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Interior rotation in intermediate-mass stars
The vast majority of BAF stars are approximately rigid rotators.

Main sequence:  
gamma Dor (F) 
SPB (B)

Evolved stars: 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Red Clump 
Secondary Red Clump

such modes in B-, A-, and F-type stars covering the entire main
sequence (e.g., Degroote et al. 2010; Kurtz et al. 2014; Pápics
et al. 2014; Saio et al. 2015; Van Reeth et al. 2015; Murphy
et al. 2016; Ouazzani et al. 2017; Pápics et al. 2017; Zwintz
et al. 2017), just as predicted by theory (Miglio et al. 2008;
Bouabid et al. 2013). Such modes have their dominant mode
energy in the near-core region of the star and are therefore
excellent probes of the chemical gradient left behind during the
main-sequence shrinkage of the convective core. The detected
gravity modes have rotational kernels that are typically 5–10
times larger in a narrow near-core region than in the extended
radiative envelope (e.g., Triana et al. 2015; Van Reeth
et al. 2016, their Figure 2).

For stars that reveal both gravity and pressure modes with
rotational splitting, derivation ofWcore andWenv is possible in an
almost model-independent way. This was first achieved by
Kurtz et al. (2014) for the A-type Kepler target KIC 11145123
and soon followed by Saio et al. (2015) for the F-type star
KIC 9244992. More so-called hybrid pulsators with rotational
splitting in both types of modes have been found meanwhile.

The majority of intermediate-mass gravity-mode pulsators
found in the Kepler data reveal quantitative information on the
near-core rotation but not on the envelope rotation. As derived
by Van Reeth et al. (2016) and Ouazzani et al. (2017), the slope

of the period spacing pattern of prograde, zonal, or retrograde
modes of consecutive radial order delivers a direct probe of
Wcore, even in the absence of rotational splitting. A value of
Wenv can be deduced from rotational splitting of pressure
modes. In the absence of identified pressure modes, the surface
rotation can still be derived with high precision from the
detection of rotational modulation when this phenomenon
occurs together with gravity modes in the light curves.
Otherwise, only a lower limit for Wenv can be deduced from a
spectroscopic measurement of the projected surface rotation
velocity W R isinenv (Murphy et al. 2016; Van Reeth
et al. 2016). This can be achieved by adopting a reasonable
value for the stellar radius while paying attention to line-profile
broadening induced by all the tangential velocity fields due to
gravity modes (Aerts et al. 2014b).
Figure 1 includes 67 main-sequence stars from Kurtz et al.

(2014), Saio et al. (2015), Triana et al. (2015), Moravveji et al.
(2016), Murphy et al. (2016), Van Reeth et al. (2016), Schmid &
Aerts (2016), Ouazzani et al. (2017), Pápics et al. (2017), Sowicka
et al. (2017), Kallinger et al. (2017), and Guo et al. (2017),
covering spectral types from mid-B to early-F. All these studies
rely on Kepler or BRITE space photometry. Their gravity modes
revealed Wcore through asteroseismology and their glog resulted
from high-resolution spectroscopy (except for the four stars in

Figure 1. Core rotation rates (circles) as a function of spectroscopically derived gravity for core hydrogen burning stars with a mass between 1.4 and 2.0 Me (green)
and 3 to~5 Me (blue) derived from dipole prograde gravito-inertial modes in main-sequence stars. Surface rotation rates (triangles) are deduced from pressure modes
or from rotational modulation. Errors on the rotation rates are smaller than the symbol size, while the errors on the gravity are indicated by dotted lines.
Asteroseismically derived rotation rates and gravities for evolved stars with solar-like oscillations in the mass range 1.4 Me<M<3.3 Me have been added (errors
smaller than symbol sizes for both quantities): RGB stars (red), red clump stars (gray), and secondary clump stars (orange). Binary components are indicated with an
extra + sign inside the circles. The errors of glog have been omitted in the zoomed window for clarity.
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(Aerts et al. 2017)

Angular momentum 
transport mechanism 

...Internal Gravity 
Waves(c.f. talk by G. Buldgen)



Temperature perturbation with white hot and black cool perturbations. (Right) Vorticity with black negative vorticity and white

2D simulations of IGWs 
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(Zahn et al. 1997; Talon & Charbonnel 2005-2008; Cantiello et al. 2009; Shiode et al. 2013;  
Fuller et al. 2014; Lecoanet & Quataert 2013; Rogers 2015; Rogers & McElwaine 2017)

The IGW spectrum morphology can 
be characterised as a low-frequency 
power excess: red noise.

