Transient and equilibrium causal effects in coupled oscillators

Dmitry A. Smirnov

Citation: Chaos 28, 075303 (2018); doi: 10.1063/1.5017821
View online: https://doi.org/10.1063/1.5017821
View Table of Contents: http://aip.scitation.org/toc/cha/28/7
Published by the American Institute of Physics

Chaos

An Interdisciplinary Journal of Nonlinear Science

Fast Track Your Research



http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1908776651/x01/AIP-PT/Chaos_ArticleDL_0618/Chaos_1640x440Banner_2-18.jpg/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Smirnov%2C+Dmitry+A
/loi/cha
https://doi.org/10.1063/1.5017821
http://aip.scitation.org/toc/cha/28/7
http://aip.scitation.org/publisher/

CHAOS 28, 075303 (2018)

Transient and equilibrium causal effects in coupled oscillators

Dmitry A. Smirnov®
Saratov Branch, V.A. Kotel’nikov Institute of Radio Engineering and Electronics, Russian Academy of Sciences,
38 Zelyonaya Street, Saratov 410019, Russia

(Received 30 November 2017; accepted 21 March 2018; published online 6 July 2018)

Two quite different types of causal effects are given by (i) changes in near future states of a driven
system under changes in a current state of a driving system and (ii) changes in statistical character-
istics of a driven system dynamics under changes in coupling parameters, e.g., under switching the
coupling off. The former can be called transient causal effects and can be estimated from a time series
within the well established framework of the Wiener—Granger causality, while the latter represent
equilibrium (or stationary) causal effects which are often most interesting but generally inaccessi-
ble to estimation from an observed time series recorded at fixed coupling parameters. In this work,
relationships between the two kinds of causal effects are found for unidirectionally coupled stochas-
tic linear oscillators depending on their frequencies and damping factors. Approximate closed-form
expressions for these relationships are derived. Their limitations and possible extensions are dis-
cussed, and their practical applicability to extracting equilibrium causal effects from time series is
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Detection of causal'™!! couplings within a complex system
is important in various fields, and the Wiener—-Granger
causality!>!® approach including its linear and nonlin-
ear versions'*!> is well established and widely used
for coupling estimation from observed time series. This
approach can be argued to concern so-called transient
causal effects'®'® and cannot assure that a detected cou-
pling is dynamically influential. In many problems, it is
most important to learn how strong and influential is
the detected coupling for the “entire” observed dynam-
ics, e.g., what would change in the driven system dynamics
if the coupling was switched off,'%!” a question similar to
those asked in bifurcation analysis. Coupling characteris-
tics of such kind are called “equilibrium causal effects”
below. There are no general ways of estimating equilib-
rium causal effects from time series, but one may hope
to perform such estimation having found relationships
between the two kinds of causal effects for a restricted
class of systems.!® In this work, such relationships and
approximate closed-form expressions for them are found
for stochastic linear damped oscillators, giving an oppor-
tunity to assess equilibrium causal effects from time series
in a variety of practical situations.

I. INTRODUCTION

Owing to the general importance of detecting and
quantifying directional, or causal'™!! couplings between
time-evolving systems from time series, many approaches
to coupling characterization have been'>”" and are still
being suggested within the frameworks of information
theory,g’“"g‘28 nonlinear dynamics,29418 and linear stochas-
tic processes.**>* The natural disciplines where these
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approaches are most often required and applied seem
to be neuroscience’$14.26-28.3443-454749-53.55  and  climate
science,>!0:17:21:22.34=38 byt other applications exist and range
from chemistry®® to ecology.*®

In studies of coupled systems from their time series,
one often observes that some coupling characteristics can
be readily estimated from the data, but not of direct inter-
est for a problem at hand, while those of primary interest
are unavailable through time series estimation. To the first
group, one can often ascribe transient causal effects repre-
senting the short-term response of a driven system state to
a change in a driving system state. They can be character-
ized with the Wiener—Granger causality as argued in Refs.
10,16 including the celebrated transfer entropy'®3%-¢! and tak-
ing into account possible difficulties of its interpretation.®>*
The second group often implies an assessment of an over-
all physical (or dynamical) significance of the coupling, i.e.,
understanding of how important the coupling is for maintain-
ing observed equilibrium characteristics of a driven system
regime, e.g., mean-squared amplitude of oscillations.'® Since
a time series is usually recorded at fixed values of system
parameters, it does not directly contain any information on
what happens if the coupling is switched off, so the desired
characteristics from the second group cannot be extracted
from such time series. Accordingly, numerical values of the
Wiener—Granger causality measures cannot be directly inter-
preted in terms of whether coupling is strong or weak in the
sense of its influence on dynamics.

One may hope that coupling characteristics from the
two groups can be related to each other for restricted, but
reasonably wide classes of systems. Finding such relation-
ships would open an exciting opportunity to extract seemingly
unavailable information about the dynamical significance of
coupling using well established estimates of transient causal
effects. Moreover, it would allow meaningful interpretation of
numerical values of the Wiener—Granger causality estimates.
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A simple relationship between normalized short-term pre-
diction improvement (a measure of the Wiener—Granger
causality) and relative change in equilibrium mean-squared
amplitude due to coupling removal was previously found'®
for unidirectionally coupled relaxation systems (overdamped
oscillators) with one-dimensional state spaces. That class of
systems seems too narrow, so it is highly desirable to extend
those results and obtain more general relationships for broader
classes with richer dynamical properties. This is the purpose
of the present work which suggests an essential generaliza-
tion to linear stochastic oscillators with two-dimensional state
spaces.

A note concerning the terminology seems to be in order
here. The term “transient effect” can be also quite reasonably
used for dynamical systems whose parameters change in time
inducing a transient process to a new equilibrium distribu-
tion of states. This meaning is not used here. Wiener—Granger
causality and “transient causal effects” considered below are
defined for systems with constant parameters, so there could
be reasons to call them “equilibrium” rather than “transient.”
However, the term “transient” shows here that a change in
an initial state of the systems under study induces stronger
or weaker changes in the near-future distributions of states
finally evolving to the same stationary distribution. The term
“equilibrium causal effect” is used here to highlight another
property that a change in coupling coefficient changes sta-
tionary (equilibrium) distribution of states. Thus, the terms
“transient” and “equilibrium” here show what is influenced
by coupling, while another possible terminology mentioned
above reflects whether system parameters are constant or
time-dependent. Despite this ambiguity, I believe that the
terminology suggested here is useful in an appropriate con-
text because it sheds new light on the relationships between
quite different coupling characteristics and makes interpre-
tations of their numerical values more accurate and mean-
ingful. To avoid possible confusion, it seems sufficient to
indicate explicitly in which sense the terms are used as it is
done here.

Causal effects under study are defined in Sec. II. Model
systems and design of the study are described in Sec. III.
The obtained relationships and their approximate closed-form
expressions are presented in Sec. I'V. Practical applicability of
the obtained relationships and their limitations and extensions
(including nonlinear systems) are discussed in Sec. V. Section
VI concludes.

Il. TRANSIENT AND EQUILIBRIUM CAUSAL EFFECTS

Transient causal effects have been defined for state
space systems in terms of “intervention—dynamical effect” as
follows.!” Let systems X and Y be specified by stochastic
differential equations:

x =y (x) + cxygy (X,y) + &x, 0
y=1£y(y) +crxgy(y.x) + &y,

where x and y are state vectors of the systems X and Y, respec-
tively, £&x and &y are mutually independent Gaussian white
noises, the functions fy and fy represent individual dynam-
ics of the systems, g, and g, are coupling functions, and cxy
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and cyy are coupling coefficients (cxy = O in this work). Let
scalar observables x and y be single-valued functions of the
respective states x and y and denote as p,(y |x0,y0) condi-
tional probability density of y at time ¢, given an initial state
(X0,y,) at time #p = 0. A transient causal effect X — Y with
respect to the variable y has been defined through a change in
oy |x0, ¥o) occurring if an initial state of X is changed from
X to Xj), given y,. In a simple version, relative transient effect
reads'®

{ELy(®) |%0, Yo 1 — EIy(®) | %5, ¥o 1Y
varly(r) [xo, ¥o 1 + varly()) [x, ¥ ]

F)z(—>Y(t) =

X0,X5,Y0

2)
which is the squared difference between conditional means
expressed in units of the respective conditional variances to
quantify separation of the conditional distributions. Angle
brackets denote averaging over stationary distribution of y,
while xo and xj are independently drawn from conditional
stationary distribution, given y,. Such a change in the state
of X has been called “intervention”'™>"8 or “state space
intervention.”'” Such an effect is a kind of “orbital” or
“transient” effects!® since it refers to non-established, finite-
time conditional expectations and variances. Specifically, the
causal effect (2) shows how far an ensemble (a beam) of phase
orbits y(f) emanating from y, and projected to the variable y
shifts in response to the intervention in the state of X.

