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[ectures:

1) The importance of BEC. Basic concepts for BEC

2) Interactions in BEC/lattices (exercises)

3) How to make BEC? Thermodynamics

4) Coherent modes : equivalence with quantum optics

5) Superfluidity aspects: vortices, turbulence and more
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Thomas-Fermi approximation
for a Bose-Einstein condensate
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Image Analysis
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Thomas-Fermi modeland T=0K

Gross-Pitaevskii Equation Thomas — Fermi Aproximation
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Results
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Stmple model

Add a term to proportional to the density of thermal cloud:

UV (7)
U,

Integrating over the available space: y +2n, _R

Thomas — Fermi Aproximation: #,()+2Un,(¥) =

80

2(]OnT (’7)

Using: N=N, +N,

RY/Ng ( um®) x 103

Ng/N



Hartree-Fock model

Semi-classical approximation:

1, (7) = H _V(’_;)(_szo”T(’_;)

1 _V(F)¥2Ugng (F)+2Ugnp (F)— U <
7\ — - kBT T g |r1;‘1| —_— :
I’lT(I") - /]3 g3/0] € G3sa\ L Z REYE:

T n=1

H(u=V(r)=2Uyn(r))

Thermal cloud subjects to an effective potential:

Vg (F) =V () + 2Uony (1) + 2U o1 (F)

= density distribution for the condensate and thermal cloud
obtained through a self-consistent system of two equations



Hartree-Fock
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Experimental demonstration

Modulation of scattering
length



Manipulating the scattering
lengt

« Remember that the
scattering length
defines how strong the
Interaction is.

e S0, tuning the
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What will happen If...

 ...the magnetic field oscillates???
B(t) = By + B cos(wt)

(1 1 =
g —  Anyr —
By — Byes + B cos(wt)
Gy D\

Bg — B, (1 — BO—BBWS cos(wt))

anr

B A

= < 1= as(t) (1 + A ) + (wt)
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Gross-Pitaevskil equation
(GPE)

 Time-dependent scattering length
HO (7, t) = h22{)

K2 4mh? N
———V? + Uprap(7) + —

2m

H(®(7,1)) as(t)|® (7, t)|?

72 . Amh2N _ Ah2N .
~ V2 + Unrap(7) + — ao¢(r,t)2+| ——a|®(7,1)|° cos(wt)

2m

e GPF \/\/ifhzan external n%cillamrv field
H(®) = 924 0o (A + 2N 24 (7) cos(wt)

- 2m m 30




Modulation of scatt. Length and
excitation of collective modes

—Dipolar modes
—Breathing modes
— Scissors modes

—Quadrupole modes



Introduction

—Dipolar modes




Introduction

—Breathing modes



Introduction

— Scissors modes



Introduction

—Quadrupole modes



 Experimental observation of quadrupolar

modes = N
320 -
How? g
£ 280 -

. o= T | 1
MOdUlatlr.]g trap % 320 (b) ()
frequencies 3 \ I

5 g
3 280 -
S B
O (45 ]
240 }
0 100 200 300

Time After Drive (ms)
D. M. Stamper-Kurn, et al. Phys. Rev. Lett. 81, 500 - 503 (1998)



Introduction

—We modulated the scattering length applying a
time-dependent magnetic field close to a
Feshbach resonance.

—The question is:

* Would be possible excite a BEC modulating the
iInteratomic interaction?



Experimental Det AN )

Trap

« N=3x10° "Li atoms

e |[F=1, mp=1>

e ® =2n x 255 Hzand o, = 2w x 5.5 Hz

Excitation
» B(t)= B, + B cos(ot), B,= 565G, B =0.018
B(Cltatlon durlng t, | Free oscillation : In situ image

|
* a, =~ a, +acos((ot),aso—3ao,a—l6ao



Theory: Variational Method
e New dimensioless variables

mwyr

w, =1 u, | = L

* TIme evolution of parameters
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Results o= 271 x 10 Hz -

s lexc

o 260ms
 In situ Images
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Theory: Variational Method

e Trial function

n2

U("l* Y,z f) — A(f) HU:InyJmF—?Y?Z%(ﬂ
 Lagrangian density

o th ou(r)y: s OU(7) h? T T 2ma h? i
{ = D) (3(7) or () By + E|Vr(ﬂ| +1 (7)|3(7)| + - |3(7)|

e Euler-Laaranae eauation

iy B L=t = / td
dt \9q;) g




Results

e Quadrupolar oscilations: w=21x10Hz ,
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Results
» Axial cloud radius after t,,. = 500ms, no free

osclillation time
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Time-Dependent Perturbation

