#) 32 2 3R Acta Phys. Sin. Vol. 71, No. 17 (2022) 170305

Zi: ECARYIERIG

JETE K £k 14 Mo oz 28 3 e E Ry

i

(THRERFEREHFVIEBE, JLat 100084)

(2022 4E 5 A 2 FIkE]; 2022 4F 6 H 19 BYEIENH)

2P ) 13 PR R 2 A B L 0 R B 2 D e S A RS SRR, OO SR K ) B R SRR
PR B, R R GEAE R 52 40l i 114 G H b Kok 221 o 4y T UL py g iz A 2 At 20 DO, BT E P T
FRGER LA P BRI A B A S RS TR ORRY . BEE Y T SRR ARt 5 RS AR
B 447 7 THT A RO PE %, 3T 4P 00 R JEE V8 I 7 SE 30 L 2 B s WH R RE B T 2 IR R ey 260, B o Ay 2
BRAES I )2 AR TS, A5 [ N AMIESE 5 0 1 IR S8 S AR TR Wy B B 7 5 HR Y. ST o, 3.

A T — >3 IR G i 2 i 7 B8

FRTEOK Lk mig 13 BHE . 32 BHIE K FE B SR 1 AR JE K 5

R AR S A TR I i AR RN 1 AR S P B, R S 6 UL R Y 5 i AL 5 R R 2 I s R A i
F14 SRR R B 1 pR R &R 1R, SR B T IX O IE W WIS M A S A 00— FROR T B, IS B AE R S kv
JET R G R S5 R W AR SO A T AR JE R A e 1 BRI, RIS B TE T 2R R G DL BT I

T3] Sz 38 X AR 119 31 R 40 TP A .

KA ARk, RPN NI EE, B 2R RGE, I A SR AR

PACS: 03.65.Yz, 03.65.Vf, 05.70.Jk, 31.15.xp

1 5 =

ARP A S BOC R AR P A 3 22 2y B
FHHEMEAANZNIEEE 8T RGP A
PISCHLR AR 3 ) 22 ad A — SR B R G
B 2y, R R AR R GA E AR
WS iR BB SR sh F 22 AL 7 — ISR
SRR E TR 5, IR R AR — S
HEE A AR R BT RS TR 8 5
AL, S5 ESYHAR, &1 2R REhRAEF
rah Sy A I 38 e R GETA B, X f
P T AR B ) 2 O 2 A W B v i —
RPOERL. AR, 15 45 T8 I SE NG 2 i 4
A GIETFBOT R EEL, SRR R TSR e
S B4 T E M RERTT R G AEF- A 3l )

DOI: 10.7498/aps.71.20220862

SRR, IFRIL TR 2 I, ¥R+
G820 R AR VA B 77 2 O TR S I BLAR P
B 0100 45 it AR R SR JE KR Wy A i JLAR
Kz B [E N M 5T A Bk 2 g S o e 2,
AN S R GG AR IR, 25 AR
WS T2 mFIP RS, JHaE T LR Ay
Ei 5 enI DA K | o T WAL AR
AL TH ML A PR AL . 2020 4, ¥k AL 0E
Brossel S22 1Y Gerbier fifF 77 4H 13 38 1L K5 )8 45
BOLY S5Ot RE A TG, T =
4t Bose-Hubbard 152 8 75 A [W] A B AE H 9 B2 R 1Y
WIIARFER S J12F, AT &R BUREE R 2 (R AH B4R
B i € 2 = o (N N - SR A VB VT A
(subdiffusion) L4, I H7E 5l & 73 A W (B A4 18 £k
oI TR AR RO AT . BT R SR AT Y
SEETIGE, HET YIRS Tz s A Lt

* LR R T AR AR R 34 (HEES: 2020M680496) W B IR

t BIE1EH. E-mail: panlei@mail tsinghua.edu.cn
©2022 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

170305-1


http://doi.org/10.7498/aps.71.20220862
mailto:panlei@mail.tsinghua.edu.cn
mailto:panlei@mail.tsinghua.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 71, No. 17 (2022)

170305

NS, FRATEE TR FERVE A M A 1T
Tl ZR G RRAR e vy B, IR A 44 R “ARTE K 2R
A R P 041,

AR SCE S AR TR e 1 S AT A 2, AR
J& FIHZ L i REFERL —4E Bose-Hubbard 54117
FEIE, S — A B R I, Jf
o T EAT BB R O R PE R 0 7 R 4

2 3B K M R EE 9

I —A> R GER Y BV BN, T BOMOL R 4
TR R GERE I — D3, SRS IR R G sl
ARTOE SO . AN SN AHIE By FEE A BE A WL 2 (5=
AR T 284N, DURIER GEA S i BEPE A
IR, 2Pk 17 S BORS MLTE T 0. IR SEAE
ST ) e i
H = Hy + Hex(t), (1)
Horh Ho 2 RGAKZ A 30 1WA B, Heu(t) =
Zj 00, J it i, O;#8 K55 50
M BIREAT, fi(0) S E KB, MriRRS
B i RE T W 362 4 UV VAR (R U INDO R 70
TAAUAL PR, 555 AR [l AT

