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Abstract

If a drum membrane is sprinkled with fine sand and a speaker emits sound
at certain frequencies sufficiently close, the sand will gather into special and
interesting patterns. This thesis explores the mathematics to understand this
phenomena.

We solve the wave equation

o2 02 02
@’U,(I, Y, t) + aiygu(xv Y, t) = CQ@U(Iv Y, t)7

over the unit disc, which describes the motion of the membrane.

The solution we find is a series involving trigonometric functions and Bessel
functions. In particular we see how the motion of the membrane can be de-
scribed in terms of eigenfunctions, or fundamental shapes, vibrating at their
own eigenfrequency. They, as a superposition, completely describe the motion
of a drum.
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1 Introduction

In 1787 Ernst Chladni published his book Entdeckungen tber die Theorie des
Klanges (Discoveries in the Theory of Sound), in which the reader finds a rather
interesting construction and observation. If one mounts a steel plate on a rod,
covered lightly with fine sand, and then draws a bow over this, interesting and
complex patterns will emerge. As the plate resonates it will divide into regions
separated by nodal lines. The sand will gather in these nodal lines, hence
forming the patterns seen.

The construction is by no means restricted to steel plates and bows, and
the phenomenon can be observed in drum heads and other rigid surfaces. In
Figure 1 we see the phenomenon occuring on a resonating circular steel plate. It
is interesting to compare the picture in Figure 1 to the mathematically derived
patterns shown in Figure 4 on page 12. The resemblance is remarkable.

S.28%kHz

FUNCTION
GENERATOR
[PASCS

Figure 1: Chladni figures occuring on a drum head. Image courtesy of [Kuill].

The topic of this work is Chladni figures in drum heads so we shall explore
this from a mathematical point of view, both experimentially and analytically,
in circular membranes. In particular, one can go online to look at videos of
Chladni figures in drums. The construction is in general some kind of external
force acting on the drum, like a speaker producing a sine wave, which makes it
resonate. We shall try to give an explanation of the phenomenon seen.

Already in 1766 Euler published his investigations on vibrations in circular
membranes [Eul66]!. He was led to study the equation

1d?2 d?z 1dz 1 d?z

424

e2dt2  dr?2  rdr  r?2de¢?
in which e is a constant depending on the characteristics of the membrane and
z is the vertical displacement at time ¢ at the point (7, ¢) in polar coordinates.
When solving this Euler performed a subsitution of z involving the function

u(r), and the constants o and B, to arrive at the differential equation
v 1du o B2
-t (-5 )u=0
dr? = rdr + <62 72
which we will come to know as Bessel’s equation of order 5. He also gave a

solution which is finite at the origin and we will get to know these solutions as
Bessel functions, Jg(x).

1For those who are interested, this can be read at https://books.google.se/books/about/
Novi_commentarii_Academiae_scientiarum_i.html17id=UVY-AAAAcAAJ&redir_esc=y



Chladni figures in circular membranes
Joachim Lundberg Sjalvstdandigt arbete 15 hp

In 1822 Fourier published his researches on heat conduction, Théorie Ana-
lytique de la Chaleur (The Analytical Theory of Head) in which he considered
expansions of arbitrary functions f(x) in terms of Bessel functions of the first
kind of order 0,

F@) =" amdo(jme).
m=1

Lommel demonstrated a more general result of this kind of expansion involving
Bessel functions of the first kind [Wat66]. We shall consider expansions of this
kind together with trigonometric Fourier series.

When reading this paper, a rather comprehensive understanding of the phe-
nomenon with resonance and Chladni figures can be obtained by reading chap-
ters 3, 4, and 7. Chapters 5 and 6 are mainly included to provide some math-
ematical rigor to the solution obtained. Finally, the final chapter 8 is merely
included for some amusement. It does not provide much additional insight, but
introduce some more functions occuring in mathematical physics.
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2 Short preliminaries: Fourier series and Fourier
method

2.1 Fourier series

This section is taken from [PZ97], and slightly modified. The Fourier series of
a function f on [—L, L] is the series

+ i [am cos —w) + b, bll’l(Tw)

m=1

fi
FLfI( —2

with the coefficients a and b defined by

1 L
-1 [ t@as,

L

G = %[L fx) cos(%x)dm
L

= %/7L f(x) sin(%a:)da:.

For Fourier series we have the following theorem

Theorem 1. If f is continuous on [—L, L], f(—L) = f(L) and " is piecewise
continuous, then the Fourier series of f converges uniformly to f on [—L, L].

Proof. The theorem is stated and proved for the particular case L = 7 as
Theorem 2.15 in [PZ97]. In Chapter 2 section 10 of [PZ97] they show how this
result is extended to the more general interval L > 0. O

In this case we write f = F[f] and call F[f] the Fourier expansion of f (on
[_La L])

When given a continuous function on an interval [a,a 4+ 2L] for a,L € R
with L > 0, this method can be applied aswell. By considering the function
g(z) = f(x+a+ L) which is a continuous function on [—L, L], the given Fourier
expansion of g can be translated in a similar way to give the Fourier expansion

of f.

2.2 Fourier method (Separation of variables)

A technique used when solving partial dif-
ferential equations is separation of vari-
ables, also called the Fourier method. A
Here it will be demonstrated with an ex-
ample.

We shall look at the vibrating string
problem. Picture a string in the 2D-plane
fixed at the origin and x = 1, see Figure 2.
We assume that it has uniform mass and
density, equal to 1. We can model the free
vibrating motion by a partial differential /_\{Xﬂ)

3 Figure 2: A string in the 2D-plane
fixed at the origin and x = 1.
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equation, derived in [CH53]. The differ-
ential equation is the wave equation given
by

o’y 0%y

otz Ox?
where y(t,z) is the height of the string at time ¢ and position z. We will also
have an initial condition at time ¢ = 0, which is a function f of x such that
f(0) = f(1) = 0. Imagine that the initial position is a plucked guitar string as
in Figure 3. The figure also shows how y is to be interpreted. To know how
y evolves in time we must solve the differential equation above. To do so, we
assume that y can be written as the product y(t,z) = T(t)X(z). Then the
differential equation becomes

T"(t)X (x) = T(t) X" ()

which we can rewrite it as TTH((t’;) = );/(Ef)) Since the variables of each side are
independent, the sides must both be equal to some constant —\ = 7;,((;;) =

);/(%) We have obtained the two differential equations

T"(t) + A\T'(t) = 0,
X"(z) + XX (z) = 0.

Since we assumed that y(t,z) = T'(t)X(z) we can derive conditions for the
two differential equations given. We have that y(0,z) = 7'(0)X () is non-zero,
hence T'(0) is a non-zero constant. Assume that y;(0,z) = 0, which implies
T'(0) = 0. These initial data can be interpreted as the string held still in a
position and then released at time ¢ = 0. Further y(¢,0) = y(¢,1) = 0 implies
that X(0) = X(1) =0.

By the theory of ordinary differ-
ential equations the solutions to these

equations are A
X(z) = c1eM® + coet?®
and
T(t) = kleult + k2e,u2t
where 11 and pp are the roots of €2 + flz)
A = 0. Using that X(O) = X(l) =0 4(0,36) < X=1>
and this, it is easy to verify that there x=0.36 !

are no non-trivial solutions for A < 0,

hence A > 0. In particular, it follows Fjgyre 3: A plucked guitar string in the
from X (0) = k1 + k2 =0 and 2D-plane at time t = 0.

