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Pulsars are rapidly-rotating, high-magnétized neutron stars

NATURE. VOL. 217, FEBRUARY 24, 1968 709

Spin period P : 1 ms - few seconds

-t

Observation of a Rapidly Pulsating Radio Source

by ¥

A. HEWISH -3 ;

S. J. BELL Unusual signals from pulsating radio sources have been recorded at . 1 ; 9 15
J. D. H. PILKINGTON the Mullard Radio Astronomy Observatory. The radiation seems to " e ) oL R : ~ -

P. F. SCOTT come from local objects within the gala<y, and may be associated AN

R. A. COLLINS with oscillations of white dwarf or neutron stars. 4 i

Mullard Radio Astronomy Observatory, ey

Cavendish Laboratory,
University of Cambridge

+«—Time increasing Seconds
Fig. 1. Pulgey observed wi ecording time constant of about 0-03 8

on March 21, 1988, (a) C 1 P.00560, during a period of intense
(e) CP.1138.

Pulsars represent great laboratories to explore extreme physical conditions :

Extreme electromagnetic fields, test for General Relativity, ultra-dense matter (equation of
state), pair creation , particle acceleration and radiation, relativistic outflows.

B. Cerutti ; PR : . § e TR g .© Casey Reed :



Pulsars shine throughout the electromagnetic spectrum

The Crab pulsar
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A large fraction of the pulsar spindown is released in light,
in particular in the gamma-ray band => Efficient particle acceleration !

B. Cerutti



Most Galactic accelerators are pulsars
Fermi-LAT

[100 MeV - 100 GeV]

~ >100 gamma-ray pulsars | Galactic coordinates

Other pulsars

LAT radio-loud pulsar

[2" Fermi-LAT pulsar catalog]

@

u LAT radio-quiet pulsar

A Radio MSP from LAT UnID
A

LAT millisecond pulsar

Exquisite gamma-ray data put tight constraints on particle acceleration models

B. Cerutti



Pulsars emitting gamma rays: Rotation-powered
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Rotation Period (s)

[2"¢ Fermi-LAT pulsar catalog]




Pulsars are efficient particle accelerators
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Typical gamma-ray pulsar signal

Two peaks lightcurves
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How/Where are particles accelerated?
How/Where do they radiate?

B. Cerutti



Pulsar electrodynamics

B. Cerutti



Elements of a pulsar magnetosphere: vaccum

(See review, e.g., Cerutti & Beloborodov 2016)

Magnetosphere
Rotation of the field lines induce
electric field : Q
RQB
e E

é A

C
Potential difference pole/equator :
2
Ap=RE2B ey ;
C ns DD

=

i

(for a Crab-like pulsar)

Rotation

axis
B. Cerutti



Elements of a pulsar magnetosphere: plasma filled

Dipole in vacuum is not a good model! Magnetosphere

Copious pair creation in the polar caps |

Yon
*synchrotrdn
+ e—

v-B absorpt;

on

% curvature

NEUTRON STAR SURFACE

Daugherty & Harding 1982 ; Timokhin
& Arons 2013 ; Chen & Beloborodov
2014 ; Philippov et al., 2015

Potential polar cap (Crab): |
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C Rotation

AD,

axis
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Elements of a pulsar magnetosphere: plasma filled

E MagnetosphereI Wind region

lq— Light-cylinder radius: R, Q=c

’ : Here corotation is impossible

“Open” field lines
Outflowing plasma and
Poynting flux

Toroidal field, B(p

@ —> Jump in B
@ <¢— => Current Sheet

“Closed” field lines

Plasma confined, co-
rotating “Dead zone”

Rotation

axis
B. Cerutti



A 3D view at the aligned pulsar field lines

P

Equatorial current sheet

B. Cerutti



Ballerina skirt: oblique rotator current sheet

| ’ “ f
\\\\\\\‘\" “\\\\\\

\\\ \\
\ Y

B. Cerutti



Proposed sites for particle acceleration

. Magnetosphere Wind region
Acceleration where E.Bz0 |

y-ray : curvature or |
synchrotron radiation ' |
e.g. Arons 1983; : |
Muslimov & Harding 2003; 5 et / = “ -
Cheng et al. 1986; Romani 1996; D i BT

Coroniti 1990 ; Lyubarskii 1996 type model
“ cean”? Y
Polar-cap : Y
type model § g g
NS Current Sheet

A

=> Need for global PIC simulations!

