Simulating few- and many-body physics
with Rydberg atoms

David Petrosyan
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Outline of Quantum Theory

Heraklion. 25/10/17 — p. 3/29



Quantum state in a Hilbert Space

|W) is a vector in a complex vector space H

W) = ciler) +calea) +eales) +... = i, cile) >oicy leil? =1

basis { |e;) }: eigenstates of some operator O |e;) = O; |e;)
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Quantum state in a Hilbert Space

|W) is a vector in a complex vector space H

W) = c; |er) +calea) +eales) + ... = S ciles) >ica leil® =

basis { |e;) }: eigenstates of some operator O |e;) = O; |e;)

Composite system S = A+ B +...:

dimHg¢ = dimH4 X dimHpg % ...

Two state system: spin-1 electron {| 1), | |)}

— For N two-state systems: dim Hg = 2V Bloch Sphere

Hilbert Space is a big place!
(Carlton M. Caves)
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Time evolution

Hamiltonian operator H: Energy (V| H |¥) = E
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Time evolution

Hamiltonian operator H: Energy (V| H |V) = F

Q) Our favorite operator!

Schrodinger equation

ih |U) = H |T)
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Time evolution

Hamiltonian operator H: Energy (V| H |V) = F

Q) Our favorite operator!

Schrédinger equation |in2 [U) = H|U)| = [U(t)) = e 77 |T(0))

Mixed states, dissipative systems: p = >, Py | V) (V|

Liouville — von Neumann equation z’h%ﬁ = |[Hp— pH]+ Lp
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Quantum simulations

Simulating Physics with Computers,

Feynman, Int. J. Theor. Phys. 21, 467 (1982);
Lloyd, Science 273, 1073 (1996)

Richard Feynman
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Quantum simulations

Simulating Physics with Computers,

Feynman, Int. J. Theor. Phys. 21, 467 (1982);
Lloyd, Science 273, 1073 (1996)

Interacting many-body quantum systems
are hard to simulate on classical computers

o Many degrees of freedom (huge Hg)

# Quantum correlations (entanglement) Richard Feynman

W)g # W) 40 [W)p®...
= number of ¢ equations to solve simultaneously is dim Hg
decoupling (mean field) approximations are not always correct Nat. Phys. 6, 382 (2010)
Universal quantum simulator yo ™ {

Discretize space & time [ST ed(A+B) = ¢0AIB L O(§2)] w w|®

— spin lattice with finite range & interval interactions p .h

U(t) = exp(—%’Ht) ~ [, exp(—%?—[j&l) I/ exp(—%?—lj/&z) e

.
*
e o ¢ o o
o ¢ o
®

|
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Quantum simulations

Simulating Physics with Computers,

Feynman, Int. J. Theor. Phys. 21, 467 (1982);
Lloyd, Science 273, 1073 (1996)

Interacting many-body quantum systems
are hard to simulate on classical computers

o Many degrees of freedom (huge Hg)

o Quantum correlations (entanglement) Richard Feynman
W)s # W)@ [W)p@...

= number of ¢ equations to solve simultaneously is dim Hg
decoupling (mean field) approximations are not always correct

a Nature 415, 39 (2002)

Analog quantum simulator BEATAZY 08

Construct a clean system & -
realize appropriate interactions to mimic Hg

= Dynamically or adiabatically evolve |W)
and read-out
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Quantum computations

Quantum bit — qubit — is two-state quantum system 1) @
stores superposition states |¢) = « |0) + 5 |1) e
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Any computation (unitary transformation) can be realized
via a sequence of one-, two- (and more-) qubit gates

® One-qubit gates (rotations on BS): Unity I, Hadamard H, Pauli X, Y, Z, Phase S ...
® Two-qubit gates: Controlled-U, Controlled-Z, CNOT= H:Cz H+, SWAP, vVSWAP ...
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Quantum computation is inherently parallel
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Vinput) = Z:c Cx |T)

#® Design an algorithm where all the computational paths interfere with each other to
yield with high probability the output state y:  [Voutput) = y) (32,7, lcy|* — 0)

Heraklion. 25/10/17 — p. 7/29



Quantum computations

Quantum bit — qubit — is two-state quantum system 1) @
stores superposition states |¢) = « |0) + 3 |1) 0 -&
N-qubit memory has 2"V orthogonal states |z) = [00...0),..., [11...1)

(W) =) _cg|x) ingeneral |T) # |¢)1 ® [¢h)2 ®...: entanglement

Any computation (unitary transformation) can be realized
via a sequence of one-, two- (and more-) qubit gates

® One-qubit gates (rotations on BS): Unity I, Hadamard H, Pauli X, Y, Z, Phase S ...
® Two-qubit gates: Controlled-U, Controlled-Z, CNOT= H:Cz H+, SWAP, vVSWAP ...

