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We formulate a theory for the collective phase description of oscillatory convection in
Hele-Shaw cells. It enables us to describe the dynamics of the oscillatory convection by a
single degree of freedom which we call the collective phase. The theory can be considered as
a phase reduction method for limit-cycle solutions in infinite-dimensional dynamical systems,
namely, stable time-periodic solutions to partial differential equations, representing the
oscillatory convection. We derive the phase sensitivity function, which quantifies the phase
response of the oscillatory convection to weak perturbations applied at each spatial point, and
analyze the phase synchronization between two weakly coupled Hele-Shaw cells exhibiting
oscillatory convection on the basis of the derived phase equations. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4837775]

Self-sustained oscillations and synchronization phenom-
ena are ubiquitous in nonlinear dynamical systems, e.g.,
in biological, chemical, electrical, mechanical, neural,
and optical systems. In many cases, each oscillatory unit
is described by an ordinary differential equation with a
stable limit-cycle orbit, and the phase description
method"* has been successfully applied to analyze weakly
coupled limit-cycle oscillators. Synchronization of oscilla-
tory spatiotemporal dynamics has also been observed in
fluid systems and is potentially important in various geo-
physical problems. The oscillatory spatiotemporal dy-
namics is generally described by limit cycles of partial
differential equations with an infinite-dimensional state
space, but the phase description method has not been
fully developed for such systems. In this paper, as the first
step toward theoretical understanding of the synchroni-
zation phenomena in fluid systems, we formulate a phase
description method for oscillatory convection in a Hele-
Shaw cell. Using the method, we analyze the phase syn-
chronization of the oscillatory convection between a pair
of Hele-Shaw cells.

. INTRODUCTION

Synchronization of oscillatory dynamics is ubiquitously
observed in real-world systems.'™ In the theoretical analy-
sis, each oscillatory unit is typically described by a finite-
dimensional ordinary differential equation possessing a sta-
ble limit-cycle orbit, i.e., a limit-cycle oscillator. Systems of
coupled limit-cycle oscillators have been extensively investi-
gated and shown to exhibit various kinds of intriguing
collective dynamics. In the analysis of weakly coupled limit-
cycle oscillators, the phase description method'? for the
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limit-cycle oscillator has been successfully used. It enables
us to describe the dynamics of a limit-cycle oscillator by a
single phase variable, which facilitates detailed theoretical
analysis of the synchronization dynamics of weakly coupled
limit-cycle oscillators.

Spatially extended nonlinear dynamical systems can ex-
hibit oscillatory spatiotemporal patterns, such as the oscilla-
tory thermal convection in fluid systems and the spiral waves
in reaction-diffusion systems,*> and synchronization phe-
nomena between oscillatory spatiotemporal patterns have
also attracted considerable attention recently.®'"* In this
case, the oscillatory spatiotemporal pattern corresponds to a
stable limit-cycle solution of a partial differential equation,
whose state space is infinite-dimensional. Therefore, the con-
ventional phase reduction method for ordinary limit-cycle
oscillators can not be applied to the spatially extended
systems.

In fluid systems, several experimental and numerical
studies on the synchronization of oscillatory spatiotemporal
patterns have been conducted, which are mainly motivated
by the synchronization phenomena observed in geophysical
fluid dynamics. For example, experimental investigations on
the synchronization of convection flows have been per-
formed in both periodic and chaotic regimes in a pair of ther-
mally coupled rotating baroclinic annulus systems.'*'?
Numerical studies on the synchronization of spatiotemporal
chaos have also been conducted in a pair of quasi-two-
dimensional channel models'* and in a pair of Hele-Shaw
cells.”

In this paper, as the first step toward theoretical under-
standing of the synchronization phenomena in fluid systems,
we analyze oscillatory thermal convection in the Hele-Shaw
cell.'> The Hele-Shaw cell is a rectangular cavity in which
the gap between two vertical walls is much smaller than the
other two spatial dimensions. We chose this system, because
the oscillatory convection in the Hele-Shaw cell has been

© 2013 AIP Publishing LLC
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widely studied and it provides a simple model for the con-
vection flow in porous media, which is motivated by geo-
physical applications (see Refs. 15, 16, and also references
therein). We focus on the stable time-periodic oscillatory
convection, i.e., the limit-cycle solution of the system, and
formulate a theory for the phase description of the limit
cycle. The theory enables us to describe the dynamics of the
oscillatory convection by a single degree of freedom which
we call the collective phase.’® On the basis of our theory, we
analyze the phase synchronization of between two weakly
coupled Hele-Shaw cells exhibiting oscillatory convection.
This paper is organized as follows. In Sec. II, we formu-
late a theory for the collective phase description of oscilla-
tory Hele-Shaw convection. In Sec. III, we illustrate our
theory using numerical simulations of the oscillatory convec-
tion. Concluding remarks are given in Sec. IV.

Il. PHASE DESCRIPTION OF OSCILLATORY
HELE-SHAW CONVECTION

In this section, we formulate a theory for the collective
phase description of oscillatory Hele-Shaw convection. The
theory can be considered as an extension of our phase reduc-
tion method for the nonlinear Fokker-Planck equation®® to

an equation for oscillatory convection.

