CHAPTER 3

Classification of second-order PDEs

14. Characteristics of second-order PDEs

A classification of second-order PDEs is essential for questions about
uniqueness of a solution. It is also important for choosing appropriate
methods for solving second-order PDEs. The discussion will be limited
to equations linear in second partial derivatives and begins with the
simplest case of second-oder PDEs in two real variables. In particular,
for two variables (z,y), A second-order PDE is linear relative to the
second-order partial derivatives if it has the form

auy, + 2culy, + buy, = F(x,y,u,u,w,),  (z,y) € Q C R?

where the coefficients a, b, and ¢ are functions of z and y.

14.1. Basic idea of the method of characteristics. Recall that first-order
PDEs linear in partial derivatives can be solved the method of charac-
teristics. The characteristics of a differential equation define a change
of variables (z,y) — (7,p) so that in the new variables the linear com-
bination of partial derivatives is reduced to a singe derivative with
respect to one of the new variables:

0 e 0 0
a— — ==
ox Jdy Ot
and a PDE becomes an ODE the variable 7. In the case of second
order PDEs, it is generally not possible to reduce the problem to an

ODE by a change of variables:
a=ay), B=7p0y).

However, it is possible to transform the linear combination of the second
partial derivatives to one of the standard forms. For example, if a, b,
and c¢ are constant, then there exists a change of variables such that

" "
uaa - U56 - 0
or
auy, + 2cuy, +buy, =0 = uz;=0
or
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126 3. CLASSIFICATION OF SECOND-ORDER PDES

Thus, the problem of solving the above PDE can be reduced to solving
either the wave equation, or ODE, or the Laplace equation. General
solutions for any of these problems have been already found. It is
therefore important to develop a technique for finding such a change
of variables. The method to find such a change of variables is known
as the method of characteristics for second order PDFEs.

Recall a classification of quadric curves, the curves defined by a
general quadratic equation in variables x and y. It is possible to find a
suitable rotation and translation of the coordinates (z,y) so that the
equation describes one of the three possible conic sections: a hyperbola,
or a parabola, or an ellipse:

22 2 22 2

?—?2—2:1, y = ar?, ﬁ_l_?;_?:l
Hyperbolic, parabolic, and elliptic PDEs. By the analogy with conic
cross sections, a PDE in which the linear combination of second partials
is reducible to that in the wave equation by a change of variables (with
the minus sign between the derivatives) is called a hyperbolic equation.
If this combination is reducible to that in the heat equation (where
only one second partial with respect to one variable remains after the
change of variables), then the PDE is called a parabolic equation. A
PDE is called elliptic if the linear combination of second partials in it
is reducible to that in the Laplace equation by a change of variables. It
is clear that a correct classification of second order PDE is important
for its solving.

14.2. Characteristics of PDEs with constant coefficients. Suppose that
the coefficients a, b, and ¢ are constant. Consider a linear transforma-
tion, that is, the functions a(x,y) and ((x,y) are linear so that partial
derivatives o, ay, 3; and 3, are constant. The transformation can be
written in the form

a=dx+ 0y, B=0Gx+0y

The transformation is a change of variables if its Jacobian does not

vanish
/ /

a, « N ! Al
J = det (ﬁ; ﬁZ) = a, 0, — o, B, #0

In this case, the linear equations can be solved for x and y to express
the old variables as linear functions of the new ones. A geometrical sig-
nificance of such a general linear transformation is that every rectangle
in the xy plane is mapped onto a parallelogram in the af plane.
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Using the chain rules
= oy + FLup,
o /ol
= ayuy, + Buy,

y 8 8
Upye = Oé a9 _I—

!
x
!

Y

= (o, )2 L2, ;ugﬁ + (B, )2ug6
12 / a a /
Uyy = Y da + yaﬁ

= (ay)zu/olza Oé g//u/o/zﬁ + (ﬁ )2ug6
0 0
"o -~ /
Uy, = (a + m@ﬁ)
Z%%%a(m@+%@) 5 BuByuiss

Therefore the coefficients in the linear combination of the second partial
derivatives in the new variables are

aty, + 2culy, + buy, = Au, + 2Cuy; + Bugg

(14.1) A = a(al)? + 2cal, oy, +b(a ’)2
(14.2) B = a(3.)? + 2¢0,0, +b(ﬁ)
(14.3) C = aa, B, + c(a, B, + o, B,) + b, B,

Let us try to simplify this combination as much as possible by
demanding A = B = 0. These equations are equivalent to solving a
first order PDF:

(14.4) a(,)? + 2c,7, + b(v,)* =0

If this PDE has two linearly independent solutions v = «(z,y) and
v = [(x,y), then these solutions can be used to construct a desired
change of variables. Equation (14.4) is a first-order PDE, but it is
not linear in partial derivatives and, hence, cannot be studied by the
method of characteristics developed in Chapter 2. The method needs
a generalization.

PROPOSITION 14.1. If a non-constant linear function v(x,y) is a
solution to Eq. (14.4) with constant coefficients a, b, and c, then the
level sets v(x,y) = Yo (lines) are solutions to the first-order ordinary
differential equation

(14.5) a(dy)? — 2cdxdy + b(dx)? =
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Conversely, if level sets of a function ~v(x,y) are solutions to (14.5),
then the function v(x,y) is a solution to (14.4).

PROOF. Let a linear function v(z,y) = 7,2 + v,y be a solution to
(14.4). Then on any level set v,z + 7,y = 7o (a line)

(14.6) Ypdx +,dy =0

The substitution of this relation into (14.5) shows that v, and -+, must
obey (14.4), which is true. Indeed, v(x,y) is not a constant function
and, hence, v, and v, do not vanish simultaneously. Suppose v, # 0.
Then dy = —(v,/,)dx so that (14.5) yields

I\ 2 /
[a (7—7) + 2c 7—7 +0b
Ty Ty
which coincides with (14.4) after multiplication by (v, ).
Conversely, if level sets y(x,y) = 7o define the general solution to
(14.5), then (14.6) holds where ~, and v, are such that dy/dz = —~, /7,

solves (14.5). After the substitution of dy/dz into the left side of (14.5),
it becomes

2 r\ 2 ’
0:a<d—y) —QCd—y—l—b:a(ﬁ) +2Cﬁ+b

dz dz Yy Yy

which is equivalent to (14.4) after multiplication by (7;)2. OJ

(dz)* =0

14.3. Classification of second-order PDEs. Proposition 14.1 shows that
the condition A = 0 or B = 0 is equivalent to solving ODE (14.5) which
is called a characteristic equation for the studied second-order PDE and
its solutions are called characteristics. 1f there are two characteristics
(curves) a(z,y) = ap and [(x,y) = (o such that their Jacobian does
not vanish, then they define a coordinate transformation o = a(z,y),
B = B(x,y) after which A = B =0, and in this case

aul), + QCu;'y + bugy = QCugﬁ
Let us find the characteristics.

