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@ Electromagnetic properties of vacuum
@ Euler-Heisenberg Lagrangian
@ Vacuum magnetization

Q Quantum Vacuum Friction (QVF)
@ QVF in neutron stars
@ Influence on pulsars spindown evolution

@ Observational consequences
o Constraints on the equation of state
@ Population synthesis

@irap
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Electromagnetic properties of vacuum

— See talk of R. Battesti
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Quantum corrections to QED
Maxwell theory

o Lorentz invariants (c = 1)
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Quantum corrections to QED
Maxwell theory

@ Lorentz invariants (c = 1)
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o Lagrangian — L= _yi
0

o Critical field B, = % ~4x10°T = 4 x 103G,

— Enough energy to create virtual electron-positron pairs.
— EM field aquires a (virtual) charge distribution.

@ Non linear (quantum) correction to the Lagragian £ = Ly + £
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Euler-Heisenberg Lagrangian (1936)

One-loop correction

o Effective Lagrangian at one-loop
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— « the fine structure constant.
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Euler-Heisenberg Lagrangian (1936)
One-loop correction

o Effective Lagrangian at one-loop

ds 2 |g| (VFZ+ G2+ F)l/2
L= 204— / —e —5cot|s
Mo Jo s B2 B,
2 2 _ F\1/2
coth s( F G- F) —i—szg—l
B, 3B2
— « the fine structure constant.
Example of weak field approximation
8 F*  14G° 2 o2 )
— 4-wave mixing phenomenology _,-’f
— Not yet tested experimentally
— Battesti & Rizzo Rep. Prog. Phys. 2013 LL'“L
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Vacuum polarization
Constitutive equations in QED

@ Varying the action S = / (Lo + L£1)d*x with respect to A, and

dyA, gives modified Maxwell equations

v (@ +2%g) = o

oE
B 8£1 - 0 aﬁl

o Effective (non-linear) medium with

0L 0L
qu = Zﬁ and Mqv = 2£
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Magnetization in vacuum
Static effects in a pure magnetic field

° g—>0and§:BE
c
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— Still valid in the presence of an electric field if E - B = 0 (example of
a force free magnetosphere)

@ Magnetic susceptibility of vacuum

0B _ 2w £4(9)
My =€) x6) =77
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Magnetization in vacuum
Static effects in a pure magnetic field

° g—>0and§:BE
c

251 (1 1, ) 1
R N R S5))

— Still valid in the presence of an electric field if E - B = 0 (example of
a force free magnetosphere)

@ Magnetic susceptibility of vacuum

0B _ 2w £4(9)
My =€) x6) =77

o Weak-field limit
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Magnetization in vacuum
Static effects in a pure magnetic field
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Quantum Vacuum Friction

Dupays, EPL 2008, EPL 2012
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QVF in neutron stars
Neutron Star

@ In our model a neutron star is a compact object with mass
M ~ 1.4M¢, aradius R ~ 10km and a large magnetic field
(Bg ~ 1019 — 1014 G).

NS = Fast-rotating magnetic dipole moment J

@irap
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QVF in neutron stars
Neutron Star

@ In our model a neutron star is a compact object with mass
M ~ 1.4M¢, aradius R ~ 10km and a large magnetic field
(Bg ~ 1019 — 1014 G).

NS = Fast-rotating magnetic dipole moment J

o The magnetic dipole moment is tilted with respect to the
rotational axis.

Non static effects from the vacuum + backreaction )
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Toy model

Dipolar approximation

B, [Couss)
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(from Heyl J. Phys. A 30 (1997) 6475)
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Toy model
Energy loss rate

z
0
m
dr
r
> . > dMg,
Yy

T

o m(t—r/c) — B(r,t) L dMy (r,t) = dBgy (0, +-7/c)
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Toy model
Energy loss rate

z
0
m
dr
r
> . > dMg,
Yy

T

o m(t—r/c) — B(r,t) L dMy (r,t) = dBgy (0, +-7/c)
o Braking torque = loss of energy

dEgq = — (m(t +7/c) x dByo(0,t +7/¢)) Q- uy (Q— 27'[>
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Energy loss rate

Classical versus quantum
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Energy loss rate

Classical versus quantum
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Energy loss rate

Classical versus quantum
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Energy loss rate
Effect of magnetosphere

. 1287\ sin®6 B3R® 51273\ sin®6 B3R* B}
N 3 poc® P4 75 noc P2 B2

E(classical model) Eqo(QVF for By<Bc)

o Different scaling with respect to the period P =27t /().

. . B RO 1
— Eg ~ Eg when UPY —

Be ¢ a

— Late-time domination of the quantum effect (even if By < B).

@irap
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Energy loss rate
Effect of magnetosphere

3 <1287r5> 1+ sin®6 B3R® (5127r3> sin?@ B3R* B2

E== -
2 3 poc®  P* 75 poc P2 B?

E,;(magnetospheric model) Eqo(QVF for By<Bc)

o Different scaling with respect to the period P =27t /().

, , Bp RO 1 1
— Eg~Epwhen -0 —m
o ~ Fqo WhEn B c +/asinf
— Late-time domination of the quantum effect (even if By < B).

o Effect of the magnetosphere (Spitkovsky Ap] 2006).
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Energy loss rate
Effect of magnetosphere

g3 (1287 1+ sin®6 B3R® 5127% \ sin?6@ BR* B}
2 3 poc® P4 75 poc P2 B2

E,;(magnetospheric model) Eqo(QVF for By<Bc)

o Different scaling with respect to the period P =27t /().