Theory

e (GPF ,
H(® 1)) = —2 V2 + Unap(7) + Aol®(F, DI + Al(7, 1) cos(wt)

_2m S S 2

Ho Vi
pop pzap perturbation
A(): T ao A= il a
m m

e Consider that tha anhliitinne nf -
[or (HF+ V)P = zﬁatmzﬁ dr

are given by =3 @0 (7 o—iEnt/F
n
ni(t) = lei(t)|



Coefficients equations

 The equation

. dcm e, * =
Wt = Ao Y et [ 65 (0uf? =100 F) dudr
n,k#n
4 AO Z CZ;C[/Cnlei(wmnl+wk’l/)t/¢;¢Z’¢ll¢n/d7?
n' k' ' £k’

+ A Z cchcﬁei(wmﬁwm)t COS(Wt)/@:,L¢;~Z¢[¢ﬁdF

7,k

e |t IS hard to work with because
— A lot of terms



Approximation

» Time average technique: if Aw=w- w,, 2>

= constant

= constant

_...%‘hﬂ)t

e%"" o)t
cos(w . t

L cos(wt
cos(Awt)

t

mn)




Two-level system

* |f there Is no combination between two
frequencies that summed or subtracted

. dc - . .
Wt = Ao Y et [ 65 (0uf? =100 F) dudr
n,k#n
4 AO Z CZ;C[/Cnlei(wmnl+wk’l/)t/¢;¢Z’¢ll¢n/d7?
n’,k’,l’#kz’
+ AY cieeaeOmate)t cos(wt) / G 07, O AT
nkl

e We can assume that a resonant oscillation

n n n
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Coefficients equations

o After some calculations, we easily obtain
dCO ZAO

2
E — —? |Cp‘ Co (QIO,p,O o IO,O,O)
iA '
—z—hQZAWt |:‘Cp|2 CpIO,p,p + 2 |CO|2 CpIOD(),p + C;Cglp,O,OG_QZAwt}
dc iAo | 2
d_tp — —? |CO| Cp (QIp,O,p o Ip,pap)
iA '
_Z—ﬁe_mwt [‘CO|2 colp,0,0 + 2 ’Cp|2 colpp,0 + Cgcﬁfoap’pGQzAwq

I k. =/¢Z‘¢k\2¢ldf'
where



Normalized equations

« Some detalls before the graphs

m W
o= P42 A=
h
I = go=4rNL (@) = 2(7)
mwy Ly
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Ly [y Ay
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W
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Normalized equations

* The final equations

dc :
d__[f) = —Zgo |Cp‘2 Co (ZJO,p,O - JO,O,O)
1 SN/ & — 246t
_%61& ao [‘Cp|2 CcpJo,pp + +2 |CO|2 CpJo,0,p T cpcgjp,o,oe o }
0
dc : 2
d_f = —190 ‘C()| Cp (2Jp,0,p o Jpvpvp)

190 _i5¢ @ 2 2 x 2
——5 € — |CO| coJp,0,0 + +2 |Cp| coJp,p,0 + CocpJO,p,p6

th’}
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Order parameter

e Definitionn = no — np
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Order Parameter

Results

Transition 000-100 ; a_=a, +acoswt;A=0.2;9=70
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Real world

e Remember that

B(t) = Bo + Beos(wt)  as(t) = apg (1 ~ B(%) f Bres>

E_«i= (1 P ) + ba (wt)
A >~ Q a COoS(WwW
B?"es — BO ’ \ " Bres - BO , " (Bres - BO)2
ag i
47TNa0 go mfwT ﬁ
go = — = N = n ly =
r 47TafnT (1 + BT'_BO ) mo wr

Takinna thege valiles
go = 70 w, =21 X 120H 2

B (0.1, ®Rb "Li,°K
B?"es — BO B _0'17 87Rb



Real world: numerical values

a
— = 0.2
ag

Atom | Bres(G) A(G)  apg(aBonr) Bo(G) B(G) ao(apohr) alaponr) N

85Rb 155.0 10.7 443 160.4  -0.54 443 88.6 237
87Rb | 1007.34  0.17 100 1007.6  0.026 33.3 6.7 3109
T4 735 -113 _27.5 678.5  5.65 27.5 5.5 13263

