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量子力学に従って振る舞う「モノ」を直接使って計算する機械 
‣ 普通のコンピュータと同じ使い方をするものではない（少なくとも今は） 
‣ 今の量子コンピュータは、量子力学の物理実験装置に近い

量子コンピュータとは？

計算をするのは、何らかの「量子系」 
‣ 特定の始状態に初期化できる 
‣ 何度でも状態を変換することができる 
‣ 終状態を読み出すことができる

このような性質を持つ量子系であれば、なんでも良い 
‣ スピンの上向きと下向き、光の縦偏向と横偏向、時計回りと反時計回りの電流など
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•状態 を測定すると、確率 で 、 で を得る 

• なので、全部で3つの自由度
|ψ⟩ |α |2 0 |β |2 1

|α |2 + |β |2 = 1

2つの基底（例えば と ）で表現できる量子系|0⟩ |1⟩

|0⟩ = (1
0) |1⟩ = (0

1) 0

1 |1⟩
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|ψ⟩
̂z

̂x ̂y

古典ビット 量子ビット

量子ビット = 量子情報を運ぶ基本単位

一般的な1量子ビットの状態
|ψ⟩ = α |0⟩ + β |1⟩ = (α

β)

状態変換はユニタリー演算（＝行列計算）で行う

 : 確率振幅（複素数）α, β
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量子ビット = 量子情報を運ぶ基本単位
量子ビットの実体

他にもいろいろあります
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なぜ量子コンピュータを考えるのか？

CERN LHC

ρ

量子を使った素粒子・宇宙の研究

暗黒物質

重力波

ATLAS実験

ブラックホール

Tr[OUρU†]

‣新粒子・暗黒物質の探索 
‣素粒子の場の理論の量子
シミュレーション 
‣量子重力の理解
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量子ダイナミクスシミュレーション
量子多体系のシミュレーションは、量子コンピュータ応用の本丸の一つ

“量子シミュレーションをしたい 
 なら、量子力学的な計算をする 
 方が良いよね”

 ̶ ファインマン（1980年ごろ）

6



|ψ11⟩

|ψ12⟩

|ψ13⟩

|ψ1N⟩⋯
|ψ21⟩

|ψ22⟩

|ψ23⟩

|ψ2N⟩⋯
|ψM1⟩

|ψM2⟩

|ψM3⟩

|ψMN⟩⋯
量子コンピュータを使うことで、量子系の波動関数を表現し操作できる

大きな系に対して、古典計算機よりも効率的にシミュレートできる可能性

量子多体系のシミュレーションは、量子コンピュータ応用の本丸の一つ
量子ダイナミクスシミュレーション

素粒子理論を記述するゲージ場の粒子をシミュレートできる
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場の理論のハミルトニアンシミュレーション 
‣空間を離散化 
‣フェルミオンをスピン系にマッピング 
‣ハミルトニアンに従って状態を時間発展

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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‣フェルミオンをスピン系にマッピング 
‣ハミルトニアンに従って状態を時間発展

現在は や 次元など、シンプルな系の研究が中心1 + 1 1 + 2
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量子多体系のシミュレーションは、量子コンピュータ応用の本丸の一つ
量子ダイナミクスシミュレーション

L. Nagano et al., arXiv:2302.10933
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場の理論のハミルトニアンシミュレーション 
‣空間を離散化 
‣フェルミオンをスピン系にマッピング 
‣ハミルトニアンに従って状態を時間発展

高エネルギー物理への応用 
‣初期状態の生成（入射粒子, 波束） 
‣ハミルトニアン発展（散乱） 
‣測定

指数的な高速化を期待

高次元系への拡張が課題 
まず 次元QEDの研究へ1 + 2

現在は や 次元など、シンプルな系の研究が中心1 + 1 1 + 2

将来的には、 次元のQCDへ1 + 3

量子多体系のシミュレーションは、量子コンピュータ応用の本丸の一つ
量子ダイナミクスシミュレーション
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量子機械学習
機械学習：データ が与えられた時、 間の関係を求めたい{x, y} {x, y}

ある関数 の出力 が となるような関数とパラメータ を決定する　f(xi, w) ỹi ỹi ≃ yi f w 学習

Ul
1,2,⋯(θ)

ヒルベルト空間への 
データの符号化

| ⟩

| ⟩ | ⟩
| ⟩

| ⟩
| ⟩

| ⟩

| ⟩

| ⟩

パラメータ回路で
量子状態を変換

量子ニューラルネットワーク

結果

例えば画像分類の場合
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量子シミュレーション＋量子機械学習
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基底状態 
(1d U(1)ゲージ理論)

時間発展状態 
(1d Z2ゲージ理論)

多粒子状態 
(場の量子論)

相分類

相分類

ラグランジアン
パラメータの決定

物質場の閉じ込
め相と非閉じ込
め相

対称性を保って
いる相と破って
いる相

物理系の量子状態(波動関数)を入力データとして、
その性質を量子コンピュータで学習する

古典計算に対する汎化性や計算コストでの優位性?

量子データの学習によって、
非自明な予測が可能か？
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超伝導トランズモンの開発
多準位系を用いることで、量子計算能力は指数的に向上する可能性がある

2 µm

JJ area:  
200 nm x 200 nm

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)
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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
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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
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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
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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
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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)
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○ 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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ICEPP製作の超伝導量子ビット
⊠

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

ఽح৾ڠΦϋϩάʖଝࣨݱ
̏ɿTLS (Two-level systemʥ
• ڧఁԻۅ
• ࣎͏͵ঙ͗ࢢޭح৾ڠ
• ༢ుରخ൚Ώۜຜ࣯ɼ
ֆ͵ʹͶ͚کғଚ

C. Müller, et al., Rep. Prog. Phys. 82 124501 (2019) 
̐ɿ६ཽࢢ (Quasi particleʥ
• ఽର࣯ʤΦϋϩάʖάϡρϕʥͳؖܐ
• ೦Ώstray IR field͵ʹͶΓΖྯً
• ϜέϫഀϏϭʖΝ͚کΗ͙ͤͪ
3ɿࣕـӖ
• vortex͗ఽରͶφϧρϕ
4ɿ๎ࣻଝ
• ࣙ༟ؔۯͶుࣕ͗๎ࣻ͠ΗΖ
• बഀ਼ɼγϱϕϩυδϱɼϏρίʖζͶғଚ
̓ɿParasitic modes
• ఁ͏QϠʖχͳ݃͢ͱً͞Ζଝࣨ
• Slotline modes, box modes, chip modes͵ʹ
• ߶͏बഀ਼Άʹགྷ͵Ϡʖχ͗ਫ਼͠ΗΏͤ͏

C. R. H. McRae et al., Rev. Sci. Instrum. 91, 091101 (2020)

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 

: 縦緩和(  
     への脱励起)が起 
     こるまでの時間

T1 |1⟩ → |0⟩

自然放出、準粒子生成
(宇宙線)など

ジョセフソン接合の製作
マルチジャンクション量子ビット

量子ビットの
特性測定

3準位(Qutrit)トランズモンとマルチジャンクション量子ビットの研究

13



共振器を通じて読み出す
共振器の中に量子ビット置く → 共振モードの電場と結合 E-field of  

the cavity

Dipole moment 

of the transmon

量子ビットの状態に応じて共振周波数が変わる
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|e>

qubit cavity cavity × qubit
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共振器のマイクロ波透過率 透過波の位相 透過波の位相 (I/Q plane表示)
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A sin(ωt + ϕ) = I sin(ωt) + Q cos(ωt)
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量子ビットの状態操作 |0> ⇄ |1>
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Drive pulse length [ns]

共鳴するマイクロ波を打つ → Rabi振動

17
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第7章 共振器量子電磁力学（cavity QED）
7.1 Jaynes-Cummingsモデル
共振器量子電磁力学系 (cavity quantum electrodynamics、cavity QED) 1は、電磁場

の共振器内部に二準位系を配置した系（図 ??）であり、共振器光子の量子的振る舞い
の研究、あるいは共振器内部にある二準位系の制御が可能となる。二準位系と単一の
共振モードが相互作用するこのような状況は Jaynes-Cummingsモデルにより記述され
る。Jaynes-Cummings Hamiltonianは

HJC =
h̄ωq

2
σz + h̄ωca

†a+ h̄g(σ+a+ a†σ−). (7.1.1)

である。このモデルを用いて、共振器量子電磁力学系という量子系を操る単純だが強力
な舞台を見ていこう。
はじめに二準位系にも共振器にも緩和がない場合の Jaynes-Cummings Hamiltonian

の固有エネルギーを調べよう。共振器光子が n個、量子ビットが |ξ〉 (ξ = g, e)のとき
の合成系の量子状態を |ξ, n〉と書こう。Hamiltonianの行列要素 〈ξ′,m|HJC |ξ, n〉を調
べると、このHamiltonianはブロック対角であることがわかる。というのも、非対角要
素を与える σ+a+ a†σ−という相互作用（係数は省略してある）が |g, n〉と |e, n− 1〉の
みを繋ぐようなものだからである。そのブロック行列H(n)

JC をあらわに書くと、
H(n)

JC =

(
− h̄ωq

2 + h̄ωcn h̄g
√
n

h̄g
√
n h̄ωq

2 + h̄ωc(n− 1)

)
(7.1.2)

となる。ここで一番目と二番目の行/列はそれぞれ |g, n〉と |e, n− 1〉の要素を表している。
n ≥ 1にも注意。このブロック行列は固有値λ± = h̄ωc(n−1/2)±(h̄/2)

√
(ωc − ωq)2 + 4g2n

を有し、量子ビットと共振器が共鳴している ωc = ωq = ω0の場合には
λ± = h̄ω0 ± h̄g

√
n. (7.1.3)

と書ける。このように、|g, n〉と |e, n− 1〉の結合によってできる n番目の（励起）状態
は 2h̄g

√
nだけエネルギー間隔のあいた二つの量子状態であり、二準位系と共振器の結

合系である Jaynes-Cummingsモデルのエネルギースペクトルは等間隔ではない。この
エネルギースペクトルを Jaynes-Cummings ladderともいう。

1量子技術においては共振器全般を cavityと呼ぶことが多いが、別の業界では cavityといえば虫歯である。

qubit-photon  
interactionfree qubit H free photon H

g: coupling constant   ~ µ・E  (µ: qubit electric dipole moment)

第 5章 二準位系のダイナミクスと緩和 80

図 5.2: 離調がない場合（左）とある場合 (右) のRabi振動

が成り立つ：
Γ =

µ2ω3
q

3πh̄ε0c3
⇐⇒ µ =

√
3πh̄ε0c3Γ

ω3
q

. (5.1.18)

Γ2 で表される緩和は占有確率の変化を引き起こさないが、Blochベクトル (sx, sy, sz)のうち sxと syを “縮める”効果を持つ (図 5.1)。これは結果として量子ビットが重ね合
わせ状態などに関する位相の情報を失っていくことを意味しており、それゆえに位相緩
和と呼ばれる。自然放出による位相緩和も含めた Γ1 + 2Γ2がトータルの位相緩和レートとなるため、Γ2はとくに純位相緩和レート（pure dephasing rate）と呼ばれること
もある。

5.2 Rabi振動
さて、電磁波による駆動と緩和のもとでの量子ビットのダイナミクスを記述する方

程式が得られたため、実際にどのような振る舞いになるかを見てみよう。といっても
Bloch方程式を解析的に解くのは特殊な場合を除いて簡単ではないため、まず理想的な
場合として離調がなく （∆q = 0）、緩和もない（Γ1 = Γ2 = 0）状況を見てみよう。こ
の時の Bloch方程式は

dsx
dt

= 0,
dsy
dt

= −Ωsz,
dsz
dt

= Ωsy

となり、初めに量子ビットが基底状態にある（sz(t = 0) = −1）という初期条件のもと
で sx = 0、sz = − cos (Ωt)、sy = sin (Ωt)という解が得られる。この解は、はじめ |g〉
にあった Blochベクトルが (Ω, 0, 0)、つまり Bloch球でいうと図 5.2の左側のように x

