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ABSTRACT

Context. The intermediate neutron-capture process (i-process) can occur during proton ingestion events (PIEs), which may take place
in the early evolutionary phases of asymptotic giant branch (AGB) stars.

Aims. We investigate the impact of rotational and magnetic mixing on i-process nucleosynthesis in low-metallicity, low-mass AGB
stars.

Methods. We computed AGB models with [Fe/H] = —2.5 and —1.7 and initial masses of 1 and 1.5 M, using the STAREVOL code, in-
cluding a network of 1160 nuclei coupled to transport equations. Rotating models incorporate a calibrated Tayler-Spruit (TS) dynamo
to account for core rotation rates inferred from asteroseismic observations of solar-metallicity sub-giants and giants. Initial rotation
velocities of 0, 30, and 90 km s~! were considered, along with varying assumptions for magnetic mixing.

Results. Rotation without magnetic fields strongly suppresses the i-process due to the production of primary N, which is subse-
quently converted into 2?Ne — a potent neutron poison during the PIE. Including magnetic fields via the TS dynamo restores the models
close to their non-rotating counterparts: strong core-envelope coupling suppresses shear mixing and prevents primary N synthesis,
yielding i-process nucleosynthesis similar to non-rotating models. We also find that rotational mixing during the AGB phase is insuf-
ficient to affect the occurrence of PIEs.

Conclusions. Proton ingestion event-driven nucleosynthesis proceeds similarly in asteroseismic-calibrated magnetic rotating AGB
stars and non-rotating stars, producing identical abundance patterns.

Key words. asteroseismology — nuclear reactions, nucleosynthesis, abundances — stars: AGB and post-AGB - stars: interiors —

stars: magnetic field — stars: rotation

1. Introduction

Understanding the chemical evolution of the Universe requires
identifying the nucleosynthetic processes and their astrophysical
sites. Elements heavier than iron are mainly produced through
the slow (s) and rapid (r) neutron-capture processes, which occur
at neutron densities of N, ~ 10°=10'° and N, > 10¥cm™3,
respectively (e.g. Arnould & Goriely 2020). The s-process pri-
marily takes place in asymptotic giant branch (AGB) stars and
in the helium-burning cores of massive stars (e.g. Lugaro et al.
2023, and references therein), while the r-process is associated
with more extreme environments such as neutron star mergers,
collapsars, or magnetorotational supernovae (e.g. Arnould et al.
2007; Wanajo et al. 2014; Siegel et al. 2019).

In addition to the s- and r-processes, an intermediate neutron-
capture process (i-process) has been proposed (Cowan & Rose
1977), operating at neutron densities of N, ~ 10°~10'®cm=.
Its existence is supported by stars showing chemical abun-
dance patterns inconsistent with either the s- or r-process
alone, but well reproduced by i-process models (r/s stars; e.g.
Mishenina et al. 2015; Roederer et al. 2016; Karinkuzhi et al.
2021; Hansen et al. 2023). Evidence for proton ingestion and
i-process nucleosynthesis may also be present in the Sakurai

* Corresponding author: arthur. choplin@ulb.be

object (Asplund etal. 1999; Herwigetal. 2011) and in cer-
tain pre-solar grains (Fujiyaetal. 2013; Liuetal. 2014;
Choplin et al. 2024a).

The i-process can be triggered when protons are ingested
into a convective helium-burning zone. This is expected in
several astrophysical sites (see Choplinetal. 2021, for a
detailed list), notably low-metallicity, low-mass AGB stars
(e.g. Iwamoto et al. 2004; Cristallo et al. 2009; Suda & Fujimoto
2010; Ritter et al. 2018; Choplin et al. 2022a). The proton inges-
tion event (PIE) mechanism is illustrated in Fig. 1. During a PIE,
at the beginning of the thermally pulsing AGB phase, protons
are mixed into the convective thermal pulse, captured through
2C(p,y)1N, and rapidly converted to '*C via B-decay. The
subsequent '3C(a, n)'°0 reaction at ~250 MK produces neu-
tron densities up to N, ~ 10 cm™, triggering an i-process
nucleosynthesis and potentially leading to actinide production
(Choplin et al. 2022b). After the neutron density peak (green
zone in Fig. 1), the i-process material is rapidly mixed through-
out the entire thermal pulse, before it splits (at M, =~ 0.52
and model ~90235 in Fig. 1). The processed material is ulti-
mately dredged into the envelope and expelled through stellar
winds.

