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Information science

• Theory of information processing: 
Mathematical foundations in 1940s

• Abstract theory independent of 
implementation

• Question: Also independent 
of underlying physics?

Alan Turing
Claude Shannon



Quantum information science

• Bell’s theorem (1964): Quantum mechanics is 
incompatible with local hidden-variable theories

John Stewart Bell

• Notion of information for microscopical systems described by quantum 
mechanics? Quantum information ≠ classical information

• New research area based on quantum technologies: 
Computing, communication, cryptography, sensing, …



Institute for Quantum Information (IQI)

• My research group: 
Theory of quantum 
information science

+ 5x Master students 
RWTH Physics / 

Computer Science
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Theory of quantum information science

• Cluster of Excellence: Matter and Light for Quantum Computing (ML4Q-2)

• Visiting Reader at Department of Computing Imperial College London

• Industry ties, e.g., with Amazon Web Services Center for Quantum Computing

• Our focus areas:

A. Mathematical foundations of quantum information
B. Quantum algorithm development



A. Mathematics 
of quantum 
information



Mathematics of quantum information

• QENTROPY: Entropy inequalities for quantum states reveal 
their entanglement structure

Mathematics

PhysicsComputer Science Entropy

• Methods from matrix analysis and operator algebras:
Symbiosis of quantum information with rigorous tools from mathematical physics

• Applications in quantum
• statistics

• Shannon theory

• cryptography

• error correction

• algorithms

[Annual Quantum 
Information Processing 

(QIP) - total 21 talks]



Example: Tools for non-commutativity
• Matrix trace inequalities for 𝐻1, 𝐻2 Hermitian

exp 𝐻1 + 𝐻2 + 1
2

𝐻1, 𝐻2 + ⋯ = exp 𝐻1 exp 𝐻2

Tr exp 𝐻1 + 𝐻2 ≤ Tr exp 𝐻1 exp 𝐻2

→ for {𝐻𝑘}𝑘=1
𝑛  Hermitian and 𝛽0 𝑡 ≔ 𝜋

2
cosh 𝜋𝑡 +1 −1 multivariate extension

ฯฯexp ෍
𝑘=1

𝑛
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exp 1 + 𝑖𝑡 𝐻𝑘
Tr

[Sutter, B., Tomamichel, Comm. Math. Phys. (2017)] [B., Fawzi, Tomamichel, Lett. Math. Phys. (2017)]

• Legendre dual of quantum entropy: H ↦ −log Tr exp 𝐻

• [B., Brandão, Hirche, Comm. Math. Phys. (2021)] • [B., Sutter, Walter, Comm. Math. Phys. (2023)]

• [B. & Tomamichel, Comm. Math. Phys. (2024)]  • [B., Cheng, Gao, Comm. Math. Phys. (2025)]

• Physics: Novel entanglement monogamy inequalities [Lami, B., Regula, Nat. Phys. (2026)]



B. Quantum 
algorithm 
development



Classical versus quantum technologies

• Do algorithms based on quantum components, including
• quantum processing units (QPU)

• quantum random access memory (QRAM)

   provide computational advantages compared to classical components?

Quantum resources

Classical post-
processing

Quantum data access 
model

Classical pre-
processing Quantum circuit 

• Goal is to identify use cases / areas of 
applications with

• large (super-quadratic) quantum speed-up

• minimal quantum footprint, i.e., use 
classical routines whenever possible

• no galactic algorithms



Regimes for quantum algorithm design

• Nascent state of quantum technologies gives noisy and intermediate scale 
quantum (NISQ) computing, i.e.,

• Quantum annealers

• Analogue simulators, not universal, not fully programmable

• NISQ digital quantum circuits, inbuilt noise resilience, error mitigation, severe 
scaling limitations, etc.

