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OUTLINE OF LECTURE 2

SUMMARY OF LECTURE 1

MHD MODELING OF NEBULAE AND THEIR RADIATION
= 1-D MHD MODELING
= 2-D MHD MODELING
= VARIABILITY

PARTICLE ACCELERATION AT THE MOST RELATIVISTIC SHOCKS
IN NATURE

OLD NEBULAE, FAST PULSARS AND THE ELECTRON-POSITRON
EXCESS IN COSMIC RAYS
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PULSARS CANNOT BE
SURROUNDED BY VACUUM

A COROTATING MAGNETOSPHERE DEVELOPS
‘COROTATION CANNOT EXTEND BEYON R~

‘NOT ALL FIELD LINES CAN BE CLOSED

‘PARTICLES LEAVE THE STAR ALONG OPEN FIELD LINES

THE SYSTEM
TRIES TO ACHIEVE
E,=0 EVERYWHERE
re needed o see this picture. BUT -I-HIS |S NOT
POSSIBLE WITH
ONLY CHARGES
FROM STAR

SURFACE



THE WIND ZONE

- B ACTS AS SOURCE

27 OF TOROIDAL FIELD:
B COMPARABLE TO B, AT THE
LIGHT CYLINDER

Jag = cpgy =

AT LARGER DISTANCES FIELD LINES
ARE OPEN: B MONOPOLE LIKE

QuickTime™ and a TOROIDAL FIELD

decompressor

are needed to see this picture. " BECOM ES
c) sng DOMINANT

—— |OBLIQUE DIPOL
IN VACUUM

A




PULSAR SPIN DOWN

FOR ARBITRARY . o o [ RO
INCLINATION o E = cB{R; ( p
BETWEEN B AND Q

4
) (1 + sin® o)

E =100 = —a0?

Q, QL
AFTER INTEGRATION £X()= oD 0=
[1+¢/7,] a(n—1)
n+l
5o altd n=BRAKING INDEX.
|:> T n=3 FOR A DIPOLE FIELD
[1+2/7, ] AND <3 FOR OTHER CASES

DERIVING n IMPLIES MEASURING d?P/dt?
MEASURED FOR 4 PSRs ONLY: ALWAYS LESS THAN 3!



AVAILABLE POTENTIAL

2 R*Q
E ~ ¢B?R? ( ) - -
E_..—=eb=2x10222cy
.

UNSCREENED POTENTIAL =
ACCELERATION TO E»"KNEE”

‘WHERE THERE IS UNSCREENED E, PARTICLES ARE
QUICKLY ACCELERATED TO RELATIVISTIC ENERGIES
A PAIR CASCADE IS INITIATED

Curvature

e = or —> v (Ey>50 MeV) => y+B—e*+e-
107 ICS on star X-rays ~102-3

YSecondary

YprimaryN

-CASCADES OVERSHOOT ng.
-BY HOW MUCH DEPENDS ON MODEL.
“MULTIPLICITY?



PAIR PRODUCTION SITES

POLAR CAPS OUTER GAPS
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PAIR PRODUCTION AND

%imr
%ﬁﬂar rads

Rotation aD

Polar
cap

Neutron

region™
N\

Magnetic
field

|

Closed
field lines

Open

field lines

v-RAY EMISSION

*USE y-RAYS TO LEARN ABOUT
PAIR PRODUCTION

‘POLAR CAPS MODELS, THE ONE:
WITH CLEAREST PREDICTIONS
ON MULTIPLICITY, EXCLUDED

AS MAIN SOURCE OF y-RAYS
*SLOT GAPS AND OUTER GAPS
ARE HEAVILY CHALLENGED BY
NEW OBSERVATIONS AND
FORCE-FREE SIMULATIONS
‘FORCE-FREE IS BETTER APPRO?
THAN VACUUM



FOLLOW THE ENERGY

MOST PULSAR ENERGY
GOES INTO PWN

Supernova
Interstellar Material Blast Wave
and Swept-up

/

4
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rays

————lp
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6T4HE WIND ENERGY
Ex = BRQ de 4—E><B+Fmd(nm+nm)c

ER—KNGJm % Fmd( j(1+0 WE MEASUREE

Km

1 ,U3o DEPENDS ONLY ON
~3x10 P2 s MEASURED
100 PSR PARAMETERS

Mo
(&

. 2 02
Nes = TRy 8 ¢

N | CAN BE EVALUATED FROM PWN SYNC. EMISSIOI
A KNOWING B

K =

B> MUST BE LARGE AT LC: 6~104-10°

0= 4 7m 212 PROBABLY SMALL IN THE PWN
o Tefy

v BASED ON MHD MODELING




MAGNETIC FIELD IN
NON-THERMAL SOURCES

*EQUIPARTITION
*SYNCHROTRON AGE BREAK
*‘RATIO BETWEEN ICS AND SYNCHROTRON EMISSION
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AFTER ESTIMATING MAGNETIC
FIELD

IN CRAB: Beq =~ 300 pG

{1

~ 10%
RADIO EMITTING PARTICLES HAVE ¥~

' 40 _—1
THEIR EMISSION CORRESPONDS TO [V =~ 10 S

IONS CANNOT
F A 1 4 ~ 1 §) DOMINATE
W 0 k 0 THE ENERGY
BUT
X-RAY EMITTING PARTICLES IN SAME FIELD:
16 1l PeV IONS COULD
'y =10 k ~ 10 DOMINATE

THE ENERGY



nF(v) (erg/s)

