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Abstract

This talk will discuss a method for solving first order PDEs (in two dimensions) using Integral
Surfaces and Characteristic Strips. The general method will be presented in both the non-linear
and quasi-linear case, and several examples will be shown. This talk mostly follows chapter 1

of Fritz John.

1 Introduction
The general first order PDE in two dimensions can be written in the form
F(I, y7 u7 ul‘a Uy) = 0
where F' is some arbitrary function, usually with some level of smoothness. Depending on the exact
form of the equation, there can be several ways to try to solve it. For instance
aug + buy, =0
is a form of the transport equation, where u must be constant along lines of the form bx — ay = c,
since if
z(t) = u(at + xo, bt + yo)

then we have
2 (t) = auy + buy = 0.

If we are given initial data u(x,0) = h(z), we then have that

-y a a

u(z,y) = ulat +x,bt +y) = u(a% —i—ﬂc,bT +y) =u(x — by,()) = h(z — Ey)

Similarly
TUgy + Yuy =0

can be solved by switching to polar coordinates, where this equation becomes

ur = 0.
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However, there is a more general method that works out for all equations of this form. This
method has more of a geometric feel, and involves the concept of integral surfaces of the PDE. The
idea is, we write z = u(z, y) and interpret this as a two-dimensional surface in R®. We call this an
integral surface of the PDE. Then, the PDE will put constraints on what the tangent plane to this
surface will look like, giving us a different approach to solving this equation.

This method can be applied to both quasi-linear and fully non-linear PDE, and I will address
both over the course of this talk. As we will see, this method reduces solving these PDEs to solving
a system of ODEs, where we have standard existence and uniqueness results.

2 Quasi-Linear Equations

2.1 Characteristic Curves

The general quasi-linear equation takes the form

a(wayvu)ur +b($>y>u)uy = c(x,y,u). (1)

We call the solution z = u(x,y) the integral surface of the PDE. We can also write this in the
form

a(x,% Z)UZB + b(.%',y, Z)Uy - C(.Z‘,y,Z) = 0 = (a(x,y, 2)75(537%2)70(%%3)) ' <ul"7uy7 _1>'

These coefficients (a, b, ¢) define a vector field on (at least a part of) R3. However, what do we
know about this last vector? The tangent plane to the surface z = u(z,y) has the form

z — 20 = Ug (T — x0) + uy(y — yo)

which has normal vector (us,uy, —1). This tells us that the tangent plane to z = u(z,y) must
contain the vector (a,b,c). That is, the surface z = u(z,y) must always be tangent to the vector
{(a,b,c) at any point (x,y, z) that belongs to the surface.

In order to build towards this surface, we define the characteristic curves of this PDE. The idea
is that I can define curves 7 in R? that have tangent vector (a, b, c). Then, if this curve is contained
in a surface S, any point along 7 clearly satisfies the orthogonality condition, because the tangent
plane to S has to contain the tangent vector to -, which is a multiple of (a, b, c).

Definition 2.1. Given a point xg, Yo, 20, a characteristic curve through Py = (¢, 30, 20) is a curve
v(t) = (z(t),y(t), 2(t)) such that v(0) = Py and

.%"(t) = G(IIZ, Y, Z) y/(t) - b(x7y7 Z) Z,(t> = C<$7y7 Z) (2)

If a,b, c are C', then standard existence and uniqueness theory for ODEs tells us that there is
exactly one characteristic curve through any point F.

As described before, if a surface S is a union of characteristic curves, then it is an integral
surface. We, however, also have the converse. That is, for any integral surface S, S is the union of
characteristic curves. This is a consequence of
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Theorem 2.1. Let Py lie on an integral surface S, and v be the characteristic curve through Py.
Then v C S.

Proof. Let ~v(t) = (x(t),y(t), z(t)) satisfy v(to) = Pp. We then form the expression
U(t) = 2(t) — u(z(t),y(t))

Computing, we see that

dU dz (2.1) dx dy
— = — —up(r,y)— —uy—
dt at Y T g
= C(%yaz) _ux(xuy)a($7y7z) _uy(x7y)b(x7y7z)
dUu
E = C(l‘7 Y, U(t> + U(CC, y)) - UI(I‘, y)a(x, Y, U(t) + u(m, y)) - uy(l‘a y)b(il?, Y, U(t) + U(CE, y))
and we also have, by construction U(tg) = 0. Now, U = 0 is a particular solution of the
above ODE, because u(x,y) is an integral surface. By uniqueness theory for ODEs, this is the only
solution that vanishes at 5. However, U = 0 is exactly the statement that the entire characteristic

curve lies in S. [ |

Consequences of this:

e If two integral surfaces S7, Sy intersect at a point P, then they intersect along the entire
characteristic curve through P.

e If two integral surfaces intersect along a curve, then that curve is characteristic.

