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Supernovae simulations

full 3-D non-ideal MHD, stellar gravity field, differential rotation,

radiative cooling

o 107 -3
2. 01e+01
i5 25e—03
1.37e—06

Figure: penC|I-code simulation
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The equations

» The continuity equation

dlnp

—— +u-Vlnp=-V-u
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» The equation of state

» The induction equation
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The equations continued

» The momentum equation

afu—i—u'Vu: —C3V<s+lnp>_v®gfaV+JXB
Jt Cp
+{(VV -u)+ v (v2u+;VV-u+2S-Vlnp)

» The entropy equation

pT(?;)+u-Vs: H—-C+V-(KVT)
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The model

> shearing box - differential rotation
radial/azimuthal - periodic/sliding
> gravity profile (?)

z 88 Z
gZ == g“ + /5 2
/22 +200pc?  1kpc

» t=0: isothermal hydrostatic equilibrium

0.4gy —2gaV'2% +0.22 — gg 22>

2’['0

p(z) = poexp (

p(z) « p(z), T(0) = 8000K

» radiative cooling, uv heating, seed magnetic field 1072uG



Supernovae model

> Type | & Type Il SNe:

> inject 10°1 ergs (thermal & kinetic energy) & mass 4M,
24 Myrs—1 kpc~2
> SNI: random uniform in X,y; gaussian in z to height 350 pc
> SNII: Poisson time process, dependent on cloud mass
T< 4000K and p > 1, random site, bias for most dense cloud

» Sedov and snowplough growth reproduced
25\% (E\?
() (2)"
3 00

Ro ‘
R=Ry(1+ 4F<t — tp) (snowplough)
0

(I[N}

(adiabatic)

» transition velocity Ry between two phases

RO x pg/17E1/17 @)



Effect of initial remnant radius on expansion

single SN approximated with energy injected into finite sphere

Sedav solution without cosing 4.75pc
starfing at 16.75,28.125,37.5

radius in kpe
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Figure: Adiabatic growth of SN remnant
shell mixed thermal/kinetic, and
analytic for various initial remnant sizes

» Why increase

remnant size?

Injection of thermal
energy only:
1051 ergs at rest

Injection of joint
kinetic-thermal
energy:

5 x 10° ergs thermal

plus equivalent velocity



Single supernova

Comparison to Sedov solution with larger initial remnant size

50% Kinetic Energy: time 0.000027Gyrs

No Kinetic Energy: time 0.000027Gyrs

Inp, uu, InTT
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Single SN simulation without cooling: 1-D

section through the remnant origin density,
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no radiative cooling
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Single SN

remnant with radiative cooling function

Analytic and numerical remant shell growth rates

with cooling for ‘snowplow’
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Figure: Comparing simulations with

radiative cooling to snowplough

solid line - snowplough
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too hot for code
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Single SN remnant

p TV,

With cooling: time 0.000009Gyrs

A(T) Et Ex

With cooling - energy: time 0.000009Gyrs
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Figure: thermal-kinetic energy in initial 37.5pc

remnant with cooling: 1D-sections through the origin

» density, radial velocity and

temperature

» cooling, kinetic energy and

thermal energy

» Hot & warm phases
~ 8000K & > 10°K



Radiative cooling

Cooling function A(T)
> Continuous cooling function
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> uv-heating constant
smoothly vanishes above
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Figure: Radiative cooling function includes justified?
unphysical cooling above 107K to inhibit

unresolvable hot gas.



Preliminary results: hydrostatic model

Figure: Time series of vertical averages for vertical velocity,
log(temperature) & log(density)
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Mean velocity temperature and supernova rate
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Figure: Mean velocity (km s™1), mean temperature (103 K) and
supernovae events per century.



Probability density - by height

P(ine} Hals, Wedlum & Diak

Density Temperature Velocity
10,000 T T 10,000 T T T T T T 10.000 T T T T
1000 1000 1000
: g
. H
] £
0100 E a0 ; LAl 4
. § = §
AN € pe B
\ 4 ! ©
0010 . o010 { atdE .
IlI .’ N I\.
eren aa b 1 L ) L 1 Qo Lol o
- -10 10

-5 [
HomaFsed range of Ing tokdl 184

-1 4 o a
Narmaflaed range af InT kot 180

= o 5
Harmallaed rorge of b toldl &

Figure: Probability density plots at 58 Myrs for log(density),log(temperature)
and log(velocity?) in the halo, mid-height and disk




Volume filling factors heat phases

volume filling factors at 44 Myrs

| | T<200K [ 200K < T <10* K T>10"K
< 200 pc 0.049 0.764 0.187
< 500 pc 0 0.126 0.867
> 500 pc 0 0 0.994
| Total < 1kpc | 0.015 | 0.191 0.794
volume filling factors at 58 Myrs
| | T <200K [ 200K < T <10* K T >10"K
< 200 pc 0.042 0.789 0.170
< 500 pc 0 0.302 0.692
> 500 pc 0 0 0.993
Total < Ikpc [ 0.013 0.249 0.738




Temperature of supernovae simulations

> temperature scale

1 48e+03 |n('|'104) K
1074 to 103

> mid-plane section
1.00e+01 2kpc high by 500 pc?

> temperature slices

» mean ISM temperature
6.740—02

8000 K
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Figure: hydrostatic simulation showing temperature



Anisotropy of velocity fluctuations

x-component y-component z-component
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Figure: Standard deviation from mean velocity
for Vi, V),V < 200pc, 200 to 500pc & 500pc
to 1kpc. Plus V4, V,,V; fluctuations for whole
volume (V; in red)



Vertical velocity of supernovae simulations
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Figure: hydrostatic simulation showing vertical
velocity flow
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Flow through the vertical boundaries
Fountain or wind?

Mean outward velocity through Halo
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Figure: Mean outward velocity on vertical boundaries +1 kpc



Further development and investigation

Results still very preliminary. Code under revision.

1.00
include cosmic rays
larger box to study
dynamo
0.50 _ _
investigate parameter
space
> suggestions for
{=0.0001020 0.00 further testing and
improvements

Figure: Magnetic field B? scale 0 to 0.345591 uG
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