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1 Equilibrium (1)
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o Equilibrium (*F#): The condition of a system when neither its state of motion nor its internal energy state

tends to change with time.
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o Stable equilibrium (FaE V-1): Frin 0, FEI 0
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o Unstable equilibrium (AFaE F-1): % =0, (j;;_i <0
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o Neutral equilibrium (P8 F-1r) =0

2 Oscillations (#x3h)

2.1 Simple Harmonic Motion (SHM) ({&i&iE5))
BB RE LI T T, NHEAHE SR RGN,



FL&—A Stable equilibrium (R VHT) BIVIME, 18 Zo X U ST M Taylor expansion (ZRHETIT)
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o Simple harmonic motion (f&1i&123): The motion of an object whose acceleration of the system, and therefore

the net force, is proportional to the displacement and acts in the opposite direction of the displacement.
FIRH A e, FRATTAT LA DR 3oy T A4
mi = —k(z — )
FRIZA o TR, 153
z(t) = Acos(wt + @) + x¢
Horp
o A: Amplitude (#R1), the maximum displacement from the equilibrium position.
o w: Angular frequency (Fi#I%), which identically equals to \/% )
o : Initial phase angle (FIH£f), which determines the initial position of the motion at ¢t = 0.
BATH E LA
o T: Period (J8}), the time taken for one complete cycle of motion.

e f: Frequency (%), the number of cycles per unit time.
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MM z(t) = Acos(wt + @) + xo, FAMTATLABE—H15 2]

{v = —wAsin(wt +¢) = wAcos(wt + ¢ + g)
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2.2 Ezxpressing SHM With Uniform Circular Motion (B5IREEEHFRIAEIEEE)
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2.3 Damped Oscillations (PFREH#REN)*
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a2 R8Pl i Wk ) B —— IR B g . FEARIE SRR, SRR RN AT Al R ARAA

Fd = —bU2

Lo b WM E R %L 22— DR SRR e R . BB, WRHEAK, RGMIZs)T7 N 2%
L iEsh, HAREN WA RER e MEBIRAR, REFTREMARERD 1.
SR FEE s s A, FATH AR e A o) i e

Ao

mi = —k(x — x) — bk

FRIX AN AR, 2 RIS IR SERR B R B A=K
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o Underdamped (RFJB)(£ < (5%)?):
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o Overdamped (LFHJB) (£ < (55)%):

2m

b bk,
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e Critically damped (IFFFJE) (£ = (5%)?):
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2.4 Forced Oscillations (ZiBIRF))
NTHLEFRAT R 1A 53— 2R W IRE T

o Forced Oscillations (%38¥%3)): The condition of system when it is driven by a periodic force that is external to

the oscillating system.
fEReia s kA b, BATRIBI I HIRIEN Fy = Foppcoswto [FIRE, BATHABIER e 40 o i ke
mi = —k(x — xg) — b + Fopy coswt

fRIX AN T RE 153
T = A/e_ﬁt cos(w't =+ (p/) —+ ACOS(Cdt — SD) +x9

transient solution steady solution
% wy = /L, M
A= Fegt/m
V(w? = wf)? + (bw/m)?
tan o = bw/m
wi — w?
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o Slow drive (w < wp):
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o Fast drive (w > wp):
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o Resonance (FLR) (w = wp):
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3 Waves (CK)

3.1 Introduction

BeBEAL T I, WPIER AT 5, AT R— IR ERIM IR AT B ZE 2R BRT RSN . AFE
AR BARAE AN A3 7 AN 5905 AR ELAE S8 07 AP AEAR K220, (BAEALF I AR DL 2 05 T (g 3k vk, aT
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BTy BLR =28
e Mechanical Waves (FUB{#): e.g. Water, Sound, Seismic Waves (HiEJ%)...
e Electromagnetic Waves (HHi#%): e.g. Light, Radio...

o Matter Waves (#J1%): Quantum mechanical view of fundamental particles.