2.2 The Cauchy Problem

With this set-up, we want to look at solving the Cauchy problem for the PDE (1). This problem
is specified (for a first order equation) by giving some data along a curve in the xy-plane, i.e.
u(f(s),g(s)) = h(s) for some function h. Rewriting this, we see that there must be a curve I'

z=[f(s) y=g(s) z=h(s)

that we want to belong to our particular integral surface. Note, the “initial value problem” has the
specific form
r=s y=0 z = h(s)

and so this is a generalization of that problem.
So, how can we build our integral surface from this curve? Assuming that I' is not a characteristic
curve of the PDE near some point Py = I'(sg), we know that the integral surface must contain the

characteristic curves through each point of I'. So, we build them. For each s near sg, I can solve
the ODEs (2) generating functions X (s,t), Y (s,t), Z(s,t) solving

%—i{(s,t) =a(X(s,t),Y(s,t), Z(s,1)) X(s,0) = f(s)
%(s,t =b(X(s,t),Y(s,t),Z(s,1)) Y (s,0) = g(s)
%—f s,t) = c(X(s,1),Y (s, 1), Z(s,1)) Z(s,0) = h(s)
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Again, general theory on existence and uniqueness of solutions to ODEs and continuous depen-
dence on parameters gives that there exist C'! solutions X, Y, and Z for (s,t) “close enough” to
(s0,0). Now, if we could solve these equations for x and y, namely, if we could find s = S(z,y) and
t =T(x,y), we would then have our solution in the form of

u(z,y) = Z(S(x,y), T(z,y).
The implicit function theorem gives us this result. We have that there are solutions S(x,y) and

T(z,y) to
xr = X(S(m, y),T(x,y)) Yy = Y(S(:U,y),T(x, y))

[that is,

0=X(s,t)—x 0=Y(s,t)—y
as maps from R? x R? — R? | satisfying S(zo,y0) = s0, (0, yo) if the Jacobian
7 — |Xs(50,0) Ys(s0,0) f'(s0) 9'(%0)
Xi(50,0)  Yi(s0,0)| |a(xo,v0,20) b(xo,Yo,20)

This condition guarantees that ¥ : z = wu(x,y) is locally a surface. It is clearly an integral
surface because v(t) = (X(-,¢),Y(-,t),Z(-,t)) are characteristic curves, which implies that the
tangent plane to ¥ must contain the vector a, b, ¢, and so the surface satisfies the PDE.

If this determinant is zero, then we can generate the relations

f'b—ga=0 h' = fluy + g'uy ¢ = aug + buy
Rearranging these, we see that
bh' —cqg =0 ah! —cf' =0

which implies that (a, b, ¢) is proportional to (f’,¢’, h'). Thus, the curve I must be characteristic at
Py. This is a problem, because if the curve is characteristic locally, then there are infinitely many
solutions near Fj.

Example 2.1. (a) Simple example: Transport type equation from earlier.

aug + buy, =0

with given data u(x,0) = h(z).

We then have the characteristic equations

%—)t( 5,t) = X(s,0) =s
% s,t)=b Y (s,0) =
F(s.t) = Z(s,0) = h(s)

which leads to the solutions
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X(s,t)=at+s Y(s,t) =bt Z(s,t) = h(s)
Solving out for ¢ and s, we have that

t=1y/b s:x—at:x—%y

so we have the solution a
u(z,y) = Z(s,t) = h(x — +y)

b
which is the same solution we got earlier.
(b) Non-linear equation
Uy — TUU; = 0
with given data u(z,0) = x.
%—)t(s,t = —xz X(s,0)=s
%—lg s,t)=1 Y (s,0) =
%—%(s,t =0 Z(s,0) =s

which leads to the solutions

X (s,t) = se Y(s, t) =t Z(s,t)=s

giving the implicit solution
x = ue*y

3 Non-Linear Equations

3.1 Monge Cones and Characteristic Curves

From here on out, we use the notation z = u(z,y), p = ug, and ¢ = u,. The most general first
order equation has the form

F(x,y,2,p,q) =0

The idea here is the same as before, but the dependence on p and ¢ is no longer linear, so we
don’t have as simple of relations between them. Instead of the characteristic curves from before,
we need something called characteristic strips in order to represent the geometry here.

