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Abstract

The stability properties of matrix-valued Riccati diffusions are investigated. The
matrix-valued Riccati diffusion processes considered in this work are of interest in
their own right, as a rather prototypical model of a matrix-valued quadratic stochastic
process. Under rather natural observability and controllability conditions, we derive
time-uniform moment and fluctuation estimates and exponential contraction inequal-
ities. Our approach combines spectral theory with nonlinear semigroup methods
and stochastic matrix calculus. This analysis seem to be the first of its kind for this
class of matrix-valued stochastic differential equation. This class of stochastic models
arise in signal processing and data assimilation, and more particularly in ensemble
Kalman-Bucy filtering theory. In this context, the Riccati diffusion represents the flow
of the sample covariance matrices associated with McKean-Vlasov-type interacting
Kalman-Bucy filters. The analysis developed here applies to filtering problems with
unstable signals.
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1 Introduction

We introduce some matrix notation needed from the onset. Let M, be the set of
(r x r) real matrices with r > 1. Let S, C M, be the subset of symmetric matrices, and
8%, and S;' the subsets of positive semi-definite and definite matrices respectively. We
write A > B when A — B € 8%; and A > B when A — B € S;". We denote by 0 and [ the
null and identity matrices, for any » > 1. Given R € 9S;} := S? — S we denote by R'/? a
(non-unique) symmetric square root of R. When R € S;F we choose the unique symmetric
square root. We write A’ the transpose of A, and Ay = (A + A’)/2 its symmetric
part. We denote by Absc(A) := max {Re(\) : A € Spec(A)} its spectral abscissa. We
also denote by Tr(A) the trace. When A € S, we let \;(4) > ... > A\ (A) denote the
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ordered eigenvalues of A. We equip M, with the spectral norm ||A|| = || Al|2 = VA1 (AA4")
or the Frobenius norm ||A| = ||A|lgob = /Tr(AA’). Let u(A) = A1(Asym) denote the
(2-)logarithmic “norm” (which can be < 0). We have u(-) > Absc(+).

1.1 Description of the model

We associate with some given matrices (4, R, S) € (M, x S? x 8%) the Riccati drift
function © from S, into itself defined by the matrix concave function

O(P) :=(A—PS)P+ P(A—PS) +10(P) with %;0(P):=R+PSP  (1.1)

which may be written in canonical form, ©(P) = AP + PA'+ R — PSP.
If the matrix pair (A4, R'/?) is stabilisable, and the pair (A4, S/?) is detectable [3, 4, 40],
then there exists a unique matrix:

P €80 st. O(P,) =0 and (A — P,09) is stable, i.e. Absc(A — P,,S) <0 (1.2)

If (A, R'/2) is controllable, then &, € S;. See [38, 44, 40].
The matrix-valued Riccati diffusions discussed in this article are defined by the
stochastic model

with t € [0,00[, Qo = Q € SY, and some noise parameter ¢ > 0. The matrix-valued
martingale is defined by

aM, = (@1 awi 2 (@) (1.4)
sym
where throughout W; denotes an (r x r)-matrix with independent Brownian entries. The
non-negative map ¥, o : S, — S0 is defined by

Sww(P) == R+ k(P+wl)S(P+wl) (1.5)

for some finite w > 0 and some (binary) parameter « € {0,1}.
For example, if k = 0, then ¥y » = Yoo = R and thus dM; = | tl/Qth RY2| gy o1,
explicitly

dQ; = (AQy + QA + R — Q,8Q,) dt + % 2qw, RM? + RV aw, QV?

This special case (k = 0) defines, in some sense, a minimal prototype of a forward-in-
time matrix-valued Riccati diffusion in the space of symmetric positive (semi-)definite
matrices.
We let ¢5(Q) := @: be the stochastic flow of the matrix diffusion equation (1.3)
with Qp = . Whenever it exists, the inverse stochastic flow of (1.3) is denoted by
;4(Q) :=Q; "' Forany 0 < s <t, we let & .(Q) be the transition semigroup associated
with the flow of random matrices [A — ¢$(Q)S], i.e. the solution of the forward and

backward equations

085,(Q) = [A—-0i(Q)S] £5,(Q)  and  0,EC,(Q) = —&€C,(Q) [A—¢5(Q)S] (1.6)

with & ,(Q) = I. When s = 0 we write & (Q) instead of &£ ,(Q). We write ¢;(Q) and
£,,+(Q) instead of ¢7(Q), and £2,(Q), to denote the flow of the deterministic matrix
Riccati differential equation when ¢ = 0, and the exponential semigroup defined via

¢:(Q).
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1.2 Background and motivation

The main concern in this article is the matrix-valued Riccati diffusion in (1.3) and its,
time-uniform, moment boundedness and fluctuation behaviour, along with its stability
and contraction properties.

Positive semi-definite matrix diffusions in a specialized form of (1.3) also arise in mul-
tivariate statistics, econometrics and financial mathematics. For example, the Wishart
process considered in [16, 18] corresponds to the choice of parameters £y =R, S =0
and A stable. In financial mathematics, Wishart-type processes are used to model
multivariate stochastic volatility in equity and fixed income models. The article [19]
also considers a general class of affine processes in the cone of positive semi-definite
matrices. These processes combine Wishart diffusions and pure jump processes with a
compensator of affine-type. The Feller properties of the transition semigroup of affine
processes are developed in the articles [19, 34]. The main feature of these processes
is that the characteristic functions and the moment generating functions are explicitly
known. For more details on the mathematical analysis of affine processes we refer
to [19, 34, 42], and the references therein. To the best of our knowledge, whenever they
exist, such explicit formulae are unknown for general matrix-valued Riccati diffusions of
the form (1.3), as soon as S # 0.

In the context of filtering of conditionally Gaussian signal-observation models [41, 31],
the associated conditional covariance matrix of the posterior (filtering) distribution is
random and satisfies a type of Riccati diffusion equation, see [31].

We remark that different models involving backward matrix Riccati diffusions arise in
linear-quadratic optimal control problems with random coefficients; see e.g. [14, 32, 36].
Another class of random Riccati equations, different from the diffusion equation (1.3),
arises in network control and filtering with random observation losses; see for instance
[46]. The details of these works are beyond the scope of the forward-in-time Riccati
diffusions considered herein.

1.2.1 Ensemble Kalman-Bucy-type filters

The stochastic Riccati equations defined by (1.3) may be motivated by applications in
signal processing and data assimilation problems, and more particularly in the stochastic
analysis of ensemble Kalman-Bucy-type filters (abbreviated EnKF) [26, 45].

In this context, up to a change of probability space, the matrix-valued Riccati diffusion
(1.3) describes the evolution of the sample covariance associated with these filters. With
this application, the general form of (1.5) accommodates two popular EnKF filter models
(determined by the binary switch x € {0,1}) [26, 45]; as well as accommodating a class
of inflation-based regularization methods (determined by @ > 0) [13]. The case w =0 in
(1.5) corresponds to non-regularized models. We refer to Section 3 for further discussion
on these particle-type filters and on inflation-regularisation.

In the context of state estimation, the difference between the EnKF sample mean and
the true signal state (i.e. the estimation error) is described by a stochastic Ornstein-
Uhlenbeck-type vector-valued process of the form,

dX; = (A—QuS) Xy dt + (35 (Qu)"/? dW; (1.7)

where W, is an r-dimensional Wiener process independent of W;, and (X, ,)'/? denotes
the square root of the non-negative map Zi,w from S, into S? defined by,

She = Ple +E Sew (1.8)
where e = ¢/V4+ ¢ < e.
EJP 24 (2019), paper 84. http://www.imstat.org/ejp/
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Whenever ¢ = 0 = w, the diffusion process (1.7) resumes to the difference (i.e. error)
between the classical Kalman-Bucy filter [8] and the true signal state of an auxiliary
linear-Gaussian process with drift matrix A and diffusion matrix R. In this case we have

dXy = (A — 2.S) X, dt + 217/02(,@0 dW; with Riccati equation 9,2, = 0(%;) (1.9)

Note that &, = E(X;X]) coincides with the covariance matrix of the state estimation
error defined by the Ornstein-Uhlenbeck process in the Lh.s. of (1.9) and ¢:(Q) = 2
when &) = Q.

Under appropriate controllability and observability conditions, one of the main
features of the Kalman-Bucy filter is that it delivers a stable state estimate of the
underlying signal with unstable drift matrix A and uniformly w.r.t. the time parameter. In
particular, when the pair of matrices (A, R'/?) is stabilisable, and (A, S'/?) is detectable,
then the error X; is a stable process in the sense that (4 — #.5) delivers a uniformly
exponentially stable linear (time-varying) system [8]. Moreover, ¢:(Q) —i—o0 Poo
exponentially fast for any @ € SY, where &, € S? is the stabilising fixed point defined
in (1.2). See [38, 44, 40], and the convergence results in [39, 17]. In this situation, the
second moments of the diffusion process (1.9), as well as the solution of the deterministic
Riccati equation are uniformly bounded w.r.t. the time horizon. For further discussion
on these stability properties we refer to [8, 10] and the references therein. We point to
[3, 4, 40] for precise definitions of controllable, stabilizable, and their duals, observable,
detectable.

In some cases (later), we may ask for a stronger stability property; i.e. u(A —
P+S) < 0. We claim this condition requires an even stronger notion of observability
and controllability. A crude, yet sufficient, example here is to suppose a change of basis
such that A is symmetric and S  I.

The stability of (4 — £,.5), and of ¢+(Q) —1— 00 P, is directly related [8, 10] to the
contractive properties of the deterministic semigroup &, (Q). The stochastic equation
(1.7) implies that the stability properties of EnKF state estimators with o = 0 depend on
the stability properties of the stochastic exponential semigroup Ej,,t(Q).

Section 3 examines the stability of these ensemble filtering methods in detail (with
any @ > 0, k € {0,1}), and in relation to our main results on Riccati diffusions of the
form (1.3). We also relate the contractive properties of £¢,(Q) to the stability of the state
estimation error flow X; in (1.7). /

1.3 General statements of the main results

We make the standing assumption throughout that (A, R'/2) is stabilizable and
(A, 51/2) is detectable; see [39, 4, 40]. The main concern in this article is the gen-
eral matrix-valued Riccati diffusion in (1.3). This includes as a special case the minimal
prototype for this type of matrix-valued quadratic stochastic differential equation that
arises when £ = 0. In particular, we are interested in the stability of the flow ¢$(Q)
and the contraction properties of the associated exponential semigroup E;t(Q). We also
consider moment estimates on ¢$(Q) and the fluctuation properties of ¢$(Q) about the
deterministic Riccati flow ¢;(Q). Later we also consider applications of this work to EnKF
theory, and we consider the stability of the associated Ornstein-Uhlenbeck-type flow X;.

The analysis of Riccati diffusions of the form (1.3) with the parameters (x,w) = (1,0)
has been started in [12, 23]. In these articles, the authors provide several uniform
convergence results when S is proportional to the identity and when A is a stable
matrix. In [12] we also provide a complete Taylor-type stochastic expansion of the
Riccati flow with estimates given at any order with bounded remainder terms, and
with a fluctuation analysis considered over the entire path space of the matrix-valued
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stochastic Riccati flow. We remark that in the scalar case we also have a complete time-
uniform fluctuation and stability analysis of one-dimensional Riccati diffusions in [11].
Nevertheless, the understanding of the long time behaviour of matrix-valued Riccati
diffusions with arbitrary matrices A seems lacking, and requires the development of new
mathematical techniques.

To address this problem, we develop a novel stability and fluctuation analysis for
(1.3) combining spectral theory with nonlinear semigroup techniques in matrix spaces.
The present article thus complements the recent article [11] dedicated to the stability
and fluctuation properties of general one-dimensional Riccati diffusions. And this article
extends [12, 23] in a number of directions, and corrects some claims in [23].

