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量子研究の目指すもの

量子情報処理

センサ・解析の量子強化 量子アルゴによる高速計算

P
NP BQP

QMA

新奇量子物理の舞台

量子力学に基づく動作原理を活用 → 森羅万象を理解・制御したい

ICEPP量子チームでは全てに取り組んでいます

   （１）情報処理の高速化 
   （２）科学現象の精密測定・計算
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素粒子物理と量子技術

素粒子

ρ

暗黒物質
重力波

ブラックホール

‣新粒子・暗黒物質の
発見


‣量子重力の理解

‣物質・力による創発
現象の解明

Tr[OUρU†]

量子センサ・量子計算機

モデル化

データ埋め込み
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量子科学と量子技術

‣新粒子・暗黒物質の発見

‣量子重力の理解

‣物質・力による創発現象の
解明

ρ

素粒子

暗黒物質
重力波

ブラックホール Tr[OUρU†]
高エネ物理

‣エキゾチック物質の予言

‣第一原理的な機能制御

‣化学反応の定量的理解


ρ Tr[OUρU†]物質科学

流体力学, CAE etc…

超伝導 磁性

量子生命

光合成

量子生命
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量子技術とその理論

今後数年で 
誤り耐性量子計算の世界へ
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Executed by IBM

On target

Demonstrate path to 
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量子が優位!!2次元強相関模型

High Performance LOBPCG Method for Solving Multiple Eigenvalues 245

The paper is structured as follows. In Sect. 2 we briefly introduce related
work for solving the ground state of the Hubbard model using the LOBPCG
method. Section 3 describes the use of the Neumann expansion preconditioner
with the communication avoiding strategy for solving for multiple eigenvalues
and their corresponding eigenvectors. Section 4 demonstrates the parallel perfor-
mance of the algorithm on the SGI ICE X and K supercomputers. A summary
and conclusions are given in Sect. 5.

2 Related Work

2.1 Hamiltonian-Vector Multiplication

When solving the ground state of a symmetric matrix using the LOBPCG
method, the most time-consuming operation is the matrix-vector multiplication.
The Hamiltonian derived from the Hubbard model (see Fig. 2) is

H = −t
∑

i,j,σ

c†jσciσ +
∑

i

Uini↑ni↓, (1)

where t is the hopping parameter from one site to another, and Ui is the repulsive
energy for double occupation of the i-th site by two electrons [1,2,7]. Quantities
ci,σ, c†i,σ and ni,σ are the annihilation, creation, and number operator of an
electron with pseudo-spin σ on the i-th site, respectively. The indices in formula
(1) for the Hamiltonian denote the possible states for electrons in the model.
The dimension of the Hamiltonian for the ns-site Hubbard model is

(
ns

n↑

)
×

(
ns

n↓

)
,

where n↑ and n↓ are the number of the up-spin and down-spin electrons,
respectively.

The diagonal element in formula (1) is derived from the repulsive energy Ui in
the corresponding state. The hopping parameter t affects non-zero elements with

Fig. 2. A schematic figure of the 2-dimensional Hubbard model, where t is the hopping
parameter and U is the repulsive energy for double occupation of a site. Up arrows and
down arrows correspond to up-spin and down-spin electrons, respectively.

10万量子ビットあれば…

素粒子物理だと？

in small systems suggest that these gauge-breaking terms only
play a subdominant role and gauge-invariance remains intact
(Supplementary Note 2).

Ultimately, the problem of resonances with a few unphysical
states can be remedied by promoting V→Vj to be site-dependent
such that high-energy sectors can be faithfully protected33,34
against potential gauge non-invariant processes described above
(see Methods section). Site-dependent protection terms do not
require any additional experimental capabilities in our protocol
described below. Even more, experimental imperfections inher-
ently give disorder stabilizing the gauge sectors further. It is also
important to note that the presence of only weak disorder
(compared to the energy scale V) is enough, which does not alter
the effective couplings in the emergent gauge-invariant effective
Hamiltonian.

In the following, we introduce the microscopic model that we
propose to implement in an experiment. From the microscopic
model, effective Hamiltonians for the Z2 mLGT and QDM
subspaces can be derived by a Schrieffer–Wolff transformation
(Supplementary Note 2 and 4). On realistic timescales of
experiments, the effective models are gauge-invariant by
construction and studied further below.

Experimental realization in Rydberg atom arrays. Here, we

propose the microscopic model Ĥmic
which can be directly

implemented in state-of-the-art Rydberg atom arrays in optical
tweezers, see Fig. 1a.

The constituents are qubits, which can be modeled by the
ground jgi and Rydberg jri states of individual atoms. As shown
in Fig. 1a, we label the atoms as matter atom or link atom
depending on their position on the lattice. The Z2 gauge structure
then emerges from nearest-neighbor Ising interactions V realized
by Rydberg–Rydberg interactions and hence the real space
geometric arrangement plays a key role. The dynamics is induced
by a weak transverse field Ωm (Ωl), which corresponds to a
homogeneous drive between the ground and Rydberg states of the
matter (link) atoms. Moreover, tunability of parameters defining
the phase diagram is achieved by a longitudinal field or detuning
Δm (Δl) of the weak drive.

