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Preface

This electronic textbook is different from other conventional introduc-
tory textbooks on partial differential equations (PDEs) in that almost
every problem analyzed in the textbook is accompanied with a movie-
like animation that shows how the calculated solution evolves in time.
That’s very different from the traditional printed textbooks where the
time-dependence of the solutions are left to the reader’s imagination.
Our hope is that this will help liven up the matter and lead to a deeper
understanding and appreciation of the subject.

Adding animations has enabled us to add topics that are rarely if
ever covered in conventional textbooks, such as advection of oil drops
suspended in water flowing through a pipe with variable cross-section
(Chapter 2), or reflection of waves in a piecewise homogeneous taut
string, or interaction of waves with a point mass attached to that string
(Chapter 6). These would be difficult to motivate without accompany-
ing animations.

Another difference from the approach in prevailing textbooks is the
early introduction of the Sturm-Liouville theory, which then enables
us to solve a host of interesting problems with varying types of bound-
ary conditions in the form of eigenfunction expansions.

Animations are an integral part of this textbook. Some essential
ideas will be lost or remain obscure if you don’t have the ability to
view the animations.






How to play the animations

Animations are an integral part of this textbook. Some essential ideas
will be lost or remain obscure if you don’t have the ability to view the
animations.

Animations are marked by (links like this ). Clicking on the link
will open open the animation in a web browser. You may interact with
the animation in various ways. You may play, pause, or manually step
through the frames by dragging a slider.

You have the choice of reading this book on a stand-alone PDF
viewer or within a Web browser. The manner of your interaction with
the document will vary, depending on that choice.

e If reading on a stand-alone PDF viewer, clicking an animation link
will open the animation in your computer’s default browser. If the
browser is already open, the animation will open a new tab.® Each
animation will open a new tab. You may want to close a tab one
you are done in order not to overwhelm your browser.

e If reading the book within a browser, left-clicking an animation
link will replace the book view with the animation. Clicking the
browser’s “go back” button will return to the book but unfortu-
nately it will go to the book’s cover page, and thus you will lose
your original place in the book.

To avoid that issue, open the animation by right-clicking the link.
Most browsers will pop up a menu which will offer a choice of
“Open link in a new tab” or something similar.

*This assumes that your Web browser
supports tabs. Most modern browsers
do.
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1
First Order PDEs

Our aim in this chapter is to solve the initial value problem

up+c(x, t,u)uy = q(x,t,u) —o<x<oo, t>0, (1.1a)
u(x,0) = f(x). —00 < x < o0o0. (1.1b)

for the unknown u = u(x,t), where the functions c, g, and the initial
condition f, are given.

The domain of the function u is the upper-half of the xt plane in
Cartesian coordinate system, partially tinted in Figure 1.1. The initial
condition (1.1b) specifies the value of u at the bottom edge of that
domain. It is the job of the PDE (1.1a) to extrapolate from that data
into the upper-half plane and determine the values of u everywhere
there. We will learn how that is done in Section 1.2.

Equation (1.1a) is called a quasilinear partial differential equation in
recognition of the fact that although it is nonlinear, the derivatives u;
and u, appear linearly in it. If the coefficient ¢ does not depend on the
unknown u, then the equation is said to be semilinear:

ur +c(x, Huy = q(x, t,u).
If, in addition, g is linear in u, as in
ur +c(x, Huy = a(x, t)u+ B(x, 1),

then the equation is said to be linear. We will develop a procedure for
solving the quasilinear initial value problem (1.1). That procedure will
naturally apply to linear and semilinear equations as well since the
latter are special cases of the full quasilinear case.

Toward that end, we introduce the idea of a space-time diagram which
is an extremely useful mathematical construct that helps us gain in-
sight into processes that evolve in time. We proceed with the analysis
of the PDE afterward.

X

Figure 1.1: The initial condition (1.1b)
prescribes the value of 1 along the x axis,
that is, at t = 0. The PDE (1.1a) extrapo-
lates that data into the half-space t > 0.
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1.1 The space-time diagram

The gray strip at the bottom of the (space—time diagram) is meant to
represent a one-lane highway. Four vehicles, marked A, B, C, D, move

along it at various velocities. Vehicle A moves to the left with velocity
—1. Vehicle B is stopped; it does not move at all. Vehicles C and D
move to the right with velocities 1/2 and 2.

Without an animation facility, it would be difficult, if not impos-
sible, to convey the motion in a static one-dimensional drawing. The
two-dimensional drawing in the xt plane, called the space-time diagram,
however, can convey the motion quite readily. At any time t, a vehicle’s
position corresponds to a point in the space-time diagram. Over time,
that point traces out a curve on the diagram, called the vehicle’s path
in space-time. Since our four vehicles are moving at constant velocities,
their paths in space-time are straight lines. The paths would be curved
if the velocities were other than constants.

Vehicle B is not moving, and therefore its path in space-time is a
vertical line (constant x). Vehicle D is moving faster that vehicle C,
therefore its path is inclined more toward the x axis as compared to
that of C. In fact, the velocity is dx/dt, and therefore the slope of the
path in space-time relative to the time axis equals the velocity.

1.2 Solving a first order quasilinear PDE

We now turn to the question of solving the initial value problem (1.1).
Imagine, for the moment, that the solution u(x, t) has been obtained
somehow. Also imagine an as yet arbitrary path x = x(t) in the space-
time. Then u(x(t), t), the value of the the solution along that path, is a
function of the single variable t. We apply the chain rule of differenti-
ation to determine the rate of change of that value

d d
Eu(x(t),t) = Uy (x(t),t)ax(t) + ue (x(t),t). (1.2)

Comparing this with (1.1a), we observe that if x(f) is chosen so that

% = ¢(x,t,u), then (1.2) reduces to % = q(x,t,u). Let's write those

two equations here together for convenient reference:

dx
i c(x, t,u), (1.3a)
du
i q(x,t,u). (1.3b)

This is a system of two first order (and generally nonlinear) coupled
ODE:s in the two unknowns x(t) and u(t).*

Let’s say the path x = x(t) starts out at x = h at t = 0, that is,
x(0) = h. Then from the initial condition (1.1b) and u(t) = u(x(t),t)

* Note the slight abuse of notation here.
In (1.1a), u(x,t) is a function of two in-
dependent variables x and ¢t. In (1.3),
u(t) is a function of the single variable ¢
obtained by evaluating u(x,t) along the
path x = x(¢). If you are uncomfort-
able with such sloppy mathematics (in-
deed, you should be!), then see the rigor-
ous treatment of the equivalent idea this
chapter’s appendix (Section 1.4).
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we see that u(0) = u(x(0),0) = u(h,0) = f(h). These supply the
initial conditions

x(0) =h, u(0) = f(h) (1.30)

to go along with the ODEs (1.3a) and (1.3b). Let
x=X(t,h), u=U(th). (1.4)

be the solution of the initial value problem (1.3a)—(1.3¢c). We eliminate &
between the two equations (1.4)—typically by solving the first equation
for I and inserting that h into the second equation, although that’s not
the only way—and thus arrive at an equation involving x, t, and u. We
solve that to obtain u as a function of x and ¢, that is u(x, t), which is
the solution of the initial value problem (1.1).

Definition 1.1. The path x = x(t) in space-time determined by the
solution x = X(t,h) of the initial value problem (1.3a)—(1.3¢) is called
a characteristic curve or simply a characteristic of the PDE (1.1a).

There is a continuum of characteristic curves, one per choice of the
parameter h. Figure 1.2 shows the characteristic curve x = x(t) that
starts at x = h, and the curve u(t) = u(x(t),t) that it traces on the
solution surface z = u(x, t).

Remark 1.1. Equation (1.3a) says that the characteristic curves propa-
gate with velocity c(x, t, u). Equation (1.3b) says that the rate of change
of u along a characteristic curve is g(x,t,u). In the special case when
q = 0, the value of the solution u remains constant along characteris-
tics. That special case arises quite often in applications.

Remark 1.2. There are two major hurdles in implementing the solution
method outlined in this section. First, the system of differential equa-
tions (1.3) may be difficult or impossible to solve analytically. Second,
eliminating h between the two algebraic equations (1.4) may not be
possible analytically. If all else fails, one may have to resort to numer-
ical calculations to find an approximate solution to the PDE.

1.3 Examples

In the following subsections we present a variety of concrete cases of
the initial value problem (1.1) and find their solutions. As pointed out
earlier, not all such PDEs admit simple analytical solutions. Don’t get
a false impression—the ones treated in the following subsections have
been hand-picked specifically for being solvable symbolically.

FIRST ORDER PDES 9

Figure 1.2: The surface is the graph of
z = u(x, t) of the solution of the initial
value problem (1.1). The characteristic
curve that starts out at x = / is drawn in
red. The curve u(t) = u(x(t),t) that it
traces on the surface is drawn in blue.
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1.3.1 A very simple linear equation

Let us apply the Section 1.2’s ideas to solve the linear initial value

problem
Uy +cuy =0, (1.5a)
u(x,0) = f(x), (1.5b)
where c is a constant. The initial value problem (1.3)—(1.3c) reduces to
dx du
i T 0, x(0)=~h, u(0)=f(h),

which immediately yields
x=ct+h, u=f(h).

Following the procedure outlined in Section 1.2, we solve the first
equation for /1 and obtain & = x — ct. Then we substitute that into
the second equation and arrive at u = f(x — ct), which is better writ-
ten as

u(x,t) = f(x—ct). (1.6)

This is the solution of the initial value problem (1.5). We observe that
at any time ¢ the solution is obtained by translating the initial data f(x)
by ct along the x axis, and that may be viewed as a wave that travels at
velocity c.?* The (simple advection) demonstrates this with ¢ = 1 and

Flx) = cosz(%nx> if |x] < 1, ()

0 otherwise

The characteristic curves in this simple case are the family of the
parallel lines x = ct 4 h corresponding to velocity ¢ in space-time,
as seen in the adjacent diagram. Since the right-hand side of the
PDE (1.5a) is zero, the solution u remains constant along each char-
acteristic. The value of that constant is determined by the value of the
initial condition f at the point where the characteristic line intersects
the x axis. One thinks of the characteristic lines as conduits through
which the initial condition propagates in space-time.

1.3.2 A linear equation with variable coefficients

Let’s solve the initial value problem

(T4 t)us + xtuy = u, (1.8a)
u(x,0) =1—x. (1.8b)

We divide the PDE through by 1+ ¢ in order to put it in the standard
form (1.1a), and identify the equation’s parts as c(x,t,u) = xt/(1+

>The wave travels in the increasing di-
rection of the x axis when ¢ > 0, and in
the opposite direction when ¢ < 0.

x=ct+h t

7

}'l £
Figure 1.3: The characteristics of the
PDE (1.5a) are the family of parallel lines
x = ct+h. The solution u is constant
along each characteristic line. Along the
highlighted characteristic, drawn in red,
that constant is f(h).
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t), q(x,t,u) = u/(1+t). The initial value problem consisting of the
equations (1.3a)—(1.3¢c) takes the form

dx xt du u
Eim, Eil—kt, x(O)—]/l, M(O)—l—h,

whose solution is3 3These ordinary differential equations
het may be solved through separation
_ he 1 of variables or the integrating factor

X =9 u=1-h)(1+1t). method.

Solving the first equation for h, we get h = xe'(1 +t). Substituting
this into the second equation we arrive at

u(x,t) = (1+1) [1 —xe (1 +t)}.

Have a look at the solution’s animation in (linear variable coefficients )-

1.3.3 A semilinear equation

Here we solve the initial value problem

ur + xtu, = —uz,
u(x,0) = x.
This corresponds to c(x,t,u) = xt and gq(x,t,u) = —u2. The initial
value problem(1.3) takes the form
dx du 2
— =xt, — =-u, x(0)=h, u(0) =h,
pr T (0) (0)
whose solution is# 4These ordinary differential equations
1 are easily solved through separation of
X = hetz/z, u= . variables.
t+1/h

Solving the first equation for h, we get h = xe /2, Substituting this
into the second equation and simplifying, we arrive at

X

= e

1.3.4 A quasilinear equation
Let’s look at

ur +uu, =0,
u(x,0) = x.

This corresponds to c(x,t,u) = u, q(x,t,u) = 0. The initial value
problem(1.3) takes the form

dx du
W E_O’ x(0) =h, u(0)=h,
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whose solution is

x=(1+th u=h
From the first equation for we have h = x/(1 + t). Substituting this
into the second equation, we arrive at

X
t+1

u(x,t) =

1.4 Appendix: A rigorous version of Section 1.2’s presentation

Although the procedure presented in Section (1.2) leads to the cor-
rect result, its intermediate steps do not stand scrutiny. For one thing,
the distinction between u(x(t),t) and u(t) is smeared; compare equa-
tion (1.2) and (1.3b). For another thing, equation (1.3a) treats x as a
function of t, while the goal is to solve the initial value problem (1.1)
where x and t are independent variables.

The sloppiness of that presentation may be removed at the expense
of a somewhat cumbersome notation. We present the rigorous ap-
proach here which will serve to convince skeptics of the correctness
of the approach. In practice, however, it is customary to follow Sec-
tion 1.2’s approach due to its notational simplicity.

Thus, we return to the initial value problem (1.1) and imagine an ob-
server who moves along the x axis according to x = ¢(t). We will spec-
ify ¢ later, but note that ¢, whatever it is, determines the observer’s
path in the space-time. The observer’s velocity is ¢'(t). The observer
wishes to control ¢’ so that it agrees with ¢(x, t, u) along the path, that
is

9(t) = (1), Lu(@(t),1)). (1.9)
This cannot be done right away since u is not known ahead of the time,
but we will soon find a way around that. Let’s write

p(E) = u(g(6)t) (1.10)

for the value of u that the observer would see at any time {. We apply
the chain rule of differentiation to calculate

9 = un(p(1), )9/ () + s (p(0), )
= 1wz (9(8), 1) ¢ (p(0), L u(p(e), 1) ) +ur(p(2), )

by (t.13) q((])(t),t,u((p(t),t)). (1.11)

In view of the notation (1.10), we replace u(¢(t), ) by () in the equa-
tions (1.9) and (1.11), and arrive at a pair of coupled ODEs in ¢ and :

¢'(t) = c(¢p(t), £, 9(1)), (1.12a)
Yi(t) = q(p(t), t,p(t)). (1.12b)



Let’s say the observer starts at x = h at t = 0, that is, ¢(0) = h.
Then from the initial condition (1.1b) and the definition (1.10) we see
that ¢(0) = u(¢(0),0) = u(h,0) = f(h). These supply the initial
conditions

¢(0) =h, $(0) = f(h) (1.12¢)
to go along with the system of ODEs (1.12a) and (1.12b). Let’s write

¢(t) = @(L,h), () =¥(th) (1.13)

for the solution of the initial value problem (1.12a)-(1.12c). We elim-
inate h between these two in whichever way is expedient. For in-
stance, we may isolate /i in the first equation® in (1.13) and obtain
h = H(x,t). Substituting this in the second equation of (1.13) we get
p(t) =¥ (¢, H(x,t)). This determines the value of i at any point (x, )
in space-time, which, according to (1.10), is the value of u at (x,t):

u(x,t) =Y (t,H(x,1)).

In summary, the solution to the initial value problem (1.1) (a PDE) is
obtained through solving the initial value problem (1.12a)—(1.12¢) (a
system of ODEs). The curves x = ¢(t) in space-time are the char-
acteristic curves, or simply the characteristics of the PDE. The PDE is
transformed to a system of ODEs along the characteristics.

1.5 Exercises

1.1. (a) Solve the initial value problem u; + 2u, = 0, u(x,0) = f(x),
and (b) Sketch representative samples of the characteristic curves.
1.2. (a) Solve the initial value problem u; + xuy = 0, u(x,0) = f(x),

and (b) Sketch representative samples of the characteristic curves.

In each of the exercises 1.3 through 1.12, solve the given PDE for the
unknown u(x, t) subject an arbitrary initial condition u(x,0) = f(x).

1.3. U +2uy = —u

1.4. U+ xuy =1

1.5. U+ XUy = —2u
1.6. up + 2xtu, =0

1.7. Uy + 2xtuy = —u
1.8. uy + 2tu, = 2t

1.9. Uy — 6t2ux = —tu
1.10. U — 12t2ux = —xu

1.11. Up+tuy = X

FIRST ORDER PDES 13

5 Depending on the situation, it may be
easier to begin with isolating & in the sec-
ond equation.
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112 U+ (x — Huy = x
1.13. Solve the initial value problem
(t+u)uy —uu =0,

1
14x

u(x,0) =



2
Flux and density in one dimension

2.1 Conservation of mass

If you stand downwind of a smokestack, you will be exposed to the
smoke that passes by you carried by the wind. The intensity of the
smoke may vary in time, depending on the fluctuations of the amount
that is spewed by the smokestack and the velocity and direction of the
wind. The intensity would generally vary by your location as well.
We begin by introducing some basic concepts that will help us make a
quantitative model of the situation.

For simplicity, we adopt a “one-dimensional view” in the sense that
we assume that the wind and smoke blow along a certain fixed direc-
tion in space, and that a single coordinate axis in that direction—the x
axis—suffices for quantifying the interesting aspects of our observa-
tions.” We write v(x, t) for the wind velocity at the location x at time ¢.
We write p(x,t) for the smoke’s density, that is, it the mass of the
smoke per unit volume, at x and t. We also introduce the flux ¢(x,t)
which indicates the mass of smoke passing per unit time through a
unit area perpendicular to the x axis at time t.

As you may surmise, the quantities v, p, and ¢ are intricately con-
nected. We are going to investigate their interdependence.

Consider two arbitrarily picked observation stations x = a and x =
b along the x axis and an imaginary cylindrical tube of cross-sectional
area A that extends from x = a to x = b, as in Figure 2.1.

At any time f, the total mass of smoke within the tube is

b
/ o(x, t)Adx.
a

as Adx is the volume of a slice of thickness dx of the cylinder. The
change of the tube’s smoke mass content from time t; to t, is

b b
/p(x,tz)Adx—/ o(x,t)Adx.
a

a

That change is due to smoke flowing in and out of the sections at a

*It is possible to formulate a true three-
dimensional description of the flow, but
that will take us beyond the objectives
of this chapter, and indeed that of this
book.

=

Figure 2.1: The one-dimensional flow
along the x axis goes through an (imag-
inary) tube. The flow enters and leaves
the tube’s flat ends at x = g and x = b,
but nothing crosses the tube’s curved
surface. Bear in mind that this is not
an actual physical tube; it is a mathe-
matical construct that exists only in your
head/imagination. Such a hypotheti-
cal region immersed within a flow, and
whose size and shape may be adjusted
as needed, is called a control volume in
the fluid mechanics literature.
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and b.> According to the definition of flux, smoke enters the cross-
section at x = a at the rate of ¢(a,t)A per unit time, and leaves the
cross section at x = b at the rate of ¢(b,t)A per unit time. Therefore
during the time period t; < t < t;, the net gain of smoke through
crossing the tube’s boundaries is

t2 ty
/<P(a,t)Adt—/ ¢(b,t)Adt.
t

1 b
We conclude that
b b tr f2
/ o(x, t2) Adx — / o(x, 1) Adx = / ¢(a, D) Adt — / o(b, D) A dt.
a a t t
We divide through by the common factor A and rearrange the terms
into

/ab [p(x, t) —p(x, tl)} dx + /tltz {(p(b,t) - 4>(a,t)} dt =0. (2.1)

What we have obtained is the equation of conservation of mass. It
asserts that the change in the smoke contents of the tube is exactly
accounted for by what enters and leaves its ends. This is a fundamental
observation which has significant repercussions in a broad range of
applications in physics, engineering, and applied mathematics. The
equation holds for any choices of 4, b, t1, and ;. Although we derived
it in the context of propagation of smoke, you can see that the idea
generalize to much broader contexts. For instance, the conservation of
the mass of air as it flows through a jet engine’s turbine, or the size
of an animal herd migrating through Sahara would be modeled in the
same way. The principle applies to less tangible quantities as well.
For instance, the conservation of momentum in the propagation of an
acoustic wave, or conservation of thermal energy in heat conduction
through a solid also satisfy (2.1) with the appropriate definitions of the
density and flux.

Although the expression of conservation of mass in the form (2.1)
is the most fundamental, and in a sense the most powerful, it is not
what is most commonly used. What is commonly used, rather, is a
versatile consequence of (2.1) obtained after making some mathematical
(not physical!) assumptions. Specifically, let’s assume that p and ¢ are
differentiable and have continuous derivatives with respect to x and t.3
Then, in view of the Fundamental Theorem of Calculus, we have

ty J
plxt2) —p(x,t) = [ Sp(x,b)dt,

ty
b9
000 =9(a,t) = [ -9 1)dx,

whereby (2.1) takes the form

b ty a d d "ty b a d d
/a /t1 gp(x,t) t x+'/t1 /u agb(x,t) xdt = 0.

2 Due to our “one-dimensional” assump-
tion, no smoke crosses the cylinder’s
curved boundary.

3 Shock waves, which we will encounter
in Chapter 3, certainly violate these
continuity and differentiability assump-
tions, and force us to revert to (2.1)
which then leads to the Rankine-
Hugoniot shock condition.
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We interchange the order of the integrals in the first term, and then
combine the two terms into

ty b a a
/t1 /a [atP(xff)JraxMx,t) dxdt = 0. (2.2)

Since this form of the equation of conservation of mass holds for arbi-
trary a, b, t1, tp, it follows that*

d d
Ep(x, £) + agb(x, £) =0. (2.3)

The differential equation (2.3) is the most commonly occurring form of
the expression of conservation law in fluid mechanics, gas dynamics,
population dynamics, traffic flow, etc. One falls back to the original
integral form (2.1) only when the continuity and differentiability con-
ditions become untenable.

Remark 2.1. The equations of conservation of mass (2.1) and (2.3) admit
generalizations under various scenarios.

Consider, for instance, a situation where smoke is issued not only
by the smokestack, but that it is also generated everywhere in space,
perhaps due to some unspecified chemical reactions. Let q(x, f) be the
mass of smoke generated per unit volume per unit time. This it can be
shown that under this scenario, (2.1) changes to

/ b lo(x,t2) = plx,t1) | dx + /: o(b,t) = p(a, )] dt
:/t2 /ahq(x,t) dxdt, (2.4)

ty

and (2.3) changes to

0 d
gp(x,t) + aqb(x,t) =q(x,t). (2.5)

We leave the demonstrations of these and other generalizations to ex-
ercises.

2.2 Advection

In the previous section we examined smoke carried by the wind and
arrived at the conservation of mass equation but we have yet to account
for the wind velocity, v(x, t), which must play some role in the process.
We address the latter in this section.

Let us look at a section at an arbitrary x of the tube of Figure 2.1.
Smoke flows through that section at velocity v(x,t), so the volume of
the smoky air that passes through that section per unit time is Av(x, t),
where A is the tube’s cross-sectional area as before. The mass of smoke

4 Here is a proof-by-contradiction of that
assertion. Suppose the bracketed ex-
pression in (2.2) is nonzero, say posi-
tive, at a point (xo,tp) in the xt-plane.
Then, by our assumption of the continu-
ity, the bracketed expression is nonzero
within some open neighborhood D of
(xo,to). Pick a,b, 11, t, so that the rectan-
gle (a,b) x (t1,t2) is centered at (xo, to)
and fits within D. Then (2.2) says that
the integral of a positive quantity is zero,
which is impossible.
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within that volume is p(x,t)Av(x,t), and therefore the mass per unit
area passing through that section per unit time is p(x, f)v(x,t). But
“mass per unit area per unit time” is the smoke’s flux, and therefore

d(x,t) = p(x, t)o(x, t). (2.6)

This relationship between the flux, density, and velocity is called an
advection relationship. It expresses our underlying assumption that the
smoke is advected (Latin for “carried”) by the wind.> Eliminating ¢
between (2.6) and (2.3), we obtain

d d
ap(x,t) + py (p(x,t)v(x,t)) =0. (2.7)

which may be solved for p(x,t) if v(x,t) is prescribed. This is called
the advection equation. In particular, if v(x, t) is a constant, let’s say c,
then the advection equation reduces to

9
gp(x,t) + cap(x, t) = 0. (2.8)
We developed techniques for solving these (and actually more com-
plex) equations in Chapter 1. Here we look at concrete cases that give
rise to advection equations.

2.3 The advection of an oil-drop

Consider a steady flow of water through a pipe, at velocity c.® We
inject a drop of oil into the pipe and watch it as it gets carried along by
the flow. In a grossly simplified model of the situation, we reduce the
three-dimensional space to a one-dimensional line, and install a coor-
dinate axis x along the pipe’s longitudinal axis. In this formulation,
the oil-drop’s linear density, p(x,t), is the mass of oil per unit length
along the x axis.

Let us calculate the oil-drop’s linear density, assuming that it has the
shape of a ball of radius R, and that its (conventional) density per unit
volume is 0. Figure 2.2 shows the oil-drop positioned at x = 0, and
a section of thickness dx perpendicular to the x axis, at an arbitrary
coordinate location x. We see from the geometry of diagram that the
radius of that cross-section is v R?Z — x2, and therefore the mass of the
slice is 7to(R? — x?) dx. This shows that the mass per unit length at
the location x is 7o (R? — x?) provided that —R < x < R. We extend
the density by zero to —co < x < oo because there is no oil outside of
|x| < R. Thus, for the initial condition of our advection problem we
take:

) = mo(R? — x%) if |x| <R, (2.9)

0 otherwise.

5 Can smoke do anything other than be
carried by the wind? Yes! Imagine an
absolutely still air—no wind at all—and
a mass of smoke suspended in it. If you
wait long enough, the smoke will dis-
sipate, spread out, diffuse. The mecha-
nism for that is not the wind, but the ran-
dom molecular motion of the smoke’s
particles. That process is called diffusion
and it is the subject of Chapter 7. You
can easily visualize diffusion by drop-
ping a drop of ink in a glass of water
and watch it spread.

® We are taking the liberty of presuming
that “at velocity c¢” is a meaningful con-
cept. In reality it is not. Water flowing
through a pipe adheres to the pipe’s wall
and consequently it flows slowly near
the wall, and faster near the pipe’s cen-
tral axis. For our purposes, you may
want to think of “velocity ¢” as some sort
of average taken over the pipe’s cross-
section.

f(x) = o (R* — x?)

dx

Figure 2.2: The graph of the linear den-
sity function of a spherical oil-drop is a
parabola.
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The conservation of oil-drop’s mass is expressed through (2.8) since
water and oil move at a constant velocity ¢, Thus, we are led to the
initial value problem

2ot +ep(xt) =0,
0(x,0) = (x),

were f(x) is defined above. We solved exactly this initial value prob-
lem in Section 1.3.1 and obtained the solution

o(x,t) = f(x —ct).

Not surprisingly, this says that the oil-drop injected into the water pipe
is carried at the water velocity c effectively as a solid object, without
redistribution of density. Go to (density of advected oil drop) to see
an animation of the solution.

2.4 Advection in a semi-infinite domain

Let us look at the advection of a substance of density p(x,t) over the
semi-infinite domain x > 0, assuming that the flow velocity c is con-
stant. Specifying the initial condition p(x,0) is insufficient in this case
since the solution in later times is also affected by what happens at
the boundary at x = 0. That requires specifying a boundary condition
such as p(0,t) = #(t) at the x = 0 boundary, as in

gp(x,t) + c%p(x,t) =0 x>0 t>0, (2.10a)
p(x,0) = f(x) x>0, (2.10b)
p(0,t) =n(t) t>0. (2.10¢)

This is unlike the IVPs that we have encountered thus far in that the
spatial domain is is not the entire x axis. The problem’s statement here
involves an initial condition (2.10b), and a boundary condition (2.10c).
That makes the problem into an initial boundary value problem, or an
IBVP for short.? To cope with this new situation, we return to the
origins of our investigation by revisiting the system of ODEs (1.3) and
noting that there was no assumption on the extent of the x axis at that
stage.

Considering that the coefficient c is a constant in the current setting,
and that g = 0, the system of ODEs take the form

dx do
= =

whose general solution is

x=ct+A, p=B, (2.11)

7Note the distinction: An initial condi-
tion refers to the values of the unknown
function at initial time, which is typically
t = 0. A boundary condition refers to the
values of the unknown function at the
domain’s boundary, which is x = 0 in the
current problem. So remember this: ini-
tial refers to time, while boundary refers
to space.
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where the integration constants A and B are to be determined. Note
that regardless of the values of A and B, the expression x = ct + A
indicates that the characteristics are straight lines that propagate at
velocity ¢, and p = B indicates that the density p is constant along
each characteristic. The characteristics are depicted as red and green
lines in the adjacent diagram.

The red characteristics originate at the x axis and pick up their den-
sity data from the prescription f(x). The green characteristics originate
at the t axis and pick up their density data from the prescription 7(t).
The characteristic x = ct (drawn in black) separates the two modes
of behavior, dividing the solution domain into the regions 1 and 2 as
marked in the figure. We solve for the density p(x, f) separately in the
two regions and then patch together the parts.

Solving in region 1: Consider a characteristic in region 1 that originates
atx = h, t = 0 for some h > 0. Considering that the density there is
f(h), we are led to the initial conditions

Substituting these into the general solution (2.11) we obtain A = h
and B = f(h), and consequently

x=ct+h, p=f(h).

As usual, we eliminate /1 between these two equations by solving
the first one for i and substituting the result in the second one. We
arrive at p = f(x — ct).

Solving in region 2: Consider a characteristic in region 2 that originates
at x = 0, t = T for some T > 0. Considering that the density there
is 17(h), we are led to the initial conditions

Substituting these into the general solution (2.11) we obtain A =
—ct and B = #(7), and consequently

x=ct—ct, p=1n(1).

To eliminate T between these two equations, we solve the first one
1
Cc

equation we arrive at p = 77 (—%(x — ct).

for T and obtain T = —2(x — ct). Plugging this into the second

We conclude the solution of the IBVP (2.10) is

f(x—ct) in region 1, that is, x > ct,
p(x,t) = "
i

T c

(2.12)
(x — ct) in region 2, that is, x < ct.

Figure 2.3: The characteristic x = ct sep-
arates the regions 1 and 2.
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Remark 2.2. The solution (2.12) can be expressed concisely as

p(x,t) =9p(x—ct), x>0,t>0, (2.13)
where
_ f(s) s>0,
v = 17(—%5) s <0.

In (2.13) we see immediately that the graph of the density at any time
is obtained by translating the graph of i along the x axis by ct.

Example 2.1. Solve the initial boundary value problem

%P(x, t) +2%p(x, t)=0 x>0, t>0,
p(x,0) =e™* x>0,
0(0,t) = cost t> 0.

Solution. We substitute the given data into (2.12) and obtain

e~ (x=20) x> 2f,

p(x,t) = cos(~4(x—21)) x<o2t

Alternatively, we may define

(s) e s s >0,
S) =
¥ cos(—%s) s<0

and write the solution as p(x,t) = (x — 2t). The graph of ¢ is shown
in Figure 2.4. On the positive s axis the graph drops down to zero
as s — +oo. On the negative s axis the graph is that of the ordi-
nary cosine function which oscillates forever. As remarked above,
the graph of the solution p(x,t) at any time ¢ is obtained by trans-
lating the graph of ¢ to the right by 2t along the x axis. With that
information, you should be able to make sense of the animation in

(advection in a semi-infinite domain ). O

2.5 Advection through a constriction

Here we repeat Section 2.3’s scenario of oil-drop in a water pipe, but
now we assume that the pipe’s cross-sectional area a changes abruptly
atx = 0:
ap x <0,
a(x)=¢"
a x>0.

The pipe’s throughput, that is, the volume of fluid® passing per unit

time through a cross-section, is P = a(x)c(x), where c(x) is the fluid’s

Figure 2.4: The function ¢ is defined for
—00 < s < oo but here is plotted only on
the range —37 < s < 5.

8In what follows, fluid refers to the
pipe’s contents which consists of a drop
of oil immersed in water.
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velocity. The throughput is constant (independent of x) since what
flows through a section x; should emerge at another section x;, for any
choice of x; and x,.9 It follows that the velocities ¢; and ¢, of the fluid
in the x < 0 and x > 0 regions are related through P = ajc; = acp,
that is, c; = P/a; and ¢; = P/ap, which incidentally shows that the
fluid flows faster in the narrower part of the pipe. We set

<0,
C(x): T X

cp x>0,

With that notation, the advection equation (2.7) takes the form

d d
T (C(X)P) =0, (2.142)
0(x,0) = f(x), (214b)

where p = p(x,t) and f(x) are the oil’s linear density at time ¢ and
time 0, respectively.

Equation (2.14a) raises a serious concern. How do we make sense
of the derivative with respect to x since c(x) is discontinuous? The
answer lies in the discussion in Section 2.1 that led from the integral
form of the conservation of mass equation (2.1) to the differential forms
in (2.3) and then to (2.7). In the current situation, the velocity field is
discontinuous, therefore the reduction to those differential forms is not
justified. We will have to proceed cautiously.

We note that equation (2.14a) is quite well-behaved on the half-axes
x < 0and x > 0, as we have

dp d _

§+c1$_0 if x <0,
op oo .
§+C2$—0 1fx>0.

The data propagates along the characteristics with speeds ¢; where
x < 0, and ¢, where x > 0, as usual. These are shown as families of
parallel lines in Figure 2.5. Characteristics in x < 0 (region 1 in the
figure) pick up their data from the x axis where p is known to be f(x),
and therefore the solution within region 1 is

p(x,t) = f(x —cyt), (x,t) in region 1. (2.15)

Characteristics in region 2, delimited from the above by the line x =
cat, also pick up their data from the x axis, and therefore the solution
within region 2 is

p(x,t) = f(x —cpt), (x,t)in region 2. (2.16)

Characteristics in region 3, however, pick up their data from the
t axis, and that data needs to be computed. That is done by enforc-

9 We are assuming that oil and water are
incompressible. If they could be com-
pressed, the volume emerging from x;
would not necessarily be the same as the
volume that enters x7.

7

Z 2

Figure 2.5: The characteristics in re-
gions 1 and 2 pick up their data from
the x axis, while those in region 3 pick
up their data from the ¢ axis..

X
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ing the conservation of mass across the t axis; something that equa-
tion (2.14) fails to do due to the discontinuity of c(x). Here is how we
proceed.

The density of oil in region 3 is p(x,t) = g(x — cat) where the func-
tion g is to be determined. In particular, the density just to the right
of the t axis is p(07,t) = g(—czt). The density just to the left of the
t axis is seen from from (2.16) to be p(0~,t) = f(—cyt). The mass of oil
arriving per unit time at x = 0is ¢1p(07, t), see (2.6), while the mass of
oil per leaving unit time at x = 0 is c;p(0", ). These quantities should
be equal, that is, c10(07,t) = c2p(0",t) since the mass is conserved,
and there is nothing at x = 0 where the oil can hide. It follows that

c1f(—cit) = cpg(—cat).

To determine g, we introduce ¢ = —cpt. Then t = —¢/cy and the
equation above takes the form c; f (%C) = 24(¢), and therefore

_aca
8@ =17(28)
Thus we arrive at the solution of the initial value problem (2.14):
f(x—cqt) in region 1,
p(x,t) =< f(x —cat) in region 2,

o (%(x - czt)) in region 3.

This solution is animated in (oil drop through a stepped tubej where

the two pipe diameters are in the ratio of V2, and therefore their cross-
sectional areas are in the ratio of 2. Consequently the speed of the flow
in the narrower pipe is twice that of the wider one. The linear den-
sity profile is taken according to (2.9) which corresponds to a spherical

oil-drop in the wider section of the tube. The animation  oil drop 3D

presents a three-dimensional view.

2.6 Exercises

2.1. Derive the equations (2.4) and (2.5).

2.2. Suppose that the smoke studied in Section (2.1) is radioactive with
a decay constant of f, that is, the density decays according to g—f =
—PBp. Modify the equation of conservation of mass (2.3) to model the

density p(x,t) of the radioactive smoke.

2.3. Solve the initial boundary value problem

d 0
gp(x,t) + cap(x,t) = —PBp(x,t) x>0, t>0,
o(x,0) = f(x) x>0,

0(0,£) = n(t) £>0,
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where p = p(x,t) and c is a positive constant.

2.4. Repeat the calculations of Section 2.1 but allow for the cross-
sectional area A(x) of the tube to vary smoothly with x. How does
that change the equation of conservation of mass (2.3)?

2.5. Find the solution p(x, t) of the initial value problem (2.14) when

1 x<0,
c(x)=<c, 0<x<L,
cz x> L.

Assume that ¢y, ¢, c3, and L are positive.



3
Traffic flow

In this chapter we look at the Lighthill-Whitham—Richards mathemat-
ical model for traffic flow[12, 16]. The model’s analysis is a direct
application of Chapter 1’s method of solving quasilinear PDEs.

3.1 The derivation of the traffic flow equation

Consider a one-lane highway, and for simplicity, suppose that there are
no entrances or exits along the stretch under the study." We designate
locations along the highway through the coordinate x, and write ¢
for time. The main players in our mathematical model are the traffic
velocity v(x,t), the traffic density p(x, t), and the traffic flux ¢(x,t).

The traffic velocity, v, is readily observable. You may watch the traf-
fic by standing by the side of the highway and gain quite an accurate
picture of how fast it is moving. By “it” we don’t mean the speed of an
individual car. Rather, we are referring to the speed of cars in general
as they go past your station. During the rush hour in major urban
areas, for instance, the traffic velocity tends to be slow.

As the notation v(x,t) indicates, it is expected that the traffic ve-
locity to depend on the observer’s location x and the time ¢. For in-
stance, if your observation station is near a traffic light, then then your
observed traffic velocity will fluctuate as the light alternates between
green and red. That shows that v depends on t. If you move to a
location some good distance away from the traffic light (that is, you
change your x), then it is likely that you will observe a more or less
steady flow of traffic there. That shows that v depends on x. For the
same reasons, the traffic density p and the traffic flux ¢, also depend
on x and .

The traffic density, p, is a measure of the number of cars per unit
length of the highway. You can get a good picture of it if you imag-
ine you were hovering over the highway in a helicopter. The more
crowded parts of the highway will have higher traffic density (more
cars per unit length). You may quantify that by counting the num-

* Accounting for entrances and exits is
not difficult but we will forgo that for
the sake of keeping this chapter’s treat-
ment as simple as possible. Once you
have learned the basics, you may con-
sider including entrances and exits as an
interesting and instructive project.
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ber of cars per, let’s say, every 500 feet. In our idealized model we
take p(x,t) to be defined everywhere, that is, at all locations x along the
highway. In a congested area p would be large. In a lightly traveled
highway p would be small. In an empty highway p would be zero.

The traffic flux, ¢, is the number of cars that go past your observa-
tion station per unit time. Traffic stopped at a red light has nonzero
density but the velocity and flux are zero there. In a lightly traveled
patch of a dessert highway, the velocity can be high, but the flux can
be low—only a few cars will be passing your observation station per
unit time, albeit at high speed.

Chapter 2’s equations of conservation of mass, that is, (2.3), (2.6),
and (2.7) correspond, in the current context, to a principle of conser-
vation of cars—the cars just don’t teleport away from the highway or
teleport into it. We duplicate equation (2.7) here for ease of reference:

200+ 2 (p(x Ho(x, ) =0,

or more succinctly,
%‘; + %(pv) =0. (3.1)

That conservation equation is insufficient on its own since it is one
equation in the two unknowns p and v. To complete it, we need to
supply the equivalent of what is called a constitutive equation in con-
tinuum mechanics, that is, an empirical relation between the density p
and the velocity v.

A crucial observation is that the traffic density determines the traffic ve-
locity. To see that, think of the extreme case of essentially zero density
traffic. Then the cars travel without interference from each other. In an
idealized world, they will travel at the maximum legal speed, say Umax.
At the other extreme, when the highway is crowded with bumper-to-
bumper traffic—let’s call the corresponding density pmax—the velocity
would in effect be zero. We conclude that the velocity varies from
Umax to zero as the density goes from zero to pmax, that is, v = o(p) for
some monotonically decreasing function ¢ such that ¢(0) = vmax and
0(pmax) = 0. That’s something like the hypothetical curve shown in
the adjacent graph. With v = ¢(p), equation (3.1) becomes

%‘Z + % (w(p)) =0,

and then, by the chain rule of differentiation,
op d oo
5 + [dp (pa(p))] 3= 0.
We define

v=0(p)

Umax

Pmax o
Figure 3.1: The velocity v is some mono-
tonically decreasing function of density
with 9(0) = Umax and v(pmax) = 0. The
shape of the curve may be determined
empirically, in principle. Just stand by
the side of the highway, measure or es-
timate the traffic density p and velocity
v at your location and mark the corre-
sponding (p,v) point on a graph paper.
Wait a little for the traffic density and
velocity to change, repeat the measure-
ment, and add a new point to the graph.
Keep on doing that until you gain a good
sense of the shape of the graph.

It is reasonable to expect different such
graphs depending on the driving condi-
tions, such as daytime or nighttime, clear
weather or rain or snow, lane closures
due to road repairs or an accident, etc.



and rewrite the equation as

9 %)
£ +clp) 5t =0,

5, t¢

o (3-2)

This first order PDE, in the single unknown p(x, t), is the main working
model of our traffic flow.

The coefficient c(p) in (3.2) depends on the choice of ¢ in the con-
stitutive equation v = ¢(p). For the purpose of this study we take o to
be the linear function whose graph is shown in Figure 3.2, and whose
equation is

v =0(p) = Umax (1 - L) (3:3)

Pmax
Therefore

c(p) = CZ)(P‘T(P)): CZ)(Pvmax (1 - pmpax)) = vmax;i) (P - pizax)’

that is

C(p) = Umax (1 - Zip) (3-4)

Pmax

3.2 The initial value problem and the characteristics

We wish to analyze and understand the initial value problem associ-
ated with (3.2), that is

9 %o _
L +elo)sE =0 —o<x<oo, t>0, (3-52)
p(x,0) = f(x) —eo<x <, (3:50)

where c(p) is defined in (3.4), and f(x) is a given traffic density at
time t = 0. The solution is obtained through the procedure outlined
in Chapter 1. The equivalent of that chapter’s equations (1.3) in the
current case are the ODEs

% = ¢(p), % =0, x(0)=h, p(0)=f(h).