1-ZONE MODELS FOR
THE PWN EVOLUTION

CHANGING PULSAR INPUT
EVOLUTION OF PARTICLES AND MAGNETIC FIELD

Luminosity C58 Luminosi
beadnddaieiols’ 4 e SL28 Luminosity
1038{.' : R TER TR - 5 , 3 ; v = .1, ]C..%:- Vop—— P p——p—— f'*T"}/ Py— ‘3
b R . -
10% E
— E 3
w :
1 & 10%¢ 1
“ < i 3
f; _'
1 T 10%F 3
. ™~ - 3
R ~ 4
= 1
E ]O‘,? 1
30 1C‘$‘ [ A i i 1 Al j
10 10° 10" 10" 10%° 10% 10%
Frequency (Hz) Frequency (Hz)
QuickTime™ and a
decompressor

are needed to see this picture.

Bucciantini, Arons, Amato 2012



HOW TO MAKE PROGRESS

*1-ZONE MODELS SUGGEST HIGH MULTIPLICITIES
*THEY CANNOT BE CONSIDERED CONCLUSIVE:
ASSUMPTIONS ON WIND EVOLUTION MIGHT BE FLAWED
*THEY ONLY PROVIDE INFO ON AVERAGE QUANTITIES
*THEY DO NOT REALLY PROVIDE INFO ON o

QuickTime™ and a
decompressor
are needed to see this picture.

DETAILED MHD MODELING WHEN POSSIBLE



MHD MODELS OF PWNe:
~ ASSUMPTIONS

1-D STEADY-STATE HD (Rees & Gunn 74)
1-D STEADY-STATE MHD (Kennel & Coroniti 84)
1-D SELF-SIMILAR MHD (Emmering & Chevalier 87)

2-D STATIC MHD (Begelman & Li 92)

\’

GENERAL ASSUMPTIONS

*COLD ISOTROPIC MHD WIND
»STRONG PERP. REL. SHOCK
*SUBSONIC FLOW IN THE NEBULA
"PARTICLE ACCELERATION AT THE TS
sSYNCHROTRON LOSSES THEREAFTEF\’J

N

MAIN FREE PARAMETERS
‘WIND MAGNETIZATION o= B2/(4nnmc?I?)
*LORENTZ FACTOR I"

"PARTICLE SPECTRAL INDEX o Yy




THE KENNEL AND CORONITI MODEL

(Kennel & Coroniti, 1984a, 1984Db)

QuickTime™ and a

ecompressor
are needed to see this picture.

/FREE PARAI\/IETERS\
WIND MAGNETIZATION

o= B2/(4nnmc?I?)
LORENTZ FACTOR T’

\ SPECTRAL INDEX o /




RELATIVISTIC MHD EQUATIONS
IN SPHERICAL SYMMETRY

ézo izé rznu)zO CONS
P " o PARTI
1 5’[”“3}0 INDUCTION
ra\ y EQUATION
1 & B[ u'l|| 2
Ty

: B u ENERGY
rlwrut — )= 0 CONSERVATION




JUMP CONDITIONS AT A
RELATIVISTIC SHOCK

(1) ——(r nu) 0 (3) ;;{rz[wu2+p+§(l+b;jj|2f—0
1 2| ruB 1 2| , B* u
2 mr(y):" @ pgmme )

SHOCK IS ASSUMED STEADY STATE
INTEGRATE EQUATIONS ACROSS THE SHOCK: AXx—0

B B
niu, = n,u, el W
/4] %)
_ W B2 2 B2 2
=" LN, +p1+—(1+ I;lzj y2n2u§+p2+—2(l+%j
1 2
B12 U Bz2 U,
My, + —— = WUy, + ———
47y, 47y,



THE SHOCK JUMP

ASSUMPTIONS:

HIGHLY RELATIVISTIC SHocK =~ W >> 1= =y,

P 2
*UPSTREAM FLUID IS COLD nlmlcz =0, 4> me
B’ , 1]8c°+100+1 \/[802+100+1T o’ &
o= 1 Uy =9 = -
472711”17/17”62 2 \ 8(1+ o) 8(1+ o) 2(1+c7))

IMPOSING POSITIVE DOWNSTREAM PRESSURE ALLOWS TC
SELECT CORRECT SOLUTION

2
, 1 8(72+100'+1+ 80° +100+1 o’ 5
= — o — == 1
. 2{ 3(1+ o) \/{ s(1+0) ) 2(+0) eV

P __1 {1“{1%]4 B_n
nlmczylz du,y, u, N B, u,




LARGE AND SMALL o
, 186’ +100+1 , [80”+106+1] o L 2
”22{ 3(1+ o) i\/[ 3(1+0) J2(1+0') Bl

P _ 1 {1+{1—ﬁ}ﬁ B_n
nlmczylz du,y, U, N B u,

IF B-FIELD DOMINATES
DYNAMICS:

*FLUID DOES NOT SLOW
DOWN AT SHOCK
‘PRESSURE STAYS LOW
(LITTLE DISSIPATION)
*B-FIELD FURTHER
INCREASES EVEN IF LITTLE
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QUANTITIES NORMALIZED TO UPSTREAM
TOTAL ENERGY DENSITY




NEBULAR DYNAMICS

1 o 1 o B[, u'l|| 2p
(1) 75 7’27’17/!)20 (3) 75{r2(wu2+p+g(l+7D|—7:O

1 2| ruB 1 2| , B* u
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TERMINAL VELOCITY

o 3 U, o {a—)oo = B -l
u = OO::———-—-—————
A1+ 20 c->0 = B >0

1.000 ¢

0.100 ¢

U(r/rs)
Q Q Q Qg
I
O

QQ_\_\

0.010F

O_;

