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Abstract. In this paper we provide invariant linearizability criteria for a class of systems of four
second-order ordinary differential equations in terms of a set of 30 constraint equations on the coef-
ficients of all derivative terms. The linearization criteria are derived by the analytic continuation of
the geometric approach of projection of two-dimensional systems of cubically semi-linear second-
order differential equations. Furthermore, the canonical form of such systems is also established.
Numerous examples are presented that show how to linearize nonlinear systems to the free particle
Newtonian systems with a maximally symmetric Lie algebra relative to s/(6, i) of dimension 35.
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1. Introduction

The linearization, that is, mapping a nonlinear differential equation into a linear differential
equation, is an important tool in the theory of differential equations. To differentiate such
nonlinear differential equations from the linear equations, it is crucial to develop invariant
linearizability criteria. It started with the pioneering work of Sophus Lie (see e.g. [1])
who proved that to be linearizable, a second-order ordinary differential equation (ODE)
must be at most cubically semi-linear and an overdetermined system of conditions on the
coefficients in it must be satisfied. These conditions were later reduced to a set of two
conditions by Tressé (see e.g. [1]). Over the past few years a considerable amount of
research was done in this area. It was proved in [2] that there exists five equivalence classes
of linearizable systems of two second-order ODEs. The most general form of systems
of second-order nonlinear ODEs that are transformable to the free particle equations was
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found and proved to be cubically semi-linear in the dependent variables [3]. Separately,
the geometric approach of projection was exploited to find a maximally symmetric class
of square systems of two linearizable second-order cubically semi-linear ODEs [4]. It was
done by projecting down a system of three geodesic equations to one lower dimension.
Systems of two quadratically semi-linear ODEs were also investigated on the basis of their
geometry and algebras to obtain linearization criteria [5,6].

Recently, complex symmetry analysis (CSA) was used [7,8] to study the algebraic
properties of two-dimensional systems with the help of the symmetry structures of the cor-
responding scalar complex ODEs. Linearizable systems that can be obtained by CSA [8]
were proved not to be equivalent [9] to those found by geometric methods [4]. Here we use
the equivalence of scalar second-order ODEs (see [1]) to find a canonical form of a class of
systems of four second-order ODEs. This class will be the main topic of discussion in this
paper. The equivalence of linear two-dimensional systems under point transformations [2]
is used to extract the simplest linear forms for this class. We call these equivalence classes
of linear systems ‘special classes’ as the coefficients give rise to a symmetry algebra for
these systems which are different from their classical analogues. The main aim of the paper
is to employ CSA to obtain a class of systems of four cubically semi-linear ODEs subject
to linearization if the coefficients in that class satisfy 30 constraint equations. This class of
linearizable systems is transformable to a system of Newtonian free particle systems with
a maximally symmetry algebra identical to s/(6, ).

The outline of the paper is as follows. The preliminaries are in §1. Section 2 deals
with the derivation of the canonical forms of systems of four second-order linear ODEs.
Section 3 deals with linearizability criteria for systems of four ODEs. In §5 we mention
computer packages and algorithms to check linearizability of such systems. Applications
are presented in §6. Section 7 provides a summary and discussion of the results.

2. Preliminaries

The general form of linear systems to which a nonlinear system can be mapped via point
transformations is crucial to develop linearization criteria. For example, two-dimensional
linearizable systems are characterized into five equivalence classes. Any system of n
second-order nonhomogeneous linear ODEs,

il = kil 4 Au+c, (1

where the dot denotes the differentiation with respect to #, can be mapped invertibly [6] by
point transformations to one of the following forms (called counterparts of the Laguerre—
Forsyth canonical forms):

V=puv, WwW=uvw, )

where «, A, 4, v are n X n matrices and u, v, w and ¢ are vectors. The number of arbitrary
coefficients for a system of n ODEs in eq. (1) is 2n% + n. The first of the equations in (2)
gives a general form of systems of two linear ODEs,

v = a(t)vy + b(t)va, Uy = c(t)vy +d(t)va, (3)
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with four arbitrary coefficients. It can be further reduced to

W =auy +b(uy, uy = E@)uy —axus, 4)
where prime denotes differentiation with respect to x, with only three arbitrary coeffi-
cients [2].

