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Fig. 1. IPR of ground states as a function of A for this
system with J =1 and L =1000. The left and right
insets show the distribution of the ground state with
A =19 and A = 2.1 respectively.
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Fig. 2. Sketch of the quasiperiodic lattice realized in the
experiment. J describes the hopping between the nearest-
neighbor sites of the primary lattice and 2A is the
maximum shift of the on-site energy induced by the

secondary lattice.
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Fig. 3. Schematics of the experiment. Schematic illustration
of the initial CDW state and the states reached after time
evolution in the localized, intermediate, and extended
phase, respectively: (a) Initial state: CDW state (I >0,
£=0); (b) localized phase (I >0, £=0); (c) the
intermediate phase, extended and localized states coexist at
different energies (I >0, &£€>0); (d) extended phase
(I=0,&>0).
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Fig. 4. (a) (r) as a function of h. Here we use 50 samples for [, = 12 and [ = 14, 30 samples for L =16, and 20 samples for
L =18; (b) averaged entanglement entropy (S) and d(S)/dh versus h. Here we use 500 samples for L =8 and L =10, 100
samples for [, = 12 and 30 samples for [, = 14. The interaction strength is fixed at U = 0.4. Here a sample is specified by
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Fig. 5. Log-log plot of the width \/W vs time ¢ for
several values of A in the AA model with o = @,
J =1 and L =3000.
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Fig. 6. The mean information entropy as a function of T
for this system with A =1 and L = 1500. The left up
inset shows the derivative of the mean information entropy
as a function of 7 with fixed A = 0.8 (blue), XA = 1.2 (red),
and A = 1.6(green). The right down inset shows the
derivative of the mean information entropy as a function of
A with 7'=0.05 (blue), 7'=0.3 (red), and T'=0.5 (green)>.
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Fig. 8. Evolution of Loschmidt echo in a long time with different Ags. The initial state is chosen to be the ground state of the
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Fig. 9. The behavior of m versus Ap for the system with L = 1000, T = 6 x 10% and A; = 0.5: (a) Different colors correspond

to different es and the initial state is chosen to be the ground state of the initial Hamiltonian; (b) different choice of initial state

with n standing for the nth eigenstates of the initial Hamiltonian H(4;).
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Fig. 10. (a) MIPR as a function of the incommensurate
potential strength V at two p-wave pairing strength
A=05 and A =0.8. Here use L =1000; (b) phase
diagram of this system with a p-wave pairing strength A
and incommensurate potential strength V. I: extended
phase, II: critical phase and III: localized phase. Here fix
J=1.
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Fig. 11. (a) Energy spectra of this system with A =0.5 and L =500 under OBC. The distributions of ¢; (b) and t;(c) for the

lowest excitation with different V116,
t, =t, = WWENRER SO, T IHIVA 2 5 o b v A
HHFA DG 2 1 AR Ry

H=Hy+V Z cos(2mad ) N 15

m,n,l
ﬁinm,n,l = a1n7n7lam,n,l; V%Wﬁﬁﬂ%ﬂ"ﬁig, «
JE— DI, X EAREC o = (V5 - 1)/2. X

(38)

X w 2 2
I, o Rk, TR TR, FLk, = ﬁ% ky = ﬁ%
S G Ny =N Ny
Zw— 4a 4 ) a4 7Zy_ 2a 2 9 I

N P =) Y > oy
Q_Q.ﬁmmgmﬂwﬁnﬁégam%m%~

—4ERGE, ARG i (38) 3. 5 n
AREE By, (Ko, ) X5 IAAEZS ] 5 2y

A B
@) = Z(wﬂ,l’Aak:,ky,l + wn,l’BakI,ky,l)m% (39)
1

Hetrad (a8, ) BB k, Bk, BT 2710
FURMTH A (B) EIGMICEERE. SRJF A (F I
BT

Enthnpa =t:(Yni-1,4 + Pnit1,4)
+ Vcos(2nal)yn i a
+ (=2t cos ky, + 2it, sinky )by 1. B,
EntoniB = —t:(Yni—1,8+ ¥ni+1,B)
+ (—2ty cosky — 2it, sinky )1, 4
+ V cos(2ral)yn 1 B, (40)
WERGIAFER Y = (Yn 1.8, Yt rmB s Yn2, Ay Yn2By s
Vo NA, UnNB), fETTHE (40) 746 K — 4> 2V x
2N HE R A R T R
ARG, i T UHE RS VE T, 2 5 ) %

SAPLEY TEBURBR IR, T RS F% 7, T
S B 5%
(41)

2
IPR = Z (wi,j,A + 1/%21,]‘,13) ;
J

X LI R W, L2 — 1. XTI R A, [ R
T EUE L—A-FHI ) TPR:

N
1 2
MIPR = =% % (Unja +¥ns8) . (42)

n=1 j

040301-13


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

Y B ¥ R Acta Phys. Sin.

Vol. 68, No. 4 (2019) 040301

XN A AMEAS R IPR 9. MIPR ] LA
BT A RSN R R AR NER.
Kl 12(a) FE 12(b) 43 B EAR T8 N D ARMES Y
IPR il MIPR AN k. Fil ke, B PRAL, 53X BBV = 1.9.
MEH T LUE ) TE (g, ky) = (0, £r/2) BT A S
SR A DI ASAE 2 7 I B4R R
MRSV (ka, By) = (0, 2 /2) BEIT Y ASLE 2 5 1) 56
MEASAS R, RIRE 20 KA V A RRIH AR S5 B 1Y
BT R B 12(c) AL 12(d) 4300 20 1 [

”ﬁ%NAﬁﬁﬁMERﬁMWRWﬁk
ﬁvm B K 12(e) A1 12(F) BR T E
ke = 0 BFEE N ANAEZ ) IPR Al MIPR 1E 0 ky, Al
VB RREL. MO e R LI HAE, V> 0.4 R
BHARMESTE 2 7 0 AR 43 Ry 80, 1 sh 7 (ka, ky) =
(0, £m/2) T B ARNESAE V > 20 A P RAS M &
k. A (40) X &, AT DA UL b B A X — BE 42
A F1 B FA% 2 [ A7 SR 3 B R/ MM T e, A
ky. AT B T4 8] 1 BRAE R AE oy 18 Y, HERAT
SERJE R, RLFAE 2 07 [ 138 s 2 R 5 A8 45 )
B, 22, wy TN A BRAE SR B AN, ) 2 5 ) A

\

?T

BRI EVEER. Yk, =0F
ky, = j:gﬁﬂt, M (40) PRl LA Y A AE TR Y
A RERIE SRR, IR F7E 2 s s kA
Tﬁ@@]ﬁﬁﬂﬁ%#ﬁﬁéﬁ%’%%Vﬁ%jﬁ [EGIYE =Rt

XX ARV AT AT A AA AL, Fr LAV > 25
FIA 2 07 I AR S22 i s, 3 AR AT TR B 45
Aot

T ST B G B oK T R S I A K

A4k, R B T S % 2 (density of states,
DOS), HiE X H

1
P(E) = 5 2 0B~ E)
=1
] 2N T-1 31
= — Z 0(E—Eui,a,), (43)
=1 'Lz:_% i’y:_%
2 2
Kb By, a0, 2B E ky = ﬁnixﬂ:‘n ky = Fniywﬂ/‘]%l

AR, A THUEH LHES O(F — BE;), Sk
2

\/%eXp(—%)ﬁMﬁ*éﬂx) 920, AR 2F 4 1 31

KR AT RS R E p(E) ~ B2, 515

ky/m

ky/m

B 12 % NAAAE & 1Y IPR((a)) A1 MIPR((b)) B ko A1 ky 19 25 46, X LB 2 V = 1.9; 5 N A AE & B IPR((c)) A
MIPR((d)) B ko F1 V EGAE AL, X L E ky = 55 885 NDAIEZ [ IPR((e)) Fl MIPR((D)) 1E 0 ky 1V I RAR, 3 LA E ko = 0.

HAMBHRE L =300ty =t, =t, =10

Fig. 12. IPR((a))and MIPR((b)) as a function of k; and k, with fixed V' =1.9; IPR((c)) and MIPR((d)) as a function of k, and
V' with fixed ky = 5; TPR((e)) and MIPR((f)) as a function of ky and V with fixed kg = 0. The lattice size is L = 300 and

te =ty =t =11,
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Fig. 13. (a) p(0) versus V for different lattice size N with fixed o = 0.02; (b) DOS with N =300 as a function of energy for

various values of incommensurate potential strength V [°1],
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SPECIAL TOPIC—Cold atoms and molecules
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Abstract

Quasiperiodic lattices have been widely studied in cold atoms, which make one study extended-Anderson
localization transition in one-dimensional (1D) or two-dimensional (2D) systems. In 2008, Inguscio's group
prepared one-dimensional quasiperiodic lattice in cold atomic system and observed Anderson localization, which
promoted the theoretical and experimental studies of quasiperiodic systems. Later, Bloch's group observed the
many body localization in their prepared 1D and 2D quasiperiodic lattices. Recently, they also successfully
observed the mobility edge and many body localization in a system with mobility edge in quasiperiodic lattices.
These cold atom experiments have promoted the researches of many body localization and mobility edge.
Quasiperiodic lattices have become a platform and its effects on many physical phenomena are being extensively
studied, which can be expectantly observed in cold atomic experiments. This paper is based on the authors'
some related work and briefly review some recent studies on the 1D quasiperiodic lattices, including some
important cold atom experiments, some important properties of the quasiperiodic lattices and their effects on

some physical phenomena, such as topological states.
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Pl 1 5 22 [a] Y 90 71 B0 B 30 W 5 | 4 R e e 34
Fig. 1. van der Waals attractive potential and short-range

repulsive potential between atoms.
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Table 1. Three different regimes in the study of
cold atom physics.

RKEERE Lrgas
2 BB
AT S0 < i R 2R B 2 I
BFAUR ro<ar<d e b s sy g
T
B0 TR R K-
ST (]

2K

BFRIFER rg < d < A

P A 1, M6 A 2 OB B d, 08 T
AR R 10, 3 I ST 7, — R
d~ dy. 5Eb, SR T ELE B — R
T gmur?, ot b = 28, (Vo Er) V2. Vy
SSINTE, By = 12K /2m R ERE. kA
REHFROLAO SR . S350 1T LLB A E) Vi 10
AN A A S 85, el TT A X

IR T K ag = (h/mwo)/?. — T H ao < dp,
HEXT I 1Y) B RUBE oo 2 H DTG A% HH BE AT 22 1] AE
BB RN AR o > B, FATTRT LA 30K BE
A TTRR.

1275 R ARV AT Sz i s, —> FeA Y
[F] RS2 A ] Ah BRI SR - 2 (B A AR . FEF
A, FATIT O W Py B N R R AR 1k, 2R 0%
PRIBSCLE 25 [R] A 401 LA B GRS BEIN TR] A2 £k 7Eix
FEOL T, S22 AREAE 3R] LA BB A L
ANSHCRHR . BARTTE, X T s iU iy 1],
PIRAH EAE R AT U j 047
Anth?a,

o (r ~ 0)%,

X pr~0) B RBAEEEET N (no <
r << d) PYMERE RN, MR T SRS T Y
TR AR R, L ESRAE S Ty rid feh, £
PR PR ECTE DL b RUBE R AT Sy 25T D 200 40 1 B i
SRR RS (R R AF) A8 AP IE I 1 fAf
TR IERYE. TEBUA R SEg T, Bl SR RIT- T 2
WAL . A TERELEARFER TG OL T, AN PR AR S,
AT RA LEPILEF RSO

E ~

3 BFAMPEHRELR

AR BTSSR, T AR B b A 12 S
FEATARME AT LUK IX S iz S0 M. — 852
RN T A WL T-E540 B R IR 347 1 B B i
F1o. 55— 2850 TE T I B R AR T e
HET RO RE TR RS R B
B —2R S5 (R4 43 n] 225 30K [2]), Z )5
R —RILR.

3.1 M TFNH R IEEE RTS8 2

FERX S R, B 0T o SOR TR A E— 4
25 1) SR AOTER b R AR L A
FME: w, =wy > w,. WWE y I, —REERKIEW
HWOCK T BIEE o 153 = TR 24k
S ST AR ) o A X, — e, R
TE o J7 8 Y R /NZI SR 300 K, T i — 4 X sl 7E
o 7 T R /NG R 50—60 ok . V5 % T BTl —
YEDIREY 2 J7 ) b, R TR ] LIAE] 3.9 kHz.
PEEY el i e e N L NN e o e e W NS
FAFER AR, 22X P, SRS 80 2

040302-2


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

) 32 Z 3R Acta Phys. Sin. Vol. 68, No. 4 (2019) 040302

[F]32 Bl F RO T L2200, (R R AL T 2238 58 X 4.
FESEA T L 400 SRR I s AT LR R
JEFHIAREH (AN = N, — Ng) %774 Fifiifk
S

_ _ (9Opr | Our\ AN
Ap=pL = pr = <6NL + aNR) 2

-1
. (g;; i gﬁi) T DA AR B P R B
FE45%. 7E AN < NIREOL R, w07 LAIA A A Bt
AN Ak, FLR/INAT DL H A 2 1 #2500 A
. Y F T DA I P R AR B B
HZEAL, AN (), RAFHRLF T KN
~1dAN (1)

2 dt
FIFHI (1) = GAp(t) = G—YAN (1) /2, AT LIS
RS GBI G RN XTI
FHEAE FECE S5 A BEAR I 2R T &, S5 R
I XA T AT R A — P 1 B R )
I(t) = GAp(t), PG M JE 7 %22 0 L38 BOE X
I,

I(t)=

AN (t) = AN (0)exp (—t/T),
IR H R = 5/G . SEBh - — o 200 280724
M A BT R TR R RE, 57 4 X
Wm T E s, P DL LT e At =
20 A ok DI TR (R L BEL). T B
2, 33X R fi DXl L T BE SR A A R 2D
HRZ. ETH s I 1 /e —4E X s
PO ™ A Y TP 35 RIS T o0 . TR 5256
P AT DURIRIN & F e L S i .

[RIREAE 2238 18 X, S F ol DL -FEn b —
AT HOR I A E 2 I B R . FR
TAEATW S AR EAE IR oK R G PRI, X2k
P A O TR R AR RSO,
R A TR R, R R TR,
SCH bR BLAN (6) HIRH A B0V 200 2 H
AR BNEAFR R AL TR IAR I, AN (8) BT
PRSP AR RCERIE A, M2 IR AR
MRS, J150 AN (t) A RIIFE RO IRA T A B R
H TR e A A i S B R R, E I A
THE— L RIBTSE.

5 22 T LY USSR SER b, b5y — R
MOE R G, 1T ARG 2 D 1t — A B A
O DX (B s e i), MR 5.5 RIOK TR 2 07 10l

WG T EJ7 1) A SR AR R R, A R IR TR A
s w, = 50 KHz, RE K 1.5 fek. 72X Fh
HEHLT, AT E AL MR TG R, BT
hw, ~ Ep, iz kb F B~ sl %0 L 38 38 19 X
0 3 BOAR w,, BRI, SIS B AT AR T A AKGE I
BH. XTI EAEHSE S BEAEH POR RS, i
s TS G = n/h, n K FHY
WIEHH, h AW A XA FEIE T

XFA BEAERM TR RGN S, SIEIE N
iz R B A PE . RS, S8 s
PN BE R R sh 12 R DL 2 R 4B AN T U
S IEF LTI FE S TR i I S DL
R T, SCE b I B Y T R w, B O TR
R B TS, (e T AT 2T
B n/h BIER, Mide a/h, o —AMRH T TR LA
FAHEAE B R (R—E 8. — 28BS
PN Ay K 2 A 5 AH A T 8 D ek 3 B 30 )3k v
BAON B 08190 5y — AR AR R A AL
) e o 2 B 4 B R R, AT A A T
A, BRI ESURSIBFE IR R A, Freai R
AL AN R S S 3 T i 20,

3.2 EFSEPHIBRET BER

A ERNASE RS S R IR
1 — N5 A Z A AE T 52 5 vh i - 2 R AR I
PRF I, BT LA— G O T st oA FE R o
M2yt B R G TE— R R, X NRETT
R FNE IR AT R A RIBAR S . TE
THE RS, RIS AR SRR AT DL Y
AL, T e B TR A AR T R B R
st R VERA—ABF, AT e R A B AEH
M ZOK R GE I F e B 7o 0L G TomAe BAE
FHBRR 1R Z AN RECAT il 2 WSk [21,22].

FATE Ve oo AR Y . ik &
AP, 3 PR R B A A M R
My, BEEEG R p1 B po, L 73 5IR v Al vy . AAR
vi # v, PHIIG IS KA. WHE—AKFIT AV,
HF s g A v = (p1v1 + pava)/(p1 + p2). ¥
TRAlY BT, FETO FR AP R 1 U R B T
DI I T2 = pr2 (vi2 — v). SR, Z5W A L84
VRIRAT, I 1O 2% B 1 K/ INFI 5 B2 B B2 1 E L
KH:

040302-3


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

Y B ¥ R Acta Phys. Sin.

Vol. 68, No. 4 (2019) 040302

Ji2==DpV (p1,2/p),

Hrbp=p1 + po REEE, DRI AR, B
W () R AR R R R AR k. (B
DA TR Dy o, TR —Fh A A9 9 HL
A HRARE S Ui W W AT S5 1XOR B AR 51 5
REM— R, D2 —DERSE, BEWiTHE
W R B BARY BRSO Ay . FRATT B,
ik By RN E (R)E) & —Dira, T H
X HUREL

AHXTT R, H e HOA—HE 1. iz
H—ABOT AV I AT L s (r) . ERBREETT
DU PRI

Vs(r)=Vs(r)é(r)+s(r)Veé(r),
Hrrs(r)=s(r)e(r), s(r)2 A5 R/ K/N
é (r) iR AT R 7 ). b5 — 306 N T2 )
() B e R, A e /NS BE SR 2l 55
XL TR ] Y BEYHE, R R R T ] A R B
Bl TR 18 H ey oy, FeAT— M nT DL A aF Y 73
HEX WY HOS AL, Ay B ey Bt B2 A — oo
b P HoS R, BTSN A iR (G
z 7)) ] LIS A
Jp.=-D| ‘988;’% ().

FATE BT m B BER M =, 75 A s
() Py 7 ) R 00 286 2 — B0, TR 2 [B] A 1) U
H 1A 8 B /NI BE DR DR . X ) 19 i)
M, FES a2 7. WATE ek E 87 A e
23 (8], R Ta] FE R FRERE BE 7 Ta] S E Y. aX ik
E T AE HBEZS [H], B AT BE B 1] J& Ve (r) B
s(r) x Ve (r). BARTHE LI 28,

___Di 0é (r) 0s (r)
Jra = 15 252 (s (r) o + us(r) x B ,

Horfr B — N S 2 (Leggett-Rice Z%%). ¥
TR 7 R AT ST A SOR AR -3 P S
Ky, IS REST & B, SRR A e AU A
AT I PRI AR FL T ) A et iz, RIS diad 1 e
IR FREY B TR (22l BN 1),
IR —FEL T, B T T2 R
AR T S A et sh. BARYEE T Lk 2 Hh
IR H R 29,

BT 1 ALk T 2 U BT 1 W EEN s,
R 2 B FBEN so. BURRIES ARETCEH, Frlh

K2 Axla) B BERE e skon;
Fig. 2. Identical spin rotation effect.
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SPECIAL TOPIC—Cold atoms and molecules

Transport phenomena in dilute quantum gases”

Zhang Shi-Zhong!

(Department of Physics and Centre for Theoretical and Computational Physics,

The University of Hong Kong, Hong Kong, SAR, China)
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Abstract

Transport measurement is one of the most important ways to study the properties of matter. In this article,
we discuss recent experiments in ultracold atomic gases where the analog of Landauer transport in mesoscopic
devices is realized and spin dynamics in a strongly interacting Fermi gas is probed. In the latter case, we pay
special attention to the peculiarity of spin dynamics due to identical spin rotation effect which leads to a novel
form of spin diffusion current. This modifies the usual diffusion equation into a more complicated form and

leads to important consequence for, in particular, transverse spin diffusion in ultracold Fermi gases.

Keywords: spin diffusion, Landauer transport, Landau-Boltzmann equation, identical spin rotation effect
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Fig. 1. Visualizing dynamics on the Bloch sphere: (a) State vector revolving around the hf axis; (b) illustration of fixed points
when h? - hf = £1; (c) illustration of critical points with h’-hf =0.
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Fig. 2. Momentum-time skyrmions when pre- and post-

quench Hamiltonians possess different winding numbers.
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Fig. 3. Non-Hermitian SSH model and its topological phase
diagram: (a) Non-Hermitian SSH model; (b) topological

phase diagram.
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Fig. 4. Dynamic free energy g¢(t) and dynamic topological
order parameter v (t) in the quench dynamics of non-
Hermitian SSH model: (a) Dynamic free energy g(t);

(b) dynamic topological order parameter v (t).
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SPECIAL TOPIC—Cold atoms and molecules

Fixed points and dynamic topological phenomena
in quench dynamics”
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Abstract

In this review, we discuss the recent progress on the study of dynamic topological phenomena in quench
dynamics. In particular, we focus on dynamic quantum phase transition and dynamic topological invariant,
both of which are hinged upon the existence of fixed points in the dynamics. Further, the existence of these
fixed points are topologically protected, in the sense that their existence are closely related to static topological
invariants of pre- and post-quench Hamiltonians. We also discuss under what condition these dynamic
topological phenomena are robust in non-unitary quench dynamics governed by non-Hermitian Hamiltonians. So
far, dynamic topological phenomena have been experimentally observed in synthetic systems such as cold
atomic gases, superconducting qubits, and linear optics. These studies extend our understanding of topological

matter to the non-equilibrium regime.

Keywords: topological phase, quench dynamics, dynamic topological invariant, ultracold atoms

PACS: 03.75.Kk, 03.75.5s DOI: 10.7498/aps.68.20181928

* Project supported by the National Natural Science Foundation of China (Grant No. 15522545).

1 Corresponding author. E-mail: wyizQustc.edu.cn

040303-7


http://dx.doi.org/10.1103/PhysRevLett.42.1698
http://dx.doi.org/10.1103/PhysRevA.89.062102
http://dx.doi.org/10.1103/PhysRevA.89.062102
http://dx.doi.org/10.1103/PhysRevA.89.062102
http://dx.doi.org/10.1103/PhysRevA.89.062102
http://dx.doi.org/10.1103/PhysRevA.89.062102
http://dx.doi.org/10.1016/0375-9601(88)90905-X
http://dx.doi.org/10.1016/0375-9601(88)90905-X
http://dx.doi.org/10.1016/0375-9601(88)90905-X
http://dx.doi.org/10.1016/0375-9601(88)90905-X
http://dx.doi.org/10.1016/0375-9601(88)90905-X
http://dx.doi.org/10.1088/1751-8113/47/3/035305
http://dx.doi.org/10.1088/1751-8113/47/3/035305
http://dx.doi.org/10.1088/1751-8113/47/3/035305
http://dx.doi.org/10.1088/1751-8113/47/3/035305
http://dx.doi.org/10.1088/1751-8113/47/3/035305
http://dx.doi.org/10.1103/PhysRevB.98.085116
http://dx.doi.org/10.1103/PhysRevB.98.085116
http://dx.doi.org/10.1103/PhysRevB.98.085116
http://dx.doi.org/10.1103/PhysRevB.98.085116
http://dx.doi.org/10.1103/PhysRevLett.42.1698
http://dx.doi.org/10.1103/PhysRevA.89.062102
http://dx.doi.org/10.1103/PhysRevA.89.062102
http://dx.doi.org/10.1103/PhysRevA.89.062102
http://dx.doi.org/10.1103/PhysRevA.89.062102
http://dx.doi.org/10.1103/PhysRevA.89.062102
http://dx.doi.org/10.1016/0375-9601(88)90905-X
http://dx.doi.org/10.1016/0375-9601(88)90905-X
http://dx.doi.org/10.1016/0375-9601(88)90905-X
http://dx.doi.org/10.1016/0375-9601(88)90905-X
http://dx.doi.org/10.1016/0375-9601(88)90905-X
http://dx.doi.org/10.1088/1751-8113/47/3/035305
http://dx.doi.org/10.1088/1751-8113/47/3/035305
http://dx.doi.org/10.1088/1751-8113/47/3/035305
http://dx.doi.org/10.1088/1751-8113/47/3/035305
http://dx.doi.org/10.1088/1751-8113/47/3/035305
http://dx.doi.org/10.1103/PhysRevB.98.085116
http://dx.doi.org/10.1103/PhysRevB.98.085116
http://dx.doi.org/10.1103/PhysRevB.98.085116
http://dx.doi.org/10.1103/PhysRevB.98.085116
http://dx.doi.org/10.1103/PhysRevLett.42.1698
http://dx.doi.org/10.1103/PhysRevA.89.062102
http://dx.doi.org/10.1103/PhysRevA.89.062102
http://dx.doi.org/10.1103/PhysRevA.89.062102
http://dx.doi.org/10.1103/PhysRevA.89.062102
http://dx.doi.org/10.1103/PhysRevA.89.062102
http://dx.doi.org/10.1016/0375-9601(88)90905-X
http://dx.doi.org/10.1016/0375-9601(88)90905-X
http://dx.doi.org/10.1016/0375-9601(88)90905-X
http://dx.doi.org/10.1016/0375-9601(88)90905-X
http://dx.doi.org/10.1016/0375-9601(88)90905-X
http://dx.doi.org/10.1088/1751-8113/47/3/035305
http://dx.doi.org/10.1088/1751-8113/47/3/035305
http://dx.doi.org/10.1088/1751-8113/47/3/035305
http://dx.doi.org/10.1088/1751-8113/47/3/035305
http://dx.doi.org/10.1088/1751-8113/47/3/035305
http://dx.doi.org/10.1103/PhysRevB.98.085116
http://dx.doi.org/10.1103/PhysRevB.98.085116
http://dx.doi.org/10.1103/PhysRevB.98.085116
http://dx.doi.org/10.1103/PhysRevB.98.085116
http://dx.doi.org/10.1103/PhysRevLett.42.1698
http://dx.doi.org/10.1103/PhysRevA.89.062102
http://dx.doi.org/10.1103/PhysRevA.89.062102
http://dx.doi.org/10.1103/PhysRevA.89.062102
http://dx.doi.org/10.1103/PhysRevA.89.062102
http://dx.doi.org/10.1103/PhysRevA.89.062102
http://dx.doi.org/10.1016/0375-9601(88)90905-X
http://dx.doi.org/10.1016/0375-9601(88)90905-X
http://dx.doi.org/10.1016/0375-9601(88)90905-X
http://dx.doi.org/10.1016/0375-9601(88)90905-X
http://dx.doi.org/10.1016/0375-9601(88)90905-X
http://dx.doi.org/10.1088/1751-8113/47/3/035305
http://dx.doi.org/10.1088/1751-8113/47/3/035305
http://dx.doi.org/10.1088/1751-8113/47/3/035305
http://dx.doi.org/10.1088/1751-8113/47/3/035305
http://dx.doi.org/10.1088/1751-8113/47/3/035305
http://dx.doi.org/10.1103/PhysRevB.98.085116
http://dx.doi.org/10.1103/PhysRevB.98.085116
http://dx.doi.org/10.1103/PhysRevB.98.085116
http://dx.doi.org/10.1103/PhysRevB.98.085116
http://dx.doi.org/10.7498/aps.68.20181928
mailto:wyiz@ustc.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

