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Long-term properties of finite-correlation-time isotropic stochastic systems
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We consider finite-dimensional systems of linear stochastic differential equations 9,xx(t) = A, ()x,(1), A(t)
being a stationary continuous statistically isotropic stochastic process with values in real d x d matrices. We
suppose that the laws of A(¢) satisfy the large-deviation principle. For these systems, we find exact expressions
for the Lyapunov and generalized Lyapunov exponents and show that they are determined in a precise way only

by the rate function of the diagonal elements of A.
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I. INTRODUCTION

Finite-dimensional first-order systems of linear differen-
tial equations with stochastic coefficients appear in stochastic
dynamics, the theory of turbulence and turbulent transport,
kinematic dynamos, and many other physical, chemical, and
biological problems (see, e.g., [1,2]). The long-term solu-
tions of these systems have been investigated for the case of
Gaussian and J-correlated-in-time stochastic noise [3,4]. In
this paper we study the case of isotropic non-Gaussian statis-
tics and the finite correlation time of the noise.

Consider a system of linear equations

Oxp(t) = Agp(t)x,(2), k=1,...,d, (1)

where A(f) is a stationary continuous real d x d matrix
stochastic process with a known law. It is assumed to be
statistically isotropic, i.e., OA(t)O” and A(¢) are identically
distributed at any ¢ and have the same time correlations for
any O € O(d).

The formal solution of (1) can be written as

X (1) = Qrp(t)xp(0),

where the evolution matrix Q satisfies the equation

Q) =A®Q(), QO)=1 2

For each continuous realization of A(r) there exists a well-
defined solution of (2) given by the Volterra product integral
[5] (in quantum-mechanical terminology this is also called T
exponential)

t

Q) = ]_[[1 + A(t)dr]. 3)

=0
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So the solutions of (2) can be interpreted as continual products
of random matrices.

In many physical problems (e.g., stochastic dynamics
and turbulent transport) one is basically interested in the
infinite-time asymptotic behavior of the norms of the basis
multivectors [6,7]

E\ = Qél, E>=1Qé AQél,
Eq =1Q& A -+ AQéEgl.

For instance, the absolute value of a passive vector advected
by a random smooth flow is E;; the density of an advected
passive scalar in the presence of weak molecular diffusion is
[1¢_, min{E,_E_", 1) [8,9]; the energy of the magnetic field
generated by a turbulent magnetohydrodynamic flow with
strong conductivity is min{Elz/Ez, E22/E1} [10-12].

From the multiplicative Oseledets theorem [13] it follows
that almost surely there exist the limits

lim <llnEk> =M+ F+ M k=1,....d. @)
T—oo \ T

The constants A; are called Lyapunov exponents (LEs). Com-
plete information about the asymptotic behavior of the set {Ey }
is contained in the generalized Lyapunov exponents (GLEs)
[14] defined by

1 _ _ _
w(n"""n"):TlLHéofln(EFl anznz "3"'ngll rmE[rlM>’

(&)

where (---) is the average over all realizations of A(¢), n; €
R. For example, the LEs can be expressed in terms of GLEs:
a
A = ——w(0). (6)
Ik
The calculation of the values of (4) and (5) is the subject of
this paper.

Most previous investigations considered the case of a
Gaussian A(¢) that is § correlated in time. For this case,
the exact expressions for LEs were found in [15-17]. The
8-correlated process typically has paths that have a break at
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each of their points, so Eq. (2) requires a stochastic conven-
tion; the known results for that case refer to the Stratonovich
convention [18,19].

However, in many physical applications random processes
acting as multiplicative noise are generally non-Gaussian and
have finite (nonzero) correlation time. For continuous pro-
cesses the solutions (3) are well defined, so there is no need for
stochastic conventions. It is well known [20,21] that for such
systems, the central limit theorem is not valid in the sense
that all connected correlators (cumulants) of A(z) contribute
equivalently to the LEs and GLEs. So the result may differ
essentially from the Gaussian case.