3.2 Mechanical Wave (HHUK)
NTERATE R . BB 1E 28 S
i), whereas the particles that make

o A mechanical wave is the large movement of a disturbance in amedium (

up the medium oscillate about a fixed equilibrium position.
HUBIE R T 1l 75 2 LR = AN 5% A
1. Source of disturbance (P£Ii)

2. Medium (47)5)

3. Physical connection between adjacent (483 [)portions (¥#4)) of the medium

3.3 Pulse Wave (BKH)
Jik R — A PR EE I . N, SR AR SRR ARG — ik, 2 A Bk .
FATR Mk i id i 22 7 UL 2 5 487 FE AL BN Equilibrium position (CVHTALE), FREE LB AL B KE N
Amplitude (Jr1E), H A Fox. BHIRNE R RE: SR, BRReE SIRIE EAH K.
Bk f& —F traveling wave (AT9). FATFK Displacement (Ki#%) y A Wave Function (P E%):
y:f<mvt) :f(l‘i’l}t)

HH, v 52 wave speed (JIK), f(x —vt) XK right-moving wave (FATH), f(x + vt) KT left-moving wave (LLATIK) -
XS polarization (k) BIBTTL, FZMEIREN T 18 5867 AR R, ORI A AU ik
o Transverse Wave (#iJ): A wave is transverse if the displacement from equilibrium is perpendicular to the
direction the wave is traveling, or Ay 1 .
e.g. Light, or the wave along a string...
o Longitudinal Wave (JA¥%): A material wave is longitudinal if the medium displacement from equilibrium is in
the same direction that the wave is traveling, or Ay // .

e.g. Sound, or the wave along a spring (#13%)...

3.4 Superposition of Waves (EHIENN)
FEN R AL IS LR, BB I 2otk i o JRATTAT DR I THI A A s A B 2 -
y(x, t) = yl(xat) + y2(x7t)
XTI R I — R R, FATIRZN Linear Waves (ZeVE): WA Z N Nonlinear Waves (AEZMERL) .
ANEPARVET P AUAHIE AT A AT LA a5 5 AN X A B 7= FE AR AR S o
T, AL interference () BI5E X:
e The combination of separate waves in the same region of space to produce a resultant (&) wave is called

interference.



AR5 P AR B N ORI, JRAT TR e g LR 2K

o Constructive Interference (FH&T#): The phenomenon where two or more waves combine to form a wave with

greater amplitude.

K 7: Constructive Interference (FHT)

o Destructive Interference (FJHT%): The phenomenon where two or more waves combine to form a wave with

reduced or zero amplitude.

“—

Kl 8: Destructive Interference (FH7HT¥5)

3.4.1 Reflection of Waves (EBIRET)

A OB B A )i R, R AR IR o AR RO T S i s A R K. — L, FRATFRZ N Boundary Con-
dition (JAF5%AF).
A5 4 B Tl B P b I R 2 A
o Fizved Boundary Condition ([&l %55 MF):
44 B S, A TS L PR 2 — A i e [ E I O ARE AR WSS =R AN, SO 5N I

Incident pulse
H




H
Reflected pulse
B 9: [ 3 5 R I S

e Free Boundary Condition (H HIAF5%MF):

AR DU L AR A2 45— T DA B B s O (B — AN R EERT T 1D o Wi s 34T % J 0 B el
R, RAHRCR 2 5 NGB o

Incident pulse
%

Reflected pulse
(_

B 10: H B SRAT B B

3.4.2 Transmission of Waves (CKHIEST)

FATRT DLUREp (0 S S AR R AR 175 0 T HIAE S QIR B iE S ) o AL BPIRA A TR P 2 18], JU#8 70 A
SIS, T3 MBI FALHE . AW BT BRI vy, AR AR vy, WRAEASF S R A
XRNRR, FATEIL NI

o v > vy: BLEFEHIMEREEIE T Fived Boundary Condition ([E AR 44F), KA Half-Wave Losses (U4 2K%)

CBI BB D o

Incident pulse

—
Transmitted pulse
—
H
Reflected pulse

K11
o vy < wvg: UWLINIEIIEREIEIE T Free Boundary Condition (H HIAF M), RITEARAH.
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Incident pulse
ﬁ

Reflected pulse Transm_lt)ted pulse
(_

& 12

3.5 Linear Wave Equation (&M KN 1E)

E R TS R B T Ve s AT S B MR B R S AL A P B S T, BAT T e 1 oK
T 2 5 A F L AR

!
a !

