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Computational Physics Spring School 2027 NIMS Seminar

• 5th edition, held in Okinawa
• Feb 28 to Mar 4, 2027
• Okinawa Seinen Kaikan, Naha
• Open to industry participants

compphysschool.github.io/2027/
March 2026, Okinawa: 370 participants, 11 sponsoring companies
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About me: from experiment to many-body theory NIMS Seminar

Flexible organic FETs
Sekitani et al., APL 86, 073511 (2005)

Metal nanowire transport
HS, Hoshi, Fujiwara, JPSJ 77, 114712 (2008)

Soft Hubbard gap
HS, Imada, PRL 102, 016404 (2009)
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About me: from ab initio to compression NIMS Seminar

DFT: 5d pyrochlore Cd2Os2O7

HS, Miyake, Ishibashi, PRL 108, 247204 (2012)

DFT+DMFT: pyrochlore iridates
HS, Hoshino et al., PRL 115, 156401 (2015)

QMC data on 𝑖𝜔𝑛 → IR basis
HS et al., PRB 96, 035147 (2017)

Next: Green’s functions depend on many variables shinaoka.github.io · tensor4all.org · spm-lab.github.io 3 / 38
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Green’s functions depend on many variables NIMS Seminar

Equilibrium

𝐺(𝑖𝜔𝑛, 𝒌)

• 𝑖𝜔𝑛: Matsubara frequency
• 𝒌: momentum

Nonequilibrium

𝐺(𝒌, 𝑡, 𝑡′)

• 𝑡, 𝑡′: two times
• 𝒌: momentum

Number of grid points grows with
• lower temperature (denser Matsubara frequencies)
• finer 𝒌 mesh
• longer times

Example: 104 freqs. × 1003 𝒌 ∼ 1010; 103 times per axis ∼ 1012.
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Represent and compute in compressed form NIMS Seminar

Not only data compression: we compute on the compressed data.

Next: Two insights behind this talk shinaoka.github.io · tensor4all.org · spm-lab.github.io 5 / 38



Two insights behind this talk NIMS Seminar

Each insight opened a line of work, now pursued by many groups.

Earlier roots: kernel SVD in analytic continuation (1995–); quantics tensor trains in applied mathematics (Oseledets, Khoromskij, 2010–11).

Next: Q1: Can we compress Matsubara frequencies? shinaoka.github.io · tensor4all.org · spm-lab.github.io 6 / 38



Q1: Can we compress Matsubara frequencies? NIMS Seminar

Next: Intermediate Representation (IR) Basis: Result shinaoka.github.io · tensor4all.org · spm-lab.github.io 7 / 38



Intermediate Representation (IR) Basis: Result NIMS Seminar

Naive Matsubara dense grid 𝐺(𝑖𝜔𝑛): spacing ∼ 𝑇  + slow tail ∼ 1/𝜔𝑘𝑛 → 𝑁 ∼ 𝑂(𝛽), intractable at low 𝑇
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sparse-ir1: library for many-body methods

• Python / Julia / Fortran / C++ / Rust
• ab initio GW, Eliashberg, DMFT, vertex

1HS, Otsuki, Ohzeki, Yoshimi, PRB 96, 035147 (2017); Li, Wallerberger, Chikano, Yeh, Gull, HS, PRB 101, 035144 (2020)
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IR Basis: Singular Value Expansion NIMS Seminar

𝐺(𝜏) = −∫
𝜔max
−𝜔max

𝑑𝜔𝐾(𝜏, 𝜔)𝜌(𝜔), 𝐾(𝜏, 𝜔) = ∑
𝑙
𝑈𝑙(𝜏)𝑆𝑙𝑉𝑙(𝜔)

• 𝜌(𝜔): system-dependent spectrum, 𝐾: system-independent kernel
• 𝑆𝑙: singular values, 𝑈𝑙(𝜏) and 𝑉𝑙(𝜔): singular functions (IR basis)1
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Coefficients 𝐺𝑙 = −𝑆𝑙 ∫𝑑𝜔𝑉𝑙(𝜔)𝜌(𝜔) decay as rapidly as 𝑆𝑙.

