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Digital Quantum Processor

A natural embedding of Hamiltonian formulation on the Quantum Processor

• sign problem-free
• probabilistic output

Application to spectroscopy
: to measure the excited state spectra

[Senko, Smith, Richerme, Lee, Campbell, Monroe 14]

[QC4HEP working group, Di Meglio, et al. 23] 
See also [D. Grabowska]’s plenary talk
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Fermi Golden Rule

Transition rate from an initial state to a final state under the time-dependent
(sinusoidal) perturbation 

NB This rule is derived by perturbation theory
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�H = �V sin(!t)

[Dirac 1927], [Fermi 1950]
e.g. [Gottfried, Yan 03]

selection rule
e.g. parity, momentum (approximate)

frequency matching with spectral gap
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Outline

1. Ground state preparation by adiabatic procedure
2. Time-evolution with quenched Hamiltonian
3. Measurement of the vacuum persistency probability (or vac-to-vac probability)

Spectroscopy with Digital Quantum Simulation
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Hprep(⌧) = ⌧H + (1� ⌧)H0
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Hqu = H +�H(t;x)

measurement!
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Schwinger Model, i.e. 2d QED

[1] Lagrangian density

[2] Degree of freedom on lattice
• fermion with site-variables; staggered fermion
• gauge field with link-variables 

[3] Lattice formulation on an interval with Open Boundary Condition (OBC)
• Gauss constraint
• Jordan-Wigner transform
• dual boson description 

<latexit sha1_base64="z28W9HJKMJWTKrCYNmVrf136Q2o="></latexit>

L =
1

2g2
F 2
01 +

✓

2⇡
F01 +  i�µ(@µ + iAµ) �m  

<latexit sha1_base64="grzI+jwTV4O2fLPifbGf4FCKMV4="></latexit>

Un $ eiaA1(x) , Ln $ �⇧(x)

<latexit sha1_base64="ffHnkvhOSRdYLLE6pC5nAhRBz4Q="></latexit>

(�2n ,�2n+1)
t $  (x)

<latexit sha1_base64="fQz6viVdor3wEWeU1zQh/jA3EWA="></latexit>

�n =
Xn � iYn

2

0

@
n�1Y

j=0

�iZj

1

A , �†
n =

Xn + iYn

2

0

@
n�1Y

j=0

iZj

1

A

[Schwinger 1951, 1962]

See also other parallel session talks by [L. Nagano], [C. Kane], 
[A. Matsumoto] and [J. W. Pedersen] 5



Schwinger Model, i.e. 2d QED

[4] Spin-system Hamiltonian (after solving Gauss constraint with OBC)
<latexit sha1_base64="m1d0qnXAEncHb36vOC9zrczcmws="></latexit>
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e.g. [Chakraborty, Honda, Izubuchi, Kikuchi, Tomiya 20]
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Adiabatic state preparation for the ground state

NB initial Hamiltonian with ground state of aligned spin

Spectroscopy with Digital Quantum Simulation
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Quench with time-sinusoidal fluctuation

NB two different quench for Schwinger model on the lattice
- pseudo-scalar condensate 
- topological angle fluctuation

Spectroscopy with Digital Quantum Simulation
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<latexit sha1_base64="AfXSytRR05owX4bdr4DSzk5YpH0=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCVpUoQLYyVWBiLRB9SE0WO67ZWbSeyHUQV9QdY+BUWBhBiZWfjb3DaDNByJEtH59yj63vCmFGlHefbKqysrq1vFDdLW9s7u3v2/kFbRYnEpIUjFsluiBRhVJCWppqRbiwJ4iEjnXB8nfmdeyIVjcSdnsTE52go6IBipI0U2CdeZOwsnXqxotPKwxn0hohzFNRgpkCjBHbZqTozwGXi5qQMcjQD+8vrRzjhRGjMkFI914m1nyKpKWZkWvISRWKEx2hIeoYKxIny09k1U3hqlD4cRNI8oeFM/Z1IEVdqwkMzyZEeqUUvE//zeokeXPkpFXGiicDzRYOEQR3BrBrYp5JgzSaGICyp+SvEIyQR1qbAkinBXTx5mbTPq269Wru9KDfqeR1FcASOQQW44BI0wA1oghbA4BE8g1fwZj1ZL9a79TEfLVh55hD8gfX5A0ZEmv4=</latexit>

 (x)�5 (x)



Towards the Continuum Limit

According to the duality with Sine-Gordon model (Schwinger meson),
Schwinger model with massless electron = free scalar theory

e.g. [Banuls, Cichy, Cirac, Jansen 13]
[Dempsey, Klebanov, Pufu, Zan 22]

[Schwinger 1951, 1962] 
[Coleman 1976]Excited state level under fixed L=(N-1)a

PRELIMINARY
1st excited state ~ pseudo-scalar meson

2nd to 4th excited state ~ 
higher excitation mode

5th excited state ~ 2-meson state (?)

