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 Pulsars are neutron stars, born in supernova explosions
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outer layers of the star that was expelied duning the explosion.

The core of the star has survived the explosion as a “pulsar”
visible in the Hubble image as the lower night of the two
moderately bright stars near the center. The pulsar has
about 1.4 nmes e maass of the Sun, crammsed by
gravity into an obyect only about 10 mulkes in dameter.
This incradible object, 3 “meutron star” is even mone \*
remarkablle bocause il spams on its axis 30 thirty Smes a K )
second. The spinning pulsar heats its sumoundings, creating |\ WP
the ghostlly difuse bluish-green syncheotron cloud i its &
vicinity, ischading & blue asc toward the upper mght of the acenron
stae.

The prcture is somewhal docopive in that the filamcnts appear © be
close 1o the pulsas In seality, the yellownd green filaments loward e
nght side of the image a0e chosor 10 us, and approaching at soese 350.800
km's. The orange and pink filaments toward the top of the pictare,
including the “backwards question mark.” 1s matenal behend the
Mwmhmnn&mm-lmwmt-\

cobors in the pecture anise foom & Merent
m-iuammmummp.mm
hydeogen (orasge ), rowogen (red), sulfor (pink),
aad oxypen (grocosh-Blue). The shados of
color represent varsations in the semperature
and density of the gas, as wall as chamges in
the clemental composion.

These chemical elements, some of them newly
coeaed during the evolution and explosion of the star
and now Blasted back into space, will eventually be
incorporaied into new staes and plancts, Astronomen
behicve that the chemucal clements in e Eanth and evenin
our omn bodien, such as carbon, oxygen, and iwon, were made
in other exploding stans billions of years aga.

Blair, W. P, Davadson, K, Fesen, R A, Uomoto, A, MacAlpine, G. M.,
& Henry, R. B. C., "HST/WFPC2 Imaging of the Crab Nebula. 1.
Obsenational Overview.” 1997, AplS, 109, 473

http://heritage.stscledu
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Pulsars: cosmic lighthouses

Neutron Star -- 10km in radius, 1.4 Solar Mass
Central densities -- density of nuclei

Gravity is 100 billion times Earth gravity
Pulsars emit from radio to gamma ray

Spin periods -- from 1.5 ms (700 Hz!) to 8 sec
Individual pulses quite different, but average
profile is very stable (geometry)

Sweeping dipole magnetic field

Pulsars spin down -- inferred B field 107G
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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. 10%° pairs/
sec. Also, flares!
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Intensity variation during one rotation of the neutron star
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G21.9 (Safi-Harb et al 2004) Crab (Weisskopf et al 2000) HESS J1420 (Aharonian et al 2006)



Pulsars: observationally
driven




Open questions:

% \What is the structure of pulsar

magnetosphere and how do pulsars spin
down?

* What are the properties of the wind near
pulsar? In the nebula?

* \What causes pulsed emission?

* How are observed spectra generated? (how
particles are accelerated?)




I\Aagnetospherlc Cartoon

% Open & closed
(corotating) zones.

% Light cylinder
% Sweepback

* Plasma is born in
discharges

* Minimal (Goldreich-
Julian) charge
density




Pulsar physics: unipolar induction
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Faraday disk
¢, = QBa’ / c

Pulsar “in reverse”
Rule of thumb: V~Q@;: P~V2/Zy=1V

B
Crab:B~1012G, Q~200rads' R~ 10 km
Voltage ~ 3 x 10'° V; | ~ 3 x 10'* A; Power ~ 1038erg/s




Q-B

27c

PGy = —

*Corotation electric field

*Sweepback of B field due to
poloidal current

*ExB -> Poynting flux

*Electromagnetic energy loss

Joi = Pg € =

27T

CO-ROTATING
, MAGNE TOSPHERE

Goldreich & Julian 1969




MODELING: TWO PATHS

Is there dense (n>>ngj) plasma in the
magnetosphere?




Plasma-filled models

NS is immersed in massless conducting
¥ Abundant Supply of fluid with no inertia.

highly magnetized pE + (1/c)j X B = 0

: 13E _ _4x. 1B _
plasma: -, =VXB-—j —— =-VXE,
force-free model g . EXB_ c(B-VXB-E-VXEB

1_47r B’ 47 B?

