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Abstract: The mathematical analysis of the system of six coupled non-linear Or-
dinary Differential Equations (ODEs), which arose in the reduction of uniformly
stratified fluid contained in a rotating rectangular box of dimension L x L x H
which is completely integrable if the Rayleigh number Ra = 0, is dealt with this

paper.
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1. Introduction

Since long back as a century, Painlevé test has been popular as the most suc-
cessful technique for detecting the integrability of differential equations. This was
mentioned in the Kowalevskian work. An integrability of differential equation is
analogous to the characteristics of its solutions near movable singularity. The for-
mal algebraic consequence of such a relation is exploited in the Painlevé test. It



40 South FEast Asian J. of Mathematics and Mathematical Sciences

appears that the general property for passing the Painlevé test has been more or
less same for the last hundred years or more.

In connection with the basin scale dynamics Maas [8] has considered the flow of
fluid contained in large rectangular box of dimension L x L x H, which is temper-
ature stratified with fixed zeroth order moment of mass and heat. The container is
assumed to be steady, uniform rotation of an f-plane. With this assumptions Maas
[8] has reduced the rotating stratified Boussinesq equation to a beautiful system of
six coupled ODEs. Desale and Srinivasan [2] extended this work and they gave the
detail mathematical analysis of reduced system of six coupled ODEs. Furthermore,
Desale and Patil [3] tested the system of six coupled ODEs (1) for complete inte-
grability using the Painlevé test. Also, in their paper [4] they investigate the case of
non-integrability for Ra # 0 and thereby they have obtained weak solutions (in the
form of logarithmic psi-series) for the two different branches of leading order coef-
ficients. In continuation of this work in [5] authors have successfully implemented
the mirror transformations and constructed the mirror system for the following
differential equations (1) which is regular near movable singularity. Further, with
the help of mirror transformation, authors has been proved that the Laurent series
obtained by using the Painlevé test are convergent. In this paper we have anal-
yse the certain aspects of the Painlevé test which was applied to investigate the
singular structure of the system, that are actually missing while in applying the
test but useful while constructing the mirror system. In this consequence we have
investigate the relation between eigenvalues and eigenvectors of the Kowalevskian
matrix /K.

The structure of paper is as: Section 1 is of introduction. In section 2, eigen-
values and eigenvectors of the Kowalevskian matrix K are determined and further
we investigate relations between them. The variation of balance in the direction
of free parameters involved in the Painlevé test is also discussed in this section.
Whereas in section 3, we have shown that the system (1) is divergence free and
trace of K is equals to sum of leading exponents. Besides these, the matrix K is
diagonalized by using the resonance vectors in the same section. In section 4, we
conclude the work under consideration.

ODE reduction of stratified Boussinesq equations is well elaborated by the au-
thors in their paper [4, 5]. We now begin with the same reduced system of coupled
ODEs:

Wy = flwy — by, W =—fwi+br, ‘
bl = w2b3 — klbg, bQ = klbl - w1b3 + RCL7 bg = w1172 — U)gbl.

(1)

In the following section first we determined the eigenvalues and eigenvectors (that
we call resonance vectors) of Kowalevskian matrix K.



A Note on Mathematical Analysis of Rotating Stratified Boussinesq Equations 41

2. Eigenvalues and Eigenvectors of matrix K

As according to the ad hoc nature of the Painlevé test applied to the system of
ODEs (1), a rigorous foundation of the Painlevé test is provided in this section.
The variation of solutions due to free parameters involved in the Painlevé test is
also discussed in this section. The solution of a system (1) is obtained in the form
of following power series.

