Math 353 Lecture Notes
Intro to PDEs

Eigenfunction expansions for IBVPs

J. Wong (Fall 2020)

Topics covered

e Eigenfunction expansions for PDEs

o The procedure for time-dependent problems

o Projection, independent evolution of modes

1 The eigenfunction method to solve PDEs

We are now ready to demonstrate how to use the components derived thus far to solve the
heat equation. First, two examples to illustrate the proces...

1.1 Example 1: no source; Dirichlet BCs

The simplest case. We solve

Up =Uggs z € (0,1),t>0 (1.1a)
u(0,t) =0, wu(l,t) =0, (1.1b)
u(z,0) = f(z). (1.1c)

The eigenvalues/eigenfunctions are (as calculated in previous sections)
Ay =n’1%, ¢, =sinnnz, n> 1. (1.2)

Assuming the solution exists, it can be written in the eigenfunction basis as

u(z,t) =Y cn(t)pn(x).

n=0

Definition (modes) The n-th term of this series is sometimes called the n-th mode or
Fourier mode. I'll use the word frequently to describe it (rather than, say, ‘basis function’).



Substitute into the PDE (1.1a) and use the fact that —¢! = A\, ¢ to obtain

o0

Z(C/n<t) + AnCn(t))Pn(x) = 0.

n=1

By the fact the {¢,} is a basis, it follows that the coefficient for each mode satisfies the ODE
A (t) + Aen(t) = 0.

Solving the ODE gives us a ‘general’ solution to the PDE with its BCs,

o0

u(z,t) = Z ane M, (2).

n=1

The remaining coefficients are determined by the 1C,

u(e,0) = f(x).
To match to the solution, we need to also write f(z) in the basis:
flz) = gfn%(x), Jo = é{;ﬁg = 2/01 f(z)sinnrx dx. (1.3)

Then from the initial condition, we get

u(z,0) = f(z)

o0

— ch(O)(bn(:c) = anﬁbn(x)

= ¢,(0) = f, for all n > 1.

Now everything has been solved - we are done! The solution to the IBVP (1.1) is
u(x,t) = iane_"2”2t sinnmz  with a, given by (1.5). (1.4)
n=1
Alternatively, we could state the solution as follows: The solution is
u(e,t) = 3 fue ()
n=1

with eigenfunctions/values ¢, A, given by (1.2) and f, by (1.3).



1.2 Long-time behavior

Note that every term in the solution (1.4) has a negative exponential (since all the eigenvalues
are positive). Furthermore, terms further down in the series decay much faster since \,, grows
quadratically with n. It follows (informally) that

lim u(z,t) =0

t—o00

independent of the initial condition f(z) (which just affects the b,’s and not the eigenvalues).

Moreover, by approximating u by its first term,

u(z,t) = fre ¢ (r) = decays to zero at least as fast as fie .

Thus, the smallest eigenvalue of a non-zero term gives the (exponential) convergence rate.

As an explicit example, suppose the initial condition is
fl@) =z(1—=)
After some laborious integration by parts, we get

2(1 —(—1)™) {O n even (1.5)

an = =
m3n3 n odd.

The first few terms of the solution are

2 2
u(z,t) = ﬁe_”% sin rx + ﬁe_gﬂ% sin 37w + - - -

Note that u(z,t) is missing a ¢o = sin 2wz term; this does not affect the convergence rate.

Missing modes: However, suppose instead that f(x) = 2 — 1/2. Then we have

1 1
a1—2/ (x —1/2)sinmx dx = 0, a2—2/ (x — 1/2)sin 2wz de = —1/pi.
0 0

the n = 1 term vanishes, so

1

—e gy (x) 4+ -+ as t — 00
™

u(z,t) =~ 0-¢1(z) —

and the convergence rate is given by the second eigenvalue A\, = 47% (faster convergence!).