To deal with nonzero correlation time, the renovation
model has been developed by different authors [22,23]: A
nonstationary piecewise constant process is substituted for the
stationary continuous process A(t). Alternatively, we stay in
the frame of stationarity and use the large-deviation principle;
in quantum mechanics and quantum field theory the corre-
sponding technique is known as the low-frequency limit. For
the processes A;;(¢) that satisfy the large-deviation principle,
this allows us to get exact expressions for LEs and GLEs;
it appears that they are completely determined by the rate
function of the diagonal elements Ag;.

Iwasawa decomposition

To get explicit expressions for the LEs and GLEs, one
performs the Iwasawa decomposition of the evolution matrix

Q =RDZ,

where R is the orthogonal matrix, D is positive diagonal, and
Z is the upper triangular unipotent matrix:

a

RRT = I, Dij = SijD,', D,‘ > 0, Z,'<j = 0, ij =1.

Then E; = D ... Dy and the LEs can be expressed by

1
)‘-k = lim TlnDk, )\.1 > s 2 )\.k. (7)

T—o00

The expression for the GLEs takes the form
o1
wi, -, na) = lim — (D" - D). ®)

The statistical properties of R, D, and Z behave differ-
ently during the evolution (2); we are interested only in the
statistics of D.

In the next section we consider the main strategy and
the application of the large-deviation theory on a simple
one-dimensional example. Then we proceed to the multidi-
mensional case and make use of the isotropy to calculate the
GLEs. In conclusion, we reformulate the results in terms of
the effective § process, which is a useful tool for physical
applications.

II. ONE-DIMENSIONAL CASE
A. Rate function and GLEs

Consider one-dimensional differential equation with mul-
tiplicative noise

dx(r) =&(x(), x(O0)=1, ©))

where £(¢) is a continuous stationary random process with a
given law. We are interested in the moments (x"), n € R.
For any realization of £(¢), the solution of (9) is

T
x(T) = exp (/ E(t)dt).
0

We assume that &(¢) satisfies the large-deviation principle
[24], i.e., that the probability density of its time average

1 [T _
7/0 E(0)dr = £

satisfies at large T — oo the relation
-T
pi(a) ~ e T,

where the sign ~ means that there exists the limit

o1
Tl;rr;o T In pg(a) = —J(a).

Here J(a) is the rate function (Cramér function). Then

((T)) = / ¢ pg(a)da ~ ™", (10)
where w(n) is the Legendre transform of the rate function
w(n) = sup[na — J(a)]. (11)

This proves the existence of the limit

Am = In(x"(T)) = w(n), (12)

where w(n) is the GLE of the process & (¢). We note that, ac-
cording to (10), the function w(n)T at large T coincides with

the cumulant-generating function of the integral fOT E(t)dt.
Let the cumulants (or connected correlators)

EW)-EG)Ne =W —tr,....t; —1,)  (13)

be regular fast-decaying functions (i.e., let [ W®™dt, ---dt,
converge). Then the cumulant-generating functional

Win®] = 1n<eXP (/dt n(t)é(t)>> (14)

can be expanded in the infinite series in 7(z):
1
Winl=>)_ Efwmm — .t — 1)

x n(ty) - - nty)dey - - - dby. 15)

In accordance with (14),

T
(x"(T)) — <exp <77/ éj(t)dt>> — gW[nlm,u(t/T)]’ (16)
0

where Ijo1; is the indicator function of the segment [0, 1].
Substituting (15), we find

w®

1
o n _ n
Am - In(x(T)) = E pYRRAE a7)

n

where

w<">=/w<">(t, —th, ...t —t,)dty - - - dt,. (18)
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Comparing (10) with (17), we get

w™

w(m) =Y —-1". (19)

n

n!

From (13) and (19) we see that the long-time asymptotics of
the moments (x"), as well as the GLEs, do not depend on
the details of the cumulants and are determined only by their
integrals (18).

B. Low-frequency limit

We now consider an alternative way to find the GLEs based
on the Lagrangian formalism. The aim is to derive the relation
between the Lagrangian density and the rate function.

We start from the probability density functional g[£ ()],
which can be presented in the form

el ~ e Sl S[E(n)] = /dt L(E, 8, 97E,...).