Convectively-driven IGWs are effective at transporting 
angular momentum and chemical elements.

Case study: IGWs in a 3 M⊙ ZAMS star 
from Rogers et al. (2013).

" M = " A and # ⌫

Scaling to other masses:



3D simulations of IGWs
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IGW excitation through plume penetration, 
producing low-frequency power excess in 
temperature and velocity spectra.
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Figure 25. Frequency spectrum of temperature fluc-
tuations T from the reference state at the equator of
model H6LD close to the outer boundary of the simulation
domain (r = 0.89 R?). The di↵erent panels show di↵erent
values of angular degree (l) as indicated.

1 mmag (km s�1)�1 (Aerts & Rogers 2015) for compari-
son.

The same low-frequency power excess shows in the
spectra of temperature fluctuations in Fig. 25. It is ex-
pected to be the dominant cause of photometric vari-
ability in observations. In the spectrum integrated over
all l values (top panel) this excess makes it hard to dis-
tinguish individual excited mode frequencies, expect for
one mode at 210 Hz (18.1 d�1), which is part of the
l = 2 component. In the spectra for individual l val-
ues, several modes can be identified, corresponding to
those in Fig. 21. This decomposition also makes it clear

that the low-frequency power excess is a combination of
the power excesses in di↵erent l components, each con-
tributing to a small frequency range. The lack of signal
at low-frequencies in numerical simulations is due to the
high numerical di↵usivity and not expected to be phys-
ical. The amplitude of the waves is expected to increase
as they propagate from r = 0.89 R?, where the spectrum
was computed, to the surface. According to pseudomo-
mentum conservation it should increase by a factor of
380.

The low-frequency power excess is also found in obser-
vations of stars with a convective core (Bowman et al.
2018, submitted). In the simulations it is caused by
the high density of high radial order, low-l g modes
and because most energy in the CZ is at low l values
(see Fig. 9). The drop in amplitude below 2 d�1 on the
other hand is in disagreement with observed photometry
(Blomme et al. 2011; Aerts et al. 2017b, 2018; Bowman
et al. 2018). This disagreement is likely caused by the
increased thermal di↵usivity in the simulations (both
in 2D and 3D) which damps low-frequency waves more
strongly than in stellar interiors. Another possibility is
the lack of di↵erential rotation in our 3D model. Rogers
et al. (2013) found that di↵erential rotation between
core and envelope introduces a significant low frequency
component in the spectrum. At higher frequencies above
10 d�1 the 2D simulations drop more slowly than the 3D
simulations and show many excited modes. This is pos-
sibly due to the lack of wave breaking brought about by
the high thermal di↵usivity and viscosity needed in our
present set of 3D simulations.

5. CONCLUSIONS AND OUTLOOK

We showed the first 3D simulations of convection in
the core of an intermediate-mass star, with a convective
core and radiative envelope, that also include a large
part of the radiation zone (RZ). The simulations us-
ing the anelastic equations (i.e., removing the physics of
sound waves) and a spectral discretization using spher-
ical harmonics were run using a realistic reference state
from the stellar evolution code MESA. For numerical
reasons the simulations were run with increased thermal
and viscous di↵usivity. To compensate for the increased
wave damping this produces we increased the luminos-
ity of the star causing higher velocities in the convective
core. We do this in the hope that wave velocities at the
surface of the star are more realistic.

We see wave patterns in the RZ, which are identified
to be standing g and f modes with frequencies similar to
those predicted by the oscillation code GYRE. Although
there are di↵erences, they are not of the sort predicted
in Brown et al. (2012) and are dependent on the l and

(Edelmann et al. 2018)
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producing low-frequency power excess in 
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values of angular degree (l) as indicated.
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The same low-frequency power excess shows in the
spectra of temperature fluctuations in Fig. 25. It is ex-
pected to be the dominant cause of photometric vari-
ability in observations. In the spectrum integrated over
all l values (top panel) this excess makes it hard to dis-
tinguish individual excited mode frequencies, expect for
one mode at 210 Hz (18.1 d�1), which is part of the
l = 2 component. In the spectra for individual l val-
ues, several modes can be identified, corresponding to
those in Fig. 21. This decomposition also makes it clear

that the low-frequency power excess is a combination of
the power excesses in di↵erent l components, each con-
tributing to a small frequency range. The lack of signal
at low-frequencies in numerical simulations is due to the
high numerical di↵usivity and not expected to be phys-
ical. The amplitude of the waves is expected to increase
as they propagate from r = 0.89 R?, where the spectrum
was computed, to the surface. According to pseudomo-
mentum conservation it should increase by a factor of
380.

