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Figure 4
(a) A color-magnitude diagram of the Carina dwarf spheroidal (obtained by M. Mateo with the CTIO 4-m
and MOSAIC camera, private communication) in the central 30′ of the galaxy. This clearly shows the
presence of at least three distinct MSTOs. (b) The star-formation history of the central region of Carina
determined by Hurley-Keller, Mateo & Nemec (1998), showing the relative strength of the different bursts.
The ages are also shown in terms of redshift.

are typically >1◦ across on the sky. The most famous example is Carina, which has been much
studied over the years. It was one of the first galaxies shown, from deep wide-field imaging on
the CTIO 4-m telescope, to have completely distinct episodes of star formation (Smecker-Hane
et al. 1996; Hurley-Keller, Mateo & Nemec 1998) identified by three distinct MSTOs in the
CMD (see Figure 4a). These distinct MSTOs translate into a SFH (see Figure 4b) that consists
of three separate episodes of star formation, with the SFR apparently going to zero in between.
The existence of a complex SFH was already inferred from the properties of its variable stars (Saha,
Hoessel & Krist 1992) and the red clump and HB morphology (Smecker-Hane et al. 1994), but it
took synthesis analysis of a CMD going down to the oldest MSTOs to quantify it (Hurley-Keller,
Mateo & Nemec 1998).

There have been a number of consistent studies of the Galactic dSphs using HST (Hernandez,
Gilmore & Valls-Gabaud 2000; Dolphin 2002). These analyses are typically hampered by the
small field of view of HST, compared to the size of the galaxies. Especially as we now know that
even these small systems have population gradients, the small field-of-view HST studies are very
dependent on where the telescope is pointing.

There are also more distant dSph galaxies, such as Cetus and Tucana, which display all the
characteristics found in the closer-by dSphs, but they are at distances well beyond the halo of
the Milky Way and M31. Tucana is at a distance of 880 kpc and Cetus is at 775 kpc (see Table
1). Both these galaxies have been looked at in great depth by the LCID HST/ACS program
(Gallart & the LCID team 2007). Preliminary results for Cetus can be seen in Figure 5a,b (M.
Monelli & the LCID team, in preparation). It looks very similar to a predominantly old dSph,
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Figure 11
α-elements, (a) Mg and (b) Ca, in four nearby dwarf spheroidal galaxies: Sgr (orange: McWilliam &
Smecker-Hane 2005, Monaco et al. 2005, Sbordone et al. 2007), Fnx (blue: Shetrone et al. 2003, Letarte
2007), Scl ( green: V. Hill & DART, in preparation, Shetrone et al. 2003, Geisler et al. 2005), and Carina
( purple: Shetrone et al. 2003, Koch et al. 2008a). Open symbols refer to single-slit spectroscopy
measurements, whereas filled circles refer to multiobject spectroscopy. A representative error-bar for the
latter is shown on the left-hand side of the picture. The small gray squares are a compilation of the Milky
Way disk and halo star abundances, from Venn et al. (2004a).

In other dSphs, the knee is not well defined owing to a lack of data, but limits can be established.
The Sgr dSph has enhanced [α/Fe] up to [Fe/H] ≈ −1.0, which is significantly more metal rich
than the position of the knee in the Scl dSph. This is consistent with what we know of the SFH
of Sgr, which has steadily formed stars over a period of 8–10 Gyears and only stopped forming
stars about 2–3 Gyears ago (e.g., Dolphin 2002). The Carina dSph has had an unusually complex
SFH, with at least three separate bursts of star formation (Hurley-Keller, Mateo & Nemec 1998;
see Figure 4). The abundance measurements in Carina are presently too scarce to have any hope
to confidently detect these episodes in the chemical enrichment pattern (e.g., Tolstoy et al. 2003).
It appears to possess [α/Fe]-poor stars between [Fe/H] = −1.7 and −2.0, which suggests that
the knee occurs at lower [Fe/H] than in Scl. It seems that Carina has had the least amount of
chemical evolution before the onset of SNe Ia of all galaxies in Figure 11. In the Fnx dSph,
another galaxy with a complex SFH, the sample does not include a sufficient number of metal-
poor stars to determine even an approximate position of the knee. There are abundances for only
five stars below [Fe/H] = −1.2, and only one below [Fe/H] = −1.5. The knee is constrained to
be below [Fe/H] < −1.5. From this (small) sample of dSph galaxies, it appears that the position
of the knee correlates with the total luminosity of the galaxy, and the mean metallicity of the
galaxy. This suggests that the presently most luminous galaxies are those that must have formed
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Figure 13
Neutron-capture elements (a) Ba, and (b) Eu in the same four dSphs as in Figure 11 compared to the Milky
Way. Sgr (orange: McWilliam & Smecker-Hane 2005; Monaco et al. 2005; Sbordone et al. 2007), Fnx (blue:
Shetrone et al. 2003; Letarte 2007), Scl ( green: V. Hill & DART, in preparation; Shetrone et al. 2003; Geisler
et al. 2005), and Carina ( purple: Shetrone et al. 2003; Koch et al. 2008a). Open symbols refer to single-slit
spectroscopy measurements, whereas filled circles refer to multiobject spectroscopy. A representative
error-bar for the latter is shown on the left-hand side of the picture. The small gray squares are a
compilation of the Milky Way disk and halo star abundances, from Venn et al. (2004a).