A. Dimensionless form of governing equations

The dynamics of the temperature field T'(x,y,?) in the
Hele-Shaw cell is described by the following dimensionless
form (see Ref. 15 and also references therein):

2 Ty = VT 4100 T), m

where the Laplacian and Jacobian are, respectively, given by

H? ?
2
V2T = (_8x2 + _ay2> T, )
_Yor oyor
JW.T) = Ox Oy Oy ox’ 3)

The first and second terms on the right-hand side of Eq. (1)
represent diffusion and advection, respectively. The stream
function ¥(x,y,) is determined from the temperature field
T(x,y,t) as follows:

or

vzlnb(xvy,t) = _Raav (4)

where Ra is the Rayleigh number. The stream function also
provides the fluid velocity field, i.e.,

0 0
U(xa%t) = (8_1-5; _6_:{)

The system is defined in the unit square: x € [0,1] and
y € [0, 1]. The boundary conditions for the temperature field
T(x,y,t) are given by

®)
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oy, 0)|  _ Ty, 0| _
Ox x=0 a Ox x=1 ; 07 (6)
Ty 0lo=1, Tyl =0, )

where the temperature at the bottom (y = 0) is higher than at
the top (y = 1). The stream function V/(x,y,?) satisfies the
Dirichlet zero boundary condition on both x and y, i.e.,

lﬁ(x,y,t)|x:0 = lp(x7y7t)|x:1 = 07 (8)
w(xayat)|y:0 = lﬁ(X,y,t)|y:1 = 0 (9)

Owing to this set of boundary conditions given by Egs. (6),
(7) and Egs. (8), (9), the system does not possess spatial
translational symmetry.

B. Variational components of the temperature field

To simplify the boundary conditions in Eq. (7), we con-
sider the following variational component X(x,y, ) of the
temperature field T'(x, y, 7):

T(X,)’J):(l—)’)‘f‘x(xa)’af)- (10)

Inserting Eq. (10) into Eq. (1) and Eq. (4), we derive

9 w2 oy
&X(X,y,l‘)—VX—F](lP,X)—a, (11)
and
V() = Ra‘x (12)

Applying Eq. (10) to Egs. (6) and (7), we obtain the follow-
ing boundary conditions for X(x, y, 7):

OX(x,y,1) OX(x, y,1)
_— = = 1
Ox x=0 Ox x=1 07 ( 3)
X(xay7t>|y:0:X(x7yat)|y:1 =0. (14)

That is, the field X (x, y, 7) satisfies the Neumann zero bound-
ary condition on x and the Dirichlet zero boundary condition
ony.

In the derivation below, it should be noted that Eq. (12)
can also be written in the following form:

1 1
Y(x,y,1) =J dX’J dy’G(x,yJ',y')iX(X’,y’,t), (15)
0 0 8}(’

where the Green’s function G(x,y,x’,y’) is the solution to
V2G(x,y,2,y') = ~Rad(x —x')o(y =),  (16)

under the Dirichlet zero boundary condition on both x and y.
In the following two subsections, we analyze the dynamical
equation (11) using Eq. (12) or Eq. (15), under the boundary
conditions given by Eqgs. (13), (14) and Egs. (8), (9).
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C. Time-periodic solution and its Floquet-type system

In general, a stable time-periodic solution to Eq. (11),
which represents oscillatory convection in the Hele-Shaw
cell, can be described by

X(x,y,0) =Xo(x,y,0(0), ©0=Q, (17
where ® and Q are the collective phase and collective fre-
quency, respectively.’! The time-periodic  solution
Xo(x,y,®) has the 2zm-periodicity with respect to ©, i.e.,
Xo(x,y,0 +27) = Xo(x,y, ®). Inserting Eq. (17) into Egs.
(11) and (12), we find that Xy (x, y, ®) satisfies

0 Wo

—8®X0(x,y,®) V2Xo +J (Yo, Xo) — S (18)
where
0X
2 _ _Ra2%0
V'IJO(X7Y7 ) Ra ax (19)

Let u(x,y,®,t) represent a small disturbance to the time-
periodic solution Xy(x,y,®) and consider a slightly per-
turbed solution

X(x,y,t) = Xo(x,y,0(t)) + ulx,y, ®(1),7).  (20)

Equation (11) is then linearized with respect to u(x,y, ®,1)
as follows:

u(x,y,0,1) = L(x,y,0)u(x,y, ©,1). (21)

9
ot

Here, the linear operator £(x, y, ®) is explicitly given by

8
L(x,y, ©)u(x,y,0) = |L(x,y,0) = Qzz|u(x,y,0), (22)
where
2 alpu
L(xaya @)M(X,y, ®) =Vu +J(lp07u) +J(lpr0) - Ax .
(23)

Similarly to the time-periodic solution Xy (x,y, ®), the func-
tion u(x,y, ®) satisfies the Neumann zero boundary condi-
tion on x and the Dirichlet zero boundary condition on y. In
Eq. (23), the function ¥, (x, y, ®) is the solution to

Ou
~Ra’, (24)

Vzlﬁu(x,y, ®) =
under the Dirichlet zero boundary condition on both x and y.
Note that £(x,y, ®) is periodic in time through ®, and there-
fore, Eq. (21) is a Floquet-type system with a periodic linear
operator.

