COMMUN. MATH. SCI. (© 2013 International Press
Vol. 11, No. 1, pp. 315-343

PATTERN FORMATION IN RAYLEIGH-BENARD CONVECTION*

TAYLAN SENGUL' AND SHOUHONG WANGH

Abstract. The main objective of this article is to study the three-dimensional Rayleigh-Bénard
convection in a rectangular domain from a pattern formation perspective. It is well known that as the
Rayleigh number crosses a critical threshold, the system undergoes a Type-I transition, characterized
by an attractor bifurcation. The bifurcated attractor is an (m — 1)-dimensional homological sphere,
where m is the multiplicity of the first critical eigenvalue. When m =1, the structure of this attractor
is trivial. When m =2, it is known that the bifurcated attractor consists of steady states and
their connecting heteroclinic orbits. The main focus of this article is then on the pattern selection
mechanism and stability of rolls, rectangles, and mixed modes (including hexagons) for the case
where m =2. We derive in particular a complete classification of all transition scenarios, determining
the patterns of the bifurcated steady states, their stabilities, and the basin of attraction of the stable
ones. The theoretical results lead to interesting physical conclusions, which are in agreement with
known experimental results. For example, it is shown in this article that only the pure modes are
stable whereas the mixed modes are unstable.

Key words. Rayleigh-Bénard convection, pattern formation, rolls, rectangles, hexagons, dy-
namic transitions.
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1. Introduction

Over the years, the Rayleigh-Bénard convection problem, together with the Taylor
problem, has become one of the paradigms for studying nonequilibrium phase transi-
tions and pattern formation in nonlinear sciences. There is an extensive literature on
the subject; see e.g. reviews by Busse [1], Chandrasekhar [2], Cross & Hohenberg [3],
Getling [5], Koschmieder [6], Lappa [7], Ma & Wang [8], and the references therein.

The problem is complete from the dynamic transition perspective (Ma and Wang
[9, 10]). The main result in this direction is that the system always undergoes a
Type-1 (continuous) transition as the instability driving mechanism, the Rayleigh
number, crosses a critical threshold R, thanks to the symmetry of the linear operator,
properties of the nonlinearity, and the asymptotic stability of the basic state at the
critical threshold. Moreover, the system has a bifurcated attractor which is an (m —
1)—dimensional homological sphere, where m is the number of critical eigenvalues of
the linear operator.

The main objective of this paper is to study pattern formation and the struc-
ture of the bifurcated attractor for the Rayleigh-Bénard convection. The structure
of the bifurcated attractor is trivial when m=1. Namely, the attractor consists of
two attracting steady states approximated by the critical mode with opposite flow
orientations.

When m >2, the picture is far from being complete. There are some known
characteristics of this attractor such as the attractor must be homeomorphic to S*,
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316 PATTERN FORMATION IN RAYLEIGH-BENARD CONVECTION

and either contains four or eight steady states connected by heteroclinic orbits or is
a circle of steady states.

In general the relation between the two horizontal length scales for a given mul-
tiplicity m >2 is nonlinear, as shown in figure 4.1. One of the main objectives of
this article is to present a general approach for studying transitions for m >2. For
simplicity, we consider only the case where the wave numbers of the critical modes
are equal. Under this assumption we are able to give a complete characterization for
the case m=2; the general case m >2 can be studied in a similar fashion.

Also, we remark that, for a given m > 2, the set of all (L1, L2) in the Li-Lo plane
is of measure zero; see figure 4.1. However, from a pattern formation point of view,
most interesting patterns appear in these non-generic cases. Meanwhile, when the
length scales are close to those length scales for which m =2, a critical mode at the
critical Rayleigh number R, appears first, followed closely by a second critical mode
near R.. This will lead to the similar transition scenarios as described in this article.

Depending on its horizontal wave indices 7, and iy, a single critical mode can
be either a roll (when at least one of i, or i, is zero) or a rectangle (when both i,
and i, are non-zero), where i, and i, are non-negative integers which cannot vanish
together. Thus there are three possible cases: (a) one of the critical modes is a roll
while the other one is a rectangle, (b) both critical modes are rolls, (c) both critical
modes are rectangles.

In each case, we explicitly find nondimensional numbers which determine the
number, patterns, and stabilities of the bifurcated steady states. We also determine
the basin of attraction of each of the stable steady states.

In all the scenarios, we found that after the transition, only pure modes (rolls
or rectangles) are stable and the mixed modes are unstable. Our result is conclusive
when one of the critical modes is a roll type. When both critical modes are rectangles,
we only have computational evidence.

When both critical modes are rolls, the stable steady states after the transition
are rolls. When both critical modes are rectangles, computational evidence suggests
that the stable steady states after the transition are rectangles. When one critical
mode is a roll and the other one is a rectangle, the stable states after the transition
can be either only rolls or both rolls and rectangles.

The problem is usually studied in the infinitely extended horizontal domain set-
ting, which eliminates the effects of the boundaries in the horizontal directions. Our
setting is a 3D rectangular domain with free-slip boundary conditions for the velocity,
that is, the fluid can not cross the boundaries but is allowed to slip. The thermal
boundary conditions are adiabatically isolated side walls, so that no heat is transferred
through them, and perfectly conducting top and bottom boundaries.

Technically, the analysis is carried out using the dynamical transition theory (Ma
and Wang [8]). One key ingredient is the reduction of the original system to the center
manifold generated by the two unstable modes. The only modification that has been
made is, following Sengul and Wang [13], we expand the center manifold using a basis
which differs from the eigenfunctions of the original linear operator. This allows us to
circumvent the difficulties associated with determining the eigenpairs in terms of the
system parameters. We also make use of computer assistance, namely Mathematica,
which carries out numerous integrations which are due to the interactions of the
critical modes with the non-critical ones.

The paper is organized as follows: In Section 2, the governing equations and
the functional setting of the problem are introduced. Section 3 deals with the linear
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theory. We present our main results in Section 4. The proof of these theorems are
given in Section 5. In Section 6, we present the physical conclusions derived from our
theorems. Finally, Section 7 is the conclusion section.

2. Governing equations and the functional setting

With the Boussinesq approximation, the non-dimensional equations governing
the motion and the states of the Rayleigh-Bénard convection in a nondimensional
rectangular domain Q= (0,L1) x (0,Ls) x (0,1) CR? are given as follows (see [2] among
others):

%+(u~V)u:Pr(pr+Au+R9k),

00

a+(u~V)9:w+A0, (2.1)
V-u=0,

u(O)zuo, 9(0)200

The unknown functions are the velocity u= (u,v,w), the temperature 6, and the
pressure p. These unknowns represent a deviation from a motionless state basic steady
state with a constant positive vertical temperature gradient. In addition, k stands for
the unit vector in the z-direction.

The non-dimensional numbers in (2.1) are the Rayleigh number R, which is the
control parameter, and Pr, the Prandtl number.

