SCPY 158 Physics Il : Part 11 - Modern Physics
Wildode WANd o : d2ull b - Wandualn

Course Description (A1a5una5183%1)

naudunnsaw (Theory of Relativity) nasiansalsudu (Quantum
Mechanics) Wandaznau (Atomic Physics) Wandudandes (Nuclear Physics)
LnaU9IN15USSLEUNANITANEA
n13U1u 10% wag nisaautatenia 40%
N198991989

“Wand w (Physics 1) - 9" Edition (2560)”

ugua uziad, 1Wylya ASYIY, S¥N1Ad INABIT, was VIR a1suzsUnNg
ANAIVINENES A AINIANEAT UK INBIRUNTAS

niede “NEndseAuumIneas” l|@udus nanwlneuazniwidengs
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inludasd “Modern Physics”

w3131 8 “Usingnisal” 71 Classical Physics “lsi” anunsaasuiela 1w

(i) N5 “Aei” vas “dnsiiavaaweas” (lugyayinia)
(1) N5 “ueiSed” vae “Ing (a1)” [(Black)body Radiation]
(iii) Ysngnsal “Inladidnasn” (Photoelectric Effect)

[Msugeeanain “Aalane” ¥a9 “Biannsau” Waany “wae” Al “anudwamuiy’]

(iv) Usngnisalmaunau (Compton Effect)
[M5UasuYaY “AnNeNInaY” e “Aduutdianiiin’ # “ns2ids” 99nain “diannsen”

(v) “aansunuutdu (line spectrum)” wag “338” 1 “aznau” wHaanun
Falu “Usngnisal” 7 “ierdasiu/inatulu”
FEUUN “AMsinfauifienm3aganne” waz/vie “Tuuiadnuing”
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naufdunnsaw (Theory of relativity)

(www.ebay.com/itm/Albert-Einstein-E-MC2-POSTER-/322249822978)

nauBue vas “Albert Einstein” (14 March 1879 — 18 April 1955)
“Photoelectric Effect” (— Nobel Prize in Physics 1921: “for his services to
Theoretical Physics, and especially for his discovery of the law of the photoelectric
effect””), Emission and Absorption of Electromagnetic waves [— Einstein’s “A” and
“B” Coefficients — ““dnn1sn1eu” ¥a9 “LASER” (Light Amplification by Stimulated
Emission of Radiation)], ...
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. Everybody is a genius.
71y Butifyou judge a fish by its ability

w to climb atree, it will live its
whole life believing that it is stupid.

- Albert Einstein

Goalcast

(www.goalcast.com/2017/03/29/top-30-most-inspiring-albert-einstein-quotes/)

SCPY158 Physics 11 2562 — Special Relativity — Theory naws ygegns Wand wina 4



NOBYAUNNTAN
(Theory of Relativity)

(N9ud)) FUNNSANWNLAY (nnui) uinsnniialy
(Special Relativity) (General Relativity)

vautunval Special Relativity

Anwn “anuduius” seudne “wailld” a0 “nrsdanm (wan1sal/Usingnisal)” vise
“nsin (Usunaumsiangd)” Tne “fdana (observers)” fiaglu “nsaudredudes
(Inertial Reference Frames)” [nsaudnsdsiindouiidunmsiugag “anudnedi”
#io nsaudnededl “Newton’s First Law of Motion” (w39 “Law of Inertia”)
Wuase]
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vautunvay General Relativity
Tglangly “nsausnsdeaes” wazly “nseudnsdendinanuess (accelerated reference
frames)” — a%u1e “aulduads (gravitation)” 1a

“General relativity” (“GR”, also known as the “general theory of relativity” or “GTR”)
is the “geometric” theory of “gravitation” published by “Albert Einstein” in 1915 and
the “current” description of “gravitation” in modern physics. “General relativity’’ has
been described as the “most beautiful” of all existing physical theories.

“General relativity” generalizes “special relativity” and “Newton's law of universal
gravitation”, providing a “unified” description of “gravity” as a ““geometric property”
of “space and time”(or “spacetime”).

In particular, the “curvature” of “spacetime” is directly related to the “energy” and
“momentum” of whatever “matter” and “radiation” are present. The “relation” is
specified by the “Einstein field equations”, a system of partial differential equations.

[https://en.wikipedia.org/wiki/General_relativity (14 fiunau 2561)]
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“fiadanazAnu” Tu “Special Relativity”
(1) wannsadunnsawitay (Special Principle of Relativity)

(2) “duwnsaw” uuu “nataew” (Galilean Relativity) [— “n1sudas” wuu “aatasu”
(Galilean Transformation)]

(3) “dawan” vas “laudlau” (Einstein’s Postulates)
(4) “nsudas” wuu “TaSung” (Lorentz Transformation)
—  “grEEnd” uaz “9a99a1” $ENINe “wnnisal 2 wanisel”
— 019 “Ba (990)” V9 “¥2313a1” (Time Dilation)
S M3 “wa (8u)” 289 “Aruen” (Length Contraction)
—  mswuasruda (Velocity Transformation)
(5) Usingnsal “aadiwaas” Weduwnsaaw (Relativistic Doppler Effect)
(6) Twusn (Bad) Weduwnsaw (Relativistic (Linear) Momentum)
(7)  wasnuvauldsdunnsaw (Relativistic Kinetic Energy, K), wassuigsdunmnsnw
57 (Total Relativistic Energy, E) uaz wassuils (Rest Energy, Eo)
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(1) wannsdunwnsawntae (Special Principle of Relativity)
“nnenland” g “williouny” lu “nansaudiduney”
(The laws of physics are the same in all inertial frames)
“sdwuu (form)” vas “pngmeildnd” az “willounu”
“ANlAa1NN15I” 91932 “uansinenu” 16 (aenald “dnazdrenu’)
v dy Y
YonnastlUainu
NTUN “NIDUBNBARBY 2 nsau” — “S” wag “S”
N3USN9BNLRRY “S” : “agile” & “gaunn A” duna/fnw “Ing/aunia (P)” wie
“wnsal (Event, E)” uazszy “wan1saann/fnwn” lagly
“r,t) = (x,y,2,t)”

NTaUD19B9A8 S “Lafau’ Wgunu “S” A1 “adnasq V A’ 3l “rdann B”
szywan1sdune/Anw legld “(7,t") = (x', ¥, z', t")”

4
N
v
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. o o g = 4 A o . dR
“S” \dauil fre “aru5a V A’ wWieudu “S” — Vzazconstant

P/E

X!
OI

O X 7" S’ frame
Z"  Sframe

%4

deann “A” (agilsly “S”) sey “wamsdaana/fnen” laglyd (7, t) = (x,y,2,t)
feann “B” (agilelu “S") svy “wanisaana/Ane” aeld (7', t') = (x', ', z', t")

— fnw “anudunus’ senin (rt) = (x,y,z, ) nu (@, t') = (x',y',z',t")
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(2) dunnsnmuuunaaeu (Galilean Relativity)

neud a.A. 1905 — Wwanuin t =t' — “Absolute” Time
“Laan” Wy “Usunaduysal” lidnazialaglas fagldua “wliauiu”)

—R

=N

Wa15an “Maedeun” ves “wg P”: > TF=R+7 W 7 =

P

XI
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-y =

¥ =F—R — “A” uaz “B” 2z9n “Aunis” 289 “Ing P 1 “snenu”
W “aynus” Wieuiu “vaan” azld “arnusa (velocity)”:

d¥’  d¥ dR B “A” uaz “B” 2z “A11u152” a9
= — - u=u-V - 134 LTI - QTP SR )
dt dt dt 09 P g “sneiu

w1 “aunWus” Wiguiu “iaan” agld “admase (acceleration)”: (szandn V asi)

di’ du dv Lo “A” wag “B” 2299 “A7uL39” V89

=a - . AP
dt dt dt “Ing P 14 “wilauiu/wvindu”
_ dR . P I
IMN Y = d_ = constant Qg‘lﬂ R = R(t) = R(t = O) +Vt = RO +Vt
t

Fat “amuduus” szwine (B t) = (x, y,z,t)du (7, t") = (x',y', 2z, t") Ao

—y =
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— g

7 =7F—-R=7-R,—Vt
Tunsainitawil Ry = 0 (“n3au81989” Ndas “gausiunu” Maan t = t’' = 0) azla
¥ =7r-Vt

Tunsaaniiawin V = Ve, = Vi (Ginsieaaundunns “awizlusuauny + X) azla

x'=x-Vt x=x"+Vt'
y' =y y=y'
; <> ;
Z =7 Z = Z
t' =t t=t'
“Galilean” “Inverse” Galilean
Transformation Transformation
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X!

x'=x-Vt x=x"+Vt
y' =y y=y'
z'=2z < z=2z
t' =t t =t
“QGalilean” “Inverse” Galilean
Transformation Transformation

SCPY158 Physics 11 2562 — Special Relativity — Theory NANT yzya/qw§ Wand witaa 13



“Classical Electromagnetism” tauéis/ldidannansnu Galilean Relativity

1ud a.A. 1873 James Clerk Maxwell (1831-1879) vinune lagld “Classical
Electromagnetism” 21

3 “aauudimanindn (Electromagnetic Waves — EM waves)”
FanRauhu “geyayInd” e “ansnIanei”
c = (Up€p) Y2 = 3 x 108 m/s

(Wave Equation dw5u EM Wave agiisudu V2 {ﬁ} = Ug€ 6_2{1_;’} = ia_ziﬁ})
q T3 ﬁ—ﬂooatzﬁ—czatzﬁ

