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REDUCTION THEOREM AND NORMAL FORMS OF LINEAR SECOND
ORDER MIXED TYPE PDE FAMILIES IN THE PLANE*

ALEXEY DAVYDOV', LINH TRINH THI DIEP?

ABSTRACT. Normal forms for smooth deformation of germ of characteristic equation of second
order partial differential equation being linear with respect to second derivative is found near a
point of tangency of characteristic direction with the type change line, when this singular point
is nondegenerate and non-resonance.
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1. INTRODUCTION
Consider the second order partial differential equation in the plane
a(z, Y)uze + 2b(x, Y)uzy + c(x, Y)uyy = F(2,y, u, Uz, uy), (1)

where z,y are coordinates, a, b, c are smooth functions, and F' is some function. The respective
characteristic equation is defined as

a(z,y)dy? — 2b(x, y)dxdy + c(x, y)dz? = 0. (2)

Characteristic directions at the point are the solutions of this equation. At the point there
could be two characteristic directions, only one such direction and two imaginary ones if at this
point the value of the discriminant D := b> — ac is positive, zero and negative, respectively.

Net of integral curves of characteristic equation, its local and global behavior play an impor-
tant role in the theory of partial differential equations (see, for example, [5], [7], [13]). Due to
that the problem of getting of local normal forms of characteristic net (or characteristic equation)
up to smooth change of coordinates has long history going back to 19-th century [1]. Starting
from the beginning of the last century the list of such normal forms includes well known Laplace,
wave and Cibrario-Tricomi equations. The respective characteristic equations are [6], [7], [16]

dy? + dz? = 0, dy? —de? =0 and dy? — zda® = 0. (3)

The first and the second normal forms take place near the point of ellipticity and hyperbolicity
domain of the initial equation, namely, where the equation (2) has exactly zero and two real
solutions dy : dz at the point, respectively.

The third, Cibrario-Tricomi normal form, takes place at a typical point of the type change
line (or else discriminant curve) of the equation, where the discriminant is equal to zero but its
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differential does not and, in addition, the characteristic direction is not tangent to the line at
the point. The proof done for this form by F.Tricomi in his treatise [16] had gap and the form
was justified correctly by M.Cibrario in [6] a little bit later. This form is the key object in the
formulation of well known Tricomi problem and its various modifications.

Complete list of local normal forms of characteristic net for a generic linear second order partial
differential equation in the plane was obtained in the end of 20-th century, when smooth normal
forms were found near a point of the type change line, at which the characteristic direction is
tangent to the line [8], [9], [10], [11]. It was proved that a characteristic equation near a point
of such tangency is reduced to the form

dy* + (kz* — y)dz? = 0, (4)

where k is some real parameter, by multiplication on smooth nonvanishing function and an
appropriate selection of new smooth coordinates with the origin at this point, if some standard
conditions take place. More precisely, the characteristic direction field could be lifted to the
single value field on equation surface defined in the space of directions on the plane (with local
coordinates z,y,p,p = dy : dx) by equation (2). At a point of this surface the value of the
lifted direction field is the intersection of the tangent plane to the surface and the contact plane
defined as zero of 1-form dy — pdz, if these planes are different.

A point of coincidence of these planes are the singular points of the lifted direction field, and
ones correspond exactly to the points of tangency of characteristic direction field with the type
change line. It is easy to show that near a singular point of the lifted field there exists smooth
vector field defining the direction field outside the point. It is clear that the point is also singular
one of such vector field. The normal form (4) could be obtained in all cases when there exists
such type vector field for which this point is non-degenerate and the field is linearizable near
the point. In such situation the parameter k is equal to a(a+ 1)72/4 for a saddle or a node and
(14+a?)/16 for a focus, where exponent « is defined as the ratio of the eigenvalue with maximum
modulus of the liberalization of the vector field at the point to that with minimum modulus in
the fist two cases and as the modulus of the ratio of the imaginary part of the eigenvalue to the
real part in the third. In these three cases the parameter is less then zero, greater then zero but
less then 1/16 and greater then 1/16, respectively. Here the parameter k in the characteristic
net equation could be reduced to any one in the respective interval, for example, —1, 1/20 and
1, respectively [12], [13], [8], [9], by a continuous change of coordinates.

