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Background

Quantum computing: a promise yet to be fulfilled

= |[deal quantum memory can hold more information
» Classical computing uses bits: 0 or 1, binary
Specifying the state of n bits need n numbers, e.g. 101

e Quantum computing uses qubits: 0 and 1 superpositions
Specifying the state of n qubits need 2™ numbers, e.g.

B = ¢0]000) + ¢1]001) + ¢5/010) + ¢3/011)
+ ¢4|100) + ¢5]101) + ¢6]110) + c7|111)

Bloch sphe
= Quantum algorithms may require less operations superpositio
 |deal quantum computers offer unitary operations 1)) = cos g|c

Classical computers rely on irreversible operations

* Notable quantum algorithms with exponential speedup:
Quantum Fourier transform, Shor’s algorithm for prime factorization,
Grover’s search, quantum random walk, quantum Hamiltonian simulation:

|Idealized quantum algorithms require error correction, not yet operational



Background

QC may help condensed matter. How about plasma

= Quantum computing (QC) is
believed to offer advantages for
condensed matter problems via
guantum Hamiltonian simulations

= Plasma problems usually classical
and nonlinear. But hierarchy of
plasma models analogous to
condensed matter models

= Plasma and condensed matter are
directly connected at the level of
QED and reduced models
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Introduction

Example reduced model: three-wave interactions

= Interesting problems are usually nonlinear

. . . . . 3
* Lowest order: cubic couplings, common in nonlinear media
. . (
« Examples: laser-plasma interactions, turbulence, |
nonlinear optics, lattice QED ... 1 .
» Classical resonant interactions described by
three-wave envelope equations
deAy = gAsAs, dyAs = —g" AL, diAs = @ A1 Al —
Trr -I—A
- ¢ ; Coupling
e = O Ny Vs N = 0wy /dk; )
dq O+ vV, J 7/ 9k coefficient A\

S
. Quantized version [4;. A]] =5, *—'\\ -

Interaction Hamiltonian H,= -igA{AgAg — -ég*fllfl;flg

= Quantum hardware usually lacks native cubic couplings: nonnativ
Can we program cubic interactions on general-purpose quantum computers



Introduction

Simulating nonnative interaction is challenging

= Standard approach to quantum Hamiltonian simulation
 Hardware Hamiltonian: determined by device architecture

m
Hy = Zk:l H,
« Hamiltonian of the physical system: likely different from H,
m™m
H — Zk:l a,ka.
« Lie-Trotter-Suzuki approximation when terms in H are natively available

exp(—iHT) = Ail)noo[nznzl Ur(aiT /n)]™ A y y

Uk(t) = exp(—tHt) <: require native H, H

. . . >
« What if H contains terms that are nonnative? a:T/n " asT/n
Implement general unitary is exponentially expensive!




It’s difficult! OK, let’s say we can do it. Does it help7

= Example application: laser-plasma interactions
* Plasma parameters evolve under laser drives t
« Laser propagation/scattering affected by plasma conditions

= Simulating real-time dynamics: expensive!
* Plasma states |g(t+At/2)) = A(t)|g(t — At/2))
« Laser states |la(t+ At)) = G(t + At/2)|a(t))

= Sub problem: D-level photon occupation e
o Classical: computing next state by matrix multiplication, O(D?) operations
o Quantum: computing next state by applying cubic gates, O(1) operations

* Need 1-parameter family of cubic gates

* Initial states simple, readout only needed at final step
Cubic gates have overhead, but once precompiled, operations cheap for eac



Construct quantum algorithm

Solving cubic problem: mapping in action space

* Naive mapping in energy space

* Direct mapping from resonant levels in energy
space to hardware space restricted by 4= w (A;r_)n,j
(1) Tunability of level spacings and coupling : ( ) w3 ;)= n,!

(2) Unwanted terms in native Hamiltonian

(3) Inefficient representation: 0 or 1 per qubit

H = i;;AJ{AgAg — 1g

= More versatile mapping in action space .— J=0=mi
» Action operators commute with Hamiltonian -
So=n1+n3, S3=n14+no _ j = |
[H, S5] = [H, 53] = 0 — =0
- Simultaneous eigen states of H, S, and S, ) =[s2 — j, 83 — 2+ j, J)
il 22, £3) [n1,m2,n3) = [n1) @ [n2) @1

‘,@/}> — ch‘sg _ja §3 — 52 _|_J,a]>

7=0



Temporal three-wave problem = Hamiltonian simul.

= Occupation amplitudes satisfy = Quantum number operators s
Schrédinger equations Heisenberg equations

i@C':i h 165 — 1 *h Y o N
tCj = 1GN; 1Cj+1 — 89 Ny _1Cj—1 07ny = —07ns = —0ns

=hp,1 =0 = Classical expectation values s:
slightly different equations

= Observables can be post processed
from occupation probabilities

(n1) = > 52o(s2 — f)lesl?