For the stochastic system (1), the quantity F)Z(_)Y(t) is
typically small for small response time ¢, reaches its maxi-
mal value for some intermediate 7 close to characteristic time
scales of X and Y, and quickly decreases at greater response
times.'” Denote that maximal value F§_, .. = sup Fg_ ()

>0

and the respective response time ty_.y = argsup F}%%Y(t).
>0
Since such measures relate to finite-time responses, they

were also called “short-term causal effects” and found to
be well approximated by normalized prediction improvement
(Wiener—Granger causality measure).'® Therefore, F)z(_>y(t)
and F3_ y .. can often be estimated from a time series
via the well established Wiener—Granger causality estimation
techniques.

To characterize an “overall contribution” of the coupling
X — Y to the observed dynamics of Y, one can determine
changes in statistical properties of the process y which would
occur if the coupling X — Y was switched off. In a simple
version, one can consider stationary (equilibrium) variance of
y. Denote O’yz(CXy,ny) this variance at given values of cou-
pling coefficients cxy and cyy. Denote 0},2 (cxy,0) = J}%O this
variance in case of suppressed influence X — Y (cyx = 0).
Then, the contribution of the coupling X — Y to the variance
0),2(cxy, cyx) is defined as'®

2 2
o, (cxy,cyx) — 0y
Y W
Sx_y = 5 . 3)
%y0

This characteristic belongs to the family “parametric inter-
vention—stationary effect.”!” Since it quantifies a change in a
stationary statistic which manifests itself only in the long-term
behavior, i.e., over a time interval including many character-
istic time scales of the systems, it was also called “long-term
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causal effect.”'® Here, the term “equilibrium causal effect” (in
the sense of equilibrium probability distribution) is used as
probably more accurate and convenient.

Apart from variance, any other statistical characteristics
(e.g., higher-order moments or Shannon entropy of single-
time or multiple-time stationary distributions) may well be
used, especially for nonlinear systems where variance may
appear non-informative as discussed in Sec. V B. However,
for unidirectionally coupled linear systems (Sec. IV) and
weakly nonlinear oscillators far from synchronization regime
(Sec. V B), the stationary variance is a quantity which depends
monotonously on a coupling coefficient and is simply com-
putable. So the choice of the stationary variance to define a
basic characteristic of an equilibrium causal effect seems to
be justified.

There is no general way to estimate Sx_y from an
observed time series of x and y. One such possibility could
be based on relating Sx_.y to more readily estimated tran-
sient causal effects. Having estimated F_, , (Af) at small At

. _d (Fry® .
and knowing the value of fy_y = 5 <—Sx_>y o which

can be called “very short-term response” rate, one gets
Sx_y ~ F)%_)Y(At)/(fx_)yAt). This relationship is valid at
At K fx_—l>y and depends on At, being in this sense subjec-
tive. A more objective characteristic is based on the maximal

effect Fy_,y ..x and, therefore, of a special interest is the
ratio ry_y = —X=Y— which is free of an arbitrary temporal
X —Y,max

parameter and shows by what number the equilibrium causal
effect exceeds (or is less than) the maximal transient causal
effect.

In order to supplement the previous study,'® I introduce
here a useful auxiliary concept of a “form-factor” my_ y.
Note that to have a more complete theoretical picture, it
is desirable to learn a connection between very short-term
and maximal transient causal effects. It can be specified
in the form f’("yﬂw = my_y, where my_y is the

X—Y,max

form-factor describing deviation of the temporal dependence
F)%%Y(t)/SX_)y from a straight line fyx_ yr over the time
interval [0, tx_y] [Fig. 1(a)]. As shown in Sec. 1V, finding
certain limit values of my_y and tx_y and using rela-
tionship rx_y = mx_y/(fx—yTx—y) provide approximate
closed-form expressions for ry_,y.

lll. MODEL SYSTEMS AND DESIGN OF THE STUDY

Relationships between the transient and equilibrium
causal effects are found below for unidirectionally coupled
stochastically perturbed linear damped oscillators:

X -+ 2)/Xx =+ CL)(%X)C = Ex,

) VXX T+ Wy )
Y+ 2yyy + wgyy = y + cvxx,

where X = (x,x) and y = (y,y) are two-dimensional state
vectors, yx and yy are damping factors, wox and wgy
are natural frequencies, cyy is the coefficient of unidi-
rectional coupling, & and &y are mutually independent
one-dimensional Gaussian white noises with autocovari-
ance functions (ACFs) (&x(t1)éx(f2)) = e x8(ty — 1), and

Chaos 28, 075303 (2018)

(Ey (t)é&y (t2)) = Te y8(t1 — 1), I'e x and Iz y are noise inten-
sities. If yx and yy are less than the respective natural fre-
quencies, the oscillators are weakly damped. This is the main
situation of interest here, since it differs from the overdamped
oscillators (relaxation systems) considered previously'® and
corresponding to damping factors which strongly exceed
the respective frequencies. In the latter case, the oscillator
equations (4) reduce to

X+ oaxx =y,

. - 5
y+ayy =y + cyxX, )

where the state vectors are one-dimensional (x and y),
ax = ofy/2yx, ay = 03y /2y, ¢rx = cyx/2yy, and {x and
ly are white noises with (Cx(#1)¢x () =Tr x8(t1 — o),
(tyt)ey () = Try8(t — 1), Tex = Tex /4yg,and Ty =
e y/4vy.

For the sake of methodological clarity and systematic
development of the formulas for ry_y, Sec. IV A starts with
the simplest system (5) repeating some results of Ref. 16
and providing additional information on the values of myx_.y.
Then, X and Y are made in turn oscillatory. Namely, Sec. IV B
considers the case of an oscillator driving a relaxation system:

..)é + 2)/)()6 + C()(Z)X.x = Ex,

y+ayy =y + Cyxx. ©

Section IV C presents the case of a relaxation system driving
an oscillator:

X+ oxx = lx,

* . 7
Y+ 2yyy + wfyy = &y + cyxx. )

Section IV D considers coupled oscillators (4). To compare
results for any of the systems (4), (6), or (7) with a simpler
analogue, an oscillator can be replaced by a respective (i.e.,
reasonably well approximating) relaxation system. The lat-
ter is defined here as follows: say, for X: oy = a)(z)x /2yx for
Yx/wox > 1, ax = yx for yx/wox < 1/2, and ax = wox /2
for 1/2 < yx/a)()x < 1.

All the quantities of interest, i.e., rx—y, Tx—y, Mx—y,
and fx_,y, are determined versus the parameters of the oscil-
lators which are varied in a wide range covering at least two
orders of magnitude. Results depend only on non-dimensional
ratios of parameters and are expressed via ax /ay in Sec. IV
A, yx/wox and ay/wox in Sec. IV B, yy/woy and ax /woy in
Sec. IV C, and yx /wox, ¥y /wox, and woy /wox in Sec. IV D.
To determine the quantities of interest, linear ordinary differ-
ential equations for the first and second conditional moments
and linear algebraic equations for the stationary moments are
solved!? as summarized in Appendix, fx_.y and Sx_y being
always found explicitly. In addition to the methods of previous
studies,'®!® asymptotic behavior of all these quantities with
diminishing damping factors is studied and approximating
formulas for ry_,y are derived.

The quantity Sy_,y is quadratic with respect to the cou-
pling coefficient cyy for the class of systems considered.
F3_ymax 1S also quadratic if cyy is small enough. There-
fore, the ratio ry_.y is independent of cyx, if cyx (or the
respective Sy_.y) is only moderately large. In particular, this
independence holds true to a typical error of the order of 1%
if Sy_y < 0.1 (Sec. V A). For each set of parameter values
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FIG. 1. Causal effects in coupled relaxation systems (5): (a) Relative transient causal effects versus response time for two sets of parameter values, open and
filled circles indicate maxima of the plots, long dashes show the extrapolated very short-term effect fx_, y#, vertical dashed lines guide an eye to see the distances
from both plots to the extrapolated straight line; (b) the normalized maximum response time oy Tx_.y [triangles, left axis, the open and filled circles correspond
to those in Fig. 1(a)] with two pieces of its analytic approximation (thin solid lines, Sec. IV A) and the form-factor my_, y (thick solid line, right axis) with its
analytic approximation (dashed line, Sec. IV A) versus the ratio of relaxation rates; (c) the equilibrium-to-transient effect ratio rx_.y [solid line, the open and
filled circles correspond to those in Fig. 1(a)] with its analytic approximation (8) (dashed line) versus the ratio of relaxation rates.

below, cyx is specified so to provide Sxy_.y = 0.01. Extensive
checks confirmed that the results for Sxy_,y = 0.1 are almost
indistinguishable, and even Sx_,y up to 0.5 most often leads
to quite moderate changes in ry_,y.

