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FOUND: THE MISSING BLUE OPACITY IN ATMOSPHERE MODELS OF COOL HYDROGEN WHITE DWARFS
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ABSTRACT

We investigate the importance of the far red wing of thex llipe of hydrogen in the atmospheres of cool white
dwarfs of pure hydrogen composition. We find that this absorption process dominates all important sources of opacity
in the blue part of the optical spectrum of these stars. Our successful fits to the spectra of cool DA/DC white dwarfs
indicate that the far red wing of the yine is the source of opacity that had been missing in the models. The observed
sequence of cool white dwarfs in color-color diagrams is very well reproduced by our new pure hydrogen atmosphere
models, suggesting that the atmospheric composition of the coolest DC white dwarfs must be revisited.

Subject headings. atomic processes — line: profiles — stars: atmospheres — white dwarfs
Online material: color figure

1. INTRODUCTION energy by more thar5 eV is required for a bound-bound ab-
, ) , sorption from the ground state of a hydrogen atom at these wave-
The detection and analysis of large samples of cool white dwarfS|eqihs. This can occur in rare, close-range collisions that strongly
over the past decade have led to a significant improvement in OUerturh the bound states of the atom. Because the ground-state

knowledge of the chemical compqgition and e\{olution of their jnteractions are strongly repulsive at short range, the probability
atmospheres (Harris et al. 2006; Kilic et al. 2006; Bergeron et al. ¢ ¢ ;ch close-range collisions is much smaller than unity. Mul-

1997, 2001). The difficulties in interpreting the spectra of SOme jiparicle collisions that result in a similar decrease in they Ly
very cool white dwarfs thought to possess helium-rich atmospheresyansition energy are therefore insignificant (Kowalski 2006b), and
with small amounts of H (Bergeron et al. 2005; Bergeron & Leg- \ve consider the interaction between a H atom and its closest
gett 2002; Oppenheimer et al. 2001) are most probably related oejghhor only. This approach was used to successfully explain the
the extreme physical conditions found in their atmospheres (Ko- complex shape of the kyline wings detected in the spectra of
walski 2006a). On the other hand, the physical conditions in hy- nite dwarfs WithT., ~ 12,000 K (Allard et al. 2004), the UV
drogen-rich atmospheres are much less extreme and the currenj,y deficiency observed in the white dwarf star L7485A (Koes-

models should be much more reliable. Nonetheless, models sysiar & \Wolff 2000), and to model resonance broadening of the Ly
tematically overestimate the flux for=< 5000 A  of hydrogen- |ine in the solar épectrum (Sando et al. 1969).

rich white dwarfs ofT,; < 6000 K (Bergeron et al. 2001, 1997; For a given colliding pair, the change in the d.yransition
Bergeron 2001). Bergeron et al. (1997) suggested that the mechgnergy results from the formation of a temporary dimer, whose

anism responsible for this phenomenon could be the pseudocong st yransition energgg,, differs from that of an isolated hydrogen
tinuum bound-free opacity from hydrogen atoms perturbed by atom, ES,. E,, is given by the differences in the energies

collisions in a relatively dense medium. However, a realistic cal- ot the ground state and first excited Rydberg state of a H-perturber
culation of this opacity source s_hows that it is too weak to correct §imer calculated at a fixed interparticle separatiorE,(r.) =
the observed blue flux excess in the models (Kowalski 2006b). E,(r,) — E,(r,) = hv,, wherev,, is the frequency of the absorbed

In this Letter, we consider the possibility that the missing hpoion, This picture is in the spirit of the Franck-Condon principle,
opacity is the red wing of the pressure-broadened hydrogen Ly yhich states that the nuclei remain in fixed positions during a
line. This absorption mechanism results from the perturbations 5qiative transition (Davydov 1965). The differential probability

of hydrogen atoms by their interaction with other particles, pri- ot finding such a dimer with an interparticle separation between
marily H and H. Such perturbations result in the lowering of | snqr T ar. is given by (Martynov 1992)
the Ly transition energy and the possibility of a bound-bound ¢ ¢ ¢

transition for photon energies that are smaller than that of an

isolated hydrogen atonEf, = 10.2 eV ). We present a new, _ ) Nerorlo 6, $)kaT i

semiclassical calculation of this process based on accurate quan- dR(fe) = Mperc” e 0o e singdjde ), (1)
tum mechanical calculations and a model that has no free pa- '

rameters. The inclusion of broadening by collisions withi$d : . . .
the key element of this calculation. The resulting pure hydrogen Wer€Nge is a mtj)mber densgydof perturbempera h is the mb-
models successfully reproduce the spectral energy distributionﬁ[er"’mt'c’n energy between a hydrogen atom and the perturber

