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なぜ量子コンピュータ・量子センサーを考えるのか？

量子コンピュータ(NISQ, FTQC)・量子
センサーの研究開発 
‣ 新しい量子計算・量子ビット技術の追求 
‣ NISQを実用化し、役立つ問題を解く

素粒子物理・宇宙物理・重力への量子
技術の応用 
‣ 既存のシミュレーション・データ解析・
検出器手法の限界を超える

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†]

素粒子物理や宇宙物理は、量子技術と親和性の高い研究テーマが多い

量子は強力なツールになる!!
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U(θ) ……

量子AI
量子コンピュータ

古典計算機

量子状態に変換

場の量子論のシミュ
レーション

量子コンピュータをどう使うか？
新しいデータ解析ツールとして

cvcc

c

c

検出器データの処理

量子センサーによる
新現象の探索

新しいシミュレーションツールとして

新しい実験ツールとして
|1⟩

|0⟩

暗黒物質
|0⟩
|1⟩

光子に変換 量子ビットに変換 3

測定器とし
て活用

量子コンピュータで処理



量子機械学習（量子ニューラルネットワークモデル）

U(θ)

パラメータ
を更新θ

コスト関数
が収束？

YesNo

… ⟨O(x, θ)⟩

古典データ
データの符号化

パラメータ回路（Ansatz）で状態を変換
|ψ(x, θ)⟩ = U(θ) |ϕ(x)⟩

結果

Uprep

量子データ

|ϕ(x)⟩ = Uin(x) |0⟩⊗n

波動関数 の準備{ |ϕ⟩i}
量子シミュレーション 
量子コンピュータ 
…

{xi, yi}

{ |ϕ⟩i, yi}
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バレンプラトー問題

Eθ∼uniform [ ∂C(θ)
∂θi ] = 0

Vθ∼uniform [ ∂C(θ)
∂θi ] = 𝒪(b−n)

(b > 1)

パラメータ回路を使った量子機械学習は、量子ビット数の増加とともに
学習が難しくなることが知られている

Nqubits

C(θ)

バレンプラトー

コスト関数C(θ) = Tr[OU(θ)ρU†(θ)]

J. R. McClean et al., Nat. Commun. 9, 4812 (2018)

勾配の大きさが量子ビット数と
ともに指数的に小さくなる
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https://www.nature.com/articles/s41467-018-07090-4


量子機械学習には古典データの符号化が必要 
 ➡ どういう状況でデータの符号化が勾配消失を起こすのかを理解する
損失関数 の勾配の分散を、Hilbert-Schmidt
距離を使って評価

ℒ(θ)

はじめに
量子コンピューター
変分量子アルゴリ
ズム
量子機械学習
バレンプラトー
研究概要
方法と結果
まとめ
補足

問題設定 7/14

OL = I− 1
n

∑n
j=1 |0⟩⟨0|j ⊗ Ij .

ℓi(θ) = Tr[ρi(θ)OL] ∈ [0, 1]

データ入力以外の要因
によって BPが起きないように
回路やコスト関数を設定。

以下の定理 [Cerezo et al., 2021]を解析に用いた。
Theorem
θν は、上の図で h番目のブロックに含まれるパラメータとする。この時、Varθ[∂θν ℓi(θ)]

は、 ρ(h)i = Trh[ρi] と最大混合状態の間の Hilbert Schmidt距離を用いて表すことがで
きる。

Varθ[∂θν ℓi(θ) ] = rn,s ×DHS( ρ
(h)
i , I/2s), rn,s ∈ O(1/n2)

上曽山健介,永野廉人,寺師弘二 (東京大学) 量子機械学習におけるデータ符号化回路の構造と勾配消失の関係 2023/03/22 7 / 19

Varθ[∂θν
ℒ(θ)] ≤ Af × rn,s × ∫𝕌x

dU DHS(ρ(h)
x , 𝕀/2s)
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(DHS :=
∫
Ux

dUDHS(ρ
(h)
x , I/2s)は、下図の各青色ゲートブロックがユニタリ 2デザイン

になると仮定)

Random Tensor Network Integrator (RTNI)[Fukuda et al., 2019]を用いて、DHS を解析的に計算した。その際、入力回路 U(x)に次の二つの構造を仮定した:

ALT
Alternating Layered Ansatz (ALT):論文
[Cerezo et al., 2021]において、学習回路と
して BPに与える影響が調べられている。

MPS
Matrix Product State (MPS) ansatz: TNの
文脈で用いられる回路で、QMLにも応用さ
れている。
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具体的な回路に対して、勾配分散のデータ入力に
依存する項の寄与を解析的に計算

上曽山 (現D1), 修士論文
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勾配消失を起こさないための
必要条件を導出した



回転対称性と並べ替え操作の対称性を効率的に実装できる量子ニューラル
ネットワークのモデルを構築

機械学習では、問題の対称性を活用することで学習・予測性能が向上する 
‣ 物理は対称性の宝庫（ローレンツ変換、回転、空間・時間反転、CP変換、…） 
‣ しかし、連続的な対称性を量子計算に導入することは一般的に自明ではない

Z. Lin (ICEPP) et al., arXiv:2405.11150同変性を持つ量子機械学習

Particle decay

20

 Lorentz symmetry in particle decays. 
• SO(3+1). 

• Typically useful in High energy particle classification.

