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Dynamical Mean Field Theory using Subspace Diagonalization of Mean Field States3 Subspace Diagonalization of Mean Field States with 
Eigenvector Continuation (EC)

§ Mean field (MF) theory assumes spins on an impurity 
independently interact with a mean field of strength ! ,	
reducing the Hilbert space from 2!×2! to &×&. However, 
MF fails to capture the physics in the strong interaction 
regime.
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Candidate States

…

…

= selected states

Subspace 
diagonalization with 

EC using selected 
states

§ The Hubbard Model describes electronic systems that undergo the Mott metal-
insulator transition as the strength of the Coulomb interaction U increases.

§ Dynamical Mean Field Theory (DMFT) is a numerical process to solve the 
Hubbard model by self-consistently converging the local Green’s function of 
the Hubbard model, '"#$, with the impurity Green’s function, (%&'.

§ While embedding techniques such as DMFT alleviate the computational cost 
of solving the Hubbard model, the Hilbert space still scales exponentially.

Quantum Computation for Condensed Matter Physics: Explorations of Kemper Lab
Kemper lab group members: Anjali Agrawal1, Omar Alsheikh, Efekan Kökcü, Norman Hogan3, Heba Labib2, Lex Kemper

Hubbard Model

!!"= Hopping from 
site i  to site j

U	= On-site Coulomb 
interaction

Impurity Model
&#= Hopping from 

the impurity to 
bath site b

U	= On-site Coulomb 
interaction (only 
on impurity)

Single Impurity Hamiltonian

§ Using multiple MF states with varying Hamiltonian 
parameters ()(, *, etc.) as a subspace for EC accurately 
captures the ground state even in strong interaction 
regimes.

§ The ground state is needed to calculate +)*+, and 
this classical method saves quantum resources.

)'() = %
*#{↑,↓}

(($ − +)-$,* + /-$,↑-$,↓ Impurity 
terms

Bath on-site energies

Impurity to bath 
hopping

+ %
',*#{↑,↓}
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&'(0$,*0 0',* + ℎ. 0. )

312

U

§ To use EC, the overlap matrix must be invertible. A 
random filtering process is used on the candidate 
MF states to select those that give the lowest 
energy with EC.
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• Adiabatic state preparation (ASP ) with very slow evolution, small (dθ/dt - with varying parameter θ) gives 
ground state at target parameter points. However, evolution with larger (dθ/dt) deviates from lowest energy 
eigenstate and evolving state has finite increasing overlap with other low energy eigenstates. 

• Eigenvector continuation (EC): A few low energy vectors are enough to span the ground state space across a 
Hamiltonian system with a varying parameter (θ).

• Use ,,+	number of vectors from adiabatic time evolution with larger (dθ/dt) as basis vectors to form a subspace

Cheaper adiabatic state preparation using Eigenvector continuation1

Test model : 5-site XY model 1D chain

ASP with EC:
dt = 0.05
d($	/dt =  0.8
-*./ = 3.75
,,+	 = 5	

With EC 
cheaper ASP 
is enough 

ℌ(θ)
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Adiabatic state preparation (large dθ/dt)  
      Exact ground state energy
      From subspace diagonalization using EC  

Subspace Diagonalization using Eigenvector continuation
Subspace = ⟩|20 , ⟩|21 , ⟩|22 , ⟩|23 	; ,,+	 = 4	

                     5(7))4 = 2) ℋ(7) 24  
                           :)4	= 2) 24 	
                  5 7 ⟩|; = <	: ⟩|; 	

ASP

+,$	- Number of basis vectors
ℋ(.) - System Hamiltonian at parameter .
0 .  - Projected Hamiltonian at parameter . 
 1 - Overlap matrix of the basis 
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A Non-Interacting Example: The SSH Model

Linking pump-probe experiments and quantum simulations: a linear response framework

t

Fermionic Correlation Functions

An Interacting Example: The Hubbard Model
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Momentum-selective linear response

Position-selective linear response

Hadamard test method
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B =	∑' 2 cos ;<' [0' + 0'0]
With a frequency selective pulse:

? # = @3 4 5 4 + A(ℎ&)

Delta-Function in time

Broad Frequency Coverage

Confined Oscillations

Frequency Selective!