Chinese Physical Society
M!lﬁ!ﬁ Acta Physica Sinica :

€D Institute of Physics, CAS

R R TRy — 4D E)

X FE ORER

Review of one—dimensional few—body systems in ultracold atomic physics
Liu Yan-Xia  Zhang Yun-Bo

5|5 &, Citation: Acta Physica Sinica, 68, 040304 (2019) DOI: 10.7498/aps.68.20181993
TEZR )12 View online: https://doi.org/10.7498/aps.68.20181993
AN View table of contents: http://wulixb.iphy.ac.cn

BT BB A HAB S EE

Articles you may be interested in

— A ] A% O B T
Properties and applications of one dimensional quasiperiodic lattices

PH2A4R. 2019, 68(4): 040301  htips:/doi.org/10.7498/aps.68.20181927

— eI SRR A B OT AR LM R
Nonlinear excitation of localized plasmon in one—dimensional atomic chain

YrHE2E 4. 2016, 65(8): 087301  https:/doi.org/10.7498/aps.65.087301

RV BT AR ER A e ST A A o e )
Non—Gaussian entangled states and quantum metrology with ultracold atomic ensemble

PIFEAEAR. 2019, 68(4): 040306  https://doi.org/10.7498/aps.68.20190147

fibes o SARENGb] 7SI DAL B FIBrid
Recent progress of expansion dynamics in strongly—interacting ultracold Fermi gases

WIFEAEA. 2019, 68(4): 046702 hitps://doi.org/10.7498/aps.68.20182293

Jehb kS R IR T RGEIREOR
Magnetic excitation of ultra—cold atoms trapped in optical lattice

YIFIEH. 2019, 68(4): 043703 https://doi.org/10.7498/aps.68.20190153


http://wlxb.xml-journal.net
https://doi.org/10.7498/aps.68.20181993
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.68.20181927
https://doi.org/10.7498/aps.65.087301
https://doi.org/10.7498/aps.68.20190147
https://doi.org/10.7498/aps.68.20182293
https://doi.org/10.7498/aps.68.20190153

) 32 3R Acta Phys. Sin. Vol. 68, No. 4 (2019)

040304

A RIEF-5FHE

R R F 438 A By — 4 /DK [

x| g

K= I

1) (WP, S HBTSE T, K 030006)

2) ("TEREBEY BT, JEat

100190)

(2018 4F 11 H 9 HUk#; 2019 48 1 A 7 HUkEMEMR)

VE M it 7 2R RGN HEA BT, — 2 DA R G A AF S8 A (UAT LAAE B8 B o 2R RGT 0t 1 QI &
By g 2 S P T P A B A AR g B R L S 1 ) A 22 1A AR G £ A TN O (5 R S B S e B O k. AR
SCITJBR T ¥ J T ) B rh — 2D A R T Bl B S0 R S HE L B SR AR T D IR S v S BRI IR T B R
i 7 I AR B ) , SRR S B RO 2R 8 b 1 B B 2, LB st R AR TR 5280 1 e 1) S R 2
SRIG TR EE AT T BRAE IS 05 T, 458 S 2 TR Wl Pl A A A ) — S8 T SR R S AR S H B R A I DT
(6% 27 5, LA R A N S0 1K WL S B B BE 1 23 B . 8 2 20 A1 . BB 25 Bl ) < LR s AR EL AR TR BR R 1A 30 A

e B A R 2

SCEER: VR IRTHIR, ARG, DRIV, R T R

PACS: 03.75.Lm, 67.85.-d, 03.75.Mn

1 5 =

AL LT-TE T 35y S PR
FVEF, AN RAA Sy 2 v i = R 0 ) T R
T H2E PR R T R B T O A =k [a)
T, —JBETR 0 = A m) LR AR A 31— 5 B
PARIR] . 3 L fRj PR 20— S A B A E BB rp () B € T
SRR T /DR AT ok SEA A5 A (A B ) 2
REBRAY . X6 R 58 TP A AR 208 1T LA HT A B, R
EAAEARSR B M AR I AAR Z 00 F B, (B R e S
SEAB LU, AT ARG il LA ] SR SR fif.

WA, R IF B R BRORSARTE A4S i 1 5
B AT LA A REZEES RN AR Lk 4
YENBFFERSE, 10 Li, Na, K, Rb, Cs, X265 11
LR RE R RN A — 7. R R R
T, S PARAH EAEH BA SO R o i NF A D

* K A RRHERAS (IS 11674201, 11474189) BB

+ lfEVEE . E-mail: ybzhang@sxu.edu.cn
©2019 HEHEFS Chinese Physical Society

DOI: 10.7498/aps.68.20181993

WA Aag B8, JE 18] 09 AH ELATE FH 32 2802 DA A% 1] [R]
Y s PRI Ay 3. s PR B RN AT DA S s
FHEBE a iR, TEARZHRE LT as O HRA IR R 58
F) I — O S 8 02, — A L 151 5k 2 3435
Gross-Pitaevskii 7 #2 B0 HAK #t Tk 1 %0 N Al
s IHEURK E 4. Gross-Pitaevskii J7 B4 £ 44 0] &5
e B — A R SR IR, AT AR 8 A A
S5 AH AR AR B CLBE R AR RRIE . R T BRi 4 i
+, SEES A AT LS F A5 R AR 4R S 1Y
%, U Ca, He, Cr, Yb, Sr. lUnPi4~ Cr JEF[A]
) 4R 2 A% ) S MR R R A (78], i S PR 25 5 [k
s PR B, T D TR A AE BAE R R T
s PR 2 SN MRS A ARORH BAE Y 5 32

S b A AR AR ZR 4 nT DL A T A A B
BB BARLF RS, — RGN A MR R G 0T LA
I 2 T A ESAEAR TR d i ke S, H:
PN [ a5 (B P % ZE B A, 3@ AH A AT LA 22

http://wulixb.iphy.ac.cn

040304-1


http://doi.org/10.7498/aps.68.20181993
mailto:ybzhang@sxu.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

) 32 £ 3R Acta Phys. Sin. Vol. 68, No. 4 (2019) 040304

g DO 56 T8 i R S8, SR 18] AR AR AT LA
i 1 AMEEZFE Feshbach EHR R I I8 55 12, B 6%
4B F R Feshbach HPRELG w] LA W38 B A5
RUARAE. TR S AT A 1 FE - 1A ELAE AT
DL —A> Fe A i L - A e — A A — A A TR
1Y B E A5 1Y Born-Oppenheimer #4fE il £k A fifi ik
RS A0 AR BAE R S A =B S HERERR S, TE
— P R —AN A . 24 P 3 ) R 2 RE A
JFa I8 A F1 AR Y 8 AR [ i % 2 Feshbach 3%
PR, BURHK B T &80, 1998 4F IR EEBR R TR
R EE 3 Feshbach g 13151 Sk BIS R0 S0 X
g T IE

— R R DA S Efimov &Y. R
TE 1970 4%, (K% B %K Efimov 1017 5 &
IAETCTS K s-IE LSS BERT, A S [ PR R 58
HAETE—DFROR AR, B HAh s R g, (|
MM =R LUE, wies A NI 4
R, AR B AR R G S I TCTF 21 559 R4 =4k
A, HAREREA AR B AN AR PE D89G LR H
AR EAER). Efimov RN A TR Z BEHI
SEES RIS 2O B IRAE AT AR S AR b )
SRR, TEAN =R B A HAL R
GrrpER A =K Efimov A0 FCHER ) Efimov ik
IBESE. SR, B RIS — A S50 50 IE 2 2006 4 H
Kraemer 55 U 746 5~ UAR P 52 0. B 1Y
JUHE, Efimov #&5/J& Borromean FRHY—Ff, X —
YRR R A =R ST ORI
WEE, AR P BAR R AL, X2 — 4l
Kb 7 1A BN RON, A F & THRZ 0P EN
. A M Efimov RN H LU, #E) B KRS CE
SARZ R, BRI, 78 A |
2B HE A INAENLTS NIKRRS (N > 3) [WEE
T QAT O T = ARS8, TR AR 2K R S5
I T e 45 A 2R

AR T2 2 [ B A 3T R VY I S I AR I — 4R D
IR R G ) Sl P i Je S AR G A BRI IFST 22291, i
TELR Zirn 5515 50K A 9K IR TSGR b,
5T 7oA EAE R T Sk 719 2okAk, @it —
MEGIEEE, TEHEFAT AR T 1 ok iy Bk
o R RS A EAE R AFSE T ECRTRL T A RE o 20,
SR 18 R T M B i, I B A o
KL 5 SR AR ELAE T AT DL SR 58 LA
B Z AR08, EER] T ORI RIE L 2O %50

ST PR AE RGP 1 TR 25, 15
1) FH EL AR 58 X U B R A AE 285 DA B o i AR R
[R5 ) 7)) FE — S (38 R 1 B e A5 i
WE 1/2 3% oK ¥4 B 19 2B w1 7k B2 B e BE 28,
Kaufman 552 AP EFR AR E RS
B, MY RS AN A JEF 1 A B X1
B 7B (11 P 0 2t VA 19 R 20 U6 2%/ A OS5 VA

2 — AR FOIRELIE

I Hi B V8 SR RIS R 23 O 2 2R &R
GERPET, TR 2 R R EA Bk i AT ORI
P, A R A AR | HR
S SR, AR R GEARE OB TR T RO R H
H AT S0 R T 28 T DARORS i 4 i MR R 5
HORL T BB A8 Jochim SE5 /N 2011
AEFF UG X — Y- SR -3 b () AR TR B T — R
H SBRESLE, AAE AR B AR AR A R
AU gl 2 24281 AMA B Z AR AR L) e — 4k
FI s Y B k2. AT TG AR B RN E 376
DELOLE SR T A B, KSR TT LIS F] 93
+ 2%. KL INEEFEGE Lo 1:10 B9 = 4ET Ry
Pk, &7 ] AL RN SRR A, RS
AT DM —4E R SR, SRR [31] T gs th ny g dir
it 1T ARG i 3 o o A e S AR A T
MIFHEAS. —HEHBEIN F AR BRG] LUK B Y —
NFTIFMIE B ARSI, SRR 5T % 25 5 )2
() B SRS 2 — . J - R) B R A AT DL S
Feshbach FL4g 12 R 2895 S LR BA Sl iy . —
ARG AL g VT LA T = GRS BE agp FIE )
IR T HMRIER E a1 = h/pw, K8fiE, XH
B BT H L, o= m/2 AR m R T
2. #EEEC
2h%a 1

,ua{)D 1—Casp/ay’ (1)
XHEEEC = ¢(1/2) ~ 1.46, (J& Riemann zeta PR
. YBasp = a,/C A 4 A P VS R R s R ) —
ARG BURHL, R = AR A R Bt
AT LA LR B R A

2.1 JFETFHERRNEEN FREE

YA EL AR 5 B TR g5 I, WA AT X o3 Y
KL 14 BE 2 A1 I8 o B AR ST 5 5 S JC AR HL AR

g:

040304-2


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

) 32 £ 3R Acta Phys. Sin. Vol. 68, No. 4 (2019) 040304

FH B 42 [6) 2 oK 5 AR TR, 33X PR o i 1Y 2 K Ak
S b3 Ak B TR AR AR AR B A A g
DX 2 oK - R [ BB v ) PR 4[] 2% oK - UL
ZERXANINGE. SCHR [24] 5P OLi 2K J 51l 25 2]
AR PIA Zeeman FREH I BAE M| F = 1/2,
mp = +1/2), 7PABRICoA 1) F[L) . X TR X 7
T RGMAEF RS ) At R, T
PR TSR, 2R RGUESZ A s PAHEAE
FH, AT AT X301 2 48 B AR B AT DL et
Tk Feshbach FLPRAC AT . S8 b mf LA Hoh—
AN BT BE 2 AR A I ] AR B AR SR g 17
PERLARE, S8 1Uh 5 BR E B b P2k 7] g L —
B 25 IR 5T . SR R BB G n 5,
ASAT A3 S 18 7 980 TN R L, T A [E] gk
T AR w8, —F A CIR AL AH A . A SLi
J7¥, % CIR 3R A A fE Wi 0 (783.4 £ 0.4)
G(1G =1074T ) &b. 5t J2& Ui 7 #H B E FH o B
g — colfF, |11) AN L) ASHYRE IR, I RIBUR BE S A
S b 25 i (8] E AR A2 AR TR A . SCmRk (33] 3d i
WKB(Wenzel-Kramers-Brillouin) ¥T {1 25 1 T %
TERIERL RIS, ARG MR T S g A i, 45
7N T PERRETE R A AR SR I PR AT A

2.2 [EFHEITEE

J5 - B KA BRI A2 4 A 1T X 40 JE o
£ BIHE R A LA X8R, 2 IR G ik 1 2
LR TR 2F . 2 SR AR TE W AR EAE X 8
I, 23 A2 PRI J5E 1 (] s o 2 Y B G 291, 00 2ol
IR & e AN o B, — R b TE
INAS, F3—AETE L) ZS, SRIE R 8R N LR B
B — S R 34 &2, X RIS L 25,
T BEA [ (s [ S0 G R A R S b B R A BRI
S, 3R Wi B L IR TN R EE R I
R — I Z A AR B A B L SRR DA
TN EF BIBESE Po(t), Pr(t), Po(t). L X SO
A LR SERPR T8 N (8) = 2Po(t) + Py () i ]
fEE AL

N T R PASRL T ECTRE ZE, 5256 —A
f B A RR A, I 1 R, 3T RA R TR
BR 2 P AR — A R EOARE 2, RIS J5
TR A, B A XA R B IE R . T
— NIRRT BT A, SRR
TFABE, 5 AR ALTER B AR RS, XA

RS — R B S R A s X TR
P 6 2 3522 1) i BE DR, TR MRS T A B (A
HAEHRE. XFE AR T, A A EAE A,
PR b 2 T S B B R O AR R B s,
RO SIS A IR o A R B L B i el AR 7R
A A R B S i - eI, i 2
AT LMBIE B — MR T A BER S5 2R, SEgngh 3k
WA AE AN AR FHSREE g > —0.59 B 2 B0 Bt b % 2
. LESRI S A EAE X g < —0.64, B F-Bixf b%
ZF i E R, SR YRR 2R EORAR /DN, AT
WAL T EB7E— I B T RAEAS, AHEAE AT B i
SN ER A A M. SCEk [33,34] il i WKB 216
FOS TR 28 T % 2 S5 R0 L B AR B4R A R Y

21

Subsequent single particle tunneling

AUV

Pair tunneling

~ s

1 BUSF Y PR B 28 P BB UK P Bk 2 B 7 i1
B X % 28 . A A 5 278 SCRK [25)

Fig. 1. The loss processes include two tunneling processes of
two atoms out of a metastable potential: subsequent single-
particle tunneling and direct pair tunneling (Reproduced

with permission from Ref. [25]).
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Fig. 2. Energy spectrum of three types of interacting two-atom system: (a)Two atoms in a harmonic oscillator potential. Black solid

lines and red dashed lines are odd parity and even parity energy level respectively; (b)two heteronuclear atoms in a ring trap. Black

solid lines and red dashed lines are energy levels for equal mass and mass ratio o = 2.175 respectively; (¢) two atoms in a §-split

hard-wall double well. Five lowest odd parity levels for barrier height d = 0.5. Black solid lines and red dashed lines are the bound

states for atoms with real-valued quasimomentum and the molecule states with complex-valued quasimomentum respectively.
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Fig. 3. (a) Decay time 7 vs magnetic field B. The points
with error bars are the experimental datal?, the dashed and
solid lines are, respectively, the WKB (79) and QPWF
predictions. The green light gray lines include the
perturbation theory correction to the tunneling energy e;
(b) interaction strength (red gray curve) and tunneling
energy (black and green light gray curve) vs B (Reproduced

with permission from Ref. [33]).
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Fig. 4. (a) Tunneling dynamics of the occupation probability P(t) of finding both atoms in the same well for ¢ = 0.5 (black solid
line), g = 1.5 (blue dashed line), and g = 20 (red dotted line). The & barrier is abruptly lowered from a height d = 300 to 0.5 at
time ¢ = 0. (b) the two-body density functions p(z1,z2,t) at different times ¢, for ¢ = 1.5 and 20, respectively. Here the

coordinates x1 and xg are in units of L/2 (Reproduced with permission from Ref. [98]).
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SPECIAL TOPIC—Cold atoms and molecules

Review of one-dimensional few-body systems in ultracold
atomic physics”

Liu Yan-XiaV?  Zhang Yun-Bol)?

1) (Institute of Theoretical Physics, Shanzi University, Taiyuan 030006, China)

2) (Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China)

( Received 9 November 2018; revised manuscript received 7 January 2019 )

Abstract

We review some recent theoretical and experimental developments of one-dimensional few-body problems in
ultracold atomic system. The experiments have so far realized the deterministic loading of few atoms in the
ground state of a potential well, the observation of tunneling dynamics out of the metastable trap controlled by
a magnetic gradient for a repulsively or attractively interacting system, the preparation of two fermionic atoms
in an isolated double-well potential with a full control over the quantum state of the system, the formation of a
Fermi sea by studying quasi-one-dimensional systems of ultracold atoms consisting of a single impurity
interacting with an increasing number of identical fermions, and the deterministic preparation of
antiferromagnetic Heisenberg spin chains consisting of up to four fermionic atoms in a one-dimensional trap.
These achievements make the ultracold atoms an ideal platform to study many-body physics in a bottom-up
approach, i.e., one starts from the fundamental building block of the system and observes the emergence of
many-body effects by adding atoms one by one into the system. Corresponding theoretical models have been
developed to explain the experimental data, to tackle the crossover boundary between few and many particles,
and even explore the solvability and integrability of the models, especially the energy spectrum of interacting
few atoms such as two atoms in a harmonic trap, two heteronuclear atoms of unequal mass in a ring trap, and
two atoms in a J-barrier split double well potential. After a brief review of Bethe-Ansatz method, a theory for
the tunneling of one atom out of a trap containing two interacting cold atoms is developed based on the
calculation of the quasiparticle wave function, and the tunneling dynamics of two atoms starting from the
NOON state is explored from the exactly solved model of §-barrier split double well based on a Bethe ansatz
type hypothesis of the wave functions. It was shown that the spectroscopy and spin dynamics for strongly
interacting few atoms of spin-1/2 and spin-1 can be described by effective spin chain Hamiltonians, which serves

as a useful and efficient tool to study the quantum magnetism with clod atoms.

Keywords: ultracold atom physics, one dimensioanl system, few-body problem, exactly solvable model
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Fig. 1. Level diagram of an OFR. An impurity atom in the
le 1) state is immersed in a Fermi gas of alkaline-earth-like
atoms in the |g |) state. d; and . are the Zeeman shifts
of the |g) and |e) manifolds, respectively.
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Fig. 2. (a), (b) The eigenenergy in the molecular state varies with § and 1/(kjras); (c) the wave functions' distribution in the open

and closed channels; (d) the effective mass for the molecular state whose energy is closed to the threshold energy when Q # 0.

Reproduced from Ref. [23].
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Fig. 3. (a), (b) The eigenenergy in the attractive polaron state varies with ¢ and 1/(kjras); (c) the wave functions' distribution in

the open and closed channels; (d) the effective mass for the attractive polaron state when Q # 0. Parameters here are the same as
those in Fig. 2. Reproduced from Ref. [23].
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Fig. 4. (a), (b) The eigenenergy of the molecule (black solid) and polaron (blue dashed) states vary with § and 1/(kyras). The
transition point is around 6./Er ~ —2.3 and 1/(kjrac) ~ 0.81; (c) the transition point Jc (black solid) and the corresponding
energy E¢ (red solid) vary with particle density. Reproduced from Ref. [23].
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Fig. 5. The spectral function of the polaron state as a
function of & and energy for Q = 0. The red solid line
represents the energy of molecule state, which is given by
Eq. (8), and the black dashed-dotted line is the energy of
attractive polaron state given by Eq. (11). The value of the
crossing point for these two lines is dc/Ef = —2.3. The
blue dashed line denotes the repulsive polaron energy given
by Eq. (15). At large negative &, the branch of repulsive
polaron merges into the molecule-hole continuum, which is
represented by the broad light yellow area. When § is a
positive value, because of the closed channel scattering
continuum, the repulsive polaron branch will be blurred.
Reproduced from Ref. [30].
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Fig. 6. (a), (b) Quasiparticle residues Z+ and effective masses for the attractive (blue dashed) and repulsive (red solid) polarons as

functions of §; (c) the decay rate " varies with ¢. Reproduced from Ref. [65].
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Fig. 8. The eigen energies of molecule and attractive polaron states vary with § when Q =0 and (a) k=0, (b) kr =1, (¢)

E+p = 2; (d) the transition point dc varies with kqp, where the black solid line represents d. and the red dashed-dotted line is the

Fermi level Eyp = k%F. Reproduced from Ref. [30].
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Fig. 9. The fractions of wave functions for molecule ((a), (c)) and attractive polaron states ((b), (d)) with zero center-of-mass

momentum. The parameter in this figure is kqp = 1 for (a) and (b), k4 =2 for (c) and (d). Reproduced from Ref. [30].
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Fig. 10. (a), (b) The quasiparticle residue Z; and the effective mass mpy vary with & for different values of kqp. The obvious

kink structure when kqp = 0 appears near 6/FE|r = —0.87. The inset of (a) is the residues for attractive polarons; (c) the decay

rates vary with & for different values of kqp. Reproduced from Ref. [30].
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Fig. 11. The eigen energies of molecule and attractive polaron states vary with § when Q = 0 in a two-dimensional system and (a)

krp =0, (b) kg =1, (c) kqr = 2; (d) the transition point Jdc varies with kqp, where the black solid line represents dc and the

red dashed line is the Fermi level Eqp = k%F
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Fig. 12. The decay rates of the repulsive polaron state in a
a two-dimentional system vary with 6 for different values
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SPECIAL TOPIC—Cold atoms and molecules

Impurity problem of alkaline-earth-like atoms near an orbital
Feshbach resonance’
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Abstract

In recent years, alkaline-earth and alkaline-earth-like atoms have attracted much research interest in the
field of ultracold atom. Especially, the recently discovered orbital Feshbach resonance makes it possible to
investigate a strongly interacting gas of alkaline-earth or alkaline-earth-like atoms, which has greatly enriched
the scope of quantum simulation in these systems. This paper focuses on the impurity problem in a Fermi gas of
I™Yh atoms near orbital Feshbach resonance. In this problem, the impurity atom in 3P, state will interact with
the background Fermi sea in the ground state and the molecule or polaron state will be produced out of the
Fermi sea. By using the Chevy-like ansatz, we investigate the properties of the molecule and attractive polaron
states firstly and a transition between these two states will be found. Then, some properties of the repulsive
polaron state will be introduced, such as the effective mass and the decay rate. Furthermore, the effect of an
additional Fermi sea will be considered in this system. Finally, we will discuss the impurity problem in a two-

dimensional system.

Keywords: alkaline-earth-like atom, orbital Feshbach resonance, the molecule state, the polaron state
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Fig. 1. The Husimi distribution of spin coherent state (left)
and spin squeezed state (right) on the generalized Bloch
sphere. Adapted from Ref. [39].
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Fig. 2. Top: The Husimi distribution of different spin cat
states on the generalized Bloch sphere. Bottom: The
ultimate phase measurement precision with different spin
cat states under atomic loss (7 denotes the ratio of atom
loss). Adapted from Ref. [55].
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Input Entangling Interrogation Detection
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Fig. 3. Schematic of precision phase measurement based on
driving through quantum phase transitions and many-body

quantum interferometry. Adapted from Ref. [61].
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Fig. 4. (a) The thick black solid line denotes the gap A
between the first excited and the ground state of
Hamiltonian, which together with the two minima at ¢ =
+2|¢y| defines three quantum phases, illustrated by their
atom distributions in the three spin components, the first-
order Zeeman shifts are not shown because they are
inconsequential for a system with zero magnetization; (b)
absorption images of atoms in the three spin components
after Stern-Gerlach separation, showing efficient conversion
of a condensate from a polar state into a TFS by sweeping

q linearly from 3|c,| to —3|c,| in 3 s. Adapted from Ref. [35].
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SPECIAL TOPIC—Cold atoms and molecules
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Abstract

Quantum metrology is the interdisciplinary of investigating how to utilize the principles of quantum
mechanics to perform parameter estimation and improve the measurement precision by quantum effects. With
the experimental developments of ultracold atoms, ultracold atomic ensemble provides an excellent platform for
implementing quantum metrology. Attributed to well-developed techniques of quantum control, one can prepare
several exotic non-Gaussian multi-particle entangled states in the ensembles of ultracold atoms. Based on many-
body quanum interferometry, and using these non-Gaussian entangled states as probe, the high-precision
measurement beyond the standard quantum limit can be realized. This article introduces the background and

advancement of this field.

Keywords: quantum metrology, non-Gaussian entangled states, ultracold atomic ensemble, many-body

quanum interferometry
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(2018 4E 11 H 6 HuUkF); 2019 48 1 A 18 H ik BM&H)

iR R T AR ST A — A PR UL B T A R R 0 R (T 48 ) RN T AR
O AT B0 T DR R i vy 1 0 0y B ) 0 5K 20 O e R R D b Y IR T Fisher £i5 B 129U
(& JR A T AR AT AR SCH e/ 4 i Fisher {57 B A E R i 11 8 0 £ A4S SR (A 22 [
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Phase
:> encoding
0

Beam splitter

::> . :> Estimation
S}

Estimator

Bl MR RERERE (1) R TR pHH
5 (2) FrARDL 0 M it , RSN p(0); (3) EE
B S B AT (POVMY) Xt A A E 4700 625 (4) R 0 A 47 19 42
Pl ©. BT &5 & Sk 18 (Mach-Zehnder, MZ) +
PHAS A O FH S LB SOk [4)

Fig. 1. Here we schematically plot the elements of complete

Beam splitter

phase estimation: (1) the preparation of prob state p(0);
(2) the encoding of phase shift 6, which transform the
probe state to p(0); (3) the readout measurement of the
POVM and finally (4) the mapping from the measurement
results to the phase provided by the estimator ©. The
phase sensitivity crucially depends on all these operations.
The lower panel shows the application to Mach-Zehnder
interferometry. Adapted from Ref. [4].