: ocalized at the positiofr,, 8, ¢) in relation to the hydrogen
(SEDs) and colors of very cool DA and DC white dwarfs. atom. The potential for the interaction of a hydrogen atom with

H (H-H dimer) is from Kolos & Wolniewicz (1965) and that for
2. THEORETICAL APPROACH perturbations by K(H-H, dimer) is from Boothroyd et al. (1996,
1991; Fig. 1). For the H-H dimer, the allowed bound-bound
transition from the ground state with the smallest transition en-
ergy (i.e., greatest broadening) at all valuesrof is from
* Department of Physics and Astronomy, Vanderbilt University, Nashville, b 3):32p0 0 a3E$- 250 Siat-e”ite features (Allard etal. 1994) do
TN 37235-1807. not appear for this transition because the difference between the

2 |Los Alamos National Laboratory, MS P365, P.O. Box 1663, Los Alamos, WO energy curves has no extrema (Fig. 1). Contributions from
NM 87545; kowalski@lanl.gov, dsaumon@Ianl.gov. transitions to other excited levels of the H-H dimer (such as
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We are interested in the byopacity far from the line center,
at wavelengths\ = 2500 A . A lowering of the bytransition
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Fic. 1.—Interaction energy curves as a function of the interparticle collision
distance for the ground statler curves) and the first excited Rydberg state
(upper curves) of H-H, (solid curves) and H-H @otted curves) dimers. For
H-H,, the energy curves shown are for a collision angle df, 9there the
collision angle is defined between the line connecting the H atom to the center
of H, and the molecular axis.

h°Cy3s0 and i °II 3dw) are negligible in the far red wing
(A = 2000 A) because they always lie above &z, state by
at least 2.5 eV in the relevant rangerof and hence only provide
absorption for photons with higher energies tharetRE; state.
For the same reason, transitions from the binding H-H ground
state K*L; (1s0)? ] are also negligible in the far red wing. We
use thea°L;2ss energy curve from Staszewska & Wolniewicz
(1999). For the energy of the first excited Rydberg state of the
H-H, system, we used the;Htalculations of Boothroyd et al.
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Fi. 2.—Spectral energy distribution of the DA white dwarf BPM 4729 (WD
0752-676). The UV spectrum of Wolff et al. (2002) extends up to 4300
Additional measurements are broadband fluxes ftbivicCook & Sion 1999)
andBVRIJHK (Bergeron 2001) photometry. The solid and dotted lines represent
the pure hydrogen models with and without the opacity from the red wing of
the Ly« line, respectively. The fit parameters arg = 5820 K alugg =
8.30 The dashed line represents the spectrum obtained when only H-H collisions
are considered in the kyopacity calculation. All model spectra shown are
computed from the same atmospheric structure.
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Fic. 3.—Fits to the spectral energy distributions of two very cool white dwarfs
from the sample of Bergeron (2001). Bars represent the obs@VEtHIHK
fluxes with =1 ¢ errors (Bergeron 2001). Circles, shifted by 008 for clarity,
represent the best-fitting pure hydrogen models. Models with tledpacity
(filled circles) give the following(T.4, logg) : (4255, 7.78) for WD 0747073B
and (4260, 7.84) for WD 2054050. Models computedithout the Lyx opacity
(open circles) give (4240, 7.75) for WD 074¥073B and (4260, 7.83) for WD
2054-050. The units of flux are 16° ergs cm?s * Hz *. Bergeron et al. (2001)
classified WD 2054050 as a He-rich star.

(1996). To obtain the H-Hpotential from the H potential sur-
face, we assumed a fixed internuclear separation fooH

1.4 a.u. This approach is justified by the fact that the atoms in
H, vibrating in the ground state spend most of the time at the
equilibrium internuclear separation. At the temperatures of in-
terest T <6000 K), the vibrational excitation is small, and so
is the amplitude of vibration<0.4 a.u.). We have verified that
such a small change in the intermolecular separation does not
affect our results significantly.