39K 403.4 -92 -23 377.4 2.6 23 4.6 6729




Real world: numerical values

a
— = 0.8
ao

Atom | Bres(G) A(G)  apg(aBonr) Bo(G) B(G) ao(aponr) alaBonr) N

85Rb 155.0 10.7 443 164.4 0.9 63 51 1657
87Rb | 1007.34 0.17 100 1007.53  0.02 11 9 0327
T4 735 -113 _27.5 636 10 3.9 3.1 02841

39K 403.4 -92 -23 357.9 4.55 3.3 2.6 47104




Chosen Atom #1: ‘LI

mgo = 11.65 x 10_249

Upr = —27.5aBohr
A =—-113G
By = 635.2¢G
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Chosen Atom #1: ‘LI
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Chosen Atom #2: 3°K

mo = 64.70 x 107%*g  apy; = —23aBonr FE100 — Eo
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Chosen Atom #2: 3°K
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Experimental Details @

frap | % RICE
e N=3 x10° 7Li atoms

e [F=1, my=1>

e ® =2n x 255 Hzand o, = 2w x 5.5 Hz

Excitation

* B(t)= B, + B cos(ot), B,=565G,B=0.018
a,~a,t+acos(ot),a,=3a,,a=1.6a,

Xcitation during t,, : Free oscillation : In situ image
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Simulation for the time evolution



EXCITATION OF COHERENT
MODES



Coherent population transfer between two trapped states

/ \

/ - \ /
:B: V,=V(F)cos(ar) —
E, E,
hw ~E,-E,
El * wiw,~ 1 II El
E, E,
E,
E,



INTERACTIONS

2
H(p,r)=+t— 4+ U(r)+yn(r)

2M
N T N+ 1 T n+3/2
Gross-Pitaevskii equation

h- 2 . 2
H(¢)=—5=V"+U.r)+4|¢

2m |

WITH;— a (a=SCATTERING LENGTH)
A=(N—1)4mh?—
m

Collisions or interaction are responsible for all nice properties



Example: excitation of the coherent modes

FIRST: CALCULATION OF GROUND AND EXCITED STATES

h ) > )
H(¢@)=— 2—mV +U.(r)+A4|¢|

> m
HARMONIC TRAP [ (r)

I
|
D
!
_|_
<
e
+
er
N

UNITS ONNATURAL ) =(w.0,w.)"3, [,=
VARABLES -f

mA a
INTERACTION g=——=4m(N—1) T
PARAMETER =l 0




External pumping V,=V( ;)Coswi‘.

Aw

w;}{:}

Av=w—w,

° —_— ) ) _‘.'. |..' I.., ._II
Solutions:  ¢(r,1)= 2 ¢,(1)e,(r)exp| = 7E,t
n \ ' /

Population of levels ny=n(t)=|c,(t)]%
l ‘4 A, PR
= 54 U;;{ZJZEJ loo(r)]7 ‘P;JU'”L{{F -> INTERACTION
l l - - I
TRANSITION B=+"Vo, ?j e (rV(r)e,(r)dr.

AMPLITUDE->



dc i
e 1 D }fi o

EQUATIONS dt — —lan p*‘fu_i € Cp s
FOR THE TWO
MAIN STATES dc » ‘ i N
dt — —1lan {}{?"U_j e Co s

d*c, d(” \)8\3 | |

jr,; +I(ﬁ ALU') dr 4 j:,(\f}‘ﬂ“_ﬁw) Co—

(

d’cy de, [IBF _

2 +1(f}*+iw) dr 1 ﬂ:’ﬂ.[:].(\f}’ﬁﬂ‘}_&w) (_-ﬂ:{),




ANALYTICAL
SOLUTION FOR
THE TWO
POPULATIONS

RABI TYPE
FREQUENCY

NORMALIZED
VARIABLES

O’=[a(n,—n

Ot alng—n,)—Aw Ot
Cao=|CcoS— +1i ' SIN
() 2 Q 2

Xexp{ — ;(f}‘lw)f},

C,=—1 SIn
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Fittings = Cloud Decomposition
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EVIDENCIAS DAS PRIMEIRAS OSCILA
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