2, IR T e & R T 20 24, Feil&
Bl 2 6 R B R S R BRI L, R T
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F AR 7 25200 (5 Iy 7340 A TR )
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FIFH i B N B G E A U T A A AR
i1 Ramsey T AFE A B0 X J5t 5~ BRE A0 % 1 il
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FHHE ). S E A e — S —
i, &b E RN R 2R GEE R E L
T) R BRI, (H 251X 2 1 [A]
Ao EA T b R A TR ) — T T, 2T
i A H A I SR Rk S R B R AR O U
iy XA SR —ASELL SO iR A R E. DR, TR
— AT | T BRI 5 i 2R A g
ZIE S TR, BT, X2k R R EAE
(Bl i) FEAS A R B AR AR (collective) $54E
(BRI ), BT LT RE S MR R E R AR iR

10 10
49
48
sk ®© s 17T
a q 46 §
< 15 2
£ 6 <
% ¢ Retfo] g
- 4 Ref.[10
g . o ® Reffll] 43 %
o 4L » * Ref.[12 <
9 ) * @ Ref[13 5
8 # Ref.[14 o
£ 4 Ref[15] 12 3
S A 4 @ Ref.[16 B
2+ A % Ref.[17 15}
¥ A Ref.[18 =
o Ref.[19
o Ref.[20
0 T ; 1
102 103 104 105
N

P2 AR R TR ¥ i A 2R A 1 R B o T AR
PR (9 592 38 3 Joe . B0 25 (Z8): 10logq o (AbsqL/A0)% FIt
BRI TEIE S (F1): (AGsqu/A0)?, Hift (A0)? = &8 /N i
(A0)% = 1/Fo, &0 HEE %4 35, FoJoht T Fisher {5
B 2SO IR e A5, B2 BRI R 28 A B £ S50 AR
DT RENE A5, BDSZE0 I 4R T REE £ T TR KR
TWAE AR, AT R g 2. N O SR T
BB T ECH (BCFECE ). 1A SCRR (5]

Fig. 2. Gain of phase sensitivity over the standard quantum
limit AfsqL = 1/V/N achieved form recent Bose-Einstein
condensates experiments. The logarithmic gain is shown in
left, 10log;,(AfsqL/A0)? and the linear gain is in right,
(ABsqL/A8)? . The measured phase precision is obtained by
spin-squeezing parameter &2, i.e., (A0)2 =& /N, or from
Fg, ie., (A0)2 =1/Fy. Open patterns are inferred values,
being obtained after subtraction of detection noise; Filled
patterns report witnesses of metrologically useful
entanglement measured on experimentally generated states,
representing potential improvement in sensitivity; Cross
patterns show the measured phase sensitivity gain obtained
from a full interferometer sequence. Here N is the total
number of particles (or mean total) used in experiments.
Adapted from Ref. [5].

BT ORISR .

VAR, HE T F Fisher {5 B AN 2, T
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T BIBIFSE TAE. AR SCRARHE] A5 S0 5 3
£k fAT g [l iR A B R AR TR
Fisher {5 B FIRA EE N, WMRAE LR
LRI Z R T g ) 7 R L AT
B T AT A SRR L R R S A i e v
[ T AR A R

1.1 [AEEm

FLAE 1873 4, Maxwell (22 7 35 ) 1400 5ift $2 1%
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W —EF) 1937 4, —RIVET A BIRECAR L (n:
O. Stern i #E T2y TR I F AR F1 Stern-Gerlach
Sy ) A AR S P R 2 B BRAE A A SRy sk
() TfE 8 R AT B 7). [R)4F, Rabi(Hr L) 2 g i
Sk a3 IR RN, I EEUOR R X R A5 &
JERFTRIURERE. 1939 4F, 5280 1 YO 2] 145
T N IR re g AR B4 . X T AR R 5 R R
R IERAR AP T 58 25 T 36 7). 1945 4F, 2
— G B BRI R, SRS HORS BEAS G [ s AL
Bl (Mechanical) 8 Flf1 % (Quartz) #F, H 2 H F
i R e AT AR A —EE, B DAXT
ISR FE A 1E. BB 1949 4F Ramsey T LR
PR 7 B0 ST PP aE B iR — Rk
CRAAZT I 1. 1967 4F, Xi4i-133 JE 7575
HEAE AN RESL (FhRESL) BRAFA ARt O 28 7T IAG
BEN 2 10710, BHUBEFIA BBk 1y 10~3 42 /5 1 ik
2 MG BRI, HE-133 SR80 BRAE A bl
B RE SRR FE R ) X EOE R L BT
FIHE T RS (Bl FR00) SB[ AR E R .
2 B S ik, XA (B TR) ) A R B AN W
TERHEZN T it 0y & R i [R)  R B
R SE itk R RS A T . BT
A AT DN A B A v ()00 A R e 149 RS
e, A5 25 T [R) I A e A B R, XA G B
AN (R BE L R DA S A ) AT DAGR B R
e R

KT it LR STRA R 22 19637 R i
FRT 2 st - e R R AR R LA LR Y
IR 1981 4, Caves!* $5 1 7E)62% Michelson-
Morley T-#5A3 i) A B it A 45 FL25 28] DA SE A
bR AR BESE ) AR, AT AR
PRI T AUCY B — 8 i OB IR &
AT DA HE il &t (A BE, SR Ok e s (B ife
) B BR A0 S SEAR Y B B AP M
T R AT EER RIS O 2 g SR, JFEE
A ) i 2 2 S A B v B T A T R
A 1, HANIBLEAT LI i+ Fisher {5 8300 X i
FitEA B2k T A 7] DL IE Hid
5 00 S R R (547481 PRI, e SR ) R
HETFE PRk M S 1 a1 P
TR Ath 2 28007 1) fe it e -0 ) A
BCA T IR EZEMI N, AR SCIEE XX g
WESITN A, T2 2, S Fisher {7 BAE

L Z EFRAE T A A AR Y B
A, AR AR A5 A A R A R A I A D
FH 0= EX BRI N B ATEA SCHYBHETE R Z 4.

AT AR, ASCEZ LT O R R AT
e, —Jrim, YA R AR B T A
AT TRy B R D o, T A A R — 4R
e A O BT A — AR SR AR A AR A5G
Bt S —Jrim, TR P R AR ]
ENER S St

1.2 HEXHEREEE

Gttt ERKE 2 b REAE—D
FEARHY IR ? X2 GETTHET (statistical inference)
AL O R 2 —. FAE 20 tE4D 40 4F4R, Raol®,
CramerlS! Pl & Fréchet52 g4 4 37 kB 1 X
AR B ST T AR — D B R AR PR (B
Darmois® B bR 45 R i) 2| 2 G A). XA
e PR 5t /&2 Cramer-Rao T % (Cramer-Rao lower
bound, CRB), H5 Fisher® FECAESL Y Fisher
R HCR (TR RIS, PRI 2
HAb AR R .8 il J2 e AT BRI A OB A7 S
CRB BN ™K&, A SORAE S PUAR 3 TR S0 A 41).
I, Fisher {5 B2 AN TS P AOZ O &, %
JEJIA T BERY & I 5 4500, Fisher 15 B0 K H
PR N 1 F Fisher {55 8 1091 AH R vl 2 Y=+
Cramer-Rao I # (quantum Cramer-Rao lower
bound, QCRB)>66:67,

A JeXt Fisher {5 8 fl#E ¥ Fisher {7 1
E S A T DL K5 AR DG AR AL Al T e AT
& B 2. & T Fisher {5 B Al F Fisher {5 &
FRFEESR AT LIS SR [68,69]. TEAZAARIEY] QCRB
ZHT, SN ERISR (likelihood) PRECFIE T T,

1) UK R ECFALTTF. W& 1 R, — 4588
ARG T BICALAE: FIIRIERINZS o 1o —
FIRT S8 (S 0 ) ALY XRHRIIZS 38 (n: T+
WAL B Shi8AE, Z W8 = NE); FIHRS
(fn tHAS) p(0) HAT FTINPYFE R DI 1A ()5 X Fr
W24 0 Ak GRS 200 25 RS o
B R 45 ). % B At 00 o 235 SR B w] DA 40 B A2
(T MZ T AL R 750, i n) DA 3% 278
(WXEE T WA T 95 55 80). — M, &I &
FH—A~1E5E I 2 4% (positive-operator valued
measure, POVM) /R (MBS H Y BATE—E
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R ERAMER RS, WA EARE— 1% 0)y = P(el0)O(e), (6)
i, [A] I R R AR AT I B A &R R, A €

ﬂﬂwﬁﬁtﬁ%ﬁ{ﬂ'f% 'F). POVM B4 (E(e)) /& —
AN JEAKRBEAF, T2 P FEARER: 1) A e
JEf; 2) S E(e) =W . AE0 I, ARSI EE N e
M) SRR 3 0 A PRER (JT BEFROMALLSR BRER) 22 LR
P(el6) = Tr[E(e) p(9)]. (1)
— MO, RS CER I T RS, T
A T R LA — i BRI . A SR SRR
SH m AWML T RGN, M T ARG T
ek Sy M A A5 2 B9 AN ASTE] I SR
He={e1,e0, - ,em} . BLBF, A (1) Xk 5
P(|0) = Tr[E(e)p(0)] . HRIMATI 25 1) 2 i bl 53 22 1]
WA BT ORBES, B n] i 2, nT LR
RN
p(0) = pV(0)@pP (0)@ P (0)@...@p™(0). (2)
MARBEE N (2) W ETE, WFRH &2 44
. FERBEBEMERT, RETLUE N H0) =

P (0) @ pP(0) @ pP(0) @ ---  p™(9), TEHIGETF

ST m K POVM il &

E(g) - EM (51)®E(2) (52)®E(3) (€3)®- - QB (m).
(3)

SEAR, ALK PRECT L TR B 3 7 oA LR )
B GOE A

P(eld) = HPi(5i|9)v (4)
i)

)
ot Pi(eil0) = Ti[EO ()9 (0)] . 48, %54 bR

Bomh R IH— A&k S, Pieild) =1 . R, Gl
R X ERIAR (log-likelihood) PRI
L(e|f) = In P(e|0) = ZlnP (:]0). (5)

P4 EMNELS e THE, T o)k
RIS 2R e ISR RIS, 5 2, B3R
RN 2R ARG © Z A I sREOC R . XA
ZUIREA PRI, DUEAS TR © 5 H SR
ARFIZE OSSR BEAHIR]. 20 (105) PR, ARBISR
FhF R —A % IR AL 7. i T A A ]
EEHBAFAE T, ML o 2 h FCSLEPE R
PLEC R, fhTFEE R 82— STl 240
FH G 62— %E 23 A R RE L, 18 ] DU AP
PIfE

k%

(A0); =Y P(el0)(O(e) — (©)y)*,  (7)

ARG RIEL, o () FRGE.
2) Jofi 2=k TH A — B Al R T S
TP YA S 2800 S E 58 A5, FRA TC IR 224l
71 (unbiased estimator), Bl (O(e)), = 0,v0. &
o, TRz, A i
HOF A28 0 2 T0 i 22 1, FRZ N R e im 254411
(locally unbaised) (5 7l Hb, 40 5 To A 2= Ak 11 AE 0o
R, T,y 1) T
m KM Tﬂfhﬂﬁﬁj_ﬁ‘ﬁ Al 1T O(e1),
O(e1,69),-++ ,O(e1,62, -+ ,em). WH
Tim_Pr(|6(e) ~ 0] > 9) =0, (8)

Hro SRR /N, WHZA T 8boy— St

1.3 Fisher 5 B
bound (CRB)

CRB ZAMAAGTHELE sh— AR A
L2 vt A PR E BEAY PR AIE. XJ‘?E?&E’ME#?

1 Cramer-Rao lower

O(e) i, Hak#& (7) ) FALEWNTHBR
()
(86)2 > (A0g)* = ~ P (9)

F(O) 7
Hrh F(0) WiJ2 Fisher {5 8

F(0)<<8L(50> > Zp 1|6 (ap{;@) |

(10)
FEAR SRR BT A AT RE A B BEA TR A (9) 5
J& CRB i — ks, Xt T2, A

% — 1, CRB EWIMH3% 5 Fisher 5 BR
. CRB T DL i 2% jg ik v 19 X (7) =X, AU
% 56 B V1 — Ak 4 1 T P <t B 9% (Cauchy-
Schwartz) ANEASKIER, AT RES WL A1
FE R, M oD (ST I
SEEMAR 0 TERBURIICE, 1 02,/00 = 0,
1A — AT AT LUK S CRB 5 XA B
B, Sk Fisher 3 BB, Fiz WA
T RO, ZE T BB RS, 3 BRI
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XA BT, ARG S P R S5
A7 BRBOR G (B2, I S Buta T IEo5 I, W 2
DAFE— AR T, RIRORAUSAA T
H BT S AT ARHE S TR, A R T 20 2
OL(e|0)
a0
Hiif X\ = F(0)/(8(0)/00) . BIEAYR, (11) AL
REVE AR I A S T A EE 55, (B Al by 1A
HAGTHIFIC TR S ).

= )\9 (@(6') - <@>9) aV€7 (11)

1.4 =-F Fisher 5E25=F CRB

1) & T Fisher {5 &.. XA v BE POVMs
M7, Fisher /5 & ((10) &) MIH KB E S
+ Fisher 15 B WA SCHAUE A A R85
iR KA Fisher {5 5., BT X T4 0 & (5
177 5RAN, BL) Fisher # FUESE0 1 pR%L, 108
F(0); T H THES 31 AR SR iR B
K pO)LL I POVMs {E(e)} H5E, #R1H% 466 &
i, 10 R Fp(0), {E(e)}])

Folp(0)] = prg;F[ﬁWL {E(©)}]. (12)

1967 4F- Helstrom!* I Bf] & ¥ Fisher {5 & AJ
TN
Fo[p(0)] = Tr(p(0) L), (13)
HAJEKREL LO) NXFFRXTECFEL (symmetric
logarithmic derivative, SLD), J# /& T [ i) 7 FE =

a;;i(:) _ % (6O Lo+ Lop()) . (14)

e (9) A (12) 3%, BB F B LA
et

(AB); > (AOc)j = (AOqcr)j (15)
9(O) ) 2

Horft (A0qer); = Fj,?(en

PSS e A
R(Tr[p(0) Lo E(e)]) = 0, Ve, (16)

-ty R R S (15)

5(6) (ué - Ag,eig) E(e) = 0, Ve, (17)

Horfr, Mo = Tr[p(0) E(e)]/Tr{p(6) Lo E(e)]. (17) 3\
2 FRART PG il PR AN S5 2045 2 1, ELAR A UE B A A
DL % A2.

i ¥ Fisher {7 B W KME ((13) X) S5HMAR

D2 B A 1 J0 B S 4RO OC 3R . 6T BT A T RE Y
POVMs 1fi &, 2/PHAE—4> POVM [F] Bl 2 4%
# (16) XA (17) X, 15 Fisher 157 8 R KA.
R p(0) SRR, XA e T, PIAERT LIS
B4 (= Nocla) B(e) = 0, doo HIH IR
POVRATT 1, W (b — NgeLo) Ble) =0 RAA
(17) S TS E AR B LA, MR E IR Ly
JEKRBLF, WAEAE—H R ETE {|o)}, Hi15
Lole) = vilr) , Hody, I AR {|¢0) (@]}
LI POVM, @R Ng = 1/y B4 (17) X
JRL, [JIE Tr(p(0) LoE(e)] = vl p(0)|pr)| 55
%0, B (16) St plor. X ERUER] T 2=/ E—A]
DL L(0) B IE S H — LR 41 i) POVM, 1T LA
Fisher {5 8 R & KMA, Bl & F Fisher {5 &. W
(15) iR, BMEXHR L POVM, Fisher {5 &
I F Fisher {7 8 —FE, #2500, XEL
PRERE L= TR, o E R B — ey
POVM {ii Fisher {7 B WK, 75 2= J6 H1E R
Zit 0 WHEME, XFERZATTGEMN. (B2, X
ik [70] FEBH, AT LUFH—Finii o9 7 ok s i 4
DRIME. et IOAIFST T 3R B, FE—E SR T, il
T AR TR S50

2) Fisher 17 BB (convesity). % 8
T p0) =X i (0), i >0 H Ypm =
1. 4K, Tr [E(s)p(e)} =3, W Tr [E(e)ﬁk(e)}, H

B

P (elf) = Z%Pk (]6) . (18)
k
PRI, AT DAGIERA (472
F(0) <Y ki (6), (19)
k
b R0 = . g (V) R

ZH LAY 1Y Fisher {5 8. (19) RJE/R T Fisher 5
S 28, BT Fisher tEAT R MNP,
Hp

Fq

> %ﬁk(@] <D wFo (i(6)) - (20)
k k

AR ((20) 30) W, KT AP T
IRAFEABEINE SAF ARG

3) Fisher {5 SR AIIPE. AR AR GEH m 5ETT
ST RGN, Hatpsr EN T, Fisher {58
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(10) ATLAE N (H (5) =Cn] %0 (‘9L> > = z P(=41]0)

m

Penlt) 3 L 1og P(<i[6) < log P(<516), F 1 <

100
S5 B A7 T At 19 90 6t 25 %#ﬁ*%ﬂ.glﬂiﬁﬁ

(21) 2, FTEUK SRR i = 55 0 P(en]6)...

=1 €

Plenlt) (55108 P(c \a)> $ 5 pein( ere |9>)2:

m 0

ZFi(g)vﬂl i FJ ;#'ZP(&W) (€m|9)89
i,j=1.i#j €

log P(z416) 75 0 g log P(e;10) = y 21:1# ; apéif'e) ; 8P§oj‘0)

= 0. a5 HIE TR BIH— L&)

0) = ZFML (21)
=1
Hp F0) =Y., P(eliw) (apée;le)) BT

ARG Fisher {7 8., SRAGEXIZ T RGEPTA nl fE

B 25 R o A TRY. IR A F R G2 AR
g, HoRHAARI POVMSs, WA
F(8) = mF'(0), (22)
FHRIAY CRB((9) ) fTAE A
a(0)\*
(AOcr)’ = <m§79/(9))7 (23)

)
iy

1 [0P(e]0)\*
”ng(ew)( 90 ) 29

4) 1+ Fisher {78 AINYE. FTHPRAHIED] 5+
Fisher {5 0 BAT T IHE. %18 (2) W (14) 2,
AR AR A Lo = Y, 15, Horp 1)
i 1 7 Rt 289;6(“( )= ﬁ%m(m +pD(0) Ly (i

X (2) =, TU?ﬁ 6 ® 52 @ pm) 4
o5 (z )i (507)
P @pm 4. = N=L =1 .

00 2

% (14X, A Ap+pA=0, Hh A=,
L) — L. 155 J3 W 1 A AE 25 25 il oy, ) 5 %)
(pr + P A = 0)FI Ay = (k| A[K). BIE, B

TE pi, + p = OB, A FTREAT Aw # 0. BLFT (S0
T25[H] lj\]) Lo T Fisher 15 BB TTHk). Fi%
FETI[LY) 5 (0)] = 0, BT Fisher 5 B0 LIS Ny

= Flp™(0), (25)
i=1

Hrr Fo[p™(0)] = Tr [[)( )(6) (L“ ) Pm%m/l\%%
T Fisher {5 8, ML POVM{ ED () })
T & (16) o (17) =K. ﬁn%%/\¥%é}ﬁm
2[FH 0 (0) = §(0), W Fo[p(0)] = mFo[#(6)].

5) IRGAH4EEF Fisher {58 (B T2
¥ Fisher {5 B WEZME, EAFHITHRBE 1
F 5 PR 20). 1 T A A R R B 1 A AR K
p(0) = > vl k) (K|, 5 /3= T Fisher 5 B F£ A
W WA, Fp > 0H, Y, pe = 1CHRIfLIES,
VA TE pe FIAS KL |K) TS HO6 0 RIS OC R ). 78
XAARIERE T, Him 285K Fisher {5 80 LI5S K

pk+Pk
Folp(0)]=) _ pi|(k|Lo|")|? Z |(k|Lq k')
Kk’

(26)

R, T B0 (k| Lo |k ) TESAE pr+ prr > 055

R EAAR B R SLD e LR (14)
AT LAAS B (k| Lo|k') = 2(K|00p(0)|K')/ (pr + piv).-
RA (26) =X, #i58] TIR G M ET Fisher {58

A o A |2
Folp(6)] = k%: o | klaep @)K (27)

(27) P R, T8 pe + po = ORI BLHE
BRTESD. HEH &
0ep(0) = (Dapr) k) (k| + > pr|Ook) (k]

k k
+ 3 pilk) (B0,
k

H T 99 (k|K') =
153
(K|0ap(0)|K") = (Dopk) Ok + (P — Pi ) {Opk| k).
XFE, IRZSAY SLD i T Fisher {7 8435171
PAFRR oy 1:

. Oo Pk Dk — Dk N
Lo =Y ——|k) (k| + 23 =———[k)(Dok|K) (K|,
o Pk + Pr

(Opk|K') + (K|Ogk’) =0, AT DA

o
(28)
il

(Popr)” (px —pir)”
g 23 S (OakIK
(29)

TR R 0 2 BEAR B, (29) SAFFEAT A5, B
TE BRI R, LR, 5F Fisher {5 BAAFAE™
& SR i 5 ik 3= X FR G 8 S 80 fE 2 F Fisher

SN ibiaEc il G ie - SibL (o ST IDOE Ok 4 &5 a1
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AAEZS N5 Fe il A 2 DY 5G9

Xp A2 | (0) T, A 1= |y0)(w(0)|+
S, k) ke, Horh {k L} R te s /AR | rh 5
lp(O) T H K. FL, BEHET LS R
p(0) = [W(O)(W(O)] + 2, pr. ki) (k| BT &4l
A, P HES B, pr, =0,VEL . O (28) 20
(29) 20 (R 2l 25 19 1 T2 p2(0) = p(0), mT LA
Ly = 20pp, 5 (30) 2XHIF]. % &5 T Fisher {78
HYRE S (13) ZKBL 9o (0 (0) 4 (0)) = (Dot () |4(6))+
(10(0)|0p9(0)) = 0, AT LAF #4521 (31) 2X) AT LASy
MN5H

Lo = 2/(0))(96v(0)| + 2(860:(0)) (¥ (0)],  (30)
il

Fol[h(6))] = 4 ({99(6)|061(8)) — [(Ba(8):(6))[?) -

(31)
B N, i B Fisher {5 5 (31)
TLTLMIJFHH”(BI W2 5 H A B A ] A B
B, 50 — 0 F, Wi s, EARUERA DLSCHR [4].
6) % IEHAL T BT Fisher (5 5. % EINT
(1) % IE AL R4
5(0) = qﬁoﬁ e+iH9 (32)
HAp JER AT B 2 5 R0 i T4 po A AR
F(BUZHAE R 3 9 A4 50T). (32) 302 1
ST KRR S oA B AR S () po( L
n (68) AR TIALEE) B —RRIE. N
R L, SR B R Ak R S, B p =
S i) (|, SEEF VL SBORERRE 5(0) = 3o pre™ 0| )
(k|e10 . 778 £ TF 8 A0 A g 2 5 38 4 5 14 AR A {1 .
[RIi, SLD AT IR N Ly = e 0 LoetH0 | 1 (14)
AR, Lo 2
{po, Lo} = 2i[po, H]. (33)
AL, F S T A A R A T
AIFEF. BE X (14) AENE, Lo 5% E BT 8h 11
SEEALA G, iR 15 856 F /8 T Fisher 5 B 3%
S7.%2
R N 2
Falpo, ] = (ALo) . (34)
ARBBE, (34) FEARR 0. Heiiis 2z, W
IS S RGPS po A IR HBIC 2R, [R) iy
5 R 2 805 R 00 25 1 A A e % i (1
1E) KZ %Y, (B2 5 EHAF POVM AP

FEAR TR, 5 0 B O R A 7E D & 534 T AR B
TEMH T, IRE M) SLD LI N & F Fisher 15 B
A LARIR N

DR o U
Ly=2i ;;pwpk k) (k| H |K') (K, (35)
Hl
oo (pk — i)’
FQ[pO’H]_QkZ,;ipwpk (k[ H|E')?,  (36)

SRAMUTYEER A 3 B AT 16 A2 p, + i, # OFIZS. W47
[T

Lo = 2i[vo) (o H — 2iH [t0) (1b0], (37)
il

Follyo), 7] =4 (AfT) (38)

WA & E AR i B RLAT 5 RO S O
%, 1T Fisher {5 B WK AR Z 42 JF0] 1, ]
WL 51N S T 55 /NS A4S B A Y Y T
Fisher 7 8., 477 WL 3CHk [77,78]. filt, A5 A
BUAHESE T T Fisher {5 BEA [FLE AT
18 1245 R 179

7) MR, 2 BRAME X AR M = 3,
cul) (), Ferb )} I —HIESE5E & BENE, {cu )T

RAH BB, Fisher (507245 T F IR
d(M) ,
FO)> o L9
>, len — fOFP (ul0)
Hoh fO)R 6 T ol fE B R B, i () —

Ti[Mp(8)] = 32, cuP (1l6).
WSRBAT v RJEKRBAT, B ¢, M SEHL &
FAL 038 52t £ TS84T e 70 AR FAFER A2 o L,

U Ehrenfest AR, WTLEId(M) /d0 = (M, H]).
WL, BEHL £(0) = (M), WA
F(0) > w (40)
(an1)’
= AR, R M= Zuei”m)(u\ﬁ
(&) =0, (39) XTI N
Fo) > 21 >|2—\<[H M) (D)

8) ﬁ'ﬁﬁ{lﬁiﬁﬁ?.ﬂiﬁflﬁﬂﬁﬁ?
(maximum likelihood estimator, MLE) J&#§ 5 il
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T (E e AHOC LR T3 A R B S AR IR 1 () A 67

{H: Owmie(e) = arg[max,P(e|0)]. Filll & IR AL m

TICG I, B RASRIE A AT HE 2 LR S E

He By oA, B 2228 Fisher {5 QL 14
mF(0)

mF(0) ———F—(6—6mx)?

= e 2 . (42
5p © (42)

R, e KA T TR W Ty, B
22 BJE R LA E] CRB, Abyie = 1/y/mF(0). Hl»
PR 8 BRORTE T e AR 7 L oAl il a7
HRELLT

9) FEALTT Ik, FEAG T R AR R M
75 254 20 1 DG FAREIN S ik 0 I GE LT3 7 R
RYER. MM = (1/m) 0, K 3T m ik
M AE T iy, - o PP IMEL X E R 02
KT S0 1 0 R B, B8 BATERGTH S5
(14 R 3k X [E0] PR 2 BRI ). A ST 7 BRS BE TT LA Pl
RZEAEIE T HTHETE B SHEAMEZR P8R
IF, fim = i+ (11/d8) (Omom — 0). Hm > 1, BIRA]
KA (43) 3. BN i — o~ Ap/yvm, H Opom—
0 = AbOmom ) 2 th:

P(OmLe|f) =

Ap
N

TEGnSCHER [47) FrR BT, Sl IE LT (43) R
AR RN, B Abnom < Afcrp, RIMETE O R
SEHARMET, WA—E T LIAE] CRB. R M5 1T
G345 BRIy e ST AU

e (=) /[2(8p)?]
P (plf) = —F—=—, (44)
2m (Ap)?

