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Basic model 

H =
NX

i=1

p
2
i

2m
+ V2N + V3N + · · ·
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Non-relativistic Kinetic term

Two and three body  forces

Negligible >3 -body forces

Nuclear strong hamiltonian

Nucleons interact between each others through many-body forces

V2N =
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Potentials derived in chiral EFT



Scaling of classical resources

Each nucleon has quantum numbers

Number of nucleons
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Many-nucleon wave function         
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• In principle          amplitudes each a function of         coordinates  
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Imposing charge conservation we have               amplitudes 
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How do we go to A>12?



Energy spectra
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Energies are given from the solutions of the many body equation

18
O
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• Ground state energies and low lying energies are reproduced well up to 

How do we go to A>>18?



Nuclear Dynamics

Nuclear electroweak scattering
SM

• Quantity connected with experiments is

Leptonic tensor fully specified by the electron kinematic variables

Hadronic tensor that contains all the information on the target structure

d2�

d⌦e dEe
/ Lµ⌫ S

µ⌫
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• The challenging quantity to calculate is

Directly related to the cross section

S(!,q) =
X

f

|h0|O(q)|fi|2 �(! � (Ef � E0))
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Response functions

What can be calculated is  related to

Alternative classical approaches ————> Integral transforms (not in this talk)

• done in euclidean time


• go back to frequency domain (ill defined problem)

Classical calculation

S(!,q) =

Z
dt

2⇡
e
i!th0|eiHt

O(q)†e�iHt
O(q)|0i
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tE �! e�HtE
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How can we tackle heavier nuclei?

• Many current experiments have nuclear targets with A>12

• Are current and near future computing resources enough?


• Exponential growth of # states with particle #

• Can we do nuclear physics on a quantum computer?


• Explore application of nuclear problems on current


          quantum computer



Response functions on QC

We will focus on this approach

h0|eiHt
O(q)†e�iHt

O(q)|0i
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S(!,q) =
X

f

|h0|O(q)|fi|2 �(! � (Ef � E0))
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Response functions on a quantum computer

In order to compute this quantity in principle we need

Apply real the time evolution


Apply excitation operator to the initial state


Prepare the initial state 
 Calculated using VQE
|0i
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O(q)|0i
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e�iHt
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Two main strategies:


• Apply the full operator


• Expand expectation as sum of Pauli


h0|eiHt
O(q)†e�iHt

O(q)|0i
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VQE

Apply UCCD to an initial HF state

Error mitigation improves accuracy but not precision

U(✓) =
X

i,m

✓i,m
⇣
a†iam � a†mai

⌘

+
X

i<j;m<n

✓ij;mn

⇣
a†ia

†
janam � a†ma†najai

⌘
+ · · ·
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Toy Hamiltonian used has 18 terms 

E(✓) = hHF |U †(✓)HU(✓)|HF i
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Response functions on a quantum computer

In order to compute this quantity in principle we need

Apply real the time evolution


Apply excitation operator to the initial state


Prepare the initial state 
 Calculated using VQE
|0i
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O(q)|0i
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e�iHt
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Two main strategies:


• Apply the full operator


• Expand expectation as sum of Pauli


h0|eiHt
O(q)†e�iHt

O(q)|0i
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Real time correlators

We can compute this

U(t)
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O(q) =
X

i

↵iPi
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We recall the well-known identity

=
X

ij

aijh0|eiHtPie
�iHtPj |0i
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Nuclear interactions can be obtained by the LO pionless EFT

How to formulate the problem in order to map to qubits?

• lattice basis

H = T + V2N + V3N
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Hubbard model-like with four fermion 
species and a three-body interaction

Lattice model

· · ·
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We describe coupling with a nucleus using

⇢f (i, j) = ef
X

i

eiqi,jxic†i,fci,f
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For NISQ implementation what is the simplest non trivial problem?

• Only two particles moving in a static field (particles of two different species)

• States needed are only four in this case

• (Approximate) Ground state of the Hamiltonian

Mapping to qubits for this case only four qubits 
are needed

Lattice model

First quantization

Jordan Wigner

N = single particle states
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⌘ = identical fermions
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D =

✓
N

⌘

◆
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Antisimmetrizzation must be included explicitly

⌘ log(⌘) log(N)
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# qubits = ⌘ log2(N)
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Gate complexity

Antisimmetrizzation included automatically
# qubits = N
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Error mitigation

• Readout error


• Gate noise 

• Strategy


• Correct for readout (not  difficult)


• Correct for  gate noise (adds a linear overhead)

Rz
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• Size of the calibration matrix exponential in the number of qubits,


• Error propagation has been implemented (not present in current qiskit) 

• Independent errors on different qubits: N diagonal 2x2 blocks

                                                                   linear number of measurements required 

• Combined Richardson, polynomial and exponential extrapolation 



Results
Ibmq real hardware    For a specific Trotterizzation

~32 circuits over 5 qubits optimization done by 
‘hand’ with connectivity constraints 6-30 CNOTs

Error mitigation (readout and zero-noise-
extrapolation)



Response functions on a quantum 
computer

In order to compute this quantity in principle we need

Apply real the time evolution


Apply excitation operator to the initial state


Prepare the initial state 
 Calculated using VQE
|0i
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e�iHt
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Two main strategies:


• Apply the full operator


• Expand expectation as sum of Pauli


h0|eiHt
O(q)†e�iHt

O(q)|0i
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Application of the full excitation operator

We observe that an hermitian operator can 
be written as linear combination of unitariesApply a time evolution-like operator


Post-select the ancillary qubit

A subroutine of…

Success probability

<latexit sha1_base64="9/kYBoQ8QqNMhmy7h5u4nXQkllc="></latexit>

O(q)|0i

<latexit sha1_base64="16JN0Xt7xPVPbyO9Is7tDavaIuc="></latexit>

|0i

<latexit sha1_base64="yHkS+X+8TJKNFVR73TfHnREfGBg="></latexit>

Ps = h0|sin2(�O)|0i
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Fidelity of the state created