If a = b = 0, then no coordinate transformation is needed. Suppose
that a # 0. The characteristic equation has two (real or complex) roots

dy c=+ VD

de ~  a
The sign of the discriminant D defines the type of a second-order PDE.
If the discriminant vanishes, then the desired change of variables does
not exist (after which A = B = 0). However, it will be shown that

(14.7) D=c—ab#0,
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the only characteristic in the case D = 0 can still be used to simplify
a second-order PDE so that A = C' = 0 in the new variables.

DEFINITION 14.1. (Classification of second-order PDEs)
The equation

auly, + 2cuy, + buy, + F(x,y,u, uy, u,) =0

with constant a, b, and c is called

e hyperbolic if D =c?> —ab >0
e ellipticif D=c?—ab< 0
e parabolic if D =c?—ab=0

EXAMPLE 14.1. Determine the type of the equation
uy, + 4y, + 3uy, — x(u)? + yru =0
SOLUTION: The discriminant of the characteristic equation with a = 1,
b=3,and c =2
D=c—ab=4-9=-5<0

is negative. Therefore the equation in question is elliptic. 0J

14.4. Exercises.

1. Classify each of the following PDEs:
() up, —6uy, =u, + zu,
e " " "o
(i) ul, + 2uy, + 3uy, =y,

"

(i)l + 2uy, + 4uy, = yu
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15. Standard form of second-order PDEs

Let us use the characteristics to reduce a second-order PDE to

the standard (most simple) form in each of the three cases, D > 0
(hyperbolic PDE), D = 0 (parabolic PDE), and D < 0 (elliptic PDE).

15.1. Standard form of hyperbolic equations. In the case of hyperbolic
equations, two roots in (14.7) are distinct and real. The characteristic
equation has two solutions:

ady — (c+VD)dr =0 = ~y(z,y)=ay— (c+VD)x = ag
ady — (¢c—VD)dr =0 = ~_(z,y)=ay— (c—VD)x = [
for any constants oy and (3. By Proposition 14.1,
A=B=0
if the new variables are defined by
a=vi(r,y), B=7-(2,9).

Therefore

o =—(c+VD), o =a

Y

B, =—(c=VD), Bj=a.
and the Jacobian of the transformation is
/ /
J = det (aiﬂ a%’) = —2aVD #0

B By
because a # 0 and D # 0. In the new variables, the hyperbolic equation
has the form
(151) u/o/ﬁ = Gl (OZ)ﬁ)uau/a?u/ﬁ)
after dividing it by the coefficient C', where G; = —G/C and

C=-2aD#0

because a # 0 and D # 0.

Equation (15.1) is called the standard form of the hyperbolic equa-
tion in two variables. In the case when in the original equation a = 0,
the characteristics cannot have the form (14.7). However, b # 0 and

the characteristics can still be found in a similar fashion so that (15.1)
holds.
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Remark. If a = 0, then the needed change of variables is obtained by
solving (14.5):

2 dx =0 T=a
—2cdzdy + b(dz)* =0 :>{bd:c—2cdy=0:> br —2cy = 3

EXAMPLE 15.1. Show that the equation

" " / /
is hyperbolic if ¢ # 0 and parabolic otherwise. Find a coordinate trans-
formation after which the hyperbolic equation would have the standard

form.

SOLUTION: In this case, a = 0. Therefore D = ¢? and the equation is
hyperbolic if ¢ # 0 otherwise D = 0 and the equation is parabolic (if
b # 0). The associated characteristic equation has the form

—2cdydr +b(dr)> =0 = dr=0 or —2cdy+bdx=0
The characteristics 71 2(x, y) = const are obtained by integrating these
equations:

’}/1(1','3/):1', 72($>y):b$_2cy
The first characteristic x = «g is a horizontal line, while the second
one, bx — 2cy = [y, is a line that intersects the first one at an angle for
any choice of ag and . The new variables are
a=ux, 0 =bx —2cy

The transformation has the inverse

1
r=a, y=2—c(ba—ﬁ)
By the chain rule
0 _0 0 0,0
or 0o OB’ 0y 9B
o (0 0
no_ _ N v — 9 " _9 "
Uy, 2c 35 (8@ +b@ﬁ) u Cligs — 2cbug,

H\2
" 2 4.2
u,, = 4c (%) u = 4cugg
2cul), + buly, = —4c*u"aff — 4Pbu, + At bufy = —Actuy
Therefore in the new variables the hyperbolic equation has the form

1
" "o "o
2uy, tu, =F & uyg= —462F
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An alternative standard form of a hyperbolic equation. Let us make yet
another change of variables in Eq. (15.1)

CY:S‘H% 525—77

or

1 1
€=§(a+ﬂ), 7725(04—5)
By the chain rule
9 10,10 9 19 10
da 206 20n’ 03  20¢  20n

so that

. l v g . ﬁ . l( no__.n )
aﬁ 4 85 (977 65 (977 u = 4 Uge — Uppy
5.1

Therefore Eq. (15.1) becomes

(15.2) uge — uy, = 4G

Equation (15.2) is also called the standard form of a hyperbolic equation
in two variables.

15.2. Standard form of parabolic equations. If D = 0, then one ab =
¢ > 0 and one can always choose a > 0 and b > 0. Two character-
istics (14.7) coincide, that is, there is just one independent solution
to the characteristic equation. If ¢ > 0 so that ¢ = v/ab, then the
characteristic is

a(dy)? — 2cdydx + b(dz)? = (Vady — Vbdz)? =
= (z,y)=Vay—Vbr =1
In this case, put
a =(z,y) = Vay — Vb Jab
, c=Vab>0
{ﬁzw(w,y)Z\/Eer\/Ex
If ¢ < 0, that is, ¢ = —V/ab, then
a=(x,y) = Vay+ Vo Jab
, c=—Vab<0.
{ﬁzw(w,y)Z\/Ey—\/Ex
With this choice of «,
A=0
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by Proposition 14.1. For ¢ > 0, the other coefficients are

B = a(3,)* + 26,8, + b(8,)
= ab+ 2cv/aVb + ba
= 4¢?
C = ad, B, + c(a, B, + a,f3,) + b, 3,
= —aVbp, + (Vb3 + Vap,) + bVag,
= Va(c — Vab)3, + Vb(c — Vab)g,
=0
The same result holds if ¢ < 0. Note that the latter equality, C' = 0,
holds regardless of the choice 8 = ¢(x,y). So, in the case when D = 0,
the second variable can be chosen in any convenient way (of course,

the Jacobian of the transformation should not vanish, J # 0).
The equation

1
(15'3) ugﬁ = _EG(aaﬁa'l%u/mu/ﬁ)

is called the standard form of a second-order parabolic PDE in two
variables. If the right side G is independent of u/, then the parabolic
equation is reduced to an ordinary differential equation in which the
variable « is a parameter.