Hd(Ap) /do < dp/do B A AT ARSE, tsieii, geit
3T R T2 B EAR th B P 0 R KT 220k
ZIm W, 3 hh, WA RY, REMERR A TE L
Fi FA5 00 R nl ASr ik ) CRB Al QCRBECA,
YT HIE A BT, (43) AE TR B R
. (R, A — e R 2R By, Ak
TGS ISR [5).

Abmom = (43)

2 ZHRTETHESWHESHA

FIFH & Fisher 5 55 75 0 4 215 00 £ 45 B2
MK &R, 3T T Fisher 5 B 10 2k 112 T 2 4i
FPE O LARE) Tz IR, AN 24 i 1) 24 26
e B2 AT E SR AT 2k 2 AR AT

DI m P s sk . 78 B Anya T
Fisher {5 BIEAMES IR L, 45— 1R T2h
F (SR ) AP HE, R X 4
i AR A I 2k & T A 98 0 e L.
FIFHARA AR50 A pRE, A1 28— e] LU A SE 50
s h P2 B Fisher {7 809 77 v FH 52 50 45 50
JIT R O AT IE. B )R, A — MRS
SR AR EAE R AN ) H AR T 3R

2.1 FitEESHEMBEE

PSS e B P R S BT (BUR ARG
) [, FEAR KRR S EAF0 T A el 45 A X 73 2 5L
23 [A] AR AR B 25RO RE ) 093, PR, DS B2
Kk, A BIARBLAG TR EE T LA Ry Hox T i
A d/INFEAE 22 S B i S p(0) S0 46 PRI
2 p(0) 73 PRRE ). XA AT Ul e SCAESE T
A A NSE IR R (statistical distance)
Kk B4

(R0, By) =23 (VPGB — VPG)) . (45)

o, WAl Lo Bl
dfi(Po, Py) = 1 — Fa(Po, Py). (46)
(46) =X Bl K Ay ¥ MRS S8 7T B B (Hellinger
distance), Herft Fu(Po, Py) = 32, /P(ul0) P(1]0) 5
MG TR EE (fidelity), BUEPNSGETT AR I
&, INE /& Bhattacharyya P, HEE dy &IE
Ty, B0 <dg < 1. FEOAER /NI LU T, AR
M2 AR T Ry

d%(Py, Py) = @92 +0(6%). (47)

(47) F W, Fisher {75 KT LABRAR N 5 A 4eit
B on = 0du /00 = \/F(0) /8 SHTEIR AL ik A1
TE R\ Folpo)/8. BB T Giit 4 4 vR AL AE
0 =0(2#H 0= 0,) BTHESEL 0 A LAY KRR, 0
0UEE R TE T AT a0 e AR R A ) Al e
SRR A BRB P (10]0) S — A FE TR Y K i 1890,
Sy b EERRISEL (6,), FHEE A TL
Y, SR F AT AR B 25 E SRR (0 = 6o)
T I RS T A PR P (|6o) , ANIET 3 .
SRR S BOHAT IS 0 = 00 + 660, T 2 R (I 1
R, AT EILL 00 5% p AR 25 ST A
PR P (1|00 +30). BRIk, JE - (47) 4RHE T —
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C) e

(=) Pluley) ) Plultor56) O 03
‘ /\/\ M .
1 |

3 G XA BERIGE T R R ARG G0 1 51
&, oA R AT A 20 A R p(l60) (18] (a) £L£R) FITH
T O + 36 Jii 7 43 A5 B8 K p(ul6o 4 360) (I (b) 2k k). K
(c) /8 B M v/po = v/p(l00) FI \/Peo = +/p(1l00 + 80) iE
SCH A R K FBRJL O BE B (B i BE B
di = 2|v/Po — /Pooll, FeHT v = v S5 B G0 X 5 HY
Gt IR SCHR [84]

Fig. 3. Here ~we give the sketch of statistical

/pdo

distinguishability and statistical speed. The probability
distribution  p(u|fp) is obtained by collecting the
measurement results g for different values of the
parameter, here chosen to be g (red line) (a) and 6o + 56

(green line)(b). (¢) to quantify the statistical

distinguishability ~between the two distributions we
introduce unit vectors /po = v/p(i|f0) (red) and
Pso = V/p(p|fo +60)  (green), then we obtain the

Euclidean distance between them: dy = 2||\/po — v/Psoll -
Here the v =wy denotes the statistical speed. Adapted
from Ref. [84].

b B S B 5 HH AR I Fisher {5 809 51k 1984,
W 2 0, (45) A (46) 205 HAR I & 77 U
K, P eA ARSI R e SC. Hean, W nr A
JHAR BB R PSSR GE 1t 40 A G R 1 P 3
1w B9 Sk IR, B Kullback-Leibler(KL) 4

P(ulo)
DL = E P In——————
KL ; (N/leo) n P(/,L|90 +69)7

AMEIER, X (48) A 80 1E/ N R I, HLRE
315 (47) A SCR I, Dy o< F(60)/ 2562
PR, 3 AT DA A — ol DA S 560 %50 405 v 3R B Fisher
FREMARSINE. A EERE, PE T LI —Fh
A HARA B 5 Aok B S AR B Fisher {5 211
HERRFREE SO Al 4 PR, REI ML, S IR O AN
TEARGE NS, NS X A RR R (WA
(65) 20 ) B 808 K, ik L& = By A 52
(45) N (48) =l AT LM — MG 2 T BOoR 3R
2 Fisher {5 &, [86],

XT A AT RE R i 7 =8 (BT AT AT fERY POVM)
MBI ES d2 (Py, Pp) UK, %E SR Bures FES Pl

dIQ-I([)OaﬁQ) =1- FQ(ﬁOvﬁG)? (49)

e Fo(po. o) = Trlv/v/popo/ Dol BOFF 3 T A3
(transition probability) BE & TR EE (fidelity)

(48)

> 1.0 T T T
a
2 — F(6)266?
B
g 0.8 2Dkt
= 2
4 —dgn
o
g 0.6 B
)
o
g
2 0.4 i
.8
<
-
& 0.2- .
g
3
jant

0 T T T T T T T T T

0 0.2 0.4 0.6 0.8 1.0

2N60/n

4 MM FE R a2 (L04R) M KL W 2Dk (54R), L K
AT R B B B IF I F(0)36% (W5 48) 1 Ho . FEIHL A S
ik [84]

Fig. 4. Hellinger distance, d3 (red line), KL entropy, 2Dk,

(green line), and their common low-order approximation,

F(6)36 (blue line), as a function of §. Adapted from Ref.
(84].

(S W3R 5] S5 30HK). A28 se, IR
57 Fisher {5 BHEAPIROCR. B, fRAE
WL T—Fh4h i Fisher {5 E 77725738, Uhlmann
SEHERTRAT Fo(p, por) = max|yy gy | (0]0)|, T
KA A AH G125 p Al 6 1 24k I pR L) T
O)HEAT . X T LM F, Follv), [6) = [(v]e)]-
#t - Fisher {5 B & ¥R B 5 3 ) 2% R 45 K+
(dynamical susceptibility) A F 4% B % i 5¢ & 1,
PRI, 755 BER Y BAH DG ) -t ey —
FHAARE & B021-951 353873 A2 HH AR SCHYTE L, Ik
AN FTIE.
FGE TR S h 32 R 1 Fisher {52
INEER RS TR, il T 5 ) PR A AR e b e
A DL b S B kR T s SRR RO
A AR, SRR A SRR kLT 2
SWHEERGEZ —. B TREIR, X BAETEN
I, A 24T A2 SCER [5,89,90]. 3% BLUR H
6 > 9Be™ 1 Al 14 4> 40Ca™ Y B 1 Y dr KA S
(BT IA)
102V 4 1)e
V2
SR AR, R 3R 7 ke iR ¥ Fisher {5 8.
FIF EBER SIHRAE exp(—i6.J.) , B12 (50) ABEE LA
VN, car) = (exp(i0N/2)| 1 )2V +exp(—=iON /2)[ L))/
V2. AR | 0OV 5] EN Z (8] A R AL 2
NO . XA A RUE R S8 o AT /2 e SR 5
PO B B X TR e, AT LA e R A

|u7N,cat> = (50)
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AR T AR A A B 72 By FEUE R B
Gh | 125 E R TR N BBl (NS, 0) —
P27N (N ) {1+ (=1)Nt cos[N (0 +n/2)]}, & 2K 1E
| ) BR8N N =N — Ny BT A0
P(N:|N, 0) BRI 550 N PR IR, I, 5
O P RT3 A B S K S S 3 e PR R 3 1 R
PRSI SELG | FEf e st (50) XEE
AT DL o X SRR (parity) B0 & P2 R A
Kl 5(a) — A MBI CT 8 B 1 I FRRIE 10 &
BESR 102 IR A1 eR B

1+ VcosNO
— s
Hrh s RERFHRIMEZ R T +1, 0<V < LERG

P(£]0) = (51)

1 T T T
z (a)
5 0 P
A _1 ! ! I
0 0.2 0.4 0.6 0.8 1.0
Phase 0/(n)
50 T

404

304

204

104

¥ U 4 L T T r L L
1 2 3 4 5 6 7 8 9 1011 12 13 14 15
N
B 5 FRRIR G 00 45 R R B2 BUAY Fisher {5 B (a)
GHZ(N = 8) iy FHx I &, J& 391 27 /8 , BU A SCik [92;
(b) & T W92 50 45 45 2 19 Fisher {5 B 5 SR F 8 N 1Y
KFRF=VIN2, Hoh v st il . 1l SO L
R ERIR, B P = N2, TSRO R R T
WBR, F =N . R A0 253 0 320 kA 1 2 i 1) 3
S, BIE R (60). A N = 10 A9 [ B e 41 20 48 . R
H 3CHR [84]
Fig. 5. Experimental results based on parity measurement
and extracted Fisher information: (a) Typical parity
oscillations obtained with cat states. The period is 2m/8.
Adapted from [92]; (b) summary of the experimental
achievements, ions (circle) and photons (square). Here we
show the Fisher information as a function of the number of
qubits N, F =V2N2, obtained from the extracted
experimental visibilities V. The upper thick line is the
Heisenberg limit F = N2, the lower thick line is the
standard quantum limit, F = N . The different lines are
bounds for useful k-particle entanglement, Eq. (60).For
instance, the filled circle at N = 10 reveals useful 4-
particle entanglement. Adapted from Ref. [84].

M B mT WLEE (visibility), S5 IR ZETUE RS
MRS AH G, 75 5 ik, 50 oA R AR (51) =%
Y Fisher 58, (HFFRRIN G —Fhs & 01,
R, I Fisher {5 ELH A& F Fisher {5 5) H
_ V2N?Zsin® NO
1—V2cos2 NG’

AR M sin NO = £11F, (52) 20 B K E
VENZ, QAT PLA 5(a) N = 8HY B T- 5256 N
B, SR AR ECAT DL IX 43 2 60 2] 98 1Y 5 F Fisher
5 BAH, B0y =n/(2 x 8) W% A, 7 H i Bt
0= 0o+ 580, Hirf 80 =n/(4 x 16), j = +1,42. Ul
AR A s (R0 E, X TR E R
0, 7 B RIS, S i P, (+]0) ), X SE5LLS
W) B i I & 5(a) TR B R 2540 A (R H
PR A RNR 22 ). AERATABUERT, T
WA A2 S0 R, FRATR & o A e
PR B LB, JF A (45) 2UER (48) 15
FIEMWGIHEE SRS . 25, fES5Es
(0) , XS EIRSETHIEES () 78 00 FHE A B
o= B PLA, I RSB A A R Y i F Fisher
fFE. Bl 5(b) RUEARI AR T %, X250 s,
HAT IR BN A R X5k R Fisher A<
N, iR EUCRZ I 5501 T Fisher
15 55 BT R 45 400 2200 D] 95785 15 v iy i
FH UL FRATRZOT B4, b 18 919295 5l
F- 0097 ZESIRZE L B TR Fisher {7 B X £
1 A ST E TR AE T —/N
25,

2.2 =EFUESHEHMAEE

1) Zhi P9 HIEZkTF (bRl =1,2,- -,
N) H R4, B — R F ] S8 —A- 5 1 Lo
(TR A E). AR RG-SR T X alis
(WKLF IR ), WA LIS A

W) = [0) @ [0y @ - @ ), (53)
Ho oY B 1R a7 . 2 —Anr
XAHEREZ, Wl UG HRARIE ST 9

ﬁsep = Z pq|wsep,q> <Wsep,q|a (54)
q

F(0) (52)

Hrfp, > 0H Y, pg = 1. A0 RIS i EEHAVE
KB EF SN Y (entangled) 114, 4R
PR RS, MRS HRERMH Z—.
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AR T2 TR, WHE 50 2RO r &
TG KA TR FAUESERE IR &
THE B LLCH s FHOR A S, YT
2 9 i I 2 DX 3 ) — R AR
). ZhiF 2] 825 0T DU i 2 AN 1T 43 (AR 4K
K17 HE AL (quantified). 5 (53) ZAHML, —>4
M) NRLFA, WERA B AT (s kB B,
CIRPNES

[Pksep) = |¥n,) @ [UN,) @ -+ @ [¥n,, ), (55)
Hodr oy, ) S H—A N, < kAR 128,
HM N = N2, IRAZS 103 AT LUE SCH

Phsep = Z Pq|Yksep,q) (Pisep,al- (56)
q

— A LAS Ry kAl S ANRES O (k— 1)
A, O ERL A9, BEROEE A
A kRLF R 2 A AR, A Y 21 g
JRA] A 2R (entanglement depth) SREE T, J
o (k — 1) R GEEREE . BAR, X F Nk P
g, i R ERFECh N, Bk =N. &
&, BT EFSRA NN, Btk Rl rp s AT
A EA K < kByn] 25 10

2) Al 2 28 35 9 AH AR FE 5 bR oE PR
Pezze 1 Smerzil™ 7E 2009 4EUEH | XHT & i N k7
FHBA A A, BEERE P, H+ Fisher
fF5RAfE—1 ER

Folpseps Ju] < N. (57)
Hor g,k (68) i IR B iE. ZAFXE
J& 757 Fisher {5 80 M PR A AT, I W] 2%
JET 4(Aoy)? < 1W. XFEFIA (9) 28, IF % Tl
AL B m S8 Al ST B & A B bR BT
PR (ECE BRI A R ) Ak

1

VmN
M PR 5 I A A T R AR TR G, HRAZ
PR T 0 22 48 v 25 kL 1Y Jm R A R,
(58) ZX il 2 YA m 5 RIS ok 28 N A AR
AVERS, R — AR VR RIS B A2 N Uk ]
ML, S HEA N SRR RIS I 5 —x
A AR R I A B X L PR R —Fh 54
QTGO - 1 iR 0 B I A AR OB

3) AR FA g, R KE AT
(68) AR BYERAE T FF 15 2 & F Fisher {7 B

AbsqL = (58)

e (57) 20, Wil
FQ[ﬁa jn} >N, (59)
WRHZETFSEA Zh TR T a5k, Fit,
(59) X EETREZR BT 50 F
HERHIE, (59) AT LUMVE M HE AR T 7T ks
FERE = ) T S — A e B AR X —
MRS (59) RS pmis, R EER
PRI ZS X FA /N AL 0 A7 A3, B8 %A 0
0 3t 5 AT A A LA e ((68) %) BIA,
JIT REAS 3 A kG B R AR R IR (58) K.
XS, JEAEFTAT 0 21 28 A AR e )
e P S AR o et A PR T T % 0 K
FER A K I 2R T A 98 0] Be A B T Al
HHOR. S5k b, RO T A
i, BB T X 25 5 R B AR [RIEE, B
SR XTI A FH - 2 A, b B B el
ARAF: BABKET Fisher {5 B R TE, [
Af 0 EL AT B TR A 2 VR . X T e AL A R 21 22
((56) =), H:AEF Fisher {5 2.0 2 40 F ARG 100
FQlphseps Jn) < sk* + 12, (60)

Hp s = [N/E]H N/ BEEGTE 7, r = N — sk (i
SR, NS N AT DIBE kBRI sk? 412 = NE). 2R
AR (60) 2, MR IS & A XTI A H 5
(k + 1) FRor e g7, vt A ASE R0
A, A AT RESRAFHCATAR & ] 43 2 S g (A I s A
AR, (60) BT /24 2840550 k A3 I
BRI, W 6 TR, HoA Folprsep, Jn] < Nk

100
80
60 |
2
3
=~ 40
20 k-separable states
1
1 20 40 60 80 100

k

K6 AR Ty kR o 28 A4E . B i sy st
2 7 L (60) 44 kOB 24 275 0 B T Fisher £ 5. 1
k0 Fo/N =k, Hpohi T2 N = 100 . iZ EH A SCHk [100]
Fig. 6. Useful  k-particle entanglement for quantum
metrology. k-separable states have a quantum Fisher
information bounded by the solid line, Eq. (60). The dashed
line is Fo/N = k. Here N = 100. Adapted from Ref. [100].
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TNSCHR [47) BFIE R 69, %5 VR 2H R
TAME, RIMUGEE (WFRZHN genuine N L
T (T Fisher {5 BAFAE LA

Folprseps Jn] < N2 (61)
[FREHD, B CRB(9) AT, &8s T 2

Aby = (62)

1
Nym’

PR, (61) 2UBfE T i e HeE AR
Y HT A BR B PR 2 R T AR AR A PR (Heisenger
limit, HL) (7 £ 0% PR B 5 7E 1993 4F 1 Holland
A1 Burnett!'%) 5| A, &R HEXR, e
FAFER T EC S AL AT ASE S R AGAN > 1. X
HL T U 9 ZRAF AR BR AR A0 = O(N 1)) (AT LA
He AT IR 50 NV 50 ST I R m —
AT £ A 185:106.007) 35 RE ] i BRI BR B N
1/Ny, HotP N = mop N, mop A& 7E 25 58 D 0L 5
BN I I B R R A SR A I . T
R BT B R Aok RO G, IR, R T
RE DN 25 19 Fisher 3¢ N A, H M BEAS 2 A b
R 1/ Ny #f). AMEFR 1, (58) X (62) X N
AR G RN, AHZE 1/VN A%, JF B2 512
ANTT R AT 28 BLOGIE (B 1T 4 1) 2k 58 R 1.
ATFZEFEENE, s kbR IR (58) ikl
% FH Multi-round 1) 532 35,

3) Z T Mg H 5 5 5T Fisher {7 B A lE
R4 SIE A — KRBT, R —SETT LW
FI eI (B kv /0N, i, 7R3 157 ) i A
e o (B ELAT B R ARk, (ER, PR SR R 2
RN R, ARG SR — e L wir
FE SR ARE B A PR 7 T 5 A R T2 .
i FHl Wineland 45 (796 75 1992 4F 22 47 $2 B A
ke s 4 R

G=——", (63)

Kz S RS AR Hod | #R Bleoh Bk I
I -S54 n  SEY A e s R T AR, HE X
(63) AT, [T 40 R B0 DA EHE A SE 500 5 )
BErh AR, AT SRR 0 Se g A (WA 2 h
IR S 45 ). A HE RS [ F G B Bl ik A ]
YERFEO M (G < 1), FITF LR i 4%

(KA BE AT R I 2 T o e s T, — A4 )

TR IR B TS A R RS, B
MY 1A e H 4 TR G /)N 0041, 2009 4F, Smerzi E
BT A R4 7 558 T Fisher (5 EA I X &:

_N

FQ[/37 jn]
Ho Folp, Jo)de X i F 802 p i A7 4 IF $1E
e n? TFERET Fisher {5 5. M5k [7,46), W
G< L, BazEFSHEARFITEELEMA
TR FEAE S, Wy L 77 ) A e AT T 8 A v A
PRI . B (64) SOAMER ), XRS5 ET
Fisher {5 B X2 g 1m0 H 5 5564 (59) XE 4
M. BIAT AR A e 4 11U i 2ok 1 T
A7, WAl LR T Fisher {5 87751, H
S, REDRHIEA—E oL, BiA —2en] DA H &
F Fisher {55 B0 A T 21 9845, FIH A e 46
HFIEAREIRAH, /XT3 AR s R p &1
A 08, AR i, AR S 2k
A T4 e I RS B AT £ TR IR 2R
mFMMES. HI, fE2 kT s H 5 L
AN T Fisher {78 B A A K46 K 15
iz i .

R 42 A S 56 B8l Hh 3R A5 19 f F Fisher {5
BUE, ISSCFA AT R IHE0 kA0 2k
g HE (60) X, AR T 5. B EE
F4 T2 A DA S 6 v A ) R T e 45 R A T
Fisher {5 B 2. RIEFATHIIIEE, X528 45
FREEN T 14 N TRIZR A8, M Fisher
5B 2R T A S AR, B KA F
T 6 M ETFRLgEES. A RIIA, MG S5/ N
FF Bell 54 245 730 09 0, b ]
H1g8) 7 5ATERAF T 6 8512 2675 108,
H (52) XATER, NRTFETFYHESENET
Fisher {5 SRS, X005 E A9 %) L Rt A ok, B

<G, (64)

1\ 1
V> <1—N) + Nz (65)
XEE—E R R, BHTHRE SR EGE T
MEAGETFERRMNE. e, A—%E
AU E T (W ), NEef] Hg:
EE T =T Fisher {5 B 3471051 bl

2.3 ZBEFEFUESHHE
WRETATR, Zh TR oS 2 —SitmE
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TG B, $L 3RO T T R HOR I DG B
PRI, a3 50 = A 2ok -1 -2 A2 i
TR — OB AR R, TR Z (A
2, AT IR R E A GEFE X EER I
AN H R R, S IR AU A
g, B ] RN 2 R Z R 2 ) 2 [8]
e g, R, PR iR (BUA B Z 1A
HIAR AR A R0 A 2 b1 A S A% L
ER. EME TR A EAEH, BIA R
Z & F % # (spontaneous parametric down-
conversion, SPDC) J5 %, J& 5 Bl 2] 48 5+ X (3£
I P P ml A A A i ) DA S R 4 D b 1)
B, Horpole UGS UL G 2278 1 1 R AR G R
ZHOE R AR TR E TR, & 2
KR EF YRR e —Fh e it | w5
B EZEH R RE (5t ens
—FER R RIEAETREAMNTMERZ: 1) # 1k
it 2) SRR S LIS 3) ATy H R
4) O 7E— SO EE L I 5y TET HRUAS R Y K i LS,
B (=T e s e b e e W < R R o e R E e
Jir - [a) s R AE BAEH | AR AE NS B
S8 25 ()RR ) 7= A i 2] 28 g T B T B B, R
I (L TR T ARG (1) 2 i BE 2 PO R Al A e R4 1)
A i 19 A e IR TR R Y B A BLAE
FHIE 7 Az 8 ¥ i W Bl R Ji - =2 () - 24 2
A TFBE (B AOBCEIGES 19109 T i R4 2 0719)
) IR 5063 a9 AH AR R AT 7 A R Bl
2Z[) Py - M 2 GG 5 ) P A i B -
MEAE R A S e 2 2 00 55 500, 7
BEFARRY, #B A TAE AR S5 AR
R HETZ 8RR A 2 b 2 988510
ARTTIE A, AR R T DL SR [111—115].