barium (Ba) or lanthanum (La). Among the few exceptions is europium (Eu), which is almost
exclusively an r-process product.

Figure 13 compares Ba and Eu abundances in four dSph galaxies and in the Milky Way. At
first glance, the Eu evolution in dSph galaxies resembles that of their respective α-elements (see
Figure 11), as expected for an r-process originating in massive stars. In the Milky Way, Ba and Y
are dominated by the r-process for [Fe/H] ! −2.0 (e.g., Johnson & Bolte 2002, Simmerer et al.
2004), whereas the s-process dominates at higher metallicities (e.g., more than 80% of the solar
Ba is of s-process origin).

At early times (at [Fe/H] < −1), there seems to be little difference between the various dSphs
and the Milky Way halo in Figure 13. However, there is a hint that at the lowest metallicities
([Fe/H] < −1.8), [Ba/Fe] increases in scatter and starts to turn down. This hint is confirmed in the
plot in Section 4.2, which includes other dSphs, although from much smaller samples (Shetrone,
Côté & Sargent 2001; Fulbright, Rich & Castro 2004; Aoki et al. 2009). In fact, this scatter
and downturn of [Ba/Fe] is a well-known feature in the Milky Way halo (François et al. 2007;
Barklem et al. 2005, and references therein), where it occurs at much lower metallicities ([Fe/H] <

−3.0). So far we have extremely low number statistics for dSphs, and these results need to be
confirmed in larger samples of low-metallicity stars. These low r-process values at higher [Fe/H]
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•understanding SFH and chemical 
evolution in dSph galaxies
•constrain nucleosynthesis processes, 
e.g. Eu vs α-elements
•near-field cosmology: identify the 
building blocks of our galaxy
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The hierarchy of GCE 
simulation types 
 
• analytic models, incl. one or a few zones, 

parameterized everything (e.g. Matteucci, 
Timmes, Travaglio, and many more)

• semi-analytical models, amounts to a post-
processing along a cosmological merger-
tree from simulations (e.g. Font etal., 
Tumlinson and collaborators, and many 
more)

• cosmological simulations with multiple 
tracer fields (e.g. Kobayashi, Zolotov etal. 
2010)742 ZOLOTOV ET AL. Vol. 721

Figure 3. [O/Fe] vs. [Fe/H] for observed halo stars in each of the four simulated galaxies studied in this paper. In situ stars are shown in red triangles, and accreted
stars in black dots. Accreted stars dominate the stellar halos of all the galaxies studied here. The in situ stars of MW1, h277, and h285, which formed relatively early
on in the center of these galaxies, are more alpha-rich at high metallicity than accreted stars. The same is not true for h258 (shown in the bottom right panel), as
discussed in Section 3. The satellites of the galaxies studied here are overluminous and so halo stars are more metal-rich in this study than expected from observations,
as discussed in detail in Section 4.
(A color version of this figure is available in the online journal.)

4. SIMULATION EFFECTS

The primary result of this study is that in situ halo stars have
higher [α/Fe] than accreted halo stars at the high [Fe/H] end
of the MDF. In this section, we discuss the role of simulation
effects in this study and the robustness of our primary results to
these effects.

The most relevant numerical issue in this study is that the
satellites of the simulated galaxies are brighter than those
observed in the MW (Zolotov et al. 2009). While the MW
hosts only two satellites with −19 < Mv < −16, the Large
and Small Magellanic Clouds, the four simulated galaxy halos
have, on average, four satellite companions in this luminosity
range at z = 0. Brighter satellites will of course contribute more
accreted stars to a given stellar halo. This affects our results in
two pertinent ways. First, the fractional contribution of in situ
stars to each stellar halo is likely underestimated, as discussed
in Paper I. Second, because our simulated satellites contain too
many stars, they are also more [Fe/H]-rich than we expect for
the satellites that contributed to MW-mass stellar halos.