1ud a.a. 1887 Heinrich Hertz (1857-1894) naaaawuin

“04 EM waves 239” uaz “EM waves” f/ugdng “auin’” willau “uss”
{nsaziiau (reflection), naswinw (refraction), Twsalswwdu (polarization), ...}

>y | uge” Wu “PraunidmanInin’ |« « « « « « «
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W13 “aaunisal” deuanslugy

Y Y’
— >
A 5 vV i )
Electromagnetic Wave
O X O’ X'’
Z"S Z' S’

%4

ANDTY a1 fdenn “A” n “gns51999 EM wave” ldwindu “c” ey

(%4

ddane “B” azdn “dnsniaves EM wave” ldwinla

Y (¢

awau (?) a1l
Jaane “B” a3sazdn “dnsuiavas EM wave” lawindu
cccl = Cc — V”

dunnsnnuuniIaaeu’’ aglaqn
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310 “N1NAERY” 90 “SasuSIvnauas” (@9 “Bang”) 1agld “35n156199” wudn

“dnsnsvosuds” Tu “ammmﬂ A1 “AeA?” Wiy ¢ ~ 3 X 108 m/s
Te “liufu” nswasufiveves “uvdsrniauas” waz “Heann”

Jeane “A” uaz gdune “B” azda “dnsusivas EM wave” 14 “winfu”
“Armau” Nlaannsly “dunmsarnuuuniaiten” du “ligndee”
(Daudidn gaz “danndas” Au “Uszaunsalludindseaniu)

\J

Jndudies “USuusvuily”
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(3) “danan” was “laualni” (Einstein’s Postulates)
U 1905 “Einstein” waus “dawail 2 4o (Fadu “Nugu” va9 “dunusniniiie’):
(D) “ngn1enldnd” 2z “milauiy” lu “yansaudisduney”

(-- i £ = ”1 173 9 A1 “‘1 1L @, A o d < LA
(i) “dnsnIrvaueas” Tu “gyeyrnia” den “laidunu” msadaunves “unaaniiln
Az “FauNn” %39 “InINTIvaEs” BA1 “AeRd” Ty “YnnsaudieBuies”

\J
“@aaudunus” senine (R t) = (x,y,z, ) au (@, t') = (x',y',z',t")
3z “la” Wuluaw “Galilean” Transformation (7' = 7 — Vt)

bbale

t #t' — “Relative” Time
“Laan” W “Uunaudunms” 8a “Yunv” gdaunn)
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(4) “nsuvas” wuu “Tasund” (Lorentz Transformation)
“aoudunus’seuine (7, t) = (x,y,z, ) du (@, t') = (x', v, 2/, t") iluluaa
“Einstein’s Postulates” 3an31 “Lorentz” Transformation
AMSUNIAUN NTaUD1989 “S” wag “S” (i) “doununu” et =t = 0 uaz
(ii) fdnswndaudidunns “ewizlunuiwnu + X7 (V =Ve, = Vi) azla

Vx
x'=y(x-=Vt), y' =y, z =z t’=y(t—c—2)

. 1 14
We | ¥ = —T7— (ﬂ = —) Aa “Lorentz” wve “relativistic” factor
J1—B? c

Wasan V < ¢ aue (Lifiazlai3andn “waslugasyina™) asuy y = 1 w@ue
(V<c->pB<1-p2<1-51-p2<1->J1-p2<1->y=>1)

Tunsall V< c 2zld B - 0 waz ¥ = 1 (“Lorentz” aznanailu “Galilean”)
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P/E

“Lorentz”
Transformation

SCPY158 Physics Il 2562 — Special Relativity — Theory

O!
S’ frame

XI

x=yx"+Vt"
y=y'
z=12z

.V
t=yl(t +C_2

“Inverse” Lorentz
Transformation
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Derivation of Lorentz Transformation

TP L AT A Y

. a o [ ALY 1 [
(i) auyAdn“AIUFNRUT” 581919 “x” Au“x " Wuluanuaunis
x'=y(x-=Vt) waz x=yx' +Vt")
— w1991 Galilean Transformation sss#idl factor “y” &3 “foswiAn”

(ii) W “darunisal” wie “nrsnaaasluadnumn (Thought Experiment)”dagy

Y Y Y Y’
— —
V V
OA* B X Al B X
@ o
Z Z,O’ X' ZO 20 xx X
t=t'=0
1 “light pulse” indu  “wladustas” vaan “t;” Tu “S” frame
1 “ganiln” Famsanusaan “t;” lu “S™ frame
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peay A » by & Ay e < u,,eL » Y a e v &
(iif) 19991 “Uas” 1R UNAE “dn3152 C AR Tu “YNNTBUDINBL” Al
Maan “t = t;” Tu “S” frame &ansanu a1 “t’ = t;” Tu “S™ frame

“UUIAAUVDLLEY” FUNATUMIaT “t = t' = 07
zwnfauilagnaumds “x = x; = cty” Tu “S” frame

../ 199

Fanseiududs “x’ = x; = ct!” lu “S” frame
(iv) wnu x = x; = cty waz x' = x; = cty aglu “aunstude (i)”
x' =y —-Vt) waz x =y +Vt")
wld  ct; =y(cty —Vty) waz cty =y(ct; +Vity)
— cltit; = y?titi(c = V)(c+ V) =yt t1(c? = V?)
2 =y2(c?—V?)

1 |4
— Y E-—F7——= = “Lorentz” w3a“relativistic” factor ([3 = —)
C

1— B2
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) wu  x' =y(x-—"Vt) aslu x =y +Vt" A
x =y{y(x =Vt) + Vt'} = y2(x = Vt) + yVt'
x =y%x —y*Vt+yVt
YWt =yt + (1 —yd)x

(1-v%) yVx Vx
t' =yt+———x =yt ——- t'=y|t——
ves 144 *=Y 2z y( cz>
528N31
1 V2
1—y2= (——1) 2{1-p) -1} =y2{(1-=] -1
Y=y 2 y{@-p4) -1t =y =
T 4 e A 44
— e - e
Y c? 14% c?
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“wadutles’ 910 “Lorentz Transformation”

(4.1) “szEznnd” waz “dau3a1” 52U “wanisal 2 wan1sal”

A

“S'-frame” wwaauNf9Y “arusa V = Ve, = Vi ai” Wisuiu “S-frame”

%4

Haanm “A” Welang “B”
wanisal 1 (E1) — (xq,t1) (x1,t1)
wianisad 2 (E2) — (x5, t5) (x5, t5)

“sragnne” 9eude “E1” war E2” > Ax = xp; — x4 Ax' = x; — x5
“ga3981” s3I “E1” waz “E2” > At =t, — t; At' =t;, — t;

910 “Lorentz Transformation” agla
Ax" =x3 —x1 =y(x; = Vi) —y(x, —Vity) = y(Ax — VAL)
waz At' =t; —t; = y(tz —&) —y(t1 —ﬁ) = y(At—KAx)
c2 c? c?
(@sausa “wldlaense” aan “Lorentz Transformation” Tagld “Calculus™)
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|4 .
270 Ax' = y(Ax — VAt) waz  At' =y (At — —ZAx) ka1
C
173 1 d,,d'“qd%’d'o 1 = LAY I3 vV a a d!,,
wian1sad 2 wansal” 7 “ifevuiduniaseiiu” Tu “nsauanidalesnsaunily
22 “iNevunaLazaunus” Tu “nseusnedaleedus”
v aa ¢ Gy U oA X v v .. Y
gNLIUNTAIN “wan1sal 2 1wan1sal” WU “iHeduniauiy’ Ay
Ax =0 % Ax' =0 sndunsaini At = 0 fae
wae
“nnsal 2 wian1sal” 7 “Aaduniauiu” lu “nsaudisdunaensaunils”
a & Moton 99 173 y a o =~ 2
ziindu “ldwdauny” Tu “nsausnedulesdus
gnLdunIaln “manisal 2 wanisal” Wy “NadundiuiangInuy’ 6
At =0 # At' = 0 sndunsaidl Ax = 0 A

- “dunmsaw” ves “astinduniauny” (Relativity of Simultaneity)
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(4.2) n1s “8n (29n)” Va9 “42919a1” (Time Dilation)

Tu “S™ frame: “E1” & “E2”
——> El
|
I
I

1% * WATUN “AtnuaLneanu’”’

“B” gzdunaiiu “E1” tiauuin
14 !
X' (xu,t1)
o < ‘e 9y A X =
uazdanaiu “E2” iindui

(xz = x1,t3)

N
@)

! I/
X1, t1

E2 ]
) ¢ “A” azdanaiiu “E1” adud
(x1; tl) v .
N wazdanawiy “E2” \adun
! !/ !/ /
7 0] O X, = xl,tz (ertZ)
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“proper” time interval (394381“U10551U”) 524319 “wnisal 2 wan1sal” (At)

= “gaa281” 52939 “wansal 2 wnnsal” #9e (neddunndies)Tu nseudiedai
wamsaineges “Batufidwminfediu” (Talas fdunaii“egfafivufuimanisal”
— @130l “uniRiniFouhen” Tun1sautian)

\iesann “B1” waz “E2” fintudl “sumiaieniu”lu “S'-frame” Sy
“giaq1781” 5219 “E1” waz “E2” fidalae “B” andu “proper” time interval
At' = t;, — t; = Aty = “proper” time interval
“gfaqiaan” 5en3e “E1” waz “E2” fidalae “A” (At = t, — t;) Twldann

“inverse” Lorentz transformation:

Vx Vx' VAx'
t' =y(t—c—2) — t =y<t’+c—2> — At =y<At’+ = )
Tunseldl At' = Aty (“proper” time interval) wag Ax' =x; —x; =0 a9y
At = yAt' = yAt,
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— At = yAt' = yAt,
, 1
Wa VY ﬁ = “Lorentz” w3a “relativistic” factor waz g

ol <

dasan ¥ = 1 wue detu aglddn At > Aty tude
“proper” time interval (Aty)
audu “dawar’ 1‘7i ﬁ‘L!‘Vlﬁﬂ sgndn “2 wmgnsal”
eGE @mmm‘m agmmaunum 2 winnsal”
(aglunsoudredsfiansainedes “Batufidumiafioaiu”
uae

Fiannnudug ¥1 “indeuiifisufumanisal”

(%4

230 “Ya9981” 32NN “2 wansal” e “andu”

—> N1 “8a (@0n)” V9 “942917a1” (Time Dilation)
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(4.3) n15 “un (du)” vae “AruE12” (Length Contraction)

Y Y’
7 > 4ag egflu S’ frame
| I
A ]
| |
| |
| |
T X'
! !/
Z o X 2 X1 X2
X1 X2

“proper” length (Au812“unsg1u”) Va9 “Wng” (Ly)
= “AauEN” Y89 “Ing” 1in (lneddunniad) lu nsaudiedening “agile
(Inleeddunan“agilanieuiuing”

29
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Narsaunnsaldl “Sagagiislu S'-frame”:

“B” 22911013 “Sannunds” x; uaz x4 A “varladld” (¢ waz ¢ Dy “winlsild?)
Ax' = x; — x; = Ly = “proper” length

“A” 9z “F89” HN1T “TARIUALUL X, WAL X, T “VaNREItU” £ = t,

91 “Lorentz” transformation, x' = y(x — Vt) , azld Ax’ = y(Ax — VAt)

Tunséid Ax’ = Lo (“proper”’length), Ax = x, —x; =L &At=t, —t; =0

Mt Ly=vyL W3 L=1Ly/y
\8931n Yy =1 ALY L< L
—> “proper” length (L) azlu “aruena” # “uiniign” vaeing

(Inlagrdananagilanisuiuing)
— HAUNAAUDUS B9 “LaFauiigUiUing” azin “Ad1ue1” ¥ae“ing” 1a “duas”
— N3 “un (du)” vas “aue1a” (Length Contraction)
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(4.4) nsudasaaruda (Velocity Transformation)
Wlesann ¢ # t (“relative” time) Susu At’ # At

WA “N1SLARRUN” VB “Ing” Wadunalay Kdann “A” uag gaunn “B”

“fnuwis (position)” “aa1332 (velocity)”

.Y

., U=
Welane “A” — (r,t) =(x,y,21t) Ax Ay Az
T A T A T A

_, A7
paane “B> —» @, t) = (x',y, 7, t) ; - At] /
v ’ Y A A ., Az
T T A T A
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210 “Lorentz” transformation agla

x'=y(x-Vt) — Ax" = y(Ax — VAt)
y' =y, z' =z —> Ay' = Ay, Az" = Az
, Vx , VAx
t =y(t—c—2) - At =)/(At—c—2)
Ax
o A y(Ax—=VAY)  xr VO w -V
At VAx V Ax Vu
]/(At——cz ) 1_C_2A_t 1-— sz
, Ay
u, = &y _ Ay = At = e +* U
YAt VAx\ ~ V Ax\ Vu y
V(At__cz ) r(1-z5) (-
Az
. A7 Az At U, L
u., = = = = u
zZ At VAx V Ax Vu, z
V<At__cz ) r(1-zm) r(1-")
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“nsudasanusa” lu“Special” Relativity ag “fn9an” Tu“Galilean” Relativity

) U, = Uy — v U = uy yl = Uy
“Special” — “x T Vu, » 7~ Vu,y , ¢ Vu,
— — 1 —
1 c? r\1 c2 14 c?
11 . 3] I __ I I __
Galilean” — wuy =u, —V Uy = Uy Uy, = Uy,

Tunsdi “Ing” Ae “Aduwiiraninin (wed)” FIA1ae “irdauntuwuIwnu X fae
1159 < 9 A v Y 9
9AT37 C” WyunNU “gawnn A” — u, =c,u, = 0,u, =0
“Hann B” fazdndnsndivauaslailu “c” dae
u, —V c—V . .
U, = > Vc=c,uy=0,uz=0
1 — —
1 H C2
= o ¢ e¥_a gy s HL) ig < 173 99 173
Faduluau “danaiiden 2” vas “Einstein” (— dnsnsavauas “ana” Tu “uyn
NsaUSNBNRY”

(14 “Galilean” agld uy =c —V,uy = 0,u; = 0 Fshinseiunan1maaes)
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(5) Usingnisal “aauwaas” wedunwnsnw (Relativistic Doppler Effect)

“anud (frequency, f )/ “aauenindu (wavelength, 4)” vas “uss”
7l “gfana/f3u (observer/receiver)” wiu/l#su
A19970
“ARNUA”/“AABTIIAEL” VB9 “UEe” 108NN “undsnniinuas (light source)”
Faduwann
“nisiaRauRdung” s2udne “uvasiniliauas” fu “gana”

fs (Ag) = “@anud” (“Aarug1indu’) ¥ad “Aaw” Noanan “unainiandy”

fr (Ag) = “amud” (“avue13nau”) vas “aaw” 7 “gauna/gdsu” wiu/lasu

V = “dnsusidunns’ seuing “(nsaudiedeves) unasndia (source frame)”
U “(nsausedaved) fauna/g5u (observer/receiver frame)”
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Al 173 1 o = 99 T 54 29 a o . Y LAY
NIUN TLRANTILUALLEAY T NU E\jﬁ\il’ﬂﬂ LAGDUN LU INU
(“las” wwdaun “Ald” aedl “walaesin” Ao “wiasnin” Au “gduna” adu “wWrlndniu”)

- “ArNuEINEN” VaaY N “HFunn” lasu g “anas” (1 < Ag)
193 =iy T I B4~ @ ¢ 2 X,
—> AND” vauae N “Haann” 13U Az “WNdw” (fr > f5)
c+V -
—> fr = p— fs (W = Laa — f i)

aa ' oA a 9 Mo e YY 2 =i S (¢ Y99
NN “unaaNuuauas” nu “Wdunn” 1naauy “aanannnu
(“las” wdoud “Ala” lneh “walaesan” As “wasnde” Au “gdunn” adu “sananiu”)

- “AaNUEIAAN” YaaY N1 “HFunn” 1aTu 2z “Wndw” (A > Ag)
= a v Yo
—> “Aa1uD” Yauae N “Haann” 1a3u 3 “anas” (fr < f)
fo=| [ |
_) =
K c+Vv )|’
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Derivation of Relativistic Doppler Effect
915 NSEN “unadendaueas” agjﬁa i

4 ] '
Y Y , “ganila O vae S’ frame — aGauHN
tl 17 tl T3 LT e ¥ 9 ¥ 173 2 _ Y7

|4 i~ 20 “Waunn A” aqe “anusa Vv
A B X naan ¢t (TuS’ frame) [t (lu S frame)]:
7 ‘O Z'*O’ X — “undanlinugs” Ydas “adugnusn”
v vz Mmaan t; + Ty (lu S’ frame) s T, As

| t; + T, “proper” period [t; + T (luS frame)]:

— “unaiuiauas Usos “adugnilses”

— “unasniionas” wisull “n1ewan”
Juszez VT (3alae A)

— “UiAaL” ¥4 “ﬂﬁugnmn” AU
Iaszeaznie T (Falag A)

iy

4+

~
<!

=

N
@)
a
~
<
51N
Q
X
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- “aupnay” vewad “aunn A d5uRe =4 =(C+ T (D

1 1 C C
13 ~2) Ao v oy Yy A — — —
— “aud” vauaan “Giuna A GSuda  fa = fr 1. (c+V)T 1)

. 1
T=yT, Tash Tp= 7 = “proper” period (“a1u” Tu source frame)
S
c C cfs c—V
= = = = l,
~ Iz (c+WV)T (c+V)yT, (c+V)y c+V s ()
c___ ¢ | VZ_\/CZ—VZ_\/(C-l-V)(C—V)_\/C—V
(c+V)y c+V 2 c+V c+V e+ vV
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(%4

¥ 9 & 1.0 a 99 = a o 99 Y1
E\! JENH NU B HAANSNILUALLEY T LAGDUN 114N TNNU %191'3'1

(11

Tunsain

ced v

“A21uD” VaIE “NRFunalasu” 2z “anae”

c—V

Jr = c+V Js

“A108g17AAU” AL “IANTU

Sun “Usingmisal” i1 “Red” Shift

anugnau () —
1 = < . 1 g a = d
was (EM waves Tugasiinnuaaiiiu): 899 A5I0 UIRU 10892 IWADY WaA LA
<~ a2 (f)
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1 s (v

UNSUN “HAwN” AU “unaanilionse” wfaui “wnniny’ 2z1@71

— “aruenInaY” vauad “Hunn i¥ude Ag = (c=V)T )
v llsuu I~ f —_ c — c T
— “Aa2uD” vaeuad “Fauna” ¢¥ude R= = =0T (M

