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What Is guantum vacuum structure
In strong background fields?
(gauge fields or curvature of spacetime)

Gauge Theory (QED, QCD) and
Quantum Field Theory in Curved
Spacetime



What do we know In physics?

e Quotation from Mattuck, “ A Guide to Feynman
Diagrams in the Many-Body Problems” (‘76)

 In 18 century Newtonian mechanics, the three-
body problem was insoluble.

« With the birth of general relativity around 1910 and
quantum electrodynamics in 1930, the two- and
one-body problems became insoluble.

 Within modern quantum field theory, the problem of
zero bodies (vacuum) is insoluble.
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Strong Background Field Theory

QED/QCD

e External gauge fields

« QCD/Yang-Mills theory
cf. Maxwell theory
(linear & superposition)

 Renormalizable

e Schwinger mechanism

(pair production by
electric fields)

e Constant E-field
e Constant B-field
 E-B duality

QG

Spacetime curvature
Einstein gravity
(nonlinear & no-
superposition)
Non-renormalizable
Particle production

(Hawking radiation or
cosmic particles)

de Sitter(dS) space
Anti-de Sitter(AdS) space
dS-AdS duality?



Can we test strong field theory?

QED QG

« Compact stars  Primordial black holes
- neutron stars e Planck scale structure
— magnetars of the universe

_ Strange quark stars  Gravitational wave

 ELI(Extreme Light q?tector_s forf he black
Infrastructure by EU information ot the blac

consortium) holes
 Mini-black holes from

LHC?
Yes, the answer Is

affirmative!



Extreme Light Infrastructure

o X-ray free electron

\W\/\. lasers, Extreme light

e Schwinger limit

Jre———— (critical strength)
_ \Mra-Relativistic Optics ¢ EL 2 2 3
10 - ey m
N L Ec = me = c
1 MaV | ql C qh

Focused Intensity (Wiom™)

e Critical strength for
e—e+ pair production

E.=22"10°(V/cm)
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Extreme Light Infrastructure

e Can test strong QED

(Delbruck scattering) (Photon splitting) (Pair production)
« Can test the Hawking-Unruh radiation(a>10"g)




One-Loop Effective Action of
QED

 One-loop effective action of spinor
QED .
S, =-ilndet(iD - m)=- |—2Indet(ID2+m2)

 One-loop effective action of scalar

QED i
S, = +§Indet(D2 +m°)

e Schwinger’s proper-time integral
method |
Sy =- |—2Trln(IZ)2 +m°) =- IE(S%STrexp[-(ID2 +m2)s]



Diagrammatic Representation of
Exact One-Loop Effective Action

 Diagrammatic perturbative expansion of
one-loop effective action

« External legs: EM fields or gravitons
 Internal loops: bosons or fermions



One-Loop Effective Action In
Constant EM-Fields

 Gauge Invariant forms

F=1F™F_ =1(BZ' =) G=F™F,, =B
4 2 4

X =J2(F +iG) = X, +iX,

 Heisenberg-Euler and Schwinger
effective action/volume and time

g( Recosh(qu)
8 Imcosh(qu)

1 ¥ 2 u
L, =-F ~ £ (9s)’Fy



Effective Action of Pure B-

Field
e Spinor QED In pure magnetic field

B)2 ¥ , e™o®g 1 su
L) (B G A) ds ~coth(s)- =- =
o (B) 8p° Q 2 & (5 s 3f

o Asymptotic expansion

..2N+4
| D (B) =- m’ g Bonia ﬁC{BQ
eff

802 % 2n+A)(2n+3)(2n+2é NP g



Effective Action of Pure E-

Field
e Spinor QED In pure electric field
(1) _ (qE) R 1 su
L+ (E) 2 gcot(s) S+3H

. Asymptotlc expansion is NOT Borel
summable

L‘eﬁ(E):-ﬁg_ (-1)"B,nis EﬁqEQ
8 ° 2 0(2n+4)(2n+3)(2n+2)em )

