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Massive stars

dominant role in chemical
evolution of galaxies

supernovae

progenitor of gamma-ray bursts

Crab nebula

(Hester et al. 2008)
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Intermediate mass stars

do not explode in
supernovae

many of the same
physical phenomena

much more numerous
than massive stars

very rich pulsation
spectra

(Poretti et al. 2009)
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Rotation

a significant proportion of these are rapid rotators
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Rotation and its effects

in order to understand these stars, one needs to understand the
impact of rotation on:

structure and evolution
pulsations
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Centrifugal deformation

the centrifugal acceleration distorts the shape of the star

recent interferometric observations show very high distortions

impact: such stars can only be modelled with 2D approaches

Achernar (α Eridani)
L48 A. Domiciano de Souza et al.: The spinning-top Be star Achernar from VLTI-VINCI

Fig. 1. VLTI ground baselines for Achernar observations and their
corresponding projections onto the sky at different observing times.
Left: Aerial view of VLTI ground baselines for the two pairs of 40 cm
siderostats used for Achernar observations. Color magenta represents
the 66 m (E0-G1; azimuth 147◦, counted from North to East) and
green the 140 m (B3-M0; 58◦). Right: Corresponding baseline pro-
jections onto the sky (Bproj) as seen from the star. Note the very effi-
cient Earth-rotation synthesis resulting in a nearly complete coverage
in azimuth angles.

detection of stellar asymmetries. Moreover, Earth-rotation has
produced an efficient baseline synthesis effect (Fig. 1, right).
A total of more than 20 000 interferograms were recorded on
Achernar, and approximately as many on its calibrators, cor-
responding to more than 20 hours of integration. From these
data, we obtained 60 individual V2 estimates, at an effective
wavelength of λeff = 2.175 ± 0.003 µm.

3. Results
The determination of the shape of Achernar from our set of V2

is not a straightforward task so that some prior assumptions
need to be made in order to construct an initial solution for
our observations. A convenient first approximation is to de-
rive from each V2 an equivalent uniform disc (UD) angu-
lar diameter �UD from the relation V2 = |2J1(z)/z|2. Here,
z = π �UD (α) Bproj (α) λ−1

eff , J1 is the Bessel function of the
first kind and of first order, and α is the azimuth angle of Bproj
at different observing times due to Earth-rotation. The appli-
cation of this simple procedure reveals the extremely oblate
shape of Achernar from the distribution of �UD(α) on an el-
lipse (Fig. 2). Since α, Bproj(α), and λeff are known much bet-
ter than 1%, the measured errors in V2 are associated only to
the uncertainties in �UD. We performed a non-linear regres-
sion fit using the equation of an ellipse in polar coordinates.
Although this equation can be linearized in Cartesian coor-
dinates, such a procedure was preferred to preserve the orig-
inal, and supposedly Gaussian, residuals distribution as well
as to correctly determine the parameters and their expected
errors. We find a major axis 2a = 2.53 ± 0.06 milliarcsec
(mas), a minor axis 2b = 1.62 ± 0.01 mas, and a minor-
axis orientation α0 = 39◦ ± 1◦. Note that the correspond-
ing ratio 2a/2b = 1.56 ± 0.05 determines the equivalent star

Fig. 2. Fit of an ellipse over the observed squared visibilities V2 trans-
lated to equivalent uniform disc angular diameters. Each V2 is plotted
together with its symmetrical value in azimuth. Magenta points are
for the 66 m baseline and green points are for the 140 m baseline.
The fitted ellipse results in major axis 2a = 2.53 ± 0.06 milliarcsec,
minor axis 2b = 1.62 ± 0.01 milliarcsec, and minor axis orientation
α0 = 39◦±1◦ (from North to East). The points distribution reveals an
extremely oblate shape with a ratio 2a/2b = 1.56 ± 0.05.

oblateness only in a first-order UD approximation. To interpret
our data in terms of physical parameters of Achernar, a consis-
tent scenario must be tailored from its basic known properties,
so that we can safely establish the conditions where a coherent
model can be built and discussed.

4. Discussion
Achernar’s pronounced apparent asymmetry obtained in this
first approximation, together with the fact that it is a Be star,
raises the question of whether we observe the stellar photo-
sphere with or without an additional contribution from a CSE.