B. Cerutti



The numerical setup: an aligned rotator (2D)

Chen & Beloborodov 2014

Cerutti et al. 2015 A Q

Belyaev 2015 P
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Initially in vacuum

Absorbing layer
(no plasma, AE, A*B terms)

Light cylinder radius



Toroidal magnetic field

t/P=0.67

B,/B/c

B. Cerutti Cerutti et al. 2015



Pair creation and filling of the magnetosphere

Pair creation at the polar caps (yB) and within the current sheet (y7y)
Chen & Beloborodov 2014; Philippov+2015a,b Includes Lense-Thirring

Electron density Positron density
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Courtesy of Sasha Philippov
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..~ Pair creation in the sheet anticipated
X by Y. Lyubarsky in 1996
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Imprints on the fields

Time-dependent discharge of the polar-cap : Origin of the radio emission ?

max

-max

= — 1.0 1.5 2.0
R/Rrc Courtesy of Sasha Philippov

Power in the stripes W~10”L, , enough to power the radio emission
B. Cerutti



Global 3D PIC with radiation reaction force

Zeltron code ; http://benoit.cerutti.free.fr/Zeltron/

Assumption : Large plasma supply provided by the star surface = Efficient pair creation

A Radiation reaction force

d(ymeV)
dt

:q(E+ﬁ><B)+

Emitted radiation spectra :

V3e3B, (v EO
.y FV (V) = 2-]— ( )f K5/3(X)dX,
) 4

o : 7
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e

B = (E+BxB) - (B-E2.

Apply for synchrotron and curvature radiation

X (log(r)x0xe) : 1024x256x256

B. Cerutti


http://benoit.cerutti.free.fr/Zeltron/

A digression about modeling curvature radiation

Radiation reaction force (Landau-Lifschitz):

2 . ey
g = —rg[(E +B8xB)xB+ (8- E)E] Non-relativistic” term,
3 Must be included even if y>>1

2 .
_ grg@[(E + ﬂ % B)2 — ( ﬁ X E)z] ﬂ, “Relativistic” term

Consider a particle moving along a magnetic T
} . *t Only relativistic
loop with zero pitch angle

Curvature drift velocity :

B _& <1 0.35 ol
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B. Cerutti 15 715 s



Particle acceleration

B. Cerutti



Particle / radiation mean energy (y=30°)

Cerutti et al. 2016
Pnsgmns

Phouj:ons

2.0

1.5

0.5

180°

0.0 1807

Relativistic reconnection Mostly synchrotron radiation

N D,
Lc ™
r;(KLC

Plasma multiplicity, depends on microphysics !

B. Cerutti Cerutti et al. 2015; Philippov & Spitkovsky 2014; 2017

Particle energy in the sheet given by : [ ~50| (here)




Particle acceleration and e*/e asymmetry

Tracked positrons

1.5

_Laﬂ 0.5 1.0 15 2.0 2.5 3.0

B. Cerutti



Lo Tracked positrons
: ' |

Z/ R ¢

B. Cerutti



Particle acceleration and e*/e asymmetry

Tracked electrons

1.5

3/ Rc

_Laﬂ 0.5 1.0 15 2.0 2.5 3.0
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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

gamma
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High-energy radiation

B. Cerutti



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

i=0 - Phase=0.00 - Positrons -

Log(Flux) (from Local reconnection simulations)

l -0,300

- -0,567
-0,833
-1,10
-1,37
-1,63
-1,90
-2,17

-2,43

Presence of spatial irregularities due to kinetic instabilities in the sheet
(e.g., kink and tearing modes)

B. Cerutti Cerutti et al. 2016



High-energy radiation flux (v>v , =30°)

i=30 - Phase=0.00 - Positrons -

Log(Flux)
-0.750

l -0.972
-1.19
-1.42
-1.64
-1.86

-2.08

-2.31

-2.53

B. Cerutti Cerutti et al. 2016



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

i=0 - Phase=0.00 - Positrons -

Relativistic beaming Gray : Total flux (all directions)

Color : Observed flux
Partlcle 1/y<<1 HE flux concentrated close

to the light-cylinder

I_‘ Observer

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
Colo : Observed flux

=30 - Phase=0.00 - Positrons -

Lightcurve
Lo | | |
0.8}
.
L T 04}
0.2}
One pulse per crossing of the current sheet 00t

0.0 02 04 06 08 L0
B. Cerutti Phase Cerutti et al. 2016



Skymaps

Obliquity=0
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Phose

High-energy photons are concentrated within the equatorial regions

. where most of the spin-down is dissipated.
B. Cerutti
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A few typical lightcurves
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Cerutti et al. 2016
See also Philippov & Spitkovsky 2017



Pulse-to-pulse variability

Radio (observations) Gamma (PIC simulations)

Pulse energy Single—pulse sequence M
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From PIC to observations

B. Cerutti



Fitting Fermi-LAT pulsar lightcurves

Second catalog (Abdo+2013) : 117 pulsars

PSRJ0205+6449_2PC_data

140

Observations
PIC model
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400}
350

100}
300

80} 2501

60+

a0}

0.0 . . . . i 0.0 0.2 0.4 0.6 0.8 1.0

320 ‘ . a0 PSRJl]‘.24-5916_2P‘C_Wdata

«=90.0
300} 80|

(=89.0
280} 70| x*=2.05
260} 60|
240} sol
220} a0l
200

30
180 L L 1 1
0.0 0.2 0.4 0.6 0.8 1.0 20 J ‘ ‘ ‘
0.0 0.2 04 0.6 08 1.0

) Courtesy of Alois de Valon (Univ. Grenoble Alpes), Master thesis project
B. Cerutti



Fitting Fermi-LAT pulsar lightcurves

PRELIMINARY
PRELIMINARY Key findings -

e Pulsar viewing angles are consistent with a random distribution (>90 % chance)

« Millisecond pulsars are closer to alignment (y¥<~45°) than young isolated pulsars.
« Evidence for alignment with age, alignment timescale 10°-10° years.