T LVAARLY/ANLY/ARLY 4 Gruzinov 99, Blandford 02

Time-independent version -- pulsar
equation (Scharleman & Wagoner 73, Michel 73)

W MW 1l+x® ¥  I(WI'(¥)

+ == —
ax? az* x(1-x*) ox R2(1-x%)

o Closed-open geometry is
— recovered for aligned rotators

0

0 ) | 1.5

Contopoulos, Kazanas & Fendt 1999



Aligned rotator: plasma magnetosphere

Toroidal Current
field iz -




force-free

Oblique rotator

A.S.2006
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Vore on the magnetosphere

% Can we understand 5[ b) ~ AS06 "
1+sin“ax dependence 2.0} ﬁ/,,«..ﬁj
of spin-down? L -

* Bogovalov 1999 split S op—""
monopole: spin-down |
constant with angle! ot

| | 0.0 L

O 15 30 45 60 75 90
Inclination angle, degrees

Monopole-like magnetic field

Are asymptotic field lines like split-monopole?




Not exactly a split-monopole!

1.0
£
Q.:"J \
10.5 4 |
£ e
<
0.0 =
-
—0.5

Try dipole field model:
B, = By(r/ry) > cosb,,.

(Bf),, = B(Z,(r/ ro) (0.5 sin” @ sin” @ + cos” @ cos” ).
Q’fl)open .
Liipote(@) = ————(1 + sin” @) L= f f S dw ~ f (B2),r* sin’ 6d6

Tchekhovskoy, Philippov, AS (2016)




Viore on the magnetosphere

a = 90°

* B-field is equatorially- L N o — B0°
concentrated (BYY /s N\
* Wind Iumlnosllty IS sohis
more equatorially monopole | /1" 7 N
Concentrated than 0 20 40 60 &0 o100 120 140 160 180
monopole

1.5}

% This effect needs to dL/dw
be included for |

S 0k
gamma'ray emisSIion mon02P0|e 0.5 | ‘

light curve calculation 5™°¢ I~ 17 N,
and PWN mOdels. 0 20 40 60 809[0]100 120 140 160 180

|

Tchekhovskoy, Philippov, Spitkovsky 2016.




Field Non-uniformity Explains Enhanced
Spindown of Oblique Pulsars

Enhanced
spindown due to

of B-field?

Assumption of

uniform B-field

under-predicts
spindown

Png = %2 )2

open

2.4

non-uniformity ———
2.2}

Tchekhovskoy, Philippov, Spitkovsky 201 6.



Field Non-uniformity Explains Enhanced
Spindown of Oblique Pulsars

Enhanced (Spitkovsky’06, Petri’| 2, AT, Spitkovsky, Li'1 3)
spindown due to 54
non-uniformity ———1____
of B-field? 221
2.0}

Assumption of
uniform B-field
under-predicts

spindown
2 2
5 5 5 5 5 q)Ope“Q*
e 9 083030 30 40 50 60 70 80 90
P, CI) ()
NS — open"® “x a |°]

Tchekhovskoy, Philippov, AS 2016.
just By variation from inclined dipolar field gives 1+sin%a



Analytic fitting model of 3D pulsar wind

Superposition of aligned Br + vacuum 90 deg

a=0° a = 30°

MHD
simulation

Analytic
Model

Oblique split-

monopole
(Bogovalov 1999)

Fitting model for oblique pulsar wind is now available



MHD advances:

% Full RMHD is now in . color: out of plane B field

W

3D! \\\
* Obligue rotator can ' 5\\ (

now be studied Iin
ideal MHD |
(Tchekhovskoy, AS, Li = op

B

et P

//

pt

2013) _ 5]
_ [ : "\\\_

% Spherical grid which
allows non- 10 f 7 \\s
axisymmetric solutions. i i \
Magnetization > 100. 15 /7 [.] ; \ |

Fixed magnetization z [rg]
inside 0.7 LC



MHD advances:

* Full RMHD is now In
3D!

% Obligue rotator can
now be studied In

ideal MHD
(Tchekhovskoy, AS, Li
2013)

% Spherical grid which
allows non-
axisymmetric solutions.
Magnetization > 100.

Spin down luminosity

— 1+ 1.15sin%«

15

30 15 60 75

o[
Obliqueness

Variation with angle is similar to force-free

90




Radio Flux (au)

Gamma-ray emission from
pulsars

o 4 Ll\
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Where does emission come from?

eSelect flux tubes that map into rings on the
polar caps. The rings are congruent to the
edge of the polar cap.

e\While ad-hoc, the point is to study the F
geometry of the possible emission zone.

eEmission Is along field lines, with aberration
and time delay added




Emission from different flux tubes

Bai &A.S. 20|

a)-b).spatial plot; ). sky map intensity
c)-d): projection to sky map;

AG-F60-95-90

2+
b)

0 60 120 180 240 300 36

Emission from two poles merges on some flux tubes: what’s special about them




Association with the current sheet

/N AN

Color -> current /| AN

Field lines that
produce best force- | /e
free caustics seem to LN “@! 1=

“hug” the current 5 AW _""f;'.;-'-" ////)/"“ I
sheet at and beyond \"f 7// 7
the LC. Saas ==

Significant fraction

|of emission comes
from beyond the light
cylinder.

