — RP such that
E[||Br{|?] < oo, E[||(I — P)r$|12] < 0o and (I — P)e) =0 for all j € {1,...,J}.
Then there exists a constant C' > 0 independent of h, J, and T such that for all
jed{l,...,J}

(4.6) sup IE[HTSLJ)HQ] <C.
ne{l,...,.T-N}

Proof. For the proof see Appendix C. ]

COROLLARY 4.7. Let ug = (uéj))je{l,_w]} be Fo-measurable maps Q@ — RP such
that IE[HUSJ)HQ] < oo and (I — P)eéj) =0 forall j €{1,...,J}. Then we have strong
convergence of the approximation error of the EKI method

lim sup E||E(®)||® =0 for all 6 € (0,2).
i, sup IE®)] f (0,2)
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Proof. The proof is a direct implication of Lemma 4.6 and Theorem 4.2. 0

Remark 4.8. We note that the assumption (I — P)e(()J) =0forallje{l,...,J}
could, for example, be ensured if the particle system is initialized with uéj ) Pué] ),
However, we mention that through the projection P much information about the
forward map is necessary, which makes this result quite restrictive.

4.3. Strong convergence for Tikhonov regularized EKI and general lin-
ear forward maps. Much of the theoretical analysis of EKI is based on viewing it
as an optimization method. The analysis is based on the long time behavior of the
scheme, which is the study of the system of coupled SDEs (3.2) or the simplified ODE
system suppressing the diffusion term for increasing time 7T'. In particular, the aim of
EKI in the long time behavior is to solve the minimization problem

1
(4.7) min 2 |G(u) - yl?

iteratively. For a linear forward map the motivation behind the EKI as optimization
method can be seen by writing the drift term of (1.5) in a preconditioned gradient
flow structure:

C (D = A = Clu) ATE y =~ Auf?) = ~Cu) T (F14u o1} )

Similarly, in the nonlinear setting, using a second-order approximation, we can view
the drift term of (1.5) as approximation of a preconditioned gradient flow [47]:

CP () y = Glu)) » Clu)(DG(u”) T~y = Glur?)

—~Ctu) . (S166) -yl

Solving the inverse problem through the optimization problem (4.7) is typically ill-
posed, and regularization is needed. In [64] the authors propose an early stopping
criterion based on the Morozov discrepancy principle [58], whereas in [12] Tikhonov
regularization has been included into the scheme. We will focus on the Tikhonov
regularized EKI (TEKI) and prove the strong convergence of the discrete TEKI.
While the TEKI can also be formulated for nonlinear forward maps, we we will focus
on the linear setting.

The basic idea of the incorporation of Tikhonov regularization into EKI is to
extend the underlying inverse problem (1.1) by prior information. This extension
reads as follows:

y=Aut+n,  O0=u+g,
where 7 ~ N'(0,T) and £ ~ N(0, +Cp). Introducing the variables

-~ [ A - [y . = = (T 0
=) o= (8) amven) t=(h 4o )
we can write the extended inverse problem as § = Au + 7.
For TEKI we now apply EKI to the extended inverse problem which then reads
as

W@

O = u) — O(un) AT (AC(un) AT + hT) " (Aud) — §9))
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with corresponding continuous time limit
(4.8) dul” = C(u) AT — Au?) dt + C(u,) ATT—2dW, P,

where W) are independent Brownian motions in R x X'. In the long time behavior
TEKI can be viewed as optimizer of the regularized objective function

1, - . 1 Ay =172
Da(u.y) = 3 Au—lin e = 5llAu =yl + 51 Pulk.

The motivation behind this viewpoint can be seen by writing out the drift term of
(4.8) as

Clu) AT — AuD) = C'(uy) (ATF’l(y — Aul) — /\Cglugj))

= —Clu¥ (Ghauf” ~ ol + 5117, )
For a detailed convergence analysis of the TEKI as optimization method we refer
o [12]. Since Aand B :=T"124, respectively, are linear operators, we can directly
apply the resultspresented above. In particular, we are going to apply Proposition C.4
in order to verify the strong convergence of the discrete TEKI to its continuous time
formulation. We prove that the second moments of the particle system are bounded.