For example, a flattened envelope in the equatorial plane
would increase the apparent oblateness of the star if it were
to introduce a significant infrared (IR) excess with respect
to the photospheric continuum. Theoretical models (Poeckert
& Marlborough 1978) predict a rather low CSE contribution
in the K band especially for a star tilted at higher inclina-
tions, which should be our case as discussed below. Indeed,
Yudin (2001) reported a near IR excess (difference between
observed and standard color indices in visible and L band
centered at 3.6 µm) to be E(V − L) = 0.m2, with the same
level of uncertainty. Moreover, this author reports a zero in-
trinsic polarization (p∗). These values are significantly smaller
than mean values for Be stars earlier than B3 (E(V − L) >
0.m5 and p∗ > 0.6%), meaning that the Achernar’s CSE is
weaker than in other known Be stars. Further, an intermediate

1064 P. Kervella and A. Domiciano de Souza: The polar wind of Achernar

Table 4. B es t fi t parameters (and corres ponding uncertainties ) of our
s imple model cons is ting in a G aus s ian elliptical envelope s uperimpos ed
on a uniform ellips e repres enting the central s tar. The fi t was computed
on our complete H and K b and data s et.

θeq 2.13 ± 0.05 mas s tellar eq uatorial ang ular s ize
θpol 1.5 1 ± 0.02 mas s tellar polar ang ular s ize
α1 13 1.6 ± 1.4 deg azimuth of the s tellar eq uator
ρeq 2.7 ± 1.3 mas envelope F W H M along s tellar eq uator
ρpol 17.6 ± 4.9 mas envelope F W H M along s tellar pole
f 4.7 ± 0.3 % relative (envelope to s tar) near-I R fl ux

F ig . 3 . G raphical repres entation of the b es t- fi t model intens ity dis trib u-
tion of Achernar. The relative fl ux contrib utions from the s tar and the
envelope are not to s cale. This illus tration s hould not b e cons idered as
a true imag e of the s tar.

vis ib ility function is a two-dimens ional V2(u,v) map. F ig ure 2
s hows the cuts of this b es t- fi t V2(u,v) map along the s tellar pole
and the eq uator (s olid curves ) . N ote that the rapid vis ib ility de-
creas e ob s erved at low s patial freq uencies in the polar direction
is reproduced well b y the pres ence of the elong ated polar enve-
lope in the model.

A g raphical repres entation of the s tar and its polar envelope
b as ed on the b es t- fi t parameters is pres ented in F ig . 3 . W e em-
phas ize that this fi g ure is not a true imag e of the s tar, b ut only
the repres entation of the b es t- fi t lig ht dis trib ution with the a pri-
ori hy pothes is that the s tar can b e des crib ed b y a uniform el-
lips e s urrounded b y an elliptical G aus s ian envelope alig ned with
its principal ax es . This intens ity dis trib ution reproduces the ob -
s erved vis ib ilities well, b ut s everal others could als o fi t. In partic-
ular, we cannot determine if the envelope is s y mmetric relative
to the s tar, due to the b as eline orientation amb ig uity of 18 0◦.

3.6. Excluded data points

In the fi tting proces s , we chos e to ex clude the four data points
ob tained on the U T1-U T4 b as eline (s ee Tab le 3 b ) . W ith a pos i-
tion ang le of ≈46 deg for the projected b as eline, they corres pond
to a meas urement that is almos t alig ned with the pole of the s tar
(α0 = 41.6± 1.4 deg ) . Althoug h they s atis fy the data q uality cri-
teria that we applied to the other data points , they are located
6−7σ away from the b es t- fi t model. I t s hould b e noted that the
114 remaining data points are in ex cellent ag reement with our

C SE model, and the res iduals of the fi t pres ent s atis factory s ta-
tis tical properties (s ee Sect. 3 .7) .

An ins trumental orig in for thes e outliers cannot b e formally
ex cluded, es pecially as thes e data points were ob tained on the
very fi rs t nig ht of V L TI operations of the U T1-U T4 b as eline.
H owever, no particular technical prob lem was reported, and the
other s tars ob s erved on this nig ht s howed cons is tent res ults . As
we could not dis ting uis h thes e meas urements from the res t of our
data, we chos e to pub lis h them all tog ether for the s ak e of homo-
g eneity . A pos s ib le as trophy s ical caus e for thes e low vis ib ilities
would b e a s tellar eruption that could have s uddenly increas ed
the C SE b rig htnes s and/or ang ular ex tens ion.