A brief summary of the numerical results is presented in
Table I for convenience. It can be seen in advance that the
magnitude of ry_,y (which is the main quantity of interest)
covers broad ranges of possible values from those much less
than unity (0.03) to those considerably greater than unity (4.9)
for the reasonable intervals of parameter values studied. To
give an idea about the meaning of the concrete numerical val-
ues of ry_.y, I note that ry_,y =~ 5 shows that seemingly small
maximal prediction improvement (Wiener—Granger causal-
ity measure) about several percents (e.g., Fy_ y na = 0.05)
corresponds to quite noticeable equilibrium causal effect
(Sx—y = 0.25, i.e., stationary variance increases by a quarter
due to the presence of coupling). Hence, for some systems so
small prediction improvements cannot be ignored as insignifi-
cant. An opposite situation is also possible, e.g., rx_.y ~ 0.03
shows that a quite large prediction improvement of 30% cor-
responds to a very small equilibrium causal effect of Sx_,y =
0.01, i.e., 1%. Thus, for some systems even large prediction
improvements correspond to couplings whose overall contri-
bution to the variance is negligibly small. It is thus important
to learn conditions for both situations in order to be able to
interpret the Wiener—Granger causality estimates properly.

IV. ANALYTIC AND NUMERICAL RESULTS
A. Coupled relaxation systems

The equilibrium causal effect for the system (5) reads
Sx—y = 302 /[2ay (ax + ay)o )] and the response rate is
fx—y = (ax + ay)/2. Relative transient causal effects are
presented in Fig. 1(a) for two cases: a fast system driving a
slow one (ax = 1,y = 0.1) and vice versa (axy = 0.1,y =
1). In both cases, fx_ y is the same, but the maximum response
time differs: tx_,y & 1.25/ay if the driving system is faster
and ty_y &~ 2.3/ay if the driven system is faster [Figs. 1(a)
and 1(b)]. The form-factor also differs: in the first case, the
extrapolated value of the very short-term effect fx_ytx_y
exceeds the value of F§_ ,(tx—y)/Sx—y by mx_.y ~ 3 times
and in the second case by my_,y & 2 times [Figs. 1(a) and
1(b)]. Finally, one gets ry_.y & 4.5 in the first case and
rx—y =~ 1.5 in the second case [Fig. 1(c)].

Overall, within a reasonable range 0.1 < ax/ay < 10
comprising both close and considerably different relaxation
times, the value of my_,y rises from 2 to 3 almost linearly in
In(ac/cty), the relative error of such approximation being less
than 5% [Fig. 1(b), dashed and thick solid lines], and

rx—y = 3.1+ 0.75In(ay /ay), ®)

with the relative error less than 10% [Fig. 1(c)]. The
maximum response time [Fig. 1(b), triangles] is accurately
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TABLE I. Brief summary of the numerical values obtained for the causal effects under study. The first column—model systems. The second column—ranges
of parameter values checked. The third column—ranges of the obtained values of the equilibrium-to-transient causal effects ratio ry_y. The fourth
column—maximum response time ty_,y. The fifth column—form-factor my _,y.

Systems under study Parameters values presented rX—y Tx Yy my_y

Relaxation system X drives relaxation system Y (5) 0.1 <ax/ay <10 1.5-46 (0.12—-25)/ay 2.1-3.0
Oscillator X drives relaxation system Y (6) 0.1 <ay/wox <10,0.01 < yx/wox < 100 0.17 —3.5 (043 —30.0)/wox 1.6 —4.0
Relaxation system X drives oscillator Y (7) 0.1 < ax/woy <10,0.01 < yy/woy < 100 0.13—-49 (0.13 -12.0)/woy 1.2-3.3

Oscillator X drives oscillator Y (4)

0.01 < yx/wox <100,0.1 < yy/woy <10,0.2 < woy/wox <5 0.03 —4.5 (0.63 —120)/wox 0.94 — 3.3

approximated by two pieces [Fig. 1(b), thin solid lines]:
x>y = [01 + 1I1(1 + Oly/le)]/(xY for 0.1 =< le/Oly <1 (the
error is less than 0.5%) and tx_.y = (1.25 — 0.5y /ax)/ax
for 1 < ayx/ay < 10 (the error is less than 5%). These rough
approximations are convenient for fast practical assessments.
More precise approximate expressions valid over a broader
interval of ay /oy are readily obtained, but appear more
cumbersome, so they are not reported here.

B. An oscillator drives a relaxation system

The system (6) exhibits features both different from
and common with the simpler system (5). Here and below,
explicit formulas for Sy_,y are somewhat cumbersome and
not reported. The very short-term response rate is fx_y =
[@iy/yx + ay) + ay]/2. Itis close to that of the system (5)
with ax = @3y /(2yx) if yx /wox > 1 (for any ay). Numeri-
cal results show that yx /wox > 3 suffices for the difference
in ry_,y between the system (6) and the respective system
(5) to be less than 6% for any ay /wox. For yx /wox > 2, this
difference is less than 12%.

Another, less expected, case of closeness in ry_,y for the
systems (6) and (5) is very large relaxation rate of the driven
system ay/wox > 1 and almost any yx/wox [Fig. 2(a)].
Namely, for ay /wox > 10, the difference in rx_, y between the
two systems is less than 10% if yx /wox > 2 or yx /wox < 1/6
and less than 20% if yx/wox > 3/2 or yx/wox < 1/3 [Fig.
2(d)]. Recall that in case of yy/wox < 1/3 the respective
relaxation system is that with oy = yx: then the maximum
response times for the systems (5) and (6) are close to each
other, temporal dependencies F )2(»1/ (t)/Sx—y over long inter-
vals are mutually close too [Fig. 2(a)] with a superposed
oscillatory component for the system (6). The closeness can
be anticipated noticing fx_y ~ ay/2 for large ay/wox in
the system (6) similarly to the respective system (5) with
oy > ayx. Thus, the property of the relaxation system with
ax = yx toreflect the exponentially decaying envelope of the
oscillator’s ACF suffices to reproduce the overall behavior
of the transient causal effect in Fig. 2(d). Some difference
between the systems (5) and (6) occurs for an intermediate
damping 1/3 < yx/wox < 2 where the relative difference in
rx—y reaches 26% (and 50% between the maximum response
times) for yx/wox = 1/2. This is because ACF for such an
oscillator is poorly approximated by a relaxation system. Still,
the difference is moderate, not by an order of magnitude.

The strongest difference between the systems (6) and (5)
holds in case of a weakly damped oscillator yx/wox < 1/3
and a slow relaxation system ay /wox < 1/2. The stronger the
inequalities, the greater this difference [Figs. 2(c) and 2(f)].

For yx/wox < 1 (i.e., for narrow-band oscillator), the max-
imum response time tends to tx_y &~ 2/wox [Fig. 2(h)] and
the form-factor to my_.y &~ 1.6 [Fig. 2(i)]. The latter num-
ber can be understood as being close to the form-factor for a
sine function which equals /2. Based on these approximate
limits, one can derive an explicit closed-form expression:

-1
SO +a—Y) : ©)

ryy = 1.6
ey (ZVX +ay  wox

which is quite accurate in the range yx/wox < 1/3 and
ay/wox < 1/2 [Fig. 2(f), long dashes]. In particular, for
yx/wox = Oty/a)()X =0.1 Eq. (9) giVCS rx -y = 0.48 which
is very close to the exact ry_.y = 0.46. Thus, in order to
determine the equilibrium causal effect one must divide the
maximal transient causal effect by 2 instead of multiplying
it by some number from 1.5 to 4.5 as it holds for the sys-
tem (5). In the limit of infinitely narrow-band oscillations
(yx/wox — 0), for ay/wox = 0.1 one gets ry_y = 0.16, i.e.,
the equilibrium causal effect is even six times as small as
the maximal transient causal effect. Observing that here a
fast oscillatory system drives a slower relaxation system, one
could erroneously guess rxy_.y &= 5 using a naive analogy
with the system (5). This demonstrates that the case of an
oscillatory driving system is quite different.

For an intermediate relaxation rate oy /wox = 1, the for-
mula (9) is not accurate but can be adjusted if the maximum
response time is corrected to tx_.y = 1.5/wox [Fig. 2(h)].
Then, the factor 1.6 in (9) should be replaced by 2.1 and
the approximation still works well [Fig. 2(e), long dashes].
For other cases of intermediate relaxation rates and moder-
ate damping [thick solid lines, circles, and triangles in Figs.
2(g)-2(1)], the ratio rx_,y and other quantities of interest also
cannot be approximated well by the formula (9) and are not
close to those for the system (5). They take on intermediate
values which can be estimated in practice via interpolation
between nearby points accessible to approximations via one
of the above two ways. In the specific case of ay/woxy = 1
and yx/wox = 1, one gets rx_.y = 1.75 quite different from
ry—y = 2.5 for the respective system (5).