The differing [α/Fe] trends displayed by the in situ and
accreted halo components are a robust prediction for MW-
massed galaxy halos that are not undermined by the details of
the present simulations’ MDFs. Had our simulated halos been
built up from satellites that were less luminous at a given total
satellite mass, the trends shown in Figure 3 would have simply
been shifted to lower [Fe/H]. To demonstrate this, we have
re-simulated one of the galaxies in this paper (MW1) with the
same exact initial conditions but with differently calibrated SN
feedback and star formation. The physical treatment of these
processes is unchanged in the new simulation. The new run

employed a stronger SN feedback, with an increase in thermal
SNe energy from 0.7 to 1 ×1051 erg, and the threshold for star
formation density has been increased from 0.1 to 1 amu cm−3.
As a result of the stronger feedback and higher density threshold,
at z = 0, the new simulated halo hosts only two satellites in the
luminosity range −19 < Mv < −16. The new MW1 stellar
halo also has an MDF that is similar to that observed of halo
stars in M31 (Kalirai et al. 2006). In the inner 30 kpc of its
stellar halo, stars in the new MW1 have < [Fe/H] >∼ −0.9.

Figure 4 shows [O/Fe] versus [Fe/H] for a z = 2 satellite for
the new run with stronger feedback (top panel) and for the MW1
used in this paper (bottom panel). We have chosen to look at
z = 2 satellites because 95% of accreted stars which end up in
our halo sample (see Figure 2) formed before this time in such
satellites. The total mass of both satellites is ∼9.4 × 109 M$,
but the stellar mass of the new satellite is 4.5 × 108 and that
of the old satellite is 1.5 × 109 M$. Both satellites exhibit the
characteristic turn over to lower [O/Fe]. The new run with the
less-luminous satellite population simply exhibits this turn over
at a lower [Fe/H]. The in situ stars of each galaxy are shown in
red triangles. Both simulations show that in situ stars are more
alpha-rich at the high [Fe/H] end than the satellite stars. The
distinct [α/Fe] trends of the two halo populations are a result
of their formation in potential wells whose depths vary by more
than an order of magnitude. The trends do not depend on the
details of the simulations’ MDF.

5. DISCUSSION AND CONCLUSIONS

In this paper, we have studied the chemical abundance
trends of inner halo stars in four SPH+N-body simulations of

“observed” halo stars in a 
cosmological high-resolution 
disc galaxy simulation, 
separating out in-situ stars (red 
triangles) and accreted stars 
(black dots)

Fabio Governato, U Washington, Seattle
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overall s-process indices in AGB stars

NuGrid: Set 1
hs: <Ba, La, Ce, Nd, La, Sm>
ls: <Y, Zr>

observations and parameterized 
models (Busso etal 2001)
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nucleus, 94Zr. It is also interesting to note that, since 96Zr is
produced only in the TP, its abundance in the helium inter-
shell matter dredged up into the envelope maintains a mem-
ory of nucleosynthesis that occurred in all the previous TPs.
Indeed, about half of the helium intershell material at the
beginning of any TP was already processed in previous TPs.

Figure 5 shows zirconium isotopic ratios in !-notation,
using 94Zr as the reference isotope and !(96Zr/94Zr) as the
x-axis. Measurement of the zirconium ratios in single SiC
grains with the RIMS technique allows the isobaric interfer-
ences of molybdenum isotopes to be completely eliminated;
such interferences make it impossible to accurately measure
zirconium isotopic compositions with the secondary ion
mass spectrometers commonly used to analyze presolar
grains. In the original report on zirconium isotopic compo-
sitions of single presolar SiC grains (Nicolussi et al. 1997a),
92Zr was used as a reference isotope; the data were recalcu-
lated using 94Zr as a reference isotope by Davis et al. (1998)
because 94Zr is the most nearly pure s-process isotope of zir-
conium. Some additional single-grain data from Davis et al.
(1999) are also shown in Figure 5. The measured isotopic
ratios in SiC grains show the major characteristic of s-proc-
essed material: strong depletion in 96Zr relative to the other
zirconium isotopes. Some grains show almost no presence
of 96Zr, with !(96Zr/94Zr) values of !985G" 283G,
!936G" 79G, !930G" 233G, and less than !815G.
These !-values reflect the fact that, while 94Zr behaves as an

s-only isotope, being highly enhanced by the s-process, 96Zr
is depleted. This depletion in 96Zr observed in SiC is consis-
tent with isotopic abundance data obtained by spectro-
scopic observations of ZrO band heads in AGB star
atmospheres, which found no evidence of an excess of 96Zr
(Lambert et al. 1995); unfortunately, there was not enough
sensitivity to observe in AGB stars the 96Zr/94Zr deficit
predicted from observations in presolar grains.

