The Abdus Salam e
International Centre for Theoretical Physics

1859-11

Summer School on Novel Quantum Phases and Non-Equilibrium

Phenomena in Cold Atomic Gases

27 August - 7 September, 2007

Luttiger liquid state in the 1D dipolar gas

Edmond Orignac
ENS Lyon

Strada Costiera | |, 34014 Trieste, ltaly - Tel. +39 040 2240 || |; Fax +39 040 224 163 - sci_info@ictp.it, www.ictp.it



Luttinger
liquid state in

the 1D
dipolar gas

E. Orignac

Luttinger liquid state in the 1D dipolar gas

Edmond Orignac

Laboratoire de Physique de I'ENS-Lyon (CNRS UMR 5672)

Tuesday, 28 August 2007

E. Orignac Luttinger liquid state in the 1D dipolar gas



Luttinger
liquid state in
the 1D
dipolar gas

E. Orignac

€ 1D Tonks-Girardeau gas

Outline

© Luttinger liquid physics

© Bosonic dipolar gas
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1D Tonks-
Girardeau
gas

Repulsive bosons in one dimension

Lieb-Liniger model (2nd quantization):

h? 0°
H= o | dxvlh s sve + & [ daibO0vh(x)a(x)va(x)
@ g > 0: repulsive interactions

@ Bethe Ansatz integrable model: thermodynamics “easy”,
correlation functions much harder.

@ = search an easier limit.
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Fermionization

Luttinger
liquid state in
the 1D

dipolar gas g — oo = the wavefunction vanishes for x; = x; = mapping to
E. Orignac free spinless fermions (Girardeau 1960).
With second quantization:

1D Tonks-
Girardeau

bale) = ve() e i [ o ohe(x)]

and:

h 8%pF
_ 2 dxat
2m XVE Ox2

H =
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Ground state properties

Fill the Fermi sea : kp = wpo (po = N/L)
Fermi velocity: ve = mwhpg/m
2 2

Energy per unit length: e(po) = 5= pg.
Low energy description: only excitations near the Fermi points.

Pr(x) = TP | (x) + e X _(x).
effective Hamiltonian:

H = —ihvge / dX(f(ﬁF,_|_8X¢}L_-,_|_ = wF,—axw}L:,_)

= p(x) = YE(IYF(x) = ¥ L ()PF+ (x) + ¥F _(x)9r - (x)+
e2impoxap L (x)ipr 4 (x) + e72mPxpL  (x)hr (x)
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Bosonization description

Luttinger
liquid state in
the 1D
dipolar gas

E. Orignac ] .
See T. Giamarchi’'s lectures.

10 Tons H = hg / 1N + (950)?] ,

Girardeau 27T
gas

[$0x), )] = i6(x — x'), 6(x) = 7 [* (') d’

br () = €9 o) = o — L,h(x) + Coslinm2s
P5(x) = £ [1 + cos(26(x) — 2mpox)]
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Off Diagonal Long Range Order ?
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R (/5 ()9(x) = zi5(")e ) + osc. We have:

S wa
E. Orignac

1/2
<ei9(x)e—i9(x’)> -~ ( o )
1D Tonks-

x =

Girardeau
gas

Therefore:

im (YL (x)ye(x)) =0,

| x—x'|—00

No Off Diagonal Long range order, but quasi long range order
(algebraic decay instead of exponential decay).
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Experimental realization of a Tonks-Girardeau gas
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107

L S .

107 00
p (hk)

2l
10 3

From B. Paredes, A. Widera, V. Murg, O. Mandel, S. Folling, 1.
Cirac, G. V. Shlyapnikov, T. W. Hansch and I. Bloch, Nature
429, 277 (2004).
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Luttinger liquid physics

Luttinger
liquid state in

e 1D No BEC, no crystalline order, only quasi-long range order
ipolar gas ] i 5 B
— fluctuating “supersolid

gapless excitations with linear spectrum
FDM Haldane 1980.

E. Orignac

_ dx 2 Y 2
Luttinger H - h/ 27T |:UK(7TI_I) + K(8X¢) i|
liquid physics
son ve(x) = €'’ [Z B cos(2m¢ — 2m7r,00x)}
m=0
P
p(x) = po— — + Z Amcos(2me(x) — 2mmpox)
s

m=1
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Correlation functions

Luttinger
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dipolar gas | gTi,
E. Orignac <ein<9(x) e——in@(x’)> _ (8%
x— x|
2m? K
<ei2m(b(x)e—i2m@(xf)> _ o m
x— x|

Luttinger

liquid physics m(x—x")

In finite size L, x — x — Esin 75
Dominant ODLRO for K — ¢

Dominant crystalline order for K — 0.

K \, as repulsion .