The above system is supplemented with a set of boundary conditions. We use
the free-slip boundary conditions for the velocity on all the boundaries. Thermally,
the top and the bottom boundaries are assumed to be perfectly conducting and the
horizontal boundaries are adiabatically isolated. Namely, the boundary conditions
are as follows:

Jv Ow 00
“or or o 0 Mr=0ly
ou ow 00
ay v 8y ay at y s 442, ( )
ou v

%_a_wzezo atz=0,1.

For the functional setting, we define the relevant function spaces:

H={(u,0)e L* (,R*):V-u=0,u-nlso=0},

2.3
Hi={(u,0)e H* (ALR*):V-u=0,u-n|po=0,0].—0,1=0}. 23)

For ¢=(u,0), let G: Hy — H and Lg: H; — H be defined by
Lr¢p=(PrP(Au+ ROk),w+ Af), (2.4)

G(¢)=—(P(u-V)u,(u-V)o),

with P denoting the Leray projection onto the divergence-free vectors. The equations
(2.1) and (2.2) can be put into the following functional form:

d¢

E:LR¢+G(¢), #(0) = ¢o. (2.5)
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The results concerning existence and uniqueness of (2.5) are classical and we refer
the interested readers to Foias, Manley, and Temam [4] for details. In particular, we
can define a semigroup

S(t) : ¢0 — gb(t)

Finally for ¢; = (u;,0;), i =1,2,3 we define the following trilinear forms, which will
be used in the proof of the main theorems:

G(¢1,¢2,¢3):*/Q(llrv)uz'113*/0(111'V)92'93, o
Gs(¢17¢2a¢3) :G(¢17¢27¢3)+G(¢2a¢15¢3)'

3. Linear theory
We recall in this section the well-known linear theory of the problem.

3.1. Linear eigenvalue problem. We first study the eigenvalue problem
Pr(Au+ ROk —Vp) = Su,
w—+ A= [0, (3.1)
divu=0,

with the boundary conditions (2.2). Thanks to the boundary conditions, we can
represent the solutions ¢g = (ug,0s), us = (us,vs,wg) by the separation of variables

us =Usgsin(Ly 's,mx)cos(Ly s, my)cos(s.mz),

vs =Vgcos(Ly 's,mx)sin(L; *s,my)cos(s,mz), (3.2)
wg =Wscos(Ly 's,mz)cos(Ly ' s,my)sin(s,72), '
05 =0Ogcos(Ly ' s,mx)cos(Ly s, my)sin(s,mz),

for S'=(sy,8y,8.), where s; >0, s, >0, s, >0. It is easy to see that only eigenvalues

Bs, S € Z can become positive, where

Z={(52,5y,52)|52>0, 5, >0, 5.>0, (83,5,)#(0,0) and s, #0}.

For S=(sy,sy,5.) € Z, the amplitudes of the horizontal velocity field can be found as

SgT ST SyT ST
L1 OéS L2 OZS

We define ag, the horizontal wave number and g, the full wave number by

[ 622 252 2.2 2.2
Sz’]'(' Sy7T smw Syﬂ' 9. 9
ag = +—= s = + +ssme. (33)
L% L% ’ \/ L% Lg -

Taking the divergence of the first equation in (3.1), we find

00
Ap=R—.
P 0z
Now, taking the Laplacian of the first equation, replacing Ap by the above relation,
and using (3.2), we obtain
v&(Pryg+p8)Ws—RPrag0s=0,

Ws— (74 +8)0s=0.

(3.4)
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Fic. 3.1. The selection of critical horizontal wave indices in the Li—Lo plane. The same
coloring indicates equal wave indices.

For each S€ Z, the above equations have two solutions 8§ > 8%, which satisfy the
following equation:

75(v§+B8)(Pry§ +5) — RPrag =0. (3-5)
We find the amplitudes of the normalized critical eigenvectors as
Ws=Bs(R)+75,  ©s=1. (3.6)
Now solving (3.5) for R at #=0, the critical Rayleigh number can be defined as

6
: s
RC:ISneHZlRS7 Rs.—a—%. (3.7)
From (3.7), one sees that for a minimizer S=(sz,sy,s.) of Rg, the vertical index s,
is 1. We will denote the set of critical indices S minimizing (3.7) by C:

C={S=(s4,5,,1) € Z| Rs<Rg/,VS' € Z}.

For small length scale region, the map in figure 3.1 shows the horizontal critical wave
indices that are picked by the selection mechanism (3.7).
It is well known that we have the following PES condition:

<0, A<R,,
BE(R){ =0, A=R,, vSec, (3.8)
>0, A>R,,

RB(R.) <0, VB¢ {Bs|SeC). (3.9)



320 PATTERN FORMATION IN RAYLEIGH-BENARD CONVECTION

Iy
L
o, ..
3L0/2)y 3a/2%,
Ly — LafZiy
L, Li/2iy  3Li/2i, L
(a) A roll pattern with (b) A rectangle pattern
wave index J=(0,jy,1). with wave index I=
(iq,iy,1).

F1a. 3.2. Regions of positive and megative vertical velocity of a rectangular and a roll mode at
the mid-plane z=1/2.

By (3.5), corresponding to S = (sy,s,,s.) € Z, there are two eigenvalues 35 and two
corresponding eigenfunctions (biS7 1=1,2. If a critical mode has wave index I then the
corresponding eigenfunction is ¢}, which we will simply denote by ¢;.

Depending on the horizontal wave indices, there are two types of critical modes
corresponding to two different patterns. If the wave index I=(i,i,,1) of a critical
mode is such that one of the horizontal wave indices i, i, is zero, the corresponding
eigenfunction has a roll pattern. When both horizontal indices are non-zero, the
corresponding eigenfunction has a rectangular pattern. Figure 3.2 shows a sketch of
these patterns.

3.2. Estimation of the critical wave number. As it will be shown, the
dynamic transitions depend on the critical wavenumber «. In the case of infinite
horizontal domains, the critical wave number is found to be a=m/ V2~2.22, corre-
sponding to a critical Rayleigh number R,=277%/4~658. For rectangular domains,
the wave number is not constant and is a function of the length scales. The following
estimates will be important in the physical remarks section.

LEMMA 3.1. Let v be the critical wave number minimizing (3.7). Then

™
OéZ m ~155, fOT’ all Ll,LQ,

22/3 7
<= ®3.10, if Ly >2Y3/1+22/3~2.03,
V11223 ¥ -

5= Li—
o—r —=, 00.
\/5 1

Proof. To estimate the dependence of the wave number « on the length scales
L1, Ly, we define

Lim)=((m+1)m) 3 (m+1)23+m**Y2 meZ, m>0.

The sequence L(m) gives those length scales of Ly for which the wave index changes,
assuming Lo is sufficiently small. Asshown in Sengul and Wang [13], when L(m—1) <
Ly < L(m) for some m > 1, we have the following bound on the critical wave number:

mm mm

Im) ~ S Tm=—1)

(3.10)
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F1G. 3.3. The shaded region shows the possible values for the critical wave number o for a given
L.

In particular,

T m
ST T 2B )2
and
) 22/3
a< = T Ly > L(1).