Also shown in Figure 5 are predicted zirconium isotopic
compositions for SiC condensing in the envelopes of 1.5, 3,
and 5M# AGB stars. All !-values show spreads that depart
from straight mixing lines both in the measurements and in
the predictions. The predicted G-component changes with
TP number, because the 96Zr/94Zr ratio is sensitive to the
neutron burst by the 22Ne source, and with 13C amount,
because the 90Zr/94Zr, 91Zr/94Zr, and 92Zr/94Zr ratios are
sensitive to the strength of the 13C pocket. This is a conse-
quence of the low neutron capture cross sections of 90Zr,
91Zr, 92Zr, and 94Zr and of the fact that different s-process
abundance distributions result for different 13C pocket
amounts. This effect, which we already discussed in the case
of the 88Sr/86Sr ratio, is displayed in Figure 6, which shows
zirconium isotopic ratios of 1.5, 3, and 5 M# AGB models
of solar metallicity after switching off the 22Ne source in the
TPs. The 22Ne source has the effect of lowering !(90Zr/94Zr)
values relative to those produced by the 13C source alone,
which pulls the curves away from the majority of the SiC
data points but better matches some data points with lower
!(90Zr/94Zr) and intermediate !(96Zr/94Zr) values. It can be
seen that the 22Ne source has the effect of increasing
!(91Zr/94Zr) values relative to those produced by the 13C

Fig. 5.—Three-isotope plots of the zirconium isotopic ratios in single
grains of mainstream presolar SiC compared with predictions for the
envelope of AGB stars of solar metallicity and initial masses of 1.5, 3, and
5 M#. See Fig. 3 for an explanation of the symbols for the models.
Measured isotopic ratios in individual SiC grains are mostly from the Davis
et al. (1998) renormalization of the Nicolussi et al. (1997a) data with a few
more grains fromDavis et al. (1999).

Fig. 6.—Same as Fig. 5, except that the 22Ne neutron source in the TP
has been deliberately switched off.
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quence of the low neutron capture cross sections of 90Zr,
91Zr, 92Zr, and 94Zr and of the fact that different s-process
abundance distributions result for different 13C pocket
amounts. This effect, which we already discussed in the case
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3.3. s Process as a Diagnostic Tool

The previous section described mixing processes on a level of accuracy that corre-
sponds to the global properties of the s process, the ratio of the heavy-to-light peak
elements, and the overall overproduction of the s-process elements. In addition,
the high-precision information on the presolar meteoritic SiC grains provide iso-
tope ratio measurements that allow probing the conditions at the s-process nuclear
production site in more detail. One example is the highly temperature-dependent
nucleosynthesis triggered by the release of neutrons from 22Ne at the bottom of
the PDCZ.

Stellar evolution models show that the temperature at the bottom of the PDCZ
correlates with the efficiency of extra mixing like overshooting at the bottom of
this convection zone (Herwig 2000). Neutrons in the PDCZ are generated by the
22Ne(α, n)25Mg reaction. For larger temperatures the neutron density is higher.
Isotopic ratios that enclose a branch point isotope in the s-process path will be
more neutron heavy for higher neutron densities. An example is the 96Zr/94Zr-
ratio. Figure 7 shows the situation in the chart of isotopes. The main flux of neutron
captures in the s process follows the path given by the thick red line. The half-life
of 93Zr is much longer than the neutron-capture timescale. This is not the case for
95Zr with a β-decay half-life of 64d. For low-neutron densities, 95Zr decays. For
Nn > 3 · 108 cm−3 95Zr(n, γ )96Zr becomes significant, hence 96Zr is produced.
If the temperature is larger, the neutron density is larger and the 96Zr/94Zr ratio,
which can be measured in SiC grains, is larger as well.

