A&A, 704, Ad5 (2025)
https://doi.org/10.1051/0004-6361/202557691
© The Authors 2025

tronomy
Astrophysics

Fluorine evolution in the Galactic halo

V. Grisoni!">*®, F. Rizzuti>*1®, and G. Cescutti>-!->-*

' INAF, Osservatorio Astronomico di Trieste, via G.B. Tiepolo 11, 34131 Trieste, Italy

2 IFPU, Institute for Fundamental Physics of the Universe, Via Beirut 2, 34151 Trieste, Italy

3 Heidelberger Institut fiir Theoretische Studien, Schloss-Wolfsbrunnenweg 35, 69118 Heidelberg, Germany

4 INFN, Sezione di Trieste, via Valerio 2, 34134 Trieste, Italy

3 Dipartimento di Fisica, Sezione di Astronomia, Universita di Trieste, Via G. B. Tiepolo 11, 34143 Trieste, Italy

Received 14 October 2025 / Accepted 30 October 2025

ABSTRACT

Context. The chemical evolution of fluorine is still a matter of debate in Galactic archaeology, especially at low metallicities, where it
is particularly challenging to obtain the corresponding chemical abundances from observations.

Aims. We present here the first detailed theoretical study of the chemical evolution of fluorine at low metallicities using a stochastic
chemical evolution model for the Galactic halo, in light of the most recent data for fluorine, which include observations at lower metal-
licities down to [Fe/H]~ —4 dex, more than a factor of 10 lower than previous detections.

Methods. We employed a state-of-the-art stochastic chemical evolution model to follow the evolution in the Galactic halo, which has
been shown to reproduce the main observables in this Galactic component and the abundance patterns of CNO and neutron-capture
elements, and we implemented nucleosynthesis prescriptions for fluorine, focusing on the chemical evolution of this element.
Results. By comparing recent observations with model predictions, we confirm the importance of rotating massive stars at low metal-
licities to explain both the [F/Fe] versus [Fe/H] and [F/O] versus [O/H] diagrams. In particular, we show that we can reach a high [F/Fe]
of ~2 dex at an [Fe/H] of approximately —4 dex, in agreement with recent observations at the lowest metallicities.

Conclusions. With a stochastic chemical evolution model for the Galactic halo, we confirm the importance of rotating massive stars
as fluorine producers, as suggested in previous studies that used chemical evolution models for the Galactic disc. We also expect an
important production of F at high redshifts, in agreement with recent detections of super-solar N by JWST. Further data for fluorine
at low metallicities, and also at high redshifts, are needed to put further constraints on the chemical evolution of fluorine and for

comparison with our theoretical predictions.
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1. Introduction

The origin and evolution of fluorine is still a matter of debate
in the field of Galactic archaeology (see e.g. Ryde 2020), espe-
cially in the early stages of chemical enrichment in the Universe
(Ryde & Harper 2021). Fluorine is very fragile and has only
one stable isotope, I9F. In the literature, several stellar sites have
been proposed for the production of fluorine: (i) thermal pulses
in asymptotic giant branch (AGB) stars (Forestini et al. 1992;
Jorissen et al. 1992; Straniero et al. 2006; Abia et al. 2011;
Gallino et al. 2010; Karakas 2010; Cristallo et al. 2014), (ii)
Wolf-Rayet (WR) stars (Meynet & Arnould 2000), (iii) rotating
massive stars (Limongi & Chieffi 2018; Prantzos et al. 2018),
(iv) the neutrino-process in core-collapse supernovae (CCSNe;
Woosley & Haxton 1988; Kobayashi et al. 2011a), and (v) novae
(José & Hernanz 1998).

