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Die gestrichene Violinsaite

Haft- und Gleitreibung:
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Die Auslenkungder Violinsaiteunter dem Bogen:
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Die Eigenschwingungender Violinsaite:

Steg (Ober-)Sattel

Grundschwingung1. Oberschwingung 2. Oberschwingung

Kreisfrequenz:

! 0 2! 0 3! 0

Die Eigenschwingungender Violinsaiteim Zeitablauf:

t

sin(! 0 ¢t)

sin(2! 0 ¢t)

sin(3! 0 ¢t)
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u = u0 ¢f p

³ ! 0t
¼

´

f p(¿) =

(
¿mod2

p fÄur ¡ p < ¿mod2 < p;
1¡ ¿mod2

1¡ p fÄur p < ¿mod2 < 2 ¡ p
=

X

n

an (p) sin(n¼¿)

an (p) =
2

¼2n2

1
p(1 ¡ p)

sin(n¼p):

aemes.mae.u°.edu/uhk/HELMHOLTZ.jpg www.classicalnotes.net

Hermannvon Helmholtz,1821{1894 JosephJoachim,1831{1907

Lehre von den Tonemp¯ndungen als physiologischeGrundlage
fÄur die Theorie der Musik, 1863.

Fourier-Zerlegungvon f p(¿):

AllgemeinerSchwingungszustandder Violinsaiteals ÄUberlagerung
der Eigenmoden:

u(x; t) =
X

n

un sin(n¼x=L) sin(n! 0t + ®n )

un = u0
n 2, ®n = 0 und f p(¿) = 2

¼2
1

p(1¡ p)

P
n

1
n 2 sin(n¼p) sin(n¼¿) :

u(x; t) = u0

X

n

1
n2 sin(n¼x=L) sin(n! 0t) =

= ux f x=L (! 0t=¼); ux = u0
¼2

2
x(L ¡ x)

L 2

= ut f ! 0t=¼(x=L); ut =
u0

2
! 0t(¼¡ ! 0t); ! 0t < ¼

ut = ¡ ut + ¼=! 0 = ut +2 ¼=! 0
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ux =u0

¼2=8

0 LL=2L=10
ux

t t

q
qqqqqqqqqqqqqqqqqqqqqqqqqq

qqqqqqqqqqqqqqqqqqqqqqqqqq

qqqqqqqqqqqqqqqqqqqqqqqqqq

qqqqqqqqqqqqqqqqqqqqqqqqq
qqqqqqqqqqqqqqqqqqqqqqqqq

qqqqqqqqqqqqqqqqqqqqqqqq
qqqqqqqqqqqqqqqqqqqqqqqq

qqqqqqqqqqqqqqqqqqqqqqq qqqqqqqqqqqqqqqqqqqqqqq qqqqqqqqqqqqqqqqqqqqqq qqqqqqqqqqqqqqqqqqqqqq qqqqqqqqqqqqqqqqqqqqqqq qqqqqqqqqqqqqqqqqqqqqqq qqqqqqqqqqqqqqqqqqqqqqqq qqqqqqqqqqqqqqqqqqqqqqqq
qqqqqqqqqqqqqqqqqqqqqqqq

