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Advertisement
• We have graduate summer internships!

• Research (algorithms, applications, error mitigation, error correction)

• Software developers

• ... and more!

• Hiring now: https://ibmglobal.avature.net/en_US/careers/OpenJobs/

Please reach out if you have any questions!

william.kirby@ibm.com
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1. Quantum circuits and sampling

2. Estimating ground state energies

3. Aside: on quantum advantage

4. Two algorithms
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Quantum circuits and sampling
Foundational process in every quantum algorithm:

1. Prepare initial state e.g. 

2. Transform state under some unitary operation 

3. Measure all qubits: Born rule 

IBM Quantum
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IBM Quantum

Two sides of coin:

1. Identify hard problems and try to solve with quantum

2. Identify what quantum does well and try to fit hard problems into that

$109question: 
how to get value from quantum computers?
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Quantum Algorithms for ground states

Goal: solving computationally 
challenging energy-estimation 
problems in quantum chemistry and 
materials

This is a first step towards...

Applications: development of new 
materials, drug discovery, battery 
design, etc.

IBM Quantum
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Prior algorithms in fault-tolerant era - example

Quantum Phase Estimation (QPE)
• Convergence guaranteed when 

initial state has 1/poly 𝑛 overlap 
with the true ground state 

IBM Quantum

Key Challenges 
• Requires deep quantum circuits 

and fault-tolerant quantum 
processors
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Prior algorithms in near term - example

Variational Quantum Algorithms (VQA)
• Shallow-depth circuits 

IBM Quantum

Key challenges
• No convergence guarantee 
• Measurement overhead for chemistry 

problems 

Classical 
optimizerUpdate parameters
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Eigenstate approximation

IBM Quantum 9



• Vector space dimension is exponential

• Hamiltonian matrix has classical representation
• e.g. Pauli decomposition

• Assume sparse trial solution: eigenvectors 
have polynomial support

Sparse eigenvector problem

IBM Quantum 10



• Suppose we are given the subspace of 
relevant amplitudes

• We can remove “less relevant” remainder

• Tractable eigenvalue problem

Sparse eigenvector problem

IBM Quantum 11



• Quantum circuit produces samples• Tree-like search (Selected Configuration 
Interaction)

• Heuristic methods that rely on physics 
intuition and or perturbation theory

Classical SQD

Searching for relevant dimensions

IBM Quantum

<latexit sha1_base64="SRpIy+g/ME314xpci1TFUkI39wc="></latexit>

P (X) = |→X|!↑|2

<latexit sha1_base64="hkzP8h+QwXqsc4xVYtz13+pjWU4=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmZnJ8mY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgeZ9TglZqdoeRQtMrV7yqN4O7TPycVCBHvVf+6kaKpjGTSAUxpuN7CQYZ0cipYJNSNzUsIXREBqxjqSQxM0E2u3binlglcvtK25LoztTfExmJjRnHoe2MCQ7NojcV//M6Kfavg4zLJEUm6XxRPxUuKnf6uhtxzSiKsSWEam5vdemQaELRBlSyIfiLLy+T5lnVv6xe3J9Xajd5HEU4gmM4BR+uoAZ3UIcGUHiEZ3iFN0c5L8678zFvLTj5zCH8gfP5A7k/jz4=</latexit>. . .

Augment Rank Diag.Select
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Aside: on quantum advantage

IBM Quantum 13



Quantum advantage

IBM Quantum 14

Quantum computer does task we care about verifiably “better” than classical algorithms

Nuances

1. What classical algorithms? Ideally, any possible; minimum, best we know of now

2. “Better”? In appropriate metric(s) for task: accuracy, runtime, energy usage, $$$, ...

3. “Verifiably”? The hard one

Most use-cases will require some trust (from benchmarking and tractable verification)



Advantage for sample-based diagonalization

IBM Quantum 15

“Verifiably” gets much easier

• Output of quantum algorithm: set of bitstrings to project and diagonalize on

• Estimate is lower bounded by true value (“variational” up to classical machine precision)

• Many classical algorithms have same guarantee (SCI, CISD, DMRG, ...)

• ⇒ Lower energy estimate wins!

