
Quantum Information for Quantum Materials

1

Alexander (Lex) Kemper

Department of Physics
North Carolina State University
https://go.ncsu.edu/kemper-lab

Dirac Quantum Discussions @ FSU
02/25/2025



2https://quantum.ncsu.edu/



Quantum Computing
Algorithms
Error mitigation/correction
System software
Applications

Quantum Materials
Perovskites
Organic LEDs
Quantum dots
Novel superconductors

Quantum Networking
Single-photon emitters/detectors
Distributed entanglement
Networking protocols
Distributed quantum computing

Education
Courses – within and across disciplines
Certificates, Degree programs
Seminars, Workshops, Conferences
Student engagement, clubs

Industry Engagement
IBM QIC
SBIR/STTR
Short courses, invited speakers
QED-C

NC Quantum Institute
https://quantum.ncsu.edu/



4

Collaborations with:

• Bojko Bakalov (NCSU Math)
• Marco Cerezo, Martin de la Rocca (LANL)
• Jim Freericks (Georgetown)
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• Thomas Steckmann (UMD)
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Q: What do you do with a quantum 
state once you’ve prepared one?

A: You measure its excitations.
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Measuring Excitations

Angle-resolved Photoemission 
(ARPES)

Neutron Scattering Time-resolved ARPES

Figures courtesy of 
Devereaux/Shen group 
and ORNL
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A-Z quantum simulation
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Non-Equilibrium Green’s functions Time domain DMRG Time domain ED
Johnston & Kemper, unpublishedPhys. Rev. Lett. 93, 076401 (2004)Phys. Rev. X 8, 041009 (2018)
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Non-Equilibrium Green’s functions Time domain DMRG Time domain ED
Johnston & Kemper, unpublishedPhys. Rev. Lett. 93, 076401 (2004)Phys. Rev. X 8, 041009 (2018)

All these techniques eventually reach a barrier.
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A-Z quantum simulation
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Bespoke quantum simulator Digital algorithms
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Bespoke quantum simulator Digital algorithms
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Correlation functions

A(r, t)

B(r0, t0)

hA(r, t)B(r0, t0)i

Given some (observable) operator B at 
(r’,t’), what is the likelihood of some 
(observable) operator A at (r,t)?

Optical conductivity, g/X-ray scattering, 
photoemission, neutron scattering, Raman, 
IR absorption, etc.
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A(r, t)

B(r0, t0)

Prepare 
state of 
interest

Apply 
excitation A

<latexit sha1_base64="jGPmA4CH4Pqc8n17SgHAhdxPc7o="></latexit>
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Correlation functions

Somma, Simulating physical phenomena by 
quantum networks (2002)
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System qubits

Ancillaries

Raw data (2019)

ˆ =
P

( � cos( ))ˆ†ˆ =
P

~! ˆ

Correlation functions
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System qubits

Ancillaries

Raw data (2019)

Error mitigation

hA(r, t)B(r0, t0)i

Correlation functions
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Prepare state of interest Time evolve

A-Z quantum simulation

Dynamical response functions

• Physics-Informed 
Subspace Expansions

• Barren optimization 
plateaus

• Lie-algebraic methods 
for time evolution

• Open quantum system 
evolution

• Correlation functions

• Open quantum system Green’s 
functions

• Dynamical Mean Field Theory

Classical post-processing 
techniques
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Prepare state of interest Time evolve

A-Z quantum simulation

Dynamical response functions

• Physics-Informed 
Subspace Expansions

• Lie-algebraic methods for 
time evolution

• Open quantum system 
evolution

• Neutron scattering 
(magnon) spectra

• Open quantum system 
Green’s functions

• Dynamical Mean Field 
Theory

Classical post-processing 
techniques

Variational Quantum Eigensolver

Larger depth circuits

[ Schiffer, Benjamin F., et.al., PRX 
Quantum 3, no. 2 (2022): 020347 ]

[ Kandala, Abhinav, et.al., Nature 
549, no. 7671 (2017): 242-246. ]

Barren Plateau

Adiabatic State Preparation
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Prepare state of interest Time evolve

A-Z quantum simulation

Dynamical response functions

• Physics-Informed 
Subspace Expansions

• Lie-algebraic methods for 
time evolution

• Open quantum system 
evolution

• Neutron scattering 
(magnon) spectra

• Open quantum system 
Green’s functions

• Dynamical Mean Field 
Theory

Classical post-processing 
techniques

Ø Ground state varies continuously 
in a parameter space and is 
spanned by a few low energy 
state vectors.

arXiv:2209.10571 C. Mejuto-Zaera et al., Electron. Struct. 2023
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Prepare state of interest Time evolve

A-Z quantum simulation

Dynamical response functions

• Physics-Informed 
Subspace Expansions

• Lie-algebraic methods for 
time evolution

• Open quantum system 
evolution

• Neutron scattering 
(magnon) spectra

• Open quantum system 
Green’s functions

• Dynamical Mean Field 
Theory

Classical post-processing 
techniques

Ø Ground state varies continuously 
in a parameter space and is 
spanned by a few low energy 
state vectors.

Agrawal, arXiv:2406.17037, to appear in PRB
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Prepare state of interest Time evolve

A-Z quantum simulation

Dynamical response functions

• Physics-Informed 
Subspace Expansions

• Barren optimization 
plateaus

• Lie-algebraic methods for 
time evolution

• Open quantum system 
evolution

Classical post-processing 
techniques

• Correlation functions

• Open quantum system 
Green’s functions

• Dynamical Mean Field 
Theory



Driven dissipative systems

Why?

• The driven dissipative many-body system is one of the frontiers of 
quantum mechanics.

• New ultrafast pump/probe experiments and nonequilibrium ultracold 
atomic gases provide real data on these systems

• Theory on conventional computers remains restricted to short times only.



Hamiltonian + Reservoir
⇓

Master equation
⇓

Kraus map
⇓

Quantum circuit

Driven dissipative systems



Conventional time evolution (Trotter)

They achieve 55 Trotter 
steps, but the data starts to 
look bad after 25-30 steps
It requires significant error 
mitigation.