U (t,to) = T exp <i /t t H., (t’)dt’> . (2)
Hh T R AT, AR ST, SRR
5 B A
p(t) = U (t,t0) poU " (t, o) - (3)
Xt F RS FA AR W | P4 (E N
(W(t)) = Trp()W(t) = Tr pU (YW ()T (t)

= Tr o (W(t) + i/t dt’ [Ht (t') ,Vv(t)] ¥ )

~ <W(t)>0+i/tt dt' ([ Hox (t’)7W(t>]>0’ (4)

/ﬁ\: EP -E[ext(t) = eiﬁotﬁexte_iﬁot j‘j*ﬁﬁi’ﬁzﬁﬁé/i\%—l\#
4 2 A . 30 L I e 2 T T (A B 1
By, 7 CATURIHER IR S (W) = (W) — (W), IA

6<W> =iZ/t:wdt’9(t—t’)

< ([0 @) W) £, ©)
B LR P 9458 19, RO A (R A R

(Kubo formula). (5) 2R, Il 2SN sh Rk
PEBT, FRGER IR N IE LT HER RS AR R AL G (8, 1) =
0(t—t)x([O;(t") ,W(t)]),. L&V N3 i 2 55
B I ) A, B0 EE A SR TR G i = 3
FA) Bl R 5 £, 3% 7 T AR GE Y SCHR pR D . XSGR AE
YA OUh B F LA, o
AR FPE T HURME S R SR H E- A HEOCHK R %L
TRE s T s T, G b e A0 - B D BEK PRI
P S5 1O DL AR G2 B B 0T Ja A 2R 6 1 4 P i
NS, AR AR TEKR St b e . X T —A~
55 A RS 1T R gE, HAz 3 1 s2 A
RSN (a0 (1) AR iR,
e = R | e SUE A Th = e i u N E SR

N S T T
H=Hy+Y (-7,0,0,+ 0§ +£0,), (0)
J

H 010, %75 ZG % HHERL (7, > 0 HFER
W), O + 10, R RGZFI R 17, £(t),
VTR I EHZ JTHE A (Langevin noise)ls), i /& LA

&1 (t')> = 2;0;00(t — 1),

noise

= (§0&w)

g =(gw)
- <gj (t)>noise - 0, (7)
FUHT () noise 275 XFMRS (T2 (LS5 1 1O 2, 1
AR A TP R G I B S Bl S AU
FERHSY (1,0,0,) WARIEKRIA B, [ o
e T RS RS 5 T [a(t), ' (1)] = e R
TR IE X5 KR [a(t), af (t)] = 1, B =2 7 M
P95 ] A RELIELE M X 5 56 R B0 . X FAE R ]
SR SE2F W | He il 3
Wi (t) = ¢ H "We iHY, (8)
S B, 3IAR LT

(
(&wéw))
(

Ut =T [exp (—i/ot ﬁdiss(t’)dt’ﬂ . (9

. PR NI
Hott Hyo = Y (10,0, + 05, + €10, 111

J

LRI B AR, 4 Hoiss AR

170305-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 71, No. 17 (2022)

170305

X (OUENE) +E[ (Ot dtde" -+, (10)
X RF- 2, R SC AR (7) 3K, IR By, Y
—Br, /{5

Wilt) = Wi + | S (200w

—{W),0,t)0,)} )ar. ()

XFRGAMARLETE () =Tr(po---)), & XA
TR OW () = W () — (W), 4

t
.

—2 > (0w

—{W), 0,10, }yar,  (12)

R AR e AR L LA 2 ML R MBS

JERRRAS AL 15 23 XA BT AN TR, {E P25 AR Jot

R, BIVZR G B S5 AR ph 28 58 9 SRR R B SE . 19

X —HE AKX, T LB R HAEAE 18
BARG .

3 FEAEMWNERAET LK
A Gt b A

AN AR B AL AN 1 ﬁm?;%%ﬁiﬁ{

(£)O,(t")

O, (t)

| |
- <d§ ()65 ()l (H)w (1)a! () (t'>>+<a

H(tha (¢)al (t)aw(t)al (t)ay

g g N, f045 4k Bose-Hubbard #% # Fl1— 4
AHEAE & AU

3.1 % Bose-Hubbard &%

2020 4, 1k [ P B 1o VIl 74 ¥4 5 512 16 24 00
T 45 4% Bose-Hubbard 5 5 78 1 {4 #E 5L
BN AR ARERBCS J) FE AL, DL T R R 5L
TV BN G BTS2 R, ARSI
4P 288 it
H=Hgi+)» (—iyﬁ? + g + é;ﬁj) . (13)
J
Herf Hpy 4678 Bose-Hubbard 58 04 21 5, 1%
AU DA 55 A A FH 20 7 2 s B VR R R vh 2
B Mott 4 2 (K #0728 19, X L O, = 7,
oy ARG AT 1 % BEBRAT, (B RE R B AE 25 ]
RSNy =, JRTSE B FE O R A R
BRI Ik AR . AR AR T K 2 e o B P A
2, ATLATH 3 43 A7 e () A8 B )