In the literature, Galactic chemical evolution (GCE) mod-
els have been widely used to study the evolution of fluorine in
the Milky Way and the role of the different fluorine produc-
ers (Timmes et al. 1995; Meynet & Arnould 2000; Renda et al.
2004; Kobayashi et al. 2011b; Prantzos et al. 2018; Spitoni et al.
2018; Olive & Vangioni 2019; Grisoni et al. 2020; Womack et al.
2023). Timmes et al. (1995) showed that, in principle, the v-
process could provide a possible explanation for the origin of
fluorine, even if their yields of fluorine from CCSNe, including
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the v-process, were not enough to reproduce the observational
data. Meynet & Arnould (2000) suggested that WR stars can
contribute significantly to the solar abundance of fluorine. Then,
Renda et al. (2004) demonstrated quantitatively the impact of flu-
orine nucleosynthesis in WR and AGB stars, and the importance
of the inclusion of these two fluorine production sites. However,
the contribution of WR stars to the chemical evolution of fluorine
was questioned in Palacios et al. (2005). Kobayashi et al. (2011b)
found that the contribution of AGB stars to the chemical evolu-
tion of fluorine could only be seen at [Fe/H]>—1.5 dex, and it was
not enough to reproduce the observations at [Fe/H] ~ O alone,
so other fluorine sources were needed. In particular, Kobayashi
et al. (2011a) showed that the v-process of CCSNe and AGB stars
combined together can contribute significantly to the production
of fluorine: the main impact of the v-process in the [F/O] versus
[O/H] plot is represented by the presence of a plateau, followed
by rapid increase due to AGB stars (see also Olive & Vangioni
2019). Moreover, novae have also been included in chemical evo-
lution models that follow the evolution of fluorine; in particular,
Spitoni et al. (2018) showed that novae can help better explain
the observed secondary behaviour of fluorine in the [F/O] ver-
sus [O/H] diagram, even if their yields are very uncertain. Then,
Prantzos et al. (2018) used the yields from rotating massive
stars by Limongi & Chieffi (2018) in a GCE model, and they
showed that this process can dominate fluorine production up to
solar metallicities. Grisoni et al. (2020) focused on the chemical
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evolution of fluorine in the Galactic thick and thin discs in par-
ticular, and concluded that rotating massive stars are indeed
important producers of F below [Fe/H]=-0.5 dex, although
confirmation of its contribution for [Fe/H]<—1 required the
extensive study of the Galactic halo that we present here. How-
ever, in order to reproduce the F abundance increase in the discs
at late times, a contribution from lower-mass stars, such as sin-
gle AGB stars and/or novae, is required. Later, Womack et al.
(2023) also confirmed the importance of rotating massive stars
in the chemical evolution of fluorine in the Milky Way, inves-
tigating the metallicity range —2<[Fe/H]<0.4. A detailed GCE
study of fluorine in the metal-poor regime is still needed, as
pointed out by Tsiatsiou et al. (2025), who present new results
for the synthesis of F in massive stars with and without rota-
tion, and state that GCE models that take the inhomogeneity
of the interstellar medium (ISM) into consideration are needed
to follow fluorine evolution in the Galactic halo. In particu-
lar, a detailed stochastic chemical evolution model, as presented
in Rizzuti et al. (2025a), can also be applied to the study
of the chemical evolution of fluorine in the Galactic halo in
light of the most recent observational data, as we will show
here.