軸まわりに回転することを意味している。Ωは Rabi周波数（Rabi frequency）と呼ば

on-resonant off-resonant

|0>

|1> ω = ω1-ω0

 Jaynes-Cummings Hamiltonian 

超伝導トランズモン-3D共振器の開発

3 MHz
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A sin(ωt + ϕ) = I sin(ωt) + Q cos(ωt)
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量子ビットの状態による共振周波数の変化ラビ振動 ( )|0⟩ ⇔ |1⟩

量子ビットの操作・読み出し
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FIG. 8. A typical microwave signal processing chain for a flux-tunable transmon coupled to a readout resonator. The input
lines (green and purple) to the sample are usually wired with 20-dB cryogenic attenuators at both the 4-K and 20-mK stage. This level
of attenuation, together with the intrinsic insertion loss incurred along the coaxial cables, ensures that the thermal photons reaching the
device are kept below 10−3. Commercial low-pass filters (LPFs) and custom-made Eccosorb filters [144,145] are also introduced to
suppress high-frequency noise. The output signal passes through a single Eccosorb filter, located inside the Cryoperm, and a low-loss
filter. This typically incurs a < 2 dB insertion loss on the signal, which then travels through two cryogenic circulators that provide
-20-dB isolation with an additional 0.3-dB loss. The signal is routed by the two circulators to a quantum-limited amplifier, which is
usually tuned to operate at 20 dB gain. Here, we omit the pump line to the quantum amplifier. The amplified microwave signals then
pass through one or two isolators to the 4-K stage where they are further amplified by a wideband HEMT amplifier before exiting the
fridge to the room-temperature signal-processing elements. At room temperature, the drive signals to the transmon and resonator are
generated by mixing a LO tone from a microwave signal source with DAC outputs from a quantum controller. These signals are then
amplified and filtered before traveling to the qubit drive line (green) and the resonator drive line (purple), respectively. The returning
signal from the resonator (red) is demodulated by mixing with the same input carrier tone and then sent to the ADC channels on the
controller. The flux control is performed via a flux drive line (brown) with a current source.

adding cryogenic filters at the 20-mK plate of the DR.
Low-pass filters that can provide more than 40-dB sup-
pression of frequencies above 10 or 12 GHz are now com-
mercially available. Another widely adopted element is
the Eccosorb filter, which employs a castable silicone rub-
ber material capable of effectively absorbing microwave
signals (20 GHz and above) to protect the device from
high-frequency radiation.

The output lines are responsible for carrying the result-
ing signals from the device from base temperature back
to room temperature for analysis. These signals, typically
only on the single-photon level, can be easily degraded by
noise or dissipation. Hence, they must be handled carefully
to ensure clean, stable, and effective collection of quantum
information from the device.

First, it is crucial to adequately suppress the ther-
mal noise propagating from the higher temperature stages
while allowing the signal to propagate without significant
attenuation. To balance these two requirements, directional
components such as circulators and isolators are employed
on the output lines, instead of attenuators. These nonre-
ciprocal elements provide a low-loss path for the precious
quantum signal extracted from the device to travel to room
temperature while effectively reducing the thermal noise
flowing in the opposite direction.

Furthermore, we also need to enhance the weak out-
going signal through a well-designed chain of amplifiers
such that it can be distinguished from noise as it propa-
gates back to room temperature. In other words, the role
of each amplifier along the outgoing signal path is to make
the signal stand out against the noise added by the sub-
sequent amplifier as well as the thermal photons from the
higher-temperature stages.

When designing amplification configurations, it is
important to note that amplification always comes at the
cost of elevated noise temperature. This causes a degrada-
tion of the SNR despite the overall increase of the signal
power. The noise temperature, TN , provides a measure of
the noise added by the amplifier. For an amplifier with a
power gain of G, we can relate the amplified signal, PS

out,
and noise, PN

out to the input powers PS,N
in , by

PS
out = GPS

in, (46)

PN
out = G(Tin + TN )kBB, (47)

where B is the bandwidth of the noise going into the
amplifier, Tin and TN the effective temperatures associ-
ated with the input signal and the noise of the amplifier,
respectively. Here, the effects of quantum fluctuations are
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and entangling two-qubit gates on any pair of qubits with a typical 
fidelity of 98.5(5)% (see Methods section ‘Experimental details’). 
Projective measurements of the qubits in any basis are performed with 
standard fluorescence techniques28, with a qubit readout fidelity of 
99.4(1)%. In combination, Bell state preparation and measurement can 
be performed with a fidelity of 98(1)% and are generated by a compiler 
that pieces together native, one- and two-qubit gates to produce the 
desired gates in a modular fashion27.

A schematic of the experiment is depicted in Fig. 1. The first qubit is 
prepared in a designated single-qubit state ∣ ⟩ψ . We initialize the six 
additional qubits in three Einstein–Podolsky–Rosen (EPR) pairs, 
∣ ⟩ ∣ ⟩ ∣ ⟩= +EPR ( 00 11 )1

2
, between qubits (2, 5), (3, 4) and (6, 7). We 

perform the scrambling unitary Ûs on qubits 1 to 3, and the decoding 
unitary = ∗U Uˆ ˆ

d s  on qubits 4 to 6. The explicit form of these unitaries 
and their decompositions into two-qubit gates is detailed in Methods 
section ‘Implementing and optimizing scrambling operators’. We com-
plete the decoding protocol by projectively measuring any designated 
pair of qubits—a chosen qubit ∈p {1, 2, 3} and its complement qubit 

− ∈p(7 ) {4, 5, 6}—onto an EPR pair. In the absence of decoherence and 
errors, the probability ψP  of a successful projective measurement can 
be directly related to the OTOC by:

⟨ ⟩∑=ψ
φ

P O O t O O tˆ ˆ ( ) ˆ ˆ ( ) (1)
O, ˆ

1
†

P
†

1 P
P

where ∣ ⟩ ⟨ ∣ψ φ≡Ô1  acts on qubit 1, ∑φ O, ˆ
P
 denotes an average over  

single-qubit quantum states φ and the Pauli operators ÔP acting on  
the projectively measured qubit, and5,6 =O t U O Uˆ ( ) ˆ ˆ ˆ

P s
†

P s . If the EPR 
projection is successful, the decoding of the initial state ∣ ⟩ψ  can  
be quantified via the teleportation fidelity: ∣ ⟨ ∣ ⟩ ∣ϕ ψ=ψF 2, where ∣ ⟩ϕ   

is the final state of the ancillary qubit 7. To characterize the nature of  
different scrambling unitaries, we repeat this protocol for initial states 
∣ ⟩ ∣ ⟩ ∣ ⟩ ∣ ⟩ ∣ ⟩ ∣ ⟩ ∣ ⟩ψ ∈ { 0 , 1 , 0 , 1 , 0 , 1 }x x y y z z , where ∣ ⟩α0(1)  denotes the 
positive (negative) eigenstate of the Pauli operator σα.

We begin by illustrating the challenge associated with interpreting 
conventional OTOC experimental measurements15–18. In particular, 
we perform a control experiment with a non-scrambling unitary in the 
presence of deliberate experimental errors (Fig. 2a): specifically, we take 
Ûs to be the identity operation, and introduce single-qubit rotational 
errors (parameterized by strength θ) following the operation of Ûs, but 
not the decoding operation Ûd, creating a mismatch between forward 
and backward time-evolution. To allow for a fair comparison with the 
case of maximally scrambling unitaries, we implement the identity 
operator as a combination of one- and two-qubit gates of comparable 
complexity (and total number). As we increase the size of the mismatch 
error, we see that the average OTOC (as measured by ψP ) decays, con-
sistent with the expected sensitivity of the OTOC to experimental noise 
(Fig. 2). Crucially however, the decoding fidelity remains constant near 
50%, the expected fidelity for an unknown qubit state, confirming that 
no scrambling has taken place.

In the ideal case, both the teleportation fidelity ψF( )  and the average 
OTOC ψP( )  probe only scrambling and are thus redundant. This is 
reflected in the error-free relation + − =ψ ψ ψd d F P P[( 1) ] 11 1 , where 
d1 is the dimension of the initial state ∣ ⟩ψ  (in our case, d1 = 2) and the 
average is performed over all initial states. Decoherence and experi-
mental error lead to deviations from this relation, which we quantify 
with the effective noise factor6

⟨ ⟩ ⟨ ⟩≡ + −ψ ψ ψN d d F P P[( 1) ] (2)1 1

whose decay from unity signals the presence of error-induced OTOC 
decay in our quantum circuit. Note that =N 1 in the ideal case  
and = .N 0 25 (that is, /d1 1

2) in the fully decohered case. As expected, 
the observed N  decreases with increasing mismatch (Fig. 2e), reflect-
ing the deliberate error-induced decay of the OTOC, despite the lack 
of any quantum scrambling dynamics. Moreover, the measured value 
of N  ≈ 0.60–0.75 at zero mismatch (θ = 0) reflects the inherent errors 
in the experiment, which are expected from the many gates compris-
ing the EPR preparation, unitary operation and EPR measurement.

With the control experiment in hand, we now characterize informa-
tion scrambling for a family of unitary operators αÛ ( )s  that continu-
ously interpolate (Fig. 2b) between the identity operator (α = 0) and a 
maximally scrambling unitary (α = 1), as described in Methods section 
‘Implementing and optimizing scrambling operators’. The gate decom-
position of the αÛ ( )s  operation varies only in single-qubit rotations 
about the z-axis, which are performed classically with negligible error. 
Similar to the previous case, we observe the average OTOC to decay as 
the scrambling parameter, α, is tuned from 0 to 1, as shown in Fig. 2c. 
However, unlike the case of the deliberate mismatch-error in Fig. 2a, 
the OTOC decay is accompanied by an increase in the decoding tele-
portation fidelity, indicating the presence of true quantum information 
scrambling. Measurement of a relatively constant noise factor confirms 
that the experimental error does not depend strongly on the parameter 
α and thus cannot fully account for the decay of the OTOC. In our 
system, the error scales with the number and type of gates, which are 
constant across the interpolation.

Using our experimentally measured noise factor N , we can bound 
the true, scrambling-induced decay of the OTOC for error-free 
time-evolution via the unitaries αÛ ( )s . Assuming that extrinsic deco-
herence is negligible (that is, that coherent errors dominate the exper-
iment), we find that the ideal average OTOC can be upper-bounded 
by6: ⟨ ⟩ /ψ NP4 2 2. Therefore, we can experimentally upper-bound the 
value of the OTOC for the maximally scrambling unitary, α =Û ( 1)s , by 
approximately 0.47(2).

To demonstrate that our scrambling unitaries are indeed delocalizing 
information across the entire system, we show that teleportation  
succeeds independently of the chosen subsystem partition. To do this, 
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Fig. 1 | Experimental quantum circuit. Schematic of our 7-qubit circuit, 
which uses quantum teleportation to detect information scrambling. Qubit 
1 represents the state to be teleported, while the remaining six qubits are 
prepared in EPR pairs (vertical lines). The first three qubits are acted on by 
the unitary, Û , whose scrambling properties are to be characterized. To 
perform teleportation, qubits 4 to 6 are acted on by the conjugate unitary 

∗Û , and a projective EPR measurement is performed on any pair of qubits: 
(3, 4), (2, 5) or (1, 6). If the unitary Û  is maximally scrambling, the 
information stored in qubit 1 is delocalized, and decoding becomes 
possible, as seen by the measurement-heralded teleportation of qubit 1’s 
state to qubit 7. The underlay depicts an analogy between our protocol and 
information propagation through a traversable wormhole11,12; within this 
interpretation, Alice attempts to teleport her qubit to Bob, who has control 
over qubits 3 to 7. This interpretation is further clarified in the discussions.
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ブラックホール/ワームホールのシミュレーション

K. A. Landsman et al., Nature 567, 61 (2019)

量子もつれを使って、ワームホール
のダイナミクスを検証する 
‣量子情報のスクランブリング

量子情報と時空の関係について、量子コンピュータを使った研究が始まっている

Traversable wormhole dynamics

Jafferis, Zlokapa, et al., Nature (2022).