The second ODE says p is constant, and since p(0) = f(h), we have

p=f(h) forallt. (3-6)

As a result, the right-hand side of the first ODE is just a constant, and
therefore

x=c(o)t+h, (3.7)

or, inserting the value of p from (3.6),

x=c(f(h))t+h (3-8)
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v =0(p)

Umax

Pmax o
Figure 3.2: The function v = ¢(p) mod-
els traffic velocity versus density. See Ex-
ercise 3.10 for a study of of the case of
quadratic o(p).
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That’s the equation of the characteristic that originates at x = h at
t = 0. Ideally we would like to solve (3.8) for & and insert the result
in (3.6) to obtain an expression for p(x,t). Unfortunately there is no
symbolic solution to (3.8) in general since / is hiding in the guts of the
unspecified function f. So we take a different tack.

Equation (3.8) says that the characteristic curve that starts out at x =
h at t = 0 is a straight line, and the speed of the characteristic, c(f(h)),
is known since c and f are given. That provides enough information to
determine characteristics graphically, as illustrated in Figure 3.3. Since
p remains constant along the characteristic, and since p is given at
t = 0, we may determine p(x, t) anywhere that can be reached through
such characteristic lines, and even obtain an explicit expression for p
in terms of x and ¢, as illustrated in the examples that follow.

3.3 Rarefaction waves

Figure 3.3 shows the basic idea of determining the density p(x,t) at
any point (x,t) in space-time. We determine the characteristic line
that goes through the point (x,t), determine the intersection of that
line with the x axis, and read off the density there from the prescribed
initial condition py.

That strategy works provided that the characteristic lines “fan out”
as in that figure, resulting in a unique characteristic line through any
point (x, t). The expanding set of characteristics results in a rarefaction
wave* in the traffic as we will see in the examples that follow. On
the other hand, if the characteristics converge and intersect, then we
get more than one characteristic through an intersection point, and
that results in an ambiguous reading of the density. Such collision
of characteristics give rise to shock waves3 which we will explore in a
subsequent section.

In the rest of the current section we provide detailed solutions of
three illustrative examples of the use of characteristics to analyze the
initial value problem (3.5). In all cases we take o(p) and ¢(p) as in (3.3)
and (3.4). All three examples correspond to rarefaction waves.

Example 3.1. Consider the special case of the initial value problem (3.5)
where Umax = 1, pmax = 1, and f(x) is the step function as in

1 ifx<0,

flx) = 0 ifx>0.

Find the traffic density p(x, t).

Solution. This corresponds to a traffic that begins to move after the
red light turns green. From equation (3.4) and the given data, we have

Figure 3.3: Sample characteristic lines.

2The word “rarefaction wave” is in-
herited from gas dynamics. The phe-
nomenon associated with the expanding
fan of characteristics results in the thin-
ning, or rarefaction, of a gas.

3 This term is also inherited from gas dy-
namics.

(%)




c(p) =1 —2p. We see that ¢(0) = 1 and ¢(1) = —1. Having in mind
that according to (3.7) the characteristics propagate at speed c(p), and
that according to (3.6) p is constant along a characteristic, we conclude
that characteristics that originate at the positive x axis propagate at
velocity 1 and characteristics that originate on the at the negative x
axis propagate at velocity —1. This leads to the space-time diagram
is shown in Figure 3.4. We see that the diagram is divided into three
distinct regions. Within region 1 we have p(x,t) = 1 since density is
constant along the characteristics and each characteristic originates on
the negative x axis where the density is 1. For the same reason, within
region 3 we have p(x,t) = 0. The characteristics x = —t and x = ¢,
drawn in red, separate the three regions. This, region 1 corresponds to
x < —t, region 2 corresponds to —¢ < x < t, and region 3 corresponds
tox >t

Within the “fan” region 2 we calculate p(x,t) as follows. Pick any
point (x, t) within that region. The equation of characteristic through it
is x = c(p)t, where p is the (constant) density along that characteristic.4
Since c(p) = 1 — 2p, the equation of the characteristic takes the form
x = (1—2p)t. We solve this for p and obtain p = (1 —%). We
conclude that

if x < —t,
(1-%) if —t<x<t, (3-9)
if x >t

p(x,t) =

O NiR =

Remark: The solution expressed in (3.9) does not stand under scrutiny.
If it is the solution of the initial value problem (3.5), shouldn’t p(x,0) =
f(x)? Yes, it should, but (3.9) is undefined at t = 0 since it involves
a division by ¢. To remedy the situation, we need to be explicit about
the need for special treatment of the t = 0 case. Thus, a pedantically
correct expression of the solution would be

f(x) ift=0,
1 if x < —t,

T1-%) if —t<x<t ift>0.
0 if x > t.

(3.10)
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Figure 3.4: The space-time diagram of
Example 3.1.

‘Here we are appealing to equa-
tion (3.7).
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Normally people prefer the simpler but questionable representation (3.9)
over the precise but cumbersome version (3.10), with the understand-
ing that (3.9) is meant for t > 0. We will retain that tacit understanding
when presenting the solutions to this section’s remaining examples.
Beware, however, that a computer program is generally not as for-
giving as people, and may balk at accepting (3.9). You may want to
use (3.10) in that case. O

Having obtained the solution p(x, t) of the problem, we evaluate the
density at any time t. For instance, at t = 1 we have

p(x,1)
1 if x < —1,
1
px,1)=q1(1-x) if —1<x<1,
0 if x > 1. :1 5 : e
The animation in shows the time evolution of the den-
sity p(x,t) over the period 0 < t < 3.
Example 3.2. Solve the initial value problem (3.5) with the data vmax = S (%)
1, pmax = 8, and s
5 ifx<0,
fx) = , SEEEEE
2 ifx>0,
0 X

Solution. From the given data we have c(p) = 1 — fp. We see that
c(2) =1/2 and ¢(5) = —1/4. Therefore, characteristics that originate
at the positive x axis propagate at velocity 1/2. and the characteristics
that originate at the negative x axis propagate at velocity —1/4. The
corresponding space-time diagram is shown in Figure 3.5. As in the
previous example, the diagram is divided into three regions. Within
region 1 we have p(x, t) = 5. Within region 3 we have p(x,t) = 2. The
characteristics x = —%t and x = %t, drawn in red, separate the three
regions. Thus, region 1 corresponds to x < f%t, region 2 corresponds
to —%t <x< %t, and region 3 corresponds to x > %t.

\\

=5 cp)=-1/4 ¢ 0=2,clp)=1/2 x

\
\
\

Figure 3.5: The space-time diagram of

We calculate the density p(x,t) in the fan region as we did in the Example 3.2.

previous example. The equations of characteristics in that region are
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x =c(p)t = (1— 1p)t. We solve this for p and obtain p = 4(1 — ¥).
We conclude that

5 if x < —1t,
p(x,t) = q4(1—%) if —jt<x< 3t
2 if x > 3t.

The animation in shows the time evolution of the density

p(x,t) over the period 0 < t < 8.
O

Example 3.3. Solve the initial value problem (3.5) with the data vmax =
4, pmax = 8, and

5 if x <0,
flx)=<5-2x if0<x<1,
3 if x > 1.

Solution. From the given data we have c(p) = 4 —p. We see that
c(8) = 1 and ¢(5) = —1. Therefore, characteristics that originate
in x > 1 propagate at velocity 1 and characteristics that originate in
x < 0 propagate at velocity —1 The corresponding space-time diagram
is shown in Figure 3.6. As in the previous examples, the diagram is
divided into three regions. Within region 1 we have p(x,t) = 5. Within
region 3 we have p(x,t) = 3. The characteristics x = —tand x =t +1,
drawn in red, separate the three regions. Thus, region 1 corresponds
to x < —t, region 2 corresponds to —f < x < t+ 1, and region 3
corresponds to x >t + 1.

p=5 clp)=-1 0o 1 p=3cp=1 X

To calculate the density p(x,t) within region 2, we look at a generic
characteristic x = c(p)t + h = (4 — p) t + h that takes off from x = h at
t =0, where 0 < h < 1. The density at x = his p = f(h) = 5 —2h.
Therefore h = 1(5— p). It follows that x = (4 —p)t + 1(5—p). We
solve this for p and obtain

_ 8t+5—2x
142t
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f(x)

Figure 3.6: The space-time diagram of
Example 3.3.
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and therefore

5 if x < —t,
px,t) = { BE22Y i < x <t+1,
3 if x >t41.
The animation in [ Example 3 | shows the time evolution of the density
p(x,t) over the period 0 <t <2.5. O

3.4 Shock waves

The previous section’s examples consisted of rarefaction waves, man-
ifested by sets of characteristic lines that diverge with increasing ¢. In
this section we study situations where the characteristic lines converge,
resulting in shock waves. These are best illustrated through examples.

Example 3.4. Consider the initial value problem for the traffic flow,
equations (3.5), where vmax = 3, Pmax = 6, and f(x) is as in

2 ifx<0,

flx) = 5 ifx > 0.

Find the traffic density p(x, t).

Solution. Based on the given data, we have c(p) = 3 — p. We see that
c(2) =1 and ¢(5) = —2. Therefore, characteristics that originate in the
negative x axis propagate at velocity 1 and characteristics that originate
in the positive x axis propagate at velocity —2. The space-time diagram
of Figure 3.7 (top) shows the resulting characteristics.

The problem that confronts us is that wherever the characteristics
intersect, they carry conflicting information from their initial data,
making the value of the density at the intersection indeterminate. The
inconsistency/clash is resolved by introducing a line of demarcation,
called a shock, shown as a heavy green line in Figure 3.7 (bottom).
Characteristics from the left and from the right impinge upon the
shock, bringing with them conflicting density information. As a result,
the density is indeterminate at the shock and discontinuous across it;
the density jumps from 2 on the left of the shock to 5 on the right.

The questions that remain to be resolved are: What is the the equa-
tion of the shock? Why is the shock drawn as a straight line in the
diagram and not a curve? How do we reconcile the discontinuous
density with the law of conservation of cars?

To work out the details, let us pick a point P along the shock and let
Ushock be the shock’s velocity at that point. Let us write pjef and vjeg
for the traffic density and velocity just to the left of P. Similarly, let
Pright and vyignt be the traffic density and velocity just to the right of P.

=Y
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t
p=2 6 o=>5 i
c(p) =1 c(p) =-2
t
p=2 0 p=>5 '
c(p) =1 c(p) = -2
v(p) =2 v(p) =1/2
po(p) =4 po(p) =5/2

The traffic approaches P from the left at velocity vjef; — Ughock, and it
moves away from P at velocity jght — Ushock- Recalling the discussion
that led to equation (2.6) (page 18), the number of cars arriving at P per
unit time is Pleft (V5eft — Ushock ), and the number of cars pulling away
from P per unit time is Oright(Vright — Ushock)- We conclude that

Pleft (Vleft — Z]51'10ck) = Pright (Uright - Ushock)/

which we solve for vg,, and obtain

Pright Uright — Pleft Vleft
Pright — Pleft

Ushock = (3'11)

This is called the Rankine—-Hugoniot jump condition> and was first de-
rived in the context of gas dynamics. (That was before there were
automobiles, highways, and traffic as we know it.) The equation may
be expressed succinctly in the more easily remembered from
the jump in (pv)

the jumpinp °

OUshock = (3.12)

Let us apply (3.11) to determine the shock velocity in our problem.
Since Umax = 3 and pmax = 6, equation (3.3) which relates traffic den-
sity to traffic velocity is

v:3@—§):3—%p

TRAFFIC FLOW 33

Figure 3.7: At the top: The left-moving
and right-moving characteristics clash.
At the bottom: The shock forms a bar-
rier between the clashing characteristics.

5Named after Rankine [15] and Hugo-
niot [8, 9]. See Salas [17] for a detailed
historical account.
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We have piefy = 2, and therefore vjery = 2. We also have pyign; = 5, and
therefore v o = 1/2. Substituting these into (3.11) we get

5)(1/2)-(2)(2) _ 1

Ushock =~ 5_0 - Ty

We conclude that the shock propagates at the velocity —1/2, which
incidentally shows that the shock’s graph is a straight line since its
speed is constant. The shock originates at (0,0), therefore its equation
isx = —%t. Thus, referring to Figure 3.7, we arrive at the following
solution to our initial value problem:

2 inx< —%t (that is, in region 1) ,

p(xt) = (3.13)

5 inx> —%t (that is, in region 2) .

The animation in | Example 4 | shows the time evolution of the density

p(x, t) over the period 0 < t < 6. O

Example 3.5. Let Umax = 3 and pmax = 6 as before, and take

2 if x <0,
fx)=<24+x if0<x<3,
5 if x > 3.

Find the traffic density p(x,t).

Solution. As in the previous section, we have c(p) = 3 —p. We see
that ¢(2) = 1 and ¢(5) = —2. Therefore, characteristics that originate
on the negative x axis propagate at velocity 1, and characteristics that
originate in x > 3 propagate at velocity —2. A preliminary version of
the corresponding space-time diagram is shown in Figure 3.8. We see
that the characteristics that originate at x = 0 and x = 3 (drawn in
red) intersect at some time ty marked with the dotted blue line. The
one coming from x = 0 carries with it the signal that p = 2. The one
coming from x = 3 carries with it the signal that p = 5. This creates a
conflict at the intersection and results in a shock.

The conflict is not merely at the point where the red characteristics
intersect. All left-moving and right-moving characteristics intersect above

Figure 3.8: A preliminary sketch of the
space-time diagram. A shock forms
when the red characteristic lines meet.
The diagram is not valid above the dot-
ted blue line.


Traffic-flow.html#example4

the dotted blue line, bringing with them conflicting signals. We will ad-
dress this issue further down, but for now let us complete the analysis
of the solution within the time interval 0 < t < ty, before the first
conflict develops.

We begin by noting that the equation of the characteristic that orig-
inates at x = 0 is x = ¢, while the equation of the characteristic that
originates at x = 3 is x = 3 — 2t. These characteristics intersect at
x =1, t =1, and therefore fy = 1. The regions 1, 2, and 3 are charac-
terized as

region1 = {(x,t):t <1, x<t},
region2 = {(x,t):t <1, t<x<3-2t},
region3 = {(x,t):t <1, x>3—2t}.

As in the previous examples, density p(x,t) is 2 in region 1, and it
is 5 in region 3. We calculate the density within region 2 as before,
by considering the characteristic line x = c(p) t + h that originates at
x = h, t = 0, where p is the (constant) density along that characteristic.
We know that c¢(p) = 3 — p, and that the density atx = hisp = f(h) =
2+ h, whence h = p — 2. Therefore the equation of the characteristic is
x = (3—p)t+p—2. Solving this for p, we obtain:
x—3t+2
-t

We conclude that
2 in region 1,
p(x,t) = { *2LE2 in region 2, (3.14)
5 in region 3.

Now we turn to the situation above t = t;. The conflict there is
resolved by introducing the shock shown in Figure 3.9. Characteristics
from the left and from the right impinge upon the shock, bringing with
them conflicting density information from their respective initial data.
As a result, the density is discontinuous across the shock. Specifically,
the density is 2 in region 4, and it is 5 in region 5. The density jumps
from 2 to 5 across the shock.

The shock velocity is determined by the Rankine-Hugoniot jump
condition, equation (3.11). Since Umax = 3 and pmax = 6, equation (3.3)
which relates traffic density to traffic velocity is

1
v:3< —g) :3—Ep.

We have pet = 2, and therefore vy = 2. We also have pyignt = 5, and
therefore v jop = 1/2. Then from (3.11) we get

(5)(1/2)=(2)(2) _ 1

Ushock = 5_92 5
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shock

v(p) =1/2
pv(p) =5/2

We conclude that the shock propagates at velocity —1/2, which in-
cidentally shows that the shock is a straight line since its speed is
a constant. The shock originates at (1,1), therefore its equation is
X = —%(t —1) + 1, which simplifies to x = —%t + % It follows that

1 3

i = N > RN —
region 4 {(x,t) t>1, x< ZH— 2},

1 3

1 = N > R -
region 5 {(x,t) t>1, x> 2t+ 2},

and consequently,

2 inregion 4,

p(x, t) = (3.15)

5 inregions.

This, together with (3.14), presents a complete solution to our initial
value problem. Figure 3.10 shows the graphs of p(x, t) at times t = 1/2

and t = 5. The animation in [ Example 5 | shows the time evolution of

the density p(x, t) over the period 0 < t <9. O
0(x,1/2) 0(%,5)
5 -+
//// 5
2| I,
0123 ¥ ~10 x

Example 3.6. Let Umax = 4, pmax = 8, and

7 ifx<O,
flx) =<2 if0<x<3,
5 ifx>3.

Figure 3.9: The completed space-time di-
agram is valid both below and above the
dotted blue line. The shock that forms
above that line marks the interface be-
tween two regions of differing densities.

Figure 3.10: Graphs of the density p(x, t)
of the solution of Example 3’s initial
value problem, plotted at t = 1/2 and
t = 5. The slanted and dashed gray line
in the diagram on the left depicts the ini-
tial the initial value p(x,0).
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Find the traffic density p(x, t).

Solution. The Rankine-Hugoniot jump condition in equation (3.12) im-
plies, among other things, that if the shock separates two regions
of uniform density and velocity in the space-time diagram, then the
shock velocity is a constant, and consequently, the shock appears as
a straight line in that diagram. In this section we analyze a situation
where the conditions are non-uniform on one side of the shock. As a
result, the shock velocity is not constant and the shock appears as a
bowed line in the space-time diagram.
Here is what we have for v(p) and c(p) based on (3.3) and (3.4):

o(p) =4~ p clp)=4-p, (3.16)

The discontinuities at x = 0 and x = 3 of f give rise to a rarefaction
wave originating at x = 0 and a shock wave originating at x = 3. Fig-
ure 3.11(a) depicts our initial attempt at sketching the characteristics.

To complete that diagram, let’s begin with calculating the velocity
of the shock that originates at x = 3. To the left of the shock we have,
referring to equations (3.3) and (3.4), p = 2, ¢(p) = 2, v(p) = 3, and
therefore pv(p) = 6. To the right of the shock we have, p = 5, ¢(p) =
—1, v(p) = 3/2, and therefore pv(p) = 15/2. Then we obtain the
shock’s velocity from the the Rankine-Hugoniot jump condition (3.12)
as

; _15/2-6 1
shock 5_92 >’
and therefore the shock propagates as x = 3 + %t. This is shown as the
thick green line in Figure 3.11(b).

That calculation of the shock is based on the interaction of the char-
acteristics in regions 2 and 3 of Figure 3.11(b). The uppermost char-
acteristic in region 2 is the one that emanates from the origin, and is
given by x = 2t. That characteristic intersects the shock x = 3 + 1t at
x =4, and t = 2. For t > 2 the shock is formed by the interaction of
the characteristics from regions 3 and 4. That’s the part of the diagram
that we turn to next.

The characteristics in the rarefaction region 4 are x = c(p)t = (4 —
p)t, and therefore p = 4 — §. Consider a point P with coordinates
(x,t) along the shock that separates the regions 3 and 4. Just to the
left of P the density is pjere = 4 — §, therefore the traffic velocity, as
calculated from (3.16) is

Uleft:4_%Pleft:4_%(4_§> :2+%-
The density and velocity just to the right of P are those in the homo-
geneous region 3, that is

3
Pright = 5, Uright = 2

-
ol
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(a) ‘ ‘ ;
p=7 0 p=2 3 p=5
c(p) =-3 c(p) =2 c(p) =-1
W b
\ S
(b) - ~— -
c(p) =3 c(p) =2 c(p) = -1
v(p) =3 v(p) =3/2
po(p) =6 po(p) =15/2
Wt
(c)

X

Figure 3.11: These sequence of drawings
illustrate the steps involved in the con-
struction of the space-time diagram con-
taining a bowed shock wave.



Then the Rankine-Hugoniot jump condition determines the shock ve-

5(3) - (4- %) (2+ %) ot

Ushock = 5_ (4_ %) = o

locity as

We see that unlike the previous cases, the shock velocity is not a con-
stant, and consequently the shock traces a curve in the space-time dia-
gram. Let x(t) be the x coordinate of the point on the shock at time .
Then the shock’s velocity would be dx/dt. In view of the expression
for the shock velocity calculated above, we arrive at the initial value
problem

Z—f - tht x(2) = 4.
This first order linear ODE may be readily solved via the method of
integrating factors. Its solution is the equation of the curved part of
the shock:

x(t) =3V2t—t, t>2. (3.17)

Figure 3.11(c) shows the curved part of the shock as a thick blue line.
Altogether, the complete equation of the shock for all t > 0is x = S(¢),
where

3+ 3t ift<y,

S(t) =
®) 3vV2t—t ift>2.

That enables us to put the pieces together and arrive at

7 ifx < =3t (region 1),
2 ifx>2tand x <3+ 1t (region 2),
p(x,t) = 2
5 if x > S(¢) (region 3),
4— % otherwise (region 4).

Remark: The depiction of the bowed shock in Figure 3.11(c) may give
the false impression that it tends toward a vertical asymptote. That’s
certainly not true. The shock’s equation in (3.17) indicates that as ¢
grows, x(t) approaches —t since t dominates \/t for large t. If there
were room within that figure to extend to larger values of t, we would
see the shock turn around and ultimately proceed in the northwesterly
direction.

Remark: The strength of a shock is measured by the jump of the density
across it. In Figure 3.11(c) the strength of the segment of the shock
bounded by regions 2 and 3 is constant along its length since the den-
sities within the regions 2 and 3 are uniform. The strength of the rest
of the shock, bounded by the regions 3 and 4 is not constant along its
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length because the density within region 4 is variable. It can be shown

(consider it a challenge!) that the strength of the shock gradually di-

minishes, and goes to zero, as t gets large. In other words, the shock

fades away in the long run.

3.5 Exercises

O

Each of the following exercises provides values of the parameters vmax,

Pmax, and the initial density f(x). Solve the initial value problem (3.5)

for the traffic density p(x,t) and sketch a space-time diagram. Addi-

tionally, plot one or more graphs of p as functions of x, at ¢ values of

your choice, in order to illustrate how the solution evolves in time.

3.1.

3.2.

33

3.4.

3-5

3.6.

Umax = 4,
Umax = 4,
Umax = 4,
Umax = 4,
Umax = 4,
Umax = 4,

Pmax = 8,
Pmax = 8,
Pmax = 8,
Pmax = 8,
Pmax = 8,
Pmax = 8,

5 ifx<0,
flx) = ,
3 ifx>0.
3 ifx<O,
flx) = ,
1 ifx>0.
7 ifx<0,
flx) = ,
5 ifx>0.
1 f(x)
K3
10—
01 x
i f(x)
K7
5Ak—
01 x

~

—
=

SN—




8+
3.7 Umax =4, Pmax =38,
2
o 3 7
1 f(x)
71
3.8. Umax = 2, Pmax = 8, 5
0 2 x

3.9. Show that when the velocity versus density is linear, as in (3.3),
then the velocity of a shock is the average of the velocities of the char-
acteristics on its either side.

Hint: Rearrange (3.4) to express p in as a function of c. Then show that

po(p) = %Pmaxvmax [1 - (= )2}

Umax

Insert these into the Rankine-Hugoniot jump condition and simplify.

3.10. Section (3.1)’s derivation of the traffic model assumes a linear re-
lationship between the traffic’s velocity and density; see equation (3.3)

and Figure 3.2. Modify that model by making that dependence quadratic:

v(p) = vmax(l - (pnf;x)z).

See Figure 3.1 for the graph that function.

1. What is the equivalent of equation (3.4) under this new model?

2. Solve Example 3.1’s initial value problem under this new model.

3.11. Where two shocks merge into one. ..
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Umax =4, Pmax =8,

% -
3

3.12. Where two rarefaction waves merge into a shock. ..
In the traffic flow problem, take the initial density f(x) as depicted in

the graph

 f(x)

Pmax +

——— PPmax
ﬁpmax

XOPmax A

JPmax

X

where a > 0 and p, g, a, B are constants in [0, 1]. Additionally, assume
that « < pand B > g and « < B. Show that this gives rise to a pair
or rarefaction waves that start out at x = 0 and x = a and later merge
into a shock wave.

Comment 1: This problem was posed and solved by Owen McMann, an
undergraduate student at UMBC, who also made the interesting (and
unanticipated) observation that the resulting shock travels at constant
speed.

Comment 2: If you feel more comfortable working with numbers rather
than symbols, you may at first try solving the problem using the nu-
merical parameters

3 1 1 2
azzl Umaxzzz Pmax:4/ pzil q:g/ a:Z/ ,Bzgl

before tackling the symbolic solution.

3.13. Traffic stopped at a red light at x = 0 occupies the interval [—L, 0]
on the x axis, and therefore has density pmax. The light turns green at
t = 0. Assume that no other vehicles enter the highway.

1. Determine the traffic’s density at later times in terms of the (un-
specified) symbolic constants vmax and pmax.



L

7
Umax

. Sketch the graphs of p(x,t) as a function of x at times t = k
where k =0, 3,1,2,3,4,5.

. What is limy_,« p(x, t) at a fixed x?

. What is the velocity v(x, t) of a vehicle that is passing through the
location x at time #?

. What is limy_ v(x, t) at a fixed x?

. Determine the position x(t) of a vehicle which is located at x = —a
(0<a<L)att=0.

. Consider two vehicle that are located at x = —a and x = —b (0 <
a < b < L) at time t = 0. What is the distance between them in the
long run?

. The tail end of the traffic lies on the shock as there are no vehicles
to the left of the shock. What is the traffic density at the tail end as
a function of time?
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4
Classification of second order PDEs

In the remainder of this book we study second order PDEs, that is,
PDEs that involve second order derivatives of the unknown function.
Of particular interest are the classical

Wave equation in the unknown u(x, t):

0%u , U
e =cC 32 (4.1)

Heat equation in the unknown u(x, t):

ou o%u
% k@/ (4-2)

Laplace’s equation in the unknown u(x,y):

?u  *u

32 + W =0, (4-3)

and many of their variations. The reason for interest in these partic-
ular equations is twofold. For one thing, these equations occur in a
host of mathematical models in engineering, physics, chemistry,’ and * And to a lesser extent in mathematical
therefore an intimate knowledge of their properties is a prerequisite biology and finance.
for any working scientist. For another thing, these equations are pro-
totypes of much wider classes of hyperbolic, parabolic, and elliptic PDEs,
respectively. What we learn about the wave, heat, and Laplace’s equa-
tions extends with some modifications to, and provides intuition and
guidance for, the understanding of those more general PDEs.
If you pursue your studies of PDEs beyond this introductory text-
book, you are likely to encounter the terms hyperbolic, parabolic, and
elliptic. We define those terms here in order to place our limited study
in the wider context.
You may recall from your studies of calculus and analytic geometry,
that the graphs in the Cartesian coordinates of the equation

2 2 2 2 2 Ty Ty Ty

x> _Y _ X _Y_ XY " "
A2 BZ_l’ A2 B_l’ A2+Bz_1' /‘\ ‘ ‘
hyperbola parabola ellipse
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are hyperbolas, parabolas, and ellipses, respectively. Furthermore, any
quadratic equation of the form

ax? + bxy +cy? +dx +ey+ f =0,

may be reduced, after a change of variables, to one of the preceding
three depending on the sign of the discriminant 6 = b* — 4ac. Specif-
ically, if 6 > 0, then we have a hyperbola, if § = 0 then we have a
parabola, and if § < 0, then we have an ellipse.

By analogy, the second order PDE in the unknown u(x,y):

AUxy + buyy + cuyy + duy +euy + fu =gq (4-2)

is said to be of the hyperbolic, parabolic, or elliptic type depend-
ing on whether § = b? — 4ac is positive, zero, or negative, respec-
tively.>3 It turns out, although we won’t delve into the subject here,
that the behavior of the solutions of (4.4) differ wildly depending on
the equation’s type, hence the need for classification. Note, in particu-
lar, that the wave, heat, and Laplace’s equations are of the hyperbolic,
parabolic, and elliptic types, in that order.4
The left-hand side of (4.4) defines a partial differential operator L
through
L(u) = auyy + buyy + cuyy + duy +euy + fu. (4-5)

L is linear in the sense that
L(wu + Bo) = aL(u) + BL(0) (46)

for all sufficiently differentiable functions u = u(x,y) and v = v(x,y),
and arbitrary constants « and .5 To verify that L indeed is linear, we
calculate

L(au + pv) = a(au 4 Bo)xx + b(au + po)xy + c(au + po)yy
+d(au + o)y +e(au + Bo)y + f(au + po)
= a(auxy + Boxx) + b(atyy + Boxy) + c(auyy + Boyy)
+ d(auy + Boy) + e(auy + poy) + f(au + o)
= a(@uyyx + buiyy + cuyy + duy + euy + fu)
+ B(avyx 4 boyy + cvyy + doyx + evy + o)
=aL(u)+ BL(v),
and thus substantiate the claim.
The PDE
L(u) =g,
where L is a linear partial differential operator and g is a given function

of x and y,® is said to be linear. If q is zero, then the PDE is said to be
homogeneous. Otherwise it is nonhomogeneous.

> The analogy is skin deep. The nomen-
clature is merely a mnemonic device;
there is no ellipse in an elliptic equation.

3 Here, and what follows, the coefficients
a through g may depend on x and y in
general. Therefore, the discriminant D,
which would depend on x and y, may
change sign and consequently (4.4) may
change type depending on the region
within the xy plane.

4 The independent variables in (4.4) are
x and y. To make the connection to the
wave and heat equations, change y to t.

5The linearity of L, embodied in the
equation (4.6), plays an absolutely cru-
cial role in the rest of this book.

®The function g is usually called the
PDE’s forcing term.
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For instance, the PDE uyy + /14 x2 + y? u,,, = cos(xy) in the un-
known u(x,y) is linear because the corresponding partial differential

operator
L(u) == Uxx+ \/ 1+x2+y2uyy,

is linear, as it is a special case of (4.5). The PDE is nonhomogeneous
because its forcing term is nonzero.

On the other hand, the PDE L(u) = 0 in the unknown function
u(x,t), where L(u) = uy + utlyy, is not linear. To substantiate that
claim, is suffices to demonstrate a single case where the linearity re-
quirement (4.6) fails. Take, for instance, « = 2, § = 0. Then we have

2L(u) = 2(upt + utiyx),
L(2u) = (2u) s + (2u) (2u) vy = 2ups + 22Uty = 2 (gt + 201ty ).

We see that L(2u) # 2L(u), so L is not linear.

Here are the linear operators associated with the wave, heat, and

Laplace’s equations:” 7 Actually L(u) = % - czg% expresses
the result of applying the wave operator
%u 5 %u . to the function u. The wave operator it-
L(u) = Fr c 2 the wave operator (hyperbolic) selfis I — % _e2 % . Same goes for the
ou 2u heat and Laplace’s operators.
L(u) = 5 kﬁ’ the heat operator (parabolic)
u  du
Lu) = 5= + =5 Laplace’s operator (elliptic
( ) a xz ay2 p p ( p )

The wave, heat, and Laplace’s equations presented in (4.1), (4.2),
and (4.3) are homogeneous. If we add forcing functions g to their
right-hand sides, as later we shall, we will obtain the nonhomogeneous
versions of those equations.

4.1 Exercises

4.1. Determine whether the following PDEs are linear or nonlinear.
1. tup = XUy + xt2

2. Xup +tuyy =0

3. Uxx T Uyy = ul

4.2. Determine whether the following PDEs are hyperbolic, parabolic,
or elliptic.

1. Uy =0
2. uxx+uxy+uyy:1+u

3. Ut + Uyt = Uxx
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4.3. The Euler-Tricomi equation® arises in the study of transconic
flow:

uxx+xuyy:0, —00 < x <00, —o00< Yy <00,
Is that equation linear or nonlinear? Determine the equation’s type.
Hint: The equation’s type varies with the location in the (x,y) plane.
4.4. Chaplygin’s equation? arises in the study of transconic flow:

02 29 0

02 1—v%2/c29v2  dv

where ¢(6,v) is the flow’s velocity potential, (vcos6,vsin6) is the ve-
locity vector, and c is the speed of sound. Is that equation linear or
nonlinear? What is its type?

8 Named after Leonhard Euler (1707-1783)
and Francesco Giacomo Tricomi (1897—

1978).

9Named after Sergei Alekseevich Chaply-
gin (1869-1942).



5
The wave equation in 1D

The classical wave equation in one space dimension in the unknown
u(x,t)

Pu  ,0%u

FIrTek
along with its many variants, is the prototype of a very large class of
hyperbolic equations that arise in a plethora of applications such as

¢ vibration of solid structures (strings, beams, membranes, plates)
* propagation of sound (acoustics)

® propagation of seismic waves

¢ geological exploration, oil well detection

¢ aerodynamics and supersonic flight

* propagation of electromagnetic waves (radiant heat, light, radio
waves, microwaves, lasers, fiber optics, antennas)

In this chapter we focus on one elementary and easy-to-grasp appli-
cation, namely, propagation of waves along a taut string/rope/chain.

5.1 Waves along a string

We wish to derive the equation of motion of a taut string, such as
that of a guitar, cello, or piano string supported at its ends, or even
a conceptually infinitely long string whose endpoints, being infinitely
far, are inaccessible to us. See the sample animations on the right.
Every part of the string has some mass. It moves. Naturally New-
ton’s law of motion comes into play. As we shall see, that leads to the
wave equation, where u(x, t) is the string’s deviation from its equilib-
rium configuration. In the following subsection we present a “quick
and dirty” derivation of the string’s equation of motion. The deriva-
tion is far from rigorous as it involves quite a few hidden, even un-
justified, assumptions as well as sloppy mathematics, but the result

o

(K]<]< /> ]> ][>0 D]+

Figure 5.1: The top three animations il-
lustrate the vibration of a taut string seg-
ment fixed at its endpoints. The first two
correspond to the string’s natural modes
of vibration—their displacements are of
the form u(x,t) = f(x)g(t), that is, the
string’s shape changes in a self-similar
manner over time. The third animation
is a blend of the first two and it is cer-
tainly not of the form f(x)g(t). The
fourth animation illustrates the propaga-
tion of a pulse induced through the mo-
tion of the support at one end of a taut
semi-infinite string.
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is correct within the bounds of the (unstated) assumptions. The pur-
pose of this sketchy derivation is to convey the central idea that leads
to the equation of motion of a taut string, The rigorous derivation of
that equation is surprisingly nontrivial. See Antman [1] for a careful
derivation, Weinberger [21] for a less technical and more accessible
treatment, and Keller [11] for a surprising special case.

5.1.1 A quick-and-dirty derivation

We write T for the (constant) magnitude of the tensile force within the
string, and p(x) for its linear mass density*, that is, its mass per unit
length. We set up the x coordinate axis to coincide with the string’s
undeformed state. We write u(x, t) for the string’s lateral displacement
(also called the transverse displacement) away from the equilibrium, and
6(x, t) for the angle between the string and the equilibrium state at the
location x at time ¢, We assume that the deflection away from equilib-
rium is small, so we may take the displacement to be perpendicular to
the x axis, and we may approximate sinf ~ tanf ~ 6.

Let us focus on a small (infinitesimal) segment of the string between
the locations x and x + Ax, as shown in Figure 5.2. The segment’s mass
is p(x)Ax, and its vertical acceleration is aa%‘. According to Newton’s

. . . 2
law of motion, mass times acceleration, p(x)AxaaTﬁ‘, equals the resultant
of vertical forces acting on the segment. We see in the figure that the
vertical components of tensile forces at the segment’s endpoints are
—Tsinf(x,t) and Tsin6(x + Ax, t). We conclude that

o%u

p(x)Axﬁ = Tsinf(x+ Ax,t) — Tsin6(x, t).

We divide this through by Ax

0%u sinf(x + Ax, t) — sinf(x, t)
P =T Ax

and pass to the limit as Ax — 0:

o%u 2, .
p(x)ﬁ = Ta (sin®).

However, by our smallness assumption of § we may replace sinf by
. . 2 ;
tan 0, and noting that tan6 = %, arrive at, p(x)%Tﬁ‘ = T% (%), that is
0%u 0%u

)5 = Ton

- (5.1)

This is the equation of motion of a taut string. The left-hand side is
in effect mass times acceleration, and the right-hand side is the corre-
sponding force.

*This derivation allows for the linear
mass density to vary with x but the case
where p is a constant is just as interest-
ing.

Tsinf(x + Ax, t)

—Tsin6(x, t) T /

\G(x +Ax, 1)

0(x,t)

x X+ Ax

Figure 5.2: We apply Newton’s law of
motion to an infinitesimal segment of
the string between x and x + Ax. The
string’s displacement is intentionally ex-
aggerated in order to bring out the de-
tails.



In the special case of a uniform string where p is independent of x,
it is customary to let T/p = c?, that is,

c=/= (5.2)

and cast (5.1) into the standard form of the one-dimensional wave equa-
tion 5 X

o°u  ,0°u

92 " 9 (5.3)
We will soon see that c is the speed of propagation of waves/distur-
bances/signals along the string.

Remark 5.1. Let us make a note that in the derivation above we have
approximated the vertical component of the tensile force within the

string as

ou

Tvert — Tg' (5'4)

We will have uses for this later on.

5.2 Reducing the wave equation to a system of 1st order PDEs

We are going to show how, through a sleight of hand, the second
order PDE (5.3) with a constant ¢ may be reduced to an equivalent
pair of first order PDEs which then can be solved through Chapter 1’s
method of characteristics. Toward that end, we introduce the auxiliary
variables v and w through

U= U — ClUy, W= Ut~ Cly, (5-5)
and then calculate
v+ cvy = [ur — cux] clur — cux]x
by (5.3)
= [up — ctit] + [ty — Clirx] =ty — Pty =" 0,
Wi — cwy = [up + cuty], — cus + cy]
by (5.3)
= [us + cuix| — ¢ [Upx + Clizx| = up — uyy =0,
In summary:
vr+coy =0, w;—cwy =0. (5.6)

This pair of (uncoupled!) first order PDEs (5.6) is equivalent to the
second order PDE (5.3), that is, (5.3) < (5.6). We have already seen
that (5.3) = (5.6). To see the converse, we observe that equations (5.5)
imply that

U = %(w—i—v), Uy = Z(w —0). (5.7)
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Therefore, once we solve (5.6) for v and w, we may construct u through (5.7)
as we will see in the following section.

In view of that equivalence, we turn our attention to solving the
pair of equations (5.6).

5.3 Characteristics come to the rescue

Solving the first order PDEs in (5.6) through the method of character-
istics in the usual way, we obtain

v(x,t) =¢p(x—ct), w(x,t)=1(x+ct),

where ¢(x) and ¥ (x) are the initial conditions of v and w. Then
from (5.7) we get

u(x,t) =

[p(x+ct) +P(x —ct)],

N =

uy(x,t) = 7 [p(x+ct) — Pp(x —ct)].

Now that we have succeeded in calculating the derivatives u; and
uy, we proceed to calculate u itself. For that purpose, it helps to intro-
duce the functions F and G, defined through their derivatives, as

F(x) = —0(x), G'(x) = 5. 9(x). 58)

The we have
ur(x, t) = % [2cG'(x+ct) —2cF'(x —ct)] =cG'(x+ct) —cF(x —ct),

! [2cG'(x+ct) +2c F'(x —ct)] = G/ (x +ct) + F'(x —ct).

uy(x, t) = %

Integrating the first equation with respect to t and the second with
respect to x, we obtain

u(x,t) = G(x +ct) + F(x —ct) + A(x),
u(x,t) = G(x+ct) + F(x —ct) + B(t),

where A(x) and B(t) are the integration “constants”. Subtracting the
two equations results in A(x) = B(t). This says that A(x) does not
depend on x (since it’s equal to B(t) for all x). Therefore A(x) is a
constant, and therefore B(t) is also a constant. Let’s write C for that
common constant.

We have thus arrived at u(x,f) = F(x —ct) + G(x +ct) + C. But
the presence of C is immaterial since F and G are defined through
their derivatives only, and therefore they are determined up to additive
constants anyway. So we absorb C into F or G and conclude that

u(x,t) = F(x —ct) + G(x + ct) (5.9)



is the general solution of the wave equation (5.3). The functions F and
G are defined in (5.8) in terms of the arbitrary functions ¢ and ,
therefore they may be regarded arbitrary as well. In Section 5.5 we
will learn how to express F and G in terms of the wave equation’s
initial conditions.

Remark 5.2. It's worth noting that the general solution of a second

2
order ODE such as a% + b% + cy = 0 comes with two arbitrary con-

stants, as in y(t) = c1y1(t) + cay2(t). In contrast, the general solution
of a second order PDE (5.3) comes with two arbitrary functions, as the
F and G above.

5.4 An alternative approach to solving the wave equation

In this section we present an alternative approach to deriving the gen-
eral solution (5.9) of the wave equation. We are going to introduce a
change of variables, from (x, t) to (&,7), defined according to:

C=x—ct, n§=x+ct (5.10)

That change of variables is one-to-one as we may verify by solving the
equation pair above for x and ¢:

x=20148), b= (1-0)

Let u(x, t) be a solution of the wave equation (5.3). Define U(¢,#)
through

U(g,n) = ulxt), (5.11)

where (x,t) and (&, 7) are related through (5.10). With the help of the
chain rule, and observing that §y = 1, #y = 1, we calculate

uy = Uelx + Uyny = Ug + Uy,
and
ury = (Ug + Uy)eCx + (Ug + Uy)ynx = Uge + 2Ugy + Uy, (5.12a)
Similarly, we find that
it = ¢ [Ugg — 2Ugy + Uy |. (5.12b)
Combining the equations (5.12a) and (5.12b) we see that
czuxx — Uy = 462U¢,7.

