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Abstract

Abstract

The rich variety of novel physics in strongly correlated electron systems have at-
tracted long-term attention of the community, that include Mott transition, colossal
magnetoresistance, fractional quantum Hall effect, high-temperature superconductiv-
ity, heavy fermion, and so on. In these systems, due to the strong interaction between
electrons, the traditional band theory based on single-electron approximation and the
perturbation theory based on expansion over a small parameter do not work. There-
fore, development of new methods to deal with various equilibrium and non-equilibrium
physics in strongly correlated electron systems is an important, frontier, and fundamen-

tal subject. This is also the purpose of this thesis.

This thesis can be divided into two parts. In the first part, we develop a new method
to study equilibrium quantum phase transitions. In the second part, we develop a new

method to study non-equilibrium dynamical quantum phase transitions.

Heavy-fermion systems are arguably one of the most widely studied strongly cor-
related electron systems. Traditionally, the understanding of heavy-fermion physics is
mainly based on the mean-field theory with a static and uniform hybridization approxi-
mation. In this theory, the localized electrons undergo a localized-to-itinerant transition
below a characteristic temperature Tk and then hybridize with conduction electrons to
form a heavy electron band. The mean-field theory is simple and intuitive, but it ig-
nores the fluctuations and correlations of the hybridization fields, which results in a
phase transition at Ty rather than a crossover observed in experiment. To address this
problem, we propose a static auxiliary field approximation to study the hybridization
fluctuations in heavy-fermion systems and use the mutual information to measure in-
tersite hybridization correlations with the help of recently proposed mutual informa-
tion neural network algorithm. When applied to the two-impurity Kondo model, we
find that the artificial phase transition predicted in the mean-field approximation is sup-
pressed, indicating that our new method can indeed capture the fluctuation effects. In

addition, we find a logarithmically divergent amplitude mutual information with lower-

I



BRARA > I iR AE SRR I L T AR G P K N

ing temperature near the so-called “Varma-Jones” fixed point, manifesting a quantum
phase transition at zero temperature and its associated quantum criticality above the
fixed point. In the Kondo regime, a large phase mutual information reveals the deep
relationship between the intersite phase coherence of the hybridization fields and the
hybridization picture in heavy-fermion systems. Our method can be easily extended to
multi-impurity and lattice models, and we hope it will provide a microscopic theoreti-
cal support for the two-fluid phenomenological model of heavy electron physics and the

two-stage hybridization scenario observed in experiment.

Due to the rapid development of experimental techniques, people can not only
study equilibrium phase transitions and critical phenomena in strongly correlated elec-
tron systems by tuning parameters such as temperature, magnetic field and pressure, but
also observe non-equilibrium properties in these systems by tuning time. Especially
with the discovery of many novel phenomena such as fluctuation relations, many-body
localization, time crystal, dynamical quantum phase transition, and so on, the study
of non-equilibrium quantum physics is becoming one of the most active and exciting
branches of modern condensed matter physics and has attracted intensive attention in
recent years. Quantum work is arguably one of the most important quantities to charac-
terize the non-equilibrium dynamics, because it can not only describe the critical phe-
nomena of equilibrium phase transition, but also capture the non-equilibrium dynami-
cal quantum phase transition and fluctuation relations. In the study of quantum work in
many-body systems, a Hamiltonian approach has often been used by calculating explic-
itly time evolution of the quantum state for quench protocol. However, such calculations
can be very involved which makes it hard to be extended to arbitrary time dependence
and general correlated many-body systems, which greatly limits our understanding of
non-equilibrium physics. To overcome this issue, we introduce the functional field in-
tegral approach to study the statistics of quantum work and the dynamical quantum
phase transition under non-equilibrium conditions, and derive the general formalism
for a bilinear Hamiltonian with arbitrary time dependence. When applied to the trans-
verse field Ising model, it yields the same results as the traditional Hamiltonian method,

which demonstrates the correctness and effectiveness of our new method. When fur-
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Abstract

ther applied to a topological model, we observe an anomalous 1/N correction in the
scale of irreversible work due to the topological nature of the quantum phase transition.
Dynamical quantum phase transitions are observed for three different time evolution
protocols but their time periodicity only appears in the double quench case. Finally, we
take the Ising-Kondo model as an example to illustrate how to extend the path integral
and Monte Carlo method to the study of non-equilibrium physics in strongly correlated

electron systems.

Keywords: Path integral, Static auxiliary field approximation, Mutual information,

Quantum work, Dynamical quantum phase transition
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Figure 1.2 Schematic illustration of renormalization group flow in the Kondo model. In the

diagram, FM = ferromagnet, AFM = antiferromagnet, and FL = Fermi liquid [2].
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Figure 1.3 Schematic illustration of the RKKY interaction [2].
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Figure 1.4 Resistivity of a Kondo system. The temperature dependence of the magnetic resis-
tivity of Ce La,_, Cu,, calculated as p = p(Ce,La,_, Cu)—p(LaCu,) per mole Cerium, is

shown for different concentrations x [3, 4].
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Figure 1.5 Mean-field phase diagram of Kondo-Heisenberg model on the triangular lattice [5].
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Figure 1.6 Left: experimental 7 and T values for a variety of Kondo lattice compounds.
Right: the linear relation indicates 7" = O.45Jép, which demonstrates that 7™ is given

by the intersite RKKY interaction [6].
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Figure 1.7 A suggested phase diagram in two fluid model. 7™ is the coherence temperature

that marks the emergence of the heavy Kondo liquid [7].
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Figure 1.8 ARPES data of CeColn; along I'-M at the different temperatures [8].
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Figure 1.9 The decay rate y as a function of temperature measured at different fluences. Two
clear anomalies at 7* and 7' are found (T* < T7). Below T*, y shows strong fluence-

dependent. Above T, y almost keeps constant. [9]
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Figure 1.10 Temperature dependence of resistivity for various values of the conduction electron

number » [10].
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Figure 1.11 (a) Comparison of the local and nonlocal contributions to Re Lj(w). (b) Tentative
phase diagram constructed based solely on L,(w). The background colors reflect the

low-energy slope K of its imaginary part [11].
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Figure 1.12 Schematic phase diagram in the vicinity of a quantum critical point [12].
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WIS REsh )24 F i RE. Wl 1.14 o, A (r) TERT[R] 5 ) b 12 5 1 4 iy 44 M 30
JIEE T,

ERE TR S S48, 22 7 RZE LEZ KX, 2131
TR, BIRNAEBKEZ Ik RS S T 2 )% 8 AR, (AR T3]
TIF B AR VORI B IR I AN o i DR 22— S A 5 (1 e 1 A AP T ¥
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rate function A(t)

1 >

O

te time ¢

B 1.4 M H%ETFHERRER [14].

Figure 1.14 A schematic illustration of a dynamical quantum phase transition [14].

RRERTZHERARITE D, BORHPRE] 7 AR BRI 15
O, BAES DY & SR AR B 0 B HE BIAR- T B B RO o b . BRATAJE 17T
WEARRGE T IHNZ KRR T, JFRIIX —J7ET 7T TAE S AR P 2%
PEREIB /1B TAHAR . BeAh, EARKRIIBETEr, JRA T T AR 4 & 1 22 s 3
AR, SRR (Al —— (AR AT 7T 3h D2 T A, DARRsh e 1
AR A IR 26 AT

1.4 XM

FES— P IRA TG EA A TIN5 R In) R 9 oK B, SRl
TR EAR AP B B A AR SR U 1 2 9 oK AR R 2 Ak v A 2 A S IR Y B 22
Pho B e BATEAN T 28 TRV AN A SRR R B WF 72 g SEANEILR . fe)im, AT
HE 7 2 M ARAS . AR DA S i R B ) /TR I B 0 S R T AR AR
AR,

5 —Em P, BATRKVEGN AR SO W ey i, BIERAR AR 2 B AN
SRR (MC) T, JFUHR IR B AL S A k.

RS =, XL g8 H 2K 5 VR AN REAR 1 A B 2 Ak v AN 22 8] SR R R
A, BAVE e T H A B3 (SAF) LTy oKk Ab B 5 9% K 14 2 ) 2 A ik
ARG i ahlasse >, FRATWIIT 1 w2 Bk - AR R R T i AR
RILAA I AR AT S AT LA s B 3 AR AS I AR A LA B R 7 AR LA -1
HE KT R E B Z B IR Z AR o
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F13m F

2R R G T UG 12 T AW e b, BE X% ge g Wi U5 R
PR T2 HORAR G DU R R, BATTAE 55 DU 2 ol B AR AR 2 BB ) 2R i & 1
AL . BATERE T H R 2 AR RS R T ISR 0 U5k, ik 715
EAGHET EUE AR R B sk mi o 8IS THER B AR, SR AMEL DL
SRR R R Th o AT AN ) f 2R AR, BATE R 1T R R I DL D

feJr, HILERERLMEE,
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JTFAE SRR T R G 1N
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CIVE RS 3 N ViRrS

F2E FEERAZE

X' R B AU T ARG W HHER A E Tk AR
WH SRRk FATROE T 51 7R B B B AR AR SR RIS TTE S
JRHEAE . PO “RAEER”, R BB ERAR AT JEEA B
A fe R ik iz Rz A I BIA RS b, G iR nESs & HET B4R
AR LR R 88 LA SHLERE 46 5%.