EXAMPLE 15.2. Show that the equation
" " "o 20,1 /
Uy — 2umy + uyy - _2('ZE + y) (um - uy)

1s parabolic and find its general solution by reducing it to the standard
form.

SOLUTION: In this equation a = b = 1 and ¢ = —1. Therefore D =
¢ —ab = 0 and, hence, the equation is parabolic. The characteristic
equation

a(dy)® — 2cdydr +b(dz)> =0 = (dy+dz)*>=0
has only one solution
Y@ y)=y+z="
To bring the PDE to a standard form, put

a=7(r,y)=y+z, [f=y-=z
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The Jacobian of this transformation does not vanish (J = 2 # 0). So,
the choice of 3 defines a change of variables. By the chain rule

g 0 0 g 0 N 0
dr  Oda 08 0Oy OJa 0B
ul, —ul = 9_9 u:—2@
v or Oy ap
A 0%u
" " n —
Uy — Uy + Uy = (%— 8_y) u_48—62
Thus, in the new variables the equation assumes the standard form
Wy =~
The equation is an ordinary differential equation because it does not
contain u;,. Let v = uj;. Then for every «,

dv 9

— = —av

dp ’
= = Cle_azﬁ

= u:/vdﬁ:—ﬁe_azﬁ%—Cg

o

where the integration constants C; and Cs are arbitrary functions of
a. So without loss of generality

u(z,y) = fl@)eP +g(@), a=y+z, B=y—u

for some twice continuously differentiable functions f and g. 0J

15.3. Standard form of elliptic equations. Note that D < 0 implies that
c? < ab and, hence, a # 0. So, for elliptic equations, the characteristics
(14.7) are complex

V(2,y) = ay — (c+i\/3)x =,
Yz, y) = ay — (c—z'\/j):v =%

where 4 denotes the complex conjugated function . The proof of
Proposition 14.1 does not require that v is real. Therefore in the new
complex variables

a=(z,y) = ay — (c+i\/3)w,
8 =5(@,y) = ay— (e=ivV=D)a
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the coefficients A and B vanish by Lemma 14.1
A=B=0

as in the case of hyperbolic equations so that the equation assumes the
form (15.1) where a and § = @ are complex variables. To avoid the
use of complex variables, let us introduce two real variables

o=+, f=EL—1n
They are related to the original variables as
1 1
525(044‘5):@?/—037, 77:2—2.(04—5):—\/—1)55

By the chain rule
0 10 10 0 10 1 0

90 20¢ "2ion 93 2ot 2iog
= L2 DY (0 10N L)
Yor = 4 \oe T an) \ae " dan) T a\Me T Um

The substitution of the latter relation to (15.1) shows that an elliptic
equation can always be transformed to the standard form

(15.4) uge + uy, = 4G

which is to be compared to the second standard form of a hyperbolic
equation (15.2).

EXAMPLE 15.3. Show that the equation
" " n /
Ugy — 2Uyy, + DUy, = TULU

1s an elliptic equation and find the standard form of the equation by
making a suitable change of variables.

SOLUTION: In this equation a = 1, b = 5, and ¢ = —1. Therefore
D = c* —ab = —4 < 0 and, hence, the equation is elliptic. It has two
complex characteristics

Yy =y+(1—-20)x =", F(z,y)=y+1+2)r="

The real and imaginary parts of the characteristic function v define
new variables in which the equation should have the standard form
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Using the chain rules

9 _s0, ,9_90 ,0

or  voc a9 "oy’

9 _ g9 9 _20

gy voae Moy T ae

12 a a ? 12 12 12
umm: (8_6_28_77) u:u§§_4u§77+4u7777’

= 3¢ (5 =23~

12 a ? 12
Uyy = (9_5 U = Uge

The substitution of the above relations into the equation in question
yields

1 1
4u'§'§ + 4“%77 =3 nulgu = u'é + u%’n =3 nulgu

15.4. Exercises.

1. For each of the following PDEs, find the characteristics and reduce
the equation to the standard form:

(i) up, —6uy, =u, + zu,

(i) wul, +2u), +3u, =yz,

(i) ul, + 2u;’Z - 4uZ’Z = yu
2. Find a general solution by reducing it the following equation to a
standard form

" "
Uy, — Uy, =0
3. Find all polynomial solutions to the following equation by reducing
it to the standard form

" " "
Ugy + 2Uyy, + Sy =0
Hint: Recall harmonic polynomials
4. Find a general solution to the following equation by reducing it
to the standard form

" " "o
Uy, + Ay, + 4w, = —4u
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Selected answers.

2. u(z,y) = f(x) + gz + 6y), f and g are any functions from C?
3.

N
u(z,y) :A0+Z <AnRez"—|—BnImz"), 2=y—1x+ 2izr
n=1

where A,, and B,, are constants.

4.
u(x,y) = f(y — 2x) cos <x + %y) + g(y — 2z) sin <x + %y)

where f and g are any functions from C?
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16. Linear PDE with constant coefficients

16.1. Standard form of linear PDEs with constant coefficients. Consider
the most general linear equation of second order with constant coeffi-
cients

auly, + buy, + 2cul, + pul, + quy, +mu = f(x,y)
Here a, b, ¢, p, q, and m are constants. Using a change of variables
associated with the characteristics of this equation, the latter can be
reduced to one of the following forms

elliptic : Up, +ugs + Puy, + Quig +mu = f
hyperbolic : Uy, — Ugg + Puy, + Quig +mu = f
parabolic : ugs + Pug, + Qu +mu = f.
For a further simplification, let us make a substitution
u = ety

where v is a new function and k& and n are constants. It follows that

ul, = ek () 4+ ko),

Uy = eka+n5(v’5 +nw),

u = e (! 42k + k),

uhy = " (v + 2nuj + nv) .
By a suitable choice of parameters k£ and n, one can always reduce the

elliptic, hyperbolic, and parabolic equations with constant coefficients to
the following standard forms:

elliptic : Vo T Vg + 10 =g,
(16.1) hyperbolic : Upo — Vg + 0 =g,
parabolic : Vg + U, =g

For example, in the case of the elliptic equation, the aforementioned
substitution yields (after multiplying each side of the equation by e~**~"9)

Ve + Vg + (P 4 2k)ug, + (Q + 2n)uj
+(k* 4+ n* 4+ Pk + Qn +m)v = fe ko

Set . 0
F— L _ %
20 "7
to make the coefficients at the first partial derivatives vanish. Thus, in
the case of the elliptic equation

1 —ka—n,
p=5(PP+ Q) +m, g=feto
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EXAMPLE 16.1. Determine the type of the equation and reduce it
to one of the standard form:

" " " / / 1
Ugy + 20y, + uy,, +4uy, — 2u, + 7u =0

SOLUTION: In this equation a = b = ¢ = 1. Therefore D = c?> —ab =0
and, hence, this is a parabolic equation. The characteristic equation
has the form

