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Quantum diagonalization algorithms
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Many quantum algorithms for approximating ground states (and energies)

Quantum Phase Estimation
Variational Quantum Eigensolver

Adiabatic State Preparation
…and endless variations, extensions, and other approaches

Commonly touted as the first useful application of
quantum computers…

And yet…



Quantum advantage
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Quantum algorithm that verifiably outperforms all known classical methods in:

accuracy,

runtime,

or energy usage/cost

• We have seen early examples of plausible quantum advantage for dynamics tasks

• We have not yet seen it for ground state energies

Motivating question: what is a constructive path towards quantum advantage for ground state energy?



Quantum advantage
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Scaling advantage Advantage in practice

Can we identify a slice of problem instances 
where quantum algorithms outperform 

classical in practice?

vs

https://arxiv.org/pdf/2208.02199



Sample-based quantum diagonalization algorithms
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1. Given  Hamiltonian ground state problem…

2. Sample configs from quantum circuit(s)

3. Project Hamiltonian onto config basis

4. Diagonalize projected Hamiltonian

2n × 2n

• Require approximately sparse ground state
• Offer variational, classically-verifiable energies

Potential for verifiable quantum advantage
⇓

↓

First proposed in QSCI: https://arxiv.org/abs/2302.11320



Sample-based Krylov Quantum Diagonalization (SKQD)
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Overlap of reference state with 
ground state: 1/poly(n)

Spectral gap: 
1/poly(n)

Ground state 
approximately sparse

Ground state converges efficiently with 
 circuits and shots#

arxiv:2501.09702

Guided sparse 
ground state 
problem



Approximate sparsity
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Approximate sparsity required for SKQD to converge: for  with comp. basis  and

,

we require there to exist  such that

 and 

•  should be 

•  controls the energy error

•  controls the success probability (to find all  “good configurations”)

|ψg.s.⟩ = ∑
i

ci |xi⟩ |xi⟩

|c0 | ≥ |c1 | ≥ |c2 | ≥ ⋯
L, α, β

L−1

∑
i=0

|ci |
2 ≥ α |ci |

2 ≥ β ∀i < L

L poly(n)
1 − α ≪ 1
β ≥ 1/poly(n) L

From here on, we focus on exact sparsity: |ci | = 0 ∀i ≥ L



Sparsity and classical simulability
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Two primary worries about sparse ground states:
1.  Guided sparse ground state problem (*with sparse initial state) is classically efficiently simulable

• Algorithm is a truncated variant of power method
• Asymptotic total runtime scaling is identical to SKQD up to polylog factors

•   best we can hope for with SKQD* is speedup in practice

2.  Many classical heuristics exist to produce sparse ground state approximations efficiently in practice
• Selected configuration interaction heuristics
• Truncated variant of Arnoldi’s method
• DMRG (MPS can represent sparse vector with bond dim’n = sparsity)

1

⇒

arxiv:1112.2679 1



First experiments: impurity models

10arxiv:2501.09702

<latexit sha1_base64="xln59y4psJ29nX+TiQ+XbN5vp+o="></latexit>

Relative error =

∣∣∣∣
ESKQD → EDMRG

EDMRG

∣∣∣∣

ε ∼ Uniform(−2,2)
t = − 1
t′￼ = − 0.5
U = 10
V = 0.16

Fact that SCI (HCI) converges indicates sparsity is perturbative



Cartoon: perturbative sparsity
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"Core" of few important 
configurations

Example: single-reference or weakly multi-reference chemical systems

1st-order configurations

2nd-order configurations

et cetera (rest of Hilbert space)



Strategy
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Design ground state problems to be “easy” for SKQD 
and “hard” for classical methods

Choose challenging, interesting physics Try to get quantum advantage

Design ideal physics for quantum advantage Work backward towards physical interest

“Standard” approach

This project



Strategy

13

Design ground state problems to be “easy” for SKQD 
and “hard” for classical methods

Build a family of Hamiltonians such that…

1. Conditions for guided sparse ground state problem hold:

• sparse ground state

• good initial state overlap (guiding state)

• nonzero spectral gap (for finite sized instances)

2. Support of ground state is challenging to find by perturbation theory



Classical target for this phase
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Example cost function (CIPSI/ASCI):

Truncation to  highest ranked or all above 

fi(x) =
⟨x |H |ψ(i−1)

g.s. ⟩

|⟨x |H |x⟩ − E(i−1)
g.s. |

k ϵ > 0

Selected configuration interaction (SCI)
1.  Input: Hamiltonian , initial configuration 

2.  

