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@ different evolutionary phases
* free expansion: bullet
* adiabatic expansion (Sedov):
constant energy
* snow-plough expansion:
constant momentum
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http://www.lpi.usra.edu/publications/books/CB-954/chapter3.pdf

© shatter-cone striations

© systematic increase of striation angles with distance from the impact

© result from nonlinear waves (front waves) that propagate along a fracture front
Sagy, Reches, Fineberg 2002,
lle aux Qies Québec R - | Nature 418, 310-313
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@ Shoemaker-Levy 9 on July 18, 1994
45 mn after impact at 60 km/s

waves visible for weeks

@ Chicxulub impact, Yucatan
KT-transition 66 Myr ago




“ ejecta

density profile often as power laws => self-similar solutions Pej X r "

piston into interstellar medium (ISM) => forward shock gains mass and slows down

© shocked ISM = piston on ejecta => return shock to convert the ram energy of ejecta to pressure
and to slow them down

© contact discontinuity between the two media

forward
shock

* Ve ~ Vp ~ VShOCk = mpr > meVe = Tp >> Te

+ electrons heat up by Coulomb diffusion

= delay Tcoulomb (if No plasma effetcs)

. , shocked ejecta
R velocity of forward shock (FS) # velocity of e
- return shock (RS)

= T(shocked ISM) = T(shocked ejecta)

+ but p(shocked ISM) = p(shocked ejecta)
because subsonic velocities behind shocks

= densities (ideal gas):

n(shocked ISM) # n(shocked ejecta) Pshish

4+ RS moves inward wrt FS,

but outward wrt the outside observer
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= density profiles: compression at shock, rarefaction behind expanding shock

f = density, , pressure

o
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radius R,

snowplow R, o ¢'"*

non-radiative ; radiative
2/7

pressure driven R o ¢

46 pc f----- % ----------------------------------------
: ov R, o ¢ -
/pc f----- ; ----------------------------------------
:
60(; yr 30 000 yr time ¢
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@ free expansion: bullet mode

4 1
Mej > §7TR3,OISM ESN — §MejV2-

€J

R~cte=vg=R = vgt

@ as long as M(ejecta) » M(swept up ISM)
@ Tycho: 1572



= Sedov phase, self-similar solutions
+ M(swept up ISM) » M(ejecta) and p(ISM) « p(shocked ISM)
thus role of M(ejecta) and p(ISM) « dE/dV |
= adiabatic conditions as long as
+ Erag « E = Esy » E(swept up mass)

= thus evolution controlled only by Esn et pism Pism

Pism

+ dimensional considerations
E] = [M][L?][T %] = E o« MR?*t 2

4
M = gWRSPISM = E /OISMR513_2 = Rs = ¢ (

1/5
) 25
PISM

:"_ 2 indeed if ® = 1 gathers complexity (inhomogeneities, non-sphericity, etc...)

i dU, dEyxin sh. 4 9 . 4 .
% Esn = ®Mgh 1sm ( n1SM | —dnsh ISM> = ®Ppism §7TR3 (2 X 32R2> Pprsm §R3R2 ‘

dm dm

power-law solution R{t) =at" =>3n+2n-2=5n-2=0 =>1t??

then the full equation becomes Egy = q)3—an|Sa which yields the constant

25

II 1




m I By s & UnivEarthS

@ SNIla, free-Sedov transition
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| (n(,uii\'c, tl nsition=

= radiative losses: radiated power = Li.q = n? A(T)
E N \1/5 ¢-3/5
“ at the end of Sedov: Ve & (p )t
+ downstream T, >> 10° K M'S3
=> radiative losses «, inefficient cooling T, = M:] v vl = T,t®? ||

+ T, < 10° K efficient —> important losses

= radiative phase starts when Trad < Texpansion

~-20
Trag = Umisch _é(ni "‘ne)sz 0 L LI L 12' .
rad — - N — - :
Loy 2 NngA(T,) ; A~ 131073272 Wom? 3
3kT2 9vag 10-2l ;\\ O -
v - - o F ™~ C _5 -~
N,A(Ty)  64nyisA(Ty) 7, : ] B
R - - Si + Fe - J
Texp = Ag€ g . i -
cu)10
e
d
<
10-23
10-24 i1 nAnul AN

