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To get to a quantum advantage, we need a problem that is

• Relevant/interesting

• Can be used to interface with non-QC folks

• Runs on a few qubits (< 100)

• Doesn’t require long qubit coherence times
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Quantum computers in 2026

Lex’ definition of quantum advantage: when I can use a quantum 
computer to answer a question relevant to condensed matter 
physicists.
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Quantum computers in 2026
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Lattice Model Impurity Model Bath Discretization

Impurity 
Orbitals

Bath 
Sites

<latexit sha1_base64="HIg5PWEbhiuzjkyf491zqXMCEMI="></latexit>

Gij(t) = �i✓(t)h |{ci(t), c†j}| i

DMFT on Quantum Computers
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Prepare state of interest Time evolve

A-Z quantum simulation

☹ Circuit to prepare 
interacting ground state 
is very deep

☹ Variational approaches 
are very difficult in the 
presence of noise

☹ Standard Trotter decomposition 
leads to deep circuits with many 
gates

☹ Alternative approaches (QSP) 
requires many ancillae

☹ Your results will be very noisy 
anyway

<latexit sha1_base64="HIg5PWEbhiuzjkyf491zqXMCEMI="></latexit>

Gij(t) = �i✓(t)h |{ci(t), c†j}| i



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
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Eigenvector Continuation

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

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



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

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

Ø The spanning states do not have to have any special relation to the problem of 
interest

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

1
5

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 

1
6A. Francis, AFK et al., 2209.10571 

Eigenvector Continuation



Subspace 
Diagonalization

k Low energy state vectors

Energy spectrum across the 
parameter range 

1
7A. Francis, AFK et al., 2209.10571 

Eigenvector Continuation

Choose k Hamiltonians at k parameter points

Solve for ground state vector



Subspace 
Diagonalization

k Low energy state vectors

Energy spectrum across the 
parameter range 

1
8C. Mejuto-Zaera, AFK, Electron. Struct. 2023

Eigenvector Continuation

Choose k Hamiltonians at k parameter points

Solve for ground state vector



Subspace 
Diagonalization

k low energy state vectors

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

We can use any state preparation method 

19

Eigenvector Continuation

Choose k Hamiltonians at k parameter points

Solve for ground state vector

Energy spectrum across the 
parameter range 



1D 5-site XY Model Adiabatic time evolution

Training 
states K=5

20

Approximate Eigenvector Continuation: Adiabatic state preparation
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Approximate Eigenvector Continuation: Adiabatic state preparation

Straightforward subspace expansion -> improved results from adiabatic state preparation

Agrawal, PRA (2025), 10.1103/PhysRevA.111.032607

https://doi.org/10.1103/PhysRevA.111.032607
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Approximate Eigenvector Continuation: Imaginary time evolution

Straightforward subspace expansion -> improved results from imaginary time evolution

Agrawal, PRA (2025), 10.1103/PhysRevA.111.032607

https://doi.org/10.1103/PhysRevA.111.032607
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Noise resilience

Straightforward subspace expansion -> noise resilience

noise

Agrawal, PRA (2025), 10.1103/PhysRevA.111.032607

https://doi.org/10.1103/PhysRevA.111.032607


To get to a quantum advantage, we need a problem that is

• Relevant/interesting

• Can be used to interface with non-QC folks

• Runs on a few qubits (< 100)

• Doesn’t require long qubit coherence times

Lex’ definition of quantum advantage: when I can use a quantum 
computer to answer a question relevant to condensed matter 
physicists.

24
Kreula EPJ Quant. Tech. (2016)
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Image credit: 10.1016/j.chphma.2022.04.009, American Scientist

Impurity 
Orbitals Bath SitesBath Sites

Bath Sites 

Complexity

Free fermions Fully interactingImpurity model

Fermionic Gaussian Subspace

Advantages of a basis based on fermionic gaussian states:

• Polynomially sized calculations to find the ground state

• Easy to prepare on QC

• One basis set spans the necessary space across entire DMFT phase diagam
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“The low energy state is represented as a superposition 
of exp [O(b3)] fermionic Gaussian states.”

“Quantum impurity models provide a natural arena for studying 
the complexity of fermionic systems in an intermediate regime 
interpolating between the free and the fully interacting cases.”

Fermionic Gaussian Subspace



True Impurity 
Ground State

(c) Eigenvector
Continuation

Hamiltonian ParametersHamiltonian Parameters

(b) Chosen subspace of
FGS

(a) Candidate Pool
of FGS

SGS

27
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eH~↵ = eES~↵

Fermionic Gaussian Subspace

N. Hogan, 2508.05738

https://www.arxiv.org/abs/2508.05738


True Impurity 
Ground State

(c) Eigenvector
Continuation

Hamiltonian ParametersHamiltonian Parameters

(b) Chosen subspace of
FGS

(a) Candidate Pool
of FGS

SGS
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1 2 3 4 5 6 7 8 9
NB per impurity site

10°4

10°3

10°2

10°1

¬
C
/d

im
(H

ps N
)

NI = 1

NI = 2

NI = 3

Fermionic Gaussian Subspace

N. Hogan, 2508.05738

https://www.arxiv.org/abs/2508.05738
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ED

Fermionic Gaussian Subspace

N. Hogan, 2508.05738

https://www.arxiv.org/abs/2508.05738


Now that we have the tools, let’s see how it works:

Ø DMFT using sum of Gaussian states (SGS) (Hubbard Model w/ Bethe lattice)

