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COLD ATOMS IN OPTICAL LATTICES
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o Laser standing waves: dipole-trapping

H=[¥,(-V+V(0)¥, 4, [w] W] W, ¥,

t U
NN/ \/ N/ N/ o8

Lattice theory: Bose/Fermi-Hubbard model
H =ty (ala,, +hc)+U Za” a2
n

articles
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Quantum phase transition from a
superfluid to a Mott insulator in
Markus Greiner*, Dlaf Mandel*, Tilman Esslingert, Theodor W. Hinsch* & Immanuel Blech*
* Sektion Physik, Ludwi imilians-Universitit, i 4/1it, D-80799 Munich, Germany; and Max-Planck-Yrotitut fiir Quanternoptik, 17-85748 Garching,
Germany
¥ Quantenelelironik, ETH Ziirich, 8693 Zurick, Switzerland
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= BosonS/FermlonS H - Z (tO',o"al:lr,O'am,o" + hC) +ZUO',O"a:l-,O'a:,O"an,O"an,O'
n

@ Spins: H=-3 (J,5;S;+J,8/S)+J,8!S%)+Y B S;

B)  CONDENSED MATTER PHYSICS
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QUANTUM SIMULATIONS OF HEP MODELS
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o Matter + Gauge Fields
o Relativistic theory

o Gauge invariant
o Hamitonian formulation:  i6,|¥)=H |¥)

« Gauss law G(X)|¥) =0 [H,G(x)]=0
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J. Kogut and L. Susskind, Phys. Rev. D 11, 305 (1975).
L attice |:> J. B. Kogut, Rev. Mod. Phys. 51, 659 (1979).
J. B. Kogut, Rev. Mod. Phys. 55, 775 (1983).

H=[¥(-V+V(n)¥, w0, WIW, +v[d oo o, +..

Lattice Fermion-gauge field  Gauge field
coupling dynamics
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Matter (Fermions): can move Gauge fields (Bosons): Static

¢ Hamiltonian: H=H,, +H, +H,,
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Matter (Fermions): can move Gauge fields (Bosons): Static

¢ Hamiltonian: H = Hj, +H,, +H,,

¢ Gauge invariance: Gauge group: U(1), Z,,SU(N), etc
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Matter (Fermions): can move Gauge fields (Bosons): Static

¢ Hamiltonian: H=H,, + H,¢ +}

int

¢ Gauge invariance: Gauge group: U(1), Z,,SU(N), etc

« Gauss law: Gplaquette | phyS> =0



) HEP LATTICE MODELS
»} 4" HAMILTONIAN FORMULATION

o Example: compact-QED in 1D

« Hamiltonians: LLSE L SESE
Hy =Y Mutlvn

Hine = EZ (ﬁ]‘t‘eién'k'i"ﬁ!n+fc + '!’E!::+1"ce_i¢n'kwn)
n.k

Hks=Hp = £ ZEZ
[En,ks @m,i] = —0nmOki (ie, compact)

« Gauss law: G, |phys)=0 « Gauge invariance: e '*nHe'" = H

Gn = En+1 o En - W:l//n

SCHWINGER MODEL
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B Fermions:

internal states
- ! 2m

{c,.c;}={d,.d;}=1

H_"'l-f - ﬁtfz ( —1 ) n wlwn

H=[WL(-V+V(n)¥, w[@ o, ¥ ¥ +v[ololo, o, +..

M (e o o o (e o

e Even sites: hole = particle
¢ Odd sites: fermion = antiparticle

Staggered Fermions:

L. Susskind, Phys. Rev. D 16, 3031 (1977).
G. 't Hooft, Nuecl. Phys. B 75, 461 (1974)
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B Bosons:

internal states

’k' e

a,a
a b [8,. 2,
¢ Schwinger rep:
—af
Ly =a' (>>1 i
L.= X (N,—N,) L, ~le
z f a b |:> Lzzia¢
E:§(NQ+NE,}

¢If ¢ is small (eg 2 atoms), we obtain a truncated version

¢ One can also use a single atom with few internal levels ( Z,, is the gauge group)
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B Bosons:

internal states

’\a' e

a,d
a, b, (3,3,
2 Schwinger rep:
9 2
He=g 2t R
2 z = o UVqg — IV
=L (N2, + N, = 2NoNis) 2
" f=—(N,+ Np)
2

H=[w(-V+V ()Y, w[o o ¥ ¥ +v[o olo o +.
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o [nteractions:

internal states

o 2M
bt ey lC)i |d) t
clal bud, 1 n n+l ‘_
N
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H=[¥(-V+V(n)¥, w0 o Wv +v[ol oo o, +.

conserves angular momentum locally

=== (Gauge invariance

1 _
Hint ——lal bpthpyy = ¥le®ny,
t a0k Pni1 Un41
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o Physical processes:

non-interacting
vacuum

MPO

TABLE

|0> |0>

|1> |1>

|0> |1>
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o Preparation:

— Fermionic - Bosonic
optical lattice optical lattice

non-interacting TABLE
vacuum

1 switch on interactions

interacting
vacuum

¢« Confinement
¢ Excitations: vector + scalar
¢ Time-dependent phenomena

10 D),

¢ First experiments: few bosonic atoms
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o Plaquette interactions:

2¢t 4
Hp = -5 (Ur,,lUn+i UL, UL 2—|—hc) _

n

4et , ,. ,. ,.
— ﬁz Cos (‘?n,l T Onti2 — Pnyda — ‘Pﬂ@')
11

a
b c
~ i
o Non-abelian gauge theories: |
S R
92
Hp = ?Z (Enk), (Enk), |
n.k.a Link
1 T T rTiTTi
Hy=-— > (T (UU]) +he) OO
plaguettes
v bRy
Ht'nt :EZ T-”'T E"1'1 RL n+k + h. C) {al 1a2 } {bl ’b2 }

bosonic modes
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M-L- QUANTUM SIMULATION
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ROAD MAP ®
~  STANDARD
50 MODEL
1D (2D) QCD
2D QED
matter & fields
( ) 2D QED
(fields only)
1D QED
See also:

IC, Maraner, Pachos, PRL 105, 19403 (2010) _
Zohar, IC, Reznik, PRL 107, 275301 (2011) Kapit,Mueller, PRA83, 033625 (2011)
Zohar, IC, Reznik, PRL 109, 125302 (2012) Banerjee,..., Wiese, Zoller, PRL109, 175302 (2013)
Zohar, IC, Reznik, PRL 110, 125304 (2013) Banerjee,..., Wiese, Zoller, PRL110, 125303 (2013)
Zohar, IC, Reznik, PRA 88, 023617 (2013) Gauge fields: Lewenstein et al

Zohar, Farace, Reznik, JIC, in preparation
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