0.001 ; O RN ; L @ x o=
1 10 100
r/rs

FOR LARGE o TERMINAL VELOCITY STAYS RELATIVISTIC
IN CRAB v =1000km/s e o=v,/c=0.003




MAGNETIC FIELD

10.00 |

g 1.OOE
% o=
<.
EB’ =]
0.10p 0=0.1
F g =0.001
0.01 : e & % % &g | :
1 10 100
"/"s
Rrg

FOR SMALL o B PEAKS AT AROUND \/T
o
WHERE EQUIPARTITION IS REACHED



SPECTRAL EVOLUTION

‘ INJECTION SPECTRUM AT SHOCK: f,(E,)=KE,"

CONSERVATION OF PARTICLE NUMBER

4mr’cuf (E,2)dE = 4micf,(E,)dE, = f(E, Z)— f2 [E (E, z)]—
‘ 2(E,Z)— ?\
E E
aE _ av_ —c,B°E* — ud—E = Euilnn” L B°E”
dt 3V (t) dt dr dr c
uBr _u,byr, N B B,
4 V> \%4
nur’ = nyur’ — n= n22
4
KE™ E "7
f(E,z)= — [1__] E_(z) MAXIMUM PARTICLE
(sz)( ) E, (z) ENERGY AT ANY PLACE




NEBULAR SIZE

CRITICAL FREQUENCY FORM FACTORS
; =2
E >
V (Z)— ( 2) 1 [ oo(f)j (Z Zl)
4\ mc/vz\ mc

NEBULAR SIZE DECREASE
WITH INCREASING OBS.

FREQUENCY

eeeeeeeeeeeee

eeeeeeeeeeeee



INTEGRATED SPECTRUM

INTEGRATED SPECTRUM SHOWS
STEEPENING DUE TO DECREASING NEBULAR VLUME WITH
INCREASING FREQUENCY

QuickTime™ and a
decompressor
are needed to see this picture.



MHD MODELS OF PWNe: PREDICTIONS

ﬂso .

Q -
& 1036

S

1 035

|
'.
-
3 *
- L t _1
l 4
a
x i '
N 3 1
- ’ 3 |
» - , £ 3 - 1
[} ' ! |
1054 .
E 10 Gev 300 GeV 10 TeV 100 TeV
s ( electrons responsible for re " )

109 A -

| INTEGRATED EMISSION SPECTRUM\

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Log(v/Hz)

FROM OPTICAL TO X-RAYS AND

EVEN y-RAYS (de Jager & Harding
92; Atoyan & Aharonian 96)

NO EXPLANATION FOR RADIO
ELECTRONS: MAYBE PRIMORDIAL

(Atoyan 99)...
/

/SIZE SHRINKAGE WITH

\ / ELONGATION \

(@) i Lemt llar  t=1.0
medium

H=0.19 pe

z (pc)

_20 L " A
\2,0 -1.0 0.0 1.0 y
r (pc)




BASIC PARAMETERS AND QUESTIONS

LEFT OPEN

FROM PRESSURE BALANCE

Ry ~Ry(Vay/C)V2~109-1010 R, }

[ (e.g. Rees & Gunn 74)

In Crab Ry ~0.1 pc:
~boundary of underluminous (cold wind) region
~“wisps” location (variability over months)

YUV420 codec decompressor

/ Wind parameters \

'~3x10°
from radiation properties

a~2.2
\ (Just right for FermiI) /

[

[ o-parladox! } L

AT PNRLC G~104 FNIOZ
(pulsar and pulsar wind theories)

|

{

At Ryt o«1(I?]) T'e(104-107)
(PWN theory and observations)

|




THEN CAME CHANDRA!

Vela X (Chandra)

b

(Pavlov et al., 01)




THE PUZZLING JET IN CRAB

JET IN CRAB APPEARED TO ORIGINATE FROM CLOSER TO THE
PSR THAN R+g

g MAGNETIC COLLIMATION IN

RELATIVISTIC FLOW NOT AN

OPTION (edg. Lyubarsky & Eichler 01)
»l= pE+jxB=0

\

~

J
<

s
COLLIMATION MUST OCCUR
INSIDE THE NEBULA

K(Bogovalov & Khangoulian 02; Lyubarsky 02) y

\_

ANISOTROPIC ENERGY FLUX OF THE WIND
Focsin?(0)
LEADS TO OBLATE TS, CLOSER TO THE PSR AT THE POLES THAN
AT THE EQUATOR

~

J

[ THIS IS EXACTLY WHAT WIND MODELS PREDICT! }




ANISOTROPIC WIND ENERGY FLOW

DENSE PLASMA
WE SAID....