Here L is the Lagrangian density. For example, the case £ =
%(e&,& )+ %5 2 corresponds to Ornstein-Uhlenbeck process
with the only nonzero cumulant W®(t; — 1) = %e"’l_m/e.
Generally, £ is nonlocal and contains derivatives of all orders.
The generating functional can then be written in the form of
the Feynman-Kac integral [25]

MOl ~ / [ds]exp(— / dr[ﬁ(r)—n(r)&(r)]). (20)

In the Section IIA we saw that the logarithm of the
moments (x™) is determined by the functions 7(¢) that are
constant in the time range [0, T'] [Eq. (16)]. For this reason, we
are interested in the values of W [#(#)] on slowly varying func-
tions with characteristic timescale T: ny(t) = n(t/T) (the
low-frequency limit). In (20) we rescale the time t = 7T and
change accordingly the integration variable: &£(z) = &7 (7).
Then from (20) we obtain

el ~ / [dér]exp ( -T / dz[Lr(t) — n(r)sr(rn),
2D
where
Lr(t)= L‘(Er, la,gr, iang, .. )
T T?
As T — oo, we can substitute the rate function

J(&r) = L(r,0,0,...)+C (22)

for L7. Here C is a normalization constant. Then we estimate
the integral by means of the saddle-point method

/ [dEr ] exp ( 7 / delJ(Er (1)) — n(f)ér(t)])

~ exp ( =T / dr[J(&(7)) — n(f)&(f)]>,

where &;(7) is defined by the minimum condition

0J (&)
9§

= (7). (23)

Eventually, we get

eW[nr(f)] — eW[n(T/T)] ~ exp (T / w(n(r))d.[)’ (24)
where

w(n) = sgp[né —J(&)]. (25)

The normalization condition W[0] = O results in the claim
w(0) = 0. Now, substituting (24) in (16), we find

1
(x"(T)) ~ exp (T/ w(ﬁ)d1> — oTwin.
0

Comparing this with (10) and (13), we see that the function
w(n) defined in this section coincides with the GLE found
in (11) and (19). From (11) and (25) it also follows that the
function J (&) defined in (22) coincides with the rate function.

So both ways to determine the rate function are equivalent.
In the multidimensional case the second way appears to be
more convenient.

III. MULTIDIMENSIONAL EQUATION

A. Equation for the Iwasawa components

Now we return to the matrix equation (2), where A(¢) is
a stationary continuous stochastic process with regular fast-
decaying connected correlations

(Ao () A, (e = WD o (=t ot — 1)

(26)

and nonlocal Lagrangian density L4 (A, 0;A, 8,2A, ...). The
well-defined solution (3) exists for any continuous realization
of A(t), but noncommutativity makes it difficult to use: There
is a T exponential instead of a usual exponential and it seems
impossible to apply the large-deviation approach for [ A dr.
However, we will see in what follows that this is possible
in the case of isotropic law of A at least for the important
diagonal (in the sense of Iwasawa decomposition) part of the
evolution matrix.

To separate the Iwasawa components, we rewrite Eq. (2) in
the form

A=3QQ"!
and substitute the Iwasawa decomposition for Q. We obtain
A=RXR™', X=¢(+¢+06, (27)
where
E=@ODD', ¢=DOBZ)Z'D"', 6=R'GR).
(28)

The matrices &, ¢, and @ are diagonal, nilpotent upper triangu-
lar, and antisymmetric, respectively. Eq. (28) can be rewritten
as

o;D = &D, (29)
82 =D"'¢DZ, (30)
R = R6. (31)
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Thus, treating &, ¢, and @ as independent variables, we could
separate the equations for D and for R. Moreover, the el-
ements D; satisfy one-dimensional Eq. (29), similarly to
Eq. (9). So (8) takes the form

1
21a) = lim o

T
X 1n<exp (/0 Em +--- +§dnd)df>>~ (32)

To calculate this, it would be enough to know the rate function
of £ =1{&,...,&,;} and make use of (25). So in the next
section we discuss the relation between the Lagrangian densi-
ties of X and A.

w®, ..., Ng) = we(y, ...