The phase reduction method simplifies the dynamics of
the system by projecting it onto the phase direction along the
limit cycle of the oscillatory Hele-Shaw convection. For this
purpose, we introduce the adjoint operator £*(x,y, ®) of the
linearized operator L(x,y,®) around the time-periodic
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solution Xo(x,y, ®) and its zero eigenfunction Uj(x,y, ®).
Defining the inner product of two functions as

IIM*(.X:’y, ®)7 u('x7y7 ®)]]
12" 1 1
:*J d®J J dyu”(x,y, @)u(x,y, ©),  (25)
2n 0
we introduce the adjoint operator of the linear operator
L(x,y,®) by
[u(x,y,0), L(x,y,O)u(x,y, O)]
= [£7(x,y,0)u*(x,y,0), u(x, y, ©)]. (26)

By partial integration, the adjoint operator £*(x,y, ®) is ex-
plicitly given by

£(03, 00 (5,,0) = [(6,0) 402 |u (1,0,
27
where

2
Ox

3)-512]
ady ady ox

Vi = Vi) (28)

The function u*(x,y,®) also satisfies the Neumann zero
boundary condition on x and the Dirichlet zero boundary
condition on y. In Eq. (28), the two functions, ¥, (x,y, ®)
and ¥, ,(x,y, ®), are the solutions to

0 0X
2 _ - * _0 _
VY, (x,y,0) = Ra@x {u <8y 1)}, (29)
0 15).¢
2 g% o * 0
v lﬁu’y(x,y,(a) = Ra—ay [u . ], (30)

under the Dirichlet zero boundary condition on both x and y,
respectively. Details of the derivation of the adjoint operator
L*(x,y,®) are given in Appendix A.

D. Floquet zero eigenfunctions

In the calculation below, we use the Floquet eigenfunc-
tions associated with the zero eigenvalue, i.e.,

0
E(X,y,@)Uo(X,y,®) = |:L(X,y,(")) a®:| UO(X y,®) - 07
(31)
£ (5. 0)03(.0) = |1 (1.3,0) + 0, Ui (6.7,0) =0.
(32)

Note that the right zero eigenfunction Uy(x,y, ®) can be
chosen as

UO(x7y7®) (X y7®) (33)

0
00
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which is confirmed by differentiating Eq. (18) with respect
to ®. Using the inner product (25) with the right zero eigen-
function (33), the left zero eigenfunction Uj(x,y, ®) is nor-
malized as

[IUS(X’ya ®)7 U()(X,y, ®)I|
1

27 gl
= —J d@J de dy Uy (x,y,0)Up(x,y,0) = 1.
27 Jo o Jo
(34)

Here, we note that the following equation holds (see also
Refs. 20 and 22):

00

1 1
J de dy Ug(x?y7®)UO<x7yv®)
0 0

1 1
0
= dxjd {U*x, ,0)=—=Uy(x,y,®
Loy 0(%,y,0) 55 Uo(x,y,0)

9 .
+ UO(xaya®)%UO(x7ya ®):|

1 1 1
:ﬁJ de dy [US(X>Y>®)L(X7)’7®)U0(x7y7®)
0 0

- Uo(ana @)L*(X,y, ®)U8(x7ya ®)] =0. (35)

Therefore, it turns out that the following normalization con-
dition is satisfied independently for each value of ®:

1 1
| @] avvsenevire) =1 o
0 0

In the following two subsections, using the time-periodic so-
lution and its Floquet zero eigenfunctions, we formulate a
theory for the collective phase description of oscillatory
Hele-Shaw convection.

E. Oscillatory convection with weak perturbations

In this subsection, we consider a single Hele-Shaw cell
exhibiting oscillatory convection with a weak perturbation to
the temperature field as described by the following equation:

Bl - o
X0y, 0) = VX + I, X) — -+ ep(x,y,0). G

The weak perturbation is denoted by ep(x,y,?). Here, we
assume that the perturbed solution is always near the limit-
cycle orbit. Using the idea of phase reduction,” we can derive
a phase equation from the perturbed equation (37). Namely,
we project the dynamics of the perturbed equation (37) onto
the unperturbed solution as

1 1
O = | ar] aruix.n,0) 3 Xy
Jo Jo 4

1 1
~Q+ EJ dXJ dyUg(x,y, ®)p(x,y,1), (38)
0 0

where we approximated X (x, y, #) by the unperturbed solution
Xo(x,y,®) and used the fact that
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1 1
0
J de dy US()@}’»@) a_XO(x7y7®)
o Jo t

1 1
= QJ de dy Uj(x,y, ®)Up(x,y,0) = Q. (39)
o Jo
Therefore, the phase equation describing the oscillatory
Hele-Shaw convection with a weak perturbation is approxi-
mately obtained in the following form:

1 1
O =0+ J dxj dyZ(x,y, O)ple,ys),  (40)
0 0

where the phase sensitivity function is defined as

Z(x,y,0) = Uy(x,y,0). (41)

It should be noted that Eq. (40) corresponds to a phase equa-
tion that is derived for a perturbed limit-cycle oscillator
described by a finite-dimensional dynamical system (see Refs.
1, 2, and 22-26). In particular, the phase variable ©(z)
depends only on time. However, reflecting the aspects of an
infinite-dimensional dynamical system, the phase sensitivity
function Z(x,y, ®) of the oscillatory Hele-Shaw convection
possesses infinitely many components that are continuously
parameterized by the two variables, i.e., x and y.