2.1 BRNTFRGREERASER

{EFHIASEAF, MR Z = Tr [ePH] GiRE 2 LR ENML. FR—
HORHE 88, KRG HEHEE. LEHERS2Em W T LI 53] FRATE PAT
VIR T A R 7 G e] ) P B A2 AR 40 5 V3 oR MR IC 43 pRE, U0 BE 4 S A = Tk
TS SIS o
2.1.1 1EBRE

a7 1 R PR e s L

H = g—m + %wzﬁ% 20
P A BB I 7 R B
Z=Tr[e?H] = /a’x (x| e PH |x). .. (2.2)
i, Fdilde g AE®RT
G = (x| el |y, . (23)

TREM A (x,1,) S5 B (x,.1,) SMOPGERER, —HRH G JF, RATT LY
R x, = x, = x R, —1, = —i pho SRIG TR x BUME AT SR 4 B 50
Z = [dxG.

B, RAOTHHEEC LR AU, MR RS -1, 509 M

G = <xf| e—iAtH/fl e—iAtH/fl . e—iAZH/fl |xi> , (24)
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r L4t

B 2.0 M A (x,.1,) 1530 B (x.1,) RIS R BREEAE [15].

Figure 2.1 Various possible paths from A (x,.7,) to B (x,1,) [15].

Hor Ar = L8 SRR RAE R — NI AR BBAL—: [ dx|x) (x| = 1, BERfE

R SUINEEPY

M-1 M
G = / [ H dxn] [H (xn| e iAtH/h |xn_1> .
n=1 n=1

... (2.5)

NTBEIE, BAWEERPEE TIL5 x; = x0, xp = xp. WE 2.1 P, L
ARMERET 1%, WA SGE] B &) RERs e #2 o V. v T itE M
A 5] B FALRRRER, AT 20 M) BE AR AT SRAN, R4 A 0

Bk “ PSSR AT (sum over histories) o
N TH B RS S5 /N (] TR R ) A 3

G, = (x| e A [ ).
BB RRRMEAN —: [dp,|p,) (P =1 5
G,= /dpn (Xu1Pa) (pa] € A H M |x, 1)

ei px/h

HAHRGAEHIIK R (x|p) =

» AT LLH R G, ISR

2rh

cAtm 2 2 - At 2.
Gy =g e 3 [ ap, et Bk s

22
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.. (2.7)
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R ZANERT, A TR SR p,, BATHA 70 TR 2 5

o0 a 2 b2
/ dxe 2% TH% — \/2—”@. .. (2.9)
o a

&JE, 18 G, AR (2.5) JFEHE 15

M2 M-1 M m )2
1m 1At m o o
<27mm> / [H ]eXp [ Z Az 2 e

n:

- [ oo [T (-0

=/D[x(t) exp{gS [x (@]},

... (2.10)
HA Dx ()] AR ME, 1850w AER =
S[x(t)]:/ttf dt<mez—%ma)2x2>. L (2.11)

b AR R ORI
X /N A A AR JRATTAT DO g B b B TR BCEAT U R SRS HE N
BN —, e AT IE S T LR H RS TE T

212 EREfR

IR P T BE A BR AR AT RS SU VR, E R A 3 5 AR ) B A A R T ) D iR e
Ko AT LAZRIR Ny foe IMEF SR B

B/ MER JRBL: 22 0075 05 RS AR F B AR (B 2.2 sl s, B
BT A (x;,1;) 53] B (xp,1,) RIZEHERAE x, (1) i /2 Euler-Lagrange 75 7%

68 =0 = %, + w*x, = 0. .. (2.12)

AR Ay ME R R B e ME RSB R R AR T . L AnTEAR R iR,
TEHE S = [ \/—gd"xR 8L mixT B2 RIETH 7R . £ 2R B, JRATH
685 =0 BIMRR L st . vT AR WY FE AT RSS20 ke 2 10T it AR ERASE A v, 382 1
BRIV SR 7]

Euler-Lagrange /7% (2.12) HIf#N

. =xfsm[a)(t—t,-)]—x,-sm[co(t—tf)]. L (213)

¢ sin [a) (tf—ti)]
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B 2.2 SEECAL R, [BENART /1% RV RIBAR [16].

Figure 2.2 The classical path is shown as a solid line, alternative paths allowed by quantum

mechanics are shown as dashed lines [16].

LR HERE R
t .2
S [xc] = / ! dt [% - %mwzx?]
1

=5 [a)m(ctof Y {(xff + x?) cos [w (17— 1)) - 2xl~xf} )

L (2.14)

R A O AR BRATTRT DL R XA AR 7 9 5 923K H AR AR A B
fift. EMRCIERHL TR RS, #aUBEE RS N ER Y EE R

2.13 EFKE
LSy 2Erh, k7 H A& ik 12iz s . HEE T 1%, HTFE 78N,

fin 25 22 SR AR RS B PSR — R JUR B, W 2.2 FRELR. N T %
JEHE T EKVE RN, BATHENE R AR # rU i L S P T

.. (2.15)

5*S
Slx+a] =S[x] + 37 [ dndny(n)y (o) [ﬂ)um.

ox (tl) ox (t2
VBT EER T, Ry, HE R AR G O, B
RIS T AL 55 = 0, FiLLBIEH — W EIT I
R R R 220, R4 SRR T8 N
=/D[x(t>]exp{%S[x<r>]}

. . .. (2.16)
:wm%SMM/Dwmwm%%/m@%mﬁﬂk
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FEE—ThEOICEUET S [x.], AT RBERET G, RATEFTHER K
I
_ im 2 29
If=/D[y(t)]exp{%/dt (¥ =@’y } .. (2.17)
Hrhdi T34 5 AR B ZWER, FTUE y (1) =0, y(1p) = 0. KD EE AR
i, AT BRI RS 1, W] LUS 90 R i) i R 5K

M-1 M-1

. M2 .
—im im
I=< > d —_— AArv_1).. v |, ... (2.18
f YhAL /[’LI1 yn]exp[%f’i;:ﬁyl( M 1),JJ’J] ( )

Her (M - 1) x (M = 1) 4ERIE T 5ERE Ay N

[0 ARe? -1 0 0
~1 2 — AfPw? -1 0
Ay = L . ... (2.19)
0 ~1 2 — Afw? -1
I 0 0 -1 |
TR A =

n.an
/dxl dx,exp| — Zx,-A,-jxj = —, ... (2.20)
i,j

Vdet A

¥y, Roti)a, 1, vTUALTRY

172
I, = lim - : ..(2.21)
M- ZﬂhlAtdet AM—]

TRIBNBEFTEUFATHIA (2.19) KIME. FEEEIR Ay 58S a5
U7 IS HESR A

det [Ay (@)] = (2 — APw?) det [Ay_, (@)] — det [Ay_, ()], .. (222)

HAIa AT S E N

det [A;] =2 - Ao’

, ... (2.23)
det [4,] = (2 - APPe?)" - L.
SINFHIE X Wy = Ardet [Ay (w)], 2AEFI A _EEIK S HEA XA 15
Py =¥+ ¥y —*¥ . .. (2.24)

Ar?
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HAN>2, YIEY, 1Y, N
¥, -y
¥, =2A1 — AP, szl =1 - 4A1%0” + At'w®, ... (2.25)

FEELEWRIR T N - 0, Ar - 0, 30 (2.24) W5 N i 52

d*¥ (1) _

2
== (), .. (2.26)
Hrh e (2.25) 2N
¥, — ¥
W(1,) = lim ¥, =0, O pm 2y .. 2.27)
A1—0 dt A0 At

M = IR AR A _
Y (1) = w (2.28)
_ - , . (2.

AT (2.21) RIA] SR Y 5 kT A% 3% 1 1 Tk

12 172
. m maow
I;= lim , = ... (229)
f M—»oo<27rh1AtdetAM_1> <27rhisin[co(tf—t,-)]>

BJa, e BT AR SR S [x ], SERTELRIERE T G R & RIE
_ imw 2 2 _ _
G_exp{Zhsin [a) (tf—ti)] {(xf+xl.>cos [a) (tf t,-)] 2xl-xf}}

172
maw
X .
(27rhisin o (1, —1,)] >

AR x, — x, x; = x Rt —1; > —iph Ja FEA x AR E AT SRAGHC 7>

4 p imo {2x* cos [ i pho] — 2x*} oo 12
) / TP 2hsin [ fho) (zm Tsin [ 1 pho] >

1
~ 2sinh [fhwl2]

... (2.30)

.. (231

XA AR AR TR R PR B kTR, BT AT AR s
(R IE B T BKVE RN 5 REAE N, ANTTTA5 2 LA (S 7 b K

26



CIVE RS 3 N ViRrS

B 2.3 i KBS 1] [0, p1 AT I TR B0 A B R R [15]

Figure 2.3 Illustration of the slicing of the imaginary time interval [0, ] [15].

22 HERRGHHRERIER

AN IRATUAENESR T NBINA TR RETEH R B
PAR B k& IR o X — 15 RATTHEAR SO S R 2k R G .

