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Most chromospheric lines sample a vast range of heights in the solar atmosphere
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Spectral lines encode information of the plasma conditions

LTE populations in the photosphere / NLTE populations in the chromosphere



LTE vs NLTE line formation
4.3. ILLUSTRATIVE SOLUTIONS 105

Figure 4.11: Schematic formation of resonance lines in a stellar atmosphere with a chromospheric temper-
ature rise. The Planck function stratification is defined by B = 1 + 1.5 τ c + 18.7 exp(−14.4 104 τ c) to have
a radiative-equilibrium gradient dB/dτ c = 1.5 in the layers below τ c = 10−4 and to reflect an outward
temperature rise above this height, rather like the VALIII atmosphere tabulated on page 182. Each panel
shows the variation of B, S and J for coherent scattering with depth-independent ε and depth-independent
line strength η = αl/αc as specified, against total optical depth τ tot = (1 + η) τ c. The x-axis scales are
shifted over log η per row in order to keep the B(τ c) stratification in place. Solid: Planck function B in
arbitrary units. Dashed: source function S. Dotted: mean intensity J . The relation between B, S and J
is given by (4.60). This figure is analyzed further in Exercise 6 on page 229. Thijs Krijger production.

Reproduced from Rutten (2003)
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In the photosphere: �S = B = J

Somewhere in the upper photosphere they 
decouple: thermalization-depth.

This process is line dependent ( � )η, ϵ



LTE vs NLTE line formation
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You will compute this plot in exercise 1



How can we change the polarity of Stokes V?
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How can we change the polarity of Stokes V?
In this case, we can fit the observations with a constant �  (over time) and a varying 

source function
B

You will test this effect in exercise 2!
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Why don’t we see that effect (in an obvious manner) in the photosphere?
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NLTE electron densities in the chromosphere

In the photosphere collisional rates are large: we can assume LTE in most situations

Each element contributes to the electron density depending on the ionization degree
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We can compute how many electrons come from each element and iterate � .ne

Electrons are the main source of collisions: they move fast (low mass) and there are many!



NLTE electron densities in the chromosphere

In the chromosphere the main electron donor is hydrogen, which cannot be modelled in LTE.
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Figure 3.2: The effect of the charge conservation on the electron density and
emergent intensity in the FAL-C model atmosphere (Fontenla et al. 1993) without
microturbulence. Top row: electron density computed in non-LTE with charge
conservation (solid red) and LTE (solid blue), and the gas temperature as a func-
tion of height (dotted black). Bottom Row: The emergent intensity of the Ca II
K and 8542 Å lines computed with the non-LTE (red) and LTE (blue) electron
densities.
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Bjørgen 2019, PhD thesis

By assuming � , we overestimate/
underestimate collisional rates and also 
the coupling to the local conditions

nLTE
e



NLTE electron densities in the chromosphere

In the chromosphere the main electron donor is hydrogen, which cannot be modelled in LTE.

306 J. Leenaarts and S. Wedemeyer-Böhm: Time-dependent hydrogen ionisation in the solar chromosphere

Fig. 3. Vertical cut through the snapshot along the line indicated in
Fig. 2. a) gas temperature; b) mass density; LTE c) and TD-NLTE d)
ionisation degree; LTE e) and TD-NLTE f) electron density. Note that
the deepest layers of the model are not shown.

time-dependent ionisation on the equation of state, causing too
low shock temperatures in our CO5BOLD model (Carlsson &
Stein 1992). Third, CS2002 include a transition region and
corona in their model which influence the ionisation degree in
the upper chromosphere, both by Lyman radiation ionising the
upper chromosphere and the varying height of their transition
zone. Their transition zone is sometimes considerably lower than
1.5 Mm, influencing the average ionisation degree. Fourth, it
cannot be ascertained that the fixed radiative rates that we em-
ploy, which are accurate in 1D, are also accurate in 3D. This
might affect our results as well.

Contributions to the electron density from other elements
than hydrogen are still treated under the assumption of LTE. This
will mostly affect the upper photosphere where the hydrogen
ionisation degree is so low that metals such as iron, magnesium,
and silicon are the main electron donors. Hydrogen is the dom-
inant donor in all other regions. However, in the chromospheric
shocks the other elements contribute around 10% of the electrons
(see Fig. 7). Thus we expect a small error in the chromospheric

Fig. 4. Departure coefficients of our model hydrogen atom in the same
cut as Fig. 3 for the continuum and level n = 5 down to level n = 1
from top to bottom. The solution is nearly in LTE from the bottom of
the computational domain up to 0.3 Mm above the average Rosseland
optical depth unity. The largest deviations occur in cool chromospheric
regions in between shocks, where, owing to the low temperature, the
Saha-Boltzmann equation predicts a very low occupation fraction for
all excited levels.

electron density due to the LTE treatment of the other elements
(see Rammacher & Ulmschneider 2003 for TD-NLTE effects
on magnesium ionisation). For future simulations that take the
transition region into account, a TD-NLTE treatment of helium
might be of importance for the electron density as well, as the
higher temperatures will lead to significant helium ionisation.

All in all we conclude that our 3D simulation with time-
dependent hydrogen ionisation produces reasonably realistic –
if probably somewhat too low – results for the ionisation degree
and electron density, given the level of necessary simplification
and resulting increase in computational speed.

With our method we can supply snapshots of 3D (M-)HD
solar atmosphere simulations for detailed radiative transfer cal-
culations containing time-dependent electron densities. Up until
now most MHD simulations could only provide LTE electron
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Leenaarts & Wedemeyer-Böhm (2006)

In fact, statistical equilibrium is not sufficiently 
good in the chromosphere to explain H 
ionization: time evolution must be accounted 
for!

Remember the rate equations:
dni

dt
= rates into level i − rates out of level i

∑
j,j≠i

njPji − ni ∑
j,j≠i

Pij ≠ 0

However if we don’t have time information we 
can only assume statistical equilibrium

We can include H as an active NLTE atom 
and recompute its contribution to the 
electron density after each NLTE iteration.

You will test this effect in exercise 3



To take home

• In the chromosphere the dramatic time variability observed in Stokes V 
can be explained with a relatively constant magnetic field vector over 
time.


• NLTE electron densities have a large impact in the chromosphere as 
they affect collisional rates of the atom under consideration.