l l A
n—1 'ﬂ){ n+1
® L @ ®

K] 13: Mechanical waves in monoatomic crystal (H.J5EFfmA)
ARG HEECN a, W n AETHFENE X, = nae FICH n DA THISERMLER ©,, WEwWES T4 A B 1
¥ A Up = Xy — Tpo
N W, FATAEEAEE T A LA . ICHREREN (Az), 1E Az =a sREIT, HATH

W(Az) = 1o + %m ERCIN
:¢0+%k(mn—xn_1 —a)?+---

1
~ ¢0 + §k(un - unfl)2

TR )
Utotal ~ U(I)total + 5 ;(un _ Un—1)2
T n BT, WATH
dUtotal
F,=— v E(upi1 — ty) — k(ty — tp_1)

e AR e

My, = k(Uny1 — Un) — Kty — Up_1)

fE A > a FRMET, fFQIRASR
. Up+1 — Up Up — Up—1
mu, = ka — ka
a a

Up41 — Up Up — Unp—1
=ka — ka

Tpn+1 — Tn Tp — Tp—1
ou ou
= kaa— — kaa—
x Tnt+g x Tpn—%
du _ Ou
_ a2 ox zn+% ox wn7%
a a
(2, + 5) — (0 — §)
5, 0%u
— ka®
or

Tn
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BUR, % v=a/k, RIS T MR

Pu 0%
oz~ " o2
Er e R R T NP, R A TR, R AT

g4t 1 IARIRIR /N, FRATTN —/NB S 134T 2 J1 53 Hr

Kl 14: X132 Db

a, B 'R, TRE
T(x+ Azx)cosa ~T(x)cosf~ T

WHTHLRE N py EITPEA BN v, RIS e, A
A Ou _ T(x+ Ax)si T(x)sin g
PAT S = (x x)sina — T'(z) sin
~Ttana — T tan S

ou ou

:Ta? ~T

z+Ax
0%*u
= TAzZ
x@xz

T

%% Az, & v=,/L, 135
Pu 0%
o2~ " o2
BAR, TR R e AU .
S Al IR UE AT R, BB TR R RAA LR R
u= F(x +vt) + G(x — vt)

Hef, F(z +ot) AELATHL Go — ot) AREAATB

3.6 Periodic Wave (FEHi)

PV T T, AR R BRI, JATSETHE PR IR I
SO FIETZR 1o PR IRS), FATE SCOAUN J LA R A — AN 525

JEI B3 o 100 Jo 34338 o ] LK)

o Amplitude (&1H) A: The maximum displacement of the particle from the equilibrium position.
e Period (JAM) T: The time taken for one complete cycle of motion.

o Frequency (%) f: The number of cycles per unit time.

o Wavelength (J%1) \: Distance of points whose oscillations differby 27.

2
o Angular frequency (%) w: Which indentically equals to %

o 2
o Angular wave numbers (fiJ£44) k: Which indentically equals to 777

11



WRIEBAE— I K2, BATA R RN

BT IR 52U
y = Asin(kx — wt + ¢)
_ w
= Asin [k (xf Et) +g0}
= Asin [k (z — vt) + ¢]

= F(xz — vt)

+d

A, y— As i 28— 20V gy
] y Y= sm(k‘x—wt—i—ap)ﬂz Z\‘EI@:’U@ S

o

BHRAS, MNP ZE BN, HEE o SIEE o 25009
v= % = —wAcos(kx — wt + )
0%y .
a=n = —w?Asin(kx — wt + @)

3.6.1 Rate of Energy Transfer (RE2fEBIRE)

TEP AT RS, A A BRI AR ORISR, DR Sk ) e B L5 B RE A1 5 RE R R 40
WEREE N p, BAVE dm = pdx, HUF S ISR A

1
dK = 5(,uda:)v2

Hrb, pde RFEFE, v £ ARIRSIEE .
XFIESZHE vy = Asin(kr — wt + ), B HIHRSEE AN
_ 9y _
V=g = Aw cos(kx — wt + )
KL, BhREA .
dK = i(udat:)Azw2 cos® (kx — wt + )

B REAL IR dK 1
G = grvAN? cos® (ha —wi + )
N5 20 5 BE A% s 2 -F A N
dK 1 2 42
<dt> = Z;wcu A

X TR IE5E, B REA

1
= —T —_—
2 dz 2" T
1
= §w2,u cos® (kx — wt + p)dz
BRI HE RN w1
AV b A20? cos?(kr —
g = gHvATwcos (kx — wt + ¢)