Driven-dissipative fermion model

Rost, AFK, et al. NPJQI 2025



Results: density

Rost, AFK, et al. NPJQI 2025



Results: dc-current  vs driving field

Rost, AFK, et al. NPJQI 2025
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Prepare state of interest Time evolve

A-Z quantum simulation

Dynamical response functions

• Physics-Informed 
Subspace Expansions

• Barren optimization 
plateaus

• Lie-algebraic methods for 
time evolution

• Open quantum system 
evolution

Classical post-processing 
techniques

• Correlation functions

• Open quantum system 
Green’s functions

• Dynamical Mean Field 
Theory
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ÛS Û
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Prepare state of interest Time evolve

A-Z quantum simulation

Dynamical response functions

• Physics-Informed 
Subspace Expansions

• Lie-algebraic methods for 
time evolution

• Open quantum system 
evolution

• Neutron scattering 
(magnon) spectra

• Open quantum system 
Green’s functions

• Dynamical Mean Field 
Theory

Classical post-processing 
techniques
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Prepare state of interest Time evolve

A-Z quantum simulation

Dynamical response functions

• Physics-Informed 
Subspace Expansions

• Lie-algebraic methods for 
time evolution

• Open quantum system 
evolution

• Neutron scattering 
(magnon) spectra

• Open quantum system 
Green’s functions

• Dynamical Mean Field 
Theory

Classical post-processing 
techniques
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Prepare state of interest Time evolve

A-Z quantum simulation

Dynamical response functions

• Physics-Informed 
Subspace Expansions

• Lie-algebraic methods for 
time evolution

• Open quantum system 
evolution

• Neutron scattering 
(magnon) spectra

• Open quantum system 
Green’s functions

• Dynamical Mean Field 
Theory

Classical post-processing 
techniques

1. Make the excitation part of the quantum simulation

2. Post-process the data to get the response functions

Kökcü et al., Nat. Comm. 2024
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Prepare state of interest Time evolve

A-Z quantum simulation

Dynamical response functions

• Physics-Informed 
Subspace Expansions

• Lie-algebraic methods for 
time evolution

• Open quantum system 
evolution

• Neutron scattering 
(magnon) spectra

• Open quantum system 
Green’s functions

• Dynamical Mean Field 
Theory

Classical post-processing 
techniques

Benefits

• Any operator A,B you desire (as long as it is Hermitian*)

• No ancillas/controlled operations needed

• Many correlation functions at the same time

• Less post-processing (less noise)

• Frequency/momentum selective

Kökcü et al., Nat. Comm. 2024
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Prepare state of interest Time evolve

A-Z quantum simulation

Dynamical response functions

• Physics-Informed 
Subspace Expansions

• Barren optimization 
plateaus

• Lie-algebraic methods for 
time evolution

• Open quantum system 
evolution

Classical post-processing 
techniques

• Correlation functions

• Open quantum system 
Green’s functions

• Dynamical Mean Field 
Theory
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A e

�iHt
Û
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Prepare state of interest Time evolve

A-Z quantum simulation

Dynamical response functions

• Physics-Informed 
Subspace Expansions

• Barren optimization 
plateaus

• Lie-algebraic methods for 
time evolution

• Open quantum system 
evolution

Classical post-processing 
techniques

• Correlation functions

• Open quantum system 
Green’s functions

• Dynamical Mean Field 
Theory
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Prepare state of interest Time evolve

A-Z quantum simulation

Dynamical response functions

• Physics-Informed 
Subspace Expansions

• Lie-algebraic methods for 
time evolution

• Open quantum system 
evolution

• Neutron scattering 
(magnon) spectra

• Open quantum system 
Green’s functions

• Dynamical Mean Field 
Theory

Classical post-processing 
techniques

• It turns out that these are positive 
semi-definite (PSD) functions:

<latexit sha1_base64="zzjt96RAlerHUR553WpwVIbmFVY="></latexit>

GAA(t� t0) = Tr
⇥
⇢A(t)†A(t0)

⇤

• Then this is a PSD matrix:

where 
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A.F. Kemper et al., PRL (2024)
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Prepare state of interest Time evolve

A-Z quantum simulation

Dynamical response functions

• Physics-Informed 
Subspace Expansions

• Lie-algebraic methods for 
time evolution

• Open quantum system 
evolution

• Neutron scattering 
(magnon) spectra

• Open quantum system 
Green’s functions

• Dynamical Mean Field 
Theory

Classical post-processing 
techniques

• It turns out that these are positive 
semi-definite (PSD) functions:

<latexit sha1_base64="zzjt96RAlerHUR553WpwVIbmFVY="></latexit>

GAA(t� t0) = Tr
⇥
⇢A(t)†A(t0)

⇤

• Then this is a PSD matrix:

where 

A.F. Kemper et al., PRL (2024)
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Û

B

8
>>>><

>>>>:
|0i⌦n

1

40

Prepare state of interest Time evolve

A-Z quantum simulation

Dynamical response functions

• Physics-Informed 
Subspace Expansions

• Lie-algebraic methods for 
time evolution

• Open quantum system 
evolution

• Neutron scattering 
(magnon) spectra

• Open quantum system 
Green’s functions

• Dynamical Mean Field 
Theory

Classical post-processing 
techniques

• It turns out that these are positive 
semi-definite (PSD) functions:

<latexit sha1_base64="zzjt96RAlerHUR553WpwVIbmFVY="></latexit>

GAA(t� t0) = Tr
⇥
⇢A(t)†A(t0)

⇤

• Then this is a PSD matrix:

where 
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)

known extension

Input
Numerical Extension
Analytic Solution

A.F. Kemper et al., PRL (2024)
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Prepare state of interest Time evolve

A-Z quantum simulation

Dynamical response functions

• Physics-Informed 
Subspace Expansions

• Lie-algebraic methods for 
time evolution

• Open quantum system 
evolution

• Neutron scattering 
(magnon) spectra

• Open quantum system 
Green’s functions

• Dynamical Mean Field 
Theory

Classical post-processing 
techniques

• It turns out that these are positive 
semi-definite (PSD) functions:

<latexit sha1_base64="zzjt96RAlerHUR553WpwVIbmFVY="></latexit>

GAA(t� t0) = Tr
⇥
⇢A(t)†A(t0)

⇤

• Then this is a PSD matrix:

where 

A.F. Kemper et al., PRL (2024)
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Prepare state of interest Time evolve

A-Z quantum simulation

Dynamical response functions

• Physics-Informed 
Subspace Expansions

• Barren optimization 
plateaus

• Lie-algebraic methods for 
time evolution

• Open quantum system 
evolution

Classical post-processing 
techniques

• Correlation functions

• Open quantum system 
Green’s functions

• Dynamical Mean Field 
Theory
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(A few) Quantum Algorithm(s) for correlation functions

|0i

A1:

A2:

