CONTACT EQUIVALENCE PROBLEM FOR THE GENERAL FORM OF
BURGERS’ EQUATIONS
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ABSTRACT. The moving coframe method is applied to solve the local equiva-
lence problem for the equation of the form uzz = ut + Q(u)ug in two indepen-
dent variables under an action of the pseudo-group of contact transformations.
The structure equations, invariants and equivalent condition of this equations
are found.

INTRODUCTION

In this article we consider a local equivalence problem for the class of equations

under a contact transformation pseudo-group. Two equations are said to be
equivalent if there exists a contact transformation mapping one equation to the
other.We use Elie Cartan’s method of equivalence, [I], in its form developed by Fels
and Olver, [2, 3], to compute the Maurer - Cartan forms, the structure equations,
the basic invariants, and the invariant derivatives for symmetry groups of equations
from the class . All differential invariants are functions of the basic invariants and
their invariant derivatives. Cartan’s solution to the equivalence problem states that
two equations are (locally) equivalent if and only if Cartan test’s satisfied.

1. EQUIVALENCE PROBLEM OF DIFFERENTIAL EQUATIONS

In this section we describe the local equivalence problem for differentials equa-
tions under the action of the pseudo group of contact transformations. Two equa-
tions are said to be equivalent if there exists a contact transformation which maps
the equations to each other. We apply Elie Cartan’s structure theory of Lie pseudo-
groups to obtain necessary and sufficient conditions under which equivalence map-
pings can be found. This theory describes a Lie pseudo-group in terms of a set of
invariant differential 1-forms called Maurer-Cartan forms. Expressions of exterior
differentials of Maurer-Cartan forms in terms of the forms themselves yield Cartan
structure equations for the pseudo-group. The Maurer-Cartan forms contain all
information about the pseudo-group, in particular, they give basic invariants and
operators of invariant differentiation and allow one to solve equivalence problems

2000 Mathematics Subject Classification. 16D10.
Key words and phrases. Equivalence problem, general form of Burgers’ equation, invariants,
moving coframe.



2 MOSTAFA HESAMIARSHAD

for submanifolds under the action of the pseudo-group.
As is shown in [4], the following differential 1-forms,

Y = ag(duﬂ - ufj da?),

=t pidyd NaYe)

E' = bidr! + 307,

5S¢ = a§Bidul; + 507 + go=

are Maurer-Cartan forms of Cont(J'(w)). They are defined on J!(7) x H, where
H = (ag,b},cf@, 595) | a.B € {1,...7q}l,i,j € {1,...,n},det(af).det(b}) #
0,95 = g5;,(Bj) is the inverse matrix for (b;). They satisfy the structure equa-
tions

de* = GNP +EFA%Y,
B o= U AR+ AOY,
dve = IAX] —UFASE+AGAO7 + QY AE

where the forms®%, \Ilz», H%, 75 and Q7 depend on differentials of the coordinates
of H. Differential equations defines a submanifold R C J'(m). The Maurer-
Cartan forms for its symmetry pseudo-group Cont(R) can be found from restrictions
0% =1*0% ¢ = ¢*ZEland 0 = 1*X¢. where 1 = 19 x id : R x H — J(7) x H with
10 : R — J(m) defined by our differential equations. In order to compute the Mau-
rer.Cartan forms for the symmetry pseudo-group, we implement Cartan’s equiva-
lence method. Firstly, the forms 0%, &%, o are linearly dependent, i.e. there exists a
nontrivial set of functions Uy, V;, W& on R x H such that U,0% + V;¢' + Wic® =

Setting these functions equal to some appropriate constants allows one to express
a part of the coordinates of H as functions of the other coordinates of R x H. Sec-
ondly, we substitute the obtained values into the forms ¢5 = 1" ®F and 1/}}€ = z*w};
coefficients of semi-basic forms ¢ at a;, &7, and the coefficients of semi-basic forms
w; at 0;7 are lifted invariants of Cont(R). We set them equal to appropriate con-
stants and get expressions for the next part of the coordinates of H, as functions of
the other coordinates of R x H. Thirdly, we analyze the reduced structure equations