To summarize, the equilibrium-to-transient causal effects
ratio ry_y may strongly differ between the cases of relax-
ation (5) and oscillatory (6) driving systems, its value for
the respective system (5) being always an upper bound to
that for the system (6). The strongest difference occurs for
a weakly damped oscillator and a slow driven system, where
the approximate formula (9) applies.
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FIG. 2. Causal effects in the system (6): an oscillator drives a relaxation system. The first row shows relative transient causal effects for the system (6) with
yx /wox = 0.1 (solid lines) and for the respective system (5) (dashed lines). The second row shows the ratio ry_.y for the system (6) (solid lines) and for the
respective system (5) (short dashes) along with the approximation (9) [long dashes, the factor 2.1 is used instead of 1.6 in Fig. 2(e)], ay /wox = 10 in Figs.
2(a) and 2(d), ay /wox = 1 in Figs. 2(b) and 2(e), and oy /wox = 0.1 in Figs. 2(c) and 2(f). The third row shows rx_,y (g), the relative maximum response time
wox Tx -y (h), and the form-factor my_,y (i) for different relaxation rates of the driven system oy /wox versus damping yx /wox in the driving oscillator.

C. A relaxation system drives an oscillator

The results for the system (7) appear similar to those for
the system (6) with some additional complexities. The very
short-term response rate is fy_y = (3/8)[ax + a)gy /Qyy +
ax)], i.e., characteristics of the driving and driven systems
are interchanged and an additional factor of 3/4 appears in
comparison with the system (6). In the overdamped case of
yy/woy > 1, one could expect a coincidence between the
results for the system (7) and the respective system (5), i.e.,
that with ay = a)gy/ (2yy). Indeed, such coincidence takes
place, but under an additional condition of yy > ayx (specifi-
cally, yy > Say suffices). This is because the driven system in
(7) possesses two characteristic times corresponding to small
relaxation rate a)gy /2yy of the variable y and large relaxation
rate yy of the variable y. The latter is damped in the free sys-
tem Y, but under the influence of a very fast system X (with

yy < ay) this “half-degree of freedom” of the system Y gets
excited too. This makes a difference with the system (6) where
that half-degree of freedom enters only the driving system
and is not excited. Now, for yy > ax the systems (7) and (5)
should be almost the same, why do the values of fx_ y dif-
fer then by the factor of 3/4? This apparent contradiction is
due to the fact that fx_.y is defined via a derivative and so
implies infinitesimally small response times #, less than any
characteristic time scales of the system. The systems (7) and
(5) do differ at time scales less than 1/yy. If the derivative in
the definition of fx_,y is replaced by a finite difference over
a larger response time 7, e.g., 5/yy or greater, then numerical
results show that the transient causal effects for the systems
(7) and (5) coincide as expected.

Another complication is that for a very fast driving sys-
tem X [ax/woy > 1, Figs. 3(a) and 3(d)] the results are



075303-7 Dmitry A. Smirnov

Chaos 28, 075303 (2018)

2 2 2
Fx s (0)/Sxsy Fi s l(0)/Sxsy Fx s (0)/Sxsy
0.3 7 (XX/())()Y: 10 0.5 __ (XX/(DOY: 1 4 (XxlO)OY: 0.1
0.4
] — system (7) | 3
03 4/ \-meeee- system (5) |
02 [, |
o1 It 1
0] Y \/\/\ 0+ /\/\\“\\
0 2 4 6 8 10 0 4 8 12 16 20
b) oy ! 9) Wyt
5 - 'x>v ) 5 - 'x>Y
a4 T ~
3 34 -
2 2 — system (7)
1 1 | system (5)
1 1
_ _ - — — — approx. (10)
0 ey e 0 e e 0 e e
0.1 1 10 0.1 1 10 0.1 1 10
Yy looy ) Yylooy
Moy Tx—Y 35 - Mx—>y
PEE b
3
____________ T XXORXXXXX 1
CXKXXRKKXKSKansnnsans 25
[ TRARAaeET |
2
0020000000000 2 J244400maast®
Fhddpit FXXXXXXXKXX 7
15 .
[ — |
0 R I L B 0.1 L e Rt 1 R L R
001 01 1 10 100 001 01 1 10 100 0.01 01 1 10 100
Yrlooy /o i o,
2) h) Yr!®oy 1) Yy /®oy

FIG. 3. Causal effects in the system (7): a relaxation system drives an oscillator. The first row shows relative transient causal effects for the system (7) with
yy/woy = 0.1 (solid lines) and for the respective system (5) (dashed lines). The second row shows the ratio rx_,y for the system (7) (solid lines) and for the
respective system (5) (short dashes) along with the approximation (10) [long dashes, the factor 4.5 is used instead of 0.9 in Fig. 3(e)], ax /woy = 10 in Figs.
3(a) and 3(d), ax /woy = 1 in Figs. 3(b) and 3(e), and ax /woy = 0.1 in Figs. 3(c) and 3(f). The third row shows ry_y (g), the relative maximum response time
woy Tx—y (h), and the form-factor myx_,y (i) for different relaxation rates of the driving system o /woy versus damping yy /woy in the driven oscillator.

not so close to the respective relaxation systems (5) as they
are for the system (6) with ay/wox >> 1. The difference in
rx—y between the system (7) and the respective system (5)
is about 20% for a weakly damped oscillator ¥ and about
10% for a strongly damped oscillator with yy /wgy = 10 [Fig.
3(d)]. This should also be attributed to the excited second
variable of the subsystem Y in (7) at variance with the
system (6).

In other respects, the results for the system (7) are similar
to those for the system (6), including small ratios rx_y for
a narrow-band oscillator Y (yy/woy < 1) and a slow driving
system (ax /woy < 1) in Figs. 3(c) and 3(f). Limit values of
Tx_y and my_,y somewhat differ from those for the system
(6): the maximum response time tends to tx_,y = 3/woy [Fig.
3(h)] and the form-factor to my_,y = 1. The latter tendency
is already seen in Fig. 3(i); however, one still has my_.y =
1.2 even for ay /woy = 0.1. Then, an approximate asymptotic

expression reads

ox

woy

woy

_ 10
2yy +ax (19)

) —1
For an infinitely narrow-band oscillator, one gets rx_.y =
0.9ax /woy which is almost two times as small as that for
the system (6) with ay/wox = ax/woy. For ax/woy = 0.1,
an approximate value of ry_,y = 0.09 is reasonably close to
the exact value of ry_.y = 0.13 [Fig. 3(g)], i.e., the maximal
transient effect is 7.5 times as great as the equilibrium causal
effect.

As in the previous example, the results for intermediate
parameter values can be obtained via special adjustment of
coefficients or via interpolation. For example, for ax /woy = 1
[Figs. 3(b) and 3(e)] it holds tx_y = 1.4/wox [Fig. 3(h), thick
line] and my_,y = 2.4 [Fig. 3(i), thick line] that gives another

ry -y = 09(
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multiplier in Eq. (10) and a good approximation in Fig. 3(e)
(long dashes).

To summarize, the equilibrium-to-transient causal effects
ratio ry .y may strongly differ between the cases of relaxation
(5) and oscillatory (7) systems Y, its value for the respective
system (5) always being an upper bound for that in the sys-
tem (7). The strongest difference occurs for a weakly damped
oscillator and a slow driving system, where the formula (10)
is accurate.

D. Coupled oscillators

The central point of this study is the oscillators
(4). The very short-term response rate reads fx_.y =
3 (wéy—ng)2+4(Vx+7/y)(yxw(2)y+yyw6x)
16 wa%X+Vyw(2)y+4VxJ/y(yx+yy)
yy/woy = 3, then this case reduces to the respective system
(6) or (7). Therefore, the most interesting case is that of simul-
taneously small values of yx/wox < 1/3 and yy/woy < 1/3.
It divides into three sub-cases according to the frequencies
ratio woy /wox which can be (i) much less than unity (a fast
oscillator drives a slow one, left columns in Figs. 4 and 5), (ii)
much greater than unity (a slow oscillator drives a fast one,
right columns in Figs. 4 and 5), and (iii) about unity (close
oscillation frequencies, central column in Figs. 4 and 5).