0.0

-1.2

/ ANALYTIC SPLIT MONOPOLE SOLUTIONS \
(Michel 73; Bogovalov 99)
CONFIRMED BY NUMERICAL STUDIES IN THE

FORCE FREE
(Contopoulos et al 99, Gruzinov 04, Spitkovsky 06)
AND RMHD REGIME

\ (Bogovalov 01, Komissarov 06, Bucciantini et al 06) /

ﬁTREAMUNES BECOME ASYMPTOT|CALLY\

RADIAL BEYOND R,

MOST ENERGY FLOWS AT LOW LATITUDES:

Focsin?(0)
MAGNETIC FIELD COMPONENTS:
B.c1/r? Bocsin(6)/r
WITHIN IDEAL MHD o STAYS LARGE
CURRENT SHEET IN EQUATORIAL PLANE:
OSCILLATING AROUND EQUATOR IN
OBLIQUE CASE

ANGULAR EXTENT DEPENDS ON
\ OBLIQUITY /




THE WIND MAGNETIZATION

HELICAL WIND

ot LOWERING s THROUGH

DISSIPATION IN THE STRIPED WIND
(Coroniti 90)

NI/DIRECT EVIDENCE OF STRIPED WIND IN\

BINARY PSR 0737(McLaughlin et al. 04)

! PULSED y-RAYS FROM RECONNECTION?
¢, \_ (Kirk et al. 02) y

/ RECENT STUDIES: \
"RECONNECTION NOT FAST ENOUGH AT MINIMUM RATE (Lyubarsky & Kirk 01)

»dN/dt~10% s-! REQUIRED FOR CRAB (Kirk & Skjaeraasen 03)

»"THIS CONTRASTS WITH PSR THEORY (e.g. Hibschman & Arons 01: k~103-10%
\:>dl\l/d1'~1038 for Crab) BUT JUST RIGHT FOR RADIO EMITTING PARTICLES /

IN 2-D MHD SIMULATIONS Bocsin(0) 6(6)
with G(0) accounting for decreasing magnetization toward equator




TERMINATION SHOCK STRUCTURE

" AXTSYMMETRIC RMHD SIMULATIONS OF PWNE |

Komissarov & Lyubarsky 03, 04
Del Zanna et al 04, 06

k Bogovalov et al 05

/

TS structure

0.4

Focsin?(0)

["ocsin?(0) =

B,ocSin(6)G(6)
A: ULTRARELATIVISTIC PSR WIND

0.2

B: SUBSONIC EQUATORIAL
OUTFLOW 0.1
C: SUPERSONIC EQUATORIAL
FUNNEL

A: TERMINATION SHOCK FRONT
B: RIM SHOCK

C: EMS SURFACE



FLOW PATTERN

Velocity 5=0.03 Magnetization

/[« ----- H I S - . — 1
y / —~ ‘»_;~.' ) \ 51 Al
s \
= A p 1 _'- e : \l ;
0.5 e, )| ) et
3 — e | S _
Z ) XN
J
7 A | ‘l f § W
/ W
’llul‘ | \
L L ) H
| ( f

*FOR SUFFICIENTLY HIGH o, EQUIPARTITION IS REACHED IN
EQUATORIAL REGION

*EQUATORIAL FLOW IS DIVERTED TOWARDS HIGHER LATITUDES

A FAST CHANNEL MAY THEN FORM ALONG THE AXIS




DEFENDENCE ON ¢ OF FLOW
VELOCITY

(Del Zanna et al 04)

¢>0.01 REQUIRED FOR
JET FORMATION

SEST FIT: FACTOR 10 LARGER
THAN WITHIN 1D MHD
MODELS




pEFENDUENCE UN FIELD
STRUCTUR

1.0[
0.81
0.6

0.4

(Del Zanna et al 04) 0.2}

't 15 |- R NN RPN PO, TR WL U P
00 02 04 06 08 1.0 1.2 1.4




SYNCHROTRON EMISSION MAPS

0=0.025, b=10

N

(Weisskopf et al 00)

E,...|S EVOLVED
WITH THE FLOW
f(E)cE, E<E, o
(Del Zanna et al 06)

(Hester et ul 95)

BETWEEN 3 AND 15 % OF
THE WIND
ENERGY FLOWS WITH
0<0.001

RN

(Pavlov et al 01)



v, (erg/s)

THE CRAB NEBULA INTEGRATED
EMISSION SPECTRUM

|

requires injection spectrum with a=2.71lll But....

Quantitative fit of the spectral properties of the Crab Nebula }

10%8E

10%7 L

10% L

AAAAA

=Optical spectral index maps (Veron-Cetty &
Woltjer 92) suggest flatter injection

spectrum: a~2.2 (but see also Kargaltsev &
Pavlov 09)

=Suspicion that particles are loosing too

A little: average B too low?

=Tnh order to recover total flux
number of particles artificially large

=Synchrotron only offers combined
information on n, and B: L ,ocn, B2

*But computation of ICS offers additional
constraints: Lycgocn, Uy,




v-RAY SPECTRUM FROM CRAB

MULTIPLE
CHANGES
OF SLOPE!

T {compuTeD |
c-fR ----4 ICSFLUX
c-cM3 —~ 1 EXCEEDS
THE DATA
BY A

| FACTOR ~2
N ~/

v, (erg/s)

4 HIGHER o
/ \ REQUIRED?

EXPLAIN . .

ENTIRE 25 30
SPECTRUM

WITH

SINGLE COMBINED SYNC+ICS DIAGNOSTIC OFFERS DIRECT

POWER-LAW |CONSTRAINTS ON MAGNETIC STRUCTURE OF THE WIND
AT AND PARTICLE SPECTRAL INDEX

\lNJECT|ON?/ CONSTRAINING I" IS MORE COMPLICATED...




v-RAY EMISSION FROM CRAB

4 GcnaAV

IC brighlness mop - runA - a,=0.85 - 4GeV

160 GeV

_ 250 GeV
IC brightness mop - runA - a,=0.85 - 250Ge!