9continuum limit



External Quench with(out) spatial modulation

[1] Pseudo-scalar condensate operator

[2] Topological Angle Modulation
<latexit sha1_base64="p3Rn7wIIbYoupXnCxz59ohi1ht4="></latexit>

e✓(t, x) = ✓ + �✓(t, x) = ✓ +Bp sin(!t) · f(x)

<latexit sha1_base64="cwBZAxYG4c+v7jLu9RUroutr3LM="></latexit>

�H =
1

2

N�2X

n=0

(�1)n+1
Bp fn sin(!t) (XnXn+1 + YnYn+1)

<latexit sha1_base64="QQ3JeEipFNSxv4sAvm0viP6C0HQ="></latexit>

�0H =
mlat

4
cos ✓

N�2X

n=0

(�1)n Bp sin(!t)fn (XnXn+1 + YnYn+1) +
mlat

2
sin ✓

N�1X

n=0

(�1)n Bp sin(!t)fn Zn

<latexit sha1_base64="QQ3JeEipFNSxv4sAvm0viP6C0HQ="></latexit>

�0H =
mlat

4
cos ✓

N�2X

n=0

(�1)n Bp sin(!t)fn (XnXn+1 + YnYn+1) +
mlat

2
sin ✓

N�1X

n=0

(�1)n Bp sin(!t)fn Zn <latexit sha1_base64="1jlO1mfJ8Ln3D9mmB34Oya26IMU=">AAACL3icbZDLSgMxFIYz9VbrbdSlm4NFqFDKjGh1IxQEcSUV7AU6pWTSTBuayQxJRihD38iNr9KNiCJufQvTy0JbDwR+/u8cTs7vx5wp7ThvVmZldW19I7uZ29re2d2z9w/qKkokoTUS8Ug2fawoZ4LWNNOcNmNJcehz2vAHNxPeeKJSsUg86mFM2yHuCRYwgrWxOvZt0BFwDS54xSJ4igkogBdITFIvZhCDGKX3IzidYRKpRQwz3rHzTsmZFiwLdy7yaF7Vjj32uhFJQio04VipluvEup1iqRnhdJTzEkVjTAa4R1tGChxS1U6n947gxDhdCCJpntAwdX9PpDhUahj6pjPEuq8W2cT8j7USHVy1UybiRFNBZouChIOOYBIedJmkRPOhEZhIZv4KpI9NHNpEnDMhuIsnL4v6Wcktly4ezvOV8jyOLDpCx6iAXHSJKugOVVENEfSMxugdfVgv1qv1aX3NWjPWfOYQ/Snr+wdXSKUJ</latexit>

fn = 1 , sin(
⇡pn

N
) , cos(

⇡pn

N
)

<latexit sha1_base64="2DmRLmhmRQuJmaiD+OyNDwI4sMY="></latexit>

�V =

Z
dx f(x) (x)�5 (x)

10



Pseudo-scalar condensate quench
<latexit sha1_base64="PLVOVxJf9YVAdyXjkGYwt9eBUzM="></latexit>

Ṗi!f =
2⇡

~2 |hf |�V | ii|2 �(Ef � Ei � !)