. 1
T=yT, agn T,= 7 = “proper” period (“a1u” Tu source frame)
S

B c B C _cfs c+V T
~ fR_(c—V)T_(c—V))/TO_(c—V))/_ c—V foo (D

c V2 \/ V2 _VE+N(e-V) VetV
(C—V)V_C c—V —
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(6) Tsnwudu (Wadu) weduwnsnw [Relativistic (Linear) Momentum]
—> iefiazli “Conservation of (Linear) Momentum: ¥ Boefore = YPaster”
geme “1Wuase” Tu “Special Relativity” 3ntudas 19 “deu” ves “(Linear)
Momentum” usi
Faqidl “una m” uazdnds “wadeui” Taell “arnada U exil
“Tanausin (L) Wwedunnsnaw [Relativistic (Linear) Momentum], p”

. mu
p = = ymu
uZ
1 —_
CZ
(“Benuan” Tu “Classical Mechanics” A p = mu)
1 “On352” N4 Av

— 5339 Tu “gunsveuy” ¥V =

J1—u2/c?2  “8asu37”vas“ayn1n” (u)
66, ,%0

Taila “dnsnsrduninsseninanseusnesde (V) ud deudeuununie “y” wilaunu
(u azwinnu V laniznsaiil aynaagile lu S’ frame)
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a

Yoaunm  wLsde “uraan” az deau “Relativistic Mass, m,.” Tagaunns

m
m, =
_u
CZ
wae Weu “(Linear) Momentum” Tusduuuiaa
p=mau

Tagfansandn (i) “uaa” vasauna “Wasw” du “snsns?” was
(ii) deuvas “(Linear) Momentum” &3 “aumn”

Tuvauei 15732W15U197 () “u78” vaauN1A 89 “Andn” (Hueq
m we9) way (i) daeu Ae deruves “(Linear) Momentum”
mu

p = ymu
u?

1—C2
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(7) wasswaalwsdunwnsnn (Relativistic Kinetic Energy, K),
wasusduwnsnwsau (Total Relativistic Energy, E)
uaz wawuls (Rest Energy, Eo)

(i) Newton’s 2" Lawof Motionlugy F = Z_IZ “Ugla” Tu “dunnsarwintee”
B dp d < mu )
dt — dt \/1 — (u%/c?)

(i) “wasnuaauildsaunnsaw (Relativistic Kinetic Energy, K)” aaunsanila
37N NBYUN “9u-wauaal” (Work-Kinetic Energy Theorem)

2
W1—>2 =f FOdS=K2—K1
1
Tunsaln “Guanngails” (- Uy =0->p; =0 - K; = 0) azld

u—) -
K=fF°dS
0
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Wa1sunsal “arstaaaud” Tu “nde” 46 (luwuaunu X) azla

= [ o= [ (G @)= [ (@) [G) ] = [ uer

v mu P cpdp
= d =
: jo ) <\/1 — (uz/cz)> jo Jp? + m2c?

\!
2
mc
K = m2c* + p2c2 —mc? = — mc? = ymc? — mc?
1= @Z/cD)
(luwauvas p) (luwauvas u) (luwmanvas y)
1
y =
\/1 — (u?/c?)

(p5deu: u=0->p=0->K=0-YV)
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(iii) “wasursdunnsninsiu (Total Relativistic Energy, E)” wag “wasauils
(Rest Energy, Eo)”:

2
mc
K = \m2c* + p2c2 —mc? = —mc? = ymc? — mc?
V1= (u?/c?)
T “Total”
s Am2ct+p2c? = = ymc®* = E = Relativistic
V1= (u?/c?) Energy

“Rest” Energy (waaa1uila)

— mc*=E ST LI
| [WAIULYSHUNNTAINTIN LUDINDY U]

Y K=F—FE. = WASUIAUTIFUANS AN
° ™ (Relativistic Kinetic Energy)
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(iv)am  E = m2c*+p2c? adld E? =m?c* + p?c?

E
mc?
-
pc
(v) Speed Limit;
i} . mc?
a1 u = c azlan E = = o0
\/1 — (u?/c?)

6699

— gl “waennu” Usua “atiun” Tun1siinli aynalisasidawindu “c
81 u > c zlddn “E” azlu “srwuaudunnw (imaginary number)”

—  “laifi Physical Meaning”
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u o %
(vi) Classical Limit: 81 u < ¢ 2zl Z K1 uazaAsuu

o\ —1/2
K = ymc? —mc? = mc? (1 — c_2> — mc?

1 u? 1
I(zmcz<1+——>—mc2 =§mu2

(vii) Zero-Mass Particle: aunsadi “aynin” #d “uqa” \Ju “gud”1a lagh
BYNAUY “F9” 1ARBUNRIY “BnT 1T WIniu “OnT1LIIVDEL”
2 o
mc i1 u=c “Gay” azlu “gud”

= —
J1— (u2/c?) “E” aulu “o0” gt “m = 0”

an E = m2c* + p2c? — dwidu “auma” 28 “waauaud” E = pc
—  “Photon” 1Ju “aynn” ¥83 “4as” — 1AAUNMILENTNTI “C” waz
& “waa” Ju “gud”
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Appendix A: Verification of Relativistic Momentum Formula

W15 “nrsnaaasluainuda (Thought Experiment)” Faid

— S’ frame (i) agjﬁ'?iizéi’u “geand1” S frame waz (ii) \nABUNIFIEANS A
V = Ve, ieufiu S frame

—  fdunn A (S frame) “lew” gnuaanuneiay @ “Fu” Tunuane §ae “sns1sa &7

Weunu Aes - U, = 0 uas ugy, =€

— fduna B (S’ frame) “Un” gnusavaneiay @ “aq” luuudfa dae “dns1sa &
Wigunu B 1as — up, = 0 uaz up, = —¢

> gnuaaTedassi“ura m iy’ sufuuuu“BavguauysalTas “lifiusesnieuen
Juq sz’

- vdsnnsvu gEana A ey gnusananeiay @ wasuil “Sesnduidumaiu”
(anasunluwufa) Fae“dnssa & (Winhn) — vy, = 0 waz Uiy = —€

—  vdsnsvu gEana B azuiu gnuaavuneiay @ adeudl “Hesnduiduniafu”

(azviouduluuuiic) Ae “8nsuda & (Windn) > vy, = 0 uag vy, = ¢
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—  “a” 999 “mMIrw” Tuyauaues “A” uaz “B” aundudagy

663:!313"809’ GUE]Q CGA,’ “3.!3]“@\1” Gl]aﬂ G‘B”

’ 17
/ \ 2 —
’ \ /
’ \ —>7 1.72
’ \
: \ u
\ / AN 2
\ ’ \
N / Y
\ ’
\ ’ A /’
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= wad ¢ 99‘1 113 ) 1351 ) 4 ~ B o > T
— AR ‘N3N Tu “YuNas” va9 “H{aunn A7 — A8 Uy, Uy, U, Uag U,

g U = Up 8y + Uy €, = €8, (eu “au” )
wag V) = V1€, + V1,8, = —€e, (AN “a9”u")
AN Uy = Upey + Upy 8y
WAz Uy = VUgxly + V3,8
Y st 4 — I A I' 5 — _¢cp TPt
1913 Uy = Uy €y T Uz €y, €€y (U ae”an)
o / I A T 2 (13 X
way Uy = Uy y + V;,€, = €8, (Azviou “au”)

Aauu d@runsald “inverse” velocity transformation wn u, was v, 14
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Hax v, YT 1r0
1+ )
U; —& £ 1
Y2y le;u’ 2T Y1+0) vy WO = V2
14 (1 + ZZx) 1-— =3
—_—> A A A 8 A
Uy = Upxly + Upy€y = Ve, — (;) e,
vy, +V 0+V v
Vo =——————F > Uy, = —— =
2x 1+ Vv22x X140
v, 5 £ 1
Vay = T O Vy T =t e Yy = ——
ALY y(1+0) vy V2
14 + CZ 1-— C_2

> A A A 8 A
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“AauUn1syu’’ “%aen1svu’

anueanngay @ u, = ce, v, = —¢e,,
anueanuglay @ u, =Ve,—\-)ey v, =Ve,+|-)e,
Y Y
g2
U1=|u1|=€=|vll=v1 & u2=|u2|= V2+—2=|v2|=v2

a1ld “Classical” Definition was “(Linear) Momentum”, p = mu , azla

—> — — ~ 8 R
Pbefore = MUy + mu, = mVe, + m (g — ;) e,

— — — A € A~ —
Pafter = MV + MU, = mle, —m (8 - ;) €y F Pbhefore

—  “liddu” lUau “Conservation of (Linear) Momentum”
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a1le “Relativistic” Definition was “(Linear) Momentum”,

B mu
P =
L _u
CZ
Y] —> _ —>
zld Pbefore = Pafter

—  “i¥w” lUau “Conservation of (Linear) Momentum”

. ml .
(pbefore)x = > + > =0+ > — (pafter)x
Uq u; u;
- J1-2 \/ — 2

(528091 Uy, = vy)

(ﬁbefore)y =0= (I_jafter)y
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(pbefore)y — > >
-4 1Y
c? c?

(Brogore). = — 4 m[-(7)]

(T’)before)y = \/

VZ
me me 1—C—2

(ﬁbefore)y = \/ -
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Appendix B: n1sigain

u P cpd
K:]udp= Pep
0 0 +/p? + m2c?

970 “denu” ¥a9e “Relativistic (Linear) Momentum” (d1u3u “uis” 3#)

mu
p =
J1—u?/c?
azgla
i
pz <1 . ?> — m2y2
N pz(cz —u?) =m?c?u?: Czpz _ (p2 + m2c?)u? N
cp
u =
\/pz 1+ m2c2
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Appendix C: n1sigain

2

mc
K = \m2c* + p2c2 —mc? = —mc? = ymc? — mc?
V1= (u?/c?)
(luwmauvas p) (luwmanvas u) (luwmauvas y)
u P cpd
270 K =j udp = pap
0 0 /P2 + m2c?