3.7 . C om parison w ith oth er m odels and residuals of th e fi t

In order to as s es s the level of adeq uation of our s tar+C SE model
to the data, we als o tried to fi t them with two s impler models :
a circular uniform dis k and a uniform ellips e. The res iduals for
each of the three models are pres ented in F ig . 4 as a function
of the projected b as eline azimuth ang le. W e ob tained in the fi rs t
cas e a uniform dis k ang ular diameter of θU D = 1.78 mas , with
the larg e χ2

red
of 4.9 characteris tic of a b ad fi t. F itting a uniform

ellips e res ults in the following b es t- fi t values : θeq = 2.3 1 mas ,

θpol = 1.68 mas , and α1 = 13 5 .7◦. Ag ain, the χ2
red

of 3 .2 s hows
poor ag reement of this model to our data. I t thus appears that
our s tar+G aus s ian C SE model is a much b etter fi t to our data s et
(χ2

red
= 0.79 ) than the models without C SE .

As s hown in F ig . 4 (b ottom), the res iduals of our s tar+C SE
fi t appear to b e homog eneous with res pect to azimuth ang le.
Similarly , we do not detect any s ig nifi cant res idual either with
res pect to projected b as eline leng th or with time (F ig . 5 ) . The
H and K b and data s ets do not s how any s y s tematic devia-
tion, which jus tifi es a pos teriori our comb ined treatment of thes e
two data s ets . Due to the relatively s mall numb er of meas ure-
ments in the H b and and their lower accuracy compared to the
K b and, their infl uence on the b es t- fi t parameters is very limited.
H owever, they are overall in ex cellent ag reement with the b es t-
fi t model, with a s pecifi c reduced χ2 of only 0.2. C ons idering the
limited amount of H b and data, we currently cannot inves tig ate
the waveleng th dependence of the C SE properties , b ut additional
ob s ervations with the AM B E R ins trument of the V L TI in the J
and H b ands will s oon allow s uch s tudies . I t s hould b e noted that
interferometric ob s ervations of the b rig ht B 0I V pe s tar γ C as in
the vis ib le have s hown that the apparent s ize of this s tar can vary
cons iderab ly with waveleng th (Stee et al. 19 9 8 ) . The s catter ap-
pears to b e s lig htly larg er along the polar direction than along the
eq uator of the s tar (F ig . 5 , top). This could b e caus ed b y devia-
tions from our s imple s tar- C SE model on s mall ang ular s cales .
F or ins tance, the pres ence of clumps in the C SE could create this
apparent ins tab ility of the vis ib ility function. H owever, our data
s et is s till too limited to cons train their properties s ig nifi cantly .

4. Nature of the CSE of Achernar

4 .1 . T otal extension

As lis ted in Tab le 4, the ang ular s izes of the ax es of the
photos phere ellips e (θeq and θpol) are well cons trained, as is
the fl ux ratio f = 4.7 ± 0.3 % b etween the s tar and the
polar envelope. H owever, the ang ular dimens ions of the en-
velope its elf are poorly cons trained. In particular, as vis ib le
in F ig . 2, we lack very s hort b as eline meas urements to es ti-
mate the total ex tens ion of the envelope in the polar direction.
C ons idering our data, it could b e much more ex tended than the

(Domiciano de Souza et al. 2003, 2012,
Kervella & Domiciano de Souza 2006)
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Gravity darkening

rapid rotation causes the poles to be hotter than the equator

impact: the position of these stars in an HR diagram depends on
their inclination

interferometry confirms this effect and can determine the inclination

D. R. Reese Rapid rotation and its implications for stellar structure and pulsations



Introduction Structure and evolution Pulsations Asteroseismology Conclusion

Gravity darkening

Different approaches

simple power law: Teff ∝ gβeff

β = 0.25 for a radiative envelope (von Zeipel, 1924)
β = 0.08 for a convective envelope (Lucy, 1967)

Espinosa Lara & Rieutord (2011): ~F = −f (r , θ)~geff and ∇ · ~F = 0

compares favourably with 2D simulations

Altair

a

(Espinosa Lara & Rieutord, 2011)
D. R. Reese Rapid rotation and its implications for stellar structure and pulsations
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Baroclinic effects

mismatch between lines of constant P, T , and ρ:

this causes:

meridional circulation
differential rotation

Rotation profile Meridional circulation

(Rieutord & Espinosa Lara, 2009, Espinosa Lara & Rieutord, 2013)
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Baroclinic effects – impact on evolution

