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ABSTRACT

Aims. We investigate the s-process during the AGB phase of stellar models whose cores are enforced to rotate at rates consistent with
asteroseismology observations of their progenitors and successors.

Methods. We calculated new 2M,, Z=0.01 models, rotating at 0, 125, and 250 km/s at the start of main sequence. An artificial,
additional viscosity was added to enhance the transport of angular momentum in order to reduce the core rotation rates to be in
agreement with asteroseismology observations. We compared rotation rates of our models with observed rotation rates during the MS
up to the end of core He burning, and the white dwarf phase.

Results. We present nucleosynthesis calculations for these rotating AGB models that were enforced to match the asteroseismic
constraints on rotation rates of MS, RGB, He-burning, and WD stars. In particular, we calculated one model that matches the upper
limit of observed rotation rates of core He-burning stars and we also included a model that rotates one order of magnitude faster than
the upper limit of the observations. The s-process production in both of these models is comparable to that of non-rotating models.
Conclusions. Slowing down the core rotation rate in stars to match the above mentioned asteroseismic constraints reduces the rota-
tionally induced mixing processes to the point that they have no effect on the s-process nucleosynthesis. This result is independent of
the initial rotation rate of the stellar evolution model. However, there are uncertainties remaining in the treatment of rotation in stellar
evolution, which need to be reduced in order to confirm our conclusions, including the physical nature of our approach to reduce the

core rotation rates of our models, and magnetic processes.

Key words. Stars: evolution / rotation / nucleosynthesis — Stars: AGB stars

1. Introduction

The asymptotic giant branch (AGB) is the last evolutionary
phase of low- and intermediate-mass stars between approxi-
mately 0.8 to 10 M, before they evolve towards the white dwarf
cooling track via the post-AGB and planetary nebulae phases
(see|Karakas & Lattanzio|2014). During the AGB phase the slow
neutron capture process (s process) is activated (see e.g. Bur-
bidge et al.[1957} [Kappeler et al.|2011)), and the stellar envelope
becomes enriched with heavy elements before it is all lost to the
interstellar medium by strong mass loss.

As a consequence, AGB stars contribute significantly to the
galactic chemical evolution of the abundances of the elements
beyond iron (see e.g. Travaglio et al.[[2004; Bisterzo et al.[2017}

* This paper is dedicated to the celebration of the 100th birthday of
prof.dr. Margaret Burbidge, in recognition of the outstanding contribu-
tions she has made to nuclear astrophysics.

Prantzos et al.|[2018)). The main contributors are the low-mass
AGB stars, which have an initial mass of 1.5-3 M. A low-mass
AGB star consists of a degenerate core, of mostly C and O, and
a convective envelope (Herwig[2005)). In between the core and
the envelope, the H- and He-burning shells are active. The He-
rich region between these two shells (the intershell) is where
recurrent He flashes (thermal pulses or TPs, first described by
Iben & Renzini||1982)) take place. These TPs temporarily cre-
ate a convective zone encompassing the whole intershell, which
expands due to the flash. Due to the expansion, the H-free in-
tershell cools and becomes convective, allowing for intershell
material to be dredged up (third dredge-up or TDU) to the sur-
face. The TDU also allows for H to be mixed into the intershell
across the border of the convective H-rich region into the radia-
tive He-rich region (Gallino et al||1998; Herwig|2000). The '>C
present in the intershell and the newly added H creates '*C via
2C(p,y)"®N(B*v)!3C. The exact mixing process that allows for
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this creation of '>C is unknown, see Buntain et al. (2017) for
a recent overview of the options, including convection and/or
semiconvection (Hollowell & Iben![1988)), rotation (Langer et al.
1999; Herwig et al.|[2003; |Siess et al.|[2004), diffusive convec-
tive boundary mixing (CBM, as in [Herwig|2000; Piersanti et al.
2013; Battino et al.|[2016)), gravity waves (Denissenkov & Tout
2003), and magnetic buoyancy (Nucci & Busso |2014)). After a
I3C-rich layer (or ‘'*C-pocket’) has been created, neutrons are
released via '3C(a,n)'%0 in radiative regions during the inter-
pulse period (Straniero et al.[1995). The neutrons are captured by
iron-group elements, leading to the production of elements heav-
ier than iron along the s-process path until the '*C is depleted and
the next TP occurs. The TP ingests these elements, exposes them
to a less significant neutron flux from the 22Ne neutron source,
and mixes them up to the layers that will be mixed to the surface
by the following TDU.