• Found in many state of the art classical ML algorithms.

• Hard to convolute but easy to take inner products.

ベクトルの内積を入力
（Weyl’sの定理）

並べ替え操作に対して対称な量子
ゲートを実装（Twirling法）

-leptons
の分類問題に応用
H → ZZ → 4
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https://arxiv.org/abs/2405.11150


量子機械学習の学習・汎化性の解明 
‣勾配消失問題と古典計算に対する優位性の関係 
‣物理系の波動関数など、非自明な量子データに対する学習・汎化性

量子機械学習の研究目標

M. Cerezo et al., 2023

勾配消失を起こさ
ない学習モデルは
古典シミュレー
ション可能か？

実問題に適用可能な学習モデルの開発
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古典シミュレーション可能性と量子回路の設計・パラメータ初期化の関係を調査中

6

Mathematically, this question can be answered by com-
puting the inner products

⌦
U(✓)PU†

(✓), Pj

↵
for the rest

of the basis elements Pj . For instance, if the inner prod-
uct is non-zero for all Pj , then we know that the unitary
can transform P into an operator that can spread out and
reach operators across all of B. On the other hand, it
could happen that the adjoint action of the unitary can
only reach certain operators in B. For instance, as shown
in Fig. 3(a), the adjoint action of U(✓) can lead to well-
defined subspaces in B such that

⌦
U(✓)PU†

(✓), Pj

↵
is only

non-zero for operators in some BP ⇢ B. This case can
arise for instance in circuits with small Lie algebraic mod-
ules [20, 49–51, 63, 85, 86] or in shallow-depth hardware
efficient ansätze [22–25].

A second case of interest arises when we have that⌦
U(✓)PU†

(✓), Pj

↵
is non-zero for a wide range of opera-

tors, but is large only for operators in a given subspace
BP . This case is depicted schematically in Fig. 3(b) and
we will say that given P , the adjoint action of U(✓) leads
to ‘effective’ subspaces, rather than proper ones. We note
that effective subspaces can either arise for all ✓ or with
high probability for ✓ ⇠ P. In the latter case, for most
✓ values for the

⌦
U(✓)PU†

(✓), Pj

↵
are large only within

a small subspace, but for some low probability ✓ values,
large overlaps outside this subspace could be observed. Ef-
fective subspaces appear, with high probability for ✓ ⇠ P,
for quantum convolutional neural networks [13, 87], or in
circuits with small angle initialization [36, 52, 57].

To study whether or not a given problem lives within a
subspace, it is convenient to express O in an orthogonal
basis of B as

O =

X

�

c�P� . (7)

Then, denote as B� ⌘ BP�
the subspace associated to

each P� that is induced by the adjoint action of U(✓).
Given a state ⇢ 2 B, we define its projection onto B� as
⇢� =

P
Pj2B�

ajPj with aj = h⇢, Pji /
p

hPj , Pji. In this
notation, the loss function becomes:

`✓(⇢, O) =

X

�

c� h⇢, P�(✓)i =
X

�

c� h⇢�, P�(✓)i , (8)

which reveals that `✓(⇢, O) is the sum of the inner products
in each subspace. Note that in the previous equation we
expanded the measurement operator and expressed the loss
in terms of the subspaces obtained by Heisenberg evolving

U†(✓)PU(✓) go? But for simplicity of notation we will consider

the one in the main text.

Figure 4. Subspaces for shallow hardware efficient an-
sätze. We consider classes of problems where the unitary U(✓)
is an L-layered hardware efficient ansatz with two-qubit gates
acting on alternating pairs of neighboring qubits in a brick-like
fashion. We further assume that L 2 O(log(n)). a) For a global
operator such as O = Z

⌦n, the subspace obtained by adjoint
action of U(✓) is exponentially large 8L. b) Given a local op-
erator, such as O = Zµ, one can see that for all ✓ the ensuing
subspace is proper and only contains Pauli operators acting on
at most O(log(n)) neighboring qubits. Hence, this subspace
is only polynomially large. Colored regions depict the back-
wards light cone of the measurement operator when Heisenberg
evolved [39].

each basis element. However, one could also expand ⇢ and
study the loss in terms of the subspaces that concomitantly
arise.

If any of the subspaces appearing in Eq. (8) is only poly-
nomially large, then we can see that some component of
the loss arises from comparing objects (via their Hilbert-
Schmidt inner product) in non-exponentially large spaces.
In what follows, we will use CpolySub to denote the class
of problems where the action of U(✓) on some term of the
measurement operator is (either with high probability for
✓ ⇠ P or for all ✓) contained in an identifiable polynomi-
ally scaling (proper or effective) subspace, i.e., such that
dim(B�) 2 O(poly(n)), and where a basis for B� can be
classically obtained.

To make these ideas clearer, let us go back to the
class of problems with shallow hardware efficient ansätze
CshallowHEA. Consider first the case where the measure-
ment operator is global, meaning that it acts on all qubits,
such as O = Z⌦n. As schematically shown in Fig. 4(a), by
applying the circuit to this operator one can obtain expo-
nentially many other Pauli operators acting non-trivially
on all qubits, meaning that the associated subspace is ex-
ponentially large. On the other hand, as seen in Fig. 4(b),
if the measurement is a local operator such as O = Zµ, then
due to the bounded light cone structure of the circuit, it can
only be mapped to Paulis acting on at most 2L 2 O(log(n))
neighboring qubits. Since there are O(poly(n)) such oper-
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古典シミュレーションが難しく、勾配消失のない量子学習モデルを目指す

C-Y Park et al., 2024

勾配消失を起こ
さないパラメータ
初期化の方法？

https://arxiv.org/abs/2312.09121
https://arxiv.org/abs/2403.04844


Numerical study of Quantum Field Theory
• (conventional) lattice QFT

• discretize spacetime  
using Monte Carlo method

• infamous sign problem
• topological term
• real-time dynamics, etc.