Most AGB star models do not include rotation, although
such stars as AGBs do rotate (e.g. Vlemmings et al. 2018).
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Fig. 1. Kippenhahn diagram illustrating key features of a PIE in a non-rotating 1 M, [Fe/H] = —2.5 AGB model, computed with the STAREVOL

code. Grey regions indicate convective zones. The dashed green (blue)

colour map shows the neutron density. The time between the peak neutron density and the split is Az

sequence shown is At ~ 0.1 yr.

Rotation affects stellar evolution by distorting the stellar surface
at high speeds and by driving instabilities that transport angular
momentum (AM) and chemical elements (e.g. Heger et al. 2000;
Maeder & Meynet 2012). Early studies suggested that rotational
mixing could create a '3C-pocket (Langer et al. 1999). However,
detailed models showed that the pocket was too small to repro-
duce observed s-process enrichments and that extra '“N syn-
thesized thanks to rotation acts as a neutron poison, quenching
s-process efficiency (Herwigetal. 2003; Siessetal. 2003,
2004). Later, Piersanti et al. (2013) computed yields for rotating
AGB stars and confirmed that rotation leads to the contamina-
tion of the '*C-pocket by the poisonous '*N. However, varying
the initial rotation rates (10—120kms~') and mixing efficien-
cies, they showed that a wide range of abundance patterns can be
obtained.

Asteroseismic studies of sub-giant and red giant stars
have revealed their internal and envelope rotation rates (e.g.
Beck et al. 2012; Deheuvels et al. 2012, 2020; Mosser et al.
2012; Di Mauro et al. 2016; Trianaetal. 2017; Gehan et al.
2018; Tayaretal. 2019; Lietal. 2024; Mosser et al. 2024;
Dhanpal et al. 2025). Comparisons with rotating models
that include only AM transport by hydrodynamic insta-
bilities provide too little coupling between the core and
the envelope to reproduce the observed core rotation rates
(Eggenberger et al. 2012; Marques et al. 2013; Ceillier et al.
2013; Tayar & Pinsonneault 2013; Cantielloetal. 2014;
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line marks the location of maximum H-burning (He-burning) energy. The
100 h, while the total duration of the

~

Eggenberger et al. 2017, 2019; Moyano etal. 2022). This
demonstrates that at least one additional, efficient AM transport
mechanism is missing in the radiative zones of red giants. To
match observed core rotation rates, den Hartogh et al. (2019)
introduced an artificial, constant viscosity term in their solar
metallicity, 2 M, rotating AGB models. They found that s-
process production remained similar to non-rotating cases due
to the strong reduction of rotationally induced mixing.

Motivated by the work of Fulleretal. (2019),
Eggenberger et al. (2022) proposed a modified version of
the Tayler-Spruit (TS) dynamo (Spruit 2002) able to reproduce
asteroseismic observations of sub-giant and red giant stars. This
calibrated version better matches the core and surface rotation of
low-mass (1.4-2 My) Gamma Doradus pulsators (Moyano et al.
2023a) than models without magnetic fields (Ouazzani et al.
2019). Surface boron abundances in massive stars are also
better accounted for when including the modified TS dynamo
(Asatiani et al. 2025).

This study is the first to investigate the impact of rotation
on i-process nucleosynthesis in AGB stars. To account for the
asteroseismic constraints available for red giant stars, we imple-
mented the modified TS dynamo proposed by Eggenberger et al.
(2022). Sect. 2 describes the models and physical ingredients,
while Sect. 3 discusses the calibration of the dynamo. Results
are presented in Sects. 4 and 5, and conclusions are summarized
in Sect. 6.
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Table 1. Main characteristics of the models computed in this work.

