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ABSTRACT

The shape and broadening of He lines affects radiative transport in dense, He-rich, stellar atmospheres. At wavelengths inaccessible
for direct observation, we rely on theoretical calculations of self-broadening to support stellar structure and spectral modeling. In
this work, we examine lines of He due to 1s–2p and 2p–3s transitions. The line profiles are analyzed in terms of a unified theory
of spectral line broadening using ab initio potential energies that have been recently determined. For temperatures up to 20 000 K,
the linear dependence of width and shift on gas density and the non-linear dependence on temperature of the Lorentzian core of
the resonance line are described. Beyond the conventional symmetrical Lorentzian core, we show that they are asymmetrical and
have significant additional contributions on the short wavelength side. This blue asymmetry is a consequence of maxima in the
corresponding He2 potential energy difference curves at short and intermediate internuclear distance. Over a limited range of density
and temperature, laboratory measurements in the visible and near infrared can be used to validate the potentials that underlie the
spectral line profile theory, which is useful for modeling spectra over the extreme ranges of temperature and density encountered in
stellar and planetary atmospheres.
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1. Introduction

Despite being the second most abundant element in the uni-
verse, He produces few strong features in the spectra of stars.
The resonance line is a singlet transition at 584 Å in the ex-
treme ultraviolet, which is out of reach for direct detection by
most space-based assets and ground-based observatories. Yet,
self-broadening of the line affects radiative energy transport, the
structure of star, its cooling, and evolution in the atmospheres
of cool He-rich stars. In the solar atmosphere, the strongest ob-
servable spectral features produced by helium are in the extreme
ultraviolet below 584 Å. The D3 triplet line at 5876 Å and the
near-infrared triplet line at 10 830 Å are widely used indicators
of chromospheric activity. Deep in the atmosphere of stars, ra-
diative transport depends on the opacity and thereby on the line
broadening that results from collisions primarily with H and He.
For example, a primary consideration in He-rich degenerate stars
would be the opacity from the He atomic lines broadened by He
atomic collisions (Jeffery 2008; Pandey & Lambert 2011), while
broadening by He remains a significant determinant for the spec-
tral line shapes in other stars.

The effect of collision broadening by atomic and molecu-
lar H and by He on the spectral lines of other elements is cen-
tral to understanding the opacity of stellar atmospheres, yet there
have been only a few definitive comparisons with experimental

� Data of Fig. 6 are only available at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/559/A70

work. For atomic H, this is because of the difficulty of creat-
ing an environment in a laboratory experiment simulating a stel-
lar atmosphere. While there are limited experiments for He for
broadening of alkali and alkaline earths, there are only a few
for many other elements of astrophysical interest. Instead, there
is a reliance on simplified models of line-broadening physics
that remain in the code in current use (Hauschildt et al. 1999;
Schweitzer et al. 1996). These models, typically described as van
der Waals broadening with impact approximation Lorentzian
line shapes, have long been known to be not valid, but they re-
main the only fast approximation available (Allard & Kielkopf
1982). To make them more tractable, the coefficients are typ-
ically adjusted empirically, or on the basis of semi-empirical
pseudo-potential models for the relevant atomic interactions.
Unfortunately, the interaction potentials and radiative transition
moments for many atomic species that are needed to compute
broadening have not been known until recently with sufficient
accuracy. On the other hand, the maturing capability of ab initio
methods and the availability of both open source and commer-
cial packages that can be applied to these problems now offer
the possibility of accurately computing the interaction of H and
He with atoms and small molecules that are likely to be found
in the Sun, other stars, and exoplanet atmospheres. In this paper,
we focus our attention on the He spectrum itself by considering
the effects of He collisions with radiating He atoms. Although
these effects are largely indirect except in type DB white dwarfs,
they are the foundation of a more expansive effort to establish a
rigorous and physically justifiable framework that includes neu-
tral atom collision broadening in all types of stellar atmospheres.
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Furthermore, they suggest observational and laboratory tests that
can validate the applicability of the potentials to spectral line
profile calculations.