Most theoretical studies on AGB stars consider non-rotating
models (see [Herwig 2005 |Straniero et al.[[2006; Karakas &
Lattanzio|[ 2014, for reviews). However, stars rotate. The effects
of including rotation in stellar evolution calculations have been
studied for almost a century, starting with |von Zeipel| (1924)) and
Eddington|(1925). In short, rotation alters the stellar evolution in
two ways: it deforms the stellar surface at high rotation rates, and
it induces instabilities, which transport angular momentum and
mix chemical elements (Heger et al.[[2000; Maeder & Meynet
2000, [2012). Pioneering work on rotating AGB stars was per-
formed by [Langer et al.| (1999), who found evidence that rota-
tional mixing could be the mechanism needed to make a '3C-
pocket. These rotating models were analysed in more detail by
Herwig et al.| (2003)), who found that the '3C-pocket created via
rotationally induced mixing has not enough mass to achieve the
overabundance in the envelope observed in AGB stars. Further-
more, Herwig et al.|(2003)) also found that in a 3 Mg, star of solar
metallicity rotating with an initial rotational velocity of 250 km
s~ the rotational mixing reduces the amount of neutrons avail-
able for the s-process (as confirmed by [Siess et al.|2004). The
reduction is caused by the extra mixing of the neutron poison
4N (Wallner et al.|2016) produced by *C(p, y)!*N into the '3C-
pocket during the long interpulse period. Consequently, their ro-
tating AGB model did not lead to significant s-process produc-
tion. |Piersanti et al.| (2013} the FRUITY models) presented the
first set of yields for rotating AGB stars. As in [Herwig et al.
(2003); |Siess et al.| (2004), these authors found that adding rota-
tion leads to extra mixing within the '3C-pocket. However, they
found that rotation does not necessarily eliminate the occurrence
of the s-process and that it could produce a spread of s-process
production patterns in AGB stars. The main difference between
this study and|Herwig et al.| (2003) and [Siess et al.| (2004) is that
the authors of |Piersanti et al. (2013)) used lower initial rotation
rates of 10, 30, 60, and 120 km s~! and also varied efficiency
parameters of rotationally induced mixing, hence reducing the
amount of extra mixing due to rotation, and its consequences for
the s-process production.

While Langer et al.|(1999), Herwig et al.|(2003), and |Siess et al.
(2004) created the '3C-pocket via strong shear mixing at the bot-
tom of the TDU, the '*C-pockets of the slower rotating models
in this paper and in Piersanti et al.|(2013)) are created by CBM.
In the meantime, new information has been gathered since 2012
on the internal rotation profile of low-mass stars resulting from
asteroseismology studies of observations provided by the Kepler
spacecraft (Borucki et al.|2010). These studies provide values
for the core rotation rates of low-mass stars that stellar evolu-
tion codes have been unable to match (Eggenberger et al.|2012}
Marques et al.|2013}; | Tayar & Pinsonneault[2013;|Cantiello et al.
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2014), confirming earlier findings of |Pinsonneault et al.| ( e.g.
1989); |Chaboyer et al.| ( e.g. [1995); Eggenberger et al| ( e.g.
2005); |Suijs et al.|( e.g.[2008)); Denissenkov et al.|( e.g.|2010). In
view of this mounting evidence that has accumulated over more
than a decade, there is now consensus that a process of angular
momentum transport is missing in the theory of rotating stellar
evolution models. This missing process might also influence the
s-process production in AGB stars. There is no widely accepted
theory to explain this missing process, therefore constraints are
required on its efficiency. [Eggenberger et al.| (20122017, 2019),
and |den Hartogh et al.|(2019| Paper I) have characterised the ef-
ficiency of the mixing process of angular momentum transport
by adding a constant additional artificial viscosity (vaqq) to the
equation that describes the transport of angular momentum in a
star. This v,qq is calibrated to asteroseismically obtained rotation
rates. In the present paper, we use a value of v,qq close to that
found in Paper L.

The aim of this paper is to compare the s-process production
of non-rotating AGB models to rotating AGB models that have
been enforced to match the asteroseismically measured core ro-
tation rates. This is done by including a constant v,qq4 to the trans-
port of angular momentum. We stress that other approaches to
reduce the core rotation rates have been studied, including an
expression for the transport of angular momentum that has a de-
pendence on the internal differential rotation (Spada et al.[2016)
and the combination of differential rotation in convective regions
and magnetised winds (Tayar & Pinsonneault|2018).

In Sect.]2] we introduce our methodology and the input param-
eters of our set of models. Sect.[3 is focussed on the s-process
production. In Sect.[d] we present our final remarks. In appendix
[Alwe analyse and discuss the s-process production of the models
that rotate too fast to match asteroseismically measured rotation
rates.

2. Physics of models

We use MESA revision 8845 (see [Paxton et al.[2011}, 2013} for
details on the code specifications) as in Paper I. The input param-
eters match the settings of the NuGrid collaboration papers (see
Pignatari et al.[2016} Battino et al.|2016) for the calculations of a
2 M, star (with initial abundances from|Grevesse & Noels|1993|
and scaled to Z=0.01). In brief, we use the Schwarzschild crite-
rion for the convective boundary placement, and the single ex-
ponentially decaying convective boundary mixing (CBM) within
a diffusive mixing scheme as in [Herwig et al.| (1997), except at
the bottom of the convective envelope during TDUs and at the
bottom of TPs, where we use the double exponentially decaying
scheme as in|Battino et al. (2016ﬂ In summary, this prescription
of the diffusion coefficient consist of the treatment of Herwig
et al.|(1997):

(—ZZ/lePO)’ e))
where Dcgy is the diffusion coeflicient for the CBM, and D,
is the diffusion coefficient at the border of the convective zone.
z is the distance from the Schwarzschild boundary into the ra-
diative zone, and f;Hpq the scale height of the CBM region.
The double exponentially decaying prescription of Battino et al.
(2016), based on the studies on gravity waves (Denissenkov &
Tout|2003) and on 3D hydrodynamics (Herwig et al.[|2007), is

Dcem(z) = Doexp

! This double exponential was determined for these two specific loca-
tions only, and should thus not be included during the whole interpulse
as is done in|Goriely & Siess|(2018).
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activated when Dcgy falls below D, at distance z > z,. The dif-
fusion coeflicient then becomes:
(—=2(z—z2)/f>Hpo)

2
where all variables are as defined as above, D, was calibrated by
Battino et al.|(2016) to match diffusion coefficients found by ear-
lier studies: the one of [Herwig et al.|(2007) for the bottom of the
TP, and the one found determined by |Denissenkov & Tout| (2003)
to account for mixing due to gravity waves below the convective
envelope at the maximum Lagrangian downward extent of the
TDU.

