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IN GRAVITATIONAL COLLAPSE

CONSERVATION OF ANGULAR MOMENTUM M/R; Q; = MiR;Q,

CONSERVATION OF MAGNETIC FLUX BR; = B/R;
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NEUTRKON STAKS
*1933: DISCOVERY OF THE NEUTRON (Chadwick 1933)

*1934: NEUTRON STARS PROPOSED (Baade & Zwicky 1934) AS EXPLANATION
FOR SUPERNOVA ENERGY RELEASE

¢1939: FIRST MEANINGFUL NEUTRON STAR EQUATION OF STATE (Tolman,
Oppenheimer & Volkoff 1939): MAXIMUM MASS SMALLER THAN FOR WHITE
DWARFS

¢1939-1959: NO HOPE OF OBSERVATION -> FORGOTTEN PROBLEM

¢1959: REVISED MASS ESTIMATE (Cameron 1959)

e]967: A BRILLIANT IDEA...
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Rotation
Axis
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OrLIQUE ROTATING DIPOLE

MAGNETIC MOMENT

= I [sm 0 (cos Qr e, + sin Q1 92) + cos a 23]

Rotation
Axis

L

MAGNETIC DIPOLE FIELD

s 3e. (e = B, R3
Rapidly B=— L B po= ———
rotating R3 2

dE 2

LARMOR FORMULA T c
dt 3c3ﬂ

2 B*R* B12 '
[} / Y

ENERGY LOSSES: E = Q*sin’ a B=d0s
3c 3 4 P e :




THE FIRKST PULSAK
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P=-PDOT DIAGKAM
FOR:.:n =3
(dipole)

ot (- ot
T
— — —
N o o

e PPV

- -
' '
— —
Py w

=S 1ero/s P P

-

=
-
w

)

<<

L]

- 16
T 10
a

©

-

<
-
—~

(-

=
[
o0

(61, ) —
B, =—= VP P
Pulsar without timing solution

3
2r Ry
Timed pulsar

Radio MSP discovered in LAT uniD B* ,Qj 1 OlzG\/P P_ 15

I
o ©
) bt
o O

LAT radio-loud pulsar
LAT radio-quiet pulsar
LAT millisecond pulsar

107
Rotation Period (s) P
Abdo+ 2013 B -— ~3X10yr P P,
20




PULSAKS AS UNIPOLAR INDUCTOKS



NG VACUUM PHYSICS

— EVEN AN ALIGNED
LIGHT cquDER\ DIPOLE SPINS DOWN

ELECTRONS

' > //t Q .
/? B <1+Sln2)(>

- R
WIND ZONE ¢

— DA —

CRITICAL LINE SR L SRR
firstly obtained by means of

numerical simulations

[Spitkovski 2006 ]

//
- 7

while aligned rotator in
vacuum:

CO-ROTATING
MAGNETOSPHERE
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PULSAR: VACUUM SOLUTION of ALIGNED ROTATOR
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THE GOLDREICH AND JULIAN MAGNETOSTHEKRE

r_'"" I I
- | STAR DEVELOPS

LIGHT CYLINDER
\l COROTATING

: S TRNS MAGNETOSPHERE

= QQ Rsin@ e
. i — e ANDb
C _¢

CRITICAL LINE WIND ZONE

THROUGHOUT COROTATION
REGION

//
-.’/ obe

COROTATION ONLY POSSIBLE
UNTIL v < ¢

.,\ ' CO-ROTATING
|/ MAGNETOSPHERE Goldreich & Julian 1969
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PARTICLES FLOWING ALONG OPEN FIELD
LINES MAY REACH INFINITY



THE STRUCTUKE OF THE MAGNETOSTHERE
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B % e R, sin 6/ FOR DIPOLE TANGENT LINE: sin”8/R = const
* 3 B=B_|— cos fe e
R3 * SR = g7
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THE PULSAR POTENTIAL DROP