<latexit sha1_base64="cwBZAxYG4c+v7jLu9RUroutr3LM="></latexit>

�H =
1

2

N�2X

n=0

(�1)n+1
Bp fn sin(!t) (XnXn+1 + YnYn+1)

<latexit sha1_base64="RuUZUbgZE9fSCk7wswtTlXlP+ps=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xkWPAi8cEzAOSJcxOZpMxs7PLTK8QlnyBFw+KePWTvPk3TpI9aGJBQ1HVTXdXkEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2M72Z++4lrI2L1gJOE+xEdKhEKRtFKDeyXym7FnYOsEi8nZchR75e+eoOYpRFXyCQ1puu5CfoZ1SiY5NNiLzU8oWxMh7xrqaIRN342P3RKzq0yIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuimHVz4RKUuSKLRaFqSQYk9nXZCA0ZygnllCmhb2VsBHVlKHNpmhD8JZfXiWty4p3U7luXJVr1TyOApzCGVyAB7dQg3uoQxMYcHiGV3hzHp0X5935WLSuOfnMCfyB8/kD4GeM+A==</latexit>

t

measure!

<latexit sha1_base64="2DmRLmhmRQuJmaiD+OyNDwI4sMY="></latexit>

�V =

Z
dx f(x) (x)�5 (x)

PRELIMINARY PRELIMINARY PRELIMINARY

<latexit sha1_base64="lrEqeINYEyZf6TaQLEYqz2Bm5CU=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqxeh4MVjBfsBbSib7aRdutmE3Y1QQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfy0UwS9CM6lDzkjBortcO+JLfE65crbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n83PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwhs/4zJJDUq2WBSmgpiYzH4nA66QGTGxhDLF7a2EjaiizNiESjYEb/nlVdK6qHq16tXDZaVey+Mowgmcwjl4cA11uIcGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx/tlY6f</latexit>

fn = 1
<latexit sha1_base64="GewuJdnzWJGBqMMwSz3Z1GJjKBI=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQNyURrW6EghtXUsE+oAllMp20QyczYWYilJCdG3/FjQtF3PoL7vwbp20W2nrgwuGce7n3niBmVGnH+bYKS8srq2vF9dLG5tb2jr2711IikZg0sWBCdgKkCKOcNDXVjHRiSVAUMNIORtcTv/1ApKKC3+txTPwIDTgNKUbaSD37MOxxeAU9LBSsQC+UCKdeTCHP0tsMnvTsslN1poCLxM1JGeRo9Owvry9wEhGuMUNKdV0n1n6KpKaYkazkJYrECI/QgHQN5Sgiyk+nf2Tw2Ch9GAppims4VX9PpChSahwFpjNCeqjmvYn4n9dNdHjpp5THiSYczxaFCYNawEkosE8lwZqNDUFYUnMrxENkstAmupIJwZ1/eZG0TqturXp+d1au1/I4iuAAHIEKcMEFqIMb0ABNgMEjeAav4M16sl6sd+tj1lqw8pl98AfW5w+JfpfQ</latexit>

fn = cos(
⇡n

N
)

<latexit sha1_base64="8ofm7nbTulsL7sYhuoli4FvJXmY=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0Wom5IUrW6EghtXUsE+oAlhMp20QyczYWYilNCtG3/FjQtF3PoH7vwbp20W2nrgwuGce7n3njBhVGnH+bYKK6tr6xvFzdLW9s7unr1/0FYilZi0sGBCdkOkCKOctDTVjHQTSVAcMtIJR9dTv/NApKKC3+txQvwYDTiNKEbaSIENo4DDK+hhoWAFepFEOKtBL6GQT7LbCTwN7LJTdWaAy8TNSRnkaAb2l9cXOI0J15ghpXquk2g/Q1JTzMik5KWKJAiP0ID0DOUoJsrPZp9M4IlR+jAS0hTXcKb+nshQrNQ4Dk1njPRQLXpT8T+vl+ro0s8oT1JNOJ4vilIGtYDTWGCfSoI1GxuCsKTmVoiHyKShTXglE4K7+PIyadeqbr16fndWbtTzOIrgCByDCnDBBWiAG9AELYDBI3gGr+DNerJerHfrY95asPKZQ/AH1ucPYGGYNg==</latexit>

fn = cos(
2⇡n

N
)