The main contributions of this work are listed succinctly below and discussed through-
out the remainder. For more precise statements, we refer to the series of theorems
stated in Section 2.

e As shown in [11], for one-dimensional models the equation (1.3) has a unique
strong solution in 8¢ = [0, oc[. In addition, the origin is repellent as soon as R > 0, for
any € > 0. To the best of our knowledge, the extension of this result in the multivariate
case is unknown.

In the present article, we show that the existence and uniqueness of a weak solution
in S? of equation (1.3) is ensured for any time horizon and any fluctuation parameter
€ > 0; see Theorem 2.1.

Up to a change of probability space, the sample covariance matrices of ensemble
Kalman-Bucy filters with N + 1 particles satisfies (1.3) with ¢ oc 1/ v/N. The rank of a
sample covariance matrix @ is thus at most NV, and with N < r, it follows that Q; € S,
is a unique weak solution of equation (1.3). We refer to Section 3 for a more precise
discussion of ensemble Kalman-Bucy filters.

e Whenever S € 8S,T , without additional regularity properties, the solution of (1.3)
may blow up when the matrix A is unstable as the time horizon ¢t — co. Nevertheless,
when the pair of matrices (A, R'/?) is stabilisable, and (4, S'/?) is detectable [40], for
any t > 0 and any € > 0, we prove the following uniform under bias estimate

E[¢;(Q)] < ¢.(Q) < c(1+[IQIT (1.10)

for a finite constant ¢ < oo that doesn’t depend on the time horizon. In addition, the
above estimate does not depend on |Q| when ¢ > v for any v > 0 and with some
parameter ¢ dependent on v. The L.h.s. under bias estimate is a consequence of the
inequality (4.5); see also Theorem 1.3 in [12]. The proof of the r.h.s. uniform estimate
is in [8, 10]; e.g. it is easy to verify [|¢:(Q)|| < ¢ (|| Pl V |Q|]). See also the refined
uniform bias estimates in Theorem 2.3.

The uniform moment estimates (1.10) ensure that the stochastic Riccati diffusion
(1.3) is uniformly tight. By Prohorov’s theorem, this implies that the distributions of the
random states (Q;):>o is relatively compact so there exists at least one limiting invariant
distribution I'S, on S and a sequence of random times ¢,, such that

weakly
where IIf denotes a Markov semigroup for );, defined more formally later. We remark
however, that at this level of generality, it is difficult to ensure the uniqueness of the
invariant measure and the stability properties of matrix Riccati diffusions.

e One central question towards this goal is to analyze the regularity properties of
the transition semigroup associated with the Riccati diffusion (1.3). Firstly, observe that
the positive map Y, ; defined in (1.5) satisfies the inequality

Yw(P) < U+PVP with (UV):= (R+rkwS(S+wl), k(S+=l)) (1.11)
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Notice that when w = 0, the estimate (1.11) resumes to the formula
Yuo0(P) =U+PVP — (U, V) = (R,kS) € {(R,9),(R,0)} (1.12)

Note implicitly that (U, V') are (x,w)-indexed. The introduction of these matrices allows
us to control the positive diffusion map ¥, - (P) in terms of a single quadratic-type form
on P. From (1.12), this control trivially holds when w = 0.

Now we introduce a fluctuation parameter of the form,

62 62
go = sup{eZO . R° ::R—Z(T—FI)UEO and S° ::S_Z(T+1)VZO
(1.13)

with the matrices (U,V) defined in (1.11). Notice that this condition may simplify
significantly,

w=0 = (U V)e{(RS),(R0)} = co:=2/r+t1

With e < ¢y, we prove that the matrix Riccati diffusion (1.3) has a unique strong solution
in S and that it never hits the boundary dS;" on any positive time horizon.

In addition, the transition semigroup of @), is strongly Feller, and admits a smooth
positive density w.r.t. the Lebesgue measure on S;'; thus, it is irreducible (cf. Theo-
rem 2.1).

The uniqueness of the invariant measure I'S_ now follows via the fact the semigroup
transitions are mutually absolutely continuous. This also ensures that I'S_ has a positive
density on S;t.

e To quantify the convergence to equilibrium we need to quantify in more detail
the moments of the Riccati flow and its inverse. We need the additional fluctiation
parameters,

en(V) = sup{eZO : %r(n—l))\l(V) < )\T(S)}
(1.14)

62 )\1 (V)
en(U, V) = sup{e €10,e0] : ) I4+nr)\(U)+ 1 r} < A (R)}
Observe that S € S;F = &1(V) = 0. If k =0and S € S;f thene, (V) = cc forall n > 1.
Actually, we have ¢,(V) > 0 if and only if S € S, and ¢,,(U,V) > 0 if and only if R € S;F.

When € < ¢,(V) Ae,(U,V) we prove that the n-th moments of (), and its inverse
matrix Q; ! are uniformly bounded w.r.t. the time horizon. In addition these moments
are uniformly bounded w.r.t. the initial state for strictly positive time horizons; see
Theorem 2.2.

e When e < &1(V) Ae1(U, V) we also show that the function A(P) := ||P|2 + || P72
is a Lyapunov function on S;” with compact level sets. In this situation, the distribution
of (); converges exponentially fast to the unique invariant probability measure I'C_; see
Theorem 2.4.

e This article is also concerned with uniform fluctuation estimates of ¢$(Q) about the
limiting object ¢;(Q), and w.r.t. the time horizon. For instance, when S € S;f and k = 0
in (1.5), then for any fluctuation parameter ¢ > 0 and any n > 1 we have the uniform
estimates

sup E[[65(Q) — ¢:(Q)""" < en(Q)e
t>0

for some constant ¢, (Q)) whose values only depends on n and @Q; see Theorem 2.3.

e These latter uniform fluctuation estimates allow one to quantity with some precision
the exponential decay of the exponential semigroups £ ,(Q0) as discussed further in
Section 2.2.1.
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To get some intuition on the complexity of matrix Riccati diffusion models, we mention
that the evolution model of the eigenvalues of @); is generally not closed, in the sense that
it also depends on the random eigenvectors of the Riccati diffusion. We note however,
that for diagonal matrices (A4, R, S), the solution %, of the deterministic matrix Riccati
differential equation in (1.9) is diagonal as soon as & is diagonal. In addition, when
(A, R, S) are proportional to the identity, we have 4?; proportional to the identity with
a time-varying proportionality constant that solves a naturally associated univariate
(scalar) Riccati differential equation. Even in this simplified (identity proportional)
setting, these elementary properties fail for the matrix diffusion (1.3) as soon as ¢ > 0. To
be more precise, when r > 1 the evolution of the eigenvalues of (); is associated with an
additional repulsion force that prevents the collision of eigenvalues. These logarithmic
Coulomb repulsion forces are dictated by the second order Hadamard variational formula,
the strength of repulsion is inversely proportional to their separation. The interacting
diffusion model discussed above is closely related to the Dyson-Brownian motion model
that represents the evolution of the eigenvalues of Gaussian orthogonal ensembles
(W + W;). For example, in the simple setting A=R=S=TIand w =k =0, and € < ¢y,
the ordered eigenvalues 0 < A\.(t) < ... < A1(t) of the Riccati diffusion matrix @ satisfy
the Dyson-type diffusion equation

dN(t) = |20 +1— N2+ S > Ailt) + 05 dt + € /Ai(t) AW} (1.15)
e

Aj(t)

for some sequence W, of independent Brownian motions. We refer to Section 4.4 for a
more detailed and general discussion on these Dyson-type equations. For background
details on Dyson-Brownian motions we refer to [25, 43, 2, 47]. Most of these studies
are primarily concerned with the behaviour of eigenvalues for isotropic-type Gaussian
models, when r — oco. The literature on positive semidefinite matrix diffusions is also
mainly concerned with the existence and numerical approximation schemes on finite
time horizon. In contrast with these works, the present article is concerned with the
fluctuation and the stability analysis of these models over long time horizons ¢ — oc.

1.3.1 Article organisation

The main contributions of the article are presented in Section 2. In Section 3 we
illustrate the impact of our results in the context of ensemble Kalman-Bucy filters,
including inflation-regularization methodologies. Section 4 presents some pivotal results
concerning Riccati flows, including a characterisation of inverse matrix-valued Riccati
diffusions, a matrix-comparison lemma and Liouville determinant-type formulae for
Riccati diffusion flows. The end of the section is concerned with the derivation of the
Dyson-type equations associated with the evolution of the eigenvalues of this class of
matrix diffusions. Section 5 is dedicated to the proof of the main results stated in
Section 2.

1.4 Some basic notation

This section presents some basic notation and preliminary results necessary for the
statement of our main results.

Throughout, we write ¢, ¢, €y, Co.ns Con (), Con(Q), Cu.n(Q, ) ... for some positive uni-
versal constants whose values may vary from line to line, but which only depend on
some parameters n,v,x,(Q, etc, as well as on the parameters of the Riccati process
(A, R, S,U,V). Importantly, these constants do not depend on the time horizon ¢, nor on
the fluctuation parameters (¢, ).
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Given a suitably regular matrix-valued stochastic process t — A; € M., forany ¢t > 0
and n > 1 we set
nyl
Al = B A)"

We denote by II; the Markov semigroup of (); defined for any bounded measurable
function F € B(S,) and Q € S? by

IG(F)(Q) := E[F($;(Q))]

We consider the symmetric tensor products on S0 defined by

1
P1 ®s P2 = §(P1 [ P2—|—P2 ® Pl)
_ 1 _ _
P ®@s P = §(P1®P2+P2®P1)
~ 1 _
P®P = §(P1 ®s P+ P ®sP) > 0

with the tensor products
(Pl ®P2)((Za])’ (k7l)) = (Pl ® P2>((iaj)’ (Z7 k)) = Pl(ivl)PQ(j7k)

In this notation, we have (I ® I)(H) = H’. In addition, the angle bracket of the matrix-
valued martingale M; = (M;(i, j))1<i,j<r defined in (1.3) is given by the formula

O (M(i,5) | M(k, 1)) = (Qr ® B, (Q1)) ((i,4), (k, 1)) (1.16)
We set 7 := r(r + 1)/2 and we equip the product space R” with the inner product
(z,y)7 = Z TiiYii + 2 Z T4 Vi 5
1<i<r 1<i<j<r

where z,y € R” and where we index these vectors via z = (z;;)1<i<j<r and y =
(yi,j)1<i<j<r- We equip R™ with the rescaled Lebesgue measure,

Ne(dz) = 27T(r=D/4 H dz; j
1<i<j<r

Let ; ; with 1 <4,j < r be the (r x r)-matrices with entries F; ;(k,l) = 1(; j)=,. For
any H € S, we have,
H = Z H;; E}; + Z V2H, E}; = Z (H, E; ;)rvob B
1<i<r 1<i<j<r 1<i<j<r
with the orthonormal basis of S, given by
Eij +Eji

Esi = Eii and Equ =
i, Ly 2, \/i

Licy

The above decomposition yields the isomorphism ¢ : (S, (-, “}Frob) — (IR?, (- ~>;) defined
by

(s(H)) = ((H11,V2H12,...,V2H1,) ... (Hii,V2H; i1, ... ,V2Hiy) ..., Hyp)
= (Hy, Ha)peon = Tr(HiHy) = (s(H1)) (s(Ha)) := ((H1),s(Hz2))w

Note the set Dr := ¢(S,7) is an open smooth manifold embedded in R” with boundary
ODr = ¢(0S;F) of vr-null measure on R" and parametrised by the equation det(s~!(-)) = 0.
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We define the Lebesgue measure on S, using ¢~ ! and ~ according to the natural

relationship T, := 75 o ¢~1. The Markov semigroup 7§ (p, dq) of the process ¢; := ¢(Q;) is
defined for any bounded measurable function f € B(R") and any ¢ € (S%) C R" by the
formula

() =T(fo)(THa) <= IHF)Q) = mi(Foc)(<(Q)

The symmetric tensor product P; ®, P, can be identified with the matrix {P; ® P2} €
RR™" defined by

(PL®, P} i=co(PL®,P)os ! = {P®,P}?=co(P,®,P)"?0c! (1.17)
and we have the estimate
Ar(P) A (P2) I <{Py ®y Pa} < A (P1)Mi(Pe) 1 (1.18)

The proof of the above tensor product formulae are provided in the Appendix.
Finally, define the optimal matching distance between the spectrum of matrices
A, B € M, by

d (Spec(A),Spec(B)) = min  max [Xi(A) = Aperm(i) (B)] (1.19)

perm(-) 1<i<r

where the minimum is taken over the set of r! permutations of {1,...,7}. Recall also the
Krause [37] and Friedland [28] inequalities,

d (Spec(A), Spec(B)) V |det(A) — det(B)|*/" < ¢ [||A| V|[B|]'""" |4 - B|Y"  (1.20)
forany A, B € M,.. For any A, B € S, we also have [27] the Hoffman-Wielandt inequality

S (A(A) — A(B)? < ||A-B? (1.21)
1<i<r
2 Formal statement of the main results: regularity and stability
Recall that throughout we make the standing assumption that (A, RY/ 2) is stabilizable
and (A, S'/?) is detectable; see [39, 4, 40].