EZE RS, AT E AR ARG 5 &

H=Yt,cl ¢+ Hy. ... (2.32)
ij,o

Horbr ¢, AP SR T O 55T, Hy, AR (B O AH BAE FH I L C 53 bR
BT LLRIR

Z= /D(V"lf) exp <—ZW,-W,-) (Cwlexp(=pH)|y), ... (2.33)
Hih RN
v (0) =Sy B,y 0)=Cy(h), - (2.34)

MFWET ¢ =1, WTIRAKT ¢ =-1. WE 2.3 Fron, KRR FE )7
%, BAVCRER g 008 M 4y, RGN/ NRIBRA TR AL —, e BOESE
PR M — oo, {HRILISKH RSEHIHC > bR 2K

Z= / D (7,y)e Sy, ... (2.35)
S51EmE
p
NIAE /O dr [Z Wie (0 + 1) Wio + Hi (Ww) | - ... (2.36)
ij,o

RO T RGET, v NEER, EFKTRET v ¥ Grassmann 225 .
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XF ARSI LRI TR T RE, BATAGEXT Grassmann A% & B #2505 T
eho 5 AL 3 J 5322 il i Hubbard-Stratonovich 254 5] N 3% (484 ()4 B3 ¢ K
H, i, SRR EBKRTEIANSERER KA RIEHE Sy oo

Z=/DMW%MJWMMW—%WH
... (2.37)
_ / D exp {—S, (4]} det M [¢].
TRABIEHERN
Sy [#] = —Indet M [¢] + S, [#], z=/D¢exp {-Se[@]}. ...(2.38)
G TA T HBUEHE ST LY EE .
23 FFRIEHE
231 FEFREFEEN
FERTTE P, FRATR B AR AR 4 BRI 10 R S TC 43 BR800 S v R X

Z = / D e Senl Pl ... (2.39)

¢ IR IR . W T AR AAE] L Sep (@] ATHERA AE B AAIIE
o AR ARSI T AR SC I B . BR T ol (8 n AURI B R T S5 A
Jridss BATERT BLRH SRR IOR BB R AR -

et T E O [¢], HARLPTI R LIRS N

(Ql¢]) = % / DO [p] e Senl?] ... (2.40)

MR S, [p] D2, FRATAT DL SUME %25 B b %k

o—Seirl®]

plol = Z

... (241

Hoimi 2 10— 2
/ D¢p[¢] = 1. .. (2.42)
F230 (2.40) AT PAE N

(Qlg)) = /chQ [¢]p (o] ... (2.43)
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BT @ Si% BN ) 8 E A 5%, FLAERAR R, R FRA AR M 67 B A
AR TRERIT I (2.40) B (2.43) (HZIE R BB W TE DL, # 0ySer [@) =
0 Ak (I AG B0 TE 73 BR BRI DTk R K, AT R B 00 T 4 R 00 ST R AR B ek, %
P8 % g e BRI PR 25 L L R R 2 i K o TR BRATT AT AR SR R 0%
SRAEIX L H BUME AR R M B e ok, BI B BEME RS . NI H R B 7
I AR

FRA A B BRI RE A6 2 40 AT (2.41),  IX AT DUE S A4 3E 1 Markov 4 523,
BRI —MIRERITE (@), HMERE RN p [¢°] = p [{@°}], FRATIEIRERIT AR
Wy, BHEHAY (@'}, SRRBRITHME Wy, EHEHAY (¢}, Wk
BRI

() = {9} = {9) = (9) — Q44

{F433) 7 —/> Markov . JURFATH ZLIUE U IEGTME W 5 45 HKk
BRI, FEASHE AL A0 (2.41), B

Serrl ]
ﬂ$pwﬂ_ — ... (2.45)
FORIEIZ — s, 3 2502 T WA
BENE: ERWANTE RS AR Markov I FEAHEK -
ABCT R
p[6¥] Wy, = p [¢*] W, ... (2.46)

2.3.2  Metropolis Bk

% 2.1 Metropolis 53%: HH SE=ATRE RATHE, IEHAREEHEABCFERE .
Table 2.1 Metropolis algorithm: detailed balance holds because the third and fifth rows of this

table are equal.

Case Serr [0'] > Serr (9] Serr [9'] < Segr (4]
Py —¢'] | o[- (Ser [¢] = Sen[41)] !
plBI P, [p— o] exp(=Ser [¢']) /2 exp(=Ser[¢]) /Z
P, [¢" = ¢ 1 exp[— (Se [4] = S [¢'])]
plo'| Pilo" — ¢ exp(=S [¢']) /2 exp (=S [¢1) /Z

N T EBGHE RAG (2.41) FIREA, FRATSRFH 525 44 (1) Metropolis 833, 4EAT
BRI {p), HPAEE ¢ A N, W o= (b1, b ndn)e A
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N MR REI— ¢, BT EH
¢ =¢;+A-Xx, .. (2.47)

Horbx & [—1, 1] Z BN, A SRS, rTBUH TR s iosR. B
MEARICN {@'}, N5 HETERT A A RUE 2R

AS = Se [@'] — Serr [#]. .. (2.48)
B, FAICL Py [ — o' | FIMEFR ORI
P, l¢p > ¢'| =min[1,e72%]. ... (249)

—AE R AL R Py [¢ — | 7E 0.5 MHiT. 3 2.1 38 =AT RIS FAT A4,
UERA T Metropolis S35 & 4l 2017 2544 [35]

PlPIPy[p— @' | =p[d'] Psld — ¢]. ... (2.50)

FAHE N DAXFER E RO — K33 A7 B ORI 8], JRATT 75 2 1a]
B — € A OB AL I, e R AR AR T (S ] SRAS ) B i 9T

(Q1¢]) Z o {¢'}] .. (2.51)

Horbr N, R IREAR AN B

B LR BN TR 40, I H SRR I B T AR SRR = F T
TR 2= R R AR AR, i TR EAZ, AR ERIIE
O R R HRXT T 1T - R B8 AR AR, D 75 R FH A S 1) 7 v A
e I FLU1E (critical slowing down) F1 5t .

24 KRB

A5 LA R T B AR AR 7 BRI A AR iR e B 5 R
— B deoxt fa B b AT I TR D)
eI = (emiamm M Ar = .. (2.52)

55 B MRS TR 75 /B IR TR TAT R Ar {80 T
—iAtHIm _ AT~ o 2
e = 1-iZH (A B)+0(ar), .. (253)
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Hofg i B A, B MR, HAMESS A o), |b) (EFIEHRFH,
A=%, B=p).
oy AP X PN R A
e HAHIN 3 gy (i) [1 —i%H (2, ﬁ) +0 (Atz)] 1) (b
a,b

. (2.54)
= Z |la) (b| ™ A @O by (b + O (AF),
a,b

Hrf H (a,b) W HE H(A, B) fEAES |a), |b) FHIHE-

SEVUE MR BCESR IR, RBERE. HRE LB h RN S S EEFAEK
T8, HARTELEBEN HRER, RWRBERD T ENINRZ .

B Jo WA A Y B SR G O B . G Al e ALK H A R AP
B . TR MEH U, XA TIAIRID TR R ER . R
R0 LR TRTR RN, ) T B A B AL R T, BRI BEA LA Bl (RPA) 7
%+ Ginzburg-Landau-Wilson #i¢. 5| 75, HARGHEA/NEHATHINEIT
I, AT DA FH SR R0 iR R A B VE RN

HAERERR, DL EAO TSI AL Z = Tr [e7 ] Biar, £
TR ST, BATE R DUR A SR 20 SR ST D RRF AL R 2

Gu) = Z;' Tr [UT (Ty,0) " (1) U (T, 0) e~G+DH <0>] : ... (2.55)

Serk Zo FAIAAIT RIS BHE U Ty, 0) = T exp [ =i [ deH ()| BT IRSALSER,
T NP 54T (time-ordering operator).  FATTH7E 5 VU FE AN UL G(u) I B AR E
S X BB £ KB o). TR 4 B MR U — M5
T, T TS R R AP 5 DU AR T BRI PR B AR A0 TR 5 G )
[ A AR RAE , AT A A T
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553 E PR T A LA B S AR AR T

E£3F RAREETHERFRSHEUETHE

PR — TP BATTR R 1 2 kT R A OQIR R S 24, (EARSE RRIE TE7 ik
ANBEARGF M A K SR o FEIX —F A, FRATPREA S5 B3 (SAF) iUy ik
SRATE FE 1 23% o 30 P Y AR BB TR o (R SR A KT, A LA B R 7n &1 AH AEA
A HIARBLIGIR,  DHs SRATE UL e i i 1 R v ) 23 A TR T A 2 AL S IR AT T
fifo

3.1 MiRE=

P. W. Anderson F-7£ 1972 54 : “Z#FH R (More is different) [36], %
TR R G IR I SRR I AN RN T R GOV R M R 7 SR N, SR AR 1
RGP R TE 2R RGP 2 0 E Z I M . BAS B BEAR 4 Hh %
- R G0 B ORI, & 25 B PRI OIS 2 —, BeiEm AL
AR B2 (B SRR [37-391 T4k, EASE RIS 2 M H BB RS
BRI, e RGN T S B AR ER SISO, w7 ORI BAE
ERWT TR [40-49]. H 5 —TJ7 1, KRBT R4 BAF BT Ee i,
AL T A 2B B [50-53].