"

(Volpi et al 08)

Tey

IC brightness mop - runA - a,=0.85 - 1TeV

x (i)

= (W,

NO SHRINKAGE IN EQUATORIAL REGION

250 GeV 500 GeV

300-700 phe | >700 phe |

Exiess € onras

& =« 8 X B B

5 %% “ - A\

MAGIC: Albert et al 08



v-RAY VARIABILITY DUE TO
MHD EFFECTS

(the movie)

Tatal spactrum  time (yr)=850.200

Syne brightnoea 1kaV {(logh Hma {yr)=060.200
S_IIIVIIVIIIII LARALE LI RAARAR AL LRALALRALE LARARALRL) RALRLRLLES

TITTTTT

brghtneam 2B0CaY Hma {w)=050_000

sy
FIR — — -

LA 1




v-RAY VARIABILITY DUE TO
MHD EFFECTS

Theory Observations

40 MeV
Dt~6 months 2

De Jager et al 96: h
30% IN COMPTEL (1-150 MeV)
100% IN EGRET (70-150 MeV)
INITIALLY NOT CONFIRMED
BY FERMI (Abdo et al 09)
BUT THEN.....

R
—
—
—
-

950 952 954 956 958 960
Time (yr)

STRONG FLUX VARIATIONS EMISSION DUE TO MOVING
IN THE SYNC CUTOFF REGION FEATURES AROUND TS

NO VARIATION (~1%) EXPECTED AT TEV ENERGIES |




X-RAY VARIABILITY IN THE
INNER NEBULA



VARIABLE SHOCK STRUCTURE
AND THE WISPS

QuickTime™ and a QuickTime™ and a
decompressor decompressor
are needed to see this picture. are needed to see this picture.

Camus, Komissarov, Bucciantini 09



PARTICLE ACCELERATION
AT THE MOST RELATIVISTIC
SHOCKS IN NATURE



RELATIVISTIC SHOCKS IN ASTROPHYSICS

BLOBS COLLIDE GAMMA
GRBs (internal shock YS

s stower "2ve)

1 3
FASTER , BLOB
DISK BLO

PREBURST

GAMMA-RAY EMISSION

AFTERGLOW

Crab Nebula



PROPERTIES OF THE FLOW AND PARTICLE

ACCELERATION

/ PARTICLE ACCELERATION AT THE HIGHLY RELATIVISTIC \

TERMINATION SHOCK

A COLLISIONLESS SHOCK: TRANSITION BETWEEN NON-RADIATIVE
(UPSTREAM) AND RADIATIVE (DOWNSTREAM) TAKES PLACE ON

SCALES TOO SMALL FOR COLLISIONS TO PLAY AROLE

SELF-GENERATED ELECTROMAGNETIC TURBULENCE MEDIATES
THE TRANSITION: IT MUST PROVIDE BOTH THE DISSIPATION AND

-

PARTICLE ACCELERATION MECHANISMS

/

-

THE DETAILED PHYSICS AND THE OUTCOME OF THE
PROCESS STRONGLY DEPEND ON

COMPOSITION (e--e*-p?)
MAGNETIZATION (c=B2/4nnI'mc?)

GEOMETRY (T x®(B-n))
OF THE FLOW

<




PARTICLE ACCELERATION MECHANISMS

-

COMPOSITION: MOSTLY PAIRS
MAGNETIZATION: 5>0.001 FOR MOST OF THE FLOW
GEOMETRY: TRANSVERSE

o

-~

vOUTCOME: POWER-LAW WITH a~2.2 FOR OPTICAL/X-RAYS
a~1.5 FOR RADIO
vVMAXIMUM ENERGY: FOR CRAB ~FEW x 105 eV

\\/EFFICIENCY: FOR CRAB ~20% OF TOTAL L4 /

REQUIREMENTS: R

(CLOSE TO THE AVAILABLE POTENTIAL DROP AT THE PSR)

: PROPOSED MECHANISMS: I

*FERMI MECHANISM IF/ WHERE MAGNETIZATION IS LOW
ENOUGH

*SHOCK DRIFT ACCELERATION

sACCELERATION ASSOCIATED WITH MAGNETIC RECONNECTION
TAKING PLACE AT THE SHOCK (Lyubarsky & Liverts 08)

*"RESONANT CYCLOTRON ABSORPTION IN ION DOPED PLASMA

\(Hoshino Et Al 92, Amato & Arons 06) /




PROS & CONS
OF
DSA AND SDA

-SDA NOT EFFECTIVE AT SUPERLUMINAL SHOCKS(!') UNLESS
UNREALISTICALLY HIGH TURBULENCE LEVEL (Sironi & Spitkovsky 09)

+IN WEIBEL MEDIATED (UNMAGNETIZED) e*-e- SHOCKS FERMI
ACCELERATION EFFECTIVE (Spitkovsky 08)

+POWER LAW INDEX OK FOR THE OPTICAL/X-RAY SPECTRUM OF

CRAB (Kirk et al 00) BUT e.g. VELA SHOWS FLATTER SPECTRUM
(Kargaltsev & Pavlov 09)

-SMALL FRACTION OF THE FLOW SATISFIES THE LOW
MAGNETIZATION (5<0.001) CONDITION (SEE MHD SIMULATIONS)




DRIVEN MAGNETIC RECONNECTION

QuickTime™ and a
decompressor

eeeeeeeeee

(Sironi & Spitkovsky 12)