1.3 Example 2: no source, Neumann BCs

A variation - similar to Dirichlet, but with a crucial difference due to the zero eigenvalue.
Here we seek a solution u(z,t) to the IBVP

Up = Ugy, re(0,1),t>0 (1.6)
with boundary and initial conditions
u(0,8) =0, wu,(1,t) =0, u(z,0) = f(x). (1.7)
The eigenvalues/eigenfunctions are (again, computed earlier)
A\, = n’n%, ¢, =cosnmz, n=0,1,2,---

Note that )\, = 0 is an eigenvalue, unlike the previous case. Regardless, the process is the
same and we end up with a solution (check this!)

oo
2.2
u(z,t) = 5 ane” " " " cosnmr

n=0

for constants a,, determined by the initial condition f(x). In terms of the basis,

N o), o)

However, we must be careful; the formulas are different for n = 0 and n # 0:

1 d 1

hz%%%ﬁzlmea
0

B fol f(x) cosnmx dx

1
fo cos? nrx dx

1
In = 2/ f(x) cosnmz dz, n > 1.
0

This gives the formulas for hte coefficients a,, in the solution since

n=0 n=0



1.4 Long-time behavior (Neumann)

The zero eigenvalue changes the ¢ — oo limit. We have
oo
—n27%t —m2t
u(z,t) = ap + E ane COSNTE = ag + are” " ' COSTE + - - -
n=1

or more abstractly,
U(SL', t) = a0¢0<$) + ale*’\ltqﬁl(:c) —+ .

As t — oo, every term with a negative exponential will vanish. However, the n = 0 term
does not!

Thus, the limit as ¢ — oo exists (no terms grow!) and leaves only the n = 0 term:
lim u(z,t) = agPo(x).
t—o00
We know the A = 0 eigenfunction is just ¢y = 1 and we have a formula for ay, which gives

lim u(z,t) = constant function
t—00

where the value of this constant is
1
agp = / f(x)dx = average of f(x) over the interval .
0

The result here makes sense physically. The Neumann problem models heat flow in a closed
(insulated) container. Over time, the temperature will reach a (constant) equilibrium, and
that value is the average temperature.



2 The projection approach

We have seen that solutions to the heat equation are actually a superposition of single
mode solutions

cn(t)Pn()

where ¢, (t) is governed by a (scalar) ODE. This perspective can be used to guide the solution
procedure. Let’s go through the procedure for solving the heat equation, but using the idea
of projecting onto each mode. Recall that

<f7 ¢n>

f— ———— = coefficient of the ¢,, component of f.

(n, Pn)

That is, this ‘projection’ selects the coefficient of the n-th mode.

Consider again the heat equation problem
U =gy, x € (0,1),t>0
uw(0,t) =0, wu(l,t) =0,
u(z,0) = f(z).

Find the eigenfunctions ¢,, = sin nmx and eigenvalues \,, = n?

72 as before.

We know that the solution can be written in the eigenfunction basis:

u(a,t) = ca(t)pn(x).

In particular, we've defined ¢, (t) as the coefficient of the n-th mode of u. From here, we can
project, and then only have to solve one-dimensional problems (simple ODEs)!

First, project the PDE by taking the ‘projection’ onto the ¢, component:

<'a ¢n>
(6n, Pn)

proj,, (-) =
We calculated before, using the series, that
projy, (u) = ¢ (t), projy, (Usz) = —Ancn
Then for the PDE, we get
projs (PDE) = ¢,(t) = —Aucn
and for the 1C,

{f &n)
{¢n, Pn)

Thus, the coefficient of the n-th mode evolves according to the IVP
4 A, =0, ¢,(0) = ¢, coefficient of the IC.

proj,, (IC) = ¢,(0) = = ¢, coefficient of f.

After solving for each mode, we take the superposition to get the full solution.
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2.1 Single mode solutions

This principle tells us that for the full problem
U =gy, x € (0,1),t>0
u(0,t) =0, wu(l,t) =0,
u(z,0) = f(x).
each mode
Un (7, 1) = cn(t)Pn()
solves a ‘projected’ IBVP

(un)t = (un>x$7
uy, satisfies the BCs (IBVP,)

Un('rv 0) = fn¢n

i.e. it solves the heat equation where the ‘input’ (initial condition) is just the n-th mode of
the full IC.

By taking the superposition of the solutions to these projected IBVPs, we get the solu-
tion to the full one (since the ICs superimpose to give f(z)).

This principle means that if there is only one mode in the inputs, then the solution will
also have only one mode. For a simple example, consider

Up =gy + 48in 22, z e (0,m),t>0
u(0,t) =0, wu(mt)=0,
u(x,0) = 2sin 2.