3.  projector onto 

4.  For :
5.       Expand  to configurations connected by 
6.       Truncate  according to cost function 

7.  Return lowest eigenvalue of 

H |x0⟩
S ← { |x0⟩}
ΠS := S

i = 1,2,...
S H
S fi

ΠSHΠS



Construction sketch
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1. Partition qubits into equal-sized “patches”
2. Within patch, choose “path”  of configurations

• E.g. 10000000, 01000000, …, 00000001
3. Engineer interactions within  such that 

SCI struggles to traverse path
4. Engineer outgoing interactions from  such 

that
lowest energy state of patch = lowest on 

S0

S0

S0

S0

Other configurations in 

Patch

Result:
(1) global ground state is product of patch ground states, each supported on 

(2) other eigenstates are entangled across patches

S0



Construction: key component #1
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HS0
=

a + 1
2 1 b 0 0 0 0 0

1 a c 0 0 0 0 0
b c a + 2 1 0 0 0 0
0 0 1 a + 2 1 0 0 0
0 0 0 1 a + 1 1 0 0
0 0 0 0 1 a + 1 1 0
0 0 0 0 0 1 a + 1 1
0 0 0 0 0 0 1 a

,

a ≈ 0.907, b ≈ − 0.788, c ≈ − 0.615

Let  denote th lowest eigenvector of  principal submatrix.

Key facts:

1.  is supported on first two entries for 

2.   for 

3.  (g.s. of ) is supported everywhere

ψ( j)
i i j × j

ψ( j)
0 j = 2,...,7

⇒ ⟨j |HS0
|ψ( j)

0 ⟩ = 0 j = 2,...,7

ψ(8)
0 HS0

 Recall: CIPSI cost function

fi(x) =
⟨x |H |ψ(i−1)

g.s. ⟩

|⟨x |H |x⟩ − E(i−1)
g.s. |



Construction: key component #2
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HS0

Hpatch =

Choose interactions such that

 padded with zeros is eigenstate of 

Choose remaining interactions (defining      ) 
such that  has lowest energy 

⇒ |ψ(8)
0 ⟩ H

|ψ(8)
0 ⟩

⋅ |ψ(8)
0 ⟩ = 0

lowest eigenstate of HS0



Construction: key component #2

18

HS0

Hpatch =

Conveniently,

 padded with zeros is eigenstate of 

Choose remaining interactions (defining      ) 
such that  has lowest energy 

⇒ |ψ(8)
0 ⟩ H

|ψ(8)
0 ⟩

⋅ |ψ(8)
0 ⟩ = 0

lowest eigenstate of HS0

HS0

HS0

HS0

HS0



Construction: specifics
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• “Support configurations”  of patch ground state: 

• Configurations  coupled at first-order: 

                              acting on  becomes local-ish along path (since  is nearly tridiagonal)

• Other configurations couple to  via transitions like 

S0

|1000000000000000⟩

16 qubit path

, |0010000000000000⟩, . . . , |0000000000000010⟩

S1

|0100000000000000⟩, |0001000000000000⟩, . . . , |0000000000000001⟩

⇒ S0 ∪ S1 HS0

S1 |10⟩ ↔ |11⟩

HS0

HS0

HS0

HS0 “controlled” on  in |1⟩ S1



49Q experimental instance
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3 patches  ground state sparsity 

 and configs coupled to  at 1st-order are 
Hamming-wt-1, alternating along paths

Resulting 419 Pauli terms have weight  
and distance

⇒ 83 = 512

S0 S0

≤ 2
≤ 6
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Experimental results:
49 qubit test
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<latexit sha1_base64="nr919HDJUmEqYJTa2VdSaFkMP7I=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoMQL2FXfB2DXjxGMA/ILmF2MpsMmZldZnrFsOQ3vHhQxKs/482/cZLsQRMLGoqqbrq7wkRwA6777RRWVtfWN4qbpa3tnd298v5By8SppqxJYxHrTkgME1yxJnAQrJNoRmQoWDsc3U799iPThsfqAcYJCyQZKB5xSsBKvg/sCbTMquR00itX3Jo7A14mXk4qKEejV/7y+zFNJVNABTGm67kJBBnRwKlgk5KfGpYQOiID1rVUEclMkM1unuATq/RxFGtbCvBM/T2REWnMWIa2UxIYmkVvKv7ndVOIroOMqyQFpuh8UZQKDDGeBoD7XDMKYmwJoZrbWzEdEk0o2JhKNgRv8eVl0jqreZe1i/vzSv0mj6OIjtAxqiIPXaE6ukMN1EQUJegZvaI3J3VenHfnY95acPKZQ/QHzucP9wSRpg==</latexit>