A9 = ¢3N0° + &8 Ao,
g = YA Tl NG,
doy = ¢S No] =P NoR +AG AP +w AE

If the essential torsion coefficients dependent on the group parameters appear, then
we should normalize them to constants and find some new part of the group pa-
rameters, which, on being substituted into the reduced modified Maurer-Cartan
forms, allows us to repeat the procedure of normalization. There are two possible
results of this process. The first result, when the reduced lifted coframe appears to
be involutive, outputs the desired set of invariant 1-forms which characterize the
pseudo-group Lie(R). In the second result, when the coframe is not involutive, we
should apply the procedure of prolongation [[5]].



2. STRUCTURE OF SYMMETRY GROUPS FOR GENERAL FORM OF BURGERS’
EQUATIONS

We apply the method described in the previous section to the class of equations
.We take the equivalent system of first order

Uy = v, up = v + Q(u)v. (2)
Denoting, x = x1,{ = x3,v = up,u = ug, vy = p%avt = p%vut = p%vum = p% We
consider this system as a sub-bundle of the bundle J!(g),e = R? x R? — R?, with
local coordinates {z1, T, u1,u2, pi, p, p3,p3}, where the embedding ¢ is defined by
the equalities:
P% =u, P% = Pg — Q(u2)us. (3)
The forms 0% = 1*O% o € {1,2},¢ = *Z%,i € {1,2}, are linearly dependent.
The group parameters ag, b} must satisfy the conditions det(af) # 0,det(b;) # 0.
linear dependence between the forms o' are

0? =0, ol =02 (4)
Computing the linear dependence conditions gives the following group param-
eters as a functions of other group parameters and the local coordinates {x1, za, uy, us,
p3,p3} of R. In particular,

bl
a? =0, b2 =0, b2 = 1?2,
ay
gy = ai (Qbyus + bip} — b3p3) ¢ = a3(Qui — p3) (5)
12 (bl) ’ 11 (b1)2
c(iiﬁQQ ur?ai — Q*ajuy + Qaips + Qazuy — aips — agps

1
911 = )
(b})*
The expression for 2, f21, f21, f2, g3, is too long to be written out in full here.
The analysis of the semi-basic modified Maurer-Cartan forms ¢3, ¢y, 7, at the
obtained values of the group parameters gives the following normalizations:

a2 = albl, 2 =0, 2 =cj. (6)

The expression for f{; is too long to be written out in full here.
The analysis of the structure equations gives the following normalizations:

1 la%(Qb% — bs)

C% = O’ C% = 07 ag = 2 b% )
g 140 D f31+8(5:2) (b1)*ur — (Qb1)? + 2Qbibs — (b)° -
12712 L ;
L 1(22) (2Qbtuy — bp3 — bhur) — (29 )bluy?
fa=735 pIyd .
2 (b1)

Regarding the appearance of different derivatives of Q(u) in the essential torsion
coefficients and with respect to vanishing or non-vanishing of these derivatives and
their effects on normalizations process, we have to impose some restrictions on the
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function Q(ug). As a result of these restrictions, the following cases arise.

Case-1:

After normalization , if @ is a constant then we have the following structure
equations
1
dot = g1 N O — §¢; NO?+E Nos+E2 Nad,
do* = g1 NO? + ot NO? — O NEL + 2 N3,
g =i NE + 1y NED,
dg? = 291 N E7, (8)
3
dol = ¢t Aok — 29t A od — §¢5A03+A§1A91+
wig A&+ way A E2,
1
do? ng%/\ag—w%/\ag—w%/\el+§/\%1/\92+
Wiy AE2 €1 A od.
The structure equations do not contain any torsion coefficient depending on
the group parameters. The first reduced character is 8| = 5, and the degree of
indeterminancy is 2. The Cartan involutivity test is not satisfied. Therefore we

should use the procedure of prolongation, which gives us the following structure
equations.