1HS, Otsuki, Ohzeki, Yoshimi, PRB 96, 035147 (2017); Otsuki, Ohzeki, HS, Yoshimi, JPSJ 89, 012001 (2020)

Next: Sparse Sampling: Operations in the IR Basis shinaoka.github.io · tensor4all.org · spm-lab.github.io 9 / 38

https://doi.org/10.1103/PhysRevB.96.035147
https://doi.org/10.1103/PhysRevB.96.035147
https://doi.org/10.1103/PhysRevB.96.035147
https://doi.org/10.1103/PhysRevB.96.035147
https://doi.org/10.7566/JPSJ.89.012001
https://doi.org/10.7566/JPSJ.89.012001
https://doi.org/10.7566/JPSJ.89.012001
https://doi.org/10.7566/JPSJ.89.012001
https://doi.org/10.7566/JPSJ.89.012001


Sparse Sampling: Operations in the IR Basis NIMS Seminar

• Sparse 𝜏  and 𝑖𝜔𝑛 grids from the IR basis: 𝑁 ∝ log(𝜔max𝛽)
• Interpolate 𝐺 on the sparse grids via the IR basis

→ FFT, convolution, and elementwise operations are efficient

Li, Wallerberger, Chikano, Yeh, Gull, HS, PRB 101, 035144 (2020)

Next: Application: Ab initio superconductivity shinaoka.github.io · tensor4all.org · spm-lab.github.io 10 / 38
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Application: Ab initio superconductivity NIMS Seminar

• Anisotropic Migdal-Eliashberg theory with Wannier 
interpolation, using the IR basis

Mori, Nomoto, Arita, Margine, PRB 110, 064505 (2024)

• Applied to Al, Nb, Pb, and hydrides
• Implemented in the EPW package
• GW-Eliashberg benchmark on the uniform electron gas

Akashi, HS, PRB 113, 014507 (2026)
Mori+ 2024: Δ(𝑇 ) for Nb

𝑂(log 𝛽) scaling → reach 𝑂(1) K

Next: SpM-lab: one package for Matsubara compression shinaoka.github.io · tensor4all.org · spm-lab.github.io 11 / 38
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SpM-lab: one package for Matsubara compression NIMS Seminar

• IR basis: compress 𝐺(𝜏), 𝐺(𝑖𝜔𝑛); transform 𝜏 ↔ 𝑖𝜔𝑛 from a few sampling points
• DLR: 𝐺 as a sum of a few real poles; convolutions and Dyson equation in 𝜏
• MiniPole: analytic continuation to real frequencies with a few complex poles

spm-lab.github.io
Next: Q2: What about space and time? shinaoka.github.io · tensor4all.org · spm-lab.github.io 12 / 38



Q2: What about space and time? NIMS Seminar

Next: Quantics Tensor Train (QTT) shinaoka.github.io · tensor4all.org · spm-lab.github.io 13 / 38



Quantics Tensor Train (QTT) NIMS Seminar

First systematically formulated in applied math1

Tensorize the grid
• Discretize 𝑓(𝑥) on 𝑁 = 2𝑅 grid

‣ Write the index in binary: 𝑚 = (𝜎1𝜎2…𝜎𝑅)2
• Reshape 2𝑅 values → 𝑅-way tensor 𝐹

Use scale separation
• If scales separate, 𝐹  factorizes as a tensor train
• Small bond 𝜒 → 𝑂(𝑅𝜒2) parameters and 

exponentially fine scale resolution with 𝑅.

0 1𝑥

𝑚 = 0, 1, 2, 3,…, 2𝑅 − 1

𝜎1
0 1 2−1

𝜎2
0 1 0 1 2−2

𝜎𝑅
0 1 0 1 2−𝑅

…

𝐹

𝐹 ∈ ℝ2×2×⋯×2, 2𝑅 entries

𝜎1𝜎2…𝜎𝑅

≈
𝜎1 𝜎2 𝜎3

…
𝜎𝑅

coarse fine

1Oseledets, Dokl. Math. 80, 653 (2009); Khoromskij, Constr. Approx. 34, 257 (2011).
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QTT Compressible functions NIMS Seminar

Provably compressible (𝜒 = 1 or 𝑂(1)):
• 𝑓(𝑥) = 𝑒𝑥 = 𝑒𝑥1/2𝑒𝑥2/4⋯𝑒𝑥𝑅/2

𝑅
 → 𝜒 = 1

‣ Sum of 𝑁  exponentials → 𝜒 ≤ 𝑁
• Polynomial of degree 𝑝 → 𝜒 ≤ 𝑝 + 1
• Heaviside step function → 𝜒 = 1
• 𝑓(𝑥, 𝑦) = 𝛿𝑥,𝑦 = 𝛿𝑥1,𝑦1𝛿𝑥2,𝑦2⋯𝛿𝑥𝑅,𝑦𝑅 → 𝜒 = 1

Empirically compressible:
• Extended features + localized features

TensorNetwork.org: Representation of Continuous Functions
Khoromskij, Tensor Numerical Methods in Scientific Computing (2018)
Khoromskij, Constr. Approx. 34, 257 (2011); HS+, Wallerberger, Murakami, Nogaki, Sakurai, 
Werner, Kauch, PRX 13, 021015 (2023)

Identity matrix: 𝜒 = 1 Matrix Product Operator (MPO)

Next: Compressing Correlation Functions (PRX 2023) shinaoka.github.io · tensor4all.org · spm-lab.github.io 15 / 38
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Compressing Correlation Functions (PRX 2023) NIMS Seminar

• Frequency, momentum, and real time are compressible.
• Fundamental diagrammatic operations are efficient in the compressed form.

