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AAl AEH5] Z 4 ¢l= Hamiltonian< 22 ofj 7| H 42} 23] 5 oA AA| D& 0] 835 S5 o]20 =2
BHEC o] Ft=o] 242 %5 AEEo|t}h, &3] HA|E final base reformatted ©|H, extended 2 2]
FEL FE AU B

EEZ)

EW = <n(0)’V‘n(O)>

E® = Z _ [Vanl?
! EY - EY)

m#n
i [t I
_ﬁ/ At V()

21
Lisy= f\Vfi\zp(Ef)
Heff = 6SH67$7 [H07S} = —Vod

o
G
P
~
=
1

2. #2750t o1 7] gapo] Aok 5 2|7} 9low WA HE 27} ojztete st

A= o], IR A ol AT AMALE A R NG, secular term ¥ FE| FEFHS
2 2o

AA A7 AR 22T A2 & S8, secular growth, gauge-dependent quantity S %4 ST

AT/ AT A2, BAS F U e - QAR oY - AARA - A4 AR hA ZolRw
ALAA AN 522 TS 4 9k,
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Lo

M. HEs] & 4 3= Hamiltonian< 22 w7 42k 2] H o YA AAILZ o] &5 FR OJELR
HHETE o] 7tEo] 22 HE Yejo|tt. &4 FA|+= final base reformatted ©] ™, extended 2t HX|+=
FE 5 AdstA &dtt

A,

EW = <n(0)’V‘n(O)>

E® = Z _ [Vanl®
! EY - EY)

m#n
i [t o
s / dt’ st Vi (t')
h
21
Liny= f\Vfi\zp(Ef)
Heff = 6SH67$7 [H07S} = —Vod

Z7. 2L nj7fHSet o Y A] gapo] ZA)sl|of 5hH 2|7} Qo W HE 27 thZbetE i},
A= o], IR A ol AT AMALE A R NG, secular term ¥ FE| FEFHS
2 2o

A3} 27 A 2722, 5, secular growth, gauge-dependent quantity S % 7S
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10.4 Hellmann-Feynman¥} virial A 2]

A, H&s] E 4= gl Hamiltonian 22 w70k 22| H oA AAIY S o] &5 FE 0|20 =
HHET} o] 7FE9] 22 Hellmann-Feynman 2} virial % 2]0]th. 2] T A]= final base reformatted

o|H, extended 2t AX| = FEH2 S5 AASHA] &AL

L
tEA,
EW — <n(0)’V‘n(O)>

E7(z2) — Z |an‘2

0 0
m#n E7(L ) - E7(n)
1) i K / iwfit/ /
cy (t):_ﬁ dt'e Vii(t)
2w 9
Pisp = 2 Vril“p(Ey)
Heff = ESHeis, [H07 S} = —Vod

27, 22 7t AU A gapo] EASOF s S8 7} Qo R jiA FE33t ti4eks gt

T o
o

F= wd], 375 FA A olu AP A4S Ak E IS, secular term T FE FEFZE
HE 2 2] 2)sich,

A AL A, Bt e @

fto

, ZE|, secular growth, gauge-dependent quantity S 74t
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10.5 Schrieffer-Wolff g}

A, 25| E 4 9l= Hamiltonian 75],’%?]17]1%%9]— Halg ofu]z] AA YL o] L3 &7 o202
H . 0] 7F=9] 242 Schrieffer-Wolff H€Fo|th. £ HEA]+= final base reformatted ©| ™, extended
o A= 52 55 AAstA] Eqt

=z

EW = <n(0)’V‘n(O)>

E® = Z Vil
! EY - EY)

m#n
1) i t ’ i 4 ,
o =-3 / At e V()
27 9
Ty = 2 [Vilp(Ey)
Heff = 6SH67$7 [H07S} = ~Vod

27, A2 o745} ol 7] gapo] EAsHok st Z & 7L Qlom WA REZ 3 tjzEtE St
Frx wjo]. TRgh g Aoy AIZHE ALMAE A E HIWSHAL, secular term T FE] BRI
A== s

A 27 AR, Bt 2R g £ 5| secular growth, gauge-dependent quantity S % 7 SHc},
AATA/AT QA BAS B e e - Ak Y - AARD - A4 £AE Chl Holum
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A 7Fe)& 51} adiabatic ©]&

25] £ 4 9l= Hamiltonian2 252 ti7ipef Z2 8 oA 27|D& o] &3] FR o222
o] 7}E9] 2 Ho|XZo|t}, &3] EA|E final base reformatted ©] ™, extended 2t 7 X| =

B o e

£ oo I g3
2 rlot”

E9>:<nmkagm>

E.(Q) _ |‘/mn‘2
L Z (0) (0)
m#n En’ — En

.t
AP0 = [ et ve)

21
Ling= f‘vfiPP(Ef)
Hegr = eSHe 5, [Ho, S] = =V

Z7. 22 w7 H 420} o L 2] gapo] EAYaHoF ot FE|7F QoW WA BEF 7t ofztEtE gt

= wof. Rk A o]y AIZHE AAMAFE AFE R AZNSELL, secular term T} FE] BRI
e 2 x5t

A A7 A, B2t 22 ¢ £ 5| secular growth, gauge-dependent quantity S 7t

AR /AT 2. ZAE & "= “H - AAR - A - AARA - FAF A2 ThA] HojEH
AR AL EES T 4 Ao
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11.2 Fermi T3&

AN, G, TS, AP Al H 02 Al S vl x|5tH thEE2 2] FAtY st A= A4t o] 21
AAlol Agto g Holt} o] 7lE9] - L Fermi F2E0|t}. &% T A= final base reformattedoltﬂ
extended 2t A= FH2 F5 AUsHA] &

|v) = ch In), Z |Cn|2 =

(A) = (Y|A[y) = Tr(pA)
ihoy W> =H |1/’>
[l'ivpj] = 1715”
Z7A. AA Ae] st AARF A 2] 71 A convention, h B9, AAIZRAS 1A

= ‘“ﬂ‘:ﬂ Hamiltonian< A 5t1l 2|74 & Y& 5, 7|thgtoly &2 trace =& inner product =

A% 27 AA. FERol 1914, 71Tzl A4 A], AIZHE o] norm< HESH=A] FR1gh.
A8/ AT A2, ARl A= el a1tE A 237t Hamiltonians A3 A|AE FHAH Hil
ARFRE} AT H| w5 o] 37} w2 o,
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A4, 74835 2 4 Y= Hamiltonian 22 7HAof 2 H o |A] 2A|D S o] &3 & o]E2o2
HHETE, o] 7FE9] 22 Rabi 1-50|th. &% F A= final base reformatted ©| H, extended 2+ HX]+=
FE2 S5 AAskA] Ut

A,

EW = <n(0)’V‘n(O)>

E® = Z Vil
! EY - EY)

m#n
1) i t ’ i 4 ,
o =-3 / At e V()
27 9
Ty = 2 [Vilp(Ey)
Heff = 6SH67$7 [H07S} = ~Vod

27, 22 uf 7S} oL R] gapo] AN oF 3h 2|71 QoW WA HEZ7} o) 7het 2 s,
= W, 1Rt A oy AIRPEH A4S A 2 AZNSEAL, secular term ¥t FE B3t
HE 2 X3t

A 27 AR, Bt 2R g £ 5| secular growth, gauge-dependent quantity S % 7 SHc},
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11.4 Adiabatic theorem} Berry phase

Ay, s E Hamiltonian@ 22 oj7jisot 225 ouix] 272 & ol &3] §5 o202
o

s
ES
Hi# T}, o] 7=9] Adiabatic theorem @} Berry phase®]th. &2 ZA|+= final base reformatted
o|t, extended 2t A 2= FEH-2 5 AUsHA| &ttt

gz 4.
EW — <n(0)’V‘n(O)>
Vinn|?
EP =Y [Vinn
n 0 0
m#n E7(L ) - E7(n)
1) i K / iwfit/ /
cy (t):_ﬁ dt'e Vii(t)
21
Liny= f\Vfi\zp(Ef)
Heff = ESHeis, [H07 S} — —Vod
27, 22 o set ol 4] gapo] EAlsho} shnf 257k Qo™ wiA B3 ch2etE Ak,

= o], /5 WA olu AJZHEE AMALE A 2 H RS, secular term Y FE| RIS
HE 2 22|},

A% 27 AR, B2t 22 &
Azzs/ AT AA.
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11.5 Landau-Zener Z0]

A, Jes] & 4= gl Hamiltonian 242 74 22| H oA AAIY S o] &5 R o] &0 =
BHECE o] 7F=9] 242 Landau-Zener Ao]o|t}h. &3] EA|+= final base reformatted ©] ™, extended 2}
AAE FHS F2 A4 2

EW — <n(0)’V‘n(O)>

ER =3 Vi |?

! EY — B

m#n
i [t —
_ﬁ/ dt’ e Vi ()

21
Ling = f\Vfi\zp(Ef)
Hegr = eSHe 5, [Ho, S] = =V

o
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~
=
1

27, Z2 of7iE 42} o Z] gapo] E2fsHoF 5t ZE|7F Qlo™ WA REZ I o ztstE St

= o], /5 WA olu AJZHEE AMALE A 2 H RS, secular term Y FE| RIS
HE 2 2] 2)sich,

AR} A7 A, B 2 g

=4

AT/ AT A2, BAS F U e - QAR oY - AARA - A4 AR hA ZolRw
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WKBe} £31%

12.1 WKB Ansatz

A HbTA ZALS oAbul 2h8.8 ZA0 2 ofaf AMlE T WA A EZ AAsC) o] Fhmo] 2o
WKB Ansatz©|th. &% EA]+= final base reformatted ©| ™, extended 2} A e ]% g2 S5 AAstA
SISk,
EER)
C i [*
P(x) % ——— exp [:I:l/ p(z’) dx’]
p(z) h
_ K
%pdq—%%(n—!- 4)
2 ./2m(V — FE
T ~ exp [—2/ M dz
Xy h
azscl ! iS, i
K ~ det el et /h—ivm/2
%: ‘ 0q:0q;
27, HA e sk, AR Ao, 713 convention, h B9, AAIRAE Aot
FE o, 28 ansatzE 9 h 2HEE Y23 H turning pomtoﬂ/\‘H:‘ AEFAZ ARt}
X3} 27 A . turning point 2], Maslov index, A|4>2] 259} 2F S &elsttt
AT/ AT A2, BAS E 0 A - Q- 0)Y - AAR - B8 £AZ A Holun
A2 AL S ES TS "/l\" 9;\':4'
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12.2 Bohr-Sommerfeld 2} Maslov BHA

ScR
=170
%

jubad
lo
> oTr

Izt AHIEH T} TA FeE JAs}, o] 7t=o] 2
+ final base reformatted ©] ¥, extended 2} X =

- '3'—1
=Y.
C i [
1ﬁ(x) N ——— exp |:j:1/ p(x/) d.’I,'/:|
p(x) h
= ad
7{pdq_27rh(n+ 4)
#2 .\ /2m(V — E)
T ~ exp [—2/ L dz
1 nh
9?8y |'* .
K~ det ¢ elScl/h—wﬂ/Q
21:‘ 0q;0q5
27, UA e Ash, A4k Ao, 713 convention, h &9, AAIZRA S 179t
S = . 28 ansatzS 91 A F4EE A5 H turning pointoll A AATALS A8 ST}
ZAE}E 217 A 7. turning point 2] 2], Maslov index, A|4~2] B39} 2}--& &HQlgtet
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[si3
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12.3 HEd A4

HF A FARE 9 A SA R A A EY Y I A g AFSH. o] 7R 232
ZAlg=olth, &* EA|+= final base reformatted©]™, extended 2t A2 = FE2= F5 AUSHA

wwwuiwapF;/ZmUM1

_ H
%pdq-%rh(n—i— 4)
T ~ exp [—2/ 27‘2m<;_E)dx

eiScl/h—iuﬂ/Q

025, |
K~ det
ZI:‘ " 0404,

. UA A} s, AAREF Aol 714 convention, h B9, AAIR S A},
2 ansatzS Y3 h AE 2 A 25 H turning point ol A= AATA S AFR
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12.4 Euclidean path integralZ} instanton

A, R SAbE o83 2H82 SR A AFEY TN U A =S AT o] 7hEe] 22
uclidean path integralZ} instanton©|TF. &% FEA|= final base reformatted ©]™, extended 2t Hx|=

ook
B i

> rlo
I
124

517 Qkort.

ofN
II.O

)

$(a) ~ pc(x) e [ [ ot o

_ H
%pdq-%rﬁ(n—i—él)

r2 ./ V-F
T ~ exp [—2/ %dx

1/2
eiScl/h—iuﬂ'/Q

0%S,
K~ det
z;‘ " 0404,

. 1A AE] sk, AARF ]S 714 convention, h T, AAIZAS 1A
2 ansatzES 93 h A 2 A28 H turning pointoll A= A4S AFESHT}
o} A7} A 7. turning point 2] 2], Maslov index, A|42] 5 9} 2F¢l-& &Qlsitt
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12.5 Gutzwiller trace formula

Al

Y. W DA AT A8 AR Px AsERT 1A AEES AP o] Fheo) 27e
Gutzwiller trace formula®]th. 2] EA|+= final base reformatted ©|H, extended 2} A= FJE2 =&

AT stk

C i [
P(x) ~ exp [il/ p(x) dx’]
p(z) h
_ H
7{pdq—27rh(n+ 4)
X2 \/7_
T~ exp [_2/ VIV -E)
T nh
%S, - i
K~ det c elScl/h—luﬂ/Q
%: ‘ 9q:0qy
Z7. HA e st AL Aol | 714 convention, h B9, AR S 1A},
X o, 22 ansatzS 93 A 2AFE 2 A 2SE H turning point Ol A= A FA-S AHESH
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Ak o]l &

13.1 Lippmann-Schwinger %7 2]

AN, A2 AAZRA, Green &4, S FE Y| unitarity & S|4/ d 22 Hejdt, o] 7
4

Lippmann-Schwinger HF Alo|t}, &%] EA]= final base reformatted ©] ™, extended 2+
25 Aelsh) s,

ER)
) =19+ g o)
T=V4+VvaiDT
ikr
ikz € do 2
v~ O 2 )
1 o0
(o) = z Z(% + 1)e'% sin &, Py (cos 0)
=0
1
kcotdy = —a; ' + §rek:2 +O(kY)
Z7. JAHEA HBAZRZ, 2] 3L flux normalization, channel 45 WA st
% # . Lippmann-Schwinger 87 4]0 A outgoing Green 35 A B5EL €7 2] asymptotics 2t flux
2 v,
Azt 27 A 7. unitarity, optical theorem, O A =3F, cross section] HZ& xS
WA/ AT AR BAS E o Al A8 oY AAZE A SN
A7 AL BES B > ek,
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)

13.2 Ar=kA

—

Z3} gug

HA), Aehe HA X7, Green 4, S A E 9] unitarity 2t iAo 2 ATt o] 7l=9] 272 Algh
AZ3 dHA o|th, £2] B A]E final base reformatted©] ™, extended 2t A2 = 52 & AQI51HA|
&3kt

[ = Jg) + ;,v‘¢<i>>

E—Hoilo
T=V+VGT
ikr
ikz € E_ 2
v~ et 4 0 ST =)

f0) = (20 + 1)e' sin 6, P;(cos 0)

=
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I

0

1
kcotdy = —az' + 5r6k2 +O(kY)
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13.3 FEu} A7)

AN, JH, TS, AR A o2 AlZ v x|t o f2o] St e FA= Aot n| 21
Aol Agto g Holtt o] 7t=9] 22 B HEu} Mrjoltt, &% ZA]+= final base reformatted ©| ™
extended 2t A= &HS 5 A UsHA] gtk

SER

|Y) = ch In), Z |Cn|2 =

(A) = (Y| A[y) = Tr(pA)
iho; W> =H |1/’>
[l'ivpj] = 1715”
Z7A. AA Ae] st AARF A 2] 71 A convention, h B9, AAIZRAS 1A

= ‘“ﬂ‘:ﬂ Hamiltonian< A 5t1l 2|74 & Y& 5, 7|thgtoly &2 trace =& inner product =

A% 27 AA. FERol 1914, 71Tzl A4 A], AIZHE o] norm< HESH=A] FR1gh.
A8/ AT A2, ARl A= el a1tE A 237t Hamiltonians A3 A|AE FHAH Hil
ARFRE} AT H| w5 o] 37} w2 o,
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2
. o =
AF AFto|th, 4] FA|+= final base reformatted ©] ™, extended 2t AR = FH2 5 A USR] Aot
SER
1
)\ _ v ’ (i)>
) O+ om0 1Y
T=V+VG"T
ikr
ikz e dJ 2
b(r) ~ e+ f(O0) = 3q = @)
1 — .
f(0) =~ Z(% + 1)6‘52 sin 6y Py(cos 0)
ki
1
kcotdy = —a; ' + §r€k2 + O(k")
2. A EA AR, el A8 flux normalization, channel 4~5 WA 17 stct
& #d. Lippmann-Schwinger 7 4]0 4] outgoing Green 45 A5 YA 2 asymptotics 2t flux
£ H| w3t
X3} 27F A 7. unitarity, optical theorem, oW &) =3, cross section2] 2 1S &lstet,
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Chapter 14

S AU} 23 PRt

A, S BHER ZE | selection rule, Ward identity S A4 0= A7ALE Aojt}, o] 7tEo] 242
A3t Fgjo|tt. &% EA|+= final base reformatted©] ™, extended 2t H2|= FE2 S5 AUSHA
lslet.
SER)
U(g1)U(g2) = €“9:920U gy go)
d
H =0 = — =0
.Q) )
8/Lj#:03 Q:/dgl‘jo
©*=-1,[H,0]=0 = Kramers doublet
27, HA e Ash, Ak A e, 713 convention, B T, FAIZH S 1%t
= ], oA WHEke] RS 2l 2FE L= Hamiltonian 2] 2¥/d-& 0|83 HE%F T} selection rule
= d=rt
A%z 27 AR, i o] A= &2 whee) ] =4, EE%Fo] Hamiltonian 2 commute SH=4]
Solsict
AxRFsH/ AT 2. ZAE E d= “FH - AR - i - AR - FAF AR T A] HojEH
A2 AL SES WHE 4 ATk
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14.2 737 ~ &8 AR

AN, AAE, TS, APl M 02 Al v X5t 2] FAL s BAl= A et o2y
Aalo]l Asto 2 Holt}, o] 7tEe] -2 A » A dAkxlo|th, £ EA|+= final base reformatted
o]H, extended?t A= FE2 FE 44UHA] Lotk

gz 4.

|Y) = ch In), Z |Cn|2 =

(4) = (¢[Alp) = Tr(pA)
ihoy W> =H |1/’>
[l'ivpj] = 1715”
27, WA AFe) 8, A4t Helod, 73] convention, i B, AAZAE LA

= ‘“ﬂ‘:ﬂ Hamiltonian< A 5t1l 2|74 & Y& 5, 7|thgtoly &2 trace =& inner product =

A% 27 AA. FEol 1914, ZIThigte] A4 A], AlZHE o] norm< HESH=A] FRIgh.
A8/ AT A2, ARl A= el a1tE A 237t Hamiltonians A3 A|AE FHAH Hil
ARFRE} AT H| w5 o] 37} w2 o,
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WA, e, BB, A7RER0) Al 202 A2 wASR clEie] ajelat BAle Aethel o3
Wy Ae) Agho® Helty, of h=of 24 3 Asbato|th, 4] AL final base reformatted©| o],
extended 2} AX| = 22 ZH AolshA] ¥t
ER)
W)=Y enln), D e’ =1
(4) = (¥lAly) = Tr(pA)
[zi,p;] = ihdi;
271, HA e A3, AR Ao, 713 convention, h ©9, AAIRA S 179ttt

H%= #d. Hamiltonian2 g5t e 7| A& 92 H, 7|digtolud &E=2 trace E= inner product =

et
AT A7E 7. FET O] 1907, Zthgto] A4l ARl norme EESH=A] el
d

A, Axgsto A= Adel5 7S Al S37F Hamiltonians A3 Al AR H A3 B
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14.4 o|AF7|A|

WA A, BEap A7) 4 202 Ag vl anl ojprel Faielst Al Meuiset ol
FAA e 2o g Helt), o] 7kE9] 242 o] 7|A|olth. &3] EA|= final base reformatted ©]™,
extended 2} AX| = 22 ZH AolshA] ¥t
L E R
W=y, Y leal =
(4) = (¥lAly) = Tr(pA)
[zi,p;] = iR

271, HA e A3, AR Ao, 713 convention, h ©9, AAIRA S 179ttt

= o], Hamiltoniane Aotal 2| 7| A E Y2 H, 7|digtoly &2 trace T+ inner product =
gt

A. FEdo] 1917, 7|Higho] A4=1A], AlZPE o] norm g EEsH=A] &It}
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Al Abe, WEaF A|7hdbH o] A 202 Al x5 iR o] oFx}oldt Balle A4 e} n]H)
JAlel dgto g Helt, o] 7t=o] 22 et o argoltt. % FA|= final base reformattedoltq
extended @} A= =22 25 AbQlslx] kit

EER

|1/1> = ch |Tl> ) Z |Cn|2 =

n

(4) = (Y|Alp) = Tr(pA)
oy 1) = H |[¢)
[l'ivpj] = 1715”
27, HA Je) sk, AR F oS, 7134 convention, h B9, AR 1At

TE nlﬂl:ﬂ Hamiltonian& 7ot 2HH| 7|2 & 92 H, 7|tigtolu &2 trace E+= inner product =

A% 27 AA. FERol 1914, 71Tzl A4 A], AlZHE o] norm< HESH=A] ERIgH.
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Chapter 15
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15.2 Aharonov-Bohm ¢4}

A, Bloch band®} many-body wavefunction®] 7]5}8H2 Chern 4%, Berry 91/, anyon 57| 2 &8
o 2 et} o] 7}E9] %2 Aharonov-Bohm €]/43o|th. &3] EA]+= final base reformattedol H,
extended 2t 2| = FE2 %% A AsHA] ATt

CES)
H(k) [unk) = En(k) [unx)
An(k) = i<unk|vkunk>
1
Qn = Vi x Ay, C, = —/ Q. A%k
27T z '
2
Z Z C,
neoce
S(A) = a|0A] —logD + o(1)
Z7. gapol €& AL 7|A gauge”} patch B2 W I1HA] A o] =] =2 &lstct,
S= . -84 E bundle? connectione % 2]5}F1 Brillouin zone = parameter spaceoﬂ A curvature
£ A8},
A3} A7 A gap closing §lo] EHEFo] M51A] QF=3] ) gauge patch &4 0] AFalA]|=x] Eldtc},
Axtzs /A AZ. YA AA|, FAL Hall, topological photonics@F A2 T,



Aol st o aw s )

15.3 ¥4 7172 Landau &9

SH A 11'7121— & AR = A A Sk gauge covariance”} 4] o]n:] oA} g IH= Fo] ol F Ao M=
#EE £t o] 7tES] -2 Y A7 Landau £910|th. 2% FA|+= final base reformatted
o]H, extendedQ} A= 2L 2B AMQls}hx] gkr}.

AEA.

1 2
H=—(p—qgA
Qm(p qA)” + qo

A — A+ Vy, v — eiqx/ﬁw

q q<I)B
PAB h% £ =

En = hwc (n+ 1) 9 We = @
2 m

T

271, "5t B3, gauge convention, SI/AFATHE], HEHE A HE] S H<-5] Shr,

=l A2 A85H30 gauge transformation©l| A THEg4 21743} observable©] =RQ1A] &<l

B

7&"1‘_]_'3'—]' A7} A 7. gauge-invariant observable Rt H| 2 5}al, A3} 2 5 2} phase convention= 2915t
Z‘]Z]’%"‘Q}/ﬂ-— AA, AA}7| 9!'—/] -‘l‘]"%ﬂg, gauge, Aharonov-Bohm _I,]/\]-J,]. A gr2 e},

r
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15.4 Pauli SjREYA

WA, S 425 fret AL O 2 Yelsiof MR} AT 72E 44 BEC. o] =)
Z L Pauli P EYAC|th &4 ZA|= final base reformatted ©] ™, extended 9} HAX| = 52 S5
AASHA] FATt

[Ji, Jj] = iheiji i, J*[im) = B%§(j + 1) [jm)
Jy |jm) =h/j(G+1) —m(mE£1)|j,m+1)

h
S; = 5% 005 = 0i;1 +i€ijr0p
(! [T |jm)) o o, (7 ®)5)

270, HA g Get, AR Aol 714 convention, i T9l, FAIEAES 1T
o

& o), Lie algebras A|-9-11 ladder operator S+ representation tensor product 2 -F-3-7

et
ZAXa 27 AR, FAS ’H 9, mostep, triangle inequality, parity selection= 213t}
E o AE - bR % - AAET - A4 4 E Th Aol nu
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15.5 Wilson line¥} Berry connection

SHAl. Bloch band 2} many-body wavefunction®] 7|58k Chern 4*, Berry 94, anyon S| 2 ST
O 2 Uehdtt, o] 7k=9] 242 Wilson line™} Berry connection©|th. &3] Z A]+= final base reformatted
o|H, extended 2t A= &EH2 5 A UsHA] 4Tt

i EAL
H(k) [unk) = En(k) [unx)
An(k) = i<unk|vkunk>
1
Qn = Vi x Ay, C, = —/ Q. A%k
27T BZ k
o2
neoce
S(A) = a|0A] —logD + o(1)
Z7. gapol €& A3 71A] gauge?t patch B2 i 113A] A 2| =] =7] &It
S= . -84 E bundle? connectione % 2]5}F1 Brillouin zone = parameter spaceoﬂ A curvature
£ A B3
ALY} Zk7F 7. gap closing $10] ER¥EFO] H5HA| Q=4 gauge patch 2]&/d o] AFRtA| =4 gRlght}.
Axtzs /A AZ. YA AA|, FAL Hall, topological photonics@F A2 T,



Chapter 16

S22 xSk} Dirac o] &

16.1 Klein-Gordon B4 Al

WY, HNEH SF TN Lorents B, 28, W%}, FE BLAES Sedtk, o] 7ho] 2

o

O O O =
Klein-Gordon WA Alo|th &3] EA]= final base reformatted©] ™, extended 2} A2 = FE2 &
Arelak) erert,

HEA,
(O+m?c® /R =0
(iby"9,, — mc)yp =0
{7} =20
i = ey, Oug" =0
2. WA A e, QAR A, 71A convention, h B, BAIZH S G FH
= # . Lorentz covariance?} A3 A0 &2 271S &7 Q7510 gamma matrix tH4E A=t}
A%} 27 A 7. current conservation, spinor normalization, B4t 2 25t 2FQlgtt}

A/ AT A2, BAS T ol gE - AR oY - AR - AN AR hA o
AN AN 55 E e - 9lr.

o

¢

¢
.1

76
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16.2 Dirac WA A

AL AUEH THEWHAS Lorents O, 23, W14, BE BRAS =ofuic). o =g 2L
Dirac A Alo|tt. & EA|E final base reformatted ]| W, extended2t AX| = FE2 FE AUSHA|
&3k
RER

(O+m?c? /R =0

(ihy" 0y —me)p =0

(9#7) = 2
J* = eytap, Ougt =

27, HA e Ash, A4k Ao, 713 convention, h B9, AAIZRA S 179t
= #oll. Lorentz covariance2t A A7t 2713 &7 8715} gamma matrix 45 A=t
Azt 2k7F A . current conservation, spinor normalization, H[AF T2 =§HS &Ittt
AT/ AT QA BAS B U A - QA Y - AR - A4 EAZ Al Holum
AFAA AL 58S T 4 ATt
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16.3 Dirac spinor&} bilinear

WA, SHNHE 2 Y hasl BHEC 2 Yolsn] Mel A3 A0 22E 2 WED. o] A=e
%72 Dirac spinor2} bilinear©|th. &%] EA| = final base reformatted ©] ™, extended 2} AX| = &EH2
F5 o) skt

[Ji, Jj] = iheiji i, J*[im) = B%§(j + 1) [jm)
Jy |jm) =h/j(G+1) —m(mE£1)|j,m+1)

h
Si == 50'1'7 O'Z'O'j == (5”]. + ieijkak
<j’m’ Tq(k)’jm> x ijmmkq <j/ |T(k)|'j>

270, HA g Get, AR Aol 714 convention, i T9l, FAIEAES 1T
o

& o). Lie algebras A|-$-1 ladder operator B+ representation tensor product 2 1-F-3-7HS &35

Elg=y
ZAXa 27 AR, FAS ’H 9, mostep, triangle inequality, parity selection= 213t}
B mpe g - A Y - AAR - A4 £A2 oh) Holum



N o ot B e L

16.4 Foldy-Wouthuysen Z17

WA, AEH TFERAA LS Lorents 04, AT, WU, BE BRAE Sejuict, o] 7o) 24
Foldy-Wouthuysen H7Ho|tt. &3 ZA]+= final base reformatted ©]™, extended 2} B2 = FEH2
457 Q3.

(O+m?c? /R =0

(ihy" 0y —me)p =0

{v",7"} =29
[

Z7A. Az e A3k AARE Aol 71A] convention, h T, AAZRAS 1A G}
= #oll. Lorentz covariance2t A A7t 2713 &7 8715} gamma matrix 45 A=t
243} 27 . current conservation, spinor normalization, H]/$THE SeHS &It}

A2/ A2 AF. TAS B s A - QAR oY - AARA - A4 £A R ThA) Hojrw
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AN A, BEe A7HEEA O] A Z0 8 Al vix|5tH o R o] oFxteist BA| L Ny 40} o) Eut
gAlol detoz Helth o] 7kEo] 242 9 FEo] BR3IIolth. &3 EA|E final base reformatted
o], extended 2 AX| £ Y52 5 AUHA Lt

=4,

lv) = ch |n), Z |cn|2 =

(4) = (¢[Alp) = Tr(pA)
10, ) = H )
[zi,p;] = iR
27, AA el Fsh, AARE AH e, 714 convention, h B¢, AAR-S s

= nlﬂl:]] Hamiltonian& Ao}l $HH] 7|2 & -2 H, 7Itigkoly &E2 trace E+= inner product =

D)
N
)
o
)
ru{m

3to] 1Q17], 7] thgho] A41%], A

- ’

-

% = 7HEHA 0] norm S B E5H=A] glgiet
Agst/Ae ‘i“;’é M2 stol| A= Al 27He Al 527 Hamiltonians A3 A|AE fE Xy By
2o} A7 TS B wEHH o] 37} w2},



A= Aot |25
final base reformatted©]H,

=

T

[c1gn=1%
o B LY

o
=
Al
Tr(pA)
H )
&E-& trace =+ inner product 2

D enl? =1

[$i7pj]

iho; )
29, 7ozl

Bl

=
k)

(4) = (¢[AlY)

) = caln),

b gkl 712 2

i

o] 117, 7]Hhgto] A1 A], AIZHEZd o] norm

L

| .

o

353

=

FPAet

s
oret

= w|. HamiltonianS %
[

o

T

Chapter 17
FELZ 7}
Ak} AL AR,

17.1
g

e
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17.2 Aasks9) A functional

AL e, BEw, AQRAS] Al 202 A ulx|ah thuRe] ebaholst Bl
HWQ /\‘9—] Asto g Holt}, o] 7= A2 Abatkst4e AA functional ©] Tt E‘J
reformatted ©] ™, extended 2} A X = FEH2 Z5 USR] Eotct.

A,

S Batel ul s
= final base

Gk
EN

|¢> = ch |n> ) Z |Cn|2 -

(A) = (Y[|AlY) = Tr(pA)
ihoy W> =H |1/’>
[l'ivpj] = 1715”
Z7. HA Al A8k, dARR; Ao, 7] #] convention, h &9, AA RS 1St

= ‘“ﬂ‘:ﬂ Hamiltonian< A 5t1l 2|74 & Y& 5, 7|thgtoly &2 trace =& inner product =

A3 A7} A, SHE o) 1917, 7] ikol A491A], AT norm & RS SHR1gH,
;ﬂxl':g—él /ZEI‘% ﬁg %_X]'—l—o]'oﬂ/\‘] LS /\}-EH%Z_]"% /‘\_]ijo'_z_]-’ Hamﬂtonlan—g /]\_‘lof] }\]/\ ‘_-_]_] oé—]i%_j_ ‘_]%] HT
IREEQt AZHES Bl wEHH o] 3|7} w2},
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17.3 Wick A

AN, A2 ET diagram< AP Aok, AR ZZ S AL /oj2 F=t) o] 7=l 22
Wick Ag]o|t}. &2 EA]+= final base reformatted ©] M, extended @t AX| = FE2 S5 AASHA| &
et
EAl

.

i

St

KXQﬁtﬁQhQ):i/IWGXP{ Swﬂ

Z[J] = /m exp [;L (S[qﬁ] +/J¢)]

G = Gy + GpXG, Gil:Gal—Z
S=1+ 1(271')4(5(4) (pf —pi)M

| = ApplA] / Dy 6(F[A))

Z 7. regularization, normalization, contour, gauge fixing convention= 1%+t

= ol A|7HES =& generating functional 2 THE Wick % 2], stationary phase, renormalization
T - g g y

= 2ol 2 g3t

A%z} 27 A 7. propagator pole prescription, symmetry factor, cutoff 2J&/d, Ward identity S <!

St

A/ AT AR, A F ol e - QAR B - AARD - A EAE O] Foj R
AT7AA AM BES WS 5 k.
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17.4 LSZS} A

A, A=k AR, Green &4, S Y29 unitarity oF S A/ 22 2] . o] 7h=9] 232 1SZ
@} Atetoltt, &4 FA|= final base reformatted ©]™, extended @t A 2| = FEH2 S5 AUsHA] &
3
1
-\ _ o ’ ()
) O+ om0 1Y )
T=V+VG{T
ikr
ikz e do 2
¥(r) + O 3q = @)
1 & .
f(0) =~ Z(% + 1)6‘52 sin 6y Py(cos 0)
k £=0
1
kcotdo = —a; ' + §r€k2 + O(k*)
Z7. A EA FARA, el 338 flux normalization, channel 45 HA 1175},
& #d. Lippmann-Schwinger 7 4]0 4] outgoing Green 45 A5 YA 2 asymptotics 2t flux
£ v wate.
X3} 27F A 7. unitarity, optical theorem, oW &) =3, cross section2] 2 1S &lstet,
AT/ AT A2, BAS B s Al Qb oY AAZA - A4 AR oA o
A7 AN BES WS+ ek,
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17.5 Renormalization?] &g]

A HZHE I diagram AIPEA | AATERe AT ZS SEAA Qo] 2 F=t}. o] 7FES] Y2
Renormahzatlon——] Edojt}. X EA|+= final base reformatted©]H, extended 2 AR = FE2 FE
oA bkt

tEA].
K(qr,tyiqists) /Dq eXp{ ]]

~ [poew [h <5[¢]+ / J¢>)l

G:G0+GOEG, GilZGal_
S =1+i(2m)*™W (p; — pi) M

| = ApplA] / Dy 6(F[A))

Z 7. regularization, normalization, contour, gauge fixing convention= 1%+t

X o], AJZFHEE == generating functional= THEI Wick % 2], stationary phase, renormalization

2 ajelz 4 gt
Za R ol o s = propagator pole prescription, symmetry factor, cutoff o]&A, Ward identit Ve &l

she}
AAFE AT 4B,
AR AN BEE B

L

)

12 2w “AbE) - AR TY - AAZRA - A EAR A Hojmul

At

|t
>
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oAl At Green $

4>

o] oxpofat 24l Marh4et o)

=ia. o= - =1 EH"‘?“ A = ’
g ae] Agto 2 Helth, o] 7h=9] 22 Fock 3ol A 2] AT akgoltt, &4 A= final base
reformatted ©] ™, extended 2} AX| = FE2 F5 AUSHA] Eotct.
R
|¢>:ch In) Z|Cn|2:1
(A) = (Y[AlY) = Tr(pA)
iho: [¢) = H [¢)
[-T'hpj] = 1h5w
27, HA e Ash, AR Ao, 713 convention, h B9, AAIZRA S 179ttt
= . Hamiltonian< st 1| 7| A& 92 H, 7Iigtelu FES trace E+= inner product =
et
A 27 A, SEFo] 191A], 7Itigko] A4l A], AlZP o] norm & BESH=A] &It
AT /AT AZ. AAgstol A= FeHla1tS A5 37t Hamiltonians A% AAH FEAH B0
1B ES A3 TS Bl st of 7} whch,

86
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18.2 Matsubara Green &4

Y. oA FAFZS Fock B2, Green B4, SHIS, BRI A4S o) WAy Axet.

o] 7FE9] 242 Matsubara Green 30|t} % FA|+= final base reformatted ©]| ™, extended 2 72|
+ FE2 FE AYsHA Lot
RER
[ai,a;] = 0ij, {eis C;} = dij
1
Y(r) = Z ¢i(r)ci, H = Z hijC;er + B Z V}jklc;rc}clck
i i ijkl
. 1
G(k,iwy,) =

iwn - fk - E(k,iwn)

s (t) = —20() (A1), BO))

Ep =1/&+|AP2 (BCS/BAG)

271, 2%, ensemble, Matsubara/real-time convention, SA%3, cutoff& 11 SHc},
| —

& wf. second quantization 2 Hamiltonian< 23l Green &4 F+ B4 decoupling 22 ob-
servable= 74T},

A4} 27F A 7. sum rule, spectral positivity, SA15-S, analytic continuation= 2?1},
A3 /As Q4. vreA, 2T, FRAAL, condensed matter =2 92 o 7] 10|17} .
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18.3 Add29¥ Kubo &4

A, ThH) YAFE L Fock 23F, Green 34, S934, W41} A 72452 o YadArS Attt
o] 7tE9] 22 ’L%‘%‘ﬁl—]‘ Ku bo ZAlo|th. 4 & ]—t— final base reformatted ©] ™, extended 2} 7 %]
£ 5o 32 el el
CER
la;, al] = 5ija {cicl} =535
= Zqﬁi(r)ci, H= Zh” i+ = ZVZJMC ciciCk
% zykl
. 1
G(k,iwy,) =

iwn — fk — E(k,iwn)

Xia(t) = ) {[A(), BO))

Ep =1/&+|AP2 (BCS/BAG)
z

271, 2%, ensemble, Matsubara/real-time convention, SA%3, cutoff& 11 SHc},
& wf. second quantization 2 Hamiltonian< 23l Green &4 F+ B4 decoupling 22 ob-
servables AAFSHCH,

A3} 27 AA. sum rule, spectral positivity, =453, analytic continuation< &<l

AAtzs /A A2, WA, AT FAAAL condensed matter =2 912 W 7|2

e

t}.
o7} gt

re
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18.4 AMEZ st

A TRk G SOl A= AatARe] oA, AHER, resolvent 7t 224 BAIEAE AT ©f
7tEo] 22 A" EY dh4o|th, &% F A& final base reformatted ©] ¥, extended 2t A 2| = FEH
S5 AdsHA ekoktt
x4,
1=l o + [ae e
A= [ XNdEs(N), /f dEA(N
a(A)
Ra(2) = (A—21)7" (A) =C\ p(4)

dCHCP

Z7. HA e} st AL Aol | 714 convention, h B9, AR S 1A},

F= wd)., WA AL dense domaing A7 5}l adjoint domain 2}t boundary form-< H| 1l 3h F
spectral theorem= 4-8-3Hc},

7""]'-1—]' ZH7F A A, spectrum©] A 4Z0]| 91=4], boundary term©] 0914], resolvent 2}l 0] Br=2] &<¢

—

2w e - AR - oY - AARA - A eA R T Hojuw
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18.5 ZAZAEI Hubbard-Stratonovich

AN, 242 diagram> AP, AFaghe, ARRRIES S AL o| 2 =t} o] 7tEe 22
2 B3} Hubbard-Stratonovich©|tt. &% I Al+= final base reformatted ©]™, extended 2} 2| +=
FEZ FE AAsHA Lottt

tEA]

i

K(qpty;qiti) = /Dq exp {BS[CJ]]
pEHEN )
G=Go+GoXG, G '=Gj'-%
S=1+ 1(271')4(5(4) (pf — pi)./\/l

| = ApplA] / Dy 6(F[A))

Z 7. regularization, normalization, contour, gauge fixing convention= 1%+t

X o], AJZFHEE == generating functional= THEI Wick % 2], stationary phase, renormalization

S Aol 2 2 g,

A3} 27 A 7. propagator pole prescription, symmetry factor, cutoff 24, Ward identity S 29

s} b

e/ A2 A2, 2AS E uhs e - A4 A - AAZA - G4 AR o] Hojuu
A7 A B2 WS 4 9T}
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BT} 2R7A /A E

19.1 Hartree-Fock

AN Qs BA BAE B HAH, BAT, §EH 5, MelHo) 2R P}, o] /e 27
< Hartree-Fock©|Th. &3] T A= ﬁnal base reformatted©] ‘1] , extended @} AR = FE2 FE AUFHA
olorr}
EER)
W a2 R20(0+1)
YRR Vv a5 0 nl — E n
o dr? +V(r)+ Sr? Une Une
S dmeoh?
EHZ_LQﬁ’ ao = 7r602
2(4meg)2h" n e
11 dVv
Hsop=———=-——L-8S

2m2c? r dr
U(r,R) = . (r;R)x(R) (Born-Oppenheimer)

re

#| Ayel s, AARE Aol | 7] A convention, h T, A ZAE A7}
. Born-Oppenheimer == 34 HEld 22|15 WA 5111, radial equation™t A& B4 S 22 =

off w=
=2
b _-‘141_

e oY 2xdo W
-3 rﬂj- = Ho

91
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92 CHAPTER 19. Bw73T /A4 /2

19.2 Bose-Einstein condensate®} Bogoliubov °] &

B T SHEE Fock 32, Groen T, SYRE, HZYN AFALE Fof YDy AL,
o] 7}E.9] %A Bose-Einstein condenbateQ]' BOgOhubov o|Zo|t}, &x] T A reformatted
o, extendedﬂ- AL g2 o =B AMolstx| 9kofrt

fEA],
[azﬁa;] = 5ij7 {Ciac;‘} = 1]
= Zqﬁi(r)ci, H= Zh” i+ = ZVZJMC cieicey
% zykl
. 1
G(k,iwy,) =

iwn - fk - E(k,iwn)

Xia(t) = ) {[A(), BO))

Ep =1/&+|AP2 (BCS/BAG)

271, 2%, ensemble, Matsubara/real-time convention, SA%3, cutoff& 11 SHc},

& wf. second quantization 2 Hamiltonian< 23l Green &4 F+ B4 decoupling 22 ob-
servable2 AAFSHTE,
A3} 27 AA. sum rule, spectral positivity, =453, analytic continuation< &<l

AAtzs /A A2, WA, AT FAAAL condensed matter =2 912 W 7|2

e

o},
of7} e},

re



ARIS} up e B2 03

19.3 BCS H#%

Y S BAEE Fock 3L Groon B ST BN ATALE 5 ey g Aua,
o FhE2) 23 e Bes gRgelr. FA BAL
F5 AelakA) elott.

o
)
wn
@
L]
@
6"
=
=
g
t+
@
[sTRg)
2
o
@
><
ot
(e}
]
o, I
@
Q.
i.cl
E
rir
N
rlo

EA.
[azﬁa;] = 5ij7 {Ciac;‘} = 1]
= Z@(I‘)Cn H= Zh” clej+ = ZV,JMC cleey
% zykl
. 1
G(k,iwy,) =

iwn - fk - E(k,iwn)

Xia(t) = ) {[A(), BO))

Ep =1/&+|AP2 (BCS/BAG)

271, 2%, ensemble, Matsubara/real-time convention, SA%3, cutoff& 11 SHc},

& wf. second quantization 2 Hamiltonian< 23l Green &4 F+ B4 decoupling 22 ob-
servable2 AAFSHTE,
A3} 27 AA. sum rule, spectral positivity, =453, analytic continuation< &<l

AAtzs /A A2, WA, AT FAAAL condensed matter =2 912 W 7|2

e

o},
of7} e},

re
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19.4 Nambu E7]

AL THA) YALE Fock B, Green B4, S-S, HZA AFAE 5] ULDBAS AT,
O] 7]":94 %742 Nambu E7]0|th. &4 &EA ase reformatted ©| ™, extended 2} A 2| = &5
SEAASHA gttt

rir
e
E
=3
o‘ -

EA.
[azﬁa;] = 5ij7 {Ciac;‘} = 1]
= Z@(I‘)Cn H= Zh” clej+ = ZV,JMC cleey
% zykl
. 1
G(k,iwy,) =

iwn - fk - E(k,iwn)

Xia(t) = ) {[A(), BO))

Ep =1/&+|AP2 (BCS/BAG)

271, 2%, ensemble, Matsubara/real-time convention, SA%3, cutoff& 11 SHc},

& wf. second quantization 2 Hamiltonian< 23l Green &4 F+ B4 decoupling 22 ob-
servable2 AAFSHTE,
A3} 27 AA. sum rule, spectral positivity, =453, analytic continuation< &<l

AAtzs /A A2, WA, AT FAAAL condensed matter =2 912 W 7|2

e

o},
of7} e},

re



Chapter 20

ZAL WE | Berry &

20.1 Bloch A3

Al. Bloch band 2} many-body wavefunction2] 7] 3}_6—}% Chern 4%, Berry 97, anyon 4] 2 &
0 2 Uehdt}, o] 7t=9] 272 Bloch A2lojth. &% HEA]+= final base reformatted©| ™, extended
A E BB 25 AR5 L,

2

£ ool g

1=

I
axr

H (k) |unk) = En(K) |unk)
An(k) == i<Unk|vkunk>
1
Qn = vk X Avu Cn 7/ Qn,z d2k
BZ

:27T

e2

neocc

S(A) = a]dA| — logD + o(1)

gap®| B U3l 7|4 gauge?} patch B = W13 A| 4 o] = =A] Elgt,

. -3/ bundle2] connections % 2]5FAL Brillouin zone F=+ parameter space©l| A curvature
S}

o H l:i
B

oY nudo BN

Abak 27 7. gap closing $lo] ERAEFO| 52| &E=7], gauge patch 2]&/d 0] AtetA]=7] &It}
33h/Hs 2. YFEAA|, FAF Hall, topological photonics 2t A2 E T}.

95
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20.2 Berry &% Chern &

A, Bloch band®} many-body wavefunction®] 7]5}8H2 Chern 4%, Berry 91/, anyon 57| 2 &8
Fo 2 Uehdt}, o] 7t=9] 22 Berry 253 Chern ~°|th. &% Z A= final base reformatted ©] ™,
extended @t A= 52 S5 USR] ottt

i EAL
H(k) [unk) = En(k) [unx)
An(k) = i<unk|vkunk>
1
Qn = Vi x Ay, C, = —/ Q. A%k
27T BZ k
o2
neoce
S(A) = a|0A] —logD + o(1)
Z7. gapol €& A3 71A] gauge?t patch B2 i 113A] A 2| =] =7] &It
S= . -84 E bundle? connectione % 2]5}F1 Brillouin zone = parameter spaceoﬂ A curvature
£ A B3
ALY} Zk7F 7. gap closing $10] ER¥EFO] H5HA| Q=4 gauge patch 2]&/d o] AFRtA| =4 gRlght}.
Axtzs /A AZ. YA AA|, FAL Hall, topological photonics@F A2 T,
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20.3 28l 7 d

AN, G, TS, AP Al H 02 Al S vl x|5tH thEE2 2] FAtY st A= A4t o] 21
A Aol Asto g Helcl o] 7} Z2] EA|+= final base reformattedolnﬂ

|7/1> :ch |Tl>, Z|Cn|2 =1

(4) = (¢[Alp) = Tr(pA)
ihoy W> =H |1/’>
[l'ivpj] = 1715”
27, WA AFe) 8, A4t Helod, 73] convention, i B, AAZAE LA

= ‘“ﬂ‘:ﬂ Hamiltonian< A 5t1l 2|74 & Y& 5, 7|thgtoly &2 trace =& inner product =

A% 27 AA. FERol 1914, 71Tzl A4 A], AlZHE o] norm< HESH=A] ERIgH.
A8/ AT A2, ARl A= el a1tE A 237t Hamiltonians A3 A|AE FHAH Hil
ARFRE} AT H| w5 o] 37} w2 o,



98 CHAPTER 20. ZAA} #i= BERRY =&

20.4 SSH 23

HAl. Bloch band 2t many-body wavefunction2] 7|52 Chern 4%, Berry 94, anyon 4] -2 &

Sl
2o E Ueldt}, o] 7tE9] 75:.q 2 SSH 23 o|t}. &% EA]+= final base reformattedol‘:‘:], extendedQ]'
AL B T2 AU Lk,
CER)
H(k) [unk) = En(k) [unx)
An(k) = i<unk|vkunk>
1
Q =V x A, Cp= —/ Q.. 4k
27T z '
2
Z Z C,
neoce
S(A) = a|0A] —logD + o(1)
Z7. gapol €& AL 7|A gauge”} patch B2 W I1HA] A o] =] =2 &lstct,
S= . -84 E bundle? connectione % 2]5}F1 Brillouin zone = parameter spaceoﬂ A curvature
£ A8},
A3} 2k7F A A, gap closing $l0] SRIEFo] HSHA] =24, gauge patch 2]&/d 0] Al2tA| =2 &Rt}
Axtzs /A AZ. YA AA|, FAL Hall, topological photonics@F A2 T,
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20.5 QA A A2} entanglement

A, Bloch band®} many-body wavefunction®] 7]5}8H2 Chern 4%, Berry 91/, anyon 57| 2 &8
Fo 2 ettt o] 7t=9] 22 914 2 A2} entanglement ©]TF. &% T A= final base reformatted
ot extended 2} A= &2 S5 AUSHA &tct

CES)
H(k) [unk) = En(k) [unx)
An(k) = i<unk|vkunk>
1
Qn = Vi x Ay, C, = —/ Q. A%k
27T z '
2
Z Z C,
neoce
S(A) = a|0A] —logD + o(1)
Z7. gapol €& AL 7|A gauge”} patch B2 W I1HA] A o] =] =2 &lstct,
S= . -84 E bundle? connectione % 2]5}F1 Brillouin zone = parameter spaceoﬂ A curvature
£ A8},
A3} A7 A gap closing §lo] EHEFo] M51A] QF=3] ) gauge patch &4 0] AFalA]|=x] Eldtc},
Axtzs /A AZ. YA AA|, FAL Hall, topological photonics@F A2 T,



Chapter 21

Q& %Fx}A|2l decoherence

vl x5} R 20| FAtS st A= A4l o] 21
slo|t}. &3] EA]+= final base reformatted ©] ™,

o H H° AX
oEA
D=, Yl =1
(4) = (¥[Alp) = Tr(pA)
oy [¢) = H [¥)
[z, 5] = ihdi;
27, HA JE] sk, AR F oS, 713 convention, h B9, AR 1At
$E Wl Homiltonian& H312 28]7145 32 7, 71eigtelut #5& trace Ei= inner product 2
gegit,
Axat 27 AR, s-23ho] 1914, 7|t)zto] A4201%], A|ZHEH o] norm S BE5H=x%] golste},
AALgsh /AT A2, AAF oA = dEHlaitE A& F7F, Hamiltonians A3 A|AH P 21
1R EQt AIZHSE-S H| sk o] 5l 7} w2,
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21.2 Lindblad-Gorini-Kossakowski-Sudarshan % Al

AN, A SAol = A= HFUE ] 93, YA jump, entropy production 22 7] &QIH:. ©f
7tE9] 242 Lindblad-Gorini-Kossakowski-Sudarshan ¥4l o]t}, &%) EA|+= final base reformatted
ojH, extendedQ]' HA = FE2 S5 YA &dtt.

= AlL

. i 1
p= _7J£Lp]+-§::<LMpLL__2{LLLM7P}>

m

¢
ps(t) = / K(t — s)ps(s)ds (Nakajima-Zwanzig)
0

eff—H**ZL

—ﬁhw

V(=w) = ey (w)

Z 7. Born-Markov, secular, weak coupling, bath correlation time 22 ZAFS T A|SHC},

& . system-bath Hamiltonian®l|A] projection/Born-Markov <AHS -85t SHASd 21
ZAAFstc},

A} 2F7F A . trace, positivity, detailed balance, steady state”} &2 2 Q1A &lgtct,

Azss/ AT ﬂ’é 2 Ahg, YA, BEEA] qubit ] Ty, T, siA 3 24 2=
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CHAPTER 21.