Response functions represent experimental realizations of 
many-body systems in- and out-of-equilibrium. Our 
method is based on a linear response regime in which the 
quantum state is driven with an applied field of specific 
temporal and spatial structure. The response of the system 
to that field is measured as a function of space and time.

Consider operator P with

We can find P that works well for particle-conserving
and super conducting Hamiltonians.

J(t
)

= >, >5 = −@7 > − >5 ;6 A > , B >5 ;7
= @	7 > − >5 ;6 [A > D > , B(>5)]|;_0⟩

B >5 , D = 0, 56, D = 0:

Probing the Heisenberg model with a Time-
Dependent Coupling Constant J

From Steckmann et al.
10.1103/PhysRevResearch.5.023198
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Why theoretical condensed matter physics?

q To understand many-body systems

§ P.W. Anderson: “More is Different”

q Advancing our knowledge of condensed 
matter systems leads to advancements in 
technology

q Solving problems of interest to many fields

§ Materials science

§ Quantum chemistry

§ Computational science
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Why theoretical condensed matter physics?
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Quantum phase transitions

q Classical phase transitions can 

occur from thermal fluctuations

q Low-temperature behavior 

governed by quantum fluctuations

q Quantum fluctuations lead to 

surprising behavior

§ High-temperature superconductors

§ Mott Metal-Insulator transition
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Quantum phase transitions

q Classical phase transitions can 

occur from thermal fluctuations

q Low-temperature behavior 

governed by quantum fluctuations

q Quantum fluctuations lead to 

surprising behavior

§ High-temperature superconductors

§ Mott Metal-Insulator transition

From Semeniuk et al. 10.1073/pnas.2301456120



Interacting Many-Body Models



The one-band Hubbard Model

q A simple lattice model which can describe quantum 

phase transitions due to many-body interactions

q Strong interactions (correlations) are accounted for 

with the Coulomb repulsion term

§ When U is small, this model is free-fermionic

§ When U is large, electron-electron correlations inhibit 

charge transport

Kinetic energy (“hopping”) Coulomb repulsionChemical 
potential
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†
i#ĉi#
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i� ĉj� + h.c.� µ

X

i,�

ĉ
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ĉ
†
i"ĉi"ĉ
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The one-band Hubbard Model
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Important quantities:
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�1 � (Gij,�(!, k))
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So what’s the big deal about this 
simple model?

From Kotikov et al. 10.3390/particles3020026



The one-band Hubbard Model

q Difficult to solve classically

§ Hilbert space scales exponentially as 2N

q In the infinite-dimensional Hubbard model, the 

correlation effects become local in space

q Consequentially, the self-energy                         is 

momentum-independent

Coulomb repulsion
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218 ⇥ 218 = 262144⇥ 262144 ⇡ 550GB of storage

For 9 sites, there are 2 spins per site which 
require N=18 computational bits to encode

Spin up Spin down
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The one-band Hubbard Model