POTENTIAL DROP ACROSS PC |
o® . IS THE ACTUAL POTENTIAL AVAILABLE B OR2 ;.
. AD, = ————Zsin’*0 '
Y 2c e }
o ® IS A"MEASURED” QUANTITY, ONCE YOU | NOTICE: :

- 2c RLN

‘ B,QR2 R e
MEASURE E i AGD el —\/E_/c ]

*PULSARS CAN EASILY REACH THE KNEE:

_FOR CRAB PERIOD OF 33ms E,_~ 60 PeV B

E_=eb=6.5x10" TV
Pfoo
oNEW BORN (FAST SPINNING) MAGNETARS CAN BE

ZEVATRONS IN PRINCIPLE { POTENTIAL DROP BETWEEN POLE AND INFINITY |

gy -

:
oPOTENTIAL DROPS LARGER THAN ® AND UPTO ¢ _ BQRy R,
pPC 2 A(I)’[O’[ R 3 R A(I)pc

SOME FRACTION OF @, CAN BE ACHIEVED IN THE

B
MAGNETOSPHERE IF FOR SOME REASONS MORE By = €® =2x 10"—= eV
FIELD LINES ARE OPEN | Floo
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FLAWS OF THE

SUPERNOVA SHELL™

GJ MODEL

e VACUUM FIELD NOT SELF-CONSISTENT:
- NEGLECT OF DISPLACEMENT CURRENT (Deutsch

v

CURRENT- 1955)
RAECTORIES - NEGLECT PARTICLE INERTIA
N\ /. - NEGLECT OF MONOPOLE TERM (Michel 1969)
CRITICAL LINE (7 [ . N\
\. X__\/ )" e CHARGE SUPPLY UNCLEAR
ELECTRONS - -
L) N\ e CHARGE SEPARATED FLOW OR QUASI NEUTRAL
f = \ PLASMA?
PROTONS jO 2
v POLOIDAL B x M
e B ( o K)

Goldreich & Julian 1969



WHY DOES AN ALIGNED QOTATOQ SPIN DOWNY?

‘! FORCE-FREE SOLUTION:
§ accounting for particles in the magnetosphere §

24
E:’u 5 (1+sin2)()
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ENERGY LOSS BY A GJ FLUX OF PARTICLES LEAVING THE STAR POLAR CAP AT PULSAR DROP

Epart =4V, GJEdrop

E ok

part

Eyop = eAD, = eV Elc
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SPACE CHARGE LIMITED ~LOW
POLAR CAPS

OUTER GAPS

Arons 1979

p§J=J*/C J:J*B_ JGJ:CIOG]OCBZ
*

¢ CHARGE DENSITY LOCALLY NEEDED CAN BE SUPPLIED FROM THE STAR ONLY FOR FIELD LINES
WITH DECREASING B”/B A FRACTION OF THE TOTAL FOR OBLIQUE ROTATORS

e UNSCREENED ELECTRIC FIELD IS LEFT IN ALL CASES IF PARTICLES FROM STAR SURFACE ONLY



SPACE CHARGE GAPS AND VACUUM GAPS

VACUUM GAP Charged particles are bounded fto
T <T the star due to lattice structure in

Qe B <0

strong magnetic field

Thermoionic emission
temperatures:

0.8 04
T. ~3.6x%x10° K & By
g 26 1012G

0.
i B, 73
'~ 35%x10° K
102G

NS SURFACE NS SURFACE

Usov & Melrose 1995 Particles below those temperature
Harding 2007 are bounded to the star



MAGNETIC PAIRK PRODUCTION

PHOTON CAN {hu = 2m,c?y 2 (m, ¢

hv

hy > 2m, c?