q
qqqqqqqqqqqqqqqqqqqq

qqqqq

qqqqqqqqqqqqqqqqqq
qqqqqqqq

qqqqqqqqqqqqqqqq
qqqqqqqqqq

qqqqqqqqqqqqqq
qqqqqqqqqqqq

q
qqqqqqqqqqqqqqqqq

qqqqqqqqqqqqqqqqq
qqq

q

qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqq

q
qqqqqqqqqqqqqqqqq

qqqqqqqqqqqqqqqqq
qqq

q

qqqqqqqqqqqq
qqqqqqqqqqqq

qqqqqqqqqqqq
qqqqqqqqqqqq

qqqqqqqqqqqq
qqqqqqqqqqqq

qqqqqqqqqqqq
qqqqqqqqq

q

qqqqqqqqqqqq
qqqqqqqqqqqq

qqqqqqqqqqqq
qqqqqqqqqqqq

qqqqqqqqqqqq
qqqqqqqqqqqq

qqqqqqqqqqqq
qqqqqqqqqqqq

qqqqqqqqqqqq
qqqqqqqqqqqq

qqqqqqqqqqqq
qqqqqqqqqqqq

qqqqqqqqqqqq
qqqqqqqqqqqq

q

qqqqqqqqqqqq
qqqqqqqqqqqq

qqqqqqqqqqqq
qqqqqqqqqqqq

qqqqqqqqqqqq
qqqqqqqqqqqq

qqqqqqqqqqqq
qqqqqqqqq

! 0t

ut =u0

¼2=8

0 ¼9¼=10¼=2¼=10
ut

x=L x=L x=L

q
qqqqqqqqqqqqqqqqqqqqqqqqqq

qqqqqqqqqqqqqqqqqqqqqqqqqq

qqqqqqqqqqqqqqqqqqqqqqqqqq

qqqqqqqqqqqqqqqqqqqqqqqqq
qqqqqqqqqqqqqqqqqqqqqqqqq

qqqqqqqqqqqqqqqqqqqqqqqq
qqqqqqqqqqqqqqqqqqqqqqqq

qqqqqqqqqqqqqqqqqqqqqqq qqqqqqqqqqqqqqqqqqqqqqq qqqqqqqqqqqqqqqqqqqqqq qqqqqqqqqqqqqqqqqqqqqq qqqqqqqqqqqqqqqqqqqqqqq qqqqqqqqqqqqqqqqqqqqqqq qqqqqqqqqqqqqqqqqqqqqqqq qqqqqqqqqqqqqqqqqqqqqqqq
qqqqqqqqqqqqqqqqqqqqqqqq

q
qqqqqqqqqqqqqqqqqqqq

qqqqq

qqqqqqqqqqqqqqqqqq
qqqqqqqq

qqqqqqqqqqqqqqqq
qqqqqqqqqq

qqqqqqqqqqqqqq
qqqqqqqqqqqq

q

qqqqqqqqqqq
qqqqqqqqqqq

qqqqqqqqq

q

qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqq

q

qqqqqqqqq
qqqqqqqqq

qqqqqqqqq
qqqqqqqqq

qqqqqqqqq
qqqqqqqqq

qqqqqqqqq
qqqqqqqqq

qqqqqqqqq
qqqqqqqqq

qqqqqqqqq
qqqqqqqqq

qqqqqqqqq
qqqqqq

q

qqqqqqqqq
qqqqqqqqq
qqqqqqqqq
qqqqqqqqq
qqqqqqqqq
qqqqqqqqq
qqqqqqqqq
qqqqqqqqq
qqqqqqqqq
qqqqqqqqq
qqqqqqqqq
qqqqqqqqq
qqqqqqqqq
qqqqqq

q

qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqqqqq
qqqqq

q

qqqqqqqqqqq
qqqqqqqqqqq

qqqqqqqqq

Die Bewegungder gestrichenenViolinsaiteim Zeitablauf:

¡ !

Ã ¡

Der Klang der TÄone

Der Klang ergibt sichausdem Frequenzspektrum desTones,d.h.
ausden enthaltenenFrequenzenund ihren
AmplitudenverhÄaltnissen.

Die Schwingungender Violinsaiteregenden GeigenkÄorper zu
Schwingungenan. Dieserhat seineeigenen
Eigenschwingungsfrequenzen,die die ObertÄoneder Saiten
verstÄarken und den Klang voller machen.

Ein guter GeigenkÄorper hat gleichmÄa¼igverteilte Eigenfrequenzen
von ca. 3000Hz bis ca. 6000Hz; an einererstklassigenStradivari
wurdensehrgleichmÄa¼igverteilte Eigenfrequenzenzwischen
3200Hz und 5200Hz gemessen.Bei einerDurchschnittsgeige
liegendiesebis zu 1000Hz tiefer und sind ungleichmÄa¼igverteilt.