. If either yx/wox > 3 or

Chaos 28, 075303 (2018)

The case (i) is illustrated in Figs. 4(a) and 4(d) where
woy/wox = 1/5 and yy/woy = 0.1, and the results are com-
pared to the respective system (6) with ooy = yy. The results
for the systems (4) and (6) are not strongly different, espe-
cially for 0.05 < yx/wox < 0.5. Overall, the ratio ry_y is
somewhat less for the system (4). Thus, for yx/wox = 0.01
it holds ry_.y = 0.035 [Figs. 4(d) and 5(a)] compared to
rx—y = 0.056 for the system (6), tx .y = 2.8/wox [Fig. 5(d)]
compared to tx_y = 2.3/wox, and myx_.y = 1.6 [Fig. 5(g)]
for both systems. Using the latter two values and taking
yx/wox — 0and yy/woy — 0, one gets approximately

3wox (Yx iy + yrody)

n

rx—y = )
(w(z)Y - a’(z)x)

For strongly different frequencies, it becomes ryx_y =

3
3 [V—X + ﬂ<m) :| If yx /wox and yy /wyy are of the same

wox wQy \ @WoxX
order, it further simplifies to rx_.y &~ 3yx /wox . For yx /wox =
0.01 and yy/woy = 0.1, even the latter approximation gives a
reasonable result of rx_,y = 0.03, while the full expression
for fx_,y with the corresponding asymptotic Ty y and my_,y

[Fig. 4(d), long dashes] gives rx_.y = 0.035 with the error
less than 1%.

The case (ii) is illustrated in Figs. 4(c) and 4(f), where
woy/wox =5 and yy/woy = 0.1. The ratio ry_y = 0.18

2 2 2
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FIG. 4. Causal effects in the general system (4) with yy/woy = 0.1. The first row shows relative transient causal effects in the system (4) (solid lines) with
yx /wox = 0.1 and for the respective system (6) (dashed lines). The second row shows the ratio ry_.y for the system (4) (solid lines) and for the respective
system (6) (short dashes), woy /wox = 1/5 in Figs. 4(a) and 4(d), woy /wox = 1 in Figs. 4(b) and 4(e), and wyy /wox = 5 in Figs. 4(c) and 4(f). Long dashes are
approximations: Eq. (11) in Fig. 4(d), Eq. (13) in Fig. 4(e), and Eq. (12) in Fig. 4(f).



075303-9 Dmitry A. Smirnov Chaos 28, 075303 (2018)
— = 0oy ®ox=5
102 Moy @or/0x=1/5 4 Ty ©oy/®ox = 1 Cryoy 0¥/ ®ox
1
0.1
0.01
0.01 0.1 1 10 100
a) Vx/Oox
100 - QVox Tx>y L Oox Tx—y
: 1T +++
] ++OOo
10 3o . ©
EXAAKXXI‘--I

20029999

Yx/®ox

h)

2
1.6
1.2 | RN
LRAALRALRARRRRLLRL S 40
1 10 100 0.01 0.1 1 10 100
YX/ ®ox 1) Yx/®ox

FIG. 5. Causal effects in the system of coupled oscillators (4). The first row shows the ratio ry_,y, the second row—the relative maximum response time
wox Tx v, and the third row—the form-factor my_,y for different damping factors yy /woy of the driven oscillator [the legend in Fig. 5(a)]. The first column
corresponds to the ratio of frequencies woy /wox = 1/5, the second column—to wgy /wox = 1, and the third column—to wyy /wox = 5.

appears much less than that for the respective system (6),
i.e., for an approximation of the envelope of the ACF of
the driven oscillator using a relaxation system. In fact, ry_,y
varies from 0.16 to 0.19 for the entire range of yx/wox in
Fig. 4(f). For yx /wox = 0.01,itholds rx_y = 0.17 [Figs. 4(f)
and 5(c)], tx—y = 0.63/wox [half the period of the driven
oscillator, Fig. 5(f)], and my_y = 0.95 [Fig. 5(1)]. Using the
latter two values, yx/wox — 0 and yy/woy — 0, one gets
approximately [Fig. 4(f), long dashes]

8wox (VXa)(z)x + VYa)(z)y) (12)

Irx—y = 3
@y — @5y)

For strongly different frequencies, it becomes rx_y =

Sa‘;ﬂ |:Y—Y + V—X<“’ﬂ)3:| For close relative bandwidths, it
0Y ooy wox \ Yoy

further reduces to ry_y & 8yya)0x/wgy. For yx/wox = 0.01
and yy/woy = 0.1, even the latter formula gives an accurate
approximate value of ry_,y = 0.16.

The case (iii) is illustrated in Figs. 4(b) and 4(e) where
woy = wox and yy/woy = 0.1. It is very different from both
cases (i) and (ii). The difference is two-fold. First, the ratio
rx—y increases with decreasing yx /wox < 1 while yx /wox is
moderately small (greater than 0.2). This can be explained
using Figs. 5(e) and 5(h) where for intermediate 0.25 <
yx/wox < 0.6 and under decreasing yy/woy down to 0.1 the
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maximum response time stabilizes at Tx_,y ~ 2.2/wox [Fig.
5(e)] and the form-factor at my_,y ~ 1.3 [Fig. 5(h)]. Hence,
one gets an approximation [Fig. 4(e), long dashes]

O-S(VXw(z)X + wa(z)y)

Xy =" 2 2 2 2y’
(a)oy - wox) +4(yx + VY)(VXQ)OY + VYa)ox)(13)
reducing to rxy_y =~ 0.8 y}‘(‘ﬁ’; Y for equal frequencies. Thus,
one observes increasing rx_.y with decreasing yx/wox or
Yy /®oy-

The approximation (13) would be accurate for even
smaller yx /wox if one related the first (i.e., attained at small-
est ) maximum of Fz__ ,(¢) to the equilibrium causal effect.
However, the second difference of the case (ii) is that under
decreasing damping terms the dependence F' )2(_>Y(t) exhibits
a progressively greater number of local maxima [Fig. 4(b)].
Its global maximum is attained at progressively greater tx_,y
which changes via jumps by about half an oscillation period
[Fig. 5(e)]. Therefore, the maximal transient causal effect
rises faster than the first maximum of F3_ ,(#) and the ratio
rx—y starts to decrease with a further decrease of yx/wox
[at yx/wox < 0.2 in Fig. 4(e)]. In particular, it reaches the
maximal value of ry_.y & 2.6 at yx/wox ~ 0.1. For smaller
damping yy/woy = 0.01 (not shown), the ratio ry_,y reaches
a greater maximal value of 3.9 at a smaller yy /wox = 0.05.
The value of ry_.y for so narrow-band oscillators in the
system (4) coincides with that for the relaxation systems
(5) whose relaxation rates are oy = yx and ay = yy, i.e.,
accounting only for the decaying envelopes of the oscillators’
ACFs suffices to describe temporal dependences Fz_ (7). It
leads to a conjecture that for yy /wgy — 0 the ratio rx_, y takes
on progressively greater maximal values tending to 4.9 [max-
imal possible value of ry_, y for the system (5) as shown in
Ref. 16] attained at progressively smaller values of yx /woyx .

Finally, Fig. 6 shows the phenomenon of resonant behav-
ior of the ratio rx_y. The usual linear resonance in the system
(4) with yx /wox < 1 and yy/woy < 1 manifests itself as a
relatively narrow peak in the variance 0y2 (0, cyx) and, hence,
in Sy_y [Fig. 6(b), solid lines] under variation in the driv-
ing frequency woyx for all other parameters fixed, including
the coupling coefficient (see caption to Fig. 6). However, the
maximal transient effect F§_, . also exhibits a resonant
behavior [Fig. 6(a), solid lines] so the question about ry_,y is
not clear in advance. Figure 6(c) shows that the resonance in
rx—y is seen as clearly as that in Sx_, y for reasonably narrow-
band oscillators (solid lines) and, moreover, a broad peak in
rx—y is observed even for strongly damped oscillators where
the resonances in F)z(—>y,max and Sy_.y are not seen (Fig. 6,
dashed lines).

In summary, the oscillatory system (4) can exhibit the
ratios ry_.y both very small [less than those for the respec-
tive systems (6) and (7)] and quite large [close to the maximal
one for the system (5)]. The case of equal frequencies in the
system (4) provides the largest possible ry_,y (13), while the
smallest ratios are observed when a fast oscillator drives a
slow one (11). Similarly, the maximum response time for the
system (4) varies in a wider range and depends on the oscilla-
tors’ parameters in a more complicated way than that for the
respective systems (5), (6), and (7).
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V. DISCUSSION

The equilibrium-to-transient causal effects ratio ry_,y is
found to vary in a wide range (Table I) from values arbitrar-
ily close to zero (one subsystem is narrow-band, another is
either wide-band or has a different frequency) up to about
5 (two narrow-band oscillators with equal frequencies). The
formulas (8)—(13) relate the equilibrium causal effect Sx_,y
to the maximal transient causal effect F)z(ﬁy’max. Expressions
for Sxy_y via the very short-term response rate and, hence,
via F3_ (A1) are also derived above. These formulas can be
applied in practice to extract Sx_,y from time series (Sec. V
C). Consideration of this issue is preceded by the discussion
of limitations and possible extensions of the formulas (Sec. V
A) as well as complications due to nonlinearity (Sec. V B).