TL() V14227
Finally noticing that,

mm T (m+1)7

L) V2 L) VE

as m— 0o,

we find that

a— Ly — o0.

o

V2 0
The bounds on the critical wave number as a function of the length scale Ly which

is obtained from (3.10) is shown in figure 3.3.

4. Dynamic transitions and pattern selection

We study the case where two eigenvalues with indices I=(iz,iy,1) and J=
(Jo»rJy,1) are the first critical eigenvalues. This means that a; and oy minimize
(3.7), thus the PES conditions (3.8), (3.9) are satisfied with C={I,J}. The crucial
assumption is that the corresponding wave numbers are equal, i.e.

a=ay=0anyj.

Since I # J, without loss of generality we can assume that i, > j, which ensures that
iy <Jy- By (3.3), we must have the following linear relation between the length scales:

2 _ 52
e Jz

L= 22
Jy =%

2

Thus two critical eigenmodes are possible only when L; and L5 lie on a line emanating
from the origin in figure 4.1. There are three possible cases depending on the structure
of the critical eigenmodes, which are completely described by our main theorems:
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FiGc. 4.1. The first two critical modes with (a) a rectangle and a roll pattern, (b) both roll
patterns, (c) both rectangle patterns.

(a) a rectangle and a roll mode respectively (described by Theorem 4.1),
(b) both roll modes (described by Theorem 4.2),
(¢) both rectangle modes (described by Theorem 4.3).

These possible cases are illustrated by figure 4.1 in the small length scale regime.

Before presenting our results, we first summarize some of the known results which
apply in the above setting (see Ma and Wang [9, 10]):

i) As the Rayleigh number R crosses R.., the system undergoes a Type-I (con-
tinuous) transition.

ii) There is an attractor ¥ bifurcated on R > R, such that for any ¢g€ H\T,
dist(¢o,Xr)—0, ast— o0,

where ' is the stable manifold of ¢ =0 with codim =2.

iii) Xk is homeomorphic to S and comprises steady states and the heteroclinic
orbits connecting these steady states.

iv) There are four or eight bifurcated steady states. Half of the bifurcated steady
states are minimal attractors and the rest are saddle points.

The dynamic transitions depend on the following positive parameter which in
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y
lh (Roll) W (Rull)
m o x?/ \(Mmd) / | \
llfz (REC) nﬁ'; (Rec)
-
" (R“) = 'ﬁl‘\mec) /
;07 (Mixe (Mlxed) \ ' //
—e—
W3 (Roll) ¥3 (Roll)
A
(a) When a<c. (b) When c<a.

Fic. 4.2. The structure of the attractor after the transition R> R. for different parameter
regions when the first two critical modes are a roll and a rectangle.

turn is a function of the parameters Pr, Ly, and Lo:

1 Pr
N LoPro $=(0,0,2), (41)
(Rsa (;io 27(F+Pr) (Pr_1’7§72+274+PTR50‘2’7§2)7 5#(0,0,2).

Here, « is the critical wave number, 7?2 =a?+72, and R.=4%/a? is the critical
Rayleigh number. Moreover, for S =(s3,5y,5.), (Sz,5y)# (0,0):

2 _2 2,2 6
9 _ SgT | Sy 2 2, .2 2 s
as= —_ =a5+s Rg=—=.
S L% Lg Vs §+sLm, S a%
Also we let
_ Pra?
9= (Pr+1)y*

4.1. One of the critical modes is a roll, the other is a rectangle. @ We
first consider the case where an eigenmode with a roll structure and an eigenmode
with a rectangle structure are the first critical eigenmodes.

THEOREM 4.1. Assume that I = (ig,iy,1) and J=(0,5,,1) (i >1, j, >, >1) are the
first critical indices with identical wave numbers, a; =« ;. Consider the following
numbers:

a=Fr0,0,2+K2i,,0,2 +K0,2i,,2;
b=ko,0,2, (4.2)

C=£0,0,2F2Hig iy tjy,2 +2Kig,—iy 4y 2
For R> R, let us define the following steady state solutions:

Vi =gV R—Re(Xi¢1+Yids) +o((R—R)V?), i=1,....8,

(—1)fa”'2, Y;=0, i=1,2, (rectangle pattern)
X; =0, Y; = (—1)%(20)71/2, i=3,4, (roll pattern)
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c—b i c—a . .

X, = o Y;=(-1) 2 E—ab)’ i=5,6, (mixed pattern)
[ c=b i c—a , .

Xi:_ 62_ab7 }/;:(_1) m, 7/:778. (leed pattern)

There are two possible transition scenarios:

i) If a <c then the topological structure of the system after the transition is as
in figure 4.2(a). In particular,
1) X i contains eight steady states ¢;, 1=1,...,8.
2) 11, Yo (rectangles) and w3, 14 (rolls) are minimal attractors of g,
whereas 15, 16, 17, and s (mixed) are unstable.

3) There is a neighborhood U\TI" of 0, where T is the stable manifold of
0, such that U =U}_,U;, with U; pairwise disjoint, and where U; is the
basin of attraction of ¥;, i=1,...,4.

4) The projection of U; onto the space spanned by ¢;, ¢ is approximately
a sectorial region given by

Un{Xor+Yds|wii<arg(X,)Y)<w;o}, i=1,....4,

w11 =T —W, w12 =T+w, wa1 = —W, w2 2 =W,
w31 =T+w, w32 =27 —w, wy,1 =W, Wi =T—w,
where
c—a
w=arctan . (4.3)
2(c—b)

ii) If ¢c<a then the topological structure of the system after the transition is as
in figure 4.2(b). In particular,
a) X contains four steady states ¢;, i=1,...,4.

b) 3, ¥4 (rolls) are minimal attractors of X g, whereas the 11, 19 (rectan-
gles) are unstable steady states.

c¢) There is a neighborhood U\TI" of 0, where I is the stable manifold of
0, such that U =U;_sU;, with U; pairwise disjoint, and where Uf; is the
basin of attraction of ;, i=3,4.

d) The projection of U; onto the space spanned by ¢, ¢; is a sectorial
region given by

Uin{Xor+Y ¢ lwin<arg(X,Y)<wi2}, 1=3.4,

w3 1=T, w32=2T, w41=0, wyo=m.

REMARK 4.1. In the special case j, = 2i,, the mixed solution corresponds to a regular
hexagonal pattern. In this case we find a < ¢, hence the first scenario in Theorem 4.1
is valid; see Remark 5.1.
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y

¥s (Roll)

LN A y
s (Mir?/)/' i ‘Ns‘(Mixed)
v T ®a)

* < .

¥ (Roll) P &
W7 (Mixe y ¢ (Mixed)
v . v

¥3 Rol)
A

Fia. 4.3. The structure of the attractor after the transition R> R., when the first two critical
modes are both roll type.

4.2. The first two critical modes are both rolls. In this section we
consider two critical modes both having a roll structure. Under the assumption that
the wave numbers are equal, one of the rolls must be aligned in the x-direction and
the other one aligned in the y-direction.

