A Model for Harmonics on Stringed Instruments
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1. Introduction

We propose a model to explain the playing of “harmonics” on stringed instru-
ments. The interesting phenomenon here is that placing a finger lightly at one of
the nodes of the low frequency harmonics seems to force the string to play a note
that sounds like a superposition of those normal modes with nodes at the location
of the finger. For example, if the finger is placed 1/4 the way down the string, the
note that is heard is two octaves above the fundamental. Pressing hard at that
place on the string would yield a note with fundamental much lower. With care,
one can play harmonics 4 or 5 octaves above the fundamental. It is very striking,
for example, to hear a fat bass string play these shrill high tones vibrating along
their entire length. A second aspect is that if the finger is lightly placed at a point
which is not a node of a low frequency normal mode, the observed sound is a rapidly
dying thud.

The problem we propose is to construct a model for the lightly placed finger
which explains these observations. It turns out that a strong frictional resistance
which is localized in a very small region has the desired properties. More precisely,
the model we propose for the string occupying the interval 0 < x < 7 and fixed at
the endpoints x = 0 and 7 is

U +0(T)up = Upe; 0< o<, t>0,
(1.2) u(t,0) = u(t,m) =0; t=>0.

Here the frictional resistance b(x), which models the finger friction, is assumed
to be > 0 and strongly localized near a point a € (0, 7). Existence, uniqueness,
and qualitative behavior of solutions of the problem are developed from the law of
energy decay

d ™

— | (W] +ud)de = —/ b(w)uy (t, )2 da: < 0.

The analysis proceeds in two steps. First, we show that for highly localized b, the
behavior of (1.1) is approximated by that of a singular equation

(1.3) U + ad(x — a)up = Ugy, = / b(x) dx.
0

This formal limit is equivalent to the wave equation for x # a, supplemented by a
transmission condition at « = a. The second step is a fairly precise analysis of this
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limiting equation. Among other things, we show that if a/7 is irrational, then all
solutions tend to zero as t — oo, while if a/7 is rational, the components of u in the
span of the nodes that vanish at x = a propagate as if there were no friction while
the components orthogonal (in the natural scalar product given by the energy) to
these decay exponentially. These results mirror the observed phenomena described
above.

In §4 we summarize our findings and bring up the phenomenon of using the
“correct touch” to produce harmonics. We also discuss the appropriateness of our
model.

REMARK. This paper appeared as reference [10] in Arch. Rat., in 1982. At the
time, the manuscript was prepared on an old fashioned typewriter. Here the paper
has been typed in TeX. More recently, additional work on this phenomenon has
appeared in [11].



2. The limiting transmission problem

To study the behavior of (1.1)—(1.2) with highly localized friction, we investigate
the limiting behavior as b(z) becomes more and more localized. It turns out that
the limiting behavior corresponds quite closely to the observations above concerning
stringed instruments. In this section, we will show that the limiting behavior is
given by solving a specific transmission problem, and an analysis of this transmission
problem is given in the next section.

First, we cast the basic problem in the framework of the theory of semigroups
of operators. Consider the pair U = (us,u) as an element of the Hilbert space
H = L2([0,7]) & H([0,7]), where HJ([0,7]) is the completion of C§°((0,7)) in
the norm ([, (u? + u2) dw)1/2. The mixed problem (1.1)—(1.2) is equivalent to the
evolution equation

~b D2 )
F_(I 0)’ D=5

D(T) = Hy ([0, 7) & (H*([0,7]) N Hy ([0, 7).

where

It is a simple matter, using the theory of ordinary differential equations, to show
that I' so defined is a maximal dissipative operator. We will present a similar but
slightly harder proof for the operator GG, which occurs further on, and therefore
omit the details of the present argument. The theory of semigroups provides a
solution of the differential equation (2.1) with initial condition

(2.2) U(0) = (g, f) € H,

the solution U being a continuous function of ¢ with values in H. In addition,
if (g, f) € D(I'®), it is not hard to show that the associated function u(t,z) is a
classical solution of the mixed problem (1.1)—(1.2), with (0, z) = f and u;(0,x) =
g. There are, of course, other ways to treat this mixed problem, using for example
the method of characteristics [1, Chap. 5|, or the theory of symmetric positive
systems, [2,8]. We have chosen the present approach because it seems to yield
the strongest results when we consider the limiting behavior as b becomes more
localized.

For future use, we record one more fact about I'. The equation (I —T')U = F
for U = (u,v) and F = (F1, F) in 'H is equivalent to the following equations:

(2.3) w—v=Fy,
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and
(2.4) /(wgp+bvgp+wmg0w)dx:/ Fipdz, Y€ H)([0,7]).
0 0

This weak formulation is ideally suited to our needs. We consider a sequence of
non-negative friction coefficients b,, € C°°([0, 7]) with the property that

(2.5) liin /07r bp ()Y (x) de = ap(a), Y € C([0,n]),

where 0 < a < co. If b, satisfies (2.5) and u,, is the solution of the mixed problem
(1.1)—(1.2) with initial data (g, f), then, as n — oo, the functions u,, will be shown
to converge to the solution u of the transmission problem

Ut — Ugy = 0 for x € [0,7]\ {a}, t >0,
[us] =0 and au; = [u,] at x =a, t >0,

u=0 at =0, T,

with (ut(0,x),u(0,2)) = (g, f). The quantity [h] at = a is the jump h(a + 0) —
h(a —0) in h at the point a.
There is also a semigroup formulation of the problem (2.6)—(2.8). For U € H we
get the equation
Ut - GaU,

0 D?
Ga_([ O) for x # a,

where

and
D(Gy) = {(v,w) e HY((0,7]) & (H2([0,a]) N H2(ja, 7)) : av = [w,] at z = a}.

