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empty ??

Vacuum is NOT empty



QED Vac: Local Effect

Pic: Nothing But Net | by Brian Koberlein

Casmir Effects

Vacuum 

fluctuations

Science 350.420 (2015) 4

https://briankoberlein.com/blog/nothing-but-net/


electron interference: Electromagnetic waves show global geometric effects

[1] T. Maudlin, Entropy 2018, 20(6), 465; https://doi.org/10.3390/e20060465 5

QED Vac: Global Effect

https://doi.org/10.3390/e20060465


QCD vacuum

[1] Animation from: Derek Leinweber (adelaide.edu.au)

Action Density Topological Charge Density

6

http://www.physics.adelaide.edu.au/theory/staff/leinweber/VisualQCD/QCDvacuum/welcome.html
http://www.physics.adelaide.edu.au/theory/staff/leinweber/VisualQCD/QCDvacuum/su3b600s24t36coolSimSlice03action.gif
http://www.physics.adelaide.edu.au/theory/staff/leinweber/VisualQCD/QCDvacuum/su3b600s24t36coolSimSlice03charge.gif


[1] Talk by R. Pasechnik (Lund Univ.), “ The Physical Vacuum: Where Particle Physics Meets Cosmology”

Vacuum structure matters ! 
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EM waves: Vector potential matters

Gauge choices: Gauge transformation

Field (𝑩, 𝑬) are gauge invariant

𝐀 → 𝐀′ = 𝐀 + 𝛁Λ

Φ → Φ′ = Φ−
𝜕Λ

𝜕𝑡

e.g. Coulomb gauge: 𝜵 ⋅ 𝑨 = 0

also transverse/radiation gauge

Lorentz condition: 𝜵 ⋅ 𝑨 +
1

𝑐2
𝜕𝛷

𝜕𝑡
= 0

Classcial: local field strength (𝐸, 𝐵) + charge+ Maxwell Eq.

Quantum: nonlocal 𝜑𝐷 =
𝑒

ℏ𝑐
∮𝒜𝑑𝐫 (Dirac Phase) e.g. AB effect

Maxwell Eqs: Coupled Field Eqs.

𝛻 ⋅ 𝑬 =
𝜌

𝜀0
𝛻 ⋅ 𝑩 = 0

𝛻 × 𝑬 = −
𝜕𝑩

𝜕𝑡

𝛻 × 𝑩 = 𝜇0𝑱 + 𝜇0𝜀0
𝜕𝑬

𝜕𝑡

Potentials: Scalor and Vector

𝑩 = 𝛻 × 𝑨

𝛁 × 𝑬 +
𝜕𝑨

𝜕𝑡
= 0

⟺ 𝑬 = −𝜵𝜱−
𝜕𝑨

𝜕𝑡

How to 

determine 

(𝑨, 𝛷)

9



Gauge Symmetry

Noether theorem

[1] From: gauge symmytry charge conservation 10

https://cn.bing.com/images/search?view=detailV2&ccid=Xoy0peBc&id=EC3AE0E7E36C3246A50F60823677AC9156490DE9&thid=OIP.Xoy0peBcI3FIj7l9F4SbDQHaFj&mediaurl=https://image3.slideserve.com/5758307/slide5-l.jpg&cdnurl=https://tse1-mm.cn.bing.net/th/id/R-C.5e8cb4a5e05c2371488fb97d17849b0d?rik%3d6Q1JVpGsdzaCYA%26pid%3dImgRaw%26r%3d0&exph=768&expw=1024&q=gauge+symmytry+charge+conservation++&simid=608027134303412728&FORM=IRPRST&ck=585772C0F2A3678B7B7B6F533F8D2CF9&selectedIndex=7&ajaxhist=0&ajaxserp=0