The evolution of the mass loss rate during the AGB phase is in-
troduced using the mass loss formula of Bloecker (1995). We
start with a mass-loss parameter of 7=0.01, and when the TDUs
have created a carbon-rich envelope, we increase the value to
0.04 as in [Pignatari et al.| (2016) and Battino et al.| (2016). We
increase the mass-loss parameter to 0.5 when convergence is-
sues occur at the final stages of the AGB phase (ad discussed by
Wood & Faulkner|1986; [Herwig|2001} Sweigart| 1999; |[Lau et al.
2012). Our models evolve from this restart onward into the white
dwarf phase.

The network used in our MESA calculations includes 19 iso-
topes: neutrons, 'H, 2H, 3He, “He, "Li, "Be, 8B, 1213C, 131415\
1617.18¢ 19 22Ne, and Fe. A set of 27 reactions are then used
to calculate the changes in the composition. These 27 reactions
include all the pp-chain reactions and the CN- and NO-cycles,
as well as the triple-@ reaction and several a-capture reactions:
12C(0m,)16o’ 14N(CL’,’)/)18F(6+,V)180, 180(0/, ’)/)ZZNC, 13C(a,n)160,
and '°F(a,p)**Ne. Together, the isotopes and reactions included
are sufficient to track the energy generation of a low-mass AGB
star with an initial mass of 2 Mg,

Dcpm = Daexp

2.1. Minor code modifications in MESA

As in|Battino et al.| (2016) we slightly altered the MESA source
code: we exclude clipping from our calculations, which means
that small convective zones in our models can have a mixing
length larger than their actual size (see Battino et al.|2016| for
more details). We also altered the implementation of the CBM to
ensure the double exponential CBM only becomes active during
the TPs and TDUs. Finally, we made a modification related to
the implementation of opacities in MESA. As in|Pignatari et al.
(2016) and Battino et al.|(2016)) we use the OPAL Type 2 opaci-
ties (Type 2 includes tables for enhanced mass fractions of C and
O compared to solar scaled which are needed in the interiors of
stellar interiors) throughout the evolution. To do this in revision
8845, we needed to adjust the MESA source code to cancel the
blending of the two types of OPAL opacity tables as this blend-
ing created an opacity jump in the region of interest.

2.2. Rotation

The implementation of rotation in MESA follows |Heger et al.
(2000) and is summarised here. The calculation of transport of
angular momentum (j oc Qr?) and the effect of rotation on the
mixing of chemical elements is calculated via diffusion equa-
tions for the angular velocity and the mass fraction of chemical
elements respectively:

0Q I aQ\| 2Q(ar\ (1 dlnj
. ==\57= 4 2p)? .Dam A I A |
(6t )m J'(M)t[( e (am)] r (ar)m(zdlnr)

3)
O\ (9 [ omrrp (20 | (e
(ar)‘(am)t[“’” P Dml‘(ém)J*( at )

“

where Q is the angular velocity, j the specific angular momen-
tum, and the total diffusion coefficient D, takes into account
all processes that transport angular momentum, which are given
below. In the Eq. @} X, is the mass fraction of species n, and
Diix the sum of all processes that mix the chemical elements.
The final term in Eq. [f] accounts for the changes in composition
due to nuclear reactions. The different diffusion coefficients D
are defined as follows:

Dy = Deony + Dyor + v, )
Dpix = Deony +chrot’ and (6)
Dyor = Dgs + Dssi + Dpsi + Dsu + Dgsk- @)

The individual terms correspond to convection (conv), the
Eddington-Sweet (ES) circulation (also known as meridional cir-
culation: Kippenhahn|1974)), dynamical and secular shear insta-
bilities (DSI and SSI, respectively) (Zahn|[1974; [Endal & Sofial
1978), the Solberg-Hgiland (SH) instability (Wasiutynski|1946),
and the Goldreich-Schubert-Fricke (GSF) instability (Goldreich
& Schubert||1967; [Fricke|[1968)). The additional viscosity v,qq is
added to Dy, only, and not to the mixing of chemical elements.
This implementation is identical to the implementation of the
vada in Eggenberger et al. (2012,2017,2019) and Paper 1. Argu-
ments behind the exclusion of several of these instabilities in our
calculations are given in the following subsection.

2.2.1. Settings of rotationally induced instabilities

There are two free parameters in the implementation of rotation
in MESA: the first is f, in Eq.[6] which allows the user to vary the
contribution of the rotationally induces instabilities to the mix-
ing of chemical elements. The second is f,, which is added in
front of the molecular weight gradient V,, that appears in the de-
termination of several of the instabilities in D, (see Heger et al.
2000, for the full definitions). The parameter f, determines the
dependence of the individual instability on the molecular weight
gradient. Both f-parameters are introduced to compensate for
various simplifications in the derivation of the instabilities, and
are limited to values between 0 and 1. Our choice for these fac-
tors are explained in the following subsection.