LEMMA 4.9. Let ug = (ugj))je{lw,‘]} be Fo-measurable maps 0 — RP such that

E[||ugj)||2] < oo forall j€{1,...,J}. Then there exists a constant C > 0 independent
of h, J, and T such that for all j € {1,...,J}

(4.9) sup IE[Hugf)\P] <C.
ne{l,...,T-N}

Proof. For the proof see Appendix C. 0

As we can ensure the bound on the second moments of the particle system we
are ready to formulate our main result of strong convergence for the discrete TEKI
iteration.

COROLLARY 4.10. Let ug = (uéj))je{l}m”]} be Fo-measurable maps Q — RP such

that ]E[Huéj)Hz] < 00. Then we have strong convergence of the approximation error of
the TEKI method: limpx o supjo 7 E|E®)||® =0 for all 6 € (0,2).

5. Conclusion. We have shown that on finite time scales [0,77], the discrete
EKI dynamics can be used to approximate the continuous EKI. Or, the other way
around, we have established the legitimacy of analyzing the EKI dynamics with a time-
continuous model and draw conclusions about the discrete EKI dynamics implemented
in practice. For the general nonlinear model, we were able to prove convergence of the
discretization in probability, while for the linear setting, we were even able to prove
convergence in the L? sense, for # € (0,1), with higher exponents in more favorable
settings. We note that the constant derived in the proof still depends on time in the
form of v/T. Due to the fact that we were able to eliminate dependence on 7T in the
other settings considered (TEKI, convergence in probability for the nonlinear model),
we believe that this can be done similarly in the linear setting as well, maybe under
additional assumptions, and we leave this as a task for future work.

The methods which we have employed can be used very generally in an SDE set-
ting and can be applied to the analysis of discretization schemes for SDEs in different
contexts.
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Appendix A. Proofs of section 2.

Proof of Lemma 2.5. We start by bounding the error between Y (t) for ¢ €
[kh, (k + 1)]h and Yj. By the SDE for the approximation,

Y ([t) =Yl = II/ Y d$+/m gn(Y ([s]))dW (s)]|

< hB(R) + B(R)||[W (t) — W ([t])Il.

Thus, by the Burkholder—-Davis—Gundy inequality and by merging the higher-order
term AP into the lower-order term h?/2 with an appropriate constant,

E sup [[Y([t]) - Y ()P < Coh" 2 B(R)P.
[O,TR,h]

In order to bound the residual, we consider ¢ € [0, 7g ] and thus |

t
Y ([EDI < R. Now [[fa (Y ([¢])) = f(Y ([£)]| < Ca(R,h)and [[f(Y(]
L(R)||Y([t]) = Y(¢)||- Thus we have

J S [O,TR,h] with
t

D) =fY @)l <

E sup [[Resi(t)]” < C, [Cu(R, h)—i—L(R)hl/QB(R)r.

[0,7R,R]
The bound for Res; follows in a similar way. 0

Proof of Lemma 2.6. Recall that the error is given by
dE = [f(z) — f(z — E)]dt + [g(z) — g(z — E)]dW + Residt + ResadW.
Thus, using Itos-formula we obtain for some constant C. depending only on €

d|E|* = 2(E,dE) + (dE,dE)
=2(E,[f(z) — f(x — E)] + Res1)dt + 2(E, [g(x) — g(x — E) 4+ Ress]dW)
+ lg(x) — g(x — E)] + Resy||fsdt
<2(E,[f(z) = f(z = E))dt + (1 + ¢)llg(x) — g(x — E)|[fisdt + €| E||*dt
+ [CeﬂReSQH%{S + C5||Resl||2] dt + 2(FE, [g(z) — g(z — E) + Resy]dW)
< [S(R)||E|” + Cc[Rese|[fs + Cel[Res||?] dt
(A1) + 2(E,[g(z) — g(x — E) + Resa]dW).