(a)
<latexit sha1_base64="fcDGz0eRlLV8kt7vtw9hng5JWsc=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoMQL2FXfB2DXjxGMA/ILmF2MpsMmZldZnrFsOQ3vHhQxKs/482/cZLsQRMLGoqqbrq7wkRwA6777RRWVtfWN4qbpa3tnd298v5By8SppqxJYxHrTkgME1yxJnAQrJNoRmQoWDsc3U799iPThsfqAcYJCyQZKB5xSsBKvg/sCbTMquHppFeuuDV3BrxMvJxUUI5Gr/zl92OaSqaACmJM13MTCDKigVPBJiU/NSwhdEQGrGupIpKZIJvdPMEnVunjKNa2FOCZ+nsiI9KYsQxtpyQwNIveVPzP66YQXQcZV0kKTNH5oigVGGI8DQD3uWYUxNgSQjW3t2I6JJpQsDGVbAje4svLpHVW8y5rF/fnlfpNHkcRHaFjVEUeukJ1dIcaqIkoStAzekVvTuq8OO/Ox7y14OQzh+gPnM8f+IqRpw==</latexit>

(b)

Quantum vs SCI methods:

vs other classical:
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<latexit sha1_base64="OEpqXDsRRVW/p1l0KN2smt7o1QI=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2Mwl3iLYB6QXcLsZDYZMjO7zPSKYclvePGgiFd/xpt/4yTZg0YLGoqqbrq7wkRwA6775RRWVtfWN4qbpa3tnd298v5B28SppqxFYxHrbkgME1yxFnAQrJtoRmQoWCcc12d+54Fpw2N1D5OEBZIMFY84JWAl3wf2CFpmjfrttF+uuFV3DvyXeDmpoBzNfvnTH8Q0lUwBFcSYnucmEGREA6eCTUt+alhC6JgMWc9SRSQzQTa/eYpPrDLAUaxtKcBz9edERqQxExnaTklgZJa9mfif10shug4yrpIUmKKLRVEqMMR4FgAecM0oiIklhGpub8V0RDShYGMq2RC85Zf/kvZZ1busXtydV2o3eRxFdISO0Sny0BWqoQZqohaiKEFP6AW9Oqnz7Lw574vWgpPPHKJfcD6+ASrfkcg=</latexit>

HCI
<latexit sha1_base64="cx4EdRBVd4GRo8qrGWJ4hGyJQAk=">AAAB9HicbVDLTgJBEJzFF+IL9ehlIjHxRHaNryNRDyZeIMojgQ2ZHQaYMDO7zvQSyYbv8OJBY7z6Md78GwfYg4KVdFKp6k53VxAJbsB1v53M0vLK6lp2PbexubW9k9/dq5kw1pRVaShC3QiIYYIrVgUOgjUizYgMBKsHg+uJXx8ybXioHmAUMV+SnuJdTglYyW8BewItk/u7ys24nS+4RXcKvEi8lBRQinI7/9XqhDSWTAEVxJim50bgJ0QDp4KNc63YsIjQAemxpqWKSGb8ZHr0GB9ZpYO7obalAE/V3xMJkcaMZGA7JYG+mfcm4n9eM4bupZ9wFcXAFJ0t6sYCQ4gnCeAO14yCGFlCqOb2Vkz7RBMKNqecDcGbf3mR1E6K3nnxrHJaKF2lcWTRATpEx8hDF6iEblEZVRFFj+gZvaI3Z+i8OO/Ox6w146Qz++gPnM8f5LySMQ==</latexit>

