Dipolar Quantum Gases

Aristeu Lima

e Bosons: Gross-Pitaevskil Theory
e Fermions: Collective Motion in the Normal Phase
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Physical Motivation

e Dipole-Dipole Interaction (DDI) pgtential

C z
Vdd (X) dd {1 3 ’

B 4rr|x|3 X

e Magnetic systems©®yq = pom?, Wit

]

Nm ~ 10 up

Boson °°Cr A. Griesmaier et al., PRR4, 160401 (2005)
Fermion °3Cr R. Chicireanu et al., PRA3, 053406 (2006)
: Dy M. Lu et al., PRL104, 063001 (2010)

e Electric systemsCyy = 47d?, with d ~ 1 Debye
Fermion “’K®"Rb S. Ospelkaus et al., Sciengg, 231

(2008)

Boson *'K®’Rb K. Aikawa et al., NJPL1, 055035 (2009)
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Part |: Dipolar Bose Gases

e Mean-field: Gross-Pitaevskil Theory

e Time-of-flight ExpansionExperimental
Confirmation in°Cr

¢ Finite TemperaturesAnisotropic Shift of Critical
Temperature
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Field Equations

Hamilton Operator

" N h2 2 1 " N N
H = /d?»g; Ul(x,t) {— 2]\v4 + Utrap(x) + 5 /di’»g;/ U (x/, ) Vint (x — x') \Il(x/,t):| U (x,t).

Equal Time Commutation Relations
[\if(x,t),\iﬁ(x’,t)] — 5(x — x'), [@T(x,t),xiﬁ(x’,t)] — 0, [\if(x,t),xif(x’,t)] — 0.

Heisenberg Equation

0 -~
h—V(x,t) =
ihg B(x,t) = |

ZAVE
oM

+ Utrap (x) + A3z’ Ot x', ) Vipt (x — x’ \ifx’,t \ilx,t.
p

Role of 1-p Ground Staté (x, ) = ao(t)oo(x) + >, (t) b, (x)

v

A

Bogoliubov Prescription (x, t) = ¥(x, t) + 0¢(x, t)

Gross-Pitaevskii Equatiod () (x, t) = 0)

h2 2
ihg\lf(x, t)=|— v
ot 2M

+ Utrap(x) + /d3:c’ U* (%, 6) Vine, (x — x") U (x/, t)} U (x, t)_
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Classical Field Theory
Action Principled A[¥, ¥*| = 0

A[U, U] :/d?’az /dt\l!*(x, t) {m% —H(x,t)] U (x,t)
Hamiltonian "
H(x,t) = =2V 4 Upp(x) + 2 [d®2' Vi (x — x) | ¥ (X, 1)

with

Phase Factorizatioft (x,t) = e!Mxx0/h, /n(xt)
New Action

Aln,x] = —M /dt /d3:13 n(x,t) {)’((x,t)—i—%Vx(x,t) : Vx(x,t)—l—Ho(x,t)} n(x,t)
Thomas-Fermi Hamiltonian
Ho(x,t) = Utrap(x) + % /dga:' Vint (x — x")n(x’,t)
Interaction (Dipoles along the z axis)

Cada { & } Arh?as
1 ;g =
47|x|3 M

‘/int (X) — 95(X) +

[x/?



Variational Approach

Ansatz
- 2 y? 22 . 15N
neat) = mol® (1_R%<t>_R2<t>_R§<t>>’ ") = R () Ry (O R- D)
1 1 1
X(t) = Saa(t)2’ + Jay(y” + Jaa ()2
Flow Energy

MN

== [02(ORA®) + a2 (DR3(®) + 02 () B2 (1)]

Buow(t) = 5 [ 4% Vx(x, -V x(x,1) =

Trapping Energy
Burap(®) = [ 4% (6, O)Uinap(x) = 0 (W2RE() + W3 RE(0) + w2 R (1)
Contact Interaction

;o 15g N2
/ds /d3 t)gd(x — x")n (X7t)_287TRx(t)Ry(t)Rz(t)

* V. M- Perez-Garcia et al PRE7, 5320 (1996)

-p.6



Variational Approach

Dipole-Dipole Interaction

Eqq(t) = %/dga: /d3x’n(x,t)Vdd(x — x"n(x’,t)
1 [ dPk ~ _
= 5 (27‘_)3 n(k, t) Vaa (k)n(—k, t)

_ 15geqq N2 J (Rx (t) Ry(t)>
 287R.(t)Ry(H)R=(t)” \R.(t) R.(t)
with
E(g&, k) — F(g&, k)
(1—g2)V1-22
F(p, k) andE(p, k) elliptic integrals; eqq = Cqq/39g

f(z,y) =1+ 3zy
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Equations of Motion

Phase Parameters(t) = %fgg
Thomas-Fermi Radi

NM .. 18]

— Rilt) = — g5 Frotal (Ra, Ry, R)

Wlth Etotal — Etrap + E5 + Edd

Cylinder Symmetric Case
(we = wy = wp, Ry = Ry = R, fs(z) = f(z,2))

N 159N | 3R fs(Ro(t)/R:(1)
Fo®) = —wpRp(t)+ A MR, (t)3 R, (t) {1 Tl Y T R - R2 (o) } ’

R.(t) = —w?R,(t)+

159N 3 RZ(t)fs(Rp(t)/R- (t)):
4m M R2(t)R2 () {1 o e _1 T2 R - R2(t) } |

X S. Giovanazzi et al. PRA4, 013621 (2006)

X Duncan H. J. O'Dell et al. PRB2, 250401(2004)
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Static Properties

Dimensionless Units &i =

with

1

R®

Aspect Ratio and Stability Diagra,(t) = R.(t) = 0

A =w,/w.)

