LECTURE 2

First Order Linear PDEs

Let’s look first at the simplest case of a first order linear PDE, as even the simplest cases can tell us
something fundamental. Consider
¢
=0 je. — =0
& <Z “ oz >

This says that the function ¢ does not change with the = coordinate is varied. The general solution is thus'
¢ (z,y) = f(y) , [ an arbitrary function of the “other” variable y

Thus, in this simplest example we see already that the general solution to a PDE may involve arbitrary
functions. We contrast this situation with the analogous ordinary differential equation (2) where general
solution involved only a single arbitrary constant. In the present case, it will not suffice to specify that
value of the solution at a point (zg, yo) to get a unique solution; becaiuse such a condidtion will fix only the
value of f (y) when y = yp; it will not fix the values of f at other points y, and it so will not determine the
function f (y)

As a second simple example consider
(1) aug +buy =0

where a, b are constants not both zero.

0.1. Geometric construction of solution. Let v be a vector in R™. Recall that the directional
derivative Dy f (x)of a differentiable function f : R™ — R at a point x € R™ is defined as

fxtev) - f(®)

D, f(x)= lin%)

€
and is computable as
_ 9L of of
Dy (x) = V- Vf (3) 5= 015 (30) + 12 2 (x) -+ + v 2 ()

(i.e. Dy f (x) is the dot product of the gradient of f at x with the vector v.)

The PDE
aug +buy =0

thus says that the function u (z,y) must be constant in the direction of v = (a,b). Put another way, any
solution of (1) must be constant along any line parallel to the direction of (a,b). Such lines are of the form

2
L= {(x,y) eR? | (z,y) = (c1,¢2) + t(a, b)}
from which we may infer
c1 +ta
= co+tb
1Actually, it is not clear from the way the PDE is written that there are only two underlying variables. For the expression

¢, = 0 only indicates that = is an underlying variable of the function ¢. In practice, the number of underlying variables will
be clear from the context in which a PDE arises.
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multiplying the first equation by —b and the second equation by a and then adding we obtain
—bx + ay = —bcy 4+ acy = some constant.

Thus the lines parallel to (a,b) satisfy linear equations of the form

(2) —bx 4+ ay = constant

Since along such lines a solution of (1) is constant, it follows that the value of a solution u (z, y) is determined
by which of these lines parallel to v, the point (z,y) sits on; which is in turn determined by the value of
the constant on the right hand side of (2). Thus, we can infer that

u(z,y) = f(=br + ay)

for some arbitary function f.

0.2. Digression: Chain Rule for Functions of Several Variables. In order to make a change of
variables or to look at the behaviour of the solution of a PDE along a particular curve, it is important to
understand how to implement the Chain Rule for functions of several variables. Let me take a minute to
explain this formula in a fairly general setting.

Suppose you have a function ¢ : R — R of n variables (z1,...,2,) and a map

f:R”L—)Rn : (y17"'7ym)'—>(ml(yla"'aym)7x?(yla"'7ym)7"'axn(yh'"»ym))

mapping the points of an m-dimensional space to the points in R"™. We can then form the composed function

¢:R™" —R : (yl,“'ayrn)—>¢((xl(yla"'7ym)axQ(yla"'aym)a"',xn(yla"'aym)))

o

The Chain Rule tells us how to compute the partial derivativesa—w

0% - 0x; 99
8yi o j; Byz ij

0.2.1. Application 1: Change of Variables. Suppose we have a function ¢ (x,y) and we make a change
of variables; (for example, we might want to change from rectangular coordinates to polar coordinates).
The Chain Rule tells us how to relate derivatives with respect to the old coordinates to derivatives with
respect to the new coordinates. Suppose

x = rcos(f) r=+/22+ y?
— r _ -1(Y
y = rsin(0) 0 = tan m)
and we define
D (r,0) = ¢ (rcos(0),rsin (0))
Then the Chain rule says

o _ 9z0¢ @%_COSQ%-FSHI(G)%
or  Ordx Ordy ox Jy
02 _ 0z9¢ Oyob _ . 5 0P 9
90 ~ o00r Tonoy  SmO) g, rreosty

