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Previous lectures
● Our main motivation is to see how the spectrum is formed, how the intensity that we 

measure came to be 
● That way we can hopefully estimate, quantitatively, what kind of atmosphere 

produced our measurement (we “measure” magnetic fields, velocities, 
temperatures, etc…)

● We derived the radiative transfer equation and attempted to solve it 
● We saw how the opacity and emissivity in the spectral line can be calculated
● What now, what comes next? 



I still owe you a few slides...



Source function in a spectral line



Relationships between Einstein coefficients 



Let’s look at a finished product and unpack
● What is going on here? 
● Different points produce 

different spectra
● Why, how is this spectra 

generated? 
● What influences how will 

each spectral line look like?
● What depth is probed by 

what wavelength? That is 
something we all would 
like to know!   

MURAM quiet Sun simulation, courtesy of T. Riethmüller



Equation refresher - macroscopic



Equation refresher - microscopic

● A lot of equations. We will use some of them at some point, but for now let’s just 
investigate what is going on.



Question: 

Say I infer something from these lines 
(temperature, Doppler shift, magnetic field)

To which “layer” of the solar atmosphere do I 
ascribe it to? 



Outline 
● Pick a line, say H alpha 
● See how we obtain each of the quantities of interest in the spectral line 
● Calculate the line – get the wrong result
● Switch the line 
● Study the line formation 
● Introduce a few useful quantities



An example atmospheric model – infamous FALC

Do these distributions make sense? What does total particle 
density distribution look like? What does it relate to? 



H alpha, from second to third level of neutral hydrogen



Problem one, how to obtain the amount of neutral H? 
● Saha ionization equation – describes ratios between ions in an equilibrium state

● If we asume only hydrogen matters, what can we do?



Problem one, how to obtain the amount of neutral H? 
● Saha ionization equation – describes ratios between ions in an equilibrium state

● If we asume only hydrogen matters, what can we do?

Protons

Neutral 
hydrogen

Provided by 
the 
atmospheric 
model! 

Three unknowns, 
three equations 
(nonlinear!)



Ah there it is - does it make sense? 



Problem two, how to calculate the level populations? 
● Boltzmann distribution

● So temperature will influence both the ionization state as well as the populations of 
the individual levels. Neat. 

● Remember when I said the temperature is the most important physical parameter?



Ok, can you tell me a little bit about this graph here?



Let’s calculate the opacity and emissivity



Here they are - opacity



Here they are, emissivity



But we want optical depth and the source function



Source function

Can anyone tell me why does the source 
function look like the temperature? 



Now we understand better plots such as this one 

From Bjorgen et al (2019)



Now it makes more sense, does it? (It does not :P)



Contribution function
● We can simply say that optical depth equal unity is the most important one. Is there a 

more sophisticated method?

● Contribution function is the function under the integral

● Line formation height is the one where contribution function peaks. Can you take 5’ 
and try to infer optical depth unity rule from the contribution function?



Now it makes more sense!



Contribution function in 2D 



Calculate the spectrum… oooooops! 



Ok, ok, something is wrong! 
● One of the assumptions we made in the line formation is not appropriate
● Which one is it? 



Ok, ok, something is wrong! 
● One of the assumptions we made in the line formation is not appropriate
● Which one is it? 
● Yes, it is the assumption that the Saha equation and Boltzmann equation are valid. 

They are not. 
● H-alpha is an example of scattering line. 
● There are many interesting aspects about NLTE. We will hopefully tackle some of 

these. 
● What matters for us today, is that we have to change the spectral line. This one won’t 

do.



Ok, let’s try famous 6300 lines of neutral Iron (“HINODE lines”)



Question: 

Say I infer something from these lines 
(temperature, Doppler shift, magnetic field)

To which “layer” of the solar atmosphere do I 
ascribe it to? 



Response function
● Contribution functions measures what contributes to the integral.
● However, to quantify the “line formation height” it makes more sense to see what layer 

influence the line shape the most.
● So, for any physical quantity, q, at the depth point d. I can define a response function as:

● A simple justification for that, can be: we can define contribution functions to any quantity, 
even if that quantity does not influence line formation. Response function shows us what 
matters!

● Can you come up with more justifications?



34

Response functions   
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Response functions to the magnetic field
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How could we use the response functions? 
● We use them in inversions, but that is better left for later 
● Let’s say that you used two different lines to measure LOS velocity 
● You could calculate the response function to the LOS velocity, see where it peaks (or 

“weight” it properly), to relate these measurements to the heights in the solar 
atmosphere 

● Question as old as the world itself is: What model to use it more (everything is model 
dependent) 

● There is a lot to unpack and think about it, but at least we have some idea
● How do we calculate the response functions then?



37

How do you calculate the response functions?
● Say we have a model (tabulated values of the physical parameters), we can calculate 

the spectrum, what then?

● This is straightforward but cumbersome. Plus we do not gain much insight into this.
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Response functions (“SIR approach”)
● Say that we have changed the temperature in one point in the atmosphere. What is going to happen is 

that opacity and emissivity in that point are going to change.

● And the same for opacity…
● But these are just emissivity and opacity changes, then we need to propagate them somehow.

This is super non-trivial 
to calculate
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Response functions (“SIR approach”)

This is a RTE for the 
perturbation 

This is the Source 
function for the 
perturbation

This is just a regular RTE



Summary
● The spectrum and the spectral lines are formed over a range of heights. “Simulation” 

process is not straightforward.
● We want to know where the line “is formed” 
● This means: what regions is the line sensitive to? 
● Best estimator: response functions – hard to calculate 
● Next step: Contribution function
● Next step: Optical depth unity 
● Next (first?) step: Common sense
● All this is valid for canonical atmospheres. Things change with the atmosphere, and 

with the line (He 10830, Coronal lines…) 
● Happy modeling!
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