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Abstract. The astrophysical importance of Mg, together with its unique range of spectral 
features in late-type stars, plus its relative simplicity from an atomic physics point of view, 
makes it a prime target and test bed for detailed ab initio non-local thermodynamic equilibrium 
(NLTE) modelling in stellar atmospheres.  In this paper, we present example first results for 
calculations of NLTE Mg line based on a new model atom with significant improvements in 
the collision data for neutral Mg.  We perform calculations for excitation of the lower-lying 
levels due to electron impacts using the R-matrix method.  Recent data for excitation and 
charge transfer due to hydrogen atom impacts involving low-lying levels are now employed.  
Further, we have made efforts to use physically-motivated methods for calculating radiative 
and collisional data involving Rydberg states.  The results are compared with observed spectra 
and the impact of the new calculations briefly explored. 

1.  Introduction 
 
Neutral magnesium creates a broad range of spectral features in late-type stars, including some of the 
strongest lines in their spectra. Consequently, Mg is detectable even in low-quality spectra and in old, 
metal-poor stars, making Mg an excellent tracer of alpha-element abundances. At T > 5000 K, Mg I is 
a minority species and as a result is expected to be sensitive to departures from local thermodynamic 
equilibrium (LTE) in stellar atmospheres due to photoionization by non-local radiation.  While in the 
sun non-local thermodynamic equilibrium (NLTE) effects on lines in the optical are relatively small 
[1], significant departures from LTE are seen in calculations for metal-poor dwarfs and giants [2]. 
However, past studies such as these have often been forced to use atomic collision data for inelastic 
and line broadening processes of questionable quality, frequently approximate formulae, and this is a 
significant source of uncertainty in the NLTE modelling.  Ref. [3] showed that such atomic data was 
the largest source of uncertainty in their calculations of the solar 12 micrometer lines (see also Ref. 
[4]). [1] demonstrated the particular sensitivity of the 8806 Å line to the rates for inelastic collisions 
with neutral hydrogen.  

 
The astrophysical importance of Mg, together with the unique range of spectral features in late-type 

stars, plus its relative simplicity from an atomic physics point of view, makes it a prime target and test 
bed for detailed ab initio NLTE modelling in stellar atmospheres.  Here we present some initial 
results, noting that a far more detailed study is underway [5]. 
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2.  NLTE modelling using new collision data 
 

We have performed NLTE Mg line formation calculations using the MULTI code [3] based on a new 
model atom with significant improvements in the collision data for neutral Mg.  

 
Calculations for excitation of the lower-lying levels due to electron impacts are performed using 

the R-matrix method [5-12] based on configuration interaction calculations of the electronic structure 
employing polarization pseudostates [13-15].   In Figure 1 the resulting rate coefficients at a 
representative temperature are compared with the data from [16], which is the data employed in most 
recent studies.  It is seen that the general agreement is reasonable, though there is a large scatter with 
some transitions differing by around 3 orders of magnitude.  In particular, data for optically forbidden 
transitions are always larger in our calculations, often significantly so.  Such processes correspond to 
spin-changing transitions, which are often important in NLTE modelling (see below).  For transitions 
involving high-lying states, more approximate methods must be employed.  The two most commonly 
used are the semi-empirical Bethe-Born formula of van Regemorter [17], and the impact parameter 
method of Seaton [18].  Figure 2 compares the rate coefficients from the two methods, which are seen 
to have significant differences for many transitions, often van Regemorter giving larger rates. As we 
will see in the next section, the choice has significant impact on the solar 12 micrometer lines. 
 

Recent data for excitation and charge transfer involving low-lying levels due to hydrogen atom 
impacts from full quantum scattering calculations by some of us [19-21] are now employed.  Prior to 
these calculations, the classical "Drawin formula" was often used, which has been shown to be 
completely unsatisfactory [22].  In particular, it cannot be used for charge transfer processes, or spin-
changing processes, which are exactly those processes that have been found to be most important in 
NLTE modelling, e.g. [23, 24]. 
 

