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Computational effort: classical vs quantum
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Goal: studying dynamical processes in nuclear
systems
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How does it
works?

* Mapping /

W(0) o (L))

A

quantum
system

mapping

quantum
simulator

9(0)) % (b))
| |
| Y

Real system: Not directly controllable
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Unitary transformation
implementation
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Qubit: “Two-level
guantum system that
can be controlled and

measured”
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Holland, E. T., Wendt, K. A, et al. (2020) Physical
Review A, 101(6), 062307.
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Quantum device: controllable and measurable



Quantum Gates

(Differences between QC setups)

Standard (discrete gate sets) Optimal control-based
« Discrete, finite predetermined set of * Software reconfigurable, continuous
quantum logical operations (gates) unitary transformation (gate)

Many-body dynamics to be simulated

* Many-body dynamics to be simulated implemented with a single gate

implemented through a circuit involving

multiple gates * Microwave pulse to control the qubit
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Two Nucleon Dynamics

* Nuclear dynamics relies on the expansion of the intere
(coming from QCD) by means of effective field theorie

* Resulting nuclear force presents non-trivial depende
spin/isospin state of pairs/triplets of nucleons.
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Two Nucleons Dynamics

e Characteristic features of the nucleon-nucleon
interaction are captured by the leading order (LO) ¢----1¢ + + 01 - 03
in the EFT expansion.

* Hamiltonian H:9 = T + VS! + VS
* The propagator is:

h h

* Vs spin-independent part of the interaction
* Vsp: spin-dependent part of the interaction

exp [——Hi{ft] = exp [——(T +Vsr + Vsp)t|




Two Nucleons Dynamics

* In the short time limit:  exp [—% (T - VSI> 5t] exp [i &

e Approximation: treat neutron as frozen in space for the ,_‘“
dependent part of the propagation.

* Quantum-classical coprocessing protocol:
For a small time step dt:

1. Advance the spin part

with the quantum computer: h
2.  Advance the spatial part A 1 B
with a classical computer: Usr = exp —g ji

3. Repeat



Example: Two neutrons dynami
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Spatial Trajectory
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Optimal Control Reconstruction

* Quantum gate optimization :
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* Slow (especially for many qubits) » Time consuming
Controls
optimization:
bottle-neck of the * The Hamiltonian could be dependent » Need to calculate ?he
analysis on parameters (e.g neutrons relative controls at every time-
position) that change during the simulation step

: try to find a mathematical relation that can reconstruct the controls corresponding
to given parameters values, without using the optimization algorithm. 12




Controls Reconstructing Method

Fourier Transform Method (

1600 time-steps for

each control
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Controls [MHz]

— [r, ¢,6]=[0.0, 0.0, 0.0]
—— [r, ¢,6]=[0.09, 0.0, 0.0]

e e —

u — [r, ¢,6]=[0.27, 0.0, 0.0]
U — [r, ¢,6]=[0.67, 0.0, 0.0]
—— [r,¢,6]=[1.3, 0.0, 0.0]

0 10 20 30 40 50

time [ns]

Compute and store (with the optimization
procedure) a set of controls corresponding
to a grid of (1, @, 8) values.

Neutrons relative
yposition in spherical
coordinate

Spectra
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See: Luchi, Piero, et al. arXiv preprint

arXiv:2102.12316 (2021).

Fourier transform

1 Corresponding set of spectra
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— [r, ¢,6]=[0.0, 0.0, 0.0]
- [r, ¢,61=[0.09, 0.0, 0.0]
— [r, ¢,6]1=[0.27, 0.0, 0.0]
— [r, ¢,0]1=[0.67, 0.0, 0.0]
— [r, ¢,6]=[1.3, 0.0, 0.0]
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Only 20 or 30
elements

frequency [GHz]
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Controls [MHz]

