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What do you do with a quantum 
state once you’ve prepared one?
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Collaborations with:

• Jim Freericks (Georgetown)

• Bert de Jong, Katie Klymko, Daan Camps, Roel van 
Beeumen, Akhil Francis (LBNL)

• Thomas Steckmann (UMD)

Digital version of 
this talk
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Ising Magnet Heisenberg Magnet

10.1039/c6cp02362b Materials project

Rb2CoF4 RbMnF3
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A Tale of Two Transitions

Optimization of the Variational Quantum Eigensolver for 
Quantum Chemistry Applications

https://doi.org/10.1039/c6cp02362b
https://www.researchgate.net/publication/349025671_Optimization_of_the_Variational_Quantum_Eigensolver_for_Quantum_Chemistry_Applications
https://www.researchgate.net/publication/349025671_Optimization_of_the_Variational_Quantum_Eigensolver_for_Quantum_Chemistry_Applications
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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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Ising Model Heisenberg model
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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
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Correlation functions
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Û

B

8
>>>><

>>>>:
|0i⌦n

1

System qubits

Ancillaries

Raw data (2019)

Error mitigation

This works!

But:

• Need an ancilla with long coherence

• A and B need to be unitary & controlled

• More complex A,B need post-processing

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

Correlation functions



(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>

|0i
<latexit sha1_base64="7v2tXG6CXEc7vcVgStD8Yn5CwSQ=">AAACFXicbVA9TwJBEN3Db/xCLW1WiYkVuUMTLY02lpqIkHCEzC0DbNjbu+zOmZCT2p/gr7DVys7YWlv4X7xDCgVfMy/vzWRmXhAracl1P53C3PzC4tLySnF1bX1js7S1fWujxAisiUhFphGARSU11kiSwkZsEMJAYT0YXOR+/Q6NlZG+oWGMrRB6WnalAMqkdmnPV9ilez+IVMcOw6yk7sg3stcn34DuKWyXym7FHYPPEm9CymyCq3bpy+9EIglRk1BgbdNzY2qlYEgKhaOin1iMQQygh82MagjRttLxKyN+kFigiMdouFR8LOLviRRCm9+ZdYZAfTvt5eJ/XjOh7mkrlTpOCLXIF5FUOF5khZFZRsg70iAR5Jcjl5oLMECERnIQIhOTLLRiloc3/f0sua1WvKNK9fq4fHY+SWaZ7bJ9dsg8dsLO2CW7YjUm2AN7Ys/sxXl0Xp035/2nteBMZnbYHzgf3+NaoAs=</latexit>

HS↵2
<latexit sha1_base64="4LTQYtgfnjBrZJwWUdP10m7Irqc=">AAACB3icbVDLTgJBEJz1ifhCOXqZSEw8kV000SPRi0eM8khgJb1DAxNmH5npNZINH+BXeNWTN+PVz/Dgv7jgHhSsU6WqO11dXqSkIdv+tJaWV1bX1nMb+c2t7Z3dwt5+w4SxFlgXoQp1ywODSgZYJ0kKW5FG8D2FTW90OfWb96iNDINbGkfo+jAIZF8KoFTqFoodwgdKbiZ3SQdUNIRuZdItlOyyPQNfJE5GSixDrVv46vRCEfsYkFBgTNuxI3IT0CSFwkm+ExuMQIxggO2UBuCjcZNZ+Ak/ig1QyCPUXCo+E/H3RgK+MWPfSyd9oKGZ96bif147pv65m8ggigkDMT1EUuHskBFapq0g70mNRDBNjlwGXIAGItSSgxCpGKc15dM+nPnvF0mjUnZOypXr01L1Imsmxw7YITtmDjtjVXbFaqzOBBuzJ/bMXqxH69V6s95/RpesbKfI/sD6+AYroJmn</latexit>