2.1 Regularity properties and fluctuation estimates

Theorem 2.1. For any ¢ > 0 the Riccati diffusion (1.3) has an unique weak solution on
89, For e < ¢ there exists an unique strong solution on S;. In this situation, we have

law
th = G(Qt) dt + e (Qt ®s En,w(Qt))l/z dvt,sym (2.1)
where V; ¢, denotes a symmetric Brownian matrix with entries
Visym(i,4) = Wi(i,i) and Vigym(i,j) = Wi(i,§)/V2 foranyi<j.

When € < ¢, the process q; := s(Q:) € Dr satisfies the T-dimensional diffusion equation

. _ _ _ 1/2

dg = 0(q) dt+eo(q)dv, with § =coOoc¢™ ! and o(q) = {< ' (q) ®s L, (s ' (q))} /
2.2)

where v; denotes an 7-dimensional Brownian motion. In addition, there exists a smooth

positive density p¢ € C*°(]0, oo[xD2) such that for any t > 0 and p € Dy we have

75 (p,dq) = pi(p,q) ¥#(dq) (2.3)
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The proof of the above Theorem is provided in Section 5.1. Using (2.3) we check that
75 (p, dg) and II§ (P, dQ) are strongly Feller and irreducible semigroups. Thus, they have
an unique invariant probability measure v, and I'¢, on Dy and S;F. In addition v¢, and
I'S, have a positive density w.r.t. 7+ and I';..

The next theorem concerns some time-uniform moment estimates on the stochastic
Riccati flow in (1.3) itself and on its inverse flow.

Theorem 2.2. Assume that S € S;. In this situation, for any n > 1, t > 0, and any
€1 < e,(V) and €2 < &, (U, V) we have the uniform estimates

ot (@I, < e 1+ 1QI) and |67 (@)l < cu A +IQI+ Q") (2.4)

Furthermore, for any time horizon t > v > 0 we also have the uniform estimates

ot (@I, < con and [léy *(Q)]], < com (2.5)

In addition, if k = 0, then for any e > 0, t > 0 and any s > v > 0 we have the refined
estimates,

et (@, < c(X+1QIN) (1 +evn) and [[65(Q)l, < co(l+evn)  (2.6)

The proof of the above Theorem is provided in Section 5.2. A more precise description
of the parameters c,, ¢, »,c,c, are provided in (5.1) and in (5.2). The first estimates
stated in (2.4) also hold if S = V = 0 when p(A) < 0. The proof of this Theorem is
based on a reduction of (1.3) to a scalar Riccati diffusion, a novel representation of its
n-th powers, and a comparison of its moments to a judiciously designed deterministic
scalar Riccati equation. We note the proof is conservative by nature (due to the scalar
reduction and comparison).

From (2.5), for any ¢t > v > 0 there exists some matrices oy ®¢ > 0 such that

e<alV)rhalV) = & <E@@Q) <3,

This estimate in a sense generalises the well-known bounds ®,, < ¢:(Q) < d,, for some
®,,®, >0andt>wv > 0; seee.g. [8, 10].

Note that the uniform estimates independent of the initial condition stated throughout,
involve some arbitrarily small, positive time parameter v, which is related to the notion
of a so-called observability/controllability interval; for further details on this topic we
refer to [8].

Now we turn to quantifying the fluctuations of the matrix Riccati diffusions around
their limiting values when the diffusion parameter ¢ tends to 0. The next theorem
extends (in some directions) the uniform fluctuation estimates obtained in [12]. In some
results in [12] time-uniform estimates were obtained only with A stable, whereas here
we accommodate more general matrix models with possibly unstable modes.

Theorem 2.3. We have that (1.10) holds. Assume further that S € S;". In this situation,
for any time horizont > 0 and ¢ < €19(V') we also have the refined uniform bias estimates

0 < ¢ (Q) —E[{(Q)] < ce® 1+ Q) MU) + (V) Q") I (2.7)

Furthermore, for any n > 1 and € < €19, (V') we have the uniform estimates

l$5(Q) = ¢e(Q)ll,, < ene(+ QI (2.8)

In addition, if k = 0, then for any ¢ > 0 and n > 1 we have
ll95(Q) = de(@)lll,, < ce@+[QI°) (1 +ev/n)® (2.9)
EJP 24 (2019), paper 84. http://www.imstat.org/ejp/
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The proof of the preceding Theorem is provided in Section 5.3. Recall that the
proof of (1.10) is an easy consequence of the inequality (4.5), see also Theorem 1.3
in [12], and the uniform estimates in [8, 10]. The rest of the proof is based simply on
a second-order expansion of the stochastic flow ¢; about the deterministic flow ¢, and
then an appropriate bounding of the first and second order stochastic terms; see also
[12] for details on the decomposition of ¢; in terms of ¢; plus stochastic terms of any
desired order (in €).

Observe that the condition S € S, ensures that for any n > 1, the n-th moments
of the trace of the Riccati diffusion are uniformly bounded w.r.t. the time horizon
(when the fluctuation parameter is small enough) even when the matrix A is unstable.
This condition may be thought of as a strengthening of the detectability/observability
condition.

Several spectral estimates can be deduced from the estimates (2.7), (2.8) and (2.9).
For example, let k = 0 and ¢ € [0,&¢], then combining (2.9) with the n-version of the
Hoffman-Wielandt inequality (1.21) we have the uniform estimates

S i (65(Q)) = Ai (0@, < ce 1+ [QI°) (1 +€v/n)®

The uniform estimates (2.8) can also be used to analyse the fluctuation of the inverse
flow ¢; °(Q). For instance, for any n > 1 and any € < 5, (U, V) A £20,(V) we have the

uniform
lee@ =0 @7 < cnctr+ QU+ 17D (2.10)
A proof of this estimate is provided in the Appendix.

2.2 Stability estimates

We set A(P) := ||P||z + ||P~!||2 and we consider the collection of A-norms on the set
of probability measures I'y,T'; € P(S;F) on S;F, indexed by « > 0, and defined by

F(P)|

r,-r = [1(F)—Ty(F)| : FeEB(SH) st. |F||a = |7<1
T2 = Tl sup{| (F) = Ta(F)| 5 FEB(S) st |Flai= swp 125 <
Theorem 2.4. Assume that the fluctuation parameter ¢ < (V) Ae1(U,V). Then, there
exists some parameters a < oo and (3,1 > 0 such that for any t > 0 and probability
measures I'1,T'y € P(S;") we have the A-norm contraction inequality

ITyTE — Do TI5 o < ae P [Ty = Tafla (2.11)

The proof of the above theorem is provided in Section 5.4 and is based on matrix-
valued Lyapunov (choosing the function A(-)) and minorisation conditions.

For one-dimensional models, the article [11] provides explicit analytical expressions
for the reversible measure of (); in terms of the model parameters. As expected, heavy
tailed reversible measures arise when x = 1, and weighted Gaussian distributions when
k = 0; see the examples in [11]. The article [11] also provides sharp exponential decay
rates to equilibrium, in the sense that the decay rates tend to those of the limiting
deterministic Riccati equation when € tends to 0.

2.2.1 Contraction properties of exponential semigroups

The stochastic flow of the matrix Riccati diffusion (1.3) is given implicitly by

65Q) = E,(Q)eQ)EL(Q) + / £5.1(Q) T1.0(64,(Q) €5,(Q) du

S

t
+ € / Eq (Q)dMES ,(Q) (2.12)
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for any s < t. This formula intuitively illustrates that the regularity properties of the
matrix Riccati diffusion (1.3) are also intimately connected to the contraction properties
of & ,(Q).

The stability properties of the deterministic (¢ = 0) semigroups & ;(Q) and ¢,(Q) are
rather well understood; e.g. see [8, 10]. We begin this section with a brief review on this
topic and some key contraction inequalities. Firstly, for any ¢ > 0 and Q € S we have

€@ < c(L+[QID IE(Ps)ll and  [[E(P)ll < ae™* for some a, 5 > 0, (2.13)

with &, from (1.2). In addition, there exists some parameter v > 0 such that for any
s > 0and any t > v > 0 we have the uniform estimates,

1€s.5+¢ (@) < e [|E(F0 )l (2.14)

Proof of the above inequalities follows from [8, 10].
Let Py, P, € SY. Then, for any ¢ > 0, using (2.13) we find

61(P1) — de(Po)|| < c(U+[|Pu)l® + 1P2|1?) [1€(Zo0) I (2.15)
and similarly, using (2.14), for any s > 0 and any ¢t > v > 0, we have
[fs,51t(P1) = ¢s,spt(Po)| < co (L+ [P + [|P2]l?) [E:(P00) I (2.16)

Note that both (2.15) and (2.16) imply immediately that ¢;(Q) —¢ 0o P~ forany Q € SP.
Again, the proof of these estimates follows from [8, 10]. We emphasise that in the
deterministic case (¢ = 0), stability of the matrix-valued Riccati differential equation,
e.g. as in (2.15), follows directly from the contraction properties of Es,t(Q) in (2.13); see
[8, 10] for the derivation.
We come now to the contractive properties of £5,(Q). Firstly, we remark that if
S € S, then up to a change of basis we can always assume that S = I. Moreover, for
any s,t € [0, co[ we immediately have the rather crude almost sure estimate
p(A) <0 = & 1(@Q)ll2 < exp[tp(A))] —ris0 O (2.17)

S

In general, asking for A to be stable in this form is a very strong and restrictive condition.
We typically seek contraction results on £¢,(Q) that accomodate arbitrary A € M,
matrices. To this end, fix the matrix ) € S° and consider the process .A¢ defined by

A te 0,00 AS = A— ¢5(Q)S (2.18)

We write A for the analogous process driven by ¢;(Q), i.e. with € = 0.
In this notation, for example when x = 0, combining (2.6) (2.9) and (2.14) with
Krause’s inequality (1.20) for any nr > 1 we also have the uniform estimate

Il d (Spec(Ar), Spec(AD) I, < enl@Q) € (2.19)

In addition, for any ¢ > v > 0, using the Lipschitz estimates discussed above we also
have

A = A= P8 = d(Spec(A),Spec(As)) < cexp[—26t/r]|Q— P ||*" (2.20)

with the parameter 5 coming from (2.13). These spectral estimates are of interest on
their own, but are not immediately usable for controlling the contraction properties of
the exponential semigroups.

By Theorem 2.2 and Theorem 2.3, with S € S;F, the collection of processes (A, A°)
introduced in (2.18) satisfy the following regularity properties:

EJP 24 (2019), paper 84. http://www.imstat.org/ejp/
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» Casek € {1,0}: Forany n > 1 and € < €19,(V) and any ¢ > 0 we have the uniform
estimates

e IA = Afll, < en 1+ 1QIT)

e Casek =0:

For any n > 1 and any € > 0 and any ¢ > 0 we have the uniform estimates
el = Afll, < c@+IQIP) (1 +evn)® and  [JAl, < c@+IQ]) (1 +evn)

with the parameter « € {0, 1} introduced in (1.5).

