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ABSTRACT

We discuss the impact of residual nuclear burning in the cooling sequences of hydrogen-rich DA white
dwarfs with very low metallicity progenitors (Z = 0.0001). These cooling sequences are appropriate for
the study of very old stellar populations. The results presented here are the product of self-consistent,
fully evolutionary calculations. Specifically, we follow the evolution of white dwarf progenitors from
the zero-age main sequence through all the evolutionary phases, namely the core hydrogen-burning
phase, the helium-burning phase, and the thermally pulsing asymptotic giant branch phase to the
white dwarf stage. This is done for the most relevant range of main sequence masses, covering the
most usual interval of white dwarf masses — from 0.53 My to 0.83 Mg. Due to the low metallicity of
the progenitor stars, white dwarfs are born with thicker hydrogen envelopes, leading to more intense
hydrogen burning shells as compared with their solar metallicity counterparts. We study the phase in
which nuclear reactions are still important and find that nuclear energy sources play a key role during
long periods of time, considerably increasing the cooling times from those predicted by standard white
dwarf models. In particular, we find that for this metallicity and for white dwarf masses smaller than
about 0.6 Mg, nuclear reactions are the main contributor to the stellar luminosity for luminosities
as low as log(L/Lg) ~ —3.2. This, in turn, should have a noticeable impact in the white dwarf
luminosity function of low-metallicity stellar populations.
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1. INTRODUCTION

White dwarf stars are the most common end-point
of stellar evolution and as such are routinely used in
constraining several properties of stellar populations in-
cluding our Galaxy as a whole, as well as globular
and open clusters — see, for 1nstance m

(©00d). [Carcfa-Berro et al] (2010),
and [@013), and references therein. In addi-
tion to these applications, white dwarfs have also been
employed to test physics under conditions that can-
not be attained in terrestial laboratories. In particu-
lar, they have been used to place constraints on the

roperties of elementary particles such as axions — see
ﬁm ([2008), and [Cdrsico et all [) for recent

efforts — and neutrinos B004), or on alter-
native theories of gravita%m_aﬂ 997
[Garcfa-Berro et all ROTTl; [Cérsi |R01d). The use

of white dwarfs for all of these applications and as pre-
cise stellar chronometers requires a detailed knowledge of
the main physical processes that control their evolution
— see i ), Winget & Kepleil
2008) and [Althaus et all ) for extensive reviews.

These and other potential applications of white dwarfs

1 Max-Planck-Institut fiir Astrophysik, Karl-Schwarzschild
Strasse 1, 85748 Garching, Germany.

2 Post-doctoral Fellow of the Alexander von Humboldt Foun-
dation.

has led to renewed efforts in computing full evolution-
ary models for these stars, taking into account all the
relevant sources and sinks of energ

[Salaris et all 2010; [Althaus et all ).

However, 1n
most calculations, stable nuclear burning is not consid-
ered. This assumption is well justified because stable
hydrogen shell burning is expected to be a minor source
of energy for stellar luminosities below ~ 100 Lg. Thus,
in a typical white dwarf, H burning is not a relevant en-
ergy source as soon as the hot part of the white dwarf
cooling track is reached. Nevertheless, in regular white
dwarfs H burning never ceases completely, and depending
on the mass of the white dwarf and on the precise mass
of H left during the previous evolutionary phases (which
depends critically on metallicity) it may become a non-
negligible energy source for white dwarfs with hydrogen
atmospheres. Actually, a correct assessment of the role
played by residual H burning during the cooling phase
requires a detailed calculation of the white dwarf progen-
itor history. As a matter of fact, the full evolutionary cal-
culations of ) already showed that in
white dwarfs resulting from progenitors with Z = 0.001
residual H burning via the proton-proton chains may
contribute by about 30% to the luminosity by the time
cooling has proceeded down to luminosities ranging from
L ~ 1072 Lg to 1073 Ly. Nevertheless, the impact of
nuclear burning on the cooling times has been found to
be almost negligible in almost all the cases studied so
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TABLE 1
CHARACTERISTICS OF OUR INITIAL WHITE DWARF MODELS.
Mgzams/Mo  Mwp /Mg T My /Mg
0.80 0.51976 12.844 6.03 x 10~%
0.85 0.53512 10.368 4.96 x 10—*
0.90 0.54839 8.441 4.36 x 10—%
0.95 0.56145 6.998 3.67 x 1074
1.00 0.56765 5.887 3.46 x 104
1.25 0.61940 2.887 2.23x10°%
1.50 0.66588 1.582 1.41 x 10~%
2.00 0.73821 0.751 4.49 x 10—°
2.50 0.82623 0.421 2.25 x 105