The line profile is calculated in the quasi-static approxi-
mation, which is suitable for a calculation of the far line wings
perturbed by classical particles (Allard & Kielkopf 1982). The
profile of the linex(») is given by equations (13) and (61) in
Allard & Kielkopf (1982):

a(v)dy ~ dR(r.(»))[(2|d|D)[?, &)
where(2|d|1) is ther, -dependent transition dipole moment be-
tween the ground state and the first excited Rydberg state of the
colliding pair, andv is the frequency. The dipole transition mo-
ments, which vary with separatiop , are from Staszewska &
Wolniewicz (1999) for H-H and Peng et al. (1995) for H-H

For a given Ly transition energy, the H-}-ground-state inter-
action is much less repulsive than the H-H ground-state
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Fic. 4.—Color-color diagrams for cool white dwarfiseft panel: The sample of Bergeron (2001). The composition as determined by Bergeron (2001) is shown
by filled circles (hydrogen-rich) and open circles (helium-rich), and the photometric uncertainties are shown by the error bars in the Epglatrpeftel: The
SDSS white dwarf sample of Kilic et al. (200filed squares) and Harris et al. 20060fen sguares). The photometric error bars vary widely from star to star in
these two samples and are not shown. The lines represent the synthetic colors of the models: pure hydrogen witlinthepacity 6olid lines) and without
(dotted lines). A pure He sequence is also showdaghed lines). TheT,; along each curve is indicated by crosses at 3000, 4000, 5000, and 6000 K from top to
bottom. All models havéogg = 8 . The corresponding colors of blackbodies are shown by open triangles. DQ, DZ, and known or suspected double degenerate
stars have been removed from the sampl&se fhe electronic edition of the Journal for a color version of this figure.]

interaction (Fig. 1), and the probability of a close Hihterac- Wolff et al. (2002) required a large amount of He to match the
tion is much larger than that of a close H-H interaction UV spectrum because the broadening o#llyy collisions with
[dP.(H-H,) > dR.(H-H)]. Hence, the H-H collisions are the He is weaker than with H or H They also considered a pure
dominant contributors to the kyline red wing opacity in the  hydrogen model, but its Ly line extends only up te-2400A .
atmospheres of cool H-rich white dwarfs with a significant abun- In view of the difference between the potential curves for the

dance of H (T, < 6000K). b°L; to a°L; states of the H-H dimer (Fig. 1), this indicates
that this particular transition was not included in the model of
3. APPLICATIONS TO COOL WHITE DWARF ATMOSPHERES Wolff et al. (2002). The main reason for our success with a pure

o , H model is our inclusion of the broadening of thedLine by
3.1. The Spectral Energy Distribution of Cool DA's collisions of hydrogen atoms with Hnd using thd —a tran-

BPM 4729 (WD 0752-676) is the only cool DA white dwarf  sition for the H-H dimer.
observed in the near-UV (Wolff et al. 2002). When comple- ~ We have also fittedVRIJHK photometry of most of the
mented with theBVRIJHK photometry of Bergeron et al. (2001) coolest DA/DC white dwarfs in the Bergeron et al. (2001)
and theU magnitude (McCook & Sion 1999), the complete SED Sample. Two typical fits are shown in Figure 3. Our models
of this cool white dwarf is obtained. The UV spectrum extends have no difficulty in reproducing the observéiflux, and
well into the wing of the Ly line and thus provides an excellent ~€xcellent fits are obtained for most stars with either pure H or
measure of the strength and profile of the line. Our fit of a pure pure He. The importance of the &yline opacity in the models
H model [T, = 5820 K, logg = 8.30) to the entire SED of is revealed by comparing with fits of models that exclude this
BPM 4729 is excellent (Fig. 2). These valuesTgf  arabree opacity source. The improvement in fitting tBeflux with our
with the values of Bergeron et al. (2001) at the level. The Ly« opacity model is clearly visible. The star WD 205850
high quality of the fit of the UV spectrum demonstrates the (VB 11; lower panel of Fig. 3) was assigned a pure helium
validity of our model for the far red wing of the kyline under ~ composition by Bergeron et al. (2001). We return to this point
the conditions encountered in BPM 4729. At the photosphere,in § 3.2. The success of the pure H models indicates that the
the composition islogn(H) = 19.8 andlogn(H,) = 19.0 , Ly red wing opacity is the missing blue opacity source in
wheren is the number density in units of cth Despite the lower ~ models of cool H-rich white dwarf atmospheres.
abundance of K it is an important contributor to the kyline

opacity in the far red wing (Fig. 2). Wolff et al. (2002) obtained 3.2. Color-Color Diagrams
a good fit of the UV and blue spectrum with a He-rich model
with H/He = 3 x 10°°. They point out that such a low H abun- Color-color diagrams allow a broader comparison with data.

