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Some unsolved problems

Name Age
Magnetic Dynamo Larmor 1919
Magnetic Reconnection Giovanelli 1947
Accretion Disks von Weizsacker 1943
Collisionless Shocks Ness et al. 1964
Astrophysical Jets Shlovskii 1955
Cosmic-Ray Acceleration Fermi 1949
Interstellar Turbulence Scheuer 1968
Pulsar Emission Pacini 1967



Collisionless shocks

What is the division of postshock energy among ions, elec-

trons, cosmic rays, and magnetic field?

What processes mediate the shock?

Mg = Vep/Va ~ 5 — 20
AT. ~ (0.1 — 0.3)ATe,

Lgn ~ g1

Shock passage 2/20/02
(NASA/ACE)



Supernova remnants/shocks
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Tycho

Exploded 1572 AD = t=429yr
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Observed Predicted®
Vs [kms—1] 2600+ 2601 1870
TQ [keV] I 4.2
T€72 [keV] 5+0.5 1.6
*For n =1.13 & E =2 x 10°° (Smith et al. 1988)
fFrom radio, if D = 2.3kpc (Strom et al. 1982)
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[ACTA/Chandra/HST] " B
Observed* Predicted*
Vs [kms—1] 62004+ 1600 free expansion ?
T> [keV] 7 45 + 25t
T. > [keV] 0.78 +0.16 > 4.5

*Hughes et al. 2000, ApJ, 543, L61
I based on V, observed



SN 1006
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Hard-X-ray spectrum
(OSO-8)

X-ray image (ROSAT)

e Thermal component: kT, ~ 0.6 keV (1.3 keV predicted)
e Nonthermal X-rays dominate, seen mainly in rims
e Synchrotron model favored, with electrons up to ~ 100 TeV !



SN1006 in radio & gamma rays
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1St-order Fermi acceleration

downstream; r = % —shock compression ratio.

Energy gain § & escape probability P per shock crossing:

particles
volume

n =

AE 4
5E<—>=—V — Vo <«<'1
@y £ 3071~ V2
L b netflux _ nlVa| _ 36
~v v " upcrossing flux  nc/4  r—1

k crossings: (n(> k)) =ng (1 — P)F, (E)y =& (1 + 5)F

n(>&) o &30 g1 for p = 4.
Relativistic shocks: £~123| [Kirk et al. 2000]




Extragalactic radio jets

300,000 It yr

Cygnus A at 5 GHz (VLA) ... & X-rays (Chandra)

. 3/4

e Observed radio synchrotron L, o PePp
= P> P+ P.>3x10"?dyncm~2 in hot spot

e SSC X-rays = B > 150 uG ~ Beq

e Pressure balance of lobes & IGM = P, ~ 10(P: + Pg)



Cygnus A, continued
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Polarization in N'" lobe, 6 GHz

= Not much field amplification in shock



Gamma-Ray Bursts
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2704 BATSE Gamma-Ray Bursts
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A typical GRB (BATSE/GRO)



GRB Afterglows

GRE 970508 Optical Counterpart

Hay 10

Falomar Observatory

X-ray afterglow of GRB970508
(Beppo-SAX)

Optical afterglow of GRB970508
(Djorgovski/Palomar)



GRB Afterglows, continued
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Optical lightcurve of GRB970508
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Radio-to-X-ray spectrum two

weeks after burst (Galama et al.

1998)




GRB inferences

1. Cosmological distance D ~ 1010t yr

— Isotropic distribution

— afterglow redshifts z > 1
2. Highly energetic: dEpst/dS2 = D?F ~ 10°lerg sr—1
L _ B 51—1/2 5
3. Relativistic source: [src = [1 — (Visrc/c) } > 10-.

— Optical depth for vy — eTe™ in stationary source is

UTEV 12
L~ > 10
-
pair mec4At ~




GRB Standard Model

internal shock

|

6. erad: Ur

Unsteady relativistic jet, E; 2 10°%erg
Variable Lorentz factor I'; = Ej/M;c? = 300
Fast ejecta overtake slower; kinetic = internal energy

2in rest frame

Synchrotron/IC emission; photon energy < mec
Net radiative efficiency < 20%

Postshock magnetic energy ~ equipartition value



GRB Afterglow Model

Relativistic version of Sedov sol":

47
swept-up mass M(t) = ?mpnextR > Mejecta

adiabatic evolution E « M2 =~ constant

Rs
temit ~ PaE (Fls>1)
tobs ~ / ( — —) dtem 75em|t/|_2
1/8
~3/8 Es1 ~3/8
Pext no



Model for Afterglow Emission

Assumptions:

e Adiabatic relativistic blastwave/jet (as above)

e Synchrotron emission

e Fixed fractions e. & e of postshock energy in et & field
o N+(E)xEP, E>Emin, P2

o Emin x MNs(t) in shock frame

Predictions:
(V/Vmin)1/3 vV < Vmin
1/2 ~(p—1)/2
Fy < €e€g "noEg X (V/Umin) P Vcool =~ V 2 Vmin
\(Vcool/’/min)I/Q(V/Vmin)_p/Q vV > Vool

1/2 1/2 _
Vmin I_gno/ EB/ o t3/2



How is B made in afterglow shocks?

e Compressed pre-shock field is inadequate

_ Va2 -8
€B.shock S 3€B,15M = 3 <7> ~ 10

e Pre-shock inhomogeneity = Postshock vorticity = Dynamo
(7)
° [Medvedev & Loeb 1999]

— Magnetic two-stream instability; tgrowth ~ wgel

— e ~ 1073 - 1071 in simulations*
— Does B persist (¢t > w, ') ? [Gruzinov 2000]

— Why doesn’t this operate in supernovae?

*None published with counterstreaming relativistic e& p in 3D



Weibel mechanism

Magnetic Field Generation

... current filamentation ...

T="Yn"?/ @,

~ 10N S

e 1/2
=¥ “C/ @,

~10... 10" cm

EB s 0..1

Medvedev 2002



Summary

Fast (M4 > 1) collisionless shocks occur in supernova blast
waves, pulsar winds, radio jets, GRBs & afterglows

Postshock relativistic electrons are seen (via synchrotron), &
their energy spectrum is calculable (with assumptions)

Not much evidence for dynamo action in nonrelativistic shocks,
But gamma-ray bursts and afterglows require it

Collisionless (Weibel? instability is promising, needs work

— Does field persist, and at what level?
— Do ions contribute to field growth?
— Do electrons reach equipartion?

— Are relativistic effects essential?



