
Recall continuum radiation

Absorption --- bound-free (ionization); free-free
Emission --- (thermal) blackbody; bremsstrahlung

(non-thermal) synchrotron; Cherenkov

𝑞
𝑣 = 0

𝐸

If 𝑣 = 0 → starionary 𝐸 field

If 𝑣 = const → current Ԧ𝐽 → 𝐵

If 
𝑑𝑣

𝑑𝑡
≠ 0 → varying 𝐸, varying 𝐵 ⟹ EM waves

If 𝑞 accelerated by 𝐵

𝛽 ≡ Τ𝑣 𝑐 ≪ 1 → cyclotron rad, ℎ𝜈giration; 𝜔𝐵 =
𝑞𝐵

𝛾𝑚𝑐

𝛽 ≈ 1 → synchrotron rad,  𝑷 = 4 𝜎𝑇c 𝛽2𝛾2 𝑈𝐵

𝛾 = Τ1 1 − Τ𝑣2 𝑐2 ; 𝜎𝑇 = Τ8𝜋r0
2 3 ; 𝑈𝐵 = ΤB2 8𝜋



Particle-Photon Scattering

• Photon  (momentum to) a charged particle 
Thomson scattering

• High-energy photon  (momentum to) a charged particle 
Compton scattering

A high-energy charged particle  (momentum to) a photon  
Inverse Compton scattering



Čerenkov Radiation
• A charge particle (e.g., an 

electron) moving uniformly in 
a vacuum does not radiate.

• Also true if moving uniformly 
in a dielectric medium, if the 
velocity is less than the phase 
velocity of light in the medium.

• When Τ𝑐 𝑛𝑟 < 𝑣 < 𝑐
⟶ Cherenkov radiation
(e.g., due to energetic CR in 
the earth’s atmosphere)

Consider a sine wave 
𝐴 cos(𝑘𝑥 − 𝜔𝑡) has the phase 

velocity 𝑣𝑝 =
𝜔

𝑘
, whereas  the 

group velocity is 𝑣𝑔 =
d𝜔

d𝑘



http://www.astro.wisc.edu/~larson/Webpage/Gamma.html



This shows a wave with the group velocity and phase velocity going in 
different directions. The group velocity is positive, while the phase 
velocity is negative.

https://en.wikipedia.org/wiki/Phase_velocity

The phase velocity, 𝑣𝑝 = Τ𝜔 𝑘, 
e.g., in a wave  A sin 𝑘𝑥 − 𝜔𝑡

The group velocity, 𝑣𝑝 = Τ𝜕𝜔 𝜕𝑘

The refractive index 𝑛 = Τ𝑐 𝑣𝑝

𝜔 𝑘 is the dispersion relation

https://en.wikipedia.org/wiki/Phase_velocity


Thermal Emission

http://www.astro.utu.fi/~cflynn/

Hot, low-density plasma (e.g., HII regions, PNe, SNRs) 
 thermal radio emission

c.f. 

Synchrotron 

Radiation



Emission from Single-speed Electrons

Assuming electrons move rapidly, so nearly in a straight line 
 small-angle scattering

Energy radiated per unit time per unit volume per frequency 

range is  
𝑑𝐸

𝑑𝜔 𝑑𝑉 𝑑𝑡
=

16𝑒6

3𝑐3𝑚2

1

𝑣
𝑛𝑒𝑛𝑖𝑍2 ln

𝑏max

𝑏min

After evaluating 𝑏max and 𝑏min, one gets 
𝑑𝐸

𝑑𝜔 𝑑𝑉 𝑑𝑡
=

16𝜋𝑒6

3 3𝑐3𝑚2

1

𝑣
𝑛𝑒𝑛𝑖𝑍2 g𝑓𝑓

where g𝑓𝑓 is the Gaunt (correction) factor.
Rybicki & Lightman



Thermal Bremsstrahlung Emission 

Now consider an assemble of particles; i.e., the average over a 
thermal distribution of (Maxwellian) speeds. 

Emission spectrum 

𝑗𝜈
𝑓𝑓

= 6.8 × 10−38 𝑍2𝑛𝑒𝑛𝑖

𝑇
𝑒− Τℎ𝜈 𝑘𝑇 𝑔𝑓𝑓 erg s−1 cm−3 Hz−1

where 𝑔𝑓𝑓 is the velocity-averaged Gaunt factor ~1.

Total Emission Power (Volume Emissivity)

𝑗
𝑓𝑓

= 1.4 × 10−27 𝑍2𝑛𝑒𝑛𝑖

𝑇
𝑔𝐵 erg s−1 cm−3

where 𝑔𝐵 is the frequency-averaged Gaunt factor ~1.1 to 1.5.



Emission line observations suggest 𝑇𝑒 ≈ 104 K, so in radio 

wavelengths, ℎ𝜈 ≪ 𝑘𝑇, and 𝐵𝜈 ≈ Τ2𝑘 𝑇𝜈2 𝑐2

For free-free emission or bremsstrahlung (breaking radiation)

𝑗𝜈 ≈
𝑛𝑒𝑛𝑖

𝑇𝑒
Τ1 2

⟹ 𝜅𝜈 =
𝑗𝜈

𝐵𝜈
≈

𝑛𝑒𝑛𝑖

𝑇𝑒
Τ3 2 𝜈2

Considering also the Gaunt factor, 𝑔𝑓𝑓 ∝ ln Τ𝑇 𝜈

𝜏 = න 𝜅𝜈 𝑑𝑠 =
8.235 × 10−2

𝑇𝑒
1.35 𝜈GHz

2.1 EM

where EM =  𝑛𝑒𝑛𝑖 𝑑𝑠 cm−6 pc is the emission measure.