Here, we describe a numerical method for obtaining the
left zero eigenfunction (i.e., the phase sensitivity function).
From Egq. (32), the phase sensitivity function Z(x, y, ®) satisfies

0

Q%Z(x7y5®) = *L*()C,y7®)Z(X,y, ®)a (42)

which can be transformed into

%Z(x,y, —Qs) = L (x,y, —Qs)Z(x,y, —Qs), (43)
where @ = —Qs. To numerically calculate the eigenfunction
associated with the zero eigenvalue (i.e., the phase sensitivity
function), it is convenient to evolve Eq. (43) with the normal-
ization condition (36). Because the limit-cycle solution is line-
arly stable and therefore the eigenvalues of all other
eigenfunctions have negative real parts, the functional compo-
nents corresponding to non-zero eigenvalues eventually decay
and the solution converges to the phase sensitivity function
with the zero eigenvalue. For ordinary differential equations,
this method is called the adjoint method.”**® In Refs. 20 and
21, we used a similar method for partial differential equations.

F. Weakly coupled Hele-Shaw cells exhibiting
oscillatory convection

In this subsection, we consider weakly coupled Hele-
Shaw cells exhibiting oscillatory convection described by
the following equation:'’

o,
ox

QXJ(XJJ) = vzxa +‘I(l//(77X(7) -

% +e(X: — Xy),

(44)

for (o,7) = (1,2) or (2, 1), where the stream function of
each system is determined by
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0X,
Ox

Vzl//a(xaya t) = —Ra 45)

Two identical Hele-Shaw cells exhibiting oscillatory convec-
tion are mutually coupled through corresponding temperatures
at each spatial point,”> where the coupling parameter is denoted
by €. Here, we assume that unperturbed oscillatory Hele-Shaw
convection is a stable time-periodic solution and that the cou-
pling between the two Hele-Shaw cells is sufficiently weak.
Under this assumption, as in the preceding subsection, we can
obtain a phase equation from Eq. (44) as follows:

1 1
@a(t) =Q+ EJ dxj dyZ(x,y,0,)
o Jo

X (XO(x7y7®‘t) _Xo(x7y7®o'))' (46)

Applying the averaging method” to Eq. (46), we can derive
the following phase equation:

0,(1) = Q+€l(0, — O,), (47)

where the phase coupling function is given by

L b
o) :%J diJ de dyZ(x,y, A+ ©)
0 o Jo

X (XO(vavﬂ')_XO(xvyv;t"i_@))' (48)

The phase coupling function depends only on the phase dif-
ference, and the type of coupling (e.g., in-phase or anti-
phase) is determined by the anti-symmetric component of
the phase coupling function,” i.e.,

.(®) = [(®) - I[(-0). (49)

Finally, we note that the form of Eq. (47) is the same as that of
the phase equation which is derived from weakly coupled
limit-cycle oscillators described by finite-dimensional dynami-
cal systems (see Ref. 2). That is, two coupled systems of oscil-
latory convection can be reduced to coupled phase oscillators,
similarly to the case of ordinary limit-cycle oscillators.

lll. NUMERICAL ANALYSIS OF OSCILLATORY HELE-
SHAW CONVECTION

In this section, using numerical simulations of oscilla-
tory Hele-Shaw convection, we illustrate the theory devel-
oped in the preceding section.

Chaos 23, 043129 (2013)

A. Spectral transform and order parameters

In visualizing the limit-cycle oscillation of the spatio-
temporal field variable, it is convenient to use the spectral
representation of the field variable X(x, y, t). Considering the
boundary conditions of X(x,y, ), i.e., Egs. (13) and (14), we
introduce the following spectral transform:

1 1
Hj (1) = Jo de dy X (x,y, t)cos(mjx)sin(mky), (50)

for j=0,1,2,... and k= 1,2,.... In visualizing the limit-
cycle orbit in the infinite-dimensional state space, we project the
time-periodic solution Xy (x, y, ®) onto the Hy,- Hy, plane as

1ol
H1(9) :J de dy Xo(x,y, ®)cos(nx)sin(my),  (51)
o Jo

1ol
H»(©) :J de dy Xo(x,y, ©®)cos(2mx)sin(2my), (52)
o Jo

which can be considered as a pair of order parameters quanti-
fying the variations in the first and second long-wavelength
spectral components of the field variable.

B. Time-periodic solution and phase sensitivity
function

In this subsection, we first consider a single Hele-Shaw
cell exhibiting oscillatory convection described by the partial
differential equation (11). We use the pseudospectral method
in numerical simulations, which is a standard numerical
method in computational fluid dynamics that integrates the
dynamical equation in the spectral representation while cal-
culating the nonlinear terms in the real-space representation
(see, e.g., Refs. 27 and 28 for pseudospectral methods). The
field variables are decomposed using a sine expansion with
128 modes for the Dirichlet zero boundary condition and a
cosine expansion with 128 modes for the Neumann zero
boundary condition. The initial values were chosen so that
the system exhibits single-cellular (i.e., one vortex) oscilla-
tory convection.”®> The Rayleigh number was fixed to
Ra = 480, giving a collective frequency of Q ~ 622.

