
 

Ionized Gas

Jayant Murthy
Indian Institute of Astrophysics

jmurthy@yahoo.com
murthy@iiap.res.in

http://www.iiap.res.in



 

Ionization

Photoionization



 

Ionization

Photoionization



 

Ionization

Photoionization



 

Ionization

Photoionization



 

Ionization

Photoionization



 

Ionization

Photoionization

Auger effect in X-rays.

Secondary ionization.

Collisional ionization.

for thermal electrons.

For energies close to 
threshold energy (I)
σ = Cπa

0
2 (1 - I/E)



 

Ionization

Photoionization

Auger effect in X-rays.

Secondary ionization.

Collisional ionization.

Cosmic ray ionization.



 

Recombination

Radiative recombination

Thermal distribution.

X+ + e- → X + hν



 

Recombination

In the case of hydrogen:

rate coefficients have 
been calculated

Optically thin in which 
case ionizing radiation 
escapes.

radiative capture rate is 
the sum of all α

nl

α(T) = Σ
nl
α

nl
(T)

~4.13x10-13(T
4
)y where

y = -.7131-0.0115ln(T
4
)
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Recombination

Optically thick when 
ionizing photons are 
immediately absorbed.

Subtract photons to 
ground state because they 
don't escape.

α(T) = Σ
nl
α(T) = α

A
 – α

1s

~2.54 x 10-13(T
4
)y where y 

= -0.8163 - 0.0208ln(T
4
)



 

Ionization Balance

Steady state balance 
between ionization and 
recombination. Taking 
only collisional ionization:

n
e
<σv>

ci
n(Xn+) = 

n
e
<σv>

rr
n(X(n+1)+)

where α is the fine 
structure constant.

I is the threshold energy. 



 

Ionization Balance

For hydrogen, ionization 
fraction of 0.5 => 
I/kT eI/kT = (C/4πf

pi
)(1/α3)

C ~ 1
f

pi
 ~ 0.5

n(H) = n(H+) for T=15000 
K

 

Collisional Ionization

Steady state balance 
between ionization and 
recombination. Taking 
only collisional ionization:

n
e
<σv>

ci
n(Xn+) = 

n
e
<σv>

rr
n(X(n+1)+)

where α is the fine 
structure constant.

I is the threshold energy. 



 

Strömgren Sphere

Optically thick to ionized 
radiation.

Fully ionized inside 
sphere.

Transition over distance 
short compared to R

s
.

Q = 4/3πR3αn
p
n

e



 

Strömgren Sphere

Time scale:

For ionization

For recombination

Time taken:

Q = 4/3πR3αn
p
n

e

4/3πR3 n/Q = 1/ αn

1/αn

~1000 years



 

Heating and Cooling

Temperature determined 
by balance between 
heating and cooling.



 

Heating and Cooling

Dominant heating is by 
photoionization.

Probability of 
photoionization per unit 
time:

Heating rate:

X + hν → X+ + e- + K. E.



 

Heating and Cooling

Dominant heating is by 
photoionization.

Photoionization of dust.

Important for light not 
hard enough to ionize HI

If dust competes with HI 
for E > 13.6 eV

Cosmic rays.

Shock heating.

X + hν → X+ + e- + K. E.



 

Heating and Cooling

Cooling from 
recombination radiation.

With approximations:

Λ
rr
 = αn

e
n

H
<E

rr
>



 

Heating and Cooling

Cooling from 
recombination radiation.

With approximations:

Free-Free Emission

If T ~ 10,000 K then the 
plasma loses 1.22kT of 
energy per recombination.  

Λ
rr
 = αn

e
n

H
<E

rr
>



 

Heating and Cooling

Collisionally excited 
lines.

Excited to upper level 
followed by sum over 
downward transitions.



 

Cooling

Thermal equilibrium 
when heating balances 
cooling.

8500 K in this example 
(Orion).



 

Cooling

Thermal equilibrium 
when heating balances 
cooling.

8500 K in this example 
(Orion).

Lower metallicity => 
higher temperature.

Higher metallicity => 
lower temperature.



 

Cooling

Thermal equilibrium 
when heating balances 
cooling.

8500 K in this example 
(Orion).

Lower density => lower 
temperature.

Higher density => higher 
temperature.



 

Eta Car



 

Special Case: Orion Nebula

http://www.spacetelescope.org/images/heic0601a/



 

Special Case: Orion Nebula



 

Orion Nebula

Luminous HII region.

M42 = NGC 1976

d = 414 ± 7 pc

Contains cluster of stars: Orion Nebula Cluster.

Core radius: 0.2 pc.

2300 stars within radius of 2 pc.

θ1 Ori C (O7 V) produces 80% ionizing photons.



 

Orion Nebula

Trapezium stars ionize HII region.

HII regions expand and create blister.

Gas breaks out of blister.

Velocities at Mach 2.

Herbig-Haro objects:

Shocked gas where material in jets stopped by ambient 
medium.

Propylds: Young stellar objects with dusty disks.
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