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量子纠缠

• 两个双光子态的叠加，其中一个
双光子态中，光子1水平偏振，
光子2也水平偏振；在另一个双
光子态中，光子1竖直偏振，光
子2也竖直偏振。

• 这个量子纠缠态：每个光子都没
有一个独立的偏振量子态。

• 与二者之间距离无关（只要保持
这个态）。
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起源：爱因斯坦

• 爱因斯坦：承认量子力学的正确性，但
是责疑它的完备性：是不是客观实在的
每个元素都在量子力学中有对应。

• 1935年，爱因斯坦-波多尔斯基-罗森首

次揭示量子纠缠的深刻意义，通过量子
纠缠来，论证局域实在论与量子力学不
和谐（虽然后来实验不支持他们主张的
局域实在论）
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薛定谔：
量子纠缠是量子力学的特征。

• 薛定谔1935：I would not call that one but rather 
the characteristic trait of quantum mechanics, the 
one that enforces its entire departure from classical 
lines of thought . By the interaction the two 
representatives become entangled.
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用光子偏振重述EPR的论证

• A测量光子1的偏振是水平还是竖直。

• 如果A测到光子1的偏振是水平（竖直），A可以明确（
100%概率）预言光子2的偏振也是水平（竖直）。

• 光子2与1相距类空距离（没有物理信号传递）。相对论（
局域性）：在某处的测量不会影响到类空远的地方。

• 实在性：物理量有预先客观确定的值；判据：在不扰动的
情况（类空距离能保证），能明确预言物理量的值。

• 因此光子2的水平-竖直偏振性质是一个实在元素（事先就确
定了）。
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但是，可以选择不同的测量方式

• A测量光子1的偏振45度还是135度。

• 如果A测到光子1的偏振是45度（135度），A可
以明确（100%概率）预言光子2的偏振也是45
度（135度），。

• 2与1相距类空距离（没有物理信号传递）。

• 因此光子2的45度-135度偏振性质也是一个实在
的元素（事先就确定了）。
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EPR：量子力学不完备

• 量子力学：光子偏振量子态是|水平>或|竖直>时，

测量到45度或135度都有可能；反过来也是。

• 因此根据量子力学，水平-竖直和45度-135度不能同

时是实在元素。

• 所以局域性+实在性与量子力学完备性矛盾(√)。

• EPR认为局域性加实在性是无可动摇的(X)，结论：

量子力学不完备。
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贝尔不等式

• 1964年，贝尔提出局域实在

论所服从的不等式。而量子
纠缠态违反贝尔不等式。

• 实验上，违反贝尔不等式。

• 2003年，Leggett推广到一

种非局域实在论满足的
Leggett不等式。也被量子
力学违反。
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粒子物理中的纠缠粒子

• 例如，正负电子碰撞，得到一个共振态，再衰变得到纠缠正反粒子对。

• 1GeV：φ共振，产生K。

• 10GeV: γ共振, 产生B。

• 3.773GeV: ψ共振, 产生D。

• 正反粒子态构成2维空间，类似自旋或偏振。

• 可以用于研究分立对称性。例如：YS and JC Yang, Time reversal 
symmetry violation in entangled pseudoscalar neutral charmed mesons, 
Physical Review D 98, 075079 (2018).

• Leggett不等式违反：YS and JC Yang, Particle physics violating crypto-
nonlocal realism, European Physical Journal C 80, 861 (2020).

• 超子自旋纠缠用于Bell不等式： YS and JC Yang, Entangled baryons: 
violation of inequalities based on local realism assuming dependence of 
decays on hidden variables, European Physical Journal C 80, 116 (2020).