Figure 1 shows the limit-cycle orbit projected onto the
Hii- Hy, plane obtained from our numerical simulations of
the dynamical equation (11). Snapshots of the time-periodic
solution Xy(x,y,®) and other associated functions, i.e.,
TO(xaya ®) = (1 - y) +X0(x,y, ®)’ lljo(xvyv ®)s UO(xvyv ®)a

@ A a—_— ®
0.020 | -0.060

0.018 | 0.061

0.016 |
-0.062

o

£ 0014}

Hy1(©)

-0.063 |
0012 \

0010 | -0.064

0.008 | -0.065

0.020
0.018

0.016 FIG. 1. (a) Limit-cycle orbit projected
onto the H;;-H,, plane. (b) Wave
forms of Hy;(®) and H»(®). The
0.012 Rayleigh number is Ra =480, and

then the collective frequency is
0.010 Q~622.

0.008

3 0014

Hx(©)

-0.065 -0.064 -0.063 -0.062 -0.061 -0.060 - -n/2
H,y

0 n/2 T
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0=3r1/2

00 02 04 06 08 10

©=3r1/2

0.2

0.0

FIG. 2. Snapshots of Ty(x,y, ®), Y (x,y, ®), Xo(x,y, ®), Up(x,y, ®), and Z(x,y, ®) for ® = 0, n/2, 7, 31/2.

and Z(x,y,®), are shown in Fig. 2. The phase sensitivity
function Z(x,y, ®) was obtained using the numerical method
explained in Sec. ITE for the spectral representation of Eq.
(43). The typical shapes of both the time-periodic solution
Xo(x,y, ®) and the phase sensitivity function Z(x,y, ®) with
respect to @ are shown in Fig. 3.

Here, we note that in this case, the phase sensitivity
function Z(x,y, ®) possesses a special property.>* Namely,
for each O, similarly to the time-periodic solution
Xo(x,y,©), the phase sensitivity function Z(x,y, ®) is anti-
symmetric with respect to the center of the system:

X X
O=r 0=3n1/2
1.0 ——— Uy 1.0 —_— Uy
» »
08 ol 08 10 o,
06 b 0.0 06 L {H o0
= - 01 = 0.1
0.4 . 02 04 14 02
02 F 0.2 )- ‘ E
N\ oo L DY
00 02 04 06 08 10 00 02 04 06 08 10
X X
O=n 0=31/2
10 —— z 1.0 ——— z
’ . 1w 5000 1 5000
08 TH 2500 08 1 TH 2500
06 - 10 ° 06 | 10 °
= 2500 = -2500
04 | 1% 5000 04 1% -5000
02 b . 02 1
I . . \ .
00 yy, | 00 i S
00 02 04 06 08 10 00 02 04 06 08 10
X X
XO(—X&—Y{S,@) = _XO(x57y5a®)7 (53)
Z(_-x(57_y(57®) = —Z(X(S,J’c%@), (54)

where x5 = x — 1/2 and ys = y — 1/2. Therefore, the phase
sensitivity function is equal to zero at the central point, i.e.,
Z(x=1/2,y=1/2,0) = 0. In addition, the spatial integral
of the phase sensitivity function also becomes zero:

1l
J de dyZ(x,y,0©) =0. (55)

0 0
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Namely, when the weak perturbation is spatially uniform, i.e.,
p(x,y,1) = q(t), the collective phase is neither advanced nor
delayed by the perturbation. It should also be noted that the
phase sensitivity function Z(x,y, ®) is spatially localized; the
amplitudes of the phase sensitivity function Z(x,y, ®) with
respect to ® in the top-right and bottom-left corner regions of
the system are much larger than in the other regions.

C. Phase synchronization between two weakly
coupled Hele-Shaw cells exhibiting oscillatory
convection

In this subsection, as in Ref. 15, we consider two weakly
coupled Hele-Shaw cells exhibiting oscillatory convection
described by the partial differential equation (44). Here, we
assume that unperturbed oscillatory Hele-Shaw convection is
described by a stable time-periodic solution and that the cou-
pling between the Hele-Shaw cells is sufficiently weak.
Under these assumptions, we can theoretically analyze the
phase synchronization between the Hele-Shaw cells exhibit-
ing oscillatory convection.

The anti-symmetric component of the phase coupling
function calculated using Egs. (48) and (49) is shown in Fig.
4(a). As can be seen, the phase coupling function describes

in-phase (attractive) coupling, i.e., d[',(®)/d®|qy_, < 0 and
dl,(©)/d®|g_~, > 0, such that the two Hele-Shaw cells of
oscillatory convection will become in-phase synchronized.

Figure 4(b) shows the time evolution of the collective
phase difference |®; — @, between the two Hele-Shaw cells
of oscillatory convection, which started from an almost anti-
phase state with the coupling parameter ¢ = 0.05. The two
Hele-Shaw cells of oscillatory convection eventually became
in-phase synchronized, namely, ®; = ®,. Comparing our
direct numerical simulation of Eq. (44) to the theory, i.e.,
© = I,(O), we find perfect agreement between the two.

Similarly, we can also consider phase synchronization
between clock-wise convection and counter-clock-wise con-
vection as mentioned in Appendix B.