1) JR T OECS S 8T . AERZH R Tk
1, ZIE TS AR T RSB )
SR, B SRS A IS B 2R A
[ERASRNAT ) 2R (JiF) M. Tk, %
JEERYS R RGN 2R T RERE AR, T LA R
S 2 QN A Cp A VNS WV o N i e SN L 23
A5 (B ETHAAR) SE TSR k- 2 gAY il %
(B R 1) AT U U & 725 2) —
Fh L ST &), LLATEN S = 1%
H eSS R 1], AH N AR S i (11617 W] Ry

Hov =[g+ X (2No - 1)] (N+1 + N—l)
2 (&ilailaoao + agaga,laﬂ) . (66)

(66) =Xt Z W TR SFIE (B R 3 N+
N_y=0) F5 BB M OGR4 . ok B X
q= (3E1 +3E_1)/2 WA P ZE = HE (quadratic
Zeeman), 5 3758 BE 09~F-J5 BCE M, R 0
SREE (IR 2t SRR, A s AErE
FOVFE s P RERAR EAE FHAE (TF W SCHR 5]). BIFSE &
B, (66) A AiARY RGLEEA h —HrZE 2 BEA A ek
) AR AR B E BRI SE 4 TRE . TE BRI 7%
F A< 0)F, FEMAARIFE W P2 8a] H Nk
FORIYE T A g > AN, REM SN
0) 1| N)o|0)41 (ML HF, No = N, Jit 4= & 4 & 7
me=0MIREY I, &b FAALAH (polar phase)); 4
q <ANB, RGM SN N/2)-1]0)0lN/2) 11
(BEBS, No =0, J5F 340 i 48 mp = +1H9BEZ
b, AT AFRAH (broken asymmetry phase)).
B 5 2, WALAHE, RGALTELLR) Fock 2%, MM
RO tf S R AR AR IS, 28 GE A A i ) BURES | 016,
Zou 55 OV B — YT T BARAEAE —E I T
SN R SR B IR, H AR A AR R ]
LI 26 22 J T R UGS, AniET 7 B, S
EE KA ZMELRE, LHT s=2112

0.025

(AT2)2/ T

09.0 59.0
<J62ff/ Jr%\ax)

Pl 7 (a) t FARZE P AR OGS i 5 (b) 2440 58 B2 7 i 3R
LR 4148 9 FE 20 91079200 Jst 7 B 1 Sk [109]

Fig. 7. (a) Generation of twin-Fock state by quantum phase
transition; (b) analysis of entanglement breadth for the
Twin-Fock state samples, and it shows the entanglement
breadth is at least 91079297 atoms. Adapted from Ref. [109].
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Fig. 8. (a) Hypernonlocality represents the simultaneous
presence of Bell correlations among more than one DOF of
two spatially separated particles; (b) hybrid nonlocality
identifies Bell correlations among the discrete DOF of one
particle and the continuous DOF of another distant
particle; (c)experimental scheme for the generation and
verification of inter-DOF entanglement. Alice and Bob both
prepare one particle in a spin-||) state and submit it to a
hybrid beam splitter. One of the output ports is sent to
their local laboratory while the other is send to the opposite
party. By mixing the local and the received copy using a
second hybrid beam splitter, the desired correlations are
established. Both parties now measure either spin or
external d.o.f of their received particles, as depicted by the
interchangeable measurement devices (white boxes). The
recorded data from the events in which both parties receive
exactly one particle violate a suitable CHSH inequality,
independently of the measured DOF Adapted from Ref.
[122].
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Fig. 9. Representation of Mach-Zehnder and Ramsey
interferometer operations as rotations of the collective spin

on the generalized Bloch sphere. Adapted from Ref. [5].
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Fig. 10. Dimensionless parameter space for atom diffraction,
KD labels curves corresponding to conditions that maximize
Kapitza-Dirac diffraction, and Bragg indicates curves that

correspond to conditions for Bragg reflection. Adapted from
Ref. [22].
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Fig. 11. (a) Schematic plot of Mach-Zehnder atom
interferomery;  (b) schematic plot of Gravimeter
configuration. Adapted from Ref. [139].
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Fig. 12. (a) Multimodes Kapitza-Dirac interferometer. The
first Kapitza-Dirac pulse at ¢t =0 creates several modes
consisting of atomic wave packets evolving under the
harmonic confinement and an external perturbing field. The
second Kapitza-Dirac pulse at ¢ = w/w mixes the modes
which are eventually detected in output at ¢ = 37w/2w; (b)
density profiles of the output wave function at temperatures
below (dark line), equal (blue line), or above (red line) the
crossover temperature Tp. Adapted from Ref. [140].
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W ] LAROR

H = Hy+Hyy = iﬂa(“—}— iv: ﬁo(i)a(j) (81)
o 2" i,j:14 e

HA I Ho A S (B R IR) B, ol R

iR T 00 Pauli 564, m, n iy Bloch BR I 1)

MM EE, a;(0< o <1, i=1,2,3,--- ,N) N

[Fil— A PP T B A5 B 5 IO H BN AN

W 2Z E ) (AR ) AHEAE-, Vij =V
HAE AR SR . Q2R 2% R AR AH B, (81) 5K
SR 1Y Ising BEAY; WAR % IR B 500 HLAE
FH, A5 A —BAY Lipkin-Meshkov-Glick (LMG)
A,

WLk L AR I (68) 2P MR AE
ey (81) 2, WA R T OB AELM: (ARRER) R
T A % T W AR A L RS B2, AT
(81) i1 Fisher {5 B3], a5 00T,
ARG Fisher [GEN Fo[|vse), H] = 4AH? B B

Follvsep), H] = f§ + f7 + 13, (82)

o, fo1 4300 A JRy SRy S 0 F 1A JR) S 4 0
H, &1 Fisher {58,

2 N .
fi=4(8f) =Y a1 (e, (83)
=1

N2 N o y2 , _
=4 (AHl) = Z %[1 _ <o.1(11)>2<a.£l])>2]
ij=1
i#j

N
+ 37 ViVa[t = (e (e D)), (84)
5
M4 =3 fo A EATHI YA (convariant) & F
Fisher {5 8 (74 R A PR W A9 AH BAE T, 31X
BLE Aoy R B H X PR AR 2 8] B A X 5

S BRI A AT AE R )
15 =4( <{H07H1}> -2 <H0> <H1>)

N
=2 Z Vijai[n-m — <0'7(f)><0'73>]<07(3)>~ (85)
ij=1
i#£]

TR, IR R R AELE (AF R
$a) FHEAE AU SEAT O TR RE SRR AR B
YEF SR FE R R R . L, &8 o =1, Vi,
R B R T TR (68) 2. RIS,
& SR EAE ISR BE T AZIARASL 0t M =y J8UAH
HAE R TTER S B S A O SRy SO A
FH R 1 H AR PRE

3) Ising B JE7~ T, % I <R AHEAEH]
HAMg 5 5 ATETT mAHE] (01 Ising), BIVi; =
Y(8jir1 +05i-1)/2F n-m=1. % JE & ¥ Fisher
R ERE S, f (82) UBURAERY . 7T 73 Y14l
AR Y
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()
1)

IT

N
W}sep ® (
=1

X, L) A A E o BIARIER; o B ANFA
TES AR EARXT ALl E T3, v DU AN
Gl 4% 5 b [ EE M (o)) By 8L e R s

13(a) i, AXEE t: 4 4RAH EAE SR /N T
HAMRFESHL e = 0.7302 15, AN [R5 H HE U [F]
BB B Y y < 1 B, A0 13(b) iR, &
F Fisher {5 Follvuer), B ~ N(1+ 272 +0(1)).
Yy KT e = 0.7302 I, RGE PR RET,
AN [l A S5 B e ST B AR R 1,0, 1,0, 1,0, -,
WE 13(a) iz, B 13 MR P, N = 20.
My HT, it F Fisher 15 BN Fol|vse), H] =
N(G +7+ 597), B 13(b) AT L ik 478
B, ﬁn%ﬁrﬂﬁ (83) —(85) K fri K1k,
AT E]E] 13(b) L ar L. WK, T Fisher
R LR A

N LN
SN+ +175 (87)

Folltsep), H] <

1}] 5 = . 100
Q)G'Y , 1 10-2 10 5
102
Sub-shot noise
% 101 4
S
100 .
(b)
10-2 10-1 100 10!

5

13 (a) 76 Tsing BB, -9 [ (o)) Bl 128 fb 1
#ls (b) Fo/N B~ 1 2R A0 B, LA K bR A et 1 BRI IR #iC
LIS A R A 30 B T I A R R A T T 2 S Y 3
F[84]. R A6 IR I Ay Y A W X B SOk [84)

Fig. 13. we show the (aﬁp) with respect to v; (b) Fo/N
with respect to the ~ and give the boundary between
standard quantum limit and sub-shot noise, which also
witnesses the useful entanglement in Ref. [84]. The gray
region denotes thesub-shot noiseregion. Adapted from Ref. [84].

13 K (87) kM E4BMEAEHT, i+
Fisher {5 B BEAH B AE RIS B (AR (L 2RO R, R
By > B EIEAER R, B2, 75T /E R H
W 22 5 2 40 0 AR, TEAE T 2 0 SCHER [84].
A% 5E (87) LA K CRB(15) AT L%3E, AHAE
R R A T AR R SRR A R R
(A9)Er ~ 1/(7°N).

4) LMG B )57~ 75— BRAE AL A,
(81) = AT T IS4 5 2 TR A7 A AH 45 1 E SRy
WA EAER, BV =, Fifn-m = 1. B85
S TEAZ Y BB G v 4 1 190171 3 SE AR A - 4
ﬁ [158—160] Eﬁ}EEQﬁ [113,161] u&i?rl‘iﬁﬁ [162]
A AT ZN . 5 Ising G A, X FAE
J=3 éﬁz“éﬁﬁ%%/*ﬁﬁiﬁ? v, ARSI A e fEAH
g B oWy = o (F 14(a)), i (82) Ak, WHE
i, REHYET Fisher {58 (82) A ATLIE Jy B4

F
WQ =(1—a?) +27a(1 — a?)

n 51+ 2(N —2)a? — (2N — 3)a*
7 2N — 1) ’

XFE, RGN E T Fisher {5 5

(88)

()

102
Sub-shot noise
i 10
e
100 (b) 3
10-2 101 100 10!

¥

14 (a) 16 LMG BRI P-4 (15 (o)) Bl 1925 1A
s (b) Fo/N W~ WG AL, LAK R M 45 B I B
LR T A R Y 320 ] B A ) R R e 2 S 1
Fi [84]. A SCHK [84]

Fig. 14. (a) We show the (cfr(,)) with respect to v in LMG
model; (b) Fq/N with respect to the 7 and give the
boundary between standard quantum limit and sub-shot
noise, which also witnesses the useful entanglement in Ref.

[84]. The gray region denotes the sub-shot noise region.
Adapted from Ref. [84].
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(BT RLAEA PR AR E). A kb T
PR/, BBy < L, RSB, 0 = 5 + O(5%).
M, & Fisher {5 8.0
E N —
e R AR e CO NI L)

Sk R B AR R BRI, 5> 1, 208
N —2

Iﬁ = . H‘

B, A a SN 3 [ligin
Fo ..N-1 [N-2 _, (N-1)
Q_9 .
N ~Yan—sVav—s T aon=g W

& 14(b) # szl (89) A (90) XA H K
i1 Fisher {5 8 5AE WA B 58 EE 4 )6 & . ik
i, RS ET Fisher {5 B WAEAE [ IR

F, N-1

& Sl+55 222N - ;ﬂz’
i Xt Fisher {5 8 (82) 20 45 301 43 51l 5 KA A5 31
W 14(b) he B IR, B, 5T IR
A E AR R TR0 & T, LMG B
W AT DL — 25 B AH 0 0 RS B, Ok
Fo ~ N2, Ml X Fh & F Fisher {5 B -5k F 5
BRI IE ZR T LA DX A3 AN (7] 220 - 2 4 A ) 2 4
o 84,

+ (91)

4 ETIHEFWRITT

MR E R TR, R R TR ED
IO 22—, e 2 MG HEWT (statistical
inference) H Y — N H B3 3. AU AN S BC7E N
st PR OR B AR AL, XSRS S
SRk 06 L g | 51 )RR AR
FEAEN e R AR A SRl T, MR R U TEA
SCRFIR A R (AR (R 3 Ay Fsf (DA 2B o v )
it IR FR A warm-function 41 1). X
2R IRE, RIARI S EA e D s AR rp o AR E
WA PR R B9 A 07 e — R AR O DLt S
(Bayesian) fliit, 75 —2FONHH (frequentist) 1&
fhiit el Fisher fliit, tgfr gk DAt 1
PARRAG 5 2 A BRI 1 S & s e R ], R,
ANE 785 T e R BOR R 45104 2 IR iy 45
W ARDLAG T BT AL 35 Y S A E A BEAIL AR Y A
B FE BT 55 A I3k 2 BLA [ HILARR PE 170) S 95 4
L A YU N OR SR 7/BLiN =gy )i S K
— PR 0 e A A B AL I 25 Mk S (noise). A

PSS AN A R ME S — o LS, 520
MR s 2RI AR R Y, B e Ed
VEBIANSEE 18 B, 20T LA ZE B F 00 Mish 2
OB, HEF T eE, EA R ik
iy [164],

4.1 SARIBMIT

1) AW AL RIS A A Tl T 24
0o A% B 2 [ 7 1) A 60 S 55 03], A 437 2 3 2o X6
fli1TF (estimator) Oes (1) FIGETTHFEIIRAG). Ak
Gt o AR o E ARG T 23k,
{7 B b 36 FH 32 53 A1 o B AR R AR I A S 85U AR
FAGTHE, BI Ocse (1) P AEABLIR RRESCAT AR A O AH 7 £
(n (105) 7R ). Wi, ARG EA Bt 5 A7 bifi
BLAHET. [  S EO 0, S5 AR 67
XoF 7 AN 0 PR L (%) Sk, PRt AH
PFHE s ) T REDIE 6o .

R & Ok g ml ST 3 d S N a e A i UES W2
Ao E B, A H 5 P B E (Best) pjo, = 2
Oest (1) P(11/60) FA77 22

(8%0est) g, = D (Best(12) = (Best) i) “P1l6o).

m

m

(92)
SHe 22 )k AN s R, HE v SRR G BT AT T B A
R i ATHY. P(ul6o) A4 ERFINSEU, #E1T
o UM ST I A A A PR 03 A R HE S R AR
KT, P(ulbo) =TI Pal6o) . JRy38 To M 22 A4t
TR 19 2 — S 7R 25 7 FRp il 0 B o 0 A0 s A2 TG
T 22 AT 2 A 7. eI, e 22 A6 3 451 R

daeSt N N7
(i = 00 A SO0y g 25

FAERTA 25 ISR AR X 8] AR Jay 48 TG e 22 Al
B, FATBERAT T w2 Al
Al T 19 45 SR 0T DL 3 HOF 445 22 (mean
square error, MSE)
MSE(Oes)jon = 3 (Ges (1) — 00) "P(1il6l0), ~ (93)

1
SEATAR 16, 3 (93) 2rh, AR RO 0 FEA
e, Wik, 5 (92) ki
MSE (Bes) (8 = (A%0es) pi0 + ((Best) i — 60)° - (94)
MR i, (92) 200 HA SCI0 Ry AT R
PE. 3 TF IR ZE R R S, (92) 3R (04) X J
S, (T (94) T ((Besd) o, — 00)° = 0, FTL
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A MSE (Oest) 10, = (A%6est) o, - WHLRVL, AEAT/NT
T 2 (A%0e) 0, B9 B fH , 9K 2 ¥y J5 22
MSE (Gest) 10, FIPAE. R Z, AN—E IEHA.
2) Barankin tFR. G HE 45 (92) =X
7 ZEAFAE— PR, #)h Barankin #i ff (167168
(4%0es) 15, > 2050

= sup {Z?:1 ai[<eest>u\9i - <ee;t>u|90]} ’
biain 3, [3251 ail(pl0i, 00)]” P(ul6o)
Hoh £(pl6;,0) = P(u|6:)/ P (ul0)FR K 14K 1 %
sup RN H SEITH N MERESESE a; € RUKSEL
DX IR] N AL 6, X (A%0cs:) o OB, AXEIED],
Teie Xt T 2 Yo S m iR R B AT LA E
) (X5 CRB 54 A[F, CRB 72655 i &Ik
5, 2B AR, BT (95) Kb 24
BH 2 H S5 AEDE, B SR ORI R,
HHEA A w2 WIS L. XTI 2 AT,
BRI (Best)uio, = 0: (Vi), W 48 Barankin Bound
(BB)(95) XEE N
(AQQW)M' 0 = A2

= {0 ailti - 9012}2 - (9%)
brain 3, [D25y ail(pl0i, 00)]” P(ul6o)
W RN, (96) X EMFFIEC. XF
(96) A ELAAHE AL SR A3 AT AR
AREENR, BRI SE 5L, W]
DEEE LN U Ny
(AQQest)Hwo > A*0pp > A%Opchrs
> A*0crrp > A%Ocrs, (97)
X B A%0cg & (9) A9 CRB. NS5 n = 2,
ay=lyag = —1, 0, =0y + X, 62 = 6y, (96) XL
H & Hammersley-Chapman-Robbins  #¢ R
(ChRB) A20cyrg 091700 . AT LUF“#%IER, CRB J2&i%
TEOL I — OFIRAE; IS8 n =3, a1 =1,
ar=A, az=—1, 0, =00+ X1, 03 =00+ )Ny, H
03 =6y, 15 F] extended Hammersley-Chapman-
Robbins #% R (A20pchrs )10, LA (97) X
R, BEAE S B PRGN, A BR R ™A ml s oK.
Ak, JF) I Barankin % B2 A4 2R 28 b A9 e K
R,

2

(95)

4.2 DGt
1) DU 5. DL k3 S A A R TS 4K

0o A B REHL L S IGET T A AOAR NS4 169,
HE DS e (Bayes-Laplace theorem):
XFTAT Y BEAILE 0 01 095 J2 19I5 HE R 53 A pRR
Plu,0), B4 P11.6) = P(ulf) P(9) = P(0lw)p(n) =
PO, ), Hi P(O)F P(u)j2& 1% 43 A (marginal
distribution), P(u|0)Fl P(0|u) /& 25 HE R . 1% &
PR PIASBELAL B 1M 0 TR A A rp U2 0 B
. IG5 A T LGB BRGEAE P (p, 0) X pEk o iy
v

FHIE AT UL, ARLSR BREL P (10|00 ) WE A E 25 5 17 I
Py s AT AR 00 T, A5 225 2R 1 A5 1R
oM ATeREL. R DL - e B, 1A — bl
HLAE & 0, 1% 3] J5 % HE % (posterior probability)

Frsltl) = 0 0

J S ABE R 53 A5 PRUEL Prose (0| 12) A2 75 1 T 10 1 450
Wt pZ J5, XF 0 = 60 B9 A5 3 A eRE. R N b
(98) U Y Pori(0) MY SCS0 R S3A1, S 10 =
Z R R AT AR AL 0 A A A AR B T R AR T
P(p)6) 52 S 50 0 5 K5 0 B A A fBL AR pR R
P(u|0o). 3% 53 A7 38 32 6 5 35 43 A R A — 1645
B, Ppa(p) = fab do P(6, ), AL a F1b 52 LT fo5 0
ARALAY 73 A X ]

o B4 I, 5 3 oA BRSO SE 070 A1 pR AR
AR H R AR R XA TS 8000 — TC P
B2 TEH A58 B e o A PR BT A & —1F
B, W2, I ER B H Bk
3R R ECEIAT, SR E S WSk [164). 1HE,
WA (98) R By J5 56 73 A R AL, 7T LUAI FH Hedk
ER AT 60 - OpL (1) = argmaxg Ppog(0]10).
SIS oA R A, I s R RUA AL T AR ],
LT L X 5 5 53 A R P (8 O () = [ 000
Prost (0| ) K ARAHA A

5 RAL O AN ], FHT D A O
20 LA B — A 6 T A I B B X )
(confidence interval) (76 M & I EAR KA, &5
T AL 5 )

(98)

b
(AZGBL(M))QWZ/ dappost(el,u)(a_eBL(,u))Q' (99)

(99) X4 W T AR R 45 RN pit, A
0L (1) = 0o 16 X 7] [a, b] |- A AT P2 BE 071, ) i
Bl (A%0se(n),), 3R T A E 0 (0) B9 53T
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Sl e

k% .
2) Ghosh # R . 1993 4, Ghosh!'™ JEH] (99)
KAAE N IR

(f (/’L’ a7b) — 1)2

A2 = , (100
Ga(1t) fb 0 1 (deost(9|M))2 ( )
¢ Poos(0]p) do
Hoh f(pu,a,b) = prost(b“‘) - aPpost(a‘N) — OpL(1)
( post(b‘,u) post(a|,Uz)) 'ﬁF?AT%KTiZﬁﬁLE’JHX

. (100) EFTR BRI 5 LA B RO
ISR T 2 1 dPpost (0]12)
SR Fisher 1”'“‘<fa 0 o )

K. 3 (100) BRI FTEESM A

dlog P(60
0 — OpL(1) :Au%,

Herp O, AN T AL 0, (E AT DA 0 o AHOC.
3) fUSR ¥ (Likelihood-Averaged)Ghosh %
FR. B (100) 2R A9 Ghosh M RS &1 A
5K, HARH, WIRXT (A2051 (1)), FHBUIR 53 A R AR
p(p|0o) K24, 5L AT LIAS B — A~ 5 AE 1 TE G
PBR, AR T4 Ghosh 1R

(A%08L) , 914, = > (42 B (1)) o1,, P(1160)

(101)

b 2
— Z/ do P (6, p|60) (6 — Opr(p))"
g (102)

N PO, pl6o) = Brost(0]1) P(ulbo), T LA,
(99) AL AT IA Ay 2 xF DLt 1 22 -3 (E. 254
Hi, X (100) 2RISR 73 A pRECR 34, 3R] LUAS
2 (99) KPR 4
(f (u,a,0) = 1)

1 (aPpost(9|/’L))2
Brost(0]11) 90

A?0,68 =
aGB Z b
wo [do

P(ulbo).

(103)

4.3 HEWIE

1) FRAUSR A R L. T TR S B 73 12
FASE R FRRINEE 25 51 (51) ULRA AT PR A0 4%
FhEEi i R, % 18 N 719 GHZ 21487, |GHZ) =
(J0yEN + |1)ON) /2 AERFIA, FXTHGETT (68)
AR 0 BEESIERAE. ST EEIARN 0, X5
FRYE (1= (=1)No, Ny ATE|0) LR F50) it
HAh Tl MR o = 1 SRR S (51) X
gy BRI, 2ok o UM ST I R T A5 F A AL SR B

¥k
P(ulfo) = HP 4100)

- <1 +°0;(N9o)>m+ <1 - co;(N90)>m— |

(104)
Horfrmy N B 25 RN 11 B, WA om =
my +m_. 75 N AEERLR T, KeE B
WN =2, 0y =n/4A00HEN.

2) I KRR RAL T 5 T 224k 1. FERK
ISR A b, ARALAL T UK R R (104) HR
WAL, B

OwiLe (1) = argmax{P(u/fo)}-

H R B 3 (41660781 TERRFRATT, it 2 A 3

SRR m 3G, S RN IR T 1 3 6 A 4
INGE vk

(105)

W(GO—GMLE)Z

mF (90) o
21
(m> 1). (106)

(106) 2016 BH Onpe (1) 1O BE T Y8 R 157 D0 AH
7 00, HJ7 22 M Fisher 17 B EIEHE. 45 Rl
B 00 = n/4, FIHZER R Y Irikika4% (104) Xr
TN RARSR A5 A P 2 s . B KAMUSR A T

P(Omig|bo) =

—m_

{E 3 Oppee (1) = % arccos(m )%’5515“ EEIZ
+
[ {8 ) Fisher {5 8.8 F(6) = '? W AHAL 6o

T, F 15(a) B T R (<9MLE>MO — o) (5% 0
[58] A5) it 2ok <7 0 R B m YA AE S B, iR 2
(LML) H £A0crs 25 1. 2 m R AB RIS, (106)
A AHHEE T B ARG HERTTA. [RIHE 15(b)
FW], A m 093G, B R USRETHT, B T
TetmZEfit, B d(Gest) ujo, /d0lo=0, = 1.

3) DU SR R 5 AR AR R AE AR A
SE BB AR, 2 BRI 00 W6 2 4R St
9 easin(20)® _ 1
me/2[y(a/2) — 1
Hod Io(a) 5 — B IE 1Y DL ZE/R sREI. 24 (107)
BRI, S50 PR BT LR X 6o BIANTR] 1
ERFRERE . MSERTCA (o = —100) BN AEH 453 1
(a=10), WL l’é‘l 16 T/ ML XY 60 FAl T
KH T OpL(p f d0 0 Ppost(0lp). Bl 16 th5 T

Poi(0) = (107)
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(OMLE) pjog— 6o

A 15

1.0
0.8 1
0.6
0.4 1
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—0.2 A
—0.4
—0.6
—0.8 A

(2)

—-1.0
0

15 20 25 30 35 40 45 50
m
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2.5

o
o
1

fuy
ot
L

mF(00) (A20MLE) ujog

1.0 T T T T
15 20
m

| T =T
25 30 35

(b)

40 45 50

(a) doe KALOR Al T i 22 (%% €0 I i) BB 2 S7 O e R B o 9 AR B, R 220 (ABMLE) ujey; 4L 0 IO £ A0crs =

+|d(OMLE) 1|0 /d001//MF (80) ; (b) mF(00)(A20MLE) ujo, (55 -LELIE) B m 12 fb. 21 (S22 (d(OMLE) 10, /d00)2 . FEIHR B 3C

ik [164]

Fig. 15. (a) Bias <0MLE>M|90

— 0o (green dots) as function of m with error bars (AfmLg) ul6o- The red lines are +Afcrp =

+|d(OMLE) 1110y /d00]/+/mF (80) ; (b) variance of the maximum likelihood estimator multiplied by the Fisher information,
mF(Go)(AQOMLE)MgO (red circles), as a function of the sample size m . It is compared to the bias (d(OMLE) |0, /d0p)? (red line).
We recall that 6p = w/4 and F(6p) = 4 here. Adapted from Ref. [164].
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Fig. 16. Comparisons of phase estimation variance as a function of the sample size for Bayesian and frequentist data analysis under
different prior distributions: (a) a = —100; (b) a = —10; (¢) a=1; (d) a=10. In all figures, Red circles (frequentist) are
m(A20pL) |6, the red dashed line is the CRB. mA20crg , Eq. (124). Blue circles (Bayesian) are m(A20gL),, 9|9, the blue solid
line is the likelihood-averaged Ghosh bound mAZ26,65 , Eq. (103). The inset in each panel is ppi(6) . Adapted from Ref. [164].
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Abstract

Quantum metrology is one of the hot topics in ultra-cold atoms physics. It is now well established that

with the help of entanglement, the measurement sensitivity can be greatly improved with respect to the current

generation of interferometers that are using classical sources of particles. Recently, Quantum Fisher information

plays an important role in this field. In this paper, a brief introduction on Quantum metrology is presented

highlighting the role of the Quantum Fisher information. And then a brief review on the recent developments

for i) criteria of multi-particle entanglement and its experimental generation; ii) linear and non-linear atomic

interferometers; iii) the effective statistical methods for the analysis of the experimental data.
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Fig. 1. The induced effective dipole moments of the first

two rotational states versus the electric field (*Na*Rb).
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Fig. 2. Dipole-dipole interaction between polar molecules in
an external electric field.
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Fig. 4. Creation of »Na’’Rb Feshbach molecule via magnetoassociation: (a) The magnetic field sequence; (b) absorption images of

2Na and ¥Rb with and without dissociation procedurel52.
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Fig. 7. (a) Na¥Rb molecule potential energy curves and the two-photonRaman process forpopulation transfer, X13+and o33+
are the lowest singlet and triplet state respectively; (b) high resolution one-photon spectrum of the transition from the Feshbach
state to the intermediate level (singlet and triplet mixed vibrational levels of A1+ and b311), which hyperfine structure can be
resolved; (c¢) two-photon spectroscopy of the 2Na%Rb vibrational ground state with two rotational states resolved.
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Fig. 11. (a) The calculated hyperfine Zeeman structures of
the lowest rovibrational level of NaRb molecule at 340

Na b

Gauss, m)® and m&® are nuclear spin projection of **Na

and *"Rb respectively; (b) two-photon spectrum obtained by
dark resonance spectroscopy with six of the 16 hyperfine
levels fully resolved?.
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Fig. 12. (a) »Na®Rb molecule rotational states with J = 0,
1 consist of different nuclear spin components; (b) coherent
manipulation with microwave pulses shows the observed

Rabi oscillations for the three microwave transitions in (a)?.
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Fig. 13. Schematic energy-level diagram for chemical reactivity of (a) *K*Rb molecules and (b) Na’"Rb molecules. The schematic

reaction coordinates for the “K8"Rb + “K®Rb — %K, + $"Rb, process is exothermic and thus allowed. But the same process is

endothermic for Na*"Rb and thus forbidden. For Na*Rb in the first excited rovibrational level (v = 1, J = 0), the same reaction

is already exothermic and thus allowed.
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Fig. 14. Inelastic collisions of fermionic “K*®Rb molecules in the rovibronic ground state: (a) Sample data shows the time

dependence of the molecule number density, the solid line is the fit based on a two-body decay model; (b) loss rate coefficient versus

temperaturel®.
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Fig. 15. Universal model of the ultracold molecule reactivity: (a) Identical fermionic molecules react via p-wave scattering and the

rate of chemical reactions is determined by the p-wave angular momentum barrier; (b) non-identical fermionic molecules and

identical bosonic molecules react via s-wave scattering.
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Fig. 16. Inelastic

reactivities of »Na®"Rb molecules. Time evolutions of (a)

collisions  with  different chemical
molecule numbers and (b) temperatures for both
nonreactive (v = 0, J = 0)(filled circles) and reactive (v =
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blue dashed and redsolid curves are fitting resultsofmolecule
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dN (1) _ AN(t)2
dt T(t)?
dT'(t) BAN(t) 1
dt 4 T(t)l/r ()

JEof A = (mao /)y — A~ H AL L A
T LABERER IO RRY, @ A5 TEBE i = A

043301-12


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. 68, No. 4 (2019) 043301

J7 a3 AR R LA 34 & 16 Hh s ph 2t 2
(9) 2X[EEXT N AT T RfRsa] i AL S S A5 2 Y.

