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ABSTRACT

Context. Be stars are rapidly rotating B main sequence stars that show line emission due to a decretion disk. An important factor in
the rotational, and overall, evolution of a star is the mass loss it experiences due to radiation-driven winds.

Aims. We aim to investigate the possibility of single-star evolution channels in the formation of Be stars by comparing two different
wind prescriptions, where one is characterised by stronger winds and a bi-stability jump (Vink wind), while the other one predicts

weaker winds and no bi-stability jump (Bjorklund wind).

Methods. Using the MESA code, we evolve a grid of stars through their whole main sequence stage, for both wind prescriptions
and LMC and Milky Way metallicity. This grid is varied in initial mass SM, < Mzams < 30M,, and initial rotational velocity at the
equator 0.1 < vy /verr < 0.8. These models are then analysed in function of their mass loss trough stellar winds and its impact on the

rotational evolution of the star.

Results. Our simulations demonstrate that the Bjorklund wind prescription significantly enhances the potential for stars to reach
higher rotational velocities conducive to Be star formation, due to its characteristically lower mass loss rates.
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1. Introduction

Be stars, classified within the B-type main sequence, are charac-
terised by a spectrum that shows strong hydrogen emission lines
and infrared excess. These features indicate the presence of a
circumstellar decretion disk, hypothesised to form as material is
expelled from the star facilitated by its rapid rotation. The idea
that Be stars are rapid rotators was initially proposed by |Struve
(1931) and continues to be supported by more recent studies,
such as by Rivinius et al.|(2013). However, the precise rotational
velocity required for a B-type star to create and maintain a de-
cretion disk is unclear.

As discussed in [Hastings et al.| (2020), it is expected that the
equatorial rotation velocity v, needs to be a significant frac-
tion of the critical rotation velocity v, which is defined as
the rotational velocity at which material at the equator becomes
unbound. Based on observations, Huang et al.| (2010) suggests
that this process is mass-dependent. Their results indicate that
low-mass B-type stars (< 4Mg) require a high rotational ve-
locity viot/Verie > 0.96 to become Be stars, while it drops to
Veot/Verit > 0.64 for higher mass stars (> 8.6M,). Zorec et al.
(2016) found that Be phenomena are characterised by a wide
range of true velocity ratios 0.3 < Viet/Verit < 0.95 with the mode
of distribution being 0.65, which suggests that the probability
that Be stars are critical rotators is extremely low. On the con-
trary, Townsend et al.| (2004) argues that Be stars could be rotat-
ing near or at critical velocities as previous studies have not fully
taken into account the effects of gravity darkening.

The mechanisms that lead to high rotational velocities in stars
can be categorised into those arising from single and binary
star models. In binary systems, interactions with a mass trans-
fer phase can significantly increase a star’s rotational speed, a
phenomenon supported by the observation of over 100 Be/X-ray
binary systems (Raguzova & Popov|[2005). For single stars, the
models must account for the interaction between the contracting
core, which spins up due to the conservation of angular momen-
tum, and the expanding envelope. This interaction necessitates
the transfer of angular momentum from the core to the envelope.
The transfer can be facilitated by viscous forces acting between
different layers of the star or by internal magnetic fields. A no-
table example of an efficient angular momentum transport mech-
anism within stars is the Tayler-Spruit dynamo (Spruit[2002).

While the transport of angular momentum from the core to the
envelope causes the star’s surface to spin up, any further trans-
port of angular momentum outside the star will slow it down.
As stellar winds strip material from the surface, this material,
moving along external magnetic fields, will decelerate the star.
This underlines the importance of the wind prescription used in
single-star evolution models regarding the formation of Be stars.
In the paper "The single star path to Be stars" (Hastings et al.
2020), population synthesis was conducted using evolutionary
models of rotating massive main-sequence stars (Brott et al.
2011)), which utilised a wind prescription primarily based on the
mass loss predictions by |Vink et al.|(2001). In our study, we will
compare the Vink wind prescription implemented in MESA, de-
signed to recreate the results from Brott et al.[ (201 1)), to a newer
wind prescription proposed by Bjorklund et al.| (2022).
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Section [2]introduces the wind prescriptions and their implemen-
tation within the MESA code. Section [3| outlines the methodol-
ogy employed in this project. The results of the simulations are
discussed in Section[d] and conclusions are drawn in Section 3]