far. However, it is worth noting that with the exception
of a few sequences computed by [Miller Bertolami et all
(@011), the only white dwarf cooling sequences derived
from the consistent evolution of their low-metallicity pro-
genitor stars computed up to now have been performed
for metallicities Z > 0.001 mj

In this letter, we show that stable H burning be-
comes the dominant energy source of white dwarfs result-
ing from very low-metallicity progenitors, namely with
Z =~ 0.0001, delaying their cooling for significant time
intervals. To arrive at this result, we have computed the
full evolution of white dwarf stars taking into account
the evolutionary history throughout all the evolutionary
stages of their progenitor stars with Z = 0.0001. This is
the metal content of some old stellar populations like the
galactic halo or globular clusters. Thus, we are forced
to conclude that standard white dwarf sequences that do
not take into account the energy release of the H-burning
shell are not appropriate for the study of such very low-
metallicity populations.

2. EVOLUTIONARY CODE AND INPUT PHYSICS

The calculations reported here have been done us-
ing the LPCODE stellar evolutionary code
m) This code has been used to study different prob-
lems related to the formation and evolution of white
dwarfs (Garcia-Berro et all R010; [Althaus et all ROT0d;
[Renedo et all R0T0; [Miller Berfolami et al] ROTT). A de-
scription of the input physics and numerical procedures
employed in LPCODE can be found in these works. In
particular, convective overshooting has been considered
during the core H and He burning, but not during the
thermally-pulsing Asympotic Giant Branch (TP-AGB).
Mass loss during the RGB and AGB phases has been con-
sidered following the prescriptions of [Schroder & Cuntd
[2007) and ). The nuclear net-
work accounts for 16 isotopes together with 34 thermonu-
clear reaction rates for the pp-chains, CNO bi-cycle, he-
lium burning, and carbon ignition that are identical to
those described inm ([2003), with the excep-
tion of the 2C + p— BN + v — 13C + et + 1,

and BC(p,7)'*N reaction rates, which are taken from
1999). Radiative opacities are those of
OPAL (Iglesias & Rogerd [199d). Conductive opacities

are from [Cassisi et al] (2004). The screenin% factors

adopted in this work are those of ).
The equation of state during the main sequence evo-
lution is that of the OPAL project for H- and He-rich
compositions for the appropriate metallicity. Finally, up-
dated low-temperature molecular opacities with varying
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F1G. 1.— Total hydrogen content of the white dwarf models at the
beginning of the cooling branch of the very low-metallicity models
presented here (Z = 0.0001) as a function of the mass, compared
with the hydrogen content of the models of higher metallicity com-
puted by @01d) (Z = 0.001 and Z = 0.01). Note the
change in the slope due to the occurrence of the third dredge-up
for the two more massive model sequences, which tends to reduce
the size of the resulting H envelope.

carbon-oxygen ratios are used. To this end, we have
adopted the low temperature opacities of

(Iﬁ) and [Weiss & Fergusonl ). In LPCODE molec-
ular opacities are computed adopting the opacity tables
with the correct abundances of the unenhanced metals
(e.g., Fe) and the appropriate carbon-oxygen ratio.

