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Stellar rotation and its importance in the
interpretation of stellar populations in MCs
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Abstract. I will review the importance of stellar rotation in particular to interpret star clusters

in Magellanic Clouds
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1. Introduction

The effects of rotation have been studied
since the work of [von Zeipel (1924) and
Eddington| (1925). The 60s and 70s have
seen their inclusion in polytropic or simpli-
fied models (Roxburgh et al.|[1965} |Roxburgh
& Strittmatter] |1966; |[Faulkner et al.| |1968;
Kippenhahn & Thomas|[1970; [Endal & Sofia
1976). In the 90s they were included in
more sophisticated models (Pinsonneault et al.
1989; Deupree||1990; [Fliegner & Langer|1994;
Chaboyer et al.|1995; Meynet|1996)). In the end
of the 90s, more or less extended grids of stel-
lar models have appeared, that propose rotating
models (Langer et al.[1997; Meynet & Maeder
1997; ISiess & Liviol|1997; |Heger et al.|2000;
Heger & Langer|2000).

The inclusion of the effects of rotation has
brought a significant improvement in the ade-
quation between models and observations like
the surface abundances in He, B, and CNO
(Heger & Langer| 2000; Meynet & Maeder
2000), the predicted surface velocities in clus-
ters (Meynet & Maeder|2000; [Martayan et al.

2000)), the blue- to red-supergiants rotation in
the SMC (Maeder & Meynet|2001)), the vari-
ation with metallicity of the Wolf-Rayet pop-
ulations (Meynet & Maeder|2003 20055 [Vink
& de Koter(2005), the rotation rates of pulsars
(when a strong core-envelope coupling is con-
sidered, |[Heger et al.|[2005), or the various su-
pernovae types and GRB progenitors (Meynet
& Maederi2005; [Yoon et al.'2006; |Georgy et al.
2009).

Rotation modifies the stellar evolution by
two different types of actions. 1) There is a
deformation of the stellar surface: the char-
acteristics become dependent on the colati-
tude considered. This affects the stellar param-
eters deduced from observation, and induces
an anisotropy in the mass lost by the star, as
detailed in Sec.[2l 2) Some mixing mechanisms
are triggered, transporting chemicals and angu-
lar momentum. This induces many deviations
to the standard evolution, as detailed in Sect.
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2. Surface deformation

Rotation induces a deviation to spherical sym-
metry, proportional to the rotation rate w =

8 GM
V2 R
In the frame of the Roche model, the maximal
extension of the equatorial radius is Reqcric =
%Rpol,crit- An oblateness has been observed by
interferometry in the case of the rapidly ro-
tating Achernar (a Eridani) for example, in
agreement with the value of 1.5 (Domiciano de
Souza et al.|2003; |Vinicius et al.|2006; (Carciofi
et al.|l2008).

Because of the deformation, the effective
gravity becomes dependent on the rotation rate
and the colatitude:

Qqurt/Qerie, Where we use Qe =

GM .
Tetp = Ter(Q,0) = (—7 +Q%r sin? 0) N
e, +Q%r sind cosf ep(1)

Subsequently, the flux inherits from this Q — 6
dependence:

F=FQ0-= “mop S @0, @
where
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According to the Stefan-Boltzman law, we
have F = oT*%, so the effective temperature
gets also the dependence on Q and 6:

1/4
gen(. e)] @)

L
Ten = [47ra'GM*
(von Zeipel|[1924).

Espinosa Lara & Rieutord|(2011)) have pro-
posed a more general expression, valid also
in the case of rapid rotation. The latitude de-
pendence of the temperature also has been
observed in interferometry for the star Altair
(@ Aquilae, see Monnier et al. 2007) or the
stars Alderamin and Rasalhague (@ Ceph and
a Oph, seelZhao et al.[2009), with values com-
patible with the models. The deformation be-
comes significant only for rapid rotation (w >
0.7). Above this value, a star observed pole-
on will present a higher L and T.g than the

same star seen with an average inclination. In
contrast, a rapidly-rotating star seen equator-
on will appear dimmer and cooler than usual
(Georgy et al.|[2014). There can be repercus-
sions on the mass and age deduced for the ob-
served star. The mass loss is affected by rota-
tion in two ways. First, it is enhanced thanks to
the additional support brought by the centrifu-
gal force. Compared to a non rotating star, the
enhancement is

1
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270G pm
(Owocki & Gayley|[1997; Maeder & Meynet
2000; [Petrenz_& Puls|2000) (however see the
discussion by Miiller & Vink||2014). Second,
the geometry of the mass flux follows the de-
formation of the surface:
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For a rotation rate w = 0.95, the Variatipn of
the mass loss rate is M(pole) = 3.25 M(eq)
(Georgy et al.|2011).

