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Anyon: A Strange Kind of Particles in 2D Plane

Yu-Ping Lin (¢ F F)!
Y Department of Physics, National Taiwan University, Taipei 10607, Taiwan
(Dated: April 8, 2016)
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+1 0 M EMTEER] 69 KK (eigenstate) B RA T RAEA
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Pip(x1,%x2) = £19(x1, X2)
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FIG. 2. & F VOB SHAn 5 05 $F 7 ) KR B R T T — 4k

EIVFABERL +1 O ETFRMEE T3 E-F ] (boson)
mABE R —1 98 & TH KT (fermion) o B ATAZ 4
A (standard model) F 89 A& Ak T AR B 735 R AE 4 Bk
FomAMENE L ETFFBAERT > kT~
By ARERAGN- TR ARET - EBETF A
B ARAL T E R AR T RMPTERNF T ©

WARME R E—GEGZTTFTREABGITE LR
8 RMPTERNORLERNRBANRETRERTIH
BERGHRE - RAMERRKTALKT » FRBEETFA
F]—28F > & Eq. 2) ## Eq. (6) T E FRF—ME -1 &
T BRATEEFTRE 0 LRARBERT R4
£ GEAR—EILE > mEB B LN L KM RS A
T 48 %R (Pauli’s exclusion principle) ° & & F B F €A
BERL -

—HF@HAERET I EET

AR BEALE ZHEMGERT » 282 TUA
RS T ABNBIKERG R - Bl WA T FAEH
FEBZ MG LEF > TAFANFH 4T FR 2D
electron gas, 2DEG) 3 F&3bZ 9b » KA T VAL — 2 iy 78
& B B — 4% (quasi-1D) B9 & H o TR AL GKRER T
MEF S A xM P REEANRALLFATR =
P A R AT E AR AT AL S kT o

EogFaf  ARETFOI B g EHARKEY
T F) o ¥ Fig. 1(c) P T AR » RAV&EHF—EE TR
B —BEFT—BOBIE R REHEMEN A B LY
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Yo BHFEHNT EREBLCERFHLG > A=
BEMF TXRBERREETFTRELY ) ORAEEZ2LL
FAA o Bk T4 s Ao F@GALT > RRETF
PHETRERGEITARZEZY o F H 5% (Frank
Wilczek) M iEtk oy & F w2 B [MEETF -

KRAVT AR ZFREZBRATEEILY 7 ARABREZT
B — M E %5 RIT A f1EEF (Abelian anyon) F#
JE T B /£ & T (non-Abelian anyon) ®4Z o & [T B fj £
ETFHALT  FERAMERE T IR ETREE—
1B 78 3 69 AR 4

Pi(x1,%x2) = eF %9 (x1,%2) @)
Ho OB BE S Fe 18 BE 4T 5 W IR B PTAT B 09 AR G E AR £

— &I (Fig.2)c & 0 =08 » H{BEFINGHEHEL
1> AR ET s MG 0=n1 FLHRGLETZ TR
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—1 89148 s Ak EKF o M A AIEE T HD 1
M ARAEETFHMTS o FRMIMLRMEIERT AREE
FBF 0 FF R €W —18 4 EHF (unitary operator) U 1 Al
if B 41
JIE B £+

Uw(xla X2)7

(®)
UTw<X1a X2)7

Pip(x1,%x3) = {

o S — B R B 69 fE > Pl BF £ e 3f BE A KR G AR
PIAETR—H R (Fig.2) s WAEERMBLIERLT A A
B it 74 % (non-commute)

AB # BA ©)
THETFHBFEHELRENGE TR - BT HME
CEEMAREETORA -

HEETHTR

EEFTHEF > F—EARPENET (BE—REF K
89 38 ¥ (magnetic flux) ® i B 4t & — B 8F > BT
T FREFE] —EH AL [Fig. 3(a)]

P — 9%y (10)
AP h 2L AER o cARR - REBEARE A
EARAALEHREE—B  FERPERLTERA 2T
AR B MG AR AL AR G A — AR o TR L RMAEZ B b
3% K-i% ¥ 2 J& [Aharonov-Bohm (AB) effect] o /£ = 4 -F
@ —REAFERTOGHETFRA AT DT
89 @ & 3 (vector potential) i# 7€ (vortex) » B b= VA F &,

(a)

O]