AT B UEA oAb ROV LT 2NasRb 70+
P HAFE S A X, AL 2Na¥Rb 7+ 19 b2 I
NG PE A AR )RR, RAT HAb A S i ad . 4]
fn, anEl 13(b) B, 4 2Na®Rb 43 ¥ # il £ 5
v= 1K, ZNa¥Rb + %Na®"Rb 5EHEH 2Na, +
STRby Z /N 108 cm!, A X #Na*"Rb (v = 1) +
BNa¥Rb (v = 1) — ®Nay, (v = 0) + "Rby(v =
0) RSN, AT LA & AR 2= FE S v il &
v =175/ BNa®Rb 731 1] LA LA B Hi it i
7 dump JERYARIF R S,

& 16 Hr b A T M A Ak A B I PR A TR Y
BNaSRb 43FFE i WA B FREE BER R Ak, ik
NPV, AR AR BEOL T, 40 F 1
FAFEFIN LB AR S X 0. K] 17 J2& th L FE )
BN pAFE R OC R, ] LI 2 M i
LR, BRI B A3 s/, X FTEL 14(b) h
IREEOKSRD 73 H Y s- U Rl AR AN —FF.

TEM IR T, — e AR i IR B % 7E
Wigner X, Bl 8 oc T, X} s, 1 =0, T 8L
SRR TE 14(b) , FEEEE B2 {L, “KSRDb 43F
(1) s-UE PR FE R FEALRFEAAS | X2 F1 Wigner [X

6 ———
O Experiment (v=0)
51 B Experiment (v=1) A
"m...\.. == Theory (v=0)
T4 S = === Theory (v=1) B
o . -
é 1 //
= 3t ! -
7 I P
= —t—
Z 1
= I
I
I
I
2r 1
I
I
s PR | s | |
102 10° 10

Temperature/nK

B 17 %R E v=0MELERN (v=1)M
BNa¥Rb 4> TTEGBF PRI BUAE R E B B HRE LR,
P o ity 2 i 2 Oh i T IS A T A A 2R TE AL RE
B BN, AT AR B HRE I 3B OB D 1A 52 S ) (four-body
complex)(6®]

Fig. 17. Temperature dependence of B for chemical stable
(v = 0) and chemical reactivity state (v = 1) of ®»Na¥Rb
molecules. Theoretical curve based on the CC calculation
are also shown. Four-atom collision complex formation is
one of the possible mechanism of molecule loss for non-

reactive molecules(®l,

WA, MR 17 B85 R 320 2Nas"Rb 43F 1)
i AN TE Wigner X, X F X 5l 2 i T S8 AE 45
TR KBREHEE Gy FEZE R FIEaiied
BTN, SO N s o B0 Ul Bt
KA. T BNa®Rb 70 1 B9 K A B ARE o HE
WKSRb 43 F KR £, 5 B »Na¥Rb 4+ [A] 1Y
Cs HEAKSRb K— A 9. AR HE, 2Nas"Rb 41
?Zl‘ﬁlﬁﬂlﬁﬂb )RR B (7 FL BT B ) g =
(”;_gﬁ> "3 B 7200, T HAE g B B = hig H
A3 uK, T E; AREEZEAZ, ANGEl £ Wigner
XHU A0, A 2B BIE 17 g R

Bl 17 B2 RIa R W, WA 1 2% RO i 3 []
FA)lf 42 3 A 55 T 1) O R R Ak SO )4 L
SCARHE T . FEAH G Iy A — L SC I v G B8
Innsbruck F13% E Durham 57 21 /) S"Rb'33Cs 5%
5, LA MIT 4 2NaK S256 ARS8 B A
27 BB A B VAR PR - oA AL R, 31X 5 |
T AR, BRSO B L T, AL T
7 X A RS 247 AT, BT
VUS540 F- S RE il T ARG B 1T AR AR PRI, R e X
T — ) A AT R 2 2R

XX — ), BT B A T il R e A 2
M JE B U K 2 & 9 (four-body complex) 5| 2
Y 109751 XUl 43— A il 4 7 2 R 0 B 31 DU A i
F, HTRSEMAMERZ, R ENZE /AT
YEHRT 2B 24t Fag i, i H i TR R
K, Fagthm T RESEHR K, —BARER
MR FIRFEAE TR, HAE % (density
of states) ffiif. 7EXUF 4> F WU, W70
A BRI T, W BB AR 24X S A U A
SR, ZEXFMEOT, A TS AR KRR

AW TR TSR BRI X AR S A
B, ENTRIE U R B 2 7 AR, 8 17
v =07 TIFERY S Hh 28, Bl 2E T X AR,
TR, e B A SR o S —
FERY.

F A4 S 36 K0 A — BERURAT S 1Y, (H 5250
B EAREN R A E S REATE S, XE
BB T — B SR RN T Be R BR . O T
U i [T 2 A2 A RS OBV 0 T RO TR D, e B
W53 ¥ WA R I ELEE ) 1T, H R B AL ]

043301-13


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. 68, No. 4 (2019) 043301

SRS B HAGXFIRE ST, filt, Harvard K27 Ni ifF5%
20 (9800 ) G ER B BT e )i 1 84~ 43F, 4
X — S ] U BRI PA73F, IR REFESR 7K
S A1) BRI, A PT BE A AR R — (] AL
RUFHIEZR.

5 REL5RZ

PRV AR A3 1) 1 A — AR A PR 1 T
1, &b B il 20 %507, I LA TG TR
25, Hin, MHBAR R T4 AHEA, JLF R4
J& XU T4 F, 46 9% OK 4 T OKSTRbIOST A
23Na40K[48,49] , u &ﬁfi@ﬁ% 87Rb133cs[46, 47, 51] ;Fn
BNaSRbP, #5284 D) Hh il 25 A9 5 i At
U 23Nal3Cs(™ LK B 25 (1) i £t Ak R AR .
ARSI F I B A0, FEE RO A, ik
ERAT IR 4 NHE H , Bl — 2o R R Y
fif Tk, FHAR t XA TR AT I TAR PR T LLtE A7 2%
KEH, LA < 1 uK R IRIE. 7 TE0E%
Hx —F AR T AR FARZ 09401, 4 2017 4,
Harvard K2#AIMF A E LI ER T X LR T
Gy FHIEOCR AN B2, BT LATRUL, 4 F ELREROCR A
WK KK & BRI 2 T I F IR 4.

AR HBE 43 F e EEF IR TR %
I FERBRIER T 2Ry BIA R h N, R
B FREMA R B TR IE. BAR JILA M 4le
AR T KRDb 43 15 I 5 2O (R 5T [l ik
25 RS HIRATAE , AL 7 v 75 nT LA FH 21 HA,
SRR TFEIS L. BRiER, 4010
FHEAE R Z R B i e T el AR 4, 5
AL SERGE S AR R BRI, AR — 2 0 oy
TIZE RV AR IR AME, PRI — 25 (5T 35
N7 122 4B 7 AR RE B SOV AL L 831, R 1) 5 R
2, X EEIAEHLER AT 5T Rk SN A LB A IR
ZIRR M. AEBRRE T, BT T imiE S aeiE
AN BEO LA AT, A2 RO 1 RE
AT LA RN FE o BB, PR Fi it 254 T 4314
FEMLE DI A B2 R s A MER. IR E &Y
TE BT A 53T () ARE DB 1T BE AN ] kA
(), A T AR AR AT I RE &, v LRI — 2877 i X
PARESEAT e P I T R T 3
5 Tl i AN D DL i o e R N R )
PR AR R AE . X P JT L E 2 7E YKSRb 43T

AR E] T BRIk 580,

AN TRI L B PR AR P 4 7 Aty T 1) oz ] 4 ]
GELE, — i E LU A AR ik
THLF AR (eEDM) B9 . JEFE ) eEDM
WhBR T ISR S EDN FRTE (T-violation), M3
i S H fp SEHE M FRG FRPE (CP-violation),
R ERMERBZ AP HEH Y ENE. BT
eEDM JEH /N, BRI DB AR BBl 2R K
Y 37 DA BG5S BURE AR AR R B M 53 ) A R H
T LR BEL A GV /em, HTHERIE & RS
£ eEDM. 7F Harvard K2%fl Yale K=& 1E 1Y
ACME 3t H v, i FH 2% vh SRV 20 HO R 153 3] 1Y
ThO 73 ¥, B4 " LI 5t E eEDM /N T 1.1 x
102 e-cmP. HEJ, C2A IS TAERE H B FIH
TR EE AR 43, anmEoEe i o+, v LA —
S eEDM MAE, AT TFJ2 75 A 8 B A
RU BT N 25

S, BRI — ST B 5E 7 1], B
B FRHAFARM B, AT S SR AR
HNEER A FHm SRR Z. BREHRIC S
FI PR il T — ek B TAE, (Al U2
BT I3 T8 1 AR/ N—ER 53, PRIHGX — 7 )RSk ik
JE KA .

S 30k

[1] Bloch I, Dalibard J, Zwerger W 2008 Rev. Mod. Phys. 80 885
[2] Gross C, Bloch I 2017 Science 357 995
[3] Chin C, Grimm R, Julienne P, Tiesinga E 2010 Rev. Mod.
Phys. 82 1225
[4] Bohn J, Rey A, Ye J 2017 Science 357 1002
[5] Baranov M, Dalmonte M, Pupillo G, Zoller P 2012 Chem.
Rev. 112 5012
[6] Moses S, Covey J, Miecnikowski M, Jin D, Ye J 2017 Nat.
Phys. 13 13
[7] DeMille D 2002 Phys. Rev. Lett. 88 067901
[8] Lahaye T, Menotti C, Santos L, Lewenstein M, Pfau T 2009
Rep. Prog. Phys. 72 126401
[9] Trefzger C, Menotti C, Capogrosso-Sansone B, Lewenstein M
2011 J. Phys. B 44 193001
[10] André A, DeMille D, Doyle J, Lukin M, Maxwell S, Rabl P,
Schoelkopf R, Zoller P 2006 Nat. Phys. 2 636
[11] Carr L, DeMille D, Krems R, Ye J 2009 New J. Phys. 11
055049
[12] Griesmaier A, Werner J, Hensler S, Stuhler J, Pfau T 2005
Phys. Rev. Lett. 94 160401
[13] Aikawa K, Frisch A, Mark M, Baier S, Rietzler A, Grimm R,
Ferlaino F 2012 Phys. Rev. Lett. 108 210401
[14] Lu M, Burdick N, Youn S, Lev B 2011 Phys. Rev. Lett. 107
190401
[15] Ni K, Ospelkaus S, Wang D, Quéméner G, Neyenhuis B,

043301-14


http://dx.doi.org/10.1103/RevModPhys.80.885
http://dx.doi.org/10.1103/RevModPhys.80.885
http://dx.doi.org/10.1103/RevModPhys.80.885
http://dx.doi.org/10.1103/RevModPhys.80.885
http://dx.doi.org/10.1103/RevModPhys.80.885
http://dx.doi.org/10.1126/science.aal3837
http://dx.doi.org/10.1126/science.aal3837
http://dx.doi.org/10.1126/science.aal3837
http://dx.doi.org/10.1126/science.aal3837
http://dx.doi.org/10.1126/science.aal3837
http://dx.doi.org/10.1103/RevModPhys.82.1225
http://dx.doi.org/10.1103/RevModPhys.82.1225
http://dx.doi.org/10.1103/RevModPhys.82.1225
http://dx.doi.org/10.1103/RevModPhys.82.1225
http://dx.doi.org/10.1103/RevModPhys.82.1225
http://dx.doi.org/10.1126/science.aam6299
http://dx.doi.org/10.1126/science.aam6299
http://dx.doi.org/10.1126/science.aam6299
http://dx.doi.org/10.1126/science.aam6299
http://dx.doi.org/10.1126/science.aam6299
http://dx.doi.org/10.1021/cr2003568
http://dx.doi.org/10.1021/cr2003568
http://dx.doi.org/10.1021/cr2003568
http://dx.doi.org/10.1021/cr2003568
http://dx.doi.org/10.1021/cr2003568
http://dx.doi.org/10.1103/PhysRevLett.88.067901
http://dx.doi.org/10.1103/PhysRevLett.88.067901
http://dx.doi.org/10.1103/PhysRevLett.88.067901
http://dx.doi.org/10.1103/PhysRevLett.88.067901
http://dx.doi.org/10.1103/PhysRevLett.88.067901
http://dx.doi.org/10.1088/0034-4885/72/12/126401
http://dx.doi.org/10.1088/0034-4885/72/12/126401
http://dx.doi.org/10.1088/0034-4885/72/12/126401
http://dx.doi.org/10.1088/0034-4885/72/12/126401
http://dx.doi.org/10.1088/0953-4075/44/19/193001
http://dx.doi.org/10.1088/0953-4075/44/19/193001
http://dx.doi.org/10.1088/0953-4075/44/19/193001
http://dx.doi.org/10.1088/0953-4075/44/19/193001
http://dx.doi.org/10.1088/0953-4075/44/19/193001
http://dx.doi.org/10.1038/nphys386
http://dx.doi.org/10.1038/nphys386
http://dx.doi.org/10.1038/nphys386
http://dx.doi.org/10.1038/nphys386
http://dx.doi.org/10.1038/nphys386
http://dx.doi.org/10.1088/1367-2630/11/5/055049
http://dx.doi.org/10.1088/1367-2630/11/5/055049
http://dx.doi.org/10.1088/1367-2630/11/5/055049
http://dx.doi.org/10.1088/1367-2630/11/5/055049
http://dx.doi.org/10.1103/PhysRevLett.94.160401
http://dx.doi.org/10.1103/PhysRevLett.94.160401
http://dx.doi.org/10.1103/PhysRevLett.94.160401
http://dx.doi.org/10.1103/PhysRevLett.94.160401
http://dx.doi.org/10.1103/PhysRevLett.108.210401
http://dx.doi.org/10.1103/PhysRevLett.108.210401
http://dx.doi.org/10.1103/PhysRevLett.108.210401
http://dx.doi.org/10.1103/PhysRevLett.108.210401
http://dx.doi.org/10.1103/PhysRevLett.108.210401
http://dx.doi.org/10.1103/PhysRevLett.107.190401
http://dx.doi.org/10.1103/PhysRevLett.107.190401
http://dx.doi.org/10.1103/PhysRevLett.107.190401
http://dx.doi.org/10.1103/PhysRevLett.107.190401
http://dx.doi.org/10.1103/RevModPhys.80.885
http://dx.doi.org/10.1103/RevModPhys.80.885
http://dx.doi.org/10.1103/RevModPhys.80.885
http://dx.doi.org/10.1103/RevModPhys.80.885
http://dx.doi.org/10.1103/RevModPhys.80.885
http://dx.doi.org/10.1126/science.aal3837
http://dx.doi.org/10.1126/science.aal3837
http://dx.doi.org/10.1126/science.aal3837
http://dx.doi.org/10.1126/science.aal3837
http://dx.doi.org/10.1126/science.aal3837
http://dx.doi.org/10.1103/RevModPhys.82.1225
http://dx.doi.org/10.1103/RevModPhys.82.1225
http://dx.doi.org/10.1103/RevModPhys.82.1225
http://dx.doi.org/10.1103/RevModPhys.82.1225
http://dx.doi.org/10.1103/RevModPhys.82.1225
http://dx.doi.org/10.1126/science.aam6299
http://dx.doi.org/10.1126/science.aam6299
http://dx.doi.org/10.1126/science.aam6299
http://dx.doi.org/10.1126/science.aam6299
http://dx.doi.org/10.1126/science.aam6299
http://dx.doi.org/10.1021/cr2003568
http://dx.doi.org/10.1021/cr2003568
http://dx.doi.org/10.1021/cr2003568
http://dx.doi.org/10.1021/cr2003568
http://dx.doi.org/10.1021/cr2003568
http://dx.doi.org/10.1103/PhysRevLett.88.067901
http://dx.doi.org/10.1103/PhysRevLett.88.067901
http://dx.doi.org/10.1103/PhysRevLett.88.067901
http://dx.doi.org/10.1103/PhysRevLett.88.067901
http://dx.doi.org/10.1103/PhysRevLett.88.067901
http://dx.doi.org/10.1088/0034-4885/72/12/126401
http://dx.doi.org/10.1088/0034-4885/72/12/126401
http://dx.doi.org/10.1088/0034-4885/72/12/126401
http://dx.doi.org/10.1088/0034-4885/72/12/126401
http://dx.doi.org/10.1088/0953-4075/44/19/193001
http://dx.doi.org/10.1088/0953-4075/44/19/193001
http://dx.doi.org/10.1088/0953-4075/44/19/193001
http://dx.doi.org/10.1088/0953-4075/44/19/193001
http://dx.doi.org/10.1088/0953-4075/44/19/193001
http://dx.doi.org/10.1038/nphys386
http://dx.doi.org/10.1038/nphys386
http://dx.doi.org/10.1038/nphys386
http://dx.doi.org/10.1038/nphys386
http://dx.doi.org/10.1038/nphys386
http://dx.doi.org/10.1088/1367-2630/11/5/055049
http://dx.doi.org/10.1088/1367-2630/11/5/055049
http://dx.doi.org/10.1088/1367-2630/11/5/055049
http://dx.doi.org/10.1088/1367-2630/11/5/055049
http://dx.doi.org/10.1103/PhysRevLett.94.160401
http://dx.doi.org/10.1103/PhysRevLett.94.160401
http://dx.doi.org/10.1103/PhysRevLett.94.160401
http://dx.doi.org/10.1103/PhysRevLett.94.160401
http://dx.doi.org/10.1103/PhysRevLett.108.210401
http://dx.doi.org/10.1103/PhysRevLett.108.210401
http://dx.doi.org/10.1103/PhysRevLett.108.210401
http://dx.doi.org/10.1103/PhysRevLett.108.210401
http://dx.doi.org/10.1103/PhysRevLett.108.210401
http://dx.doi.org/10.1103/PhysRevLett.107.190401
http://dx.doi.org/10.1103/PhysRevLett.107.190401
http://dx.doi.org/10.1103/PhysRevLett.107.190401
http://dx.doi.org/10.1103/PhysRevLett.107.190401
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

Y B ¥ R Acta Phys. Sin.

Vol. 68, No. 4 (2019) 043301

(28]

29]

(30]

ja1]
j42]
143]
ja4]

(45]

[46]

Miranda M, Bohn J, Ye J 2010 Nature 464 1324

Yi S, Li T, Sun C 2007 Phys. Rev. Lett. 98 260405

Gorshkov A, Manmana S, Chen G, Ye J, Demler E, Lukin
M, Rey A 2011 Phys. Rev. Lett. 107 115301

Yao N, Gorshkov A, Laumann C, Liauchli A, Ye J, Lukin M
2013 Phys. Rev. Lett. 110 185302

Manmana S, Stoudenmire E, Hazzard K, Rey A, Gorshkov A
2013 Phys. Rev. B 87 081106

Shuman E, Barry J, DeMille D 2010 Nature 467 820
Hummon M, Yeo M, Stuhl B, Collopy A, Xia Y, Ye J 2013
Phys. Rev. Lett. 110 143001

Norrgard E, McCarron D, Steinecker M, Tarbutt M, DeMille
D 2016 Phys. Rev. Lett. 116 063004

Anderegg L, Augenbraun B, Bao Y, Burchesky S, Cheuk L,
Ketterle W, Doyle J 2018 Nat. Phys. 14 890

Collopy A, Ding S, Wu Y, Finneran I, Anderegg L,
Augenbraun B, Doyle J, Ye J 2018 Phys. Rev. Lett. 121
213201

Kohler T, Géral K, Julienne P 2006 Rev. Mod. Phys. 78 1311
Marco L, Valtolina G, Matsuda K, Tobias W, Covey J, Ye J
2019 Science aau 7230

Aikawa K, Akamatsu D, Hayashi M, Oasa K, Kobayashi J,
Naidon P, Kishimoto T, Ueda M, Inouye S 2010 Phys. Rev.
Lett. 105 203001

Takekoshi T, Debatin M, Rameshan R, Ferlaino F, Grimm
R, Négerl H, Sueur C, Hutson J, Julienne P, Kotochigova S,
Tiemann E 2012 Phys. Rev. A 85 032506

Weinstein J, de Carvalho R, Guillet T, Friedrich B, Doyle J
1998 Nature 395 148

Maxwell S, Brahms N, de Carvalho R, Glenn D, Helton J,
Nguyen S, Patterson D, Petricka J, DeMille D, Doyle J 2005
Phys. Rev. Lett. 95 173201

Xu L, Yin Y, Wei B, Xia Y, Yin J 2016 Phys. Rev. A 93
013408

Chen T, Bu W, Yan B 2017 Phys. Rev. A 96 053401

Bethlem H, Berden G, Meijer G 1999 Phys. Rev. Lett. 83
1558

Sawyer B, Stuhl B, Wang D, Yeo M, Ye J 2008 Phys. Rev.
Lett. 101 203203

Xia Y, Yin Y, Chen H, Deng L, Yin J 2008 Phys. Rev. Lett.
100 043003

Yin Y, Xu S, Xia M, Xia Y, Yin J 2018 Phys. Rev. A 97
043403

Huang Y, Xu S, Yang X 2016 J. Phys. B: At. Mol. Opt.
Phys. 49 135101

Rosa M 2004 Eur. Phys. J. D 31 395

Stuhl B, Sawyer B, Wang D, Ye J 2008 Phys. Rev. Lett. 101
243002

Williams H, Caldwell L, Fitch N, Truppe S, Rodewald J,
Hinds E, Sauer B, Tarbutt M 2018 Phys. Rev. Lett. 120
163201

Cheuk L, Anderegg L, Augenbraun B, Bao Y, Burchesky S,
Ketterle W, Doyle J 2018 Phys. Rev. Lett. 121 083201

Jones K, Tiesinga E, Lett P, Julienne P 2006 Rev. Mod.
Phys. 78 483

Liu W, Wu J, Ma J, Li P, Sovkov V, Xiao L, Jia S 2016
Phys. Rev. A 94 032518

Wu J, Liu W, Wang X, Ma J, Li D, Sovkov V, Xiao L, Jia S
2018 J. Chem. Phys. 148 174304

Ni K, Ospelkaus S, Miranda M, Péer A, Neyenhuis B, Zirbel
J, Kotochigova S, Julienne P, Jin D, Ye J 2008 Science 322
231

Takekoshi T, Reichsollner L, Schindewolf A, Hutson J, Sueur

[47]
(48]
(49]

[50]

[51]
[52]
[53]
[54]
[55]
[56]
[57]

[58]

[59]
[60]
[61]
[62]

(63]

[64]
[65]
[66]

[67]

[68]
[69]
[70]
[71]
[72]
[73]

[74]
[75]

[76]
[77]
(78]

043301-15

C, Dulieu O, Ferlaino F, Grimm R, Nédgerl H 2014 Phys.
Rev. Lett. 113 205301

Molony P, Gregory P, Ji Z, Lu B, Koppinger M, Sueur C,
Blackley C, Hutson J, Cornish S 2014 Phys. Rev. Lett. 113
255301

Park J, Will S, Zwierlein M 2015 Phys. Rev. Lett. 114 205302
SeeBelberg F, Luo X, Li M, Bause R, Kotochigova S, Bloch I,
Gohle C 2018 Phys. Rev. Lett. 121 253401

Guo M, Zhu B, Lu B, Ye X, Wang F, Vexiau R, Bouloufa-
Maafa N, Quéméner G, Dulieu O, Wang D 2016 Phys. Rev.
Lett. 116 205303

Yang H, Zhang D, Liu L, Liu Y, Nan J, Zhao B, Pan J 2019
Science 363 261

Wang F, He X, Li X, Zhu B, Chen J, Wang D 2015 New J.
Phys. 17 035003

Wang F, Xiong D, Li X, Wang D, Tiemann E 2013 Phys.
Rev. A 87 050702

Guo M, Vexiau R, Zhu B, Lu B, Bouloufa-Maafa N, Dulieu
O, Wang D 2017 Phys. Rev. A 96 052505

Aikawa K, Akamatsu D, Kobayashi J, Ueda M, Kishimoto
T, Inouye S 2009 New J. Phys. 11 055035

Aikawa K, Kobayashi J, Oasa K, Kishimoto T, Ueda M,
Inouye S 2011 Opt. Express 19 14479

Gregory P, Molony P, Képpinger M, Kumar A, Ji Z, Lu B,
Marchant A, Cornish S 2015 New J. Phys. 17 055006

Vexiau R, Borsalino D, Lepers M, Orban A, Aymar M,
Dulieu O, Bouloufa-Maafa N 2017 Int. Rev. Phys. Chem. 36
709

Guo M, Ye X, He J, Quéméner G, Wang D 2018 Phys. Rev.
A 97 020501

Lepers M, Vexiau R, Aymar M, Bouloufa-Maafa N, Dulieu O
2013 Phys. Rev. A 88 032709

Zuchowski P, Kosicki M, Kodrycka M, Soldén P 2013 Phys.
Rev. A 87 022706

Byrd Jr J, Coté R 2010 Phys. Rev. A 82 010502

Ospelkaus S, Ni K, Wang D, Miranda M, Neyenhuis B,
Quéméner G, Julienne P, Bohn J, Jin D, Ye J 2010 Science
327 853

Krems R 2008 Phys. Chem. Chem. Phys. 10 4079

Quéméner G, Bohn J 2010 Phys. Rev. A 81 022702
Quéméner G, Bohn J, Petrov A, Kotochigova S 2011 Phys.
Rev. A 84 062703

Jones K, Maleki S, Bize S, Lett P, Williams C, Richling H,
Knockel H, Tiemann E, Wang H, Gould P, Stwalley W 1996
Phys. Rev. A 54 R1006

Ye X, Guo M, Gonzélez-Martinez M, Quéméner G, Wang D
2018 Sci. Adv. 4 eaaq0083

Guo M, Ye X, He J, Gonzilez-Martinez M, Vexiau R, G
Quémeéner, Wang D 2018 Phys. Rev. X 8 041044

Soding J, Guéry-Odelin D, Desbiolles P, Ferrari G, Dalibard
J 1998 Phys. Rev. Lett. 80 1869

Weber T, Herbig J, Mark M, Niigerl H, Grimm R 2003 Phys.
Rev. Lett. 91 123201

Seto J, Roy R, Verges J, Amiot C 2000 J. Chem. Phys. 113
3067

Pashov A, Docenko O, Tamanis M, Ferber R, Knockel H,
Tiemann E 2005 Phys. Rev. A 72 062505

