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different evolutionary phases 
free expansion: bullet 
adiabatic expansion (Sedov):  
constant energy 
snow-plough expansion:  
constant momentum

supernova remnant evolution
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quasi-spherical expansion  
of a shock wave into the ground 

Vredefort crater 
SouthAfrica 
200 miles wide 
2Gyr old

impact crater formation
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called a release wave). As the release wave passes through
the projectile from back to front, it unloads the projectile
from the high shock pressures it had experienced. Because
the shock pressures, and the associated temperatures, have
been so high, this release results in the virtually complete
melting and vaporization of the projectile. At the instant at
which the release wave reaches the front end of the projec-
tile, the whole projectile is unloaded, and the release wave
continues forward into the target and begins to decompress
it as well. This point, at which the release wave reaches the
front of the projectile and begins to enter the adjacent com-
pressed target, is taken as the end of the complete contact/
compression stage.

The contact/compression stage lasts no more than a few
seconds, even for impacts of very large objects. The time
required for the shock wave to travel from the projectile/
target interface to the rear edge of the projectile is approxi-

mately equal to the time it takes the projectile to travel the
distance of one diameter at its original velocity. Even for
large projectiles, this time is short: 2 s for a 50-km-diam-
eter projectile traveling at 25 km/s, and less than 0.01 s for a
100-m-diameter object traveling at the same speed. The
additional time required for the release wave to travel from
the rear to the front edge will be no more than a few times
this value, depending on the properties of projectile and tar-
get rock (Melosh, 1989, pp. 48 and 58). For most impact
events, the entire contact/compression stage is over in less
than a second.

After the release wave has reached the front end of the
projectile and unloaded it completely, the projectile itself plays
no further role in the formation of the impact crater, and the
actual excavation of the crater is carried out by the shock
waves expanding through the target rocks. The vaporized
portion of the projectile may expand out of the crater as part

Fig. 3.2. Contact/compression stage: initial shock-wave pressures and excavation flow lines around impact point. Schematic cross-
section showing peak shock pressure isobars (pressures in GPa) developed in the target around the impact point near the end of the
contact/compression stage. The originally spherical projectile, after penetrating about two diameters into the target, has been almost
completely destroyed and converted to melt and vapor. Shock waves radiating from the projectile-target interface decline rapidly outward
in peak pressure (isobars in GPa on left side of cavity), creating concentric, approximately hemispherical zones of distinctive shock effects
(right side of cavity). From the original interface outward, these zones involve: (1) melting (>50 GPa) and formation of a large melt unit;
(2) shock-deformation effects (5–50 GPa); (3) fracturing and brecciation (1–5 GPa). The subsequent excavation stage involves two
processes: (1) upward ejection (spalling) of large near-surface fragments and smaller ejecta (ejecta curtain) (upward-pointing arrows
above ground surface); (2) subsurface flow of target material to form the transient crater (arrow paths crossing isobars at left side).
(Modified from Melosh, 1989, Fig. 5.4, p. 64.)

shock pressure 
contours

http://www.lpi.usra.edu/publications/books/CB-954/chapter3.pdf


UnivEarthS

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

impact expansion

Sagy, Reches, Fineberg 2002,  
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 

comet impacts
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ejecta  
density profile often as power laws => self-similar solutions 
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 
ve ~ vp ~ vshock ⇒ mpvp ≫ meve ⇒ Tp >> Te  

electrons heat up by Coulomb diffusion  
⇒ delay τCoulomb  (if no plasma effetcs) 

velocity of forward shock (FS) ≠ velocity of 
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)  

RS moves inward wrt FS,  
but outward wrt the outside observer

forward & return shocks

ISM 

shocked ISM 

shocked ejecta

discontinuity

pshISM ≈ psh.ej

forward 
shock

return 
shock

⇢ej / r�n
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density profiles: compression at shock, rarefaction behind expanding shock

forward & return shocks

437 ans 
1044 J 
next = 0.1 cm-3 
Mej = 1.4 M⨀ 
n=7 

FS

R
S

shocked 
ejecta

shocked  
ISM

ISMejecta
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ex: ESN ~ 1044 J supernova with 1.4 M⨀ of ejecta expanding into ISM with n = 0.1 H cm-3       

expansion phases
Remnant structure and evolution 

Tycho seen  

by Chandra 

(age 438 yr) 

Warren et al 2005 

0.95 – 1.26 keV 
1.63 – 2.26 keV 

4.10 – 6.10 keV 

non-radiative radiative 

values given for 1.4 solar masses of ejecta  
with kinetic energy of 1051 erg,  

expanding in a medium of density 0.1 cm-3 

600 yr 30 000 yr 

7 pc 

46 pc 

1.2 
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free expansion:  bullet mode 

as long as M(ejecta) ≫ M(swept up ISM) 

