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Abstract: <span>Pulsars are rotating magnetized neutron stars that emit

broadband pulses of radiation. Our ability to model magnetospheres of pulsars has been hampered by the difficulty of solving the self-col
behavior of strongly magnetized relativistic plasmas. | will describe<br>

recent progress in numerical modeling of magnetically-dominated plasmas and show applications to pulsar magnetospheres in increasing |
realism, including ideal and resistive force-free,<br>

relativistic MHD and kinetic models. &nbsp;The knowledge of the magnetospheric shape together with the new observations of gamrn
emission from pulsars with Fermi telescope allow to directly constrain the location and physics of the acceleration regions in the magnetosph
the origin of high energy emission. The pulsar magnetosphere is a prototype for other strongly magnetized<br>

astrophysical objects, and | will discuss how the lessons from pulsar modeling &nbsp;can be useful in predicting EM counterparts to gravit:
wave sources.</span>
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Pulsars are rotating neutron stars, born in supernova
explosions. They emit periodic pulses of radiation and slow
down with time.

The Crab Nebula

Pulse #0193

§7 HST+WEPC2
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Crab  B1509-58

Vela B1706-44 B1951+32 Geminga B1055-52

Intensity variation during one rotation of the neutron star
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Crab (Weisskopf et al 2000)

*Broadband pulsed emission,
now > 100 GeV (Veritas).
*PWNe: radio-TeV. 1040 pairs/
sec. Also, flares!

HESS J1420 (Aharonian et al 2006)
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*Broadband pulsed emission,
Crab B1509-58 Vela  B1706-44 B1951+32 Geminga B1055.52 now > 100 GeV (Veritas).
*PWNe: radio-TeV. 1040 pairs/
sec. Also, flares!

Optical

Soft
X-Ray

X-ray/
Gamma
Ray

Hard el ¢! Kivg

Gamma [ o

Ray Ly J
10 15 .' U

Intensity variation during one rotation of the neutron star

P~33ms P~150ms P~89ms P~102ms P~39ms P~237Tms P~19Tms &m

il tah1om
RA (hours)

G21.9 (Safi-Harb et al 2004) Crab (Weisskopf et al 2000) HESS J1420 (Aharonian et al 2006)
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*Broadband pulsed emission,
Crab B1509-58 Vela  B1706-44 B1951+32 Geminga B1055-52 now > 100 GeV (Veritas).
*PWNe: radio-TeV. 1040 pairs/
sec. Also, flares!
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G21.9 (Safi-Harb et al 2004) Crab (Weisskopf et al 2000) HESS J1420 (Aharonian et al 2006)
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Radio Optical X-Ray Gumina Ray
log Observing Frequency (11z)
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Main energy loss is invisible,
but detectable -- pulsar
spin-down

Leaves as magnetized wind
(carrying Pointing flux)

The fact that Y-ray power
reaches |0-s of percent of
spin-down power implies
that we are tapping the
main magnetospheric
currents

Need to understand how
magnetosphere works
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Pulsars in Fermi era

Why pulsars are interesting?

eUnique laboratory for strong B fields
and relativistic plasmas

ePrototypes of other astrophysical
objects: accretion disks, jets, black
hole magnetospheres

¢Incredible electromagnetic machines

eNot understood for > 40 yrs

oPrime sources for Fermi
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Pulsar physics in space

E ¢, = =QBa’/c

Faraday disk
Unipolar induction

Rule of thumb: V ~Q®; P~V?2/Zp=1V B
Crab Pulsar
B~10'2G, Q~200rads’, R~ 10 km
Voltage ~3 x 106 V; | ~3 x 10 A; P ~ 10%8erg/s
Magnetar
B ~ 10" G; P ~ 10%erg/s

' Massive Black Hole in AGN
from R. Blandford B ~ 104 G; P ~ 104 era/s
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Pulsar physics in space

\ ¢ QB(JZ/C

Faraday disk
Unipolar induction

Rule of thumb: V ~Q®; P~V?2/Zp=1V B
Crab Pulsar

B~10'2G, Q~200rads’, R~ 10 km

Voltage ~ 3 x 10"6 V; | ~ 3 x 10" A; P ~ 1038erg/s
Magnetar

B ~ 10" G; P ~ 10%erg/s

' Massive Black Hole in AGN
from R. Blandford B ~ 104 G; P ~ 104 era/s
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Where does the plasma come from? ¢ - QB4 /¢

Polar cap is a space-charge limited accelerator.
Accelerated primary particles radiate curvature
radiation, and pair produce in the strong field.
Pair cascade shorts out E*B.