Zuchowski P, Hutson J 2010 Phys. Rev. A 81 060703

Mayle M, Quéméner G, Ruzic B, Bohn J 2013 Phys. Rev. A
87 012709

Gao B 2010 Phys. Rev. Lett. 105 263203

Idziaszek Z, Julienne P 2010 Phys. Rev. Lett. 104 113202
Gonzdlez-Martinez M, Dulieu O, Larrégaray P, Bonnet L


http://dx.doi.org/10.1038/nature08953
http://dx.doi.org/10.1038/nature08953
http://dx.doi.org/10.1038/nature08953
http://dx.doi.org/10.1038/nature08953
http://dx.doi.org/10.1038/nature08953
http://dx.doi.org/10.1103/PhysRevLett.98.260405
http://dx.doi.org/10.1103/PhysRevLett.98.260405
http://dx.doi.org/10.1103/PhysRevLett.98.260405
http://dx.doi.org/10.1103/PhysRevLett.98.260405
http://dx.doi.org/10.1103/PhysRevLett.98.260405
http://dx.doi.org/10.1103/PhysRevLett.107.115301
http://dx.doi.org/10.1103/PhysRevLett.107.115301
http://dx.doi.org/10.1103/PhysRevLett.107.115301
http://dx.doi.org/10.1103/PhysRevLett.107.115301
http://dx.doi.org/10.1103/PhysRevLett.107.115301
http://dx.doi.org/10.1103/PhysRevLett.110.185302
http://dx.doi.org/10.1103/PhysRevLett.110.185302
http://dx.doi.org/10.1103/PhysRevLett.110.185302
http://dx.doi.org/10.1103/PhysRevLett.110.185302
http://dx.doi.org/10.1103/PhysRevLett.110.185302
http://dx.doi.org/10.1103/PhysRevB.87.081106
http://dx.doi.org/10.1103/PhysRevB.87.081106
http://dx.doi.org/10.1103/PhysRevB.87.081106
http://dx.doi.org/10.1103/PhysRevB.87.081106
http://dx.doi.org/10.1103/PhysRevB.87.081106
http://dx.doi.org/10.1038/nature09443
http://dx.doi.org/10.1038/nature09443
http://dx.doi.org/10.1038/nature09443
http://dx.doi.org/10.1038/nature09443
http://dx.doi.org/10.1038/nature09443
http://dx.doi.org/10.1103/PhysRevLett.110.143001
http://dx.doi.org/10.1103/PhysRevLett.110.143001
http://dx.doi.org/10.1103/PhysRevLett.110.143001
http://dx.doi.org/10.1103/PhysRevLett.110.143001
http://dx.doi.org/10.1103/PhysRevLett.116.063004
http://dx.doi.org/10.1103/PhysRevLett.116.063004
http://dx.doi.org/10.1103/PhysRevLett.116.063004
http://dx.doi.org/10.1103/PhysRevLett.116.063004
http://dx.doi.org/10.1103/PhysRevLett.116.063004
http://dx.doi.org/10.1038/s41567-018-0191-z
http://dx.doi.org/10.1038/s41567-018-0191-z
http://dx.doi.org/10.1038/s41567-018-0191-z
http://dx.doi.org/10.1038/s41567-018-0191-z
http://dx.doi.org/10.1038/s41567-018-0191-z
http://dx.doi.org/10.1103/PhysRevLett.121.213201
http://dx.doi.org/10.1103/PhysRevLett.121.213201
http://dx.doi.org/10.1103/PhysRevLett.121.213201
http://dx.doi.org/10.1103/PhysRevLett.121.213201
http://dx.doi.org/10.1103/RevModPhys.78.1311
http://dx.doi.org/10.1103/RevModPhys.78.1311
http://dx.doi.org/10.1103/RevModPhys.78.1311
http://dx.doi.org/10.1103/RevModPhys.78.1311
http://dx.doi.org/10.1103/RevModPhys.78.1311
http://dx.doi.org/10.1103/PhysRevLett.105.203001
http://dx.doi.org/10.1103/PhysRevLett.105.203001
http://dx.doi.org/10.1103/PhysRevLett.105.203001
http://dx.doi.org/10.1103/PhysRevLett.105.203001
http://dx.doi.org/10.1103/PhysRevLett.105.203001
http://dx.doi.org/10.1103/PhysRevA.85.032506
http://dx.doi.org/10.1103/PhysRevA.85.032506
http://dx.doi.org/10.1103/PhysRevA.85.032506
http://dx.doi.org/10.1103/PhysRevA.85.032506
http://dx.doi.org/10.1103/PhysRevA.85.032506
http://dx.doi.org/10.1038/25949
http://dx.doi.org/10.1038/25949
http://dx.doi.org/10.1038/25949
http://dx.doi.org/10.1038/25949
http://dx.doi.org/10.1038/25949
http://dx.doi.org/10.1103/PhysRevLett.95.173201
http://dx.doi.org/10.1103/PhysRevLett.95.173201
http://dx.doi.org/10.1103/PhysRevLett.95.173201
http://dx.doi.org/10.1103/PhysRevLett.95.173201
http://dx.doi.org/10.1103/PhysRevA.93.013408
http://dx.doi.org/10.1103/PhysRevA.93.013408
http://dx.doi.org/10.1103/PhysRevA.93.013408
http://dx.doi.org/10.1103/PhysRevA.93.013408
http://dx.doi.org/10.1103/PhysRevA.96.053401
http://dx.doi.org/10.1103/PhysRevA.96.053401
http://dx.doi.org/10.1103/PhysRevA.96.053401
http://dx.doi.org/10.1103/PhysRevA.96.053401
http://dx.doi.org/10.1103/PhysRevA.96.053401
http://dx.doi.org/10.1103/PhysRevLett.83.1558
http://dx.doi.org/10.1103/PhysRevLett.83.1558
http://dx.doi.org/10.1103/PhysRevLett.83.1558
http://dx.doi.org/10.1103/PhysRevLett.83.1558
http://dx.doi.org/10.1103/PhysRevLett.101.203203
http://dx.doi.org/10.1103/PhysRevLett.101.203203
http://dx.doi.org/10.1103/PhysRevLett.101.203203
http://dx.doi.org/10.1103/PhysRevLett.101.203203
http://dx.doi.org/10.1103/PhysRevLett.101.203203
http://dx.doi.org/10.1103/PhysRevLett.100.043003
http://dx.doi.org/10.1103/PhysRevLett.100.043003
http://dx.doi.org/10.1103/PhysRevLett.100.043003
http://dx.doi.org/10.1103/PhysRevLett.100.043003
http://dx.doi.org/10.1103/PhysRevA.97.043403
http://dx.doi.org/10.1103/PhysRevA.97.043403
http://dx.doi.org/10.1103/PhysRevA.97.043403
http://dx.doi.org/10.1103/PhysRevA.97.043403
http://dx.doi.org/10.1088/0953-4075/49/13/135101
http://dx.doi.org/10.1088/0953-4075/49/13/135101
http://dx.doi.org/10.1088/0953-4075/49/13/135101
http://dx.doi.org/10.1088/0953-4075/49/13/135101
http://dx.doi.org/10.1088/0953-4075/49/13/135101
http://dx.doi.org/10.1140/epjd/e2004-00167-2
http://dx.doi.org/10.1140/epjd/e2004-00167-2
http://dx.doi.org/10.1140/epjd/e2004-00167-2
http://dx.doi.org/10.1140/epjd/e2004-00167-2
http://dx.doi.org/10.1140/epjd/e2004-00167-2
http://dx.doi.org/10.1103/PhysRevLett.101.243002
http://dx.doi.org/10.1103/PhysRevLett.101.243002
http://dx.doi.org/10.1103/PhysRevLett.101.243002
http://dx.doi.org/10.1103/PhysRevLett.101.243002
http://dx.doi.org/10.1103/PhysRevLett.120.163201
http://dx.doi.org/10.1103/PhysRevLett.120.163201
http://dx.doi.org/10.1103/PhysRevLett.120.163201
http://dx.doi.org/10.1103/PhysRevLett.120.163201
http://dx.doi.org/10.1103/PhysRevLett.121.083201
http://dx.doi.org/10.1103/PhysRevLett.121.083201
http://dx.doi.org/10.1103/PhysRevLett.121.083201
http://dx.doi.org/10.1103/PhysRevLett.121.083201
http://dx.doi.org/10.1103/PhysRevLett.121.083201
http://dx.doi.org/10.1103/RevModPhys.78.483
http://dx.doi.org/10.1103/RevModPhys.78.483
http://dx.doi.org/10.1103/RevModPhys.78.483
http://dx.doi.org/10.1103/RevModPhys.78.483
http://dx.doi.org/10.1103/RevModPhys.78.483
http://dx.doi.org/10.1103/PhysRevA.94.032518
http://dx.doi.org/10.1103/PhysRevA.94.032518
http://dx.doi.org/10.1103/PhysRevA.94.032518
http://dx.doi.org/10.1103/PhysRevA.94.032518
http://dx.doi.org/10.1063/1.5023330
http://dx.doi.org/10.1063/1.5023330
http://dx.doi.org/10.1063/1.5023330
http://dx.doi.org/10.1063/1.5023330
http://dx.doi.org/10.1063/1.5023330
http://dx.doi.org/10.1126/science.1163861
http://dx.doi.org/10.1126/science.1163861
http://dx.doi.org/10.1126/science.1163861
http://dx.doi.org/10.1126/science.1163861
http://dx.doi.org/10.1103/PhysRevLett.113.205301
http://dx.doi.org/10.1103/PhysRevLett.113.205301
http://dx.doi.org/10.1103/PhysRevLett.113.205301
http://dx.doi.org/10.1103/PhysRevLett.113.205301
http://dx.doi.org/10.1103/PhysRevLett.113.205301
http://dx.doi.org/10.1103/PhysRevLett.113.255301
http://dx.doi.org/10.1103/PhysRevLett.113.255301
http://dx.doi.org/10.1103/PhysRevLett.113.255301
http://dx.doi.org/10.1103/PhysRevLett.113.255301
http://dx.doi.org/10.1103/PhysRevLett.114.205302
http://dx.doi.org/10.1103/PhysRevLett.114.205302
http://dx.doi.org/10.1103/PhysRevLett.114.205302
http://dx.doi.org/10.1103/PhysRevLett.114.205302
http://dx.doi.org/10.1103/PhysRevLett.114.205302
http://dx.doi.org/10.1103/PhysRevLett.121.253401
http://dx.doi.org/10.1103/PhysRevLett.121.253401
http://dx.doi.org/10.1103/PhysRevLett.121.253401
http://dx.doi.org/10.1103/PhysRevLett.121.253401
http://dx.doi.org/10.1103/PhysRevLett.121.253401
http://dx.doi.org/10.1103/PhysRevLett.116.205303
http://dx.doi.org/10.1103/PhysRevLett.116.205303
http://dx.doi.org/10.1103/PhysRevLett.116.205303
http://dx.doi.org/10.1103/PhysRevLett.116.205303
http://dx.doi.org/10.1103/PhysRevLett.116.205303
http://dx.doi.org/10.1126/science.aau5322
http://dx.doi.org/10.1126/science.aau5322
http://dx.doi.org/10.1126/science.aau5322
http://dx.doi.org/10.1126/science.aau5322
http://dx.doi.org/10.1088/1367-2630/17/3/035003
http://dx.doi.org/10.1088/1367-2630/17/3/035003
http://dx.doi.org/10.1088/1367-2630/17/3/035003
http://dx.doi.org/10.1088/1367-2630/17/3/035003
http://dx.doi.org/10.1088/1367-2630/17/3/035003
http://dx.doi.org/10.1103/PhysRevA.87.050702
http://dx.doi.org/10.1103/PhysRevA.87.050702
http://dx.doi.org/10.1103/PhysRevA.87.050702
http://dx.doi.org/10.1103/PhysRevA.87.050702
http://dx.doi.org/10.1103/PhysRevA.87.050702
http://dx.doi.org/10.1103/PhysRevA.96.052505
http://dx.doi.org/10.1103/PhysRevA.96.052505
http://dx.doi.org/10.1103/PhysRevA.96.052505
http://dx.doi.org/10.1103/PhysRevA.96.052505
http://dx.doi.org/10.1103/PhysRevA.96.052505
http://dx.doi.org/10.1088/1367-2630/11/5/055035
http://dx.doi.org/10.1088/1367-2630/11/5/055035
http://dx.doi.org/10.1088/1367-2630/11/5/055035
http://dx.doi.org/10.1088/1367-2630/11/5/055035
http://dx.doi.org/10.1088/1367-2630/11/5/055035
http://dx.doi.org/10.1364/OE.19.014479
http://dx.doi.org/10.1364/OE.19.014479
http://dx.doi.org/10.1364/OE.19.014479
http://dx.doi.org/10.1364/OE.19.014479
http://dx.doi.org/10.1364/OE.19.014479
http://dx.doi.org/10.1088/1367-2630/17/5/055006
http://dx.doi.org/10.1088/1367-2630/17/5/055006
http://dx.doi.org/10.1088/1367-2630/17/5/055006
http://dx.doi.org/10.1088/1367-2630/17/5/055006
http://dx.doi.org/10.1088/1367-2630/17/5/055006
http://dx.doi.org/10.1080/0144235X.2017.1351821
http://dx.doi.org/10.1080/0144235X.2017.1351821
http://dx.doi.org/10.1080/0144235X.2017.1351821
http://dx.doi.org/10.1080/0144235X.2017.1351821
http://dx.doi.org/10.1103/PhysRevA.97.020501
http://dx.doi.org/10.1103/PhysRevA.97.020501
http://dx.doi.org/10.1103/PhysRevA.97.020501
http://dx.doi.org/10.1103/PhysRevA.97.020501
http://dx.doi.org/10.1103/PhysRevA.97.020501
http://dx.doi.org/10.1103/PhysRevA.88.032709
http://dx.doi.org/10.1103/PhysRevA.88.032709
http://dx.doi.org/10.1103/PhysRevA.88.032709
http://dx.doi.org/10.1103/PhysRevA.88.032709
http://dx.doi.org/10.1103/PhysRevA.88.032709
http://dx.doi.org/10.1103/PhysRevA.87.022706
http://dx.doi.org/10.1103/PhysRevA.87.022706
http://dx.doi.org/10.1103/PhysRevA.87.022706
http://dx.doi.org/10.1103/PhysRevA.87.022706
http://dx.doi.org/10.1103/PhysRevA.87.022706
http://dx.doi.org/10.1103/PhysRevA.82.010502
http://dx.doi.org/10.1103/PhysRevA.82.010502
http://dx.doi.org/10.1103/PhysRevA.82.010502
http://dx.doi.org/10.1103/PhysRevA.82.010502
http://dx.doi.org/10.1103/PhysRevA.82.010502
http://dx.doi.org/10.1126/science.1184121
http://dx.doi.org/10.1126/science.1184121
http://dx.doi.org/10.1126/science.1184121
http://dx.doi.org/10.1126/science.1184121
http://dx.doi.org/10.1039/b802322k
http://dx.doi.org/10.1039/b802322k
http://dx.doi.org/10.1039/b802322k
http://dx.doi.org/10.1039/b802322k
http://dx.doi.org/10.1039/b802322k
http://dx.doi.org/10.1103/PhysRevA.81.022702
http://dx.doi.org/10.1103/PhysRevA.81.022702
http://dx.doi.org/10.1103/PhysRevA.81.022702
http://dx.doi.org/10.1103/PhysRevA.81.022702
http://dx.doi.org/10.1103/PhysRevA.81.022702
http://dx.doi.org/10.1103/PhysRevA.84.062703
http://dx.doi.org/10.1103/PhysRevA.84.062703
http://dx.doi.org/10.1103/PhysRevA.84.062703
http://dx.doi.org/10.1103/PhysRevA.84.062703
http://dx.doi.org/10.1103/PhysRevA.84.062703
http://dx.doi.org/10.1103/PhysRevA.54.R1006
http://dx.doi.org/10.1103/PhysRevA.54.R1006
http://dx.doi.org/10.1103/PhysRevA.54.R1006
http://dx.doi.org/10.1103/PhysRevA.54.R1006
http://dx.doi.org/10.1126/sciadv.aaq0083
http://dx.doi.org/10.1126/sciadv.aaq0083
http://dx.doi.org/10.1126/sciadv.aaq0083
http://dx.doi.org/10.1126/sciadv.aaq0083
http://dx.doi.org/10.1126/sciadv.aaq0083
http://dx.doi.org/10.1103/PhysRevLett.80.1869
http://dx.doi.org/10.1103/PhysRevLett.80.1869
http://dx.doi.org/10.1103/PhysRevLett.80.1869
http://dx.doi.org/10.1103/PhysRevLett.80.1869
http://dx.doi.org/10.1103/PhysRevLett.80.1869
http://dx.doi.org/10.1103/PhysRevLett.91.123201
http://dx.doi.org/10.1103/PhysRevLett.91.123201
http://dx.doi.org/10.1103/PhysRevLett.91.123201
http://dx.doi.org/10.1103/PhysRevLett.91.123201
http://dx.doi.org/10.1103/PhysRevLett.91.123201
http://dx.doi.org/10.1063/1.1286979
http://dx.doi.org/10.1063/1.1286979
http://dx.doi.org/10.1063/1.1286979
http://dx.doi.org/10.1063/1.1286979
http://dx.doi.org/10.1103/PhysRevA.72.062505
http://dx.doi.org/10.1103/PhysRevA.72.062505
http://dx.doi.org/10.1103/PhysRevA.72.062505
http://dx.doi.org/10.1103/PhysRevA.72.062505
http://dx.doi.org/10.1103/PhysRevA.72.062505
http://dx.doi.org/10.1103/PhysRevA.81.060703
http://dx.doi.org/10.1103/PhysRevA.81.060703
http://dx.doi.org/10.1103/PhysRevA.81.060703
http://dx.doi.org/10.1103/PhysRevA.81.060703
http://dx.doi.org/10.1103/PhysRevA.81.060703
http://dx.doi.org/10.1103/PhysRevA.87.012709
http://dx.doi.org/10.1103/PhysRevA.87.012709
http://dx.doi.org/10.1103/PhysRevA.87.012709
http://dx.doi.org/10.1103/PhysRevA.87.012709
http://dx.doi.org/10.1103/PhysRevLett.105.263203
http://dx.doi.org/10.1103/PhysRevLett.105.263203
http://dx.doi.org/10.1103/PhysRevLett.105.263203
http://dx.doi.org/10.1103/PhysRevLett.105.263203
http://dx.doi.org/10.1103/PhysRevLett.105.263203
http://dx.doi.org/10.1103/PhysRevLett.104.113202
http://dx.doi.org/10.1103/PhysRevLett.104.113202
http://dx.doi.org/10.1103/PhysRevLett.104.113202
http://dx.doi.org/10.1103/PhysRevLett.104.113202
http://dx.doi.org/10.1103/PhysRevLett.104.113202
http://dx.doi.org/10.1038/nature08953
http://dx.doi.org/10.1038/nature08953
http://dx.doi.org/10.1038/nature08953
http://dx.doi.org/10.1038/nature08953
http://dx.doi.org/10.1038/nature08953
http://dx.doi.org/10.1103/PhysRevLett.98.260405
http://dx.doi.org/10.1103/PhysRevLett.98.260405
http://dx.doi.org/10.1103/PhysRevLett.98.260405
http://dx.doi.org/10.1103/PhysRevLett.98.260405
http://dx.doi.org/10.1103/PhysRevLett.98.260405
http://dx.doi.org/10.1103/PhysRevLett.107.115301
http://dx.doi.org/10.1103/PhysRevLett.107.115301
http://dx.doi.org/10.1103/PhysRevLett.107.115301
http://dx.doi.org/10.1103/PhysRevLett.107.115301
http://dx.doi.org/10.1103/PhysRevLett.107.115301
http://dx.doi.org/10.1103/PhysRevLett.110.185302
http://dx.doi.org/10.1103/PhysRevLett.110.185302
http://dx.doi.org/10.1103/PhysRevLett.110.185302
http://dx.doi.org/10.1103/PhysRevLett.110.185302
http://dx.doi.org/10.1103/PhysRevLett.110.185302
http://dx.doi.org/10.1103/PhysRevB.87.081106
http://dx.doi.org/10.1103/PhysRevB.87.081106
http://dx.doi.org/10.1103/PhysRevB.87.081106
http://dx.doi.org/10.1103/PhysRevB.87.081106
http://dx.doi.org/10.1103/PhysRevB.87.081106
http://dx.doi.org/10.1038/nature09443
http://dx.doi.org/10.1038/nature09443
http://dx.doi.org/10.1038/nature09443
http://dx.doi.org/10.1038/nature09443
http://dx.doi.org/10.1038/nature09443
http://dx.doi.org/10.1103/PhysRevLett.110.143001
http://dx.doi.org/10.1103/PhysRevLett.110.143001
http://dx.doi.org/10.1103/PhysRevLett.110.143001
http://dx.doi.org/10.1103/PhysRevLett.110.143001
http://dx.doi.org/10.1103/PhysRevLett.116.063004
http://dx.doi.org/10.1103/PhysRevLett.116.063004
http://dx.doi.org/10.1103/PhysRevLett.116.063004
http://dx.doi.org/10.1103/PhysRevLett.116.063004
http://dx.doi.org/10.1103/PhysRevLett.116.063004
http://dx.doi.org/10.1038/s41567-018-0191-z
http://dx.doi.org/10.1038/s41567-018-0191-z
http://dx.doi.org/10.1038/s41567-018-0191-z
http://dx.doi.org/10.1038/s41567-018-0191-z
http://dx.doi.org/10.1038/s41567-018-0191-z
http://dx.doi.org/10.1103/PhysRevLett.121.213201
http://dx.doi.org/10.1103/PhysRevLett.121.213201
http://dx.doi.org/10.1103/PhysRevLett.121.213201
http://dx.doi.org/10.1103/PhysRevLett.121.213201
http://dx.doi.org/10.1103/RevModPhys.78.1311
http://dx.doi.org/10.1103/RevModPhys.78.1311
http://dx.doi.org/10.1103/RevModPhys.78.1311
http://dx.doi.org/10.1103/RevModPhys.78.1311
http://dx.doi.org/10.1103/RevModPhys.78.1311
http://dx.doi.org/10.1103/PhysRevLett.105.203001
http://dx.doi.org/10.1103/PhysRevLett.105.203001
http://dx.doi.org/10.1103/PhysRevLett.105.203001
http://dx.doi.org/10.1103/PhysRevLett.105.203001
http://dx.doi.org/10.1103/PhysRevLett.105.203001
http://dx.doi.org/10.1103/PhysRevA.85.032506
http://dx.doi.org/10.1103/PhysRevA.85.032506
http://dx.doi.org/10.1103/PhysRevA.85.032506
http://dx.doi.org/10.1103/PhysRevA.85.032506
http://dx.doi.org/10.1103/PhysRevA.85.032506
http://dx.doi.org/10.1038/25949
http://dx.doi.org/10.1038/25949
http://dx.doi.org/10.1038/25949
http://dx.doi.org/10.1038/25949
http://dx.doi.org/10.1038/25949
http://dx.doi.org/10.1103/PhysRevLett.95.173201
http://dx.doi.org/10.1103/PhysRevLett.95.173201
http://dx.doi.org/10.1103/PhysRevLett.95.173201
http://dx.doi.org/10.1103/PhysRevLett.95.173201
http://dx.doi.org/10.1103/PhysRevA.93.013408
http://dx.doi.org/10.1103/PhysRevA.93.013408
http://dx.doi.org/10.1103/PhysRevA.93.013408
http://dx.doi.org/10.1103/PhysRevA.93.013408
http://dx.doi.org/10.1103/PhysRevA.96.053401
http://dx.doi.org/10.1103/PhysRevA.96.053401
http://dx.doi.org/10.1103/PhysRevA.96.053401
http://dx.doi.org/10.1103/PhysRevA.96.053401
http://dx.doi.org/10.1103/PhysRevA.96.053401
http://dx.doi.org/10.1103/PhysRevLett.83.1558
http://dx.doi.org/10.1103/PhysRevLett.83.1558
http://dx.doi.org/10.1103/PhysRevLett.83.1558
http://dx.doi.org/10.1103/PhysRevLett.83.1558
http://dx.doi.org/10.1103/PhysRevLett.101.203203
http://dx.doi.org/10.1103/PhysRevLett.101.203203
http://dx.doi.org/10.1103/PhysRevLett.101.203203
http://dx.doi.org/10.1103/PhysRevLett.101.203203
http://dx.doi.org/10.1103/PhysRevLett.101.203203
http://dx.doi.org/10.1103/PhysRevLett.100.043003
http://dx.doi.org/10.1103/PhysRevLett.100.043003
http://dx.doi.org/10.1103/PhysRevLett.100.043003
http://dx.doi.org/10.1103/PhysRevLett.100.043003
http://dx.doi.org/10.1103/PhysRevA.97.043403
http://dx.doi.org/10.1103/PhysRevA.97.043403
http://dx.doi.org/10.1103/PhysRevA.97.043403
http://dx.doi.org/10.1103/PhysRevA.97.043403
http://dx.doi.org/10.1088/0953-4075/49/13/135101
http://dx.doi.org/10.1088/0953-4075/49/13/135101
http://dx.doi.org/10.1088/0953-4075/49/13/135101
http://dx.doi.org/10.1088/0953-4075/49/13/135101
http://dx.doi.org/10.1088/0953-4075/49/13/135101
http://dx.doi.org/10.1140/epjd/e2004-00167-2
http://dx.doi.org/10.1140/epjd/e2004-00167-2
http://dx.doi.org/10.1140/epjd/e2004-00167-2
http://dx.doi.org/10.1140/epjd/e2004-00167-2
http://dx.doi.org/10.1140/epjd/e2004-00167-2
http://dx.doi.org/10.1103/PhysRevLett.101.243002
http://dx.doi.org/10.1103/PhysRevLett.101.243002
http://dx.doi.org/10.1103/PhysRevLett.101.243002
http://dx.doi.org/10.1103/PhysRevLett.101.243002
http://dx.doi.org/10.1103/PhysRevLett.120.163201
http://dx.doi.org/10.1103/PhysRevLett.120.163201
http://dx.doi.org/10.1103/PhysRevLett.120.163201
http://dx.doi.org/10.1103/PhysRevLett.120.163201
http://dx.doi.org/10.1103/PhysRevLett.121.083201
http://dx.doi.org/10.1103/PhysRevLett.121.083201
http://dx.doi.org/10.1103/PhysRevLett.121.083201
http://dx.doi.org/10.1103/PhysRevLett.121.083201
http://dx.doi.org/10.1103/PhysRevLett.121.083201
http://dx.doi.org/10.1103/RevModPhys.78.483
http://dx.doi.org/10.1103/RevModPhys.78.483
http://dx.doi.org/10.1103/RevModPhys.78.483
http://dx.doi.org/10.1103/RevModPhys.78.483
http://dx.doi.org/10.1103/RevModPhys.78.483
http://dx.doi.org/10.1103/PhysRevA.94.032518
http://dx.doi.org/10.1103/PhysRevA.94.032518
http://dx.doi.org/10.1103/PhysRevA.94.032518
http://dx.doi.org/10.1103/PhysRevA.94.032518
http://dx.doi.org/10.1063/1.5023330
http://dx.doi.org/10.1063/1.5023330
http://dx.doi.org/10.1063/1.5023330
http://dx.doi.org/10.1063/1.5023330
http://dx.doi.org/10.1063/1.5023330
http://dx.doi.org/10.1126/science.1163861
http://dx.doi.org/10.1126/science.1163861
http://dx.doi.org/10.1126/science.1163861
http://dx.doi.org/10.1126/science.1163861
http://dx.doi.org/10.1103/PhysRevLett.113.205301
http://dx.doi.org/10.1103/PhysRevLett.113.205301
http://dx.doi.org/10.1103/PhysRevLett.113.205301
http://dx.doi.org/10.1103/PhysRevLett.113.205301
http://dx.doi.org/10.1103/PhysRevLett.113.205301
http://dx.doi.org/10.1103/PhysRevLett.113.255301
http://dx.doi.org/10.1103/PhysRevLett.113.255301
http://dx.doi.org/10.1103/PhysRevLett.113.255301
http://dx.doi.org/10.1103/PhysRevLett.113.255301
http://dx.doi.org/10.1103/PhysRevLett.114.205302
http://dx.doi.org/10.1103/PhysRevLett.114.205302
http://dx.doi.org/10.1103/PhysRevLett.114.205302
http://dx.doi.org/10.1103/PhysRevLett.114.205302
http://dx.doi.org/10.1103/PhysRevLett.114.205302
http://dx.doi.org/10.1103/PhysRevLett.121.253401
http://dx.doi.org/10.1103/PhysRevLett.121.253401
http://dx.doi.org/10.1103/PhysRevLett.121.253401
http://dx.doi.org/10.1103/PhysRevLett.121.253401
http://dx.doi.org/10.1103/PhysRevLett.121.253401
http://dx.doi.org/10.1103/PhysRevLett.116.205303
http://dx.doi.org/10.1103/PhysRevLett.116.205303
http://dx.doi.org/10.1103/PhysRevLett.116.205303
http://dx.doi.org/10.1103/PhysRevLett.116.205303
http://dx.doi.org/10.1103/PhysRevLett.116.205303
http://dx.doi.org/10.1126/science.aau5322
http://dx.doi.org/10.1126/science.aau5322
http://dx.doi.org/10.1126/science.aau5322
http://dx.doi.org/10.1126/science.aau5322
http://dx.doi.org/10.1088/1367-2630/17/3/035003
http://dx.doi.org/10.1088/1367-2630/17/3/035003
http://dx.doi.org/10.1088/1367-2630/17/3/035003
http://dx.doi.org/10.1088/1367-2630/17/3/035003
http://dx.doi.org/10.1088/1367-2630/17/3/035003
http://dx.doi.org/10.1103/PhysRevA.87.050702
http://dx.doi.org/10.1103/PhysRevA.87.050702
http://dx.doi.org/10.1103/PhysRevA.87.050702
http://dx.doi.org/10.1103/PhysRevA.87.050702
http://dx.doi.org/10.1103/PhysRevA.87.050702
http://dx.doi.org/10.1103/PhysRevA.96.052505
http://dx.doi.org/10.1103/PhysRevA.96.052505
http://dx.doi.org/10.1103/PhysRevA.96.052505
http://dx.doi.org/10.1103/PhysRevA.96.052505
http://dx.doi.org/10.1103/PhysRevA.96.052505
http://dx.doi.org/10.1088/1367-2630/11/5/055035
http://dx.doi.org/10.1088/1367-2630/11/5/055035
http://dx.doi.org/10.1088/1367-2630/11/5/055035
http://dx.doi.org/10.1088/1367-2630/11/5/055035
http://dx.doi.org/10.1088/1367-2630/11/5/055035
http://dx.doi.org/10.1364/OE.19.014479
http://dx.doi.org/10.1364/OE.19.014479
http://dx.doi.org/10.1364/OE.19.014479
http://dx.doi.org/10.1364/OE.19.014479
http://dx.doi.org/10.1364/OE.19.014479
http://dx.doi.org/10.1088/1367-2630/17/5/055006
http://dx.doi.org/10.1088/1367-2630/17/5/055006
http://dx.doi.org/10.1088/1367-2630/17/5/055006
http://dx.doi.org/10.1088/1367-2630/17/5/055006
http://dx.doi.org/10.1088/1367-2630/17/5/055006
http://dx.doi.org/10.1080/0144235X.2017.1351821
http://dx.doi.org/10.1080/0144235X.2017.1351821
http://dx.doi.org/10.1080/0144235X.2017.1351821
http://dx.doi.org/10.1080/0144235X.2017.1351821
http://dx.doi.org/10.1103/PhysRevA.97.020501
http://dx.doi.org/10.1103/PhysRevA.97.020501
http://dx.doi.org/10.1103/PhysRevA.97.020501
http://dx.doi.org/10.1103/PhysRevA.97.020501
http://dx.doi.org/10.1103/PhysRevA.97.020501
http://dx.doi.org/10.1103/PhysRevA.88.032709
http://dx.doi.org/10.1103/PhysRevA.88.032709
http://dx.doi.org/10.1103/PhysRevA.88.032709
http://dx.doi.org/10.1103/PhysRevA.88.032709
http://dx.doi.org/10.1103/PhysRevA.88.032709
http://dx.doi.org/10.1103/PhysRevA.87.022706
http://dx.doi.org/10.1103/PhysRevA.87.022706
http://dx.doi.org/10.1103/PhysRevA.87.022706
http://dx.doi.org/10.1103/PhysRevA.87.022706
http://dx.doi.org/10.1103/PhysRevA.87.022706
http://dx.doi.org/10.1103/PhysRevA.82.010502
http://dx.doi.org/10.1103/PhysRevA.82.010502
http://dx.doi.org/10.1103/PhysRevA.82.010502
http://dx.doi.org/10.1103/PhysRevA.82.010502
http://dx.doi.org/10.1103/PhysRevA.82.010502
http://dx.doi.org/10.1126/science.1184121
http://dx.doi.org/10.1126/science.1184121
http://dx.doi.org/10.1126/science.1184121
http://dx.doi.org/10.1126/science.1184121
http://dx.doi.org/10.1039/b802322k
http://dx.doi.org/10.1039/b802322k
http://dx.doi.org/10.1039/b802322k
http://dx.doi.org/10.1039/b802322k
http://dx.doi.org/10.1039/b802322k
http://dx.doi.org/10.1103/PhysRevA.81.022702
http://dx.doi.org/10.1103/PhysRevA.81.022702
http://dx.doi.org/10.1103/PhysRevA.81.022702
http://dx.doi.org/10.1103/PhysRevA.81.022702
http://dx.doi.org/10.1103/PhysRevA.81.022702
http://dx.doi.org/10.1103/PhysRevA.84.062703
http://dx.doi.org/10.1103/PhysRevA.84.062703
http://dx.doi.org/10.1103/PhysRevA.84.062703
http://dx.doi.org/10.1103/PhysRevA.84.062703
http://dx.doi.org/10.1103/PhysRevA.84.062703
http://dx.doi.org/10.1103/PhysRevA.54.R1006
http://dx.doi.org/10.1103/PhysRevA.54.R1006
http://dx.doi.org/10.1103/PhysRevA.54.R1006
http://dx.doi.org/10.1103/PhysRevA.54.R1006
http://dx.doi.org/10.1126/sciadv.aaq0083
http://dx.doi.org/10.1126/sciadv.aaq0083
http://dx.doi.org/10.1126/sciadv.aaq0083
http://dx.doi.org/10.1126/sciadv.aaq0083
http://dx.doi.org/10.1126/sciadv.aaq0083
http://dx.doi.org/10.1103/PhysRevLett.80.1869
http://dx.doi.org/10.1103/PhysRevLett.80.1869
http://dx.doi.org/10.1103/PhysRevLett.80.1869
http://dx.doi.org/10.1103/PhysRevLett.80.1869
http://dx.doi.org/10.1103/PhysRevLett.80.1869
http://dx.doi.org/10.1103/PhysRevLett.91.123201
http://dx.doi.org/10.1103/PhysRevLett.91.123201
http://dx.doi.org/10.1103/PhysRevLett.91.123201
http://dx.doi.org/10.1103/PhysRevLett.91.123201
http://dx.doi.org/10.1103/PhysRevLett.91.123201
http://dx.doi.org/10.1063/1.1286979
http://dx.doi.org/10.1063/1.1286979
http://dx.doi.org/10.1063/1.1286979
http://dx.doi.org/10.1063/1.1286979
http://dx.doi.org/10.1103/PhysRevA.72.062505
http://dx.doi.org/10.1103/PhysRevA.72.062505
http://dx.doi.org/10.1103/PhysRevA.72.062505
http://dx.doi.org/10.1103/PhysRevA.72.062505
http://dx.doi.org/10.1103/PhysRevA.72.062505
http://dx.doi.org/10.1103/PhysRevA.81.060703
http://dx.doi.org/10.1103/PhysRevA.81.060703
http://dx.doi.org/10.1103/PhysRevA.81.060703
http://dx.doi.org/10.1103/PhysRevA.81.060703
http://dx.doi.org/10.1103/PhysRevA.81.060703
http://dx.doi.org/10.1103/PhysRevA.87.012709
http://dx.doi.org/10.1103/PhysRevA.87.012709
http://dx.doi.org/10.1103/PhysRevA.87.012709
http://dx.doi.org/10.1103/PhysRevA.87.012709
http://dx.doi.org/10.1103/PhysRevLett.105.263203
http://dx.doi.org/10.1103/PhysRevLett.105.263203
http://dx.doi.org/10.1103/PhysRevLett.105.263203
http://dx.doi.org/10.1103/PhysRevLett.105.263203
http://dx.doi.org/10.1103/PhysRevLett.105.263203
http://dx.doi.org/10.1103/PhysRevLett.104.113202
http://dx.doi.org/10.1103/PhysRevLett.104.113202
http://dx.doi.org/10.1103/PhysRevLett.104.113202
http://dx.doi.org/10.1103/PhysRevLett.104.113202
http://dx.doi.org/10.1103/PhysRevLett.104.113202
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. 68, No. 4 (2019) 043301