But the left-hand side of that equation is zero since u is a solution of
the wave equation. We conclude that

Uz, = 0. (5.13)
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This is an interesting result. It says that after the change of coor-
dinates (5.10), the wave equation (5.3) transforms to the intriguingly
simple form of (5.13). That equation is quite straightforward to solve,
as it is equivalent to (Ug), = 0, which says that Uy is independent of
1, that is, Uz (&, 17) = ¢(&), for some arbitrary function ¢. We conclude
that

u@m) = [ 9(&)dz+yo),

where ¢ is an arbitrary function of 7. To align the notation with that of
the previous solution (5.9), we write F(¢) and G(7) for the two terms
on the right-hand side?, and thus arrive at

u(g,n) = F(g) + G(n).

Returning to the original (x,t) variables through (5.10) and (5.11), this
takes the form

u(x,t) = F(x —ct) + G(x +ct),
which is identical to (5.9).

5.5 The initial value problem

Since the wave equation is of second order in t, the associated initial
value problem needs to specify both both u and u; at t = 0:3

Uy = czuxx, —co<x<oo, t>0, (5.14a)
u(x,0) = f(x), — 00 < x < oo, (5.14b)
ut(x,0) = g(x), —00 < x < 0o (5.14¢)

The general solution of the PDE (5.14a) is available in (5.9). Our task
here is to determine F and G in terms of the given initial data f and g.
That’s a matter of straightforward calculation. We have

u(x,t) = F(x —ct) + G(x +ct),
and therefore
ug(x,t) = —cF'(x — ct) + cG'(x + ct).
Letting t = 0 in these, and applying the initial conditions, we see that

F(x) + G(x)
—cF'(x) +¢G'(x)

I
~
—

=
?/

(5.15a)
(5.15b)

Il
oo}
—~
Ka

Isolating G(x) in (5.15a) and inserting the result into (5.15b), we obtain

—cF'(x) +c[f'(x) = F'(x)] = g(x),

*Since ¢ and 1 are arbitrary, so are F
and G.

3 This is akin to solving the initial value
problem for the ODE

mii(t) +ku(t) =0,
u(0) =up, 1u(0) =u

that models the oscillations of a simple
mass and spring system. Note that we
specify both the initial displacement and
the initial velocity to obtain a unique so-
lution.



which we solve for F/(x):

Fl(x) = 2f/(x) — o),

and then integrate:

Fx) = 5f(0) - o [ 8@ dz+K (5.162)
Having thus determined F(x), we then calculate G(x) from (5.15a):
G(x) = 5f(0)+ 5 [ 8(@de—K (5.16b)
We conclude that
1 1 pret
Flx—ct) = 5f(x —ct) = - A 8(6)d¢ + K,

G(x+ct) = %f(x—i—ct) +%/Ox+dg(§)d§—l<,

whence the general solution (5.9) takes the form
1 1 x—+ct
u( ) =5 [fx—en+ flaten] + 5 [ s@de (a7
The representation (5.17) of the solution of the initial value prob-
lem (5.14) was discovered by Jean-Baptiste le Rond d’Alembert in 1747 [3,
4, 5], and is referred to as d’Alembert’s solution of the wave equation.
See Jouve [10] for historical remarks on controversies that d’ Alembert’s
work engendered at its time.

Remark 5.3. It is noteworthy that the general solution (5.9) of the wave
equation and the solution (5.17) of the initial value problem impose no
explicit restrictions on the continuity or differentiability of the func-
tions F, G, f and g. Thus, for instance, we may plug a step function
for f in (5.17) and obtain a discontinuous function for u(x, t). But will
that u(x,t) be a solution to the wave equation? Not really, since u
needs to be at least twice differentiable in x and in ¢ for terms uy and
Uyy in the wave equation to be meaningful. It is possible to introduce
alternative formulations of the wave equation that put lesser demands
on differentiability [1], but that will take us beyond the scope of this
book.

5.6 Deriving d’Alembert’s solution via Green’s Theorem

Here is yet another way of deriving d’Alembert’s solution to the 1D
wave equation. For the sake of variety, here we add a nonhomoge-
neous forcing term ¢(x, t) to the equation:
U = gy + q(x, t) —co<x <00, t>0, (5.18a)
u(x,0) = f(x) —o00 < x < 09, (5.18b)
ui(x,0) = g(x) —o00 < x < 00, (5.18¢)
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Pick any point (%,f) with f > 0 in the (x,t) plane, and form the
triangle T (%, f) with vertices at (%, f), (¥ — ¢, T), (¥ +cf, ), as in the ad-
jacent diagram. We are going to derive d’Alembert’s solution to (5.18)
through an application of Green’s Theorem in the triangle T(%, ). Let’s
note that the equations of the triangle’s left and right edges are

X = Xt (f) =X +c(t—1), X = Xpigne(t) = X —c(t — ).

According to Green’s Theorem, for any pair of smooth function P =
P(x,t) and Q = Q(x,t), and any domain T in the (x,t) plane bounded
by a simple closed curve, we have

//{ }d dt = /aT(deth),

where the line integral on right-hand side is a taken counter-clockwise
around the domain’s boundary 0T. In our case we have

// g(x,t)dxdt = // (up —c uxx)dxdt
reh | )

_ [(Pux)x — (ur)¢] dxdt

\

—_— (urdx + c*uydt) [by Green’s Theorem|
T(%F

__(/ + + )(utdx+c2uxdt).
bottom right left

(5.19)

S—

We compute each of the three integrals add them up.

¢ Along the bottom edge we have dt = 0 and u;(x,0) = g(x). There-
fore

X+ct T+cf
/ (up dx + c?uy dt) :/_ ~ur(x,0) dx:/_ ~ g(x)dx.
bottom t f

X—C X—cC
(5.20a)

* Along the right edge we have x = xyjgn(t) = ¥ — c(t — f). Therefore,
dx = —cdt and

f
/right(ut dx + Cuy dt) = /0 [—cut (Xrighe(t), t) dt + ity (Xrighe (1), t) dt}

- ¢ /Of[ iy (xnght( ), )+ut(xnght(f) t)} dt.

We note, however, that

—Clx (xnght( ) ) + Uy (xrlght(t) t) = %u(xright(t)/ t)/



and therefore

td
2 = — —_— .
/ﬂght(utdx + cuydt) = /0 dtu(xnght(t),t) dt
= —c[u (xrigne (), F) = u(xeignt(0),0)|

= —c[u(x,F) — u(x+ct,0)]
= —clu(x,f) — f(x +cf)] (5.20b)
* We evaluate the integral along the left edge in a similar way# and

obtain
/f (updx + uydt) = —c[u(x,F) — f(x — cf)]. (5.20¢)
left

Substituting the results (5.20a) through (5.20c) into (5.19), we arrive
at

X+ct
_ (/ g(x) dx — 2cu(z, ) +c[f(x—cf) +f(x+cf)}>,

from which we isolate u(%,f):

%[f(x — ) + f(x+ )|

1 X4t d
+ ?C /3?—01‘ * o 2c //

To simplify the notation, we replace the “dummy” integration vari-

(x,t) dxdt.

ables x and t with ¢ and 7. Then we replace all X and f with x and ¢,
and arrive at

x-+ct

f—en+fren]+ 5 [ g@d

x—ct

“3 Lo

Remark 5.4. The rightmost double integral in (5.21) may be expressed

NI~

u(x,t) =

g(& t)ydédr. (5.21)

as nested single integrals via Fubini’s theorem:

[rapremiagas= [ [0
(t—1)
L

q(¢, t)dédr

(& 7)dEdr.
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5.7 A displacement blip as the initial value

Let us solve the initial value problem (5.14) with the initial velocity
¢ = 0 and the initial displacement as a “blip” f given by

, 1 f(x)
1 if |x| <,
flx) = ,

0 otherwise. .

-5 5 *
Since g = 0, d’Alembert’s solution (5.17) reduces to
1
u(x, t) = E[f(x—ct) —l—f(x—i—ct)] (5.22)

We know that the graph of % f(x —a) is obtained by translating the
graph of f(x) by a and reducing the height by a factor of 1/2. There-
fore, in the solution (5.22), the graph of f splits into two half-height
blips which travel to the left and to the right at velocities +-c. See the
animation in Figure 5.3.

5 f(z—ct)

1 —
1/2 —
— ] -
-0 0 )
1
) \; 5. (x4 ct)
1/2 —
— T -
—0 0 )
u(z,t) = 3 [f(z —ct) + f(z + ct)]
L—
/2 +—_
5 0 4 v

<]<]<a/D]> >l D] +

Remark 5.5. With some stretch of the imagination, the IVP just solved
may be thought of as a model of the transverse displacement u(x, t) of
a long and taut string whose motion starts out with the initial shape as

Figure 5.3: The initial displacement blip,
drawn in faint dashed lines, splits into a
right-moving and left-moving half-blips
which travel at speeds +c, and whose
sum, drawn at the bottom, forms the so-
lution of the initial value problem stud-
ied in Section 5.7.



the graph of f(x), and is released with zero initial velocity. That, how-
ever, doesn’t pass close scrutiny, since in the derivation of the equation
of motion of a string in Section 5.1, a key assumption was the small-
ness of the slope, u x(x,t). In contrast, the steep rise of the function f is
akin to having an infinitely large slope. The actual motion of a string
may not be exactly what our solution predicts, but it wouldn’t be far.
That’s because a real string won’t sustain the rectangular shape for
long due to rapid dissipation of mechanical energy at the steep jump.
The rectangular profile will quickly smooth out into a gently curved
bleep whose motion will then resemble the motion predicted in (5.22).

Remark 5.6. The IVP may also be viewed as a simplistic model of the
evolution of pressure u(x, t) in a gas-filled tube where f(x) represents
the initial pressure profile. The previous remark apply to this case as
well.

5.8 A blip as the initial velocity

Let us solve the initial value problem (5.14) with f = 0 and g a “blip”
given by

18(x)
v if [x] <9, v

g(x) =

0 otherwise.

—6 )

This can be a model of the transverse displacement u(x,t) of piano
wire that starts out with zero displacement but with a nonzero velocity
v over the interval —4 < x < ¢ due to the impact of the hammer when
the player presses a key.

Since f = 0, d’Alembert’s solution (5.17) reduces to

x—+ct
ue )= o [ @,

20 )e ot (5-23)

so in a way that’s our solution although it is not in a form that can be
easily visualized. It's possible to make a better sense of that solution
if we define g’s antiderivative

X
Gx) = [ g(¢)az,
and then express the solution as
1
u(x, t) = % [G(x +ct) — G(x —ct)]. (5.24)

The graph of G, which is easily determined> by inspecting the graph
of g, is shown in subfigure (a) in Figure 5.4. The graph of —G, which
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5 This marginal note is an overkill since it
elaborates the obvious, as you should be
able to see its conclusion immediately by
staring at the graph of g. Nevertheless, it
is here for those who need the extra help
to see that.

From G(x) = [y g(&)d¢ we have
G'(x) = g(x) and G(0) = 0. But g takes
on the constant values 0, v, and 0 on the
intervals (—oo, —8), (—6,4), and (6, 0),
respectively, and therefore G takes on
the values c¢1, vx + ¢, ¢3 on those inter-
vals, where c1, ¢, c3 are constants. From
G(0) = 0t follows that c; = 0 and there-
fore G(x) = vx on the interval (=4, 7).
At the endpoints of that interval we have
G(—6) = —vé and G(6 = vd. Then the
continuity of G implies that ¢; = —vé
and c3 = vd. We conclude that

—vé ifx < —4,
G(x)=(¢—vx if —d<x<§,
06 ifé<x,

N T A P S ol S
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is obtained by reflecting the graph of G about the horizontal axis, is
shown in subfigure (b). The graphs of G(x + ct) and —G(x — ct), which
are obtained by shifting the two previous graphs by ct to the left and
to the right, are shown in subfigures (c) and (d). Finally, the graph of
the solution (5.24), constructed by adding the graphs in (c) and (d) and
scaling the result by a factor of -, is shown in subfigure (e). Figure 5.5

presents an animation of the solution.

(a)

(b)

(©

(d)

(e)

+G(x)
vo
—0
1)
—vd
+—G(x)
vo
1)
—0
—0vd
4 G(x +ct)
vo T
—0
1)
T —0d
+—G(x—ct)
T 06
1)
—0
_U(S 4
cu(x,t)

Figure 5.4: Subfigure (a) shows the
graph of G which is the antiderivative
of g, while subfigure (b) shows the graph
of —G which is obtained by reflecting
the graph of G about the horizontal axis.
Subfigures (c) and (d) depict the graphs
of G(x + ct) and —G(x — ct) which are
obtained by shifting the graphs in (a)
and (b) by ct to the left and to the right.
Subfigure (e) depicts the sum the graphs
in of (c) and (d), which upon scaling by
a factor of 1/(2c) yields the solution of
the initial value problem studied in Sec-
tion 5.8.
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5.9 Exercises

5.1. Sketch the solution u(x, t) of the initial value problem (5.14) with

f(x): {0 x <0,

g=0and

1 x>0.
att=0,1,2.

5.2. Solve the initial value problem for the wave equation with f(x) =

0 and
0 x<0,
g(x)—{

1 x>0.

5.3. Show the details of the calculation that leads to (5.12b).

5.4. We have seen that the initial condition
u(x,0) = f(x), wu(x,0)=0,

gives rise to two waves 1 f(x —ct) and f(x + ct) propagating to the
left and to the right. Given the initial displacement u(x,0) = f(x),
what should you choose for the initial velocity u;(x,0) so that to obtain
only a right-traveling wave?

5.5. An inextensible chain of uniform linear density p and length L is
suspended from a fixed point and moves within a vertical plane. Let
u(x,t) be the chain’s transverse displacement away from the vertical
equilibrium, at the location x and time ¢. Find the PDE that describes
the chain’s motion.
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Figure 5.5: Here is an animation con-
structed through the steps outlined in
Figure 5.4.
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Hint: You will find it convenient to set up the x coordinate axis point-
ing up, with the origin at the chain’s lowest point.

5.6. Find the solution of the initial value problem
U = iy, u(x,0) = Ze*xz, ui(x,0) = 0.

Sketch the solution u(x,t) at t =0,1,2,3, taking c = 1.

5.7. Find the solution of the initial value problem
U = gy, u(x,0)=0, u(x,0)=1/(1+x%).
5.8. Find the solution of the initial value problem
Upt = Cllyy, u(x,0) =0, wu(x,0) =cosx,

and simplify the answer. What does the solution look like?



6
Reflection and transmission of waves

This chapter introduces various scenarios where waves along a taut
string /rope interact with objects placed in their way.

6.1 Semi-infinite rope with fixed end

A taut rope stretches over 0 < x < co. The end at x = 0 is tied to
a fixed (immobile) support. A displacement blip, u(x,t) = f(ct+ x),
propagates down the x axis from +co toward x = 0 as in the animation
below. How does the blip interact with the support?

ERAN
]
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Here is an intuitively appealing way of constructing the solution to

that problem. Imagine that we extend the semi-infinite rope with an
identical twin that covers the negative x axis. Splice the two pieces at
the origin and remove the immobility constraint there. Now the blip
f(ct 4+ x) will happily sail past x = 0, displacing the point at x = 0 as
it goes through; see the animation in Figure 6.1(a).

What happens if we simultaneously launch a second blip, —f(ct —
x), which is the inverted mirror image of the original blip about the
origin? As the second blip travels to the right, it will arrive at and
continue past the origin toward +oo. As it goes through the origin, it
will also displace the point at x = 0; see the animation in Figure 6.1(b).

Under the superposition of the two blips, the rope at x = 0 will
not move at all since the two blips attempt to move it in opposite
directions. Another way of seeing this is to observe that the rope’s
displacement at any x and ¢ is

u(x,t) = f(ct+x) — f(ct —x), (6.1)
and therefore u(0,t) = f(ct) — f(ct) = 0 for all ¢; see the animation in
Figure 6.1(c).
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The function u(x, t) defined above describes the motion of the rope
over the entire x axis. If you cover up the negative x axis with your
hand in the animation Figure 6.1(c), what remains is the motion of
the rope on the positive x axis.” That’s shown in the animation Fig-
ure 6.1(d).

We conclude that the motion of the semi-infinite rope on the positive
x axis is obtained by limiting the range of x in (6.1) to x > 0, as in

u(x, t) = f(ct+x) — f(ct —x),

The trick of adding an imaginary extension to a PDE’s domain and

0<x<oo, t>0. (6.2)

adding suitable data there to build the desired boundary condition is
known as the method of images. We will see other instances of method
of images later in this chapter.

6.2 The vibration of a guitar string

A taut guitar string extends over the interval 0 < x < a. When we
pluck the string, we give it some initial displacement f(x) and let it
go. We wish to determine the string’s subsequent motion.

The string’s displacement, u(x,t), is the solution to the following
initial boundary value problem

Upr = iy O<x<a t>0, (6.3a)
u(x,0) = f(x) 0<x<a, (6.3b)
ui(x,0) =0 0<x<a, (6.3¢)
u(0,t) =u(a,t) =0 t>0. (6.3d)

We may obtain an explicit solution to that problem through a some-
what more sophisticated use of the method of images.

Figure 6.1: (a) The rope is extended
to the negative x axis and the immo-
bility constraint at x = 0 is removed.
The left-moving blip f(ct + x) propa-
gates through x = 0 and displaces it in
the process.

(b) The right-moving “image” blip
f(ct — x) also moves through x = 0
unimpeded and displaces it in the pro-
cess.

(c) The superposition of the right-
and left-moving blips cancel each other
at x = 0, so that point does not move
despite there being no constraints on it.

(d) The rope’s motion on the x < 0
side is the desired solution. The outcome
is that the incoming blip is reflected
and inverted upon interacting with the
boundary.

* Obviuously your hand does not affect
the animation!
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Imagine that we extend the guitar’s string to the entire real line
—oco < x < oo, and give it an initial displacement as follows. First
extend the initial displacement f(x) to the interval —a < x < a as an
odd function:

—a<x<0,
f(x) O<x<a,

foda(x) =

as in Figure 6.2. Next, we extend f,44 as a (2a)-periodic function fper
to the entire real line as seen in Figure 6.3. It is evident from a quick
inspection of that figure that fper is an odd function about x = 0 and
also an odd function about x = g, that is,

fper(_x) - _fper(x), fper(a - X) = _fper(a + JC) fOI' all X.
(6.4)
_odd about x = a
I~ D per(¥)
—3a 2a —a 0 a 2a 30 ¥
B R
"odd about x = 0
Now let us set
1
u(x, t) = 5 [fper(x —ct) + fper(x + ct)}, —o<x <o, t>0.
(6.5)

This certainly satisfies the wave equation (6.3a) over the entire real line,
and in particular in the interval 0 < x < a. Let us verify that u satisfies
the remaining equations in (6.3). We have

u(x,0) = % {fper(x) +fper(x)} = fper(x)'

But since fper and f coincide on the interval 0 < x < 4, we see that
u(x,0) = f(x) on that interval, and therefore (6.3b) holds. As to (6.3c),
we calculate

u(x,t) = % [—cf}’,er(x —ct) + cfrl,er(x + ct)] ,

where f}’)er is the derivative of fper. Thus, we have

ur(x,0) = % {—cféer(x) + cfl;er(x)} =0 forallzx,

and therefore (6.3c) holds.
Let us also observe that

u(O, t) = % [fper(—Ct) +fper(Ct)}r

w(at) = % [foer(a —ct) + foerla+ct)],

izz 0 E

Figure 6.2: The initial displacement f is
extended as an odd function from the in-
terval (0,4) to the interval (—a,a). Here
we have taken f as a piecewise linear
function for the sake of illustration. The
argument that leads to the construction
of the solution u(x, t) holds for any choice

of f as long as f(0) = f(a) = 0.

Figure 6.3: The (2a)-periodic extension
fper of the initial displacement f is an
odd function about x = 0 as well as
about x = a.
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each of which is zero due to the oddness properties (6.4) of fper, and
therefore the equations (6.3d) hold.

We conclude that u(x,t) defined in (6.5) is the solution of the initial
boundary value problem (6.3). The animation in Figure 6.4 shows what
that solution looks like, and that’s what a real guitar string would
do if it were not for dissipation of energy due to air resistance and
transmission of energy through the soundboard.

—

(<]<]</D]> > -] +

6.3 The vibration of a piano string

A typical piano has 88 sets of wires/strings of varying lengths and
weights that generate musical tones when struck by a hammer ac-
tivated by the player pressing a key. Thus, a distinctive difference
between how guitar and piano strings produce sound is that one is
plucked while the other is struck.? That distinction is reflected in the
mathematical models of the strings” motions and the resulting solu-
tions.

A good model for the motion u(x,t) of a piano string stretching
over the interval 0 < x < ais

U = Py O<x<a t>0, (6.6a)
u(x,0) =0 O<x<a, (6.6b)
ur(x,0) = g(x) 0<x<a, (6.6¢)
u(0,t) = u(a,t) =0 >0, (6.6d)

indicating that the string’s motion starts out with zero displacement
(u(x,0) = 0) but with a velocity u;(x,0) = g(x) imparted to it by the
hammer.

Toward solving this initial boundary value problem, and motivated
by d’Alembert’s solution of the wave equation, we introduce the an-
tiderivative of g,

G(x):/oxg(g)dg, 0<x<a,

and extend G as an even function to the interval —a < x < a

G(—x) —a<x<0,
Geven: ( )

G(x) O0<x<a.

Figure 6.4: A plucked guitar string
would move this way forever if it were
not for dissipation of energy due to air
resistance and transmission of energy
through the soundboard.

> For that reason, a piano is commonly
classified as a percussion instrument.
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Then, we further extend Geyen as a (24)-periodic function Gper to the
entire real line. We leave it to an exercise to show that

1
u(x,t) = % [Gper(x +ct) — Gper(x — ct)], —o0o<x<oo, t>0
(6.7)
is the solution of the initial boundary value problem (6.6).
To illustrate, let’s take

£ a a
v ifp<x<g,

g(x) =
0 otherwise.
Then
0 ifo<x<g,
Gl = {ox-1) f<v<t,
o F<x<a

Figure 6.5 depicts the functions g(x), G(x), and the even extension
Geven (). Figure 6.6 shows the resulting animation. Note how different
the motion is from that of a guitar string.

K]<]a D> > - el +]

6.4 A two-piece rope

A taut rope stretching over —co < x < co is made by splicing two
ropes of linear densities p; in the right half (x > 0) and p, in the left
half (x < 0). A displacement blip originates on the positive x axis,
travels toward the origin, reaches the splicing point x = 0, and goes
beyond. We wish to find the rope’s equation of motion.

/N
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If T is the magnitude of the tension in the rope, then the wave

T/pyand c; = \/T/p2,

respectively. Observe that signals propagate slower in the heavier part.

velocities in the right and left halves are c; =

Consider the incident blip f(c1t + x) where the support of f is con-
tained entirely in the x > 0 segment. When the blip reaches the ori-
gin, if gives rise to a right-traveling reflected wave g(cit — x) and a left-
traveling transmitted wave h(cyt + x). Thus, the motion of the rope is

‘ x
04y @
G(x)

av

12% :
X

0o -

Figure 6.5: The initial velocity g(x) is in-
tegrated to produce G(x), and then is ex-
tended as an even function Geyen(x) to
the interval (—a, ).

Figure 6.6: A struck piano string would
move this way forever if it were not
for dissipation of energy due to air
resistance and transmission of energy
through the soundboard.

Figure 6.7: The rope’s linear density is p;
on x > 0and p; on x < 0 corresponding
to the respective wave speeds c; and c;.
The incoming blip is partially reflected
at x = 0. Parameters for this animation
are ¢c; = 1, c; = 2. The heavier half of
the rope is drawn in a thicker line. Note
how the wave travels faster in the thinner
part.
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expressed as

u(,f) = flept+x)+g(cit—x) x>0, 69)
' h(cat + x) x <0, '

where f is given and g and & are to be determined.3
To simplify the notation, let us write u8M(x,t) and u'*f(x,t) for
u(x,t) in the x > 0 and x < 0 regions, respectively, that is,

uteh (x, 1) = f(cyt + x) + g(eyt — x) x>0,

u®(x, t) = h(cot 4 x) x < 0.

The continuity of the rope’s displacement at x = 0 is expressed through
uleft(0,t) = urght(0, t), that is,

fle1t) + glert) = h(cat). (6.92)

Furthermore, the forces exerted by the rope’s two halves on each other
must be equal in size and and opposite in direction.# But the vertical
component of the rope’s tensile force is Tuy(0,t); see (5.4) on page 51.
Therefore, Tu'*(0,t) = Tufcight(o, t), that is

flert) = §'(ert) = I (cat).

We introduce ¢ = cqt and cast the equations (6.9a) and (6.9b) into the

(6.9b)

forms
@) +s@ =n(2e),
f@-g@=r(2e).

€1
Integrating the second equation with respect to ¢ we get (&) — g(¢) =
%h (%fj ) + C, where C is the integration constant. To determine C, we
observe that 1(0,0) = 05 and therefore from (6.8) we get f(0) + g(0) =
0 and h(0) = 0. But f(0) = 0 since we have assumed that the support
of f lies in x > 0. In summery, we have f(0) = ¢(0) = h(0) = 0, which
then implies that C = 0. We conclude that

f@) + (&) =h(Z¢),
(&) - @) = Zn(Ze).

o \g
We solve this as a system of two equations in the two unknowns g(¢)
and h (%6), and we obtain

00— 0

@ =227, n(2e)= 22 5.

) +Cq 1

3 The incident, reflected, and trans-
mitted waves may be expressed in the
equivalent and more familiar forms
f(x+ct), glx —ct) and h(x + ct. At
the interface at x = 0 these evaluate to
f(ct), g(—ct), and h(ct). The minus sign
in g(—ct) leads to a slightly ugly alge-
bra although that eventually resolves it-
self. Our alternative formulation, with
some help from hindsight, circumvents
that ugliness.

4 Otherwise there will be a nonzero re-
sultant force acting at the massless junc-
ture of the two ropes, which will impart
it infinite acceleration by Newton’s law.

5At t = 0 no signal has arrived at the
origin yet.
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In the second equation we rename %@’ to ¢, and finally arrive at

$@©) =279, ney= 2 f(%),

2+ c»+c1” \cp

Substituting these into (6.8) we obtain the rope’s equation of motion:

—c
flept+x)+ Ei—i—cif(clt_x) x>0,

2cp c1
— (et < 0.
cz+61f(cz(c2 +x)) X

u(x,t) = (6.10)

The ratio 212 of the relative amplitudes of the reflected versus

incident waves is called the interface’s reflection coefficient or impedance.

The ratio szi"cl of the relative amplitudes of the transmitted versus
incident waves is called the interface’s transmission coefficient. Note that

when ¢; = ¢, the impedance is zero and there is no reflected wave.

6.5 Bead on a rope

A bead of mass m is affixed at x = 0 to a taut rope that stretches over
—o0o < x < oco. A blip in the rope originates in the x > 0 region and
travels down the x axis, eventually reaching x = 0 and going beyond.
The animation in Figure 6.8 shows the string’s motion, produced based
on the equation of motion which we are going to derive.

(<K]<]<a/D]> >0 D] +

Let f(ct + x) represent the rope’s transverse (that is, up and down)
motion due to the incoming blip that originates somewhere in the x >
0 region and travels leftward. When the blip reaches x = 0, it sets the
bead into motion. We write U(t) be the bead’s transverse displacement
at time t. The interaction of the blip with the bead results in a reflected
wave g(ct — x) that propagates to the right (that is, from x = 0 toward
x = +00), and a transmitted wave h(ct + x) that propagates to the left
(that is, from x = 0 toward x = —00).® Then the rope’s transverse
displacement u(x, t) at any location x and at any time ¢ is

flet+x)+g(ct—x) x>0,
u(x, t) = ¢ U(t) x=0, (6.11)
h(ct + x) x < 0.

The function f is given. The functions U, g and / are to be determined.

Figure 6.8: The rope stretches over
—00 < x < 0. A bead (a point mass,
the red dot) is affixed to the rope and
moves up and down with it. The in-
coming blip is partially reflected when it
interacts with the bead. Parameters for
this animation are: tension in the rope
T = 1; wave speed in the rope c = 1;
mass of the bead m = 1.

¢ The marginal note 3 on page 68 applies
equally well to the current setting.
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To simplify the notation, let us write u"8M(x,t) and u'f(x,t) for
u(x,t) in the x > 0 and x < 0 regions, respectively, that is,

utieht(x, 1) = f(ct +x) + g(ct — x) x>0, (6.12a)
u®(x, £) = h(ct + x) x < 0. (6.12b)

The continuity of the rope’s displacement at x = 0 is expressed through
U(t) = u't(0,t) = u8h(0, 1),

that is,
U(t) = h(ct) = f(ct) + g(ct). (6.13)
For future reference, let’s calculate the time derivative of the above

U'(t) = ch'(ct) = cf'(ct) + cg'(ct),

and then isolate i’ and g:

W) =10, gt = U - fler). (61g)

Let T be tension in the rope. The vertical component of the force
exerted on the bead by the right-half of the rope is Tufclght(O, t); see (5.4)

on page 51. Similarly, the vertical component of the force exerted on
the bead by the left-half of the rope is —Tul¢(0, ). The bead’s motion
obeys Newton's law:

mU" () = Tule™ (0, ¢) — Tul*f(0, t). (6.15)
But from equations (6.12) we have
WS (1) = fl(ct+x) — g/ (ct—x),  u(x,t) =1 (ct+x),
which at x = 0 yields
uyE0,8) = f'(ct) — g'(ct),  ul™(0,6) = ' (c),

and thus (6.15) takes the form

mU’ (t) = T[( F(ct) — g’(ct)) - h’(ct)]. (6.16)

We substitute for I'(ct) and g’(ct) from (6.14), simplify the result, and
arrive at

1" E Tigy E /
Ur(t) + U(t) = - - f (ct). (6.17)
Integrating on both sides from 0 to t we get

2T

(1)~ U (0)] +

[U(t) —u)] = ——[f(ct) = f(0)].

mc
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Since at time + = 0 the incoming blip is away from the origin, we
have U(0) = 0, U’(0) = 0, and f(0) = 0, and therefore the equation
simplifies to
2T 2T
/ <1 _ 4t
u'(t) + mcll(t) mcf(ct). (6.18)
We multiply through by the integrating factor einct

T (eFru() = ZLeHf(en

and integrate. Accounting for U(0) = 0 we arrive at

t
ererTctU(t) = E/ E%Tf(CT) dr.

mc Jo

The integral may be simplified by changing the variable of integration
from 7 to { = ct, whereby

Logy = 2L /” e
Ftu(n) = 25 [ ent @),
and finally
2T [t oty
U= [ £(@)de.

Having thus determined the motion U(t) of the bead, the pro-
files ¢ and & of the reflected and transmitted waves can be calculated
from (6.13) through the change of variable § = ct:

1 1
ne)=u(;g), s@=u(zg) @

c C

Remark 6.1. The term ZLU'(t) in (6.17) is akin to the damping term
by'(t) in the familiar mass-damper-spring model my" (t) + by’ (t) +
ky(t) = 0. The bead’s damped motion is quite evident in the animation
in Figure 6.8 as we see that it quickly settles down to its equilibrium
position after the blip passes over it. However, unlike damping in
the mass-damper-spring model which dissipates mechanical energy,
the damping here does not dissipate energy—the mechanical energy is
conserved in the overall rope-+bead system. The bead settles down

because its energy is radiated away to x = Fco.

6.6 Energy considerations

Solutions of the wave equation are conservative, that is, they don’t lose
energy and fade out as the travel along. There is no dissipation of
energy. We wish to quantify that statement.

For the sake of generality, let’s allow for nonuniform string density
p(x) and therefore look at the (5.1) variant of the wave equation, which
we duplicate here for ease of reference:

p(x)up = Tuxy, (6.19)

71
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and for the sake of concreteness, let us focus in the case where the
spatial domain is the entire real line —co < x < 00.7 Displacements
under the wave equation propagate at finite speed. Therefore, if the
strings starts out at rest, any disturbance initiated away from infinity
will remain bounded away from infinity at all times. Thus, we take
u(x,t) to be zero outside of a (generally growing) interval a(t) < x <
b(t) at any time .

The expression for the string’s energy is obtained as follows. We
multiply the wave equation (6.19) by u;

pugeity = Tuxxtty
= (Tuxur), — Tuxeitx,
and then rearrange into
Jrl 1
7 [Epu% + ETW?(} = (Tuxut)x.

Integrating over —oo < x < oo we get

d r°r1 1 0 ¢
Elw{ipu%+§Tu§} dx = [w(Tuxut) dx = lim g(Tuxut)xdx

{—co

= lim [Tuxut

— Tuuy
G—ro0 4

-

xX=

The right-hand side is zero because u is zero near +oo. We conclude

that
dt/ ol + = Tu]d —0,

and therefore the quantity E deﬁned as
E= / put + - Tu } dx

remains constant at all times. E is called the string’s mechanical energy.

Referring to the solution (6.10) of the two-piece rope of Section 6.4,
you may verify that the energies associated with the incident, reflected,
and transmitted waves are

o
Eincident = T/ f/(g)z dg, (6.20a)
-0 C1
Ereflected = C2 T / f (6.20b)
4Tcqco /0 2
E i — dac. 6.
transmitted = (ca+c1)? _oof (§)"dg (6.20¢)
It follows that the fractions of the reflected and transmitted energies
are
—q\2
fraction reflected = <CZ Cl)
)+
4C1C7_

fraction transmitted = -
(c2+c1)

7You will address solutions over finite
intervals in the exercises.

8 The % pu? accounts for the kinetic energy
while the part %Tui accounts for the po-
tential energy.
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Observe that the two fractions add up to 1, confirming the conserva-
tion of energy even in this case of non-constant density.

6.7 Exercises

6.1. Show that (6.7) is the solution of the initial boundary value prob-
lem (6.6).

6.2. Show that the motion of a plucked guitar string is periodic in time,
and find the period.

6.3. Show that the motion of a struck piano string is periodic, and find
the period.

6.4. Consider a taut homogeneous rope stretched over 0 < x < co and
initially at rest. Starting at time ¢ = 0 we apply the transverse motion
u(0,t) = Asinwt to the rope’s endpoint at x = 0, where A and w are
constants. Find the rope’s displacement u(x,t) atall x > 0 and t > 0.

6.5. Repeat the previous exercise when the motion at the rope’s end-
point is a generic u(0, t) = ¢(f).

6.6. A taut semi-infinite homogeneous string occupies the interval 0 <
x < oo and is terminated at a small ring of negligible mass at x = 0.
The ring can slide frictionlessly up and down a pole perpendicular to
the x axis. A displacement blip, u(x,t) = f(ct + x), propagates down
the x axis from +oco toward x = 0. Find the string’s motion at all times.
Hint: Applying Newton’s law of motion (mass times acceleration =
applied force) to the motion of the ring in the pole’s direction, we see
that the force applied to the ring has no component perpendicular to
the x axis since the ring’s mass is zero. It follows that the force exerted
by the string on the ring is parallel to the x axis. But according to (5.4),
the magnitude of that force is Tu, (0, t). We conclude that u,(0,f) =0
at all t.

6.7. Find the differential equations of motion of the system described
in the previous problem if the ring has mass m.

6.8. Referring to the previous exercise, determine the motion U(t) of
the ring if the incident wave is f(x + ct), where

0 ifo<x<a,
flx) =

1 ifx>a.

6.9. Two semi-infinite strings of equal linear densities p occupy the
negative and positive x axes. At the origin the strings are hooked to a
small weightless ring that can slide, without friction, up and down a
pole perpendicular to the x axis. Tensions in the right and left strings
are Ty and T, respectively. A displacement blip, u(x,t) = f(ct + x),
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propagates down the x axis from +co toward x = 0. Find the string’s
motion at all times.

6.10. Repeat the previous exercise but assume that the ring has mass m.

6.11. Consider the initial boundary value problem for the wave equa-
tion over the spatial domain a < x < b:

ous = Ty a<x<b, t>0,
u(a,t) =0 t>0,

u(b,t) =0 t>0,

u(x,0) = f(x) a<x<b,

u(x,0) = g(x) a<x<b.

Show that the solution conserves the mechanical energy.

6.12. Verify the energy values given in equations (6.20).



7
The heat equation in 1D

The classical heat equation in one space dimension for the unknown
u(x,t)
ou _ du

ot ox?’

along with its many variants, is the prototype of a very large class
of parabolic equations that arise in a plethora of applications such as
conduction of heat, diffusion of chemicals and solutes, dynamics of
populations, analysis of the stock market, and image blurring and de-
blurring.

In this chapter we focus on one elementary and relatively easy-to-
understand application, namely, conduction of heat in solids.

7.1 The physics of heat

The simplest mathematical model of heat conduction involves the con-
cepts of heat, temperature, mass density, specific heat capacity, and
thermal conductivity. We introduce these concepts in the following
subsections, and then put them together to derive the heat equation.
If you are impatient to find out the final result, you may skip to Sec-
tion 7.2 for now, but it is likely that you will need to return here later
in order to understand many of the details.

7.1.1 Heat versus temperature

In common parlance, the words heat and temperature are used only
with fuzzy distinction, if there is any distinction at all. In physics the
two words have specific and totally distinct meanings. To understand
heat conduction, we need to understand what those words mean.
Temperature is a measure of an object’s “hotness”. It is a scalar quan-
tity measured in degrees." A hotter object has a higher temperature.
The temperature of tap water is less than the temperature of boiling
water, and that in turn is less than the temperature of the flame of

*The degrees Celsius (°C) and degrees
Fahrenheit (°F) are the customary scales
for measuring temperature. Their nu-
merical values are related through F =
%C +32.  The absolute temperature
scales Kelvin (K) and Rankine (R) are
the prevailing temperature units used in
physics and thermodynamics.
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a lit match. When a hotter and cooler (that is, less hot) objects are
brought together, the hotter object becomes cooler, and the cooler ob-
ject becomes hotter,> and over time, the temperature of both tend to
converge to a common value.

Temperature is an intensive quantity. That’s a technical term. It
means that if an object is at temperature T, then any subdivision of
that object, regardless of its size, is also at temperature T. Intensive
quantities are not additive; combining two cups of 50°C water does not
yield 100°C (boiling) water.

Heat is a measure of the quantity of thermal energy stored in an ob-
ject.3 Adding heat generally raises an object’s temperature. A bathtub
of warm water contains a greater amount of heat than what can be
produced by lighting a single match. That’s despite the fact that the
temperature of a match’s flame is much greater than that of the bath-
water. This should make it clear that heat and temperature are quite
distinct concepts.

Heat is an extensive quantity. That’s a technical term. It means that
the heat contents of two objects add up when they are put together.
Thus, half a cup of boiling water contains half the thermal energy of a
full cup of boiling water. Similarly, if you double the amount of water
in your bathtub, you will double the amount charged to your electric
or gas bill for heating it to the same temperature.

7.1.2  The specific heat capacity

Despite their differences, heat and temperature are linked through the
concept of specific heat capacity* which is a physical property of a given
material—it is the amount of heat needed to raise the temperature of a unit
mass of that material by one degree.>

The specific heat capacity of aluminum is 0.897 J/g/K (joules per
gram per kelvin) while that of water® is 4.1813 J/g/K. This means that
it takes about 5 times more thermal energy to raise the temperature of
water compared to doing the same with aluminum of the same mass.
Think of heating a small piece of aluminum foil by lighting a single
match. Think of doing that to comparable mass of water. Isn’t it harder
to raise the water’s temperature?

Extensive tables of specific heat capacities of a large variety of mate-
rials are widely available both in print and online. Such tables gener-
ally list the specific heat capacity at constant pressure, (notation cy),
and other measures such as specific heat capacity at constant vol-
ume (notation ¢;,), which we will not be concerned with. To further
complicate matters, a material’s specific heat capacity is not exactly
a constant—it depends on the temperature at which it is measured.
To simplify our calculations, we treat ¢, as a constant, independent

>But sticking a lit match into a cup
of water does not make the flame any
cooler; it just extinguishes it.

3 Thermal energy is measured in an en-
ergy unit appropriate to the context.
Some such units are the joule, calorie, and
Btu (British thermal unit). For instance,
one Btu is the amount of heat required
to raise the temperature of one pound of
water by one degree Fahrenheit.

4The word “specific” in this context
refers to “that which characterizes the
species”, that is, the type of the material
under the consideration.

5Thus, referring to the previous
marginal note, we see that the specific
heat capacity of the water is 1 Btu/Ib/F.
© That is the specific heat capacity of wa-
ter at at 25°C. The specific heat capacity
of a substance generally depends some-
what on the temperature at which it is
measured.



of temperature. A temperature-dependent c, leads to a nonlinear
parabolic PDE which is s beyond the scope of this book.

To conclude this subsection, let us consider the raising of an object’s
temperature from a reference temperature Ti.¢ to some other tempera-
ture T. If the mass of the object is m and its specific heat capacity ¢, is
constant, then the thermal energy E(T) required for the task is

E(T) = ch(T — Tref)- (7.1)

Remark 7.1. We will see that what enters the equation of heat conduc-
tion is the derivative of E(T) with respect to time ¢. If m and c, are
independent of time, as they normally are, then

] oT

As T goes away after the differentiation, its value is immaterial to
our purposes.

7.1.3 The mass density

The mass density of an object is a measure of its mass per unit volume.
The density may be constant throughout a material, or it may vary
within it. We write p(x) for the density at the point x, or just p if it is
constant.

The density may also depend on temperature—objects usually ex-
pand when heated—but the treatment of mathematical models that
account for temperature-dependent density go beyond the scope of
this book.