• Hamiltonian simulation  
• discretize space

• no sign problem!

• need exponential resources…

→
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t = 0

‣時空間を離散化 
‣重点サンプリングに
よる の経路積分e−S

‣空間を離散化 
‣ で時間発展を
直接シミュレート 
e−iHt

量子コンピュータによるシミュレーションは、非常にパワフルな手法になりうる

実時間ダイナミクス（例えば非平衡現象、粒子の散乱）のシミュレーション

格子QCD理論は、強い相互作用の第一原理計算が可能

符号問題が存在する（e.g, ） 
•有限密度系、有限温度系 
•トポロジカル項の存在

S ∈ ℂ 符号問題は存在しない 
•ゲージ場の自由度は無限次元 
•局所ゲージ対称性の要請

通常の格子ゲージ理論 ハミルトニアン形式の格子ゲージ理論

量子計算の優位性を示すことができる有望な分野
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量子シミュレーション
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基底状態 時間発展状態

時刻 で外部
電荷を導入

t = 0

VQE VQS

強い外部電場による粒子の生成  
➡ シュウィンガー効果

量子ダイナミクスシミュレーション

パラメータの時間発展によって状態の時間発展を行う

 格子ゲージ理論（シュウィンガー模型）でのクエンチダイナミクス(1 + 1)d U(1)

H = J
N−2

∑
j=0 (

j

∑
k=0

Zk + (−1)k

2 + θ
2π )

2

+ ω
2

N−2

∑
j=0

(XjXj+1 + YjYj+1) + m
2

N−2

∑
j=0

(−1) jZjハミルトニアン

L. Nagano (ICEPP) et al., 
PRD 108, 034501 (2023)
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Mij = Re ∂⟨ψ(θ) |
∂θi

∂ |ψ(θ)⟩
∂θj

Vi = Im ∂⟨ψ(θ) |
∂θi

H |ψ(θ)⟩

∑
j

Mij
·θj = Vi

古典計算で解く

eventually interested in continuum and infinite volume
limit. We provide additional results in Appendix B to show
the dependence of accuracy on the system size and lattice
spacing. As for system-size dependence, we observe that
the accuracy gets worse with increasing N, though we can
achieve F > 0.9 at least up to N ¼ 8 only with L ≤ 3.
Further investigation of the scaling would require the large
size simulation possibly with improved algorithms, which
we leave for the future works.

V. SUMMARY AND DISCUSSION

In this work, we demonstrated a possible application of
the variational quantum algorithm to a gauge theory.
Specifically, we investigated the real-time dynamics in
the Schwinger model after suddenly turning on the external
electric field, by combining VQE and VQS methods. We
performed the (classically-emulated) state-vector simula-
tion and found that the results obtained from the quantum
algorithms are consistent with those obtained from ED. Our
simulation results can be interpreted as a population of a
particle-antiparticle pair induced by the external field.
There aremany possible future directions. This paper used

the original algorithm proposed by Li and Benjamin [66].

There are two main drawbacks to this approach: First, the
matrix M can be singular or ill-conditioned in practice,
leading to unstable trajectories. Workarounds such as regu-
larization add a parameter that must be tuned. Secondly,
computing the each entry of M requires OðN2

pÞ calls to the
quantum computer where Np is the number of parameters.
There aremany attempts toovercome this problem [71–83]. It
would be important to see if these methods can improve our
simulation results in termsof accuracy andmeasurement cost.
Toward an implementation on real quantum devices, it is

important to understand the effects of hardware noise and
statistical error coming from a finite number of measure-
ments. Besides, combination with error mitigation methods
can be an essential ingredient.
Finally, it would be interesting to consider an extension to

the higher-dimensional and/or non-Abelian gauge theory.
For this purpose, a careful search for an ansatz that is efficient
and preserves gauge invariance during simulation can be
crucial.
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FIG. 4. Dynamics of physical observables for N ¼ 4, a · g ¼ 1.0,m=g ¼ 1.0, q ¼ 2.0 with L ¼ 3 and δ ¼ 0.01. Dots/error bars show
the median and 25–75 percentiles of 20 samples: (a) electric field, (b) chiral condensate, (c), (d) ratio between the values of observables
obtained from ED and VQS.
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次のステップ：より大きな系・複雑な系へのダイナ 
　　　　　　　ミクスシミュレーションの拡張
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より複雑・より非自明な場の量子論の
シミュレーション、創発現象の解明 
‣2次元格子ゲージ理論のシミュレーション 
‣有限温度・有限密度系（非ゼロ化学ポテ 
ンシャル）での量子シミュレーション 
‣相転移現象のシミュレーション
モンテカルロ法に対する優位性の実証
将来的に、3次元非可換ゲージ理論
（QCD）へと拡張したい
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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 .
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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 .
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‣状態準備等の量子アルゴリズム（テンソルネットワークなど） 
‣開放量子系のダイナミクスシミュレーション 
‣非ユニタリー・非エルミート物理

