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The numerical setup: an aligned rotator (2D)

Philippov & Spitkovsky 2014 Q Initi ally in vacuum
Chen & Beloborodov 2014
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Belyaev 2015 Reflecting wall _
A B dipole | Absorbing layer
Dipole in vacuum : (no plasma, AE, A*B terms)

Injection of particles ’.
(Most delicate and discussed issue) 2
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A digression about modeling curvature radiation

Radiation reaction force (Landau-Lifschitz):
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Toroidal magnetic field

t/P=0.67

B,/By
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Pulsar spin down and dissipation
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Significant dissipation within a few R, !
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Particle / radiation mean energy (¢=30°)

Cerutti et al. 2016
PosHmns - Ph%jzons

180° : 180°

Relativistic reconnection Mostly synchrotron radiation

O
PC
Particle energy in the sheet given by : (O, -~ T « ~50| (here)
LC MLC

E

Plasma multiplicity, depends on microphysics !
B. Cerutti Cerutti et al. 2015; Philippov & Spitkovsky 2014; 2017




Particle acceleration and e*/e- asymmetry

Tracked positrons
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Lo Tracked positrons
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Particle acceleration and e*/e- asymmetry

Tracked electrons
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Particle acceleration and e*/e- asymmetry
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Positron orbits in oblique pulsar (30°)

In the co-rotating frame

Tracked positrons

From Cerutti et al. 2016

See also Philippov & Spitkovsky 2018 and Brambilla et al. 2018
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Electron orbits in oblique pulsar (30°)

In the co-rotating frame

Tracked electrons

<

From Cerutti et al. 2016

See also Philippov & Spitkovsky 2018 and Brambilla et al. 2018
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Proton acceleration

Electrons ; Positrons (I;’rotons (mp/me=18.36)
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From Guépin, Cerutti & Kotera (2019)



Proton acceleration
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Proton acceleration
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High-energy radiation flux (v>v , %v=0°)
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High-energy radiation flux (v>v,, =30°)

i=30 = Phcse=000 - POSiTronS - (Local reconnection simulations)

Log(Flux)
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Presence of spatial irregularities due to kinetic instabilities in the sheet

(e.g., kink and tearing modes)
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The tearing mode in action (mid-plane)
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Island mergers create Poynting flux fluctuations

time=270000 /E,
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After substracting the DC wind component

dL/dQ)




Pulse-to-pulse variability : radio profile from the sheet

Pulse number
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Observed high-energy radiation flux (v>v , %=0°)

i=0 - Phase=0.00 - Positrons -

Relativistic beaming Gray : Total flux (all directions)

Co : Observed flux
Particle 1/y<<1 HE flux concentrated close

to the light-cylinder
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Spatial extension of the observed emission in the sheet

B. Cerutti => Formation of a caustic



Observed high-energy radiation flux (v>v , ¥=30°)

Gray : Total flux (all directions) Light curve shaped by the geometry of the current sheet

Co : Observed flux

=30 - Phase=0.00 - Positrons -

One pulse per crossing of the current sheet
B. Cerutti
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Skymaps
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High-energy photons are concentrated within the equatorial regions

B. Cerutti where most of the spin-down is dissipated.



A few typical lightcurves

Obliquity=50
160 50
140 C ]
40F .
- 120
(O]
E L i
o — 30 -
T 100 - B ]
v =,
° - g
g ’5 i . 1
- 80 T ook \ Bridge 1
E C )
0 g g
> 60 C \ )
10 ' 2
49 : QA !
; ]
20 O_ 1 1 | 1 1 1 | 1 1 1 | 1 1 -
0.0 0.2 0.4 0.6 0.8 10 0.0 0.2 0.4 0.6 0.8 1.0
Phase Phase

Cerutti et al. 2016
See also Philippov & Spitkovsky 2018
B. Cerutti Kalapotharakos+2018



100 x(L,,/L )

12

HE radiative efficiency

10f

20

x [degrees]




Normalized Flux
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Pulse-to-pulse variability

Radio (observations) Gamma (PIC simulations)
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Fitting Fermi-LAT pulsar lightcurves

Second catalog (Abdo+2013) : 117 pulsars
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Crab pulse profile

PIC model
X=6009 x=130° Electron-positron asymmetry
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Consistent with the nebula
morphology in X-rays
[e.g. Weisskopf+2012]




(Incoherent) Polarization signature

¢« Observations
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B. Cerutti
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[Stowikowska+2009]



(Incoherent) Polarization signature : PIC
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The Crab pulsar as we may see it !

Gray : Total flux (all directions)
Colo : Observed flux
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Merging binary pulsar

Gravitational-wave time-frequency map
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Interacting magnetospheres: an

electromagnetic precursor to

merging neutron star?



Merging binary pulsar: PIC simulations

Establishement of the magnetospheres
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[Crinquand, Cerutti & Dubus 2018]

Driven reconnection in the inspiral phase. Reconnection of the poloidal field

=> Strong magnification of dissipation



A detectable precursor?

—-—- ' First photons —e— Parallel
Start of the merger —&— Anti

=== Fnd of the merger

— ' Last photons

Total retarded Hux

10 15 20 25 30 35 40 45
t/P [Crinquand, Cerutti & Dubus 2018]

2 orders of magnitude gamma-ray luminosity increase during the inspiral !
Still too weak to be detected. Go to 3D + orbital motion !




Conclusions

* Global PIC simulations is the way to go to solve particle acceleration in
pulsars

e Simulations demonstrate the major role of relativistic reconnection in
particle acceleration

* High-energy emission could be synchrotron radiation from the current
sheet >~ R _

* Pulse profile and polarization provide robust constraints on Crab pulsar
inclination and viewing angles.

* Open questions :
- How to scale simulations up to realistic pulsars ?
- How to refine pair creation modeling ?
- What is origin of the radio emission ?

B. Cerutti