X(1) = ky (V> — e=1VA) = 2ik; sin(v/A) = 0 that A = n?a2 for n =1,2,.... So
it makes sense to denote the solution of X (z) as X, (z) for A = n?z2, and after
some simplification the solution X, (z) is given by

X, (x) = ky sin(nmz)



Chladni figures in circular membranes
Joachim Lundberg Sjalvstdandigt arbete 15 hp

and in a similar way we find that the solution 7,,(¢) is given by
T, (t) = ¢p, cos(nmt)

for complex constants ¢, and k,. Hence y(t,x) = T, (t) X, (z) satisfies all the
conditions except for y(0,2) = f(z). To find the general solution use infinite
sums

y(t,z) = Z Ay, cos(nmt) sin(nrx).
n=1

At this point, the theory of Fourier seris can be applied to find the constant
A, for each n via the condition y(0,z) = >, A,sin(nmz) = f(z). Extend
f(z) to an odd function on the interval [—1,1]. Assuming that f’ is piecewise
continuous and since f(—1) = f(1) = 0 this have a Fourier expansions in sine
function only

flz) = Z Ay sin(nmz).
n=1

This determines A,:
1
A, = / f(z)sin(nmx)dx
-1

—9 /0 ' f(@) sin(nma)de.



Chladni figures in circular membranes
Joachim Lundberg Sjalvstdandigt arbete 15 hp

3 The two dimensional wave equation

By [CH53] we know that an ideal two-dimensional membrane, i.e. one with
uniform mass and tension, with no external forces acting on it changes in time
according to the differential equation

§u(w,y,t) = 62(59096(1'» Yst) + Eyy (2,9, 1)), (1)

where &(x,y,t) is the horizontal displacement at the point (x,y) at time t,
and the constant ¢ in the above equation depends on the characteristics of the
membrane, such as tension and mass.

3.1 The two dimensional wave equation in polar coordi-
nates

When considering a circular membrane it is natural to transform the wave equa-
tion to polar coordinates with the substitutions

x = rcos(f),
y = rsin(0).

If we set u(r, 6,t) = £(rcos(8),rsin(d),t) = (x, y,t) we get

uT(T‘, 0, t) = gw($7 Y, t)wr + gy(wa Y, t)yr>
uﬁ(ﬁ 67 t) = §$($7y7 t)l’@ + Ey(xa y7t)y9

Differentiating once more gives

Upr (7,0, 1) =Eae (0, y, t)lﬁ + &y (2,9, t)y? + 280y (7, y, t) Ty +
&,y )@ + &y (2,4, 1) Yrr,

ugo (1, 0, 1) =Eua (2, Y, 1) 75 + Eyy (2,4, 1)y + 260y (2, Y, D)oye+
(@, y, )00 + Ey(2, Y, t) Yoo,

which we simplify to

Uy =Epy €08 (0) + &y 5in?(0) + 2€,,, cos(6) sin(6),
gy =Eppr? sin?(0) + &,y 12 cos?(0) — 26,72 sin(0) cos(0) — r?(&; cos() + &, sin().

From this it is not hard to verify
gTT+£yy = Upp + 7 + —-

Since uy = & we can now conclude that the differential equation 1 is trans-
formed to

(2)

w1, 0,t) = c? <urr(7“, 0,t) + ur(r;e,t) + ueg(r,ﬁ,t)

r2

in polar coordinates, i.e. for circular membranes.
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4 Solving the two dimensional wave equation for
a circular membrane

To solve the differential equation (2) we will use the method of separation of
variables, like we did in Section 2.2. To read more on this, the reader is advised
to check [BC11]. But before we begin the process of solving the differential
equation we must decide upon initial and boundary value conditions.

4.1 Reasonable initial and boundary value conditions

We shall examine a circular drum head which we assume is evenly tense and of
uniform mass. Further we may assume that the radius is 1, and since we can
imagine it as clamped to a rim, the boundary is stationary. Thus we require
that u(1,6,t) = 0.

The membrane is obviously circular, and as the angle is measured in radians
we require that u(r,0,t) = u(r,2m,t) and ug(r,0,t) = ug(r, 2m,t).

Finally, we need some initial conditions regarding the shape, or position, and
velocity of the membrane. Let f(r,8) be a continuous function on [0, 1] x [0, 27]
such that f(1,0) = 0 and f(r,0) = f(r,27), so that it represents a reasonable
initial shape of the membrane. Further, let g(r, #) be a similar function describ-
ing the initial velocity of the membrane. We shall also pose the condition that
not both of f and g be identical to 0.

We conclude this subsection by collecting the conditions:

u(l,0,t) =0 60 €0,2n]t € [0,00), (3)
u(r,0,t) = u(r,2m, t), ug(r,0,t) = ug(r,2m, t) r€[0,1]t € [0,00), (4)
uw(r,0,0) = f(r,0), w(r,0,0) = g(r,0) r€1]0,1]0 € [0,2x]. (5)

Now we are in a position to start solving the wave equation in polar coordi-
nates by separation of variables.

4.2 Separating the first variable

We are searching for a non-trivial solution u on the form
U= Rnn(r)Amn(0)Tn(t) (6)
m n

for some unknown functions R, A and T. However, for now we will let u be
written on the form u(r,6,t) = v(r,0)T(t) and come back to the form in (6)
later.

With u in the form u(r,0,t) = v(r,0)T(t) the differential equation (2) be-
comes , ) v e

T"(t)v = ¢ (uﬁ.+ " rQ)T(t),
which we rewrite as
T'(t) g+ AR

r2

2T (t) v

Since the left hand side depend only on ¢ and the right hand side only on r
and @, both sides must be equal to some common constant, —A%. Later it will
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become clear why this number shall be negative. Therefore we get the equations

ORI,
2T (t) o
and v von
Urr + TT + 2 — _)\2
v
which we rewrite as
T"(t) + *N*T(t) = 0, and (7)
(%3 Voo 2
e+ — Mv=0 8
e S A (8)

Considering the boundary condition (3), we have u(1,0,t) = T(t)v(1,6) =0
which implies that v(1,6) = 0, and from considering (4) we must have v(r,0) =
v(r,2m) and wvg(r,0) = wvg(r,27). From the initial condition (5) we get that
T(0)v = f and T'(0)v = g, which implies that either f = 0 of ¢ = 0 or that
there is some constant ¢ such that f = ¢-¢g. We shall go with g = 0, so that
T'(0) = 0. This assumption can be interpreted as holding the membrane in a
static position and releasing it at time ¢ = 0. Now, we may take 7'(0) = 1. In
conclusion the boundary and initial value conditions are now

T(0) =1,
T'(0) =0,
and
v(1,60) =0, (9)
v(r,0) = v(r,2m), ve(r, 0) = vg(r, 27). (10)

Now we will solve for the function T, and we have the system

T"(t) + 2A2T(t) = 0,
7(0) = 1,
7'(0) = 0, t € [0, 00).

A short motivational discussion of the values of A is perhaps needed. Since
u = T(t)v, where v will be decided by the function f in the initial condition (5),
we may expect some property of T', namely that it oscillates as the drum head
moves up and down as time progresses. Therefore the only reasonable values
for the constant —A? above is that it is negative, as then the general solution
is given by T'(t) = c;1 cos(cAt) + ca sin(cAt). Later on, we will come back to the
exact values of .

By plugging in the initial conditions in T'(t) = ¢1 cos(cAt) + co sin(cAt) we
get ¢ =1 and ¢o = 0. So T'(¢) is given by

T(t) = cos(cAt),

with A undetermined.
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4.3 Separating the final variables

Now we will consider the system formed by the equation (8) with the boundary
and initial conditions in (9) and (10), i.e.

- 2
Urr"‘%"’%""AU:O:

v(1,0) =0,
v(r,0) = v(r,27),
vg(r,0) = vy(r, 2m), re0,1], 6€l0,2n].