The low-frequency power excess is also found in obser-
vations of stars with a convective core (Bowman et al.
2018, submitted). In the simulations it is caused by
the high density of high radial order, low-l g modes
and because most energy in the CZ is at low l values
(see Fig. 9). The drop in amplitude below 2 d�1 on the
other hand is in disagreement with observed photometry
(Blomme et al. 2011; Aerts et al. 2017b, 2018; Bowman
et al. 2018). This disagreement is likely caused by the
increased thermal di↵usivity in the simulations (both
in 2D and 3D) which damps low-frequency waves more
strongly than in stellar interiors. Another possibility is
the lack of di↵erential rotation in our 3D model. Rogers
et al. (2013) found that di↵erential rotation between
core and envelope introduces a significant low frequency
component in the spectrum. At higher frequencies above
10 d�1 the 2D simulations drop more slowly than the 3D
simulations and show many excited modes. This is pos-
sibly due to the lack of wave breaking brought about by
the high thermal di↵usivity and viscosity needed in our
present set of 3D simulations.

5. CONCLUSIONS AND OUTLOOK

We showed the first 3D simulations of convection in
the core of an intermediate-mass star, with a convective
core and radiative envelope, that also include a large
part of the radiation zone (RZ). The simulations us-
ing the anelastic equations (i.e., removing the physics of
sound waves) and a spectral discretization using spher-
ical harmonics were run using a realistic reference state
from the stellar evolution code MESA. For numerical
reasons the simulations were run with increased thermal
and viscous di↵usivity. To compensate for the increased
wave damping this produces we increased the luminos-
ity of the star causing higher velocities in the convective
core. We do this in the hope that wave velocities at the
surface of the star are more realistic.

We see wave patterns in the RZ, which are identified
to be standing g and f modes with frequencies similar to
those predicted by the oscillation code GYRE. Although
there are di↵erences, they are not of the sort predicted
in Brown et al. (2012) and are dependent on the l and
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Figure 6. Time series of meridional slices through model H6R10. The color scale temperature deviation from the horizontal
mean. The label in the panel indicates time after the first the first panel. Each panel is separated by 10 000 numerical time
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which are run with identical parameters except for the
number of spectral modes being used. Their spectra are
almost identical apart from a small bend at the high-
est l values. This suggests that enough of the inertial
subrange of the turbulent cascade is resolved to get the
correct energy dissipation and that the simulations do
not su↵er from severe anomalous behavior at the small-
est resolved length scales.

4.2. IGW generation

Knowledge of the properties of the flow in the con-
vective core is important to understand the ranges of
wave number and frequency of waves that are excited
at the CB. The information on the 3D time evolution
of velocity allows us to extract frequency spectra of in-
dividual wave numbers at certain radii. We make use
of the decomposition into spherical harmonics on which
the code is based to extract energy density profiles for
each individual l mode using Eq. (13).

It is controversial which mechanism is most impor-
tant for the excitation of IGWs at the CB. The two
common candidates are bulk Reynolds stresses produced
by convective eddies (Lighthill 1952; Goldreich & Ku-
mar 1990) and plume overshoot (Townsend 1966; Zahn
1991). Rogers et al. (2013) distinguishes between the
two using the frequency spectrum of wave energy just

outside the convective core. They find two regions fitted
by a power law with clearly distinct exponents. A possi-
ble explanation for this behavior is that the typical eddy
frequency is close to the convective turnover frequency.
Excitation by eddies would only contribute to frequency
regime below the convective turnover frequency, while
plume excitation should be present in both. This may
explain the break in the power law.

To apply this analysis to our 3D data we compute
the kinetic energy density at a radius of 0.07 HP

4

above the top of the convection zone (as defined by the
Schwarzschild criterion) at every time step and take a
Fourier transform of the time series data. Figure 10
shows the spectra for di↵erent models. For guidance we
show an estimate of the convective turnover frequency
given by,

fTO =
vrms

⇡rCZ
, (14)

which assumes the largest eddy extends from the center
of the star to the radius of the convection zone rCZ and
it turns at the rms velocity.

All models show an almost flat spectrum at low fre-
quencies and transition into a steeper power law at
higher frequencies. In the composite (i.e., including all

4
The pressure scale height is defined as HP = �@r/@ ln P .

(Edelmann et al. 2018)



D. M. Bowman, KU Leuven PHOST, Banyuls-sur-Mer6th Sept 2018

Can we detect IGWs  
in photometric observations  

of massive stars?

