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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].
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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].
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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].
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AMEIER, X (48) A 80 1E/ N R I, HLRE
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FREMARSINE. A EERE, PE T LI —Fh
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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
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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].
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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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96% =+ 2% M Ak mAH T L R A R (2
910 R A T 450 AR T 4bF A g5 A1, =
—10.7 dB YRS Bl 5. 7R RE S 095250 ) v, Al
M4 % 1 s = 0R9 LT Dicke 2%, [FBAHE
X} Rabi ¥ ahift 47 7, 152 T 2.42 dB YT 45
S AR AR B, PR A28 DL STk [118). A2

X TARRY IS K, ANATABE T2 AN I A Y |

AT FH R 7 A S T ARAV TR B 1) 1~ i 25 o 4
12 0L I PR S T 11 A BeARe e, i o HAH AR i
Fed 1 Fisher 5 BT, 45 Hh—Foli it | e 1k
() 22 I~ 2 G 1) ) 5y 5 11201,

2) ANFA AR . R T RG22
Bt A S AR IR T 2k & 12
A A T B AR PR S U Einstein-Podolsky-
Rosen (EPR) JCHKE & Bell JF i S8t 7 it A7 &
SR B Bell NSRBI AL ] JCIR AR 1Y)
BRI, AN R HEOR 0 S = ) A DGR
SRy ik - O HK (21, AR R sk Rl s R O
BRp R A R R B A T S PR
MR OEER . MIE o Z A A s AR
SRR R — S T AR IS TA) Y R R )2 7E
JEFRFR RIS THER R . 40k, A
] [ phRE 2 ) 1 2 g (AR ) e i 1
ARG B AR, NI insE TR 25 B s
st EINEE 5, S T ANz 02l A
RUEAYR, SRS B R Z ] A AR AN
R, AL EEERS Y b ) L XA
— B AR TR I AR P S —
R, N R A O R ) R [123:124],
PRI, P2 A AN TR A H R A Y - 2 ) OGS
PFWEL AWM (Shir) s A E (AE) Z
[ AH EAE .

[LPY sl LPY+BILPY,  (67)
Horr i, P)RUIK 1 =185 AP AR A
FERARIC, Hla?+ |8 =1. |i) 5 P /5IFmR45
B AE (X B =t8 |) Mg A h .
b, BIRAHEAE TG BRI AR
IR AOERR 2] 122, A D65 T A B AR B0
Fhre o, RATEFEE T REe T, SC kit
TR ((EA— P2 AR, B IR R P iy G
A AT UR AR R B J = A o — 5w, RIS A
S E2E A, AT USSR R e S5 1555 7 1wl

FIRRA), HEmTSE ISR el AU - 9E 2 36
B, Kl 8 fron. Wit F 12 MR, (67) XE X
T — MRS — R R XA 2%
P, IF45 4G Yurke RARERE Y B7E P S0 A 1T
A IR A R ] 7= A e gt - ORHR Y T v, AT
P T — AT UAT RSB R T 22 TR g ek
BXASE 50 28 122, FAR AR TR & T sk, It
MR P, AT RN Yurke T RAEH) 12

(a){ Alice | { Bob ' (b)f

I bu
U
1 L
e £
¢ I

P8 s ] 43 S R RO AR F) A R BE (a) FIRTR] A
(b) Z ] il 52 B R IR (Bell 2156 ); (c) 7 A8 MBS AIE H FH BE
Ji] 3 e 48 5% BBk 1 S 56 7 6. Alice F1 Bob 45 H il £ H HEA
1) BRI HGE A IR A S AR A R R
3 50 5 A H AR 7 B 3 BT ASCRR AR B . 5 MR G AR
i B TS B — B0, SR S ALG, TR KL
FRYAIE A B A = A T AR O HE . i CHSH AR 45K
2 DX 53, TR R0 % P [ e . 1 BB SR [122)
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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BB, SHESRL T T R T AR E
SR T