Tycho: 1572

free expansion

R(t)
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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) ≪ 

adiabatic conditions as long as 
Ėrad ≪  E ≈ ESN ≫  E(swept up mass) 

thus evolution controlled only by ESN et ρISM  
dimensional considerations 

indeed if Φ ≈ 1 gathers complexity (inhomogeneities, non-sphericity, etc…) 

power-law solution R(t) = a tn    => 3n + 2n - 2 = 5n - 2 = 0  => t 2/5  
then the full equation becomes   which yields the constant “a”

adiabatic expansion
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SNIa, free-Sedov transition 

Kepler (9/10/1604)

IR X

hard X
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radiative losses: radiated power = Lrad = n2 Λ(T) 
at the end of Sedov:  

downstream T2 >> 106 K  
=> radiative losses ≪, inefficient cooling 

T2 ≤ 106 K efficient —> important losses 

radiative phase starts when τrad < τexpansion

Sedov-radiative transition

recombinations 

(opt) free-free 
(X)

⇤↵
/ T

1/2

⇤ ⇡ 1.3 10�32T�1/2
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radiative losses rapidly become catastrophic: 
because T↓ ⇒  n↑ ⇒  losses ↑↑ 

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

radiative  phase

radiating filaments 
200 km/s,  < 106 K

low density and low 
emission interior < 107 K

ISM

discontinuity

forward 
shock

shocked ISM

shocked ejecta

shell
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filaments in the optical

Cygnus loop
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characteristic scales 

only momentum conservation (since Etot ↓) 

snow-plough phase: onset with a little pressure push from the hot interior gas where 
n~10-2-3 cm-3 and Lrad are still low and pint ~ uniform acts as a piston on the thin radiative shell 

 with push     later without push

radiative phase
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◆
= 4⇡R2pint

Lrad ⌧) pintV
�
= cte

) pint / R�3� / R�5

) d

dt

⇣
R3Ṙ
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Ṙ = Ṙc
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quasi-hemispherical expansion of a shock wave into the ground 
similar dimensional analysis (+gravity, +stress) 

return shock into the projectile  
=> melting 

the forward shock slows down and becomes a normal (elastic) seismic wave at csound
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called a release wave). As the release wave passes through
the projectile from back to front, it unloads the projectile
from the high shock pressures it had experienced. Because
the shock pressures, and the associated temperatures, have
been so high, this release results in the virtually complete
melting and vaporization of the projectile. At the instant at
which the release wave reaches the front end of the projec-
tile, the whole projectile is unloaded, and the release wave
continues forward into the target and begins to decompress
it as well. This point, at which the release wave reaches the
front of the projectile and begins to enter the adjacent com-
pressed target, is taken as the end of the complete contact/
compression stage.

The contact/compression stage lasts no more than a few
seconds, even for impacts of very large objects. The time
required for the shock wave to travel from the projectile/
target interface to the rear edge of the projectile is approxi-

mately equal to the time it takes the projectile to travel the
distance of one diameter at its original velocity. Even for
large projectiles, this time is short: 2 s for a 50-km-diam-
eter projectile traveling at 25 km/s, and less than 0.01 s for a
100-m-diameter object traveling at the same speed. The
additional time required for the release wave to travel from
the rear to the front edge will be no more than a few times
this value, depending on the properties of projectile and tar-
get rock (Melosh, 1989, pp. 48 and 58). For most impact
events, the entire contact/compression stage is over in less
than a second.

After the release wave has reached the front end of the
projectile and unloaded it completely, the projectile itself plays
no further role in the formation of the impact crater, and the
actual excavation of the crater is carried out by the shock
waves expanding through the target rocks. The vaporized
portion of the projectile may expand out of the crater as part