" M = " A and # ⌫

IGW amplitudes:



Image credit: P. I. Pápics
(Paxton et al. 2015)

Widespread and diverse variability in the upper main sequence:
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phase with no unstable modes, before the instability reappears
in the range T4.288 log K 4.278eff( ). . for the g2 mode.

This alternation between instability and stability, seen as
fingers in Figure 9, stems from the fact that the κ mechanism
only excites modes whose eigenfrequencies fall in a narrow
range ,lo hi[ ]s s . At frequencies Re hi( )s s> , the pulsation
period becomes comparable to the local thermal timescale in
the envelope region above the iron opacity peak, and this
region behaves as a damping zone, stabilizing the modes.
Conversely, at frequencies Re lo( )s s< , modes couple with
gravity waves trapped in the μ-gradient zone developing at the
core boundary, and are likewise damped. The intermediate
stable phase in Figure 10, between Tlog K 4.301eff( ) = and

Tlog K 4.288eff( ) = occurs when there are no modes in the
,lo hi[ ]s s range. As the star evolves, the unstable range narrows:

his decreases due to lower Teff , while los increases due to the
growth of the μ-gradient zone.

Figure 11 shows a version of the ℓ 1= panel calculated
using OP opacity tables rather than OPAL tables. There is an
overall shift of the instability strips toward higher luminosities,
an effect already noted by Pamyatnykh (1999). The fingers
persist with much the same structure, supporting the fact that
they are physical effects rather than numerical artifacts.

Returning now to Figure 9, the post-MS extension of the
SPB strips has been attributed in the literature to features in the
Brunt–Väisälä frequency which reflect gravity waves at the
boundary of the helium core, preventing them from penetrating
into the core and being dissipated by strong radiative damping.
Saio et al. (2006) and Godart et al. (2009) argue that the
necessary feature is an intermediate convection zone (ICZ)
associated with the hydrogen-burning shell, but more recently
Daszyńska-Daszkiewicz et al. (2013) have shown that even a
local minimum in the Brunt–Väisälä frequency is sufficient to
reflect modes. In the present case, the empirical mass threshold
M 9 M2 : required for formation of an ICZ coincides with the

lower boundaries of the SPB strip extensions. In the lowest-
mass models above this threshold, the ICZ vanishes shortly
after its appearance, but it leaves behind a narrow region with a
steep molecular weight gradient. This gradient causes a spike in
the Brunt–Väisälä frequency, which serves in a similar manner
to prevent gravity waves from entering into the core and being
dissipated.
The corresponding post-MS extension of the β Cephei strips

was first noted by Dziembowski & Pamiatnykh (1993), but has
not received much attention in the literature. Figure 9 shows
that this extension has a well defined lower boundary, much
like the SPB stars although situated at slightly higher masses,
M 10.5 M2 :. We have determined that the extension is also a
consequence of ICZ formation; the shift to higher masses arises
because it appears that multiple convection zones, rather than a
single one, are necessary to reflect waves at the core boundary
in the case of β Cephei pulsators.

3.2. Asteroseismic Optimization

To illustrate the updated asteroseismic capabilities of MESA,
Figure 12 plots the echelle diagram for the subgiant star
HD 49385, showing both the frequencies of ℓ 0 2–= modes
measured by Deheuvels et al. (2010), and the corresponding
frequencies of the best-fit model determined using the astero
extension. The calculations follow the same procedure detailed
in Section 3.2 of Paper II; the only significant differences are
that the initial mass, helium abundance, metal abundance and
mixing length parameter are refined using the downhill simplex
algorithm rather than the Hooke–Jeeves algorithm; oscillation
frequencies are calculated using GYRE rather than ADIPLS;
and the surface corrections to frequencies are evaluated using
Equation (4) of Ball & Gizon (2014) rather than with the
Kjeldsen et al. (2008) scheme.
Comparing Figure 12 against Figure 8 of Paper II reveals

only small differences between the two. The 2c of the best-fit

Figure 10. The ℓ = 1 dimensionless frequency spectrum of an 8.5 M: stellar
model as it evolves from the ZAMS to the REMS. Blue (orange) dots indicate
which modes are stable (unstable); selected modes are labeled along the left/
bottom edge using their classification.