(dy)?* — 2dxdy + (dz)* =0 = (dy—dz)* =0
It has one solution
Y(w,y)=y—x="%

The change of variables needed to reduce the equation to the standard
form can be taken as

a=7(r,y)=y—z, [B=yt+=z

The choice of the second variable [ is arbitrary in the parabolic case,
safe for one condition that the Jacobian of the transformation is not
zero, which is the case with the above choice of 3. By the chain rule

o 9 9

oz~ da 9B’

o 9 9

gy~ a 0B’

ul = (—i—l—g)zu:u” —2ul o+ ul;
T aa aﬁ ao af BB

o 0\’
uy, = (——I——) U= Up,, + 2upg + Uy,

"o 0 0 0 0 o " "

Upyy = %—I—% —%—I—% U= —Upy, + Ugg -
Substituting the partial derivatives in the new variables into the given
equation, the latter is reduced to the following form

dufys — 6up, +2up + zu =0
Next, let us make a substitution
aa—l—bﬁv

u==c

where v is a new function, and the constants a and b are chosen to
simplify the linear combination of the unknown function and its first
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partial derivatives as much as possible
4(vj5 + 2bv + b7v) — 6(v), + av) + 2(vj + bv) + v =0,
4vfgs + (8b + 2)vy — 6v), 4 (46> — 6a +2b + 1)v = 0

By choosing

1
b=—7

the coefficient at vj can be reduced to zero. The coefficient at vy,

cannot be modified, while the coefficient at v can be reduced to zero
by choosing

1 1

a= 6(4z)2+2b+§) =5

Thus, the standard form of the equation reads

1" 3,0 _
Ugg 2va—0,

where
1
a=y—xz, [B=y+x, u=es*" 17y,

16.2. Exercises.

1-3. Reduce each of the following equations to the standard form
(16.1) by means of the substitution u = e***™¥y with a suitable choice
of constants k£ and m:

1.
" "o / /
Uyy + Uy, = auy, + bu, + cu
2.
" "o / /
Uyy — Uy = AU, + bu, + cu
3.

" / /
Uy, = au, +buy, + cu
4-7. Determine the type of each of the following equations with con-
stant coefficients and use a suitable change of variables and, if neces-
sary, a substitution to reduce the equations to the standard form (16.1):

4.
" " " / /
Uyy — 2y + Uy, + auy + buy, + cu =0
5.
" " " / /
Uyy — 2Uy,, — 3y, + auy, + buy, +cu=0
6.

" " " / /
Uyy — 2Uyy, + Suy, + au, + bu, + cu =0
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"o

umy

au,, + bu, + cu

Selected answers.

1. o), + v, =Cv, C=c+ ja®+ ;b7

v, — vy, =Cv, C =c+ ja® — 3b°

- vy, = buy if b#0, and v, = Cv if b = 0 where C' = ¢ + ;a®

- Vs + Avl, = 0if a # —b where A = Z(a+b), and vjj; + Cv = 0 if
—b where C = Y(c—1a?);a=0+y B=0—y.
ns—Cv=0,0C=%[EBa+d)(b—a)+c,a=y—z, f=y+3
Nat0hs+Cv=0,C=qc—gla+b)?—£a®, a =4y, f =+22.
" = (c+ ab)v.

zy

N0 e A WN
I

v
v
v
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17. Non-constants coefficients

It turns out that the analysis of the case with constant coefficients
at the second partial derivatives is easily extended to a general case
when the coefficients are general C'! functions:

a=a(z,y), b=0b(r,y), c=c(r,y)
First, note that under a general change of variables
a=oa(r,y), B=708(zy)
where a(x,y) and 3(x,y) are from the class C?, the equation
12 12 1 / /
Ay, + 2cuy, + buy, = F(x,y,u, u, u,)
becomes
(17.1) Auy, +2Cu, 5+ Bugs = G(av, 8, u, uy, uy)

where the coefficients A, B, and C are given by Eqgs. (14.1)—(14.3). The
terms containing second partial derivatives of  and 3 depend only on
uy, and uj and, hence, are included into G. Indeed, if o, oy, 3, and f3,
are not constants, then the chain rules for u/, and u, remains the same,
while the chain rule for the second partials yields additional terms. For
example,

"o d v = d
Use = 5 m_a_( uy, + BLup)
/a 0 "
- ma_ _I—ﬁma uﬁ_l—ammua_l—ﬁ

= a+ 0 w0 a+ W,
—Oé (Oé a. maﬁ)ua m( a. maﬁ)

+og, Uy + B
= (Oé )2 . + 20& ;u/olzﬁ + (ﬁ )2ug6 + amm a _I— ﬁ

Note that the coefficients at the second partials with respect to the
new variables have the same form as in the case of a linear change
of variables. The difference is that there are additional linear combi-
nations of u;, and wj in the second partials ul,, u},, and uy,. These
additional linear combinations are included into a general function G,
while the expressions (14.1), (14.2), and (14.3) for the coefficients A,
B, and C, respectively, remains true for a general change of variables.
This implies that in order to reduce A or B or both to zero, one has

to solve the first order PDE (14.4).



17. NON-CONSTANTS COEFFICIENTS 143

17.1. The method of characteristics. The first order PDE (14.4) can be
solved by the method of characteristics that has a natural extension to
the case of non-constant coefficients a, b, and c. First, Proposition 14.1
can be extended to the case of a general change of variables.

THEOREM 17.1. Let a, b, and ¢ be functions from the class C' such
that a and b do not vanish simultaneously anywhere. If a function
y(z,y) € Ct is a solution to

(17.2) a(@,y)(ve)? + 2c(z, y)vav, + bz, y)(,)* = 0

such that 7., and 7; do not vanish simultaneously anywhere, then level
curves y(x,y) = vo are solutions to the ordinary differential equation

(17.3) a(x,y)(dy)? — 2¢c(z, y)drdy + b(z,y)(dz)* = 0.

Conversely, if level curves of a function y(z,y) € C! are solutions to
(17.3), then the function v(x,y) is a solution to (17.2).

PROOF. Let y(z,y) be a solution to (17.2). Let (xo,yo) be a point
in a level set of the function =y, that is, v(zo,y0) = 7. Suppose that
Yy(T0,%0) # 0. By the implicit function theorem (Theorem 8.2), the
equation y(z,y) = 70 has a unique solution y = y(x) in a neighbor-
hood of a point (z,yo) such that yo = y(xo) and the function y(x) is
differentiable and

dy Ve
17.4 I
(17.4) dx 7;
(17.5) = (z,y)dr 47, (z,y)dy =0

If 7, (%0, 40) = 0, then 7, (zo,5) # 0 and, by the implicit function
theorem, the equation y(x,y) = = can be solved for z so that the
solution = = x(y) is a differentiable function of y and dz /dy = —~, /...
The latter leads to (17.5) again.