This yields from Lemma 2.5 using the martingale property of the stopped integrals
tATR,h
E[|E(t A rn) | < |EO)| + 5(R)E/ IE|?dt + C.TK (R, h)?
0

t
< |EO)|? + §(RE / |E(s A 7r)|2dt + CK (R, b2,
0

where the constant depends on T and the choice of €. Assume first that §(R) > 0.
Using Gronwall’s lemma and F(0) = 0 we obtain the bound

E|E(tATrp)|? < CLPK (R, )2

Assume now that 6(R) < 0. This yields from (A.1) using the martingale property of
the stopped integrals

tATR,h
E[[E(t A Trp)lI* + |5(R)|E/ [E|*dt < CK(R, h)*. 0
0
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Proof of Lemma 2.9. Recall from (A.1) for t < 7g
¢
IE@®)|* < /0 [S(R)EII* + C||Resz[fis + C||Resy||*] dt
¢
+ 2/ (E,[g(x) — g(x — E) + Resa|dW).
0
Thus, using Burkholder-Davis—Gundy (recall 7g 5, € [0,T]) assuming §(R) > 0

TR,h
E sup ||E|* < ]E/ [6(R)||E|I* + C|Resa|[fs + C|[Resq [|] ds
0

[0,7R,n]
T 2 4 2 2 1/2
w2 [ [LEPIEN + B Ress ] ar)
T
§(5(R)/ E||E(s ATpp)||?ds + CE sup |Resa||is + CE sup |Res||?
0

0,7R,n 0,7R,n

T 1/2
-|-C((L(R)2 + 1)/ E||E(s/\TR’h)H4ds+E sup ||Resz||%{s)
0 [OvTRJL]

Using Lemma 2.5 we obtain
T
E sup ||B|?*< 5(R)/ E|E(s A Trp)||ds
[OvTRJL] 0

2 g a2 2
+O(L(R)? + 1)(/ E|E(s A r)| ds) + CK(R, h)>.
0
Moreover in the case §(R) < 0 we have similarly

T 1/2
E sup ||| < C(L(R)? + 1)(/ E|EGs Araa)lds) " +CK(R.B).
[0,7R, 1] 0
We obtain the assertion by using Lemmas 2.6 and 2.8. |
Appendix B. Proofs of section 3.

LEMMA B.1 (an interpolation lemma for second moments). Let u(t) = ug +1¢ -
fuo) + g(uo)Wy with ug, Wy independent. Assume further that E|ugl|®* < C and
Elu(1)||? < C; then E|ju(t)||?> < C for all t € [0,1].

Proof. Note first that by independence, E[h(uo)W;] = 0 and
E[h(uo)*W7] = E[h(uo)"E[W,]* = E[h(uo)]*t
for (suitably integrable) functions h. We compute first

Eu(1)]* = Eluo + f(uo) + g(uo)W1]* = Eluo + f(uo)]” +2- 0 + E[g(uo)}* - 1

Thus,

Efuo + f(uo)t + g(uo)Wi]* = Eluo + f(uo)t]* + 2 - 0 + E[g(uo) W:]?
=E[(1 — t)uo + t(uo + g(uo))]* + Elg(uo)]*t.
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Now we note that ((1 —t)a +tb)? < (1 —t)a® + t(a + b)? by Jensen’s inequality

Eluo + f(uo)t + g(uo)Wi]* < (1 — t)Bug + tE[uo + f(uo)]* + tE[g(uo)]?
(1 —t)Eud + tE[u(1)]?

from which the statement follows. O
We will need the following fundamental lemmata.
LEMMA B.2. Let yV ~ N(0,0%) be a centered Gaussian random variable. Then
EW[P =C,- (E[W]?)2.
Proof. See Proposition 2.19 in [17]. d
For non-centered Gaussian random variables we can show the following lemma.

LEMMA B.3. Let Z ~ N(a,0?) be a Gaussian random variable. Then there is a
constant C, > 0 such that

1

(E[Z])* < Cp (E|Z|")>.

Proof. We can assume o = 1 by rescaling and setting Z = a + W with W ~
N(0,1). Now we consider

(E|Z]")
(E|Z]?)

(Ela + W|P)
(Ela + W)

(ST
(S -

=: fp(a)

as a function of a. If we can show that inf, f,(a) > 0, then the statement follows with
C, = (inf, fp(a))_l. Evidently f,(a) > 0 for all a € R, also f,(—a) = f,(a), and f, is
a continuous map. Thus, if we can show that lim,—_, fp(a) > 0, then inf, f,(a) > 0.
We start by noting that E|a + W|? = a? 4+ 1. Then

a+ W |P a+W|P a P
lim a))’ = lim E|————| = lim E
SHOT = I | TR T | e

= lim E[14+a ' W[° > lim (1-¢) 7 - P(l+a'W|>1—¢)
a— 00 a—r00
= (1 - 6)_p7
where we used Chebyshev’s inequality and

P(l+a"W|>1-€) >P(1+a'W>1—¢€) >P(W > —ae).