The values of f. and f, are set to 1/30 and 0.05 respectively by
Heger et al.| (2000), based on theoretical work by |Chaboyer &
Zahn| (1992) and the calibration by |[Heger et al.| (2000) of the
surface enrichment of nitrogen in massive stars at the end of the
main sequence. The dependence on these two parameters of the
s-process production in low-mass AGB stars has been investi-
gated by Siess et al. (2004) and |Piersanti et al.|(2013)).|Siess et al.
(2004) varied f, between 0—0.05 and found that f,=0 leads to
no s-process production even for very slow rotators, while slow
rotators with f,=0.05 results in s-process production. [Piersanti
et al.| (2013) found that varying f, between 0.05-1 and f. be-
tween 0.04—1 results in variation in s-process production similar
to the spread of s-process production obtained by changing the
initial rotation rate between 10 and 120 km s~!. We do not repeat
these parameter studies and use the same values as |[Heger et al.
(2000). This is because we now know from asteroseismology
observations that a process of angular momentum transport is
missing from the implementation of rotation in stellar evolution-
ary codes, which currently eliminates possibility of calibration.
We further discuss these f parameters in Sect.d] We also note
that we do not include any type of smoothing of the diffusion
profiles of the instabilities in our calculations.

Our standard rotating models include only the ES circulation and
the SSI. We exclude all dynamical instabilities (DSI and SH) as
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Fig. 1: The HRDs of all our non-rotating and rotating models,
see text for discussion.

these instabilities do not transport angular momentum (see Ap-
pendix B in Paper I) or participate in the mixing of chemical el-
ements. We discuss this point in more detail in Appendix[A] The
exclusion of the GSF instability is based on [Hirschi & Maeder|
(2010) and |Caleo et al.| (2016). The first paper shows that the
GSF instability is not responsible for the low rotation rates of
pulsars, while the second focusses on the Sun and 1.3 My RGB
stars and shows that the GSF instability is unlikely to be acti-
vated in those stars. Both papers show that viscosity, assumed to
be negligible in the original derivation of the instability (James
& Kahn||{1970, [1971), either turbulent as in [Hirschi & Maeder
(2010) or molecular and radiative as in|Caleo et al.| (2016), sup-
presses the GSF instability. |Hirschi & Maeder|(2010) shows that
for several evolutionary phases of a 20 Mg, star, the GSF insta-
bility is always weaker than the dynamical shear. The implemen-
tation of the GSF instability in MESA currently follows [Heger|
et al| (2000) and does not include the stabilising effect of the
viscosity. Therefore, we exclude GSF from our simulations.

2.3. The post-processing tool MPPNP and the reaction rate
network

We use the NuGrid multi-zone post-processing tool MPPNP
(see Bennett et al.|[2012} [Pignatari et al.|[2016, for details on
the code and the reaction rate network). MPPNP uses temper-
ature, density and diffusion output of MESA to calculate the
nucleosynthesis during the whole stellar evolution. As the sum
of all diffusion processes is included in the MESA output, we
can use MPPNP also for rotating models. The network and
corresponding reaction rates used are the same as in [Battino
et al.|(2016).

2.4. Set of models

Our set of models is listed in Table [l We calculated 2 Mg
models at metallicity Z=0.01. We chose two initial rotation
rates set at the ZAMS: 125 and 250 km s~! corresponding to a
V/Veie of 0.27 and 0.57 respectively. These initial values match
the range found for very young B stars (log gpolar > 4.15) by
Huang et al.| (2010) and are similar to those used in previous
publications of rotating AGB stars: |Langer et al.|(1999); Herwig
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Table 1: Model properties. Names of the models are a combina-
tion of initial rotation rate (first number) and the order of mag-
nitude of v,qq (second number). The H-free core mass and the
core rotation rate are given at the time the first TP (TP1) occurs.
The white dwarf mass (Mpay) is taken when the star proceeds
through the DAV phase (see text for details) on the white dwarf
cooling track.

Run | vio Vadd Qc.1P1 Mpav  Qpay
kms™!  cm?s™! | 27nHz M, day

noR | - - 0.62

1250 | 125 0 5.0x10° | 0.62 1.5x1073

1256 | 125 100 3.5x10% | 0.62 1.3

2500 | 250 0 6.7x10° | 0.62 1.1x1073

2505 | 250 10° 5.0x10* | 0.62 0.11

2506 | 250 109 52x10° | 0.61 1.0

et al.| (2003)); [Siess et al.| (2004) used 250 km/s for their 3 Mg
model, while [Piersanti et al.| (2013) used up to 120 km s~! for
their 2 M, star.

The value of 10° cm? s™! for v,qq is chosen to reach the observed
core rotation rates, see Fig. In all models, v,3¢=0 from the end
of the core He burning phase onward. These settings follow the
results of Paper I, except that the values used for v,qq are lower
than in Paper 1. This difference is caused by the different aims of
the papers: in Paper I we focussed on the observations of a small
data set of core He burning stars (Deheuvels et al.|2015), while
in this study we are interested in obtaining a model that can
serve as an upper limit of all observed core rotation rates. We
also include models with v,44=0 for both initial rotation rates.
Fig.[T|shows the HRDs of the models listed in Table [[]up to the
post-AGB phase. Rotating models are located to the right of the
non-rotating model on the ZAMS due to the centrifugal force
expanding the star and producing a cooler surface. The core
masses of the rotating models without v,qq at the end of the main
sequence are slightly larger than those of the models including
vadd and of the non-rotating models because of the mixing of
extra fuel into the core during the main-sequence. As a result
of the larger core mass, the next core burning phase is shorter
and therefore the core masses after the core He burning phase
are comparable. Small variations in core masses occur after the
AGB phase due to differences in the number of TPs and thus
core growth during the AGB phase. This mass difference, see
Table [T] is visible as difference in luminosity in the post-AGB
tracks in Fig.[T]

2.5. Rotational evolution

Figure [2] shows four models from Table [T} the two rotating
models without v,qq and the two rotating models with v,4q=10°
cm? s~!. The different trends visible in the models with and
without v,gq are explained in detail in Paper 1. In short, by
adding v,q4, coupling is provided between the core and envelope
that allows for transport of angular momentum from the core
to the envelope, even during the evolutionary phases where the
core is contracting. As a result, the core rotation rate shows a
steady decrease during the evolution, instead of an increase as
in the standard rotating model without v,4q.