In recent years, a great deal of work has been done on
the chemical evolution of fluorine in the Galaxy with observa-
tional data (Abia et al. 2011, 2015, 2019; Recio-Blanco et al.
2012; de Laverny & Recio-Blanco 2013b,a; Jonsson et al. 2014;
Pilachowski & Pace 2015; Guerco et al. 2019a,b; Ryde et al.
2020; Nandakumar et al. 2023; Brady et al. 2024; Bijavara
Seshashayana et al. 2024a,b). Fluorine has been studied in open
and globular clusters (Cunha et al. 2003; Cunha & Smith 2005;
Smith et al. 2005; Yong et al. 2008; de Laverny & Recio-
Blanco 2013b,a; Nault & Pilachowski 2013; Maiorca et al. 2014;
Guergo et al. 2019b; Bijavara Seshashayana et al. 2024a,b). There
have been studies of different Galactic components, such as the
Galactic thick and thin discs (Guerco et al. 2019a; Ryde et al.
2020; Brady et al. 2024), the bulge (Jonsson et al. 2014), and
the Galactic nuclear star cluster (Guergo et al. 2022). Recently,
Nandakumar et al. (2023) studied in detail the evolution of fluo-
rine at high metallicities (namely, —0.9 <[Fe/H] <0.25 dex) and
recommended a set of vibrational-rotational HF lines to be used
in the abundance analysis. However, the evolution of fluorine at
low metallicities (e.g. [Fe/H] < —1.5 dex) poses a particular chal-
lenge due to the significant contamination from telluric lines and
the blending of HF lines with CO features (Lucatello et al. 2011).
Despite these difficulties, there are some measurements of fluo-
rine abundances at low metallicities ([Fe/H] < —1.5 dex), such
as in the works of Lucatello et al. (2011), Li et al. (2013), Abia
et al. (2015), and Mura-Guzman et al. (2020, 2025). In particular,
the very recent work of Mura-Guzman et al. (2025) presents F
abundances and upper limits for seven stars, extending the lower
metallicity limit for fluorine determination to [Fe/H]=—3.87 dex,
which is more than a factor of 10 lower than previous detections.
Finally, we note that fluorine has also been investigated at high
redshifts. In particular, Franco et al. (2021) were able to estimate
the abundance of fluorine in a gravitationally lensed galaxy at a
redshift of z = 4.4, concluding that WR stars could be responsi-
ble for the observed fluorine abundance enhancement; this can
also give important information about the origin of fluorine in
the early Universe.

The aim of this paper is to model the evolution of fluorine
in the Galactic halo using a stochastic chemical evolution model,
as recently presented by Rizzuti et al. (2025a), and in light of
the most recent data for fluorine at low metallicities (e.g. Mura-
Guzman et al. 2025).
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Table 1. Observational data used in this work: in the first column we
report the source, in the second column the abundances used.

Source Abundances
Mura-Guzman et al. (2025) F, Fe
Abia et al. (2015) F, Fe
Lucatello et al. (2011) F, Fe, O

2. Observational data

In this work, we made use of recent data for fluorine in metal-
poor regimes, complemented by data from the literature. In
particular, we considered the recent work of Mura-Guzman et al.
(2025), who present F abundances and upper limits in seven
carbon-enhanced metal-poor (CEMP) stars observed with the
Immersion Grating Infrared Spectrometer (IGRINS; Yuk et al.
2010; Park et al. 2014; Mace et al. 2018), at the Gemini-South
telescope. To complement this recent dataset, we also consid-
ered other results in the literature, for example F abundances
and upper limits from Lucatello et al. (2011), who presented
results for a sample of 11 metal-poor red giants. Their chemi-
cal abundances were obtained from an analysis of spectra from
the CRyogenic high-resolution cross-dispersed InfraRed Echelle
Spectrograph (CRIRES; Kaeufl et al. 2004) at the ESO Very
Large Telescope (VLT). These stars are in the metallicity range
—3.4<[Fe/H]<—1.3; fluorine measurements are available for two
of them, and upper limits are available for the rest. We also
considered Carina data from Abia et al. (2015); despite being
observations of the Carina dwarf spheroidal (dSph) galaxy, they
can give hints about the evolution of fluorine at low metallicities.
All the observational data used in this work are summarized in
Table 1.

3. Chemical evolution model

To follow the chemical evolution of fluorine in the Galactic halo,
we adopted the stochastic chemical evolution code GEMS from
Rizzuti et al. (2025a), where a detailed description of the model
and the choice of parameters can be found.

3.1. The model

Rizzuti et al. (2025a) present a new version of the stochastic
model first presented in Cescutti & Chiappini (2010), which
was based on the original model of Cescutti (2008) and the
homogeneous model of Chiappini et al. (2008). The GEMS code
was specifically used to reproduce the chemical evolution of the
Galactic halo; therefore, it runs for 1 Gyr after the formation
of the Galaxy. To reproduce inhomogeneities in the chemical
composition, stochasticity is introduced by dividing the simu-
lation domain into various sub-volumes, each having the typical
volume covered by a type II supernova (SN) explosion, and all
are considered to be independent. In this study we considered a
high number of volumes (1000, much higher than e.g. Cescutti
2008, where 100 volumes were considered); this was due to the
parallelized computing of the GEMS code, which permitted an
increase in the number of volumes. Further increasing the num-
ber of volumes would increase the coverage of rare events, but
the high-probability areas predicted by the model would remain
the same, and thus the results would remain robust.