= CREATE PAIR hvlc = 2m,cyp

IN VACUUM PAIR LIVES ONLY Ar~ h/AE

AV
Erber 1966 IF B-FIELD A¢ = C— = D ~c At AD

rr

g g 52 o o 2

PAIR BECOMES REAL IF D > A = I Dr—= ( - ) ( ) Ee -

144} eC‘ ‘ “ 471' meC B OED 471'

y > 1 = EXTREMELY EFFECTIVE PAIR CREATION

= (v (1w
7= = 0.4
m.c? Bogn 10MeV / \ 102G/ » < 1 = PAIR CREATION SUPPRESSED AS exp(—4/3y)

4.4 Bopp 4

PAIR CREATION LENGTH: [, =—A4 ——exp (—)
afS B 3)(

RAPIDLY CHANGING QUANTITY IN
THE MAGNETOSPHERE




ALL GATS

slot gap

closed magnetosphere

Petri 2017



DIAGNOSTICS OF THE CASCADE
DEATHLINE GAMMA-RAYS MULTIPLICITY

Curvature
e — or —> Y (Ey>50 MeV) => y+B—et+te-

~107 ICS on star X—T’OYS ~102-3

Ypr'imar'y Ysecondary

v=-RAYS




DEATHLINE AND MULTIPLICITY

Peak of curvature radiation photon energy
e, cr = 34cr’1(2p,)

Photon energy of Inverse Compton in Klein-
Nishina limit:

Gy,IC cah

V  y-ray pulsar
wems  CR pair death

s |CS pair death Pair production of CR photons require larger

—
»
0
p
O
2
e
©
P
 —
O
2
=
O
 —
o)
Q.
@)
o
-

LR T

Log[Period (s)]

Harding 2007 HIGHEST MULTIPLICITY FOR SYNCHROTRON/
CURVATURE POWERED GAPS: K< few x 105

BUT.... PWNe






THE ALIGNED KOTATOK

ALIGNED ROTATING DIPOLE
VERY SIMILAR TO SPLIT MONOPOLE

= R\’ R
B =B, [(%) gR—(RL)smé’ e¢]

YET ANOTHER WAY TO LOOK AT THE STAR
{ SPIN-DOWN: POYNTING FLUX THROUGH THE

— : L IGHT CYLINDER SURFACE:
0 I‘\\ : : B2 R 3
‘ ' ' Y B K S, = —=cnR? BBk [ 2]}
. B20*R®
? E ~ s 3
C'3

O T S T, e = - i EL LR R i O A ey o _ag o Ry Lo posBa ST B S P ey ot B4 Lo -Dosha BTG & U e ter = g VR TN
= 7 - At - = - G —_— oy = - < it — S N = > < A —




ENERG'Y BUDGET

ENERGY FLUX THAT LEAVES THE PSR

E=xNs;mIc?| 1+— +o

Km,

B2
o =

dn nem, c41*

K = multiplicity due to pair creation
ELECTRON-POSITRON PAIRS

MAGNETIC FIELD
IONS

CAN WE CONSTRAIN K AND 0 ?
WHAT ABOUT IONS ?
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THE CURRENT SHEET

= sinflcos ¢ e, +sindsing e, + cosO e,

PATTERN PROPAGATES AT SPEED V



THE CURKENT SHEET

e

cN
1
N

|

|

COS y cos
siny sin 6

R
gb—Q(t—V)] + cosf cosy =0

v

r(0, ¢, 1) = é {Qt — @ + 2n [ £ arccos [—

|

Y(, R,0,¢) = sinfsin ycos



AR WIND NEBULAE




Pulsar
&
agnetosphere

SHOCKE
EJECTA

Adapted from Kennel & Coroniti 1984
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CRAB NEBULA SPECTRKUM

BROAD BAND NON-THERMAL SPECTRUM

CRAB NEBULA spectrum [adapted from Atoyan & Aharonian 1996]
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10 19 20 25
Log(v/Hz)

synchrotron radiation by relativistic particles in the nebular B field
Inverse Compton scattering with local photon field




THE CKAB NEBULA IN

_ 10—10

T o THE ONLY

S ESTABLISHED
0] | RS one” GALACTIC

T MAGIC 201542020 PEVATRON!!!
L HAWC 2019

-

-

I
=
W

Tibet ASy 2019
LHAASO 2021

108 10° 10 10t 10 10%3 10 10P°
Energy [eV]

Amato & Olmi 2021

FOR ICS ON CMB
HIGHEST ENERGY

e, ~ 037 (E/PeV)'3 PeV | LHAASO E, ~ 2.4 PeV
} DATA POINT




Soft X © Whipple
. HEAO A4 0 HEGRA

* CASA

MOST OF THE

PARTICLES ;
MOST OF THE

ENERGY

Log(v/Hz)

EXTRAORDINARY
ACCELERATOR!