A system of two second-order ODEs,

ul = o1 (x, uy, uy, u'y, uh),

uy = wy(x, uy, uy, uy, uh), 5
corresponds to a complex differential equation

U =wx,u,u), (6)

where u(x) = u;(x) + iup(x) is an analytic function, if the coefficients in (1) satisfy a set
of conditions [10]. There exists only one class of linear scalar ODEs that have a maximal
Lie algebra relative to sI(3, 9%). A linear system of two ODEs that arises from CSA is of
the form

U1 = Bi(Ovr — Bo(Dva, U2 = Bo(Dvr + i)y, )
with two arbitrary coefficients. But unlike the previous case (3), it can be reduced to a

linear form with only one arbitrary coefficient,

Uy = —B3(Nua,  uy = P3(x)uy, ®

by invoking the transformations given in [10]. This is the optimal canonical form for linear
two-dimensional systems.
A system of two cubically semi-linear ODEs of the form
w4 ayu + 20utuly + asuluf + Biu 4 2Bouub + Biu’
+yuy + yauy + 8 =0,
uy + ot 4 2oouiuy + asul + Bau + 2Bsulul + Bouly
+ysuy + yauy + 6, =0, ©)
was obtained by projecting down a system of geodesic equations from a 3 x 3 system to
a 2 x 2 system [4]. The necessary and sufficient conditions to linearize such nonlinear
systems (9) were given in the form of 15 constraint equations on their coefficients which
comes from the condition that the underlying manifold for the projected geodesic equations
be flat. Moreover, these results include the quadratic and linear (in the first derivative) cases
as special subcases.

3. Canonical forms for systems of four ODEs

The general four-dimensional system of linear ODE:s is given by
f[-NZKijf;-F)»ijfj-FCi, l,_]: 1,...,4, (10)

where summation over repeated indices is assumed and the functions k;;, A;; and ¢; are
arbitrary functions of x. The above system has 36 coefficients. The algebraic classification

Pramana - J. Phys., Vol. 77, No. 3, September 2011 583



M Safdar, S Ali and F M Mahomed

of different symmetry algebras and the number of linearizable classes of such systems are
not known except for the maximally symmetric case s/(6, ) of the free particle Newtonian
system. Here our interest lies in extracting those linearizable classes in the canonical forms
which arise from CSA.

There are two possible ways to extract canonical forms for systems of four linear
second-order ODEs. First we use the equivalence of the complex linear scalar differen-
tial equations. In [9] it was shown that the optimal canonical form for a special class of
systems of two ODEs with Lie algebras of dimensions 6 and 7 contains only one coeffi-
cient. We complexify this special class of system corresponding to a linear scalar complex
equation and obtain a unique class of those four-dimensional systems that involve only two
arbitrary coefficients. The procedure whereby we complexify the two-dimensional system
obtained from a scalar complex equation is called nested complexification; for example,

U= —a(x) f3 + aax) f,

Y = —o(x) fa — o (x) f3,

fi = a1(x) fi —aa(x) fo,

Y = a1(0) fo +oax) fi, (11)
corresponds to a linear two-dimensional complex system (8) with the identification u; =
fi+ifa, up = f3+ifyand B3(x) = a1 (x) + i (x). Furthermore, eq. (8) can be mapped
to a scalar complex equation via point transformations

t
w=pn v=pu x= [ o700, (12)
where p” = Bip and B3 = p>B,. Therefore we state the following theorem.

Theorem 1. There exists an optimal canonical form of four-dimensional systems of linear
ODE:s arising from the nested complexification that contains only two arbitrary coefficients.