Controls Reconstructing Method

Fourier Transform Method

0.05 1
(VY“
0.00
-0.05
""""" [r, ¢,6]1=[0.0, 0.0, 0.0] ‘
u [r,¢,0]=[0.09, 0.0, 0.0] U
-0.104 M [r, ¢,6]1=[0.27, 0.0, 0.0] Vi
~~~~~~~ [r,¢,6]=[0.67, 0.0, 0.0]
[r,¢,61=[1.3, 0.0, 0.0]
—— intepol. pulse [r, ¢, 6]1=[0.17, 0.0, 0.0]

0 10 20 30 40 50
time [ns]

New control for the
guantum computer

After the computation of a (possibly small) set of
controls in advance, we can obtain an infinite
number of them at a low computational cost

2] Inverse Fourier transform
and obtain a new control

Spectra
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and Interpolate a new

spectrum

[r, ¢,6]=[0.0, 0.0, 0.0]
[r, ¢,6]=[0.09, 0.0, 0.0]
[r, ¢,6]=[0.27, 0.0, 0.0]
[r, ¢,6]=[0.67, 0.0, 0.0]
[r, ¢,6]=[1.3, 0.0, 0.0]
—— intepol. pulse [r, ¢, 6]=[0.17, 0.0, 0.0]

0.0 0.2 0.4 0.6 0.8 1.0 1.2
frequency [GHz]
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Controls Reconstructing Method
Fourier Transform Method

Simulation of the spin dynamics of the neutron-neutron system along a trajectory
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Conclusions

* QC are a promising device to perform
realistic nuclear simulations

* A simple but non-trivial example of two
neutrons interaction has been shown.

* The implementation of U can be improved
with some interpolation techniques.
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Supplementary Information



Controls Reconstructing Method
Neural Network Method

values

* Train
Set of controls corresponding to a grid of (r, ¢, 8) values
Set Of Input layer | Hidden layer i Output layer
: ; : —— [, $,6]=[0.0, -1.25, 2.05]
propagat.ors ‘ Ao 0 i [, $,61=[0.08, -1.25, 2.05]
foraa grld of § ; — [r, ¢,61=[0.26, -1.25, 2.05]
Input 1 5 — [r,¢,6]=[0.64, -1.25, 2.05] /\
(r,,0) V "‘ Outpus 1 0.06 —— [r,$,6]=[1.0, -1.25, 2.05]
= 0.04
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Quantum Gates

(Differences between QG a
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Tacchino, Francesco, et al. "Quantum computers as universal quantum Simulators:
state-of-the-art and perspectives." Advanced Quantum Technologies 3.3 (2@20): 1900052.



Physical implementation: Control-based Gates

| Hamiltonian f I ith th . . :
Genera arTml tonian for a transmon coupled with the Time-dependent drive in the frame of the transmon is:
readout cavity:

: 1, W AT A L G
Hy = hopidag+hwpitap—E, [coswj) + §¢§] H. = aT +ar) + z(aT = aT)}

\ }

Ca aC|tor capacito
_cgpac
Qubit =i Cavity

—IX— In/Out

Josephson
junction

001

0.00

Drive (GHz)

-0.01

-0.02

—— In phase

Utarg NT@XP{—g/(; [Hd—I-HC(T,)] d’r’} I T I

Optimise the control sequence g}, &, such that they satisfies,

within an acceptable error, this relation (using GRAPE
algorithm):

The computational cost of this grows exponentially in the
number of effective qubits controlled

[1] Holland, E. T., Wendt, K. A., Kravvaris, K., Wu, X., Ormand, W. E., DuBois, J. L., ... & Pederiva, F. (2019). Optimal Control for the Quantum Simulation of Nuclear
Dynamics. arXiv preprint arXiv:1908.08222.



Example: Local chiral EFT potential at leading
order