(6)

3. Transport processes

In 1D (according to [Zahnl[1992; Chaboyer &
Zahn|[1992; IMaeder & Zahn!|1998)) the trans-
port of angular momentum is

0

20 —
P% (r Q)M, =N
6 4 A
ﬁa (pr QU(}")) +N
10 0Q
= —(pDyr* = 7
r? or (p " 6r) ™
and the transport of chemical species is
6X,~ 10 P aXz
— === Dy + Deg) — |-
p rzar(’”( v + Derr) ar) (8)

In these expressions, U(r) is the radial com-
ponent of the meridional circulation, D, is
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the diffusion coefficient due to various mech-
anisms like convection or shear, and D.g is the
diffusion coefficient due to meridional circula-
tion and horizontal turbulence.

The expression for the transport of angu-
lar momentum is the full advecto-diffusive ex-
pression, but some codes on the market use
a diffusion-only approximation to express this
transport. When the advective term is taken
into account, there exist three different ways to
express the horizontal turbulence (Zahn||1992;
Maeder 2003 Mathis et al.| [2004), and two
ways for the shear turbulence (Maeder]|1997;
Talon & Zahnl|1997). A few years ago, Maeder
et al.| (2013) proposed a global diffusion coef-
ficient taking into account all the various in-
stabilities triggered by rotation (GSF, Solberg-
Hgiland, thermohaline, ...) and the interplay
they have one on each others. The variety of
ways to express the mixing process induced by
rotation explains the large differences between
the outputs of different codes, as highlighted
by (Chieffi & Limongi| (2013)).

Note that even without rotation, Martins
& Palacios| (2013) have shown that large dif-
ferences exist between the outputs of the var-
ious existing codes. One of the main reason
for these differences (besides the choice for
the opacities, EOS, reaction rates, mass loss
recipe, or initial chemical composition and
mixture) is the treatment of convection and
overshoot. All mixing processes implemented
have at least one free parameter modellists
need to calibrate on observations, and depend-
ing on the choice of the set of data to repro-
duce, different values can be adopted.

Besides these uncertainties that could be
viewed as theoretical error bars, the net effects
of rotational mixing are to replenish the core in
fresh fuel, hence larger cores, longer lifetimes,
higher L. Actually, the behaviour of a star is
not monotonic with the increase of rotation. at
the beginning of the main sequence, the hydro-
static effects dominate and the star behaves like
a lower-mass one. As evolution proceeds, the
mixing becomes dominant for low and average
rotation, while the rapid rotators keep strong
hydrostatic effects. The highest L is therefore
observed not in the fastest stars, but in slightly-
above-average rotators (see Fig. [T)).

T
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Fig. 1. Main sequence tracks in the Hertzsprung-
Russell diagram for models of 7 M, with various

initial rotation rates. The models are from |Georgy:
et al.|(2013).
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The evolution of the surface velocity is
governed both by the mass loss (that removes
angular momentum from the surface and trig-
gers the meridional currents) and by the inter-
nal transport (that generally brings angular mo-
mentum from the centre to the surface). The
net effect depends on the balance between the
two. Massive stars have a strong transport but
also strong winds, and generally the surface
velocity decreases more or less rapidly during
the main sequence. Lower-mass stars have a
weaker core-envelope coupling, but also much
weaker winds, and their surface velocity re-
mains more or less constant during the main
sequence. Note that the surface velocity and its
ratio to the critical velocity V/V.;, evolve dif-

ferently: Vg = %% decreases always dur-

ing the main sequence, because the mass de-
creases and the radius inflates. Therefore, even
if the surface velocity decreases with the evolu-
tion, the ratio to the critical velocity increases

(see Fig. D).

4. Metallicity effects, multiplicity

The picture depicted above is modulated by
various factors, among which the metallicity
and the multiplicity status of the stars.



Ekstrom et al.: Rotation and stellar population 53

7[][)' T T T T T 1.0
Jos
o
w
E 106 -
g
” 1047
SZ I
300F \Wu 102
2005025 B0 75 100 00
t [Myr]

Fig. 2. Model of 18 M, at solar metallicity: main
sequence evolution of the surface velocity V (in
blue), critical velocity V. (in red), and ratio V/V,;
(in green).

At low metallicity, the winds are weaker,
so less angular momentum is removed from the
star. The meridional circulation becomes much
weaker, which builds a steep Q-gradient in the
interior, inducing a strong shear. The diffu-
sion timescale behaves proportionally to R?/D;
since the stars are more compact, the diffusion
time is expected to be shorter. Generally, the
surface velocity tends to increase during the
main sequence, and the relative enrichment of
the surface in heavy elements is larger than at
solar metallicity.

When binaries are considered, we have to
add some complex ingredients, like tidal forces
or mass transfer episodes, that will affect obvi-
ously the surface velocity and abundances, but
also L and T.g. By affecting both the transport
of angular momentum and the mass loss ex-
perienced by the star, the multiplicity status of
a star plays a major role in the evolution of
the rotation. However, the complexity of the
physics involved makes it extremely difficult to
produce reliable models. Some crucial phases,
like the phase of common envelope in close bi-
naries, still escapes us, since the true impact on
the evolution and the numerical way of imple-
ment it is largely still unknown (see Ivanova
et al.|2013)).