Secondly a canonical form of linearizable systems can also be derived by utilizing the
equivalence of systems of two complex ODEs. For example, the following system,

fil = a1 () fi — o2 (x) fo + a3(x) f3 — aa(x) fa,
) = a(x) fi +ai(x) fr + ag(x) f3 + a3(x) fa,
3 = as(X) fi — as(x) fo — a1 (%) f3 + 02 (x) fa,
fi = as() fi +as(x) fo — a2 (x) f3 — a1 (x) fa, (13)

with six arbitrary coefficients can be reduced to (4), using u; = fi +ifa, urp = f3+ifs
and all three parameters in (4) are complex functions of the real independent variable.
Thus we obtain another canonical form which contains six arbitrary coefficients. These are
the two linear forms for systems of four second-order ODEs with fewer arbitrary coeffi-
cients obtainable in the manner described. Note that these forms cannot be obtained using
real symmetry analysis because the canonical form (2) requires at least n> = 16 arbitrary
coefficients. We state these results in the form of the following theorem.

Theorem 2. Any linearizable system of four second-order nonlinear ODEs obtain-
able from a complex scalar ODE or a system of two second-order complex ODEs is
transformable to one of the forms (11) or (13).
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4. Linearization for systems of four ODEs

To establish an invariant linearizability criteria for a class of systems of four differential
equations, we apply analytical continuation. The extension of the geometric approach of
projection used in developing the criteria for systems of two semi-linear ODEs in the com-
plex domain enables us to write down explicit criteria for those four-dimensional systems
that are maximally symmetric, that is, which have a maximal Lie algebra s/(6, )t). This
provides us a set of 30 equations to be satisfied by the coefficients that arise in this class of
systems. In this regard we state a theorem which can easily be proved following the same
lines developed for two-dimensional systems in [9].

Theorem 3. A system of four second-order cubically semi-linear ODEs,

f + (an f] = e fy + 2aa1 fi — 200 f1 + Bl f1

— Gapi f] — anfy 4+ 2 fi — 20 fi — BID 5

+ (a1 f] — s fy + B fi0 + (a1 f] + s fy — B3 fi

+ 2Qan f{ o fs + 2001 fi f fo + ana fl f3 fy — as1 [ f3.f3)

— 2(BL S fs = Bu L Fs + Bu i fi + B fo fy + By fo fa + B f3 1)

+ YOS =Vt v i — vafi+ 6 =0, (14)
4 (anf] +3an fi + 2000 f4 + 2001 £ + Blo) f1?

— Ganf] +anfy+ 200 f; + 201 f1 — Bl 5

+ (anf] +oaify + B f — (e f] +asi fo — B[4

+ 2Qaun fi o fs +2an fl fr o — asi i f3 fa — asa fr f3 fy)

+ 2B\ f1fs + B S F3 + B flfa + B fo fs = B fo fi + By 11D

+ VL Vv v i+ 8 =0, (15)
fi 4 (e fs —anf,+ BN S — (o1 fy —anfy — B [

+ Qo f] — 20 f5 + @31 f1 — 3asa fh + B) £33

— Qo f] — 2002 f5 + 3031 f3 — am fy — ,3321)f4{2

— 2anfifrfs o fifofs+ 20 f f3fi+ 2001 5 f5 1)

— 2BLS1fs = Bu FL i+ Bo fLfi + B o fs + B o fi 4 B f3 1)

+ YOS = Vi v = v fi 48 =0, (16)
L+ nfi+anfi+ B2 = (@nfi +aifi— B fr?

+ Qan f] + 2001 f5 + asa fi + 3az1 fi + B) fi

— Qan f] + 2001 f5 + 3z fi + asi fi — B3) i

+ 20 fi o fs —an fl o fa + 2000 fl f3 o — 200 f5 5 f3)

+ 280 f1fs = Bo S F3 + B Flfo + By o fs — B fo fi + By £/

+ VA VIS R v i+ =0, (17)
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where
o o, B £ B btk 8 £ 8 18
ij Jis ij ji» yij yji’ U# Jt ( )

is linearizable with respect to the linearizability of the system of two equations if and only
if the coefficients satisfy the 30 constraint equations given in Appendix.