𝑇.𝑇.𝑊𝑢 &𝐶ℎ.𝑁.𝑌𝑎𝑛𝑔 [PRD1975]: EM theory ⟺ gauge invariance of 𝜑𝐷

𝑼(1) determines the EM properties

In Minkowski space: 4-vector 𝑡, 𝑥, . . = (𝑟0, 𝑟1, . . )

QM under local GT: 𝑼 = 𝒆𝒙𝒑(𝒊𝜙(𝑟𝛼)) ∈ 𝑼(1)

𝜓 → 𝒆𝒙𝒑 𝒊𝝓 𝜓 while 𝐀 → 𝑼𝐀𝑼−𝟏 + 𝒊𝑼−𝟏𝜕𝛼𝑼

𝒜𝛼 → 𝒜𝛼 − 𝜕𝛼𝜙, ℱ𝛼𝛽 = 𝜕𝛼𝒜
𝛽 − 𝜕𝛽𝒜

𝛼

Potentials (𝑨, 𝛷) :

𝑩 = 𝛻 × 𝑨

𝑬 = −𝜵𝜱−
𝜕𝑨

𝜕𝑡

Observable:

Gauge invariant

Vacuum: ℱ𝛼𝛽 = 𝜕𝛼𝒜
𝛽 − 𝜕𝛽𝒜

𝛼 = 0 ⇒ 𝒜𝛽 = 0

𝜑𝐷 =
𝑒

ℏ𝑐
∮𝒜𝑑𝐫 =

𝑒

ℏ𝑐
∫ ℬ𝑑𝐬 =

𝑒

ℏ𝑐
Φ (Observable) 

U(1) Group: Abelian EM waves
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Gauge potential ෡𝑨 : local ෡𝑼(𝛍) ∈ 𝑼(𝒏)

𝜓 → ෡𝑼𝜓,  ෡𝑨 → ෡𝑼−1෡𝑨෡𝑼 + 𝒊෡𝑼−1𝜕𝛍෡𝑼

ℱ𝛼𝛽 = 𝜕𝛼𝒜
𝛽 − 𝜕𝛽𝒜

𝛼 − 𝑖𝑔[𝒜𝛼,𝒜𝛽]

In certain initial frame: ෡𝑨 𝛍 = 𝟎 → Pure gauge potential: ෡𝑨 = 𝒊𝒈−1෡𝑼−1𝜕𝛍෡𝑼

Zero Field strength (vacuum):  ℱ𝛼𝛽 = 0 (no force)

Non-Abelian ෡𝑼 → 𝜑𝐵 = ෡𝑷∮ ෡𝑨𝑑𝝁 ≠ 0 (Wilson-Loop) 

[1] Spin Gauge Fields, K.Y. Bliokh, Y. P. Bliokh; [2] R. Jackiw, RMP(1980) 

Multi-component wavefunctions 𝜓 (𝑛 ≥ 2) ⟺ ෡𝑨 gauge potential

Gauge transformation group 𝑼(𝒏) : Non-Abelian

U(n>1) Group: Non-Abelian
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Topology of Vacuum

Yang-Mills Field – Non-Abelian gauge field ෡𝑼( Ԧ𝑥) ∈ 𝑼(𝒏)

𝜓( Ԧ𝑥) → ෡𝑼( Ԧ𝑥)𝜓( Ԧ𝑥) Pure gauge: ෡𝑨 = 𝒊𝒈−1෡𝑼−1𝜕𝛍෡𝑼 L =
1

4
𝑇𝑟(𝐹𝑢𝜈𝐹

𝑢𝜈) = 0

Ground state of Yang-Mills Gauge Field  Vacuum

Topological invariant (winding number) 𝑤 =
1

24𝜋2
∫𝑑3𝑥 𝜖𝑖𝑗𝑘𝑇𝑟(𝐴𝒊𝐴𝒋𝐴𝒌)

e.g.  ෡𝑼( Ԧ𝑥) ∈ 𝑺𝑼(𝟐)