Within the framework of AdS/CFT, Jafferis and Gao (2019) proposed a 
quantum circuit with an exact holographic dual of a gravitational wormhole.

Wormhole in spacetime Quantum dynamics on boundary

We observed many-body teleportation via 
gravitational dynamics (right).

Peak shows consistency with a wormhole 
description at the level of quantum 
information dynamics (“size winding”), 
distinct from generic quantum scrambling 
behavior.

“The wormhole in the laboratory experiment 
is as real as it would be if it connected two 
astronomical black holes.”

 – L. Susskind

Traversable wormhole dynamics

Jafferis, Zlokapa, et al., Nature (2022).

Within the framework of AdS/CFT, Jafferis and Gao (2019) proposed a 
quantum circuit with an exact holographic dual of a gravitational wormhole.

Wormhole in spacetime Quantum dynamics on boundary

We observed many-body teleportation via 
gravitational dynamics (right).

Peak shows consistency with a wormhole 
description at the level of quantum 
information dynamics (“size winding”), 
distinct from generic quantum scrambling 
behavior.

“The wormhole in the laboratory experiment 
is as real as it would be if it connected two 
astronomical black holes.”

 – L. Susskind

D. Jafferis et al., Nature 612, 51 (2022)

ICEPPでも、今後取り組んで行きたい

重力理論でのワームホールとAdS/CFT対応
している量子回路を提案 
‣ワームホールと矛盾しない現象を観測
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SIMPs	/	ELDERS	

Ultralight	Dark	Ma5er	

Muon	g-2

Small-Scale	Structure	

Microlensing	

Dark	Sector	Candidates,	Anomalies,	and	Search	Techniques	

Hidden	Sector	Dark	Ma5er	

Small	Experiments:	Coherent	Field	Searches,	Direct	DetecIon,	Nuclear	and	Atomic	Physics,	Accelerators	
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≈

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

≈

Beryllium-8	

Black	Holes	

Hidden	Thermal	Relics	/	WIMPless	DM	

Asymmetric	DM	

Freeze-In	DM	

Pre-InflaIonary	Axion	

Post-InflaIonary	Axion	

FIG. 1: Mass ranges for dark matter and mediator particle candidates, experimental anomalies,
and search techniques described in this document. All mass ranges are merely representative; for
details, see the text. The QCD axion mass upper bound is set by supernova constraints, and
may be significantly raised by astrophysical uncertainties. Axion-like dark matter may also have
lower masses than depicted. Ultralight Dark Matter and Hidden Sector Dark Matter are broad
frameworks. Mass ranges corresponding to various production mechanisms within each framework
are shown and are discussed in Sec. II. The Beryllium-8, muon (g � 2), and small-scale structure
anomalies are described in VII. The search techniques of Coherent Field Searches, Direct Detection,
and Accelerators are described in Secs. V, IV, and VI, respectively, and Nuclear and Atomic Physics
and Microlensing searches are described in Sec. VII.

II. SCIENCE CASE FOR A PROGRAM OF SMALL EXPERIMENTS

Given the wide range of possible dark matter candidates, it is useful to focus the search
for dark matter by putting it in the context of what is known about our cosmological history
and the interactions of the Standard Model, by posing questions like: What is the (particle
physics) origin of the dark matter particles’ mass? What is the (cosmological) origin of
the abundance of dark matter seen today? How do dark matter particles interact, both
with one another and with the constituents of familiar matter? And what other observable
consequences might we expect from this physics, in addition to the existence of dark matter?
Might existing observations or theoretical puzzles be closely tied to the physics of dark
matter? These questions have many possible answers — indeed, this is one reason why
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基礎科学への応用

素粒子・宇宙物理への量子センサーの応用

様々な量子センサーの
開発が進んでいる
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‣ 共振器中で暗黒物質（e.g, ダークフォトン）
由来の光子が生成 

‣ 共振器中の光子数に依存して、超伝導量子
ビットの遷移周波数が変わる 

‣ 超伝導量子ビットの状態を分散読み出しする

A. Dixit et al., PRL 
126, 141302 (2021)
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超伝導量子ビットを量子センサーとして使い、暗黒物質を探索する

‣ ダークフォトンが光子に変換 
‣ 光子が作る電場によって、量子ビット
の状態が遷移 

‣ 遷移率を測定し、暗黒物質を検知する

暗黒物質の探索

S. Chen et al., arXiv:2212.03884
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DECIGO ?

SCRF detectors for gravitational waves 
G. Gemme et al., 2003 Workshop on RF Superconductivity

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

‣ 結合した共振器の内部モードへのエネルギー
移行を使って重力波を捉える 

‣ チューニング用セルを使って、内部モードの
周波数差 を調整する 

‣ の周波数を持つ重力波を検知

|ω2 − ω1 |

|ω2 − ω1 | = Ω

共振器を使った重力波の観測

G. Gemme et al., Proceedings の重力波がターゲット10 kHz − 10 MHz

重力波の観測
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Figure 2: Quantum advantage in learning physical states. (a) Supervised machine learning (ML) model based on quantum-
enhanced experiments. N repetitions of quantum-enhanced experiments are performed and the data is fed into a gated
recurrent neural network (GRU) [20, 21]. The neurons in the GRU are aggregated to predict an output. (b) Training process
of the supervised ML model. We train the supervised ML model to determine which of two n-qubit Pauli operators has a
larger magnitude for the expectation value in an unknown state ⇢ using noiseless simulation for small system sizes (n < 8).
We consider the cross entropy [22] as the training loss. Then we use the supervised ML model to make predictions using
data from noisy quantum-enhanced experiments running on the Sycamore processor [10] for larger system sizes (8  n  20).
We consider the probability to predict correctly as the prediction accuracy. Random guessing yields a prediction accuracy
of 0.5. (c) Quantum advantage in the number of experiments needed to achieve � 70% accuracy. Here, (Q) corresponds to
results running the supervised ML model based on quantum-enhanced experiments and (C) corresponds to results running
the best known conventional strategy. The dotted line is a lower bound for any conventional strategy (C, LB) as proven in
Appendix D.4. Even running on a noisy quantum processor, quantum-enhanced experiments are seen to vastly outperform
the best theoretically achievable conventional results (C, LB).

accurately on average. In contrast, we would need an
exponential number of experiments to achieve the same
task in the conventional setting. The proof for general
quantum processes is given in Appendix F.

Theorem 3 (Learning quantum processes). Suppose
we are given a polynomial-time physical process E acting
on n qubits and a probability distribution over n-qubit
input states. In the conventional scenario, at least or-
der 2n experiments are needed to learn an approximate
model of E that predicts output states accurately on av-
erage, while a polynomial number of experiments suffice
in the quantum-enhanced scenario.

III. Demonstrations of quantum advantage

The exponential quantum advantage captured by
Theorems 1, 2, and 3 applies no matter how much clas-
sical processing power is leveraged in the conventional
experiments. The conventional strategy fails because
there is just no way to access enough classical data to
perform the specified tasks, if the number of experi-
ments is subexponential in n. But these exponential
separations apply in an idealized setting where quan-
tum states are stored and processed perfectly. Will ac-
cess to quantum memory unlock a substantial quantum
advantage under more realistic conditions?

For two different tasks, we have investigated the ro-
bustness of the quantum advantage by conducting ex-
periments using a superconducting quantum processor.

The first task we studied pertains to Theorem 1. The
task is to approximately estimate the magnitude for the
expectation value of Pauli observables. The unknown
state is an unentangled n-qubit state ⇢ = 2�n (I + ↵P ),
where ↵ = ±0.95, P is a Pauli operator, and both ↵, P

are unknown. After all measurements are completed
and learning is terminated, two distinct Pauli operators
Q1 and Q2 are announced, one of which is P and the
other of which is not equal to P . We ask the machine to
determine which of |tr (Q1⇢) | and |tr (Q2⇢) | is larger.

In the conventional scenario, where copies of ⇢ are
measured one by one, the best known strategy is to use
randomized Clifford measurements requiring an expo-
nential number of copies to achieve the task with rea-
sonable success probability [8, 24]. In the quantum-
enhanced scenario, copies of ⇢ are deposited in quantum
memory two at a time, and a Bell measurement across
the two copies is performed to extract a snapshot of
the state. We then feed the snapshots into a supervised
machine learning (ML) model based on a gated recur-
rent neural network [20, 21, 25] to make a prediction,
as depicted in Fig. 2(a). We train the neural network
using noiseless simulation data for small system sizes
(n < 8). Then we use the neural network to make pre-
dictions when we are provided with experimental data
for large system sizes (8  n  20). We report the
prediction accuracy, which is equal to the probability
for correctly answering whether |tr (Q1⇢) | or |tr (Q2⇢) |
is larger. Fig. 2(b) shows the performance of the ML
model as we train the neural network. Fig. 2(c) depicts,
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Figure 1: (a) Quantum-enhanced experiments versus conventional experiments. Quantum-enhanced/conventional experi-
ments interface with a quantum/classical machine running a quantum/classical learning algorithm that can store and process
quantum/classical information. (b) Learning physical state ⇢. Each experiment produces a physical state ⇢. In the conven-
tional setting, we measure each ⇢ to obtain classical data (the measurement could depend on prior measurement outcomes)
and store the data in a classical memory. In the quantum-enhanced setting, ⇢ can coherently alter the quantum information
stored in the memory of the quantum machine (illustrated by the change in color). With large enough quantum memory,
the quantum machine can simply store each copy of ⇢. After multiple rounds of experiments, quantum processing followed
by a measurement is performed on the quantum memory. (c) Learning physical process E. Each experiment is an evolution
under E . In the conventional setting, the classical machine specifies the input state to E using a classical bitstring, and
obtains classical measurement data [11]. In the quantum-enhanced setting, the evolution E coherently alters the memory of
the quantum machine: the input state to E is entangled with the quantum memory in the quantum machine and the output
state is retrieved coherently by the quantum machine.

using the conventional strategy, but only polynomial in
n using the quantum-enhanced strategy. For suitably
defined tasks, we can achieve exponential quantum ad-
vantage using a protocol as simple as storing two copies
of ⇢ in quantum memory and performing an entangling
measurement. We also show that quantum-enhanced
experiments have a similar exponential advantage in a
related scenario shown in Fig. 1(c), in which the goal
is to learn about a quantum process E rather than a
quantum state ⇢.

Building on observations in [8, 12] we prove that
for a task that entails acquiring information about a
large number of non-commuting observables, quantum-
enhanced experiments can have an exponential advan-
tage even when the measured quantum state is unentan-
gled. By performing experiments with up to 40 super-
conducting qubits, we show that this quantum advan-
tage persists even when using currently available quan-
tum processors. We also demonstrate quantum advan-
tage in learning the symmetry class of a physical evo-
lution operator, inspired by recent theoretical advances
[9, 12]. Finally, in a theoretical contribution, we rigor-
ously prove that quantum-enhanced experiments have
an exponential advantage in learning about the princi-
pal component of a noisy state, as previously indicated
in [13].