S: O1
U t2,t1
K<latexit sha1_base64="JZISxaFDDiGF1umkmwPLy4kAOxc=">AAACG3icbVC7TsNAEDzzJrwClDQnIgQFiuyABCWCBokGJAJISbDWxwZOnO+suzVSsPwJfAJfQQsVHaKloOBfsEMKXlONZna1sxMlSjry/XdvaHhkdGx8YrIyNT0zO1edXzhxJrUCm8IoY88icKikxiZJUniWWIQ4UngaXe+V/ukNWieNPqZegp0YLrXsSgFUSGF1tR0DXQlQWTMPD86zrN01hrQhdPIWOYWNdQqDPA+rNb/u98H/kmBAamyAw7D60b4wIo1Rk1DgXCvwE+pkYEkKhXmlnTpMQFzDJbYKqiFG18n6D+V8JXVAhidouVS8L+L3jQxi53pxVEyW8d1vrxT/81opdbc7mdRJSqhFeYikwv4hJ6wsmkJ+IS0SQZkcudRcgAUitJKDEIWYFtVVij6C39//JSeNerBRbxxt1nZ2B81MsCW2zNZYwLbYDttnh6zJBLtjD+yRPXn33rP34r1+jQ55g51F9gPe2yfbyqIP</latexit>

⇢(t1)
<latexit sha1_base64="ihfmHrl3GYVZsfkL6Y8UaSlvJBs=">AAAB+3icbVA9TwJBFNzDL8Qv1NJmIzHBhtyhiZZEG0tMBDFwIXvLAzbs7l1235kQwq+w1crO2PpjLPwv3p1XKDjVZOa9vHkTRFJYdN1Pp7Cyura+UdwsbW3v7O6V9w/aNowNhxYPZWg6AbMghYYWCpTQiQwwFUi4DybXqX//CMaKUN/hNAJfsZEWQ8EZJtJDz4zDKva903654tbcDHSZeDmpkBzNfvmrNwh5rEAjl8zarudG6M+YQcElzEu92ELE+ISNoJtQzRRYf5YFntOT2DIMaQSGCkkzEX5vzJiydqqCZFIxHNtFLxX/87oxDi/9mdBRjKB5egiFhOyQ5UYkTQAdCAOILE0OVGjKmWGIYARlnCdinFRTSvrwFr9fJu16zTur1W/PK42rvJkiOSLHpEo8ckEa5IY0SYtwosgTeSYvztx5dd6c95/RgpPvHJI/cD6+AaX0lFc=</latexit>

U t3,t2
K<latexit sha1_base64="UiRPUMPHEKBQxHWe9l0xrHpYwuw=">AAACDXicbVDLSgNBEJyNrxhfUU/iZTAIHiTsJoIeRS+ClwiuCsm69I5tHDL7YKZXkGXxE/wKr3ryJl79Bg/+i7sxBzXWqajqpqsrSJQ0ZNsfVmVicmp6pjpbm5tfWFyqL6+cmTjVAl0Rq1hfBGBQyQhdkqTwItEIYaDwPBgclv75LWoj4+iU7hL0QuhH8loKoELy62u9EOhGgMrc3M+O88uM/PY2+a3crzfspj0EHyfOiDTYCB2//tm7ikUaYkRCgTFdx07Iy0CTFArzWi81mIAYQB+7BY0gRONlwxdyvpkaoJgnqLlUfCjiz40MQmPuwqCYLAObv14p/ud1U7re8zIZJSlhJMpDJBUODxmhZdEN8iupkQjK5MhlxAVoIEItOQhRiGlRVq3ow/n7/Tg5azWddrN1stPYPxg1U2XrbINtMYftsn12xDrMZYLds0f2xJ6tB+vFerXevkcr1mhnlf2C9f4FVaCb4A==</latexit>

O2 hO3i
<latexit sha1_base64="qAkpYok6s9h/Q7xHOXq/JDUfOB8=">AAACFHicbVC7TsNAEDyHVwivACXNiQiJKrITJCgQiqChI0jkIcVRdL5sklPOD92tEZHllk/gK2ihokO09BT8C3biAhKmGs3sanfGCaTQaJpfRm5peWV1Lb9e2Njc2t4p7u41tR8qDg3uS1+1HaZBCg8aKFBCO1DAXEdCyxlfpX7rHpQWvneHkwC6Lht6YiA4w0TqFaktYYDnNsIDRjdxL5qxahzbSgxHeNErlsyyOQVdJFZGSiRDvVf8tvs+D13wkEumdccyA+xGTKHgEuKCHWoIGB+zIXQS6jEXdDeaJonpUagZ+jQARYWkUxF+b0TM1XriOsmky3Ck571U/M/rhDg460bCC0IEj6eHUEiYHtJciaQioH2hAJGlnwMVHuVMMURQgjLOEzFMOiskfVjz6RdJs1K2quXK7Umpdpk1kycH5JAcE4uckhq5JnXSIJw8kmfyQl6NJ+PNeDc+ZqM5I9vZJ39gfP4A2+6feg==</latexit>

|+i
<latexit sha1_base64="FffVDR8dGVswdXYb3SBOXpoWdV0=">AAACCHicbVDLSgNBEJz1GeMrPm5eBoMgCGE3CnoMevEYwTwgG0LvpJMMmZ1dZnqFGPMDfoVXPXkTr/6FB//FTcxBE+tUVHXT1RXESlpy3U9nYXFpeWU1s5Zd39jc2s7t7FZtlBiBFRGpyNQDsKikxgpJUliPDUIYKKwF/auxX7tDY2Wkb2kQYzOErpYdKYBSqZXb9xV26OHEN7LbI9+A7ips5fJuwZ2AzxNvSvJsinIr9+W3I5GEqEkosLbhuTE1h2BICoWjrJ9YjEH0oYuNlGoI0TaHk/QjfpRYoIjHaLhUfCLi740hhNYOwiCdDIF6dtYbi/95jYQ6F82h1HFCqMX4EEmFk0NWGJnWgrwtDRLBODlyqbkAA0RoJAchUjFJe8qmfXiz38+TarHgnRaKN2f50uW0mQw7YIfsmHnsnJXYNSuzChPsnj2xZ/biPDqvzpvz/jO64Ex39tgfOB/fxMSZ+Q==</latexit>
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HS↵2
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L. Del Re, B. Rost, M. Foss-Feig, AFK, J.K. Freericks
2204.12400

Commutators(Anti-)Commutators, open/dissipative

10.1103/PhysRevLett.111.147205
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Linear Response

1. Make the excitation part of the quantum simulation

2. Post-process the data to get the response functions

Kokcu, Nat Comm 2024
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Linear Response

Benefits

• Any operator A,B you desire (as long as it is 
Hermitian*)

• No ancillas/controlled operations needed

• Many correlation functions at the same time

• Less post-processing (less noise)

