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syNchroTrRON Nebula iN A sUpERNOVA REMNANT

SNR G292.0+1.8 + PSR J1124-5916
P =135 ms, age = 1.7 kyr

SNR emission synchrotron nebula
0.6-2 keV 2-7 keV

plerion

optical Crab nebula
= blue synchrotron rad.
= wind nebula fills
the remnant (plerion)

pulsar




bow shock pulsar wind nebula

PSR 1957+20 « Black Widow »
= recycled ms pulsar
= supersonic motion in the ISM

= bow shock confines the wind
nebula

= D~1.5kpc

40 to 50 PWN known

= in the Milky Way + LMC + SMC
from most energetic young
pulsars (bias)

= 41022 W < Epsrs 5103 W
“round” PWNe for young
pulsars

" Toe S 20 kyr
“bow shock” PWNe for older
pulsars

pulsar magNeTospheRe Epsr = /QQ  for | ~10% kgm?

unipolar inductor field E = —(QAF)AB from B rotation
= extracts charges from the neutron star
mgnsph. filled with force-free charge density pgy = —ZSOQ -B
= Goldreich & Julian '69
acceleration sites in open

/B

mgnsph. where light
cylinder ==
£ =E - polar cap
p pGJ 1 R c=c/Q y+B—s et

= primary charges accelerated to ~10 TeV
= emit y photon (curvature rad.)

s .
y initiate e* cascades null

charge|
surfacg

0B=9g outer
question: are ions also gap
accelerated? T+X— et




pulsar wind
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retarded potentials => elmgn. wave outside the light cylinder
wind = toroidal (wound up) field frozen to an e*- ion plasma

c ratio = Poynting flux / particle energy flux (Rees & Gunn '74, Kennel & Coroniti '84)

BfWC/HO . . . . E St . E St
=——— 5|  [Epr=Ew+Eesg = Ey,=-— Ees :
M Vw (Y1wmMe*) l+o

“1+1/c

= ¢>>1 EM wave takes the pulsar energy away (near light cylinder)

ambiant medium

terminal shock

shocked wind
syn. neb
contact discontinuity

- light cylinder

OPEN QUESTIONS

how are particles accelerated in the magnetosphere?
= how many secondaries produced in the cascades?
how is the elmgn energy transferred to the particles in the wind?
= ¢ >> 1 at the light cylinder, c = 0.001 - 0.1 at the terminal shock
= ‘silent’ transfer since charges follow B = syn. radiation <<
= large equatorial to pole asymmetries (torii and jets)
how is this energy transformed to radiation in the shocked wind?
= physics of a relativistic shock
how does the wind nebula evolve?
= early expansion in ‘cold’ SN ejecta
= later expansion in ‘hot’ ejecta shocked by the SNR reverse shock
= bow shock confinement from pulsar supersonic motion in SNR or in ISM
applications
= blazar and y-ray bursts jet formation and relativistic shocks
= Sag A*

« The answer, my friend, is blowing in the wind » (Bob Dylan)
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PWN STRUCTURE

MHD shock wave

conservations => jump conditions in the shock frame
(1)mass:pu, =cte

(2)momentum :p + pu? + ZL(B/Z/ -B)=cte and pujyu, —iBuBi =cte
Ho Ho

1
(4)energy : %P(Ui +Ufj ) + Uiy + P]UL _F[BJ_U// -Byu,]B, =cte
0

(5) magnetic flux :B u, -B,u, =cte and B, =cte

strong perpendicular shock p, >> p,: £77)

= compression ratio X D@‘
%

¥ = Ui _P2 _By
B, = XB; p; = Xp;

ui, p1 By

» X>4ifpy >0 (Rankin-Hugoniot) u, =u/X | u,
= X > 0iflarge pg

M, <1 M, >>1

Pramz = P1U4X Py ~ pau,?
Ps2 = X?Pg; Peno

I




relaTivistic shock wave

field:Bg =B =yB
= (*) = relativistic wind rest frame density :ng =n = yn*
= upstream = 1, downstream = 2

pressure :p = p*
Kennel & Coroniti '84, Blandford & McKee '76,

Double '04 internal energy e = +n'me

Yad —1

jump conditions

2 2
mass:ypn’ =cte  momentum :y2B2(e” +p+ )+ p+L = cte
Ho 2ug
. . .
field: ypB =cte energy :y’B(e +p+—)=cte
Ho

compression ratio:

