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Special relativity
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Special relativity is derived from two principles.

(D Special Principle of Relativity itz

Physical laws should be the same in
every inertial frame of reference. &%

(@ Principle of Invariant Light Speed stzsrzomE

There is at least one inertial frame of

reference where Maxwell’s equations
hold.
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Maxwell’s equations

- V-D=p

18645

in vacuum . 1
Bz =
- v €00

vacuum velocity of light is uniquely derived from
Maxwell’s equations
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Special relativity is derived from two principles.

(D Special Principle of Relativity ##iasitims

Physical laws should be the same in
every inertial frame of reference. &%

(@ Principle of Invariant Light Speed stzsrzomE

There is at least one inertial frame of reference
where Maxwell’s equations hold.

=)

light in vacuum propagates with the
speed c in one inertial frame of
reference, regardless of the state of
motion of the light source.
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Relativity is used in nuclear physics primarily
through the expressions for the energy and
momentum of a free particle

EENE
rest mass & |tEs M velocity &g Vv
mCZ 2 2
energy F = = ymc” = Mc
V1 —v2/c?
mv
momentum P = =ymv = Mv
V1 —v2/c?

1
V:\/1_52 B=wv/c
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rest mass zi-Es M velocity &g Vv

ch

energy E = = ymec® = Mc?

V1 —v2/c?

non-relativistic limit v < ¢ usually applies for nuclei

1
E ~ mc® + imUQ

* Mass is a form of energy

nuclear energy
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-

Eisequaltom ):-squared,
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rest mass zi-Es M velocity &g Vv

ch

energy E = = ymec® = Mc?

V1 —v2/c?

non-relativistic limit v < ¢ usually applies for nuclei

1
E ~ mc® + imUQ

* Mass is a form of energy

* The faster the particle is, the larger its

observed mass is
The kinetic energy #&Tx/L¥— is also observed

as a part of the (observed) mass
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rest mass zi-Es M velocity &g Vv

ch

energy E = = ymec® = Mc?

V1 —v2/c?

Any form of energy is
observed as mass.
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mc2 Tmv

energy F — momentum P =
s V1 —v2/c? V1—v?/c?
2 924, 929 v_ pe
Ec=m"c" + p°c LT

nuclei: non-relativistic limit v < ¢

2
EﬁtﬁmCQ—sz—m p~mu

neutrinos and photons: mc < p

2 2 2 2
E ~ pc 1J.mc VR C 1_mc
2p? 2p?

especially for photons: m =0

FE =pc vV==cC
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For two particles A and B
EsEp — ¢ pa - PB

is independent of inertial frames of reference
(Lorentz invariant)
O—LYYARRE

Especially E? — *p® = m2c’
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Decay A —-B+C

O- Q . @

mc, Pc ma,pPAa mp,PB

ﬁnd PB,PC

Energy conservation FEa=Ep+ Ec

Momentum conservation PA = PB + Pc

In the rest frame of A AD#EILZT

pa=0 ——> DPB = —DC

mac? = \/p262 + m%ct + \/p2c2 + m2,ct

not easy to solve ...
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Ec=FE4— Ep Pc = PA — PB

EZ — c*pt = (BEx4 — E)? — c*(pa — pB)”
m%c4 — m?404 + mQBC4 — 2(FaEp — pa - PB)
Lorentz invariant

can be evaluated with a convenient
inertial frame of reference

In the rest frame of A

mZct = m2ct + mpet — 2myc? \/mQBC4 + p?c?

i 2 2 2\ 2 1

o | [ My T Mmp — Mg o | o

p° = —mpz| c
2m A




Elements of
Quantum Mechanics
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Wave-particle duality to the Schrodinger equation

RIFIREI B4 Val—FTa4 2 H—FER
plane wave ik r—wt) p=nrhk, FE=hv
TER
h —34
h = 2— — 1.055 x 10 J -s reduced Planck constant
-

h—6626%10"%].g Planck constant 75> 7 E#

how to extract p and E from U(z,t) = etkz=wi) 2

0

p¥(z,t) = —zhax\IJ(az t) A 5 P
P p = —th—, E = ih—
EV(x,t) = iha\lf(aﬁ,t) ox’ ot

In quantum mechanics, a physical quantity is represented
by an operator (or matrix) in general.
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2 9 . 0
P N .
B 2m+v() p Z(9:13 Z@t

kinetic energy potential energy
BEITRILF— RFVIvILIRILF— ——
/ =

. a h2 82 wave function
o ih—W(x,t) = [_Qm — V(az)] U(z, 1)

the time-dependent Schrodinger equation (I1D)
FEICIKEIT DY aL—FT 1 Y AH—AER

9 W2
3D i U (r, 1) = { Vi V(a )} U(r, 1)

W (z,t)|* or |¥(r,t)|* interpreted as probability density
to find the particle at x

iv. of Tokyo)
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Solution with energy FE = hw

U(z,t) = Y(x)e ™"

n &y _
| V(@) () = Bl

the (time-independent) Schrodinger equation (1D)