—ab, D?
1 0
D?w — ad,v = Fy translates to D?w = Fy for x # a and av = [w,] at = = a.
We show that GG, as defined above is a maximal dissipative operator. First, for

all U = (v,w) € D(G,) we have

This is reasonable, since formally I approaches ( ), while the equation

(GU,U)y = —aw(a)® <0,

so G is dissipative. To see that the range R(I — G,) = H, suppose that F =
(F1, F3) € H. Then the equation (I — G,)U = F' is equivalent to

(v,w) € D(Gy), w—v=Fy,
v—D*w=F, on [0,7]\{a}.



Using the first equation to eliminate v from the second, we get
(2.9) —D*w+w=F —-F, z#oa.

There is a two parameter family of solutions of this equation which, in addition,
satisfies w = 0 at © = 0, 7. In fact, we may take w’(0),w’(7) as the parameters. In
addition to (2.9), w must satisfy

(2.10) [w] =0 and aw — [w,] = F> at x = aq,

where the second condition comes from eliminating v from the transmission condi-
tion. To see that these restrictions uniquely determine w’(0),w’(7), we need only
show that the map

(w'(0), w'(7) = ([w], aw(a+) — [wz]a)

is a nonsingular linear transformation from R? to itself. For this, it suffices to show
that the map is injective. If (w’(0),w’ (7)) — (0,0), then the associated function w

satisfies
(I —D*w =0 for x+# a,

[w] = aw — [w,] =0 at z = a,

w=0 at =0, 7.

Integrating by parts in the identity
/ w(l — D*wdx + / w(I — D*)wdr =0
0 a

then yields
/ (Dw)? + w?) dx + aw(a)? = 0,
0

so w = 0. Thus w is uniquely determined by (2.9)—(2.10). Setting v = w — F gives
a pair U = (v,w) that satisfies (I — G,)U = F, and the proof of maximality is
complete.

The next theorem asserts the convergence of the solutions of the mixed prob-
lem (1.1)—(1.2), with friction coefficients b,, satisfying (2.5), to the solution of the
transmission problem defined above.

Theorem 2.1. If the non-negative friction coefficients by, satisfy (2.5), and if T'y,
are the associated maximal dissipative operators, then for each t > 0,

thn _ otGa

s— lim e
n—oo

and the convergence is uniform on compact time intervals.
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Proof. We apply the Trotter-Kato theorem [4, Chapter 9, Thm. 2.16], thereby
reducing the problem to showing that for every F' € H,

(I-T,)'F— (I-G,) 'F, in H.

Let U, = (vn,w,) = (I —T,)"'F. We first show that U,, converges weakly in H
to (I — G,) ' F. Notice that

1Unll2e < I =Tn) 7 - Nl < N F e,

so {U,} is weakly compact in H. Let U = (v, w) be a weak limit point, and choose
a subsequence U, converging weakly to U. We claim that U = (I — G,)"'F.

From (2.3), we have w,, — v,, = F». Hence, passing to the limit ¥ — oo, we
have w — v = F,. Similarly, (2.4) holds for w,, ,v,, provided b is replaced by by, .
Passing to the limit, we obtain

/0(wgo%—Dw-Dgp)da:—{—lim/0 bnkvnkgpdx:/o Fipdz, Y€ H)([0,7]).

By (2.5), if we consider b,¢ as an element of the dual of C([0,7]), the sequence
b, converges weak* to ap(a)d,. However, v,, = w,, — Fy converges weakly to v
in Ha([0,7]) and therefore uniformly. Thus the limit above is av(a)¢(a), and we
have

(2.11) /Oﬂ(ww + Dw - Do) dz + av(a)p(a) = /O7r Fipdz,

for all ¢ € H}([0,7]). With the help of the identity w — v = Fy, the condition
(2.11) is easily shown to be equivalent to the equation (I —G,)U = F. This proves
the weak convergence of U,, to U.

To prove the strong convergence, we investigate the sequence ||U,,||%. To do this,
set ¢ = w, in (2.4) to obtain

/(wi—i—(Dwn)z)d:)j:/ Flwndx—/ bWy, d.
0 0 0

The limit of the right hand side as n — oo is
/ Fiwdx — aw(a)v(a),
0

which is precisely [ (w? + (Dw)?) dz, as can be seen by choosing ¢ = w in (2.11).
This takes care of the w component; that is, w, — w in H}([0,7]). It follows
then that v, = w, — Fy converges to v in L?([0,7]). The proof of Theorem 2.1 is
complete.



If one considers b, () satisfying b,, > 0, Theorem 2.1 shows that foﬁ b, dx is an
appropriate measure of the strength of the frictional force, since if [ b, dz — a > 0,
the limiting behavior is given by (2.6)—(2.8). We now turn our attention to the case
of extremly large friction. Suppose b,, > 0 and

/ bp(x)de = 3, / 0o, as n — oo,
0

limsup b,(z) =0, V compact K C [0,7]\ {a}.
rzeK,neZt

(2.12)

The second hypothesis asserts that, away from the point a, the functions b,, con-
centrate near a, as n — 0.