Once the linearizability criteria are satisfied by a system, the next step involves the
construction of invertible linearizing transformations which can often be difficult. In the
subsequent section we show how a complex linearizing transformation of the form

X=Xx), U=Ux,u,v), V=V(x,u,v) (19)

plays the part of generating invertible transformations to linearize the corresponding non-
linear systems of four ODEs. Notice that the independent variable X depends only on
x. The above transformation is a special case of the general invertible complex point
transformation

X=Xx,u,v), U=Ukx,u,v), V=V, u,v), (20)

for two-dimensional systems. The dependence of X on the complex variables (x, u, v)
makes it a complex independent variable. This may seem strange as the decomposition
of the linearized system would yield a system of partial differential equations instead of
ODEs. However, the fact is that the resultant system is equipped with Cauchy—Riemann
equations which makes the system integrable and the solution is obtained in the origi-
nal variables upon using invertible transformations. This line of approach is followed in
[10,11] for two-dimensional nonlinear systems corresponding to nonlinear complex scalar
equations and it was found that there exist two classes of such systems, namely, linearizable
and nonlinearizable systems. It is shown that there exist nonlinearizable systems with Lie
algebras of dimensions {1, 2, 3, 4} which can be complex-linearized using complex trans-
formations (20). In this paper we restrict our investigation to the transformations (19) that
yield a set of real invertible transformations for systems of four ODEs. Furthermore, the
solution of a nonlinear system can be obtained from the linearized system by utilizing such
real transformations. The complete characterization of all four-dimensional nonlinear sys-
tems and their Lie algebras subject to the complex transformations (20) will be the subject
of a forthcoming paper.

5. Computer algorithm

The linearizability conditions include 30 partial differential equations of the first order in
the coefficients of a nonlinear system of four ODEs, relative to the dependent and indepen-
dent variables. To avoid cumbersome calculations, we use a computer algebra system, for
example, MAPLE or CRACK, to check the linearizability of a system. For this purpose
we have translated the 30 constraint equations in the form of a computer code in MAPLE
to test linearizability for a nonlinear system of the form (14)—(17) whose coefficients are
used as inputs. The code also determines the symmetry algebra of a system.
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6. Applications

We consider many examples to verify the theory developed for the linearization of systems
of four second-order ODEs. It is important to note that nonlinearity depends on the cou-
pling of both derivative and nonderivative terms in such systems for which there could be
many choices. Furthermore, there can be 3! = 6 types of coupling, for example, the first
equation can be coupled with the other three in the system. The first example illustrates
how the complex variable approach reveals the complete integrability of a system that has
the maximal algebra s/(6, %). Example 3 is of great interest for two main reasons. First,
it is a geodesic type system of differential equations in which the nonlinearity arises due
to the quadratic terms in first-order derivatives [5]. Such equations appear frequently in
relativity in the study of shortest paths on curved manifold. Secondly, this system can be
extended to higher dimensions to yield the linearization of a system of 4n ODEs which has
the Lie algebra s/(2(2n + 1), i) where n > 1.