You’ll see another example of such a change of variables computation when we discuss the coordinate method
for solving a¢, + bp, = 0, just below.
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0.2.2. Application 2: Converting Differential Operators. One reason for making a change of variables
is that a differential operator may have a simpler expression in terms of a new set of variables. Consider
the differential operator

aE + b2
ox Jy
If we introduce new variables
s = ax—+by
t = —br+ay

then according to the Chain Rule (at the level of differential operators)

9 858+8t0 8_bg
Oz Oxrds Ox Ot 83 ot
0 _ 00 a0 _,0 0
dy Oy ds 0Oy dy Js ot

and so the differential operator with respect to s,t that is equivalent to aa +b5,; d will be

9 39 (a2 42 9.2 2 )L @y 2
a +by—a(as b )—H)(ba 8t> (a® +b%) 05 + (ab ba) 5; = (@® +b%) o

This means that if ¢ (z,y) is a solution of

0 3}
<aa$ +b8y> ¢ (z,y) =0

¢(S7t) = @b(x (87t)7u(57t))

Then if we set

then ¢ (s,t) must satisfy
09
2
(a® +b*) = 55 =0

And so the PDE becomes much simple in terms of the new variables s and ¢.

0.2.3. Application 2: Derivative of a function along a curve. Suppose we want to know you the rate
of change of a function ¢ (x,y) changes as we move along a particular curver y = f (z). This could be
computed by setting

®(z) = ¢ (z, f (2))
and then computing %@ (z). Here we regard ® (z) as the function obtained by composing g : R — R? :
t — (t, f (¢)) with ¢ (z,y). The Chain Rule then tells us that
d® dxd¢p dydey dtd¢ df op  9¢ , 09
dt ~ dt fz | dt dy T dtoxr | dt oy Oz dy

We'll see an explicit application of this formula in the next lecture.

0.3. Digression: Two By Two Linear Systems. It will often happen in two variable situations
that we’ll need to solve a pair of linear equations for two unknowns. Here I'll just state a general formula
for the solution to such a two by two linear system:

am+by:e} N {x:ad = (de —bf)
cx+dy=f Y adibc (af — ce)
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0.4. Change of Coordinates Method. Consider the vector v := (b, —a). We have
v-vi=ab—ba=0

so v+ is perpendicular to v. The pair v, v’ thus constitute a pair of orthogonal directions in the plane.

Now set
s =ax + by
t=—bx+ ay

with inverse relations

1

1
= ——(as—10bt
y prnlt )
regarding s,t as a new set coordinates. Using the chain rule for functions of two variables we can express
derivatives with respect to x,y in terms of derivatives with respect to the new variables s and ¢. Thus, if

O(s,t) = (a(s.1),y(s,1))

we will have

96 _ 0509 0109 _ 96 00
d9r 0z ds  drot " 0s 8t
09 _ Os 8(;5 ot 8(;5 8(;5 8(;5
oy 8y ds 8y ot 85 “or
So if
0 =a¢, +be,
we must have
_ ofa22 20 % 09
0 = “( ds bat> er(@s “ot
_ 3(/5 3¢ 200 ¢
= s Mo TV as T
¢
_ 2
= (a®>+b*) 9
Dividing the extreme sides of this chain of equalities by a? + b? we get
99
"= s

So the function %(s, t) correponding to a solution of a¢, + bg, = 0 by a simple change of variables cannot
depend on s: Thus

¢ (s,t) = f(t)
But then _
qb(x,y) = ¢(5 (xvy) ’t(may)) =f (t (xvy)) =f (7b:E + a’y)

which is the same answer we got before.

