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TRATFSREITNES
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H:El%¥QL+@wﬁ+vm
WEEBRERARE

Db, 1) = Hy(r,1)

* BFHH: g=-e<0
* R P(r,t) = [¢(r, 1)

W(r,t) = p(r, t)e™
Xo B—NEHEME, EATWERST, AW HEEL
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P(r,t) = P(r, t)eix<r’t)

* BMELSHERLE
* BERARABHE
* EREREMERE, BERARNGRESELYE

{_% [V—isA@,0] +eor, t)} W(r,t) = m%ztp
MEIH TR
A(r,t) »A(r,t) + ZVX(TJ)
O(r,t) —®(r,t) — %%
MEREL
E--ve-22 B-vxa
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® EFR~F ~0.1nm ~ angstrom
® SEiFik I ~ 400 — 700 nm
* —MBRAHE k-r <1
A(To n T,t) _ A(t)eik-(roJrr)
A(t
~ A(t)
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X R T
b(r,t) = exp[iT Alro, 1) - 7] o(r,1)
RANBEEISHE, 52
. : 2
ih [i%A ~ro(r,t) + o(r, t)] exp (i%A . r) = exp(z%A . r) [Qp—m + V(r)} o(r,t)
R, =3
ihg(r,t) = [Ho — er - E(ro, 1) ¢(r, 1)

HPE=-A
Hi = —er- E(’I"o,t)
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EEAE
O(r,t) =0, V-A=0
ERSEE
H = Ho+ H»
B BRIE A

2
—_°5. © y2
Hy=—Sp- A(ro, 1) + o A%(ro,1)
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[LRE51

Hy = —er E(ro,t) =er- A, H;= —%p - A(ro,t)
s #RNFHE, HHPAERAE—1T2RS
* i% F(0,t) = &cos(vt), MEEIH A(0,t) = — L& sin(vt)

Wi=—er-& Wo=-"p-&
mv
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ZE—N_BREG
[¥(t)) = ca(t) |a) + co(t) |b)
BRI

ih

b(t)) = (Ho + H) [ (1))
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J;|b>
B Hola) = hw, |a) F1 Ho |b) = hws |b)

Ho = (|a)a| + [b)b]) Ho(|a)al| + [b)Xb]) = hwa a)a] + hws [b)D|
REF RSz EEER
H, = —ezE(t)

= —e(|a)al + [b)b])z(Ja)Xal + [BXD)) E(2)
= —(pab |aXb| + pra |b)a]) E()

HA par = b = € (alz|b) RIBRIERIERT
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BIRIET, BiF
E(t) = & cos(vt)

BEEHE
7 Ca\ _ hwe —pap& cos(vt)\ [ ca
v ) \—pvad cos(vt) hwsp cp

Rabi 3% Qp = 12l

d
dt
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BIRIET, BiF
E(t) = & cos(vt)

BERARE
i¢

Ca = —iwaCq +1Qre " cos(vt)cy

&y = —iwpep + 1Qre™® cos(vt)cq
Rabi #fi% Qp = [£eal?
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& Cy = cae'at, Cp = cpe'@rt
Ca = iQre " cos(vt)Cye' o —w)t
Chy = iQRe' cos(vt)Cpe ™ (Wamwp)t

5 ﬁi*ﬁ%&i[gIty ?=f‘ EIJ
. Q 3 i(w—v 4QR —i¢p 1(wrv
Ca = i—Re Z¢CbeZ(w )t+Z7€ ' Cbe( )t

- Q2 i —i(w—v Q) i —i(w+v
Cb:iTRe *C e )tJrZTReOCae (wtv)t

® HERIE{L (Rotating wave approximation, RWA)
BIRER, EEENHERELFHAO

° KT, EFAESKERHES v

o KT, EFAHESRKIRES
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& Co = cae™?, Cp = cpe™t’
Ca = iQre " cos(vt)Cye' o —w)t
Chy = iQRe' cos(vt)Cpe ™ (Wamwp)t

SrifssEK, 53

. 9] . (wo—b
C’a:iTRe @ et

Cy = i%6i¢caefi(w7u)t
® JEKIL{l (Rotating wave approximation, RWA)
EIRHI, EEEARERELFEHHR O