The eigenfunctions are ¢, = sinnx for n > 1. Both the source and IC only have a ¢ term.
To be explicit, we have

n>1

It follows that only the n = 2 mode of the solution is non-zero (all the other projected
problems have u,, = 0 as their solution), so

u(z,t) = co(t)pa(x).
Indeed, plugging this into the PDE we find that
A(t) = —daco(t) +4, (0)=2 = =1+
No other terms need to be solved for (¢, (t) = 0 for n # 2). The solution is simply
u(x,t) = (14 e *)sin 2.
Just to be sure - projection onto the other modes gives
a (t) + Ancn(t) =0,  ¢,(0) =0 for n # 2

whose solution is just ¢,(¢) = 0. Thus, only the ¢, term of the solution is non-zero.
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3 Procedure for the eigenfunction method

The procedure for the heat equation will extend nicely to a variety of other problems. For
now, consider an initial boundary value problem of the form

ug = —Lu+ h(x,t), x € (a,b), t>0
hom. BCs at a and b (3.1)
u(z,0) = f(z)

We seek a solution in terms of the eigenfunction basis
u(@,t) =Y cnlt)dn(x)

by finding simple ODEs to solve for the coefficients ¢, (t). This form of the solution is called
an eigenfunction expansion for u (or ‘eigenfunction series’) and each term ¢,¢,(x) is a
mode (or ‘Fourier mode’ or ‘eigenmode’).

Part 1: find the eigenfunction basis. The first step is to compute the basis. The
eigenfunctions we need are the solutions to the eigenvalue problem

Lo = Ao, ¢(z) satisfies the BCs for u. (3.2)

By the theorem in 7?7, there is a sequence of eigenfunctions {¢,} with eigenvalues {\,} that
form an orthogonal basis for L?[a,b] (i.e. one with all the required properties).

If possible, we compute solutions explicitly via the standard procedure. Note that the BCs
imposed on the eigenvalue problem must be homogeneous.

Now at each fixed time ¢, the function u(x,t) is a function of x defined on [a,b]. Tt fol-
lows that there are coefficients ¢, (t) such that

u(a,t) = ca(t)pn(x). (3.3)

For each t,{c,(t)} is the set of coefficients for expressing u(x,t) in terms of the basis {¢,}.

Part 2: get ODEs for the coefficients: Our objective now is to reduce the problem
to ODEs for coeflicients ¢, (t). The order of steps can be changed here.

Step 2a (Write known functions in the basis): We express every known function
in the problem (PDE and ICs) in the eigenfunction basis using the orthogonality formula.
In this case, there are two such functions, the source term and the initial condition:

_ . _ 00
f(z) = Z Fabul®). fu= 7S (3.4)
W, t) =Y ha(t)du(@),  halt) = <h(f;b3’;’:>(m)>. (3.5)
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Here (f,g) = fab f(z)g(z) dz is the L? inner product in z. Note that in (3.5), the t-variable
is not part of the integral, which sometimes simplifies things e.g.

W, t) = tr —> (h, o) =t / 260 (x) da.

Step 2b (Plug series in to the PDE): We now ‘plug the series in’ to the PDE - which
expands the PDE in terms of the eigenfunction basis. Taking this one part at a time!,

w=2 (Z cn<t>¢n<x>>

n

= Z ¢ (6)pn(x),  (t-derivs. only act on coeffs.)
Lu =Y c,(t)Lon
= Z AnCn(t)Pn(z)  (¢n is an eigenfunction)

. Plugging this into the PDE, we get
up = —Lu+ h(z,t)

= Y dOon(r) = =D Aaca(®)dn(@) + > hn(t) ().
Since {¢,} is a basis, the coefficients on each side are equal term-by-term. Or, write

Z(C;(t) + Ann(t) = hn(t))dn(z) =0 = Z 0- ¢

n

and since zero must have a unique representation in the basis,
A (t) + Ancn(t) = hy,(t) for all n. (3.6)

Next, you can solve the ODE for each n. Note that sometimes, this will involve some case
work (as we saw with Fourier series).

We now have a solution to the PDE with the BCs in the form

ulw,t) =Y calt)dn(2)

n

which will have arbitrary coefficients (a ‘general solution’).