Suppose that wu, is the solution of (1.1)—(1.2) with Cauchy data O;u,(0) =
¥, u,(0) = ¢, and energy at time t given by

U2 = / (et ) 4 uat 2)?) dv, Uy = (Betin, un).

The formula for energy decay is

UL (T)|I2, = 10 0) 12, — // (% dzat

In particular, for all n,

// 8% dxdtg/oﬂ(¢($)2+90/(x)2)d:c.

This implies that if we consider d;u,(-,z) € L?([0,T]) for each x, the weighted
averages satisfy

(2.13) —/ x)|| O, (-, )||%2([07T])d90—>0, as n — 00.

Now {u,,} is bounded in H!((0,T) x (0,7)), and
H'((0,T) x (0,7)) < C([0, 7], L*((0,T)) compactly.

Thus {0;u, } lies in a compact subset of C([0, 7], H=1((0,T))). Since (2.13) implies

that
1

o | b @l @) s oy dr — 0 a5 = v,

it follows that

(2.14) %(-,a) — 0 in H7'((0,T)), as n — oo.



It is therefore reasonable to expect that u, tends in the limit to the unique
solution u € H((0,T) x (0, 7)) of the mixed problem

(2.15) Ut — Uuge = 0 in (0,7) x ((0,7)\ {a}),
(2.16) u(-,0) = u(-, ) on (0,T),
(2.17) %(-,a):o on (0,7),

(2.18) w(0,) = ¢ on (0,7),

(2.19) %(o,.):zp on (0,7).

Note that this limiting problem is energy conserving. Here is our next result.

Theorem 2.2. If (2.12) holds and the Cauchy data (¢, ) is in H, then, for each
t>0,
(Orun(t), un(t)) — (Qpu(t),u(t)) in H as n — oo,

where u € C([0,T],H) is the solution of the mized problem (2.15)-(2.19).

Proof. Because the energy is a decreasing function of time for each U,, it suffices
to prove the theorem for a set of Cauchy data that is dense in ‘H. Thus we may
assume there is an n > 0 and C € R such that

=0 on [a—mna+1]

and
¢=C on [a—mna+n]

It follows from finite propagation speed that, for all n,
(2.20) u, =C on {(t,z):|t|+ |z —a|] <n}.

To proceed, we begin by showing that u,, — u weakly in H'((0,T) x (0,7)). To
do tis, we show that every subsequence of (u,,) has a further subsequence converging
weakly to u. The crucial observations are

(2.21) {u,} is bounded in C([0,T], H}([0,7]))
and
(2.22) {aaL;} is bounded in C/([0, T], L*([0, 7)),

both consequences of energy decay. From (1.1) and (2.12), we see that, for any
compact interval K in [0, 7]\ {a},

{ 0u,,

52 } is bounded in C([0, 7], H '(K)).
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It follows that, given any subsequence of (u,,), we may choose a further subsequence
(un;) such that in the weak™ topologies,

(223) Unp; — W in LOO((O,T>,H5(O,7T)),
O, w 2
(2.2) p = S8 i L((0.7), (0,7
(2.25) Ty 00 10, 7), Hih ((0,m)\ {a}))

It follows immediately that

w e H1<(0,T) X (Oaﬂ-))v
Wit — W = 0 In (OvT) X ((077T) \ {a})a
w=0 in (0,7) x{0} and (0,7) x {~},
w=¢ on {0} x (0,7).

From (2.14) we see that, as an element of H~1([0,7]),

ow
ot
From (2.20) we get d;w = 0 on (0,7) x {a}, and therefore

=0 on (0,7) x {a}.

ow
ot
We claim that w;(0) = ¢. From (2.23)—(2.25), it follows that

(2.26) =0 on (0,7) x {a}.

O¢in, (0) — Oyw(0) weakly in L2 ((0,m)\ {a}),

so that
o
(2.27) ol = on (0.m)\ {a},

However, from (2.21),

$=2% 0 on {0} x (a—n.atn).

ot
which together with (2.27) yields the desired result.
At this point, we have proved that u, — u weakly in H*((0,7T) x (0,7)). The
functions u,, and w lie in the closed subspace of H consisting of functions vanishing
at (0,7) x {0}. On this subspace the quantity

T T
Jull2 = / / (u + u2) da dt
0 0
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furnishes a norm equivalent to that of H*((0,7) x (0,)). Clearly

(2.28) lunllz < T, )17, = [[ull?.

This norm inequality together with weak convergence implies that u,, — u strongly
in H((0,T) x (0,7)).
It remains to show that, for each ¢ € [0, 7],

Dyt (), un (t)) — (Bpu(t), u(t)) in H.