ExaMPLE 2.1. Let’s consider again the PDE

(3) ap, +bo, =0
but this time coupled with a boundary condition
(4) ¢(0,y) = f (y)

We'll solve this PDE with boundary condition yet another way.
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t

Consider the curves (actually a line) v, : t — [z (t),y (t)] € R? where
z(t) = at
y(t) = bt+c

the curve 7, is just a straight line with tangent vector

at |dear| @

Now suppose ¢ (z,y) is a solution of a¢, + bg, = 0. How does the solution ¢ vary as we move along the
curve .7 Well, by the Chain Rule,

d _aqbdx aqbdy_
$(¢(%(t)))—%a dydt

In other words, a solution ¢ must remain constant as one moves along a curve -, (t).

ad, + b6, =0

But what is the actual value of the solution at an arbitary point (z,y)? Well, the point (z,y) sits on one of
the curves v, (t) for some choice of ¢ and ¢. Indeed, if we set

r = at
y = bt+c
we can solve this pair of equations for ¢t and c. One gets
x
t = =
a
b
c = y——x
a

gx. But the point (0,c¢) = (O,y — gac) also lies on

this same curve. So the value of the solution at (z,y) must be the same as its value at (0, Yy — %m) Thus,

¢ (z,y) :¢><O,y—2x) =f (y— Z:c)

Noting that there was nothing special about the way we chose the point (z,y) we can infer the value of the
solution ¢ to (3) - (4) any point (z,y) is given by

d)(w,y):f(y—zx)

Thus, the point (z,y) lies on the curve v, where ¢ = y —

ExAMPLE 2.2. Find the solution of

() by =2

(6) ¢ (0,y) =y

Here we’ve introduced two complications to our initial example: we’ve introduced an inhomogeous term to
the right hand side of the PDE and we’ve imposed a certain boundary condition along the y-axis.

Now PDE is again just telling us how a solution must change along the z-direction; it’s just that now it’s
changing non-trivially in the z-direction. In fact, suppose we set ®,, to be the restriction of the solution to
the line y = yo. This we can regard as a function of = alone

Dy, (z) = ¢ (z,90)
And we have, by the chain rule
dq> _0¢dx  Opdy, 09

dz y"(m)_%d:c oy dx Oz
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(because 2% =1 and % = 0). The original PDE says that the right-hand side must be . Hence, ®,, (z)

must satisfy
do,,

dx

1
=z = &, ()= 51’2 + Cy,
Thus, we know
1
6 (5.30) = By, (1) = 577 +Cy,

i.e., we know the solution at all points (z,¥,) up to a term that depends only on yo. We may as well write
this as

1
¢ (z,y) = 52° +C(y)
To figure out C' (y) we just need to impose the boundary condition.

P =00 =500 +C6) = C)=y’

And so we have !
¢ (z,y) = 52° +°

REMARK 2.3. The moral of the preceding example is that we can sometimes solve a first order linear PDE
by interpreting it as telling us how the solution must change along a particular direction. In the next couple
of examples, we’ll genealize this idea and solve first order linear PDEs by intepreting them as telling us how
solutions must vary along a particular curves.

ExAMPLE 2.4. Consider the following first order linear PDE

(7) b, + 220, =y
subject to the boundary condition
(8) #(0,y) =1+ 42 , forl<y<?2

Suppose that ¢(z,y) is a solution of this PDE/BVP. If we consider the valuues ¢ (x,y) along the curves of
the form

y=f(x)
we have, via the Chain Rule,
d
S0, (@) = 0, + [ (@)9,

Thus, if we evaluate (7) along the particular curve

(9) y=a>+0C

we get
d

(10) @d) (x, 2+ C’l) = ¢, +2z0,.

or, noting that the left hand side of (10) coincides with the right hand side of our original PDE, we get
d

(11) %¢ (z,2° 4+ C) =2>+C4

Let’s set

P (x):=¢ ($,332 + C’l)
then (11) amounts to a ODE for ¢ (z); that is easily solved by integrating both sides:
dip
dx
We have thus shown that along the parabolas y = C; + 22, the solutions of (7) must be have like

=22+C, = ¢($):%$3+01$+02

1
(12) ¢ (z,2°+C1) = §$3+C1$+C’2
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The constants Cy and Cy can be interpreted as follows. The curve (??) is a parabola that intersects the
y-axis at the point C7. From (?7?) it is clear that Cy corresponds to the value of ¢ at the point (0,C4). Note
that this value is determined by the boundary condition (?7).