Model label M [Fe/H] Z Vini Magnetic  Ctr  Nymax

[Mo] [kms™'] [cm™]
M1.0z2.5_v00 1.0 -25 43x107° 0 NO 0 3.0el4
M1.6z2.5_v30 1.0 -25 43x107 30 NO 0 8.lel3
M1.0z2.5_v30_CT1 1.0 -25 43x107° 30 YES 1 55el4
M1.0z2.5_v30_CT50 1.0 -2.5 43x107° 30 YES 50 8.5el4
M1.0z2.5_v30_CT216 1.0 -25 43x107° 30 YES 216 3.6el4
M1.0z2.5_v90_CT50 1.0 -25 43x107° 90 YES 50 2.2el4
M1.0z2.5_v90_CT216 1.0 -25 43x107° 90 YES 216 3.4eld
M1.0z1.7_vO® 1.0 -17 27x107* 0 NO 0 2914
M1.0z1.7_v30 1.0 -17 27x10™ 30 NO 0 2.lel4
M1.0z1.7_v90_CT50 1.0 -17  27x10™ 90 YES 50 1.7el4
M1.0z1.7_v90_CT216 1.0 -17 27x10™* 90 YES 216 2.5¢l4
M1.5z1.7_vO® 1.5 -17 27x10™* 0 NO 0 3.3el4
M1.5z1.7_v90_CT50 1.5 -17 27x10™* 90 YES 50  6.2¢14
M1.5z1.7_v90_CT216 1.5 -1.7  27x10™ 90 YES 216 7.2el4

Notes. Indicated are the model label, initial mass (M,;), [Fe/H] ratio, initial metallicity by mass fraction (Z), initial velocity at the zero-age main
sequence, presence of magnetic fields (via the generalized TS dynamo; see Sect. 2.1), the Cr constant, and the maximum neutron density reached

during the PIE.

2. Physical inputs of the models

The stellar models were computed with the STAREVOL code
(Siess et al. 2000; Siess 2006; Goriely & Siess 2018, and refer-
ences therein). As a first step, 1.1 M solar-metallicity models
were computed to calibrate rotational mixing efficiency (Sect. 3).
Then, 1 and 1.5 My models at [Fe/H]=-2.5 and —1.7, with
0 < vipi < 90kms™! and varying strengths of magnetic mix-
ing (controlled by the constant Ct; see Eq. (8) in Sect. 2.2
and Table 1) were computed. The solar(-scaled) composition
was taken from Asplund et al. (2009). Mass loss was treated
using the prescription from Schroder & Cuntz (2007) up to the
AGB phase and from Vassiliadis & Wood (1993) thereafter. As
in previous studies, opacity variations due to molecular forma-
tion were included once the star became carbon-rich (Marigo
2002). A mixing-length parameter of 1.75 was adopted. Nuclear
burning was followed with a 411-isotope network (from 'H to
211Po) up to the onset of a PIE, at which point we switched
to an i-process network of 1160 isotopes (from 'H to 233Cf)
coupled with transport equations. Convective overshooting was
included from the AGB phase onwards, at the top of thermal
pulses (Sect. 2.4). For additional details on the physical inputs,
especially the nuclear reaction networks and reaction rates, we
refer to Choplin et al. (2021, 2022a) and Goriely et al. (2021).

Proton ingestion events generally occur during the first ther-
mal pulses, dredging metals to the AGB surface and thereby
increasing opacity and mass loss (e.g. Sect. 3.3 in Choplin et al.
2022a). For the low initial masses considered here (1-1.5 M),
this results in rapid envelope loss, premature termination of the
thermal pulse AGB phase, and suppression of s-process nucle-
osynthesis, which is thus not addressed in this study.

2.1. Transport of angular momentum

Angular momentum transport is solved simultaneously with stel-

lar structure equations. The equation for AM transport is purely
diffusive and can be written as

or’Q 0 2 0Q

= — |(47r°p) Dang " — |,

o om, (477°0) Dang 6m]

ey

with
Dang = Dconv + Dover + Dihear + Dmag’ 2

where D, 1s the diffusion coefficient due to convection
(derived from the mixing-length theory), Doy the overshoot
coeflicient (see Sect. 2.4), and Dyge,r the secular shear coefficient
from Maeder (1997), which can be expressed as (Meynet et al.
2013)

Dypear =

H K 97 _dInQ\’
I

96 (Vo — V) + £V, (32 " dInr

with H,, being the pressure scale height, K the thermal diffusiv-

. _ dlnp _ (9dlnp
ity, 6 = —(MHT)P#, ¢ = (3lnu)p,T’ V, Va4, and V,, the temper-

ature, adiabatic, and mean molecular weight gradients, respec-
tively. The Dy, coeflicient in Eq. (2) denotes the viscosity asso-

ciated with AM transport by the Tayler instability described in
Sect. 2.3.