Der GeigenkÄorper ÄubertrÄagt die Schwingungenan die Luft und
diesean unserOhr. JedesÄUbertragungsgliedverÄandert das
Spektrum: Äandert die AmplitudenverhÄaltnisseund fÄugt durch
nichtlineare E®ekteSummen-und Di®erenzfrequenzenhinzu.

sin(! 1t) sin(! 2t) =
1
2

³
¡ cos(! 1 + ! 2)t + cos(! 1 ¡ ! 2)t

´

www.musik.uni-osnabrueck.de

Figure1: Die SchallwellendesTonestre®enauf dasOhr.

search.lido.com

Figure2: Das innereOhr mit Labyrinth und GehÄorknÄocheln.

www.iurc.montp.inserm.fr

Figure3: Das Innereder Cochlea.



faculty.tcc.°.edu

Figure4: Das CortischeOrgan.

soma.npa.uiuc.edu

Figure5: Die HaarbÄuschel.

Figure6: Die Entstehungder Musikemp¯ndung ist unbekannt.

Die Konsonanz der StreichertÄone

(3. c von links auf dem Klavier, 130 Hz)
c

c'

g'

c"

e"

2/1

3/2

4/3

5/4
Frequenz

Amplitude



GrundschwingungsverhÄaltnisseder IntervallereinerStimmung:
Intervall Intervall Intervall Konsonanz

2/1 Oktave c{c' absolutkons.
3/2 Quinte c{g
4/3 Quarte c{f 5/3 gro¼eSexte c{a +
5/4 gro¼eTerz c{e 6/4 Quinte 7/4 *
6/5 kleineTerz a{c' 7/5 Äuberm. Quarte c{¯s 8/5 kleineSexte e{c' ¢¢¢

¢¢¢
9/8 gro¼eSekundec{d ¢¢¢ 15/8 gro¼eSeptimec{h zunehmend

¢¢¢ 16/9 kleineSeptimed{c' dissonant

GrundschwingungsverhÄaltnisseder C-Dur Tonleiter in reinerStimmung:

Note c d e f g a h c'

VerhÄaltnis zur Tonika 1 9/8 5/4 4/3 3/2 5/3 15/8 2
zum vorherigenTon 9/8 10/9 16/15 9/8 10/9 9/8 16/15

Gehtman vom c' nachunten, so erhÄalt man zu dengro¼endie kleinenIntervalle.

Stellt man 7 OktavenÄubereinander,ist das
GrundschwingungsverhÄaltnis

(2=1)7 = 128

FÄur 12 ÄubereinandergestellteQuinten ist es

(3=2)12 = 129:746: : :

Der Quotiont,

(3=2)12=27 = 312=219 = 1:0136: : : ¼ (1=4) einerkleinenSekunde;

ist daspythagoreischeKomma, daszusammenmit den obigenreinen

IntervallunterschiedendasSpannungsfeldder Harmonielehrebildet.

EineVerbesserungtritt erst ein, wennman 31 Oktavenund 53 Quinten Äubereinanderstellt: (3=2) 53=231 = 1:002.

Das Schwingungsquant

Max Planck (1858{1947), der auchein
sehrguter Pianist und Organistwar
und sogar eineOper geschrieben hat,
untersuchteum 1900dasSpektrum
desLichts und fand heraus,dass
schwingendeKÄorper die
Schwingungsenergienur in festen
Portionen abgeben kÄonnen,die nur von
der FrequenzabhÄangen(Nobelpreis
1918):

E = hº =
h!
2¼

h = 6:62607555(40)¢10¡ 34 kgm2/s

Einsteinwies1905nach,dassder photoelektrischeE®ektnur
erklÄart werdenkann, wenn auchdasLicht selbstdiese
\EnergiekÄornung" hat. (FÄur dieseEntdeckungdes
Lichtquants|des Photons|und nicht fÄur seinegrÄo¼teLeistung,
die erst nachvielenJahrenunumstritten anerkannte
RelativitÄatstheorie erhielt Einstein1921den Nobelpreis.)