7.1.4 The thermal conductivity

When you stir food in a hot sauté pan on the stove with a wooden
spoon, the spoon’s handle in your hand gets only mildly warm while
the spoon’s other end is immersed in scorching hot oil. You will have
a hard time doing the same with an all-metal spoon; the spoon’s han-
dle will become too hot to hold. That’s why metal kitchen utensils
generally are equipped with a wooden or rubber grip area.

That difference between a wooden and metal spoon is due to the
differences in their abilities to conduct heat. heat spreads more easily
through metal than wood. They have different thermal conductivities.

To get a good idea of the quantitative characterization of conduc-
tivity, think of a refrigerator in the kitchen. Let’s say the temperature
inside the refrigerator is 37°F while that in the kitchen is 75°F. If you
unplug the refrigerator, the temperature inside will gradually rise, and
over time it will reach the kitchen’s temperature, even though you keep
the refrigerator’s door closed. That shows that there is a constant flow
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of heat from the kitchen through the refrigerator’s walls to the inside
of it, and that’s why the refrigerator needs a motor (technically, a heat
pump) to remove the continuously invading heat in order to keep its
insides cool, even when the door is kept shut.

Let ¢ be the amount of heat that invades the refrigerator through a
unit area of its wall per unit time. That’s the heat flux into the refrigera-
tor.” Assuming, for simplicity, that the wall is made of a single type of
material® the temperature inside the wall drops from Tijihen = 75°F
on the outside face to Tigge = 37°F on the inside face. If the thickness
of the wall is D, then the slope of the the temperature curve, that is,
the temperature gradient, is

Txitchen — Tfridge
—p

A higher temperature difference Tyjichen — Thidge results in a higher
heat flux. After all, if Tijichen and Thigge are almost the same, there
is no reason for heat to rush into the refrigerator, while with a large
temperature difference, we expect a greater rate of heat transfer. Fur-
thermore, we postulate that a smaller D (a thinner wall) facilitates the
transfer of heat, and therefore raises the heat flux. These postulates
are formalized in what is known as Fourier’s Law of Heat Conduction:

Heat flux through an object is proportional to the temperature gradient.
In the refrigerator setting described above, this amount to saying

Tfridge — Tkitchen

9= —K—E

The formula above is good if the temperature varies linearly with
distance, as that depicted in Figure 7.1. If not, then we express the flux
through the local change of temperature, that is, the temperature gra-
dient, which in one space dimension is simply the derivative 9T /dx:

aT
= —K—. 2
9= K3, 72)
The coefficient of proportionality, K, is called the wall’s thermal conduc-
tivity. It is a positive value; the negative sign accounts for the fact that
heat flows against the direction of rising temperature.

Remark 7.2. The refrigerator wall example above was chosen on pur-
pose to focus our attention to heat conduction in one spatial dimension.
The temperature in that example depends on one space dimension—
the depth x into the refrigerator wall. But in general, heat conduction
takes place in three dimensions. Consider, for instance, the dough
that’s being baked in an oven into a cake. The oven’s heat penetrates
the cake from all directions—there is no single direction x along which
the dough is heated. In such a case the temperature T is a function of

7 See Chapter 2 for an introduction to the
idea of the flux.

8 That’s almost certainly is not true; a
typical refrigerator wall has a metal
sheet on its outside face, a plastic sheet
in its inside face, and sandwiched be-
tween them is Styrofoam or some other
insulating material.

Tkitchen
—_—
Pe
\ 7
<~ 5
7
O~Lig, %
Tfridge
flux ¢ —
—_ ]
X
=
: 8
@ o
< 9}
= .00
Z E
-
thickness D

Figure 7.1: The red line graphs the
temperature as it drops from Tijichen tO
Thidge through the thickness D of the re-
frigerator’s wall. The temperature gra-

dient is — TkitchenE;Tfridge



the location x within the dough, and the temperature gradient is the
usual three-dimensional gradient vector VT. The flux ¢ is also a vec-
tor which accounts for the direction in which the heat flows. Fourier’s
law of heat conduction then is expressed as

¢ = —KVT. (7.3)

Remark 7.3. Equation (7.3) says that the flux and temperature gradient
VT are collinear. If the conditions change so that the gradient points
in a new direction, the flux will adjust itself to point in that direction.
That is a characteristic of isotropic materials, that is, materials that “look
the same” in every direction. Most ordinary materials such as metals,
rubber, Styrofoam, are isotropic for all practical purposes. Laminated
wood (plywood), on the other hand, is not quite isotropic. Depending
on the construction of the laminae, heat can flow more easily across
them than along them. In that case, the vectors VT and ¢ are no
longer collinear. The thermal conductivity is no longer a scalar; it is a
second order tensor. (Think of it as a matrix if you are not familiar with
the tensor terminology.) Then we have

¢ = —KVT.

In that way, VT and ¢ generally point in different directions except
when VT is an eigenvector of K. We won’t deal with anisotropic ma-
terials in this book, although most of what we develop here can be
extended to the anisotropic case without great effort.

7.2 The heat equation in 1D

In the animation in the adjacent figure we have a long and slender
metal rod, drawn in light blue, which is initially at zero temperature
and thermally insulated all around. At t = 0 we expose the rod’s left
end to a temperature of 100 degrees. The heat propagates through the
rod, raising the temperature within it, as depicted by the rising dark
green graph. After some time, the rod’s temperature stabilizes to a
uniform 100 degrees throughout, as you would intuitively expect, and
the color changes to red to indicate hot!

The temperature u(x,t) at a point x within the rod and at time ¢
turns out to be a solution of a PDE, the heat equation, which we shall
now derive by applying the law of conservation of thermal energy. In
subsequent chapters we will learn how to solve that PDE in order to
get our hands on the function u(x, t).

Toward that end we present two different approaches. The first one
is quite short but calls for a thorough grasp of the conservation of mass
equation of Chapter 2. The second one is more detailed but as a result
is longer and repeats much of what was done in Section 2.1.
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Figure 7.2: The rod, drawn in light blue,
is initially insulated all around and is
at zero temperature. We then expose
the left end to a temperature of 100 de-
grees and watch the temperature evolve
within the rod.
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7.2.1  The derivation of the heat equation: The quick version

In Section 2.1 we derived the equation (2.3) that relates density p and
flux ¢ as a form of enforcing the conservation of mass. Although
the density p was presented there as the traditional “mass per unit
volume”, and the flux ¢ as the “mass passing through a unit cross
sectional area per unit time”, a close examination of the argument
reveals that “mass” in those statements is fungible in that it may be
substituted by any quantity that can be measured per unit volume. To
model heat conduction, for instance, we replace “mass” by “thermal
energy” and then (2.3), takes the form

—e(x,t) + ;—xcp(x,t) =0, (7.4)

where e is the thermal energy per unit volume, and ¢(x,t) is the flux of
the thermal energy, that is, thermal energy crossing a unit area per
unit time. That is the mathematical statement of the conversation of
thermal energy.

Since the thermal energy content of an object of mass m is given
by (7.1), the thermal energy content of a unit volume is

e(x,t) = p(x)cp(x) (T(x,£) = Tret (%)), (75)

where p is the object’s mass per unit volume (that is, the traditional
mass density). We allow for the possibility of the density p and the
specific heat capacity c;, and even the reference temperature Ty, to
vary with the position x, but not with time ; see Remark 7.1 in that
regard. Thus, our model applies to inhomogeneous materials, that is,
materials whose physical properties vary from point to point.
Substituting for e from (7.5) and for ¢ from (7.2) into (7.4), we obtain

%(p(x)cp(x) (T(x,t) — Tref(x))) + % <—K(x)%T(x,t)) —0,

which simplifies to

p()ep(0) ST, t) = 2 (K(x) 2T, 1)), 76)

This is a general form of the heat equation for an inhomogeneous one-
dimensional medium. In the case of a homogeneous medium, that is,
when p, ¢y, and K, are constants, this simplifies to

0 K o

§T(x, t) = @ o2

T(x,t).

The combination
k=— (7.7)



is called the medium’s thermal diffusivity. In terms of that notation, the
heat equation then takes the classic form

oT , d°T
gz 32’ (7.8)

where T = T(x,t) is the temperature at the point x at time .

7.2.2  The derivation of the heat equation: The long version

In the previous subsection we adapted the conservation of mass equa-
tion (2.3) to quickly derive the heat equation.

In the current subsection’s approach, instead of appealing to (2.3),
we return to the basics and repeat the argument that led to (2.3) but
in the context of thermal energy rather than mass. While we are at
it, and for the sake of generality, we introduce the additional element
of internal heat generation within the rod. This may be due to an elec-
trical current flowing through the rod, of perhaps due to exothermic
chemical reactions taking place within it.

Thus, as before, consider a thermally insulated rod lying along the x
axis. Let A be the rod’s (constant) cross-sectional area, and let T(x, t)
be the temperature at the point x at time t. The volume of a sliver
of infinitesimal thickness dx of the rod at the location x is A dx, and
therefore the mass of that sliver is p(x)A dx, where p(x) is the rod’s
mass density at x. According to (7.1), the thermal energy content of
that sliver relative to a reference temperature Tye¢(x) is

(o(x)Adx)cy(x)(T(x, ) — Tree(x)).

We conclude that the thermal energy content of an arbitrary segment
a < x < b of the rod is

b
A [ p()en()(T(x,1) = Trr(x))

and therefore the change of that energy content of that segment be-
tween two arbitrary times t; and t; is

b
A [ p(x)ep () (T(x,t) = T(x, 1)) (7.9)

The reference temperature T,¢(x) drops out of that calculation as it
was noted earlier.

The change of the segment’s thermal energy content calculated above
is due to two distinct factors:

Heat flowing in and out of the segment’s endpoints. Let ¢(x, t) be the heat
flux through the rod at the point x at time t. That’s the thermal en-
ergy that flows per unit cross-sectional area of the rod per unit time.
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In particular, the thermal energy flowing into the rod at the cross-
section x = a per unit time is A¢(a, t), and therefore the energy that
flows through that cross-section over the time period t; < t < t
would be

A /: ¢(a,t)dt. (7.10a)

For the same reason, the thermal energy flowing out of the rod at
x = b is over the time period t; < t < tp is

A / ? (b, ) dt. (7.10b)
Jt

Heat generated within the rod. Let q(x,t) be the heat generated per unit
mass per unit time within the rod. Then the heat generated per unit
time within the sliver of infinitesimal thickness dx is (p(x) A dx)q(x, t).
Therefore the heat generated per unit time through the entire rod at
time ¢t is

A /ﬂb p(x)q(x, t)dx.

We conclude that the heat generated throughout the rod over the
time period t; <t <ty is

thy b
A/t1 /ap(x)q(x,t)dxdt. (7.11)

The principle of conservation of thermal energy implies that the
change of internal thermal energy calculated in (7.9) must exactly bal-
ance the inflow and outflow in (7.10a) and (7.10b), and the heat gener-
ation in (7.11), that is

b
A/a p(x)cy (x) (T(x, t) — T(x, 1)) dx

f2 b ta b
:A/t1 ¢(a,t)dt—A/tl gb(b,t)dH—A/tl / o(x)q(x,£) dxdt.
(7.12)

That’s the end of the physics. The rest is calculus.
On the left-hand side of (7.12) we replace T(x,t;) — T(x,t1) via the
Fundamental Theorem of Calculus with

On the right-hand side of (7.12), we also apply the Fundamental The-
orem of Calculus to replace ¢(b, t) — ¢(a, t) with

b9
/a acp(x,t) dx.



After those replacements, and dividing through by A, (7.12) takes the
form

[ [ e

(x t)dtdx

Y </ [

We interchange the order of the integrations on the left-hand side

(x,t) dxdt.

and then combine the three terms into one:

A

As argued in going from equation (2.2) to (2.3) in Section 2.1 on page 17,

T(x t) +3 (p(x ) —p(x )q(x,t)] dxdt = 0.

the expression within the square brackets is zero, that is,

p(x)cp(x )aat T(x, t)+ (p(x t) —p(x)q(x,t) =0 forall x and t.

Substituting for the flux ¢ from the Fourier’s Law of heat conduc-
tion (7.2), this changes to

0

p()ep () () = 2 (K(x) 2T(x, 1) +p()a(x 1), (713)

which agrees with (7.6) when g(x,t) = 0. In, in particular, the rod is
homogeneous, then this simplifies to

oT  9°T

TR TR (7.14)

where the thermal diffusivity k is defined in (7.7).

7.3 The initial value problem for the heat equation with a step
function as the initial condition

Here we introduce the idea of a similarity solution and derive the
fundamental solution of the heat equation.

Consider the initial value problem for the heat equation in the un-
known u(x, t):

Uy = Kilyy —oo<x<oo, t>0, (7.15a)
u(x,0) = H(x) —00 < x < 09, (7.15b)
where H is the Heaviside function, which is defined as?
0 x<0,
H(x) = (7.16)
1 x>0,
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9 The Heaviside function is sometimes
called the unit step function as its graph
looks like a step:

The value of the function at x = 0is gen-
erally inconsequential and is normally
left undefined.
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and let

U(x,t) = u(ax, Bt), (7.17)

for arbitrary nonzero constants a and B. Observe that
U(x,0) = u(ax,0) = H(ax) = H(x),

and that
U(x,t) = Bus(ax, Bt), Uxx(x,t) = uczuxx(zxx, Bt).

Since the function u solves the initial value problem (7.15), the function
U satisfies the initial value problem

(7.18a)
(7.18b)

Up(x,t) = ];—fuxx(x,t),
U(x,0) = H(x).

The initial value problems (7.15) and (7.18) will be identical if 8 = a2,
and therefore their solutions will be identical, that is u(x,t) = U(x, ),
and thus, in view of (7.17)

u(x,t) = u(ax,a®t) for all a. (7.19)

In conclusion, the solution u of the initial value problem (7.15) satisfies
the algebraic identity (7.19) for all x, ¢, . In particular, taking a? = ﬁ,
this yields™®

x 1
u(xt) = ”(\/m’ )
which shows that u(x,t) depends on x and t only through the ratio
n = x/\/akt = \/% xt~1/2. Therefore, we look for a solution of (7.15)
in the form

u(x,t) = ¢(n).

We calculate

1 _
ur(x,t) = ¢'(n)m = v 2/ (n),
1 _
ur(x,t) = ¢' ()x = T Y2/ (),

1
e (2,8) = 2t 719" ().

Therefore , P
—2747{”’3/2(/)’(17) =t "),
which simplifies to

9" (1) +29'(n) = 0.
We multiply this through by the integrating factor e and arrive at

(e”pr’(n))/ =0,

In the first attempt it’s natural to try
taking a? = % That works—and you
are invited to try it too—but then further
down you will need to make a change
variables in order to connect with the
definition of the erf function. The fac-
tor of 4k in the denominator in inserted
here by hindsight in order to avoid the
need for a change of variables later on.



and therefore
2
¢'(17) = cre”™,

where ¢y is an arbitrary integration constant. Integrating once more,
we arrive at

1
o(n) = c1/0 e ds + ¢y,

where c; is another arbitrary constant. Restoring the value of 7, we
conclude that

u(x,t) =cq e " ds + cy.

/x/m

The antiderivative of e~

? is not expressible in terms of elementary
functions, but as it occurs quite frequently in various areas of prob-
ability and statistics, it is extensively studied under the name of the

Guauss error function or simply the error function, which is defined as

erf(x) = \/ZE /O.x e~ ds. (7.20)

The graph of erf is shown on the right. It is an odd function, that is,
erf(—x) = —erf(x), and it has horizontal asymptotes of 1 at t-co.

The solution u(x, t) calculated above may be expressed in terms of
erf as

u(x, t) =c erf(\/%k) +c

after redefining the constant c; appropriately. We determine c; and
cp by requiring the solution to satisfy lim; o+ u(x, t) = H(x). Toward
that end, fix x at an arbitrary negative value and let t — 0T in the

equation above. Then

. B X —
a7 0o and consequently erf( V/akt ) oL

while the left-hand side of the equation tends to zero. We conclude
that

—C1+c= 0.
On the other hand, fixing x at an arbitrary positive value and letting
t — 0" we get

c1+c =1

From the two equations above we see that c; = ¢; = 1/2, and therefore

u(x,t) = % [1 +erf(\/jﬁ)} . (7.21)

Figure 7.4 shows an animation of this solution.

Remark 7.4. The function u(x,t) obtained in (7.21) is undefined at
t = 0 due to the presence of t in the denominator. The initial con-
dition (7.15b) is satisfied in the sense of the limit t — 0T for any x < 0

THE HEAT EQUATION IN 1D 85

Figure 7.3: The error function, erf, is odd
and has asymptotes £1 at +co.
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u(x, t)

_'2 _‘1 0 i é x
(<]<] </ D]> > -] +

and x > 0, as we enforced it in the process of its derivation. We con-

clude that the proper way of expressing the solution of the initial value
problem (7.15) is

u(x, b) = i+erd(55)] >0

H(x) t=0,

where H is the Heaviside function. This, however, is perhaps a bit
overly pedantic; one usually refers to (7.21) as the solution of the ini-
tial value problem (7.15). The limiting behavior at ¢t = 0 is tacitly
understood.

Remark 7.5. This section’s development will work equally well with
the more general initial condition

a x<0,

wx0)=flx) =9, =0

with arbitrary constants a and b. The special property of such initial
conditions lies in the observation that f(ax) = f(x) for any nonzero «,
that is, f is invariant under dilation/compression of the x axis.

7.4 The heat kernel

If u is any solution of the heat equation u; = kiiyy, then so is u, because

(ux)t = (ut)x = (kuxx)x = k(ux)xx-

In particular, since u(x,t) in (7.21) is a solution to the heat equation,
so is G(x,t) = ux(x, t) which can be shown to be

G(x,t) =

e im . (7.22)

The the solution G(x, t) to the heat equation is called the fundamental
solution of the heat equation or the heat kernel. For any positive t, the
graph of G is a bell-shaped curve as in the sample seen on the right.

Figure 7.4: The solution of the initial
value problem (7.15).

G(x,t)

X

Figure 7.5: The graph of the heat kernel
G(x, t) for some t > 0.



The curve flattens and spreads out as t increases, but the area under
the curve remains a constant 1 for all #:

/oo G(x, t)dx = /oo uy(x, t) dx

= lim u(gt) — lim u(dt)=1-0=1. (7.23)
{—c0 {——co

It is evident from (7.22) that

lim G(x,t) =0 forall x.

t—+-oc0
The behavior of G as t+ — 07 is more interesting. We leave it as an
exercise to show that

lim G(x,t) =0 forall x #0. (7.24)

t—0t

Thus, as we go backward in time to t = 0+, the x < 0 and x > 0
halves of the bell-shaped curve in Figure 7.5 are flattened against the x
axis, but since the area under the curve remains 1, the shape becomes
increasingly narrow and tall, and the graph climbs up the vertical axis
toward infinity. So in the limit a rather strange “function” is obtained
which is 0 for all x # 0, it is co at x = 0, and the area under its “graph”
is 1 (!). That strange “function” is called the Dirac delta distribution and
is written as J:

lim G(x,t) = 6(x). (7.25)

t—=0+
I put “function” and “graph” in quotes since what is described here
is not a function at all. In fact, the G(x,t) does not converge to any
function as t — 07 in any sense of the word “converge” known in
elementary calculus.” The following limit, however, does makes an
obvious sense:

lim G(x,t)v(x)dx = v(0) for any continuous function v.

t—0t J—c0
(7.26)

After all, as t approaches zero, G(x,t) approaches zero everywhere
away from x = 0 (see equation (7.24) and Figure 7.6), so the values of
v at x # 0 do not matter. Near x = 0 the value of v is essentially v(0)
since v is continuous, and the integral of G is 1, hence it’s no surprise
that the limit above is v(0).

If we allow ourselves the liberty of interchanging the limit and inte-
gration in (7.26)—a step whose justification requires an appeal to the
theory of distributions—we get

m G X ‘ (v dx =0 0 7
:I’ m viey Cf (; '25)

/ d(x)v(x)dx = v(0) for any continuous function v.  (7.27)
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Figure 7.6: The graph of the function
G(x,t) becomes narrower and taller as
t — 0+. The area under the graph re-
mains constant

" It does converge, however, in a more es-
oteric sense of convergence that is stud-
ied under the topics of generalized func-
tions, distributions, Sobolev spaces, and
functional analysis, which are beyond the
scope of this book. The limit, in that
sense, is usually written as d(x).
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In fact, (7.27) is the precise technical definition of the Dirac delta
distribution—it is a distribution (not a function!) with the property
that when integrated against any continuous function v, yields v(0).
With this notation, the function G(x,t) defined in (7.22) is the solution
to the initial value problem

Gt = kGyy —oo<x<oo, t>0, (7.28a)
G(x,0) = é(x) —o00 < x < o0 (7.28b)

The animation in Figure 7.7 shows the evolution of G(x, t), starting
as a Dirac delta distribution at t = 0, and very quickly spreading and
flattening as we move forward in time.

G(x, 1)

) —1 0 1 2 X

(<]<]</D]> > -] +

Remark 7.6. It is interesting (and probably unexpected) that the so-

lution G of the initial value problem (7.28) is nonzero at all x, and
all t > 0. Consequently, according to our heat conduction model, the
effect of injecting heat at x = 0 affects the entire x axis instantly—heat
spreads at infinite speed! There is no such a thing as a “speed of
propagation” under the heat equation.

7.5 The initial value problem for the heat equation

The solution G(x,t) of the initial value problem (7.28) expresses the
effect of injecting one unit of heat at the location x = 0 in the domain
—oco < x < oo. If that heat is injected at some other point, say at
x = s, then the solution G(x,t) merely translates along the x axis to
the location x. That is, the solution of the initial value problem

Uy = kwyy —oo<x<oo, t>0,

u(x,0) = Ad(x —s) —o00 < x < 00.

Figure 7.7: The evolution of the heat ker-
nel G(x,t) in time. The initial value, the
Dirac delta distribution, quickly changes
to a bell-shaped curve and then spreads
out and flattens. The area under the
graph is 1 at all times.



isu(x,t) = AG(x —s,t).

Consider a distributed source of heat which adds f(x) units of heat
per unit length at the time ¢ = 0. Then the heat added in an infinites-
imal interval ds around the point x = s is f(s) ds, which result in the
temperature distribution is G(x — s, ) f(s) ds. Summing the contribu-
tions of f to the entire x axis, we conclude that the solution of the
initial value problem

Up = klyy —oo<x<oo, t>0, (7.29a)
u(x,0) = f(x) —00 <x <o (7.29b)

is

u(x,t) :/ G(x—s,t)f(s)ds.
Inserting the explicit formula for G derived in (7.22), this takes the
form

u(x,t) = \/4%/0; eJX;cst) f(s)ds. (7.30)

Remark 7.7. A close scrutiny of the solution (7.30) of the initial value
problem (7.29) raises a serious question. Shouldn’t the solution satisfy
the initial condition (7.29b)? Of course it should, but plugging t =
0 into (7.30) results in division by zero due to the presence of ¢ in
denominators (in two different places)! Although it is not immediately
obvious, it turns out, and it can be verified with some care and effort,
that (7.30) does satisfy the initial condition (7.29b) in the sense that
lim;_ o+ u(x,t) = f(x) provided that f is a continuous function. What
is more, if f has a jump discontinuity at some x = a, then u(a,t)
approaches to the average value of f at the point of discontinuity, that
is:

lim u(x, £) = %[f(a‘) +fa")],

t—0+

where f(a~) and f(a™) are the limits of f(x) as x approaches the jump
discontinuity from the left and from the right.

7.6 Exercises
7.1. Let u be the solution of the IVP

U = kttyy —co<x<oo, >0,
u(x,0) = f(x) —o00 < x < oo

Show that v(x,t) = u(x — a,t) is the solution of the IVP

Ut = kUyy —oo<x<oo, t>0,
v(x,0) = f(x —a) —o00 < x < 0o
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7.2. Consider the solutions u and v of the initial value problems

Ur = ktiyy U = kvxy
u(x,0) = f(x) 0(x,0) = g(x)
where —o0 < x < oo and > 0. Show that w(x, ) = u(x,t) + v(x,t) is
the solution of the IVP
Wy = ktxz,
w(x,0) = f(x) +g(x).
7.3. Let u be the solution of the IVP

U = Kllyy —oco<x<oo, t>0,
u(x,0) = f(x) —o00 < x < co.

Show that v(x, t) = u(—x,t) is the solution of the IVP

Ut = KUyx —oco<x<oo, t>0,
v(x,0) = f(—x) —00 < x < oo.

7.4. Solve the IVP (7.29) with

flx) = {1 |x| <1,

0 |x|>1

Hint: Express f(x) as a linear combination of the shifted Heaviside
functions H(x — 1) and H(x + 1), and then appeal to the conclusions
of the exercises 7.1 and 7.2 in order to connect this exercise to the
solution (7.21).

7.5. The text states that the error function, erf, defined in (7.20) and
graphed in Figure (7.3), has horizontal asymptotes £1 at +co. Verify
that statement by showing that

/ e dy = V.

Hint: Let I = [%, ¢=** dx and observe that

- (/;o;e_"zdx) (/ e dy) / / e O dx dy.

The double integral on the right-hand side expresses the volume under
the graph of z = e~ (¥+¥") over the entire xy plane. Evaluate it by
changing to polar coordinates.

7.6. Verify that (7.22) is indeed the derivative u, of the function u
defined in (7.21).



7.7. Verify (7.24).
7.8. Show that the solution (7.30) of the initial value problem of the
heat equation may be cast into the equivalent form

u(x,t) = \/15 /_O:o e_rzf (x —r 4kt) dr. (7.31)

This is known as the Poisson integral representation of the solution.

Hint: In (7.30), change the variable of integration from s to r defined

. X—S
through r = W
- . 0 x <0
7.9. Solve the initial value problem (7.29) with f(x) = .
e* x>0

Hint: Apply the formula (7.30) and complete the square (with respect
to s) in the exponent.

7.10. Solve the initial value problem (7.29) with f(x) = e~I*l.

7.11. Solve the initial value problem for the heat equation with a heat
source proportional to temperature:

Ur = ktyy + hu —o<x<oo, t>0,
u(x,0) = f(x). — 00 < x < 00,

Hint: Rearrange the PDE into u; — hu = kuyy, multiply through by

” e—ht

the “integrating factor in order to collapse the two terms on the

left-hand side into a single term. Then introduce v(x,t) = e u(x, t)
and show that v(x,t) solves the standard heat equation. Apply (7.30)
to find v(x, t), and finally find the expression for u(x,t).

7.12. Solve the initial value problem for the advection-diffusion problem
U + Clly = Kidyy —oo<x<oo, t>0,
u(x,0) = f(x). — 00 < x < 00,

Hint: Inspired by the previous exercise, look for v(x, t) = e¥* TPty (x, t).

Find the PDE satisfied by v, and then pick « and § so that the PDE
reduces to the standard heat equation.

7.13. Solve the initial value problem

U + cty = kihyy + hu —oo<x<oo, t>0,
u(x,0) = f(x) —00 < x < oo

7.14. Solve the IBVP for heat equation on the x > 0 semi-axis:

Uy = Ktdyy O<x<oo, t>0,
u(x,0) = f(x) 0<x<oo,
u(0,£) =0 t>0

Hint: Method of images.

THE HEAT EQUATION IN 1D O1
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7.15. This exercise™ outlines steps needed to solve the following IBVP
on the positive x semi-axis:

Uy = Kllyy 0<x<oo, t>0, (7.32a)
u(x,0) =0 0<x<oo, (7.32b)
u(0,t) = ¢(t) >0, (7.32¢)

where ¢ is prescribed function.

a. Solve the heat equation on the x > 0 semi-axis:

Ur = Kllyy O<x<oo, t>0,
u(x,0) =0 0<x<oo,
u(0,t) =c t>0,

where c is a constant.
Hint: Letting v = u — c reduces this to a special case of exer-
cise 7.14.

b. Solve the heat equation on the x > 0 semi-axis:

Wy = KWy 0<x<oo, t>0,
w(x,0)=0 0<x<oo,
w(0,t) = ¢(7) >0,

for an arbitrary constant .
Hint: This part is really no different from the previous part
since w(0,t) = ¢(7) is just a constant.

c. Write w = w(x,t,7) for the solution of the previous part, and

let ,
u(x, t) :/ wi(x, t,t — T)dr.
0

Show that u is the solution of the IVBP (7.32).

2 Taken from page 317 of O'Neil [14].



8
An introduction to the Fourier series

8.1 Preliminaries

You must have learned in elementary calculus courses that some func-
tions admit a power series representation as in

[ee)
fx) =Y apx" =ap+ax+ x>+,
n=0
and that the equality holds for all |x| < R for some R (and perhaps
also at x = £R) where R is called the radius of convergence of the series.
Expanding a function into a sum of powers of x is not the only
possible choice; there are much better choices in applications to PDEs.
An expansion of the form

TTX . TIX 27X . 271X
f(x) :ao+a1c:057+blsln7+a2c057+b2sm7
3 3
+a3005%+b3sin—gx+~~, —<x</,

or written compactly as

o &%)

flx) = ao—i-];lancos% +7;bnsinnlg, 4 <x</{ (81)
was brought to prominence by Jean-Baptiste Joseph Fourier in his 1822
book Théorie analytique de la chaleur [77] although there had been hints of
such a possibility within mathematical circles earlier. The series (8.1)
is now known as the Fourier trigonometric series.

Fourier neither proved the convergence of the series, nor explored
conditions necessary for its convergence. The first rigorous statement
in those regards came in the 1829 Mémoir of his student, Gustav Peter
Lejeune Dirichlet [6]. That helped to remove some of the early skepti-
cism surrounding the validity and applicability of Fourier’s approach,
established it as a legitimate and respectable part of mathematics, and
spurred active research in the area, leading to the works of Jacques
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Charles Frangois Sturm [18, 19] and his collaboration with Joseph Li-
ouville [20] which lead to a comprehensive generalization of Fourier’s
ideas into what has now become known as the Sturm—Liouville theory.

Edit: In this chapter we introduce the Sturm-Liouville theory, and
extract Fourier’s theory from it as a special case. We will see applica-
tions of these ideas to PDEs in subsequent chapters.

8.2 The vector space R"

It may come as a surprise that there is a close analogy between the
geometric properties of the vector space R" and a set of functions such
as {sin"Zx}™

section we set out to review some of the basic properties of R". In the

that form a part of the Fourier series (8.1). It this

next section we will show how those properties carry over to sets of
functions.

8.2.1  The dot product and the norm in R"

In elementary linear algebra we learn about the geometry of the space
R", including the norm ||x|| and the dot product x - y of vectors x and
yin R™

n

n
x-y:inyi, Hx||2:x-x:in2, x,y€R" (8.2)
i=1 i=1
The vectors x and y are said to be orthogonal if x -y = 0. A set of n
nonzero vectors {e1,el, .. .,en} is said to be an orthogonal basis in R"
if its vectors are pairwise orthogonal. Any vector v € R" may be
expressed as a linear combination of that basis, as in

n
v = Z cie;. (8.3)
i=1

To determine the coefficients c; of that linear combination, we form the
dot product of the expression above with ¢; for some jin1,2,...,n. We
get

n
v-ej = Zciei~e]~.
n=1

Due to the orthogonality of the basis, every term in that summation is
zero for except for when i = j. Thus, as the summation index i runs
form 1 to n, only the jth term survives, and leaves us with

v-ej =cjej-ej = cj||ej||2,

whence ¢j = ﬁv - ej for j = 1,2,...,n. The name j of the index is
i
immaterial, so we rename it to i and arrive at
1 .
¢i=—mv-e, j=12,...,n (8.4)
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In summary, when a vector v is expressed as a linear combination
of an orthogonal basis as in (8.3), the coefficients of that linear combi-
nation may be calculated from (8.4).

8.2.2 A basic inequality

There exists a very basic, and very important, relationship between the
dot product x - y and norms of vectors in R”, namely

[x-y| <lx[lllyll forallx,yecR", (85)

where |x - y| is the absolute value of x - y.
To see why that’s true, observe that ||ax + y||> > 0 for all scalar
multipliers &. Then expand

0 < flax +yl* = (ax +y) - (ax +y) = o |[x]|* + 2ax -y + [|y ]|

For fixed x and y, the right-hand side is a quadratic function of . The
left-hand side says that the quadratic function is never negative and
therefore it cannot have two real roots. Equivalently, the discriminant
of the quadratic cannot be positive, that is

2
(2x-y)" —4|x|*lyl* <0,

which proves (8.5).

Remark 8.1. The inequality (8.5) is consistent with the customary geo-
metric definition of the dot product

x-y = |x[llyll cos6,

where 0 is the angle between the vectors x and y viewed as oriented
line segments, because | cos 0| < 1 for all 6.

8.3  The function space L?(a, b)

The simple geometric structure of R" outlined in the previous section
carries over essentially with no change to space of function defined
over some interval (a,b). It is the goal of this section to flesh out that
vague statement.

8.3.1 The inner product and the norm L2(a,b)

With any two functions f and g defined over some interval (a,b), the
integral [ ab f(x)g(x)dx may be approximated as a Riemann sum by
splitting the interval (a,b) into n subintervals of lengths h = (b —a)/n,
and picking x;,i = 1,2,...,n in those subintervals:

n

[ Fgtdx Y- fstx).

i=1

95
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The right-hand side is reminiscent of the dot product of vectors x and
y in R”, see (8.2), and consequently many properties of the dot prod-
ucts of vectors, and their associated geometry, carry over to the set
of functions defined over the interval (a,b) where the inner product
/ : f(x)g(x) dx takes on the role of the dot product x - y. The custom-
ary notation for the inner product of f and g is (f,g):*

b
(£,8) = [ f()3(x)dx. (5:6)

In analogy with the definition of the norm ||x|| of a vector in (8.2), we
define the norm || f|| of the function f through

A2 = (.9 = [ 1700 P 8

Example 8.1. (a) The norm of the function f(x) = x defined over (0,1)
is 1//3 because

1 1
2 _ 2. 1
712 = [ +ax =5,
(b) The norm of the function f(x) = 1/x!/3 over the (0,1) is v/3:

1 1 1
2 —2/3
= ——dx = / X dx = 3.
I£1 /0 x2/3 0

(c) The norm of the function f(x) = 1/x over the interval (0,1) is

infinity:

1
= 00,

0

11 1
2 _ —
112 = [ s =2

X

Definition 8.1. A function defined over the interval (a,b) which has a
finite norm is said to be square-integrable. We write L?(a,b) for the set
of all square integrable-functions® defined over the interval (a,b).

It can be shown (see the Exercises section) that L?(a,b) is a linear
space in the sense that if f and g are in L?(a,b), then so is the lin-
ear combination af + g, for all constants & and B. The linear space
L?(a,b) equipped with the inner product (8.6) is said to be a Hilbert
space. Due to the parallels with the dot product and norm of R", there
is a great deal of similarity between the linear spaces L?(a,b) and R".
In particular in analogy with x - y = 0 indicating the orthogonality of
the vectors x and y, the functions f and g are said to be orthogonal in
L?(a,b) if their inner product is zero:

b
(f,8) = /H f(x)g(x)dx =0 <= f and g are orthogonal.

Example 8.2. (a) The functions f(x) = x and g(x) = 2x* — 1 are or-
thogonal in L2(0,1):

(fr8) = /01 x(22% = 1) dx = (%x4 _ %x2)

* Depending on the discipline and con-
text, the notations (f,g) and (f | g) are
also used for the inner product.

*Technical note: The functions that
constitute the space L?(a,b) consist of
measurable functions that are square-
integrable in the sense of Lebesgue. You
will learn more on this subject in courses
on measure theory and functional analy-
sis, but for the purposes of this textbook
you may safely regard all functions and
integrals in the same sense that were in-
troduced to you in your calculus courses.
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(b) The functions f(x) = sinx and g(x) = cosx are orthogonal in
L2[0, )
o 1 /7 1 T
(f,g) = /0 sinxcosxdx = E/o sin2x dx = E(—cost) . =0.
Example 8.3. Fix an ¢ > 0 and consider the family of functions ¢, (x) =
sin %, n=12...in LZ(O,E). Let us show that all functions in this

family are mutually orthogonal. Specifically, for all integers m and n

0 if )
(Pm, Pn) = { ifm # n (8.8)

we have:

%E if m = n.

Solution: Let’s consider the m = n case. We have

Y4
B .o NTTX
(Pn, n) _/0 sin v dx

1 ¢ 2nmx
_5/0 {1—(:056} dx
1

1 ¢ . 2nmnx ¢
B T A

Now consider the m # n case:

C mnx nwx

(gbm,cpn):/O sin 7 sianx

1t (m —n)mx (m+n)mx
_E/o {cosg—cosg] dx

_1{ ¢ - (m—n)mx ¢ . (M—i—n)r(x} ¢

2 (m—n)nsm 1 B (m—l—n)nsm 1

0

1 l .
=3 {(m_n)nsm[(m—n)n] CET:

That is very interesting (and very important!) result. It says that
L%(0,¢) can accommodate a set of infinitely many mutually orthogonal

functions

. mx ., 2mx . 3nx
{sm 7,8111 7,sm 7,...,}. (8.9)

Since a set of mutually orthogonal functions is linearly independent,
it follows that L2(0,/) is infinite dimensional! That’s in stark con-
trast with the finite dimensional R"” that motivated this thread. It is
then natural to ask whether the set of functions (8.9) forms a basis for
L%(0,¢). The answer is yes, the set of functions (8.9) is a basis for
L?(0,¢) in the sense that any function f € L2(0,¢) may be expressed
as an (infinite) linear combination of them:

f(x) =Y bupu(x) =) bysin nT?x (8.10)
n=1 n=1

This representation of f is called its Fourier sine series of f. We will
have much more to say about this in the following sections.

sin[(m + n)n]] =0.

97
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8.4 Eigenvalue problems for ODEs

We wish to gain a deeper understanding of the Fourier sine series
representation (8.10) that we briefly encountered in the previous sec-
tion. Specifically, where do the basis functions {sin* (::1

from? A good staring point toward that understanding is the anal-

come

ysis of the following boundary value problem (BVP) for the ODE in
the unknown y(x) over the interval 0 < x < / for some given /:

y"(x) + Ay(x) =0, 0<x<{, (8.11a)
y(0) =0, (8.11b)
y(l) =0, (8.11¢0)

where the coefficient A € R is some constant. It is evident that the
identically zero function, y(x) = 0, is a solution. But that’s nothing
deep or interesting, so it is referred to as the trivial solution of the
boundary value problem (8.11). Are there solutions other than the
trivial solution? It turns out that yes, there do exist nontrivial solutions,
but only for special values of A. That is an absolutely crucial point,
and therefore we set out to demonstrate it immediately.

In search of nontrivial solutions of the BVP (8.11), we fork the anal-
ysis into three branches, corresponding to the possibilities of A being
negative, zero, or positive.

Case 1: A < 0. To enforce the negativity of A, take A = —<?, where
v > 0. Then the differential equation (8.11a) takes the form y" (x) —
72y(x) = 0 whose general solution is3

y(x) = acoshyx + bsinh yx.

Applying the boundary condition (8.11b), leads to 2 = 0, leaving us
with
y(x) = bsinh yx. (8.12)

Then the boundary condition (8.11c) implies that bsinhy¢ = 0. We
don’t want to take b = 0 because then (8.12) would reduce to the
trivial solution, so we take sinhy¢ = 0 which implies that 7¢ = 0
(see the comment at the bottom of the marginal note). But that’s
impossible since both ¢ and ¢ are positive. Having thus reached a
dead end, we abandon the A < 0 case.

Case 2: A = 0. The differential equation (8.11a) takes the form v (x) =
0 whose general solution is y(x) = ax + b. Applying the boundary
condition (8.11b) implies that b = 0, and therefore y(x) = ax. Then
the boundary condition (8.11c) implies that a/ = 0. We are forced
to take a = 0 and thus arrive at the trivial solution again. So we
abandon the A = 0 case.

3 In your ordinary differential equations
course you must have learned that the
general solution of the ODE "/ — 42y =
0 is y(x) = ae"™ + be~"*, which is also
correct. But since 2 and b are arbitrary,
we may replace them with (a +b)/2 and
(a —b)/2, and obtain

_atb . a-b .
y(x)f—2 e -i-—2 e

A A A
=a
2 2
= acosh yx + bsinyx.

This alternative form is more suitable in
applications to BVPs. Here is what the
graphs of cosh and sinh look like.

Y

— coshx

sinh x

Important observations: (a) The cosh
function is nowhere zero; (b) cosh(0) =
1; and (c) if sinhx = 0, then x = 0. Be
sure to make a mental note of these facts.
You will need them!



AN INTRODUCTION TO THE FOURIER SERIES

Case 3: A > 0. To enforce the positivity of A, take A = 72, where 7 >
0. Then the differential equation (8.11a) takes the form y”(x) +
72y(x) = 0 whose general solution is

y(x) = acosyx + bsinyx.

Applying the boundary condition (8.11b), leads to a = 0, leaving us
with

y(x) = bsinyx. (8.13)
Then the boundary condition (8.11¢) implies that bsin ¢ = 0. Since
b cannot be zero—otherwise we will have a trivial solution—we are
left with siny¢ = 0 which is possible if ¢ is any (nonzero) integer
multiple of 7r. Thus we arrive at infinitely many choices for +:

7,127, n=12,..., (8.14)

Ap = (%)2, n=12,.... (8.15)
Then (8.13) yields the solution y,(x) = bsiny,x = bsin “* for
each n. The factor b is not essential for our purposes. After all,
the equations in (8.11) are homogeneous, and therefore any nonzero
multiple of a nontrivial solution is also a nontrivial solution. We set b = 1
to identify one member of the infinite family of solutions for each #:

Yn(x) = sinyyx = sin n!g, n=12,.... (8.16)
Definition 8.2. Each of the numbers A, n = 1,2,..., obtained in (8.15)
is called an eigenvalue of the BVP (8.11). The function y,(x) in (8.16) is

called the eigenfunction corresponding to the eigenvalue A;.