 Shaded region =                         dashed line = 

Increasing 
interaction 
strength on 

impurity

<latexit sha1_base64="b4tUIqZM2+8gXXffFTI2StqkxuQ=">AAACJnicbVDLSgMxFM34rPU16tJNsAiuyoxIdSOIblxWsCp0xuFOmrZhMpmQZMQy7de48VfcuKiIuPNTTOssfB0IHM65h5t7YsmZNp737szMzs0vLFaWqssrq2vr7sbmlc5yRWiLZDxTNzFoypmgLcMMpzdSUUhjTq/j5GziX99RpVkmLs1A0jCFnmBdRsBYKXKPh4HULFAgepziAKRU2T0OdJ7eBqTPoiI59kdW57IPUYKHOJBWTcpA5Na8ujcF/kv8ktRQiWbkjoNORvKUCkM4aN32PWnCApRhhNNRNcg1lUAS6NG2pQJSqsNieuYI71qlg7uZsk8YPFW/JwpItR6ksZ1MwfT1b28i/ue1c9M9CgsmZG6oIF+LujnHJsOTznCHKUoMH1gCRDH7V0z6oIAY22zVluD/Pvkvudqv+4164+KgdnJa1lFB22gH7SEfHaITdI6aqIUIekBPaIxenEfn2Xl13r5GZ5wys4V+wPn4BGj0plo=</latexit>
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Fermionic Gaussian Subspace

N. Hogan, 2508.05738

https://www.arxiv.org/abs/2508.05738
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ÛS Û
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Prepare state of interest Time evolve

A-Z quantum simulation

• Physics-Informed 
Subspace Expansions

• Lie-algebraic methods for 
time evolution

Classical post-processing 
techniques
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Prepare state of interest Time evolve

A-Z quantum simulation

Classical post-processing 
techniques

0 1 2 3 4 5 6 7
Time t

°0.5

0.0

0.5

1.0

h¡
0
|X

0
(t

)X
0
|¡

0
i

Exact

Noiseless Trotter

ibm_sherbrooke (post-selected)

ibm_sherbrooke (post-selected, rescaled)
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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 

0 2 4 6 8 10
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Noise
Projection
Exact

2 4 6 8 10
t

2 4 6 8 10
t
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A.F. Kemper, C. Yang, E. Gull, 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, C. Yang, E. Gull, PRL (2024)



|0i H • •

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 
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Exact

Noiseless Trotter

ibm_sherbrooke (post-selected)

ibm_sherbrooke (post-selected, rescaled)

N. Hogan, E. Kökcü, T. Steckmann, L. Doak, C. Mejuto-Zaera, D. Camps, R. van 
Beeumen, W.A. de Jong, A.F. Kemper, 2508.05738

https://www.arxiv.org/abs/2508.05738
https://www.arxiv.org/abs/2508.05738
https://www.arxiv.org/abs/2508.05738
https://www.arxiv.org/abs/2508.05738
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Subspaces with Eigenvector Continuation

Subspace methods can be readily 
added to many state preparation 
methods!

Agrawal 10.1103/PhysRevA.111.032607, Hogan 2508.05738 

ED

https://doi.org/10.1103/PhysRevA.111.032607
https://www.arxiv.org/abs/2508.05738
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Why Low-Temperature Observables?
•Fundamental physics Insights (like, quantum phase transitions and critical points)
•Practical applications (like, quantum material discovery)

Existing Algorithm Gaps
•QITE/QMETTS: depth blows up at low T, no reuse
•VQG: barren plateaus, no parameter-reuse strategy
•Block-encoding: optimal at high T only
•No efficient cross-parameter thermal estimation

Algorithm Requirements
•Efficient at low temperature (β → large)
•Parameter-reuse across Hamiltonian families
•Observable estimation without full state prep
•Scalable to early FTQC devices

[Motta M, et. al., Nat. Phys. 16, 205–210(2020)] [Powers C, et. al., Sci Rep 13, 1986 (2023)]
[Wang Y, et. al., PRA 16, 054035(2021)] [Seo S, et. al., Nat Comm Phys  4, 58 (2021)]

Preparing thermal states



Algorithm requirements

Target: 
1. Low-temperature thermal states
At low-temperature, thermal state of a system Hamiltonian could be approximated with a few low-energy eigenstates, 𝑘 << |ℋ|

3. A sufficient subspace 
To obtain a sufficient subspace up to convergence, we could repeat the previous step

4. Resource-efficient parameter sweep 
A sufficient low-energy subspace could be used for a family of Hamiltonians using techniques like 
Eigenvector continuation (EC) 

2. Low-energy states 
A low-energy state could be prepared by truncated state preparation methods

%𝜌! =
1
𝑍"

*
#$%

"

𝑒&'(! ∣ ⟩𝐸# ⟨𝐸#|	, 𝑍" = *
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"

𝑒&'(!
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Low-energy states : Truncated State preparation

Quantum Imaginary Time Evolution 

t

Subspace content



Energy gaps: “Low-temperature” is relative

“Low-temperature” Thermal States: The number of lowest eigenstates 
required approximate a thermal state at temperature T depends on the number of 
states within the energy gaps proportional to the energy corresponding to the 
temperature T. 

ℋXXZ = *
)$*

+&*

𝐽 𝑋)𝑋),* + 𝑌)𝑌),* + 𝐽-𝑍)𝑍),* +*
"$*

+

𝐵- 𝑍".

Spectrum of 1D- 8-site XXZ chain
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Spectrum of 1D- 8-site XXZ chain

Results: Thermodynamics near phase transition for N=8
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Results: Thermodynamics near phase transition for N=8

With relatively little computational effort, we can get thermal properties across the phase diagram
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Results: Thermodynamics near phase transition for N=32

With relatively little computational effort, we can get thermal properties across the phase diagram even 
for large N
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Eigenvector Continuation

Subspace methods can be readily 
added to many state preparation 
methods!

Agrawal, PRA (2025), 10.1103/PhysRevA.111.032607

https://doi.org/10.1103/PhysRevA.111.032607

