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The Rydberg-Atom Quantum Computer




The Rydberg-Atom Quantum Computer

Scalable

Identical
Configurable

Long coherence times
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The Task ' Quantum
0 Delta NL

In the beginning...

Optimization Experiments
Classical (HPC) — Measurements
Pulse-based Implementation
Gate-based Uncertainties
| Quantum Inspire |
platform
Simulation Pulse Generation
Atomic calculations — FPGA
Hamiltonian generation Noise characterization

Open system evolutions Modularity



The Qubit

[-Qubit  |y) € Span_({10),|1)}) = # = C> with |y|=1

Unitary maps U € L(H) = C>? unitary Quantum gates

-
Haa
-~

U =U"=U

1)
Bloch sphere



The Qubit

[-Qubit  |y) € Span_({10),|1)}) = # = C> with |y|=1

Unitary maps U € L(HK) =~ C>* unitary Quantum gates
U=e! H Hermitian
Pauli tri 0'=01 0=O—i 0=10
aull matrices X 1 0/ y i) Z 0 —1
: : ox|0) = 1)
Pauli matrices are quantum gates NOT gate
ox|1) =10)
.0 :
Pauli rotations Rj @) = EXP<—l56j> , jJE {xy,z}
1 1
Hadamard gate UH=7(|O>+ | IO +—=(]0) — | 1)){1]
2 2

-
Haa
-~

1)
Bloch sphere

Superposition



The Qubit

2-Qubit |y e X =C* with |y|=1

Unitary maps U € L(H®?) unitary Quantum gates Rz |
U=el H Hermitian ‘ T
R P
Product states |la) ® | b)
(1)
1
) =(100) = [01) +10) = [ 11)) Bloch sphere

1 1
=$(|0>+|1>)®$(|0>—|1>)



The Qubit

2-Qubit  |ly) € X =C* with |y|=1

Unitary maps U € L(H®?) unitary Quantum gates

U=el H Hermitian
Product states |la) ® | b)

Entangled 1
=——(]00 11
oo W) 7 (100) +111))

Bell state  50% probability for |00) and |11)
0% for |01) and | 10)

Spooky action at a distance
Albert Einstein (1879-1955, German-born theoretical physicist)

- -
Haa
-

1)
Bloch sphere



The Qubit

2-Qubit |y) € X =C* with |y|=1

Unitary maps U € L(H®?) unitary Quantum gates

-
Haa
-~

U=¢eH H Hermitian

Product states |la) ® | b)

11)

Bloch sphere

1
Entangled ) :_(|()())+ |11))
states \/5

CNOT gate Uenor = 00500 ] + [01)01 | + | 11)(10] + | 10)(11]

Uy ®1 Uenor
0)+ |1 1
[0) + | >®|0> — —(|00>+|11>)

V2 V2

10)10)




The Quantum Circuit

n-Qubit

Unitary maps

S

|
<

|ly) € ¥~ C*  with

U e ZL(F®") unitary

New Scientist &

% @newscientist

In an important benchmark for quantum computing, a record-breaking

51 qubits have been entangled together.

ly| =1

15 July 2023 -
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Realizing Qubits

Any two-level quantum-mechanical system can be used as a qubit

Superconducting (Google, IBM, Intel, China) Optical (China, Xanadu)
Neutral atoms (Atom computing, Coldquanta, QuEra) Quantum dots (QuTech)
Trapped ions (long, Alpine QT) Topological (Microsoft, QuTech)

Issues:  Gate fidelity ~ 90-99%
Faults from physical implementation (decoherence)



Realizing Qubits

Any two-level quantum-mechanical system can be used as a qubit

Superconducting (Google, IBM, Intel, China) Optical (China, Xanadu)
Neutral atoms (Atom computing, Coldquanta, QuEra) Quantum dots (QuTech)
Trapped ions (lonq, Alpine QT) Topological (Microsoft, QuTech)

Issues:  Gate fidelity ~ 90-99%
Faults from physical implementation (decoherence)

Noisy Intermediate-Scale Quantum (NISQ) Computers

v

Variational Quantum Algorithms, approximate the lowest energy level of a Hamiltonian.

\4

Quantum Approximate Optimization Algorithm, for CO problems.

\4

Quantum Neural Networks, as quantum analogues of classical neural nets.

v

The Variational Quantum Linear Solver, for solving linear systems of equations.