0o 0o
w1y (t) = wlonl + E U)le]+m1, w2<t) = w207m2 + E ngT”m?,

Jj=1 Jj=1

bi(t) = biom™ + Z b7, bo(t) = baoT™ + Z boy 772, (2)
=1 =1

b3 (t) = b307’n3 + Z b3j7'j+n3.
=1

A parameter, ty, the arbitrary position of singularity which can be restored by
substituting (¢ — o) for 7 in equation (2) has been suppressed. We can notice that
the leading order coefficients wg, wag, b1g, boo, b3p in equation (2) are important
for their unusual significance from the succeeding coefficients. As according to
the Painlevé algorithm, the dominant balance is the first step of the Painlevé test
which determines the leading exponents (m;, msq, 11, na, ng) and the leading order
coefficients w; o, ¢ = 1,2 and b;, ¢ = 1,2, 3 of potential balances. As discussed in
3], the system of ODEs (1) admits the singular solution in the following case of
principal dominant balance.

Wy = —by, Wy =by, by =mwabs, by=—wibs, by=wiby—wsb. (3)

From this dominant balance equations exponents are to be determined and these
are listed as follows:

mq :mgz—l, ny :n2:n3:—2. (4)

The possible branches of leading order coefficient which involve one resonance pa-
rameter r; are as given below;

wyp = £/ —4 — 7“%, Wog = T1, bio = =11, by = jI\/ —4 — 7“%7 b3 = 2. (5)

In [5], it has been shown that the leading exponents m;y, ms, ny, ny and ng of
the system of ODEs (1) are Fuchsian and also we notice that a column vector
(w10, Wag, big, b, b3g)” corresponding to the leading order coefficient is non zero.
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That is why the choice of leading exponents is natural. Some unnatural exponents
can be selected if they fulfil the Fuchsian condition and it is essential to define the
Kowalevskian matrix. The Henon-Heiles system and the Gelfand-Dikii hierachy
are examples of such unnatural leading exponents. For details one may refer [6, 7].

In the following subsection first we define the Kowalevskian matrix and then
we find eigenvalues and eigenvectors of it. Consequently we find the variation of
solution in the direction of these eigenvectors.

2.1. Kowalevskian Matrix

The next step of the Painlevé algorithm is to determine the subsequent coefficients
in the balance (2). The computational method that need to find these coefficients
is provided in the paper [3]. In equation (2), vectors (w1, waj, bi;, baj, bs;)? for
j =1,2, ... are the j-th coefficient vectors. In the Painlevé test, j-th coefficient
vectors are supposed to be related by specific recursive relations involving a certain
Kowalevskian matrix. To make this into a rigorous case, the definition is introduced
and in concern with our system in the Kowalevskian matrix K is defined as follows:

1 0 0 —1 0
0 1 1 0 0
K = 0 bgo 2 0 W20 . (6)
—b3y 0 0 2 —wy
bao  —bip —wa wig 2

To find the eigenvalues of K, the characteristic equation det(K — JI) = 0 is solved
and we have the eigenvalues J = 0, —1, 2, 3, 4. From the computations given in
the paper [3], it was observed that the system (1) has infinitely many solutions.
Because of that the solution contains some free parameters including the free choice
of tg. Further, the variation of balance (2) in the direction of free parameters namely
to, r1, 2, 3 and r4 is described.

There are three types of free parameters. First is an arbitrary location ¢y of
the singularity, second is the free parameters that appear in the leading ordered
coefficients and third is the free parameters obtained in the succeeding coefficients
so that the compatibility conditions get satisfied. In the present system these are
involved into solutions at the level of resonances J = 2, 3 and 4. The cases that
depict the variation of balance (2) in the direction of these free parameters for the
system of ODEs (1) are described below.

Case I; Free choice of t; in the balance: Taking the derivative of equations (2)
with respect to ty, we obtain the variation of solution in the direction of ¢, which
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is given below.

659_?01 = —wpr 4 ]il(j = Dy,
%_1502 = —wyT 2+ gU = Dwa; 7772,
g_i; = —2byo7 % + gﬁ' = 2)by 77, ()
2_12(2) = —2byo7 " + ;il(j — 2)by; 77,
g_ij = —2b3oT 2 + g(j — 2)bg; 77

Therefore, the variation of solution (2) due to parameter ¢, is characterised by the
basic resonance vector

(—w1g, —wsg, —2b1g, —2bgg, —2b30)" .