A. Limitations and extensions

The first limitation consists in the condition of a suffi-
ciently weak coupling which is necessary to obtain expres-
sions for rx_ y independent on the coupling coefficient cyy.
Previous numerical experiments'® have shown that the for-
mula (8) for the relaxation systems (5) gives the ratio ry_,y
with the relative error less than 10%, if Sx_, y is less than a cer-
tain upper bound depending on parameters: Sxy_.y < 0.17 for
le/Oly = 1, SX—)Y < 0.4 for le/OlY = 10, and SX_>y < 0.1
for ax /oy = 0.1. Numerical results here show that the respec-
tive conditions for oscillatory systems are similar or even
milder. If the relaxation system X in (5) is replaced with
a strongly damped oscillator (exy = yx, yx/wox = 1), upper
bound values of Sx_.y assuring less than 10% error of the
approximation (9) are close to those for the approximation (8)
at the respective ay.

If the damping in X is smaller, e.g., yx/wox = 0.05,
the situation differs. For ay/wox = 0.02, the upper bound
Sx_y is about 0.25, and for oy /wox = 10 it is about 0.3. For
ay/wox = 1 the error of the approximation (9) remains less
than 7% even for Sx_y up to unity. If the relaxation sys-
tem Y in (5) or (6) is replaced with an oscillator, the upper
bounds for applicability of the respective formulas (10)—(13)
remain almost unchanged. Thus, the obtained formulas for
rx—y remain valid within the error of 10% up to considerable
values of Sy_.y (typically, from 0.2 to 0.4), the strictest con-
dition Sx_.y < 0.1 corresponds to a relaxation system driving
a much faster one. If necessary, for greater values of Sx_.y
the ratio ry_,y can be corrected to higher values maintaining
the validity of the approximating formulas. However, such
cases of strong couplings are often not the most interesting
in practice, so the limitation on coupling strength is not very
restrictive.

Another limitation is related to possibly bidirectional
couplings. The equilibrium causal effect is then determined by
the coupling coefficients in both directions, while the transient
causal effects are determined mainly by the respective cou-
pling coefficient if the coupling strength is not too large. After
zeroing one of the coupling coefficients, one gets unidirec-
tionally coupled systems and can introduce “unidirectional”
causal effect for the respective direction. In the previous study
of relaxation systems,16 the equilibrium causal effect (3) has
appeared to be a function of such elemental unidirectional
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FIG. 6. Causal effects in the system of coupled oscillators (4) versus the ratio of frequencies for wpy = 1, cyx = 0.1, O’OZX = Uozy =1, yx /woy = 0.1, and different
damping factors of the driven oscillator (the legend): (a) the maximal transient causal effects; (b) the equilibrium causal effects; (c) the ratio ry_, y of those effects.

Resonant character is exhibited by all plots if the damping is weak enough.

effects and some other system parameters. A search for such a
function in case of oscillatory systems (4) may deserve further
study and the two kinds of equilibrium causal effects (full and
unidirectional) seem to be a relevant extension of the concept.

A very restrictive condition is the form of coupling func-
tion. All the formulas are obtained here for the simplest (but
quite general as a first approximation) linear couplings in Eqgs.
(4)—(7). If coupling is parameterized in another way (e.g.,
if it is diffusive), expressions for the ratio ry_y may well
appear different. This is an inevitable property of the equilib-
rium causal effect which compares dynamics at two values of
coupling coefficient and, therefore, depends on the coupling
parameterization by definition. Since the coupling considered
here is elemental, the obtained formulas may well be use-
ful to be generalized to other, broader classes of coupling
functions.

B. Nonlinear oscillators

Nonlinearity of individual oscillators (4) can often violate
the obtained relationships, but can also leave them unchanged.
As an example of the latter situation let the restoring force
term woyy in (4) or (7) be replaced with woyy(a + by?).
The oscillator Y becomes nonlinear with “hard spring” non-
linearity for a = 1,b > 0 (oscillation period decreases with
amplitude) and “soft spring” for a = 1,b < 0. The equilib-
rium causal effect can be shown to decrease (increase) with
|b| in the former (latter) case since the restoring force rises
(decreases) with amplitude. The transient causal effect is
expected to depend on b in approximately the same way for
the same reason. If so, the ratio ry_y should quite weakly
depend on b if the latter is not too large (|b| < 1/(y*) should
hold in any case). Accordingly, the formulas (9)—(13) for
rx—y should also work well in a wide enough range of |b|.
Obviously, they remain quite accurate if |b| is sufficiently
small.

As an example of inapplicability of the obtained for-
mulas, consider a double-well (¢ = —1,b = 1) overdamped
(yy > woy) oscillator Y. This system demonstrates random
jumps between two states “0” (around y = —1) and “1”
(around y = 1) with frequency rising with the noise intensity
It y. A simplified model of this oscillator useful to obtain
exact results is a discrete-time two-state Markov chain with

transition probabilities gyo (from state “0” to state “1”’) and
qy1 (from state “1” to state “0”). The values gyg # gy cor-
respond to asymmetric potential of the original oscillator or
different noise intensities in the two wells. For definiteness, let
the system X be a similar two-state Markov chain with param-
eters gxo and gx;. Then, an influence X — Y is expressed via
changes in the transition probabilities of ¥ depending on the
current state of X. Let gyo + Agyo;1 be the probability for ¥
to jump from “0” to “1” under the condition that the current
state of X is “1,” and gyo + Agyojo under the condition that
it is “0.” Similarly, the probabilities to jump from “1” to “0”
read gy + Agy11 and gy + Agyij0. The quantities Agy are
coupling strengths. Numerical experiments show that quite
different values of ry_,y can be encountered.

First, it may be that the equilibrium distribution of ¥ does
not change with the coupling strength while transient causal
effects rise strongly and even tend to infinity, i.e., ry_y =0
for arbitrarily strong couplings. This happens for gyg = gy =
gxo = gx1 and a “symmetric influence,” i.e., if the “0” state
of X increases the probability for ¥ to remain at “0” and to
quit “1” by the same value of Agyi|o, and the “1” state of X
changes by the same value the probability for ¥ to remain at
“1” and to quit “0.”

Second, the equilibrium causal effect may be negative,
ie., ry—y < 0. It occurs for gxo # gx1 and symmetric cou-
pling since the latter decreases the equilibrium variance of
Y. It also occurs if gxo = gx; and coupling is asymmetric:
Agy1j0 = —Agyop > 0and Agyon = Agyip =0.

Third, ryx_.y may well be positive as in the linear cases,
but take on much greater values. It happens if gyg # gy, and
coupling tends to make these probabilities closer to each other,
e.g., the ratio ry_, y ranges almost up to 100 for gx| = gyo =
0.1,qy1 = gxo = 0.5, and symmetric coupling, i.e., it exceeds
the maximal values of ry_ y obtained for the linear systems
above by more than an order of magnitude.

To summarize, nonlinear systems are much richer in
terms of possible relationships between transient and equi-
librium causal effects. Further study of the latter for some
basic classes of nonlinear oscillators seems quite rele-
vant. However, sufficiently weak nonlinearity allows one to
apply the obtained formulas (8)—(13) at least to get a first
approximation.
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C. Application procedure

The relationships (8)—(13) can be applied in practice to
extract the equilibrium causal effect Sxy_,y from a time series
of coupled oscillators X and Y. In doing so, one assumes that
one of the model equations (4)—(7) is valid, i.e., the limitations
discussed above are not met. The latter can be learnt from a
priori information and plots of the sample ACFs. Using the
latter, one can also estimate relaxation times and oscillation
periods of both systems assuming that the coupling is not
too strong, so the ACF is not distorted as compared to the
uncoupled case.

As mentioned above, the transient causal effects at var-
ious times can be estimated using normalized prediction
improvements (the Wiener—Granger causality measure) at
respective prediction times. At small prediction times, they
provide short-term transient causal effects Fz_, ,(Af). Being
maximized over prediction times, they give the maximal tran-
sient causal effect F32 Next, one can use either the

X—Y,max"*
estimate of Fg_y .. and the approximate formulas (8)—(13)

or the estimate of F2_ ,(Af) and the respective expressions
to obtain the value of Sx_,y. Ideally, both versions should
give coinciding results which can be a further test confirm-
ing the validity of the model assumed. If the two estimates
disagree strongly, then the validity of the model assump-
tions is questioned. In particular, if the dynamics over small
times is dominated by noise, so the maximal transient causal
effect is estimated more reliably, the latter should be preferred
for estimation of Sy_, y.

