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We study the small-amplitude transverse oscillations of a planar network of N sections of
string which are all attached at one common extremity. This network is called an N-string.
When the N sections of string are of finite length, we find Fourier series expressions
describing the vibrations perpendicular to the plane containing the N-string at rest. The
standing perpendicular wave energies of a plucked symmetric N-string are analyzed. It is
found that higher harmonics can be excited to an energy level above that of the first
harmonic simply by plucking at an appropriate location along one of the strings. This result
is in contrast to an ordinary plucked string and may lead to interesting applications; most
notably the construction of new musical instruments. We also describe the movements of
one travelling perpendicular wave in an N-string as well as the interaction of such waves.
A method for increasing or reducing the amplitude of travelling perpendicular waves is
outlined.

© 2000 Academic Press

1. INTRODUCTION

The vibrating string problem, in which a tightly stretched flexible string is initially
perturbed and then allowed to vibrate, remains one of the important problems of
mathematical physics [1] and acoustics [2]. Also, because of its simplicity, it has become
a classical problem in the theory of partial differential equations [3]. In this work we
consider an extension of the vibrating string problem.

We define an N-string as a planar network of N strings that are connected at one
common extremity. The common extremity, or the junction point, is mobile while the other
extremities are all fixed (see Figure 1). The aim of this paper is to study the linearized
vibrations of an N-string having finite or infinite length strings. We will obtain Fourier- and
d’Alembert-type expressions describing the vibrations which are perpendicular to the plane
containing the N-string at rest. These solutions for the linearized problem are useful in two
regards: (1) they describe the small-amplitude perpendicular oscillations of the N-string, and
(2) knowledge of the eigenmodes and eigenvalues of this linear problem is essential for any
reduction method (for example, center manifold or Lyapunov-Schmidt reduction, see
reference [4]) which would be used to study the stability and bifurcations of the rest state of
the N-string in a non-linear model.

The analysis of the small-amplitude vibrations of an N-string is interesting from an
acoustic point of view. Let us first recall that all string instruments produce sounds that are
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Fixed extremities
Junction point

Figure 1. Schematic of a 5-string. All the extremeties are fixed while the junction point is free to move.

well described through the analysis of small-amplitude vibrations of an ordinary string
which is plucked or struck. The sound produced by each string of such instruments can be
decomposed into modes which have energies that are always dominated by the energy of its
fundamental mode. If the string is plucked at its midpoint, the energy of its modes are in
harmonic relation with the energy of its fundamental mode. In this case, over 80 per cent of
the total energy is in the fundamental mode. One of the goals of this paper is to show that
the relationships between the energies of the modes of an N-string are significantly different
from the case of an ordinary string. In fact, we will show that higher modes of an N-string,
N > 2, can be excited to energy levels above that of the fundamental mode, simply by
plucking at an appropriate location along one of the strings which compose a symmetric
N-string. We will also show that when such an N-string is plucked at the junction point of
its strings, the energy levels of its modes are in the same harmonic relations as in the case of
an ordinary string. These characteristics of the N-string should give instruments, made up
of N-strings, unique acoustic features.

The paper is organized as follows. In section 2, we present our mathematical model and
show the uncoupling of planar and perpendicular waves of an N-string at the linear level.
We establish some theoretical results and study the vibrations of standing perpendicular
waves of an N-string in section 3. In section 4, we analyze the standing perpendicular wave
energies of a symmetric N-string. In section 5, we consider the vibrations of an N-string
having all but one identical strings. We describe the motion of one travelling perpendicular
wave in an N-string in section 6. Section 7 deals with interactions of travelling
perpendicular waves first in one N-string and second in a tree of N-strings. Section 8
contains the conclusion and a discussion of our results.

2. LINEARIZED MATHEMATICAL MODEL

In the mathematical treatment that follows, we make the following assumptions about
the N-string:

1. Each string of the N-string is flexible and elastic.

2. The elasticity of each string of the N-string satisfies Hooke’s law.
3. The N-string is subject to no internal nor external friction.

4. At rest, the N-string is in a plane.

Using a variational principle, Schmidt [5] presents a non-linear system of partial
differential equations with appropriate boundary and coupling conditions which describe
the planar vibrations of an arbitrary planar network of strings. He then derives and studies
the linearization of this model about the rest position of the network.
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Without difficulty, one can extend Schmidt’s approach to describe the full
three-dimensional motion of a planar network of strings and the corresponding linearized
model. Specifically, let x;,i = 1, 2, ..., N, be the arclength parameter for the ith string at rest,
whose “natural” length is assumed to be [;, ie., 0 < x; < [;, where we assume that the
common junction point of the strings is at x; =0, i = 1,...,N. Also, let r'(x;, t) denote
the three-dimensional vector which gives the deviation from the rest position at time t of the
point at arclength position x; on the ith string. We can assume, without loss of generality,
that the first two components of r’ give the motions in the plane of the N-string and that the
third component of ¥ gives the motions perpendicular to the plane of the N-string. Then
following Schmidt [5], the linearized boundary value problem for the r is the following:

rit:Firic;xis = 15 2a"'aNs (1)
r'0,1) =r*0,1) = --- =1Y(0, 1), )
v, 0)=0, i=12..N, 3)

N .
Z pirir;ci(oa t) = 09 (4)

i=1

where I; is a symmetric block-diagonal 3 x 3 matrix of the form
7w iz O
Fi=|72 73 0]
0 0 ¢

where ¢; > 0, y;1, y;» and 73 are constants depending on the tension and the Hooke’s law
constant for the ith string, as well as on the mass density p; >0 of the ith string.
Consequently, equations (1)~(4) uncouple into planar components and a perpendicular
component. Note that this uncoupling does not occur for the full non-linear model [4]. If
we designate by u; the third component of the vector r’, then equations (1)—(4) lead to the
following equations:

w,=ctu', i=1,2,....N, (5)
u'(0,1) = u?0,1) = --- =u™(0, 1), (6)
Wl =0, i=1,2... N, )

N .
Z cizpiu.lxi(oa t) = 0: (8)

We wish to solve the problem (5)-(8) subject to the initial conditions
ui(xi7 0) = Fi(xi)a u:('xi: O) = Gi(xi)y l = 1>2a aNa (9)

where the functions F' and G’ are respectively continuous and piecewise continuous on

[0, I:].