In our proof-of-principle experiments, we directly ex-
ecute the state preparation or process to be learned
within the quantum processor. In an actual application,
the quantum data analyzed by the learning algorithm

might be produced by an analog quantum simulator or
a gate-based quantum computer. We also envision fu-
ture applications in which quantum sensors equipped
with quantum processors interact coherently with the
physical world. The robustness of quantum advantage
with respect to noise, validated by our experiments us-
ing a noisy superconducting device, boosts our confi-
dence that the quantum-enhanced strategies described
here can be exploited someday to achieve a substantial
advantage in realistic applications.

II. Provable quantum advantage

Here we present three classes of learning tasks and the
associated quantum-enhanced experiments, each yield-
ing a provable exponential advantage over conventional
experiments. Each result is encapsulated by a theo-
rem which we state informally. Precise statements and
proofs are presented in the Supplemental Material. Our
experimental demonstrations are discussed in Sec. III.
The proofs proceed by representing a classical algorithm
with a decision tree depicted at the center of the gray
robot in Fig. 1. The tree representation encodes how
the classical memory changes as we obtain more exper-
imental data. We then analyze how the transitions on
the tree differ for distinct measured physical systems
to provide rigorous information-theoretic lower bounds.
A general mathematical framework building on [12] is
given in Appendix C .

古典計算に比べ、
指数的な計算コス
トの削減が可能

ICEPPでは、常に新しい
アイデアに挑戦できます

その他にも 
‣ 宇宙背景ニュートリノ検出器? 
‣ 超低温 ( ) での暗黒物質探索への応用? 
‣ …

< 1 mK

|1⟩

|0⟩̂ac

暗黒物質

|0⟩
|1⟩

U(θ) ……

量子センサー 量子コンピュータ

H. Y. Huang et al., arXiv:2112.00778

量子技術の可能性
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まとめ

他にも面白いテーマはあります。 
‣素粒子実験データの再構成（例えば荷電粒子の飛跡） 
‣量子アルゴリズムの最適化、量子ソフトウェア

ATLAS実験グループでは、量子コンピュータ・
量子センサーの研究と基礎物理への応用に取り
組んでいます。

挑戦してみたい方、大歓迎!!

5つの応用例を紹介 
‣量子ダイナミクスシミュレーション 
‣量子機械学習 
‣超伝導トランズモンの開発 
‣ブラックホール/ワームホールのシミュレーション 
‣素粒子・宇宙物理への量子センサーの応用

量子コンピュータの教育

C:95 M:65 Y:30 K:20
R:55 G:62 B:74 (#373E4A)
DIC-2394

C:17 M:20 Y:41 K:4
R:201 G:180 B:127 (#C9B47F)
DIC-F120

スミベタ
R:0 G:0 B:0 (#000000)

マーク円内文字

白抜き
R:255 G:255 B:255 (#FFFFFF)

C:17 M:20 Y:41 K:4
R:201 G:180 B:127 (#C9B47F)
DIC-F120

ハードウェア

量子コンピュータ実習をやってます

ソフトウェア

学習素材もたくさんあります
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量子コンピュータの進展

433量子ビット
（2022年）

今後数年で目指しているターゲット 
面白いことができそう。。

IBM量子コンピュータ（新川崎）

今年秋に 
127量子ビットへ

エラー緩和ができる量子計算機
は、古典計算機を超えるか？

1121量子ビット (2023年)  
4158+量子ビット (2025年)

計
算
コ
ス
ト

問題の大きさ

通常の
計算機

現在の量子計
算機(NISQ)

将来の量
子計算機
(FTQC)

IBM Quantum
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cvcc

c c

̂x

̂y

̂z
|ψ⟩検出器データ

量子ダイナミクス
シミュレーション

量子センサーデータ

古典データ

量子データ

量子データを
コヒーレント
に量子コン
ピュータへ

Ul
1,2,⋯(θ)

古典計算に対して、近い将来NISQが優位になる可能性のある分野

|1⟩

|0⟩̂ac

暗黒物質

|0⟩
|1⟩

量子コンピュータ ＋ AI         量子AI

量子ニューラル
ネットワーク
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量子機械学習

… U(θ)

パラメータ
を更新θ

コスト関数
が収束？

YesNo

Uin(x)

{xdata, ylabel}

|0⟩⊗n … ⟨O(x, θ)⟩

データの符号化
データ   ➞x

パラメータ回路で状態を変換
|ψ(x, θ)⟩ = U(θ) |ϕ(x)⟩

|ϕ(x)⟩ = Uin(x) |0⟩⊗n
結果
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シミュレータの結果

データの中から、未知粒子の信号を含む
事象を選別する

教師あり量子機械学習

同数パラメータの場合

少量データ領域

‣量子機械学習の性能はデータサイズに強くは依存しない 
‣少数パラメータでも効率の良い学習ができる可能性

g

g

H

未知粒子を含む信号事象

χ0

χ0

ℓ+

ν
ν

ℓ−

未知粒子を含まない
背景事象

q

q

ℓ+

ν

ν

ℓ−

K. Terashi et al.,  
Comput. Softw. Big Sci. 5, 2 (2021)

データ数

データ数

性
能
指
標
（
高
い
ほ
ど
優
秀
）
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バレンプラトー問題

Nqubits

C(θ)

Eθ∼uniform [ ∂C(θ)
∂θi ] = 0

Vθ∼uniform [ ∂C(θ)
∂θi ] = 𝒪(b−n) (b > 1)

変分量子アルゴリズム(パラメータ回路)の学習性能は、量子ビット数の増加と
ともに難しくなることが知られている

バレンプラトー

コスト関数C(θ) = Tr[OU(θ)ρU†(θ)] 勾配消失は、様々な要因で起こることが
分かってきた

量子機械学習特有の勾配消失についても
研究が進んでいる 
‣データ符号化による勾配消失の解析手法

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

e.g, A. Arrasmith et al.,  
        Quant. Sci. Technol. 7, 045015 (2022)

S. Thanaslip et al., arXiv:2110.14753

‣パラメータ回路の表現
力、エンタングルメント
の強さ、コスト関数形、
ノイズなど

勾配の消失

26

https://www.nature.com/articles/s41467-018-07090-4
https://iopscience.iop.org/article/10.1088/2058-9565/ac7d06
https://arxiv.org/abs/2110.14753


‣ Ansatz構造に依存しないコスト関数の一般的
性質の解析  ➡ 勾配消失の要因の導出

層構造を持つ一般的なAnsatz

‣ 問題を考慮したAnsatzを使った場合の、
コスト関数と勾配消失の関係の数値検証
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(a) 初期状態 ρの粒子数m = 2のとき, Cglobal の勾配の分散と
アンザッツの層数 Lの関係.

(b) 初期状態 ρ の粒子数 m = n/2 のとき, Cglobal の勾配の分
散とアンザッツの層数 Lの関係.

(c) 初期状態 ρ の粒子数 m = 2 のとき, Clocal の勾配の分散と
アンザッツの層数 Lの関係.

(d) 初期状態 ρの粒子数m = n/2のとき, Clocal の勾配の分散
とアンザッツの層数 Lの関係.

図 6.3: コスト関数 Cglobal (θ,φ), Clocal (θ,φ) の勾配の分散と粒子数保存アンザッツの層数 L との関係. 黒い点線は,

U (m)
R , U (m)

L がユニタリ 2 - デザインであると仮定した場合のコスト関数の勾配の分散 vγ(ρ
(m), O(m)) である.

アンザッツの層数が大きくなるにつれて, コスト関数の勾配は vγ(ρ
(m), O(m))に漸近していく.

X8,4 = (X ⊗ I)⊗4 として,

X8,4 |0〉⊗8 = A8,4 (θ,φ)X8,4 |0〉⊗8 (6.61)

を満たす (θ,φ)を探索することとした*3. つまり, 2種類のコスト関数
Cglobal (θ,φ) = Tr

[
X8,4OglobalX8,4A8,4 (θ,φ)

† X8,4 (|0〉 〈0|)⊗8 X8,4A8,4 (θ,φ)
]

(6.62)

Clocal (θ,φ) = Tr
[
X8,4OlocalX8,4A8,4 (θ,φ)

† X8,4 (|0〉 〈0|)⊗8 X8,4A8,4 (θ,φ)
]

(6.63)

を最適化した. オプティマイザーには, 5.4.3 で述べた逐次最小化アルゴリズムを用いて, 1 量子回路あたり
の測定回数は 8192とした. コスト関数 Cglobal (θ,φ), Clocal (θ,φ)の初期パラメータを一様ランダムに選び,

*3 (6.61)の解 (θ = (θl,i)l,i,φ = (φl,i)l,i)は存在する. 実際, 全ての l, iに対して θl,i = π/2ならば, (6.61)の等号は成立する.
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• dimension of Hilbert space: 

• fully explicit expression for second moment assuming  form unitary 2-design

• formula to see BP or not BP
• example: symmetry preserving ansatz
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‣ Relation between observables and barren plateau 
using ansatz tailored for problem of interest

Consider generic ansatz with layered structure

Study being extended to QML with 
data-encoding circuit

Quantum Machine Learning: Vanishing Gradients

C(γ = (γR, γM, γL)) = Tr [OU(γ)ρU(γ)†]

勾配の大きさが "以上となる領域の面積

主結果

• 表現力 R2, R3が小さくなる程, コスト関数の平坦な領域(勾配の大きさが δ以下の領域)は増大しうる.
• アンザッツの豊かな表現能力が, バレンプラトーを引き起こす要因.
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定理
アンザッツ 42 .2 , 43 .3 の表現力を R2, R3 とする.
このとき, 任意の正数 Vに対して,

Q T0, . ≥ V ≤ 1
V! F. + F/R2 + F!R3 + F4R2R3

を満たす.  ここで, F., F/, F!, F4は V, R2, R3に依存しない非負の数.

<: 4: <; 4; <9 49< 4 =3(4 = (4: , 4; , 49)) = Tr %< 4 #< 4 -
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と評価できる.

ν を確率変数 γ の一様分布とする. すると, (6.21)に, チェビシェフの不等式を用いることで, 任意の δ > 0

に対して,
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を得る. ここで,

a1 := 2

∫
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(
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√
d
∥∥∥U†

M,γUM,γ
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a2 :=
2∆(2)

d (ρ)

d2 − 1

∫
νM (dγM ) ‖J1‖2 ≥ 0 (6.25)

a3 :=
2∆(2)

d (O)

d2 − 1

∫
νM (dγM ) ‖J2‖2 ≥ 0 (6.26)

とした. (6.23)は, アンザッツの表現力 ε(2)R , ε(2)L が小さくなると, コスト関数の勾配の大きさが δ 以上の領域
の面積が小さくなることを示している. 言い換えれば, コスト関数の勾配の大きさが δ 未満の平坦な領域の面
積が大きくなりうることを示している. したがって, アンザッツの表現能力の豊かさが, 変分量子アルゴリズム
のコスト関数の最適化を難しくする要因だと言える. これは, (6.21)にチェビシェフの不等式を作用させて得
られた帰結であるが, (6.22)にチェビシェフの不等式を作用させても同様の主張を得る.

6.3 Random parametrized quantum circuit を用いたコスト関数の性質
定理 6.1, 命題 6.2, 定理 6.3で得られたコスト関数の勾配に関する解析的な性質は, あらゆるアンザッツに
対して成立する. そこで, RPQCという特定のクラスのアンザッツに対して先の定理を適用し, 変分量子アル
ゴリズムのコスト関数に関する解析的な性質を導く. そして, すでによく知られている RPQCを用いたコスト
関数の性質 [25, 39]を再現することを確かめる.
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と評価できる.

