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2Sorbonne Université, CNRS, UMR7095, Institut d’Astrophysique de Paris, 98bis Boulevard Arago, PARIS, France
3Department of Physics and Astronomy, University of Louisville, Louisville, Kentucky 40292 USA
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ABSTRACT
The spectra of helium-dominated white dwarf stars with hydrogen in their atmosphere
present a distinctive broad feature centered around 1160 Å in the blue wing of the
Lyman-α line. It is extremely apparent in WD 1425+540 recently observed with HST
COS. With new theoretical line profiles based on ab initio atomic interaction poten-
tials we show that this feature is a signature of a collision-induced satellite due to an
asymptotically forbidden transition. This quasi-molecular spectral satellite is crucial
to understanding the asymmetrical shape of Lyman-α seen in this and other white
dwarf spectra. Our previous work predicting this absorption feature was limited by
molecular potentials that were not adequate to follow the atomic interactions with
spectroscopic precision to the asymptotic limit of large separation. A new set of po-
tential energy curves and electronic dipole transition moments for the lowest electronic
states of the H–He system were developed to account accurately for the behaviour of
the atomic interactions at all distances, from the chemical regime within 1 Å out to
where the radiating H atoms are not significantly perturbed by their neighbors. We use
a general unified theory of collision-broadened atomic spectral lines to describe a rig-
orous treatment of hydrogen Lyman-α with these potentials and present a new study
of its broadening by radiative collisions of hydrogen and neutral helium. These results
enable ab initio modeling of radiative transport in DBA white dwarf atmospheres.

Key words: (stars:) white dwarfs < Stars - stars: atmospheres < Stars - atomic data
< Physical Data and Processes - atomic processes < Physical Data and Processes -
line: profiles < Physical Data and Processes - molecular data < Physical Data and
Processes

1 INTRODUCTION

Theoretical studies of the effects of neutral atom collisions
on atomic spectral lines have often been hindered by our ig-
norance of the atomic potentials. Even for systems as simple
as H-H or H-He, the interactions and the electric transition
moments are quite difficult to compute with the accuracy

? E-mail: nicole.allard@obspm.fr

which is needed for evaluating a complete line profile. The
fundamental theory of calculating the spectral line profile
(Allard et al. 1999) requires knowledge of molecular poten-
tials with high accuracy because the shape and strength of
the line profile are very sensitive to the details of the molec-
ular potential curves describing the atom-atom collisions. In
Allard & Christova (2009) we made an exhaustive study of
the red wing of Lyman-α line perturbed by H–He collisions,
where we used the potentials and electric dipole transition
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2 N. F. Allard et al.

Figure 1. COS observation of WD 1425+540. The broad distinc-

tive collision-induced satellite in the blue wing of the Lyman-α
line about 1160 Å is clearly visible (Xu et al. 2017). The strong

emission at the center of Lyman-α is from Earth’s geocoronal

hydrogen above the HST orbit.

moments of Theodorakopoulos et al. (1984) and Theodor-
akopoulos et al. (1987). We considered the high He densities
met in cool DZ white dwarfs and examined the range of
validity of the one-perturber approximation widely used to
calculate the line wings. We have shown there that the ex-
tension of the red wing of the Lyman-α line seen in DZ white
dwarf spectra depends strongly on the stellar temperature,
while it is not dependent on the helium density. We also
predicted a blue satellite which only very recently has been
observed in Hubble Space Telescope Cosmic Origins Spec-
trograph (HST COS) observations (Xu et al. 2017). The
importance of a correct determination of the blue wing of
Lyman-α line to interpret the asymmetrical shape of the
Lyman-α line observed with COS is presented in Sect. 2.
An accurate prediction of the satellite and consequently the
full Lyman-α profile requires exacting new ab initio calcu-
lations to obtain the ground and first excited potential en-
ergy curves and the corresponding electric dipole transition
moments for the H–He system. The new molecular data in
Sect. 3 corroborate the prediction of a line satellite in the
Lyman-α profile (Allard & Christova 2009) that is described
in Sect. 4. In Allard et al. (1999) we previously derived a
classical path expression for a pressure-broadened atomic
spectral line shape that includes the effects of a radiative
electric dipole transition moment that is dependent on the
position of the radiating atom and its dynamic neighbors.
Such a comprehensive unified approach employing the pre-
cise molecular data is fundamentally necessary to obtain an
accurate absorption line profile that is valid over the full
breadth of spectral line for the range of densities and tem-
peratures found in stellar atmospheres.