3. STANDING WAVES

In this section as well as in sections 4 and 5, we will assume that all strings of the N-string
have finite lengths.
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We will solve the problem (5)-(9) by the method of separation of variables, which will lead
to a matrix Sturm-Liouville system. Therefore, we will begin our study by giving some
information relevant to our problem on the eigenfunctions and eigenvalues of this kind of
Sturm-Liouville system.

3.1. STURM-LIOUVILLE PROBLEM

A normalization of the strings will facilitate our work. Let x:= nx;/l;fori=1,2,...,N. It
follows that 0 < x < n parameterizes each string. If one defines v'(x, t):= u'(l;x/x, t) for
i=1,2,...,N, then the problem (5)-(9) becomes

vﬁtz?;izuix, i=1,2,...,N, (10)
010, 1) = v*}0,1) = - =vN(0, 1), (11)
vi(mt)=0, i=1,2,...,N, (12)
% Cizlpi v4(0,8) =0, (13)
i=1 b
v'(x, 0) = Fi(lx/m), vi(x,0) = G'(l;x/n), i=12,...,N. (14)

Let C:= diag(n?c}/I3, n?c3/13, ... ,n%c% /%) and L:= diag(l,p1, [2p3, ..., Iypn). Let us also
designate by <, ), the scalar product on R" obtained from the matrix L. Hence, if
&= (d)l; ¢27 LR ¢N)T7 V.= (lpls lpz» cees wN)T € RN, then

(D, ¥ =Lip1ph1 + Lprpaths + -+ + Inpnday.

Note that since CL = LC then {C®, V>, = (D, C¥);.

Let L2[0, 7] and W![0, n] be the usual Hilbert and Sobolev spaces on [0, 7], and let us
denote A:= (L2[0, z])" and Q:= (W![0, n])", i.., the set of N-dimensional vector-valued
functions whose components are respectively in L2[0, 7] and W![0, 7]. We will use the
following scalar product, induced from {, >, on the Hilbert space A:

(D, W= f"@(x), ()5, dx.

0

Let
A:={DeQ:9p'(0) = ¢*(0) = --- = ¢$™(0), D(n) =0, <CP'(0), (1, 1,...,1)">, = 0}.

We consider the operator A:A — A defined by A® = — CP”. It can be shown that the
operator A is symmetric with respect to <{, »>; on A. It then follows that the eigenvalues of
A are real numbers and if ¥; and ¥, are two eigenfunctions of 4 corresponding respectively
to the eigenvalues w; and w,, w; # w,, then ¥, ¥,>>;, =0. We also have that the
spectrum of A4 is composed only of discrete eigenvalues of multiplicity at most 2N and the
eigenvalues of A constitute a real monotone sequence {w,} such that

0 <0< - <0, <011 < -0, liIm o, = 0.

n— o0
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Finally, we have that there exists an orthonormal set {®;} of eigenfunctions of 4 which is
complete in A (see Appendix A for proof).

3.2. SOLVING THE GENERAL CASE

In the previous section it was shown that the eigenfunctions of 4 form a basis for A. We
will now show, using the method of separation of variables, that this basis is the “natural”
basis in which to study (10)—~(14). We therefore set

vi(x, 1) = X'(x)T(®), i=12,...,N, (15)

where the X' are functions of x only and T is a function of ¢ only. Substitution of equation
(15) into equations (10)—(14) produces

T" + oT =0, (16)
CX" +wX =0, (17)

X10) = X*0) = - = XY(0), (18)
X(m) =0, (19)

(CX(O0), (1,1,...,1)Ty, =0, (20)

where X := (X', X%,...,XMT and — o is the separation constant. It is straightforward to
show that equations (17)-(20) has non-trivial solutions only if w > 0. Thus, we can set

A= ﬂ > 0. Consequently, equation (16) yields
T(t) = K, cos At + K, sin At,

where K and K, are arbitrary constants. We also have that X is an eigenfunction of A with
eigenvalue 4% The solution of equation (17) is

.o U,-x .
+ B'sin , i=1,2,...,N,

i i

)»lix

Xi(x) = A* cos

where the A’ and B’ are arbitrary constants. Conditions (18) leads to
Al =A% = ... = A", (21)

while condition (20) gives

y;Bi = 0, (22)

M=

i=1

where we define v;:= ¢;p;. Finally, equations (19), (21) and (22) lead to the following system
of equations:
At cost — L(B*v, + -+ + BYy)sinit =0,
(23)
A'cos + B'sin'? =0, i=2,3,...,N.

Ci
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Thus, A is an eigenvalue of the operator 4 if and only if 4 is such that equation (23) has

a non-trivial solution for A%, B2, ..., BN. It is easy to see that this occurs if and only if 4 is
such that
Ny, NN (LA
Y [—cos <— [[sin{ £ )|=0. (24)
=1 V1 ¢ /) =1 Cj
j#i
Equation (24) has an infinite number of roots 0 < 4; <1, < -+ <4, < 4,41 < -+, with

lim, -4, = c0. Note that the actual values of these roots depend on the values of the v;,
l; and ¢;.

Let A be a solution to equation (24). There are two possibilities: either sin (;4/c;) # 0 for
alli=1,2,...,N, or there exists an i; € {1,2,..., N} such that sin (/;,4/c;) = 0. It turns out
that these two cases are intimately linked to whether or not the real numbers c¢;/I;,
i=1,2,...,N are incommensurate. We study each case separately below.