1 i1 11111 I 1 L1l 111 ll L A Al 1 111
104 10° 10 ® 10”7 - 10°®
Temperature [K]




“ radiative losses rapidly become catastrophic:

because Tl = nT = losses 11

© => thin shell with dense filaments radiating mostly in the optical (electron recombination lines)

radiating filaments forward

200 km/s, <106 K shock

shocked ejecta

low density and low
emission interior < 107 K
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@ filaments in the optical
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= characteristic scales _ ~1/7 ( Esn ( Ny )‘3/7
R = 14 _TON
pps = 14pc ¢ (1044.]) 106 m-3

metal

3/14 —4/7
_5/14 { Esn H
tpps = 13280 yr ;. (1044 J) (106 m—3)

3/14 Esn t/1s Ny 1/7
VPDS — 413 km/s Cm/etal <1044 J (]_O6 m_?’)

= only momentum conservation (since Ey {)
= snow-plough phase: onset with a little pressure push from the hot interior gas where
n~1043 cm and Lyq are still low and pint ~ uniform acts as a piston on the thin radiative shell

with push later without push
. d (4 d (4 _
£ Lrad <L = pintV,y — cte = RSR = cte = RgRC
:>pintQ(R_370(R_5 3n—|—n—1:O$Ro<t1/4
- : ~1/4
d : 4R
= = R3R) R2R° R=Re |1+ St te
dt ( > TR )
> i _
solutionast™ =4n -2 =-3n=n = — . T 1-3/4
° _ R=R. |1 t—t
R x t?/7 and R=v,xt 5/7 +RC( )
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= quasi-hemispherical expansion of a shock wave into the ground

o . . . . Projectile
= similar dimensional analysis (+gravity, +stress) 10 km/s
—n Ejecta
Psh.ground X R curtain
with —4.5 <n < —2 £

Vapor /sl

2 return shock into the projectile ' 6“
=> melting ‘.ﬂ
0 50 km T ‘ &
return | ' ~ 50. B Shock ‘
20 metamorphism _
] zone o)

S Excavation 10 S
e flow paths T N h
) \ | |

Shock — \

pressure - ~ / :
contours \ P
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@ entering a dense cloud: slowing down and radiative filaments

. -7 X 'non thermal
" Hotoptical
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@ dM,/dt ~ 10> MO yr', > 1000 km/s

@ radiation pressure driven

@ single massive star

@ stellar cluster



AN plenetely, nebulse = Uit

@ dM,,/dt ~ 108 MO yr,

@ radiation pressure driven
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= strong radiative losses => very thin radiative zone shock frame
radiative cooling rate A(T) = Ag T-"? between 10° and 108 K :
. L — I — <
width of the radiative zone = ;.4 = U2 Trad P: P2 >>Pq of
- 2 Pz i P2= IPy P1
= radiative length scales with u;*: — I — <
T, ~T, iT,>>T, T,
U 3 kT 3KT 3KT; /2 5
Ty = Misch _ 3 (Nj +Ng KT, 2 — L — | -
rad — - - = 3
L 2 nin A(T NA(T rn;A
rad i''e ( 2) 2 ( 2) 1430 1?2 —US/I'U?——U?
3/2
3um 3k )/ 3um
T2— le u12 — Erad— 5 :( Hk\_ Uf OCU?
16 r“-nA, ) 16K |
{ 10"2°E i m o E ana  — '
.:~ - = 1 .:. - —1/9 E ;
- fast shock => £,,4 >> system size A ~1310 SQTK / Wom3
= adiabatic shock (Sedov) o 1
- E ~._C O 3
2 slow shock => very thin shell, e 3 Si + Fe o ]
g
downstream heat radiated away and the S 107% i
shock becomes “isothermal” because T3 = T; s,
< . , ]
the bulk incident kinetic energy is thermalised 10-2 L gy s ~~ frein. ]
by the shock and quickly radiated away | A«;_\,;zé
10-24 PR P TTTT s 9 e aagl s 2 sl P d
104 10° 108 107 - 10°® 10 °

Temperature [K]
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= stationary shock without magnetic field support

T3 = T1 maintained by radiative losses (and cosmic-ray acceleration)
p=p (y=1)

U masse: pU; = p~U

Mach number M, el P11 pz 3 :
C .