From the laws of energy decrease, we know that {u,(¢)} is bounded in H'((0,))
and from the convergence in H'((0,T) x (0,7)) we know that wu,(t) — u(t) in
L2([0,7]). Tt follows that u,(t) — u(t) weakly in H'((0,7)). Similarly, {dsu,,(t)}
is bounded in L?(]0, 7]), and (2.23) and (2.25) imply that

ou, ou _ 9
(1) — TL(t) weakly in Lo((0,m)\ {a}).
Consequently
Ouy, ou , 5
W(t) — a(t) weakly in  L*([0, «]).
Thus

(Opun(t), un(t)) — (Opu(t),u(t)) weakly in H.
In addition,

1@etun (£), un ()12 < [[(4, @)l = 10ru(t), u(t)[2,

and the strong convergence in ‘H follows.
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3. Analysis of the transmission problem

In this section we make a qualitative analysis of the transmission problems as-
sociated with localized friction. A crucial role is played by the position a of the
friction and in particular the rationality or irrationality of a/mw. The main results
describe the spectrum of G, and the asymptotic behavior of e!“~ as t — 4o0.
First, we present some results that do not depend on the value of a.

In §2, we tacitly assumed elements of H had real valued components. Here, it is
convenient to take the complexification.

Theorem 3.1. The family G, is holomorphic in oo € C. The operators G, have
compact resolvents and the eigenvalues of G, are simple. The eigenvalues and
eigenprojections are analytic functions of a € (0,7). For a > 0, the spectrum of
G is contained in {z € C: Rez < 0}.

Proof. That G,, is holomorphic in « follows from Theorem VII.1.14 of [4], by pre-
cisely the argument in Example 1.15, which follows the proof of that theorem. The
details are omitted.

That G, has a nonempty resolvent set follows from the observation that for
Rea > 0, (G, is maximal dissipative and for Rea < 0, —G,, is maximal dissipative.
All the G, are restrictions of order one (dim D(T)/D(G,) = 1) of the operator T,
defined by

D(T) = HE([0, 7]) & (HL(0, 7]) 0 ([0, a]) 1 H2([a, 7))

0 D?
T_(I O)’ for = # a.

By Corollary I11.6.14 of [4], it follows that G, has compact resolvent either for all
values of a or for none. For @ = 0, GG is skew-adjoint with a complete system of
eigenvectors

(tinsinnz,sinnz), n=1,2,...,

with eigenvalues +in. Thus G, 1is compact and G, has compact resolvent for all
.

To prove the simplicity of the eigenvalues, notice that the equation G, U = i\U
for U = (v, w) is equivalent to

D*w =i\, z#a,
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Eliminating v yields

(3.1) D*w 4 X2w =0 for z # a,

iaw = [Dw], [w]=0 at z=a.

Given two eigenvectors with the eigenvalue i\, we may form a linear combination
(v,w) such that w'(0) = 0. Then, since w(0) = 0, the differential equation (3.1)
implies w = 0 on [0, a]. The transmission conditions (3.2) then show that Dw(a+) =
w(a+) = 0, and equation (3.1) yields w = 0 on [a,7]. Hence w = 0 and therefore
v =i w = 0. Thus (v,w) = 0. This shows that any two eigenvectors with the same
eigenvalue are linearly dependent.
REMARK. The argument above shows that the eigenvalues of G, have geometric
multiplicity one. The paper [11] treats the issue of their having algebraic multiplicity
one.

The analytic dependence on « is now a consequence of the fact that G, is
holomorphic in « (cf. [4, Th. VIL.1.7]).

The analyticity in a is a little harder since the location of the transmission
condition is changing. Fortunately, a standard method takes care of this. Let

Ya(x) = —, if 0<z<a,

m(l’-ﬂ')ﬁ-ﬂ', lfCLSZCSﬂ'

The map x +— y,(z) is a homeomorphism of [0, 7| onto itself which takes a to m/2.
Denote the inverse mapping by z,(y), and define maps

S,:H—H

by
(SaU)(y) = U(za(y)).

The mapping S, is invertible, and Go = S-1G,S, is the operator given by the
following procedure.

D(Ga) = {(v,w) € H3 (0, 7]) @ (H(10,]) N H((0,a]) N HA([a,7])) -

T T T T
tr=a, =—D <— ) ——D <——>},
at r = a, av 2(7r—a) w 2+ 90 w 5

~ (0 (7/2a)?>D? T
Go = (I 0 , 0<y<§,
0 (7/2(a—m)2D*\ =

(I 0 by <y<m.
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The operator éa has coefficients depending analytically on a, and the transmission
condition at y = w/2 depends analytically on a. Thus the family G is analytic in
a (in the sense of [4, Chap. III, §1]). Consequently the eigenvalaues of Ga depend
analytically on a, and these coincide with the eigenvalues of G,.

For Rea > 0, G, is dissipative. Accordingly, its spectrum is in the half plane
{z € C: Rez < 0}, and the proof of Theorem 3.1 is complete.

Theorem 3.2. Ifa/r is irrational and o > 0, then the spectrum of G4 is contained
in the open half plane {z € C: Rez < 0}. All solutions of the transmission problem
Uiy = G, U decay to zero as t — +oo. More precisely,

s— lim e'% =0.
t—+4o0

However, G, has eigenvalues with arbitrarily small real part, so |e!C=| =1 for all
t>0.

Proof. We analyze more closely the conditions (3.1)—(3.2) that must be satisfied
by solutions of G,U = ¢AU. In the proof of the simplicity of the eigenvalues we
showed that w’(0) # 0 if w # 0. Thus the differential equation (3.1) and Dirichlet
conditions at x = 0,7 imply that up to a scalar multiple w must be given by

w(x) = sin Az, 0<z<a,
bsin ANz —7), a<z<mw

(3.3)

Since [w] = 0 at © = a, we must have

(3.4) sin A\a = bsin A\(a — 7),

and the transmission condition iAaw = [Dw] at z = a yields
(3.5) —iasin Aa = cos Aa — beos A(a — 7).