From the four models shown in this figure, those with v,qq9 = 0
only match the observations at the start of the main sequence,
while those with v,gq=10° cm? s~! represent rough upper
limits of the observed core rotation rates. During the core
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He burning phase the comparison between these models and
the observations is especially important. We therefore added
markers (black dots) to the two models, indicating every 10%
of the total duration of the core He burning phase. These dots
show that from 10% to 80% of the total duration of the core
He burning phase, the models are in the same location as the
observed rotation rates in this figure.

The core rotation rates at the first TP are given in Table[I] These
rates show a difference of three orders of magnitude between
the models with and without v,qq. We also calculated a model
with a low initial rotation rate of 10 km/s, which has a core
rotation rate of Q/2x = 7.88x10° nHz at the first TP. This is
still two orders of magnitude higher than the rotation rates
of the models matching the observed rotation rates, showing
that simply reducing the initial rotation rate cannot match the
observed rotation rates. Another method to reduce the core
rotation rate, for instance v,qq4, 1s needed.

We also calculated the ‘250 5° model. The core rotation rate at
the first TP is an order of magnitude higher than the ‘250 6’
model. The core rotation rate during core He burning of this
model is at least an order of magnitude higher than all observed
core rotation rates for this evolutionary phase. At the first TP,
the core rotation rate is an order of magnitude larger than the
‘250 6’ model. Therefore, s-process production of this model
can be considered a conservative prediction for the s-process
production of stars rotating at rates matching the asteroseismi-
cally measured rotation rates. In Table[I| we also show our white
dwarf rotation rates. Most of the white dwarfs for which rotation
rates are known are DAVs, which are pulsating H-rich white
dwarfs. They have a T.g between 10600—12600 K, because the
H on their surface has to be partially ionised for the pulsations
to take place. Our presented rotation rates are taken within the
DAV temperature rangeﬂ Asin Fig. the models including v,4q
= 10° cm?s™!' match the observed white dwarfs rotation rates
from [Kawaler| (2015) and [Hermes et al.| (2017), while the ‘250
5’ model is an order of magnitude too low. The models without
Vaaa are far from the observed values (confirming the results of
Suijs et al.| (2008) and |Cantiello et al.| (2014)). As mentioned
previously, we remove v,qq after the end of the core He burning
phase, therefore conserving angular momentum within the core
from this point onward. As in|Cantiello et al.|(2014)); /Aerts et al.
(2019), this approach allows to match the observed rotation
rates during both the core He burning phase and the white dwarf
cooling track.

3. s-process production in models matching
asteroseismically measured rotation rates

In this section we show the s-process production of two the mod-
els from Table[I} the ‘250 5’ and ‘250 6" models. We compare
the s-process production of these models to the s-process pro-
duction of our non-rotating model. The other models included
in Table E], which do not include an additional viscosity, are dis-
cussed in Appendix [A]together with a comparison to previously
published work on s-process production in rotating AGB stars.

2 The ‘250 5° model undergoes a very late thermal pulse (VLTP) whilst
on the WD cooling track, before the DAV temperature range is reached.
As this model runs into convergence issues before returning to the white
dwarf track, we have taken the rotation rate just before the very late
thermal pulse.

—— 1250 /q_’;_’;;/,‘g::};’;, pap—
100 125 6 ;’/5‘\7\“’—:” ///C
—— 2500 =S =
5 250 6 o= AGB
=10 A —
I ' Core He b
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Fig. 2: Evolution of core (€2.) and surface rotation (€2;) rates.
Four of the models listed in Table [T] are shown here, and com-
pared to asteroseismically obtained rotation rates. The observa-
tional data points are the core (red diamonds) and the surface
(orange stars) rotation rates, taken from|Mosser et al.|(2012])), De-
heuvels et al.| (2012), [Deheuvels et al.| (2014), [Deheuvels et al.
(2015)), |Ceillier et al.| (2017)), and the compilation of observed
main-sequence stars from 12 other papers presented in |Aerts
et al.| (2017). From these observational studies, we only select
single stars in the mass range 1.4-3.0 M. Typical error bars of
these observations are of the order of the symbol size used. The
solid and dot-dashed show the core rotation rates of the mod-
els with and without the additional viscosity respectively. The
dashed lines show the envelope rotation rates of the models. The
thick line segments correspond to the core burning phases, and
the thin segments to the shell burning phases. The black dots in-
dicate the time spend in the core He burning phase by the models
with v,qq # 0, each spaced by 10% of the total duration starting at
the 10% mark and ending with the 100% mark (the dots located
on the most left and right, respectively). These dots show that
these models spend most of their time during this evolutionary
phase close to the observed rotation rates.