• Set of bitstrings is a classical witness of the output energy



Why quantum? (heuristic version)

IBM Quantum

Numerics on 40 qubits | Quantum circuits can produce 
subspaces of better quality than classical heuristics (HCI)

Science Advances 11 (25), eadu9991 (2025) 

[2Fe-2S]
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Why quantum? (provable version)

IBM Quantum arXiv:2501.09702

• Sample from time-evolved states

• Time-evolution circuits are (relatively) easy to execute

• Three conditions required for probably efficient convergence:

Overlap of initial state 
with the true ground 
state: 1/poly 𝑛

Gap: 1/poly 𝑛 Sparse ground state

Ground state error converges efficiently with 
increasing # circuits and shots

17



Heuristic circuits

IBM Quantum 18



IBM Quantum

Circuits for chemistry: Local Unitary Cluster Jastrow 

Motta, Sung, Whaley, Head-Gordon, Shee, Chem. Sci. 14, 40, 11213-11227 (2023)
19



• Unitary coupled-cluster singles and doubles (UCCSD)

• Jastrow form of the UCCSD:

• Local Unitary Cluster Jastrow ansatz*

*Motta, Sung, Whaley, Head-Gordon, Shee, Chem. Sci. 14, 40, 11213-11227 (2023)

Ψ = 𝑒!"!! Φ# 𝑇 =&
$%

𝑡%$𝑐̂$&𝑐̂% + &
$'%(

𝑡%($'𝑐̂$&𝑐̂'&𝑐̂(𝑐̂%

𝑇 − 𝑇& ≃&
)

𝑒"*" 𝑖𝐽)𝑒*" , 𝐾) = &
+,,.

𝐾+,
) 𝑐̂+.& 𝑐̂,. , 𝐽) = &

+,,./

𝐽+,./ 1𝑛+. 1𝑛,/

IBM Quantum

Circuits for chemistry: Local Unitary Cluster Jastrow 
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IBM Quantum

Circuits for chemistry: Local Unitary Cluster Jastrow 

Science Advances 11 (25), eadu9991 (2025) 21



Results Highlights
N2 : Bond breaking on large basis set Fe2S2: Precision many-body physics Fe4S4: Pushing hardware capabilities

IBM Quantum 22Science Advances 11 (25), eadu9991 (2025) 



Differential-evolution optimization with two populations:
no idle time

Large-scale SQD circuit optimization
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IBM Quantum Unpublished 23



Algorithm(s) with provable convergence

IBM Quantum 24
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Xj =
{
x

∣∣ P (x) = |→x|!i↑|2
}

Sampler() 

Quantum devices are naturally suited for 
performing time-evolution circuits 

Simple states to prepare that 
have good overlap with ground 
states
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SKQD

arXiv:2501.09702



Aside: Krylov quantum diagonalization

High-level idea:

1. 𝐻 = Hamiltonian, 𝑈 = 𝑒"%0∆2 = time evolution

2. Initial guess 𝜓!

3. (𝐇, 𝐒) = project 𝐻 onto span[|𝜓#⟩, 𝑈|𝜓#⟩, 𝑈3|𝜓#⟩, . . . , 𝑈4"5|𝜓#⟩]

𝐻 𝑉𝑉! = 𝐇 𝑉𝑉! = 𝐒,

3.     Lowest eigenvalue of (𝐇, 𝐒) i.e., of 𝐇𝐯 = 𝜆𝐒𝐯, approximates lowest eigenvalue of 𝐻

Krylov space

26
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Can show1 that energy error from a noisy quantum Krylov experiment is bounded as

1Epperly et al., https://arxiv.org/abs/2110.07492,
Kirby, https://arxiv.org/abs/2401.01246 

So one expects a result 
with this overall shape:

• = noise rate

• = initial state overlap

• = spectral gap

• = Krylov dimension

• ,       = positive free parameters

from noise from Krylov projectionfrom free parameter

27

Aside: Krylov quantum diagonalization

https://arxiv.org/abs/2110.07492
https://arxiv.org/abs/2401.01246


IBM Quantum

Overlap of initial state 
with the true ground 
state: 1/poly 𝑛

Gap: 1/poly 𝑛 Sparse ground state

Krylov quantum 
diagonalization SQD

Ground state error converges efficiently with 
increasing # circuits and shots

SKQD convergence guarantees

arXiv:2501.09702
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Free electrons coupled to interacting impurities

Relevant to simplify real materials calculations 
on DMFT workflows

Extensively used to benchmark numerical techniques

<latexit sha1_base64="47/NCxSzsjK4iA4j/4XvwusCx/Y=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2NQBI8JmAckS5iddJIxs7PLzKwQlnyBFw+KePWTvPk3TpI9aGJBQ1HVTXdXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8Hoduo3n1BpHskHM47RD+lA8j5n1FipdtctltyyOwNZJl5GSpCh2i1+dXoRS0KUhgmqddtzY+OnVBnOBE4KnURjTNmIDrBtqaQhaj+dHTohJ1bpkX6kbElDZurviZSGWo/DwHaG1Az1ojcV//Paielf+ymXcWJQsvmifiKIicj0a9LjCpkRY0soU9zeStiQKsqMzaZgQ/AWX14mjbOyd1m+qJ2XKjdZHHk4gmM4BQ+uoAL3UIU6MEB4hld4cx6dF+fd+Zi35pxs5hD+wPn8AZwtjNM=</latexit>