Best place to put a
resistor in the circuit!




Light curves from the current sheet

Viewing angle

Current sheet
emission is a
strong contender to _
explain light curve ==t
morphology in 3D

Inclination
angle

Most of the
emission in FF
model accumulates

=75 4
w = !

s 135 |
beyond 0.9 Ric
a=90 45
,é 90
135
180

0 1

60 120

Double peak proflles very common. Bai & AS, 2010




Light curves from the current sheet
=30 - Phase=0.74 - Positrons -

Particle
acceleration is
mainly in the sheet:
reconnection

Light curve from
kinetic simulation

Spectra to come Lightcurve

1.0

08}

X 0.6

L 04}
0.2}
0.0

00 02 04 06 08 1.0
Phase

Cerutti, Philippov,AS 2016




Abundant plasma models

Pros:

* Allow us to compute global structure of the
magnetosphere

%* Spin-down power

% Geometry of emission

Cons:

% No acceleration; dissipation is artificial

% No radiation; have to beam radiation along B field in sheets

* Are these solutions unique?
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Resistive force-free

* There is a continuum  Ohm'’s law in the proper frame:
of solutions between Fawid = oBauia

vacuum and ideal

conducting force-free n Ial? fr?me.
; + pcE x B
magnetc?sphere if =5 B2
plasma is not perfect By VEEEL (1~ 32)0 o) (BoB + Bo )
everywhere. B? ¢ B2
* Can parameterize these BB \(B2- B2 4B By
with resistivity in the Bo = 2 ’
proper frame. Ey=\/B2 - B2 + B2,

: By = sien(E - B
* Nice feature: re- o = sign(E- B)

emergence of parallel E ¢ yutikov 03
field. Gruzinov 07-11 Li, AS, Tchekhovskoy, 2011




Resistive force-free

* There is a continuum  Ohm’s law in the proper frame:
of solutions between Fawid = oBauia
vacuum and ideal

conducting force-free Minimal || velocity frame:

magnetqsphere If . B x B+ \[E B By (BoB + EoF)
plasma is not perfect = B 4 52
everywhere. X
* Can parameterize these BB \(B2- B2 4B By
with resistivity in the Bo = 2 ’
proper frame. Ey=\/B2 - B2 + B2,

: By = sien(E - B
* Nice feature: re- o = sign(E- B)

emergence of parallel E of. Lyutikov03 Li, AS, Tchekhovskoy, 2011
field. Gruzinov 07-11 also, Kalapotharakos et al 11




Resistive: S
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Application:
pulsars

% |Intermittent pulsars
display changes in
spin-down power
when they are ON and
OFF in radio by factor
>1.5

* One possibility:
conducting closed
zone, vacuum-like
open zone; Interrupted
plasma production

Nntermittent

0.55
>

Av (HHz)
0.5
Y T ™
!

0.45
T

T r T

4 04

%

2
1

0
T

Timing Residual (ms)

-2

1

l e |

52800 52850 52900

Modified Julian Date (day)

Kramer et al 06




Apphcatlon

pulsars

% |Intermittent pulsars
display changes in
spin-down power
when they are ON and

OFF in radio by factor |

=19

* One possibility:
conducting closed
zone, vacuum-like

open zone; Interru pte&

plasma production
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Application: iIntermittent
pulsars

* Factorof >1.5canbe | :f
explained with *

“hybrid” vacuum-

. ‘ 1.5 ‘ i
conducting
magnetosphere. S
* The physical originof | |
switch is completely | °°|
unclear. o

!
1

Inclination angle, degrees

Lietal 12



Resistive Force-free light curves

Viewing angle

Beaming: along
interpolated B field into the
sheet. Results in radial
beaming. Other beaming
does not work!

Combine emission from
current layer (<Rlc) for
bridge emission with
current sheet (>Ric) for
peaks

Inclination angle

Li, AS, Tchekhovskoy 2014




VWeak pulsars

* Force-free disconnects current
and charge density (j can be
larger or smaller than rho c)

% \Weak pulsar solutions connect
charge and current:
Contopoulos (16), Gruzinov
(11+), Beskin (1980s+). Current
is tied to GJ density*v. v can be
<c, but hard to guess which
lines are <c.