Fig. 3.2. Contact/compression stage: initial shock-wave pressures and excavation flow lines around impact point. Schematic cross-
section showing peak shock pressure isobars (pressures in GPa) developed in the target around the impact point near the end of the
contact/compression stage. The originally spherical projectile, after penetrating about two diameters into the target, has been almost
completely destroyed and converted to melt and vapor. Shock waves radiating from the projectile-target interface decline rapidly outward
in peak pressure (isobars in GPa on left side of cavity), creating concentric, approximately hemispherical zones of distinctive shock effects
(right side of cavity). From the original interface outward, these zones involve: (1) melting (>50 GPa) and formation of a large melt unit;
(2) shock-deformation effects (5–50 GPa); (3) fracturing and brecciation (1–5 GPa). The subsequent excavation stage involves two
processes: (1) upward ejection (spalling) of large near-surface fragments and smaller ejecta (ejecta curtain) (upward-pointing arrows
above ground surface); (2) subsurface flow of target material to form the transient crater (arrow paths crossing isobars at left side).
(Modified from Melosh, 1989, Fig. 5.4, p. 64.)
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and the immediate modification of the newly formed crater
by gravity and rock mechanics, is a complex and continuous
process. However, it is convenient to divide this process,
somewhat arbitrarily, into three distinct stages, each domi-
nated by different forces and mechanisms: contact and com-
pression, excavation, and modification (Gault et al., 1968;
see also Melosh, 1989, Chapters 4, 5, and 8).

3.1.1. Contact/Compression Stage
This stage begins at the instant that the leading edge of

the moving projectile makes contact with the ground sur-
face. If the target is solid rock, the projectile is stopped in a
fraction of a second and penetrates no more than 1–2× its
own diameter (Fig. 3.1) before its immense kinetic energy is
transferred to the target rocks by shock waves generated at
the interface between projectile and target (Kieffer and
Simonds, 1980; O’Keefe and Ahrens, 1982, 1993; Melosh, 1989,
Chapter 4).

The general features of this conversion of kinetic energy
into shock waves have been determined from experiments
and theoretical studies (e.g., O’Keefe and Ahrens, 1975, 1977,
1993; Ahrens and O’Keefe, 1977; papers in Roddy et al., 1977;
Melosh, 1989, Chapter 4), although many details are still not

well understood. One clear result is that, as one set of shock
waves is transmitted outward from the interface into the tar-
get rocks, a complementary shock wave is reflected back into
the projectile (Fig. 3.1) (Melosh, 1989, Chapter 4; O’Keefe
and Ahrens, 1993).

The shock waves transmitted into the target rocks lose
energy rapidly as they travel away from the impact point.
Two factors are involved in this energy loss: (1) the expand-
ing shock front covers an increasingly larger hemispherical
area with increasing radial distance, thus reducing the over-
all energy density; (2) additional energy is lost to the target
rocks through heating, deformation, and acceleration. The
peak pressures of the shock waves therefore also drop rap-
idly with distance from the impact point. Theoretical mod-
els (Melosh, 1989, pp. 60–66) and geological studies of
shock-metamorphosed rocks in individual structures (Dence,
1968; Robertson, 1975; Grieve and Robertson, 1976; Dence et
al., 1977; Robertson and Grieve, 1977; Dressler et al., 1998)
indicate that the peak shock-wave pressure (Ps) drops expo-
nentially with the distance R from the impact point accord-
ing to an equation of the form Ps ααααα R–n. Various field and
laboratory studies indicate a dependence of R–2 to R–4.5; the
exact value of the exponent depends on projectile size and
impact velocity (Ahrens and O’Keefe, 1977).

 On the basis of these studies, it is possible to regard the
impact point as surrounded by a series of concentric, roughly
hemispherical shock zones, each zone distinguished by a
certain range of peak shock pressure (Fig. 3.2) and charac-
terized by a unique suite of shock-metamorphic effects pro-
duced in the rocks. At the impact point, peak shock-wave
pressures may exceed 100 GPa (= 1000 kbar or 1 Mbar) for
typical cosmic encounter velocities, producing total melting,
if not vaporization, of the projectile and a large volume of
surrounding target rock. Further outward, pressures of 10–
50 GPa may exist over distances of many kilometers from
the impact point, producing distinctive shock-deformation
effects in large volumes of unmelted target rock.

At even greater distances from the impact point, the peak
shock-wave pressures eventually drop to about 1–2 GPa
(Kieffer and Simonds, 1980). At this point, near the eventual
crater rim, the shock waves become regular elastic waves or
seismic waves, and their velocity drops to that of the velocity
of sound in the target rocks (typically 5–8 km/s). These seis-
mic waves can be transmitted throughout the entire Earth,
like similar waves generated by earthquakes and volcanic
eruptions. Because of their low pressures, they do not pro-
duce any permanent deformation of the rocks through which
they pass. However, seismic waves may produce fracturing,
brecciation, faulting, and (near the surface) landslides, and
the results may be difficult to distinguish from those of nor-
mal geological processes.