Next, it is shown that any curve satisfying (17.5) also satisfies ODE
(17.3). Without loss of generality it is assumed that ~,(zo,%0) # 0,
then near (x,yo) the slope of the level curve is given by (17.4). The
substitution of (17.4) into (17.3) yields

a(j—i)z—ch—i—l—b: a(—z—Z)z—20<—z—2) +0b
= ;)2 (a (v2)® + 27,7, + b (%’,)2)
Y
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because v is a solution to (17.2). So, the level curve of 7 passing
through (xo, o) is a solution to ODE (17.3). Since the choice of (z¢, yo)
is arbitrary, the conclusion holds everywhere.

Conversely, suppose a(zg,yo) # 0 so that a(z,y) # 0 near (zo,yo)
by continuity of a. Then near (xg, o) Eq. (17.3) has two solutions

dy _ c(z,y)+/D(z,y)

dr a(x,y) ’
where D(x,y) = (z,y) — a(z,y)b(z,y). By Theorem 10.1, the initial
value problem y(xg) = yo for any of these equations has a unique

solution because a, b, and ¢ are from the class C'. The solution is a
smooth curve through (xo, o) which can be represented as a level curve
of a function vy(z,y) € C! so that

dy _clr,y)+/D(x,y) 7z y)
dx a(z,y) v, (x,y)
by the implicit function theorem. The latter relation shows that —v; /7,

is a root of the quadratic equation for the slope of the characteristic
and, hence, 7 satisfies (17.2):

2
'\ 2 ! +vD +vD
a(ﬁ) —I—QCE—I—b:a(Ci) —2e =Y 4h

a

Yy Yy a

=0
If a(xo,yo) = 0, then b(xg,y0) # 0. Equation (17.3) can be solved
for the slope dx/dy near such point. The obtained ODE has a unique
solution that defines a smooth curve passing through the point (zg, yo).
This curve can always be viewed as a level curve of some function
v(z,y) such that 7. (zo,yo) # 0. By the implicit function theorem, the
slope of this curve is dz/dy = —7;/7; and, hence, is also a root of the
quadratic equation (17.3). The latter implies that 4 must be a solution
to (17.2). Since the choice of (¢, yo) is arbitrary, the conclusion holds
everywhere. O

17.2. Classification of second order PDEs. The discriminant D = D(z,y)
is a function of x and y. Therefore its sign depends on (x,y) and so
does the type of PDE.

DEFINITION 17.1. (Classification of second-order PDEs)
The equation

" " " I I
a(:r, y)umm + 20(1’, y)umy + b([L’, y)uyy = F(I> Y, Uy Uy, uy)

1s called
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e hyperbolic in Q if D(x,y >0, (x,y) €
e elliptic in if D(x,y) <0, (x,y) €
e parabolicin Q if D(z,y) =0, (z,y)€Q

where €2 s an open region and

D([L’,y) = 02($>y) - a(z,y)b(x,y)

Recall that a PDE is defined in an open set (2. The type of PDE
determines a change of variables in {2 that is needed to reduce the PDE
to one of the standard forms. For example, the equation

" " elliptic  in Qp = {(z,y)|z > 0}

Uz + Ty =0 { hyperbolic in Q_ = {(z,y)|x < 0}

The set where D = 0 is the line x = 0. It has no interior points at all
as a set in R? and, hence, it has no open subset in which the equation
may be viewed as a parabolic equation.

Remark. In general case, integration of the characteristic equation
(17.3) is a difficult task. If, however, if two independent integrals (char-
acteristics) are known, a PDE can be reduced to the corresponding
standard form in the same way as in the case with constant coefficients
a, b, and c.

17.3. Hyperbolic equations. If there is an open set € in which D(z,y) >
0, then the characteristic equation has two real independent integrals
(curves) satisfying two ordinary differential equations

dy _ clz,y)+ v Dx,y) a(z.y) = ap

dx a(z,y)
dy _ C([L’,y) B D([L’,y) _
dr a(z,y) = By =5

where g and 3y are constants. Let us show that the transformation

a=a(r,y), B=70y)

defines a change of variables in €. Since a and b do not vanish si-
multaneously, let a # 0 in a neighborhood of some point. Then in
this neighborhood, o, # 0 and 3, # 0 because a(r,y) and B(x,y) are
solutions to are solutions to the first-order PDE (17.2) (see (17.4)).
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Then
oy c(z,y) + /D(z,y)
o a(z,y) ’
Be _ cxy)— v Dx,y)
# a(z,y)

Therefore the Jacobian of the transformation is

/ / 2 el
7=l - et == (- ) =22 VB 2o

a, By a
because D > 0. If a(z,y) = 0, then one of the characteristics is an in-
tegral of the equation dxr = 0 so that 3(z,y) = x, whereas the function
a(x,y) solves (17.2)

o, 2c(z,y)

af  b(zy)

ay(z,y) #0.

Therefore J = —a; # 0. The points where the gradients of a or 3
vanish are singular points of the change of variables. Just like in the
case of first order PDE, if such a point happens to be in €2, then any
solution found near this point has to have a smooth extension to this
point otherwise it is not a solution to the original PDE.

In the new variables associated with the two independent charac-
teristics, A = B = 0 in (17.1) and a hyperbolic PDE is reduced to
(15.1) or to (15.2) if, in addition,

1

1
525(044'5% 7725(04—5)-

17.4. An operator method to transform partial derivatives. Although the
coefficients A and B are proved to vanish in the new variables, all
second partial derivatives also contains terms linear in the first-order
partial derivatives that have to be calculated in order to reduce the
equation to its standard form. It is convenient to use the following
technical trick. Let 0, denotes an operator of taking a partial derivative
with respect to x, that is, the operator acts on a function u producing
ul, which is written as

/
Oxu = u,

The second partial derivative u . is the result of a repeated action of
0, on u. For example,

2 l " " 2 "
Opu = 0,(0u) = Opuy, = uy, ,  O0L0u=uy,, J,u=uy,
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One can consider operators obtained by multiplication of a function
and a differentiation operators. For example,

/
D, =ud,, D,v = udv = uv,, ,

for any function v. The operators of differentiation satisfy the product
rule. For example,

Oz (uv) = (Opu)v + u(0pv),  9p Dy = 0y (udy) = ul,dy + ud,0, .

There is a relation between the operators of differentiation in the old
and new variables:

Or = 0o + .05, dy = 0o + 3,05 .
established by the chain rules. Then
(95 = 020,00 + B,05) = (020,)00 + (0:3,)05 + 0200 + 3,0:05
= 0,00 + (,,05 + (00 + (,05) 00 + B,(0},0a + 3,05)05
= 0,00 + 3,05 + (,)*05 + 20, 3,0005 + (8,)" 0
Uy = 0ty + Bopuy + () U + 204, 05ucs + (1) gy
Other second partial derivatives can be computed similarly.