As limg—00(fp(@))? > supeg(o,1)(1 —€)7P =1 > 0, we have shown the statement. 0O

LEMMA B.4. Let W ~ N(0,1). Then for a,b € R, p € (0,2) and t € (0,1), we
have

Ela + tb+ VtcW[P < C, - [lalP + Ela + b+ cW|?].

Proof. 'We note that for for random variables E|X P < (E|X|2)% by Holder’s
inequality. Also, |w + z|%2 < |w|? + |z|2. Thus, using Lemma B.1,

Ela+ b+ VieW|" < (Ela+tb+ VicW|?)" < (a® + Ela+b+ W?)*
<lal” + (Ela+b+ cW|2)g <la|P + C,E|a+ b+ cW P

with the last step being due to Lemma B.3. |
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Proof of Lemma 3.6. We first consider the case where all stochastic processes and
random variables involved are one-dimensional. Then the statement is a consequence
of Lemma B.4 after seeing that

Eluo +tf(uo) + g(uo) Wil = E[E [[uo + tf (uo) + g(uo)W:|”| Fol]

and identifying a = ug, b = f(ug), VteW = g(ug)W; (where we can use tW = W,
in distribution for W ~ N(0,1)). The higher-dimensional case then follows from the
one-dimensional considerations by seeing that for a random vector Z,

d 5 d

527 - E(zw) - (ZEW) |
=1 =1

b d g d P

(E121)* - (EZW) = 3 B0,
=1 =1

where x ~ y means that there exist constants a, A > 0 such that ax <y < Ax. 0

Proof of Theorem 3.2. Recall that by Theorem 3.1, we just have to verify that
there exists ¢ (monotone growing) such that Eo(||lu(tr,p)||) < C. We first introduce
the shorthand notation F(u) = C*?(u)T~1/2 and rewrite

du) = —F(u)I™Y2(G(u)) — y)dt + F(u)dW.

Denote by @, W and G the mean values of «(), W) and G(u(j)) with respect to j.
Thus,

di = —F(u)I~Y2(G — y)dt + F(u)dW
and
du?) —7) = —Fu)IV3(GuD) - G)dt + F(u)d(WD —W).
By Ito-s formula we obtain

dllu® — 7)) = 2 -7, dw? — 7)) + (du? —7),du - 5))
= 2w — 7, F)I V4G uY)) - G))dt
+ 2" — 7@, F(u)d(W9) —W))
+ (Fu)d(WD — W), Fu)d(W9) —W)).
Now we use that

530 - mF (G - G))

= 2 Y TFE@N G - ) —w)T)
= Te(F(u)F(u)T) = | F(u)|3s
and (F(u)d(W9) — W), F(u)d(WO) —W)) = 2(1 — 1)||F(u)||3gdt to obtain

1 L 2 1 N o
45 3 — 7 = =S IFfsdt +25 3 (@) — @ Fu)dW - ).
J J
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The martingale term vanishes in expectation if we intergrate up to stopping times
such that v remains bounded. Thus, we obtain the first main result of this proof.
For allt € [0,7], R > 1 and h € (0,1) we have

(B.1)
1 0 _ g2 2 [ 2 1 0 _ g2
By L P A+ 5 [ 1P sds B3I ~T0)

In this result we did not use any particular property of G. It remains to bound @
now, which is the crucial point that leads to restrictions. First by It6-s formula

d|u|)® = 2(z, du) + (du, du)
= 2(u, F(u)I /%G — y)>dt+%||]-'(u)|\%lsdt + 2(Tw, F(u)dW).

Here, we cannot use cancellations as in the step before. Therefore, we define for z > 0
the function

o(z) =In(1+2) with 0< ¢'(2) <min{l,27'} and |¢"”(2)] < min{1,z"2}.
Again using Ito-s formula, we have
_ _ _ 1 _ _ _
de(I[al*) = ¢'(ll*)dllwl* + 5" (fal*)dlfa*d|[a]*

= 2¢'(|al*) (@, F(wI'~/?C)dt
—2¢/(|[ul|*) (@, F ()T~ y)dt

(B.2)
(B.3)
(B.4) + }w’(HEIIQ)IIf(U)H%sdt
(B.5) +2¢/([@]|*) (@, F (u)dW)
(B.6)