ν を確率変数 γ の一様分布とする. すると, (6.21)に, チェビシェフの不等式を用いることで, 任意の δ > 0

に対して,
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≤ 1

δ2

(
vγ (ρ, O) + a1ε
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L + a3ε
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(6.23)

を得る. ここで,

a1 := 2

∫
νM (dγM )

(
‖UM,γ‖22 +

√
d
∥∥∥U†

M,γUM,γ

∥∥∥
2

)
≥ 0 (6.24)

a2 :=
2∆(2)

d (ρ)

d2 − 1

∫
νM (dγM ) ‖J1‖2 ≥ 0 (6.25)

a3 :=
2∆(2)

d (O)

d2 − 1

∫
νM (dγM ) ‖J2‖2 ≥ 0 (6.26)

とした. (6.23)は, アンザッツの表現力 ε(2)R , ε(2)L が小さくなると, コスト関数の勾配の大きさが δ 以上の領域
の面積が小さくなることを示している. 言い換えれば, コスト関数の勾配の大きさが δ 未満の平坦な領域の面
積が大きくなりうることを示している. したがって, アンザッツの表現能力の豊かさが, 変分量子アルゴリズム
のコスト関数の最適化を難しくする要因だと言える. これは, (6.21)にチェビシェフの不等式を作用させて得
られた帰結であるが, (6.22)にチェビシェフの不等式を作用させても同様の主張を得る.

6.3 Random parametrized quantum circuit を用いたコスト関数の性質
定理 6.1, 命題 6.2, 定理 6.3で得られたコスト関数の勾配に関する解析的な性質は, あらゆるアンザッツに
対して成立する. そこで, RPQCという特定のクラスのアンザッツに対して先の定理を適用し, 変分量子アル
ゴリズムのコスト関数に関する解析的な性質を導く. そして, すでによく知られている RPQCを用いたコスト
関数の性質 [25, 39]を再現することを確かめる.

‣ Derived general properties of cost function 
landscape being independent of ansatz 
structure, and cause of barren plateau
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(a) 初期状態 ρの粒子数m = 2のとき, Cglobal の勾配の分散と
アンザッツの層数 Lの関係.

(b) 初期状態 ρ の粒子数 m = n/2 のとき, Cglobal の勾配の分
散とアンザッツの層数 Lの関係.

(c) 初期状態 ρ の粒子数 m = 2 のとき, Clocal の勾配の分散と
アンザッツの層数 Lの関係.

(d) 初期状態 ρの粒子数m = n/2のとき, Clocal の勾配の分散
とアンザッツの層数 Lの関係.

図 6.3: コスト関数 Cglobal (θ,φ), Clocal (θ,φ) の勾配の分散と粒子数保存アンザッツの層数 L との関係. 黒い点線は,

U (m)
R , U (m)

L がユニタリ 2 - デザインであると仮定した場合のコスト関数の勾配の分散 vγ(ρ
(m), O(m)) である.

アンザッツの層数が大きくなるにつれて, コスト関数の勾配は vγ(ρ
(m), O(m))に漸近していく.

X8,4 = (X ⊗ I)⊗4 として,

X8,4 |0〉⊗8 = A8,4 (θ,φ)X8,4 |0〉⊗8 (6.61)

を満たす (θ,φ)を探索することとした*3. つまり, 2種類のコスト関数
Cglobal (θ,φ) = Tr

[
X8,4OglobalX8,4A8,4 (θ,φ)

† X8,4 (|0〉 〈0|)⊗8 X8,4A8,4 (θ,φ)
]

(6.62)

Clocal (θ,φ) = Tr
[
X8,4OlocalX8,4A8,4 (θ,φ)

† X8,4 (|0〉 〈0|)⊗8 X8,4A8,4 (θ,φ)
]

(6.63)

を最適化した. オプティマイザーには, 5.4.3 で述べた逐次最小化アルゴリズムを用いて, 1 量子回路あたり
の測定回数は 8192とした. コスト関数 Cglobal (θ,φ), Clocal (θ,φ)の初期パラメータを一様ランダムに選び,

*3 (6.61)の解 (θ = (θl,i)l,i,φ = (φl,i)l,i)は存在する. 実際, 全ての l, iに対して θl,i = π/2ならば, (6.61)の等号は成立する.

Numerical analysis 
for gradient scaling 
of cost function 
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と定義し, mを粒子数と呼ぶ. すると, H =
⊕n

m=0 Hn,m である. また, Hn,m は, n量子ビットのうち, m量
子ビットが |1〉, n−m量子ビットが |0〉となっている量子状態を正規直交基底として持つ. したがって, Hn,m

の次元 dn,m は nCm となる.

粒子数保存アンザッツの最も単純なものは特に Aゲート [10]と呼ばれる. Aゲート A (θ,φ)は, 2量子ビッ
トに作用する量子ゲートで, 計算基底 {|00〉 , |01〉 , |10〉 , |11〉}による行列表現

A (θ,φ) =





1 0 0 0

0 sin θ eiφ cos θ 0

0 e−iφ cos θ − sin θ 0

0 0 0 1




(θ ∈ [0, 2π) , φ ∈ [0, 2π)) (5.21)

によって定義される. Aゲートは RY , RZ , CNOTゲートを用いて,

•

• RZ(−φ) RY (−θ) RY (θ) RZ(φ) •

のように構成できる. |00〉 や |11〉 に対して, A ゲートが作用しても状態は変化しない. 一方で, A ゲートは,

H2,1 の量子状態を H2,1 の量子状態に写す. したがって, |ψ〉 ∈ H2,m であれば, A (θ,φ) |ψ〉 ∈ H2,m である.

つまり, Aゲートは粒子数mを保存する量子ゲートと言える.

粒子数保存アンザッツは, Aゲートを複数用いることで実現できる. 形式的に, n量子ビットに作用する L

層の粒子数保存アンザッツ An,L (θ = (θl,i)l,i,φ = (φl,i)l,i)を
An,L (θ,φ) =

L−1∏

l=0

Ãn

(
(θl,i)

n−2
i=0 , (φl,i)

n−2
i=0

)
(5.22)

によって定義する. ここで, Ãn

(
(θl,i)

n−2
i=0 , (φl,i)

n−2
i=0

)は, 粒子数保存アンザッツ An,L (θ,φ)の第 l 層に対応
し, n− 1個の Aゲートを用いて

A
(
θl,0,φl,0

)

A
(
θl,n/2,φl,n/2

)

A
(
θl,1,φl,1

)

...
...

A
(
θl,n−2,φl,n−2

)

A
(
θl,n/2−1,φl,n/2−1

)

のように分解される. 例えば, 4量子ビットに作用する 3層の粒子数保存アンザッツ An=4,L=3 (θ,φ)は
A (θ0,0,φ0,0) A (θ1,0,φ1,0) A (θ2,0,φ2,0)

A (θ0,2,φ0,2) A (θ1,2,φ1,2) A (θ2,2,φ2,2)

A (θ0,1,φ0,1) A (θ1,1,φ1,1) A (θ2,1,φ2,1)

Particle-number-preserving (PNP) ansatz

Particle number : popcount, bit summation

Hn,m is the m-particle subspace of n-qubit system.

Particle number of |ψ〉 = |01011〉 ∈ H5,3 is 3.

Particle number of |ψ〉 = 1√
3
(|001〉+ |010〉+ |100〉) ∈ H3,1 is 1.

Particle-number-preserving ansatz :

Ansatz preserving particle number

|ψ0〉 ∈ Hn,m / A (θ) / |ψ (θ)〉 ∈ Hn,m

A (θ) ancting on 2-qubit system

A (θ) |00〉 = |00〉
A (θ) |11〉 = |11〉
A (θ) (α01 |01〉+ α10 |10〉) = β01 |01〉+ β10 |10〉
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|ψ0⟩ ∈

BP for highly expressive ansatz
• consider derivative w.r.t. :   with 

• divide ansatz as 

• dimension of Hilbert space: 

• fully explicit expression for second moment assuming  form unitary 2-design

• formula to see BP or not BP
• example: symmetry preserving ansatz

• BP/non-BP depending on a sector in which  lives

θl,k ∂C := ∂C/∂θl,k θl = (θl1, ⋯, θlk, ⋯θlK)
U(Θ) = ULUl(θl)UR

d = 2n

UL, UR

ρ

<latexit sha1_base64="2ctn5cm3kP4ifYT7S+av/6yPqGc="></latexit> ··
·
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<latexit sha1_base64="q53dBnsosoFu1ecYY/cFsq2gsVA="></latexit>

UR
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O
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E
⇥
(@C)2

⇤
=

2d

(d2 � 1)2

✓
Tr

⇥
⇢
2
⇤
� Tr [⇢]

d

◆✓
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⇥
O

2
⇤
� Tr [O]

d

◆
F (Ul)

‣ Relation between observables and barren plateau 
using ansatz tailored for problem of interest

Consider generic ansatz with layered structure

Study being extended to QML with 
data-encoding circuit

Quantum Machine Learning: Vanishing Gradients

C(γ = (γR, γM, γL)) = Tr [OU(γ)ρU(γ)†]

勾配の大きさが "以上となる領域の面積

主結果

• 表現力 R2, R3が小さくなる程, コスト関数の平坦な領域(勾配の大きさが δ以下の領域)は増大しうる.
• アンザッツの豊かな表現能力が, バレンプラトーを引き起こす要因.

19

定理
アンザッツ 42 .2 , 43 .3 の表現力を R2, R3 とする.
このとき, 任意の正数 Vに対して,

Q T0, . ≥ V ≤ 1
V! F. + F/R2 + F!R3 + F4R2R3

を満たす.  ここで, F., F/, F!, F4は V, R2, R3に依存しない非負の数.

<: 4: <; 4; <9 49< 4 =3(4 = (4: , 4; , 49)) = Tr %< 4 #< 4 -
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+
2ε(2)L ∆(2)

d (ρ)

d2 − 1

∫
νM (dγM ) ‖J1‖2 +

2ε(2)R ∆(2)
d (O)

d2 − 1

∫
νM (dγM ) ‖J2‖2

(6.21)
∣∣∣∣∣Eγ

[(
∂C (γ)

∂γ

)2
]
− vγ (ρ, O)

∣∣∣∣∣ ≤ 4
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ε
(2)

R
!
ε
(2)

L ‖O‖
2
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∫
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+
2
!
ε
(2)

L ∆(2)
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2
!
ε
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R ∆(2)
d (O)
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νM (dγM ) ‖J2‖∞

(6.22)

と評価できる.

ν を確率変数 γ の一様分布とする. すると, (6.21)に, チェビシェフの不等式を用いることで, 任意の δ > 0

に対して,

ν

(∣∣∣∣
∂C (γ)

∂γ

∣∣∣∣ ≥ δ
)
≤ 1

δ2

(
vγ (ρ, O) + a1ε

(2)
R ε(2)L + a2ε

(2)
L + a3ε

(2)
R

)
(6.23)

を得る. ここで,

a1 := 2

∫
νM (dγM )

(
‖UM,γ‖22 +

√
d
∥∥∥U†

M,γUM,γ

∥∥∥
2

)
≥ 0 (6.24)

a2 :=
2∆(2)

d (ρ)

d2 − 1

∫
νM (dγM ) ‖J1‖2 ≥ 0 (6.25)

a3 :=
2∆(2)

d (O)

d2 − 1

∫
νM (dγM ) ‖J2‖2 ≥ 0 (6.26)

とした. (6.23)は, アンザッツの表現力 ε(2)R , ε(2)L が小さくなると, コスト関数の勾配の大きさが δ 以上の領域
の面積が小さくなることを示している. 言い換えれば, コスト関数の勾配の大きさが δ 未満の平坦な領域の面
積が大きくなりうることを示している. したがって, アンザッツの表現能力の豊かさが, 変分量子アルゴリズム
のコスト関数の最適化を難しくする要因だと言える. これは, (6.21)にチェビシェフの不等式を作用させて得
られた帰結であるが, (6.22)にチェビシェフの不等式を作用させても同様の主張を得る.