B. Change of variables

One can consider (27) as a functional transformation from
A to X variables,

A = RIX]IXR'[X], (33)

where the dependence R(X) is determined by (31). To find the
probability density of X(#), one has to calculate the Jacobian

()
which was calculated, e.g., in [21] as
JIX]=exp </tr(noX(t))dt>, (35)
where
Mokp = (% - k)c?kp. (36)

In Appendix A to this paper we derive this result by taking the
continuous limit of a stochastic difference equation.

Taking into account (34) and (33), from the condition
PX)[dX] = P(A)[dA] we get the expression for the La-
grangian density of X,

Lx = —tr(noX) + La(A, A, 3?A, ...),

where A is a function of X in accordance with (33). From (31)
it follows that for any F(z),

»ROFOR' (1)) = RO(DF)R™ (1), (37
where
D,F =0,F + [0, F], (38)

with [a, b] = ab — ba. Substituting this for the arguments of
L4, we obtain

Ly = —tr(pX) + L4 (RXR™',
R(IOX)R L, R(DIX)R™,...). (39)

This expression contains R, which is the Volterra product
integral of the components of X, R[X] = H’TZO(I + 0(t)dr).
However, we will see below that in the case of isotropic
processes R vanishes.

IV. ISOTROPIC SYSTEMS

We now make use of the claim that A is isotropic, in
particular, A(z) has the same probability density as OA(t)O”
for any O € O(d). For such processes, the Lagrangian density
L4 can be presented as a sum of different combinations of
traces with arguments containing products of A, AT, and their
derivatives. As one substitutes RXR™! for A, the plates R and
R! in the expressions vanish; however, in accordance with
(37) and (39), all time derivatives in the expression for the
Lagrangian density change to long derivatives (38),

A~ X, 3’A+— D'X.

As we proceed from Ly to the rate function as in (22), we
have to set all the time derivatives of X zero. However, the
commutators stay in their places, so the rate function takes
the form

Jx(X) = Lx(X,0,0,...)+ C = —tr(g,X)
+ L4(X, [0,X],16,[0,X]],...)+C. (40)
One can separate the rate function of the matrix A,
Ja(A) = L4(A,0,...),
and present Jy in the form

Jx(X) = —tr(oX) + J4(X) + 6J(X) + C, 41

8J(X) = La(X, [0,X],[0,10,X]1],...) — La(X,0,...).

We define wy (u) for the matrix process X in the same way
asin (11) and (25),

1
wy (1) = sup[tr(uX) — Jy(X)] = lim —
X T—o0 T

T
X ln<exp(f tr(uX)dt>>. 42)
0

To this purpose, we have to find the extremum point X; anal-
ogous to & in (23):

0Ix(X,)

= 1y 43
0X, Mg (43)

This equation system is very complicated. However, it can be
simplified significantly as we are interested only in the GLEs
of the diagonal elements Xj; = &. From (32) it follows that

s a) = wx (1), (44)

where # = diag(n, 12, . .., n4). So, to find w we can restrict
ourselves to the diagonal matrices g = n in (43), so the ex-
tremum condition takes the form

we(M1, ...

= 0’
0x,, qFr
Jx (Xy)
=1, =1,...,d. 45
9X,, Ng> 4 (45)

This system has the diagonal solution

X; =&, (46)
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where &, satisfies the relation

0Ja (&)
0Xyq

- (nO)qq = Ng- 47

Indeed, we recall that X = & + 6 4 ¢ and Jx(X) is a com-
bination of traces tr(f(&, 6, ¢)), where f is some product of
the matrices. Since & is diagonal and both 6 and ¢ have zero
diagonal elements, each summand in Jx contains either zero
or more than one of the matrices 6 or ¢. Taking the derivative
with respect to X,., g # r, leaves the summands with at least
one multiplier @ or ¢, and subsequent setting X = &; makes
them zero; so the first equation in (45) holds automatically.
On the other hand, each summand in §J(X) contains at least
one 6 as a multiplier, so 36J/0X,, = 0.