3.2.1. Incommensurate case

Suppose the numbers ¢;/l;, i = 1,2,..., N, are incommensurate, i.e., ¢;l;/c;l;¢Q, for all
i,j=1,2,...,N,i #j. Also suppose 4 is a solution of equation (24) such that there exists an
iy € {1,2,...,N} with sin{l;,A/c;)) = 0. Then clearly /. = ny7c;/l;, for some positive integer
n;. Equation (24) in this case reduces to

N »
Yit cos mn || sin(ci‘lj n1n> =0,
v o1\l
J#u

from which it follows that there exists a i, € {1,2,...,N},i, # i1, and a positive integer
ny, = ¢;,l,ny/c;,l;,. The numbers ¢;,/l;, and c¢;,/l;, would thus be commensurate, which is
a contradiction. This means that, in this case, every solution 4 of equation (24) is such
that sin(ljA/c;) #0 for i=1,2,...,N. Consequently, if the c¢yl;,i=1,2,...,N, are
incommensurate, equation (24) has an infinite number of solutions 4, = o, k € N*, and
each oy is such that sin(liy/c;) # 0 for i =1,2,...,N. The corresponding eigenvalue is
simple and the eigenfunction is given by

lioux Vs Lot Vy Ivoue \ . lyogx
Py(x):=| cos +(—cot—+ -+ +—cot—— |sin ,
TCq Vi Cy Vi Cn TTCq

(25)
lzoth lz(xk . lzakx lNakx lNTE . INOCkx T
(O] — | cot—— ]sin 5 ..., COS — | cot— |sin .
TCH Cy TiC,y TiCN CN TICN

Hence, for any @ in the Hilbert space A, we have

D(x) = Y APy(x),
k=1
where

_ K2, P)L

A= P Poor
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Therefore, the solution (possibly a weak solution) of equations (10)—(14), where the numbers
¢/l;,i=1,2,...,N, are incommensurate, can be written as

[v!(x, 1), 0*(x, 1), ..., 0" (x, )] = . (ay cos oyt + dy sin oyt) Py(x),

where
_KF PO LG PO
TP Py T wl P P
for

F(x):= [F'(l,x/m), F*(lx/m), ..., F¥(Iyx/m)]",
G(x):= [G'(lix/m), F*(lx/m), ..., GN(Iyx/m)]".
The solution of the problem (5)-(9) is finally obtained through the substitution

u'(x;, 1) = v'(nx;/l;, 1), i=1,2,...,N.

3.2.2. Commensurate case

The case where some of the ¢;/l[; are commensurate requires special care. A few new
definitions are in order. Let piq, iy, ..., iy be positive real numbers. We will call resonance’
of the positive numbers py, ..., uy a relation of the form

Ry, = Nofly, = -+ =na, 1re€{2,3,...,N}, (26)

where

® iy, iy, ...,i are distinct elements of {1,2,..., N},

® 1y, n,,..., N, are positive integers without common divisor larger than 1, and

e the set {u;,...,4;} is maximal in the sense that there exists no integer k such that
nyp, = kpj for some je {1,2, ..., N}\{iy, iz, ..., 0.}

If s > r, we will say that

Nl = Naldi, = -0 = Ml

is a subresonance of the resonance

Myflj, = Maflj, = ==+ = Msllj

if {wi,» s ---» 1;,} is @ proper subset of {y;,, t;,, ..., u;,}. In this case, there exists a number
KeN,K >1, such that if w, =pu; for i, e {iy,is...,i,} and j, € {ji,jz...,Js}» then
my, = Kn,. We will say that K is the order of inclusion of the subresonance in the resonance.
Finally, we will say that a resonance is maximal if it is not a subresonance of any other
resonance.

T This use of the term resonance should not be confused with the terminology used in the theory of Poincaré
normal forms of non-linear ordinary differential equations. For our purposes, we will need the full chain of
equations in equation (26). If one considers just the individual equalities, and if the y; were representing the
fundamental frequencies of the movement, then the y; would form, two by two, resonances in the usual sense.
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According to section 3.2.1 above, we know that if A is a solution to equation (24) such that
there exists ani € {1, 2,..., N} with sin(/;4/c;) = 0, then there must be a resonance of the real
numbers

€1 €2 CN
PR
Lol ly

In general, there will be g such resonances which we write as

C;

C:
1,1 __ 12 __ _ 11,p1
”1,1l —”1zl = '—”1pll s
i1 i12 i1,p1
Ci Ci Ci
2,1 2,2 _ 2,D2
Nz T ns,» L ot =Nap, 1 (27)
iz iz i2,p2
C; C; C;
q.1 9.2 __ _ 4>Pq
nq,l l - nq,l 1. - — Yapa g0
g1 Lg.2 g Pq

where 2 <p, <N for k=1,2,...,q. We can assume without loss of generality that
i <iga < - <y, for each k =1,2,...,q, and there exists an integer M, 1 <M < g,
such that the M first resonances in (27) are maximal, and the remaining resonances (if any)
are not maximal.

Let us consider the jth maximal resonance in (27),1.e., 1 <j < M. For any positive integer
k, we have that 4, = kn; ync;,,/l;,, is a solution of equation (24), and there are p; — 1
orthogonal (with respect to <<, »;) eigenfunctions for each value of k; these eigenfunctions
will be designated by Q; .(x) for 1 <m < p; — 1. The components of Q; .(x) are as
follows:

Qj"k’m(x) :0, lf ié{ij,laij,b"'9ij,pj}

and
. 1 /v Vi Vi .
U (X) = |: <l” + 2 >:| sin kn; 1 x,
o vij,L nj,2 nj,3 nj,pj
Qi (x) = ——sinkn; ,x,
Qjra(x)y % nj,2
ijvp - 1 .
Qj!k”l(x) = ——-31-1n knj!pl.x,
Jspi
Te2(x) =0,
ij2 1 Vija Vij,p :
QUi ,(x)=|——"+ - + 2| [sinkn; X,
o iz \1,3 Nj.p,
. ij,3 —1.
Qj,k,z(x) : J:!'kyz(x) = K Sin knj!3x,
ijp - 1 .
jk2(X) =——sin kn; ,x,

J:pj
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Qi p1(X) =07 (x) = - =0/ (x)=0
. ijp—1 1 vir‘.p :
Qjkp—1(%): Qj,kl,pjfl(x) = . : Slnknj,pj—lxa
ip;-1 \Mj,p;

sin kn; . x.