L. Del Re, B. Rost, M. Foss-Feig, AFK, J.K. Freericks
2204.12400

1. Initial state preparation
2. Time evolution until time t1
3. Weak coupling of ancilla and 

system site i.
4. Measuring the ancilla
5. Time evolution until time t2
6. Projective measurement at 

site j
7. Correlating the measured 

outcomes

Anti-commutators Commutators(Anti-)Commutators, dissipative

10.1103/PhysRevLett.111.14720510.1103/PhysRevA.96.022127
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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

2302.10219
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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

2302.10219
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Linear Response

<latexit sha1_base64="KDVfp0prLJMRQw4P5zf3AeUeiT4=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARXJVEfG2EopsuK9gHNDFMppN26MwkzEyEGrLxV9y4UMStn+HOv3HaZqGtBy4czrmXe+8JE0aVdpxva2FxaXlltbRWXt/Y3Nq2d3ZbKk4lJk0cs1h2QqQIo4I0NdWMdBJJEA8ZaYfDm7HffiBS0Vjc6VFCfI76gkYUI22kwN73ONKDMMrqeeDAK+gp2ufo/jGwK07VmQDOE7cgFVCgEdhfXi/GKSdCY4aU6rpOov0MSU0xI3nZSxVJEB6iPukaKhAnys8mD+TwyCg9GMXSlNBwov6eyBBXasRD0zk+V816Y/E/r5vq6NLPqEhSTQSeLopSBnUMx2nAHpUEazYyBGFJza0QD5BEWJvMyiYEd/bledI6qbrn1bPb00rtuoijBA7AITgGLrgANVAHDdAEGOTgGbyCN+vJerHerY9p64JVzOyBP7A+fwDngJX6</latexit>

H0 = �z

<latexit sha1_base64="EgKg7JOYqKquz/xa12bKY0TwRfQ=">AAACC3icbVDLSgMxFM3UV62vUZduQovgqsyIr41Q68ZlBfuAdiyZNNOGJpkhyYhl6N6Nv+LGhSJu/QF3/o2ZaQVtPRA495x7yb3HjxhV2nG+rNzC4tLySn61sLa+sbllb+80VBhLTOo4ZKFs+UgRRgWpa6oZaUWSIO4z0vSHl6nfvCNS0VDc6FFEPI76ggYUI22krl3scKQHfpBcjOE5/CmqWaFon6Pb+65dcspOBjhP3CkpgSlqXfuz0wtxzInQmCGl2q4TaS9BUlPMyLjQiRWJEB6iPmkbKhAnykuyW8Zw3yg9GITSPKFhpv6eSBBXasR905kuq2a9VPzPa8c6OPMSKqJYE4EnHwUxgzqEaTCwRyXBmo0MQVhSsyvEAyQR1ia+ggnBnT15njQOy+5J+fj6qFSpTuPIgz1QBAfABaegAq5ADdQBBg/gCbyAV+vRerberPdJa86azuyCP7A+vgHjGZpV</latexit>

A = B = �x

h(t)h

A simple example: single spin with energy level difference = 2
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Linear Response

<latexit sha1_base64="KDVfp0prLJMRQw4P5zf3AeUeiT4=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARXJVEfG2EopsuK9gHNDFMppN26MwkzEyEGrLxV9y4UMStn+HOv3HaZqGtBy4czrmXe+8JE0aVdpxva2FxaXlltbRWXt/Y3Nq2d3ZbKk4lJk0cs1h2QqQIo4I0NdWMdBJJEA8ZaYfDm7HffiBS0Vjc6VFCfI76gkYUI22kwN73ONKDMMrqeeDAK+gp2ufo/jGwK07VmQDOE7cgFVCgEdhfXi/GKSdCY4aU6rpOov0MSU0xI3nZSxVJEB6iPukaKhAnys8mD+TwyCg9GMXSlNBwov6eyBBXasRD0zk+V816Y/E/r5vq6NLPqEhSTQSeLopSBnUMx2nAHpUEazYyBGFJza0QD5BEWJvMyiYEd/bledI6qbrn1bPb00rtuoijBA7AITgGLrgANVAHDdAEGOTgGbyCN+vJerHerY9p64JVzOyBP7A+fwDngJX6</latexit>