We note that 8, = 0 and thus §J(X;) = 0. From (44), (42),
and (41) it then follows that

M) = tr((n +19)&;) — Ja(§,) —C. (43)

The statistical isotropy of A implies (A;:;) =0. Thus,
0J4/0A4- (&) = 0 for g # r, and J4 (&) coincides with the rate
function of the diagonal elements oy = Ayy:

we(N1, M2, ...

Jo(ay, ..., aq) = Ja(a),

a = diag(ay, ..., aq).

So (48) proves that the GLEs and, as a consequence, also the
Lyapunov exponents are completely determined by the rate
function of the diagonal elements of A.

By analogy with (42), we define the local cumulant-
generating function of these diagonal elements:

we () = supltr(pe) — Jy(ay, ..., oq)]

1 T
= Th_)ngo ?ln<exp (/0 tr(noc)dt>>.

It is related to the cumulants of ¢; by

i w™.
wa(nlv"'snd)zzz#nil"'nl},’ (49)

n=1i..i,
where

wi, = f diy -+ diy ety (17) - - i, (1))

From (48) we see that wg(7y,...,nq) can be reduced to
wy(n + 1y); taking into account the normalization condi-
tion wg(0) = In(1) = 0, we obtain GLEs and the Lyapunov
exponents

we (N1, N2, - .-, Ma) = Wo (N + 1) — we (M),  (50)

0
Ak = a—wa(ﬂo), (51)
Nk

d+1
Moy = (T - k>5kp-

Gaussian process

Consider now the following important particular case: Let
A() be Gaussian continuous process with zero mean and the
given second-order correlator

(Aij(0)) =0, (A;;)Ap1))e = Kijap Pt — 1),

where
K(,'j)(kp) = —aaijékp + baikajp + c8ip8jk, (52)

with a, b, and ¢ constants, and ®(¢) is some regular even fast
decaying function f ®(t)dt = 1. The form (52) of K;jyxp) is
determined by the isotropy.

From (49) the expression for the cumulant-generating
function of the diagonal elements of A follows:

_a ,  b4+c 5
we(n) = 2[tlf(ﬂ)] +—2 tr(y”).

From (50) we get

d
d+1
we (M1, ..., ma) = (b+c) E (T—k>77k
k=1

d
1
+ k;[(b + )8y — almnp,  (53)

A =b+c)d+1-2k). (54)

In many applications one considers traceless matrices tr(A) =
0. With this additional requirement, the coefficients a, b, and
c are associated by the relation b + ¢ — ad = 0, which can be
taken into account in (53).

V. CONCLUSION: EFFECTIVE § PROCESS

In the paper we have considered a system of linear stochas-
tic equations (1) with a statistically isotropic matrix random
process A(t) that has regular fast-decaying connected cor-
relations (26). We found explicit expressions (50) for the
generalized Lyapunov exponents in terms of rate functions of
the diagonal elements of A.

Now we reformulate the results in a form that is useful
for physical applications. We find that the correlations of the
diagonal elements of A contribute to GLEs only via their
integrals:

(n) _ (n)
wi]mi,, = /dIZ © 'dtanilil...,’nin

(ti —t,...,t1 —t,) (no summation).

In (50), the GLEs are expressed in terms of the cumulant-
generating function of the diagonal elements of the matrix A,

w(n)

oo
We (15 - vy Na) = Z Z ;'1',"l" Miy = M-

n=1 iy--i,

So there exists the sequence of formal random processes A
with connected correlations

1 W(n) n—n -1,
en—1 it injn e 7 € ’
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which produce identical GLEs. Going to the formal limit
€ — 0, we can define the effective § process Ay with singular
correlation functions

(n) (n)
Az/ kp l] -kp

8t —12)- -+ 8(1y — ). (55)

This formal process provides the same GLEs and allows us to
split correlations and get closed equations for different aver-
ages (see Appendix B). Despite its formal nature, it is a handy
instrument for calculations for the problems that appear in the
theory of turbulence, turbulent transport, kinematic dynamos
in turbulent flows, etc. [26—-28].