° T, EFAESRIFHRS v
* MUSEF, EFAHRSHIRIELS X
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QF”7§6¢(QﬁAHwA@e“)
. . QZ
—>Ca—iACa+TRCa —0
B
Ca(t) = (alemtm n aZe—iQt/2) GiAt/2

_ 20, id—iAt _ 2a1 (A + Q)2 4 ay(A — Q)e™ /2 id—idt/2

Colt) = iQr QR

°* A=w-—-v AKIEE
° 0= /A2 + Q% AEVHLIHE
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B Qt A QU Ay | SR g R RTNY
Co(t) = Co(0) (cos 5~ q St )e +1 q ¢ Cy(0) sin 5 ¢

B Qt A QN iaee | QR g R RN
Cy(t) = Cy(0) (cos 3 + q Sin )e +1 o ¢ Cq(0) sin 5 ¢

o WIARIE [Ca(t)]” + |Cu(t)]* =1
o WITHIE |o) 0 |b) ZARBIES, FHHE O
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MBENEFIFERETS la), B Ca(0) =1, Cp(0) =0, MR FHRE
A Q%) 2

Q
8 n ——l—cosQ—)f

W(t) = [Ca(®)]* — |Cs(1)]* = ( 2 2

* MRKEBEATA=0, HQ=0Qr, M
W(t) = cos(Qrt)
— RFEESHETZ B ESRS
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BELR 2 BT R ABARF
P(t) = e ((t)|r|p(t) = chcvpab + c.c. = CoChpape™” + c.c.
REBREMNZ o), W

B Qr Qt A L QY . Qi
P(t) =2Re [zﬁpab (cos? + ﬁsm 7) sin 76 e ]

° BIRFERZ R 5 NGHAMEERE
® 1937, Rabi Z[EEKE 1/2 MR BRF R AEE
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Liouville or Von Neumann equation of motion for density matrix

* FRSBREFEXLL

im0 = £ . ] + (%)
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.
p=—7[Hpl

* EFSHTEREHFSRERY
° FEHMETLA—ERFEX

(nIT}m) = Yubom

° RMMERIEESESR, ERTURAUTAERT

p=—~[H,p - 5{T.p}
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® paa F pry MATRTANSHIG TEHER
* EMBTRTITFIRKL
P(z,t) = CaCypra + c.C. = pab(2,t)Pba + c.C.
* WET |a) EE:.Fﬂ—iREI] S EIRETF, A v REFEH
® paa H’Jﬁ ﬁ Pab E’JL*E:FW ﬁi?‘] 7/2
° JE?ZI‘EHE’\Jﬁ]ﬁ?iﬂ'ﬁ"éih%éﬁ’fﬁﬁ?’iiiﬁ!ﬂ, WL SHIRBET, EBEA
* X BT REFEE L =7/2+ 7

d ) ; -
qpPae = WPec+ 5 (QReld)pba — Qgre ’¢pab)

d i i —i
P = VPee = 5 (QRe ®pva — Qre ¢pab)
d Qg

P = —(yL + iA)pap — 176 ?(Paa — pob)
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SHELNAE, BRRSTHE

Paa = 7110 _1.5
2y(12 + A%) +71|Q&7]  21+58
—iQReid)(’)u_ — ZA)
Pab =

2[v(73 + A2) + .1 |Qr/’]

° Hep S Aty

_ _71l9sP
11 +4%)

° RIEE A BHIRIEEE
® pee <1/2

_ S
* lparl = =7 sy
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* AFE EXEMIBBETESRS FLATXIESRE
* 5RMIFAR, FEZERUIHHETL

£ it 1
Hy = Zai i3] + ﬁzwk <a£’0ak,a + 5)
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PRk

~ h —iw N Tw
E’('r7 t) = izéa\/%(&k,ae Kt _ aL,Ue kt)
k,o

* AFE EXEMIBBETESRS FLATXIESRE
* 5RMIFAR, FEZERUIHHETL

£ it 1
Hy = Zai i3] + ﬁzwk <a£’0ak,a + 5)
7 k,o

B
Hy=ih 32 S gni 1l (in.0 — ., )
k,o 1,5
HBEARY

Wk
o= d;: e,
Gkt 2¢phV i€
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H = (Je)el — lg)ol) + Ao (&f - %>