Part 3: initial conditions, clean up You can do this part earlier as well. The initial
condition must be applied. Write

u(z,0) = f(z)

L After getting used to the process, you can shortcut the work here and skip some steps. They tend to be
the same for most problems, but you should be careful and recognize when the steps must be changed.
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in terms of the basis by plugging in the solution for u and the series for f to get

Y en(0)pn(z) =Y fudu(®)

n

which gives initial conditions for the ¢,’s:
cn(0) = f. (3.7)
That determines the coefficients, yielding a unique solution.
Note: Alternately, you could wait to solve the ODE, then solve (3.6) with (3.7) together:
() + Acn(t) =0, ¢,(0) = fo

as an initial value problem (sometimes easier, since you don’t need to first find the general
solution to the ODE).

Finally, you need to clearly state the solution, collecting the results. A reasonable state
would be something like the following:

Example of a solution statement We have that
u(z,t) = Z fne ()
n=1
solves the IBVP (3.1) where

Ao = (nm/L)?, ¢, =sin(nwx/L)

and f, is given by
L
fn= —/ 23 sin(nrr) do.
0

Note that it is often best to leave expressions in terms of explicit integrals like f,, above.
There’s no reason to simplify that integral, unless you really need the numbers.

10



4 Separation of variables

For homogeneous problems, we can exploit this independence to obtain solutions quickly.
Not that what follows is a useful computational trick, and is justified because of the
theoretical framework of eigenfunctions.

4.1 A first example

Consider the equation

Up = Ugy, x€1[0,7],6>0
u(0,t) =u(m,t) =0,t>0
u(z,0) = f(z).

We know that the solution will be an infinite sum of terms (modes) of a certain form. Let
us guess a separated solution

u(z,t) = F(t)G(x).

Plug into the PDE to get
F'(t)G(z) = F(t)G"(x).

Now separate variables, putting all the x’s on one side:

Ft) _ G"(x)
Fit) ~ Ga)

The left side is independent of z and the right side is independent of ¢t. Thus, both must
equal the same constant (chosen to be —\, knowing it will be the eigenvalue):

ind. of x = ind. of ¢ = const.
Pl 6@
F(t)  G(z) 7
Plugging this into the boundary conditions, we find that

F(H)G(0) = F(t)G(r) = 0 for all ¢

so we should require

G(0) = G(m) = 0.
This gives a pair of ODEs, linked by a shared constant, one of which has BCs:

F'(t) = —AF(#),
—G"(z) = \G(x), G(0) = G(r) = 0.

The problem for G is the eigenvalue problem (for the operator Lu = —u,,) with solutions

— o — 2 _
G, =sinnx, \,=n“forn=12,---.
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This sets the possible constants. Now for each constant \,,, solve for F"
Ay = F, =be
We have now found all separated solutions:
u = F(t)G(x) solves the PDE + BCs <= u = u,(z,t) = bye "' sin na.

the full solution is then a superposition of the separated solutions (the theory for the eigen-
function basis is required to verify this claim is true):

= Z U (z, t).
n=1
Finally, apply the initial conditions to get the constants b, (same as before).

Comparison to eigenfunction expansion Separation of variables for a homogeneous
PDE is the same steps as the eigenfunction expansion previously used, except construcfted
in a different order.

Both methods seek solutions for each component/mode, e.g. ¢,(t)¢,(x) for the heat
equation. For SoV, we solve for both ¢,(t) and ¢,(z) at once, obtaining a full solution to
the PDE/BCs for each n. Then, they are added together.

For eigenfunction expansion, We find the eigenfunctions, and write the full solu-
tion u(z,t) as a superposition of components ¢, (t)¢,(x). The ¢,’s are still unknown! Then,
we project onto each component and solve for the ¢,’s.

The method works on some other homogeneous PDEs, as long as tehy can be separateed.
Consider the PDE/BCs

Up = Upy + Up + (T + )
w(0,t) =0, wu(l,t)+u.(l,t) =

The PDE is homogeneous, so we can proceed with SoV. Plug in v = F(t)G(z) to get
F'(t)G(z) = F(t)G"(z) + F(t)G'(z) + (t + 1) F(t)G(x).

Divide by G(z) and F(t) to get:

PO _GHE 4y
= POy CEC

12



Now plug into the BCs:

— G(0)=0, G(1)+G'(1)=

The separated problems are then

F'=—\+t+1)F
G+ G = -)\G, G(0)=G(1)+G'(1) = 0.

