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Quantum Vacuum




Existence of Virtual Particles

o Casimir effect
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Existence of Virtual Particles

o Lamb shift
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Existence of Virtual Particles

o Hawking Radiation oack Hoje

o Many more ... \)/




Schwinger Effect

o Instability of vacuum under strong external electric fields

Electric Field

o Electric field breaks electron-positron loop and separates them apart.

o Pair creation threshold

m2c3
eh

Schwinger Limit

eE6l~eE% = 2mc? = E .~ ~10%% V/cm



Schwinger Effect

o Semi-classical picture: Tunneling process
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(Damour et al, 1975)
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QED Effective Action

(out,0[0,in) , = ex"VIAl

o encodes
Re[W] 3 4 + Dispersive effects, e. g. Vacuum birefringence
f H'L Euler—Heisenberg Lagrangian
o, = -0 (- 6]
Im[W] 3 )\ + Absorptive effects, e. g. Vacuum pair creation
JJJ c.f. Quantum Mechanics

(o) ~ exp [~ (1mE)1]



QED Effective Action

Effective action for a given A
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NEWS FEATURE

EXTREME LIGHT

Physicists are planning lasers powerful enough torip apart the
fabric of space and time. Ed GerstneSSimpressed.

Physicists are planning
lasers powerful enough
to rip apart the fabric of
space and time.

“"We're going to

change the index
of refraction of
the vacuum, and
produce new
particles.”

— Gérard Mourou

eXtreme light infrastructure
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Schwinger Effect in lab?

Laser Experiments, e.g. ELI, IZEST, HIPER, ...

Vacuum decay rate The Schwinger Limit
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in high energy astrophysics?
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Schwinger Effect in Pulsars?

Pulsar?
> A rapidly rotating highly magnetized
neutron star

Observational facts

o Very regular pulsed emission with periods
~1msto 8s

> Period almost always increases slowly
except occasional glitches

> Very high brightness temperature T,, >
102> — 103°K.

The Crab pulsar (NASA)



More about Pulsars

o Diameter ~ 20 km

magnetic axis

o Mass m ™~ 1.4mg,

o Charges flow along the open field

line = Coherent radio emission
/ along the axis of magnetic poles,
/, ,

S et Light house”
i gap

e eration o Spinning down mechanism
open . o = Magnetic Dipole Radiation
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s a Pulsar ideal place for
the Schwinger effect?

PROS CONS

1/2
2 E.

o The presence of strong magnetic
fields may implly the presence of
strong electric fields. |

\/ (FF)? + (FﬁY _FF

o Induced electric field from a
rotating dipole

o still possible without disturbing RO
observables from pulsars. e~ — By <E. Ecrab $0.01 x E.
© Many poorly understood pulsar o MHD approximation (Force-free
phenomena .
condition)
B~ 5

C



Rich Phenomenology of Pulsars:
Giant Pulses

o Strong narrow pulses with a energy many times larger that of mean pulse
energy

o Very rare. Only ~14 of out ~2000 known pulsars including the Crab emit
giant pulses.

o A power-law distribution of pulse energy
N(E > E,) = KE;“

o occur in narrow phase-windows in pulse profile

o occasionally resolved into “nanoshots” (Hankins et al, '03)
o Generally polarized (Jessner et al, ‘10)

o Extremely bright, T, > 5 x 1037K
o ns duration ->30cm



Rich Phenomenology of Pulsars:
Giant Pulses
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Example of a sparse main pulse at 9.25 GHz. (Hankins et al, 2007)




A “Megapulse” from the Crab
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a main pulse at 9.25 GHz. (Hankins et al, 2007)



Numerology

(Jassner, "10)

Date B SEFD  Tos 0t Adpa Ngp | S max
(GHz)  (2007)  (MHz) (Jy) (h) (ns) () (kJy)
1S.1  Oct.24-25 500 IS0 6 25 78 42 | 60
Nov. 4-5 500 S0 11 25 78 43 | 40
8.5 Nov. 9-10 400 110 10 55 143 29 | 150
erg
=107%° Lo ~ 3.8 % 1033erg/s
1y s-ecm?-Hz 7© 9/
Radio bolometric luminosity - 9 L9
g ~ ’L]:?TDCT{I.b*S{Vé'U /‘:Z _I_O L@

Electric field at emission
6 x 10" V/em ~0.05 E,

Lower but close to the critical field, E,.