𝜏 ↘ at higher 𝜈 (or long 𝜆)

Plasma is more transparent at higher frequencies.

Bright HII regions 𝑛𝑒 ≈ 𝑛𝑝 ≈ 103 cm−3 over a linear scale of 

∆𝑠 ≈ 1 pc ⟶ EM ≈ 106 cm−6 pc



In 1-D, 𝐸𝑥 = 4𝜋 𝑛𝑒 𝜉, and the force is 𝐹𝑥 = −𝑒𝐸𝑥

The equation of motion, 𝑚
𝑑2𝜉

𝑑𝑡2 = −𝑒𝐸𝑥 = 4𝜋 𝑛𝑒2 𝜉

To solve this, use the operator  
𝑑
𝑑𝑡

= 𝑗𝜔, so −𝑚𝜔2 = −4𝜋 𝑛𝑒2

Plasma Frequency

Plasma dielectric constant 𝜎; 

Ԧ𝐽 = 𝜎𝐸

Net charge = 0, so 𝐷(electric displacement) = 0

𝐷 = 𝐸 + 4𝜋 𝑃, so 𝐸 = 4𝜋 𝑛𝑒 Ԧ𝜉

The dipole moment 𝑃 = −𝑛𝑒 Ԧ𝜉, 
points from − to + ; 𝑛 is electron density

(In MKS, 𝐷 = 𝜖0𝐸 + 𝑃)



This is the plasma frequency

Index of refraction 𝑛𝑟
2 = 1 −

𝜔p
2

𝜔2, for which the wave number 

−𝑚𝜔2 = −4𝜋 𝑛𝑒2

In general EM waves 𝐸 ∝ 𝑒𝑗(𝑘𝑥−𝑤𝑡) propagate in a plasma 
with 

𝑘2 − 𝑐2 = 𝜔2 − 𝜔𝑝
2 (dispersion relation)

(In MKS, 𝜔𝑝 =
𝑛𝑒 𝑒2

𝜖0 𝑚𝑒
)



No attenuation; “Electrons cannot follow” 

“Electrons resonate.”

 absorption  no propagation

In a plasma, the group velocity is

𝑣𝑔 =
𝑑𝜔

𝑑𝑘
= 𝑐 1 −

𝜔𝑝
2

𝜔2

1/2

This is the speed information can be transmitted.

Because of the refractive effects, different frequencies 
 different wave speed  interstellar scintillation
cf terrestrial “seeing” and scintillation (twinkling stars)

𝑛𝑟
2 = 1 −

𝜔p
2

𝜔2



• Metal --- 𝜈𝑝 ~ 1015 Hz, i.e., in UV region; so metal absorbs 

EM waves until UV, i.e., transparent to UV radiation

• Earth’s ionosphere --- 𝑛𝑒 depends on height; 
at H=300 km, 𝑛𝑒~ 105~106 cm−3, 𝜈𝑝 ~ 107 Hz (λ~30 m)

cf. shortwave radio signals are reflected by ionosphere.
All high frequency band (HF) 3—30 MHz (100 to 10 m)

• ISM --- 𝑛𝑒~ a few, 𝜈𝑝 ~ 104 Hz (very low), radio 

observations usually ν > 108Hz ≫ 𝜈𝑝 ⟹ transmission ok

Now back to radio thermal emission…



Recall 𝜏 =  𝜅𝜈 𝑑𝑠 ∝
EM

𝑇𝑒
1.5𝜈2

 At high frequencies, 𝜏 ≪ 1,

 At low frequencies, 𝜏 ≫ 1,

Blackbody ne



𝜏 ≪ 1, nearly flat, ~𝜈−0.1 𝑇𝑒
−0.35

Optically thin

Optically thick

Observations at 𝜏 ≫ 1, get T
Observations at 𝜏 ≪ 1, get 𝑛𝑒

Advantages of radio observations: less extinction; 
measures 𝑇 directly at low freq. 

𝜏 ≫ 1, ~𝜈2 𝑇𝑒



In general, 𝐼𝜈 or 𝑆𝜈 ∝ 𝜈𝛼, where 𝛼 is the spectral index.  

For H II regions, if optically thin 𝛼 ≈ 0
if optically thick 𝛼 ≈ +2

For synchrotron radiation, 𝑆𝜈 ∝ 𝜈−0.8or TB ∝ 𝜈−2.8



Lang



Spectrum of Crab Nebula from radio to X-ray wavelengths 

Middlehurst & Aller



Spectrum of the Crab over a very 
wide range of energies. The 
emission is dominated by 
synchrotron radiation, and at very 
high energies (1010 − 1020 eV) 
there may be an inverse-Compton 
component. 

Hillas (1998), ApJ, 503, 744
http://www.astro.utu.fi/~cflynn/astroII/l4.html



W3= IC 1795In [S II], H-alpha and [O III]

Beetz et al. (1974) A&A, 34, 335

http://www.narrowbandimaging.com/images/ic1805_widefield_200mm_6303_s2hao3_xga.jpg
http://www.narrowbandimaging.com/images/ic1805_widefield_200mm_6303_s2hao3_xga.jpg
http://www.narrowbandimaging.com/images/ic1805_widefield_map.jpg
http://www.narrowbandimaging.com/images/ic1805_widefield_map.jpg