Let v(r,8) = R(r)A(f), then the equation (8) is written as

R"(r)A(9) + MA(G) + MA”(G) + M R(r)A(0) = 0,

r r2

which, after we multiply through by #2(0)7 separates as

_AYO)

=w .

r2R"(r) +rR'(r) 2232
I 1)

The constant on the right hand side of this equation must be positive as is seen
by the solutions below. From this we get the two equations

R/ 2
R4~ 4+ (\ — %)3:07 (11)
A"(0) + w?A(0) = 0. (12)

The boundary condition (9) implies that
R(1)=0 (13)
and the conditions (10) imply

A(0) = A(2r),
{ A(0) = A'(2). (14)

Combining the equation (11) with the boundary value (13) gives the system

2

{ R+ 4 (N2 - “)R=0,

r2

R(1) =0, rel01] (15)

and likewise, the equation (12) with the conditions in (14) gives the system

A" +w?A =0,
A(0) = A(2m), (16)
A'(0) = A’'(2m).

4.4 Solving the system related to 6

We will not go into much detail about solving the system (16), but verify that
it has the solution
A(0) = ¢ cos(wh) + ¢ sin(wb),

for the values w =0, 1,2, 3... (17)
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where ¢; and co are constants to be decided upon later.
Clearly A”(0)i = —w?(c; cos(wh) + casin(wh)) = —w?A(0), hence A”(0) +
w?A(0) = 0. The conditions A(0) = A(2r) and A’(0) = A’(27) means

¢1 = ¢1 cos(2mw) + co sin(27w),
ca = ¢ cos(2mw) — c1 sin(27w),
from which we derive
(2 +c2) = (2 + ¢2) cos(2nw),
0= (& + c3) sin(27w).
Since we require that not both ¢; and ¢y be equal to zero, these conditions imply

that 1 = cos(27w) and 0 = sin(27w). It follows that w =0,1,2, ....

4.5 Solving the final system

Now we turn to something a little more interesting and less obvious - solving
the final system in (15):

/ 2

Ry - “R=,
r r2

R(1) =0,

for r € [0,1] with w =0,1,2,... and A so far undetermined.
Perform the substitution s = Ar so it becomes the system

R(s) + @ +(1— 2)R(s)

52
RO =

0, (18)
0. (19)

The equation in (18) is called the Bessel equation of order (or index) w. The
solutions to this equation are called Bessel functions and more specifically the
two solutions to this equation are the Bessel function of the first kind of index
w and the Bessel function of the second kind of index w. We shall look at the
former in a little more detail in the next section. For now, we will only say that
they are denoted by J,, and N, respectively. Hence R(s) = ¢1J,(s) + calN,(s).
The function R(s) can be further simplified in our case, because we shall always
require R to be well defined throughout the whole interval, in particular at the
origin. However, N, (s) — —oo as s — 0 (cf. Section 3-5 of [Wat66]2.) so we
are required to have co = 0. Therefore

R(s) = c1Ju(s)

with R(A) = 0. Thus, X shall equal the zeros of R of which there are infinitely
(but countably) many. In Section 5.1 this fact is stated for when the index w
is an integer, which we shall see later is all that we need. The n’th zero of
J, is denoted by jun, for n = 1,2, ... with j,1 < juo.... By substituting back
§ = Ar = junr we get

R(r) = c1Jy(JunT)

for some undetermined constant c;.

2Note that Watson use the notation Y, for N,

10
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4.6 Conclusion

From the two previous sections we know that w = m for m = 0,1,2,... and
A = Jimn for n =1,2,3, ... We found in Section 4.2 that T'(t) = cos(cAt) so

T n(t) = cos(Clmnt).
In Section 4.4 we verified that A(6) = ¢; cos(wh) + c2 sin(wh) so we write
A (0) = ¢ma cos(mb) + o sin(mb).
In the previous section the conclusion was that R(r) = ¢1J,,(jwnr) hence

R (7") = kmndm (jmnr)~

From this we know that the product A,,(0) Ry (r)Tmn(t) satisfies the original
system in (2) and therefore every linear combination of these products also
solves it. It follows that the complete expression for u is formally written as

u(t,r,0) = Z Z CmnIm (JmaT) (@mn c08(M) + byy, sin(mb)) cos(clmnt).
m=0n=1

(20)

4.7 Modes of the circular membrane

The function ¢ Jm (Jmn?)(@mn cos(mb) + by,y, sin(m@)) in the formal expres-
sion (20) is called the (m,n)-mode of u(t,r,0). Note that the term cos(¢jnt)
is periodic with frequency CJQ% We say that the (m,n)-mode resonates at CJQ%
Hz. We shall look more at what this means in Section 7, but for now we shall
just use the term very informally.

In Figure 4 the nodal lines of the first few (m,n)-modes, that is the lines
where the modes are 0. Compare this to the true physical phenomenon pictured
in Figure 1 on page 1. The nodal lines of the (m,n)-modes that we compute
are connected to the Chladni figures observed in circular membranes in a simple
way. The sand that we put on the membrane will collect were the membrane
lies absolutely still. This is precisely where u = 0 at all times ¢. The circles we
see come from the Bessel function J,,(jmnr), so they are described by the set
{(z,y) € R? : /22 + 92 = % for k=1,2,...,n}. The rays, which we see
when m > 0, come from the trigonometric functions @, cos(mé)+ by, sin(m#).
This may be rewritten in the form ccos(mf + ¢) where ¢ = /a2, + b2, and
tanp = %b. The solutions to cos(mf + ¢) = 0 are found by solving mf + ¢ =

+7 + 27k. Hence
_ —p+m k

0 + 2T —
m

for k=0,1,....m— 1.

11
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HEEE
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Figure 4: The first few modes of the circular membrane. On row m + 1 and
column n the (m,n)-mode is pictured for m =0,--- ,3and n=1,--- ,4.

12
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5 Bessel Functions

In this section we shall look at properties of the Bessel functions. The starting
point is the Bessel equation, which is the differential equation

/ n2
y/l+y+(1—2>y2_0'
T T

As it is a second order differential equation, it has a basis of two solutions as
expected. One of which tends to —oc as # — 0. That function is generally
called the Bessel function of the second kind, Weber functions or Neumann
functions. We shall not be concerned with Neumann functions as we will require
that the expansion v and initial condition f are non-singular everywhere.

This section is based almost entirely on [Wat66].

5.1 Definitions

The Bessel functions are functions that solve the Bessel equation (18). The
Bessel function of the first kind of complex index w, usually denoted .J,,, have
a couple of different representations as power series or integrals. We will only
consider the case with integer index, w = n for integers n.

Definition 1 (Bessel function of the first kind of index n). Let n be some
integer greater than or equal to zero and let z lie in the interval [0, ¢] for some
constant ¢ > 0. We define the Bessel function of the first kind of the index n of
the argument x, denoted J,(x), by

B o (_1)m$2m+n
Inl@) = Z 22mtnml(m + n)!’

m=0

Note that this series converges for arbitrary z, by the root test (Cauchy’s crite-
rion):

— T A T A
im = lim — =) =
m—o00 22m+nm!(m + n)! m—00 2 2 m!(m + n)!

_<;>2.1.0

:O7

m

since lim,, o, Vm! = co. We say that the radius of convergence is infinite.

We shall verify

Property 1. The function J,,(x) satisfies the Bessel equation in equation (18).