2 COS OBSERVATION OF WD 1425+540

WD 1425+540 (T=14,490 K, log g=7.95) is the prototype of
DBA white dwarfs and it is a helium-dominated white dwarf
that also has a large amount of hydrogen in its atmosphere
(Bergeron et al. 2011). It was observed with HST COS un-

der program 13453, and the details of observation and data
reduction strategy were reported by Xu et al. (2017). Here,
we focus on the spectrum of segment B of the G130M grat-
ing, which covers 1130-1270 Å, as shown in Fig. 1. As de-
scribed in Xu et al. (2017), there are two unusual features of
the Lyman-α profile in WD 1425+540. First, the line pro-
file is very asymmetric exhibiting an extend blue wing with
the satellite feature as noted. Second, previous white dwarf
spectral models cannot reproduce the strength of Lyman-α
and Balmer-α simultaneously. The derived hydrogen abun-
dance is more than a factor of 10 higher from the Lyman-α
measurement than from Balmer-α. While WD 1425+540 is
the most extreme case so far, these peculiarities have been
observed in other DBA white dwarfs as well, e.g. Jura et al.
(2012).

The asymmetry also could not be produced by white
dwarf models of Xu et al. (2017) because the opacity data
used for the Lyman-α profile did not take into account the
quasi-molecular line satellite predicted in Allard & Christova
(2009). Once this feature is included, the observed asymme-
try is reproduced (Gänsicke et al. 2018). The need to have
both accurate data for Lyman-α and for Balmer-α is es-
sential to determine the hydrogen abundance correctly. The
goal of this paper is to develop the foundation of the atomic
and molecular physics needed to compute a complete profile
without making ad hoc assumptions. We emphasize the im-
portance of accurate potentials and electric dipole transition
moment data for this purpose, and here we provide that data
for Lyman-α. With new potentials of H-He we also compute
a model DBA white dwarf spectrum that demonstrates their
validity.

3 H–He DIATOMIC POTENTIALS

3.1 Methodology and benchmarks

The lowest electronic excited states of hydrogen and helium
are at unusually high energies for neutral atoms (> 10 eV)
with respect to their ground states, and close to the cor-
responding ionization thresholds. Hydrogen with n= 2 or
greater is a Rydberg atom in this sense (Gallagher 1994).

The electronic excited states of H–He diatomic system
of interest in the present work correlate adiabatically to
those of these atoms. Therefore, for the correct description
of the electronic states of the H–He diatomic system con-
sistent with its isolated atomic fragments one needs the in-
clusion of diffuse functions that can flexibly represent the
states. In addition to this, the computation of the possi-
ble interactions that may occur between these electronic
states and the subsequent mixing of their wavefunctions that
results in an apparent change in electric dipole transition
moments, require post Hartree-Fock multi-configurational
approaches. More specifically, we used the Complete Ac-
tive Space Self Consistent Field (CASSCF) (Knowles &
Werner 1985; Werner & Knowles 1985) followed by the in-
ternally contracted Multi-Reference Configuration Interac-
tion (MRCI) (Knowles & Werner 1988; Werner & Knowles
1988; Shamasundar et al. 2011) methods as implemented in
the MOLPRO 2015 package (Werner et al. 2015). In MRCI,
the complete CASSCF wave functions are used as a ref-
erence. Furthermore, the Davidson correction (MRCI+Q)
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H–He satellite in Lyman-α of DBA white dwarfs 3

(Langhoff & Davidson 1974) has been applied to the result-
ing energies to account for the lack of size-consistency of the
MRCI method. These computations were performed in the
C2v point group, where the B1 and B2 representations were
treated on equal footing.