“integrate” Tnen1s “Wasuduls”: W w=p2+m2c?2 — dw = 2pdp
“integration limits”: p = 0 —> w =m?c? waz p =p > w = p? + m?c?

p?2+m c2

v P cpdp C p2+m?2c?
ﬁ]g‘lﬂ K = = — J —_— = 2\/_
0 +/p? + m?c? \/_ 2 [ ]
— K= c(\/p2 + m2c? — mzcz) = /p2c? + m2c* — mc?
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mu

Tuweuves “u” ;. an P = azl@
\/1—u2/cz
5 , . mfu’c? , . MmPufc?® +m?c* —mPuic?
pecc +mect = > Tmoct = 572
1—u?/c 1—u?/c
2.4
mc
p2c2 4 m2ct = -
1—u4/c
2
mc
J1—u2/c?
mc?
K = /p2c? + m2c* —mc? = — mc?
J1—u?/c?
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Appendix D: “Lorentz” <> “Inverse Lorentz” Transformation

P/E 2
B
A
XI
O!
O X / S’ frame
VA S frame Z
x'=y(x—-Vt) x=ykx'+Vt")
y' =y y=y'
7! =7 VLN z=2z
, Vx , Vx'
t—V(t_C_z) t=y|\t'+—
“Lorentz” Transformation “Inverse Lorentz” Transformation
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2
, Vx V (x' Vx' &
t =y(t—?)=y[t—c—2(7+Vt)]=yt—c—2—ytc—2
, v\ Vx' t Vx'
; :“<1_?>_c_2_;_c_2
\J
. VX'
=)/<t +7>
( )
V2 1 & vz 1
V(-5) g R) = e |
\ 1= y
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.V x' y
LNy t=yl(t'+ 7 adlu x=—+Vt el

x’+Vt x’+V (t’+Vx’> x’+V t' + ’Vz
14 14 c? 14

!/ 1 Vz !/ !/ I/
X =yXx ﬁ-l_? + Vyt' =yx + Vyt
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d5U (moud) duinsnwiiiay (Special Relativity)

P/E 2
B
A
XI
OI
O X / S’ frame
YA S frame Z
x'=y(x—-Vt) x=ykx'+Vt")
y' =y y=y'
z' =z PN z=2z
1 Vx , VX’
t—V(t_C_z) t=y|t'+—
“Lorentz” Transformation “Inverse” Lorentz Transformation
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“wadutlas’ 910 “Lorentz Transformation”

(i) “szagnie” uaz “¥aa3a1” 521dne “wgnisal 2 wgnisal”

!/ / V [T
1N Ax' = y(Ax — VAt) wag At' =y | At —— Ax 2zl@n

C
173 ¢ o’,,d‘ccadg!d'o 1 = U,,@L cc 1% a d' d!,,
wiansad 2 wansal” 7 “ifevuiduniadeiiu” Tu “nsauanidalesnsaunily

22 “iNevunanazaunus” Tu “nseusnedaleedus”
v aa ¢ P I 1 v v o4y Y
gNLAUNTAN “Wan1sal 2 wnn1sal” YU “AeTuNTaNny” fde
Ax =0 % Ax' =0 sadunsaini At = 0 fae

“wiansal 2 wanaal” 7 “Aatundeuiy” Tu “nseudrdadesnsaunds”
aufindu “lindeauiy” lu “nseudrsdadessue”
ani3unsdli “wnnisal 2 wansal” fu “iRnduiiduvdadiontu” §ae
At =0 # At' =0 snunsdlil Ax = 0 &ae

“U %4

— FUNNSNIN” ¥99 “nrsindunieuny” (Relativity of Simultaneity)
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(ii) n1s “Ba (20n)” Va9 “4a99a1” (Time Dilation)

“proper” time interval (¥394381“U195511”") 521319 “wnnisal 2wanisal” (At)
= “g21281” 5209 “wan1sal 2 wgnnsal” A9e (neddunadied) Tu nseudiedaed
wansainedes “Batufiduwmiafeadiu” (Talas fdanafi“agfafisufuimanisal”
— #7150 “Uin1Faung” Tun1sdusian)

— At = yAt' = yAt,

, 1
130 Y = ————— = “Lorentz” visa“relativistic” factor uay
J1—p2 p

| <

dosan ¥ = 1 wawe daku aglddn At > Aty tude
“proper” time interval (At,)
azdu “dra9a7’ 17'i au‘waﬂ 'suwm “2 wan1sal”
Solanddunaii“agdafivufiun 2 wannsal”
(aglunsoudredefimanisaivedes “Batufidumiafoadu”
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(iii) n13 “ua ()’ ¥a3 “a27u812” (Length Contraction)

“proper” length (A211812“U10550”) va9 “Wng” (Lg)
= “Aa2u817” vad “Ing” Win (lneidanniied) lu nsaudidiiing “agils
(Tnleeddunan“agilaneuiving”

29

LO — )/L VED) L= Lo/]/
129910 y>1 A9 L< L,
—> “proper” length (L) azlu “aruena” # “uiniign” vaeing

(Inlneddunniiegdaiguiuing)
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(iv) mswuasauda (Velocity Transformation)

, U, — |74 . Uy ’ Uy
ccs : 177 ux = — 7. uy — uZ =
pecia — Vu, 1 Vu,\ 1 Vu,
113 . b3 I __ I I __
Galilean” — wu, =u, =V Uy = Uy, U, = U,

Usingnisal “aadiwaas” wedunwnsaw (Relativistic Doppler Effect)

“unaaniiange” fu “gaann” c+V ., _
4 Ay e R = — | fs (191 > A an — i)
LAADUN “LUIKINUY c
“UNaINLLALES” AU “Q’é’amm” P c—V f
A d o R — S
LAABUN “@anainnu’ c+V
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Tauudn (Wadu) weduwnsnw [Relativistic (Linear) Momentum]

— iafiagld “Conservation of (Linear) Momentum: ¥, Byefore = X Paster”
geas “10ua3e” Tu “Special Relativity” snuudes 1% “deu” vos “(Linear)
Momentum” ni

QN “ura M wazias “iwdoun” Taed “a11ase U’ 9l
“Tanausn (L) wedunnsnaw [Relativistic (Linear) Momentum], p”
mu

—_ —>
=ymu
u?
c2

P
1 —

(“denuan” Tu “Classical Mechanics” A p = mu)
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wasuIalltsdunnsatw (Relativistic Kinetic Energy, K),

a v o

wasusduwnsnwsau (Total Relativistic Energy, E)
uaz wawuls (Rest Energy, Eo)

mc?
K = \m2c* + p2c2 —mc? = — mc? = ymc? — mc?
V1—(u?/c?)
—2 “Total”
N \/mzc“ + p?c? = = ymc? = E = Relativistic
V1= (u?/c?) Energy

“Rest” Energy (Wa331uilq)
[WassURIFUNNSAINTIY B IngaEile]

LT)

— mc“ = E,

Y K=F—FE. = WASUIAUTIFUANS AN
° ™ (Relativistic Kinetic Energy)
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an E = m2c*+p2c?2 adld E? =m?c* + p?c?

E
mc?
-
pc
Speed Limit :
i} i} mc?
a1 u = c azlan E = = o0
J1— (u?/c?)

—  fdld “waennu” Usua “atiun” Tunmsiinli aynialisnsudawindu “c”
81 u > ¢ 22lddn “E” 2zl “dwaudunniw (imaginary number)”

—  “liidi Physical Meaning”

SCPY158 Physics 11 2562 — Special Relativity — Exercises NANT yzyz/qw§ Wand wiina 8



) .. v v u v o
Classical Limit: 81 u < ¢ azla Z K1 uwazaauu

o\ —1/2
K = ymc? —mc? = mc? (1 — c_2> — mc?

1 u? 1
I(zmcz<1+——>—mc2 =§mu2

Zero-Mass Particle: snunsadl “aynia” 13 “uda” Wu “gud” 14 lnefiayniai
75 SR TR = v 1159 2,99 AP Y < D)
Aa9” 1AFBUNAIY “BNTNTY” WU “BNTTIVDIEN
2 o
mc i1 u=c “Gay” azlu “gud”

= —
J1— (u2/c?) “E” aulu “o0” gt “m = 0”

E

an E = m2c* + p2c? — dwidu “auma” 28 “waauaud” E = pc
—  “Photon” 1Ju “aynn” ¥83 “4as” — 1AAUNMILENTNTI “C” waz
& “waa” Ju “gud”
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=R Y] e o %4 a\ 99
LLUUNNYAR NOYNAUNNTNATNNIA L

1. uveagnuilegnudnedaednsisa 20 m/s aneluluisaln@einaunfouiidae
9ns132 40 m/s amdnsidivesgnueaifisuiuiuiu s

(n) anuaagnursludremih (ireafuiiafisolnia) (60 m/s]
(v) gnuaagnuisludremas (asedhafuiieiisalwindaui) [20 m/s]
(R) anueagnuIseanuMIsITudsvaslunsal [44.7 m /5]

Nudu = “S frame”
salw = “S’ frame” waz V = Ve, = (40 m/s)e,
anuaa = “dng” uaz u’ = 20 m/s
dosn V « ¢ datiu snansa 14 Galilean Relativity 'l4

1 1
= = = 1
{y J1=V2/c2 /1 —(40/3 x 108)2 }
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(n) anusagnusludrmih (irdeafuiiafisaluis) [60 m/s]