3 ETHBENETTHMN

RIS 1 22 It 1A 3% PP ) 1 i, )
LR (/SR e iUk X N RS W
MHA T ER— P HEAR T REE——2RME Hi—
EBN ESH T RA R THER R T T A
Rl R TR R A B R — R AR 52
To i TR 58 4 R 9 22001 ST 2 9L AR
58— U T ARAT I B0 JEE A B v 5 R ek
JEF RO AR5 B BE (B3 s ) 0 o R DA
TAFIET 00, ISEARF AE ). XA R
JEF SR - G T E ) | B L Kt R]
R B I A AT HE AR — N EA . Jaie
T TR R R T, XU EIE TS, T31X
AR AR H A TARHESL. DI, A/ N9 R i
F AT O SU(2) T TARJREE, FEXTHA T2
WHZ AW T 2 4.

3.1 SU(2) T

WHEA M N ZRe ok (i) AR
WA, BT NEAL 0 AT Al T ] . A5
e R (32) e U L IE2E e, WS ha0de
FIBRM A AR B i, XA R nT DL
B G 7 T2 1E Bloch BR 2845 % )5 ] n 47—
A0 G5

Up(0) = e 710, (68)

Hop g, =N 65 /2 B4k (collective) 2 1 i
HELF, o0 B AR T HIERERE. T T
PRI BIVE I TT USRS 0 I (SR 1A) H e S84
J = (Jo.Jys 3= ) 55 97 14 nAE Bloch 5k 14%3h 0
. XA 0B R EHE AT S5, R 51
D) 32 800 B 1 PRESOC &R . AN SR [4] ThAiER
), R (68) 3K, FTLLKE R ZHAER I3 b I
PAFE R LR WA, 4045 Ramsey B, 2% i /K
LA RCE R MZ T35 (G2 E 7 B 2L
ST W Y TAE ) &5, PR A TE— R
=Yrs(alrh, X EA A SRR RS S R T I
Bl 129,

— MRERI L oY SU(2) T GE A

z V4 z
_l
Uss(n/2) exp(—i0J,) Ups(—m/2)

9 )7 X Bloch B I b iffi- 8 48 95 SCRTRL I 55 T 5 AL
XA A A B SR [5)

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].

PR ARt o 1, R DT AR s SRR

FoR
CAlcout din
< l;out ) :M( l;in >’ (69)
HAP SR p T — bR
e % cos g —e ¢ gin ﬁ
2

M = . (70)

oo . 9
el¢r sin 5 el cos —

Hio<v<n, 0<ér, ¢ <2m. XFER SU2) F
WA i 5 I AR e (— AR A e, 707
Z G A R N, A 5 X Bose F 5
Fermi %A R 2K)

J atb+bla
v 1N P

J= ( Jy ) =5 | (aTb—bTa) ,  (71)
J ata —btb

K R0 AL i A5 i 1 ) 2 S A
JXERGER. AXEIEN, B (71) 20 U AT T L
5 ffy g i AR R % 5 S R [, i) = ik im s
PRI S T AR A TG A 3h i A, v T, LA B Y
WIEE X, FR WIS AR RS, AR RN
H RS B FEORIE, N = ata+0th, X T
Bloch Bk 242, 5 SU(2) Fil SO(3) #EF /8 —kE,
BERF Ty, TR = AT 1 956 8h B BT,
THWACE T, KA 3 & B AT TS e =S
i) m H— R (Bloch BR). HI, — A SU(2)
TWALRHERAEAT UHZE LA IE (fsh ) i shiE X
HH

Jouw = €707n Je™07n, (72)
HAEEMA/NMAEE 05 (70) 2T A0, ¢ BN o AFAE
A pR BOC FR L (72) 2R BB T 5 AAE Y AR A
KL TWFRIE. TERERE T, TSR
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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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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].
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Fig. 14. (a) We show the (cfr(,)) with respect to v in LMG
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boundary between standard quantum limit and sub-shot
noise, which also witnesses the useful entanglement in Ref.
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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
0.2 1
0 -
—0.2 A
—0.4
—0.6
—0.8 A

(2)

—-1.0
0

15 20 25 30 35 40 45 50
m

5 10

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].