Benchmarks on valence-Rydberg electronic states of
other molecular systems (Spelsberg & Meyer 2001; Ndome
et al. 2008; Hochlaf et al. 2010) showed the need to use a
CASSCF active space larger than the full-valence space. The
atomic basis set for the H and He atoms had to be optimized
as well. Thus, we performed a series of benchmark compu-
tations at different levels of accuracy to find the appropriate
states for convergence.

Firstly, at the lowest level of accuracy, we adopted a
small active space of 3 electrons in 7 molecular orbitals in
conjunction with the aug-cc-pV5Z (Dunning 1989; Kendall
et al. 1992) basis set. With this approach, we found incon-
sistencies in the calculated energies, especially in the asymp-
totic region. Indeed, with this simplest choice there is a
large energy gap of ∼ 0.45 eV between the two equivalent
dissociation limits H(2p 2P) + He(1s2 1S) and H(2s 2S) +
He(1s2 1S). Obviously, this gap is unphysical since these two
asymptotes should be strictly degenerate because the two H
(n = 2) states have the same energy apart from Lamb shift
and negligibly small fine and hyperfine structure. Moreover,
we found a spurious second potential well (De ∼ 660 cm−1)
in the C Σ state of H–He at large internuclear separations
(for RH−He ∼ 4.2 Å). Thus, at this level of accuracy, a rather
poor chemical description of the H–He molecule is obtained
in spite of the relatively large size of the MRCI computations
with ∼ 4.3 x 104 uncontracted configuration state functions
(CSFs) per C2v symmetry. This may be linked to some miss-
ing correlation energy in the MRCI wavefunctions that can
be recovered by means of larger active spaces in the refer-
ence CASSCF vector and by adopting more diffuse atomic
basis sets.

Secondly, we tried an enlarged CASSCF active space of
3 electrons in 14 molecular orbitals in conjunction with the
aug-cc-pV6Z (Dunning 1989; Kendall et al. 1992) basis set.
In the subsequent MRCI treatment, the multi-configuration
wave functions included ∼ 2.1 x 105 uncontracted CSFs
per C2v symmetry. With this ansatz, the energy difference
between the above mentioned asymptotes was reduced to
∼ 0.33 eV but still did not vanish. For modeling based on
unified spectral line shape theory an error of this size would
be unacceptable.

Finally, using the same active space as in the second se-
ries of computations, we added a set of diffuse functions to
the aug-cc-pV6Z basis set for H and He. Hereafter, this en-
larged set will be denoted as aug-cc-pV6Z?. The exponents
of the added Gaussian primitives, which were left uncon-
tracted, are listed in Table 1 in the Appendix.

This approach, compared to the previous ones, solved
all the inconsistencies mentioned above. That is, it yielded
degenerate H(2p 2P) + He(1s2 1S) and H(2s 2S) + He(1s2 1S)
dissociation limits and no spurious potential well in the C Σ
state. We note that convergence was reached at this step
since a further expansion of the aug-cc-pV6Z? set by in-
clusion of more diffuse functions led to almost identical re-
sults. In these calculations, the MRCI wave functions in-
cluded more than 7.5×105 uncontracted CSFs per C2v sym-
metry species. These relatively large computations for such

Figure 2. Top: short-range part of the potential curves of the H–

He molecule: A (red dotted), B (green dashed line) and C (blue
solid). Bottom: X (black solid). Note the agreement at short dis-

tance with data of Theodorakopoulos et al. (1984) that are over-

plotted in dotted cyan.

a small molecular system were necessary to obtain the pre-
cision needed to model the Lyman-α profile accurately.

3.2 Potential energy curves and transition
moments

The electronic states investigated in the present con-
tribution correlate, at large internuclear distances, to
the H(1s 2S) + He(2s2 1S), H(2s 2P) + He(2s2 1S), and
H(2p 2P) + He(2s2 1S) dissociation limits (see Fig. 2 and

Table 2 in the Appendix). The MRCI+Q/aug-cc-pV6Z? po-
tential energy curves of the four lowest electronic states of
H–He, obtained with the largest active space and basis set as
described in the previous section, are represented in Fig. 2
as a function of the internuclear distance, RH−He. This fig-
ure shows that the ground state possesses a repulsive poten-
tial correlating to the H(1s 2S) + He(1s2 1S) isolated atom
asymptote at large distances.

