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Place	within	PSM	&	model	
philosophy

• Scientific	programmes distinct	from	the	Core	
Science

• Makes	sure	community	is	ready	for	optimal	GO	
proposal submission

• Not	a	main	driver	of	mission	design (advisory	
role:	fine-tune	target/field	selection,	optimize	
integration	times,	etc.	)

• No	impact	on	mission	costs (funding	at	
national/local	level)

• Variability	catalogue	&	data	products through	
dedicated	website
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either payload, ground segment or science activities, before they eventually reach the Steering Committee 
level. The PMC Board is chaired by the PCL, and is constituted by members of the Consortium.  

 
Figure 9.1: Organisation of the mission and structure of the PLATO Mission Consortium (PMC) with key elements and 
proposed national responsibilities of main work packages. 

 
The PMC Board includes two representatives of each one of the main countries involved in the mission 
(France, Italy, Germany, Spain, UK and Switzerland) and one representative of all other contributors 
(Belgium, Portugal, Brazil, Austria, Sweden, Denmark, Hungary, and The Netherlands). The PIPM (see 
below) is invited to all Board meetings. The PCM Board meets at least once a year. The chair is responsible 
for the organisation of these meetings. The PCL may decide to hold additional meetings, as needed.  

The PCL is supported by the PI Office, which has several tasks including the overall PMC management, the 
organisation of working groups involving expertise across the PMC (e.g. Performance Team, CCD WG), the 
coordination of PLATOSim development, the definition of PMC requirements, PMC system engineering, the 
coordination of support for calibration and operation activities (PCOT) and the coordination of PMC EPO 
activities.  

The PLATO Instrument Project Manager (PIPM) acts as a support to the PCL on all technical and 
managerial aspects of the payload development. The hierarchical structure is shown in Figure 9.1. The 
PLATO Consortium Payload Management is commissioned to a German industrial partner, who appoints the 
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How?	PLATO	Guest	Observer	
program
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Telemetry	for	GO:	8%	open	time

1. ±40	targets/pointing	for	Fast	Cam,	observed	in	2	colours with	cadence	2.5	sec	
cadence	and	downloading	imagettes

2. ±800	targets/pointing	for	Norm	Cam,	observed	with	cadence	25	sec	cadence	
and	downloading	imagettes

3. ±39,200	targets/pointing	for	Norm	Cam,	observed	with	cadence	50	sec	
cadence	and	downloading	onboard	processed	light	curves

4. Target	of	Opportunity	(ToO):	no	onboard	detection	but	limited	to	the	”known”	
sources

Baseline



PLATO-CS:	scientific	content
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List	of	so	far	identified	
subjects

Think	something	is	
missing?	Shout!

More	than	200	
registered	scientists	



PLATO-CS:	scientific	content
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				Stellar	Physics	across	HRD	

7

Core	Science		only	considers	
asteroseismology	of	
exoplanet	host	stars 
 
 
CS	treats	asteroseismology	+	
magnetism/activity	+	
binarity/tides	+	rotation	  
+	distance	scales	+	galactic	
archeology	from	all	other	
classes,	including	single	+	
binary	+	cluster	stars

Figure	courtesy	of	P.	Pàpics

Core	Science	only	considers	
asteroseismology of	K7-F5	
stars
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Task

J. Debosscher et al.: Global stellar variability study in the field-of-view of the Kepler satellite
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Fig. 15. Some examples of objects for which we found a match between the Kepler and TrES data. From top to bottom, the TrES and Kepler light
curves of, respectively: an eclipsing binary, a γ Dor candidate, and a δ Sct candidate. The TrES light curves have been phased for visibility reasons
according to the dominant frequency found in the data.

being better suited to studying, e.g., stellar rotation and perform
spot modelling.

5. Comparison with TrES ground-based data

Part of Kepler’s field-of-view overlaps one of the fields observed
by the ground-based TrES survey (Trans-Atlantic Exoplanet
Survey). The goal of this survey was to detect transiting plan-
ets using a network of three ten-centimetre optical telescopes.
About 26 000 TrES light curves of the overlapping Lyr1 field
have been analysed using adapted automated classification meth-
ods (Blomme et al. MNRAS, accepted). We did a cross-
matching based on coordinates and magnitudes to identify com-
mon objects in both the TrES and Kepler datasets. Using a
maximum search radius of 2 arcmin, we found 9963 matches.
It is interesting to compare the quality of the light curves and to
see how well the classifiers performed on data having a much
higher noise level and containing daily gaps due to the day-night
rhythm, in view of future ground-based surveys containing time-
series data. For the 9963 matching objects, we compared the
dominant frequency detected in the TrES light curve with the one
detected in the Kepler light curve. Frequencies are taken to be
equal if their difference is smaller than the frequency resolution
obtainable with the Kepler light curves: | f1,Kepler− f1,TrES | < 1/T ,
with T the total time span of the Kepler light curves (the time
span of the TrES light curves is about twice that of Kepler). We
only considered frequencies higher than 0.6 d−1, to assure that

Table 3. Number of variables whose classification from TrES and
Kepler are equal and the variability class they are assigned to.

Stellar variability class # Identical classifications
δ Sct stars 34
Binaries (eclipsing and ellipsoidal) 8
γ Dor stars 5
RR Lyr stars, subtype c 1

f /∆ f is sufficiently large (minimal value of ∼20). This way, we
found 119 confident frequency matches amongst the 9963 com-
mon objects in both databases. We then checked how many of
those were assigned the same variability class by our classi-
fiers. The results are summarized in Table 3. In total, 48 out of
the 119 objects are assigned to the same class. The remaining
71 objects are either assigned to different classes or classified as
“MISC” (Miscellaneous) in both cases. Amongst those are also
four objects classified as δ Sct from the TrES data and classified
as eclipsing binary from the Kepler data. This concerns short
period binaries whose orbital period is in the same range as the
pulsation periods of typical δ Sct stars. These illustrate that the
higher quality of the Kepler data improved the classification of
those targets (indeed turned out to be binaries).