In fact, let’s determine C5 straightaway. Taking the limit as  — 0 on both sides of (12) we get
¢ (0,C1) = Cy
Applying the boundary condition (8) we then have
1+4C;=¢(0,C1)=C, = Co=1+C}
We can thus, by imposing (8), fix the constant of integration Cy and get

1
(13) ¢ (z,2°+Cy) = §$3+C’1m+1+012

What remains is to organize what we have figured out into a formula for computing the value of ¢ at an
arbitrary point (z,y).

So consider a point (x,y) in the plane. We know from (13) how the solution ¢ (z,y) must vary along the
parabola y = 2% + C;. We also know that if (z,y) lies on this parabola, then necessarily

Cr=y—a’
We thus have
1
¢ (x,y) = §x3+C’1x+Cg
1
= §x3+(y—x2)x+1+(y—m2)2
1
= §x3+(y—x2)(a;—|—y—x2)+1

The solution to (7) and (8) is thus

o (x,y) = %x?’—i— (y—2*) (z+y—2*)+1
EXAMPLE 2.5. Consider now the following PDE/BVP:
(14) rh, +yo, =1+y

(15) oz, 1)=z+1
In this example, we could divide through by z, to get

Yy L ¥

and then try to construct solutions along curves y = f(x) with
/ Y
T)==
7w =2

However, such a formulation would introduce singularities at = 0 which could be avoided.

So instead, consider a curve in the (z,y)-plane defined by some function v: R — R?; ¢t +— (z(t),y(t)). If

dr dy
(16) E =X s E =Y s
then
Aoy 00ds  Dody _

Thus, along the curve «, the PDE in (14) becomes the ODE

L60() = 1+ (1),
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Solving the differential equations (16) for z(¢) and y(t), we can make this equation for ¢ (7(¢)) even more
explicit:

dx
sz = x = Chet
dy _ _ t
o =y = y = Cae
SO
d ¢
(18) & ($om) =1+ e

Integrating (18) produces
poy(t) =t+ Cae' +C3

and so

(19) ¢ (2,y) = ¢ (Cre,Cae’) =t + Coe® + Cy

Now the solutions to (16) actually correspond to large family of curves. To choose a specific one, we need
to fix some initial condition. Thus, without loss of generality, we can assume that the curve v crosses the
line y = 1 when ¢t = 0 and that when it does, it crosses the line y = 1 at the point z,. In other words, we
stipulate

[z0,1] =7 (0) = [C1€”, C2e’] = [Ch, Cs]

or,
(20) Cl = To y 02 =1
Now consider an arbitrary point P = (z,y) in the first quadrant. Suppose 7 passes through P, then
t
T = z,e
() * G
for some t. Solving (21) for z, and t we get
t = Iny|
(22 o s

Y

We have thus figured out for an arbitrary point (z,y) € R?, which of the curves « it lies on (the various
curves are distinguished by the iniitial condition 7 (t) = (z¢, 1)) and how far along the curve (i.e. the value
of t) it lies.
Let’s now impose the boundary condition (15) . Evaluating the right hand side of (19) at ¢ = 0 yields
0+1+C5
On the other hand, the left hand side of (19) evaluates to
10) (0160, 0260) =¢(x0,1) =x0+1
by virtue of the boundary condition (15). And so we have
1+C3=20+1
or

(23) Cg = To

We’ve now figured out the appropriate choices for all three constiants of integraion, enabling us to rewrite
(19) as
d(z,y) = t+Coel +Cs
In|y| + (e™W) + =,
= Infy[+y+7
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We conclude that the solution of (14)—(15) is

¢(x~y):1n[y]+y+§