Success probability

Fidelity of the state created is 1

Ps =
h0|O2|0i

⇤2
, ⇤ =

X

i

↵i
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X

i
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Next slide
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<latexit sha1_base64="VwmhOJxmtAyMiR3H8asGy3dNlDE="></latexit>

O =
X

i

↵iPi

<latexit sha1_base64="DOFfqdzS29LLQHN0is5rHgHgNTA="></latexit>

Next slide




Application of the full excitation operator

We observe that any hermitian operator can 
be written as linear combination of unitariesApply a time evolution-like operator


Post-select the ancillary qubit

A subroutine of…

Success probability

<latexit sha1_base64="9/kYBoQ8QqNMhmy7h5u4nXQkllc="></latexit>

Next slide


O(q)|0i

<latexit sha1_base64="16JN0Xt7xPVPbyO9Is7tDavaIuc="></latexit>

|0i

<latexit sha1_base64="yHkS+X+8TJKNFVR73TfHnREfGBg="></latexit>

Ps = h0|sin2(�O)|0i

<latexit sha1_base64="3gJ1lxbxvWZVNlAMU4oon1uZYwY="></latexit>

Fidelity of the state created

O =
X

i

↵iPi

<latexit sha1_base64="DOFfqdzS29LLQHN0is5rHgHgNTA="></latexit>

|0i

<latexit sha1_base64="yHkS+X+8TJKNFVR73TfHnREfGBg="></latexit>

|0ia
<latexit sha1_base64="yu4JsAO1gNzBDImPJqAppEHcRYQ=">AAAB+nicbVDLSgNBEOyNrxhfiR69DAbBU9gVQY9BLx4jmAckyzI76U2GzM4uM7NKWPMpXjwo4tUv8ebfOHkcNLGgoajqprsrTAXXxnW/ncLa+sbmVnG7tLO7t39Qrhy2dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji6mfrtB1SaJ/LejFP0YzqQPOKMGisF5UpPWNsQt6eoHAgMaFCuujV3BrJKvAWpwgKNoPzV6ycsi1EaJqjWXc9NjZ9TZTgTOCn1Mo0pZSM6wK6lksao/Xx2+oScWqVPokTZkobM1N8TOY21Hseh7YypGeplbyr+53UzE135OZdpZlCy+aIoE8QkZJoD6XOFzIixJZQpbm8lbEgVZcamVbIheMsvr5LWec1za97dRbV+vYijCMdwAmfgwSXU4RYa0AQGj/AMr/DmPDkvzrvzMW8tOIuZI/gD5/MH6kiTww==</latexit><latexit sha1_base64="yu4JsAO1gNzBDImPJqAppEHcRYQ=">AAAB+nicbVDLSgNBEOyNrxhfiR69DAbBU9gVQY9BLx4jmAckyzI76U2GzM4uM7NKWPMpXjwo4tUv8ebfOHkcNLGgoajqprsrTAXXxnW/ncLa+sbmVnG7tLO7t39Qrhy2dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji6mfrtB1SaJ/LejFP0YzqQPOKMGisF5UpPWNsQt6eoHAgMaFCuujV3BrJKvAWpwgKNoPzV6ycsi1EaJqjWXc9NjZ9TZTgTOCn1Mo0pZSM6wK6lksao/Xx2+oScWqVPokTZkobM1N8TOY21Hseh7YypGeplbyr+53UzE135OZdpZlCy+aIoE8QkZJoD6XOFzIixJZQpbm8lbEgVZcamVbIheMsvr5LWec1za97dRbV+vYijCMdwAmfgwSXU4RYa0AQGj/AMr/DmPDkvzrvzMW8tOIuZI/gD5/MH6kiTww==</latexit><latexit sha1_base64="yu4JsAO1gNzBDImPJqAppEHcRYQ=">AAAB+nicbVDLSgNBEOyNrxhfiR69DAbBU9gVQY9BLx4jmAckyzI76U2GzM4uM7NKWPMpXjwo4tUv8ebfOHkcNLGgoajqprsrTAXXxnW/ncLa+sbmVnG7tLO7t39Qrhy2dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji6mfrtB1SaJ/LejFP0YzqQPOKMGisF5UpPWNsQt6eoHAgMaFCuujV3BrJKvAWpwgKNoPzV6ycsi1EaJqjWXc9NjZ9TZTgTOCn1Mo0pZSM6wK6lksao/Xx2+oScWqVPokTZkobM1N8TOY21Hseh7YypGeplbyr+53UzE135OZdpZlCy+aIoE8QkZJoD6XOFzIixJZQpbm8lbEgVZcamVbIheMsvr5LWec1za97dRbV+vYijCMdwAmfgwSXU4RYa0AQGj/AMr/DmPDkvzrvzMW8tOIuZI/gD5/MH6kiTww==</latexit><latexit sha1_base64="yu4JsAO1gNzBDImPJqAppEHcRYQ=">AAAB+nicbVDLSgNBEOyNrxhfiR69DAbBU9gVQY9BLx4jmAckyzI76U2GzM4uM7NKWPMpXjwo4tUv8ebfOHkcNLGgoajqprsrTAXXxnW/ncLa+sbmVnG7tLO7t39Qrhy2dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji6mfrtB1SaJ/LejFP0YzqQPOKMGisF5UpPWNsQt6eoHAgMaFCuujV3BrJKvAWpwgKNoPzV6ycsi1EaJqjWXc9NjZ9TZTgTOCn1Mo0pZSM6wK6lksao/Xx2+oScWqVPokTZkobM1N8TOY21Hseh7YypGeplbyr+53UzE135OZdpZlCy+aIoE8QkZJoD6XOFzIixJZQpbm8lbEgVZcamVbIheMsvr5LWec1za97dRbV+vYijCMdwAmfgwSXU4RYa0AQGj/AMr/DmPDkvzrvzMW8tOIuZI/gD5/MH6kiTww==</latexit>