Lugaro et al. (2003a) studied the measured isotopic ratios of Mo and Zr as well
as Sr and Ba from SiC grains in the context of the postprocessing model described
in Section 3.1. They evaluate the sensitivity of their results in terms of nuclear
reaction rate uncertainties. All branchings activated by the 22Ne neutron source

Figure 7 Detail of the chart of isotopes from zirconium to molybdenum. Unstable isotopes
are represented in yellow. The thicker red line shows the main path of the s process; the
thinner red line shows generally less important side branches. The additional numbers in the
boxes give the half-life of unstable isotopes and the isotopic abundance fraction for the stable
isotopes.
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OVerview low- and intermediate mass stars I

Herwig 2005, ARAA
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OVerview low- and intermediate mass stars II
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Multi-dimensional stars

He-shell flash convection

2D and 3D plane-parallel 
box-in-a-star (Herwig etal 
2006)

2D entropy 
fluctuations 
(2400x800), realistic 
heating rate
Courant time scale 
at this resolution: 
~3*10-3sec -> 1.6M 
cycles

quantify “overshooting” - develop 
models for 1D stellar evolution ftop  ~ 0.10

fbot,1 ~ 0.01
fbot,2 ~ 0.14Herwig etal, 2008

Freytag & Herwig, in prep
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4π 3D simulations: 
concentration of fluid 
“above” (with Woodward, 
LCSE Minnesota)

Entrainment He-shell 
flash convection

11
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Building sub-grid 
models for 1D stellar 

evolution

12

diffusion coefficient analysis 
(with Michael Bennett@Keele)

Wednesday, 12 October, 11



H
-c

om
bu

st
io

n 
in

 s
up

er
-A

G
B 

st
ar

s

For [Fe/H] <-2.5 (Suda etal. 2004)

Iwamoto etal (2004): the site for s-process in 
EMP AGB stars

12C(p,γ)13N(β+)13C(α,n)16O

5Msun, Z=0.0, 10th TP, Herwig 2002

see also more recent work by:
Campbell etal 
Cristallo etal

Lau etal and others

13

The H-ingestion (core/shell) flash in low-metallicity RGB/AGB stars
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Numerous instances of convective-reactive phases in the literature, in the 
context of Pop III:

Fujimoto etal. (1990), Hollowell etal. (1990), Iwamoto etal (2004), Fujimoto etal 
(2000), Herwig (2003), Chieffi etal (2001), Weiss etal. (2004), Schlattl etal (2001), 

Picardie etal (2004),  Suda etal (2004) …

More examples

Iwamoto etal. 2004

2Msun, Z=0

… also in massive Pop 
III and II.5 and X-ray 

bursts.14
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log Te�

lo
g

Lu
m

in
os

ity
L �

3.54.04.55.0

�
4

�
2

0
2

4

Convective-reactive event in 
1Ms Pop III stellar models 

(with MESA code, Bill Paxton)
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Other examples at near-solar metal content:

• X-ray bursts (Woosely etal 2004, Piro & Bildsten 2007)

• accreting white dwarfs, SNIa progenitors (Cassisi etal 1998)

• post-RGB late He-flashers (Brown etal 2001, Miller 

Bertolami etal 2008)

• post-AGB He-flashers (Schönberner 1979; Iben 1983, 1995; 

Herwig etal 1999, 2001; Miller-Bertolami etal 2006)
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H-combustion in stellar evolution

convective mixing of H into 12C-rich He-convection zone
T ~ 150-300MK, tmix~1000

•Dα <<1:  fully mixed burning, MLT appropriate
•Dα ~1  :  combustion regime, MLT and 1D spherical 

symmetry assumption inappropriate because:
★ MLT describes convection only in a time and 

spatially averaged sense
★ in combustion fuels are not completely 

mixed
★ fluid elements have a range of velocity - 

broadens the burning front
★ localized energy feedback from nuclear burn  

feeds back into hydro 

– 3 –

of highly exothermic nuclear reaction and the convective fluid flow time scales are of the same order.

The ratio of the mixing time scale and the reaction time scale is called the Damköhler number:

D� =
⇥mix

⇥react
. (1)

MLT is concerned with averaged properties both in time over many convective turn-overs and in space over
the order of a pressure scale height. In the categories of Dimotakis (2005) diffusion coeffiecients derived
from MLT may describe level-1 mixing (while mixing induced by rotation involves flow dynamics that
are altered by mixing processes and labeled in this scheme as level-2 mixing). Therefore, time-dependent
mixing through a diffusion algorithm with diffision coefficients derived from MLT is appropriate for regimes
with D� ⌅ 1. The difficulty of simulating convective-reactive phases in present one-dimensional stellar
evolution codes then appears as the inability of MLT (or any similar convection theory) to properly account
for the additional dynamic effects introduced through rapid and dynamically relevant nuclear energy release
in level-3 mixing associated with Damköhler numbers D� ⇤ 1.