One-pion exchange  _~——>7""""7° 1 g, - 02
(OPE)
Regularized contact

Ny N, (cutoff in momentum)

Sip = 3 (51-7) (52 7) — 5t - 52

See e.qg. J.E. Lynn et al. Phys. Rev. C 96, 054007 (2017)



Probability
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See: Holland, Eric T., et al. "Optimal control for the quantum simulation of nuclear
dynamics." Physical Review A 101.6 (2020): 062307. 23



Probability

Error

1.0 -

0.8 1

0.6 1

0.4

0.2 1

0.0 1

0.1+

0.0 -

—0.1 1

0)y=|1T 1) —— |1)=|1T |) 2= 1) 13)=|1 L)
)
4
0.0 0.2 0.4 0.6 0.8 1.0
* 0'“0 AT 000007 00,
° 0’00“ 0 o! o Y, o %o
AT . . 440® o
$00000000000000005300 egtd! e 5 : [ EINRE——— T e —— s
¥40004% %00, ¢ e °e o 4 o
¢ o..o.. ¢ e o ! AR ..o 0" “0
| | | ¢ o ””’ | ...”... I 00“.”””‘ I
0.0 0.2 0.4 0.6 0.8 1.0

time [MeV~1]

24



15+

10

Spectra
o

0.0

Fourier Transform

For each element of the
spectrum we interpolate

with cubic betweenr, phi
and theta

— [r, ¢,61=[0.0, 0.0, 0.0]
—— [r,¢,01=[0.09, 0.0, 0.0]
— [r, ¢,6]=[0.27, 0.0, 0.0]
— [, ¢,6]=[0.67, 0.0, 0.0]
— [r.¢,6]=[1.3, 0.0, 0.0]

Lsemm\ JUSW[2 WNJ3D3dS

0.2 0.4 0.6 0.8 1.0

1.2
frequency [GHz]

2D representation only with r and phis



Errors for Fourier transform method

* Fidelity : metric to quantify the similarity between two matrices Accumulation of errors

2
\/ 1/2 1/2 Neutron-Neutron system spin dynamics

1.0
f ( U’T’BCOTL bl UBZE act - TQCOTL 63:@(325 U?"@CO?’Z
0.8
— | T 1) exact
— |1 | ) exact
100 - 206 |1 1) exact
= —— |4 1) exact
= -+- |t 1)interpolated pulse
©0.4{ -=- | 1 ) interpolated pulse
o | 4 1) interpolated pulse
a0 - -+- |1 ) interpolated pulse
0.2 ‘//
0.0
60 0.0 0.2 0.4 0.6 0.8 1.0 12 1.4
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=]
S
— |t 1)
40 4 0.41 — )
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— [ )
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20 1
E 0.0 w/\ /
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0.99980 0.99985 0.99990 0.99995 1.00000 -0.2
recon. fidelity
Reconstruction fidelity ~04
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time



Controls Reconstructing Method

Fourier Transform Method

* Average time to obtain a single control:

* Classical Optimization: [see table] 6000+
« Reconstructing method: 800 ms \”’5%{;
)
* The advantage of this method is high € 400

if the number of needed controls are
grater than the set computed in
advance.
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5.36 10.34 53.6
% 4

expon. fit.

307.51
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3601.04
*
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Controls Reconstructing Method
Neural Network Method

* Test
(Thews Pnews bpew) [, $,61=[0.0, -1.25, 2.05]
0.08 [r,#,01=[0.08, -1.25, 2.05]
[r,¢,0]=[0.26, -1.25, 2.05]
Input layer ! Hidden layers ! Qutput lager [ | [r,¢,0]=[0.64, -1.25, 2.05]
T 0.06; [r, $, 1=[1.0, -1.25, 2.05]
A0 —— intepol. pulse [r, ¢, 6]1=[0.18, -1.25038706, 2.04703522]
WA e
US D Input 2 4".‘(““%( “%‘(w
'Vé __M‘"'A.__M"'A_--_Q - 0.02
A
Input n \ \ \ , 0.00. '(
| -0.02
(WY ¥}
—0.04 g 20 25 30 35 40 45

time [ns]
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