Any integral surface through Py = (zo, Y0, 20) must have tangent plane
z =20 = p(x — z0) + q(y — o)

for which F(zo,y0,20,p,q) = 0. In the same way as before, this relation restricts the possible
tangent planes that z = u(x,y) can have. Before, we had that (a,b,c¢) L (p,q,—1), but now, we
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have a 1-parameter family of tangent planes that the integral surface can have at the point Fy. In
general, such a one-parameter family can be expected to envelope a cone with vertex at Py, which
is called the Monge Cone at Py. Each possible tangent plane touches the Monge Cone along an
edge. Thus, the original PDE defines a field of cones, where every integral surface must be tangent
to the field of cones at each point.

Example 3.1. (a) The Eikonal equation: |Vu|? = 0, or, in this formulation, p? + ¢* = 1.

In this case, we have an easy way to represent the 1-parameter family here, setting p = cos @,
q = sinf. Thus, at any point Py = (z0, 40, 20), we have that the possible normal vectors to
the tangent plane are (cosf,sinf, —1). [Sketch a picture] Thus, we see that in this case, we
actually do get a cone with vertex at Py. If the equation was more irregular, then you would
not get a circular cone.

(b) The quasi-linear case from before (1). In this case, we have the form
ap+bg=-c
Thus, given p, we can find ¢ via ¢ = “ assuming b is not zero. Otherwise, we can solve for
p given q. The original relation tells us that (p,q, —1) L (a,b,c). Thus, this family of planes

is all planes that contain (a,b,c). In this case, the Monge Cone degenerates to the vector
(a,b,c).

From the fact that the Monge Cone is an “envelope” of a family of surfaces, we have that the
tangent plane with normal (p, ¢, —1) at the point Py satisfies

dz=pdr+qdy Ozdx—l—@dy
dp
The first equation comes from the tangent plane. The second comes from the envelope concept,
but it can be seen by taking the derivative of the tangent plane equation in p, where we view p
as the parameter defining the 1-parameter family, with ¢ defined in terms of p. However, the fact
that F'(xo, o0, 20, p,q) = 0 and this holds for any p, ¢ that satisfy the desired relation, we have that

dq
F,+—F,=0.
p+ dp
Combining these relations, we see that
dr dy
dz=pd d — = =
z=paxr+qay EF,

This defines a direction field on (a subset of) R3, so long as we already know the surface. We
define the characteristic curves belonging to S as those that fit this direction field. By using a
parameter t to denote the curve, we have that,

d d d
x dy _ p z

E:Fp dt = Iy E:pr‘Fqu
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In the quasi-linear case, we have that F}, = a, Fy; = b, and pF,+qF, = c, giving that this reduces
to that case when the equation is quasi-linear. Thus, we are fit to call these the characteristic curves
of this equation.

As long as we know the surface, these equations are well defined. If we do not know the surface,
then this system is still underdetermined; we need two more equations. By differentiating the PDE
in x and y, we see that

Fy + Uz Fy + uge Fp + ugy by =
Fy +uyF, + ugyFp +uyyFy = 0

Then, by the chain rule, we have that

d dz d
dit? = Uz%%‘i‘uaﬂ!dfi:urme‘i‘uzqu:_Fz_sz

dq dx dy
i uxy% + uyya = UgyFp + uyy by = —F, — qF,

This fills out a system of 5 ODEs for the functions (x,y, z,p, q). So we have a fully determined
system!

, , . dF
Lemma 3.1. F is an integral of the system. That is <5 = 0.

Proof. This is just a computation

dF dx dy dz dp dq
- = F—4+F,~24+F—4+F,—+F,—
dt dt+ ydt+ dt+ pdt+ < dt

= FIFP+Fqu+FZ(pFP+qu)+Fp(_Fx_sz)+Fq(_Fy_sz):0 u

We call the system of five ODEs with the statement F(z,y,z,p,q) = 0 the characteristic
equations.

3.2 Characteristic Strips

A solution to the characteristic equations is a set of five equations (x(t),y(t), z(¢), p(t), q(t)). We
call any quintuple of numbers (z,y, z,p, q) a plane element, and we interpret it as a point (z,y, z)
and the tangent plane

(—z=pE—2)+q(n-y)
Such an element is called characteristic if F(x,y,z,p,q) = 0.