TR G A G B 2 SRR T RG22 — [54]. TEFLR b, AATHH
FI I oK 7 Rom R AL H R A e TRORIX AN RN BRIS I 3B R R S K 7 5 5
LT A A B 2] ARG b, RER S A ST AL TP 434 AU [55-63].
S350 AOL I A B AR TRT BRI T, BT 2 T AR . T A3 TR T R 2
SUEHTI B, b 5 T 7 e PR SRR AR N i 56 v W 4 1 1R R Y B A AL T R LA
J ARPES SEEG A UL 82 21 (1) =i B 5 25 th I 5056 18, 91 IbAh, fEAFRIEEE T, ik
RN S — AN HARAT N, E T T KRN, P s 22 4h SRR A
M) — e AHAR (2R A B AR (AR Al) U451 (5, 23, 64, 65]. &1
ATk vE T BB, AATTRR R A AN A Ak IR I 7T 0 B T — e ik . (H2
BT AT A R A, AATTROBIE 50T B s 8 R IR T 2 A3 AR BB AT R 1Y
AR T [24, 25, 30-33, 661, TEHUE I, RS Mtk 1751 S R s 1%
ST R R B B AL 4k 3 (11, 67-78]. IMIEA Ak, TRATEARE
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TR I AT TR AR VA RS, XK I PR | 7 FRA 0 32 & ALY BR IR 2R (7]

X — =T, JRATR A E A4 Bh iz 1 A7 2ok B B 2R A 3 R 23
Ao X — T RE AR B U AL BE 2% A3 1) 25 [ ok 9 A0 2 [R) SRR, TR G B BR 1 A% 4
HF 7 e . TS R R, JRATTAT A A v P S8 R I RSB 2%
WAt o T Tl A, FATIE R AR 2 A0 AR SR8 7= 2% A 3 172 [ < 1B A
N AR AR SR, ZITVEAURT DU T 5T SR o )@, 3R]
PABIT 78 2 % PR RE DL A A S . (BN TR ST N R SEIE T AN R o, 71X — &
mh, JRATT 32 DA 2% o R - AR R A TR D R R 1% 05 1

O —J7 VRN FH B 2% AL B, AT R I E ATk 2 5, P Bie
) — AR AR S A T A2 i AR AT O, SEUE EREALHE (NRG) Tk 2518 s
B85 R — 30 [79-82]. FATIER I B §g i HAS B P 28 Al gs 1H L 1 284k
Y HAS R [83], KIIRIEHAS BAEFTIEH) “Varma-Jones” A3 £l [79] LBl
JERRAR TR BOR L AEITBRER] & SRR, 94 A% o i BE 2 B AR A7 B
BERANE, ARPEEEBOT A BA5 B AR NE, RIS ARG 1 bE
PR ANV K o geAh, FRATE I I T 5 R s 2 R A e S S B i o O 5 5
B as RS, HE— AR A% mUAAR AR 1k B B

3.2 BESHBNmENE A

PP 255 0 30 T - v AR EE S TR F e (I B
2

H = Zekc]-:o—cka-l_JKzsi'Si-l_JHSl 'S2, (31)
ko i=1

oh o NS T IR R, T A Ty 5053 REAAE 25 CRAR 1 FI B
S, JL i XAERS 1 R, FHIRIRENE, s, = Yol e,y MAHIRLH 25 E 1 S5
TR e, KM, BT LA AR R T A P R S B p R i ) RKKY
AR . T AR - A TR BRI ML, S L% T A B RORIAT RKKY H L
(RIS TE RPN 154 13 BOR AR A1 & Fh 2 s, o
WA S . AERRIA L S Z R R 5 [29]. TR 07 4% 7R LT R T 90 5 %
KT AR . TR, > T, PR E e R IR 4
R BB A, TIEERERIR T, T > Jyo RIEREWELHE S TR
PO B2 o FEATRLT 2 ORI, RS R R 1 RO R, (B R
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75 Wk A A BT B O i T, M KB RR 9 Varma-Jones” RZ)
o SRIT A ORI A, R T RIS UM (84, 851

TR AAE, TATRF Abrikosov ESOK TR S, = X, £ 207,
Wik e, X =1, 2. FIAMESR

B-aﬂ . 5:,”, = 25(1}/67]ﬁ - 5’7750’ﬁ’ (32)

AT B = R (3.1) 5N

H = 2 €kcl-igck6 - JK Z 2 cjaflaflﬁ Cip— H Z flafZafzpflﬂ (33)

ko i=1 af

Ay T AR b B B A AR R AN AR R, FRAN TS E 5] AN 40 R P4 Hubbard-
Stratonovich 25

J, Jx |V,|
7‘( azl; criSiatipCis = = - —{ Z cip+ Hc] ... (3.4
PAA
J| i Julxl?
T 2 el pfip = = H';' o ( mefla +Hc> ... (3.5)
ap

He v, (v) % sl EAETE TSR ERZERA, 1y (o) 6L T
JRE B e 18] G RIRPE I . 22l 2 m,  RGTIEC oy pR 0] AR N

p
Z=/ [ e VLV ;{){ﬂ]exp<—/o drC(r)), ... (3.6)

Horphr REH
2

L= e, (0 +a) e+ D fu (04 4) fia= DA

ko ia i=1

2
%;( +V Zfla Vi;C:‘Tafia> - 3.7
> <7)( +7 Z Foahra+ % Z ffaf2a> :

ZRIFATGIN T R I E AT 4, DI SR T L LR ), = 1o R Wick
Jig#e e, A, wT LA SEHL [86].

~

+
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X @7 MR RRE ST ¢ METORT [ AEABTKE K PAMEI V, (7)
My () FHEs). RS EAR FEAER AR, JATTA ASIAM N R E

Yo = [cklan’ Tt CkNOO'n’ fion: f20'n]T’ .. (3.8)

MR S = [0 dec (o) RI5 R

2 2 2
sV, P |
S:Z K|21n| +Z H2| | _ﬁ21i+Z‘PZG(Onm—1wn5nm)\me
,n n i=

nmo

...(3.9)
H v, B g, 53 RINTHI) V; (0) F1 y (2) FEAR RAR ico, 23 TAT R S 0 008
1M 9K THERE O, MN

& 0V

1,n—m 2.n—m
_ Ny Ny 1
O, = 0 ey Vl,n—m Vz,n—m , ... (3.10)
=l =Ny Jy Y-
Vl m—n Vl,m—n ll 2n “
=1 =Ny JH X m—
VZ m—n V2,m—n 2m - }”2 ]

b W, ,, = S S Ny BRI A o T BN )

BN ERRITORTRFE O, MAEEZTETT R, DR FRAT AR A ™ SR A
B (3.9). EAIH, FATSH BN Tz

1V/l.,i’l—m = I/l‘él’lm’ /Yn—m = Xénm, e (3.11)

WA O,,, = 05,,- TERNFRTH V,(r) =V, Ml y(2) = y, HILATIL, XANE
RLT7 S Rk R S T A Bl I RE I Tk, 0 AU e A R B T AR B A I A )
Bl VE AN 7S [ DGR RN [87-92]. 38 3.1 LA T L LI b B o 2R oK T R G 1) 7
RO R . T AEE PO TR R, A I Bk AN SCIR RN 2 AR EE L,
PRl e AR SR FH 5 A Sl B B R 5 B

A A

/ D[¥7, 9] exp [P MYP] = det M ... (3.12)

K gk B HER G, BATH LS 30T Bz AT 8 &

Jx | Vil By 1 x1?
2

2 2
Ser =P Y (—— =)+
i=1

—2 ) Indet(0 - iw,), ... (3.13)
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R 31 NATIERHE.

Table 3.1 Comparison of different methods.

Tk PE R
R I 1 137 A B T BKVE RN
(CENESIE RS T HR > kv RN JRIRT K N EIT
NP | BB T Bk BT ) kv AR B
A B A (kR AN SCIER | S T A B3 I B ) Ak

FRIREAR | A BaE I A A
A
€k, 0 Vl1 Vzl
' TRy,
o=| o0 oy, ViV | W= .. (3.14)
Vi 7N, du Ve
1 1 1
—1 —Ny  J
|V, e V), %ﬂf A

SRR B R A AR Y, In (x — iy) = In (1+e7%), RATATBIEA %
(ERES Wy

2 2 2
N\ J
Ser =15 2 K|2’| —/1,~)+M—221n(1+e_ﬁ51), .. (3.15)

2
Horbr e, v O FERFIAIEE . |11 O JERE NJEKAERE, HAMEE & B2 P
DA B E B S8, TR AT ) AR S R 18 T V2R 4 B 7 AT b

PAE SRS T B AR AR 0 T AR IR 2R, FRATTAE WT LA DI 20 1 e ) B4 £ 2
EE (3.13). A RERE (3.13) XN HIH G %A

J J,
Hegy = Z €kCysCho T > Z <V,~ci,,f,~g + H.c.> + > Z (wafza + H.c.> ,
i,o o

ko
... (3.16)
FOR ISk T AR o, = 1, ZIBEHLAR V, Rl 7 BORIRA A T Ny
po(V;) ~ exp(=Ix|Vil*12),  po(x) ~ exp(—BJIyl x|*/2). .. (3.17)

X RETT X “ A lie-30K 17 A [93-96], LU U At 78 & ik - e Ak
AR TP (1) Ry 3k B i AR 2 AR R BEAT T FT 9710 FRATIIUZR — R4 BIRL 1 1)
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FTERACHE R A BE, XRG4 AL 2 B8 75 M 45 7 =1 2 oK AR R b 1 24 )
o [RIN,  FRATIERT AR S SCHER P AT IE B - SR TR BT VSR A A AL
Wy, GnF|H traveling cluster approximation (TCA) VT fNEY & A28 2% > J7 VA K ns
filIFf [98, 9]

TR, FATTEA T AT 7T i 48 S B T I B Ao R BON

€, = —(cos k, + cos ky)/2. ... (3.18)

PR R B R 2 7O BRI, RS BAH TN A, = 0 [100], T 24HBI% RN
TR LRIR A

- exp (—Ser)
p<Vi9I/i’X’X)=Te’ (319)

HAE o R Z AR 1. BT5B v, Ay #e AR R H AR R AL
%2, PAVRAERH Bk B A A, DRI AR SCR] ] Metropolis 5092 K X
o AT BEA TR o BT AR LI R R, Seth A R E & SO SRS BERL
PEHL— AL AT SEHO B AY T I R & S HUORE M —AME
FH)— G N I BENLEL o FFEREE p = exp [- (STEY - SOD)] BB, W o < p
W BSCHTAL T s [ Z A BROHA T . X — I R TE R G 58 A #vb 5 11 g —
S KA TR, Ba TR AL 2 A6 (3.19). fEIFEH, BATE &
AR HAE B Jy = 0.1 RS W R TR SO E R, thoh, Wk
FRERULHT, W2 M HIBEEN IRl = |R, —Ry| = L.