Now we have to bound all terms separately. The martingale term in (B.5) vanishes
in expectation if we integrate up to t A 7p . Now (B.4) < C||F(u)|/4gdt, which is
integrated up to t A T, in expectation bounded by (B.1). We bound similarly

2 _ _
(B.6) < jlw”(IIUHQ)\HUII2H}'(U)II§ISdt < C||F (u)|[frsdt
and
(B.3) < 2¢'(I[a))®) 1]l |y || F (w) |lus [T~ /2|lusdt < C(1+ || F (u)||fis)dt

The crucial term is (B.2). Here, we have

Nl

_ Gl
S HQHJ:(U)HHS”F Vs < + O F () s

2= e

Now we need to use that G is Lipschitz to obtain

Il < (5 ZIIu(J)IIJr1 )<C(5 leu(”—uHHIUIH 1)
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which implies (for constants depending on .J)
1 N -
(B2)<C |1+ ZJ: ut? =@l + |17 (w)]s -

Integrating from 0 to t A 7 we finally obtain together with the bound from (B.1)
for all R > 1 and h € (0,1) that Ep(|[u(t A tr.)|?) < C
But as ¢ satisfies ¢(z + y) < p(z) + y we obtain, again using (B.1),

1 _
w5 S It ATra)|?) < C,
j

which finishes the proof. 0

Appendix C. Proofs of section 4. We first refer to the following useful
auxiliary result which we will apply at several points.

LEMMA C.1 (see [8, Lemma A.2]). Let S be a symmetric and nonnegative d x d-

J
matriz; then for all choices of (2))=1._y in R we have Y (20 2)(z(F) §,1)
k=1
> 0.

Proof of Lemma 4.1. First we define the operator
M#(uy,) := (hB(C(up) +el,) BT + Ix)™",

for which it holds true that lir% M¢(u,) = M(u,), since the mapping ¥ + L1 is
e—
continuous over the set of invertible matrices. By

J
C(un) BT M(u,)j = %Z ul® — ), M (u) ) (u® — ),
k

it is sufficient to prove (B(uglk) —Up), M(u,)g) = 0. We introduce C*¢(uy,) := C(u,) +
el,, and apply the Woodbury matrix identity
(B(u) = 11,), M (uy)7)
= (B(ul? —a,), [Ig' — hIg' B(C%(un)) ™" + hBT I B) "' BT I, §)
= (B(ul) = n),§) = (B(ul) = w,), hB((C*(un)) ™" + hB"B)~' B)j)
— 0= (hB[((C*(un))"" +hBTB)"]" BTB(u® —,),5) = 0,

n

where we have used that § € range(B)1. Thus

<B(u’l(’7,k) - ﬂn)v M(“’n)@) = lim <B(u£zk) - ’an)a Ma(un)g> =0,

e—0
which concludes the proof. ]

LEMMA C.2. Let ug = (u(()j))je{L___J} be Fo-measurable maps  — RP such that
E[Heé])Hz] < 0o. Then for all n € N it holds true that

1J(J)2 1J 2
3; LIP| <E jg Dl
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Furthermore, there exists the constant C' = E[+ Z}le Hegj)HQ] independent of h, J,
and T such that

}]i 1eP)?| <C forallneN.
j=1
Proof. We can derive the evolution of the Euclidean norm by
e 111 = [l 122k (e, C(un) BT M (un) Be')
+2Vh(e), O(un) BT M (un) (W, — W)
= 20%/2(O () BT M (un) Bel?), C ) BT M () (W) = W)
+ 1| C(up) BT M (u,) Bel)||?
+ hI|C () BT M () (W = W)
We first write, after plugging in the definition of C(u,) and inserting
M (uy,)(hBC(un)BY +1) =1,
also abbreviating M = M (u,,) and C = C(uy,),
—2h(el9), C(un) BT MBeY)) = —2h - %Z@fg’), CBT MBeY)
J

1 : , 1 , ,
_ _opt () oBT. 1. ()y_op~ @) BT M. &)
= 2hJZ<enJ,CB M[hBCBT|-MBel)) 2hJZ<enJ,CB M-MBel)