.————.—.————_—— 4
e
-

o0
€dd |

Unstable

Metastable 7
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Hydrodynamic Excitations
Oscillations around Equilibriun®;(¢t) = R;*(0) + n;e**

Eigenvalue Problem

with

1.05/

r |/
1.00} k<=

0.95-

+ |
090, . . o




Time-of-Flight for Dy e4q =~ 0.42

Setw; to zero in the Eqgs. of motion

Take equilibrium values as initial condition

)\, =\, =0.5andB = B2

b)\. = A, = 0.5, but withB = By is equivalent to c)
e =1, \, = 2, With B = B2

RCL : b) 4
1.5}
a) b) c) 1.03 >
L & o
00b. o o
0 5 10 15 20 25 30

Theory: S. Giovanazzi et al. PRA4, 013621 (2006)

Experiment: T. Lahaye et al. Natudd8 672 (2007)
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Finite Temperature

T.-Shift in °2Cr

e Trap frequencies obey, = w, # w,
e Configuration of the magnetization geometry

case 11
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Finite Temperature

T.-Shift in °2Cr

0.008; Lc’ —
0.006
0.004 |
0.002!
N/10°
b) o 0.5 1

K. Glaum et al. PRL98, 080407 (2007)
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Part II: Dipolar Fermi Gases

e Semiclassical Hartree-Fock theory
e Equilibrium configuration

e Low-lying excitations

e Time-of-flight expansion

e Outlook
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Hydrodynamic x collisionless

e Phase-space distributigi(x, k, t) of particles in presence of
mean-field potential/ (x, k, t) obeys Boltzmann-Vlasov eq.

of hk 10U\ of 10U Of
o <M+ﬁa_k> ox  hox ok leald
e Relaxation time approxation:
Icon[f] = —f;—]fe with f rescaled

le stands forlocal equilibriumandry is therelaxation time

e [con|f] vanishes in
Collisionless regime becauger — oo
Hydrodynamic regime becauge= fi., which means
wTr — 0
e Thus, the problem simplifies farrz > 1 (collisionless
regime) andorr < 1 (hydrodynamic regime)
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Estimative of 75

e Boltzmann-Vlasov eqg. for DDI remains very hard to solve,
due to anisotropy

e Approximation of the DDI through an effective contact
interaction with scattering lengthyy = M Cyq/(47h?*) gives

L = (NY3aqa\/Mw/h)?F (T [Ty), with F(T/Tg) ~ 0.1in

WTR

guantum regime (L.Vichi and S.Stringari PR&Q, 4734
(1999))
e Thus, forN = 4 x 10* dipoles, one obtains

wTr ~ 0.01 for KRb (d = .57 D) andwry ~ 2 x 10~7 for
LICs (d = 5.53 D) polar molecules

TR ~ 75 for °3Cr (m = 6 ug) andwry ~ 4 x 10° for
163Dy (m = 10 up) atoms
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Variational Hartree-Fock
e Action A = tfdt(\lf]z‘h% — H|\U) Slater determinant

e Common-phase factorizatiafy(z,t) = eMX@0/h )y, (x, 1)]
e \elocity fieldv = Vy(z,t)
e Time-everSlater determinant

Uo(z1, -, 2N, t) = SD[[¢(z, 1))

e Time-even one-body density matrix
N

po(x,'st) =[] | Pz (2!, xn, ) Vo(x, -+ ,xN,t)

7,_

e Particle densityy(x;t) = po(x, x; 1)
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Variational Hartree-Fock

e New action Momentum density  Flow energy
1
A = —M/dt/d3 { (x,t)po(x;t) + po(g, ) [Vx(a:,t)]z}
—/dt<‘I’0\H\‘I’o>

e Energy contributions
(Wo|H |Wo) = (Yo| Hyin|Wo) + (Vo | Hex| Vo) + (Vo|Hine| o)

e Decomposition of V| H;,,;| V) into direct and exchange

1

EDir — 5/dBQdeB[C,‘/}m(I,ZL’/)pO(fC,ZC;t)po(fC,,ZC,;t)

1

EEX — _5/dgxdgaj,‘/int(ajax/)p()(ajawl;t)pO(mlax;t)
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Variational Hartree-Fock

e Equations of motion

0A 0.A
— 0, —0
ox(z,1) Opo(,2';1)
o If (Wy|H|V,) is a functional of the density,(z;t) alone, one

obtains the continuity and Euler equations

e If not, other approaches are needed, like in DFT

e In this work, we switch to Wigner space

S S :
170 (X, k,t) — /dBSpO (X_|_ §,X— §,t) e—zk-s

d3k X + x’ e (%!
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Variational Hartree-Fock

e Particle densityy(x;t) = [ (33’;3 v (x,k; )

e Momentum distributior, (k; t) f( s vg (x,k; 1)

e Trapping and kinetic energies, (x) = 2 (12w? + y?w? + 2%?)