 

Figure 1. Comparison between the 
electron collisional rates at T=5000 K 
calculated by us and those used by [16]. 
Circles correspond to the optically 
allowed transitions, and diamonds are the 
optically forbidden transitions. 
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After exploring the effects of the input data on the final
collisional cross sections we adopted the following setup:
The target atom consists of 25 spectroscopic states (i.e.,
energy levels); 10 more pseudo-states states were added in
order to represent the Rydberg levels and the continuum,
giving 35 states in total. Atoms with more levels were also
tested with no significant changes in the resulting cross
sections. The maximum occupation numbers used to built
the configurations for the N and N + 1 atomic structures
were
Orbital 3s 4s 5s 3p 4p 3d 4d 4f
N electrons 2 2 1 2 1 2 1 1
N+1 electrons 2 2 2 3 2 3 2 2.

Thus, for the N electron configurations we allowed up to 2
electron excitations and for the N + 1 electron configura-
tions we allowed up to 3 electron excitations. The boundary
between the internal and external region was set at 30.4
a.u. The final calculation included partial waves L≤20. We
calculated rates using partial waves L≤30 in order to check
convergence. Regarding the cross-sections used in this work,
when performing R-Matrix calculations using partial waves
L≤10, the obtained collisional rates were already within
20% of those calculated using partial waves L≤20 except for
the 3d(3D)-4p(3P o) transition that increase the final rates
by a factor of 2 from the L≤10 to the L≤20 calculation.
There were no difference between the calculated collisional
rates using partial waves L≤30 and L≤20 in temperature
range typical of cool stellar atmospheres for the atomic col-
lisional transitions calculated for this work.

«««< TREE The collisional cross sections obtained were
compared with experiments and with other calculations
where available. Zatsarinny et al. (2009) calculated electron
collisional excitation cross sections from the ground state
3s(1S) to the excited states 3p(1,3P o), 3d(1D), 4s(1S) and
4p(1P o) of Mg i, and compared with other calculations and
with experiments. The cross sections calculated in this work
agree with those within ∼20%.

FIG 2 not referred to yet. =======
The collisional cross sections obtained were compared

with experiments and with other calculations where avail-
able. Zatsarinny et al. (2009) calculated electron collisional
excitation cross sections from the ground state 3s(1S) to
the excited states 3p(1,3P o), 3d(1D), 4s(1S) and 4p(1P o)
of Mg i, and compared with other calculations and with ex-
periments. The cross sections calculated in this work agree
with those within ∼20%.

Mauas et al. (1988) studied Mg i NLTE effects in the
sun using a 13-level model atom. They adopted electron
collisional data from different sources (see their paper for
details.) fig.(2) Compares our results with those used by
Mauas et al.. Allowed transitions have similar results than
ours but, forbidden transitions are orders of magnitude
lower in Mauas et al. compared to ours. For those they
mostly used rates equal to 0.1 times the collisional rate of
an allowed transition with similar energy difference calcu-
lated using the vR formula.

»»»> MERGE-SOURCE

3.3.3. Hydrogen collision data

The rate coefficients, ⟨συ⟩, for excitation and de-excitation
processes,

Mg(3snl 2S+1L)+H(1s) ! Mg(3sn′l′ 2S′+1L′)+H(1s), (3)
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Fig. 2: Comparison between the electron collisional rates at
T=5000 K calculated by us and those used by Mauas et al.
(1988). Circles correspond to the radiative transitions used
by them (Table 1 in Mauas et al. (1988)) and diamonds
are the non radiative transitions (Table 2 in Mauas et al.
(1988)).

and for the charge transfer processes, ion-pair production
and mutual-neutralisation, involving the ionic state,

Mg(3s nl 2S+1L) + H(1s) ! Mg+(3s 2S) + H−, (4)

are taken from Barklem et al. (2012), which are based on
calculations of Belyaev et al. (2012) (see also Guitou et al.
2010, 2011). These calculations cover the seven lowest lying
states of Mg.