MG ZI 9 HE A& g 5T 2 (E N

dU 1 9
== . A2
(%), =
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AEAUREL, fEpahidfed, (E—Focishse M aerss, HFEMARL. TREGIRERE, BHIGEMHAREL
AN
dE = dK + dU = pwA?w? cos? (kx — wt + @)

E 1
< d > = —wA*W?
avg

BRI AR R T E N

dt 2

3.6.2 Interference of Waves (REITD)

L5 82 H J AL A — A B A 3RS, e SR E R X AT IR« JAL “H87 BER R T IRAIE
Superposition of Waves (BIZ M) — T IHBH.
P37 ] S 7 RS E I R R 2% A 2 -

o BRI
o HfZEIEE
o IRBNJTEAALR]

% &P A IE 5%
y1 = Asin(kz — wt + 1)
y2 = Asin(kx — wt + o)

EATHIE BN

Yy =1y +ys =2Acos (902;%01) sin (k:x—wt—i- <,01+<,02>

2
Fobt, 24 cos (£52) RAMBIGIRIE, BT HBE Ap = ¢ — 1.
TR NN FFI%:

« Constructive interference (in phase) (FAKTU): B FIBAARALZE R o RSB, JRIGARAN, T8ROI 5E A o
e Destructive interference (out of phase) (FIVHF): UM FIWIIARRLZE N = AR EUREIS, IRIEARIR, TERIRIS
3.6.3 Temporal Interference (BHigEF)
T, AT RGN . HIEPIFIESZ
y1 = Asin(kiz — wit + ¢1)
Yo = Asin(kyx — wt + ©2)

FARHK vy = vy =0, ie. n=2=v .

Y=Y+ Yy
= Asin(k1z — wit + ¢1) + Asin(koz — wat + p2)

— 2Asin ((/ﬁx —wit + 1) + (ko — wt + ‘P2>>
2
((k1113 — wlt + (,01) - (ka - w2t + @2))
+ COS
2
é\
Wavg = = —;MZ Aw = w; — ws
W& BB RT AR 2R

— Aw rx P1r— P2 . z p1+ P2
y = 2Acos {2 (5 - t) + 2] sin {wavg (; - t) + 2]
B, AT O AEE
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. T + — . Ly
. sin [w (Z-1)+ 22 *ﬂ HR AR

T

. 24cos [% (L-t)+ £ *02] B M
2 v 2

R FV BRI (Wi~ we)s M Aw 1R/, HIBR SR 2 MR/, el &SR BRI beat
(10) BlR, RROEREN 28310, RUIEN Aw.

I

U L LR
1]

14: &RMRPBoRERE

—_——
—_—
—_—

o FEAREL, BATH

27 27
A ~N — ~
k

Wavg

o {EXRE L, &ATH
2mv

A Aw/2

FATFR
fbeat: % |wl_w2 |
A beat frequency (F40). & ] AN T R A8 105
3.7 Standing Wave (3K)

Standing Wave ($E9) ZPIFIIRIEAFE . SUEAE L ALREIT 1A B B INE B R R T LA .

antinode half wavelength

i \

14: Standing Wave (53)

SERHITTREN -
y = 2Asin(kx) cos(wt)

FERerh, MRAEIEAZI I RIFON Node (BETT)s RIEESCKHIRFN Antinode (W) s FHRBAIS AL UM &I R M8 2 18] F
FEESIION Half Wavelength (K)o

e bR — R A B, B BEE AL

BEWR AR BN — 2 9 i [ E )52

L=X

B 15: Pism e ol 52 BIREh
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g, JATA

fo=n-5r (=123

N, RATEE LR F AR R
FATTRT LASE 5 At 5 5 541 B 0y — MR P A s o] R 19952

K 16: HAbsZHIRSD

FASZIRBN A TS AR SN AR Pitch (B5) Loudness (WE) F1 Timbre (B ). & i AR
RIRGE, PR ME, &b, W ERIERE, RSB, 7B, O BB R E, ANERBIE S A
IUR=RE

AP 0 ) I N G e~ 7 fio & B F — R A OB B ET R W
Harmonics (1Z%). X7 IR T Harmonic Series (Z&51), FHANHEA:

Jn=n-f (n:1,2,3,...)