. y_B2_M B _W
= perpendicular case - = —

= = =— =f(o1,11)
By n B2 vy
if o <<1 Y = 3 modest shock (lower for oblique B)

if o >>1 Y 2 1+(1/20) hardly any shock and thermalization of
incident ram pressure
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spherical PWN 6 << 1

wind

R

equipartition

ext

. Grenier




o Rees & Gunn ‘74
SPI'IERICAI' PWN O << 1 Kennel & Coroniti 84
. . . 10" ————
density, velocity, B profiles 5 ¢ 13
£ : 2
pn~'s =cte, y,q=4/3 10 5 SAA
subsonic = isobaric = n = cte 0 2 4 6 8 10
P d 2 Rrs Req
mass conserved :div(nv) =0 = d—(nvr ) .
r — :
2 e 10°4, 2 l
= V,ocr e : 2
r
MHD + stationnary :rot(v AB) =0 - 10" 2
q 0 2 4 6 8 10
—(@Bvr)=0 = Byxr '
dr( ) ¢ _
B2 S0l
¢ £ r
Requipar‘cition for —— ~nkT m 3 r!
2pg 10° ‘
asymptotic velocity : v, — v, ~cC 2 4 6 8 10
r
-2 -1 <
= nor, Byoxr o g
¢ wind PWN
2.1, E >p. R >
Pth2+ram2 ~ (g + 5)7\’; P * Ps Requip  Ps~ P
4nRtsC py,= cte pg= cte
Piot = Ct€ = Pyt v, # 0 to carry B flux
o >> 1 case: No PWN
density, velocity, B profiles
= elmgn wave dominates % o 1R
= goeson £ c(1-1/0)
" Pmg <<Pg; = little e* dispersion > ‘ ‘ ‘ ‘
and little synchrotron 0 R. 2 4 6 8 10
" pBZ/pram2= 2c et pram2/pth2 =8c? T
107} +1/25 1
E I”2 I’2
=
0 L T
i 10 2 4 6 8 10
r
fmy
£
m




spherical PWN 6 << 1

terminal shock radius

Ppwn = Pth2+ram2 = ZU'ET\%I—SC = Pext
. 1/2
E
AQ CPext

AQ < 47 if anisotropic wind
adiabatic losses
: Ee - - Ec d, -
E..=——8V.v =——& = (vr
ad 3 2w 3 dr ( )

r<R Voer 2 =E, =0

equip :

r>>Requp: V=0C=E,=-
PWN radiation

= synch. dominates losses

= inthe wind: Ly, ing =0

= inthe PWN Ly, ,, o nB?
Lync r2for Rrg sr<R,,
Lyncr4forR>Ry, 1]

r
3
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wind

Requiparﬁtion .

RTS

ext

e* +B — radio - X
CMB TeV
et +hvl IR | o] <<
X Y

e" +hvgy, > y+TeV

CRrab nebula

log 10(vT, Mim?)

‘ IR bpticlal

X-ra
R Y

Rs~210° R, =0.1 pc (107)
opt. polarization = B¢
o ~0.001 - 0.003 - 0.005

= from expansion velocity

= from syn. brightness and E,
between radio and optical

= from IC emission

Grenier

2 0 2 4 6 g 10 12
log 10(E/&V)

cut-off 25 MeV

inflection 150 MeV
B =30 nT B(equip, opt) =30 nT
synchrotron + IC (80% synchro-self-

Compton, 20 % IC sur CMB, mm,
FIR)

de Jager et al. '96 Aharonian ‘04




Crab nebula

continuous injection !
= if syn. losses dominate (
2TCE & F I‘- L7 |

Uyent
eBc? T e

2
Tace ® Q(XQ,VC )( j TLarmor ® & TLarmor = &

-1 . -2
. 6 ( E Bsin6
Toyn ~ E/Egyn ~ 2.6410 S(le\/j [ T j

Bsing) ~ %[ o) Y2
14
Tacc ® Tsyn = Emax =6.1410 ev[lOJTJ (1)

synch.rad. hv,g, o« ®BEZsin® :25Mev( D j
a.Sind

= synchrotron break depends only on geometry and acceleration efficiency!
= B(Crab)~30nT=>E_, ~ 10" eV =>synchrotron lifetime ~ 30 days

De Jager et al. ‘96

CRrab nebula

how many pairs?
= if single E, 23 power-law for the syn. rad.
above the IR =>1v,,, ~2 108

_ Epsr
l+o
=N, =2.810® s ~10*Ng,

. . . 9
Ew ~ Epsr =NivwmeC

multiplicity ~ ok for pulsar models Spitzer

but it does not explain the radio data that
requires ~ 1040 et s over the 952 yr lifetime