The ground X 2Σ+ state is repulsive at short range with
a shallow well at 4 Å. The excited A 2Σ+, B 2Π and C 2Σ+

states have rather deep potential wells in the molecular re-
gion closer than 1 Å, and complex behavior at longer range
that can affect transition probabilities and difference poten-
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Figure 3. Top: long range part of the C Σ potential curve corre-
lated with 2s state. This work (full line), Theodorakopoulos et al.

(1984) (dotted line). Bottom: ∆V (R) (black) and d̃(R) (blue) at
14500 K for the C − X transition. The atomic separation for the

maximum in the C − X difference potential is Rmax ≈ 2.2 Å as

shown in Fig. 4 Note that the C − X transition in this work is
forbidden asymptotically as it is a transition between the 2s and

1s states of the free hydrogen atom at large R.

tial energies in subtle ways. We refer to these as the X Σ,
AΣ, BΠ, and C Σ states, or more succinctly by the letter
designations X, A, B, and C in the following. They corre-
late adiabatically to the H(n = 2) + He(1s2 1S) dissociation
limits at large internuclear separations (see Table 2 in the
Appendix). The ordering of the assignments of labels for
the states is with AΣ the lowest and C Σ the highest inside
this close 1 Å region with wells in all the states of the or-
der of 15 000 cm−1 deep, with minima located at RH−He =
0.7407, 0.7686, and 0.8095 Å for the A, B and C states, re-
spectively (see Table 3 in the Appendix). While the A and
B states have potentials with a simple short-range well, the
C state also exhibits a potential maximum of ≈ 0.666 eV at
RH−He = 2.098 Å. Its presence causes a related maximum in
the C − X transition difference potential energy curve which
affects the blue wing of Lyman-α.

Although the C Σ H-He molecular state shown in Fig. 2
is correlated asymptotically with the 2s atomic state, we find
that at RH−He < 7 Å the transition probability to the X Σ
ground state is not zero. Detailed electric dipole transition
moments between the X Σ ground state and the AΣ, BΠ and

C Σ excited states as a function of the internuclear distance
have been calculated at the MRCI/aug-cc-pV6Z? level. In
this calculation almost all the transition moments are rather
large, particularly for the C Σ ← AΣ and BΠ ← AΣ tran-
sitions, where corresponding matrix elements of around -9.2
and -7.5 debye (D or 10−18 statcoulomb-cm) are calculated,
respectively. Fig. 7 in the Appendix offers a detailed view.
These transition moments correlate to the correct atomic
values at dissociation. In particular, the 〈X Σ |DM |C Σ〉 ma-
trix element of the electric dipole transition moment (DM)
vanishes at large RH−He where the 1s − 2s transition in the
isolated hydrogen atom is forbidden to one-photon electric
dipole transitions by parity conservation.

4 LYMAN-ALPHA OPACITY

The theory of spectral line shapes, especially the unified ap-
proach we developed, determines the contributions of spe-
cific spectral lines to stellar opacities and may be incorpo-
rated into stellar atmosphere models to make accurate syn-
thesis of stellar spectra possible. The line shape theory ac-
counts for neutral atom broadening and shift in both the
centers of spectral lines and their extreme wings with one
consistent treatment without ad hoc assumptions about the
line shape or potentials. Complete details and the deriva-
tion of the theory are provided by Allard et al. (1999). The
spectrum, I(∆ω), is the Fourier transform (FT) of a elec-
tric dipole transition autocorrelation function, Φ(s). For a
perturber density np, we have

Φ(s) = e−npg(s) , (1)

where the decay of the autocorrelation function with time
leads to atomic line broadening. (See Eq. (121) of Allard
et al. (1999).) Our approach introduces the concept of a
modulated electric dipole transition moment d̃i f (R(t)) into
the line shape calculation.