102

21.3 thEAE

o] 7F=9)
2 44l

J 2=k
523

o
b

X~ 00

St
A=

1L
=}
4

A== QoA 71 2

I} A G trace HE
HA]+= final base reformatted ©] ™, extended 2}

._lyul__A

X0 H

_z__uﬂ__Hl . .
LOJTT RT

RETASE

TN o8 T

Trp=1

p =0,

p= sz‘ Vi) (Yl s

Em - Z ;LmMma

> KipKf,

p(m) = TT(EmP)7

1

> KK,

E(p)

J(€) = (E@I)(|®)(®])

A, trace H

FE . 2 AlM fFUEE s}

, Kraus 3t

Fod Kraus/POVM +Z£ &

)

olt} ancilla® HE324

Fict
A} A AL BE BEol ¥4, Y KK,

11A], partial trace xH¢Jo] BF

AF &M 2 ThA] AojHH
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Fopae] s A

el

E3 9

21.4 Kraus

A= ol A 7+
final base reformatted©]™, extended

=
| -

T} A 49] trace E

X A

JAXAST
e G

Trp=1

p =0,

p= sz‘ Vi) (Yl s

Em - Z ;LmMma

> KipKf,

p(m) = TT(EmP)7

1

> KK,

Ep)

J(€) = (E@I)(|®)(2])

A, trace H

FE . 2 AlM fFUEE st

, Kraus 3t

Fod Kraus/POVM +Z£ &

)

olt} ancilla® HE324

Fict
A} A AL BE gl ¥4, Y KK,

11A], partial trace x+¢do] BF

Ab &M 2 ThA] AojHH
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—

21.5 H]Markovian WA A

AN, A SAol = A= HFUE ] 93, YA jump, entropy production 22 7]&?It, O]
7t= 9] 242 H]|Markovian 78 40|tk &4 FAl+= final base reformatted ©| ™, extended 2t x|+
FE 5 AdstA &gt

=4,

. i 1
p= _7J£Lp]+-§::<LMpLL__2{LLLM7P}>

m

¢
ps(t) = / K(t — s)ps(s)ds (Nakajima-Zwanzig)
0

eff—H**ZL

—ﬁhw

V(=w) = ey (w)

Z 7. Born-Markov, secular, weak coupling, bath correlation time 22 ZAFS T A|SHC},

& . system-bath Hamiltonian®l|A] projection/Born-Markov TAHS A-8-otal eHA S 21

ZAAFstc},
A} 2F7F A . trace, positivity, detailed balance, steady state”} &2 2 Q1A &lgtct,

A28/ AT 2. 2= g, FAAIA, HEE=A] qubit®] Ty, T, siA 3 2 A2
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o

21.6 Decoherence®} pointer basis

23 S0l = A= BlrUE R T8, FAF jump, entropy production 22 7]&3ttt. o
ce®} pointer basis©|th. &3] EA]= final base reformatted ©]™, extended 2}

. i 1
P ::__ﬁilf?p]+_§£: (lﬂipLL'_ 2{1%LLM7P}>

m

¢
ps(t) = / K(t — s)ps(s)ds (Nakajima-Zwanzig)
0

eff—H**ZL

—ﬁhw

V(=w) = ey (w)

Z 7. Born-Markov, secular, weak coupling, bath correlation time 22 ZAFS T A|SHC},

= #o. system-bath Hamiltonian©|A] projection/Born-Markov TtAHS A-&5Fal H g =71

ZAAFstc},
A} 2F7F A . trace, positivity, detailed balance, steady state”} &2 2 Q1A &lgtct,

A28/ AT 2. 2= g, FAAIA, HEE=A] qubit®] Ty, T, siA 3 2 A2
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Qg Lo} FAPA

22.1 QubitZ} Bloch T

Y. PR e, A, A%, 812, 05 208 AN M MY TSR vt of 7

2, 219, 9

| -
Qubltd—]' Bloch Fo]th. &3] EA]+= final base reformatted©] ™, extended 2t BX|= FE2 S &

1
p=5(+ra), <1

S(p) = —Trplogp, I(A:B)=S(A)+5(B) - S(AB)
PEIE,P = Cyp P (Knill-Laflamme)

QFT |z) = % S eEmiou/N |y

P(q@) peaked near eigenphase ¢ (phase estimation)

3]

L

ui

Abz 1}7]' A 7. unitarity, normalization, no-cloning 271, error correction syndrome 24 <

X" AzF-s-sH/ 5’6"—'" . AFE S S+ B oAM= gate complexity, error correction, channel capac-
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4. AR AT, WY, 93, B2, LR 242 AN H5E A4 i o] 9
Z L 7|2 gateo|Tt. &4 A= final base reformattedol‘:‘:], extended 2} A2 = FEH2 5 AFUsHA|
&3t
R
1
p=s(tre), <
S(p) = —Trplogp, I(A:B)=S(A)+ S(B) — S(AB)
PEIE,P = CyP (Knill—Laﬁamme)
QFT |.13 Z eQTrlmy/N ‘y
P(q@) peaked near eigenphase ¢ (phase estimation)
Z7. 1A e Htah, AR Aol 714 convention, h B, AAIEAS e
= w o, FElZ7HS tensor product 2 WL i, 8] 2| measurement S CPTP mapd} unitary gate
= Fagh,
A2} AF7)F 7. unitarity, normalization, no-cloning 271, error correction syndrome #2433 291
El=g
Axtgst /A s A4, AFETE 55HF B-o) A= gate complexity, error correction, channel capac-
ity 2 o]o]XIt},



108 CHAPTER 22. YA HEe} FA AL

22.3 Bell ZJEf9} teleportation

H] A/, contextuality, decoherences A3 7}t H5-A11 HE =2 AT
EHQ]' teleportatlonolf—]' Z2] B A= final base reformatted o]H, extended 2}

7\3 — ©°
=4,
o) = (]00) + |11))
o) =
ScHSH = E(a,b) + E(a, b/) + E(a’, b) — E(a’, b/), |SCHSH| <2
|Scrsmlon < 2V2
ps =Trg|Vsp) (Usp|,  pij — piye "’
27, A e AEh, Akt oY, 714 convention, i T, BAZRA S 1S
S, 35 Jeiet 54 AA-S ILE H correlator & A4S 1 bound 2 FAF bound & H w3t
AR A7 A A, classical bound 2 quantum bound & 238}, loophole ] W measurement convention
2 BAR
AT/ AT A2, BAS T ol e - A4k oy - AAZA - A4 EA 2 ThA) Hojrw
ALY AN B5S WE S ek
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22.4 No-cloning

HA., FA7| 2= A HZF A, contextuality, decoherenceS A 7Hs SAT AHE 2 B

LA

0] 7]—59—] %72 No-cloning©|t}t, &% ZA]= final base reformatted 0]‘3’] extendedQ]' A= 52

F5 ArelskA) ot
A,

o) = (]00) + |11))

) -
ScHSH = E(a,b) + E(a,b') + E(a’,b) — E(a’,b’), |SCHSH| <2
\Scrsmlom < 2V2
ps =Tre |UsE) (Ysp|,  pij — pije "

. A A A3, QAR A, 713 convention, B T, BAZH S G F
=, 28 AEe 2 A4S 12 H correlatorZ A4S 1A bound 2 YA bound & B g}
! 37

E e VJH - Ak -t - AR - A4 SR ThA] AojE

e mom¥ do N
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22.5 AEZ 1|9} Ak

AN BH|, BSH, AT A S o2 A S HiX|otH ti B2 o] A e A= At vl
AAlo] Aglto 2 Holt} o] 7lEo] AL dEZ1]et A HTFo|t}, &% EA]E final base reformatted
olH, extended 9t A= FE2 55 HYUsHA] Zodtt

o4,

|7/1> :ch |Tl>, Z|Cn|2 =1

(4) = (V[A]¢) = Tr(pA)
oy [¢) = H [¥)
[l'ivpj] = 1715”

270, HA e Aot ARG, 714 convention, h T, FARAE 7T

= o], Hamiltoniane Aotal 2| 7| A E Y2 H, 7|digtoly &2 trace T+ inner product =

geet.

B

A, 8530l 1917, 7]eigto] A1), AZHA 0] norm g BEFHEA] SHeldt}.
AAZe/ AT A, HAEsol M A B A ET, Hamiltonian® AY A A= YA B2
DGR ES} AZFS TS vk of 37} whch,

-
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22.6 Quantum Fourier Transform} €11 2|E mty

WA, S5 BAL AUE S SN L5 |9 HEE 2 0|0, He
=4 go|th o] 7FE9] -2 Quantum Fourier Transform @t €118 wcho|tt. &
reformatted ©] ¥, extended @t AX|= &2 F8 USR] &bt

USE

SER)
h2
o(r.0) = |57+ V(0| v
2 . h * *
p =, J:T(w Vi — V)
mi
dp+V-j=0
_ 1 3 —ip-r/h
o(p) (2rh)3? / d°re ¥(r)
A e ek, AR ol 714 convention, h T, FAIEAE et
wo. R AS A 2o FF5ta, BaZe WA AL A HEA = Aoats o

P
>
fu -
o
>
N
9
ey
)

I A7 AA. FEF9 lux® norm BEE, Fourier 99HE, h — 0 =%HS &I}
%<} E = SE) - QAR - oY - AARE - HA

e oY orrdo W



112 CHAPTER 22. YA Ho} GAFAA

22.7 @ EAA I} stabilizer

A, FAHE= GH, A, A7, Az, L/RAY 22 AN 7T A= Bt o] 7FE9]
ZHL 7441 stabilizero|th. &% EA| & final base reformatted ©]™, extended 2+ 2| = &
32 st et
A,
1
p=y+r0), <1
S(p) = —Trplogp, I(A:B)=S(A)+ S(B) — S(AB)
PEIE,P = CyP (Knill—Laﬁamme)
QFT |.13 Z eQTrlmy/N ‘y
P(q@) peaked near eigenphase ¢ (phase estimation)
27, HA g Gat, AR Aol 714 convention, h D], FAIEA S 1T
= w o, FElZ7HS tensor product 2 WL i, 8] 2| measurement S CPTP mapd} unitary gate
2 FHAg
A2} AF7)F 7. unitarity, normalization, no-cloning 271, error correction syndrome #2433 291
g},
Axtgst /A s A4, AFETE 55HF B-o) A= gate complexity, error correction, channel capac-
ity 2 o]o]XIt},
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FApeta W-2A HEAE

23.1 2717 FAE

;. B2 F AL FAF REef YA} o] & FAS S cavity QED, A E, 574 A5 A
o}, o] FtE o] 22 MR 1% FALSto|th, &4 E A= final base reformatted ©| ™, extended 2+ B X =
$2e 35 s gor
SER)
ik-r
Z\/%TV ak,\ekAe +hc)
Hj;c = hwea a—l—Taz—i-FLg( o_+aoy)
't
Q, =2gvVn+1, FP:i Z Q
A72 \n) Vi,
Qout = QAin — \/ECL
27, HA e 3t AR oS, 713 convention, h ©9], AA RS 1T
Ao, F ZES 5] FAESHL dipole/RWA TAFS 2838l -8 two-level model S €=t}
243} 217 7. RWA 524, photon number scaling, linewidth2} decay rate 22 2HQISHT},
Axtzs /A5 AZ. F54], 2ol A, cavity, microwave resonator, circuit QED A& o]} ojoj Tt
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114 CHAPTER 23. ¥Abgstat vl 82 A5zha

23.2 Jaynes-Cummings 23

B BES U OIS o oty QD, AUYF, 33 TS A2
nes-Cummings 23 °|th. &% ZEA|+= final base reformatted © ed

e gRe 28 s gt
A
aene ™ + h.c.
Zv%ng KA€K\ )

Hjc = hwea' CH‘TUZ-FRQ( o_ +aoy)

CL_I
JEL
N
+
@]
=
a

3
Q, =2gvn+1, Fpg()\> Q

472 \n) V,,
Aout = Qin — \/ECL
HA] AFel] AF3E AARRF 2] 714 convention, h T, AAIZRAS 1T
AnR

CE AHs)ks H GAFs}FsEAL dipole/ RWA 21\]’% A 83 97 two-level modelS L=},

ﬂJ]o



o8} opAE 2 A 115

Lok

A, GH, TS, AP A Fo= AS vix| ot o R2o] gAY E A= Aot nj &
W ale] dgto 2 HRlth, o] 7tEo] 2¥ 2 A& o|th, &4 E A= final base reformatted ©] ™,
extended 2t A= &HS 5 A UsHA] gtk

A,

|7/1> :ch |Tl>, Z|Cn|2 =1

(4) = (V[A]¢) = Tr(pA)
oy [¢) = H [¥)
[l'ivpj] = 1715”

B

Z71. WA el A5t A4kz Aol 714 convention, h B, BAIZRAS 1S

% . Hamiltonians A5t YH|7|HE €2 5§, 7|tZtolL} &E2 trace =+ inner product =
el

I 27 AR, EEFo] 1917], Z]thgko] A1, AlZHEH o] norm < BE5H=A] &1ttt
AAES/ AT AR, AABIOINE JE TS A EZL, Humiltoniand 1 A28 YA 80
BES} AR S E S Blashe o517t wect,

-
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23.4 LA} A3} coherence

ik-r
Z\/ 2600} v akAek)\e +hC)

Hjc = hweala+ 702 + hglato_ +aoy)
3 /2’ Q
Qn—Qg\/n+1, pr(n> ﬁ
Aout = Ain — \/ECL
A g Gtk AR 9], 714 convention, h B9, A ZE AT
=

CE AHs)ks H GAFs}FsEAL dipole/ RWA 21\]’% A 83 97 two-level modelS L=},

ﬂJ]o
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o

23.5 Input-output 32

WA, 0 EYHBAEE YA BEG YA HOIE AT cavity QED, ALEE, 24 A 5E A
sttt o] 7t=9] 22 Input-output 320tk &3] EA|= final base reformatted 19, extended 2}
A 22 53 AR5} QST

TER

9= 2 gy (e )

Hjc = hwea' CH‘TUZ-FRQ( o_ +aoy)

3 /2’ Q
Q. =29Vn+1, Fp=-—2[(2) %
gvn+ P 4%2(> Vin

n

Qoyt = Ain — \/ECL

d=oh.

ﬂJ]o

W] el H735E, AARF H ol 714 convention, h T, AAIRA L 13
R =2 H35ls H GAFs}FsEAL dipole/ RWA 21\]’% A28l 54 two-level model
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A5 A 3t Aejet

=

24.1 Gibbs AEj

WA, QY Y o, wS, A WA Aaset duzel ez BAHG. of Ao xHe
Gibbs AEfo]t. &2 EA]+= final base reformatted ©|H, extended 2t B2 = FE2 28 AUSHA| &
ket
oEA),
€_ﬁH BH
= y Z =Tre™
PB 7

(A(H)B(0)) = (BO)A(t +ihB)) (KMS)

Saa(w) = hcoth Bzw) Im % , (w)

AO >

z ore Follv),G] = 4(AG)?

220, HA SE ek, AR 2, 714 convention, h T, AAEAE 1T
‘C?)‘_]_’

& Wl partition function, response function, Fisher informations % 2]

Schwarz & AHESHCE,

Azt 27 A, A2 /302 23H detailed balance, Cramer-Rao bound 9] scaling= 2?15t
AT/ AT A2 BAS F e - QAo O - AAEA - A4 £A R A Holuw
A7AA] A BEE W S Qe
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A, 99, HIBE &, A5, AS e St R JEi2 ST o] 7hEo 242 KMS
Z7olth, x| EA]+= final base reformatted ©]H, extended 2t B2 = FE2 F 8 USR] L9bch
EER
_BH
e _
pg = 7 Z =Tre #H

(A()B(0)) = (BO)A(t +ihB)) (KMS)

hw
SAA( ) h coth 62 )ImX§A< )
1
\/I/f‘jQ7
Z7. HA e Ak, A4 A9 A, 71A] convention, h T, BAIZRT
J

o
=
% W, partition function, response function, Fisher information= 742

Schwarz & AH8-$Hc},

A3} A7 AL A2 /312 =3, detailed balance, Cramer-Rao bound 2] scaling< Q1.
AT/ AT Q2. BAS F e - Q8K O - AAZA - A4 242 T Hojuu
QA4 AL B

A >

Follv), G] = 4(AG)?

AT
-

5 convexity 2} Cauchy-

nlm
o M
rCl
[
4> m]m
39,
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24.3 Fluctuation-dissipation

WY, QW v Y, 4L, AS BAE AReect dEe] Jej2 §AH. of o] 2y
Fluctuation- dlsblpatlonO]E]' Z2] A= final base reformatted©]™, extended?} A= FE= T 5

/\]—O] o]»X] O]—O]—E]-.

A,

(9]

Z =Tre PH
(A()B(0)) = (B(0)A(t +ihB)) (KMS)

Saa(w) = hcoth B2w)1mX§A(W)

1 . 2
Af > \/TTQv Fgll) , Gl = 4(AG)
Z7. HA e A5}, AaaE Aol 714 convention, h T, BAZRAE

o
=
8wy, partition function, response function, Fisher mformatlon% 9]

Schwarz = AHESHC}.
A3} A7 A, A2 /312 23 detailed balance, Cramer-Rao bound 2] scaling < 291},
AR Ee/AT 42, 2

A2 7

gt

L

oL Ry

convexity 2} Cauchy-
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nlm
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iy
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24.4 FA €3} Jarzynski 54

AN, Y, HEE 4, &5, AlS A= Ao AR FEHE T o] 7t 2H2
G2 A3} Jarzynski 54 0|th. &3 3T A|+= final base reformatted©] ™, extended 9} A= FE2= T 5
ardshA] ek
1o
i =Z:A],
e BH BH
= , Z =Tre”
PB 7

(A(t)B(0)) = (B(0)A(t +ih3))  (KMS)

Saa(w) = hcoth B2w)1mX§A(W)

1 . 2
0> \/TTQv Follv) . Gl = 4(AG)
Z7. HA e A5}, AaaE Aol 714 convention, h T, BAZRAE

[e]
=
S5 ), partition function, response function, Fisher mformatlon% A o]

Schwarz S ARE-SHCE
A3} A7 A, A2 /312 23 detailed balance, Cramer-Rao bound 2] scaling < 291},
A2/ AE AL A

A2 7

gt

L

o by

convexity 2} Cauchy-
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lOI'
nlm
flo
d
iy
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24.5 AEZ 1] YA

AN BH, BSH, AT A S o2 A S B X|otH t B2 o] A e A= At vl
Ao Agto 2 Hltt, o] 7tEo] 22 JEZ 1] A/do|tt. E2] A= final base reformattedoltﬂ
extended 2t A& FH2 S5 AUsHA &t

|Y) = ch In), Z |Cn|2 =

(A) = (Y| A[y) = Tr(pA)
iho; W> =H |1/’>
[l'ivpj] = 1715”
Z7A. AA Ae] st AARF A 2] 71 A convention, h B9, AAIZRAS 1A

= ‘“ﬂ‘:ﬂ Hamiltonian< A 5t1l 2|74 & Y& 5, 7|thgtoly &2 trace =& inner product =

A% 27 AA. FERol 1914, 71Tzl A4 A], AIZHE o] norm< HESH=A] FR1gh.
A8/ AT A2, ARl A= el a1tE A 237t Hamiltonians A3 A|AE FHAH Hil
ARFRE} AT H| w5 o] 37} w2 o,
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Chapter 25

A} 29} 34

25.1 EPR2} Bell AHE)

SHA., FA7| 2= A, HF A4, contextuality, decoherenceS AE 7Hs$H 5417 Y 2 T AT}
o] 7lE9] AL EPRE} Bell ’\]’EH o|t}, &x] EA]+= final base reformattedoltﬂ extended 2} AX| =
F5e 22 AsH U9k
TER)
ot) = (]00) + |11))
- 1
SCHSH = E(a,b) -+ E(a, b/) -+ E(a/, b) — E(a/, b/), |SCHSH| <2
|Scusmlom < 2V2
ps =Tre|Usp) (Usel,  piy — pye "
27, HA e sk, AR AF oS, 713 convention, h B9, HAARA-E 1At
FE ], 35 AEiet S A S 12 5 correlator S Al4Fstal 17 bound 2F FAF bound & H] WS},
AT} A7F AA. classical bound 2F quantum bound & G- Skl loopholeol L} measurement convention
£ YAt
AAtast /AT 2. FAE 2 wie dH - At - oA - AR - A4 AR oA Ho] B
ATAA AN BEE BE 5 o
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25.2 CHSH EESA]

HA ., FA7| 2= A HFAA, contextuality, decoherences A 71t 5413 HE 2 2 s

LA

o] 7}=9] 22 CHSH #-54]o|t}. &4 FEA|= final base reformattedoll:‘], extendedﬂ' A= FE2
olo

52 AhelsA] elgeh
CER
o) = (]00) + |11))
o) =
ScHSH = E(a,b) + E(a, b/) + E(a’, b) — E(a’, b/), |SCHSH| <2
|Scrsmlon < 2V2
ps =Trg|Vsp) (Usp|,  pij — piye "’
27, UA e A3, AR Z e, 713 convention, h ©9, AAIRAS 17 sict
ST o], 8 Aejet =3 A8 T2 5 correlatorS AR 14 bound 2 YA} bound E B S},
AR A7 A A, classical bound 2 quantum bound & 238}, loophole ] W measurement convention
2 BAR
AT/ AT A2, BAS T ol e - A4k oy - AAZA - A4 EA 2 ThA) Hojrw
ALY AN B5S WE S ek
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25.3 Kochen-Specker®} contextuality

A, FA7| 2= A, BlFAA, contextuality, decoherenceS A 7]'%?_ HEAW QEd2 24%H

t}. o] 7lE9] 2 4% Kochen-Specker @} contextuality ©]TF. &3] I A|+= final base reformatted©|™,
extended 2t A2 = 52 5 AUsHA] &k,

=4,
o) = (]00) + |11))
o) =
ScHSH = E(a,b) + E(a, b/) + E(a’, b) — E(a’, b/), |SCHSH| <2
|Scrsmlon < 2V2
ps =Trg|Vsp) (Usp|,  pij — piye "’
27, A e AEh, Akt oY, 714 convention, i T, BAZRA S 1S
S, 35 Jeiet 54 AA-S ILE H correlator & A4S 1 bound 2 FAF bound & H w3t
AR A7 A A, classical bound 2 quantum bound & 238}, loophole ] W measurement convention
2 BAR
AT/ AT A2, BAS T ol e - A4k oy - AAZA - A4 EA 2 ThA) Hojrw
AR AN 55 W5 4 ek
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25.4 Decoherent histories

O

o, Bl A4, contextuality, decoherenceE A¢ 755t 5411t 2d 2 A}

_%73% Decoherent histories©]Tt. &%} ZA|+= final base reformattedolf':] extended 2} H*|=
22 52 el it
TER
&) = —(j00) + 11))
o= L
ScHSH = E(a,b) + E(a, b/) + E(a’, b) — E(a’, b/), |SCHSH| <2
|Scrsmlon < 2V2
ps =Trg|Vsp) (¥spl,  py— pije "
27, HA e sk, AR F oS, 714 convention, h B9, A RIS 1At
S, 35 AE =4 4S8 12 5 correlatorE A4S A bound 2F ¥AF bound & H] w St}
AR A7 A A, classical bound 2 quantum bound & 238}, loophole ] W measurement convention
= PAIFHT.
Az2zst/ AT A4, BAE E W “dE - AR - A - FAIRA - HAF A E OA] Hoj
AR A S ES THE 4 Aot
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= 3, H]= 44, contextuality, decoherence S A¢l 7535t 5411 2 2 s}
o] 7t=9] 22 sfAE A4l xtojo|t}t. E*| HA|+= final base reformattedol‘]“] extended 2 A 2| +=

F2.e 52 Hela}x eolrh
=4,
o) = (]00) + |11))
o) =
ScHSH = E(a,b) + E(a, b/) + E(a’, b) — E(a’, b/), |SCHSH| <2
|Scrsmlon < 2V2
ps =Trg|Vsp) (Usp|,  pij — piye "’
27, UA e A3, AR Z e, 713 convention, h ©9, AAIRAS 17 sict
ST o], 8 Aejet =3 A8 T2 5 correlatorS AR 14 bound 2 YA} bound E B S},
AR A7 A A, classical bound 2 quantum bound & 238}, loophole ] W measurement convention
2 BAR
AT/ AT A2, BAS T ol e - A4k oy - AAZA - A4 EA 2 ThA) Hojrw
ALY AN B5S WE S ek



Chapter 26

. She W&, £, positivity, unitarity S HASFHA] ZARETHS 7] 9= Attt o]
o] 242 7]* At} diagonalization©|tt. E*] EA| = final base reformatted ©]™, extended 2}
R o ]
A

lv@)II° =1, At — 0, Npgsis — 00 convergence
—i(Ha+Hp)At — e—iHAAt/?e—iHBAte—iHAAt/Q 4 O(Atg)
HQum = QuTm + Bmdms16s, (Lanczos)
W= 3 AP AR sy )
sis
. AR A7), A ZHHA | basis cutoff, truncation error, random seed & 7| =3t}

Zal
Z . 242 g3t oz sty Sy &) BEGA AL A5 2215 25
A
L B

e

oY do KN
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130 CHAPTER 26. 4%| YAtjsta} A =

26.2 A|I7HEH daelE

HA. GH], TS, AR Al F2 2 AlS v x|otd o R29] A FAl= A iget n| 2
Ao d3to 2 HRlt, o] 7tE o] 22 A7 dare]Fo|t}, &4 ZEA|+= final base reformatted
olH, extended 9t A= FE2 55 HYUsHA] Zodtt

g EA],

|1/1> = ch |Tl> ) Z |Cn|2 -

(4) = (¢[Alp) = Tr(pA)
ihoy W> =H |1/’>
[l'ivpj] = 1715”
27, WA AFe) 8, A4t Helod, 73] convention, i B, AAZAE LA

= ‘“ﬂ‘:ﬂ Hamiltonian< A 5t1l 2|74 & Y& 5, 7|thgtoly &2 trace =& inner product =

A% 27 AA. FEol 1914, ZIThigte] A4 A], AlZHE o] norm< HESH=A] FRIgh.
A8/ AT A2, ARl A= el a1tE A 237t Hamiltonians A3 A|AE FHAH Hil
ARFRE} AT H| w5 o] 37} w2 o,



YA} 5} upAE FHBA =

o

26.3 DMRG 2} tensor network

SHA. ALk OOkX]'OﬂE]'O HEH £, positivity, unitarity S AAMSHFHA ZAMSHS 7] 9= A Aj},

b B B

o] 7lEe] 24 & DMRGQP tensor networkO]E]' Z2] EA|E final base reformatted ©]H, extendedﬂ‘

[e] = H
SER
b (t)||> = At — 0, Npgsis — 00 convergence
e ! i(Ha+Hp)At — e—iHAAt/Qe—iHBAte—iHAAt/Q 4 O(Atg)
HQpm = QT + Bngmrel,  (Lanczos)
) = Y Tr(Ajt--- A5E) sy sp)
o
Z7. A A7), AZ7HA, basis cutoff, truncation error, random seed S 7] =3},
o, FAS Aot o ddsta g Fo] BEGN P S s S x5 Aot
234k}t 247F A 7. time step halving, cutoff doubling, exact limit benchmark, conserved quantity drift
g |23
A3t /7S AZ. Python/Julia/CH++ FHOJ A= sparse matrix, Krylov, tensor network AFETZRZ
oloj ek,



132 CHAPTER 26. 42| YA sta} A =

26.4 Quantum Monte Carlo%} sign problem

A AN FAAA 2 BEF, 284, positivity, unitarity & HASHAA ZAFIHE 7192 HA)
o] 7}E9] 242 Quantum Monte Carlo2} sign problem©|th. &% ZA|+= final base reformatted©]™,
extended 2} A= 52 S5 AUSHA] &tct

EA.
b (t)||> = At — 0, Npgsis — 00 convergence
e ! i(Ha+Hp)At — e—iHAAt/Qe—iHBAte—iHAAt/Q 4 O(Atg)
HQm = Qme + BQO+1 65 (Lanczos)
) = Z Tr(AS - ASE) |5y -+ s1)
sis1
Z7. A A7), AZ7HA, basis cutoff, truncation error, random seed S 7] =3t}
SE . 242 faUoR Ausk A ne Zo HEYT £HS AN S 2HTT
24k} 217F A 7. time step halving, cutoff doubling, exact limit benchmark, conserved quantity drift
SR ERES
A3t /AF AZ. Python/Julia/CH++ FHOJ A= sparse matrix, Krylov, tensor network AFETZRZ
ofof 7},
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M. GH], TS, AP A Fo= AS vi x| ot o R2o] gAY E A= Add et nj &
g alo] Agto 2 Helrh, o] 7t=o] 242 Hat ¥o|th. &4 T A= final base reformatted ©] ™,
extended 2} AX| = 22 ZH AolshA] ¥t

=,
doenln)y D el =
n

(A) = (Y| A[y) = Tr(pA)
iho; W> =H |1/’>
[l'ivpj] = 1715”
Z7A. AA Ae] st AARF A 2] 71 A convention, h B9, AAIZRAS 1A

= ‘“ﬂ‘:ﬂ Hamiltonian< A 5t1l 2|74 & Y& 5, 7|thgtoly &2 trace =& inner product =

A% 27 AA. FERol 1914, 71Tzl A4 A], AIZHE o] norm< HESH=A] FR1gh.
A8/ AT A2, ARl A= el a1tE A 237t Hamiltonians A3 A|AE FHAH Hil
ARFRE} AT H| w5 o] 37} w2 o,
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Chapter 27

HE A

27.1 Bz} 2]

=S ealn), Yl =1

(A) = (Y|Aly) = Tr(pA)
iho: [¢) = H [¢)
[xi,pj] = ihéij
. A e A AEE, AARF 89S, 714 convention, h B, AAIRAS 13

¥l
= o], Hamiltonian= A5t &H|7|A4 & Y2 5, 7|Hgtolu FE-S trace ==+ inner product 2
g
A
—

=

bk 271 AL ZEE ol 1914, 71digto] A4Q1A], AIZPE o] norme BESH=A] Felght

L= 08 = Kl |
/23 92, AAF SN Hel g N7, Hamiltoniand A% A8 LAY B3
=9} A|7Fe e 1] wahw olsi7} mha .

B oY oxdo W
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136 CHAPTER 27. 5 A

27.2 Baker-Campbell-Hausdor

AN, FA7| 2= A, vl = A4, contextuality, decoherence S A ¥ 7ot 547 2 Ed = HHSIT}
o] Z}=9] 242 Baker-Campbell-Hausdor©]th. £*] EA]+= final base reformatted ©] ™, extended 2}

Ax= 52 5 AUsHA &urt.
CER
%) = —(J00) + [11))
V2
Scrsy = E(a,b) + E(a,b') + E(a’,b) — E(d’, V), |Scrsu| <2
|Scrsmlon < 2V2
ps =Trg|Vsp) (¥spl,  py— pije "
27, HA e sk, AR F oS, 714 convention, h B9, A RIS 1At
FE o, 35 Jeiet S A E 12 H correlator & Al4FeEAL 17 bound @ FAF bound & B L $Het,
AR A7 A A, classical bound 2 quantum bound & 238}, loophole ] W measurement convention
2 BAR
AR /AT AZ. ZAE & "= “JH - AR - A - AARA - FAF A E T A] HojEH
AP AN 55 WS 5 9Tt
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9 oj=Ro] ptelst BAl HRciso} ol
= o]t} final base reformatted

|7/1> :ch |Tl>, Z|Cn|2 =1

(A) = (Y| A[y) = Tr(pA)
iho; W> =H |1/’>
[l'ivpj] = 1715”
Z7A. AA Ae] st AARF A 2] 71 A convention, h B9, AAIZRAS 1A

= ‘“ﬂ‘:ﬂ Hamiltonian< A 5t1l 2|74 & Y& 5, 7|thgtoly &2 trace =& inner product =

A% 27 AA. FEol 1914, ZIThigte] A4 A], AlZHE o] norm< HESH=A] FRIgh.
A8/ AT A2, ARl A= el a1tE A 237t Hamiltonians A3 A|AE FHAH Hil
ARFRE} AT H| w5 o] 37} w2 o,
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CHAPTER 27.
=z0Oo o
o T

g5 H

=

bl

H

final base reformatted ©]™, extended 2+

V2+V(r,t)]w
dhp+V-j=0

(Y — p V")
)3/2/d3re_ip'r/hz/}(r)

52
2msi

“2m

e

1

j =
(27h

ALt
iha{(/](r, t) = |:
o(p)

=

=
p= v

=

Fourier 2}

=4
o

=)

o

A3, AR A 2] 714 convention, A

el

A

7. A

27.4 Fourier2} @E}
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27.5 Pauli®} spinor identity

AN, SN2 5% o2t TAECR AelEm Aejfz]at Al L2 E A THEL, o] e
Z 2 Pauli®} spinor identity ©]Th. &3] I A]+= final base reformatted ©]™, extended 2} A 2] += &5
S5 AdskA] gt

gjE:Al,

[Ji, Jj] = iheiji i, J*[im) = B?§(j + 1) [jm)
Jy |jm) =h/j(G+1) —m(m£1)|j,m+1)

h
Si == 50'1'7 O'Z'O'j == (5”]. + ieijkak
<j’m’ Tq(k)’jm> x ijmmkq <j/ |T(k)|'j>

270, HA g Get, AR Aol 714 convention, i T9l, FAIEAES 1T
o

& W), Lie algebras A9l ladder operator S+ representation tensor product 2 -

St

ZAXa 27 AR, FAS ’H 9, mostep, triangle inequality, parity selection= 213t}

E e U] - AR - WY - AR - HAF A2 ThA] Foj B



Chapter 28

H_E_B

T2F, A2, Gaussian stated 25 7|2 B2

Y. ZSNSAE PAY, B, YA, = =
%72 Hermite TFgA]olth, &2 ZEA|+= final base reformatted ©]H, extendedgl' HAA =52 35
FUSHA 23k
ER)
mw i
- T
a=/— o+ — a,a'|l =1
o ( +——p), lad]
tot L L
H = hw a—+ — FE, = hw 7'L+§
@) =2 o), ala) = ala)

Z7. 1A A AFsk, AARR H oY 7] A convention, h T, BAAIZRASE 1ATICH

& . %2t 252 ladder operator 2 AP HESI WA E Hamiltonian< THZHstSHT,
A2} 27 7. zero-point energy, ladder normalization, coherent state®] Poisson 54| E &Q1stct,
S 2 We UH - A4 - OiF - AAIRAD - A AR GA] Aoj R

140
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28.2 Legendre2} Bessel

AL BE, BST, AP A 202 AlS Hix|ehH 2o A S #Al= AP o4t vl
Aol Agto 2 Holth o] 7tE9] 22 Legendre2} Bessel©|Th. &3] ZA]+= final base reformatted
o|t, extended 2t A 2= FEH-2 5 AUsHA| &ttt

=4,

=
I

doenln)y D el =
n

n

(4) = (¢[Al) = Tr(pA)
ihoy W> =H |1/’>
[l'ivpj] = 1715”
27, WA AFe) 8, A4t Helod, 73] convention, i B, AAZAE LA

T+ l“ﬂr—ﬂ Hamiltonian< 45t S| 7| A& Y2 H, 7Iigtolu &E2 trace T+ inner product®

A% 27 AA. FEol 1914, ZIThigte] A4 A], AlZHE o] norm< HESH=A] FRIgh.
A8/ AT A2, ARl A= el a1tE A 237t Hamiltonians A3 A|AE FHAH Hil
ARFRE} AT H| w5 o] 37} w2 o,
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WA, e} BA Al F4 Hald, A, SEe 25, Auao) AgE 220, o Feg
ZHL 4 YA A Eo|th. &3] EA|E final base reformatted ©] ¥, extended 2} A= FE2 =&
Arlaial erelt,
x4,
h? d? R0+ 1)
===tV — | une = Euy,
24 dr? (r)+ 212 tnt tnt
pet 1 4regh?
Bn=—r 5o 0="—""73
2(47T6())2h n ue
1 1 dVv
Hso=—-—=—-——L-S

2m2c? r dr
U(r,R) = ¢ (r;R)x(R) (Born-Oppenheimer)
A. WA Ae A4S AR Aol 714 convention, B B, DA RS 1A gt

H% #Wth. Born-Oppenheimer =S4 HEIAE 225 WA 513, radial equationt A5 245 2| =
Al A

27

R

o

A3} A7 A . reduced mass, degeneracy breaking, selection rule, &9 eV /J HES &l
ATS/AT A2, BAS T ol AE - QR oY - AAZA - A AR oh Hojrw

re
4
)
s
)
2
[of
ll
o
g
i
1
8
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28.4 Z3}A=ZA} matrix element

AN, 2 A= A, E=, A Y-S H, Gaussian state?] FF 7|2 EF0|th. o] 7tE9]
%72 23 F A} matrix element©|Th. £3] FE A= final base reformatted ©| ™, extended 2t ]+
= 55 Agsia ettt
L E R
I e RS o1
“ \/g(x—i_mwp ’ [a, a']
o L 1
H = hw aa—i—i , E, = hw n+§
|y = o—lal?/2 adl 0), ala) = ala)
1
S(¢) = exp [Q(C*a2 - CaTz)]
271, UA e A3k, AAbRF Z e, 713 convention, h ©9, AAIRA S 17 sict
& . %] et &5 2 ladder operator 2 AP HEGI WETA 2 Hamiltonian< TH2F3lSHT,
A4k} 27F A . zero-point energy, ladder normalization, coherent state2] Poisson 54| E 21t}
AR/ AT A2, BAIS E ol Ae - A OY - AAZR - A M2 ohA] Hoj
ALY A B5S WE 4 ek,



oot ol

|

L

=A
final base reformatted ] ™,

b

=

kel

-

—
E= trace == inner product®

Ao

Tr(pA)

= H )

= ih6;;
3t

Z Icn|2 =1

(i, pj]

iho) 1)
5, 7)efzkolt

] O

[

3
(=]

(4) = (¢¥[Al¢)

¥y =D caln),

shi 2714 5

5

1+

13}, A4kz} 2], 714 convention, h

o

EHZ

173

™%
T . Hamiltonian< &
= 3

o

ke)

2.

Chapter 29
H

HEC

29.1

Al

Akt 27}

o

T

mmo
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29.2 Tensor operator

AN AN 2 425 et 202 Fejum ez a A 12 E A4 thEL o] 7HE9]
%2 Tensor operator®|th. &2 B A]= final base reformatted©] ™, extended2} A2 = FE2 &
ardstA] ekektk

o4,

[Ji, Jj] = iheiji i, J*[im) = B?§(j + 1) [jm)
Jy |jm) =h/j(G+1) —m(m£1)|j,m+1)

h
S; = 5% 0,05 = 051 + i€ijk0y
<j’m’ Tq(k)’jm> x ijmmkq <j/ |T(k)|'j>

270, UA e Hsk, A4 e, 714 convention, h T, AAIRI S 1St
& o). Lie algebras A|-$-1 ladder operator B+ representation tensor product 2 1-F-3-7HS &35
ey

ZAXa 27 AR, FAS ’H 9, mostep, triangle inequality, parity selection= 213t}

E e U] - AR - WY - AR - HAF A2 ThA] Foj B
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29.3 Parity 2} time reversal

[e]
)= Ry
Parity 2} time reversal®|Ch. &3] I A]+= final base reformatted©]™, extended2} A= 52 F5
ALolg].x] o;l-ol-q.
H d 1o AKX .
A,
U(g1)U(g2) = €990 (g1go)

HQ=0 = L@=0

04" =0 Q= [
©%>=-1,[H,0]=0 = Kramers doublet

27, W Ae 18, ARt G )o, 71A] convention, h T, AAE7E DR,
A= wcl, oA WHEko] PRS- 2kl 2FE L= Hamiltonian 2] E¥d-S 0] 83 HE%F T} selection rule
= d=t

At A7 A, i o] A= e g A 29te=A], BE%F0] Hamiltonian T commute 5H=A]
Solsict

AATA/AE QA BAS B we - Ak Y - AARD - A4 £A2 b Holum
A AN B EE B 5 st



YA} 5} upAE FHBA =

o

29.4 Noether®} Ward identity

=
Noether 2} Ward identity ©]CF. &3] I A]+= final base reformatted©]™, extended 2} A= 552 5
AAshA] kot
= AlL,
U(g1)U(g2) = €1992)U (g1go)

HQ=0 = S@)=0

04" =0 Q= [
©%>=-1,[H,0]=0 = Kramers doublet

27, W Ae 18, ARt G )o, 71A] convention, h T, AAE7E DR,
A= wcl, oA WHEko] PRS- 2kl 2FE L= Hamiltonian 2] E¥d-S 0] 83 HE%F T} selection rule
= d=t

At A7 A, i o] A= e g A 29te=A], BE%F0] Hamiltonian T commute 5H=A]
Solsict

AATA/AE QA BAS B we - Ak Y - AARD - A4 £A2 b Holum
A AN B EE B 5 st



Chapter 30

H_E_D

30.1 Green &4 identity

;A ohA| A2 Fock —‘—7]' Green 34, SHsH G4y A3 235HE S5 AHAAS AArsHo
o] 7kE9] 242 Green T4 1dent1ty o =4 E/\]% final base reformatted 0]‘31, extended 2t x| =
F2 3% 414 2ttt
ER
[aiva;] = 51‘;‘7 {cis C;} = 0y;
r) = Z(J%(I‘)Cn H= Zhlj c;ci+ = ZVUMC ciecy
7 ij‘l
Gk, iw) 1
Wwnp ) = - X
e iwp, — & — 2(k, iwy,)

Kia(t) = ()[4, BO))

= /& + AP (BCS/BAC)

Z71. &%, ensemble, Matsubara/real-time convention, 5423, cutoff& 1St

i decouphng_i ob-

olr

il

A= Wol. second quantization S Z Hamiltonian< 23 Green $H4 &
servable= Al4tstct,
Az 27 7. sum rule, spectral positivity, 54153, analytic continuation= &<l

AxLgs/Hs A2, WA, 2T FAAAL condensed matter == 912 W 7] &

r[r

e

o},
o7} gt

re

148
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30.2 Born series

HA . AR AAZRZ, Green T4, S = 9] unitarity 2t iAo 2 H2lHt}, o] 7t=
series©|TF. 2] EA]+= final base reformattedolﬂﬂl extended 2} A= &2 F5 AAsHA] &ttt

A,

1o
P
o ol
rlo
us]
o)
=
=

[ = 1) + ;'VW&»

E—H():EIO
T=V+VGT
ikr
ikz e E_ 2
¥(r) + O 3q = @)

f(6) = % i(% + 1)€'% sin 6, Py (cos 6)

1
kcotdo = —a; ' + §r€k2 + O(k*)

Z7. A EA FARA, el 338 flux normalization, channel 45 HA 1175},

= #dl. Lippmann-Schwinger #7440 A] outgoing Green <& A =5taL Y7 2] asymptotics 2} flux
S Hlaght,

Azt 2F7F A 7. unitarity, optical theorem, O A] =3 cross section] A2 xS &I},
AT/ AT QA SAS B o - QA oY - AR - AA 2AIE chal Hojun
AR AL 55 TS 5 9/1‘:]'
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30.3 Kramers-Kronig

[Ji, Jj] = iheiji i, J*[im) = B%§(j + 1) [jm)
Jy |jm) =h/j(G+1) —m(mE£1)|j,m+1)

h
Si == 50'1'7 O'Z'O'j == (5”]. + ieijkak
<j’m’ Tq(k)’jm> x ijmmkq <j/ |T(k)|'j>

270, UA e Hsk, A4 e, 714 convention, h T, AAIRI S 1St
& o). Lie algebras A|-$-1 ladder operator B+ representation tensor product 2 1-F-3-7HS &35
Elg=y

ZAXa 27 AR, FAS ’H 9, mostep, triangle inequality, parity selection= 213t}

E e U] - AR - WY - AR - HAF A2 ThA] Foj B
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30.4 Lehmann 3

AL E B Fok B e 5 $H9 % BT A0S 5
o] 7t=9] %2 Lehmann X S

&
o
o
e
o=
>
!
=
=2
U‘
QO
?’D
c:-i,
S
B
=y
8
CL
o
_‘EL
(e}
"
8
=
2. i)
CL
Y,
N
rlr
o=
¥
rlo

F 5 4elaka) kst
x4,
[aha;] = 5ij7 {Ciac;‘} = 1]
Y(r) = Zqﬁi(r)ci, H= Zh” i+ = ZVZJMC cicicy
% zykl
. 1
G(k,iwy,) =

iwn — fk — E(k,iwn)

Xia(t) = ) {[A(), BO))

By =/ + AP (BCS/BAG)

271, 2%, ensemble, Matsubara/real-time convention, SA%3, cutoff& 11 SHc},
& wf. second quantization 2 Hamiltonian< 23l Green &4 F+ B4 decoupling 22 ob-
servables AAFSHCH,

A3} 27 AA. sum rule, spectral positivity, =453, analytic continuation< &<l

AAtzs /A A2, WA, AT FAAAL condensed matter =2 912 W 7|2

ot

o}
of7} e},

re
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A, 29 . AT} ) race BE A 2o|A] 718 2B A}, o] Fhmel 2
A2 g Aol 4 FA|+= final base reformatted ©| ™M, extended @F HX| = ’%"%% =8 AQI5HA
SISk,
SER

p=> pilYi)(Wil, p=0, Trp=1
i
p(m) = Tr(Emp), Ep = ZMT
:ZKMK,'E, ZK,ZKkzl
K K

J(€) = (€@ T)(|®) (@)

Z7A. 24 A1 A, Kraus BH, trace HE 2718 HA| &Qlsitt,

fE o], 2 AA FUEE X3HE & o3 oIy ancilla g F2F4 5] Kraus/POVM &
A=t}

AL A7 AR, B E FEo] 4R, ZK};K;C = 129174, partial trace 0] =2 &elstct,
Az sH/ AT Ad. BAIE 2w “dE) - AAR - A - AR - HAF A2 TA] Hoj B
AL AA SES T 4 Atk
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31.2 Lindblad steady state

A, AT 4ol e Ale HFUE Y 58t FAF jump, entropy production 22 7|3ttt o
7}=2] 242 Lindblad steady state®]th. &3] ZA]= final base reformatted ©]™, extended 2t A 2] +=
FE2 S5 s 3t

S

. i 1
P ::_-ﬁ[lf?p]+_§£: <]:Mpli/_'2{lJ;LM7p}>

m

¢
ps(t) = / K(t — s)ps(s)ds (Nakajima-Zwanzig)
0

eff—H**ZL

—ﬁhw

V(=w) = ey (w)

Z 7. Born-Markov, secular, weak coupling, bath correlation time 22 ZAFS T A|SHC},

= #ol. system-bath Hamiltonian©|A] projection/Born-Markov T+AHS -85}l

ZAAFstc},

A} 2F7F A . trace, positivity, detailed balance, steady state”} &2 2 Q1A &lgtct,
Azss/ AT 9'17% S| 2 5, FAAIA, RE=A qubit o] Ty, T, 3 A 214 A2 €.
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31.3 Quantum Fisher information

A 45y, vEY A, &S 73”%_5_74]‘—13 st JEFO e 2 FAHD o] 7= -
Quantum Flsher 1nformat1on°]ﬂ’ Z2] EA|+= final base reformatted ©] ¥, extended 2} A= &2

Z_lé_ /\l—ol o}‘X] ol—ol-]:]..

A,

pg = 7 Z =Tre PH
(A()B(0)) = (BO)A(t +ihB)) (KMS)

Saa(w) = hcoth B2w)1mX§A(W)

1 . 2
0> \/TTQv Follv) . Gl = 4(AG)
Z7. HA e A5}, AaaE Aol 714 convention, h T, BAZRAE

o
=
8wy, partition function, response function, Fisher mformatlon% A9

Schwarz & AH&-stct,
A3} A7 A, A2 /312 23 detailed balance, Cramer-Rao bound 2] scaling < 291},
AR Ee/AT 42, 2

A2 7

gt

L

o by

convexity 2} Cauchy-

o i
lOI'
nlm
flo
d
iy
>
0,
_q
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31.4 Entanglement criteria

IH, IS, AP o] A £ 0 2 Al S Hlj x| ohH o 2] At e EAlE A oi4et vl
Ao g Holth o] 7k=9] 22 Entanglement criteria®]Th. &3] I A]+= final base reformatted
, extended @t 2= FE2 F5 AAsHA] &t

Al

.

o

I

P}
Bl Elomx

)

|¢> = ch |Tl> ) Z |Cn|2 ==

(4) = (V[A]¢) = Tr(pA)
oy [¢) = H [¥)
[l'ivpj] = 1715”
27, HA g Get, AR Aol 714 convention, h D], FAIEA S LAY THC

= ‘“ﬂ‘:ﬂ Hamiltonian< A 5t1l 2|74 & Y& 5, 7|thgtoly &2 trace =& inner product =

A% 27 AA. FERol 1914, 71Tzl A4 A], AIZHE o] norm< HESH=A] FR1gh.
A8/ AT A2, ARl A= el a1tE A 237t Hamiltonians A3 A|AE FHAH Hil
ARFRE} AT H| w5 o] 37} w2 o,



Chapter 32

HEF

WA e, BEY, AP A 202 A3 ujx|hE o Be] Qpxtels BAl A rh et vl R
Alo]l Agto g Holth, o] 7lE9] 242 A4 Ho|th &% EA|E final base reformatted ©] ™, extended
o AL B e 22 s gttt
RER
|1/)> :ch |n>7 Zlcn|2 =
(A) = (V[AlY) = Tr(pA)
ihoy ) = H |[¢)
[xi,pj] = ihéij
27, HA e A3k, A4 A2, 713 convention, h B9, FAIZRH S 1173t
% ¥, HamiltonianS A5t YH| 7| A E 2 §, 7|[tFtolt} &E-2 trace == inner product =
J st
AT 27 AR, gETo] 1914, Z]digto] A4=Q1A], AlZPE o] norm e EEoH=A] &1ttt
AT/ AT AR, AABINAE AT A B, Hamiltonian S 4 A28 YA 87
AREEQL AZFSHE ¥l st o] 7} whE ),
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AN, BHl, AST, ARPEY A S22 AS HjA|st tiR2e] IR EAl= Agdieet nlE
g Alol Agto g2 Holth o] 7t=o] 22 AxtHQjolt}t, &2 T A= final base reformatted©| ™,
extended 2t A= &HS 5 A UsHA] gtk

o4,

|1/1> = ch |Tl> ) Z |Cn|2 -

(4) = (V[A]¢) = Tr(pA)
oy [¢) = H [¥)
[l'ivpj] = 1715”

270, HA e Aot ARG, 714 convention, h T, FARAE 7T

= o], Hamiltoniane Aotal 2| 7| A E Y2 H, 7|digtoly &2 trace T+ inner product =

geet.

B

iz 27F A, FE3o] 1917, 7|tigke] Al x|, A|IZHHE o] normS BEE5H=A] &Ittt
AALgst /AT A2, AAF oA = dEHlaihE A& 37F, Hamiltonians A3 A|AH P 23
2o,

8w ok A7 E-S umaE ofs)7) u)
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32.3 A<

AN, g, S, AT A oz Ag x| ot djR o] gatst BAle APt n)lE
FA e 2o g Helt}, o] 7hEo] 242 Adhe|oltt. &3] FA|= final base reformatted 0™,
extended 2} AX| = 22 ZH AolshA] ¥t

A

|7/1> :ch |Tl>, Z|Cn|2 =1

(4) = (V[A]¢) = Tr(pA)
oy 1) = H |¢)
[l'ivpj] = 1715”

B

Z71. WA el A5t A4kz Aol 714 convention, h B, BAIZRAS 1S

% . Hamiltonians A5t YH|7|HE €2 5§, 7|tZtolL} &E2 trace =+ inner product =
el

I 27 AR, EEFo] 1917], Z]thgko] A1, AlZHEH o] norm < BE5H=A] &1ttt
AAES/ AT AR, AABIOINE JE TS A EZL, Humiltoniand 1 A28 YA 80
BES} AR S E S Blashe o517t wect,

-
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32.4 2} AAE

2|51 o 20| gAY e A= A h4et nj &
e HAkolthk. £ E A= final base reformatted ©]H,

ugAlo] Agto 2 meltt, ge 219
extended 2} A = 22 F5 Al akgtrh

=,
doenln)y D el =
n

(A) = (Y| A[y) = Tr(pA)
iho; W> =H |1/’>
[l'ivpj] = 1715”
Z7A. AA Ae] st AARF A 2] 71 A convention, h B9, AAIZRAS 1A

= ‘“ﬂ‘:ﬂ Hamiltonian< A 5t1l 2|74 & Y& 5, 7|thgtoly &2 trace =& inner product =

A% 27 AA. FERol 1914, 71Tzl A4 A], AIZHE o] norm< HESH=A] FR1gh.
A8/ AT A2, ARl A= el a1tE A 237t Hamiltonians A3 A|AE FHAH Hil
ARFRE} AT H| w5 o] 37} w2 o,
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UE-Ne!

WA, AP, BE, A A SR AL WG o] o] ool BAl MRthel ol S
Aol Agto 2 Hlrt, o] 7k=o] 22 158 A4k o] 1 olt}. S FEA]+= final base reformatted
o|H, extended 2t AX| = T2 S5 AFUSHA| ZUT.