The interesting physics emerges in different energy subsectors
of the LPG protection term / VŴ j in Eq. (2); in particular the

Z2 mLGT is a sector in the middle of the spectrum of Ĥmic
. The

suitability for Rydberg atom arrays comes from the flexibility in
geometric arrangement required for the LPG term as well as from

Fig. 1 Constraint-based implementation of Z2 mLGT with qubits. The Z2 gauge structure emerges from the dominant local-pseudogenerator (LPG)
interaction on the honeycomb lattice introduced in (a). A vertex contains matter âj qubits (blue) and shares link τ̂xhi;ji qubits (red) with neighboring vertices.
All qubits connected to a vertex interact pairwise with strength 2V. In a Rydberg atom array experiment the qubits are implemented by individual atoms in
optical tweezers, which are assigned the role of matter or link depending on the position in the lattice. Here, the ground- and Rydberg state of the atoms,
gj i and rj i, encode qubit states, which are coupled by an off-resonant drive Ω to induce effective interactions. To realize equal strength nearest neighbor,
two-body Rydberg–Rydberg interactions, the matter atoms can be elevated out of plane. In (b) we introduce the notation for the Z2 mLGT, for which the
Hilbert space constraint is given by Gauss’s law Ĝj ¼ þ1. We illustrate the electric field τxhi;ji ¼ þ1 (τxhi;ji ¼ #1) with flat (wavy) red lines and the matter site
occupation nj= 0 (nj= 1) with empty (full) blue dots. c shows the notation for the QDM subspace with exactly one dimer per vertex. d illustrates how the
distinct subspaces are energetically separated by the LPG term VŴj . The two quantum dimer subspaces are disconnected when the matter is static, which
can be exactly realized by the absence of matter atoms in (a) and setting ð2âyj âj # 1Þ ¼ ±1 in VŴj .

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-023-01237-6 ARTICLE

COMMUNICATIONS PHYSICS | ����������(2023)�6:127� | https://doi.org/10.1038/s42005-023-01237-6 | www.nature.com/commsphys 3

2次元格子ゲージ理論？

フェルミオン
フォトン



6

量子計算研究は科学の総合格闘技

計算機アーキテクチャ層

アプリケーション層

計算機アーキテクチャ層

・計算量理論的に量子優位性の存在が証明できる問題は？
・実行時間の意味で量子優位性がある問題は？

量子誤り訂正層
・符号化率の高い低密度符号？
・符号の時間変動による万能計算？

・メモリ・計算実行・エンタングルメント媒体など役割の分割方法？
・魔法状態の生成・構成は？失敗時のリカバリーは？

ハードウェア層
・超伝導・中性原子・イオン・光etc.に最適な符号はどれか？
・高忠実度な物理ゲート操作の方法は？



ICEPPの理論チームの取り組み
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・対称性と量子推定 Koizumi, …, NY, PRL (2026)
Koizumi, …, NY, PRA (2026)

D1 小泉

・幾何学的な局所性の活用
Gibbs状態の物理量推定コストを指数改善

Hakoshima*, …, NY*, PRL (2024)

Neglect others

Entangled  meas.

Expectation values of LVP:
Tr!"# #(%"&) ($%
Tr!"# # %"& (

!("#$): reduced density operator on A and B

箱嶋さん

対称性活用による推定の超二乗加速の達成

特任助教 和田 水上さん

量子アルゴリズム for 量子物理
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ノイズの理解と制御

D3 坪内

・量子ノイズ対抗の総力戦

シンドローム測定に基づく古典 / 量子推定
Tsubouchi, …, NY, arXiv:2603.05145

量子戦略の指数的な優位性を証明

[QEC 2026]
・量子誤り耐性計算のpostselection

decoder-agnosticかつ効率的なpostselection
Xie, NY, Tsubouchi, Li arXiv:2601.17757

[[144, 12, 12]]符号：1%棄却、精度を100倍向上

ICEPPの理論チームの取り組み
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アーキテクチャ提案

部分的な誤り耐性のみだがfactory-freeかつaddressableなnon-Clifford gateの実装法を提案

表面符号・qLDPC符号など任意のCSS符号に適用可能

NY, Seif, Cross, Javadi-Abhari, arXiv:2510.08290

Alireza Seif Andrew Cross Ali Javadi-Abhari

ICEPP理論チームの取り組み



ICEPP理論チームの取り組み
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IBM 

UChicago

Caltech
FU Berlin

北京

UTokyo
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ICEPPで量子ネイティブになりませんか？

・量子 = 物理・情報・工学・数学の結節点
自然科学にとどまらず、金融・セキュリティ・創薬を含めた幅広い応用

・修士課程・博士課程を通じた問題解決能力の養成
→ 幅広い進路（金融系・コンサル系・製造業・官公庁・研究職 …）

・国際的なトップ環境で切磋琢磨する経験

英語力・コミュニケーション力・忍耐力

・人類の叡智に貢献する経験