SKQD

<latexit sha1_base64="9sa/PJ1Hh9Ejf+gUiKO1QFciyS0=">AAAB9XicbVC5TgMxEPWGK4QrQEljESFRRbuIq4xIQ7ogyCElS+R1vIkV27uyZ4Folf+goQAhWv6Fjr/BOQpIeNJIT+/NaGZeEAtuwHW/nczS8srqWnY9t7G5tb2T392rmyjRlNVoJCLdDIhhgitWAw6CNWPNiAwEawSD8thvPDBteKTuYBgzX5Ke4iGnBKx03wb2BFqm5Ur1tjLq5Atu0Z0ALxJvRgpohmon/9XuRjSRTAEVxJiW58bgp0QDp4KNcu3EsJjQAemxlqWKSGb8dHL1CB9ZpYvDSNtSgCfq74mUSGOGMrCdkkDfzHtj8T+vlUB46adcxQkwRaeLwkRgiPA4AtzlmlEQQ0sI1dzeimmfaELBBpWzIXjzLy+S+knROy+e3ZwWSlezOLLoAB2iY+ShC1RC16iKaogijZ7RK3pzHp0X5935mLZmnNnMPvoD5/MHdxWSgA==</latexit>

CIPSI
<latexit sha1_base64="cx4EdRBVd4GRo8qrGWJ4hGyJQAk=">AAAB9HicbVDLTgJBEJzFF+IL9ehlIjHxRHaNryNRDyZeIMojgQ2ZHQaYMDO7zvQSyYbv8OJBY7z6Md78GwfYg4KVdFKp6k53VxAJbsB1v53M0vLK6lp2PbexubW9k9/dq5kw1pRVaShC3QiIYYIrVgUOgjUizYgMBKsHg+uJXx8ybXioHmAUMV+SnuJdTglYyW8BewItk/u7ys24nS+4RXcKvEi8lBRQinI7/9XqhDSWTAEVxJim50bgJ0QDp4KNc63YsIjQAemxpqWKSGb8ZHr0GB9ZpYO7obalAE/V3xMJkcaMZGA7JYG+mfcm4n9eM4bupZ9wFcXAFJ0t6sYCQ4gnCeAO14yCGFlCqOb2Vkz7RBMKNqecDcGbf3mR1E6K3nnxrHJaKF2lcWTRATpEx8hDF6iEblEZVRFFj+gZvaI3Z+i8OO/Ox6w146Qz++gPnM8f5LySMQ==</latexit>

SKQD

<latexit sha1_base64="TkxeMsRqaT+VnYG7+0O2/5v6lkw=">AAAB+HicbVDLSgNBEJyNrxgfWfXoZTAInsKu+DoGc9FbhLwgWcLsZJIMmZldZnrFuORLvHhQxKuf4s2/cZLsQaMFDUVVN91dYSy4Ac/7cnIrq2vrG/nNwtb2zm7R3dtvmijRlDVoJCLdDolhgivWAA6CtWPNiAwFa4Xj6sxv3TNteKTqMIlZIMlQ8QGnBKzUc4tdYA+gZVrXXFZvpz235JW9OfBf4mekhDLUeu5ntx/RRDIFVBBjOr4XQ5ASDZwKNi10E8NiQsdkyDqWKiKZCdL54VN8bJU+HkTalgI8V39OpEQaM5Gh7ZQERmbZm4n/eZ0EBldBylWcAFN0sWiQCAwRnqWA+1wzCmJiCaGa21sxHRFNKNisCjYEf/nlv6R5WvYvyud3Z6XKdRZHHh2iI3SCfHSJKugG1VADUZSgJ/SCXp1H59l5c94XrTknmzlAv+B8fAMlu5Nr</latexit>

TrimCI
<latexit sha1_base64="cx4EdRBVd4GRo8qrGWJ4hGyJQAk=">AAAB9HicbVDLTgJBEJzFF+IL9ehlIjHxRHaNryNRDyZeIMojgQ2ZHQaYMDO7zvQSyYbv8OJBY7z6Md78GwfYg4KVdFKp6k53VxAJbsB1v53M0vLK6lp2PbexubW9k9/dq5kw1pRVaShC3QiIYYIrVgUOgjUizYgMBKsHg+uJXx8ybXioHmAUMV+SnuJdTglYyW8BewItk/u7ys24nS+4RXcKvEi8lBRQinI7/9XqhDSWTAEVxJim50bgJ0QDp4KNc63YsIjQAemxpqWKSGb8ZHr0GB9ZpYO7obalAE/V3xMJkcaMZGA7JYG+mfcm4n9eM4bupZ9wFcXAFJ0t6sYCQ4gnCeAO14yCGFlCqOb2Vkz7RBMKNqecDcGbf3mR1E6K3nnxrHJaKF2lcWTRATpEx8hDF6iEblEZVRFFj+gZvaI3Z+i8OO/Ox6w146Qz++gPnM8f5LySMQ==</latexit>