Q;{-I?.prl(x) I
JsPj

Now, suppose that M < ¢, i.e., there is at least one resonance in equation (27) which is not
maximal. If j is an integer such that M < j < ¢, then there exists a set {Ky,K,...,K,} of
orders of inclusion of the jth subresonance into the other resonances. We still have that
4 = knj yme;. /I, is a solution to equation (24) for any integer k; however, if k is divisible by
any one of the integers K,,...,K,, then this eigenvalue is already accounted for in
a resonance which contains the thh resonance in equation (27) as a subresonance. Hence,
we only consider the integers k which are not a multiple of any of K,...,K,. The
corresponding orthogonal eigenfunctions Q, im(x) are given by the same expressions as the
Q;.r.m(x) previously given.

In addition to the eigenfunctions Q; ,,(x) and QJ im(x), eigenfunctions of the form (25) are
also present when the ¢;/l;, i =1,2,..., N, are commensurate. In fact, suppose there are
q resonances given by equation (27). Then there exists an infinite number of solutions to (24),
Ax = oy, k € N*, for which sin (Lo, /c;) # 0,1 =1, 2, ..., N. The corresponding eigenfunctions
are given by equation (25) (see Appendix B for the proof).

Hence, if @ is any element of A, we can write

0 M pi—1 o pj—1 -
= Z kPk + Z Z Z B] k, mQ] k, m( ) + Z Z Z kaf,/;,m(x)a
k=1 j=1m=1k=1 ] M+1m=1 |

with the understanding that if M = g, then the third sum in the above formula does not
appear. It is also understood that in this third sum, k only takes on restricted integer values
as previously described. The coefficients are given by

RS 9 CC. Y T T CC Y i 0%
KPP T L Qs Qi L Bims Dm0t

We have thus shown that if there are g resonances of the numbers ¢;/l;,i = 1,2,..., N, given
by equation (27) (the first M being maximal), the solution (possibly a weak solution) of
equations (10)-(14) can be written as

[v'(x, 1), v2(x, 1), ..., 0N (x, £)]"

= Y (axcosoyt + d sinoyt) Py(x)

M pi—1 o«

+ 3 Y Y [bjxmeos(kny me; t/l; ) + bjkmsm(kn, e /)10 km(X)

j=1m=1k=1

p;—1

+ Z Z Z[C,kmCOS mamei ;) + CA_f,lz,mSin(lznf,lncijlt/li},l)]Qf,l:,m(x)s

j M+1m=1
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where
_KEPOL L LG PO
CULPG PO T P Py
b' .= <<F9 Qj,k,m>>L 1; — li‘,-'1<<G: Qj,k,m>>L
phm LQjskm> QM1 Pl knj ici, 1Qj kms Qjkomr.
ore SSEQiad 15,46 O
L Qi Qe ks m Qims Qi ML
for

F(x):= [F'(lyx/m), F(Lx/n), ..., FN(lyx/m)]",
G(x):= [G'(I1x/m), G(lpx/m), ..., GV (Iyx/m)]".
The solution of the problem (5)—(9) is finally obtained through the substitution

u'(x;, 1) = v'(nx;/l;, 1), i=1,2,...,N.

4. A PLUCKED N-SYMMETRIC N-STRING AND ITS ENERGY

In this section, we will apply the results of the previous section in order to characterize the
standing perpendicular waves of a plucked N-symmetric N-string, i.e., an N-string which is
such that [y =L = =ly=l,ci=c, =+ =cy=:c and p; =p, = -+ = py =1p.
These conditions on the ¢; and p; imply that the N strings of the N-string form equal angles
of 2n/N at their junction point, when the N-string is at rest (see Figure 2).

Figure 2. Schematic of a 8-symmetric 8-string.
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We will suppose that our N-symmetric N-string vibrates following an initial
displacement corresponding to the plucking of the string i = N to the height h at xy = [/m,
where m € R, m > 1. The factor 1/m indicates where the plucking is done along the string
i=N. When m — oo, the plucking is done at the junction point of the N strings. The
functions which specify the initial conditions of the N-string are G'(x;) = 0 for 0 < x; </
andi=1,2,...,N, and

Fj(xj):=s<1—xlj>, 0<x;<l, j=1,2..N—1
XN .
T(h—s)m—}-s if 0<xy<Il/m,
FN(xy):= h
M=) i m o< xy <,
m—1 )
where
mh
§i=—
N+m—1

Note that in this case, there is one and only one resonance which is

¢y ¢y CN

LoLo

The solutions of equation (24) and the corresponding eigenfunctions are given by
, 1
Ak:ak:<k—§>ﬂfC/l, )uk:kTCC/l, keN*,
and
Pu(x)=[1,1,...,1]"cos (k — 3)x,

Ql,k,l(x) = [(N - 1)9 - 19 - 1: seey T l]TSinkX,

Ql,k,Z(x) = [09 (N - 2)9 - 17 - 19 ceey T IJTSinkxa

Ql,k.N*Z(x) = [07 09 "':2: - 15 - l]TSinkX,
O1in_1(0=1[0,0,...,0, 1, — 1" sin kx.