Y
S’ — .
o U —> V =Ve, = (40 m/s)e,

00000000

S

Z 0
u' = (20 m/s)e,

—  anuFvesgnuaaiisuiunuiy. U =u' + V = (60 m/s)é,

(v) gnuaagnusludremas (asedhafuiieisalwindaui) [20 m/s]
u' =—(20m/s)e,

—  AanuGvasgnueaiisuiunuay. U =u' +V = (20 m/s)é,
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(R) anueagnuIseanuMIsITUTIsvaslunsal [44.7 m /5]

Y

S

Z

S’ _,

ﬁ”/‘ —> V =Ve, = (40 m/s)e,
| XXX X)
O

u' = (20m/s)é,

—  “AMa37” YasgnuaaisuAuNuRy;
u=u+V=(40m/s)e, + (20 m/s)e,

- “dnssq” %aagnuamﬁﬂuﬁ’uﬁuau:
u =+/(40 m/s)2 + (20 m/s)? = 44.7 m/s

SCPY158 Physics 11 2562 — Special Relativity — Exercises NANT yzyz/qw§ Wand wiina
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2. ﬁnﬁummﬂﬂwﬁqgnda‘lﬂma Sirius Tnaluszninenisiunianaanszeznig 8
Yuas arnlanluana Sirius dndusanagigninliusundy ladena Sirius
Tndusaniaduaaniadn i lfinaniunie 6 drasedldfinnusalunisfiunis
asiine 0.8¢ iinAnwrasuieldnioliin vlutnduainiadesunanTunisiiiums

Wese 6 U
‘ [k O—V =08 4
Tan (S) g1uaIn1a () Sirius

“szaznne” dalae “Haunauulan’ azilu “proper” distance (dy) = 8 Vs
“Gn3NT” vad “a59n” dalaedaunauulan = 0.8¢
“92917a1%8N1TAUNIN” Ialag “Hdunauulan” = At

distance _ 8¢

At = =
speed 0.8c

U=109

SCPY158 Physics 11 2562 — Special Relativity — Exercises NANT ygyz/qw§ Wand wiiaa 13



“Lorentz” factor visa “relativistic” factor
1 1 1 1 1

"TAvie J1-(08)? Vi-064 4036 06

5
3

! a % ¥ w2 ) Sl 6 99 - :
Y29281UINTAUNTE Ialae “Unduenid’ aztu “proper” time interval
= @ 5 & (Y ) ! 173 S99

(Fadu “9291381” N “AuUNgn” 3319 “2 wnisal”)

Aty = 2L = (10%) (3) 69
0 — % - 5 —
“s3e119” Mlae “Undueinid” (d):

d = — = (8 Uuav) (—) = 4.8 Uukaq
y 5

e Y Y ‘e 99 .Y Aa 99 d 4‘-8C%
M52 U9 “a590” Ialag “UnlusInd”’ = = — = (0.8c
At 61U
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3. WIAUSalIuASTIAaAR DU Iﬂaﬁf{é’ammiumaué’wﬁwﬁaé’ean'j%ﬁu

fwnssuiiianuenianaunioissndomie 10.866¢]
Y
S’ LO —>
S V=ve,
X
Z_~0
1
L==2 505m="—>y=2=
y % 1- 2
1 3 Vv 3
1 — 2 _— _ 2 — _ = —_ = —
Dl =g = FETE
V3 1.732
—-> V= <7> = ( > )c = 0.866¢
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4. grupInIAaIiwAdaunfalea1s? 0.9¢ dnfnetuaiien? 100 m 1iadnan
Meluvaseu s dgruariazeiwinladiavitnisinlaeddanndseguunulan

43.6 m|
‘ g1uaana (S) (& DV =09c
Tan (S) Lo =100m
=209 51-p4%=019 = =
= — = . —> —_ = . —> = =
¢ ' J1-p2 +0.19

L= % = (100 m)(v/0.19) = (100)(0.436)m = 43.6 m
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5. ayn1a muon Wwadulutuusssnalaniieggenny draunadsnanaadouiivag
Aaus? 0.99¢ Wuszezne 46 kmazaaneaalu dianaseu (e )Hn3lu (v)
uay wauAdanaly (V) amauns 4 —e +v+v
(n) szezmsioynandauiild Wednannsaudisdevesisiues  [6.49 km)]
(¥) ¥re¥3nvassiuazuiuwinla Weadnainnseudredevasiasiues  [21.8 us]

- “sepenne” A 4 \edeuild Wedalae “A” = “proper” distance
0.99c! 46 km |Lorentz factor:
| 1
P y = ~ = 7.09
; J1=V2/c2 /1 —(0.99)2
: “gh29T3n” Va9 1~ Wlatalae “A” = “proper” lifetime
Af!f _dy 46km  46x10°m _1e4s
ST Y T 099 099x3x108m/s
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43 29 o _ = avy A o e Y a LYY °9 & 1
(n) “szazn1e” N 4 wasunla Wainan “nsausnedevaesntiues” (dundnd,)

= = = 6. m
y 7.09
(@) “429%30” ¥99 4 1Wadinan “nsousnedvasiatues” azlu “proper”

lifetime (uiiga)

T 1549pus

- = 8
=TT 709 i
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6. (n) aumAwwauiinlais 135 MeV aswmnsdnsisivasuwauiifindsanuaa
13.5 GeV [0.99995¢]

(v) Y299 InVBRULBUNDETIWINAU 2 1S JINYIUIAVLULIUNA NS IUIAY
13.5 GeV [202 ps]

(n) &i“udafle” 135 MeV — & “waseuils (rest energy)” E, = mc? = 135 MeV
[135 MeV =135 x 106 eV = (135 x 10%) x (1.6 x 10719) J}

K+ E,
K=E—EO=YEO_EO —> y=
Eq
13.5 GeV + 135 MeV 13500 MeV + 135 MeV
135 MeV 135 MeV
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1 1 1 y*-1 @+L@E-1
e e
_)B=K=\/(V+1)(V—1)_)V:<\/(V+1)(V—1)>C
C 14 )4
y=101-> V = <\/(10123§100)> ¢ = 0.99995¢

(¥)“929%90” vouuYau “Naglle” WAy 2 ps - 79 = 2 s
Ju “proper” lifetime vasuwou — duiign)
ayuNALIYIUNY “wasuaal 13.5 GeV " azll ¥y = 101

“oi29T3n” vouuTaUNINS e uaay 13.5 GeV fa
T =7y1y = (101)(2 us) = 202 ps
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7. gruanAdasaIiueanaNgadudnalsvaInwandluiiAniinsetauny dnenu
9INANIFRLARIUNAIEaNT ISy 0.75¢ Wisuiugagudnatsvasniuand
AT IR WU M A wmdaliafisuiudnainile [0.96¢]

A =—075c<—® D V = 0.75¢

,Iy_) (Weuiu A) (viiuiiu A)
2, . :X\
1 “velocity transformation”
. u, —V , —0.75¢ — 0.75c¢ 1.5¢
Ur = T U= . _ (0.750)(=0.75¢) = T1sezs 000
c? c2
— sasnIrvaseueInaamialadisuiudnamils fe 0.96¢
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8. BiAnNATAURNLIRINUYANNIUTNEIIUIEN 20 GeV lnginTaussaynIanissesnig

812 3 Km
(n) aswA vy vesdiannseull 3.907 x 10%]
(v) 3msnsSwedianaseuiiiindsnuaay 20 GeVil 0.9999¢]
(A) dmSuddanadsagiiafioufu 20 GeV Bieinasou w19z inssazn1aung
\n3aaissayMAldvinls 0.0767 m]
- El | } +
< 3 km >
(\Ju “proper” distance)
K + E,
K=E—-Ey=vEy—Ey — V=""F—
0
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Ey =m,c? = (9.1 x 10731 kg)(3 x 108 m/s)? =8.19 x 1071
| 819x10714]

Bo =75 = 0-512 MeV

_K+E_20GeV+0512MeV _ 20000512

™ Y= TR T T T osi2Mev . 0512 - U0
Jr+DF -1 /(39,064.5)(39,062.5)

(@) V= = = 0.9999

( y ¢ 39,063.5 ‘ ¢
(P) Length Contracti p=f0_3000m _0768
A eng ontraction —» = Y _39,0635_ . m
ErldAnTiazientu m, = 9.109 x 10731 kg

c =2.998 x 108 m/s uaz e=1.602x1071°C

wld E, =0.511MeV, y =39,139.9, V =0.9999¢c & L =0.0766m
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9. dnTusimanuiivils aglaliaiisuiunsaudeds S wnswiuLERINAIgNY
sulnaliunenilsdasnsaundsnavalunuiuny y (nsaUs1984 S Usznauludag
WAW 7 uaz ¥ Fensannnu) Tuvazmeanuy tndueinidaunaadnaauinluwuin
vuunuuny 2 (lunsaudneds S) fAaesnsnia 0.8¢ awndundusiniAauiiaes

< 1 [ o 1 O
ZUDAAULEIFD T IYWINYUIT e [36.97]

*

uy =0 ¢“photon”

T_) A (Wgunu A)
e |
* B v=08c |

A
S S[&_>
V=08c > p=08->,1—-p2=06 > y=5/3
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1 “velocity transformation” azla