A one-parameter family of elements (z(t),y(t), z(t), p(t),q(t)) is called a strip if the elements
are tangent to the curve (x(t),y(t), z(t)); that is, if the ‘strip condition’ is satisfied

dz _ dz 4y
at  Par T
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that is, if the tangent plane defined by (p,q, —1) is also tangent to the curve at (z.y.z). If this
family solves the characteristic equations (the five ODEs, and the relation that F'(z,y, z,p,q) = 0),
then it is called a characteristic strip.

A surface z = u(x,y) can be thought of as a two parameter family of elements

(x(s,1),y(s,1), 2(s, ), p(s, 1), 4 (5, 1))

where, in order for these elements to make up a surface, the ‘strip conditions’ must be satisfied in
both directions

0z Ox oy 0z Oz oy
a Yo Tl a5 Pas 7os
To visualize these planes, if they satisfy the strip conditions, they fit together kind of like scales
on a fish. Infinitesimally small scales.

Once we define these strips, we have some similar results to the characteristic curves from
earlier:

(a) A characteristic strip is determined uniquely from any one of its elements (ODE uniqueness).

(b) Given a point, the strip consists of these characteristic curve through the point and the
tangent planes to S along that curve.

(c) If two integral surfaces touch at a point, then it touches along the characteristic curve.

3.3 Cauchy Problem

As before, we view the Cauchy Problem as specifying a curve I' that must belong to the integral
surface. We let I' be defined by

v=fs)  y=g(s) z=hs).
We again proceed by passing suitable characteristic strips through I', and extending those to a
surface to make the solution.

Let Py = I'(sg) and assume that f,g,h are C' near sqg. We first need to complete I' into a
characteristic strip by finding functions ¢(s) and 1 (s) so that

h'(s) = d(s)f'(s) +¥(s)g'(s)  F(f,9,h,0,9) =0

Solutions to this equation may not exist, and may not be unique if they exist. In order to move
forward, we assume that we are given a pg, qg so that

R (s0) = pof'(s0) + qod’(so0) F(x0, Y0, 20,P0,q0) = 0 A = f'(so)Fy — ¢'(s0)Fp # 0

This A is the determinant of the matrix needed to apply the inverse function theorem in order
to prove that there exist such a ¢ and 1. Namely, we have the function

of'(s) + g (s) = h'(s)

F(s,¢,9) = {F(f(S),g(S)a h(s),¢,v)
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where F(sg, po,qo) = 0 and the Jacobian determinant is exactly A.

Therefore, we have a one-parameter family of elements (z(s), y(s), z(s), ¢(s), ¥ (s)), defined near
a parameter value sg. As with the characteristic curves in the quasi-linear case, we now pass a
characteristic strip through each element that reduces to the standard element for t = 0. Thus, we
solve the ODE system

(29X (s,t) = F)(X,Y, Z, P, Q) X(s,0) = f(s)
9 (s,t) = Fy(X,Y, Z,P,Q) Y (s,0) = g(s)
92 (s,t) = PF,(X,Y,Z,P,Q) + QFy(X,Y, Z,P,Q) Z(5,0) = h(s)
9P (s,t) = —Fy(X,Y, Z,P,Q) — PF.(X,Y,Z,P,Q) P(s,0) = ¢(s)
% (s,t) = —F,(X,Y,Z,P,Q) — QF.(X,Y, Z, P,Q) Q(s,0) = (s)

for all |s—sp| and |¢| sufficiently small. Since it is satisfied at (sg, 0) we have that F/(X,Y, Z, P,Q) =
0. As before, the functions X (s,t),Y (s,t), Z(s,t) form a parametric representation of this surface.
If we can solve for s = S(x,y) and t = T'(x,y) as before, we will have an equation (locally) for this
surface. We do this again by the implicit function theorem, which works since we have

f'(s0) g'(s0)

Xs(50,0) Yi(s0,0)] _
E, F, | 870

X1(50,0)  Yi(s0,0)|

Thus, we have our equation in the form

u(z,y) =z = Z(S(z,y), T(z,y)).