The stability properties of stochastic semigroups associated with a collection of
stochastic flows (A, .A¢) satisfying the above properties have been developed in our
prior work [9]. Several local-type contraction estimates can be derived. For instance,
the stochastic semigroup Egyt(Q) exhibits the following stability properties derived as
immediate corollaries of our work in [9]:

Corollary 2.5. Let x € {1,0}. The semigroup £¢,(Q) is asymptotically stable in probabil-
ity if u(As) < 0. That is, for any increasing se(juence of times 0 < s <ty Tr—oo 00, the
probability of the following event

1 1
lim sup o log [|€5,;, (@) < 3 w(A— P.S) isgreaterthanl —v (2.21)
B :

k—o0
for any v €]0,1], as soon as €" < ¢, v for some n > 1.
This log-Lyapunov estimate (2.21) immediately implies the semigroup £¢, (Q) may

stk
be exponentially contracting with a high probability; given strong observability and

controllability conditions that imply u(A — £+.S) < 0. A number of reformulations of
this result that shed insight individually are worth highlighting:

* Let x € {1,0}. For any 0 < s < tg, Tk, —00 00, there exists a sequence €, 1k, 00 0
such that we have the almost sure Lyapunov estimate

1 € 1
lim sup lim sup - log ||€sff+tk1 @)l < B 1A — PS) (2.22)

ko—oo  ki—o0 k1

» Let x € {1,0}. Then, for any increasing sequence of times 0 < s <t Tk 00 00, the
probability of the following event,

VO<wvy; <1 dl>1 suchthat Vk >1 itholds that

1

1
0B [1€5,, (Q) < 5 (1= 1) p(A — P8

(2.23)

is greater than 1 — vy, for any v; €]0, 1], as soon as " < ¢, v for some n > 1.

* Let k € {1,0}. Consider any s > 0, any increasing sequence of time horizons
tr Thy—oo 00, and any sequence €, lk,—oo 0 such that Zk2>1 61?2 < oo for some
n > 1. Then, we have the almost sure Lyapunov estimate,

VO<v <1 dlj,ls >1 suchthat Vk; >1;, Vko > 15 it holds that

1 € 1
—log||€'2,, (@) < 5 (1= 1) (A~ 2uS)
1
(2.24)
EJP 24 (2019), paper 84. http://www.imstat.org/ejp/
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The first dot-point result captured by (2.22) is derived from (2.21) in Corollary 2.5 via
the Borel-Cantelli lemma. The next two dot-point results provide some reformulation
of the supremum limit estimates (2.21) and (2.22) in terms of random relaxation time
horizons and random relaxation-type fluctuation parameters. The first reformulation
in (2.23) shows that with a high probability, the semigroup &5 ,(Q) is stable after some
possibly random relaxation time horizon, as soon as € is chosen sufficiently small and
1(Ax) < 0. The last reformulation in (2.24) underlines the fact that after some random
time (i.e. determined by /;), and given some randomly sufficiently small perturbation
(determined by I>) the semigroup &5 ,(Q) is exponentially contractive. We have no direct
control over the parameters /; and [ in (2.24) which depend on the randomness in any
realisation.

Additional results are applicable if we restrict x = 0. We have the following immediate
corollary of our prior work in [9]:

Corollary 2.6. Assume k = 0. If u(A) < 0, then the semigroup &t ,(Q) is asymptotically
IL,,-stable for any n > 1 over time horizons with lengths controlled by €. More specifically,
foranyn > 1, s > 0, there exists some time horizons t, < t;, —._,o oo such that for any
t, <t <t;, we have

1
Flog B ([I€5,4(Q)") < 7 1A=~ P55) (2.25)

whenever € < ¢, ¢ where here ¢, is the largest parameter € such that t, > t,,; see [9]
for more details on these time parameters.

Importantly, in this last result we have t;, —._,o oo and thus we can control the
horizon on which the semigroup 5;,&(62) is asymptotically IL,,-stable for any n > 1 when
x = 0. In other words, the estimate (2.25) ensures that the stochastic semigroup
&s.(Q) is stable on arbitrary long finite time horizons, as soon as x = 0, and when
the perturbation parameter is chosen sufficiently small. We have the following fact
immediate from Corollary 2.6:

¢ Assume k = 0. Foranyn > 1, s > 0, we have

: 1 e n n
limsup - log B (|5 11 (@)") < § (A= ZucS)
e—0 .

n

Finally, we also have the following new result which extends the exponential decay
results for one-dimensional models presented in [11] to the determinant of the matrix-
valued Riccati diffusions considered herein.

Theorem 2.7 (Stochastic Liouville Formula). For any @) € Sj consider the parameters
n > 1 and € < €5,,,-(V') such that

2 2
R = R —n%U >0 and S¢ := S° —n%V >0 (2.26)
where (U, V) and (R¢, S¢) are defined as in (1.11) and (1.13). Then, we have the expo-
nential decay estimate
1/n

Blaet @) = B (ew|n [ Teta- @935 )

en(Q) exp [—t Tr (R;S;)] (2.27)

IN

In addition, the exists some function lim._,¢ f,,(¢) = 0 such that

E [det(E5(Q))"]Y" < en(Q) exp {—t VIr(A)2 + Tr(RS)(1 — nn(e))} (2.28)
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The proof of this theorem is given in Section 5.5. In the one-dimensional case, r = 1,
this result collapses to capture the strong exponential contraction results presented
in [11] on the semigroups £ associated with a scalar-valued Riccati diffusion. In the
scalar case, strong stability results on the stochastic Riccati flow ¢; analogous to the
deterministic setting, e.g. (2.15), also follow; see [11].

3 Ensemble Kalman-Bucy filters

Because of their practical importance, this section is dedicated to the illustration
of our main results within the EnKF framework [26, 45]. Consider a time-invariant
linear-Gaussian filtering model of the following form,

A2, = A2, dt + R)*d#; and d% = B 2; dt + Ry d¥;, (3.1)

where (#;, ¥;) is an (r+7)-dimensional Brownian motion, £y is an r-dimensional Gaussian
random variable with mean and variance (E(Zy), Py) (independent of (#;, %)), (4, B) €
(M, x M,.7), (R1, Ra) € (S} x 8T), % = 0. To simplify, and relate the notation here to
our general analysis, set

R:=R, and S:=DB'R,'B

We let V; = 0 (%, s <t) be the o-algebra filtration generated by the observations.
The conditional distribution 7, = Law (2} | ;) of the signal internal states Z; given );
is a Gaussian distribution with a conditional mean and a conditional variance given by

My =FE (2| V) and 2y :=E (2 —E(Z | W2 —E(Z | )] | ).

3.1 McKean-Vlasov interpretations

Ensemble Kalman-Bucy filters can be interpreted as a (non-unique) mean field particle
approximation of the Kalman-Bucy filtering equation. To describe with some precision
these models we need to introduce some terminology. For any probability measure 7 on
R" we let P, be the n-covariance matrix

Py =n(le=nle)lle=n(e)]) with  e(x) =z

We now consider two [26, 45] different classes of conditional nonlinear McKean-Vlasov-
type diffusion processes

(1)  dX, = AX,dt + R*>dW,+ Py B'R;" [dYt - (B X, dt + RY? th)} ;

o _ T+ 7,(e) (3.2)
(2)  dX, =AX,dt + RV?dW,+P;, B'Ry" [dY} - B <2t> dt]
In all cases (W, V4, X) are independent copies of (%4, %, Zo) (thus independent of the
signal and the observation path) and

ﬁt = LaW(Y,ﬁ | yt) (33)

These diffusions are time-varying Ornstein-Uhlenbeck processes [23] and consequently
7, is Gaussian; see also [8]. These Gaussian distributions have the same conditional
mean .#; = 7,(e) and the same conditional variance &; = P,, = Py,. They satisfy the
Kalman-Bucy filter

dsy = (A — PS) M dt + Py B’R;1 d?%; with the Riccati equation 0,2, = © (£,).
(3.4)

EJP 24 (2019), paper 84. http://www.imstat.org/ejp/
Page 15/40


https://doi.org/10.1214/19-EJP342
http://www.imstat.org/ejp/

On the stability of matrix-valued Riccati diffusions

Ensemble Kalman-Bucy filters coincide with the mean-field particle interpretation of the
nonlinear diffusion processes defined in (3.2). To be precise, let (W}, V}, YS)lSiSNH be
(N + 1) independent copies of (W, V4, Xo).

The EnKF associated with the nonlinear processes X; defined in (3.2) are given by
the Mckean-Vlasov-type interacting diffusion processes

(1) dX, = AX, dt+ R? dW, + 2, B'R;" [d@t - (B X, dt + x'/2 dVi)]
(2) dX, = AX, dt+ R> dW, + 2, B'Ry" [d@ft N (?i +ﬁ§V(e)) dt}
(3.5)

with 1 <7< N+ 1, N > 1, and the rescaled particle variance

Pr=(1+NYPox  with 7V :=N+D"0 > de. (3.6)
1<i<N+1 !

Following the arguments as those provided in the beginning of Section 5.1, we can check
that the interacting diffusions discussed above have a unique weak solution on R" for
any time/}\lorizon.

Let ./, =) () be the particle estimate of the conditional mean .#;. From [23], and
via the representation Theorem (e.g. Theorem 4.2 [33]; see also [24]), there exists a
filtered probability space enlargement under which we have

AP, =O(P,) dt+e (ﬁf/z AW, 2%(5’2))
- N R R ’ sym - e (37)
dtly = (A~ 2,S) My dt + P, B'Ry" d% + & 2/3(P0) AW,

with the parameters

2 € 1

VN E::\/e2+4:\/N+1

and from (1.5) the function

1 in case (1)

Le0(@) == R+£QSQ  with k= { 0 in case (2)

In the above display W, and V/Vt denotes an (r x r) and an r-dimensional Wiener process
respectively, with W; is independent of (¥, #;, W,). Observe that

At~ 27) = (A= n8) (M- X,)dt
+ 2, B'Ry"? 4, — R aw, + e £/5(2,) aw,
W (A= PS) (M - ) dt + (S5 o(F0) 2 W (3.8)

for some r-dimensional Wiener process W; independent of W, and with Z?O, as in (1.8),
inheriting the parameter « from X, o in (3.7) in the following manner,

€ — =2
2270 = 21704*6 2570

Note that one of the equations in (3.5) and the sample mean and covariance in (3.6)
constitute the (continuous-time) ensemble Kalman-Bucy filter (EnKF) methodology for
state estimation in (3.1). The Riccati diffusion in (3.7) itself does not explicitly appear in
the method/algorithm as applied [26, 45]; nor does the diffusion describing the flow of
the sample mean in (3.7).
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In typical applications of the EnKF, the dimension r is very large, while N is rather
moderately sized for computational reasons [26]. Typically also the signal (and perhaps
observation) process in (3.1) is nonlinear. This nonlinearity requires a straightforward
methodological modification in (3.5), see [26]. The sample covariance, for example, in
this latter case will not satisfy a Riccati-type diffusion equation like in (3.7) and the
analysis of the EnKF behaviour in that case is more delicate; e.g. see [20]. We point to
the introduction in our prior work [11, 12] for further literature pointers on the analysis
of the EnKF and its variants.

We conclude that (£, (#; — %)) coincides with the processes (Q¢, X;) introduced
in (1.3) and (1.7) with (1.5) and (1.8) given in the forms noted above (with w = 0 and
k € {0, 1}, which switches if case (1) or case (2) is considered). Thus, all the (fluctuation
and stability) estimates in Section 2 on @ and the exponential semigroup generated by
(A — £,S), apply immediately to this class of state estimator. We consider the stability of
(///lt\ — Z:) more explicitly later. We also underline that

(M — 23) — (My— ) = My — M,

In this non-regularised (cw = 0) EnKF context, the condition € < ¢y in (1.13) resumes
to the (almost) natural condition N > (r + 1).