Now, purely imaginary eigenvalues correspond to real values of A for which the
right hand side of (3.5) is real, so we must have sin A\a = 0. From (3.4) it follows
that either sin \(a — 7) = 0 or b = 0. However, if b = 0, then the right hand side
of (3.5) is cos A\a = £1 # 0, so (3.5) cannot hold. Thus sin Aa = sin A(w — a) = 0.
Hence Aa = nm and A(a — m) = mm for integers m,n # 0 (for A = 0, (3.3) yields

w = 0), so
a (1 1\-11
T (E E) m’
a rational number. Thus, since a/7 is irrational, the assertion about the spectrum
of G4 lying in {z € C: Rez < 0} is proved.
The decay properties now follow by applying the next result, which is implicit
in the work of §9 of [5].
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Abstract Decay Theorem. If A is a mazximal dissipative operator on a Hilbert
space 'H such that
1. A has no purely imaginary eigenvalues, and

2. A has compact resolvent,

then

s— lim e =0.
t——+4o0

Taking A = G, we obtain the required decay condition.

To continue with Theorem 3.2, next we show that G, has eigenvalues arbitrarily
close to the imaginary axis. For A not real, it is clear that sin Aa # 0 and sin A\(a —
m) # 0. Hence we may divide (3.5) by the product of these sines to obtain

(3.6) i = cot A(a — m) — cot Aa.

Since a/7 is irrational, we may choose ([3, Theorem 36]) fractions p/q (in lowest
terms) with ¢ arbitrarily large such that

P a 1
7 Pogl L
(37) . <7

The spectrum of GGy consists of the numbers +in, n =1,2,..., with corresponding
eigenfunctions (+in sin nz,sinnz). Consider the eigenvalue iA(«), which starts at
a = 0 from the point ig (that is, A(0) = ¢). We claim that A(«) remains close to ¢
even for rather large «, provided ¢ is large enough.

To make this precise, choose p/q satisfying (3.7) and let a. > 0 be the smallest
value of a such that |A(a) — ¢q| = 1/q. Let

Ei=qa—pr (so0<|Ei| <1/q),

and
Es = XNae) —q (so |Es| =1/q, Im E5 > 0).

If = denotes equality in C/(7Z), we have

Mae)a = qa+ Eqa = By + Esa,

Mae)(a — ) = Ey + Eya — Eor.
The cotangent function is periodic of period 7. Thus (3.6) implies that
(3.8) i, = cot(Eq + Faa — Eom) — cot(Eq + Fsa).

Since the singular part of the Laurent expansion of cotz about z = 0 is 1/z, we
conclude that there is a positive constant C' such that, for |z1] < 1, |z2| < 1,

1

zal z2

| cot 21 — cot zg| > - C.
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Using this estimate in (3.8) yields

| Eomr| T

> o> " _4-cC
“ 1B + (@ —m)Ea| - |Er + Esa] =~ = (mt+ 127

||

Thus for ¢ sufficiently large, satisfying (3.7), we have |a.| > ¢/10. Consequently, if
a < q/10, then |A(«) — q| < 1/q. For fixed « this shows that there are eigenvalues
iA(«) arbitrarily close to the imaginary axis. The proof of Theorem 3.2 is complete.

Theorem 3.3. Assume a > 0, q/m is rational, and M is the closed linear span of
the eigenvectors of G, with purely imaginary eigenvalues. Then the following hold.

1. M is precisely the closed linear span of the eigenvectors of G, that vanish at a,
and G, = Gy for such eigenvectors.

tG

2 etGa — otGo on M. In particular, e'“ 1s unitary on M.

3. Mt is invariant under the semigroup e'Ce

(0,00), depending only on o and a, such that

. Furthermore, there exist C'y,Cs €

|et¥U|y < Cre™ YU ||y, YU e ML, t>0.

Proof. Suppose that G, U = i\U with @« > 0 and A € R. Then U = (v,w),
v = i\w, and w is given by (3.3) up to a scalar multiple, where b satisfies (3.4)—
(3.5). For A =0, (3.3) shows that w = 0. For A € R\ 0, the imaginary part of (3.5)
yields sin Aa = 0, which shows that w(a) = 0. Thus [Dw](a) = 0 and w satisfies
D?*w + A2w = 0 on the entire interval [0,7]. It follows that U = (v,w) € D(Gy),
GoU = i\U, and v(a) = (1/a)[Dw] = 0. Conversely, if GoU = i\U and U(a) = 0,
then U = (v,w) € D(G,) and G,U = iAU. Note here that the transmission
condition av = [Dw] at = a is automatically satisfied, since both sides vanish.
This establishes point (1).

That et~ = e!Go on M follows from the fact that the two semigroups agree on
finite linear combinations of the eigenvectors of GGy and that this is dense in M.

That M~ is invariant under e*“= follows by applying the following simple lemma
to C = etCe.

Lemma 3.4. If C is a linear contraction on the Hilbert space H and M C 'H is a
closed invariant subspace such that C : M — M is unitary, then M= is invariant
under C'.

Proof. Suppose m € M and n € M*. Then for all ¢ € R we have

IC(m +en)||* < [m +en|*.
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Expanding both sides and using the relations ||Cm/|? = ||m||* and (m,n) = 0, we
get
26(Cm, Cn) + &2 ||Cn|* < 2||n|*.