In the particular case of the Gaussian isotropic processes,
the result (54) coincides with the well-known expres-
sions [18,19] obtained for the differential equation Q =
dW(t)/dtQ in the frame of Stratonovich stochastic conven-
tion, dQ(¢) = dW(t) o Q(¢). Thus, for these processes the
effective § process not only has a formal sense but can also
be expressed in terms of the derivative of the Wiener process.
This corresponds to the Wong-Zakai theorem [29].

We also make some comments on the relation between our
approach and the renovation model [23]. In our approach, the
noise is stationary for any correlation time, while in the reno-
vation model it becomes stationary only as T — 0. Actually,
the results of both approaches coincide as T — 0. Possibly,
the nonstationarity can be taken into account in our approach
by means of corrections to w( . However, this is a subject
for future study.

It is also important to note that even in the isotropic case,
one can substitute the effective § process for the real matrix
process only when calculating the long-term asymptotics of
E} and their combinations. For the quantities that depend on
the nondiagonal elements 6;; and ¢;; (e.g., the coordinates x;),
the asymptotic behavior is determined not only by the rate
function of the matrix elements A;; but also by the shape of
their correlation functions. This illustrates the fact that the
possibility to introduce the effective § process is a nontrivial
feature of multidimensional isotropic stochastic systems with
multiplicative noise.
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APPENDIX A: CALCULATION OF THE JACOBIAN (34)

The Jacobian was calculated in [21] by means of operations
with continuous stochastic processes and functional integrals.
The notion of the Jacobian is difficult to define for a continu-
ous process. It is natural to define it for a discrete process and
then take the continuous limit. The result must not depend on
the method of discretization. Here we calculate the Jacobian
for one particular discretization of the random process Q and
the corresponding stochastic difference equation. Then we
show that for another choice of discretization with the same
continuous limit, the result is the same. In an analogous way,
one can check that any difference equation with the same
continuous limit would lead to the same result.

1. Stratonovich-type discretization

Again we start with Eq. (2). Although A(¢) is a finite-
correlation-time process and thus the differential equation is
well defined, we still consider its discrete analog in order
to substitute ordinary derivatives for variational derivatives.
Thus, we split 7' into N discrete intervals, A¢ being much
smaller than the correlation time of A, and consider the dis-
crete equation

Qr + Qi1

AQ, = Qt+1 -Q = AzTAL

We use the Stratonovich-type discretization because to calcu-
late the Jacobian, we need the second-order accuracy in At
and the Stratonovich choice allows to get this accuracy for
AQ without writing the second order derivative

Multiplying (A1) by Q;! and by Q +1 and taking the sum,
we get

(Al)

A At = %(QtJrth_l - QtQ;Jrl) + O(At )-

Now we make use of the Iwasawa decomposition and sub-
stitute Q; = R;D,Z, and Q,1; = R, 1D;11Z;,,. With unified
notation AF, = F,;| — F, and taking into account AF N, =
—F 'AF,F' + F'AF,F ' AF,F; ! + O(Ar?), we obtain

(ARD; 1 Z, 11 + RADZ, + RD,AZ)Z'D 'R

— IRD,Z[A(Z7")D R +Z7'AMD)RS, + Z7'DA(RY)]

t+1

R,) + {[R7'R1AD,D;" + AD,D; 'R}

R, — (ADD;")’]

= R{ (Rt_]RfH Rz+1 1+1
+ R 'RD AZZ D] + D,AZZ DR R, — (D,AZZ D) IR + O(AF). (A2)
We define
0.At = 1R 'Ry —R\R) = J(R7'+ R AR,. (A3)
This is an antisymmetric matrix; from (A3) it follows that, with accuracy O(AP),
AR = R R (Ad)
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which is the discrete analog to (31) in accord with the Stratonovich approach. Analogously, we claim that

D; + D,

AD, = & ———" At

and arrive at
§At = AD,D; ' —
Requiring

D,+D,,\"' /D
AZ,=< t+2 t+1> ;t(

we also get [up to O(At?) accuracy]

AD Z+7Z 1\
;‘,At:(D—i-T)AZ(%) (D+

AD,D;!
= <1 + %)D,AZ;ZtID,I (1

(AD,D; 1)’ + O(Ar).

t +Dz+l > (Zz +Zz+l >Al‘,

2 2

AD

r)

2

B D,AZ,Z,ID,1>(1 B ADtDt1> + 08
—— — .