— Eg ~ Eg when %(C) ~ ?%ﬁ
— Late-time domination of the quantum effect (even if By < B).
o Effect of the magnetosphere (Spitkovsky Ap] 2006).
o What about another classical effect due to the magnetosphere
scaling as P~2?
— Mainly suppressed by co-rotation ! [work in progress]

@irap
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QVF influence on pulsars spindown evolution

P — P relation
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QVF influence on pulsars spindown evolution

P — P relation
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QVF influence on pulsars spindown evolution
P — P relation
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@ Quantum domination when
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— will give constraints on M, R, By,sin6
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Example of the Crab

P — P diagram

Ta P

o Simulation over 50 kyr, P= > + E
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Example of the Crab

P—P diagram

o Simulation over 50 kyr, P= Ta + P
P Tp
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Can we observe QVEF?
Consequence for the breaking indice

o Braking index : Q=—-kQ" — ny=00/02
@ Classical dipolar model (constant By) : 1 =3
o QVF implies that 1y evolves dynamically from 3 to 1

Name i v(s7h) 3
J1846-0258 265(1) 3.07 25k |
J053442200 (crab)  2.51(1)  30.2 j

' J0534+2200 1
J1513-5908 2.8393) 663 " 7| (Crab) I
J1119-6127 291(5) 245 Ll |
J0540-6919 21409) 19.8 |
J0835-4510 (vela) ~ 1.4(2) 112 R
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Evolution of the breaking index

o Prediction for time evolution of braking indice 11

. P
g = —(3 —ng) (g — 1)P1
0
Name 1'18'”5 g
(10712571) (10712571)
J0534+2200 0.26 —93  (»)
J1513-5908 12 -31 (=)

@ Probably other physics involved in the Crab (magnetosphere
currents, accretion, pulsar wind etc...) ?

@irap
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Evolution of the breaking index

o Prediction for time evolution of braking indice 11

. P
g = —(3 —ng) (g — 1)P1
0
Name 1'18'05 g
(10712571) (10712571)
J0534+2200 0.26 —93  (»)
J1513-5908 12 -31 (=)

@ Probably other physics involved in the Crab (magnetosphere
currents, accretion, pulsar wind etc...) ?

Improving number of confident measure of 710 would be necessary J

@irap
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Consequence for the spindown age

fage ~ Po il ’ eclle ~ &
Pi<Py (3 —1n9)P; 2 8¢ p<Py 2Py
Name tage tglge 4
(kyr)  (kyr)
J1846-0258 799 727
J0534+2200 (crab) 142 1.24 :‘ )
J1513-5908 163 156 S
J1119-6127 165 161
J0540-6919 218  1.67

J0835-4510 (vela) 228 113
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Consequence for the spindown age

fage ~ Po il ’ eclle ~ &
Pi<Py (3 —1n9)P; 2 8¢ p<Py 2Py
Name tage tglge 4
(kyr)  (kyr)
J1846-0258 799 727
J0534+2200 (crab) 142 1.24 j )
J1513-5908 163 156 S
J1119-6127 165 161
J0540-6919 218  1.67

J0835-4510 (vela) 228 113

Classical spindown age underestimates the true age
— Some observational discrepencies with kinematic and SNR age.
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Observational consequences

Work in progress
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Constraints on the equation of state
(M,R) diagram
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Population synthesis

@ Model of Faucher-Giguere Ap]J 2006
@ Death line

— Radio-quiet when % <017 x 108 T.s~2

T T T T
10-10 f~_ BT =T1< 110-10
109" = ~~2

DR

10-12 f~

Tgv 10-12
()~~~

107 > 10714
P 107 -~ 1
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10716 1~ . 1016 F~ _
106" =~ < | 1
(2NN
10718 - 10718
N A AR N
S R X & Tl
10-20 Lt sl il TS i 210720 covnl vl sl il TS
102 10-! 100 10t 10 102 10— 100 10t 102
Py ) Py )

— The magnetar zone is not explained.
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Population synthesis

o Model of Faucher-Giguere Ap] 2006 + quantum evolution
@ Death valley

— Radio-quiet when % <0.17 x 10° T.s~2

_ 51 ) _ 23 - )
10-10 e 10-10 N ,Igg i
@) gﬁ
1012 10712 P~ .
| 108 >~
, ]
P 1014 1014 757
! T o~
]
10716 f=o 10716 >
1 | 106" ~
0 -~
10718 10-18 |-
S — _ PPN S~ _
10-20 Ll W0 T il il TS %0720 TR R A /111 B AR AT B R IR RTTT I WS Rt
1072 107t 10° 10t 10 102 107t 100 10t 102
Py () Po (5)

— The magnetar zone may be explained [work in progress].
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@ Quantum Vacuum Friction is an additional energy loss
mechanism that significantly changes the spindown evolution of
high magnetized pulsar (By = 10! G).

o Confirmation of this effect would be a test of the
Euler-Heisenberg Lagrangian.

@ Does magnetar really exist ?

@irap
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