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QED Vac: Local Effect

Casmir Effects QUANTUM OPTICS
d Direct sampling of electric-field
vacuum YAy vacuum fluctuations

fl u Ct u atl O n S " J\N ./\NV\N\/\J C. Riek, D. V. Seletskiy, A. S. Moskalenko, J. F. Schmidt, P. Krauspe, S. Eckart,

S. Eggert, G. Burkard, A. Leitenstorfer”

W '\f\, '\/\f\f\/\/ The ground state of quantum systems is characterized by zero-point motion. This motion, in
the form of vacuum fluctuations, is generally considered to be an elusive phenomenon that
manifests itself only indirectly. Here, we report direct detection of the vacuum fluctuations

- \_/\/-\./ of electromagnetic radiation in free space. The ground-state electric-field variance is
M\f =t inversely proportional to the four-dimensional space-time volume, which we sampled
x electro-optically with tightly focused laser pulses lasting a few femtoseconds. Subcycle
Al/l, ~ An ~ Eqy;
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https://briankoberlein.com/blog/nothing-but-net/

QED Vac: Global Effect AL i s
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electron interference: Electromagnetic waves show global geometric effects

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

QCD vacuum @»HH%

Action Density

[1] Animation from: Derek Leinweber (adelaide.edu.au) 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
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Vacuum structure matters !

Geometry of non-perturbative vacuum

* Electromagnetic vacuum

v’ space-time “stratified” structure is charge-neutral;

4 can be in a non-deformed state; /

v' delocalized zero-point fluctuations fill up the whole space-time

“Weak” vacuum (Higgs condensate)
space-time “stratified” structure is spontaneously deformed;
layers are “weakly” charged; -
deformations (shifts) are regular and continuous;
is classically determined and zero-point fluctuations is only slightly disturb it

LR TN N

“Strong” or QCD vacuum (Quark-Gluon condensate)
space-time “stratified” structure is spontaneously deformed;
layers carry different “color” charges;
"deformations are /ocalized and determined totally by quantum effects;
such a structure is not classically determined

—— S —

L T

Physical Vacuum is the quantum superposition of substructures (vacuum condensates)
constantly transforming one into another

Properties of matter are totallv determined bv properties of vacuum structures! 11

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

Maxwell Eqs: Coupled Field Egs.

v.g=F" Gauge choices: Gauge transformation
V-B = " Field (B, E) are gauge invariant
0B How to A->A =A+VA
VXE = ot determine
OF (4, ) )
VXB:.“O]-I'.UOEOE CD—WD—CD—E

Potentials: Scalor and Vector

B=VxA e.g. Coulomb gauge: V-4 = 0
V X <E + E) =0 also transverse/radiation gauge
d0A . 1 00
SE=-Vd—— Lorentz condition: V-A+—=—=10
at c4 ot

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

Quantum: nonlocal ¢, = %56 Adr (Dirac Phase) e.g. AB effect



Gauge Symmetry

Noether theorem

All Gauge theories are based
upon charge conservation.

a

The continuous symmetry that leads, by
Noether's Theorem, to charge conservation
is called Local Gauge Invariance

a

d [L 4] | Local Gauge Invariance
Zloras] 0 defines the full structure of
_OLax electrodynamics
T Opds - WK

10

[1] From: gauge symmytry charge conservation
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U(1) Group: Abelian e waves e tanisy

Potentials (4, ®): In Minkowski space: 4-vector (t,x,..) = (1o, 7y,..)
B=VXA
QM under local GT: U = exp(i¢p(r,)) € U(1)
d0A
E=-Vo- 9t Y — exp(ip)y while A - UAU +iU~19,U
Observable:

A% > AY — 0y, FP = 0,AP — 0gA”
Gauge invariant

Vacuum: F* = 9, AP — 9pA* = 0= AF =0

¢p = —$ Adr = — [ Bds = & (Observable)

T.T.Wu &Ch.N.Yang [PRD1975]: EM theory < gauge invariance of ¢,

U(1) determines the EM properties

11



U(n>1) Group: Non-Abelian e tanisy

Multi-component wavefunctions 1/_5 (n = 2) < A4 gauge potential

Gauge transformation group U(n) : Non-Abelian

Gauge potential 4 : local U(p) € U(n)
- Uy, A— U'AU +i0~'9,0
F = 0,AP — 0gA* — ig[A%, AP]
In certain initial frame: A(n) = 0 — Pure gauge potential: 4 = ig~*U~*0,U
Zero Field strength (vacuum): F%# = 0 (no force)

Non-Abelian U - ¢z = P § Adu # 0 (Wilson-Loop)

[1] Spin Gauge Fields, K.Y. Bliokh, Y. P. Bliokh; [2] R. Jackiw, RMP(1980) 12
B 000