Only one infall episode was assumed for the Galactic
halo, accreting gas of primordial composition with a Gaussian
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distribution (see e.g. Chiappini et al. 2008):

TpA _n?
e x

G(t)inf =
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where to is 100 Myr, 7 is 50 Myr, the normalization is given
by %,=80 M, pc‘z, and A is the surface of each cell, so that
¥,A=3.2 x 10° M. The initial mass function (IMF) we used is
from Scalo (1986), as in Rizzuti et al. (2025a). In Rizzuti et al.
(2025a), they also tested the IMF from Kroupa (2001), which
is more top-heavy than that from Scalo (1986); they show the
results in their appendix (their Figs. C.1 and C.2), where the
impact of the different IMF is shown to not be significant. The
star formation rate (SFR) in units of My Gyr~! was defined as:

G has(t)\}
W) = vz;,A(ng)) ,

where v is 1.4 Gyr‘l, k is 1.5, and Ggq,(t) is the amount of gas
within a volume of 1 My, Finally, a Galactic wind that takes gas
out of each cell was considered, with a rate proportional to star
formation:

G()our = WY(1),

with a constant w set to 8 for all chemical species (Chiappini
et al. 2008). The evolution proceeds as follows. At each time
step, in each cell a certain mass of gas according to the SFR
is converted into stars, randomly extracted with a mass between
0.1 and 100 Mg,. Thus, each cell has the same amount of stars in
terms of mass, but with a different distribution. After stars are
born, their evolution is followed until they die, considering the
stellar lifetimes from Maeder & Meynet (1989). Further details
on the model prescriptions, and an exhaustive description of the
model, are given in Rizzuti et al. (2025a).

3.2. Nucleosynthesis prescriptions

The nucleosynthesis prescriptions and the implementation of the
yields in the model are fundamental ingredients for chemical
evolution models. In this work, we implemented nucleosynthesis
prescriptions following Rizzuti et al. (2025a), with the inclusion
of fluorine.

For rotating massive stars, we used the yields of Limongi
& Chieffi (2018, their recommended set, set R), who provide a
grid of nine masses between 13 and 120 Mg, four metallicities,
[Fe/H]=0,—1,-2, and —3, and three rotations with initial equa-
torial velocities of 0 (non-rotating), 150, and 300 km s~!. This
grid of models has been widely used in GCE studies (see e.g.
Prantzos et al. 2018, 2023; Rizzuti et al. 2021; Romano et al.
2020, 2021; Grisoni et al. 2021; Kobayashi 2022; Rossi et al.
2024; Rizzuti et al. 2025a). There is still significant uncertainty
in the explodability of massive stars, both observationally and
theoretically. However, assumptions on the explosive mass range
in our models have, in the past, allowed a good reproduction of
the CNO and neutron-capture elements, as described in Rizzuti
et al. (2025a). Therefore, in this study we also relied on these
assumptions for the reproduction of F.

Following Rizzuti et al. (2025a), all massive stars were
assumed to have the same rotation velocity, depending on their
metallicity:

velocity([Fe/H]) = 300 km s~! for [Fe/H] < -3,
velocity([Fe/H]) = 150 km s~! for [Fe/H] > -3.

This distribution was consistent with findings from Prantzos
et al. (2018) and Rizzuti et al. (2019), with faster rotation in the
early Galactic phases and slower in the subsequent ones (see
also, Romano et al. 2020; Grisoni et al. 2021). Here, we were
interested only in metal-poor stars ([Fe/H]<-2), and therefore
we did not decrease the rotation even further towards higher
metallicities, as discussed, for example, in Rizzuti et al. (2021).