Definition 2.1 (Balance). A formal Laurent series solution (2) of (1) is called
a balance.

A balance is said to be principal if total number of free parameter including ¢
is to be n (order of the equation). The following theorems show that there is a
relationship between resonance parameters and the eigenvectors of Kowalevskian
matrix K for the given system of ODEs (1).

Theorem 2.2. If the leading exponents of a balance (2) are Fuchsian and
(—mlwlo, —MaoWag, —N1b1g, —Nabag, —n3b3o)T 7& 0. (8)

Then (—mywig, —MoWsag, —n1big, —Nobag, —n3bsg)? is an eigenvector of K with
eigenvalue -1.

Proof. Consider the system of ODEs (1). We take the derivative of a system (1)
with respect to t, we get

wy = f'wy — by, iy = —flur + bi, b = Wabs + wabs —_k152, (9)
bg = k?lbl — w163 — U}lbg, b3 = wlbg + wlbg — w2b1 — wgbl.

Substituting the values of (wy, ws, by, b, b3) and (ujy, s, by, b, b3) from the equa-
tion (2) into (9). After that equate the coefficients of 7772 i = 1,2 and 772, j =
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1,2,3 to get,
wig = bag, Wao = —big, 2b1g = —wabso, (10)
2030 = wigbso, 2030 = —w1gbag + Wopb1o.
The above equalities can be rewritten as,
1 0 0 —1 0 1 00 00 —MmMi1Wio 0
0 1 1 0 0 01000 —T1M2W90 0
0 b30 2 0 W0 +10 0 1 0 O —n1b10 = 0
—bg() 0 0 2 —W1io 0 0010 —ngbgo 0
bgo —b10 —Won W10 2 00 0O01 —ngbgo 0

—~

11)
that is (K + I)(—mlwlo, —MmMaWaq, —nlbl(), —ngbgg, —ngbgo)T = 0.

Therefore, (—mjwyg, —Mawag, —n1b1g, —Nabeg, —n3bsg)? is an eigenvector of K
with eigenvalue -1.

Remark 2.3. Due to the above theorem, we remark that ty is a resonance param-
eter corresponding to eigenvalue J = —1 and E_1 = (—mjwig, —mawsg, —n1byo,
— Nabag, —n3bsg)T is the required resonance vector.

Case II: Free parameter appear in the leading order coefficients for the resonance
value J = 0.

Theorem 2.4. If the exponents of a balance (2) are Fuchsian. Then the tangent
vectors to the subvariety of required leading order coefficient vector (wig, wag, bio,
bao, bso)T is an eigenvector of Kowalevskian matriz K with eigenvalue J = 0 of the
system of ODFEs (1).

Proof. For the given system of ODEs (1), we have obtained leading order coef-
ficients given by (5). We take the derivative of equations (5) with respect to free
parameter r; and get,

I T1 ™
e Vi

where ' = d%. With further calculations using (5), we have the following equation.

1 0 0 -1 0 wh 0
0 1 1 0 0 Whe 0

0 bso 2 0 Wap bo | =101, (13)
—b30 0 0 2 —W1i0 b/20 0
byo  —big —wy wip 2 bisg 0
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that is, K- (wg, wag, b1o, bao, b3p)” = 0. This shows that the vector

drq
d;:fl(wlo, Wag, b1g, bap, b3o)T is an eigenvector of K corresponding to the eigenvalue

J = 0. Hence, complete the proof.

Remark 2.5. One free parameter r1 enters in the leading order coefficients as
a resonance parameter corresponding to the resonance J = 0 and the tangent
vector to the solution curve (2) in the direction of resonance parameter ry is
Ey = d;;ll(wm, Wag, 1o, bao, b3o)T and it is the required resonance vector.