+ 1 [Ale)gl (@ — a') + 3" lg)el (@ — a)]

° A0 a5k
o A > 0: ki
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BIF: —RARS

H = (JeMel — o)) + (df - %)
41 (Mgl 6 1)+ lgiel (2 — )]
o —WERG. A <wo

KEFHEEEEF: A\ wo ~107°
° A=0, HKATUEH

a(t) = a(0)e ™", lg)el, = loXely e, [e)al, = ledaly ™"
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BFmSRTHHEEER
BIF: —RARS

H = (JeMel — o)) + (5; - %)

+ i [Mle)gl (@~ a') + A" [g)el (a - a")]

o _ﬁﬁ%‘tgﬁ, A < wo
KEFHEEEEF: A\ wo ~107°
° A=0, HKATUEH

a(t) = a(0)e ™", [g)el, = lgXeloe ™", leXgl, = leXgloe

® 1% [e)gl =6+, |gNel = 6-

—i(wp—w)t

PN ei(wg—w)t7 & AT ~e

640G ~ _a

5’+&T ~ el(wn-‘v—w)t7 G_G ~ e—l(wo-'rw)t

Hw~wo B, 610’ fo_a RERY, HEHRRELAE
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Jaynes-Cummings $&#Y
1 R ita 1 R
Hjc = iﬁwooz +hw(a'a+ 5 + hA (0+a+ o_a )

° a4 REGHMESR, FTRIEEET NV
o HE: 2x N
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Hic = %rMOaz + hw (a*a n %) +7A (61 +5-a")

° BEEHTE

B . h
Hi = hwd'a + 7“’&2 = TiwN, — %1

Hy = %&Z + A (&+a + &_aT)

® [Hy, Hu] =0, EMFRE Hu BshhZE R, H SFRCHRIKRZR
H—MEEF

() = [CE(E) lean) + CLyy g+ 1)] e~ 0 )t
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"REAE
ce :—z—Ce —iAvn+1C7

Ci = i%cgﬂ —i\n+ 108

EVER |e.n), BEIBH

{ Cr(t) } B |:c089229A sin Qgt 72?‘2" sm%

9 S2 Qnt
Cs.,(t) —i 5™ sin O o — sin =3~

{ Cr.(0) ]
Ch41(0)
o Hoh A\, =2\/n+1, Q2 =A%+ )2
o LAE Cr(0)=1H A=0r/, REETEHE

Wi(t) = [ | = cos(Qnt)

°n=0HR, KEIFAEEE
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1.5
— WIthA|g, n=1), A=0.0, A=1.0
1.0 Wthis|g, n=2), 4=0.0, Ak
05 146749, n=3), A=0.0, A=1.0
€ 00
—0.5
-1.0
_1.5 i i -
0 1k 2 ¢ 3 4 5
(a)
1.5

— V&g, n=2), A=0.0, \=1.0
——- WIthA|g, n=2), A=0.40, A=1.0
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o —MIEHR, FIBEE [0(0)) = 3201, Cn In), RFHEH |g)
[%( ZC iR [COS nl e, g) — isin 2ot Q g, +1)
=0
* mMEHRE
W(t) = (¥(t)|os|v(t) ZIC 12 cos(Qnt)
o BEMHERARIETS ), Cn = exp(~[af?/2)a"/Vnl, 83
t) = e 1o i ﬁﬁ cos(Ant)
2l

EERA=0
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15
10

0.5

£ 00
-05

-1.0

— ¥hE|g, a=4.0), A=0.0, A=1.0
-—- ¥IEhA|g, @=2.0), A=0.0, A\=10

t
(a)

— ¥h#s|g, a=4.0), A=0.0, A=1.0
- - P |g, a=4.0), A=0.0, A=2.0

* HFH-EFIAR (collapse and revival phenomena)
o MARNESHERXBMA—, FSiE
o LIBAI{RILARIERY, 55 AR
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* ESIRH BRI F R FRERE

1 1
Qn:<n>tR ~1l—=tp~—n~

Qiny  20/(n)
° FRiSAtE
te [QUnyran = Qny-an] ~ 1

MFEFE, An=/(n), \WiH
1 1

te ~ ~—

Q<n>+An - Q(n)fAn 2)

° SEATE

tr [Qny+1 — Qny] =2mm, m=0,1,2,...