2.2. Transport of chemicals

The abundance X; of a nucleus i is followed by solving the dif-
fusive and nuclear burning reaction equation

oX; ox;|  ox;

0
== 477°0)% Depem — | + —| . 4
ot amr ( r P) chem 6m,} ot e ( )
where
Dchem = Dconv + Dover + Dshear + Deff, (5)

with D¢onvs Dover, and Dgpear as in Sect. 2.1 and Deg the effective
mixing coefficient from Chaboyer & Zahn (1992),

_ 1 rU 7
30 D,
where U(r) is the amplitude of the radial component of the

meridional velocity (Maeder & Zahn 1998) and Dy, the horizon-
tal (i.e. on an isobaric surface) shear diffusion coefficient from

Deff

(6)
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Fig. 2. Surface (dashed lines, ) and core (solid lines, €.) rotation
rates as a function of surface gravity for 1.1 M., solar-metallicity mod-
els with vy, = Skms™'. Models are computed without (black) and
with the Tayler instability, using n = 1 and various values of the cal-
ibration constant Ct (green, red, and blue). The thick blue lines show
the surface and core rotation of the 1.1 M, solar-metallicity model
from Eggenberger et al. (2022) (E22) computed with GENEC (n = 1,
Cr = 216). Large black-filled (open) symbols indicate observed surface
(core) rotation rates of sub-giant stars (Deheuvels et al. 2014), while the
smaller black dots show core rotation rates of RGB stars (Gehan et al.
2018).

Zahn (1992). The D, coefficient can be expressed as

1
Dy = —r2V —-aU(r)|, @)
Ch
. _ 1d1n(r2f2) _ A .
with @ = =5 and ¢, = 1, Q being the average value of Q

on an isobar and V the horizontal component of the meridional
circulation.

The first and second terms on the right-hand side of Eq. (4)
account for the changes resulting from diffusive transport and
nuclear burning, respectively. During a PIE, the convective and
nuclear burning timescales become similar (about 1 h), requiring
nucleosynthesis and transport of chemical species to be solved
simultaneously (cf. Sect. 2.1 in Choplin et al. 2022a). Unlike
AM, no magnetic term is included for the transport of chemi-
cals (Eq. 5) because the chemical mixing caused by the Tayler
instability is likely negligible (Fuller et al. 2019).

2.3. Asteroseismic-calibrated version of the Tayler-Spruit
dynamo

Following Eggenberger et al. (2022), the Dp,g coeflicient in
Eq. (2) can be written as

T lea) (%)
Dma =—|C s (8)
¢ q T4 N eff N, e
with g = |% the shear parameter, Ng the effective Brunt-
Viisild frequency given by

n
N = ?N% +N,, ©)

where Ny and N, denote the thermal and chemical composi-
tion components of the Brunt—Viisili frequency, and 7 the mag-
netic diffusivity. The Ct quantity is a dimensionless calibration

A44, page 4 of 9

parameter accounting for uncertainties in the damping timescale
of the azimuthal magnetic field. The n parameter distinguishes
between different prescriptions: the original TS dynamo cor-
responds ton = 1, Cr = 1, while n = 3, Ct = 1 recov-
ers the prescription of Fuller et al. (2019). The asteroseismic
calibration of Eggenberger et al. (2022) instead adopts n = 1
and Cy = 216 and reproduces the core rotation rates of red
giants (thick solid blue line in Fig. 2). We implemented the gen-
eral TS formalism of Eggenberger et al. (2022) in STAREVOL,
using different versions that vary the Ct value (see Sect. 3). The
dynamo operates only when the shear parameter g exceeds a crit-
ical threshold value g, required for the magnetic instability to
develop. This minimum threshold can be expressed as (Eq. 12 in
Eggenberger et al. 2022):

Gmint = C7! (@)WM (L)”/ !
- Q rQ)

2.4. Convective overshooting

(10)

The prescription of Goriely & Siess (2018) was used for con-
vective overshooting. The overshoot diffusion coefficient, Dgyer,
follows the expression

Dab )(l—z/z*)”

min

Doyer(z) = Diin X ( (11)

where z° = fover Hp In(Dgy,)/2 is the distance over which mix-
ing occurs, Dp, is the value of the diffusion coefficient at the
boundary z = z*, and p and foy. are free parameters. Below
Diin, it was assumed that Doy = 0. Choplin et al. (2024b)
have extensively studied the impact of these overshoot param-
eters on the development of PIE and i-process nucleosynthe-
sis in AGB stars. It was shown that convective overshooting at
the top of the thermal pulse can trigger PIEs in higher-mass,
higher-metallicity AGB stars. Here we considered convective
overshooting at the top of the thermal pulse only and adopted
Fover = 0.04, Dyin = 1cm?s™! and p = 1 in all models (these are
the standard values used in Choplin et al. 2024b).