Remark 8.2. The eigenfunctions y, are identical to the functions ¢,
that were introduced in Example 8.3 on page 97. It was shown there
that the functions ¢, are mutually orthogonal in the sense of L?(0, ().
It follows that the eigenfunctions y, are mutually orthogonal in the
same sense, that is, for all positive integers m and 1, we have

ifm=mn,

(Ym, yn) = /Oéym(x)yn(x) dx = {é (8.17)

otherwise.

8.5 A second look at positiveness and orthogonality

The previous section’s calculations led to at least two noteworthy re-
sults: First, the eigenvalues are the BVP (8.11a) are positive; and sec-
ond, its eigenfunctions are mutually orthogonal. We arrived at those
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results through somewhat tedious calculations involving the explicit
solutions of the ODE (8.11a). In more complicated cases, for instance,
when the ODE (8.11a) is replaced with one with non-constant coef-
ficients, or when the boundary conditions (8.11b) and (8.11c) are re-
placed with more complicated ones,* explicit solutions in terms of ele-
mentary function may no longer be available, but the positivity of the
the eigenvalues and orthogonality of the eigenfunctions persist. There-
fore, there ought to be a way of verifying those properties without ap-
pealing to explicit solutions. Indeed there is a way. In this section we do
that in the context of the very elementary eigenvalue problem (8.11a).
In later chapters we will see how it is done in more complicated prob-
lems.

The main trick behind the following calculations is what is called
integration by parts in calculus courses, and which is nothing but an
application of the product rule of differentiation. Specifically, consider
any two continuously differentiable functions # and v. According to
the product rule of differentiation, we have (#(x)v(x))" = u'(x)o(x) +
u(x)v' (x). We rearrange that into ' (x)o(x) = (u(x)o(x)) —u(x)v' (x),
and integrate:

/u’(x)v(x) dx = /(u(x)v(x))/dx— /u(x)v'(x)dx.
But the integral of (u(x)o(x))’ is just u(x)v(x). We conclude that

/u’(x)v(x) dx = u(x)v(x) — /u(x)v’(x)dx. (8.18)

That’s the integration by parts formula! We see that in transforming
the integral on the left to the integral on the right, we shift the prime
from u(x) to v(x), and reverse the sign. The “penalty term” u(x)v(x)
is the price one pays for making that transformation.

A similar calculation may be made in the case of a definite integral
over an interval [a, b]:

/‘h u' (x)o(x)dx = /h(u(x)v(x))/dx— /bu(x)v’(x) dx
b

b
= u(x)v(x) dx—/ u(x)v’(x) dx.

a

That evaluates to

b b
/a u'(x)v(x) dx = u(b)v(b) — u(a)v(a) — /a u(x)o'(x)dx.  (8.19)

We leave the verification of a closely related variant to an exercise:

b b
/ﬂ u”(x)o(x)dx = u'(b)v(b) — /' (a)v(a) — /a u'(x)0'(x)dx.  (8.20)

4 These are not complications merely for
the sake of complications; these arise
naturally in many interesting applica-
tions of PDEs, as we will see in Chap-
ters ?? and ??.
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8.5.1  The positivity of the eigenvalues

Equipped with these tools, let us show that the eigenvalues A of the
BVP (8.11a) are positive. Toward that end, multiply (8.11a) by y(x),
integrate over [0, /],

/(f v (x)y(x) dx + /\/Oﬂy(x)2 dx =0,

and then apply the integration by parts formula (8.20) to the first term
on the left-hand side to get

YO0~y ©O)y(0) ~ [y (a2 [ yixdx=o

We have y(0) = 0 and y(¢) = 0 due to the boundary conditions (8.11b)
and (8.11¢). That leaves us with

A/(fy(xf dx = /O.Ey’(x)2 dx.

It follows that A cannot be negative since the integrands are nonnega-
tive. But can it be zero? No, it cannot be. To see that, we proceed with
an argument by contradiction. Thus, suppose for the sake of contradic-
tion, that A is zero. Then the equation above says that fof Y (x)?dx =0
which implies that y/(x) is identically zero,5 which implies that y'(x)
is a constant, and that constant is zero since y(0) = 0. It follows that
y(x) is identically zero on [0,¢]. That contradicts the fact that y is an
eigenfunction—an eigenfunction cannot be identically zero by defini-
tion. We conclude that A > 0. That agrees with the outcome of the
analysis of the three cases in Section 8.4.

Important! The argument that was just presented is central to the anal-
ysis of ODEs and PDEs and should be taken to heart. This approach,
in contrast to that of Section 8.4, does not appeal to the explicit solu-
tion of the differential equation, and therefore it is applicable in more
complex cases where no explicit solution is available.

8.5.2  The orthogonality of the eigenfunctions

In Remark 8.2 we noted that the eigenfunctions y, of the BVP (8.11c¢)
are mutually orthogonal in L2(0, £); see equation (8.17). That was ac-
complished through a tedious calculation by appealing to the explicit

nrix
X
displayed expression (8.9) on page 97. Our purpose in this subsection

form sin of the eigenfunctions—see the calculations leading to the
is to show that the same conclusions may be reached more quickly
and without a knowledge of explicit form of the eigenfunctions. Here
is how.

5If y'(x) is nonzero at some x, then
¥'(x)? would be positive at that x, and
therefore the integral foé ' (x)? dx would
be positive.
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The eigenfunctions y, and y,, and the eigenvalues A, and A, are
are solutions of the BVP (8.11), that is,

Y+ Amym =0 Y + Auyn =0,
ym(0) =0 yn(0) =0,
Yym(£) =0 yn(€) = 0.

We multiply the first ODE by y,,, and integrate the result over [0, ]:

/]/ yn X)dx + Am /ym ]/n( )dx = 0.

Apply the integration by parts formula (8.20) to the first integrals go
get

VO (0) ~ Y @0 )~ [ Y (0) A [ ym(x)ya() =0

But y,(¢) = 0 and y,(0) = 0. Therefore

/ym x)dx + Ay /ym X)yn(x)dx = 0.

Similarly, we multiply the second ODE by y,,, integrate over [0, /], and

reduce the result to® ¢ Alternatively, just swap the m and  in-
dices in the previous equation.

¢ / ¢
_-/O yn(x)ym(x) dx"')\n/o yn(x)ym(x)dxzo.

Subtracting the two displayed equations, we arrive at

(=) [ () dx =0

We see that if A, — A;; # 0, then

(Ym, Yn) = /OE Ym(x)yn(x)dx =0,

which confirms that the eigenfunctions corresponding to distinct eigen-
values are mutually orthogonal. It is worth stressing again that we did

not need the explicit form sin "=

of the eigenfunctions to reach that
conclusion, although we do need the explicit form in order to evaluate

the norm of the eigenfunctions

14
lynll? = 5.

as was done in Example 8.3.
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8.6  The significance of orthogonality

Let us return to the Fourier’s idea of expanding an arbitrary function f
into a sine series (8.10). In light of what we learned in the preceding
two sections, that series is actually the expansion of the function f into
a series of the eigenfunctions y, of the BVP (8.11), that is

Z by sin X Z buyn(x (8.21)

where vy, is defined in (8.16). The algebra that led from the repre-
sentation (8.3) to the the coefficients in (8.4) in R" carries over to this
infinite-dimensional setting without change. To find the coefficients
by, we form the inner product of (8.21) with y,, for some integer m:

e}

f ym 2 yi’l/ ym

and observe that according to (8.17), the inner product (yy,, ym) is zero
for all n except for when n = m. Thus, as the summation index n runs
form 1 to infinity, only the mth term survives and that leaves us with

(frym) = bm(Ym, Ym)-

Referring to (8.17) again, we see that (v, ym) = ¢/2. We conclude,
after renaming m to n, that

}’l

l 14
%(f Yn) = %/0 f(x)siny,xdx = %/0 f(x) sinn—gxdx. (8.22)
In summary, the coefficients b, of the eigenfunction expansion (8.21)
are given by (8.22).
If you see clearly the logic that takes us from (8.21) to (8.22), then
you have mastered the central idea of the Fourier series theory.

8.7 Examples

Example 8.4. Find the Fourier sine series (8.21) of f(x) = x(1 — x) over
the interval 0 < x < 1.

Solution. We have ¢ = 1 and therefore 7y, = nm. According to (8.22),
calculating the coefficients b, calls for evaluating the integral”

/x(l —x)siny,xdx = (x(1—x)) (—% cos ’ynx)

n

—(1—-2x) (—% sin’ynx)

n

+(-2) <? cos'ynx>.

n

7"Here we apply Kronecker’s method
(see Appendix 8.9) to evaluate the inte-
gral but you may do it with any other
integration method that you are comfort-
able with.
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Evaluating the resulting expression at x = 0 yields —%. Evaluating it

at x = 1 yields —Sir;# - ZC%%’ Therefore
1 i 2 2
n= 2/ x(1—x)sinnxdx = 2{—5111% _ 2508 + 7}
2 3 3
0 T Tn Tn
2 .
=— {2 —2cosYn — Tn sm’yn}.
Tn
Since 7, = n7m, we have siny, = 0 and cosvy, = (—1)". Thus, we
arrive at
y o A1 (-1
n — ? 7’13 7
and conclude that
4 21— (-1)"
x(1—x) = = Z:l % sinnrx.
n=

The result simplifies somewhat by noting that 1 — (—1)" is zero when
n is even and is 2 when n is odd:
8 o

x(1—-x)=— Z ﬁsinnmc.

Since every odd integer is of the form 2n — 1, then we may replace n
by 2n — 1 and drop the “odd” qualifier:

x(1—x) = i (anl)SSin[(Zn—l)ﬂx]

n=1

oo Ao

1 1
sin 7tx + 3 sin37tx + 53 sinbmtx +--- | .

O

Example 8.5. Calculate the Fourier sine series of f(x) = x over the
interval 0 < x < 1.

Solution. We have ¢ = 7t and therefore 7,, = n. To calculate the coeffi-
cients of the series according to (8.22) calls for evaluating the integral®

. 1 1 .
/xsmnxdx = (x) <_E cosnx) - (1) (_ﬁ smnx)
x 1 .
= ——cosnx+—2s1nnx.

n

Therefore

2 [T 2 [ «x 1 . T
b, = — xsinnxdx = — ——cosnx + — sinnx
T Jo 7T n n

0
_ _pcosnm _2(—1)".

n n

8Here we apply Kronecker’s method
(see Appendix 8.9) to evaluate the inte-
gral but you may do it with any other
integration method that you are comfort-
able with.
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We conclude that

1 1
=-2 —sinx+§sin2x—§sin3x+---

8.8 Convergence

The convergence of a series is defined through the convergence the
sequence of its partial sums. Specifically, referring to (8.10), let’s write
fn(x) for its Nth partial sum, that is

nx

N
fn(x) =) bysin 7

n=1

By saying that the series converges to f(x) we really mean to say that
fn(x) = f(x) as N — oo. (8.23)

That statement, however, is ambiguous. Its intention is to say that the
function fy(x) is “getting close” to the function f(x) as N — co. We
know what “getting close” means when talking about numbers—their
difference gets smaller—but what does “getting close” mean when
talking about functions?

The norm |/f|| of a function f € L2(a,b) is an indication of the
“size” of the function. If the the function is identically zero, then the
norm, defined in (8.7), is exactly zero. If the function is close to zero
throughout, then || f|| is small. Thus, one way of making sense of (8.23)
is to say

IfN—fll =0 as N — oo. (8.24)

Yet another way of interpreting (8.23) is as a pointwise convergence
which says that the value of fy(x) approaches to the value of f(x)
at every x in the interval (a,b), as N gets large. There is no norm
associated with pointwise convergence of functions.

The two definitions of convergence above are not quite compatible
with each other. The sequence of functions fy may converge to f is one
sense but not in another. That’s why we referred to (8.23) as “ambig-
uous”—it says that the left-hand side approaches the right-hand side
but does not say in which sense. In what follows, we state, without
proofs, two rigorous convergence results for the Fourier sine series.

Theorem 8.1. Suppose f € L?(0,¢). Then the Fourier sine series (8.10)
converges to f in the L%(0,¢), that is,

|fn—fll =0 as N — co.

105
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You will find the proof in books dedicated to Fourier series, such as [2],
or Hilbert space theory, such as [13].

The pointwise convergence is more delicate and more complex to
state, although historically it the concept was developed decades be-
fore that of the L? convergence.

Definition 8.3. A function is said to have a jump discontinuity at a
point x = x( in its domain if its left and right limits exist at xy but are
unequal. A function is said to be piecewise smooth if it is continuous and
has a continuous derivative everywhere with the exception of a finite
number of points where the function or its derivative may undergo
jump discontinuities.

Figure 8.1 shows the graphs of a few piecewise smooth functions.

Theorem 8.2. Suppose the function f : [0,¢] — R is piecewise smooth
Then the Fourier series (8.10) converges pointwise to f(x) at every x € (0,0)
where f is continuous, while at a point of f’s jump discontinuity, it converges
to the average 1 [f(x) + f(x7)] of the left and right limits of f at the jump.

Remark 8.3. Note that Theorem 8.2 applies to the interior points of the
interval [0, £]. At the endpoints the series adds up to zero because the
the functions ¢, are zero at the endpoints. Consequently, the equality
in (8.10) holds at an endpoint if and only if f is zero there.

8.9 Appendix: Integration by parts a la Kronecker

The following approach to integrating by parts is attributed to Kro-
necker in [2].

Lemma 8.1. Let p(x) be a polynomial of degree m, and suppose that f(x) is
continuous. Then

/P(x)f(x) dx = p(x)F1(x) — p'(x) Ea(x) + p" (x) F3(x)
— - (=) (x) Fya (x), (8:25)

where p\™) is the mth derivative of p, Fy is the antiderivative of f, and each
subsequent F; is the antiderivative of F;_1. The signs of the terms on the
right-hand side alternate between plus and minus.

The successive terms in the formula consist of repeatedly differen-
tiating p and integrating f, and adding them with alternating signs.
Here is an illustration:

/ x% cos bx dx

= (xz)(%sin bx) — (2x) (—bl—zcos bx) +(2) (—;—3 sinbx).

Figure 8.1: Samples of piecewise smooth
functions.
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cos(a+b) = cosacosb — sinasin .26a

b b —sinasinb (8.26a)

cos(a — b) = cosacosb + sinasinb (8.26b)

sin(a + b) = sinacosb + cosasinb (8.26¢)

sin(a — b) = sinacosb — cosasinb (8.26d)
1

cosacosb = 7 {cos(a —b) + cos(a + b)} (8.26¢)
1

sinasinb = 2 [cos(a —b) —cos(a+ b)} (8.26f)
1

sinacosb = 3 {sin(a +b) +sin(a — b)} (8.26g)

cos’a+sin®a =1 (8.26h)

0s2a = cos?a —sina = 2cos’a —1=1—2sin’a (8.261)

cos?a = %(1 + cos2a) (8.26))

1
sina = E(l — cos2a) (8.26Kk)

8.10 Appendix: Trigonometric identities

Calculating with Fourier series often involves the application of one
or another trigonometric identity. A host of identities relate the sine
and cosine functions, some of which are listed in Table 8.1. The table’s
entries look quite varied but it turns out—as you should be able to
verify—that the entire table may be derived through simple algebra
from the first identity, (8.26a). Thus, if there is anything to memorize
there, it is (8.26a).

8.11 Exercises

8.1. Show that a set of nonzero orthogonal vectors {eq,ey,...,e,} in
R" is linearly independent.

Hint: Show that Y} ; cje; = 0 implies thatc; =0,i=1,2,...,n.

8.2. Show that ||x £ y| < ||x|| + ||y|| for all x,y € R". (Do you see why
this is called the triangle inequality?)

8.3. Show that

(£ < IIfIlgll forall f,g € L?(a,b).

This is known as the Cauchy-Schwarz inequality.

Hint: Adapt the proof of the inequality (8.5).

Table 8.1: A table of basic trigonometric
identities. The entire table may be de-
rived from (8.26a) through simple alge-
bra with the knowledge that cosine is an
even function, sine is an odd function,
cos(Z —a) = sina, and sin(§ —a) =
cosa.
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8.4. Adapt the solution of Exercise 8.2 to show that || f £+ g|| < ||f]| +
lg|| for all f and g in L?(a,b). This is called the triangle inequality in
L%(a,b).

Remark: This says that if f and g are square-integrable, then so is f + g.
That is the main step toward showing that L?(a, b) is a linear space.

8.5. Evaluate @y, , for integers m,n € {0,1,2,...}, where
T
Dy = / COs mx cos nx dx
0

8.6. Find the eigenvalues A, and eigenfunctions y, of the boundary
value problem

Y'(x)+Ay(x) =0, 0<x<Y, (8.27)
y(0) =0, (8.28)
y'() =0, (8.29)

and then follow the method of Section 8.5 to show that

0 if ,
(Ym, yn) = { e

%2 if m =n.

8.7. Find the eigenvalues A, and eigenfunctions y, of the boundary
value problem

Yy (x)+Ay(x) =0, 0<x<¥, (8.30)
y'(0) =0, (8.31)
y'() =0, (8.32)

and then follow the method of Section 8.5 to show that

{ ifm=n=0,
(]/m/yn) = %f ifm=n 7&0,

0 otherwise.
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Separation of variables

In this chapter we apply what we have learned about the Fourier se-
ries to solve the basic heat and wave equations on bounded spatial
domains. The central idea is a technique called separation of variables.
We illustrate the technique through examples.

9.1 Separation of variables in the heat equation

Consider the initial boundary value problem (IBVP) for heat equation
for the unknown u(x, t) on the interval [0, ¢]:

Ur = kityy O<x<¥d, t>0, (9.1a)
u(0,t) =0 >0, (9.1b)
u(l,t) = £>0, (9.10)
u(x,0) = f(x) 0<x <t (9.1d)

The crucial feature of problem (9.1) is the homogeneity of its first
three equations, which implies that if u; and u; satisfy those three
equations, then so does the linear combination cquq + cpup for arbi-
trary constants c; and c¢;. That “superposition principle” may be ex-
tended by a straightforward induction argument to linear combina-
tions of any number of functions. That is, if uy, up,...,u, satisfy the
first three equations of (9.1), then so does u = 2;7:1 cju;j with arbitrary
constants ¢;. We will see that there lies the crux of the application of
the Fourier series to solving the initial boundary value problem (9.1).

The classical separation of variables method for solving the initial
boundary value problem (9.1) begins with looking for a function of
the form

u(x,t) = X(x)T(t) 9-2)

that satisfies the first three equations of (9.1). We have

ur(x,t) = X(x)T'(t), wuxx(x,t) = X" (x)T(t),
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where primes indicate derivatives. Therefore

X(x)T'(t) = kX" (x)T(t) 0<x</{ t>0, (9.32)
X(0)T(t) =0 t>0, (9:3b)
X(O)T(t) =0 t> 0. (9.3¢)

We divide the equation (9.3a) through by kX(x)T(t)* and arrive at

1T X (x)
KT - X ©-4)

Thus, we have separated the variables by getting the t-dependent quan-
tities to one side and the x-dependent quantities to the other side of
the equation. Next, we tiptoe through a delicate logical argument: The
left-hand side of (9.4) has no x in it, so it cannot equal X" (x)/X(x)
unless X" (x)/X(x) itself does not depend on x, that is, it is a constant,
let’s say —A. It that case, the left-hand side also equals —A, and thus
we are led to the pair of equation

X" (x) 1T(t)
Xtx) = M kT -
or equivalently
X"(x) +AX(x) =0, (9.5)
T'(t) + AKT(t) = 0. (9.6)

The constant A is called the separation constant in this context.

The separation of variables trick reduces the analysis of the heat
equation (9.1a), a PDE, to that of the pair of ODEs (9.5) and (9.6). To
satisfy the boundary conditions (9.3b) and (9.3c), it suffices to take
X(0) = 0 and X(¢) = 0. This, along with (9.5) leads to the eigenvalue
problem

X"(x) +AX(x) =0, 0<x</? (9.7a)
X(0) =0, (9.7b)
X() =0, (9-7¢)

which is identical to the eigenvalue problem that we analyzed in Sec-
tion 8.4, and where we found out that the problem has eigenvalues A,
and eigenfunction X, given by

_nr _ 2 (12 L . nnx
= )\n—')/n—(g), Xn(x)—sm'ynx—sm—e ,

n=12,.... (9.8)

Now that the possible values of the separation constant A are deter-
mined, we solve the ODE (9.6) with A = A, and obtain

T,(t) =e*t, n=1,2,...,

*Including k in that divisor is optional
but omitting it leads to a messier alge-
bra.



At this point we have have constructed infinitely many functions
un(x,t) = X (x) Ty (t) = e "t siny,x, n = 1,2,..., that satisfy the first
three equations of (9.1). Due to the homogeneity of those equations
and the superposition principle, any finite linear combination of the
functions u, (x,t) also satisfy those three equations. In a leap of faith,
we extend that statement to a linear combination of infinitely many such
functions® and arrive at

[e9)

u(x,t) = Z bpe Mt sin oy x, (9.9)
n=1
where v, and A, are given in (9.8).

The function u constructed in (9.9) satisfies the first three equations
of (9.1). It remains to account for the remaining equation, that is, the
initial condition u(x,0) = f(x). So we evaluate (9.9) at + = 0 and
equate the result to f(x):

f(x) =Y bysiny,x.
n=1

This is exactly the Fourier sine series of the function f over (0,¢);
see (8.21) on page 103. The coefficients b, are given in (8.22) as

l
b, = %/0 f(x) siny,xdx. (9.10)

We conclude that the solution u(x, t) of the IBVP (9.1) is that given
in (9.9), with b, given above, and where 7y, and A, are given in (9.8).

Example 9.1. Solve the IBVP

Ut = Uy O0<x<l1, t>0,
u(0,t) =0, t>0,

u(l,t) =0, t>0,

u(x,0) =1 0<x<l

Solution. This is a special case of problem (9.1) with k = 1, ¢ = 1,
and f(x) = 1 for which we have obtained the solution (9.9). All there
remains is to calculate the coefficients b,,. We have

1

b, = 2/0l sin yyxdx = —% {cos'ynx} = —%{cos"yn - 1]

0
But v, = n7 in this case, and therefore cosy, = cosnm = (—1)". We

conclude that 5

b =f—[ ~1 ”71]
! s (=1)
The expression in the square brackets is zero when 7 is even and —2

when 7 is odd. Therefore all even-indexed terms in the sum (9.9) are

SEPARATION OF VARIABLES 111

> The proof of the validity of the exten-
sion of the finite sum to infinitely many
terms is a subject for a more advanced
course on PDEs.
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absent, and the solution reduces to

4 21 22

1) = — - —ntmet s .

u(x,t) - ;12::1 e sin nmx

n odd

We remove the “odd” qualifier by replacing n by 2n — 1, and arrive at
the final form of the solution:

4 1

— o —(2n-1)2m2t _
u(x, t) rg 51 sin((2n —1)mx).

|

Here are the first few terms of that series:
4 1 1
u(x,t) = ~ {e_”zt sin 7tx + ge_%zt sin 37tx + 56_25”2t sin57x + - - - ] .

The animation on the right displays snapshots of the solution at
a sequence of times over the range 0 < ¢ < 1/2. For the purpose of
plotting, we have truncated the infinite sum of the solution to 20 terms.
[This comments is out of sequence. Fix!] Note the prominent Gibbs
phenomena at the interval’s edges at t = 0 where the odd periodic
extension of f is discontinuous. O

9.2 Separation of variables in the wave equation

Consider the initial boundary value problem (IBVP) for wave equation
for the unknown u(x,t) on the interval [0, ¢]:

Upt = CPllyy O<x<¥ t>0, (9.112)
u(0,t) =0 t>0, (9.11b)
u(l,t) =0 >0, (9.110)
u(x,0) = f(x) 0<x <V, (9.11d)
ur(x,0) = g(x) 0<x<U. (9.11e)

Following the separation of variables idea introduced in Section 9.1,
we look for a function of the form

u(x,t) = X(x)T(t) (9.12)
that satisfies the first three equations of (9.11). We have
up(x,t) = X(0)T"(x), wee(x,t) = X" (x)T(t),

and therefore

X(x)T"(x) = X" (x)T(t) 0<x<{ t>0, (9.13a)
X(0)T(t) =0 t>0, (9.13b)
X(OT(t)=0 t>0. (9-13¢0)

u(x,t)

0 1

(K]<]< /> ]>]> QD]+

X



We divide the equation (9.13a) through by ¢?X(x)T(t) and arrive at

LT X'(x)
2T - X (9-14)

where A is the separation constant, and therefore

X"(x) +AX(x) =0, (9.15)
T"(t) + AET(t) = 0. (9.16)

Thus, the separation of variables trick has reduced the analysis of the
wave equation, a PDE, to that of a pair of ODEs. To satisfy the bound-
ary conditions (9.13b) and (9.13c¢), it suffices to take X(0) = 0 and
X(¢) = 0. This, along with (9.15) leads to the eigenvalue problem

X"(x) +AX(x) =0, O<x</?
X(0) =0,
X(¢) =0,

which is identical to the eigenvalue problem that we analyzed in Sec-
tion 8.4—and which we also encountered in Section 9.1—and where
we found out that the problem has eigenvalues A, and eigenfunc-
tion X;, given by
2
Yn=—, A=7%= (%) , Xn(x) =siny,x = sin%,
n=12,.... (9.17)

Then we solve the ODE (9.16) with A = A,, = 72 and obtain
Tu(t) = ay cosypct + Bpsinypct n=1,2,....

Thus, we have have constructed infinitely many functions u,(x,t) =
Xy (x)Tu(t), n =1,2,..., that satisfy the first three equations of (9.11).
As in the previous section, we invoke the principle of superposition
and arrive at the following candidate for the solution of our IBVP:

(o)
u(x, t) = Y (an cos ypct + By sinyy,ct) siny,x, (9.18)
n=1
where v, and A, are given in (9.17).
To satisfy the initial condition (9.11e), we calculate u;:

[0.9)

u(x,t) = Z (—anynesin ypct + Buync oS Yuct) sin ypx. (9.19)

n=1

We evaluate (9.18) and (9.19) at t = 0 equate to f and g:

f(x) =) aysiny,x,
n=1
g(x) = 2 Bryncsin yux.

n=1

SEPARATION OF VARIABLES
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These are the Fourier sine series expansions of the function f and g
over (0, ¢); see (8.21) on page 103. The coefficients of those expansions
are obtained from (8.22):

l
ay = %/0 f(x) sinyuxdx, (9.20a)
2 [ i d b
Bn = £c'yn/o g(x) sinypx dx. (9.20b)

Example 9.2. Consider the transverse displacement u(x,t) of a taut
guitar string stretched between the points x = 0 and x = ¢ along the x
axis. At time t = 0 the string is deformed (plucked) into some shape
u(x,0) = f(x) and released. Determine the string’s motion for all t > 0
if

%x 0<x<al,

flo) = {1}’(6 —x) al <x </, (9-21)

a

for some 0 < a < 1.

Solution. The initial boundary value problem corresponding to the
string’s motion is

Upt = Cllyy O<x<¥d, t>0,
u(0,£) =0 t>0,

u(l,t) =0 t>0,

u(x,0) = f(x) 0<x<d,
ur(x,0) =0 0<x<X.

This a special case of (9.11) with ¢ = 0 and a prescribed f. The solution
is given in (9.18) and the coefficients a,and B, are given in (9.20). We
see that all B, are zero since ¢ = 0. All there remains to do is to
evaluate the coefficients «,,. We have:

2 ral [p ) 2 rt b .
[xn_z/o [ax] sm')/nxdx—kz/ﬂf La(ﬁ—x)} sin 7y, x dx

2b fat 2b ¢
= a7/0 xsin’Ynxdx+W/M(ﬂ—x)sinfynxdx,

We calculate the two integrals separately. Let’s call them A and B:3

al
A= / xsin(y,x)dx = iz {sin('ynaé) — ynal cos(’ynaﬂ)],
0 Tn

3 Kronecker’s algorithm (Section 8.9 on
page 106) comes quite handy for this cal-
culation.

l -
B= /K(E —x)sin(y,x) dx = % sin(ypal) + (1 — a)y, L cos(ypal) — sin('ynf)}.
a nt
But sin(,¢) = 0 (do you see why?), and therefore we are left with
2 (b b ] 2b .
Ky = Z |:aA+ ]_—QB_ - ﬂ(l _a),)/%e Sln(’)/nag).




Substituting this in (9.18) we arrive at

2 =2, sin(yyal) .
u(x,t) = R, n; 2 cos(cynt) sin(ynx).

n
If you wish, you may substitute for 7, from (9.17) and rewrite that
result as

2b¢ >, sin(armtn) nrct . nmIX
cos sin

a(l—a)m? ! n? 1 1

u(x,t) =
=1

On the right, we have an animation of the solution where for the
parameters we have taken

c=1 (=1, a=1/4, b=1/5

and have truncated the series solution to the first six nonzero terms. In
the first frame you see that the apex of the plucked string is rounded
while according to (9.21), it should be a sharp corner. That’s due to the
very coarse approximation resulting from truncating the infinite series to
six terms.

Compare this with the very simple exact solution (6.5) of the same
problem obtained in Section 6.2 (page 64) and the accompanying an-
imation in Figure 6.4. The lesson learned? There may be more than
one way of solving a problem and some solutions are better than oth-
ers! O

9.3 Exercises

Solve the following IBVPs. You may freely refer to the conclusions of
the analysis of the eigenvalue problem (8.11) (page 98) of Chapter 8,
and the analysis of the IBVPs in the current chapter, where applicable.
No need to re-derive those results.

9.1. Up = Uyx 0<x<1, t>0
u(0,t) =0 t>0
u(1,£) =0 t>0
u(x,0) = sin 7x 0<x<1

9.2. Up = Uxx O<x<m t>0
u(0,¢£) =0 £t>0
u(m,t) =0 £>0
u(x,O):smg O<x<m

9.3. Up = Uy O<x<m t>0
u(0,£) =0 t>0
u(m,t) =0 t>0
u(x,O):cos% O<x<m
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Figure 9.1: An animation of the solution
u(x, t) of Exercise 9.2.
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9.4.

9.5

9.6.

9.7

9.8.

9:9.

Ut = Uxx
u(0,t) =0
u(1,£) =0
u(x,0) = sin x
ui(x,0) =0

Ut = Uxx

u(0,£) =0
u(l,t) =0
u(x,0) =0

u(x,0) = sin 7tx

0<x<1,
t>0
t>0
O0<x<1
O0<x<l1

0<x<l,
t>0
t>0
O0<x<l1
O0<x<1

O<x<m,
t>0
t>0

O<x<m

O<x<m

O<x<m,
t>0
t>0

O<x<m

O<x<m

O<x<m,
t>0
t>0
O<x<m

O<x<m

t>0

t>0

t>0

t>0

t>0

O<x<m t>0

t>0
t>0
O<x<m

O<x<rm



10
The Sturm—Liouville theory

In Chapter 8 we analyzed the eigenvalue problem (8.11), and in Chap-
ter g we saw its applications to solving the heat and wave equations
in homogeneous media. Those applications were limited to PDEs
with boundary conditions of the type u(0,t) = 0, u(¢,t) = 0 because
our eigenvalue problem imposed the boundary conditions y(0) = 0,
y({) = 0. The Sturm-Liouville theory, due to Sturm [18, 19], and
his collaboration with Liouville [20] introduces a less restrictive eigen-
value problem, enabling us to handle a greater variety of boundary
conditions, and PDEs with variable coefficients.!

10.1  The Sturm—Liouville eigenvalue problem

The Sturm-Liouville theory is a study of the following boundary value
problem of a second order ODE over an interval (a, b)

%(p(x)%) +q(x)y=—-Aw(x)y, a<x<b (10.1a)
ary(a) +azy'(a) =0, [(a1,22) # (0,0)]  (10.1b)
By (b) + a2y’ (b) = 0, [(B1,B2) # (0,0)]  (10.1¢)

where the functions p(x), g(x), w(x), and the coefficients ay, ay, B1,
B2, are given, and the unknown function y(x) and the constant A are
to be determined. The condition (a1,a2) # (0,0) says that ay and a;
cannot be both zero,? although one or the other may possibly be zero.
The same goes for the condition (81, 82) # (0,0).

The identically zero function y(x) = 0 certainly satisfies all three
equations in (10.1) and is referred to as the trivial solution. Are there
other, nontrivial, solutions? Yes, but only for certain special choices of
the coefficient A in (10.1a) and some restrictions on the functions p(x),
g(x), and w(x).

The statement, presented below, of the Sturm-Liouville’s central
theorem regarding the eigenvalue problem (10.1) is not difficult to
comprehend since it exhibits close parallels to what we have leaned

*Sturm’s and Liouville’s efforts may not
have been directed toward supplement-
ing and generalizing Fourier’s theory,
as the only mention of Fourier and the
Fourier series occurs only as a passing
remark in [19].

2If w1 and a; are both zero, then (10.1b)
reduces to 0 = 0 and the boundary con-
dition at x = a is lost.
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about the eigenvalue problem (8.11) in Chapter 8. We state it here as
a formal theorem but we omit the rather technical proof. See Zettl's
monograph [22] for a comprehensive survey of the subject. The fol-
lowing special case of that monograph’s Theorem 4.3.1 amply suffices
for our purposes.3

Theorem 10.1 (Sturm-Liouville). Suppose that

p(x) >0, w(x)>0, x¢€][ab],
1 p b p b p (10.2)
——ax < oo, X x < oo, w(x)dx < oo.
IFe [ | [ o)
Then
1. There exists an infinite sequence of special values*
A<M <A< Ay <r =00 (10.3a)

of A so that the BVP (10.1) has a nontrivial solution, y,(x), whenever
A=A,

2. The eigenvalues A, grow proportional to n?. Specifically,

1
lim —A, = K2, where K = % (10.3b)
n—oo n
w(x) dx
.\ op(x)

3. Each eigenfunction y, has exactly n zeros in the open interval (a,b).>

4. The eigenfunctions are mutually orthogonal in the sense that®

/b Ym(X)yn(x)w(x)dx =0 forall m # n. (10.30)

5. Any (not necessarily continuous) function f(x) which is integrable in the
sense that

[ o) dx < o, (103d)

may be expressed as an infinite linear combination of the eigenfunctions:

flx) = Z Cnln(x). (10.3€)
n=0
6. The coefficients c; in (10.3e) may be computed through
1 b
= o i FEu ) dx (1030
where ,
yall? :/a yu(x)?w(x) dx. (10.3g)

3 Actually parts 5 and (6) are not present
in Theorem 4.3.1, as they are implied by
the general theory of self-adjoint opera-
tors in Hilbert space.

4 The special values A, are called (10.1)’s
eigenvalues, and the corresponding non-
trivial solutions y,(x) are called the
eigenfunctions. The strict inequalities in
(10.3a) indicate that the eigenvalue prob-
lem (10.1) has no repeated eigenvalues.

5 Thus, yo has no zeros in the open inter-
val (a,b), y; has one zero, y, has two
zeros, and so on.

® Note the modified inner product with
w(x) as a factor in the integrand. One
says that the inner product is weighted
by w. The weight in the eigenvalue prob-
lem studied in Chapter 8 was w(x) = 1,
and therefore it did not show up in the
inner product.
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Remark 10.1. The meaning of the series representation (10.3e) is under-
stood as follows. Let fy(x) be the Nth partial sum of the series, that
is,

N
n(x) = Zocnyn(x)'

Then fy(x) converges to f(x) as N — oo in the sense that”

. b 2
lim [ [f(x)— fn(x)]"w(x)dx =0.

N—oo Jg

Remark 10.2. The set of equations (10.1) is homogeneous in y, therefore
if y is any nontrivial solution, then so is cy for any nonzero constant
multiplier c. This indicates that the eigenfunctions y, of the Sturm-
Liouville problem (10.1) are determined up to an arbitrary (nonzero)
multiplicative constant. In particular, the multiplier may be selected

so that ||y, ||> = 1, whereby c, in (10.3f) would take the simple form

= /ahf(x)yn(x)w(x) dx.

That simplification, however, turns out to be illusory—it tends to lead
to unnecessary algebraic manipulations—and therefore we won't pur-
sue it in what follows.

Example 10.1. Find the eigenvalues and eigenfunctions of the bound-
ary value problem

Y'(x)+Ay(x) =0, 0<x</, (10.4a)
y(0) =0, (10.4b)
y'(¢) =0. (10.4¢)

Note that this is a special case of the eigenvalue problem (10.1) with

p(x) =1,
‘XZZO/ ,81:0/

b=2¢,

a =1,

a=0,

Solution. Following a procedure similar to that we employed in Sec-
tion 8.4, we fork the analysis of the eigenvalue problem into three
branches.

Case 1: A < 0. To enforce the negativity of A, take A = —1?, where
9 > 0. Then the differential equation (10.4a) takes the form y” (x) —
72y(x) = 0 whose general solution is

y(x) = acoshyx + bsinh yx.

Applying the boundary condition (10.4b), leads to 2 = 0, leaving us
with
y(x) = bsinhyx, (10.5)

7 This statement can be formulated and
stated much more transparently and
succinctly in the setting of Hilbert
space. Specifically, let L2([a, b], w) be the
Hilbert space of measurable functions on
[4,b] equipped with the weighted inner
product

b
(£.8) = [ fg)w(x) dx

Then the infinite series in (10.3e) con-
verges to f in the Hilbert space
L%([a, b), w).

Don’t worry about this marginal note
if you are unfamiliar with the Hilbert
space terminology.
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and therefore y'(x) = b7y coshyx. The boundary condition (10.4¢)
implies that by coshy¢ = 0. We don’t want to take b = 0 because
then (10.5) would reduce to the trivial solution, and since v > 0 by
assumption and the cosh function is never zero (see the marginal
note on page 98), we reach a dead end and abandon the A < 0 case.

Case 2: A = 0. The differential equation (10.4a) takes the form
y"(x) = 0 whose general solution is y(x) = ax+b. Applying
the boundary condition (10.4b) implies that b = 0, and therefore
y(x) = ax. Then the boundary condition (10.4c) that a¢ = 0. We are
forced to take a = 0 and thus arrive at the trivial solution again. So
we abandon the A = 0 case.

Case 3: A > 0. To enforce the positivity of A, take A = 72, where v >
0. Then the differential equation (10.4a) takes the form y"(x) +
72y(x) = 0 whose general solution is

y(x) = acosyx + bsinyx.

Applying the boundary condition (10.4b), leads to a = 0, leaving us
with
y(x) = bsinvyx, (10.6)

and therefore y'(x) = by cosyx. The boundary condition (10.4¢)
implies that bycosyf = 0. Since b cannot be zero—otherwise we
will have a trivial solution—and since v > 0, we are left with
cos y¢ = 0 which is possible only if ¥/ is an odd multiple of 77/2,
as in (2n —1)%. Thus, we arrive at infinitely many choices for +:

2n—1)m
Yn = %, n=12..., (10.7)

and since A = 92, we have infinitely many choices for A:

2
Ay = <(2712_£1)7T> , n=1,2.... (10.8)

Finally, (10.6) yields an eigenfunction y,(x) corresponding to each
eigenvalue Ay:

Yn(x) = sinyyx = sin (211—2#/ n=12.... (10.9)
For future reference, let us note that
1 1 2n—1 1
lyull? = / Yn(x)2 dx = / sz 2= Drmx 1, (10.10)
Jo 0 20 2 o

Example 10.2. Find the expansion of the function f(x) =x, 0 <x < /¢
into the series of eigenfunctions y, calculated in (10.9).
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Solution. According to (10.3e), the function f may be expressed as

2n—1)m
chsm%x— chsm 26)

where the coefficients ¢, may be calculated according to (10.3f) and (10.10):

(2n —1) X

o= HWW/f

B . 2n-1)m __876 (=1)"
= Z/o xsmfdxf = 7(271_1)2, (10.112)

and therefore

= " sin (2n —1)mx
I Z 2n—1 20 (10.12)
8( sin %4 l sin 3mx n l sin 5mx B l sin 77X n 0
2£ 32 20 52 20 72 20 )

10.2  The signs of the eigenvalues

In solving Example 10.1 we followed the procedure established in
Chapter 8 where we examined the three cases A < 0,A =0,and A > 0,
and concluded that A > 0 was the only possibility. If you found that
procedure tedious, you will be pleased to learn that there is a clever
way of concluding A > 0 with hardly any work at all. Here is how.

Let A be an eigenvalue and y(x) be the corresponding eigenfunction
of the eigenvalue problem (10.4). Multiply the equation (10.4a) by y(x)
and integrate the result over the interval [0, ¢]:

/(f v (x)y(x) dx + /\/(fy(yc)2 dx = 0. (10.13)
However, ¥ (x)y(x) = (v (x)y(x))" — y'(x)? (do you see why?) and
therefore
[ @y ax= [ (/e ax— [y
0 y )y ~ yx)y 0 y
! ‘ L ! 2
=y @) ~ [V
14
=y (Oy(0) ¥ () = [ ¥ (2,

which, in view of the boundary conditions (10.4b) and (10.4c), that is,
y(0) =0 and y/'(¢) = 0, reduces to

[y @y =- [y @2
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Substracting this from (10.13) we arrive at A fogy(x)zdx = (fy’(X)z,
that is8 .
0 ]//(x)z
=0
Jo v(x)?dx

We see right away that A cannot be negative since neither of the inte-
grands is negative. But can A be zero? No, because if it were so, then
the numerator would be zero, which would imply that y/(x) would be
zero throughout the interval (0, ¢) and consequently y(x) would be a
constant, and that constant would be zero since y(0) = 0. That is im-
possible since an eigenfunction cannot be identically zero by defintion.
We conclude that A > 0.

Important! The argument that was just presented is central to the anal-
ysis of ODEs and PDEs and should be taken to heart. This method, in
contrast to what was done in the solution of Example (10.1), does not
appeal to the explicit solution of the differential equation, and there-
fore it is applicable in more complex cases where no explicit solution
is available.