3.1. BC-pockets

As explained in the Introduction, the '*C-pocket in low-mass
AGB stars is where most of the neutrons for the neutron cap-
tures are produced. Therefore, we start our comparison with the
abundance and diffusion profiles in the '3C-pockets. Specifically,
we compare the '3C-pocket of the non-rotating and the 250 5°
model during the interpulse period in which the fifth TDU takes
place. We chose to use this model for this comparison as it will
give us a conservative upper limit of the impact of rotation on
the '3C-pocket.

The abundance and diffusion coefficient profiles of the '*C-
pockets are shown in Fig.[3| for three different time steps. The
diffusion profiles are calculated following [Herwig et al.| (2003)):
we show the Lagrangian mixing coefficient (D, and not the Eu-
lerian one D, which is given as MESA output) as we want to as-
sess the effect of the mixing processes on the chemical elements:

dm
Dy, =|—
(dr

where all symbols have their usual meaning. In the same figure
we also added the Q profiles on log-scale, to better understand

2
) D, = (4npr*)* Dy, ®)
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Fig. 3: Abundance and diffusion profiles within '3C-pocket regions. These regions fall within the same interpulse period as the fifth
TDU (from our MPPNP results). The left panels show the abundance profiles of the non-rotating model, and the middle and right
panels show the abundance and diffusion profiles of the ‘250 5° model. The top panels correspond to the maximum extent of the
TDU, the middle panels correspond to the maximum '*C-pocket size, and the bottom panels correspond to the profiles when the
s-process production has started. The influence of rotation on the '3C-pocket of the ‘250 5’ is small, the only difference is that the

abundance profiles are not as smooth as in the ‘noR’ model.

the behaviour of the instabilities. These Q-profiles show that the
pocket is located just below the drop in €, which coincides with
the maximum extent of the TDU.

For all three time steps, the profiles and the size of the '*C-pocket
in the two models are comparable, because the diffusion coef-
ficient of the Eddington-Sweet (ES) circulation is present with
values between 10'-10% g2 s~!. This is not high enough to impact
the abundance profiles. Also, the ES circulation is only present in
regions of constant (2, which is also where the 13C abundance is
low. The reason behind these characteristics can be explained by
the strong dependence of Dgg on Q (Heger et al.2000), which is
Dngs « Q2. The Q evolution during the interpulse phase of the
‘250 5° model is shown in Fig.{] When Q increases due to the
contraction of the intershell region, D, gs remains nearly con-
stant due to the smaller radial coordinate of the '3C-pocket. The
ES-circulation is also dependent on the molecular weight gradi-
ent, which prevents this mixing process from being active within
the 13C-pocket.

The secular shear, the only other rotationally induced instabil-
ity included in this model, is only present in the panels of Fig.[3]
when the s-process production has started, in the region of the
13C-pocket. The Dy, ss; depends on dQ/dr, which is stronger in
the bottom panel of Fig.[3] as shown in Fig.[d Molecular weight
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gradients inhibit Dy, ss1, which is why Dy, ss1 decreases around
m/Mg ~0.59675. The high values of Dy, ss; however, have little
effect on the abundance profiles as Dy, ss; is discontinuous (more
details on this can be found in Appendix [A). Continuous spatial
mixing is needed to influence the abundance profiles and the re-
sulting s-process production. It is unknown whether the discon-
tinuous character of the SSI is physical or numerical (see also
Aerts et al.|2018)).

Diffusion coefficients of rotationally induced instabilities have
been discussed in the previous publications on rotating AGB
stars (see |[Langer et al.|[1999; Herwig et al.|[2003} |Siess et al.
2004; Piersanti et al.|[2013)). These publications, however, dis-
cuss rotating models, that do not include a process able to de-
crease the core rotation rate in order to match the asteroseismi-
cally measured core rotation rates. Therefore, these models ro-
tate too fast at the start of the AGB phase. This is clear from
Column 5 in Table [T} where the standard rotating models ‘125
0’ and ‘250 O’ rotate three orders of magnitude faster than the
models that match the asteroseismically measured core rotation
rates (‘125 6’ and ‘250 6’). Therefore, a consistent comparison
is not possible between the models of previous publications and
models described in this section. Here we only note that Fig. 2 of
Piersanti et al.| (2013)) shows the location in the intershell where
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Fig. 5: Surface enrichment of ‘noR’, 250 5’ and ‘250 6’. This
comparison shows that the s-process production of rotating mod-
els that match asteroseismically measured rotation rates is com-
parable to that of the non-rotating model.

their models are unstable against the ES circulation and the GSF
instability (not present in our models, as discussed in Sect.2.2.1]
While |Piersanti et al.| (2013)) does not mention the strength of
their diffusion coefficients, their Fig. 2 shows that they found the
interpulse to be unstable for ES circulation at the same location
as in our models.

3.2. Surface enrichment of s-process elements

In the previous subsection we found that rotation results only
in small differences in the '*C-pockets when the 250 5’ model
is compared to the non rotating model. We therefore expect
the resulting s-process production of the two models to be
comparable.

In Fig.[5] we show the surface enrichment factors for the models
‘noR’, 250 5°, and ‘250 6’. The surface enrichment factors
have been calculated after the final TDU and are scaled to their

initial abundances. All three models largely overlap in this
figure. The ‘noR’ model experienced one TDU more than the
two rotation models, we therefore show the surface enrichment
of the TDU before the last TDU for the ‘noR’ model to have a
fair comparison.