3. Asteroseismic-calibrated version of the
Tayler-Spruit dynamo

To calibrate the modified TS dynamo of Eggenberger et al.
(2022), we computed 1.1 My solar-metallicity models (Z =
0.0134) with STAREVOL, adopting vi; = Skms™' (as in
Eggenberger et al. 2022) and testing Ctr = 0 (no AM trans-
port by magnetic fields), 1 (original TS dynamo), 50, and 216.
The surface rotation of all models (dashed black line in Fig. 2)
agrees with the observed sub-giant velocities of Deheuvels et al.
(2014, filled black symbols) and follows a similar evolution to
the Eggenberger et al. (2022) reference model, computed with
the GENEC stellar evolution code (dashed blue line).

The core rotation rates of sub-giants and giants inferred from
asteroseismology are reproduced only by our magnetic mod-
els with Ct = 50 (red line) and, to a lesser extent, Ct = 216
(thin solid blue line). From logg =~ 3.75, our Ct = 216 model
rotates about twice as slowly as the Eggenberger et al. (2022)
model (thick solid blue line), whereas the Ct = 50 case recovers
their reference track. These discrepancies likely stem from dif-
ferences in the input physics between GENEC and STAREVOL
(e.g. advective vs diffusive treatment of AM transport), whose
detailed origin is beyond the scope of this work. Overall, this
calibration step confirms that STAREVOL models can reproduce
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the observed core rotation rates of giants when adopting the gen-
eralized TS formalism.

In the following, we examine low-metallicity 1 and 1.5 Mg
models (Table 1) with Ct = 0 (non-magnetic), 1, 50, and
216. Current asteroseismic constraints do not indicate any
significant dependence of Ct on stellar mass (e.g. Fig. 3
of Eggenberger et al. 2022), and the available observations at
nearly solar metallicity reveal no clear trend with metallicity.
Howeyver, since no constraints exist at the low metallicities rele-
vant for this work, exploring different values of Ct remains jus-
tified.

4. Rotational mixing and proton ingestion events

In magnetic models (Ct > 0), core-envelope coupling transfers
AM outwards, causing the core rotation rate to steadily decrease
rather than rise, as in non-magnetic rotating models. Figure 3
shows the angular velocity profiles of 1.0 Mg, [Fe/H]=-2.5
models with v;,; = 30kms™" at the beginning of the red giant
branch (RGB) for different values of Ct. The non-magnetic
case (black) exhibits strong core-envelope differential rotation
(~5dex), while in magnetic models the coupling strengthens
with increasing Cr, leading to progressively slower core rotation
rates.

At fixed initial mass and metallicity, our models show com-
parable evolution through the main-sequence, RGB, and AGB
phases, with similar thermal pulse properties and envelope
masses, independently of the values of Ct and vjy;. For exam-
ple, in our seven [Fe/H] = —2.5 models, PIEs occur under nearly
identical conditions and lead to similar i-process nucleosynthe-
sis, except in the non-magnetic rotating case (M1.0z2.5_v30;
see Sect. 5.2.1).

Importantly, we find that rotational mixing is too weak in
all our rotating models to trigger the occurrence of PIEs on its
own. As an example, we considered the M1.0z1.7_v90_CT216
model during the first thermal pulse and switched off overshoot-
ing, leading to no PIE occurring'. At the pulse maximum extent,
the distance between the top of the convective pulse and the
first H-rich layer (X > 1073) is r = 0.032R,. With a pulse
duration of 7 ~ 400 yr, the diffusion coefficient needed to con-
nect the H-rich layers to the convective zone is D ~ r?/t ~
4 x 103 cm?s! — several orders of magnitude higher than the
typical Dghe,r in magnetic rotating models (Fig. 4, middle and
right panels). Non-magnetic models are also far from these val-
ues, especially in the zone of interest, i.e. below the H-rich lay-
ers (left panel). This demonstrates that rotation-induced mix-
ing during the AGB phase is insufficient to trigger PIEs by
itself.