IV. CONCLUDING REMARKS

We developed a theory for the collective phase descrip-
tion of oscillatory convection in Hele-Shaw cells, by which a
system of oscillatory convection can be reduced to a phase
oscillator. On the basis of our theory, we analyzed the phase
synchronization between two weakly coupled Hele-Shaw
cells exhibiting oscillatory convection. The key component
of our theory is the phase sensitivity function of the

(@ 25 ® L
20 t \ simulation 0
L theor
i:g I 3n/4 \ :
o5t g \ FIG. 4. (a) Anti-symmetric component
@ 9o L n/2 of the phase coupling function, 'i,e.,
= sl s \ I,(0) =T(©) ~T(~©). (b) Time
ot - \ evolutlon' of the collectlvg phase dif-
: /4 ference, i.c., |@; — @3], with the cou-
';(5) I \ pling parameter € = 0.05.
25 0 \—
- -m/2 0 n/2 b1 0 20 40 60 80 100
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oscillatory Hele-Shaw convection, which quantifies its phase
response to weak perturbations applied at each spatial point.

The notion of collective phase used in this paper origi-
nated from the phase of the collective oscillation emerging
from coupled individual phase oscillators.'” " In this paper,
as in Ref. 20, the collective phase is associated with temporal
translational symmetry breaking in partial differential equa-
tions. In general, the phase arises not only from temporal
translational symmetry breaking but also from spatial transla-
tional symmetry breaking.? In fact, the phase dynamics of spa-
tially periodic structures, based on spatial translational
symmetry breaking, have been extensively developed,®~>
and the phase dynamics approach to spatially periodic patterns
is commonly used for fluid systems®*>? (see also Refs. 4 and
5). In addition, the so-called interface dynamics or pulse dy-
namics of patterns are also essentially based on spatial transla-
tional symmetry breaking.***® In contrast to these studies,
our formulation in this paper is based only on temporal trans-
lational symmetry breaking. Therefore, the formulation is ap-
plicable to oscillatory Hele-Shaw convection, although this
system does not possess spatial translational symmetry owing
to its boundary conditions. It should also be noted that the
treatments of the boundary conditions for the collective phase
descriptions, including the detailed analysis of the non-trivial
bilinear concomitant (see Appendix A), are newly developed
in this paper for the first time, because the nonlinear Fokker-
Planck equations studied in Refs. 17-20 satisfy periodic
boundary conditions and do not require such treatments.

We also note that the phase variable depends only on
time in Eqgs. (40) and (47), and that space-dependent phase
variables cannot be defined for the oscillatory Hele-Shaw
convection. For comparison, consider oscillatory reaction-
diffusion systems described by 9,X(r,7) = F(X) +DV>X,
where X = F(X) represents a limit-cycle oscillator located
at each spatial point r; an oscillatory reaction-diffusion sys-
tem can be considered as ‘“coupled oscillators,” so that
space-dependent phase variables can be defined, and nonlin-
ear phase diffusion equations, e.g., Burgers-type equations or
Kuramoto-Sivashinsky equations, can then be derived by the
conventional phase reduction method.” In contrast, the oscil-
latory Hele-Shaw convection is described by Eq. (1), in
which both terms on the right-hand side represent
“interactions,” since they involve the spatial gradient. Thus,
a system of oscillatory Hele-Shaw convection can not be
considered as “coupled oscillators,” so that space-dependent
phase variables can not be defined. In general, as mentioned
in Ref. 2, even though a fluid system exhibits oscillatory
motion, the system can not be considered as “coupled oscil-
lators,” which is in sharp contrast to the oscillatory reaction-
diffusion system. The oscillatory Hele-Shaw convection is
generated by the whole system, and the oscillation is a limit-
cycle solution in the infinite-dimensional state space
described genuinely by the partial differential equation.
Therefore, only the collective phase description method can
be applied, in which the collective phase is assigned to the
temporal translational symmetry breaking in the partial dif-
ferential equation and it depends only on time. As mentioned
above, when fluid systems possess spatial translational sym-
metry, conventional phase dynamics of spatially periodic
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structures can be developed, in which the phase variables are
space-dependent (see, e.g., Refs. 2, 4, 5, 29, 30, and 39).
However, Hele-Shaw cells do not possess spatial transla-
tional symmetry owing to the boundary conditions, and so
the conventional phase reduction method can not be applied.

Finally, we note the broad applicability of our approach,
which is not restricted to the oscillatory Hele-Shaw convec-
tion. If we assume that a limit-cycle solution is stable and the
perturbations are sufficiently weak, i.e., the perturbed solution
is always near the limit-cycle orbit, similarly to ordinary dif-
ferential equations, the partial differential equations can gener-
ally be reduced to phase equations by our approach. There are
abundant examples of rhythmic phenomena in nature that can
be described by partial differential equations, such as geophys-
ical fluid dynamics,'>'® and the phase description approach
has the capability to play a central role in such areas.
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APPENDIX A: DERIVATION OF THE ADJOINT
OPERATOR

In this appendix, we describe the details of the deriva-
tion of the adjoint operator £*(x,y, ®) given in Egs. (27)
and (28) (see also, e.g., Refs. 47 and 48 for mathematical
terms). From Egs. (22) and (23), the linear operator
L(x,y, ®) is given by