St VE:L/dﬁ% aﬂﬂ@@ﬁﬂw>

- [Car (e @i oao
0
AT ~ AT_ N (4]
+ AL aa)0,))] (14)

LS rT LA S B0l ) e R P R S 4 22 i SR IR PR R
PUE. W H T 2R RGP R 2 SOk REUR o
FERR TR0, DR FHAE 52 73 20, 5 22 S HK bR
B it WA S HK PR

(t’)>

=0 (iGg ;(t —tiGg ;(t =) + 71 (IG7 (¢ — )iG5 (' — 1)) + Py,

+ GG, (= 0iGy (= 1) + (1 +n) (IG5, (' -

1iGy ;(t—t),

170305-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 71, No. 17 (2022) 170305

Hp Gy (i —t) =i <aL (t1) ar (t2)>, Gy (t1 —t2)
= —i (ar (1) af, (t2) ), DABOPHY 54 (i) = 7.
[RIRE 5

(Al (i, (¢ (D))
~ (20 + 1+ 27) (iG;k(t’ — DIGT(t — t))
+ ﬁQTLk, (16)
(al(ar®)f (), ()
~ (27 + 1+ 27) (iG;j(t — )Gt — t’))
+ nng. (17)
B (15)—(17) A (14) =, 77715
5le(t)
~ (27 + 1) / (iGy (t—t") —iGg (t' — 1))
0
x (IGg (t —t') —iGg (' —t)) at’
+7/0 [iGE (' —t)iGg (t—t')
— Gy (t' = t)iGy (t — t')]at’
~ — 2v(nk(0) — 7‘1)/ gkt ) gr(—t")dt’, (18)
0

ﬁidhwE/MW%wmAMMﬁ%%ﬁﬂﬁ
WS (O 1T L e

W — ok AM@D,  (19)

/ﬁ\: EP Ank = nk<t) - ﬁ’f(kvt) = g(k7t)g(ka _t)- EE
W R] A5 Bl oy A T AL

k() =k (0) = = (1= e 27 0) Any(0),  (20)

st F ) = [ () a0 LIRSS
RS RIS A ne(t — 00) = 7, BIRE REGE
RASHIMIAE|TCT5 miR. HEENE, diEam
FIFERLSN 1 A0 5 RGeS R B O, T bR KR
FIE 5 ARG Frab & A . XFF 4 Bose-
Hubbard #&#, 4 ZGEATERE AN, REEAR
e TR TP, 1% PR A EA IR g e
S50

Horp 1/ T ARFRMERL T80 F7 6. LI,
1 — e—2tT
2Iy
R T AR 2B I — 0 (1/ I KT 1)
R, WA(w) =6 (w —ex), Flk,t) =1, XHf
% IS BT B IR TR
ni(t) = nk(0)e > +n (1 —e ") .  (23)

PGSR, X TATEMER IR M R4, HFt
Bl )5 AR ECE WY, X T o AdsEioE
ITE H AR UL, o A SR A b 4 K 240
TV DB MR- RO R, SR 3% 6
R TRAARSE. A RS20 O 2 A RS it ) 2 3% ek £ 1Y
FARZEABY, FEFRE] KA T (time-of-flight) I A,
B (radiofrequency spectroscopy) $ A 2221 5z
55 AT LUK B I L 2 5t TR AR 1) 335 bR A (w) .
DA AT D22 i b S 3R AT Y B i R A S g
Ik,

MRS Tl AR RO RGE R A
T2 R AP SCRHER IR, RS, i R
B ATV o DRI S5 Ay R 2
O (w—eg)

(w—er)!’

Flst) = 20, F k1) =

(22)

A (w) o (24)

Hiro@) =1, ¥z >00; O(z)=0, Y4z <0H}.
QR RGAE T Im FAHR IR AR 2. B rT15:
g (t) =ng(0)e™ /™" 4 [1 - e—“/m)z"”} (25)

BORIE I (e~ /70 Bk I R4S K0
(stretched exponential decay), | {Z /77 T4 ML
ARG, HIRRNEBIEAS A I (R s i 28291,
MR A Bl oA R, AT LAAS H 3l 5 B s 1] )

wﬁﬂg(uﬂt = /k2nkdk//nkdk):
(K%)= (K)o = (1-e770) () oc = (K)o). (26)

SET 1 AR AT, 77D % B2 2 G4 TR A
[ 20 9 1 7 I I B T E T BT
AGR), ~ i TAERETFIGRIR, SrisEE i A L
O 14 0 BT S A (%), ~ 17 2 e
AR, kTR Sk FR AN R,
I 1 (a) B, TRATT % BUE I 2% T 1 2 30
e R B4 1 T 5 ST B A 4 1
AL, I L P I T Ll — > BB

170305-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 71, No. 17 (2022)

170305

0.50

©
=
S

Sni(t) & (k) (t)