Applying the results of section 3 with these eigenvalues and eigenfunctions, we find

Mj(xja t) = 7_1:2(m _ 1)(N +m — 1) kgl

2hm? Z [cos(k —3m/m  (k—Pnx;  (k— pnct
(k —3)? !

sin®® | knx;

— —"™sin——cos knct:| (28)
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forj=1,2,...,N — 1, and

2 2 e _ 1 1 1
uN(xj, 1) = hm |:cos (k—2)n/m _ (k 2)7CXNCOS (k — Z)met

P DN Em | k= I

+(N—1) (29)

sin®®  knxy  kmet
2 sin l cos l }
Expressions (28) and (29) show that the vibrations of an N-symmetric N-string can be
represented in terms of the functions u'(x;,t),i = 1, 2, ..., N, which decompose into in-phase
harmonics with frequencies f,, := nc/4l.

We now determine the energy contained in each harmonic of the N-string vibrations. The
energy of any one of these harmonics is the sum of its kinematic and potential energies in
each of the N strings of the N-string. The kinematic K’ and potential V', energies of the nth
harmonic of the ith string, n € N*,i=1,2,..., N, are given by

K=" f [t (xi, 1% dx;

and

2 prl
Vi="5 | it o
0

The total energy E,(N, m, h) of the nth harmonic is thus

4pc?h®>m* N (cos3E)?
w2l (m — 1)>(N +m — 1)?

if nis odd,

N
E,(N,m, h) = Z (K, + Vi) =
= 4pc*h*m*N(N — 1)(sinfy)?
w2l (m — 1)>(N + m — 1)?

if n is even.

Now, since we have conservation of energy, the total energy E(N,m, h) of all the
harmonics of the N-string is the same as its initial energy, which is the potential energy
associated with its initial displacement. We easily obtain that

pc?Nm?h?
2m — (N +m—1)

E(N,m, h) =

The fraction of the total energy in the nth harmonic is therefore given by

m? (cos 35 it i
if n is odd,
E,(N,m, h) #nw—DW+m—U
RO 1= N oy~ @m
(N, m, h) 8m*(N — 1)(singy)?

if n is even.
2n¥m— DN +m—1) S

From (30), one immediately obtains

> 3 if n is Odd,
mnn
lim R(N, m, n) =

m—> oo

0 if n is even.
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and
0 if nis odd,

R(m, n):= lim R(N, m, n) = 31
N 8m?(sin4Z)? £
2 m—1) if n is even.

Expression (30) shows that R(N, m, 2k — 1) = 0 if m divides 2k — 1, and R(N, m,2k) = 0 if
m divides k. Using equation (30), it is moreover easy to show that R(N, m, 2) = R(N, m, 1)
for 1 <m < m/arccos((N — 3)/(N — 1)) and N e N, N > 2. Similar inequalities can be
derived for other harmonics. Thus, in contrast to an ordinary string (i.e., N = 2) where the
first harmonic is always the most energetic wherever the string is plucked, for an
N-symmetric N-string with N > 2, it is possible to excite higher harmonics to an energy
level above that of the first harmonic simply by plucking the string at an appropriate value
of m. Expression (30) also shows that when an N-symmetric N-string is plucked at the
junction point of its strings, the energy levels of its higher modes are in the same harmonic
relation, with respect to the energy level of its fundamental mode, as in the case of an
ordinary string.

The graphs of Figure 3 give R(N, m, n) in terms of m for N =2,3,5,10and n =1, 2, 3, 4.
The graphs of Figure 4 give R(N, m, n) in terms of n for N =2,3,5,10 and m =2, 3,4, 5,
showing the = 1/n? decay of the mode energies. Finally, from equation (31), it is easy to see
that R(m, n) is asymptotically given by 2/(m — 1) for all even n, when m is large. Figure 5
gives R(m, n) in terms of m for n = 2,4, 6, §, 10.

VL e s

o Lisel o ‘r‘“w--LJ
1 3 5 7 9 11 13 15 L3 s 7 o 11 1315
" m

05

Rt
L DN LI U | | |

0

Figure 3. R(N, m, n) in terms of m for (a) N = 2; (b) 3; (c) 5; (d) 10 and T T, TP T )
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Figure 4. R(N, m, n) in terms of n for (a) N =2; (b) 3; (¢) 5; (d) 10 and OO, m = 2; O, 3; A, 4; O, 5.

05 -

Figure 5. R(m, n) in terms of m for ,n=2—— 4 ---,6; ...,8 —--—, 10.

5. THE (N — 1)-SYMMETRIC N-STRING

We will now characterize the standing perpendicular waves of an N-string such
that b =I;= - =ly=:l,c;=c,= - =cy=:c, and p; =p, = -+ = py =:p. These
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®

Figure 6. Schematic of a 2-symmetric 3-string.

conditions on the ¢; and p; imply that the N strings of the N-string form equal angles of
27/N at their point of junction, when the N-string is at rest. The length [, of the stringi = 1
will, in general, be different from I. Such an N-string having one of its strings not of the same
length as the N — 1 others will be said (N — 1)-symmetric (see Figure 6).

If [;/lis an irrational number, then we have the eigenfunctions Py (x) corresponding to the
eigenvalues 4, = oy, which are the positive roots of

(N — 1)cot <Q> + cot(ll—ﬂ> =0.
c c

In this case, we also have only one resonance given by

Cy C3 Cn
L I3 Iy’

The associated eigenvalues and eigenfunctions are respectively 4, = knc/l, k € N*, and
Q141(x) =[0,(N —2),—1,..., — 1]"sinkx,

Ql,k,Z(x) = [09 09 (N - 3)9 - la ey T 1]TSinkx’

Ql,k,N_3(x) = [0’ 05 “‘323 - 13 - l:lTSlnkxa
Ql,k,N—Z(x) = [0, 0, ...,0, 1, — l:lTSinkx.