d̃i f [R(t)] = di f [R(t)]e−
Vi [R(t )]

2kT , (2)

where the potential energy for the initial state is

Vi(R) = Ei(R) − E∞i . (3)

The difference potential energy ∆V(R) for a transition i f is

∆V(R) = Vi f (R) = Vf (R) − Vi(R) . (4)

The Boltzmann factor e−
Vi (R)
2kT in Eq. (2) appears because the

perturbing atoms or ions are in thermal equilibrium with the
radiating atom which affects the probability of finding them
initially at a given R. This treatment results in Lyman se-
ries line wing profiles that exhibit a sensitive dependence on
temperature. We had to use electric dipole moments modu-
lated by the Boltzmann factor in the comparison of emission
spectra of Lyman-α (Kielkopf & Allard 1998) and Balmer α
(Kielkopf et al. 2002) measured in laboratory.

4.1 Study of the characteristics of the line satellite

In Allard & Christova (2009) we predicted a line satellite
at 1157 Å in spectra computed for the temperature range of
cool DZ white dwarfs with potentials published in Theodor-
akopoulos et al. (1984). However, we noticed an unexpected

MNRAS 000, 1–8 (2019)



H–He satellite in Lyman-α of DBA white dwarfs 5

Figure 4. Top: variation with temperature of the line satellite.

The He density is 1×1020 cm−3, the temperatures are 14500 K (full

black line), 20 000 K (blue stars), and 5 000 K (red dashed line).
Bottom: for the C − X transition, ∆V (R) (black solid) and ˜d(R)
at 5000 K (black solid), 10 000 K (red dotted), 14500 K (green
dashed), and 20000 K (blue solid). At the highest temperatures

the He can reach the inner regions of the lower state X 2Σ potential

and enhance the transition probability.

well of about 150 cm−1 (upper Fig. 3) in the potential en-
ergy of the C Σ state at R ∼ 8 Å which may be related to
the choice of basis states and has no clear physical origin.
In this work we use the new ab initio calculations of the po-
tentials over the full range of distances R between the H and
He atoms since convergence at large R is now reached. The
long range well of the C Σ state of Theodorakopoulos et al.
(1984) and Theodorakopoulos et al. (1987) potentials is not
found in these new calculations as we see in Fig. 3.

The prediction of a satellite in the blue wing of the H–He
line profile is related to a potential maximum at R = 2.1 Å
(see Sect. 3.2) of the C Σ state. This leads to a maximum
of the potential energy difference ∆V(R) in Eq. (4) for this
transition shown in Fig. 3.

The unified theory predicts that line satellites will be
centered periodically at frequencies corresponding to integer
multiples of the extrema of ∆V(R). In the quasi-static limit
the first satellite on the line would be at ∆ω = 5 000 cm−1

corresponding to λ ∼ 1150 Å on the blue side of Lyman-α.
In this case the maximum in ∆V occurs at rather small in-
ternuclear distance, and is quite sharp. The correspondingly
short duration of the close collision leads to a broad satellite
centered at λ ∼ 1160 Å for T=14 500 K (Fig. 4).

4.2 Temperature and density dependence

For a lower temperature, T = 5 000 K (Fig. 4), the duration
of the collision is longer, and the line satellite at λ ∼ 1153 Å
is sharper and closer to the predicted quasi-static position
than at higher temperatures. The oscillations which appear
on the red side of the quasi-molecular satellite are due to
interference effects described by Royer (1971) and Sando &
Wormhoudt (1973). They depend on the relative velocity
and therefore on temperature. Consequently velocity aver-
aging would moderate their amplitude in observed spectra.
At temperatures below 10 000 K the blue wing of Lyman-α
shortward of 1150 Å becomes significantly more transparent
than at higher temperature, an order of magnitude effect be-
low 1120 Å. Thus this far blue wing is a sensitive indicator
of temperature in cool helium-rich WD atmospheres.