Pu Pu Wy Ou
£l @)ute©) =5+ 553 = 5 o
a‘/’oau alpu 8X(]
- e = _q
Tovay T ox (ay )
o, 0Xo Ou
— Qoo Al
dy Ox 00 (AD)

By partial integration, each term of the inner product
[u*(x,y,©), L(x,y, ®)u(x,y, ®)] can be transformed into

. 0u 1 (> ! [* 814}1’1 [Bu* rl
|:|:u 7@:” _ﬁjo d®J0dy{ ! a x:O_ Ox ! x=0

O*u*
+ [[a)@ , uﬂ , (A2)
2 2 1 y=1 * y=1
o] = oo 2
0 2n 0 0 8y y=0 3y y=0
O*u*
+ [[ 8y2 ,uﬂ, (A3)
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[[u, Ay 8xﬂ_ 27‘EJ d®L {u Oy MX:O

J [ .0y,
L 5] A
Mpoou]l _ 1 [ { - 0o }‘
Hu o ayﬂ —an d@de u p B
8 *alﬁo
+[{‘a—y{” a—y]ﬂ (A
o2 ()]
" " Ox \ Oy
R ! . (0X, =l
=5, @©] @ { (a—y‘ 1) ”

a1 . (0%
1

O /). 08 I O ! {*axo T‘
|:|:M , = ay E:l] = —%JO d@Jde u erbu =0

| ,0Xo
+ [[8_)) {M Ej|7¢ui|:|v (A7)
« 814 Q ! 1 O=271 314*
[{u ,Q%ﬂ = fEdeLdy[u ug_o + [{Q%,uﬂ.
(A3)

Using the Green’s function G(x,y,x',y’) in Eq. (16), the
function ,(x,y, ®) given in Eq. (24) can also be written in
the following form:

ou(x',y', @)

o (A9

1 1
mm%®ﬁﬂkijw&mfy)
0 0

In Egs. (A6) and (A7), we perform the following manipulations:
0 0Xo
N PN i |
-5l ()] ]
1 271 1 1 0 8X0
=——| dO| dx| dy —|u"| =——1
2n Jo Jo xJo Y Ox [u <6y ﬂ Y
1 (2 1 1 1 1
= ——J d@J de dyJ dx'J dy G(x,y,x',y")

27'[0

Xa_l/llg—* %_1
Ox' Ox " Jy
1

(A10)
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qeny
i efafs g
L[ el of af wonsin

Lo a{*%}
“ovay |1 ox

21 1
:LJ d@J de dyJ de dy' G(X',y', x,y)
2n 0 0
L 0u [u*,axo}
axay ox'

1 21 1
ATl

1 (2" 1 — al//:’y
_%L d@J dy [, ul,—p + [[—F,u]], (A11)

0

where we used the following abbreviations:

X6 = XO('X/7y/7 ®)? Ll/ - I/I(X/7y/, ®)7 M*/ - u*(x,ay,a ®)7
(A12)
and defined the following functions:
1 1 8
Vi) = | ] ay Gy 5
0 0 ox
* aXO(x » Y 7®)
X |:M (x’7y/7®)(a—y,—1 s
(A13)
1 1 9
Uislxin ) = | ] ay Gy 5
0 0 Jy
Xo(X,y @)]
* ! ! ) ) A14
X |:M ('x7y7®) Bx/ ( )

Here, we note that Egs. (29) and (30) can be derived by
applying the Laplacian to Eqgs. (A13) and (A14), respec-
tively. In this way, the adjoint operator £*(x,y, ®), defined
in Eq. (26), is obtained as

Pu Out L. Oy
o a2 Tox [“ 6y}
o)/
|:M 8WO:| + wu,.x
8y ox Ox
B alﬁ,,_,y ou*

ax < Yae

L(x,y,0)u*(x,y,0) =

(A15)

In addition, the adjoint boundary conditions are given by

ou(x,y,©) | _0u'(xy,®) (A16)
Ox =0 Ox x=1 ’
u'(x%,y,0)|,_g = u"(x,y,0)[,_; =0, (A7)
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which represent the Neumann zero boundary condition on x and the Dirichlet zero boundary condition on y. In fact, under
these adjoint boundary conditions, the bilinear concomitant S[u*(x,y,®),u(x,y, ®)] = [u*(x,y,®), L(x,y, O)u(x,y, ®)]

—[£%(x,y, ®)u*(x,y, ®),u(x,y, ®)] becomes zero, i.e.,

1 2" 1 { au]x—l 1 (2" 1 [(’M* ]\‘—l 1 2" 1 oul’=!
Slu(x,y,0),u(x,y,®)=+—1| dO| dy |u* — —— | dO| dy|— — | dO| dx|u" —
(%, 0), u(x.5, ©)] +27T Jo Jo e Ox]— 2m Jo ,[0 Y Ox ! x:0+ 2n Jo Jo ) [u 3)’]):_0
1 271 1 ‘a * y=1 1 2n 1 9 x=1
——J dO| dx Lu} ——J d@J dy {u*ﬂu}
27 Jo Jo Loy =0 2mlo 0 Iy o
1 (2" 1 r N, ]y—l 1 (" 1 X, x=1
+—| dO| dx|u" —u +—J d@J dy [u* (—— 1) l//M:|
2m Jo 0 ox ly—o 2m)o 0 dy x=0
1 271 1 r 8X0 :|,V1 1 21 1 -
—— | dO| dx|u" — —— | dO| dy[y  ul'Z
27 Jo 0 i Ox Y y=0 2n Jo Jo Y [%,x uh 0
1 21 1 - O 1 1 -
+ﬂ . d® . dy Y, uliZg — EL dxjo dy u"ulg_y =0. (A18)
[
Each term of the bilinear concomitant described by Eq. (B2) can be developed in the same way.>

