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•  a dramatic and wide-ranging change in the way something 
works or is organized or in people’s ideas about it

Definitions and Characteristics of Revolutions:

•  a forcible overthrow of a government or social order in 
favor of a new system

Dictionary:

Vladimir Lenin:

• A revolution is impossible without a revolutionary situation.
• It is impossible to predict the time and progress of revolution.  

It is governed by its own more or less mysterious laws.

Surely the workings of ESA and NASA qualify as 
mysterious, at best — in an alternate Universe . . .
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solar-like oscillators:

is it over?
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Fig. 2.— Evolution of the average core rotational period as
a function of stellar radius for di↵erent assumptions of angu-
lar momentum transport in a 1.5M� model initially rotating at
50 km s�1. We show models without angular momentum trans-
port (green), including transport of angular momentum due to ro-
tational instabilities (purple) and accounting for magnetic torques
in radiative regions (red, Tayler-Spruit magnetic fields). The star
symbols indicate the locations of KIC8366239 and KIC5006817 as
derived using the maximum observed splitting of their mixed modes
(Beck et al. 2012, 2014). Dashed lines indicate a linear fit to the dif-
ferent curves during the early RGB. The vertical dotted line shows
the location of H-core exhaustion. The red dotted line shows the
evolution of core rotational period for a model where the resulting
Tayler-Spruit di↵usion coe�cient has been multiplied by a factor
of 100. Stars in the red giant sample of Mosser et al. (2012b) with
R < 7.5R� are shown as black dots. The best fit to the core rota-
tion of the Mosser et al. (2012b) sample is also shown as a dashed
blue line.

ues inferred by asteroseismology (Fig. 2). During this
phase the mass of the core increases only slightly. The
work of Mosser et al. (2012b) revealed that the cores
of stars in the mass range 1.2–1.5M� spin down while
ascending the early RGB as P

c

/ R0.7±0.3, while our
stellar evolution calculations show spin up with di↵er-
ent slopes (P

c

/ R�0.58 for models including TS and
P
c

/ R�1.32 for models only including angular momen-
tum transport by rotational instabilities5), depending on
the assumptions for angular momentum transport. This
clearly shows that the amount of torque between the
core and envelope during the RGB evolution is under-
estimated by the models.

We explored whether an increase in the e�ciency of the
TS mechanism could reconcile the models with the ob-
servations. However, even increasing the di↵usion coe�-
cient resulting from the magnetic torques by a factor 100
does not result in enough coupling to explain the obser-
vations. This is largely due to the self-regulating nature
of the Tayler-Spruit dynamo. The poloidal component
of the magnetic field Br is generated by the Tayler in-
stability that occurs in the toroidal component B� of the
field. However the toroidal component is amplified by the
di↵erential rotation, which is in turn suppressed by the
torque / BrB�. It is not too surprising then to observe
that the system tends to relax around some di↵erential
rotation state which depends only weakly on increasing

5 These exponents have been calculated for the range
R/R�=[3,15]

the e�ciency of the Tayler-Spruit dynamo loop.
Finally we checked if an artificial constant di↵usiv-

ity ⌫ could explain the observations. We confirm the
results of Eggenberger et al. (2012): in our 1.5M�
model initially rotating with 50 km s�1 a di↵usivity of
⌫ = 6 ⇥ 104 cm2 s�1 matches the observed splittings of
KIC8366239. However such a constant di↵usivity is un-
physical and fails to explain the later evolution and the
observations of rotation rates in clump stars and WDs
(see Sec. 4.2).

We conclude that on the early RGB of low-mass stars
none of the angular momentum transport mechanisms
usually included in stellar evolution codes can produce
a coupling adequate to explain the asteroseismic derived
core rotation rates.

3. CALCULATING THE SPLITTING OF MIXED MODES

Rotation lifts the degeneracy between the non-radial
modes of the same radial order n and degree ` but dif-
ferent azimuthal order m. When the rotation of the star
is slow the centrifugal force can be neglected. If the ro-
tation profile is spherically symmetric one obtains

⌫n,`,m = ⌫n,`,0 + m �⌫n,` , (1)

for the frequency of the (n, `, m) mode. Here �⌫n,` is
the rotational splitting, a weighted measure of the star’s
rotation profile ⌦(r), given by

�⌫n,` =
1

2⇡

Z R

0

Kn,`(r) ⌦(r) dr . (2)

The functions Kn,`(r) are called rotational kernels of
the modes and depend on the star’s equilibrium struc-
ture and on the mode eigenfunctions (Aerts et al. 2010).
Therefore rotational splittings are a weighted measure of
the star’s rotation rate through the rotational kernels.