°©
=
&

10-2 101 100 10!
t/ms

El 1 2 Bose-Hubbard #% #IFE i 5l J; 2% 52 56 131 A6
XFLCIE () 7E B 58 G il A% S5 BF B BE T 1 3t 43 A1 Y 05 (.
T8 BE B B ] B 028, S22 BE A AU A S5 2 (b) 78
AN TR D' A% S BE I R T 194 S e 0 I I ) A AR (B
Snp=0(0) N HAAL). TELJE BRI A AU A 45 0L, 4 1 imi i 7
5 2% I 0 LA (5] 8 1 54 5 , G o iR 2 ok U T A v
B 1R 25 (95% [ 8 X [8]). PIAN i Sk AR T 19 53] S
FEHF v = 181y = 2198 Ji-Mott 48 2% 74 % 75 (19 Ik 1.
A B2 IR e (LR 1 250 ) K S 3 SRR 1

Fig. 1. Experimental data reported in Ref. [13] versus theory
on dissipative two-dimensional Bose-Hubbard Model: (a) Two
sets of data dng—o(t) and §(k2)(t) perfectly coincide with
each other by a properly chosen scaling factor. Solid line is
fitting with our theory. (b) Fit experimental data of
ong—o(t) (scaled by dng—g(0)) at different lattice depths
with our theory, which yields n for different lattice depths
shown in the inset where the error bar comes from the
standard fitting error (95% confidence interval). Two ar-
rows label the critical value for superfluid-Mott insulator
transition for filling number » = 1 and p = 2, respectively.

All experimental data are taken from Ref. [13].
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Fig. 2. Prediction of dng(t) for a one-dimensional Bose gas
(Luttinger liquid) from the weakly interacting limit (blue
line) to the Tonks limit (red line). Here 79 = 1.0ms is
fixed for all plots. The inset shows how 7 changes with the

one-dimensional interaction parameter g/n .
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F g, W] LU IR e AR e N B AR
Mo e 1L, bR T PR EE TS
LIRS 5y A3, AL B AL T AR IE 3 i
TR AT DL BUAR SR B RE RS 1A AT 0,
Luttinger A, AR PORMBASE. FATHIARE KL
M 17 B fi T 52 B — LE BB HF I 1 OC T, IR Rl
RN AR BB, RN TG T AR R K
Luttinger {AAFAR LK E TR BIEAYTFE 11,
LA, 3 — i 17 S b R A A 15 R 2k
,ﬁéi%i [42,43].

4 BFE REAHRMERIPFHET RS

XIFRPE SR 20 Py ll2e p) ez —, F%E
FEACY B2~ 125Gk, ARTEE 24 1) Noether &
LR () REAESRFRYE, W —E A A
Xof O A SE V. SRR PEAE B P R T
BRI T, REFRIE D E A EAE T, X RRbE B &
B SR C AN, FERERSY R X FRME:
TEAHFIARAE th e 3 824 (0. ARYE Landau 28,
Y AR T LU RS)T SRR, I REY S &
MWE (ToIFA) ZRNHEE (AP HH) WX R T RS0
XA AT B AmE. K, B Erl LU FE
IXFPRIER X A AN [ I AH. H5ARS R4 AH 2 (8] AH
A2 ) Ginzburg-Landau ¥ i %] #H F1 A A8 59 H i
TG, 5 RGERFREA I, AR T
TOULAG AR . 3% — S s T XS FRER B R R ).

FATVAETE T 15, IR — 1 RE R AR
FRXTFRAE, B4 RGN RER AT S A T IE. andk
T B ST B e X B S B e L T T,
TR F R G B B[R] SO0 FR M S 308 Kramers
i JF 4. AERXS RGN — AR, Bt b A
A PRI XIRAE, I8 ARRHATY 2 R IT 1Y,
AN A BA X FP XS FRPE (T FRPETAR), IBAHH
IV Y BB 2K A B S o R . X —FE AR B = SOk R
T Schur 5| M G S — A XFRERAE B 5 MR OR
5 HEAS 2 IERER BT A B E T B AS W] 24 38 7 B A 6T
5y, ML FE— 5 1F LT B A .

g S22 ) Wigner 2, & F RGN
RIPRASHAT WIS, —FIE L IEXTFR, 5 —F R 4
TEXHR. XTI L IERTFR, A AR AY Schur 5 [ FE1H9):

WR—ANJEK B S A L BRI A BT
A FRoRFE RO 5y, IS 202 B — 2 I L T ERAL
FE . LU, X TR L T R S B T T
(fnsk ] Rz e X FRPE S 20 Kramers {8 3F), (2R 6E
W IABIMMAICBE RS, By T 2R A
PRI Z INE T EAAI AT AE K. B2
B, L IEXFRYES ZIEXTPRE R — 22 007
M E2sr BRI (X — S /e i McGinley
F1 Cooper TECHK [46] H1HEH).