5. Impact of rotation on i-process nucleosynthesis
and Fluorine synthesis

5.1. The dilution procedure

To estimate the surface abundances resulting from i-process
nucleosynthesis in our 1 Mg, [Fe/H]=-2.5 AGB models, we
adopted the dilution procedure described in Martinet et al.
(2024, Sect. 3.1). During a PIE, heavy-element nucleosyn-
thesis occurs prior to the splitting of the convective pulse
(Choplin et al. 2022a, 2024b). Since the post-split evolution

' Without additional mixing processes (e.g. overshoot), PIEs are
expected in AGB models with M;, < 2.5 M,; and [Fe/H] < -2 (Fig. 12
in Choplin et al. 2024b).

106 - — M1.0z2.5_v30
—— M1.0z2.5_v30_CT1
—— M1.0z2.5_v30_CT50
105 - —— M1.0z2.5_v30_CT216
N
T 10%+
=
N
~
C 103+

102+ \

0.0 0.2

0.4 0.6 0.8 1.0

M: [Mo]

Fig. 3. Angular velocity profiles for rotating 1.0 M, [Fe/H]=-2.5
models for various values of Cr. The structure corresponds to the
moment when the convective envelope reaches its deepest extent dur-
ing the first dredge-up.

(including mixing with the convective envelope) does not sub-
stantially alter these abundances, a computationally efficient
approach was employed: the mean abundances of each element
in the upper part of the convective pulse, just after the split,
were diluted into the convective envelope using a fixed dilu-
tion factor calibrated on a full non-rotating 1 M, [Fe/H] =-2.5
AGB model. Because the effect of rotation on the structure is
small (Sect. 4), this calibration can be safely used in our rotating
models — except for the M1.0z2.5_v30 model, however, which
behaves differently during the PIE (Sect. 5.2.1). This method
yields accurate approximations of the final surface abundances
without the need to evolve the model through the complete enve-
lope mixing phase. For more details on the implementation and
accuracy of this method, we refer to Sect. 3.1 of Martinet et al.
(2024).

5.2. The [Fe/H]=—2.5 models

During the PIE, our [Fe/H]=-2.5 models reach peak neu-
tron densities in the range 8.1 X 10 < Ny < 8.5 X
10'* cm™ (Table 1). Despite this variation, all models — except
M1.0z2.5_v30 (see Sect. 5.2.1) — undergo very similar i-
process nucleosynthesis (Fig. 5).

The i-process converts mostly Fe — whose mass fraction
drops from 4 x 10~ before the PIE to ~10~7 after in the con-
vective pulse — into heavier elements. Most trans-iron elements
increase by 3—4 dex (Fig. 5), with significant production of Sr
(Z =38),Zr (Z = 40), Sn (Z = 50), Xe (Z = 54), Cs (Z = 59),
Ba (Z = 56), and Pb (Z = 82). The processed material is subse-
quently diluted into the convective envelope, enriching the AGB
surface; the final [X/Fe] ratios are shown in Fig. 6 (top panel). In
most models, actinide production (especially Th and U) remains
low because convective overshooting, included in all our mod-
els, was shown to slightly weaken the i-process, limiting the
synthesis of actinides (Choplin et al. 2024b). An exception is
the M1.0z2.5_v30_CT50 model, which reaches the highest neu-
tron density (8.5 X 10" cm™3) and produces [Th/Fe] =0.61 and
[U/Fe] = 1.44 (Fig. 6, top panel).
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5.2.1. The poisoning effect of primary 2>Ne on i-process
nucleosynthesis

Although its peak neutron density is comparable to that of other
[Fe/H] = —2.5 models (Table 1), the M1.0z2.5_v30 model expe-
riences only a very weak i-process during the PIE, which occurs
during the very first TP. As a result, it exclusively produces ele-
ments with Z < 40, resembling a convective s-process nucle-
osynthesis (magenta pattern in the left panel of Fig. 5). The
reason for this is discussed below.