= 72h2% > (B"MBCeY),CB" MBe{)) - 2h— Z (MBCeY), MBel)).
J

Defining Z = BTM B (this proof works for any self—ad301nt matrix) it is easy to verify
1
el Uy = = ()2
E (zCeW CzeW)) = 5 El |CZe"||

and we can continue to write

1 : . 1 ,
Y &) BT )y — _9p2 2 T @) )2
2h- 5 Ej (ef)), CBT MBe[)) = —2h?~ 2 |CBTMBel |
—ont § (eF) eV (MBe™, MBel)),

where we have used the definition of C'(uy,) for the second term.
We define S := M B and use E(a, W;){b, W;) = ; j{a,b) in order to derive

e [lemrarw ~ W] 1 £,
=E |3 Z< (), STWD, — Wpir)),eD(e®, ST WD), — V_Vn+1)>> 7

1 J-1 J—1)2
= 13w, e [ﬂ<56(k), Se®y 4 %(Se(k), Se(w
kel

_1 S (e®, BN (M Be®), MBe®)

1k

J—1

<
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We take the expectation up to step n above to obtain

1 .
32”65311“2 1€ | Fn
J
1 ) 1 ‘ .
=20~ TAIBeW |2 — 2h= S (e ) *) )
= —2h JZHC’B MBe| QhJZ,;<€” e (MBeP), MBeld)

1 T , ,
+0+0+ th > IlICBTMBe||? + JT B> (el 0 (MBel), MBe))
J Jk
2 J+1

1
= 122 S ICBTMBEY|? — “—h|CBT M|ks <0,
J

where positivity of the last sum follows from lemma C.1 by setting S = BT M?B.

The process (4 D i1 ||en IDnen is a supermartingale, and the assertion follows. O

Similarly, the next result states the bound of the particle deviation mapped
by B.

COROLLARY C.3. Let ug = (U(()j))je{lwu"]} be Fo-measurable maps Q — RP such
that ]E[||Be((f)||2] < 0o. Then for all n € N it holds true that

J

J
1 1
B| 7Bl <E |5 D5l
Jj=1

Proof. The proof follows by similar computations as in the proof of Lemma C.2.

For our last auxiliary result, we recall that the update of the residuals can be
written as T(JJ)rl =y - hC(un)BTM(un)Brg) + \fC(un)BTM(un)Wéi)l and pro-
vide the boundedness of the residuals in the observation space, which is formulated
in the following lemma.

ProprosITION C.4. For all n € N it holds true that
1 : ) o Lo
Z O EBrILI + 1Bl < 5 2 LB + 1Bl )
j=1 j=1

Proof. The update of the mapped residuals is given by
BrY) = Br) — hBC(u,) BT M (u,) Br$) + VABC (u,) BT M (u, )W), |

Using M (uy,)(hBC(u,)BT + I) = I and abbreviating again M = M (u,) and C =
C(uy,), we obtain
E[| Bri) 12 - |1BrQ|? | Ful
= —2h(BrY), BOBT MBrY)) + 0+ 0+ h?|BCBY MBr{)|?
+ h||[BOBT MW), |2
= —on(Br¥), M(hBCBT + I)BCBT MBri))
+ B2 BCBTMBr)|? + hE | BCBT MW, | | 7|
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= —2h*(BrY), MBCB" BCBT M Br{y — 2n(BrY), MBCBT M Br()
+ B2 BCBTMBr{|? + hE || BCBT MWL | | F|
= —2h*(BCB" MBrY), BCBT M Br()
—2h(C**B" MBr{),C** BT MBr{))
+ 12||BCBTMBrY) |2 + hE [||BCBTMW,521||2 | fn}
= —2h?|BCB" M Br{|* — 2n||C*?BTMBr{y|?
+ B2 BCBT MBI | + hE | |[BCBT MW | | ] |

We note that

E {HBCBTMW +1||2|JT} =hs Z||c*1/QBTz\4Be<l>||2
=1

Similarly as in the proof of Lemma C.2 we obtain

J J
1 2 )2 _ ol T ()2
S EIBL I~ 1B | Fal = 125 ST (OB MBED)
Jj=1 Jj=1
j=1

We conclude with

J J
1 ; ; 1 , ,
By 2 (BrLal? + 1BeLu1?) = 5 D _(IBr P +11Be|) | Fl
= =
1 J

J
1 .
741232 |BCB" MBr&|? — C’l/QBTMBr |2
=1

J
J
1 )
(C.1) - th > BT MBe||* — ﬁ Z |CY2BTMBe) |2 <o.
Jj=1 Jj=1

d

While proving the above two auxiliary results, we have derived exphclt update

J J j J .
formulas for 3 37, Ellet’ |2 and 3 37, B[|| Bri||?] + 3 Y7 E[| Beid|[?]. Using
these explicit update formulas, we are further able to bound the followmg summations.