AT LA O BERE IR AN A BAE A NS
S, AR TEK et g L B 1 HH T HLAT B[] sz 78
XIFRPE (S L IEXTPRTE) B9 RG24,

41 EEREEMEELERTERER
S90S Y Kz

TEALGE R BER YD, Y@ v 32 sl
AR TR H— 2R e MR AT ie, H
TORAAFIARAE BRI FR MBI S . 7 20 #4280 4F
RZA, XA BISILTHE T A R BER S
HISCHE B, W BT i AH S H 3 25 FT DL B Ginzburg-
Landau S AR, SR H 80 0GR, FEREE AL
B IRV | 43 EE AR RARUNE | AR A iR
R, ATRGEZE R T — &R Landau 15
KW E TP, X7 5705 Y8 BORHA
PRt A X FRPER B Ak, AN REE A R S R
Z\ ). GRS TR AR AN T Y B AL S B
RS M, 25 IR L S A — SRR 3
Ty — DRI, RGBT KA X RV R Bk, Tt
PR AN . MR A AR SRS R
B O H , DR T R L o B B B, A
SIWHPRIRI  BRFESE R RN, BEJS, 7E 1988 4,
Haldanel & T —75 M AAg 7 (Haldane 15
), TEBA SMEES I G0 T o T DL & AR R
RONE, BIVi S R IR RN . 5 R A R IR RN
— A, B SRR IR RN I B [RIAERBR 1IN ] s
TEOOP PR T PSP ] S 380 PR 2 S B0 S P B
A, AE 2005 4F Fil 2006 4F-, Kane FlI Melel! L J
Bernevig 5K 8 & ) #F—252 18 A EPLER A AL
7, A7 AR TSI R AR AU AR A
T H e R AN A %) S 52 B I [E]
XIFREER R BSOS R, 7RI W P4 o 55

@© FEit T J12%# 2 I Noether 2 BEA] BB KRR, 1 BUSFIEHGEEIR R BALHIFRN “it 7 /)E” (quantum abnormal).
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B IR ) B X AR R LA I 1 R, SRR A
e S Al A RE S UL 3] [ i SRR Y T
R S 6. SR, I m A BSR4
B K] IS AE HeTe BB P il 8 209 H e
JRHL A B0 n LU R AR T RS
I B R B 2 B & P AR B (G = 2¢e/h?),
FRUE SRR B TR Al B R i R R, MiAT]
HIE, 7R 20 20 80 AFAR S RE A AR 5 v B Hb
S 381 TR R RN Y AL S T, HOR TR
KT LR TZ2EZR, SRR R E T H
TERE IR B AL S (B R s B R
IR ARG RE) , 3 fBIF-a 1 T —A~ B, A5l
JAFEIE E SR sk — SE kPG P LR A

— 2
@ 70016” ) R ST E————
7L F=2e2
10 i 15 F G .17/17
F10F
106 T=30 mK D§ o s K
g g
B 0 N
= 5L —-1.0-05 0 05 1.0
& 10 G (e
10% ¢ / I\//( \ G =2e2/h
103 L L L L L
—-1.0 -0.5 0 0.5 1.0 1.5 2.0

(Vg* ‘/thr)/v

P03 S 2 ) Do s A BEL I ) Al A A il e (O B
). A7 D LAk AR A 1] R B STHK [50]

Fig. 3. The longitudinal four-terminal resistance as a func-
tion of the gate voltage. The inset shows as a linear scale.
The figure is copied from the Ref. [50].

T, TR pE, 5 R A R Y

S, T A BERE IR RN (AR F A 2 A2 B ] S5 i %o R

P47 1Y Kramers {8 25, 00 ] B2 38 0] R84 /2
RLIERY, X — SR R AR R OCHE.

T LA 24 ) Kane-Mele F588 k5154 15 I 1

F IR R Y A A 28 A 55, Kane-

Mele FER1EE SUAE —HEIe S s+ AR 2 i i 1490:

Hyw=J Y & ejatidso D vijél 0206

(i,5),s ((4,4)),8,8'

+1iAR Z 6178(0' X dij)isléj’s/

(i,5),8,8"
JO
+ A Z 51'01'7501',57 (40)

Hofri, jR s s, S IRE [EIE R o =
(0r 0y, 02) 3277 Pauli H . Wt o5 — T

T AR (BRI SR EE N J); 5 IR UG LR
1) H BEPUE RS I (SREE R Aso), Horfru, = £1;
5 =IO A8 ) Rashba FAT0 (SRR Ar ), He
o d e DN g AR A R S ) R i e U
S (HREE R A, XTI FA% & = £1). 4
THE IR R SR IR Y, AT RG2S
X RRERAE AR AR M S T, FFBR s
G TR S S X RS & IE XA, (A5 RES Y 1 I F
PRSI ] SRR

SR, TR —ANJEAS TR () R, Pl B ] 2 0 FR £
PEFFNES (BOE— B Kramers i J-485) 724N
FERRYSZ I TR AR 7 53], i 550
FRIREE A RS B9 FR ST B A I ] S 8
PR, T8 B s 18] 52 3800 RO AP PR F NS R 1A
IR, BRAEME G AT AR B AN P HAT I 18] S 0]
PRk, em)ihid, HETESss FR B AR RIA R
GE I 1] SUE AR VERY R (MG | wEYEAR o
Z5), IR 2 52 30 30 O U 3] 87 I 4 4 A e iy 4 B
zER.