« Magnetic axis of very young pulsars nearly randomly distributed
=> Random distribution at birth ?

Differences in obliquity distribution with the pulsar age

Age < 25 000 yrs
25 000 yrs < Age < 10° yrs
Age > 10° yrs

Probability

= 25 pulsars with age < 25.000 years
== 23 pulsars with < age < 100.000 years
== 29 pulsars with age > 100.000 years
== random distribution

45 50
Obliquity

B. Cerutti Courtesy of Alois de Valon



Modeling the phase-resolved polarization

Jérémy Mortier (Univ. Grenoble Alpes), Master thesis project
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morphology in X-rays

[e.g. Weisskopf+2012]

Stokes parameters
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(Incoherent) Polarization signature : Observations
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(Incoherent) Polarization signature : PIC
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Conclusions (1)

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

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

« High-energy emission could be synchrotron radiation from the

current sheet >~ RLC

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

e Origin of the radio emission still unclear, more physics in PIC to
capture in the polar-cap discharge?

B. Cerutti



The classical picture of pulsar wind nebulae

[See review by Kirk et al. 2009]

Magnetosphere Pulsar Wind Pulsar Wind Nebula
| |
! ! ®
NG/ o |,
| | = + -
| |
~h
| —
| 4 , ® ‘ \ ISM
. ‘ Current sheet— / or
| ' ® — v SNR
| |
| | | T~
: | . Y
: | : ® ~
I | I
A A A
Light cylinder Termination Contact
radius: Pc/27c shock radius discontinuity

B. Cerutti

(~10% cm in Crab)

(~0.1 pc in Crab) (~1 pc in Crab)



The o-problem
[See review by Kirk et al. 2009]

Magnetosphere Pulsar Wind Pulsar Wind Nebula
|
G /! X
e

| : e'/e _ */ e'i

® >

4 Q \\ ISM
Current sheet— / or
: @ — SNR
|
: | : ~a /
: o>>1 o ?? o<<l1
: ‘
|

/N

Transition o >> 1 to 0 << 1 unknown: “sigma” problem
=> Dissipation somewhere in between needed!

B. Cerutti



Dissipation in the wind

Coroniti 1990 ; Michel 1994 ; Lyubarsky & Kirk 2001 ; Kirk & Skjaeraasen 2003
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How far does magnetic reconnection proceeds in the wind?
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Close 1n or at the termination shock ?

t/P=2.25

2D PIC

Poynting flux

o
[#)]
Neutron star

0.4

0.2F

I L L . .
0'OO 1 2 3 4 5

r/Rpc
Scenario 1 : Complete dissipation far before the shock
Coroniti 1990 ; Michel 1994 ; Lyubarsky & Kirk 2001 ; Kirk & Skjzeraasen 2003
Scenario 2 : Shock-driven reconnection at the termination shock
Lyubarsky 2003 ; Pétri & Lyubarsky 2007 ; Sironi & Spitkovsky 2011

o=10 A=640 C/cop a=0.1 w t=3750

400

200

y, [¢/w]]

* Wall -
B. Cerutti Shock Striped wind



The numerical challenge

We need to probe large radii, very large box!!

3D simulations too expansive!
=> 2D simulations of the oblique rotator!?

Equatorial 2D cut

\ 5"“ :i;IlIIF -
(i
\\\\\\ g

Wy
\ %

"%\\

4096x4096 cells

r¢-plane spherical, r =150R, . Kirk+2009

(Warning : « Cylindrical pulsar » do not work !)

B. Cerutti



B. Cerutti

180°

Time=Q.4532

270°
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Dissipation in the wind
t/P=25.76

350
300
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200 | !
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ki e \ Ry c TTK

Complete dissipation where A=1 =>r_ . /R =7k ~10*10°<<R__ /R, _

. Cerutti & Philippov, submitted
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Dissipation in the wind

Particle spectra
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Conclusions (2)

» Relativistic reconnection proceeds in the wind

« Complete dissipation most likely far before the termination shock
radius, R, /R, ~k ~10%10°<<R_

e Particle distribution « thermalize » into a narrow distribution
centered around Lorentz factor given by o, .~ /K ¢

e Pulsars in binary systems good targets to probe magnetic dissipation
within the windas R, ~R

diss

B. Cerutti
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