Thus (Cm,Cn) = 0 for all m € M. Since C maps M to M, we have Cn € M=+,
proving the lemma.

Now e!@e|,,1 is a semigroup of contractions whose generator has no purely
imaginary eigenvalues. Thus the abstract decay theorem implies

: tG
s — lim e'~e =0.
t—o00 }MJ'

The exponential decay asserted in point (3) of Theorem 3.3 lies deeper. The idea

of our demonstration is that for a/m = p/q with p and ¢ relatively prime integers

we can find a simple and explicit formula for et Ga Tet h =1 /q and suppose

that the underlying space H is the complex Hilbert space L?@® H}. The form of the
explicit solution is described in the following lemma. In the proof, the mappings A
and D are described explicitly.

Lemma 3.5. Let h = 1/q and let « > 0. Then there are Hilbert spaces K and &,
with dim € = 4q — 1, and a unitary map

A:H — K@ L*((0,h/2),£),
such that
1. K and L?((0,h/2),&) are invariant under AeC« A1,

2. AeCGo AT = Idy,

']
Ic
3. Thereis a D : £ — € such that

hGo A —1
Ae™™ A ‘LQ((O,h/2),S)

18 multiplication by D, that 1is,
(Ae"CA"1V)(2) = DV (z), VYV € L*((0,h/2),E).
Before proving Lemma 3.5, we use it to complete the proof of Theorem 3.3.
Since Ae“~ A~ is a contraction, the same must be true of D. Write £ = & & &,

where & is the span of eigenvectors of D with eigenvalues of modus one. Then D
is unitary on &, and there are constants ¢ > 0 and p € (0, 1) such that

HD”|€1H <Cp", n=0,1,2,....
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Corresponding to this decomposition of £, we have
L*((0,h/2),€) = L*((0,h/2), &) ® L*((0,h/2)), &1).
Define My C 'H by
AMy = K @® L*((0,h/2), ).
Then Mj has the following properties:
eMGe . My — My is unitary,

ehCe s M- — My,
and

(3.9) |e""C| ]| < Cp", n=0,1,2,....
0

As a consequence, we must have My = M. Hence (3.9) yields part (3) of Theorem
3.3.
We turn to the proof of Lemma 3.5. Introduce the characteristic coordinates

1 1
£:;§@+x% ﬁ:—zﬁ—x%

and the characteristic derivatives

" _@_u_i<@+%)
$T o R\ot ox)

ou 1 <8u 8u)‘

R R T
The wave equation (2.6) becomes
0%u
3.10 =0 for x #a.

Equivalently, u¢ is constant on the characteristics of speed —1, and wu,, is constant
on the characteristics of speed +1.

The operator A will be a product of unitary maps, the first one being the map
that passes from the variables (u,u) to the variables(u¢,u,). More precisely, we
define Ay : H — H; by

My = {(u,v) e L2([0,7])? : /OW(U —w)dz = o},
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Hence if
(ue(t), u(t)) = €= (p, ),
then
Aq (ue(t), u(t)) = (ug(t), un(t)).

The inverse of A; is given by

AT (v, w) = (%(’U + w), % /Ox(v —w)(s) ds).

The condition [j (v —w) = 0 in the definition of H; reflects the fact that u € H.
The fact that H; is not quite all of L?([0, 7])? will cause some small problems later
on. The operator AlehGaAfl gives the operator “evolution by A units of time in
the (ug,u,) variables.” Because of (3.10), the evolution of (u¢,u,) is particularly
simple. To study this evolution, we decompose the interval (0,7) into ¢ intervals
of length h, the jth interval being

We define ug, u% to be the restrictions of ug,u, to the jth interval, translated to

the reference position (0, k), that is, ug, uj, € L*([0, h]),

(3.11) ul(t,z) = ug(t, (j — Dh+ ),
(3.12) u%(t,x) =uy,(t,(j —1)h+ ),

~—

for 0 < z < h. Equation (3.10) yields

wl(t+h)=ult(t), j=12....p—1p+1....q-1,

(3.13) ‘ < _
up(t+h) =up " (t), 7=2,3,....p,p+2,...,¢.

To complete the description of the evolution, we must give rules for determining
u%(t +h), ud((t+h), ug(t+h), and uﬂ'frl(t + h),

from we(t) and wu,(t). The first two of these are determined with the aid of the
boundary condition
ue +uy, =0 at r=0,m.

One finds
(3.14) up(t+h) = —Rug(t), ud(t+h)=—Rul(t),
where R : L%([0, h]) — L?([0, h]) denotes reflection about z = h/2, that is

(Re)(z) = p(h—x), 0<z<h.
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The transmission condition (2.7) provides the values of uf(t + h) and ul*'(t 4 h).
Let

z,/a z\a
u, (a,t) = lim wu,(z,t), u,;(a,t) = liin uy(x,t),
These quantities exist provided (u¢(0),u(0)) € D(G,). In fact, the entire calculation
of AjetCe A1_1 should be considered for such v and then extended by continuity to
u with (ut(0),u(0)) € H. The wave equation (3.10) yields

ug (a,t) = lim ug(z, 1), u;(a,t) = lim wg(x,t),
+
U

n x,a

u?(t—ks,a):ug(t,a%—s), 0<s<h,
u, (t+s,a) = uy(t,a —s), 0<s<h.

