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PIEFRAIRIFRIE

QT EFFBRARY (RFEUKRYAE) > METE,
HERIKC.G.) Jacobi (1884)

QUEREAEo) FIRR = BIETE, H#RIE (1884)

QLIERENEFB TXIFR = BEESFIE, J.R.Schitz (1897)

@charge conjugation (C)
parity (P) (7 - —r ) IR = FFFE
time reversal (T) (t - —t) = Kramers degeneracy

The CPT theorem says that CPT symmetry holds for all physical
phenomena,or more precisely, that any Lorentz invariant

local guantum field theory with a Hermitian Hamiltonian must have
CPT symmetry. ("mirror-image")



https://en.wikipedia.org/wiki/Lorentz_invariant
https://en.wikipedia.org/wiki/Quantum_field_theory
https://en.wikipedia.org/wiki/Self-adjoint_operator
https://en.wikipedia.org/wiki/Hamiltonian_(quantum_mechanics)

ORNFBIIRIE (FRREEE a NS = BlochE#
[EFERATME: &L - HE

ORI FRIEXITRMYE:  WBEF, KT
OFREZRAITRYE:  IBFRNsR, FEEE, EaitlR. ...

HA




@3eHE{ERAISU(2)RAIEEXIFRIE (internal dial)

B R—RFRIR N AR RFEIRZS,

e, FIMERERIAFAIRNENTRE. BREHE: KHH

=
N

I, = 1/2(proton), —1/2(neutron) (ﬁ) Isospin doublet

MEZF Fie, {REE "heds” BFHIRININEEE R —F
BT ZALF BRI ASHEL.

A, TGHT



@EXIFRIE
Superpartner: the spin difference 1/2
eletron & ‘selectron’ (FBEE=) : a spin-0 particle with the mass of an
electron;
photon< ‘photino’ (J&RIF) : aspin-1/2 massless particle.

If the photino mirrors the properties of the photon then it must be its
own antiparticle: Majorana fermion, .
( elusive)

MR (supersymmetry, fERRSUSY) & 2 k1 FBl (412 A i — b
XPFRYE, 2R FRYE 22 A1 B AR T 1) AR 0 2



https://zh.wikipedia.org/wiki/%E8%B4%B9%E7%B1%B3%E5%AD%90
https://zh.wikipedia.org/wiki/%E7%8E%BB%E8%89%B2%E5%AD%90
https://zh.wikipedia.org/wiki/%E5%AF%B9%E7%A7%B0%E6%80%A7_(%E7%89%A9%E7%90%86%E5%AD%A6)
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* RGWRE YT, RGTE—INKRED

o Py For e TR PR R, R

P5y(r) = (T — D)

P () =y —p)=¢(x—p,y,2)



P; () =y —p)=¢Y(x—py,2)

° 2%@32&55&/%}:
B 0 ,02 02
Y(x—p,y,2z) = {1 Pt o2 ---}w(x,y,z)
0
=exp(—p Y.y, 2)
* ﬁa’ﬂ\]%[‘] g eX =1+x _|_x_2_|_...£_|_...
2! n!

VHETERNT g6 - 5) = exp(— 5 D) = exp(— 35 DY)



Ps(r) = ¥(r — p)

!

P5 = exp( —%,5 ‘D) p = —ihV : ZEFLT

WG —5) = exp(— f- V() = exp(— 75 - DY)

ZAEBA
K PR A O I R E 15 T B

i () = AY(E)



iy () = AY(P)
2L P £ T Bl
o a O
Pﬁlhal/)(r) = PzHY ()

\J a _1

L 0 . P N
ih == Ps(7) = P;HP; 'P5Y(7)



ARG HAA B ETF AR EEWET A

o A% JE W R AR IR A2 B € v ST FE, B

[P Y(P)| = H|Payp ()]



FTA PR HEAT Py RIEURE, IXAHERR D925 0] A2 4

o HELER DUREE
PpPs = PsbPp = P55



« W Y(F) = exp(ik - T)

SIREEFE P - p) = exp[ik - (F = p)]
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* Heisenberg Equation of Motion
« U(t, ty =0) = U(t) = e tH/A

» AD(e) = UT(ADU®), () = (0)

dAH)
dt

* Schrodinger picture:

« A() = (P(@), Ap(t)) with P(t) = U)P(0)

1 0A ,0A . .
= — [A, H] + ~ (5 = 0, not explicitly include)