We then solve this to get eigenfunctions GG,, and eigenvalues A, then solve
FrtN+t+1)F=0 = F,(t).

Now use superposition to write the full solution,
u=Y F,(t)Gy(x)
n

The G, ’s are the eigenfunctions and the problem for G(z) is the eigenvalue problem.

4.2 Limitations of SoV
When does SoV not yield the solution? Suppose the PDE is inhomogeneous, e.g.

up = 2tuz, + €%, xe(0,m],t>0
u(0,t) = u(m,t) =0,
u(z,0) = f(z).

(Quick reminder: a linear equation Lu = f is inhomogeneous if f # 0, i.e. there is a term
that does not involve u. In particular, it’s homogeneous if and only if u = 0 is a solution).

We cannot find solutions
u= F(t)G(x)
to the PDE - it is not separable due to the te” term.

To use the eigenfunction method, we first need to identify the eigenvalue problem. SoV
is still useful here! The homogeneous problem for the PDE/BCs is

]

Uy = 2HUyy €0

u(0,t) = ( t)
Using separation of variables we arrive at

Fl(t) _ G"()
2%F(t)  G(x)

— ) (4.1)

13



and boundary conditions G(0) = G(mw) = 0. The equation for G is
G"=-)\G, G(0)=G(r) =0,

the eigenvalue problem. The operator here (LG = AG) is then

&2

dz?

as before (you would lose the minus sign depending on the sign in (4.1)).

Now, we go back to the full problem and use eigenfunction expansion. We now know
that the eigenfunctions/eigenvalues are

b =sinnz, M\, =n? n=123-.
so expand the solution as

u(x,t) = Z n(t)dn()

and expand the inhomogeneous term as

v = hn n hn = :
‘ ; ¢ <¢n; ¢n>

Then plug both into the PDE:

up = 22Uy, + €7

= > Wb =2 calt)(=Mabn) + Y hahn
n=1 n=1 n=1

= > (1) + 2tAnca(t) — hu)dy = 0

so (since the ¢,’s are a basis)
a () + 2tA,en(t) = hyy, n>1

Notice that SoV yields the same homogeneous part for ¢,(t); from (4.1) of the previous

example we get
F'(t) + 2tAF(t) = 0.

The inhomogeneous term contributes an h,, to the ODE for the n-th mode.

Important note: SoV used to identify the operator L and the eigenvalue problem for use
with the eigenfunction method when this is not clear. This is because the eigenfunctions for
the homogeneous problem are also the correct ones for inhomogeneous problems!

However, when solving the full inhomogenous problem, we do need to return the
eigenfunction expansion approach.
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5 Wave equation

The wave equation, in one dimension, has the form
2
Ut = C Ugg

for u(x,t), where c is a constant. This is the fundamental equation for describing propagation
of (physical) waves e.g. elecromagnetic, seismic, sonic and so on. As with the heat equation,
the wave speed may vary in space. For a vibrating string with variable density p(z) and
tension T' (constant), the displacement u(x,t) evolves according to the PDE

p(x)uy = Tgy.

(see e.g. the textbook for a derivation).

5.1 Vibrating string

Consider, for example a string that is fixed at ends x = 0 and x = ¢ with constant tension
T and density p. Define the ‘wave speed’

c=+T/p.
Then the displacement u(z,t) of the string can be described by the wave equation
Uy = Uy, x € (0,0)

along with boundary conditions

u(0,t) = u(l,t) = 0.
The string has, at ¢ = 0, an initial displacement f(x) and velocity g(z). The IBVP is:

Uy = gy, x€(0,0), tER

u(0,t) =0, wu(l,t) =0,
ou

u(,0) = f(z), (2,00 = g(x).

Note that there are two ICs needed because of the two ¢t-derivatives. A sketch and the domain
(in the (z,t) plane) is shown below. We do not restrict ¢ > 0 as in the heat equation.

(5.1)

t — 00

————e
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5.2 Solution (separation of variables)

Let’s solve this homogeneous problem using the full separation of variables procedure.