• Frequency/momentum selective

Kokcu, Nat Comm 2024
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Su-Schrieffer-Heeger model for polyacetylene

Linear Response -> Green’s function
Energy

Momentum

Momentum

<latexit sha1_base64="X+EnvZjdfttzthTzBSuVQoTSn5E=">AAAB73icbVDLSgNBEJz1GeMr6tHLYBA8hV3xdRGCXjxGMA9IljA720mGzM6uM71CWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSKFQdf9dpaWV1bX1gsbxc2t7Z3d0t5+w8Sp5lDnsYx1K2AGpFBQR4ESWokGFgUSmsHwduI3n0AbEasHHCXgR6yvRE9whlZqdUKQyK7dbqnsVtwp6CLxclImOWrd0lcnjHkagUIumTFtz03Qz5hGwSWMi53UQML4kPWhbaliERg/m947psdWCWkv1rYU0qn6eyJjkTGjKLCdEcOBmfcm4n9eO8XelZ8JlaQIis8W9VJJMaaT52koNHCUI0sY18LeSvmAacbRRlS0IXjzLy+SxmnFu6ic35+Vqzd5HAVySI7ICfHIJamSO1IjdcKJJM/klbw5j86L8+58zFqXnHzmgPyB8/kDiPaPpw==</latexit>

� = 0

<latexit sha1_base64="oEnm239zp0kgISu969ftAITyXks=">AAAB73icbVDLSgNBEJz1GeMr6tHLYBA8hV3xdZKgF48RzAOSJczOdpIhs7PrTK8QlvyEFw+KePV3vPk3TpI9aGJBQ1HVTXdXkEhh0HW/naXlldW19cJGcXNre2e3tLffMHGqOdR5LGPdCpgBKRTUUaCEVqKBRYGEZjC8nfjNJ9BGxOoBRwn4Eesr0ROcoZVanRAksmu3Wyq7FXcKuki8nJRJjlq39NUJY55GoJBLZkzbcxP0M6ZRcAnjYic1kDA+ZH1oW6pYBMbPpveO6bFVQtqLtS2FdKr+nshYZMwoCmxnxHBg5r2J+J/XTrF35WdCJSmC4rNFvVRSjOnkeRoKDRzlyBLGtbC3Uj5gmnG0ERVtCN78y4ukcVrxLirn92fl6k0eR4EckiNyQjxySarkjtRInXAiyTN5JW/Oo/PivDsfs9YlJ585IH/gfP4AinuPqA==</latexit>

� > 0



Su-Schrieffer-Heeger model for polyacetylene

Choose B to create a momentum eigenstate
<latexit sha1_base64="kxDM1ROSQeGS8OU4JutsEsu+Vwc="></latexit>

GR
k (t) = �i✓(t)h 0|{ck(t), c†k(0)}| 0i

Compressed circuit run on ibm_auckland

Linear Response -> Green’s function
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Su-Schrieffer-Heeger model for polyacetylene

Choose B to create a momentum eigenstate
<latexit sha1_base64="kxDM1ROSQeGS8OU4JutsEsu+Vwc="></latexit>

GR
k (t) = �i✓(t)h 0|{ck(t), c†k(0)}| 0i

Compressed circuit run on ibm_auckland
Fourier

Linear Response -> Green’s function
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Fourier

Linear Response -> Green’s function
Su-Schrieffer-Heeger model for polyacetylene

Choose B to create a momentum eigenstate
<latexit sha1_base64="kxDM1ROSQeGS8OU4JutsEsu+Vwc="></latexit>

GR
k (t) = �i✓(t)h 0|{ck(t), c†k(0)}| 0i

Compressed circuit run on ibm_auckland



Linear Response

● Ancilla free

● Momentum and frequency selectivity

● Both bosonic and fermionic correlators

● More noise robust compared to existing methods

E. Kökcü, H.Labib, J.K. Freericks, AFK., Nature Communications 15, 3881 (2024)
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Prepare state of interest Time evolve

A-Z quantum simulation

Dynamical response functions

• Physics-Informed 
Subspace Expansions

• Barren optimization 
plateaus

• Lie-algebraic methods for 
time evolution

• Open quantum system 
evolution

Classical post-processing 
techniques

• Correlation functions

• Open quantum system 
Green’s functions

• Dynamical Mean Field 
Theory
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Prepare state of interest Time evolve

A-Z quantum simulation

Dynamical response functions

• Physics-Informed 
Subspace Expansions

• Barren optimization 
plateaus

• Lie-algebraic methods for 
time evolution

• Open quantum system 
evolution

• Correlation functions

• Open quantum system 
Green’s functions

• Dynamical Mean Field 
Theory

Classical post-processing 
techniques
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Prepare state of interest Time evolve

A-Z quantum simulation

Dynamical response functions

• Physics-Informed 
Subspace Expansions

• Lie-algebraic methods for 
time evolution

• Open quantum system 
evolution

• Neutron scattering 
(magnon) spectra

• Open quantum system 
Green’s functions

• Dynamical Mean Field 
Theory

Classical post-processing 
techniques

Exact simulation of a time independent spin Hamiltonian:
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Prepare state of interest Time evolve

A-Z quantum simulation

Dynamical response functions

• Physics-Informed 
Subspace Expansions

• Lie-algebraic methods for 
time evolution

• Open quantum system 
evolution

• Neutron scattering 
(magnon) spectra

• Open quantum system 
Green’s functions

• Dynamical Mean Field 
Theory

Classical post-processing 
techniques

Exact simulation of a time independent spin Hamiltonian:

<latexit sha1_base64="wC1lAFE3XJ7VBAIzlYnBGDGOBHs="></latexit>

DLA := span
�
[ai1 , [ai2 , [· · · [air , aj ] · · · ]]]
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Prepare state of interest Time evolve

A-Z quantum simulation

Dynamical response functions

• Physics-Informed 
Subspace Expansions

• Lie-algebraic methods for 
time evolution

• Open quantum system 
evolution

• Neutron scattering 
(magnon) spectra

• Open quantum system 
Green’s functions

• Dynamical Mean Field 
Theory

Classical post-processing 
techniques

Exact simulation of a time independent spin Hamiltonian:

<latexit sha1_base64="wC1lAFE3XJ7VBAIzlYnBGDGOBHs="></latexit>

DLA := span
�
[ai1 , [ai2 , [· · · [air , aj ] · · · ]]]

 

E. Kökcü et al., Phys. Rev. Lett. (2022)
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Prepare state of interest Time evolve