HS, Wallerberger, Murakami, Nogaki, Sakurai, Werner, Kauch, PRX 13, 021015 (2023)

Next: Computation in QTT Form shinaoka.github.io · tensor4all.org · spm-lab.github.io 16 / 38
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Computation in QTT Form NIMS Seminar

Computational costs scale linearly with 𝑅.

Integration

∑
𝒙
𝑓(𝒙)

𝑥1 𝑥2 … 𝑥𝑅
= (1, 1)

∫𝑓

Convolution

∑
𝑦
𝐴(𝑥, 𝑦)𝐵(𝑦, 𝑧) ≈ 𝐶(𝑥, 𝑧)

𝐴

𝐵

𝑥1 𝑥𝑅

𝑦1 𝑦𝑅

𝑧1 𝑧𝑅

𝑥1 𝑥𝑅

𝑧1 𝑧𝑅

𝐶

Fourier transform

𝑓(𝑘) = ∑
𝑥
exp(𝑖𝑘𝑥)𝑓(𝑥)

𝑘𝑅 𝑘𝑅−1 … 𝑘1

𝑥1 𝑥2 … 𝑥𝑅

𝑓(𝑥)

exp(𝑖𝑘𝑥)

𝑘𝑅 … 𝑘1

𝑓(𝑘)bit order reversed

• A typical MPO bond dimension for Fourier transform is 𝜒 ≈ 15 for machine precision.
• PDE/ODE can be solved in the compressed form.

Next: Building a QTT from samples: TCI shinaoka.github.io · tensor4all.org · spm-lab.github.io 17 / 38



Building a QTT from samples: TCI NIMS Seminar

• Learns a TT from a black-box 𝑓 by adaptive queries
• 𝑂(𝜒2𝐿) function calls; never reads the full tensor
• Used for 𝒌 sums and for real-time Green’s functions

Brillouin-zone integral on 23𝑅 points from few samples

Núñez Fernández et al., PRX 12, 041018 (2022); Núñez Fernández, Ritter, …, HS, Waintal, SciPost Phys. 18, 104 (2025); Ritter et al., PRL 132, 056501 (2024)

Next: Two-time functions in QTT form shinaoka.github.io · tensor4all.org · spm-lab.github.io 18 / 38
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Two-time functions in QTT form NIMS Seminar

• Nonequilibrium dynamics needs 𝐺(𝑡, 𝑡′): two time variables
• Dyson equation solved in compressed (QTT) form

Murray, HS, Werner, PRB 109, 165135 (2024)

Next: Nonequilibrium GW in QTT form: two young researchers shinaoka.github.io · tensor4all.org · spm-lab.github.io 19 / 38
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Nonequilibrium GW in QTT form: two young researchers NIMS Seminar

M. Środa
U. Fribourg

Compress 𝐺(𝑡, 𝑡′) in QTT form

K. Inayoshi
Saitama U.

Reach long times: causal divide-and-conquer

Next: Nonequilibrium GW: compress, then extend in time shinaoka.github.io · tensor4all.org · spm-lab.github.io 20 / 38



Nonequilibrium GW: compress, then extend in time NIMS Seminar

• Memory: 6 TB → 1 GB, 64 × 64 𝒌 grid
• Dyson and GW solved in QTT form

1. Solve the Dyson equation 

for 𝑡 ≤ 𝑡max and get 

converged Green’s function

2. Extend the time domain 

and prepare the initial 

guess in extended domain

3. Calculate self-energy in 

      each block (colored domain)

4. Solve the Dyson equation and 

get new Green’s function in 

each block (colored domain)

6. Affine transformation

until Green's function in each block converges to a prescribed accuracy

Self-consistent calculations in extended domain 

global update

Proceed to the next process 

to extend time domain

5. Fuse four blocks

shrink

past data Fix Fix

• Propagate forward in time using causality
• Extend 𝑡max in pieces, reuse the past

Środa, Inayoshi, HS, Werner, PRL 135, 226501 (2025); Inayoshi, Środa, Kauch, Werner, HS, SciPost Phys. 20, 077 (2026)
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Part II: Reliable software with AI agents



Two layers: thin scripts, core libraries NIMS Seminar

Computing in compressed form needs many new core libraries

• Analysis scripts (Python / Julia) on top are thin
• Performance is determined by the core libraries below

Question: which language for the core libraries?