THEOREM 4.2. Assume that I =(i;,0,1) and J=(0,7,,1) (iz >1, j, >1) are the first
critical indices with identical wave numbers, oy =« ;. Consider the following numbers:

b=2k ,
d= 2&212122 + 8k, ya2 (4.4)
For R> R, we define
Vi=gVR—R(X;¢1+Yips)+o((R—R.)?), i=1,...,8,
where
X;=(-1)" —1/2, Y; =0, 1=1,2, (roll pattern)
X;=0, Y;=(—1)b"1/2, 1=3,4, (roll pattern)
X;=(b+d)~V/2, YZ:( 1)'X i=5,6, (mixed pattern)
Xi=—(b+d)"1/2, =(-1)'X i=1,8. (mixed pattern)

Then the topological structure of the system after the transition is as in figure 4.2.
In particular,

1) X g contains eight steady states v;, i=1,...,8.

2) 1, g, s, 14 (rolls) are minimal attractors of X g, whereas 5, 16, 17, and
1g (mixed) are unstable.

3) There is a neighborhood U\T" of 0, where I' is the stable manifold of 0,
such that U :U;l:ll/li, with U; pairwise disjoint, and where U; is the basin of
attraction of ¥;, i1=1,...,4.

4) The projection of U; onto the space spanned by ¢, ¢; is approximately a
sectorial region given by

Lliﬂ{ngIJquﬁJ\wi,1<arg(X,Y)<wi72}, i=1,....4,
OJ1,1 2371'/47 (;.)1}2:571'/47 WQ)1:—7T/4, W272:7T/4,
w31 :57T/4:7 W3$2:77T/4, w41 :7T/4:7 W4’2:37T/4.
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Y Y
N '/" (Rec) . N g (Rec) P
Vs (MiX?/?/r “\(&‘(Mim’-d) Yy (Mixe: A s (Mixed)
- e : :- o1 & > : : ¥z Rec)
¥ (Rec) ‘ ,\ 21 (Rec) } &
7 (Mixe: v ¢ (Mixed) Y7 (Mixe: v ¢ (Mixed)
v 3 v v A4
Y3 (Rec) w3 (Rec)
A A
(a) When a<e and f<e. (b) When e<a and e< f.
Y Y
4 (Rec) ¥4 (Rec)
e e
SN oy
[ | 4y (Rec) [ \ ¥ (Rec)
Wt * > /? T MRt T /T =
1 .« S
3 (Rec) U3 (Rec)
A A
(¢) When f<e<a. (d) When a<e< f.

Fic. 4.4. The structure of the attractor after the transition R> R. for different parameter
regions, when the first two critical modes are both rectangle type.

4.3. The first two critical modes are both rectangles. In this section
we consider two critical modes both having a rectangular pattern with equal wave
numbers, a; =a.

THEOREM 4.3. Assume that I = (iy,iy,1), J=(jz,Jy,1) (iz#0, iy, #0, jz #0, j, #0,
iy # Ju, 1y #Jy) are the first critical indices with identical wave numbers, a;=a,.
Consider the following numbers:

a=Ro,0,2 + K2i,,0,2 T K0,2i,,2,
€=£0,0,2F Kiytjpiy+iy2 T Bio—jusiytiy,2 T Fiatie,—iy+iy2 T Bio—jo,—iy+i,2,  (4.5)
[ =kKo02+k2j,,02+FKo2j,2-

For R> R,, let us define the following steady state solutions:

Vi =g\ R—Re(Xi¢1+Yids)+o((R—R)'?), i=1,....8,

Y; =0, 1=1,2, (rectangle pattern)

Y,;:(fl)iffl/z, 1=3.4, (rectangle pattern)
e—a , .

Y,=(-1) i1=5,6, (mixed pattern)
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e—f i e—a , .
X, =— Zaf Yi:(—l)ﬂm, 1=1,8. (mixed pattern)

There are four possible transition scenarios:

i) If a<e and f <e then the topological structure of the system after the tran-
sition is as in figure 4.4(a). In particular,

1) X i contains eight steady states v¢;, i=1,...,8.

2) 91, 19, s, Yy (rectangles) are minimal attractors of X, whereas s,
g, 17, and g (mixed) are unstable.

3) There is a neighborhood U\TI" of 0, where I' is the stable manifold of
0, such that U =U}_,U;, with U; pairwise disjoint, and where U; is the
basin of attraction of ¥;, i=1,...,4.

4) The projection of U; onto the space spanned by ¢y, ¢ is approximately
a sectorial region given by

Uin{Xor+Y ¢y w1 <arg(X,)Y)<w; o}, i=1,....4,

W11 =T—W, w12 =T+ w, w21 =—W, W22 =W,

w31 =m+w, w32 =27 —w, W41 =w, Wi2=T—w,

where w=arctan ,/ %

ii) If e<a and e < f then the topological structure of the system after the tran-
sition is as in figure 4.4(b). In particular,
a) Y g contains eight steady states ¢;, i=1,...,8.

b) 15, vg, 17, s (mixed) are minimal attractors of X g, whereas 11, o,
s, 14 (rectangles) are unstable.

c¢) There is a neighborhood U\T" of 0, where I' is the stable manifold of
0, such that U/ :U§:5Z/{i, with U; pairwise disjoint, and where U; is the
basin of attraction of ¥;, i=5,...,8.

d) The projection of U; onto the space spanned by ¢, ¢ is a sectorial
region given by

Un{Xor+Yds|wii<arg(X,Y)<w;o}, i=5,...,8,

UJ571 :0, (JJ572 :7'1'/2, w(,,l :37T/2, UJ672:27T,

wrq =T, wr2=31/2, w1 =1/2, Wg o =T.

iii) If f <e<a then the topological structure of the system after the transition
is as in figure 4.4(c). In particular,

a) X contains four steady states ¢;, i=1,...,4.

b) 91, ¥o (rectangles) are minimal attractors of X, whereas 13, ¥4 (rect-
angles) are unstable steady states.

c¢) There is a neighborhood U\T" of 0, where I' is the stable manifold of
0, such that U =U?_,U;, with U; pairwise disjoint, and where U; is the
basin of attraction of ¥;, i=1,2.
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d) The projection of U; onto the space spanned by ¢;, ¢; is a sectorial
region given by

UN{Xpr+Yds|lwi1<arg(X,)Y)<w; 2}, i=1,2,

le =7T/2, QJLQ :37'('/2, OJ2,1=—7T/2, w272:77/2.
iv) If a<e< f then the topological structure of the system after the transition
is as in figure 4.4(d). In particular,
a) Y p contains four steady states i;, i=1,...,4.

b) 93, ¥4 (rectangles) are minimal attractors of X, whereas the 11, ¥
(rectangles) are unstable steady states.

c¢) There is a neighborhood U\TI" of 0, where I' is the stable manifold of
0, such that U =U?}_,U;, with U; pairwise disjoint, and where U; is the
basin of attraction of v, i =3,4.

d) The projection of U; onto the space spanned by ¢, ¢ is a sectorial
region given by

Uiﬂ{X¢1+Y¢J|wi71<arg(X,Y)<wi72}, ’L.=3,47

w3 1=", w32=2T, w41=0, wyo=m.