—1)k .
WM by Ck. The radius
of convergence is infinite, so Theorem 8.1 of [Rud76] implies that the series is
differentiable and the derivative is given by termwise differentiation. Termwise

Proof. For readability, denote the coefficients

13
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differentiation of .J,,(z) gives

J(x) = Z cr(2k 4 m)g?htm=1,
k=0

J;L(Qj) = Z Ck (Qk + m)(Qk; +m — 1)$2k+’m—2’
k=0

and when we put this back into the left hand side of (18) we get

Z ek ((2k +m)(2k +m — 1) + (2k + m) — m?)g2F-D+m 4 Z cpx?ktm,
k=0 k=0

This simplifies to

©0 (o]
Z crdk(k + m)xZ(k71)+m + Z ckx2k+m7
k=0 o

where the first term in the left hand sum vanishes, so we can shift that sum, so
that it now reads

Z Crp1d(k 4+ 1) (k +m + D)x?Tm 4 ¢ a?htm,
k=0

Finally, the coeflicient c¢,y14(k + 1)(m + k + 1) + ¢, is equal to zero, since
ck+14(k + 1)(m + k 4+ 1) = —cg, so the whole sum vanishes, as required by
equation (18). O

The first few Bessel functions are plotted in Figure 5. As one may guess

from the figure, we have the following property of Bessel functions

Property 2. For non-negative integers m, there are countably infinitely many
zeros of Jp,. That is, there are infinitely many values x such that J,,(z) = 0.
We shall order these in ascending order and denote them jn,. for the n’th zero.

Proof. See Section 15-2 of [Wat66]. O

Figure 5: The first four Bessel functions of non-negative integral index.

An amusing property of the zeros is the following

14
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Property 3. For m > 0 we have

jml < j(m+1)1 < jm2 < j(m+1)2 <...

That is to say that the zeros of any two Bessel functions of consecutive order
are interlaced.

Proof. The proof is given in [Wat66] 15-22. O

One thing to note in particular is that Jy(0) = 1 while J,,,(0) = 0 for all
m > 0. Just to avoid any confusion we shall not count 0 as a zero of J,,, so
jml > 0.

To finish this section of basic properties we shall state and prove the recur-
rence relations satisfied by the Bessel equations .J.

Property 4. For x > 0 and m > 0 we have
xJ! () —mdy(z) = =21 (2).

Proof. Consider the series expansion of the function J,, (),

o
Jm (.27) _ Z Ck$2k+m,
k=0

where ¢, = W}&;m), From the proof of Property 1 we know that J,(z) is

given by termwise differentiation,

JI(x) = Z e (2k + m)g2htm=1
k=0

so that the expression zJ], () — mJ,,(z) is given by

o0
E 2kcpz?t™,
k=0

The first term is zero, so this is equal to

[e ) [ee]
Z ke tm = Z 2(k + 1)cpyq a2k tm*2,
k=1 k=0

3 e . e . . (_1)k+1m2k+m,+2
and with the current definition of ¢; each term in this sum is given by AT (e

Now consider the series expansion of the function J,,1(x)

S (_1)k$2k+m+1

k}::o 22k+mALEl (ke + m + 1)1

. _— (_1)k+1I2k+m+2
from which we see that each term for —x.J,,11(z) is given by e o Y (s

Since each term of —xJp,4+1(x) and xJ), (x) — mJ,,(x) are precisely equal, it
follows that
xJ) (2) — mdm(z) = —xJmi1(2).
We did not handle the special case m = 0, where Jy(z) is a sum on the form
1+Y 00, cxz?F, because this case is seen by following the procedure above with
only slight modification. O
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5.2 Bessel functions in a function space

Let E be the set of all real valued functions that are continuous and of bounded
variation on [0, 1], with f(1) = 0. Recall that a function of bounded variation
on a compact set is characterized as a function which may be written as the
difference between two positive montonic, increasing functions (cf. Chapter
6, Jordan’s Theorem in [RF10]). Define the inner product, < -,- >, of two
functions f and g of E by

< fg>= / L (0)g(t)dt.

Then E is an inner product space, as is easy to verify and left to the reader.
Let || - || denote the induced norm, that is

Il =< Ff>.

For the remainder of this section we assume that functions belong to £ unless
stated otherwise.

Property 5. For any integer m > 0 the collection {me(jmna:)}?zl
is an orthonormal system of functions in F, with

il = ( | 1tJi<jmnt)dt)% — Umstlimn)]

Proof. To show orthogonality, we need to show that < Jy, (Jimn®), Jm/ (Jm/n @) >=
0 when n # n/. From Property 1 we know that J,,(z) satisfies the differential
equation

I () + @ + (1 — TZ;) Jm(x) = 0.

Perform the substitution = jmn,s and multiply by s? to obtain the equivalent
equation

52J7/7;(jmn5) + SJrln(]mnS + (52]3,”1 - m2) Jm(jmns) =0.
For simplicity, we shall denote the functions of the equation by v and v for now,

so we get:

d 2.2 2
3£(su’)+ (8%j2, —m*)u=0

@ 2.2 2y,
sds(sv)—i—(symn, m?)v =0

Multiply the first equation by v and the second by u and subtract them to
obtain

d
(52, — G2n)suv = d—(svu’ — suv’). (21)
s

Integrate from 0 to 1, we get:
! 1
(52, — jf,m)/ suvds = [svu’ — suv']; = 0.
0
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Hence, for n # n’ the integral fol $Im (Jmn8)JIm (Jmn’$)ds is equal to 0.
To evaulate the integral when n = n’, substitute u(s) = Jpn(jmns) and
v(8) = J(jmn’s) in (21), and differentiate both sides with respect to jp,:

~2Jmn8Im (Jmn8) Jm (Jmn’s) + (.772nn/ - ernn)SZJr/n(jmnS)Jm(jmn’S) =

%(Sjm(Jmn’S)J{n(]mnS) + 52Jm(Jmn’5)]angL(]mn5) - 52Jmn’Jv/n(JmnS)J;n(]mn’S))-

Put n = n’ and integrate from 0 to 1:
1
_2]mn/ 5J72n(jmn5)d5 = _]mn(J»;n(]mn))2
0

Hence fol 8J2 (jmns) = ‘];"(]fm”)z By Property 4, xJ], () —mJp, (2) = —xJmy1(2),
we put & = j, and see that J, (jmn)? = Jim+1(Gmn )
We conclude that

! . ) 0 n#n',
/ 8 (Gmn8) Im (Jmn' 8)ds = It (Gmn)
0 2

n=n'.

Similarly to Fourier series, we shall consider series on the form

< fv Jm(]mnx) > . _ 2 ! . d .
S S 2 ) = 3 s [0 )

These are called Fourier-Bessel series. In the next section we shall see that for
f € E the corresponding Fourier-Bessel series indeed converges to f, that is

>Jm ‘mnl‘ .
2 W%(ymnx) = f(x).

n

n

5.3 Fourier-Bessel series

The main result of this section is to show that Fourier-Bessel series converges
uniformly throughout the closed interval [0,1]. However, the origin is not di-
rectly considered for series of index m = 0 because it seems to be too complicated
with our approach.

Definition 2 (Fourier-Bessel series). Given a function f(z) the Fourier-Bessel
series of f is a series of Bessel functions

Z anJm (jmnx)y
n=1

with coefficients given by

1 tf(t) Jm (Gmnt)dt.

Gt
p = 55—
" J7271+1(]m7l) 0
This series is called the Fourier-Bessel series associated with f(x). We shall
sometimes use the shorthand expression series of order m to emphasize that
the series is made up of J,,. If, in addition, the series above converges to f(z)
for some value of z, the series is called the Fourier-Bessel expansion of f(z).
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Before proceeding, we shall look at the convergence of the series to some
functions. In Figure 6 we see how the partial sums for a series of index 0 get
closer to the function f(x) = 22 — 1 for increasing number of terms. In Figure 7

Figure 6: Shows the partial sums for a Fourier Bessel series of index 0. They
have 1, 5 and 10 terms respectively. The function f is given by f(z) = 22 — 1.

we see how the partial sums for a series of index 1 get closer to the function
f(z) = 2% — 1 for increasing number of terms aswell. However since J;(0) = 0
the series don’t converge to f at the origin so we see some overshoot right after
the origin. This looks a lot like the well known Gibb’s phenomenon for Fourier
series (cf. Section 3.7 of [PZ97] and [FK03]?). In Figure 8 we see the partial

Figure 7: Shows the partial sums for a Fourier Bessel series of index 1. They
have 1, 5 and 25 terms respectively. The function f is given by f(z) = 22 — 1.

sums for series of index 5 with 1, 5 and 25 terms respectively. Note that the
terms of this series look a bit “flatter” than the ones for series of smaller index.