VP |0ia =
LX

k=0

r
↵k

⇤
|kia

<latexit sha1_base64="cgczWjxZc3JuwGoYB9adoUaag04="></latexit><latexit sha1_base64="cgczWjxZc3JuwGoYB9adoUaag04="></latexit><latexit sha1_base64="cgczWjxZc3JuwGoYB9adoUaag04="></latexit><latexit sha1_base64="cgczWjxZc3JuwGoYB9adoUaag04="></latexit>

VS =
LX

k=0

a|kihk|a ⌦ Pk

<latexit sha1_base64="vlqefjgT1cfBglNKASmA2VC6P6g="></latexit><latexit sha1_base64="vlqefjgT1cfBglNKASmA2VC6P6g="></latexit><latexit sha1_base64="vlqefjgT1cfBglNKASmA2VC6P6g="></latexit><latexit sha1_base64="vlqefjgT1cfBglNKASmA2VC6P6g="></latexit>

P0
<latexit sha1_base64="wm+VtqIJZh2TjzCvHWxS6lkBj8Y="></latexit><latexit sha1_base64="wm+VtqIJZh2TjzCvHWxS6lkBj8Y="></latexit><latexit sha1_base64="wm+VtqIJZh2TjzCvHWxS6lkBj8Y="></latexit><latexit sha1_base64="wm+VtqIJZh2TjzCvHWxS6lkBj8Y="></latexit>

P1
<latexit sha1_base64="59pvq9R3W7dxJUIHi9lBuWNjWZA="></latexit><latexit sha1_base64="59pvq9R3W7dxJUIHi9lBuWNjWZA="></latexit><latexit sha1_base64="59pvq9R3W7dxJUIHi9lBuWNjWZA="></latexit><latexit sha1_base64="59pvq9R3W7dxJUIHi9lBuWNjWZA="></latexit>

PL
<latexit sha1_base64="2G5Q+7VC0joFsikGctq31M65UFw="></latexit><latexit sha1_base64="2G5Q+7VC0joFsikGctq31M65UFw="></latexit><latexit sha1_base64="2G5Q+7VC0joFsikGctq31M65UFw="></latexit><latexit sha1_base64="2G5Q+7VC0joFsikGctq31M65UFw="></latexit>



Application of the full excitation operator

We observe that any hermitian operator can 
be written as linear combination of unitariesApply a time evolution-like operator


Post-select the ancillary qubit

A subroutine of…

Success probability

<latexit sha1_base64="9/kYBoQ8QqNMhmy7h5u4nXQkllc="></latexit>

Next slide


O(q)|0i

<latexit sha1_base64="16JN0Xt7xPVPbyO9Is7tDavaIuc="></latexit>

|0i

<latexit sha1_base64="yHkS+X+8TJKNFVR73TfHnREfGBg="></latexit>

Ps = h0|sin2(�O)|0i

<latexit sha1_base64="3gJ1lxbxvWZVNlAMU4oon1uZYwY="></latexit>

Fidelity of the state created

O =
X

i

↵iPi

<latexit sha1_base64="DOFfqdzS29LLQHN0is5rHgHgNTA="></latexit>

|0i

<latexit sha1_base64="yHkS+X+8TJKNFVR73TfHnREfGBg="></latexit>

|0ia
<latexit sha1_base64="yu4JsAO1gNzBDImPJqAppEHcRYQ=">AAAB+nicbVDLSgNBEOyNrxhfiR69DAbBU9gVQY9BLx4jmAckyzI76U2GzM4uM7NKWPMpXjwo4tUv8ebfOHkcNLGgoajqprsrTAXXxnW/ncLa+sbmVnG7tLO7t39Qrhy2dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji6mfrtB1SaJ/LejFP0YzqQPOKMGisF5UpPWNsQt6eoHAgMaFCuujV3BrJKvAWpwgKNoPzV6ycsi1EaJqjWXc9NjZ9TZTgTOCn1Mo0pZSM6wK6lksao/Xx2+oScWqVPokTZkobM1N8TOY21Hseh7YypGeplbyr+53UzE135OZdpZlCy+aIoE8QkZJoD6XOFzIixJZQpbm8lbEgVZcamVbIheMsvr5LWec1za97dRbV+vYijCMdwAmfgwSXU4RYa0AQGj/AMr/DmPDkvzrvzMW8tOIuZI/gD5/MH6kiTww==</latexit><latexit sha1_base64="yu4JsAO1gNzBDImPJqAppEHcRYQ=">AAAB+nicbVDLSgNBEOyNrxhfiR69DAbBU9gVQY9BLx4jmAckyzI76U2GzM4uM7NKWPMpXjwo4tUv8ebfOHkcNLGgoajqprsrTAXXxnW/ncLa+sbmVnG7tLO7t39Qrhy2dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji6mfrtB1SaJ/LejFP0YzqQPOKMGisF5UpPWNsQt6eoHAgMaFCuujV3BrJKvAWpwgKNoPzV6ycsi1EaJqjWXc9NjZ9TZTgTOCn1Mo0pZSM6wK6lksao/Xx2+oScWqVPokTZkobM1N8TOY21Hseh7YypGeplbyr+53UzE135OZdpZlCy+aIoE8QkZJoD6XOFzIixJZQpbm8lbEgVZcamVbIheMsvr5LWec1za97dRbV+vYijCMdwAmfgwSXU4RYa0AQGj/AMr/DmPDkvzrvzMW8tOIuZI/gD5/MH6kiTww==</latexit><latexit sha1_base64="yu4JsAO1gNzBDImPJqAppEHcRYQ=">AAAB+nicbVDLSgNBEOyNrxhfiR69DAbBU9gVQY9BLx4jmAckyzI76U2GzM4uM7NKWPMpXjwo4tUv8ebfOHkcNLGgoajqprsrTAXXxnW/ncLa+sbmVnG7tLO7t39Qrhy2dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji6mfrtB1SaJ/LejFP0YzqQPOKMGisF5UpPWNsQt6eoHAgMaFCuujV3BrJKvAWpwgKNoPzV6ycsi1EaJqjWXc9NjZ9TZTgTOCn1Mo0pZSM6wK6lksao/Xx2+oScWqVPokTZkobM1N8TOY21Hseh7YypGeplbyr+53UzE135OZdpZlCy+aIoE8QkZJoD6XOFzIixJZQpbm8lbEgVZcamVbIheMsvr5LWec1za97dRbV+vYijCMdwAmfgwSXU4RYa0AQGj/AMr/DmPDkvzrvzMW8tOIuZI/gD5/MH6kiTww==</latexit><latexit sha1_base64="yu4JsAO1gNzBDImPJqAppEHcRYQ=">AAAB+nicbVDLSgNBEOyNrxhfiR69DAbBU9gVQY9BLx4jmAckyzI76U2GzM4uM7NKWPMpXjwo4tUv8ebfOHkcNLGgoajqprsrTAXXxnW/ncLa+sbmVnG7tLO7t39Qrhy2dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji6mfrtB1SaJ/LejFP0YzqQPOKMGisF5UpPWNsQt6eoHAgMaFCuujV3BrJKvAWpwgKNoPzV6ycsi1EaJqjWXc9NjZ9TZTgTOCn1Mo0pZSM6wK6lksao/Xx2+oScWqVPokTZkobM1N8TOY21Hseh7YypGeplbyr+53UzE135OZdpZlCy+aIoE8QkZJoD6XOFzIixJZQpbm8lbEgVZcamVbIheMsvr5LWec1za97dRbV+vYijCMdwAmfgwSXU4RYa0AQGj/AMr/DmPDkvzrvzMW8tOIuZI/gD5/MH6kiTww==</latexit>