The potentials of He2 that come into play in this discussion
are more complex than those of H2, because there are more
electrons to include in an a priori calculation and there have
been few other theoretical studies to explore resonance spec-
tral line broadening accurately in either experiment or theory.
The singlet resonance line in the extreme ultraviolet is not ac-
cessible for high resolution spectroscopy, but visible and near-
infrared singlet lines were studied with high precision at low
density and low temperature by Kuhn & Vaughan (1963) and
Vaughan (1966) who found the Lorentzian line cores and mea-
sured line widths and shifts. Mullamphy et al. (1991) computed
self-broadening of the He singlet lines 2s1S – np1P for n = 3, 4,
5 and 6, and 2p1P – nd1D for n = 3, 4 and 5 using a semiclas-
sical impact broadening theory with model potentials to com-
pare to the experiments of Vaughan (1966). Similarly, the self-
broadening of the triplet transitions was also calculated by Leo
et al. (1992) using the framework of a semiclassical impact
broadening with model potentials. Close-coupled calculations
for self-broadening of He triplet lines based on the Baranger the-
ory, which uses adiabatic model molecular potentials, revealed
sensitivity of the line parameters. This suggests that width and
shift could be used to verify potentials within the limits of va-
lidity of the line-shape theory (Leo et al. 1995). Unfortunately,
there is sparse experimental data that can be compared to these
line core calculations, although recent astrophysical analyses
of degenerate white dwarf stars using self-broadening calcula-
tions by Leo et al. (1995) and estimates based on van der Waals
broadening with more reliable calculations were not available
(Kleinman et al. 2013).

Although comprehensive line shape experiments on the
He spectrum at high density would be far more definitive than
line core measurements, there are none available at this time.
However, recent observations of a corona discharge in liquid He
revealed a feature-rich spectrum, and an analysis based on line
broadening theory and precise He2 potentials provided a power-
ful aid in interpreting these data (Allard 2012).

Line profile calculations in our work have been done in uni-
fied line-shape semiclassical theory (Anderson 1952). Moreover,
the impact approximation determines the asymptotic behavior of
the unified line shape correlation function. In this way the results
described here are applicable to a more general line profile and
opacity evaluation for the same perturbers at any given layer in
the photosphere. We examine the dependence on temperature of
the line wing and of the line parameters.

2. He2 molecular potential energy

Very recently, significant progress in the description of He2 sin-
glet and triplet potential energies has been achieved (Allard et al.
2009; Dell’Angelo et al. 2012; Bonifaci et al. 2012).

In this work, the ab initio computation of the adiabatic po-
tential energy curves of He2 have been carried out using the
MOLPRO 2009 package1. A huge multi reference configuration
interaction (MRCI) computation has been performed by start-
ing from a very large multi configuration self consistent field
(MCSCF). The MCSCF calculation involved 26 active orbitals
and a very large basis set (called basis E) composed of 118 or-
bitals for each He atom (21s, 12p, 8d, 3f). For the lowest quintet

1 http://www.molpro.net
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Fig. 1. Potential energies for the singlet 3s, 2p and 2s states of the
He2 molecule. As noted, 1Σg(full line), 1Σu (dashed line), 1Πg(dotted
line), and 1Πu (dashed dotted line).

state this approach was shown (Deguilhem 2009) to be very ef-
fective compared to full CI results, leading to differences much
less than a tenth of a wavenumber. We have also checked that
using orbitals optimized from state-averaged or the quintet state
lead to almost identical results, which is a strong indication that
this is very close to the full CI result. Therefore, the main limi-
tation in the accuracy of these adiabatic potential curves resides
in a limitation due to the finite basis set used. However, this er-
ror is expected to be small considering the quality of the basis
set. The basis set was initially optimized to give spectroscopic
accuracy (≈1 cm−1) interaction potentials between metastable
atoms through the 5Σ+g state (Gadéa et al. 2002). It was then con-
siderably enlarged to improve the accuracy below 0.1 cm−1. It
was reduced to a reasonable, although still huge, size and fur-
ther increased to consider the n = 2, 3 Rydberg states involved
in the photoassociation of cold metastable atoms (Deguilhem
et al. 2009). The refined basis set is thus accurate for states in-
volving He atoms in the ground state and in the excited n = 2,
3 Rydberg states. As shown by many previous calculations, al-
most all the lower excited states present large barriers at interme-
diate distances (R between 3 and 4 a.u.) and deep wells at equi-
librium distances close to R = 2 a.u. These barriers are often
called “nonessential maxima”. The wells are clearly imprinted
by the deep well of the ionic ground state (Re = 2.042 a.u.,
De = 19 956 cm−1, Chicheportiche et al. 2013). However, we
require the complete calculation because a simple picture with
an ionic core and a Rydberg electron alone cannot describe
these potentials with the accuracy needed for finding spectral
line shapes.