• Versus what one really wants long-term:

Quantum error-corrected and scaling quantum computer

(roughly two orders of magnitude away)

• What regime is of interest?



timeline

performance

present

near term

?
• Runtime guarantees

• Specified in terms of 
query complexity

• Large hardware 
requirements

• Caveats can cloud 
convincing practical 
advantage 

• Leverage some 
classical power

• Run many small 
circuits

• Usually no 
runtime/success 
guarantees 

fully scaling 
fault tolerant

Early fault-tolerant regime



timeline

performance

present

near term

?

classical boundary

early fault 
tolerant

?
fully scaling 
fault tolerant

Hope that crossing 
this line = achieving 
end-to-end practical 
quantum advantage

Early fault-tolerant regime



Early fault-tolerance characteristics

• Limited number of logical qubits, with limited quantum clock speed from 
error correction overhead

• Price of resources from most expensive to cheap (very debatable):
1. Number of qubits

2. Depth of quantum circuits

3. Sample complexity

4. Classical pre- and post-processing

• Ultimate goal: Flexible trade-off between different resources!

• Rigorous worst-case guarantees AND strong heuristics about performance 
for specific cases of interest



Quantum 
Algorithms 

Wiki
Cambridge University Press 

(2025)

[arXiv:2310.03011]

Google Quantum AI: Ryan Babbush et al., The Grand Challenge of Quantum Applications (2025)



Quantum 
Algorithms 

Wiki



Quantum 
simulation:
Dynamics & statical
properties



Example I: Ground state energies via 
quantum phase estimation
Randomized quantum algorithm for statistical phase estimation

[Phys. Rev. Lett. (2022) with Campbell & Wan, QIP (2022)]

Qubit-efficient randomized quantum algorithms for linear algebra

[PRX Quantum (2024) with McArdle & Wang, QCTiP (2023) + TQC (2023)]

Sparse random Hamiltonians are quantumly easy

[Phys. Rev. X (2024) with Chen et al., QIP (2023)]

Calculating response functions of coupled oscillators using quantum phase estimation
[Phys. Rev. Research (2025) with Danz et al.]

Quantum computational complexity of matrix functions
[arXiv:2410.13937 (2024) with Cifuentes et al., TQC (2025)]



Question: Ground state energy estimation

• Given 𝑛-qubit Hamiltonian

H ≔ σ𝑙=1
𝐿 𝛼𝑙𝑃𝑙  with 𝑃𝑙 𝑛-qubit Paulis

    and one-norm 𝜆 ≔ σ𝑙=1
𝐿 𝛼𝑙 , together with efficiently preparable 𝑛-qubit ansatz state ȁ ۧ𝜓  with overlap

𝜙0 𝜓 2 ≥ 𝜂 > 0

    for ground state 𝜙0  with (unknown) energy 𝐸0

• Goal: Compute estimate ෨𝐸0 of ground state energy with precision ෨𝐸0 − 𝐸0 ≤ 𝛿

• Approach: Hybrid algorithm with classical pre- and post-processing?

→ randomized quantum algorithm – best from classical and quantum worlds!



Result: Ground state energy estimation
• Output ෨𝐸0 with ෨𝐸0 − 𝐸0 ≤ 𝛿 with probability 1 − 𝜉 by employing

  𝐶sample = ෨𝑂 𝜂−2
= 𝑂 𝜂−2log2 𝜆𝛿−1log 𝜂−1 log 𝜉−1log 𝜆𝛿−1

 quantum Hadamard test circuits on 𝑛 + 1 qubits, each using one copy of ȁ ۧ𝜓  and

𝐶gate = ෨𝑂 𝜆2𝛿−2
= 𝑂 𝜆2𝛿−2log2 𝜂−1

• Comparison with previous state-of-the-art qubitization [Lee et al., PRX Quantum (2021)]:

                                Gate complexity ෨𝑂 𝐿𝜆𝛿−1  on ෨𝑂 𝐿  qubits → total ෨𝑂 𝐿𝜆𝛿−1

ȁ𝜓ۧ 



Resource trade-offs: Benchmark FeMoco

• Li et al. FeMoco Hamiltonian 152 spin 
orbitals: 152 + 1 = 153 qubits

• Chemical accuracy 𝛿 = 0.0016 H,
one-norm 𝜆 = 1511

• Qubitization [Lee et al., PRX Quantum (2021)]

2196 qubits: 𝐶gate = 3.2 ⋅ 1010

• Latest development:
1459 qubits 𝐶gate = 1.0 ⋅ 109 [Low et al., PRX (2025)] vs 153 qubits 𝐶gate = 7.9 ⋅ 109 [Günther et al., arXiv (2025)]

• Novel random compiler lemma: For H = σ𝑙=1
𝐿 𝛼𝑙𝑃𝑙 we decompose time evolution 𝑒𝑖𝑡𝐻 = σ𝑘 𝑏𝑘𝑈𝑘  into

𝑈𝑘  unitaries, 𝑏𝑘 > 0, and 𝑟 such that: (i) Cgate(𝑈𝑘) = 𝑟 ∀𝑘 (ii) σ𝑘 𝑏𝑘 ≤ exp 𝑡2𝑟−1 ≅ 𝐶sample



Example II: Thermal states via
quantum Gibbs samplers
Polynomial-time quantum Gibbs sampling for the weak and strong coupling regime of 
the Fermi-Hubbard model at any temperature

[Nat. Comm. (2025) with Šmíd, Meister, and Bondesan, QCTiP (2025) + TQC (2025)]

Rapid mixing of quantum Gibbs samplers for weakly-interacting quantum systems

[arXiv:2510.04954 (2025) with Šmíd, Meister, and Bondesan]

Convergence monitoring of quantum Gibbs samplers

[in preparation (2026) with Louloudis et al.]



Question: Gibbs state preparation

• Goal: Given 𝑛-qubit Hamiltonian 𝐻 and inverse temperature 𝛽 = 𝑇−1 > 0, prepare quantum Gibbs 

states 𝜎𝛽 =
exp −𝛽𝐻

𝑍
 with partition function 𝑍 = Tr exp −𝛽𝐻 , up to precision 𝜖 ∈ 0,1

• End-to-end extension: Compute the partition function 𝑍 up to relative error 𝜖 ∈ 0,1  and/or estimate 

Helmholtz free energy 𝐹 = −𝛽−1log 𝑍  for different 𝛽 > 0

• Intuition: Classically exponentially difficult, polynomial heuristics can suffer, e.g., from the sign problem

• Focus on Fermi-Hubbard Hamiltonian on 𝐷-dimensional lattice

𝐻𝐹𝐻 ≔ −𝑡 ෍

<𝑖,𝑗>

෍

𝜎∈{↑,↓}

(𝑎𝑖,𝜎
† 𝑎𝑗,𝜎 + 𝑎𝑗,𝜎

† 𝑎𝑖,𝜎) + 𝑈 ෍

𝑖

𝑎𝑖,↑
† 𝑎𝑖,↑𝑎𝑖,↓

† 𝑎𝑖,↓

• Can be hard for classical methods (for 𝐷 ≥ 2), e.g., strange metal phase → standard computational 

benchmark + amenable to quantum methods vs, e.g., glassy spin systems? [Anschuetz et al., QIP (2025)]



Quantum approach(es)

• More quantum versions of Markov chain Monte Carlo [Temme et al., Nature (2011)]

→ delicate, partially missing rigorous guarantees, missing mixing time bounds

• Quantum singular value transformation [Gilyén et al., STOC (2019)] → a priori exponentially expensive

• Lindbladian thermalization as fully quantum version of Markov chain Monte Carlo:

• Exact quantum detailed balance AND step wise algorithmic efficiency [Chen et al., Nature (2025)]

• Quantum Glauber and Metropolis dynamics [Ding et al., CMP (2025)] [Gilyén et al., arXiv (2024)]