From this we conclude that when the models rotate at a rate
that matches the asteroseismically measured rotation rates
or an order of magnitude faster, the s-process production is
comparable to that of the non-rotating model, as suggested by
Piersanti et al.| (2013). A consequence of this result is that,
according to our models, any spread in observed s-process
production of a certain metallicity is unlikely to be caused by
rotation (see e.g. Abia et al.|2002|and de Castro et al.|[2016)).

As the results of the rotating models described in this section
match the non-rotating model, we refer the reader to [Battino
et al| (2016) and Battino et al| (2019) for a comparison to
s-process observations, because the non-rotating models de-
scribed in that paper are similar to those presented here.

4. Final remarks

In this paper we presented rotating AGB star models (2 M,
7=0.01) that are enforced to match the asteroseismically
measured rotation rates before and after the AGB phase. For the
first time, we have presented the s-process production of such
models that rotate at such rates. Our main findings are described
below.

— Our models including additional viscosity of v,qq= 106 cm?

s~! follow the upper limit of the observed trend of core and
envelope rotation rates inferred from Kepler observations,
comparable to the results of den Hartogh et al.|(2019).

— The models that are enforced to match the asteroseismically
measured core rotation rate show s-process production simi-
lar to that of the non-rotating model. Therefore the effect of
rotation on s-process production is negligible in these mod-
els.

— We also calculated a model where the core rotates an order
of magnitude faster than observed values, as conservative up-
per limit to observed rotation rates. The s-process production
of this model is also comparable to the non-rotating model,
strengthening our previous conclusion.

— The results above are independent of the initial rotation rate.

Several uncertainties may potentially affect these conclusions.
The most important is the constant v,qq that is used to reduce the
theoretical core rotation rates to the asteroseismically obtained
rates. This constant has no physical meaning (yet) and the results
presented here should therefore be interpreted as not necessarily
the final answer, but as a next step towards understanding the
s-process production in rotating low-mass AGB stars. In particu-
lar, different combinations of the value for v,4q and the values of
the two f parameters in the implementation of rotation may lead
to similar core rotation rates. The range of values for these f pa-
rameters might however be limited, as more recent calibrations
by |Yoon et al.|(2006) and [Brott et al.| (2011) resulted in f,=0.1,
/.=0.03), similar values to the ones found by Heger et al.| (2000).
Our conclusions remain the same when we tested these values in
our calculations.

Another caveat to counter is that the missing process of angular
momentum could also mix chemical elements. When we include
a V,qq into the mixing of chemical elements with same value as
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for the v,4q, we find chemically homogeneously evolving stars
(as first described by Maeder|1987). In the low-mass regime,
there is no observational evidence for these stars and we there-
fore infer that the missing process of angular momentum cannot
have the same efficiency for both the transport of angular mo-
mentum as for the mixing of chemical elements. Another point is
that we have only investigated the effects of non-magnetic mix-
ing processes. In Paper I, we already found that the TS-dynamo
does not allow for enough transport of angular momentum in
stellar evolutionary models with an initial mass of 2.5 M to
match the observations (confirming results of |Cantiello et al.
2014, for their 1.5 My models). Recently, a revised derivation
of the TS-dynamo was published by |Fuller et al| (2019) who
show that this mechanism is able to match the asteroseismically
obtained core rotation rates. However, this prescription is unable
to match the rotational profile of the Sun (Eggenberger et al.
2019).

Besides the uncertainties around the missing process of angu-
lar momentum transport, the current implementation of rotation-
ally induced mixing processes remains a major challenge (Ap-
pendix [A). We cannot exclude the possibility that better descrip-
tions will effect the s-process production in rotating AGB stars.
Furthermore, two flavours for the implementation of rotation in
stellar evolution codes exist: diffusive (see e.g./Heger et al.[2000)
and advective (see e.g. Maeder & Meynet 2000,[2012), where the
second implementation uses different prescriptions for the mix-
ing processes and this could affect the s-process production in
AGB stars.

We will investigate these uncertainties in future publications.
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Fig. A.1: Abundance and diffusion plots showing the maximum extent of the TDU (top panels), the maximum '3C-pocket size
(middle panels), and the start of the the s-process production (bottom panels), matching the interpulse in which the fifth TDU takes
place as in Fig. We show the abundance profiles of a characteristic '3C-pocket in the most left panel, followed by the diffusion
profiles of the 250 0°, 250 0 +GSF’, and the ‘250 0 +all’ models respectively. The '*C-pockets in these models are widened
when compared to the ‘250 5° model in Fig.[3] due to the ES circulation. Please note the changed range over which the diffusion

coefficients are shown compared to Fig.@

Table A.1: Set of models described in this Appendix. Only the
rotational instabilities are listed as all other parameters are equal.

Model | ES SSI GSF DSI SH
2500 y y - - -
2500 +GSF | y y y - -
250 0 +all y y y y y

Appendix A: The s-process in models without
additional viscosity

In this appendix we describe our models that rotate too fast to
match asteroseismically measured core rotation rates and pro-
vide a comparison to the previously published papers (Herwig
et al.|2003; |Siess et al.[2004; [Piersanti et al.[2013)). We stress that
for all these models the core rotate orders of magnitude faster in
the evolved evolutionary phases, as compared to the observa-
tions.