When modelling population synthesis, the
huge parameter space needed to be explored

makes it impossible to compute grids of binary
models at large scales with a detailed physics.
Simplifications are mandatory to be able to
compute population synthesis (Eldridge et al.
2008)). Some codes use a base of single stars
models structures and apply to them prescrip-
tions for binary interactions (see for instance
de Mink et all[2013). It is usually considered
that the component quickly synchronise and
that the rotation rate of the stars are the one
of the orbit. However observations show that
the real picture might be much more compli-
cated than that (see the results by Martins et al.
2017).

When turning to the predictions of binary
models, it is thus important to keep in mind that
at best they are tainted by all the uncertainties
of single star modelling plus all the uncertain-
ties and unavoidable simplifications of binary
interactions modelling.

5. Effects of rotation on clusters

To explore the effects of rotation on the ap-
pearance of clusters, we have used the SycList
tool (Georgy et al.|2014). We have generated
isochrones at three different ages for various
initial rotation rates (see Fig.[3). Generally, the
tracks are bluer for a higher rotation rate. Just
below the turn-off, the tracks cross each other,
and the rotating ones become redder. The turn-
off occurs at a higher luminosity when rota-
tion is taken into account. Would one analyse
such a cluster with non-rotating isochrones, the
age deduced would be younger, because of the
higher-L turn-off. The shift in L is due to two
effects: first, the increase of the luminosity due
to the increase of the core size, as mentioned in
Section 3] and second, the longer lifetimes of
rotating models, that keeps higher mass stars
on the main sequence while the non-rotating
ones have already left it. In a My-B-V diagram,
the effects of rotation are stronger at older ages.
The age spread deduced from a population of
stars presenting a distribution of rotation rates
would increase with the age of the cluster, just

' https://www.unige.ch/sciences/astro/
evolution/fr/base-de-donnees/syclist/
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Fig. 4. CMD of a Z = 0.006 synthetic cluster of 50’000 stars at 30 Myr, with the initial rotation distribution
of[Huang et al| (2010). Non-rotating and average-rotation isochrones for this age are also drawn (black solid
and dashed lines respectively). Left panel: colour-coded according to the true surface velocity. Right panel:

colour-coded according to the *observed* V sini.
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Fig. 3. Isochrones at various ages and for various
rotational velocities.

as the observations show it (Niederhofer et al.|
2015).

The Sycuist tool offers also the possibil-
ity to create synthetic clusters, in which we
can imprint an initial velocity distribution. The
advantage of synthetic clusters is that we can
better grasp the variety of stellar populations,
and mimic the conditions of observation (an-
gle of view, photometric error, ...). Figure [
(top panels) shows the result in a CMD colour-
coded with Vs (left) and Vsin(i) (right). In

these figures, we see that the most rapid rota-
tors (Vsin() > 300kms™!) are concentrated
in the zone where the two isochrones (average-
rotating and non-rotating) are crossing. At first
sight, besides any angle effect (same feature
left and right), it can seem counter-intuitive,
since we expect the most rapid rotators to
gather at the turn-off. The explanation is sim-
ply that the critical velocity decreases rapidly
at the end of the main sequence (cf. Fig. ).
While the stars there seem to be average-
rotating, they are actually close to the critical
velocity, because the latter is lower than it is
for the stars in the neck.

The turn-off is widened by the rotation ef-
fects, the slowest rotators drawing the dim-
mer red hook while the rapid rotators draw-
ing the brighter blue hook. In the lower part
of the cluster, we expect the slowest rotator
to lie close to the non-rotating isochrone, and
the most rapid rotators to spread towards the
red. However, the angle effect blurs this pic-
ture, which is thus not expected to be really
observed.

6. Take-home message

The main take-home message of this presenta-
tion is that rotation deeply modifies the appear-
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ance and evolution of stars. Not taking it into
account might drive to false conclusions about
the mass and evolutionary status of the star.
Rotation shows also a strong metallicity depen-
dance, since Z affects both the mass loss and
the strength of the internal mixing. Multiplicity
also affects strongly the rotation evolution of
stars. The complexity of the physics involved
in binaries and the huge parameter space to ex-
plore impose drastic simplifications that need
yet to be ascertain.

Another point to be cautious about is that
there exist large differences between different
codes, both due to the basics physics imple-
mented and to the numerical choices made.
It is thus delicate to mix models from differ-
ent grids. Note that these difference could be
viewed as theoretical error bars.

Finally, don’t forget that theoreticians and
observers don’t speak the same language. We
need to use transformations to go from stellar
tracks to observations or vice-versa. The use of
stellar population usually helps in bridging the

gap.
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