Hep, fy B, fo, fa,... ARE . BERE, RIS,
N T EEM B AR A, JATTAT LR A U s k. N R T B 16 s i At 52 AUk o A -

K17 FHAhsZ RSN

f1 f2 fs f4 f5 f
Kl 18: AR sZARBN AR R

MERTT A 2 8 A IRIE BEE SR G DB o G B s2 A RE 5Kk BL RIS D730, AT LA &
oA, TP EAN R B COBCR—— X Ml R A AR 8 5 A R IR R o A sRAF AU R 7 JA TE R (4 Bt
AR R LI o

3.7.1 Fourier Analysis (fEEM5747)*

FEART A IR B #E W] LB Fourier Series (18 B4 FEIT— RAN IESZP I B 0

ft) = g [An cos (n?t) + B, sin (n?t)]
= Ao+ io [A,, cos(nwt) 4+ B, sin(nwt)]

n=1

31X A P g [ E S DU R RVFRERR . R SR T S 2 WX A AR B T
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|

1 T
%:TAf@&
A, = ;/OT f@) cos(nwt)dt (n=1,2,3,...)
4&5:;ATﬂQQMWMMt(n:L23,“)
MR R A 20, FRATT AT DA B 2 2005 it R IR 2K
= . 1 (T .
0= %z, Z,= g [ foe

n=—oo

XFFEE AR A Canfikar B, AT DLAEE B MO N0 55 KIeR 4. 385 3 SO I B as A s X, |
it — el T, AT LR RPN Fourier transform (i B2z #) 45 R
+oo )
F(w) = f(t)e ™tdt

1o

f(@) F(w)e™!dw

:% .

AL R
F(w) = F[f(t)] i B A7 4%

ft) = FUF(w)] {8 HHEs
{8 B AR SRRy IE TS A, B0 EENE . BRTREE, AURE A

3.8 [Elasticity (3%1%)

SRR AR IE R R, IS L R R R FARIPE BT . A s ek oy, AR T BAl 1 Ja B
B
AN P

o Stress (M. /]): Deferming force per area.
o Strain (Fi738): Unit deformation (JEAZ).

XN, FATH
Stress = Modulus(# ) x Strain

MRS IR 7 A, ST LA A BU R LK

o Tension (Fiff) & Compression (E4f): 2B BIRANSEARRT, HACRERER.
— Stress (8 J)): F/A
— Strain (M2): AL/L

He, FRAERT), A RBEINE, AL RKERN, L 2FEK. XRFEERN Young’'s Modulus (% KIEE) E:

_ F/A
T AL/L

o Shearing (B3V1): A B2 B ERR, HR LR,

— Stress (M. J]): F/A
— Strain (NA%): Ax/L.
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R E A Shear Modulus (BIVIE) G, & X A:

_ F/A
- Ax/L

B, Az ZUNAGE, L RAFREE.
o Hydraulic Stress GRIERLST): /RS2 B BI51E 0, HARBURAERL.
— Hydraulic Stress (N./1): AP
— Strain (NAZ): AV/V.
X N IR EEA Bulk Modulus (RFURRE) B, & XN:

___AP
T TAVV

Her, AP RIEJJEN, AV REFRAEL, V 2EEFH.

3.8.1 Stress-Strain Curve (R}1-RZEHhZk)

N2 J3-NEAR R ER IR T A ARSI N I AAT . SRS R G Am s MR X e, e R s SR XA 2 A

Stress
Ultimate Strength f--------><=--- " Rupture
Yield Strength | ------ f ! -
1\%/—/1 1
Permanently Strain
Deformed

Bl 19: N Jg- AR i 28

3.9 Sound Wave (FFK)
PR — RN, A5 SR IR A 4

3.9.1 The Definition of Sound Wave (FKHIENX)

— U1 CHUO AR T CARRO 7o 7 R A% 18 i 220 o, ANBEAE AR AR 3 o il 75 35, AT LME ] Wavefront
(Wil XMW

Wavefront (BRT) & 75 B A% ik R Th AL ARE] Y s A A TED o 30 BT AP R Ik A I A8 LT TS AR AT A B8 A0 I 1)
PEI -

Wavefronts

K 20: BT RERE
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3.9.2 Speed of Sound (FEiR)
AP ER o BT DB A S A B HE S AR .