3.2 Regularized ensemble Kalman-Bucy filters

This section is concerned with some applications of the results developed in the
article to the analysis of the regularized EnKF filters discussed in [13]. We only consider
an inflation-type regularisation often discussed in the EnKF literature [1, 30, 26]. In its
simplest form, the inflation regul/a\risation method involves replacing in (3.2) a/Ild (3.5)
the covariance matrices Py, and &; with some inflated matrices Py, + @l and &; + wl
for some judiciously chosen parameter w > 0. This inflation translates into (3.4) and into
(3.7) and (3.8).

3.2.1 McKean-Vlasov diffusions of type (1)

In this case x = 1. ljgllowing the proof of Theorem 3.1 in [23] we check that the sample
covariance matrix & ., associated with the regularised interacting particle system (3.5),
satisfies (1.3) with x = 1 in (1.5), and with the replacement of A given by

A— Ao =(A-—wS5)

used in in (1.3). Since we accommodate arbitrary matrices A € M,. in (1.3), the latter
replacement is covered. Thus again, all the estimates presented in Section 2 immediately
apply to the sample covariance matrix & ., for this class of inflated EnKF model.

We can comment on the effect of inflation regularisation on the contractive properties
of 8§,t; i.e. specifically with the replacement of A <~ A; 5 in (1.3) and in the definition

of 5;,5 in (1.6). Arguing as in (2.17), when S € Sj, then up to a change of basis we can
always assume that S = I. Then,

pA) <wm = [E(Q2 < exp[(u(A) —@)(t = 5)] —(-9)s00 O

which illustrates the added stabilising effects of @ I in the extreme case in which FZW S
has no stabilising effect at all. Contrast this with (2.17). It is also worth noting, given
the contraction estimates in Section 2.2.1, that,

W(Are —PS) = p((A—wS)~PS) < u(A—PS5)
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for any fixed matrix P € S? and S € SY.

Note also that the form of (1.7) with (1.8) is immediately applicable in this case. That
is, following the proof of Theorem 3.1 in [23], we can check that the evolution of the
sample mean .#; ., associated with this class of inflated EnKF model is given by,

Al = (A= (Pr+ wD) S| Mt + (Prm+ = 1) B'R; %+ €512 (P, =) aW,

= (M~ ) ' [Al,w - E’Z,WS} (//Z,w _ Xt) dt + (55 (P o)) V/2 AW,

and thus (////t\ = — %) corresponds exactly with the general form of (1.7) with (1.8) with
k = 1. Later we consider the stability of this process (.#; » — 2%).

3.2.2 McKean-Vlasov diffusions of type (2)

In this case x = 0. Following the proof of Theorem 3.1 in [23] we check that the sample
covariance matrix &, ., associated with the interacting particle system (3.5), satisfies
(1.3) with k = 0 in (1.5), and with the replacement of A given by

A — Ay i=(A-2"'wS)

used in in (1.3). Since we accommodate arbitrary matrices A € M, in (1.3), the
latter replacement is again already covered. All the estimates presented in Section 2
immediately apply to the sample covariance matrix %, ., of this class of inflated EnKF
model.

We highlight that in this case, ¥ = 20,0 = R and thus if x = 0 then @ has no effect
in terms of the diffusion matrix. Nevertheless, we may repeat the commentary as in
case (1) on the effect of inflation regularisation on the contractive properties of £ §7t ; le.
specifically in this case with the replacement of A <— Ay  in (1.3) and in Eg’t.

Now the evolution of the sample mean ////t\ = associated with this class of inflated
EnKF model is given by,

Al = |A~ (D1 + @D S| My dt+ (P + 1) B'Ry" %+ RY? dW,

— A~ 2) 'Y (A~ Prw S| (M — ) dt + (55 o(P1,2)) AW,

We remark further in this case, that the drift matrix A,  in the flow of (////t\ w — i) is
different to the drift matrix A < Ay ., in the Riccati diffusion (describing the flow of the
sample covariance) in the presence of (non-zero w > 0) inflation regularisation.

3.3 Ensemble filtering stability properties

In this section we consider the stability of the flow of ¢§(Q,x) := (////t\ w — Zi) in
both type (1) and type (2) (possibly regularized) EnKF models with ﬁ),w =Q¢€ SS and
(////8@ — Zp) = x € R". This flow may be related to the Ornstein-Uhlenbeck process (1.7)
and can be written more generally as,

t

_ — 1/2
vilQu) = £@vQ + [ Q) (Sia(Pum) e @9

S

Here, &5 ,(Q) is a transition matrix associated with the flow of matrices [A; » — @,WS]
(defined similarly to £, in (1.6)). This implies the stability properties of the flow of

(///t\ = — Z%) depend on the long time behaviour and contraction properties of the random
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transition matrices &5,(Q). If w = 0 then A, = A and &5,(Q) = &;,(Q) for any
k€ {0,1}.

Now from preceding results on £, in Section 2.2.1, we may comment on the stability
of the flow ¥§(Q, z) = (/Z/t\w — %) in (3.9). Indeed, from our prior work in [9], see also
Section 2.2.1, we have the following stability estimates:

» Let k € {1,0}. For any increasing sequence of time horizons ¢ 1Tx— oo and any
x1 # 79 and any Q € S, the probability of the following event

. 1 1
{imsup L 10g 197,(Q 1) 5, Qe < i~ Pum8)) G10)

is greater than 1 — v for any v €]0, 1], as soon as €" < ¢, v for some n > 1. Here,
P, denotes the unique fixed point satisfying the Riccati matrix map

An,wc@oo,w + f@oo,wA;,w + R - gzoo,wsgzoo,w =0

* Assume k = 0. For any n > 1, € < ¢, ¢ and any time horizon ¢ such that t, <t <5,
we have the contraction inequality,

N 1
E (@) = ¥{(Qa2)[")" < exp | tu(Are = Poo e 8) | ller — 2l G1D)

These results concern the flow of the estimation error (,///lt\ = —Z¢). See [9] for further
discussion. Note that (3.10) is analogous to (2.21) in Corollary 2.5 but at the level of the
process (3.9) itself. Analogous reformulations as in (2.22), (2.23), and 2.24, but on the
process (3.9), also follow.

We can comment on the effect of inflation regularisation on the contraction properties
of £5,(Q), as compared e.g. to £ ;(Q). Arguing as in (2.17), when S € S, then up to a
change of basis we can always assume that S = I. We then have,

pd) <w = [I65(Q)ll2 < exp[(u(A) — @)(t = 5)] —(—s)500 0

which illustrates the added stabilising effects of @/ in the extreme case in which @Tt@ S
has no stabilising effect at all. Contrast this with (2.17). In practice, 3/77,5@ S will also act
to stabilise the filter, see e.g. (3.11). Indeed, in the classical Kalman filtering setting
(1.9) with € = 0 = o, the time-varying matrix (A — £,S) is stabilising [8] for any A € M,.,
even A unstable. In the EnKF, we know that @ will fluctuate about Py, e.g. see Theorem
2.3. Therefore, the stabilisation properties of (A — #.S) are unclear; indeed the study
of £ ,(Q) in the preceding Section 2.2.1 is concerned with precisely this issue. Now
the above implies that the addition of w/l can act to counter the negative effects of this
fluctuation (and directly add a stabilising effect on the state estimation error).

4 Matrix Riccati diffusion flows

In this section we present some general properties and high-level results concerning
the matrix Riccati diffusion (1.3). The results in this section are of interest on their own
(and are also used later in the proof of our main results). We still suppose (A4, R1/2) is
stabilizable and (A, S'/?) is detectable throughout the remainder.

4.1 Inverse matrix Riccati diffusion flows

In our prior discussion and main results we characterise the moments and behaviour
of the inverse stochastic flow of (1.3), which we denoted by ¢; “(Q) := Q; !, Character-
ising this flow is important as it allows us to lower bound, in a positive definite sense,
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moments of the actual stochastic flow (1.3). This is further required for our main stability
results; in an analogous manner to the fact that the inverse deterministic Riccati flow
qé;l(Q) is used to study the stability of the deterministic Riccati flow ¢;(Q); e.g. see [8].

Here we characterise the inverse matrix Riccati diffusion and its general structure.
This is also likely of interest on its own (e.g. it characterises the so-called flow of the
sample information matrix for the ensemble Kalman-Bucy filters).

Lemma 4.1. When ¢ < ¢, the inverse stochastic flow Qt_1 satisfies the diffusion equation

dQ; 'Y 0° (QY) dt +edM,_ with dM,_ = [ V2 AW, S (Q;l)”ﬂ

sym
(4.1)
and where
Shw-(Q) = Q¥ (@ 1)Q < V+QUQ
with (U,V) defined as in (1.11). Here, ©° denotes the collection of drift functions
satisfying the following inequality
2
O (Q) < —QA— A Q+ 5 —QR-Q+ EZ (Tr(QU) +Tr (VQ™1)) Q (4.2)
with the collection of matrices (R® ,S¢) defined by
€ 62 € €
R¢ = R—Z (r+2)U and S¢ := S—'—Z (
Note that the specific (equality) form of ©¢ (-) is given in the proof below.

™)

r+2)V

Proof. Note that setting F'(Q) := Q! implies that
1
VF(Q)-H = —Q'HQ ! and 3 V2F(Q) (H,H) = O 'HQ 'HQ!

Using the Ito differential calculus for stochastic matrix diffusions developed in [12], with
a slight abuse of notation we obtain the formula

dQ; ' = —Q;'O(Q) QM dt+ € Qy dM; QM dM, @t — e Q) dM; @
( Qi A- A Q45— QRO

2 62

G 0D Q8 Q)@+ T (@150 (Q) Q)

—eQ;dM; Q)1

The last assertion comes from the decomposition

t[@PamslZ @] et @l amisiz Q)]

sym sym

= [@2ammi2 Q) Q' + 22 (@) aw]
< [amzi2 @)+ QP2 @) av Q)]

= ((’/‘ + 2) EH,W (Qt) +Tr (Qzﬁ_lzmw(@t)) Qt) dt

For a more rigorous derivation of the angle bracket of matrix valued martingales we
refer the reader to Section 3 in [12]. On the other hand, we have

207 M, Q7 = (@7 awi B2 (@) Q7 + QIS (@) av' @]
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Also observe that

(B2 @)er) (B2 @0er) =0 B
=Yk, — (Qt_l)
=2 (@)@
< U+QVQNQ =V +Q,'UQ!

This implies that

E}c/i, (Qv) Qt_lE_l/Z (Q;') is an orthogonal matrix

Using the invariance of the matrix Brownian motion by orthogonal transformation this
implies that
Qi aM, Q' [ aw, 22 (@]

sym

We also have

Qr"Srm (Q)Q <QUQ +V and Tr(Q; 'S o(Qr) <Tr(Q;'U) +Tr(VQy)

This shows that the drift term ©° (Q; ') of Q; ' is given by

0 (Q;h)

2
= —Q A AQ + S - QU RQ + T +2)Q T (Q) Q1

2
T (Q S (Q0) Q1

2

gQ;lAA’Q;1+<S+€(r+2)V) -Q;! <R
2

€2

L r+2U) Q"

+5 (T (Q7'U) + T (V@) @

4

This ends the proof of (4.1). O

4.2 A comparison lemma

Here we provide a basic comparison lemma which is useful for deriving moment
bounds. For example, we will show subsequently that the left hand side under bias
estimate in (1.10), see also (2.7), is a simple consequence of the next lemma.