1) Eigenfunctions, separated solutions: First, look for a separated solution

u = h(t)p(z).
Substitute into the PDE and rearrange terms:

2
Ut = C Ugy

LA _ ¢"(z)

¢ h(t)  o(x)

and conclude that both sides must be a constant (neither a function of z nor t):

1) ')
ht) )

Then substitute into the BCs to get

= —\ (5.2)

$(0) = ¢(£) = 0. (5.3)
Collecting (5.2), (5.3) together, we get an ODE for h(t) and an eigenvalue problem for ¢(z):
¢"+ =0, ¢(0)=0¢(()=0,
R'(t) + *Ah(t) = 0.
Solving the ¢ equation as done in the past, we obtain eigenvalues/funcftions

. NTT
— qﬁn:smT, Ap = n?m? /12,

which identifies the eigenfunction basis for this problem.
Next, we solve the coefficient ODE

R (t) + A X\hn(t) =0
for each \,. Plugging in \,, we get

R 4+ w2h, =0, Wy 1= —.
Thus, for all n, the solution consists of sines/cosines, so we can solve for all n at once:
h, = a,, cosw,t + b, sin w,t.
In summary, we have found solutions of the form
ho () () = (an coswyt + by, sinw,t) sin(nraz /L), n=123--.
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2) Full solution, ICs: The IBVP solution is a superposition of the separated solutions:

[e.9]

u(z,t) = Z(an cos wyt + by, sinwy,t) o, (x) (5.4)

n=1

(note that the a,’s and b,’s from above were arbitrary to begin with, so no new coefficients
have to be introduced). This expression is the general solution to the PDE + BCs.

Last, the IC,
u(z,0) = f(z),  w(z,0)=g(z)
must be applied to solve the IBVP.

First, write f and ¢ in terms of the eigenfunction basis:

N f,0n)
f= E Jons  fn = <<¢ 62 f )sin(nmx/f) dz
n=1 ny n
where (f, g) fo x)dx is the L? inner product in the interval. Similarly,

= (g. ) 2 [° .
= n®n, n — = - f d
g n§lg Gy G o) T /0 g(x)sin(nmx/l) dv

Plugging the series into the ICs gives

> ha(0)u(@) = f@), Y (0)én(z) = g(x)
n=1 n=1
and projecting onto the ¢,, component, we get

hn(o) = fm h/n(O) = gn-

That is, the ¢,, compoment of the solution sees only the ¢,, compoment of the ICs. It’s easy,
then, to solve for the unknown coefficients in (5.4) (a,, is just f,, and b, is gn).

In summary, the solution to the IBVP is

(o)

u(z,t) = Z(fn coS Wyt + gp SN wyt) oy ()

n=1
with f,, g, as defined above and ¢,, = sin(nmz/¢) and

wy, = cnm /L.
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5.3 Solution via eigenfunctions

The procedure is similar to SoV. By whatever means, identify the appropriate operator L,
which here is
= —d?/da?

and we need to solve
uy = —c2Lu, x€(0,0), teR

u(0,t) =0, wu(l,t) =0, (5.5)
ou
u(z,0) = f(z), En —(2,0) = g(2).

(the ¢ can be put inside L but it is easier to keep L simple).

The eigenvalue problem (plug in ¢(z) for u) is then

—¢" =Xp,  ¢(0) = ¢(0).

Then we solve for the eigenfunctions/values to get the basis.

Next, everything is expanded in terms of the basis (v and the initial conditions f, g):

B (3] <f>¢n> _ <g’¢”>
_E;cn(t)gbn x), f= anqzﬁn, g—zgn% Jn = (s D) In ~ {(Dns Pn)

n=

for unknown coefficients.? Plug into the PDE to get
Zcﬁ(tﬁbn = ch(t))\nqﬁn — '+ =0, n>1.
and into the ICs to get

f@) =u(z,0) = (0) = fo, g(z) =w(2,0) = c,(0) = gn-

Last, we solve the ODEs for ¢,(t) (with the initial conditions above), same as in SoV.

2As before, (f,g fo x) dz is the L? inner product on [0, ¢].

18



5.4 Standing waves

The separated solutions (the eigenmodes) in the (PDE+BCs) solution (5.4) have the form
U (t) = (an coswyt + by, sinw,t) sin(nmaz /L)

The frequencies
wy =cm/l

is called the fundamental frequency, and the others (w, = nw;) are multiples of it.