2. Wind prescriptions
2.1. Vink wind

We will refer to the wind prescription implemented in MESA,
which replicates the evolutionary tracks from|Brott et al.| (2011),
as the *Vink wind’. This prescription is primarily based on the
mass loss predictions of |Vink et al.| (2001) and is supplemented
by two additional mass loss models to address specific scenarios.
The first supplementary model, derived from Nieuwenhuijzen
& de Jager| (1990), addresses an increase in mass loss as stars
approach the Humphreys-Davidson limit. The second, based on
the work of[Hamann et al.|(1995)), considers the effects of surface
enrichment. For a comprehensive explanation and justification
of this combination of wind prescriptions, we direct readers to
section 2.2, Mass loss, in Brott et al.| (201 1)).

The mass loss determined in |Vink et al.| (2001)) is characterised
by a bi-stability jump at a certain temperature, which corre-
sponds to the recombination of Fe IV to Fe III, with the latter be-
ing a more efficient line driver, significantly enhancing the mass
loss. This temperature is implemented in MESA by the follow-
ing formula:

T = 10°[61.2+2.59 (~13.636 + 0.889 log, (2.)|

Which depends on the metallicity Z., which is expressed in so-
lar metallicity Zy. In MESA, we calculate this value based on a
normalized metal content, which can be determined by the iron
mass fraction at the surface S g, divided by a constant:

ZMESA — g /(1.0116465653352326 x 107)

Using this value we can calculate the jump temperatures for both
metallicities:

o LMC: Sg. ~7.75x 107* — TM™ ~ 25616 K
o GAL: Spe ~ 1.47x 107 — TU™ ~ 26259 K

The choice between wind models is based on the effective tem-
perature T.g. The mass loss values for the individual wind mod-
els are denoted by Vink, Nieuwenhui jzen, and Hamann.

Low-Temperature Wind: for 7.z < 0.95 Titf‘fmp , the maximum
of the Nieuwenhuijzen and Vink winds is used.

ey

windjowr = max (Nieuwenhui jzen, Vink)

High-Temperature Wind: for T.¢ > 1.05 Ti}lfmp, a blend of
Vink and Hamann winds is used.

@)

windpight = @ Vink + (1 — @) Hamann/10
Where « is determined by the hydrogen fraction at the surface
X.

e X, >07 - a=1
e X, <04 - a=0
¢ 04<X;<07 - a=(X,-04)/0.3
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Transitional Window: within a 10% window around Ti?{“p,
the wind model transitions from low-temperature to high-
temperature prescriptions.

Windtransition = ﬁ WindlowT + (1 _,B) WindhighT (3)
Where  is determined by Teg:
jump jump
_ Teﬁ +0.05 Tiﬁ — T

jump
0.1 7

The mass loss values of the individual wind models are based on
several stellar values, where only the Vink mass loss has two
different formulas depending on the temperature.

The mass loss values:

Vink =y Myotvink + (1 =) Mooorvink

Nieuwenhuijzen = My;euwenhuijzen

Hamann = MHamam

With:

10810 (Mnotving) = —6.697 + 2.1941og,, (L./10%)
—-1.3131og,, (M. /30)
— 1.22610g, (2.6 x Z"?)
+0.933 log,, (Tesr/40 000)

~ 10.92 (10g, (Ter/40 000 K))*
+0.851o0g,((Z.)

1081 (Mcoo1vink) = —6.688 + 2.2101og, (L./10%)
~ 1.33910g,, (M./30)
~ 1.601log,( (2.6 x Z"?)

