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Realizing Feynman’s dream of
guantum simulation requires

Minimizing Errors:

* Better hardware
* High-fidelity gates
* Error mitigation / correction

Optimizing efficiency:

e Better encoding schemes
* Better quantum algorithms

Experimental accuracy:

e Better theoretical models

* Predict new phenomena
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My research contributes to the
highlighted subsections
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* Better quantum algorithms
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The Lipkin Hamiltonian is a good toy model for proof concept
guantum simulations for fermionic many-body dynamics
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Hamiltonian encoding schemes

1) Fock space occupied/empty Hp (22N x22N)

2) Individual spin up/down H, (2N x2N)

3) Total J spin |J, M) for (w=0) H;(NXN)

e =Jo—2UE+J2) =32 UsJ-+JJ4)

M.Q. Hlatshwayo, D. Lacroix, E. Litvinova et al. Phys. Rev. C 106, 024319 (2022)



An efficient encoding of the Lipkin Hamiltonian by exploiting its
symmetries and employing the Gray code: example N=2

& Hy = X(ZI +1Z) — XXX + YY)

0) — R, (20)
¢ Eq(60) = (¥(0)|H|¥(6)) . \lu
l M. Cervia et al. Phys. Rev. C 104, 024305 (2021)
m H =—Z—vX
e =Jo— 20Ut +J2) =3¢ UsJ- +J-Js) 0) — Ry (29) [—

M.Q. Hlatshwayo, D. Lacroix, E. Litvinova et al. Phys. Rev. C 106, 024319 (2022)



Ground state energy results of using the variational quantum eigensolver

(VQE) on a noisy IBM QPU closely agree with exact solution.
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How to simulate the excited states of the Lipkin model using the
guantum equation of motion (QEOM)

Solve for H|n) = E|n) given |0)
Define excitation 0T,|0) = |n) , 0,]|0) =0

(01[0,, [H,0%,]] 10}

(0|[0,,07,,]]0) g.sand (.)
estimated by

VQE on a QPU

configuration E,.=(E,—E)) =
complexity

0t = ) [xe, ks, — vt (o) (K&)'

a, Ug

K; = a;g an, (RPA) and K = a;gla;gzahzahl (SRPA)

D. Rowe, Reviews of Modern Physics40, 153 (1968) /



Solving the equation of motion leads to a generalized
eigenvalue equation to be solved on classical computers

T variation with respect to
| A <O| [071» [H’ 0 n]] lO) SE.~ =0 / the coefficients of 0T,
o <0|[On, OTTl]lO) o
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o Uy

(k2" (4. RS
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y N G = (RS RE)
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P. Ollitrault et al. Phys. Rev. Research 2.043140 (2020)
D. Rowe, Reviews of Modern Physics40, 153 (1968) (.) measured on a QPU



Overview of the quantum equation of motion (QEOM)

1. Use VQE to find ground state |0)
2. Use QPU to find matrix expectation values {.)

(a) ((q:(o)|ﬁ|\1’(9)>>

(w(0)[¥(0))

P,

=
U(9) =m

min
0

Energy

(d)

P. Ollitrault et al. Phys. Rev. Research 2.043140 (2020)



Results of Lipkin Hamiltonian’s excited states energy found
using gEOM for N=3 particles on a noisy IBM-QPU
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Do we get a better theoretical model by including higher
configuration complexity (a) terms in the excitation operator?

0tu(@) = ) X mKg, - g m) (k)]

d, Ua

K. =ala, (@ =1RPA)

K = aglagzahzahl (a = 2,SRPA)



Yes, SRPA shows more accurate results than RPA on an ideal

QPU but has significant deviations on a noisy QPU for V /e > 1
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d custom gates for the problem of interest
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‘Basic” quantum gates are realized with optimization techniques,
hinging on a realistic model of the physical guantum device

Input output
(control) /é’
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Goal: find control pulses that
optimizes the fidelity

T 2n

l

Uope = Texp |-+ | (Ho + ) w (), ) dt F= [tr(U" g g Uope)|/dim(H)
0 k=1
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To simulate scattering we need state preparation
approach, e.g., using adiabatic evolution

HO | | Htarg
0 t/T 1
QhPtarg)
U, T) K
|1/J0) ® Desired quantum state

P,

Initial quantum state

15



Custom gates enable major performance improvements
for state preparation, and broader class of problems
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E.A. Coello-Pérez, J. Bonitati, K. Wendt et al, Phys. Rev. A 105, 032403 (2022) 16



Self-consistent reference states are a critical starting
point for computing various many-body phenomena

wi — Cia ¢oz

Vi = Z €"io Pa >

a=1
Thouless Theorem ,

U >= ef{]@ >= exp Z/ﬁzpqa;aq D >
L pq i

Parameters {X}_

pl :NXN

HF

NX(N —1)
P2 = >

%Faﬁciﬁ = €;Ciq
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Employing the variational quantum eigensolver to perform
Hartree-Fock basis rotation on a quantum computer
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Preliminary results of the quantum Hartree-Fock algorithm for
simulating the Negele model with A=3 particles on a real QPU

2
Vs N
V (Qj) — g v e ° z2 TABLE I: HF ground-state energy of Negele model with A = 3 particles.

i=1,2 i/

Methods N-States Errors (%)
81 6 exact approx

HF Eqns.  -1.0494 -1.0112  3.64
Classical

Properties: Opt. C = ¢ 10009 456 1.02
e 1D simple nuclear model : Ideal QPU -1.0105  3.71 0.07
i i uantum
e contains main features of Real QPU 09253 1177 8.49
many-body problem \
e has a numerical exact solution ibmaq_nairobi (7 qubits)

e has tunable coupling strength
M.Q. Hlatshwayo, K.A. Wendt et al. In preparation.