S mvt : P{ + PU; =pj3 +pP3U3

Ty =Tz =Cgy=Cgz3 =pPq1/p; =P3/p;3

= compression ratio for a strong shock (pju12 >> p4)
2 2

mvt: puy =p3 +p3u3 et masse pu; =p3u; = U3 —-UzU;+C
i 1/27 i 1/27 -
2
. u 4c u 4 u
© racines: uy = —|1x|1- 23\': =11+ 1——\: ~L|1x|1-—=
2 2 ui 2 M; ] 2 _
; racine triviale :u; = u
2 u u
: Us = 12= I‘=—1=p3=p3=M12
M; Us  pP1 P1
= extreme compression not limited by the thermal energy which is quickly radiated away
2 2 2, 1 2 1 2
P3 = pup —p3u3z = pui(l- F) = pui (1 - " ) = p1Uj
1




© expansion speed Ve, ~ 20-100 km/s

“ "isothermal” forward shock: T(shocked ISM) = T(outside ISM) = 10% K
© adiabatic return shock (standing shock)

cs(shocked wind) ~ 500 km/s >> ve,, => subsonic

so nearly isobaric conditions

ionised ISM, T = 10%
= p(shocked ISM) = p(shocked wind) = p " kK forward

c. = 8 km/s Bl 1

“ p = d(mv)/dtdS flux of the wind ey ] ey

at the level of the return shock (RS)

& in the upstream frame
oy N
1 2
#  Vshocked wind = 1——u E
1
= |1——|Vvyw
r
1 . 1
P = MW 1 — — Vw
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= pushed snow-plough, pushed by the common pressure p of the shocked wind and ISM

g(i TCR3pH||R) = 4TER2p = L = RZ + lF‘QI? (1)
dt 3 PHII 3

= wind kinetic energy powers the thermal energy of the shocked wind and the pressure work for
the expansion

E, =iy = Sint OV 4R AP Rs)  p O PR3) (g
2 dt dt dt\2 3 ) Tdt| 3 ]
(1)+(2)= R+ 12RRR+15RIR3 = > = 2

2n® py))

solutonenR=at" = 15n-9=0 = n=3/5
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@ rapid expansion in rarefied, ionized wind bubble

e-+ions gas = <m> = 0.6 m,
shock 10*km/s =T, =1.310"K ...

ejecta impact on the thin bubble shell

} ) " iupernova 1987A « November 28, 2003
Hubble Space Telescope « ACS




= stellar winds, pulsar winds, magnetospheric bows

= again double shock structure to slow down the outside medium and to slow down the inner wind
so that they can “meet” in pressure, standing shocks

subsonic
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Chelyabinsk meteor: 15/2/2013 NN T B
+19.2km/s =>E, = 1.8 PJ
+ exploded at altitude = 30 km

000km/M
2013/02/38 09:20:21

Wind velocity: 20m/s at 30km altitude
80m/s at 50km altitude
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@ extra-galactic jet ot e A e SR
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@ in the large gas mass in a cluster of galaxies

Galaxy C153 in Cluster Abell 2125
; ’** v " Visibles ;,?_, X-ray

- HST Chandra

- Radio Oxygen

: i = ’-.’

i |
&
N - :
| : VLA KPNO

NASA, W. Keel (University of Alabama), FE Owen (National Radio Astronomy Observatory), STScl-PRC04-02a

M. Ledlow (Gemini Observatory) and D. Wang (University of Massachusetts)
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