To reproduce observations for [Fe/H]<—3 (the lowest metal-
licity in the grid of stellar models of Limongi & Chieffi 2018),
we considered the grid of Roberti et al. (2024), who also used
the FRANEC code and provided 15 and 25 Mg models with
[Fe/H]=—4, —5 and zero metals (Z=0) for a wide range of
rotational velocities. Further details on these sets of yields for
fluorine are given in the appendix.

Regarding the contribution from low- and intermediate-
mass stars (LIMSs), the yields were taken from stellar mod-
els obtained from the FRUITY database for non-rotating stars
between 1.3 and 6 Mg, (Cristallo et al. 2009, 2011, 2015). How-
ever, their impact can only be visible in the model results from
[Fe/H]>-2 dex. Finally, for Type Ia SNe , the yields were from
Iwamoto et al. (1999), even if the contribution of Type Ia SNe to
the fluorine budget was minimal.

4. Results

In Fig. 1, we show the observed and predicted [F/Fe] versus
[Fe/H] for our reference model (left panel) and the non-rotating
case (right panel). We immediately note the very different pre-
dictions from the two cases (rotating vs non-rotating) and, thus,
the importance of rotating massive stars as fluorine producers.
In particular, the model predictions for our reference model (left
panel of Fig. 1) are from the stochastic chemical evolution model
of the Galactic halo of Rizzuti et al. (2025a), with the inclusion
of fluorine nucleosynthesis as described in Sect. 3. The model of
Rizzuti et al. (2025a) has been shown to closely reproduce the
main observables in this Galactic component and the abundance
patterns of CNO and neutron-capture elements (see their Fig. 10
for their reference [O/Fe] vs. [Fe/H] diagram).

In the figure we compare our model predictions for fluorine
with the data from Mura-Guzman et al. (2025) and Lucatello
et al. (2011). We furthermore show data from Abia et al. (2015);
as previously mentioned, even if the data from Abia et al. (2015)
are observations of the Carina dSph galaxy, they provide indi-
cations about the evolution of fluorine at low metallicities. As
discussed in the introduction, there are many criticalities in the
determination of fluorine abundances at low metallicities, and
therefore many of the available data are only upper limits, as
indicated by the arrows. While upper limits are not as certain as
absolute determinations, they still inform us about the range of
fluorine abundances that we should expect, and thus give us an
idea of whether our predictions can match the observations. We
also note that some stars in our sample are classified as CEMP-
s (i.e. CEMP stars enriched in s-process elements). These stars
likely had their surface fluorine abundances altered by binary
mass transfer from an AGB companion, which changed the ini-
tial surface abundances (see Beers & Christlieb 2005; Lucatello
et al. 2005; Bisterzo et al. 2010; Hansen et al. 2016). Therefore,
for such stars, the predictions of our chemical evolution model
can only provide a reference for the average fluorine abundances
at birth in CEMP-s stars, before mass transfer took place. Further
data are definitely needed to draw firm conclusions about fluo-
rine evolution at lower metallicities. However, we highlight the
novelty of our predictions in light of the most recent available
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Rotating vs non-rotating case
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Fig. 1. Observed and predicted [F/Fe] vs. [Fe/H] for the Galactic halo for our reference chemical evolution model for variable rotational velocity as
in Rizzuti et al. (2025a) (left) and for non-rotating massive stars (right). The data are taken from Mura-Guzman et al. (2025) (blue) and Lucatello
et al. (2011) (green), both upper limits and measurements with corresponding error bars; smaller dots correspond to CEMP-s stars. We also show

Carina data from Abia et al. (2015) (magenta).
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Fig. 2. Same as Fig. 1 but for [F/O] vs. [O/H].

data for fluorine; such new data, as in the very recent work of
Mura-Guzman et al. (2025), present the lowest metallicity limit
in fluorine available to date.