5. Proof of the main theorems
First we give the preliminary setting that will be used in the proof of the main
theorems.
The first step is to find the adjoint critical eigenvectors. The adjoint equation of
(3.1) is
Pr(Au* — Vp*) +60*k = fu*,
AO* + RPrw* = B6*, (5.1)
divu* =0.
The eigenfunctions of (5.1) can be represented by the separation of variables (3.2).

Also the eigenvalues of (5.1) are same as the eigenvalues of (3.1), i.e. 3 satisfies (3.5).
We find the amplitudes of the critical adjoint eigenvectors as

W§=B5(R)+73, s=RPr, (5.2)

where BL(R) satisfies the PES condition (3.8).
Let I and J be the indices of the critical modes, i.e. C={I,J} in (3.8). We will
denote

To study the dynamics on the center manifold, we write:

¢=¢°+P(z,y),

in (2.5), where ® is the center manifold function and

P =xdr+ydys.



T. SENGUL AND S. WANG 329

Multiplying the governing evolution equation (2.5) by the adjoint eigenvectors
@7 and ¢%, we see that the amplitudes of the critical modes satisfy the following
equations:

dx 1 ,
a—5(3)$+m<G(¢)»¢z>a 5
dy _ ! - '
The pairing (-,-) denotes the L?(€) inner product.
By (3.8) and (3.5),
B(R):g(R_RC)+O((R_RC)2)7 as R— R, (5.4)

with

dg Pro?

=R lr=R.= W#O'

g

We write the phase space as
H=E\®E,  Bi=span{¢r.¢;}, E2=FEj.

As the linear part of (5.3) is diagonal, we have the following approximation of
the center manifold (see Ma and Wang [8]):

—Li®(z,y)=PG(¢°)+0(2), (5.5)
where Lr=Lg|g,, P2 is the projection onto Es, and
o(n)=o(|(z,)[") +O(I(=.y)[" [B(R)]).
We know that the center manifold is tangent to 7, so we have
P(z,y) 1= P2(,y) +0(2), (5.6)

where ®5 € F5 consists of quadratic terms. By direct computation we can show that
there is no nonlinear interaction between the critical modes, i.e.

(G(¢°),0k) =(G(6%,¢°),0k)=0,  KeC. (5.7)
This implies that for K €C,

(G(¢°+2),0k)

<G(¢c7q)2) + G((I)v(bc)a(b}({) +0(3)
= <GS(¢07(I)2)7¢*K> +0(3)

Here G is as defined by (2.6). By (5.6), (5.7), and the bilinearity of G, we can write
(5.3) as

(5.8)

dx
o =BR)z+pr(z.y)+o(3), (5.9)

—=pB(R)y+ps(x,y)+o(3),
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where for K €C, pi(x,y) is a cubic polynomial given by

1 c *
pK(mvy) <¢K7¢?{> <GS(¢ 7@2)7¢K>

So to fully determine the reduced equation (5.9), we have to compute @5 given by
(5.6). In dynamic transition problems, the center manifold is generally expanded
using the eigenfunctions of the original linear operator. However, following Sengul
and Wang [13], we will expand the center manifold using a different basis. Namely
we will consider the eigenfunctions ug of the Stokes equation for the velocity together
with eigenfunctions 6g of the Laplace equation. The main advantage of such an
expansion is that the eigenvalues and eigenfunctions are independent of the system
parameters, namely the Prandtl number Pr and the Rayleigh number R, while still
spanning the same functional space (2.3) which leads to computational advantages.

For this reason we turn to the following eigenvalue problem with the boundary
conditions (2.2) of the original problem:

Aug—Vp=pug,
AHS = P957
diVlls =0.
By the classical theory of elliptic operators, the eigenvectors {e} = (ug,0), e% = (0,05)}

form a basis of the phase space H. Moreover, es can be expressed by the same
separation of variables (3.2). There are three cases to be considered.

o If (s4,8,)=(0,0) and s, #0, then e5 =0 and
6252(0,93), 9521.

o If si+5§7é0 and s, =0, then there are eigenmodes which have the form
e=(u,0) with u=(u,v,0). For such modes, it can be verified by direct com-
putation that

(G(¢°),e)=0.

Thus by (5.5), such modes will not be present in the lowest order approxima-
tion of the center manifold function.

o If 52+ 57 #0 and s, #0, then the multiplicity of an eigenvalue is two and the
eigenvectors are

6,15’:(115’0)’ WS:17
6%2(0,93), 6521.
The following lemma is crucial in the computation of (5.5).

LEmMMA 5.1. Fori1=1,2,

Pyely=el for S¢cC,

(PG (¢°),el5)=0 for SeC. (5.10)

Proof. First note that

B, = span{qb},qﬁlj} C Span{e}g,e% |SecC}.
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Thus
FEy=FEi{ Dspan{el,e% | S¢C}.

Thus we have the first equation in (5.10).
Since

span{¢y, 0% | S €Ct=span{ek,e%|S€C},
there must exist constants cg1 #0, cg,2 70 such that
PQ@}S = cs’lqﬁg, Pge% = 65’2¢52S7 for SeC.
Since by direct computation we have
(PG(¢°),0%) =0, for SeC,

we also have second equation in (5.10). o0
Now we write

Dy= > B(w,y)es, (5.11)
SeS,i=1,2

where S denotes some index set which will be specified later. Here ®% are quadratic
polynomials in z and y. To find ®5 we need to compute ®%, which will be done in
Lemma 5.2 and Lemma 5.3.

Let

Zgéoll :{K:(k.70,1) or K= (O’k71):k#0)aK :O[}v
Zree={K = (k1,k2,1) k1 20, ks 20,05 = a}.

LEMMA 5.2. For S1=(0,0,2) we have
s, =[5, 05, ]" =[0,05,2° + B5,%",
where for K€ {I,J},
2
=, roll,
Also for Ky € 27, Ky € ZI0U

- L1L27T’}/2RC

1
Gs(delyeSlyd);(l): 5G3(¢K27€S17¢*K2) - T[OaPr]T' (513)

Proof. If (s3,8,)=(0,0) and s, #0 then, by (5.5), for K € {I,J} we have

k_ (G(oK,0K).€5)  (G(¢x, PK),e%)
ST A L) —erdd) | 514

Note that

LiL
(e%,e%)z/ﬂsin22ﬂz: 12 2. (5.15)
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For K; € 21°¢, Ky € ZI°!, a direct computation yields

7L1L271”'}/2

S [0,1]7.