SR T 2B B, 3k — TR BT i 25
WX T L XM TR I A AL R G2 3
HPFEREERYFER, $5 BRI A i, HAR LK IS 2%
i iy

H = Hyy + Hys, (41)
Horf Hgig, J& Kane-Mele P50, Hyi = Yo (=1Ym
01,00+ O} + 1,0, ). WL, 1y 7T
SRR AR TR 2 05 [ BOT R R )
WRGAEN T 132 B IR RE e ™= A FEHE, RIFEHGH
BEAT O T o J7 M B b, W 4 s, fn
Hrrad, i 525 R AR ) I 0, ROFEHGI G AT
HR AR B[] BB FR Y. AN — e, e P2 Al
A S SR I A: 2 m BT, O, 2 MU i
(1ink) (i jm)
0,, = Zc*cjm (42)

Hrp i, ZBRBAE W BFAE v, =Ny yi, =
m, jm AR FRIA Tz, = Ny, yj, =m+ 1.
Mo RN, O, i XM iy [

D = S il ol
Om - Zcim,sgss’cimys” (43)
s,s’

Xy, SR LW B T2, = Ny 4i,, = m + 1.
H G R FESEAF O, S I 1) ST X R
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Bl 4 SEss A% T LAY Kane-Mele #E8L, Horp o 7 [ IUOT I FLA A, o J5 1) EBUS A F 0. REERST R N x Ny . FERGR S 55

P5 O ST AT, 25085 53 B A 32 B ks o83 L

Fig. 4. Honeycomb lattice of the tight-binding Kane-Mele model with open boundary condition along z-axis and with periodical

boundary condition along y-axis. The sample size is Nz X Ny . The coupling operators O, are located on the right edge, which

are defined on links for odd m and defined on sites for even m .

AT LA e SO R, BIVE RS SN
B A A [i] S JHO0 AR FEAT, Ak [ S 8% AR PR
A RN S W IR ATRER), DLITE =S5 RiE
R FFATRENE.

411 =E=THTHGEX

TR F R GEAE I ] SR FR AP NS 1Y
F25 0] (Kramers 25 [[]) AT ASCHFIH von
Neumann 4 ZI| 1) 5525 [6] PUAH T A2 1L, it

T AR G B R W B A SChrédingel“

>

—~
—

N
1l

(P(1)) e = (Uesr()po(U(1))

RN, WA S I AL

p(t) = Uer(t) po (1)U (1), (44)

b Oialt) = Tenp |1 [ Hua ()0, Tzt
LT (anti-time-ordered operator), po(t) = e—iHot
(0)etHot £, 22 0 W S W ek 1L 14 8 BE LR, ik L
B2 45 (14 0 5 0 il Kane-Mele WS %5 1 & Ho =
Hyy. 5% 2 TR, B H i VE R AR R T I %
Langevin M= {725 J5 w459 By

noise

= < (1 + Z(_l)nl et ﬁdiss(tl) e ﬁdiss(tn)dtl e dtn) ﬁO(t)

- (1 £30r / H{(ta) - H]

n=1 <<t

~io(t) = [ 32, {010 (0). b0

(t1)dt --- dtn> >
noise

b2 [ 4S50, ) 00,0, (15)

R P 285 5 4 A IR N 6 p(t) = p(t) — po(t), 1] L3 von Neumann % B9 2846, LA e Z1 i AH P 4 2 2%
W 5% 4 B 355 3] Krammers {7 3 7 23 18] K py(t) = Hxp(t) k. (pox(t) = Hxpo(t) Iy ), Hor I Ky
Krammers %5 [B [ E F. WIS RS BEFE RGN K 28 [BIp 2G2S, WIAHR P von Neumann f5A8 46

Pox(t) + 0pk(t)

05y (t) = Sy(t) = Son(t) = —Tr [Tr

(Pox(t) +0px(t))

( Pox(t) + 0pk(t)
Tr

(Pox(t) + 5[)1((t)))] +Tr[pox () log pox (t)]

= Tr [pox (1) log pox (1) — (3P0 (1)/ Tropox () log ok (1)] Tropox (v) (46)
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AT LIS A Y, 2 0pk (1) o< pox(t) (BI dpk(t) =
Pox (t) tropy ()i, WIAT 65, (t) = 0. fHi2—H.5pk (1)
% pox(t), von Neumann i 48 1k A %, H
68y (t) # 0. FHm 2 B AR PR i A X, VEFHTES
HEME RS AFAT 30 11O, I, 11O, Iy Fi
ﬁK@jné) I . *ETE&ZEEHE’J Schur 5| #, %} F
FEEKRFELF O, (O ) B AT 2 R8BS
1 BE TR AE R, B I10,, IT % ITx (HKOmHK
o I ). HEFBOp (1) ok pox(t). WRLIEVE, BT
FERUE AT O, TEAR T 1R 23 0] (K23 10]) A IE I
F AR, 30T von Neumann i 19 2AE, U\ﬁ'ﬁ‘

gy = —ie) ({&w.&'0}) . g
ﬂZym/ dt1<i OO (1) O, (t

_QIZ%/ at (0, (1) A0, (1) (0

—Q}mldnﬁr@dwéﬁm>

R GEAIGRSRERART, Q& 5(a) 7R,
4.1.2 AR

FATEE R, i 1] S O FRPE B0 Kram-
ers 25 14 7 I 14 1 22 gl F I 52 358 b R 1) 5 445 O
IR 28 SCHER RS bR R AL