+1.07 log,o (Teir/20 000 K)
+0.85log,(Z.)

and y is based on T

o Teg>27500 - y=1

o T <22500 - y=0

e 22500 < Teg < 27 500:
. Teff>Til&mp+100 - vy=1
. Teff<Ti‘;fmp—100 - v=0

jump jump Ter=T};"" =100
e Ty — 100 <Teg <Top ™ +100 = y = —=f—

200

10810 (M cuyennui szen) = —14.02 + 1.2410g g (L.)

+0.161og;, (M.)
+ 0.811og;, (R.)

1081 (Msanann) = =11.95 + 1.5 log, (L.)

—2.85X;
+ 0.851og,((Z.)

Where the parameters L., M., and R, are in solar units and Z, is
taken as ZMESA,
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2.2. Bjérklund wind

We will refer to the theoretical mass loss rates as determined in
Bjorklund et al.|(2022) as the *Bjorklund wind’. This prescrip-
tion not only finds much lower mass loss rates compared to|Vink
et al.| (2001), it also shows no sign of a bi-stability jump. The two
only start to converge for very high temperatures ~ 60 000 K.
log, (MBjérklund) =

-5.52

+2.3910g,q (L./10°)

— 1.4810g,, (M./45)
+2.1210g, (Te/45 000 K)

+[0.75 = 1.87log,( (Te/45 000 K) | logy, (Z.)

Because the Bjorklund mass loss prescription is aimed at higher
temperatures, it is only switched on from 12 000 K. Under that
temperature the mass loss is given by The Reimers prescription
(Baschek et al.|1975)).

MReimers = 10713 L.R, M;l

“

3. Methodology

To investigate the impacts of different wind prescriptions in the
context of forming Be stars, we simulated the main-sequence
evolution of a grid of stellar models. The models were varied
along four parameters:

e Wind prescription: Vink and Bjorklund wind.

e Metallicity: LMC and Milky Way (GAL).
o Initial equatorial rotation in terms of the critical rotation:

Vrot/Verit € [0.1, 0.2, ..., 0.8]
e Initial mass: M/M € [5, 6, ..., 30]

The simulations were conducted using the 1D stellar evolution
code, Modules for Experiments in Stellar Astrophysics (MESA),
version r24.02.1-rcl (Paxton et al.| 2010, 2013 2015 2018,
2019). An adjustment was made to the MESA code to miti-
gate mass loss during the relaxation phase, which was significant
when using the Bjorklund wind. This adjustment ensured that all
simulations started at their predefined initial masses when enter-
ing the Zero Age Main Sequence (ZAMS) phase.

The 832 simulations spanning our entire grid were then anal-
ysed in function of their mass loss and rotational evolution. As
we wanted to compare our results to Hastings et al.| (2020), we
chose to apply the Bjorklund wind to masses reaching lower than
the defined ranges in |Bjorklund et al.| (2022)). We go to SM, as
opposed to the lower limit of 15M,,.

4. Results

Inspired by Fig. 2 from Hastings et al.| (2020), most figures will
contain the masses 5, 15, and 25M,, representing the lower, mid-
dle, and higher masses considered in our grid.

4.1. HR tracks

In Fig. [T] the Herzsprung-Russel (HR) tracks are plotted for
masses in steps of 5My. Each panel represents a different ini-
tial equatorial velocity in terms of the critical velocity:

at ZAMS

Vinit = Vrot/ Verit

We will further refer to this value simply as ’initial rotation’.

The orange dashed line represents the activation temperature of
the Bjorklund wind, which is set to 12 000 K, as stated before.
Only a couple of tracks cross this boundary. This means that all
simulations with the Bjorklund wind evolve through the main se-
quence with the Bjorklund mass loss prescription (Eq.[)), except
for a couple of lower mass stars at high initial rotation at the end
of their main sequence evolution (¢/tys ~ 0.99).

The green bands represent the window where the Vink wind tran-
sitions (Eq. [3) from its high-temperature wind (Eq. [2) to its low-
temperature wind (Eq. [T). The light green shows the window for
GAL metallicity and dark green the LMC metallicity. For higher
initial rotations vi,;; > 0.5, we can clearly notice this jump by a
bump in the HR tracks, corresponding to a more abrupt increase
in mass loss through stellar winds.