ISR

2mm QWmM
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o HMAMFE N =ala+ [e)el
* BEX {le,n),lg,n+ 1)} RIF, H BEMRNXA
0 o— (n+ 3)hw + hA/2 hAvn +1
" hav/n+1 (n+ 3)hw — KA /2
* KEEH

En,j: - <n + %) hw £ %hQn
Hip Q, = /A2 +4X2(n+1)
* KT

[n,+) = cos O, |e,n) +sinb, |g,n + 1)
|n,—) = —sin6, |e,n) + cos 0, |g,n + 1)

Hd cos(20,) = ﬁm)
o BEFFINFYME—IE — BIH7S (dressed state)
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H = hwa'a + %hwgaz +hA(61a” +o_a'?)
= H1+ Hn

* EHAFE

]

Hi = hwa'a + hwé .

(2)
WA B0 + 6_a1?)

I =

XE AP =y — 2w AWMAFITEMNKILE
° [H[,HH] =0
* FE {le,n),|g,n+2)}
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H = hwa'a + %hwoaz +hA(61a” +o_a'?)
= H1+ Hn

* EHAFE

]

Hi = hwa'a + hwé .

(2)
WA B0 + 6_a1?)

I =

XE AP =y — 2w AWMAFITEMNKILE

° [H[,HH] =0
* F=E {le,n),lg,n +2)}
* KIEE

E=hn+1)w+ %h\/(A@))? AN (n+ 1)(n+2)

* R
|n,+) = cos O |g,n + 2) + sin b, |e,n)
|n, —) =sin b, |g,n + 2) + cos Oy, |e,n)
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+V/nhA

)
P b
410 SHANARRER, KREE A=0
a. #HR A =0 B, REEEFEH
® |g9,0) — &g
lg, 1), le,0) = g4 + hw
lg9,2), le,1) — g4 + 2hw

£V2hA

+hA

b. RFMIIZFESERRERSEF
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H=Aé.+\6ra+6-a")

° % A=0H#k, ZHE A RN SRERYIEY

* ARIERTFEERY A > )\ - BEAAFLE, BIBESAKER

° EMAIMS LB — AR RBRAGHEIRENE
KRG BFEE. BFHE
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Schrieffer-Wolff 75

AL, Schrieffer-Wolff T2 —Mrisdhit
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Schrieffer-Wolff 25

sk S?
© {8 A= [, V]
© WA (1A Ho| =~V @830y
e 5= nfl

BNAERAERTHRERSE
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Schrieffer-Wolff 75

BlF:
H= %&z +hAGra+o-ah)
® B4 Hy=hA/26,, V =h\61ra+6_ah)
° 3}? [i
A=, V] = %n“’m(ma _alsl)
* RAFHE

[nA, 1510] - %mn(ma yo_ahy=-v

BE n=)A, Bt S=2(ra—a'6.)
° BRMEHE

H. = Ho + %EZ [S \7] L PR Yall (fu&, n &zaTa)
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Schrieffer-Wolff 75

BIF:

RKET, EFERERMEMURRERS BERSREEEBD

- %a—z + h)g (aur&, + &szd)

= P2 (le)el — Ioal) + 5% (jeMel +-a'a)

He
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Schrieffer-Wolff 25

BIF 2 BRTHHK
H = hwadla + hwpbTh + hg [aﬁiﬁ + (a*)%}
- (hwa*%mai)*é) + hAbTD + hg [a%* n (a*)%]
o W, & Ho = hAbTh, V =g [eﬂiﬁ + (a*)%]
° {REE FERY TR, ATRARE] (1)
$=4 [a“'iﬂ - (aT)QB]
° BMHEEEHA
2
i1, = nab'b+n% [4&%13*6 +2b1h — (aT)QaQ]