For collisional excitation involving higher lying and Ry-
dberg states of Mg i we employed the free electron model of
Kaulakys (1986, 1991), which considers a binary encounter
of the Rydberg electron with a neutral perturber. This
approach allows the cross section for the inelastic transi-
tion nl → n′l′ to be written in terms of the elastic dif-
ferential cross section for the electron-perturber scatter-
ing, and the momentum-space wavefunctions of the ini-
tial state (Kaulakys 1991, eqs. 6–8). For the wavefunctions
gnl(p), where p is the electron momentum, we calculate non-
hydrogenic wavefunctions from quantum defect theory fol-
lowing Hoang Binh & Van Regemorter (1997)1. In the case
of neutral hydrogen perturbers, the relevant elastic differen-
tial cross section |fe(p, θ)|2 is that for e+H collisions, where
fe(p, θ) is the scattering amplitude. The total cross section
can be written in terms of the singlet and triplet ampli-
tudes, f+ and f−, which is found by averaging over initial
spins and summing over final spins to obtain the well-known

1 The required Hankel transforms were derived analytically for
l ranging from 0 to 13 using Mathematica. We note the denom-
inators in eqns. 32 and 33 of Hoang Binh & Van Regemorter
(1997) contain a misprint where an exponent is incorrectly writ-
ten as a multiplicative factor — e.g. the denominator of eqn. 32
should be [ν−2 + q2](ν−t+1)/2.
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Figure 2. Comparison of electron 
collision rate coefficients at T=5000 K 
using the impact parameter (IP) 
approximation and the van Regemorter 
formula (vR).  

 
 

3.  Comparison with observed spectra 
 
A few example comparisons of predicted and observed spectra are now shown to demonstrate the 
effects.   
 

Figures 3 and 4 compare spectra for the 12 micrometer lines in the solar spectrum.  Here we see 
that the predicted spectrum is rather sensitive to the choice of method for estimating the electron 
collision rates among high-lying states, as these transitions take place among Rydberg states.  It is well 
known that the Born approximation overestimates cross sections at low energies and that the impact 
parameter method gives better results; see [18, 26].  Here we see the astrophysical comparison is also 
significantly improved by favouring the impact parameter method. 
 

Figure 5 compares spectra of the quite strong 8806 Å absorption line with observations for 6 
standard benchmark stars with relatively well-known stellar parameters.  One sees directly that the 
NLTE models provide much better overall fits to the lines, especially in the cores of the lines which 
form high in the stellar atmospheres where collisions are relatively inefficient, and thus NLTE effects 
start to become very important. 

A&A proofs: manuscript no. MgNLTE

(1)

where σi→i′ and σf→f ′ are inelastic cross sections, and fi
and ff are elastic scattering amplitudes. The broadening of
the initial and final states due to inelastic scattering adds
incoherently, and thus is simply the sum of the two contri-
butions. The elastic scattering of the two levels, however,
subtracts coherently and must be treated together at the
scattering amplitude level. The inelastic cross sections may
for convenience be split into l-changing and n-changing col-
lisions, such that

σinel
nl =

!

n′l′

σnl→n′l′ =
!

l′

σnl→nl′ +
!

n′ ̸=n

!

l′

σnl→n′l′ . (2)

The cross sections for levels in transitions of interest
were calculated and presented in Table 1. The l-changing
inelastic cross sections were calculated using the method
for inelastic Rydberg-hydrogen collisions due to Kaulakys
(1991) described in section 3.3.3. The n-changing inelastic
cross sections are calculated in the scattering length ap-
proximation using the analytic expressions of Lebedev &
Marchenko (1987, eqn. 25) and Kaulakys (1985b, eqns 4-
5), which give practically identical results as pointed out by
Lebedev and Marchenko. We could calculate the n-changing
cross sections in the same way as done for the l-changing;
however, the computational time is significant and as seen
in Table 1 the n-changing contribution is very small as ex-
pected (e.g. Hoang Binh & Van Regemorter 1995). HBvR
showed the ratio of the elastic to inelastic component is
expected to be of order ∆n/n3, and thus is neglected.

The total broadening cross sections are then calculated
according to eqn. 1 and are presented in Table 2. The cross
sections for a collision velocity of 104 m/s are presented,
together with a velocity parameter α which has been cal-
culated by fitting a power law behaviour of the cross sec-
tion with velocity following Anstee & O’Mara (1995). Line
widths are also presented and compared with HBvR’s re-
sults for the 12 µm lines. As seen from Table 1, our cross
sections are generally larger than those of HBvR, though
not quite as large as their calculations using the method
of Kaulakys (1991). We have also included the n-changing
component, which was neglected by HBvR. Our cross sec-
tions for the 12.2 and 12.3 µm lines differ from theirs by
1 and 21 per cent, respectively. The line widths differ by
considerably more, due to the fact that HBvR have used
an approximate method for calculation of the line widths
from a cross section at a single velocity, rather than an in-
tegration over a Maxwellian velocity distribution. In any
case, we conclude that the uncertainty in the broadening
cross sections is probably of order 20 per cent, but likely to
be larger due to approximations inherent to both methods.