33 HIFER
33.1 EIEEEMN

A 7RI AR R B e, JATWT LU — P M A BAS B i 2
AR SRR o T T B AT ] B 48 LA B A S A R S A )5

FEX 31 A TAEERADFENAZE X Y, ETIRBES LR R BN p(x, y). X
5y Z A HAZEE SN

I1(X;Y ... (3.20
( ) = //p(x »l ng( )p(y) (3.20)

Hrt p(x) = [ p(x, y)dy F1 p(y) = [ p(x, y)dx FIBGREZE FE R
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AR TXY) B TR Y SRIGIIET X HIEE URZMR), HATLL
RINN

I(X;Y)=HX)+HY)-HX,Y)=H(X)-H(X|Y), ... (3.21)

Hr H (X) = - [dxp(x)log p(x) FELNR, KL (3.20) HEFHAER EEE.
£ (3.20) 1, HXHEL log (NI 2 I, EAS B AL R LLES: 2 log HIEN e
I, HAS B BIRAN SRR . AU 9 BAS BB AL .

FLAF B W] DA B AN AL AR B ) R A ELARORE DG R, e B RE 220 B 2 P AH O
P R IR AR AR OO, X W] DUEE a0 Mol E . BN E X B0, 1, —1
MIRER 58 173, AN E(X) =0; EHHERY = X2, BAYHEOK
MRy 173, Y BT RN 2/3, HIBREN EQ) =2/3. X MY KRG HE
SR 3.2 Fin. AR 3.2, WATATRLKRH X 5 Y ZHPEEE

p(x,y) 1, 27
= —log —.
px)p(y) 3 4

I(X;Y)= ) p(x,y)log ... (322)
X,y

R 32 PEHIZRE X A Y KEREBERDA p(x,9).

Table 3.2 The join probability p (x, y) of random variables X and Y.

X=-1|X=0]X=1

Y=0 0 1/3 0

Y =1 1/3 0 1/3

EREERGE, XY BIHEEN E(XY) =0, ANt izEN
cov(X,Y)=EXY)-EX)E(Y)=0. ... (323)

HATTUERRE X MY M rZR8%F, EIFAMEE X MY AR HERK
Fe W 75 ZE A BEZ YA B AL AR B 22 [ A PEAR S, T AR B AN T L Z i £
PEAI SRR T DA IR AR MR R th T A RE I EARE 2%, XEWEH
Z B BAARE B BRI, RIS SOR Y LA SR B 2 AL 3 22 TB] ) SR R
P

332 EHFEHHEMBZE L

BT JATH & R T RN &8 4347 B RE AT 5 A ME 2 % R oR B i pr 3%
AR, FEmTH S S B (3.20) R KAMER [101]. EEUE L, —Fhix E %
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85 15 R ) ISR AE AR 7 3 R AT, BRI BT B GEvh AN 5 s T R A A
Bk R EER

. p(i,j)
I(X;Y) = Iinned = s J)log ————,
( )% Loinned lzj:p(l 7 ngx(z)py(J)
, .. (3.24)
piy= D, 2B = D)
* NtOt ’ Y NtOt ’ ’ NtOt '

HAf Ny WERIFEAREL ny, () o0y, () BINEE i, j AN X RTY FIREA
NEG 0 ) WEEPI S TSR RS (E2 TR R RS 7 B RN A
[F) o) 45 R AR R IS [102]. {EAFRSER) 2, 7E 2018 4, M. L. Belghazi 55
NFRH T R P2 N 28 o1 55 BLAS B J77% [83]. BhJG, fE 2020 4F, A. Nir A
FRINFIFZ TR T G i L XY AL DL R AR BV 2 LA BRI
[103]o ASCHAE T X —Fr I M 2% kit B EAE . Rk

] B X — VA AR

EBX 3.2 (LR MR EEREL f(x) F1 g(y) 2 [8]1 Kullback-Leibler /& % L
A

S )

g

Dy (f () llg ) = //ddef (x)log , .. (3.25)

EEE TR ZESR, AR,

EH 3.1. Donsker-Varadhan %7=: & p, ¢ A RN L&A BMEN T, F Hd3K
f RN S R&EA, W Kullback-Leibler # % B-H 4o F & 5 X,

Dy, (pllg) > sup E,[f]1-log (E,[e/]), ... (3.26)
(S

HbPsupiahh F PO A K3 S FOIKTMES KN, FTRi; IHAAN
ERAAARA FRBT, W55 4 2 698 A [ [104],

W52 3.2, FRATAT LA (S B3R WA MR BT p(x, y) RIS %
FEFF p(x)p(y) 1) Kullback-Leibler H(%

I (X:Y) =Dy (p(x, ) llp(x) p (). . (3.27)

545 854 Kullback-Leibler #if )5, FFIFEH 3.1, FATAT DA BLAE B 3RoR
A
IX:Y) 2 1p(X:Y) = sup Ey, ) [fy] ~ log (Epopmle’]) ... (3.28)
€
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Batch of joint

E
subsystems p(x,y) [fol

Estimate mutual
information and
calculate loss

Batch of marginal

subsystems 10g(Epopr[e”*])

B 3.1 HREEBRHENSRER.

Figure 3.1 A schematic diagram of the neural network for calculating mutual information.

Hr £, (0 € ©) AT UUFI AL MK SEAL R E. T,(X;Y) 4 7 H e H
SR BSHCE RN RIS, &5 AL, W (X Y) @R B BAE R
[(X;Y). &4E, AT LUAHZEMAEMakigir msL ) BER, TRAT
FIFH Tensorflow A1 Adam FLAL 2% [105, 106] S2HLE 3.1 Ao & N 2% DL T
THR AL AR IE AR AL BLAS B

34 HELER
3.4.1 #tHE

FE BT AR IS RN 2 1, FRATISE AT (3.1) M P, XA BT
PAID 1 gV T o 2P 389373 U, A B i A Bz 25 D S B HLs A2
Vi =V, =V. FAXABERBNITERNTT LRI F S8 V Ay BES
Aetl; ARJEIEIE A S N F BIAE T AR AL (R AE IR St RT L H 2R S A
Ko nl 3.2(a) Fra, W9 2% S k-1 Ak B A 1) P B3 M B e o v =AN X,
AL -1 AR B R R B S S 3 A AR, iR X P S B O S, IL Sl
THRRE TGRS (V] =0 HWA B BZ IR0k | y| = 05 BEIREEFFIC, £
NI I, BARBUFFZRIGANT, (HRGSKE PN SR, B
FERE T = Jy/d F | x| # 0, RUIPIANEIEE S T4 8 IR R & ER L [
DRGSR IR AR TN Jy, RGaRAE— SR NI kBt
WAt BIMSCBR TR 2L R SR NP 2 & |V | NFBIAET Z AL — MRS, W
Kl 3.2(b) LR AT R . BHICTT UL, 3537 B0 0 R B AR TR BRIG B, (HE A PR
RN R RAAAEML, RERETWEBH LT N8 H—Jrm, BE
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® 06

(30.04

0.03 —o— P(V1,V2X)
04 .
| _ -8 P(V,,V5)
=002 > - - - Mean Field|

0.2

& 3.2 (a) "B . (b) LI p(V,, Vo, 1) T p(V,, V) HIEE, UULRCFI5 7SR |V, | KIfE
BEEE AL, XEE J =0.34 (B (a) EFHIEL). () BT HEE T =0.001 B,
FFmE Vv, = (V) LRAGHBREERE p(V) BE J ZHREFERIRE, NEEAK
DRI I 5 DA R X

Figure 3.2 (a) The mean-field phase diagram. (b) Comparison of the mean-field order param-
eter |V;| and that derived from the peak position of p(V,, V,, y) and p(V,, V) as a function
of temperature for J; = 0.34 (dashed line in (a)). (c) Evolution of the probabilistic distri-
bution p(V,) on the complex plane of V;, = (V*, Vly )Yat T = 0.001 for three different values
of Ji in the magnetic regime, near the quantum critical point, and in the Kondo regime,

respectively.

HABALHE [79-81] MILT 3% (84, 85] MW A R AEFR FAAE— M AFE K
“Varma-Jones” Nzl 5.