If I/l = p/q, where p and q are relatively prime integers, we have the eigenfunctions P, (x)
associated with the eigenvalues /4, = o, which are the positive roots of

(N — 1)cot <M> + cot<w> =0. (32)
c qc

We also have the maximal resonance

per _ 4% _ 9% (33)

Ly
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and the associated eigenvalues /4, = kpnc/l;, k € N*, and eigenfunctions
01.4.1(x)=[(N — 1)sinkpx, — sinkgx, ..., — sinkgx]",

Ql,k,Z(x) = [09 (N - 2)7 - 1a cees T 1]TSin kqxa

Ql,k,N*Z(x) = [07 07 ,27 - 17 - 1:|TSin kqxa
Ql,k,N*l(x) = [07 07 707 17 - l:lTSinkqx'
Finally, we have a subresonance of order g of equation (33) given by

Cy C3 CN

LTLT T

with associated eigenvalues A, = Ignc/l, where k€ N* and is not a multiple of ¢; the
associated eigenfunctions are

02i1(x) =[0,(N—2),—1,—1,..., — 1] sinkx,

02i2(x) =[0,0,(N —3), — 1,..., — 1] sinkx,

Osin-3(x)=[0,0,...,2, — 1, — 1] sin kx,
Osin—2(x)=1[0,0,...,0,1, — 17" sin kx.

If I, # I, then there are no closed-form expressions for the roots of equation (32). In order
to facilitate the solution of equation (32), one can temporarily fix the units of length and
time such that [ = 1 and ¢ = 1, thus obtaining

(N — 1)cot 7 + cot 22 — 0. (34)
q

The roots A, = o, of equation (32) are then those of equation (34) multiplied by ¢ and
divided by I. Moreover, since the functions cot 4 and cot(pA/q) are periodic respectively of
period = and ¢gn/p, it is sufficient to determine the roots of equation (34) in the interval
[0, gr].

To be more specific let us consider in detail the case where N = 3 and [;/I = 1/2. It is easy
to show that in this particular case, the roots of equation (34) are given by o, = fc/l, where
Pri=2[k/2]m + (— l)k*12arctan\/§ and [k/2] designates the integer part of k/2. The
corresponding eigenfunctions are

Pi(x) = [cos Bex/2m + (— 1)"72 sin Bx/2m, cos fix/m + (— l)kfszsin Bux/m,

cos fix/m + (— 1)F 71 fsm ﬁkx/n} )
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The eigenfunctions associated with the resonances of the 3-string are respectively given by
Q1.1 (x) = [2sin kx, — sin 2kx, — sin 2kx]",

01 .x.2(x) = [0, sin 2kx, — sin 2kx]"
and ) )
0.1 (x) = [0, sin kx, — sin kx]",

where k is an odd positive integer.
The general solution to the vibrating 2-symmetric 3-string problem is then given (in
normalized coordinates) by

[vl(x, 1), v2(x, 1), v3(x, 1)]"

118

k

|:(ak COS ﬂkct/l =+ &k Sin ﬁkct/l)Pk(X)
1 (3)
2
+ Z (bl,k,m COS 2](7[6[/[ + bl,k,m sin 2k7TC[/l)Q1’k,m(x)
m=1

+ (€2.26-1,1€08(2k — D)mct/l + C3 51,1 Sin(2k — l)nCt/l)Qz,zk—1,1(x):|,

where the coefficients ay, d, and so forth are determined by the initial conditions as
indicated in section 3.2. The solution of equations (5)—(9) is obtained through the
substitution

ul(x17t) :Ul(ﬂ:xl/llst)a MZ(X27 t) = UZ(TCXZ/L t)) u3('x37t) :U3(n'x3/135t)

Expression (35) shows that the vibrations of our particular 2-symmetric 3-string can be
represented in terms of the functions u'(x;, t), i = 1, 2, 3, which decompose into one set of
in-phase harmonics with frequencies f, = nc/2l, n € N*, and one set of modes of frequencies
f = (2[n/2]m 4+ (— 1y"~'2arctan fc/an n € N*. Note thatf is not an integer multiple
of 1, which is the lowest frequency of this kind. The vibrations of our 2-symmetric 3-string
may thus be expressed in terms of two infinite sets of periodic functions, but which are not of
the same period for each value of m: their frequencies are in fact incommensurate.
Consequently, the general solution of our 2-symmetric 3-string will not, in general, be
periodic in time. The form of equation (34) implies that the preceding observation applies to
all (N — 1)-symmetric N-string, when [; # L.

Let us now determine the proportion of energy which is devoted to the harmonic
vibrations over the total energy of all vibrations resulting from the plucking of one string of
our 2-symmetric 3-string. To this end, we will admit that the 3-string vibrates following an
initial displacement corresponding to the plucking of the string i = 3 to the height / at the
point x3 = I/m, where m € R, m > 1. The functions specifying the initial conditions of the
3-string are G!(x;) =0 for 0 < x; <1/2, Gi(x) =0for 0 < x; <!land i =2, 3, and

h 2
Fl(x,):= ’"<1 - xl) 0<x, <2,
m

{,Mu +35) if 0 < x3<I/m

mh (] — ) Im < xy <.
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Yxy, 1) Z [ kCOS'Bk< cos klxl +( k\[ kxl)

l

It follows that

2knet . 2k
+ 2b1’k,1 COS e sin ?x1:|’ (36)
. 2
ut(xy, 1) = ), [ kCOS'Bk< cos Prxa + (= l)klfsinﬂ")%)
k=1 [ 4 /
2kmet . 2k
- (bl,k,1 - bl,k,z) COS e sin 7;?)62
2% — et . 2k — 1
+ C22k-1,1 COS( i e Sin( ; )nx2:|, (37)
S 2
*(x3,t Z [ kCOS‘Bk< osﬁklx?’vL(—l)k_l{sinﬁklx?’)
2kmet . 2k
— (b1t + by 2)cos ?C sin ?x3
2k — 1)rct 2k — 1
—C2,2k-1.1 COS( i Jnc sin( ;i )EXB} (38)

where the coeflicients ay, by .1, b1 1.2, and ¢, ;- 1.1 are determined by the initial conditions.