SKQD

<latexit sha1_base64="Qp036TRv6u/qDolaV13Jw+Bqxmk=">AAAB9HicbVDLTgJBEJzFF+IL9ehlIjHxRHaNryPKRW8Y5ZHAhswOA0yYmV1neolkw3d48aAxXv0Yb/6NA+xBwUo6qVR1p7sriAQ34LrfTmZpeWV1Lbue29jc2t7J7+7VTBhryqo0FKFuBMQwwRWrAgfBGpFmRAaC1YNBeeLXh0wbHqoHGEXMl6SneJdTAlbyW8CeQMvk6r58O27nC27RnQIvEi8lBZSi0s5/tTohjSVTQAUxpum5EfgJ0cCpYONcKzYsInRAeqxpqSKSGT+ZHj3GR1bp4G6obSnAU/X3REKkMSMZ2E5JoG/mvYn4n9eMoXvpJ1xFMTBFZ4u6scAQ4kkCuMM1oyBGlhCqub0V0z7RhILNKWdD8OZfXiS1k6J3Xjy7Oy2UrtM4sugAHaJj5KELVEI3qIKqiKJH9Ixe0ZszdF6cd+dj1ppx0pl99AfO5w/HqZIe</latexit>

ASCI
<latexit sha1_base64="cx4EdRBVd4GRo8qrGWJ4hGyJQAk=">AAAB9HicbVDLTgJBEJzFF+IL9ehlIjHxRHaNryNRDyZeIMojgQ2ZHQaYMDO7zvQSyYbv8OJBY7z6Md78GwfYg4KVdFKp6k53VxAJbsB1v53M0vLK6lp2PbexubW9k9/dq5kw1pRVaShC3QiIYYIrVgUOgjUizYgMBKsHg+uJXx8ybXioHmAUMV+SnuJdTglYyW8BewItk/u7ys24nS+4RXcKvEi8lBRQinI7/9XqhDSWTAEVxJim50bgJ0QDp4KNc63YsIjQAemxpqWKSGb8ZHr0GB9ZpYO7obalAE/V3xMJkcaMZGA7JYG+mfcm4n9eM4bupZ9wFcXAFJ0t6sYCQ4gnCeAO14yCGFlCqOb2Vkz7RBMKNqecDcGbf3mR1E6K3nnxrHJaKF2lcWTRATpEx8hDF6iEblEZVRFFj+gZvaI3Z+i8OO/Ox6w146Qz++gPnM8f5LySMQ==</latexit>

SKQD

Quantum vs SCI methods:

SKQD finds exact ground state, while SCI does not
 advantage over SCI in accuracy⇒

Experimental results:
49 qubit test
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<latexit sha1_base64="nr919HDJUmEqYJTa2VdSaFkMP7I=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoMQL2FXfB2DXjxGMA/ILmF2MpsMmZldZnrFsOQ3vHhQxKs/482/cZLsQRMLGoqqbrq7wkRwA6777RRWVtfWN4qbpa3tnd298v5By8SppqxJYxHrTkgME1yxJnAQrJNoRmQoWDsc3U799iPThsfqAcYJCyQZKB5xSsBKvg/sCbTMquR00itX3Jo7A14mXk4qKEejV/7y+zFNJVNABTGm67kJBBnRwKlgk5KfGpYQOiID1rVUEclMkM1unuATq/RxFGtbCvBM/T2REWnMWIa2UxIYmkVvKv7ndVOIroOMqyQFpuh8UZQKDDGeBoD7XDMKYmwJoZrbWzEdEk0o2JhKNgRv8eVl0jqreZe1i/vzSv0mj6OIjtAxqiIPXaE6ukMN1EQUJegZvaI3J3VenHfnY95acPKZQ/QHzucP9wSRpg==</latexit>