Example 1. Consider a quadratically semi-linear system of four second-order ODEs,

A+ =0,

= f+2ff=0,

F =R+ = f=0

= i+ 2ff1=0, (21)
where the first two and last two equations are coupled in the first derivatives of the
dependent variables fi, f, and f3, fi respectively. If we substitute all the coefficients
Bl, = B3, = land v, = ¥} = —1 in the linearizability conditions, then it can be

verified that the above system is linearizable. To find the linearizing transformations to
map system (21) into a linear target system F, =0, o = 1, ..., 4, we use

X =exp(x), F;=-exp(fi)cos(fr), F,=-exp(fi)sin(fr),
F3 = exp(f3) cos(fy), Fy=exp(f3)sin(fs). (22)

Example 2. We now take an example of a quadratically semi-linear system with the same
coupling as above but whose coefficients involve the dependent and independent variables,

AP =D +2h11

f// o _ Xf] _ O,
1 f12+ f22
v 2005 = hUP = D)
f - =R —xfh =0,
it/
Xf X f = xf 2 =0,
Xfi 4 2xf3f5+2f=0. (23)
Linearizability of this system is ensured by Theorem 3 since the coefficients
—h 1 i) 2
ﬁl = , /3 = s ﬂ = 1’
SR A TR
2
Vo = Py Siu=—xf1, Sdin=—xf2, (24)
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satisfy the 30 constraint equations given for linearizability. The linear target system in this
case is

F/=X"* F/ =F/=F =0, (25)

upon utilizing the transformations,

1 1 1
X==, Fi=—I(fl+£), F= —arctan<é> ,
X 2x X 1

F3 =exp(f3) cos(fy), Fy=exp(f3)sin(fs). (26)
Notice that the above linearizing transformations came from an invertible complex
transformation,

1 1
X=—, U=—-Inu, V =expvo. 27
X X

We used CRACK to verify that the system (23) has 35 symmetries. In all other examples
we used MAPLE to verify the number of symmetries.

Example 3. In this case we consider a coupled system of four real ODEs of geodesic type
given by

1//+f1/2_ 2/2 =0, f2//+2f1/f2/20’
S S 2= ) =0,
23 i+ fifs ¥ fif2) =0, (28)

where the first two equations are coupled in the first derivatives of f; and f> and the last two
equations contain the coupling relative to the first derivatives of all the dependent variables.
It can be easily checked that the above system is linearizable by substituting the coefficients
Bl, = B3, = B3, = 1 into the linearizability conditions. The system (28) can be mapped to
F!! = 0 by the real linearizing transformations,

Fi =exp(fi1)cos(f2), F, =exp(f1)sin(f2),
F3 =exp(fi + f3)cos(fo + fa), Fs=exp(fi+ f3)sin(fo+ f4). (29)

We now present the generalization of the system (28) in a (4n + 1)-dimensional space. We
first observe that in system (28) the first two equations are coupled with each other and
the last two equations contains full coupling. We take a system of 2n such equations of
the form

fl+ 17— =0,

gl +2fig, =0, (30)
where j = 1, ..., n, and another system of 2n ODE:s that contains full coupling, that is,
" 2 2 N I
hj —i—hj —kj +2(fjhj —gjkj) =0,
k}’ + Z(h_’]-k;- + f;k;« + h/jg.’,-) =0, 31
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where f, g, h, k, are n-dimensional vectors with 4n dependent functions of x. The sys-
tems (30) and (31) can also be regarded as a surface in a (12n + 1)-dimensional space
(x,f,g,h k f, g h K, ' g’ h” Kk”). Wenow introduce a complex structure on the
12n-dimensional space with the identification

uj=u;(x) = fi(x)+ig;(x), v;=v;x):=h;x)+ik;jx). (32)

Therefore, the systems (30) and (31) are mapped to a system of 2n ODEs in a 2n-complex
dimensional space,

/" 7 _ " 2 ror .
uj—i-uj—O, vj+vj+2ujvj—0, j=12,...,n, (33)
which can be linearized to the complexified free particle system,
Ul=0, v/ =0, (34)
using the complex transformations,

Uj =expu;, V;=exp(u;+v;). (35)

Consequently, systems (30) and (31) are linearized to the maximally symmetric system
sI2(2n 4+ 1), ),

1 "
F/=0, G/=0,
H! =0, K}=0, (36)

using the real transformations obtained from (35). The next example is also of geodesic
type with all equations coupled together.