The energy of the harmonic vibrations of our plucked 2-symmetric 3-string is the sum of
the kinematic and potential energies of the harmonics cos nrct/l, sinnnx;/l, n € N*,
i =1,2,3,in equations (36)—(38). One easily shows that the ratio R(m) of this energy over the
total energy of the plucked 3-string is given by

2m2 0 |:2(Sin12km1hn)2 (sm 2k7r) :|

R{m) = m*(m — 1)(m + 3) k;1 2k —1) i (2k)*

(39)

The graph of Figure 7 represents the function R(m) for 1 < m < 10. From equation (39),
or directly from the expressions of by .1, b1 k.2 and ¢, 54—1.1, it is possible to show that
R(m) - 0 when m — oo.

6. TRAVELLING WAVES

The model considered in this paper remains valid when all strings of the N-string are of
infinite length. In this section and the next, we will consider solutions (possibly weak
solutions) of equations (5), (6) and (8) which represent perpendicular travelling waves. Since
0<x;<oo fori=1,2,...,N, we will replace each x; by 0 < x < 0.

Let us suppose a travelling perpendicular wave on the first string of the N-string which
approaches the junction point O with speed ¢; and profile f; : R — R. This travelling wave
can be described as

ul(x, 1) = f1(t + x/cy).
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10

06

04 |

Figure 7. R(m) in terms of m.

If a part of the wave is reflected by the point O then this reflected wave will travel in the
positive x; direction and can be described by u!(x, t) = g, (t — x/c;), where ¢g; :R = R.
The total perpendicular displacement of points along the first string is then given by

ul(x, t) = fi(t + x/c1) + g1(t — x/cy).

The part of the incident wave at O that is transmitted in the other N — 1 strings will also
form travelling perpendicular waves which can be described as

w/(x, t) = hj(t — x/cj), j=2,3,....N,
where h;: R — R. Conditions (6) then imply
S +g:(6) = hy(r), j=2,3,....N. (40)

At the instant when the travelling perpendicular wave reaches point O along the first
string, equation (8) is verified. This implies that

1 N
S = g1() = — Y. villi(0). (41)
V1 j=2
Integration of equation (41) yields
1 N
1) — g1 (1) = Y vihi() + Ky, (42)
1j=2

where K, is an arbitrary constant. Let us suppose that there exists a time ¢, such that
f1(to) = g1(to) = hj(to) =0, for j =2, 3,...,N. This leads to K; = 0 and

N

RO = i) = 3 vy @)

1j=2
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From equations (40) and (43), we get

2,
9:(0) = (N—VA - 1>f1(t),

2w

h;(t) —NAfl(t), j=2,3,...,N,

where A:= (1/N) YN, v; is the arithmetic mean of the v;.

Since all the v; are finite numbers, the value of A is finite for every N e N, N > 2.
Therefore g, (t) > — f1(¢) and h;(t) - 0, for j =2,3,...,N, when N — oo.

If the expression f;(t + x/c;) of the incident wave at O is known, the reflected and
transmitted waves by the point O are given by

g1(t = x/ex) = (§% — D f1(t — x/ey),
hi(t — x/c;) = 24 fi(t — x/c}), j=2,3,...,N
respectively. In particular, if the incident wave at O is harmonic with frequency n, i.e., if
fi(t — x/cq) = Ay exp[2ni(nt — kyx)],

where A, represents the amplitude and k; = n/vy, it is easy to see that the reflected and
transmitted waves are harmonic as well and have the same frequency as the incident wave.

7. TRAVELLING WAVE INTERACTIONS

Let us consider N — 1 travelling perpendicular waves which reach O at the same time,
one along each of the first N — 1 strings of the N-string. Using the method presented above
one directly shows that the perpendicular displacement of points on these N — 1 strings are

uk(x, 1) = filt + x/cr) + gi(t — x/ci), k=1,2,...,N —1,

where the f;, and g,, k = 1,2,..., N — 1, are functions of R in R which describe the incident
and the corresponding reflected waves, respectively. The transmitted wave in the Nth string
of the N-string is then described by

uM(x, t) = hy(t — x/cy),

where hy:R —> R.
Conditions (40) correspond here to

Sl + g @) =hy@®), k=1,2,...,N —1.

Using equation (8), one ecasily shows that the equation analogous to equation (42) is

N-—

Z Vi filt) — g ()] = vnha(t) + K5,

k=1
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where K, is an arbitrary constant. Here again we suppose that there exists a time 7, such
that fi(to) = gix(t9) =0, for k=1,2,...,N — 1 and hy(t,) = 0. It follows that K, = 0 and

N-1

gi(t) = NA j;l vifi) =), k=1,2,...,N—1,
2 N—-1
hy(t) === ), v;/i(®).
N NA P JjJi
Letcy=c¢,= -+ =cyand p; = p, = --- = py, which imply that the N strings of the
N-string at rest form equal angles of 2n/N. Now if fi(t) =f5(t) = -+ =fy—1(t), then

gi(t) =1 —=2/N) fi(t) for k=1,2,...,N — 1, and hy(t) = 2(1 — 1/N) fi(¢). Given that the
energy per unit length of a travelling wave in a single string is proportional to the square of
its amplitude, we have that the energy of the transmitted wave is equal to 4(1 — 1/N)? of the
energy contained in each of the N — 1 incident waves at O. In this case we also have that
gi(t) = f1(t), for k =1,2,...,N — 1, and hy(t) — 2f;(t) when N — co.