Gis (t.0) = —io(t) ({a(t). ¢} (0)}> . )

HrfrO(t) N Heaviside W EkediL, ¢ (&) FnyEH
TEARGEZS @) (|W:)) b=t (K 54F, é(t) =
eiH'te,e—iHt )y Heisenberg 22 5t N [0 & Bl i fk. 5
HTA 2R, XARbR R U e T, 7T 4%

>+1§hm/dm<‘Wmmf@odm%Wm>
) =1 [t (& @ O () 0L (1))
Ol ) +2 [ (41001 )00, (),

(48)

He o, (¢ ( )= eiHUt@ me Ol FR B AR Kane-Melel& 5t F (O3 fL. 2 T #% Kramers W3 FHEIBIR,

KEGO,,, O, 0,0, LRI B K2

S[a] R

”h”EJM{/dﬁ (1) |10y, (1) O, (1) 1] &1 (0)

-

+ /O 'ty <[17Kc’)§;f (1) O (1) f_rK] A (0)> -

! AL A o bt A1 . ' AL :
—/0 an (&7 0)&(1) [0} (1) 0, (tl)HKD—/O an (&7 (0) [11x0))]

2 [[an ([110] 1) ] 0 [110, (1) 10 & )

)

(1) O, (1) ] &4(1))

+2 /Ot <é§’T (0) |:1ATK(;)17: (t1) ﬁK} (1) {HKO,” (t1) IAYK} > } (19)

HIFGRTIA, T O, 5 O, FUAT i) S 86 B A
TR TEKEAE, AR L IFRER Schur 3138, 7720
OO My o I, IO iy o T, 1O Ty
o My . 3% 2 G851 R B B 2L 4
K ane-Mele 45760 ARG R 70 O A WR B B S i
(LA g T 45

1

W= The o0

Horh &y 2o iR (23 MU 1T 2% S0k [51)).
14 G (w) Xk

g>\1 (w) 0
) %N»>%, 6

SR X RHAN) =~ Im [0y, ()], Ax(w) =

fhmwm>}ﬁ§ KL, FERE T R
T, RGAE Kramers 75 [H] {9 {8 3% R 5 B T 8%

S, 5(b) B, g vk, i A E) S E X RO

PR T R

113 BHESEHA

BR 7 IR R 2 R I R REIR Z Ah,

Gw) =U," <
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FATENGE B, FERIR BT 11 82 /R 000 1) B e
() — AR —— B, R AA AT H
I, BIMEFERCEATATI SRS I 18] S PR

R E A RS Kramers fif 725 2 (8] 1 5
[Z5TH

Vii(t) = (| V() |9;) (52)
AR R ITHXT Langevin M 73 f5 ml 15

/ dtq Z’ym

x [ @] O3 ()0, (t) V(1) 195)

Vij(t) = (| V(1)

+ (0 V()0 (t1)O, unw>
~ LT

23] O, (t)V'(1)O,, (1) 7)) ] (53)

HHTIW), |@;) & RBEAE Kramers filf I 25 [8] (Y AR

&, WAL AR T AR (7| V() |[95) =
Vodij, Hert Vo S 44 BTam L. X TAERGH R 8 1E
i, i F OO I o I, 24 R TE A A [
Kramersf& 3 25 Z [0 7= A JEZH BT, WK 5(c)
Ji.

V () VO 1% / dtlz’ym

x [ @il [0, (1), (1) V' (8) Tk |1)

+ (] TV ()0, (4)O,, (0) T |7;)

— 2] IO, (t)V' ()0, (1) ITk ;) | (54)
K 45 et 2 MR 1 B RO T T PR
SPSTEARA, B IS, S50
WA B S A P B T .

BB AE IS T AT B b S

Hegge = vk|4)(+] — vk|=)(~|, (55

Hohv=0B(k)/0kEL B MHERE, [+), |-)1C
KM ZNERIE (helical channels). T % [& il
AR, AR F AV, 4 Lippmann-
Schwinger J7 2, B M XN Heage + V,

1) = lg) + Go(B)V[4), (56)

Hirfr Go(E) J9 A IR R PR %L Go(E) =
01) =1 KR (56) BRNARARRS T

(E - ﬁedge+

Y(z,0) = %eikxéffﬂr + Yse(2, 0), (57)

Hortt o(,0) = %8, o VI WIS A IEREL, L
HRGRS, (. 0) = (2,0|Go(B)V [v) Jy T
PR FE—BTE LT,