Quantum computation is inherently parallel

® Prepare the input state in a superposition state of all possible “classical” inputs x:
Vinput) = Z:c Cx |T)

#® Design an algorithm where all the computational paths interfere with each other to
yield with high probability the output state y:  [Voutput) = y) (32,7, lcy|* — 0)

Useful quantum algorithms:
Grover search of M = 2% elements in /M steps
Shor FFT for a set M = 2% in ~ N2 steps (factorization etc.) ...
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Rydberg atoms
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Rydberg atoms

Niels Henrik David Bohi
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Rydberg Atoms

High principal quantum number

n>> 1| (H-like)
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Rydberg Atoms

High principal quantum number

n>> 1| (H-like) Ir>==

Energy |E, = — 2%

n*2

effective PQN n* = n — §; (d; quantum defect)

19>
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Rydberg Atoms

High principal quantum number

n> 1| (H-like)

Energy |E, = — 2%

n*2

effective PQN n* = n — §; (d; quantum defect)

Easily polarized

Huge dipole moments | p ~ n?eay

Gallagher, Rydberg Atoms (Cambridge 1994)

r>—e—

19>
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Dipole-Dipole Interactions

(1) . 5(2) (1) @ . R
_p ) p? (e R)(p ) i

b R3 R®
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Dipole-Dipole Interactions

(1) . 5(2) (1) @ . R
_p Y (e R)(p ) i

D R3 R

—- Static DDI

E induced Stark eigenstates

with permanent o = 2ngeao
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Dipole-Dipole Interactions

- R3 R5
— Static DDI
E induced Stark eigenstates
with permanent o = 2ngeao
D — 9(1)9(2)(1}23—3 cos? 0) p(ie Vp(/z}
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Dipole-Dipole Interactions

- R3 R5
— Resonant DDI
D=4 [@ﬁp(ﬂ + oM + iVl (1 — 3cos? 9)

~2sin20(p {7 + e + el + el e

3

~Zsinfeos 0(p ol + o el + i + 0§ 0]

|ay

1Py
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Dipole-Dipole Interactions

(1) . 52 D . BV o?® . R
p_P e (e ) (g ) i
R3 R?
— Resonant DDI ES
2 1) (2 1) (2) P12
D = ng [@S_%p( %ﬁ—p( ipg_i é>pé (1—300829) ILEVI -
2
) 1 2 1) (2 D
— 3 sin? 9(913@13 g@(z% o f@if e > o > 12
3 (1) (2) , (1) (2 | (1) (2) by

: 1) (2
—Esmecose(goﬂgao + P10y T ©o go+1—|—p() ())}

o1 = —%(ﬁs—i—ig)) = —%rsin@ew =er\/FY1,1(0,0) r41 = (n'l';m+ 1|7 |nl,m)

oo = ez =ercosfh = ery/ 4?”YLO(G, ®) ro = (n'l',m|r|nl,m)
_1 = 7( T —iy) = \%'rsinee_mS =er %Yl,_l(e,qb) r—1 =M, m-—1|r|nl,m)
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van der Waals Interaction

) atoml atom?2
RDDI (Forster process) lay lay
D21 Dy
D1z = D(R) oc £hg5et o n Iry I
Dl< D21
_ ¢ 0 GJ ***** L
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van der Waals Interaction

RDDI (Forster process)

D12 = D(R) o £bzfar o n

Wrp — War = 0w > D

(dw ox n~3)

= |r1)|r2) = |ai2)|b21): Non-Resonant DDI

(Adiabatic elim. \a1,2> |b2,1>)
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van der Waals Interaction

) atoml atom 2

RDDI (Forster process) _a _la
Pbr 4 f12

D12 = D(R) oc p52t ocn o D

Wrp — War = 5(.&} > I

(dw ox n~3) by T

= |r1) |ra) - |a12)|b21): Non-Resonant DDI (Adiabatic elim. |a1,2) [b2,1))

= Energy shift of |rq) |r2) (2nd-orderin D/éw)

_ BAal A2
VVdW — hO-TTA]-QO-’I"’I"

V;U

A1s = A(R) = 2%—?'2 = % o ntl — vdWI strength

Saffman, Walker, Maglmer, RMP 82, 2313 (2010)
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Two Atoms
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Rydberg interaction blockade

Two-atom Hamiltonian

H/h=Q|r)1{g] +Qr)a(g| + H.c.
+A12 |1)1(r| & [r)a(r| \20
|gr> +|rg>
\2
V2Q
_oveo

199>
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Rydberg interaction blockade

Two-atom Hamiltonian
H/h=Q|r)1(g] +Qr)2(g9| +H.c.
+A12 |r)1(r| @ |r)2(r|

Resonant transition |gg) < |g7,79)

(gr,rg| Hlgg) = Q

Nonresonant transition |gr,rg) < |rr)

%(rrl Hlrr) = A1a > Q

1gr> +|rg>
\2

199>
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Rydberg interaction blockade

Two-atom Hamiltonian
H/h=Q|r)1(g] +Qr)2(g9| +H.c.