q Difficult to solve classically

§ Hilbert space scales exponentially as 2N

q In the infinite-dimensional Hubbard model, the 

correlation effects become local in space

q Consequentially, the self-energy                         is 

momentum-independent

<latexit sha1_base64="1X/DBVtJn8vMqFJwHDWmBXH9Jzw=">AAACEXicbVA9SwNBEN3z2/gVtbQ5DEJswp2IWoo2loomEXIhzG3m4uLu3bE7J4bj/oKNf8XGQhFbOzv/jZuYQhMfDDzem2FmXphKYcjzvpyp6ZnZufmFxdLS8srqWnl9o2GSTHOs80Qm+joEg1LEWCdBEq9TjaBCic3w9nTgN+9QG5HEV9RPsa2gF4tIcCArdcrVQAHdhFEeXIqegqKTB4T3lJ9lYQi6WxTVIFHYg91OueLVvCHcSeKPSIWNcN4pfwbdhGcKY+ISjGn5XkrtHDQJLrEoBZnBFPgt9LBlaQwKTTsfflS4O1bpulGibcXkDtXfEzkoY/oqtJ2D+824NxD/81oZRUftXMRpRhjzn0VRJl1K3EE8bldo5CT7lgDXwt7q8hvQwMmGWLIh+OMvT5LGXs0/qB1c7FeOT0ZxLLAtts2qzGeH7JidsXNWZ5w9sCf2wl6dR+fZeXPef1qnnNHMJvsD5+Mbu3WeNw==</latexit>

⌃Hubbard(!)

<latexit sha1_base64="VDgUamSGZvAE3/toFPlbyQBD5g4="></latexit>

GHub(!, k) = GHub(!) =

Z
d✏

⇢(✏)

! � (✏� µ)� ⌃Hub(!)



Single impurity Anderson Model (SIAM)

q Strong interactions occur only on the impurity site

q Electrons can only hop between a bath site and the 

impurity

q In the limit of infinite bath sites, this model is exactly the 

infinite-dimensional Hubbard model

<latexit sha1_base64="MDt00p8zzvyzXn9/k7anrjfGkaw="></latexit>

Ĥimpurity =
NbathX

b�

Vbd̂
†
� ĉb� + h.c.+

NbathX

b�

✏bĉ
†
b� ĉb� +

X

�

(✏imp � µ)d̂†�d̂� + Ud̂
†
"d̂"d̂

†
#d̂#

Coulomb 
repulsion

Impurity on-site 
energy

Bath on-site 
energy

Impurity-bath hopping



Single impurity Anderson Model (SIAM)

q How do we faithfully map the infinite-

dimensional one-band Hubbard Model to the 

SIAM with a finite bath?

Both are local!

<latexit sha1_base64="XSciEDZZCEKpTI70E/BeFsYNcT8=">AAACL3icbVDLSgNBEJz1bXxFPXpZDIJewq6IehQF8ahoVMiG0DvpxMGZnWGmVwxL/siLv+JFRBGv/oWTGPBZ0FBUVdN0pUYKR1H0FIyMjo1PTE5Nl2Zm5+YXyotL507nlmONa6ntZQoOpciwRoIkXhqLoFKJF+n1Qd+/uEHrhM7OqGuwoaCTibbgQF5qlg+TU9FR0CwSwlsqhDK5FdTt9dYTrbADGwkYY/Xtz9hRnqZgW1+pZrkSVaMBwr8kHpIKG+K4WX5IWprnCjPiEpyrx5GhRgGWBJfYKyW5QwP8GjpY9zQDha5RDP7thWteaYVtbf1kFA7U7xsFKOe6KvVJBXTlfnt98T+vnlN7t1GIzOSEGf881M5lSDrslxe2hEVOsusJcN+T4CG/AgucfMUlX0L8++W/5HyzGm9Xt0+2Knv7wzqm2ApbZessZjtsjx2xY1ZjnN2xB/bMXoL74DF4Dd4+oyPBcGeZ/UDw/gEjtauJ</latexit>

⌃impurity(!) ⇡ ⌃Hubbard(!)
<latexit sha1_base64="wnQgXwHLuntoumXYDCFDvjrM9ls=">AAACCHicbVA9SwNBEN3zM8avU0sLD4OgTbgTiZZBm5QRTRRyIcxtJnFx9+7YnRPDkdLGv2JjoYitP8HOf+MmpvDrwcDjvRlm5kWpFIZ8/8OZmp6ZnZsvLBQXl5ZXVt219aZJMs2xwROZ6MsIDEoRY4MESbxMNYKKJF5E1ycj/+IGtRFJfE6DFNsK+rHoCQ5kpY67FZ6JvoJOHhLeUl7Logh0dzjcDROFfdjruCW/7I/h/SXBhJTYBPWO+x52E54pjIlLMKYV+Cm1c9AkuMRhMcwMpsCvoY8tS2NQaNr5+JGht2OVrtdLtK2YvLH6fSIHZcxARbZTAV2Z395I/M9rZdQ7auciTjPCmH8t6mXSo8QbpeJ1hUZOcmAJcC3srR6/Ag2cbHZFG0Lw++W/pLlfDirlyulBqXo8iaPANtk222UBO2RVVmN11mCc3bEH9sSenXvn0XlxXr9ap5zJzAb7AeftEzCqmhc=</latexit>

⌃Hubbard(!)