A-Z quantum simulation

Dynamical response functions

• Physics-Informed 
Subspace Expansions

• Lie-algebraic methods for 
time evolution

• Open quantum system 
evolution

• Neutron scattering 
(magnon) spectra

• Open quantum system 
Green’s functions

• Dynamical Mean Field 
Theory

Classical post-processing 
techniques

Exact simulation of a time independent spin Hamiltonian:

U T. Steckmann et al., PRR (2023)

Z
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• It turns out that these are positive 
semi-definite (PSD) functions:

60

Further improvements via mathematics

<latexit sha1_base64="zzjt96RAlerHUR553WpwVIbmFVY="></latexit>

GAA(t� t0) = Tr
⇥
⇢A(t)†A(t0)

⇤

Kemper, Yang, Gull, PRL 2024



• It turns out that these are positive 
semi-definite (PSD) functions:
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Further improvements via mathematics

<latexit sha1_base64="zzjt96RAlerHUR553WpwVIbmFVY="></latexit>

GAA(t� t0) = Tr
⇥
⇢A(t)†A(t0)

⇤

• Then this is a PSD matrix:

where 

Kemper, Yang, Gull, PRL 2024



• It turns out that these are positive 
semi-definite (PSD) functions:
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Further improvements via mathematics

<latexit sha1_base64="zzjt96RAlerHUR553WpwVIbmFVY="></latexit>

GAA(t� t0) = Tr
⇥
⇢A(t)†A(t0)

⇤

• Then this is a PSD matrix:

where 

• What can I do with this?
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t
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(t)

Noise
Projection
Exact

2 4 6 8 10
t

2 4 6 8 10
t
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0
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0.2

0.3

G
(t)

Kemper, Yang, Gull, PRL 2024
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Further improvements via mathematics

• It turns out that these are positive 
semi-definite (PSD) functions:

<latexit sha1_base64="zzjt96RAlerHUR553WpwVIbmFVY="></latexit>

GAA(t� t0) = Tr
⇥
⇢A(t)†A(t0)

⇤

• Then this is a PSD matrix:

where 

Kemper, Yang, Gull, PRL 2024



• It turns out that these are positive 
semi-definite (PSD) functions:
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Further improvements via mathematics

<latexit sha1_base64="zzjt96RAlerHUR553WpwVIbmFVY="></latexit>

GAA(t� t0) = Tr
⇥
⇢A(t)†A(t0)

⇤

• Then this is a PSD matrix:

where 

• What else can I do with this?

0 2 4 6 8 10t

-0.2

-0.1

0

0.1

0.2

G
(t

)

known extension

Input
Numerical Extension
Analytic Solution

Kemper, Yang, Gull, PRL 2024
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Further improvements via mathematics

Kemper, Yang, Gull, PRL 2024

• It turns out that these are positive 
semi-definite (PSD) functions:

<latexit sha1_base64="zzjt96RAlerHUR553WpwVIbmFVY="></latexit>

GAA(t� t0) = Tr
⇥
⇢A(t)†A(t0)

⇤

• Then this is a PSD matrix:

where 
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Preparing ground states

Variational Quantum Eigensolver

Larger depth circuits

[ Schiffer, Benjamin F., et.al., PRX 
Quantum 3, no. 2 (2022): 020347 ]

[ Kandala, Abhinav, et.al., Nature 
549, no. 7671 (2017): 242-246. ]

Barren Plateau

Adiabatic State Preparation
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Quantum Subspace Expansion

The problem: Hilbert space is unreasonably large…
  

 

|H| = 2N
<latexit sha1_base64="0k0GbyMI7g7SAgbJxHZbcjJa/HA=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgl6EopeepIL9kHYt2TTbhibZJckKpe2v8OJBEa/+HG/+G9N2D9r6YODx3gwz84KYM21c99vJrKyurW9kN3Nb2zu7e/n9g7qOEkVojUQ8Us0Aa8qZpDXDDKfNWFEsAk4bweBm6jeeqNIskvdmGFNf4J5kISPYWOlhXBmjK1R6vO3kC27RnQEtEy8lBUhR7eS/2t2IJIJKQzjWuuW5sfFHWBlGOJ3k2ommMSYD3KMtSyUWVPuj2cETdGKVLgojZUsaNFN/T4yw0HooAtspsOnrRW8q/ue1EhNe+iMm48RQSeaLwoQjE6Hp96jLFCWGDy3BRDF7KyJ9rDAxNqOcDcFbfHmZ1EtF76xYujsvlK/TOLJwBMdwCh5cQBkqUIUaEBDwDK/w5ijnxXl3PuatGSedOYQ/cD5/AFesj3M=</latexit>

… and diagonalization is thus difficult.

A solution: 
1. Project the Hamiltonian into a smaller space spanned by some vectors 
2. Solve the resulting (smaller) generalized eigenvalue problem

3. Show (or hope) that your subspace spans the states of interest
  

 

| ji
<latexit sha1_base64="mPwau/NcOvoFIDY+9bzxjLyWV5M=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBE8laQKeix68VjBfkATy2Y7adduNmF3o5TY/+HFgyJe/S/e/Ddu2xy09cHA470ZZuYFCWdKO863tbS8srq2Xtgobm5t7+yW9vabKk4lxQaNeSzbAVHImcCGZppjO5FIooBjKxheTfzWA0rFYnGrRwn6EekLFjJKtJHunrxEse69J4noc+yWyk7FmcJeJG5OypCj3i19eb2YphEKTTlRquM6ifYzIjWjHMdFL1WYEDokfewYKkiEys+mV4/tY6P07DCWpoS2p+rviYxESo2iwHRGRA/UvDcR//M6qQ4v/IyJJNUo6GxRmHJbx/YkArvHJFLNR4YQKpm51aYDIgnVJqiiCcGdf3mRNKsV97RSvTkr1y7zOApwCEdwAi6cQw2uoQ4NoCDhGV7hzXq0Xqx362PWumTlMwfwB9bnD/JYksw=</latexit>

H| i = ES| i
<latexit sha1_base64="wdzxqcYI1rLxQps0vLxIY5Yas2E=">AAACHnicbVBNS8NAEN34WetX1aOXxSJ4KklV9CIUReixov2AJpTNdtou3WzC7kYosb/Ei3/FiwdFBE/6b9y0RWzrg4HHezPMzPMjzpS27W9rYXFpeWU1s5Zd39jc2s7t7NZUGEsKVRryUDZ8ooAzAVXNNIdGJIEEPoe6379K/fo9SMVCcacHEXgB6QrWYZRoI7Vyp25AdI8SnpSH+MGtKOZKIroc8AW+xr/m7bTZyuXtgj0CnifOhOTRBJVW7tNthzQOQGjKiVJNx460lxCpGeUwzLqxgojQPulC01BBAlBeMnpviA+N0sadUJoSGo/UvxMJCZQaBL7pTO9Vs14q/uc1Y9059xImoliDoONFnZhjHeI0K9xmEqjmA0MIlczcimmPSEK1STRrQnBmX54ntWLBOS4Ub07ypctJHBm0jw7QEXLQGSqhMqqgKqLoET2jV/RmPVkv1rv1MW5dsCYze2gK1tcPOgGijA==</latexit>
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Quantum Subspace Expansion

Which states         to use as a subspace basis?
  