物性物理の手法を
取り入れた素粒子
物理の量子研究

ハニカム格子上の  格子ゲージ理論2d ℤ2

11

量子シミュレーションの研究目標

Homeier al., 2023

https://www.nature.com/articles/s42005-023-01237-6


より大きく複雑な問題への応用には、誤り耐性量子コンピュータ（FTQC）
の実現が必須 
現在のエラー訂正技術は、エラー検知のための信号処理とエラーから回復
するための操作の決定に多くの古典計算処理が必要 
‣問題が持つ物理的な対称性に基づいたエラー検知・訂正手法の研究 

‣ジョセフソン接合を用いた小型高周波素子の開発と読み出し信号の多重化

i) 量子アルゴリズムにおける対称性・保存量の表現 
ii) 対称性を用いたエラー訂正手法の開発

12

誤り耐性のある量子コンピュータの研究

スケーラブルなエラー訂正の基礎技術を開発する
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require 60NxNy and 40NxNy qubits, respectively (see Fig. 1b). It is
foreseeable that more space efficient codes could be constructed,
with the present work developing a first attempt to exploit the
intrinsic redundancy present in gauge theories to reduce the cost
of the error correction procedures required for their simulation at
large scale.
The structure of the paper is as follows: “Structure of U(1) and

Zn Abelian” lattice gauge theories introduces the structure of U(1)
and Zn Abelian LGTs. “Preliminaries on the repetition code”
surveys the basics of error correction codes and develops the
formalism for integrating Gauss’ law with a repetition code. “Pure
gauge theory” and on then presents applications of these ideas for
pure gauge theory first before treating the cases of error
correction for a Z2 1+1 dimensional LGT with both non-
dynamical and dynamical fermions. We discuss an extension of
these ideas to the more complex case of 2 spatial dimensions in
“Extension to two dimensions”. “Discussion” summarizes the
results and discusses future work for extending these results to
different symmetry groups, and higher spacetime dimensions, and
flux cutoffs.

RESULTS
Structure of U(1) and Zn Abelian lattice gauge theories
We follow the basic outline given in ref. 16 and review the
structure of abelian lattice gauge theories, specifically for the
general gauge groups G ¼ Zn and G= U(1) which contain those
considered throughout this work. There are several physical
models for which the gauge symmetries discussed here are
important such as the Schwinger Model, or QED in 1+1
dimensions on a lattice23,24. It is the one of the simplest concrete
examples of an Abelian LGT and serves as a convenient setting for
the analysis and application of Gauss’ law symmetries to error
correction. This model has been extensively used as an important
stepping stone in simulations of lattice field theories using both
tensor networks and quantum devices11,25–28.
We discretize space on a cubic lattice L with sites labeled by s

and links labeled by l. We assume that the lattice consists of N sites
for even N ≥ 0 and that a staggered fermion representation is used
wherein every second site is positronic. Each link l is associated an
independent separable Hilbert space Hl with the same

orthonormal basis:

hϵ0jϵi ¼ δϵ0;ϵ; 1̂ ¼
X

ϵ

ϵj i ϵh j (1)

with

ϵ0; ϵ 2
Zn; if G ¼ Zn

Z; if G ¼ Uð1Þ:

!

The Hamiltonian for this LGT is a function of the link operators
Ûl and their conjugate electric fields Êl defined explicitly in this
basis by

Ûl ¼
X

ϵl

ϵl þ 1j i ϵlh j; Êl ¼
X

ϵl

ϵl ϵlj i ϵlh j: (2)

From this expression we can see that Ûl acts as a raising operator
and its adjoint as a lowering operator on the Hilbert space Hl of
the link. Operators defined on different link Hilbert spaces
commute while the same-link commutation relations are given by

½Êl ; Ûl & ¼ Ûl; G ¼ Uð1Þ (3)

Q̂lÛlQ̂
y
l ¼ Ûle2πi=n G ¼ Zn (4)

where

Q̂l :¼ e2πiÊl=n ¼
XN'1

ϵl¼0

e2πiϵl=n ϵlj i ϵlh j:

The form of the commutation relation for Zn is due to the fact that
the electric field values are periodic, so the Hamiltonian depends
on Q̂l .
When considering fermionic matter fields on the sites, we work

in the occupation number basis where number operators nσ are
diagonal with eigenvalues {0, 1}. Here, σ is a collective index
denoting the relevant species or indices (like flavor or spinor)
involved. The global state of the entire lattice is spanned by a
basis given by a specification of electric fields on the links of the
lattice and occupation numbers on the sites. Due to the locality of
the symmetry, we will typically consider a particular site on a
lattice and those links attached to it and denote the correspond-
ing basis states by

E; ρj i ! (D
i¼1 EiðsÞj i(D

i¼1 Eiðs' êiÞj i(σ nσj i;

