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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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Measuring Excitations
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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

Somma, Simulating physical phenomena by 
quantum networks (2002)
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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

• 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



(A few) Quantum Algorithm(s) for correlation functions
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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

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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<latexit sha1_base64="8CfxlibnL6HBk+/je9YbtkEMKi8="></latexit>

| (t)i ⇡ | 0i � i

Z t

�1
V (t̄)| 0idt̄

The time evolution operator satisfies

Which is formally solved by

Or approximately(for small V)  by

Thus the wave function is given by

We now pick an operator A to evaluate

Putting the time dependence outside via

<latexit sha1_base64="bN2QAWJGFra0ua5g+WnQEuhPOeU=">AAACHHicbVDLSgMxFM34rPU16tJNsAh1U2Z8b4SqG5cV7AM6Q8mkmTY0kxmSO0Kp/RA3/oobF4q4cSH4N6btLLT1QODknHu5954gEVyD43xbc/MLi0vLuZX86tr6xqa9tV3Tcaooq9JYxKoREM0El6wKHARrJIqRKBCsHvSuR379ninNY3kH/YT5EelIHnJKwEgt+8gTRHYEw16ieREO8AP2IgLdIMSX2TczPDUpvMAtu+CUnDHwLHEzUkAZKi3702vHNI2YBCqI1k3XScAfEAWcCjbMe6lmCaE90mFNQyWJmPYH4+OGeN8obRzGyjwJeKz+7hiQSOt+FJjK0eJ62huJ/3nNFMJzf8BlkgKTdDIoTAWGGI+Swm2uGAXRN4RQxc2umHaJIhRMnnkTgjt98iypHZbc09LJ7XGhfJXFkUO7aA8VkYvOUBndoAqqIooe0TN6RW/Wk/VivVsfk9I5K+vZQX9gff0A3WWfWg==</latexit>

h (t)|A(t)| (t)i =
<latexit sha1_base64="TbSq4rxvhx5PfT6KAWh1e6xPyBA=">AAACGnicbVDLSsNAFJ3UV62vqEs3g0Wom5KIr41QdeOygn1AE8JkOmmHTiZhZiKU2O9w46+4caGIO3Hj3zhpstDWAwNnzrmXe+/xY0alsqxvo7SwuLS8Ul6trK1vbG6Z2zttGSUCkxaOWCS6PpKEUU5aiipGurEgKPQZ6fij68zv3BMhacTv1DgmbogGnAYUI6Ulz7QdhviAEejEknoWfIBOiNTQD+BlTR1m31x3RF52AT2zatWtKeA8sQtSBQWanvnp9COchIQrzJCUPduKlZsioShmZFJxEklihEdoQHqachQS6abT0ybwQCt9GERCP67gVP3dkaJQynHo68psbznrZeJ/Xi9RwbmbUh4ninCcDwoSBlUEs5xgnwqCFRtrgrCgeleIh0ggrHSaFR2CPXvyPGkf1e3T+sntcbVxVcRRBntgH9SADc5AA9yAJmgBDB7BM3gFb8aT8WK8Gx95ackoenbBHxhfP9NZnto=</latexit>

h 0|A(t)| 0i =
<latexit sha1_base64="Hze5/UTdi73diYx4Nf8BDQunbYM="></latexit>
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h 0| [A(t),V(t̄)] | 0idt̄

<latexit sha1_base64="A/P0RRU1RaVjuUqk5zNqbsnirzQ=">AAACB3icbVDLSgMxFL3js9bXqEtBgkWomzIjvjZCqRuXFewD2qFk0kwbmskMSUYopTs3/oobF4q49Rfc+Tdm2hG09UDI4Zx7ufceP+ZMacf5shYWl5ZXVnNr+fWNza1te2e3rqJEElojEY9k08eKciZoTTPNaTOWFIc+pw1/cJ36jXsqFYvEnR7G1AtxT7CAEayN1LEP2iHWfT9A9aI+Rleon34/Gqp07IJTciZA88TNSAEyVDv2Z7sbkSSkQhOOlWq5Tqy9EZaaEU7H+XaiaIzJAPdoy1CBQ6q80eSOMToyShcFkTRPaDRRf3eMcKjUMPRNZbqhmvVS8T+vlejg0hsxESeaCjIdFCQc6QiloaAuk5RoPjQEE8nMroj0scREm+jyJgR39uR5Uj8pueels9vTQrmSxZGDfTiEIrhwAWW4gSrUgMADPMELvFqP1rP1Zr1PSxesrGcP/sD6+AZCsZcE</latexit>
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�A(t) = �i