After the main-sequence and RGB phases, our models
undergo helium flash, which ignites off-centre at M, ~ 0.2 M,
due to neutrino losses. A large convective zone (M,
0.2-0.5 M,,) forms, producing significant amounts of '>C from
4He. Once this convective zone recedes, He burning continues
in the core, leaving a '2C-rich radiative layer beneath the H-
burning shell. In the M1.0z2.5_v30 model, rotational mixing
mixes '2C into the H-burning shell, boosting the CNO cycle and
generating primary? '“N and '*C. During the subsequent evolu-
tion, when the He-burning shell moves through '*N-rich layers,
22Ne is massively produced by "“N(a,y)'8F(8+)'30(a, y)**Ne.
Just before the first thermal pulse (where a PIE occurs), the 22Ne

~

2 Synthesized from the initial H and He contents, as opposed to sec-
ondary production from the initial metal (elements heavier than He)
content.
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mass fraction peaks at 1.7 x 1072 in M1.0z2.5_v30, compared
with <5 x 107 in other [Fe/H] = —2.5 models. During the PIE,
22Ne(n,y) reaction has among the strongest fluxes and acts as
a severe poison. It results in a weak i-process that synthesizes
mainly elements with Z < 40 (Figs. 5 and 6). Consequently,
the final surface Ne abundance is high in this model (Fig. 6, top
panel).

The 2*Ne(n,y) reaction competes with 2’Ne(p,y), for
which we adopted the rate of Longland et al. (2010). Recently,
Lennarz et al. (2020) derived a new experimental rate for the
latter reaction, which is higher by a factor of ~3 compared to
Longland et al. (2010) at He-burning temperatures. As a test, we
recomputed the M1.0z2.5_v30 model during the PIE using the
22Ne(p, y) rate increased by a factor of three. We find that such
an enhancement leads to an overproduction by a factor of ~2-3
of elements with 30 < Z < 40 in the thermal pulse after the
PIE.

In the non-rotating [Fe/H] = —2.5 model, no additional >*Ne
is produced because mixing is absent. In magnetic rotat-
ing models, the TS dynamo flattens the angular velocity
profile (Fig. 3), which greatly suppresses shear mixing—the
main driver of chemical transport in non-magnetic rotating
models—since it depends on the gradient of Q (Eq. 3). Conse-
quently, final surface Ne (Z = 10) abundances remain much
lower in both non-rotating and magnetic models (Fig. 6, top
panel).
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Fig. 6. Final surface [X/Fe] ratios after the PIE for our [Fe/H] = —2.5 (top) and [Fe/H] = —1.7 (bottom) models.

5.2.2. Fluorine and Sodium synthesis during the PIE of the
M1.0z2.5_v30 model

The M1.0z2.5_v30 model undergoes a weak i-process
(Sect. 5.2.1) but is the only model that produces significant
Fluorine ([F/Fe] =~ 2.5, Fig. 6). The '°F isotope originates from
primary '“N synthesized prior to the AGB phase (Sect. 5.2.1)
through four roughly equally important reaction chains:

- "N(e,7)'*F(n,@)""N(a,»)°F,

— “N(a,»)"*F(B1)'*0(p, @) "°*N(e, ) °F,

- "*N(@.y)!*F(n. p)"*O(p. a)'N(a. )R,

- "“N(a, )"*F(B")'*0(n, )" 0B F.
Because of the high neutron density, the reaction '°F(n, y)?°F is
also efficient, causing partial destruction of '°F. However, the net
outcome remains a substantial production of '°F.

Sodium is also efficiently produced in this model
([Na/Fe]~1.5, Fig. 6) through the reaction chain
22Ne(n, y)**Ne(87)**Na, with most of the ?’Ne originating
from the primary '*N synthesized earlier (Sect. 5.2.1). Thus,
substantial F, Ne, and Na production during PIEs requires prior
synthesis of primary “N. This occurs only in our rotating,
non-magnetic model, which is disfavoured by asteroseismic

constraints (Fig. 2), even though no asteroseismic observations
exist at such low metallicities.

5.3. The [Fe/H]=—1.7 models

As for the [Fe/H] =-2.5 models, including rotation and mag-
netic fields in the [Fe/H] = —1.7 models results in evolution and
nucleosynthesis (Figs. 6 and 7) nearly identical to the non-
rotating cases. Overall surface enrichment is lower in the 1.5 M
models than in the 1My models, because the PIE products
are diluted into a more massive convective envelope (~0.2 vs
~0.7 My, respectively).