Lemma 4.2 (Comparison Formulae). Assume that the flow t — ¢;(Q) satisfies a matrix
Riccati-type inequality of the form

drpr(Q) < O (p1(Q))

for anyt > 0 any Q € S°. Then, for any times s < t and any P, P, € S we have the
estimate

pe(P1) < 0u(Pa) + Est(P2) [ps(P1) — 0s(P2)] Es(P2)' (4.3)

and for any Q € S° we also have the reverse estimate
dpr(Q) 2 ©(p(Q)) = ¢u(Q) = ¢(Q)

EJP 24 (2019), paper 84. http://www.imstat.org/ejp/
Page 21/40


https://doi.org/10.1214/19-EJP342
http://www.imstat.org/ejp/

On the stability of matrix-valued Riccati diffusions

Proof. We recall the polarization-type formulae

O(P1) — 6(P2)
=[A—- 1P+ P)S] (P, — Po) + (P, — Po) [A— }(P1 + P»)S]' (4.4)

= (A= PS)(P, — Py) + (P, — P)(A— P,S) — (P, — P)S(P, — Py)

We set
Ay = Sﬁt(Pl) - ¢t(P2)

Assume that 9;0:(Q) < © (p:(Q)). Using the second polarization formula, we have
Ay < (A= u(P2)S) Ay + Ay (A — ¢¢(P)S) — ASA,
On the other hand, for any s < ¢ we have
s p(Po) ™ = —Esu(Po) ™1 0st(P2) Esp(Po) ™! = —Es1(P2) ™" (A — ¢1(P2)S)
This implies that
8, (55,,&(132)*1& (5“(132)71)’) < = Ei(P)IASA, (Eay(P) L)

from which we conclude that

/

t
Ea(Po) Ay (Ea(Py)Y) < A, —/ Evra(Po) T ALSA, (Evn(Po) ) du

t

A < E,0(Pa)A E,i(Po) — / Euit(Po)AuSAEns(Py) du

S

This ends the proof of the first assertion.
We further assume that

Orpr(Q) > © (pe(Q)) and we let Ay := ¢ (Q) — :(Q)

Using the first polarization formula, we have
. 1
0Be = A(@Q) Ae + Ay A(Q)" with 4,(Q) := A= 5(p:(Q) + ¢1(Q)S

Let gsyt(Q) denote the state transition matrix associated with the matrix flow u — A4,(Q).
Arguing as above, we have

st (Q)7" = —Eat(Q) 1 01Een(Q) Et(Q)F = —E..4(Q) 1 A(Q)

This implies that

O (Es,t(Q)lAt («i,t(Q)l)/> = £ 7 [0 — (AUQ)A: + A A,(Q))] (Eae(@)7)
0

Y

from which we conclude that

gs,t(Q)flAt (5s,t(Q)71)/ > A — Ay > gs,t(Q)As & (Q) >0

This ends the proof of the lemma. O
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We illustrate the impact of the above lemma with a simple proof of the 1.h.s. under
bias estimate in (1.10), see also the refined estimate in (2.7). Note in (1.10) we do not
ask for S € S and only require stabilisability and detectability of the model. For any
symmetric matrix valued random variable @ € S° we have

E(Q-EW@Q)SQ-EQ)]) =20 <+ EQSQ) = EQ)SEQ)
Using (4.3), this implies that
OHE(Qr) < O(E(Qr)) = E (¢5(P1)) < ¢i(P2) + E(P2) (Pr — Py) E(P,)" (4.5)

which immediately implies the left hand side under bias in (1.10). The polarization
formula (4.4) also yields the monotone property

P <P = E(¢()) < E(¢i(P))
Using the polarization formula (4.4) we also have
H(E(Qr) = Po) < (A= PoS)(E(Qr) = Poc) + (E(Qr) = Poc)(A = P S)
which yields the formulae

E[Qt} < c@oo +gt(<@<>0) (Q - WOO)&(QOO)/

4.3 A Liouville formula

This section is concerned with a stochastic version of the Liouville formula connecting
the determinant with the trace of the logarithm of the stochastic exponential semigroup
&5 +(Q). This result of its own interest is also pivotal in proof of Theorem 2.7 provided in
in section 5.5.

We recall the trace formula

¢
logdet (€5,(Q)) = Tr(log&s,(Q)) = / Tr(A — ¢5,(Q)S) du (4.6)

which is valid for any € € [0, g¢]. By Jacobi’s formula we have

dpdet(4(Q)) = det(d(Q)) Tr(Q™ 9,4 (Q))
= det(¢¢(Q)) [2(4 - ¢:(Q)9) + ¢:(Q) 'R + ¢:(Q)S]

Using (4.6), this implies that

log [det(¢,(Q)Q")] = / [2Tr(A — 62(Q)S) + Tr (6:(Q) "R + 6:(Q)S)] ds

0

= log[det(E(Q)E(Q))] + /Ot Tr (65(Q) ™' R+ 65(Q)S) ds
for any Q € S;F. In particular choosing Q = £, we have the exponential decay
det(Ey (o)) = explt Tr(A— P..5)] = exp {—; Tr (2R + gzoos)]
< exp {—t Tr(RS)]
To find the last inequality, we used the fact that [7]

1/2
VPeSH VR SeS’, Tr(PT'R+PS) > 2Tr <[sl/2 RSW] ) > 2,/Tr(RS)
4.7)
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Lemma 4.3 (Liouville Formula). For any time horizon t > 0 and any Qo € S;* we have
the log-determinant formula

log [det(Q:Qy )]

_ /t [2 Tr(A — Q,S) + Tr (Q;l (zl,o _ ;% zw> (QS))} ds
0

t
+e/ Tr (Q; 'dM) (4.8)
0

t t
> / [2 Tr(A — Q.5) + Tr (Q; 'R + Q,5°)] ds + ¢ / Tr (Q; 'dM,)
0 0

with the collection of matrices (R¢,S€) defined in (1.13).

The proof of this lemma is technical, and is thus given in the Appendix.

4.4 A Dyson-type equation

We assume € < ¢j, and w = 0 and thus (U,V) = (R,kS) as in (1.12). Now let
(at,i)1<i<r be the orthonormal eigenvectors associated with the eigenvalues 0 < A.(t) <
... < A1(t) of the matrix Riccati diffusion Q; € S;F. For any H € {A, R, S,U,V} we set

Hyi = qi ;Haq

We then have the following general Dyson-type eigenvalue equation.

Proposition 4.4. Up to a change of probability space the eigenvalues

in = (ot + § 3 MO MO L T MR
i i j

e\ Alt) (Ui + Milt)? Vi) AW
(4.9)
for some sequence W, ; of independent Brownian motions and the Riccati drift function

O1i(\) =24, A+ Ry — A2 Sy,

Proof. Using the second order Hadamard variational formula we have

dNi(t) = |at,0(Q)ar + ¢ Z " O (M. ji| M. ji)e| dt+edMy;;

1
Z N0 =50
with the collection of martingale
th,j,i = qg&,j dM; At,i
= A0 (M ji|M. ;i) = Limj N(t) (Uri + Ni(t)? Vi)
AN (8) (Usg + A ()2 Vi) + A (8) (Uri + Xi()? Vi)

Also observe that for any i # j we have 0,(M. ;;|M. ; ;) := 0. This yields the formula
(4.9). O

EJP 24 (2019), paper 84. http://www.imstat.org/ejp/
Page 24/40


https://doi.org/10.1214/19-EJP342
http://www.imstat.org/ejp/

On the stability of matrix-valued Riccati diffusions

We consider the diffusion function (1.12) and we assume that
(A,R,S,U, V)= (al,cI,sI,ul,0l) forsome ac€R t,5€]0,00] and u,0>0

In this special case, the eigenvalues 0 < A.(t) < ... < A;(¢) of the matrix Riccati diffusion
Q. € S;© satisfy the Dyson-type diffusion equation

dhi(t) = |ON(1) + 5 Y

+ e V() S0 (Ni(8) AW
(4.10)
with the (re-defined here) one-dimensional Riccati drift and diffusion functions

O(\) :=2aA+t—X?s and X.0(\) :=u+ v

When ¢ = 0 the equation (4.10) resumes to a univariate Riccati equation; that is we
have that \;(t) = A(¢) for any 1 < i < r. In this situation it is rather well known that for
anyt>v >0

a++vaZ+rts

A -

< ¢, exp (—Qt aZ + tﬁ) for some finite constant ¢, < co

A proof of the above assertion can be found for instance in [11]. Clearly, the very special
case in (1.15) follows from the above.

5 Proofs of the main theorems

5.1 Proof of Theorem 2.1

The proof of the first assertion follows the arguments provided in Section 3 of [35].
More precisely, consider the sets

Q, :={PcS8® : Tr(P) <n}

and the exit time
Tpi=inf{t >0 : Q: & Qp}

Up to a change of probability space the process Q:n-, when e = 2/ V/N coincides
with the evolution of sample covariance matrices of an associated system of particles
interacting with their internal sample covariance matrices; see [12, 23] and Section 3 in
the present article. Notice that this system of interacting diffusions is well defined on
[0, 7]. Up to a time-rescaling of the Brownian motions in (1.3), this result is also met for
any € > 0, so that Q;,,, cannot exit the set SC.

For any m > n we have

Qt/\‘rm = Qt/\‘rn = Qt for any te [OaTn]

Let 7* be the finite or infinite limit of the monotone increasing sequence 7,,. The
stochastic process,

Qt = Qt/\‘rn ]-[O,'rn[(t)

is a well-defined Markov process for any ¢ < 7,,. Finally, observe that

HE(Tr(Qinr,)) < 20 E(Tr(Qiar,)) +v—5 E(Tr(Qt/\Tn))2 < 2aE(Tr(Qiar,)) +t
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with the parameters
(a,v,8) := (u(A), Te(R), 7' A.(S))

This implies that

nP (7, <t) < E(Tr(Qiar,)) E(Tr(Qu)1li<r,) + E(Tr(Qr, )17, <t)

e (Tr(Qo) + t/(2a))

IN

from which we check that

—_

P(r, <t) < — (820t (Tr(Qo) +t/(2a))) = Pr"=00)=1

3

We conclude that (1.3) has an unique weak solution.
The proof of second assertion is a consequence of Lemma 4.3 combined with the
McKean argument developed in Proposition 4.3 in [42]. To check this claim, we set

2(Q) = det (£/(Q)'6(@) (£5(@)) ") and 75 =inf {t>0 : 6{(Q) € 8}

Using (4.6) we have

t
det (1) (€@ ™) = e |2 [ T4 - 65(@)9) 0
By Lemma 4.3 we have the decomposition

t 2
log Zi(Q) = log Zo(Q) +mi(Q) + /0 Tr (Q;1 (21,0—”“ En,w) (Qs)) ds

2 2
> log Zp(Q) + m(Q)

with the continuous local martingale m;(Q) on [0, Té[ defined by

m(Q) = 6/0 Tr (Q; ' dM,)

and the noting that the following positive mapping satisfies
t 2
1
/ Tr <Q91 (21 - EW> (Qs)> ds
O < ’ 2 2 ’

The end of the proof of the existence and uniqueness of a strong solution of the matrix
Riccati diffusion (1.3) on S;' is now a consequence of Proposition 4.3 in [42]. Specifically,
if 75 < 00 on some event with positive probability, then on this event set we have

v

/Ot [Tr (Q ' RY) + Tr (Q,5)] ds
Tr (ReS¢)

Vv

tl_l}r% log Z:(Q) = —o0 = t1—1>1% m(Q) = —o0

This contradicts the fact that either lirnHTE2 m(Q) € Ror

limsupm(Q) = +oo = —liminf m(Q)
t—=7E =74

This ends the proof of the second assertion.
Now we come to the proof of (2.1). We set

th = (Qt @ EN,w(Qt))1/2 AW,
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Thus, the angle bracket of the matrix-valued martingale VNVt is given by

Be(W (i, 5) | Wk, 1))

= Z (Qt @ Zm,w(@t))l/Q((ivj)7 (il,j/))l(i’,j’):(k’,l’)(Qt @ Zm,w(Qt))l/Q((kv l)a (kl, l,))

1<4! K/ <r
= (Qt ® B0, (Qr))((i,4), (1))
Using (1.16) we conclude that
dQ: ' O(Qu)dt + € (Qr B T (Q1)/? AW
For any matrix H € M, we have
(P®P)H) = PIH P, =PRHP = (P,@P)(H) = (PLePR)(H') = (B P)H')
Also observe that

(PL @ P)(H) = PLHP, = P, H'P, = (P, ® P)(H')

— (AR P)(H) =

(P, ® Py) + (P& Py)] <H+H>

2

DN | =

=  (PA®R)H) = [(PeP)+PoR)][Ie])+ (@) (H)

e~ =

This shows that
H=-H — P3PR)(H)=0 — (PLOP)Y*H)=0
Additionally, we have
H=H = (Pi®P)(H)=(P®,P)H)

By Doob’s representation theorem (see Theorem 4.2 [33], and the original work of
Doob [24]), the proof of (2.1) is now a consequence of the fact that

Wt+th law
9 = Visym

The proof of (2.2) comes from the fact that v; = ¢(V; sym) is an 7-dimensional Brownian
motion, and we have that

dgr = 0(qe) dt + € Z oi(qr) dvy
1<i<F
In Stratonovitch form we have
2
dgr = 0c(q:) dt + € Z 0i(q) o dv; with the drift 6! =6 — Bl Z of 0,01

1<i<F 1<k,I<F

The notation o;(g;) o dv! implies that Itd integrals are replaced by Stratonovitch integrals.
We also recall that

e<eg = Vt>0, Q€S = Vt>0, ¢ €Dr:=¢(Sh)
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This shows that for any ¢ > 0 the process ¢; never visits the boundary 0D; = ¢(dS;7),
even when we start at some state ¢g € 9D7. On the other hand, we have

(1.18) = VYgeDr, {'(q)®sZuw (s q)} >0

This shows that the linear span of the 7-vector fields ¢ € Dr — 0,(g ) E R™ of the diffusion
is all R™. Also notice the set of point ¢ € ¢(S°) for which det({<(¢) ®s Zx,os(q))}) =
0 coincides with 0D which is of null measure in ¢(S,). In other words the elliptic
degeneracies of the diffusion ¢; are of null Lebesgue measure.