A4

Quantum simulator, for simulating low-temperature, many-body physics



Realizing Qubits

Any two-level quantum-mechanical system can be used as a qubit

Superconducting (Google, IBM, Intel, China) Optical (China, Xanadu)
Neutral atoms (Atom computing, Coldquanta, QuEra) Quantum dots (QuTech)
Trapped ions (lonq, Alpine QT) Topological (Microsoft, QuTech)

Issues:  Gate fidelity ~ 90-99%
Faults from physical implementation (decoherence)

Noisy Intermediate-Scale Quantum (NISQ) Computers

v

Variational Quantum Algorithms, approximate the lowest energy level of a Hamiltonian.

\4

Quantum Approximate Optimization Algorithm, for CO problems.

\4

Quantum Neural Networks, as quantum analogues of classical neural nets.

A\

The Variational Quantum Linear Solver, for solving linear systems of equations.

A4

Quantum simulator, for simulating low-temperature, many-body physics



The Agenda

l.  Pulse-based Quantum Circuits and VQOC

Il. Learning Quantum Channels

lll. Understanding Noisy Qubits



The Agenda

l.  Pulse-based Quantum Circuits and VQOC



| w,) = argmin (y|H,, |y) s.t.
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Variational Quantum Optimal Control

Given a molecular Hamiltonian H,,. find |y,)

|w,) = argmin (y|H,,, |y) st

ly| =1
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° ° ° E‘)/
Variational Quantum Optimal Control S =) [
|0000} L U _E M AN Octl_as_sic:_l
" —H
Given a molecular Hamiltonian H,,_,, find |1//g): ) T i
t

Space Search Optimization

|l//g> — argmin <l//T| H | l//T> St [ Quantum ]“ [ Classical ]

Schrédinger equation: iha,|y,) = H,|yr) Digital quantum circuit

Control Hamiltonian

Pulses




° ° ) 67
Variational Quantum Optimal Control S =) [
|0000} L U —E M 1L, OCtI_‘::_smal
%—u,, - —E Agorithm
Given a molecular Hamiltonian H,,,,. find |y,) : ; I | H J
t
|y,) = argmin (yp| H,,, | yy) st [ s;%%ae"é”e?rch]Q [ O&Ii?nsiiigt?én ]
Schrédinger equation: zh@tUt — HtUt Digital quantum circuit
U, = Unitary propagator € L () - - r
t ¥ bropag Gates :l_ %
|l//t> — Ut | '/fo> U‘ Us Ud 1__

[L; Ui(S%, Ai, Vi) |(0))

Idea: Discretizations of U, gives rise to quantum gates
Analog quantum circuit

Challenge: Vjk
. ) ) Pulses Q(t)
Find a unitary propagator that brings |y) to |y,) At)

astest, and with least effort, on a quantum computer t



Variational Quantum Optimal Control

Schrédinger equation:  1hod,U, = H[z,]U,

S

t ates expregs sible
States expressible . " time 7
nder Hamiltonian

Hilbert Space

Physically realizable Hamiltonians

- Single qubit Hamiltonian : — - Entanglement Hamiltonian
| n |
| Jcour — 2 choup | Hent — 2 Z Hent
k=1 k=1 Ik
choup — choup | O>k<1 |k + Zzoupl 1>k<0 |k Hent Re[Zem‘] | 11>kl<11 |kl
Pulse-based Variational Quantum Eigensolver T?
Quantum evaluations ?
Given a molecular Hamiltonian H, ;. find z, : Topology 7
z, = argmin (yo | U, H,,,, Ur|yy) + AR(z) s.t. Schrédinger equation

Adjoint-based method

Pulse-based variational quantum optimal control for hybrid quantum computing. Quantum, 2023
Recapture probability for anti-trapped Rydberg states in optical tweezers. APS Physical Review A, 2023



Simulation Results

LiH = Lithium hydride ~ 4 qubits, minimally entangled

o5 —6.0—= ,
& —fa R ~
£ -=- HF L 1072 HPN T T
—6.5} 5 10 Edf=dwqg===si= ezzzs
\It X\ vQoc| 10-5 E
o , ID=1.44 A | N
2 7.0 LiH 0 50 100 €
L O—‘ Iteration number =
>—7.5 Q
< N D N o )
5 g _0.1 i q2 ‘\\ ) b
G —8.0L. ‘ - : . — @3 - __ID=1.44 A4
0 1 2 3 4 0 20 40 60 80 100
Interatomic distance (A) t [ms]
H4 = Hydrogen-4 ~ 6 qubits, highly entangled m
1071 ———
T e -
Y .
£ 1072 " .
=
T ]
L]
> = Gate
g 107% Ha « = Pulse
c » o ) ---- CA
w a -
0.2 0.4 0.6

Interatomic distance (A)
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ll. Learning Open Quantum Systems



Open Quantum Processes | %

:".' S '
>,
4
LN ] L] L] 3
SCh rO d’nger eq Uatlon.' De Jong et al. Quantum Simulation of open quantum
systems in heavy-ion collisions. Phys. Rev. D 2020.