Figure 15 shows some examples of variables whose clas-
sification from TrES and Kepler are equal: both the TrES and
the Kepler light curves are plotted for an eclipsing binary
with additional variability, a candidate γ Dor pulsator and a

A89, page 13 of 15
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Fig. 7. Some examples of multiperiodic pulsators detected with the CVC. From top to bottom: a candidate δ-Scuti pulsator in the IRa01, a candidate
γ-Doradus pulsator in the IRa01, a candidate β-Cepheid in the SRc01 (oversampled, starting from HJD = 2670), and a candidate SPB pulsator
in the LRc01. The original N2 level light curve is shown with a phase plot after detrending, made with the dominant pulsation frequency (given
below the plot). Part of the light curve of the third object has been measured in oversampling mode (32 s integrations). Measurements are not
averaged out during oversampling, hence the higher scatter visible in that part of the light curve.

using only light curve information, so they will be important to
evaluate the classification results. Since spectra of several thou-
sands of objects will become available, it will be possible to in-
vestigate how classification attributes derived from these spectra
(e.g. equivalent line widths) can improve the classification per-
formance, both for supervised and unsupervised methods. An
extended classifier that also uses spectroscopic attributes could

be used and provided by e.g the VSOP project (variable star one-
shot project, Dall et al. 2007).

Acknowledgements. This work is made possible thanks to support from the
Belgian PRODEX programme under grant PEA C90199 (CoRoT Mission Data
Exploitation II), and from the research Council of Leuven University under grant
GOA/2008/04. J.D. wishes to thank R. Alonso, P.-Y. Chabaud, and T. Fenouillet
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Fig. 3. Examples of pulsating stars in eclipsing binary systems. In these cases, the variability due to the pulsations dominates the variability due to
the eclipses, hence determines the class assignments. The light curves are classified by the MSBN classifier (from top to bottom) as belonging to
the BE, DSCUT, SPB, and DSCUT categories, respectively. The original N2 level light curve is shown, together with a phase plot after detrending,
made with the dominant detected frequency (given below the plot). Part of the light curves of the first three objects have been measured in
oversampling mode (32 s integrations). Measurements are not averaged out during oversampling, hence the higher scatter visible in those parts of
the light curves.

astrophysical differences between the objects, but is more a nu-
merical trick to increase the number of correct classifications
for this special class of variables. The ECLF subclass contains
eclipsing binaries having f1/ f2 = 2, and the ECLP subclass con-
tains eclipsing binaries having phdiff12 = −π/2, phdiff13 = ±π,
and phdiff14 = −π/2. Most prototypical light curves of eclips-
ing binaries fulfil both criteria; e.g., they have both the charac-
teristic frequency ratio and phase differences. The subdivision

allows correct classification for the light curves of binaries ful-
filling only one of the two criteria.

The numbers of objects per class are obtained by counting all
objects having the respective classcode as the most probable one
and having a corresponding class probability classprob1 > pmin.
For the MSBN classifier, numbers are listed for 3 different cutoff
values pmin: 0.0, 0.5, and 0.7. The same probability cutoff values
are used in the tables listing the GM results, but there we provide

J. Debosscher et al.: Global stellar variability study in the field-of-view of the Kepler satellite
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Fig. 15. Some examples of objects for which we found a match between the Kepler and TrES data. From top to bottom, the TrES and Kepler light
curves of, respectively: an eclipsing binary, a γ Dor candidate, and a δ Sct candidate. The TrES light curves have been phased for visibility reasons
according to the dominant frequency found in the data.

being better suited to studying, e.g., stellar rotation and perform
spot modelling.

5. Comparison with TrES ground-based data

Part of Kepler’s field-of-view overlaps one of the fields observed
by the ground-based TrES survey (Trans-Atlantic Exoplanet
Survey). The goal of this survey was to detect transiting plan-
ets using a network of three ten-centimetre optical telescopes.
About 26 000 TrES light curves of the overlapping Lyr1 field
have been analysed using adapted automated classification meth-
ods (Blomme et al. MNRAS, accepted). We did a cross-
matching based on coordinates and magnitudes to identify com-
mon objects in both the TrES and Kepler datasets. Using a
maximum search radius of 2 arcmin, we found 9963 matches.
It is interesting to compare the quality of the light curves and to
see how well the classifiers performed on data having a much
higher noise level and containing daily gaps due to the day-night
rhythm, in view of future ground-based surveys containing time-
series data. For the 9963 matching objects, we compared the
dominant frequency detected in the TrES light curve with the one
detected in the Kepler light curve. Frequencies are taken to be
equal if their difference is smaller than the frequency resolution
obtainable with the Kepler light curves: | f1,Kepler− f1,TrES | < 1/T ,
with T the total time span of the Kepler light curves (the time
span of the TrES light curves is about twice that of Kepler). We
only considered frequencies higher than 0.6 d−1, to assure that

Table 3. Number of variables whose classification from TrES and
Kepler are equal and the variability class they are assigned to.

Stellar variability class # Identical classifications
δ Sct stars 34
Binaries (eclipsing and ellipsoidal) 8
γ Dor stars 5
RR Lyr stars, subtype c 1

f /∆ f is sufficiently large (minimal value of ∼20). This way, we
found 119 confident frequency matches amongst the 9963 com-
mon objects in both databases. We then checked how many of
those were assigned the same variability class by our classi-
fiers. The results are summarized in Table 3. In total, 48 out of
the 119 objects are assigned to the same class. The remaining
71 objects are either assigned to different classes or classified as
“MISC” (Miscellaneous) in both cases. Amongst those are also
four objects classified as δ Sct from the TrES data and classified
as eclipsing binary from the Kepler data. This concerns short
period binaries whose orbital period is in the same range as the
pulsation periods of typical δ Sct stars. These illustrate that the
higher quality of the Kepler data improved the classification of
those targets (indeed turned out to be binaries).

Figure 15 shows some examples of variables whose clas-
sification from TrES and Kepler are equal: both the TrES and
the Kepler light curves are plotted for an eclipsing binary
with additional variability, a candidate γ Dor pulsator and a
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Fig. 3. Examples of pulsating stars in eclipsing binary systems. In these cases, the variability due to the pulsations dominates the variability due to
the eclipses, hence determines the class assignments. The light curves are classified by the MSBN classifier (from top to bottom) as belonging to
the BE, DSCUT, SPB, and DSCUT categories, respectively. The original N2 level light curve is shown, together with a phase plot after detrending,
made with the dominant detected frequency (given below the plot). Part of the light curves of the first three objects have been measured in
oversampling mode (32 s integrations). Measurements are not averaged out during oversampling, hence the higher scatter visible in those parts of
the light curves.

astrophysical differences between the objects, but is more a nu-
merical trick to increase the number of correct classifications
for this special class of variables. The ECLF subclass contains
eclipsing binaries having f1/ f2 = 2, and the ECLP subclass con-
tains eclipsing binaries having phdiff12 = −π/2, phdiff13 = ±π,
and phdiff14 = −π/2. Most prototypical light curves of eclips-
ing binaries fulfil both criteria; e.g., they have both the charac-
teristic frequency ratio and phase differences. The subdivision

allows correct classification for the light curves of binaries ful-
filling only one of the two criteria.