v v+ Av
p p+Ap

Ax

K 21: R 4R E K

BN LB, BRI A, BN p, HBEEN B.
FE SRS 2 S, A I RN (Av < 0), SRR (Ap > 0). MRIEF0EE —E/E, WA

F =ma

Av

= [p— (p+Ap)|A = (pAzA) A7

= —ApA = pAvAv

SR ANV = AAx = AvAt, BRRBREN V = AAvAL, TRA

AV Avdt v
vV AAvAt v

=2, WATA
Ap = pvAv
AV
_ 2
= Ap=pv v
Ap
2 _ —
= pUT = V/V =
e S CEd

B
v=/=
p
3.9.3 Intensity (F5&)
PO T 2 SN ) e A AR A RE . E SO

Hep, P EFIIER, AZEK.
X IR, JATA

1= %pvszz
A Re RS, 0 TR A, AT »
I= 4712
Hrr, Py RFEIEIIE, r 2B AR .
RS AR RN
o
2pv
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3.9.4 Sound Level (F%R)

B L AR SRRBRERR, #4570 U (dB), 58 X N:

1
L =10log;, (I)
0

Hrb, 1) =1072W/m® &S HHR,

3.10 Doppler Effect (%)

2B RNAIR T IR E XIS I R A . WO E LN vp, FHEEEN vs, FIEN v,
MEOLTE:

P
=

o Both Stationary:

K 22: (1)
R f R REE MR R AT E . B, SRR ERATA

vt/A v

== =x

e Source stationary, Detector moving;:
S D\vp
[ ] *—>

K 22: (2)

BRI AT
= (vtwp)t/X  wvEuvp Uivpf
N t D !

e Detector stationary, Source moving:

K 22: (2)
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S FRATTH
vt/ (At vgT) v v

fr= n :vTivsT:vivsf
e Both moving:
Ol BRI, 1 v+ vp
f= v+ vg f

1E supersonic speeds (B EH) FITEHL T, AT HIL— A BRI R:

® Vg = V:

K 23: (1)

AP0, PEETHERAE A URARHERR, HIW sound barrier (HFEILR).

o vs > v (Shock Wave (BK)):

K 24: (2)

PATRIERTHIELS [N Mach Cone (i), HHHA
— Mach Cone Angle (Si#4Eff): 6 = arcsin P resin
Ust Vs
— Mach Number (S7#%k): %9
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2. An Angled Rail (20 points)
Say we have a particle m constrained to move along a rail that makes a fixed angle § with the vertical.
The particle is attached to a spring of spring constant k& which is itself attached to a wall by a sliding
attachment such that the attachment is always at the same height as the mass and the spring is always
horizontal. Say the particle is at a stable equilibrium when it is at the position shown in Fig. 1.

-

Sliding attachment

S F, grav — — g

Figure 1: Angled Rails

We track the position of the particle with s(t), the distance between the particle and the wall-rail at-
tachment point.

(a) (5 points) If we set § = /2, the mass only moves horizontally. In such a scenario, the mass has
an equilibrium position s = Xeq. What is the equilibrium position for the general # shown in the
figure?

(b) (5 points) What is the equation of motion of the system in terms of s? What should the equation
of motion be if we take § — 0? Check that your two answers are consistent.

(c) (10 points) Say the particle is displaced from the equilibrium shown in Fig. 1 such that its total
energy is Ey and it first reaches the amplitude of its motion at time ¢ = 3/4wy (Where wy is the
angular frequency of oscillation). Find s(t) as a function of time in terms of these initial conditions
and the prior defined parameters.



4. Transverse Wave On A String

W 4 (a) s, —REERER p W BREER—InEEE v = 2o 4. (BH B
HIR/INAESEE T, M A IRIEE .

_ N\ y

(a) (b)
Figure 4: Transverse Wave On A String

(a) HES40 ERERE A BN ITIE.

(b) W BRI oo, 1) = Asin(ke — wt), A6 BRI 27 £ R
y = Asin(kz — wt + ¢). R R EIEMZE ¢.
e BEm B IR N E.
sin A + sin B = 2sin (452) cos (452)  cos A + cos B = 2 cos (432) cos (452)

(c) 4k 4 (b) Ao, A B4R —dm B E A RA L, 287U EVEH, ol 348 L
BRI BB R IEsZ POE SR I PN T RE R A g ?
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