SER

W)= caln), Yl =1

(A) = (Y[A|y) = Tr(pA)
iho [v) = H [¢)
[xi,pj] = ihéij
27, HA e sk, AR AF oS, 713 convention, h ©9, AA RS 1T
% ¥, HamiltonianS A5t YH| 7| A E 2 §, 7|[tFtolt} &E-2 trace == inner product =
M
243} 27 AL ZEEo] 1904, 71tigro] A4l A], AIZHE o] norm & HE8H=A] &Qlsttt,
AR/ AT QA BTSN E TS A ERL, Hamiltonian S 43 A28 B 63
AREEQL AZFSHE ¥l st o] 7} whE ),
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33.2 29HA]: Ojsked A A

AN BH, BSH, AT A S o2 A S X5t ti 72 o] A e A= APt vl
AAlol Agto 2 Holth, o] 7l=9] -2 o2thA: tfsh] Aotk &3] EA]+= final base reformatted
o|t, extended 2t H 2= FEH-2 FE AUsHA] &3k

gjE:Al,

|7/1> :ch |Tl>, Z|Cn|2 =1

(4) = (Y|Alp) = Tr(pA)
oy [¢) = H [¥)
[l'ivpj] = 1715”
Z7. U A A5, AR 9], 714 convention, h T, AAI RS 1At

T+ l“ﬂr—ﬂ Hamiltonian< 45t S| 7| A& Y2 H, 7Iigtolu &E2 trace T+ inner product®

B

izt 27F A, FE3o] 1917, 7|tigke] Al x|, A|IZHE o] normS BEE5H=A] &Ittt
AALgst /AT A2, AAF oA = dEHlaihE A& 37F, Hamiltonians A3 A|AH P 23
R E6 A S-S Bt ol 7wk,
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A ALE], B2 A|7HEEH O] Al 20 2 A2 vl x| 5HH TR B o] ofxlod s BA = M 4ot n) By
Aol Ao g E“’l . 0] 7]'E° e 39’73"2 A-2oF AZoth. 4] FA|«= final base reformatted
™ A
£:3

lv) = ch |n), Z |cn|2 =

(A) = (W|Aly) = Tr(pA)
ihd; [v) = H [¢)
[zi,p;] = iR
27, AA el Fsh, AARE AH e, 714 convention, h B¢, AAR-S s

= nlﬂl:]] Hamiltonian& Ao}l $HH] 7|2 & -2 H, 7Itigkoly &E2 trace E+= inner product =

A3 A7} A, SHE o) 1917, 7] ikol A491A], AT norm & RS SHR1gH,
;ﬂxl':g—él /ZEI‘% ﬁg %_X]'—l—o]'oﬂ/\‘] LS /\}-EH%Z_]"% /‘\_]ijo'_z_]-’ Hamﬂtonlan—g /]\_‘lof] }\]/\ ‘_-_]_] oé—]i%_j_ ‘_]%] HT
IREEQt AZHES Bl wEHH o] 3|7} w2},
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33.4 UHF siof & A £

Al e, B, AL A 02 A S ulA51E o] atelsl BAlE Mool nlpay
Alo]l Adgto = HRlr}, o] 7h=o] 22wl sfjof & At FHlojt}, &4 FEA|+= final base reformatted
o|t, extended 2t A 2= FEH-2 5 AUsHA| &ttt

ER)

|Y) = ch In), Z |Cn|2 =

(A) = (Y| A[y) = Tr(pA)
iho; W> =H |1/’>
[l'ivpj] = 1715”
Z7A. AA Ae] st AARF A 2] 71 A convention, h B9, AAIZRAS 1A

= ‘“ﬂ‘:ﬂ Hamiltonian< A 5t1l 2|74 & Y& 5, 7|thgtoly &2 trace =& inner product =

A% 27 AA. FEol 1914, ZIThigte] A4 A], AlZHE o] norm< HESH=A] FRIgh.
A8/ AT A2, ARl A= el a1tE A 237t Hamiltonians A3 A|AE FHAH Hil
ARFRE} AT H| w5 o] 37} w2 o,
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1
Al
12
P
!
rlo
kel o
re
—Ll
HE
1 o)
E
ﬁ
I
E
o4
o
HHN'
2L o
l:I:l
F
=
=
=
o
g
[¢)

lv) = ch |n), Z |cn|2 =

(4) = (V[A]¢) = Tr(pA)
oy [¢) = H [¥)
[l'ivpj] = 1715”
27, WA AFe) 8, A4t Helod, 73] convention, i B, AAZAE LA

= nlﬂl:]] Hamiltonian& Ao}l $HH] 7|2 & -2 H, 7Itigkoly &E2 trace E+= inner product =

A3 A7} A, SHE o) 1917, 7] ikol A491A], AT norm & RS SHR1gH,
;ﬂxl':g—él /ZEI‘% ﬁg %_X]'—l—o]'oﬂ/\‘] LS /\}-EH%Z_]"% /‘\_]ijo'_z_]-’ Hamﬂtonlan—g /]\_‘lof] }\]/\ ‘_-_]_] oé—]i%_j_ ‘_]%] HT
IREEQt AZHES Bl wEHH o] 3|7} w2},
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22 H

34.1 Floquet A g

Al AeF5] = 2 9l= HamiltonianS ZHe o7 220l Baw oz AA| AL o] &3] & 0|20

=
HHETE, o] 7F=2] 22 Floquet A 2le]tt. 2] I A| = final base reformatted ©]™, extended 2t 2| =
FL F8 A AAT)
SER)
BV — <n(0>‘v‘n<°>>
(2) _ |an‘
B =2 —o po
m#n N m
St
P = [ at e ve)
27 9
Lisy = = IVyilp(Ey)
Hys=eSHe %, [Ho, S] = —Voa
22, 22 U4 o 17] gapo] Exfekof she] Z 57} Slow WA REET o\ZeHE deh
= ol /3 A A o]y AIZHEE AAMAFE AFE R VNS, secular term T} FE] B3
He 2 xg)sict
AXT 27 AR, B2V 22§, 25| secular growth, gauge-dependent quantity S 47}
AATI/HT AR, BAS E e e - Aix - Y - AARA - A4 £ME Ch Holum
A2 AL S ES BHE 4 AT
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34.2 Magnus 217}

A, o] = "/F_%i‘f" Hamiltonian2 2} IJH7H%_/,\_Q- Halg ofu]z] AA YL o] L3 &7 o202
HREECE o] 7FE 9] 242 Magnus A7lo|t}. £%] FA|+= final base reformatted ©| ¥, extended 2F A X]+=
22 28 A sk

=4,

EW = <n(0)’V‘n(O)>

E®) — Z Vi [*

" EY B

m#n
1) i t ’ i 4 ,
o =-3 / At e V()
27 9
Ty = 2 [Vilp(Ey)
Heff = 6SH67$7 [H07S} = ~Vod

27, 22 uf 7S} oL R] gapo] AN oF 3h 2|71 QoW WA HEZ7} o) 7het 2 s,
= W, 1Rt A oy AIRPEH A4S A 2 AZNSEAL, secular term ¥t FE B3t
HE 2 X3t

A 27 AR, Bt 2R g £ 5| secular growth, gauge-dependent quantity S % 7 SHc},

WAEE/ AT A2, BAS T ol A - QA B - AAED - A4 £ O] Hojm

ATAA AL 582 TS 4 QUct



FAred s} ohAE eme s 167

34.3 Floquet engineering

A. %3] E 4 Y= Hamiltonian2 22 th7Apof Z2)H o4 A] AA|L S o] &8l &2 o] 222
o] loquet engineering©]th. &2 FA]+= final base reformatted ©] ™, extended

N
Il
1o
b
)
rlo
55

EW = <n(0)’V‘n(O)>

EY =Y _ [Vanl?
! EY — EY

m#n
1) i [ ! iwst! /
= [ at e Vi)
21 9
Pisp = 2 Vril“p(Ey)
Hep = ¢S He ™5, [Ho, S] = =V

27, A2 o7 H 4=} o JZ] gapo] EAsoF ot ZE|7F QoW A BE2F7 tf2tehE St

S ol Rk A o] U AIZHE AAMAFE A E VNS, secular term T} FE] BRI
HE 2 2] 2)sich,

A 27 AR, Bt 2R g £ 5| secular growth, gauge-dependent quantity S % 7 SHc},
AT AT A2, BAS B s el - A o - AARL - A 242 chal Hojmw

ATAA AL 582 TS 4 QUct
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34.4 7}¥97} prethermalization

WY, 4o, BEY, N0l Al S0 48 S e PRl Bal 1Yol ol
v alol Agto 2 HRlth o] 7t=9] 232 7183 prethermalization©|th. &3] E/\]—t— final base

o
reformatted ©] ™, extended 2} AX| = FEH2 Z8 USR] ot

iz,
|¢> :ch |TL>, Z|Cn|2 =1

(4) = (V[A]¢) = Tr(pA)
oy [¢) = H [¥)
[l'ivpj] = 1715”
27, WA AFe) 8, A4t Helod, 73] convention, i B, AAZAE LA

= ‘“ﬂ‘:ﬂ Hamiltonian< A 5t1l 2|74 & Y& 5, 7|thgtoly &2 trace =& inner product =

D)
N
)
o
)
ru{m

ot d o] 1R1A], 71thgko] A4=_1A], AP o] norm= BESH=A] Elgtt)
AxseH/ s ?‘Pé A2Lg 8ol M= Al 37t A1 237, Hamiltoniang A3 A|AR FHXH B2
BTt AZFS S Bl sk o] 3|7} whact,

-
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2E ]

35.1 99 H|Hermitian Y EY A

A Abe, B, AzhEe) A

y -1 O

Hy

lo

HU

1>
o
=
=
olr

ol

x40) AFo 2 Wtk o 7= 24 S R HHe
reformatted ©] ™, extended 2} A X = FE2 S5 AUSHA] Lottt
oA,
|’(/)>:ch|71>, Zlcn|2:1
(A) = (V[AlY) = Tr(pA)
iho: [¢) = H [¢)
[xi,pj] = ihéij
27, 1A e AorE, AAAF Aol 713 convention, B T, AARAS 17}
% ¥, HamiltonianS A5t YH| 7| A E 2 §, 7|[tFtolt} &E-2 trace == inner product =
J st
AN 27 AR -E3o] 191A], 7|gigro] A4R1R], AlZPE o] norm & EEsH=A] &It}
BABS/ A A, AABHOINE AU EE A EEL, Hamilioniand A8 A% FLHY B2
AREEQL AZFSHE ¥l st o] 7} whE ),
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AN, JH, TS, AP A o2 AlZ v x|t o f2o] AT e EA= Aot o &1
A Aol Agto 2 HOIT} o] 7lE o] AL @ QW o|t}, &% EA|= final base reformattedoltﬂ
extended 2t A= &HS 5 A UsHA] gtk

|Y) = ch In), Z |Cn|2 =

(A) = (Y| A[y) = Tr(pA)
iho; W> =H |1/’>
[l'ivpj] = 1715”
Z7A. AA Ae] st AARF A 2] 71 A convention, h B9, AAIZRAS 1A

= ‘“ﬂ‘:ﬂ Hamiltonian< A 5t1l 2|74 & Y& 5, 7|thgtoly &2 trace =& inner product =

A% 27 AA. FERol 1914, 71Tzl A4 A], AIZHE o] norm< HESH=A] FR1gh.
A8/ AT A2, ARl A= el a1tE A 237t Hamiltonians A3 A|AE FHAH Hil
ARFRE} AT H| w5 o] 37} w2 o,
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35.3 PT symmetry

HA. Y2 BEFF 5 selection rule, Ward identity & 1 Z25l= AAHE Adojr}. o] 7t=9o] 242
PT symmetry©]t}. &2 I A= final base reformatted ©]™, extended 2t A 2| = &5 5 AASHA

okt
= AlL,
U(g1)U(g2) = €920 (g, )

HQ=0 = S@)=0

04" =0 Q= [
©%>=-1,[H,0]=0 = Kramers doublet

Z7. 1A e Htah, AR o), 714 convention, h B9, FAIEAS g

A= wio, o HEke] AYAgALS ZH A 28 = Hamiltonian ] &8 /dS o] 83l BT} selection rule
& deth

A4 27 AL iAol A= &2 wheg] A] t=A], EEF0] Hamiltonian 2 commute H=4]
gelgttt

AR-3s /AT 2. FAE E we H - AR - O - BAZRE - A4 AR THA] HojE|
A2 ALt S5 THE 4 Ut
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35.4 Skin effect

M. AJH], TS, AP A o2 A Hjx|otH tjR2o] Qe A= AP et vl
J t}, o] 7lEo] x4 & Skm effect©|TF. &3] EA]+& final base reformatted ©]H,
< 5 AdstA] et

V) :ch In), Z|Cn|2 =

n

(A) = (Y| A[y) = Tr(pA)
iho; W> =H |1/’>
[l'ivpj] = 1715”
Z7A. AA Ae] st AARF A 2] 71 A convention, h B9, AAIZRAS 1A

= ‘“ﬂ‘:ﬂ Hamiltonian< A 5t1l 2|74 & Y& 5, 7|thgtoly &2 trace =& inner product =

A% 27 AA. FERol 1914, ZIThigte] A4 A], AlZHE o] norm< HESH=A] ER1gh.
A8/ AT A2, ARl A= el a1tE A 237t Hamiltonians A3 A|AE FHAH Hil
ARFRE} AT H| w5 o] 37} w2 o,
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WA Qw0 U, B, AS WAL A Juel Ae2 SR, of o] 2he
FE Aot} &% EA|= final base reformatted©]H, extended 2t A= FE2 Z8 AYUSHA] bt
thEA.
_BH
pﬁzez ) Z =Tre PH
(A(t)B(0)) = (B(0)A(t +ihB)) (KMS)

22t iale)

Af = \/7 Foll¥),G] = 4(AG)?
Z7A. AA e st AARF A 2] 71 A convention, h T, AAIZAS 1A
& W, partition function, response function, Fisher information= %23t
Schwarz S AHESHCH
Atz 27 A, A2 /312 23H detailed balance, Cramer-Rao bound 9] scaling= 2?1stct
@.X]"‘g‘?_’-—!'/ﬂ%‘ ‘ﬂé‘_ —E‘Xﬂ EH “IB]'EH- Oﬂﬂ’x}- EH5<°]_ 7217;]]57-]_ 7‘5]/‘\_]. /\/\‘IEE} ] Z—“loii‘?:]_

=
=] ==
ATALA AN BES TE 5 9t

Saa(w) = hcoth
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36.2 Spectral form factor

HA . THA| FAFE2 Fock 3-7F, Green 4, _%]‘::'Lé‘h/’:’ o7& A FAEE B8 JTAAS A AT
o] Zk=9] 232 Spectral form factor ot &2} EA|= final base reformattedoltﬂ, extendedﬂ' A=
2o F5A1R157) A3t
=4,
la;, al] = 5ija {cicl} =535
= Zqﬁi(r)ci, H= Zh” i+ = ZVZJMC cicicy
% zykl
. 1
G(k,iwy,) =

iwn - fk - E(k,iwn)

Xia(t) = ) {[A(), BO))

Ep =1/&+|AP2 (BCS/BAG)

271, 2%, ensemble, Matsubara/real-time convention, SA%3, cutoff& 11 SHc},
& wf. second quantization 2 Hamiltonian< 23l Green &4 F+ B4 decoupling 22 ob-
servables AAFSHCH,

A3} 27 AA. sum rule, spectral positivity, =453, analytic continuation< &<l

AAtzs /A A2, WA, AT FAAAL condensed matter =2 912 W 7|2
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o},
of7} e},
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36.3 OTOCS%} scrambling

AL AE, BEF, AP Al F o= AlS Hix|sh Ol B2 FAT S ZAl= A n 28
TOCQ]' bcrambhngO]E]'. | EA|= final base reformatted

o
o,
N
I
1o
P
nZi
rlo
O

denlny, D et =1

(A) = (Y|Alp) = Tr(pA)
oy [¢) = H [¥)
[l'ivpj] = 1715”
Z7. U A A5, AR 9], 714 convention, h T, AAI RS 1At

T+ l“ﬂr—ﬂ Hamiltonian< A 5t1l 2|74 & Y& 5, 7|thgtoly &2 trace =& inner product =

B

iz 27F A, FE3o] 1917, 7|tigke] Al x|, A|IZHHE o] normS BEE5H=A] &Ittt
AALgst /AT A2, AAF oA = dEHlaihE A& 37F, Hamiltonians A3 A|AH P 23
R E6 A S-S Bt ol 7wk,
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36.4 Loschmidt echo

AN AE], BE, AZPER ] A 02 A2 x5l TR o] ofat 3 BA|l e MY e} o 2
Alo]l Asto &2 HWolt}, o] 7lEe] 4L LOSChmldt echoolq. ZX| EA|= final base reformattedoltﬂ,
extended @t A= =2 =B atolsh] ekgkrt.

TER

=2 ealihs D leal? =

(4) = <¢|A|¢> Tr(pA)
ihoy W> =H |1/’>
[l'ivpj] = 1715”
Z7A. AA Ae] st AARF A 2] 71 A convention, h B9, AAIZRAS 1A

= ‘“ﬂ‘:ﬂ Hamiltonian< A 5t1l 2|74 & Y& 5, 7|thgtoly &2 trace =& inner product =

A% 27 AA. FERol 1914, 71Tzl A4 A], AIZHE o] norm< HESH=A] FR1gh.
A8/ AT A2, ARl A= el a1tE A 237t Hamiltonians A3 A|AE FHAH Hil
ARFRE} AT H| w5 o] 37} w2 o,
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H_E_K

37.1 Eigenstate thermalization hypothesis

A, AHE, T % AIZPE O] M| 02 AlZ v x5t o R-2 o] FAG st ZAl= AP 4ot vl
A Alo] A} EO]E]' o] 7}=9] 22 Eigenstate thermahzatlon hypothesis©]th. &3] ZA]+= final
base reformattedol‘:ﬂ extended 2t A= F5-2 5 AUsHA] L4t

thEA.

ch|n ZIC”|2:1

(4) = <¢|A|w> Tr(pA)

iho [v) = H [¢)
[xi,pj] = ihéij

27, HA e sk, AR AF oS, 713 convention, h ©9, AA RS 1T
% ¥, HamiltonianS A5t YH| 7| A E 2 §, 7|[tFtolt} &E-2 trace == inner product =
el sttt
243} 27 AL ZEEo] 1904, 71tigro] A4l A], AIZHE o] norm & HE8H=A] &Qlsttt,
AR/ AT AA, ARSI A TAE A E, Hamiltonian S 48 A28 YA 22
W§ s AR S e et ol ot ke
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37.2 Diagonal ensemble

o =
93
O
=
QL
[¢]
=)
@
[¢]
E
=5
@D
2
_>.~L
I:
z
r
,’:h
=)
QL
U‘
&
n
[¢]
=]
,"Ph
o
=
B
&
-+
t+
@D
a. 0.

|Y) = ch In), Z |Cn|2 =

n

(A) = (Y| A[y) = Tr(pA)
iho; W> =H |1/’>
[l'ivpj] = 1715”
Z7A. AA Ae] st AARF A 2] 71 A convention, h B9, AAIZRAS 1A

= ‘“ﬂ‘:ﬂ Hamiltonian< A 5t1l 2|74 & Y& 5, 7|thgtoly &2 trace =& inner product =

A% 27 AA. FEol 1914, ZIThigte] A4 A], AlZHE o] norm< HESH=A] FRIgh.
A8/ AT A2, ARl A= el a1tE A 237t Hamiltonians A3 A|AE FHAH Hil
ARFRE} AT H| w5 o] 37} w2 o,



YA} 5} upAE FHBA =

o

37.3 Many-body localization

w7} A FASE Fof A dS AlLksit.
Al+= final base reformatted ©] ¥, extended 2t

T

J

A, oA FAFEL Fock 37, Green &4, 25
o] Zt=9] A2 Many-body localization OIEI'
Ax|s o= =8 Aol5} x| okobr}.

|:|:1 o\:l

mm n9£

= LY © B I Y
CER
[azﬁa;] = 5ij7 {Ciac;‘} = 1]
= Zqﬁi(r)ci, H= Zh” i+ = ZVZJMC cieicey
% zykl
. 1
G(k,iwy,) =

iwn - fk - E(k,iwn)

Xia(t) = ) {[A(), BO))

Ep =1/&+|AP2 (BCS/BAG)

271, 2%, ensemble, Matsubara/real-time convention, SA%3, cutoff& 11 SHc},
& wf. second quantization 2 Hamiltonian< 23l Green &4 F+ B4 decoupling 22 ob-
servables AAFSHCH,

A3} 27 AA. sum rule, spectral positivity, =453, analytic continuation< &<l
AAtzs /A A2, WA, AT FAAAL condensed matter =2 912 W 7|2

e

o},
of7} e},

re



180 CHAPTER 37. 5K

w20 oot Bl Ay 4ot v 2

ol
ox

Y
i)
o
i)\
R

==

>~

F4e] Ag o= Bl H 21w 070 ]+= final base reformatted ©] ™,
extended 2} AX| = 22 ZH AolshA] ¥t
EA.
W)=Y enln), D e’ =1
(4) = (¥[Alp) = Tr(pA)
[xi, pj] = ihdij

B

Z71. WA el A5t A4kz Aol 714 convention, h B, BAIZRAS 1S

% . Hamiltonians A5t YH|7|HE €2 5§, 7|tZtolL} &E2 trace =+ inner product =
el

I 27 AR, EEFo] 1917], Z]thgko] A4l AlZHEH o] norm < BE5H=A] &l
AAES/ AT AR, AABIOINE JE T A 5L, Hamiltoniand 1 A28 YA ¥
BES} AR S E S Blashe o517t wect,

-
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HEL

38.1 Alo] sIREY

AL el BE, AL A 202 A w5 B gpelst B Al ol
Alol Agto g2 ’olth, o] 7lEo] -2 Ao U EUAo|tt. &% EA]E final base reformatted©] ™,
ex Ax = FE2 S5 US| FA

o

=S ealn), Yl =1

(A) = (Y|Aly) = Tr(pA)
iho: [¢) = H [¢)
[xi,pj] = ihéij
. A e A AEE, AARF 89S, 714 convention, h B, AAIRAS 13

¥l
= o], Hamiltonian= A5t &H|7|A4 & Y2 5, 7|Hgtolu FE-S trace ==+ inner product 2
g
A
—

=

bk 271 AL ZEE ol 1914, 71digto] A4Q1A], AIZPE o] norme BESH=A] Felght

L= 08 = Kl |
/23 92, AAF SN Hel g N7, Hamiltoniand A% A8 LAY B3
=9} A|7Fe e 1] wahw olsi7} mha .

B oY oxdo W
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38.2 GRAPE gradient

AN BH|, BSF, AT A S o2 AS X5t t B2 A A= At vl
Aol Agto 2 Kol o] 7t=9] 272 GRAPE gradient©|th. &% I A= final base reformatted
olH, extended 9t A= FE2 55 HYUsHA] Zodtt

g EA],

|7/1> :ch |Tl>, Z|Cn|2 =1

(4) = (V[A]¢) = Tr(pA)
oy [¢) = H [¥)
[l'ivpj] = 1715”

B

270, HA e Aot ARG, 714 convention, h T, FARAE 7T

= o], Hamiltoniane Aotal 2| 7| A E Y2 H, 7|digtoly &2 trace T+ inner product =

geet.

iz 27F A, FE3o] 1917, 7|tigke] Al x|, A|IZHHE o] normS BEE5H=A] &Ittt
AALgst /AT A2, AAF oA = dEHlaihE A& 37F, Hamiltonians A3 A|AH P 23
ARt A7 EE v SHH o] &l 7} w2}
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38.3 Adiabatic passage®} shortcut

M. A=s] E + Y= Hamiltonian2 22 vh7iH ot 22)F o U x| 2A LS o] &8l & o] 222
HHETE o] 7EE9] 22 Adiabatic passage?} shortcut©]th. &% ZA|= final base reformatted ©] ™,
extended 9} A2 = 52 F5 AUstA] &t

tEA]

EW — <n(0)’V‘n(O)>

ER =3 [Vinn|?

n 0 0
m#n E7(L ) - E7(n)
1) i [ 1wt ’
0 =5 [ ar e
21 9
Pisp = 2 Vril“p(Ey)
Hegr = eSHe 5, [Ho, S| = —Voa

27, Z2 of7iE 42} o Z] gapo] E2fsHoF 5t ZE|7F Qlo™ WA REZ I o ztstE St

= o], /5 WA olu AJZHEE AMALE A 2 H RS, secular term Y FE| RIS
HE 2 2] 2)sich,

AR} A7 A, B 2 g

=4

AT/ AT A2, BAS F U e - QAR oY - AARA - A4 AR hA ZolRw
ALAA AN 522 TS 4 9k,
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38.4 H&ZEA T} stochastic master equation

WA, A, BEG, AT A 502 N2 st iR ie] Frieist BAlS APrheet o]y

=) b B ERR LS

=i
Alej Agto g Eo]q o] 7t=9] =¥ AL4£=4 1} stoc habmc master equation®|tr. 2] EA]= final
ase reformatted©] M, extended 2} B x|+ 22 212 AFQI51A] &ttt

|¢> = ch |TL> ) Z |Cn|2 ==

(4) = (V[A]¢) = Tr(pA)
oy [¢) = H [¥)
[l'ivpj] = 1715”
27, WA AFe) 8, A4t Helod, 73] convention, i B, AAZAE LA

= ‘“ﬂ‘:ﬂ Hamiltonian< A 5t1l 2|74 & Y& 5, 7|thgtoly &2 trace =& inner product =

A3 A7} A, SHE o) 1917, 7] ikol A491A], AT norm & RS SHR1gH,
;ﬂxl':g—él /ZEI‘% ﬁg %_X]'—l—o]'oﬂ/\‘] LS /\}-EH%Z_]"% /‘\_]ijo'_z_]-’ Hamﬂtonlan—g /]\_‘lof] }\]/\ ‘_-_]_] oé—]i%_j_ ‘_]%] HT
IREEQt AZHES Bl wEHH o] 3|7} w2},
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22 M

39.1 EZYASHA|9} Heisenberg $HA|

o
B =
gAe] Adgtoz Helth, o] 7hEo] 242 EFYANSH|9} Heisen
o}

iz,
|’(/)>:ch|71>, Zlcn|2:1
(4) = (¥[Aly) = Tr(pA)
ihdy [¢) = H |¢)
[xi,pj] = ihéij
27, WA g et A A2, 714 convention, i T, BAIEAE AR
= o, Hamiltonian<S A3t EH|7|AE Y2 H, 7|tigtolu &E-S trace T+ inner product 2
I
e 27 A3, o] 104, 71digke] AR, AIRFEA o] norme EESHEA] &lgt)
AR3E/ AT 2. AT EolA = FEiEte A 233, HamiltonianS A3 ALK FEHH Ho
AFREQ} AZHSHE H| St o] si 7} wh=
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39.2 Quantum Fisher information for pure states

Ay, AuY, EY A, S, AS AL Reset AR Yejz AW, o smo] 2He

LA = B o =2
Quantum Fisher information for pure states©|th. £32] T A]= final base reformatted ©] ™, extended 2}

AL FB2 5 AU Lt
CEX)

e~ PH
P8 = 7 Z =Tre PH

(A(t)B(0)) = (B(0)A(t +ih3))  (KMS)

Saa(w) = hcoth BQUJ)ImxﬁA(w)

1 . 2
Af > \/TTQv Fgll) , Gl = 4(AG)
Z7. HA e A5}, AaaE Aol 714 convention, h T, BAZRAE

o
=
8wy, partition function, response function, Fisher mformatlon% 9]

Schwarz & AH&-stct,
A3} A7 A, A2 /312 23 detailed balance, Cramer-Rao bound 2] scaling < 291},
A ze/AT Ad. 2

A2 7

gt

L

oL Ry

convexity 2} Cauchy-

rl
o g
nlm
ftlo
o
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>
30
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39.3 Spin squeezing

[Ji, Jj] = iheiji i, J*[im) = B?§(j + 1) [jm)
Jy |jm) =h/j(G+1) —m(m£1)|j,m+1)

h
Si == 50'1'7 O'Z'O'j == (5”]. + ieijkak
<j’m’ Tq(k)’jm> x ijmmkq <j/ |T(k)|'j>

27, HA JE) sk, AR F oS, 713 convention, h B9, AART-E 1At
& o). Lie algebras A|-$-1 ladder operator B+ representation tensor product 2 1-F-3-7HS &35
Elg=y

Azt 27 AR, FAFE Q| mostep, triangle inequality, parity selection= 291t

E o= H - AR - oY - BAZRA - AA SA R OA] HolEH
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39.4 Weak value

A, g5y, H]%’f’é‘ A, g, AE A= oot JRF JHE 5 %_‘:]’ o] 7tzol %=
Weak value©|th. 2] EA|+= final base reformatted ©] ¥, extended 2t 73?]—'& FES FE AY

stk
A,

e PH
pp =7 Z=Tre P

(A(t)B(0)) = (B(0)A(t +ih3))  (KMS)

Saa(w) = hcoth B2w)1mX§A(W)

1 . 2
0> \/TTQv Follv) . Gl = 4(AG)
Z7. HA e A5}, AaaE Aol 714 convention, h T, BAZRAE

o
=
FE “‘ﬂ"—ﬂ. partition function, response function, Fisher mformatlon% 78‘—04

Schwarz S ARESHCH
A3} A7 A, A2 /312 23 detailed balance, Cramer-Rao bound 2] scaling < 291},
A ES AT AE. BA

A2 7
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H_E_N

40.1 7] A 2024

WA ), BEY, AP A 202 A3 ujx|shE o] Qpatels BAl Mt oot vl R
Alol Agto & Holtt o] 7l=o] 242 7| % ALt 2082 A o|th. &% EA|+= final base reformatted ©] ™,
extended 2 A2 FEH2 5 AAsHA] Lot
=4,
ch|n ZIC”|2:1
(4) = <1/J|A|1/)> Tr(pA)
iho [v) = H [¢)
[xi,pj] = ihéij
27, HA e sk, AR AF oS, 713 convention, h ©9, AA RS 1T
% ¥, HamiltonianS A5t YH| 7| A E 2 §, 7|[tFtolt} &E-2 trace == inner product =
el sttt
243} 27 AL ZEEo] 1904, 71tigro] A4l A], AIZHE o] norm & HE8H=A] &Qlsttt,
AALast /AT A2, AAF oA = dEla7hE A S 37, Hamiltoniang A3 A|AH YH A B3
W§ s AR S e et ol ot ke
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40.2 thErd A 202 A

AN, G, TS, AP Al H 02 Al S vl x|5tH thEE2 2] FAtY st A= A4t o] 21
Aol Asto g2 Holt}, o] 7tr o] -2 ety Al 202 A o|th. &% EA|= final base reformatted
olH, extended 9t HA = FE2 55 HUsHA] Zodtt

= A,

|v) = ch In), Z |Cn|2 =

(A) = (Y|A[y) = Tr(pA)
ihoy W> =H |1/’>
[l'ivpj] = 1715”
Z7A. AA Ae] st AARF A 2] 71 A convention, h B9, AAIZRAS 1A

= ‘“ﬂ‘:ﬂ Hamiltonian< A 5t1l 2|74 & Y& 5, 7|thgtoly &2 trace =& inner product =

A% 27 AA. FEol 1914, ZIThigte] A4 A], AlZHE o] norm< HESH=A] FRIgh.
A8/ AT A2, ARl A= el a1tE A 237t Hamiltonians A3 A|AE FHAH Hil
ARFRE} AT H| w5 o] 37} w2 o,
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40.3 G 2A1x] FA

S, e, TS, AT A 20 2 42 B Aok iR o] oprhelst RAIL MR 4ot u] Ry
Alo]l Agto 2 Holth, o] 7t=9] 22 Hol AHA| %] FAlo|th, &3] T A= final base reformatted©] ™,
extended 2t A2 = 52 5 AUsHA] &k,

RER

|Y) = ch In), Z |Cn|2 =

(A) = (Y| A[y) = Tr(pA)
iho; W> =H |1/’>
[l'ivpj] = 1715”
Z7A. AA Ae] st AARF A 2] 71 A convention, h B9, AAIZRAS 1A

= ‘“ﬂ‘:ﬂ Hamiltonian< A 5t1l 2|74 & Y& 5, 7|thgtoly &2 trace =& inner product =

A% 27 AA. FERol 1914, 71Tzl A4 A], AIZHE o] norm< HESH=A] FR1gh.
A8/ AT A2, ARl A= el a1tE A 237t Hamiltonians A3 A|AE FHAH Hil
ARFRE} AT H| w5 o] 37} w2 o,
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HEQ

41.1 Floquet?} Magnus
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T owcl, /g A oyt AR AARLE 24l 2 Z7)SHAL secular term 2
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=
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41.2 Random matrix #Hp=A]

A, AL, T2, AZHEEE ] A 02 Al x| 5t R R o] ofatelst Bal Aol n|EEy
Ao] dgto & el o] 7tE9] 232 Random matrix #24] 0|tk 4] FA]<= final base reformatted
o], extended 2} AR = FE2 8 AYUSHA] &kt

tHEA.

|7/1> :ch |Tl>, Z|Cn|2 =1

n

(4) = (V[A[¢) = Tr(pA)
oy 1) = H |[¢)
[l'ivpj] = 1715”

k

Z7. WA A s, AARE LS, 713 convention, h B9, AA RS LGS}

F= o, Hamiltoniang 4ot 2HH| 7|2 & 92 H, 7|titolu FE2 trace E+= inner product =

Hejart.

iz 27 A, FE3Fo] 1917, 7|tigke] A4l %], A|IZHHE o] normS BEE5H=A] &Ittt
AALgst /AT A2, AAF oA = deHlaitE AE37F, Hamiltonians A3 A|AHE P E1
ARt A7 EE v SHH o] &l 7} w2}
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41.3 H]Hermitian #}E24)

AN, G, TS, AP Al H 02 Al S vl x|5tH thEE2 2] FAtY st A= A4t o] 21
Aol Agto g Holt}, o] 7}E9] A2 H|Hermitian #=4]o]th, &3] EA]+= final base reformatted
o|H, extended 2} AX| = FE T5 AFUSHA| Ztt.

gz 4.

|Y) = ch In), Z |Cn|2 =

n

(A) = (Y| A[y) = Tr(pA)
iho; W> =H |1/’>
[l'ivpj] = 1715”
Z7A. AA Ae] st AARF A 2] 71 A convention, h B9, AAIZRAS 1A

= ‘“ﬂ‘:ﬂ Hamiltonian< A 5t1l 2|74 & Y& 5, 7|thgtoly &2 trace =& inner product =

A% 27 AA. FEol 1914, ZIThigte] A4 A], AlZHE o] norm< HESH=A] FRIgh.
A8/ AT A2, ARl A= el a1tE A 237t Hamiltonians A3 A|AE FHAH Hil
ARFRE} AT H| w5 o] 37} w2 o,
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41.4 Metrology 22|

M. 45y, HEY A, S, AlS A ATt JEZ FEHIEZ FUHT o] 7tEe 2
Metrology H“}—E—” o] E]'. Z2] E A+ final base reformatted©]H, extended 2} A2 = 22 ZE 44

etct.
2

—BH
pgzeZ , Z =Tre PH

(A(t)B(0)) = (B(0)A(t +ih3))  (KMS)

Saa(w) = hcoth B2w)1mX§A(W)

1
A > —— F, .G = 4(AG)?
> TR ollv),G] = 4(AG)
Z7. "A AE] AFsk AARF H oY 7] A convention, h T, BAAZRAS 1ATI
St

% . partition function, response function, Fisher information= %2

Schwarz = AHESHC}.

a4z AE AL, £
A7 7|
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final 7|9t A3 B2 R1-R17
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AU £ 72

42.1 A7|1$HHY ) 9, B8 A Hamiltonian

WA e Aol M ANAe] Hojof, A=Y, resolvent 7k 224 A2 AL,
o] 7hEe] 22 27| HME, 9, 94 Hamlltomanolﬁl' Z %] FA|+= final base reformatted 0],
extended @} A | = =22 ZE AMQls)R] kqttt,

CES)

1=>m) <n\+/dE 1B) (Bl

A= U(A))\ dEA(N), /f dEA(N
Ra(z) = (A—z1)"" (4) =C\ p(4)
dCHCP

27, A Ae) 713, A 2], 714 convention, h B9, AA27E DA

5 o], WA AR dense domaing A 5FAL adjoint domainT} boundary form = H] gk
spectral theorem= 2]-83c}.

-

_1%]

A4} 27 AA. spectrum©] A 4Z0f Q1=4], boundary term©] 091 4], resolvent 2} o] SH=%] &2l

s} b

L ZAIS B ol A - QAR oY - AR - A SA R O Hojnw
AT AN BB L WE 4 e
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A, Fotabd FArsto A= Adbabe] Ao, ABER | resolvent 7} E2] 4 FAAIX S AA T
o] 7t o] -2 AHEH At gh4AAtoltt. &3] EA|E final base reformatted ©] ¥, extended 2+
A= 52 35 A5k &t

) F AL

A= " A dEA(N), /f dEA(A
Ra(z) = (A—21)"" (A) =C\ p(4)
dCHCP

27, WA e A3k, Azt Aoled| 714 convention, h T, AAZRAS 1A}

F= wd)., WA AL dense domaing A7 5}l adjoint domain 2}t boundary form-< H| 1l 3h F
spectral theorem= 4-8-3Hc},

A} A7F A, spectrum©] Aol 2=4], boundary term©] 0R17], resolvent 2k o] BE=A] ¢

—

= g e - A - OlF - AR - A 22 O] Hojra
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42.3 Rigged Hilbert space®} 4Es} 1159 E
WY, 2 FAON £ Q) Ho|o, AHEY, resolvent 7} B2 A AAZ AL AAE o

7tEe] 242 R Rigged Hilbert space2t YEFst 1 gHlE|o|th, &x] EA]= final base reformatted ©| ™,
extended @t A= =2 =B atolsh] ekgkrt.

EA),
1=l o + [ae e

A= xdE.O), /f dEA(N
o(A)

Ra(2) = (A—21)7" (A) =C\ p(4)
PCHCD
271, AA e Fsh, dARE Ao, 714 convention, h B¢, AAIR-S st

= o], WA AL dense domaing A%k adjoint domaindt boundary form< H| 3 H
spectral theorem= 4-8-3Hc},

A4k 27 AR, spectrum©] A4Z0]| QI=A], boundary term©] 01 ], resolvent XF o] SH=2] &9
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WA A, BT, ARG A $02 A2 5T hie] s BAlL Mg o) ol
Alo]l Adgto = Helr, o] 7kEe] 22 {35 &1 A o|t}h, 4 FA| = final base reformatted ©]H,
extended®t A7 = G20 52 AhelolA] oottt

RER

|Y) = ch In), Z |Cn|2 =

(A) = (Y| A[y) = Tr(pA)
iho; W> =H |1/’>
[l'ivpj] = 1715”
Z7A. AA Ae] st AARF A 2] 71 A convention, h B9, AAIZRAS 1A

= ‘“ﬂ‘:ﬂ Hamiltonian< A 5t1l 2|74 & Y& 5, 7|thgtoly &2 trace =& inner product =

A% 27 AA. FERol 1914, 71Tzl A4 A], AIZHE o] norm< HESH=A] FR1gh.
A8/ AT A2, ARl A= el a1tE A 237t Hamiltonians A3 A|AE FHAH Hil
ARFRE} AT H| w5 o] 37} w2 o,
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43.3 Morse, Poschl-Teller, inverse-square

HA. AJH, ”}é%k, ALY A o2 AZ X5t ti 72 o) At e A= A a4t nlEd
A Alo] Aslo & Holt), o] 7= 9] _%;é‘,]% Morse, Poschl- Teller inverse-square©|th. 2] EA|= final
base e formattedol‘l] extended 2t B2 = &5 F5 A UsHA OLO]'E]'

ER)

|1/1> = ch |Tl> ) Z |Cn|2 -

(4) = (V[A]¢) = Tr(pA)
oy [¢) = H [¥)
[l'ivpj] = 1715”
27, WA AFe) 8, A4t Helod, 73] convention, i B, AAZAE LA

= ﬂlﬂr—ﬂ Hamiltonian& Ao}l $HH] 7|2 & -2 H, 7Itigkoly &E2 trace E+= inner product =

A% 27 AA. FEol 1914, ZIThigte] A4 A], AlZHE o] norm< HESH=A] FRIgh.
A8/ AT A2, ARl A= el a1tE A 237t Hamiltonians A3 A|AE FHAH Hil
ARFRE} AT H| w5 o] 37} w2 o,
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43.4 Landau &9 A7 & LA}

A A7 & FAUY AR 2| AT gauge covariance”ZF 4 oM, &= o] 091 FHM =
W5 A0 o] 7FE9] 242 Landau 912 2714 & Aot} &3] EAJ= final base reformatted
oW, extended @ HX| = aHEo 21 2HI5}A] okgttt.
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q qPB
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E, = hw, (11—1—1)7 WC:7|qB|
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Z7A. As} 723, gauge convention, SI/Z]- 111_1-_,4 e H el A Ael S i3} st
o= ol ] AZATS -85} gauge transformation©| A THE8H 91442 observable©| B Q1 A] &9l
7&"1‘.]_'3'—]' A7} 7. gauge-invariant observable Tt H] 5}l A8} 25 9} phase convention= 2FQ13t
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z857} 8%

44.1 Coherent state2} YA=7+

4, ZEUEARE A, Ei, B3, HFSY, Gaussion state®] 3F 713 BFolct, o] k=] 27
2 Coherent state2t YAa7to|th. &3] E A= final base reformatted ©] W, extended 2t X = FE2
35 Al gl
oEA.
a= ﬂ;(x—l-lp), [a,aT]_l
N 1 1
H=hwla'a+ =], E,=hw|n+=
2 2
ja) = eF2e2e o) ala) = ala)
() = exp | 5(¢7a? - ™)
27, HA AJe) sk, AR AF oS, 713 convention, h B9, HAART-E 1At
= . 2|2t >FFS ladder operator 2 A FHESIT WA 2 Hamiltonian= thZrshsict,
AT} 2 7F AA. zero- point energy, ladder normalization, coherent state2] Poisson A& &<lstc},
WAEe /AT AE. BAE E ot qe] . A4 gy - AAEA - A4 AR A Holuw
A7A4 AL 58S WE & Uc
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44.2 Squeezed state

A, 252 = SR, E=, FAF AP H, Gaussian statel] 35 7|2 EFo|t}, o] 719
272 Squeezed state©] T}, %_1 HF A= final base reformatted©]™, extendedQ]- A= gES ZE
AR 23Tk,
L E R
o= (). )=
1 1
|y = e~lof*/2gaa! |0), ala) = ala)

() = exp | 5702 - ca®)

Z7. 1A e Ftah, AR o), 713 convention, h B, AR S e

= o, 2|2t >FFS ladder operator 2 A PHESIT WA 2 Hamiltonian= thZhshsict,
A4k} 27F A . zero-point energy, ladder normalization, coherent state2] Poisson 54| E 21t}
WAZE AT 2. BAS E o A - A4k ohd - AAZA - A4 AR o Hojmw
A7AA AN 58S WE 4 Uc
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44.3 Gaussian state covariance formalism

AN, 2= FAE, =, A A S H, Gaussian statel] 35 7|2 E50|t}. o] 7=
Z A2 Gaussian state covariance formahsmolq Z2| EA|+= final base reformattedol‘:"] extended 2}
AAE F2E FE AUs}A 2oL,
[mw i
@ 2h (x + mwp> ’ [a, ']
n 1 1
H = hw aa+§ ) E, =hw n+§
|y = e~lof*/2gaa! |0), ala) = ala)
1
S(¢) = exp [Q(C*a2 — CaTz)]
27, AA e Fsh, AARE H oA, 714 convention, h @, AAIR-S 1S
= o, 2|2t >FFS ladder operator 2 A PHESIT WA 2 Hamiltonian= thZhshsict,
A4k} 27F A . zero-point energy, ladder normalization, coherent state2] Poisson 54| E 21t}
AAZS/ AT A, BAS F Ol g - A o - AAEA - A4 242 DA Hojuwl
AJL2A AlA S ES THE 4 Tt
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YA SUCH e 225 thes EHEOR Helsn MeiRH T A7 22E A WHEC, of 7=
Z A2 Wigner 7| &2} 2128 o|th. &4 ZEA|+= final base reformatted ©]™, extended 2t B = FH
22 sk 2okt

ER)

[Ji, J;) = iheijp g, J2|jm) = R*j(j + 1) |jm)
Ji|jm) = h/5( +1) = m(m £ 1) |j,m + 1)

h
Si = §O'i7 Jin = (5”1 + ieijkak
<j/m/ Tq(k)’jm> x C«ijmkq <j/ |T(k’)|'j>

Z7. AR AFe] st AARF A2 Y | 71 A convention, h B9, AAIRAS 1A

& o), Lie algebras A9l ladder operator S+ representation tensor product 2 1737 &5
Fig=

o , m step, triangle inequality, parity selection= 2913t}

AALFst /AT 2. BAE 2 e dH - A4tk - oA - FAR - A4 A2 oA HojEH
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AN, P2 A2 5T et TR B2 A= el 3 A9 25 24 et o] 7=
242 FHEAM e el oty S22 FA|= final base reformatted ©]H, extended 2t Hx]= &2
S5 ATYsHA] ekst.

x4,

[Ji, Jj] = iheiji i, J*[im) = B?§(j + 1) [jm)
Jy |jm) =h/j(G+1) —m(m£1)|j,m+1)

h
Si == 50'1'7 O'Z'O'j == (5”]. + ieijkak
(3'm! |10 jm) o €3, (7|7 5)

270, UA e Hsk, A4 e, 714 convention, h T, AAIRI S 1St
& o). Lie algebras A|-$-1 ladder operator B+ representation tensor product 2 1-F-3-7HS &35
Elg=y

ZAXa 27 AR, FAS ’H 9, mostep, triangle inequality, parity selection= 213t}

E e U] - AR - WY - AR - HAF A2 ThA] Foj B
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45.3 Fine structure, hyperfine structure

WA, A} Bah BAls 24 HEld, WA, fEd 25, duwEo) AgE 2x). of 7l=e)
%72 Fine structure, hyperfine structure®|th. 2] ZEA|+= final base reformatted ©]™, extended 2}
Ax= 52 5 AYsHA Eurt.
h? d? R0 +1)
Top e Vi(r)+ oz | U= By
pet 1 4regh?
En = T 012 20 apg = 3
2(47T6())2h n pne
1 1dV

Hso L-S

2m2c2 r dr

U(r,R) = ¢ (r;R)x(R) (Born-Oppenheimer)

. HA AFE] s, AAAF H ol | 71 A convention, B B, AAIRAE 1St

. Born-Oppenheimer == S HelAd 2|5 WA 5131, radial equation?t A5 B S 22

z7

A=

Aakstet,

A3} A7 A . reduced mass, degeneracy breaking, selection rule, &9 eV /J HES &l
AzAgst/ AT A4, BAE & W “dE) - AR - A - AAIRA - HAF A E A HojEHE
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2apg Yt

46.1 Rayleigh-Schrodinger @} resolvent

A A Pl Q] Hole], AHETY, resolvent7} B2 A AAZAE AU o
7FE29] 242 Rayleigh-Schrédinger 2} resolvent ©]TF. %] Z A= final base reformatted ©]™, extended
o AAE P2 FR AHA wgrh

5 E:

N
ocl

iz

1= <n\+/dE 1B} (B]

A= U(A))\ dEA(N), /f dEA(N
Ra(z) = (A—=z1)"" (4) =C\ p(4)
dCHCP

27, WA el Bk, A B9, 714 convention, i B9, AAZZE M AT,

5 o], WA AR dense domaing A 5FAL adjoint domainT} boundary form = H] gk
spectral theorem= 2]-83c}.

-

_1%]

AArE 217 A, spectrum©] A4Z0f| 9+=X], boundary term©] 021 A], resolvent 2Fg o] Sh=X%] &<l

s} b
= e VIEl - A - WY - AARA - A M2 GA HojEH

=
. =
A4 A 528 B 4 2l
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46.2 Schrieffer-Wolff 2} effective Hamiltonian

AN A5 = 4~ 9= Hamiltonian& 22 o7 4=9F 22| = ofj 1 A _Z\jﬂ%l% ol-gdl FE o|Eo & Ht
I}, o] 7= 9] A2 Schrieffer-Wolff 2} effective Hamiltonian©|TF. 2] EA]+= final base reformatted
o|H, extended 2} AX| = FE T5 AFUSHA| Ztt.

= AlL

EW — <n(0)’V‘n(O)>

g =y WVl
! EY — B

m#n
i [t —
_ﬁ/ dt’ e Vi ()

21
Ling = f‘vfi‘zp(Ef)
Hegr = eSHe 5, [Ho, S] = =V

27, AL vjALet oL 7] gapol EAIsHoF ke 2|7} Qlowl WA REF7 j2ee gt

= o], /5 WA olu AJZHEE AMALE A 2 H RS, secular term Y FE| RIS
HE 2 2] 2)sich,
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Aget/ A3 A2, 2AlS

-0
-
—~
~
~—
Il

N
N

2
rlo

, =E|, secular growth, gauge-dependent quantity S 7 SHc}.
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—
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46.3 Magnus Z71¢} Floquet theory

Ay, HEs) F 4 gl

Q

miltonian-& 242 o7 ek 2] o 2] AA|LZ o] &5l FE O|ES=E
HRET}H o] 7F=E9] 22 Magnus A7H2}t Floquet theory©]th. &% ZA|+= final base reformatted ©] ™,
extended 9} A2 = 52 F5 AUstA] &t

thEA,
EW — <n(0)’V‘n(O)>

g =y WVl
! EY — B

m#n
i [t —
_ﬁ/ dt’ e Vi ()

21
Ling = f‘vfi‘zp(Ef)
Hegr = eSHe 5, [Ho, S] = =V
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~
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270, 22 vjAASe} oluI ) gapol EAfaloF kel ZE7E oW WA HEFF th2etE Sk,

T T o
= o], /5 WA olu AJZHEE AMALE A 2 H RS, secular term Y FE| RIS
HE 2 2] 2)sich,

A 27 AR, Bt 2R g £ 5| secular growth, gauge-dependent quantity S % 7 SHc},
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= KBQ} turning point°|th. &% FA|= final base reformatted ©| ¥, extended 2} 2|+ FE2
= o
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928, |!
K~ det
21:‘ " 9q:045

. A e sk, AR, 714 convention, h B9, AARAES 1S}
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A o] 2 A3}

47.1 Lippmann-Schwinger®} T 3)

e

A, A2 AR, Green ?;.L—/,\—_ Y F 9| unitarity 2} siA/d o= el H ot
Lippmann-Schwinger 2t T @ o]t} Z2] Z A= final base reformattedol‘}] extendedﬂ'

Z5 At ettt

CERY
e
T=V4+VvaiDT
ikr
ikz e do 2
v~ ) ST 17)
1 oo
f() = z Z(% + 1)e'% sin 6Py (cos 6)
£=0
1
kcotdy = —a; ' + §rek:2 +O(kY)
27, AAHEA AR, 2l 3L flux normalization, channel 45
% #dl. Lippmann-Schwinger 7 2|04 outgoing Green T+E A5t
£ vlagict,
ZAA 3 27 A A, unitarity, optical theorem, Ao A] =3 ‘_, cross section ]
WA/ AT A2, BAS E o A QA 0F - AARA - A
A7 AL BES B > ek,
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47.2 Partial wave®} effective range

AN, At A X, Green &4 9] unitarity 2+ A/ 0.2 A H}. o] 7t=9] 22 Partial

,S T

“! He o

wave 2} effective range Olq EZ'] E —t— final base reformatted©]| ™, extended2} A& FEL &
et ersk
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1
)\ _ L ‘ ()
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r
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M8
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1
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47.3 Resonance%} pole

A, A %ﬁ]}—ﬁ,_Green St S WE O unitarity @F A o= A}, o] 7t=o =¥
Resonance®} pole©|th. ] ZA|= final base reformatted©| ™, extended 2t A= FE2 & AUs
2| gkt

o=l
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3} Zk7} . unitarity, optical theorem, Ao A] =3k, cross section2] HZA 2} &Qlstet,
=

e oY audo N



Chapter 48

AzAgsany

C3EN, ERF, AR A 02 AS v x| 5t t 2] e A= AP i4et n] 2
Agto 2 HRlt}, o] 7t=o] 22 g ehpel Addtgh4olt}t, &% T A= final base reformatted
extended 2t A= FH-2 5 AUSHA] &t
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1.