The numbers of objects per class are obtained by counting all
objects having the respective classcode as the most probable one
and having a corresponding class probability classprob1 > pmin.
For the MSBN classifier, numbers are listed for 3 different cutoff
values pmin: 0.0, 0.5, and 0.7. The same probability cutoff values
are used in the tables listing the GM results, but there we provide
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2 Hon et al.

Figure 1. Comparisons between an RGB star KIC 11293804 (top), with a
HeB star KIC 5810333 (bottom), both having large frequency spacing �⌫ '
3.92µHz. (a) and (b) are the original power spectra, while (c) and (d) are
folded spectrum image representations. The oscillation modes are labelled
by their degree l, while the frequency of maximum oscillation power, ⌫max,
is indicated by the dashed vertical line.

Figure 2. (a) Appended and normalized folded spectrum of KIC 10790301
with mode identification. p is the shape parameter (=2 for standard Gaus-
sian), while �g is the standard deviation of the super-Gaussian weight. The
solid vertical line separates the original image from its appended copy. (b)
Resulting image from application of the super-Gaussian weight to the spec-
trum in (a).

2.2 Image Representation

As our image representation, we define the folded spectrum as the
4�⌫-wide power spectrum segment centred at ⌫max, folded by a
length of �⌫(see Figures 1a, c). The spectra and values for �⌫ and
⌫max were derived from end-of-mission Kepler data using the SYD
pipeline (Huber et al. 2009, Yu et al., in prep.). Because the neu-
ral network requires a fixed input array length, we bin each folded
spectrum into 1000 bins.

A comparison of spectral image representations between RGB
and HeB stars are shown in Figures 1c, d. RGB stars clearly ex-
hibit acoustic modes that are highly localized (Figures 1a, c) while
HeB stars show broader mode distributions particularly for non-
radial modes because of the stronger coupling between core and
envelope (Figures 1b,d) (Dupret et al. 2009). With acoustic reso-
nances less localized, HeB spectral representations notably have
greater visual complexity as compared to RGB spectra. Besides the
structure of modes, the location of the l = 0 mode, represented
by ✏, can be a strong indicator in distinguishing population classes
(Kallinger et al. 2012). However, ✏ is not the sole feature that is

used to recognize population classes from an image. The lack of
a clear boundary separating the two evolutionary states shown by
the observed spread in ✏ (Kallinger et al. 2012) and from theoreti-
cal studies (Christensen-Dalsgaard et al. 2014) makes ✏ unsuitable
as a sole selection criterion. However, information about ✏ comple-
ments features extracted from mixed modes in the image.

As image pre-processing, we normalize each spectrum by its
max power value. Then, to avoid edge e↵ects, we append the image
with a copy of itself and apply a super-Gaussian window function
as shown in Figure 2.

2.3 Convolutional Neural Networks

The elementary structure of the neural network is a mathematical
representation of a neuron with multiple input neurons (Figure 3a).
The total input to a neuron, or node, is given by w · x, with x=
(x1, x2, x3, ..., xn) as an input vector with n number of features from
the input layer (represented by the power in each frequency bin in
our study). w= (w0,w1,w2, ...,wn) is the weight vector linking each
input to a node in the subsequent layer, with w0 known as the input
bias, b, which is analagous to the intercept in a linear regression.

The total input is linear, however through an activation func-
tion (Rosenblatt 1962), �, non-linear representations are computed
between layers of the network. In this study, we use the rectified
linear unit activation function �(x) = max(0, x) suited for feature
learning in neural networks (Nair & Hinton 2010), for every neural
network layer except the output layer. We use feedforward neural
networks where the inputs are computed and fed forward through
consecutive intermediate or hidden layers to reach the output layer.
A typical feedforward neural network has fully-connected layers,
which maximizes the number of distinct nodal connections with
the following layer (Figure 3b).

Convolutional neural networks (LeCun & Bengio 1998) are a
variant of feedforward neural networks in which the layer connec-
tions are constrained to be local. This is achieved by weight shar-
ing, where weights across neurons are constrained to a fixed set
of values and are run over the neurons sequentially (Figure 3c). A
fixed set of weights is known as a filter, which picks out a specific
feature from the data to be stored in a feature map (Rumelhart et al.
1988). Hence, the filter is analagous to a kernel convolution over
the input data. Multiple feature detections require multiple filters
and consequently multiple feature maps. A feature map is given
by:

f (k) = �
✓ mX

i=0

w(k) � xi

◆
, (1)

with m denoting the number of stars in the data set and k being
the feature map index. Additionally, w0 = b, and x0 = 1 forms
the input bias. The feature map can be said to represent a detected
local spatial feature of the data. However, in image recognition, as
a greater number of convolutional layers are added, the outputs of
deeper layers often become increasingly di�cult to interpret from
a human visual perspective (Zeiler & Fergus 2013).

A pooling layer is commonly applied after convolutional lay-
ers. Pooling reduces the length of convolutional layer outputs by
applying a comparison function over adjacent nodes in the layer
outputs. In principle, this achieves a form of local spatial invari-
ance within layers (Bengio 2013). Our pooling layers use a 4-node
max-pooling, which condenses each adjacent 4 nodes into 1 node
by selecting the maximum between them.
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Figure 1. Comparisons between an RGB star KIC 11293804 (top), with a
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3.92µHz. (a) and (b) are the original power spectra, while (c) and (d) are
folded spectrum image representations. The oscillation modes are labelled
by their degree l, while the frequency of maximum oscillation power, ⌫max,
is indicated by the dashed vertical line.