Single impurity Anderson Model (SIAM)

Weak hybridization

Strong hybridization
From Phillips, Advanced Solid State Physics

<latexit sha1_base64="pR8UdbZoUkQ1vQExFStLkpqVymM="></latexit>

Gimp(!) =
1

! � (✏0 � µ)��(!)� ⌃imp(!) + i⌘
<latexit sha1_base64="QEfNl+qZdP+ZYQUscxCkcuCiMkY=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae2oWw2k3bpZhN2N0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hodua3n1BpnsgHM07Rj+lA8ogzaqz02MNUc5HIftgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yv3hKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2Pgm5QmbE2BLKFLe3EjakijJjQyrZELzll1dJ66Lq1aq1+8tK/SaPowgncArn4MEV1OEOGtAEBhKe4RXeHO28OO/Ox6K14OQzx/AHzucPyO+RAg==</latexit>✏d



Single impurity Anderson Model (SIAM)

From Kotikov et al. 10.3390/particles3020026

<latexit sha1_base64="pR8UdbZoUkQ1vQExFStLkpqVymM="></latexit>

Gimp(!) =
1

! � (✏0 � µ)��(!)� ⌃imp(!) + i⌘
<latexit sha1_base64="QEfNl+qZdP+ZYQUscxCkcuCiMkY=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae2oWw2k3bpZhN2N0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hodua3n1BpnsgHM07Rj+lA8ogzaqz02MNUc5HIftgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yv3hKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2Pgm5QmbE2BLKFLe3EjakijJjQyrZELzll1dJ66Lq1aq1+8tK/SaPowgncArn4MEV1OEOGtAEBhKe4RXeHO28OO/Ox6K14OQzx/AHzucPyO+RAg==</latexit>✏d



Dynamical Mean Field Theory



Self-consistency procedure

<latexit sha1_base64="1eWiev6PqnNnCYUJhJgAD1UgHkU="></latexit>

�(!) =
NbathX

b

V 2
b

! � ✏b + i⌘

<latexit sha1_base64="HEz+LAe3Uje4FJACqa3a1OQtNc0=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBDEQ9gViR6DevAYwTwgWcPspDcZMju7zswKYclPePGgiFd/x5t/4+Rx0MSChqKqm+6uIBFcG9f9dpaWV1bX1nMb+c2t7Z3dwt5+XcepYlhjsYhVM6AaBZdYM9wIbCYKaRQIbASD67HfeEKleSzvzTBBP6I9yUPOqLFSs32DwtCH006h6JbcCcgi8WakCDNUO4WvdjdmaYTSMEG1bnluYvyMKsOZwFG+nWpMKBvQHrYslTRC7WeTe0fk2CpdEsbKljRkov6eyGik9TAKbGdETV/Pe2PxP6+VmvDSz7hMUoOSTReFqSAmJuPnSZcrZEYMLaFMcXsrYX2qKDM2orwNwZt/eZHUz0peuVS+Oy9WrmZx5OAQjuAEPLiACtxCFWrAQMAzvMKb8+i8OO/Ox7R1yZnNHMAfOJ8/gRWPow==</latexit>