In terms of the u¢,u, variables, the transmission conditions (2.7) become

ug-l-u;r:ug-l—u;, ([u¢] = 0)
(

[ug] = auy).

(ugr —ur) — (ug —uy,) = oz(ugL +u,),
Solving these equations for u, and uf{ yields, for a # —2,
2 o -« 2
- _ - — + _ + —
Ye To e T ot u”_2+au§+2+au"'

Using the previous expressions for ug' and u,’, we find

2 Q
uP(t+h) = ul () — RuP
¢ ¢ n
(3.15) 2+aoz 2+«
Pt 4 h) = — PR ) + ———ul(t).
uf P (b h) = R0 + b (1)

The formulas (3.13)—(3.15) give a simple expression for the time evolution of (ug, uy).
The reflections R can be removed from these formulas by splitting

U(t) = (ug, up,ug,u, ... ud,ud) € L*([0, h],C)

into its even and odd part,
U= Ueven + Uodda

Ueven()(@) = 3 [U 1)) + U(0)(h )],
(Uoaa(t)) (@) = 5 [U(0)(x) ~ UH)(h ).

From formulas (3.13)—(3.15) we see that the even and odd parts are preserved by
the evolution, that is

(Al ehGo‘Al_lU)even = AlehGaAl_l (Ueven)7
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with a similar formula for the odd part.
Furthermore, on the even (respectively odd) parts R acts as multiplication by 1
(respectively, —1). Thus, if we let A2 be defined by

Ay 2 L2([0,h],C%9) — L2([0, h/2], C),

1
AZU - §(Uevena Uodd)|

[0,h/2]
and let
Ho = AoHy C L2([0, h/2],C*),
then
Ao : Hi — Hs is unitary,
AgAlehG“ (A2A1)_1 tHo — HQ,
and

Ao AqeCe (A2A1)71 = multiplication by a D; € E(C4q).

From the definition of H; and A, we find that, for
¢=(1,-1,1,-1,...,1,-1,0,0,...,0) € C*,

with ¢ ones, ¢ minus ones, and 2q zeroes,

Ho = {90 = LQ([O,h/Z],(CM) . /Oh/2<g0(ac),C) dr = 0}.

If Hy were all of L?([0,h/2],C%), the proof would be finished. To eliminate the
orthogonality condition, we write

CHM=CCapg&, E={neC:(n)=0}.
Corresponding to this decomposition, there is a canonical decomposition

L2([07 h/2]7c4q> = Lz([()? h/Q]a(Cg) D L2<[Oa h/2],€),

(3.17) ,
Ho ~ K @ L2([0,h/2], €),

where
h)2
k= {v e L2(0.h/2,€0) /0 ((2).¢) dz = 0}.

To finish the proof, we need two simple properties of the matrix D;, namely

(318) DIC = Cv and DTC = C;
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where D7 is the adjoint of D;. The first of these properties is equivalent to the
easily verified fact that the evolution defined by (3.13)—(3.15) leaves invariant the
function defined by

ug(t,z) = —uy(t,z) =1, 0<z<m.

The second property follows from the first. Indeed, (3.16) and the first part of
(3.18) show that

(319) AgAlehGo‘ (AQAl)_l}’C = Id]c

Since a > 0, AgA;elCo (AgAl)_l is a contraction. Hence Lemma 3.4 implies that
K+ = L2([0, h/2], ) is invariant. Thus we may form the adjoint of equation (3.19),
to obtain

[AgAlehG“ (AgAl)_l]* |IC = Id]c

Because of (3.16), this is equivalent to the second identity in (3.18).

The condition D¢ = ¢ implies D1(€) C €. Consequently we may define D €
L(E) by D = Dyle. If Az : Hy — K @ L? is the isomorphism in (3.17), then (3.16),
(3.17) and (3.19) show that

A = A3AaAq,

whence I and D have the properties required in Lemma 3.5.

Theorem 3.3 shows that if a/7 is rational, the spectrum of G,|y;1 must lie in a
half plane Re z < —C5, while the spectrum of G|y is on the imaginary axis. In
contrast, Theorem 3.2 shows that if a/7 is irrational, the spectrum of G, lies in
the half plane Re z < 0, but has points arbitrarily close to the imaginary axis.

These results all involve bounds on the spectrum, from the right. A complemen-
tary result, which is much more elementary, is the following.

Theorem 3.6. For a € (0,7) fized and oo # —2, the spectrum of Gy, is contained
in a strip Rez > C(«), where the function C(«) is bounded on compact subsets of

C\ {-2).

Proof. We need only consider eigenvalues i\ with A ¢ R. For these, equation (3.6)
holds and the theorem follows from the observation that cot z — +¢ as Im z — +oo,
the convergence being uniform in Re z.

The exceptional value & = —2 occurs in another (not unrelated) context. For
a # —2, G, is the generator of a one parameter group on H, while for a = —2 it
only generates a semigroup. It is interesting to note that the higher dimensional
analogues of our transmission problem, for example localized friction on a mem-
brane, are never reversible, that is, if Rea # 0 one gets a semigroup and not a
group. The proofs of these facts are omitted.