The satellite amplitude depends on the value of the elec-
tric dipole transition moment through the region of the po-
tential extremum responsible for the satellite and on the po-
sition of this extremum. The blue line wings shown in Fig. 4
are unchanged in the range 14 500 to 20 000 K as there is no
change with T of d̃i f [R(t)] in the internuclear distance where

the potential difference goes through a maximum. d̃i f [R(t)]
at 14 500 K for the C−X transition is also plotted in Fig. 3. In
the former work we used electric dipole transition moments
of Theodorakopoulos et al. (1987) where the C − X transi-
tion was allowed. Nevertheless the amplitude and position
of the line satellite are unchanged as they are due to a range
of internuclear distance where the potentials and the dipole
moments are almost identical as we see in Fig. 5. The main
difference between the two potentials concerns the red wing
which is lowered using dipole moments of Theodorakopou-
los et al. (1987) where the A − X transition was forbidden.

In summary the unified line profile calculation leads to a
flat blue wing due to a line satellite. The resulting asymme-
try of the Lyman-α line can be easily appreciated in Fig. 5
the blue side of the line is wider than the red side. Measured
at the strength of the broad collision-induced 1160 Å satel-
lite, the asymmetry ratio of the width on the blue side to
that on the red is as large as 2.2. Consequently, the near wing
is clearly far different from a symmetric Lorentzian because
the satellite is rather close to the isolated atom line center.
This was also the case for the Mg b triplet perturbed by He
(Allard et al. 2016). The existence of the asymmetrical shape
of these line profiles depends strongly on the maximum value
of the potential energy difference ∆V(R) which predicts the
position of the line satellite and on the atomic collision en-
ergies at the temperatures of interest. These results enable
computing atmosphere models and synthetic spectra which
we compare to an HST COS observation of WD 1425+540
in Section 5.

MNRAS 000, 1–8 (2019)



6 N. F. Allard et al.

Figure 5. Comparison of the unified line profile using the dipole
moments of this work (black line) with the line profile using dipole

moments of Theodorakopoulos et al. (1987) (red dashed line) .

The He density is 1020 cm−3 and the temperature is 14500 K.

5 MODEL ATMOSPHERE AND SYNTHETIC
WHITE DWARF SPECTRUM

To demonstrate the importance of a proper treatment of
He perturbers on hydrogen lines, synthetic spectra of the
white dwarf WD 1425+540 were computed using the stel-
lar atmosphere code TLUSTY (version 207) for computing
the atmospheric structure, and a companion program SYN-
SPEC (version 53) for generating detailed synthetic spectra.
For a description of the previous versions (205 and 51) see
the works of Hubeny & Lanz (2017) and Hubeny & Lanz
(2011a,b). This procedure allows us to study the effect of
the H/He ratio on the spectrum, and the development of line
wings, though it is not fully self-consistent with the stellar
atmosphere model since that would require a treatment of
He I optical lines as well. We have computed a number of H-
He models, with the basic model parameters, Teff = 14, 410
K and log g = 7.89, from Gänsicke et al. (2018), and with
varying He/H ratio. For treating the electron and proton
broadening of the hydrogen lines we used Tremblay & Berg-
eron (2009) data. The He/H ratio was adjusted to obtain
a reasonable agreement by eye with the observed spectrum,
and we found a nominal ratio of 4×103 (log(NH/NHe) ≈ −3.6)
fitted the observed profile well. Liebert et al. (1979) found
3.7 from a ground-based Hβ profile, and recently Gänsicke
et al. (2018) analyzed the Lα profile and adopted a some-
what larger log(NH/NHe) ≈ −4.0 ± 0.20.

The potential energies for the n = 1 and n = 2 electronic
states H-He that were used in our models are the ones de-
scribed in this paper. Stellar opacities were computing us-
ing H-He electric dipole moments from the previous work of
Theodorakopoulos et al. (1987) in which the A−X transition
is forbidden, and also using new dipole transition moments
from this work in which the A − X transition is allowed. As
shown in Fig. 6, the observed red wing of Lyman-α is con-
sistent with a suppressed A− X transition probability in the

Figure 6. The observed spectrum of WD 1425+540 (also see
Fig. 1) compared with a synthetic white dwarf spectrum in

the Lyman-α region. The synthetic spectrum is computed with

TLUSTY and SYNSPEC for a temperature of 14 500 K and a
He/H ratio of 4×103 using the unified line profile with the poten-

tials of this work. For the dipole moments of Theodorakopoulos

et al. (1987) (red solid line) the A− X transition is forbidden and
its contributions to the opacity are suppressed. For the dipole

moments of this work (blue dashed line), the A − X transition
contributes in the red wing of the model but is absent in the

observed spectrum.

region of atomic separation with difference potential energy
that would contribute.