�⇤

<latexit sha1_base64="ZOw6X3Qb149l+PNS6aIVIbIDdsk=">AAACJ3icbVDLSsNAFJ3UV62vqks3wSLURUsiUt0oRRe6rGhboWnLZDpph84kYeZGLCF/48ZfcSOoiC79E6ePhW09MHA451zm3uOGnCmwrG8jtbC4tLySXs2srW9sbmW3d2oqiCShVRLwQN67WFHOfFoFBpzeh5Ji4XJad/uXQ7/+QKVigX8Hg5A2Be76zGMEg5ba2XPnlnUFbscO0EeImQiT5CzfbVmHrbhgJ4W8IzD0CObxVTIVGvvtbM4qWiOY88SekByaoNLOvjmdgESC+kA4VqphWyE0YyyBEU6TjBMpGmLSx13a0NTHgqpmPLozMQ+00jG9QOrngzlS/07EWCg1EK5ODrdWs95Q/M9rROCdNmPmhxFQn4w/8iJuQmAOSzM7TFICfKAJJpLpXU3SwxIT0NVmdAn27MnzpHZUtEvF0s1xrnwxqSON9tA+yiMbnaAyukYVVEUEPaEX9I4+jGfj1fg0vsbRlDGZ2UVTMH5+AR1Gprk=</latexit>

⌃imp = (g0)�1 � (Gimp)
�1

<latexit sha1_base64="0cik1UUns48DdTyXX37vIFtcAg4=">AAACEHicbVBNS8NAEN34WetX1KOXYBE9lUSkehGKXnqsaD+gCWGz3bZLd5OwOxFLyE/w4l/x4kERrx69+W/ctjnY1gcDj/dmmJkXxJwpsO0fY2l5ZXVtvbBR3Nza3tk19/abKkokoQ0S8Ui2A6woZyFtAANO27GkWASctoLhzdhvPVCpWBTewyimnsD9kPUYwaAl3zxx71hfYD91gT5CykScZVezWi0Jssw3S3bZnsBaJE5OSihH3Te/3W5EEkFDIBwr1XHsGLwUS2CE06zoJorGmAxxn3Y0DbGgyksnD2XWsVa6Vi+SukKwJurfiRQLpUYi0J0Cw0DNe2PxP6+TQO/SS1kYJ0BDMl3US7gFkTVOx+oySQnwkSaYSKZvtcgAS0xAZ1jUITjzLy+S5lnZqZQrt+el6nUeRwEdoiN0ihx0gaqohuqogQh6Qi/oDb0bz8ar8WF8TluXjHzmAM3A+PoFx8ieWA==</latexit>

⌃imp = ⌃Hub

<latexit sha1_base64="/WSylvNgyfXWMv/EgQaYifDJyaU=">AAAB9XicbVDJSgNBEO2JW4xb1KOXxiB4CjMi0WPQgzlGMAskY+jp1CRNeha6a9QwzH948aCIV//Fm39jZzlo4oOCx3tVVNXzYik02va3lVtZXVvfyG8WtrZ3dveK+wdNHSWKQ4NHMlJtj2mQIoQGCpTQjhWwwJPQ8kbXE7/1AEqLKLzDcQxuwAah8AVnaKT7m17aRXjCtJZ4WdYrluyyPQVdJs6clMgc9V7xq9uPeBJAiFwyrTuOHaObMoWCS8gK3URDzPiIDaBjaMgC0G46vTqjJ0bpUz9SpkKkU/X3RMoCrceBZzoDhkO96E3E/7xOgv6lm4owThBCPlvkJ5JiRCcR0L5QwFGODWFcCXMr5UOmGEcTVMGE4Cy+vEyaZ2WnUq7cnpeqV/M48uSIHJNT4pALUiU1UicNwokiz+SVvFmP1ov1bn3MWnPWfOaQ/IH1+QMRa5Ln</latexit>

GHub



Self-consistency procedure

q How can we efficiently find the ground state of the impurity model with many bath 

sites?

q What is the most practical way of calculating the impurity Green’s function?

q What tools currently exist to assist with solving problems with exponentially scaling 

Hilbert spaces?

