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The Physics of Spectroscopy



Fraunhofer: the Sun has “dark lines”

1787 - 1826



Kirkhoff Laws (Gustav Kirchhoff , 1824 - 1887)

1. A solid, liquid, or dense gas excited to 
emit light will radiate at all wavelengths 
and thus produce a continuous 
spectrum.

2. A low-density gas excited to emit light 
will do so at specific wavelengths and 
this produces an emission spectrum. 

3. If light composing a continuous 
spectrum passes through a cool, 
low-density gas, the result will be an 
absorption spectrum.



Continua



Max Karl Ernst Ludwig Plank
1858 - 1947

14 Dec 1900: Plank Postulate 
“electromagnetic energy can only be 
emitted in quantised form” (i.e. E=hν)

Nobel Prize in Physics: 1918

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

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


The Black Body

https://en.wikipedia.org/wiki/Black-body_radiation

Wien’s Displacement
Law

Stefan-Boltzmann Law L = σT4

https://en.wikipedia.org/wiki/Black-body_radiation


The Best Black Body Known So Far
The cosmic microwave background.

Discovered by Penzias & Wilson.

COBE measured that it is a perfect 
black body.

https://en.wikipedia.org/wiki/Cosmic_Ba
ckground_Explorer

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


Accretion discs
Shakura & Sunyaev (1972)

f ~ λn

Accretion at all scales (Scaringi 2012)

http://www.astro.utu.fi/~cflynn/astroII/l6.html

http://www.astro.utu.fi/~cflynn/astroII/l6.html


Quasars
Active Galactic Nuclei

Accretion on a supermassive black 
hole.

Vanden Berk et al. (2001) ->



More continua
Brehmsstrahlung

“Breaking radiation”

Due to the acceleration of electrons.

You need a plasma which is accelerated 
or which is slowing down for some reason.

Cyclotron / synchrotron emission

Emission due to electrons accelerated in a 
magnetic field.

Needless to say: you need a plasma and 
a magnetic field to have this emission.



Lines



The Hydrogen Atom
Bohr

One proton and one electron.

The electron can orbit only in given 
energy states (“orbitals”)

Rydberg formula Rinf ~ 107 m-1



Rydberg



Grotrian Diagrams
Show the transitions that are possible in 
an atom

The best friend of a spectroscopist



The Balmer series
It would not be such a special one if it 
was not that it is the one with lines in 
the visible.

It is the series where the electrons are 
“falling” to the n=2 orbital.

It is denoted by H and a greek letter.



Any other atom (or molecule)
Are the energy level of He the same as 
H but double?

The “interaction factor” makes things 
more complicated.

What about molecules?

Not only they have electrons to excite 
but a whole structure which can rotate 
or oscillate!



Stellar atmospheres
Radiative transfer equation

A stellar spectrum is the result of 
“seeing” a blackbody through the 
atmosphere of a star.

https://www.handprint.com/ASTRO/specclass.htm
l

https://www.handprint.com/ASTRO/specclass.htm


What makes lines large (Carrol & Ostlie, Section9.4)

● Natural broadening
○ Follows from Heisenberg’s uncertainty principle: ΔE ~ h/ Δt
○ Δλ = ( λ2 / 2πc ) ( 1 / Δti + 1 / Δtf ) 

● Doppler broadening
○ In thermal equilibrium the atoms follow a Maxwell-Boltzmann distribution; the most probable 

speed is vmp = sqrt( 2kT / m )
○ Δλ  = (2λ / c) sqrt(2kT / m)

● Pressure (and collisional) broadening
● Instrument

○ Similar to the psf for an image



The Voigt Profile and the Curve of Growth
● Lines tend to have Gaussian cores 

BUT Lorenzian “wings”

https://en.wikipedia.org/wiki/Spectral_lin
e_shape

● The equivalent width vs. the 
electron density is called “curve of 
growth” 

http://spiff.rit.edu/classes/phys440/lectur
es/curve/curve.html

https://en.wikipedia.org/wiki/Spectral_line_shape
https://en.wikipedia.org/wiki/Spectral_line_shape
http://spiff.rit.edu/classes/phys440/lectures/curve/curve.html
http://spiff.rit.edu/classes/phys440/lectures/curve/curve.html


Emission lines (Planetary Nebulae)

https://web.williams.edu/Astronomy/research/PN/nebulae/

NGC 1501

https://web.williams.edu/Astronomy/research/PN/nebulae/


PNe lines



P Cyg
Emission and absorption playing 
together.

Present in all expanding atmospheres 
(LBVs, novae, supernovae,...)



Lyman Alpha Forest

https://youtu.be/6Bn7Ka0Tjjw

https://youtu.be/6Bn7Ka0Tjjw


Measurables



Centroid
As easy as it may sound.

The centroid gives information on the 
nature of the line (well, in most cases, at 
least).

Series of observations may be used to 
see the centroid move.



Doing science with centroids
Planets (Mayor & Queloz 199?) Quasars (Schmidt 1963)



Equivalent Width
The EW is the width that a line would 
have if it was rectangular and its height 
was the height of the continuum.

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

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


Most people in the stellar world can compare spectra with models.

How do you use spectra?