Figure 11. Instability strips for dipole (ℓ 1= ) oscillation modes in the upper
part of the HR diagram, but calculated using OP rather than OPAL opacities
(cf. Figure 9).
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Image credit: P. I. Pápics
(Simón-Díaz et al. 2016, 2017; Godart et al. 2017)
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Fig. 7. Location in the sHR diagram of the observational dataset pre-
sented in Simón-Díaz et al. (2016): red points stand for the stars pre-
senting an important (or dominant) macroturbulent broadening contri-
bution and green points correspond to stars for which either rotational
broadening dominates or both v sin i and vmac are below 25 km s�1 (see
Simón-Díaz et al. 2016, for further details). The size of the points is
linearly scaled with vmac, ranging from 10 to 130 km s�1. Instability do-
main predictions (as described in Sects. 4.1 and 4.2) for 1  `  20 are
colored in blue and red.

when modifying the input parameters in the stellar model com-
putations, such as the opacities and the metal mixture. These two
possibilities are discussed in detail in the next sections.

5.1. High-degree modes vs. macroturbulent broadening

Hereafter, we work under the hypothesis that the bare mini-
mum requirement to end up in a macroturbulent-type profile
produced by pulsation modes is a dense frequency spectrum of
excited modes (e.g., Aerts et al. 2009). In the context of the
-mechanism, such spectra can be achieved by the presence of
high-order g modes – since they are usually excited in an abun-
dant spectrum – or even by combining the collective e↵ect of a
group of modes with a large range of ` degrees. Assuming this
requirement, we can determine the best models resulting in such
a situation by combining the information presented in Fig. 3 (in-
stability domains) and Figs. 4 and 5 (modal diagrams). Basically,
stars with pulsational properties similar to those of models E–I,
B, and C, are good candidates to produce an important broad-
ening of the line profiles (unlike models A and D). Models E–I,
B, and C correspond to regions in Fig. 3 colored in red and pur-
ple (low-frequency modes) while models A and D refer to re-
gions colored in blue (high-frequency modes). The region where
the existence of an important contribution of the macroturbu-
lent broadening could be explained in terms of high-degree heat-
driven modes is, therefore, more extended than when only dipole
modes are considered. Given the complexity of the interpreta-
tion of the results from the pulsational analysis in the coolest
post-MS region of the most massive models, we have completely
excluded any representation of the instabilities found in that re-
gion (see Sect. 3). However, although some excited high-degree
modes are found in this region, the associated frequency spec-
trum is sparse.

Having this in mind, we compare in Fig. 7 the empirical
distribution of the line-broadening properties of the sample of

⇡260 Galactic O and B stars6 considered by Simón-Díaz et al.
(2016), and our instability domain predictions for heat-driven
modes with 1 < `  20. The sample is divided into two main
groups depending on their global line-broadening characteris-
tics, and the size of the symbols is scaled to vmac, the amount of
macroturbulent broadening. The colors used for the instability
domains have the same meaning as in Fig. 3.

As commented in Simón-Díaz et al. (2016), most of the stars
with a remarkable contribution of the macroturbulent broaden-
ing (red points) are concentrated in the uppermost part of the
sHR diagram, and the largest values of vmac are measured for the
late-O/early-B Sgs (log L /L� ⇡ 4.0, and log Te↵ ⇡ 4.55�4.45).
Many of these stars are located in regions where heat-driven
modes could potentially explain the observed line profiles. This
refers, in particular, to those targets with M

>⇠ 10 M� falling
inside the instability domain colored in red (corresponding to
high-order g modes with a relatively dense global frequency
spectrum).

While the situation is improved when including the full range
of mode degrees up to ` = 20 compared to the case of only con-
sidering dipole modes, some problems remain. Indeed, there are
still two well-populated regions in Fig. 7 where stars are clearly
located outside the instability domains (even taking individual
uncertainties into account) but have line profiles dominated by
macroturbulent broadening:

– the first region refers to the late-B supergiants. We note,
however, that instabilities were found in that region, al-
though they are not directly related to the -mechanism due
to the iron opacity bump (see Sect. 4.2). As a matter of fact,
the ✏-mechanism could play an important role in post-MS
models by exciting some high-order g modes which could
be trapped inside the H-burning shell (Scuflaire & Noels
1986; Moravveji et al. 2012). Furthermore, in addition to
these modes excited by the ✏-mechanism, adiabatic and non-
adiabatic strange modes are also expected for all masses
larger than ⇡30 M� (above the dotted line in Fig. 7), but they
do not usually lead to a dense frequency spectrum.