Figure 2. (a) Appended and normalized folded spectrum of KIC 10790301
with mode identification. p is the shape parameter (=2 for standard Gaus-
sian), while �g is the standard deviation of the super-Gaussian weight. The
solid vertical line separates the original image from its appended copy. (b)
Resulting image from application of the super-Gaussian weight to the spec-
trum in (a).
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Fig. 3. Examples of pulsating stars in eclipsing binary systems. In these cases, the variability due to the pulsations dominates the variability due to
the eclipses, hence determines the class assignments. The light curves are classified by the MSBN classifier (from top to bottom) as belonging to
the BE, DSCUT, SPB, and DSCUT categories, respectively. The original N2 level light curve is shown, together with a phase plot after detrending,
made with the dominant detected frequency (given below the plot). Part of the light curves of the first three objects have been measured in
oversampling mode (32 s integrations). Measurements are not averaged out during oversampling, hence the higher scatter visible in those parts of
the light curves.

astrophysical differences between the objects, but is more a nu-
merical trick to increase the number of correct classifications
for this special class of variables. The ECLF subclass contains
eclipsing binaries having f1/ f2 = 2, and the ECLP subclass con-
tains eclipsing binaries having phdiff12 = −π/2, phdiff13 = ±π,
and phdiff14 = −π/2. Most prototypical light curves of eclips-
ing binaries fulfil both criteria; e.g., they have both the charac-
teristic frequency ratio and phase differences. The subdivision

allows correct classification for the light curves of binaries ful-
filling only one of the two criteria.

The numbers of objects per class are obtained by counting all
objects having the respective classcode as the most probable one
and having a corresponding class probability classprob1 > pmin.
For the MSBN classifier, numbers are listed for 3 different cutoff
values pmin: 0.0, 0.5, and 0.7. The same probability cutoff values
are used in the tables listing the GM results, but there we provide
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Fig. 5. Some examples of classical monoperiodic pulsators detected with the CVC in the LRc01 dataset. From top to bottom: RRab-type pulsator,
RRab-type pulsator showing the Blazhko effect, RRd-type (double-mode) pulsator, and a Cepheid type pulsator. The original N2 level light curve
is shown, together with a phase plot after detrending, made with the dominant pulsation frequency (given below the plot).

photospheric Balmer line emission needs to be present at some
stage.

Looking at the MSBN classification tables, we see that many
objects are classified as SPDS (short period δ-Scuti). The ma-
jority of them are false positives and can be rejected by im-
posing limits on the class probability and the significance pa-
rameters P f1 (rejecting non-variables or very noisy ones). This
class, whose training objects are actually rapidly oscillating Ap

stars (roAp), attracts variables with high pulsation frequencies
and low amplitudes. We have chosen to rename the class from
ROAP to SPDS, because most of the objects assigned to it with
high probability are in fact good candidate δ-Scuti variables. The
second most probable class is often DSCUT, with non-zero prob-
ability. Also, the typical pulsation frequencies of roAp stars are
even higher than what can be detected with the nominal CoRoT
512 s time sampling, so we do not expect to find roAp stars.
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photospheric Balmer line emission needs to be present at some
stage.

Looking at the MSBN classification tables, we see that many
objects are classified as SPDS (short period δ-Scuti). The ma-
jority of them are false positives and can be rejected by im-
posing limits on the class probability and the significance pa-
rameters P f1 (rejecting non-variables or very noisy ones). This
class, whose training objects are actually rapidly oscillating Ap

stars (roAp), attracts variables with high pulsation frequencies
and low amplitudes. We have chosen to rename the class from
ROAP to SPDS, because most of the objects assigned to it with
high probability are in fact good candidate δ-Scuti variables. The
second most probable class is often DSCUT, with non-zero prob-
ability. Also, the typical pulsation frequencies of roAp stars are
even higher than what can be detected with the nominal CoRoT
512 s time sampling, so we do not expect to find roAp stars.
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(pulsators in)	binaries

See	also	talk	on	binary	classification	by	B.	
Debski (Thursday)
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magnetic	detection ✓
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Models	of	stellar	evolution	
• Inconsistent	(inflated)	radii
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ABSTRACT

We present the results of a long-term orbit monitoring program, using sparse aperture masking observations taken
with NIRC2 on the Keck-II telescope, of seven G- to M-type members of the Upper Scorpius subgroup of the Sco–
Cen OB association. We present astrometry and derived orbital elements of the binary systems we have monitored,
and also determine the age, component masses, distance, and reddening for each system using the orbital solutions
and multi-band photometry, including Hubble Space Telescope photometry, and a Bayesian fitting procedure. We
find that the models can be forced into agreement with any individual system by assuming an age, but that age is
not consistent across the mass range of our sample. The G-type binary systems in our sample have model ages of
∼11.5 Myr, which is consistent with the latest age estimates for Upper Scorpius, while the M-type binary systems
have significantly younger model ages of ∼7Myr. Based on our fits, this age discrepancy in the models
corresponds to a luminosity underprediction of 0.8–0.15 dex, or equivalently an effective temperature
overprediction of 100–300 K for M-type stars at a given pre-main-sequence age. We also find that the M-type
binary system RXJ 1550.0-2312 has an age (∼16Myr) and distance (∼85 pc) consistent with membership in the
Upper Centaurus Lupus subgroup.

Key words: binaries: visual – stars: evolution – stars: fundamental parameters – stars: low-mass – stars: pre-main
sequence

1. INTRODUCTION

The majority of the Galactic star formation is likely to occur
in embedded clusters containing massive stars (Lada &
Lada 2003). Such embedded clusters dissipate and dissolve,
leaving unbound OB associations. Stars within these OB
associations, and in particular their subgroups, are thought to
be a coeval population that share a common star formation
history, chemical abundance, and velocity (de Zeeuw
et al. 1999).

These young OB associations provide a glimpse into the
state of a group of stars directly after formation. The nearest
OB association to the Sun is the Scorpius–Centaurus–Lupus–
Crux association (Sco–Cen)and is also our closest location of
recent high-mass star formation (∼150 pc). The association
contains ∼150 B-type stars thatare spatially grouped into
three subgroups: UpperScorpius, UpperCentaurusLupus
(UCL),and LowerCentaurusCrux (LCC), and provides one
of the richest nearby laboratories for the study of star and
exoplanet formation (Rizzuto et al. 2011). The coeval Sco–Cen
populations are often used as “age-calibrated” samples of
objects in the study of a number of different science goals,
such as circumstellar disk evolution (Carpenter et al. 2009;
Chen et al. 2011; Rizzuto et al. 2012), exoplanet identi-
ficationand evolution (Lafrenière et al. 2008, 2009; Ireland
et al. 2011),and multiplicity studies (Kouwenhoven
et al. 2007; Kraus et al. 2011; Rizzuto et al. 2013).
Furthermore, mass estimation from models of very low mass
companions to K- and M-type association members is highly
dependent on the assumed age. Thus, it is critical that the age
estimation for young associations is both highly accurateand
unbiased.