% Charge density determines
corotation. Resistive solutions
break corotation. Weak pulsar
solutions allow E>B, but try to
keep corotation.

2 pCE X g
T By B2
2 2 - -
| et V 22k (1 — )0 Eo)(BoB + By E)

B? + EZ
Lietal 11

peCE X B + |pe|c(EoE + BoB)
B? + E§
Contopoulos 16

JAE =




Kinetic method: particle-
in-cell (PIC) simulations

OFE /0t =c(V X B) —4rnJ , VisEi=dnmo v =V B=0

d
OB /0t = —c(V x E) . —}'mV=q(E+XxB)
dt c
Load Particle Distribution
v
4 Solve Particle EQM
F;-* s (X P’ P p )
@ .
Particle Interpolation Extrapolate to Grid
(E.B)—F, (x,.p,)—(p.i)

‘ Solve Maxwell’'s Equation
(Pi;) = (E.,B,)
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Non-axisymmetric instabilities

z (stellar radii)

r (stellar radii)

Disk-Torus Electrosphere
Michel et al 84-01

Diocotron instability
AS & Arons 02;
Petri et al 02-

Q(r)

1.8

1'6

1.4

1'2

rn

y (stellar radii)
o

Rotation rate

1.25 1.5 1.75 2 2.25 2.5 2.7% 3
Radius r

8.06 periods

-4 -2 0 2 4 6

x (stellar radii)

Belyaev & AS (unpubi

Possibility of radial current

Electrospheres are a curiosity
Add pairs!?

Petri et al 02




Continuum of Intermediate states?

n/Nec.=5 Injection of pairs from surface v=0.5c n/Nai=2

t/P=3.63 ty, ~45564.87 t/P=3.63 ty, ~45564.87

U/P=3.63 ty, ~45564.87

H:

' Cerutti et al 2014



AD-INItIO pulsars

% There may be other solutions depending on plasma
supply; experimenting with pair formation prescriptions —

see Sasha’s talk

Plasma supply
w2zl B
W%

1B EA . i
‘-\_\ \\ 5 Y /
D N N | L
. - . f |
< ~N . ’

There is a class of solutions with E>B and accelerated particles (e.g.
Gruzinov; Yuki+Shibata). They must be low-multiplicity states, that may
not produce abundant pulsar wind as needed by observations.




Weak pulsars?

% Existence of pair formation at and beyond the LC is

necessary for spin-down.
Cerutti et al 2014

By, fin;=0.2

* Weak pulsars only
have pairs from near
the star. Do they
work?

rB./B,)
4 ," I"I '
nB,/B,)

Jr' fnn) :0'2

* When pairs are
continually injected
— reach E>B
solutions

20 25
R/Rc

_/

1)
)

e

i

-0.5 IS

/Ry
(4]

O A

—

* Self-consistent pair
production —
collapses to disk-
dome (see next talk)

S 20 25
R/Ryc




Source of emission

= Emission is geometrically
associated with the current
sheet

= What is the acceleration and
radiation mechanism in
current sheet?

Most likely culprit -- relativistic
reconnection. This is different
from conventional picture of
accelerating gaps starved of
plasma and curvature emission

= Boosted synchrotron from
heated plasma can work

0.1

e

X

N

Reconnection controls
magnetospheric shape!
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Why reconnection makes sense

% Conditions in the sheet can
be obtained from: —

Pressure balance

reE:onnectlng plasmoid chain

802/8 = 2 N T \""nghtCyIlnder

Uzdensky & AS 2014 (also, Lyubarsky
Strong synchr. cooling: 96, Petri 12, Arca 12)

Sin= (c/4m) E; Bo ~ Qrad ~ 6 (2n) Psyne(T) Temperature, density and
thickness depend on B at

Ampere’s law: L C. yr = T/meC? ~ [Bar Brec 8TiE/0 Bo]!”2

jz =2Nne Vdr = 2 NecC Bdr ~ (C/4T[) Bo/6 i (Bdr Brec)”z 4 x 104

Temperature at 10GeV comoving --> 160MeV synch radiation --> GeV
pulsed emission in the lab boosted by bulk gamma of ~10. IC gives
VHE.




Conclusions

* Magnetospheric shape is now known and confirmed
iIn the limit of abundant plasma in 3D.

* Geometrically these models are being contrasted
with gamma-ray observations (Separatrix Layer vs
Gaps).

% More realistic models with 3D RMHD, cascade
physics and full PIC are advancing

% Reconnection may play an important and under-
appreciated role in both emission and determining
the magnetospheric shape.