෡𝑈 1 Ԧ𝑥 =
Ԧ𝑥2 − 𝜂2

Ԧ𝑥2 + 𝜂2
+
2𝑖𝜂 Ԧ𝜎 ∙ Ԧ𝑥

Ԧ𝑥2 + 𝜂2

෡𝑈 𝑛 Ԧ𝑥 = ෡𝑈 1 Ԧ𝑥
𝑛
 𝑤 = n, 𝑤 -fold degenerate vacua

PRL 37,8(1976); PRL 37,172(1976); Dr. Yan-qing Zhu’s internal talk 13



Emergent Synthetic Gauge Field

[1] Ultracold atomic physic, Zhai Hui, Tsinghua Univ. 14

Schrödinger equation for the motion of an atom:

introduce a unitary matrix ෡𝑼(Ԧ𝑟) → ෡𝑼+ Ԧ𝑟 ෡𝐻𝑠 𝒓 ෡𝑼 Ԧ𝑟 = ෡Λ Ԧ𝑟 and ෨𝜓 = ෡𝑼+𝜓

𝑖ℏ
𝜕𝜓

𝜕𝑡
= −

ℏ2

2𝑚
𝛻2 + ෡𝐻𝑠 𝒓 𝜓

෡𝐻𝑠 𝒓 = 𝜇𝐵𝑔𝑠෡𝑩 𝒓 ∙ ෡𝑺 + 𝜇𝑁𝑔𝐼෡𝑩(𝒓) ∙ ෠𝑰+𝛼ℎ𝑓෠𝑱 ∙ ෠𝑰

where ෡𝑨 = 𝒊ℏ෡𝑼+𝛻෡𝑼 ⇔ ෡𝑨 = 𝒊𝒈−1෡𝑼−1𝜕𝛍෡𝑼

𝑖ℏ
𝜕 ෨𝜓

𝜕𝑡
= −

1

2𝑚
(−𝑖ℏ𝛻 − ෡𝑨 𝒓 )2+෡Λ Ԧ𝑟 ෨𝜓

Emergent synthetic gauge field ෡𝑨(Ԧ𝑟) is determined by ෡𝑼(Ԧ𝑟)



෡𝐻 = ෡𝐻 𝝁 depends on parameter 𝝁 : eigenvector adiabatically moves in 𝛍-space 

Berry connection: ෡𝑨 = ෡𝑨 𝝁 is nontrivial when space contains degenerate point 

Berry phase 𝜑𝐵 ≠ 0 (Observable) ：𝜑𝐵 = ∫ ෡𝑨𝑑𝝁, topological effects

Berry curvature ෡𝑭 (Observable)： ℱ𝛼𝛽 = 𝜕𝛼𝒜
𝛽 − 𝜕𝛽𝒜

𝛼, non-zero dynamical effects

Artificial gauge field in cold atoms

[1] Science 360, 1429–1434 (2018); npj Quantum Information (2021) 144;  … 15
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Theoretical Scheme

≪ 1 Hz
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𝑤 = Hopf index 𝜒

Winding number:

𝑓𝑢𝑣 = 𝜕𝑢𝑎𝑣 − 𝜕𝑣𝑎𝑢

Berry connection:

𝜒 = −
1

4𝜋2
∫ 𝑑3𝑟𝜀𝑖𝑗𝑘𝑎𝑖𝜕𝑗𝑎𝑘 = −

1

4𝜋2
∫ 𝑑3𝑟 Ԧ𝑎(Ԧ𝑟) ⋅ Ԧ𝑓(Ԧ𝑟)

18



Detection 𝑓𝑢𝑣( Ԧ𝑟)

𝑓𝑢𝑣 gauge invariant, 𝑎𝑢 gauge dependent: Ԧ𝑓(Ԧ𝑟) = 𝛻 × Ԧ𝑎(Ԧ𝑟)