VP |0ia =
LX

k=0

r
↵k

⇤
|kia

<latexit sha1_base64="cgczWjxZc3JuwGoYB9adoUaag04="></latexit><latexit sha1_base64="cgczWjxZc3JuwGoYB9adoUaag04="></latexit><latexit sha1_base64="cgczWjxZc3JuwGoYB9adoUaag04="></latexit><latexit sha1_base64="cgczWjxZc3JuwGoYB9adoUaag04="></latexit>

VS =
LX

k=0

a|kihk|a ⌦ Pk

<latexit sha1_base64="vlqefjgT1cfBglNKASmA2VC6P6g="></latexit><latexit sha1_base64="vlqefjgT1cfBglNKASmA2VC6P6g="></latexit><latexit sha1_base64="vlqefjgT1cfBglNKASmA2VC6P6g="></latexit><latexit sha1_base64="vlqefjgT1cfBglNKASmA2VC6P6g="></latexit>

P0
<latexit sha1_base64="wm+VtqIJZh2TjzCvHWxS6lkBj8Y="></latexit><latexit sha1_base64="wm+VtqIJZh2TjzCvHWxS6lkBj8Y="></latexit><latexit sha1_base64="wm+VtqIJZh2TjzCvHWxS6lkBj8Y="></latexit><latexit sha1_base64="wm+VtqIJZh2TjzCvHWxS6lkBj8Y="></latexit>

P1
<latexit sha1_base64="59pvq9R3W7dxJUIHi9lBuWNjWZA="></latexit><latexit sha1_base64="59pvq9R3W7dxJUIHi9lBuWNjWZA="></latexit><latexit sha1_base64="59pvq9R3W7dxJUIHi9lBuWNjWZA="></latexit><latexit sha1_base64="59pvq9R3W7dxJUIHi9lBuWNjWZA="></latexit>

PL
<latexit sha1_base64="2G5Q+7VC0joFsikGctq31M65UFw="></latexit><latexit sha1_base64="2G5Q+7VC0joFsikGctq31M65UFw="></latexit><latexit sha1_base64="2G5Q+7VC0joFsikGctq31M65UFw="></latexit><latexit sha1_base64="2G5Q+7VC0joFsikGctq31M65UFw="></latexit>



Neutron-proton em capture

Tradeoff between success probability and fidelity

<latexit sha1_base64="te4rq6jxtk4VEjYFjXfxizMC2+U="></latexit>

<latexit sha1_base64="v2IsRK0ndPnd6cB50wZQjqFQLgQ="></latexit>

<latexit sha1_base64="YlaBa/fWJQR3Jcn7l4QgP1MSKfo="></latexit>

<latexit sha1_base64="v2IsRK0ndPnd6cB50wZQjqFQLgQ="></latexit><latexit sha1_base64="YlaBa/fWJQR3Jcn7l4QgP1MSKfo="></latexit>



Response functions on a quantum 
computer

In order to compute this quantity in principle we need

Apply real the time evolution


Apply excitation operator to the initial state


Prepare the initial state 
 Calculated using VQE
|0i

<latexit sha1_base64="B4I6DzMc6csE9IQ6nfLHy2wg5xc="></latexit>

O(q)|0i

<latexit sha1_base64="16JN0Xt7xPVPbyO9Is7tDavaIuc="></latexit>

e�iHt

<latexit sha1_base64="cQ0ab9fxvFMMGv/iptPTX2usB3U="></latexit>

Two main strategies:


• Apply the full operator


• Expand expectation as sum of Pauli


h0|eiHt
O(q)†e�iHt

O(q)|0i

<latexit sha1_base64="n9cNMMlex5Xtf67Mx1YI6va0YRA="></latexit>



Future directions
Classical calculation with realistic number of lattice sites to  guide future simulations