Requires saving and 
diagonalizing a Hilbert 

space of size 2N

<latexit sha1_base64="9d+Psp/5v8Y4XzwHpYdHvMhbz0I="></latexit>

Gimp(t) = �ih 0|d̂(t)d̂†| 0i
<latexit sha1_base64="XRnxrdY9/qUwa/wDAqeS0V+1DUs="></latexit>

Gimp(t) = �ih 0|eiĤimptd̂e�iĤimptd̂†| 0i



Self-consistency procedure

q How can we efficiently find the ground state of the impurity model with many bath 

sites?

q What is the most practical way of calculating the impurity Green’s function?

q What tools currently exist to assist with solving problems with exponentially scaling 

Hilbert spaces?

<latexit sha1_base64="9d+Psp/5v8Y4XzwHpYdHvMhbz0I="></latexit>

Gimp(t) = �ih 0|d̂(t)d̂†| 0i
<latexit sha1_base64="XRnxrdY9/qUwa/wDAqeS0V+1DUs="></latexit>

Gimp(t) = �ih 0|eiĤimptd̂e�iĤimptd̂†| 0i



Quantum Subspace 
Diagonalization



q The ground state of a system is typically 

spanned by a few low-energy vectors

q Selecting a few low-energy vectors in 

parameter space can give a good 

approximation of the ground state

Eigenvector Continuation

D. Frame et.al, Phys. Rev. Lett. 121, 032501

<latexit sha1_base64="Bkw8eQELucbflNf0OUgiTkmoVws=">AAACF3icbVDLSsNAFJ34rPUVdekmWARXIRGpboSimy4r2Ac0IUymN+3QySTMTIQS+xdu/BU3LhRxqzv/xmmbhW09MHDmnHOZuSdMGZXKcX6MldW19Y3N0lZ5e2d3b988OGzJJBMEmiRhieiEWAKjHJqKKgadVACOQwbtcHg78dsPICRN+L0apeDHuM9pRAlWWgpM2xtgldfHj14qaeB4AvM+g2sP9JXpgDNvBGbFsZ0prGXiFqSCCjQC89vrJSSLgSvCsJRd10mVn2OhKGEwLnuZhBSTIe5DV1OOY5B+Pt1rbJ1qpWdFidCHK2uq/p3IcSzlKA51MsZqIBe9ifif181UdOXnlKeZAk5mD0UZs1RiTUqyelQAUWykCSaC6r9aZIAFJkpXWdYluIsrL5PWue1W7erdRaV2U9RRQsfoBJ0hF12iGqqjBmoigp7QC3pD78az8Wp8GJ+z6IpRzByhORhfvybhoI0=</latexit>

Ĥ| 0i = ✏0| 0i
<latexit sha1_base64="iaueR3PZmPIaaMxgDSUQC3uLEb8=">AAACGXicbVDLSsNAFJ34rPUVdelmsAiuSiJS3QhFN11WsA9oQphMJ+20k0mYmQglzW+48VfcuFDEpa78G6dpFtp64MKZc+5l7j1+zKhUlvVtrKyurW9slrbK2zu7e/vmwWFbRonApIUjFomujyRhlJOWooqRbiwICn1GOv74duZ3HoiQNOL3ahITN0QDTgOKkdKSZ1rOEKm0kXkpHWXXDkN8wIgTD6lHp4U1zZ8jR+SeZ1asqpUDLhO7IBVQoOmZn04/wklIuMIMSdmzrVi5KRKKYkayspNIEiM8RgPS05SjkEg3zS/L4KlW+jCIhC6uYK7+nkhRKOUk9HVniNRQLnoz8T+vl6jgyk0pjxNFOJ5/FCQMqgjOYoJ9KghWbKIJwoLqXSEeIoGw0mGWdQj24snLpH1etWvV2t1FpX5TxFECx+AEnAEbXII6aIAmaAEMHsEzeAVvxpPxYrwbH/PWFaOYOQJ/YHz9ANb+ohY=</latexit>