𝜒 = −
1

4𝜋2
∫ 𝑑3𝑟𝜀𝑖𝑗𝑘𝑎𝑖𝜕𝑗𝑎𝑘 = ∫ 𝑑3𝑟 Ԧ𝑎(Ԧ𝑟) ⋅ Ԧ𝑓(Ԧ𝑟)

𝑎𝜇 = 𝜓 Ԧ𝑟 𝜕𝜇𝜓 Ԧ𝑟 = ( 𝜓 Ԧ𝑟 𝜓 Ԧ𝑟 + 𝛿 Ԧ𝜇 − 1)/𝛿 Ԧ𝜇, 𝛿 Ԧ𝜇 → 0

𝑼 𝟏 𝒍𝒊𝒏𝒌: 𝑈𝜇 Ԧ𝑟 = 𝜓 Ԧ𝑥 𝜓 Ԧ𝑥 + 𝛿𝜇 ≈ 𝑒𝑎𝜇𝛿𝜇 → 𝑎𝜇𝛿𝜇 = ln𝑈𝜇(Ԧ𝑟)

Check: C Ԧ𝑟 = 𝛿𝑥𝛿𝑦𝑓𝑥𝑦 = 𝑙𝑛𝑇𝑟 𝜌 Ԧ𝑟 + 𝛿 Ԧ𝑥 𝜌 Ԧ𝑟 + 𝛿 Ԧ𝑥 + 𝛿 Ԧ𝑦 𝜌 Ԧ𝑟 + 𝛿 Ԧ𝑦 𝜌 Ԧ𝑟

⇒ 𝑓𝑥𝑦 = C Ԧ𝑟 /𝛿𝑥𝛿𝑦 With 𝜌 Ԧ𝑟 = ۧ|𝜓 Ԧ𝑟 𝜓ۦ Ԧ𝑟 |

Gauge invariants
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Detection 𝑎(Ԧ𝑟) ?

Ԧ𝑎(Ԧ𝑟) gauge dependent Find Ԧ𝑎(Ԧ𝑟0) from Ԧ𝑓 Ԧ𝑟0 ?

20
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Experimental Setup

𝑍

𝑋

𝑌

Ω1

Ω2

𝑂𝐷𝑇2

𝑂𝐷𝑇1

Ω1
Ω2

𝛿

Δ

|1〉 = |2,0〉

|2〉 = |1,0〉

5𝑃3/2

5𝑆1/2

Ω𝑀𝑊

Adiabatic state 

preparation

Ψ± =
cos Τ𝜃 2

±sin Τ𝜃 2 𝑒𝑖𝜑

Quantum state 

tomography

ො𝜌 =
𝜌00 𝜌10
𝜌01 𝜌11

Initial state 

preparation

|𝐹 = 2,𝑚𝐹 = 0ۧ
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Quantum state manipulation

量子态 电磁场

射频场

300KHz~300GHz

微波场

300MHz~300GHz

激光场

300nm ~1500nm

F=2

F=1

-1 0
1 2

mF = -2

mF = -1 0 1

5S1/2

5P3/2

Δ
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Microwave and RF

F=2

F=1

-1 0 1 2

mF = -

2

mF = -1 0 1

𝜎+
𝜎−
𝜋

5S1/

2

微波：

调幅、调频、调相
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Raman Laser

Raman laser：intensity, phase, frequency

Beating lock setup
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Quantum state tomography