Example 10.3. Show that the eigenvalues of the following problem are

positive:
(xy’(x)), + Axy(x) =0, 1<x<2, (10.14a)
y'(1) =y(1), (10.14b)
y(2) =0 (10,140
Solution. Multiply (10.14a) by y(x) and integrate:
/12 (xy’(x))/y(x) dx + A /12 xy(x)?dx = 0. (10.15)

Observe that
!/

(x/() () = (= )y(x)) =29/ (x)?,

and therefore

[ (' 0) v ax = [ (/) dx— [y o2

= 17~ [y @2

where in the last step we have applied the boundary conditions (10.14b)
and (10.14c). Subtracting this from (10.15) we arrive at

)\/12 xy(x)?dx = y(1)% + /12 xy' (x)2

8 An eigenfunction is cannot be identi-
cally zero by definition. Therefore divid-

ing by fog y(x)? dx is harmless.
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Then an argument along the lines presented earlier leads to the con-
clusion that A > 0. O

10.3 Eigenfunction expansion of solutions of PDEs

According to part 5 of Theorem 10.1, any function f that satisfies the
integrability condition (10.3d) may be expanded into a series of Sturm-—
Liouville eigenfunctions (10.3e), and the coefficients of the expansion
may be calculated from (10.3f). That is a powerful result and it enables
us to express the solutions of a variety of boundary value problems as
series of eigenfunctions. A crucial property of that construction is that
the sum of the series satisfies the same boundary conditions as those
that are built into the Sturm-Liouville eigenvalue problem since each
term of the series does that.

To illustrate, consider the heat equation with a heat source g(x,t)
and mixed boundary conditions

up = kuyy +q(x, 1) O0<l<x, t>0 (10.16a)
a1u(0,t) + aouy(0,£) =0 t>0, (10.16b)
Bru(l, t) + Baux(L,t) =0 t>0, (10.16¢)
u(x,0) = f(x) 0<l<x. (10.16d)

First, we look at the homogeneous equations consisting of the first
three of (10.16) after setting g = 0:9

U = Kllyy O<l<x, t>0 (10.17a)
aqu(0, 1) + apuy(0,) =0 >0, (10.17b)
Bru(l, t) + Baux(L,t) =0 t>0. (10.17¢)

Then, following the procedure that we learned in Chapter 9, we look
for separable solutions u(x,t) = X(x)T(t) of (10.17). Substituting
u(x,t) = X(x)T(¢) into (10.17), we obtain

X(x)T'(t) = kX" (x)T(t),

0 X(0)T(t) + a2 X (0)T(t) =

BIX(OT(t) + P2 X (O)T(t) =0,
From the first of these equations it follows that

() X'(x)
KT(H) ~ X(x) '

where A is a constant, and thus we arrive at®

X"(x) + AX(x) =0, (10.18a)
x1X(0) +a, X" (0) =0 (10.18b)
B1X(0) + BX'(¢) =0, (10.18¢)

9 This is reminiscent of the common tech-
nique of solving the second order ODE
ay” + by +cy = f(x), where we find
the solution yj(x) of the homogeneous
equation ay” + by’ 4+ cy = 0 first, and
then we adjust the result as y(x) =
yn(x) + yp(x), where y,(x) is a partic-
ular solution of the ODE.

*° The separation of variables also yields
the ODE T'(t) = kT(t), but we have no
use for it now.
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which is a special case of the Sturm-Liouville eigenvalue problem (10.1),
and therefore, according to Theorem 10.1, there are infinitely many
eigenvalues A, and eigenfunctions X,(x), n =0,1,2,....""

We are now ready to tackle the original IBVP (10.16). We expand
the solution u(x,t), and the functions g(x,t) and f(x), into series of
eigenfunctions, as in

u(x,t) = i)”"(t)X”(x)' (10.19a)
LR HARATS (10.190)
fx) = i)%xn(x), (10.19¢)

where 17, and {, depend on t because u(x,t) and q(x,t) depends on ¢.
The coefficients {, and ¢, may be readily calculated according to
(10.3f): 12

l

Glt) = o ) 0K dx (10.200)
1 4

Pn = W/O f(x)Xn(x)dx, (10.20Db)

where the norm || X, |? is

A
\|X,1||2:/0 X (x)? dx.

Observe that due to (10.18b) and (10.18c¢), the function u(x, t) defined

in (10.19a) satisfies the boundary conditions (10.16b) and (10.16¢), so it

remains to satisfy the PDE (10.16a) and the initial condition (10.16d).
To enforce the PDE (10.16a), we substitute (10.19a) into it and obtain:

ion;(t)xn(x) —k io (X0 () +q(x, 1)

Recalling (10.18a), we replace X}/ (x) by —A,X,(x) and then rearrange
the equation into

2 [ () + kA (8)] Xu (x) = q(x, )-
n=0
Comparing this with (10.19b) we conclude that

i (t) + kAunn(t) = Cu(t), n=0,1,2,..., (10.21a)

where (,(t) is given in (10.20a).
To enforce the initial condition (10.16d), we substitute t = 0 in (10.19a)
and equate the result to f(x):

ionnm)xn(x) ~ f(x).

" In this general treatment, the index n
starts at zero for the sake of consistency
with the statement of Theorem 10.1. In
specific problems that we will solve later,
the index will start at zero or one, as con-
venient.

2 Note that w(x) = 1 in this case.
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Comparing this with (10.19c), we see that
m(0)=¢n, n=0,1,2,..., (10.21b)

where ¢, is given in (10.20b).

The first order linear ODE (10.21a) along with the initial condi-
tion (10.21b) may be solved to determine 7, (¢) for each n. Then (10.19a)
completely determines the function u(x,t) which in turn solves the
IBVP (10.16).

Remark 10.3. The procedure outlined above for solving the heat equa-
tion applies equally well to the IBVP of the wave equation

U = Cllyy + q(x, t) O<x<¥, t>0 (10.22a)
aqu(0,1) + apuy(0,£) =0 t>0, (10.22Db)
Bru(l,t) + Boux(C,t) =0 t>0, (10.22¢)
u(x,0) = f(x) 0<x <, (10.22d)
u(x,0) = g(x) 0<x <t (10.22€)

Separation of variables applied to the first three equations in (10.22)
leads to eigenvalue problem (10.18)—same as that what we obtained
for the heat equation. We expand u, ¢, f, and g into eigenfunctions
series as in (10.19):

e}

u(x, t) = n;)’?n(t)xn(x)r (10.23a)
q(x,t) = nio Tu(H) X (x), (10.23b)
76) = L ou¥o (), (10.230)
300 = 1 o). (10.234)

Mimicking steps that lead to the equations (10.21a), leads us to the
initial value problems

M (£) 4+ yina(t) = Ta(t), (10.24a)
1n(0) = ¢, (10.24b)
1(0) = P, (10.24¢€)
for n = 1,2,.... Upon solving these ODEs, we obtain the solution of

our IBVP from (10.23a).

10.4 Examples

Let us apply the techniques described in the previous section to solv-
ing a few IBVPs.
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Example 10.4. Consider heat conduction in a laterally insulated rod
whose end at x = ¢ is also insulated while the end at x = 0 is main-
tained at zero temperature.’3

Up = Kty O<x<¥ t>0, (10.25a)
u(0,¢) =0 >0, (10.25b)
uy(£,£) =0 t>0, (10.25¢)
u(x,0) = f(x) 0<x</, (10.25d)

The eigenvalue problem (10.18) in this case takes the form

X"(x)+AX(x)=0 0<=x</{, (10.26a)
X(0) =0, (10.26b)
X'(0) =

This is identical to the eigenvalue problem analyzed in Example 10.1,

©

(10.26¢)

and therefore we have eigenfunctions X, given by

2n—-1)m
Tn = (T)’ (10.27a)

B 2
n= <Q112£1ﬁ1> , (10.27b)

(2n —1)7x
207

We expand the solution u and the initial condition f into series of

X, (x) = sinyux = sin n=12.... (10.27¢)

eigenfunctions as in (10.19a) and (10.19c). The coefficients ¢, may be
immediately calculated:

¢n = E/Oéf(x) sin y,x dx.

Since the heat source term, g(x,t), is absent in (10.25a), the coef-
ficients () calculated in (10.19b) are zero and therefore the initial
value problem (10.21) reduces to

My (t) + KAnipn(t) =0,
11(0) = n,
whose solution is*#
i (t) = e M.
Then, according to (10.19b), the solution of our IBVP is

(2n —1)7x

[ee] [ee]
—kAut o: — kAt
) = n — n
u(x,t) =Y pne siny,x = Y e sin 57

n=1 n=1

Example 10.5. We wish to model heat conduction in a laterally insu-
lated rod which has an internal heat source (think electric current) that

3 According to Fourier’s law of heat
conduction, the flux in the bar —Ku,
(see (7.2) on page 78). Insulation pre-
vents flux, and therefore u, = 0 at an
insulated end.

4 The solution may be obtained through
separation of variables or the integrating
factor methods.



THE STURM—-LIOUVILLE THEORY

varies periodically in time, and where the rod’s ends are maintained
at zero temperature. A plausible IBVP would be

Uy = kityy + osinwt O<x<¥d, t>0, (10.28a)
u(0,t) =0 t>0, (10.28Db)
u(l,t)=0 t>0, (10.28¢)
u(x,0) =0 0<x<d, (10.28d)

where ¢ is a constant.
The eigenvalue problem (10.18) in this case takes the form

X"(x)+AX(x) =0 0<x</, (10.29a)
X(0) =0, (10.29b)
X(0) =0 (10.29¢)

This is identical to problem (8.11) (page (8)) of Chapter 8 where we
saw that the eigenvalues A, and the eigenfunctions X,, are given by

nrt

= (10.30a)
nry 2

/\I’l = ’)/721 = (7) ’ (IO.BOb)

X (x) = sinyyx = sin #, n=12.... (10.30C)

We expand the solution u, the source term g, and the initial condi-
tion f into series of eigenfunction as in (10.19). Since the initial con-
dition is zero in this case, the coefficients ¢, are all zero. We calculate
the coefficients ;(f):

2 ot 2sinwt [
u(t) = f/ osinwtsiny,xdx = w/ sin v, x dx
?Jo L 0
. l .
20 sin wt 20 sin wt
= ———(—cosyux)| = ———|1—cos ¥yt
')’ng ( Tn ) 0 'Yne [ Tn }
= Qusinwt,

where, after substituting for 7, from (10.30a), we have let

200 1—(=1)"
Q=2 12 (1031
Then, the initial value problem (10.21) takes the form
1 (1) + kAunn (t) = Qpsinwt, (10.32a)
7(0) =0, (10.32b)

where n = 1,2, .... This may be solved through the Laplace transform,
or by splitting the solution into the sum of homogeneous and partic-
ular solutions, or via the integrating factor method. Here is how it’s
done by the first two techniques. The third is left for an exercise.
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Solution through the Laplace transform. Applying the Laplace transform
to (10.32) and taking the initial condition into account, we obtain

Z{n(t)} = (s + k/\c:)%“z + w?)

_ wQy 1 _s—k)\n
W2+ K2AZ | s+kA,  s2+w?

] , (partial fractions)

whence

wQn

kA
_ —kAnt _ n o
M(t) = — Ly [e cos wt + s1nwt} .

Solution through splitting into a sum of homogeneous and particular solu-
tions. The homogenous equation corresponding to (10.32a) is #;,(t) +
kAnnn(t) = 0. Its general solution is 17,(1h) (t) = Ce™*M, where C is an ar-
bitrary constant.’> As to the particular solution of (10.32a), we appeal
to the so-called method of judicious guessing to surmise that a particular
solution should be something of the form 17,(17]) (t) = Acoswt+ Bsinwt.
To determine A and B, we substitute this into (10.32a):

[—Aw sinwt 4+ Bw cos wt| + kA, [A cos wt + Bsinwt| = Qp sinwt,
and collect the sine and cosine terms:
[kAyA + Bw| coswt + [—Aw + kA, B] = Qpsinwt,
which implies that

kAwA + Bw =0
—Aw + kAyB = Q,.

We solve this linear system for A and B and obtain

w k)\n
T W2 eAZ Qu B=177 k2A2 Q.

and therefore

(1) 1y — w kAn .
e () = —an cos wt + an sin wt.

We conclude that the general solution of the ODE (10.32a) is

h

() = (8) + i (1)
e AV w kAn .
= Ce Ry, Qp coswt + LIy Qp sin wt.

We determine the constant C by setting t = 0 and applying the initial

condition (10.32b): w

0=Cc-—2 0,
w2+k2)\%Qn

> The superscript “(h)” in r],(,h)(t) in-
dicates that this is the solution of the

homogeneous equation. Further down,

the “(p)” in 17,(,’7 )(t) indicates the par-

ticular solution of the nonhomogeneous
ODE (10.32a).
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whence C = ﬁkz/\%Q”' Substituting this into the expression for

17,(1’7 ) (t) we arrive at

wQn

kA
_ kAt _ no
m(t) = — Ly e cos wt + sinwt|,

which is identical to what we obtained earlier through the Laplace

transform.

Having thus obtaintaed #,(t), we are now in a position to write

down the solution u(x, t) of our IBVP. A minor simplification is achieved

by noting that in view of (10.31), Q, is zero for even n and 40/ (nm)
for odd n, and therefore (10.19a) yields

dow & 1 KAt
)= ) "
u(zxt) = n(w?+k2A7) [e
n odd

kAn . :
— coswt + o sinwt| siny,x. (10.33)

This is animated in Figure 10.1 with the parameter values of

c=1 w=1 k=1/40

and by summing the first 8 (odd-indexed) terms of the series.

Remark 10.4. The solution (10.33) may be rearranged into a more infor-
mative form by splitting it into three parts:

1 — kAt

e sin yux
n(w? +k2A%) "

4 [e9)
u(xt) === Y

Juy

n=

n odd
dow & 1 .
_ |: 7T HZ::l n(w2+k2)\%) Sln’)’nx:| cos wt
n odd
4ok & Ay . |
+ {71’ nX::1 MSIHan] sin wt.
n odd

The first term on the right-hand side represents the system’s transient
behavior as the exponential factor dies out as t increases. The other two
terms represent the system’s steady state oscillations at the temporal
angular frequency w. Figure 10.2 depicts the the graph of u(%, t), that
is, the temperature at x = 1/2, corresponding to the animation in
Figure 10.1. The transient is clearly visible. See if you can spot the
transient in the animation.

Example 10.6. A taut homogeneous string occupies the horizontal in-
terval [0, /] in its rest state. The end at x = 0 is fixed (immobile) while
the end at x = £ is attached to a small ring of negligible mass that can
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t=3.0508
1.5
1
0.5
0
0.2 0.4 0.6 0.8 1

-0.5
-1

(< D] =)
Figure 10.1: An animation of the solu-
tion (10.33) over the time range 0 < t <

36.

1.57 [ |

d11 N

0.5‘;‘ | ‘\

0 \ f
-0.5

-1

Figure 10.2: The graph of u(1/2, ) of the

solution (10.33).
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slide frictionlessly up and down a vertical pole. The string is given an
initial transverse displacement f(x) and released. Find the displace-
ment u(x, t) of the string at all t > 0.

Solution. The equation of motion'®
Up = iy O<x<¥ t>0,
u(0,t) =0 t>0,
ux(€,t) =0 t>0,
u(x,0) = f(x), 0<x <Y,
u(x,0) =0, 0<x<d,

is a special case of (10.22). The associated eigenvalue problem

X"(x)+AX(x) =0 0<x</,
X(0) =0,
X'(6) =0

is identical to that treated in Examples 10.1 and 10.4, whose eigenval-
ues and eigenfunctions are given in equations (10.7) through (10.10).
In the eigenfunction expansions (10.23) the coefficients {,, and ¢, are
zero since g and g are zero, while the expansions (10.23a) and (10.23¢)
take the forms

u(x,t) = ) a(t) sinyx, (10.342)
n=1
f(x) =) pusinypx. (10.34b)
n=1
The coefficients ¢, may be immediately calculated:
2t .
Pn = Z/o f(x)siny,x dx. (10.35)
Then the initial value problems (10.24) take the form
i (8) + (1) =0, (10.36a)
1n(0) = ¢n, (10.36b)
7h(0) = 0, (10.36¢)

n =1,2,..., which may be readily solved for 7, (t):

n(t) = ¢ cOS ynct.
We conclude that
u(x,t) = Z ¢ SIN Yy X COS Ynct,
n=1

where ¢, are given in (10.35), and 7, = (2n — 1) ;.

16 See the hint to Exercise 6.6s on page 73
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10.5 Exercises

10.1. Verify that the eigenfunctions v, of the Sturm-Liouville eigen-
value problem (10.1) are indeed orthogonal, as claimed in (10.3c).

Hint: Mimic the calculation of Section 8.5.

10.2. Verify that the eigenfunctions y, calculated in (10.9) are indeed
orthogonal, that is, they do satisfy (10.3c).

10.3. Verify that the eigenvalues A, of Example (10.1) satisfy the asser-
tion (10.3b).

10.4. Show that the eigenvalues of the following problem are positive:

v+ Ay =0, 0<x</,
y'(0) = y(0),
y(£) =0.

10.5. Show that the eigenvalues of the following problem are positive:

vy + Ay =0, 0<x<¥,
y'(0) = y(0),
y' () = —y(0).

10.6. In Chapter 7 we derived the equation of conduction of heat in
an nonhomogeneous bar as equation (7.6) on page 8o. Consider the
following IBVP for such a bar:

p(x)cp(x)%u(x,t) = %(K(x)%u(x, t)) O<x<{, t>0,
(10.37a)
u(0,t) =0 >0, (10.37b)
u(l,t) =0 t>0, (10.37¢)
u(x,0) = f(x) 0<x<{  (1037d)

Show that looking for a separable solution u(x,t) = X(x)T(t) that sat-
isfies the first three of those four equations leads to a Sturm-Liouville
eigenvalue problem for X.

10.7. Referring to Remark 10.3, the initial value problem (10.24) is
stated without much explanation. Provide the details.

10.8. Find the eigenvalues and eigenfunctions of the boundary value
problem

yY'(x)+Ay(x) =0, —L<x</, (10.38a)

y(—£) =0, (10.38b)
y'(¢) =0. (10.38¢)
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10.9. Solve the heat conduction problem in a homogeneous rod which
is insulated all around, including its ends, and whose initial tempera-
tureis f(x), 0 < x < /.

Hint: See Exercise 8.7.

10.10. Re-do Example 10.6 by taking the initial displacement f as zero
but imposing an initial velocity u(x,0) = g(x).

10.11. A taut homogeneous steel wire occupies the horizontal interval
0 < x < Zinits equilibrium state and is fixed at its ends. We subject the
wire to a variable magnetic field that exerts a force of g(x, t) = osinwt
per unit mass in the vertical direction. Find the wire’s motion if it
starts from rest at time t = 0. Is resonance possible?

10.12. In Section 10.4 the initial value problem (10.32) is solved in two
different ways. Do it a third way through the method of integrating
factors. Which of the three approaches do you prefer?



11
Nonhomogeneous boundary data

The eigenfunction expansion method depends crucially on the homo-
geneity of the boundary conditions (10.16b) and (10.16¢), that is, the fact
that their right-hand sides are zero. After all, each term ¢, (t) X, (x) in
the eigenfunction expansion (10.19a) satisfies those boundary condi-
tions, and consequently their sum, that is u(x, ), also satisfies them.
That would not be the case if the boundary conditions were nonhomo-
geneous.

It turns out, as we are going to see now, that nonhomogeneous
boundary conditions may be reduced to homogeneous ones through a
change of variable. We begin with the simple case where the values of
the solution are specified at the boundaries, and later we treat a more
general case.

11.1 A simple case

To illustrate the idea, consider the IBVP for the heat equation in a
rod where the (possibly time-dependent) temperature is specified at
its ends:

up = kityy + q(x, t) O<x<¥t, t>0, (11.12)
u(0,t) = a(t) £>0, (11.1b)
u(l,t) = B(t) t>0, (11.10)
u(x,0) = f(x) 0<x<d. (11.1d)

Split the solution u(x, t) of (11.1) into a sum
u(x, t) =o(x,t) +n(x,t) (11.2)

where 7 is any (twice differentiable) function that satisfies the given
boundary conditions

n(0,t) = a(t), n(Lt)=p(t), t>0. (11.3)
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There are infinitely many possible choices here; any # with those prop-
erties will do. For any such 7, since u and # share identical boundary
conditions, their difference, v, satisfies zero boundary conditions, that
is,

v(0,t) =0, v((t)=0, t>0.

Moreover, since u satisfies the PDE (11.1a) and the initial condition (11.1d),

we have

vt + 1t = k(Vxx + 1xx) + 4,
v(x,0) +1(x,0) = f(x).

In summary, v satisfies the following IBVP:

U = kUyx +q + kijxx — 1t O<x<¥d, t>0
v(0,£) =0 t>0,

v({,t) =0 t>0,

v(x,0) = f(x) —y(x,0) 0<x</.

Letting

G, t) = q(x, ) + ke (x,t) = me(x, 1), f(x) = f(x) = (x,0), (11.4)

this becomes

v = kvyx + G(x, 1) O<x<¥ t>0 (11.5a)
v(0,t) =0 >0, (11.5b)
v(l,t) =0 t>0, (11.5¢0)
o(x,0) = f(x) 0<x<d. (11.5d)

Comparing with the original initial boundary value problem (11.1),
we see that the change of variable from u to v has had the effect of
reducing the boundary conditions to zeros while modifying the source
term g and the initial condition f. We may apply the methods that
we learned in the previous chapters to solve (11.5), and then find u
from (11.2).

Remark 11.1. As was noted above, there is quite a bit of flexibility in
the choosing a function # that satisfies the requirements (11.3). Here
are a couple of suggestions.

1. This choice®
7(x,t) = (1 - %)a(t) n %ﬁ(t) (11.6)

works in general, is simple and straightforward, but there can be
better options in special cases, such as the one described next.

*Be sure to verify for yourself that

1(0,8) = a(t), 54, £) = p(t).
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2. In the special case where « and f§ are constants, and where the heat
source q is independent of time, the IBVP (11.1) has a steady-state
solution, u(5%)(x), which may be obtained by solving the boundary
value problem for the second order ODE

kugcsxs)+q(x):0 0<x</,
u%s)(0) = a,
ul) () = B.
Then 7 (x,t) = u(*)(x) satisfies the requirement (11.3). Further-

more, §(x,t) evaluates to zero, and the IBVP (11.5) reduces to the
remarkably simple

U = kUyy O<x<¥td, t>0
v(0,t) =0 t>0,

v(6,t) =0 t>0,

0(x,0) = f(x) —u®)(x) 0<x</.

Example 11.1. Solve the initial boundary value problem

U = kilyy O<x<¥, t>0, (11.7a)
u(0,t) =0 £>0, (11.7b)
u(l,t) = osinwt £>0, (11.7¢)
u(x,0) =0 0<x</. (11.7d)

Solution. This corresponds to problem (11.1) with
g(x,t) =0, a(t)=0, P(t) =csinwt, f(x)=0
We let u = v + 7 as in (11.2), and pick 77 according to (11.6), that is,

n(x,t) = % sin wt, (11.8)

and calculate § and f according to (11.4):

G(x, t) = —% coswt, f(x)=0.

Therefore, the initial boundary value problem (11.5) takes the form

U = kUyy — % cos wt, O<x<¥td, t>0 (11.9a)
v(0,t) =0, t>0, (11.9b)
v({, ) =0, t>0, (11.9¢)
v(x,0) = 0. 0<x<d. (11.9d)
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This is quite similar to Chapter 10’s Example 10.5 on page 126 and we

leave its solution to you as an exercise. When you work out the details
you will find that the solution u of (11.7) is

u(x, t) = %smwt—i-z 2_(37(2)\2[

— kApe FAnt 4 kA, cos wt + w sin wt] siny,x, (11.10)

Where QVL = M

t=2.8814

b 0.8

As in Example 10.5, the solution consists of the sum of a transient o o

(the exponentially decaying term) and steady-state oscillations of an- o2 __—

. e . —0.2 0.2 0.4 0.6 0.8 1
gular frequency w. That may be made explicit by rearranging the ~o2
solution into -0.6
-0.8
2 kA -1

u(x,t) = — Z 7"Q” —kAnt g5

kA
e s yux
2+ k2A% T

(<K]<]< D]>]>IQ D] +

Figure 11.1: An animation of the solu-
® kAuQn tion (11.10) over the time range 0 < t <
+ —5—— 5+ Sin Y, x| coswt 34.
n;l w? 4 k2AZ T
o ,
— + Z w2 n k2/\2 sin ’ynxl sin wt.
The animation in Figure 11.1 was made over the time interval 0 < ¢t <
34 with the parameter values of
=1, o=1, w=1, k=1/50
after truncating the series in (11.10) to its first 10 terms.
Figure 11.2 depicts the graph of u(1/2,t), that is, the temperature
at x = 1/2, corresponding to the animation in Figure 11.1. We see that N
the solution settles to a steady-state oscillation after a brief transient 0.10 ’/‘ |
O ““ \ ‘JA\\ ‘f\\ /\ N
0.05 jf‘ ‘ ’ \\ “f \ \\ ’ \)\
iti A T 0 O O Y A W
11.2  General boundary conditions 0 i ;/10 NREEREER
I A T A O N A
. . ool VL
We now turn to an IBVP with general boundary conditions: vouoy
Figure 11.2: The graph of u(1/2,t) of the
up = kuxx +g(x, t) 0<fl<x, t>0 (11.112) solution (11.10).
aqu(0,t) + aux(0,t) = a(t) t>0, (11.11b)
Bru(l, t) + Boux (L, t) = B(t) t>0, (11.110)
u(x,0) = f(x) 0<l<x, (11.11d)

where a1, ap, B1, B2, are given constants, and a(t), B(t), q(x,t), and
f(x) are prescribed functions. We introduce the new unknown v(x, t)
which is related to the original unknown u(x, t) through

u(x,t) =o(x,t) +xo(t) +x1(t)x, (11.12)
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where x((t) and x;(t) will be determined later. Substituting (11.12)
into IBVP (11.11) results in

vr(x, ) +x0(t) + k1 (1) x = ko (x, t) +g(x, 1),

a1 [0(0,8) +x0(t)] + a2 [vx(0,) +x1(t)] = a(t),

Bi[v(£,t) 4+ xo(t) + Lxy ()] + Ba[ox (6, 8) + 11 (8)] = B(E),

0(x,0) +1%0(0) +x1(0)x = f(x),

which we rearrange as
v (x, ) = kvx (x,£) + q(x, 1) — [Ko(F) + 1 (H)x],
210(0, 1) + a0 (0, ) = a(t) — [aro(t) + aorcy ()],
Bro(6,) + Bavx(6,t) = () — [Br (ko (1) + fra (1)) + Parr (1),
v(x,0) = f(x) — [x0(0) 4 1 (0)x].

We force homogeneous boundary conditions on v by setting the right-
hand sides of the boundary conditions to zero:

a(t) = [arxo(t) + azy (£)] =0,

B(t) — [B1 (xot) + 1 (1)) + Bara (1) =0,
We solve this for x(#) and x1(f) and obtain
_ (£B1 + Bo)a(t) — aaf(t)

(0B1+ B2)ar —azpr
_wmB(t) - pua(t)
(0B1 + B2)ar — a2

With this choice of xo(f) and x1(t) we arrive at an IBVP for v with
homogeneous boundary conditions:

(11.132)

(11.13b)

v (x, 1) = kvyx (x, £) + q(x, 1) — [xo(F) + 1 (H)x], (11.14a)
a10(0,t) + apvx(0,1) = 0, (11.14b)
B1o(¢,t) + Bavx (L, t) =0, (11.140)
v(x,0) = f(x) — [x0(0) +x1(0)x], (11.14d)

which can be solved through Chapter 10’s eigenfunction expansion
method. After calculating v, we obtain the solution u of the original
IBVP (11.11) through (11.12).

Remark 11.2. The method described above is not completely fool-proof.
The calculation of x((#) and «1(t) can fail if the denominators in (11.13)
happen to be zero. In particular, that is guaranteed to happen if a; =
B1 = 0. We will see in the exercises how to get around that issue.

>*When a; = B1 = 0, the boundary con-
ditions (11.11b) and (11.11¢c) amount the
interesting case of prescribed fluxes at
the ends of the heat conducting rod.
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11.3 Exercises
11.1. Provide the details that lead to the solution (11.10) of Exam-
ple (11.1).

11.2. It was pointed out that the change of variable (11.12) fails when
«1 = 1 = 0. Show that replacing (11.12) with

u(x,t) = v(x,t) + 1 (t)x + Ko (t)

gets around that problem.

11.3. Show that

100 = g [x( = 020 = ) (5(0,1) ~ ()]

e [ =0+ - p)] + (1-3)a) + T60)

satisfies the requirements (11.3) and therefore the change of variable

_|_

u = v + 1y transforms the nonhomogeneous IBVP (11.1) to the homo-
geneous one (11.5). Additionally, show that with this choice of #, the
function 4 defined in (11.4) is zero at the boundary, that is,

7(0,t) =0, §(£,0) =0.

This is a very desirable result. In order to solve the IBVP (11.5) through
eigenfunction expansion, we need to expand § into a series of eigen-
functions. The function § being zero at the boundary results in a fast
converging series since the eigenfunctions are zero at the boundary.

11.4. Solve the IBVP

Ur = Kllyy O<x<¥ t>0,
u(0,£) =0 >0,

uy(£,t) = osinwt t>0,

u(x,0) =0 0<x</.

This corresponds to heat conduction in a bar with one end maintained
at temperature zero, while the other end is subjected to sinusoidal heat
flux.

11.5. Consider the IBVP

up = kuyy +1 0<x<¥, t>0,
u(0,t) =« >0,

u(l,t)=p t>0,

u(x,0) = f(x) 0<x<d,

where « and B are constants. Pick #(x, t) according to (11.6) and reduce
the IBVP to one of homogeneous boundary conditions. No need to
solve the reduced IBVP.



NONHOMOGENEOUS BOUNDARY DATA 139

11.6. Consider the previous exercise’s IBVP, but now select an alter-
native 1 according to the idea introduced in Remark 11.1 (page 134).
Use that 7 to reduce the IBVP to one of homogeneous boundary con-
ditions. No need to solve the reduced IBVP. Do you see an advantage
of this choice of 7 versus that in the previous exercise?

11.7. Solve the following IBVP for the wave equation which is forced
at the boundary. Is resonance possible?

Ut = CPllyy O<x<¥ t>0,
u(0,t) =0 t>0,

uy(£,t) = osinwt t>0,

u(x,0) =0 0<x<¥,

ui(x,0) =0 0<x<¥.
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The Poisson equation

Poisson’s equation is ubiquitous in all areas of physics, encompass-
ing the studies of diverse subjects such as electromagnetism, celestial
mechanics, fluid dynamics, aerodynamics, and structural mechanics.
Depending on the application, it may be posed in two three spatial
dimensions. In this chapter we limit our study to two spatial dimen-
sions, and therefore the unknown will be a function u# on a domain )
in R2. If Q) is embedded in the Cartesian xy plane, Poisson’s equation
is expressed as

uxx+uyy+q:0 il’lQ,

where q = q(x,y) is a prescribed and u = u(x, y) is to be determined.

Applications that give rise to Poisson’s equation provide supple-
mentary data in the form of boundary conditions that enables one to
identify a unique solution. A typical formulation is

Uyxy +Uyy +9 =0 in Q, (12.12)
u=f on 9Q). (12.1b)

where dQ) is the customary notation for the boundary of the domain Q).
Equations (12.1) constitute a Poisson boundary value problem.

In a Poisson boundary value problem (BVP) the analysis of the
PDE is intricately intertwined with the geometry of (). The chal-
lenge in solving a Poisson problem is to successfully handle these two
aspects simultaneously. In this textbook we limit () to simple geo-
metric shapes, such as rectangles, disks, sectors of disks, and annuli.
More complex geometric shapes are typically treated through numer-
ical methods, such as finite differences and finite elements.

12.1  Membranes and the Poisson equation

As was noted earlier, Poisson’s equation is ubiquitous in applications.
To provide a concrete perspective and motivate the study of the rest
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of this chapter, we sketch an easy-to-grasp instance that gives rise to
Poisson’s equation.

In Chapter 5 we saw that an application of Newton’s law of mo-
tion to a taut string results in the wave equation uy = Cuyy +q(x,1),
where u(x, t) is the string’s transverse displacement, and g(x, f) is an
externally applied force per unit mass. A similar reasoning, applied to
uniformly stretched membrane, such as that of the surface of a drum,
leads to the equation

uy = c(txx + yy) +4(x, 9, t), (12.2)

where u = u(x,y,t) is the membrane’s transverse displacement and g
is is an externally applied force per unit mass.

Consider the membrane’s static equilibrium, that is, the situation
where motion has ceased and the membrane has reached a rest state
under the influence of the applied force 4. Then, u and g no longer
change with time, and so now we have u = u(x,y) and g = q(x,y). In
particular, the acceleration uy is zero, and therefore (12.2) reduces to
the Poisson equation

Uxx +uyy +g=0 in (),

were in a typical drum the domain Q) is a disk but our formulation
applies to general shapes. A rectangular drum, for instance, is quite
admissible.

Since the membrane is fixed along its edges to the drum, the dis-
placement is zero at the edges and therefore the boundary condition
is u = 0 on Q).

12.2  Solving the Poisson equation on a rectangle
Here we solve the Poisson boundary value problem

Ury + tyy +q(x,y) =0 in Q, (12.32)
u=20 on d(), (12.3b)

where () is the rectangle
QO={(xy)|0<x<a 0<y<b} (12.30)

of some positive dimensions a and b. This is achieved by expanding
u(x,y) and g(x,y) into series of suitably chosen eigenfunctions.
Let us introduce the pair of eigenvalue problems

X"(x) + AX(x) =0, Y'(y) +uY(y) =0, (12.4a)
X(0) = X(a) =0, Y(0) =Y(b) =0. (12.4b)

~—



We know that each of these has infinitely many eigenvalues and eigen-
functions, given through

mrit

nrw
Ym = Vn = = (12.5a)
_ 2 (MY 2 _ (17?2
PR T SR
X (x) = sinyy,x = sin m;tx’ Y, (y) = sinv,y = sin @, (12.5¢)

b

a 1 b 1
||Xm||2 :/0 Xm(x)z dx = Eﬂ, ||Yn||2 :/0 Yn(y)zdy = Eb' (12.5d)

For any fixed y, the function q(x, y) may be regarded as as function
of x defined over the interval [0, a] and therefore may be expanded into
an infinite series of the eigenfunctions X,;:

(12.6)

x,y) = Z cm(y) Xom (x
m=1

where the coefficients c;; depend on the choice of y in that expansion.
Now, ¢, is a function of y where y € [0, b], and therefore it can be
expanded into an infinite series of the eigenfunctions Yj;:

= ZanYn(y) m:].,z,....
n=1

The coefficients Q,;, depend on m since c¢;; depends on m. Substituting
this expression for ¢, (y) into (12.6), we get

(12.7)

= i ianXm (y)

To find the coefficients Qyun, we multiply that expression by X;(x)Y;(y)
(with arbitrary i and j) and integrate the result over the rectangle

J[ gt xi)

Y-(y) dx dy

i i// Qn Xim () Y (y) X (x )Yj(y) dxdy.

m=1n=1

The double integrals on the right-hand side can be evaluated through
Fubini’s theorem:

/QXm(x)Yn(y)Xi(x)Yj(]/) dxdy
_ /Ob [/O X () X; () ] Yo (4) Y; () dy
. [/0 X ()X () x| [/Ob Ya ()Y (v) dy,
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and therefore

[ ate XY, () dxdy

=Y Y Qun [/O“ Xon (%) X () | [/Oan(y)Yj(w dy|.

m=1n=1
Due to the orthogonality of the eigenfunctions, the integral
fob Yu(y)Y;(y) dy is zero for all n and j except when n = j in which
case it evaluates to b/2. Therefore, as the summation index #n runs
from 1 to infinity, only the jth term survives and the inner summation
yields b/2. We thus obtain

//Q q(x, y)Xi(x)Y;(y) dx dy = Z;l Quj [/Oa Xon () X;(x) dx}.

Similarly, the integral [’ X, (x)X;(x)dy is zero for all m and i except
when m = i in which case it evaluates to a/2. Therefore, as the sum-
mation index m runs from 1 to infinity, only the ith term survives and
the summation yields a/2. We thus arrive at

ab
[ gty xi@ym) dxdy = %0y,
and therefore
4 ..
Qij = poa //Q q(x,y)Xi(x)l/j(y) dxdy, i,j=1,2,.... (12.8)

In summary, any function® g defined on the rectangle () may be "Well, almost any. We need q to be
square-integrable over the rectangle, that
is,

coefficients of the expansion may be computed through (12.8). / / lq(x,y) P dedy < co.
Q

expanded into the doubly-infinite series of eigenfunctions (12.7). The

To solve the Poisson BVP (12.3), we look for the solution u in the
form of a doubly-infinite series of eigenfunctions, as in

[e9)

w5 y) = 3 Y UnnXon (1) Y (). (12.9)

m=1n=1

To find the coefficients U,;,;,;, we substitute this representation into (12.3a):

3 3 U [ X500 (0) + X (Y )] +4(e9) =0, (1210

m=1n=1
In view of (12.4) and (12.5) we have X];, = —A, Xy, and Y]] = —u, Yy,
and therefore (12.10) leads to

[e9)

100y = 3 Y Unen (o + 1) Xon () V().

m=1n=1
Comparing this with (12.7) we see that Qi = Un (/\m + }ln), whence
— an
Am + Un ’
Substituting this in (12.9) we arrive at the solutions of the Poisson’s
BVP.

umn

mmn=12,.... (12.11)
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Example 12.1. Solve Poisson’s BVP (12.3a)—(12.3c) when ¢q(x, y) is iden-
tically 5 over Q).

Solution. We begin with calculating the coefficients Q;,; from (12.8)
with g = 5:
Qun = [ 5% (x)¥a(y) dxd —@/b[/ax (x) x| Vi (y) dx
O i n\Y y= ab Jo Ly ° n\Y .

Referring to (12.5¢), we have

a

a a 1
/ X (x)dx = / sin vy xdx = —— cos yux
0 0 Ym

0
S [1 - cosvma} b {1 - (—1)’”},

Ym Ym

and similarly,

[y = L[1- -y,

where v;; and v, are given in (12.5a). It follows that

Qun = g [1= (<1 1= (-1,
and therefore
Uy 21 () (1))

- abymVn (Am + pin)
We conclude that

20 & & [1—(-1)"][1-(~1)" 5
ey =2 55 5 L CDAE = E ) e |
=1 =1 YmVn(Am + Un Figure 12.1: The graph of the solution
. . u(x,y) of Example 12.1 with ¢ = 1 and
Figure 12.1 shows the graph of u with the choicesa =1and b = 1. b=1.

O

12.3 Exercises

12.1. Consider rectangular membrane spanning the horizontal rectan-
gle () defined in (12.3c). Suppose the membrane is glued to the rect-
angle’s left, bottom, and right edges, but is displaced vertically along
the top edge by f(x) = 2x(a — x). Find the membrane’s shape, that is,
the vertical displacement u(x,y) at any (x,y) € Q. Suppose there is
no external force acting on the membrane.

Hint: Verify that the function 7(x,y) = { f(x) satisfies the same bound-
ary conditions as the membrane. Consequently, if we let u(x,y) =
v(x,t) +1(x,y), then v will satisfy zero boundary conditions all around
(Y's boundary.

12.2. Find the steady-state temperature distribution on the rectangular
lamina Q = {(x,y) | 0 < x <a, 0 <y < b} where the boundary
temperature is prescribed as zero on the bottom half (0 < y < b/2)
and one on the top half.






13
PDEs in polar coordinates

Our study of the Poisson equation in Chapter 12 was limited to rectan-
gular domains. Here we extend that study to domains whose bound-
aries are circles or arcs of circles.

13.1  Laplace’s operator in polar coordinates

The geometry of domains with circular boundaries is naturally ex-
pressed in polar coordinates. To solve PDEs in such domains, we
would want to express the unknown and its derivatives in polar co-
ordinates as well. Figure 13.1 shows us the customary representation
of the polar coordinates (7,6) of a point P as they relate to the point’s
Cartesian coordinates (x,y) where it’s evident that

x=rcosf, y=rsind. (13.1)

As x and y vary, so do r and 6 accordingly, that is to say, * and 0
may be viewed as functions of x and y. What are the derivatives of
those functions? To find out, differentiate the two equations in (13.1)
with respect to x with the help of the chain rule. We get

1=rycost —rOysinf, 0=rysind+rfcos6.
Solving this system of two equations for the unknowns ry and 6, we
get
1
ry =cosf, 0y= — sin 6. (13.2a)

A similar computation, where we differentiate the two equations

in (13.1) with respect to y, leads to

1
ry =sin6, 6y = P cos 6. (13.2b)

A function u(x,y) defined in Cartesian coordinates may be evalu-
ated at the corresponding polar coordinates as u(rcos6,rsinf). Such
evaluation defines a function U(r, #), where

u(x,y) = u(rcosf,rsinf) = U(r,0).

!
|
|
l
1
x x
Figure 13.1: The point P has Cartesian

coordinates (x,y) and polar coordinates
(r,0).
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Then by the chain rule, and with the help of (13.2a) and (13.2b), we get
1
Uy = Upry + Uply = U, cos 6 — ;Ug sin6,
1
uy = Uyry + Upty = U, sin 0 + ;Ug cosf.
Carrying on to second derivatives, we calculate
Uyy = (Ur cosf — 1llg sin 9)
r x
1 . 1 .
= (Ur cosf — ;Ug sm@)r Ty + (Ur cosf — ;Ug smG)e 0y
= (U cos@—!—lu sir19—1 sinB)r
= rr 2 0 r 0 x
. 1 . 1
+ (Urg cosf — U, sinf — ;U(.)g sinf — ;Ug cos 9) Oy.