Now, if we have an integral surface, we can write the equations in this way. It remains to show
that this parametrization gives an integral surface. This will be true if we have P = u, and ) = u,.
We can determine u, and u, as parametrized by s and ¢, via the chain rule, namely

Zs = up X5 + uyY; Zy = up Xt + uth

Thus, we will be done if we can show that

Zs = PXs + QY Zy = PXy + QY
which are just the strip conditions for (X,Y, Z, P,Q), that is, this determines if these elements

make up a surface. The t equation is just a consequence of the characteristic equations that
(X,Y, Z, P,Q) satisfy. For the s equation, we define a new function

A(s,t) = Zs = PX, = QY,  A(s5,0) = 1(s) = ¢(s)f'(s) = ¥(s)g'(s) =0

for all s. By using the characteristic equations, we see that

At — Zst_Pth_PXst_Qt}/;_Q}/;t
0
= %(Zt—PXt_QYt)‘FPth—Pth+QsKt—QtYs
= 0+ PF, + Xs(Fy + PE,) + QsFy + YS(Fy +QF,)
= F,X,+ F,)Y, + F,P, + F,Qs + F.(PX, + QY5)

= aaF"i_Fz(PXs"i_Q}/s_Zs):_FzA
S

9
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Thus, by integration, we have that

A(s,1) = A(s,0) exp <—/F> ~0.

Thus, we have our desired relation, and (X,Y, Z, P, Q) form an integral surface.

Example 3.2. (a) Take the PDE

2 2 _ 2
Uy + Uy = u”.

We want to find the characteristic strips and two specific solutions. For the first part of this,

we are going to take arbitrary initial values (xq, Yo, 20, o, o) and solve for the strips. This
equation can be rewritten as

F(z,y,2,p,q) =p> +¢* — 2> =0

We then want to solve the strip equations

(9X = F)(X,Y, Z,P,Q)

>

(0) = 2o
O = F(X.Y,Z.P.Q) Y(0) = wo
= PFy(X,Y,Z,P,Q) + QF,(X,Y, Z,P,Q) Z(0) = zo
&et) = —Fu(X,Y,Z,P,Q) — PF.(X,Y, Z, P,Q) P(0) = po
% = -F(X.Y.Z,P.Q) - QF.(X,Y,Z,P.Q) Q) =

Plugging in the derivatives of the function F', we see that we are trying to solve

( 0X —9pP

S

Bt (0) = zo
ﬁ =2Q Y(O) = Yo
92 = 2p? +2Q? = 222 Z(0) = 2
&et) =2PZ P(0) = po
0
% =20z Q(0) =
The Z equation is decoupled, so we can solve it first, to get
dz 1 1 20
— = 2dt = ——=2t+C=2t—— = Z(t —_—
Z2 Z + ) () = 1—2tzg

Now that we have Z, we can solve the P and @) equations, which are identical

P 2
P 1 — 2tz U
Thus, we have
C C Do
n(P) n(u) + w  1- 2tz =15
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And finally, the X and Y equations can be solved.

Po
1— 2tz 20 U (*) 20 n( 20) + 7

Thus, we have the system of equations

(

X(t) = -2 In(1 — 2tz0) + zo
Y(£) = —® In(1 - 2t20) + o
Z(t) = 1—220tZ0
P(t) = 173
Q(t) = 1—612015,20

Now, we want to look at two Cauchy Problems. First we want to solve with the curve

I': 2z = cos(s) y = sin(s) z=1.

We need to find values for ¢(s) and 1 (s) in order to solve the equations. By the equation we
have that

$(5)? +(s)? =1

Using the strip condition in s, we have that

¢(s)(—sin(s)) +¢(s)(cos(s)) = 0

We therefore have solutions of the form ¢(s) = cos(s) and 1(s) = sin(s) or both terms can
be negative. Then, we have

F cos(s)

X(s,t) = In(1—2t)4cos(s) = (1FIn(1—2t)) cos(s) Y (s,t) = (1FIn(1—-2t)) sin(s))

We then have
X24+Y?2=(1FIn(1-2t))?2

and
1

5 In(Z(s,t)) = —In(1 — 2t)

Z(s,t) =

Putting these together, we have that
X24Y2=(1+W(2)? = Z=exp (;(1 —Vx2T Y2>
For the second problem, we want to use the curve

11
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Solving for ¢ and ¢ yields the two equations

¢+ =1
$=0

giving that ¢ = 0, ¢ = £1. Thus, the characteristic equations reduce to

X(s,t)=0+s

Y(s,t) = —#ln(l 2t)
Z(s,t) = 1_1%

P(s,t) =0

Qs.t) = =5

Thus, we have In(Z) = £Y. Thus we have Z = exp(£Y).

12