For the white dwarf regime, we take into account
the effects of element diffusion due to gravitational set-
tling, chemical and thermal diffusion, see
(Iﬁ) for details. For effective temperatures lower than
10,000 K, outer boundary conditions are derived from
non-grey model atmospheres [Rohrmann et all ([2013).
Both latent heat release and the release of gravita-
tional energy resulting from carbon-oxygen phase sep-
aration (ﬁm ﬁ, m! have been included fol-
lowing the phase diagram of [@010), see
m& ([@012) for details of the numerical imple-
mentation. Finally, we emphasize that recently, LPCODE
has been tested against other white dwarf evolution-
ary codes and uncertainties in the cooling ages arising
from different numerical implementations of stellar evo-
lution equations were found to be below 2%

2013).

It is worth commenting that for, a correct assessment
of the H content and of the residual nuclear burning on
cool white dwarfs, the full calculation of the evolutionary
stages leading to the formation of the white dwarf is ab-
solutely necessary. This cannot be done using artificial
initial white dwarf structures, since in this case the mass
of the hydrogen envelope, which determines the impor-
tance of nuclear burning, is artificially imposed and then
lacks predictive power. For this reason we have followed
the complete evolution of the progenitor stars computing
all the evolutionary stages throughout the entire lifetime
of the progenitor of the white dwarf, starting from the
ZAMS and continuing through the rather computation-
ally complex TP-AGB phase. In particular, we computed
full nine white dwarf evolutionary sequences adopting for
the progenitor stars Z = 0.0001 and an initial H mass
fraction of Xy = 0.7547. We note that in our calcula-
tions we did not find any third dredge-up episode during
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F1G. 2.— Fraction of the total luminosity due to nuclear burning
for different white dwarf sequences with Z = 0.0001. Note that for
white dwarf masses below ~ 0.6 My nuclear burning becomes the
main energy source of the white dwarf.

the TP-AGB phase, except for the two more massive se-
quences, those with initial ZAMS masses 2.0 and 2.5 M.
This is due to the low initial stellar masses and metal-
licity, of the sequences computed in this work. In Table
[ we list the main results of our calculations. In par-
ticular, we list the initial mass of the progenitor stars at
the ZAMS, the final mass of the resulting white dwarf —
both in solar units — the progenitor lifetime (in Gyr),
and the mass of H at the beginning of the cooling branch
— that is, at the point of maximum effective temper-
ature — in solar masses. As expected, the residual H
content decreases with increasing white dwarf masses, a
trend which helps to understand the dependence of resid-
ual nuclear burning on the stellar mass discussed in the
next Section. In all cases, the white dwarf evolution has
been computed down to log(L/Lg) = —5.0.

3. THE IMPACT OF NUCLEAR BURNING ON THE
COOLING TIMES

As shown by [[ben & MacDonald ([986) low-metallicity
progenitors depart from the AGB with more massive en-
velopes, leading to white dwarfs with thicker H envelopes.
This well-known behavior can be seen in Fig.[Il where the
total hydrogen content of the initial white dwarf models
computed in the present work (Z = 0.0001) is compared
with that of models with higher metallicity computed by

([2010), that have somewhat larger metal-
licities (Z = 0.001 and Z = 0.01). As a result of the
larger H envelopes, residual H burning is expected to be-
come more relevant in white dwarfs with low-metallicity
progenitors. In particular our results show that, at the
metallicity of the galactic halo and some old globular
cluster (Z ~ 0.0001), stable H burning becomes one of
the main energy sources of low-mass white dwarfs for
substantial periods of time. This is better illustrated in
Fig. @l where we show the fraction of the surface lumi-
nosity that is generated by nuclear burning at different
stages of the white dwarf cooling phase. It is appar-
ent that the luminosity of white dwarfs descending from
metal poor progenitors is completely dominated by nu-
clear burning, even at rather low luminosities. Specifi-
cally, note that for white dwarfs with M < 0.6 My nu-
clear energy release constitutes the main energy source
at intermediate luminosities (—3.2 < log(L/Lg) < —1).
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Fic. 3.— Impact of the nuclear burning on the cooling time of rep-
resentative Z = 0.0001 white dwarf sequences. Note that between
log(L/Le) = —2 and log(L/Le) = —4, disregarding the energy
released by nuclear burning underestimates the cooling times by
more than a factor of 2.