ONE ZONE MODELS
(Pacini & Salvati 1973, EA+ 2000, Bucciantini+ 2011....)

BUT....



BRI OPEN QUESTION

o MOST EFFICIENT ACCELERATORS IN NATURE
€. < 3095

aCC rv

e ENERGY FLUX THAT LEAVES THE PSR

m. B~

E=xN;mIc*| 1+—+o0 a—

Km, 47 ny m, c= I

- WHAT THE ACCELERATION MECHANISM(S) IS (ARE)
POSSIBILITIES DEPEND ON

WIND COMPOSITION (IONS? «?) | IN PRINCIPLE BOTH §

4 f DEPEND $
WIND MAGNETIZATION (o?) il




BASIC PICTURE OF A PWN

Ry = termination shock
radius
Ry = nebula radius

Pulsar
&
agnetosphere

. 19 =1 J oy
" Tk =3 e
* At B

y i PN Fas | 3
drcR% | 47Ry,

e
- ’

Vv
Adapted from Kennel & Coroniti 1984 R — N R
. 7S5 N
[Del Zanna & Olmi 2017] C



+ Hubble
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Synchrotron
bubble

- November 26

1/2
W 5V ~ DISSIPATION AND
No emission Reg=\— )¢ Saee PARTICLE
(PW) LU ACCEI ERATTONSAT TS

Adapted from Kennel & Coroniti 1984
[Del Zanna & Olmi 2017]



1D/2D STATIC MODELS OF PWNE

[Rees & Gunn 1974, Kennel & Coroniti 1984, Emmering & Chevalier 1987, Begelman & Li 1992]

FROM DYNAMICS AND RADIATION MODELING
OF OPTICAL /X-RAY EMISSION OF THE NEBULA

Synchrotron
bubble

. particle spectral index(es) = y = 2.3
. wind Lorentz factor — " = 3 x 10°

. wind magnetization — ¢ = vy/c ~ 3 X 107>

. particle injection rate —» N ~ 10°% 57!






FERMI ACCELERATION
(RELATIVISTIC UNMAGNE

=1 c=0 Yo=15

1 e
\ 0 5000 10000 15000 = 5000 10000 15000
Time [w,; '] Time [wy;']

10% 10°

b4 Sironi, Spitkovsky, Arons 2013 7 X (15000/&)1-,.101/2

POWER-LAW DEVELOPS BUT SLOW PROCESS!
SCATTERING ON SMALL-SCALE TURBULENCE: Ey;\y o 114



ERMI ACCELERATION
(RELATIVISTIC MAGNETIZED')
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Sironi, Spitkovsky 201

IN PRINCIPLE VERY FLAT SPECTRA AT
LOW ENERGY

FERMI ACCELERATION IN
UNMAGNETIZED PLASMA AFTERWARDS

RESULTS DEPEND ON
A

]"LU

0 AND



2D o0=10 with no guide field

@pt=45

1000

2000

3000 4000

BN Sironi, Spitkovsky 2014
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INTERACTION WITH X-POINT

o0 100 150
7end

DC ACCELERATION

THEN ADVECTION INTO MAJOR ISLANDS

O

4 S G L - i .
TR E m a2 e o e —
q
.,
U ‘
,

SPECTRUM N

\

> few x 10 |}

{ ACCOUNT FOR A

IF REALIZED, RECONNECTION | P R
BEFORE THE SHOCK = :
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PARTICLE ACCELERATION MECHANISMS:
SUMMARY OF REQUIREMENTS
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