Heutewissenwir, dassalle Schwingungenderart quantisiertsind:
Die Schallquantensind die Phononen.Siesind aber so winzig, d.h.
in jedemMusikton sind sie in so ungeheurerZahl vorhanden,dass
die QuantisierungfÄur die MusikÄubertragungkeineRollespielt (wohl
aber in den molekularen VorgÄangen,die dasTonsignalin der
Nervenzellevon der Cochleains GehirnÄubertragen).



Die ÄAquivalenz von Energie und Masse

Albert Einstein(1879{1955), der auch
leidlich Geigespielte,analysierte1905
dasMichelsonscheExperimentzur
Lichtausbreitungsgeschwindigkeit und
kam auf dieseWeisezur speziellen
RelativitÄatstheorie. Sie impliziert, dass
Energieund Massewesensgleichsind
und gemÄa¼

E = mc2; c = 299792458m/s

ineinanderumgerechnetwerden
kÄonnen. Mit der PlanckschenFormel
ergibt sich

mc2 = hº

Beispiel:UmwandlungeinesElektron-Positron-Paaresder
Ruhmasse2m in zwei Photonen(° -Strahlen)der Frequenzº :

° °

e¡

e+

m ¼ 10¡ 30 kg

º ¼ 1020 Hz

Teilchen als Welle

Louisde Broglie (1892{1987) stellte 1924die
Hypotheseauf, dassdie fÄur dasLicht
gefundeneTeilchen-Welle-DualitÄat fÄur alle
Teilchengilt. Neben dem Planckschen
ZusammenhangE = hº zwischenEnergie
und Frequenzgilt der Zusammenhang

p = h=¸

zwischenWellenlÄange¸ und Impulsp. Diese
Hypothesewurdemit der Quantenmechanik
bestÄatigt. De Broglie erhielt 1929dafÄur den
Nobelpreis.

Beispiel:Wassersto®-Atom:

p¸

p+

hº = E

E0

E1

E2

º 0 ¼ 3 ¢1015 Hz

t

e¡



Erwin SchrÄodinger(1887{1961) war
nachseinenWorten \von Einsteinmit
der Naseauf die Hypothesede Broglies
gesto¼enworden" und schuf1926auf
ihrer Grundlagedie Wellengleichung
der Quantenmechanik.Er erhielt dafÄur
1933den Nobelpreis (zusammenmit
Paul Adrian MauriceDirac
(1902{1984), von dem 1928die
relativistischeWellengleichung
gefundenworden war).
Die de Broglieschen
Teilchen-Welle-Relationenliefernauch
die von WernerHeisenberg
(1901{1976) auf einemanderen
unabhÄangigenWeg 1925gefundene
UnschÄarferelation(Nobelpreis1931).

Die Frequenzskala der Natur
Hz

1 103 106 109 1012 1015 1018 1021 1024 1027 1030

hÄorbarer
Schall

sichtbares
Licht

Ruhmasse
desElektrons

Ruhmasse
desProtons

Higgson-
Masse

Superstrings)

HarmoniedesUniversums:

ÄUber mehr als 30 GrÄo¼enordnungentrÄagt ein einheitlichesphysikalischesKonzept!

We shall not ceasefrom exploration
And the end of all our exploring
Will be to arrive wherewe started
And know the placefor the ¯rst time.
(T.S. Eliot, cited by T. Page with regard to
the pianist Glenn Gould)

Wir werdennicht aufhÄorenzu forschen
Und am Endealler unsererErkundungen
Werdenwir ankommenvonwo wir ausgingen
UndwerdendenOrt zumerstenMal kennen.