This leads to a very significant delay in the cooling times,
as compared with stars with solar metallicity in which
nuclear burning does not play a leading role, and most
of the energy release comes from the thermal energy
stored in the interior. This is shown in Fig. Bl which
displays the different cooling curves (left panels) of se-
lected low-metallicity white dwarf sequences when nu-
clear energy sources are considered or disregarded, and
the corresponding delays introduced by nuclear burning
(right panels). It is quite apparent that neglecting the
energy released by nuclear burning leads to an underes-
timation of the cooling times by more than a factor of
2 at intermediate luminosities. This is true for white
dwarfs resulting from low-metallicity progenitors with
Mwp < 0.6Mg (progenitor masses Mzams S 1 Mg).
Hence, our calculations demonstrate that, contrary to
the accepted paradigm, stable nuclear burning in low-
mass, low-metallicity white dwarfs can be the main en-
ergy source, delaying substantially their cooling times at
low luminosities.

4. SUMMARY AND CONCLUSIONS

We have computed a set of cooling sequences for
hydrogen-rich white dwarfs with very low metallicity pro-
genitors, which are appropriate for precision white dwarf
cosmochronology of old stellar systems. Our evolution-
ary sequences have been self-consistently evolved through
all the stellar phases. That is, we have computed the
evolution of the progenitors of white dwarfs from the
ZAMS, through the core hydrogen- and helium-burning
phases to the thermally pulsing AGB phase. Finally,
we have used these self-consistent models to compute
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white dwarf cooling tracks. To the best of our knowl-
edge, this is the first set of fully evolutionary calculations
of low-metallicity progenitors resulting in white dwarfs
cooling tracks covering the relevant range of initial main
sequence and, correspondingly, white dwarf masses. We
emphasize that our complete evolutionary calculations of
the history of the progenitors of white dwarfs allowed us
to have self-consistent white dwarf initial models. Specif-
ically, in our calculations the masses of the hydrogen-rich
envelopes and of the helium shells beneath them were
obtained from evolutionary calculations, instead of using
typical values and artificial initial white dwarf models.
We have shown that this has implications for the cooling
of low-mass white dwarfs resulting from low-metallicity
progenitors, as the masses of these layers not only control
the cooling speed of these white dwarfs, but also deter-
mine if they are able to sustain residual nuclear burning.
Specifically, our calculations show that the masses of the
envelopes of the resulting white dwarfs are more massive
than those of their solar metallicity counterparts. These
white dwarfs having more massive envelopes, the role
of nuclear energy release becomes more prominent and
the white dwarf cooling times for the same luminosity
turn out to be considerably larger than those of white
dwarfs descending from progenitors with larger metallic-
ity. In particular, we found that for Z = 0.0001, and for
white dwarf masses smaller than about 0.6 M), the nu-
clear energy release is the main energy source contribut-

ing to the stellar luminosity until luminosities as low as
log(L/Lg) ~ —3.2 are reached.

Since very low metallicity stars are expected to be
members of the galactic halo or very old globular cdlus-
ters our findings could have consequences not only for the
determination of the ages of low-mass white dwarfs, but
also may have a noticeable effect on the shape of their
white dwarf luminosity functions. However, we expect
that the impact of residual nuclear burning on the age de-
terminations of such low-metallicity populations should
be modest, of the order of ~ 5%. Nevertheless, this
finding questions the correctness of using standard white
dwarf cooling sequences in which no nuclear burning is
considered, or which oversimplify the previous evolution-
ary history of the progenitor star, to date individual low-
mass white dwarfs — those with masses < 0.6 Mg —
belonging to low metallicity populations. However, the
detailed study of how quiescent nuclear burning affects
the shape of the white dwarf luminosity function of old
populations is out of the scope of the present paper and
will be explored in forthcoming works.
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