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Synthetic gauge fields in ultracold gases

Synthetic magnetic field: Y.-J. Lin et al, Nature 462, 628 (2009)

Edge state on lattice strip: M. Mancini et al, Science 349, 1510 (2015)
Quantum Hall: M. Aidelsburger et al, Nat. Phys. 11, 162 (2015)
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Extracted from: Y.-J. Lin et al, Nature 462, 628 (2009)



Quantum computing

Topologically protected Quantum state

NV centers: C. Zu et al, Nature 514, 72 (2014)
Superconducting circuit: A. Abdumalikov Jr et al, Nature 496, 482 (2013)
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Fractional hall effect (𝜈 = 5/2): S. Das Sarma et al, PRL 94, 166802  (2005)

Geometrical quantum gate

Extracted from: C. Zu et al, Nature 514, 72 (2014)

166802



M. V. Berry Proc. R. Soc. Lond. A 392, 45 (1984)

Non degenerated states
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F. Wilczek and A. Zee PRL 52, 2111 (1984)
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Non degenerated states
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𝑈 = ℘exp −ර
𝐶

Ԧ𝐴d Ԧ𝜆

Ԧ𝐴: vector potential or Berry connection. 
℘: path ordering operator.

Φ = 𝛻 × Ԧ𝐴 + Ԧ𝐴 × Ԧ𝐴: Berry curvature.

Ԧ𝜆: parameters
𝐶: close loop

Geometric gate: Degenerated states or not
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𝐻𝐼 = ℏ
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Ω1 Ω2

0 Ω3
∗

Ω3 0

with Ω𝑖 = Ω1 𝑒
𝑖Φ𝑖

Φ𝑖 = 𝑘𝑖 Ԧ𝑟 + 𝝓𝒊(𝑡)

Ω1 = Ωsin 𝛼 cos𝛽
Ω2 = Ωsin𝛼 sin 𝛽
Ω3 = Ωcos𝛼

ൿห𝐷1 =

sin 𝛽 𝑒𝑖Φ31

−cos𝛽 𝑒𝑖Φ32

0
0

ൿห𝐷2 =

cos 𝛼 cos 𝛽 𝑒𝑖Φ31

cos 𝛼 sin 𝛽 𝑒𝑖Φ32

−sin 𝛼
0

Diagonalization of the Hamiltonian
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Bare states
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Excited state population is zero
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Dressed states

External
control

Φ𝑖𝑗 = Φ𝑖 −Φ𝑗



The non-Abelian structure appears in the ൿห𝐷1 , ൿห𝐷2 subspace

+ℏΩۧȁ𝐷1 ۧȁ𝐷2

ۧȁ𝐵1

ۧȁ𝐵2

E

0
−ℏΩ

ൿห𝐷1 =
sin𝛽 𝑒𝑖Φ31

−cos𝛽 𝑒𝑖Φ32

0

ൿห𝐷2 =
cos𝛼 cos𝛽 𝑒𝑖Φ31

cos 𝛼 sin 𝛽 𝑒𝑖Φ32

−sin 𝛼

Geometric Gauge field: Ԧ𝐴𝑖𝑗 = 𝑖ℏ 𝐷𝑖 𝛻𝐷𝑗

We get:
Ԧ𝐴11 = ℏ cos2𝛽𝛻Φ23 + sin2𝛽𝛻Φ13

Ԧ𝐴12 = ℏcos𝛼
1

2
sin 2𝛽 𝛻Φ12 − 𝑖𝛻𝛽

Ԧ𝐴22 = ℏcos2𝛼 cos2𝛽𝛻Φ23 + sin2𝛽𝛻Φ13

In general the components of Ԧ𝐴 do not commute
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Fermionic isotope on the 1S0 ->3P1 intercombination line 

B-field
EOM

EOM

𝜋

𝜎+

𝜎−

Cold gas

𝐵~60 G

EOM to control the laser phases

F = 11/2

F = 9/2

F = 7/2

689 nm

F = 9/21S0

3P1
G/2p = 7.5 kHz

m = 9/2
m = 7/2

m = 5/2
m = 3/2

m = 9/2

m = 7/2

m = 5/2∆𝐵 ≫ Γ

Ω1 Ω3Ω2

F = 9/2

F = 9/2
𝑔 = −1.3 10−4

𝑔 = 1/11
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𝜎+ 𝜎−𝜋
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m = 7/2

m = 5/2

m = 7/2

Ω1 Ω3Ω2

B-field
EOM

EOM

𝜋

𝜎+

𝜎−

Cold gas
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Abelian or non-Abelian ?