Example 4. We now present a case where the nonlinear system is a fully coupled four-
dimensional system,

U= PR =0, =2 B+ fifD =0,
V= 2(f i = D=0, f=2ffi+ f,f)=0. (37)

This can be obtained from a system of two complex ODEs, that is, from the complexified
Newtonian system,

' —u?—v? =0, v —2uv =0, (38)
which has a four-dimensional Lie algebra with commutation relations

[XO(’Xﬂ]Zoﬂ [XOlaX4]=X(X7 (}{,/3: 1725 37 (39)
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identified as L4, of symmetries. This is reducible to the free particle system as the coef-
ficients B, = Bi, = B3 = —1 satisfy the linearizability conditions. The following
transformations of the dependent variables,

Fiy = crexp(fs — fi)cos(fa — f2) + caexp(—f3 — f1) cos(fa + f2),
Fy = crexp(fs — fi) sin(fa — f2) + coexp(—f3 — fi) sin(fa + f2),
Fy = caexp(—f3 — fi) cos(fa + f2) — crexp(fs — fi) cos(fa — f2),
Fy = —caexp(—f3 — fu)ysin(fa + f2) — crexp(f3 — fo) sin(fa — f2), (40)

maps the nonlinear systemto F, =0, o =1, ..., 4.

Example 5. We conclude by presenting a maximally symmetric system with variable
coefficients,

Xfl + fl+xfP=xf? =0, xfy + f1+2xff; =0,
Xfi 4 fi A xfiE = x4 2xf fi = 2xfs f1 =0,
xfy + o+ 2xfi fa A+ 2xf fi + 2xf5 f; = 0. (41)

This system is linearizable and can be mapped to a system of the free particle system via
the following change of the dependent and independent variables:

X =Inx, F)=exp(fi)cos(f2), Fr=-exp(f1)sin(f2),
F3 =exp(fi + fa)cos(fo+ fa), Fs=-exp(fi+ f3)sin(fo+ fa). (42)

These can be obtained by the complex linearizing transformations of the corresponding
complex linearizable system. Linearizability is ensured since the coefficients B, = g3, =
B3 = land ¥}, = y5, = x~! of the nonlinear system (39) satisfy the linearizability
criteria.

7. Summary and discussion

We provided canonical forms for linear systems of four second-order ODEs to which a
nonlinear system can be mapped by complex methods. We made use of the equivalence of
linear scalar complex ODEs as well as the equivalence of systems of two complex ODEs
of second order as the tool to establish canonical forms for systems of four ODEs. The
next step was to construct linearizability criteria for such nonlinear systems. We estab-
lished general forms of these systems which are transformable to a system of free particle
equations, that is, it is at most cubically semi-linear in the first derivative. For this purpose
we extended the geometric approach of projection developed by projecting down systems
of geodesic equations by one dimension. These systems were in general algebraically
inequivalent to those obtainable by CSA. By extending them to obtain a system of four
second-order ODEs we provided the linearizability criteria for a system of four ODEs by
using the corresponding linearizability criteria for systems of two complex ODEs. We
found a class of four-dimensional systems which is maximally symmetric with regard to
the base equations.
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The linearizable systems that can be obtained by complex symmetry analysis are inequiv-
alent to those obtained from geometric methods. Thus, complex symmetry analysis was
proved to provide systems of ODEs with symmetry structures different from the systems
that appear in classical symmetry analysis. Surprisingly there exist certain systems of
two second-order ODEs that admit 4-, 3-, 2-, 1-dimensional algebra yet can be linearized
using complex variables [10]. So it enables us to reveal complete integrability of a class
of two-dimensional systems of nonmaximal symmetry algebras. Furthermore, the three
equivalence classes of linearizable systems of ODEs that correspond to 6-, 7- and 15-
dimensional algebra among five were also constructed. Therefore, the complex symmetry
approach has an advantage over the standard Lie approach in linearizing systems of ODEs.
Therefore, it would be very interesting to see the analogue of these results in the context of
four-dimensional systems. The complex linearizability of such systems can be established.