Toy model:
Schwinger Spark Chamber

B

Collinear Frame
BIE

I Power Supply

Jext




Toy model:
Schwinger Spark Chamber

I Power Supply
t




Toy model:
Schwinger Spark Chamber




From QFT
to Kinetic Theory

How to describe employ particle production and its back-reaction
consistently?

Quantum Correlation Function Boltzmann and Maxwell’s Equation
K — H — —
AH () (A*(z)) %er%-VerF-a%f:C
G"(x,y) = (AM(z)A"(y))

Swy) = W@aw) o 0 =[]



Close Time Path integral

o One need to compute expectation value for a given quantum state.

) =([Tew(i [ mar) oo

X [Te:-:p(—f ﬁm H,{r)dr}:|>.

o Expressing the evolution operators using path integral, we get

.t .t
Q) = f DYDY~ exp H "oty - L fﬁ(‘-}f_}] Ol ¥ ]

— — g

— fD"I"E'xp l%ﬁﬂ‘ﬂ] Q[t; ¥]

where the time contour is: Im(7)




From QFT
to Kinetic Theory

From closed-time-path effective action
i

2

Il 1), A, S,G] = Se; + zhIndet G~" + %Ga;acab —ihIndet S™' —iSy; S + Taps + hé

We obtain equations of motion (Kadanoff-Baym eq)
(9w0® = (1= X)0,0,) A*(x) = —etry"S" (x,x),
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Yo

.
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. _ R
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From QFT
to Kinetic Theory

In terms of Fourier modes

%S'F(t,t;m +i (ﬁ+ efl'(t)) {vof?, §F} +im ['y“, SF] = Leor,

t
L = i [ A [0S0 0)86(t 1) + Sp(t)5,(¢ 107"

t
—i/ dt’ [WOZ}F(t, S, )+ S, (t, t) et t)fyﬁ]
QFT analogue of Boltzmann Equation

Parameterization

~ 1 , 1
Sr(ti,t2;p) = § (S(tlatZ) A vu(tes t2) +ivsp(te, t2) + v ysau(te, t2) + 5 17", 7] tuu(tlat2)>



From QFT
to Kinetic Theory

For A = A(t)2

: 1
Vagfz—e—tﬁ:-g ) +2—(m11+ﬁ"-1:f) \
] w Li w = VT2 + m?
g, = w—t’frzf—2whz +ﬁ ((mIl +7-I5) 7, —wZI,ya) €L =+\/p% +m?
1
m
O h, = 2wg., — —1,
N\ / er” J
1 1
”ﬁ'ﬁ)"‘g = f(t,p) = ﬂ(ms""ﬁ'f")
S 1 S oo 9o
tp) = — )R —
g(t,p) P~ ((ms+7r )T wv)
Quantum Vlasov Equantion Mtp) = 1 (_,}—f e mg)
(Kluger et al, ‘91) $ €1
, eB(t)e (1) /t cE(t"e (1) / PR
ny(t) = ———= | dt’ — 1 —nz(t")) cos20(t.t") ©O(t, tg) = w(t', p)dt
[ TN T S




From QFT
to Kinetic Theory

ﬂluantum Vlasov Equation \
, eE(t)e (1) /t eB (e (1) / P
#(1) = —F———~ | dt’ = 1 —nz(t") cos20(t,t") Ot tg) = t, p)dt
ng(t) 25 2T ( nz( )) cos20(t, 1) (t.t0) ) w(t', p)
Maxwell’s equation
i : . . &k T, N 1 / &k
= , =€ —n — W T
\ z Jext,z + Jpp.z Jpp, (271_)3 Wi k E (2?1_)3 kTtk /

- ' _ _ _Compton time Plasma oscillation
In the Markovian (semiclassical) Limit Tgp, > Ty > Ty (Kluger etal, '98)
particle number