Potential energy curves V(R) for the He2 molecule in
the 2s1S, 2p1P and 3s1S states are shown in Fig. 1, where R de-
notes the internuclear distance between the radiator and the per-
turber. Recently the ground state, 1s1S, has been determined us-
ing other high level ab initio methods, namely, a complete active
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Fig. 2. Potential energy curve for the 1s1Σg state. The He-He potential
energy (dashed line) of Dell’Angelo et al. (2012) is superimposed.

space self-consistent field-multireference configuration interac-
tion (CASSCF-MRCI) by Dell’Angelo et al. (2012). Our poten-
tial is in excellent agreement with their determination as shown
in Fig. 2.

3. Theoretical profiles

Starting from the Anderson (1952) theory of pressure broaden-
ing, which is suitably generalized to include degeneracy, a uni-
fied theory of spectral line broadening (Allard et al. 1999) has
been developed to calculate neutral atom spectra, given the in-
teraction and the radiative transition moments of relevant states
of the radiating atom with other atoms in its environment. The
spectrum, I(Δω), is the Fourier transform (FT) of the dipole au-
tocorrelation function, Φ(s). It is given by

I(Δω) =
1
π

Re
∫ +∞

0
Φ(s)e−iΔωsds. (1)

A pairwise additive assumption allows us to calculate I(Δω),
when N perturbers interact as the FT of the Nth power of the au-
tocorrelation function φ(s) of a unique atom-perturber pair. For
a perturber density np, we obtain

Φ(s) = e−npg(s), (2)

where decay of the autocorrelation function with time leads to
atomic line broadening.

For a transition α = (i, f ) from an initial state i to a final
state f , we have

gα(s) =
1∑

e,e′
(α) |dee′ |2

∑
e,e′

(α)

×
∫ +∞

0
2πρdρ

∫ +∞
−∞

dx d̃ee′[ R(0) ]

× [ e
i
�

∫ s

0
dt Ve′e[ R(t) ] d̃∗ee′[ R(s) ] − d̃ee′[ R(0) ] ]. (3)

We define d̃ee′(R(t)) as a modulated dipole (Allard et al. 1999)

D(R) ≡ d̃ee′[R(t)] = dee′[R(t)]e−
β
2 Ve[R(t)], (4)

where β is the inverse temperature (1/kT ). Here Ve is the ground
state potential when we consider absorption profiles, or an ex-
cited state for the calculation of a profile in emission.

In the present context, the perturbation of the frequency of
the atomic transition during the collision results in a phase shift,
η(s), that is calculated along a classical path R(t) assumed to be
rectilinear. The phase shift is

η(s) =
i
�

∫ s

0
dt Ve′e[ R(t) ], (5)

where Ve′e[R(t)], the difference of potential energies, is given
by

ΔV(R) ≡ Ve′e[R(t)] = Ve′[R(t)] − Ve[R(t)]. (6)

This represents the difference between the electronic energies
of the quasimolecular transition. The potential energy for a
state e is

Ve[R(t)] = Ee[R(t)] − E∞e . (7)

At time t from the point of closest approach, the path is

R(t) =
[
ρ2 + (x + v̄t)2

]1/2
(8)

with ρ as the impact parameter of the perturber trajectory and x
as the position of the perturber along its trajectory at time t = 0.
In Eq. (3), the e and e′ label the energy surfaces on which the in-
teracting atoms approach the initial and final atomic states of the
transition as R → ∞. The sum

∑(α)
e,e′ is over all pairs (e, e′), such

that ωe′,e(R)→ ωα as R→ ∞. In this work, we are limited by a
lack of knowledge of the dependence of the radiative transition
dipole moment on atom-atom separation. For the purpose of this
evaluation, we suppose it is constant and equal to its asymptotic
value.