• Explore automated circuit synthesis for larger circuits > 10 qubits

• Improve on error mitigation protocols 

Light nuclei on a quantum computer for benchmarking of current quantum hardware

Perform fault tolerant resource estimates for       responses  12C

<latexit sha1_base64="g3mpuw8+6l4fggU+cH4doScGjlo="></latexit>

Estimate resources needed for a first quantization mapping



Thank you



Splittings



Consistency check

Check consistency of extrapolations

(OA, EA) and (OB , EB) compatible

<latexit sha1_base64="V1CZPqGY2y/7EICSMeypDMn7Fuo=">AAACJXicbVDLSgMxFM34rPU16tJNsAgVpMxIRRcu2orgzgr2AZ1hyGTSNnSSGZOMUIb+jBt/xY0Liwiu/BXTaRfaeiFwcs49ubnHj0MqlWV9GUvLK6tr67mN/ObW9s6uubfflFEiMGngKIxE20eShJSThqIqJO1YEMT8kLT8wfVEbz0RIWnEH9QwJi5DPU67FCOlKc+8Kt551dMbr3riPCYoSB3BIOLBKLtBLda0WJuKMFNxxGJt1gNGnlmwSlZWcBHYM1AAs6p75tgJIpwwwhUOkZQd24qVmyKhKNbv5Z1EkhjhAeqRjoYcMSLdNNtyBI81E8BuJPThCmbsb0eKmJRD5utOhlRfzmsT8j+tk6jupZtSHieKcDwd1E1CqCI4iQwGVBCswqEGCAuq/wpxHwmElQ42r0Ow51deBM2zkl0und+XC5XaLI4cOARHoAhscAEq4BbUQQNg8AxewTsYGy/Gm/FhfE5bl4yZ5wD8KeP7B03Fo/0=</latexit>

If a result changes significantly

by adding one more order, the lower order 
extrapolation is unlikely to have converged 

Determine lowest order result that is 
compatible with higher orders If no order passes the consistency 

check return Failed

Attempt again removing the highest 
order if fails again, mark definitely 
as Failed



Neutron-proton em capture

A famous nuclear scattering process is thermal neutron-proton capture

<latexit sha1_base64="te4rq6jxtk4VEjYFjXfxizMC2+U="></latexit>

<latexit sha1_base64="v2IsRK0ndPnd6cB50wZQjqFQLgQ="></latexit>

<latexit sha1_base64="YlaBa/fWJQR3Jcn7l4QgP1MSKfo="></latexit>

<latexit sha1_base64="v2IsRK0ndPnd6cB50wZQjqFQLgQ="></latexit><latexit sha1_base64="YlaBa/fWJQR3Jcn7l4QgP1MSKfo="></latexit>

<latexit sha1_base64="E6q9uvVjWuRD96vsaABhT0ovZos="></latexit>

The excitation operator describing the transition is  


Main contribution

<latexit sha1_base64="W0ehRU28hP+D5gjOoqWA+D+tXXw="></latexit>

Magnetic moment operator

Photon polarization

2x2 matrix
<latexit sha1_base64="Jk/SJ/Hgsx79Abp+yzdBI9QtyFs="></latexit>

Simplest possible formulation

that allows to test various approaches

(Scale up later…)

<latexit sha1_base64="SNuR7SXKXcnn1J6U7X4KlTZjXDs="></latexit>



Neutron-proton em capture

A famous nuclear scattering process is thermal neutron-proton capture

<latexit sha1_base64="te4rq6jxtk4VEjYFjXfxizMC2+U="></latexit>

<latexit sha1_base64="v2IsRK0ndPnd6cB50wZQjqFQLgQ="></latexit>

<latexit sha1_base64="YlaBa/fWJQR3Jcn7l4QgP1MSKfo="></latexit>

<latexit sha1_base64="v2IsRK0ndPnd6cB50wZQjqFQLgQ="></latexit><latexit sha1_base64="YlaBa/fWJQR3Jcn7l4QgP1MSKfo="></latexit>

<latexit sha1_base64="E6q9uvVjWuRD96vsaABhT0ovZos="></latexit>

The excitation operator describing the transition is  


Main contribution

<latexit sha1_base64="W0ehRU28hP+D5gjOoqWA+D+tXXw="></latexit>

Magnetic moment operator

Photon polarization

2x2 matrix
<latexit sha1_base64="Jk/SJ/Hgsx79Abp+yzdBI9QtyFs="></latexit>

Simplest possible formulation

that allows to test various approaches

(Scale up later…)

<latexit sha1_base64="SNuR7SXKXcnn1J6U7X4KlTZjXDs="></latexit>



Neutron-proton em capture

A famous nuclear scattering process is thermal neutron-proton capture

<latexit sha1_base64="te4rq6jxtk4VEjYFjXfxizMC2+U="></latexit>

<latexit sha1_base64="v2IsRK0ndPnd6cB50wZQjqFQLgQ="></latexit>

<latexit sha1_base64="YlaBa/fWJQR3Jcn7l4QgP1MSKfo="></latexit>

<latexit sha1_base64="v2IsRK0ndPnd6cB50wZQjqFQLgQ="></latexit><latexit sha1_base64="YlaBa/fWJQR3Jcn7l4QgP1MSKfo="></latexit>

<latexit sha1_base64="E6q9uvVjWuRD96vsaABhT0ovZos="></latexit>

The excitation operator describing the transition is  


Main contribution

<latexit sha1_base64="W0ehRU28hP+D5gjOoqWA+D+tXXw="></latexit>

Magnetic moment operator

Photon polarization

2x2 matrix
<latexit sha1_base64="Jk/SJ/Hgsx79Abp+yzdBI9QtyFs="></latexit>

Simplest possible formulation

that allows to test various approaches

(Scale up later…)

<latexit sha1_base64="SNuR7SXKXcnn1J6U7X4KlTZjXDs="></latexit>



Trotter scaling

From Childs et al.

||U(t)� T (t, r)||  (L⇤t)2

r
expL⇤|t|/r ⇤ = maxj ||Hj ||

<latexit sha1_base64="2+41w1M3KwoMtXjptZGRp2DsI04="></latexit><latexit sha1_base64="2+41w1M3KwoMtXjptZGRp2DsI04="></latexit><latexit sha1_base64="2+41w1M3KwoMtXjptZGRp2DsI04="></latexit><latexit sha1_base64="2+41w1M3KwoMtXjptZGRp2DsI04="></latexit>