SCE U E NN 3537 B0 1A BRR A A8 28 K TR 5 K A D TE A 1R W
AT, AH— BB Z SRS R SR 5, 2310 AR A A AR Bh i S 5
FRI& T 20 A I K BT 22 [ R i Bk AR B S AR, X — W s
JIRITHE SO o, TRATEE R MR NA BUE & Sy FI# . B
3.2(b) LLH T34 Ji = 0.34 I (AHEI3.2(a) FHIREL), MERZEERE p(V, Vs, 1)
BN REFT (Vi 533N vy | BFMEBEIR R R R, IR &
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(a) 0. 2 T T T 0. 6 T T T T
I I
Oé T T
| ®T=0.001 |
=T=0002 f| 04 .
aT=0003 ¢| 4,
- v T=0.004

04

1(IVal; IV2l)

0.4 08 0 0.4 0.8
IVl IVl

B 3.3 (a) MIBEBE 1(V,1: 1V, ) BERE SiEBRAERERZL. AERTR@EERER T BE
BRAEREERRMNEREIRR, EPROLLRAT HEREES. b) I
BT =0.0018, 2346 p(|V,l, Vo)) FEAR J AERIELER

Figure 3.3 (a) The amplitude mutual information /(|V,|; |V,|) as a function of the tempera-
ture and Kondo coupling. The right inset shows logarithmic divergence of the maximal
mutual information at low temperatures. The black solid line is a guide to the eye. (b)

Comparison of the distribution p(|V|, |V,|) at three different J at T = 0.001.

A, FMIIAIR 2SI R BRI . (AR, BRATRIS
Wy VG AR TE p(Vy, Vo) IR KAE B 45 RS G 3 P L P 037 (0
GEIR AR, 22 1R 480 1E I P B 7 2 101 A AR LB (B £ 50— AR B AR
BT £ L Jo TR0 FR B A I A [ B A A A B V8 2 S A R
BRI . TR, AT BN TR L. N T
PUSEIEI, FA R 3.2c) HPRIR T IRBHIEDK ] HHAS 55 B L B2 A B A
AL GRER B LR p(vy) = (V5 V) A p(V Vi 7 ) B Vy Rl )
TEAGIR T = 0.001 R /M ATt 0t. B Ji 900, A5 Pb 404 A LZ Ay et B3 25 18
VK, LB RERFWORITR Ay — NI, R “SBPEEFE” BT R
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342 ZMEIHEER

BT NEZR V, = |V;|e'%, BrLARAI1E0 M 24L353R1IE |V, A1 |V,
MEAES. B 33 2alEr TIRIEEER 1V VL)) B 5 G RE
AR R FERIRX, TIRITBERA J R KRN, RS EEERNE, £
B S I AN 2otk 2 R 22 e kB . 24 I BUDKY, BEIRFEFEAC, BT /R A ik
AN RGOSR 5k, R A IR ELAS B I8 0 4 J BORE, BAS B iR
5 BEAR S8 0 e a2l R BHAEAIR T 3 78 B i 280 2 M1 55 J=y 438 18 g 2 TR S TG o
EARERREZ, WK 3.3 AR PR, 55 J SGnaEpinset, Hm KEhH
T AR T O 0, I I O ERIAT s XA APEA#E Y “ Varma-Jones”
A m gl ENEFIRAING . K 3.300) MER 7RE T FRAIRNE )10 S 2%
JERREL p(|V) |, Vo)) TESRARMEIX « AHAE i DA RS JR S Wi DX 0 23 A e FRATT B
FEARAR ST, |V B0 |V, | HEE X TT IR A, RS Z Iz b Ak, 5l
AL S B EUR G TERARAR T, /N I B p( V4, |V ) ISR A AS A iR
s, R BT SR B IX ) A7 R AR 5 1) A ALk

FERE TR AR AL TLAE B AT, AT 75 ZE 5050 4 B b O AE AL AR Ve [ 7
HRFZEMAER R (3.13) BAMTEATIEV, » Vel y —» ye @10, /T
PRI —HEAZ N, FATeR A A& (3.13) M N bfdi. FIAAR

D C
det = det Ddet [A - BD™'(], ... (3.29)
B A

TATT LA BER & (3.13) 4LTE N

J |V; 7. 2
eﬁ—ﬁz K| I +F Hzm =2 Indet(A, — im,) + S, ... (3.30)
n

X B G R R T2 O RRGEAE 4 = 0, T S,p = — Yy, In[1 +exp (—Beqy )]
WA BEBHBFRERE, A, N

“Ap(w,) Ao,

A, = p ... (3.31)
H” -0 (w,) —Ayplie,)
. _ J2VV -ik(R;-R i . A5 i,
H Ao, = L3S “Tora T det(A, — iw,) TEZH V. > V. e'¥,

x = ye ) TT%HKEZ FITPAAT 2 Bt AT 3 — RV AR T . AT
DA PSRRI AR R By AL AT AE 3 9 AR S S
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08——T——1 1
I ©T=0.001

0.6 -=T=0.002
- AT=0.003
[~ vT=0.004

1.0 200 1.0 2.0
6,/m 6,/m

& 3.4 (a) AL EAS R 1(0,:0,) FERE SIERRERERZA. (b) ZEE T =0.001 8, 4
ﬁ p,, 02) %EZ:lﬂ Jx &J:E@[:IS‘BEQ
Figure 3.4 (a) The phase mutual information /(6,; 6,) as a function of the temperature and

Kondo coupling. (b) Comparison of the distribution p(6,, 6,) for different Ji at T = 0.001.

Kl 3.4(a) JE7R T 2R RIFRLL EAZ S 1(6y; 0,) Wil 5 AN AT A & 5 A8
WK F. SIRIEEREERU, ErmRXEAAC LA WRAE, RYRE A e H
WEORIRIR 55, FTLAZBE AL . HERELE LS AR, A EE SRR
iR B J BORES, AL EAS S BEIR AR N o R A B i [X 7],
B AL AR BAREL T P 28 A AL RO B RV . O 1 SIS AR B AL
KER, FAAER 3.4(b) mH 1R T A AAIAL 70 G L R p(6,, 0,) 71
BRIADX . AHAR s DAL PR X I AT DL e 2 Ty BN CRIEE SOBRBEIXTRD
FABLAT B 5], AR o 2 Ty BORES ORIAR kB3 BLRE JBE 5
XD, ARGL AT SARIE AL, YRR AT A, RPN A
B “BUE” . TEIEEMRZ, B p6,,0,) KRS VERE E it s
AR, EREAEEZAMIEAZLN,

1(0,:0,) = 16,6, — 0"). ... (3.32)
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P, BAFRSRME 7 — A I T ROR R A% s R A AR TP R4,
W T RVERI AR PE RO, AR R BUARA, ELAF B SRR A AR A B B R

1(6y;6,) = const. — H(0), ... (3.33)

Hrh H() = — [ p0)log p(0)d0 HAELL 6 = 6, — 0, HIEARNE .
3.43  FALMCEMZAL XBAXTHIE £ /50T
B 7 TR A A B (PR AN, FRATTIE W LB 58 % A TK v FH 4 A DR R XS
VIR BRI i T E Q, HISEMEAT LLERN
(0) = /D¢p ($)Qy, &= <V1,71, Vz,Vz,xJ) : .. (3.34)

exp (—Seff)

p(p) = %/Dwexp{—T*M[qb]lP— Soldl} = — ... (3.35)

HAr S, (o] MEREFRSHKFICRMERS . e, XTTikmsl, He U
GDefinition — % / Do / DWexp {~W M [¢]¥ - S, [6]} ¥¥'. .. (3.36)

BATIT LU e fEf— DM ¢ NSRRI MRS G,
G, = [ D¥exp {-¥'M [P - S, [p]} P¥'

[ D¥exp {-¥' M [¢]¥ - S, [#]}
SRIG FEX LG T BRI GOAY = [ Dep(¢) Gy RAZIIE GO ik ki 4L
e X —5, B

... (3.37)

GSAF — GDeﬁnitiOl‘l- (338)

3.5(a) R~ TR T 2K BE AL 1 R IR AS 2 FE (DOS) A, (i, 0 = 0) BT A
HEREL R, HAREES%EENE 5N

A, 0 =0) ~ —ch(i, t=pR), G.l,7)=—(Tle,(x)c] O]). ... (3.39)

EIE R R M X, % AL ()RR B 2 32 B, IX 5 3 i R S
MIas R —2 [107]. HRAH LT P27 10— JARAL SR ERAE, 5 REHkVE 2 )5 1
JE A LRl Jy BN SR, REIEKVE L 2T (K — AR AR EAT 12
1o BEAh, FRATE R B SO X 8], 255 Bt L2846 52 2N I 128 I R
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B 3.5 (a) 1R T = 0.001 FRATHIAE (SAF) FIFEHIGT5¥E (MF) [ 5l R BOE 2 R 4k
(i=1) AZEARBAL (i = 3) FIXFEL, FOKE ALK RBINH (REERR) RIFENFELE
BEME X Rt AEAEZ AL TR, . (b) ZARR Jy AR p FERERBNER, FHEER
T E5FHERPXE. (o KR T =0.001 FARZRBRMEEE, B |R| =1F18 BHIFHAL
HEBKX. BEANPHGFSE ¢ B J KA. (d) Jg = 0.4 i FEFER E AR
e, RIFMEBEZLFERM R =8 B |R| = 1 WF, #5 r [ ARRLAH T4k i 855 fm 2 e BEL U]
TH. HEENT CelLa,_ Cu, FEAR x ISR BEFEZE [3].