G. Meynet & A. Maeder: Stellar evolution with rotation. V 111

���1I]RIX�

1EIHIV�����

enhanced transport: modified lifetime and different chemical yields

improved agreement with observations (Meynet & Maeder 2005 and
references therein)
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Baroclinic effects – impact on evolution
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mismatch on N enrichment in some stars (Hunter et al. 2009, Brott
et al. 2011)

mismatch on core rotation rate of red giants (Eggenberger et al.
2012, Marques et al. 2013, Ceillier et al. 2013)
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Impact on convection zones
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(Espinosa Lara & Rieutord 2007) (Maeder et al. 2008)

Espinosa Lara & Rieutord (2007): convective equatorial belts may
exist

Maeder et al. (2008): rotation favours convection in stellar
envelopes, especially at the equator

D. R. Reese Rapid rotation and its implications for stellar structure and pulsations



Introduction Structure and evolution Pulsations Asteroseismology Conclusion

Impact on convection zones

open question: 2D prescription for convection in rotation models?

answer may come from the CHORUS code (Wang et al., in prep.)
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Summary

rotation causes many new phenomena which affect stellar structure,
transport processes, mixing, and evolution

although there has been much progress, there are still large
uncertainties

need for observational constraints on internal structure
asteroseismology is the best way to do this currently

D. R. Reese Rapid rotation and its implications for stellar structure and pulsations
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Impact of rotation on stellar pulsations

ω = ω0 − m( 1︸︷︷︸
geometric

−C︸︷︷︸
Coriolis

)

︸ ︷︷ ︸
D. Kurtz’ talk

Ω + ω2Ω2︸ ︷︷ ︸
centrifugal & Coriolis

...
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Gravito-inertial modes

gravito-inertial modes: restoring
force = buoyancy + Coriolis force

effect of Coriolis force ∝ 2Ω/ω

stars with such modes: γ Dor
stars, SPBs, Be stars

extensive literature inertial and
singular modes:

Papaloizou & Pringle (1978),
Lee (2006), Rieutord et al.
(2000, 2002), Dintrans &
Rieutord (2000), Mirouh et al.
(poster)

in what follows, I will focus on
modes that become g-modes in
the Ω→ 0 limit

'LVMWXIRWIR�
(EPWKEEVH������
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Period spacing

when Ω = 0, the period spacing depends only on ` (Tassoul 1980)

when Ω 6= 0, the period spacing depends on `, m and η = 2Ω
ω

first established with traditional approximation (Berthomieu et al.
1978); confirmed with full 2D computations (Ballot et al. 2012)

0 1 2 3 4 5
2Ω/ω = η

0.0

0.5

1.0

1.5

2.0

2.5

∆P
l,m

m=−1

m= 0
m= 1

(Ballot et al. 2012)
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Mode geometry

sub-inertial modes – confined by critical surfaces (see Dintrans et al.
1999, Dintrans & Rieutord 2000)

rosette modes (Ballot et al. 2012, Takata & Saio 2013, 2014, M.
Takata’s talk)
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Acoustic modes

acoustic modes: restoring force =
pressure

affected by centrifugal force
∝ ε

λ
∝ ωΩ2

stars with such modes: δ Scuti
stars, β Cephei stars

'LVMWXIRWIR�
(EPWKEEVH������
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Geometric structure

Island Chaotic Whispering gallery
low `− |m| medium `− |m| high `− |m|

based on ray dynamics, Lignières & Georgeot (2008, 2009) found
different classes of modes:

separate geometry
separate frequency organisation

extended to more realistic models (Reese et al. 2009)
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Frequency organisation

-WPERH

'LESXMG

��TIVMSHMG
MWPERH

;LMWTIVMRK
KEPPIV]

(Lignières & Georgeot, 2009)
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Island modes

most visible of the regular
modes

rotating counterparts to
modes with low `− |m|
values

new quantum numbers:

ñ = 2n + ε

˜̀ =
`− |m| − ε

2
m̃ = m

ε = `+ m modulo 2

D. R. Reese Rapid rotation and its implications for stellar structure and pulsations



Introduction Structure and evolution Pulsations Asteroseismology Conclusion

Frequencies of island modes

(Pasek et al. 2012)

empirical fit (Reese et al. 2009): ω ' ∆ññ + ∆ ˜̀
˜̀+ ∆m̃m2

ñ −mΩ + α̃

∆ñ = travel time along ray path (Lignières & Georgeot 2008, 2009)

∆ ˜̀: semi-analytical formula in Pasek et al. (2011, 2012)
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A simple scaling relation

(Reese et al. 2008)

∆ν = 2∆ñ ∝
√

G ρ̄

this can constrain the mean density, even when Ω is large
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Mixed modes