Fig. 1 Error correction with Gauss’s law. a Schematic illustration of the differences between two error-correcting schemes for a simple one-
dimensional LGT: a traditional bit-flip encoding scheme and the two schemes proposed here exploiting the Gauss’ law gauge symmetry.
b Number of qubits required (excluding ancillas) for performing fault-tolerant error-correction with different encodings on a Z2 or truncated
U(1) 1+1 dimensional LGT system with 2N links, 2N staggered fermions and a 2+1 dimensional LGT with 8NxNy links and 4NxNy sites, both with
a flux cutoff of 1. The second row gives the cost for an encoding where Gauss’s law is exploited to give a bit-flip encoding via an extra even-
numbered link qubit in 1+1 D. The last row of the 1+1 and 2+1 D cases gives the cost when only the redundancies from Gauss’s law are used
at the logical level to perform error correction. The case with non-dynamical fermions requires the same resources as the pure gauge case and
is omitted from the table.
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対称性の要請によるエラー訂正手法を検討中 
‣ 局所ゲージ対称性のガウス則演算子 はハミルト
ニアン と可換 
‣ と を同時測定し、 の固有値 からエラーを判定 

‣ 初期状態の期待値 に戻すように状態を補正し、
エラーを訂正
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Early FTQCでのエラー訂正手法の研究 
‣ 既存のエラー訂正符号と部分空間展開法を使う手法を検討中 
‣ シンドローム測定を行わないことで、初期のエラー訂正に適している可能性

物理系の対称性を活用することで、問題に
適したエラー訂正が可能になる

誤り耐性のある量子コンピュータの研究

J. R. McClean et al., 2021
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今後5年で10万量子ビットの
世界が視界に入ってくる
エラー訂正可能な200論理
量子ビット（~2029年） 
    フルに使えれば、確実に 
    古典を超える!!

量子コンピュータの進展

2次元スピン模型

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…

IBMのロードマップ

素粒子物理で
できないか？

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 .
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超伝導量子デバイスの研究
量子デバイス・回路製作技術の開発

蒸着

蒸発させた金属のガスに晒す → 薄膜できる 
   スパッタ: 全面につく,   電子線: 指向性を持った蒸着が可能 

最後に化学的にレジストを除去してパターンのみ残る 
    リフトオフ:               剥離液でレジスト溶かし基板・レジスト界面を切り離す 
    プラズマアッシング:   酸素プラズマ当ててレジストを気化 → 吸い出す

基板

蒸発

蒸着材料
電子ビーム

基板

金属薄膜
リフトオフで 
上の金属ごと除去

10

基板           FZシリコンウエハ (110表面) + HF処理 (水素終端) 
レジスト     上層: ZEP520A-7 (300nm, 現像: ZED-N50 1min) 
                 下層: PMGI-SF6 (500nm, 現像: NMD-W 14-20sec)   
電子線描画   ADVANTEST F7000-VD02 @武田スーパークリーンルーム 
                  Dose: 115µC/cm2 (Si), 105µC/cm2 (Sapphire) 
                  帯電防止のため最表面にエスペイサー300Z©  

斜め蒸着      Plassys MEB550S @OIST  電子線蒸着 
                  Al: 45/70nm (上層/下層)    酸素導入: 12.5Torr 3min 
リフトオフ   NMP 60-80℃

ICEPPトランズモン  製作例

Plassys MEB550S @OIST

ウエハHF処理 蒸着終了直後のサンプル
13

最近は毎週このサイクル 
ウエハ5-6枚分くらい作ってる

基板 基板
レジスト

基板 基板

パターンを彫る (リソグラフィー)

9

○ 基板はシリコンかサファイヤの単結晶。小さい誘導損失。


○ レジスト (表面を蒸着やエッチングから保護する有機物の層) を塗る。


○ レーザーか電子線ビームを露光。


○ 感光したところは現像液で洗い流せる。

レーザー (パターン大きさ>1µm)  
or 電子ビーム (<1µm)

※ポジのレジストのとき。ネガだと感光してないとこが現像で落ちる。
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超伝導量子ビットの製作
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量子ビットの性能測定
コヒーレンス時間 (~量子ビットの寿命) 

  T1: 縦緩和 (|e>→|g>脱励起)  

       自然放出、準粒子生成 (宇宙線?) 、素材内の2準位系との結合


  T2*: 横緩和 (|e>と|g>の重ね合わせ係数の相対位相がめちゃくちゃになる)  

        Charge/fluxノイズ、準粒子生成など

19

T1 ~ 7µs T2* ~ 3µs
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|1>に励起後放置した際の|1>の割合 vs 放置時間 Echo法で測定した横緩和時間        
ICEPP transmon v1.00s

ICEPP transmon v1.00s

π-drive

cartoon: S. Shirai
cartoon: S. Shirai
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• ࣎͏͵ঙ͗ࢢޭح৾ڠ
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C. Müller, et al., Rep. Prog. Phys. 82 124501 (2019) 
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アモルファス結晶の電子ポケットによる2準位系

Clemens Müller et al 2019 Rep. Prog. Phys. 82 124501 
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超伝導量子ビット

200 nm 
 200 ×

ジョセフソン接合

実際の姿 シリコン基板上にアルミの薄膜

PRACTICAL GUIDE FOR BUILDING SUPERCONDUCTING... PRX QUANTUM 2, 040202 (2021)

Al

AlOx

Al

500 nm

(c)

χ χ

(d)

(e)

(a)