1
d6‘1:171/\91—5773/\6‘24—51/\03—1—52/\0%7
dO? = N> + 1> NO2 — 0P NEV 42 N o3,
gt =n? NE 4P A EP,
dg* = 2n° N €2,

3
da%:7]1/\0572772/\0575773/\0§+774/\91+
> AE P A g,
1
do%:771/\03—772/\03—773A91+§174A92+
P ANE+E Noy. 9)

1
dm = 5773 N+t AE,

2
dno = 5774 NE2,

2
dns = §U4A§1 — 2 AR,
dns = =20 A,
dns = —m ANE =S NE 2P Aoy — 20" Ao+t An® =307 AP,

10 5
dn6:77r1/\§177T2/\§273774/\0%+771/\77674772/\776757]3/\775.



The forms 7y, ..., ¢ depend on differentials of the parameters of H , while the forms
w1,y depend on differentials of the prolongation variables.

In structure equations @D, the degree of indeterminancy is 2 and the reduced char-
acters of the coframe are 8§ = 2, s, = ... = s}, = 0. Since the Cartan involutivity
test for the lifted coframe {6,602, &1, €2 03, 02,01, m2, 13, N4, 15,76 } is satisfied, then
the coframe is involutive. Also all the essential torsion coefficients in the structure
equations @D are constants, then from the Theorem 11.8 of [5], we have:

Theorem 2.1. The equation uy = Kugz + Uy, 1S equivalent to the uy = Uy, under a
contact transformation.

Case-2:
Suppose Q = kug + A, is a linear function (k # 0).

In this case the analysis of the structure equations gives the following extra

normalizations to (7).
al = 4k (4% urug + drkuy — 4fﬁp§)_%,

1
b = 5&(4m2u1uQ + 4k ug — 4/{1)3)%,

1
by = 5(/43112 + N (4 ugug + 4kduy — 4/{p§)%, (10)

fa1 = —8kuy (4k*uqug + 4kduy — 4kp3) g,
Gio = 6V2kuy (K2uiug + KAuy — /@p%)_%,

The expression for g3, are too long to be written out in full here. Now, all the group
parameters are expressed as functions of the local coordinates {z1, xo, 1, us, , s, p3}.
After normalization (10]) the structure equations of coframe {6%, 0% &% €2 01, 03},
is

2I 1
ot = _gelAgl —591/\03—1—92/\524—51/\054—52/\0%,
I 1
d0? = 0" ' — 207 NE = 0P Nof + €2 Ao,
1
det =0> A2+ 651 Aol
2I 1
de? = —351/\§2+§§2/\a§, (11)
1
doy = 0" N —8IOT NE* = 16° NE* — 0% Ao + 401" NEP +
41 2
351 Nog — 1362 Nos — gcr% Aol
dog = 60" NE* — 0P NEH =20 AN+ &M Aoy + I N3,
where
V2(K2uu, + 26 Mty — kuny — K(ug)? + Ny — Mg + gy )R

{/(f#uum + KAu, — Kug)?

is the only invariant of the symmetry group o equations of the from Case-2.
Note that, the exterior differential of I is

I =

1

1, 4l 21
dl = 50° + ==& + 68 + 503 + 03

—05.

3
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All derived invariants of the group are expressed as functions of I. Therefore, the
rank of the coframe, is 1 and our manifold is 6-dimensional and by theorem 8.22
from [5], we deduce the following theorem.

Theorem 2.2. The equation uy = (Ku + Nug + Ugy, (K # 0) admits a contact
transformation symmetry group of dimension 5.

If @ is not a linear function, the analysis of the structure equations gives the
following normalizations in addition to .

1
ag=——4, bi=—=
(s
1
1—_7
(22)
du?

The expression for fi,, g3, g1, are too long to be written out in full here. Now, all
the group parameters are expressed as functions of the local coordinate.

3
In case that, % is nonzero, then an invariant of the form:

2 3
oSy (22 %) (13)

could be computed at which vanishing or non-vanishing of this invariant leads into
different results. In what follows, we will investigate these issues. Note that, ac-
cording to our computations, vanishing of or being Q(u) of quadratic type
leads, on the type and number of these invariants, into the same results.

