Coronal equilibrium

¢ Coronal equilibrium occurs when heat or
mechanical energy sets a Kinetic
temperature
¢ Besides the sun, this occurs in ...
¢ Accretion disks
— Gas “viscosity” converted into heat
¢ Shocks
— Collision between two parcels of gas,
—Energy of motion converted into heat
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Shock in an ideal gas

+ Energy of motion % p v2
¢ Thermal energy 3/2 nkT

¢ T(shock) =p v2/3nk =v2/3k p/n = v> p/3k

¢ If the gas is ionized then n = 2n(H) so
p=m,/2

All stars have winds

+ Wind speed roughly escape velocity from
surface of star

¢ Wind strikes surrounding clouds creating
shocks

¢ visible in x-ray for moderate to high speed
shocks, in the optical / UV for slow shocks




Earth within solar wind

¢ Solar wind speed =400 km/s at Earth’s orbit
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H II regions

¢+ Wind speed
=500 km/s

Idealized structure of an H II region

Hot H* bubble

Warm H*
“H II region™

Warm H°, H,
“PDR”

Cool H,
“molecular cloud”

BN — KL in Orion

+ 10 km/s
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Planetary nebula

Wind~103 km/s




T Tauri jets

¢ =50 km/s
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AGN

¢ Wind = 1e4 km/s

Homework

¢ Choose one of these objects and compute its
shock spectrum

¢ Plot the ionization distribution and the
spectrum
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What our calculation included

+ Coronal equilibrium
¢ Lightest 30 elements

+ All stages of ionization
¢ About 100 molecules

¢ Fully self consistent
¢ Time steady

¢ Ionization caused by thermal collisions

+ Light was not considered
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SUMMARY

The ionization equilibrium N(ion)/N(Element), for ions of elements abundant
in the Sun, has been calcul. asa function of between Te~ 104°K
and ~ 108°K. Two sets of results are given. The first includes the processes of

llisional ionizati llisional excif followed by ionization, direct
radiative radiative bination via bound levels, and di-
electronic recombination, reduced by a density dependent term. As the
variation of the electron density with electron temperature in the solar
atmosphere enters into the calculations these results are applicable only to the
solar corona and chromosphere. The second set includes collisional ionization,

llisional excitation followed by ionization, direct radiative recombina-
tion, and the full di-electronic recombination rate. These results are applicable
to any low density plasma where the radiation field is negligible.
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F16. 1. The ionization equilibrium of O ions. The full lines illustrate the present calculations
which are applicable to the Sun. The dashed lines show the results of House (1964).

Today’s version

¢ In cloudy / tsuite / programs / collion

o 02 043 0w 05 046 0s7 08

138
Ew

EXT)
2033 2015
Ewr] E%T)
2050 0.71
EXT -0.30
315 0,34
N 0,51
a2 -0.78
a8 1o
5.45 138
5,00 L6t
s W




Shock in an ideal gas

+ Energy of motion % p v2
¢ Thermal energy 3/2 nkT

¢ T(shock) =p v2/3nk =v2/3k p/n= v? pn/3k

¢ If the gas is ionized then n = 2n(H) so
prm,/2

+ T(shock) = 20 v(km/s)? K
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Watch for these correlations
@ Tgoex ~ = 20 v(km/s)? [K]
+ Ionization potential Z2 Ryd

—=1.5x105 Z2 [K] (from energy match)
—=10* Z2 [K] (thermal distribution of energies)

+ 100 km/s -> 200 000 [K]
+ From 200 000 K = 10* Z2 -> Z~4

Watch for these correlations
@ Tgoex ~ = 20 v(km/s)? K
+ E(level above ground) = Z2 (1-n?)

¢ Rydberg formula
—E(photon) =E, - E, =22 (n/2-n,?)

¢ High Z, lines have higher energy, shorter
wavelength




Earth within solar wind

¢ Solar wind speed =400 km/s at Earth’s orbit
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T Tauri jets

¢ =50 km/s

H II regions

+ Wind speed
=500 km/s
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BN — KL in Orion

+ 10 km/s

Planetary nebula

+ Wind~103 km/s
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Photoionization
Continuum — emission lines
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Stellar SEDs

¢ Models of 50k K O stars

vi(ergs' om?)

1/ Tou = 50,000 K

1
Photon Energy (Ryd)
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SED, H’ ion limit, photoelectron energy
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+ Highest cross section at
lowest photon energies

+ AGN3 Fig 2.2
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Photoionization

+ Highest cross section at
lowest photon energies

+ AGN3 Fig 2.2

[em?] for v > vy

Ag [vi\* exp {4 = [(4tan"e) /e]}
“W@=72 (7) 1—exp (—27/e)

where

9.
Ay 2t (L> 7ak =630 x 1078 fem?],
A \1370) 70
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Photoionization rate [s™]

¢ Flux of ionizing photons x photoionization
cross section

00 ‘w
[t = [ o av= ra)
w hv v

2.1

Hydrogen collisional ionization

k.
Hte mH'+e +e” .. ky=58x10""T"/ exp (— 158,000,/ T) cm’ s~

k
H+H-H*+e¢ +H...... ko=17X10"s

¢ Electron collisional ionization rate
—Cc=Kgn,

¢ Hydrogen atom collisional rate
—¢ = kg n(H%)

¢ Palla+1983

Lotz 1967

Drawin 1969
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Radiative recombination

¢ Brems is produced by distant collisions
between electrons and charges

—Photon energy taken from kinetic energy of
free electron

+ A very close collision can cause an electron
to lose so much energy that it becomes
bound to the ion

¢ Ion + electron => atom + photon
+ Rate coefficient a cm3 s
¢ Rate=an,
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Radiative recombination

2.90 X 10-10 T,~077
o (1) = {131 % 10-8 T, 7113
° €

(6)
T, <26 x 10K } s 1
cm® s
T,>26 x 10K
¢ Ferland 1980
Recombination AGN3 Chap 2
¢ Electron and ion recombine, emitting energy
+ Radiative recombination for H and He
¢ Dielectronic recombination for heavy elements
z:ﬁzmm coefficients (in cm® s~!) for H-like ions
T
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Thermal
electrons

Photoelectron, a
suprathermal or
“kappa” electron

+ H° ground state
—1day

¢ Suprathermal
—1 second

¢ Thermal
—1yr

+ HO excited states
-107s

+ H ground state

Energy (Rydbergs)

Life history of an Orion electron
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Let’s model a ...

+ Relatively dense,
ny =10 cm™
+ ISM cloud

+ O6 star, but all light at
2 Ryd

+ Q(H)=1048 5!
¢ 1 pc=3x10'8 cm away
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Stromgren length

Stromgren length

¢ Number of ionizing photons entering layer
is balance by
number of recombinations along it

PcH) = Aenpx L
Ne Np &
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Beyond the H* layer

+ Little H* ionizing radiation gets
past the H* layer

+ Deeper regions are atomic or
molecular

¢ Also cold and produce little visible
light

¢ Large extinction due to dust
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