(9E)*
8p n=1 n’

e Imaginary part: ImL$ (E) =



Electro—Magnetic Duality

e Spinor QED In pure electric field

2
e—ms/qE z l Sl\J

¥ é
ot =- 82 st 2 g:Ot(S)-_JréH

S

« Analytic continuation
EU iB, sU it
« Spinor QED In pure magnetic field

0@y =. (@B X emPe

1 tu
- dt ~coth(t) - —- —~




Schwinger-DeWitt Proper-Time
Formalism for Effective Action()

e Scalar QED or minimal scalar in dS&AdS

— Wave operator
H(X)F =0, H(X)=-D™D_+m’, D_=1_-igA (X)

— Green function

HG=1 HXG(x x)= 3% X)

V- 9(x)

G(x,X') = (5 d(is)(x|e"™" |




Schwinger-DeWitt Proper-Time
Formalism for Effective Action()

— Proper-time state and Schrodinger
equation

x,s) =€%x), Isgmx s|x,0)=d(x- X)//- g

i11/9s(x,s|x',0) = H (x)(x,5] X,0)
— Propagator in a general coordinate system

(%,s|x',0) = pg—uD”Z(x X')F (X, X';i9)

I
(4pis) é 4s()
t = (‘Sds'\/gm(dxm/ds')(d% /ds)
D(x,x') =-[- g(x)] ** det[- 1,1, ¢ */ ][- g(x)]
F(X,X';is) =1+(is) f, (%, X') +(i5)? , (X, X') +




Schwinger-DeWitt Proper-Time
Formalism for Effective Action()

— Effective action

L
& = pllf 1€ = = W= —Trlnae' ?

J/det(iH / 2pn)
— dW=(i/2)Tr(dH/H)leads to the effective action

erd(|s)ﬁ<x|e | x)
=01 90909 g

1 1

f=R f,=—R "+ R’ +—
30 ™ 12 180 Riao R 180 R”“

F(X,X';IS)



Evolution Operator Method for
Effective Action()

— In—and out-state formalism [Schwinger
(‘51), Nikishov (‘70), DeWitt (* 75), Ambjorn
et al (‘83)]

gV = g 0" _ 0,out |0,in
(0,0ut |0,in)

— Bogoliubov transformation

_ * + +
ak,out _ak,inak,in + bk,inbk,in _Ukak,inUk
_ * + +
lJK,out _ak,inbk,in + bk,inak,in _Ukbk,inUk



Evolution Operator Method for
Effective Action()

— Evolution operator in terms of two-mode
sgueeze operator [Caves, Schumaker (‘85)]

I B =explid,(aindin +binbin +1)]
U =SR, i, _ T P T
7 S =explr (a,b.e - A b€ )

a, =e'%coshr, b, =-e'%(e"*coshr)



Evolution Operator Method for
Effective Action(g)

— The outgoing vacuum is the two-mode
sgueezed state of the in—going vacuum

0,0ut) =P U,[0,in) =P €% 0,in)
— Diagrammatic representation for pair

production S =exp[r, (&0, - &€ )]



Evolution Operator Method for

Effective Action()
[SPK, H.K. Lee, Y. Yoon, PRD 78 (‘08)]

— Zero-temperature effective action for
scalar

W =-iIn{0,0ut|0,in)=ig Ina,
K

— Zero-temperature effective action for
spinor

W =-iIn{0,0ut|0,in) =-iq Ina,
K



Evolution Operator Method for

Effective Action()
[SPK, H.K. Lee, Y. Yoon, PRD 78 (‘08)]

— Vacuum persistence for scalar QED

Y ] -V & In(1+b, [*)
(0,out|0,in)" =g 2™ =e

— Vacuum persistence for spinor QED

2 ) +V&In(1- b, |?)
(0,0ut|0,in)" =™ =

How to find the Bogoliubov coefficients?