0.25+ 0.25-
0.20 0.20-
s 0.15 4 s 0.15-
4 g
1S 3
0.10- 0.10-
é d
i i 0
0.05 o] — 0.0 0 025  0.50
o/x ' (a) 0/n (b)
O T T T T T T T T T T O T T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
m m
0.25+ 0.25
= 3
0.20- 0.204 % 2
s}
1
0
$ 0.15- s 0.15-
4 4
g S
0.10- 0.10-
?
0.05-# 0.05-
0 025  0.50 -
é 0/n (c) P (d)
0 T T T T T T /| T T T 0 An@' T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
m m

16 R[S BB, MR8 Jr i 75 B GG THE 9 7 2 (m(A208L) )0, , LLE IR S H IR CRB(mA20crs , 2L E LK),
1L 340 AH 2 A T B9 T7 22 (m(A208L) 010, > T (LRI BT (mA20,6p, T LEL) BEFEA m 1L (a) a = —100; (b)
a=-10;(c) a=1;(d) o= 10. 5K E F DI IY E S I ME R poi (0) 19534 . IETHCE SCHR [164]

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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X AN ) S 30 W8 A 25 T 45 30 i BB i 47 DA i
W 5 RS T A R . TS 5 T7 25 (A%08L) 4,000,
((99) 2X) & 15 L 9 15 B, 3 0 19 S0 26 2 (RLAR 1
I Ghosh B FR ((103) =X). Sk FHIMIR J5 145 3|
779 (A%6050) 40 =3, (851(12) — (B5L)u100) “P(11l60)
AL FbRie, 5 I X CRB A%6crs =
|d(OBL) (0, /00 |2/ (MF(00)) F L1 (A S 2k AL 7 2
TER 2 G2 A AR I, (A20L) ), TELER
AN, 5 E R AL A 0 O 25 W AR A5 s, BRI
|d<93L>u\90/d‘90|2@E?%E/J\

HI & 16 AMER H, 420l & kB m B T
g5, DUt Hr DL RO 3208 i i FR K 8 T 0.25(45
FIE TR CRB). (H2, Y mEBU/N, W05
B )5 2 (m(A2%0s1) .00, T MA20u68 ) 231K
TFHURISHIZE R, BIE 16(a) FE 16(b). m /),
XA 2E K. FRATAIE CRB Z i/ MUGE TR,
PRI, B2 R A5 A SO A PR fE— 5 A AR
CRB 1E M s/ N BR R AT m AR KBS, BRI ACp BR
FE BN WSS, A BT Y m B NEE, RS
[ AT W A P B SO P I 22 . X G B, A
1T P GE T PR AT .

F3—J7 1, DU BRAE m ¥ e To55 B A
178 J&H Laplace-Bernstein-von Mises & ¥ [4:166]
PRAIERY. WU, 75 m AR KET, J5 5653 A0 pRECHEE

BTN T A eR A
Ppost(o‘,u) _ mF21(_[00)e_ mF2(00) (0 — 90)2 (m > 1),
(108)

R, Al T HE R J7 228 8 Fisher {5 B 0 EI%L, B
1/(mF(6y)).

5 REL5RZE

MR J51 2R ST SR Wb v 1A B2 — 4>
FEMAMLE BRI 222 B ST, 752507
17, EA5ER 1 & T A 2R T 2 2S5 =l
JE T RR B A PR A SR UEPE SR, AR BRI AT
REAR Hh DR i 21 B i 1 B 2 00 B B9 R &5
H IR, HE T i Fisher (5 M Z R FH
A58 LR G 1 i A B AT it
—B R, (R B AR SC B R, LASE
e My I AR . R T U A AR R, X L
fTFRA 20— N BB AE RS T ) LA e