Next: I started to port SparseIR.jl to C++, but… shinaoka.github.io · tensor4all.org · spm-lab.github.io 23 / 38



I started to port SparseIR.jl to C++, but… NIMS Seminar

“I started to hate C++ (again).”

zenn.dev/h_shinaoka/articles/a099b814166ac7 (Why I migrated from C++ to Rust)

Next: Properties required of a core-library language shinaoka.github.io · tensor4all.org · spm-lab.github.io 24 / 38



Properties required of a core-library language NIMS Seminar

Next: Borrow rules shinaoka.github.io · tensor4all.org · spm-lab.github.io 25 / 38



Borrow rules NIMS Seminar

Shared reads or one exclusive write. Enforced at compile time

Next: The compiler rejects the same loop shinaoka.github.io · tensor4all.org · spm-lab.github.io 26 / 38



The compiler rejects the same loop NIMS Seminar

C++ / OpenMP

#pragma omp parallel for

for (int i = 0; i < n; ++i)

  total += x[i];

Compiles; wrong sum at run time (data race)

Rust / rayon

x.par_iter()

  .for_each(|xi| total += xi);

error[E0596]: cannot borrow

`total` as mutable

Rust stops at compile time. The correct form is x.par_iter().sum().

Next: DHH on Rust (Rails World 2026) shinaoka.github.io · tensor4all.org · spm-lab.github.io 27 / 38



DHH on Rust (Rails World 2026) NIMS Seminar

“I love Rust! Rust is amazing
…if you never, ever, EVER have to look at it yourself”

Next: The past year: 910k lines of Rust shinaoka.github.io · tensor4all.org · spm-lab.github.io 28 / 38
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The past year: 910k lines of Rust NIMS Seminar

• 910k lines of Rust, none written by hand since January 2026
• Up to 108,110 lines in one week: line-by-line review cannot keep up

Rust lines on default branches of 15 research repositories, including tests and benchmarks (2026-09-23). Weekly 
maximum: 2026-W13, 6 main repositories.

Next: What we build: the full stack shinaoka.github.io · tensor4all.org · spm-lab.github.io 29 / 38



What we build: the full stack NIMS Seminar

• Lower layers are more general; tenferro-rs is also used by 9 external projects
• First physics result: by a researcher new to Rust, in about two months

Line counts include tests (2026-09-23). K. Inayoshi, H. Shinaoka, T. Murakami, arXiv:2607.11055

Next: Who checks AI-written code? shinaoka.github.io · tensor4all.org · spm-lab.github.io 30 / 38



Who checks AI-written code? NIMS Seminar

• “AI slop”: curl ended its bug bounty after a surge of AI-generated reports (2026)

Move correctness checks from reading code to machine verification

The Register (2026-01-21): curl ends bug bounty

Next: What AI actually gets wrong shinaoka.github.io · tensor4all.org · spm-lab.github.io 31 / 38



What AI actually gets wrong NIMS Seminar

In every case the code compiles and the tests pass

Next: Oracles: references agents cannot change shinaoka.github.io · tensor4all.org · spm-lab.github.io 32 / 38



Oracles: references agents cannot change NIMS Seminar

• Derivative rules are checked against two independently built references
• References live in a separate repository that agents cannot modify

github.com/tensor4all/tensor-ad-oracles

Next: Turn each failure into a rule shinaoka.github.io · tensor4all.org · spm-lab.github.io 33 / 38



Turn each failure into a rule NIMS Seminar

• Example: new rule “Do not loosen tolerances; report the cause”
• The same kind of failure becomes less likely in the next implementation

Next: Automated audits on every PR shinaoka.github.io · tensor4all.org · spm-lab.github.io 34 / 38



Automated audits on every PR NIMS Seminar

• A bot checks every PR against the documented rules

Next: Performance: GPU tensor transpose shinaoka.github.io · tensor4all.org · spm-lab.github.io 35 / 38



Performance: GPU tensor transpose NIMS Seminar

• Calls cuTENSOR internally: 3.7 to 5.9 times faster than PyTorch
• Dense operations (matmul, eigendecomposition): on par with PyTorch

tenferro-benchmark (2026-09-17, A100, f64, 4 GiB each, output buffer reused)

Next: Calling from existing codes shinaoka.github.io · tensor4all.org · spm-lab.github.io 36 / 38



Calling from existing codes NIMS Seminar

• C ABI for Fortran / C++ callers (sparse-ir-rs from EPW)
• cargo vendor builds on machines without network access

Next: Summary shinaoka.github.io · tensor4all.org · spm-lab.github.io 37 / 38



Summary NIMS Seminar
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