Convective-reactive episodes can be encountered in numerous phases of stellar evolution, including
the He-shell flash of AGB stars of extremely low metal content (e.g. Fujimoto et al. 2000; Iwamoto et al.
2004), the He-core flash in extremely low metallicity low-mass stars (e.g. Hollowell et al. 1990; Schlattl
et al. 2002; Campbell & Lattanzio 2008), young white dwarfs of solar metallicity (e.g. Iben et al. 1983;
Herwig et al. 1999; Lawlor & MacDonald 2003, and others), both rotating and non-rotating Pop III massive
stars (Ekström et al. 2008) and more in general low metallicity massive stars (Woosley & Weaver 1995),
the X-ray burst in accreting neutron stars (Woosley et al. 2004; Piro & Bildsten 2007), and accreting white
dwarfs (Cassisi et al. 1998) that may be the progenitors of SN Ia. Convective-reactive events have been
found in post-RGB stellar evolution models and associated with the horizontal branch anomalies in certain
globular clusters (Brown et al. 2001; Miller Bertolami et al. 2008). Finally, again in AGB stars convective-
reactive phases can be found in hot dredge-up (Herwig 2004; Goriely & Siess 2004; Woodward et al. 2008),
a phenomenon that is associated with the treatment of convective boundaries, generally in more massive and
lower metallicity AGB stars.

Although convective-reactive phases are quite common in stellar evolution, in particular in the early,
low-metellicity Universe, we do not currently have a reliable and accurate way of simulating them. In this
work we discuss the case of the He-shell flash with H-ingestion in a very-late (post-AGB) thermal pulse at
solar metallicity. This situation is extremely similar to H-ingestion associated with the He-shell flash in AGB
stars at extremely low metallicity. The one-dimensional, spherically-symmetric stellar evolution approxi-
mation is not very realistic in this case, because both the entrainment of H into the He-shell flash convection
zone as well as the subsequent convective transport, mixing and nuclear burning of hydrogen enriched fluid
parcels are inherently a three-dimensional hydrodynamic process. The energy from the 12C(p,�)13N reac-
tions is released on the same time scale (⇥ 5min for T = 1.5� 109 K) of the fluid flow of convection, and
this energy will add entropy to fluid elements and in turn feedback into the hydrodynamics (Herwig 2001).
These highly coupled, multi-dimensional processes are approximated in one-dimensional spherically sym-
metric stellar evolution codes through mixing-length theory complemented with a time-dependent mixing
algorithm, in our code as a diffusion process in which the abundances are treated as isotropic on spheres.

– 21 –

REFERENCES

Abia, C. & Wallerstein, G. 1998, MNRAS, 293, 89

Angulo, C., Arnould, M., & Rayet, M. et al. 1999, Nucl. Phys., A 656, 3, NACRE compilation

Aoki, W., Norris, J. E., Ryan, S. G., Beers, T. C., & Ando, H. 2000, ApJ, 536, L97

Asplund, M., Grevesse, N., & Sauval, A. J. 2005, in Astronomical Society of the Pacific Conference Series,
Vol. 336, Cosmic Abundances as Records of Stellar Evolution and Nucleosynthesis, ed. T. G. Barnes,
III & F. N. Bash, 25–+

Asplund, M., Lambert, D. L., Kipper, T., Pollacco, D., & Shetrone, M. D. 1999, A&A, 343, 507

Beveridge, R. C. & Sneden, C. 1994, AJ, 108, 285

Blöcker, T. 1995, A&A, 297, 727

Blondin, J. M. & Lufkin, E. A. 1993, APJS, 88, 589, vH-1 code available at
http://wonka.physics.ncsu.edu/pub/VH-1. Enhanced Virginia Hydrodynamics #1 benchmark
code, EVH1, available at http://www4.ncsu.edu/ gmkumar/perc/evh1/evh1.htm

Brown, T. M., Sweigart, A. V., Lanz, T., Landsman, W. B., & Hubeny, I. 2001, ApJ, 562, 368

Bryan, G. L., Norman, M. L., Stone, J. M., Cen, R., & Ostriker, J. P. 1995, Computer Physics Communica-
tions, 89, 149

Burbidge, E. M., Burbidge, G. R., Fowler, W. A., & Hoyle, F. 1957, Rev. Mod. Phys., 29, 547