– the second region refers to the O stars close to the ZAMS
with masses ⇡15–40 M�. This latter point could be used, at
first glance, as a strong argument to dismiss the possibility
that heat-driven modes are the main source of macrotur-
bulent broadening in the O-star and B-supergiant domain.
However, before reaching any firm conclusion in this di-
rection, we must explore the e↵ect of considering di↵erent
assumptions made for the input parameters of the computa-
tions on the predicted boundaries of the instability domains.

Finally, we note that there is one region where almost no macro-
turbulent broadening is found though it is located inside the
theoretical instability domain: the low-mass MS stars lying in
the SPB instability domain. For this latter group of stars, it
is important to notice that, from the observational sample of
⇡430 stars presented in Simón-Díaz et al. (2016), we discarded,
in the representation of Fig. 7, stars for which it was only pos-
sible to derive a maximum limit on the macroturbulence param-
eter. When taking these stars into account, we find that most of
them are located at the beginning of the MS of 6–9 M� mod-
els (where the theoretical computations predict a sparse spec-
trum of low-order p and g modes), while rather few stars in
the theoretical range 4–6 M� were observed (where high-order
g modes are expected).
6 From the original sample of ⇡430 stars, we exclude the stars for
which it was not possible to obtain reliable measurements of the amount
of macroturbulent broadening (see notes in Simón-Díaz et al. 2016).
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Physical relationship between 
macroturbulence and pulsations: 
 
case study: blue supergiant ! Leo
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ABSTRACTStellar evolution models are most uncertain for evolved massive stars. Asteroseismology based on high-precision uninterrupted space

photometry has become a new way to test the outcome of stellar evolution theory and was recently applied to a multitude of stars,

but not yet to massive evolved supergiants.Our aim is to detect, analyse and interpret the photospheric and wind variability of the

O9.5 Iab star HD 188209 from
K

e

p

l

e

r space photometry and long-term high-resolution spectroscopy. We used
K

e

p

l

e

r scattered-light

photometry obtained by the nominal mission during 1460 d to deduce the photometric variability of this O-type supergiant. In addition,

we assembled and analysed high-resolution high signal-to-noise spectroscopy taken with four spectrographs during some 1800 d to

interpret the temporal spectroscopic variability of the star. The variability of this blue supergiant derived from the scattered-light space

photometry is in full in agreement with the one found in the ground-based spectroscopy. We find significant low-frequency variability

that is consistently detected in all spectral lines of HD 188209. The photospheric variability propagates into the wind, where it has

similar frequencies but slightly higher amplitudes. The morphology of the frequency spectra derived from the long-term photometry

and spectroscopy points towards a spectrum of travelling waves with frequency values in the range expected for an evolved O-type

star. Convectively-driven internal gravity waves excited in the stellar interior o↵er the most plausible explanation of the detected

variability.
Key words. techniques: photometric – techniques: spectroscopic – stars: massive – waves – stars: oscillations –

stars: individual: HD 188209

1. Introduction
Stars born with su�ciently high mass to explode as supernova
at the end of their life have major impact on the dynamical and
chemical evolution of galaxies. Appropriate models of such pre-
supernovae are thus highly relevant for astrophysics. Unfortu-
nately, the theory of their evolution is a lot less well established
than that of low-mass stars that die as white dwarfs. Di↵erences? Based on photometric observations made with the NASA

K

e

p

l

e

r

satellite and on spectroscopic observations made with four telescopes:
the Nordic Optical Telescope operated by NOTSA and the

M

e

r

c

a

t

o

r

Telescope operated by the Flemish Community, both at the Observato-
rio del Roque de los Muchachos (La Palma, Spain) of the Instituto de
Astrofísica de Canarias, the T13 2.0 m Automatic Spectroscopic Tele-
scope (AST) operated by Tennessee State University at the Fairborn Ob-
servatory, and the Hertzsprung SONG telescope operated on the Span-
ish Observatorio del Teide on the island of Tenerife by the Aarhus
and Copenhagen Universities and by the Instituto de Astrofísica de
Canarias, Spain.

in the predictions of massive star evolution from various modern
stellar evolution codes even occur already well before the end of
the main-sequence (MS) phase (e.g. Martins & Palacios 2013).Despite the immense progress in the asteroseismic tun-
ing of stellar models of various types of stars from high-
precision uninterrupted space photometry in the past decade
(e.g. Chaplin & Miglio 2013; Charpinet et al. 2014; Aerts 2015;
Hekker & Christensen-Dalsgaard 2016, for reviews), we still
lack suitable data to achieve this stage for massive O-type
stars and their evolved descendants, the B supergiants. Indeed,
while the MOST and CoRoT missions observed a few B su-
pergiants for weeks to months (e.g. Saio et al. 2006; Aerts et al.
2010, 2013; Moravveji et al. 2012), their pulsational frequen-
cies were not measured with su�cient precision and/or the an-
gular wavenumbers (`,

m) of their oscillation modes could not
be identified (e.g. Aerts et al. 2010, for a detailed description
of mode identification in asteroseismology). Despite apprecia-
ble e↵orts, a similar situation occurred for the earlier phases,Article published by EDP Sciences
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ABSTRACT