d3xd3k
Ey = / L (x. ki ) Uy (x)

(2m)?
dPxd3k h°k?
E in ,k,t
. / (2r)E ° (%, kt) 231
e Hartree BB I
1 £ L / / /
EPr — / D) vo(x, k; 1) Vaa(x—x g (x', k' t)
e Fock

pEx /d3Xd3kd3sd3k’
dd

2(27)6 vo(X, K; ) Vaa(s)ro (X, K'; 1) €5 )
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Equations of motion

e Ansatz

x(z,t)

5 a2 + ay (07 + a.(0)2
v (x,k8) = © (1 ; Z R;(t)2 Z Kz’(t)2>

2 7

e Action (Energy)

t2  _3__3
RKE (M | K}
P { S (B2 +02R2 4 2R Y

t1 ¢ ’

_ R, R K. K, 7 K
R [f (R—R—) y (Kx,?y)]}—/dw) ( - N)

t1

with ¢y = 2644~ 0.0116 Cgq ande = 3
€0 = 3a5.7.03 U dd ands = (e; ey o)
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Equations of motion (unitless)

o Auxiliary equations of motion «; = R;/R;
e Particle conservation R &~ = 1

e Momentum deformationk?—K2= Seagu [ 1+$§+§2f< )]

- M35 z. 1
With ¢5 = —22—— ~ 0.2791 andegq = Sa ( ;v) N3
3% .5.-7-72 dm \ R

o Finally L% — _R; + > ;% — €44Qi (R, K)

w2 dt2

i _ J |

N RO ()

=5 (50 - La(2Y) -1 ()
xr

cs | ./x vy Ty
Qz(r’k):xyzQ f<2’2>+ 2 1(,2 z>+ f2(_ _> fs( x)]
*T. Miyakawa et al, PRA’7, 061603(R) (2008)

—-p. 22



Static properties

e Aspect ratio in real space

R )\, 7FL 7 7 7T T T T T
R. | ]
6 1
;

4r ]
3% E

2 PN T N
g 4
1p e = ]
L .:““." 6dd 1
2B 1
s \“‘ P R RN | . [ | | B
0 2 4 6 8 10 12

K, 1.0;‘;\ 1
K, [ \ Ag = Ay =T
0.9 \ i
Tt Ag =Xy, =6
ik A Ay =9 ]
: Ap =Xy =4
0.7F Ag =Ay =3 1
0.6; ]
0.55— .

DA
e
s
i

r -~
0t ™

04, _
' €dd
Unstable
1000+ E
— Ay =5,
000 )\ =)\, 1
— XN, =A/5
10- E
Al ~_ Stable | Az
0.1 0.5 1.0 5.0 10.0 50.0 100.C
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Low-lying excitations
e LinearizationR;(t) = R;(0) + n;e*¥; K;(t) = K;(0) + (e

e Momentum anisotropic breathing oscillations= )\, = 5

10— 777 T T 7T T T T
0.8 »

L [gx

L KZ
0.6

’ Cz

I Cz
0.4

€dd

02 T S

0 1 2 3 4 5 6 7
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Time-of-flight expansion

e Numerically solve 5

e Expansion dynamics

1 d?R; __
dt2

K2
_aw, — €aaQi (R, K)

J

F
1 14F

14}
12t 112
1-0§ fl.of—
0.8 108} +%
0.6/ €ad = 1 —Ry)‘y/Rz 1 o6l
045 Az =1 ____Kw/Kz 104l
02k Ay =05 — R\ /R oz
0 5 10 15 20 25 30 5 10 15 20 25 30
ST T T T T T T T 4F
4
Gddzl —Ry)\y/Rz 10 Edd:3.5—Ry)\y/RZ
! N=3 ----K,/K. 1l ANe=3 ----K,/K,
2f Ay=5 ——R\/R, ]I Ay =5 ——RNJ/R,
Tl NN
I o N S = i ————— =] : —————————
0 L O:,‘ N T R R L=
0 5 10 15 20 25 30 0 10 15 20 25 30
wt wt
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Summary and outlook

We have studied a dipolar Fermi gas and considered

e Static properties (aspect ratios, symmetry of the momentum
space, stability diagram, etc.)

e Low-lying excitations (Mono-, quadru- and radial quadrigpo
hydrodynamic modes)

e Time-of-flight dynamics
A. Lima and A. Pelster PRA(R31, 021606 (2010), PRA1,
063629 (2010)
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Summary and outlook
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e Static properties (aspect ratios, symmetry of the momentum
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e Low-lying excitations (Mono-, quadru- and radial quadrigpo
hydrodynamic modes)

e Time-of-flight dynamics
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We want to look at

e Detecting superfluidity (scissor mode?)

e Spin degrees of freedom (Ferromagnetism, Einstein-desHaa
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