(a)
<latexit sha1_base64="fcDGz0eRlLV8kt7vtw9hng5JWsc=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoMQL2FXfB2DXjxGMA/ILmF2MpsMmZldZnrFsOQ3vHhQxKs/482/cZLsQRMLGoqqbrq7wkRwA6777RRWVtfWN4qbpa3tnd298v5By8SppqxJYxHrTkgME1yxJnAQrJNoRmQoWDsc3U799iPThsfqAcYJCyQZKB5xSsBKvg/sCbTMquHppFeuuDV3BrxMvJxUUI5Gr/zl92OaSqaACmJM13MTCDKigVPBJiU/NSwhdEQGrGupIpKZIJvdPMEnVunjKNa2FOCZ+nsiI9KYsQxtpyQwNIveVPzP66YQXQcZV0kKTNH5oigVGGI8DQD3uWYUxNgSQjW3t2I6JJpQsDGVbAje4svLpHVW8y5rF/fnlfpNHkcRHaFjVEUeukJ1dIcaqIkoStAzekVvTuq8OO/Ox7y14OQzh+gPnM8f+IqRpw==</latexit>

(b)
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<latexit sha1_base64="+hTgY3UvSy1PeZS3U2psG1yBfIE=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoMQL2FXfB2DXjxGMA/ILmF2MpsMmZldZnrFsOQ3vHhQxKs/482/cZLsQRMLGoqqbrq7wkRwA6777RRWVtfWN4qbpa3tnd298v5By8SppqxJYxHrTkgME1yxJnAQrJNoRmQoWDsc3U799iPThsfqAcYJCyQZKB5xSsBKvg/sCbTMqvR00itX3Jo7A14mXk4qKEejV/7y+zFNJVNABTGm67kJBBnRwKlgk5KfGpYQOiID1rVUEclMkM1unuATq/RxFGtbCvBM/T2REWnMWIa2UxIYmkVvKv7ndVOIroOMqyQFpuh8UZQKDDGeBoD7XDMKYmwJoZrbWzEdEk0o2JhKNgRv8eVl0jqreZe1i/vzSv0mj6OIjtAxqiIPXaE6ukMN1EQUJegZvaI3J3VenHfnY95acPKZQ/QHzucP+hCRqA==</latexit>

(c)

Recall: truncation condition is  fi(x) =
⟨x |H |ψ(i−1)

g.s. ⟩

|⟨x |H |x⟩ − E(i−1)
g.s. |

≤ ε

Observation: CIPSI and HCI can’t reach as high total dimension as SKQD
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Subspace dimension Iterations

<latexit sha1_base64="cx4EdRBVd4GRo8qrGWJ4hGyJQAk=">AAAB9HicbVDLTgJBEJzFF+IL9ehlIjHxRHaNryNRDyZeIMojgQ2ZHQaYMDO7zvQSyYbv8OJBY7z6Md78GwfYg4KVdFKp6k53VxAJbsB1v53M0vLK6lp2PbexubW9k9/dq5kw1pRVaShC3QiIYYIrVgUOgjUizYgMBKsHg+uJXx8ybXioHmAUMV+SnuJdTglYyW8BewItk/u7ys24nS+4RXcKvEi8lBRQinI7/9XqhDSWTAEVxJim50bgJ0QDp4KNc63YsIjQAemxpqWKSGb8ZHr0GB9ZpYO7obalAE/V3xMJkcaMZGA7JYG+mfcm4n9eM4bupZ9wFcXAFJ0t6sYCQ4gnCeAO14yCGFlCqOb2Vkz7RBMKNqecDcGbf3mR1E6K3nnxrHJaKF2lcWTRATpEx8hDF6iEblEZVRFFj+gZvaI3Z+i8OO/Ox6w146Qz++gPnM8f5LySMQ==</latexit>

