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Physics in Strong Fields
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Unified Picture for Pair Production
[SPK, JHEP11(‘07)]
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Connecting Schwinger Mechanism &
Unruh Effect & Hawking Radiation

e An intuitive way to understand particle (pair) production
[Frolov & Novikov, Black Hole Physics (‘98)]

P~ exp(— > energy (mass) j _ exp[— energy (mass)j

force x Compton wavelength KgT
- : . [71] eE/m
 Schwinger pair production: F =eE,|l=—— < T =
m[c] 27
h a
 Unruh effect: F =ma, | _ ST =—
m[c] 27T
. o [7] s
« Hawking radiation: F=mx,|l=—— < T =—
m[c] 27

dS (Gibbons-Hawking) radiation? F =ma=mx < T = Zi
7T



Computing Effective Actions
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What QED is in (A)dS?
Schwinger Effect in (A)dS?



Effective Actions 1in In-Out

Formalism
. A Powertul and Consistent Method for
QFT 1n Background Fields



In-Out Formalism for One-Loop
Effective Actions

e In the in-out formalism, the vacuum persistence amplitude
gives the effective action [Schwinger, PNAS (‘51); DeWitt,

Phys.Rep.19 (‘75); The Global Approach to Quantum Field
Theory (‘03)] and is equivalent to the Feynman integral

= <O,out | O,in>

 The complex effective action and the vacuum persistence
for particle production

ejW — ej-..(_g)l/deXLeff

(0,0ut|0,in) =e®™ , 2ImwW = VT XIn(£N,)



Bogoliubov Transformation &
In-Out Formalism

 The Bogoliubov transformation between the in-state
and the out-state, equivalent to the S-matrix,
ak out ak 1nak ,in + ﬂk 1nbl:1n — U ak 1nU+

. +
bk,out o ak,inbk,in + ﬂk,inak,in o Ukbk,inUk

e Commutation relations from quantization rule (CTP):

\.akOUt’apoutJ 5(k p) [kout’ pout] 5(k p)
{akou'[’ pOUt} 5(k p) {kout’ pout} 5(k p)

 Particle (pair) production

Ny :|ﬂk|2; |ak|2 $|/Bk|2 =1



Out-Vacuum from In-Vacuum

 For bosons, the out-vacuum 1s the multi-particle states of
but unitary inequivalent (0;out|0;in) =0 to the in-vacuum:

O;out>=1_[Uk O;in>=H L Z[—'Bk’mJ ‘nk,ﬁk;in>
. .

k xin n,

e The out-vacuum for fermions (Pauli blocking):

0; out> = HUk O;in> = H(— Biin
k k

1,15 1n> + o5,

0,.,0,in))




Out-Vacuum from S-Matrix

¢ The out-vacuum in terms of the S-matrix (evolution
operator) for scalar

U =SSP, - B = exp[ 16, (a;’inak,in + bﬁ,m bk’in +1)]

S, =expln, (ak,inbk,ine_zjg”k —-ag by e 2 )]

.

—]‘19 'k

a, =e " coshr,, B,=-e""(e** sinhr,)

 The diagrammatic representation for pair production
‘OUt> = H e " expl[r, (ak,inbk,ine_2i¢k - a;,inbl:,ine_zmk )]‘ in>
le




Effective Actions at T=0 & T

e Zero-temperature effective actions in proper-time integral

via gamma-function regularization [SPK, Lee, Yoon, PRD
78 (‘08); 82 (‘10); SPK, PRD 84 (‘11)]; zeta-function
regularization [SPK, Lee, arXiv:1406.4292]

W=-1 ln<0,out | O,in> = J_erln o,
k

o finite-temperature effective action [SPK, Lee, Yoon, PRD
79 (‘09); 82 (‘10)]

Tr(U +/0in)

eXp[idethLeff ]: (0, ,inju" Tr(o;)