H =
LX

j=1

Hj

<latexit sha1_base64="nXRIi4gsJZoQ2nRa/05WoGyvH1A="></latexit><latexit sha1_base64="nXRIi4gsJZoQ2nRa/05WoGyvH1A="></latexit><latexit sha1_base64="nXRIi4gsJZoQ2nRa/05WoGyvH1A="></latexit><latexit sha1_base64="nXRIi4gsJZoQ2nRa/05WoGyvH1A="></latexit>

Gate depth (almost)

r = max{L|t|⇤, e(Lt⇤)
2

✏
}

<latexit sha1_base64="+KDH+6OaSfnTeSu6skohIKXzBLU="></latexit><latexit sha1_base64="+KDH+6OaSfnTeSu6skohIKXzBLU="></latexit><latexit sha1_base64="+KDH+6OaSfnTeSu6skohIKXzBLU="></latexit><latexit sha1_base64="+KDH+6OaSfnTeSu6skohIKXzBLU="></latexit>

to implement approximate unitary with precision ✏
<latexit sha1_base64="hOzYsBQB//mUHu/U6XewPfNFUQM="></latexit><latexit sha1_base64="hOzYsBQB//mUHu/U6XewPfNFUQM="></latexit><latexit sha1_base64="hOzYsBQB//mUHu/U6XewPfNFUQM="></latexit><latexit sha1_base64="hOzYsBQB//mUHu/U6XewPfNFUQM="></latexit>

Other orders can improve but still get polynomial in time, 1/    ✏<latexit sha1_base64="hOzYsBQB//mUHu/U6XewPfNFUQM="></latexit><latexit sha1_base64="hOzYsBQB//mUHu/U6XewPfNFUQM="></latexit><latexit sha1_base64="hOzYsBQB//mUHu/U6XewPfNFUQM="></latexit><latexit sha1_base64="hOzYsBQB//mUHu/U6XewPfNFUQM="></latexit>

Qubitization? Not here….







<latexit sha1_base64="W0ehRU28hP+D5gjOoqWA+D+tXXw="></latexit>

XZ-plane

hi|Ô|ii
<latexit sha1_base64="bWPpRvaG/AdqJsZWAQG8wdywpks="></latexit><latexit sha1_base64="bWPpRvaG/AdqJsZWAQG8wdywpks="></latexit><latexit sha1_base64="bWPpRvaG/AdqJsZWAQG8wdywpks="></latexit><latexit sha1_base64="bWPpRvaG/AdqJsZWAQG8wdywpks="></latexit>

hi|Ô|fi
<latexit sha1_base64="fGKyMpm3C60579NRXFL7WrHYPBI="></latexit><latexit sha1_base64="fGKyMpm3C60579NRXFL7WrHYPBI="></latexit><latexit sha1_base64="fGKyMpm3C60579NRXFL7WrHYPBI="></latexit><latexit sha1_base64="fGKyMpm3C60579NRXFL7WrHYPBI="></latexit>

hf |Ô|ii
<latexit sha1_base64="kzPwBd4vZ0bsSjAiDmQuKnYPmWk="></latexit><latexit sha1_base64="kzPwBd4vZ0bsSjAiDmQuKnYPmWk="></latexit><latexit sha1_base64="kzPwBd4vZ0bsSjAiDmQuKnYPmWk="></latexit><latexit sha1_base64="kzPwBd4vZ0bsSjAiDmQuKnYPmWk="></latexit>

hf |Ô|fi
<latexit sha1_base64="orIdGodzh2r22vtgSgZK3Rd/vz0="></latexit><latexit sha1_base64="orIdGodzh2r22vtgSgZK3Rd/vz0="></latexit><latexit sha1_base64="orIdGodzh2r22vtgSgZK3Rd/vz0="></latexit><latexit sha1_base64="orIdGodzh2r22vtgSgZK3Rd/vz0="></latexit>

O =
<latexit sha1_base64="ie2JyXASx8rOHsvFSH86A2srgRE="></latexit><latexit sha1_base64="ie2JyXASx8rOHsvFSH86A2srgRE="></latexit><latexit sha1_base64="ie2JyXASx8rOHsvFSH86A2srgRE="></latexit><latexit sha1_base64="ie2JyXASx8rOHsvFSH86A2srgRE="></latexit>

 

<latexit sha1_base64="Sh3M9LuJ/ZNbP3WewhrdKn72ghg="></latexit><latexit sha1_base64="Sh3M9LuJ/ZNbP3WewhrdKn72ghg="></latexit><latexit sha1_base64="Sh3M9LuJ/ZNbP3WewhrdKn72ghg="></latexit><latexit sha1_base64="Sh3M9LuJ/ZNbP3WewhrdKn72ghg="></latexit>

!

<latexit sha1_base64="Y0er3lrXrmWn/GaV12I2dKo72no="></latexit><latexit sha1_base64="Y0er3lrXrmWn/GaV12I2dKo72no="></latexit><latexit sha1_base64="Y0er3lrXrmWn/GaV12I2dKo72no="></latexit><latexit sha1_base64="Y0er3lrXrmWn/GaV12I2dKo72no="></latexit>

=<latexit sha1_base64="8GMmgo7EsOxaJSmmDoZd7F55DYU="></latexit><latexit sha1_base64="8GMmgo7EsOxaJSmmDoZd7F55DYU="></latexit><latexit sha1_base64="8GMmgo7EsOxaJSmmDoZd7F55DYU="></latexit><latexit sha1_base64="8GMmgo7EsOxaJSmmDoZd7F55DYU="></latexit> ↵1+ �X + �Z
<latexit sha1_base64="U8CHiTaIxAOa1j1CImS5GGraYIU="></latexit><latexit sha1_base64="U8CHiTaIxAOa1j1CImS5GGraYIU="></latexit><latexit sha1_base64="U8CHiTaIxAOa1j1CImS5GGraYIU="></latexit><latexit sha1_base64="U8CHiTaIxAOa1j1CImS5GGraYIU="></latexit>