ۧȁ1
ۧȁ2

ۧȁ3

We have:
Ԧ𝐴11 = ℏ cos2𝛽𝛻Φ23 + sin2𝛽𝛻Φ13

Ԧ𝐴12 = ℏcos𝛼
1

2
sin 2𝛽 𝛻Φ12 − 𝑖𝛻𝛽

Ԧ𝐴22 = ℏcos2𝛼 cos2𝛽𝛻Φ23 + sin2𝛽𝛻Φ13

𝛻𝛽 = 0, Φ1 = Φ3 → 𝛻Φ13 = 0

𝛻Φ12 = −𝛻Φ23 = 𝑘1 − 𝑘2

→ Abelian gauge field

𝜎+ 𝜎−𝜋

Φ𝑖 = 𝑘𝑖 Ԧ𝑟 + 𝝓𝒊(𝑡) Φ𝑖𝑗 = Φ𝑖 −Φ𝑗
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EOM

𝜋

𝜎+

𝜎−

Cold gas
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Abelian or non-Abelian ?

m = 9/2
m = 7/2

m = 5/2

m = 7/2

Ω1 Ω3Ω2

ۧȁ1
ۧȁ2

ۧȁ3

We have:
Ԧ𝐴11 = ℏ cos2𝛽𝛻Φ23 + sin2𝛽𝛻Φ13

Ԧ𝐴12 = ℏcos𝛼
1

2
sin 2𝛽 𝛻Φ12 − 𝑖𝛻𝛽

Ԧ𝐴22 = ℏcos2𝛼 cos2𝛽𝛻Φ23 + sin2𝛽𝛻Φ13

𝛻𝛽 = 0, Φ3 is constant (pinned atom)
Φ1 and Φ2 independant

→ Non-Abelian transformation

𝜎+ 𝜎−𝜋

Φ𝑖 = 𝑘𝑖 Ԧ𝑟 + 𝝓𝒊(𝑡)
Φ𝑖𝑗 = Φ𝑖 −Φ𝑗



Group II
Ultracold gases

G/2p = 32 MHz

461nm
G/2p = 7.5 kHz

689nm

Magneto optical Trap

On the intercombination
line at 689 nm  

240 mm

380 mm

Temperature ~ G

𝑇 ~ 1 mK @ 461 nm
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XOEJ8760 Experimental platform: cold strontium atomic gas

𝑇 ~ 500 nK @ 689 nm

1S0

1P1

3P1

𝑇𝑅 = ℏ2𝑘2/2M𝑘𝐵 = 230 nK

The thermal energy dominates !!! 

T. Yang, et al, Eur. Phys. J. D. 69, 226 (2015)
C. Chalony et al, PRL 107 243002 (2011)



m = 9/2m = 7/2m = 5/2

m = 7/2
ൿห𝐷1 =

1

2

𝑒𝑖Φ31

−𝑒𝑖Φ32

0

ൿห𝐷2 =
1

6

𝑒𝑖Φ31

𝑒𝑖Φ32

−2

1

0.5

Transmittance: before

ۧȁ1
ۧȁ2

ۧȁ3
1 𝐷2

2 = 1/6Then:

2 𝐷2
2 = 1/6

3 𝐷2
2 = 4/6

Transmittance: after

𝑃3 = 0.59(0.04)𝑃2 = 0.17(0.04)𝑃1 = 0.24(0.04)

Fidelity ~95%
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𝑚 = 9/2

𝑚 = 5/2

𝑚 = 7/2

Atom velocity

𝑇 = 0.5 𝜇𝐾

𝜋

𝜎+

𝜎−

Cold gas

Ԧ𝑣

Φ𝑖 = 𝑘𝑖 Ԧ𝑟 + 𝝓𝒊(𝑡)



XOEJ8760
XOEJ8760

XOEJ8760
XOEJ8760 Temperature effect: Comparison

𝑚 = 9/2 ≡ 3

𝑚 = 5/2 ≡ 1

𝑚 = 7/2 ≡ 2

𝑓𝑖 and 𝑔𝑖
depend on the Rabi frequencies. 