The rotating non-magnetic M1.0z1.7_v30 model undergoes
a weaker i-process nucleosynthesis (bottom panel of Fig. 6, and
left panel of Fig. 7) for the same reasons as the M1.0z2.5_v30
model (Sect. 5.2.1). However, compared to the M1.0z2.5_v30
model (Fig. 6), a larger amount of heavy elements is produced
because the PIE develops during the third rather than the first
thermal pulse, as in the lower metallicity model. Although the
22Ne abundance during the PIE is similar in both cases, most of
the primary '“N is consumed in the two preceding TPs, thereby

A44, page 7 of 9
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reducing its poisoning effect and allowing for more efficient syn-
thesis of heavy elements.

Another difference is that, unlike the M1.0z2.5_v30
model, no fluorine enhancement is noticed at the surface
of the M1.0z1.7_v30 model (Fig. 6, bottom panel). Owing
to the large amount of primary '*N synthesized prior to
the AGB phase, '°F is efficiently produced during the first
two TPs (where no PIE occurs) through the reaction chain
UN(a, ) 8F(BH)'30(p, @)°N(«, ¥)'°F with protons supplied by
N(n, p)"*C. At this stage, the neutron flux is too low to sig-
nificantly destroy '°F via the '"F(n,y)*°F channel. But the '°F
synthesized during these first two TPs does not reach the stellar
surface because the third dredge-ups are not deep enough. Dur-
ing the subsequent third TP, when the PIE takes place, the pro-
duction of '°F becomes inefficient because only a small amount
of N remains. Instead, the destruction channel '"F(n, 7)20F
strongly dominates, ultimately leading to the nearly complete
depletion of '°F. Hence, efficient fluorine production requires not
only prior synthesis of primary '“N but also that the PIE occurs
during the very first TP.

6. Conclusions

In this study, we explored the effect of rotation on i-process
nucleosynthesis in AGB stars. To incorporate constraints from
asteroseismic observations, we implemented in STAREVOL a
modified version of the TS dynamo, as recently proposed by
Eggenberger et al. (2022), designed to reconcile rotating models
with observational data available for red giant stars. We com-
puted both classical rotating models (without the dynamo) and
magnetic rotating models (with the dynamo).

We found that i-process nucleosynthesis is strongly sup-
pressed in rotating AGB models that employ the classical
treatment of AM transport based purely on hydrodynamical
processes and no magnetic fields (Zahn 1992). This is due to the
production of primary N prior to the AGB phase, which is sub-
sequently converted into 2’Ne that acts as a strong neutron poi-
son during the PIE via the 22Ne(n, ) reaction. As a result, only
elements with Z < 40 are synthesized, and their enhancement
is modest ([X/Fe] < 1 dex). In addition, rotational mixing alone
can lead to significant production of fluorine and sodium during
the PIE through four reaction chains originating from '*N. How-
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ever, efficient fluorine synthesis occurs only if the PIE develops
during the very first thermal pulse.

In contrast, in rotating magnetic models, strong core-
envelope coupling suppresses shear mixing, preventing produc-
tion of primary '“N and the associated excess of ??Ne. Con-
sequently, i-process nucleosynthesis in these models closely
mirrors those of non-rotating stars. This behaviour is largely
independent of the rotation rate or the strength of the TS dynamo
(parametrized by Ct) and is consistent across different metallic-
ities ([Fe/H] = —2.5 and —1.7) and initial masses (1 and 1.5 M).
Although overshooting is crucial for initiating PIEs (especially
at higher masses and metallicities Choplin et al. 2024b), we find
that rotational mixing during the AGB phase is too weak to affect
their occurrence.

Internal magnetic fields generated by the TS dynamo can
help reconcile models with asteroseismic observations, but
they cannot fully explain the missing AM transport in stars
by adopting a single value for the calibration parameter. The
internal rotation profiles of, for example, y Doradus stars
(Moyano et al. 2024) and white dwarfs (den Hartogh et al. 2020)
have indeed been shown to be consistent with magnetic mod-
els that use a lower value of the TS dynamo calibration param-
eter than that needed to reproduce the core rotation rates of
red giants. Additional processes — such as internal gravity
waves (Pingon et al. 2017), mixed modes (Belkacem et al. 2015;
Bordadagua et al. 2025), or azimuthal magneto-rotational insta-
bility (Moyano et al. 2023b; Meduri et al. 2024) — could also
play a role in the internal transport of AM. These mechanisms
could also affect AGB nucleosynthesis and should be investi-
gated in future studies.
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