Most evolutionary tracks follow the anticipated trajectories.
However, exceptions are observed in the 29 and 30M tracks
under the Bjorklund wind prescription at LMC metallicity with
an initial rotation of 0.8 (lower right panel of Fig. [I] only 30M,
plotted). These tracks exhibit a distinct leftward and upward evo-
lution in the HR diagram. This behavior is attributed to the strong
rotational mixing induced by the high rotational speeds of these
stars, which promotes chemically homogeneous evolution. As a
result, these stars do not develop a contracting core and an ex-
panding envelope. Consequently, they do not undergo the typical
cooling and expanding phase but instead increase in luminosity
over time. This behaviour, combined with strong stellar winds
that expose the hotter inner layers, accounts for their unique tra-
jectories on the HR diagram.

4.2. Mass loss evolution

In Fig. ] the mass loss rates are plotted for 5, 15, and 25M,
for all initial rotational velocities. As expected, the Vink wind
results in significantly higher mass loss rates as compared to the
Bjorklund wind, with the difference shrinking as the masses get
larger. Here, the bumps corresponding with the transition to the
low-temperature Vink wind are also clearly visible.

The plots also show an elevated mass loss rate for Milky
Way metallicity, aligning with theoretical expectations. Metals,
abundant in spectral lines, are more effective at absorbing and
re-emitting radiation, thereby experiencing increased radiation
pressure. Consequently, the higher metallicity in the Milky Way
facilitates stronger radiation-driven winds.

4.3. Rotational evolution

In Fig[3]and[4] the rotational evolution of 5, 15, and 25Mj, stars
are plotted for all initial rotational velocities, for LMC and Milky
Way metallicity respectively.

In comparison to Fig. 2 from Hastings et al.| (2020), our find-
ings for Milky Way metallicity with vi,;; = 0.6 display a lower
maximum vy / Ve under the Vink wind prescription. While the
implementation of the Vink wind in MESA aims to replicate the
results observed in[Brott et al.|(2011)), there are a lot of variables
at play. Determining the precise cause of the observed discrepan-
cies exceeds the scope of this project but presents an opportunity
for future research.

The Bjorklund wind, characterised by lower mass loss rates and
consequently less angular momentum loss compared to the Vink
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prescription, consistently results in higher vy /verie Values. This
allows a significant number of stars within our simulation grid
to achieve critical velocities, with stars having higher initial ve-
locities reaching this critical threshold earlier in their evolution.
In contrast, the Vink wind shows a strong decrease in rotational
velocity at the later stages of main-sequence evolution, primar-
ily due to the enhanced mass loss rates triggered at the effective

temperature jump Ti‘;fm‘?. This bi-stability jump leads to a strong
decrease in stellar rotation.

The impact of metallicity is most pronounced in the Vink wind
models, where stars with LMC metallicity can spin up more.
This effect is largely attributed to the HR diagram positioning
of LMC metallicity tracks, which tend to be hotter and therefore
reach the bi-stability jump later in their evolutionary sequence.

It has to be noted that MESA does not allow a vyo/veric larger
than 1. At this point, the surface material is shedded and we can
assume it collects in a circumstellar disk, forming a Be star.

4.4. Final rotation

In Fig. E], the final rotational velocity vio/Vere in terms of the
initial velocity is plotted for the entire grid of simulations. To
exclude the final stages of the main-sequence evolution, corre-
sponding to the "hook’ on the HR diagram, the final vyo/Veric 1S
determined at the minimum temperature in their evolution. The
only two exceptions are the two tracks we mentioned at the end
of 1] For these two cases the final v,/veie Was determined
when the central hydrogen fraction reached 0.011.