In order to calculate the splitting of mixed modes we
used the adiabatic pulsation code ADIPLS (Christensen-
Dalsgaard 2008, 2011 June release). This code is coupled
and distributed within the MESA code suite (Paxton
et al. 2013).

We start by modeling the red giant KIC8366239, for
which Beck et al. (2012) observed a rotational splitting of
p-dominated mixed modes of �⌫n,1 = 0.135 ± 0.008µHz.
On the other hand, the observed splitting for the g-
dominated mixed modes (mostly living in the stellar
core) is 0.2�0.25µHz. This confirmed the theoretical ex-
pectation that the core of this red giant is rotating faster
than its envelope. Similarly to Eggenberger et al. (2012)
for KIC8366239 we adopt an initial mass of 1.5M� and
calculate models assuming di↵erent physics for angular
momentum transport. We select the background struc-
ture of the di↵erent calculations by matching the global
asteroseismic properties of KIC8366239 (frequency of
maximum oscillation power, ⌫

max

, and large frequency
separation �⌫), as derived by Beck et al. (2012). The
MESA background structure and rotational profiles are
then used in ADIPLS to calculate the splitting of mixed
modes for di↵erent angular momentum transport mech-
anisms.

We show in Fig. 3 an example of the background ro-
tational profile calculated by MESA, together with the
radial partial integrals of the rotational kernels Kn,` for
` = 1, 2 calculated using ADIPLS. This shows that the

transport of angular 
momentum
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model initially rotating with 50 km s�1 a di↵usivity of
⌫ = 6 ⇥ 104 cm2 s�1 matches the observed splittings of
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We conclude that on the early RGB of low-mass stars
none of the angular momentum transport mechanisms
usually included in stellar evolution codes can produce
a coupling adequate to explain the asteroseismic derived
core rotation rates.

3. CALCULATING THE SPLITTING OF MIXED MODES

Rotation lifts the degeneracy between the non-radial
modes of the same radial order n and degree ` but dif-
ferent azimuthal order m. When the rotation of the star
is slow the centrifugal force can be neglected. If the ro-
tation profile is spherically symmetric one obtains
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the modes and depend on the star’s equilibrium struc-
ture and on the mode eigenfunctions (Aerts et al. 2010).
Therefore rotational splittings are a weighted measure of
the star’s rotation rate through the rotational kernels.

In order to calculate the splitting of mixed modes we
used the adiabatic pulsation code ADIPLS (Christensen-
Dalsgaard 2008, 2011 June release). This code is coupled
and distributed within the MESA code suite (Paxton
et al. 2013).

We start by modeling the red giant KIC8366239, for
which Beck et al. (2012) observed a rotational splitting of
p-dominated mixed modes of �⌫n,1 = 0.135 ± 0.008µHz.
On the other hand, the observed splitting for the g-
dominated mixed modes (mostly living in the stellar
core) is 0.2�0.25µHz. This confirmed the theoretical ex-
pectation that the core of this red giant is rotating faster
than its envelope. Similarly to Eggenberger et al. (2012)
for KIC8366239 we adopt an initial mass of 1.5M� and
calculate models assuming di↵erent physics for angular
momentum transport. We select the background struc-
ture of the di↵erent calculations by matching the global
asteroseismic properties of KIC8366239 (frequency of
maximum oscillation power, ⌫

max

, and large frequency
separation �⌫), as derived by Beck et al. (2012). The
MESA background structure and rotational profiles are
then used in ADIPLS to calculate the splitting of mixed
modes for di↵erent angular momentum transport mech-
anisms.

We show in Fig. 3 an example of the background ro-
tational profile calculated by MESA, together with the
radial partial integrals of the rotational kernels Kn,` for
` = 1, 2 calculated using ADIPLS. This shows that the
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classical pulsators strike back?

Tim Bedding, Don Kurtz

2 Kurtz et al.

sure modes (pmodes) and gravity, or buoyancy, modes (gmodes)
using the exquisitely precise Kepler Mission photometric data for
the purpose of observing their interior rotation from the surface
right to the core. The best candidates for this are stars known
as δ Sct – γ Dor hybrids, of which there are several hundred
amongst the 190 000 stars observed by Kepler during its four-year
mission (Uytterhoeven et al. 2011). We discuss our first success,
KIC 11145123, in this paper.