Case III: Free parameters in the succeeding coefficients. The compatibility con-
ditions for the remaining resonances that is J = 2,3,4 are checked, some free
parameters appear in the subsequent coefficients. For our system of ODEs (1),
j = 1is not an eigenvalue therefore there is a unique solution for j = 1.

Theorem 2.6. If the leading exponents of a balance (2) are Fuchsian. Then for
7 =1, the affine space is trivial and for the eigenvalues J = 2, 3,4, the j-th coeffi-
cient vectors form an affine space parallel to the eigen space of K of the ODEs (1).
Proof. To prove this theorem we first find the eigenvectors of Kowalevskian matrix
K for J > 0.

For j = 1: Since 7 = 1 is not an eigenvalue of K, the j-th coefficient vector is
trivial to determine. Therefore, the affine space for j = 1 is trivial.

For j = 2: Since J = 2 is an eigenvalue for the matrix K and corresponding
eigenvector is

E, = (620, €21, €22, €23, 624)T
T
V—4=rF o 4= (14)
+ 9 ) _57 _57 :t 9 ) 1 .

For j = 3: Since J = 3 is an eigenvalue of matrix K, the corresponding eigenvector

18
_ T
Es = (€30> €31, €32, €33, 634)

T
( O e Sl SRV St 0) (15)
27 27“1 ’ T1 T '

For j = 4: Also we have J = 4 is an eigenvalue of the matrix K and corresponding
eigenvector is given below.

T
Ey = (640, €41, €42, €43, e44)

1 ™ T 4 (16)
= -5 T 57 + R 17 + 5 .
3 3y/—4—-1r2 /-4 —1? 3y —4 —1?
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Now we look at the j-th coefficient vector for j = 2, 3,4 from the computations
that we did in deployment of Painlevé test are now import here for ready reference
(c.f. [3]). Firstly for j =2

wWig = T[—Tz + f'k1] = Feao[—12 + fk4],
—ror1 + f'rk
Wao = 212f - 12621[7“2—f/k1],
—rory + fr 17
biy = %fl = teglrs — 7, (17)
/=4 =7
b2 = Tl[r‘z — [ = easlra — [,
b32 = €2472.
For 7 =3
1
Wiz = €373 + Zflrl(f/kl —ry),
V-4 -t 18
W3 = Ee3 73 + Tl(f/Tg — f’27“1), (18)
bizg = Eegars, bas = eszrs, bsz = esa.
and for j =4,

V_4_r%[_f/2 _2f/ +f/3 k]
—127’1 r1To 3 k1],
fPrire +2f'rs — [Pk

W14 = €4074 —

Woy = Fey T4 +

bia = Feqors, bog = €437y,

f/27'17’2 — 37’17”% + 2]“7'3 — f/37'1k1 + 3f/7“17'2]€1 — 67'3]€1
67’1 ’

b3y = Feqrs —

This shows that the j-th coefficient vectors for both the branches of leading order
coefficients form an affine space parallel to the Eigen space of K with eigenvalues
J=234.

In the next section, it is shown that the matrix K is diagonalizable.
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3. Diagonalization of Kowalevskian matrix K

We may diagonalize the Kowalevskian matrix K with the Eigenvectors(resonance
vectors) which are analytically dependent on ty and the leading order coefficients.
It is known that the matrix K is called diagonalizable if there exist an invertible ma-
trix R such that R™'K R is a diagonal matrix say D. Our system of ODEs (1) has
the balance (2) which consist of the resonance parameters tq, r1, r9, r3, r4 with cor-
responding resonances J = —1,0,2, 3,4 that are nothing but the distinct eigenval-
ues of matrix K. Further, the spectrum and an indicial locus of the Kowalevskian
matrix K are defined as follows.

Definition 3.1 (Spectrum). The set of eigenvalues of matriz K is called as the
spectrum of matriz K.