)

[¢]

I

b & lom>
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|¢>:ch |TL>, Z|Cn|2:1

n n

(4) = (V[A[y) = Tr(pA)
oy [¢) = H [¥)
[-T'hpj] = 1h5w

=

A el st Ak F o], 714 convention, h B9, BAIRE 1 A$H

. Hamiltonian& st SH]|7|HE B2 H, 7|thgtolyt &E2 trace T+ inner product =

r &

»xfo

7b 47, 8ol 1904, 7]thgko] A42UA, AZPEAHO) norm & HESHEA) HRIRT,
%

aa. =/ H j
/AT AR, AAZ oA = el E e A1 E3 3, Hamiltonian& A A|AH FHAY 21
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48.2 Stationary phase® Van Vleck propagator

oh . , _"_é%k, AP O] A F0 2 AlS v x|t o 2] St e FA= Aot ol &1
Aol Agto Qlt}, o] FtEQ] =X Statlonary phabegl' Van Vleck propagator®|Ch, &2 ZA|=
base reformatte dojH, extendedgl' 7:‘2]% FE2 S5 AUSHA ZgTt

|¢> = ch |n> ) Z |Cn|2 -

(4) = (V[A]¢) = Tr(pA)
oy [¢) = H [¥)
[l'ivpj] = 1715”
27, WA AFe) 8, A4t Helod, 73] convention, i B, AAZAE LA

T+ l“ﬂr—ﬂ Hamiltonian< A 5t1l 2|74 & Y& 5, 7|thgtoly &2 trace =& inner product =

A3 A7} A, SHE o) 1917, 7] ikol A491A], AT norm & RS SHR1gH,
;ﬂxl':g—él /ZEI‘% ﬁg %_X]'—l—o]'oﬂ/\‘] LS /\}-EH%Z_]"% /‘\_]ijo'_z_]-’ Hamﬂtonlan—g /]\_‘lof] }\]/\ ‘_-_]_] oé—]i%_j_ ‘_]%] HT
IREEQt AZHES Bl wEHH o] 3|7} w2},
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48.3 Instanton¥} E]'@¥ splitting

A, A DA ST A8 FA 0 A AHER T 17 A =g APt o) o] 2He
Instanton @ B9 splitting©| T}, 23] EA]E final base reformatted ©| ™, extended 9} Hx| = 22

F5 AU ke,

=4,
C i [*
P(z) ~ exp [il/ p(x) dx’]
p(x) h
= H
7{pdq_27rh(n+ 4)
#2 .\ /2m(V — E)
T ~ exp [—2/ L dz
1 h
0?8, : .
K~ det ¢ elScl/h—wﬂ/Q
%: ‘ 0q;0q5
27, UA e Ash, A4k Ao, 713 convention, h &9, AAIZRA S 179t
F= o], 2r8 ansatzS 93 b AR H S H turning pointol A& A2 -FA S ARS-SHC}
ZAFz}E 217 A 7. turning point %] 2], Maslov index, A|4~2] 5o} A& &HQlgtct,
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A PR Al

49.1 Nakajima-Zwanzig projection

4 45 B3 Aol A Fow M ufalakd cl el SAelst R de e ol
A kajlma Zwanmg projection ]t} &2 FEA|+= final base

oz
V) :ch In) , Z|Cn|2 =
(4) = (¥[Alp) = Tr(pA)
oy [¢) = H [¥)
[z, 5] = ihdi;
27, A e A, QA 1o, 714 convention, h B8], AAE7E 1T
fX o], Hamiltonian< Aot &H|7| A& 22 H, 7|tHgtoly &EE trace T+ inner product =
gegit,
AXT} A7 WA, 2E3o] 1917], 7|thgro] A2l A|ZHEA 0] norm S HEsH=x] BHolsict.
ﬁxl-%i!-/yﬁ]% o\ig- @X}%‘E}Q]/\i = }\}—EH%Z_]:% ﬂi%ﬂ" Hamﬂtonlan /‘\jo:] /\]/\ HE‘_:I:]_ ‘_]% E__—ﬂ.
DREEC) AIZHSHS Bl o] a7} w2},
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49.2 Born-Markov &} Redfield tensor

YA, BT 20| Qe Al vlgUE P 598, A jump, entropy production @2 7]&3c}. o]
7}E 9] 272 Born-Markov®} Redfield tensor®]th. &3] EA|+= final base reformatted ©] ™, extended
of A= FE2 F5 AAskA] &ttt

SER)

. i 1
p= _7J£Lp]+-§::<LMpLL__2{LLLM7P}>

m

¢
ps(t) = / K(t — s)ps(s)ds (Nakajima-Zwanzig)
0

eff—H**ZL

—ﬁhw

V(=w) = ey (w)

Z 7. Born-Markov, secular, weak coupling, bath correlation time 22 ZAFS T A|SHC},

& . system-bath Hamiltonian®l|A] projection/Born-Markov <AHS -85t SHASd 21
ZAAFstc},

A} 2F7F A . trace, positivity, detailed balance, steady state”} &2 2 Q1A &lgtct,

Azss/ AT °"7é 9|2 g, FAAA, JE=A qubit o] Ty, T, siAf o 2] A2 =

270 w
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49.3 Quantum jump$} no-jump Hamiltonian

A4, B ZHo) gt Ale BlFUE R 593}, ¥ jump, entropy production 2 7] &%, ©]
7FE9] 22 Quantum jump@} no-jump Hamiltonian©|Tt. &*] Z A= final base reformatted ©]™,

o
extended 2 AA & GBS F2 ALY gt

. i 1
p= _7J£Lp]+-§::<LMpLL__2{LLLM7P}>

m

¢
ps(t) = / K(t — s)ps(s)ds (Nakajima-Zwanzig)
0

eff—H**ZL

—ﬁhw

V(=w) = ey (w)

Z 7. Born-Markov, secular, weak coupling, bath correlation time 22 ZAFS T A|SHC},

& . system-bath Hamiltonian®l|A] projection/Born-Markov TAHS A-8-otal eHA S 21

ZAAFstc},
A} 2F7F A . trace, positivity, detailed balance, steady state”} &2 2 Q1A &lgtct,

=

A28/ AT 2. 2= g, FAAIA, HEE=A] qubit®] Ty, T, siA 3 2 A2
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49.4 Input-outputﬁl' quantum noise

. i 1
P ::__ﬁilf?p]+_§£: (lﬂipLL'_ 2{1%LLM7P}>

m

¢
ps(t) = / K(t — s)ps(s)ds (Nakajima-Zwanzig)
0

eff—H**ZL

—ﬁhw

V(=w) = ey (w)

Z 7. Born-Markov, secular, weak coupling, bath correlation time 22 ZAFS T A|SHC},

= #o. system-bath Hamiltonian©|A] projection/Born-Markov ZAHS &-&5}aL 2Hd

ZAAFstc},
A} 2F7F A . trace, positivity, detailed balance, steady state”} &2 2 Q1A &lgtct,

=

A28/ AT 2. 2= g, FAAIA, HEE=A] qubit®] Ty, T, siA 3 2 A2
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g At

|¢>:ch |TL>, Z|Cn|2:1

n n

(4) = (V[A[y) = Tr(pA)
oy [¢) = H [¥)
[-T'hpj] = 1h5w

=

A el st Ak F o], 714 convention, h B9, BAIRE 1 A$H

. Hamiltonian& st SH]|7|HE B2 H, 7|thgtolyt &E2 trace T+ inner product =

r &

»xfo

7 RA. FEFol 194, 7Itigto] AR, AP O] normE BESH=A] &l
%

aa. =/ H j
/AT AR, AAZ oA = el E e A1 E3 3, Hamiltonian& A A|AH FHAY 21
o AIRHS|= Bl of szt w2},

o i MH XY
fool £ ot

Bl oY oXdo W
[t 1ot
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50.2 Choi, Kraus, Stinespring

AN, AT} A2 Dy ALY trace HE AT QoA 71 Z2BsHA Heldo). o] 7t=9] %
72 Choi, Kraus, Stinespring®|Ct. &3] I A]+= final base reformatted ©]™, extended 2} B X += FE-2
5 ArUsHA] gk
o=z 4].
p=>_pilv) Wil, p>0, Trp=1
p(m) = TI‘(Emp)7 E’m = ZM’J;M]MUL(X
E(p) = KipKf, > KlKp=1
% %
J(E) = (EI)(|P) (D)
Z7A. 23 A7 A, Kraus £, trace B2 2718 HA| &g},
F= ], 2 AolA fUEE J3HE & ofF ol ancilla s FE 3451 Kraus/POVM X2 &
A=t
A} A7 "R RE 50| F4UA, Y KK, = 1914, partial trace 2-¢l0] BH=x2] 21t}
AZgst/ AT A4, BAE E W “dE - AR - A - AAIRA - HAF AR OA] Hoj
A2 AL S ES e 4 ATk
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S A, TE, AZPE] A 302 A3 uj Aok R Ee] ophelsh BAlE ML 4ot o] ey
dAe] Aoz Helrt, o] 7hE9] 22 tE Y e]E 4ot &4 FA|«= final base reformatted
ol™ extended @ A= RS ZH AMls}x] 9kghth

I

lv) = ch |n), Z |cn|2 =

(A) = (Y| A[y) = Tr(pA)
1o, [¢) = H [¢)
[xi,p;] = ihdy;
27, AA el Fsh, AARE AH e, 714 convention, h B¢, AAR-S s

R nlﬂl:]] Hamiltonian2 5tal & 7|2 & ¥2 H, 7Itigtoly &2 trace = inner product =

A% 27 AA. FEol 1914, ZIThigte] A4 A], AlZHE o] norm< HESH=A] FRIgh.
A8/ AT A2, ARl A= el a1tE A 237t Hamiltonians A3 A|AE FHAH Hil
ARFRE} AT H| w5 o] 37} w2 o,
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50.4 2FAA T} stabilizer

A, PR A, A, 93, 82, 98 2218 AN H5T AYTi4R kR, of
ZHL 7441 stabilizero|th. &% EA| & final base reformatted ©]™, extended 2+ 2| = &
32 st et
x4,
1
p=y+r0), <1
S(p) = —Trplogp, I(A:B)=S(A)+ S(B) — S(AB)
PEIE,P = CyP (Knill—Laﬁamme)
QFT |.13 Z eQTrlmy/N ‘y
P(q@) peaked near eigenphase ¢ (phase estimation)
27, HA g Gat, AR Aol 714 convention, h D], FAIEA S 1T
= w o, FElZ7HS tensor product 2 WL i, 8] 2| measurement S CPTP mapd} unitary gate
2 FHAg
A2} AF7)F 7. unitarity, normalization, no-cloning 271, error correction syndrome #2433 291
g},
Axtgst /A s A4, AFETE 55HF B-o) A= gate complexity, error correction, channel capac-
ity 2 o]o]XIt},
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A Green 52 39

51.1 Matsubara Green ¢4

AN, A FAE2 Fock 33t Green g4, SHE S, Ha gy A4shs &8l D@ /d2 ALttt

1= ] Al
o] 7}=9] %2 Matsubara Green $4>0|Tt. 2] E A|= final base reformatted ©] ™, extended 2F 73]
£ g5 38 s Lol
EER
[aiva;] = 5ij7 {Civc;'} = 1]
= Z@(T)Ch H= Zh” c;ci+ = vaklc ciCicy
% z]kl
. 1
G(k,iw,) = -

iwy, — & — 2(k, iwy,)

Kia(t) = () ([A(), BO))

E, =/€ +|A]2 (BCS/BAG)

Dy

Z71. 2%, ensemble, Matsubara/real-time convention, SA5-3, cutoff& o
% decoupling @ 2 ob-

% ¥, second quantization & Hamiltonian< 223l Green $r4 &=
servable A|AFGHCEH

ZAAEE 217 A 7. sum rule, spectral positivity, S415-3, analytic continuation= &<l
Atz /A 2. WA, 2T FAAAL condensed matter w2 912 W 7] &

e

o},
of7} =},

re
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51.2 Kubo &2lZ} uctuation-dissipation

M. oA ook;f]'%% Fock 37, Green @4, S84, Ho g A4ehE Sl e A
t}. o] 7t=9] 22 Kubo 34T} uctuation-dissipation©|th. &3] EA|+= final base reformatted ©| ™,
extended 2t A2 = 52 5 AUsHA] ok,

o

Al
han K3

Bl

[aha;] = 5ij7 {Cia C_J;} = 51’]’
1
P(r) = Z ¢i(r)cq, H= Z hijcjcj + 3 Z Vijklc;rc;-clck
i ij ijkl
. 1
G(k,iwy,) =

iwn - fk - E(k,iwn)

s (t) = —20() (A1), BO))

Ep =1/&+|AP2 (BCS/BAG)

271, 2%, ensemble, Matsubara/real-time convention, SA%3, cutoff& 11 SHc},
| —

& wf. second quantization 2 Hamiltonian< 23l Green &4 F+ B4 decoupling 22 ob-
servable= 74T},

A4k} 27F A 7. sum rule, spectral positivity, SA15-3, analytic continuation= 29l
AAtzs /A A2, WA, AT FAAAL condensed matter =2 912 W 7|2

e

o},
of7} e},

re
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51.3 BCS%} Bogoliubov tjZ+s}

A A FAFE 2 Fock 37F, Green &4, S84, B34 AAA35HE S8l ATAALE AlLtsich,
o| 7t=2 —%@ <2 BCS} Bogoliubov tiZ}&to|tt. &4 ZA]+= final base reformatted ©]™, extended 2}
A= B ZH A9lshA] 9ottt
HEA,
[azﬁa;] = 5ij7 {Ciac;‘} = 1]
= Zqﬁi(r)ci, H= Zh” i+ = ZVZJMC cieicey
% zykl
. 1
G(k,iwy,) =

iw,fl — fk — E(k,iwn)
s (t) = —20() (A1), BO))

By =/ + AP (BCS/BAG)

Z7. 2%, ensemble, Matsubara/real-time convention, -5 EARS cutoff& 1A 7).
5 o, second quantization © 2 Hamiltoniang 23! Green &4 E+ B4 decoupling 22 ob-

servables A4St}

A4k} 27F A A, sum rule, spectral positivity, SA15-S, analytic continuations &%

L.

AAtzs /A A2, WA, AT FAAAL condensed matter =2 912 W 7|2

""‘E e =

et

o},
of7} e},

re
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51.4 AT A& Bethe ansatz?] A AT

;A oA %kx}%% Fock 37, Green 42, 984, B4 A 23S 5ol ABaA 2 Akt
o] 7tE9] 22 AW A& Bethe ansatz2] 3 A|=olth. E*] EA|+= final bas eformattedolll]
extended 2} ﬁx]% 501' < S5 AAsHA] ekttt
=4,
[azﬁa;] = 5ij7 {Ciac;‘} = 1]
= Zqﬁi(r)ci, H= Zh” i+ = ZVZJMC cieicey
% zykl
. 1
G(k,iwy,) =

iwn - fk - E(k,iwn)

Xia(t) = ) {[A(), BO))

Ep =1/&+|AP2 (BCS/BAG)

Z7. 2%, ensemble, Matsubara/real-time convention, -5 EARS cutoff& 1A 7).
5 o, second quantization © 2 Hamiltoniang 23! Green &4 E+ B4 decoupling 22 ob-

servable= AAFgHC}
A4k} 27F A 7. sum rule, spectral positivity, SA15-3, analytic continuation= 29l

AAtzs /A A2, WA, AT FAAAL condensed matter =2 912 W 7|2

“"‘E e =

e

o},
of7} e},
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91 PR

52.1 Berry connection, curvature, Chern number

A, Bloch band 2} many-body wavefunction®] 7|5+ Chern 4%, Berry 9/, anyon 4] 22 &
2Fo 2 Uehdtt, o] 7t=9] 22 Berry connection, curvature, Chern number©|th. &% /\] t final
base reformatted ©] ™, extendedﬂ' A= gE2 %% AFUASIA] kTt

tjEA].
H (k) |unk) = En(K) |unk)
An(k) == i<Unk|vkunk>
1
Qn = vk X Avu Cn = 7/ Qn,z d2k
2 BZ
o2
. Z C,
neocc
S(A) = a|0A] —logD + o(1)
Z7. gapo] & YL 7|A gauge”t patchE 2 tjI1H A A o] =] =%] &lstct,
Fx o, 31-3/4El bundle®] connection2 % 2]5tal Brillouin zone E+= parameter space®llA] curvature
£ e,
A3 A7 A A, gap closing §lo] S 0] HS1A] ¢k=24], gauge patch 2]&/d 0] Al2bA]=A] &It
AxLzs /A AZ. YA AA|, FAL Hall, topological photonics@F A4 T,
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52.2 Two-band model

AL g, B2, Az el A Fo g ufAsh e re] gt st gAls R rieet ol e g
Alo] Asto 2 Holtt, o] 7tE9] AL Two-band model©]th. 23] EA]+= final base reformattedoltﬂ,
extended2t B+ FH2 5 ﬁ“ﬂﬂ A] etk

SER

=2 ealihs D leal? =

(4) = <¢|A|¢> Tr(pA)
iho; W> =H |1/’>
[l'ivpj] = 1715”
Z7A. AA Ae] st AARF A 2] 71 A convention, h B9, AAIZRAS 1A

= ‘“ﬂ‘:ﬂ Hamiltonian< A 5t1l 2|74 & Y& 5, 7|thgtoly &2 trace =& inner product =

A% 27 AA. FEol 1914, ZIThigte] A4 A], AlZHE o] norm< HESH=A] FRIgh.
A8/ AT A2, ARl A= el a1tE A 237t Hamiltonians A3 A|AE FHAH Hil
ARFRE} AT H| w5 o] 37} w2 o,
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52.3 SSH, Kitaev chain, Majorana

SHAl. Bloch band 2} many-body wavefunction®] 7|58k Chern 4*, Berry 94, anyon S| 2 ST
OE L]'E]"’]'E]'. o] 7t=29] &2 SSH, Kitaev chain, Majorana®]tt. &3] I Al+= final base reformatted
o|H, extended et AA= FEH2 FE A AtelslA] eksre.

CES)
H(k) [unk) = En(k) [unx)
An(k) = i<unk|vkunk>
1
Qn = Vi x Ay, C, = —/ Q. A%k
27T z '
2
Z Z C,
neoce
S(A) = a|0A] —logD + o(1)
Z7. gapol €& AL 7|A gauge”} patch B2 W I1HA] A o] =] =2 &lstct,
S= . -84 E bundle? connectione % 2]5}F1 Brillouin zone = parameter spaceoﬂ A curvature
£ A8},
A3} A7 A gap closing §lo] EHEFo] M51A] QF=3] ) gauge patch &4 0] AFalA]|=x] Eldtc},
Axtzs /A AZ. YA AA|, FAL Hall, topological photonics@F A2 T,
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e ZE JZE

53.1 Klein-Gordon, Dirac, conserved currents

A, AUl BEEAL Lorents U1, AT, W14, FE R4S Eajuict. o sEe] 2
Klein-Gordon, Dirac, conserved currents©|Ch. &%| ZA]= final base reformatted©] ™, extended 2+ A
A BES 52 ArelebA el

i

Al
1.

Bl

(O+m?c® /R =0
(iby"9,, — mc)yp =0
{97 =29
J* = eyt 03" =0
2. WA el Bk, AR Be)ol, 714 convention, i B9, AAZEZE LA,
& . Lorentz covariance2t A& A|ZHo] & 2713 3] 2 751 gamma matrix ti4-E D=t
Az 27 A . current conservation, spinor normalization, B4 THE SoHS &QIsiet

AZS/AE A2, BAS E ol e 4R - oY - AARD - A4 eA R ThA) Hojm

]
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53.2 Foldy-Wouthuysen 217}

A A2 TR AL Lorents UIF, 23, WA, HE WA S Eajuict, of 7hEe) 27
Foldy-Wouthuysen Z17§0]Tt. &% HEA]+= final base reformatted ©]™, extended 2} 4 2| FEH
AIsA) et

(O+m?c? /R =0

(ihy" 0y —me)p =0

{", "} =2
J* = ey, Ot =

27, HA e sk, AR F oS, 713 convention, h B9, AR 1At
& o, Lorentz covariance2t A& A|ZHo] & 2712 3174 2 751 gamma matrix t4-E D=t
X} 27 A 7. current conservation, spinor normalization, B4t 2 ZoHS- 2FQlgitt

A2/ A2 AF. TAS B s A - QAR oY - AARA - A4 £A R ThA) Hojrw
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53.3 Canonical quantization and propagators

AL WS, AP A F o7 AlS v X5t tR2Eo] GRS EAl= AP 4ot v
Aol Agto g Helth o] 7}=9] %2 Canonical quantlzatlon and propagators©|Ch. 2] A=
final base reformatted ©]™, extendedgl' 7:‘7<]t FES 5 AUstA] &t

ch |n), Z|cn|2 =1

(4) = <w|A|w> Tr(pA)
oy [¢) = H [¥)
[l'ivpj] = 1715”
27, WA AFe) 8, A4t Helod, 73] convention, i B, AAZAE LA

= ﬂlﬂr—ﬂ Hamiltonian& Ao}l $HH] 7|2 & -2 H, 7Itigkoly &E2 trace E+= inner product =

A3 A7} A, SRl 1917, 7] eigkol A491A], AT norm & RS SIS,
;ﬂxl':g—él /ZEI‘% ﬁg %_X]'—l—o]'oﬂ/\‘] LS /\}-EH%Z_]"% /‘\_]ijo'_z_]-’ Hamﬂtonlan—g /]\_‘lof] }\]/\ ‘_-_]_] oé—]i%_j_ ‘_]%] HT
IREEQt AZHES Bl wEHH o] 3|7} w2},
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53.4 Renormalization group & &2l

HA. AZA BT} diagramS A ZHEEA | Ak AR Z S S A4 o] 2 B o] 7t=9] ¥
Renormalization group A &4]0]t}. S I A|+= final base reformatted ©| ™, extendedﬂ' AR =22
Z_lé_ /\l—ol o}‘X] ol—ol-]:]..

A,
K(qr,ty;qits) /Dq exp{ ]]

~ [poew [h <5[¢]+ / J¢>)l

G = Gy + GoXG, G =Gyt -
S =1+i(2m)*s™ (ps — pi)M

| = ApplA] / Dy 6(F[A))

ZA. regularization, normalization, contour, gauge fixing convention= 1174 gt}

X o], AJZFHEE == generating functional= THEI Wick % 2], stationary phase, renormalization
2 Aol 2 A g,

A%z} 27 A 7. propagator pole prescription, symmetry factor, cutoff 2J&/d, Ward identity S <!
=g

2w A - QAR oY - AAED - A4 £AR T Holr



A, AaE Fard s BEF, 74, positivity, unitarity S HAFSFHAA TAFE IS 7]9-& AR
o] 7tE 9] 22 AAslet {etabEo|tt. &4 Al final base reformatted ©| ¥, extended 2t B X|+=

lv@)II° =1, At — 0, Npgsis — 00 convergence
—i(Ha+Hp)At _ e—iHAAt/2€—iHBAte—iHAAt/2 + O(At?’)
HQu = QuTm + Bmamsr6s, (Lanczos)

) = Y Tr(A} - AjF)[si-e-sy)

S1-+SL,

. AR A7), A ZHHA | basis cutoff, truncation error, random seed & 7| =3t}

Zal
Z . 242 g3t oz dosty Sy &) BEGA AL s3] 2215 2|5
A

oY do KN
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54.2 Split-operator Fourier method

HA . AL FR s B2 5] positivity, unitarity S HAFSHFHA] ZAMEZHS: 719 AX|t) o]
7]—E_J Z %2 Split-operator Fourier method ©]T. &*] 3 A|+= final base reformatted ©] ™, extendedQ]'

A= FEe ZE Aols)R] 9rt}).
HE
lp())* = At — 0, Npgsis — 00 convergence
e— (HA—‘,-HB)At — e—iHAAt/Qe—iHBAte—iHAAt/Q _|_ O(Atg)
HQm = Qme + BQO+1 65 (Lanczos)
) = D Tr(Af'--- A |sy---sL)
sis
Z7. AR} A7), ANZHFA | basis cutoff, truncation error, random seed S 7] &3}
SE WY, BAZ S0 R Auskn S e Ze) BHETge AN S N8 0 FE 2HT
234k}t 247F A 7. time step halving, cutoff doubling, exact limit benchmark, conserved quantity drift
£ 729,
A3t /AF AZ. Python/Julia/C++ FHOJ A= sparse matrix, Krylov, tensor network AFETZRZ
oJofzlct.
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54.3 Lanczos® Krylov A|7H&#A

HA), AAL FARrdste BEZF ST A positivity, unitarity S HAFSHAA ZAFEZHS 7] 9= Aok
o] 7}=9] 22 Lanczos2} Krylov A|ZHHAo|th, S ZA|+= final base reformatted ©| ™, extended 2+
A G2 35 45 s
CER

lv@)II° =1, At — 0, Npgsis — 00 convergence

e~ i(Hat+Hp)At _ —iHAAL/2 —iHpAt —iHAAL/2 + O(Atg)
HQu = QT + BimGmyrel,  (Lanczos)
) = Z Tr(AS - ASE) |5y -+ s1)

S1-+SL,

Z7. A A7), AZ7HA, basis cutoff, truncation error, random seed S 7] =3t}

FE W, ZAE fAtY o E ddstal daeEe] HEF £/ slAls] A& 4ttt
24k} 217F A 7. time step halving, cutoff doubling, exact limit benchmark, conserved quantity drift
£ g

ﬁ] /A3 9ZA. Python/Julia/C++ Tl A= sparse matrix, Krylov, tensor network AtE 722
)

o

™, ol

QX
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54.4 DMRG 2} tensor network

SHA. ALk OOkX]'OﬂE]'O HEH £, positivity, unitarity S AAMSHFHA ZAMSHS 7] 9= A Aj},

b B B

o] 7lEe] 24 & DMRGQP tensor networkO]E]' Z2] EA|E final base reformatted ©]H, extendedﬂ‘

[e] = H
o Al
o x4
b (t)||> = At — 0, Npgsis — 00 convergence
e ! i(Ha+Hp)At — e—iHAAt/Qe—iHBAte—iHAAt/Q 4 O(Atg)
HQpm = QT + Bngmrel,  (Lanczos)
) = Y Tr(Ajt--- A5E) sy sp)
o
Z7. A A7), AZ7HA, basis cutoff, truncation error, random seed S 7] =3},
o, FAS Aot o ddsta g Fo] BEGN P S s S x5 Aot
234k}t 247F A 7. time step halving, cutoff doubling, exact limit benchmark, conserved quantity drift
g |23
A3t /7S AZ. Python/Julia/CH++ FHOJ A= sparse matrix, Krylov, tensor network AFETZRZ
oloj ek,
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QFA}7) 29} 514

55.1 EPR-Bohm¥ CHSH

HA, FA7| 2= AT, B4, contextuality, decoherenceS A 71 54 HE 2 2 H s

o] 7lE9] % ohm} CHSHO]E]' ZX| T A= final base reformattedoll:ﬂ extended 2t Hx|=
$2e 22 Alala et
oEA
o) = (]00) + |11))
o= L
ScHSH = E(a,b) + E(a, b/) + E(a/, b) — E(a/, b/), |SCHSH| <2
|Scrswlom < 2V?2
ps =Tre|Usp) (Usel,  piy — pye "
27, HA e sk, AR AF oS, 713 convention, h B9, HAARA-E 1At
FE . 3FJEe 34 22 L8 F correlatorE AAFSHL 124 bound 2 FAF bound & H|wl g,
AT} A7F AA. classical bound 2F quantum bound & G- Skl loopholeol L} measurement convention
£ YAt
WAEe /AT AE. BAS E o qe - A gF - AAZA - A4 A A Holuw
ATAA AN BEE BE 5 o
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55.2 Kochen-Specker®} contextuality witness

HA ., FA7| 2= A HFAA, contextuality, decoherences A 71t 5413 HE 2 2 s
o] 7}=9] 232 Kochen-Specker2} contextuality witness©]Th. &2 ZA]+= final base reformatted ©] ™,
extended 9} A2 = 52 F5 AUstA] &gt
o) = (]00) + |11))
o=
ScHSH = E(a,b) + E(a, b/) + E(a’, b) — E(a’, b/), |SCHSH| <2
|Scrsmlon < 2V2
ps =Trg|Vsp) (Usp|,  pij — piye "’
27, UA e A3, AR Z e, 713 convention, h ©9, AAIRAS 17 sict
ST o], 8 Aejet =3 A8 T2 5 correlatorS AR 14 bound 2 YA} bound E B S},
AR A7 A A, classical bound 2 quantum bound & 238}, loophole ] W measurement convention
& At
WATH/AT A2, BAS E ot Ael - QAU oY - AAZA - A4 AR O FHojuw
A AL BEE BE 4 ek
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o

55.3 Decoherence®} pointer basis

23 S0l = A= BlrUE R T8, FAF jump, entropy production 22 7]&3ttt. o
ce®} pointer basis©|th. &3] EA]= final base reformatted ©]™, extended 2}

. i 1
P ::__ﬁilf?p]+_§£: (lﬂipLL'_ 2{1%LLM7P}>

m

¢
ps(t) = / K(t — s)ps(s)ds (Nakajima-Zwanzig)
0

eff—H**ZL

—ﬁhw

V(=w) = ey (w)

Z 7. Born-Markov, secular, weak coupling, bath correlation time 22 ZAFS T A|SHC},

= #o. system-bath Hamiltonian©|A] projection/Born-Markov TtAHS A-&5Fal H g =71

ZAAFstc},
A} 2F7F A . trace, positivity, detailed balance, steady state”} &2 2 Q1A &lgtct,

A28/ AT 2. 2= g, FAAIA, HEE=A] qubit®] Ty, T, siA 3 2 A2
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fo
o
Iy
ol
>,
fols

A, Jes| & 4 gl Hamiltoniana 242 DH7H%_/,\__9]- 2alg ox| AF|lL o83 9F o]2o =
HHEC}, o] 7F=9] 232 Rabi, Ramsey, echo®|th. &% EA|E final base reformatted ©| ™, extended
o AR FEL S8 AUsHA] gttt

EW = <n(°)’V‘n(0)>

E® =% _ Venl*
o (0) )
m#n E’ﬂ - Em

: t
C?@Z—%/dﬁPWWﬁU

2w
Fi—>f = f\VﬂPP(Ef)

Hegr = eSHe 5, [Ho, S| = —Voa
27, 2 oj7iE 42} o Y] gapo] ExfsHoF 5t FE|7F QLo WA REZIF ozt St
= o, 77k Aoy A ZHH AARALE AppE R NS, secular term I FE BRI
He 2 xashct
A A7 A, B2t 22 ¢ £ 5| secular growth, gauge-dependent quantity S 7t
AzAssH/ AT A4, BAE 2 W “dE - AR - A - AAIRA - HAF AR TA] HojEE
AR A S ES T 4 Aot
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56.2 Fermi golden rule in spectroscopy

A, AEE] E 4 ¢l Hamiltonian 22 o7 59F 2] iR AA|L S o] 83 S5 o220 &
HHETE o] 7F=29] 232 Fermi golden rule in spectroscopy ©|Th. &% 3 A]+<= final base reformatted
o|t, extended 2t A 2= FEH-2 5 AAsHA| &ttt

tEA,
EW — <n(0)’V‘n(O)>

E7(z2) — Z |an‘2

0 0
= BY — EY

i t . ’
h/ dt’ " Vri(t')

21
Ling = f\Vfi\zp(Ef)
Hegr = eSHe 5, [Ho, S] = =V

o
~=
P

~
=

1

27, 22 7t AU A gapo] EASOF s S8 7} Qo R jiA FE33t ti4eks gt

T o
o

F= wd], 375 FA A olu AP A4S Ak E IS, secular term T FE FEFZE
HE 2 2] 2)sich,

Ax 7k 47, BBk ge o

fto

, ZE|, secular growth, gauge-dependent quantity S 74t

HWAZe /A2 A2, BAE B o e - AR B - AARA - G4 £A 2 oA Hojuul
ALAA AN 522 TS 4 9k,
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CHAPTER 56. AT &H A
ey e 2
56.3 Landauer-Biittiker +%
A, K271 & FAJ A= 2 A DT gauge covariance”t A o] B, /¢ & k= o] 091 FHolA =
H=E 4 Q). o] 7FE9] A2 Landauer-Biittiker 540tk £%] EA|+= final base reformatted ©] 9,
extended 2} A2 = FE2 F5 AAskA] Lokt
SER

1 2
H=—(p—qA
2m(p qA)” +q¢

A= A+Vy, o — /Ny

)
A@AB:%%A~d£:q—B

1
En:hwc(n—i—>7 wc:| |
2
=z

271, A3t B3, gauge convention, SI/ZAFATY], HE HEE A3 ©H o]

s\am

T

Ak 3’—]’ 27t A 7. gauge-invariant observable ¥ H]ul5}al, 215} 25 9} phase convention £

r

AAgeH/AE A2, WA7|gke) Held

S}

S o], HAZATS -85} gauge transformation©| A THE 8 9442 observable©] EHIQ1A| &

A | gauge, Aharonov-Bohm 97433} 23 9hE
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-

=l

B
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A= Aot |25
nal base reformatted ©] 9,

=

L

&2 trace 2= inner product=

Tr(pA)
= H[y)
3

D enl? =1

[$i7pj]

iho; )
29, 7ozl

Bl

=
k)

(4) = (¢[AlY)

) = caln),

b gkl 712 2
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Chapter 57
57.1 @elet akgd

g

oj

g5

o] 117, Z]Hhgto] A1 #], AlIZHEZd o] norm
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;A FH], BS5TF, AP A Fo2 AlS HiX| et i R29] s ZAl= A4t vl
H Aol Agto & HRlth o] 7h= o] &2 235l AAtolt}, &3] F A= final base reformatted ©] ™,
extended @t A= 52 S5 USR] ottt

SRR
o) = ch In), Z leal® =

(A) = (Y| A[y) = Tr(pA)
iho; W> =H |1/’>
[l'ivpj] = 1715”
Z7A. AA Ae] st AARF A 2] 71 A convention, h B9, AAIZRAS 1A

= ‘“ﬂ‘:ﬂ Hamiltonian< A 5t1l 2|74 & Y& 5, 7|thgtoly &2 trace =& inner product =

A% 27 AA. FERol 1914, 71Tzl A4 A], AIZHE o] norm< HESH=A] FR1gh.
A8/ AT A2, ARl A= el a1tE A 237t Hamiltonians A3 A|AE FHAH Hil
ARFRE} AT H| w5 o] 37} w2 o,
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57.3 A4 v

R RO Fatqst FAl= Ad4et o2
ao|th. &x] EA|= final base reformatted ©]H,

WAl o] detom Helr de A
extended 2k HA|= =& S5 AUshA] ottt

=,
doenln)y D el =
n

(A) = (Y| A[y) = Tr(pA)
iho; W> =H |1/’>
[l'ivpj] = 1715”
Z7A. AA Ae] st AARF A 2] 71 A convention, h B9, AAIZRAS 1A

= ‘“ﬂ‘:ﬂ Hamiltonian< A 5t1l 2|74 & Y& 5, 7|thgtoly &2 trace =& inner product =

A% 27 AA. FERol 1914, 71Tzl A4 A], AIZHE o] norm< HESH=A] FR1gh.
A8/ AT A2, ARl A= el a1tE A 237t Hamiltonians A3 A|AE FHAH Hil
ARFRE} AT H| w5 o] 37} w2 o,
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Chapter 58

%, 2 EY, Mea) st

58.1 Wigner A2} AlHEH

WA, AN 4L 5Y thrs) BAL O Helslo] Melp AT} A0 F2E 4 HEC, o] =9
Z72 Wigner Je|et At EAHo|Tt 4 Z A= extended unique addition®]™, extended 2t H2|+=
$RE FH s 2ot

SER)

[Ji, J;) = iheijp g, J2|jm) = R*j(j + 1) |jm)
Ji|jm) = h/5( +1) = m(m £ 1) |j,m + 1)

h
Si = §O'i7 Jin = (5”1 + ieijkak
('m! [T jm)y o e, (57|71 5)

271, AA e Fsh, dARE Ao, 714 convention, h ©¢, AAIR S 1St

& o), Lie algebras A9l ladder operator S+ representation tensor product 2 1737 &5

sk,

A4zt 27 AR, FAF ], mostep, triangle inequality, parity selection= 91t

AARZE /AT Q4. ZAE E di= “FH - AA - oY - BAZRA - A SA R OA] HolEH
ALAA ALt S 5S T 4= T

5 AA EA). o] 7F=+= extendedol|A] ZRIH R18 0| F H|FE FTH FHOZ final] R1-R17 §HE

Z 17} ohrt,
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58.2 Noether Z15}9} Ward identity

A

AN, A2 BEZF ZE] selection rule, Ward identity & ¥ Z2dt= A1AHE Aojt}. o] 7t=9] 2
Noether A3}9} Ward identity ©]Th. &% ZEA|+= extended unique addition©]™, extended 2} 7 %]

FEL Z2 HYokA) Lot
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.
=
pu

O 1
SER
U(g1)U(g2) = €920 (g, )
d
H =0 = — =0
.Q e
04" =0 Q= [
©%>=-1,[H,0]=0 = Kramers doublet
27, W Ae 18, ARt G )o, 71A] convention, h T, AAE7E DR,
S g, o HEe] YRS 2k AR = Hamiltonian 2] 2¥A] S 0|83 B 23T} selection rule
= A=t
AAitzt 27 AR, o] 7hA| = 2 whrme] x| Qkok=X], BE&Fo] HamiltonianZ commute 5H=34]
gelstet,
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llf
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58.3 A|ZHFA Kramers degeneracy

A, N2 s et R ECE Yo uH de2lat A 3125 25 ThET o] 7=
Z7& A7HPA | Kramers degeneracy ©|Th. &2 A= extended unique addition©]™, extended 2}
AA = FES S5 A &

EA]

[Ji, Jj] = iheiji i, J*[im) = B?§(j + 1) [jm)
Jy |jm) =hy/j(G+1) —m(m£1)|j,m+1)

h
Si == 50'1'7 O'Z'O'j == (5”]. + ieijkak
<j’m’ Tq(k)’jm> x ijmmkq <j/ |T(k)|'j>

27, AA e Fsh, AARE Aol 714 convention, h B¢, AAIR-S 1St

& o). Lie algebras A|-$-1 ladder operator B+ representation tensor product 2 1-F-3-7HS &35
=g

ZAXa 27 AR, FAS ’H 9, mostep, triangle inequality, parity selection= 213t}

B mpe g - A Y - AAR - A4 £A2 oh) Holum

— j‘l o %
AFLAA] A SES T 5 ATt
ZF8 AA EA]. o] 7t & extendedo|A R R18 o]Z H|EE 2 H FJEOZ final2 R1-R17 HHE
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A, AN 2T et BdE0 2 He|E Aejzat A 125 A4 ghEL o] 7t 9]
Z &2 Selection rule®] 224 geljo|t}, 2] TA|= extended unique addition®]™, extended 2+ A X|+=
FEL F5 Ak &ttt

SER

[Ji, Jj] = iheiji i, J*[im) = B%§(j + 1) [jm)
Jy |jm) =h/j(G+1) —m(mE£1)|j,m+1)

h
Si == 50'1'7 O'Z'O'j == (5”]. + ieijkak
<j’m’ Tq(k)’jm> x ijmmkq <j/ |T(k)|'j>

27, AA e Fsh, AARE Aol 714 convention, h B¢, AAIR-S 1St

& o). Lie algebras A|-$-1 ladder operator B+ representation tensor product 2 1-F-3-7HS &35
=g

ZAXa 27 AR, FAS ’H 9, mostep, triangle inequality, parity selection= 213t}
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Chapter 59
A Ak S| A 1 g

59.1 S PO 7|2 =7

A, A2 AA R, Green 34, S W E 9] unitarity 2t A 0= F e H ). o] 7tEe] 22 S FAH
o] 7|2 7ot %X'] HA]= extended unique addition©|™, extended 2} A2+ FH 5 A USHA|
okorr}.
x4,
®\ — - ‘ €5
T=V4+VvaiDT
ikr
ikz € E _ 2
vy~ 0S92 )
1 o0
f() = z Z(% + 1)e'% sin 6Py (cos 6)
=0
1
kcotdy = —a; ' + §rek2 + O(k*)
Z7. JAHEA HBAZRZ, 2] 3L flux normalization, channel 45 WA st
= oy, Llppmann—Schwmger W9 Aol A outgoing Green TS AEI5HLL YA 2] asymptotics 2t flux
2 ujwst
A3} 2} ]' A unltau"lty7 optical theorem, oA 23§ ‘_, cross section?] HA 2}S &Qlshc}
AR AT AR, BAS B Ot el - AR} oY - AAR - AL 22 ChA) Hol B
S A o e s ar e gk
FE AlA BA. ] 7=+ extended oA FRIE R18 o] H|F & FH FHOZ final® RI1-R17 BH
Z 87} olct,
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258 CHAPTER 59. i

59.2 Jost 42} pole

HA), A2 HAAIZ | Green T4, S W H 9] unitarity 2F sHAAH L2 A2 Hc}, o] 7t=9] 22 Jost
3429} poleo|th. &3] BA|= extended unique addition©]™, extended 2} AX|= 52 =2 4F9l5}A]
2 3AT.
1
<i>> _ . ‘ <i>>
‘w O+ 50 1Y
T=V+VGHT
ikr
ikz € do 2
v~ 1O, T )
1 oo
f(6) = z Z(% + 1)e'% sin 6, Py (cos 0)
=0
1
kcotdy = —az' + 5r6k2 +O(kY)
Z7. ArAHEA HBAZRZ, 2] A 138) flux normalization, channel 45 WA skt
& # o, Lippmann-Schwinger 7 2|04 outgoing Green T4E A5} YA asymptotics 2t flux
£ H| w3t
A%z} 247F A 7. unitarity, optical theorem, AU & =3F, cross section2] 2 XS &Qlste},
AR /AT AdZ. ZAE & de “H - AR - WA - AR - FAF A E T A] HojEH
A7 AL 5EE WE 4 oA}

Iz

= =
ZF8 AlA FEA]. o] 7tEE extendedo|A] ERIH R18 o]F H|EFE ZH gEO0F final9 R1-R17 HHE
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59.3 K matrix®} unitarity B& A}

WA Sl A TS A 3O S AT chel el B LYl ol oy
A Aol Agto 2 Holtt o] 7l=o] -2 K matri HA|+= extended
unique addition®]™, extended 2} H2| = FE2 FE AUSHA] O]'O]'E]'

tEA.
|7/1> :ch |Tl>, Z|Cn|2 =1

(4) = (¢[Al) = Tr(pA)
ihoy W> =H |1/’>
[l'ivpj] = 1715”
27, WA AFe) 8, A4 Holod, 714 convention, i B, AAIZAE nAFHTE

= ‘“ﬂ‘:ﬂ Hamiltonian< 5tal 2| 7|4 & -2 5, 7|thgtoly &2 trace = inner product =

iz 27 A, FE3Fo] 1917, 7|tigke] A4l x|, A|ZHE o] normS BEE5H=A] &Ittt

> 4. Azg ol A= el g1hE A S 37t Hamiltoniang A3 A|AE] XY 211
H| 25} o] 57} w2},
F8 A|A EA]. o] 7== extendedo| A ZR1H R18 o] T H|EFE ZH FEOZ  final® R1-R17 BH=
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AN, SQ A2 DEPB} AT trace BHE A& QoA 7P Z2Ls5HA HEnt. o] 7h=9]
z2-2 thAg Atgtolth, &3] EA|E extended unique addition©] ™, extended2t AX|= FH2 FE
ArdshA] ekt
E AL
p=> pilv)Wil, p>0, Trp=1
p(m) = TI‘(Emp)7 E’m = ZM’IHJ(]M'”'L(X
E(p) = KipKf, Y KlKp=1
k k
J(E) = (E@I)(|P) (D)
Z7. 57 47 A3, Kraus B, trace BE 25 WA Felgitt
S= W, 2 AlolA FUEZ JEHE 2 o2 &40l ancillag #2545t Kraus/POVM 125
A=t
A} A7 "R RE 50| F4AA, Y KK, = 1914, partial trace 2-¢l0] BH=x] 1t}
AAgst /AT 2. FAE Z ul= “GH - At - oA - BAR - A4 A2 oA HojEH
ALALA AL S ES WE 4 Tk
FE AA ®A]. 0] 7F== extended oA &RIE R18 o] F H|FE FE FEHO R final® RI-R17 §H&
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ARAHAE 13

A, A2 A B diagram_% AP | sk AR 22 S AL /o] 2 F=t. o] 7]’_594 e
Q37 A2 A Bolty, &3] EA= extended unique addition©] ™, extended?} AR = FE FE

K(qr,tyiqists) /Dq eXp{ ]]

_ / D exp {h (Sw)] + / J¢>l

G=Go+GXG, G '=Gy'-
S =1+i2m)*%6W (ps — pi))M

| = ApplA] / Dy 6(F[A))

Z 7. regularization, normalization, contour, gauge fixing convention= 1%},

S5 ). A Z_P_—-—OL &= generating functional= THE1! Wick % 2], stationary phase, renormalization
= 2ol 2 A3t

24z}t 2F7F A . propagator pole prescription, symmetry factor, cutoff 2]&/d, Ward identity & <!
gt

WA AT A2, 2
AT AN B ES S
FE AA ZA. ol 7tEE

Z 17} ohr},

= uj abh] - QAL O1F - AAZA - A4 S O Hojuw

extendedoﬂ/\i SRIE R18 o|F H|FE ST H FHOE final® RI-R17 ¥HE
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60.2 Coherent-state path integral

AN, 2SR FAE, Z=, A AFSH, Gaussian state?] & 7] 50|t} o] 7t=2 =
72 Coherent-state path mtegralolq Z4] I A= extended unique addition©] ™, extended 2} A ] +=
52 F2 4relaka] eleltt
=4,
I e ; =1
a=\55 (x + P [a,a]
n 1 1
H = hw aa—i—i , E, = hw n+§
|y = e~lof*/2gaa! |0), ala) = ala)
1
S(¢) = exp [Q(C*a2 - CaTz)]
7. 1A AgE) Hs, Aakat Hol, 714 convention, h T, BA RS 1S
& . %] et &5 2 ladder operator 2 AP HEGI WETA 2 Hamiltonian< TH2F3lSHT,
243} 2171 7. zero-point energy, ladder normalization, coherent state2] Poisson &A1 S 21T},
AL/ AZT A, EAE = ufs A - A O - AAZRT - A4 &A1 2 ThA] FHolHH
A7 AN BES WS+ otk
FE AIA ZA. o] 7LE+= extendedol A FRIH R18 o] F HIFE FH FEOZ final 9] RI-R17 ¥He
=
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60.3 Spin coherent state®} Berry 94

AN AN 2 425 et 202 Aejum Ae2a A 12 E A4 thEL o] 7HE9]
Z 72 Spin coherent state2} Berry Y4Fo|th. &% EA]+= extended unique addition©]™, extended 2}
A= 52 35 A5k &t

o4,

[Ji, Jj] = iheiji i, J*[im) = B?§(j + 1) [jm)
Jy |jm) =h/j(G+1) —m(m£1)|j,m+1)

h
S; = 5% 0,05 = 051 + i€ijk0y
<j’m’ Tq(k)’jm> x ijmmkq <j/ |T(k)|'j>

270, UA e Hsk, A4 e, 714 convention, h T, AAIRI S 1St
& o). Lie algebras A|-$-1 ladder operator B+ representation tensor product 2 1-F-3-7HS &35
ey

ZAXa 27 AR, FAS ’H 9, mostep, triangle inequality, parity selection= 213t}

E e U] - AR - WY - AR - HAF A2 ThA] Foj B

— j‘l o %
AFLAA] A SES T 5 ATt
ZF8 AA EA]. o] 7t & extendedo|A R R18 o]Z H|EE 2 H FJEOZ final2 R1-R17 HHE
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60.4 Gauge fixing¥} Faddeev-Popov determinant

AN, BAEHET} diagram2 AP, Ad8she, AFERIZ S S AL QIoj =2 J=t}. o] 7lEe] 242

=
Gauge fixing@} Faddeev-Popov determmant OIE]'. Z2] A= extended unique addition®]™, extended
o} Ax|= gro =H AolshA| aorct,

T o1 w &=

x4,

K(qg,tg;qiti) = /Dq exp {;S[q]]
Jo

=/Dmm{;@m+ )]
G=Go+ GG, G l'=G;l-%
S = 1+i(2m)* oy — p)M

1::AFpmy/Im5HWAﬂ>

ZA. regularization, normalization, contour, gauge fixing convention= s,

X o], AJZFHEE == generating functional= THEI Wick % 2], stationary phase, renormalization
2 wjel2 A8 at

Atz 27 A 7. propagator pole prescription, symmetry factor, cutoff 2]5£/d, Ward identity S ¢l
s}

.3 x]-_l_. o]-/ O .
FE A s are
FEAA BA. o] 7tE=

Z57}okck.

2 e GE - AR - tiA - AAIRE - A 42 ThA] FojE |
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Diagrammatic perturbation

2 8.0] opzpelsl Bl Mr)el n] Ry
T

Al extended unique addition

W)= caln), Y el =

(4) = (Y|Alp) = Tr(pA)
ihdy [¢) = H |¢)
[xi,pj] = ihéij

A e A qteh, QAR O, 71A convention, i T, AAIZZE 2GR

¥ o, Hamiltonian< 3l SHH| 7| A& @2 H, 7|Higo|u &2 trace =+ inner product =

T A7k 3. SEYol 197, 7|0hgtol 4R, ARl nom$ BESHEA FATTE

| =08 =
F3/1T A2, AAFIA L FEEES A EZZE, Hamiltoniand A% A28 9B 21

B oY oxdo W
JoX rx %:H'l Y
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o

8 AA EA]. 0] 7=+ extended°|A ER1H R18 0| H|FHE FH FEO 2 final®] R1-R17 BH&

Z 17} ohrt,
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61.2 Wick A3g

Sl AR A R diagram S AP, AR, AREIES 8 A Qlojz i) o] l=o] 21 e
ick Aglo|th. &4 EA]= extended unique addition©]™, extended 2} AX| = FEH2 ZE HUSHA|
XSk
CER
K(qs,tf;qisti) /Dq exp {h ]]

~ [poew [h <5[¢]+ / J¢>)l

G=Go+GXG, G '=Gy'—
S=1+ 1(271')4(5(4) (pf —pi)M

| = ApplA] / Dy 6(F[A))

ZA. regularization, normalization, contour, gauge fixing convention= s,

X o], AJZFHEE == generating functional= THEI Wick % 2], stationary phase, renormalization
2 wjel2 A8 at

Atz 27 A 7. propagator pole prescription, symmetry factor, cutoff 2]5£/d, Ward identity S ¢l
s}

.3 x]-_l_. o]-/ O .
FE A s are
FEAA BA. o] 7tE=

Z 17} ohrt,

2 e GE - AR - tiA - AAIRE - A 42 ThA] FojE |
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61.3 Dyson equation} self-energy

S A, BEF, A7) Al Z02 A2 uj s iR el opheist B AL YT et o] sy
Aol dgto 2 Helth o] 7k=9] X2 Dyson equatlonﬁ' self-energy ©| . &2 T A= extended
unique addition©|™, extended 2} A= FE 55 AUsHA| LUt

]
tjEA].

lo

ool ¢

|7/1> :ch |Tl>, Z|Cn|2 =1

n

(4) = (¢[Al) = Tr(pA)
ihoy W> =H |1/’>
[l'ivpj] = 1715”
27, WA AFe) 8, A4t Helod, 73] convention, i B, AAZAE LA

T+ l“ﬂr—ﬂ Hamiltonian< 45t S| 7| A& Y2 H, 7Iigtolu &E2 trace T+ inner product®

iz 27F A, FE3Ho] 1917, 7|tigke] Al x|, A|IZHE o] normS BEE5H=A] &It}

> A, Axgsto A= Adel5 7S Al S37F Hamiltonians A3 Al AR H A3 B
< H| 5t o]s 7} w2,
8 AAH BA|. o] 7t=+ extended A &1 R18 o] F H|FH T E FHOZ final®] RI-R17 BH=
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61.4 Vertex correction®} Ward identity

4

AN, 2 BHEF FF selection rule, Ward identity & 9 Z25l= A dojr}. o] 7t=9] 2
Vertex correction?t Ward identity ©|TF. &3] ZEA|+= extended unique addition©|™, extended 2} 4 %]
TR ERIER R

tEA.
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.
=
.

L

U(g1)U(g2) = €920 (g, )

HQ=0 = S@)=0

04" =0 Q= [
©%>=-1,[H,0]=0 = Kramers doublet
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. A GE GE, AaAE 2], 713 convention, B B9, BAZR S 1S
9] T} selection rule
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M AE 21 ARE = Hamiltonian 2] 2¥HAd-S o] &3] &
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pArsfeta A} A T

62.1 Born-Oppenheimer %2

A, fxel Ba BAE 24 WAl WA, SE0 25, AEREo) AgE 220 o =g
%22 Born-Oppenheimer &£8|0|th, &2 B A]= extended unique addition®| ™, extended 2} HX|=
2 & F2 4115 A3,
x4,
h? d? R20(0 + 1)
YRR Vv ne = Buy
2u dr? (r)+ 2ur? tnt tne
S dmegh®
EHZ_LQﬁ’ ao = 7r602
2(4mep)2h” n e
1 1 dVv
Hsop=———-——L-8S

2m2c? r dr
U(r,R) = . (r;R)x(R) (Born-Oppenheimer)
220, W) ke 2715, 4R B eled, 714 convention, B, AAZE DT,

= . Born-Oppenheimer == 54 HElIA 2|5 HA] 5141, radial equation?t A5 EA-S 2|2
AlAFat,
Azt 27 A A, reduced mass, degeneracy breaking, selection rule, @9 eV /J HEHE &It}

k

ARFE /AT AE. ZAE & we U - A - i - FARA - A AR A HojEH
AFAA] ALt 52 UHE 4 ‘RAE}.
5 AA BEA. o] 7tE= extendedO A FRIE R18 0| F H|FE TH FEHOZ final® RI1-R17 ¥HE
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62.2 Hartree-Fock HA Al

UAsh B BAL FA HAM DAY, 5 25, MeEo] A T2}, of 7=
Hartree-Fock ® Al o]t} &3] B A]= extended unique addition©] ™, extended 2} A2 = =2

a1,
24e
Z2 A5kl et
tEA.
h? d? R20(0+1)
T 5, 1.2 Vv n =F n
o i +V(r)+ Sr? Une Unp
pet 1 4regh?
En = T oA 972 2 0= 3
2(47T6())2h n ue
1 14dv
Hsp = —5—5—-—L-8

2m2c? r dr
U(r,R) = ¢ (r;R)x(R) (Born-Oppenheimer)
2. WA A s, QAR A, 713 convention, b T, BAZRH S 1Y FH
H% #Wth. Born-Oppenheimer =S4 HEIAE 225 WA 513, radial equationt A5 245 2| =
Al
A3} A7 A . reduced mass, degeneracy breaking, selection rule, &9 eV /J HES &l
WAgs/HE A2, BAS B ol ge - ke oF - AARA - A4 A2 oh Hojrr

R

o
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62.3 Configuration interaction®} coupled cluster

g 20] A Pz}, of FhEg

5, A9
A

4. Arel B2 2R B4 AL, WAL, GE 25, 4
H A= extended unique addition©] ™,

4

%22 Configuration interaction2} coupled cluster ©] T},
extended 2} A2 = FE2 F5 AASHA U

HHN‘ Mo

5 E: 2o
h? d? R0+ 1)

—EW Vi(r)+ o Une = Eune
5o pet 1 B 4regh?

T A \2F2 2 0= 2

2(47T6())2h n ue

1 14dv

Hsop = —55—-——L-8S

2m2c? r dr
U(r,R) = ¢ (r;R)x(R) (Born-Oppenheimer)
2. WA A s, QAR A, 713 convention, b T, BAZRH S 1Y FH
H% #Wth. Born-Oppenheimer =S4 HEIAE 225 WA 513, radial equationt A5 245 2| =
Al
A3} A7 A . reduced mass, degeneracy breaking, selection rule, &9 eV /J HES &l
WAgs/HE A2, BAS B ol ge - ke oF - AARA - A4 A2 oh Hojrr

R

o

Sl
ZE AlA EA]. o] 7=+ extendedol|A] &2l R18 o] F H|ZE =1 gEO0Z final° R1-R17 HH=E
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AN, 24T e WP S trace HE A= Yol A 714 Z2E5HA Al Ht. o] 71=9]
2 dEHEs o229 Aot} &4 FA|+= extended unique addition©] ™, extended 2} HX|+=
FEL FE Ak &t
ER)
P:Zpi|¢i><1/)z'|, p>0, Trp=1
p(m) = TI‘(Emp)7 E’m = ZM’J;M]MUL(X
E(p) = KipKf, Y KlKp=1
k k
J(€) = (€ T)(|2) (P])
Z7A. =24 A7 g, Kraus B9, trace B2 2718 WA &lstct
F= o], 2 AolA fUEE J3E & ofS ol ancilla s FEF2451 Kraus/POVM X2 &
At
A} A7 "R RE 50| F4AA, Y KK, = 1914, partial trace 2-¢l0] BH=x] 1t}
AAgst /AT 2. FAE Z ul= “GH - At - oA - BAR - A4 A2 oA HojEH
AL AL S &S THE 4 A
S5 AA EA]. o] 7tE& extendedOlA] FRIH R18 0| F H| & TH FHOZE final®| R1-R17 ¥H5
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AMO &} cavity /circuit QED

63.1 Dipole interactionZ} rotating-wave approximation

A, AR AR, Green T4, S W 9] unitarity 2} S|4 Al 0 2 A 2] Fch o] 7L=2] 242 Dipole
1nteract10nd4‘ rotating-wave approxnnatlono]‘:]' Z2] BEAl+= extended unique addition©] ™, extended
Q} A= gr e = H ARQlGHA] adorTt,

oL O

oiEA.
®\ = s ‘ ()
T=V4+VvaiDT
ikr
ikz e E _ 2
vy~ 0S92 )
1 oo
(o) = z ;(% + 1)e'% sin 6Py (cos 6)
kcotdy = —a; ' + %rekQ +O(kY)
Z7. JAHEA HBAZRZ, 2] 3L flux normalization, channel 45 WA st
= oy, Llppmann—Schwmger W9 Aol A outgoing Green TS AEI5HLL YA 2] asymptotics 2t flux
2 vz
AT} z}7 ]— A7 unltau"lty7 optical theorem, Aol ] =3 ‘_, cross section®] WA xS &QIstct,
HAZS/AT A2, BALS E 0= e - QMR- oY - AART - A4 £AE OhA] Holuw
bR iy
ZF8 AA ®EA]. o] 7t=E extendedoA R R18 o]F H|EE ZH FJEOZ final2| R1-R17 HHE
Z 87} olct,
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63.2 Dressed state2} vacuum Rabi splitting

WA, 58] F 5 G Hamilonian 32 o7 set Bel8 o2 272 S o §8) £ o202
HHET} o] 7F=E29] 22 Dressed state?t vacuum Rabi splitting©]th. &% ZA]+= extended unique
addition©| ™, extended 2} A2 = FE-2 FE AFAUSHA| LUt

tEA,
EW = <n(0)’V‘n(O)>

EP =Y Vil
! EY — EY

m#n
i [t —
‘ﬁ/dﬁwmvmw

21
Uiy = f‘vfi‘zp(Ef)
Heff = ESHeis, [H07 S} = —Vod

“=
-
—~
~
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Il

27, Z2 of7iE 42} o Z] gapo] E2fsHoF 5t ZE|7F Qlo™ WA REZ I o ztstE St

= o], /5 WA olu AJZHEE AMALE A 2 H RS, secular term Y FE| RIS
HE 2 22|},
A3 27 A,

2 , ZE|, secular growth, gauge-dependent quantity S 74t

el Ak o - AR - A4 £ O] Hojm

e oot
2
:

_l$|_
WA/ AT A2, BAS
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Z17}obe}.

o]
>
3
=
o,
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>
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63.3 Dispersive regime

A, FH, BEF, APEHY Al 22 AlZ v x| ot o F-29] At st ZAl= A4t nl i
Alo] Agto g2 Holtt o] 7tEe _%75:‘.‘% Dispersive reglmeolq. Z2] EA]+= extended unique addition
o|H, extended 2t A= FEH2 S5 AFASHA] &AL

|7/1> :ch |Tl>, Z|Cn|2 =1

(4) = (¢[Al) = Tr(pA)
ihoy W> =H |1/’>
[l'ivpj] = 1715”
27, WA AFe) 8, A4 Holod, 714 convention, i B, AAIZAE nAFHTE

T+ ﬂlﬂr—ﬂ Hamiltonian< Ao}l $HH] 7|2 & -2 F, 7IHigkoly &E2 trace E+= inner product =

iz 27 A, FE3Fo] 1917, 7|tigke] A4l x|, A|ZHE o] normS BEE5H=A] &Ittt

> 4. Azg ol A= el g1hE A S 37t Hamiltoniang A3 A|AE] XY 211
H| 25} o] 57} w2},
F8 A|A EA]. o] 7== extendedo| A ZR1H R18 o] T H|EFE ZH FEOZ  final® R1-R17 BH=
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63.4 Lamb-Dicke®} sideband cooling

MA, Aot Bap Bl =4 Held AT 953 S5 Melgzlo] Asty Lz}, o] Fh=g]
%72 Lamb-Dicke2} sideband cooling®|th. &*] ZA|= extended unique addition®]™, extended 2}
A= R ZHE Aols)R] 49rt).
h? d? R0 +1)
5., 3.9 v nl — E n
24 dr? (r)+ 212 tnt tnt
pet 1 4regh?
E,=———5—3 0= 5
2(47T6())2h n ue
1 1 dVv
Hso = ——=—-——L-8S

2m2c2 r dr

U(r,R) = ¢ (r;R)x(R) (Born-Oppenheimer)

R

Z7. HA Al FHsh, AR A o) 7] A convention, h T, AAIZ S 145t

H% #Wth. Born-Oppenheimer =S4 HEIAE 225 WA 513, radial equationt A5 245 2| =
Al

A3} A7 A . reduced mass, degeneracy breaking, selection rule, &9 eV /J HES &l
AT AT AE. BAS E Ol ge - A oA - AAZR - A4 M2 oA Holuw

o

extended | A 21 R18 o] F H|FH TH FHO2, final®] R1-R17 HH5
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Quantum HallZ} 9J/3Z2 A

64.1 Landau levelZ} guiding center ti4

M. AN & FAYAE F 22T gauge covariance”} A 0IH, S E = o] 09 FHollA =
== £ U o] 7kE=9] 22 Landau levelZF guiding center TH4>0]Th, &3] T A|+= extended unique
addition©] ™, extended 2+ 737(]% FE2 FE Ak &tt.