H0 = �z

<latexit sha1_base64="EgKg7JOYqKquz/xa12bKY0TwRfQ=">AAACC3icbVDLSgMxFM3UV62vUZduQovgqsyIr41Q68ZlBfuAdiyZNNOGJpkhyYhl6N6Nv+LGhSJu/QF3/o2ZaQVtPRA495x7yb3HjxhV2nG+rNzC4tLySn61sLa+sbllb+80VBhLTOo4ZKFs+UgRRgWpa6oZaUWSIO4z0vSHl6nfvCNS0VDc6FFEPI76ggYUI22krl3scKQHfpBcjOE5/CmqWaFon6Pb+65dcspOBjhP3CkpgSlqXfuz0wtxzInQmCGl2q4TaS9BUlPMyLjQiRWJEB6iPmkbKhAnykuyW8Zw3yg9GITSPKFhpv6eSBBXasR905kuq2a9VPzPa8c6OPMSKqJYE4EnHwUxgzqEaTCwRyXBmo0MQVhSsyvEAyQR1ia+ggnBnT15njQOy+5J+fj6qFSpTuPIgz1QBAfABaegAq5ADdQBBg/gCbyAV+vRerberPdJa86azuyCP7A+vgHjGZpV</latexit>

A = B = �x

h(t)

Frequency

A simple example: single spin with energy level difference = 2
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Linear Response

<latexit sha1_base64="KDVfp0prLJMRQw4P5zf3AeUeiT4=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARXJVEfG2EopsuK9gHNDFMppN26MwkzEyEGrLxV9y4UMStn+HOv3HaZqGtBy4czrmXe+8JE0aVdpxva2FxaXlltbRWXt/Y3Nq2d3ZbKk4lJk0cs1h2QqQIo4I0NdWMdBJJEA8ZaYfDm7HffiBS0Vjc6VFCfI76gkYUI22kwN73ONKDMMrqeeDAK+gp2ufo/jGwK07VmQDOE7cgFVCgEdhfXi/GKSdCY4aU6rpOov0MSU0xI3nZSxVJEB6iPukaKhAnys8mD+TwyCg9GMXSlNBwov6eyBBXasRD0zk+V816Y/E/r5vq6NLPqEhSTQSeLopSBnUMx2nAHpUEazYyBGFJza0QD5BEWJvMyiYEd/bledI6qbrn1bPb00rtuoijBA7AITgGLrgANVAHDdAEGOTgGbyCN+vJerHerY9p64JVzOyBP7A+fwDngJX6</latexit>

H0 = �z

<latexit sha1_base64="EgKg7JOYqKquz/xa12bKY0TwRfQ=">AAACC3icbVDLSgMxFM3UV62vUZduQovgqsyIr41Q68ZlBfuAdiyZNNOGJpkhyYhl6N6Nv+LGhSJu/QF3/o2ZaQVtPRA495x7yb3HjxhV2nG+rNzC4tLySn61sLa+sbllb+80VBhLTOo4ZKFs+UgRRgWpa6oZaUWSIO4z0vSHl6nfvCNS0VDc6FFEPI76ggYUI22krl3scKQHfpBcjOE5/CmqWaFon6Pb+65dcspOBjhP3CkpgSlqXfuz0wtxzInQmCGl2q4TaS9BUlPMyLjQiRWJEB6iPmkbKhAnykuyW8Zw3yg9GITSPKFhpv6eSBBXasR905kuq2a9VPzPa8c6OPMSKqJYE4EnHwUxgzqEaTCwRyXBmo0MQVhSsyvEAyQR1ia+ggnBnT15njQOy+5J+fj6qFSpTuPIgz1QBAfABaegAq5ADdQBBg/gCbyAV+vRerberPdJa86azuyCP7A+vgHjGZpV</latexit>

A = B = �x

h(t)

Frequency

|h(w)|2

A simple example: single spin with energy level difference = 2
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Su-Schrieffer-Heeger model for polyacetylene

A Bosonic Correlation function: Polarizability

Wiggle potential 
on site 0 (B=n0V0)

Measure density 
on all sites (A=ni)
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Fermionic Linear Response

Notice this is a commutator…
… we might also want to have an anti-commutator

<latexit sha1_base64="tTPXYIql9tQ8tlDntCIaN1d8Ftw="></latexit>

G(t, t0) = �i✓(t� t0)h 0|{A(t),B(t0)}| 0i

Why?