. dA(t)
dt
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R TS ARK g EFE: Bloch theorem
AR PR A TART
A TRER {Rlg X =) Ryx+t,
J
TR HAHE|)
b i=m wx

TR L AFEIR) )

)

l:_il —_ ﬁl + Ez + Eg —_ llﬁl + lzaz ~+ l3§3;

LEZi=1273

(ER)} = {E[a }*{E[a,}2{E[as}r w==p T=T,QT,QT;

||

{E|aj} M Hm Ik A Rk

CRBET. (L = 1,2,3)
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ANIVE SN

| DR RBE AR AT )RR

« BRI A& {Ela )N = {£]0)}
D¥1({E|a;}N) = D ({E|0}) = 1
[Dkl({Eﬁl})]Nl = 1= DM ({E|a)}) = exp( — i2mpy/Ny),
p, =012,...,N;, — 1
BNBETCH) Ny DA 2RO [ T

0z, Ny —1 DEZ ({Elaz}) = exp(— i2mp,/Ny),
ps=012..Ny—1. D (E[as}) = exp(—i2mps/Ny),



DX ({E[a)}) = exp( — i2mp1/N;),p1 = 0,1,2,...,N; — 1
D*1({E|l;a;}) = exp( — i2mlyp;/N;)

LRE K

DX({E|R}}) = D**({E|l,a,})D*2 ({E|l,a, ) D¥= ({E|1333})

. l
= exp [—lZTL’ (llpl +2P2 4 3—p3)]
Ny N, N3



& ST 6By = 2,

%B/ZAﬁéIJ*%% Eh — hll;l + thz + h353;

hiEZ,i=1,2,3
7E X = _Pip 7 _P2p ¢ _P3g
k1:N_1b1rk2:N_2b2:k3:N_3b3
b, - b
—?Ski<?;l:11213

-~ DXL ({E[a,}) = exp( — ik, - d;)

= DM1((E|1;3}) = exp( — iky - idy) = exp( — ik; - Ry)



7] B

D*2{E|R,} = exp( — ik, - R)

o

D*3{E|R3} = exp( — iks - R3)

R Z)R RN

D"({E|§l}) = exp( — ik - ﬁl)

E: (Ely EZ? E:’))

Q_L



XJI_L[%% E — E’ + 5}1
D¥({E|R}}) = exp( — ik - R)) = exp(— i(k' + Gp,) - R))
E‘%n éh . ﬁl — Zﬂ(hlll + hzlz + h313) = 21 X (%i&) ﬂ

D¥({E|R;}) = D¥ ({EIR)})

WU A 26 — A LN X A OB R R AT 3R 15" FRS BE T B 4w AS Al Z15R0R

kﬁg/l\%& N — N1N2N3

RIVEE H AN AT 2938 7m H4
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> DH(EIR) D (E1))

{EIR}}

ZZZexp —i(k —k")-R]]

ZZZ [_ (ll(pl pl) lz(P1 p1) l3(P1 pl))]
exp | —i2m

A

P1

— P1)

3] 7 N0

VIS Ni-1 ’ . I
o« RyE— T z N (P —p)\| _ 1 —exp[—i2n(
P 1 — exp[—i2n(p;

N
ll=0 !

Ipy = pi, A, Fil =Ny,

— p1)/MNi]



FIEE, T H e RN

N;i—1

L (p: — D
Z exp [—iZn( 1(plN PJ)] = N;0,. 1,1 = 2,3
i b

[i=0

o ZEEESR

> DE((EIRY) DX ({EIR1) = Ny

{(EIR}}
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o DNy o, A ARTLFR NG AR, By (P il

S B pR B AR e LAY
P{E|R Y (F) = D*({E|R}) 5 (F) = exp( — ik - R)Y(¥)
X P{E|§|}Wg(r):Wg(r_ﬁ|) H

ﬂ exp( — ik - R)Yy(F) = Y (F — R))
5 @ Yr(r) = exp( ik - )z (1) e 30 R 2
Bloch E u (1) = uz(r — R
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Pp(t) =¥t — 1)

R PEETT

0
Pap(t) = exp(— T )W ()
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HA S 5iEITER, MA[P,H] =0

) me

Ry P (t) = 9(t — 1)
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(P} A BGELE IR UUREE, 25 OV ER R BT FRRE, SWE
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i 2=-FEE R C metric )
Lorentz group SO(3,1): parallel discussion with SO(N)

Infinitesimal transformations: L = I + ipK (R ~1+i0 f)
(1 0
= (0 —1)
1 0 dt) . .