COROLLARY C.5. For all n € N it holds true that

J
jl ZhE 1C (ur) BT M (up)||2s] < ZE [II & }
k=0

and

n—1 J J

1 1 i i
> hy 2 ElICn) BT M ) Brif'IP) < 55 3 E{IBrs” I + 1 Beg”°)
k=0 =1

Jj=1
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Proof. From the proof of Lemma C.2 we know that
1 J ] n—1 1 J )
<72E [1e112] = E [Jle§”12] - LSOO E[|CBTMBe(|?)
- A
- Z ———hE[|CBT M|[fs],

O

and it implies that for all n € N we have that

J
S Lt enT i, <[],
k=0

The other bound follow similarly by using the update formula

J
1 . .
0< 33 BB+ [1Be| | ]

j=1
1 J n—1 1 J _
= S ENB P+ B S 125 S IBOBTMB |
i=1 k=0 =
n—1 1 J 1 J |
_2Zhjz [HCUQBTMBT Z ZE[HCBTMBeg)HQ]
k=0 j=1 prd j:l
n—1 1 J
- hTZ E[||C"/2BT M Be{||?]
k=0 j=1

d

We emphasize that it is not true that the quantity + Z LE[7]12 is decreasing.
This can be seen directly in the continuous and determmlstlc setting: Here it can be
proven that %ijl | Br@)(t)||? is decreasing, but % Zj L9 (#) ]2 does not have
this property.

First, the mapping via B only keeps track of the data-informed parameter di-
mensions, i.e., those orthogonal to the kernel of A. And secondly, even invertibility
of B still does not imply monotonicity of ||u(t) — @] as the mapping B can warp
the coordinate system in such a way that this property is lost, with @ defined as in
(4.1). This can be seen in an elementary example unrelated to the EKI: Consider the
curve x(t) = (cos(t),sin(t)) for which V(t) := ||z(¢)||? is constant, i.e., monotonously
decreasing. On the other hand, with A = diag(2,1) and I' = Fy42, the mapping
V(t) = ||Az(t)||? is not monotonous.

As a concrete example for the nonmonotonicity of the mean and the residual,
we can consider the forward operator A = diag(100, 1), observation noise covariance
I = I5x2, observation y = (0,0)7, and an initial ensemble with mean uy = (100, 100)”
and empirical covariance C(u(0)) = ( %5, 53'), whose eigenvectors are (—1,1)7 and
(1,1)T with eigenvalues 49 and 1, respectively.

Figure 1 shows the initial ensemble and the trajectories of the ensemble and
its sample mean in the parameter space. Clearly, the sample mean and the whole
ensemble move away from their final limit (0,0)7 for quite some time until they
finally “change direction” and converge towards their limit. The initial shearing of
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180 1

160 4

1440

120 A

100 A

T T T T T
—20 o 20 40 60 80 100 120

F1G. 1. Trajectories of the EKI (starting at the lower right corner; black curve is the mean u(t))
for t € [0,1]. Dotted sphere is the Euclidean sphere through To, demonstrating non-monotonicity of
the mean.

the ensemble combined with the strong weighting of the horizontal direction, which is
encoded in the forward operator, leads to an initial movement of the ensemble along
its principal axis to the top left, increasing the value of ||7(¢)]|?.

In other words, the Euclidean norm is not the natural norm with respect to
which we should view the dynamics of the ensemble, and either we need to settle
for nonmonotonous convergence of the residuals |[u(t) — 4|l in parameter space, or
we need to pick a more problem-adapted norm. In the deterministic setting, the
latter can be done by diagonalizing C(u(0))BT B: It can be shown that this yields a
basis of eigenvectors which diagonalize C'(u(t))C(u(0))~! for all times; see [9]. In the
stochastic setting, this favorable property is lost.