The generator of the diffusion ¢; € D7 can be expressed in Hormander form by the
formula

L = €0+ > oxz,

1<i<7

with the first order C'*°-vector fields on D given by

Xeo:= Z 0! 0, and X.;:=¢ Z ok 0,

1<i<F 1<k<F

The operator L is hypo-elliptic, since the Lie algebra generated by the 7 vector fields
(Xc,i)1<i<7 span the entire Euclidian space R™ at any state ¢ € Dr. By Hormander’s
theorem, it follows that the transition semigroup 7§(p,dq) of ¢ has smooth positive
densities p¢ € C*(]0,0[xD2); see e.g. [5, 6], and the reference by Bramanti [15]
dedicated to hypo-elliptic operators and Hormander vector fields.

This ends the proof of the theorem. O

5.2 Proof of Theorem 2.2
Let (a,t,5) := (u(A), Tr(R),r~*)\.(S)). Also define the collection of parameters

2 2

C=th S (-1 M) and s = s S (n-1) (V)

¢
2 2

Observe that

k=0 = s, =35

For any n > 1 we let ¢, be the largest (finite) parameter € > 0 such that s, > 0 and we
set

(tna5n) = ( S )

Let p; , be the one-dimensional Riccati flow associated with the differential equation
Oben = 20Pep + Ty — S DL,

and let po,, = Tr(Q). In this notation, for any n > 1 and any € € [0,¢,] we have the
estimate

. a++vaZ+r,s,
ETr(@(Q)")" < Pin < Poos VIHQ) With poy = 20 (5.1)

Observe that

atfo2 s+ 5 (n—1)ed(U)

S

tA
Km0 = e < pooa t Sy [ D
To check (5.1), observe that

q:=Tr(Q) = Tr(0(Q:)) < 2aqi+r—sq; and Tr(Q;Tx=(Qr) < q i (U)+air (V)
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This yields the formula,

2

day = n |a7 7" TE(O(Q0) + T (n = 1)@ TH(Qe D (Q0)) | dt + enay ™" dTe(My)

from which we check the differential inequalities

n'oE@}) < 2aBE(q))+t, E(ap") — s, E(grth)
< 2aE(q)) + 5 E(qp)' /" — s B(gp) /"

The last lines follows from the fact that,
B(ay ™) < E(qp)' ™" and B(q;*) < B(q)) "
We conclude that
OB = n~t E(qy) TV 9E(ay) < 20 E(qp)'" 4 — 85 E(ay)?"

Now (5.1) is a direct consequence of Lemma 4.2 and the estimates on one-dimensional
Riccati flows presented in [11].
In addition, using the uniform estimates presented in [11] for any ¢t > v > 0 we have

€ n\1l/n * . * a+3 a2+tn5n
E(Tr(¢t(Q)) )1/ < pt,n < Cy Poom with poo,n = 5—
Observe again that
3 MU
=0 = Pl € ph b o Vi Ty P )

This completes the proof of the Riccati diffusion moment estimates in (2.4), (2.5) and
(2.6).

Now we come to the proof of the trace estimates of the inverse stochastic flow ¢, (Q)
stated in (2.4) and (2.5). The approach follows the preceding discussion but is more
notationally and computationally burdensome, given the form of the inverse flow; e.g.
see (4.1). We set

a_ = —A(Agym) t_:=Tr(S) s_:=7"')\(R)

Note the exchanged roles of R and Sins_ and v_.
For any n > 1 we let ¢, _ be the largest parameter ¢ > 0 such that

2
S5, _ = 5_—% {(n—kr‘l)/\l(U)—F V) 0
Also consider the collection of parameters
€2 r MV
t;ﬁ(Q) =t_+ 5 [(1 + 5) Tr(V)+ (n—1) A (V) + 151 ) (pim \Y, Tr(Q)Q)

with the sequence of parameters p ,, introduced in (5.1).
In this notation, for any n > 1, Q@ € S and any € € [0,¢,,_| we have the uniform
estimate

sup E(Tr(¢; (Q)™)™ < Poon,—(Q) VTr(Q™) (5.2)

t>0

with the collection of parameters

a_ + \/a2_ + vy, (Q)sn,—

Sp_

)

poo,n,— (Q) =

with (0, (Q),50,-) = (177 (Q), 5,7
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To check this claim, observe that
Q- =Tr(Q;") = Tr(0(Q;") < 2a_qu— +7v;_ —s5 _q;_

with the functions

2
A
o=t % 2+7r) Tr (V) + (V)

In the last display we have used the fact that

A (V)
2

Tr(Q;?) > v (Tr(Q;'))? and Tr(VQ:) Tr(Q;') < (Tr(Qt)2 +Tr (Qt_l)2)

On the other hand, we have
dge,— = Tr(0°(Q; ")) dt + e dmy _

with
Op(m. _ |m. )y = Tr(Q; 'Srw— (Q11)) < ae— M(V) + a7~ Mi(U)

Thus, for any n > 1 we have

n 1o, (a7) < 2a_E (a7 ) +E (x5, _ qZ:l) —s5 _E(qpth)

nﬂi ’
and the collection of stochastic processes

2

Gao = G+ m-DM()
— Tr(S)+ § {(1 + g) Tr (V) + (n— 1) M (V) + Aliv) Tr (Q)?
On the other hand, using (5.1) we check that
B (s, ar') < Bap )" e, with €, = supB((, )Y < v (Q)

t>0

This yields the estimate

nTOE (qf ) = 20 B (qf ) +15, E(gr )T s E (g )"

n,—

The end of the proof of (5.2) now follows the same lines of arguments as the proof of the
trace estimates (5.1), thus it is skipped. This ends the proof of (5.2) and thus the proof
of the inverse Riccati diffusion moment estimates in (2.4). The uniform estimates on the
inverse flow in (2.5) follow the same line of arguments as in the proof of the L.h.s in (2.5)
given the inverse moment estimates already proved in (2.4).

This ends the proof of the theorem. O

5.3 Proof of Theorem 2.3

Consider the Gramian matrix,

t
Gi(Q) = | &(@se(Q)ds
0
and the non-negative matrix function

G Q) = &(Q)[(QGHQ)Er=(Q))
+ % [Q Tr (En,w (Q) Gt(Q)) + En,w (Q) Tr (Q Gt (Q))] ]gt(Q)/
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In this notation we have the second order decomposition

2

61(Q) = 4:(Q) + € M;(Q) — 5 Bj(Q)

with the processes

Mi(Q) = / Er-u(65(Q)) dM(Q) & u(¢5(Q) and B(Q) = / G (65(Q)) du

A proof of the above decomposition can be found in [12, in the proof of Theorem 1.3]. The
above forward-backward perturbation formula can be thought as an extended version of
the Aleeksev-Grobner lemma to diffusion flows in matrix spaces [22].

Using (2.13) we have

IG(Q)Il < c+]QIP) = G (@] < cQ+][QI) M(U)+M(V)|QI) exp (—251)

Using the generalized Minkowski inequality we check the estimate

QI < ¢ [ [1+16@0] M)+ M) I63QUE, | exp (~25( ) du
0
By (2.4) for any € < £10,(V) we have
IBE (@), < e (1+[QU) A(U) + A (V) IQ%)

This yields the uniform bias estimate

0 < ¢ (Q) ~Elp§(Q)] < ce1+]1QI) M) + MM IQIP) T = (2.7)

In addition, using (2.6) when x = 0 we have for any ¢ > 0,

B, < c(@+1QI) (1 +€v/n)®

which yields
0 <o (Q-EB(Q) <ced(1+QI°)(1+evn)’I

and we may refine (2.7) appropriately in this case, x = 0, for any € > 0.
The trace of the martingale

M (Q) = | S (GU(@) MR E-0(Q)
is a martingale with angle bracket

4710, (Tr (]Ms-,t(Q)) | Tr (]Me-,t(Q)»s
= Tr(pg(Q)E—s(¢5(Q)) Et—s(05(Q)) Vs (95(Q)) Er—s(05(Q))" Er—s(85(Q))]

IN

€25 (65 (@) [[fron TH(05(Q)) Tr (e (65(Q)))
Applying the Burkholder-Davis-Gundy inequality presented in [12] we find

1/n

IME(@)ll3, < Cn/o E [[[€-s(62(@)*" Tr(¢5(@)" Tr (Zre (#5(Q))"] " ds

The estimates (2.4) imply that

QIS <en [ 16 Za) B0+ 6@ MO + 2 (V) 5@ | ds

<ca (1+ QI
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We conclude that

IV ()1 < IME(@Q)la,, < e (1+11QIT2)

and therefore
e 65(Q) — (), < en (14 (1QIT)

This ends the proof of (2.8).
Observe when k = 0, for any € > 0 the estimates (2.6) implies that

E(IMS(Q)™)"™ < ent?(1+[QIP?) (1 + € vn)>/?

and therefore

g5 Q) = ¢ (Qll, < e(l+evn)? [(1 +evn)?? +evn| (1+QI°)
< c(1+[QIP) A +evn)?
This ends the proof of (2.9).
The proof of the theorem is now complete. O

5.4 Proof of Theorem 2.4

Using (2.5) we have forany ¢t > v and Q € Sj we have the uniform estimate

H; (A) (Q) < ¢y

as soon as € < g1 (U, V) Ae1(V), for some constant ¢, whose values only depend on v.
This implies that A is a Lyapunov function with compact level sets. Also note, for any
bounded measurable function ' on SS, any t > 0, and any P € SE we have

| i Pa F@) = [ ils(P)d) (Fosia)
Sy D=

Recalling that continuous images of compact sets are compact, and the density (p, ¢) —
p$(p, q) is continuous for any ¢ > 0, for any compact set K C S; we have

inf (p,q) == pi >0
L Pi(p,q) = py K

We conclude that for any compact K C S, P € K and F > 0 we have

[ mPaFQ = [ G6PLoFec @) 2 dx [ o Fos @
S/ D=

I T

with the uniform probability measure ¥k on ¢(K) defined by

¥r(dq) 1¢(x)(q)