0,3,in) =




Vacuum Polarization & Persistence

o Effective action at T per unit volume per unit
time

Ly =Fi Y nlxe?®)  _pr —Inflxe”™)
k,o —— oS v —
’ vacuum effective action zero field subtraction

Ve, =%, z, =7.(k)+iz, (k)
e Purely thermal part of the effective action
AL (T,E)=L,(T,E)-L.(T=0,F)
= 11'2 [ln(l + @ Plew—2) )— ln(l + o P )]

k.o



Vacuum Polarization & Persistence

e Imaginary part of the effective action (vacuum
persistence) at T

Im(AL, ) = i%jzz ($HFD/B.E (k) [(eﬂZk “1) 4 (P — 1)}.]

k,o j=1 J

» Real part of the effective action (vacuum

ol

polarization) at T

Re(AL, (7)) =F) arctan sin(Re L (7' = 0, k)) }
k.o

e (141 B, ) £ cos(Re Ly (T =0, %))



Quantum Field Theory in (A)dS



de Sitter Space Still Interesting?

e The present and future universe dominated by Dark
Energy will be described by an asymptotically dS space.

e The pure dS with the cosmological constant A has a
cosmological horizon and emits the Gibbons-Hawking’s dS
radiation and the Stokes phenomenon occurs for radiation.

e The maximal symmetry of dS as for Minkoswki spacetime.
BUT we still do NOT comprehend the vacuum structure of
dS space. The Bunch-Davies vacuum not satisfying

Feynman’s composition rule challenged by Polyakov
[Polyakov, NPB834(2010); NPB797(2008)].



Why QED in (A)dS?

e The radial motion of a scalar wave in the Nariai geometry
of a rotating black hole is the dS space 1s equivalent to a

massive charge in a uniform electric field in dS_2
[Anninos, Hartman, JHEP03 (‘10); Anninos, Anous,
JHEPOS (‘10)].

 The near-horizon geometry of an extremal rotating black
hole or an extremal Reissner-Nordstrom black hole 1s

equivalent to that in the uniform electric field in AdS_2
[Barden, Horowitz, PRD60 (99); Chen et al, PRD85 (‘12)].

e Thermal interpretation of the Schwinger formula for pair
production in QGP and AdS/CFT.



One-Loop Gauge/Gravity Relation

e Massive scalar in a self-dual EM field in 4d-D = massive
spinor in 2d-D AdS at one-loop [Basar, Dunne, JPA 43 (‘10)]

gauge < gravity
D=4d < D=2d
massive scalar << massive spinor
maximally symmetric gauge field << maximally symmetric gravitational curvature

m? m?

P @ -

2 f R
 The Heisenberg-Euler/Schwinger effective actions in QED
are better understood in the weak and strong field regime.



Gibbons-Hawking’s dS Radiation



de Sitter Space

Embedded hyperboloid

}{3.

2
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H 2 dQé

ds® = —dt”

> =—(1—(Hr)*)dt* +

(Carter-)Penrose Diagram

0

@
g
oL

e
(=

=

t=Conal
nf2<v<m/2

ey <m il

dr?
1—(Hr)?

[E. Mottola, arXiv:1008.5006]
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dS Space as a Black Hole?

Gibbons and Hawking [PRD15(‘77)]: a dS space has a

surface gravity k = H at the cosmological horizon r = 1/H,
the temperature T = H/(2n) and the entropy S = A/4.

Jacobson [PRL75(‘95)]: the black hole thermodynamics seen
by all local Rindler observers is equivalent to the Einstein
equation [equilibrium condition].

Cai and Kim [JHEP02(‘05)]: the black hole thermodynamics
at the apparent horizon of an expanding FRW universe 1s
equivalent to the Friedmann equation [nonequilibrium
condition].