The reduction theorem was one of the key moment in the proofs of the normal forms in [§],
[10]. This theorem reduces the problem of normal forms for equation (2) near point of tangency
of characteristic field with type change line to the theory of normal forms of pair of the folding
involution permutating on the equation surface the points with the same coordinates x,y and a
vector field on the surface defined the lifted direction field near singular point of the fields.

Here we proof the reduction theorem for the case of families of equations (2), when the equa-
tion coefficients smoothly depend on finite dimensional parameter €. Then using this theorem
and well known results we give normal form for smooth deformation of germ of characteristic
equation at a point of tangency of characteristic direction with the type change line when the
singular point of lifted vector field is nondegenerate and, in addition, the exponent « is irrational
in the case of saddle and not natural for a node.

It turns out that normal forms for families near such a points up to multiplication by non-
vanishing function and selection of an appropriate coordinates x,y depending the the family’s
parameter and being of any given in advance order of smoothness are the same as in (4) but
with k being already a function on this parameter too. Note that for families of equations (2)
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the normals forms for Laplace equation, wave equation and Cibrario-Tricomi equation cases are
the same.

There are different lists of typical local bifurcations obtained for families of integral curves of
equation (2) in the case of one or two dimensional parameter. The review of these results and
the respective references are presented in [15].

2. REDUCTION THEOREM AND ITS COROLLARIES

Here for a smooth family of the equations (1) with finite dimensional parameter ¢ we analyze
behavior of the respective family of characteristic net near a point P of the type change line,
where the differential of discriminant is not zero and the characteristic direction is tangent to
the line, and gives some normals forms of the families of characteristic net near the point up
to smooth or sufficiently smooth change of coordinates. All our discussions are local near the
considered point.

2.1. Reduction theorem.

Proposition 2.1. A smooth family of equations
a(z,y,e)dy* — 20(z, y, e)dxdy + c(z,y, e)dz” = 0, (5)

with a finite dimensional parameter € near the point P of discriminant curve, where D(P) =
0,dD(P) # 0 and the characteristic direction is tangent to the curve, takes the form

dy? + c(x,y,€)dx® = 0 (6)

with some new smooth function c,c(O) = 0 = c;(0) # ¢y(O), after multiplication by some
smooth non-vanishing function and an appropriate selection of smooth coordinates with the origin
O at this point, which are foliated over the parameter.

This proposition is proved below in the next section.

Near the origin for a given parameter value the folding involution ¢ of this equation has the
form

(2,p) — (2, ~p) (7)
in coordinates = and p = dy/dr on the equation surface, as it is easy to see. The equation
direction field in these coordinates could be calculated by the differentiation of the left hand
side of equation p?+4-c(z,y, ) = 0 and the substitution pdx instead dy. That leads to the equation
direction field in the form (—2p : ¢; + pcy) which could be defined on the equation surface by
the vector field
v = (=2p, cz + pcy).

The origin is singular point of this vector field, and, in addition, on the line of fixed points of
the folding involution (that is on p = 0) this field is either zero or has vertical direction, that is
the direction of p-axis.

It is easy to check up, that at a point (z,p) of the equation surface the image of the field v
under the folding involution is

o.v(z,p) = (2p, —cz + pcy).