EXAMPLE 17.1. Reduce the equation
Uy — TYUy, =0, (z,y) € Q2 ={(2,y)|lz >0, y >0}
to the standard form.

SOLUTION: Herea = 1, ¢ = 0, and b = zy. Therefore D(x,y) = xy > 0
in . The characteristic equation reads

(dy)* —zy(dz)* =0 = dy=+\/rydr

which are easily integrated by separating variables

dy 1/2 2 3/2
- A ) _Z -
dy = Jryder = / NG /\/Eda: = Y 3:17 Qo

dy 1/2 2 3/2
E— - — _ 2 - —
dy Veyde = / \/_ /\/Edzz = YT+ 3:E Bo

Put
o = 2y1/2 . gzs/z 8= 2y1/2 i gzs/z
’ 3

and
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Using the chain rules

9 _apd 9 apd
Ox on’ oy o¢’
0 0 1 1
ul = o (xl/zu%) = :171/2% u, + 5 :B_l/zu;7 = zu,, + 5 :B_l/zu;7
0 0 1 1
"o -1/2,r\ _  —-1/2% +» - =3/2. 0 _ =11 = —3/2 7
uyy—a—y<y “&)—y gy ¢ oY e TV MmooV e

The substitution of the second partials into the original equation with
a subsequent replacement of x and y by the corresponding functions of
¢ and 7 yield:

1 1
Uy, — TYUy, = TUy + 5 o Pl — au + 5 T T
T/ o _
= x(uy, — uge) + B (:B Pty 1/2u’§)
=0
1 1
" "o / /
Uy = Uge = _%un o Euﬁ

O

17.5. Parabolic equations. In the case of parabolic equations D(z,y) =
0 in an open region ) and two characteristics coincide. A change
of variables that reduces the equation to the standard form (15.3) is
obtained in the same way as in the case with constant coefficients,
namely, one of the new variables is determined by the characteristic (a
solution to (17.2) or (17.3)), while the other is arbitrary subject to the
only condition that the Jacobian of the transformation does not vanish
in Q:

d c(x,

_y = ( y) = 7($>y):a0>

dr  a(z,y)

a=(y), B=e¢y)
where ¢ is a C? function such that
/ / AN

J:’}/mgpy_q/gjgpm?éo? ($7y)EQ

If the right side of Eq. (15.3) is independent of w,, then the equation

becomes an ordinary differential equation in which the coordinate «
plays the role of a parameter.

EXAMPLE 17.2. Determine the type of the equation and use a suit-
able change of variable to reduce the equation to the standard form.:

wuy, + 2Ty, + yuy, + 3w, =0, x>0, y>0
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Specify the new region in which the standard equation is to be solved.
SOLUTION: In this equation a = x, b = y, and ¢ = ,/xy. Therefore
D(z,y)=c—ab=a2y—xy=0, >0, y>0

and the equation is parabolic in the first quadrant. The characteristic
equation (17.3) is easily integrated by separating variables

d_y_c VY dy [ dx

=—_—=YZ = - — - _ —C
de  a +/r VY N3 > VYV
Therefore the new variables can be taken in the form
o = \/?j - \/57 ﬁ =Y

because the Jacobian of the transformation does not vanish in the first
quadrant:

1
J:a;ﬁ;—a;ﬁ;:—m%o, x>0, y>0.

Using the chain rules

019 919 0
dr 2z da’ Oy 2,y da OB’
u// — g@:ﬁ _Lu/ :_Lﬁu/ _I_laj_g/zu/
o OJxdxr Ox \ 2y/x “ 2/xdx % 4 “
_ 1 " 1 -3/2 ./
_4xuaa+4z ua
y 0o0u 0 1 o
Uy = ——=— | —u,+u
YW oyoy 0y \2yy “ A
1 0 , O , 1 5,5,
_2\/§ayua—l—ayu5—4y U,
1 1 1
:@uga%—ﬁugﬁ%—ugﬁ—zy 2l
u// — g@—g Lu/ _l_u/ —Lﬁu/ _l_ﬁu/
W 9rdy Oz 2y A _2\/§8x @ 9z P
= (), — Sl

4 2
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The substitution of the second partials into the equation yields

Ty, + 2,/TYuly, + yu,, = x(ix‘l ull, + 1z u’a)
+ 2(ay) (=3 oy) Pl — S )
oy byl gl gy — Sy )

= gy~ Ky =)

A subsequent substitution of the latter relation and y = 3 and /x =
VB — a reduces the equation to the standard form:

yuhs — oy — a2 ul, + %(%y‘l/zu’a - u’ﬁ) =0
/- _;u/ 1
P BV )

a % ulﬁ )
To find ' in the af plane, note that the boundary 992 of 2 should
be mapped onto the boundary of €' by the transformation considered.
The region €2 is bounded by the coordinate axes so that the line y =0
(the x axis) is mapped to § = 0 (the « axis) and the line z = 0 (the y
axis) is mapped to the parabola a = /3. Therefore the equation is to
be solved in the open region

(o, 8) € &

@ ={(a.8)]a< VB, 5>0}

O

Peculiarities of parabolic equations. There are a few features in the stan-
dard form of a parabolic PDE that are independent of the choice of the
second variable 3. For example, in Example 17.2 one can generally set

O‘:\/g_\/i> ﬁ:ﬁ($>y)

where (3(z,y) is a C? function such that the Jacobian does not vanish
in € (the first quadrant):

By s : :
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By the chain rules similar to those obtained in Example 17.2:

919 0 019 0
or  2y/r da  TOB’ 8y_2\/_8a voB’
1 1 1 ﬁ.’/ﬂ 1 1

umm:4_u _7 aﬁ_l—(ﬁ)z 66+4 \/_ua_l—ﬁmmuﬁ?
1 1 ﬁ/ 2 //

uyy—4_ aa_"ﬁ aﬁ_l'(ﬁy) Ugp 4\/_u +ﬁyyuﬁ’

1 ﬁ’ By

Therefore the equation is reduced to the standard form
0 = zuy, +yu,, + 22y uy, + 3 u,
= e (37 = 3) +uns (=ValB, + VB, + VB, — yB,)
iy (¢(8,)° + y(8,)° + 27y, 5,)

1 1 1
+u,, ( - + )
TN W AW
/8/
+uj (a: vo Y0y + 2V/Y B +
/
= dayJ uly,; + \/_ua+u5 (x e T YBy, + 2Ty, +ﬁ)

The equation can be divided by 4xyJ? because J(z,y) # 0in € so that
it assumes the desired form (15.3).