Neutron-proton em capture



Readout error

• Observable of interest is affected hOi =
NX

i=1

ai pi

<latexit sha1_base64="8lKOaQEHpUdFOKpGnAbmghPgy4Y="></latexit><latexit sha1_base64="8lKOaQEHpUdFOKpGnAbmghPgy4Y="></latexit><latexit sha1_base64="8lKOaQEHpUdFOKpGnAbmghPgy4Y="></latexit><latexit sha1_base64="8lKOaQEHpUdFOKpGnAbmghPgy4Y="></latexit>

• Observable of interest is affected h eOi =
NX

ij

ai

⇥
P

�1
⇤
ij
[pe]j

<latexit sha1_base64="w79F9W6BYxhyera4IcitAk6R0Gg="></latexit><latexit sha1_base64="w79F9W6BYxhyera4IcitAk6R0Gg="></latexit><latexit sha1_base64="w79F9W6BYxhyera4IcitAk6R0Gg="></latexit><latexit sha1_base64="w79F9W6BYxhyera4IcitAk6R0Gg="></latexit>

bare probabilities

• Caveat size of the calibration matrix exponential in the number of qubits,

    Exponential number of different measurements required

• Independent errors on different qubits: N diagonal 2x2 blocks

                                                                   linear number of measurements required 

• Error propagation has been implemented (not present in current qiskit) 



Future directions

Start with pionless EFT, only contact terms, two body terms (2+7), three body terms (1)

Choose an appropriate basis Lattice, or Harmonic oscillator

• Calculate explicitly the matrix elements

Trying to get an analytical form

• Antisymmetrizzation must be included explicitly ⌘ log(⌘) log(N)

<latexit sha1_base64="4z7HS38A84XISvyIBTCMsJ1efe4="></latexit>

# qubits = ⌘ log2(N)

<latexit sha1_base64="NQR9Nt0wYmup8SCpTCsAIHUR7DA="></latexit>

Gate complexity

Perform first quantization mapping to qubits

Implement time evolution exploring all the available techniques

• IP (Low, Wiebe, ..)

• Trotter-Suzuki (Childs, Somma, ..)

• Qubitization (Low,Chuang,.. )
• LCU (Wiebe, Childs, ..)



Gate error

Correcting for gate errors

• Richardson extrapolation

• Exponential extrapolation
O(r) = OF e

�↵r
<latexit sha1_base64="trCKse1fz8YpK5zwnC5FltUfAgs="></latexit><latexit sha1_base64="trCKse1fz8YpK5zwnC5FltUfAgs="></latexit><latexit sha1_base64="trCKse1fz8YpK5zwnC5FltUfAgs="></latexit><latexit sha1_base64="trCKse1fz8YpK5zwnC5FltUfAgs="></latexit>

O(r0) = OF e
�↵r0

<latexit sha1_base64="XTqy8zs2LfptnQsIu8Damif/1LM="></latexit><latexit sha1_base64="XTqy8zs2LfptnQsIu8Damif/1LM="></latexit><latexit sha1_base64="XTqy8zs2LfptnQsIu8Damif/1LM="></latexit><latexit sha1_base64="XTqy8zs2LfptnQsIu8Damif/1LM="></latexit>

OF = O(r)

✓
O(r)

O(r0)

◆r/(r�r0)

<latexit sha1_base64="UjuU2uSUHzsOsqitfNABEa1hjnE="></latexit><latexit sha1_base64="UjuU2uSUHzsOsqitfNABEa1hjnE="></latexit><latexit sha1_base64="UjuU2uSUHzsOsqitfNABEa1hjnE="></latexit><latexit sha1_base64="UjuU2uSUHzsOsqitfNABEa1hjnE="></latexit>

O(r) = OF +
MX

j=1

cjr
j +O(rM+1)

<latexit sha1_base64="qXEDpxlq6NiaEiKdOWovaklNCVc="></latexit><latexit sha1_base64="qXEDpxlq6NiaEiKdOWovaklNCVc="></latexit><latexit sha1_base64="qXEDpxlq6NiaEiKdOWovaklNCVc="></latexit><latexit sha1_base64="qXEDpxlq6NiaEiKdOWovaklNCVc="></latexit>

Computed at M+1 different noise values

Invert the linear system to obtain the error free observable



Combine extrapolations

After consistency check of results return the triple for each extrapolation method

(Oe
k, E

e
k, Ck)

<latexit sha1_base64="sqHXN9xm0kur+X+zV+B0kgd+/I8="></latexit>

Final result:


 Global linear fit for each of the results of the extrapolation method

If successful return fitted observables

If not return average together all the triplets with the smallest error count




Toy model used

NN Interaction in pionless EFT at LO
S wave  interaction     S=0 T=1 nn scattering a<0


S=1 T=0 weakly bound state  deuteron

NNN Interaction required to avoid collapse into deeply bound states

This model can ‘easily’ be put on a lattice basis

D space dimension

Lattice spacing  1.4 fm



Responses on a quantum computer
Ibmq Vigo real hardware

   
For a specific Trotterizzation

S(⌧,q1,0) = e2AhZ1(⌧)Z1i+ eAeBhZ1(⌧)Z3i+ eAeBhZ3(⌧)Z1i+ e2BhZ3(⌧)Z3i

<latexit sha1_base64="XPODpG85YEQ7CRcn8bgkaMLtZ38="></latexit>





Scalings



NxN matrix Space complexity Time complexity 
(flops) Task

QR decomposition Get all eigenvalues

Lanczos algorithm Get only largest 
eigenvalue

Scaling of classical diagonalization algorithms

Finding eigenvalues of a matrix, exact algorithms

O(N2)
<latexit sha1_base64="oLXmN8TNEc4+VET6VzOt43FapkA="></latexit><latexit sha1_base64="oLXmN8TNEc4+VET6VzOt43FapkA="></latexit><latexit sha1_base64="oLXmN8TNEc4+VET6VzOt43FapkA="></latexit><latexit sha1_base64="oLXmN8TNEc4+VET6VzOt43FapkA="></latexit> O(N3)