Details of the application procedure deserve a careful
study. In particular, selection of state variables® for an anal-
ysis may well appear appropriate. Here, I only mention that
first attempts of applying the formulas obtained here to real-
world time series already gave meaningful improvements
of the previous results'®% concerning the following climate
example. A unidirectional influence of equatorial Atlantic
mode (its monthly index X represents sea surface tempera-
ture in the equatorial Atlantic Ocean) on the El-Nino/Southern
Oscillation (ENSO, its monthly index Y represents sea sur-
face temperature in the eastern equatorial Pacific Ocean) was
found in several works.”~% This influence was estimated'®%
to determine 12% of the ENSO index variance assuming the
validity of the simplest model (5). However, ACF of the
ENSO index exhibits signs of the strongly damped oscillator
with yy/woy = 0.5, so the model (7) should be more rel-
evant. The corresponding formula (10) gives Sx_,y =~ 0.25,
i.e., about twice as large, which is a considerable differ-
ence. More detail on this and other climate examples will be
reported elsewhere.

VI. CONCLUSIONS

Possible numerical values of the equilibrium-to-transient
causal effects ratio ry_y are studied for unidirectionally
coupled stochastic linear oscillators, including the cases of
weakly and strongly damped oscillators, under the condition
that the coupling is linear and not too strong. This ratio can
approach an upper bound of approximately 5 for (i) two over-
damped oscillators when relaxation time of the driver is much
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smaller than that of the response and (ii) two quite weakly
damped (i.e., very narrow-band) oscillators with very close
peak frequencies. This ratio can be arbitrarily small: if one of
the oscillators is weakly damped and the other one is either
strongly damped or possesses a different peak frequency, then
rx—y 1is of the order of the ratio “damping factor-to-natural
frequency” for the weakly damped oscillator, its values down
to 0.03 are possible if the oscillators’ time scales differ by no
more than an order of magnitude. This range differs from 1 <
ry—y < 5 reported plreviously16 for overdamped oscillators.
Dependencies of both causal effects and ry_,y on parameters
of the oscillators are shown, including resonance in rx_,y for
narrow-band oscillators.

Simple approximate formulas (8)—(13) for the ratio ry_y
depending on oscillation periods and relaxation times are
obtained. They can be used to extract equilibrium causal
effects from a time series recorded at a fixed coupling
strength. Such applications can be performed using estimates
of transient causal effects provided by the well-established
Wiener—Granger causality. Being impossible at the first
glance, estimation of equilibrium causal effects appears
feasible for well defined (and sufficiently broad) class of
oscillatory systems considered here. Limitations and possi-
ble generalizations of the obtained relationships are discussed
in terms of the strength, structure (e.g., uni- or bidirection-
ality), and functional form (parameterization) of coupling
and nonlinearity of the oscillators. The latter two circum-
stances impose the most considerable restrictions and seem
to deserve further studies for selected classes of nonlinearities
and coupling parameterizations.

Finally, it can be noted that such a popular and widely
used coupling characteristic as transfer entropy'® is an
information-theoretic version of the Wiener—Granger causal-
ity and for linear systems it is equivalent® to the prediction
improvement in terms of mean squared errors used here.
For nonlinear systems, transfer entropy and such prediction
improvement are different quantitative characteristics of tran-
sient causal effects. As well, for nonlinear systems one may
well be interested in other forms of equilibrium causal effects,
e.g., characterizing equilibrium probability distributions in
the information-theoretic terms. Relationships between such
characteristics and transfer entropy for nonlinear systems may
well appear more universal than the ratio studied in this work.
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APPENDIX: COMPUTATIONAL TECHNIQUE

The technique used to determine both equilibrium and
transient causal effects is briefly described here; more details
are given in Refs. 10 and 16. A linear stochastic system used
here as a basic object can be written in the form z = Az + &,
where z is a d-dimensional state vector consisting of the com-
ponents x and y, matrix A specifies both individual properties
of X and Y and coupling, & is d-dimensional Gaussian white
noise with zero mean, and ACF (£(1)&"(5,)) = ['8(t, — 12),
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T standing for transposition. For an initial state z(0) = z,
and any > 0, the conditional distribution p,(z(?) |z(0) = zy)
is Gaussian with expectation m,(f) and covariance matrix
C,.(¢). The latter two quantities can be found via solving
linear ordinary differential equations m, = Am, and sz =
AC, + C,AT +T. Having these conditional moments, one
can find the transient causal effects based on the definition (2)
in a straightforward manner.'? The equilibrium causal effect is
found after finding the stationary (equilibrium) variances via
solving the linear algebraic equation AC,, + C,,AT = —T".

17, Pearl, Causality: Models, Reasoning, and Inference (Cambridge Univer-
sity Press, Cambridge, 2000).

2A. Hannart, J. Pearl, F. Otto, P. Naveau, and M. Ghil, Bull. Am. Meteorol.
Soc. 97,99 (2016).

3N. Ay and D. Polani, Adv. Complex Syst. 11, 17 (2008).

4]. T. Lizier and M. Prokopenko, Eur. Phys. J. B 73, 605 (2010).

SM. Eichler, in Causality: Statistical Perspectives and Applications, edited
by C. Berzuini, P. Dawid, and L. Bernardinelli (John Wiley & Sons Ltd,
Chichester, UK, 2012), Chap. 22, p. 327.

°D. J anzing, D. Balduzzi, M. Grosse-Wentrup, and B. Schoelkopf, Ann.
Stat. 41, 2324 (2013).

7K. J. Friston, L. Harrison, and W. Penny, NeuroImage 19, 1273 (2003).

8K. J. Friston, Brain Connect. 1, 13 (2011).

°J. Sun and E. M. Bollt, Physica D 267, 49 (2014).

19D, A. Smirnov, Phys. Rev. E 90, 062921 (2014).

X, San Liang, Phys. Rev. E 94, 052201 (2016).

12N. Wiener, in Modern Mathematics for Engineers, edited by E. F. Becken-
bach (McGraw-Hill, New York, 1956), Chap. 8.

13C. W. J. Granger, Econometrica 37, 424 (1969).

WUE Pereda, R. Quian Quiroga, and J. Bhattacharya, Progr. Neurobiol. 77, 1
(2005).

I5K. Hlavackova-Schindler, M. Palus, M. Vejmelka, and J. Bhattacharya,
Phys. Rep. 441, 1 (2007).

16D, A. Smirnov and 1. I. Mokhov, Phys. Rev. E 92, 042138 (2015).

7D. A. Smirnov and 1. I. Mokhov, Phys. Rev. E 80, 016208 (2009).

18T, Schreiber, Phys. Rev. Lett. 85, 461 (2000).

19A. Bahraminasab, F. Ghasemi, A. Stefanovska, P. V. E. McClintock, and
H. Kantz, Phys. Rev. Lett. 100, 084101 (2008).

20M. Palus, Phys. Rev. Lett. 112, 078702 (2014).

21y, Runge, J. Heitzig, V. Petoukhov, and J. Kurths, Phys. Rev. Lett. 108,
258701 (2012).

22J. Runge, V. Petoukhov, J. F. Donges, J. Hlinka, N. Jajcay, M. Vejmelka,
D. Hartman, N. Marwan, M. Palus, and J. Kurths, Nat. Commun. 6, 8502
(2015).

238. Stramaglia, G. R. Wu, M. Pellicoro, and D. Marinazzo, Phys. Rev. E 86,
066211 (2012).

241, Faes, D. Kugiumtzis, G. Nollo, F. Jurysta, and D. Marinazzo, Phys. Rev.
E 91, 032904 (2015).

25S. Frenzel and B. Pompe, Phys. Rev. Lett. 99, 204101 (2007).

26 M. Staniek and K. Lehnertz, Phys. Rev. Lett. 100, 158101 (2008).

273 M. Amigd, R. Monetti, B. Graff, and G. Graff, Chaos 26, 113115 (2016).
2 Directed Information Measures in Neuroscience, edited by M. Wibral, R.
Vicente, and J. T. Lizier (Springer, Berlin, 2014).

M. G. Rosenblum and A. S. Pikovsky, Phys. Rev. E 64, 045202R (2001).

307, Levnaji¢ and A. Pikovsky, Phys. Rev. Lett. 107, 034101 (2011).

3B, Kralemann, A. Pikovsky, and M. Rosenblum, New J. Phys. 16, 085013
(2014).

3D, A. Smirnov and B. P. Bezruchko, Phys. Rev. E 68, 046209 (2003).

3D, A. Smirnov and R. G. Andrzejak, Phys. Rev. E 71, 036207 (2005).

Chaos 28, 075303 (2018)

34D, Smirnov, B. Schelter, M. Winterhalder, and J. Timmer, Chaos 17,
013111 (2007).

3D, A. Smirnov and B. P. Bezruchko, Europhys. Lett. 100, 10005 (2012).

31 V. Sysoev, M. D. Prokhorov, V. I. Ponomarenko, and B. P. Bezruchko,
Phys. Rev. E 89, 062911 (2014).

M. Timme, Phys. Rev. Lett. 98, 224101 (2007).

3831, T. Tokuda, S. Jain, I. Z. Kiss, and J. L. Hudson, Phys. Rev. Lett. 99,
064101 (2007).