M 是中性赝标量介子: 

K, B, D.
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量子计算
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计算机越来越小、越来越快
• 1950s: 每秒1000次浮点运算。

• 现在：每秒 1014次浮点运算。 (最快：148.6X 1012 ）

• Moore’s Law，1965: 单个集成电路芯片上的晶体管数目大
约每两年翻一番。
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摩尔定律的物理极限

• 单个比特将只需要原子尺寸。

• 但是在原子尺寸，量子效应将起支配作用。

• Moore定律也就不能延续。
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• 干脆用量子力学原理作为新的计算（逻辑）
原理。

• 利用量子力学的基本原理（特别是量子态
叠加原理），完成计算任务，处理和传递
信息。

• 这就是量子计算与量子信息。

变不利为有利



计算复杂类

• P类（polynomial time）：可以多项式时间内解决。

• NP（nondeterministic polynomial time）类：可以多
项式时间内验证。如：整数分解。

• 𝑃 ⊆ 𝑁𝑃

• 推测：𝑃 ≠ 𝑁𝑃

• NP完全（NPC）: 任何NP问题都可多项式性地约化为
它。如：推销员问题。

• 整数分解不属于NPC。
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• 推测(尚未证明)。

• 空间资源。 PSPACE。

• 𝑃 ⊆ 𝑁𝑃 ⊆ 𝑃𝑆𝑃𝐴𝐶𝐸
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BQP
• BPP（bounded-error probabilistic polynomial time，

有限误差的概率多项式时间）：存在多项式时间的

算法，使得正确概率大于
1

2
+ 𝛿, 𝛿 > 0

• BQP（bounded-error quantum polynomial time，有

限误差的量子概率多项式时间）：存在多项式时间

的量子算法，使得正确概率大于
1

2
+ 𝛿, 𝛿 > 0

• 已知： 𝑃 ⊆ 𝐵𝑃𝑃 ⊆ 𝐵𝑄𝑃 ⊆ 𝑃𝑆𝑃𝐴𝐶𝐸

• 因此量子计算更强大。但是BPP与NP、BQP与NP的
关系还不知道。
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量子计算的兴起

• 1982年，费曼提出，用经典计算机模拟量

子过程需要指数级资源，而量子计算机则
可以有效地模拟量子过程。

• 1985年，David Deutsch提出量子图灵机和
普适量子图灵机的概念。

• 1989年，David Deutsch又提出由量子门组
成的量子计算的线路模型。
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量子算法
• Peter Shor 1994：有效解决素数因子分解（寻
找奇数的素数因子）的量子算法。

• 经典（NP）: exp 𝑂 𝑛3(log 𝑛)
2

3

• n：数的位数

• Shor的量子算法：𝑂(𝑛2 log 𝑛 log log 𝑛)

• f=O(g)的意思: |f/g|介于两个有限正数之间



n�þf'A�þf�

²;'A(²;O�Å�G�): (in−1, . . . , i0).
�L«��?�ê:

i = in−12
n−1 + . . .+ i12 + i0.

n�þf'A�Ä¥�: |in−1〉|in−2〉 . . . |i1〉|i0〉. ��^�?�êL«:
|i〉.
���þf�:

|ψ〉 =
1∑

in−1=1

. . .

1∑

i0=0

cin−1,...,i1,i0 |in−1〉|in−2〉 . . . |i1〉|i0〉 =
2n−1∑

i=0

ci |i〉.

|ψ〉��Ó��92n�ØÓ�ê{i}, ´2n�Hilbert space¥��¥.
I�2(2n − 1) �Õá¢ëê5�x.
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þfO�

þfO�

þfåÆU\�n−→ þf¿1.

²;ÅØU¢yþfO�. �,�±U\, �´vkÅ�.

vkÅ���: |φ〉 = (
∑1

in−1=0 cin−1 |in−1〉) . . . (
∑1

i0=0 ci0 |i0〉).
þf�{|^
Å��.

þfO��Ä�Ú½:
a. ��u,�“ÄO�”, X|00 . . . 0〉.
b. ö�þf�, �1N�C�|ψf 〉 = U|ψi 〉.
c. 3,A½Ä(O�Ä)þÿþ.

nþf'A�üzd2n × 2n N�Ý
£ã. §�±©)¤eZü'
A9V'A�N�$�(þf�).
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þfO�

ü'Aþf�

2��N�C�. 2× 2N�Ý
.

Hadamard�:

H =
1√
2

(
1 1
1 −1

)
.

H|0〉 = 1√
2
(|0〉+ |1〉)

H|1〉 = 1√
2
(|0〉 − |1〉)

�£�:

Rz(δ) =

(
1 0
0 e iδ

)
.