 

| ji
<latexit sha1_base64="mPwau/NcOvoFIDY+9bzxjLyWV5M=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBE8laQKeix68VjBfkATy2Y7adduNmF3o5TY/+HFgyJe/S/e/Ddu2xy09cHA470ZZuYFCWdKO863tbS8srq2Xtgobm5t7+yW9vabKk4lxQaNeSzbAVHImcCGZppjO5FIooBjKxheTfzWA0rFYnGrRwn6EekLFjJKtJHunrxEse69J4noc+yWyk7FmcJeJG5OypCj3i19eb2YphEKTTlRquM6ifYzIjWjHMdFL1WYEDokfewYKkiEys+mV4/tY6P07DCWpoS2p+rviYxESo2iwHRGRA/UvDcR//M6qQ4v/IyJJNUo6GxRmHJbx/YkArvHJFLNR4YQKpm51aYDIgnVJqiiCcGdf3mRNKsV97RSvTkr1y7zOApwCEdwAi6cQw2uoQ4NoCDhGV7hzXq0Xqx362PWumTlMwfwB9bnD/JYksw=</latexit>

Krylov states (classical):

Cortes PRA 2022
Klymko PRXQ 2022
Stair JCTC 2022
Seki PRXQ 2021
Bespalova PRXQ 2021

Colless PRX 2018
McClean PRA 2017
Bharti PRA 2021
Lim QST 2021

Apply Pauli operators, elements of H, or 
creation/annihilation operators

Real time evolution

| ji = H
k
|�0i

<latexit sha1_base64="JRRlL/K6j5psG49mjFoCbuBn56c=">AAACFnicbVBNS8NAEN34WetX1KOXxSJ4sSRV0ItQ9NJjBfsBTQ2b7bRdu9mE3Y1QYn+FF/+KFw+KeBVv/hu3bQ7a+mDg8d4MM/OCmDOlHefbWlhcWl5Zza3l1zc2t7btnd26ihJJoUYjHslmQBRwJqCmmebQjCWQMODQCAZXY79xD1KxSNzoYQztkPQE6zJKtJF8+/jBixXz7zxJRI8DvsBeSHSfEp5WRrcDbOw+853M9u2CU3QmwPPEzUgBZaj69pfXiWgSgtCUE6VarhPrdkqkZpTDKO8lCmJCB6QHLUMFCUG108lbI3xolA7uRtKU0Hii/p5ISajUMAxM5/hmNeuNxf+8VqK75+2UiTjRIOh0UTfhWEd4nBHuMAlU86EhhEpmbsW0TySh2iSZNyG4sy/Pk3qp6J4US9enhfJlFkcO7aMDdIRcdIbKqIKqqIYoekTP6BW9WU/Wi/VufUxbF6xsZg/9gfX5A3Smn4w=</latexit>

| ji = e�iHtj |�0i
<latexit sha1_base64="YyjlF8DKPAd9sBqPObymGU37qqc=">AAACHnicbVDLSgMxFM34rPVVdekmWAQ3lpmq6EYouumygn1Apw6Z9LZNm8kMSUYoY7/Ejb/ixoUigiv9G9N2Ftp6IHA451xy7/EjzpS27W9rYXFpeWU1s5Zd39jc2s7t7NZUGEsKVRryUDZ8ooAzAVXNNIdGJIEEPoe6P7ge+/V7kIqF4lYPI2gFpCtYh1GijeTlzh7cSDGv70oiuhzwJYa75Ji5AdE9SnhSHmHt9UfYxHrMs9OYl8vbBXsCPE+clORRioqX+3TbIY0DEJpyolTTsSPdSojUjHIYZd1YQUTogHShaaggAahWMjlvhA+N0sadUJonNJ6ovycSEig1DHyTHK+tZr2x+J/XjHXnopUwEcUaBJ1+1Ik51iEed4XbTALVfGgIoZKZXTHtEUmoNo1mTQnO7MnzpFYsOCeF4s1pvnSV1pFB++gAHSEHnaMSKqMKqiKKHtEzekVv1pP1Yr1bH9PogpXO7KE/sL5+AJGgosE=</latexit>

| ji = Oj |�0i
<latexit sha1_base64="qFzKcmHd4inpDfKswFN45eD67Tw=">AAACFnicbVBNS8NAEN34WetX1KOXxSJ4sSRV0ItQ9OLNCvYDmhIm22277WYTdjdCif0VXvwrXjwo4lW8+W/ctjlo64OBx3szzMwLYs6Udpxva2FxaXllNbeWX9/Y3Nq2d3ZrKkokoVUS8Ug2AlCUM0GrmmlOG7GkEAac1oPB1div31OpWCTu9DCmrRC6gnUYAW0k3z5+8GLF/L4nQXQ5xRfYC0H3CPD0ZuT3sbF7zHcy27cLTtGZAM8TNyMFlKHi219eOyJJSIUmHJRquk6sWylIzQino7yXKBoDGUCXNg0VEFLVSidvjfChUdq4E0lTQuOJ+nsihVCpYRiYzvHNatYbi/95zUR3zlspE3GiqSDTRZ2EYx3hcUa4zSQlmg8NASKZuRWTHkgg2iSZNyG4sy/Pk1qp6J4US7enhfJlFkcO7aMDdIRcdIbK6BpVUBUR9Iie0St6s56sF+vd+pi2LljZzB76A+vzB3/Bn5M=</latexit>
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Quantum Subspace Expansion

The problem: Hilbert space is unreasonably large…
  

 

|H| = 2N
<latexit sha1_base64="0k0GbyMI7g7SAgbJxHZbcjJa/HA=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgl6EopeepIL9kHYt2TTbhibZJckKpe2v8OJBEa/+HG/+G9N2D9r6YODx3gwz84KYM21c99vJrKyurW9kN3Nb2zu7e/n9g7qOEkVojUQ8Us0Aa8qZpDXDDKfNWFEsAk4bweBm6jeeqNIskvdmGFNf4J5kISPYWOlhXBmjK1R6vO3kC27RnQEtEy8lBUhR7eS/2t2IJIJKQzjWuuW5sfFHWBlGOJ3k2ommMSYD3KMtSyUWVPuj2cETdGKVLgojZUsaNFN/T4yw0HooAtspsOnrRW8q/ue1EhNe+iMm48RQSeaLwoQjE6Hp96jLFCWGDy3BRDF7KyJ9rDAxNqOcDcFbfHmZ1EtF76xYujsvlK/TOLJwBMdwCh5cQBkqUIUaEBDwDK/w5ijnxXl3PuatGSedOYQ/cD5/AFesj3M=</latexit>

… although the physics we care about lives in a small corner of it.