The age of the Sco–Cen subgroups is contentious. The
youngest and most compact subgroup, UpperScorpius, was
first age-dated using the main-sequence turnoffand was
estimated to be ∼5–7Myr old (de Geus 1992). This age was

supported by a spectroscopic survey for low-mass association
members by Preibisch et al. (2002), which also determined
apopulation age of ∼5Myr according to the latest models of
the time, with a very narrow age spread. There is now some
evidence for a spread in theHRdiagram apparent age
thatcorrelates with theLi abundance (Rizzuto et al. 2015),
and recent work utilizing new spectral typing and photometry
of F-type members, and re-analysis of B/A-type members, has
shown that UpperScorpius may have a median age of
∼11Myr, which is significantly different from any previous
work (Pecaut et al. 2012).
There is still some uncertainty in the ages of the various

B-type members of Upper Scorpius:while there are B-type
Upper Scorpius stars thatappear to have ages consistent with
the ∼11Myr age estimation, there are others, such as τ-Sco and
ω-Sco,thatare clearly very young. In the case of τ-Sco, this is
verified independently as it has a well-determined temperature
of 32,000±1000 K, luminosity of L Llog 4.47 0.13= o: ,
and mass or 11±4Me measured from the He and H
absorption lines (Simón-Díaz et al. 2006). Combined with the
very slow rotation period of 43 days (Simón-Díaz et al. 2006;
Strassmeier 2009), this means that τ-Sco is certainly very
young, with an age between 2 and 5Myr depending on the
choice of models. For non-rotating stellar models,the most
massive 15Myr stars should be approximately 12Me (Ekström
et al. 2012). The existence of stars like τ-Sco and ω-Sco cloud
the clear picture of single-epoch star formation in the Upper
Scorpius regionand perhaps argue for some star formation
between the age of ρ-Ophiuchus and the new canonical
∼11Myr age of Upper Scorpius.
The older subgroups of Sco–Cen also have somewhat

unclear ages. The B-, A-, and F-type UCL and LCC members
have main-sequence turnoff/turnon ages of ∼16–18Myr
(Mamajek et al. 2002), while studies of the incomplete sample
of lithium-rich G-, K-, and M-type members show a variety of

The Astrophysical Journal, 817:164 (16pp), 2016 February 1 doi:10.3847/0004-637X/817/2/164
© 2016. The American Astronomical Society. All rights reserved.

1



9/7/17 12

Binary	stars
test	of	tidal	evolution

Andrew Tkachenko

PLATO	Complementary	Science
website:	fys.kuleuven.be/ster/Projects/plato-cs/home

Coordinator:
Conny Aerts

(Conny.Aerts@kuleuven.be)

Manager	&	Contact:
Andrew	Tkachenko

(Andrew.Tkachenko@kuleuven.be) • Guest	Observer	(GO)	program:	
call	and	proposal	selection	by	ESA

• GO	is	assigned	8% of	the	science	data
10th of	thousands	objects

How

• Scientific	programs	distinct	
from	the	Core	Science	

• Unique	database	of	variable	
phenomena

Objectives

PLATO	Conference1,	University	of	Warwick,	
September	5-7,	2017

• PLATO-CS	sessions
• PLATO-CS	kick-off	meeting	(Sept.	5th)

Upcoming	Events

1http://www2.warwick.ac.uk/fac/sci/physics/research/astro/research/meetings/plato_mission_conference2017

Make	sure	community	is	ready	for	
optimal	GO	proposal submission

Task

The	PLATO	Mission	Conference	2017:	Exoplanetary	systems	in	the	PLATO	era,	Warwick,	5-7	September

ORBITAL CIRCULARIZATION OF HOT AND COOL KEPLER ECLIPSING BINARIES

Vincent Van Eylen1,2, Joshua N. Winn2,3, and Simon Albrecht1
1 Stellar Astrophysics Centre, Department of Physics and Astronomy, Aarhus University, Ny Munkegade 120, DK-8000 Aarhus C, Denmark; vincent@phys.au.dk

2 MIT Kavli Institute for Astrophysics and Space Research, 70 Vassar Street, Cambridge, MA 02139, USA
3 MIT Physics Department, 77 Mass. Avenue Cambridge, MA 02139, USA

Received 2015 September 10; accepted 2016 March 23; published 2016 June 3

ABSTRACT

The rate of tidal circularization is predicted to be faster for relatively cool stars with convective outer layers,
compared to hotter stars with radiative outer layers. Observing this effect is challenging because it requires large
and well-characterized samples that include both hot and cool stars. Here we seek evidence of the predicted
dependence of circularization upon stellar type, using a sample of 945 eclipsing binaries observed by Kepler. This
sample complements earlier studies of this effect, which employed smaller samples of better-characterized stars.
For each Kepler binary we measure e cos ω based on the relative timing of the primary and secondary eclipses. We
examine the distribution of e cos ω as a function of period for binaries composed of hot stars, cool stars, and
mixtures of the two types. At the shortest periods, hot–hot binaries are most likely to be eccentric; for periods
shorter than four days, significant eccentricities occur frequently for hot–hot binaries, but not for hot–cool or cool–
cool binaries. This is in qualitative agreement with theoretical expectations based on the slower dissipation rates of
hot stars. However, the interpretation of our results is complicated by the largely unknown ages and evolutionary
states of the stars in our sample.

Key words: binaries: eclipsing – planets and satellites: dynamical evolution and stability – stars: evolution –
stars: fundamental parameters

Supporting material: machine-readable table

1. INTRODUCTION

Binary stars make up over half of all stars in the universe,
and their orbital properties have been studied for many decades
(see, e.g., Kopal 1956). In close binary systems, tidal forces
distort the shapes of stars and cause oscillations. The gradual
dissipation of energy associated with those fluid motions
ultimately leads to coplanarization and synchronization of
rotational and orbital motion, as well as circularization of the
binary orbit (see, e.g., Mazeh 2008, and references therein).