(b)
Substrate 
(silicon/sapphire)Transmon

~cm

~cm

FIG. 3. Dispersive coupling between a transmon and a superconducting resonator. (a) Lumped-element representation of a
Josephson junction and a sketch of its structure, which consists of two layers of aluminium (gray) that are separated by an aluminium
oxide tunnel barrier (white). (b) A SEM image of a bridge-free junction. Image credit: Kyle Serniak (Yale University). (c) Lumped-
element representation of a LC circuit capacitively coupled to a single-junction transmon and the associated the potential of each mode
and the dressing of the energy levels due to the dispersive interaction. (d),(e) Two examples of physical realizations of a transmon
device dispersively coupled to a superconducting cavity in either the planar (d) or 3D configuration (e).

provides the drive and measurement tones to the system.
Here, ain(t) and aout(t) represent, respectively, the incom-
ing and outgoing field of the transmission line where it
interacts with our circuit. The fields at different times are
not related, such that

[
aout(t), a†

out(t′)
]

=
[
ain(t), a†

in(t
′)
]

=
δ(t − t′). This implies ain and aout have dimension t−1/2.

A detailed balance of the field results in the following
input-output relation:

aout = ain + √
κca, (8)

where κc is defined as the frequency-independent cou-
pling rate at which the oscillator exchanges energy with
the transmission line, and can be experimentally character-
ized for each setup. Here, we choose the sign convention
following the approach in Ref. [48]. With the incoming
and outgoing fields taken into account, we arrive at the
following differential equation for a(t) in the Heisenberg
picture:

∂ta = − i
! [a, H] − κ

2
a − √

κcain. (9)

This expression is called the quantum Langevin equation
[49]. It includes two new terms: the first one corresponds
to a damping of the field at rate κ/2, with κ = κc + κi,
where κi is the coupling rate between the system and the
uncontrolled environment usually called the internal loss
rate; the second term,

√
κcain, referred to as “drive” or

“pump,” is vital for a to obey the same usual commuta-
tion relation

[
a, a†] = 1 at all times despite the damping

term. As an alternative to the quantum Langevin equation,
the Lindblad master equation can also be used to describe
such dissipative systems [49,50]. However, the quantum

Langevin equation is more suited to describe the traveling
fields that we consider here.

While ain is necessary in order for us to control the state
of the resonator, it also introduces undesired fluctuations
in its field. To mitigate this, we typically operate in the
“stiff-pump” regime, where κc is negligible compared to
the frequency of the resonators, but the expectation value
of

√
κcain can be large compared to κc. This way, we have

ain = āin + a0
in, where a0

in represents the negligible fluctua-
tions of the field and āin its average value. In the stiff-pump
approximation, a drive is modeled with the Hamiltonian

Hd

! = ϵ(t)a† + ϵ(t)∗a, (10)

with ϵ(t) = √
κcāin.

B. Josephson junction
Superconducting resonators alone do not provide a use-

ful medium for encoding quantum information. This is
because the energy levels of a resonator are separated by
an equal spacing of !ω, forbidding us from addressing the
transitions individually. Thus, we must introduce a nonlin-
ear element in order to achieve universal quantum control
of the circuit.

In cQED, the most ubiquitous source of nonlinearity
is a Josephson junction (JJ), favored for its simplicity
and nondissipative nature. This element is made of two
superconducting electrodes separated by an insulating tun-
nel barrier, represented in Fig. 3(a). In practice, JJs are
typically fabricated by overlapping two layers of supercon-
ducting films with an oxide barrier in between. The area of

040202-5

金属パッドの足

2mm

金属パッド

7

低温センター
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超伝導量子デバイスの研究

量子ビットの特性測定
: 縦緩和（ への脱励起）T1 |1⟩ → |0⟩ : 横緩和（ と の相対位相が崩れる）T2 |0⟩ |1⟩

自然放出、
宇宙線による
準粒子生成
など

電荷ノイズ、
宇宙線による
準粒子生成
など

超伝導量子ビットを自分達で作り、実験に使う!!



超伝導量子ビットを使った波状暗黒物質（アクシオン, 暗黒光子）の探索

Wave-like DM, e.g, Axion, Dark Photon with mass , well motivated 
‣ Coherent electric field generated by photons  

converted from DM (e.g, dark photon) 

‣ Directly drive Qubit as a DM-induced microwave  

∼ 𝒪(μeV − meV)もういっそ直接励起

EX

µ

Qubitのドライブパルス

|g>

|e> ℏω = mDM

DMから転換した光子由来のコヒーレントな電場

= 

○ そもそもqubit-photon結合は強い　 
    µqubit ~106 × µatom 

    直接励起はnaiveには筋が良いはず


○  ダークマター由来の光: コヒーレント 
    Qubitにとってのドライブパルスになる 

    Rabi振動: 1Hz-1kHz

    振動の立ち上がりを頑張って捉える

|0
> 

po
pu

la
tio

n 
(a

.u
.)