Can the freedom in choosing 5(x,y) be used to further simplify the
parabolic equation? First, the choice of B(x,y) cannot be used to make
the coefficient at u., to be zero and thereby to reduce the equation to an
ordinary differential equation in which the variable o is a parameter.
This is a general feature, not specific to the example considered. That
this coefficient vanishes or does not vanish is determined only by the
characteristic a(x, y) of a parabolic PDE and, of course, by coefficients
a, b, and c.

Second, the choice of 3(x,y) may only be used to simplify the de-
pendence of the equation on u’ﬁ For instance, if

1
2\/xy

ﬁ(z,y)z\/§+\/§ = J=-
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then the standard form of the parabolic equation in Example 17.2 reads

1

With the choice 3 = x + /y, the coefficient at uj; vanishes in the stan-
dard form, but the coefficient at u/, has a more complicated dependence
on « and 3. Yet, the new region in which the equation is to be solved
has a more complicated boundary: 8 > o > 0 and 8% > —a > 0.
Technical details are left to the reader as an exercise.

17.6. Elliptic equations. For an elliptic PDE, D(z,y) < 0 in an open
region 2. In this case, the characteristic equation has two complex
independent integrals

dy _ c(x,y) —i/—D(x,y) = Alz,y)=C

dx a(z,y)
d_y: c(x,y)%—ﬂ/% = Az,y)=C
dx a(z,y) ’

where 7 is the complex conjugation of 7. The equation can be reduced
to the standard form (15.4) by means of the change of variables

€ = Rev(r.) = 5 (+(.9) +3(r.1)

n=Im~y(v,y) = %(v(x,y) - W(x,y)) :

One can show that the Jacobian of this transformation is not equal
to zero. A proof of this assertion is similar to the case of hyperbolic
equations, and technicalities are left to the reader as an exercise.

EXAMPLE 17.3. Reduce the equation to the standard form by a suit-
able change of variables

1
yzu;’m%—ezmugy%—iyugzo, y>0, x€R

Find the new region in which the standard equation is to be solved.

SOLUTION: In the PDE in question a = 3%, ¢ = 0, and b = €2*. There-
fore D = ¢ — ab = —y%e** < 0 in the upper half of the xy plane and,
hence, this an elliptic PDE The complex characteristic is determined
by a general integral of the equation that is solved by separation of
variables

e /ydy:ifemdx = (z,y) =5y +ie" =C
dx Y 2
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Therefore the sought-after change of variables reads

1
SZRG’Y(I,y):§y2, U:ImV(%y):em
The Jacobian reads

J=&n, —&m,=ye" #0, y>0, z€R,
By the chain rules

o .9 a8 9
_— = e — — = )
Oz o’ oy oe
)
iy = g (€)= & gl + <y = &, el

0 0
" / / / 2.1 /
U, = — (YUs) =Y — U + U = Y Use + U
vy ay(yﬁ) Yoy tle ™ te = ¥ lee T e
The substitution of the partials in the new variables into the equation
yields

2
> (ezm%'?7 + emu;,) + e <y2u/§/€ + ué) + % Ulg =0,

" + H‘l‘ 2 %yz /‘l' SRy —
Yo T e T g0y MeTE T
2
" " /)7 _I_S / 1 /

g+ lge g p et Uy = 0

The latter equation is to be solved in the open region that is the image
of the upper half-plane under the transformation (x,y) — (£, 7):

Emes={Emnle>0,1>0}.

17.7. Exercises.

1-5. Reduce each of the following equations to the standard form
in the specified open region by means of a suitable change of variables
and determine the region spanned by the new variables in which the
reduced equation is to be solved:

1.
uy, + vyuy, =0, x>0, y>0
2.
e ull, + 2e" Ml 4 e*uy =0, (z,y) € R?
3.

2.1

Uy, — 2vyuy, — 3(wy)u,, =0, x>0, y>0
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4. Here b(y) > 1, b(y) — 1 as |y| — oo, and b € C*

u/m/m - bz(y)ugy = 0? ($>y) € ]Rz :
5. Here b(y) > 1, b(y) — 1 as |y| — oo, and b € C!
uy, + b (y)uy, =0, (z,y) € R?.

6. Is there any choice of functlons f(z,y) and g(x,y) for which the
following equation can be reduced to an ordinary differential equation?

62m "o+ 26m+yu” + 62yu// = ful, + gu;, (z,y) € R’

Selected answers.

1w, +ujs = %u’ﬁ UL, = §x3/2, B =2y'/2.

2. ugg+ ﬁzfaz ul, — 62aa2 ug=0,a=e¥—e " f=cV e

3. ugﬁzf’—ﬁzgéaa ug + 1 IL 222!, a = In(y) — 122, B =1In(y) + 322
4. uly = b (y)(ul, + uﬁ) Where y is the root of the equation F(y )
(a —I— B) and F(y) = fy dz (there exists only one root. Prove it!)

5. uy, + uﬁﬁ =V (y)ujy Where y is the root of the equation F(y) = (8

and F'(y f Y dz there exists only one root. Prove it!)
6. Yes. e mf+e : =e Yg+ev.
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18. Multivariable second-order PDEs

Let x = (z1,22,...,2,) € R". A general second-order PDE in n
variables has the form

(18.1) ZZayk() Ou = F(x,u,Vu), x€Q

where F' is a function of x, u, and its gradient Vu, and €2 is an open
region in R™. Consider a change of variables in €2

a;=0o4(x), j=12,...n

This implies that the Jacobian of this transformation does not vanish
in Q:
8%

J. —_
ik al’j ’

J(x) =det(Jjx) #0, x€Q

By the chain rule

Oa,, O - 0
8% mz_ ox; da,, - Z Jim da,,

0%u 0 Ou 0J:m Ou
Or;01, <Z i S ) Z Tim e Do Z a;k Ot
0Jim Ou
. mz lz B M e, Z o Dam

Therefore in the new variables the equatlon assumes the form

(18.2) Z Z Api—a— aalaam =G,

m=1 [=1
0Jim Ou
G=F— m
Z Ox aam
ml — szymt]klayk
7=1 k=1

The relation between coefficients A,,; and aj; can be cast in the matrix
form

A=J%aJ
where A and a are n X n symmetric matrices with elements A,,; and
a;k, respectively, and J is the Jacobian matriz with elements J;, and
J7 is the transposition of J.
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Suppose that the coefficients aj; are constant. Consider a quadratic

form associated with a symmetric matrix a = a”:

y'ay = Z Z kY Yk 5 y € R"

j=1 k=1

Take a linear change of variables

ye=Y JiiB or y=JB

j=1

Then the quadratic form in the new variables reads
ylay = (JB) a8 = 87T aJ B = BT AB

The new matrix in the quadratic form is also symmetric
AT = (JTal)' =J e ()T =J%aT = A

It is known from the linear algebra that for every symmetric matrix
a = a” there exists a linear transformation defined by a non-singular
matrix J (that is, det J # 0) such the transformed matrix A is diagonal
and its diagonal elements are either +1 or 0:

A =0, m;él, AHE{l,—l,O}

Furthermore, Sylvester’s law of inertia for quadratic forms asserts that
the number of diagonal elements of each kind is an invariant of a, that
is, it does not depend on the matrix J used to reduce the quadratic
form to its standard (diagonal) form.