For readers new to asteroseismology, we summarise some ba-
sic concepts used in this paper. Each eigenmode of adiabatic os-
cillations of spherically symmetric stars is specified by the three
indices, n, l and m, which are called the radial order, the spheri-
cal degree and the azimuthal order, respectively. These indices rep-
resent the structure of the eigenfunction (e.g., the radial displace-
ment). The indices l and m indicate the number of surface nodes,
and the number of surface nodes that are lines of longitude, respec-
tively. Modes with l = 0, 1 and 2 correspond to radial, dipolar
and quadrupolar modes, respectively. We adopt the convention that
positive (negative)m designates prograde (retrograde) modes with
respect to rotation in the inertial frame. The radial order n is as-
sociated with the structure in the radial direction (Takata 2012).
We particularly follow Takata (2006) for the radial order of dipolar
modes. Negative values of n denote the radial orders of gmodes.

2 OBSERVATIONS AND FREQUENCY ANALYSIS

KIC11145123 has a Kepler magnitude Kp = 13, and is a late A
star. From the Kepler Input Catalogue (KIC) revised photometry
(Huber et al. 2014), its effective temperature is 8050 ± 200K and
its surface gravity is log g = 4.0± 0.2 (cgs units), showing it to be
a main sequence A star. The data used for the analysis in this paper
are the Kepler quarters 0 to 16 (Q0 – Q16) long cadence (LC) data.
Kepler has an orbital period about the Sun of 372.4536 d, hence
the quarters are just over 93 d. We used the multi-scale, maximum
a posteriori (msMAP) pipeline data; information on the reduction
pipeline can be found in the data release notes 211. To optimise
the search for exoplanet transit signals, the msMAP data pipeline
removes astrophysical signals with frequencies less than 0.1 d−1

(or periods greater than 10 d). None of the pulsation frequencies
we analyse in this paper are near to that lower limit, but if the star
has a direct rotational signal, e.g. from starspots, that will have been
erased by the pipeline. Since, as we show, the rotation period is near
to 100 d, any data reduction technique will struggle to find a direct
signal at this period because of its similarity to the time span or the
Kepler quarterly rolls. This has no effect on our analysis.

The top panel of Fig. 1 shows a full amplitude spectrum out
to the Nyquist frequency for KIC 11145123 for the nearly continu-
ous Kepler Q0-16 LC data spanning 1340 d (3.7 y). There are pul-
sations in both the g-mode and p-mode frequency regions, which
are clearly separated. The second and third panels show expanded
views of those p-mode and g-mode frequency ranges, respectively.

2.1 The pmodes

In the p-mode frequency range the highest amplitude peak is a sin-
glet, which we identify as arising from a radial mode; all other
higher amplitude frequencies in this range are in mode triplets, or

1 https://archive.stsci.edu/kepler/data release.html

Figure 1. Top panel: An amplitude spectrum for the Q0-16 Kepler long
cadence data up to the Nyquist frequency for KIC 11145123, showing the
presence of both gmodes and pmodes that are clearly separated. The mid-
dle and bottom panels show expanded looks in the p-mode and g-mode
frequency ranges, respectively.

mode quintuplets, all split by the rotation frequency in the outer
envelope of the star.

The highest amplitude δ Sct pmode is at ν1 = 17.96352 d−1

and is shown in Fig. 2a. For an estimate of the p-mode radial over-
tones, it is useful to look at the Q value for ν1. This is defined to
be

Q = Posc

√

ρ
ρ⊙

(1)

where Posc is the pulsation period and ρ is the mean density; Q is
known as the “pulsation constant”. Equation (1) can be rewritten as

c⃝ 0000 RAS, MNRAS 000, 000–000
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δ Scuti stars? Konstanze Zwintzencouraging results

… more sophisticated 
interpretation needed

 fast rotators 	

(rule not the exception)

Daniel Reese

Introduction Structure and evolution Pulsations Asteroseismology Conclusion

Frequency organisation
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(Lignières & Georgeot, 2009)

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

Introduction Structure and evolution Pulsations Asteroseismology Conclusion

Geometric structure

Island Chaotic Whispering gallery

low `� |m| medium `� |m| high `� |m|

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

separate geometry
separate frequency organisation

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

D. R. Reese Rapid rotation and its implications for stellar structure and pulsations
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asteroseismology and exoplanets: 
from revolution to symbiosis

!
A Parasitism	

A parasitic relationship is one in which 
one member of the association 
benefits while the other is harmed.