. _ F [ | | |4
l h at Ut - t Ut Z. Hu et al. A general quantum algorithm for open quantum dynamics / / / / 4’ /
| | |

demonstrated with the Fenna-Matthews-Olson complex. Quantum 2022.
/ ‘ / 4/ | /
1/ |
/ I/ |/ /

Quantum Liouville equation: 1 11)
- . z LA
lhatpt — [H7 p[] '= Hpt _ ptH (;; S. Wald. Thermalisation and Relaxation of Quantum Systems. 2017

o]
_ T 2
pr = UipoU, ~ 10)
t

Lindblad equation:

iho,p, = [H,p,] + Lp, 1
- 1 2 1)
Lo = Y n[Awa] - {4ia,0}] 3
3 1w~ 3 {414} g )
> t

Py = (I)t(p()) Quantum channel

Challenge: Learn and construct quantum circuit to simulate quantum channels



Dilation of Quantum Channels ind,p, = [H,p,] + Lp,

Stinespring Dilation Theorem

For any quantum channel ® : S(#’) — S(#), there exists a Hilbert space #
and a unitarymap U : X Q K — X Q K such that

O(p) = Trx[Up ® 10)OIUT].  p € S)
In particular, # can be chosen such that dim ¥ < (dim #)* < n+ 1 qubits

General idea:

> Given a time step 7, learn ®_ by learning the unitary map U

> Predict p at time nt, n > 1, by repeated evaluation of ®@_, i.e.

Pur = (I)r(p(n—l)f) — (I)r ° (Dt O ¢+c 0 CDT(:OO) Semigroup property

Issue: Requires repeated initialization of ancilla state on A Tweezer magic!



Tweezer Magic ihd,p, = [H,p,] + Lp,

1. Insert new ancillas Stateof: ®# & & &
2. Execute learned U(0) ®e(po)

3. Deposit ancillas * * * * 0 T or a1 ar o'
i
{ives

Movable qubits Stable reservoir Good scalability




Learning Phase ihd,p, = |H, p] + Lp,

comp. - U(e)
Pq { — ga%te bgsﬁed P(po) Decaying Rabi oscillations
0’ ) | pulse based -I-r

0 1
L=vyA, A=
aoa=0

0 7 2 4 6 8 10

Loss(0) = 2 Ir [Of (p(0) — ﬁf)]



Learning Phase ihd,p, = |H, p] + Lp,

comp. — U(e)

Pq { — ga%te bgsﬁed P(po) Decaying Rabi oscillations
|0 ) | pulse based Tr.

i %ﬁé ° H=w (1) (1) = W Oy

0 1
L=vyA, A=
aoa=0

0 7 2 4 6 8 10

Loss(0) = 2 Ir [Of (p(0) — ﬁf)]



Learning Phase

comp. , | 0
p 0 { gaggas)ed (D(p 0)

e

ancilla B
pulse based
0,04 — Tr,

—{ PR

0 7 2 4 6 8 10

Loss(0) = 2 Ir [Of (p(0) — ﬁf)]

Pulse amplitude

iho,p, = [H,p] + Lp,
Decaying Rabi oscillations
0 1
H=w [ X O] = W Oy

0 1
L=yA, A=
A=l

Final pulses

.
....

v
. .

. . . .
-----------
Tras

Pulse time



Prediction Phase

comp. _ 0
pO { - gat(ejgas)ed (D(po)

e

ancilla B
pulse based
0,04 — Tr,

—{ PR

iho,p, = [H,p] + Lp,

Decaying Rabi oscillations

0 1
Hza)[1 O] = W Oy

0 1
L=yA, A=
A=l

- [0)(0]
— [1){1]
= @xact
X approximation ]

...................