In Figure 9 and Figure 10 we see how some partial sums approximate a
function f which is 0 at the origin for series of index 1 respectively 5. They are
quite close already for a few terms. In Figure 11 we see how some partial sums
of the series of index 0 approximate f. The partial sums have 1, 5 and 25 terms
respectively.

The functions we have looked at now look somewhat like Bessel functions,
they have continuous derivative and not a large amplitude. We shall now look

3While this is not actually conclusive, it contains some reason to belive that the Gibb’s
phenomenon is true for Fourier-Bessel series.
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|
il

L

Figure 8: Shows the partial sums for a Fourier Bessel series of index 5. They
have 1, 5 and 125 terms respectively. The function f is given by f(x) = 22 — 1.

/
/i

Figure 9: Shows the partial sums for a Fourier Bessel series of index 1. They
have 1, 5 and 25 terms respectively. The function f is given by f(z) = —22.

at functions which are not as nice. They will only have piecewise continuous
derivative and change character a lot. We begin with

10z <01
~}J 1-1000(z — 0.1)(z —0.3) = <0.3

) =9 14+ 1000 —03) x<0.7
(934 3)(1—=2) r<1

and in Table 1 the distance from a series approximation of f of index m with n
terms to the function f. The distance is given by

¢ / (@) - gla)lde.
0

In Figure 12 we see how different indexed series behave when approximating
the function f;.

It is also of interest to know how the series behave around discontinuities, so
in Figure 13 we see series approximations of the piecewise continuous function
f(z) = —z for x < 0.5 and f(z) =1—x for z < 1. We can see that there is not
much difference between a series of index 0 and one of index 5 from Figure 13a
and Figure 13b. From Figure 13a and Figure 13c we see how the series get
closer to f and there’s less overshoot at the discontinuity at = 0.5. However
since the series are composed of continuous functions we can not expect the
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Figure 10: Shows the partial sums for a Fourier Bessel series of index 5. They
have 1, 5 and 25 terms respectively. The function f is given by f(z) = —22.

Figure 11: Shows the partial sums for a Fourier Bessel series of index 0. They

have 1, 5 and 25 terms respectively. The function f is given by f(z) = —22.

series expansion be identical to f around x = 0.5, just as for regular Fourier
series. In [Wat66] it is shown that Fourier-Bessel series obey much the same
kind of properties as Fourier series and in particular it is shown that the series
converge to % pointwise. Now we shall state the relevant theorems
from [Wat66].

5.4 Convergence of Fourier-Bessel series

An important result is the following, stated in section 18-24 of [Wat66]. In
subsequent sections the theorems regarding uniform convergence is stated.

Theorem 2. Let f be a function defined arbitrarily in an interval [0,1] such

that fol Vif(t)dt exists and is absolutely convergent* . Moreover f is assumed to
have bounded variation® in (0,1). Then if z € (0,1) the Fourier-Bessel series

4When we evaluate the Fourier-Bessel series we write it as

1
S andonGrn) = [ HO(E T TGt o Gran) e
n 0  Ims1 (Gmn)

This condition is sufficient to show that only the immediate vicinity of the point x contributes
to the integral as n grows. See section 18-23 of [Wat66] for more details.

5Watson actually writes limited total fluctuation, which I interpret as the same as bounded
variation. The property we want from this condition is that f can be written as the difference
of two positive increasing monotonic functions.
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Figure 12: Shows the partial sums for a Fourier Bessel series of index 0, 4, 64
and 64 with 8 terms each except for the last one with 64 terms, for the function

fi

m n distance | m n distance | m n distance | m n distance
1 1 2.5611 4 1 1.6987 | 16 1 2.8519 || 64 64 1.1244
1 4 1.2419 | 4 4 1.3808 | 16 4 1.6606 || 80 64 1.2468
1 16 0.5283 | 4 16 0.4936 | 16 16 1.2485 0 4 1.6933
1 64 0.1717 | 4 64 0.1757 | 16 64 0.2425 0 64 0.1698

Table 1: The distance between a partial sum of n terms of index m to the
function fi.

Sy andm(Jmnz) converges to %, when m > 0.

Hence, for continuous functions f the Fourier-Bessel series associated with
f converge pointwise in the interval (0,1). Now we want to know if, or when,
we have uniform convergence of

f(x) = Z an I (JmnT).
n=1
The following theorem from [Wat66] shows that this is indeed the case in the

closed interval [A, 1], with A > 0, when f(1-) = 0.

Theorem 3. If f is continuous in [0,1] and f(1—) = 0 in addition to the
constraints in Theorem 2, then the Fourier Bessel expansion converge uniformly
to f throughout the interval [A, 1] for some positive A.

The point at the origin is a bit more complicated, and generally we can only
say the following

Theorem 4. Assume that t'/2 f(t) have bounded variation in the interval [0,1],

(a) Series of index 0, the (b) Series of index 5, the (c) Series of index 0, the 500
100 first terms. 100 first terms. first terms.

Figure 13: Approximations of a piecewise continuous function. This clearly
demonstrates overshoot at the jump points, so that one may suspect an analogue
of the Gibb’s phenomenon.
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and the conditions from previous theorems hold. Then the series

Z anxl/sz(jmnx)
n=1

converges uniformly to /2 f(z) in the interval [0,1 — A] with 0 < A < 1.

This is in line with intuition after looking at the figures of the previous section
since J,,(0) = 0 for m > 0 so that this series must converge to something with
value 0 at the origin.
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6 Verifying the expansion u

We are now in a position to look at when our solution w is correct. By construc-
tion, u satisfies the wave equation in polar coordinates. So we must examine
when

u(0,r,0) = f(r,0),

i.e. when the partial sums of u converge to f. Most certainly, we will not have
this case for any arbitrary function f, since both the trigonometric functions
and the Bessel functions of first the first kind are continuous functions.

6.1 Notation and properties

Let A denote the function space of real valued functions f(r, ) on the rectangle
[0,1] x [0,27] such that

e f is continuous,

) % f exists and is piecewise continuous for each r,

e f(r,0) is of bounded variation in the variable 6 for each r,
o f(1,0) =0 for all 0,

° a% f exists and is continuous for each 6,

° % f exists and is piecewise continuous for each 6,
e f(r,0) = f(r,2m) for all r,
e f(0,6) is constant.

Remark: If one considers a smooth surface f*(x,y) in the zy-plane defined
on the unit disk such that f* vanishes on the boundary, the function f(r,0) =
f*(rcos(8),rsin(d)) is one such function. This could provide some nice intuition,
as it is easy to visualize.

Define the inner product of two functions f and g from A as

27 1
< f,g>= %/0 /0 rf(r,0)g(r,0)drdd.

Then A is an inner product space. Let E be an orthonormal system (possibly
infinite) therein. If we let || - || denote the induced norm, i.e. |jv]| = /< v,v >,
then Theorem 1.17 of [PZ97] asserts that for any f in A the vector ) ., <
f,e > e is closest to f in the span of E.