4. Astrophysical applications

The construction of model atmospheres and synthetic spectra for
cool He-rich white dwarfs (DB, DC) is necessary to derive reli-
able atmospheric parameters and the surface chemical composi-
tion for these objects. Pressure broadening by molecular H and
He is also the major broadening mechanism in the atmospheres
of brown dwarfs. In extreme He stars, the H Balmer lines are
very weak or totally absent, with their place being taken by neu-
tral He. The absence of H spectral lines means that the metallic-
line spectrum is much stronger than in a normal star. This is a
major concern for the calculation of model atmospheres, when
the effect of all other opacity sources on the structure of the at-
mosphere is significantly enhanced in the absence of H. An in-
complete or inaccurately calculated opacity results in systematic
errors in the predicted flux distribution and hence, in the effec-
tive temperature. While Heber & Schoenberner (1981) first in-
troduced the blanketing effect of strong ultraviolet metal lines,
methods to include all the broadened lines remain elusive.

The atmospheres of DB and many DC white dwarfs are al-
most pure helium, and the correct treatment of the He resonance
lines strongly influences the predicted spectrum and effective
temperature. In about 20% or more of these stars, type DBZ
show metal lines. Because metals would rapidly settle, only H
and He should appear in the spectra, unless there is dredging
from the interior or accretion of material from a disk or remnant
of a former exoplanetary system. The analysis of DBZ spectra
is therefore a potentially valuable method to determine the exis-
tence in the stellar progenitor of exoplanetary systems and their
chemical abundances (Farihi 2011; Koester et al. 2011; Dufour
et al. 2012).
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Fig. 3. 1s→ 2p line profile for T = 1000 K and nHe = 1020 cm−3.

In this work, we consider broadening of He by He to de-
velop an accurate treatment of the resonance lines that enable
correct calculations of radiative transport in DB white dwarfs.
The potentials used also allow calculation of profiles that can
be tested in the laboratory as a first stage in developing a ro-
bust and validated methodology for computing neutral collision
broadened opacities that will be incorporated into general stellar
atmosphere codes.

5. Study of the resonance line at 584 Å

Full collisional line profiles were evaluated for the conditions
prevailing in brown dwarf atmospheres from 1000 to 6000 K.
The line cores were also studied to higher temperature, as de-
scribed below. The line wings show a structure resulting from the
details of the atomic interactions, while the impact broadened
Lorentzian core has a linear dependence of width and shift on
density with a non-linear power-law dependence on temperature.

5.1. Prediction of satellite lines in the 1s–2p line wing

The unified profile shown in Fig. 3 is the Fourier transform of
the autocorrelation function as given by Eq. (3) in which the
contributions from the two components of the transition enter
with their statistical weights. The unified theory predicts that
there will be line satellites centered periodically at frequencies
corresponding to integer multiples of the extrema of ΔV . The
interpretation of the asymmetrical shape of the 1s→ 2p line re-
quires us to study ΔV , as shown in Fig. 4. The difference poten-
tial maxima are respectively 4300 and 3000 cm−1 for 1s1Σ+g →
2p1Σ+u and 1s1Σ+g → 2p1Πu, which lead to a far blue satellite

at 4000 cm−1 (571.4 Å) and a small bump at 2600 cm−1 (576 Å)
(Figs. 3 and 5). Figure 5 shows the individual components for
comparison, weighted as if they were the only contribution to
the profile. The satellite at 4000 cm−1 is the prominent feature
in the blue wing that is very well-separated from the main line.
There is a linear variation with helium density for the strength of
the blue wing as shown in Fig. 5, as long as nHe ≤ 1020 cm−3.