Figure 3.5 (a) Comparison of the our results (SAF) and the mean-field results (MF) for the elec-
tron spectrum at (i = 1) and away from (i = 3) the impurity sites at 7 = 0.001, showing
strong suppression (pseudogap) due to hybridization fluctuations even in the magnetic
regime. (b) Temperature evolution of the resistivity p at three different J; compared
with the MF result (inset). (¢) Comparison of the phase mutual information for different
impurity distances |R| = 1 and 8 at 7 = 0.001. The inset shows the mean-field order pa-
rameter y. (d) Resistivity as a function of temperature for J; = 0.4, showing a significant
drop due to the intersite phase coherence for |R| = 1 compared to that of the single im-
purity limit (|R| = 8). The inset reproduces the experimental resistivity of Ce, La,_ Cu,

for various x [3].
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REIR, AR A AL R B 0 2 P 2 8 8 T A B 123 W 0 I ke .25 9
A AR KA LT B

GRRA TSN, TRATETIT T I p ~
gon(7) SO ST B

BEIRE AR AR, Ho

xx( ﬂ/2)

&xx(7) = —(T,j (1), (0)). ... (3.40)

fEGEIRTT Ak, EAT (o) ATRLRIR N
J@ =it Y lef, e, —hel, .. (3.41)
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E*tzi%%%%? RERIT R . HTHER—MIE ¢ T, fEHEWLLRR
NPKFHINE, R EATT BLR A Wick & Bt 58— ML T B Bk
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48



553 E PR T A LA B S AR AR T

TR AT 55 B B A AR ARV R 22 s (R B 3R IR A6 EL AR B 5 4% D P
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E A AT 7 2 R AR 2R 5 HhAHE T 21 2 J R R B Rt e . FE A
WL R AR R, B 2446358 Ginzburg-Landau FEig 2> 45 HH A 152 (AR AR
P [30-32], FATIUY A5 18 1 A I s ik va 08 5 A Beds 2 IR 1
WARAT N . TR FRAT T A B2 R FH 1% 7 VR4 s A3 AR A 1 5 B 9 oK
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B BKTE R R [114-121] ZARREA [122-124]. B 8] 44 [125, 126]. )
J1 BT AR [14, 34, 127-129] S8 A BL R IR DR & 3R, JE P a3
W51 T kSRR 2 B AR M OGE. TESER T, 1985 T SEI0BOR 1 AR,
DATTRT DA A b F25 o) 78RR AR B2 28 U8 7 R 48 [130-132]. Ebtun, AAT]
A DAE B F R A P & BB TR EEANE IR, JREH oA
IFIX S A I AP L R [133, 134]. EERTT1H, BARMIEET —R5E
U1 Keldysh F AR 6% [135]. T E 5 FE [136] B P RROAS 0 25 B 40 B 2 R AL
[137] F1B) /125 V- B35 B0 [138] 45 7772 Rk B BRL A 45 b 4% A0 1 - 4y 470 24 B
B TIRZ EEWRE, HigS ik, —Ag— RIS %A k.

BT HAT MR B BATTHR B — AN 37 A3 e SR R R A )k 2 v 1 2%
FHAEPE B IL R [139-1431. AFTJE SN, HORiF R A] &1 )k, mik
RANGEE HH (AT MR R G LA BT k. &1
FN RV R E R T G I E R, B RN R BRI 2
RRG, TRHENTHRRT REMZIERRR AN “27 A <07 1A RRLT
B R [144]. EEETHIFET, BT Ue— AN A [F 2 55 210
e, TESTIEFPEERNTAERIEER, RAEIE P R b i A 254
FHC /3 bR EAE AT AS D EE R R AT o B AN AT AR i R i 1 3 7 2 AR AR
HIBKTE K 2R [34, 118, 119], 38 AT AREIR -7 25 (1) B 1A AR A SR [145, 146],
pesh, et 5IRE M Loschmidt [AI SV 2% VI C [147]. T2 T IH)
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Yok B

n m

B 4.1 IRBENETRE T rARE . ERHNZIBTE —KNE, ARLETREN E,
MIAAER |n'), Sd—BERELE, HITE-RNE, ERTREN £, WA
A m’y, BATEPREMMINN W = E), - EL.

Figure 4.1 A schematic diagram of the quantum work via two-point energy measurements. The
first measurement is performed at initial time and the system is in the eigenstate |n’) with
energy E'. After a period of evolution, a second measurement is made and the system is

in the eigenstate |m’) with energy E,’,: The work done in this process is W = E,{, - E.

W 41 iR, ST ANETAR, BELE = 0 REHTH —xE, kR
WTREEA EL WAAES |n), G —BUN WIS, 15 1 = Ty N2 BT 5
TRIE, RRMLTREEN EL AR \m/ ). FEX—dRES, ERMITIN
W = E} — EL. i TRRIEN R TR SRR ALES, Bk RS Hoh
AR BT 5N 2 25 R ok 20 i X — B AL

pW) =Y 6W — Ejy+ EDP (m | n) P (n'), e (@d1)

Horh P(n') = exp(—BEL) Z(0) fRFHI U ZI HF AT AS IEM 4345, Z(0) FIHIUEIT %]
IRCT BB P(m/ | n') = |(m! |U(T;, 0)|n') > MAREMWIZS |n')y BIRES [ml) 19
ﬁﬁmﬁ,Umﬂ»=7wﬂ—u?mHm}ﬁw@ﬁmﬁﬁ<rﬁw$ﬁﬁn
TEH SR, FRATTHO B TS A BRI

1 2018 SELURT, AATH #3051 5 T B0 1) S5 T 3R oR T 2 D 43047 [148—
1531 37 ¥ BRI M AL BRI 55 B h AN S BT I OL, ER S e ST
AR AR AN PR R, T AR A BT IR R G XTI — i, K
Funo 1 H. T. Quan 7£ 2018 4F % X 3| N B4 12 A 49 26 18 K W 58 20080 14 Z P 1 T
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G3AR [154). AT 51N D)z s BRES, UERH T D4 A B B 1 2 U0 R R,
it — 22 LIRSZ AT IR GRS Ik T 901 5B 1 &1 D eg AR AR 7 Rk AR 5
7E 2019 4F, AT &ET DI BRI 0 R 13— DI04, & OON Iz R
PRI KA T 2 AR A R Tl 73 A1 o FRATTIE DA 7 B 3 B8 | Su-Schrieffer-Heeger
(SSH) ## %4 A1 Bardeen-Cooper-Schrieffer (BCS) &8 A FIIE B T 2 bR & A2 A3 43 J5 v
WA ZAE A AT S AR P AR B I0 A [147). BEJS, Z. Fei A1 H. T. Quan A ¥
TR I PR T AN 7RI A U T 7 XA R AEAT e AP Al e v )
DiopAt, H LR T A —4E 1 XY RO R oR 11071004 20 (1551 %1
YA HAE RS, Z. Fei f1 H. T. Quan 7E 2020 &£ T Schwinger-Keldysh #% #K 2 %1
TIEAES T ARHE SR B I K [156] . A. Grabarits %5 AU 7E 2021 4] H
BEALHE R BIR AT 78 1 o7 B 9K T URAE S BRSO T I Th 40 A1 [157]. H
IR, FRATTE TAE 0 58 24K R G AEAT AR P 25T R R DD/ A 4T T 1 254

42 EFINEZHIEFHINA

B FIIE 2R ERE H T Z BN o B AR & ShWE R T R i
B XY 18 XXZ 1588 Luttinger AR LA SARYE R 1A ) T 7345 | Kibble-
Zurek AL I FAREONZ) /) %57 ARARSE [158-168]0 A EFH&F U7
Z RS b P A S AR AR I SR B UL AR P B 2 B AR . RS T A

.
421 ImFIEH

RGN @.1), FATTEUE L RGHFHT (W) = [dWp (W)W o XTI
SLRG, AKX TEHETYVRMERHHEZZE AF, FRATT U —2 %
MAAIHEY) (Wi,) = (W) — AF . AW (W) 7T LA T 20 1 A2 1A
ALY XTSRRI, RN b R H = H (h), M55
MR RAEE] B = A+ 5 I, AR IR AN ) 5 3SR I M SRR,
TR RATTAT LIS I AN ) 3 DRt 5T AR AR L I SRS 2015 4F, S.
Sharma %5 \ & BILZE VU FR T (heat susceptibility limit), B[l 67 f& & K HIHFAE
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RN, FRATYINEE (w,,) = (W)INT BA W T RFREAT A [145]

(Wi ) 167 ~ AV@FD=2 57V 5 N > 47
.. (42)
~ NZ/V—(aH—z), §V> AV > N,
Hoh N RIERMRSE, d RZ=GEE, v 2 RBKEMIGE e, 2 £3)71% 4k
B, A RVIBSH GG S h, MR A= |h' — h,|. TERIIFERIRT, N &HER
MRREKE, DERTARE R RN

(Wipy) 1% ~ §V8TD72] N>1V>6"
.. (4.3)
~ /lv(d+z)—2’ N>6V> 1"V
AL, MR Z R G AR SR o, B A7V 2 R KRR IE R RS, /AT
T DI FE (RS BEAT NN
(W) 16% ~ §V4+2)72, AV>N>6Y
.. (44
~ N2/v—(d+z), A7V>6V>N.
EAERERE, ¥vd+2) Bl 2/, (w,,) ZIESER; Jvd+z) =20,
A D IbR FEAT AR AR — X HUE IE [145]