6.3 Random parametrized quantum circuit を用いたコスト関数の性質
定理 6.1, 命題 6.2, 定理 6.3で得られたコスト関数の勾配に関する解析的な性質は, あらゆるアンザッツに
対して成立する. そこで, RPQCという特定のクラスのアンザッツに対して先の定理を適用し, 変分量子アル
ゴリズムのコスト関数に関する解析的な性質を導く. そして, すでによく知られている RPQCを用いたコスト
関数の性質 [25, 39]を再現することを確かめる.
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と評価できる.

ν を確率変数 γ の一様分布とする. すると, (6.21)に, チェビシェフの不等式を用いることで, 任意の δ > 0

に対して,
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L + a3ε

(2)
R

)
(6.23)

を得る. ここで,

a1 := 2

∫
νM (dγM )

(
‖UM,γ‖22 +

√
d
∥∥∥U†

M,γUM,γ
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)
≥ 0 (6.24)
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∫
νM (dγM ) ‖J1‖2 ≥ 0 (6.25)

a3 :=
2∆(2)

d (O)

d2 − 1

∫
νM (dγM ) ‖J2‖2 ≥ 0 (6.26)

とした. (6.23)は, アンザッツの表現力 ε(2)R , ε(2)L が小さくなると, コスト関数の勾配の大きさが δ 以上の領域
の面積が小さくなることを示している. 言い換えれば, コスト関数の勾配の大きさが δ 未満の平坦な領域の面
積が大きくなりうることを示している. したがって, アンザッツの表現能力の豊かさが, 変分量子アルゴリズム
のコスト関数の最適化を難しくする要因だと言える. これは, (6.21)にチェビシェフの不等式を作用させて得
られた帰結であるが, (6.22)にチェビシェフの不等式を作用させても同様の主張を得る.

6.3 Random parametrized quantum circuit を用いたコスト関数の性質
定理 6.1, 命題 6.2, 定理 6.3で得られたコスト関数の勾配に関する解析的な性質は, あらゆるアンザッツに
対して成立する. そこで, RPQCという特定のクラスのアンザッツに対して先の定理を適用し, 変分量子アル
ゴリズムのコスト関数に関する解析的な性質を導く. そして, すでによく知られている RPQCを用いたコスト
関数の性質 [25, 39]を再現することを確かめる.

‣ Derived general properties of cost function 
landscape being independent of ansatz 
structure, and cause of barren plateau
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(a) 初期状態 ρの粒子数m = 2のとき, Cglobal の勾配の分散と
アンザッツの層数 Lの関係.

(b) 初期状態 ρ の粒子数 m = n/2 のとき, Cglobal の勾配の分
散とアンザッツの層数 Lの関係.

(c) 初期状態 ρ の粒子数 m = 2 のとき, Clocal の勾配の分散と
アンザッツの層数 Lの関係.

(d) 初期状態 ρの粒子数m = n/2のとき, Clocal の勾配の分散
とアンザッツの層数 Lの関係.

図 6.3: コスト関数 Cglobal (θ,φ), Clocal (θ,φ) の勾配の分散と粒子数保存アンザッツの層数 L との関係. 黒い点線は,

U (m)
R , U (m)

L がユニタリ 2 - デザインであると仮定した場合のコスト関数の勾配の分散 vγ(ρ
(m), O(m)) である.

アンザッツの層数が大きくなるにつれて, コスト関数の勾配は vγ(ρ
(m), O(m))に漸近していく.

X8,4 = (X ⊗ I)⊗4 として,

X8,4 |0〉⊗8 = A8,4 (θ,φ)X8,4 |0〉⊗8 (6.61)

を満たす (θ,φ)を探索することとした*3. つまり, 2種類のコスト関数
Cglobal (θ,φ) = Tr

[
X8,4OglobalX8,4A8,4 (θ,φ)

† X8,4 (|0〉 〈0|)⊗8 X8,4A8,4 (θ,φ)
]

(6.62)

Clocal (θ,φ) = Tr
[
X8,4OlocalX8,4A8,4 (θ,φ)

† X8,4 (|0〉 〈0|)⊗8 X8,4A8,4 (θ,φ)
]

(6.63)

を最適化した. オプティマイザーには, 5.4.3 で述べた逐次最小化アルゴリズムを用いて, 1 量子回路あたり
の測定回数は 8192とした. コスト関数 Cglobal (θ,φ), Clocal (θ,φ)の初期パラメータを一様ランダムに選び,

*3 (6.61)の解 (θ = (θl,i)l,i,φ = (φl,i)l,i)は存在する. 実際, 全ての l, iに対して θl,i = π/2ならば, (6.61)の等号は成立する.

Numerical analysis 
for gradient scaling 
of cost function 
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と定義し, mを粒子数と呼ぶ. すると, H =
⊕n

m=0 Hn,m である. また, Hn,m は, n量子ビットのうち, m量
子ビットが |1〉, n−m量子ビットが |0〉となっている量子状態を正規直交基底として持つ. したがって, Hn,m

の次元 dn,m は nCm となる.

粒子数保存アンザッツの最も単純なものは特に Aゲート [10]と呼ばれる. Aゲート A (θ,φ)は, 2量子ビッ
トに作用する量子ゲートで, 計算基底 {|00〉 , |01〉 , |10〉 , |11〉}による行列表現

A (θ,φ) =





1 0 0 0

0 sin θ eiφ cos θ 0

0 e−iφ cos θ − sin θ 0

0 0 0 1




(θ ∈ [0, 2π) , φ ∈ [0, 2π)) (5.21)

によって定義される. Aゲートは RY , RZ , CNOTゲートを用いて,

•

• RZ(−φ) RY (−θ) RY (θ) RZ(φ) •

のように構成できる. |00〉 や |11〉 に対して, A ゲートが作用しても状態は変化しない. 一方で, A ゲートは,

H2,1 の量子状態を H2,1 の量子状態に写す. したがって, |ψ〉 ∈ H2,m であれば, A (θ,φ) |ψ〉 ∈ H2,m である.

つまり, Aゲートは粒子数mを保存する量子ゲートと言える.

粒子数保存アンザッツは, Aゲートを複数用いることで実現できる. 形式的に, n量子ビットに作用する L

層の粒子数保存アンザッツ An,L (θ = (θl,i)l,i,φ = (φl,i)l,i)を
An,L (θ,φ) =

L−1∏

l=0

Ãn

(
(θl,i)

n−2
i=0 , (φl,i)

n−2
i=0

)
(5.22)

によって定義する. ここで, Ãn

(
(θl,i)

n−2
i=0 , (φl,i)

n−2
i=0

)は, 粒子数保存アンザッツ An,L (θ,φ)の第 l 層に対応
し, n− 1個の Aゲートを用いて

A
(
θl,0,φl,0

)
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θl,n/2,φl,n/2

)

A
(
θl,1,φl,1

)

...
...

A
(
θl,n−2,φl,n−2

)

A
(
θl,n/2−1,φl,n/2−1

)

のように分解される. 例えば, 4量子ビットに作用する 3層の粒子数保存アンザッツ An=4,L=3 (θ,φ)は
A (θ0,0,φ0,0) A (θ1,0,φ1,0) A (θ2,0,φ2,0)

A (θ0,2,φ0,2) A (θ1,2,φ1,2) A (θ2,2,φ2,2)

A (θ0,1,φ0,1) A (θ1,1,φ1,1) A (θ2,1,φ2,1)

Particle-number-preserving (PNP) ansatz

Particle number : popcount, bit summation

Hn,m is the m-particle subspace of n-qubit system.

Particle number of |ψ〉 = |01011〉 ∈ H5,3 is 3.

Particle number of |ψ〉 = 1√
3
(|001〉+ |010〉+ |100〉) ∈ H3,1 is 1.

Particle-number-preserving ansatz :

Ansatz preserving particle number

|ψ0〉 ∈ Hn,m / A (θ) / |ψ (θ)〉 ∈ Hn,m

A (θ) ancting on 2-qubit system

A (θ) |00〉 = |00〉
A (θ) |11〉 = |11〉
A (θ) (α01 |01〉+ α10 |10〉) = β01 |01〉+ β10 |10〉
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RZ(−ϕ) RY(−θ) RY(θ) RZ(ϕ)

大久保, 永野, 量子ソフトウェア研究会 (2022/5)

量子機械学習には古典データの符号化が必要 
  ➡ 符号化用のAnsatzに由来する勾配消失の理解

データ符号化に依存する項のスケーリングを
評価し、勾配消失を起こさないための必要
条件を導出

損失関数 の勾配分散(の上限)を、Hilbert-Schmidt
距離を使って解析的に評価

ℒ(θ)

上曽山, 永野, 寺師 日本物理学会 (2023/3)

はじめに
量子コンピューター
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ズム
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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 .

!i(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 !i(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 !i(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
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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 !i(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 !i(θ) ] = rn,s ×DHS( ρ
(h)
i , I/2s), rn,s ∈ O(1/n2)
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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

1 結果: コスト関数の勾配の分散の上限 8/14

!i(θ) := Tr[ρi(θ)OL] ∈ [0, 1], L(θ) :=
1

N

N∑

i=1

f(yi, !i(θ) )

論文 [Thanasilp et al., 2021]を基に、新たな上限を与えた。
Theorem
量子機械学習において、前述の量子回路とオブザーバブルを用いたとき、コスト関数の勾
配の分散に対する上限は以下のように与えられる。

Varθ[∂θν L(θ) ] ≤ Af × rn,s ×DHS ≤ Af × rn,s ×
(
2s − 2−s

2n + 1
+ εUx

)

Af は二乗誤差などの関数 f に依る項
rn,s は測定するオブザーバブルに依る項
DHS :=

∫
Ux

dUDHS(ρ
(h)
x , I/2s)はデータ入力に依る項

εUx はデータ入力回路の表現力であり、表現能力が高いほどこの値は小さい。
データ入力に依る最後の項 DHS が指数的に落ちない条件を調べた。
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Varθ[∂θν
ℒ(θ)] ≤ Af × rn,s × ∫𝕌x

dU DHS(ρ(h)
x , 𝕀/2s)

次のステップ：勾配分散の下限を解析的に調べる

バレンプラトー問題
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Results for N=8
• Alex’s dataset: #samples=81
• top: separate test/train randomly

• #training=56, #test=25
• accuracy: 0.975

• bottom: separate test/train by mass
• #training=40, #test=41
• accuracy: 0.988

量子ダイナミクスシミュレーション＋機械学習

パートンシャワー

放出された 粒子を入力として、
シャワーの性質: 
‣  粒子のフレーバー 
‣ 間の結合定数  
を引き出す

ϕ

f
fϕ g

f1 or f2?