Busso, M., Gallino, R., Lambert, D. L., Travaglio, C., & Smith, V. V. 2001, ApJ, 557, 802

Calder, A. C., Fryxell, B., Plewa, T., Rosner, R., Dursi, L. J., Weirs, V. G., Dupont, T., Robey, H. F., Kane,
J. O., Remington, B. A., Drake, R. P., Dimonte, G., Zingale, M., Timmes, F. X., Olson, K., Ricker,
P., MacNeice, P., & Tufo, H. M. 2002, ApJS, 143, 201

Campbell, S. W. & Lattanzio, J. C. 2008, A&A, 490, 769

Cassisi, S., Iben, I. J., & Tornambe, A. 1998, ApJ, 496, 376

Colella, P. & Woodward, P. R. 1984, Journal of Computational Physics, 54, 174

Dillmann, I., Heil, M., Käppeler, F., Plag, R., Rauscher, T., & Thielemann, F.-K. 2006, in American Institute
of Physics Conference Series, Vol. 819, Capture Gamma-Ray Spectroscopy and Related Topics, ed.
A. Woehr & A. Aprahamian, 123–127

Dimotakis, P. E. 2005, Annu. Rev. Fluid Mech., 37, 329

Duerbeck, H. W., Liller, W., Sterken, C., Benetti, S., van Genderen, A. M., Arts, J., Kurk, J. D., Janson, M.,
Voskes, T., Brogt, E., Arentoft, T., van der Meer, A., & Dijkstra, R. 2000, AJ, 119, 2360

Wednesday, 12 October, 11



H
-c

om
bu

st
io

n 
in

 s
up

er
-A

G
B 

st
ar

s 12C(p,γ)13N(β+)13C(α,n)16O

18

H-combustion provides naturally a neutron 
source under “non-standard” conditions
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How can we better understand these 
H-combustion events?

Need cases with many observables that can test 
simulations of convective-reactive combustion!

Post-AGB flashers are such validation cases!
Sakurai’s object.
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Combustion in the post-AGB flasher
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Hajduk, Zijlstra, Herwig etal.,
Science 308, 231, 2005.

van Hoof etal 2007, 2005/06: radio 
observation with VLA

Post-AGB/young white dwarf He-shell flash object 
Sakurai’s object

21
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Highly non-solar, H-deficient abundance distribution 

of Sakurai’s Object in 1996

Asplund etal 1999

22
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Observational constraints: Ratio of heavy (hs = <Ba,La>) to 
light s-process elements (ls = <Rb,Sr,Y,Zr>) is very low 
(Asplund etal. 1999). Other observed abundances (e.g. Li, P, 
Cu, Zn up and S, Ti, Cr and Fe down) are also anomalous in a 
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 early-split convection scenario predicted 
from stellar evolution.

– 26 –

Table 1: Observed neutron capture signature, Asplund et al. (1999).
[Fe/H] = 0 (-0.63) April 1996 October 1996

[Y/Fe] +0.96 (+1.59) +1.96 (+2.59)
[Ba/Fe] -0.63 (0.0) -0.23 (+0.40)
[Ba/Y ] -1.59 (-1.59) -2.19 (-2.19)

-2.5

-2

-1.5

-1

-0.5

 0

 0.5

 1

 1.5

 2

-2.5 -2 -1.5 -1 -0.5  0  0.5

[h
s
/l
s
]

[Fe/H]

observed range in Sakurai's object
our models for SO from Fig 8 and 9

intrinsic galactic disk AGB stars
intrinsic galactic halo AGB stars
extrinsic galactic disk AGB stars
extrinsic galactic halo AGB stars