Ω = 0.0ΩK Ω = 0.4ΩK Ω = 0.8ΩK

gravito-inertial modes ∝
√

GM/R3
pol, acoustic modes ∝

√
G ρ̄

rotation increases the overlap between p and g mode domain
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Mixed modes

in evolved stars with mixed modes, rotation affects different
members of a multiplet differently (Ouazzani et al. 2013)

loss of equidistant spacing even for small Ω

(Ouazzani et al. 2013)
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Asteroseismology

Two approaches:

Average/global: focuses on the general characteristics of pulsation
spectra rather than on specific modes
Detailed/“boutique”: relies on the identification of individual modes

D. R. Reese Rapid rotation and its implications for stellar structure and pulsations
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Global asteroseismology – low frequency domain

(Walker et al. 2008)

νinert. = |νcorot. −mΩ|
modes group together in
clumps, separated by Ω

use of non-adiabatic
calculations to decide
which clumps are excited

see Savonije (2007), Saio
et al. (2007),
Dziembowski et al.
(2007), Walker et al.
(2008), Cameron et al.
(2008)
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Global asteroseismology – low frequency domain
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discrepancies between seismic and classical values of Ω in Be stars
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Global asteroseismology – high frequency domain

ects,
which are essential for a true determination of the frequencies’
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recurrent spacings in Fourier transform of frequency spectra

interpreted as ∆ν ⇒ constraint on mean density

D. R. Reese Rapid rotation and its implications for stellar structure and pulsations



Introduction Structure and evolution Pulsations Asteroseismology Conclusion

Global asteroseismology – high frequency domain

(Reese et al. submitted)

recurrent spacings found in a number of studies:

Breger et al. 2009, Garćıa Hernández et al. 2009, 2013, poster,
Mantegazza et al. 2012, Suárez et al. 2014

studies based theoretical spectra:

Lignières et al. 2010, Reese et al. submitted
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Detailed asteroseismology

Why is it so difficult?

D. R. Reese Rapid rotation and its implications for stellar structure and pulsations
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Detailed asteroseismology
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(Deupree et al. 2012)

mode identification is a real challenge
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Detailed asteroseismology

Mode identification techniques

still try to look for frequency patterns

multi-colour photometry

amplitude ratios, phase differences
advantages: intrinsic amplitude factors out, simpler observations

spectroscopy: LPVs

advantage: more detailed information

these methods need to be adapted to rapidly rotating stars
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Echelle diagrams
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g-modes: Bedding’s talk

p-modes: Garćıa Hernández et al. 2013, poster
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Multi-colour mode identification

A multiplet Fixed (`,m)

(Reese et al. 2013)

see also Townsend (2003), Daszyńska-Daszkiewicz et al. (2002,
2007), Lignières et al. (2006), Lignières & Georgeot (2009)

the amplitude ratios for a given multiplet depend on m, unlike for
spherical stars

the amplitude ratios remain similar for fixed (`,m) values
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Multi-colour mode identification

(Reese et al. submitted)

compare observed amplitude ratios between each other

⇒ group modes with similar (`,m) values
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Spectroscopic signatures

Observations Theory
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2.1. Line profile variations

2.2. Equivalent width and line centroid variations
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theory: Lee & Saio (1990), Clement (1994), Townsend (1997), R+

observations: Telting & Schrijvers (1998), Poretti et al. (2009),
poster by Themeßl et al.

mode identification tools such as FAMIAS (Zima 2008) need to be
adapted to rapid rotation
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Non-adiabatic calculations

these mode identification techniques need δTeff/Teff

only non-adiabatic calculations yields this accurately

mode excitation only from non-adiabatic calculations

previous studies: Lee & Baraffe (1995) + subsequent papers

models based on Chandrasekhar expansion

current work: based on rapidly rotating ESTER models

only 2D models in which the energy equation is solved
self-consistently
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Non-adiabatic calculations

Acoustic Work Work (vs. log T )

a given pulsation mode (stabilised by rotation)
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Non-adiabatic calculations

a multiplet (the retrograde modes are stabilised first)
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Conclusion

rapid rotation plays a major role in massive and intermediate mass
stars

these stars are important for many domains in astrophysics

multiple effects both on structure and evolution

better understanding of these effects
many unanswered questions remain

impact on stellar pulsations

progress on understanding these effects and interpreting seismic data
more work needed, especially with current (MOST, CoRoT, Kepler,
BRITE) and future data (PLATO)
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