System evolution time



2-Qubit Lindbladians ind,p, = [H,p,] + Lp,

Decaying Rabi oscillations Transverse-field Ising model
06 — "—'|00')(02)| - 0.6 T T T |'00')(z)o.| ——
[ — [01){01] — [01)(01]
05 — |10){10] 0.5 — 10){10|
—_— [11)}{11] —_— [11)(11]
c ~— exact - 0.4 ~— exact
.g 0.4 X approximation .g X approximation
) )
g ______ —a 0.3
g 0.3 $
= 0.2
0.2
0.1
0.1
0 2 4 6 8 10 0 1 2 3 4 5 6
T System evolution time T System evolution time
— 1 2] _ 1 2 [ 1 2]

Gate VS Pulse?

Learning quantum channels on a quantum computer. ArXiv
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lll. Understanding Noisy Qubits



A Model for Noisy Qubits

Stochastic Schrodinger equation

ihdy, = H[¢ ly, dt

PSD

Lindblad
white noise

w=+

y

t»

SSE
colored noise

t»



A Model for Noisy Qubits

Stochastic Schrodinger equation

indy, = Hy.dt— iy”S"Sy, dt + ySy, dX,

PSD~+

Lindblad
white noise

w=+

y

t»

SSE
colored noise




A Model for Noisy Qubits

Stochastic Schrodinger equation

indy, = Hy.dt — iy*S'Sy, dt + ySy. dX,

White noise:

dX, =+/2 dB,

Ornstein-Uhlenbeck: dX = — kX, df + \/EdBt

Connections with the Lindblad equation: Setting P, = |y,)(y |,

ihdP,= ([H,P,] + LP,)dt +y[S, P,] dX,

White noise:

indE[P,] = ([H,E[P,]] + LE[P,])dt

PSD

*
W Lindblad
white noise

w-+

PSD-+

t»

SSE
colored noise

Conjecture?



o . . ihdg, = Ho, dt
Fidelity Estimation ] L
indy, = Hy.dt— iy*S'Sy, dt + ySy. dX,

Goal:  Study statistical properties of the fidelity F, :== | (¢, |y,) |

Laser intensity noise: S_=S1, SIS =1 Pauli operators

: . _ ot _ of o
Laser detuning noise: S, =35, = 5,5, Projection operators




ihdgp, = Hep, dt

Simulation Results | L,
indy, = Hy.dt— iy*S'Sy, dt + ySy. dX,

Laser intensity noise: S_=S1, SIS =1

Fidelity Expectation, k=0.1, y=0.1 Fidelity Expectation, k=1,y=0.1,7=60
1.00 + El|¢ Tw|2] ou 1.000 4 — Ell¢Tyl*TOU
— gt ww | v El|¢ Tyl*T WN
0.99 1
09951 7w
0.98 1 . ‘.‘ e
< * A .
~ - e
0.97 - 09904  “~__ R
0961 N s~ | T e
09854 TSl T
005 N Tl
: 0.980 - TSl
0 1 2 3 4 5 6
0 10 20 30 40 50 60
Fidelity Variation, k=0.1, y=0.1
— Var(|¢ Ty|?) OU
0.0004 4 Var(|¢ ty|?) WN

0.0003 -

0.0002 -

0.0001 -

0.0000 -




ihdgp, = Hep, dt

Simulation Results | L,
indy, = Hy.dt— iy*S'Sy, dt + ySy. dX,

Laser intensity noise: S_=S1, SIS =1

Fidelity Expectation, k=0.1, y=0.1 Fidelity Expectation, k=1,y=0.1,7=60
i 1.000 A —_— 1 yl2
1.00 El|¢ Twlzl ou E[l¢ Tw|*1OU
+ awn | Y e E[|¢1’w|2] WN
—— E[|¢Ty[*1WN
0.99 -
0.995 -
0.98 -
0.97 4 0.990 +
0.96 -
0.985 -
0.95 -
. 0.980 -
0 1 2 3 4 5 6
0 10 20 30 40 50 60
Fidelity Variation, k=0.1, y=0.1 Fidelity Expectation, k=1,y=0.1,T=10
1.0000 — E|¢Tyl?10U
— Var(lpTyipou ANy El|¢ T[] WN
0.0004 4 Var(|¢ ty|?) WN
0.9995 -
0.0003 A
0.9990 -
0.0002 - 0.9985 -
0.0001 A 0.9980 -
0.0000 - 0.9975 -




ihdgp, = Hep, dt

Fidelity Estimation
4 indy, = Hy.dt— iy*S'Sy, dt + ySy. dX,

Goal:  Study statistical properties of the fidelity F, := | (¢, |w,) |

Laser intensity noise: S_=S1, SIS =1 Pauli operators

: . _ ot _ ot o
Laser detuning noise: S, =35, = 5,5, Projection operators

Results: Derived exact solutions for It6 processes when [H, S| =0

7= (14 F)+-(1 — F7) cos(2X, - Xp)).  F= [{¢]S,| o)
F?=1-2(1-F7)Fr(1-cos(X,— X)), Fr = (¢S, | Pp)