FIG.3. @) AB & JE : B ERFRE—REFROWEEAE—B G
133 —EH B AR o () HEETTAE—EHFEHE TR
Wae MR TR o



— 18 =4 89 B4 F (quasiparticle) A& FF o B4 KM de—
8% & 4s T3k — B B Op e — AT i — B3 69 ok F »
T EIREE A — AR R 6Bk TF £ —B [Fig. 3(b)] *
Mg BT AB BB GREREEL T %
Fl & F B8 — A ARG o BARIRGF®E > B
A TEF-#AE | GERHTUREMAREZT o
EIVEGmte AR R AR RAERAGER - FH 241
4B % A7 3 8% 2 M [2 + 1 Minkowski spacetime, (+, —, —)]
18 E S EHEG Ax) AR B ZMH G (complex
scalar matter field) ¢(z) 89 A% > L F M H GO H 5
m >~ BB e WAEME ARSI B £ (Lagrangian)

1
£:l%¢qw¢—nﬁf¢—ZEwFW,

Dud = (0, +ieA,) ¢, D,d* = (9, —ied,)¢*, 1D
Fu = 0,A, — 0,4,, AP = (A°,A)
2238 By 3R U(1) BF 89 % # [local U(1) transformation|
o(z) = ¢(x) — iA(z)d(),
¢*(x) = ¢%(z) +iA(z)9" (2), (12)
Au(w) = A () + L ,A()
B g o B4E A F (action)
S:/fw (13)

ARG o BFERFALA UQ) REHH [U(1) gauge sym-
metry] * LA TR Z B UN) FFEF#HROGFE > miZ @4
ARV NPT A B AL AR AL o B2 U(1) B — AT
R ma

AB = BA, VYA,BeU(1) (14)

LT UQ) I H AR 0 B atn i A — B A @R
$5.% (Abelian gauge field) © H st » AT — BT A& [F
WA | BT R AR — BT R AR T A A
M ARAEZTH6 T o FF L BARGERETUE G5
AT R ey TER-# #7781 (Abelian Chern-Simons term)

R

Los = 5" A4, (15)

REE S EF p Z—EFH > evr BIRT| 4 3R
(Levi-Civita symbol)

012 _ 120 _ 201 _ 1,
(102 021 _ 210 g (16)
Others = 0

E B8 G 15 BUR A6 F A7 2 AE (Gauss’s law) ° 1 E
& p SRR I

p=V -E+kB (17)
FERME TR PEE -SRI RN TN EE

B
WAEAT ©

(AT BRHOFAREET IR
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EAVF AR T AK IE T R A M $2% (non-Abelian gauge
field) P A RIFEFTRAAERZT o —AEEGET AR
Bl F & SUQ) 89 TH- K@% (Yang-Mills theory) °
EEBGHT WHEY ¢o) FRES W) BHEAH
TEF g LERAREEA B4R EEH (inter-
nal space) 4249 &) &

d): (¢1)¢2a¢3)a W# = (W{laW?vW?fb) (18)
C B 4RI B €
L= 16 D0 tmioo6 W, W
(19)

Du¢ = au¢+gwu X @,
W, = 8HWV — 8VWH +gW, xW,

WA FT R A ) SUQ) IEHA - ik A E BB SUQ)
[ 35422 SO(3) » R4 F1] B %4

¢(x) = ¢(x) — Alz) x P(2),

1 (20)
W, (z) = Wy(z) — Alx) x W, (x) + gauA(x)
T ARG o RAMTTAA A FEN B A 69 BR-B F 772 (non-
Abelian Chern-Simons term)
1

eMwA“AbAC) (21)

K
Log = _§€MVﬂ <AZ&,AZ ~3 nALAL

HiEEART—BFA TEF) 9 TR-EARRSGH
Ffae ) BREARELET BHROFPETHREFTAML
AR > EEIETAMERT o

ETEARBAMEZT

EA— P KA TR TEF-#AF ] iH
REAEEZTFHMES  mEREANWGERNZEET
% M2 & (quantum Hall effect, QHE) #) 33k ¥ o &M
72 # QHE WAL 6942 & T8 i £ ey A48 -

18794 » & BF R £ &% - F-L &4 K% (John Hopkins
University) 3% 1§ J£49 % # (Edwin Hall) & % 5 ¥ ##, » &
e B —ERE -y FEREGEEERABL 2 7Y TR
i Ak 2 F @8yt howtds B2 £y 7 0§ & 5|
AL £ Vi [Fig. 4(a)] © SR G A LHEE E AL - &
9 =T vA R %445 2% 77 (Lorentz force)

F=¢gE+vxB)
AAAERZEELGRE o Fho NI bt B2 b

EFZE 5% A% EMEER (cyclotron motion) °

(22)

o
it B R SR WA R 2B R 6 ik o 33 AP 3]
Wit ETFEAEL Yy TANES B, & ARES T
W B AL R ) St ik ) A AR RV
1%y A @i Bl 2R RE Vy o
EEBERBET » FHEGE KR
B TEREEE] oy