2014 Phys. Rev. A 90 052716 [84] Danzl J, Mark M, Haller E, Gustavsson M, Hart R,
[79] Liu L, Hood J, Yu Y, Zhang J, Hutzler N, Rosenband T, Ni Aldegunde J, Hutson J, Nagerl H 2010 Nat. Phys. 6 265
K 2018 Science 360 aar7797 [85] Docaj A, Wall M, Mukherjee R, Hazzard K 2016 Phys. Rev.

[80] Liu L, Zhang J, Yu Y, Hutzler N, Liu Y, Rosenband T, Ni K
2018 Science 360 900

[81] Lam M 2017 Ph.D. Dissertation (Singapore: National
University of Singapore)

Lett. 116 135301
[86] Chotia A, Neyenhuis B, Moses S, Yan B, Covey J, Foss-Feig
M, Rey A, Jin D, Ye J 2012 Phys. Rev. Lett. 108 080405

[82] Kozyryev I, Baum L, Matsuda K, Augenbraun B, Anderegg [87] Andreev V, Ang D, DeMille D, Doyle J, Gabriclse G,

L, Sedlack A, Doyle J 2017 Phys. Rev. Lett. 118 173201 Haefner J, Hutzler N, Lasner Z, Meisenhelder C, O'Leary B,
[83] Gonzdlez-Martinez M, Bohn J, Quéméner G 2017 Phys. Rev. Panda C, West A, West E, Wu X 2018 Nature 562 355
A 96 032718 [88] Kozyryev I, Hutzler N 2017 Phys. Rev. Lett. 119 133002

SPECIAL TOPIC—Cold atoms and molecules

Ultracold dipolar molecules®
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Abstract

The research field of ultracold atoms has expanded from atomic and molecular physics to a variety of fields.
Ultracold polar molecules have long range and anisotropic dipole-dipole interactions, and similar to atoms, can
also be conveniently manipulated by laser and other electromagnetic fields. Thus, ultracold molecules offer
promising applications such as ultracold chemistry, quantum simulation, and quantum information. However,
due to the difficulty in creating ultracold ground state molecules, expanding the horizon of ultracold physics
from atoms to molecules is still under development. In the past decade, many research groups have successfully
created bi-alkali rovibrational ground state polar molecules using magneto association and stimulated Raman
adiabatic passage (STIRAP). This paper presents a review of the recent progress including creating and
manipulating ultracold molecules with this method, and the collision property of molecules at ultracold

temperature.
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Fig. 1. Experimental scheme and laser ablation datal!l. (a) Scheme for the production of BaF molecule via laser ablation;

(b) absorption signal; (c) normalizaiton and fit of the absorption signal; (d) the generated molecular number versus the output

power of the ablation laser; (e) the dependence of the molecular number on the ablating times when successively ablating a position

of the target. The repetition rate of the laser pulse is 2 Hz and the flow rate of the He gas is 5 sccm.
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Fig. 2. Molecular distribution at different states”!. (a) Theoretic calculation of the rotational distribution for different temperatures;

(b) experimental data for different rotational populations. All data are normalized with N = 0 population; (c) theoretic calculation

of the vibrational distribution; (d) experimental absorption signal for v = 0 and v = 1 molecules from laser ablation.
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Fig. 3. The energy levels of BaF and dark state mixing/®l.(a) Scheme for closing the vibrational levels; (b) scheme for closing the
rotational and hyperfine dark states; (c) sideband modulation via an EOM to generate the four frequency bands to cover the four

hyperfine sublevels; (d) LIF enhancement via introducing the sideband modulation; (e) LIF enhancement by introducing the

polarization modulation; (f) LIF enhancement when adding the v = 1 repump laser.
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Fig. 4. Deflection of the BaF molecular beam with the quasi cycling transitions. Images are given on the 2-z plane of the
(a) Deflected and (b) unperturbed molecular beams, respectively. The z direction reflects the width of the probe laser beam, while
the z direction gives the transverse profile of the molecular beam. (c) integrated signal of the images in (a) and (b) along the z axis.
The black and red lines are Gaussian fits to the unperturbed (light gray) and deflected (light orange) signal, which gives the revival
rate of 80%. (d) normalized plot of the signals in (c) to clearly show the deflection effect. (e)deflection distance as a function of the
number of the deflection beam, yielding the dependence of the scattering photon number on the interaction time. The red solid line
is a linear fit to the measured data, illustrating that the photon scattered linearly increases with the interaction time. The black

dashed line is the numerical prediction of the scattering from the 4+25 MLRE model with the switching scheme.
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SPECIAL TOPIC—Cold atoms and molecules

Laser cooling and trapping of polar molecules”

Chen Tao Yan Bof

(Department of Physics, State Key Laboratory of Modern Optical Instrumentation, Zhejiang University, Hangzhou 310027, China)

( Received 5 September 2018; revised manuscript received 7 January 2019 )

Abstract

Different from atoms, molecules have unique properties, and play an important role in the research of
atomic, molecular and optical physics. Cold molecules have important applications in science and have been
studied for more than 20 years. But traditional methods, such as the Stark decelerator, have hit a bottleneck: it
is hard to increase the phase space density of molecules. Extending the direct laser-cooling technique to new
molecular species has recently been a hot topic and also a big challenge. In this review paper, on one hand, we
make a brief review to recent progresses on the direct laser cooling of polar molecules. On the other hand, a
demonstration on the feasibility of laser cooling BaF molecule has been experimentally illustrated, including the
analysis on the molecular energy levels, measurements of the high-resolution spectroscopy, efficient pre-cooling
and state preparation via buffer-gas cooling and detailed investigations on the molcule-light interactions. All
these results not only pave the way for future laser-cooling and -trapping experiments, but also serve as a

reference for the laser-cooling explorations on new molecular species.

Keywords: laser cooling, cold molecule, buffer-gas cooling, molecule-light interaction
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Fig. 1. (a) The ultracold fermions are trapped in a quasi-
one-dimensional background optical lattice along the cavity
axis & . These fermions are pumped by two circular-
polarized transverse (along 2 ) lasers and the cavity mode is
driven by a linear-polarized longitudinal (along &) laser.
(b) the atomic energy levels and their transition. See main
text for the corresponding transition processes and the
definition of the labels.
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Fig. 2. (a) The cavity field || for systems in different fillings with A > 0. The plotted parameters are chosen as Vp = 5FER,
k =100ER , Ac = —10ER, kgT = Er/200, and U = 5Eg . (b) the cavity field |a| for systems in different fillings with A < 0.
The plotted parameters are chosen as Vo = —5ER , kK = 100ER , Ac = —100ER , kgT = Er/200, and U = —Eg . We consider a

lattice of sites 80 with different fillings.
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Fig. 3. The spin structure factors S, (k) for systems in different fillings: (a) kr/Er = 3/8; (b) kg/Er = 1/2; (¢) kp/Er =5/8

(The plotted parameters are the same as those in Fig. 2(a)).

043702-4


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. 68, No. 4 (2019) 043702

i (B 4(b)), Mna BUEEUN (FBESEL), Bljal =0
W, REALTICREBR N 4B A, 5781 2 s AH I,
S, (k) RAE k = £ WA W {8 H B SR G K Y
FEPE. 2 BTG, XTI o # OR, e B A9
AR ENE N 245 S, (k) TE k = 0 A BREE CHRZ
Wi o (20 (0N RN (R 2R, MifE & = +n kb
VB AR SR AFAE, 75 2R G0 2 B0 S A DG 106 1 1)
PE. M A RKEF, S, (k) KIRTE & = £ B UG H
S IR WG IR FNAE ke = 04 (4 6 % 5 156 8 4
(B ik), X 5IERIEER T AR, 7EdEF
TIEFERT (K] 4(a) 1 4(c)), BT na, BEMHEOCHR

FE k= 0l k = £ &b 52023 I 8 Bsh 2 A A 7] 19 1
PERLEE.

faisig

BTN R e S HRAE AR [RS8 T A4
B, FATEAE AT LIAS BITE by — na P ERYAHE. R
MTAT LA IS S, (k) AE k = 0 Fl k = 4 Ak B 3]
VTS ) G 1, S 3 7E & = 0 Ak A e 5 oAt b AR
Gt RGP A (B 5). B 5(a) ALK
LT AR, M Fn @A, AF-SR /R i ik
T T 1Y AR SRR, FM-SR 267 1Y 2 Bk 7 ST Y

3.3

—__na/Er=0.3 — nA/Er=0.3 —— na/Er=0.3
—-—na/Er=0.55 —-—na/Er=0.44 —-— na/Er=0.74
---na/Er=0.61 --- na/Er=0.56 --- na/Er=0.83
...... na/Er=2.0 cees mp/BRr=2.0 - ma/Er=3.0

0.20

0.15

S:(k)
S:(k)

0.10

0.05

S:(k)

B4 B RS HE T S, (k)
Il 2(b) h—3%)

k/kr

k/kr

(a) kp/Er =3/8; (b) kp/Er =1/2; (c) kp/Fr = 5/8 (& b %F ¥ i H b 2 800 % % 5
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(The plotted parameters are the same as those in Fig. 2(b)).
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Fig. 5. (a) The phase diagram in the kp —n4 plane for the system with blue-detuned atomic detuning (M, AF-SR, and FM-SR
correspond to metallic phase, antiferromagnetic superradiant phase, and ferromagnetic superradiant phase, respectively. The plotted

parameters are the same as those in Fig. 2(a)); (b) the phase diagram in the kg — na plane for the system with red-detuned atomic

detuning (AF-SR corresponds to the antiferromagnetic superradiant phase. The plotted parameters are the same as those in

Fig. 2(b)).
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SPECIAL TOPIC—Cold atoms and molecules

Magnetic properties of one-dimensional Fermi gases in an
optical cavity”
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Abstract

In this work we show that the superradiance of the cavity photons can give rise to a magnetic
transformation for the atomic system when the quasi one-dimensional Fermi gases are coupled to an optical
cavity. This magnetic transformation has a close relationship with the atomic detuning and the filling number.
When the interaction between the atoms is neglected, the mean-field approximation may be used in the
superradiant phase. In this approximation, we analyze the static spin structure factors of the system with
different filling numbers and atomic detuning. Then we characterize the cavity photons-assisted magnetic
transformation and obtain the phase diagrams which are dependent on the cavity parameters. Finally, the

feasible experimental parameters of our results are also discussed.

Keywords: effective optical lattice, superradiance, spin structure factor, magnetic correlation
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Fig. 4. Spin-domain diagrams for condensates with F = 1. The cloud is separated into three domains with distinct boundaries in

(b), components mjy = %1 are miscible as shown in (a), all three components are generally miscible in (c).
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Fig. 5. Spontaneous magnetization of atomic spin chain
dominated by magnetic dipole-dipole interaction. m, is the
magnetization components in the z-axis direction, B, is
intensity of the external magnetic field. The dashed line
represents the mean-field result and the solid lines, from left
to right, correspond to the exact numerical results for a
two-site lattice with N = 10, 15 and 20 atoms.
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Fig. 6. Spin waves are excited in atomic spin chain in
optical lattice. Top: ferromagnetic ground-state structure of
the spinor BEC atomic spin chain. Bottom: spin in each
lattice site processes in spin space and spin waves can be

excited.
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Fig. 7. Magnetic soliton are excited by tuning external field:
(a) Magnetic soliton are produced by tuning driving light
field and trapping potential in red-detuning case, the
vertical axis  stands for the intensity of the modulated
laser, and thehorizontal axis W represents the transverse
width of the condensate, the blank region corresponds to
the existence of solitons; (b) magnetic soliton are produced
by tuning trapping potential in blue-detuning case, the
three lines correspond to the nearest-neighbor approxi-
mation (blue), the next-nearest-neighbor approximation
(green),and the continuum limit approximation (red),
respectively, magnetic solitons occur in the region
F(W)>0.
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Fig. 8. Spin waves are excited in atomic spin chain in
optical lattice. We choose three transverse trapping widths
of the condensate: w = 1.5AL (solid red line), 1.98\
(dashed blue line), and 3.0\ (dotted black line),
respectively, the magnon squeezing states occur when
Fi, <0.
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Gt is shown in subgraph.
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SPECIAL TOPIC—Cold atoms and molecules

Magnetic excitation of ultra-cold atoms
trapped in optical lattice”

Zhao Xing-Dong?  Zhang Ying-Ying" Liu Wu-Ming?!

1) (College of Physics and Materials Science, Henan Normal University, Xinziang 453007, China)
2) (Laboratory of Condensed Matter Theory and Materials Computation, Institute of Physics,

Chinese Academy of Sciences, Beijing 100190, China)

( Received 27 January 2019; revised manuscript received 11 February 2019 )

Abstract

Spinor condensates trapped in optical lattices have become potential candidates for multi-bit quantum
computation due to their long coherence and controllability. But first, we need to understand the generation
and regulation of spin and magnetism in the system. This paper reviews the origin and manipulation of the
magnetism of atomic spin chains in optical lattices. The theoretical study of the whole process is described in
this paper, including laser cooling, the spinor Bose-Einstein condensate preparations, the optical lattice, and the
atomic spin chain. Then, the generation and manipulation of magnetic excitations are discussed, including the
preparation of magnetic solitons. Finally, we discuss how to apply atomic spin chains to quantum simulation.
The theoretical study of magnetic excitations in optical lattices will play a guiding role when the optical lattice

is used in cold atomic physics, condensed matter physics and quantum information.

Keywords: spinor Bose-Einstein condensates, optical lattice, magnetic soliton, quantum simulation
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Fig. 1. Realization of artificial magnetic field based on laser-assisted tunneling. Gray and black dots represent the Yb atoms
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potentials Vg and Ve,
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Fig. 2. (a) Staggered flux optical lattice; (b) two-photon
Raman process; (c) effective n flux.
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SPECIAL TOPIC—Cold atoms and molecules

Simulating Dirac, Weyl and Maxwell equations with cold
atoms in optical lattices”
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Abstract

Relativistic wave equations, such as Dirac, Weyl or Maxwell equations, are fundamental equations which
we use to describe the dynamics of the microscopic particles. On the other hand, recent experimental and
theoretical studies have shown that almost all parameters in cold atomic systems are precisely tunable, so the
cold atom systems are considered as an ideal platform to perform quantum simulations. It can be used to study
some topics in high energy and condensed matter physics. In this article, we will first introduce the ideas and
methods for engineering the Hamiltonian of atoms, mainly related to the theories of laser-assisted tunneling.
Based on these methods, one can simulate the equations of motion of relativistic particles and observe some

interesting behaviors which are hard to be observed in other systems. The article reviews these recent advances.

Keywords: quantum simulations, optical lattices, laser-assisted tunneling, relativistic wave equations
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Fig. 1. (a)The absorption image of the anisotropic
expansion dynamics in strongly interacting Fermi gas; (b)
the non-equilibrium dynamical expansion behavior in
different directions; (c) the evolution for the aspect ratio of

the atomic cloud under different interaction regimel2.
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Fig. 2. Scale invariant expansion of a resonantly interacting

Fermi gas compared with the non-interacting Fermi gas®!.
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Fig. 6. The experimental observation of dynamical super Efimovian expansion. (a), (b) and (c), (d) are the mean axial cloud size

versus the expansion time and the dimensionless axial mean square cloud size versus the dimensionless time in the unitary Fermi

gas and ideal Fermi gas, respectivelyl*2,
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Recent progress of expansion dynamics in strongly-interacting
ultracold Fermi gases’
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Abstract

The evolution of non-equilibrium dynamic for many-body systems is one of the most challenging problems
in physics. Ultra-cold quantum atomic Fermi gas provide an test-bed for studying many-body non-equilibrium
dynamics due to its high freedom of controllability, which can be used to simulate and understand the dynamics
of the early universe after the Big Bang, quark-gluon produced in heavy ion collisions and nuclear physics.
Generally, the evolution of many-body systems is very complex, and usually needs to be studied by symmetry.
Feshbach resonance can be used to prepare scale invariant atomic Fermi gases: non-interacting and unitary
Fermi gases. When far away from equilibrium state, universal exponents and functions can be used to
characterize the dynamics of the system, which can be identified by scaling the temporal and spatial evolution
of the system. In this review, the recent developments in the expansion dynamics of strongly interacting
ultracold Fermi gases are introduced, including the anisotropic expansion of atomic gases, scaling dynamics and

Efimovian expansion dynamics.

Keywords: strongly-interacting ultracold Fermi gas, Feshbach resonance, anisotropic expansions, scale

invariance, Efimovian expansion dynamics
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