RESONANT ABSORPTION OF
ION CYCLOTRON WAVES

+++++

T STABLISHED TO EFFECTIVELY ACCELERATE
BOTH e* AND e
IF
PULSAR WIND SUFFICIENTLY COLD
AND
IONS CARRY MOST OF ITS ENERGY

(Hoshino & Arons 91, Hoshino et al. 92,

Amato & Arons 06, Stockem et al 12)
++++++

PULSAR MULTIPLICITY CANNOT BE LARGER THAN 10
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RESONANT CYCLOTRON
ABSORPTION IN ION DOPED PLASMA

shock front
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~ cold ring in momentum space

(Com‘igur'a’rion at the leading edge

. NN
s NN \\ - B
5 7 «///; "‘.(/{//,;/ %//1'//1/ ,‘?’ﬁ;//.-. W \ \\\\\\\\:\}:§§ 40 v ™ 40 s T
7 ;/{ﬂ/’ B G 3 ».f\::\ i / ™., - R - -
i 2'//1///‘-//" :'"'.'/(//'/” S SR 20 [’.-‘i %—‘ 20 / - AN
Uy ?/é’é/é " \ . a4 ] VAN i
7 S \\ Moo e » o P
7 A g \ - 3 =
e e | N o - . o~ . -
upstream N L] N i
B e e R e e e i
. . . -60 -40 -20 ©0 20 40 -60 -40 -20 © 20 40
Magnetic reflection mediates " 9
The Tr‘anSi'l'ion electrons positrons

Drifting e*-e-p

B increases

Coherent gyration leads to

collective emission of cyclotron waves

plasma
;/ - in;m;ins “iiﬁmh‘ip
Ey=Bf, )

Plasma starts
gyrating

reflected

— 1

Pairs thermalize to
kT~m,'c® over
10-100 x(1/9.,)

Tons take their time:

m,/m, times longer




EX/BU

E,/B,

B./B,

LEADING EDGE OF A TRANSVERSE
RELATIVISTIC SHOCK IN 1D PIC

[ Drifting species } [ Thermal pairs ]
] A ———

) [Cold gyrating ion

(Amatd’& Arons 06)

N

Pairs can resonantly absorb the ion
radiation at n=m,/m, and then
progressively lower n
Effective energy transfer if U,/U,,>0.5 )




w/Q,

OUDILEIIES U

100 7T T rrom

10;—

o1 F

;ﬁ@ I

— 645 0 F
- 32 7

E ll T |l|l|||| T ||l|:|§ 1DD§ T ||l||l|| T T TTTTTY T T TTTETT
F du/u=0 — 7 E du/u=0
r 0;=.01, 0,~2 — | lo,=.1, 0,22

| FIE RCA FRULLEDS

[ Qci: me/mche }

— 32

o

il i I oo

0.0
DA

1 10 100 0.1 1

ke/Q, ke/Q,

Pairs can resonantly absorb ion
radiation at n=m,/m, and then

E, o= Mi/m,

il 1 progressively lower n down fo n=1:

)

10 100

Growth-rate independent of n

(Hoshino & Arons 91, Amato&Arons 06)

|

In order to work the mechanism
requires effective wave growth

up to n=m;/m,

1D PIC sim. with m;/m_ up to 20 (Hoshino & Arons 91, Hoshino et al. 92)
Showed e* effectively accelerated if U,/U;,;>0.5

[

That makes waves circularly polarized and preferentially absorbed by e*

For low mass-ratios U,/U, ,>0.5 requires large fraction of p J

For m;/m,=100:

polarization of waves closer to linear
Comparable acceleration of both e* and e




POLARIZATION OF THE WAVES

m,/m_=40, n,/n =0.2

m,/m_=20, n/n=0.4

. ‘?f’
100 —]
10—
1
1 1
1000 _i::'_,_j
F ——T - ==
100 F — e
4
1 10
1000 4|=E’EEE n_ o ]
100 E — 1 130<}/r,<180 —}
0 1
E ions E
.I L L L L L 1 Ll L L
1 10 100

Simulation box:
Ax=r /10
Lx=r x10

Upstream flow:
Lorentz factor: I'=40
Magnetization: c,=2

U/U,,;=0.7 same in both simulations

1000

—

T

% 160<f,/r, <240 —3
™~ 220<k/r,<300 —7

q‘;h 280<f/r, <340 —

ions
L L

Positron tail

extends to
ymax:mi/mer

First evidence

of electron
acceleration

Amato&Arons 06




w/Q,

w/Q,

SUBTLETIES OF THE RCA PROCESS I
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frequency

0.0
DA 1 10 100 0.1 1 10

100

vl i

ke /1,

100

Growth-rate

If thermal spread of
the ion distribution
is included

[ Acceleration can be suppressed ]

off at n~u/du

Spectrum is cut growth-rate ~ independent of n
if plasma cold (Amato & Arons 06)




EFFECTS OF THERMAL SPREAD

ou/u=0

ou/u=0.1

]

1 10 100

1000 1 10 100 1000

L T L] L] L] T L] LI | L) L] Ll L] T LI ) Ll I_ L Ll Ll Ll L] Ll L] Ll Ll L J'L‘ T L] L) LI Ll I_

1000 E 480<k/r <660 —3 1000 E P 300<k/r, <560 —3

=~ o0 - ——— " — B20<x/r, <800 —] 100 - b 600<k/r, <B00 ——7
K E — 760<k/r <910 —3
L] . E

i m @ ” — r I 700<}/ri<o00—
e T Il — ons o] L b,
1 10 100 1 10 100
i Y
n/n=0.2 m/m,=100 — ) — )
U/U,,=0.8 Initial particle distribution
function is a gaussian of width &u
Upstream flow: Simulation box:
Lorentz factor: T'=40 AX=r /10 [ - - " }
Magnetization: o,=2 Lx=r. 10 Acceleration effectively suppressed!!!