The duration of the contact/compression stage is deter-
mined by the behavior of the shock wave that was reflected
back into the projectile from the projectile/target interface
(Fig. 3.1) (Melosh, 1989, pp. 57–59). When this shock wave
reaches the back end of the projectile, it is reflected forward
into the projectile as a rarefaction or tensional wave (also

Fig. 3.1. Contact/compression stage: shock-wave generation
and projectile deformation. Theoretical cross-section showing
calculated conditions immediately after the impact of a large,
originally spherical, projectile (stippled) onto a uniform target. The
projectile has penetrated about half its diameter into the target,
and intense shock waves (pressures in GPa) are radiating outward
into the target from the interface. The projectile itself has become
intensely compressed, and similar shock waves from the interface
are spreading toward the rear of the projectile. When this shock
wave reaches the rear of the projectile, it will be reflected forward
as a tensional wave or rarefaction, unloading the projectile and
allowing it to transform, virtually instantaneously, into melt and
vapor. The original model, developed for large lunar impact events
(O’Keefe and Ahrens, 1975), represents conditions about 1 s after
the impact of a 46-km-diameter anorthosite projectile at 15 km/s
onto a gabbroic anorthosite target, but similar conditions will be
produced by smaller impacts and other material compositions.
(Modified from Melosh, 1989, Fig. 4.1a, p. 47.)
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entering a dense cloud: slowing down and radiative filaments

SN1006

X thermal 
X non thermal 
Hα optical
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dMw/dt ~ 10-5 M⨀ yr-1, > 1000 km/s 

radiation pressure driven 

single massive star 

stellar cluster

stellar winds

N44F  superbuble 35 lyr

NGC2953 WR
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dMw/dt ~ 10-8 M⨀ yr-1,  

radiation pressure driven

planetary nebulae
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strong radiative losses => very thin radiative zone 
radiative cooling rate Λ(T) ≈  Λ0 T-1/2 between 105 and 108 K 
width of the radiative zone = ℓrad = u2 τrad  

radiative length scales with u1
4: 

fast shock => ℓrad >> system size  
⇒ adiabatic shock (Sedov) 

slow shock => very thin shell,  
downstream heat radiated away and the  
shock becomes “isothermal” because T3 ≈ T1  
the bulk incident kinetic energy is thermalised 
by the shock and quickly radiated away

zoom on the radiative shock

recomb.

frein.

⇤ ⇡ 1.3 10�32T�1/2
K W.m3

p3           p2 >>p1   p1  

ρ3            ρ2= rρ1  ρ1

shock frame

T3 ~T1      T2 >>T1        T1 

�!u1 = ��!vc�!u2 = ��!vs/r
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stationary shock without magnetic field support 
T3 ≈ T1 maintained by radiative losses (and cosmic-ray acceleration) 
p ∝ ρ   (γ=1) 

Mach number 

compression ratio for a strong shock (ρ1u1
2 >> p1) 

extreme compression not limited by the thermal energy which is quickly radiated away

isothermal shock
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expansion speed vexp ~ 20-100 km/s 
“isothermal” forward shock: T(shocked ISM) ≈ T(outside ISM) ≈ 104 K 

adiabatic return shock (standing shock) 
cs(shocked wind) ~ 500 km/s >> vexp => subsonic  
so nearly isobaric conditions 
⇒ p(shocked ISM) ≈  p(shocked wind) = p 

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

at the level of the return shock (RS) 
in the upstream frame

stellar wind bubble
discontinuity

forward 
shock

thin shocked ISM

shocked wind

ionised ISM, T ≈ 104 K 
cs = 8 km/s
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shock
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simplifications: the hot gas occupies a constant fraction Φ of the volume 

pushed snow-plough, pushed by the common pressure p of the shocked wind and ISM 

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

expanding bubble

� = 1�
✓
RRS

RFS

◆3
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rapid expansion in rarefied, ionized wind bubble 
e-+ions gas  ⇒ <m> = 0.6 mp                           

shock 104 km/s  ⇒ T2 = 1.3 109 K …  

ejecta impact on the thin bubble shell

SN1987a dans sa bulle
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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

bow shocks
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Chelyabinsk meteor: 15/2/2013 
19.2 km/s => Ekin ≈ 1.8 PJ 
exploded at altitude ≈ 30 km

shock waves



UnivEarthSpulsar bow shock

M>1 because  

large v//  

conserved  

through shock
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relativistic wind of (e+,e-) pairs (> TeV)

pulsar bow shock

CXO opt

PSR 1957+20 veuve noire

la souris

CXO radio
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extra-galactic jet 
powered by the 
central supermassive 
black hole 

relativistic jet
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in blue: hot gas in the cluster of galaxies (10 times more than the mass of the galaxies)

intergalactic sculpting

radio  
opt   
X 
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eject
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in the large gas mass in a cluster of galaxies

galaxy dive



UnivEarthSshock between galaxy clusters
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