envelope of AGB model predictions

Fig. 1.— Observed and predicted s-process abundance distribution index ratio [hs/ls] for stars with a range of
metallicities. Observations (Tech 1971; Smith 1984; Smith & Lambert 1984, 1985, 1986; Smith & Suntzeff
1987; Smith & Lambert 1990; Smith et al. 1993, 1996, 1997; Abia & Wallerstein 1998; Van Winckel &
Reyniers 2000; Zacs et al. 1995, 1998; Začs et al. 2000; Reddy et al. 1999; Kipper et al. 1996; Kipper &
Jorgensen 1994; Tomkin & Lambert 1983, 1986; Kovacs 1985; Vanture 1992, 2000; Pereira et al. 1998;
Aoki et al. 2000; McWilliam et al. 1995; McWilliam 1998; Norris et al. 1997; Beveridge & Sneden 1994)
and model predictions of AGB stars from Busso et al. (2001). The [hs/ls] ratio observations of Sakurai’s
object have a certain range, depending on which of the 4 observations from Asplund etal. are considered, and
how the indices are calculated. But in any case the ratio is about 2dex smaller compared to AGB predictions
and observations. Our nucleosynthesis model is described in Sect. 5, and it is based on the assumptions that,
contrary to the prediction of 1D stellar evolution models, the neutron source isotope 13C that emerges from
the proton capture of 12C can mix to the high temperatures at the bottom of the He-shell flash convection
where neutrons are released on the time scale of seconds and neutron densities in excess of 1013cm�1 are
obtained.
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Stellar evolution predictions for the nuclear combustion in Sakurai’s 
object: Convective diffusion coefficient and H abundance profile at 
the beginning of the H-ingestion flash (t0) and at the time when the 
split of the convection zone appears at t1=t0 + 8.58*105s. In our 1D 
models mixing through this split is not possible. Left panel: the outer 
section of the convection zone showing the location of the split as a 
deep dip in D; right panel: just the interface of the outer boundary of 
the convection zone. 

Stellar evolution picture of the HIF in Sakurai’s object
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Abundance distribution according to 
stellar evolution mixing

– 30 –

Fig. 6.— Abundance distribution obtained at the top of the He intershell assuming that the mixing split
develops as soon as H is ingested. This case correspoonds to the one-dimensional stellar evolution prediction
for mixing in the H-ingestion flash. The abundances measured by Asplund et al. (1999) are reported for
comparison. The calculations have been stopped when Li was more depleted than can be reconciled with
observations.

Can not 
reproduce 
observed 
abundance 
pattern

Herwig etal 2011, ApJ
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Multi-dimensional stars

Next generation He-shell flash 
convection

i. 3D 4π star-in-a-box 
simulations (e.g. Herwig etal 
2010, arXiv:1002.2241)

ii.compressible gas dynamics 
PPM code Paul Woodward 
(http://www.lcse.umn.edu)

iii.high accuracy PPB advection 
scheme

iv.2 fluids, with individual, 
realistic material densities

v.5763 cartesian grid, simulated 
time total 60ks 

vi.Ma ~ 0.03, 11Hp in conv. 
zone

abundance of H-rich material entrained from above 
into convection zone at ~20ks

http://www.lcse.umn.edu/index.php?c=movies
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Fig. 9.— Abundance distribution at the end of the simulations (RUN48) after 3000min, when all H- and
3He-ingestion has been ingested.28

Abundance distribution according to 
delayed split assumption

Most 
abundance 
patterns, 
including 
low [hs/ls] 
can be 
reproduced.

For full details see: Herwig etal 2010, arXiv:1002.2241
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Super-AGB star models at low metallicity

stellar evolution (with MESA), Mini=7M⊙

[Fe/H]=-1.7, α-enhanced initial abundance1st, 2nd dredge-
ups, ‘dredge-out’ → CNO abundance env. 1st TP ⊙ - 0.5dex 
convective boundary mixing (tiny: f=0.002/0.004)

29

Healthy thermal 
pulses with 3rd 

dredge-up

Wednesday, 12 October, 11



H
-c

om
bu

st
io

n 
in

 s
up

er
-A

G
B 

st
ar

s
H-combustion in super-AGB star models

hot dredge-up with H-mixing into still live He-shell flash convection 
zone
H-burning Lpeak~109L⊙

recurrent! followed after all of the 

30

5M⊙, [Fe/H]=-2/3, 
Herwig 2004

Herwig etal.submitted
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Abundance profile in burn/mix H-combustion layer

31
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Mix- and envelope-enrichment model

32

total mass

range of mass loss for luminous M-
type giants (van Loon etal. 2005)

log(overabundance) in ejecta

log(Ṁ)=-5 (-4) ⇒ 

800 (80) TPs

Herwig etal.submitted
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One-zone nucleosynthesis of H-combustion
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One-zone nucleosynthesis of H-combustion

6200s

Text

Nn~1015cm-3
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Eu [Ba/Eu]~1.4

Ba

I

Nd
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Y
Zr

Sr
Rb
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One-zone nucleosynthesis of H-combustion
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H-combustion is
• n-capture conditions between s and r
• non-standard
• has been shown to result in excess first peak 

production in Sakurai’s object
• shows in a wide range of low-metallicity 

environments, including possibly the super-AGB 
stars

• combustion events may very well show a spread, 
including leaking into second or third peak in some 
cases

Conclusions

☞ possible contribution to (low-Z) LEPP
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