SER)
H= o (p — qA)* + q¢
= om P—¢q q
A= A+Vy, o — /Ny
9B
A = A de=
PAB = 7 % T
B o_n ( 1) _ lgB|
n = NWc | N + a ) We = ——
2 m
Z71. A5t B35, gauge convention, SI/AFATE], M| HEll A HelS g&5] st}
S ol HAZATS -85}l gauge transformation© A TH5SH 91442 observable©| EHQ1A] &1
Sier.
2L} 247F A 7. gauge-invariant observableRt B] W 5Fal, 218} B 5 9} phase convention= 2FQ1SHC}

Axgst /A A2, AA71Ee] HEllA | gauge, Aharonov-Bohm 9/d 2174 2HEZ=t},

ZH A EA. o] 7tE+ extended oA ER1H R18 o]F H|ZE ZH gEO0F final9 R1-R17 HHE
=7} ope,
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64.2 TKNN ZA13} Hall conductance

SHA. Bloch band 2t many-body wavefunction®] 7|5} Chern 4%, Berry 94, anyon 54| 22 &W
20 2 Uttt} o] 7FE9] 2% -2 TKNN 3417} Hall conductance|th. &3] EA|+= extended unique
addition©| ™, extended @} A2 = &2 FE AFAUSHA| LUt

i EAL
H(k) [unk) = En(k) [unx)
An(k) = i<unk|vkunk>
1
Qn = Vi x Ay, C, = —/ Q. A%k
27T BZ k
o2
neoce
S(A) = a|0A] —logD + o(1)
Z7. gapol €& A3 71A] gauge?t patch B2 i 113A] A 2| =] =7] &It
S= . -84 E bundle? connectione % 2]5}F1 Brillouin zone = parameter spaceoﬂ A curvature
£ A B3
ALY} Zk7F 7. gap closing $10] ER¥EFO] H5HA| Q=4 gauge patch 2]&/d o] AFRtA| =4 gRlght}.
Axtzs /A AZ. YA AA|, FAL Hall, topological photonics@F A2 T,

FE AlA BA]. ©] ItE = extendedol|A] &RIH R18 0| F H|FE FTH FEO 2 final®| R1-R17 ¥H&

Z 17} ohrt,
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64.3 Laughlin AHEj

AL BE, BST, ARPEEL A 202 AlS Hix|ohH i R2o] A S #Al= AP o4t vl
AAle] Agto g HQlt}, o] 7F=9] _%76;‘% Laughlin 73 €}jo] E]' Z2] Z A= extended unique addition
o, extended @t H2|= FH2 F5 AYsHA Fotrt.

(4) = (Y|Alp) = Tr(pA)
oy [¢) = H [¥)
[l'ivpj] = 1715”
Z7. U A A5, AR 9], 714 convention, h T, AAI RS 1At

T+ l“ﬂr—ﬂ Hamiltonian< 45t S| 7| A& Y2 H, 7Iigtolu &E2 trace T+ inner product®

|7/1> :ch |Tl>, Z|Cn|2 =1

B

243 27 A, FEF o] 1917A], Zlthgke] A4Rl], AIZHEE O] norm & EE5H=A] &elghtt
AALgst /AT A2, AAF oA = dEHlaihE A& 37F, Hamiltonians A3 A|AH P 23
19 Tl A|IZH S H| WS o]l 7} w2 ),

ZFE A|A EA]. 0] 7tE = extendedo|A] EQlEH R18 o] F H|EE ZH FJEOZ final9 R1-R17 HH=
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64.4 Chern-Simons 5-2°|&

A, Bloch band2} many-body wavefunction®] 7]5}8h2 Chern 4%, Berry 94, anyon 4 22 £

2Fo 2 vehdtt, o] 7t=9] 272 Chern-Simons -F-8 0| 20|t} &3] EA|+= extended unique addltlon
o], extended 2} A2 = %L%?_ %E ArdshA] ekt

x4,
H(k) [unk) = En(k) [unx)
An(k) = i<unk|vkunk>
1
Qn = Vi x Ay, C, = —/ Q. A%k
27T BZ k
2
Z Z C,
neoce
S(A) = a|0A] —logD + o(1)
Z7. gapol €& AL 7|A gauge”} patch B2 W I1HA] A o] =] =2 &lstct,
S= . -84 E bundle? connectione % 2]5}F1 Brillouin zone = parameter spaceoﬂ A curvature
£ A8},
ALY} Zk7F 7. gap closing $10] ER¥EFO] H5HA| Q=4 gauge patch 2]&/d o] AFRtA| =4 gRlght}.
Axtzs /A AZ. YA AA|, FAL Hall, topological photonics@F A2 T,

Z 8 AA EA]. o] 7}EE extendedo|A] ER1E R18 0]F H|ZE ZH §E 02 final? R1-R17 HHE-
ZE7F ofut}.
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Tensor network 2} GAFA| &d|o|H

65.1 Schmidt 3|2} area law

2ol o st & 4ol o] 25
chmidt 232} area law©|Th. &% T A|= extended unique

n

(4) = (V[A[y) = Tr(pA)

ihoy [v) = H [¢)
[-T'hpj] = 1h5w

27, 1A e e, A4 Aol 714 convention, B T, AARAS )
H= wWdl. Hamiltonianes A5t ¢8| 71X E €2 5, 7|tizke]u &2 trace == inner product =
A2 sict,
A3 27 A, FEF o] 191A4], Zlthgke] A4lA], AIZHE O] norm & EE5H=4] &Rlghtt
AAE/AE DA, AR e TS ABEE, Hamilionian & 4 A28 Y B3
TRBES} AR S Y-S Hl sk o] St w2,

F8 A A EA]. o] 7t=E extendedo|A ER1H R18 o] H|FE ZFH FEOZ  final® R1-R17 BHE
ZH7}ofyct,
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65.2 MPS canonical form

A, At FAA s BEY, A, positivity, unitarity & HAAFSHAA ZARSHS 7]+ A o]
7F=2] 272 MPS canonical form©|th. &3] EA|+= extended unique addition®] ™, extended 2} B X|=

2 52 A5 Ustet
EEZ

lv@)II° =1, At — 0, Npgsis — 00 convergence
e—i(HA"rHB)At — e—iHAAt/Qe—iHBAte—iHAAt/Q 4 O(Atg)

HQpm = QuTm + Bmamirer, (Lanczos)
) = > Tr(Af .- Aj)|s1---s1)

S1-+SL,

)

2} 27], AZ¥HA, basis cutoff, truncation error, random seed & 7] =3t}

CEAE fEAR o2 Hdsta dagEo] REF S siAS 2aE A S

K

Ju
rolr N

7} 7. time step halving, cutoff doubling, exact limit benchmark, conserved quantity drift

N2 )

okl i'
LN £
=

M)
C N~
o
of4
re

Z. Python/Julia/C++ FHO| A= sparse matrix, Krylov, tensor network AFETZRZ

O tugy do W

o N
)

Z8 A AH EA]. o] 7tEE= extendedol|A] EQJH RIS o]F H|ZE ZH gEO0ZF final? R1-R17 HHE

Z87koh]t,



FAred s} ohAE eme s 283

65.3 PEPSeF MERA

AN, FH, WS, AP Al Fo 2 AlS v X5t o R2 o] At e FAl= A oi4e} nl2
Aol Agto g2 Helth o] 7t=9] 242 PEPSQF MERA ©|th. &% EA]E extended unique addition
o|H, extended 2 HX| = FH2 S5 AUsHA Fodtt.

(4) = (Y|Alp) = Tr(pA)
oy [¢) = H [¥)
[l'ivpj] = 1715”
Z7. U A A5, AR 9], 714 convention, h T, AAI RS 1At

T+ l“ﬂr—ﬂ Hamiltonian< 45t S| 7| A& Y2 H, 7Iigtolu &E2 trace T+ inner product®

|7/1> :ch |Tl>, Z|Cn|2 =1

B

243 27 A, FEF o] 1917A], Zlthgke] A4Rl], AIZHEE O] norm & EE5H=4] &elgitt
AALgst /AT A2, AAF oA = dEHlaihE A& 37F, Hamiltonians A3 A|AH P 23
19 Tl A|IZH S H| WS o]l 7} w2 ),

ZFE A|A EA]. 0] 7tE = extendedo|A] EQlEH R18 o] F H|EE ZH FJEOZ final9 R1-R17 HH=
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65.4 Trotter error®} digital quantum simulation

WA Abe], DI, AR A 02 A2 e i o] Gpolat SAE M Pk} ol
Alo] Agto 2 Helth, o] k=9 -2 Trotter error2t dlgltal quantum simulation©|th. &% A=
extended unique addition®]™, extended 2} A2 = FE2 F & AUsHA| L4t

EA],
ch |n), Z |cn|2 =

(4) = <w|A|¢> Tr(pA)
ihoy W> =H |1/’>
[l'ivpj] = 1715”
27, WA AFe) 8, A4 Holod, 714 convention, i B, AAIZAE nAFHTE

= ‘“ﬂ‘:ﬂ Hamiltonian< 5tal 2| 7|4 & -2 5, 7|thgtoly &2 trace = inner product =

A7E A, S5 3ol 1217, 7| thgo] A4R1%], AIZFER] norm & HESH=A] SRl
A
=2

AA, ARl = e F7HE A1 57 Hamiltonian= A9 A|AE 2] B
ot AJZH-g 2 H]ask o]l 7} w2 o},

ZFE A|A EA]. 0] 7}E = extendedo|A] EQlH R18 o] F H|EE ZH FJEOZ final9 R1-R17 HHE
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Quantum algorithms®} S &

66.1 Quantum Fourier transform

Y. 54 TP GeUE S AXY 25 7140 HEE 2 Jlo|nm, HE HES SUEHIHS

[e)
T4 oltt, o] 7kEe] 242 Quantum Fourier transform©]th, £3* FA]= extended unique addition
ol extended @} x| FHEo 22 ALQl5tA] okgtr}.
EER
52
ihO(r,t) = [—MVQ + V(r,t)] V¥
2 . ho, . .
p =V, J:T@PVlﬁ—sz/))
mi
Op+V-j=0
d3 —ip-r/h
o) = G [ vl
27, HA e 35 A4 Aol 714 convention, h B9, AAIRA S s}
o5 o, AEHIH Al S Melst Eao] =25l a, BAZ AT Aoks| HEA w Auipe o
=t}
A 27 AA . FEF2 Aux? norm EZ, Fourier ¥, 1 — 0 =5HS EQlIsh}
AAZsH/ AT AA. BAIE & W “dE) - AR - A - FAIRA - HAF A E TA] Hoj B
AFAA At 55Z T 4 Aot

extendedol|A] EQ1E R18 0]F H|ZE ZH §E 0 F finale R1-R17 HHE
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66.2 Phase estimation

FAHEE= ZH], A, 3, B2, LFEE 21E ALt 7 s Ao 2 vttt o] 7hEg]
Phase estimation©|th. &% EA]+= extended unique addition©] ™, extended 2} AX| = FH-

HERBIIE

Mo~

L ofN PN 1
=L e
S

g

1
p=50+ra), <1

S(p) = —Trplogp, I(A:B)=S(A)+S(B)— S(AB)
PEIE,P = CyP (Knill—Laﬁamme)

QFT |$ Z emey/N ‘y

P(q@) peaked near eigenphase ¢ (phase estimation)

re

A 7B g tek, AAEAE g2l 714 convention, h B9, BARAE AR

E

. Ae3 7+ tensor product 2 Ul A, 12| measurement S CPTP map2} unitary gate
Sk
AF3} ZF7F 7. unitarity, normalization, no-cloning 271, error correction syndrome #3242 &<l

X'IX]""‘?"]'/ 94%"‘ AR, HAFE S B3 B ol A+ gate complexity, error correction, channel capac-

ZH AA EA]. o] ZtE & extendedo|A] EQ1E R18 o] Z H|EE ZH FJEOZ final? R1-R17 HHE
ZH7}ofyct,



FAred s} ohAE eme s 287

66.3 Amplitude amplification

AL e, WY, A A F0.2 A2 U 0] s Al MR vl
< Amplitude amphﬁcatlonolq' Z2] EA|E extended unique
addltlonol‘li extended 2 B = 52 F5 AUSHA] Lt

=4,
|7/1> :ch |Tl>, Z|Cn|2 =1

(A) = (Y|Alp) = Tr(pA)
oy [¢) = H [¥)
[l'ivpj] = 1715”
Z7. U A A5, AR 9], 714 convention, h T, AAI RS 1At

T+ l“ﬂr—ﬂ Hamiltonian< 45t S| 7| A& Y2 H, 7Iigtolu &E2 trace T+ inner product®

B

243 27 A, FEF o] 1917A], Zlthgke] A4Rl], AIZHEE O] norm & EE5H=A] &elghtt
AALgst /AT A2, AAF oA = dEHlaihE A& 37F, Hamiltonians A3 A|AH P 23
19 Tl A|IZH S H| WS o]l 7} w2 ),

ZFE A|A EA]. 0] 7tE = extendedo|A] EQlEH R18 o] F H|EE ZH FJEOZ final9 R1-R17 HH=
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66.4 Adiabatic quantum computingZ} QAOA

A FAHEE=AE, A, A3, 32, L 7Y 22 AL 7S A o2 vt o] 7h=e] 23
Adiabatic quantum computing@t QAOAOIQ'. Z2] EA]= extended unique addition®| ™, extended

S
)
o
o} A& FEe 55 et it
o

3

p=s(tre), <
S(p) = —Trplogp, I(A:B)=S(A)+S(B)— S(AB)
PEIE,P = CyP (Knill—Laﬁamme)

QFT|.13 Z 2rizy /N ‘y

P(q@) peaked near eigenphase ¢ (phase estimation)

A GE s, AR el 71 convention, h B9, AAIERA S AR
. Ae3 7+ tensor product 2 Ul A, 12| measurement S CPTP map2} unitary gate
Sk

Aty 1}7]' AA. unitarity, normalization, no-cloning % 4 error correction syndrome B2 A S Fel

Axtgst /A s A4, AFETE 55HF B-o) A= gate complexity, error correction, channel capac-

o =
ity 2 o]0z}
ZFE A|A EA]. 0] 7= = extendedo|A] ERlE R18 o] F H|EE ZH FJE O final9] R1-R17 HH&

Z 17} ohrt,



Pt e} nhAE 2wl 289

[si3
HY

66.5 HHLZ} block encoding

. A EE A, A, A, F R, 7P 20S ALt 7 e A2 vt o] 7tE]
< HHL} block encoding©|th. &3] EA]+= extended unique addition©]™, extended 2} HX|+=
2 5 AdskA] etrt.
A

=

£ oo P s
[Z- R R )

hen K3
1
p=50+ra), <1

S(p) = —Trplogp, I(A:B)=S(A)+S(B)— S(AB)
PEIE,P = CyP (Knill—Laﬁamme)

QFT|.13 Z 2rizy /N ‘y

P(q@) peaked near eigenphase ¢ (phase estimation)

HZ Al AF3k dARRF A2l 7] A convention, h B9, BAZAS 1A
. el tensor product 2 U1 A'E, 3|2, measurement S CPTP map2} unitary gate
Sk

Abz 1}7]' 7. unitarity, normalization, no-cloning &71, error correction syndrome #2832 &<l
48 T A= gate complexity, error correction, channel capac-

ZFE A|A EA]. 0] 7= = extendedo|A] ERlE R18 o] F H|EE ZH FJE O final9] R1-R17 HH&
ZH7}ofyct,
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2} @ = A A I} fault tolerance

67.1 Knill-Laflamme Z71

WA, A, B, ADLEG A Z02 42 st e st BAL HPtast ol e
W alo] Agto g Heolth o] 7k=9] 242 Knill-Laflamme Z70|th &3] EA| = extended unique
addition©| ™, extended 2} A= &5 FE AAUSHA| LEUth
EER
) :ch In) Z|Cn|2 =
(A) = (Y[A|p) = Tr(pA)
ihoy [v) = H [¢)
[-T'hpj] = 1h5w
z27. UA e st Aaat el 714 convention, h T, BAZAE G
S5 wo]. Hamiltonian< Aot1 &H|7| A& B2 5 7|thztolu &2 trace =X inner product &
ey,
A3 27 A, FEF o] 191A], ZIthgke] A4lA], AIZHEE O] norm & EE5H=A] &Rlghtt
AR/ AT AR, AABIOINE JE T A EZL, Hamiltoniand 4 A28 YA 83
T8 BES} A7 S E S ularsh ol s} w2 o).

Z8 AA EA]. o] 7t=E extendedo|A ER1E R18 o]F H|EE Z2H FJEOZ final2 R1-R17 HHE
ZH7} oyt
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67.2 Stabilizer code

Al AR AR, A, 909, 32, R 28 AN b5 AYtiee et of st
Z742 Stabilizer code®]th. %] FA]+= extended unique addltlonoltﬂ, extended?} A= 52 F5
AFIshA) eskek,
S
1
p=504r0), <1
S(p) = —Trplogp, I(A:B)=S(A)+S(B)— S(AB)
PEIE,P = CyP (Knill—Laﬁamme)
QFT|.13 - Z 2rizy /N ‘y
P(q@) peaked near eigenphase ¢ (phase estimation)
Z7. WA Abe) A3k, A4k 42l 714 convention, h T8, AAZAE nAF,
= o, HJEfF7HS tensor product Ul Y, ]2 measurementS CPTP mapI} unitary gate
2wy,
AR} 27 A A, unitarity, normalization, no-cloning % 4 error correction syndrome B2 A S Fel
g},
AxFE /A s A2, HFESE 5443 Bl A= gate complexity, error correction, channel capac-
ity & o]oj Ik
5 AA EA. o] 7t=+& extended A FQ1H R18 o] H|FE STH FEOZ final® RI-R17 BHe

Z 17} ohrt,
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67.3 Surface code A

A |, ST, ARPEH N F02 XS Hﬂi]sl":"@ 2] A st A= Aot vl 2987
Aol Aglo g Helth o] 7F=9] X2 Surface code Al olt}. &3] EA|+= extended unique addition
olH, extended 9} A= FE2 T8 HYUsHA] Fohtt.

i EA].

|7/1> :ch |Tl>, Z|Cn|2 =1

n

(A) = (V|A]y) = Tr(pA)
iho; W> =H |1/’>
[xivpj] = ih5ij

B

27, WA e st Aabrt el 714 convention, i T, AAZRAE AT}

$= W, Hamiltonian & 511 $17] 48 ¥ 9, 71oiztol L E8-2 trace & inner product 2

g tct.

Ak 271 AA. gHEtol 1914, 71digte] A4l A, AIZPEZ o] norme BESH=A] &elght)
38/7AT AZ. AAF TN E e 37He AEF7E, Hamiltoniang AE Al A PPy Ba

1R =}t AIZHSE-S H| sk o] 5l 7} k=,

X extended©|A] Q1 RIS 0]& H|EE ZH JE 02 finale| RI-R17 HHE

IN of
e
=
X
f
>
o
Y



YA} 5} upAE FHBA =

o

67.4 Fault-tolerant gate®} magic state

AN, FAHEE AJH, A, A9E, J =2, 58 212 ALt 7Hs S AP 4= vt o] =9
Z 2 Fault-tolerant gate2} magic state®]th. &2 I A|+= extended unique addition®]™, extended 2}
A= 52 35 AUsHA] &t

o=z 4].

p=s(tre), <
S(p) = —Trplogp, I(A:B)=S(A)+S(B)— S(AB)
PE!EyP = Cyp P (Knill-Laflamme)

N—-1
1 .
QFT[z) = —= Y *™ /N |y)
VN =

P(¢) peaked near eigenphase ¢ (phase estimation)

27, HA g Gat, AR Aol 714 convention, h D], FAIEA S 1T

= o, HJEfF7HS tensor product Ul Y, ]2 measurementS CPTP mapI} unitary gate
=23

A

bl

P2
]
-
N
- R
)
b}
=
5
E.
&
=
2.
=
=
o
=
=
=3
5
o
ay
)
B
=
?
o,
o
E.
5
02
2
()
¢}
=
-
o
-
(@}
o
=
=
@
aQ
=
o
=)
0w
<
=
a.
-
o
S
¢}
M
n
ox
lo
ot

AxFE /A s A2, HFESE 5443 Bl A= gate complexity, error correction, channel capac-
ity = o]of Xt
Z 8 AA EA]. o] 7FEE extendedo| A EQ1H R18 o] % H|ZE

Z 17} ohrt,

o|N

B 207 finalo R1-R17 HHE



Chapter 68

A4 PR

(o]

68.1 Quadrature®} symplectic 7+

AL AT, BE, AZE) A F0.2 A2 ujxshY o Ro] opxhelel Sl Ay Ti4o) m R
Ao I3 uadrature 2} symplectlc FZo|tt, 2] BA|E extended

[:01'
- |o

o Agro 2 Welt}, of 7hE9] 2L Q
unique addition©| ™, extended 2} A= FE2 55 AUsHA| LUt

SER)
|¢>=ch In) Z|Cn|2:1
(A) = (Y[|A|p) = Tr(pA)
ihoy [v) = H [¢)
[-T'hpj] = 1h5w
27, UA el st Aaat el e, 714 convention, h T, BAZAE et
H= wdl. Hamiltoniane A5t ¢8| 71X E €2 5, 7|tizko]u &2 trace T== inner product =
et
A3 27 A, FEF o] 191A], Zlthgke] A4lA], AIZHEE O] norm & EE5H=4] &Rl
AR/ AT AR, AABIOINE JE T A EEL, Hamiltoniand 4P A28 YA 80
T8RS} A7 S E S ularsh ol s} w2 o).

Z8 AA EA]. o] 7tEE extendedo|A ER1E R18 o] F H|EE Z2H FJEOZ final2 R1-R17 HHE
ZH7}ofytt,
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68.2 Williamson A g|e} ESA A

AL A, BET, AR A 502 g ulx|ohE olRe) belst SAl Halthhet o]y
Alo]l Agto 2 Holth, o] k=9 242 Williamson A 2|2t 284 AJo|th. &3] EA] = extended unique
addition®]™, extended 218 AQl51A] gttt

thEA.

o
oY,
N
i‘]l‘
ok
us
flo

|¢> :ch |TL>, Z|Cn|2 =1

(4) = (V[A[¢) = Tr(pA)
oy [¢) = H [¥)
[l'ivpj] = 1715”

27, AA e A3, AARE el 714 convention, h T, AR 17Tt

= o], Hamiltoniane Aotal 2| 7| A E Y2 H, 7|digtoly &2 trace T+ inner product =

el

ALkt 27 AR, gHERro] 191A], 7|tigho] A4=IA], AlIZPE o] norm S EEsH=A] &It}
AzLgslo A= Al 3-7HS Al S 37 Hamiltonianes A Al A8 X3 B

TRBES} ARES Y-S Hl el o] St k.

ZE AA EA]. o] 7t & extendedo|A] ER1E R18 o]F H|EE 2K FJEOZ final2 R1-R17 HHE

B
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68.3 Gaussian channel

A, 2 G2 Dy P} AL trace BE AT QoA 7HE 24 E6HA Helgo), o] 7hEg]
%72 Gaussian channel®|th. &3] T A]+= extended unique addition©]™, extended 2t x| = &5
F5 ek st
EA.
P:ZPH%‘)@M, p>0, Trp=1
p(m) = TI‘(Emp)7 E’m = ZM’IHJ(]M'”'L(X
E(p) =D KwpK|, Y K[Kp=1
k k
J(€) = (ERI)(|®) (P])
27, &4 43 JE, Kraus T, trace BE 271& WA gelst},
F= ], 2 AolA fUEE J3HE & ofF ol ancilla s FE3F451 Kraus/POVM X2 &
A=t
A% A7 A AL BE o] FaelA, ZK};K;C = 191A], partial trace 2}l o] Br=%| &gttt
ARF/ AT A2, BAS E ol Aol - QA oy - BAZD - A £AZ A Hojm
A 0
] s oo

9
4
b

>

2 o
o
[of
ll

[0

0

e o

extended A Q1 R18 o] H|S&H SH FEO2, final2] RI-R17 HH5
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68.4 SqueezingZ} entanglement

WY, 2P, WWY L, B, AS GAL A4 YuFe) Yoz FAU, o mo 2L
Squeezmgd—]’ entanglement OIE]' 3] BA|= Xtended unique addition©]™, extended 2} A2 = FH-
F2 Al eratt,
e PH BH
= , Z =Tre”
PB 7

(AM)B(O)) = (BO)A(t +ihB))  (KMS)
Saa(w) = hcoth B;J) Im x4 (w)

AG > JlTQ Foll4),G) = 4(AG)?

Z7. "A AE] AFsk AARF H oY 7] A convention, h T, BAAZRAS 1ATI
oF

% . partition function, response function, Fisher information= %2

Schwarz = AHESHC}.

Ags/ AT A2, BAZ
ATAN AN 5EE WS £ At

Z8 AA EA. o] 7lE= extendedo| A EQIE R18 o]F H|ZE ZH 20 F finale] R1-R17 HHE
S K7} oyt
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H]|3 ¥ Keldysh

69.1 2FAY ¥HE T} relevant operator

A, 23k} ofx}olslo A = Odé 2pe] Holod AWMER resolvent 7} 22| AARAL AAS )
o] 7tEo] =¥ 2 AHA Y ‘i_’ra—]- levant operator ©| E]-, g;q FAE extended unique addition©] ™,
extended @} A= =22 ZE ALQls}R] gttt

CES)

1=l <n\+/dE IE) (E|

A= U(A))\dEA()\), /f dEA(N
Ra(z)=(A=z1)7",  o(4) =C\p(4)
dCHCP

ZA. A AE] 15}, AR H ol 7] A convention, h B9, AAZAS TAFC
5 o], WA AR dense domaing A 5FAL adjoint domainT} boundary form = H] gk
spectral theorem= &-8-gtct,

A4k} 27 AA. spectrum©] A4Z0f Q1=4], boundary term©] 091 4], resolvent 2Fg o] SH=%] &2l
o]—]q»

zsh/ag A, 24
AFAA At 5 5E THE
ZFE AA BA. o] 7l=E=
Z 17} ob e,

-

_1%]

2 e A - AW Y - AAR - A £H R A Hojuw

extendedo|A] EQIE R18 o|Z H|ZE ZH FEO0F final? R1-R17 HHE
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69.2 Beta function?} fixed point

3. ), B2, AL A 502 A2 wHa chRel Ale Ral Mol ol
Alo] Asto 2 Holth o] 7tE 9] 24 -& Beta function}t ﬁxed point ©| T, &3] T A|+= extended unique
addition©| ™, extended 2} A2 = &2 FE AAUSHA| LUt

tEA.
|7/1> :ch |Tl>, Z|Cn|2 =1

n

(4) = (Y|Alp) = Tr(pA)
oy [¢) = H [¥)
[l'ivpj] = 1715”
Z7. U A A5, AR A9 714 convention, h T, AAI RS 1At

T+ l“ﬂr—ﬂ Hamiltonian< g5t S| 7| A& @2 H, 7Iigtoly &E 2 trace T inner product®

k

A3 27 A, FEF o] 191A], Zlthgke] A4Rl], AIZHEE O] norm & EE5H=4] &Rlghtt
AALgst /AT A2, AAF oA = deHlaitE AE37F, Hamiltonians A3 A|AHE P E1
19 Tt A|IZH S H| WS o]l 7} w2 ),

ZFE A|A EA]. 0] 7}E = extendedo|A] EQlH R18 o] F H|EE ZH FJEOZ final9 R1-R17 HHE
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69.3 Quantum-to-classical mapping

AN, A, HSF, AP Al o= AlZ vix|5HH o R 2o At A= Y
Aol Agto g2 Helth o] 7k=9] -2 Quantum-to-classical mapping©|th. S| EA]
unique addition®| ™, extended 2+ ‘73111% %L%S_ S5 AdskA] gtk

:ch In), Z|Cn|2 =
n

n

(4) = (¢[Al) = Tr(pA)
ihoy W> =H |1/’>
[l'ivpj] = 1715”
27, WA AFe) 8, A4 Holod, 714 convention, i B, AAIZAE nAFHTE

T+ ﬂlﬂr—ﬂ Hamiltonian< Ao}l $HH] 7|2 & -2 F, 7IHigkoly &E2 trace E+= inner product =

A 271 A7, gHEfkol 1914, 71digte] A4lA], AIZPEZ o] norme BESHEA] &Rlght)
= b
o =

A2t s A= el 3 7S A1 S37F Hamiltoniane A% A|AE YHEAH B
H| 25} o] 57} w2},
Z8 AAH BA|. o] 7F=+ extended A &1 R18 o] F H|FH S E FHOZ final®] RI-R17 BH=
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69.4 Scaling ansatz

B ), B2, AEHO A 202 A4S u XSk o] opahelst BAl Moot o)
Aol Agto 2 HQlt}, o] 7=9] 22 Scaling ansatz®]th. &2 ZEA|+= extended unique addition
o|t, extended 2t H 2= FEH2 FE AUskA] &3k

|7/1> :ch |Tl>, Z|Cn|2 =1

(4) = (Y|Alp) = Tr(pA)
oy [¢) = H [¥)
[l'ivpj] = 1715”
Z7. U A A5, AR A9 714 convention, h T, AAI RS 1At

T+E ‘“ﬂ‘:ﬂ Hamiltonian< %33l ¢ 7| A& €2 5, 7|tigtolu &S trace =+ inner product2

k

A3 27 A, FEF o] 191A], Zlthgke] A4RlA], AIZHEE O] norm & EE5H=A] &elgitt
AALgst /AT A2, AAF oA = deHlaitE AE37F, Hamiltonians A3 A|AHE P E1
19 Tt A|IZH S H| WS o]l 7} w2 ),

ZFE A|A EA]. 0] 7}E = extendedo|A] EQlH R18 o] F H|EE ZH FJEOZ final9 R1-R17 HHE
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4 Frtels

=

70.1 Nonrelativistic field theory

A B2H 23 diagram AP, dehe, ARERIES ot AlM ol &2 Fet. o] 7tES] 24

ov o =
Nonrelativistic field theory©]tt. &% E A= extended unique addition©| ™, extended 2t A2 = =
Z2 AFelahA) oottt

x4,
K(qr,tyiqists) /Dq eXp{ ]]

_ / D exp {h (Sw)] + / J¢>l

G=Go+GXG, G '=Gy'-
S =1+i2m)*%6W (ps — pi))M

| = ApplA] / Dy 6(F[A))

Z 7. regularization, normalization, contour, gauge fixing convention= 1%},

S5 ). A Z_P_—-—OL &= generating functional= THE1! Wick % 2], stationary phase, renormalization
= 2ol 2 A3t

24z}t 2F7F A . propagator pole prescription, symmetry factor, cutoff 2]&/d, Ward identity & <!
gt

WA AT A2, 2
AT AN B ES S
FE AA ZA. ol 7tEE

Z 17} ohr},

= uj abh] - QAL O1F - AAZA - A4 S O Hojuw

extendedoﬂ/\i SRIE R18 o|F H|FE ST H FHOE final® RI-R17 ¥HE

302



R RPN P 303

70.2 Relativistic normalization

93], Rl el ol Al Qibake] gele], AMER, resolvent 7} 228 ZAZ71S AA B, o]
7}E9] =7%-2 Relativistic normalization ©]T}. %i'] HA]= extended unique addition©]™, extendedQ]'
Ax= 52 5 AYsHA Eurt.

TER

1=l <n\+/dE IE) (E|

A= A dEA(N), /f dEA(A
o(A)
Ra(z) = (A—z1)"" (A) =C\ p(4)
dCHCD

27, WA Aol 7k, Rk Belel, 714 convention, T 91, AAEAE 2T,
= wol], WA AAZO] dense domaings A& 5FAL adjoint domain @}t boundary form< B+
spectral theorem= 4835ttt

7"1\]'-1—]' x]-7]- 7]5‘ Spectrumol }\E —i:_l—-oﬂ ]_‘EXI boundary termo] OO] X] resolvent X]' _]O] 1'_1]._\___1] ?_]_
St

AR/ AT A2, 2AS 2 uls AE - AAA - oY - AR - A4 £AR Al Fojrd
FE5 AA EAL o] 7FEE extendedol A EQIE R18 ©|F HIFH FH FHOE, final ] R1-R17 BH5

Zxstohc,
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70.3 LSZ reduction?] 2]n]

|

AN, BE2AZ diagram AIPEA, A BES, AFRIIES AL /I0|2 JBet o] 7tES] 22
SZ reduction®] oJnjo|th, &3] T A|= extended unique addition®] ™, extended 2t AX|= FEH F &

St \

K(qr,tyiqists) /Dq eXp{ ]]

:/D¢mph<ﬂﬂ+/J®l

G:G0+GOEG, GilZGal_
S =1+i(2m)*™W (p; — pi) M

1::AFpmy/Im5HWAﬂ>

ZA. regularization, normalization, contour, gauge fixing convention= s,

X o], AJZFHEE == generating functional= THEI Wick % 2], stationary phase, renormalization
2 wjel2 A8 at

Atz 27 A 7. propagator pole prescription, symmetry factor, cutoff 2]5£/d, Ward identity S ¢l
s}

.3 x]-_l_. o]-/ O .
FE A s are
FEAA BA. o] 7tE=

Zxstohc,

2 e GE - AR - tiA - AAIRE - A 42 ThA] FojE |

extended°l|A] ERIE R18 o] H|F&E FTH FHO 2, final®| R1-R17 FHx
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70.4 Anomaly

AL BE, BST, AP A 02 AlS Hix|ehH i 2 o] A S 7= AP o4t vl
Aol Agto 2 HQlt}, o] 7l=29] 242 Anomaly©|tt. EZ'] H A= extended unique addltlonoll:ﬂ
extended 9} A2 = FHZ F5 AAsHA] &gk

|7/1> :ch |Tl>, Z|Cn|2 =1

(4) = (Y|Alp) = Tr(pA)
oy [¢) = H [¥)
[l'ivpj] = 1715”
Z7. U A A5, AR 9], 714 convention, h T, AAI RS 1At

T+ l“ﬂr—ﬂ Hamiltonian< 45t S| 7| A& Y2 H, 7Iigtolu &E2 trace T+ inner product®

B

243 27 A, FEFo] 19174], ZIthgke] A4Rl], AIZHEE O] norm & EE5H=A] &elgitt
AALgst /AT A2, AAF oA = dEHlaihE A& 37F, Hamiltonians A3 A|AH P 23
19 Tl A|IZH S H| WS o]l 7} w2 ),

ZFE A|A EA]. 0] 7tE = extendedo|A] EQlEH R18 o] F H|EE ZH FJEOZ final9 R1-R17 HH=
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Renormalization group2t FAILAl

71.1 Exact diagonalization

AN, A A2 BEY, -4, positivity, unitarity & HASHAAM FARS IS 7]9-= EAi
xact diagonalization®]th. %] ZA]+= extended unique addition®]™, extended 2}
= O,

hEA
lv@®)|? =1, At — 0, Npgsis — 00 convergence
e—i(HA—I—HB)At — e—iHAAt/?e—iHBAte—iHAAt/Q 4 O(Atg)
HQp = QT + Bmgmirel,  (Lanczos)
0) = D0 TH(AS AT sy os)
S1sL
Z7A. A A7), AZIHA, basis cutoff, truncation error, random seed & 7] =3t}
FE . 2A4E g3t oz Adsty g Fo REGY £35S sA6 eatE 22
24z} 217F A 7. time step halving, cutoff doubling, exact limit benchmark, conserved quantity drift
£ 7|53t
A3t /AF AZ. Python/Julia/C++ F+HOJ A= sparse matrix, Krylov, tensor network AFETLZXZ
ojoj ek

olN

ZE A|A FEA]. o] 7= = extended A FQ1H R18 o] & H|ZE

ZH7k ok,

HEEOZ final9 RI-R17 HH=
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71.2 Lanczos spectral function

A, O FARZ2 Fock 33t Green g4, SHE, Ha gy Al4shs &6 Ed/d2S Altet.

A
=1 a . [e} [e]
o] 7}=9] 232 Lanczos spectral function©]th. 2] EA|= extended unique addition®]™, extended
ot A= &5 5 AUstA] gt
o=z 4].
[aha;] = dij, {eis C;} = dij
1
¢(r) = Z ¢i(r)ci7 H = Z hijCICj + § Z V}jklc;rc}clck
; I ijkl
. 1
G(k,iwy,) =

iw,fl — fk — E(k,iwn)
s (t) = —20() (A1), BO))

Ep =1/&+|AP2 (BCS/BAG)
z

271, 2%, ensemble, Matsubara/real-time convention, SA%3, cutoff& 11 SHc},
& wf. second quantization 2 Hamiltonian< 23l Green &4 F+ B4 decoupling 22 ob-
servable2 AAFSHTE,

A4} 27F A 7. sum rule, spectral positivity, SA15-S, analytic continuation= 2?1},
AALzst /A 2. A, 21T, FAAAL condensed matter =S 91w 7|2 o7} Hch,
Z8 AAH EA]. o] 7= extendedol|A] Q1 H RI8 o]F H|ZE ZH gEO0Z final? R1-R17 HHE

ZR7Fohct,
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71.3 Quantum Monte Carlo2} sign problem

A AL A2 BESF, 234, positivity, unitarity & HASHA ZARSEE 7] EAb o]
7F=9] 22 Quantum Monte Carlo2} sign problem©|th. &% EA|+= extended unique addition©]™,
extended 9} A2 = 52 F5 AUstA] &kt

fEA],
lv@®))? =1, At — 0, Npgsis — 00 convergence
e—i(Ha+Hp)At _ —iHAN/2—iHp AL —iHAAL/2 | O(A)
HQm = Qme + BQO+1 65 (Lanczos)
) = Z Tr(ASt - ASE) [sy -+ s1)
sis1
Z7. A A7), AZ7HA, basis cutoff, truncation error, random seed S 7] =3},
S . ZAE At oz Aoheln dae|Fo BREF 84S iAo eatE FA g
234k}t 247F A 7. time step halving, cutoff doubling, exact limit benchmark, conserved quantity drift
£ 7= 80,
A3t /AF AZ. Python/Julia/C++ FHOJ A= sparse matrix, Krylov, tensor network AFETZRZ
olo} A},

S8 AA EA]. o] 7I=E extendedoA EAEH R18 o]F H|EE ZH FEOZ final2| R1-R17 BHE-

Z 17} ohr,
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71.4 2A}FA

AN, FH, TS5, AP Al Fo 2 AlS viX|5HH o R2o] At e FAl= A oige} nl2
AAale] Agto g Holt}, o] 7t=o] X2 ealFAo|tt. &) EA|E extended unique addltlonoltﬂ
extended 9} A2 = 52 F5 AUstA] &kt

|7/1> :ch |Tl>, Z|Cn|2 =1

(4) = (Y|Alp) = Tr(pA)
oy [¢) = H [¥)
[l'ivpj] = 1715”
Z7. U A A5, AR 9], 714 convention, h T, AAI RS 1At

T+ l“ﬂr—ﬂ Hamiltonian< 45t S| 7| A& Y2 H, 7Iigtolu &E2 trace T+ inner product®

B

243 27 A, FEFo] 19174], ZIthgke] A4Rl], AIZHEE O] norm & EE5H=A] &elgitt
AALgst /AT A2, AAF oA = dEHlaihE A& 37F, Hamiltonians A3 A|AH P 23
19 Tl A|IZH S H| WS o]l 7} w2 ),

ZFE A|A EA]. 0] 7tE = extendedo|A] EQlEH R18 o] F H|EE ZH FJEOZ final9 R1-R17 HH=
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AlS] gbservable 924

AN BE, B5T, AP Al SO2 A S Hi |5 thRE o] PRt EAl= Aot vl 2%
JAlol deto = HeRlr}, o] 7t 22 A3 FolA SHF2L=o|th. E4 FA|= extended unique
addition©] ™, extended 2} FA|= 52 F5 AUt LAt

(A) = (Y[A|p) = Tr(pA)
ihoy [v) = H [¢)
[-T'hpj] = 1h5w
z27. UA e st Aaat el 714 convention, h T, BAZAE G
S5 wo]. Hamiltonian< Aot1 &H|7| A& B2 5 7|thztolu &2 trace =X inner product &
A2 sict,
A3 27 A, FEF o] 191A], ZIthgke] A4lA], AIZHEE O] norm & EE5H=A] &Rlghtt
AR/ AT AR, AABIOINE JE T A EZL, Hamiltoniand 4 A28 YA 83
62 =6 AQE TS M el ol a7} k2.

Z8 AA EA]. o] 7t=E extendedo|A ER1E R18 o]F H|EE Z2H FJEOZ final2 R1-R17 HHE
ZH7} oyt
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72.2 Dynamical structure factor

A ’\oP_QL W&, AP 9] Aﬂ_—i—&i Al Z v x5} T 2o OOkX]'O—JI'%—J'_—E'r:Zﬂ‘—C— APi4=e} v 274
Alo]l Agto 2 Holtt o] 7k=9] 22 Dynamical structure factor©|th. &% ZEA|+= extended unique
addition©| ™, extended 2} A2 = FE-2 FE AASHA| LUt

A,

|7/1> :ch |Tl>, Z|Cn|2 =1

(4) = (V[A]¢) = Tr(pA)
oy [¢) = H [¥)
[l'ivpj] = 1715”

k

Z7. HA el Fak, Aabat F o, 714 convention, h T, AAIRAE 1A ST
% o], Hamiltonian= Astal 27|45 92 &, 7|dHgtoly &5 trace T+ inner product 2
et
A% A7 AR SEFo] 191A], 7Ithgho] A41A], AlZPE o] norm & BESH=A] &Ittt
3
o

8t/AF A4, AAF sl A= A a37he A 237, Hamiltonian& A3 A|AR FHXH B2

1R EQt AIZHSES H| st o] 5l 7} k=,
T extended oA FRIE RIS 0] H|ZE =2H &2 02 final9 RI1-R17 HH=

IN ofN
e
2
X
2]
=
o
U
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72.3 ARPES®} spectral function

AN, O FAHEZ Fock 37, Green 34, 3E8, B3 A1 4388 ol AT dS ALttt
o] 7t=9] %2 ARPES®} spectral function©|th. &3] E A= extended unique addition©]™, extended
ot A= &5 5 AUstA] gt

thE .
lai, al) = 65, {eicl} =0y
1
)= ¢ilr)e;, H=> hijcle; + 3 > Vijrclcleer
i ij ijkl
. 1
G(k,iwy,) =

iw,fl — fk — E(k,iwn)
s (t) = —20() (A1), BO))

Ep =1/&+|AP2 (BCS/BAG)
z

Z7). 2%, ensemble, Matsubara/real-time convention, 5453, cutoff& 11T}
| —

pis

& wf. second quantization 2 Hamiltonian< 23l Green &4 F+ B4 decoupling 22 ob-

servable S A|AFGHCH
A4} 27F A 7. sum rule, spectral positivity, SA15-S, analytic continuation= 2?1},

AAFst/As 2. A, 2HE, FAAAL, condensed matter w2 3= W] 7|2 Aoj7t €}

FE AlAH EA|. ©] ItE = extendedo|A] &RIH R18 0| F H|FE FH FEO 2 final2] R1-R17 ¥H&
Z7bohth.
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72.4 Noise spectroscopy

AN, G S4ol e A= HFUEE 53, FA jump, entropy production 22 7]& 3ttt O
7F=29] 272 Noise spectroscopy ©|th. &% ZEA|+= extended unique addition©] ™, extended 2} A x]+=
Fme 22 Hlala et

. i 1
14 ::__ﬁilf?p]+_§£: (lﬂipLL'_ 2{1%LLM7P}>

m

¢
ps(t) = / K(t — s)ps(s)ds (Nakajima-Zwanzig)
0

eff—H**ZL

—ﬁhw

V(=w) = ey (w)

Z 7. Born-Markov, secular, weak coupling, bath correlation time 22 ZAFS T A|SHC},

= #o. system-bath Hamiltonian©|A] projection/Born-Markov TtAHS A-&5Fal H g =71
ZAAFstc},

ZAA} 27 A A . trace, positivity, detailed balance, steady state7} B8] & Q1A &olstc},
Azt /As A2, F= S, FAHAA, BEEA| qubit] 7y, Ty A2 210 A2 Ht

Z5 AlA BA. 0] 7=+ extendedO|A] &R1H R18 o] H|F & FE FEO = final®] RI1-R17 ¥H&
Z w87} oh,

o
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Chapter 73

& =7 3

A, FIt FAR ol M= AARREe] Ao, AHE™] | resolvent7} 2|4 AR S A4S o]
FtEo] 232 B ol Uutst sholt}, &4 T A|+= extended unique addition©]™, extended 9]' 2| =
FEe 32 AAskA 2%
TER
1= Z|n> (n| +/ dE |E) (E|
A= xdE.O), /f dEA(N
a(A)
Ra(z) = (A—21)"" (A) =C\ p(4)
dCHCP
Z7. 1A e s, AARF A 2], 714 convention, B T, A RS 13t
= wd], WH AAAL] dense domaing A3+ adjoint domain ¥ boundary form-& H] 1 $H F

spectral theorem= 2]-83c}.

243} 27 A AL spectrum©] AFof| l=4], boundary term©] 021A], resolvent 2H 0] Sh=2] &2l
heh,

7‘4X|'-‘-°"/7"%'- A4, 24
AL AL S ES TS
F5 AIA &EA. o] 7tE+=
ZE7koher.

= uj el QakA - oF - AAZA - AN eA R T Hojwd

extendedO|A] &R1H R18 o] F H|F&E FTH FEHOZ final® RI-R17 ¥H&
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73.2 VAR J A deficiency index, Stone A g

AN, FH, TS5, AP Al Fo 2 AlS viX|5HH o R2o] At e FAl= A o4e} nlE s
Ao deto = OIEP o] 7tE 9] 22 A4EAF 9, deficienc oy i index, Stone g0t} Ex] EAl+=
extended unique addition®]™, extended 2} AR = FH- FE AASHA] Eo4tt.

SER

ch |n), Z|cn|2 =1

(4) = <¢|A|¢> Tr(pA)
oy [¢) = H [¥)
[l'ivpj] = 1715”
Z7. U A A5, AR 9], 714 convention, h T, AAI RS 1At

T+ ﬂlﬂr—ﬂ Hamiltonian& Ao}l $HH] 7|2 & -2 H, 7Itigkoly &E2 trace E+= inner product =

B

AN A7 A7, BBl 1917, Z]thgto] %<1, AZPERI0] norm S BESHEA] elgh,
A
=

. AALg st M= A3 7HE A5 37, Hamiltonian<S A A|AE sidx]d B
R E6 A S-S Bt ol 7wk,

ZFE A|A EA]. 0] 7tE = extendedo|A] EQlEH R18 o] F H|EE ZH FJEOZ final9 R1-R17 HH=



YA} 5} upAE FHBA .

o

73.3 A4 resolvent, spectral density

A, AL A5 2ePH A GO trace BE A= YollA 7P Z-E5HA HelE. o] 7h=9]

= =
2 g4 AI A, resolvent, spectral density ©]CF &3] ZA]+= extended unique addition©]™, extended

=
AAE 52 22 AT Qo
P:Zpi|¢i><1/)z'|, p>0, Trp=1
p(m) = TI‘(Emp), K, = ZM:,M)[MUL(X

E(p) = KipKf, Y KlKp=1
k k

27, &4 243, Kraus B, trace BE 270& WA &It

F= o], 2 AolA fUEE J3E & ofS ol ancilla s FEF2451 Kraus/POVM X2 &
A=t

A} A7 "R RE 50| F4AA, Y KK, = 1914, partial trace 2-¢l0] BH=x] 1t}
AzAsst/ AT A4, BAE E W “dE) - AR - A - FAIRA - HAF A E OA] Hoj
A L2} AL S 5S T 4 QU

FE AlA EA|. o] It=EE extended©|A] &R1H R18 o] H|FE S H FEO0 2 final® R1-R17 HHE



318 CHAPTER 73. $8&8 =3+ &3

73.4 7337 FAEMe Moyal &

SHAl. Bloch band 2} many-body wavefunction®] 7]5}e2 Chern 4, Berry 9/, anyon 54 &2 &
HeFo 2 Uehdtt, o] 7t=29] -2 937 FAFSeE Moyal 0|t &4 EA|+= extended unique
addition©| ™, extended @} A2 = &2 FE AFAUSHA| LUt

thE .
H(k) [unk) = En(k) [unx)
An(k) = i<unk|vkunk>
1
Qn = Vk X A,,“ Cn = 7/ Qn.z d2lC
27T BZ ’
o2
neoce
S(A) = a|0A] —logD + o(1)
Z7. gap©] €& A3 714 gauge”t patch B 2 1L A A o] ==2] Flghc},
S= . -84 E bundle? connectione % 2]5}F1 Brillouin zone = parameter spaceoﬂ A curvature
g e,
AT} R7F A, gap closing $10] B EFo] H51R] F=X] | gauge patch &) &4 0] Ata}z| =] &relsit},
AAgst/ A5 A2, AEAA, FAF Hall, topological photonics 2t A2 E T}
ZFE A|A FEA]. o] 7}E = extendedo|A] FQ1E R18 o]F H|ZE ZH FE O Z final® R1-R17 HHE



FAred s} ohAE eme s 319

|7/1> :ch |Tl>, Z|Cn|2 =1

(A) = (Y|Alp) = Tr(pA)
oy [¢) = H [¥)
[l'ivpj] = 1715”
Z7. U A A5, AR 9], 714 convention, h T, AAI RS 1At

T+ l“ﬂr—ﬂ Hamiltonian< 45t S| 7| A& Y2 H, 7Iigtolu &E2 trace T+ inner product®

B

243 27 A, FEF o] 1917A], Zlthgke] A4Rl], AIZHEE O] norm & EE5H=A] &elghtt
AALgst /AT A2, AAF oA = dEHlaihE A& 37F, Hamiltonians A3 A|AH P 23
19 Tl A|IZH S H| WS o]l 7} w2 ),

ZFE A|A EA]. 0] 7tE = extendedo|A] EQlEH R18 o] F H|EE ZH FJEOZ final9 R1-R17 HH=
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Hilbert &7F s}

Al gxjeh A BAle F4 HEA, WA, §E0 £F, e ao] AgE 320, o] Fheo] 2
-2 Born-Oppenheimer —E—E'»]Q]' BT Aglo|th, &4 H A= extended unique addition©] ™, extended
o A= BEE 2 A el
oA,
h? d? R0 +1)
-4V ne = Buy
2u dr? () 2ur? ¢ tnt
pet 1 4dmegh
En = 2 9> 0 = 2
2(4mep)2h” n e
1 1 dv
Hsop=———-——L-8S

2m2c? r dr
U(r,R) = . (r;R)x(R) (Born-Oppenheimer)
220, WA Aol A7rek, Q4 el 714 convention, h B, FAZTE ATt
H = # . Born-Oppenheimer = F4 HElE 225 4] 513, radial equationt 5 HA S 2| =2
Al4kgtet,
Azt 27 A A, reduced mass, degeneracy breaking, selection rule, @9 eV /J HEHE &It}

k

ARFE /AT AE. ZAE & we U - A - i - FARA - A AR A HojEH
AFAA] ALt 52 UHE 4 ‘RAE}.
5 AA BEA. o] 7tE= extendedO A FRIE R18 0| F H|FE TH FEHOZ final® RI1-R17 ¥HE

320
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74.2 Slater determinant®} Hartree-Fock

Al Qaio Ba BAlE 24 e, WA, §E6 $F, deao) Agd 720, o e
%L Slater determinant 2} Hartree-Fock©|th. &3] EA]= extended unique addition©] ™, extended
_Q]— ﬁ]ﬂi]% T_D‘]—E.E ZE }\1—01 0].1] 01—0]—[‘,]-'
h? d? R0+ 1)
—— =tV ———— | Une = Eu,
24 dr? (r)+ 212 tnt tnt
pet 1 4regh?
Ep=—0r 535, 0= —73
2(47T6())2h n ue
1 1 dv
Hso = ——=—-——L-8S

2m2c? r dr
U(r,R) = ¢ (r;R)x(R) (Born-Oppenheimer)
2. WA A s, QAR A, 713 convention, b T, BAZRH S 1Y FH
H% #Wth. Born-Oppenheimer =S4 HEIAE 225 WA 513, radial equationt A5 245 2| =
Al
A3} A7 A . reduced mass, degeneracy breaking, selection rule, &9 eV /J HES &l
WAgs/HE A2, BAS B ol ge - ke oF - AARA - A4 A2 oh Hojrr

R

o

extended | A 21 R18 o] F H|FH TH FHO2, final®] R1-R17 HH5
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74.3 A3 CI, MP, coupled cluster

WA faieh v BAl 24 v, WA, g a0 £F, duEo] A8 PE0 of 7h=e)
22 A CI, MP, coupled cluster©]th. &2 EA]+= extended unique addition©]™, extended 2+
A= 52 35 AUsHA] &t
i EAL
h? d? R0 +1)
5., 3.9 v nl — E n
24 dr? (r) + 212 tnt Unt
pet 1 dmegh
En = T 012 20 apg = 3
2(47T6())2h n pne
1 1 dv
Hso = ——=—-——L-8S

2m2c? r dr
U(r,R) = ¢ (r;R)x(R) (Born-Oppenheimer)
2. WA A s, QAR A, 713 convention, b T, BAZRH S 1Y FH
H% #Wth. Born-Oppenheimer =S4 HEIAE 225 WA 513, radial equationt A5 245 2| =
Al
A3} A7 A . reduced mass, degeneracy breaking, selection rule, &9 eV /J HES &l
WAgs/HE A2, BAS B ol ge - ke oF - AARA - A4 A2 oh Hojrr

R

o

extended | A 21 R18 o] F H|FH TH FHO2, final®] R1-R17 HH5
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74.4 WEHSEEol Kohn-Sham WA A

AN, ST 5> P H I AR trace EE A= Yol A 7P Z-E5HA Al "t o] =g
Z72 U349t Kohn-Sham Al o|th. &3] EA|= extended unique addition©] ™, extended 2}
Ax = 52 55 AUstA ZAdrh
i =Z:A],
P:Zpi|¢i><1/)z'|7 p=0, Trp=1
p(m) = TI‘(Emp), K, = ZM:,M)[MUL(X
E(p) = KipKf, > KlKp=1
% %
J(€) = (€ T)(|2) (P])
Z7. 57 47 A3, Kraus B, trace BE 25 WA Felgitt
F= ], 2 AolA fUEE J3HE & ofF ol ancilla s FE3F451 Kraus/POVM X2 &
At
A} A7 "R RE 50| F4UA, Y KK, = 1914, partial trace 2-¢l0] BH=x2] 1t}
AAgst /AT 2. ZAE Z ul= “GH - At - oA - BAR - A4 A2 oA HojEH
AL AL S &S THE 4 AT
FE AA ®A]. o] 7F=+= extended oA RIE R18 o] F H|FE FE FHO R final® RI-R17 §H&



394 CHAPTER 74. HILBERT 3%+ s}

74.5 B A A5 » AR} Ao

WA, A A BAL FH HAH BALY, 45 LF, N0l 2FE PxL}. of 7=
ZH2 B2 S~ M5~ FRfFolo|t}, 4] FA|+= extended unique addition©] ™, extended 2t A X|+=
ghE.Oo 2 H Alolslz] oF ol—o Qrct.
SER
h? d? R0+ 1)
===tV — | une = Euy,
24 dr? (r)+ 212 tnt tnt
pet 1 4regh?
Ep= 03— 0= "%
2(47T6())2h n ue
1 1 dVv
Hso=—-—=—-——L-S

2m2c? r dr
U(r,R) = ¢ (r;R)x(R) (Born-Oppenheimer)
2. WA A s, QAR A, 713 convention, b T, BAZRH S 1Y FH
H% #Wth. Born-Oppenheimer =S4 HEIAE 225 WA 513, radial equationt A5 245 2| =
Al
A3} A7 A . reduced mass, degeneracy breaking, selection rule, &9 eV /J HES &l
WAgs/HE A2, BAS B ol ge - ke oF - AARA - A4 A2 oh Hojrr

R

o

extended | A 21 R18 o] F H|FH TH FHO2, final®] R1-R17 HH5
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Green 42} resolvent

75.1 Schwinger-Keldysh HA|ZF &

S, T YAEL Fock B2, Green B4, SRYS, BEYH AFAHE B gRaLe AN
t}. o] 7}=9] 2 Schwinger-Keldysh H|A]7F 7d 20]t}, % FEA|+= extended unique addition©]™,
extended 2t A2+ FH2 S5 AUsHA] &otch
EER)
[ai,a;{] = bij, {eis C}L} = dij
1
Y(r) = Z@(r)% H= Zhijcjcj + 52‘/@“0}0}6101@
i ij ijkl
. 1
G(k,iw,) =

iwy, — & — 2(k, iwy,)

s (t) = — 20 (A1), BO))

E, =/€ +|A]2 (BCS/BAG)

Z71. 2%, ensemble, Matsubara/real-time convention, SA%3, cutoff & 14 St
| —

% ¥, second quantization &2 Hamiltonian< 23 Green ¥4 T+ H% decoupling 22 ob-
servable= Z4FSHT},

ZAE}E 217 A . sum rule, spectral positivity, SA15-S, analytic continuation= &1}
AAgst/As 2. A, 2HE, FAAAL, condensed matter =2 3= I 7|2 Aoj7} €}
Z5 AAH FEA|. o] 7F=+= extendedOllA] 1 R18 o] F H|FE SH FEHOE final®] R1-R17 §H=

Z w7} ohr},
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75.2 Feynman-Vernon 93342} Caldeira-Leggett

AN, BEHED diagram ATA, ek, RIS o At oj2 Feth o] S 2
2 Feynman-Vernon 9 Fe42} Caldeira-Leggett ©|th. E%] ZA|= extended unique addition©]H,
extended 9F X & 52 S5 AUsHA] &3t

i

K(qp ts;qiti) = /Dq exp {BS[CJ]]

Z[J] = /m exp [;L (S[qﬁ] +/J¢)]

G = Gy + GpXG, Gil:Gal—Z
S=1+ 1(271')4(5(4) (pf —pi)M

| = ApplA] / Dy 6(F[A))

Z 7. regularization, normalization, contour, gauge fixing convention= 1%+t

X o], AJZFHEE == generating functional= THEI Wick % 2], stationary phase, renormalization
= 2ol 2 g3t

A%z} 27 A 7. propagator pole prescription, symmetry factor, cutoff 2J&/d, Ward identity S <!
gt

AAge/ AT A2, 2A
A7AA A BB S WS
FEAA BA. o] 7tE=

Z57}okck.