SKQD

<latexit sha1_base64="zpaZZ2Ku2yRSCgzAXSFyDM+Gw/s=">AAACAHicbVC7SgNBFJ2NrxhfUQsLm8EgWIVd8VVGbSwj5AVJCLOzs8mQ2Zll5q4YljT+io2FIrZ+hp1/4yTZQhMPXDiccy/33uPHghtw3W8nt7S8srqWXy9sbG5t7xR39xpGJZqyOlVC6ZZPDBNcsjpwEKwVa0YiX7CmP7yd+M0Hpg1XsgajmHUj0pc85JSAlXrFgw6wR9BRWtOJpGV8raUSAR/3iiW37E6BF4mXkRLKUO0VvzqBoknEJFBBjGl7bgzdlGjgVLBxoZMYFhM6JH3WtlSSiJluOn1gjI+tEuBQaVsS8FT9PZGSyJhR5NvOiMDAzHsT8T+vnUB41U25jBNgks4WhYnAoPAkDRxwzSiIkSWEam5vxXRANKFgMyvYELz5lxdJ47TsXZTP789KlZssjjw6REfoBHnoElXQHaqiOqJojJ7RK3pznpwX5935mLXmnGxmH/2B8/kDDXuWtg==</latexit>

Trunc. Arnoldi
<latexit sha1_base64="cx4EdRBVd4GRo8qrGWJ4hGyJQAk=">AAAB9HicbVDLTgJBEJzFF+IL9ehlIjHxRHaNryNRDyZeIMojgQ2ZHQaYMDO7zvQSyYbv8OJBY7z6Md78GwfYg4KVdFKp6k53VxAJbsB1v53M0vLK6lp2PbexubW9k9/dq5kw1pRVaShC3QiIYYIrVgUOgjUizYgMBKsHg+uJXx8ybXioHmAUMV+SnuJdTglYyW8BewItk/u7ys24nS+4RXcKvEi8lBRQinI7/9XqhDSWTAEVxJim50bgJ0QDp4KNc63YsIjQAemxpqWKSGb8ZHr0GB9ZpYO7obalAE/V3xMJkcaMZGA7JYG+mfcm4n9eM4bupZ9wFcXAFJ0t6sYCQ4gnCeAO14yCGFlCqOb2Vkz7RBMKNqecDcGbf3mR1E6K3nnxrHJaKF2lcWTRATpEx8hDF6iEblEZVRFFj+gZvaI3Z+i8OO/Ox6w146Qz++gPnM8f5LySMQ==</latexit>

SKQD

<latexit sha1_base64="o9KyJ+dzJL3ZwXp/XNbLz6uJgFE=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXIVEfC2LunBZwT6gDWUynbRDJ5MwcyOW2IW/4saFIm79DXf+jdM2C209cOFwzr3ce0+QCK7Bdb+twsLi0vJKcbW0tr6xuWVv79R1nCrKajQWsWoGRDPBJasBB8GaiWIkCgRrBIOrsd+4Z0rzWN7BMGF+RHqSh5wSMFLH3msDewAVZdec9BysiBxw2Rt17LLruBPgeeLlpIxyVDv2V7sb0zRiEqggWrc8NwE/Iwo4FWxUaqeaJYQOSI+1DJUkYtrPJveP8KFRujiMlSkJeKL+nshIpPUwCkxnRKCvZ72x+J/XSiG88DMukxSYpNNFYSowxHgcBu5yxSiIoSGEKm5uxbRPFKFgIiuZELzZl+dJ/djxzpzT25Ny5TKPo4j20QE6Qh46RxV0g6qohih6RM/oFb1ZT9aL9W59TFsLVj6zi/7A+vwBKvGWNg==</latexit>

Diag. ranking

<latexit sha1_base64="KUaUnEB6AN1FHwm+wtLiGEKEtRs=">AAAB9HicbVDJSgNBEO2JW4xb1KOXxiB4CjPidgwq6EWIYhZIhtDT6UmadPeM3TXBMOQ7vHhQxKsf482/sbMcNPFBweO9KqrqBbHgBlz328ksLC4tr2RXc2vrG5tb+e2dqokSTVmFRiLS9YAYJrhiFeAgWD3WjMhAsFrQuxz5tT7ThkfqAQYx8yXpKB5ySsBKfhPYE2iZXt3eXw9b+YJbdMfA88SbkgKaotzKfzXbEU0kU0AFMabhuTH4KdHAqWDDXDMxLCa0RzqsYakikhk/HR89xAdWaeMw0rYU4LH6eyIl0piBDGynJNA1s95I/M9rJBCe+ylXcQJM0cmiMBEYIjxKALe5ZhTEwBJCNbe3YtolmlCwOeVsCN7sy/OkelT0Tosnd8eF0sU0jizaQ/voEHnoDJXQDSqjCqLoET2jV/Tm9J0X5935mLRmnOnMLvoD5/MH1ueSKA==</latexit>
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Subspace dimension Iterations