We have thus shown that, for the wave equation, the motion is a superposition of vibra-
tions at multiples of the fundamental frequency.

Notice that if you were to observe a string following the separated solution
ay, oS Wyt + by, sinwyt) o, ()

you would a see the string vibrate with the shape of the eigenfunction, but with an amplitude
that oscillates in time (see below). These are standing waves, which you can easily observe
in a simple physics experiment.

n=1
n=2
n=3

Where is the wave? So far, it is not clear why the full solution describes a propagating
wave. With some effort we can show that the solution to the wave equation is really a
superposition of two superimposed waves traveling in opposite directions. Using

1 1 1
cosnct sinnx = §(sin n(x + ct) + sinn(z — ct)) = §hn(a7 + ct) + Ehn(x — ct)

we can rewrite the solution in the form F(x + ct) + G(x — ct) (D’Alembert’s formula).
This hints at key structure for the wave equation (propagation along characteristics) that
is outside of the scope of the eigenfunction method; we will not pursue it here.
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6 Example: plucking a string
A string of length ¢ = 1 from a guitar or harp is plucked. The initial speed u(x,0) = 0 and

the displacement will a triangular shape like
T 0<z<1/2

:2A0
f {1—x 1)2<z<1

where A is the initial displacement at x = 1/2. Plugging this f into the solution (?7) (with

initial velocity g = 0), we find that the response of the string is

(x,t) = i fncos(wnt)pn(x), w, =cnm, ¢, =sin(nrx).

n=1

With some computation, we can find the coefficients f(x),

F=Y" fatulx)

1
) 8A . nmw
fn:2/ f(z)sinnrrdr = —— sin — for n > 1.
0 m2n
The even terms are zero! The first few non-zero terms are

A
ue.t) =25 (61— ot gou =),

The string vibrates with only odd multiples of the fundamental frequency (in music
terms: the odd harmonics), and the higher frequencies have amplitudes that decay like 1/n?.
Further, note that the solution does not look smooth - it is comprised of two waves that

move left /right, but retains the sharp corners of the initial pluck more on this later!).

t=1.150 t=0.380
1 N 1 1
Ve N
Ve N
7 N
0.5 Ve N 1 0.5 1
7 N <
— s —
= |, o =
. . //\
S 3
-0.5 1 -0.5 1
1 -1
0.5 1 0 0.5 1
T

Figure 1: Left: solution and initial condition (dashed). Right: solution and its two waves

hn(z £ ct) (red and blue) as defind in box on previous page.
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6.1 With a source term (tuning the string)

Consider a string of length 7, fixed at both ends at take ¢ = 1 for simplicity. The system
starts at rest, and is then driven by some external force

force = Asin(Wt)s(x).
that oscillates with a frequency W. The IBVP is

Uy = Uge + Asin(Wt)h(z), x € (0,7), teR
u(0,t) =0, wu(m,t)=0, (6.1)
u(z,0) =0, wu(x,0)=0.
Imagine that we are free to control the input frequency W. By ‘tuning’ this input, we can

see the eigenfunctions and eigenvalues by causing it to resonate! (Think like a tuning fork
used to tune a musical instrument).

First, let’s solve the IBVP using eigenfunctions. Note that there is an inhomogeneous term
(a ‘source’ or ‘forcing’ term, in other words), so separation of variabels alone cannot be used.

1) Get the eigenfunctions: To identify the eigenfunctions, drop the source term and
consider the homogeneous problem

Uy = Uge, x € (0,7), tER

u(0,t) =0, u(mt)=0 (6.2)

Procceding with separation of variables (u = h(t)¢(z)) yields the eigenvalue problem
—¢" =Xp, &(0)=¢(m)=0

with solutions
— ¢, =sinnz, N\, =n? n>1.

Thus, the PDE should be viewed as
uy = —Lu, L= —d?*/da*.
and the basis used is the basis of eigenfunctions for L with the given BCs.

Now, because the full problem has a forcing term, we must stop and return to the eigen-
function method (instead of continuing with SoV).

2) solving the PDE (eigenfunction method): First, write the forcing term in the
eigenfunction basis by factoring out the ¢ part and expanding s(x):

forcing = Asinwt nio; Spbn(T), 5, = <£Z’¢£:> _ % /07r s(x)pn(x) dx (6.3)

21



Now write the solution in terms of the eigenfunction basis,

u(e,t) = 3 halt)6n(a)

for unknown functions h,,(t) to be found.