Keep (dt dx) (0 _1) (dx) invariant

() -1(2)

dx dx

i.e., dx'Tndx" = dx"L"nLdx = dx"ndx - L"'nL =1

Comparison: R'IR =1, L'nL =n



Parallel discussion with SO(N)

K'n + nK=0



Lorentz group SO (3,1) 2L #L
(3 + 1) dimensional spacetime

R* I REWHI /N A BT
Three rotations i

—y0y + x0y = iJ, =20y +y0, = ijy, —x0; + 20, = 1,

Three boosts iK

1
—z0; + 10, = iK,

1 1 ,
— Xx0; + t0y = iK,, C—Zyat + td, = iK, -

C

keep c?(dt)? — (dr)*= const

[]i']j] — igijk]kr []i: K]] lel]kKk: [ L ]] — __lgl]k]k



SO(3,1) vs SO(4)

*S04):J3 =J12,J1 = J23, )2 = Js1 and Ky = J14,K; = J24,K35 = J34
Ui di| = i€k, o Ki| = i€ijnKe, Ko K| = igijik

* S0(3,1):

Ui Ji| = igijiide, )i Ki| = iijuKe, |Ki K| = —_lfqle



Digression: SL(2,C) vs SO(3,1)

* SL(2,C): all 2-by-2 matrices with complex entries and unit
determinant.

forL € SL(2,C),let Xy — X'y = LTXyL

—
-

X'y=xl—-x"-0
detX,M — detXM —
(x'9)%2—x"? = (x9)?—x? preserves the Minkowski metric

In fact a Lorentz transformation. This define a map from
SL(2,C)to SO(3,1)



L

—L - Xy > X'y (= LTXML)

. u
how similar case! oy R(u)

SL(2,C) /Z, = SO(3,1)



sE O SR (Lorentz transformation + translation)

0 0
L — _la_xl (— B, =10, lax—” (four-component vector))

T
I
)
~

|

X — x’ —_ Lz(le + al) + az —_ Llex + Lzal + az

BEICIRVE R R
g(Ly,a1)g(Ly,az) = g(LaLy, Lyag + ay)



[Ki) H]

23 %2 (Lorentz transformation + translation)

Ten generators: Poincareé algebra

]
{L,a} - {J,K, P}

iP; [KL,P]—uS = H, |Ji, P;| = igiji Py, [P, P] = 0

l] CZ



The conservation of electrical charge

‘P oY =petf
Probability explanation:

Yl* = [Y'|?

What does it bring by 6 ?



The conjugate variables:

£ t



From wikipedia

* There are many symmetries in nature besides time translation,
such as spatial translation or rotational symmetries. These
symmetries can be broken and explain diverse phenomena
such as crystals, superconductivity, and the Higgs
mechanism.!2l However, it was thought until very recently that
time translation symmetry could not be broken.l2! Time crystals,
a state of matter first observed in 2017, break time translation
symmetry.l4!



https://en.wikipedia.org/wiki/Translational_symmetry
https://en.wikipedia.org/wiki/Rotational_symmetries
https://en.wikipedia.org/wiki/Crystals
https://en.wikipedia.org/wiki/Superconductivity
https://en.wikipedia.org/wiki/Higgs_mechanism
https://en.wikipedia.org/wiki/Time_translation_symmetry#cite_note-2
https://en.wikipedia.org/wiki/Time_translation_symmetry#cite_note-3
https://en.wikipedia.org/wiki/Time_crystals
https://en.wikipedia.org/wiki/Time_translation_symmetry#cite_note-Gibney-4
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A transformation from one description to another is called a gauge transformation,
and the underlying invariance is called a gauge invariance.

Note that gauge invariance is not a symmetry.

Particles do not carry around a knob called ‘gauge’ that allow us to change them into
other particles. Gauge invariance is merely a statement of our inability to find a unique
description of a system.

‘Gauge’ is an awful bit of terminology with which we are
unfortunately stuck. Einstein’s general relativity
showed that spacetime geometry has a dynamical role and
Hermann Weyl wondered if the scale of length could
. . itself be dynamical, varying through spacetime. In this

What is a gauge field? picture, one could make a choice of gauge which would
be a choice of scale-length: metal wire comes in different
thickness or gauges, so the term seemed entirely
appropriate. He later adapted his scale argument
to one involving phase, as outlined here, but the name
‘gauge’ stuck.
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