1 𝜓(𝑡) 2 = 𝑓1 − 𝑔1 cos
4

3
𝜔𝑅𝑡 exp −

4

9
𝑘 ҧ𝑣𝑡 2

2 𝜓(𝑡) 2 = 𝑓2

3 𝜓(𝑡) 2 = 𝑓3 + 𝑔3 cos
4

3
𝜔𝑅𝑡 exp −

4

9
𝑘 ҧ𝑣𝑡 2

𝑇 = 0.5 𝜇𝐾

For a thermal gas
ҧ𝑣: Thermal velocity



m = 9/2m = 7/2m = 5/2

m = 7/2

1

0.5

Transmittance: before

Transmittance: after
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ۧȁ2

ۧȁ3

We perform:

𝜙2

𝜙1

(a)

(b)
(c)

𝜙𝑚𝑎𝑥
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XOEJ8760Geometric transformation: Closed loop of the lasers phases

EOM
B-field

EOM

𝜋

𝜎+

𝜎−

Cold gas
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XOEJ8760 Geometric Q-Gate: Bare state populations

ۧȁ𝜓 𝑓 = 𝑈 ൿห𝐷2

Bare state populations

EOM
B-field

EOM

𝜋

𝜎+

𝜎−

Cold gas

Pinned atoms

𝜙2

𝜙1

(a)

(b)
(c)

𝜙𝑚𝑎𝑥

𝑚 = 9/2

𝑚 = 5/2

𝑚 = 7/2

𝑈 = ℘exp −ර
𝐶

Ԧ𝐴d Ԧ𝜆
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𝑚 = 9/2

𝑚 = 5/2

𝑚 = 7/2

𝜙2

𝜙1

(a)

(b)
(c)

𝜙𝑚𝑎𝑥 EOM
B-field

EOM

𝜋

𝜎+

𝜎−

Cold gas
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𝑇 = 0.5 𝜇𝐾

𝑚 = 9/2

𝑚 = 5/2

𝑚 = 7/2

Finite temperature contribution

𝜙2

𝜙1

(a)

(b)
(c)

𝜙𝑚𝑎𝑥

Φ𝑖 = 𝑘𝑖 Ԧ𝑟 + 𝝓𝒊(𝑡)



ۧȁ𝜓 𝑓 = 𝑈 ൿห𝐷2 = 𝑑1 ۧห𝐷1 + 𝑑2 𝑒
𝑖𝜑 ۧห𝐷2 𝑒𝑖𝜑𝑔

ൿห𝐷1 =
sin𝛽 𝑒𝑖Φ31

−cos 𝛽 𝑒𝑖Φ32

0

ൿห𝐷2 =
cos𝛼 cos 𝛽 𝑒𝑖Φ31

cos 𝛼 sin 𝛽 𝑒𝑖Φ32

−sin𝛼

𝑑2 =
3 𝜓 2

sin 𝛼

We measure the bare state population: 𝑖 𝜓 2

𝑑1 = 1 − 𝑑2
2

cos𝜑 =
1 𝜓 2 − 2 𝜓 2 + 𝑑1

2 − 𝑑2
2 cos2𝛼 cos(2𝛽)

𝑑1 𝑑2 cos 𝛼 sin(2𝛽)

The sign of 𝜑 is missing
The reconstruction does not give 𝜑𝑔
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XOEJ8760 State Tomography

Chosen dark state basis



ۧȁ𝜓 𝑓 = 𝑑1 ൿห𝐷1 + 𝑑2 𝑒
𝑖𝜑 ൿห𝐷2
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XOEJ8760 Geometric transformation: Dark state manifold

𝑑2
2

𝑑1
2

Bare state populations

𝑇 = 0.5 𝜇𝐾

Quenching of thermal dephasing if 𝜙𝑚𝑎𝑥 > 𝑘 ҧ𝑣Δ𝑡 ≃ 0.7𝜋

ۧȁ1 ۧȁ2 ۧȁ3

ۧȁ4

Ω1 Ω2 Ω3

Finite temperature contribution

𝜙2

𝜙1

(a)

(b)
(c)

𝜙𝑚𝑎𝑥

EOM
B-field

EOM

𝜋

𝜎+

𝜎−

Cold gas

Loop time: Δ𝑡 = 12 𝜇𝑠

Φ𝑖 = 𝑘𝑖 Ԧ𝑟 + 𝝓𝒊(𝑡)