Z wl A - AR OF - AARD - A SAR T Hojrd

OEXS

olN

H 3E0Z final® R1-R17 HHE

To

extended 9| A 21 R18 9]
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3
djo

75.3 ¥A} Langevin WA A7} A2HEY

A 3} At Elo| A= AAbate] Aol AME resolvent 7} B8] A AA RS AASIT} o]
7]-1:——] 22 FAF Langevin A 2 AT E o] E]—, ZE4] F A= extended unique addition©] ™,
extended@F A 2| = gFEo =B ALl5)x] Qkghr},
5 E: 2o
1=§]mmw/hamm
A= AdEa(N), /f dEA(\
o(A)
Ra(z) = (A—=21)7" (A) =C\p(4)

dCHCP

27, 1A e e, A4 Aol 714 convention, B T, AARAS Y7}

= wol], WA AAZO] dense domaings A& 5FAL adjoint domain @}t boundary form< B+
spectral theorem= 4]-83Hct,

7"1\]'-1—]' x]-7]- 7]5[] Spectrumol }\E —i:_l—-oﬂ ]_‘EXI boundary termo] OO] X] resolvent X]' _]O] 1'_1]._\___1] ?_]_
St

WAB/AE A2 £
A7AA AN 5EE s
FEAA EA. o] 7l=E

Z 17} ohrt,

2 e dE - AR - tiA - AAIRE - A M2 ThA] FojE |

extendedO|A] &R1H R18 o] H|F&E FTH FEHOZ final® RI-R17 ¥H&
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75.4 ¥A} kinetic equation¥} Boltzmann ¢+

WAL T AL Fock B, Green B4, $T84, AT AT ASE So YL AN
o] 7t=9] X2 YA} kinetic equationT} Boltzmann SHA|O|Th S| A
o, extended 2k 2= FE-E 5 AYshA| ekstet

rr

extended unique addition

thE .
lai, al) = 655, {eicl} =0y
1
)= ¢ilr)e;, H=>_ hijcle; + 3 > Vijrclcleer
i ij ijkl
. 1
G(k,iwy,) =

iw,fl — fk — E(k,iwn)
s (t) = —20() (A1), BO))

Ep =1/&+|AP2 (BCS/BAG)
z

Z7). 2%, ensemble, Matsubara/real-time convention, 5453, cutoff& 11T}
| —

& wf. second quantization 2 Hamiltonian< 23l Green &4 F+ B4 decoupling 22 ob-

servables AAFSHCH,
A4} 27F A 7. sum rule, spectral positivity, SA15-S, analytic continuation= 2?1},

L.

AALzst /A 2. A, 21T, FAAAL condensed matter =S 91w 7|2 o7} Hch,

=2 g1 =2
F8 A|A EA]. o] 7= extendedo| A ZQ1H R18 o] F H|EE ZH FEOZ final9] R1-R17 HHE

Zr7} ohuirt,
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75.5 A& S} FA} filtering

A AR, TE2F A7 o] Al 202 AL x| shel s o] gxholst
%40 230 2 mel). o o] 27 e Q% 243} oA filteringolc). &
(o) olo
S A

addition©| ™, extended 2} A2 = FE2 FE AAUSHA| LUt

thEA.

b

A AR thet ol
%] T A= extended unique

lv) = ch In), Z |Cn|2 =

(4) = (Y|Alp) = Tr(pA)
oy [¢) = H [¥)
[l'ivpj] = 1715”
Z7. U A A5, AR 9], 714 convention, h T, AAI RS 1At

7= ﬂlﬂr—ﬂ Hamiltonian& 7ot 2HH| 7|2 & 92 H, 7|tigtolu &2 trace E+= inner product =

B

243 27 A, FEFo] 19174], ZIthgke] A4Rl], AIZHEE O] norm & EE5H=A] &elgitt
AALgst /AT A2, AAF oA = dEHlaihE A& 37F, Hamiltonians A3 A|AH P 23
19 Tl A|IZH S H| WS o]l 7} w2 ),

ZFE A|A EA]. 0] 7tE = extendedo|A] EQlEH R18 o] F H|EE ZH FJEOZ final9 R1-R17 HH=



Chapter 76

Open quantum systems 11

76.1 Stabilizer formalism

AN, AR A, A, 99, 82, 284 A AN e M 4R vt o] Fle)
Z A2 Stabilizer formahsmol‘:]' Z2] EAl = extended unique addlthHOID:] extended 2} AX| = FE2
32 AUt ettt
CER)
1
p:§(1+r-a), r| <1
S(p) = —Trplogp, I(A:B)=S(A)+S(B)— S(AB)
PEIE,P = CyP (Knill—Laﬂamme)
QFT |z) = e*me/ N y)
>
P(qg) peaked near eigenphase ¢ (phase estimation)
27, HA e sk, AR AF oS, 713 convention, h B9, AARA-E 1T}
Sx o, Ael37HS tensor product 2 U1 2Hd, 3] 2 measurementS CPTP mapi} unitary gate
2wt
24 2} 27 A7, unitarity, normalization, no-cloning 271, error correction syndrome &2]/dS &<l
gkt
Axtz-st /AT A, AFE TS 5433 B-o A= gate complexity, error correction, channel capac-
ity 2 o]ojXit}

ZE AlA EA]. o] 7}E+= extendedol|A] EQlE R18 o]F H|EH ZH gE 02 final° RI-R17 HH=E
S H7} oyt
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76.2 CSS F &2} surface code

A, AH, w5, AP Al Fo2 AlS v X5t o) R2o] At FAl= A oi4e} nl2 s
Aol dgtoz H Jq o] 7t=2] -2 CSS ZE2} surface code®|th. &% T A|+= extended unique
addition©] ™, extended 2 B2+ FH2 T5 HASHA] &

5 E: 2o
|1/1> = ch |Tl> ) Z |Cn|2 -

(4) = (Y|Alp) = Tr(pA)
oy [¢) = H [¥)
[l'ivpj] = 1715”

Z7. U A A5, AR 9], 714 convention, h T, AAI RS 1At

7= ﬂlﬂr—ﬂ Hamiltonian& 7ot 2HH| 7|2 & 92 H, 7|tigtolu &2 trace E+= inner product =

B

243 27 A, FEF o] 1917A], Zlthgke] A4Rl], AIZHEE O] norm & EE5H=A] &elghtt
AALgst /AT A2, AAF oA = dEHlaihE A& 37F, Hamiltonians A3 A|AH P 23
19 Tl A|IZH S H| WS o]l 7} w2 ),

ZFE A|A EA]. 0] 7tE = extendedo|A] EQlEH R18 o] F H|EE ZH FJEOZ final9 R1-R17 HH=
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76.3 PR LNYZ WY 54

Y. g, BEY, AZPEAL A £02 NS Bjx 3} 2l Ao ol

S
1
5}
A =Alolt}. E4] FA|= extended unique
o

|7/1> :ch |Tl>, Z|Cn|2 =1

(4) = (V[A]¢) = Tr(pA)
oy 1) = H |¢)
[l'ivpj] = 1715”

B

Z71. WA el A5t A4kz Aol 714 convention, h B, BAIZRAS 1S

F= . Hamiltonian& H513 ¢H]71 4 Y& 5, 7|tizkoluh B8 trace - imner product 2

geetth

HA3 27 A, FEG] 1914, 71dhghe] d4_1A], AIRPEZ o] norm< HESH=A] Zelgtt).
38/7AT AZ. AAF TN E e 37He AEF7E, Hamiltoniang AE Al A PPy Ba

1R =}t AIZHSE-S H| sk o] 5l 7} k=,

X extended©|A] Q1 RIS 0]& H|EE ZH JE 02 finale| RI-R17 HHE

IN of
e
=
X
f
>
o
Y
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76.4 HE FA 12 & gradient

A, AEE] E 4 ¢l Hamiltonian 22 o7 59F 2] iR AA|L S o] 83 S5 o220 &
HHETH o] 7= 22 HE b A& gradient O]t &3] ZA]= extended unique addition
o|H, extended 2t A= &EH2 5 A UsHA] 4Tt

E
A,

EW — <n(0)’V‘n(O)>

E7(l2) — Z |an‘2

0 0
= BY — EY

i t . ’
h/ dt’ " Vri(t')

21
Ling = f‘vfi‘zp(Ef)
Hegr = eSHe 5, [Ho, S] = =V

-0
-
—~
~
~—
Il

271, 22 w742t o 7] gapo] EAsof ot ZFE|7F QIO WA BB tZ3LE shrt
F= wd], 375 FA A olu AP A4S Ak E IS, secular term T FE FEFZE
HE 2 22|},
2Rl o g s e R
7‘*7‘}%'—91‘/74%" AA, ZA=

—

fto

, ZE|, secular growth, gauge-dependent quantity S 74t
L) - bRt o - AR - A £HE ThAl Holum

e ool
2
rr

=5 X1l71 stﬂl.
Z R 7} okt

ad
D
=
2.
[e)
a.
=2
>
for
ro
i
=
—_
oo
o
Jo
=
Iz
olN

HEEO0Z final9 RI-R17 HHE
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76.5 %A Shannon °|Z w}EA]

WA e, ST, AU A 02 48wl ek ool ekrjels Bl HYrieel oy

==
Alo] Aslo & Holth o] 7lE9] % 3 A} Shannon ©]& HH}E’A].O] T}, £2] EA|E extended unique

2O oFx
e = A e |
addition©| ™, extended 2} A2 = &2 FE AAUSHA| LUt
) = ch In) Z lenl® =
n

(A) = (V|A]y) = Tr(pA)
oy 1) = H |[¢)
[l'ivpj] = 1715”
270, WA AT A, QAR Ho)o, 714 convention, h B, AAEA S AT
T+ ﬂlﬂr—ﬂ Hamiltonian< 5tal 2| 7|4 & -2 5, 7|thgtoly &2 trace = inner product =

A7E A, S5 3ol 1217, 7| thgo] A4R1%], AIZFER] norm & HESH=A] SRl
A
=2

AA, ARl = e F7HE A1 57 Hamiltonian= A9 A|AE 2] B
ot AJZH-g 2 H]ask o]l 7} w2 o},

ZFE A|A EA]. 0] 7}E = extendedo|A] EQlH R18 o] F H|EE ZH FJEOZ final9 R1-R17 HHE
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Quantum information II

77.1 Hubbard, Heisenberg, t-J 2§

A, oA FAHE2 Fock 32, Green o4, SEES, Fa g A4S 53l 2SS ALt
t}. o] 7t=9] 22 Hubbard, Heisenberg, t-J 20|t} & =
extended 2} B2 = TFHE F5 AUotA| &3t

= A,
[ai»a}] = 0ij, {eis C;} = 0ij

1 .
Y(r) = Z oi(r)cs, H = Z hijcjcj + 3 Z V,;jklcgc;clck
i ij ijkl
1
iwy, — gk - E(kv iwn)

Kia(t) = ()[4, BO))

By = /€ +|A]2 (BCS/BAG)

=2 g
% # . second quantization 22 Hamiltonian< 23 Green &4 £+ H % decoupling 22 ob-
servable= AlAFgHCE

A%z} 27 A7, sum rule, spectral positivity, S45%3, analytic continuation= 215},
g /AT Q4. HheA|, 2T, FARAAL, condensed matter =ita H2 T 7] Aoj7F H

Z8 AlA EA]. o] 7t=E extendedo| A ER1E R18 o]F H|EE 2K FJEOZ final2 R1-R17 HHE

Zw7hohr},

Gk, iwy) =

=
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77.2 Bose-Hubbard 2} FAH}H o]

AN, Aes] F 4 9= Hamiltonian 22 w74t 2] H o2 AH| LS o] &3l & o] 2=
v o] 1= 9] 22 Bose-Hubbard 2t A A o]o|t}. &4 B A= extended unique addition©] ™,
extended 2t A2+ FH2 S5 AUSHA] ottt

EA],

EW — <n(0)’V‘n(O)>

E7(l2) — Z |an‘2

0 0
m#n ESL)_Eﬁn)

i [t ot/
_ﬁ/ dt/elwfit sz(t/)

21
Ling = f‘vfi‘zp(Ef)
Hegr = eSHe 5, [Ho, S] = =V

-0
-
—~
~+~
~—
Il

27, 22 7t AU A gapo] EASOF s S8 7} Qo R jiA FE33t ti4eks gt

F= wd], 375 FA A olu AP A4S Ak E IS, secular term T FE FEFZE
HE 2 2] 2)sich,

AT A7 EA, 2
WAz s Ad £

fto

, ZE|, secular growth, gauge-dependent quantity S 74t
=l @ Y- AAZ - A SAE oA Holu

i ool
R=)
rir

=5 X1l71 stﬂl.
Z R 7} okt

ad
D
=
2.
[e)
a.
=2
>
for
ro
i
=
—_
oo
o
Jo
=
I
olN

HEEO0Z final9 RI-R17 HHE
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77.3 ZFY: bosonizationZ} Luttinger liquid

WA e, BEF, A A 2O AS uhAsH chsol Qpapelst BAlE MY T et u] 2
HH‘* ’\]-‘?J Asto g Holt}, o] 7lE9o] A2 %} boson atlonJ—]' Luttinger liquid°]t}. &3 ZA|=
extended unique addition®]™, extended 2} AX|= FH- %‘% ArdshA] ettt

A,

N

ch |n), Z|cn|2 =1

(4) = <w|A|¢> Tr(pA)
ihoy W> =H |1/’>
[l'ivpj] = 1715”
27, WA AFe) 8, A4 Holod, 714 convention, i B, AAIZAE nAFHTE

= ‘“ﬂ‘:ﬂ Hamiltonian< 5tal 2| 7|4 & -2 5, 7|thgtoly &2 trace = inner product =

A7E A, S5 3ol 1217, 7| thgo] A4R1%], AIZFER] norm & HESH=A] SRl
A
=2

AA, ARl = e F7HE A1 57 Hamiltonian= A9 A|AE 2] B
ot AJZH-g 2 H]ask o]l 7} w2 o},

ZFE A|A EA]. 0] 7}E = extendedo|A] EQlH R18 o] F H|EE ZH FJEOZ final9 R1-R17 HHE
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77.4 B2AXN e} localization

%—'.“e!. Bloch band 2} many-body wavefunction®] 7]3}FsH2 Chern 4=, Berry Y4}, anyon £ 22 &4
% LET of 7hE0] 24 % T X} localization ©|TF. &3] EA|= extended unique addition
O]U‘] extended @ A= =22 ZH AbQlshR] kit

5 E: 2o
H (k) [unk) = En(K) [unk)

An(k) = i<unk|vkunk>

1
Qn = Vg X A’ru Cn = 7/ Qn,z dzk
A

2
j Z C,
neoce

S(A) = a]dA| — logD + o(1)

gap©] D& AT 71 A gauge”} patch'E 2 w11 A A o) ] =%] gHolgic},

off. 284l bundle ) connection= 7 2)5} 11 Brillouin zone =+ parameter spaceoﬂ A curvature
S}

o l_‘i
B

ooy gudo N

Abak 2k7E 7. gap closing §10] EH¥TFO] H5HA] Q=4 gauge patch 2]&4d 0] AlebA| =] ERlghtt,
35H/AS A4, YA AA|, FA}F Hall, topological photonics2t A2 E T}

Z 8 AA EA]. o] 7}EE extendedo|A] ER1E R18 0]F H|ZE ZH §E 02 final? R1-R17 HHE-
ZE7F ofut}.
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77.5 %A} Hall, Chern-Simons, edge theory

SHA. Bloch band 2t many-body wavefunction®] 7|5} Chern 4%, Berry 94, anyon 54| 22 &W
Fo 2 Uepdtt o] 7t=9] -2 FA} Hall, Chern-Simons, edge theory©|Th. &3] ZEA|+= extended
unique addition®]™, extended 2} H2| = FE2 FE AUSHA] &dtt.

i EAL
H(k) [unk) = En(k) [unx)
An(k) = i<unk|vkunk>
1
Qn = Vi x Ay, C, = —/ Q. A%k
27T BZ k
o2
neoce
S(A) = a|0A] —logD + o(1)
Z7. gapol €& A3 71A] gauge?t patch B2 i 113A] A 2| =] =7] &It
S= . -84 E bundle? connectione % 2]5}F1 Brillouin zone = parameter spaceoﬂ A curvature
£ A B3
ALY} Zk7F 7. gap closing $10] ER¥EFO] H5HA| Q=4 gauge patch 2]&/d o] AFRtA| =4 gRlght}.
Axtzs /A AZ. YA AA|, FAL Hall, topological photonics@F A2 T,

8 AA EA]. o] 7I=E extendedoA A R18 o]F H|EE ZH FEOZ final2| R1-R17 BHE

Z 17} ohrt,
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Quantum error correction 1I

78.1 ZA X qubitT} circuit QED

;A SAPEE= ZH, A, AT, A7, 7Y 21 AL 7t A E vt o] 7hE9]
zHex 45 qubit 2}t circuit QEDO]E]’ % 1 HA|+= ext ended unique addition©]™, extended 2+ A X|+=
2o 2B Alolglz] korct,
O 71
EERY
1
p:§(1+r-a), r| <1
S(p) = —Trplogp, I(A:B)=S(A)+S(B)— S(AB)
PEIE,P = CyP (Knill—Laﬂamme)
QFT |£L' e27r1my/N ‘y>
FT
P(qg) peaked near eigenphase ¢ (phase estimation)
27, HA e sk, AR AF oS, 713 convention, h B9, AARA-E 1T}
Sx o, Ael37HS tensor product 2 U1 2Hd, 3] 2 measurementS CPTP mapi} unitary gate
2wt
24 2} 27 A7, unitarity, normalization, no-cloning 271, error correction syndrome &2]/dS &<l

WA/ AE A2, AR T B4

o4
r

Zof| A= gate complexity, error correction, channel capac-

ZE AlA EA]. o] 7}E+= extendedol|A] EQlE R18 o]F H|EH ZH gE 02 final° RI-R17 HH=E
S H7} oyt

340
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78.2 X & o] 23} sideband Hamiltonian

- £ 2 B2 RE9t At Ho| 2 LSl cavity QED, AHHHE 24 AlsE Ay
sttt o] 7tE9] 272 E 3 o] 21} sideband Hamiltonian©|th. &3] E A= extended unique addition
o]H, extended 2} AX| = T2 ZE Atols)z| ok},

=

9= 2 gy (e )

Hjc = hwea' CH‘TUZ-FRQ( o_ +aoy)

3
Qn =2V 1,  Fp= o (A> 9

472 \n) V,,

Gout = Qjn — \/ECL

HA] AFel] AF3E AARRF 2] 714 convention, h T, AAIZRAS 1T

B & A3l el dipole/RWA ZAFS A8l -8 two-level model 2 A=TF.
a7, photon number scaling, linewidth2} decay rate €S &2lstct,
Al Eﬂolﬂ cavity, microwave resonator, circuit QED A& d0]e} o]oj it}

extended©|A] Q1% R18 o] F H|ZE ZH FJEOZ final9 R1-R17 HH&
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78.3 YZ+ YA}, optical lattice, Feshbach o3

A e, BEY, AR A FO2 A2 ujXSHE thR 2] FRelst BAlE A ch4ot ol

- - O

e | e
AAlo] Aglo g Holt}, o] 7lEo] A2 %47—].' YA}, optical lattlce Feshbach 3otk &2 BEA|lE=
extended unique addition©|™, extendedQ]' AX=FgEe =B A9 OPZ] okorcl}

=2 ealihs D leal? =

(4) = <w|A|w> Tr(pA)
oy [¢) = H [¥)
[l'ivpj] = 1715”
27, WA AFe) 8, A4t Helod, 73] convention, i B, AAZAE LA

= ﬂlﬂr—ﬂ Hamiltonian& Ao}l $HH] 7|2 & -2 H, 7Itigkoly &E2 trace E+= inner product =

A7 AA. SEFo] 19174], 7]digho] A41A], AlZPEH o] norm& EESH=A] &Ittt
Pl
=

AA, ARl = e F7HE A5 27 Hamiltonian= A A|AE 2] B
ot AJZH-g 2 H] sk o]l 7} w2 o},

ZFE AA EA]. o] 7IEE extendedo|A] ERIH R18 o]F H|ZE ZH gEO0F final9 R1-R17 HHE
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78.4 NV center, spin defect, sensing

WA, HHNHE 2 Y hasl BHEO 2 Y2En] Ml A3 Aq 22T Y WED, o] A=
%72 NV center, spin defect, sensing®]th. =2] T A]= extended unique addition®]™, extended 2}
AA = FES S5 AU &

[Ji, Jj] = iheiji i, J*[im) = B%§(j + 1) [jm)
Jy |jm) =h/j(G+1) —m(mE£1)|j,m+1)

h
Si == 50'1'7 O'Z'O'j == (5”]. + ieijkak
<j’m’ Tq(k)’jm> x ijmmkq <j/ |T(k)|'j>

270, UA e Hsk, A4 e, 714 convention, h T, AAIRI S 1St
& o). Lie algebras A|-$-1 ladder operator B+ representation tensor product 2 1-F-3-7HS &35
Elg=y

ZAXa 27 AR, FAS ’H 9, mostep, triangle inequality, parity selection= 213t}

B mpe g - A Y - AAR - A4 £A2 oh) Holum

— j‘l o %
AFLAA] A SES T 5 ATt
ZF8 AA EA]. o] 7t & extendedo|A R R18 o]Z H|EE 2 H FJEOZ final2 R1-R17 HHE
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78.5 Optomechanics®} hybrid quantum systems

E, BE, AP Al F o7 AlS Hix|5HE Ol B2 FATE ZAl= A die nl 8
Ao g Helt}, o] 7l=o] -2 Optomechamcsgl' hybrid quantum systems©|th. Z2] BA|+=
ended unique addition©]H, extendedgl' HA= 52 35 AUskA] &ttt

Al
~.

O, o>

L 8 >
el

Bl

=2 ealihs D leal? =

(4) = <w|A|w> Tr(pA)
oy [¢) = H [¥)
[l'ivpj] = 1715”
27, WA AFe) 8, A4t Helod, 73] convention, i B, AAZAE LA

T+ l“ﬂr—ﬂ Hamiltonian< A 5t1l 2|74 & Y& 5, 7|thgtoly &2 trace =& inner product =

A7E A, S5 3ol 1917, 7| thgto] A4R1%], AIZFER0] norm & HEsH=A] SRl
A
=

AA, ARl = e F7HE A5 27 Hamiltonian= A A|AE 2] B
ot AJZH-g 2 H] sk o]l 7} w2 o},

ZFE A|A EA]. 0] 7tE = extendedo|A] EQlEH R18 o] F H|EE ZH FJEOZ final9 R1-R17 HH=
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Continuous-variable quantum mechanics

79.1 Exact diagonalization: ©* sector &3l

HA, Y2 BHEFF ZE| selection rule, Ward identity S A Z5l= ALAFE Aojt}, o] 7t=9o] 242
Exact diagonalization: T sector &3l0|Ttt. &3] ZEA]+= extended unique addition©| ™, extended 2}
A3 G2 22 A s,

T o9 6=

SER)
U(g1)U(g2) = €“9192)U (g1 go)
d
0" =0, Q= [ &)
©*=-1,[H,0]=0 = Kramers doublet
27, HA e s, AR AF e, 7R convention, h B9, AAIRAS A7
S wicl. o) WH3ko] RS 2kl ARSI = Hamiltonian 2] 2 A S o] 835 HEZF1} selection rule
= de=th
At 27 A, ti o] 7R = & whee] R ekt =A], BE%0| Hamiltonian T} commute Sh=X]
seolsic)
AT/ AE QA BAS B U A - A Y - AR - A £AZ Al Holum
QA A BB E B > St

extendedol|A] &Q1E R18 o]F H|ZE ZH 320 Z finale R1-R17 HHE
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79.2 Suzuki-Trotter2} error bound

WA, Ape], BT, AT A FO2 A8 wx|shE o] ebAfelst Bl MRaet ol
Aol Agto g Holt}, o] 7FE 9] 2H -2 Suzuki-Trotter 2} error bound©|th. &3] EA| & extended
unique addition©]™, extended 2t B FH2> S5 AUSHA] LUt

x4,
|1/1> = ch |Tl> ) Z |Cn|2 -

(4) = (¢[Alp) = Tr(pA)
ihoy W> =H |1/’>
[l'ivpj] = 1715”
27, WA AFe) 8, A4t Helod, 73] convention, i B, AAZAE LA

= ‘“ﬂ‘:ﬂ Hamiltonian< A 5t1l 2|74 & Y& 5, 7|thgtoly &2 trace =& inner product =

A4 27 A, FEFo) 1914, 7]ehgko] A4Q1A), AZPEo] norm S HESH=A st}
3L A
o =

23 s A= el 3 7S A1 S37F Hamiltoniane A% A|AE JHEAH B
W5t o] 7t wh 2}
Z5 AlA BA. 0] 7=+ extendedO|A] RIH R18 o] F H|F5H FE FEOZ final®] RI1-R17 ¥
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79.3 MPS, TEBD, TDVP

A, A]ﬂ-_ookx].glﬂ st BHEZF £, positivity, unitarity S AAMSHFHA ZAMSHS 7] 9= A},
o] 7t=9] %2 MPS, TEBD, TDVPO|t}. £X EA|= extended unique addition®|™, extended 2}
A= =2 52 415 3

T o o=

oA,
b (t)||> = At — 0, Npgsis — 00 convergence
e ! i(Ha+Hp)At — e—iHAAt/Qe—iHBAte—iHAAt/Q 4 O(Atg)
HQm = Qme + BQO+1 65 (Lanczos)
) = Z Tr(ASt - ASE) [sy -+ s1)
sis1
Z7. A A7), AZ7HA, basis cutoff, truncation error, random seed S 7] =3},
SE . 242 faUoR Auskn A e Zo HEYT £HAS AN S 2HTT
234k}t 247F A 7. time step halving, cutoff doubling, exact limit benchmark, conserved quantity drift
SR ERES
A3t /AF AZ. Python/Julia/C++ FHOJ A= sparse matrix, Krylov, tensor network AFETZRZ
olofzict

F8 77 EAl. 0] 71EE extendedll A B91E R18 0)F H]EH Z8 F2 02 finale] RI-R17 ¥H
Z 17} ohr,
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79.4 Quantum Monte Carlo2} sign problem

A AL A2 BESF, 234, positivity, unitarity & HASHA ZARSEE 7] EAb o]
7F=9] 22 Quantum Monte Carlo2} sign problem©|th. &% EA|+= extended unique addition©]™,
extended 9} A2 = 52 F5 AUstA] &kt

fEA],
lv@®))? =1, At — 0, Npgsis — 00 convergence
e—i(Ha+Hp)At _ —iHAN/2—iHp AL —iHAAL/2 | O(A)
HQm = Qme + BQO+1 65 (Lanczos)
) = Z Tr(ASt - ASE) [sy -+ s1)
sis1
Z7. A A7), AZ7HA, basis cutoff, truncation error, random seed S 7] =3},
S . ZAE At oz Aoheln dae|Fo BREF 84S iAo eatE FA g
234k}t 247F A 7. time step halving, cutoff doubling, exact limit benchmark, conserved quantity drift
£ 7= 80,
A3t /AF AZ. Python/Julia/C++ FHOJ A= sparse matrix, Krylov, tensor network AFETZRZ
olo} A},

S8 AA EA]. o] 7I=E extendedoA EAEH R18 o]F H|EE ZH FEOZ final2| R1-R17 BHE-

Z 17} ohr,
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79.5 NEGF2} quantum transport A4t

o n:

Ao, B, AL A F02 NS uix|shE thie] Ges SAlE AR aet ol
Asto 2 BRIt} o] 7l=9] 272 NEGF2 quantum transport AlAHo|th, &% &
unique addltlonolcﬂ, extended?t A= &EF2 5 A UsHA] gt

thEA.

)

ch |n), Z|cn|2 =1

(4) = <¢|A|¢> Tr(pA)
oy [¢) = H [¥)
[l'ivpj] = 1715”
Z7. U A A5, AR A9 714 convention, h T, AAI RS 1At

T+E ‘“ﬂ‘:ﬂ Hamiltonian< %33l ¢ 7| A& €2 5, 7|tigtolu &S trace =+ inner product2

k

A3 27 A, FEF o] 191A], Zlthgke] A4RlA], AIZHEE O] norm & EE5H=A] &elgitt
AALgst /AT A2, AAF oA = deHlaitE AE37F, Hamiltonians A3 A|AHE P E1
19 Tt A|IZH S H| WS o]l 7} w2 ),

ZFE A|A EA]. 0] 7}E = extendedo|A] EQlH R18 o] F H|EE ZH FJEOZ final9 R1-R17 HHE
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Quantum algorithms II

80.1 AH3Fe} convention BHEHE

A, H), BETF, AR Al o2 A5 v x|st thREo] At 2A|= et v 2
Alo] Agto 2 Holtt, o] 7k=o] 22 A 13}t convention @I Ottt £2] EA]+= extended unique
addition©] ™, extended 2} A= 52 F5 AUSHA] &ttt

CES)

W)= caln), Y el =

(4) = (Y|Alp) = Tr(pA)
ihdy [¢) = H |¢)
[xi,pj] = ihéij

. W] A A8, AakzE H ol 7]1A] convention, h T, AR NS 1A G}

. Hamiltonian< Ao}l 2| 7| E 22 H, 7Itigtoly &S trace = inner product®

3t 27 WA, BB Fol 1914, 7]tizko] 41, AIZHHO] norm & BESH=A] SHIst}.

| =08 =
F3/1T A2, AAFIA L FEEES A EZZE, Hamiltoniand A% A28 9B 21

B oY oxdo W
JoX rx %:H'l Y
oL
o

FE AIA ZA. o] 7LE+ extendedol A FRIE R18 o] F H|F&E FH FHOZ final® RI1-R17 BHy

Z 17} ohrt,
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_l°1'

80.2 At 5A5t= =3t} asymptotics

HA. LEH, TS, AP AN FH o2 AlZ v |5t th 22 2] GRS FA = A o} v] 2
Alo]l Ajto g Helr}, o] 7t=o] 242 Ak 54 ot= 5;“‘:’__1—]' asymptoticsO|Ch. &3] E A= extended
unique addltlonolc':] extended 2+ ﬁX] =20 = E ARSI egrt)

|7/1> :ch |Tl>, Z|Cn|2 =1

(4) = (¢[Alp) = Tr(pA)
ihoy W> =H |1/’>
[l'ivpj] = 1715”
27, WA AFe) 8, A4t Helod, 73] convention, i B, AAZAE LA

T+ l“ﬂr—ﬂ Hamiltonian< 45t S| 7| A& Y2 H, 7Iigtolu &E2 trace T+ inner product®

iz 27F A, FE3Ho] 1917, 7|tigke] Al x|, A|IZHE o] normS BEE5H=A] &It}

> 4. Aztg ol A= el g1hE AS37F, Hamiltoniang A3 A48 XY 211
H| 25} o] 57} wik 2},
F8 A A EA]. o] 7== extendedo| A ZR1H R18 o] T H|EFE ZH FEOZ final® R1-R17 BH=
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A AJE, BEF, AP M H o= AlS Hij x| ot tRE o] GRS FA = AP et v] 2
Ao AgHO T Welt), of Fl=o] 2L =B 98 1 HUT H 4 24 A2z AEolT 24 BAE
extended unique addition©|™, extendedgl' A= 52 S5 AUshA] Ltk

A,

(4) = (¢[Alp) = Tr(pA)
ihoy W> =H |1/’>
[l'ivpj] = 1715”

27, WA AFe) 8, A4t Helod, 73] convention, i B, AAZAE LA

T+ l“ﬂr—ﬂ Hamiltonian< 45t S| 7| A& Y2 H, 7Iigtolu &E2 trace T+ inner product®

A7t 7. FE ol 1914, 7|thgtol A4Q1A), AZR0] nomm & HESHEA Felatet,
A
=

AA, ARl = e F7HE A5 27 Hamiltonian= A A|AE 2] B
ot AJZH-g 2 H] sk o]l 7} w2 o},

ZFE A|A EA]. 0] 7tE = extendedo|A] EQlEH R18 o] F H|EE ZH FJEOZ final9 R1-R17 HH=
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80.4 U AL observable AHA

A ’\oEEH, ST, AT A Fo2 A5 w5t ti 722 FAte st 2Al= g2t vl 2187
Alo]l Agto 2 Holth, o] 7t=9] %2 A AA|E observable AFA 0|t & EA|= extended unique
addition©| ™, extended @} A2 = &2 FE AFAUSHA| LUt

iz,
|7/1> :ch |Tl>, Z|Cn|2 =1

n

(4) = (Y|Alp) = Tr(pA)
oy [¢) = H [¥)
[l'ivpj] = 1715”
Z7. U A A5, AR 9], 714 convention, h T, AAI RS 1At

7= ﬂlﬂr—ﬂ Hamiltonian& 7ot 2HH| 7|2 & 92 H, 7|tigtolu &2 trace E+= inner product =

B

243 27 A, FEF o] 1917A], Zlthgke] A4Rl], AIZHEE O] norm & EE5H=A] &elghtt
AALgst /AT A2, AAF oA = dEHlaihE A& 37F, Hamiltonians A3 A|AH P 23
19 Tl A|IZH S H| WS o]l 7} w2 ),

ZFE A|A EA]. 0] 7tE = extendedo|A] EQlEH R18 o] F H|EE ZH FJEOZ final9 R1-R17 HH=
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S A, BEF, A7) A 202 A2 uj s iR el opeis B Al AYTiet o] sy
HAlo] Agto g Holth o] 7lEe] A2 x|Z &3 A ro|t}, &4 EA|= extended unique addition
o|t, extended 2t A 2= FEH-2 FE AUskA] &3k
) :ch In) Z|Cn|2 =1
(A) = (V|A]y) = Tr(pA)
oy 1) = H |¢)
[l'ivpj] = 1715”

B

Z71. WA el A5t A4kz Aol 714 convention, h B, BAIZRAS 1S

F= . Hamiltonian& H513 ¢H]71 4 Y& 5, 7|tizkoluh B8 trace - imner product 2

geetth

HA3 27 A, FEG] 1914, 71dhghe] d4_1A], AIRPEZ o] norm< HESH=A] Zelgtt).
38/7AT AZ. AAF TN E e 37He AEF7E, Hamiltoniang AE Al A PPy Ba

1R =}t AIZHSE-S H| sk o] 5l 7} k=,

E X extendedo|A] EQ1E R18 o]F H|ZHE =H 3E 02 finale R1-R17 HHE

IN ofN
e
2
X
7]
=
o
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/82 715k 11

S Apel, AT, AIEEC] A S02 A4S uX|olE ool GpAelst BAl Halthaet o]y
A ) F A+ extended unique addition

o|H, extended 2} AX| = &2 5 AUsHA Edth
SER)
) :ch In) Z|Cn|2 =
(A) = (Y[A|p) = Tr(pA)
ihoy [v) = H [¢)
[-T'hpj] = 1h5w
z27. UA e st Aaat el 714 convention, h T, BAZAE G
H= . Hamiltoniane A5t ¢8| 71X E €2 5, 7|tgko]u &2 trace T== inner product =
ey,
A3 27 A, FEF o] 191A], ZIthgke] A4lA], AIZHEE O] norm & EE5H=A] &Rlghtt
AR/ AT AR, AABIOINE JE T A EZL, Hamiltoniand 4 A28 YA 83
9B G A TS vlahE olsi} ket

Z8 AA EA]. o] 7t=E extendedo|A ER1E R18 o]F H|EE Z2H FJEOZ final2 R1-R17 HHE
ZH7} oyt
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81.2 GNS A

AN AH], TS, AP A o2 AlS w5 iR oF ]-0_16_' DAl= o2} s}
Aol Agto 2 Heltt, o] 7tEe] -2 GNS 74 o|th. &4] EA]&= extended unique addition©]|™,
extended 2} AX| = 22 ZH AolshA] okt
TER
lv) = ch In), Z a2 =1
(A4) = (W|Al) = Tr(pA)
[zi,p;] = ihdi;
27, AA el Fsh, AARE AH e, 714 convention, h B¢, AAR-S s

= mﬂr‘“ Hamiltonian< 5kl ¢H]7|A & Y2 F, 7Itiglolu &2 trace £+ inner product 2

243 27 A, FEFo] 19174], ZIthgke] A4Rl], AIZHEE O] norm & EE5H=A] &elgitt
AALgst /AT A2, AAF oA = dEHlaihE A& 37F, Hamiltonians A3 A|AH P 23
19 Tl A|IZH S H| WS o]l 7} w2 ),

ZFE A|A EA]. 0] 7tE = extendedo|A] EQlEH R18 o] F H|EE ZH FJEOZ final9 R1-R17 HH=
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81.3 CCR, CAR, Weyl ¥4

A, JH|, S, ARPEE Y A o2 A v s thEE o] RS EAlE Aot vl 2R
442 4% 0 2 Welth. o] 7= 9| 202 CCR, CAR, Weyl YAI0]ch ] HAIE extended unique
addition©| ™, extended @} A= FE2 FE AFASHA| LEUTh

iz,
|7/1> :ch |Tl>, Z|Cn|2 =1

(A) = (Y|Alp) = Tr(pA)
oy [¢) = H [¥)
[l'ivpj] = 1715”

Z7. U A A5, AR 9], 714 convention, h T, AAI RS 1At

T+ l“ﬂr—ﬂ Hamiltonian< 45t S| 7| A& Y2 H, 7Iigtolu &E2 trace T+ inner product®

B

243 27 A, FEF o] 1917A], Zlthgke] A4Rl], AIZHEE O] norm & EE5H=A] &elghtt
AALgst /AT A2, AAF oA = dEHlaihE A& 37F, Hamiltonians A3 A|AH P 23
19 Tl A|IZH S H| WS o]l 7} w2 ),

ZFE A|A EA]. 0] 7tE = extendedo|A] EQlEH R18 o] F H|EE ZH FJEOZ final9 R1-R17 HH=
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A e = AJ7HEEE o] A 202 A2 vl x5t T R B o] gFatelst BAle e o4} ujEu
Alo] Agto g Holth, o] 7hEo) 242 24 2oty 3] EAIE extended unique addltlonoltq,
extended®h A £ W22 F2 ALstA) ool
EEZ
lv) = ch In), Z a2 =1
(4) = ([Al) = Tr(p4)
[zi,p;] = ihdi;
27, HA Je) sk, AR F oS, 7134 convention, h B9, AR 1At

= mﬂr‘“ Hamiltonian< 5kl ¢H]7|A & Y2 F, 7Itiglolu &2 trace £+ inner product 2

243 27 A, FEFo] 19174], ZIthgke] A4Rl], AIZHEE O] norm & EE5H=A] &elgitt
AALgst /AT A2, AAF oA = dEHlaihE A& 37F, Hamiltonians A3 A|AH P 23
19 Tl A|IZH S H| WS o]l 7} w2 ),

ZFE A|A EA]. 0] 7tE = extendedo|A] EQlEH R18 o] F H|EE ZH FJEOZ final9 R1-R17 HH=



Chapter 82

Alo) X2} Berry ++%

gL
>
)
N
N
N
P
i
ox
2=}
i
1

) 473, contextuality, decoherence S A 7Hs3F 5412 i 2 AT},
Fak S &9 shdl| Aoty 2] A= extended unique addition©]™, extended 2+

=1 [e] Hd o
EER
[+) = <= (]00) + [11))
V2
ScHSH = E(a,b) + E(a, b/) + E(a/, b) - E(a/, b/), |SCHSH| <2
|Scusmlom < 2V2
ps =Tre|Usp) (Usel,  piy — pye "
27, HA e s, A4 Aol 714 convention, h T, AAIRAS 1)
S, 35 AE = AAHS 12 5 correlatorE A4S A bound 2F FAF bound £ H] w St}
AR} 27 A A, classical bound 2F quantum bound S &5}, loophole©] U measurement convention
< YASHY
AzAgst/ AT A4, BAE E we “dE - AR - oA - FAIRA - HAF A E OA] Hoj

extendedol|A] Q1% R18 o] T H|ZE ZH FEOZ final] R1-R17 HH=
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82.2 Resolvent®?} Green &4

AL CP FAEL Fock B2, Groen T4, S-S, WA ATFATE 5o AL AN,
o] 7t=9] 22 Resolvent 2} Green T4=0|th. &3] EA|+= extended unique addition©| ™, extended 2}
AR FES B2 AYSH YT
SER
[aha;] = 0ij, {c, C;} = 0;j
1
w(r) = Z ¢i(r)ci7 H= Z hijCZCj + § Z ‘/Z‘j}ch;rC}Cle
p ij ikl
. 1
G(k,iwy,) =

iw,fl — fk — E(k,iwn)
s (t) = —20() (A1), BO))

Ep =1/&+|AP2 (BCS/BAG)
z

271, 2%, ensemble, Matsubara/real-time convention, SA%3, cutoff& 11 SHc},
| —

& wf. second quantization 2 Hamiltonian< 23l Green &4 F+ B4 decoupling 22 ob-

servables AAFSHCH,
A4} 27F A 7. sum rule, spectral positivity, SA15-S, analytic continuation= 2?1},

AALzst /A 2. A, 21T, FAAAL condensed matter =S 91w 7|2 o7} Hch,
5 AA EA. o] 7FE& extended A FQ1H RIS o] F H|F&E FH FEOZ final9 RI-R17 §H5

Zr7} ohuirt,
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oll

A, Tk Fardstol A Arbate] oo, AHER, resolvent7} B2 A FAZA S AA et
o] 7].1:_4 X SRR A BN - ° HEeldo|th, &3] EA]+= extended unique
addition©| ™, extended 2} A2 = &2 FE AAUSHA| LUt

A,

A= U(A)/\ dE4(N), /f dEA(A
Ra(z) = (A—=z1)"" (A) =C\ p(4)
dCHCD

Z7. 1A Ael A sk AARR H 9] 7] A convention, h T, AAZRAS 14T
= wol], WA AAZO] dense domaings A& 5FAL adjoint domain @}t boundary form< B+
spectral theorem= 4-8-3Hc},

ZAX3 A7 A, spectrum©] A4Z0]] JI=A], boundary term©] 091 4], resolvent 2F o] SH=%] &2l
Flg=

AT AT A2 A
AT AN BEE B
FE AA BA. o] 7lE=

Z 17} ohrt,

2 e dE - AR - tiA - AAIRE - A M2 ThA] FojE |

extendedO|A] &R1H R18 o] H|F&E FTH FEHOZ final® RI-R17 ¥H&
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82.4 Kato-Rellich 234

. 0 + Hamiltonian-2 2}-2 oj7iH 49} 22 H of| 12| AA| LS o| &3l f-& o| 2O 2 u}
t}. o] 7}=9] 22 Kato-Rellich ¢ doltt. &% EA|= extended unique addition©] ™, extended
A= 52 5 AAsHA Euh
=

EW = <n(0)’V‘n(O)>

BR =% [Vinn|®

! EY — EY

m#n
i [t —
_ﬁ/ A" et V(1)

21
Ling = f\Vfi\zp(Ef)
Heff = ESHeis, [H07 S} = —Vod

o
~=
P
~
=
1

270, A4S oh 40k ol LA gapol EAsHok 30} ZE|7 Qlow wiA BB chetE Sk,

= o], /5 WA olu AJZHEE AMALE A 2 H RS, secular term Y FE| RIS
HE 2 22|},

A 27 3.

=4

H
HAZE/AE A2, BAS E ol HE - AR oY - AAEA - A4 £A R ThA) Ho e

F2AIA EA. o] 7=

Z17}obe}.

o]
>
3
]
o,
l¢)
(oW
=2
>
fol
ro
(i
&
co
e
o
=
ol
d
oN

HFgEOoZ final? R1-R17 HH=
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2 REHA I

83.1 Wigner A3

WA FAN AL e SF et BHREOR eiso] Meig Az AT 222 44 THEL, of 7ht o
Z72 Wigner Aelojth, &4 ZA|= extended unique addition©| ™, extended} A2 = FE2 5
ArlsiA) st

oz

[Ji, J;) = iheiji T, J2|jm) = R*j(j + 1) |jm)
Ji|jm) = h/i(j +1) —m(m £ 1) |j,m + 1)

h
Si = §O'i7 Jin = (5”1 + ieijkak
<j/m/ Tq(k)’jm> x C«ijmkq <j/ |T(k’)|'j>

27, HA e Atsh, Ak A e, 713 convention, h B9, AAIZRH S 179ttt

& o), Lie algebras A9l ladder operator S+ representation tensor product 2 1737 &5

Rl

AXT 27 AR, FAFS ’H 9, mostep, triangle inequality, parity selection= 213t}

AARFsH/ AT 2. ZAE E d= “FH - AR - i - AR - HAF EAE T A] HojEH
QATAY AN 5ES BE 5 Yo

Z5 AA BA]. o] 7t== extendedo| A ERJ1E RIS o] F H|FE T E FEHO R final® RI-R17 &

Z57}okck.
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364

A7 2lojct. o]

extended unique addition®]™, extended 2} 7]

5

597

=3 A=

E], selection rule, Ward identity

HEY %
5ot
o}

eiw(glﬁgz)U(gng)

U(91)U(g2)

@ =0

d
dt

szd%ﬁ

= Kramers doublet

=

[H’Q] =0

8%7” =0,

0*=-1, [H,0]=0

J_.NO

2} selection rule

i 2

9|

Hamiltonian2] 2HA S o] &

=4

3}

2Fo] Hamiltonian¥} commute

A, BE

3
b8

O}
15

ELIPY

A4 A7 A, ool A T2
gt

3}

Nz thA] Aol mul

P
&

7]5]/\

- AR -

, final9] R1-R17 BHE

o

Q1= R18 9]

3

Al. ©] 7FE+= extended Ol A

AA =E
w7} ohu .

1-1
s

=

-2

=
S
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83.3 A|ZHHA, JX-A-F, chiral T

AN, Y2 B2 ZH, selection rule, Ward identity S A Z25l= A2 Adojrt}. o] 7t=9o] 2 ¥
AZHEPE ) AR E, chiral T o]tk &% EA|= extended unique addition©]™, extended 2+ A=
P2 8 AU 2o

=4,

U(g1)U(g2) = <9920 (g1g5)

HQ=0 = L@=0

04" =0 Q= [
©%>=-1,[H,0]=0 = Kramers doublet

27, W Ae 18, ARt G )o, 71A] convention, h T, AAE7E DR,
A= wcl, oA WHEko] PRS- 2kl 2FE L= Hamiltonian 2] E¥d-S 0] 83 HE%F T} selection rule
= d=t

At A7 A, i o] A= e g A 29te=A], BE%F0] Hamiltonian T commute 5H=A]
seigitt.

AATA/AE QA BAS B we - Ak Y - AARD - A4 £A2 b Holum
@7 St

N
>

X

2

[ol

llf

[o

o

0,

ol

extendedO|A] &R1H R18 o] H|F & TH FEHOZ final® RI-R17 ¥H&
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83.4 Noether 22| FA}3

AN, -2 BHEFF FE, selection rule, Ward identity & A2 5h= A+AHS ot} o] 7t=o] =3
Noether 2] 2] At oltt. &% E A= extended unique addition®]™, extended 2t A= FEH2 =
oA bkt

A

o
-

X
-

U(g1)U(g2) = €920 (g, )

HQI=0 = Q=0

04" =0 Q= [
©%>=-1,[H,0]=0 = Kramers doublet

ol

. HA A} s, AAREF Aol 714 convention, h B9, AAIR & 1A},
<] T} selection rule

B
RY/JALE 21 ZFE B = Hamiltonian @] SRS o] &3l &

o H1 o
B

7 AA. i ol WA= &2 whee]z] eEt=A], HE 0] Hamiltonian 7} commute 54|

<
SRR,

ofy o

= s el - Ak ol F - AARA - A4 A2 A Hojw

R gy modo N

H o

N
>

)

2

[ol

llf

[o

o

0,

ol

extendedO|A] &R1H R18 o] H|F & TH FEHOZ final® RI-R17 ¥H&
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ZEZHES

84.1 Baker-Campbell-Hausdorff

AN, FA7| 2= FE, BI524, contextuality, decoherence S A ¢ 7hHs ok B84 2 d = AL
o] 7}=.9] 22 Baker-Campbell-Hausdorffo] T}, 2] EA|= extended unique addition®] ™, extended
AR GRO 23 AelsA) e

HEA,

%) = —=(00) + 11)

V2

ScHSH = E(a,b) + E(a, b/) + E(a/, b) — E(a/, b/), |SCHSH| <2

|Scrswlom < 2V?2

ps =Tre [VYsp) (Vskl, pij = pije "

27, UA e Ash, AR Ao, 713 convention, h B9, AAIZRA S 179t
S, 35 JEie =4 A S 12 H correlator S AAFSFL 1A bound 2F FAF bound & B|w gt
AR} 27 A A, classical bound 2F quantum bound S &5}, loophole©] U measurement convention

£ st

Az AT AA. TAS E Ol g - Ak O - AAEA - A4 242 ch Foju

extendedol|A] &Q1E R18 o]F H|ZE =ZH 3E 02 finale R1-R17 HHE
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84.2 SU(2)2 SO(3)

[Ji, Jj] = iheiji i, J*[im) = B?§(j + 1) [jm)
Jy |jm) =h/j(G+1) —m(m£1)|j,m+1)

h
Si == 50'1'7 O'Z'O'j == (5”]. + ieijkak
<j’m’ Tq(k)’jm> x ijmmkq <j/ |T(k)|'j>

27, AA e Fsh, AARE Aol 714 convention, h B¢, AAIR-S 1St
& o). Lie algebras A|-$-1 ladder operator B+ representation tensor product 2 1-F-3-7HS &35
=g

ZAXa 27 AR, FAS ’H 9, mostep, triangle inequality, parity selection= 213t}

B mpe g - A Y - AAR - A4 £A2 oh) Holum

— j‘l o %
AFLAA] A SES T 5 ATt
ZF8 AA EA]. o] 7t & extendedo|A R R18 o]Z H|EE 2 H FJEOZ final2 R1-R17 HHE
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84.3 SU(N), Casimir, Young diagram

WA, HHNHE 2 Y hast BHE O Y2En] MelF A3 Aq 22T 24 WED, o] A=
%72 SU(N), Casimir, Young diagram©|th. &2 ZA]+= extended unique addition©|™, extended 2}
AAE G FE s ot

[Ji, Jj] = iheiji i, J*[im) = B?§(j + 1) [jm)
Jy |jm) =h/j(G+1) —m(m£1)|j,m+1)

h
Si == 50'1'7 O'Z'O'j == (5”]. + ieijkak
<j’m’ Tq(k)’jm> x ijmmkq <j/ |T(k)|'j>

270, UA e Hsk, A4 e, 714 convention, h T, AAIRI S 1St
& o). Lie algebras A|-$-1 ladder operator B+ representation tensor product 2 1-F-3-7HS &35
st

ZAXa 27 AR, FAS ’H 9, mostep, triangle inequality, parity selection= 213t}

B mpe g - A Y - AAR - A4 £A2 oh) Holum

— j‘l o %
AFLAA] A SES T 5 ATt
ZF8 AA EA]. o] 7t & extendedo|A R R18 o]Z H|EE 2 H FJEOZ final2 R1-R17 HHE



370 CHAPTER 84. 72 ZA &

84.4 Wigner-Eckart2] ¥yjF g =X

WA, HAH L A5 et AR 02 Yoluo) M He A 7S N BE. o 7hEg)
Z2 Wigner-Eckar t9—] At Lz o|tt. &4 EA|+= extended unique addltIOHO]D:] extended9]’ HA+=
320 28 ALol3}x| QIQFL}.