C. Alexandrou et al. Phys. Rev. C 39, 1077, (1989)
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A more efficient and less noisy method is to replace
the Givens rotation gates with optlmal control pulses
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Summary of talk

1. To realize Feynman’s dream of simulation nature, progress is needed in minimizing
errors from quantum devices, optimizing efficiency of quantum algorithms, and
improvements on the theoretical models for many-body physics.

2. Efficient Hamiltonian encoding of the Lipkin model by exploiting its symmetries and
employing the Gray code for minimal qubit usage and shallow circuit depths.

3. Promising results of guantum simulation of the ground state energy (using VQE) and
excited states energies (using qEOM) of the Lipkin model for small systems on noisy
QPUs. Extension to larger systems and closed shell nuclear is underway.

4. Higher configuration complexity ( within the EOM framework leads to more accurate
results as expected. Efficient encoding scheme requires

Custom gates leads to higher fidelities for state preparation via adiabatic process

Perform Hartree-Fock basis rotation via Given rotations on a qguantum computer. And
how to improve the gate fidelity by using optimal control-pulse theory.
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An efficient encoding of the Lipkin Hamiltonian by exploiting its
symmetries and employing the Gray code

ﬂ Q Jill, M) o |],M + 2) HJ(M — (%‘ Ig)
B

7, —J) = |0) — |bin(0)),
J, —J +2) = [1) = [bin(1)), 29 =T+1

€ : B y
IJ,J —2) = |d —2) — |bin(d — 2)), q = 11092(7 +1) J

J,J)=1|d —1) — |bin(d — 1)),

m o~ Standard binary (5B H; (29%x21)
|bin(k))

—— Gray code (GC)

H;(NXN )
2=Jo— 5 UF +J2) =52 UsJ- +]_J4) l
M.Q. Hlatshwayo et al. Phys. Rev. C 106, 024319 (2022) The GC uses less gates than
0. Di Matteo et al. Phys. Rev. A 103, 042405 (2021) SB with lower circuit depth 25




Basis rotation of Hartree-Fock via Given rotations

U(e*) = exp [Z qua;;aq]

\ ceoma— | | | |
O ... sin(@) ... «cos(d) ... O
! ! . . . X .

Theorem

QR - decomposition via Givens rotation |

A — QR Q = GIG:’{' G]Z'—:[G]Z' R — Gka—l GzGlA

vV 1SWAP
| |
|
D
| |
vV 1ISWAP
1
ﬁ ‘
|

0+

k. .
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Google Al Quantum et al, Science 369, no. 6507, (2020), pp.1084-1089



The final step is to train a neural network to find optimal
control pulses for an arbitrary Givens rotation gate

Targets: UL

_ . Trrtgt
g\ T / [1 FlH (e, T Vala" ][ |da

--" --':/—’\

e Assume smooth transition
U9t (a + 866) — H(a + 80, t).

* Avoid unwanted intermediate
excitations to higher states.

antrolled: U,

— _[° {4\
| (1N UL T )
| B \ \ U )

J O\~ ) \ /

. * Account for all physics

Time constraints from nuclear model.
F. Sauvage and F. Mintert, Phys. Rev. Lett. 129, 050507 (2022)




How a superconducting quantum computer works

z=|0)

w

Energy [hw,]
N

[

0

- -/ 2 0

/
v v | e e e - | e e e | e e e

<

QHO \v/|0>

™2 ™
Superconducting phase,q5

5
Transmon
4
3
- Y \\

2 g hwmi 1)

o © ¥
1 g%{ hwo, |

S S 7 10)
O wv
- -0/ 2 0 2 m

Superconducting phase,qb

P. Krantz et al. Applied Physics Reviews 6, 021318 (2019) 28



The variational quantum eigensolver is noise
resilient hybrid classical-quantum algorithm

1) Select 6

4) Minimize
energy

Classical Processor

Dumitrescu et al. (2018), Phys. Rev.

2) Prepare |Y(6))

3) Measure

(W(O)|HIY(6))

Quantum Processor

Lett. 120, 210501

guantum simulation of the
binding energy of deuteron
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Demonstrated hybrid quantum-classical simulation of
nuclear scattering on the Advanced Quantum Testbed
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F. Turro, T. Chistolini et. al. (2022), in preparation
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With custom gates, designed noise-resilient algorithm
for guantum simulation of multi-nucleon spin dynamics
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Wendt KA et al, in progress



Quantum computing offers a natural framework
for simulating time-dependent scattering theory

J
|¢fo> P = |5fi|2 = |(1/Jf(0)|¢i(0)>|2
.- % o (o (®)]e2He [y (—0))|
[io) U(2t) State preparation
J Real-time evolution

2y,

Application of unitary transformations (= gates) E é
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Our target problem: evolution of two interacting neutrons
frozen in space

Two-neutron =(£ / \
scatterin 1/)(t))
1t g /_— ) e _/ |
e o)/
UAL) = Usye Uspin _>;A
. . — U(At) )@ pin (7 t)/

Nuclear <> quantum register map:

PP+ee
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With minimal number of custom gates, we demonstrated
>99% fidelity, significant increase in quantum simulation
time

Time Step
LLNL 0 100 260 280 300 380 400 420 |deal

QPU solution

/

Probability

Time (MeV™1)

. . 34
Wu X et al. (2022), in preparation Holland E et al. (2020), Phys. Rev. A 101, 062307