{
Rz(δ)|0〉 = |0〉,
Rz(δ)|1〉 = e iδ|1〉.

Hadamard �
�£�

}
�|Ü¢y?Ûü'AN�$�.
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É��ÚÅ���)

É���(CNOT)

Vþf'Aµ|ψ〉 = α|00〉+ β|01〉+ γ|10〉+ δ|11〉.
��Å��, I�þf'A�m��p�^, l¢yVþf'A
�.
éÄ¥�ó: CNOT |x〉|y〉 = |x〉|x ⊕ y〉.

CNOT |00〉 = |00〉,CONT |01〉 = |01〉,CNOT |10〉 = |11〉,CONT |11〉 = |10〉.
Ù¥:

|00〉 =




1
0
0
0


 , |01〉 =




0
1
0
0


 , |10〉 =




0
0
1
0


 , |11〉 =




0
0
0
1


 .

CNOT =




1 0 0 0
0 1 0 0
0 0 0 1
0 0 1 0


 .
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É��ÚÅ���)

CNOT�5�

þf���:: ��^�?¿U\�. X:

CNOT (a|00〉+ b|01〉+ c |10〉+ d |11〉) = a|00〉+ b|01〉+ c |11〉+ d |10〉.

��y: (CNOT )2 = 1. �²;��(Ï�é?¿Ä¥�Ñù�). ��±
^Ý
y²"
CNOT��)Å�:

CNOT (α|0〉+ β|1〉)|0〉 = α|00〉+ β|11〉.
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É��ÚÅ���)

Ï^þf�

²;O�¥, {���, E��}´�|Ï^�.

þfO��´aq/�3Ï^�8Ü, ln �þf'A�?¿N
�C��±©)�ü'AÚVþf'A�.

3²;O�¥ØU^ü'AÚV'A�_��¤Ï^8"

�±y²µþfO�¥§üþf'A�ÚVþf'A�É��
�(CNOT)|¤Ï^�8Ü"

��±y²µ?Ûüþf'A��±dHadamard�
ÚRz(δ = π/4)��£�£½¡π/8�¤¢y"
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þf�{

¼êD�

f : {0, 1}n → {0, 1}, (xn−1 . . . x0)→ f (xn−1 . . . x0)§=x → f (x).

3þfO�¥µUf |x , y〉 = |x , y ⊕ f (x)〉,
=Uf |xn−1 . . . x0〉|y〉 = |xn−1 . . . x0〉|y ⊕ f (xn−1 . . . x0)〉.
�±y²§Uf´N��£¤±�±^þfL§¢y¤"

þf¿1:

Uf

2n−1∑

x=0

cx |x〉|y〉 =
2n−1∑

x=0

cx |x〉|y ⊕ f (x)〉.
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þf�{

Deutsch�{: �ä¼ê´~ê��´²ï�

�@�þf�{, w«
þfO��r�Uå.

�Ä��ü'A¼ê:

f : {0, 1} → {0, 1}.

4«¼ê: f0, f1, f2, f3.

x f0 f1 f2 f3
0 0 0 1 1
1 0 1 0 1

f0Úf3´~ê�(constant).

f1Úf2´²ï�(balanced): ¼ê��0 Ú�1 �x��ê��õ(Ñ
´1 �).

¯K¶(½,�¼ê´~ê��´²ï�.

²;�{: I�üg�Î. (u�f(0) = ? Úf(1) = ?)

þfO�: �I�g�Î,½ö`$1�gO�.
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þf�{

Deutsch�{¥^��'�

Uf |x〉|y〉 = |x〉|y ⊕ f (x)〉.
�f (x) = 0�, yØC, =: Uf |x〉|y〉 = |x〉|y〉.
�f (x) = 1�, y�=, =: |x〉|0〉 → |x〉|1〉½|x〉|1〉 → |x〉|0〉.
Ïd�±Ú��¤µ

Uf |x〉(|0〉 − |1〉) = (−1)f (x)|x〉(|0〉 − |1〉).