, U=V , 0-08c 08 — 4)
Uy = ; Vi, — Uy = 080~ c = (5 C
— C2 1 — C2
, Uy, , —C _ (3)
e Yy T YT 0890 \5)°
14 2 3 1- c2

unduainAnuiidasazuaiiunasdasungauvingu 0 = 53.1° Auwnu y
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10. Wiwnsdunieaneinge 30° Auwnuuaulunsaudiededeanidunaosuin d1nsau
31999UiA A UN TUAANITILUILNUVBITUIUIUAULUILN UL UVDINTBUBIDIDN
sunila@sagiadaednsniadunns 0.9¢ amanuevasldunsduilisiognin

0.63 m]

lngdaunnlunsauandsaisagile

—> V =0.9c
Y 3 Lo
L
S 30° |
Ly
0 & X

V=09 - =09 - J1-2=+019 - y=12294

Lo, c€0s(30°)
L, = = = (0.378 5 5
14 2.294 - L= [L5+L;=0.627m
L, = Loy, = sin(30°) = 0.500
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11. NRTUIMTVURULEANEUTENIIMSINadaasnau (A wag B) nflulawinduwindu
m Bieussa1nnsaus1ed el wudrliausanel

ANNSINDUBY AU INAITUY
A i, = 0.4619c &, By = —04619c &,
B| 1, = 0.500c &, — 0.400c &, Vy = 0.500c &, + 0.400c &,

1’4

(n) awnsiasuudasduuuaundsdunnsvamsinaunaasioy wazuanslfiiudn

Tuusnaydnedmsunissuilangdunalunsauanedeile

(V) WIAMULTIVBINTTIUNSEAT LElBFUNAIINNTBUS19D sTumaaunlun1esfny
BREAUET 0.500¢ €, WioUNIIAFULAAINITVUVBINITINAUNIFBUID
FUNAIINNTDUDNIDIU

(A) WldAmauiildann (v) Auramnnisasuulasves relativistic momentum
duaiasnnsvuiiedaunalunsaudiedsdsidauaioudl ndeunmaudiana
31 TuANaYInduso bl
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“relativistic momentum” dw3uayn1aid “uta m” wdauife “auEy U A

P = = Yamu
u2
1 —_—
C2
13a u = [U] = “8n137” V83 “Mspdoui” vas “aynia”

I = : : 3 Y oY S Y3 2
n1swUasnd1u3a (velocity transformation)” : @AMuaNNWUSTENING “AULITIVDY

%4

Tng” Ndunalag “gaann” A3 “anuFadunns (sswdneiv)” du V = Ve, fs

4 ux_V ul uy LLau ul uz
Uy = — . ' W T Tu T oMz T Vu
X _ X _ X
- y(1-") v (1)
: 1
1318 Y =
J1-=V2/c?
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(n) WasewIn1sBule “nTaUDN9Bels”
dmsu “aunia A7

ANNULSINIUTY

ANULSINAITY

i, = 0.4619c &,

v, = —0.4619c &,

¥
o v

AIUU
1

Uy = |ﬁ)A| = 0.4619c = |6A| = Vy

relativistic momentum nauwu

relativistic momentum waswu

I_’:l‘)l = VuAmﬁA
ps = (1.1275)(m)(0.4619c &,)
p, = 0.5208mc &,

ﬁﬁ = VvAmTjA
P2 = (1.1275)(m)(—0.4619c &,,)
p% = —0.5208mc é,,
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dmiu “aunia B” :

AU NDUTBY AU NIV

Ug = 0.500c &, — 0.400c e, vg = 0.500c &, + 0.400c e,

up = [tiz] = (V(0.5)2 + (0.4)?) c = 0.6403c = [3;] = v,

1 1
Yue = = = 1.3019 =y,
g L uZ  /1—(0.6403)?
CZ
relativistic momentum nauvy relativistic momentum wiaswu
I_jg = VuBTm_iB P5 = VvBmE)B

pp = 1.3019m(0.5c &, — 0.4c e,) | ps = 1.3019m(0.5c &, + 0.4c &)
p3 = 0.6510mc &, — 0.5208mc &, ps = 0.6510mc &, + 0.5208mc &,

- P’ =Pi+Ps = 0.6510mc &, = P + Pg = p°
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(v) Aarsansyulu “nseausnedslsniaundauiinieadusa 0.500c ,.”

Y < & 4 ) 173 Yy oa a
L'i']:ji AIMULIVIVBINIINAUNIEIDINDU 1‘14 NIDUIIIIUN

ANLSINDUBY AU INAIVUY
A i, = 0.4619c &, By = —0.4619c &,
B| iy = 0.500c &, — 0.400c &, By = 0.500c &, + 0.400c &,
— 2314 “a1suvasadnaia (velocity transformation)”
/ Uy — 14 ! uy
= — uay uy, = 7
— X _ X
1 c2 14 (1 c? )
. 1 1 1
1318 14 = = 1.1547

B J1-=V2/c2 /1 —(0.5)2 V075

= o < & v ,,eL @ Yy a - iy
FNDYT  AINULIIUDINIINAUNGEADINDU ™ 1Y  NIDUDIIDILAADUN
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I AT 99 X = & 1 - < Y eL“ Y A a ., &
#31%3U E’J‘Léﬂ']ﬂA FIUAIMULIINDUYULLALAIIULIIAIYU bU “NTDUD19D9US” 1 U

uy =04619ceé,  uaz Uy = —0.4619c &,
, U=V 0-0500c 0.500
tax = Vige ~ | (05006)(0) - —HoRNe
C c?
, Ugy 0.4619c 0.400
uAy —_ —_ —_ . C
y(1-745) 11547 (1 - (O'SOCOZC)(O))
, V=V _ 0-0500c 0.500
Vax = | Vo ~ (050000 ~ ¢
C c?
Vay B —0.4619c

Vyy = T = (0.5000)(0) = —0.400c
_llAx _ W
y(1 - ) 11547 (1 = )

> Uy =—0.500c &, + 0.400c &, uaz v, = —0.500c &, — 0.400c &,
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o T 99 2 2 < o e Y a a4 &
413U “aynia B” @alinnnunsanaurunazadnusinassu Tu “nsaudnedeiis” u
Up = 0.500c &, — 0.400c &, waz vy = 0.500c &, + 0.400c &,

, _upy—V _ 0.500c—0.500c
Upx = | Vg~ (0. 500c)(0 500c)
T2
, Upy —0. 4OOC 04619
uBy — V — C
y (1 _ zté;x) 11547 ( (0. 5000220 SOOC))
_ vge—V  0500c—-0.500c
VBx = " Vp,. ~  (0.500c)(0.500¢)
te 1 Z
, Upy 0.400c +0.4619
Vpy = = = +0. c
y (1 _ V:Bx) 11547 (1 _ (O.SOOngO.SOOc))
— up = —0.4619ce, ha U = +0.4619c e,
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“AnMaS1vRINIINaNNeaasnan’”’ Tu “nsaudiedaaaaun’ A

anusnauvulunsaudtdaundaui

ausmassulunsaudtedundoudl

A| ujy =-0.500c &, + 0.400c &,

v, = —0.500c &, — 0.400c &,

B Uy = —0.4619c

vy = +0.4619c &,

“ATN” YBINIIBUVDINITINANNIEDY HIBHUNARIN “nsaudnedantoun” aziludgy

B I
“nauyy’”

\’A

SCPY158 Physics Il 2562 — Special Relativity — Exercises
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(A) WATEINTsBUlL “NTRUDNINBLARDUN

dmiu “aunia A7

anusnausulunsaudtdundaui

anusmassulunsaudtedauniaud

u, = —0.500c &, + 0.400c e,

v, = —0.500c &, — 0.400c e,

uy = faiy| = (V(05)2 + (00)?) c = 0.6403c = [v};| = v}
' = = 13019 = ¥,
“A L u_[f J1 = (0.6403)2 o
C

relativistic momentum nauwu

relativistic momentum waswu

—),b
Pg = VuAmuA
—),b

Py = 1.3019m(-0.5c e, + 0.4c e,)

p? = —0.6510mc &, + 0.5208mc &,

—),a

Pa = VvAva
pi = 1.3019m(-0.5c &, — 0.4c &,)

p'd =—0.6510mc e, — 0.5208mc &

y
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dmu “aunia B :

ausnausulunsaud1edAfoud

ausasvulunsaudisdaaaoun

Uy = —0.4619c &,

vy = +0.4619¢ &,

Up

1

|uz| = 0.4619¢ = |vg| = vp

! —
VuB -

= 1.1275 =y},

102

“u?  J1-(0.4619)2

relativistic momentum nauwu

relativistic momentum waswu

—>,b

pB = Y&Bmﬁ)g
py = 1.1275m(—0.4619c €))
py = —0.5208mce,

D5 = Yy,mUp
Pyt = 1.1275m(+0.4619c €,)
Ps = +0.5208mc &,

—

— p’ =Py +py =—-06510mceé, =p+ps =p"°
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12. [F2551] A agjﬁﬂuniaué’waaLﬁaﬂniauwﬁa WU g1uaIn1A B ura M Aas
wasulunawan Qudiduan X) §aednsnsaneia 0.8¢ Tuvasiaaiu sadauaam
fignussgaanlunisdrearneruainie B Tdnsuiansii 0.5¢ Wieuiugueina B
(n) AuuueIuaINIA B azwudn A fanusainls
(v) A aznuiseilafinausawinls
() A aznuinszidnuazenueinig unazag1ed luiuuauvinle

B

s[& O—Vv=o08c

gra M (LﬁEJ‘Uf?]J‘U A)

€y

L

u, = —0.5¢ P

h

(n) AUUUYIUD2NA B aznuin A tadaunlu “n1edie” (idau X) g “ons1saV?”