Appendix

2(V121,x =1 —On.p) + (Yavh — vavh + vihvh — viavd)
—4(B}\811 — Bhd12 + B31821 — B3,022) =0,

2(V122,x + 81 — 8. p) + (Yavh + vhvs + vivh + vihvid)
—4(BLo11 + BE812 + Bda + B3162) =0,

467, — V]zl,fl - J/lzz,_fz — 411821 — 12822) + 2Bl vE — BLvd)
+2BL 75 — Bhvsn) — 284y — By
—2B1vh — Bavid) =0,

4ﬁ122,x + 3’121,f2 - 3’122,_f1 —4(andn + a2éa) + 2(,31127/121 + B y122)
+2BLy5 + BhLvn) = 2(BLyy + Bhiviy)
- 2(:3221 V122 + 13222)’121) =0,

1285, — 4B}, + 7/111,f1 + V112,f2 — 16(c21821 — @22822)
—8(BLvd) — Biavar) +8(Bayviy — Baavid)
3314 + ) =0,

1285, . = 4Bly  + Vs — Vi, — 16(@22821 + 02182)
- 8(:3121 Vzlz + /3122)’211) + 8(,32113/122 + ,3212)’121)
=35y, + Va1 =0,

201 x = i1 = S12) T VAV — VRV VA — Vv
—4(By,811 — B012 + 11821 — B3bx) =0,

20 = 125 +8111) T VAV + vRVi Vb + Vvl
—4(B3,812 + B2y811 + B31022 + Bd21) =0,

4By . — )’211,,"3 - Vzlz,f4 — 431611 — @32812)
+ 20851721 — B = Buvar + By — By v
+Bouvis + Byl — Bauri) =0,
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4B3, . — J/zlz,f3 + J/211,_f;‘ — 432811 + a31812)
+ 28572 + B3V = By — Buva — Buva
— Byavai + Byuvis + Buvil) =0,

(@1, f, + ., — 11,7y — 12, £,) + 2(11 By — 12, + 2183
—anpfy, — an iy +anpl, — a1 pl +anph) =0,

(a.f, — 01, p, — @12,y + 011, p,) + 211 By, + a12Byy + 02183, + 023,
— a2 Bl — Bl — 318 —anpi) =0,

(31,5, + 032, p, — Qa1 p, — @22 f,) + 2(01183) — @By + 2183
—anpf3, — anfy +anhy, — a3 f3 +anps) =0,

(32, — 0315, — @20,y + 021, 1,) + 2(@n1 B, + a2Biy + @21 B3,
+anpd — a1 B, — anpiy — o3B3 —anfs)) =0,

—6aa1x + 50217, — 022yy) + 2(e31vf — azyd) — 2(,32214«3 + ,3222,f4)
+6(B31 BT — BB + (2173 — 02y3)
—6(By 851 — BrbBrn) — 4By j + B p,) + 2085, 5 + B )
"‘4(.3111,f3 + .3112,f4) = 2(a1175, — A12¥sy) = 0,

—6ax . + 5@y} +any)) + 20y +anyy) — 285, 4, + B )
+6(83,81, + BLBT) + (@21v3, + 00v5y)
—6(B), B3, + BBy — 4(:3212,fl - :3211,]"2) + Z(ﬂszz,fl - 13321,f2)
+4(Bly f, — Biig) — 2@y, +aiyy) =0,

= 20110 + (amyy — anyh) = 28785 — BB + :3221,fl
+ B s, = Blig, = Bioy, + 2871 By — BBy + B3B3 — BnBR)
+ (anys — anvy) — 28581 — B5B1) =0,

— 20120 + (@n1¥y +any) — 205,84 + BLB3)
+ By, = B, — Bho sy + B ) + 20811 By + Boy B + 2851 83,)
+ (anys + ay) — 203,81, + B5B11) =0,