Topology of Vacuum R #amsixy

Yang-Mills Field — Non-Abelian gauge field U(X) € U(n)
P(F) > UE@P(F) > Pure gauge: 4 = ig~ 0719,0> L = - Tr(F, F*™) = 0

Ground state of Yang-Mills Gauge Field - Vacuum

Topological invariant (winding number) w = 241712 x € Tr(AidjAg)

e.g. U(X) € SU(2)
2 2ino - X

X°—n N
£2+n2 .7_C>2+T]2

TD() =
0m@) = [0D@] = w = n, w-fold degenerate vacua

PRL 37,8(1976); PRL 37,172(1976); Dr. Yan-qing Zhu's internal talk 13
B 000



Emergent Synthetic Gauge Field

Schrodinger equation for the motion of an atom:

o K2 _
ih— ot <—%‘72 +HS(T)>1/)

Hi(#) = upgsB@) - S + ungB@) - T+ay ] - 1
introduce a unitary matrix U(7#) —» UT(F)H,(F)U() = A#) and ¢ = Uty

0 1 . =N -
n 2l - (—% (—iny — A<?>>2+A<f>) 7

where 4 = ihU'VU < A =ig~*U'0,U
Emergent synthetic gauge field A(7) is determined by U(7)

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



Artificial gauge field in cold atoms & ## i

H = H(p) depends on parameter u : eigenvector adiabatically moves in p-space
Berry connection: 4 = A(u) is nontrivial when space contains degenerate point

Berry phase ¢z # 0 (Observable) : ¢z = [ Adpu, topological effects

Berry curvature F (Observable): F*f =9,AF — dpA%, non-zero dynamical effects

Parameter space
Energy spectrum

hypersphere S, control field g / \

!
f two-fold degenerate Degenerate subspace

{1.(a)). |1.(q)}

two-fold degenerate

\ 1. -(q)j

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

(0 Q. Q)
H= Q3 1) Q; a:sign(r—n)
\91 Q, aA
0,=|%0¢" " =—i, [%(5,450) < 1H
ST A ¢ T TR K( A>0) Z Unitary  matrix
For A >>0,Q)(Large detuning) U =( LA )
Hly,)=L,|y,
’ MI QQHQJ_ > > 2
Q
H_)[_[r: E1+ :O, E_ —0:5——A
@( ol s —
Q=1 F 4]0,

17




w = Hopf index y

' TLIoY
V SOUTH CHINA NORMAL UNIVERSITY

Winding number:

W=

24

Topological quantum matter with cold atoms

lﬁz j dre"n{U"0,UU 0 jUU_lakU)

_________________________

CH=TI,-T1_

....................................

Equivalent

C—

Berry connection: a, =(—|0,|-)

fuv = 0ya, — 0yay

Flattened Hamiltonian

=[+)CH ==X

=U(r)c’U(r)"

Hopf index:
N
¥ =-— " Id r gij,{aiajak

D.W. Zhang, Y. Q. Zhu, Y.X.Zhao, S. L. Zhu, Adv. Phys. 67(4), 253-402(2018).

X:

1

4172

1 > o i
J d3regjra;0;a; = — 7z [ &Bra@ - f(®

18



Detection £,,(7) Nk F s ¥

f.., gauge invariant, a,, gauge dependent: f(7) = V x d(7)

B 1

X = 4172 f d3r8ijkai6jak — deT'C_l)(’F) : f)(’lj'))

a, = (Y@ | 9@ ) = (Y@ | PG + 8i1) ) — 1)/8i1,6{ - 0
UDlink: U,(7) = (Y @) | (X + 6p) ) =~ e - a,6p = InU,(7)

Check: C(#) = 6x8yfyy = InTr(p(# + 6X)p(F + 6% + 6Y)p(F + 69)p(¥))

S £, = C(F)/6x8y With p(P) = [pE) @ 3

Gauge invariants

19



Detection a(#) ? VR ERERY

d(7) gauge dependent=> Find d(7,) from £ (7)) ?

Choose Coulomb gauge Review the magnetostatic
V.q=0 equation in electrodynamics.
vt f=Vxa B=VxA4,V-4=0

W Vx f=V(V-a)-V’a VxB=pul

Introduce effective current density = V(V 2)— V24

j=-Via Cammmm—) - v

V "dlV ! N T( " '
a,(r)= | <) Agry = A [ L4y
v 477"’_’" 47 s, |r—r'|
J.=(Vxf) Ly TSV
—0.fh—d, 1" - Azr

20
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Experimental Setup R punis