Z t

�1
h[A(t),B]ih(t̄)dt̄

=

Z 1

1
�R(t, t̄)h(t̄)dt̄

<latexit sha1_base64="2m8HK5iPJMwqdvejFMNMjM+DyCM="></latexit>

�A(t) =

Z 1

1
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Some Mathematics…
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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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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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Fermionic Linear Response

Option 1: Auxiliary operator Option 2: Post-selection

Find an operator P such that:

Example: parity

Then:

2302.10219
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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

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 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



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., arXiv:2302.10219

Digital version of 
this talk



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

<latexit sha1_base64="bHSwacZBcivyEjB1Q0zPcvGA3dU=">AAACC3icbVC7TsNAEDzzDOEVoKQ5ESFCE9mIV5lAQxkkAkhxiM6XjTnlfLbu1kiRlZ6GX6GhACFafoCOv+GSuOA10kqjmV3t7gSJFAZd99OZmp6ZnZsvLBQXl5ZXVktr65cmTjWHJo9lrK8DZkAKBU0UKOE60cCiQMJV0D8d+Vd3oI2I1QUOEmhHLFSiJzhDK3VKW75kKpRA6zd+l4Uh6Aru0noFd3apr8dWp1R2q+4Y9C/xclImORqd0offjXkagUIumTEtz02wnTGNgksYFv3UQMJ4n4XQslSxCEw7G/8ypNtW6dJerG0ppGP1+0TGImMGUWA7I4a35rc3Ev/zWin2jtuZUEmKoPhkUS+VFGM6CoZ2hQaOcmAJ41rYWym/ZZpxtPEVbQje75f/ksu9qndYPTjfL9dO8jgKZJNskQrxyBGpkTPSIE3CyT15JM/kxXlwnpxX523SOuXkMxvkB5z3L2qDmWQ=</latexit>

hA†(t)A(t0)i

31

Further improvements via mathematics

Kemper, Yang, Gull, arXiv:2309.02566 
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Further improvements via mathematics

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

• We can project the noisy data onto 
the nearest PSD function

Kemper, Yang, Gull, arXiv:2309.02566 

<latexit sha1_base64="bHSwacZBcivyEjB1Q0zPcvGA3dU=">AAACC3icbVC7TsNAEDzzDOEVoKQ5ESFCE9mIV5lAQxkkAkhxiM6XjTnlfLbu1kiRlZ6GX6GhACFafoCOv+GSuOA10kqjmV3t7gSJFAZd99OZmp6ZnZsvLBQXl5ZXVktr65cmTjWHJo9lrK8DZkAKBU0UKOE60cCiQMJV0D8d+Vd3oI2I1QUOEmhHLFSiJzhDK3VKW75kKpRA6zd+l4Uh6Aru0noFd3apr8dWp1R2q+4Y9C/xclImORqd0offjXkagUIumTEtz02wnTGNgksYFv3UQMJ4n4XQslSxCEw7G/8ypNtW6dJerG0ppGP1+0TGImMGUWA7I4a35rc3Ev/zWin2jtuZUEmKoPhkUS+VFGM6CoZ2hQaOcmAJ41rYWym/ZZpxtPEVbQje75f/ksu9qndYPTjfL9dO8jgKZJNskQrxyBGpkTPSIE3CyT15JM/kxXlwnpxX523SOuXkMxvkB5z3L2qDmWQ=</latexit>

hA†(t)A(t0)i
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Further improvements via mathematics