• Ground states
• Excited states
• Thermal states

… and diagonalization is thus difficult.

Eigenvector Continuation: Use ground/excited states of the Hamiltonian 
 at different parameters to span the space of interest

  

 



Ø Ground state varies continuously in a parameter 
space and is spanned by a few low energy state 
vectors.

Using this:

Ø Make a subspace using low energy states at 
different points in parameter space 

Ø Use quantum state preparation techniques to 
get low energy states

D. Frame et.al, Phys. Rev. Lett. 121, 032501
A. Francis, AFK et al., 2209.10571 

7
1

Eigenvector Continuation



Subspace 
Diagonalization

Choose k Hamiltonians   at k parameter points

Solve for    ground state vector

k Low energy state vectors

Energy spectrum across the 
parameter range 

7
2A. Francis, AFK et al., 2209.10571 

Eigenvector Continuation



Subspace 
Diagonalization

Choose k Hamiltonians   at k parameter points

Solve for    ground state vector

k Low energy state vectors

Energy spectrum across the 
parameter range 

7
3C. Mejuto-Zaera, AFK, Electron. Struct. 2023

Eigenvector Continuation



Subspace 
Diagonalization

k low energy state vectors

Energy spectrum across the 
parameter 

We need low energy state vectors – 
Exact ground states are not necessary!

We can use any state preparation method 

74

Choose k Hamiltonians   at k parameter points

Solve for    ground state vector

Eigenvector Continuation



1D 5-site XY Model Adiabatic time evolution

dt = 0.05; d𝐵!/dt = 0.15
750 time steps   
RMS error < 0.09

dt = 0.05; d𝐵!/dt = 1.5 
75 time steps
RMS error > 2.1Adiabatic time evolution

Training 
states K=5
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Approximate Eigenvector Continuation



dt = 0.05; d𝐵!/dt = 0.15
750 time steps   
RMS error < 0.09

dt = 0.05; d𝐵!/dt = 1.5 
75 time steps
RMS error > 2.1

76

Approximate Eigenvector Continuation
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Eigenvector Continuation

Choose two training points:

H = X1X2 + Y1Y2 +Bz(Z1 + Z2)
<latexit sha1_base64="utvtg6JyICEARNxAwwKCv/orluQ=">AAACF3icbZDLSgMxFIYz9VbrrerSTbAIFWGYqYJuhFI3XVaw7fQyhEyaaUMzF5KMUIe+hRtfxY0LRdzqzrcxvSy09YfAx3/O4eT8XsyZVJb1bWRWVtfWN7Kbua3tnd29/P5BQ0aJILROIh4Jx8OSchbSumKKUycWFAcep01veDOpN++pkCwK79Qopm6A+yHzGcFKWyhvdgOsBgTztDqG19BBtoNK8Ay2kN2aQgU9FNvI1tRGpVOUL1imNRVcBnsOBTBXDeW/ur2IJAENFeFYyo5txcpNsVCMcDrOdRNJY0yGuE87GkMcUOmm07vG8EQ7PehHQr9Qwan7eyLFgZSjwNOdkyvkYm1i/lfrJMq/clMWxomiIZkt8hMOVQQnIcEeE5QoPtKAiWD6r5AMsMBE6ShzOgR78eRlaJRM+9ws3V4UypV5HFlwBI5BEdjgEpRBFdRAHRDwCJ7BK3gznowX4934mLVmjPnMIfgj4/MHUSGblA==</latexit>

Bz > 1 : | i = | ##i
<latexit sha1_base64="hSDQEXQ5oyY590nxfBWIDjCiKR8=">AAACI3icbVDLTgIxFO3gC/E16tJNIzFxRWbQREOiIbhxiYk8EiDkTinQ0OmMbUeCyL+48VfcuNAQNy78FwtMooInaXJ6zr23vccLOVPacT6txNLyyupacj21sbm1vWPv7pVVEElCSyTggax6oChngpY005xWQ0nB9ziteL2riV+5p1KxQNzqQUgbPnQEazMC2khNO1doPuBL7ObqdxG08GM9VKwuQXQ4xRfm2gr6AqQM+viHxn7TTjsZZwq8SNyYpFGMYtMemxkk8qnQhINSNdcJdWMIUjPC6ShVjxQNgfSgQ2uGCvCpagynO47wkVFauB1Ic4TGU/V3xxB8pQa+Zyp90F01703E/7xapNvnjSETYaSpILOH2hHHOsCTwHCLSUo0HxgCRDLzV0y6IIFoE2vKhODOr7xIytmMe5LJ3pym84U4jiQ6QIfoGLnoDOXRNSqiEiLoCb2gN/RuPVuv1tj6mJUmrLhnH/2B9fUN5QCkgw==</latexit>

These span the full subspace!
• Only needed 2 sets of measurements
• Covers 2 different magnetization sectors

En
er

gy

Bz < 1 : | i = | "#i+ | #"ip
2

<latexit sha1_base64="whY0WtPBnrQ9QVg2L9w6Kb8rQiE="></latexit>



Subspace 
Diagonalization

Choose k Hamiltonians   at k parameter points

Solve for    ground state vector

k Low energy state vectors

Energy spectrum across the 
parameter range 

7
8A. Francis, AFK et al., 2209.10571 

Eigenvector Continuation
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Lie algebraic methods for quantum computing

Time evolution

Variational ansätze

Dynamical Lie algebras

<latexit sha1_base64="wC1lAFE3XJ7VBAIzlYnBGDGOBHs="></latexit>

DLA := span
�
[ai1 , [ai2 , [· · · [air , aj ] · · · ]]]

 

Given a set of operators ai (either in the operator pool or Hamiltonian)

Their Dynamical Lie Algebra expresses all the operators that can be 
generated by this set

By Euler2.gif: Juansemperederivative work: Xavax - This file was derived from: Euler2.gif:, CC 
BY-SA 3.0, https://commons.wikimedia.org/w/index.php?curid=24338647