• Need bound on mixing time 𝑡mix ≅ number of steps:

Chi-Fang (Anthony) Chen

polylog 𝑛      poly(𝑛) exp(poly 𝑛 )

rapid              fast                slow



Simulated Lindbladian thermalization

• From 𝜌0 simulate dynamics 𝜌 𝑡 = exp 𝑡ℒ† 𝜌0  via algorithmic Linbladian [Ding et al., CMP (2025)]

ℒ† 𝜌 ≔ −𝑖 𝐺, 𝜌 + σ𝑎∈𝒜 𝐿𝑎𝜌𝐿𝑎
† −

1

2
𝐿𝑎

† 𝐿𝑎 , 𝜌   vs, e.g., physical Davies generator

via the set 𝒜 of jump operators 𝐴𝑎 and filter functions 𝑓𝑎(𝑡) with

                                      𝐿𝑎 ≔ ׬
−∞

∞
𝑓𝑎 𝑡 ⋅ exp 𝑖𝑡𝐻 𝐴𝑎 exp −𝑖𝑡𝐻 d𝑡

                    𝐺 ≔ σ𝑎∈𝒜 ׬
−∞

∞
𝑔 𝑡 ⋅ exp 𝑖𝑡𝐻 𝐿𝑎

† 𝐿𝑎 exp −𝑖𝐻𝑡 d𝑡 for specific 𝑔 𝑡

• Exact quantum detailed balance ℒ† 𝜎𝛽 = 0 AND step wise algorithmic efficiency – via modern Hamiltonian 

simulation + coherent function preparation [McArdle, Gilyén, B., arXiv (2022)]

• Need bounds on mixing time 𝑡mix 𝜖 ≔ inf 𝑡 ≥ 0 ∶ exp 𝑡ℒ† 𝜌0 − 𝜎𝛽 Tr
≤ 𝜖 ∀𝜌0

Environment (Bath)

System

weak interactions



Task: Bound mixing time

• Hölder gives spectral gap bound 𝑡mix 𝜖 ≤ Δ ℒ† −1
⋅ 𝑂 𝑛 + log 𝜖−1

Štěpán Šmíd

polylog 𝑛      poly(𝑛) exp(poly 𝑛 )

rapid              fast                slow

→ Fermi-Hubbard weak (+strong) coupling regime:

     Rigorous polynomial end-to-end complexity!

• Numerics for hard intermediate coupling regime

2 ≲ 𝑈/𝑡 ≲ 6:

𝐷 = 2, spinless with t = 1 and 𝛽 = 1 

• Theorem: For any quasi-local fermionic Hamiltonian 𝐻 = 𝑡 ⋅ 𝐻0 + 𝑈 ⋅ 𝑉 at any inverse 

temperature 𝛽 > 0, with 𝐻0 > 0 and 𝑈/𝑡 small enough, prepare the corresponding quantum 

Gibbs state in quantum complexity

෨𝑂 𝑛3 ⋅ polylog 𝜖−1

and determine the partition function in quantum complexity ෨𝑂 𝑛5 ⋅ 𝜖−2 , using ෨𝑂(𝑛) qubits.



Conclusion



• Guiding questions:

• What quantum algorithms do we eventually want to run?

• For what applications is the quantum footprint the smallest to become competitive 
with classical methods?

• 50-100 error corrected qubits could allow for meaningful tests

marioberta.info



Extra material



Theory of quantum information science

• Our focus areas:

A. Mathematical foundations of quantum information

B. Quantum algorithm development

• Symbiosis of quantum information with rigorous tools from mathematical physics

Mathematics

• Matrix Analysis

• Operator Algebras

• Quantum Statistics

Physics

• Quantum Simulation

• Quantum Entropy 
Inequalities

• Thermodynamics & 
Physics of Information

Computer Science

• Quantum Algorithms

• Quantum Communication & 
Cryptography

• Quantum Error Correction

• That’s it, thank you!
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