S[u*(x,y, ), u(x,y, ®)] vanishes for the following reasons:
the first and second terms become zero owing to the
Neumann zero boundary condition on x for u and u*, respec-
tively; the third and fourth terms, the Dirichlet zero boundary
condition on y for u* and u, respectively; the fifth to tenth
terms, the Dirichlet zero boundary condition on both x and y
for Yy, ¥, xp;,x, and W:ﬁ the last term, the 2z-periodicity
with respect to ® for both u and u*.

APPENDIX B: PHASE SYNCHRONIZATION BETWEEN
CLOCK-WISE CONVECTION AND COUNTER-CLOCK-
WISE CONVECTION

In this appendix, we consider a supplementary problem
for Sec. II C. From the reflection symmetry in x, the Hele-
Shaw cell exhibits clock-wise convection as well as the
counter-clock-wise convection shown in Fig. 2. Phase syn-
chronization between the clock-wise convection and coun-
ter-clock-wise convection can be considered as follows:

oY,
ox
+ E[XT(X,}),[) 7}20’()(7.))71‘)]7

9 kol ) = VKo 41 (7,.K,)

(BI)

for (a,7) = (1,2) or (2, 1), where X; and y, correspond to
the clock-wise convection, and X, and v:bz correspond to the
counter-clock-wise convection. Here, from the reflection
symmetry in x, this problem is equivalent to

0 — _ %
&XG('XM))?[) - v XU +J(l//(77XG) ax
+6[XT(1 —x,yﬂ‘)—Xa(x,y,t)}, (Bz)

for (o,7) = (1,2) or (2, 1), where both systems exhibit coun-
ter-clock-wise convection. The only difference between Eqgs.
(44) and Eq. (B2) is the x-dependence of X, i.e., X.(x,y,1)
in Eq. (44) and X.(1 —x,y,t) in Eq. (B2). Therefore, a
theory for the collective phase description of the system

As in Sec. III C, the theory indicates in-phase synchroniza-
tion, which is confirmed by direct numerical simulations of
Eq. (B1) or Eq. (B2).
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behavior using the photosensitive Belousov-Zhabotinsky reaction has been
investigated in Ref. 10, and numerical analysis of the synchronized pulses
in laterally coupled excitable fibers using the spatially one-dimensional
FitzHugh-Nagumo equations has been performed in Ref. 11.

3OThis theory can be considered as a phase reduction method for limit-cycle
solutions in infinite-dimensional dynamical systems. Using a similar idea
of phase reduction, we recently developed a theory for the collective phase
description of globally coupled noisy dynamical elements exhibiting mac-
roscopic oscillations in Refs. 17-20; the theory reduces the nonlinear
Fokker-Planck equation (a partial integro-differential equation) to the col-
lective phase equation (an ordinary differential equation). In particular, in
Ref. 20, we considered the nonlinear Fokker-Planck equation, which does
not possess spatial translational symmetry, describing globally coupled
noisy active rotators. A similar formulation for stable time-periodic solu-
tions to reaction-diffusion systems has also been developed in Ref. 21.

IThe dependence of the convection in the Hele-Shaw cell on the Rayleigh
number is well known, and the existence of stable time-periodic solutions
to Eq. (11) is also well established (see Ref. 15 and also references
therein).

320ur formulation is applicable to any coupling form, e.g., asymmetric, non-
linear, spatially nonlocal, or spatially partial coupling, as long as the cou-
pling intensity is sufficiently weak.

>3For completeness, we briefly summarize the Hele-Shaw convection (see
Ref. 15 and also references therein for details). The critical Rayleigh num-
ber for the onset of convection is Ra = 47%. The convection is single-
cellular convection, which rotates clock-wise or counter-clock-wise
depending on the initial condition. As the Rayleigh number Ra is
increased, the single-cellular convection exhibits the following dynam-
ics:'>  stationary (39.5-386.4); periodic (386.4-505); quasi-periodic
(505-560); periodic (560-950); quasi-periodic (950-1200); chaotic
(1200).

31t should be noted that this property comes from the symmetry of the time-
periodic solution under the simulation conditions performed in this paper.
Our formulation itself is applicable to any functional form of the time-
periodic solution.

330ur formulation is applicable to two completely different systems of oscilla-
tory convention, as long as their frequencies are near-resonant and their cou-
pling is sufficiently weak. We can then determine whether the phase
difference between the two systems exhibiting oscillatory convection is con-
stant. However, the value of the phase difference itself is meaningful only
when the two systems of oscillatory convection are near-identical. This fact
is common to the conventional phase reduction method for ordinary limit-
cycle oscillators (Ref. 2). From this point of view, phase synchronization
between clock-wise convection and counter-clock-wise convection should
be analyzed using Eq. (B2) rather than Eq. (B1), as is actually done.