+A12 |1)1(r| & [r)a(r| \20
19r> +irg>
. 2

Resonant transition |gg) < |g7,79)

1 \V2Q
lgr,rgl Hlgg) = Q

__ oo

Nonresonant transition |gr,rg) <> |rr) 99

%(rrl Hlrr) = A1a > Q

— Double excitation |rr) is blocked

— Rabi oscillations |gg) < %( lgr) + |rg)) with /2Q

Jaksch et al., PRL 85, 2208 (2000)
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Two-atom Rabi oscillations

Excitation probability

Excitation probability

0.0

———T— T T
0 40 80 120 160 200 240 280 320
Duration of the excitation (ns)

Urban et al., Nature Phys. 5, 110 (2009); Gaétan et al., Nature Phys. 5, 115 (2009)
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Two-atom Rabi oscillations

Excitation probability

c o =
(o)) oo o
P IR B

o
~
1

Excitation probability
Excitation probability

.
N
| L

0'0 ' 1
0

— 1 ' 1 ‘' T T T ' T T T

T T T T T T T T T T T T T T T T T T

40 80 120 160 200 240 280 320 0 40 80 120 160 200 240 280 320
Duration of the excitation (ns) Duration of the excitation (ns)

Urban et al., Nature Phys. 5, 110 (2009); Gaétan et al., Nature Phys. 5, 115 (2009)
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Rydberg blockade gates

Two-atom (qubit) CZ gate Atom 1 mom 2
) = Ao
O>1 O>2 — O>1 O>2 — __ 2\
O>1 1>2 — — 0>1 1>2 . . ,
1)1(0)2 = —[1)1[0)2 Q4 Q2
1)1 1) — — 1)1 |1 1y
s R O

Jaksch et al., PRL 85, 2208 (2000)
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Rydberg blockade gates

Two-atom (qubit) CNOT gate Atom 1 mom 2
r) = Ao
0)1[0)2 = |0)1]0)2 — A
0)1|1)2 — 10)1]1)2 Al ,
1)1]0)2 = |1)1[1)2 Qi Q2
1>1 1>2 — 1>1 0>2 deov —é5—
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Rydberg blockade gates

Two-atom (qubit) CNOT gate Atom 1 Atom 2

O>1 0>2 — O>1 O>2 1 T N
0)1 11 11

2—)0

)1 1)z = [0)1]1)2 I
1)1]0)2 = |1)1[1)2 Qi Q2
L1 [1)2 — [1)1]0)2 1ot - -
1) 10) 10) 1)
a) optical
. pumping b) G5y _ASONOT _p
control site
< -
780 nm| = 480 nm e il
s - O
N ‘ ',,‘,,-"');
target site it s
y 9
% UL GO puises UL measur 'z s 0
i ] 1! 08
control : |_I rl Hi & 2 06

targat

5 & : .

88 [ r £ < B B .

E - i I > y
¥ T ' — _— — = - . 101 ‘ N ek . I %
| 'L‘I ?ls | "N — 1>

[ I | . 37 [ I output nos o 0.0

B-fieid 21 I I I | [ T N> kg, %> input 4 8 8 10 12 1
I I

Probability of [10> or |
g

FORT 02
= 0
0w W o o] o) @ W Hadamard gap (us)
9 ea =S IS8 2819 2 |, i

Wilk et al., PRL 104, 010502 (2010); Isenhower et al., PRL 104, 010503 (2010)
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Spatially extended systems
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Lattice spin models

'\,Vaa,)
r>x 2z

19> —o—
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Lattice spin models

spin-; Hamiltonian (Ising-like)

Hepin = K32 [Q61 — G6I] + LN, Ay6i6]
with ©Q, 65 = (6 — 5 20,5 Aij) & Aij = A(xi — x;)

#® isotropic or anisotropic interaction
® DD (o< 1/R3) or vdW (< 1/R5)

'\,Vaa,)
rsx 2

19> —o—
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Lattice spin models

spin-; Hamiltonian (Ising-like)

Hepin = K32 [Q61 — G6I] + LN, Ay6i6]
with ©Q, 65 = (6 — 5 20,5 Aij) & Aij = A(xi — x;)

#® isotropic or anisotropic interaction
® DD (o< 1/R3) or vdW (< 1/R5)

Phase diagram

critical
region ()

(mean field)

Weimer et al., PRL 101, 250601 (2008)

':Vaa,)
rsx 2

19> —o—
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Lattice spin models

spin-; Hamiltonian (Ising-like)