Ĥij = h�i|Ĥ|�ji
<latexit sha1_base64="l3Z6lBXZghDfZU7025jX7Lx9NyQ=">AAACC3icbVDLSsNAFL3xWesr6tJNaBFclUSkuhGKblxWtA9oQphMp+20k0mYmQgldu/GX3HjQhG3/oA7/8ZpmoW2Hrjcwzn3MnNPEDMqlW1/G0vLK6tr64WN4ubW9s6uubfflFEiMGngiEWiHSBJGOWkoahipB0LgsKAkVYwupr6rXsiJI34nRrHxAtRn9MexUhpyTdLt35Kh5MLlyHeZ8SNB9SnD1kbuiLTfLNsV+wM1iJxclKGHHXf/HK7EU5CwhVmSMqOY8fKS5FQFDMyKbqJJDHCI9QnHU05Con00uyWiXWkla7Vi4QurqxM/b2RolDKcRjoyRCpgZz3puJ/XidRvXMvpTxOFOF49lAvYZaKrGkwVpcKghUba4KwoPqvFh4ggbDS8RV1CM78yYukeVJxqpXqzWm5dpnHUYBDKMExOHAGNbiGOjQAwyM8wyu8GU/Gi/FufMxGl4x85wD+wPj8AQJlm68=</latexit>

Sij = h�i|�ji
<latexit sha1_base64="EAaFeYgYiOjZzpA4V6PTPrPko9w=">AAACI3icbVDLSgMxFM3UV62vUZdugkVwVWZEqghC0U2XFe0DOmXIpLdtbCYzJBmhjP0XN/6KGxdKcePCfzF9LLTtgcDJOeeS3BPEnCntON9WZmV1bX0ju5nb2t7Z3bP3D2oqSiSFKo14JBsBUcCZgKpmmkMjlkDCgEM96N+O/foTSMUi8aAHMbRC0hWswyjRRvLtK69HdFoe+il7HD57sWK+40kiuhyuPTBXblIOvl/i+3beKTgT4EXizkgezVDx7ZHXjmgSgtCUE6WarhPrVkqkZpTDMOclCmJC+6QLTUMFCUG10smOQ3xilDbuRNIcofFE/TuRklCpQRiYZEh0T817Y3GZ10x057KVMhEnGgSdPtRJONYRHheG20wC1XxgCKGSmb9i2iOSUG1qzZkS3PmVF0ntrOAWC8W783zpZlZHFh2hY3SKXHSBSqiMKqiKKHpBb+gDfVqv1rs1sr6m0Yw1mzlE/2D9/AIemKXM</latexit>

Ĥij | 0i = ✏0Sij | 0i

<latexit sha1_base64="M8jRabtk2SwEpTpJbTB6D3chubU=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseilx4r2A9oQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7ud+54lrI2L1iNOE+xEdKREKRtFKnf6YYtaYDcoVt+ouQNaJl5MK5GgOyl/9YczSiCtkkhrT89wE/YxqFEzyWamfGp5QNqEj3rNU0YgbP1ucOyMXVhmSMNa2FJKF+nsio5Ex0yiwnRHFsVn15uJ/Xi/F8NbPhEpS5IotF4WpJBiT+e9kKDRnKKeWUKaFvZWwMdWUoU2oZEPwVl9eJ+2rqler1h6uK/W7PI4inME5XIIHN1CHBjShBQwm8Ayv8OYkzovz7nwsWwtOPnMKf+B8/gBq3o+k</latexit>