1
G(¢K17¢K11651) = §G(¢K27¢K27651):

(5.16)

Here Gy is the trilinear operator defined in (2.6). Now, (5.12) follows from (5.14),

(5.15), and (5.16). Also, (5.13) follows from an easy computation.
LEMMA 5.3. If S¢C, S=(53,5y,5), (5z,5y)#(0,0), and s, #0, then

By — {‘I’é] _ L [<G(¢f),e§>} |

(I)% bs <G(¢c),e >
Here
_ 4 -2
AS:( Prygayg RP;)
1 -5
and
LiL
! 2, if (82,84) #(0,0),5, =0 or s, =0,
0s= LiL,
2 i a8, 20,
Proof. Let
i L e i .y
Ay =—(eg.LRes), 1,7=1,2,
bs
that is,
as= L (5 (e,
vs \ (€5, LRes) (€5, Lres)
Note that
42
<6}97€}9>:057§a <€lsae?5'>:03
Qg
where

Li Ly 1
Y 0 82T o SyTTy o
g = cos cos cos® s, mI3.
o Jo Jo Ly Lo

Clearly vg is equal to the definition in (5.19). By (5.1), we have

rek=(PrAes+ RPre?),

nek=(0,0,co8(Ly ' syma)cos(Ly ts,my)sin(s,m2),0) + Aek.

Using the fact that Ael,=—v2, i=1,2 and

(e ,(0,0,cos(Lflsgjﬂx) cos(Lglsyﬂ'y) sin(s,7z),0)) =vg,

1
S
(€%,(0,0,cos(Ly ' symx)cos(Ly ts,my)sin(s,72),0)) =0,

0

(5.17)

(5.18)

(5.19)

(5.20)

(5.21)

(5.22)
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it is easy to compute Ag by (5.20), (5.21), and (5.22), and show that it is indeed
given by (5.18). Now we take the inner product of (5.5) by ek, i=1,2. Writing

b= Z®K6K+@K€K,

the inner product of left hand side of (5.5) by e’ becomes

(LRr®,el) Z Z I (ehe, Lhel) = Z el Lrek) =vg Z AJ®L. (5.23)

K j=1,2 j=1 j=1,2

For the inner product of e% by the right hand side of (5.5) we use Lemma 5.1. This
finishes the proof. 1]

Notice that

det Ag = PI“(RS — R),

where
Rg=15. (5.24)

Since Rg > R, for S¢C, the determinant of A is always positive when R is close to
R.. This guarantees that (5.17) can be solved for ®% and ®%.

Finally note that if S'=(s,,s,,5,) is a critical index with (s;,s,)# (0,0) and s, #0
at R= R, we have

(¢s,05) = / usuy +vsvE +wswh +050%
Q

2,2
z

:ns<(8 i

—os (B 03 48R4 R

+ 1) Wsws + 6595>
(5.25)

R=R.
= Us(Pr-l-l)Rc.

NOTATION 5.1. We will use the following notation:

1
ctorones)=| Gior oo |

We also define the following indices, which will be used throughout the proofs:

(0,0,2), 82 =(2i4,0,2), S3=1(0,2iy,2), S4 = (iz,iy +jy,2),

(Zxa]y Zyv ) Sﬁz(im,jy’Q)a57:(ix+jzaiy+jya2)a
:( —Jasly +Jy; )vSQZ(ix+jx7_iy+jy72)a

S10= iz = Ju, — iy + Jy,2), S11= (2]z,0,2), S12 = (0,2]y, 2).

(5.26)
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5.1. Proof of Theorem 4.1. Assume that I=(iy,i,,1) and J=(0,j,,1),
(i3 >1, jy >1i, >1) are the first critical indices with identical wave numbers, a;=a.
Using (5.5), we find that the lowest order approximation of the center manifold is

spanned by the eigenvectors having indices S; as given in (5.26):

O(z,y) =2’ (Phes,+ Y, Pses)+wy »  Pses+y 0% e,
S:SQ,S:; S:S4ys5

Here
D5, =020l + 170,
where according to (5.12) we have
Y =20% .
The cubic polynomials in (5.9) are as follows:

pr= a?(a1332 +a2y2), pr= y(b1x2 —|—b2y2),

1
ay = VTN ¢§1G8(¢176517¢7)+ Z @SiGS(QS],BSi,QST) )
<¢Ia¢]> i=2,3
1
as = VTN (bgle((bIaeSlvqs?)_F Z @SiGs(QZﬁJ’ESi,(ZS?) B
<¢Ia¢]> i=4,5
1
b= | &, Gu(du.e5,07)+ > P5,G(dr,e5,,67) |,
<¢J7¢J> i=4,5
1
by=——®L Gy(¢s,e5,,0%).
2= ) o a(00:¢51,95)

(5.27)

As evident from the formulas (5.17) and (5.27), an important part of the proof
is a careful calculation of the nonlinear interactions between the set of critical modes
and the set of resonant modes with the wave numbers given by (5.26). This involves
the exact calculation of dozens if not hundreds of triple integrals of the form (2.6).
For this purpose, we used the symbolic integration capabilities of Mathematica.

All the terms involving S; above can be computed using the Lemma 5.2. By

direct computation,
Gs(¢r1,e5,07)=Gs(ds.€5,07), S=54,55.
Putting (5.12), (5.28), and (5.25) into (5.27) we find that
as =2b;.

By direct computation we can obtain the following:

@_2

A4
-2

Gs(¢f?¢J7eS)nS|::—4:|a 5:547557

1
G(¢1,¢1,es)=—§ns { ] , §=253,83,

(5.28)

(5.29)

(5.30)
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1 o (5.31)
GS(¢J7657¢I):§775 |:PI'RC")/4:| ) S:S4755a
where
Ly Lam(4a? —a%)~5
Ns = 502 = (5.32)
Using (5.14), (5.17), and (5.30), we find
¥ 1 m(4a?—a2)y? | PrR.o®+9%%
bs=| 5 | = =515 , S=085,,55,
5 [‘I’%] 16 Pra*(R.—Rs) Prlj—ga2—|—y4 28
(5.33)
Pl 1 m(4a® —a2)y? | PrR.o®+v*%
bg=| . 5|=-7 5 S=154,855.
5 {‘I’%] 4Pra*(R.—Rgs) Pr’j—ga2+74 ’ 428

Now putting (5.31), (5.33), (5.16), (5.12) into (5.27), using (5.29), the equation
(5.9) becomes

d

= = B(R)r —a(ax’+2cy%) +0(3),
dy 2 2

= = PRy —ylez”+2by7) +0(3),
where a, b, and ¢ are as defined in (4.2). Note also that kg, >0 in (4.1) since R, < Rg,,
i=1,...,5 and we have the following relations:

(5.34)

0<b<a, 0<b<ec (5.35)
Now we consider the approximate steady state equations of (5.34):

B(R)x — z(az® 4 2cy*) =0,

5.36
B(R)y —y(ca® +2by*) =0. (550
Let us define
9 C—a
w”i= e=b)" (5.37)

There are two cases to consider.

i) If ¢<a, then the equations (5.36) have only four straight line orbits on the
lines y=0 and x=0. And the following solutions of (5.36) are bifurcated on

8> 0:
Xi_(i\/f,o), Yi_(O,i\/g) (5.38)

ii) If ¢> a then there are four additional straight line orbits on the lines y = +w.
Note that in this case, by (5.35), ¢?—ab>0 and there are four additional
solutions bifurcated on >0 which are given by

7= (1) (1 4w) B

= i=12. 5.39
—a Th (5-39)
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Now the Jacobian of the vector field in (5.36) is

_ ( B—3az?—2cy? —4cyx
J= < —2cyx B—cx?—6by® ) - (5.40)

The Jordan canonical forms of the Jacobian matrix evaluated at the steady states in
(5.38) and (5.39) are as follows:

see =25 (L) =2 (T 1),
¢ (5.41)

J(Zli) ~2p ( 01 (b_c)o(c_a) ) , 1=1,2.
ab—c?
The stability of the steady states can be found by using (5.41). Since ¢>b, Yy are
always stable on R> R.. If ¢>a then X are stable and Z. are unstable on R > R,.
On the other hand if ¢ < a then X4 are unstable and Z are not bifurcated on R > R..
Thus we have two transition scenarios and the results are shown in figure 4.2.