Vo) (da) = () and the parameter of - := pf x ¥r(s(K)) > 0

Then, for any compact K and any ¢ > 0 we have the minorisation condition
VP € K, I3 (P, dQ) > o Tk (dQ)

with the uniform probability measure I'x on K. This condition, combined with the
existence of a Lyapunov function with compact level sets, ensures that the law Q;
converges exponentially fast to a unique invariant measure I'S | = I'¢_II{, as the time
horizon t — oco. The contraction estimates are now a consequence of Theorem 8.2.21
and Theorem 17.4.1 in [21]; see also [29]. This completes the proof of the theorem. O
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5.5 Proof of Theorem 2.7
Using (4.8), for any ¢ € R, we have

det(&5(Q)E£(Q))*

t
exp {2(/0 Tr(A— Qs 5) ds}

IN

t
det(Q:Q 1) exp [—c Tr (Q; 'R+ Qs 5) ds + e(my|  (5.3)
0
with the martingale
dm; == —Tr(Q;'dM;) = Om|m); = Tr(Q; 'Er=(Qr) < Tr(Q;'U +Q;V)

This implies that
E [det(£5(Q)EF(Q))]

+ 1/2
< Eldet(Q,Q H%]* B [exp [-2( / Tr (Q; RS + Qs SY) ds} ;4
0
with the parameters (RZ7 SE) introduced in (2.26) and the exponential martingale

2
Z{. = exp [ZE(mt — @ (m | m>t]

By Friedland’s inequality (1.20) for any 4¢ > 1 we have
lldet(@0)ll,c < det(dn(@)) + ¢ (@I + I Qellizt 1) 1R — (@l
Recalling that det(Q) < r~" Tr(Q)" < ¢ ||Q||" and using (2.4) we then check that
e <eaeV) = |ldet(@(@)llye < cc(1+[QI™)
In this case, using (4.7) we conclude that

1/¢

det(Q) B [det(E(Q)EF(Q))] " < e (1+|Q]" ) exp [—215 Tr (ReSe)

This ends the proof of the estimate (2.27).
Now we come to the proof of (2.28). Using (5.3) for any ({,¢’) € R? such that

¢

200> (>0 71<5::?—1 <1

we have
t t
exp {2@’ / Tr(A — QsS) ds] < 2 det(Q,Q 1) exp [—/ FEo(Qs) ds}
0 0

with the functional

(€¢)?

FEo(Q) = 2(C—¢)TrA—QS) +(Tr (Q7 R +Q87) - 3= Tr (Q7'U +QV)

[\

2
= 2= O+ ¢ - 0T (s - 55 | Tat ] v])
2
R G k)
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1

with the matrices (U, V') defined in (1.11). Rewritten in terms of the parameters (£, ¢’)
we have,
. 1+¢e

2 1
+(1+&)Tr <Q1 {R— % [r; +C’(1+£)} UD
for any |£| < 1and ¢’ > 0. We let
€ Tr(A)
o \/Tr 2 + Tr(RS)
and we choose ¢ such that

~ 1+& [r+1 ,
6/._ —_ - >
Sei= 8- 1_50[ 5 +C(1+§0)}V0
and such that

~ efr+1

R, := R— — "(1 U>0
< 5| | us
Now, using (4.7) we check that

! EoTr(A) 4+ /1 — €24 /Tr (Eg,?g,)

a0 Farenc.o (@)
Tr(A)2

V' Tr(RS) ~ =
+ r (R S:)
VTr(A)2 + Tr(RS)  /Tr(A4)? + Tr(RS)

which yields the uniform estimate
1

a0 Flrence

Y

T
> /Tr(A)2 + Tr(RS) H(ES)

" Te(A)2 + Tr(RS) <\/W Tr(éz’gf’)ﬂ

We conclude that for any ¢’ > 0 there exists some ¢, and some function 7 (e)

i €) € [0,1]
such that lim._,( 7ic' (¢) = 0 such that for any time horizon ¢ > 0 and any ) > 0 we have
the almost sure estimate

exp {2{’ /Ot Tr(A — QS) ds}

< 25 e )2 de(QQ ) O exp [—2@‘ <\/Tr )2 + Tr(RS) (1—h<,(e))) t]

Moreover, for any non-negative parameters (¢, ¢) the exponential martingale Z{ ¢ can

be interpreted as a change of probability measure. Let F; be the filtration generafed by
the diffusion Q; and let P¢ be the probability defined by

t t dPe
Zi, = exp [/ Tr (HSE’CdWS) - %/ Tr (H§C (Hec)/) ds] —
0 0

 (H, = — |7
with the stochastic process
o= 2608 (Q) QY
—  Tr(H{ dW,) = —2¢(Tr (Qfl [ 2 aw, Zn,w(Qt)l/zD

—2e( Tr (Q; 'dM,)
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By Girsanov’s theorem, under ]PZ the process

AWVi e = AWy +26CQ; PS, (Q0) V2 dt

is an (r x r)-Brownian motion. Thus, under ]PZ, the matrix Riccati diffusion @); is the
solution of the equation
th = 96,C(Qt)dt + Gth

with the drift function
0c(Q) = AQ + QA" + (R —2¢%CU) — Q[S +262¢V] Q < ©(Q)

We conclude that

B [oxp | 2¢' Tr(4 - Q.9) |

< E (det(Qi,C,Q’l)(”go)C’) exp [_ng (\/Tr(A)2 T Tr(RS) (1 — hc/(e))) t}
where Qf ¢ Is a matrix Riccati diffusion defined similarly to @); but with the replacement
(R,S) +— [(B.8)~(U,=V)e(1+&)](]

and with (U, V) defined in (1.11). This ends the proof of (2.28).
The proof of the theorem is complete. O

A Appendix

In this appendix we first derive (1.17) and (1.18). Then we prove the estimate in
(2.10). Finally, we prove the Liouville formula stated in Lemma 4.3.

A.1 Proof of (1.17) and (1.18)
We have
{PL®s P} =co (P ®s P)og " — {P1®s P} s(H) = ((Pr®s P)(H))

Observe that
(H1, (P1 @5 P2)(H2)Yrrob = (s(H1),{P1 Qs P} s(H2))7

We also have
{Pr@, P} c(H) =« ((Pl ®s Pz)l/Q(H)) = (PL®,P}? =co(P@,P)/?0s7!
To check this claim notice that
Ts(H) = ¢ (P1 ®s P2)Y/*(H))
=  T(Ts(H)) = Ts ((P1 ®s P)Y2(H)) = s ((P1 ®s P2)Y?(Py @5 P,)'/?(H))

- T2 :{P1®8P2}

This ends the proof of (1.17).
When P, P, > 0 we have

S(H)'{P1 @ P2} <(H)
= Tr (H(P1 R PQ)H)

= Tr(HPHP,) = Tr ([H'?PHY?[H'?P,H'?]) > 0, VH €S, —{0}
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Then, we also have
S(H) {P1 ®s P}s(H) < Tr(HY2P HY?) Te(HY2P,HY?) < M (P)Xa(P) || H|?
= M{PL ®s Po}) < AMi(Pr)M(Pe)
Similarly, we have
S(H) {PL® Py} <(H) > M\ (P2) Tr(HPLH) > A\ (PN (P2) || H|?
= N{P1®sP}) > A (P)N(P2)
This ends the proof of (1.18). O

A.2 Proof of the estimate (2.10)

By Lemma 4.7 in [8] we have the uniform estimate

lee( @M < e+ 1Q71D

Using (2.4) and (2.8) for any € < €2, (U, V') A €20, (V') we check that

dr Q) — ¢ (@)™ = ¢7(Q) [65(Q) — ¢ (Q)] 6 (@)

— e @ -0 @7 < ec+1Q M NI65@) — @ lla 6T @,
= e @-0 @7 <encari@tna+lIQl)
This ends the proof of (2.10). O

A.3 Proof of Lemma 4.3

Fix some matrix Q € S, and set
Q= ¢{(Q) and Q= E&QT'QEWQ))T = Q' = EQQIEQ)
Note that
dES(Q) ™ = —EH(Q) 7 (dE(Q) E5(Q)
= AEQ T = —EQ T OE(Q)EQ) T = —E(Q)THA - QuS)
This implies that

Q= E(Q)7 Qi ~ (A - QuS) Qi — Qi (A - Qi8) (E7(Q))
= EQ TR+ QS Q) (E(Q)) T dt+edM,
= ST [QROI + P S Qi Q1 (€1(Q)) ! dt + edi

-1

— Q71 dQ: = £(Q) [Q7'R+ S Q] (E1(Q)) ™ dt + e £1(Q)' Q" dM, (E£(Q)')
— Tr (@;1 d@t> = Tr(Q7 'R+ SQ)) dt + e Tr (Q; ' dM,)
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with the martingale
dM, = E1(Q)~dM, (£5(Q))
= dM, Q7' = £H(Q)" dM, QTIEN(Q)
and dM, Q; 'dM, Q;' = EH(Q)™" dM, Q71 dM, QT'EF(Q)

— Tr(dM,Q;") = Tr(dM, Q")

and Tr (th@;ldz\Zégl) = Tr (dM, Q=1 dM, Q1)

For a more rigorous derivation of the angle bracket of matrix-valued martingales we
refer the reader to Section 3 in [12].

The determinant function f(-) := det(-) is smooth on the space of invertible matrices.
The first and second Fréchet derivatives are given for any H, H,, Hy € M,. by the Jacobi
formulae

Vf(A)-H = f(A)Tr(HA™Y)
V2f(A)- (Hi,Hy) = —f(A) [Te(HiA " 'HyA™') — Tr(H A~ ') Tr(H,A™ )]

Using the Ito differential calculus for stochastic matrix diffusions developed in [12], with
a slight abuse of notation we find the formula,

2

df(Qr) = £(Q0) [Tr(@;ld@o - 5 |Tr(ddnQ;  arn Q) ~ Tr(dz\"itéf)Tr(dz\Z@;l)H

= f(Q:) |Tr(Q; 'R + SQ)

[ —

o] N

[Tr (M, Q; " dM; Q; ') — Tr(dM; Q; ) Tr(dM, Q; V)] } dt + e dM;(f)

with the martingale
dMy(f) == f(Qu)Tr (Q; " dM,)
Recalling that
2dM, Q;' = Q) AW, SY2 Q1) Q1 + Y2 (Q1) aw; @,

we check that

Tr (dM; Q; ') = Tr (th E}/?x, (Qt) Qt_l/2)

—  Tr(dM,Q; V) Tr(dM,Q;Y) = Tr(zi{%@acz;lzk{;@g)dt
Tr(Q, 'U + Q,V) dt

IN

= dM(f)dM(f) = f(Q)? Tr (Q7 ' B (Q1)) < f(Qu)?Tr (Q'U + Q) dt

The first implication follows from the fact that

Tr(Q dW;) Tr(dW: Q) = Tr(QQ') dt
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Similarly, we have

ATr (dMy Q71 dM, Q)

Te[(QF WS Q0 Qr + 52 @) oo
(Q1/2 AW, X 1/2 2.(Q)Qr +21/2 Q) dW! _1/2)]
= 2Tr (W Y2 Q0 QP awim/2 (@) @)

+27Tr (22 (Q) Q7 'SV2 (Qu) aw; aw,)
Recalling the standard identities,
dW; QdW; = Q' dt and AW, dW, = rIdt = dW, dW,

we check that

Tr (dM; Q; ' dM, Q; ') = "5 Tr (Ei{; Q) QSN2 <Qt>) < ST (Q'U +VQy)

For a more rigorous derivation of the angle bracket of matrix-valued martingales we
refer the reader to Section 3 in [12]. In summary, we have proved that

df(Qr) = f(Qe) | Tr(Q7 'R+ SQp) — 2 =

e (Q7'Sw (Qt))] dt + ¢ f(Qu)Tr (Q " dM,)

> £(G0) | THQr R+ 5Q) — "L (07U + V@)} dt + € (0 Tr (@ dM))

= F(Q) :Tr (Qtl (R—e”;l U)) +Tr (Qt< —€ Tv)ﬂ dt + e dM(f)

Now let ¢(-) := log f(-). Applying Ito’s formula we conclude that

er+1
2 2

(e (-5t are (s -5 )

+ eTr (Q; ' dM,;)

dg(@) — [ Q7R+ 5Q)) - r(@;lz:,@,w@t))} dt + e Tr (Q; ' dM,)

v

This ends the proof of the lemma. O
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