Vi 1

Ry — 2 -
H I:z7 OH RH

(23)




(a)

Magnetic field (T)

FIG. 4. () EAXBETER - b) EFERNE [RA I P

Eisenstein and H. L. Stormer, Science 248, 1510 (1990).] : & #
G Hy3E e EREM Ry LR EX AR TRETH T
G HENRFRATEZBY v

FeFZ AN ARAARIERIB R - RAda » B - L1 F
(Klaus von Klitzing) & 1980 F# 3 » ¥ R EH F &
B Z M4 2DEG RANKB BB IGHELTH » ERE
MRy EREER oy 9L T A LB ETERITIE

[Fig. 4(b)]
2
JH:V%,V:LZ&n-

R RELETFE L P e ZEFHESTKR]D
fh=2rhe AAFERAFNEREETE oy A EH
Ay AF > AMAE R EHE T E R (integer
quantum Hall effect, IQHE) » £k A& T » EF 25
5’]‘%@2%1”}5)’?} miEiT RS E TN A4 THE
% | (Landau level) © & & F R 7% n 18 90 8 2T B >

é’iﬂ‘ @@'ﬁiﬁ/&u%{‘““k n 1'@3\;5}] (TV/UﬂQ%@J:é’J

B R AR o T A8 B AR Y 69 1 A A& (degenerate
state * At = 48 ] 89 A8) & A AR B 69

eB,
ng = he (25)
WALCEERFTOETERE p A MEEGH K
HEAABFEPCEAG N ERMSEET—IEART (filling
factor)
v=2 (26)
ng
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GHAM)  c FELEBMARF v AZERAEESR
[Eq. (24)] ¥ €2 /h 89 Hudh r?ﬁﬁ IQHE ¥ » £ @ & ffn
EREETREBROFELTAEARTF v A EHH
9 [Fig. 4(b)] °

1982 % » 4 ¥ ~ 3645 % (Horst L. Stormer) A & 2 % 14
(Arthur Gossard) #3817 9 #& & T % f & | (fractional
quantum Hall effect, FQHE) — Ry 89 W& £ — % 1 £ 5
Gy B ERT FE 1983 F 0 4 KAk (Robert B.
u%mm%ET%%zﬁ%ﬁ%%ﬁ@%%&T*@
% k¥ 69 K 7 (ground state) 7K & B—% kAR (Laughlin
state) ﬂu‘ﬂlgkﬁléﬁﬁ% s SUNE BV T — B F1L 88
FRFE o 2 SRR o RATT AR T T H —
IRE% ﬁ-‘?ﬂ:"ﬂﬂ% RE—BR JEGBAR - 12
BET ARG BE T EFHE MR

o HEETAEAUNELRY £ — B (LitThpER
ML)

.&@%%%MT%*% 24
A B KF)

e EFZHME

EF—BH (RAEET

PR R ) SE A

HERBRGBAERET » EF 69 £ 5 (collective state) &
+ o AR R 48 (mcompresmble) s AT AR
HAEE B8 Vﬂ FEAE X 89 R8T 6,5 £ 46 A (topological
phase) #9305 ) o LIk > m AR LR R L G E T
B EWAT R ARE  RMAARECMORTHFTRER
RERBOGER » LIBREERHAETHEDY - B
B R KIE e T A fﬁ%’“%?,t%ll'i*ﬁ*ﬂ (phase) 1 4n g
(phase transition) 8 ¥ /& o SC/NAl £ 1990 FATHRET
4 # 5 | (topological order) é‘J MR EAEB LR
W% Br O RAER #*ﬁ%?%%%ﬁ?ﬁﬁ
K&z b Ft RRAEZ — o

BARIMEMBERTEMRRBRY T HYOEHE > T
PR RSB 3F % TR N6 KE&F » mig LR E 8
REFHMNTAFNHEEI TR v 8GR o BHIRHE > B
o BB ETAE S BN ERE L EESFHAm F
BB —BET > MBEMEREARLHES v=1/m
827 RARRE o T F Z AR VAR F] 3 447 69 205 A8 B 7T 24
HEZ] ﬁ"l‘?i FE o

f’s‘f:ﬂi . 8 A B ST VA 38 o g P8 S B 3 R AT

» KA —BEHEGE TFHA o Bk v =

1/m 85 kAR L — B 238 hn— B AT A &

he

€

BEAMAT LR E—RBBEHEN e/m 8 4 E iR
(qua51h01e) ° VXI AN B AR R 0 T4 g A %%éﬁk
RN RIFEF@ET » RERETETHKETM
AP — % > A RETIE - §ART AR E
ARHBERY s AMT e @E NEF-#AE ] i
#HEm—BFA 5 KEH (fractional charge) e/m 89 & 4x