(ng) = Zjio(sg — 59+ 5)|c|? = Quantum system behaves like
when wave packet is localized
(n3) = Y272 jle;? spontaneous emission is subd

07 (n1) = —07 (ng) = —07 (ns)
— 2|g|2 [8283 — (282 + 283:



A concrete example

Simplest nontrivial case requires D =3 = (1+1/2) quil

= Readily realizable on hardware for s,=2 and s;=s. Hamiltonian matrix tridiago

0 e?/2(s—1) 0 h = H/|g| 2,52

h(6,8) = | e ¥+/2(s —1) 0 e9v/2s 1,51
0 e, /35 0 exp(if) = ig/lg| |

| 0, s,

= Solution to 3-level problem known analytically. Unitary to be implemented ol

T \
(s—1) cos At+s . il s—1 - 2i6 \XS{S 1) _ U=e
— ie 57 sin AT e TR (cos At — 1)
. i . . . A= !
U=| -ie?®\/7=siniz cos At —ie® | [ 2= sin Az %

20 \/s(s—l) _ B " " 5 COS At+s—1 I —
Ke e (cos At — 1) ie 5.7 sin AT = } P



Quantum hardware

Solving test problems: What quantum devices are a

= Leading architectures under development

« Superconducting qubits: Nonlinear oscillators as registers.
Control/readout by microwave pulses. Fabrication
techniques already in use in semiconductor industry

* Trapped-ion qubits: Hyperfine levels as registers. Control
by electrodes, lasers, or microwaves. Readout by lasers.
Potentially more versatile connection topology

* Photonic qubits: Photon states as registers. Control by
network of beam splitters and interferometers. Readout by
single-photon detectors. Potentially miniaturizable and
programable at room temperature

* Nuclear spins: Angular momentum states of selected
isotopes in B field as registers. Control/readout by
electromagnetic pulses. Potentially operable at room
temperature

= Noisy intermediate-scale quantum (NISQ) era: lon trap at Sandia Nai
many qubits available, but not fault tolerant ...



Hardware implementation

Realize cubic gates using standard gates

] i
Quantum Cloud Services flgettl
DD.S
o
Hardware: superconducting transmon qubits
on 2D lattice, utilized Aspen-4-2Q-A
* Imbed 3 levels in 2 qubits: aol ASLAVTA AR A NAG
Utilize 00, 01, and 10 states e Ty = g e g
« Compile into standard gates?!, approximate
single-step unitary matrix by e m
2 RX(1.570796326794897) @ 11 RZ(©.39864643091397856) 1 b10
3 RZ{-0.9553166181245063) @ 12 RX(-pif2) 1
4 RX(1.5707963267948948) 1 13 €281 i i
= t2el 14 RZ(-2.186276035465287) @ B I
6 RX(pis2) e 15 RX(pi/f2) @ oo { s e raare. v T LI
7 RI(9.48989794855663593) @ 5 Rz(-1.7141260552949023) 1 ° & o
§ RX(-pi/2) @ 17 RX(-1.57087963267948928) 1

B RZ(1.42746659829489) 1 . .
Tracks exact dynamics if all

1. arXiv:1608.03355, (2017) simplification [U(AT)]N =



Hardware implementation

Realize cubic gates using optimal control

LLNL QuDIT?

 Hardware: transmon inside a 3D microwave
cavity, utilize three levels of a single qudit

« Control by customized waveform, single-step
pulse optimized using GRAPE algorithm?
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1. Phys. Rev. Lett. 125, 170502 (2
2. Comput. Phys. Commun. 184, :



Hardware performance

Use precompiled gates to simulate real-time dynan

< LLNL QuDIT

-- ME Exact

Rigetti Aspen-4

AAAAARARA

0.01_s Youc ,

Long-time evolution
customized gate. Re:
Master Equation (M
and are close to Exac

Short-time dynamic:
shallow gates, seque
standard gates perfo

Decay and dephasin;
fidelity after ~100 gz
for both standard/cL

1. Phys. Rev. A 103, 062608 (20



Cheaper compilation

Interpolated control pulses may also achieve high fi

= Numerical optimizations expensive, x107°
shortcut by interpolation. Works well d
for 3-level parametric gates L9
i3
T 10|
Target V2s | — Q
e h(s) = g7y (1~ K (2) + (6~ 1/V2)K(o0)] 0.5 :.‘
3 ol
\ / 0.0k T
£(s) = V1—1/s 9 101
0 1/4/2 0 010 i
K(2) = : K(o0) = o
{(2) (1/[\)/2 ? é) (00) (é ? [1]) Fidelity:
Control F(p,0) = try,

o . optimized puls
p . interpolated pt



Summary and conclusions

Cubic gates as building blocks for future application

= Cubic gates can be programmed, no need for native cubic couplings
Action space mapping reduces nonlinear problem to Hamiltonian sir
> Quantum computers useful for simulating nonlinear/nonnative int

= Simulations realized on Rigetti Aspen-4 using standard gates, on LLN
using customized gates, and both limited by decoherence up to ~10(
»Customized gates enable larger simulation depth on NISQ hardwar

o Future directions:
* Generalize mapping to other nonlinear interactions
« Implement gates on hardware with more qubits/higher fidelity
« Utilize N-wave gates as building blocks for realistic applications
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