= if broken power-law (E, % for the radio, E_ 23
for opt. to X) = v,,, ~ 10% and

N, =5.710" s71 ~ 210"Ng,

what acceleration process?
= E,23 ok from relativistic Fermi
= what at lower energies?
= why a break between the radio and higher v?




spectral Aging E

-2 -1
<B>
synchrotron lifetime toyn =958 kyr( inT J (1Tevj

maximum distance reached before e* radiate all their energy (roughly)
Eqyn = -aB%E2 with Boy, (r) = BlWY[Lj
Rrs
_Eon C[rj'z
v(r) Rrs

dt
—E., =
M dr

dE dr with v, (r)=

Y

Cc

-5
r .
o«———| —| fE<<E
RysY°B2, [RTS J °
synchrotron break energy depends on angular distance

integrate fromEq(Rtg)toE(r) = Eax(r)

1.0

oc E2

max

B

o
oo

NVmax

C
= hvpay <

2

R%sY°B3,

[ r
Rrs

;

o
=N

2
I

PWN size in the Crab
radio > opt > X

RELATIVE BRIGHTNESS
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spectral Aging

difficulty: integrated history in the tail when the pulsar has
substantially moved

= ex: W44 and PSR B1853+01
0.5 -4 keV

noo)

on {12

20

el

~_|

18"57™

4 -9.5 keV ASCA

1EhET™R0T  SETE0F EETO0 SRmonR

tan (JZD00)

REFE

Right Ascens

PWN evolution




phase I: free spherical expansion

during the first hundred years

= pulsar motion << Chevalier '77 & ‘82
= E cte Eqn =2 M v, 2

psr - ej ‘ej

= pressure-driven expansion since p,,, >> Pejecta

= adiabatic | dominat - 1/5 / -1/2 6/5
adiabatic losses dominate E per Ean 3/10 M, ¢
. => Rown ~1.1pc 3
10Mg 10°yr

1081w 10%J

supersonic expansion
= with increasing speed v,,,, o t'/®
= PWN isobaric (p = 1/3 pc2 = ¢,=c/\3)
= spherical symmetry

drives a shock in the ejecta

ex: G21.5-0.9 + PSR J1833-1034
= P+61.8ms,age <1kyr#t,
= E,, =310%W,D~4.7 0.4 kpc
) Rpwn -1 Pe: RSNR ~34 pe | arcmin

|. Grenier

SNR sTRUCTURE

shocked ISM

shocked ejecta

contact discontinuity

|. Grenier




Phase Il: crushed by SNR reverse shock

Blondin '01

Bucciantini ‘03

compression by the SNR reverse shock
= PWN had freely expanded = p,,,,, < psyg = large compression

= ex: Vela: pulsar not at PWN
center nor moving away from it

Vela 2.4 GHz

g (iRa0E)

|. Grenier

crushed by SNR reverse shock

asymmetrically crushed if
= collimated wind
= or ISM anisotropy

20 kyr 30 kyr 56 kyr

. Grenier Blondin ‘01




GO0.9+0.1

crushed PWN or X-ray hardening from Doppler boosting of jet/torus ?
Porquet '03 : )
Gaensler '02 ‘

on EPIC image of SNR G0.9+0.1 and its PWN in the eneray band 1.5-12 keV with an adaptative smoothing filter wi
juirement of 5 and Gaussian smooth of 107 The FLA radio contours at 1.5 GHz (20em) are superimposed in white
nant. Right panel: Pulsar Wind Nebula (PWN). The yellow ellipse represents the region taken for spectra analysis of

distance uncertain
pulsar not discovered

il spctium 1o red ol g

GO0.9+0.1

radio 1.5 GHz contours
HESS

28

assuming
starlight field
in central
Galaxy

o +
» L ot
radio 0.3 GHz contours € | ©lo-100Tev *+ SIS
HESS S0 E et *
289 & E ef,, +CMB+ISRF(*) - TeV
2 C
W C
-2
10 =
E — Total
C Synchrotron
r - IC on CMBR
B IC on IR from dust
10" = —— IC on starlight
_mul Lol vowd el ool vyl ool el el el e vl r:mi s oo vyl vl vl sl sl

it

17hd6m 107 107 107 1 100 100 10° 10" 10" 10" 10
| | ' 1 Energy (eV)




phase Ill: expansion in A Sedov SNR

subsonic expansion in hot ejecta (shocked by RS)
SNR in Sedov phase

RFS oc t2/5’ VEs t—3/5, pshocked ISM — pshocked ejecta oc VF82 oc t6/5
PWN in pressure equilibrium with surrounding ejecta
and p,,,, o« Vg o0 V48 oc R4 = R oc 1310
o t11/15

ppwn = pshocked ejecta
van der Swaluw '01
Reynolds & Chevalier ‘84

t< Tini = Epsr =cte Ran

t> T = Eper()d Rpyy 30
i w1 O —seale

deceleration of PWN

[rer= :;, m

simulated example: >
free expansion t < 1.8 kyr . i e
crushed: 1.8-15 kyr i : ==
(reverberations)
expansion in Sedov SNR :
15-30 kyr