One interesting aspect of tidal circularization theory is that
the dissipation rate is a very strong function of the orbital
semimajor axis, and thereby on the orbital period (see, e.g.,
Zahn 1975). Many efforts have been made to determine the so-
called “cutoff period” (see, e.g., Mayor & Mermilliod 1984),
which characterizes the transition between mainly circular and
mainly eccentric orbits. It has also been suggested that the
cutoff period can serve as a proxy for age in star clusters
(Mathieu & Mazeh 1988), and indeed there is evidence for a
linear trend between the cutoff period and the age of binary
stars in different clusters (e.g., Meibom & Mathieu 2005).

Another interesting aspect of the theory is that the
circularization timescale is predicted to depend strongly on
stellar type. Stars with thick exterior convective zones are
expected to experience more rapid tidal dissipation than stars
with mainly radiative exteriors (Zahn 1975). Our interest in this
topic was heightened by some recent developments in
exoplanetary science. The obliquities of the host stars of
close-in giant planets have been observed to have different
distributions for hot and cool stars (Winn et al. 2010; Albrecht
et al. 2012), with the boundary between these types of stars at
around Teff ≈ 6250 K. It has been proposed that the differences
in the obliquity distributions of cool and hot stars are due to
differences in tidal dissipation, and perhaps magnetic braking
(Dawson 2014).

Investigating these possibilities led us to search the literature
for clear observational evidence of the dependence of tidal
dissipation rates on effective temperature. The literature does
provide some evidence for the expected dependence of the
cutoff period on stellar type, mainly through the comparison of
different samples that have been analyzed in different ways.
This is at least partly because cool stars and hot stars have been
studied by different communities using different techniques.
For hot stars, Giuricin et al. (1984) found circularization below
a period of 2 days for a sample of about 200 binary stars, which
is seemingly consistent with the tidal friction theory of Zahn
(1977). A similar result was arrived at more recently by
Khaliullin & Khaliullina (2010), who compiled a catalog of
about 100 eclipsing binaries from different sources. For cool
stars, Koch & Hrivnak (1981) investigated binaries with
periods shorter than 20 days, and found reasonable agreement
with theory. Abt (2006) collected eccentricities for cool stars
and found cutoff periods at around 4 days. Pourbaix et al.
(2004) maintain a large catalog of eclipsing binaries that
includes both hot and cool stars, but the catalog is an
inhomogeneous concatenation of various sources, and does
not lend itself to statistical studies. The most convincing study
to date was performed by Torres et al. (2010), who studied 95
eclipsing binaries with masses and radii known to better than
3%. They found that short-period binaries tend to have circular
orbits; long-period binaries have a wider range of eccentricities;
and the critical period separating these regimes is larger for
binaries with cool stars (defined by those authors as stars with
Teff < 7000 K) than for binaries with hot stars.
Exoplanetary science has now provided an opportunity to

perform a complementary study using a larger sample of less
well-characterized binaries. The NASA Kepler mission (Bor-
ucki et al. 2010) was designed to find transiting planets, and
also discovered thousands of eclipsing binaries (Prša
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inspection of all the folded light curves. We do not think that
these omissions produce any significant bias relating to stellar
effective temperature, although we caution that highly eccentric
binaries are more likely to only show either primary or
secondary eclipses, which means that our derived distribution
of e cos ω (for all stellar temperatures) may be biased toward
lower values.

3. RESULTS

The main result of our analysis is measurements of e cos ω
that are associated with the previously determined orbital
period P (from Slawson et al. 2011) and the stellar temperatures
of the two components (from Armstrong et al. 2014). Figure 2
shows the measurements of e cos ω as a function of P, with the
color of each circle encoding the effective temperatures of the
components. Following Winn et al. (2010) and Albrecht et al.
(2012), we use 6250 K as the boundary between “hot” and
“cool” stars. A binary is designated “hot–hot” if both stars have
estimated effective temperatures exceeding this nominal
boundary value. Likewise, “cool–cool” binaries have two
cooler stars, and “hot–cool” binaries have one hot star and one
cool star. We present results for 137 hot–hot binaries, 289 hot–
cool binaries, and 519 cool–cool binaries. The parameters for
all EBs in our sample are reported in Table 1.

Figure 2 shows that the distribution of e cos ω is roughly
symmetric around zero, as would be expected for a uniform
random distribution of ω, the argument of pericenter. At the
shortest periods, it is clear that most binaries are circular or
nearly circular. The spread in eccentricity increases with
increasing orbital period. This is consistent with what is
expected from tidal circularization at short periods, and with
previous studies of other samples.

Figure 3 shows the fraction of EBs that are significantly
eccentric, within different period bins. In this analysis, we use
∣ ∣ .we cos 0.02 as our criterion for significant eccentricity. The
error bars displayed on the bins represent only the uncertainty
due to Poisson (counting) statistics. It is clear that beyond
10–15 days, the large majority of binaries are eccentric
regardless of the temperature. At shorter periods, this is not
the case. The fraction of eccentric binaries decreases with

decreasing period, and it does so at different rates for different
temperature classes. For P � 10 days, the hot–hot binaries have
a greater fraction of eccentric systems at a given period.

4. COMPARISON WITH THEORY

The observed eccentricity of an EB depends on its initial
eccentricity, the rate of tidal circularization, and the time
interval over which circularization has taken place, i.e., the age
of the system. For simplicity we assume that the initial
eccentricity distribution is broad and is the same for binaries of
all types (although we are not aware of any firm observational
support for this latter assumption). Thus, in our model, any
differences in eccentricity distributions between samples of
EBs come from differences in tidal dissipation rates and ages.
To calculate the expected timescales for tidal circularization

for convective stars (τconv) and for radiative stars (τrad), we
follow Claret & Cunha (1997) and use the formulas