Returning to Eq. (18.1), suppose that aj, are continuous functions
on an open set (). For every point xq € €2, there is a linear non-singular
transformation (a change of variables) such that

Api(x0) =0, m#1; Au(xo) € {1,-1,0}

Note that the transformation depends on xy. Owing to Sylvester’s law
of inertia, the following classification of second-order higher dimen-
sional PDEs is adopted.

DEFINITION 18.1. Equation (18.1) at a point Xo is called

e an elliptic equation if all n coefficients Aj;(xg) have the same
s1gn;

e a normal hyperbolic equation if n — 1 coefficients Ay(xg) have
the same sign, while one coefficient has an opposite sign;

e a hyperbolic equation if n > m > 1 coefficients Ay(xo) have the
same sign, while the other n —m coefficients have the opposite
sign;
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e a parabolic equation if at least one of the coefficients Ay(xo) is
equal to zero.

18.1. The case of constant coefficients. Suppose that aj; are constants.
Then the change of variables needed to reduce a second order PDE to
a standard form is linear:

n
oy = E Jirx; or a=J"x.
J=1

The matrix J can be found as follows. The matrix a is symmetric,
a’ = a. It is known from the linear algebra that its eigenvalues are

real, they are roots of the characteristic polynomial of degree n:
P,(\) =det(a— AI) =0
where I is the identity matrix, /;; = 0;x, and there exists an orthogonal
transformation O, OT = O~! such that the matrix
0TaO = X, A = diag (A1, Ay ooy Ap)

is diagonal with diagonal elements being the eigenvalues of a (if an
eigenvalue has a multiplicity m, then it is appears m times in the
diagonal of A). Define a diagonal matrix A with matrix elements

NITV2ON A0
Ajk:Aj(;jk, Aj:{|1’J| )\jio
and put
J=0A
Then it follows from )
sign();) = ==
SNV

that
JTaJ = ATOTaOA = ATAA = A

ign(A), A #0
A = At A= { O 270

Thus, A is a diagonal matrix with diagonal elements being +1 and 0
as is required for the classification of second order PDEs.

The constructed linear transformation is a change of variables be-
cause its Jacobian

det(J) = det(O) det(A) = det(A) #0

because A is a diagonal matrix with non-zero diagonal elements. The
Sylvester’s law of inertia implies that the only freedom left in con-
struction of J is permutations of eigenvalues A;. The corresponding
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coordinate transformations are swapping coordinates. For example, a
permutation of A; and Ay corresponds to a coordinate transformation
(o1, o, a3, ..y ) — (o, g, iy ey Q).

It also follows from the above analysis that the eigenvalues of the
matrix a can be used to classify a second order PDE

o [f all ergenvalues of a do not vanish and have the same sign,
Eq. (18.1) is elliptic;

o If all eigenvalues of a do not vanish and have different signs,
Eq. (18.1) is hyperbolic;

o If all eigenvalues of a do not vanish and only one of them has
a different sign, Fq. (18.1) is normal hyperbolic;

o If at least one of the eigenvalues of a vanishes, Eq. (18.1) is
parabolic.

By the constructed linear change of variables Eq. (18.1) can be
reduced to one the following standard forms

eliptic: v P O
i ic: _ _ e - =
P da? 0o daz, ’
. Pu 0*u PP 9*u
normal hyperbolic : 902 = 903 + RE +--+ fafl + G,
hyperbolic : 0Ly QU O
yp - 0ai 03 dag,
Q% N 0%u o u e
00t 00, dag, ’
arabolic: s Ou +s O +---+s P _ G
P ' '9a2 " 2902 "oa2,

sj==x1, 7=12,..m<n

18.2. The existence of the standard form in a general case. A non-constant
matrix a(x) can be reduced to a diagonal matrix by an orthogonal
transformation at any particular point xq. So, just like in the previous
case, the eigenvalues of a at any particular point allows us to classify
a second order PDE at that point. So, it is always possible to find
a change of variables such that the coefficients A;,, take the standard
values at a particular point xq:

0,l#m
(18.3) Am“@:&m:{iLmzim
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where the number of +£1 and 0 in values of s; is determined by the
numbers of positive, negative, and vanishing eigenvalues of the matrix
a at a point xg.

The next question: Is it possible to find a change variables such
that A, (x) has the standard form in a neighborhood of x( (or in an
open set containing x¢)? Since Eq. (18.2) can always be divided by a
non-vanishing function, it is sufficient that

Ay (x) = B(X)Sim

for some B # 0 in order for (18.1) to have the standard form in a
neighborhood of x¢. As in the two-variable case, this question amounts
to solving a system of the first-order PDEs:

" Oa,y, O
22X 5 gy = BOIsm
J

k=1 j=1

for all pairs (I, m), [ > m (because S;,;, = Si;,) where B # 0 The system
has n unknown functions «;.

Let us count the number of conditions on «;. For [ # m, the system
contains n(n—1)/2 equations, and for [ = m there is n— 1 independent
condition (because B is an arbitrary parameter). If n = 2, there are two
independent equations for two unknowns. In this case, the reduction
to the standard form is possible in an open set (as was shown above).

If n = 3, one can always choose three functions «; to reduce the
three non-diagonal elements A;,,, [ > m, to zero. So, it is possible to
achieve A;,, = 0, [ # m, in a open set, but there is no freedom left to
reduce the diagonal elements A; to the standard form. The absolute
values of the three functions A; must be equal in order for Eq. (18.1)
to be in the standard form, which comprises two more conditions on
ay.

For n > 3, it is not even possible to eliminate all mixed derivatives
(corresponding to the off-diagonal elements of A) by a change of vari-
ables because the number of equations is greater than the number of
unknowns. Note that in(n — 1) > n implies n > 3 and vice versa.
Therefore, if n > 3, there is no change of variables under which Eq.
(18.1) can be reduced to one of the standard forms for a general choice
of a;,(x).

It is then concluded that for n > 3, it is not generally possible
to reduce a second order PDE to a standard form in an open set by
a change of variables. Only in the case n = 2, there always exists a
change of variables under which (18.1) is reduced to one of the standard
forms as was shown above.
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18.3. Exercises.

1. Find conditions on the constants a, b, and ¢ under which the equa-
tion

ugy + aul, + 2cuy, + buy, = F(t, 2, y, u, uj, ul, u,)
is either elliptic, or hyperbolic, or parabolic.

Selected answers.

1. Let D = ¢ — ab. The equation is: elliptic if D > 0 and a > 0 (or
b > 0); hyperbolic if D < 0 or D > 0 and a < 0 (or b < 0); parabolic
if D=0.