PARTICLE SPECTRA AND
_ACCELERATION EFFICIENCY

roos 18 N\ ﬂcceler‘a‘rion efficiency: \

electrons \ ] ~f€W°/o for' Ui/UTo-rNéoo/o
° ¥ . o0 ~30% for Ui/UToT"‘SOo/o

Spectral slope:
>3 for U,/U; ~60%
<2 for U;/U,,,~80%

T,=37 T'=18

positrons

Y
3 | Maximum energy:
100 4":::_15";:33%1 2232 :/:;g?g_ "’200/0 miCZF for' Ui/UTOT"’éOo/o
Y S \~80°/o m.c2l" for Ui/Um~80°/o/
4 ELECTRON ACCELERATIONII! N

LESS EFFICIENT THAN FOR POSITRONS.:
(LOW m;/m, = LARGE n./n, TO ENSURE U./U, >0.5)—>ELLIPTICAL
POLARIZATION OF THE WAVES
EXTRAPOLATION TO REALISTIC m./m, PREDICTS SAME EFFICIENCY
\ RESULTS RECENTLY CONFIRMED BY Stockem et al 12 )




THINGS YOU GET FOR FREE

/ If I'~ few x 10° \
v'NICELY FITS WITH CORRELATION (GoTThe|f 03) BETWEEN X-RAY

EMISSION OF PSRs AND PWNe: EVERYTHING DEPENDS ON uj/u,,, AND
ULTIMATELY ON ELECTRODYNAMICS OF UNDERLYING COMPACT
OBJECT

vVMAXIMUM ENERGY ~ WHAT REQUIRED BY OBSERVATIONS

v REQUIRED (dN./dt)~1034 s-1~(dN./dt);; FOR CRAB: RETURN
CURRENT FOR THE PULSAR CIRCUIT

v'NATURAL EXPLANATION FOR CRAB WISPS (Gallant & Arons 94)
AND THEIR VARIABILITY (Spitkovsky & Arons 04)
(ALTHOUGH ALSO DIFFERENT EXPLANATIONS WITHIN IDEAlJ

MHD: TIME-SCALES TURN OUT TO BE THE SAME)

PUZZLE WITH K
IF MULTIPLICITY IS 10°-106 IONS CANNOT
DOMINATE THE ENERGY




REMINDER:LOSS-LIMITED
ACCELERATION

. E :677mc ;= E 2’””76'2:’””75 <1
" (dEldr),, oy By “ (dE/dr),, elElc feB
D cr myc
t =n—2=p—t=p—— n=1
acc 77 u2 77 C2 77 eB 77
6 e
t <t = Viax = | ~1.5x10" v/

acc loss

Bo, \B[1004G]

2
:3h eB 7’2max:f9h e ~230 £ MeV’
2 2mmc 2 mco,

max

WHAT IS f WITHIN RCA?



VARIABILITY WITHIN RCA

RCA Mechanism has an intrinsic maximum energy:

2 =0y = Lo b o e M s6x10° med6
) m.y, my, m, 3x10
g Based on 1d PIC of RCA A f
(Amato & Arons 06) OSS 1055 =1.2 % 1010 ~2 5%x10° [ZY2
f~.1'.5 (G Gnd Ei/ETOT) 4
2 ?
_ Caveat. in 3D: )
Fermi steady B v 2
cﬁ—off > & =100 f,, MeV =100 = (2.5 . 109j MeV
1/2 -1 ~3/2
Eph f B T, @nd g, ..
Ly = 3(100§Ier (ﬁj (m_Gj days in the ballpark...

Special relativity could help: &2 ~T'&’ ~ T°»~I"'T”

var



SIGNATURES OF RELATIVISTIC PROTONS

[ If protons are there, they might reveal themselves through J

n-production (Bednarek 02; Amato et al 03)

[ n0—y-rays }—[ L=f L ]—{ nt—oet v }

[ Fluxes of all secondaries depend on Ui/Usot, I and target density }

P
9 y-rays in Vela? Most direct signature would be
(Horns et al 06) . v detection
But see also LaMassa et al 08 15 p T
Vela X (HESS) o B
Th -
b
— [
z 5| ) N
___________________ NP e
ﬂ_l 1 IIIIII| L 1 IIIIIII 1 IIIIIII_
104 108 108 107

I

Calculations show that for Crab signal
above the background if Mej>8 Msun




Log(F,[Jy])

DEPENDENCE ON CRAB WIND

L =L,=L.=(01/3)L,

Synchrotron from
secondaries

y-rays from
0 decay

PARAMETERS

(Amato et al 03)

MORE REFINED
CONSTRAINTS FROM
MORE REFINED
DYNAMICS AND EMISSION
MODELS



THE POSITRON “EXCESS”

Ackerman et al 11

QuickTime™ and a
decompressor
are needed to see this picture.

N,(E)R
27, CESC
27k H

NCR(E) ~ oC E_7/inj -0, Ne_ (E) _ NCR (E)TLOSS o E—]/inj 0,1

Nsec (E) ~Neg (E)mSP Tgsc € B7w Ne+ (E) _N SEC (E )TLOSS ocE 7 2071
N

e’ oc E—5

N _

e




PULSARS AND THEIR WINDS

CRAB NEBULA " PULSARS ARE EXCELLENT
ANTI-MATTER FACTORIES

PAIRS ARE ACCELERATED WITH
Lpairs®20-30%Lpgr

oars(E)<E” 1<y<1.5 FOR E<.1-.5 TeV

(ALL FROM OBSERVATIONS!)