D
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AR AL —F T A fIE&F > Mmizd FQH #& Bk
#% B T B /] FQH % (Abelian FQH state) © $t.9h » 4732 £
KA TET-#A € | R R EARB RS AR
e IR- Z B » A B B ] FQH & 89 1% A8
= A 3 (low-energy effective field theory) # T 3F % #t
% 0 A% FQHE #9323 4 G 8w #h % 2 1997 F > [MTA R
FQH B P8I 0 HEME TR P RET AL - BEEAT
1938 % KAk ~ EH AR GEAFREAF T 1998 8935 B @4y
AN > WA T A AfEETF AN A @A FQH & ¥ 8 5 £H5
ATEANHGIEE - - ROZ > BRE-RERSL
RV BH S EEMGFHHAT - REHRAES B AR
A TFORALEREYEPHFR T RTORAE
) e

WA EFLAEKRT FQHE P EMREM Ry A E MY
TR oy SGRGFEAFTHELE v 699554 H¥
BB o Ry 5 FEEBEGFEALTLLEETR
PR, 0 e v =5/2 89F & o 128 FQH R HI % F
LS E T EARBREHETRGELT » FBELHY
BETEFHOZETARESTTFOISLRD - Ak JE
MAMEETAEAETAARFQH B FRETERGT
B o M IR A H A9 IR-9 R AT LR AL 1 7 @ 6 LR R
FRETER c LEFR TREXMEBRRAGH X
BRAET —LFEMTAREETERAIFM AR FQH & LA
REGR G > AR ELTIEERRE—F oI -

EFMTAHRFQH F » TFTRATIEEHELE
TREZE BB GEIHTHE - sbdl o LB RE
B—IEM A AR E T XA ARIEF ) ER] 0 T AR
HAVFE BIRE ZBE R RAER TR 0B R o dAIE R
Mo AR 2 RAEIEN A M FQH B ARAXETTA
181 £ F 3 H (topological quantum computation) #9 & &,
BHIMT RV HR o B ATEEZ S @ EE 2P A
v =12/59FFMAMFQH &—RES L% 1 2 F
7} 32 4% % F (Fibonacci anyon) o W f& 4L F 89 JE 1T B R AE &
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TR o B ARMREA BT TR T I (qubiy)
8 {]0), 1))} &4 BIGE TR AR E -

HE

B 1980 F AT AL & T A MR B AR » btk
FQHE ## ¥ T2 Mz » AR A ELE=ZT %
FHARG HB - R THENRE 7@K Ry HhEE
FUMKFETAREEZTRETAETERGAZL > S
B @M T S ERK o I AR AK BB ET
# #. (strongly correlated electronic system) F & F % ZAF
MR RIEETTHAGL BT TUEBEN Y
# (conformal field theory, CFT) $ %% B % € F A& #Li2 Al 4n
EHEGER > RRFET BMBAARG BT - 48
BARAHMEE TR —CTRERMERARNGT M
HERRGES o
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Learning Pyramid
% of Average Retention Rate

Edgar Dale, The cone of experience, in "Audiovisual methods in teaching’ (1968).
Hinsdale, IL: The Dryden Press. p. 107, £ (2006)
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1. A changing e.m.f. in a coil can induce an e.m.f. in another coil. Fig. 1.1 shows a coil (coil X), which
is wound on a cardboard tube. Coil X has cross-sectional area A. A student winds another coil (coil
Y) tightly around coil X. The student wishes to investigate how the e.m.f. V in coil Y depends on
A. It is suggested that V is directly proportional to A. Design a laboratory experiment to investigate
the suggested relationship. You should draw, on page 3, a diagram showing the arrangement of your
equipment. In your account you should pay particular attention to

(a) the procedure to be followed, (d) the analysis of the data,
(b) the measurements to be taken, (e) the safety precautions to be taken.
(c) the control of variables, [15]

Fig. 1.1
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How Do Brakes Work?

Automobile brakes rely on the force of friction to slow down
a moving car and bring it to a stop. Two common types of
‘ brakes are typically found in modern cars: disc brakes and
How Do Brakes Work? : | il drum brakes. Disc brakes are frequently used to stop the front

n the force of friction to slow

wheels of a car. To make brakes work properly, the system
requires leverage, hydraulic force, and friction.

YOUR TURN

UNDERSTANDING CONCEPTS

1.Why would friction cause brake pads to wear
down?

ONLINE RESEARCH

2.Research drum brakes. How do disc brakes and
drum brakes differ? How are they alike?
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