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

• We can project the noisy data onto 
the nearest PSD function

• Given sufficiently dense data, a 
unique extension exists* and we can 
extend the data to longer times

Kemper, Yang, Gull, arXiv:2309.02566 

<latexit sha1_base64="bHSwacZBcivyEjB1Q0zPcvGA3dU=">AAACC3icbVC7TsNAEDzzDOEVoKQ5ESFCE9mIV5lAQxkkAkhxiM6XjTnlfLbu1kiRlZ6GX6GhACFafoCOv+GSuOA10kqjmV3t7gSJFAZd99OZmp6ZnZsvLBQXl5ZXVktr65cmTjWHJo9lrK8DZkAKBU0UKOE60cCiQMJV0D8d+Vd3oI2I1QUOEmhHLFSiJzhDK3VKW75kKpRA6zd+l4Uh6Aru0noFd3apr8dWp1R2q+4Y9C/xclImORqd0offjXkagUIumTEtz02wnTGNgksYFv3UQMJ4n4XQslSxCEw7G/8ypNtW6dJerG0ppGP1+0TGImMGUWA7I4a35rc3Ev/zWin2jtuZUEmKoPhkUS+VFGM6CoZ2hQaOcmAJ41rYWym/ZZpxtPEVbQje75f/ksu9qndYPTjfL9dO8jgKZJNskQrxyBGpkTPSIE3CyT15JM/kxXlwnpxX523SOuXkMxvkB5z3L2qDmWQ=</latexit>

hA†(t)A(t0)i
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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



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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Unitary Synthesis: Cartan Decomposition

● Cartan decomposition found its application in generic unitary synthesis for quantum circuits        (*,**)

● It is optimal for SU(4) (2 qubits)! (***)

 (*) N. Khaneja and S. J. Glaser, Chemical Physics 267, 11 (2001).           (**) H. N. Sa Earp and J. K. Pachos, Journal of Mathematical Physics 46, 082108 (2005), doi.org/10.1063/1.2008210.

(***) G. Vidal and C. M. Dawson, Physical Review A 69, 010301 (2004).



Exact simulation of a time independent spin Hamiltonian:

38

Main Problem



Exact simulation of a time independent spin Hamiltonian:

39

Main Problem

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

DLA := span
�
[ai1 , [ai2 , [· · · [air , aj ] · · · ]]]
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Cartan Decomposition and KHK Theorem



Exact simulation of a time independent spin Hamiltonian:

41

Main Problem
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Cartan Decomposition and KHK Theorem
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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 Algebraic Compression

• 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 compression

Kökcü PRL (2022) , Steckmann PRR (2023) Kökcü PRA (2021), Camp SIMAX 2022, Kökcü arXiv:2303.09538
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• Compressed Trotter circuits down to a shallow fixed depth 
circuit for 1-D nearest neighbor TFXY, TFIM, XY and 
Kitaev models.

• Based on 3 easy to check, local properties. 

• We have code available! Check F3C, F3C++ and F3Cpy 
at https://github.com/QuantumComputingLab

Cartan Decomposition Algebraic Compression

• 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

Kökcü PRL (2022) , Steckmann PRR (2023) Kökcü PRA (2021), Camp SIMAX 2022, Kökcü arXiv:2303.09538

2 Algebraic methods for circuit generation

(a) (c) (d)

(b)

QPU Simulator QPU Simulator

Ballistic Anderson Localization
! = 0

! = 1

! = 2

! = 3 ! = 4 ! = 5 ! = 6

1 2 30

5 6 74

9 10 118

13 14 1512

101112131415

43210 5

789

6
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Quantum Matter meets Quantum Computing

• Experimental relevance: 
Measuring correlation 
functions

• Measuring exact integer Chern 
numbers for topological states

• Open quantum evolution 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

! = 0 ! = 0.4 ! = 0.8 ! = 0.8 ! = 0.8
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Digital version of 
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