In the range of temperatures prevailing in atmospheres of
brown dwarfs, the blue wing shown in Fig. 6 is not very sensitive
to the temperature. However, the wing strength relative to the
total line strength increases linearly in density.

5.2. Study of the line core parameters

Since the resulting line profile in a model atmosphere calcula-
tion is the integration of the flux in all layers from the deepest to

1 2 3 4 5 6
R(Å)

-1000

0

1000

2000

3000

4000

5000

ΔV
(c

m
-1

)

Fig. 4. ΔV for the two transitions contributing to 1s→ 2p line: 1s1Σ+g →
2p1Σ+u (dashed lines) and 1s1Σ+g → 2p1Πu (dotted lines).
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Fig. 5. Variation with nHe, the He atom density, of the blue wing at
T = 1000 K: nHe = 1020 cm−3 (full line) and nHe = 1019 cm−3 (dashed
dotted lines). Individual components are superimposed: 1s1Σ+g → 2p1Σ+u
(dashed lines) and 1s1Σ+g → 2p1Πu (dotted line).
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Fig. 6. Variation with the temperature of the 1s → 2p line for nHe =
1019 cm−3.

the uppermost, it is important that the centers be adequately rep-
resented; that is, they can be non-Lorentzian at high densities of
the innermost layers, while Lorentzian in the upper atmosphere.
However, they are characterized with different widths than pre-
dicted by the hydrogenic van der Waals approximation, which is
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usually used for the cores, as it was emphasized by Allard et al.
(2007) and Peach (2011).

An atomic line broadened by collisions in a low density gas
has a Lorentzian profile near the line center, which can be related
to the FT of a radiative wave where short duration collisions pro-
duce sudden phase changes. The core shape does not depend on
the assumption that the interaction is given by a van der Waals
approximation, but the width and shift of the core are very de-
pendent on the nature of the interactions between the atoms. In
the theory of impact broadened line shapes, the phase shifts are
given by Eq. (5) with the integral taken between s = 0 and ∞.
At sufficiently low densities of helium, which are found in the
upper atmospheres of stars or planets, the symmetric Lorentzian
center of the spectral line can be defined by the two line param-
eters given in Fig. 7, the half-width at half maximum w/2 and
the shift d of the Lorentzian main line. The half-width and shift
of the core are often represented by γ and σ in atomic physics
literature. For the densities and temperatures of interest, these
parameters were found to be given by

w/2 = 6.97 × 10−21nT 0.174 (9)

and

d = 2.16 × 10−22nT 0.494, (10)

where n is the atom density in units of cm−3 and T the tempera-
ture in K.

6. Study of the line profile due to the 2p–3s
transitions

In an extreme He environment with very high densities, and very
low temperatures, spectroscopic investigations of a corona dis-
charge in liquid helium (LHe) at 4.2 K have revealed a com-
plex behavior (Li et al. 2009). Clearly, studying the variation of
shape of the 2p–3s line with increasing helium density allows us
to understand the blue shift observed in these experiments. The
analysis and interpretation of these experimental spectra require
the use of a suitable theoretical framework with the most accu-
rate He2 molecular potentials. Allard et al. (2009) presented the
first calculations of He-He collisional profiles due to the triplet
2p–3s transitions in a unified line-shape semiclassical theory that
uses ab initio molecular potentials. The excellent agreement seen
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Δω(cm
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)

0.01

0.02

I ν(H
z-1

)

Experimental profile
Unified profile

Fig. 8. Experimental profile at a pressure of 1.6 MPa and temperature
of 300 K, (nHe(T,P) = 3.8 × 1020 cm−3) as compared to the unified
profile. (Extracted from Allard et al. 2009).

in Fig. 8 between experimental and theoretical determinations
of the near wing of the line profiles established the accuracy of
the interaction potentials. This exceptional concordance with the
underpinning theoretical physics allowed us to interpret the ex-
perimental profiles that were obtained at temperatures up to that
of LHe at 4.2 K (Allard et al. 2011; Allard 2012). We review the
similarities and differences in the theoretical spectra due to the
singlet and triplet 3s–2p transitions.