For our purposes we shall take the set E to be {¢mn, Ymn }veo.n=1 Where

1 2 .
L,00n(7’7 9) = \ﬁ m«fo(]oﬁ’),

Pmn(r,0) = cos(mB), | ———Im(JmnT),

( ) ( ) J72n+1(.7mn) ( )
2

’L/}mn 7’79 = sin m9 7Jm .jmnT .

(r.6) (mé) Jr2n+1(]mn) ( )
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Since A is an inner product space, and in particular a vector space, linear
transformations appear naturally. For our concerns, the linear transformation
L : A — B defined by

f T f 66

Lf= C2(frr + 7 + 7”72)

where ¢ is some constant, is of special interest as equation (8) can be written in
the form
Lv = —)\v.

This form is familiar - it is the eigenvalue problem. The function space B is
some suitable function space in which eigenvalue problems are meaningful and
which contains 4, but we shall not specify it further. The solutions v are called
eigenfunctions and the corresponding values A2 eigenvalues. In [CH53] these
kinds of problems are studied extensively and on page 369 they state: Ewvery
function w(x,y) which satisfy the boundary conditions and possesses continuous
derivaties up to the second order may be exrpanded in terms of the eigenfunc-
tions in an absolutely and uniformly convergent series w = >~ cap(2,y)
with ¢, = [ fG pwopdzdy. Thus the normalized eigenfunctions \/pv, form a
complete orthonormal system. The approach used by Courant-Hilbert is quite
complicated, I think, and their results are much more general than the ones we
get. I think that anyone interested in mathematical physics would benefit a lot
from reading just the first few chapters of this book.
In the following sections we shall take the coefficients a,,, and b, to be

Amn =< f7 Pmn >,
bmn =< fvwmn >,

as motivated by [PZ97] and consider the resulting Fourier-Bessel series

o0 o0

m=0n=1

for different classes of initial states f.

We will need to assume that the function u, satisfying u;—o = f, has second
order partial derivatives u, - and ugy that are given by termwise differenti-
ation. We will not discuss what functions f give such an expansion.

Before attacking the general case, we shall look at two examples that are
special conditions of f where the Fourier coefficients become nice to evaluate.

6.2 Example 1: Radially symmetric initial condition

In Figure 14 we see some plots of a radially symmetric function f € A and some
partial sums of its expansion u|;—g. They clearly show the convergence of u to
f, and below we shall see why only Bessel functions of 0’th order is needed to
describe the function w.

By equation (20) in Section 4.6 the general solution u of the wave equation
is

u(t,r,8) = Z Z Cmndm (JmnT) (@mn c0s(mO) + byy, sin(m0)) cos(cimnt).

m=0n=1
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ur) — urt) ——

() = 120 —— frt) = 110

(a) With one term of the 0’th Bessel func-  (b) With three terms of the 0'th Bessel
tion. function.

ulrt) — uir) —
flrt) = 1410 —— firt) = 11

5666 oooo &
SasNoNARBNN

(c) With ten terms of the 0’th Bessel func-  (d) With 50 terms of the 0’th Bessel func-
tion. tion.

Figure 14: Plots of f(r,0) = 1 — !0 and its expansion with different numbers
of terms.

Let Apmn = Cmn@mn and B, = ¢pnbmn so that we may write u(0,r,0) as

ulimo =Y \/%AOn(;OOn
n=1

| T Gmn) [ Toia
+ Z Z m+1 i mn@mn + m+1 mn mnwmn
m=1n=1

Now we may decide the coefficients A,,, and B,,, by results of the previous
section:

J%(JOn)AOn =< .f, PYon >,

MAWL =< £\ Pmn >,
J1'2n+12(-7mn)an =< f» wmn >

Since f is assumed to be radially symmetric it is on the form f(r,0) = g(r) for
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Figure 15: Plots of Jy(jonx) for n =1,3,5 over [0, 1].

some function g and therefore if m > 0

2 1 /2# /1 )
< fyOmn >= 4| 5——— cos(m@)do rg(1T) I (JmnT)dr = 0.
Fomn >\ [y [ costmad [ rg(r) )

Hence A,,, = 0 and in the same way B, = 0 is deduced. For A, the
trigonometric function is not present, and we find that the terms that remain

of u(0,r,0) are
ult=0 = Z v/ 71 (on) Aonpon-
n=1

Some rewriting of the terms give
1 1
u(0,r,0) = 7‘/t t)Jo (Jont)dtJo (Jonr)-
| : ;Jf(mn) 0 9(t)Jo(Jont)dtJo (jonT)

By Section 5 this sum converges to the function g(r), which was precisely the
initial condition.
This means that the general solution of the wave equation will look like

u(t,r,0) = Z anJo(JonT) cos(cjont),

n=1

. 1 .
with a,, = m Jo ta(t)Jo(jont)dt.

Remark. This particular case shows that a radially symmetric initial condition
only gives rise to circular Chladni figures. The Chladni figure connected to the
term a, Jo(Jonr) cos(cjont) is the circular membrane with n — 1 circles in the
membrane. Looking at the plots in Figure 15, we can actually see these circles
embedded. By considering these plots as drawn in the xz-plane and imagining
that we rotate them 360 degrees around the z-axis, we get the initial shape for
the term a, Jo(jon7) cos(cjont). That means that the zeros that we see in these
plots are precisely the zeros for the membrane, that will lead to Chladni figures.

Thus, the Chladni patterns are directly given by the zeros of the Bessel
function of index 0.

6.3 Example 2: The initial condition as a product

In Figure 16 we see how the expansion converges to f(r,t) = (1 — r)rsin(t).
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ulrt) —
flrt) = (r1prsint) ——

(6 ——

frt) = (r-1)resi

(b) With one term each of the 0’th and

(a) With one term of the 0’th Bessel func-
1’st Bessel functions.

tion.
0 ——

urt) — u
f(rt) = (r1)resin(t) —— f(rt) = (1) rsind

Naoa

Do

U5 081

T U8 0% 04 07 0 02 07

(d) With ten terms each of the 0’th and

(c) With two terms each of the 0’th and
1’st Bessel functions.

1’st Bessel functions.
Figure 16: Plots of f(r,t) = (1 — r)rsin(¢) and its expansion with different

number of terms.

When f € A is on the form f(r,0) = g(r)h(0) the integral in @y, and by,

is nice to evaluate. We get

aon = (f, Pon)

\/; / / N rf(r, t)d0dr
\/Jz(j/ 7g(r)Jo(Jonr)dr— /027T h(6)do

Amn = fa(pmn =

1 27 9 .
= ;/0 h(0) cos(m@)dem/ rg(r) I (Jmn)dr,

<f7 ¢mn

1 27
= - h(0) sin(m#)d / 79(1T) I (JmnT
= ( “me o) 9(r) i (Gmnt)dr
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Let the coefficients of sin and cos be denoted F'S,, and F'C,,, respectively, i.e.

1 27

FCp = — h(8) cos(mb)de,
T Jo
1 27

FS,, = f/ h(9) sin(m#)db,
T Jo

then we can rewrite the expansion u as

1 27
u(0,7,0) = Zci"/o rg(r)Jo(jORT)dr/O h(0)Jo(GonT)+

n=1

1
Z / rg(r) I, (GrmnT)Ar T, (GimnT) [FC, cos(mb) + F Sy, sin(m#)] .
m=n=1"0

The expression within the square brackets is independent of n, so we can move
it outside the innermost summation to get

1 27 2 1 ' )
U(O, r, 9) = g/or h(9)d9 Z W/O Tg(T)JO(.]OnrdTJO(.]()nT‘)
nel n

+ Z (FChy cos(mb) + F Sy, sin(mb))

m=1

9 1
= g T Gt AT G ).
ngl JﬁLJrl(jmn)/o 9(r)Jm (FmnT) (GmnT)

From Section 5 we can conclude that the summation over n tends to the function
g uniformly:

2 /1 , :
72 /N rg\r Jrn JmnT dr - J’m JmnT) = g(r
S iy o O i i) = 507

n=

for m > 0.
Therefore we have

u(0,7,0) = QL/O ’ h(60)do - g(r)

m

+ Z (F'Cy, cos(mb) + F Sy, sin(m#)) - g(r)

m=1

= 9(r)F[h](6).