We present an 80-d long uninterrupted high-cadence K2 light curve of the B1Iab supergiant

ρ Leo (HD 91316), deduced with the method of halo photometry. This light curve reveals a

dominant frequency of frot = 0.0373 d−1 and its harmonics. This dominant frequency corre-

sponds with a rotation period of 26.8 d and is subject to amplitude and phase modulation.

The K2 photometry additionally reveals multiperiodic low-frequency variability (<1.5 d−1)

and is in full agreement with low-cadence high-resolution spectroscopy assembled during

1800 d. The spectroscopy reveals rotational modulation by a dynamic aspherical wind with an

amplitude of about 20 km s−1 in the H α line, as well as photospheric velocity variations of

a few km s−1 at frequencies in the range 0.2–0.6 d−1 in the Si III 4567 Å line. Given the large

macroturbulence needed to explain the spectral line broadening of the star, we interpret the

detected photospheric velocity as due to travelling superinertial low-degree large-scale gravity

waves with dominant tangential amplitudes and discuss why ρ Leo is an excellent target to

study how the observed photospheric variability propagates into the wind.

Key words: asteroseismology – techniques: photometric – techniques: spectroscopic – stars:

massive – stars: oscillations – stars: rotation.

1 IN T RO D U C T I O N

Blue supergiants are in the least understood stage of the evolution

of massive stars. Lack of understanding of this stage is unfortunate,

since the successors of these stars play a key role in the chemical

evolution of their host galaxy. The nucleosynthetic yields after the

blue supergiant stage are strongly dependent on the helium core

mass at the onset of hydrogen shell burning and how the material

gets mixed in the stellar interior during the pre-supernova evolution

⋆ E-mail: conny.aerts@ster.kuleuven.be

(e.g. Heger, Langer & Woosley 2000; Langer 2012). It would thus be

highly beneficial if blue supergiant variability could be monitored

and exploited in terms of the interior physical properties, just as it

has recently become possible for evolved low- and intermediate-

mass stars from asteroseismology (Bedding et al. 2011; Mosser

et al. 2014; Aerts, Van Reeth & Tkachenko 2017b). For blue super-

giants, this requires uninterrupted high-precision space photometry

covering months to years, but such data sets are scarce.

Long-term ground-based photometry of mmag-level precision

(e.g. van Genderen 1989; Lamers et al. 1998, and references therein)

and spectroscopy of km s−1 precision (e.g. Markova et al. 2005;

Simón-Dı́az et al. 2010; Kraus et al. 2015; Martins et al. 2015)

C⃝ 2018 The Author(s)
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ABSTRACT
C

o

n

t

e

x

t

. Despite important advances in space asteroseismology during the last decade, the early phases of evolution of stars with

masses above ⇠15 M� (including the O stars and their evolved descendants, the B supergiants) have been only vaguely explored up

to now. This is due to the lack of adequate observations for a proper characterization of the complex spectroscopic and photometric

variability occurring in these stars.A

i

m

s

. Our goal is to detect, analyze, and interpret variability in the early-B-type supergiant HD 2905 ( Cas, B1 Ia) using long-term,

ground-based, high-resolution spectroscopy.
M

e

t

h

o

d

s

. We gather a total of 1141 high-resolution spectra covering some 2900 days with three different high-performance spectro-

graphs attached to 1–2.6m telescopes at the Canary Islands observatories. We complement these observations with the HIPPARCOS

light curve, which includes 160 data points obtained during a time span of ⇠1200 days. We investigate spectroscopic variability of

up to 12 diagnostic lines by using the zero and first moments of the line profiles. We perform a frequency analysis of both the spec-

troscopic and photometric dataset using Scargle periodograms. We obtain single snapshot and time-dependent information about the

stellar parameters and abundances by means of the FASTWIND stellar atmosphere code.