E :energy eigenvalue Ix/I¥—EHEfE

K BRI
wave function

Y(x) and ay continuous functions
dx BRI

20
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Free particle mmtiyr V(zr) =0 s
plane \;vave

d2 2mkE 1kax —i1kx
d;gl 7;2 Y(x) =0 #?ﬁ(x):ek, e "
2mE
ERY 73
e—ikw eikx

< ‘ >

\If(ilf,t) _ Aei(ka:—wt) 4 Bei(—kx—wt)

21
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Barrier potential

O |@] €)

reflection RHY ¢ % <

incident Ay %7 > transmission 2
\ 4
z =0 r=a(a>0)
h2 k>
E = 2— < Vi 100 % reflection in classical mechanics ~HEIFTIHI00%REFENS
m

wl _ eika: _|_A6—ikac ¢2 _ BeKac _|_C€—Kac ¢3 _ Deikx
K =+/2m(Vy — E)/h?

transmission coefficient &EBERH

1
ﬁ T:|D\2: —

Y, _¢ continuous 1+ 4E(V8—E) sinh® Ka

22
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h2 k2
F = 2— < VO 100 % reflection in classical mechanics HHEAZFETIEI00%RFAENS
m

transmission coefficient &E&ERE

T:’DP: V2 1 2 Siﬂhﬂ?:ﬂ
1+ 4E(V8_E) sinh” Ka

transmission is nonzero in
quantum mechanics

tunneling effect| r>#1u2

EFNFTRHEBBNG S important in alpha decay
T 0.20j m%aQ
, 2 =8

E/Vo

23
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Parity IUT 1 (BF)

h? d?
Y V(@) b(a) = B

if V(z)=V(-x) (x) = (—z) satisfies
Y L V(@) d(a) = B

in the absence of degeneracy  maruonia

w<> Py(z) |Pl=1
Y(x) = P?y(z) e P=+1

only (Univ. of Tokyo)

P=1 ¢¥(—x)=%v(xr) even or + parity & (+) o/xu~
=.] ¢Y(-z)=—-vY(zr) oddor-parity & ) 0/tUF<

Nuclear states can be assigned a definite parity, even or odd.

Important in the discussion of beta decay

24
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Angular momentum| #Enz
0 0
— L,=—ih|y— — 2—
L=rXxp z (y(‘?z Z@y)
0 0
L= —ib| 2 — 22
P Y : (Z ox m@z)
0 0
O oy ox
In the spherical coordinate #REEE Tl
& L :ih(sin(ba —1—COS¢ 8)
) 00  tanf 0¢
3¢ 0.9) 9 sing 0
Il Ly = ih(=cos o 55 + a9
.
—9\/,’, Lz — _Zhﬁ_qﬁ
’:\ y o o[ 1 0 (. 0 1 0
T L°=—h [sin&% (SIHH%) + sin298¢2]

25
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commutation relation SEHRBIIR
L2, L) =[L% L] =[L* L] =0
Ly, L, =ihLl, [L,,L.|=ihL, [L.,Ly]=1hL,

common eigenfunction of L2 and L, == Y7,,,(0, ¢)

EH R spherical harmonics
ERTEI SR B %1

L? Vi (0, ¢) = R2U(1 4+ 1)Yim (0, ¢)  1=0,1,2,3,---
L, Y1 (0, 0) = mhYy,, (0, ¢) m=—l,—l4+1,--,1—1,1

(2l+1) eigenfunctions for given [
21+1) B DEHFIREE

/1 /3 /3 . |
Yoo =1/~ Yip =1/ ;- cos® Vi1 =F/ —sinfe?
dm 4 ’ s

examples

26
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how about spin?

Let’s use the commutation relation
Ly, L, =ihL. [L, L.]=4ikL, [L.,L,]=ihkL,
as a definition of angular momentum (operator)
L= (LyL,,L,)

forget

For given [, there are (2/+1) eigenfunctions

eigenvectors 751
( ﬁ/\“a ML ) » (20 +1) x (21 + 1) matrix

27
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=1
l
( I —1 \ 1 0 O
o AlO 0 0
L,—h 0 0 -1
—1+1
\ -1
[0 V1.2 0 0 0\
0 0 2-(20—1) 0 0 0 V2 0
Ly=Ly+iL,—h| " Y 0 V3 (20=2) 0 hg : \{)5
0 0 0 0 . V2101
\0 0 0 0 0 )
0 0 0 0 0
V201 0 0 0 0 0 0 0
L_=L,—ilL,—h 8 <2581)'2 2102 ; 8 8 Alv2 0 0
O 0 V20
\ 0 0 0 . V121 o/
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Let’s consider 2X2 matrices?

hi(1 0 (0 2 (00
Lz_ﬂ(o —1) L+_>§(o o) L—_>§(2 o)
(01 B0 —i
Lx%§(1 0) Ly_ﬁ(z' 0)
, h
elgenvalues= T — 0 .1 icl
2 spin ; particle

1 /1 1 0 1
2 2= - l__
vonty(3e1) (o y) 1T
Pauli matrices /v U3l

(01 (0 —i (10
% =11 0 %=\ 0 9% = \o 1
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