Time lapse after resetting the qubit [0.1 µs]

T1 ~ 100µs

32

Dark photon DM

Chen et al.  
arXiv: 2212.03884

S. Chen et al., 

PRL 131, 211001 (2023)

Dark Matter Search with Direct Qubit Excitation
代表的な波ダークマター (2): Dark Photon

8

○ 新しいU(1)Q'


○ Dark photon := 光子とちょっとだけ混ざってる偽光子


○ 磁場かけてないAxion探索実験で探せる


    (実験初期のベンチマークに利用されがち)

Dark photon  
(質量固有状態)

mixing parameter
一般photon

Dark photon  
(相互作用固有状態)

Xμ = X̃μ − ϵAμ

   磁場がかかったaxionの状態にデフォルトでなってるイメージ

A′ 
γ

Superconducting qubits as an attractive probe due to 
‣ well-motivated DM mass in ~GHz range 
‣ strong coupling of superconducting qubits to photons  
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超伝導量子ビットの直接励起による探索 キャビティ内の電
磁場モード測定に
よる探索

キャビティハロスコープ実験

4

キャビティハロスコープ実験

l 世界最高感度に到達している有力な検出方法

l 空洞共振器 (Cavity)に光子を溜め, 高周波で検
出

l 信号が非常に微弱なため, 複数段階で信号増幅
(HEMT, 常温アンプ, JPA,…)

l Cavityの共振周波数 探索DMの質量

大きな課題の一つが周波数変調機構

γ’

γ

HEMT

Amplifier

Analyzer

microwave

Room Temperature

~10 mK

~ K

Cavity
増幅

増幅

本研究では未使用

対応

ハロースコープ実験

ジョセフソン接合

EDM: μ ∼ Qd

d = 𝒪(100 μm)

量子ハード技術・物理への応用

超伝導量子ビットは電場測定に適したセンサー 
‣フォトンと強く結合：原子の 倍の強さ 
‣低いエネルギー閾値  を持つ 
‣ のコヒーレンス時間内での状態操作が可能

𝒪(106)
𝒪(μeV)

𝒪(100 μs)
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[mV]I

Q

[mV]
 state 
 state

|0⟩
|1⟩

中心|0⟩
中心|1⟩

Δ := |ωq − ωc |

H = ℏ
2 (ωq + g2

Δ ) σz

量子ビット周波数

キャビティ周波数

Cavity周波数変調の実証

10

透過率(S21)を測定

結果→変調を確認

変調が大きくなると,ピークが崩れ始める
(Quality factor悪化)

Q値を保ったまま実効的に観測可能な量
→10 MHz

シミュレーション75MHz

Frequency vs Current vs S21

→Qubitによる緩和, lossを一部考慮していない

コイルに流れる電流値を変更

実証実験の手順

繰り返し

‣コヒーレンス時間の向上、キャビティのクオリティ（Q値）の向上 
‣ 遷移の高周波数化  ➔ 高質量領域での探索 
‣10テスラ程度までの磁場耐性が目標  ➔ アクシオン探索への応用

|0⟩ → |1⟩

超伝導量子ビットの直接励起による探索 キャビティ内の電磁場モード測定による探索

+ℏ [ωc + g2

Δ σz] a†a

キャビティ周波数のラムシフト

18

量子ハード技術・物理への応用

未踏の領域を探索可能

 －４－ 申請者登録名 渡邉 香凜             
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（※）特別研究員奨励費の研究期間が 3年の場合の応募総額は（A区分）が 240 万円以下、（B区分）が 240 万円超 450 万円以下（DC1 のみ）。2年の場合は（A区分）が 160 万円

以下、（B区分）が 160 万円超 300 万円以下。1年の場合は（A区分）が 80 万円以下、（B区分）が 80 万円超 150 万円以下。（B区分については研究計画上必要な場合のみ記入） 
 

① 研究目的、研究方法、研究内容 

研究目的 

質量 4-200 μeV の範囲を 5分割し、それぞれに対応する周波

数の超伝導量子ビットを用いて未探索領域のダークフォトンを

探索する（図 3）。 

研究方法・研究内容 

以下 3 つの項目に従い、研究を実施する。 

(1)超伝導量子ビットの強結合化・高周波化 

現在の超伝導量子ビットは量子コンピュータ向けに最適化さ

れたものであり、より高感度・広範囲の探索を行うには(Ⅰ) , (Ⅱ)
の点からセンサーとして最適化し直す必要がある。 

(Ⅰ )強結合化 超伝導量子ビットと電磁場の結合を強化し、

kinetic mixing が小さい領域の探索を可能にする。 

(Ⅱ)高周波化 超伝導量子ビットの共鳴周波数を最大 50 GHz まで

高め、高質量領域の探索を可能にする。 

(2) SQUID による変調と狭帯域での原理実証実験 

(1)で強結合化・高周波化した超伝導量子ビットに SQUID を導

入し、変調を確認する。SQUID を持つ超伝導量子ビットの共鳴周

波数は(cos(,/ℎ	 × 	1%&')に比例するため、SQUID を貫く磁束1%&'
により調整できる。さらに狭帯域で実際にダークフォトン探索を

行い、セットアップに問題がないことを確認する。 

(3) (1)と(2)を組み合わせた広範囲な質量の探索 

超伝導量子ビットの共鳴周波数を調整しながら、共鳴周波数ごとに「量子ビット初期化→待機→状態の読み

出し」を"(10()回行い（図 4）、励起確率 = 励起していた回数 / 測定回数 をスキャンする。5 シグマ以上の

励起確率をピークと判定する。 

② どのような計画で、何を、どこまで明らかにしようとするのか 

(1) 超伝導量子ビットの強結合化と高周波化（1 年目-2 年目前半） 

(I)強結合化 超伝導量子ビットのキャパシタンス3及びキャパシタンスパッド間距離4を大きくすると超伝導

量子ビットと電磁場の結合が強化され、kinetic mixing の小さい領域でも感度を持つようになるが、外部電磁場

との結合も強化されるため量子ビットの寿命が悪化する。本研究では測定のオーバーヘッドを無視できるよう

寿命 10 μs を下限とし、この範囲で最大の3, 4をシミュレーションソフトウェア Ansys HFSS により求める。 
(Ⅱ )高周波化 超伝導量子ビットの共鳴周波数はジョセフソン接合を構成する超伝導体の転移温度6)の 1/2
乗に比例し、ジョセフソン接合の抵抗の 1/2乗に反比例する。したがってまず、近接効果を使った薄膜の多層