Another difference between the models described in the main
text and those presented here is the amount of rotationally in-
duced mixing processes. Because in the previously published pa-
pers mentioned above all rotationally induced mixing processes
as defined by Heger et al.|(2000) were included, we provide here
a model that also includes all processes. |Piersanti et al.| (2013))
mentions that the GSF instability is the main process responsi-
ble for the pollution of the '3C-pocket by '#N, limiting the neu-
tron exposure and keeping the s-process production concentrated
around the St/Y/Zr peak. We therefore also add a model that in-
cludes only the ES circulation, the SSI, and the GSF instability.
The three models described in this Appendix is listed in Table
A1l

Appendix A.1: Effects on the '* C-pocket of the inclusion of all
rotationally induced diffusion processes

The two new models are restarted from the ‘250 0’ model in Ta-
ble[T] at the last TP before the first TDU and thus before the first
13C-pocket. This allows for a direct comparison of s-process pro-
duction in these models to the ‘250 0’ model without the extra
mixing processes, as the first TDU is the start of the s-process
production.

The abundance profiles shown in the left column of Fig.[AT]are
characteristic for the models presented in this section. Compared
to the abundance profiles of the 250 5° model, there are two dis-
tinct differences. The first is that the '3C-pocket in Fig. is
widened compared to the '3C-pocket in Fig. . This is due to
the higher rotation rate leading to the ES circulation being two
orders of magnitude stronger in the ‘250 0’ models, see columns
2—4 in Fig.[AT] than in the 250 5’ model. The second differ-
ence is that the abundance profiles in the 250 0’ pocket are less
smooth than in the ‘250 5’ pocket. This is due to the discontin-
uous mixing by the SSI, as already mentioned in Sect.[3.1] The
ES circulation is however still present in the '*C-pocket region
in the 250 0’ model even when the s-process production has
started. This results in poisoning of the 250 0’ pocket by '*N.
The diffusion profiles of the model including the GSF insta-
bility are shown in the third column from the left in Fig.[AT]
This instability depends on both the Q values and on the spatial
derivative of Q, and is present almost throughout the mass range
shown. It is however not dominant over the ES circulation or the
SSI, and will therefore not have much effect on the s-process
production, contrarily to what was concluded by [Piersanti et al.
(2013).

The right column in Fig.[AT] shows the diffusion profiles of the
model including all rotationally induced instabilities. Both new
instabilities (DSI and SH) have diffusion profiles with a discrete
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character and will therefore have limited effect on the s-process
production within this model.
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Fig. A.2: Surface enrichment of the non rotating and the 250 0
models, showing that the inclusion of GSF, SH and DSI does not
alter the s-process production. This is a numerical issue: there is
work to be done between the derivation of the instabilities and
their implementation in stellar evolutionary codes.

Appendix A.2: Surface enrichment

Figure[A.Z]shows the comparison of the surface enrichments, in-
cluding the surface enrichment of the non-rotating model. All
250 0’ models are comparable in this figure, confirming the
findings of the previous section that the inclusion of GSF, DSI,
and SH does not have an effect on the s-process production.
Compared to the non-rotating model, the s-process production
has greatly increased up to Sm. We thus also find that rotation
could increase the s-process production. This increase can be ex-
plained by the widened '*C-pocket, allowing for more Fe-group
seeds to be activated by neutron captures. The pocket is widened
compared to the non-rotating models because of the ES circula-
tion being active during the creation of the pocket. The poisoning
of the '*C-pocket by ES circulation mixing in N is the reason
why this increased production has not continued until Pb.

The surface enrichment of the models included in Fig.[A.2] can
be compared to|Piersanti et al.| (2013) as they present 2 M mod-
els at solar metallicity albeit at much slower rotation rates. The
trends these models show is that the inclusion of rotation reduces
the overall s-process production, due to the contamination of the
pocket by '*N, which is opposite to what we find and further in-
vestigation would be needed to understand this difference. How-
ever, both sets of rotating models show core rotation rates that
are several order of magnitude above the asteroseismically mea-
sured rotation rates throughout the evolution. Further studies do
not seem warranted.

Comparison to/Herwig et al.|(2003) and |Siess et al.|(2004) is less
straightforward, as the first study concludes that the combina-
tion of overshoot (now renamed as convective boundary mixing)
and rotation might allow for a spread in s-process production in
AGB stars, while the second study does not combine the two
processes.

Neither of the previously published studies on rotating AGB
stars mentioned the changes in smoothness of abundance pro-
files as reported in the previous section.
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Appendix A.3: Discontinuous mixing and smoothing options

The reason why we find these differences with [Piersanti et al.
(2013), may be related to the choice of smoothing options. The
discontinuous character of several instabilities are caused by two
features within the implementation of the instabilities. The first
is that the implementation itself of these instabilities allows for
a discontinuous behaviour, as there is of course a stability crite-
ria present in the implementation. If the zone within a model is
unstable according to the instability criteria, the instability be-
comes active, while in the next zone it can be stable again. The
second issue is that when dynamical and secular shear appear,
they should be taken into consideration immediately and not at
the start of the next time step. The current implementation does
include the shear at the next time step and therefore overesti-
mates its impact. These issues reduce the practical use of these
instabilities (as also concluded by |Aerts et al.|2018] in a different
astrophysical context).

Smoothing options are available and tested to solve the issues,
however, it is impossible to decide which feature is physical
and should not be smoothed, and which is numerical and should
be smoothed. Therefore, in this work we have decided to avoid
the use of smoothing functions. Among several different options
tested, the only ‘smoothing’ option that seems to effectively im-
prove stellar profiles is the inclusion of a low additional viscos-
ity. This has the effect that the Q-profile is smoothed, which leads
to a reduced appearance of secular and dynamical shear. How-
ever, the discontinuous behaviour of the SH instability is still
present. Including all instabilities in an accurate manner remains
a challenge.
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