Vacuum-to-vacuum probability with 4 low excited states’ energy spectra

<latexit sha1_base64="9clZs6NgL9TUXdWYV3GteC2Z5yU=">AAACJ3icbZDLSgMxFIYz9VbrbdSlm2ARXJSSKVp1USm6cSFSwdpCOwyZNNOGZi4kGaEMfRs3voobQUV06ZuYTmehrQcC3/n/c0jyuxFnUiH0ZeQWFpeWV/KrhbX1jc0tc3vnXoaxILRJQh6Ktosl5SygTcUUp+1IUOy7nLbc4eXEbz1QIVkY3KlRRG0f9wPmMYKVlhzz3Ic1iMoW7JZK8MKJ0g5V0vZaNxZK8aYGz6bgJHIQqrG2Kgghxyzq8bTgPFgZFEFWDcd87fZCEvs0UIRjKTsWipSdYKEY4XRc6MaSRpgMcZ92NAbYp9JO0n+O4YFWetALhT6Bgqn6eyPBvpQj39WTPlYDOetNxP+8Tqy8UzthQRQrGpDpRV7MoQrhJDTYY4ISxUcaMBFMvxWSARaYKB1tQYdgzX55Hu4rZataPr49KtarWRx5sAf2wSGwwAmogyvQAE1AwCN4Bm/g3XgyXowP43M6mjOynV3wp4zvH8bUnVw=</latexit>

m = 0.1 , Bp = 0.02 , L = 10 , N = 9 , Nshot = 2000 11



Topological angle quench

<latexit sha1_base64="PLVOVxJf9YVAdyXjkGYwt9eBUzM="></latexit>

Ṗi!f =
2⇡

~2 |hf |�V | ii|2 �(Ef � Ei � !)

<latexit sha1_base64="p3Rn7wIIbYoupXnCxz59ohi1ht4="></latexit>

e✓(t, x) = ✓ + �✓(t, x) = ✓ +Bp sin(!t) · f(x)

Vacuum-to-vacuum probability

PRELIMINARY

<latexit sha1_base64="RuUZUbgZE9fSCk7wswtTlXlP+ps=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xkWPAi8cEzAOSJcxOZpMxs7PLTK8QlnyBFw+KePWTvPk3TpI9aGJBQ1HVTXdXkEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2M72Z++4lrI2L1gJOE+xEdKhEKRtFKDeyXym7FnYOsEi8nZchR75e+eoOYpRFXyCQ1puu5CfoZ1SiY5NNiLzU8oWxMh7xrqaIRN342P3RKzq0yIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuimHVz4RKUuSKLRaFqSQYk9nXZCA0ZygnllCmhb2VsBHVlKHNpmhD8JZfXiWty4p3U7luXJVr1TyOApzCGVyAB7dQg3uoQxMYcHiGV3hzHp0X5935WLSuOfnMCfyB8/kD4GeM+A==</latexit>

t

measure!

<latexit sha1_base64="ey+WuXcdO5LeWlQW4yqAXGOspUg="></latexit>

m = 0.1 , Bp = 0.3 , L = 10 , N = 9 , Nshot = 2000

PRELIMINARY

<latexit sha1_base64="QQ3JeEipFNSxv4sAvm0viP6C0HQ="></latexit>

�0H =
mlat

4
cos ✓

N�2X

n=0

(�1)n Bp sin(!t)fn (XnXn+1 + YnYn+1) +
mlat

2
sin ✓

N�1X

n=0

(�1)n Bp sin(!t)fn Zn

<latexit sha1_base64="QQ3JeEipFNSxv4sAvm0viP6C0HQ="></latexit>

�0H =
mlat

4
cos ✓

N�2X

n=0

(�1)n Bp sin(!t)fn (XnXn+1 + YnYn+1) +
mlat

2
sin ✓

N�1X

n=0

(�1)n Bp sin(!t)fn Zn

<latexit sha1_base64="b3bGqnsBELLVziplB+wid5u6yDw=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQNyURrW6EghtXUsE+oAllMp20QyczYWYilJCVG3/FjQtF3PoN7vwbp20W2nrgwuGce7n3niBmVGnH+bYKS8srq2vF9dLG5tb2jr2711IikZg0sWBCdgKkCKOcNDXVjHRiSVAUMNIORtcTv/1ApKKC3+txTPwIDTgNKUbaSD37MOxxeAU9LBSseKFEOPViCnmW3mbwpGeXnaozBVwkbk7KIEejZ395fYGTiHCNGVKq6zqx9lMkNcWMZCUvUSRGeIQGpGsoRxFRfjp9I4PHRunDUEhTXMOp+nsiRZFS4ygwnRHSQzXvTcT/vG6iw0s/pTxONOF4tihMGNQCTjKBfSoJ1mxsCMKSmlshHiKThTbJlUwI7vzLi6R1WnVr1fO7s3K9lsdRBAfgCFSACy5AHdyABmgCDB7BM3gFb9aT9WK9Wx+z1oKVz+yDP7A+fwAuCpem</latexit>

fn = cos(
⇡n

N
)

12



Summary

[1] Hamiltonian formulation on a digital quantum processor simulates a state 
transition induced by external sinusoidal quench.