(a)
0.3 F _
s T
< 0.2f - 7
% T
01} e
e
0 i I I
0.2 0.4 0.6
yt
(b)
1.5
3
= 1.0
0.5F
1 1 1
—0.4 —0.2 0
w/J
3
(c)
0.10
o"..‘
T o2f 8 --""....
=} |
— —
>~
S 0.03 1 1 1
g 1k 40 80 120 160
ol N,
0 4 = = — T o -
0.2 0.4 0.6
yt

Kl 5 (a) von Neumann 4 Fifi B [8] 19 25 £k, = Z% th £k 53 5
XA R AR RS S B EH . M =20 (JE4k), M =16
(HBZk) M1 M = 12 (HEZR); (b) Kramers fiij 725 i) o (3%
PREL; () 2% BTy AEXT A IT Vi (¢) BERT ] 9 A8 1, Sk 4
TR S TR, R AR TTER (M = 20).
Pl o S 3R BB it RO 78 Ak FEHBCGRE ~ K/ 0.2 BY
Fig. 5. (a) The von Neumann entropy Sy(t) as a function
of time. Here we choose the number of coupling operators
as M = 20 (solid line), M = 16 (dashed line), and M = 12
(dotted dashed line), respectively. (b) The spectral func-
tion A(w) for two Kramers degenerate states with dissipa-
tion, with M = 20. (¢) Time evolution of the matrix ele-
ment of the impurity potential Via(t) between two degen-
erate edge states with. The solid line includes contributions
from all states and the dashed line only includes contribu-
tions from edge states. The inset shows the transmission
coefficient as a function of IV, . The dissipation strength -~
is taken as 0.2J B,
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wsc(maa) -
—iei’””g<k,+|‘7|k,+>, o=+, ©— L/2,
. iefikx£<—k;7 —|V‘k7—|—>, o=—, v — —L/2.

v

(58)

W] 2 55 2%y

L. . 2

R = ’—v1<—kz,—’V k:+>’ : (59)

UL AT AE S R T =1 - R. K |Vi; (8)| A9 JB X
(54) RAVA (=&, = |V [k, +) I3 24 JF S HF- 2, ik
REFTHEI SR ST,

TRAREN], FEFERUNTERTT, 2 a2
FUEWHUS (BHREALET 1), WA 5(c) H A
FI7s . AL, SO 3R R/ M 23 Bl R 58 R
AR ARAL, 45 R W R GURE A B RHBOR, RS
OB X4 R Bl A S UL B Y 45 R P2 g
PELIEAT AR, SR Al 6 B, BSREE RF Ry
FERZ W R AR, RSP IBI{EZ7 100 nm.
XFFARE TR RS, Z AT G EEE I T A R
VRLBE N AR S I 5501 DA K i M P S B B
i R S e PO T F M BRI BT A4S
AR AL 45 Aty 4 A R S 0025657 25 1 T
— MR R B RS, Y PERGE R AN ]
FISN PRGN, Xof T 1] B PR P PR i
TRGORUL, RIMESPREERE S A5 BAT I 8] S

ARy(h/e?)

0.2

160 10.00
Length/nm

6 SEHLTE WTeo HE dh il et ) R 45 A 38 FiL BHLBE L

RAFRgAE Ak 10 B SR [52]

Fig. 6. Length dependence of the undoped-channel resistance
in WTe, sample. The figure is copied from the Ref. [52].

TS PRI, BORR B Z IERSFRIE R 9 4 B S AN AR
SE R, TE AR X R (15 b 19 e 2Rk T Y
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Fig. 7. A schematic diagram for groundstate of the AKLT
model. The spin S =1 (green oval shape) at each site is
split into two spin-half (blue dots), and two blue dots con-
nected by black line represents the spin singlet formed by
the two spin S =1/2. The red dot at each boundary rep-

resents free spin-half.
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Fig. 8. (a) The von Neumann entropy as a function of time
in the AKLT model; (b) the spectral function in ground-

state subspace.
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Non-Hermitian linear response theory and its applications”
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Abstract

Linear response theory is the theoretical foundation of modern experiments. In particular, it plays a vital
role in measuring quantum matters. Its main idea is to take the external probe signal of the physical system as
a perturbation and use the correlation function in the unperturbed equilibrium state to depict the response to
the observable in system. In recent half century, the linear response theory for the closed quantum system has
achieved great success in experiments on quantum matters. In recent years, with the tremendous progress of the
precise manipulation of the light-matter interaction, the ultracold atom experiments can precisely control
dissipative quantum many-body systems. With the discovery of many novel phenomena, dissipative quantum
systems and non-Hermitian physics have attracted extensive attention in theory and experiment. We developed
a linear response theory, named non-Hermitian linear response theory, to deal with open quantum systems. This
theory takes the non-Hermitian term and quantum noise, which are induced by dissipation, as an external
perturbative input, to detect the properties of the quantum system, and relates the time evolution of the
observable with the correlation function in the unperturbed state of the system. The non-Hermitian linear
response theory provides a new method for distinguishing the exotic quantum phase from the normal phase.
The theoretical predictions are highly consistent with the recent experimental results of cold atom systems. This
paper will review the non-Hermitian linear response theory and discuss its applications in quantum many-body

and time-reversal symmetric quantum systems.
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