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Evolutionary sequence
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Supernova phases

Energy-driven expansion
Shock speeds of about 1000 km/s

“Snow-plow phase”
Cooling -> dense, thin shell forms
and sweeps up more material;
Thickness of shell ~ 1pc with
density n ~ 1-100 cm-3

Momentum-driven phase
Expansion eventually comes
to a halt after about 30,000 yr,
when momentum of swept-up
material equals the initial
momentum of the shell

(Klessen script on Theoretical Astrophysics)
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Sedov solution

Self-similar Sedov solution for density, velocity, and pressure
(shock wave expanding into uniform medium of density p4)

A |
’ __‘_________Q_z_,Vz,_F_’zl

v = 5/3

ri R

shock
location

(Klessen script on Theoretical Astrophysics)



Sedov explosion

« Python program to solve 1D/2D hydro equations:

hydro.py O ;~ )
Zot I ] .
ot |
« > ./hydro.py -h - ‘r\ /l
0 L | L L L | L L L | L L L | L L L | L
« > ./hydro.py -sim sedov_test —04 —0:2 00 02 0.4
Suggested: Modify the £ ; :
code to change the initial ER| 1
conditions, e.g., energy R T
injection zone, grid z
resolution, etc.; compare or ]
to analytic solution §
& 9or f " u
o, f\ /t
e L L P T

T

This code uses cfpack; you can simply do “pip install cfpack”


https://www.mso.anu.edu.au/~chfeder/teaching/astr_4012_8002/codes/hydro.py

Sedov solution for non-uniform medium with p () ~ r

(see Book 1994, for a summary and
Density profiles p(r) discussion of the analytic solutions)

x10~% «10-21
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(Monica Bapna et al., in prep.)



Sedov solution for non-uniform medium with p_,,(r) ~ r«
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(see Book 1994, for a summary and
discussion of the analytic solutions)
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(Monica Bapna et al., in prep.)



Supernova-driving of turbulence

Supernova-driven Turbulence

25 parsecs




Driving of turbulence by supernova explosions

Comparison of Milky Way turbulence dissipation and SN injection rates

Turbulence energy dissipation rate:

n v 3 L —1
b —(1/2)pv3 /Lg = —(3 x 10727 ergem 3571 ( n )( Urms ) d
é (1/2)pvpys/La (3 x ergem” °s ) e B ey — 100 p

Supernova energy injection rate:

osnnsNEsN
ﬂ'l?g f H,

s H -1, p 2/ By
= 3x 107 ergs~ cm (’7SN) ( ISN ) c sf
(3 erg s~ cm ) 0.1 1 SNu/ \ 100 pc 15 kpc 1051 erg

(nsn is the fraction of kinetic energy per SN)
(1 SNu is about 1 SN per 50 years for the Milky Way)

(Mac Low & Klessen 2004)
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Turbulence driving — solenoidal versus compressive

Ornstein-Uhlenbeck process (stochastic process with autocorrelation time)

— forcing varies smoothly in space and time,

following a well-defined random process

Solenoidal forcing

Compressive forcing
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Density Distribution — Star Formation Rate

Numerical experiment for Mach 10

Movies available: http://www.mso.anu.edu.au/~chfeder/pubs/sfr/sfr.html

Solen0|dal Dnvmg (b=1/3) Compresswe Driving (b=1)

log,, ( column density [g/cm’] )

Ee, i) _ ) — : :
SFRﬂ-‘ (S|mulat|on) = 0. 14 x20 SFR¢ (simulation) = 2.8
SFRg (theory) =0.15 x15 SFRg (theory) =2.3

Turbulence driving is a key parameter for star formation!
Federrath & Klessen (2012)


http://www.mso.anu.edu.au/~chfeder/pubs/sfr/sfr.html

Image credit: M. S. Povich



logye ( column density [g/cm?] )

The Star Formation Rate — Magnetic fields

Numerical experiment for Mach 10 and a; ~1

Movies available: http://www.mso.anu.edu.au/~chfeder/pubs/sfr/sfr.html
B=0 (Mp=, B = =) B=3uG (My=2.7, B = 0.2)

-

3Bf{Mach 10,44
{z-brojection s

1

R %3

1 B=1
B S
Y ‘ "_‘?"

g
v

WA

Msink / Mbox

SFR¢ (simulation) = 0.46 x0.63
SFRg (theory) =0.45 x0.40

Magnetic field reduces SFR and fragmentation (by factor 2) — IMF
Federrath & Klessen (2012)

SFR¢ (simulation) = 0.29
SFRg (theory) =0.18


http://www.mso.anu.edu.au/~chfeder/pubs/sfr/sfr.html
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Magnetohydrodynamics (MHD)

Most gases in the Universe are electrically conductive.

For example:
« Stars are fully ionised.

« The interstellar medium has mostly neutral particles, but even a very small
fraction of ions and electrons make the ISM an excellent conductor. What
physical processes cause the small ionisation fraction (~10-7) in molecular
clouds?

At first it may seem that one needs to treat ions, electrons and neutral particles
all separately, because the Lorentz force only acts on the charged particles
and depends on the charge. However, in the general approximation of
hydrodynamics, namely that the mean free path is small compared to the
system size (recall earlier discussion on the validity of the fluid approximation),
collisions between neutrals, ions and electrons are so frequent that they can
be treated together in a one-component (single fluid) approximation.

This theory is called MAGNETOHYDRODYNAMICS (MHD).

derivelinjnotesw.



The role of magnetic field structure

Uniform Magnetic Field

Partially Turbulent Field

Fully Turbulent Field
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z (AU)

The role of magnetic field structure for jet launching

Movies available: https://lwww.mso.anu.edu.au/~chfeder/pubs/turb b jets/turb b jets.html

Uniform Magnetic Field Partially Turbulent Field Fully Turbulent Field
Time =0.0358 Myr — 1.0kms™! Time = 0.0362 Myr ~ 1.0kms™! Time =0.0366 Myr —~ 1.0kms™ ! — 10-10

400 i
E 10—11
200 A -
A’ _ 10—13
7 10—14
—200 10—15
N Mo = 1 Neinka = 2 ok

Mgins = 0.0998 Mg Mgy = 0.1Mg

—400 —-200 0 200 400 —400 —-200 0 200 400 —400 —-200 0 200 400 1

z (AU) z (AU) z (AU)

Gerrard et al. (2019)

— Need ordered magnetic field component for jet launching
(Blandford & Payne 1982)

1000.0 AU)

Density (g 0111‘3) (projection length y


https://www.mso.anu.edu.au/~chfeder/pubs/turb_b_jets/turb_b_jets.html

“
° .
~
.
. .
-
’
g .
-
.
CP?
‘.
.
.
.
.
.
- .

Image credit: M. S. Povich



Astrophysical Gas Dynamics

Magnetohydrodynamics in the Cosmos and in the Lab
-- Magnetic fields ,,calm” turbulent flows :-)

'

\

oot Shkrwrd e

- X
g ¢ '5'.“ f';_“‘."."’ 3 s W, .y
3 ia) .

https://youtu.be/i1fuXiBgDql


https://youtu.be/i1fuXiBqDqI