Proof of Lemma 4.3. Let p =1, and write
Irnillz, = Ellr 77
= [[r9 — hC(un) BT M (un) Bry) + VhC (un) BT M (u) W9, |1,
< PNz, + 1€ (wn) 2|22 |PC (un) 2 BT M (uy) Brid| 1,
+ IVAC () BT M ()W, 2y | 1,
First, note that we can write
(Clup))V? = (1) (D efD, e (el el el T2
and hence, it holds true that

1/2 1/2

J J
1 ; i
IO e, < | 5D EI@I? ] < | D Ele|? | =Cu.
j=1 j=1

~l =

Furthermore, we can bound

Ir 2y < ey +Co - IIhC (ur) VBT M (ug) Bri? | 1,
k=0

+ 3 IVRC(un) BT M ()W, 1,
k=0
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From Corollary C.5 we have that for all n > 1

n J
. 1 . .
23" hE[|Cur) 2 BT M(ur) Br |12 < B[ S |1Br | + || Be§ |12
2 [I1C () (we) Bry”[F] < [Jj:1 1Brg” [I” + | Beg™ [I7],

and it follows by Jensen’s inequality that

S hC(ur) BT M (ur) Bry|| 1, < Z |RC (ur) 2 BT M (uz) Bri| 1,

N. 1/2
<T (Z E[[|C (ux) /> BT M (u >r§j’|21>

k=0
1/2

J
1 . ;
SVT-E|1/25 ) 1B |* + | Bey |
j=1

providing a uniform bound in A for all n. Similarly, we obtain from Corollary C.5
that

n

J+ 1
ZEW C(u) BT M(up )W 2] = Z ()| C(ur) BT M (up,) |35
=0
J
1
il Z e (4) 2 H
J]=1

and applying again Jensen’s inequality gives

n N-T
ST IVRC ()BT M (u) W9 1, < 37 EIVRC (un) BT M (u, )W), 212
k=0

k=0

NoT 1/2
<T <Z =hE[ ”O(uk)BTM(uk)”HS]>
k=0
J 1/2
(4)2
<VT- jz:: [lleg”[1°]
We conclude the proof by
Iz, < e,
y | 1/2 L | | 1/2
VT SR IP | g DUEIBA 1P+ 1B 1]
Jj=1 j=1
. 1/2
(J)
+VT- —jg [lled
|
Proof of Lemma 4.6. We first note that IE[HT(])H | = [||PT(])|| | + EII -
P)ry; )2 1], and we consider both terms separately.
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Step 1: Bounding E[||Pr$’ 2.
We observe that

1Pr|* = BT (BBT)” Bri|I* < | BT (BBT)" |[&s| Bri|I*.

Application of Proposition C.4 gives the uniform bound in n and h, i.e. HPT ||2 <c
for some ¢; > 0 independent of n and h.
Step 2: Bounding E[||(I — P)rgf)HQ}.
For the update of (I — P)T%]) we have that
(I = Py}, = (I = Py = n(I = P)C(un)B" M(uy)Bry)
+ V(I = P)C(un) BT M (un)WY),
= (I - P)ry
J
1 . .
+ 5 S (=hM (un) Br§) + VhM (u, )WYy, Bel) (I — P)ell).
k=1

Similarly, we have that

(I - P)e), = (I - P)ely)
(=AM (u,) Be) + VhM (u, )W) Be) (1 — P)el®)

— (I - P)eY.

Hence, we imply that (I — P)ey, *) — 0 for all k, ie., e%k) is in the range of P, and it
follows that

(I-P)Y), = (I Py = (1 - Py
Finally, we conclude with

(T = Pyl 12 = (1 = Pyr§|? < ca.

|

Proof of Lemma 4.9. We again decompose § = ¢ + ', where § € range(B) and
y' € range(B). By Lemma 4.1 there exists 4 (not necessarily unique), such that we
can write the update for 7",(1) (j) —u by

7’4:7”‘— u'n,~ un~7ﬂ‘+ Un~ Up 4.
G — 1) — O () BT M () Br) + VRO () BT M ()W),

n

By Proposition C.4 it follows that

%\H

sup

J
i Z UBrO) 12 sn + 1 BeS) |2 ]

J
1 - -
<L Y08 o+ 156 )

The definition of B implies that

1Br9) |2k sn = IBS), — )2k + (@), — @))%,
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and hence, we conclude with

sup  EfJu|?] < C
ne{l,...,N}

for all j € {1,...,J}, where C > 0 is independent from h. |
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