Derived hierarchical approximations when [H,S] # 0



ihdgp, = Hep, dt

Fidelity Estimation ] L
indy, = Hy.dt— iy*S'Sy, dt + ySy. dX,

Goal:

1.00 -
Laser i 0.95 -
Laser ¢ — 0.90 -
. 0.85
Results: | § |
Ky
- 0.801 ... 1storder e,
Fr - = = 2nd Order e, 0)
FP . 0.757 — Sample Mean T, >
- — - . .'.. 'O
0.70 - Analytic Mean ..
Derived h 0 5 10 15 20 25 30




ihdgp, = Hep, dt

Fidelity Estimation ] L
indy, = Hy.dt— iy*S'Sy, dt + ySy. dX,

Goal:  Study statistical properties of the fidelity F, := | (¢, |w,) |

Laser intensity noise: S_=S1, SIS =1 Pauli operators

: . _ ot _ ot o
Laser detuning noise: S, =35, = 5,5, Projection operators

Results: Derived exact solutions for It6 processes when [H, S| =0

7= (1 + Fy4=(1 = F*) cos(2(X, — Xp)),  F* = [{dy S, )
F?=1-2(1-F7)Fr(1-cos(X,— X)), Fr = (¢S, | Pp)

Derived hierarchical approximations when [H,S] # 0

Extensions:  2-qubit, multiple noise frequencies ~= Power spectral density

Qubit fidelity under stochastic Schrédinger equations driven by colored noise. In preparation



ihdgp, = Hep, dt

Towards controlled sates
5 indy, = Hy.dt— iy*S'Sy, dt + ySy. dX,

Example: Feedback process

v X, fort <zt
Ol X -X fort>1

—7



ihdep, = Hep, dt
Towards controlled gates | L
indy, = Hy.dt— iy*S'Sy, dt + ySy. dX,

Example: Feedback process

v X, fort <zt
Ol X -X fort>1

—7

Example: Stochastic control




Towards controlled gates

Example

Example

o Ty|]

Pulse Amplitude

1.00 ~

0.97 A

0.50 -
0.25 A
0.00 -
—0.25 ~
—0.50 -
—0.75 A

indg, = Hep, dt
indy, = Hy,dt — iy*STSy. dt + ySy, dX,

0.99 +

0.98 ~

cont.
—end
— N0 SSE




Summary

What’s next?

> YQOC with noisy qubits
> Quantum optimal transport
> Integrating HPC

Pulse-based Quantum Circuits and VQOC

Quantum: State preparation

Stochastic:

Classical: Parameter optimization

Analytical: #(= z)y= g(w) \

Learning Open Quantum Systems

Execute learned U(6)
1 Store and refresh ancillas
QPU u(e)
LN N N
00000

Stateof: 0O 0 © @

e}
I S E S,
0 T 2T 37 t—

AN

$¢

) L 1IrNe( U]
Srom ar 1(1 refr (‘9h ancillas Stateof. 0 ©® @
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Understanding Noisy Qubits

Towards controlled g

ubits



What’s next?

S umm ar')l > VQOC with n?isy qubits
> Quantum optimal transport

> Integrating HPC
Pulse-based Quantum Circuits and VQOC

Quantum: State preparation \ !—x—! Learning Open Quantum Systems
K k1
S
Execute learned U(6)

\ 1 | store and refresh ancillas  Stateof: 0 @ @ @ I 2 Stor’ﬂd ("f ("%h l(lhq Stateof. @ ® ® ®

Gates:

.} P (p )
QPU

Pulses: % K7
i’fW&

Andlytical: hE)SL + ely= Computers are physical objects, and J T_‘h“""’

computations are physical processes tt

OPU U /0) sy g

Reservoir

Stochastic:

David Deutsch 0)

re and ref esh ancillas

Stateof: ©©® ©® @
mm)

e
by SR g !

Storage Reservoir Storage

Understanding Noisy Qubits

Towards controlled qubits

Thank you!