We also notice from literature that if a free parameter r enters at the r-th step of
mirror transformations, then r is belongs to the spectrum of Kowalevskian matrix

K.

Definition 3.2 (Indicial Locus). The set of leading order coefficients of (2)
which are determined by using the principal dominant balance is called as indicial
locus.

The Kowalevskian matrix K will only be evaluated at elements of indicial locus
[1].  An important property of the Kowalevskian matrix K that we noticed is
presented in the form of following proposition.

Proposition 3.3. If the exponents of balance (2) are Fuchsian and the vector field
defined by the system (1) is divergence free then the trace of matriz K is given by

Trace (K) = — (Zmﬁ—an) .

Proof. In their paper Desale and Patil [5] has shown that the exponents of balance
(2) are Fuchsian. The derivative of vector field

(w1, wa, by, by, by) — (f'wa—ba, — f'wi+by, wabs—k1by, k1by —w1bz+Ra, wiby—waby)

is given by the following matrix

o f 0 -1 0
0 1 0 0
0 b3 0 — kl Wo . (20)

—bg 0 k’l 0 — W1

bg —b1 —W2 w1 0
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The trace of above matrix is zero and hence the system (1) is divergence free. By
definition of the matrix K,

1 0 0 —1 0
0 1 1 0 0
K = 0 bgo 2 O W20 (21)
—bgo 0 0 2 —W1io
boo  —bip —wo wi 2
This implies
0 0 0 —1 0 —-m; 0 0 0 0
0 0 1 0 0 0 —my O 0 0
K= 0 b30 0 0 W0 + 0 0 —n 0 0 (22)
—bgo 0 0 0 —W1i0 0 0 0 —MNo 0
b20 _b10 —Wyn W10 0 0 0 0 0 —n3

Therefore,

Trace (K) =0 — (my + ma + ny + ng + n3)

Hence,
2 3
Trace (K) = — (Zml +an> :
i=1 j=1

The diagonalization of matrix K is provided in the following proposition.
Proposition 3.4. If the exponents of balance (2) are Fuchsian, then the resonance
vectors E_1, Ey, By, E5 and E4 form a basis of C° and the Kowalevskian matriz
K is diagonalizable.

Proof. From section 2, we saw that the resonance vectors that we have determined
are By, Ey, Fy, E3 and E4 are corresponding the distinct eigenvalues of matrix
K. Let us denote R to be a resonance matrix whose columns are the eigenvectors
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of K. That is,

R - (E—17 E07 E27 E37 E4)

1 1 1
Sy e S & Sy ;e S -

—4— 2 2 2 3
—4 — p2
2 27 3y/—4 —r1?
_ o . o —4—r? )

4
—4 0 1 0 T ———
3y/—4 —r}
(23)
120
Further, we see that det (R) = ————+ # 0, so that the vectors E_;, Ey, Es,
ri(4+717)

E; and E, are linearly independent vectors belonging to C° and dim C? is five.
Therefore, these vectors forms the basis for C°. Since matrix K has five linearly
independent resonance vectors (Eigenvectors) in C° so it is diagonalizable and
diagonal form of matrix K is given by:

—1

D=R'KR= (24)

o O OO

S O O O O
S O N OO
S W o OO
_ o O O O

Thus it complete the proof.
In following section we conclude the work under consideration.

4. Conclusion

The exponents given by (4) of balance (2) are principal for both branches of leading
order coefficients. Also, we conclude that the Kowalevskian matrix K fulfils the
following conditions:

1. —1 is the eigenvalue of matrix K which is essential for the solution (2) have
movable singularity.

2. The eigen space corresponding to the eigenvalue —1 is of dimension one.
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3.

4.
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Matrix K is diagonalizable.

The number of resonance parameters including t, an arbitrary position of
singularity are to be equal to the order of system.

Furthermore, the resonance vectors E_;, Ey, Fs, E5 and E, form a basis for C?
which is the essential condition for constructing the mirror system for given system
of differential equations.

1]
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