The summand in the first parentheses in (A2) is 6;; now we note that the summand in the first square brackets is
R'R, &AL + & ART'R 1 + O(AP) = (1 + 0, At)E, At + &, At(1 + 6,At) + O(ALY).

Finally, the summand in the second square brackets can be written as R, IR,H;tAt + ¢, AR, 1Rt+1 + O(A?).

Summarizing, we rewrite (A2) as
A, =R,(X; + 116, X, 1A0)R; ! + O(Ar), (AS)
where
X, =60,+§ +¢,.
Equation (AS5) is the discrete analog to Eq. (27).

2. Calculation of the determinant

Now we have to calculate the Jacobian J = |0A;j; /0 X |-
First, we note that from (A5) and (A4) it follows that

0A;j;/0Ximy =0 foranyr <t'.

(This is the manifestation of causality.) Thus, the matrix
(0A/0X);j 1:km, 18 a block triangular matrix and its determi-
nant is equal to the product of the determinants of the diagonal
blocks, t = ¢':

. (A6)

0A;j;
._7 — ‘ J
ll_[ anmz
Second, we note that, in accordance with the causality
principle, from (A4) it follows that the value of the rotation
matrix R, depends only on the previous-time values of 8, -,
and does not depend on the simultaneous value 6;,
aRt
00,

=0.

Thus, in (AS5) the derivative must be taken only over the
multiplier in the square brackets. We now introduce the multi
indices o = {ij} and the d*> x d? matrix

Rijkm = RiRjm.

Then (AS5) can be written in the form

[
Ay = Raﬁ(Xﬁ +M/3At),

where
M= :[0,X].

So

M
8 — At
By + 8XV

= |Raﬂ| X

0Aq
0x,

Since the matrices R are orthogonal, R is also orthogonal,
ie., RRT = 1. Thus, det R = 1. The second determinant, to
an accuracy of approximately O(At), can be reduced to the
trace of 0M/0X:

oMy 5
=14 (=L )85, A1 + O(AL). (A7)
X,

Ay
oX,

Finally, we make use of the fact that only the lower trian-
gular part of X determines the values of 8, while the diagonal
and upper triangular components are responsible for & and ¢,
correspondingly. So

Xij 1fl>]
6 =10 ifi=j
—Xj,' 1fl<j

In particular, 96;;/0X;,, = 0if k < m. Thus, taking the deriva-
tive of M, we obtain

oM M\ 1
w( e ) = = -3 i -6
r<ax> ;<axij) 2;( i)

d
+ Z(ij — Xi) = Z(d —2j+ DX;;.

i>j j=1
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Combining this with (A7) and (A6), we eventually get

d
J=]] (1 + anxjjm) + O(Ar?)

‘ =1
- d—2j+1
=exp(zznjxjjAr), AL L)
1 j=1

Taking the continuous limit At — 0, we arrive at the integral

d
J =exp (/ anijdt>,
j=1
which coincides with Egs. (35) and (36).

3. Ito-type discretization

The same result can be obtained in other discretization
settings; however, in the general case one has to keep the
terms up to the second order in At in the initial difference
equation for Q. Here we consider the It6-type discretization.

We rewrite the initial continuous differential Eq. (2), 3,Q =
AQ, in the integral form

Q(z>=Qo+/ AQr.

Applying this equation to the time range from ¢ to ¢ + At and
solving it by means of iterations, after two iterations we get

Q(t + A1) = Q(t) + AQ() At + LA*Q(1) AL,

where A is the time average of A(t) over the range At. Based
on this equation, we write the difference equation

Q1 =Q + (AAr + 3AA)Q.. (A8)

Multiplying (A8) by Q; ! and making use of the Iwasawa
decomposition, we present the left-hand side in the form

Q+1Q ' =R, (1+R'AR,)[1+ ADZ),(DZ); 'R,
(A9)

where AF, = F;1| — F,.
Now we formally define &, by

g At = AD,D;' — 1(AD,D; "),
which coincides, up to the second order in Az, with
AD, =D,y — D, = (§,A1 + LE2A2)D,.