¥D. Marinazzo, M. Pellicoro, and S. Stramaglia, Phys. Rev. Lett. 100,
144103 (2008).

40M. C. Romano, M. Thiel, J. Kurths, and C. Grebogi, Phys. Rev. E 76,
036211 (2007).

43 F Donges, Y. Zou, N. Marwan, and J. Kurths, Europhys. Lett. 87, 48007
(2009).

42]. H. Feldhoff, R. V. Donner, J. F. Donges, N. Marwan, and J. Kurths, Phys.
Lett. A 376, 3504 (2012).

43]. Arnhold, K. Lehnertz, P. Grassberger, and C. E. Elger, Physica D 134,
419 (1999).

447, Prusseit and K. Lehnertz, Phys. Rev. E 77, 041914 (2008).

“R. G. Andrzejak and T. Kreuz, Europhys. Lett. 96, 50012 (2011).

466, Sugihara, R. May, H. Ye, C. Hsieh, E. Deyle, M. Fogarty, and S. Munch,
Science 338, 496 (2012).

41D, Harnack, E. Laminsky, M. Schuenemann, and K. P. Pawelzik, Phys.
Rev. Lett. 119, 098301 (2017).

48B. Wahl, U. Feudel, J. Hlinka, M. Wichter, J. Peinke, and J. A. Freund,
Phys. Rev. E 93, 022213 (2016).

49M. Kaminski, M. Ding, W. A. Truccolo, and S. L. Bressler, Biol. Cybern.
85, 145 (2001).

501, Baccala and K. Sameshima, Biol. Cybern. 84, 463 (2001).

S'A. Brovelli, M. Ding, A. Ledberg, Y. Chen, R. Nakamura, and S. L.
Bressler, Proc. Natl. Acad. Sci. U. S. A. 101, 9849 (2004).

2B. Schelter, M. Winterhalder, M. Eichler, M. Peifer, B. Hellwig, B.
Guschlbauer, C. H. Lucking, R. Dahlhaus, and J. Timmer, J. Neurosci.
Methods 152, 210 (2006).

33M. Dhamala, G. Rangarajan, and M. Ding, Phys. Rev. Lett. 100, 018701
(2008).

541.. Faes, G. Nollo, S. Stramaglia, and D. Marinazzo, Phys. Rev. E 96,
042150 (2017).

3B. P. Bezruchko and D. A. Smirnov, Extracting Knowledge from Time
Series: An Introduction to Nonlinear Empirical Modeling (Springer-
Verlag, Berlin, Heidelberg, 2010).

36 A, Attanasio, A. Pasini, and U. Triacca, Atmos. Clim. Sci. 3, 514 (2013).

STD. A. Smirnov, N. Marwan, S. F. M. Breitenbach, F. Lechleitner, and J.
Kurths, Europhys. Lett. 117, 10004 (2017).

D, A. Smirnov, S. F. M. Breitenbach, G. Feulner, F. A. Lechleitner, K. M.
Prufer, J. U. L. Baldini, N. Marwan, and J. Kurths, Sci. Rep. 7, 11131
(2017).

L. Barnett, A. B. Barrett, and A. K. Seth, Phys. Rev. Lett. 103, 238701
(2009).

0L. Barnett and T. Bossomaier, Phys. Rev. Lett. 109, 138105 (2012).

SIM. Prokopenko and J. T. Lizier, Sci. Rep. 4, 5394 (2014).

92D. W. Hahs and S. D. Pethel, Phys. Rev. Lett. 107, 128701 (2011).

9D. A. Smirnov, Phys. Rev. E 87, 042917 (2013).

%R. G. James, N. Barnett, and J. P. Crutchfield, Phys. Rev. Lett. 116, 238701
(2016).

65D, Smirnov, B. Bezruchko, and Y. Seleznev, Phys. Rev. E 65, 026205
(2002).

661, I. Mokhov and D. A. Smirnov, Izv. Atmos. Ocean. Phys. 53, 613 (2017).

%M. F. Jansen, D. Dommenget, and N. Keenlyside, J. Clim. 22, 550 (2009).

983, S. Kozlenko, I. I. Mokhov, and D. A. Smirnov, Izv. Atmos. Ocean. Phys.
45, 704 (2009).

69H. Ding, N. Keenlyside, and M. Latif, Clim. Dyn. 38, 1965 (2012).


https://doi.org/10.1175/BAMS-D-14-00034.1
https://doi.org/10.1142/S0219525908001465
https://doi.org/10.1140/epjb/e2010-00034-5
https://doi.org/10.1214/13-AOS1145
https://doi.org/10.1016/S1053-8119(03)00202-7
https://doi.org/10.1089/brain.2011.0008
https://doi.org/10.1016/j.physd.2013.07.001
https://doi.org/10.1103/PhysRevE.90.062921
https://doi.org/10.1103/PhysRevE.94.052201
https://doi.org/10.2307/1912791
https://doi.org/10.1016/j.pneurobio.2005.10.003
https://doi.org/10.1016/j.physrep.2006.12.004
https://doi.org/10.1103/PhysRevE.92.042138
https://doi.org/10.1103/PhysRevE.80.016208
https://doi.org/10.1103/PhysRevLett.85.461
https://doi.org/10.1103/PhysRevLett.100.084101
https://doi.org/10.1103/PhysRevLett.112.078702
https://doi.org/10.1103/PhysRevLett.108.258701
https://doi.org/10.1038/ncomms9502
https://doi.org/10.1103/PhysRevE.86.066211
https://doi.org/10.1103/PhysRevE.91.032904
https://doi.org/10.1103/PhysRevLett.99.204101
https://doi.org/10.1103/PhysRevLett.100.158101
https://doi.org/10.1063/1.4967803
https://doi.org/10.1103/PhysRevE.64.045202
https://doi.org/10.1103/PhysRevLett.107.034101
https://doi.org/10.1088/1367-2630/16/8/085013
https://doi.org/10.1103/PhysRevE.68.046209
https://doi.org/10.1103/PhysRevE.71.036207
https://doi.org/10.1063/1.2430639
https://doi.org/10.1209/0295-5075/100/10005
https://doi.org/10.1103/PhysRevE.89.062911
https://doi.org/10.1103/PhysRevLett.98.224101
https://doi.org/10.1103/PhysRevLett.99.064101
https://doi.org/10.1103/PhysRevLett.100.144103
https://doi.org/10.1103/PhysRevE.76.036211
https://doi.org/10.1209/0295-5075/87/48007
https://doi.org/10.1016/j.physleta.2012.10.008
https://doi.org/10.1016/S0167-2789(99)00140-2
https://doi.org/10.1103/PhysRevE.77.041914
https://doi.org/10.1209/0295-5075/96/50012
https://doi.org/10.1126/science.1227079
https://doi.org/10.1103/PhysRevLett.119.098301
https://doi.org/10.1103/PhysRevE.93.022213
https://doi.org/10.1007/s004220000235
https://doi.org/10.1007/PL00007990
https://doi.org/10.1073/pnas.0308538101
https://doi.org/10.1016/j.jneumeth.2005.09.001
https://doi.org/10.1103/PhysRevLett.100.018701
https://doi.org/10.1103/PhysRevE.96.042150
https://doi.org/10.4236/acs.2013.34054
https://doi.org/10.1209/0295-5075/117/10004
https://doi.org/10.1038/s41598-017-11340-8
https://doi.org/10.1103/PhysRevLett.103.238701
https://doi.org/10.1103/PhysRevLett.109.138105
https://doi.org/10.1038/srep05394
https://doi.org/10.1103/PhysRevLett.107.128701
https://doi.org/10.1103/PhysRevE.87.042917
https://doi.org/10.1103/PhysRevLett.116.238701
https://doi.org/10.1103/PhysRevE.65.026205
https://doi.org/10.1134/S0001433817060081
https://doi.org/10.1175/2008JCLI2243.1
https://doi.org/10.1134/S0001433809060036
https://doi.org/10.1007/s00382-011-1097-y

	I. INTRODUCTION
	II. TRANSIENT AND EQUILIBRIUM CAUSAL EFFECTS
	III. MODEL SYSTEMS AND DESIGN OF THE STUDY
	IV. ANALYTIC AND NUMERICAL RESULTS
	A. Coupled relaxation systems
	B. An oscillator drives a relaxation system
	C. A relaxation system drives an oscillator
	D. Coupled oscillators

	V. DISCUSSION
	A. Limitations and extensions
	B. Nonlinear oscillators
	C. Application procedure

	VI. CONCLUSIONS
	ACKNOWLEDGMENTS
	A. APPENDIX: COMPUTATIONAL TECHNIQUEQ3