dance fails to reproduce the Balmer lines of BPM 4729, however. Figure 4 shows two large samples of cool white dwarfs, that
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of Bergeron et al. (2001) and a combination of two samples pollution by metals since increasing the fraction of free electrons
culled from the Sloan Digital Sky Survey (SDSS; Kilic et al. will only increase the He ff opacity without any effect on the
2006; Harris et al. 2006). The atmospheric composition of the emergent spectrum. On the basis of the location of the pure H
stars in the first sample, as determined by Bergeron et al.and pure He model sequences in the color-color diagrams
(2001), is indicated in the left panel of Figure 4. Colors com- (Fig. 4) and the excellent fit we obtain for WD 205850 with
puted from our pure H model sequence, both with and without a pure hydrogen model, it appears that the atmospheric com-
the Lya opacity, are shown. Our sequence of new pure hy- position of the coolest DC stars needs to be revisited.

drogen atmospheres follows the observed sequence of stars
very well in these two color-color diagrams. Equally good
agreement is found in all other color-color diagrams involving
BVRIJHK andugriz colors (not shown here).

4. CONCLUSIONS

observed sequence in tB¥I color-color diagram. This potential  peen recently shown to be incorrect (Kowalski 2006b). On the
ambiguity in the atmospheric composition of cool DC stars is

. other hand, the red wing of the &line opacity from hydrogen
resolved with a new sequence of pure He models. We haveq 4 provide the required absorption (Wolff et al. 2002). We

€resent a new calculation of the extreme pressure-broadening of
the Ly« line by both H and H When these were included in
our new pure hydrogen atmosphere models, we obtained an
excellent agreement with the UV/optical/near-IR SED of the cool
DA white dwarf BPM 4729 and we successfully fitted tBe
through K SEDs of stars with hydrogen-rich atmospheres, as
determined by Bergeron et al. (1997, 2001). The inclusion of
broadening by collisions with His essential to reproduce the

physics for dense helium, including a better calculation of the
ionization equilibrium and of the Hefree-free (ff) and Rayleigh

scattering absorptions (Iglesias et al. 2002; Kowalski & Saumon
2004; Kowalski et al. 2005, 2006). A detailed description of
these models will be the subject of a future publication. Qual-
itatively, the correlations in dense fluid He reduces the contri-
bution of Rayleigh scattering by a factor €10 (Iglesias et al.

2002), and the strong interactions in the fluid increase the ion-ggp of very cool hydrogen white dwarfs.

ization fraction (and hence, the Hé& opacity) by 2-3 orders In color-color dia
. . o - grams, the new pure hydrogen models fol-
of magnitude (Kowalski et al. 2005, 2006). The combination of |4 the observed sequences of cool white dwarfs very well,

Fhese effects make Héf the only important source of opaqity . while an improved physical description of dense helium moves
in these models. On the other hand, because of a lower ionizatioNhe cool end of the helium sequence to the red, near the locus

fraction and the higher Rayleigh scattering opacity in a dilute ¢ 1)3ckhody colors. This suggests that detailed fitting of the
gas, the pure He model spectra of Bergeron et al. (1995a) arésgp of the coolest DC white dwarfs will result in a number

affected by both opacities (see their Fig. 13). Since Hes a of them, and perhaps most, having hydrogen-rich composition
nearly gray opacity, our pure He atmosphere models are essengiher than helium-rich. An example is provided by our fit to
tially gray and the emergent flux is close to that of a blackbody. \yp 2054-050. This has direct implications for the spectral
Yvolution of very cool white dwarfs and for the physical mech-

with those of blackbodies. Compared to the Bergeron et al. 5qisms responsible for their atmospheric composition.
(1995a) pure He sequence, to our pure H sequence, and to the

observed sequence of very cool white dwarfs, this new pure He

sequence is much redder foy; < 4500 K. As the ionization  This research was supported by the US Department of En-
fraction is sufficiently large for the Heff opacity to dominate, ergy under contract W-7405-ENG-36. We thank P. Bergeron
the colors of our new He sequence are insensitive to modestor illuminating discussions.
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