R

e

s

u

l

t

s

. HD 2905 is a spectroscopic variable with peak-to-peak amplitudes in the zero and first moments of the photospheric lines of

up to 15% and 30 km s�1, respectively. The amplitude of the line-profile variability is correlated with the line formation depth in the

photosphere and wind. All investigated lines present complex temporal behavior indicative of multi-periodic variability with timescales

of a few days to several weeks. No short-period (hourly) variations are detected. The Scargle periodograms of the HIPPARCOS light

curve and the first moment of purely photospheric lines reveal a low-frequency amplitude excess and a clear dominant frequency at

⇠0.37 d�1. In the spectroscopy, several additional frequencies are present in the range 0.1–0.4 d�1. These may be associated with heat-

driven gravity modes, convectively driven gravity waves, or sub-surface convective motions. Additional frequencies are detected below

0.1 d�1. In the particular case of H↵, these are produced by rotational modulation of a non-spherically symmetric stellar wind.

C
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n

c

l

u

s

i

o

n

s

. Combined long-term uninterrupted space photometry with high-precision spectroscopy is the best strategy to unravel

the complex low-frequency photospheric and wind variability of B supergiants. Three-dimensional (3D) simulations of waves and of

convective motions in the sub-surface layers can shed light on a unique interpretation of the variability.

Key words. stars: early-type – rotation – stars: fundamental parameters – stars: oscillations – techniques: spectroscopic

1. IntroductionAsteroseismology has progressed immensely over the last

decade thanks to the considerable increase in the amount of

available high-precision uninterrupted space photometry data

(e.g., Chaplin & Miglio 2013; Charpinet et al. 2014; Aerts 2015;

Hekker & Christensen-Dalsgaard 2017, for reviews).
Within the first part of this asteroseismic (space) revolution,

mainly driven by the MOST, CoRoT, and Kepler missions,

massive O-type stars and their evolved descendants, the

B supergiants (Sgs), were only serendipitously targeted. As

a consequence, just a handful of these stars could be

investigated in detail using photometric data from these satellites

(Saio et al. 2006; Degroote et al. 2010; Blomme et al. 2011;

Briquet et al. 2011; Mahy et al. 2011; Moravveji et al. 2012; Aerts

et al. 2010, 2013; Aerts et al. 2017). This has hampered a proper

global assessment of the main seismic properties of the early

phases of evolution of stars with masses above ⇠15 M�. The

situation is expected to improve soon, however, thanks to new

observations obtained by the BRITE-Constellation satellites and

the K2 mission (see already some examples in Buysschaert et al.

2015, 2017; Pablo et al. 2017). However, the definitive break-

through in the O star and B supergiant domain will (hopefully)

only become a reality after the launching of the TESS and

PLATO space missions.
Article published by EDP Sciences
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Searching for IGWs in CoRoT photometry

D. M. Bowman, KU Leuven PHOST, Banyuls-sur-Mer6th Sept 2018

(Bowman et al. 2018)

• Fit the background morphology using:

• Compile a sample of OBAF stars between 1.5 to 40 M☉ with 
spectroscopic parameters and CoRoT photometry.

↵ =
↵0

1 + (2⇡⌧⌫)�
+ C

O star HD46223

• Remove high-S/N coherent pulsation modes by pre-whitening.



Searching for IGWs in CoRoT photometry

D. M. Bowman, KU Leuven PHOST, Banyuls-sur-Mer6th Sept 2018

Low-frequency power excess is not (systematically) correlated with stellar 
parameters:

• granulation in AF stars?  
(e.g. Kallinger & Matthews 2010)

(Bowman et al. 2018)

• wind variability in OB stars?  
(e.g. Blomme et al. 2011;  
Krtička & Feldmeier 2018)

" M = " A and # ⌫



K2 photometry of OB supergiants

D. M. Bowman, KU Leuven PHOST, Banyuls-sur-Mer6th Sept 2018

(Bowman et al. 2018)

Variability from coherent and/or damped pulsation modes in many stars!
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Conclusions

Variability in massive stars:
• A significant fraction of K2 OB supergiants are pulsating  

in coherent and damped pulsation modes... 
• TESS observations of many OB stars are underway...

Constraints on IGW surface amplitudes:
• Of order a few μmag for AF stars and 0.5 mmag for late-O stars 
• Common morphology in photometry that cannot systematically be 

explained by granulation 
• Link between photometry and macroturbulence... damped modes

D. M. Bowman, KU Leuven PHOST, Banyuls-sur-Mer6th Sept 2018

...to be continued!

Can we detect IGWs in photometric observations of massive stars? ... YES



Dominic Bowman 

Thank you for your attention!

6th September 2018

The photometric detection of 
Internal Gravity Waves  

in massive stars

PHOST, Banyuls-sur-Mer