3.3. Inelastic collision data

SHOW BOUND-BOUND COLLISION MATRIX SOME-
WHERE? IDEA WOULD BE TO SHOW REGULAR BE-
HAVIOUR SEEN IN FIG5 OF CARLSSON92

3.3.1. Electron collision data

Collisional excitation and deexcitation between low-lying
states of Mg i are accounted for with R-matrix calculations,
which are presented in § 3.3.2. These calculations provide

log ⟨σv⟩IP[cm
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g
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Fig. 1: Comparison of electron collision rate coefficinets at
T=5000 K using the Impact Parameter (IP) approximation
and the van Regemorter formula (vR).

data for the lowest 10 states of Mg i, up to 5p 3P o. For tran-
sitions involving higher-lying states, including Rydberg lev-
els, we must make use of approximate methods. For allowed
transitions, two such methods are in common use in stel-
lar astrophysics. The first is the formula of van Regemorter
(1962) (vR), which is based on the Bethe-Born approxima-
tion with an empirical effective Gaunt factor. The second is
the semi-classical impact parameter (IP) method. For col-
lisions with neutral atoms, where trajectories are straight
lines, the cross sections have been derived by Seaton (1962).
In the case of positive ions, we used the same formula as the
vR paper with the coefficients derived for positive ions. For
detailed info see van Regemorter (1962). We alternatively
used the version of the IP formula for electron collisional
excitation of positive ions found in Burgess & Summers
(1976). Thus regarding non-quantum mechanical collisional
excitation rates, two versions of the model atom were cre-
ated: one using the vR formula for Mg i and Mg ii, and the
second one replacing vR for IP in both both neutral ionized
Mg .

It is well known that the Born approximation overesti-
mates cross sections at low energies and that the IP method
gives better results (Seaton 1962, e.g.); see also Bely & van
Regemorter (1970) for a discussion. fig.(1) compares results
from the two methods for allowed transitions in Mg i. We see
the vR results are larger than those from IP, as expected.
Further, we note that while we were able to produce the IR
Mg i emission lines observed in the sun with the IP data,
we could not do so with the vR data. Thus for Mg i, the
IP method is used if no data is available from R-matrix
calculations.

Collisional ionization of low-lying states by electrons is
implemented according to the hydrogenic approximation
presented in (Cox 2000, Sect 3.6.1), which is based on semi-
empirical expressions taken from Bely & van Regemorter
(1970), which originate from Percival (1966). For Rydberg
levels we use the formula from Vrinceanu (2005), where the
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Figure 3. Infrared 12.2 micrometer line profile at solar disc centre calculated using all the available 
atomic data and using impact parameter method (solid black line) or the van Regemorter formula 
(dashed lines) formula where no R-matrix calculations were available.  Observed spectrum (solid red 
line) is from [25]. 
 

 
Figure 4.  As for figure 3, but for the 12.3 micrometer line. 
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Figure 5.  Observed spectra of the NLTE sensitive Mg I 8806Å line (pluses). The best fitting <3D> 
(3D averaged model atmosphere) LTE (red dashed line) and NLTE profile (blue dotted line) are 
overplotted and the corresponding Mg abundances stated in each panel.  The abundances from 
classical 1D models are given in parentheses (spectra not plotted).  Plot by Karin Lind, from [5]. 

 

4.  Discussion 
 
We have shown some preliminary example results of NLTE modelling of Mg I in stellar atmospheres.  
In particular, we have seen the diagnostic value of the 12 micrometer lines in differentiating between 
two possible descriptions for electron collision rates among high-lying states.  We have also seen the 
general improvement of fits to the near infrared 8806 Å line from our NLTE modelling compared to 
LTE modelling.  This work is ongoing, but we expect final and more extensive results, along with 
significantly more details of the model atom, to be published in the near future [5]. 
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