ù´Deutsch�{�'�"
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þf�{

¢yDeutsch�{�þf�´ã

|0〉|1〉 H⊗H−→ 1√
2
(|0〉+ |1〉)⊗ 1√

2
(|0〉)− |1〉) =

1√
2
|0〉 ⊗ 1√

2
(|0〉 − |1〉) + 1√

2
|1〉 ⊗ 1√

2
(|0〉 − |1〉) Uf−→

1√
2
(−1)f (0)|0〉 ⊗ 1√

2
(|0〉 − |1〉) + 1√

2
(−1)f (1)|1〉 ⊗ 1√

2
(|0〉 − |1〉) =

1√
2
[(−1)f (0)|0〉+ (−1)f (1)|1〉]⊗ 1√

2
(|0〉 − |1〉) H⊗I−→

1
2{[(−1)f (0) + (−1)f (1)]|0〉+ [(−1)f (0) − (−1)f (1)]|1〉} ⊗ 1√

2
(|0〉 − |1〉) =

{
±|0〉 ⊗ 1√

2
(|0〉 − |1〉), if f (0) = f (1)

±|1〉 ⊗ 1√
2
(|0〉 − |1〉), if f (0) 6= f (1)

.

ÿþ11�'A, X��|0〉, K`²f (x)�½´~ê�; X��|1〉, K`
²f (x)�½´²ï�.
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þf�{

±Ï¦)�Ïf©)¯K�Shor�{

Shor�{´þfO�nØ��â»"¤I�m´Poly(logN).

þf�{¤I�m´Poly(logN). Shor �þf�
{µO(n2 log n log log n)gö�"$�gê´n�õ�ª"

N�Ïf©)¯K�±=z�¦f (x) = ax mod (N) �±Ï£a�Å
À��0 < a < N¤§ù�=z�±k�/3²;O�Åþ�¤"

Ïd'�´¦f (x) �±Ïr�þf�{"f (x + r) = f (x)"
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þfÅ�

²;Å�

|^P{?1Å�"

~Xµ'A�=�VÇ´ε"

Alice^3�E'A�L�5�'A£000 �L0, 111�L1¤,"

BobÂ�ÕE�,æ^õê�Kµ2�½3��Óêi�L�5�ê
i"X010�L0

�}VÇ´εc = ε3 +3ε2(1− ε) = 3ε2− 2ε3, �ε < 1/2 �§εc < ε"
�εé��, ��ε�3ε�.
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þfÅ�

þfÅ��(J

duØ����n§��þf�|ψ〉 ØU{üE�|ψ〉|ψ〉|ψ〉"
²;Å�è¥�'A��*	§þf��ÿþ  ��þf��U
C"

²;'A��ØÒ´'A�=§þf'A��Ø�«��"

�´þfÅ�k|©�{"
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þfÅ�

~µ'A�=Ú3-þf'AÅ�=è

±VÇεu)'A�="

?èµ|0〉 → |0L〉 ≡ |000〉, |1〉 → |1L〉 ≡ |111〉.
|ψ〉 = α|0〉+ β|1〉 → α|0L〉+ β|1L〉 = α|000〉+ β|111〉.
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with memory.

7.1 The three-qubit bit-flip code

Let us assume that Alice wishes to send a qubit, prepared in a generic state

|ψ〉 = α|0〉 + β|1〉, to Bob via a noisy quantum channel. The following

hypothesis is made: the noise acts on each qubit independently, leaving the

state of the qubit unchanged (with probability 1− ε) or applying the Pauli

operator σx (with probability ε). We remind the reader that σx produces

a bit-flip error since σx|0〉 = |1〉 and σx|1〉 = |0〉. To protect the quantum

state |ψ〉, Alice employs the following encoding:

|0〉 → |0L〉 ≡ |000〉, |1〉 → |1L〉 ≡ |111〉. (7.1)

The subscript L indicates that the states |0L〉 and |1L〉 are the logical |0〉 and
|1〉 states (also known as codewords), encoded by means of three physical

qubits. Correspondingly, a generic state is encoded as follows:

|ψ〉 = α|0〉+ β|1〉 → α|0L〉+ β|1L〉 = α|000〉+ β|111〉. (7.2)