Plug the series for u and the forcing into the PDE to get

D d(O)n(x) =) ha(t)(x) + > Asysinwt ¢, (x)
n=1 n=1 n=1

— i(hﬁ(t) + Aphy, — Asy sinwt)g, () =0
n=1

Now for the initial conditions, plug the series for w in (or project onto ¢,) to find that

0=u(z,0) = h,(0) =0 for all n
0 =wu(x,0) = h/(0) =0 foralln

Putting this together, the coefficient h,(t) of the n-th eigenmode solves
B! (t) + n’h,(t) = As,sinwt, h,(0) = h,(0) = 0. (6.4)

The solution to the IBVP is

u(z,t) = i hon(t) (), hn(t) = the solution to (6.4). (6.5)

With a bit more effort, we can solve the ODE to get an explicit solution. However, due to
the forcing term, some care is required (case work!).

6.2 Examples: resonance

Some illustrative cases will suffice to understand how the solution is affected by the source:

With a single mode: Suppose the forcing is
forcing(z,t) = sin Wt sin 2z.

Then the forcing is a multiple of ¢ so the solution (6.5) only has one non-zero eigenmode
(n=2):
u(z,t) = ha(t)pa(x).

Explicitly, we have that
R (t) + n*h,(t) = 0, h,(0) = h.,(0) = 0 for n # 2
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whose solution, of course, is just h,(t) = 0. For the n = 2 eigenmode,

There are two cases to consider for undetermined coefficients. If W # 2 then the usual
guess ¢y sin Wt + ¢ cos Wt works for the particular solution. After solving the IVP (left as
an exercise), we get

. w .
=Tz (sin Wt — 751n2t).

However, if W = 2 then sin Wt is a homogeneous solution! instead, the particular solution
must be of the form
t(cy sin Wt + ¢o cos W)

and again, after solving the IVP, we get
1
W =2 = hy(t) = —gtcos 2'25 +(homogeneous part).
grows!

There is resonance (linear growth) if W = 2, and no resonance otherwise. We can observe
this by forcing the string and waiting - if the amplitude keeps growing, resonance is occuring.

With infinit modes: Now suppose the forcing is
forcing(z,t) = sinwt.
Then s(x) =1 from the solution, and

forcing = sin wt - Z Snn (),

n=1

4/nm odd n

0 even n

Sn = %/Owéﬁn(iﬂ) dr = 3(1 —cosnm) = {

nmw

Then the coefficients h,(t) for each mode satisfy

B! (t) + n*h,(t) = s,sinWt,  for odd n

hn(t) =0 for even n
Now the undetermined coefficients procedure can be applied to each ODE and we find that
hn, = (---) + homogeneous part ifW # n.

but
hp, = (---)tcosnt + homogeneous part if W = n.

Here - - - denotes a constant you could find, and ‘homogeneous’ part is a sum of sinnt’s and
cosnt’s that just oscillates (does not grow).
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Now the full solution has all the (odd) eigenmodes:
u(w,t) = > ha(t)én(2).
n=1,n odd
Now let’s see what happens if the forcing has frequency W:

e If W is not an odd integer, then there are no resonant eigenmodes. All the h,(t)’s stay
bounded, and just oscillate (at frequencies W and n).

e If W is an odd integer (W = N), then there is one resonant eigenmode (¢y) and all
others stay bounded.

In this second case, because one term grows, it eventually takes over and becomes the
dominant term in the solution:

u(z,t) = hy(t)on(x) + smaller terms as t increases.
This means, in particular, that if the string is forced at one of the resonant frequencies,
u(z,t) ~ (amplitude(t) - ¢n(x) after some time....

If we force the string with frequency N, then wait a bit, the string will look like the eigen-
function ¢y (times some oscillating amplitude).

Thus, we are able to identify the eigenvalues and eigenfunctions by adjusting W to look
for each one! An example with W = 3 is shown below (note that the amplitude is changing
in time; in the plots shown, the snaphots are at times where the amplitude is not large).

s(z,t) = Asin(3t) s(z,t) = Asin(3t)

t=80

05 ¢

05 | t=10
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