Ψ = cos
θ

2
0 + sin

θ

2
𝑒𝑖𝜙 1

• 最大似然估计→符合物理性质的
最有可能的密度矩阵

ො𝜌 = Ψ Ψ

=
𝜌00 𝜌10
𝜌01 𝜌11

=
1

2
ො𝜎0 +

1

2
𝑣𝑥 ො𝜎𝑥 + 𝑣𝑦 ො𝜎𝑦 + 𝑣𝑧 ො𝜎𝑧

StatePre QST

σ𝑧

σ𝑥

σ𝑦
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Energy level scheme

Δ ≫ 𝛿, Ωi

Ω𝑀𝑊 = −𝑖Ω1
𝛿

Δ
~0 ≪ 1𝐻𝑧

𝐸+ = 0, 𝐸− = −𝛼𝛿 −
Ω2

𝛼Δ
≪ 𝐸𝑒𝑥𝑐𝑖𝑡𝑒𝑑~∆𝐻 = 𝑈 𝑟

𝐸+ 0
0 𝐸−

𝑈 𝑟 −1

𝐻 =
ℏ

2

𝛿𝑒𝑥𝑝 𝛺𝑒−𝑖𝜑𝑒𝑥𝑝

𝛺𝑒𝑖𝜑𝑒𝑥𝑝 −𝛿𝑒𝑥𝑝
𝐸± = ±

ℏ

2
Ω2 + 𝛿𝑒𝑥𝑝

2 ≪ 𝐸𝑒𝑥𝑐𝑖𝑡𝑒𝑑~∆

Ω1
Ω2

𝛿

Δ

|1〉 = |2,0〉

|2〉 = |1,0〉

5𝑃3/2

5𝑆1/2

Ω𝑀𝑊

Ω1
Ω2

𝛿

Δ

|1〉 = |2,0〉

|2〉 = |1,0〉

5𝑃3/2

5𝑆1/2
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Quantum state preparation

෡𝐻 =
ℏ

2
𝛿 𝛺𝑒−𝑖𝜙

𝛺𝑒𝑖𝜙 −𝛿
=
ℏ

2
Ω0

𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃𝑒−𝑖𝜙

𝑠𝑖𝑛𝜃𝑒𝑖𝜙 −𝑐𝑜𝑠𝜃

Controlled parameter: 𝜃 = arctan ΤΩ 𝛿

pulse：Ω𝑡 = 20𝜋~350𝑢𝑠

)Ψ(0 =
1
0

→ 𝑎𝑑𝑖𝑎𝑏𝑎𝑡𝑖𝑐 →
𝑐𝑜𝑠

𝜃

2
𝑒−𝑖𝜙

𝑠𝑖𝑛
𝜃

2

28

Single photon detuning：
Δ = −3904𝐺𝐻𝑧

Raman power：
𝑃1 = 45𝑚𝑊, 𝑃1 = 53𝑚𝑊

Raman size：
𝑟1 = 375𝜇𝑚, 𝑟2 = 150𝜇𝑚

𝛿



Grid size

η = 1

29

𝜒 = −
1

4𝜋2
∫ 𝑑3𝑟 Ԧ𝑎(Ԧ𝑟) ⋅ Ԧ𝑓(Ԧ𝑟)

Grid size: 10x10x10

𝐿 = −3.3, 3.3
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100
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D
a
ta

 N
u
m

b
e
r

Fidelity

Quantum state fidelity

Theory Experiment
Using Data 

F>95%
Using Data 

F>99%

χ 0.986 0.912 0.955 0.980

Average F S. D.

0.969 0.036
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Spin Texture of 𝑤 = 1
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Spin Texture of 𝑤 = 2
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Hopf Link

33

Spin Vector Error
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Real Space Non-Abelian Vacua

𝐻𝑒𝑥𝑝(𝑟) = ℏ

0 0 Ω1
∗

0 −𝛼𝛿 Ω2
∗

Ω1 Ω2 𝛼Δ

Ω1
Ω2

𝛿

Δ

|1〉 = |2,0〉

|2〉 = |1,0〉

5𝑃3/2

5𝑆1/2

Ω𝑀𝑊

Vacuum tunneling- Instantons
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Rb BEC

Quantum MemoryQuantum control Cold Rydberg atom

Hybrid cold system Rb BEC: SOC,OL Yb Quantum gas

Platforms @SCNU

2021-Dec-31

Yb BEC
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