( ) ( ) ( )t l= ´
+ - -M

q
q

L
P
R

1.99 10 yr
1

2circ,conv
3 3

5 3
1 3

2
1

16 3
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( ) ( ) ( )t = ´
+ -M

q
q

E
P
R
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1 3

5 3

2
1
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where M and R are the total stellar mass and radius in solar
units, q is the mass ratio of the two stars, and L is the total
luminosity relative to the Sun’s luminosity. For simplicity we
assume the main-sequence relations L ∝ M3.9 and R ∝ M 0.8,
and we set q = 1. We use representative values for E2 and λ2
(Claret & Cunha 1997, see their Figures 1 and 3). We can now
calculate the circularization timescale for convective and
radiative stars of different masses and periods.
As for the age, our estimate is based on the simple and

approximate main-sequence relationship, τå = (1010 yr)
(M/Me)

−2.9. While ages of individual Kepler EBs are typically
unknown, on average the hot stars are expected to be
systematically more massive, faster-evolving, and younger,
giving them less time for tidal dissipation to circularize their
orbits.
We can now calculate the relative circularization time

τcirc/τå as a function of period for different systems. Figure 4
shows some illustrative results. For values of τcirc/τå that
greatly exceed unity, we expect to observe a broad distribution
of eccentricities because the lifetime of the system is too short
to have allowed for significant circularization. For values of
τcirc/τå that are well below unity, the opposite is true, and we
expect most binaries to have circular orbits.
According to the results of this rough calculation, we should

expect to find a critical circularization period for cool stars in
the neighborhood of 5 days (log P = 0.7). For hot stars we
should find a shorter circularization period depending more
strongly on mass, ranging from about 1.3 days for 10Me to 3
days for 2Me. We emphasize that these exact numbers depend
on a range of assumptions outlined above, and should be
considered as rough estimates rather than exact predictions.
To isolate the theoretical effect of tidal dissipation, as

opposed to stellar age, Figure 4 shows the results after setting
τå equal to the Hubble time for all cases. Here there are no
relative age effects at play. By comparing the two panels in this
figure we see that the effect of age is important for the most
massive stars (which are on average the youngest). For the hot

Figure 2. Measurements of e cos ω as a function of orbital period. The red
circles represent “hot–hot” binaries in which both stars have Teff > 6250 K.
Blue triangles are for “cool–cool” binaries, and green squares are for binaries
with one hot star and one cool star.
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156 cool–cool and 108 hot–cool stars, and only 2 stars in each
category have a significant eccentricity. For periods between 4
and 5 days, some eccentric systems occur for all stellar types:
there are 2 out of 14 hot–hot systems showing eccentricity, 5
out of 54 for cool–cool systems, and 2 out of 29 for hot–cool
systems.

In Figure 6, we show the cumulative fraction of systems with
a significant eccentricity, Necc/Nall(P). This is defined as

( ) ( ∣ ∣ )
( )

( )�

�

- .
-

w
=

N
N

P
N P P e

N P P
and cos 0.02

, 4ecc

all

where N(På � P) is the number of binary stars with periods less
than or equal to P. From Figure 6, we see that hot–hot binaries
show significant eccentricities at shorter periods than hot–cool
or cool–cool binaries. The hot–cool and cool–cool binaries
have a very similar period-dependence of their eccentricity
distributions. At longer periods, the hot–cool and cool–cool
binaries have a higher fraction of eccentric systems than the
hot–hot binaries, presumably because the sample of hot–hot

binaries has a larger fraction of shorter-period systems (see
Figure 3).

5. DISCUSSION

This work represents an attempt to compare the degree to
which tidal circularization has taken place in binaries with hot
and cool stars, using a large sample of Kepler eclipsing binaries
that has been analyzed with homogeneous measurement
techniques. The observations displayed in Figures 2 and 3
agree remarkably well with the predictions in Figure 4, despite
the obvious limitations and simplicity of our crude theoretical
calculations.
This suggests that we have indeed detected the dependence

of orbital circularization on stellar type, due to the combination
of age effects and differing tidal dissipation rates. The
observations alone cannot tell us which of these two factors

Figure 4. Top: the circularization timescales for convective (Equation (2)) and
radiative (Equation (3)) stars, divided by the typical lifetime of such stars.
Numbers above unity indicate that most of these systems have not had time to
circularize, while numbers below unity indicate a circularization timescale
shorter than the lifetime of the system. Bottom: rather than dividing by the
stellar lifetime, we have now divided by the age of the universe. If the most
massive stars lived this long, they would circularize up to longer periods than
they do, but stars of a few solar masses are much less affected.

Figure 5.Measurements of ∣ ∣we cos as a function of orbital period in the period
range of 2–6 days. The red circles represent “hot–hot” binaries in which both
stars have Teff > 6250 K. Blue triangles are for “cool–cool” binaries, and green
squares are for binaries with one hot star and one cool star. Despite the smaller
number of hot–hot binaries, this category boasts the largest number of eccentric
systems.

Figure 6. Cumulative fraction of eccentric systems, as defined in Equation (4).
Hot–hot binaries can be eccentric at periods beyond about 2 days, while hot–
cool and cool–cool binaries exhibit eccentricities at periods longer than
4–5 days.
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Sample	
• MS	stars	(assumed)

• Boundary	at	6250	K;	stars	with	Teff <	10	000	K

• No	ages,	masses,	evolutionary	states

Conclusions	
• Theory	performs	OK,	at	least	for	stars	with	cooler	

components

• Stars	with(out)	cool	component:	tidal	dissipation	
(age)	dominates

See	also	talk	on	binaries	from	K2	by	P.	Maxted (later	today)
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Astron. Nachr. / AN (2015) 1005

Fig. 4 Core rotation frequency of stars with mass between 0.7 and 3M⊙ in terms of their seismically determined surface
gravity (log g) as a rough proxy of their evolutionary stage. The error on the frequencies is smaller than the symbol size,
while 0.05 is a typical uncertainty for the seismic log g values. The leftmost triangle represents the envelope rotation of the
Sun, averaged over latitude; Ωcore is not available for the Sun. Stars with both Ωcore and Ωenv have these values connected
by a dotted line. Figure constructed from data in Mosser et al. (2012), Deheuvels et al. (2012, 2014), Beck et al. (2014),
Kurtz et al. (2014), Saio et al. (2015).

et al. 2013). High-precision CoRoT and Kepler space pho-
tometry of the most massive stars supports this suggestion
(e.g., Tkachenko et al. 2014 for a discussion).

