UNIVERSITE :s2%-

COTEDAZUR "-%:2-

David Wilkowski

Physics and applied physics, SPMS, NTU
Centre for Quantum Technologies, Singapore
Centre for Disruptive Photonics Technologies, Singapore
Majulab, CNRS-UNS-NUS-NTU International Joint Research Unit

Benasque, May 16 2019

Triangle on flat/curve space

Foucault Pendulum (Paris, 1851)
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Synthetic gauge fields in ultracold gases

Synthetic magnetic field:

Edge state on lattice strip:
Quantum Hall:

a Geometry Dispersion relation, fid = -2E, Vector potential, 2= 8.20E,

B,-b'y

Energy, E/E,

Momentum, k,/k, Effective position ‘y’ or detuning, Ad/E;

e Dressed state, Qg = 8.20E f Dressed state, iQ; = 8.20E,

d'/2n = 0.34 kHz pm-!

Spin projection, mg

9 0
Momentum, k/k, Momentum, k,/k,

Extracted from:
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Quantum computing

Topologically protected Quantum state
Fractional hall effect (v = 5/2):

Geometrical quantum gate

NV centers:
Superconducting circuit:

Two-qubit geometric CNOT gate
Initial state [0, 1) [0, L) 1, ) [1, 1) [0)(1) + [1)) [0)(IT) + i)
Ideal final state 11,1 o, &) o, 1) 11, 4 1,1 +10, 4) 11, 1) +i0, b
Measured fidelity ~ 0.99(1) 0.97(1) 0.87(1) 0.94(2) 0.90(3) 0.86(4)

b Real part Imaginary part

0.6
0.4
0.2
0
=0.2
-0.4

B

Extracted from:
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0 1Y) N =
AR
— ; F. Wilczek and A. Zee PRL 52, 2111 (1984)
M. V. Berry Proc. R. Soc. Lond. A 392, 45 (1984)
Non degenerated states Degenerated states
E S
C’ ¢ C’ ¢
0 [¥)
[W(C)) = e[ (0)) [P (C)) = Ul(0)) -
elVelV' = etV ol UU'" # U'U: Path ordering sensitivity

Abelian transformation Non-Abelian transformation
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N /’T: parameters
1 U = gexp| — % AdA C: close loop
E| ——r C
0 ) A: vector potential or Berry connection.

go path ordermg operator
N OD=UxA+AxXA: Berry curvature.

Non degenerated states Degenerated states
E S
o o o o
0 [¥)
[W(C)) = e[ (0)) [P (C)) = Ul(0)) -
elVelV' = etV ol UU'" # U'U: Path ordering sensitivity

Abelian transformation Non-Abelian transformation
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A
Tripod system Q3
Implementation on a strontium ultracold gas M

p g (I |
. 1) 12) 13)
Interferometric measurement of the temperature
Geometric quantum gate -
i R
Path sensitive measurement and non-Abelianicity b - -: 1\ @b 5
| ‘h‘/‘ wW! & ..‘I

Conclusion and perspective for atomtronics T - e

" LI
4 g 8 : I
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1) 12y 13) [4) Bare states
0 0 0 & 4)
0O O 0 0OF _ . —
H =h 0 0 0 ng with Q; = |Q4|e'®: A
Q O Q3 0 -
D; = ki7" + ¢;(t) 04 Q| O3
Q] = Qsinacosf \ 4
|Q,]| = Qsinasinf External oo eoSE——— ES————
Q5] = Qcos a control |1) 12) 13)
Diagonalization of the Hamiltonian
sin 8 e!®s1 cos a cos B e' P31 Dressed states
|D1) _ | —cospet®s2 |D2) _ | cosasinpet®sz £ A |B1)
0 —sina
0 0 NRLYCANR L
\ e I—hQ
Excited state population is zero
|B2)

q)ij :q)i_q)j
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The non-Abelian structure appears in the {|D1), |D2)} subspace

sin 8 e P31 cos a cos § et P31
D1) = — cos g i®s2 D2) = | cos asin B ei®=2
0 —sina £ A |B1)
|D1)  |D3) +h)
5 IR o= —hQ
Geometric Gauge field: 4;; = ih(Di||7Dj) ——
|B2)