L 0%}

{2 12) = 11,0)
Initial state Adiabatic state Quantum state
preparation |:> preparation |:> tomography

|F = 2’ mF = O) |LP ) _ COS(H/Z) ' A (pOO p10>
+ +sin(6/2) e'? Po1 P11

22




Quantum state manipulation

EFE m)y WY

A o887 Hot
300KHz~300GHz 300MHz~300GHz 300nm ~1500nm
p3/2
> A

581/2

F=1

23




Microwave and RF

581/
2

SOUTH CHINA XORN

DG4162 )
154MHz Switch
¥
ADF4351 Multiplier . .
3340MHz » 6680MHz Splitter Mixer
\ 4 \
Splitter Bandpass
500hm ‘ £X10-2-98-5+ 6835MHzip35MHz
4.75-9.80GHz
3 ¥
Raman Amplifier
~ _LE ~
WAL, A Beating 70w
$

BAntenna

24



Raman Laser N6 fdidrit k¥

Ampliier |, 626 Beating lock setup

g Mon.__.
X ODT Laser 300KHz 14GHz | 1V
)\ . \ &+ 379.48324THz
Raman Splitter Amplifier Slave
Y ZX10R-14-5+ * ZX60-83LN12+ M
Laser DC-10000MHz 500-8000MHz ‘40dB|TI
} Main
8 $ RF 379.47641THz

6680GHz Mixer

IMX-7GR
-1.4dBm ? 3700-7000MHz

o ¥

Low Noise )
f Low Pass filter o Low Pass filter
Rb atomic SLP00 | Amplifier |sp SLP-100+
Clock DC-98MHz2 1-100MHz DC-98MHz
10MHz +50dB
¥ 2dBm
Splitter Splitter
Counter 48|  srpscpps. |4 zrsc2as B[ MFALC
DC-4200MHz 0.2-1000MHz
*
Ref frequency
S : DG4162
Raman laser: intensity, phase, frequency 2 | e

switch

Raman

110M 80M
25




Quantum state tomography O Faiixd

b= |PHWY 0 0 i
p = PP |¥) = cos=|0) + sin=e'?|1)
2 2
_ (Poo Plo)
Po1 P11 1
1 1 .
=500+ (V38 + vy 6y + v,6;) 6/
//(PE_H—MKRY
StatePre QST \

o N\
m m i o B RAURAG T 75 S P R 1
Ox Vi S5 T B R 2 P

26




Energy level scheme ELEERY

5P3/2 5P3/2
A
A > 6,0 0,
Q () 0 0 < 1H B
mMw = —li A Z O
11) = |2, 0)\ 11) = 2,0)
.................. )
5512 551/2
E, O 1 02
H=U(r) ( 0 E_) U(r) E.=0E_=—-ad — K Eoxcitea~A
A| Bexp  Ne 'Pexp h

27



Quantum state preparation

T TTRY

6 :
. cosie_lqb
|W(0)) = (O) — adiabatic — 6
sin
13000 "0 ) =200t *10,)
2\geiv  _g 2" \singe'®  —cosh
......... on Single photon detuning:

................

0 50 100
t(us)

A = —3904GHz
Raman power:
P; = 45mW,P; = 53mW
Raman size:
r, = 375um,r, = 150um

Controlled parameter: 8 = arctan (Q1/9)

pulse: Qt = 20m~350us
28




Grid size

X

1

[ d3rd@) - f(7)

4112

1.0/

0.8l

0.6¢

0.4

0.0t

05

Grid size: 10x10x10
L =[-3.3,3.3]

29




Fidelity
08 09 1
H T

Quantum state fidelity

T TTRY

: Using Data | Using Data
Theory | Experiment E>059, 5099
X | 0.986 0.912 0.955 0.980
547
1 Average F S.D. 1
500+ 0.969 0.036 |
400 - -
g ]
£ 300 - -
Z -
S
8 200+ -
100 - 576983 -
17111325 6 1117195226

0-8080 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99
Fidelity
B 200
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Hopf Link

Spin Vector Error

1.0
—a—(-1,0,0) |
0.8- w=1 iy
4+ (00,1)
= 0.6 -
e
I
g 0.4 -
. / \/ \
o2 / /' / /°
00120 Ny pafh A aaa V-
1.0
‘ —a—(-1,0,0) |
0.8- = 2,inner loop (01,0 |
+(00,1) |
0.6 1
0.4 ° s _
Wl
oz L. AW/ VoY
o -\./ o/. >. /o\.\: /o .,.v. |
00 A A'A A T ‘A‘A i ? AWA—'—A_A ? AfA'AK ?
0 5 10 15 20
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Real Space Non-Abelian Vacua

_— Vacuum tunneling- Instantons

5512

0
Hexp(r)=0| 0
04

Sy




Platforms @SCNU

Rb BEC

2019-July-24

Hybrid cold system

Rb BEC: SOC,0OL

% 2021-Dec-31

Yb Quantum gas |
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