4 Tidal Asteroseismology

None of the above considered pulsations in close binaries.
Asteroseismic studies of binaries, in particular eclipsing
ones, are an asset for stellar physics because the binarity of-
fers model-independent constraints on the masses and radii
of the stars, while these parameters are outcomes of seismic
modelling in the case of single stars. Isochrone fitting of
double-lined eclipsing binaries offers an independentway to
tune interior structure parameters, such as core overshooting
(e.g., Torres 2013). For young massive stars this gives com-
patible estimates with seismic modelling of single pulsators
(e.g., Fig. 2 in Aerts 2015).

Obviously, a combination of binary and asteroseismic
modelling has the potential to put tighter constraints on the
stellar structure evaluation if the pulsator is a member of a
binary, even if tides are not involved. This benefit was al-
ready demonstrated for the αCen system (e.g., Miglio &
Montalbán 2005) and for the abovementioned sdB pulsator
PG 1336-018 (Van Grootel et al. 2013) from ground-based

asteroseismology and is being applied to space photometry
now as well (e.g., Southworth et al. 2011; Frandsen et al.
2013, Maceroni et al. 2013, Beck et al. 2014; Gaulme et
al. 2014; Boumier et al. 2014). A recent overview of as-
teroseismology in eclipsing binaries with focus on solar-
like pulsations is available in Huber (2014). It is notewor-
thy that binary light curve modelling tools developed in the
mmag-precision photometry era are not able to deal with the
current µmag photometric precision. The space photometry
revolution thus triggered the development of new software
tools to handle the binary modelling at the level of the pre-
cision of the current data (Prsa et al. 2013; Degroote et al.
2013; Bloemen et al. 2013).

The subject of tidal asteroseismology, i.e., stellar mod-
elling based on tidally excited or tidally affected pulsations,
only turned into a practical science since the availability
of the uninterrupted CoRoT and Kepler lightcurves of ei-
ther eclipsing binaries with tidally excited g-modes (e.g.,
Maceroni et al. 2009; Welsh et al. 2011; Hambleton et al.
2013; Debosscher et al. 2013; Borkovits et al. 2014) or pul-
sating stars that were initially thought to be single stars but
turned out to be a member of a spectroscopic binary from
follow-up data (e.g., Pápics et al. 2013). In all of those stud-
ies, clear evidence was found that some or all of the g-
modes are tidally triggered, after iterative light curve mod-

www.an-journal.org c⃝ 2015 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim

Aerts (2015)

0.7	M☉<	M	<	3.0	M☉

Models	of	stellar	
evolution	fail

2	orders	of	magnitude	
discrepancy

Beck	et	al.
Mosser et	al.

Deheuvels et	al.
(2012	->2017)

Sun
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Task

50-ish core-H burning stars with large range of core rotation 
 (Kurtz et al. 2014, Saio et al. 2015, Murphy et al. 2016, Schmid & Aerts 2016, Van Reeth et al. 2016, 

Ouazzani et al. 2017, Pápics et al. 2017, Kallinger et al. 2017)

From mathematical modelling of 
detected & identified  

g-mode period spacings P(l,m,n): 
mass & near-core rotation 

Xc = 0.40  
Z = Z⊙   
M = 2 M⊙ 

⦃
             On to higher mass  
g-modes allow to determine core rotation  

PhD Thesis, T. Van Reeth, 2017, Leuven

Figure 2.9: Top: A close-up of part of the Fourier spectrum of KIC 11721304
(black). All the marked frequencies are accepted following the criterion
described in Section 2.2. Bottom: The period spacing as computed from
the accepted frequencies. The black markers and grey dash-dotted lines indicate
the frequencies for which we find a smooth spacing pattern.

are prograde modes. The downward trend of the spacing pattern supports this
interpretation.

In addition to the pulsation frequencies belonging to this spacing pattern, more
frequencies were detected in the same range. These likely correspond with modes
of di�erent wavenumbers l and m, but firm conclusions about this requires
detailed future modelling, taking into account various mixing processes.

We mentioned in Section 2.2 that many “ Dor stars have asymmetric light curves
and that this leads to the appearance of linear combinations of the frequencies in
their Fourier spectra. In general, we have to make sure that we did not include
any of these combination frequencies in the period spacing series. This is not
an issue in the case of KIC 11721304 because the combination frequencies are
located su�ciently far from the detected period spacing series in the frequency
domain (Figure 2.10).

In the case of KIC 6678174, there is also a clear detection of a period spacing
series, though the length of the found series is relatively short (Figure 2.11).
Similar to the period spacing series we detected for KIC 11721304, there are
no apparent dips present in the pattern. This seems to indicate that either the
star is close to the ZAMS, close to the TAMS, or that there is a reasonable

!
𝑋𝑐 = 0.4
𝑍 = 𝑍☉
𝑀 = 2𝑀☉

T.	Van	Reeth,	PhD	Thesis,	2017,Leuven

From	mathematical	modeling	of	detected	&	
identified	g-mode	period	spacings:
mass	&	near-core	rotation

So	far:	50-ish	core	H-burning	stars	with	large	range	of	core	rotation
(Kurtz	et	al.	2014,	Saio et	al.	2015,	Murphy	et	al.2016,	Schmid &	Aerts 2016,Van	Reeth	et	al.2016,	

Quazzani et	al.	2017,	Pápics et	al.	2017,	Kallinger et	al.	2017)
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                Interior rotation from Kepler  
   stars born with convective core: AM by IGW?

B stars 
A,F stars 

RGB stars 
2nd clump 
red clump

1.4 M⊙< M < 5 M⊙  

Aerts et al., 
submitted

Internal	Gravity	
Waves	(IGWs)	

at	work?
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Ground-based	follow-up
Are	we	fine	or	(will)	need	more?SDSS V: Project Definition

Credit:  
Sloan Digital Sky Survey V proposal  

by J. Kollmeier et al. (submitted)
AS4	=	After	SDSS	IV

http://www.sdss.org/future/

Timeframe	(SDSS	V)
2020	- 2025

Data
• >	6	000	000	objects
• >	40	000	000	spectra
• Near-IR	(R	=	22	000)	+	

optical	(R	=	5	000)
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Ground-based	follow-up
Are	we	fine	or	(will)	need	more?SDSS V: Project Summary

Credit: Sloan Digital Sky Survey V proposal by J. Kollmeier et al. (submitted)

SDSS	V:	Project	Summary

Credit:	Sloan	Digital	Sky	Survey	V	proposal	by	J.	Kollmeier et	al.	(submitted)
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