6.1. Quasi-molecular line satellites for the 3s–2p transitions

A detailed description of the triplet 3s–2p line at 706 nm has
been given by Allard et al. (2009) and Allard et al. (2011). The
singlet line at 728 nm in emission has also been investigated by
Li (2008) for a large range of He densities and temperatures of
the order of 300 K. While we observe the same general shape
for the singlet line, the important feature of these lines is the de-
velopment of a blue wing. Their study reveals the complexity of
this spectral region where different molecular systems overlap,
and the importance of non-Lorentzian line shapes. The molecu-
lar states Σg,u combining with the Πg,u and Σg,u shown in Fig. 1
states are associated with the transition 3s–2p transition.

6.2. Analysis of the profiles

Table 1 lists the electronic states connecting the 3s and 2p states.
The potential energy curves for these states are shown in Fig. 1.
Line satellite positions ΔωHe2 are functions of the maxima of
the potential difference ΔV shown in Fig. 10. These values are
smaller for the singlet line than for the triplet, which leads to
a less extended singlet blue wing shown in Fig. 9. The line pro-
file depends on four individual transitions with each contribution
given by the FT of an autocorrelation function for one compo-
nent in Fig. 11. The distinction allows the identification of the
transition, which gives rise to each line satellite. The distinct
shoulder at about 80 cm−1 in Fig. 11 is due to the 3sΣu − 2pΠg
transition, but the line satellites at low density blend into the total
profile.

The triplet line provides an example of a transition that is in-
termediate between the evident satellites seen in the 1s–2p line
and the totally unresolved satellites associated with a singlet line
in Fig. 9. Because the satellite feature is broad, there is little
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Table 1. Physical parameters in the study of the 3s–2p line.

Upper level Lower level ΔωHe2 Rext D(Rext)
(cm−1) (Å) (eao)

3s1Σ+u 2p1Πg 103 5.5 1.1
3s3Σ+u 2p3Πg 129 5.05 0.95
3s1Σ+g 2p1Πu 48 6.4 1.08
3s3Σ+g 2p3Πu 132 4.9 0.95
3s1Σ+u 2p1Σ+g 22 7.2 1.1
3s3Σ+u 2p3Σ+g 87 6 1
3s1Σ+g 2p1Σ+u 98. 6.3 1.1
3s3Σ+g 2p3Σ+u 87. 6 1
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Fig. 9. Unified profiles for singlet (dashed lines) and triplet (full line)
3s→ 2p line at T = 300 K and nHe = 1019 cm−3.
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Fig. 10. ΔV for the four transitions contributing to the 2p–3s line.

effect on the shift and the profile has the appearance of a reason-
ably sharp line with a pronounced smooth blue asymmetry.

6.3. Line parameters

A theoretical analysis of the variation of the line parameters
with He density has been extensively done for the triplet line by
Allard et al. (2011), and the same analysis can be done for a brief
comparison to the evolution of the singlet line profile at 300 K.

The dependence of the parameter curves for the 3p–3s lines
on perturber density is very well explained by the existence of
satellites close to the line. Although the singlet parameter curves
are smooth and apparently featureless, it is possible to predict
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Fig. 11. Individual components of the blue far wing compared to the
total at T = 300 K and for nHe = 1019 cm−3.
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Fig. 12. Unified profiles for the singlet 3s1S→ 2p1P line at T = 300 K
and nHe varying from 3 × 1020 to 1021 cm−3.
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Fig. 13. Variation with nHe of the full width w of the singlet (dashed
lines) and triplet (full line) 3s→ 2p lines for 300 K.

their shapes just by examining ΔV . The greater slope for the sin-
glet line is associated with the line satellites that are closer to
the parent line. In Figs. 13, 14 we have plotted the width and
shift as a function of nHe. These curves are easily understood
by examining Fig. 12. The general shape of the singlet line is
changing very fast between 1020 and 1021 cm−3. When the den-
sity reaches 3× 1020 cm−3, the blue shoulder at 80 cm−1 starts to
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Fig. 15. Unified profiles for singlet (dashed lines) and triplet (full line)
3s→ 2p lines at T = 300 K and nHe = 7 × 1020 cm−3.