REMARK 5.1. In the particular case j, =2i,, the equations in (5.34) can be reduced
further. In this case we have ag, =ag, and ags, =asg,, which implies that vg, =7g,
and g, =7s,. This in turn implies kg, =kg, and kg, =Ks,, and we get the relation
2a=">b+c. This implies ¢ >a since c—a=a—b>0.

5.2. Proof of Theorem 4.2. We point out the differences from the previous
proof. We have I = (i,,0,1) and J=(0,j,,1) (ix >1, j, > 1) as the first critical indices
with identical wave numbers, a; =« ;. First, the center manifold is given by

CI)(J;7y) = xZ(I)él ¢S’1 —l—acy(I)sG €5 +y2¢é1 €S, +0(2)'
Using this approximation, the cubic polynomials in (5.9) are as follows:

pr=z(a1z’ +axy®), ps=y(b1z’+bsy?),
1 I

= Gulbres, 01),

1y — <¢1T¢’;> (D2, Ga(1,65,,07) + By Gald1,€50,07)) » (5.42)
by — M (®F, Go(@7,€5,,67)+ s, Gu(61,€5,,67))

by = W@élcs@.],esm’}).

The coefficients a; and by are equal to by in the proof of the first theorem. Thus we
only need to find as and b;. A quick computation shows that

Gs((blaesea(bik]):GS(¢J76567¢?)7 (5'43)
which shows that
a2 = bl . (544)

By direct computation we can obtain the following:

a—2
—4

Gs(¢[>¢J7€S)2nS{,}/ ], S= 5, (5.45)
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-2

(6%
prRA-t | S=S0 (5.46)

GS(QSJveSad)?):nS

where 7 is given by (5.32). Using (5.14), (5.17), and (5.45), we find

dL] 1 7m(4a®—a%)y? | PrR.a®+9%%
s = [cpz]:zmm._m Prigaziqyd [+ S=%.  (347)
c v
Using (5.44), the equations (5.9) become:

dz
— = B(R)w—x(ba® +dy?) +0(3),
dt 5.48
i (5.45)

=B(R)y —y(dz” +by*) +o(3).

Here b>0 and d>0 are defined in (4.4). Since x>0, we always have b<d. Now we
consider the approximate steady state equations of (5.48):

B(R)x —x(ba’ +dy?) =0,

0
B(R)y —y(dz*+by?) =0. (5.49)

The equations (5.49) have always eight straight line orbits on the lines y=0, =0,
and y=+x. The eight solutions of (5.49) which are bifurcated on 5> 0 are

Xy— (iﬁ,o), Y= (O,iﬁ),

Zh =(=1)"(1,£1) %, i=1,2.

(5.50)

The Jordan canonical forms of the Jacobian matrix evaluated at the steady states
n (5.50) are as follows:

s =28( 0k ) o =2(F Y.

2 (5.51)

CAREE] e RS

d+b

Using (5.51) we can find that, since b<d, X+ and Yy are stable and Z, i=1,2 are
unstable on R> R, . That finishes the proof.

5.3. Proof of Theorem 4.3. Again we point out the differences from the
previous proofs. We have I=(iy,iy,1), J=jz,4y,1) (iz#0, iy #0, jz#0, j,#0)
as the first critical indices with identical wave numbers, a; =« ;. First, the center
manifold is given by

(I)(.’E,y) :x2(q)§1¢31+ Z q)ses)—i_xy Z Pses
S=S5,53 5=57,58,59,510

q)81¢51 Z (I)Ses +0 )
§=52,53
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Using this approximation, the cubic polynomials in (5.9) are as follows:

pr=z(a2® +ay?®), ps=y(b12*+by?),

= M(‘I’éﬁs(@,esm?) +i§3®SiGs(¢],esmd)?))v

a2 = <¢§¢;> (‘I’éle(aﬁz,esl,cﬁ)+i:;710¢>siGs(¢J,eSi,¢;))’

"= <¢,171¢,*]> (25,Gs(97,¢5,,07) +i=;&0¢s¢ G(B1,05,.87)),
e <¢j¢3> (93, Gs (1,050, 5) +i:§12q>sias(m,esi,¢’5>>.

(5.52)

a1 and by are computed in the same way as a; in the proof of the first theorem. So

we need only find as and by. Also using
Gs(d1,e5,07) =Gs(ps,es,97), S=57,55,59,510,
we find that
as =b;.

By direct computation we can obtain the following:

1 -2
GS(¢17¢J765):_27)S|:3—4:|’ S:S77887‘S’97S10a

1 —2
G(dr.es,07)= 1S {Pr%ﬂd . §=257,58,59,510.

where 7 is given by (5.32). Using (5.14), (5.17), and (5.55), we find

PrR.a?+ 'y4'y§

dL] 1 7w(40? —a)y?
Pr %c@ +
S

(b = [ S = A —
s |:(I)% 8 Pra*(R.— Rs)

Using (5.54), the equations (5.9) become

Cc% =B(R)z—z(az® +ey?) +0(3),
%:ﬂ(R)yfy(werny)*O(?’)'

Here a, e, and f are positive numbers defined in (4.5).
Now we consider the approximate steady state equations of (5.58):

B(R)x —x(az’®+ey?) =0,
B(R)y —y(ex® + fy*)=0.

, §=157,58,59,510.

(5.53)

(5.54)

(5.55)

(5.56)

(5.57)

(5.58)

(5.59)

The analysis of the equations (5.59) is similar to the analysis of the equations (5.36)

given in the proof of Theorem 4.1. Thus we omit the details.
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F1a. 6.1. The selection of the horizontal wave indices (iz,iy).

6. Physical remarks

In this section we will use the main theorems to derive some physical conclusions.

Before going into details, we have to make a remark about the critical wave num-
ber « since it is one of the parameters determining the transition numbers. Although
« depends on the length scales, thanks to Lemma 3.1, we have certain bounds on its
range of values. To recall, these are:

i) a>1.55 regardless of the length scale.
ii) If one of the length scales is greater than 2.03 then « < 3.10.

Taking a look into figure 3.3, one sees that the only case which is not covered by
taking o in the range 1.55 < o< 3.10 is that of two critical rolls with indices I =(1,0,1)
and J=(0,1,1), which happens when L; = Ly < 1.69.