In accordance with the chosen prescription, this difference
equation corresponds to the differential Eq. (29). Accordingly,
Eq. (31) corresponds to

AR, =Ry — R, = R, (0, At + 167 A%).

Taking into account (29), we rewrite the Eq. (30) for the upper
triangular part in the form 9,(DZ) = (§ + ¢)DZ. Then the

corresponding difference equation takes the form

A(DZ)t = Dz+1Zt+1 - DtZt
= [(& + ¢)At + 3§ + &)’ Ar’]D,Z,.

Substituting these expressions in (A9) and keeping the terms
of the order of Ar2, we obtain

QI-HQ;_1 =1+ Rt ((oz + Sz + C;)At

2 2 A 2
I +0t<£,+cf>N2>R:‘-

Combining this with (A8), we get

A =R(X + 30, X AR, X, =&+ +6,.

This result coincides with (A5) obtained in the Stratonovich
convention. The rest of the derivation is the same as in the
Stratonovich case.

APPENDIX B: CORRELATION SPLITTING FOR §
PROCESSES

In this Appendix we derive the analog of the Furutsu-
Novikov formula for the § processes. The Furutsu-Novikov
relation for regular processes has the form [30,31]

21
(Aij()glA]) = Z;/}R (Aij A, () -+ Ay, (t)) e
—n! Jre

< 8" glA]
X

>dt1 .o.dt, (Bl)
8A; (1) - - 8A;, ()

for any regular functional g[A]. For the § process with corre-
lation functions (55),

AD ™

ijkp — Wijlkp

8t — 1) -+ 8(ty — 1), (B2)

it takes the form

— 1 8"glA]
A(DgA]) = S —w™D .
DR ;"!w”l”‘m’"’" 8A; j (1) -+ - 84, (tn)

(B3)

Here all the variational derivatives are taken at the same mo-
ment ¢.

However, in physical applications one often has to deal
with causal functionals, i.e., the functionals that depend

054130-8



LONG-TERM PROPERTIES OF ...

PHYSICAL REVIEW E 105, 054130 (2022)

explicitly on time and satisfy the causality principle

Sglt, A
si[ (t/)] =0 ift >t
ij
For these functionals,
8"glt, Al
8A; i (t1)---8A; ; (t,) = fooo @ =) fo.co)(t = 1)
W) InJn \"1
(n) .
X G B0 1y Al
and
=1
’ _ (n+1)
(Aij(@elr. Al = 1 it iin
n=0 "~
x (G Tt tGAD, <t
(B4)

(Aij(tglt, Al) = (Ai; (1) (glt, AD), ' >1. (BS)
However, Eq. (B3) is inapplicable for =1 because
it contains undefined values Ijpo)(0). So, to calculate
the simultaneous correlator, we have to return to (Bl)
and consider some sequence of (formal) processes with
cumulants converging to (B2). Thus, we choose the sequence

of cumulants
(n)
ll/l “in Jn Z l_[ (S (tk
k=17 =1
I #k

where 6.(¢) are even regular functions & (f) 30 8(t) and
J 8edt = 1. Taking into account

t t n 1
[ dt1~-~/ dtnl]j!&(t—t;)z L

/dt, fdzn(s t — 1) ]_[ S(zk—t,)_—<1—i>,

I=1
1 #k

we arrive at

(n+1)
(Aij(t)g[t,A Z 1)‘ 1],1]'14..,"1]‘”

=0

<G(’1) I, .

o s . 1;A]). (B6)
This relation was presented without derivation in [32]; here
we derive it by taking the formal limit. Comparing (B6) with
(B4), we see that the correlations of causal functionals are dis-
continuous at t' = ¢ for § processes, and the naive convention

that Jj9,o0)(0) = 5 is valid only for the Gaussian processes.
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