An open question is, “what 1s the origin of the cosmological
entropy?”



dS Radiation

e The the Bunch-Davies vacuum for a massive scalar in
the planar and the global coordinates

( 1/2 hit , 1/2
A amt/2, g | K€ m 9
t)=| — | e H | —— |, - =
<¢k() (4HJ 'p( H j b= [HZ 4}

21+3

1/2
2 : 3 3 . .
t) = cosh' (Ht)e!¥ > PHE | L Z 1+ = —ip1—ip;—e*™
kcok() (2Hpj (Ht) ( 51+ =—1pd-ip j

e The in-vacuum and the out vacuum solutions

% m)(t) —Ht exp ke—Ht
) ﬂ H Out) (t) _3Ht/2 —IHpt

|n) (t) _3Ht/2 —IHpt »\/ 2 Hp
L ,/2Hp




dS Radiation

 The Bogoliubov transformation between the in-vacuum
and the out-vacuum solutions

o0 (1) = a, ™ (1) + B (1)

 The Bogoliubov coefficients and pair production in the
planar coordinates and the global coordinates

-

1
Nk = eZﬂp/H 1 m2 9 1/2
3 1 P= —5——

N, = H® 4
¢ sinh?(ap)



dS Radiation as Tunneling

e The in-out formalism (t = +o) predicts particle production
only in even dimensions [Mottola, PRD 31 (‘85); Bousso
et al, PRD 65 (‘02)].

A massive scalar in a dSa+1 space:

O(t,0) =a (O YU, (@), 0; a= =0

Ve, (Q) =—-ku, (©); k*=I(+d-1)
ék (1) +Q,(1)g (1) =0

5, k¥ dd-2)(a) dd
Q) =m+2 4 (aj 2 a




dS Radiation as Tunneling

e The Hamilton-Jacobi1 action 1in a complex time

(AH)*
cosh?(Ht)

p=ym?—(dH /2)%; 2 =1(1+d -1)—d(d —2)/4
T =g () =e?m*O

g ®)=e">V; s, (1) =[Q,(2)dz; Q (1) = p*+




Stokes Phenomenon

Im(r)

Re(r)

[Fig. adopted from Dumlu & Dunne,

PRL 104 (2010)]

Two pairs of turning
points

St _ i AH | \/(AH)
p p’

g Mo :+i—_ \/(/IHZ) +1
P P

Hamailton-Jacobi
action

Sy (taysrTpye) = ”Fp"‘”ﬂv



dS Radiation as Tunneling

e Use the phase-integral approximation and find the mean
number of produced particles [SPK, JHEP09(‘10)].

N, =™ 4 e2!mUD L 9cos(ReS(1, 11))e"m>-Imsth
~4sin®(z(1+d/2))e ™"

-~ _sin’(z(1+d/2))

‘" sinh2(2zp/H)

e The Stokes phenomenon explains the destructive
interference between two Stokes’s lines in odd
dimensions and the constructive interference in even
dimensions [solitonic characterl].



In-Out Formalism for dS
Radiation



Effective Action for dS

o de Sitter space with the metric

2
ds? = —dt? + SN (Y y2

* Bogoliubov coefficients

o, = F(1_—i7/)1ﬂ(—i7/) 2
T(l+d/2-i))T(1-1-d/2—iy)

5 Ta=inrGy) _\/mz_dz

TTU+d/2ra-1-d/2) " \VR? 4



Effective Action for dS

e The Gamma-function regularization
and the residue theorem 5o r

e The effective action per Hubble
volume and per Compton time

r(%)de e e cos((2l+d—(1)5/2)_003(5/2)

L (H)= (277)@D72 ;D' P.[o ds S { sin(s/2) }
o (sina(1+d/2) )
21m Leﬁ(H)_In(1+N|)’ N =141 _[ sinh(zy) j