Lie algebraic methods for quantum computing

Time evolution

Variational ansätze



Lie algebraic methods for quantum computing

Time evolution

Variational ansätze

N. Khaneja and S. J. Glaser, Chemical Physics 267, 11 (2001)



Lie algebraic methods for quantum computing

Time evolution

Variational ansätze

Dynamical Lie algebras

<latexit sha1_base64="wC1lAFE3XJ7VBAIzlYnBGDGOBHs="></latexit>

DLA := span
�
[ai1 , [ai2 , [· · · [air , aj ] · · · ]]]

 

Given a set of operators ai (either in the operator pool or Hamiltonian)

Their Dynamical Lie Algebra expresses all the operators that can be 
generated by this set

Cartan decomposition for exact 
time evolution

Circuit compression

Unified Framework for Barren 
plateaus in VQA

Complete (DLA) classification of 
1-d nearest neighbor spin models

Kökcü, PRL 2022

Kökcü, PRA 2022
Camps, SIMAX 2022
Kökcü, arXiv:2303.09538

Ragone, arXiv:2309.09342

Wiersema, arXiv:2309.05690
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Time-resolved experiments

Shen group (Stanford)



Exact simulation of a time independent spin Hamiltonian:

87

Main Problem

<latexit sha1_base64="wC1lAFE3XJ7VBAIzlYnBGDGOBHs="></latexit>

DLA := span
�
[ai1 , [ai2 , [· · · [air , aj ] · · · ]]]
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<latexit sha1_base64="wC1lAFE3XJ7VBAIzlYnBGDGOBHs="></latexit>

DLA := span
�
[ai1 , [ai2 , [· · · [air , aj ] · · · ]]]

 

 -type𝔞
 -type𝔞∘

Roeland Wiersema, et al. , arXiv preprint arXiv:2309.05690 (2023).



Exact simulation of a time independent spin Hamiltonian:
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Main Problem

<latexit sha1_base64="wC1lAFE3XJ7VBAIzlYnBGDGOBHs="></latexit>

DLA := span
�
[ai1 , [ai2 , [· · · [air , aj ] · · · ]]]

 



Exact simulation of a time independent spin Hamiltonian:

90

Main Problem



Illustrative Example: TFXY model

● Let us consider a TFXY chain:
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● Let us consider a TFXY chain:

92

We need to find

Illustrative Example: TFXY model

<latexit sha1_base64="JYX3s66jRoKNGqSq4KR2a86rGLM=">AAACGnicbVDJSgNBFOyJe9yiHr00BiFewoyIehFEL0IuCtkgM4aezptJk56F7jdCGPIdXvwVLx4U8SZe/Bs7y8GtoKGoeo/XVX4qhUbb/rQKc/MLi0vLK8XVtfWNzdLWdlMnmeLQ4IlMVNtnGqSIoYECJbRTBSzyJbT8weXYb92B0iKJ6zhMwYtYGItAcIZG6pacoFI7oGfUjRj2VZTX1Yi6EgLs0Dtau3V7LAxB0Stao64SYR+9bqlsV+0J6F/izEiZzHDdLb27vYRnEcTIJdO649gpejlTKLiEUdHNNKSMD1gIHUNjFoH28km0Ed03So8GiTIvRjpRv2/kLNJ6GPlmcpxA//bG4n9eJ8Pg1MtFnGYIMZ8eCjJJMaHjnmhPKOAoh4YwroT5K+V9phhH02bRlOD8jvyXNA+rznH1+OaofH4xq2OZ7JI9UiEOOSHn5Ipckwbh5J48kmfyYj1YT9ar9TYdLViznR3yA9bHF0gxnzM=</latexit>

f(K) = Tr
⇥
vK

†
HK

⇤
<latexit sha1_base64="ls+7T1ToFS/U8h8D/rgkQlCOQFQ=">AAACJXicbZDLSgMxFIYzXmu9jbp0EyyCIJaZKtWFQtGNywr2Am0dMmnahmaSIckUyjAv48ZXcePCIoIrX8VMOwttPRD4+P9zODm/HzKqtON8WUvLK6tr67mN/ObW9s6uvbdfVyKSmNSwYEI2faQIo5zUNNWMNENJUOAz0vCHd6nfGBGpqOCPehySToD6nPYoRtpInn09gjdw4LnwFLZDaqg0o6eS4fOUWVdolYkx9wZnbmKslBLPLjhFZ1pwEdwMCiCrqmdP2l2Bo4BwjRlSquU6oe7ESGqKGUny7UiREOEh6pOWQY4Cojrx9MoEHhulC3tCmsc1nKq/J2IUKDUOfNMZID1Q814q/ue1It276sSUh5EmHM8W9SIGtYBpZLBLJcGajQ0gLKn5K8QDJBHWJti8CcGdP3kR6qWiWy6WHy4Kldssjhw4BEfgBLjgElTAPaiCGsDgGbyCdzCxXqw368P6nLUuWdnMAfhT1vcPMyKhhg==</latexit>

v = h1 + ⇡h2 + ⇡2h3 + . . .+ ⇡nh�1hnh

Find a local minimum of this function
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Algorithm

1) Generate Hamiltonian algebra g(H)
2) Find a Cartan decomposition where H is in m
3) Obtain parameters via local minimum of f(K) 
4) Build the circuit using K and h
5) Then simulate for any t
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●            circuit for TFIM, TFXY, XY
● Applicable for any model 
● Optimize only once for any time t
● Obtained 1st ever self-consistent DMFT 

Hubbard phase diagram on IBM QC.

Cartan Decomposition

T. Steckmann, Phys Rev Research (2023)

https://www.physics.ncsu.edu/kemperlab/papers/Steckmann_DMFT/


Cartan Decomposition Iterative Cartan Decomposition

• Produces exact, fixed depth time evolution unitaries for 
any model.

• Produces unitaries for linear combinations of (anti)-
Hermitian operators (UCC factors).

• We have code available!    
https://github.com/kemperlab/cartan-quantum-synthesizer

2 Algebraic methods for circuit generation

Kökcü PRL (2022) , Steckmann PRR (2023)
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Prepare state of interest Time evolve

A-Z quantum simulation

Dynamical response functions

• Physics-Informed 
Subspace Expansions

• Lie-algebraic methods for 
time evolution

• Open quantum system 
evolution

• Neutron scattering 
(magnon) spectra

• Open quantum system 
Green’s functions

• Dynamical Mean Field 
Theory

Classical post-processing 
techniques
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A-Z quantum simulation

QC HPC QC

HPC

HPC

QC