!
B Commensalism	

An association between two organisms 
in which one benefits and the other 
derives neither benefit nor harm.

C Mutualism	

Mutualism is any relationship between individuals of 
different species where both individuals benefit.	

!

Symbiosis	

Interaction between two different organisms living in close physical association



from revolution to symbiosis

light-time effects

Simon Murphy  PB2

TTVs

Phase-modulated stars 11

Figure 7. Example 5. (a): Fourier transform of the light curve of the � Sct star KIC 4471379. (b): time delays for the highest nine peaks
from panel (a), whose variations as two sinusoids of opposite phase show they belong to two separate stars. (c): Fourier transforms of
the time delays for those nine peaks, giving P

orb

= 960± 12 d. Unlike in other figures, we do not show the weighted average for obvious
reasons. The frequencies of f

1

. . . f
9

are 18.45, 16.99, 20.13, 13.96, 12.41, 13.74, 18.83, 12.01 and 21.95 d�1, respectively.
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Paparó M., Szeidl B., Mahdy H. A., 1988, Ap&SS, 149, 73
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Transit timing variations in 
Kepler's data

Aviv Ofir 
And 

Stefan Dreizler (IAG), Carolina von-Essen (Aarhus University), Tamás 
Borkovits (Baja Astronomical  observatory)

Periodic Non-periodic
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large samples: selection effects and biases

populations of exoplanets

from revolution to symbiosis

Luca CasagrandeKatja Poppenhaeger

Dealing with selection effects

(Poppenhaeger & Schmitt, 2011)

strong selection effects from RV detections!

stellar populations

UNBIASED

in reality, forward modelling from theoretical models or bias correction are often needed, still



from revolution to symbiosis

Victor Silva Aguirre’s review talk

asteroseismic constraints on the host star

Summary

❖ Virtuous circle: seismology and exoplanets!

❖ Characterise ~100 KOIs!

❖ Accurate masses, radii, and ages!

❖ Facilitate studies of planetary formation and evolution!

❖ Future looks bright: K2, TESS, PLATO…



Modeling planetary evolution with CEPAM
Mass

Radius

Luminosity

Atmospheric 
T-P profile

Atmospheric 
composition

Rotation rate, 
gravity field

core

fluid envelope

Guillot & Morel (1995)

1-D equations:

Reduced heat transport in planetary interiors: !
(Stevenson & Salpeter 1977; Stevenson 1979; Chabrier & Baraffe 2007) 
• Idea: reduced heat transport in planetary interior due to molecular weight 

gradient!
!
               Presence of ∇µ ---> Stabilizing effect against convection!
                                      ∇ad > ∇T +  ∇µχµ/ χT                 (Ledoux criterion)!
!
⇒ « layered convection » : system of convective layers + thiny diffusive layers !
       (double diffusive convection or semiconvection)!
       Layers formation are observed in oceans (Pr = 7) and  laboratory experiments

Adiabatic interior (fully convective): revisiting the standard picture?

3D numerical  simulations:  
 ➡ Layers can form in low-Pr (< 1) double  
diffusive convection (Rosenblum et al.  2011)

➞

Mathieu Havel
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CoRoT Symposium 3, Kepler KASC-7 joint meeting

atomic diffusion

distribution of chemical elements

meridional circulation turbulent transport

magnetic field

rotation

convection

internal gravity waves

penetration, overshoot

standard model

rotational mixing type I

rotational mixing type II

Rotation induced transport in stellar 
radiative interiors

(in tachocline)

© S. Mathis
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planets stars
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stellar ages accurate to 10%

challenge for the next decade(s)Twinkle twinkle little star how I wonder 
what you are: !

Towards(Age/Rota/on/Magne/c(
ac/vity(rela/on(with(seismology(

Savita&Mathur&
Space&Science&Ins1tute&

Boulder&(USA)&

CoRoT3;KASC7(conference(10/07/14( 1(

more realistic stellar modelsSavita Mathur
Jennifer Van Saders

“need better stellar physics”



3-5 December 2014	


PLATO 2.0 science conference

Catania, Italy
while historically, symbiosis has received less attention 
than other interactions such as predation or 
competition, it is increasingly recognised as an 
important selective force behind evolution.	

!
wikipedia