One-Loop Effective Action for dS

e Bosonic vacuum polarization [SPK, arXiv:1008.0577]

o (sinz(1+d/2)Y
N, _|ﬂ||_£ Sinh() )

i o 7| cos((2l +d -1)s/2)—cos(s/2)
Wi (H) =3 P, ds s | sin(s/2) }

states

21m L%, (H) = Infl+ N

 Fermionic vacuum polarization

. 2
NP =| 3, |2:[ E'(n”};H)] , 21m Lseﬁif(H):—In(l— ij), A = Dirac spectrumon S*
cosh(zm

WE(H)=-2Y P[ ds-

states

"M sin?(As/2)
sin(s/2)



No Quantum Hair for dS Space?

e The effective action per Hubble volume and per
Compton time, for instance, in D=4

Ls (H )— mH- i(|+1) Pj ds € ﬁ{COS(G +SZ:_?]S&)S/§)OS(S/2)

=0

« Zeta-function regularization [Hawking, CMP 55 (‘77).

g(z):iiz’ {(-2n)=0,neZ", ((O):—%



K-regularization

 The k—regularization for angular momentum sum
[SPK, arXiv:1102.4154]

RS 1 e dt | e'cos(s)-1
K(s,n)_él COS(IS)_ZF(—n) jo OIStn+1e Losh(t)—sin(s)}

e Use the gamma function I'(0) = -T(1) = 2I'(-2) = «© and
the ‘possible’ nonvanishing terms add up to zero:

(s 2)__1_ cos(s) N 1+cos(s)
"2 1-cos(s) 2(1—cos(s))



Schwinger Effect in (A)dS



Schwinger formula in (A)dS

e (A)dS metric and the gauge potential for E
ds’ =—dt’ +e’™dx*, A =—(E/H)(™ -1
ds® =—e*™dt* +dx*, A =—(E/K)(E"™ -1

e Schwinger formula in (A)dS: N =e3 [SPK,
Page PRD78 (‘08)]

2 2
g _2r \/(ﬁj o HYGE

H

27| gE  |(qE) ., K?
S, = ~ = -mr =




Effective temperature for
Schwinger formula

o Effective temperature for accelerating observer in (A)dS
[Narnhofer et al, IJMP B10 (‘96); Deser, Levin, CQG14
(‘97)]

N :e—m/Teff , Teff :\/TUZ +

R

2 )
7T

R =+2H?(K?)

o Effective temperature for Schwinger formula in (A)dS
[Cai, SPK, JHEPO09 (‘14)]

_m __ R qgE H
N =g ™ m:\/mz——,T == T, =—
8’ Y m N ox

Tis =\/TU2 +TGZH +Ty 5 Tags :\/Tu2 +8i+Tu

2
T



One-Loop Action for dS 1n E

e Pair production and vacuum polarization [Cai, SPK,
JHEP09 (‘14)]

—(5,-5,)
Nys = ij 2ImW® = In(L+ Ny )

Wd(é)zﬁp OOE o (Su=S:)s/2x - 1 _g_i _p Sl COS(S/Z)_E+E
2r 0 s sin(s/2) s 12 sin(s/2) s 6




One-Loop Action for AdS 1n E

e Pair production and vacuum polarization [Cai, SPK,
JHEP09 (‘14)]

o~ (5:75)) _ a=(5:+5,)

1_|_ e_(SK+Sv)

,2ImWE = In(1+ N o)

NAdS —

foﬁ)s=—£|3 OOEG_S"S’Z”COSh(SVSIZﬂ) : L 2.8
2r 0 S sin(s/2) s 12

2 2
SICRE NS




Perspectives of QED in (A)dS

 Black hole physics

— (near) extremal limits of rotating black holes

e AAS/CFT
— Thermalization of QGP

— Schwinger effect in chromo-electromagnetic fields
may have a thermal interpretation (Unruh
temperature)

e “ER=EPR” (Einstein-Rosen bridge = Einstein
Podolsky Rosen

— Schwinger pair is a perfect entangled state (particle
at one end of wormhole and antiparticle at the
other.
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