This encoding is implemented by means of the quantum circuit in Fig. 7.1:

the first CNOT gate maps
(
α|0〉+β|1〉

)
|00〉 into

(
α|00〉+β|11〉

)
|0〉 and the

second CNOT leads to the encoded state α|000〉+ β|111〉 = α|0L〉+ β|1L〉.
This state is an entangled three-qubit state, known as a GHZ (Greenberger,

Horne and Zeilinger) state or cat state. We should point out that Alice’s

encoding does not violate the no-cloning theorem since the encoded state

is not the same as three copies of the original unknown state:

α|000〉+ β|111〉 �= |ψ〉|ψ〉|ψ〉 =
(
α|0〉+ β|1〉

)(
α|0〉+ β|1〉

)(
α|0〉+ β|1〉

)
.

(7.3)

|ψ

|0

|0

Fig. 7.1 A quantum circuit encoding a single qubit into three.
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þfÅ�

BobÂ���

α|000〉+ β|111〉, (1− ε)3

α|100〉+ β|011〉, ε(1− ε)2

α|010〉+ β|101〉, ε(1− ε)2

α|001〉+ β|110〉, ε(1− ε)2

α|110〉+ β|001〉, ε2(1− ε)
α|101〉+ β|010〉, ε2(1− ε)
α|011〉+ β|100〉, ε2(1− ε)
α|111〉+ β|000〉, ε3

c©�� ( ) þfÅ�§þfO�Úþf�[ 16 / 20



þfÅ�

�äµ8Nÿþ

ÿþσ
(1)
z σ

(2)
z Úσ

(1)
z σ

(3)
z .

|0

|0

D 0

D 1

x

x

0

1

Fig. 7.2 A quantum circuit for extracting the error syndrome in the three-qubit bit-flip
code.

In general, the measured syndrome and the action taken by Bob are the

following (see Fig. 7.3):

x0 = 0, x1 = 0, no action,

x0 = 0, x1 = 1, apply NOT to the third qubit,

x0 = 1, x1 = 0, apply NOT to the second qubit,

x0 = 1, x1 = 1, apply NOT to the first qubit.

(7.7)

x0 = 0éAuσ
(1)
z σ

(2)
z = 1§x0 = 1 éAuσ

(1)
z σ

(2)
z = −1.

x1 = 0éAuσ
(1)
z σ

(3)
z = 1§x1 = 1 éAuσ

(1)
z σ

(3)
z = −1.

~Xµ(α|100〉+ β|011〉)|00〉 → (α|100〉+ β|011〉)|11〉.
��ü�9Ïþf'A��Ò´x0Úx1, ¡��ØwG"x0 = 1`²
1�Ú1��þf'A���=¶x1 = 1`²c1�Ú1n�þf
'A���="Ïdx0 = x1 = 1`²1��þf'A�="

é1��þf'A^σx�=§Ò���5�G�"
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þfÅ�

Å�

x0 = 0, x1 = 0,Ãö�,

x0 = 0, x1 = 1, é1n�'A�NOTö�,

x0 = 1, x1 = 0, é1��'A�NOTö�,

x0 = 1, x1 = 1,é1��'A�NOTö�.
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x =0, x =1
1

1

1

1

x =0, x =0

x =1, x =0
x =1, x =1

0

0

0

0

Fig. 7.3 Error correction and decoding in the three-qubit bit-flip code. The values of
the classical bits x0 and x1 control the application of the NOT gates. The two CNOT
gates decode the single-qubit message.

three-qubit bit-flip code without using any ancillary qubits.

Exercise 7.2 Compute the fidelity of a generic pure state sent from Alice

to Bob through a bit-flip noisy channel. Compare with the result obtained

when the three-qubit bit-flip error-correcting code is applied.

7.2 The three-qubit phase-flip code

In this section, we shall show that it is also possible to correct phase errors.