At the lowest metallicities, the model predictions for our
reference model, which includes rotating massive stars (left
panel of Fig. 1), show a tail reaching relatively high [F/Fe]
values ([F/Fe] of ~2 dex at [Fe/H] of approximately —4 dex,
in agreement with the lowest-metallicity F determination). The
possibility of reaching such high [F/Fe] is due to the fact that
rotating massive stars produce fluorine and small amounts of
iron (see also [X/Fe] vs. [Fe/H] for CNO elements in Rizzuti
et al. 2025a, their Fig. 10). In this way, rotating massive stars can
set high values for [F/Fe] at low metallicities, in good agreement
with the data. Rapidly rotating massive stars can produce pri-
mary fluorine from '“N through proton and alpha captures in the
presence of 13C (Prantzos et al. 2018; Grisoni et al. 2020); “N
derives from reactions with '2C, which comes from He burn-
ing in the massive star itself and is thus of primary origin. This
chain of reactions clearly also occurs in the non-rotating case,
but the available amount of CNO nuclei is too small to con-
tribute significantly to fluorine production (Limongi & Chieffi
2018).
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We note that there are still no observations available for
metallicities [Fe/H]<—4 dex. The lowest-metallicity data are the
very recent determinations by Mura-Guzmaén et al. (2025) for
CS 29498-0043, a CEMP-no star at [Fe/H]= —3.87 with an F
detection of [F/Fe] = +2.0 + 0.4. This is the lowest-metallicity
star with an observed F abundance to date, which we are able to
explain with our stochastic chemical evolution model. For val-
ues —4<[Fe/H]<—-2 dex, the model can reproduce the values for
most stars, but we also note that we still have many upper limits.

Finally, for [Fe/H]>-2 dex, the contribution from LIMSs
becomes important, but we do not extrapolate results from the
model in this range since our model is mainly focused on the
Galactic halo. However, Grisoni et al. (2020) studied fluorine in
the thick and thin discs using GCE models specifically tailored
to investigate the Galactic discs (Grisoni et al. 2017, 2018, 2019).
They conclude that rotating massive stars are, indeed, impor-
tant producers of F and can set high values in [F/Fe] abundance
below [Fe/H]=—0.5 dex (in agreement with Prantzos et al. 2018;
Womack et al. 2023). However, their contribution to [Fe/H]<—1
needed to be confirmed by an extensive study in the Galactic
halo, which we present here. On the other hand, in order to repro-
duce the increase in F abundance in the discs at late times, a
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contribution from non-rotating massive stars, lower-mass stars,
single AGB stars, and/or novae should be required (Spitoni et al.
2018; Grisoni et al. 2020; Womack et al. 2023).

In the right panel of Fig. 1, we show the case with non-
rotating massive stars, and the difference is striking. We thus
confirm the need for rotating massive stars to set high [F/Fe]
values at low metallicities, something that is not present in the
non-rotating case.

In Fig. 2, we then show the observed and predicted [F/O]
versus [O/H], widely used in the literature to investigate the evo-
lution of fluorine. In this way, we can remove the dependence on
iron and use oxygen instead as a metallicity indicator. In this case
also, rotating massive stars can set a plateau in [F/O] at lower
metallicities, as suggested in previous studies of the Galactic disc
(Grisoni et al. 2020; Womack et al. 2023). We see that the model
predictions for our reference model (left panel) can reproduce the
general trends of the data (and upper values), at variance with
the non-rotating case (right panel), where it is not possible to
explain observations. Thus, we confirm the importance of rotat-
ing massive stars as fluorine producers. Tsiatsiou et al. (2025,
their Fig. 10) present a [F/O]-[O/H] relation computed with the
CELIB code (Saitoh 2017; Hirai et al. 2021), showing a plateau at
[O/H] < -2 driven by rotating Pop III yields. Our results are con-
sistent with their findings, stressing the importance of rotation in
setting a plateau at low [O/H].