ϕ

f
g

ϕ
高エネルギー物理での基礎過程の一つ

トポロジカル項による相転移を識別する 
‣ フェルミオン場の量子状態  を
データとして生成 

‣ 量子AIを使って、その状態が属する相
を見つける

{ |ψ(i)⟩}

シュウィンガー(1次元QED)模型 シンプルな場の理論モデル

量子データの学習によって、非自明な予測が可能か？

汎化性能の検証、ハミルトニアンのパラメータ決定
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AQCEL最適化ツール

状態の等価性を保ちながら、初期状態に応じて
不要なゲート制御を多項式時間で削除する

回路の最適化
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アプリケーションに
適したパルス設計

回路の最適化
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FIG. 2: Qutrit-based Toffoli gate decompositions by using three controlled-qutrit gates. Q1 and Q2 are the two controls, and
Q3 is the target. (a-c) Decompositions into controlled subspace gates CXij (A1, B1, and C1). By further decomposing them
into the conventional CNOTs (= |1〉-controlled X01 gates), a Toffoli gate can be composed of three CNOTs and several single-
subspace gates (A2, B2, and C2). Partial decompositions are also possible and yield hybrid circuits containing conventional
CNOTs and CXij with shorter circuit depth than the second decompositions (for example, B3 and C3). For each decomposition,
τQ2=|2〉,max : |Q1Q2〉 is shown on the bottom right, where τQ2=|2〉,max is the maximum time among all input states during which
Q2 stays in |2〉 for the input state(s) of |Q1Q2〉, expressed in the unit of a CNOT gate time by neglecting single-qutrit gate
times and considering active CXij between Q1 and Q2 to be a half. The vertical lines show the original gate boundaries in the
first decompositions as a guide to the eye. Since the right half of all the decompositions performs uncomputation to restore
the input control states, stopping the sequence right after the central gate, for example, at the asterisk (∗) in A2, leaves Q2 in
a qutrit state, giving an incomplete Toffoli gate with a much shorter overall gate time. (Inset) Five single-qutrit gates. Three
Xij are the Pauli X gates in the |i〉-|j〉 subspace, and X± are the cyclic permutations among the qutrit states.

and fast and high-fidelity two-qubit gates, it can provide
real-time QEC with a repetition rate of ! 1 MHz for bit-
and phase-flip errors in a simple three-qubit protocol.

Qutrit-based Toffoli decomposition.— Qudits gener-
ally describe the unit of quantum information carried by
d orthogonal quantum states [54]. The minimal exten-
sion of a qubit by adding the second excited state |2〉 to
the computational basis is referred to as qutrit [55], writ-
ten as |ψ〉 = α |0〉+β |1〉+γ |2〉 with |α|2+ |β|2+ |γ|2 = 1.
The addition of |2〉 significantly increases the number
of single qutrit gates to five with three subspace gates
(X01, X12 and X02) and two rotational gates (X±) as in
Fig. 2(inset). The previous study [56] proposed a Toffoli
gate decomposition by using controlled rotational gates,
which realization requires further decomposition into ei-
ther twice the number of controlled qutrit gates or non-
trivial single- and two-qutrit gates (see Supplemental Ma-
terial for details). Instead, here we propose more efficient
decomposition by using three controlled subspace gates
CXij as shown in A1, B1, and C1 of Fig. 2. By decom-
posing them further into the conventional CNOT gate
(= |1〉-controlled X01), Toffoli gates can be composed of
three CNOTs and several single-subspace gates (A2, B2,
and C2). Note that a two-photon process is required to
induce the X02 gate [57], on which the C2 decomposition

does not rely.

Special care needs to be paid when implementing
the CX gate in the middle of the sequence with cross-
resonance. If the control Q2 takes the |2〉 state dur-
ing this gate, the conventional CNOT gate causes par-
tial Rabi rotation on the target qubit. This unwanted
effect can be removed by tuning the Rabi frequency to
the same value as the one conditioned to |0〉 through
their nonlinear dependence on the drive amplitude [58–
60]. Another point on the qutrit operation comes from
the enhanced charge dispersion in higher excited states,
causing a reduced dephasing time Tφ [61]. As the Tof-
foli decompositions A1, B1, and C1 are composed of two
kinds of two-qutrit gates, there are variant decomposi-
tions, depending on whether to convert the two-qutrit
gate into CNOT, except for A1, which central two-qutrit
gate is already CNOT. B3 and C3 in Fig. 2 show hybrid
circuits that minimize the time spent by Q2 in the |2〉
state, which is expressed in the unit of the CNOT gate
time by neglecting single-qutrit ones.

Scalability to the generalized n-controlled Toffoli gate
is another essential feature of qutrit-based Toffoli decom-
positions. For example, type-B and C decompositions
can be linearly extended to an arbitrary number of con-
trol qubits as shown in Fig. 3(a). Note that controlled

トフォリゲートの量子トリット実装
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準位系(Qudit)の高い内部自由度を使い、量子ビットより低コストで計算ができる可能性d

1 1

1= X� X X X+

X

Fig. 1. Circuit diagram of our Toffoli gate decomposition. See the text for
the definition of the X� and X+ gates. The CNOT gates are denoted with
the state label (1) of the control qubits for clarity.

tended relative phase offsets between the three basis states. In
previous works reporting successful implementations of two-
qutrit gates, these phase errors are suppressed via a dedicated
hardware design, and/or corrected through careful calibration
and in some cases ad-hoc direct phase adjustments [9]. This
makes it nontrivial to generalize and scale up the reported
schemes over a large device and an extended duration of time.

In this poster, we propose a novel all-microwave implemen-
tation of a qutrit-based Toffoli gate that can be deployed on
existing devices, but is free of phase errors without requir-
ing frequent calibrations. The main contributions in the new
scheme are a stable-phase two-qutrit generalized CNOT gate
and a dynamical decoupling (DD) sequence that automatically
corrects the pulse phase errors of single qutrit gates. The full
pulse sequence is verified on IBM Quantum machines, where
we measure the gate fidelity via quantum process tomography.

II. THE TOFFOLI GATE PULSE SEQUENCE

In the following, we outline the components that constitute
our Toffoli gate implementation. The Toffoli gate is decom-
posed into an X� gate, three CNOT gates, and an X+ gate,
as shown in the circuit diagram in Fig. 1. A linear device
topology is assumed. The X+ and X� gates are defined as

X+ = X⌅,

X� = ⌅X,
(1)

where X is the standard qubit-space X gate and ⌅ is its
counterpart in the |1i $ |2i subspace. As is evident from
the circuit diagram, only the second control line is operated in
the qutrit space and thus is affected by the phase errors arising
from charge fluctuation and AC Stark shift.

A. Single qutrit operations

Single qutrit gates are effected with microwave drive pulses
oscillating at the |0i $ |1i and |1i $ |2i transition fre-
quencies, which induce Rabi oscillations between the corre-
sponding energy states. The generators for the respective Rabi
oscillations are denoted in the (|0i , |1i , |2i) basis as

x =

2

4
0 1 0
1 0 0
0 0 0

3

5 and ⇠ =

2

4
0 0 0
0 0 1
0 1 0

3

5 . (2)

When the amplitude and duration of the drive pulse is tuned to
advance the Rabi oscillation phase by ⇡, the unitary matrices
of the resulting gates are

X ⌘ exp
⇣
�i

⇡

2
x

⌘
= �i

2

4
0 1 0
1 0 0
0 0 i

3

5 and (3)

⌅ ⌘ exp
⇣
�i

⇡

2
⇠

⌘
= �i

2

4
i 0 0
0 0 1
0 1 0

3

5 . (4)

Qutrit phase gates are realized in the exact same way as for
qubits, by shifting the phase of the drive pulse (the “virtual-
Z gate”) [12]. Phase shifts of the two drive frequencies
correspond to gates generated by

z =

2

4
1 0 0
0 �1 0
0 0 0

3

5 and ⇣ =

2

4
0 0 0
0 1 0
0 0 �1

3

5 . (5)

B. Qutrit echoed cross-resonance CNOT

The central CNOT gate in the circuit diagram of Fig. 1 must
be generalized, i.e., must apply an X gate to the target qubit
only when the control qutrit is in the |1i state, and otherwise
act as identity. Furthermore, we require that this gate be robust
against phase errors. We describe how such a gate can be
implemented using echoed cross-resonance (CR) drives.

A CR drive is a drive signal applied to a qubit at the
transition frequency of another, coupled qubit [13], [14]. In
the qubit subspace, the effective Hamiltonian of the CR tone
includes a zx term, from which the CNOT gate can be
constructed with the first qubit as the control. On a qutrit pair,
the dominant terms of this effective Hamiltonian are

H
±
CR = ⌫zI

zI

2
± ⌫zx

zx

2
+ ⌫⇣I

⇣I

2
± ⌫⇣x

⇣x

2
± ⌫Ix

Ix

2
, (6)

where I is the identity operator, and terms with both signs
change their polarity when the drive phase is shifted by ⇡.

The zI and ⇣I terms above are due to the AC Stark
shift of the |0i $ |1i and |1i $ |2i transition frequencies,
respectively, of the control qutrit. Their coefficients ⌫zI and
⌫⇣I are quadratically dependent on the drive strength and
are typically on the order of tens of megahertz, which is
an order of magnitude greater than ⌫zx and ⌫⇣x, whose
corresponding operators are responsible for entangling the two
qutrits. Therefore, the zI and ⇣I terms must be cancelled, but
the sensitivity of ⌫⇣I to random charge errors in the second
excited state renders a direct correction via e.g. a calibrated
Rz gate not viable for a robust gate design. We instead opt for
generalizing the echoed CR, which is commonly employed on
qubits to cancel the zI term, into a sequence depicted in Fig. 2.
In the circuit diagram, CR(±T ) represents the gate effected
by applying a normal and sign-inverted cross resonance drive
for time T with a simultaneous qubit-resonant rotary drive on
the target qubit.

To convince ourselves that this sequence indeed cancels the
AC Stark terms, we first denote the CR effective Hamiltonian

Qutrit cyclic gate

( |0⟩⟨0 | + |2⟩⟨2 | ) ⊗ I + |1⟩⟨1 | ⊗ X01

Inada et al., 
arXiv:2109.00086

量子トリットを用いた実装

トフォリゲートはユニバーサル計算・エラー補正・高エネルギー物理シミュレーションへの応用が可能

➔ 少なくとも6個のCNOTが必要

182 Quantum circuits

Figure 4.8. Circuit for the C2(U ) gate. V is any unitary operator satisfying V 2 = U . The special case
V ≡ (1− i)(I + iX)/2 corresponds to the Toffoli gate.

the case C2(X). Defining V ≡ (1 − i)(I + iX)/2 and noting that V 2 = X, we see that
Figure 4.8 gives an implementation of the Toffoli gate in terms of one and two qubit
operations. From a classical viewpoint this is a remarkable result; recall from Problem 3.5
that one and two bit classical reversible gates are not sufficient to implement the Toffoli
gate, or, more generally, universal computation. By contrast, in the quantum case we see
that one and two qubit reversible gates are sufficient to implement the Toffoli gate, and
will eventually prove that they suffice for universal computation.
Ultimately we will show that any unitary operation can be composed to an arbitrarily

good approximation from just the Hadamard, phase, controlled- and π/8 gates.
Because of the great usefulness of the Toffoli gate it is interesting to see how it can be
built from just this gate set. Figure 4.9 illustrates a simple circuit for the Toffoli gate
made up of just Hadamard, phase, controlled- and π/8 gates.

• • • • • T

• • • T † ⊕ T † ⊕ S

⊕ H ⊕ T † ⊕ T ⊕ T † ⊕ T H

=

Figure 4.9. Implementation of the Toffoli gate using Hadamard, phase, controlled- and π/8 gates.

Exercise 4.24: Verify that Figure 4.9 implements the Toffoli gate.