These are quantum errors with no classical analogue. The phase-flip error

affects the states of the computational basis as follows:

|0〉 → σz |0〉 = |0〉, |1〉 → σz |1〉 = −|1〉. (7.9)

Thus, a generic state |ψ〉 = α|0〉+ β|1〉 is mapped into σz|ψ〉 = α|0〉− β|1〉.
The method developed in Sec. 7.1 cannot correct phase errors. However, we

observe that a phase-flip error in the computational basis {|0〉, |1〉} becomes

a bit-flip error in the basis {|+〉, |−〉}, where

|+〉 = 1√
2

(
|0〉+ |1〉

)
, |−〉 = 1√

2

(
|0〉 − |1〉

)
. (7.10)

Indeed, we have σz |+〉 = |−〉 and σz |−〉 = |+〉. We may transform the

vectors of the computational basis into the new basis vectors (and vice

versa) by means of the Hadamard gate. Therefore, to correct phase errors

)è�´µ?è�´�_�"
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(α|000〉+ β|111〉)|00〉, (1− ε)3

(α|000〉+ β|111〉)|11〉, ε(1− ε)2

(α|000〉+ β|111〉)|10〉, ε(1− ε)2

(α|000〉+ β|111〉)|01〉, ε(1− ε)2

(α|111〉+ β|000〉)|01〉, ε2(1− ε)
(α|111〉+ β|000〉)|10〉, ε2(1− ε)
(α|111〉+ β|000〉)|11〉, ε2(1− ε)
(α|111〉+ β|000〉)|00〉, ε3

Ïdkεc = 3ε2(1− ε) + ε3 �VÇ§ò�5þf�¥�|0〉Ú|1〉 p�"
ù�VÇÒ´ü�½n�'Au)�=�VÇ"�´�ε < 1/2, εc < ε.
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þ¶U*Ð�v
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ù
XÚkµ�«g^£Xµ��Nþf:¥�>fg^!7��
N¥�Øg^!7f���Ç¤; �f½lfS�; ��Josephson
(; ����"

����Iµ�Z�m£|ò�Z¤"

kD(¥§þfXÚ(noisy intermediate scale quantum systems) ´
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`�5"
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量子模拟
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动机

• 作为中程有噪量子技术（Noisy 
intermediate-scale quantum technology），

可以考虑用几十到几百个量子比特，进行量
子模拟。

• 适用于既具有量子优越性，又有实用或科研
价值的问题。

• 可以用于理论物理的难题。

• 例如格点规范理论（传统方法基于蒙卡，有
费米子符号问题；缺少实时动力学）。

©施郁：量子计算



量子模拟的两条路线

• Analog（模拟）: physical mapping.  

• Digital（数字）:  特定目的的量子计算的思
路；往往用到Trotter decomposition:   

©施郁：量子计算
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初步实验进展

• 实验上，主要是原子系统. 主要是analog路线。
– (1+1)D QED or U(1) theory using trapped ions and cold 

atoms. 

– Gauge invariance in a 71-site quantum simulator of an 
extended U(1) LGT. 

– Etc.

• Digital路线基本就是特定目标的量子计算。
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量子模拟的经典模拟
（赝量子模拟）

• 目前的量子模拟实验上的能力还很有限。

• 我们用目前的高性能计算机演示量子模拟过
程。

• 本质上当然还是传统的经典计算。

• 但是借此发展量子模拟的理论、算法，也是
一种数值计算的新方法。
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Graphics processing unit (GPU) 
parallel computing

architecture
• 我们使用的模拟器:  Quantum Exact Simulation Toolkit 

(QuEST). 

• Based on Nvida’s CUDA (software platform allowing 
development of GPU-based parallel program). 

• Designed as a C library.

• We use it for our pseudoquantum simulation of 
quantum Z2 LGT.

• Nvidia V100 GPU: 7.834TFLOPS, double precisions, T: 每
秒万亿。Nvida GeForce RTX 3090:  35.7TFLOPS, single 
precision; 0.556TFLOPS, double prevision. 
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Quantum  LGT

• Simplest quantum LGT. Discretization of U(1) theory,  
also a spin model in condensed matter. 

• Z2 toric code is a variant of quantum Z2 LGT. 

• In two spatial dimensions, dual to quantum Ising
model in a transverse field. 

• Generalization of Ising model, elevating the global up-
down symmetry to a local symmetry, but without 
spontaneous symmetry breaking. 

• No local order parameter. 

©施郁：量子计算
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Demanding in present experiments 

• 2 × 2 × 2 lattice: 24 links; 3 × 3 lattice: 18 links. 

