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Magnetars have surface magnetic
field strengths exceed 10'? G

Y% Magnetar-like emission A Central compact objects
B Thermally emitting (XDINSs) » Radio pulsars
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QED effects become relevant above the quantum
flelds limit:

Eo = m,*c’/he

By = my*c’/he ~4.4 x 1013 G

Quantum birefringence Photon-photon scattering
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QED effect in pulsars and

magnetars

QED corrections result in the deflection of
the propagation and the change of the
polarization mode of the waves
propagating in the pulsar magnetosphere.
(D. H. Kim, C. M Kim and S. P. Kim (2024))

Mode conversion at the vacuum
resonance could be at play for the
magnetars observed by IXPE. (Lai (2023),
Kelly et al. (2024), Taverna and Turolla
(2024))
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PIC studies of the NS Magnetosphere

* Pulsars Polar-Cap and Magnetosphere using PIC
simulations (Cruz+2021b, Benacek+ 2024b,
Chernoglazov 2024).

 Large-scale, realistic simulation of a
magnetar’s twisted magnetosphere (Chen &
Beloborodov (2017)).

* PIC simulations use Linear Maxwell’s equations:
One can extend it to non-linear Maxwell’s R S S ——
equations for the super-strong magnetic fields. z/R.

Chen & Beloborodov (2017)







QED correction in the one-loop approximation

* The Heisenberg-Euler Lagrangian density encapsulates all orders of the
one-loop photon-photon interaction:

MeC? [Mec\3 [ e 2
LHE = - ( ) / — | — (nacotna) (nbcothnb) + 1 — rn—(a2 —b%) | dn
8T h o 3
* The parameters are W. Heisenberg and H. Euler (1936)
o) B
a = —, b= —,
Eq BQ

* The general analytical Euler-Lagrange equations are not known. Analytical
solutions are only possible for the case of an arbitrary strong magnetic field and a
very small electric field and vice versa. (J. Lundin (2010), M. V. Medvedev (2023))
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Nonlinear Maxwell’s equations

« The first pair of Maxwell’s equations, 9,F"" = 0, is unaffected by the QED
corrections:

V-B =0,

1
_(9]3 -V X E=0.
c Ot




Nonlinear Maxwell’s equations

 Modified Gauss’ law:

C), B2 —

* The coupling scalars are
magnetic field dependence
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Nonlinear Maxwell’s equations

 Modified Ampere’s law:

2 2 2
(—1+C5)FQE VXB]JrC {Ela( QE)JerV(B b

cd c Ot
C Lo 47
B-—(-B-E)-E _B-E)| = —=j.
{ Cat( ) X V( )] ; j
* The coupling scalars are
Magnetic field dependence
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Implementation in PIC
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PIC loop modification

Particle push
Update x; and p;

d;'i, — B?’H—I/Q _ B’n,—l/2 . CAt(V > E)n

dp;

5 = 4(E+vixB)
- ’ D Faraday's law holds
Charge/current
[ Field gathering ] deposition
Interpolate E, B on the x; Calculate p, 3
| from the x;, v; )
Field solver ) .
Update E, B using j / E™! = E"+ cAt(V x B)n+1/2 — 4yt
0B = —VXE
4 D Ampere’s law doesn't hold
A i AV x B — pugcj
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Nonlinear Ampere’s law

_\ llaE VXB} [Ela(Bz—E2)+BXv<B2—E2>}
7o RS vl >

10 1.
TVyy [BEE(_B.E) —E X V(—B-E)] =)

v = —(1—GCs)/(4m),
'}’gzg‘ — Cll/(47l'Bz),
Yyg = C;/(4nB°),

J. Lundin (2010)
15 M. V. Medvedev (2023)



QED polarization field solver

- 9B, 0B,
QX"”[ (ay a)]
1 0B 0B OE 0B OE
*’W[ = (B a) By (B 9 a)‘Bz(B y a—yﬂ

1 0B 0B OE 0B OE
v |- (-5 ) + 5 (B 50 4B 5) - B (B 57 -8 5)|

Alawashra, Benacek, Pohl, Medvedev S
(arXiv:2503.14387, submitted)
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Validation and
results
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1D3V PIC simulation with super-
strong magnetic fields
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Simulation parameters

Parameter

Value

Magnetic field intensities B/Bg
Magnetic field angles 6
Frequency ratio wc/wyp

Initial thermal velocity v /c
Simulation length L/A
Simulation time wptenqg

Skin depth resolution A/d,
Time step size wp At

100, 1000, and 10000
7w /30, /4, and 7/2
3
0.05
20000
800
0.05
0.02




B/Bq=1000, § = 7/2, An/n=0

Our tests show a
good agreement
with analytical
solution

—Plasma birefringence

F 101

Black line: analytical solution
s M. V. Medvedev (2023)
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Magnetic field strength dependence

8 = /2, An/n=0
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SUMMARY

* We presented the first QED polarization PIC solver, which allows
systematic studies of plasma systems with super-critical magnetic fields.

* QED corrections introduce birefringence between the O- and X-mode
polarized waves with increasing magnetic field intensity.

* This new numerical tool will be improved and applied to model
electromagnetic fields in magnetar magnetospheres.
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