V=-ve,

€x
S
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(v) 1% “inverse” velocity transformation

u, +V —0.5¢ + 0.8c¢ (0.3) s
Uy = ——F —> Uy = = ¢ = 0.5¢c
x Vi, x (0.8¢)(=0.5¢) _ \0.6
1+—= 1+ >
c c
A aziuszsidamasuill “n19971” dae “smsusia 0.5¢”
. mu
o =———=ymu
() Relativistic (Linear) Momentum: P U2 Y
1 - C_Z
N9 “gruaima” wag “seida” An1sieaaud “ewizlutuinnuus” (wnu “X”)

o= 7 G o5~ )"~

C
m(0.5¢) 0.5mc 0.5mc ( 1 )
= = C

(Dssta)x = = = =\—=|M
fi-@xy R

C
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13. [F2552] pjé’qmm’[,uniaué"maqAwudmﬁmuﬁﬂﬁuﬂ%LLinﬁﬁ'\Lmﬁq X1= 450 m
uazdn 5.0 ps sewAnsaidindnaSaiidumia xo = 1,350 m ddunadnaunisly
nsaudneBe B Faindundouiilufia +x §2e8051157 V wudrsndnnedesndety
Ravuiiduiafisai
(n) aswaman V dndufvinvesdnsidauas ¢ (Fuuals ¢ = 3x 108 m/s)
(¥) §aav 5.0 us didu Proper Time Interval videlai W3ELA e
(A) B aznudrsudnnedesnsssuinduieiuuiuminle Tumiae ps

S frame (A) S’ frame (B)
sudnased 1 (x; =450 m,ty) (x1,t1)
suidnnsed 2 (x; =1,350m,t, = t; + 5 us) (x3 = x1,t3)
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(1) 270 Ax" =y(Ax —VAt) agld 0 =y[(900m) — V(5 us)]

y—_200m —3x3x1o3m—(3) — 06
~5x10-6s &5 s \5)¢=v°¢

5
V=06c - =06 - J1—2=+0.64 - y:Z

() “laily” proper time interval \asannwgn1sainigas “iAanAuazAILALL

(A) 37N
. V
At =y (At — C—ZAX)

azla

5 0.6
At' = (Z) [(5 45y — & Czc) (900 m)] — 4 pus
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14. [F2551] u1e A §uﬁqaguuﬁu druune B Builseguusadiaindunaoudinag
Aa37 0.6¢ lunsun aelusaiivaaalnaasne wie A wuiinae C agnns
a1nune B 1luseeznie £ wazale D 2811991nA29 C Juszaynne £ uazisans
aefuey Wesamdsuluaunsensune A wudmune B agvineaniuniduszezms
d we A Anuivasnlnlusansaonisadneduiuiindousy fvunlineusudy
w1e B piuntiung A wef

-~ |0.6C
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(M) we A wuimasnln C ainstuiitianla

@) we A wuiwaenlw C uaz D ainstudisunisla

(@) Wy A Saaaranserdnansainsuvasviaanlnsaasnaslduinls
(@) we B wuimasal C ainstudinanle

@) we B wuiwaanlnvasalaaitedudau

— d—o— o —>

it = t; > Aiu (i) B agvinseanluilusses d waz (ii) C waz D ddnsauniauiiu
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" o d _(10)d_(5)d
17 06c \6/c \3/c

() Newnds d+£ waz d+ 2 ewmaeu
@  “0” (A wuiwasalW C uaz D ad19uu “wiaunu”)

14

Q) 1M . Vx zle
‘ —V(t‘c—z)

- (- 2420 (- ()
e

@) Wesn t) < t, AU B gy “vasalvl D” a@94193u “now”
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15. [F2552] w1e A Bullsaguuinu dquune B Bulsaguusa Jeung A wudnsaniag
waoufidraausa V Tufia +x dwnlunauEudu

O

(M & V =7 m/s waz ure B Urgnueasenludundrdiendnuda 15 m/s
(we B dataq) ueg A azwud'\gnuaaﬁﬁmmL’%'awi'ﬂﬂ

@) & V =7 m/s waz ure B Urgnueasenludundrdseadnuda 15 m/s
Tufiesinga 53° Auunu X (w1e B daes) we A aznwudignueaili
AT IINlA
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(@) 81 V = 0.6¢ Tnef C Apdnst5avaduas was u1e B 8asineanludiuniin
[ < ] 1 zgd < 1
area152 0.5¢ (W1e B 9a199) w19 A 92WU119520U0AUS v e

@) 81 V = 0.6¢ Tngf ¢ Aadnsisr1vaduds was w1y B deuaaawasaiden
ganludnentin w1 A aznudnlinauuaaasuiial1us2winle

dmsude (n) wae () Weoen “8ns3a " ves“sa”(V = 7 m/s) wazvas “gnuaa”
(u = 15 m/s) fieendn “8ns132” vos “uds” (¢ = 3 X 108 m/s) wngq -
14 “Galilean Relativity” 14

(n) B u1“gnusa’sanludumnddisaiiuss 15 m/s

U = (15m/s)e, uwaz V = (7m/s)é,

U=u+V - U= (22m/s)e,

—  “A” gzwud “gnuea” §aasn “22 m/s” W “newan (Grumndi)”
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(@) B u1“gnuea’eanludumnddasaiiuss 15 m/s Tuiia “vingy 53°Auwnu X7

0y u
15/ | 12 20 12
A 37°

9 16

u' = (15 m/s)cos(53°)e, + (15 m/s)sin(53°)e,,
- 3 1
u' = (15 m/s) (E) e, + (15m/s) (E) e, = (9 m/s)e, + (12m/s)e,
V = (7m/s)e,
u=u+V = (16m/s)e, + (12 m/s)é,,

—  “A” azwud “gnuaa” Fausa “20 m/s” Tuiia “vinyy 37°Auwnu X7
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ausude () wag (9) Wesan “ansuia” ves“sa”(V = 0.6¢) uaz “ans132” vo9
“2590” (u = 0.5¢) Whlnd “ansn32” ves “uas”(c) — 14 “Special Relativity”

(@ B B3“asin” oanlu “frunth” fe “aammia 0.5¢” (B daee) — ul = 0.5¢
14 “inverse” velocity transformation
u, +V 0.5¢ + 0.6¢ (1.1

1 +V_u;f M 1+ (0.6¢)(0.5¢) E)C = 0.846¢
c? =

U, =

5 “A” 9ENUI “e3790” TA27U572 <0.846¢” 1U “m1euan (Bunin)”

(1) B 8e“uasawaiaven” sonld “drunin” > ulL =c

14 “inverse” velocity transformation
u, +V c+ 0.6¢ (1.6)
c=2¢

Ue = 16

——— > U, = =
1L % L (O.6Cc2)(c)

> “A” 9znu1 “Innaunauaeas’” 3n21u59 “c” U “n19971 (@unt) v
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16. [F2552] Inauadug1inau Ay WNsuiuaun1adaseaa m fanuagile 1ng
wwaM sy 6 = 53 Auuny y aegudne wasvulnpauiinanueningu A’
wazimaaunlunuILNy x druaunandaunluluwuInny y Aeguuan

! A
m |
L =
0 :,/’\QJ i
ADUYU NAIYY

Amiuali szuumalinaulazauna kazaNeInauYaslnnauAsuly

h .
AA = — (1 — cos ¢) iila ¢ Av yYunszdavaslnnau

(mavlugudaudslulang uazArasiaingItaeinu)
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(N)  AWINAINUTIN (FFUNNENIN) Yasssuunauvy (ayn1magile)
hc

B _ B B _ 2 _ 2
E” = Ephoton + Eparticle - th +mc® = /1_ + mc
0
(@) TWnaunszdsluanuunduduyuwinle
Yy y ‘
' A

QF

o 1
" - 3
A ___ .\____
)
S

=

=

yunszide = ¢ = 90 — 6 = 90 — 53 = 37
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(A)  surelagldnaniandi1a1Ne12AAUNYNAINITVUVDIINADULY
UINVU WoEag 130 WINAN LWIzwinle

naN5BU “Tinau” 9l “wasuanal” (arew/gyidendsnuuisdulvinuaynina
inlviaun1ALARaUN)
hc

12931 Ephoton = hf = -

(“WAL” Va9 “TWnaw” 33 “udsuniu” AU “A1Ne12AaY”

“A214819AAY” ANENRAINISTUVDIINADUIZUAT “urnTu’”

(1) MIANMNYIAFUVRINABUNAINITYUNUBUNA

h h
= — — = ) — 31,” I — —_— —
N A - (1—cosgp)=A"—-21, 3w A'=21,+ - (1 —cos¢)
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(2)  WHINANIUIAUVIBUNIANEIYY

WAIUIIN (WFUNNSNIN) VaesTUU “Nauvy” (aun1nagile)
hc
B _ B B — 2 2
E” = Ephoton + Eparticle - hfo +mc” = /1_ +mc
0
WAUTIN (WFUNNSNIN) VBITTUU “Vavu” (aun1aLpdoun)
hc

ot (mc? + K)

A_ A A —
ES = Ephoton + Eparticle -

14 “wdnnsayindwdenu (E4 = EF)” azld
hc hc A=A
=— =22
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@) Wululausald An1enasnisvuninlanddrsuundn Innsuiiniusninay
A" wasuinlukuiunu —y dauayniandeuniunig +y

“Wululale” wszazdaiu “wannisoysndlumuaudadu’”
(nouwy “Nlasuamdaudulunuiunuy x” Tuvaen waswu “lun”)

SCPY158 Physics 11 2562 — Special Relativity — Exercises NANT yzyz/qw§ Wand witaa 52



