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Gravity Waves

Gravity“Waves:
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Gravity Waves.
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= Waves:
. sea & ocean
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Sound Waves

Sound Waves:
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Sound Waves
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particle density, displacement and velocity in a scund wave
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Doppler Effect




Jeans Instability

displacement and velocily

pressure and gravitational forces

Jeans waves for A = A,/V2 (stable case)
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Jeans waves for A = v2), (unstable case)
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Shock Waves
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. Shocks are

24/02/2016

Shocks are fransitions in flow properties
such as density, velocity and pressure;

. Inshocks the kinetic energy of the flow is converted

into , (pressure);

if sound waves propagate over
long distances:;

. Shocks always occur when a flow hits an obstacle

. Inshocks, the flow speed along the shock normal
changes from to

HWILL

Wave Breaking

High-pressure/density
regions move faster

Shock must form
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g B
plus characteristic

flow trajectory

.I C-lv

X

Figure 7.1: Diagram showing the space-time flow line, defined by dur = u dt, and the
two characteristics Cy and C_ defined by diw = (u + ¢,) dt and dx = (u — ) df. From
each point in the flow two characteristics originate along which C and C_ are constant
respectively. Note that the value of C. can be different on the different characteristics
so that the characteristic variables C. and C_ are not global constants!
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Chelyabinsk Meteorite (Feb. 2013):

Sonic Boom
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P Examples of As‘rrop'hysi"c'ti"l""‘s'”’ﬁc“j"c‘?R?'

Cometary bow-shocks

Earth's bow shock
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Supernova Remn(jﬁ%’mﬂ —

Supernova blast waves

Tycho's Remnant (SN 1572AD)

X-Rays (CHANDRA Observatory) Radio (21cm)
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Radio galaxy m

Cygnus A

<

/ Radio picture

Hot spots
are shocksl!

X-ray picture

Chandra X-Ra

HST Optical

'Knots' in jet of Galaxy M87 are shocks!
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Excluded
Zone,
1p < Upnin

200

300

-

Excluded Zone
Slope of Rayleigh Line <0

Rayleigh Line, slope ~ D?
from mass and momentum

Hugoniot,
from energy

initial state

Excluded Zone, 2nd Law Violation
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Excluded Zone, negative pressure
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P ——

Shock Physics

Across an infinitely thin steady shock you have, in the shock frame where
the shock is at rest, the following Rankine-Hugoniot Jump conditions:

Mass-flux conservation

PNV = PV,

2 2
Momentum-flux conservation o (an) +P=p, (VnZ) +P,

Energy-flux conservation

Summary:
Rankine-Hugoniot relations
(for normal shock)

Fundamental parameter: M, = shock speed — ﬁ
Mach Number sound speed ¢,

R-H Jump Conditions
relate the up- and downstream P
quantities at the shock:
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From normal shock to oblique shocks:

All relations remain the same if one makes the replacement:
V=V, =V,cosd,,
My => M, =V, /c, =M, cosg,

0 is the angle between upstream velocity and normal on shock surface

Tangential velocity along shock surface is unchanged

V,=V,;sing, =V, =V,sing,

—

* Example from Jet/Rocket engines

Nozzle Fras Jal Compression
Exit Expansion Sotnaary Fan ” Expansion
Fan Obligue Fan
Mach , Shock Mach

Disk

Exhaust
{parallel to
centerline)

Oblique a
Shock ; -.:?“A
\ Flow Turns Flow Turns h""'-.,“
Parallel Parallel '
Flow Turns Flow Turns
Flow Turns Outward Inward Flow Turns
Inward Flow Turns Outward
Parallel
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Supernova Remnants
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Tycho SNR
L

SN1006 SNR .
(1006)
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X-ray Visible Infrared'* . . o v
Chandra X-ray Observatory Hubble Space Telescope Spitzer Space Telescope °

Kepler's Supernova Remnant « SN 1604 ssc2004-15b
NASA, ESA / JPL-Caltech / R. Sankrit & W. Blair [Johns Hopkins University)

Cas A:

Remnant
Supernova (1680)

Brightest
Radio source
on the sky
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- Cas A SNR '_ %nyhhqtj:gh; i
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Theory of Supernova Blast Waves

Supernovae:

Type Ia Subsonic deflagration wave turning into

a supersonic detonation wave in outer
layers.

Mechanism: explosive carbon burning in
a mass-accreting white dwarf

Core collapse of massive star

Core-Collapse SN

26



1.6 billion kilometers

Hydrogen-fusing shell

/Helium—fusing shell

< __—Carbon-fusing shell
. —Neon-fusing shell

N

Central I
regionsofa ''oncore

Oxygen-fusing shell

Silicon-fusing shell

e

ﬁ,____,/\ supergiant star

Jupiter’s orbit
In the last stages of its life, high-mass star:
- iron-rich core
- surrounded by concentric shells, hosting the various thermonuclear reactions
The sequence of thermonuclear reactions stops here:
- formation of elements heavier than iron requires
- input of energy rather than causing energy to be released

24/02/2016
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Pre-supernova star