Hepin = L3 [Q61 — ST+ LN, Ay6i6]
with 2,65 = (6 — 5 32,5 Aij) & Aij = A(xi — %)

#® isotropic or anisotropic interaction
® DD (o< 1/R3) or vdW (o 1/RS)

Phase diagram

':Vaa/)
rsx 2

19> —o—

o) . 5 [V
PR /¥ vewy
2 A A A A A
0 critical
mepon [ ANAAAAANAA
PM . MANNNNNNN
. =
N Q/ Vi,
(mean field) N\ /Vaa

Weimer et al., PRL 101, 250601 (2008)

Schachenmayer et al, NJP 12, 103044 42010
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Dynamical crystal preparation (1D)

- e — e —

Q—=0

A3I1ou2
Apog-Auew

Hih= =030 6l Q00 (0], 4 00+ 0 Dij6,60,

J
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Dynamical crystal preparation (1D)

49 VY —_, ©)

3) @ GV G — ﬂg

2) @V F ] a2 Q=0
Vo gr:r

1) G99 9 0) e

0) d =

N ~ A N ~ A ~ A N /\’l: ~ A
H/h = —9 Zj 0-712'1“ o QZ] (O-;zzg + O-ér) + Zi<j Aijo—r’ro-%zr

Avoided crossings ££)7_; # 0:
Q) =VNQ, Q) =20/VN, Q2=0Q, Q} ~Q3/[Cs/(1/3)]?...

Pohl, Demler, Lukin, PRL 104, 043002 (2010)
Schachenmayer, Lesanovsky, Micheli, Daley, NJP 12, 103044 (2010)
Petrosyan, Mglmer, Fleischhauer, JPB 49, 084003 (2016)
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Dynamical crystal preparation (1D)

Experiment
3
60 @]} {6
30 1T 13
i tﬁx et
2 0
= 0 > P | L 1
=
1 60 @11 16
1t & 13
. ¢ —
M 0 8
0 ; x
0 100 200
60 ®1t 16 2
2
2]
B ] I ﬁ ﬂ 13 8
> A 2
[ T \ . 0 =
(=
| 60 RMOZRt 16 ‘B
5F 4P , 0
L = [N GRNE 16
2 I i %
T H T I 13
B ' 0
G 1. 1 “ L 1 O O
0 1 2 3 4 20 0 20
Time, ¢ (us) Pogltlon
(sites)

Schauf3 et al., Science 347 1455 (2015); Bernien et al., arXiv:1707.04344
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Simulations of adiabatic dynamics (QMC ““’

=

50.27 3'\:'
= 702
&017 \Nl:/
G 0 _1vo

Probabilities

min —
pmin =

(R p |RE™)
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Simulations of adiabatic dynamics (QMC WF)g %2

— 1
No2| N
|2:01 0 =
) )
@ o

(@)
|
=

Probabilities

min —
pmin =

(R IR
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Simulations of adiabatic dynamics (QMC WF)g %2

— 1
N L N
N o2 ~
= 143
§ 01 &
G 9 _1°

Probabilities

min —
pmin =

(R IR
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Simulations of adiabatic dynamics (QMC WF)g %2

=

EO.Z* E
= 1o S
§ o1 £
a 0

Probabilities

min —
pmin =

(R IR
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1

Fidelity
o o o
N » (o]

o
(N

N
a1 o

Mean excitation numbemg
N

(BN
O

w

=
o

(o ]
Q0 & o = =0 (kHz) |
T8 m m[ =40, =0
= - & T =0, =40
A AT =T =40
| | |
12 16 20

Preparation time (Us)

F = pjin
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1

©
(o]
T

Fidelity
=}

F = ppin

o
~
T

o
N
T

o

w
—

N
(6]
\

Mean excitation numbemg
N
I

- o
R o1 =I=0(kHz)
15 | S = m[ =40, =0
Y2 ¢ & =0,I =40
: [ =T =40
1 | | |
0 12 16 20

Preparation time (us)

Relaxations destroy adiabatic following of the ground state
[Ro) = |R1) — |R™) — |Rg™)
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Simulations of adiabatic dynamics

F = pjpin F = ppin

Petrosyan, Mglmer, Fleischhauer, JPB 49, 084003 (2016)
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Extended 2D systems
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Spatial and Angular Correlations
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Rydberg Quasi-Crystals
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Rydberg Quasi-Crystals

d=2dp
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Rydberg Quasi-Crystals
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Rydberg Quasi-Crystals

d=4dy
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Rydberg Quasi-Crystals
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Summary: Rydberg states offer

# Strong, long-range, switchable interactions between atoms
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# Strong, long-range, switchable interactions between atoms
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Summary: Rydberg states offer
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Thank you!
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