By Theorem 1 in the preliminaries we know that F[h] converges uniformly to h
when f € A. It follows that

u(0,7,6) = g(r)h(0).
Hence, the expansion u|i=g tends to f uniformly.

6.4 The general initial condition

The previous two examples gave some hints on how to examine the series u
when the initial condition f is any function in A. Define the functions F;,, and
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E, by
1 27
F = —
=5 [ 0.
1 2m
Fo(r)=— f(r,0) cos(mb)db,
T Jo
1 2T
Er(r)=— f(r,0)sin(mb)do.
T Jo

Then the expansion u;—g is given by

u(0,7,0) = > rFo(r)Jo(jonr)drJo(jont)

n=1
00 00 5 L | |
- mZ:1 (COb(mg) |:ng1 m/o rFm(r)Jm(jmnr)dT’Jm(]mn’f‘):|

. > 2 - , .
+ sin(md) [Z m/o TFm(T)Jm(,]mn'r)d’l"c]m(]mnr):|) .

n=1 “m+1

For r > 0 the summations over n can be evaluated by Theorem 3, so the above
converges to

u(0,7,0) = Fo(r) + Z (Fim(r) cos(m@) + Fy, sin(m#))

which is rewritten as

27
w(0,7,0) = %/0 h(r, 0)d6

2

+ Z:l (% ; i f(r,0) cos(mB)db cos(mb) + % f(r,0)sin(mb)do sin(m0)> .

0

The expression should be recognized as the trigonometric Fourier series, which
converges uniformly for each » > 0 to f(r,0). For the special case r = 0 the
computations are easy. The expansion is reduced to just

> 2

u(0,0,8) = 22;1 7o /0 rFo(r)Jo(onr)dr Jo (0) = Fo(0).

Since f(0,0) is constant we have

1 2m

u(0,0,0) = Fo(0) = i £(0,6)do = £(0,0).

‘We conclude that
u(0,7,0) = f(r,0).
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7 Resonance and Chladni figures

To connect with the initial motivation of the thesis, we shall now study what
happens with the membrane when exposed to an external force. In particu-
lar, we shall look at a periodic external force. From [CH53] we get the non-
homogeneous wave equation

gtt(xv Y, t) - Q(I: Y, t) = Cz(gxx(xv Y, t) + §yy(x7 Y, t))
Transforming it to polar coordinates in the same manner as in section 3 we get

u(r,0,1t) N ueg(réﬂ,t)> ' (22)
r r

uge(r,0,t) — Q(r,0,t) = &2 (uw(r, 0,t) +

With @ = 0 for all t we get the homogeneous wave equation considered in the
previous sections

utt(ra 97t) = 02 <U,T,,«(7’7 9: t) + ur(r’ 07t) + u@@(r7 9’ t)) .

r r?

In order to simplify writing we will use ¢ =1 and L[f] = fr + fT + %
The method we use to solve this problem is outlined in [CH53] pages 289-

290, with some minor adaptions to our case. In order to solve (22) we shall

assume that we can express the solution u on the form

u(r,0,t) = Z Z [@mn () T (FmnT) cos(mO) + Gy, (£) T () sin(mo)]
m=0n=1
and also expressing the external force @) as
Qr.0,) = > > [Quin(t) T (Gmnr) cos(mb) + Qjrppy(£) Jin (mn7) sin(me)] .
m=0n=1

The functions Q,,, and Q.. are given by

mn

) 27 1 1 .
Q()n(t) == mA iA TQ(T,G,t)JQ(]OnT')deG,

) 27 1 .

Qmn(t) = m/o /0 rQ(r,0,t) Jm (jmnr) cos(mb)drds,
) 27 1 . )

Qrnt) = m/o /0 rQ(r,0,t) Jm (jmnr) sin(mb)drdo.

To satisfy the differential equation (22) we shall solve the infinite number of
systems

L{gmn () Im,(Jmnr) cos(mB)] = Grmn (t) I (JmnT) cos(m) — Qumn, (t) Jim (Jmnt) cos(mb),
L{gp, (t) I (1) sin(mO)] = Gy (8) T (Grmn) sin(mb) — Qr,,, (8) Jin (Jmn7) sin(m).

The steps taken to solve each of these are precisely the same, so we will only
consider the first one. Since L does not affect the variable t we get

L{gmn(t) Jm (Gmnr) cos(m)] = @mn (t) L[ (Jmnr) cos(mb)]
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" L Gonn) €05(m0)] () = Qun(?)

Jm(jmnr) Cos(me) B an(t)
which must be equal to some constant —\? as the left and right sides are de-
pendent on different variables. We get the two equations

L[Jm (Jmn7) cos(m8)] + A2 T (jimn7) cos(mf) = 0,
Gmn(t) + )‘2an (t) = Qumn(t).

To satisfy the first of these equations we know that the constant A must be
given by jmn (cf. page 10). The solution to the second equation is given by

Gmn (t) = c1 cos(mt) + co sin(mt) + % /0 Qi (T) sin(A(t — 7))dr,

with the coefficients ¢; and ¢o to be decided by initial conditions. If the inital
conditions are ¢mn(0) = ¢mn(t) = 0 then the solution is

I ,
Gmn(t) = X/ Qun (7) sin(A(t — 7))drT.
0
These intial conditions can be interpreted as the membrane is at rest with

u(0,z,y) = 0 at time zero. Therefore we shall use these conditions, and thus
we find the two sought solutions g, (t) and ¢Z,,,(t) as

Tt s
qmn(t> - E/O an(T) Sln(]mn(t - T))dT,

Qo) = 1n / Qi (7) S (G (t — 7))

Jm
If the external force @ is periodic with frequency w and @Q = 0 at time ¢ = 0,
then it can be expressed as

Q(z,y,t) = ¢(z,y) sin(wt).

Then the functions @y and Q;,,, can be written as
Qmn(t) = sin(wt)Copp, (23)
Qo0 (t) = sin(wt) Dy, (24)

for some constants C,,, and D,,, arising from the integral over the region
[0,27] x [0,1] in the definitions of Q,,, and Q.
Thus, the solution u is given by

u(r,0,8) =Y > T () (@mn (£) cos(m) + g, (t) sin(md)),

m=0n=1

with

I o
Gmn(t) = E/O an(T) Sln(]mn(t - T))d77

1 o sin(j — 7))t
- / Qo () SN (t — 7))

G (t) = =
ran (1) i
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(a) The development of ¢(t) (b) The development of g(t)
when w # jmn- when w = jmn + 6.

Figure 17: Development of ¢(¢) in two cases with non-resonance: When w is not
near j,, and when w is near j,,, but not equal, respectively.

What is interesting to examine is how the functions g,,, and ¢},,, develop over
time, as they describe the amplitude of the corresponding (m, n)-mode.