BEAIGER o WIFKMRRBE, ANESAMER LT RBE
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HETHAIFEEIEER, TaEMERRERIML
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Hp = A6, +wa'a+ g6.(a" + a)
g6u(a+a')=g(6-a" +64a) +g(64a’ +5_a)

o #EA>g, NEZ JC 1R
* Rabi & H N. FAEEFIESE
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Hp = A6, +wa'a+ g6.(a" + a)

Z> R
G- —a, 6y —0s, 0.—06.= Hp— Hg
o BH = 6. = 5, (—1)2'a
Hall = —a, 6,10 =—6,
R4 "REREM" TFIE
%15 [HR, | =0, ENAAREANKES (b = +1 RERETH)

Hr |[¢(p, E)) = Elp(p, E)), T [p(p,E)) =plo(p, E))

47 /84
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Hr = N6 +wa'a+ go.(a' + a)

o ENEH b=26.a,F ala=0b'

o FREMH 1= —5.(-1)"""
© BERE

p = A1)+ wb'h + g(b + b7)
[ ]

LRF (Aik) BHAEKAESFR £1
Hilbert Z8[8 2N — N
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Hp = A6, +wa'a+ g6.(a" + a)

® Braak 7£ 2011 45 H T AfERERE
* BRREETHXB IR KR TR ATIAGE] Rabi AR EATR
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D=3 [t + o) L)

n=0

RNEEEHE

ieh(t) = (nw + A)eyr (1) + g (Ve
iEh(8) = (nw = A)e,u () + g (Ve

* MMARSHMEFR p = +1
* FTEFHHUEIL=EBE

)+ v+ lccflﬂ(t))
Lo () + Vi Tech (1))
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A
o(t = 0)) = [1,a) = i \'/%0‘ [t,m)
NEHEURLE
P = wololvo) =3 (| - sl )

n

* Fg<{w, A}, BRZOE JC FER
Py =Y cIL(o)‘2 cos (2v/n + 1gt)

n

* BBE g X, HWENKES ERIAKIEEHE
* MFRIERT 6-a+061a', RERTFARESH NFEMIRER S
° g H—HEK, P(t) BRHRABR-ERAK
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Hr = wb'b+ g(b' +b) — A(~1)""P11

23
b'bIp,ne) = np p, ), Tlp,ns) =plp,m), p==£l
* A=0H, #7 [¢(0)) = |+,0.) KELATAT A
() = exp[igt/w — ig” sin(wt) /w?] |+, a(t))
HPBEFE alt) = g(e™™" —1)/w, Al
(BO)o(®)]* = e 1O
e o) B 2n/w, FIARGEHISE BEEHRE
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oy I CREAT, RER o1, A=04, 9=0.05
é!' 0.6
§ 04 W
£ 02
&
0.0)
0 10 20 30 40 50 60 70
B[] =29t
(a)
0.8 — RabiflHI& R, JBBHH w=1, A=04, 9=0.05
=
£ 06
2
5 04
§ 02
0.0
B ] =2¢t
(b)
08 — Rabifi MR, HBBHH w=1, A=04, 9=0.50
.
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ARTICLES

Dicke quantum phase transition with a
superfluid gas in an optical cavity

Kristian Baumann', Christine Guerlin't, Ferdinand Brennecke' & Tilman Esslinger’

A phase transition describes the sudden change of state of a physical system, such as melting or freezing. Quantum gases
provide the opportunity to establish a direct link between experiments and generic models that capture the underlying
physics. The Dicke model describes a collective matter-light interaction and has been predicted to show an intriguing
quantum phase transition. Here we realize the Dicke quantum phase transition in an open system formed by a Bose-Einstein
condensate coupled to an optical cavity, and observe the of a self-organi: id phase. The phase
transition is driven by infinitely long-range interactions between the condensed atoms, induced by two-photon processes
involving the cavity mode and a pump field. We show that the phase transition is described by the Dicke Hamiltonian,
including counter-rotating coupling terms, and that the id phase is i with a broken spatial
symmetry. The boundary of the phase ition is mapped out in itati with the Dicke model. Our results
should facilitate studies of quantum gases with long-range interactions and provide access to novel quantum phases.
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From Nature 464, 1301-1306 (2010)
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