ۧȁ𝜓 𝑓 = 𝑈 ۧȁ𝜓 𝑖 = 𝑑1 ൿห𝐷1 + 𝑑2 𝑒
𝑖𝜑 ൿห𝐷2 𝑒𝑖𝜑𝑔
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XOEJ8760 Unitary operator reconstruction

We use two initial (non orthogonal) states: ൿห𝜓𝑎 𝑓
= 𝑈 ൿห𝜓𝑎 𝑖

and ൿห𝜓𝑏 𝑓
= 𝑈 ൿห𝜓𝑏 𝑖

The state tomography does not give 𝜑𝑔
𝑈 cannot be reconstructed

We use the decomposition: 𝑈 = 𝛼0Id + 𝑖 σ𝑗 𝛼𝑗𝜎𝑗

Pinned
Atom

𝑇 = 0.5 𝜇𝐾

Experiment

𝜎𝑗: Pauli matrices

ൿห𝜓𝑎 𝑖

ൿห𝜓𝑏 𝑖

𝜙2

𝜙1

(a)

(b)
(c)

𝜙𝑚𝑎𝑥

𝑎, 𝑏, 𝑐
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The Frobenius distance: 𝑑 = σ𝑗(𝛼𝑗 𝑎 − 𝛼𝑗 𝑏 )2

𝑑 = 1.27 (25), 𝑑 = 1.14 and 𝑑 = 1.09

Pinned
Atom

𝑇 = 0.5 𝜇𝐾

Experiment

Practical implementation
𝑈 = 𝑈𝑐𝑈𝑏𝑈𝑎 ≡ 𝑎, 𝑏, 𝑐
𝑈′ = 𝑈𝑏𝑈𝑎𝑈𝑐 ≡ 𝑐, 𝑎, 𝑏

𝜙2

𝜙1

(a)

(b)
(c)

𝜙𝑚𝑎𝑥

The path sensitive ordering leads to 𝑈 − 𝑈′ ≠ 0

𝑎, 𝑏, 𝑐

𝑐, 𝑎, 𝑏
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o Universal geometric single Qubit gate
Geometrical quantum computing ?

We showed the path sensitivity on a non-Abelian transformation

o Synthetic non-Abelian gauge field in bulk ultracold gases
2D spin-orbit coupling
Manipulation of matter wave in non-Abelian gauge fields
Atomtronics

F. Leroux, K. Pandey, R. Rebhi, F. Chevy, C. Miniatura, B. Gremaud, DW, 
Nature Communications 9, 3580 (2018).

We used the underlying Abelian gauge field as a thermometer 

But we need to be colder, i.e. 𝑇 < 𝑇𝑅 = ℏ2𝑘2/2𝑘𝐵M = 230 nK
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XOEJ8760 Fermi-Dirac distribution

Evaporative cooling

Atoms
𝑁 = 105

𝑇 = 50 nK

60 𝜇𝑚

Fermi-Dirac 

distribution

Maxwell-Boltzmann distribution

𝑇/𝑇𝐹 = 0.4
Optical

trap

In-situ
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Atomtronics perspectives

Atomtronics = Flow of atoms in optical circuit 

𝜙2

𝜙1

(a)

(b)
(c)

𝜙𝑚𝑎𝑥

EOM
B-field

EOM

𝜋

𝜎+

𝜎−

Cold gas

What we did … No Atomtronics What we shall do

𝑧

𝑦

B-field

𝜋

𝜎+

𝜎−

Coll with Rainer and Kwek
Persistent Non-Abelian current ?

A ring trap
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XOEJ8760 Dynamic of an atomic wave-packet

Ԧ𝐴: vector potential or a Berry connection. 

Φ = 𝛻 × Ԧ𝐴: Berry curvature

Abelian case

If translational invariance of Ԧ𝐴, no force

Φ = 𝛻 × Ԧ𝐴 + Ԧ𝐴 × Ԧ𝐴: Berry curvature

Non-abelian case

If translational invariance of Ԧ𝐴, a force exists

𝑘𝑥

𝑘𝑦

Anisotropic ballistic expansion 

Form: Jacob et al, APB 89, 439 (2007)

𝑘𝑥

𝑘𝑦

Anomalous reflection

Form: Juzeliunas et al, PRL 100, 200405 (2008)
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