<latexit sha1_base64="nr919HDJUmEqYJTa2VdSaFkMP7I=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoMQL2FXfB2DXjxGMA/ILmF2MpsMmZldZnrFsOQ3vHhQxKs/482/cZLsQRMLGoqqbrq7wkRwA6777RRWVtfWN4qbpa3tnd298v5By8SppqxJYxHrTkgME1yxJnAQrJNoRmQoWDsc3U799iPThsfqAcYJCyQZKB5xSsBKvg/sCbTMquR00itX3Jo7A14mXk4qKEejV/7y+zFNJVNABTGm67kJBBnRwKlgk5KfGpYQOiID1rVUEclMkM1unuATq/RxFGtbCvBM/T2REWnMWIa2UxIYmkVvKv7ndVOIroOMqyQFpuh8UZQKDDGeBoD7XDMKYmwJoZrbWzEdEk0o2JhKNgRv8eVl0jqreZe1i/vzSv0mj6OIjtAxqiIPXaE6ukMN1EQUJegZvaI3J3VenHfnY95acPKZQ/QHzucP9wSRpg==</latexit>

(a)
<latexit sha1_base64="fcDGz0eRlLV8kt7vtw9hng5JWsc=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoMQL2FXfB2DXjxGMA/ILmF2MpsMmZldZnrFsOQ3vHhQxKs/482/cZLsQRMLGoqqbrq7wkRwA6777RRWVtfWN4qbpa3tnd298v5By8SppqxJYxHrTkgME1yxJnAQrJNoRmQoWDsc3U799iPThsfqAcYJCyQZKB5xSsBKvg/sCbTMquHppFeuuDV3BrxMvJxUUI5Gr/zl92OaSqaACmJM13MTCDKigVPBJiU/NSwhdEQGrGupIpKZIJvdPMEnVunjKNa2FOCZ+nsiI9KYsQxtpyQwNIveVPzP66YQXQcZV0kKTNH5oigVGGI8DQD3uWYUxNgSQjW3t2I6JJpQsDGVbAje4svLpHVW8y5rF/fnlfpNHkcRHaFjVEUeukJ1dIcaqIkoStAzekVvTuq8OO/Ox7y14OQzh+gPnM8f+IqRpw==</latexit>

(b)

vs other classical:

Not yet quantum advantage:
our “bespoke” iterative solvers + DMRG still win

Experimental results:
49 qubit test



Recall: classical method with provable convergence
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Truncated power method converges
• Polynomial dep. on all parameters

• Requires sufficiently large truncation cutoff 

• For our instance, this 

• Not feasible, so we try smaller  as heuristic
• Not as performant as truncated Arnoldi’s method

k
k∗ ∼ 1023

k



What have we learned, physically?
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Key property to look for SCI hardness:
• Need support of ground state to be strongly sensitive to which subset of configurations we project on
• Concrete example:

•  eigenvectors with support: everywhere, only in red, and only in blue
• Compact localized states with boundary destructive interference

• Order of eigenvalues determined by exactly which rows and cols are included

⋱ ⋱ ⋮ ⋮ ⋮ ⋮ ⋮
⋱ ⋱ x 0 0 0 0 ⋯
⋯ x∗ 1 1 −1 0 0 ⋯
⋯ 0 1 1 0 1 0 ⋯
⋯ 0 −1 0 1 1 0 ⋯
⋯ 0 0 1 1 1 y ⋯
⋯ 0 0 0 0 y∗ ⋱ ⋱

⋮ ⋮ ⋮ ⋮ ⋮ ⋱ ⋱

∃



Cartoon: non-perturbative sparsity
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Configurations in ground state support

1st-order configurations

et cetera (rest of Hilbert space)

= boundary destructive 
interference



Conclusion
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• Aim for practical speedups on finite-sized sparse ground state problems

• SCI solvers have previously matched or outperformed SKQD

• We construct problem instances where SKQD achieves higher accuracy

• Quantum advantage over other classical methods (esp. DMRG) remains the target

You can find the Hamiltonian and take a stab at it here!

https://quantum-advantage-tracker.github.io/trackers/variational-problems

https://quantum-advantage-tracker.github.io/trackers/variational-problems