Thus the determinant of the matrix with columns v and o,v has at a point (z,p) the value
4p*c,. Due to ¢, (O) # 0 this determinant has exactly the second order zero on the line of fixed
points of the folding involution. In particular the fields v and o,v are collinear only on the line.
Accounting that we introduce the following notion of compatibility.
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In the plane a vector field and a differentiable involution with a line of fixed points are called
compatible at a point of the line if near this point the determinant of matrix defined by the field
and its image under the involution has second order zero on the line. In the plane a direction
field and a differentiable involution with a line of fixed points are called compatible at a point
of the line if the field could be defined by a vector field being compatible with the involution at
this point. Compatibility of germs is defined analogously.

Example. The plane (near the origin, or else germs at the origin of ) vector field (z, ay) with
a > 1 and involution (z,y) — ((a+ 1)z —2ay)/(a —1),2z — (a+1)y/(a — 1))) are compatible.

Two object (functions or germs of functions, maps, etc.) are called C"-equivalent along a
differentiable (vector) field v ( = C]-equivalent) if they could be transformed into each other by
C"-diffeomorphism mapping integral curves of the field into themselves. For a families of objects
Cy - equivalence is C"-diffeomorphism preserving the natural fibration over the family’s param-
eter £ and mapping the integral curves of the field (v,¢ = 0) into themselves; C7- equivalence is
strong if, in addition, it preserves the parameter.

Theorem 2.1. Two germs at the origin of smooth families (v,01) and (v,02) of compatible
pairs of direction fields and involutions with the same both finite dimensional parameter and the
surface of fized point of involutions, which passes through the origin, are strongly Cy°-equivalent,
if for any fized parameter value being sufficiently closed to zero the field v is transversal to the
line of fized points of involutions almost everywhere.

We call this statement as the reduction theorem. The theorem is proved in the next Section.

When the discriminant of a characteristic equation is zero but its differential does not this
theorem and Proposition 2.1 reduces the problem of getting normal forms of a deformation of
this equation near point of tangency of field of characteristic direction with the type change
line of finite multiplicity to an analogous problem for the respective deformations of pair of the
equation direction field and folding involution.

2.2. Normal forms of families of mixed type linear PDE in the plane. Local family
of smooth vector fields in R} with a finite dimensional parameter ¢ € R™, where n and m are
natural number, is the germ at the origin of vector field defined by the equation

& =wv(z,e), £ =0. (8)

The first component of the family, namely, v,v = v(z,¢), is also called as a deformation with
a parameter ¢ of germ of vector field v(.,0) at the origin. Two local families of vector fields
are finite smooth equivalent if for any finite natural r there are representatives of the respective
germs of the families which are C"-smooth conjugate in their domains, that is there exists
C"-diffeomorphism of the form

(,6) = (X(z,¢),E(e)),  (X(0,0),E(0)) = (0,0),
which is defined near the origin and conjugates the phase flows of the representatives [14].
A set of complex numbers A = (A1, Ag, ... \,) € C™ is nonresonance if there is no any relation
of the form \j = miA; + - - - + mpA,, with nonnegative integer m;, mi +mao +--- +my, > 2 [2],

[3]. A singular point of differentiable vector field is nonresonance if the set of eigenvalues of the
linearization of the field at the point is nonresonance.

Theorem 2.2. ([14]) A deformation of germ of smooth vector field in R™ at its singular point
18 finite smooth equivalent to a germ at the origin of a deformation

z=Ae)z 9)
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with some matrixz function A, if the point is nonresonance.

For n = 2 by linear change of coordinate z and an appropriate time dilatation, which depends
on the parameter, equation (9) could be reduced to the form

t=2y and @Y= —-2k(e)x+y, (10)

where z = (z,y) and k is a function of the same class of smoothness as the matrix A. Note that
k(0) # 0 due to the origin is nonresonance singular point.

The involution o : (x,y) — (x, —y) is compatible with the vector field v, v(z,y) = (2y, k(e)z+
y) of the equation (10) because

v —2k(e)x+y |

= 4y°.

(z,9) :‘ 2

o) =2y 2k(e)x+y

Hence applying now the reduction theorem (like in [8] or [9]) we get the following statement.