We conclude that the additional basis states used for the
new ab initio potentials improve the calculation of the po-
tential energy curves, but may not capture the dipole tran-
sition moments of the real H-He system correctly for the
A−X transition. However the combination of this work’s po-
tentials and the dipole moments of Theodorakopoulos et al.
(1987) achieve a remarkable fit in Fig. 6 to the HST COS
spectrum of WD 1425+540 when incorporated into the uni-
fied line shape theory we described here.

6 CONCLUSIONS

The Lyman-α region of the spectrum of a helium-rich white
dwarf with hydrogen in its atmosphere is determined by the
changes in transition energy and transition probability dur-
ing the H-He collisions that broaden the atomic spectral line.
We developed new H-He potential energies and transition
dipole moments for the hydrogen 1s, 2s, and 2p states as in-
put data for a unified theory calculation of the profile of WD
1425+540 to test the potentials and dipole moments, and to
confirm the origin of the short-wavelength “blue” satellite.
We found that the spectral line profile from the new molec-
ular data has a satellite feature in the blue wing that agrees
with previous work. These results provide a benchmark im-
plementation of ab initio atomic and molecular potentials
for the most basic neutral non-resonant atom-atom pair rel-
evant to stellar atmosphere models. The new calculations
show how the profile depends on the variation of the electric

MNRAS 000, 1–8 (2019)



H–He satellite in Lyman-α of DBA white dwarfs 7

dipole transition moment and interaction potential energy
with atomic separation. A comparison with the observed
spectrum of WD 1425+540 was made by using these theo-
retical opacities in a stellar atmosphere and spectrum syn-
thesis code. While it was not our goal to refine the stellar
model based on the new theoretical data, the profiles repro-
duce the observed spectrum with a reasonable He/H ratio.
Further, the absence of an extended red wing of Lyman-α in
the observed spectrum suggests that the states of the differ-
ence potential that could contribute to that region have the
reduced transition dipole moment that was found in previ-
ous molecular models. The new work presented here shows
clearly that there is an opportunity to use stellar spectra
to improve the atomic and molecular physics, ultimately to
yield better models for astrophysical applications. For H–He,
the A − X transition dipole moment remains uncertain.

The blue wing of Lyman-α is sensitive to He density
and the structure and temperature of the stellar atmosphere,
with a profile that for wavelengths shortward of 1150 Å will
have reduced opacity from regions with temperatures un-
der 10 000 K. Profiles computed with a unified theory of
collision broadening based on accurate data from ab initio
molecular physics take into account the strong dependence
of the amplitude of the electric dipole transition moment
on atom-atom separation (R) where the potential energy
change ∆V(R) is an extremum. Incorporated into model at-
mospheres, this dependence may be used to probe white
dwarf or stellar atmospheres for density and temperature.
This emphasizes the importance of the accuracy of both the
potential energies and the electric dipole transition moments
for the line shape calculations that have traditionally as-
sumed electric dipole transition moments are constant (Al-
lard & Kielkopf 1982; Allard & Koester 1992; Allard et al.
1994).