Case-3:
Q(u) is a quadratic polynomial or

2Q., dQ dQ. PQ
2(@)2 - (W)(@) =0, e # 0. (14)

If satisfied then the structure equations of the coframe are
dot = J30" NE2 —8T10P NEF + TP N2+ N oS+ 2 Ny,
J:
62 = —0* A + 3392 NE2+E2 No?,
J:
At = 0" N+ 02 A2 — (16, + ?3)51 A2 (15)
e =0,
do? = 16,0 A €Y +2(20J) — Jo)0 NE% — Jo0? A €L — 02 N o3 —
(64J,% +4J1J3 — 8J1 + Jo)0> N2+ € Nog — €2 Nl —
J3
552 A\ 0'%.
The expression for do3 is too long to be written out in full here.
If Q(u) is a quadratic polynomial then the structure equations of coframe is different



from (15)), and expressed only by {J1, J2, J3}, where

. W

no 4dQ <(dQ) e <du2> (dQ> (16)
(58 () o () ()
1(59) wr e (59) (2 )Qut_6(dg> (42
(52 (R) v () )

. 8( (f uz+2(iﬁ2£)3ux2—2(‘f;‘§) (42) Qua +2 (£4) (‘;‘j)ut>

are invariants of the symmetry group of an equation from Case-3.
All derived invariants of the group are expressed as functions of {Ji, Ja, J3}. There-
fore the rank of the coframe, is 3. Again by theorem 8.22 from [5], we have

Theorem 2.3. If Q(u) is a quadratic polynomial or satisfy 2( i Q)2 _ (du‘i)(flf) 0,

du 3 # 0) then, the equation uy = Q(u)uy + Ugy, admits a contact transformation

symmetry group of dimension 3.

Case-4:
We will make the following assumption for :

2Q., d*Q. dQ d3Q
2 )70 o= A0 (17)

(27— (A
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The structure equations of the coframe, in this case, is

1
dot = —J,01 N0 + (401 T30y + J3 + 32,2 T4 + §J32J4 + 8J1J4)0 A €2 —

1 J4(16J J.
(16,2 Ty + 201 3]s + EJ:,~,2J4 — 8 A + W
13 2 2 3 2
64J3 Jy+16J1°J4 + 12017 I3 Jy + 4J1J3 Jy+ J1J3Jy +
J)0? N2+ Aok + 2 Nad,
J4(16.J1 + J3)

ot A e +

(64.J,%J4 +

1
do?> = —0' N EL 4+ 92/\§1+(2J1J3J4+§J3+16J12J4+

4
1
175‘]32‘]4 + 41 TP NEE 2 Nos, (18)
1
det =0t N g2 — %92 ANEY (1 —4dyd, — ZJ3J4)02 AEE+

1 1
(21 J3Ja = 1611 — 53+ 16.J,%J, + EngJ4 —4JyJy))EN N E2,

J4(16J1 + J.
a( 21 +J3) L nE2,
The expression for doi, do3 are too long to be written out in full here.

There is an invariant extra to , for the symmetry group of equations from case4,
which is

de? = — 02 N E% +

J. = du? du3 /\ du
4= d?Qy2
(Tr)
All derived invariants of the group are functionally expressed as functions of

{J1, J2, J3, J4}. The rank of the coframe, is 4, therefore we have:

2(£9)2 _ (£9)(4Q)

. 2 3 3

Theorem 2.4. If Q(u) satisfy, 2(33)2 — (fiu%?)(%) # 0 and (% # 0) then, the
equation uy = Q(u)uy + Ugzr, admits a contact transformation symmetry group of
dimension 2.

3. CONCLUSION

In this paper, the moving coframe method of [4] is applied to the local equiv-
alence problem for a class of systems of the general form of Burgers’ equations
under the action of a pseudo-group of contact transformations. We have found four
subclasses and showed that every type of the general form of Burgers’ equations
belongs to a system from one of these subclasses. The equivalence condition of first
subclass, structure equations and invariants for all subclasses are found.
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