Theorem 2.3. For any given order of smoothness v > 1 a deformation of germ of characteristic
equation (2) at its nonresonance folded singular point takes the form of germ at the origin of
deformation

dy* + (k(e)z* — y)dz* =0 (11)
with some function k, after multiplication of the equation by nonvanishing C"-function and an
appropriate choice of C"-coordinates foliated over the parameter with the origin at the point.

Nonresonance folded singular point of the characteristic equation is the point of tangency of
characteristic direction field with type change line for which the corresponding singular point of
the lifted directon field on the equation surface is nonresonance. For the initial PDE equation
that implies the following.

Theorem 2.4. For any given order of smoothness r > 2 a deformation of germ of equation (1)
at nonresonance folded singular point of its characteristic equation takes the form of germ at the
origin of deformation

Upy + k()2 — y)uyy = F(2,y, U, g, uy) (12)
with some function k and new function I, after multiplication of the equation by nonvanishing
C"-function and an appropriate choice of C"-coordinates foliated over the parameter with the
origin at the point.

Here in equation (10) and Theorems 2.3, 2.4 the function k& is the same. Note that class of
smoothness of this function could be selected as we prefer. But the increasing of this class could
lead to reduction of the interval along the parameter axis where the formulas work.

3. PROOF OF REDUCTION THEOREM

We use the scheme of the proof proposed in [8] for the case without parameters.

Near the origin smooth local coordinates x,y, e, which are foliated over the parameter, let
us take in such a way that the the family o1 of involutions and the surface of the fixed points
of involutions take forms (x,y,e) — (z,—y,e), and y = 0, respectively. It is clear that such
selection of coordinates is possible. For example, consider any smooth function f, f(O) = 0,
with differential at the origin which does not vanish on eigenvectors of derivative oy .(O) and
any its smooth deformation F' with the parameter . Then appropriate local coordinates could
be taken in the form z = F' + o] F, y = F' — o} F' with the same coordinate ¢ along parameter
axis.
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Denoting v = (v1, v2) and accounting the compatibility of v with family o7 of involutions we
find that the function

/Ul(x7y7€) U2($7y7€)

= —vi(x,y,e)ve(x, —y, ) —vi(zx, —y,e)va(x,y, €
vi(z, —y,e) —va(z,—y,€) 1(z,y,e)ve(z, —y, ) — vi(x, —y,€)va(z,y,€)

has exactly the second order zero on the surface y = 0 of fixed points of involutions. In particular
on this surface we have v;vy = 0. Now, accounting that the field (v,é = 0) is transversal to the
surface almost everywhere we get that the last equality implies v;(x,0,¢) = 0, and, in addition,
the direction of y-axis (=(0,1,0)) is eigendirection with eigenvalue —1 of the derivatives o1, 0o
at any point of the surface.

Thus this derivatives are the same at any point of the surface, and hence in selected coordinates
near the origin the family o9 could be written in the form

(33’, Y, E) = (.ﬁU + yQT(x> Y, 5)7 -y + yQS(x7 Y, 6)? E)
with some smooth functions » and s. Consequently there exist coordinates
(=z+y°R(x,y,¢), n=y+y"S(z,y,¢)

with some smooth functions R and S and the same ¢, in which the family o5 of involutions has
a form

(C? n, 5) = (C? =, 6)'

The rest part of the proof is based on homotopical method proposed by R.Thom [2], [4].
Locally near the origin consider smooth deformation of involutions families o1 and o9 :

Ve i (Gomes€) = (G, =€),
where
G =z +ty*R(z,y,e), m=y+ty>S(z,y,e).
A deformation preserving the natural foliation over the parameter is called as fibered. We
have vy = 01, 71 = 092. Denote by V; the respective infinitesimal deformation field which is the

velocity of motion of the image of a point under a smooth deformation of the involution. It is
clear that for considered deformation V; has zero component along the parameter axis.