be detectable. Its development leads to the sudden change in the
slope of the width curve, as seen in Fig. 13. The reason for this
transition to very non-linear behavior is that one is first mea-
suring the width proper at lower density. Then, as the density
increases and the satellite grows to more than one half the height
of the line, one is measuring the combined width of line and
satellites in Fig. 15. Figure 16 reveals that the development of
the blue wing leads to the overwhelming of the line by the satel-
lites, when the density is about 1021 cm−3. For the triplet line in
Fig. 15, there is a very clear blue satellite. At 7 × 1020 cm−3, the
top of this satellite is about half way up the line, and this effect
is again responsible for an abrupt transition from the linear vari-
ation when the line core was not affected by the blue satellites to
a strongly non-linear effect when it is. When the density reaches
reaches 1.2× 1021 cm−3, the satellite completely blends with the
line seen in Fig. 17.

The evolution of the line profiles reveals the same influences
by the blue satellites. However, corresponding features occur at
lower density due to the closer relative proximity of the satellites
to the line at about 80 cm−1 for the singlet and 100 cm−1 for the
triplet.

As shown in Fig. 14 at low density, both the singlet and
triplet are about equally shifted. However at densities larger than
nHe = 6 × 1020 cm−3, the slope of the singlet shift with density
increases, whereas it remains almost unchanged for the triplet.
The spacing of the satellite compared to the width of the line
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Fig. 16. Unified profiles for singlet (dashed lines) and triplet (full line)
3s→ 2p lines at T = 300 K and nHe = 1021 cm−3.
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Fig. 17. Unified profiles for singlet (dashed lines) and triplet (full line)
3s→ 2p lines at T = 300 K and nHe = 1.2 × 1021 cm−3.

influences this behavior, since the blue satellite is less impor-
tant for the triplet. An increased He density results in a new
change of the slope shown in Fig. 14. At nHe = 1021, the sin-
glet profile shift towards the position of the satellite band. It is a
smooth transition for the singlet, whereas the triplet has a sharper
transition, and one sees the characteristic shift discontinuity at
nHe = 1.2 × 1021 cm−3.

We see that the profiles, shifts, and widths of the singlet and
triplet lines are thus very sensitive to helium density and temper-
ature (Allard et al. 2011). Consequently, they provide informa-
tion on the conditions present in the observed helium medium.
They clearly illustrate how non-linear the non-Lorentzian shapes
can become outside the limited range of validity of the impact
approximation usually used in stellar and planetary atmosphere
modeling.

7. Conclusion

The main purpose of this work is to analyze He line profiles by
examining the development of quasi-molecular effects in He-He
collisions. Profiles of the 1s–2p and 2p–3s transitions computed
with unified line-shape theory exhibit a blue asymmetric behav-
ior illustrated in Figs. 3 and 12.

We have found that the 1s → 2p line is totally asymmetric
outside the line core without any contribution in the red wing.
This effect is of increasing importance with He density, and as
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a result, the full treatment of the He resonance line at 584 Å
reveals strong effects on its opacity outside the impact approx-
imation. Consequently, we conclude that these effects are not
always negligible when models of stellar spectra are compared
with observations to determine abundances, structural proper-
ties, or ages.

We have also reported the first analysis of the line param-
eters of the He(3s1S)–He(2p1P) line outside of the impact ap-
proximation. This serves as a test for the use of ab initio atomic
potentials in spectral line-shape calculations, because the predic-
tions of the theory agree with laboratory experiments. We have
shown that the presence of line satellites in the near line wing
leads to a complex behavior of the dependence of the line shape,
and the conventional line width and shift parameters on He den-
sity. Previously, Allard (2011) discussed the major importance of
temperature and perturber density in the broadening and shift of
the He 706 nm triplet 2p–3s transition. That work allowed Allard
(2012) to determine the physical conditions of temperature and
pressure in an electric discharge in liquid He from experimen-
tal spectra. More generally, the important sensitivity of He-line
shapes to temperature and density suggests that they could be
used as a spectroscopic diagnostic tool.
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