2031, + (1Y), — oz + (@193 — anyvd)
- (,3311,f1 + /3312,f2 - /3211,]"3 - /3212,]"4)
—2(B1,B31 — BoBia — Bai By + Bubr + B2 B3
- :3212/3322 - /3311/3221 + /3312/3222) =0,

— 2030, + (v +omyh) + (@15 + anvs)
- (ﬂ312,f| - ﬂ311,f2 - lgzlz,f3 + /3211,f4)
—2(B1Bsa + BaB31 — 2831 By + Bay B + BBy — B3 By — BnB) =0,

—8B11 . + 20 4 v ) — 6B3 ¥ — BLyD) + 1211 — a12din)
— 8(21821 — @2282) — 4(BL1 V2 — BhaVa)
+ 10(:32]17/121 - 5212)’122) + 12:3221,x - 3(y121,f3 + 7’122,f4)
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+6(B5,75 — By — By + Buvlh) =0,

- 85112,); + 2()/1]2,]61 - V111,f2) —6(BLvh + BhLyi) + 12(andi + a1112)
— 8(a21822 + @22821) — 4(BLvy + Bl V)

+ 10(:3211 7/122 + /32123’121) + 12:3222,x - 3(V122,_f'3 - V121.f4)
+6(BLy5 + B3y — By — Buvh) =0,

— 601 + 2(/3321,fl + ,3322,f2) + (a1 Y, — anyl) + 51y — anyd)
+2(a11 ¥, — @12y, — ﬂzzl,ﬁ - ﬂzzz,ﬂ —anyf +anyh)
+6(B11B31 — BBy — PPy + Pbr)

- (/3211,1"1 + /3212,]"2 - ﬂlll,fg - ﬂ112,f;1) =0,

—602; , + 2(ﬂ322,f1 - 13321,f2) + (@21v) + any) + 51y + anyi)
+2(anyyy +anyy) = 285, — Bay s, + @ivh + @nvh)
+6(BLB31 + BBy — PP — PnPa) — Py,
+:3211,f2 + ,3112,1'3 - ,3111,14 =0,

4B3 .+ Va1 p F Vg, — 8(@21811 — andin)

+ 20851721 = Bovar + Blivar — Blovar + Bavai = Baavia — By + Buvi)
— 4B vh — BLvh) — 2(7/1]1,f3 + Vllz,f) — 4(a31021 — @32822) = 0,

4B3 .+ Vo — Va1, — 8(@ndin + @21812)
+2(B50 + B3 v + Blova + Bliva + By v
+Bnvii = Buvh — Buvi)

- 4(193117’122 + /33123/121) - 2(7/1]2,‘703 - V111,f4)
— 432821 + @3102) =0,

— 4By, + 485, + 2(V211,f, + y212,f2) — 431831 — Vb5
—BLva + BLvsh = Bauvs + Buvs + Bl — Buvlh)

- V221,f3 - 7/222,f4 - Vlll,f3 - V112,f4 — 8(a31821 — a3282) =0,

—4BY 4B 20 g — Varp)

— 4B + v B = By — BLya — B v
— Boysi + By vis + Bunh)
- szz,ﬁ + 7/221,f4 - V1lz,f3 + 1/111,f4 — 8(a32821 — a316) =0,

20111, + 812,5) + 4811811 — Bladiz + Ba121 — Brydn — B31621 + BHon)
+2(V3 . — Viia — Sa1ps — 822.5,)

+ V221 V221 - V222V222 - Vlll Vlll + V112V112 - 4(,3%511 - ,3222812) =0,

208125, — S11.p,) + 4(B1812 + Blrd11 + Bhi 822 + Brbar — B31622 — BHd21)
+2(V222,x - Vllz,x — Oy 021 + VaVsn = Vv
—4(B3,812 + B811) = 0,
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