[2] Vacuum persistency probability signals the existence of excited state whose 
energy is identical to the frequency of quench.

[3] Selection rule on the quantum number matters.

[4] No-signal ≠ Nothing; new lesson from the various quench operators

13
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Pseudo-scalar condensate quench
<latexit sha1_base64="PLVOVxJf9YVAdyXjkGYwt9eBUzM="></latexit>

Ṗi!f =
2⇡

~2 |hf |�V | ii|2 �(Ef � Ei � !)

<latexit sha1_base64="cwBZAxYG4c+v7jLu9RUroutr3LM="></latexit>

�H =
1

2

N�2X

n=0

(�1)n+1
Bp fn sin(!t) (XnXn+1 + YnYn+1)

<latexit sha1_base64="RuUZUbgZE9fSCk7wswtTlXlP+ps=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xkWPAi8cEzAOSJcxOZpMxs7PLTK8QlnyBFw+KePWTvPk3TpI9aGJBQ1HVTXdXkEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2M72Z++4lrI2L1gJOE+xEdKhEKRtFKDeyXym7FnYOsEi8nZchR75e+eoOYpRFXyCQ1puu5CfoZ1SiY5NNiLzU8oWxMh7xrqaIRN342P3RKzq0yIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuimHVz4RKUuSKLRaFqSQYk9nXZCA0ZygnllCmhb2VsBHVlKHNpmhD8JZfXiWty4p3U7luXJVr1TyOApzCGVyAB7dQg3uoQxMYcHiGV3hzHp0X5935WLSuOfnMCfyB8/kD4GeM+A==</latexit>

t

measure!

<latexit sha1_base64="2DmRLmhmRQuJmaiD+OyNDwI4sMY="></latexit>

�V =

Z
dx f(x) (x)�5 (x)

PRELIMINARY PRELIMINARY PRELIMINARY

<latexit sha1_base64="9clZs6NgL9TUXdWYV3GteC2Z5yU=">AAACJ3icbZDLSgMxFIYz9VbrbdSlm2ARXJSSKVp1USm6cSFSwdpCOwyZNNOGZi4kGaEMfRs3voobQUV06ZuYTmehrQcC3/n/c0jyuxFnUiH0ZeQWFpeWV/KrhbX1jc0tc3vnXoaxILRJQh6Ktosl5SygTcUUp+1IUOy7nLbc4eXEbz1QIVkY3KlRRG0f9wPmMYKVlhzz3Ic1iMoW7JZK8MKJ0g5V0vZaNxZK8aYGz6bgJHIQqrG2Kgghxyzq8bTgPFgZFEFWDcd87fZCEvs0UIRjKTsWipSdYKEY4XRc6MaSRpgMcZ92NAbYp9JO0n+O4YFWetALhT6Bgqn6eyPBvpQj39WTPlYDOetNxP+8Tqy8UzthQRQrGpDpRV7MoQrhJDTYY4ISxUcaMBFMvxWSARaYKB1tQYdgzX55Hu4rZataPr49KtarWRx5sAf2wSGwwAmogyvQAE1AwCN4Bm/g3XgyXowP43M6mjOynV3wp4zvH8bUnVw=</latexit>

m = 0.1 , Bp = 0.02 , L = 10 , N = 9 , Nshot = 2000

Vacuum-to-vacuum probability with 4 low excited states’ energy spectra
<latexit sha1_base64="lrEqeINYEyZf6TaQLEYqz2Bm5CU=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqxeh4MVjBfsBbSib7aRdutmE3Y1QQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfy0UwS9CM6lDzkjBortcO+JLfE65crbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n83PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwhs/4zJJDUq2WBSmgpiYzH4nA66QGTGxhDLF7a2EjaiizNiESjYEb/nlVdK6qHq16tXDZaVey+Mowgmcwjl4cA11uIcGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx/tlY6f</latexit>

fn = 1

PRELIMINARY

PRELIMINARY

PRELIMINARY