)
o

@ K = oo — Free Bose gas.

o

@ K =1 — Tonks-Girardeau gas.
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Luttinger parameters (l)

Luttinger

bl e s Galilean boost: ¥g(x) — e’m"x/hwg(x).

dipolar gas AN H(X) — 9(x)—|—mvx/h
E. Orignac = 7TI_I(X) — 7TI_I(X)—|_mV/h

uKm?v? 1
AF = 1| — —/VIT)V2
2mh 2
Luttinger
liquid physi - ' i '
quid physics if Galilean invariant.
h
=uK = IOO?
m

= uK is unrenormalized by interactions in a Galilean invariant
model.
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Luttinger parameters (ll)
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po — po+0p0
-~ 8X¢ — 8X¢—7T(5p0.
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2
AE — hur(dpg)?  10%
Luttinger 2K 2 8,0

liquid physics

(5ﬂo)
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In the Lieb-Liniger gas
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K > 1 for all interaction.
— Always odd-diagonal quasi-long range order
Luttinger — No sign of crystallization

SOEICASRI = Can one construct a model with K <1 7?
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One dimensional bosonic dipolar gas

RSV S Za/,--a/j—3a/,.xafjx
~2m  ATe oy xi — xj|3

-

d; : vector dipole moment.

Fully polarized case = di = dé,

Typical kinetic energy: K = h%p3/m
Typical potential energy: U = d2,08/47re0.
>U < pon K 1

L<K<U & poro > 1

B md?
- 2meqh?

o
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Low density limit pgrg < 1
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h_z( | r°)¢ Eqp

m dx2

WKB approximation in the classically forbidden region:

Bosonic

¥(x) = expl~C(ro/|x|)*?

— Fermionization expected and K ~ 1.
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High density limit pgrg > 1

Potential energy dominates — Crystal with lattice spacing

1/,00 = 4. ,
Energy per unit length = ;9-((3)p8

47eg
This crystal is melt by the quantum fluctuations.

1
K ~o
V/6((3)rop0

= Crossover from Tonks-Girardeau at low density to
quasi-solid ( “super-Tonks”) at high density.
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Energy vs Density by DMC calculation
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From A.S.Arkhipov, G.E.Astrakharchik, A.V.Belikov and Yu. E.

avZaVil” 2 | o H U () (]
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Behavior of Luttinger exponent as a function of
density by RQMC
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nr,
From R. Citro, EO, S. De Palo and M. L. Chiofalo Phys. Rev.
A 75, 051602(R) (2007).
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Structure factor
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Klq|

T o

5(q) (g < mpo)

Bosonic
dipolar gas

| 1-207K [(1 - 2m?K)[(m?K + kL/(27))

(1 — m2K + kL/(27)) oK)

5(q)

g =k +2mmpg,2m’°K < 1.
= Development of quasi-Bragg peaks as K — 0.
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Development of strong fluctuations towards the
crystal state
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From R. Citro, EO, S. De Palo and M. L. Chiofalo Phys. Rev.
A 75, 051602(R) (2007).
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Luttinger liquid scaling of the peaks for fixed
density
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S(K)/S(2r)

Bosonic
dipolar gas

4 3 2 -1 0 1 2 3 4
N(k/n -21)/40
From R. Citro, EO, S. De Palo and M. L. Chiofalo Phys. Rev.
A 75, 051602(R) (2007).
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Experimental systems ?
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e magnetic dipoles: °?Cr atoms (6u5) Stuhler et al. Phys.
Rev. Lett. 95, 150406 (2005).

@ electric dipoles: polar molecules (SrO) Blchler et al.
Phys. Rev. Lett., 98, 060404 (2007).

i e Condition for one dimensional regime: pgf; < 1 where
01 =(r/(4a,))%a,.
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Magnetic dipoles (Chromium)

Luttinger
liquid state in
the 1D
dipolar gas

E. Orignac

¢, =31 nm, p=4.8 nm = pgrog S 0.1
Only the Tonks-Girdardeau regime should be observable !

Bosonic
dipolar gas
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Electric dipoles (SrO)
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E. Orignac {1 =0.2 um, rg = 240 pm = poro < 103
The “super-Tonks” regime could be observed !
But:

@ Trapped molecules are difficult to cool [Eur. Phys. J. D
31, 149 (2004).]

Bosonic @ Forming molecules by photoassociation or via Feshbach
fipoiar e resonances [Rev. Mod. Phys. 78 001311 (2006)] does not
yleld molecules in their ground state.
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Open questions
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E. Orignac Influence of a shallow longitudinal trapping potential (in
progress)

@ more realistic interaction potential (taking into account
transverse confinement, and confinement induced
resonances)

Bosonic @ Case with more than one transverse channel occupied
APl L (analogies with coupled spin chain problems: Haldane gap

?)

@ Array of 1D dipolar gases: possibility of crystallization ?
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