SER

[Ji, Jj) = iheijudy,  J? |Jm> =h%j(j + 1) |jm)
Jiljm) =h/j(G+1) —m(m=£1)[j,m+1)

h
Si == 50'1'7 O'Z'O'j == (5”]. + ieijkak

271, HA JH Get, Az Aol 714 convention, h 2], AAERAE 1T
o

-,-.-E i ol. Lie algebra s M|9-31 ladder operator B2 representation tensor product & 1-3-3-7HS £3]|

ZAXT 27 A, FA HQ, mostep, triangle inequality, parity selection=
7

J sl
AAZL/ AT A2, BAS T Ot e - QAR oY - AARA - GA

RN L

B 207 finalo R1-R17 HHE
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Az} B AHEY

85.1 4 YA n M| X

Al gAjel B BAIE F4 HEld, WANY, 5 £F, delao] AgH 72, of 7=
2L 4 DAY vl M| Eo|t. 4 F A= extended unique addltlonO]U:], extended 2} A2 = &2
F5 oA 2t
[ BN
h? d? R0 +1)
————+V nt = Eup,
2u dr? () 2ur? ¢ tnt
B pet 1 . 4dmegh
" 2(4meg)2h* n?’ pe?
1 14dv
Hso=—=—-——L-S

2m2c? r dr
U(r,R) = . (r;R)x(R) (Born-Oppenheimer)
220, W) ke 2715, 4R B eled, 714 convention, B, AAZE DT,

= . Born-Oppenheimer == 54 HElIA 2|5 HA] 5141, radial equation?t A5 EA-S 2|2
AlAFat,
Azt 27 A A, reduced mass, degeneracy breaking, selection rule, @9 eV /J HEHE &It}

k

ARFE /AT AE. ZAE & we U - A - i - FARA - A AR A HojEH
AFAA] ALt 52 UHE 4 ‘RAE}.
5 AA BEA. o] 7tE= extendedO A FRIE R18 0| F H|FE TH FEHOZ final® RI1-R17 ¥HE
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85.2 Zeeman, Stark, hyperfine

4. Arjel A 2l F4 e, WA, fEW £F, MEFo] g 720 o] 7=
%742 Zeeman, Stark, hyperfine©|th. &3 EA|= extended unique addition®]™, extended 2} HX]+=
FEE FE AU A BT,
A,
h? d? R0 +1)
YRS Vv ne = Buy
24 dr? (r)+ 212 tnt tne
pet 1 4regh?
En=—r—53573 0= 5
2(47T6())2h n ue
1 1 dv
Hso=—5—=-——7L-S

2m2c? r dr
U(r,R) = ¢ (r;R)x(R) (Born-Oppenheimer)
2. WA A s, QAR A, 713 convention, b T, BAZRH S 1Y FH
H% #Wth. Born-Oppenheimer =S4 HEIAE 225 WA 513, radial equationt A5 245 2| =
Al
A3} A7 A . reduced mass, degeneracy breaking, selection rule, &9 eV /J HES &l
WAgs/HE A2, BAS B ol ge - ke oF - AARA - A4 A2 oh Hojrr

R

o

extended | A 21 R18 o] F H|FH TH FHO2, final®] R1-R17 HH5
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85.3 Born-Oppenheimer2} £}

WA, Arsh B4 BAL FA HAM, AT, 45 25, HelgHol 2gE P2} of 7=
%72 Born-Oppenheimer 2} £Ao]th, &2 ZE A= extended unique addition®| ™, extended 2} A x| =
FEL F5 Ak &ttt
SER
h? d? R0+ 1)
===tV — | une = Euy,
24 dr? (r) 212 tnt tnt
pet 1 4regh?
Ep= 03— 0= "%
2(47T6())2h n ue
1 1 dVv
Hso=—-—=—-——L-S

2m2c? r dr
U(r,R) = ¢ (r;R)x(R) (Born-Oppenheimer)
2. WA A s, QAR A, 713 convention, b T, BAZRH S 1Y FH
H% #Wth. Born-Oppenheimer =S4 HEIAE 225 WA 513, radial equationt A5 245 2| =
Al
A3} A7 A . reduced mass, degeneracy breaking, selection rule, &9 eV /J HES &l
WAgs/HE A2, BAS B ol ge - ke oF - AARA - A4 A2 oh Hojrr

R

o

extended | A 21 R18 o] F H|FH TH FHO2, final®] R1-R17 HH5
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7 CHAPTER 85. ¥z} &z}

WA, QAT 2A BAL B4 MY, DA, 389 05, HEFH0] 4 220, o 4=
Z2HL Ex3A » A5 A EY 0|t &2 E A= extended unique addition©] ™, extended @} AX| =
PR ZH ARG A%
SER
h? d? R0+ 1)
—_— — V —_— =
2,LL er (T) + 2/1/7'2 un@ Eune
pet 1 4regh?
Bn=—r 5o 0="—""73
2(47’(6()) h“n ue
1 1 dVv
Hso=—-—=—-——L-S

2m2c? r dr
U(r,R) = ¢ (r;R)x(R) (Born-Oppenheimer)
2. WA A s, QAR A, 713 convention, b T, BAZRH S 1Y FH
H% #Wth. Born-Oppenheimer =S4 HEIAE 225 WA 513, radial equationt A5 245 2| =
Al
A3} A7 A . reduced mass, degeneracy breaking, selection rule, &9 eV /J HES &l
WAgs/HE A2, BAS B ol ge - ke oF - AARA - A4 A2 oh Hojrr

R

o

extended | A 21 R18 o] F H|FH TH FHO2, final®] R1-R17 HH5
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Atda /2L S5

86.1 FA| A9} reduced mass

Sl e, WY, A0S A 502 A% WSt th o] PRtolel £al et ol ol
Alo] Asto 2 Holt}, o] 719 _%%.% A4 EA 9} reduced mass©|th. &% EA]= extended unique
addition©| ™, extended 2} A= FH52 FE AFAUSHA| LUt

SER)

(4) = (V[A[y) = Tr(pA)

ihoy [v) = H [¢)
[-T'hpj] = 1h5w

27, 1A e e, A4 Aol 714 convention, B T, AARAS )
H= . Hamiltoniane A5t ¢8| 71X E €2 5, 7|tgko]u &2 trace T== inner product =
A2 sict,
A3 27 A, FEF o] 191A], ZIthgke] A4lA], AIZHEE O] norm & EE5H=A] &Rlghtt
AAE/ AT DA, AR e TS A5 E, Hamilionian & 4 A28 Y B3
TRBES} AR S Y-S Hl sl o] St w2,

Z8 AA EA]. o] 7t=E extendedo|A ER1E R18 o]F H|EE Z2H FJEOZ final2 R1-R17 HHE
ZH7} oyt
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86.2 Effective range expansion

HA, A2 HAZZ, Green

=
Effective range expansion®|Ch, &3] ZA]
ZE Arolslz| okorr}.

A,

St S WE O unitarity @F A o= A}, o] 7t=o =¥
extended unique addition®]™, extended2} AX| = FH-

1
)\ _ L ‘ ()
‘w > |¢>+E—Hgiiov¢ >
T=V+VGHT

eikr dO'

)~ O T = O

r

f0) = (20 + 1)e' sin 6, P;(cos 0)

=
M8

o~
I

0

1
kcotdy = —az' + 5r6k2 +O(kY)

. AAH/EA AR, AFE 1S}, flux normalization, channel 5 H2Z 114t}
BT}, Lippmann-Schwinger 720l A outgoing Green H45 A EHSIAL A A 2] asymptotics 2t flux
H] w3ttt

Akt Zk7F 7. unitarity, optical theorem, 2O Z] =3, cross section®] 24 2t S &lsH
AT/ AT AR, TAS B Ul Al - AR od - AAEA - A £ T Holmw

B

e oY audo N

Iz

=2 =
ZFH A|A EA]. 0] 7= = extendedo|A] EQlE R18 o] F H|EE ZH FE O final® R1-R17 HH=
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WA, SHNAE 2L Y hasl BHEO 2 Yolsn] MelF A3 A0 F2E 2 WED o] F=e
Z 72 Breit-Wigner 30|ttt &2 Z A= extended unique addition©] ™, extended 2} HX|+= &5
F5 o) sk

[Ji, Jj] = iheiji i, J*[im) = B?§(j + 1) [jm)
Jy |jm) =h/j(G+1) —m(m£1)|j,m+1)

h
Si == 50'1'7 O'Z'O'j == (5”]. + ieijkak
<j’m’ Tq(k)’jm> x ijmmkq <j/ |T(k)|'j>

27, AA e Fsh, AARE Aol 714 convention, h B¢, AAIR-S 1St

& o). Lie algebras A|-$-1 ladder operator B+ representation tensor product 2 1-F-3-7HS &35
=g

ZAXa 27 AR, FAS ’H 9, mostep, triangle inequality, parity selection= 213t}

B mpe g - A Y - AAR - A4 £A2 oh) Holum
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378 CHAPTER 86. Aretat sl /dzt &

WA, A, BEY, AL A FO2 A4S xS e bjelst BAS HPchast ol
7“/\]——] Agto 2 HQlth o] 7l=9] 232 S UJAIQ} I shell ¥ olt}. &3] A= extended unique

tEA.
|7/1> :ch |Tl>, Z|Cn|2 =1

(4) = (Y|Alp) = Tr(pA)
oy [¢) = H [¥)
[l'ivpj] = 1715”

Z7. U A A5, AR 9], 714 convention, h T, AAI RS 1At

T+ l“ﬂr—ﬂ Hamiltonian< 45t S| 7| A& Y2 H, 7Iigtolu &E2 trace T+ inner product®

B

243 27 A, FEFo] 19174], ZIthgke] A4Rl], AIZHEE O] norm & EE5H=A] &elgitt
AALgst /AT A2, AAF oA = dEHlaihE A& 37F, Hamiltonians A3 A|AH P 23
19 Tl A|IZH S H| WS o]l 7} w2 ),

ZFE A|A EA]. 0] 7tE = extendedo|A] EQlEH R18 o] F H|EE ZH FJEOZ final9 R1-R17 HH=



Chapter 87

Integrability 2} Bethe ansatz

87.1 X} Bose gas: Lieb-Liniger

AFE-L Fock B2, Green 34, SR+, AT AT A2 Bol AR S ATt
2 %} Bose gas: Lieb-Liniger©|t}. &3] EA]+= extended unique addition®]™, extended
o 3 4elatA) it

Al T oF
o] =] 27
A=

hEA.
[aiva;] = 5ij7 {Civc;'} = 1]
= Z@(T)Ch H= Zh” c;ci+ = vaklc ciCicy
% z]kl
. 1
G(k,iw,) = -

iwy, — & — 2(k, iwy,)

Kia(t) = () ([A(), BO))

E, =/€ +|A]2 (BCS/BAG)

Z71. 2%, ensemble, Matsubara/real-time convention, SA%3, cutoff & 14 St

% ¥, second quantization &2 Hamiltonian< 23 Green ¥4 T+ H% decoupling 22 ob-
servables AlAFSHoh,

ZAE}E 217 A . sum rule, spectral positivity, SA15-S, analytic continuation= &1}
AAFe /AT QA WA, 2H T, FAAA} condensed matter =Ea 92 o 7] 107} Hr
58 AAH EA. ©] 7tEE extended oA ZQ1EH R18 0| F H|FE THE FEOE | final2] R1-R17 ¥H=
Z57bohth.
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87.2 Heisenberg XXZ chain

A, oAl FAE2 Fock B3, Green &4, S84, Fo g A4sHE Sl ATd/d2 Attt
eisenberg XXZ chain©|th. &% T A|+= extended unique addition©|™, extended 2}

—_— = H
WA= 2 e F5 el st
fEA],
[ai,a;] = 0ij, {ei C}} = dij
1
¢(r) = Z ¢i(r)ci7 H = Z hijCICj + § Z V}jklc;rc}clck
i i ikl
. 1
G(k,iwy,) =

iwn - fk - E(k,iwn)

s (t) = —20() (A1), BO))

Ep =1/&+|AP2 (BCS/BAG)

271, 2%, ensemble, Matsubara/real-time convention, SA%3, cutoff& 11 SHc},
| —

& wf. second quantization 2 Hamiltonian< 23l Green &4 F+ B4 decoupling 22 ob-
servable= 74T},

A4} 27F A 7. sum rule, spectral positivity, SA15-S, analytic continuation= 2?1},
AALzst /A 2. A, 21T, FAAAL condensed matter =S 91w 7|2 o7} Hch,
FE AlAH EA|. ©] ItE = extendedo|A] &RIH R18 0| F H|FE FH FEO 2 final2] R1-R17 ¥H&

Zr7} ohuirt,
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87.3 Yang-Baxter +X

Y. oAl FRFZS Fock B2, Green B4, SHIS, BRI A4S F3) WAL A,

o] 7}=9] 2% Yang-Baxter 7t 0|t} &*] ZEA]= extended unique addition©] ™, extended 2+ H x| =
F2e F5 1514 sty
TER
[aha;] = 0ij, {c, C;} = 0;j
1
¢(r) = Z ¢i(r)ci7 H = Z hijCICj + § Z V}jklc;rc}clck
i ij ikl
. 1
G(k,iwy,) =

iw,fl — fk — E(k,iwn)
s (t) = —20() (A1), BO))

Ep =1/&+|AP2 (BCS/BAG)
z

Z7). 2%, ensemble, Matsubara/real-time convention, 5453, cutoff& 11T}
| —

pis

& wf. second quantization 2 Hamiltonian< 23l Green &4 F+ B4 decoupling 22 ob-

servable= AAFgHC}
A4} 27F A 7. sum rule, spectral positivity, SA15-S, analytic continuation= 2?1},

AALzst /A 2. A, 21T, FAAAL condensed matter =S 91w 7|2 o7} Hch,
FE AlAH EA|. ©] ItE = extendedo|A] &RIH R18 0| F H|FE FH FEO 2 final2] R1-R17 ¥H&

ZR7Fohct,



Chapter 88

sX=2 2d

88.1 Tight-bindingZ} Bloch Hamiltonian

0
HegFo 2 LUEhdt), o] 7F=9] 232 Tight-binding}t Bloch Hamiltonian©]th. 3% ZA]+= extended
unique addition©]™, extended 2t A& FH-2> S5 AUSHA] &t

EER)
H (k) [unk) = En (k) [tnk)
An(k) = i<Unk|vkunk>
1
Qn = vk X Avu Cn = 7/ Qn,z d2k
27T BZ
o2
S(A) = a|0A] —logD + o(1)
ZA. gap©] I8 UL 71A gauge”} patch B 2 11 A| A o] &) =2 EQl3tc},
= W], 3734 E] bundle?] connection= % 2]}l Brillouin zone B+ parameter space©l| 4] curvature
£ e,
23t 271 A, gap closing 0] SR EFC] H5HA] ¢5=A], gauge patch 2]E/d 0] AlebA| =] ERlst}.
AxLzs /A AZ. YA AA|, FAL Hall, topological photonics@F A4 T,

8 AA EA]. 0] 7=+ extended°|A ER1H R18 o] H|FE FH FEO 2 final®] R1-R17 BHE

Z w7} ohr},
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88.2 Hubbard, Heisenberg, t-J

A, O] FAFE2 Fock B3, Green &4, S8, Fo g A4shE Sl AT /d2 Artettt,
o] 7}=9] 232 Hubbard, Heisenberg, t-J°]t}. &% T A|+= extended unique addition®]™, extended
ot A= &E2 5 AYstA] gt
o4,
[aha;] = dij, {eis C;} = dij
1
P(r) = Z ¢i(r)cq, H= Z hijCZCj + 3 Z ‘/;jk;lCIC}Cle
; i ijkl
. 1
G(k,iwy,) =

iw,fl — fk — E(k,iwn)
s (t) = —20() (A1), BO))

Ep =1/&+|AP2 (BCS/BAG)
z

271, 2%, ensemble, Matsubara/real-time convention, SA%3, cutoff& 11 SHc},
& wf. second quantization 2 Hamiltonian< 23l Green &4 F+ B4 decoupling 22 ob-
servable2 AAFSHTE,

A4} 27F A 7. sum rule, spectral positivity, SA15-S, analytic continuation= 2?1},
AALzst /A 2. A, 21T, FAAAL condensed matter =S 91w 7|2 o7} Hch,
Z8 AAH EA]. o] 7= extendedol|A] Q1 H RI8 o]F H|ZE ZH gEO0Z final? R1-R17 HHE

ZR7Fohct,
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88.3 Transverse-field Ising chain

A, ohA| FAFHE2 Fock 3%, Green 34, 5884, o A+48E Sl A9 dS AlArstot.
o] 7}=9] %2 Transverse-field Ising chain®]t}. &3] T A|+= extended unique addition©| ™, extended
of A= FE2 F5 AAsHA] &ttt

thE .
lai, al) = 65, {eicl} =0y
1
)= ¢ilr)e;, H=> hijcle; + 3 > Vijrclcleer
i ij ijkl
. 1
G(k,iwy,) =

iwn - fk - E(k,iwn)

s (t) = —20() (A1), BO))

Ep =1/&+|AP2 (BCS/BAG)

271, 2%, ensemble, Matsubara/real-time convention, SA%3, cutoff& 11 SHc},
| —

& wf. second quantization 2 Hamiltonian< 23l Green &4 F+ B4 decoupling 22 ob-
servable= 74T},

A4} 27F A 7. sum rule, spectral positivity, SA15-S, analytic continuation= 2?1},
AALzst /A 2. A, 21T, FAAAL condensed matter =S 91w 7|2 o7} Hch,
8 AA EA]. o] 7I=E extendedoA A R18 o]F H|EE ZH FEOZ final9| R1-R17 BHE-

Zr7} ohuirt,
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88.4 Kitaev chain

SHAl. Bloch band 2} many-body wavefunction®] 7]5}e2 Chern 4, Berry 9/, anyon 54 &2 &
HEFO Z JEldTh o] 1=l 272 Kitaev chain®|th. &% E A= extended unique addition©] ™,
extendedsh A £ HEE F2 AU} eratch

i EAL
H(k) [unk) = En(k) [unx)
An(k) = i<unk|vkunk>
1
Qn = Vi x Ay, C, = —/ Q. A%k
27T BZ k
o2
neoce
S(A) = a|0A] —logD + o(1)
Z7. gapol €& A3 71A] gauge?t patch B2 i 113A] A 2| =] =7] &It
S= . -84 E bundle? connectione % 2]5}F1 Brillouin zone = parameter spaceoﬂ A curvature
£ A B3
ALY} Zk7F 7. gap closing $10] ER¥EFO] H5HA| Q=4 gauge patch 2]&/d o] AFRtA| =4 gRlght}.
Axtzs /A AZ. YA AA|, FAL Hall, topological photonics@F A2 T,

8 A|A EA]. o] 7t=& extended°|A ER1H R18 o] H|FHE FH FEO 2 final®] R1-R17 BH&

Z 17} ohrt,
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Keldyshe} H| Y 5

89.1 Contour ordered Green &4

J ck 37, Green &4, S, FFH A4S Sl DA GES ALt
o} o] 7tEo] 22 ontour ordered Green St4eo|th. &3] EA|E= extended unique addition©] ™,
Az 5
H

Fo
C
extended 2t FE o 2B Arols)x] okofr,

CES)

rolel
Q.

[aiva;] = 5ij7 {Civc;'} - 1]

= Z@(T)Ch H= Zh” c;ci+ = vaklc cieick
i

z]kl

. 1
Gk feon) = iwy, — & — 2(k, iwy,)

Kia(t) = () ([A(), BO))

E, =/€ +|A]2 (BCS/BAG)

Z71. 2%, ensemble, Matsubara/real-time convention, SA%3, cutoff & 14 St

% ¥, second quantization &2 Hamiltonian< 23 Green ¥4 T+ H% decoupling 22 ob-
servable= AAFSHCEH

ZAE}E 217 A . sum rule, spectral positivity, SA15-S, analytic continuation= &1}
AAFe /AT QA WA, 2H T, FAAA} condensed matter =Ea 92 o 7] 107} Hr
5 AA EA|. o] 7FE+= extended oA QI R18 0| F H|FE T H FHOE final®] R1-R17 ¥H=
2 7}ok]t,
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89.2 Dyson WA A3} self-energy

e, BEY, AT A 502 g ul sl e telet Bl Hgrheet ol

Alo] Agto 2 HRlt}, o] 7kE20] 272 Dyson W AT} self-energy 0| TF. &4 FE A= extended unique
addition©] ™, extended 2} B2 = FHZ F5 AAotA| LUt

A,

CD

(4) = (Y|Alp) = Tr(pA)
oy [¢) = H [¥)
[l'ivpj] = 1715”

Z7. U A A5, AR 9], 714 convention, h T, AAI RS 1At

T+ l“ﬂr—ﬂ Hamiltonian< 45t S| 7| A& Y2 H, 7Iigtolu &E2 trace T+ inner product®

B

243 27 A, FEF o] 1917A], Zlthgke] A4Rl], AIZHEE O] norm & EE5H=A] &elghtt
AALgst /AT A2, AAF oA = dEHlaihE A& 37F, Hamiltonians A3 A|AH P 23
19 Tl A|IZH S H| WS o]l 7} w2 ),

ZFE A|A EA]. 0] 7tE = extendedo|A] EQlEH R18 o] F H|EE ZH FJEOZ final9 R1-R17 HH=
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89.3 Meir-Wingreen & 3-2]

A4 THA| YAE 2 Fock 53, Green &4, SHES, Ho @3 A A4eHs S8l Aed/d= ALt
o] 7}=9] X2 Meir-Wingreen 5 FAlo|th, Z2] ZA|+= extended unique addition©]™, extended
ot A= &5 5 AUstA] gt
[aha;] = dij, {eis C;} = dij
1
¢(r) = Z ¢i(r)ci7 H = Z hijCICj + § Z V}jklc;rc}clck
i ij ikl
. 1
G(k,iwy,) =

iwn — fk — E(k,iwn)

s (t) = —20() (A1), BO))

Ep =1/&+|AP2 (BCS/BAG)

271, 2%, ensemble, Matsubara/real-time convention, SA%3, cutoff& 11 SHc},
| —

& wf. second quantization 2 Hamiltonian< 23l Green &4 F+ B4 decoupling 22 ob-
servable= 74T},

A4} 27F A 7. sum rule, spectral positivity, SA15-S, analytic continuation= 2?1},
AALzst /A 2. A, 21T, FAAAL condensed matter =S 91w 7|2 o7} Hch,
5 AA EA|. o] 7}E+= extended oAl ZRIE R18 0| F H|F&E FTH FHOZ, final2] R1-R17 §H=E

ZR7Fohct,
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89.4 Quantum Boltzmann %34

A, oAl FARZ2 Fock &4, Green &4, S99, B4 A4t &5 YA d=S Artet
t}. o] 7t=9] 22 Quantum Boltzmann ¥ Alo|th, %] T A|+= extended unique addition©]™,

=y

extended 9F 2| & 52 T8 AUsA] &3ttt
[aha;] = 5ij7 {Cia C_J;} = 51’]’
1
)= ¢ilr)e;, H=>_ hijcle; + 3 > Vijrclcleer
i ij ijkl
. 1
G(k,iwy,) =

iw,fl — fk — E(k,iwn)
s (t) = —20() (A1), BO))

Ep =1/&+|AP2 (BCS/BAG)
z

Z7). 2%, ensemble, Matsubara/real-time convention, 5453, cutoff& 11T}
| —

& wf. second quantization 2 Hamiltonian< 23l Green &4 F+ B4 decoupling 22 ob-
servable= 74T},

A4} 27F A 7. sum rule, spectral positivity, SA15-S, analytic continuation= 2?1},
AALzst /A 2. A, 21T, FAAAL condensed matter =S 91w 7|2 o7} Hch,

F8 A|A EA]. o] 7= extendedo| A ZQ1H R18 o] F H|EE ZH FEOZ final9] R1-R17 HHE

Zr7} ohuirt,



Chapter 90

Tensor network 11

90.1 Schmidt £33} area law

WA, AT, BEY, AU A S0 AS s A5k o] peist BAlS MR} o)
Aol Agto g HQlt}, o] 7=9] %2 Schmidt 312}t area law©]Th. &3] EA]+&= extended unique

addition©]™, extended 2t 2| = TF-2 5 AFUotA] EokTt.

CES)

92

W)= caln), Y el =

(4) = (Y|Alp) = Tr(pA)
1hdy [¢) = H |¢)
[xi,pj] = ihéij

A e A qteh, QAR O, 71A convention, h T, AAIZZE 2GRt

¥ o, Hamiltonian< I3 SHH| 7| A& @2 H, 7|Higto|u &2 trace =+ inner product =

I A7 A4 FEFo] 104, 7Idigke] A A, AlRPE ] norm & BESH=A] Ittt

| =08 =
F3/1T A2, AAFIA L FEEES A EZZ, Hamiltoniand A% A28 B Ba

B oY oxdo N
JoX rx %:H'l Y
L
)

8 A|A EA]. o] 7=+ extended°|A ER1H R18 o] H|FHE FH FEO 2 final®] R1-R17 BH&

Z 17} ohrt,
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YA} 5} upAE FHBA e

o

90.2 MPS EZ9

_4

e

A, A FAA S HEF, £3A, positivity, unitarity S HAFsHHA AR EE 7192 AR ©
7]']:—4 32 MPS EEF 0|t % %] EA|= extended unique addition®]™, extended 2} AX| = FH->
B AFdshA] eksk.

—(5'—| =]
ER)
b (t)||> = At — 0, Npgsis — 00 convergence
e ! i(Ha+Hp)At — e—iHAAt/Qe—iHBAte—iHAAt/Q 4 O(Atg)
HQpm = QT + Bnmirel,  (Lanczos)
) = Y Tr(Ajt--- A5E) sy sp)
o
Z7. A A7), AZ7HA, basis cutoff, truncation error, random seed S 7] =3},
Ao, FAS Aot o ddsta g Fo] BEGN P S s s 235 A et
234k}t 247F A 7. time step halving, cutoff doubling, exact limit benchmark, conserved quantity drift
g |23
A3t /AF AZ. Python/Julia/C++ FHOJ A= sparse matrix, Krylov, tensor network AFETZRZ
oloj et

ZH A|A EA]. 0] 7tE+= extendedoA] ER1H R18 o]ZF H|ZE Z=H 20 F final9 R1-R17 HHE
S H7} oyt
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90.3 DMRG variational principle

A &S| Z 4 9= Hamiltonian2 22 o749} 2alE oz AA|US o] &8l S g 0|20
v o] 7FE=9] 22 DMRG variational principle©]t}. £%] EA|+= extended unique addition©] ™,
extended 2t A= 22 2B ArolshR] okgrt),

x4,
EW = <n(0)’V‘n(O)>

E7(l2) — Z |an‘2

0 0

= B B
it e

h/ dt’ " Vri(t')

21
Ling = f‘vfi‘zp(Ef)
Hep = ¢S He ™5, [Ho, S] = =V

“=
-
—~
~
~—
Il

27, 22 7t AU A gapo] EASOF s S8 7} Qo R jiA FE33t ti4eks gt

F= wd], 375 FA A olu AP A4S Ak E IS, secular term T FE FEFZE
He 2 xje]sich

A At . 2
WAz s Ad £

fto

, ZE|, secular growth, gauge-dependent quantity S 74t
L) - bRt o - AR - A £HE ThAl Holum

i oot
R=)
rir

=5 11171 stﬂl.
Z R 7} okt

ad
D
=
2.
[e)
a.
=2
>
for
ro
i
=
—
oo
o
T
=
Iz
oN

HEgEO0R final®] R1-R17 ¥
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90.4 TEBD®} Trotter

A AL FA sk BESF, £ 4, positivity, unitarity & AASHEA ZARSEE 7] EAl o]
7t=9] 22 TEBD 2} Trotter©|th. 2] ZEA|+= extended unique addition©]™, extended 2} 2| +=

FEe 22 Hota) wstet
EEZ

ab(t)]|? = 1, At — 0, Npgsis — 00 convergence

e~ i(Hat+Hp)At _ —iHAAL/2 —iHpAt —iHAAL/2 + O(Atg)
HQ.m = QT + Bmgmyrer, (Lanczos)

) = D Tr(Af'--- A |sy---sL)

S1-+SL,

)

2} 27], AZ¥HA, basis cutoff, truncation error, random seed & 7] =3t}

CEAE fEAR o2 Hdsta dagEo] REF S siAS 2aE A S

K

Ju
rolr N

7} 7. time step halving, cutoff doubling, exact limit benchmark, conserved quantity drift

N2 )

okl i'
LN £
=

M)
C N~
o
of4
re

Z. Python/Julia/C++ FHO| A= sparse matrix, Krylov, tensor network AFETZRZ

O tugy do W

o N
)

FE AlAH BA|. ©] FtE= extendedo|A] &RIH R18 0| F H|FE FTH FEO 2 final2| R1-R17 ¥H&

Z 17} ohr,
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Chapter 91

Open system thermodynamics

91.1 Davies weak coupling limit

ump, entropy production &2 7|&3tc}, o]

M. A3 Aol = A= HFYE 93, ¥ ju
7F=9] 232 Davies weak coupling limit|th. &3] ZA|+= extended unique addition©]™, extended 2}
Qe FES 22 AR F3LT
RER
) i 1
p=—IHp+ > (LuPLL - 2{LLL;L7P}>
n
t
ps(t) = | K(t—s)ps(s)ds (Nakajima-Zwanzig)
0
Het=H — — Z LiL
y(~w) = 6””“”7(&0)
Z71. Born-Markov, secular, weak coupling, bath correlation time Z-2 TtAS FA| S},

= Wofl. system-bath Hamiltonian©l|A] projection/Born-Markov T+AHS A-85t1 SHHFY 2712
AASHE,

AL} 247 A 7. trace, positivity, detailed balance, steady state”} =22 1] &2lstct,

AAZst /A2 A4, 2 L, FAANA, B A qubitd] Ty, T, AT 2 A4

=& AA siAl. o] ZIE = extended oA ERlIE R18 o]F H|ZE ZH F§E O Z final? R1-R17 HHE
S H7}ofyrt,
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91.2 Quantum trajectories

AN, BHl, ST, APEA A S22 AZ ujA|st tiR2e] GRS EAl= Aot nlE
W alo] Ao g2 Helth, o] 7l=9] 242 Quantum trajectories©]Th. &3] T A]+= extended unique
< S5 AdokA] gt

2
a.
e
s
]
B
S
=
)
%
+
@
=
Q.
1)
B
o
N
rlr
ook
i

tEA.

|7/1> :ch |Tl>, Z|Cn|2 =1

(4) = (V[A¢) = Tr(pA)
oy [¢) = H [¥)
[l'ivpj] = 1715”

B

Z71. WA el A5t A4kz Aol 714 convention, h B, BAIZRAS 1S

F= . Hamiltonian& H513 ¢H]71 4 Y& 5, 7|tizkoluh B8 trace - imner product 2

geetth

HA3 27 A, FEG] 1914, 71dhghe] d4_1A], AIRPEZ o] norm< HESH=A] Zelgtt).
38/7AT AZ. AAF TN E e 37He AEF7E, Hamiltoniang AE Al A PPy Ba

1R =}t AIZHSE-S H| sk o] 5l 7} k=,

E X extendedo|A] EQ1E R18 o]F H|ZHE =H 3E 02 finale R1-R17 HHE
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91.3 Spohn ¥5213} entropy production

t—'l])l\:!- %7(:)]1‘}_ ‘%Zc—)] O] 21]\‘_1:" 7:“‘_1:" ] ]/]E‘]EJ %Q_':]'cj_‘}-, OO]ZZ]' jump, entropy prOdUCthl’l i 7]Eo]_q_ O]
7t=9] 22 Spohn F5A13 entropy production©|tt. &% HE A= extended unique addition©]™H,
extended @t A= =2 =B atolslz] ekgkrt,

TER

i 1
p=—[H.pl+) (LMPLL - 2{LLL,“p}>

m

¢
ps(t) = / K(t — s)ps(s)ds (Nakajima-Zwanzig)
0

eff—H**ZL

—ﬁhw

V(=w) = ey (w)

Z 7. Born-Markov, secular, weak coupling, bath correlation time 22 ZAFS T A|SHC},

= #o. system-bath Hamiltonian©|A] projection/Born-Markov TtAHS A-&5Fal H g =71
ZAAFstc},

ZAA} 27 A A . trace, positivity, detailed balance, steady state7} B8] & Q1A &olstc},
Azt /As A2, F= S, FAHAA, BEEA| qubit] 7y, Ty A2 210 A2 Ht

Z5 AlA BA. 0] 7=+ extendedO|A] &R1H R18 o] H|F & FE FEO = final®] RI1-R17 ¥H&
Z w87} oh,

o



398 CHAPTER 91. OPEN SYSTEM THERMODYNAMICS

91.4 Full counting statistics

A, 2T ZHo| Yt Al vl R 595}, A jump, entropy production &2 7] &%, o]
7t=2] 22 Full counting statistics©|Th. &2 T A]= extended unique addition©]™, extended 2}
AA = 2o 23 sk gsih

SER

. i 1

m

¢
ps(t) = / K(t — s)ps(s)ds (Nakajima-Zwanzig)
0

eff—H**ZL

‘ﬁhwv(w)

(-w)=e
Z 7. Born-Markov, secular, weak coupling, bath correlation time 22 ZAFS T A|SHC},

= #o. system-bath Hamiltonian©|A] projection/Born-Markov TtAHS A-&5Fal H g =71

ZAApai.
A} 2F7F A . trace, positivity, detailed balance, steady state”} &2 2 Q1A &lgtct,
AAFE/ZAT 2. D=2 &5, FAAIA, BH=A] qubit o] Ty, T, A 213 A2 €,
FE AA EA]. o] 7FE= extended oA &RIE R18 0] F H|FE FH &= fi

Z 17} ohrt,
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Quantum optics 11

92.1 Jaynes-Cummings 23

#4). 9B 45282 Y2 we ot 92 Aol YA cavity QED, AL E, 54 155 A3
o} o] 7FE9] 242 Jaynes-Cummings 23 0|th. 3] EA| = extended unique addition©]™, extended
o AR = P52 5 AAsHA gk

— h ik-r
A(I‘) = %\: \/J (ak,\ekAe + h.c.)
h

Hjo = hwea'a + %az +hg(ato_ +aoy)

3
O, =2VnT1, Fp= (A> <

472 \ n

Qout = Qjn — \/Ea

o

Z71. 1A AgE) Hs, Aakat HolY, 714 convention, h &9, BA RIS 1S}

Ao, F ZEE Ao FAESHL dipole/RWA TAFS 283l & two-level model 2 Y=L}
Az 2H7F 7. RWA 787, photon number scaling, linewidth @} decay rate 2+ &I},
ALz /A5 AZ. P54, 2lo] A, cavity, microwave resonator, circuit QED A& o]}l ojojRiT,
Z5 AA EA. o] Fk=+E extendedol A FQ1E R18 0|5 H|FE FH FEO 2 final9] R1-R17 ¥
Z57}o]ot
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92.2 Dispersive regime

A, FH, BEF, APEHY Al 22 AlZ v x| ot o F-29] At st ZAl= A4t nl i

Alo] Agto g2 Holtt o] 7tEe _%75:‘.‘% Dispersive re 1me°]ﬂ’. Z2] EA]+= extended unique addition
K L g

o|H, extended 2t A= FEH2 S5 AFASHA] &AL

|1/1> = ch |Tl> ) Z |Cn|2 -

(4) = (¢[Al) = Tr(pA)
ihoy W> =H |1/’>
[l'ivpj] = 1715”
27, WA AFe) 8, A4 Holod, 714 convention, i B, AAIZAE nAFHTE

T+ l“ﬂr—ﬂ Hamiltonian< g5t S| 7| A& @2 H, 7Iigtoly &E 2 trace T inner product®

Aakak A7t AR, FEo] 1917, 7|oigto] 4217, AP norm & BESH=A] Sl
3L A
o =

A2t s A= el 3 7S A1 S37F Hamiltoniane A% A|AE YHEAH B
H| 25} o] 57} w2},
Z5 AlA BA]. 0] 7=+ extendedO|A] RIH R18 o] F H|F 5 FE FEOZ final®] RI1-R17 ¥



R RPN P 401

92.3 Input-output theory

814, 9.8 A S S YA B Cot 15} ol S PR cavity QED, AHE, 27 A5 S A3
t}. o] 7t=29] X2 Input-output theory®]th. &3] ZA]+= extended unique addltlonol‘ll extended 2}
AAE P2 FE ArRlohA) ot

9= 2 gy (e )

Hjc = hweala+ 702 + hglato_ +aoy)
A\ 3

Q, =2gvVn+1, Fp:i — Q

A2 \n ) V,,

Qoyt = Ain — \/ECL

HA] AFel] AF3E AARRF 2] 714 convention, h T, AAIZRAS 1T

B & A3l el dipole/RWA ZAFS A8l -8 two-level model 2 A=TF.
a7, photon number scaling, linewidth2} decay rate €S &2lstct,
Al Eﬂolﬂ cavity, microwave resonator, circuit QED A& d0]e} o]oj it}

extended©|A] Q1% R18 o] F H|ZE ZH FJEOZ final9 R1-R17 HH&
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92.4 Homodyne &4} stochastic master equation

M. 9B A58 A 29t 2% 0| A cavity QED, ALHE, 34 A5 E AR
E9] 22 Homodyne =747} stochastic master equation©]Ch. &% ZA|+= extended unique

T

addition©| ™, extended 2} A2 = FE2 FE AAUSHA| LUt

9= 2 gy (e )

Hjc = hwea' CH‘TUZ-FRQ( o_ +aoy)

3
Qn:Qg\/nJrl, Fpg()\> VQ

472 \ n

Gout = Qjn — \/ECL

. HA AE] s, AARREF o], 714 convention, h B9, AAIR S 1S},
B & A3l el dipole/RWA ZAFS A8l -8 two-level model 2 A=TF.
. RWA 884, photon number scaling, linewidth®} decay rate XS &Qlstc}.
= Al Eﬂolﬂ cavity, microwave resonator, circuit QED A& d0]e} o]oj it}
E AAH FEA. ] 7FE+= extendedoA ERIH R18 o] & H|FE SH FFO 2 final 2] R1-R17 ¥Hy

ofN & oY Jo KN
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Entanglement 2} resource theory

93.1 Entanglement measures

23 A7) Al 202 Al ujx| ek i Re) okarelst BAlt Meoise} u] 2}
o < Entanglement measures O]E]' Z2] BA| £ extended unique
R

(4) = (V[A[y) = Tr(pA)

ihoy [v) = H [¢)
[-T'hpj] = 1h5w

27, 1A e e, A4 Aol 714 convention, B T, AARAS )
H= . Hamiltoniane A5t ¢8| 71X E €2 5, 7|tgko]u &2 trace T== inner product =
A2 sict,
A3 27 A, FEF o] 191A], ZIthgke] A4lA], AIZHEE O] norm & EE5H=A] &Rlghtt
AAE/ AT DA, AR e TS A5 E, Hamilionian & 4 A28 Y B3
TRBES} AR S Y-S Hl sl o] St w2,

F8 A A EA]. o] 7=E extendedo|A ER1H R18 o] T H|FE ZFH FEO 2 final® R1-R17 BHE
ZH7} oyt
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93.2 Channel capacities

A, S A5 2ePH A GO trace BE A= YollA] 7P Z-E5HA HelH. o] 7t=9]
2 Channel capacities©]th. &3] EA|+= extended unique addition©]™, extended 2t A X = &2
A

P:ZPH%‘)@M, p>0, Trp=1
p(m) = TI‘(Emp)7 E’m = ZM’IHJ(]M'”'L(X

E(p) = KipKf, > KlKp=1
k

I
N
Y
o
re
2
ot
rO
rg
)

raus T, trace E .
. 2 AloA fUEE J3HE & o3 ol ancilla s F#3451 Kraus/POVM X2 &

N\
ox
i)
=
2]
Gl
o

= 121A], partial trace 2Fg o] St=2] &I3tc}.
P2} -ty - AAIRT - A A2 thA] ZojBH

R oY nedo W

9
4
b

>

—~ o
o
[of
ll

[0

0

e o

extendedol|A] Q1% R18 o] T H|ZE ZH FEOZ final] R1-R17 HH=
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93.3 Resource theory Unkg

WA, PR Ae, A, 9y, 812, 0593 202 AL 458 MYt 4R viE of 7Eg
Z 72 Resource theory YRFF 0|t E2] T A]= extended unique addition©| ™, extended 2} 72| +=
PR F2 AU S

1
p=50+ra), <1

S(p) = —Trplogp, I(A:B)=S(A)+S(B)— S(AB)
PEIE,P = CyP (Knill—Laﬁamme)

QFT|.13 Z 2rizy /N ‘y

P(q@) peaked near eigenphase ¢ (phase estimation)

A GE s, AR el 71 convention, h B9, AAIERA S AR
. Ae3 7+ tensor product 2 Ul A, 12| measurement S CPTP map2} unitary gate
Sk

Aty 1}7]' AA. unitarity, normalization, no-cloning % 4 error correction syndrome B2 A S Fel

Axtgst /A s A4, AFETE 55HF B-o) A= gate complexity, error correction, channel capac-

o =
ity 2 o]0z}
ZFE A|A EA]. 0] 7= = extendedo|A] ERlE R18 o] F H|EE ZH FJE O final9] R1-R17 HH&

Z 17} ohrt,
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93.4 Error correction 71

PR A, A, 23, 52, LRHA 2AS AR M5 e MRS vHET o] 7=
Error correction 2710|th. &3] EA|= extended unique addition®| ™, extended 2} A2 = FH-
]'?:1 0}‘7\] ol—ol-q.

=

rlo :

£ oN P g
B b o
S

4tm

p=s(tre), <
S(p) = —Trplogp, I(A:B)=S(A)+S(B)— S(AB)
PEIE,P = CyP (Knill—Laﬁamme)

QFT |$ Z emey/N ‘y

P(q@) peaked near eigenphase ¢ (phase estimation)

re

A AJH AR, AR, 714 convention, h T, A S ALY T

. Ae3 7+ tensor product 2 Ul A, 12| measurement S CPTP map2} unitary gate
Sk

AF3} ZF7F 7. unitarity, normalization, no-cloning 271, error correction syndrome #3242 &<l

X'IX]""‘?""/ 5”%"‘ AR, HAFE S B3 B ol A+ gate complexity, error correction, channel capac-

ZH AA EA]. o] ZtE & extendedo|A] EQ1E R18 o] Z H|EE ZH FJEOZ final? R1-R17 HHE
ZH7}ofyct,
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Quantum algorithms III

94.1 Phase estimation

A, FAHRE e, A, 9%, 82, 05 AL AN TR Adti4R vt o] o)
%L Phase estimation©]TF. &% EA]= extended unique addition O]Dﬂ] extended 2} A= FE2
32 4t el
= A
1
p:§(1+r-a), r| <1
S(p) = —Trplogp, I(A:B)=S(A)+S(B)— S(AB)
PEIE,P = CyP (Knill—Laﬂamme)
QFT |z) = e*me/ N y)
>
P(qg) peaked near eigenphase ¢ (phase estimation)
27, HA e sk, AR AF oS, 713 convention, h B9, AARA-E 1T}
Sx o, Ael37HS tensor product 2 U1 2Hd, 3] 2 measurementS CPTP mapi} unitary gate
2 Bt
24 2} 27 A7, unitarity, normalization, no-cloning 271, error correction syndrome &2]/dS &<l

WA/ AE A2, AR T B4

o4
r

Zof| A= gate complexity, error correction, channel capac-

ZE AlA EA]. o] 7}E+= extendedol|A] EQlE R18 o]F H|EH ZH gE 02 final° RI-R17 HH=E
S H7} oyt
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94.2 Grover amplitude amplification

A, FAPE= ZH, A, e, 2z, /A 212 AL 7Hset A die g vt o] 7hE9]
22 Grover amplitude amplification®]tF. &3] EA]+= extended unique addition©]™, extended 2+
A= 2L 35 4l sk,
x4,
1
= 04r0), <1
S(p) = —Trplogp, I(A:B)=S(A)+S(B)— S(AB)
PEIE,P = CyP (Knill—Laﬁamme)
QFT |$ Z emey/N ‘y
P(q@) peaked near eigenphase ¢ (phase estimation)
Z7. 1A e Htah, AR Aol 714 convention, h B, AAIEAS e
= w o, FElZ7HS tensor product 2 WL i, 8] 2| measurement S CPTP mapd} unitary gate
2 FHAg
AR} 27 A A, unitarity, normalization, no-cloning Z 71, error correction syndrome B2 A S Fel
g},

X'IX]""‘?"]'/ 94%"‘ AR, HAFE S B3 B ol A+ gate complexity, error correction, channel capac-

ZH AA EA]. o] ZtE & extendedo|A] EQ1E R18 o] Z H|EE ZH FJEOZ final? R1-R17 HHE
ZH7}ofyct,
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94.3 Hamiltonian simulation

A, gl BEG, Ae] A 502 A8 ujAIsk thRsl elst B Mgtk el ey
AAle] Agto g Holth, o] 7f=9] miltonian simulation©|th. &% E A= extended unique

Col % % Ha
addition©| ™, extended @} A2 = &2 FE AFAUSHA| LUt

iz,
|7/1> :ch |Tl>, Z|Cn|2 =1

(A) = (Y[|AlY) = Tr(pA)
iho; W> =H |1/’>
[l'ivpj] = 1715”
Z7. HA Al A8k, dARR; Ao, 7] #] convention, h &9, AA RS 1St

= ﬂlﬂr—ﬂ Hamiltonian& Ao}l $HH] 7|2 & -2 H, 7Itigkoly &E2 trace E+= inner product =

iz 27F A, FE3o] 1917, 7|tigke] Al x|, A|IZHHE o] normS BEE5H=A] &Ittt

> 4. Aztg ol A= el g1hE AS37F, Hamiltoniang A3 A48 XY 211
H| 25} o] 57} wik 2},
F8 A A EA]. o] 7== extendedo| A ZR1H R18 o] T H|EFE ZH FEOZ final® R1-R17 BH=
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94.4 VQE<2} QAOA

B, PREE A, A, 93, B2, 258 2208 AN 75 A4 o, o] 7hEd)
242 VQE2 QAOAC|th &4 B A]= extended unique addltlonolﬂtl, extended2t A2 = 52 5
ArIshA] exste.
CES)
1
p=504r0), <1
S(p) = —Trplogp, I(A:B)=S(A)+S(B)— S(AB)
PEIE,P = CyP (Knill—Laﬁamme)
QFT|.13 - Z 2rizy /N ‘y
P(q@) peaked near eigenphase ¢ (phase estimation)
Z7. WA Abe) A3k, A4k 42l 714 convention, h T8, AAZAE nAF,
= o, HJEfF7HS tensor product Ul Y, ]2 measurementS CPTP mapI} unitary gate
2wy,
AR} 27 A A, unitarity, normalization, no-cloning % 4 error correction syndrome B2 A S Fel

Axtgst /A s A4, AFETE 55HF B-o) A= gate complexity, error correction, channel capac-

o =
ity 2 o]0z}
ZFE A|A EA]. 0] 7= = extendedo|A] ERlE R18 o] F H|EE ZH FJE O final9] R1-R17 HH&

Z 17} ohrt,
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Topological order

95.1 =4 YIRS dolA

A, A2 B2 ZE| selection rule, Ward identity S HZAs= AR Adojr}. o] 7t=9] 242
=4 Y-S dolAlolth. &3] EA]+= extended unique addition©] ™, extended 2t B X += &5
ZH /\]-0]—"].;(] (E%];O]-]:}-‘

S H u° AR
SER)
U(g1)U(g2) = €“9192)U (g1 go)
d
0" =0, Q= [ &)
©*=-1,[H,0]=0 = Kramers doublet
Z7. 1A e FarEh AARF el 713 convention, h T, AAIZAS 1A T
8= ], o HEe] YIRS 2k 28 £ = Hamiltonian 2] & A S 0]-2-35] B EZF1} selection rule
= de=th
At 27 A, ti o] 7R = & whee] R ekt =A], BE%0| Hamiltonian T} commute Sh=X]
seolsic)
AR AT AR, BAS B U el - A o - AARL - A SAE chal Hojm
A7AH AL 55 S WE & Utk

extendedol|A] &Q1E R18 o]F H|ZE ZH 320 Z finale R1-R17 HHE
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95.2 Toric code

HA. Bloch band 2} many-body wavefunction2] 7|58 Chern 4%, Berry 914, anyon $A4 2 ST
O 7 Uehdtt, o] 7F=9] 22 Toric code®|Th. &% EA]£ extended unique addition©]™, extended
o A= 52 55 AAskA] E3t
CER
H (k) |unk) = En(K) |unk)
An(k) = i<unk|vkunk>
1
Qn = Vg X Aru Cn = 7/ Qn.z dzk
2 BZ '
2
neocc
S(A) = a|0A] —logD + o(1)
7. gapol & A3 714 gauge”} patch B 2 i 117 A 7 2= =% &Qlgtt,
T o], I1-34Ef bundle?] connection= % 2]}l Brillouin zone B+ parameter space®l| 4] curvature
Z _E'_%]-]:]—
L .

ooy gudo N

33 A7 A A, gap closing 910 EHE0] MSHA] b=4], gauge patch ©]&/d 0] AFFA|=A] gl
38 /A5 A2, A/FEAA|, FAF Hall, topological photonics2t HZAE T
8 A|A EA]. o] 7t=& extended°|A ER1H R18 o] H|FHE FH FEO 2 final®] R1-R17 BH&

Z 17} ohrt,
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95.3 Anyon fusionZ} braiding

SHA. Bloch band 2t many-body wavefunction®] 7|5} Chern 4%, Berry 94, anyon 54| 22 &W
Fo 2 Uehdt}, o] 7k=9] 242 Anyon fusion} braiding©]th. &3] ZEA]= extended unique addition
olH, extended 9} A= FE2 T8 HYUsHA] Fohtt.

i EAL
H(k) [unk) = En(k) [unx)
An(k) = i<unk|vkunk>
1
Qn = Vi x Ay, C, = —/ Q. A%k
27T BZ k
o2
neoce
S(A) = a|0A] —logD + o(1)
Z7. gapol €& A3 71A] gauge?t patch B2 i 113A] A 2| =] =7] &It
S= . -84 E bundle? connectione % 2]5}F1 Brillouin zone = parameter spaceoﬂ A curvature
£ A B3
ALY} Zk7F 7. gap closing $10] ER¥EFO] H5HA| Q=4 gauge patch 2]&/d o] AFRtA| =4 gRlght}.
Axtzs /A AZ. YA AA|, FAL Hall, topological photonics@F A2 T,

FE AlIA ZA. o] 7L=+ extendedol A FRIE R18 o] F H|F&E FH FHOZ final® R1-R17 BHy

Z 17} ohrt,
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95.4 Chern-Simons 5228

SHA. Bloch band 2} many-body wavefunction®] 7 ]'5]'%—,% Chern 4%, Berry 94, anyon 54| 22 &W

2Fo 2 vehdtt, o] 7t=9] 272 Chern-Simons T8 2Hg-0|th. &3] T A]= extended unique addition
o]n:] extended 2} x| = %L%fi %E Arel )R] Qkgrr}.
tEA.