A succession of several interactions of waves as described above could potentially
produce a cascade of waves having the form of a tree whose branches represent waves
having higher and higher levels of energy as they approach the trunk of the tree. To see this,
let us consider a tree made up of N-strings with (N — 1) incident waves, M € N*, at
(N — 1)~ 1 junction points which eventually lead to a single transmitted wave. The ratio of
the amplitude of the wave exiting the tree network to that of the amplitude of the (N — 1)
entering waves is given by 2M(1 — 1/N)” and hence their energy ratio is 2?M(1 — 1/N)*™.
The ratio between the transmitted wave exiting the tree network and the total energy of the
entering waves is (N — 1)™(2/N)?M. Such a device could be used as a means of amplifying
a travelling wave, provided there is a way of reproducing it. Copies of this wave would have
to be diffused in wave guides configured as a tree network. The inverse process could be
used to reduce the amplitude of a travelling wave. Note that these observations are only
relevant if the amplitudes of all travelling waves in the tree network are sufficiently small for
our linear mathematical model to be applicable.

8. CONCLUSION AND DISCUSSION

We have studied a linear model for the transverse vibrations of an N-string. This model is
useful for describing the small-amplitude oscillations of the N-string. Also, our analysis
could help to shed some light on any nonlinear model whose linearization about the rest
state reduces to our model (i.e., characterizing the linear stability of this rest state).

The general solution for standing perpendicular waves presented in Section 3 applies
even when the N strings of the N-string at rest do not form equal angles at their junction
point. If these angles are not equal, the solution takes into account the corresponding
different tensions in the strings through the values of the constants ¢;,i =1, 2,..., N.

For a plucked N-symmetric N-string with N > 2, we have found that higher harmonics
can be excited to an energy level above that of the first harmonic simply by plucking at an
appropriate place along one of the strings. This phenomenon does not occur for an ordinary
plucked string. Acoustically, this result could lead to a unique tone colour which could lead
to the design of new musical instruments. A physical model of an N-string is being built to
explore this further. A more complete model of the N-string incorporating effects such as air
resistance will also be investigated.

For an (N — 1)-symmetric N-string, we have shown that, in general, the vibrations are
formed of two sets of modes which, taken altogether, are not periodic in time, even if the
numbers ¢;/l;, i =1, 2,..., N, are commensurate.
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Finally, we have studied the propagation and interactions of travelling waves in an
N-string with strings of infinite length. A method for increasing or reducing the amplitude of
travelling prependicular waves corresponding to small deformations of an N-string has also
been presented.

The planar vibrations of an N-string were not examined in this paper. Although our
mathematical model applies to this case, the situation is much more difficult and will be
reported on in subsequent work.
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APPENDIX A: PROOF OF EXISTENCE OF CERTAIN EIGENFUNCTIONS

Lemma Al. The operator A is symmetric with respect to {{, 1 on A.

Proof. Let @, ¥ € A. We then have

(AD, WYy, = JO< €O (x), V(D dx

= (= CV(x), V(x5 — J (= CP'(x), ¥'(x)prdx

0

— jn<— CP'(x), V'(x))>rdx

= O, P + r@(x), V(Y dx

0

J @(x), = C¥"(x)prdx = KD, A¥)). O

0

Proposition Al. The spectrum of A is composed only of discrete eigenvalues of multiplicity at
most 2N. The eigenvalues of A constitute a real monotone sequence {w,} such that

0 <0< - <0, <0y < -, limo, = 0.

n— oo
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Furthermore, there exists an orthonormal set {®;} of eigenfunctions of A which is complete

in A.

Proof. It follows from Lemma A1, and is a simple generalization of what is known for scalar
Sturm-Liouville problems [6]; namely, one constructs a “Green’s matrix” for the problem
A® = w® and an associated compact self-adjoint integral operator with kernel given by this
Green’s matrix, and whose range is dense in A. []

APPENDIX B

Proof. Let £ = A be the closure of the linear span T of all eigenfunctions Q; ., and
Q, im previously defined. The result will follow from Proposition Al of Appendix A if we can
show that the orthogonal complement X' is infinite dimensional. We recall the fact that if
ki, and k, are integers, then

0 if ky #ky,

0 7'[/2 if kl =k2.

J sink;xsink,xdx = {

Consider the first resonance in equation (27), which is necessarily maximal. For any positive
integer n, we define the function R, (x) € A as having all its components zero except those
with indices iy 1, i1,2,...,11,p1, Which are of the form

R)'(x):= V"tsinnng ; x,

Ri2(x):= Vi2sinnn, ,x,

Ry 7(x):= V" risinnng 1 X,

where Vit1, Vit2 . Vitet are chosen such that
li, by Pisy Vi Vi Vi, li, ,pi i L, ,.pi, i
Vu o 2y I ot ) Py, 0 TPl iy O,
vll,l nlhz i3 i1 p1 nil,z nil_pl
lll iy ,Piy, Vitz < i3 4o vil.p1> _ lil.apil,s Vits — ... — lil,mpilml Vit = 0,
Vii, N, 4 Ny, Ry, 4 ni

Vi n;

i1 p1

lll pl— 1p11 pl—1 V“"l 1( vll .pl > _ lil.plpil,pl Vilvpl — O

n;
,p1—1 U.p1-1

By construction, R,(x) is orthogonal to each Q; ,.(x). If the jth resonance (j > 2) in
equation (27) does not involve any of the ¢;, /I;, , ¢;, /li, .-, ci, /li, ,,» then R,(x) is also
orthogonal to each Q; s ,.(x) or to each Q, i (), whichever apphes depending on whether or
not the jth resonance is maximal. Finally, if the jth resonance (j > 2) in equation (27) does
involve one of the ¢; /l;, , ¢ /li ..., ¢i /L, then this resonance is a subresonance of
the first resonance, with order of 1nclus10n K > 1. Since the Q/k,,, are such that k is not
a multiple of K, then a simple computation shows that R, (x) is orthogonal to each Q/ iom(X).
Thus, for each integer n we have that R,(x) e £*. [
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