化により転移温度6)を大きくする。すなわち通常のアルミ-酸化アルミ-アルミ（6) 	~	1.2	:）のジョセフソン接

合（図 1 右下）を、より転移温度が高い別の金属でさらに覆う。先行研究ではニオブ（6) 	~	9.3	:）でジョセフ

図 4 共鳴周波数ごとに行う測定の流れ 

図 3 質量帯 4-200 μeV = 1-50 GHz を

10	GHz ごとに(a)-(e)の 5 領域に分け

る。各領域に適した共鳴周波数の超伝

導量子ビットを用い、最小 1%の励起

確率ピークを検出することで探索を

行う。	

超伝導量子ビットを使った波状暗黒物質（アクシオン, 暗黒光子）の探索



いろいろな可能性

ICEPPでは、常に新しいアイデアに挑戦できます

Figure 2: Niobium spherical cavities (fixed coupling)

by the diameter of the coupling tube and by the distance
between the two spherical cells. A central elliptical cell,
which can easily be streched and squeezed, was found to
provide a tuning range of several kHz (4–20 kHz in the fi-
nal design). A prototype with the central elliptical cell was
built and is now being tested (Fig. 3). A second tunable
cavity (two spherical cells and the central cell) will be built
by the middle of 2004.

Figure 3: Niobium spherical cavities (variable coupling)

The system was also mechanically characterized, and the
mechanical resonant modes in the frequency range of inter-
est were identified. In particular the quadrupolar mode of
the sphere was found to be at 4 kHz, in good agreement
with finite elements calculations.
The detection electronics was designed. Its main task is

to provide the rejection of the symmetric mode component
at the detection frequency. A rejection better than 150 dB
was obtained in the final system.
Starting from the results obtained in the last six years,

we are now planning to design and set up an experi-
ment for the detection of gravitational waves in the 4–10
kHz frequency range (MAGO, Microwave Apparatus for
Gravitational waves Observation). Our main task is the de-
sign and construction of the refrigerator and of the cryo-
stat (including the suspension system), which houses the
coupled cavities. The refrigerator must provide the cryo-
genic power needed to keep the superconductiong cavities
at T ∼ 1.8K (approx. 10Watts) without introducing an ex-
cess noise from the external environment. A design based
on the use of subcooled superfluid helium is being invesi-
gated. The expected time-scale is four years (2004–2007).
In the following a detailed description of the various is-

sues aforementioned will be given. Expected system sensi-
tivity will also be discussed.

PHYSICS MOTIVATION
The spectrum of gravitational waves of cosmic origin

targeted by currently operating or planned detectors spans
roughly from 10−4 to 104 Hz.
The f ≤ 10−1 Hz region of the gravitational wave (GW)

spectrum, including galactic binaries [11], (super)massive
black hole (BH) binary inspirals and mergers [12], compact
object inspirals and captures by massive BHs [13], will be
thoroughly explored by LISA [14], which might be hope-
fully flown by year 2015. Ground based interferometers
and acoustic detectors (bars and spheres) will likewise co–
operate in exploring the f ≥ 101 Hz region of the spec-
trum, including compact binary inspirals and mergers [15],
supernovae and newborn black-hole ringings [16], fast-
spinning non-axisymmetric neutron stars [17], and stochas-
tic GW background [18].
The whole spectral range from 10−4 − 104 Hz, how-

ever, is far from being covered with uniform sensitivity, as
seen e.g. from Fig. 4, where the fiducial sensitivity curves
of LISA and LIGO–II are shown side by side. Plans are
being made for small–scale LISA–like space experiments
(e.g., DECIGO, [19]) aimed at covering the frequency gap
10−1 − 101 Hz between LISA and terrestrial detectors.

Figure 4: LISA–LIGO comparison

Several cryogenic/ultracryogenic acoustic (bar) detec-
tors are also operational, including ALLEGRO [20], AU-
RIGA [21], EXPLORER [22], NAUTILUS [23], and
NIOBE [24]. They are tuned at∼ 103 Hz, with bandwidths
of a few tens of Hz, and minimal noise power spectral den-
sities (PSD) of the order of 10−21 Hz−1/2.
Intrinsic factors exist which limit the performance of

both interferometers (IFOs) and acoustic detectors in the
upper frequency decade (f >∼ 103 Hz) of the spectrum.
The high frequency performance of laser interferometers

is limited by the ∝ f2 raise of the laser shot-noise floor.
While it is possible to operate IFOs in a resonant (dual)
light-recycled mode, for narrow-band increased-sensitivity
operation the pitch frequency should be kept below the sus-
pension violin-modes [25], typically clustering near and
above ∼ 5 · 102 Hz.
Increasing the resonant frequency of acoustic detectors

(bars, spheres and TIGAs), on the other hand, requires de-
creasing their mass M . The high frequency performance
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