Exercise 4.25: (Fredkin gate construction) Recall that the Fredkin
(controlled-swap) gate performs the transform
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CNOTを減らすことが可能

通常の実装

‣ 状態は電荷揺らぎに弱く、 周波数がランダムにずれていく 
‣ 他準位への漏れによって、遷移周波数にずれが起こる
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FIG. 2: Qutrit-based Toffoli gate decompositions by using three controlled-qutrit gates. Q1 and Q2 are the two controls, and
Q3 is the target. (a-c) Decompositions into controlled subspace gates CXij (A1, B1, and C1). By further decomposing them
into the conventional CNOTs (= |1〉-controlled X01 gates), a Toffoli gate can be composed of three CNOTs and several single-
subspace gates (A2, B2, and C2). Partial decompositions are also possible and yield hybrid circuits containing conventional
CNOTs and CXij with shorter circuit depth than the second decompositions (for example, B3 and C3). For each decomposition,
τQ2=|2〉,max : |Q1Q2〉 is shown on the bottom right, where τQ2=|2〉,max is the maximum time among all input states during which
Q2 stays in |2〉 for the input state(s) of |Q1Q2〉, expressed in the unit of a CNOT gate time by neglecting single-qutrit gate
times and considering active CXij between Q1 and Q2 to be a half. The vertical lines show the original gate boundaries in the
first decompositions as a guide to the eye. Since the right half of all the decompositions performs uncomputation to restore
the input control states, stopping the sequence right after the central gate, for example, at the asterisk (∗) in A2, leaves Q2 in
a qutrit state, giving an incomplete Toffoli gate with a much shorter overall gate time. (Inset) Five single-qutrit gates. Three
Xij are the Pauli X gates in the |i〉-|j〉 subspace, and X± are the cyclic permutations among the qutrit states.

and fast and high-fidelity two-qubit gates, it can provide
real-time QEC with a repetition rate of ! 1 MHz for bit-
and phase-flip errors in a simple three-qubit protocol.

Qutrit-based Toffoli decomposition.— Qudits gener-
ally describe the unit of quantum information carried by
d orthogonal quantum states [54]. The minimal exten-
sion of a qubit by adding the second excited state |2〉 to
the computational basis is referred to as qutrit [55], writ-
ten as |ψ〉 = α |0〉+β |1〉+γ |2〉 with |α|2+ |β|2+ |γ|2 = 1.
The addition of |2〉 significantly increases the number
of single qutrit gates to five with three subspace gates
(X01, X12 and X02) and two rotational gates (X±) as in
Fig. 2(inset). The previous study [56] proposed a Toffoli
gate decomposition by using controlled rotational gates,
which realization requires further decomposition into ei-
ther twice the number of controlled qutrit gates or non-
trivial single- and two-qutrit gates (see Supplemental Ma-
terial for details). Instead, here we propose more efficient
decomposition by using three controlled subspace gates
CXij as shown in A1, B1, and C1 of Fig. 2. By decom-
posing them further into the conventional CNOT gate
(= |1〉-controlled X01), Toffoli gates can be composed of
three CNOTs and several single-subspace gates (A2, B2,
and C2). Note that a two-photon process is required to
induce the X02 gate [57], on which the C2 decomposition

does not rely.

Special care needs to be paid when implementing
the CX gate in the middle of the sequence with cross-
resonance. If the control Q2 takes the |2〉 state dur-
ing this gate, the conventional CNOT gate causes par-
tial Rabi rotation on the target qubit. This unwanted
effect can be removed by tuning the Rabi frequency to
the same value as the one conditioned to |0〉 through
their nonlinear dependence on the drive amplitude [58–
60]. Another point on the qutrit operation comes from
the enhanced charge dispersion in higher excited states,
causing a reduced dephasing time Tφ [61]. As the Tof-
foli decompositions A1, B1, and C1 are composed of two
kinds of two-qutrit gates, there are variant decomposi-
tions, depending on whether to convert the two-qutrit
gate into CNOT, except for A1, which central two-qutrit
gate is already CNOT. B3 and C3 in Fig. 2 show hybrid
circuits that minimize the time spent by Q2 in the |2〉
state, which is expressed in the unit of the CNOT gate
time by neglecting single-qutrit ones.

Scalability to the generalized n-controlled Toffoli gate
is another essential feature of qutrit-based Toffoli decom-
positions. For example, type-B and C decompositions
can be linearly extended to an arbitrary number of con-
trol qubits as shown in Fig. 3(a). Note that controlled

X− = ΞXX+ = XΞ

量子トリットを用いたトフォリゲート実装

3準位系(Qutrit)をパルスエンジニアリングで実装する ➡ 既存のシステムで実現可能

量子トリット
実装の課題
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量子トリットによるトフォリ実装のためのパルスを開発し、
IBM量子コンピュータで検証した

, 遷移周波数での ゲート|0⟩ → |1⟩ |1⟩ → |2⟩ X

1量子トリットゲート : , X01 X12

2量子トリットゲート :  C1X01

量子トリットペアに対する交差共鳴パルス
実効ハミルトニアン

意図しない項 ( , ) 
の寄与が大きく、そ
れらを取り除く必要
がある

zI ζI

H±
CR = νzI

zI
2

νζI
ζI
2

νzx
zx
2 νζx

ζx
2

νIx
Ix
2

± + ± ±

Generatorの係数

量子トリットを用いたトフォリゲート実装

エコー交差共鳴パルスを使って、 , 項の
寄与を打ち消す

zI ζI

の振幅を持つ駆動パルスを使うことで、 
として機能する 

量子トリットベースの 
CNOT実装が可能

νzx = − νζx = νIx /2
( |0⟩⟨0 | + |2⟩⟨2 | ) ⊗ I + |1⟩⟨1 | ⊗ X01
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Qiskit Pulseを使ってトフォリゲートのパルスシーケンスを設計し、
IBM量子コンピュータibmq_kolkataに実装した

IEEE Quantum Week (2022/9)で張(M2)が報告 
Proceedings in IEEE Xplore

フィデリティを24時間に渡って測定し、周波数
のずれに対してロバストであることを実証

• 量子プロセストモグラフィ 
• ショット数  
• リセットの長さ  
• 測定エラー緩和を実行

1000
500 μs

量子トリットを用いたトフォリゲート実装の実験

Qiskit Runtime用のパルス較正プログラムを作成中 
•1量子トリットゲートからトフォリシーケンスまで 
•Qiskit Experimentを使ったパルス較正の自動解析

量子トリットゲートの精度向上 
•1量子トリットゲート、量子トリット-量子ビットCNOTゲート
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量子ソフトウェア

ハードウェア制御技術

量子ビット技術

量子コンピューティング技術の各階層で、目的に応じた開発(Co-design)が重要

‣ 量子AI 
- 古典データ学習（不毛な台地問題） 
- 量子データ学習 

‣ 量子シミュレーション

‣ 量子回路の最適化

‣ マイクロ波パルスの制御 
‣ 量子トリットを用いたゲート実装

‣ マルチジャンクション トラン
ズモン量子ビットの開発

ハードウェア

ソフトウェア

ミドルウェア

量子コンピュータの研究開発
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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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1= X� X X X+

X

Fig. 1. Circuit diagram of our Toffoli gate decomposition. See the text for
the definition of the X� and X+ gates. The CNOT gates are denoted with
the state label (1) of the control qubits for clarity.

tended relative phase offsets between the three basis states. In
previous works reporting successful implementations of two-
qutrit gates, these phase errors are suppressed via a dedicated
hardware design, and/or corrected through careful calibration
and in some cases ad-hoc direct phase adjustments [9]. This
makes it nontrivial to generalize and scale up the reported
schemes over a large device and an extended duration of time.

In this poster, we propose a novel all-microwave implemen-
tation of a qutrit-based Toffoli gate that can be deployed on
existing devices, but is free of phase errors without requir-
ing frequent calibrations. The main contributions in the new
scheme are a stable-phase two-qutrit generalized CNOT gate
and a dynamical decoupling (DD) sequence that automatically
corrects the pulse phase errors of single qutrit gates. The full
pulse sequence is verified on IBM Quantum machines, where
we measure the gate fidelity via quantum process tomography.

II. THE TOFFOLI GATE PULSE SEQUENCE

In the following, we outline the components that constitute
our Toffoli gate implementation. The Toffoli gate is decom-
posed into an X� gate, three CNOT gates, and an X+ gate,
as shown in the circuit diagram in Fig. 1. A linear device
topology is assumed. The X+ and X� gates are defined as

X+ = X⌅,

X� = ⌅X,
(1)

where X is the standard qubit-space X gate and ⌅ is its
counterpart in the |1i $ |2i subspace. As is evident from
the circuit diagram, only the second control line is operated in
the qutrit space and thus is affected by the phase errors arising
from charge fluctuation and AC Stark shift.

A. Single qutrit operations

Single qutrit gates are effected with microwave drive pulses
oscillating at the |0i $ |1i and |1i $ |2i transition fre-
quencies, which induce Rabi oscillations between the corre-
sponding energy states. The generators for the respective Rabi
oscillations are denoted in the (|0i , |1i , |2i) basis as

x =

2

4
0 1 0
1 0 0
0 0 0

3

5 and ⇠ =

2

4
0 0 0
0 0 1
0 1 0

3

5 . (2)

When the amplitude and duration of the drive pulse is tuned to
advance the Rabi oscillation phase by ⇡, the unitary matrices
of the resulting gates are

X ⌘ exp
⇣
�i

⇡

2
x

⌘
= �i

2

4
0 1 0
1 0 0
0 0 i

3

5 and (3)

⌅ ⌘ exp
⇣
�i

⇡

2
⇠

⌘
= �i

2

4
i 0 0
0 0 1
0 1 0

3

5 . (4)

Qutrit phase gates are realized in the exact same way as for
qubits, by shifting the phase of the drive pulse (the “virtual-
Z gate”) [12]. Phase shifts of the two drive frequencies
correspond to gates generated by

z =

2

4
1 0 0
0 �1 0
0 0 0

3

5 and ⇣ =

2

4
0 0 0
0 1 0
0 0 �1

3

5 . (5)

B. Qutrit echoed cross-resonance CNOT

The central CNOT gate in the circuit diagram of Fig. 1 must
be generalized, i.e., must apply an X gate to the target qubit
only when the control qutrit is in the |1i state, and otherwise
act as identity. Furthermore, we require that this gate be robust
against phase errors. We describe how such a gate can be
implemented using echoed cross-resonance (CR) drives.

A CR drive is a drive signal applied to a qubit at the
transition frequency of another, coupled qubit [13], [14]. In
the qubit subspace, the effective Hamiltonian of the CR tone
includes a zx term, from which the CNOT gate can be
constructed with the first qubit as the control. On a qutrit pair,
the dominant terms of this effective Hamiltonian are

H
±
CR = ⌫zI

zI

2
± ⌫zx

zx

2
+ ⌫⇣I

⇣I

2
± ⌫⇣x

⇣x

2
± ⌫Ix

Ix

2
, (6)

where I is the identity operator, and terms with both signs
change their polarity when the drive phase is shifted by ⇡.

The zI and ⇣I terms above are due to the AC Stark
shift of the |0i $ |1i and |1i $ |2i transition frequencies,
respectively, of the control qutrit. Their coefficients ⌫zI and
⌫⇣I are quadratically dependent on the drive strength and
are typically on the order of tens of megahertz, which is
an order of magnitude greater than ⌫zx and ⌫⇣x, whose
corresponding operators are responsible for entangling the two
qutrits. Therefore, the zI and ⇣I terms must be cancelled, but
the sensitivity of ⌫⇣I to random charge errors in the second
excited state renders a direct correction via e.g. a calibrated
Rz gate not viable for a robust gate design. We instead opt for
generalizing the echoed CR, which is commonly employed on
qubits to cancel the zI term, into a sequence depicted in Fig. 2.
In the circuit diagram, CR(±T ) represents the gate effected
by applying a normal and sign-inverted cross resonance drive
for time T with a simultaneous qubit-resonant rotary drive on
the target qubit.

To convince ourselves that this sequence indeed cancels the
AC Stark terms, we first denote the CR effective Hamiltonian

( |0⟩⟨0 | + |2⟩⟨2 | ) ⊗ I + |1⟩⟨1 | ⊗ X01
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