We will refer to this value as the final rotation vgp,;:

Final vrot/ Verit
Vfinal = T -~ 7 5
final = itial Vrot / Verit
For the Vink wind, the overall trend indicates that vg,, drops off
with higher masses and with higher initial velocities, which is
expected as both increase mass loss due to stellar winds. For the
Bjorklund wind, a large part of the grid reaches the critical veloc-
ity. The big difference between the Vink and Bjorklund wind can
be attributed to the bi-stability jump, which significantly slows

down the stars with the Vink wind as they cross 7/5™.

4.5. Reaching threshold velocity

In the context of Be star formation, it is more insightful to check
whether stars reach a specific threshold velocity at any point dur-
ing their main sequence phase, rather than only assessing the ve-
locity at the final stages of their main sequence evolution. Fig.[6]
presents an analysis of the conditions under which stars achieve
certain threshold velocities prior to the hook in their HR tracks.
As discussed in the introduction, the precise rotational speed
required for Be star formation remains uncertain, therefore we
have selected threshold values in the upper range of Vioi/Veric:
0.6, 0.7, and 0.8.

A clear pattern emerges from the data: the Bjorklund wind pre-
scription consistently enables a broader segment of the simula-
tion grid to reach these threshold velocities. In no instance does
the Vink wind reach a threshold velocity where the Bjorklund
wind does not. It is important to note that the Bjorklund wind
was applied across all initial masses, including those lower than
recommended for this model. However, this trend remains valid
for stars with initial masses of 15M and above.
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Examining the instances where the Vink wind reaches the thresh-
old velocity reveals a distinct pattern. As mass increases from 5
to ~ 10M,, the stars encounter greater difficulty in spinning up
due to enhanced mass loss from stronger winds. Beyond this,
from around 10M, to 15M,, the efficiency of internal angular
momentum transport improves and compensates for the braking
effect of stellar winds, allowing stars with lower initial veloci-
ties to achieve the threshold velocities. As the mass continues to
increase, the influence of stellar winds intensifies, necessitating
higher initial velocities to reach the threshold.

This pattern is not observed with the Bjorklund wind, where the
impact of stellar winds is consistently smaller across all masses.
Consequently, the enhancement in internal angular momentum
transport with increasing initial mass results in higher masses
achieving the threshold velocities more easily.

5. Conclusion

We utilised the MESA code to simulate the main-sequence evo-
lution of a grid of stars under two different wind prescriptions,
Vink and Bjorklund, across varying metallicities, initial masses,
and rotational velocities. The objective was to explore potential
single-star evolutionary channels for the formation of Be stars,
focusing on the effects of mass loss and rotational evolution in-
fluenced by the selected wind models.

The results indicate that the Bjorklund wind prescription, charac-
terised by its lower mass loss rates, allows stars to retain more of
their angular momentum compared to the Vink prescription. This
difference significantly affects the rotational evolution of the
stars, with those under the Bjorklund prescription often reaching
higher rotational velocities, and thus more closely approaching
or reaching the critical rotational speeds that could be necessary
for Be star formation. Notably, the Bjorklund model enabled a
significant portion of our simulation grid, across a broad range of
initial conditions, to achieve or exceed certain rotational velocity
thresholds at some point during their main-sequence lifetimes.

Conversely, with its stronger winds, particularly after crossing
the bi-stability jump, the Vink wind exhibits a strong mass loss
that substantially reduces rotational speed. Often these wind-
induced losses were sufficient to prevent these stars from reach-
ing higher rotational velocities.

Additionally, the study highlighted the importance of metallicity
in the evolution of stellar rotation. Stars with Milky Way metal-
licity experience higher mass loss rates due to the greater effi-
ciency of radiation-driven wind mechanisms in metal-rich envi-
ronments, affecting their rotational velocities.

In summary, our findings underscore the significant role of wind
prescriptions in stellar evolution, particularly in the formation
mechanisms of Be stars. The Bjorklund wind allows for higher
rotational velocities, offering a possible pathway to Be star for-
mation through single-star evolution.
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and Bjorklund wind, full lines for LMC metallicity and dashed lines for Mily Way metallicity.
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Fig. 6: Plot showing which simulation conditions allow a star to reach a certain threshold velocity.
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