Bucciantini ‘03 / |

contact discontinuity

ST

T
saxigc 1oxigt 150t zoapt

|. Grenier Tima (yeors)

2.5%10

phase 1V: bow shock confinement

crossing time for the pulsar to cross the SNR shell

E 1/5
SNR ] '[2/5 van der Swaluw ‘03
PIsm

Eo 3 o N /3
3 SN ISM psr
= teross = 44 kyr (1044 J] (memaj (500 km / s]

Mach number at crossing

Rpsr = Vpsrt =RsNRsedov © 1-15(

v :ERSNR:ZRpsr:EV
SNR 5 t 5t 5 psr

3 7
VshIsM = VSNR for X=4 = Vg = Vpgr — Vshism = 2 VSR

Vrel -1 _313

(WPshism / Psnism) 2 VB

3 2
Pthshism = ZPISMVSNR Pshism = 4pism = Mpsr =

pulsar motion becomes supersonic at %t or 0.68 Rgy\r
PWN confined by the pressure behind the bow shock

|. Grenier




bow shock PWN <01 y,2103

X
Res = 3-1Rcp

Rep = 75 RTs
Rrs (o Iy, ISM) &

forward distance to TS

, , 1/2
, E E
P2Bs = PismMVpsr =Pots (3 +3)—%— = Ryg=| —*——
4nRtsc 4TCPISMV psr
backward distance to TS

. 1/2
ISM = PaTs TS =| 7 —
Ancpism

|. Grenier

bow shock PWN

« analytical profile

+ cooling thin shell approximation, ok if M >> 1

« Wilkin ‘96 Reg () = Rsso 6
sin® tgo
LSO

M=3 B=14 (strong)

0.5 B

|. Grenier




MAGNETOTAIL

toroidal field and reconnection

Romanova et al. ‘05

a
i

g

&
=S

2

1
bl e
I

bow shock PWN in SNR

G327.1-1.1

Gaensler & Slane ‘06

Gaensler et al. ‘06

(a)

radio 8.5.Ghz




: - : Kothes et al. ‘01
breaking Through The shell -~ oneses
PWNe survive the crossing of the = 2 ~—{_putsor wing netuo |
SNR shell van der Swaluw ‘03 2
- 27re region 5142
ex: the Boomerang \;:-;,,s: 106.6° 7 | SNR G106.3+2.7
G106.3+2.7 + PSR J2229+6114 it |
3 3.6% ' 5 fr
« E=2.2510% W (20 to Crab) / T
= D=0.8-3kpc AP / '{f ’ .
, .
= SNR =14 x 6 pc at 800 pc e \“ . . / ‘; O c
= PWN 0.8 pc long breaking through? = 1T i /
= bizarre SNR... <
E)
5 e
3
o
2.4"r'.:__
:

i 5
106.8° 106.4° 108.0° 105.6°

GALACTIC LONGITUDE

3.G1063+27 at 1420 MHz radio contiouum. The H u region 5142 is indicated, a5 ace the main past of the SNR and

phase V: bow shock PWN in ISM

M >>1in ISM (c, = 1-10 km/s)
ex: the Mouse

= (G359.23-0.82 + PSR J1747-2958

= P =99 ms, 25.5 kyr, Epsr =2.5102%W, D ~ 5 kpc
* Rgp~0.02Dgpc

Gaensler et al. ‘04

CHANDRA X-RAY &
. . VLA RADIO
radio from highly

compressed B behind
the front TS (severe losseg
=> only radio emitting e*
survive)

radio + X rays from
weakly compressed B
behind the rear TS

as in W44

CHANDRA CLOSE-UP



Guitar PSR 2224+67%

Chatterjee & Cordes '04

the « breathing » PWN

Ha bow shock from recombining HIl
= photoionized gas and charge exchange
variability over 7 years, not from the wind

Arcsec

4] 9 10
Aresee (from 1994 nebula tip)

but loosened confinement (n |)
= = decreased head flux

INNER WiNd ASYMMETRIES

|. Grenier

jets and torii




Crab 1orus and jets

7QO =4.6510% W
30
Lown = 210% W

CXO HST November-April
jet 0.25 pc a\ fq o I 2
terminal shock: § § § ol iF
” 5 3 LI\ 5
= AQ~1sr=>Rg~0.4pc(40”) E i E[—f‘ i
= AQ~4nsr=>R;g=0.1pc(10") % E e s b=