There are only three possible cases when two modes with equal wave numbers be-
come unstable simultaneously. Namely these two critical modes can be a rectangular
and a roll mode, both roll modes, or both rectangular modes. We investigate each
case separately.

6.1. The first two critical modes are a roll and a rectangle. We
first consider two critical wave indices I = (i,7,,1) of a rectangular pattern and J =
(0,4y,1) of a roll pattern with equal wave numbers a=a;=qay; see figure 3.2. We
define the following number:

Al

by
Since we are assuming that a;=ay, we have 1 <4, <j, and A>1. Notice that A
is the ratio of the number of rolls to the number of the rectangle columns in the
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Fic. 6.3. The parameters a—e and f—e in the small Prandtl number regime.

direction of rolls. Figure 6.1 shows that the possible values of A in the small length
scale regime max{Lq,Lo}<5.5 are 4/3, 3/2, 2, 3, 4.

Now to use Theorem 4.1 to describe the pattern selection after the transition,
we have to compute the transition numbers a and ¢ given by (4.2). These numbers
depend on three parameters Pr, L1, and Ly. Equivalently one can use Pr, A, and «
as the parameters determining a, b, and c.

Using

2
a52:2\/a27%, 0453:2%, ag, = 2a<a+%), ozSS:’/Zoz(ozf%),

in (4.2), we can compute the numerical values of a and ¢ for a given value of A, a,
and Pr.

There are two possible cases, depending on whether a <c or c<a. In figure 6.2,
the regions where ¢ < a is shown for several parameter regimes. The results show that
both transition scenarios described by Theorem 2.1 are possible. In particular there
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are two parameter regimes such that ¢ < a, namely when Pr<0.2 and 1 <A< 1.4 and
for large A or large Pr.

Now some remarks are in order about the basin of attraction of the rolls and
rectangles. When a < ¢, both rectangles and rolls are stable but their basins of at-
traction, which are sectorial regions, depend on an angle w which depends on Pr,
a, and A. In the particular case A=2, the mixed modes have a hexagonal pattern
and we find that a <c. Moreover, w is independent of o and Pr and is found to be
w=arctan1/2~26.57°. So in this case the basin of attraction of rolls consists of two
sectors each of which has an angle of m —2w=126.87° while the basin for the rectan-
gles have an angle of 2w~ 53.13°. This means that rolls will attract a wider region of
initial conditions than rectangles do.

6.2. The first two critical modes are both rolls. Now we consider two
roll type critical modes. By the assumption of equal wave numbers, the rolls must be
perpendicular to each other, i.e. I={(i;,0,1) and J=(0,j,,1). In this case after the
first dynamic transition, the rolls are always stable and the mixed states are always
unstable. Moreover, rolls with index I and rolls with index .J have uniform attraction
basins.

6.3. The first two critical modes are both rectangles. Now we consider
the case where the first two critical modes both have rectangle patterns, i.e. I=
(1z,0y,1) and J = (jz,Jy,1) (1z >z >1, jy >1i,>1) are the first critical wave indices.
In this case, the dynamic transitions depend on the numbers a, e, and f given by
Theorem 4.3. To calculate these numbers we define the parameters A and B:

A:],—y>1, B:Z_—””>1.

Ly Jx
Using the definition, we find that
B?(A%-1) B? -1
2 2 2 2
0‘21@0*4 B2A2—1 s 0‘072%*432142_10‘ ’
B, A1,

2 —
anm,0_4 B2A2 —1 @, a072jy_4BzA2_1a ’

a? , L 2<a2+(1)ma24 JrA(il)non , > m,n=1,2.

G+ (—1)" g, (—1) iy 47y 4B 2i4,0 4 0,24y | ) )
Using this, we computed a, e, and f for several choices of Pr, a, B, and C'. Our
numerical calculations revealed that a <e and f <e for a vast amount of parameter
choices. This means that the transition scenario is described in figure 4.4(a). Then
the rectangles with index I and J are both stable and the mixed modes are unstable.

However, the other transition scenarios can also be possible, as we observed that
f <e<a when the Prandtl number is small, one of A or B is less than 2, and A# B.
For an example see figure 6.3. In this case the transition scenario is described in figure
4.4(c). Hence only rectangles with index I are stable and the rectangles with index
J are unstable.

In particular, our numerical investigations suggest that one or both of the pure
modes (rectangles) are stable while the mixed modes are unstable.

The physical conclusions described by our theorems are in agreement with the
previous experimental and theoretical results. It has been predicted that for the
Boussinesq system driven solely by buoyancy, the mixed solutions are not stable af-
ter the first transition and the stability of mixed modes, such as hexagons, after the
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transition is linked to a multitude of other factors such as the existence of tempera-
ture dependent surface tension or temperature-dependent viscosity or time dependent
heating; see Busse [1], Getling [5], Koschmieder [6], Lappa [7], Palm [11], and Sengul
& Wang [12]. However, we also note here that the mixed solutions are saddles which
are connected to the stable steady states by heteroclinic orbits. Thus if the initial
conditions are close to the mixed states at the onset of the convection, these mixed
states will still be observable as transients, although in the long run the system will
tend to the stable states.

7. Conclusions

In this paper, we discuss the dynamic transitions of Rayleigh-Bénard (RB) con-
vection from a perspective of pattern formation. We focus on the case when two
eigenvalues cross the imaginary axis simultaneously. This allows us to compare the
stability of a pattern with respect to perturbations of other pattern types. Our main
assumption is that the wave numbers of the critical modes are equal. Under this
assumption, we classify all the possible transition scenarios and determine in each
case the preferred patterns and their basins of attraction depending on the system
parameters.

The pattern of a simple critical mode is either a rectangle or a roll. Thus there are
three possible cases when there are two critical modes: (a) one mode is rectangular,
the other mode is a roll, (b) both modes are rolls, (c) both modes are rectangles.

The following are some general characteristics of the transition for the RB con-
vection which are already known (Ma and Wang [9, 10]):

1) The transition is Type-I. In particular, there is an attractor X bifurcating
on R>R..

2) X is homeomorphic to S!, and comprises the steady states and their con-
necting heteroclinic orbits.

The following are the results due to our main theorems:

3) In all the scenarios, we found that only pure modes (rolls or rectangles) are
stable and the mixed modes are unstable. Our result is conclusive (analytical
proof) when one of the critical modes is a roll type. When both critical modes
are rectangles, we only have computational evidence.

4) When both critical modes are rolls, the stable steady states after the tran-
sition are rolls. When both critical modes are rectangles, computational
evidence suggests that the stable steady states after the transition are rect-
angles. When one critical mode is a roll and the other one is a rectangle,
the stable states after the transition can be either only rolls or both rolls and
rectangles.

5) When both rolls and rectangles are stable after the transition, these states
have non-uniform sectorial basin of attractions. In the particular case, where
the mixed states have a regular hexagonal pattern, the angle of the sector
for rolls is 126.87° while the angle of the sector for the rectangles is 53.13°.
Thus rolls attract a wider range of initial conditions, making them a more
preferable type of pattern.
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