The effect of collision broadening is central to under-
standing the opacity of stellar atmospheres, yet there have
been only a few definitive comparisons with experimental
work for atomic H. (Kielkopf & Allard 1995, 1998; Kielkopf
et al. 2004). This is because of the difficulty of creating an
environment in a laboratory experiment simulating a stellar
atmosphere with accurate diagnostics. On the theoretical
side, the maturing capability of ab initio methods now of-
fers the possibility of accurately computing the interaction
of H with H (Drira 1999; Spielfiedel 2003; Spielfiedel et al.
2004) and H with He atoms (this work). While an accu-
rate determination of the broadening of Balmer α with high
density atomic hydrogen (that is H–H) has been done by Al-
lard et al. (2008), nothing comparable exists for H–He. Our
calculations reported in Allard et al. (2008) support the re-
sults of Barklem et al. (2000, 2002) that the Ali & Griem
(1966) theory underestimates the actual line width. Recent
laboratory measurements show a similar result at high den-
sity in environments comparable to white dwarf atmospheres
(Kielkopf & Allard 2014). It would be possible now to simi-
larly improve the calculation of Balmer-α broadening and its
contribution to the full white dwarf opacity model. A major
improvement to comprehensive theoretical models for DBA
white dwarf spectra is within reach that would determine
H-He molecular data for n = 3 excited states, and use those
to compute accurate Balmer-α profiles under white dwarf
atmosphere conditions. Such results would help understand-
ing the differences in stellar parameters that are found from

Balmer and Lyman line profiles. In conclusion, complete uni-
fied line profiles based on accurate atomic and molecular
physics for both the Lyman-α and Balmer-α lines should be
incorporated into the analysis of DBA white dwarf spectra
to derive the hydrogen abundance.
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Allard N. F., Leininger T., Gadéa F. X., Brousseau-Couture V.,
Dufour P., 2016, A&A, 588, A142

Barklem P. S., Piskunov N., O’Mara B. J., 2000, A&A, 363, 1091

Barklem P. S., Stempels H. C., Allende Prieto C., Kochukhov
O. P., Piskunov N., O’Mara B. J., 2002, A&A, 385, 951

Bergeron P., et al., 2011, ApJ, 737, 28

Drira I., 1999, Journal of Molecular Spectroscopy, 198, 52

Dunning Jr. T. H., 1989, J. Chem. Phys., 90, 1007

Gallagher T. F., 1994, Rydberg Atoms. Cambridge University
Press, Cambridge, U.K.
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APPENDIX

Parameters of the H–He molecular potentials are given in
Tables 1 and 2. Figure 7 shows the dependence on R of
the radiative transition moments between the excited states
and the perturbations of those states as the H and He atoms
approach from large R.

Table 2. Dissociation fragments, experimental and calculated rel-
ative dissociation asymptotic energies, and molecular states for

the four lowest electronic states of H–He. Experimental data are

from Kramida (2010).

Atomic Observed Calculated Molecular

H He (cm−1) (cm−1)

1s 2Sg 1s2 1Sg 0a 0a X 2Σ+

2p 2Pu 1s2 1Sg 82259 82308 A 2Σ+, B 2Π
2s 2Sg 1s2 1Sg 82259 82308 C 2Σ+

aReference

Table 3. Spectroscopic constants and dissociation energies for

the three lowest excited electronic states of H–He as deduced
from the MRCI+Q /aug-cc-pV6Z* potential energy curves. Re

corresponds to the equilibrium distance. ωe and ωexe are the

vibrational constants. βe and αe are the rotational constants. De

is the dissociation energy.

State Re ωe ωexe βe αe De

Å cm−1 cm−1 cm−1 cm−1 eV

A 2Σ+ 0.74074 3697.2 149.5 38.16 2.608 2.563

B 2Π 0.76863 3313.4 149.8 35.44 2.629 2.218

C 2Σ+ 0.80953 2906.3 144.0 31.95 2.551 1.638

This paper has been typeset from a TEX/LATEX file prepared by

the author.
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Figure 7. Potential energy differences in cm−1 and electric dipole

transition moments in debye (D or 10−18 statcoulomb-cm) be-
tween the four lowest electronic states of H–He calculated at the

MRCI/aug-cc-pV6Z? level. Note that the C Σ ← X Σ is asymp-
totically forbidden, while transitions between excited states may
occur. Upper panel: Energy differences AΣ−BΣ (blue) and AΣ−CΠ
(red). Lower panel: Electric dipole transition moments for H in

the presence of He for states contributing to H Lyman-α.

MNRAS 000, 1–8 (2019)