422 THEFEFHET

2013 4, M. Heyl 55 NAER 5 B (8 50 b et 1 3h ) 2 A AR
FINER (3410 Bl S NATTFERKER 2 RORERS i R B T 5)) ) 2 B AR, AR gy
[169], JEJE KR [170], Floquet R4t [171]. FFHLARSE [172] %5, BIREN 1245
TR 5] TR Z R TAEF G, (A TAF 5 T BUBR G, 2 AT af ot 2 22
%¢%%ﬁﬁ1&kﬁ@ﬂ%ﬁ1%m%%n4nln3 FEASC A, ATEDD

bR BRAT AR JT VA 5T T SRR 25 A 25 0 T BB )& T AEAR, iR 73K
AT IR P & AR LRI ] D7 ) B AR AR AR R TR AT] S T B A SR B ) 2 B A
AR PRI 2 I A an e A F & Dh el 7L 3l ) 2 AR . 3 )R AR iR
OB 2 Loschmidt [8]35

£y =|{wo e )y .. (45)

EZNE RYIZS |w) Zid — B AL REHIARSE |y (1) = e 1 [yy) 113
HIZS IR  Loschmidt [5138 7] LR g 321 FL L 43 K 45 (boundary partition function)
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7
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AR [ 77 M) b B3 J g R o Bl 18 PR . EAE RS, MR
AR R B3 TR, B p (w = 0) AT I N Loschmidt [F13, X E k&
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43 BFIRZERBRERSRE

FEZ AT HIRT T, AATT 2 2R B I SR A s 8 O A M ) I T s A R 5
oA, X —JTEAGHET 2R A SAMEE AR TS AR S —m i, ATk
J& TR 2R ARG R T I RZ R AR Tk, X TARE S IR TTVAA S
JURIER R, HAESHCRAR TS BT EAS B e W B AL (E 5 V20 R (1 4
FERX—/NAiTh, BATRERAE A A BATI A

431 FEIEFEHEHTHEFI
PAVHEEI NI 347 FIRFE B BORTE BR A 20 (4.1) T 6 pREL:

G = /00 dW exp (1uW) p(W)
— .. @47

= 77" Tr [UT (T, 0) & “H () U (T,,0) e~GutDH “”] :
Hrp Zy = TrePHO j& ¢ = 0 BB/ R 3. BATE R SRR 2L G (w) FIRLSY
BRI Zo AARKBIARRIME, R LAS Xt R E ek S Rz . Rtk an &l 4.2 pros, 4L
e AR I 90 R 107 3051 N2 eR B AR AR AR T BRRIE B 2R G (w)
7 8 187 B [ R 2 P A Y

H@ =Y Y0¥, ... (4.8)
k

H A ) = 4, (1) - o AHBT BRI 2 x 2 F5FE, o = {6¥, o7, o7} NIEH
ik, A 4.8) BARI S, AERETEESYHEF 2GR, XEH
PRNHIEFUAE F] LI FRA TE — D Wit A ELAE R AR o g SR~ A ) 34T T kAt e
T (4.8) TRBIEZ AN FETEL FTURHEREOT LS A G(u)=];[Gk(u),
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tl - 0 At tM+1 = TO
. \—y \—y ’: \y \—y

exp [—(iu + B)H(0)]

exp [iuH (To)]

G, \— > :‘ \o \o
tom+2 =0 ty+2 = Ty

Bl 4.2 Z R AR N R EE c. HERBAREBNNER, X Ar=T/M. t=0
T, AL ML B MR RN E IX L 7 R BB I EAT -

Figure 4.2 Time contour C for the functional field integral. Blue circles represent discretized
time points with Ar = T)/M. Red dots and line at t = 0 and 7|, denote additional operators

to be evaluated at these points.
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Tr | U (0.Ty) ™ #T0) Uy (1;,0) =00 0|
G () = T ] . (49)
o 1) A S A JU) AT AR N
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/d [W, 1//] exp (—WAI// +yy + W)() = det (A) exp (YA_I;() , ... (4.12)
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Gu) = : e (413
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?%Qmﬁﬁﬁﬁ%&ﬁ%%%ﬂuﬁﬁﬁAF=—#Mﬂmﬁ
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A)=d) o REF =Ty =0" ) A, =d, - o, FIF L—/Npig A=A
DLV X — i R A B R A S

cosh? (BE!/2
A= = 5N W UER) .. (4.19)
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Figure 4.3 The low-energy levels of the antiferromagnetic transverse field Ising model with
periodic boundary condition. (a) even number of lattice sites, N = 50, (b) odd number

of lattice sites, N = 51. E, denotes the ground state energy in both figures.
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Figure 4.4 (a) The rate function r(w) for a single quench from A, = 0.5 to 2, = 2.0 in the
transverse Ising model at different inverse temperature g. (b) The corresponding work
distribution function p(w) ~ ¢V, (c) and (d) are the real and imaginary parts of the

characteristic function G(u), respectively. The lattice size is set to N = 20.
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B 4.5 (a) 24 RB N AR, FHRTEDFER (w,,)/6" BESE b, FRUHR. HE

NP THEE (w)/s BE hy FIZRALHIZR . (b) A (¢) BR T ZERBURIKIR (5 = 0.001) T
(Wi, )15° BE N F1 2 BIXTEUKIRIR R, (b) H 4 =0.005, (¢) ¥ N =100. (d) F (e) BrR
THRITHERIR (N = 1000) F (w,,,)/6* B 6 F1 A BISTEKRBIRR, d) F 1=0.01, ()
5 =0.01. (f) R (g) BT A =0.0005 K (w,,)/6> B N F 5 BxT AR, R A~
REBRIFHEKE, BRI RZIFEFERIMAER, 6 H6=0.001, (g H N =1000.

Figure 4.5 (a) The mean irreversible work density, <wirr)/52, as a function of s, with different
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lattice size N. The inset shows the 1, dependence of the mean work density (w)/é. (b) and

(c) show the logarithmic dependence of (w;..)/6> on N and A in the heat susceptibility limit

(6 = 0.001). Other parameters are A = 0.005 in (b) and N = 100 in (c). (d) and (e) show
its logarithmic scaling with respect to 6 and 4 in the thermodynamic limit (N = 1000) for
A=10.011in (d) and 6 = 0.01 in (e). (f) and (g) show the logarithmic scaling with N and 6
for 4 = 0.0005, such that 17" is the largest length scale and the prequench Hamiltonian

is very close to the quantum critical point. Other parameters are 6 = 0.001 in (f) and

N = 1000 in (g).
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Figure 4.6 The rate function r(w, T)) at zero temperature for a double quench process of the
transverse Ising model from s, = 0.5 to 4, = 2.0 and back to h, after time T;,. The lattice
size is N = 100. The rate function for v = 0 corresponds to the Loschmidt echo and its
nonanalyticity at T, = (n + 1/2)T* manifests the dynamical QPTs. The inset shows the

mean work density (w), which exhibits no singularity and is a smooth function of T,
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oL - : .. (4.46
(Win) = & Zk: [ e (0) + e (v1) — e (vo) (4.46)
Hrp ik RN
e () = || = V1 + 02 + 20cos k. .. (4.47)
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Figure 4.7 (a) The mean irreversible work density, (w;..)/5%, as a function of v, for different
lattice size N. The inset plots the mean work density (w)/é versus v, showing a clear
jump at v, = 1 for small N. (b) and (c) show the logarithmic dependence of (w;,,)/5* on
N and 4 in the heat susceptibility limit (56 = 0.001) for 4 = 0.005 in (b) and N = 100 in
(c). (d) and (e) show its logarithmic scaling with respect to 6 and 4 in the thermodynamic

limit (N = 1000) for 4 = 0.01 in (d) and 6 = 0.01 in (e).
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Figure 4.8 (a) and (b) show the scaling behavior of the mean irreversible work density, (wirr)/62,
with N and 6 in the SSH model near the quantum critical point. We take A = 0.0005 such
that A" is the largest length scale of the system. Other parameters are 6 = 0.001 in (a) and
N = 1000 in (b). The 1/N scaling in (a) can be separated into (c) a small In N contribution
from quantum criticality and (d) a dominant nonuniversal 1/N contribution due to the

topological nature of the QPT in the SSH model.
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ZRHHMHIR T RE, REFEZXENZIRETHAFETHE.

Figure 4.9 The rate function r(w, T;,) at w = 0 and zero temperature for three different time
evolution protocols of the SSH model. The inset plots the corresponding v(¢) with T, = 2.0.
The lattice size is N = 1000. The singularities in the rate function reflect the dynamical

QPTs in all three cases.
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Figure 4.10 (a) The mean irreversible work density, (w,.)/6>, as a function of the initial order
parameter A, of the BCS model in a single quench protocol for different values of the
lattice size N. (b) and (c) plot its logarithmic scaling with respect to 6 and A in the ther-

modynamic limit with N = 1000. Other parameters are 6 = 0.01 in (b) and A = 0.01 in
(©.
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Figure 4.11 The rate function r(w, T})) at zero temperature for a double quench of the BCS
Hamiltonian from A, = 0.0 to A; = 2.0 and back to A, after time T}, for N = 50. In
contrast to the singular behavior at 7, = (n + 1/2)T™ in the rate function, the mean work

density (w) shown in the inset exhibits no singularity from dynamical QPTs.
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