We substitute for 7y and 6, from (13.2a), multiply through and group
the terms, and arrive at

2 1
Uyy = Uy cos? 6 — ;Urg sin 6 cos 6 + r—zllgg sin® 0
1 .2 2 .
+ ;Ur sin“ 0 + r—ZUQ sinf cos 6.

As similar computation shows that

2 1
uyy = Uy sin?@ + ;Ure sin 6 cos 6 + r—ZUQQ cos? 0
1 5 2 .
+ ;Ur cos” 6 — r—zllg sin 6 cos 6.

As we add up the uyy and uy, calculated above, terms cancel /simplify
and we are led to a somewhat simple expression for the Laplacian in
polar coordinates:

1 1
Au = uyy + Uyy = Uy + ;ur + TEUGG- (13.3)

13.2  Separation of variables

In Chapter (7) we derived the equation of heat conduction u; = kuyy +
g in a one-dimensional homogeneous medium through an analysis of
the balance of thermal energy. A very similar analysis leads to the
equation of heat conduction in 2D:

ur =kAu+q, (13-4)

where A is the Laplacian operator, k is medium’s thermal diffusivity,
and g is the internal heat source (if there is one) per unit area per
unit time. If g and the boundary conditions are independent of time,



them the temperature approaches steady-state that satisfies the Pois-
son equation kAu +q = 0. Normally one divides the equation by k
and renames g/k to g, and considers the reduced equation

Au+q=0 (13.5)

The separation of variables approach works quite well with this equa-
tion in polar coordinates. We illustrate the approach through a few
examples.

Example 13.1 (Quarter-disk). Consider a thin lamina in the shape of a
quarter-disk of radius a defined in polar coordinates as

Q:{(r,8)|0§r§a, ogegg}.

The lamina consists of a homogeneous heat-conducting material. It is
thermally insulated on its top and bottom surfaces (see Figure 13.2)
but it may exchange heat with the outside through its edges.

We specify an arbitrary temperature distribution along the lamina’s

curved edge, while maintaining its straight edges at zero temperature.
Assuming that there is no internal heat source, the steady-state tem-
perature u(r,6) in the lamina solves the boundary value problem

1 1 .
Upp + ;ur + r—zugg =0 in (), (13.6a)
u(r,0) =0 0<r<a, (13.6b)
T
—_) = <r< .
u(r,2> 0 0<r<aqg, (13.60)
u(a,0) = £(6) 0<0< 7. (13.6d)

To determine u(r,6), we begin by looking for functions u(r,60) =
R(r)¥(0) that satisfy the first three of the equations (13.6). From (13.6a)
we get

RY(r)¥(6) + R (r)¥(6) + 5 R(r)¥"(6) =0,
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Figure 13.2: On the left, the lamina is
shown as a three-dimensional object for
visualization purposes. The mathemati-
cal model treats the lamina as a flat two-
dimensional object. The top and bottom
faces (drawn in green) are thermally in-
sulated. The edges (drawn in red) can
exchange heat with the outside.

In the diagram on the right, we have
specified # = 0 on the edges along the
x and y axes, and a variable temperature
along the circular arc.
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which separates into

r?R"(r) +rR'(r) _¥(6)

R(r) - Y(0)

=A, (137)

where A is the separation constant, while the boundary conditions (13.6b)
and (13.6c¢) yield

s
R(r)¥(0) =0, R(r)‘I’(E) =0.
We thus arrive at a familiar eigenvalue problem for ¥:
¥(0) + A¥(0) =0, ¥(0)=0, ‘Y(%) =0. (13.8)

The eigenvalues and eigenfunctions are

Yn=12n, Ay = 'y% = 4n?,
Y, (0) = siny,0 = sin2n6, n=12,.... (13.9)

Then from (13.7) we get
2RI (r) 4+ rR.(r) — AuRy(r) = 0. (13.10)

This is the well-know Euler’s differential equation whose solutions
are of the form R(r) = r?. To find the value of the exponent p, we
calculate R'(r) = prP~1, and R”(r) = p(p — 1)rP~2 and substitute into
the differential equation. We get p(p — 1)r? + pr? — AP = 0, and
therefore p(p — 1) + p — Ay = 0, which simplifies to p> = A,. We
conclude that p = ++/A,, = +7, = +2n and therefore

B
Ru(r) = Ayr'n + rT:’ (13.11)

where v, = 2n, and A, and B, are arbitrary constants. We are forced
to set B, = 0 because otherwise the solution will blow up at r = 0.

Having constructed the functions u,(r,0) = r’siny,0, n = 1,2,...
that satisfy the first three of the equations in (13.6), we form the infinite
linear combination

u(r,0) = Y cur’sinvy,0 (13.12)
n=1

and determine the coefficients ¢, so that to enforce the fourth equation,
that is, u(a,0) = f(0). Substituting r = a in (13.12), we get

f(0) =Y cpa? siny,b.
n=1

This the usual sine series representation of the function f. The coeffi-
cients are obtained from

2 /2 )
cpa’ = T/Z/o f(6)siny,0d6,
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and therefore
4 7w/2

£(0) siny,0d6.

Cyp =
n avnr Jo

This, together with (13.12), completely determines the solution of the
original BVP.
As a concrete case, let’s say f(#) =1 for all 6 € [0, F]. Then

/2 /2
£(6) sin 0 do = / sin 2116 d6
0
1 T2 1—(=1)"
= ——cos2nf| =-—|1— =
m COos zn . o [ COS 1’17'[i| o ,
and therefore
_2 1=y
- na?n '

whence 1)
2 & 1-(=1)"/r\2n |
u(r,0) = p ) #<;) sin 2n6.
The adjacent diagram shows the temperature distribution in the lam-
ina. Red is hot, blue is cold.

Example 13.2 (Partial annulus). Let’s solve the heat equation in the
domain
T
= <r< <6< —
Q {(r,e) la<r<b 0<6< 2}

shown in Figure 13.3. We fix the boundary temperature at zero along
the straight edges, and f(6) and g(6) along the curved edges, as indi-
cated in the figure. There are no internal heat sources. This leads to
the boundary value problem

1 1 .

Upp + ;u, + r—2u99 =0 in (), (13.13a)
u(r,0) =0 a<r<p, (13.13b)

T

) = <r<
u(r, 2) 0 a<r<p, (13.13¢)
u(a,0) = f(6) 0<0< g (13.13d)
u(b,8) = g() 0<0< g (13.13€)

The search for solutions of the form u(r,0) = R(r)¥(0) works ex-
actly as in Example (13.1) and leads to the eigenvalue problem (13.8)
for ¥ whose solutions are given in (13.9), and the Euler equation (13.10)
for R whose general solution is given in (13.11).

At this point, the solution of the current problem diverges from
that of Example (13.1). In the previous case we set the constant B
in (13.11) to zero to avoid the singularity at » = 0, that is, at the origin.
In the current case that is not an issue since () does not include the
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o u(b,0) = g(0)

origin. Therefore we retain the full form of (13.11) and thus arrive at a
sequence of separated solutions

B .
un(r,0) = (Anr% + rTZ) siny,0, n=12,...,
where 7, = 2n. Each of these satisfies the first three of the equa-
tions (13.13), and therefore so does the infinite linear combination
(r,0) = y AprT +ﬁ sin y,0. (13.14)
u I

n=1

We now determine the coefficients A, and B, so that the remaining
two conditions hold as well, that is,

) B )
f(6) = ’;(Ana% + QT’,:’!) sin 7,6,

., By
g(0) = ’;(Anbv + W) sin y,,0.

These are the Fourier sine series expansions of the functions f and f.
The coefficients are obtained in the usual way:

Apa” Bn _ 2 7 0) si dae
ndl —I—ﬁ—n/z/o f(6) siny, dé,
B 2 /2
Tn no_ i

AT+ b 7r/2/0 g(0) siny, deé.
Solving this system of two equations for the two unknowns A, and
By, we get

An == 4b’yn Qn — a'yn Pn 7 Bn == avn blyn (bryn Pn — a/yn Qn 7

b2rn — g27n b2vn — g27n

where P, and Q; are the right-hand sides of the system, that is

4 [m/2 4

/2
Pn:E ) f(8)siny, do, Qn:E/O g(0) sin 7y, df.

Figure 13.3: The temperature is zero
along the lamina’s straight edges, and
f(0) and g(0) along the curved edges.



We conclude that

1—(r 2n
Anrfy” + B = 70’ 5
()

, _(a
(j)”pﬁ_(b)h

and therefore

o [1_(r 27n . 1— 2n
u(r,8) = HZ::l L - Eg;hn . (%)7 Py + (oo ( )2%

. (g)% in sin ;0.

—~
SR (NI
~—

The adjacent diagram shows the temperature distribution in the lam-
ina. Red is hot, blue is cold.

Example 13.3 (Quarter-disk with heat source ). Consider the steady-
state heat conduction equation (13.5) in the quarter-disk domain Q) of
Example 13.1 in the presence of a heat source g(r,6). Let’s take, for the
sake of simplicity, that the temperature is fixed at zero all around ()’s
boundary. We wish to determine the temperature u(r, 6) in the lamina.
Here is the formulation of the BVP:

1 1
Upr + Sl + 2100 +q(r,0) =0 in O, (13.15a)
u(r,0) =0 0<r<a, (13.15b)
T
) = <r< .
u(r, 2) 0 0<r<a, (13.15¢)
u(a,0) =0 0<0< g (13.15d)

We expand the unknown temperature distribution u(r,6) and the
known heat source g(r,0) into series of the eigenfunction ¥, (6) that
we found in Example (13.1)—see equations (13.8) and (13.9)—as in

u(r,0) = iRn(r)‘Yn(G), (13.16a)
q(r,0) = i Xn(1)¥0(6). (13.16b)
n=1

The coefficients x, () are readily found through the usual formula

2 /2 B\ (8 4o 4 [m/2 o) <inand o
?/2/0 q(r,6)¥n(0) _7/0 q(r,0) sin2n6 d6.

Xn (7’) = s
(13.17)

To find the coefficients R, (), we substitute (13.16a) in the PDE (13.15a).

We get

¥ [RACI(60) + LR 20(6) + 3RANVE(®)]| +0(r,0) =0

n=1

We make the substitution® ¥//(8) = —A,¥,(0) = —2¥,(6), group
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'Y, (0), being an eigenfunction of (13.8),

satisfies ¥/, () + A, ¥, (0) = 0.
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the terms, isolate q(r, ), and arrive at

00 2
1(1,6) = = X2 [Ri() + 1R,0) = HRu()| %u6).

n=1

Comparing this against (13.16b), leads to

2
(1) = = [RIO) + R0 = R

which is better expressed as
P2RI(r) + 1R, (r) — V2Ru(r) = —r*xu(r), n=1,2,.... (13.18)

These are nonhomogeneous versions of Euler’s equation. The values
of the right-hand sides are available in (13.17). The general solution of
the corresponding homogeneous equation for each n is given in (13.11).
All there remains is to find a particular solution of the nonhomoge-
neous equation and add to the solution of the homogeneous equation.

Let’s work out a concrete case. Suppose that the heat source is
uniformly distributed over the lamina. Thus, take ¢ = 1. We compute

Xn(r) through (13.17):

4 /2 2 /2
Xn(r) = E/o sin2n6 df = s cos 2nf

0
= %[1 —cosnm| = %[1 —(=D"].

We see that x,(r) is independent of r, and therefore as far as the
ODE:s (13.18) are concerned, it is a constant. Let

Qu = = [1-(~1)"]

T onm

be a temporary placeholder for x,(r) and write the ODEs as
PR3y (r) + 1Ry (r) = 7iRa(r) = —Qur®. (13.19)

Considering the special structure of the equation, it make sense to
look for a particular solution of the form Cr?. Plugging that guess into
the ODE we obtain 4Cr% — 'y%CrZ = —Qur?, whence C = O We

vi—4

conclude that the general solution of (13.19) is

Q
) j 41’2. (13.20)

B
Rn(r) = Anr%j + rTr:l +

But wait! Since ¢, = 2n, we have 'y% = 4 and therefore the evaluation
of Ry (r) through (13.20) fails!

So we go back to the drawing board and take a close look at (13.19)
when n = 1, that is,

r*RY(r) + rR(r) — 4Ry (r) = —Qy7°.



We can see clearly why a particular solution of the form Ry (r) = Cr?
is not feasible—plugging R;(r) = Cr? into that equation results in
0 = —Qs7%. So we try something like Ry (r) = r2¢(r) for a ¢ that is to
be determined.? Substituting that guess into the ODE, expanding the
terms and simplifying, we arrive at

1 5/
#'0)+ 29/ = -2,

which we then multiply this through integrating factor3 r° to get

(Po) = -~

and then integrate:

e (r) = —%r4.

We have thus obtained ¢'(r) = —%, and therefore ¢(r) = —1Q; Inr.
Recalling that ; = 2, we conclude that

B 1
Ri(r) = Ayr® + 721 — EQlf2 Inr. (13.21)

Note that this is quite different from R, () in (13.20). That expression
is good for n > 2. This one is for n = 1.

As in Example (13.1), we take B, = 0 both in (13.20) and in (13.21)
because otherwise the solution will blow up at the origin. We thus
arrive at the solution candidate

u(r,0) = [Alrz — inrz lnr} sin 10

+3 {Anrw + 2Qn 1’2} siny,0. (13.22)
n=2 T —4
This satisfies the PDE, and the boundary conditions on the lamina’s
straight edges. The boundary condition (13.15d) on the curved edge
implies that
1 > Q
2 = 2 : Yn n
[Ala 4Q1a lna} siny16 + E{Ana + -1

n

a? siny, = 0.

From the orthogonality of the eigenfunctions it follows that the coeffi-
cients of the sine functions are zero, that is,

Aja® — %Qlaz Ina =0,

Ana™ + %“2 =0

T

n=273...

whence we obtain

Qn a?

1
Al =-0Q;1 Ap=——="
1 4Q1 nﬂ, n (,)/% *4)&7”
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>You must have seen something simi-
lar in your course in ODEs. To solve
the equation y”(t) + y(t) = sinwt, we
look for a particular solution of the form
yp(x) = Asinwt. Substituting y, into
the ODE we get (—Aw? 4+ A) sinwt =

sinwt, whence A = 1_1w2 , which works
as long as w? # 1. When w? = 1 (the
resonance case) we look for a particular
solution of the form y,(t) = tsinwt.

3 Here and in the next integration we dis-
card the constant of integration since any
particular solution will do.



156 PARTIAL DIFFERENTIAL EQUATIONS

We then evaluate the coefficients in the series (13.22):
1 1 a
A — — Qi Inr = —Qi*In -
1" 4Q17 r 4Q1r n =

w00

We conclude that

1, a X Quat [/r\2  r\m]
u(r,0) = Eer 1n;s1n2n9+nZ::2’y% — [(a) - (E) }sm'yne.

The adjacent diagram shows the temperature distribution in the lam-
ina. Red is hot, blue is cold.

13.2.1  Fourier series with periodic boundary conditions

When solving Poisson’s equation on a quarter-disk (see Figure 13.2 on
page 149), the boundary conditions # = 0 along the radii § = 0 and
0 = Z, lead to the boundary condition ¥(0) = 0 and ¥(5) = 0 in
the eigenvalue problem (13.8). The domain’s go-degree angle is not
particularly significant in the calculations’ logic; these could have been
done on a sector of any opening angle «, 0 < & < 271, and would have
merely resulted in changing ¥’s boundary conditions to ¥ (0) = 0 and
¥(«) = 0. The same goes for the partial annulus of Example 13.2. A
few exercises at the end of this chapter illustrate such variations.

Solving Poisson’s equation on the whole disk or a whole annulus is
a different story—there are no straight edges and therefore no radial
boundary data, so it seems that we lose the boundary conditions on
Y’s eigenvalue problem. Or do we?

The answer is both yes and no. Yes, we do lose what would have
been boundary conditions ¥(0) = 0 and ¥(27r) = 0 as we no longer
have radial data. And no, we still have data—of a different kind— on
¥(0) and ¥(27). To see that, observe that the beginning and ending
angles 0 and 27t on a disk are mere mathematical artifacts; the radii
along 6 = 0 and 6 = 27 have no distinguished roles among all other
radii on a physical disk. The solution u(r,6) of the Poisson problem
is not “aware” of any special feature at 0 = 0 and 6 = 27; it just sees
a continuous, if fact differentiable, temperature u(r,6) which is peri-
odic of period 27t in 6. Consequently, ¥ (0) that emerges in the separa-
tion of variables process is continuously differentiable and 27r-periodic
over § = (—oc0,00). We may express this as ¥(0) = ¥(2rr), ¥/(0) =
¥’(27), or in an equivalent and a more appealing symmetric fashion,
¥(—m) = ¥(n), ¥'(—mn) = ¥'(71), and thus arrive at the eigenvalue
problem

Y7(0) +A¥(0) =0, ¥(—n)=Y(n), ¥Y(—n)=%(n). (13.23)
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We proceed to analyze this in the usual manner, by considering
three possible cases of signs of A.

Case 1: A < 0. To enforce the negativity of A, take A = —92, where
7 > 0. Then ¥”(—6) — v*¥(#) = 0, and therefore
¥ (0) = acoshyb + bsinh 6,
Y () = a7y sinh y0 + b7y cosh 0.

Applying the boundary conditions results in the equations

acosh(—ym) + bsinh(—y7) = acosh(ym) + bsinh(ym),
a7y sinh(—y7t) + by cosh(—7y7) = a7y sinh(y7) + by cosh(ym),

which simplify to
bsinh(ym) =0, aysinh(ym) =0.

Since 7y # 0, these imply 4 = b = 0 and lead to the trivial solution.
We thus abandon the A < 0 case.

Case 2: A = 0. The differential equation is ¥”(6) = 0 whose general
solution is ¥(0) = af + b. The first of the boundary conditions
in (13.23) yields a = 0 and reduces the solution to ¥(#) = b. Then
¥/(6) = 0, and therefore the second boundary condition in (13.23)
is automatically satisfied. We conclude that A = 0 is an eigenvalue
and the corresponding eigenfunction may be taken as ¥(6) = 1.

Case 3: A > 0. To enforce the negativity of A, take A = 72, where 7 >
0. Then ¥ (—0) + 4?¥(6) = 0, and therefore
¥ (6) = acosy0 + bsinv0,
Y (8) = —aysiny6 + by cos 6.

Applying the boundary conditions results in the equations
acos(—y7) + bsin(—yr) = acos(ym) + bsin(yn),
—aysin(—y7m) + by cos(—ym) = —aysin(ym) + by cos(ym),

which simplify to

bsin(ym) =0, a7ysin(ym)=0.
These hold for arbitrary a and b as long as sin(y7r) = 0, that is, if
77 is an integer multiple of 7t. So we set v, = n, and conclude that
there are infinitely many eigenvalues A, = 'y%l =n%n=12...
Corresponding to each eigenvalue A,, there are fwo eigenfunctions,

cos y0 = cosnf and sin y,0 = sinnb, that is, A, is an eigenvalue of
multiplicity 2 whenn =1,2,....

157
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It can be shown that the eigenfunctions that we have just computed
form an orthogonal basis for the space of square-integrable function
L?(—m,7) and consequently a function f € L?(—7, 1) may be ex-
panded into the infinite series

f(6) =ag+ ) _ ancosnd+ Y b,sinné. (13.24)

n=1 n=1
This is called the (full) Fourier series of the function f. The coeffi-
cients may be evaluated through the orthogonality properties of the
the eigenfunctions:

1 7T
2= 5- /_ f(0)do, (13.252)
_ % /_7; £(8) cos n6 o, (13.25b)
- % / 7; £(6) sinn6 do. (13.250)

13.3 The Poisson problem on the disk

Let us solve the Poisson problem
Au+qg=0 in (), (13.26a)
u=f on 0() (13.26b)
on the disk
Q={(r0)|0<r<a -nm<O<m}

in polar coordinates, for given forcing function g and boundary data
f.

We expand u, g, and f in the series eigenfunctions of the prob-
lem (13.23):

u(r,0) = ao(r) + Z an(r) cosnf + Y _ by(r) sinnb, (13.27a)
n=1
q(r,0) =no(r) + 2 11n(r) cos nf + 2 &n(r)sinnd, (13.27b)
n=1
f(0) = ¢o+ Z ¢y cosnf 4 Z Yy, sin nb. (13.27¢)
n=1 n=1

First, we calculate the coefficients of the expansions of 4 and f through
the formulas (13.25):

no(r) = oy / ¢ = % /_Zf(@) do, (13.28a)
f(r) = */_nq(r 0) cosnfdb, ¢, = %/_Zf(e) cosnfdb, (13.28b)

7T

Eu(r) = L /7r q(r,0)sinnfdo, ¢, = %/_if(@) sinnfdf. (13.28¢)

T J—m



Next, we calculate the Laplacian of u in (13.27a) and substitute that,
and also the expansion (13.27b), into (13.26a):

alf(r) + ao +Z(
+ 1 (#0) +1

Fi()+ Y e

1 2
ay,(r) — r—zan(r)n ) cos nb
1

/ 2 o
by (r) — r—zbn(r)n)smnG

sinnf =0,

) cosnb + i En(r)

n=1

and regroup:

N | =
IS
S~
—~
N~—
=
o
—~
N~—

1
- r—zan(r)n2 + 17n(r)> cos nf

_|_

78
N

h)
I
—

~
SN—

+

|

i)
Y
—

~
N—

2
Il
—_

- %bn(r)n2 + @,(;’)) sinnf = 0.

+
agh
/N
w:
+
5\

3
I
—

It follows that

() + a5() +10(r) =0, (13.209)
ay (r) + %a;(r) - rlzan(r)n2 +ia(r) =0, n=1,2,..., (13.29b)
by (r) + %b;(i’) - rlzbn(r)ﬂz +&(r)=0, n=1,2,.... (13.290)
These are linear, second order, nonhomogeneous ODEs. Their cor-

responding homogeneous parts are Euler equations. The general so-
lution of each equation involves two arbitrary constants. We insert
the solution, along with the arbitrary constants, into (13.27a), evalu-
ate the result at ¥ = 4, and match the resulting series against that of
the boundary condition f in (13.27c). That determines the values of
the arbitrary constants and thus completes the solution of the Poisson
problem.

The calculations are mostly mechanical/straightforward. The labo-
rious parts are (a) evaluating the integrals in (13.28), and (b) finding
particular solutions of the ODEs (13.29). We illustrate the process by
solving a very simple special case in the next section.

13.4 Disk heated on half of its boundary

Let us solve the steady-state heat conduction problem on a homoge-
neous disk of radius a, where the temperature on the disk’s lower-half
and upper-half boundaries are fixed at 0 and 1, respectively. Assume
there is no internal heat source.

PDES IN POLAR COORDINATES
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This amounts to solving the previous section’s BVP with 4 = 0 and

£(0) = {0 if —1<6<0, (13.30)

1 if0<f<m.

Referring to (13.28), we see that 179(7), #,(r), and ¢, (r) are zero, and

—/ 140 = - (13.312)

1
Pn = E/o cosnfdb = E sinnmt =0, (13.31b)
P = E/o sinnfdf = s {1 cosnn} = {1 (—1) } (13.31¢)

Since 79(r) = 0, equation (13.29a) reduces to aj(r) + laf(r) = 0
whose general solution is ag(r) = Ao + Aglnr. To avoid blowup at
r = 0, we take Ag and arrive at ay(r) = Ay.

Since 17, (r) = 0, equation (13.29b) reduces to a// (r) + Lal,(r) — rlzan(r)n2 =
0 whose general solution is a,(r) = A,r" + A,r~". To avoid blowup at
r =0, we take A, and arrive at a,, (r) = Aur". Similarly, we solve (13.29¢)
and obtain b, (r) = B,r". Plugging these into (13.27a) we arrive at

u(r,0) = Ag + Z A7 cosnf + Z B, 1" sinnf. (13.32)
n=1 n=1
We evaluate this at 7 = a and equate the result to (13.27¢)
Ao+ ) Aua"cosnf+ ) Bua"sinn® = o+ Y pucosnf+ Y i, sinnb,
n=1 n=1 n=1 n=1
and, taking (13.31) into consideration, conclude that

1 1
Ag=go=75, Au"=¢y=0, Bua"=p,=—[1-(-1)"].

At last, plugging these into (13.32) we arrive at the final solution:
1 1&1 a1l (TN .
u(r,0) = 5+ p ). a[l —(-1) }(;) sinnf.

The expression in the square brackets alternates between zero and two,
so it suffices to sum over the odd integers only. We get

u(r,0) = % ii ( )zn lsm((Zn—l)G).

The adjacent diagram shows the temperature distribution in the disk.
Red is hot, blue is cold.




13.5 Exercises

13.1. Along the lines of Section 13.1’s calculations, show that

1 1
ey = 5 (U =5

13.2. Consider a homogeneous lamina in the shape of half a disk of

1 . 1 1
U}—;Euw>sm29+;<um—qﬂ%>ax2&

radius a defined in polar coordinates as
Q:{(W)IOSrSa, ng)gn},

The temperature is fixed at zero along the domain’s straight edge but it
is prescribed as u(a,0) = f(0) along the curved edge. Find the steady-
state temperature distribution u(7,6) in the lamina. Assume that there
is no internal heat source.

13.3. Consider a lamina in the form of a half-annulus:
a={(0)a<r<b 0<0<n}

The temperature along the outer curved boundary is u(b,60) = sin6,
but it’s zero on the remaining parts of the boundary. Find the steady-
state temperature distribution u(7,6) in the lamina. Assume that there
is no internal heat source.

13.4. Consider the half-disk lamina of Exercise (13.2). Suppose that
the temperature is fixed at zero all around ()’s boundary but there
is a uniformly distributed internal heat source g4 = 1 in (). Find the
steady-state temperature distribution.

13.5. In Section 13.2.1 it was asserted that the eigenfunctions 1, cos nf,
and sin n0 are mutually orthogonal in L?(—7t, 7). Verify that assertion,
that is, show that

7T
/ 1-cosnfdf =0,
—7T
T
/1smMM=Q
—7T

T
/ sinmfsinnfdd =0, m #n.

J—=TT

13.6. Find the full Fourier series expansion of the function f, defined
over [—7t, 7] such that

£(0) 1 if0<o< 7,
0 otherwise.

13.7. Find the steady-state temperature distribution on a homogeneous

disk of radius a, where the temperature on the quarter-boundary 0 <

§ < 7 is set to 1, and zero on the rest of the boundary. Assume there

is no internal heat source.

PDES IN POLAR COORDINATES
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13.8. Consider the steady-state conduction of heat in the annulus
Q:{(r,()) la<r<b, —7I§9<7T}

Suppose that the temperature of the inner boundary is fixed at zero,
while that of the outer boundary is 0 and 1 on the lower and upper
halves, respectively. Find the temperature distribution within the an-
nulus, assuming that there are no internal heat sources.



14
Time-dependent PDEs in 2D

In Section 12.2 we learned how to expand a function q defined over the
rectangle into a doubly-infinite Fourier series. For ease of reference, we
duplicate the the results here.

For any a > 0, b > 0, consider pair of eigenvalue problems

X"(x) + AX(x) = 0, Y +uY () =0, (412)
X(0) =X(a) =0, Y(0)=Y(b) =0, (14.1b)
each of which has infinitely many eigenvalues and eigenfunctions given
by
= Uy = ne (14.2a)
Ym = a ’ n — b , 4.
_a2 (T _ 2 (12
S T P e
X (x) = sinyy,x = sin m;rx, Y, (y) = sinv,y = sin L;Ty, (14.2¢)
2 ‘ 2 1 2 b 2 1
1%l = [ Xu(xPdx =50, all? = [ ¥a(y)2dy = 3
(14.2d)
Let g be a function defined over the rectangle
O={(ab)|0<x<a 0<y<b} (14.3)
If 4 is square-integrable’, then it can be expanded into a doubly-infinite *Meaning [ [, q(x,y)? dx dx < co.
series of the eigenfunctions
q(x,y) = 2 Z Qun Xm (%) Yu (y), (14.4)
m=1n=1
where the coefficients Q,,, are given by
4
Qumn = poa //Q g(x, ) Xm (x)Yn(y)dxdy, mmn=1,2,.... (14.5)

This is the key to solving time-dependent PDEs in 2D. We illustrate
this through examples.



164 PARTIAL DIFFERENTIAL EQUATIONS

14.1  The vibration of a rectangular membrane

It was noted in Section 12.1 that the The transverse displacement u of
a taut membrane solves the PDE (12.2). If the membrane is stretched
over the rectangle () defined in (14.3), is glued/fixed along the rect-
angle’s edges, and no external force is applied to it, then the the dis-
placement u(x,y, t) is the solution of the following IBVP:

Uy = cz(uxx + tyy) (x,y) €Q, t>0, (14.6a)
u(x,y,t) =0 (x,y) €9Q, t>0, (14.6b)
u(x,y,0) = f(x,y) (x,y) €Q, (14.6¢)
ui(x,y,0) = g(x,y) (x,y) € Q, (14.6d)

where f and g are the membrane’s initial displacement and velocity.
At any time t, the displacement is a function of (x,y) € ), and
according to (14.4) it has the series representation

u(x,y,t) = Z Z Toun (£) X (%) Y (y).- (14.7)

m=1n=

To determine the coefficients Ty, (£), we substitute (14.7) into the PDE (14.6a):

Zl Z TN x)Yu(y)
L

But according to (14.1) and (14.2) we have

& (Toun (8) X35, (2) Y (¥) + Toun () X (X) Y5/ ().

|\[\18

X,’é(x) = —AnXm(x) = —’Y%Xm(x),
Y (y) = —paYa(y) = —viYa(y),

and therefore the previous result reduces to
Z Z TI{I’Iln(t)Xm(x)Yn(y) = - Z Z CZ ’Ym +V ) T () Xim () Yu (y)-
m=1n=1 m=1n=1

We introduce

o = (Vo + V7). (14.8)

and rearrange the result into

2 3 (T (6)-+ B Ton () X)) =0

Then based on the orthogonality of the eigenfunctions, we conclude
that
Trlf;n(t) + UgnnTmn(ﬂ =0, mn=1,2,...,



TIME-DEPENDENT PDES IN 2D

and therefore
Tonn(t) = Apn €0S Tpnt + By SIn Oy t,

where the constants A,;;, and By, are to be determined.
The series expansion (14.7) of the displacement u now takes the
form

(x,y,t) Z Zl (Amn COS Ot + By Sin O’mnt) X (%) Yu(y), (14.92)

which we differentiate with respect to f to find the velocity

(x,y,t) Z Z ( AmnTmn SIN Tt + Byyn O COS (Tmnt> X () Yo (v).

m=1n=

Evaluating the displacement and velocity at t = 0 and applying the
initial conditions (14.6c) and (14.6d) lead to

oo o0

Zl Z AmnXm n(y)
Zl Z anU'mnXm )Yn (y)

The coefficients A;;; and By, then may be calculated in accordance
with (14.5):

A = 5 [ £ X3 Yaly) vy, (14.9b)
Jet
Bun = o [ sxy)Xu()Va)dxdy.  (4.00

Equations (14.9a) through (14.9c) completely determine the membrane’s
motion.

Example 14.1. Let us work out the details of a concrete case of a mem-
brane with the parameters a4 = b = 8§, ¢ = 1, zero initial displace-
ment f, and the initial velocity g is given by

1 iflx—4|<land|y—4| <1,
g(x,y) = .
0 otherwise.

This corresponds to hitting an 8 x 8 membrane at its center with a
square mallet of 2 X 2 cross-section.

Solution. According to (14.2), we have

mrt nr

L X
m;rx’ Y, (y) = sinv,y = sin %ﬂy

Xm(x) = sinyyx = sin

165
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The coefficients A, are all zero because f = 0. In calculating B,
from (14.9¢), the integration of ¢ over [0, 8] reduces to integration over
[3,5] and we obtain

B 4 s d s d
= (/3 sin 7y, x x) (/3 sin v,y y).

We evaluate the integral of X,

5

5 1
/ sin Y, x dx = —— COS YmX
3 Y

m 3

1 2 . .
= — ’Yim {cos 5Ym — cos 37,4 = ,Y—m sin vy, sin 4y,

and similarly the integral of Y;, and arrive at

Byn =

_ . in4 . in Ay
T sin vy, sin 47y, sin 7y, sin4yy,

Finally, substituting for the known values of a4, b, Y, Y, and on, we
arrive at

128 . mm . mim . nmo, N
SN —— SN —— S1INn —— SIn —.

T PmnvmE 2 8 2 8 2

Then, in view of (14.9a), we arrive at

an

o o0 /112 2
u(x,y,t) = 21 Z:l By sin mgx sin n781y sin =~ m8 tn f. O
m=1n=

On the right we have an animation of the solution produced by taking
m = n = 30, over the time period 0 < t < 60.

Remark 14.1. The solution is a sum of sinusoidal vibrations of angular

v m?+n?
R

numbers in general, and therefore the solution is not periodic in time.

frequencies The ratios of these frequencies are irrational

That’s why a drum is not a suitable instrument for producing musical
tones.

14.2  The vibration of a circular membrane

Let us repeat the previous section’s calculation replacing the rectangu-
lar member by a circular one. So we replace the domain () by the disk

of radius a expressed in polar coordinates as

QO={(r0)|0<r<a -—-m<l<m}.

IEapasn an



Then the membrane’s transverse displacement u(7, 6, t) solves the IBVP

T [ur, + %ur + rlzugg] in (), (14.10a)
u=20 on d(), (14.10b)
u(r,6,0) = f(r,0) t>0, (14.10C)
u(r,0,0) = g(r,0) t>0. (14.10d)

As usual, we begin searching for a separable solution of the form
u(r,0,t) = R(r)¥(0)T(t) (14.11)

that satisfies the PDE (14.10a) and the boundary condition (14.10b).
Substituting that into the PDE we get

R(r¥(O)T" (1) = & [R" (¥ (O)T(¢)
+ IR O¥OT() + 5 ROVEO)T()],

which we separate into

() _ R'(r)  R'(r) ¥"(6) 2

c2T(t)  R(r) ~ rR(r)  r2¥(0) T
where ¢ > 0 is the separation constant, and thus we arrive at the pair
of equations
T"(t) + v*A2T(t) =0, (14.12a)
and
R'(r) , R'(r) , ¥"(6) _
R(r) " rR() T 2¥(e)

We multiply through the second equation by r? and rearrange it into

separated form

_‘I’”(Q) _ r?R"(r)  rR'(r)
Y (0) R(r) R(r)

2,2 2
+ oyt =v4,

where v > 0 is a second separation constant. It follows that
¥ (0) +v2¥(0) =0, (14.12b)
and
R (r) + rR'(r) + (v*r* — v*)R(r) = 0. (14.120)

We now turn our attention to solving the ODEs (14.12a), (14.12b),
and (14.12c). Equation (14.12b) is the easiest to handle. The displace-
ment u(r,6,t should be a 27-periodic function in 6, and therefore we
have the periodicity conditions

Y(—m)=%(n), Y'(-n)=Y(n),

TIME-DEPENDENT PDES IN 2D
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The eigenvalue problem consisting of the ODE (14.12b) and this pe-
riodicity condition was thoroughly analyzed in Section (13.2.1). We
concluded there that and concluded that corresponding to each v =
vy, =mn,n=1,2,..., there exist two eigenfunctions cos 70 and sin n®.
Additionally, corresponding to v = 1y = 0 there exists an eigenfunc-
tion which is just a constant, say 1 as a function of 6.

Having determined that v is an integer, we substitute v = # into the
ODE (14.12c), where n = 0,1,2,.. .

PR (r) + 1R (1) + (777 = n)R(r) = 0. (14.13)

This is the well-known Bessel’s differential equation. It has no solution
in terms of elementary functions but its properties have been studies
thoroughly as it arises in a slew of applications in mathematics and
physics. As with all second order differential equations, its solution are
presented as linear combination of an independent pair fundamental
solutions

R(r) = ciJu(yr) + c2Yu (7). (14.14)
where ], and Y}, are known as Bessel functions of the first and second kind
respectively.? In the old times, one looked up the values of [, and
Y, in extensively detailed numerical tables. Nowadays one looks up
their values on a computer. Programming languages such as Fortran
and C, and software such as Maple, Mathematica, and Matlab, have
built-in functions that provide the values of the Bessel function for
any desired index and argument. Figure 14.1 shows the graphs of
the Bessel functions [, and Y;, for n = 0,1,2. Both functions oscillate
indefinitely and gradually converge to zero as their arguments grow.
The J, functions are bounded while the Y}, functions go to —co near
Zero.

Jn () 4 Yo (x)

Jo Jo

2The indices n in [, and Y;, refer to the
n that appears in (14.13). The index is
an integer in our application, but it need
not be on other applications. The Bessel
functions J, and Y, are defined for all
« where « can be any real of complex
number.

N1 I

T S <

N1 }
2

4 4

ZWMN

There is no explicit formula for the roots of the Bessel functions.

They have been tabulated, and are also available in most software that

i 6 g 10 127

Figure 14.1: Graphs of the Bessel func-
tions Jy, J1, and J, on the left and the
Bessel functions Yy, Y7, and Y, on the
right. Note that the Y functions go to
—o0 near the origin.



know about the Bessel functions. The first two roots of ]y, for instance,
are approximately 2.4048 and 5.5201. Compare those with what you
can discern in Figure 14.1. In what follows we write ju,; for the mth
root of J,, where m =1,2,....

Let us now return to the differential equation (14.13) and its general
solution (14.14). Since the Y,, part blows up at the origin, we set c; to
zero to avoid the singularity. The solution (14.11) now has the form

u(r,0,t) = Ju(yr)¥(0)T(1).

Since the displacement on the boundary is zero—see (14.10b)—we
need u(a,0,t) = 0 for all 6 and t. That necessitates J,(ya) = 0, which
in turn requires ya to be a root of J,, that is, ya = ju, for any m. We

define .
_ Jmn

rym”_T' m=12,..., n=0,1,2,.... (14.15)

Having determined 7, we turn to the differential equation (14.12a)
which now has the form

T"(t) + ymn®cT(t) = 0,
and whose general solution is
Tinn(t) = Amn COS YnCt + By SIN yynct.

..details to be filled in later ...
We conclude that

Y AumnJn(Ymnr) cos n6 cos yunct

I
[7e

u(r,0,t)

2
Il
(=)
3
Il
—_

_|_
agh
agk

ByunJn (Ymnt) cos nl sin yyyct

3
i
o
3
Il
—_

+
agk
agk

CrnJn (Ymnt) sin nb cos vy ct

3
I
o
3
Il
—

_|_
[7e
[7e

Doy Jn (7Yimnt) sin nf sin vy, ct.

)
Il
o
3
Il
—_

The coefficients Aun, Biun, Cun, Diun are to be determined by enforcing
the initial conditions (14.10c) and (14.10d).

14.3 Exercises

14.1. Let’s write u()) for the solution of the IBVP (14.6) corresponding
to the initial data f = f1, ¢ = g1, and write u(?) for the solution of the
IBVP (14.6) corresponding to the initial data f = f,, ¢ = g». Show that
u™® 4 1) is the solution of that IBVP corresponding to the initial data

f=hHh+f,8=8+%.

TIME-DEPENDENT PDES IN 2D
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14.2. Evaluate the solution (14.9) of the IBVP (14.6) on the domain
QO={(xy)|0<x<m 0<y<n}and the initial data f(x,y) =
sinxsiny and g = 0. Take ¢ = 1. Is the solution periodic in time?

14.3. Repeat Exercise 14.2 with the initial data f(x,y) = sin2xsin3y
and ¢ = 0. Is the solution periodic in time?

14.4. Repeat Exercise 14.2 with the initial data f(x,y) = sinxsiny +
sin2x sin 3y and ¢ = 0. Is the solution periodic in time?

Hint: The conclusions of exercises 14.1 through 14.3 can be of help.



Bibliography

[1] StuartS. Antman. “The Equations for Large Vibrations of Strings”.
In: The American Mathematical Monthly 87.5 (1980), pp. 359—370
(cit. on pp. 50, 55).

[2] James Ward Brown and Ruel V. Churchill. Fourier Series and
Boundary Value Problems. 8th ed. McGraw-Hill, 2012, pp. xvi+400
(cit. on p. 106).

[3] Jean Le Rond D’Alembert. “Recherches sur la courbe que forme
une corde tendu e mise en vibration”. In: Histoire de I’ Académie
Royale des Sciences et Belles Lettres de Berlin 3 (1747), pp. 214—219
(cit. on p. 55).

[4] Jean Le Rond D’Alembert. “Suite des recherches sur la courbe
que forme une corde tendu e mise en vibration”. In: Histoire de
I"Académie Royale des Sciences et Belles Lettres de Berlin 3 (1747),
pPp- 220-249 (cit. on p. 55).

[s] Jean Le Rond D’Alembert. “Addition au mémoire sur la courbe
que forme une corde tendu ue, mise en vibration”. In: Histoire
de I’ Académie Royale des Sciences et Belles Lettres de Berlin 6 (1750),
pPp- 355—360 (cit. on p. 55).

[6] Lejeune Dirichlet. “Sur la convergence des séries trigonométriques
qui servent a représenter une fonction arbitraire entre des lim-
ites données”. In: Journal f ur die reine und angewandte Mathematik
4 (1829), pp. 157-169 (cit. on p. 93).

[7]1 Jean-Baptiste Joseph Fourier. Théorie analytique de la chaleur. Paris:
Firmin Didot Pére et Fils, 1822, pp. xxii+639 (cit. on p. 93).

[8] H. Hugoniot. “Mémoire sur la propagation des mouvements
dans les corps et spécialement dans les gaz parfaits (premiere
partie)”. In: Journal de I'Ecole Polytechnique 57 (1887), pp. 3-97
(cit. on p. 33).

[o] H. Hugoniot. “Mémoire sur la propagation des mouvements
dans les corps et spécialement dans les gaz parfaits (deuxieme
partie)”. In: Journal de I’Ecole Polytechnique 58 (1889), pp- 1-125
(cit. on p. 33).