[Occupation number n;;(t) ~ e_“EC/{EQ('JTz (t)) T = E — ef_f]




Toy model:
Schwinger Spark Chamber

L Due to the strong magnetic
4 field B = E, only fermion pairs
can be produced at the lowest

Landau level.
‘ Power Supply [

Jext

Vacuum Decay rate

SN = 4 0 (t) = 2ER R ~ O0 B, B




Toy model:
Schwinger Spark Chamber

Semiclassical 1D approximation

d

— EEUL) = jpp(f) + ]e.rt(t) = jwt(t)'

*EDB 2
Jop(t) ~ 2eS [E. Blw = 2= we™™¢F

g

— Vacuum Decay Rate

the width of the Chamber




Toy model:
Schwmger Spark Chamber
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Validity Conditions of
The Spark Chamber

o Finite width to prevent the plasma oscillation

1 e’B _pm? 4
>w = — > 2——e "< w <K 4x10%em
w (27)

Jpp

o Finite radius for small induced magnetic field

3 ) 1
>r = i>>2£3—“% r<<€ 8 x 10" em
rw (2m)

2T Jpp

the typical width for nanoshots w ~ 30 cm




Validity Conditions of
The Spark Chamber

o Negligible photon-induced pair production

B, E

2 2
w® — k

For r = 7 23 >> 1

Decay rate m , 1

LI Ty G R PR |
' w  3Vrw) 1—02 ’ 3(1—2)r’ (Katkov, ‘11)
-1
2
32:2(3—’02)} s3 = 3 4 v?, H2=47'(,{L2+L'2):—% (F“‘”’k},)2

Elir;(f;\ean-;&; % = (3.37 £ 0.47) x 10~ 11 p—2.59£0.12 ), =2 o~ 1 17—1  (HESS coll, “13)

Ratio e 108 for B ~ 0.1B, and E ~ 0.05E,




Nanoshots
from a Spark chamber

The Poynting vector at far distance

§= Lixi= "'"“2((@‘.@')_(?20.@')2) Q‘(fn,at)=/d-’*am’j(fgwf,tgwt—ﬁ,-axf)

If a Schwinger spark chamber exists near the surface of the Crab pulsar,

luminosity and width of nanoshots

(In natural unit)

I, —~ 2 ( @ ) E 2 eTE:/E.
mazr ™ T 5. ~ 2 =<
w E (’Hl * (E* ) e3 Bw
At = 20t, cosh™! [ 201, ] Width of a Schwinger spark



Schwinger sparks and Nanoshots from the Crab
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Schwinger sparks and Nanoshots from the Crab

seer If nanoshots are from
oosal Schwinger spark, ...
[ geometrical
ooeer parameters are
[ constrained.
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Summary & Outlook

o We construct a toy model that generates a narrow EM pulse from the
Schwinger effect, a “Schwinger spark”.

o We derive the 1D evolution equation of field from QV equation and
Maxwell’s equations for the toy model.

—> Effects of collisional terms, validity conditions for QV equation?

o Schwinger spark can be a feasible origin of giant pulses (nanoshots)
from the Crab pulsar.

o If so, the model suggests the existence of a region that has a strong
electric field E~0.05E . and a size similar to the width of nanoshots
w~cAt~30cm.

—> High energy electron-positron pairs (E~10PeV ) are also generated.
° pair cascade in the pulsar magnetosphere
> PeV neutrinos



ELI-Nuclear Physics Facility

In Magurele, Romania, the ELI Nuclear Physics (ELI-
NP) facility will focus on laser-based nuclear physics. It
will host two machines, a very high intensity laser,
where beams from two 10 PW lasers are coherently
added to get intensities of the order of 10?3 - 10
W/cm?, and a very intense, brilliant gamma beam
which is obtained by incoherent Compton back
scattering of a laser light off a brilliant electron beam

from a conventional linear accelerator. Applications
include nuclear physics experiments to characterize
laser - target interaction, photonuclear reactions, and
exotic nuclear physics and astrophysics.

www.eli-np.ro
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Vacuum Pair Production
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