E

<latexit sha1_base64="d/RhcRSMbEv4ivpbAndL8To6sfA=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVR71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH1cWM+Q==</latexit>

k

<latexit sha1_base64="vOzMu3M0YAhHuheb2DFFusXaGZI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kon4dSx68diCaQttKJvtpF272YTdjVBKf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXpoJr47rfzsrq2vrGZmGruL2zu7dfOjhs6CRTDH2WiES1QqpRcIm+4UZgK1VI41BgMxzeTf3mEyrNE/lgRikGMe1LHnFGjZXqfrdUdivuDGSZeDkpQ45at/TV6SUsi1EaJqjWbc9NTTCmynAmcFLsZBpTyoa0j21LJY1RB+PZoRNyapUeiRJlSxoyU39PjGms9SgObWdMzUAvelPxP6+dmegmGHOZZgYlmy+KMkFMQqZfkx5XyIwYWUKZ4vZWwgZUUWZsNkUbgrf48jJpnFe8q8pl/aJcvc3jKMAxnMAZeHANVbiHGvjAAOEZXuHNeXRenHfnY9664uQzR/AHzucPtG2M4w==</latexit>

U

<latexit sha1_base64="aZg/2UVgJW3xmdpu6mD3gwPYn3Y=">AAACIHicZVDLSgMxFM34rPVVdekmWARBGGZErRuh6KbLCvYBbSmZNNOGJjNDckcsw3yKG3/FjQtFdKdfYzrtoo8DgcM593JzjhcJrsFxfq2V1bX1jc3cVn57Z3dvv3BwWNdhrCir0VCEqukRzQQPWA04CNaMFCPSE6zhDe/HfuOJKc3D4BFGEetI0g+4zykBI3ULpQq+xZVuG9gzKJl4BAYpPp9RuIzseWUw8uy0Wyg6tpMBLxN3Sopoimq38NPuhTSWLAAqiNYt14mgkxAFnAqW5tuxZhGhQ9JnLUMDIpnuJFnAFJ8apYf9UJkXAM7U2Y2ESK1H0jOT0iTQi57MYi17rRj8m07CgygGFtDJIT8WGEI8bgv3uGIUxMgQQhU3f8V0QBShYDrNmxLcxcjLpH5hu9f21cNlsXw3rSOHjtEJOkMuKqEyqqAqqiGKXtAb+kCf1qv1bn1Z35PRFWu6c4TmYP39A9jxotc=</latexit>

H = Hbath +Himp. +Hhyb.

First SKQD experiments: impurity models

<latexit sha1_base64="xy/lEr+AWSmDBtIG2AdrxD1Pt9Y="></latexit>

Hbath =
∑

kω

ωk ĉ
†
kω ĉkω

<latexit sha1_base64="gXAY2MwvAGSQODPBT1ZcwgSzFf8="></latexit>

Hhyb. =
∑

kω

Vk

(
ĉ
†
kωd̂ω + d̂

†
ω ĉkω

)

<latexit sha1_base64="KBm0imd/EIHt9PwO1jHtFq010OA="></latexit>

Himp. = Ud̂
†
→d̂→d̂

†
↑d̂↑

arXiv:2501.09702 29
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First SKQD experiments: impurity models
1 Imp. 41 Bath modes -> 84+1 qubits 4 Imp. 28 Bath modes -> 64+6 qubits

arXiv:2501.09702 unpublished

30
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SKQD experiments: 1 impurity <latexit sha1_base64="xln59y4psJ29nX+TiQ+XbN5vp+o="></latexit>

Relative error =

∣∣∣∣
ESKQD → EDMRG

EDMRG

∣∣∣∣

31arXiv:2501.09702
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SKQD experiments: 4 impurities <latexit sha1_base64="xln59y4psJ29nX+TiQ+XbN5vp+o="></latexit>

Relative error =

∣∣∣∣
ESKQD → EDMRG

EDMRG

∣∣∣∣

unpublished 32



Main Takeaways

(1) Use quantum for what it’s best at ‒ sampling. (2) Large (but not 
exponential) diagonalizations on high-performance classical. (3) Accurate 
results even with noisy quantum hardware!

Framework yields variational energies (no false positive solutions) and any 
future quantum advantage will be classically verifiable

We have both variational heuristic and provable Krylov-based versions of the 
algorithm (another talk: new hybrid of the two for chemistry)

Quantum simulation of molecules (77 qubits, 3.5K two-qubit gates) and 
impurity models (85 qubits, 6K two-qubit gates) beyond the reach of brute-
force classical solutions

arXiv:2405.05068 arXiv:2501.09702 arXiv:2508.02578

IBM Quantum
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Thank you!

IBM Quantum 34