Lemma 3.1. A field V is infinitesimal deformation field of a smooth fibered deformation of
family o if and only if o,V = —V.

Lemma 3.2. For a fibered deformation g of the identity with a velocity h the family of involutions
o:(z,y,e) — (x,—y,¢e) is deformed with the velocity h — o.h.

These lemmas are analogous of the respective statements from [8], [9]. Ones can be proofed
by direct calculation. Due to that we omit the proofs of these lemmas here.

Due to Lemma 3.2 to prove the theorem it is sufficient locally near the interval [0, 1] of t-axis
a deformation velocity to submit in the form

Vi = fiv — (% fo) v, (13)

where v is our vector field and f; is a smooth function on ¢, x, y, €. Let us show that such
presentation really takes place.

The solvability of homological equation (13) with respect to f; is based on the compatibility
both of involutions families o1 and o9 with the family v. This compatibility immediately implies
the compatibility of the families v and ~; for all ¢ € [0, 1].
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Deformation velocity (the index ¢ is omitted) V has on the curve y = 0 (or n = 0) zero at
least of the second order. Hence it could be presented in the form:

-e(H0)

with some smooth functions A and 7.
In addition, due to Lemma 3.1 a deformation velocity has to satisfy the equality 7.V = —V.
Substituting that to the form (14) of the deformation field we get

(2 ) == Crend )

The last equality immediately implies h(¢, —n,e) = —h((,n,€) and (¢, —n, &) = r({,n,€). Thus
the functions h and r are odd and even, respectively. Hence locally near the origin they could
be presented in the form

h(¢,m.e) =p(¢,nPe) and  r(¢m.€) = (¢, €)
with some smooth functions p and q.
Consequently the deformation velocity V' could be written near the origin in the form
V(¢m.e) =n’p(¢ n%)(,fc + n2q(C,n2,€)6an (15)
with some smooth functions p and gq.
Further due to the reduction theorem conditions the field v is transversal to the surface n = 0

of fixed points of involutions almost everywhere. Hence on this surface we have v,v = —v, and
locally near the origin this field could be written as
0 0
U(CJ%E) = ﬁl(Caﬂaf)a*C +m(C77775)87n (16)

with some smooth functions [ and m. Let us submit the function f as the sum of even and odd
functions with respect to variable 7,

F(¢m,e) =u(¢,n?e) +nw(c,n?,e),

where u and w are smooth functions. Substituting this expression for f and expressions (15)
and (16) into the terms of the right hand side of equation (13) we obtain:

(Fo0) (o) = [u(C. i 2) + nw<<,n2,e>nn1<<,n,e>i. " m<<,n,e>§71, (a7)
(i) (Cme) = f(¢—n,e) = u((, 0 e) — nw((,n? e),

0 0
(’Yt*v)(gv m, 5) = _(nl(<7 =1, 5)874- + m(Cv -n, 6)877]),

(('Y;ft)'}/t*v)(c7 n, 5) = _[U(C7 7727 5) - nw(Ca 772a 8)](nl<<7 =, 5)88C + m(Ca =, 8)8877) (18)

Substituting now the expressions (15) (17), (18) (for V, fiv and (v] fi)y«v, respectively) into
equation (13) we get:

0 0
3 2 2 2 2 —
n°p(¢,n ’8)8g+77 q(¢,n ,ef)a77

9 d
= [u(¢,n*, ) +nw(¢, %, &)]nl(¢, n, 5)6? +m(C,n, 5)%]+
+Hu(C 1 €) — (¢, 2)(nl¢, —n,f)aag +m(C, —n,s)ai) -
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= [un (¢ 7€) H(C, —m, €))L (LG ) UG, —, e>>]§C+

0
+[u(m(g7 7, 5) + m(Ca =1, E)) + U”I(m(ga m, 8) - m(C7 =1, E))]%
Equating the field components from the left and right parts of the last expression we obtain the
following system of linear equations on u and w:

{ un(U(¢,my ) +1U(C, —n,€)) +wn*(1(¢,m,€) — 1(C, —n,€)) = n°p(¢, 7P, €)
u(m({, 1, 6) + m(Cv -, 5)) + wn(m(C) , E) - m(g7 -, 8)) = nQQ(Ca 7727 8)‘
Dividing here the first equation by 1 we reduce the system to the form
{ U(Z(C»Uag) +Z(C7 _7775)) +w77(l(§7771 6) - Z(Ca _7775)) = 772p(C777216) (19)
u(m(¢,m,e) +m(C, —n,€)) +wn(m(¢,n,e) —m(¢, —n,€)) = n*q(¢, 7€)
Determinant of the matrix of this system is
Z(Cﬂ%g) +l(<v _7775) n(l(Cﬂ%&?) - l(C) =1, 6))
m(Ca m, E) =+ m(C? =1, 5) n(m<C7 m, 6) - m(<7 =1, E))

where L = 2[i(0,0,0)m,(0,0,0) — 1,(0,0,0)m(0,0,0)] and h is a smooth function vanishing at
the origin.

= 772[L + h(Ca n, 6)]1

Hence system (19) is smoothly resolvable with respect to u and w near the origin if L # 0
because the right hand side of the system is divided by n%. But L is not zero due to compat-
ibility condition of families of involutions and fields. Indeed due to compatibility the area of
parallelogram defined by values of field v and 7,v has second order zero on the surface n = 0 of
fixed points of involutions. Hence the function

v
VU

(Cme) = ‘ 7775(677176) j@((ﬂfﬁ)
(¢, —n,e)  —m(C, —n,€)
= —n[l(¢,n,e)m(C, —n,€) = U(¢, —n,e)m(C,m,€)] =
= 21°[L + H(C, 7€),

where H is a smooth function vanishing at the origin, has second order zero on this surface.
Consequently, L # 0, and locally near the origin system (19) is smoothly resolvable with respect
to u and w.

Thus homological equation (13) is smoothly resolvable and germs of families of involutions o
and o2 at the origin are strongly C;°-equivalent.

The reduction theorem is proved.

3.1. Proof of Proposition 2.1. At the first let us select near a point P smooth local coor-
dinates with the origin at this point such that the characteristic direction at the origin is the
abscises axis direction. After that one could rewrite the characteristic equation in the form

a(z,y,e)p* — 2b(z,y,e)p + c(z,y,€) = 0,

where p = dy/dx and a,b, c are smooth functions. We have a(O) # 0 = b(O) = ¢(0), ¢,(0) # 0
due to the conditions D(O) = 0 and |D,(O)| + |D,(O)| # 0 and also the coordinates selection,
where O = (0,0,0). To reduce the coefficient b to zero let us take new coordinate g, y = Y (x, 7, €).
We have

d . _.dy
% = Ym(l'ayvg) + Yg}(%yﬁ)ﬁ-
Substituting new variable to the equation we find
dy N

dy
(Ve +Y; dx)Q —2b(x,Y, ) (Y, + Yg%) + c(x,Y,e) = 0,
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and after simple transformation we arrive to the equation

d dj
Y;(ﬁ)Q +2Y5[Y, — b(x, Y, g)]ﬁ +ela,Y,e) + Y2 — 2b(z,Y, €)Y, = 0. (20)

Thus the second term in this equation is staying with zero coefficient if the expression in square
brackets is identically zero, that is
Y, =b(x,Y,¢).
For any given smooth initial conditions on the plane x = 0 the last equation has unique and
smooth solution. Selecting the solution of this equation for Y (0,7,e) = ¢ we could write this
solution in the form
Y(z,§.¢) = § +2B(x,§,2),
where B is some smooth function, due to Hadamard lemma [4]. Now substituting this solution
to the equation (20) and dividing the result by Y; we arrive to the needed form of the equation
with some new function c.
Proposition 2.1 is proved.
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