<latexit sha1_base64="HcGoD0fZ7FnWzACe9G3W8ijPx3c="></latexit><latexit sha1_base64="HcGoD0fZ7FnWzACe9G3W8ijPx3c="></latexit><latexit sha1_base64="HcGoD0fZ7FnWzACe9G3W8ijPx3c="></latexit><latexit sha1_base64="HcGoD0fZ7FnWzACe9G3W8ijPx3c="></latexit>

O(N2)
<latexit sha1_base64="oLXmN8TNEc4+VET6VzOt43FapkA="></latexit><latexit sha1_base64="oLXmN8TNEc4+VET6VzOt43FapkA="></latexit><latexit sha1_base64="oLXmN8TNEc4+VET6VzOt43FapkA="></latexit><latexit sha1_base64="oLXmN8TNEc4+VET6VzOt43FapkA="></latexit>

O(N2 log(N)/✏)
<latexit sha1_base64="WmnUHX4HJMbK8Ml5L1v9KeSgzTE="></latexit><latexit sha1_base64="WmnUHX4HJMbK8Ml5L1v9KeSgzTE="></latexit><latexit sha1_base64="WmnUHX4HJMbK8Ml5L1v9KeSgzTE="></latexit><latexit sha1_base64="WmnUHX4HJMbK8Ml5L1v9KeSgzTE="></latexit>

Improving 
tradeoff 
between 
space and 
time 

Matrix vector multiplication

Number of times mat vec mult



We describe coupling with a nucleus using

⇢f (i, j) = ef
X

i

eiqi,jxic†i,fci,f
<latexit sha1_base64="5MySkM4qH2oSRHQM1RLWbK7nLZo="></latexit><latexit sha1_base64="5MySkM4qH2oSRHQM1RLWbK7nLZo="></latexit><latexit sha1_base64="5MySkM4qH2oSRHQM1RLWbK7nLZo="></latexit><latexit sha1_base64="5MySkM4qH2oSRHQM1RLWbK7nLZo="></latexit>

The quantity we are after is the response,  that in time domain becomes

Sf (i, j)(t) = hU†(t)⇢f (i, j)U(t)⇢f (i, j)i
<latexit sha1_base64="zx9R5DbzoW4elshIXr29scDp1tg="></latexit><latexit sha1_base64="zx9R5DbzoW4elshIXr29scDp1tg="></latexit><latexit sha1_base64="zx9R5DbzoW4elshIXr29scDp1tg="></latexit><latexit sha1_base64="zx9R5DbzoW4elshIXr29scDp1tg="></latexit>

Responses

Structure closely resembles

e�iHt
<latexit sha1_base64="64bAgTP5vNoKzM7PKHCFVdJGnuU="></latexit><latexit sha1_base64="64bAgTP5vNoKzM7PKHCFVdJGnuU="></latexit><latexit sha1_base64="64bAgTP5vNoKzM7PKHCFVdJGnuU="></latexit><latexit sha1_base64="64bAgTP5vNoKzM7PKHCFVdJGnuU="></latexit>

Site location

Classical calculation for H of dimension NxN:

 


• Diagonalize H:

•            storing,              operations
O(N3)

<latexit sha1_base64="VVkFK7YKPnohV9sLkvllasN/lxQ="></latexit><latexit sha1_base64="VVkFK7YKPnohV9sLkvllasN/lxQ="></latexit><latexit sha1_base64="VVkFK7YKPnohV9sLkvllasN/lxQ="></latexit><latexit sha1_base64="VVkFK7YKPnohV9sLkvllasN/lxQ="></latexit>

O(N2)
<latexit sha1_base64="UwVjPt3c9MHvvXnNwRs60MclVGo="></latexit><latexit sha1_base64="UwVjPt3c9MHvvXnNwRs60MclVGo="></latexit><latexit sha1_base64="UwVjPt3c9MHvvXnNwRs60MclVGo="></latexit><latexit sha1_base64="UwVjPt3c9MHvvXnNwRs60MclVGo="></latexit>

For approximate diagonalization better scalings



Scaling of classical matrix inversion
 algorithms

Ax = b �! x = A�1b
<latexit sha1_base64="WQneeNt0jBvVnD2FDTv5Xhp41UA="></latexit><latexit sha1_base64="WQneeNt0jBvVnD2FDTv5Xhp41UA="></latexit><latexit sha1_base64="WQneeNt0jBvVnD2FDTv5Xhp41UA="></latexit><latexit sha1_base64="WQneeNt0jBvVnD2FDTv5Xhp41UA="></latexit>

?

NxN matrix Space complexity Time complexity Task

Gaussian 
elimination Get all eigenvalues

In general At least linear in N

O(N2)
<latexit sha1_base64="oLXmN8TNEc4+VET6VzOt43FapkA="></latexit><latexit sha1_base64="oLXmN8TNEc4+VET6VzOt43FapkA="></latexit><latexit sha1_base64="oLXmN8TNEc4+VET6VzOt43FapkA="></latexit><latexit sha1_base64="oLXmN8TNEc4+VET6VzOt43FapkA="></latexit>

O(N3)
<latexit sha1_base64="HcGoD0fZ7FnWzACe9G3W8ijPx3c="></latexit><latexit sha1_base64="HcGoD0fZ7FnWzACe9G3W8ijPx3c="></latexit><latexit sha1_base64="HcGoD0fZ7FnWzACe9G3W8ijPx3c="></latexit><latexit sha1_base64="HcGoD0fZ7FnWzACe9G3W8ijPx3c="></latexit>



Evolution of a qc

Richardson extrapolation finds justification into the Lindbald equation

� ! 0

<latexit sha1_base64="2k4y4nHDQflpESJVYz7rYftJ8AM="></latexit>

Noiseless quantum computation
Cannot adjust the parameter

Assuming that the form of the Lindbald operator is invariant under time re scaling

And independent of K adding gates we can increase �

<latexit sha1_base64="yRYi7OruKs1iJJ4/zd+tlboRlHE="></latexit>