In case a = 7/2, e"%= can be computed without great effort. Though somewhat
special, this result will play a role in our discussion of the significance of the model.
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Theorem 3.7. Ifa=m/2 and o # —2, then

G L a—2
e }Mi—a——i_QIdML

Proof. We calculate, in somewhat more detail, the explicit solution constructed in
the proof of Theorem 3.3. First of all, we observe that M consists simply of those
functions ¢, that are even with respect to reflection about x = /2, while M~
consists of those functions that are odd. Thus, for time evolution it suffices to
consider functions u for which u; is even and u, is odd, that is

(ug + un)(t, ) = (ug +uy)(t, ™ — )

and
(uf - Un)(t,:L”) = _(uf - u’?)(t77T - x)

These relations are equivalent to
R(u% + u717) = ug + u??

and
2

—R(u% —ul) = ug — Uy,

n

where R and ug, uZ, ... occur in (3.11)~(3.14); while also

ug = Ru,}?, and ufl = Ru%.

1

With these equations in mind, we may write the time evolution in terms of ué, Uy

only. Equation (3.15) yields

1 77)_ 2 1 o 1
4+ 1) = Ru! — Ru! =
”5< T o) T ot T g g T g g

while (3.14) gives

Iterating, we obtain

a—2,

(ug(t + ), uy(t + 7)) = — n 5 (g (1), uy (£),

which is the desired result.
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4. Discussion

It is hard to quantify how well (1.1) with a highly localized friction describes
the mechanism for the production of harmonics, since it seems hard to measure
directly the effect of a musician’s finger. We must therefore rely on qualitative
predictions of the model. Fortunately, we have obtained many such in Sections 2
and 3. The principal results assert that, given an initial configuration (determined,
for example, by plucking a string), the motion governed by (1.1) approximates
the limiting transmission problem (2.6)—(2.8), provided the friction b(x) is highly
localized. This limiting problem has the following properties:

1. If a/7 is irrational, all solutions tend to zero.

2. If a/m is rational, the modes that vanish at a are unaffected by the friction,
while those in the orthogonal complement decay exponentially.

These properties coincide with the observed fact that to play harmonics one touches
the string with a finger at a point a on the string (of length L) such that a/L is
rational with a small denominator. For other placements, one only hears a short
lived thud. When playing harmonics, a musician removes his finger from the string
after a short time. In view of the fact that for a friction b(z) spread over a finite
interval all solutions tend to zero, this seems wise. Presumably what is happening
is that the rate of decay is much slower for the modes vanishing at a (in fact, this
is rigorously true in the limit b(z) dx = ad(x — a)). Thus the musician leaves his
finger in contact with the string just long enough to damp the components in M=+,
but not those in M. As this description indicates, the playing of harmonics is a
delicate matter, a fact that can easily be verified by anyone inexperienced in the
art.

There is an additional sensitivity to the artistry of the player, clearly indicated
in Theorem 3.7. The object of playing harmonics is to obtain as rapid decay as
possible on M~*. For a = 7/2 (here, L = 7) we have

a—2

eﬂGa‘ —
M- a4 2

Clearly the desirable value of o is @ = 2. The optimal strategy is to apply a friction
with b(z) dz =~ 26(x — m/2) for approximately 7 units of time (L/c units of time for
a string of length L, with ¢ the propagation speed of transverse vibrations). Too
much friction (o >> 2) or too little (o & 0) yields a very slow damping on M.

We expect that similar phenomena occur for other rational values of a/mw. The
player must strive to achieve the “correct touch,” which for a = 7/2 corresponds
to b(x),dx ~ 2§(x — w/2). The idea of correct touch leads to the following.
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Problem. Given a/m = p/q, find the value of o which, in some sense, gives the
most rapid decay for e!Ce|yL.

REMARK. Since this paper first appeared, in 1982, there has been a successful
treatment of this problem, in [11].

The descriptions above correspond to common experience with harmonics. This
is not to say that we consider (1.1) an exact model. What we believe is that
localized frictional damping is a reasonable candidate for the primary mechanism
in the playing of harmonics. To support this idea, one must know that similar
qualitative behavior occurs when other effects are included, since it is more than
likely that the finger introduces effects other than friction. For example, the finger
might exert a spring force on the spring with a strongly localized spring constant
k(x). The basic equation of motion is then

(4.1) uge + b(2)up = Uzy — k()u,

T u2
/ (uf+ui—l—k—) dz
0 2

is a decreasing function of time. If, as before, we consider a sequence b,, and k,
becoming increasingly localized, that is b, — ad, k, — [0, (perhaps g = 0), then
the solutions to (4.1) will converge to solutions to the transmission problem

and the energy

Ut — Ugg = 0, $7£a7
[ut) =0, auy = [uy] — Pu at = = a,

u=0 at =0, 7.

An analysis like that given in §3 shows that this problem behaves qualitatively like
(2.6)—(2.8) provided « > 0. For example, regardless of the value of a, the solutions
yield a contraction semigroup on H, with square-norm

(42) (0,w)[? = / "0 + (Dw)?) de + Bula)

In addition, if a/m is irrational, all solutions decay, while if a/7 is rational the
motion on the pace M of Theorem 3.3 is the same as the free motion. Finally, if
M+ is the orthogonal complement in the scalar product induced by (4.2), then M=+
is invariant and solutions in M ' decay. Since the proofs are similar to those already
presented, the details are omitted. The point is that the qualitative behavior of our
model is somewhat stable under perturbation.
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