1) gL 2 9B . & T Fisher [F 22
BT ARy B R R BT RGN 2 kT
af g5 ) 5 F B 2 8 T o T 2 R )
Fisher {55 5 5 I & 4 B1 2 I 52 K5 3 2 [6) 1) 56 &R
((9) 3X), Fisher 15 B C &4l 21 3% 2228 5 (1) 24
GF g BTl A NIRRT R R R
o= @@ Q) Fe s R R UAE
A A AN BT R BN P = (1, Fon) =
(i.17ﬁ13 e 72']\7313]\7) . X“J‘%%%ﬁ, ;H\: FiSher {%‘l%\)’i
XH

Folp,d(g)] = g™ 2702, 2g, (109)

Hh =Y, (°§); thyZmEE 2, KT H
1 .

(925)i = S {Fag + 7570)p = (70)p(75) 53 25" R 82

MW, 2R IERKE §g) =g 7,
BA. . A B E TSR Fisher 7 B8 2

Folpa, d(9)] < 49" 2,509, (110)

;H‘:EPHA(ﬁA) :®i\il 15./41 ’ ﬁAz IE"I_—: ﬁ/\ %ﬂ: AIE(J
L0 B . TS SR AR R G ()

CA(p) := mind(g" 2" 2p1, ;) 29) (9" 259).  (111)

XEF Ao B A, U 2
Cr 7 (Psep) < 1. (112)
Ptk (110) 20k (112) At ESAE B &
1) 22 b1 2 g Al e A sk, 43 2R
F 24 ARRIA R4S 045 F e 170,
2) A SN, HTE G TR AR
T AR R PR ) JR 2 B T R S B AR S A TR
[l 2SS AT R A RIRIF 4G, T
o BRI 55 5 TH A BN AT R, 2 AR
FABEAS T IEAES AT DG D718, 75 AR R
SRR ) 2 R — A d K
0 = {01,005} HEATAN T, OB B8 1 S 1
BE R A R B 2 28 &, P(mul) =
[T, P(k;|0)), RO 45 5 5 18 0 2% & 040 ¢ .
HBS TR Al 17 R O(mu) =3, ., P(mul0)
O(mu) =0 H dO(mu)/do; =1, (1=1,2,---,d).
N CRB 5 A
B(6) > [F(ﬁj]_l > [FQ;Z)]_17 (113)

Horb, ZA8 B J7 22 DV 7 2206 1 [B(6))1m =
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>, P(mu|0)[6(mu) — 0],[6(mu) — 0],, K~ , i
IR, HOOH A 0 R Nl H R BER T 22 (A6))2 . MR
i) Fisher {5 BJR AXFR Fisher {5 B

PO =30 A0 (11a)

p
Hrp o, =0/00,. B LV, (113) KB H T 24 &=
TR R B, HE 50 i ) 1S L AR T A S
ARFR. AR, FH—Fp (113) X P55 o
IR — M A R, SRR [178] 44 T X
FER) — A FEE LA, IR T A —Fh BRI Bl
(113) S par. PR, A1 — UM, 752
BT, B s 2 () A 72 44 B Tl
AR T ARG 38 3] 22 A0 s VA AR SRR R 1179,

3) ErI BB IA) . AR ] Y AR
T PR B TR AR AR IR A S AT AE — T
WeBR? ASRAFTENTE, B %7 R AR Fy
FTFARALAE S | i | #6371 O R it e
W R LAY, DR ST JLARS R T AT S67E
(S WL3CHK [181], KIS 3CHk). BT E AR ki A
DABBEFR M (waveform) [R]85, 4 2 i & A
FI A 42 B B A ) A8 B 9 £ 8. Tsang 45 181
2011 44 Bayesian 508777755 A EI & B [R]85 Aty
e, IR I —A R T CRB. B8 2, Xk
AR A ) I o R P A AR AR R Y TR P T
SEA AT s A7 AR AR [A] ( A5 R ARk, R, e
SXof B e 1) 728 A 4 ) e o L S B R A
A SR PR R — M, SR A BB RO B
— P, el & R B A T AR R S
AT JE— AT F B ) A

4) KFGE k. HETHEAe T LIEE, 78
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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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