Vacuum Persistence and Spin-

Statistics Inversion
[W-Y. P. Hwang, SPK, arXiV:0906.3813, PRD]
— The vacuum perS|stence In terms of the

transverse energy € =K< /m

2im(L, ) = (- =218 | 1)qu(pIeIn[1+( 1)=*N(e)]

— The vacuum persistence in terms of the
instanton action N(e) =¢e >

¥ ¥
mo .dk |, edS(e)/de
2Im(Lg) =—a O <. -
2 2 ¥2p§JJI e +(-1°



Boundary Condition for Static
Systems (B-field, AdS)

* 1 |
C» T—*ei(""“k(x)) Y. »_*el(WHk(x))

out

> @ (WM-Kk(x)

Tunneling under the Barrier

Flux conservation
2 2
1 T
- . :1
R R

Bogoliubov coefficients for
scalar QED

1 T
a=—, b=—
R R
Brezin, Itzykson, PRD 2 (‘70)

SPK, D. N. Page, PRD 65
(‘02): 73 (‘06)




Boundary Condition for Nonstatic
Systems (E-field, dS)

e Flux conservation

(W (t)+kx) 1wk
Yl»e Y i ))fel(W(t) ) 1 2 RZ 4
%* T T

Iw (t- x)

 Bogoliubov
coefficients for scalar
QED

Scattering over the Barrier



Renormalized Exact One-Loop

Effective Actionq)
[SPK, H.K. Lee, Y. Yoon, PRD78 (‘08)]

o Effective action/volume and time for a
constant E-field

— Bogoliubov coefficient for scalar and
spinor

a, = AN 2P g i(PHp/2 p:-i- i m® +k? + 2isqE
&- p) 2 2(qE)
— Gamma function regularization

_¥dsee”® €° su
InG(z)—Q < Sl P +(z- De H




Renormalized Exact One-Loop
Effective Actiong)

e Scalar QED effective
action
gE .d’k. e“’**l’Z)Sé 1 2, s

1 = _fy >
4p0( p)ZQ s &inh(s/2) s 12

13 scal ar ( ) I

i 4 « Contour integral and
e gamma function
i2n regularization

4T

> §




Renormalized Exact One-Loop
Effective Actiong,

e Scalar QED: Renormalized Effective
action/volume and time for a constant
E-field

LD (E) _ (QE)Z ¥ e m’s/qE & 1 1 SQ)
scalar

16p > PQ s 2 &ns s 6H

o Spinor QED: Renormalized Effective
action/ volume and time for a constant
E-field

LO __ (gE)’ e mSIE & 1 s
splnor (E) 8p PQ ds 32 gCOt(S) - g + éH



Renormalized Exact One-Loop

Effective Action)

« Scalar QED: Schwinger Pair Production
In a constant E-field

B¢ (-)™ é pm’nu
21m(L2,, ) =3 expe T
(Lo )= gy e OP8 o
2 s 5, _p(m2+kf)('_j
=ESH aen,), CNoze F
20 Y2p)? < -
e Spinor QED: Schwmger Pair Productlon
S é pm’ nu
21 m( L(l)l nor ) (q ) eXp
w4t T’ g GE g
_ gE . dk?




Renormalized Exact One-Loop
Effective Actiong,

e Renormalized effective action In scalar and
spinor QED in a Pulsed E-Field with/without

B
E(t) = E,sech?& 9
el g
e For details, SPK, H.K. Lee, Y. Yoon, PRD 78
('08)

 Renormalized effective action in a spatially
localized E-field (SPK, In preparation)

E(2) = Esechsz
eL g



Conclusion

e The renormalized effective action of scalar
and spinor QED.

e The iIn-and out-state formalism for the
exact renormalized effective action In

constant E-B fields and localized electric
fields.

e Schwinger pair production or vacuum
persistence at zero or finite temperature.
[SPK, H.K. Lee, Y. Yoon, PRD79 (‘09)]



Possible Application to QCD

 The abelian sectors of QCD may have the
vacuum structure similar to QED.

 Quark and gluon pair production in color
electric fields in connection with quark-
gluon plasma.

 Vacuum polarization of QCD in analogy
with QED.