We get:
Ay1 = h(cos?BV®D,5 + sin? BV 5)
A12 = hcosa( sin(2f) VCDlZ — 1\7,8)
Ay, = hcos?a(cos?BV D,z + sin2 BV d,5)

In general the components of A do not commute
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Fermionic isotope on the 150 ->>P_ intercombination line

o = 72
3P1 e = 9/2
e e = 112 o

689 nm '

1SO—F=9/2

/21 = 7.5 kHz EOM to control the laser phases
B~60G

Cold gas
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l7,8—0 c1>1_c1>3—>|7c1>13_0
Vq)lz — VCI)23 - kl k2

— Abelian gauge field

We have:
I‘Tn = h(coszﬁﬁcbzg + sinzﬁﬁdblg)

- 1 — —
A{, = hcosa (E sin(2B) Vd,, — i|7,6’>

N , - = EOM
A,y = hiCOS a(cos pVD,3 + sin ,BVCI>13) '
O; = kit + Py(t) Pij =P — P -
® o
®
..O
EOM
Cold gas

N
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17,8 = 0, &5 is constant (pinned atom)

We have:
@, and ¥, independant

Ay1 = h(cos?BVdy; + sin2 BV D 5)

S 1 R = — Non-Abelian transformation
A{, = hcosa Esm(Z,B) Vb, —iVp

Ao, = hcos a(cos pV®P,2 + sin ,BVCI>13) '
®; = kit + ¢;(t) Pij =P by ©
®e
m=7/2 ‘0.0
EOM
Cold gas

N




1p E— ['/21 =32 MHz

/2w =75KkH, 1emperature~1
T ~1mK@ 461 nm

3
461nm Pl

689nm
15 o .

0

Magneto optical Trap

On the intercombination
line at 689 nm

TR — hzkz/ZMkB — 230 nK

T. Yang, et al, Eur. Phys. J. D. 69, 226 (2015)
C. Chalony et al, PRL 107 243002 (2011)
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Then:  [{1|D,)|* =1/6

13) (2ID,)|% = 1/6
2 2
1) '_> Vo = : (3]D,)|2 = 4/6

=5/2 \\
\ Transmittance: before

ST
o
S

-.1.I

Tra nsmlttance after

F|; e sl
. ¥ ! 'I'-‘ .IJ:':IIJ i L ﬁ% L. B . "
P, = 0. 24(0 04) P, = 0.17(0.04) P, = 0.59(0.04)

Fidelity ~95%
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L, U Atom velocity
Cold gas R
O; = kv + ¢i(t)
o6l e o T = 0.5 uK |
= ® o
o 05 ° m=9/21
= o © °
av! ®
= 04 r i
g" ® e o e
a 037 o m=5/2"
® @)
02 +r ' : o © ¢ ® ® 0.
m=7/2
0.1 ' ' ' '
0 10 20 30 40 50

t (us)
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(1Y (O))|? = f1 — g cos (g a)Rt> exp [— g (kﬁt)zl For a thermal gas
v: Thermal velocity
12IYEN* = £,

4 4
1Bl (E))* = f3 + g3 cos <§ th> exp [_ 9 (kﬁt)zl f; and g;

depend on the Rabi frequencies.

0 T =0.5uK |
g 0.5 m=9/2=3 |
= - o
< o
= 0.4r -
= o
~ 0.3

0.2

S
[E—




We perform:

A b1 DPmax # EOM

(b)

_ Transmittance: before

I"m

&

L

Cold gas
EOM 8

:I'::I:'J:'FI-.I-"'-' -L

Trﬂ nsmittance: after

- —

o, I-l ]
| ST p T
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P Gmax ¢ EOM WJ)f = U|D2>
(c) 2 - ~§ Adi
(b) U pexp( ; AdA)
EOM Cold gas

Bare state populations

0P
0.8 | | | | | I |
~ 0.6
2
=
—5 04
Q,
)
A~ 0.2
O | | | | | | |

0 0.2 0.4 0.6 0.8 1 1.2
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¢1 d)max ¢ EOM