H (k) |unk) = En(K) |unk)
An(k) = i<unk|vkunk>

1
Qn = Vg X A’ru Cn = 7/ Qn,z dzk
A

2
2
h Z C,
neoce
S(A) = a|dA| —logD + o(1)
gap©] D& AT 71 A gauge”} patch'E 2 w11 A A o) ] =%] gHolgic},

off. 284l bundle ) connection= 7 2)5} 11 Brillouin zone =+ parameter spaceoﬂ A curvature
S}

o l_‘i
B

ooy gudo N

Abak 2k7E 7. gap closing §10] EH¥TFO] H5HA] Q=4 gauge patch 2]&4d 0] AlebA| =] ERlghtt,
35H/AS A4, YA AA|, FA}F Hall, topological photonics2t A2 E T}

Z 8 AA EA]. o] 7}EE extendedo|A] ER1E R18 0]F H|ZE ZH §E 02 final? R1-R17 HHE-
ZE7F ofut}.
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Disorder 2} localization

96.1 Anderson 2.9

A, Bloch band 2} many-body wavefunction®] 7|5}82 Chern 4, Berry 94, anyon 54 22 &
Hako 2 Ueldh, o] 7F=9] 2% -2 Anderson g o|th. &4 T A= extended unique addition©|™,
extended @t A2 = 52 S5 AFUSHA] okt

EER)
H (k) [unk) = En (k) [tnk)
An(k) = i<Unk|vkunk>
1
Qn = vk X Avu Cn = 7/ Qn,z d2k
27T BZ
o2
S(A) = a|0A] —logD + o(1)
ZA. gap©] I8 UL 71A gauge”} patch B 2 11 A| A o] &) =2 EQl3tc},
= W], 3734 E] bundle?] connection= % 2]}l Brillouin zone B+ parameter space©l| 4] curvature
£ e,
23t 271 A, gap closing 0] SR EFC] H5HA] ¢5=A], gauge patch 2]E/d 0] AlebA| =] ERlst}.
AxLzs /A AZ. YA AA|, FAL Hall, topological photonics@F A4 T,

8 AA EA]. 0] 7=+ extended°|A ER1H R18 o] H|FE FH FEO 2 final®] R1-R17 BHE

Z w7} ohr},
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96.2 Scaling theory

M. GH, ST, AEHY A o2 A5 x|k ti R FArs Al Aok vl i
Aol Ao g Helty, o] 7kE9] 242 Scaling theory ©|th. &3] 3 A|= extended unique addition
o], extended} AR = FE2 8 AYSHA] &kt

iz,

|7/1> :ch |Tl>, Z|Cn|2 =1

(4) = (V[A]¢) = Tr(pA)
oy 1) = H |¢)
[l'ivpj] = 1715”

B

Z71. WA el A5t A4kz Aol 714 convention, h B, BAIZRAS 1S

F= . Hamiltonian& H513 ¢H]71 4 Y& 5, 7|tizkoluh B8 trace - imner product 2

geetth

HA3 27 A, FEG] 1914, 71dhghe] d4_1A], AIRPEZ o] norm< HESH=A] Zelgtt).
38/7AT AZ. AAF TN E e 37He AEF7E, Hamiltoniang AE Al A PPy Ba

1R =}t AIZHSE-S H| sk o] 5l 7} k=,

X extended©|A] Q1 RIS 0]& H|EE ZH JE 02 finale| RI-R17 HHE

IN of
e
=
X
f
>
o
Y
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96.3 H]AY sigma model 2] FEj

AL e, Bawh A A 202 A u ol o o] ajelet Rl Malchdo} ol 2y
Alo] Agto 2 Holth o] 7t=9] 272 H| Y sigma model®] FEjO|t}. E4 FEA|+= extended unique
addition©| ™, extended @} A2 = FE-2 FE AAUSHA| LUt
|¢> :ch |n>7 Z|Cn|2 =1
(A) = (Y[|AlY) = Tr(pA)
iho; W> =H |1/’>
[l'ivpj] = 1715”

27, AA e A3, AARE el 714 convention, h T, AR 17Tt

= o], Hamiltoniane Aotal 2| 7| A E Y2 H, 7|digtoly &2 trace T+ inner product =

el

ALkt 27 AR, gHERro] 191A], 7|tigho] A4=IA], AlIZPE o] norm S EEsH=A] &It}
AzLgslo A= Al 3-7HS Al S 37 Hamiltonianes A Al A8 X3 B

TRBES} ARES Y-S Hl el o] St k.

ZE AA EA]. o] 7t & extendedo|A] ER1E R18 o]F H|EE 2K FJEOZ final2 R1-R17 HHE

B
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Semiclassical dynamics

97.1 Bloch wavepacket

AL, Bloch band 2}t many-body wavefunction®] 715tk Chern 4%, Berry 94, anyon 54 22 &
0 2 Ueldtt o] 7=9] 272 Bloch wavepacket O]tk &3] EA|+= extended unique addition©]™,
extended 2} B2 = TFHS F5 A UotA| &3t

B4,
(k) |unk) = Ey (k) [tnk)
An (k) = i(unk|Vkunk>
1
Qn = vk X Ana Cn = 5 Qn,z ko
2T BZ
o2
S(A) = al0A| —logD + o(1)
Z7. gap©] B AL 7] A gauge”} patch B2 P ILHA| o] =] =] &It
= o], 22348 bundle®] connectione 7 25} Brillouin zone = parameter space®l A curvature
£ Apan
72 e A7F A, gap closing §10] BRIF0] HSHA] 94=A], gauge patch 2]E4 0] AFzbA| =2 Eelgict.
At/ Hs AZ. Y3 EAA, FAF Hall, topological photonics@t A4 F Tt
5 AA FEA. o] 7FE= extended A S RIS o] % H|F & FH FEOZ final® R1-R17 BH
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YA} 5} upAE FHBA =

AN, SQ A2 DEPB} AT trace BHE A& QoA 7P Z2Ls5HA HEnt. o] 7h=9]
22 £AY e ot} &% EA|= extended unique addition©]™, extended 2+ HA| &= FE2
F2 o) sttt
P:Zpi|¢i><1/)z'|, p>0, Trp=1
p(m) = TI‘(Emp)7 E’m = ZM’J;M]MUL(X
E(p) = KipKf, Y KlKp=1
k k
J(€) = (€ T)(|2) (P])
27, 2% A7 Y, Krans EH, trace BE 2708 17 Bolgic}
F= o], 2 AolA fUEE J3E & ofS ol ancilla s FEF2451 Kraus/POVM X2 &
2t
A} A7 "R RE 50| F4AA, Y KK, = 1914, partial trace 2-¢l0] BH=x] 1t}
AAgst /AT 2. FAE Z ul= “GH - At - oA - BAR - A4 A2 oA HojEH
AL AL S &S THE 4 A
FE AA ®A]. 0] 7F== extended oA &RIE R18 o] F H|FE FE FEHO R final® RI-R17 §H&
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97.3 Bohr-Sommerfeld-Maslov ¥A}s}

AL D 2AH 943 8-S FAHOE G AHEYY 1Y AEE AAYT o] 7hES] 2L

= =z
= 54 =%
Bohr-Sommerfeld-Maslov 9A}Fsto ]T-'—]' Z2] BAlE extended unique addition®]™, extended 2} X

F2e 32 et gl
A,
C P
1ﬁ(x) N ——— exp |:j:1/ p(x/) d.’I,'/:|
p(x) h
- H
7{pdq_27rh(n+ 4)
xTo \/27_
T ~ exp [—2/ M dr
@1 h
9?8y |'* .
K~ det ¢ elScl/h—wﬂ/Q
%: ‘ 04¢;0q;
}_Z-]_ Ddx«] /E)"EH Z(;LEL-(:?:]', O:]/\]'Z]- Z‘I_Cllo:] 7]Z‘] convention, h ]::]—_?,] 7;]7_.1]57,]% j—x(;]‘?_}__t’]'
Sz o, 28 ansatz 2 91 4 42 A3 H turning point A= HAZA S ARSI
ZAE}E 217 A 7. turning point 2] 2], Maslov index, A|4~2] B39} 2}--& &HQlgtet
AR/ AT AA. BAS E O e - A 0 - AART - A4 4R A Holuw
ALAFA] A4 E2S wHE 4= Q)
Z5 AIA EA. ©] 7tEE extendedof A 2Q1E RIS 0% H]E5 SH FEOR, final 9| RI-R1T WHg
=



Chapter 98

Quantum metrology 11

98.1 Classical Fisher2} Cramer-Rao

= Sl ARgsst Auge Yejz FAH. o] stse] 2he
Classical Fisher®} Cramer-Rao©|th. &% ZEA|+= extended unique addition®]™, extended 2t 2| =

Ps =7 Z =Tre PH
(At)B(0)) = (B(0)A(t +ihf)) (KMS)

Saa(w) = hcoth 62“) Im % 4 (w)

e fTQ Follv), G] = 4(AG)?

Z7. HA e Gl AR A o), 714 convention, h B9, BAZRAE 1T
o

F 5 convexity 2} Cauchy-

ol

o

=
= o), partition function, response function, Fisher information= 7 2] 5t
SchwarzS AHE-gHCH.

Atz A7 A7, A2 /312 Z$h, detailed balance, Cramer-Rao bound 9] scaling= 2?15t}

A8/ AT 92, BAE & = “SE] - A4 - 1Y - AR - AA A2 ThA] HolEH
AFL2A] AL 52 T 4 QT
ZF8 AA EA]. o] 7tE=E extendedoA ERJE R18 o] Z H|EE ZH FJEOZ final2| R1-R17 BHE

Z 17} ohrt,
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98.2 Quantum Fisher information

Ay, AP, 1YY G, e, AS B

1 =
Quantum Fisher information®|tt. &2 &
& %2 Arelak eoltt

rlr

TGSt Jusyel Y2 FAH o] 7hEe) 27
AN

o
=
] = extended unique addition®]™, extended @} A= &=

>~

S
e BH
pg = 7 Z =Tre PH
(A()B(0)) = (BO)A(t +ihB)) (KMS)

Saa(w) = hcoth ﬁzw) Im x5 4 (w)

1
A0 > ———,  Folly),G] =4(AG)?
VvEq
27, HA e A3, AR e, 714 convention, h &9, AARAES

o
=2
S oy, partition function, response function, Fisher information= A 9]

Schwarz = AHESHC}.

A3} A7 A, A2 /312 23 detailed balance, Cramer-Rao bound 2] scaling < 291},

getct.

L

o by

convexity 2} Cauchy-

=2 T e v

WAEs/ AT A2, BAS 2 ol A - Q4 g - AAR - A EH2 O] Hojr
A4 AN 552 o5 4 Ak,
35 AA FEA. ©] 7F=+= extendedol| A QI RIS 0] F H|EH TH FHOZ final2] R1-R17 ¥He

Z57}okck.
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98.3 Standard quantum limitZ} Heisenberg scaling

WA, e, BEY, AT A HO2 AL st iR ie] Freist BAlE HPrheet oy

y -1 O
Alo]l Agto g Holtt, o] 7tE9] 22 Standard quantum hmltJ—]’ Heisenberg scaling®|th. &3] BA|=
extended unique addition©|™, extendedQ]' A= 52 S5 AUsHA] Lt

ch |n), Z|cn|2 =1

(4) = <w|A|¢> Tr(pA)
ihoy W> =H |1/’>
[l'ivpj] = 1715”
27, WA AFe) 8, A4 Holod, 714 convention, i B, AAIZAE nAFHTE

= ‘“ﬂ‘:ﬂ Hamiltonian< 5tal 2| 7|4 & -2 5, 7|thgtoly &2 trace = inner product =

A7E A, S5 3ol 1217, 7| thgo] A4R1%], AIZFER] norm & HESH=A] SRl
A
=2

AA, ARl = e F7HE A1 57 Hamiltonian= A9 A|AE 2] B
ot AJZH-g 2 H]ask o]l 7} w2 o},

ZFE A|A EA]. 0] 7}E = extendedo|A] EQlH R18 o] F H|EE ZH FJEOZ final9 R1-R17 HHE



Chapter 99

Numerical linear algebra

A, AL A2 BEY, 84, positivity, unitarity & AASFEA] ZARSEE 7192 AR o]
7F=9] 22 Lanczos @alg]&oltt. &4 E A& extended unique addition©| ™, extendedﬂ’ AR =
A o

lv@®)|)? =1, At — 0, Npgsis — 00 convergence
~i(Ha+Hp)At _ (—iHAAt/2,—iHp At —iHANL/2 | O(AR)
HQm = Qme + BQOJrleZz (Lanczos)
= Z Tr(AS* - AS) [sy - - s1)
S1°°SL
Z7. A&t A7], A7, basis cutoff, truncation error, random seed S 7| =3},
= wo). 2415 febteloR duska duelEe) nEn 44 S S48 23S s

Azt 27 7. time step halving, cutoff doubling, exact limit benchmark, conserved quantity drift

£ 7=},

AxHg-5t /75 AZ. Python/Julia/C++ F-H Ol A= sparse matrix, Krylov, tensor network AFETZX =

$ F

Z8 AA EA]. o] 7t & extendedo|A ER1E R18 o]F H|EE Z2H FJEOZ final2 R1-R17 HHE
ZH7}ofytt,

424



YA} 5} upAE FHBA 2

o

99.2 Chebyshev 7}

A AR FAr st HEY, 274, positivity, unitarity & HAFSHAAM ZAMES 7]%= BT
o] 7}=2] 232 Chebyshev H7o]t}, S* T A|+= extended unique addition©]™, extended 2} A X|+=
o

;(; =TT O
CEZ)
lv@®))? =1, At — 0, Npgsis — 00 convergence
omiHATHR)AL _ —iHAN/2,—HE M —HAN2 | O(AF)
HQpm = QT + Bmmirel,  (Lanczos)
) = Z Tr(AS - ASE) |5y -+ s1)
sis1
Z7. A A7), AZ7HA, basis cutoff, truncation error, random seed S 7] =3t}
S . ZAE At om Aokeln dae|Fo| BREF 84S iAo eatE FA g
24k} 217F A 7. time step halving, cutoff doubling, exact limit benchmark, conserved quantity drift
£ Jl= g}
A3t /AF AZ. Python/Julia/CH++ FHOJ A= sparse matrix, Krylov, tensor network AFETZRZ
oloj7Ic}.

FE AlAH BA]. ©] ItE= extendedol|A] &RIH R18 0| F H|FE FTH FEO 2 final2] R1-R17 ¥H&

Z87koh]t,
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99.3 Split-operator FFT

A AL FA sk BESF, £ 4, positivity, unitarity & HASHEA TARSZEE 7] EAb o]
7t=9] 22 Split-operator FFTO|T. &3] T A|+= extended unique addition®]™, extended 2} A x| +=
FEL FE5 AUk &t

A,

(t)]]? = 1, At — 0, Npgsis — 00 convergence
i(HA+HB)AL _ =iHAAY2—HB AL —HAN2 | O(Af)
HQpm = QT + Bnmrel,  (Lanczos)

) = Z Tr(ASt - ASE) sy - s1)

S1-+SL,

e

)

2} 27], AZ¥HA, basis cutoff, truncation error, random seed & 7] =3t}
. 2AE A o2 Aot dae|Fe] BEGT £HAS s s) 2AFE FA gt

7} 7. time step halving, cutoff doubling, exact limit benchmark, conserved quantity drift

K

N R
Jhu R
e L

on
ke
=

M)
C N~
o
of4
re

Z. Python/Julia/C++ FHO| A= sparse matrix, Krylov, tensor network AFETZRZ

O tugy do W

o N
N,

[

Z8 A AH EA]. o] 7tEE= extendedol|A] EQJH RIS o]F H|ZE ZH gEO0ZF final? R1-R17 HHE

Z87koh]t,
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99.4 Quantum Monte Carlo%} sign problem

A AL A2 BESF, 234, positivity, unitarity & HASHA ZARSEE 7] EAb o]
7F=9] 22 Quantum Monte Carlo2} sign problem©|th. &% EA|+= extended unique addition©]™,
extended 9} A2 = 52 F5 AUstA] &kt

fEA],
lv@®))? =1, At — 0, Npgsis — 00 convergence
e—i(Ha+Hp)At _ —iHAN/2—iHp AL —iHAAL/2 | O(A)
HQm = Qme + BQO+1 65 (Lanczos)
) = Z Tr(ASt - ASE) [sy -+ s1)
sis1
Z7. A A7), AZ7HA, basis cutoff, truncation error, random seed S 7] =3},
S . ZAE At oz Aoheln dae|Fo BREF 84S iAo eatE FA g
234k}t 247F A 7. time step halving, cutoff doubling, exact limit benchmark, conserved quantity drift
£ 7= 80,
A3t /AF AZ. Python/Julia/C++ FHOJ A= sparse matrix, Krylov, tensor network AFETZRZ
olo} A},

S8 AA EA]. o] 7I=E extendedoA EAEH R18 o]F H|EE ZH FEOZ final2| R1-R17 BHE-

Z 17} ohr,



Chapter 100

Special functions atlas

100.1 Hermite, Laguerre, Legendre

2o} Gaussian state?] = 7|2 BZ2o]|t}, o] 7lE9] %
2 Hermite, Laguerre Legendreoltl’. Z2] T A= extended unique addition©] ™, extended 2} A x|+
I

m i
= —_— —_— T =
a o, (;v—kmwp), [a,a'] =1
th(TaJr ), Enhw<n+2)
ja) = e71oF* 200 0y ala) = ala)

S(¢) = exp B(c*az - <a*2)]

S5 ﬂlﬁltﬂ —.4 2]9]- = —% ladder operatori A5 %6} %«ﬂ'ﬁ]i Hamiltonian< t2s}stct.

X3} 27 A7, zero-point energy, ladder normalization, coherent state2] Poisson SA4|S &2t}
HAZE/ AT A2, BAE E o A - QA B - AAED - A4 S o] Hojm
A7 A EBE S 5 U

Z8 A A EA]. o] 7IEE extended oA ER1H R18 0]F H|FE

Z Rt ol

olN

H gE50Z final® R1-R17 HHE

428



R RPN P 429

100.2 Bessel¥} 7+ Bessel

S oot BUEO 2 elsjo] Ml A A0 728 4 BED, o] =9
Bebsel-\—]' ™ Besselo]th. & EA|= extended unique addition©| ™, extended 2t A2 = &2
11514 2t

ol
|—>~l
)

&

O
g N
Fo
°H1

it
)
>

flo*

S ofN P i
B b o >
S

oy

[Ji, Jj) = iheijudy,  J? |Jm> =h%j(j + 1) |jm)
Jiljm) =h/j(G+1) —m(m=£1)[j,m+1)

h
S; = 5% 0,05 = 051 + i€ijk0y
(e am) < i )

A el e, Ak o, 714 convention, h 2], AAERAE 1T

-,-.-E i ol. Lie algebra s M|9-31 ladder operator B2 representation tensor product & 1-3-3-7HS £3]|

T

ZA.
o

ZAXa 27 AR, FAS ’H 9, mostep, triangle inequality, parity selection= 213t}
AATI/HE AR, BAS E uhe e - A Y - AARA - A4 £AR Ch Holum

B 207 finalo R1-R17 HHE

X
a3
=)
oL
le)
o,
=2
o
for
ro
i
=
—
oo
o
T
=
u[is
o|N



430 CHAPTER 100. SPECIAL FUNCTIONS ATLAS

100.3 A Green ¥4

A, oA FAHR2 Fock 33, Green 4, SHe, Hodat A1 43S S8 AEd/dE ALt
o] 7t=9] 242 A7 Green &r4roltt. &4 EA|= extended unique addition©] ™, extended 2t HX| =
FEZ FE AAsHA Lottt
EA.
P S R
[awaj] ijs {CZ,Cj} ij
1
¢(r) = Z ¢i(r)ci7 H = Z hijCICj + § Z V}jklc;rc}clck
i ij ijkl
. 1
G(k,iwy,) =

iwn - fk - E(k,iwn)

s (t) = —20() (A1), BO))

Ep =1/&+|AP2 (BCS/BAG)

271, 2%, ensemble, Matsubara/real-time convention, SA%3, cutoff& 11 SHc},
| —

& wf. second quantization 2 Hamiltonian< 23l Green &4 F+ B4 decoupling 22 ob-
servable= 74T},

A4} 27F A 7. sum rule, spectral positivity, SA15-S, analytic continuation= 2?1},
AALzst /A 2. A, 21T, FAAAL condensed matter =S 91w 7|2 o7} Hch,
FE AlAH EA|. ©] ItE = extendedo|A] &RIH R18 0| F H|FE FH FEO 2 final2] R1-R17 ¥H&

Zr7} ohuirt,
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100.4 Coulomb I}53H4=9] 7| 23]

WA, AR} B BAE FH HEH, WY, S £F, AdR ol AE 22} o] =9
272 Coulomb T+535H49] 7|2 o|t}. &% E A= extended unique addition©] ™, extended 2} A X|=
e =1 Aols)x] koF
SER
h? d? R0+ 1)
===tV — | une = Euy,
24 dr? (r)+ 212 tnt tnt
pet 1 4regh?
Ep= 03— 0= "%
2(47T6())2h n ue
1 1 dVv
Hso=—-—=—-——L-S

2m2c? r dr
U(r,R) = ¢ (r;R)x(R) (Born-Oppenheimer)
2. WA A s, QAR A, 713 convention, b T, BAZRH S 1Y FH
H% #Wth. Born-Oppenheimer =S4 HEIAE 225 WA 513, radial equationt A5 245 2| =
Al
A3} A7 A . reduced mass, degeneracy breaking, selection rule, &9 eV /J HES &l
WAgs/HE A2, BAS B ol ge - ke oF - AARA - A4 A2 oh Hojrr

R

o

extended | A 21 R18 o] F H|FH TH FHO2, final®] R1-R17 HH5



Chapter 101

Research derivation templates

101.1 A} Hamiltonian< 9H-2 o

B3, e, B2, A7) Al 502 A2 wiXa chiite) Alelst Bl Hathsel ol
Alo] Agto 2 ®Heltt, o] 7t=9] 2¥-2 A Hamiltonians Tt wjo]t}, &3] H A= extended unique
addition©] ™, extended 2} A= 52 F5 AUSHA] &ttt

CES)

W)= caln), Yl =1

(A) = (V|A]y) = Tr(pA)
ihoy [¢) = H [¥)
[xi,pj] = ihéij
. WA AFe) 33}, AARF H oY 71A] convention, B B9, BAZ AL 1A G}

¥ o, Hamiltonian< 3l SHH| 7| A& @2 H, 7|Higo|u &2 trace =+ inner product =

3t 27 WA, BB Fol 1914, 7]tizko] 41, AIZHHO] norm & BESH=A] SHIst}.

| =08 =
F3/1T A2, AAFIA L FEEES A EZZE, Hamiltoniand A% A28 9B 21

Bl oY oddo KN
Jo X %:H'l a
oL
o

FE AlA EA|. ©] ItE = extendedol|A] &RIH R18 o] F H|FE FH FEO 2 final®| R1-R17 ¥H&

Z57k ok,
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101.2 Schrieffer-Wolff A4 &

A, Hes| =
BT o) 7=
extended 2F 4 %]

thEA.

4
£Q

+ Hamiltonian< 2F-2 7 40} B2 H o|| ] AA|L S o] &3l R 0|20 2

2 Schrieffer-Wolff AlAF Eo|t}. &% EA]E= extended unique addition©]H,
e

rr Lo
09'1', I-NI

EW — <n(0)’V‘n(O)>

B =% Vi |*

" By - B

m#n
i [t -
_ﬁ/ A" et V(1)

21
Uiy = f\Vfi\zp(Ef)
Hegr = eSHe 5, [Ho, S] = =V

o
G
P

~
=

1

270, 22 vjAASe} oluI ) gapol EAfaloF kel ZE7E oW WA HEFF th2etE Sk,

= o], /5 WA olu AJZHEE AMALE A 2 H RS, secular term Y FE| RIS
HE 2 22|},

Akt 27t A,

=4

H
HAZE/AE A2, BAS E ol HE - AR oY - AAEA - A4 £A R ThA) Ho e

FEAA BA. o] 7tE

Z57k b,

o]
>
3
]
o,
l¢)
(oW
2
>
fol
ro
(i
&
co
e
o
=
ol
d
olN

HFgEOoZ final? R1-R17 HH=



434 CHAPTER 101. RESEARCH DERIVATION TEMPLATES

101.3 Kubo 34 & &

A, oA FAFEL2 Fock 37, Green
o] 7}E 9] A2 Kubo 34 §&= Eo|t}.
SFE o = H ALOIG}Z| ol—o]-q_

SHUS, BT ATFALE S5 ABAYS AT,

A
2
Z2| T A+ extended unique addlthnO]D:] extended 2} A2 =

E
[azﬁa;] = 5ij7 {Ciac;‘} = 1]
= Zqﬁi(r)ci, H= Zh” i+ = ZVZJMC cieicey
% zykl
. 1
G(k,iwy,) =

iwn - fk - E(k,iwn)

Xia(t) = ) {[A(), BO))

Ep =1/&+|AP2 (BCS/BAG)
z

Z7. 2%, ensemble, Matsubara/real-time convention, EARS cutoff& 1A 7).

pis

& wf. second quantization 2 Hamiltonian< 23l Green &4 F+ B4 decoupling 22 ob-
servable= 74T},

A3} 27 AA. sum rule, spectral positivity, =A<, analytic continuation< 13},
AALzst /A 2. A, 21T, FAAAL condensed matter =S 91w 7|2 o7} Hch,

ZE AA EA]. o] 7=+ extended | A] EQ1H R18 o]F H|FE =1 FEO0F final° R1-R17 HH=
S H7}ofyrt,



YA} 5} upAE FHBA =

o

101.4 Path integral saddle point

M. R Ak 833 282 SR A AFEY T U A =S AT o] 7hES] 22
Path integral saddle point®]tt. &% EA]= extended unique addition©]™, extended 2t HX| = FH

Z 8 AI5HA] ottt
=4,
C P
Y(z) ~ ———=exp [il/ p(x) dx’]
p(x) h
- H
7{pdq_27rh(n+ 4)
#2 .\ /2m(V — E)
T ~ exp [_2/ L dx
@1 h
928, |'? .
K~ det ¢ elScl/h—wﬂ/Q
%: ‘ 04¢;0q;
}_Z-]_ Ddx«] /E)'-EH Z(;LEL-(:?:]—, ﬁ/\\_]_-xl' ;S]—cl]cl"ﬂ, 7]Z‘] COIIVGIltiOH7 h E]—_?,], ﬁﬁ]xzj% j_x(;]-?l_[;]_
X o, 22 ansatzS 93 A 2AFE 2 A 2SE H turning point Ol A= A FA-S AHESH
ZAE}E 217 A 7. turning point 2] 2], Maslov index, A|4~2] B39} 2}--& &HQlgtet
AT/ AT A, BAS B Ul A - QAR i - AAEA - AN SR A Hojnw
A

TR AN 23S WE 5 ek,
ZF2 AA EA. o] 7

Z 17} opr},

H 3207 final9 RI1-R17 HHE
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Chapter 102

Common mistakes

102.1 A3} Qets

A, o544 B2 JEHE E AU 5 71A 9 _.:]-_JJ'_J-_‘_ 2 7o|n, 35 HE2 S E g Ao
=agolt o] 7 é:l:l"gl'ﬂ' delstolty, S Z A= extended unique addition ©]™,
extended 2} A= F= AFols}z] oropr},

5 2
79 TR,
1 tw(r, t) = [mv —+ V(I‘,t):| d)
h
p=vf,  j=g5 —(UTVY -V
me
Op+V-j=0

1 / d37’ efip~r/ﬁ¢(r)

= @

[¢)

A543 27 A, FEFY flux®} norm EE, Fourier W2, 7 — 0 F$HS &gt}
> Q4. A E uls dHE - AR -t - AR - AA SAE A HolEY
A2 AL S5 THE 4= ot

= v
ZB AA ZA. 0] 7IEL extendedo|A] EQ1E R18 0]T H|ZE ZH FEOF final®| R1-R17 §HE

436
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102.2 Gauge® Y4t

HA. Bloch band®?} many-body wavefunction®] 7]5}5F2 Chern 4, Berry 914}, anyon 57 &2 &
HeFo 2 LEhdth, o] 7l=9] 22 Gauge?t YAtolth. &4 T A]= extended unique addition©] ™,
extended @t A 2= 52 S5 USR] ottt

i EAl
H(k) [unk) = En(k) [unx)
An(k) = i<unk|vkunk>
1
Qn = Vi x Ay, C, = —/ Q. A%k
27T BZ k
o2
neoce
S(A) = a|0A] —logD + o(1)
Z7. gapol €& A3 71A] gauge?t patch B2 i 113A] A 2| =] =7] &It
S= . -84 E bundle? connectione % 2]5}F1 Brillouin zone = parameter spaceoﬂ A curvature
£ A B3
ALY} Zk7F 7. gap closing $10] ER¥EFO] H5HA| Q=4 gauge patch 2]&/d o] AFRtA| =4 gRlght}.
Axtzs /A AZ. YA AA|, FAL Hall, topological photonics@F A2 T,

8 A|A EA]. o] 7t=& extended°|A ER1H R18 o] H|FHE FH FEO 2 final®] R1-R17 BH&

Z 17} ohrt,



438 CHAPTER 102. COMMON MISTAKES

102.3 Degenerate perturbation= HjHE= @ &

AN, HEs = 31‘—‘:“ HamlltomanL 22 mf7H 4=9F B2ld o 2] AAY-S o] &3l & o]Eo =2
HI'JF"Q'. o] 7]—5_—] %72 Degenerate perturbations WjH = @ Fo|th, &3] EA]E extended unique
addition©]™, extendedQ]' AR = B ZE AQI5HA] 9ottt

tEA,
EW = <n(0)’V‘n(O)>

ER =3 [Voun |

EY — EY

m#n
i [t o
_ﬁ/ dt’ 1t Vi (t')

21
Uiy = f‘vfi‘zp(Ef)
Heff = ESHeis, [H07 S} = —Vod

“=
-
—~
~
~—
Il

271, 22 w742t o 7] gapo] EAsof ot ZFE|7F QIO WA BB tZ3LE shrt
F= wd], 375 FA A olu AP A4S Ak E IS, secular term T FE FEFZE
HE 2 22|},
2Rl o g s e R
7‘*7‘}%'—91‘/74%" AA, ZA=

—

fto

, ZE|, secular growth, gauge-dependent quantity S 74t
= E - A4 - O - AAIRT - A4 AR THA] Aoj R

i oot
R=)
rir

=5 11171 stﬂl.
Z R 7} okt

ad
D
=
2.
[e)
a.
=2
>
for
ro
i
=
—
oo
o
T
=
Iz
oN

HEgEO0R final®] R1-R17 ¥
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102.4 Open systemOl|A] positivity

o] &= Al= HlFYE g 593, YA} jump, entropy production @2 7| &S}, o]
4= n systemO©l| 4] positivity ©|TF. &% ZA]+= extended unique addition©]™, extended
22 52 Ada}x et

i
D

. i 1
P ::_-ﬁ[lf?p]+_§£: <]:Mpli/_'2{lJ;LM7p}>

m

¢
ps(t) = / K(t — s)ps(s)ds (Nakajima-Zwanzig)
0

eff—H**ZL

—ﬁhw

V(=w) = ey (w)

Z 7. Born-Markov, secular, weak coupling, bath correlation time 22 ZAFS T A|SHC},

= #o. system-bath Hamiltonian©|A] projection/Born-Markov TtAHS A-&5Fal H g =71
ZAAFstc},

ZAA} 27 A A . trace, positivity, detailed balance, steady state7} B8] & Q1A &olstc},
Azt /As A2, F= S, FAHAA, BEEA| qubit] 7y, Ty A2 210 A2 Ht

Z5 AlA BA. 0] 7=+ extendedO|A] &R1H R18 o] H|F & FE FEO = final®] RI1-R17 ¥H&
Z w87} oh,

o



Chapter 103

Practice problems

103.1 ¥A] A: Le} HElA self-adjoint extension

A, akael Qbajelstol A Qabate] Hele], ATEY, resolvent7} B213 A2 AS AFT of
FtE9] 22 FA A: @EF HElA self-adjoint extensmnO]E]' Z2] T A= extended unique addition
o|H, extended 2} A= FEH2 5 AYoHA] okTt.

HEA,

1= Z|n> (n| +/ dE |E) (E

A= /U PRELICY / FOV dEa(A
Ra(z) = (A= 21)71, (A) =C\ p(4)
dCHCP

Z7A. AA AJe] Ast, AARF A o] 71 A convention, h B9, BAIZAS 1A

= o], WA A429] dense domaing A48t adjoint domainTt boundary form< B] 3
spectral theorem< 4-8-5c},

A3 27 A A, bpectrumol Zof =4, boundary term©] 091 A], resolvent 2}l o] W=x] &kl
Stct.

AR /AT AZ. ZAE & "< “JH - QAR - A - AR - FAF A2 T A] HojEH
ZE A|A EA|. 0] FFEL extendedol|A] E1HE RI§ 0]|E H|ZE ZH FJEO0Z final2] RI1-R17 HHE
S HE7} ot

440
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103.2 &4 B: & 29| A|7HEA

;A FE, wETF, ARPER O A o= A2 v 2|5t

Alol Asto 72 Holt}, o] 7o 242 B4 B:
addition©| ™, extended @} A2 = FE-2 FE AAUSHA| LUt

tEA.
|7/1> :ch |Tl>, Z|Cn|2 =1

(4) = (V[A]¢) = Tr(pA)
oy [¢) = H [¥)
[l'ivpj] = 1715”

Z7. U A A5, AR 9], 714 convention, h T, AAI RS 1At

T+ l“ﬂr—ﬂ Hamiltonian< 45t S| 7| A& Y2 H, 7Iigtolu &E2 trace T+ inner product®

B

243 27 A, FEFo] 19174], ZIthgke] A4Rl], AIZHEE O] norm & EE5H=A] &elgitt
AALgst /AT A2, AAF oA = dEHlaihE A& 37F, Hamiltonians A3 A|AH P 23
19 Tl A|IZH S H| WS o]l 7} w2 ),

ZFE A|A EA]. 0] 7tE = extendedo|A] EQlEH R18 o] F H|EE ZH FJEOZ final9 R1-R17 HH=
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103.3 &A] C: Berry phase of spin-1/2

WA, SHU YL L5 st THEO 2 Helso] HelpA T} AW 22E 4 BEL, o] =g
22 FA| C: Berry phase of spin-1/2°|th. %] ZEA]= extended unique addition©]™, extended 2}
AA = FES S5 A ATt

[Ji, Jj] = iheiji i, J*[im) = B?§(j + 1) [jm)
Jiljm) =h/j(G+1) —m(m£1)[j,m+1)

h
Si == 50'1'7 O'Z'O'j == (5”]. + ieijkak
('m!|[ T jm ) o e, (| T)5)

Z7. WA A A3t xRt Heoled 714 convention, h &9, AARAES g3t
o

-,-.-E i ol. Lie algebra s M|9-31 ladder operator B2 representation tensor product & 1-3-3-7HS £3]|

ZAXT 27 A, FA HQ, mostep, triangle inequality, parity selection=
7

J aholgie},
HAge/ AT AR, BAS T gl A - a0y - AR - Au

RN L

— b | o =
AFLAA] A SES T 5 ATt
ZF8 AA EA]. o] 7t & extendedo|A R R18 o]Z H|EE 2 H FJEOZ final2 R1-R17 HHE
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103.4 &4 D: Lindblad amplitude damping

A= BlfYE ] Feh, FA jump, entropy production &2 7]&Qtt}, ]
g D: Lindblad amplitude damping©]tt. &% T A|+= extended unique addition©]™,
extended} A3 G2 F2 AL9la}A] etk

. i 1
p= _7J£Lp]+-§::<LMpLL__2{LLLM7P}>

m

¢
ps(t) = / K(t — s)ps(s)ds (Nakajima-Zwanzig)
0

eff—H**ZL

—ﬁhw

V(=w) = ey (w)

Z 7. Born-Markov, secular, weak coupling, bath correlation time 22 ZAFS T A|SHC},

& . system-bath Hamiltonian®l|A] projection/Born-Markov TAHS A-8-otal eHA S 21
ZAAFstc},

ZAA} 27 A A . trace, positivity, detailed balance, steady state7} B8] & Q1A &olstc},
Azt /As A2, F= S, FAHAA, BEEA| qubit] 7y, Ty A2 210 A2 Ht

Z5 AlA BA. 0] 7=+ extendedO|A] &R1H R18 o] H|F & FE FEO = final®] RI1-R17 ¥H&
Z w87} oh,

o
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Study roadmap

104.1 SEJA ARAE Jol7l= &4

AL A, BEY, A7EH A

o pul

] Aot o2
SHEof| A AR Jol 7k eAfolth E4] BAIE extended

2 B

W)= cenln), D leal® =1

(A) = (V[AlY) = Tr(pA)
iho: [¢) = H [¢)
[zi,p;] = ihdi;
. HA AdE] sk, AARF )Y, 71A convention, h T, AAIRAES 1A

Wi, Hamiltonian & 315 971415 2 5, 7okl SES trace i imner product 2

3} 27k B SEFol 1904, 7]eigto]l A491A, APl norm & HESHEA) Selgit,

=08 =
T8/ F A2, FAZ sl = A E1HE A 237, Hamiltonians A3 AIAR FHAY 23

B oo oido P
Jo 2L %TH-I )
ok
o

FE AlA EA|. ©] ItE = extendedol|A] &RIH R18 o] F H|FE FH FEO 2 final®| R1-R17 ¥H&

Zx7}okyct.
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WA, A, BE, ATEe] A 502 A2 ujA B dRe) el Bale M thel o)y
ol A3gto g Holt}, o] 7tE9o] 2y 2 Z7/| A5 ITolt}t. &% TA|+= extended unique addition
olJo

|7/1> :ch |Tl>, Z|Cn|2 =1

(A) = (Y|Alp) = Tr(pA)
oy [¢) = H [¥)
[l'ivpj] = 1715”
Z7. U A A5, AR 9], 714 convention, h T, AAI RS 1At

T+ l“ﬂr—ﬂ Hamiltonian< 45t S| 7| A& Y2 H, 7Iigtolu &E2 trace T+ inner product®

B

243 27 A, FEF o] 1917A], Zlthgke] A4Rl], AIZHEE O] norm & EE5H=A] &elghtt
AALgst /AT A2, AAF oA = dEHlaihE A& 37F, Hamiltonians A3 A|AH P 23
19 Tl A|IZH S H| WS o]l 7} w2 ),

ZFE A|A EA]. 0] 7tE = extendedo|A] EQlEH R18 o] F H|EE ZH FJEOZ final9 R1-R17 HH=
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(4) = (V[A[y) = Tr(pA)

ihoy [v) = H [¢)
[-T'hpj] = 1h5w

27, 1A e e, A4 el 714 convention, h T, AAIRAS 1T}
H= wdl. Hamiltoniane A5t ¢8| 71X E €2 5, 7|tizko]u &2 trace T== inner product =
e shct,
A3 27 A, FEFo] 191A], Zlthgke] A4lA], AIZHEE O] norm & EE5H=4] &Rlghtt
AAE/AE DA, BN e TS ABEE, Hamilionian & 4 A28 Y B3
TRBES AR S Y-S Hl s o] St w2,

Z8 AA EA]. o] 7tEE extendedo|A ER1E R18 o] F H|EE Z2H FJEOZ final2 R1-R17 HHE
ZH7}ofytt,
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2% 44 o} Eekast &g AL AE

447



fresh final atlas

L

L

Al

T

AL AP cj4ef n)Ey

T

o
—

o
&2 trace 2= inner product=

Tr(pA)
= H[y)
3

D enl? =1

[$i7pj]

iho; )
29, 7ozl

Bl

=
k)

|

(4) = (¢[Al¢)

) = caln),

F
b kel 7)) 5

5]

o

=

3tct.

= w|. HamiltonianS %
[

106.1 QFo001. Aefe}l &

Chapter 106

A7 3

o
g

T

oj

g5

A3} A7},

o] 117, Z]Hhgto] A1 #], AlIZHEZd o] norm

e

448



FAred s} ohAE eme s 449

106.2 QF002. A& w3dA1et E844

AN, A, TS, AR A o2 A2 x| st th 2o FAHE EAl= AP 4o v 2%
gAlo] Ao & Heltt, o] 7hEo] 242 A& wetA et E87/doltt. £ H A= fresh final atlas
o|H, extended®t AX| = FEH2 S5 AFASHA| LAt

CEX)

|¢> :ch |TL>, Z|Cn|2 =1

(A) = (Y|Alp) = Tr(pA)
oy [¢) = H [¥)
[l'ivpj] = 1715”
Z7. U A A5, AR 9], 714 convention, h T, AAI RS 1At

T+ l“ﬂr—ﬂ Hamiltonian< 45t S| 7| A& Y2 H, 7Iigtolu &E2 trace T+ inner product®

B

iz 27F A, FE3o] 1917, 7|tigke] Al x|, A|IZHHE o] normS BEE5H=A] &Ittt
A, Axgsto A= Adel5 7S Al S37F Hamiltonians A3 Al AR H A3 B

LGB ES AZHS TS vl w s ofs)7} whect,
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106.3 QF003. Hu}zte} Green 34

WA, T PAE S Fock BT, Green B4, STES, B g A7 Aste ol Yeraabg Ak,
O] 7]":—«] —%@% ZupAket Green FH4=oltt, 4 FEA| = fresh final atlas©| ™, extended 2t A2 = &2
F2 4relakA) ereltt
tEA.
[azﬁa;] = 5ij7 {Ciac;‘} = 1]
= Zqﬁi(r)ci, H= Zh” i+ = ZVZJMC cicicy
% zykl
. 1
G(k,iwy,) =

iwn - fk - E(k,iwn)

Xia(t) = ) {[A(), BO))

Ep =1/&+|AP2 (BCS/BAG)

Z7. 2%, ensemble, Matsubara/real-time convention, -5 EARS cutoff& 1A 7).
5 o, second quantization © 2 Hamiltoniang 23! Green &4 E+ B4 decoupling 22 ob-

servable2 AAFSHTE,
A 27 4. sum rule, spectral positivity, B4 2, analytic continuation= ¢l
AAtzs /A A2, WA, AT FAAAL condensed matter =2 912 W 7|2

e

o},
of7} e},

re
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A"

4

106.4 QF004. A E 29| 22

. FEs] = 4 §l= Hamiltonian> 282 w7 40 22| ol 2] 27D 2 o] &3l & 0|22
HHETE o] 7tEe] 22 A E5E9] 22 B Holt}. %] HA|= fresh final atlas©] ™, extended 2} A 2| =
FE2 55 AAsHA]

A,

EW = <n(0)’V‘n(O)>

E®) — Z |an‘2
! EY - EY

m#n
i [t o
- / dt’ et Vi (1)
h
21
Ling = f‘vfi‘zp(Ef)
Hye = e He ™S, [Ho, S| = Vo

2. 22 uiAA4ek U gapol EAfslo} st} 287} Lo ™ WA $ L h2EE St

= o], /5 WA olu AJZHEE AMALE A 2 H RS, secular term Y FE| RIS
HE 2 22|},

A At 9. g
A3/ AT A2 2AS

“=
-
—~
~
~—
Il

N
N
2L
rlo

, =E|, secular growth, gauge-dependent quantity S 7 SHc}.
L ooabe - QAR O - AAZA - A4 2H R THA] Hojrm

e oot
2

—

ATAA AL 582 TS 4 QUct

d
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106.5 QF005. AFgrol| A flux normalization

b

HA), AFES AR, Green $H4, S W H 9] unitarity 2} sfAAJ o2 A2l Htt, o] 7t=29] 22 Altgho]
A flux normalization©]th. %] EA]= fresh final atlas©]™, extended 2} AX| = FE-2 FE AUsHA|
kst
oA,
1
B\ = . ‘ €5
‘w > |¢>+E—Hgiiov ¥ >
T=V+VGT
ikr
ikz e do 2
v~ O 97 pe)
1 oo
f(6) = z Z(% + 1)e'% sin 6, Py (cos 0)
=0
1
kcotdy = —az' + 5r6k2 +O(kY)
2. YA EA AR, 2] A8 flux normalization, channel +5 WA 17 stct
& # o, Lippmann-Schwinger 7 2|04 outgoing Green T4E A5} YA asymptotics 2t flux
£ H|u3tt
A%z} 247F A 7. unitarity, optical theorem, AU & =3F, cross section2] 2 XS &Qlste},
VAT AT AR, BAIS T e e - QAba - oy - AARA - A4 AR ThA) Hojrm
AT A BE BHE St
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106.6 QF006. 23} SU(2)

My, SHH e Ao s Usel EREoR elunl AeH Af 222 A BT, of Fheo)
22 A9 SU(2)oltt. &4 FEA|+= fresh final atlas©| ™, extended @} A2 = FE2 S5 AYUSHA
&3kt

[Ji, Jj] = iheiji i, J*[im) = B?§(j + 1) [jm)
Jy |jm) =h/j(G+1) —m(mE£1)|j,m+1)
h

Si == 50'1'7 O'Z'O'j == (5”]. + ieijkak
<j’m’ Tq(k)’jm> x ijmmkq <j/ |T(k)|'j>

270, HA g Get, AR Aol 714 convention, i T9l, FAIEAES 1T
o

& o), Lie algebras A|-9-11 ladder operator S+ representation tensor product 2 -F-3-7
Elg=y
ZAXa 27 AR, FAS ’H 9, mostep, triangle inequality, parity selection= 213t}

—

E e U] - AR - WY - AR - HAF A2 ThA] Foj B
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106.7 QF007. Berry curvature?} Chern 4=

SHA. Bloch band 2t many-body wavefunction®] 7|5} Chern 4%, Berry 94, anyon 54| 22 &W
O 2 et o] 7k=9] 242 Berry curvature@t Chern 420]Th &3] HEA|= 2 fresh final atlas OIE'%,
extended®} A= B 52 AFe)shA] ok}

x4,
H(k) [unk) = En(k) [unx)
An(k) = i<unk|vkunk>
1
Qn = Vk X A,,“ Cn = 7/ Qn.z d2lC
27T z '
o2
neoce
S(A) = a|0A] —logD + o(1)
Z7. gapo] I& Y1 7]1A gauge”} patch B = w1 HA| A 2] =] =] &3t}
8- ). T 8AE bundle?] connectionS 7 2]5}2L Brillouin zone == — parameter spaceoﬂ A curvature
=REE
A3} 27 A A, gap closing §lo] 2R 0] ¥I5HA] &=4], gauge patch 2] &/d 0] AFebR]=A] &gt}
AAgst/ A5 A2, AEAA, FAF Hall, topological photonics 2t A2 E T}
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[si3
2 or

106.8 QFO008. Lindblad positivity

AN, H I o] = A= vlFUE ] 598, YA jump, entropy production & 7| &SI, 0]
7F=9] %2 Lindblad positivity ©|tF. & ZA]+= fresh final atlas©] ™, extended 2t A X+ FE=
5 FA] gkt

=

4Z E¢AEZ.
rl
ol

. i 1
P ::__ﬁilf?p]_% 2{: <Z;Mpl;L'_ 2{12L1;M7p}>

m

¢
ps(t) = / K(t — s)ps(s)ds (Nakajima-Zwanzig)
0

eff—H**ZL

—ﬁhw

V(=w) = ey (w)

Z 7. Born-Markov, secular, weak coupling, bath correlation time 22 ZAFS T A|SHC},

& . system-bath Hamiltonian®l|A] projection/Born-Markov <AHS -85t SHASd 21
ZAAFstc},

A} 2F7F A . trace, positivity, detailed balance, steady state”} &2 2 Q1A &lgtct,

Azss/ AT ?"L’é 9|2 g, FAAA, JE=A qubit o] Ty, T, siAf o 2] A2 =
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o

>
o9t
olo
ufl

106.9 QF009. Kubo 54}

AN, oHA| FAF=Z2 Fock 37F, Green S, %%]"_6\:}—/1\—, 1 WA A3E ol Td G AL
0] 7]":9—] Z AL Kubo 34T Ag-2Ho|th &4 E/\]—E fresh final atlas®]™, extended 2+ A 2| =
HEo 35 AUsA el

o>~1

l

O

=4,
[ai,a;] = 5:‘3', {Ciyc;} =0,
Y(r) = Zqﬁi(r)% H = Zh” cci+ = ZVZJMC cheien,
i zykl
G(k,iwy,) = L

iwn - fk - E(k,iwn)

Xia(t) = ) {[A(), BO))

Ep =1/&+|AP2 (BCS/BAG)

271, 2%, ensemble, Matsubara/real-time convention, SA%3, cutoff& 11 SHc},

& wf. second quantization 2 Hamiltonian< 23l Green &4 F+ B4 decoupling 22 ob-
servable2 AAFSHTE,
A3} 27 AA. sum rule, spectral positivity, =453, analytic continuation< &<l

AAtzs /A A2, WA, AT FAAAL condensed matter =2 912 W 7|2

e

o},
of7} e},

re



YA} 5} upAE FHBA 2

o

106.10 QF010. MPS%} entanglement cut

EF, A, positivity, unitarity S FHASIAA FAFSHS 719+ AT
ntanglement cut©|th. &% ZA]+= fresh final atlas©| ™, extended 2t HX|+=

=
>
X
S~
>,
o9
N
D)
i)
9
lo
H

(t)]]? = 1, At — 0, Npgsis — 00 convergence

e I HATHE)AL _ (—iHAN2—iHBAL—HAAL2 | O(AF)
HQ.m = QT + Bmgmyrer, (Lanczos)

o) = Z Tr(ASt - ASE) sy - s1)

S1-+SL,

)

2} 27], AZ¥HA, basis cutoff, truncation error, random seed & 7] =3t}
. 2AE A o2 Aot dae|Fe] BHEG £HAS s s) .AtE FA gt

7} 7. time step halving, cutoff doubling, exact limit benchmark, conserved quantity drift

K

N HoR
= &
e L

ke
o
o

2

Z. Python/Julia/C++ FHOJ A= sparse matrix, Krylov, tensor network AFETLZRZ

O tugy do W

S

=, o

.
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106.11 QF011. QEC &7

WA, e, BEG, AT A 502 N2 s iR o] Frjeist BAlE HPchet o]y

1 [ o == kiire e}
Alol Aglo g Holth o] 7t=9 242 QEC Z71o|th. EZ-] HA]+= fresh final atlas©]™, extended 2t
AX = B 25 ARIA 2T
SER)
ch |Tl Z|Cn|2 =1
(4) = <¢|A|¢> Tr(pA)
iho; W> =H |1/’>
[l'ivpj] = 1715”
Z7A. AA Ae] st AARF A 2] 71 A convention, h B9, AAIZRAS 1A

= ‘“ﬂ‘:ﬂ Hamiltonian& 7ot 2HH| 7|2 & 92 H, 7|tigtolu &2 trace E+= inner product =

iz 27F A, FE3Ho] 1917, 7|tigke] Al x|, A|IZHE o] normS BEE5H=A] &It}
AALgst /AT A2, AAF oA = dEHlaihE A& 37F, Hamiltonians A3 A|AH P 23
R E6 A S-S Bt ol 7wk,
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106.12 QF012. Keldysh contour

HA. A FAFE2 Fock 37, Green ?:]'"/l\_—, SHEe, B A3 A3 E S8l A AdS Alatsiot
o] 7}=9] 22 Keldysh contour®|th. &3] ZEA]= fresh final atlas©] ™, extended 2} H 2= FE
5 AdshA] ekttt

o=
[aha;] = 5ij7 {Cia C_J;} = 51’]’
1
YP(r) = Z ¢i(r)cs, H = Z hijczcj + 3 Z Vijk:lc;rc}clck
i ij ikl
. 1
G(k,iwy,) =

iw,fl — fk — E(k,iwn)
s (t) = —20() (A1), BO))

Ep =1/&+|AP2 (BCS/BAG)
z

Z7). 2%, ensemble, Matsubara/real-time convention, 5453, cutoff& 11T}
| —

& wf. second quantization 2 Hamiltonian< 23l Green &4 F+ B4 decoupling 22 ob-

servable S A|AFGHCH
A4k} 27F A 7. sum rule, spectral positivity, SA15-3, analytic continuation= 29l

AAtzs /A A2, WA, AT FAAAL condensed matter =2 912 W 7|2

e

o},
of7} e},

re
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106.13 QF013. Gauge convention A3

ic)

HA . AR & FAJ A= 2 22T gauge covariance 7} A4 o] T,
/\15 J—l‘zﬂ - Sx’}]\q- O] 7]'59—] _‘li_.;é% Gauge convention X-”E_O]E,]— %‘.]
extendedﬁl' 2| = gEe 2B AMolsha] ekttt

CER)

A%

Faaks &Fo] 09l oo

A% fresh final atlas©] ™,

1 2
H=—(p—qA
2m(p qA)” + q¢

A= A+Vy, o — /Ny

q qPB
A == A.-de =12

PAB h% £ 3
En:hwc(n+1>7 w, — 4B
2 m

T

Z7. Ao} B35, gauge convention, SI/AFA TS, HEjHEAE Hel S 2ts] st

o= ol ] AZATS -85} gauge transformation©| A THE8H 91442 observable©| B Q1 A] &9l
AL 3'—]' 27} A 7. gauge-invariant observable Tt H]ul5}al 215} 25 9} phase conventions Q15+
AAFs /AT Q2. AA7182] BElA, gauge, Aharonov-Bohm 91743 21 grE# o},

o

B

r



YA} 5} upAE FHBA =

o

106.14 QF014. 52| FAt st A 2El

ositivity, unitarity & AAHFHA FAFSHS 7] 9+ AAjTh o]

~
o
of4

AZA. Python/Julia/C++ &A= sparse matrix, Krylov, tensor network At 7122

A, A garoiete HEY LA
7]'594 ZAZ 2| FAG s gAk FElo|t. 24 FEA| = fresh final atlas©] ™, extended 2F G 2| = &2
F2 4R15A) aist
CEX)
lv@®)|? = At — 0, Npgsis — 00 convergence
o~ i(Ha+Hp)AL _ e—iHAAt/2e—iHBAte—iHAAt/2 +O(AR)
HQ.m = QT + Bmgmyrer, (Lanczos)
) = Z Tr(AS - ASE) |5y -+ s1)
sis1
Z7. A A7), AZ7HA, basis cutoff, truncation error, random seed S 7] =3t}
FE W, ZAE fSxtY o E ddstal daeEe] HEF £/ slAls] A& 4ttt
24k} 217F A 7. time step halving, cutoff doubling, exact limit benchmark, conserved quantity drift
£ sl
A
o]

o

™, o

QX
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AN, BHl, AST, ARPERY A S22 AZ HjA|st tR2e] FAG S EAl= Aot nlE
Frg Aol 2gtoz Heltt, o] 7kEo] 232 =7 87| EAMCIth. E3] AL fresh final atlas©|H,
extended 9F 2| & 52 T8 AUsA] &3ttt

=
I

doenln)y D el =
n

(4) = (¢[Alp) = Tr(pA)
ihoy W> =H |1/’>
[l'ivpj] = 1715”
27, WA AFe) 8, A4t Helod, 73] convention, i B, AAZAE LA

TE Hlﬂr_ﬂ Hamiltonian2 5tal & 7|2 & ¥2 H, 7Itigtoly &2 trace = inner product =

A3 A7} A, SRl 1917, 7] eigkol A491A], AT norm & RS SIS,
;ﬂxl':g—él /ZEI‘% ﬁg %_X]'—l—o]'oﬂ/\‘] LS /\}-EH%Z_]"% /‘\_]ijo'_z_]-’ Hamﬂtonlan—g /]\_‘lof] }\]/\ ‘_-_]_] oé—]i%_j_ ‘_]%] HT
IREEQt AZHES Bl wEHH o] 3|7} w2},



|
—l-l
X
d
=)
ol
1—!
>
Sl
r{M

a5 & ¥ ohg ] 7FA S REESTE A, 9 9]9] Hamiltonians S 22k LR 24|, AIRPEHE 24
S AR 247 oA 2o S, 22 EAE BEEY, s Rd, JRAE 2Y 5 T 7HA o)
o2 Aol A, A&7t 3= A, HEY, A ZH o2 g2 AAteteh. WA, A3 observable
EE x| S EH AZHE Fe sht ZokE ot

o] A= EA|7} o2t AARA A . oF Fh=otr) “tE AR oF7]75kA] Tal, 1 Ao] JH sk
AT A 22& o] T 4 qlofop ettt A S 2Ho2 T 3o thg 7tER o7k
ot

463



FuAtE 42

o] PDF= YZEH final H extended A1 4| L2 E HIFH O 2 A2 A4S F5-& H2fZol.
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