WHAT HAPPENS TO THE PAIRS?

THE PAIRS INSIDE THE PWN TRY TO EXPAND AGAINST THE EJECTA
SUFFERING ADIABATIC+RADIATIVE LOSSES

WHEN THE REVERSE SHOCK OF THE BLAST WAVE REACHES THE
CENTER, SOME LEVEL OF COMPRESSION MIGHT OCCUR

...BUT IT COULD EVEN DISPLACE THE PWN (SEE CASE OF VELA),
POSSIBLY LIBERATING SOME ELECTRONS AND POSITRONS

IN GENERAL HOWEVER THE ELECTRONS AND POSITRONS STAY
INSIDE THE REMNANT AND KEEP LOSING ENERGY BOTH
RADIATIVELY AND ADIABATICALLY

BUT DO WE REALLY NEED TO RETRIEVE THESE PAIRS FROM IN
THERE?



f(v)dv

A HIGH VELOCITY POPULATION

cumulative f(v)

PEAK VELOCITY 400-500 km/s A SIMPLE ESTIMATE:
0.03 _I L ! ot U L ot I T ! | t 2/5
' T ETTTTY ] Rs(t)zRST(] Ry (£)= Vit
0.02 | ] 4 Lsr
L ! 1 THE NS LEAVES THE
_ ! 1 REMNANT
0.0 1 -
I 1 AT 5/3
0 ~ T RST
‘ Sy
stV NS
0.8 , —
0.6 | ,’; —
osf 1 FOR TYPICAL VALUES OF
N 1 PARAMETERS THE NS
“F 1 LEAVES
ok : .(Arzloqmlanlialn,IChelrnIOﬂI:, (;Olrd.esl 0.2). ] THE SNR ABOUT 40.000
0 500 1000 1500 2000 ’

years

Birth velocity (km/s) ACTED EVDI ACIANI



PULSAR BOW SHOCK NEBULAE

MOUSE NEBULA
GUITAR NEBULA

Gaensler et al 04

MAIN UNKNOWN:
HOW MUCH ENERGY IS LEFT
IN PAIRS AT THIS TIME?

DEPENDS ON .. +n=3FOR DIPOLE
SPIN-DOWN: L =1QQoc ) . OBSERVED VALUES: ALWAYS n<3




ENERGETICS

THE ENERGY AVAILABLE AFTER A TIME T. WHEN THE NS IS
OUTSIDE THE SNR IS

2 2
n-1 n-1
E, :E(r>T*):119§ 1425 =E |1+ I
2 T, 7,
FOR T.~40,000 YEARS, ONE HAS:

E . 0.5 Fordipolen=3

Etoz‘

£ o 0.02 Forn=2.5

E

tot

WE WILL SEE LATER HOW THIS COMPARES WITH ENERGETIC
REQUIREMENTS IMPOSED BY PAMELA RESULTS



INFERENCE FROM YOUNG
PWNe

MOST OF THE
PARTICLES

N(Yo E-1-15 MOST OF THE
ENERGY
E-2.1/-2.3

few 10° %



PARTICLE SPECTRA FROM
IN THE TWO CASEE RSN BURSWEX B WNMSCH WE HAVE RADIO

MEASUREMENTS WE INFER A SPECTRUM OF ACCELERATED PARTICLE
WITH SLOPE ~-1.5

\ PSR J1509-5850
. SLOPE RADIO: -0.26
Y SLOPE ELECTRONS: -
~ 1.52
Ng et al. 2010

THE MOUSE

SLOPE RADIO: -0.3
SLOPE ELECTRONS: -
1.6




ELECTRONS AND POSITRONS
FROM PULSARS

er+e-
Blasi & Amato 11
TOTAL
25% EFFICIENCY
SNRs FOR n=2.5
~decompressor
are needed to see this picture. 1% EFFICIENCY
PWNe FOR n=3

CONTRIBUTION FROM PULSARS MUST BE THERE AT SOME LEVELI!!



SUMMARY

+THE BEST WAY TO LEARN ABOUT PSR ELECTRODYNAMICS IS BY
LOOKING A PWNe

+2D AXISYMMETRIC MHD MODELS ARE VERY SUCCESSFUL AT
REPRODUCING THE SPATIAL FEATURES OF THE EMISSION

+THEY ALLOW US TO CONSTRAIN THE FLOW MAGNETIZATION AT TS

+THEY CAN ALSO ACCOUNT FOR VARIABILITY IN THE INNER NEBULA
ON WEEK-MONTH TIME-SCALES

+PREDICTION OF MILDLY RELATIVISTIC FLOW IN THE DOWNSTREAM
ALSO HELPS WITH ACCOUNTING FOR PUZZLING FERMI CUT-OFF

-WE DO NOT UNDERSTAND HOW PARTICLES ARE ACCELERATED AT
THESE EXTREME SHOCKS

-WE DO NOT HAVE A GOOD EXPLANATION FOR FLARES YET

COSMIC RAY RELATED ISSUES:

*"PWNe ARE LIKELY TO BE THE PRIMARY CONTRIBUTOR TO THE CR
POSITRON EXCESS

*WE STILL DO NOT KNOW WHETHER THEY CONTAIN MULTI-PEV IONS