Fermionic creation/
annihilation operators
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2-site Hubbard DMFT (5 qubits)
T. Steckmann et al., 
Phys. Rev. Research 5, 023198 (2023) 

Application of Green’s functions: DMFT

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


T. Steckmann et al., 
Phys. Rev. Research 5, 023198 (2023) 
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Self-consistent DMFT phase diagram showing the metal-
insulator transition for 2-site Hubbard model

2-site Hubbard DMFT

https://www.physics.ncsu.edu/kemperlab/papers/Steckmann_DMFT/
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Fermionic Linear Response

Option 1: Auxiliary operator Option 2: Post-selection

Find an operator P such that:

Example: parity

Then:

2302.10219



23

Fermionic Linear Response

Option 1: Auxiliary operator

Find an operator P such that:

Example: parity

Then:

Option 2: Post-selection

N {N, N+1, N-1}

<latexit sha1_base64="gnqVpEZs8T2E9s1gAV2MxdoonHg=">AAACGHicbVDLSgNBEJz1GeMr6tFLYxAUIe6Kr4sgevEYwaiQjWF20rsZMvtgplcIIZ/hxV/x4kERr7n5N05iDr4KBoqqbnqqgkxJQ6774UxMTk3PzBbmivMLi0vLpZXVa5PmWmBNpCrVtwE3qGSCNZKk8DbTyONA4U3QOR/6N/eojUyTK+pm2Ih5lMhQCk5WapZ2/ZhTOwjhDE7AR+LgKwxpCwTsgLjzWzyKUIOvZdQm2IZmqexW3BHgL/HGpMzGqDZLA7+VijzGhITixtQ9N6NGj2uSQmG/6OcGMy46PMK6pQmP0TR6o2B92LRKC8JU25cQjNTvGz0eG9ONAzs5jGF+e0PxP6+eU3jc6MkkywkT8XUozBVQCsOWoCU1ClJdS7jQ0v4VRJtrLsh2WbQleL8j/yXXexXvsHJwuV8+PRvXUWDrbINtMY8dsVN2waqsxgR7YE/shb06j86z8+a8f41OOOOdNfYDzuATg0GdlQ==</latexit>

B = ⌘
�
c+ c†

� {N, N+1, N-1}

Post-selection on particle number gives us

2302.10219
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Su-Schrieffer-Heeger model for polyacetylene

Linear Response -> Green’s function 2302.10219



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 2302.10219
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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 2302.10219
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Fourier

Linear Response -> Green’s function 2302.10219

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
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Linear Response -> Green’s function

! = 0 ! = 0.4 ! = 0.8 ! = 0.8 ! = 0.8
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!!! − #/2 !!! + #/2

Auxiliary operator Post-selection
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Linear Response -> Green’s function
Why does this work so well?

Data from noisy simulator with one/two qubit noise of 1% and 10%



Linear Response

● Ancilla free

● Momentum and frequency selectivity

● Both bosonic and fermionic correlators

● More noise robust compared to existing methods

2302.10219

E. Kökcü, H.Labib, J.K. Freericks, AFK., arXiv:2302.10219
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Quantum Matter meets Quantum Computing

• Experimental relevance: 
Measuring correlation 
functions

• Measuring exact integer Chern 
numbers for topological states

• Driven/dissipative systems and 
fixed points (1000 Trotter 
steps)

• Time evolution via Lie 
algebraic decomposition and 
compression

• Thermodynamics via Lee-Yang 
Zeros

• Physics-Informed Subspace 
Expansions

https://go.ncsu.edu/kemper-lab
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