Limits for one-dimensional stellar evolution
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Nuclear combustion is encountered when the reaction time scale (for example 12C(p,y)3SN(3+)13C
reaction at He-burning temperatures T>1.5"108K) is the same as the hydrodynamic fluid flow time
scale of convection. This occurs when unprocessed H-rich material is convectively mixed into a He-
burning layer (either the He-core or He-shell), as for example in first generations star models of very
low metallicity (e.g. Fujimoto etal. 2000 for AGB stars) as well as in accreting compact objects (e.g.
Piro & Bildsten 2007 for X-ray bursts and C1Dassisi etal. 1998 for accreting white dwarfs).
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Here we investigate the physics of this important regime through stellar evolution calculations, complete
multi-zone nucleosynthesis simulations as well as 41t 3D hydroydynamic simulations of the very-late He-
shell flash (Herwig & Werner, 2006) that occured in Sakurai’s object (V4334 Sagittarii) a ~0.6M,, pre-WD

post-AGB star. We can validate our simulations against the multitude of observables available in this
case, in particular 20 spectroscopic elemental abundances from Asplund etal. (1999). Full details can be
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found in Herwig etal. (2010, arXiv:1002.2241v1). ' ' ' ] °
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e b\ envelons of AGB motilpredictone . . . .|  abundance profile at the beginning of the H-ingestion flash
25 2 1.5 -1 0.5 0 o5 (t;) and at the time when the split of the convection zone
[Fe/H] appears at t;=t, + 8.58*10%s. In 1D models mixing through
Observational constraints: Ratio of heavy (hs = <Ba,La>) to  this split is not possible. the outer section of the
light s-process elements (Is = <Rb,Sr,Y,Zr>) is very low convection zone showing the location of the split as a deep
(Asplund etal. 1999). Other observed abundances (e.g. Li, P,  dip in D; just the interface of the outer

Cu, Zn up and S, Ti, Cr and Fe down) are also anomalous ina poundary of the convection zone.
way that can not be reconciled with any known s-process

production site during the progenitor AGB evolution

(Busso etal. 2001). In particular, no or very few neutrons would

be released in the

Hydrodynamic picture of H-entrainment into
He-shell flash convection: Snapshot of PPM
simulation on uniform Cartesian grids of
5763 cells of flash convection in full 4,
representing for
time t, Colors indicate abundance of

material in the stable layer above the
convection zone that has been entrained
into the convection zone (no H-burning is
iIncluded in this run). Volume fractions of
about 1%: blue, concentrations close to one:
transparent, lowest concentration 0.01%:
yellow, below approximately 5-10™° and

above 1%: transparent. (More infromation
and movie animations on the LCSE web site
at http://www.|lcse.umn.edu.)
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Hydrodynamic simulations suggest that the f?aTi 5 Ba
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causing a much more distributed burn layer ke b A % model § 1D using the multi-zone Nuerd WIPPN code. In order
than found in stellar evolution. Mixing may 1 _ | | ® Asplund1999|| 10 reproduce observations, in particular [hs/ls] large
be possible much longer than predicted by e ngqtron densities are needed. This is obtained only if

We tested that scenario Ty B mixing can proceed longer between the upper layers

with nucleosynthesis simulations and indeed Comparison of nucleosynthesis simulation of H-ingestion where 13C forms and deep, hotter layers where
find only with this enhanced hydrodynamic €Pisode and observations by Asplund etal (1999). 1°C(a,n)®0 releases large amounts of neutrons.

mixing across the burn layer a good match
with observations.

We interpret our results as a failure of 1D stellar evolution to accurately describe mixing for nuclear
combustion (or convective-reactive) phases of stellar evolution. This has important consequences for the
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combustion events are frequently encountered in both massive (e.g. Ekstrom etal. 2008) and low-/ A&A, 343, 507

intermediate-mass stars and yield predictions from present 1D stellar evolution simulations may suffer — ssyogop” oo s Lambert D-L, Travaglo, ©., & Smith, V. V. 2001, Ap,
similar difficulty in accurately predicting mixing, just as demonstrated here for the case of combustion in Cassisi, S., Iben, I. J., & Tornambe, A. 1998, ApJ, 496, 376

Sakurai’s object. Ekstrom S., Meynet, G, Chiappin, C., Hirschi, R., & Maeder, A. 2008, ASA,
The next goal of this research program is to improve the hydrodynamic simulations to fully include the Fujimoto, M. Y., lkeda, Y., & Iben, I., J. 2000, ApJ Lett., 529, L25
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nuclear reactions for combustion and to quantify mixing in the different regimes of this event. This will |
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eliminate some of the free parameters in the nucleosynthesis simulations, and will eventually lead to
mixing models that can be incorporated into 1D stellar evolution simulations for the evolution and yields of Rep. No. LA-UR 10-00630
the first generations of stars.