7 2-3
Yosssy "W Yoot =10 Oic™ 10° Faraday disk: unipelar induction |

xB=-—-xRxB

&
;

6B
Paéy oy

— —

X QB
Jeis = PG € =— 2
JU

Amns & Schardeman 79, Muslimoy & Harding 03
After pair formation front -- enough
Electrostatic accelerator, non-MHD region plasma to use MHD.
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Where does the plasma come from? ¢ - QB4 /¢

Polar cap is a space-charge limited accelerator.
Accelerated primary particles radiate curvature
radiation, and pair produce in the strong field.
Pair cascade shorts out E*B.
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Where does the plasma come from? ¢ - QB4 /¢

Polar cap is a space-charge limited accelerator.
Accelerated primary particles radiate curvature
radiation, and pair produce in the strong field.
Pair cascade shorts out E*B.
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Electrostatic accelerator, non-MHD region plasma to use MHD.
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Where does the plasma come from? ¢ - QB4 /¢

Polar cap is a space-charge limited accelerator.
Accelerated primary particles radiate curvature
radiation, and pair produce in the strong field.
Pair cascade shorts out E*B.

Y primary ~ 107 ¥ocontary ~10°° 0 ~10*

) QB
Jes = Pgy€ =— 2
JU

Amns & Schardeman 79, Muslimoy & Harding 03
After pair formation front -- enough
Electrostatic accelerator, non-MHD region plasma to use MHD.
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Pulsars: energy loss

a8
Pacy Cy—

*Corotation electric field

*Sweepback of B field due to
poloidal current

*ExB -> Poynting flux

*Electromagnetic energy loss
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Pulsars: energy loss

a8
Pacy cy

*Corotation electric field

*Sweepback of B field due to
poloidal current

*ExB -> Poynting flux

*Electromagnetic energy loss
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Pulsars: energy loss
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Magnetospheric cartoon

Light Cylinder

Open + closed
(corotating) zones

Light Cylinder ’/,;’::f.'ﬁm Y &

Sweepback (part
due to dB/dt, part
due to current)

Current modifies
the field

—>
1000 km

Can we model this?
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MODELING: TWO PATHS

[s there dense (n>>ngj) plasma in the

magnetosphere?

v N\

No! Yes!
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MODELING: TWO PATHS

[s there dense (n>>ngj) plasma in the
magnetoephere?

Yes, but not\

everywhere, Yes!
and not
always

Charge separated MHD / force-free
magnetosphere Contopoulos et al 1999, AS 06

as in Golderich & Julian '69 + many others
Michel et al 1980s+

Gapology
(Ruderman et al, Cheng et al, Romani,

Harding) Resistive MHD / force-free
Li et al 2012, Palenzuela 2012
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Magnetospheric models

Space charge| Space charge | Abundant
limited | limited+pairs| plasma

Vacuum

Rotating
Field vacuum . Assume RVD | Force-free

dipole (RVD)

Acceler Slot / Outer | none / re-
ation gaps connection?

spin ! /1‘294
down ' ' ol

(14 sin®0)

Goldreich & Julian 69 Arons 78, Cheng etal  Contopoulos 99;
Michel 85, 00; AS 86; Romani et al; Gruzinov 05;
+Arons 02 Harding et al; Hirotani;  Timokhin 06;

AS 06

Ostriker & Gunn 70
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Magnetospheric models

Space charge| Space charge | Abundant
limited | limited+pairs| plasma

Vacuum

Rotating
Field vacuum . Assume RVD | Force-free

dipole (RVD)

Acceler Slot / Outer | none / re-
ation gaps connection?
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(14 sin® @)
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Light Cylinder

Cong ol radiq emission)
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Light 2 ) o
Cylinder B
null charge suﬁucu/ "/
QB=0— Sk closed field gap
‘ [N region
A. Harding
#
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Viethods forsolution: Relativistic MHD
Conditions:

U 22 iE,

Equations:

v, (1

(rnt)
Vg*F* =0

Valnu®) =0

Bl - perfect conductivity

-Stress-energy-momentum of
electromagnetic field

-stress-energy-momenitum ()_f.ﬂlalf(’l"
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EUIIRVIRIDIVS torce-tree
Conditions: Conditions:
U =€,
Equations: Equations:
Vs (’l 'l(,];;;l | t/ ]") = ()
Vg*F* =0
Valnut) =0

e | P =0 - perfect conductivity

Fo FP7 = 0

]";”JI“;”} :> [)

(Komissarov 2002)
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FONCe-iree equations

Full RMHD equations become stiff for high magnetization

—
— .

mnézv—=pl'4f‘+—*’—x§-0
ot ¢

Derive dynamical set of equations by ignoring particle inertia but retaining plasma
charges and currents.

c

> }=H(V_E,)E><B+cB(B°VxB—-E-VxE)

B’ 4nB*

“Force-free MHD” Gruzinov 99, Blandford 01
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