)

Cold gas
EOM § g

P

0.8 | | | | | I I
0.6 |
g =
=
—5 04+
S
R~ 02t §
O | | | | | | |
0 0.2 0.4 0.6 0.8 1 1.2
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¢1 d)max
(c)
(b) .
Finite temperature contribution ®; = k;7 + ¢;(t)
T =0.5uK
¢ 3
0.8 1 | I 1 | I I
= 0.6
2
=
= 0.4
Q.
o
R~ 0.2
O ] ] ] ] ] | |
0 0.2 0.4 0.6 0.8 1 1.2
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sin B e' P31 cos a cos f§ e' P31
Chosen dark state basis |D1) =1 —cos B ei®Ps2 |D2) = | cosasin B ei®s
0 —sina

|1/)>f = U|D2> = (|d1||D1> + |d2|ei(p|Dz))

We measure the bare state population: [{i|y)|?

2 = V1B
| =

|sin |

|d1| — \/1 - |dz|2

[(LI)? — [(2[Y)]* + (df — dj cos? a) cos(2)
|d{||d,| cos asin(2f3)

CoS @ =

The sign of ¢ is missing
The reconstruction does not give
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)

P

¢ EOM

Cold gas
EOM N g

4)
A

Ql QZ ‘Q‘3
\/

1) 12)

3)

Bare state populations
¥) s = |d||Dy) + |d,]ei%| D)

Finite temperature contribution ®; = %{F + ¢;(t)

Population

Quenching of thermal dephasing if ¢y,4, > kVAt = 0.7 o0p time: At = 12 us
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i The state tomography does not give
|¢>f =Uly); = (|d1||D1> +ldzle |D2>) U cannot be reconstructed

We use two initial (non orthogonal) states: |l/)a)f = U|1/)a)l_ and |1/)b)f = U|1/)b)l.

P1 [ Pmax |1/)a)l,
(c)

(b) [¥s),

P

We use the decomposition: U = aold + i ). a;0;
a;: Pauli matrices

1 1 1 T
Experiment {a, b, c}

Id % o %
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¢1 A
Practical implementation
U= UcUbUa = {a, b, C} (C) (b)
U =U,U,U, ={c,a,b}
. . , O
The path sensitive ordering leadsto U — U # 0
1 T T T T
Experiment {a, b, C}
0
| :
0 T
1 m 2 ) 5

The Frobenius distance: d = \/Zj(aj(a) — a;(b))?
d = 1.27 (25), and
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F. Leroux, K. Pandey, R. Rebhi, F. Chevy, C. Miniatura, B. Gremaud, DW,
Nature Communications 9, 3580 (2018).

We showed the path sensitivity on a non-Abelian transformation

o Universal geometric single Qubit gate
Geometrical quantum computing ?

We used the underlying Abelian gauge field as a thermometer

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

T < Tr = h°k*/2kzM = 230 nK
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Evaporative cooling

Maxwell-Boltzmann distribution

¢ 12F | | | | I/ | | 1 I_]
T 1 - T/TF — 0.4‘ _
Dol ~
Atoms5 <
N = 10 g 0.6 —
T =50nK b=
204 ) -
PRI Rz Fermi-Dirac
205 distribution
N:
| | | | | | | | |

-8 -6 -4 -2 0 2 4 6 8
Velocity [mm/s]

60 um
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Atomtronics = Flow of atoms in optical circuit

What we did ... No Atomtronics What we shall do

¢ EOM

Cold gas
EOM N g

P1 bmax y A ring trap

(b)

[
»

0P z

Coll with Rainer and Kwek
Persistent Non-Abelian current ?
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A: vector potential or a Berry connection.

Abelian case
® =V X A: Berry curvature _
If translational invariance of 4, no force

Non-abelian case w |p|
® =V XA+ A X A:Berry curvature
If translational invariance of A, a force exists

Anisotropic ballistic expansion

0

Ky
Form: Jacob et al, APB 89, 439 (2007) Form: Juzeliunas et al, PRL 100, 200405 (2008)
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