Now we shall look at how the functions ¢, (t) and ¢;,,,(t) behave for different
values of w. When applicable, we shall assume that the relevant constant C,,,
and/or D,,, in equations (23) and (24), respectively, are non-zero. Consider

the expression
t

q(t) = Jg sin(wT) sin(jmn (t — 7))dT,

mn 0
for some given (m,n). If w # jmn the integral evaluates to
c
q(t) = —
(t) i

n

Jmn Sin(wt) — w sin(Jnt)
J'?nn - w? '

and if w = Jn

0(0) = g |~tcostipt) + 0
Jmn Jmn
The particular case when w = j,, is called resonance and we see that |q(t)]
becomes unbounded and linearly growing. This case is plotted in Figure 18. For
W = jmnE0 for some “small” & we see that ¢(t) is still periodic but the maximum
of |¢(t)| can be arbitratily large by choosing ¢ sufficiently small. When the
frequency w is not near jp,, the maximum of |¢(¢)| is quite small, if interpreted
as the amplitude of a drum membrane. These two cases are plotted in Figure 17.
The function ¢(t) describe exactly how the functions g, (t) and g¢,,,(¢) be-
have, except for some constant multiple.

Figure 18: The development of ¢(t) when we have resonance, i.e. w = jn.
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7.1 Conclusion

My interpretation and conclusion of this train of thought is the following: If we
have an external force acting on a drum membrane with a period equal to some
eigenfrequency jmn, then the amplituted of the correspoding eigenfunction (or
fundamental shape) Jp(Jmnr)(acos(mb) + bsin(m#)) grows linearly. All other
shapes’ amplitudes remain bounded. Hence, in time the solution u becomes
asymptotically

w(r,0,t) ~ CtJy, (jmnr)(acos(ml) + bsin(m@)) cos(jmnt + 5).

This is why Chladi figures appear, since this solution have nodal patterns which
remain constant for all times. In these nodal patterns, sand will gather and
form Chladni figures.
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8 1In three dimensions

We shall briefly look at a very similar problem, namely the wave equation over
a sphere in three space dimensions. We will keep the boundary stationary as
before, while letting the interior move along a fourth dimension. This the same
idea as considering the membrane in two space dimensions, with the boundary
fixed and letting the interior move along a third dimension, which is the problem
considered up to now in this thesis.

When considering a membrane in two dimensions it is natural to transform
the equation by introducing polar coordinates. The analogue in three dimen-
sions is to transform the equation by introducing spherical coordinates. The
wave equation in spherical coordinates is given by [CH53], Chapter IV Section

88,
1

— Uy
r2sin?(f) *7
In order to solve this, we will as before use separation of variables. So, we

assume that the solution u can be written as u(t,r,0,¢) = T(t)R(r)©(0)D(p).
The wave equation splits into the equations

1 .
Upp = ﬁ(TQUT)r + (sin(@)ug)o +

r2 sin(0)

T" — K*T =0,
R’ +2rR + (K*r* —1(1+1))R =0,
" +m?d =0,
1 d,. 2
Sine@(smﬁ@ )+ (I(1+1) - m)@ =0.

for some constants [ and m to be decided later. The time part is the same as
considered previously, and is for our purposes not interesting, so we will not
give it any attention. The radial part is interesting, however, so we will now
focus our attention to the second equation, involving r.

If we substitute R(r) for R(r) = ?/(k%)’ in

R’ +2rR + (r*k* =11 +1))R=0

we get
1
r2Z" +rZ + (k2T2 —(l+1)+ Z))Z =0

which, if you recall, is quite similar to the Bessel equation in (18). The major
difference is the term (I{(I+ 1)+ 1), which we rewrite as a quadratic expression.
We write

1
r2Z" +rZ" 4+ (K*r? — (1 + 5)2)2 =0.
Solving this is now no different from earlier, the solution is given by
Z(r) = AJH_% (kr) + BNI_,'_%(k’r‘)

where J and N denote the Bessel function of first and second kind, respectively
(cf. Section 4.5). With k decided by

Z(1) = AJyy 1 (k) + BNy 1 (k) =0,

34



Chladni figures in circular membranes
Joachim Lundberg Sjalvstdandigt arbete 15 hp

the solution R is given by

1
R(r) = —(AJ; 1(kr) + BN, 1 (kr)).
(1) = S (A1 () 4 BNy 6)
In this case we also have lim, o+ Ny 1 (kr) = —00, therefore we will take B = 0.

In Definition 1 we only considered the case of integer index, but the defini-
tion and following properties is equally valid for any real index w = v € R,
see [Wat66] Chapter III. Note that from the power series definition it is easy to
see lim,_q J"\/(? = oo when |v| < %7 and bounded otherwise.

In the unit ball we have the boundary condition R(1) = 0, therefore k;; =

jl+%,i' So in conclusion, the radial part of u, R, is given by

1

——AJ 1 Gip1a7)
A/ Ji+4.4T

Now, we turn our attention to the angular parts of u. We shall consider the
equations

Rl’i(T‘) =

"+ m?2d =0,

1 d, . , m?
_ 1) — = 0.
sin 6 do (sin.067) + (U1 + 1) sin? 0)@ 0

The first equation has the general solution
B(p) = Ae'™? + Be'™e,

for complex constants A and B, to be decided later by the inital conditions.
The second equation is quite a bit trickier, and we will not go into any depth
of solving it. The solution is given by

O(0) = CP™(cos(9)).

The function P/ is the so called associated Legendre Polynomial of m-th or-
der [CH53]®, where [ = 0,1,2, ... and m runs over the integers from —I to I. De-
tails and further references of the procedure used here can be found at [Wik17].

One usually combines © and ® to form the spherical harmonics, ¥;™, so that

Y™ (0, 0) = O(0)®(p) = CP™(0)(Ae"™ + Be™""%).

Combining the angular parts and the radial part we have arrived at a solution
for the initial system excluding the time dependent equation when the constants
[, m and 7 are given:

fl,m,i(r7 67 SD) = DJI+% (jl+%,ir)5/lyn(97 w)a

where [ =0,1,2,---, m=—-l,—-l+1,---,I—1,land i = 1,2,---. The function
J1,m.i is called the (I,m,i)-mode following the same train of thought as for the
circular membrane. Therefore the general solution w is given by summing over
[, m and 17

oo l &S]
wlt,r,0,0) = Y > frmi(r,0,0)(@mi c08(ig 1 i) + bim,i Sn(iip 1 1)
=0 m=—11=1

6Chapter V, Section §10
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When we examined the circular membrane we looked at the nodal lines of
each (m,n)-mode. The idea now is to do the same for some (I, m,%)-modes.
Just as the nodal lines were the zeros of the (m, n)-mode we shall call the zeros
of the (I, m,4)-modes nodal surfaces. For finding the nodal surfaces, we need to
solve fim,; = 0. This happens when Y™ (0,¢) = 0 or Jl+%(jl+%’i’l“) =0. We
have

Y™ (6, ¢) = CP/™(cos §)(Ae'™? 4+ Be™™¥¢),

and thus for m > 0 the function is generally complex valued. In addition, the
zeros with regards to ¢ are given by

_ 2mn — ilog(—%)

2m ’
for integers n, when |%| # 1. However, we consider ¢ to be real as it denotes
an angle and therefore we can draw the conclusion that the zeroes of ¥;*(0, ¢)
is independent of ¢ when m > 0. Because of this we will stick to the case when
m = 0, which may be interpreted as the initial position and velocity of the
sphere is independent of .

All in all, the surfaces we will be looking at are satisfying

fr00 = DJZ+%(jl+%r)PIO(COS(Q)) =0.

8.1 The plots

Below is a table of the plots. To be able to see the nodal surfaces I have cut
away part of it, so that the z-values run from —0.3 to 0, but it is actually in
the unit sphere. An interesting pattern also occur in the plots, I believe this is
because of Mathematica’s inability to discretize the regions correctly, as I have
entered them. It is clear in the plot of mode 2,0,1 that there is a hole in the
middle. This is not supposed to be there, but there should be complete planes
as in the plot above (1,0,1).
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