Ĥ
<latexit sha1_base64="qk6FYrnGcj2fgCJ7VQra6O+SrGw=">AAAB83icbVBNS8NAEJ34WetX1aOXYBE8lUSkeix66bGC/YAmlM12067dbMLuRCghf8OLB0W8+me8+W/ctjlo64OBx3szzMwLEsE1Os63tba+sbm1Xdop7+7tHxxWjo47Ok4VZW0ai1j1AqKZ4JK1kaNgvUQxEgWCdYPJ3czvPjGleSwfcJowPyIjyUNOCRrJ88YEs2Y+yPhjPqhUnZozh71K3IJUoUBrUPnyhjFNIyaRCqJ133US9DOikFPB8rKXapYQOiEj1jdUkohpP5vfnNvnRhnaYaxMSbTn6u+JjERaT6PAdEYEx3rZm4n/ef0Uwxs/4zJJkUm6WBSmwsbYngVgD7liFMXUEEIVN7fadEwUoWhiKpsQ3OWXV0nnsubWa/X7q2rjtoijBKdwBhfgwjU0oAktaAOFBJ7hFd6s1Hqx3q2PReuaVcycwB9Ynz997JIA</latexit>

Ĥij

<latexit sha1_base64="Ecj+3Kkg6iGwHKjbqdXBcpgSJ0o=">AAACJXicbZDLSsNAFIYn9VbrLerSTbAIglCSKtWFQtGNywr2Ak0IJ9NpO3QyCTMTocS+jBtfxY0LiwiufBWnbRa29YeBn++cw5nzBzGjUtn2t5FbWV1b38hvFra2d3b3zP2DhowSgUkdRywSrQAkYZSTuqKKkVYsCIQBI81gcDepN5+IkDTij2oYEy+EHqddikFp5JvXz27cp/65K4D3GLlxgcV98J0ZdjJ8No/LGfbNol2yp7KWjZOZIspU882x24lwEhKuMAMp244dKy8FoShmZFRwE0liwAPokba2HEIivXR65cg60aRjdSOhH1fWlP6dSCGUchgGujME1ZeLtQn8r9ZOVPfKSymPE0U4ni3qJsxSkTWJzOpQQbBiQ20AC6r/auE+CMBKB1vQITiLJy+bRrnkVEqVh4ti9TaLI4+O0DE6RQ66RFV0j2qojjB6QW/oA42NV+Pd+DS+Zq05I5s5RHMyfn4BbAul1w==</latexit>

|�3i = ↵1|�1i+ ↵1|�2i

Parameter space



q Using Eigenvector Continuation, low-

energy states can be selected in different 

points of parameter space and used as a 

subspace

q How do we find low-energy states 

corresponding to the impurity model?

Eigenvector Continuation

A. Francis, et. al., 2209.10571



Mean field approximation

<latexit sha1_base64="+EZ99X7Ny5eXCMh/9H2LDARDV9w="></latexit>

Ĥimp = Ĥ0 + Ĥint !
X

ij

hij ĉ
†
i ĉj

2N ✕ 2N problem N ✕ N problem

Can ground states from this N ✕ N mean-field problem be used as a 
subspace for Eigenvector Continuation? 

Mean-field (MF) 
approximation

Free fermionic!
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q Using Eigenvector 

Continuation with 

mean-field states, we 

see a metal-insulator 

transition!

q A maximum of 6 MF 

states are needed to 

form a reliable 

subspace

Preliminary results

Hubbard Model Density of States (4 sites)
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Why quantum computation?

q A quantum state can be directly encoded onto 

qubits

q Time evolution can be performed by unitary 

operations

q Our system size is small enough that, with 

proper error mitigation and signal analysis, it 

is well-suited for current-term quantum 

devices
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From Z. Liang et al., Qiskit

q Quantum state preparation 
techniques:

§ Variational methods (VQE)

§ Time evolution methods (adiabatic, 
imaginary)

q Being able to directly encode a free-
fermionic state using a subspace of 
MF states will save quantum 
resources!

State preparation
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Time evolution

From Steckmann et al.
10.1103/PhysRevResearch.5.023198

q State-of-the-art: Steckmann et al.

q Performed 2-site DMFT self-consistency on 

real quantum hardware

§ State prep: VQE

§ Time evolution: Fast-forwarding 

dynamics with a fixed-depth circuit 

      (E. Kökcü 10.1103/PhysRevLett.129.070501)

q Future goal: Use subspace diagonalization 

with MF states as a state preparation 

technique, then use fast-forwarding circuits 

for time evolution on real hardware
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