= wispsa8”et12”
Doppler amplification & shift
= wisp waves travel at 0.5 c

3C 58 (SN 1181)

65.7 ms
o = 0.8 kyr # 1, = 5.4 kyr CXO X-ray colours

CLoSE-uP OF TORUS




Vela et PSR 1209-28

(09.(0}

PSR B1509-58 MSH 15.52 Ao 5

1.7 kyr old pulsar at 5.2 * 1.4 kpc, Eps, =1.810%0W
X-ray jets (12 pc, 0.5 c, long-term variability) and variable knots (0.6c)
2 TeV arms % 25 pc long, radiatively more efficient than the Crab

NN /RCW §9

JContours: Rosat
Greyscale: Radio




MSH 1%-%2

efo_loo'rev + B(l7 nT) - X
e,y + CMB +ISRF(IR) > TeV

® H.E.S.S. spectrum
—— IC model
------ IC on CMBR

IC on IR from dust

—— IC on starlight

dN/dE (cm s 'Tev )
>

10"

—13:
10 =

-14:
10 =

sF Photon index
10 = 227+003%+0.20
10716_ | L L | L

1 10
Energy (TeV)

high-energy Relic Tails




Vela Tail

Vela pulsar

~ 5 pc long tail
seen up to 50 TeV
E-1 9 ou E-1.5+cutoff

AN e T ASCA X-Ray|

1010 / \: SNR + Cocoon I HESS. E

’h38m 08h36m 08h34m 08h32m

z
=
%
= e RA (hours)
z |
= ufp A : E
: / ‘\\ Cocoon E
z |
= uG
4 i
10 -12 L L L L L
w10 0% 1wt 107 10° 10°
PHOTON ENERGY (TeV)

PSR B182%-1% - G18.0-0.7

21.4 kyr old pulsar
= P=101ms, Epsr =2.810%®W,D=3.9+0.4kpc
TeV tail L, ~ 50 pc: e*(TeV) + CMB-IR — y(2 200 GeV)
X-ray tail Ly ~ 5 pc: €%(200 TeV) + B,,,(1 nT) — X
* L. /Lx ok in uniform B Lrev  Tsyn(Eetev)  Eox
= but very high v, or v, required Ly < toyn(Eex) " Eorey 200 ok

e e e

3EG J1826-1302

DEC (J2po0)
A

13'40°

[t L :
18°20"0" 20" 10 26™0* 50

RA (J2000)
1“"?-3"“ 18h26m 18h24m Aharonian et al. '05 Gaensler et al. ‘03

|. Grenier RA (hours)




the wings of Geminga Caraveo '03

Epsr =3.310%"W, 1 =340 kyr, D =160 pc
i < 30° to the sky plane

Lo1-2cevisr = 1610 2E g

Los skev =1.910 °Epg,

VF,x = 2.6 EX04 %020y 271

eV

Eox ~100 TeV 1 sromin

105 m3, 8000 K
0.6 nT, 135 km/.
_—

Rts =0.01 pc : ’ YW’EpSFIG 2N(ei)
+

= Biw (G‘Epsr ) o rt

|. Grenier Forot & Grenier '06
The wings of Geminga e Photons
§ 10%°
Photons T 2
5 3 g
§ 10% E 1
T 2 £
2 5
2 £ 0 10%
51 g
£ g
% 0 105 5
H 2
Z 1 -
° -3
2 ;
10 Distance from the pulsar (0.01pc)
: c=1 =0.1
S c=0.
Distance from the pulsar (0.01pc)
. c=0.01
XMM image => o <<1 Photons
< 3
acceleration site? g,
= Fermiat BS: £
X+2 o 1
T x4 Digohm E
E ~ ok but —>"" < RBS - RCD = Emax <30 GeV g o
Uysm g
» FermiatTS E %2 okbutE, <35TeV &
* Enax = € AD,,, =400 TeV N
emissivity problem By s
. . Distance from the pulsar (0.01pc)
N, (Epsr,6) = Lx << Lxops Unless B compressed/amplified
|. Grenier _




Kookaburra and Rabbir

K2(G313.3+0.6)

Dec (deg.)

| >
Rabbit/R2 &

I} —
= ARG 14384008
]
k)
E HESS 11420807
= -
£ g - ASCA K3
w E
-
't‘; 107
=
1M |
il
£ ATCA KEeK3

107 =
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