5. Summary and conclusions

In this work we have studied the chemical evolution of fluo-
rine, which is still a matter of debate in Galactic archaeology,
especially at low metallicities. To this end, we present the first
theoretical study of the chemical evolution of fluorine at low
metallicities, using a state-of-the-art stochastic chemical evolu-
tion model (Rizzuti et al. 2025a), in light of the most recent data
for fluorine at low metallicities (Mura-Guzman et al. 2025).
Our main results can be summarized as follows.

— With our stochastic chemical evolution model for the Galac-
tic halo, we investigated fluorine evolution and the contri-
bution of rapidly rotating massive stars using the yields of
Limongi & Chieffi (2018) and Roberti et al. (2024).

With this set of nucleosynthesis prescriptions including vari-
able rotational velocity, it is possible to reach high [F/Fe]
values of ~2 dex at [Fe/H] of approximately —4 dex, in agree-
ment with very recent observations from Mura-Guzman
et al. (2025), who pushed observations to metallicities as low
as [Fe/H]~—4 dex; this is at variance with the non-rotating
case where it is not possible to reach such high values.

We confirm that rotating massive stars can dominate fluorine
production at such low metallicities (in agreement with sug-
gestions from other studies, e.g. Prantzos et al. 2018; Grisoni
et al. 2020; Womack et al. 2023).

We expect an important production of F also at high red-
shifts (see e.g. Franco et al. 2021), in agreement with recent
detections of super-solar N by JWST (e.g. Cameron et al.
2023; Marques-Chaves et al. 2024), since F is produced in
the same fashion by both AGB and rotating massive stars, as
we show here (see also Kobayashi & Ferrara 2024; Rizzuti
et al. 2025b).

To explain the secondary behaviour at higher metallicities
([Fe/H]>-2), other sites such as AGB stars and/or novae
should be important (see e.g. Grisoni et al. 2020; Womack
et al. 2023). However, we do not extrapolate results here
since our model is tailored for the Galactic halo and not for
the disc.
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In conclusion, we confirm that rotating massive stars can be
important producers of fluorine (Prantzos et al. 2018; Grisoni
et al. 2020; Womack et al. 2023), and we show their impact on
the chemical evolution of fluorine with a state-of-the-art chem-
ical evolution model that accounts for inhomogeneities in the
ISM. Further data at low metallicities and at high redshifts will
be fundamental to further constrain the chemical evolution of
fluorine.
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Appendix A: Stellar yields

Here we discuss the stellar yields of fluorine from Limongi
& Chieffi (2018) and Roberti et al. (2024), which have been
included in our chemical evolution model for the Galactic
halo. As mentioned in Sect. 3, Limongi & Chieffi (2018) have
presented a set of yields for different mass, metallicity, and
rotational velocity.

In Fig. A.1 we show the fluorine yields in the stellar models
of Limongi & Chieffi (2018) (left column) and only wind (right
column), for three initial velocities: 0 km/s (upper panels), 150
km/s (middle panels) and 300 km/s (lower panels), set R and
total yields. In particular, it is evident that fluorine is mostly pro-
duced by 13-25 M, at high rotational velocities (150-300 km/s).
Those are the same stars that undergo SN explosion in the set R.
In Sect. 3 we also discussed that a new set of FRANEC models has
been published by Roberti et al. (2024), for 15 and 25 M, stars
with metallicity [Fe/H]=-4,-5, and zero metals (Z=0) for various
rotational velocities. Even if the mass range is small, the very
low metallicity and large rotational velocity range make this grid
a perfect tool for investigating the nucleosynthesis of the first
stars (see Rizzuti et al. 2025a). In Fig. A.2, we show the fluorine
yields as predicted by the models of Roberti et al. (2024) as a
function of the stellar initial equatorial velocity. From Fig. A.2,
it is evident that fluorine generally increases with rotation, per-
fectly in agreement with our assumption of velocity function and
Limongi & Chieffi (2018).
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Fig. A.1. Fluorine total yields in the stellar models of Limongi & Chieffi (2018) (left column) and only wind (right column), for three initial
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Fig. A.2. Fluorine yields in the stellar models of Roberti et al. (2024) for 15 (left) and 25 M,, (right) stars, as a function of the star initial equatorial
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