172

[10]

[11]

[12]

[13]

[14]

[15]

PARTIAL DIFFERENTIAL EQUATIONS

Guillame Jouve. “The first works of D’ Alembert and Euler about
the problem of vibrating strings from the perspective of their
correspondence”. In: Centaurus 59.4 (2017), pp. 300307 (cit. on
p- 55).

J. B. Keller. “Large amplitude motion of a string”. In: American
Journal of Physics 27.8 (1959), pp. 584-586 (cit. on p. 50).

M. J. Lighthill and G. B. Whitham. “On Kinematic Waves. II. A
Theory of Traffic Flow on Long Crowded Roads”. In: Proceedings
of the Royal Society of London. Series A, Mathematical and Physical
Sciences 229.1178 (1955), pp. 317-345 (cit. on p. 25).

Arch W. Naylor and George R. Sell. Linear Operator Theory in
Engineering and Science. Vol. 40. Applied Mathematical Sciences.
Springer, 1982 (cit. on p. 106).

Peter V. O'Neil. Beginning Partial Differential Equations. Wiley,
1999 (cit. on p. 92).

W. K. Macquorn Rankine. “On the Thermodynamic Theory of
Waves of Finite Longitudinal Disturbance”. In: Philosophical Trans-
actions of the Royal Society of London 160 (1870), pp. 277—288 (cit.
on p. 33).

Paul I. Richards. “Shock Waves on the Highway”. In: Operations
Research 4.1 (1956), pp. 4251 (cit. on p. 25).

Manuel D. Salas. “The Curious Events Leading to the Theory of

Shock Waves”. In: 17th Shock Interaction Symposium. Rome, 4-8
September. 2006 (cit. on p. 33).

C. Sturm. “Mémoire sur les équations différentielles linéares du
second ordre”. In: Journal de Mathématiques Pures et Appliquées 1
(1836), pp. 106-186 (cit. on pp. 94, 117).

C. Sturm. “Mémoire sur une classe d’équations a différences
partielles”. In: Journal de Mathématiques Pures et Appliquées 1 (1836),

PP- 573-444 (cit. on pp. 94, 117).

C. Sturm and J. Liouville. “Extrait d’'un mémoire sur développe-
ment des functions en séries dont les différents termes sont as-
sujettis a satisfaire a une méme équation différentielle linéare,
contenant un parametre variable”. In: Journal de Mathématiques
Pures et Appliquées 2 (1837), pp. 220-223 (cit. on pp. 94, 117).

H. F. Weinberger. A First Course in Partial Differential Equations.
Reprinted in 1995 by Dover. New York: Blaisdell (cit. on p. 50).

Anton Zettl. Sturm-Liouville Theory. Vol. 121. Mathematical Sur-
veys and Monographs. American Mathematical Society, 2005
(cit. on p. 118).



Answers to selected exercises

Chapter 1

=
1.1. u(x,t) = f(x —2t) /

t
1.2 u(x,t) = f(xe*f) \/ :
13. u(x,t) = f(x —2t)e”
14 :f(xe f)
L5, = flxet)e
1.6. £) = f(xe )
1.7, = flxe Yo
1.8, u(x,t) = f(x —£2) + £
1.9. u(x,t) = f(x+263)e /2

212
r13 ulet) = o
Chapter 2
2.2.

20t + g 1) = —p(x.)
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2.4.

0 0 _ Al(x)
G0(x 1)+ 5000 ) = S gl 1),

2.5.

f(x—cit) in region 1,
f(x —cot) in region 2,
o (% (x — czt)) in region 3,
f(x—cat) in region 4,

2 (L +2(x - C3t)) in region 5,

C1f<2§ (L + %(x - C3t))> in region 6.

p(x,1)

t

——

Chapter 3

5 if x < —t,
3.1 p(x, ) =04 —F if —t<x<t,
3 if x > ¢t

3 ifx <t
3.2. p(x,t) = q4—% ift<x <3t
1 if x > 3t.

7 if x < =3¢,
3.3 p(x,t) =q4—% if —3t<x<—t,
5 if x > —t.

3 if x <t,
3.4. p(x,t) = ¢ B2 ift <x <3t+1,
1 if x >3t+1.

R‘



7 if x < =3¢,
3.5. p(x,t) = Stﬂgtzx if —3t<x<1—t,
5 ifx>1-—t.
3.0.
2 x < 2t,
When0 <t <1: p(xt)=¢ 24 op oy <3t
5 x>3—t
2 x< it+3,
Whent > 1: o(x, 1) = 202
5 x> 3t+3.
3.7
2 x < 2t,
When0<t<1: p(xt)=q 28 ot < x <34t
8 x >3 —4t.
2 x<§—t,
Whent >1: p(x,t) = 2
8 X %—t.
3.8.
5 x < —1t,
When0 <t <2: p(x,t) = %_0;‘“ —%t<x§2—%t,
3
7 x>2—5t
5 x<1-—t,
When t > 2: p(x,t) =
7 x>1—t
1 x < —2t,
3.10. c(p) =1-30% p(xt) = I1-%) —2t<x<t,
0 x>t
3.11. If t < 6/5, then
3
2 x<§t,
p(x,t) =43 3t<x<3-t,
7 x>3-—1t,
and if t > 6/5, then
2 x<i2_1p
p(x/t): 152 ?

ANSWERS TO SELECTED EXERCISES
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1—2« a
.12. The shock is initiated at x = ————a, t = , and
. 2(.5 - “) Z(ﬁ - “)Umax
) L. a
its equation is x = 3 + (1 —a — B)Umaxt.
t
o ;

3.13. The equation of the curved shock:

x(t) = Umaxt — 2v/ LUmaxt, t > L/Umax

Chapter 4

4.1. (a) linear; (b) linear; (c) not linear

4.2. (a) hyperbolic; (b) elliptic; (c) hyperbolic
4.3. Elliptic when x > 0, hyperbolic when x < 0.

4.1. Elliptic in the in the subsonic (v < c) region, hyperbolic in the
supersonic (v > c) region.

Chapter 5

0 if x < —ct,
5.2. u(x,t) = %(erct) if —ct<x<ct,
t if x > ct,

5.4 8(x) = us(x,0) = —cf'(x)

5.5. Up = g(xux)x or equivalently uy = g(xuxx + ux), where g is the
gravitational acceleration constant.

1
5.7. u(x,t) = % {arctan(x + ct) — arctan(x — ct)}

1
5.8. u(x,t) = Esinct COs X
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Chapter 6
6.2. Tzz—a
c
2a
3. T=—
6.3 E
> ct
6.4. u(x,t) = e
Asin(9(ct—x)) x<ct
s (x.1) 0 x > ct
5ou(x,t) =
’ p(92) x<a

6.6. u(x,t) = f(ct+x)+ f(ct —x)

ot
67. U(t) = — ["emtDp)de.

mc2

0 ifct<a
6.8. U(t) = T

7.4. u(x, t) = % {erf(f}l}%) —erf(x;l;)}

7.10. u(x,t) = % {1 +erf(x\;4ikl;t)} ekt_x—k% {1 +erf(_x;\/T2tkt)] ekt
7.11. u(x,t) = eiht ” eJX;cst)zf(s)ds
47kt J—oo
ox _ cAt
7.12. u(x, t) = L e <x4_ljt)2*isf(s)ds
Varkt J—eo
e%*(%*h)t © (-2

7.13. u(x,t):W - -

(X*S)Z (x+s)2

7.14. u(x,t) = \/éﬁfom {e W™ — e }f(s)ds

7.15. (a)u(x,t):c[l—erf< x )}

(b) w(x, t,T) = ¢(7) [1 - erf(\/%)}
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Chapter 8
8.5.
7 m=n=0,
CI>m,n = % m=n ;ﬁ 0,
0 otherwise
8.6. vy = W, Ap = 7,21, Yn(x) = siny,x = sin W, n=12,....

nm nwx
8.7. vn = 7 Y = 'yfl, Yn(X) = cos yux = cos 5 n=20,12,....

Chapter 9
9.1. u(x,t) = e gin rx

_ 8 « (_1>nn —n?t
9.2. u(x,t)= - ) L2 _1¢  sinnx

8 & n 2
3. u(x,t)==) s
9.3. u(x,t) - e "sinnx
9.4. u(x,t) = cos 7t sin 7tx

1 . .
9.5. u(x,t) = —sin 7Tt sin 7Tx

8 & (=1)"n ,
.6. )= ——= t
9.6. u(x,t) ”,; 42 7 cosntsinnx
u(x, t) = 8 i 1 cosntsinnx
97 M= 0 L

8 & 1
8. ) = — ——— sinntsi
9.8. u(x,t) 7711;14712—1&1”1 sinnx
9.9. u(x,t)=— )Y — sin% sinnt sin nx

Chapter 10

!/

10.6. (K(x)X'(x)) = —Ap(x)cp(x)X(x), X(0)=0, X(¢)=0

10.10. .
1
u(x, t) =y ; Py SIN Y x SN Yyt
n=1"-1"1
2 0
Py = Z/o g(x) siny,xdx
T
m=02n—-1)=—

2/
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o Qn . w .
10.11. u(x,t) = 2 5 (smwt - smc'ynt) sin v, x

=y -w CYn
20(1—(—=1)") nm
where Q, = T Yn = 7
Chapter 11
11.4.

u(x,t) = oxsinwt

0 k/\ B w .
tL e sz’}z e coswt + g sint | Xu(x),

where
20w . 2n—1)m
Qn= ﬁ(—l)”, Xy(x) =siny,x, A, = 'y%, T = %
11.5
vy = kvyr + 1 O<x<¥, t>0
0(0,£) =0 t>0
v({,t) =0 t>0

v(x,O):f(x)—<1—%)vc—%lB O<x</t

11.6.
U = kUyy O<x<¥, t>0,
v(0,t) =0 t>0,
v((,t) =0 t>0,

v(x,0) = f(x) + %xzf (%(ﬁ—zx) +21—k6)x71x 0<x </

11.7.

= 1 wQy .
u(x, t) = oxsinwt + Z [W (hn - 02%217—‘*’2) sin y,ct

Q .
ﬂ%%izwzsmwt X (x),
where
20w? 20w .
Q= =T V" = gr (D" Xulx) =sinyux,
2n—1
A=12 n=" )
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Chapter 12

2y 16 & & {1_(_1);11](_1)71 mnx . nmy
12.1. u(x,y):?x(a—x)jt—4 Yo ) — sin sin 5

T m=1n=1 mn(%+';7> a

Chapter 13

ad n . T .
13.2. u(r,0) = chr sinnd, c, = a"n/o f(6)sinnd do

ab rooay .

13.3. u(r,0) = m(; — ;) sin @

4a® r r 2 1—(=1)" [/7r\2 r\"
) =41 Do+ 2 L [0 () e ()
Note the summation’s starting index!

1 131 nm 1 &1 nmy .

13.6. f(0) =3 %;E cosnG—i—nr;;{l—cos?}smnG

11°°1r”,n7t 1 & 1/r\n nrw
13.7. u(r,0) = 1 EEE(Z) s1n7cosn6—|—;n;1£<;) {1—c057} sin n .

In(r/a) 1 & 1(1)"[ (r/b)" (b/r)"
13.8. u(r,0) = ——~+ — — no
38 u(r9) = S o7a) nn; n 1 (a/b)2n (b/a)”lf sin
Chapter 14

#13.8

14.2. u(x,y,t) = sinxsinycos V2t

14.3. u(x,y,t) = sin2xsin3ycos V13t



	Preface
	How to play the animations
	First Order PDEs
	The space-time diagram
	Solving a first order quasilinear PDE
	Examples
	Appendix: A rigorous version of Section 1.2's presentation
	Exercises

	Flux and density in one dimension
	Conservation of mass
	Advection
	The advection of an oil-drop
	Advection in a semi-infinite domain
	Advection through a constriction
	Exercises

	Traffic flow
	The derivation of the traffic flow equation
	The initial value problem and the characteristics
	Rarefaction waves
	Shock waves
	Exercises

	Classification of second order PDEs
	Exercises

	The wave equation in 1D
	Waves along a string
	Reducing the wave equation to a system of 1st order PDEs
	Characteristics come to the rescue
	An alternative approach to solving the wave equation
	The initial value problem
	Deriving d'Alembert's solution via Green's Theorem
	A displacement blip as the initial value
	A blip as the initial velocity
	Exercises

	Reflection and transmission of waves
	Semi-infinite rope with fixed end
	The vibration of a guitar string
	The vibration of a piano string
	A two-piece rope
	Bead on a rope
	Energy considerations
	Exercises

	The heat equation in 1D
	The physics of heat
	The heat equation in 1D
	The initial value problem for the heat equation with a step function as the initial condition
	The heat kernel
	The initial value problem for the heat equation
	Exercises

	An introduction to the Fourier series
	Preliminaries
	The vector space Rn
	The function space L2(a,b)
	Eigenvalue problems for ODEs
	A second look at positiveness and orthogonality
	The significance of orthogonality
	Examples
	Convergence
	Appendix: Integration by parts à la Kronecker
	Appendix: Trigonometric identities
	Exercises

	Separation of variables
	Separation of variables in the heat equation
	Separation of variables in the wave equation
	Exercises

	The Sturm–Liouville theory
	The Sturm–Liouville eigenvalue problem
	The signs of the eigenvalues
	Eigenfunction expansion of solutions of PDEs
	Examples
	Exercises

	Nonhomogeneous boundary data
	A simple case
	General boundary conditions
	Exercises

	The Poisson equation
	Membranes and the Poisson equation
	Solving the Poisson equation on a rectangle
	Exercises

	PDEs in polar coordinates
	Laplace's operator in polar coordinates
	Separation of variables
	The Poisson problem on the disk
	Disk heated on half of its boundary
	Exercises

	Time-dependent PDEs in 2D
	The vibration of a rectangular membrane
	The vibration of a circular membrane
	Exercises

	Bibliography
	Answers to selected exercises
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Chapter 6
	Chapter 7
	Chapter 8
	Chapter 9
	Chapter 10
	Chapter 11
	Chapter 12
	Chapter 13
	Chapter 14


	16.Plus: 
	16.Reset: 
	16.Minus: 
	16.EndRight: 
	16.StepRight: 
	16.PlayPauseRight: 
	16.PlayRight: 
	16.PauseRight: 
	16.PlayPauseLeft: 
	16.PlayLeft: 
	16.PauseLeft: 
	16.StepLeft: 
	16.EndLeft: 
	anm16: 
	16.119: 
	16.118: 
	16.117: 
	16.116: 
	16.115: 
	16.114: 
	16.113: 
	16.112: 
	16.111: 
	16.110: 
	16.109: 
	16.108: 
	16.107: 
	16.106: 
	16.105: 
	16.104: 
	16.103: 
	16.102: 
	16.101: 
	16.100: 
	16.99: 
	16.98: 
	16.97: 
	16.96: 
	16.95: 
	16.94: 
	16.93: 
	16.92: 
	16.91: 
	16.90: 
	16.89: 
	16.88: 
	16.87: 
	16.86: 
	16.85: 
	16.84: 
	16.83: 
	16.82: 
	16.81: 
	16.80: 
	16.79: 
	16.78: 
	16.77: 
	16.76: 
	16.75: 
	16.74: 
	16.73: 
	16.72: 
	16.71: 
	16.70: 
	16.69: 
	16.68: 
	16.67: 
	16.66: 
	16.65: 
	16.64: 
	16.63: 
	16.62: 
	16.61: 
	16.60: 
	16.59: 
	16.58: 
	16.57: 
	16.56: 
	16.55: 
	16.54: 
	16.53: 
	16.52: 
	16.51: 
	16.50: 
	16.49: 
	16.48: 
	16.47: 
	16.46: 
	16.45: 
	16.44: 
	16.43: 
	16.42: 
	16.41: 
	16.40: 
	16.39: 
	16.38: 
	16.37: 
	16.36: 
	16.35: 
	16.34: 
	16.33: 
	16.32: 
	16.31: 
	16.30: 
	16.29: 
	16.28: 
	16.27: 
	16.26: 
	16.25: 
	16.24: 
	16.23: 
	16.22: 
	16.21: 
	16.20: 
	16.19: 
	16.18: 
	16.17: 
	16.16: 
	16.15: 
	16.14: 
	16.13: 
	16.12: 
	16.11: 
	16.10: 
	16.9: 
	16.8: 
	16.7: 
	16.6: 
	16.5: 
	16.4: 
	16.3: 
	16.2: 
	16.1: 
	16.0: 
	15.Plus: 
	15.Reset: 
	15.Minus: 
	15.EndRight: 
	15.StepRight: 
	15.PlayPauseRight: 
	15.PlayRight: 
	15.PauseRight: 
	15.PlayPauseLeft: 
	15.PlayLeft: 
	15.PauseLeft: 
	15.StepLeft: 
	15.EndLeft: 
	anm15: 
	15.59: 
	15.58: 
	15.57: 
	15.56: 
	15.55: 
	15.54: 
	15.53: 
	15.52: 
	15.51: 
	15.50: 
	15.49: 
	15.48: 
	15.47: 
	15.46: 
	15.45: 
	15.44: 
	15.43: 
	15.42: 
	15.41: 
	15.40: 
	15.39: 
	15.38: 
	15.37: 
	15.36: 
	15.35: 
	15.34: 
	15.33: 
	15.32: 
	15.31: 
	15.30: 
	15.29: 
	15.28: 
	15.27: 
	15.26: 
	15.25: 
	15.24: 
	15.23: 
	15.22: 
	15.21: 
	15.20: 
	15.19: 
	15.18: 
	15.17: 
	15.16: 
	15.15: 
	15.14: 
	15.13: 
	15.12: 
	15.11: 
	15.10: 
	15.9: 
	15.8: 
	15.7: 
	15.6: 
	15.5: 
	15.4: 
	15.3: 
	15.2: 
	15.1: 
	15.0: 
	14.Plus: 
	14.Reset: 
	14.Minus: 
	14.EndRight: 
	14.StepRight: 
	14.PlayPauseRight: 
	14.PlayRight: 
	14.PauseRight: 
	14.PlayPauseLeft: 
	14.PlayLeft: 
	14.PauseLeft: 
	14.StepLeft: 
	14.EndLeft: 
	anm14: 
	14.59: 
	14.58: 
	14.57: 
	14.56: 
	14.55: 
	14.54: 
	14.53: 
	14.52: 
	14.51: 
	14.50: 
	14.49: 
	14.48: 
	14.47: 
	14.46: 
	14.45: 
	14.44: 
	14.43: 
	14.42: 
	14.41: 
	14.40: 
	14.39: 
	14.38: 
	14.37: 
	14.36: 
	14.35: 
	14.34: 
	14.33: 
	14.32: 
	14.31: 
	14.30: 
	14.29: 
	14.28: 
	14.27: 
	14.26: 
	14.25: 
	14.24: 
	14.23: 
	14.22: 
	14.21: 
	14.20: 
	14.19: 
	14.18: 
	14.17: 
	14.16: 
	14.15: 
	14.14: 
	14.13: 
	14.12: 
	14.11: 
	14.10: 
	14.9: 
	14.8: 
	14.7: 
	14.6: 
	14.5: 
	14.4: 
	14.3: 
	14.2: 
	14.1: 
	14.0: 
	13.Plus: 
	13.Reset: 
	13.Minus: 
	13.EndRight: 
	13.StepRight: 
	13.PlayPauseRight: 
	13.PlayRight: 
	13.PauseRight: 
	13.PlayPauseLeft: 
	13.PlayLeft: 
	13.PauseLeft: 
	13.StepLeft: 
	13.EndLeft: 
	anm13: 
	13.25: 
	13.24: 
	13.23: 
	13.22: 
	13.21: 
	13.20: 
	13.19: 
	13.18: 
	13.17: 
	13.16: 
	13.15: 
	13.14: 
	13.13: 
	13.12: 
	13.11: 
	13.10: 
	13.9: 
	13.8: 
	13.7: 
	13.6: 
	13.5: 
	13.4: 
	13.3: 
	13.2: 
	13.1: 
	13.0: 
	12.Plus: 
	12.Reset: 
	12.Minus: 
	12.EndRight: 
	12.StepRight: 
	12.PlayPauseRight: 
	12.PlayRight: 
	12.PauseRight: 
	12.PlayPauseLeft: 
	12.PlayLeft: 
	12.PauseLeft: 
	12.StepLeft: 
	12.EndLeft: 
	anm12: 
	12.10: 
	12.9: 
	12.8: 
	12.7: 
	12.6: 
	12.5: 
	12.4: 
	12.3: 
	12.2: 
	12.1: 
	12.0: 
	11.Plus: 
	11.Reset: 
	11.Minus: 
	11.EndRight: 
	11.StepRight: 
	11.PlayPauseRight: 
	11.PlayRight: 
	11.PauseRight: 
	11.PlayPauseLeft: 
	11.PlayLeft: 
	11.PauseLeft: 
	11.StepLeft: 
	11.EndLeft: 
	anm11: 
	11.59: 
	11.58: 
	11.57: 
	11.56: 
	11.55: 
	11.54: 
	11.53: 
	11.52: 
	11.51: 
	11.50: 
	11.49: 
	11.48: 
	11.47: 
	11.46: 
	11.45: 
	11.44: 
	11.43: 
	11.42: 
	11.41: 
	11.40: 
	11.39: 
	11.38: 
	11.37: 
	11.36: 
	11.35: 
	11.34: 
	11.33: 
	11.32: 
	11.31: 
	11.30: 
	11.29: 
	11.28: 
	11.27: 
	11.26: 
	11.25: 
	11.24: 
	11.23: 
	11.22: 
	11.21: 
	11.20: 
	11.19: 
	11.18: 
	11.17: 
	11.16: 
	11.15: 
	11.14: 
	11.13: 
	11.12: 
	11.11: 
	11.10: 
	11.9: 
	11.8: 
	11.7: 
	11.6: 
	11.5: 
	11.4: 
	11.3: 
	11.2: 
	11.1: 
	11.0: 
	10.Plus: 
	10.Reset: 
	10.Minus: 
	10.EndRight: 
	10.StepRight: 
	10.PlayPauseRight: 
	10.PlayRight: 
	10.PauseRight: 
	10.PlayPauseLeft: 
	10.PlayLeft: 
	10.PauseLeft: 
	10.StepLeft: 
	10.EndLeft: 
	anm10: 
	10.59: 
	10.58: 
	10.57: 
	10.56: 
	10.55: 
	10.54: 
	10.53: 
	10.52: 
	10.51: 
	10.50: 
	10.49: 
	10.48: 
	10.47: 
	10.46: 
	10.45: 
	10.44: 
	10.43: 
	10.42: 
	10.41: 
	10.40: 
	10.39: 
	10.38: 
	10.37: 
	10.36: 
	10.35: 
	10.34: 
	10.33: 
	10.32: 
	10.31: 
	10.30: 
	10.29: 
	10.28: 
	10.27: 
	10.26: 
	10.25: 
	10.24: 
	10.23: 
	10.22: 
	10.21: 
	10.20: 
	10.19: 
	10.18: 
	10.17: 
	10.16: 
	10.15: 
	10.14: 
	10.13: 
	10.12: 
	10.11: 
	10.10: 
	10.9: 
	10.8: 
	10.7: 
	10.6: 
	10.5: 
	10.4: 
	10.3: 
	10.2: 
	10.1: 
	10.0: 
	9.Plus: 
	9.Reset: 
	9.Minus: 
	9.EndRight: 
	9.StepRight: 
	9.PlayPauseRight: 
	9.PlayRight: 
	9.PauseRight: 
	9.PlayPauseLeft: 
	9.PlayLeft: 
	9.PauseLeft: 
	9.StepLeft: 
	9.EndLeft: 
	anm9: 
	9.28: 
	9.27: 
	9.26: 
	9.25: 
	9.24: 
	9.23: 
	9.22: 
	9.21: 
	9.20: 
	9.19: 
	9.18: 
	9.17: 
	9.16: 
	9.15: 
	9.14: 
	9.13: 
	9.12: 
	9.11: 
	9.10: 
	9.9: 
	9.8: 
	9.7: 
	9.6: 
	9.5: 
	9.4: 
	9.3: 
	9.2: 
	9.1: 
	9.0: 
	8.Plus: 
	8.Reset: 
	8.Minus: 
	8.EndRight: 
	8.StepRight: 
	8.PlayPauseRight: 
	8.PlayRight: 
	8.PauseRight: 
	8.PlayPauseLeft: 
	8.PlayLeft: 
	8.PauseLeft: 
	8.StepLeft: 
	8.EndLeft: 
	anm8: 
	8.149: 
	8.148: 
	8.147: 
	8.146: 
	8.145: 
	8.144: 
	8.143: 
	8.142: 
	8.141: 
	8.140: 
	8.139: 
	8.138: 
	8.137: 
	8.136: 
	8.135: 
	8.134: 
	8.133: 
	8.132: 
	8.131: 
	8.130: 
	8.129: 
	8.128: 
	8.127: 
	8.126: 
	8.125: 
	8.124: 
	8.123: 
	8.122: 
	8.121: 
	8.120: 
	8.119: 
	8.118: 
	8.117: 
	8.116: 
	8.115: 
	8.114: 
	8.113: 
	8.112: 
	8.111: 
	8.110: 
	8.109: 
	8.108: 
	8.107: 
	8.106: 
	8.105: 
	8.104: 
	8.103: 
	8.102: 
	8.101: 
	8.100: 
	8.99: 
	8.98: 
	8.97: 
	8.96: 
	8.95: 
	8.94: 
	8.93: 
	8.92: 
	8.91: 
	8.90: 
	8.89: 
	8.88: 
	8.87: 
	8.86: 
	8.85: 
	8.84: 
	8.83: 
	8.82: 
	8.81: 
	8.80: 
	8.79: 
	8.78: 
	8.77: 
	8.76: 
	8.75: 
	8.74: 
	8.73: 
	8.72: 
	8.71: 
	8.70: 
	8.69: 
	8.68: 
	8.67: 
	8.66: 
	8.65: 
	8.64: 
	8.63: 
	8.62: 
	8.61: 
	8.60: 
	8.59: 
	8.58: 
	8.57: 
	8.56: 
	8.55: 
	8.54: 
	8.53: 
	8.52: 
	8.51: 
	8.50: 
	8.49: 
	8.48: 
	8.47: 
	8.46: 
	8.45: 
	8.44: 
	8.43: 
	8.42: 
	8.41: 
	8.40: 
	8.39: 
	8.38: 
	8.37: 
	8.36: 
	8.35: 
	8.34: 
	8.33: 
	8.32: 
	8.31: 
	8.30: 
	8.29: 
	8.28: 
	8.27: 
	8.26: 
	8.25: 
	8.24: 
	8.23: 
	8.22: 
	8.21: 
	8.20: 
	8.19: 
	8.18: 
	8.17: 
	8.16: 
	8.15: 
	8.14: 
	8.13: 
	8.12: 
	8.11: 
	8.10: 
	8.9: 
	8.8: 
	8.7: 
	8.6: 
	8.5: 
	8.4: 
	8.3: 
	8.2: 
	8.1: 
	8.0: 
	7.Plus: 
	7.Reset: 
	7.Minus: 
	7.EndRight: 
	7.StepRight: 
	7.PlayPauseRight: 
	7.PlayRight: 
	7.PauseRight: 
	7.PlayPauseLeft: 
	7.PlayLeft: 
	7.PauseLeft: 
	7.StepLeft: 
	7.EndLeft: 
	anm7: 
	7.149: 
	7.148: 
	7.147: 
	7.146: 
	7.145: 
	7.144: 
	7.143: 
	7.142: 
	7.141: 
	7.140: 
	7.139: 
	7.138: 
	7.137: 
	7.136: 
	7.135: 
	7.134: 
	7.133: 
	7.132: 
	7.131: 
	7.130: 
	7.129: 
	7.128: 
	7.127: 
	7.126: 
	7.125: 
	7.124: 
	7.123: 
	7.122: 
	7.121: 
	7.120: 
	7.119: 
	7.118: 
	7.117: 
	7.116: 
	7.115: 
	7.114: 
	7.113: 
	7.112: 
	7.111: 
	7.110: 
	7.109: 
	7.108: 
	7.107: 
	7.106: 
	7.105: 
	7.104: 
	7.103: 
	7.102: 
	7.101: 
	7.100: 
	7.99: 
	7.98: 
	7.97: 
	7.96: 
	7.95: 
	7.94: 
	7.93: 
	7.92: 
	7.91: 
	7.90: 
	7.89: 
	7.88: 
	7.87: 
	7.86: 
	7.85: 
	7.84: 
	7.83: 
	7.82: 
	7.81: 
	7.80: 
	7.79: 
	7.78: 
	7.77: 
	7.76: 
	7.75: 
	7.74: 
	7.73: 
	7.72: 
	7.71: 
	7.70: 
	7.69: 
	7.68: 
	7.67: 
	7.66: 
	7.65: 
	7.64: 
	7.63: 
	7.62: 
	7.61: 
	7.60: 
	7.59: 
	7.58: 
	7.57: 
	7.56: 
	7.55: 
	7.54: 
	7.53: 
	7.52: 
	7.51: 
	7.50: 
	7.49: 
	7.48: 
	7.47: 
	7.46: 
	7.45: 
	7.44: 
	7.43: 
	7.42: 
	7.41: 
	7.40: 
	7.39: 
	7.38: 
	7.37: 
	7.36: 
	7.35: 
	7.34: 
	7.33: 
	7.32: 
	7.31: 
	7.30: 
	7.29: 
	7.28: 
	7.27: 
	7.26: 
	7.25: 
	7.24: 
	7.23: 
	7.22: 
	7.21: 
	7.20: 
	7.19: 
	7.18: 
	7.17: 
	7.16: 
	7.15: 
	7.14: 
	7.13: 
	7.12: 
	7.11: 
	7.10: 
	7.9: 
	7.8: 
	7.7: 
	7.6: 
	7.5: 
	7.4: 
	7.3: 
	7.2: 
	7.1: 
	7.0: 
	6.Plus: 
	6.Reset: 
	6.Minus: 
	6.EndRight: 
	6.StepRight: 
	6.PlayPauseRight: 
	6.PlayRight: 
	6.PauseRight: 
	6.PlayPauseLeft: 
	6.PlayLeft: 
	6.PauseLeft: 
	6.StepLeft: 
	6.EndLeft: 
	anm6: 
	6.119: 
	6.118: 
	6.117: 
	6.116: 
	6.115: 
	6.114: 
	6.113: 
	6.112: 
	6.111: 
	6.110: 
	6.109: 
	6.108: 
	6.107: 
	6.106: 
	6.105: 
	6.104: 
	6.103: 
	6.102: 
	6.101: 
	6.100: 
	6.99: 
	6.98: 
	6.97: 
	6.96: 
	6.95: 
	6.94: 
	6.93: 
	6.92: 
	6.91: 
	6.90: 
	6.89: 
	6.88: 
	6.87: 
	6.86: 
	6.85: 
	6.84: 
	6.83: 
	6.82: 
	6.81: 
	6.80: 
	6.79: 
	6.78: 
	6.77: 
	6.76: 
	6.75: 
	6.74: 
	6.73: 
	6.72: 
	6.71: 
	6.70: 
	6.69: 
	6.68: 
	6.67: 
	6.66: 
	6.65: 
	6.64: 
	6.63: 
	6.62: 
	6.61: 
	6.60: 
	6.59: 
	6.58: 
	6.57: 
	6.56: 
	6.55: 
	6.54: 
	6.53: 
	6.52: 
	6.51: 
	6.50: 
	6.49: 
	6.48: 
	6.47: 
	6.46: 
	6.45: 
	6.44: 
	6.43: 
	6.42: 
	6.41: 
	6.40: 
	6.39: 
	6.38: 
	6.37: 
	6.36: 
	6.35: 
	6.34: 
	6.33: 
	6.32: 
	6.31: 
	6.30: 
	6.29: 
	6.28: 
	6.27: 
	6.26: 
	6.25: 
	6.24: 
	6.23: 
	6.22: 
	6.21: 
	6.20: 
	6.19: 
	6.18: 
	6.17: 
	6.16: 
	6.15: 
	6.14: 
	6.13: 
	6.12: 
	6.11: 
	6.10: 
	6.9: 
	6.8: 
	6.7: 
	6.6: 
	6.5: 
	6.4: 
	6.3: 
	6.2: 
	6.1: 
	6.0: 
	5.Plus: 
	5.Reset: 
	5.Minus: 
	5.EndRight: 
	5.StepRight: 
	5.PlayPauseRight: 
	5.PlayRight: 
	5.PauseRight: 
	5.PlayPauseLeft: 
	5.PlayLeft: 
	5.PauseLeft: 
	5.StepLeft: 
	5.EndLeft: 
	anm5: 
	5.119: 
	5.118: 
	5.117: 
	5.116: 
	5.115: 
	5.114: 
	5.113: 
	5.112: 
	5.111: 
	5.110: 
	5.109: 
	5.108: 
	5.107: 
	5.106: 
	5.105: 
	5.104: 
	5.103: 
	5.102: 
	5.101: 
	5.100: 
	5.99: 
	5.98: 
	5.97: 
	5.96: 
	5.95: 
	5.94: 
	5.93: 
	5.92: 
	5.91: 
	5.90: 
	5.89: 
	5.88: 
	5.87: 
	5.86: 
	5.85: 
	5.84: 
	5.83: 
	5.82: 
	5.81: 
	5.80: 
	5.79: 
	5.78: 
	5.77: 
	5.76: 
	5.75: 
	5.74: 
	5.73: 
	5.72: 
	5.71: 
	5.70: 
	5.69: 
	5.68: 
	5.67: 
	5.66: 
	5.65: 
	5.64: 
	5.63: 
	5.62: 
	5.61: 
	5.60: 
	5.59: 
	5.58: 
	5.57: 
	5.56: 
	5.55: 
	5.54: 
	5.53: 
	5.52: 
	5.51: 
	5.50: 
	5.49: 
	5.48: 
	5.47: 
	5.46: 
	5.45: 
	5.44: 
	5.43: 
	5.42: 
	5.41: 
	5.40: 
	5.39: 
	5.38: 
	5.37: 
	5.36: 
	5.35: 
	5.34: 
	5.33: 
	5.32: 
	5.31: 
	5.30: 
	5.29: 
	5.28: 
	5.27: 
	5.26: 
	5.25: 
	5.24: 
	5.23: 
	5.22: 
	5.21: 
	5.20: 
	5.19: 
	5.18: 
	5.17: 
	5.16: 
	5.15: 
	5.14: 
	5.13: 
	5.12: 
	5.11: 
	5.10: 
	5.9: 
	5.8: 
	5.7: 
	5.6: 
	5.5: 
	5.4: 
	5.3: 
	5.2: 
	5.1: 
	5.0: 
	4.Plus: 
	4.Reset: 
	4.Minus: 
	4.EndRight: 
	4.StepRight: 
	4.PlayPauseRight: 
	4.PlayRight: 
	4.PauseRight: 
	4.PlayPauseLeft: 
	4.PlayLeft: 
	4.PauseLeft: 
	4.StepLeft: 
	4.EndLeft: 
	anm4: 
	4.119: 
	4.118: 
	4.117: 
	4.116: 
	4.115: 
	4.114: 
	4.113: 
	4.112: 
	4.111: 
	4.110: 
	4.109: 
	4.108: 
	4.107: 
	4.106: 
	4.105: 
	4.104: 
	4.103: 
	4.102: 
	4.101: 
	4.100: 
	4.99: 
	4.98: 
	4.97: 
	4.96: 
	4.95: 
	4.94: 
	4.93: 
	4.92: 
	4.91: 
	4.90: 
	4.89: 
	4.88: 
	4.87: 
	4.86: 
	4.85: 
	4.84: 
	4.83: 
	4.82: 
	4.81: 
	4.80: 
	4.79: 
	4.78: 
	4.77: 
	4.76: 
	4.75: 
	4.74: 
	4.73: 
	4.72: 
	4.71: 
	4.70: 
	4.69: 
	4.68: 
	4.67: 
	4.66: 
	4.65: 
	4.64: 
	4.63: 
	4.62: 
	4.61: 
	4.60: 
	4.59: 
	4.58: 
	4.57: 
	4.56: 
	4.55: 
	4.54: 
	4.53: 
	4.52: 
	4.51: 
	4.50: 
	4.49: 
	4.48: 
	4.47: 
	4.46: 
	4.45: 
	4.44: 
	4.43: 
	4.42: 
	4.41: 
	4.40: 
	4.39: 
	4.38: 
	4.37: 
	4.36: 
	4.35: 
	4.34: 
	4.33: 
	4.32: 
	4.31: 
	4.30: 
	4.29: 
	4.28: 
	4.27: 
	4.26: 
	4.25: 
	4.24: 
	4.23: 
	4.22: 
	4.21: 
	4.20: 
	4.19: 
	4.18: 
	4.17: 
	4.16: 
	4.15: 
	4.14: 
	4.13: 
	4.12: 
	4.11: 
	4.10: 
	4.9: 
	4.8: 
	4.7: 
	4.6: 
	4.5: 
	4.4: 
	4.3: 
	4.2: 
	4.1: 
	4.0: 
	3.Plus: 
	3.Reset: 
	3.Minus: 
	3.EndRight: 
	3.StepRight: 
	3.PlayPauseRight: 
	3.PlayRight: 
	3.PauseRight: 
	3.PlayPauseLeft: 
	3.PlayLeft: 
	3.PauseLeft: 
	3.StepLeft: 
	3.EndLeft: 
	anm3: 
	3.25: 
	3.24: 
	3.23: 
	3.22: 
	3.21: 
	3.20: 
	3.19: 
	3.18: 
	3.17: 
	3.16: 
	3.15: 
	3.14: 
	3.13: 
	3.12: 
	3.11: 
	3.10: 
	3.9: 
	3.8: 
	3.7: 
	3.6: 
	3.5: 
	3.4: 
	3.3: 
	3.2: 
	3.1: 
	3.0: 
	2.Plus: 
	2.Reset: 
	2.Minus: 
	2.EndRight: 
	2.StepRight: 
	2.PlayPauseRight: 
	2.PlayRight: 
	2.PauseRight: 
	2.PlayPauseLeft: 
	2.PlayLeft: 
	2.PauseLeft: 
	2.StepLeft: 
	2.EndLeft: 
	anm2: 
	2.67: 
	2.66: 
	2.65: 
	2.64: 
	2.63: 
	2.62: 
	2.61: 
	2.60: 
	2.59: 
	2.58: 
	2.57: 
	2.56: 
	2.55: 
	2.54: 
	2.53: 
	2.52: 
	2.51: 
	2.50: 
	2.49: 
	2.48: 
	2.47: 
	2.46: 
	2.45: 
	2.44: 
	2.43: 
	2.42: 
	2.41: 
	2.40: 
	2.39: 
	2.38: 
	2.37: 
	2.36: 
	2.35: 
	2.34: 
	2.33: 
	2.32: 
	2.31: 
	2.30: 
	2.29: 
	2.28: 
	2.27: 
	2.26: 
	2.25: 
	2.24: 
	2.23: 
	2.22: 
	2.21: 
	2.20: 
	2.19: 
	2.18: 
	2.17: 
	2.16: 
	2.15: 
	2.14: 
	2.13: 
	2.12: 
	2.11: 
	2.10: 
	2.9: 
	2.8: 
	2.7: 
	2.6: 
	2.5: 
	2.4: 
	2.3: 
	2.2: 
	2.1: 
	2.0: 
	1.Plus: 
	1.Reset: 
	1.Minus: 
	1.EndRight: 
	1.StepRight: 
	1.PlayPauseRight: 
	1.PlayRight: 
	1.PauseRight: 
	1.PlayPauseLeft: 
	1.PlayLeft: 
	1.PauseLeft: 
	1.StepLeft: 
	1.EndLeft: 
	anm1: 
	1.67: 
	1.66: 
	1.65: 
	1.64: 
	1.63: 
	1.62: 
	1.61: 
	1.60: 
	1.59: 
	1.58: 
	1.57: 
	1.56: 
	1.55: 
	1.54: 
	1.53: 
	1.52: 
	1.51: 
	1.50: 
	1.49: 
	1.48: 
	1.47: 
	1.46: 
	1.45: 
	1.44: 
	1.43: 
	1.42: 
	1.41: 
	1.40: 
	1.39: 
	1.38: 
	1.37: 
	1.36: 
	1.35: 
	1.34: 
	1.33: 
	1.32: 
	1.31: 
	1.30: 
	1.29: 
	1.28: 
	1.27: 
	1.26: 
	1.25: 
	1.24: 
	1.23: 
	1.22: 
	1.21: 
	1.20: 
	1.19: 
	1.18: 
	1.17: 
	1.16: 
	1.15: 
	1.14: 
	1.13: 
	1.12: 
	1.11: 
	1.10: 
	1.9: 
	1.8: 
	1.7: 
	1.6: 
	1.5: 
	1.4: 
	1.3: 
	1.2: 
	1.1: 
	1.0: 
	0.Plus: 
	0.Reset: 
	0.Minus: 
	0.EndRight: 
	0.StepRight: 
	0.PlayPauseRight: 
	0.PlayRight: 
	0.PauseRight: 
	0.PlayPauseLeft: 
	0.PlayLeft: 
	0.PauseLeft: 
	0.StepLeft: 
	0.EndLeft: 
	anm0: 
	0.29: 
	0.28: 
	0.27: 
	0.26: 
	0.25: 
	0.24: 
	0.23: 
	0.22: 
	0.21: 
	0.20: 
	0.19: 
	0.18: 
	0.17: 
	0.16: 
	0.15: 
	0.14: 
	0.13: 
	0.12: 
	0.11: 
	0.10: 
	0.9: 
	0.8: 
	0.7: 
	0.6: 
	0.5: 
	0.4: 
	0.3: 
	0.2: 
	0.1: 
	0.0: 