Collapse of the core

Interaction of shock

I— with collapsing envelope

neutrinos emitted
light emitted

Star brightens by 108 times

Supernova IT Explesion+"
SN1054

28



24/02/2016

Pulsars and Neutron Stars
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Thermonuclear SN
(Supernova Ia)
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©  SN1006

istorical Supernovae How Iirihl Was SN10067

0 1000 ? SN 1006 Brightest of the historical supemaovae -8
(=) SN1054 Formed b

(%) Full moor

N1572 T
plgsa © SH1006

) SN 1604

Scale of Apparent Magnitudes (logarithmic)

Supernova SN1006:

- brightness: m=-75

- distance: d=2.2 kpc

- recorded: China, Egypt, Iraqg, Japan,
Switzerland, North America

1885-S I the Andromeda galaxy

%) 1987A Inthe Large )

Supernova SN1006:
brightest stellar event recorded in history

© " SN100

Supernova SN1006:

- brightness: m iS5
: . . - distance: d=2.2 kpc
: i . present-day - = o - recorded: China, Egypt, Irag, Japan,
2|].a Bt Al Su'pernovq_R'e_mn : Switzerland, North America

Supernova SN1006:
brightest stellar event recorded in history
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The progenitor of a Type Ia supernova

ng the companion
d away.
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Blast Waves

JFsar Bomba Nuclear=Explosion
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pFsar Bomba Nuclear-Explosion
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Hiroshima, the"Shockwave

Sedov-Taylor

Expansion Law
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Blast waves

Main properties:

1. Strong shock propagating through the Interstellar Medium,
or through the wind of the progenitor star;

2. Different expansion stages:
- Free expansion stage (t < 1000 yr) Roct

- Sedov-Taylor stage (1000 yr <t < 10,000 yr) Roc t2/5
- Pressure-driven snowplow (10,000 yr < t < 250,000 yr) R oc 1 3/10

STANDARD SNR EVOLUTION

R(pe)

- SCHEMATIC, BASED ON EXPANSION OF
A 1051 ERG SN INTO AN ny = 1cm™3 MEDIUM

D.
Mg i g i JMERGER
(300) - ao ! !
50°) 18,000 t | TMOMENTUM-CONSERVING
14 k400 AESSUHE-OHNEN

32’5 C. SNOWPLOW

B. SEDOV-TAYLOR
2 -1
1

t
A FREE EXPANSION

200 10,000 (=108 ) 750,000
CRCUMSTELLAR | 1 1% TIME (YR) 4., .
- LR L Y -y
\’ X -\\-‘( 4 ‘\\Z. L=
d I A
| EJECTA LIRS 0T A
5000 - 10,000 f:-".-'{‘."mmm*—, [
ama1 ";:"'.1-.,.':.'
- "1'}3:"‘_ .".$.\

A FREE BEXPANSION

D. DEATH —= COALESCENCE
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Tsar Bomba Nuclear Explosion
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Photans

Path of electron
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Free-expansion phase

Energy budget:

99% into neutrino's
1% into mechanical energy

GM?
R

C

3
5

\ E

=10 erg :>{

grav

Expansion speed:

1/2 1/2

M

V, = |2Emen _ 3000 Enen d km/s
P M. 10> erg 10 M

ej o)
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e v-Taylor stage

-Expansion starts to decelerate due to swept-up mass

- Interior of the bubble is reheated due to
reverse shock

- Hot bubble is preceded in ISM by strong blast wave
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Interstellar

Medium

Hot Interior

P>>R., V2

ism F&nws

Shocked
ISM
Interstellar
Medium
Rem Shock relations
for strong
(high-Mach number)
shocks:
|Sl'f'l'< QSnYSZ
I15M
2
0, ( Y+ l) M; y+1

2
V, A%
2 1 171
&_27/\/152_(7_1) 2y M? as _Lc_lj yP =
P y+1 y+1 )
2
o P=—"")pV?
2 7+1,011
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Hot Interior
P>>R,

Hot Interior
P>>R,

24/02/2016
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Hot Interior
P>>P. 2
ism P|5m<<p|snys 2 E
2 SNR
— PanVs” = (7 -1
o +1 ism” s ( )47[ R3
? S
1/2
V _ dRs - 87[ Esnr R—3/2
s dt - 2 s
3(7/ _1) pism
Interstellar
Medium
R 1/2
RYR, = |—F EJ dt
3(7/ _1) pism

Hot Interior
P>>Rim

R <<p|snY$2

ism
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Interstellar
Medium
Rsm 1/2
RsalzdRS ~ 827[ Esnr dt
3(7 _1) pism
Hot Interior
i >Bsm ism qsny; 2 8 E 1/2
_d(RSE’/Z)_ 2” ( snrj dt
ISM 3(7 _1) Pism
Interstellar
Medium
’%sm 1/2
RsslzdRs ~ 827[ Esnr dt
3(7 _1) Pism
Hot Interior
Be >Bsm 5 Ism'< < qsny; 2 8 E 1/2
_d(R55/2)= Zﬂ' ( snrj dt
ISM 3(7 _1) Pism
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Sedov & Taylor

46