• Tens of  thousands steps in Trotter decomposition.

• Demanding requirements on the qubit number, 
error rate and coherence time.

• We will use 25 qubits and 19 qubits. 

• 实验上寄希望于将来。

• 适合做GPU模拟。
• Xiaopeng Cui, YS, Jichong Yang, Circuit-based digital adiabatic 

quantum simulation and pseudoquantum simulation as new 
approaches to lattice guage theory, Journal of High Energy Physics 08, 
160 (2020) . 
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Quantum Z2 Gauge Theory

1.No Local
Symmetry
Breaking

2.Topological
order in
deconfined
phase

−LogWC

proportional 
to the 
perimeter or 

the area.

Wegner-Wilson  loop 

(gauge inv operator)

Wc does not commute 

with H unless g=0

Z2规范算符：

Local Z2 symmetry, 

which cannot be 

broken

©施郁：量子计算
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Vison and low-lying states 

𝑉 = ෑ

𝑙∈ ҧ𝐶

𝜎𝑙
𝑥

1. Low-lying particle-like  excitations of the topological 
phase in the infinite lattice,  cannot be created by  
any local operator (visons). 

2. Low-lying eigenstates on a torus that cannot be 
created by local operators.

‘t hooft loops

Commutes with 

Hamiltonian
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quantum phase transition

1.The quantum phase transition  is present，the 

deconfined phase has topological order, while 

the confined phase is trivial
2.There are stable low-lying excitations of the topological 

phase in the infinite lattice model which cannot be 
created by the action of any local operator on the 
ground state  
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绝热算法
• H(g = 0) = Z   → H(gf =2). 

• We generalize Trotter decomposition to the 
case of adiabatic variation of H. 

• H various in each substep of the Trotter 
decomposition) 
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The evolution pauses after 
a step, calculations or 
measurements are done

Error: 

aymm:

symm: 

2t s

n

3

2

t s

n



用量子线路实现绝热算法
（量子线路由单笔比特和双比特门构成）
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初态制备

• g=0, H=Z. 
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绝热条件
• should be smaller than the square of the 

energy gap.  In our simulation, it varies from 0.005 
to 0.1。

• When g →0, the excited energy of a pair of 
visons=4. 

• When g → ∞, the gap =8g.

• For general g, gap ∽ 1/L ∽0.5.

• V’s are conserved, so the vanishingness between 
the differences between V sectors, in the case 
infinite L, does not matter. 
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Wegner-Wilson loops

• g small, perimeter 
law;.

• g large, area law.
• A dip in 3D case.  
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Critical points

• From the lowest point of the second derivative 
of <H>, gc ≈ 0.986, d = 3; gc ≈ 0.380, d = 2,
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Order of QPT 
• The thermal phase transition in the classical 

Z2 LGT is first-order in 4d, second-order in 
3d. This suggests:  QPT is first-order in d=3,  
and is second-order in 2d. 

• Compare d=3 and d=2, sharper and deeper 
in d=3:
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Absence of local symmetry 
breaking
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Energy splitting between 
different topological sectors
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For d=2, simulation result:

Previous tensor networks 

found for fixed g,

exponential decay with L
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小结
• 量子纠缠是量子力学的基本问题，近年带来很多
前沿研究，包括量子计算和量子模拟。

• 量子计算和量子模拟是研究物理学中具有复杂的
量子纠缠的系统的新途径。

• 用高性能计算机对量子模拟和量子计算进行经典
模拟（赝量子模拟）是一个很有意义的工作。

• 重要例子：格点规范理论。

• 我们就Z2 规范理论做了一些工作。

• 我们的方法：用量子线路实现量子绝热算法，并
进行GPU模拟。
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• 取得一些结果。算法上，将Trotter分解推
广到随时间绝热变化的哈密顿量；规范
对称性自动保持。

• 完整演示了这个模型的量子模拟过程。

• 得到有用的物理结果，如量子相变在3d是
一级，在2d是二级，以及拓扑性质；也是
该模型在3d的第一个数值结果；得到有物
质场耦合时的局部相图。

• 下一步：QCD。
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Thank you for your 
attention!
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