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PLATO-CS: brief summary*

Scientific programmes 
distinct from the Core 

Science


Unique database of variable 
phenomena

Objectives

Guest Observer (GO) 
programme (call and selection 

by ESA)


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

objects)

How

Make sure community is 
ready for optimal GO 
proposal submission

Task

website: https://fys.kuleuven.be/ster/research-projects/plato-cs/home

*I promise this is the last slide about PLATO-CS organisation/management
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PLATO-CS: scientific component

Not a joke: though we do not aim to solve the Universe, we do cover a broad range of 
science questions, from extragalactic research to inner workings of individual stars



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

Leuven	University,	Belgium

Conny Aerts,	Andrew	Tkachenko,	Joris De	Ridder,	Pierre	Royer,	Rik	
Huygen,	Bart	Vandenbussche

Work	Package	(WP)	leaders

John	Southworth	(UK),	Coralie	Neiner (France),	Manuel	Güdel
(Austria),	Peter	Jonker (Nederlands),	Conny Aerts (Belgium),	Sergio	
Simón-Díaz (Spain),	Saskia	Hekker (Germany),	Samaya Nissanke

(Nederlands),	Ennio Poretti	(Italy)

9/7/17 1The	PLATO	Mission	Conference	2017:	Exoplanetary	systems	in	the	PLATO	era,	Warwick,	5-7	September

PLATO GOP Workshop, 17-19 October 2022, Geneva: thanks Nami & Co !!!

PLATO-CS: Disclaimer

The list of science questions presented in this 
talk is not inclusive but rather representative. 

Moreover, there is a high level of subjectivity in the 
selection of scientific topics that are presented



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

Leuven	University,	Belgium

Conny Aerts,	Andrew	Tkachenko,	Joris De	Ridder,	Pierre	Royer,	Rik	
Huygen,	Bart	Vandenbussche

Work	Package	(WP)	leaders

John	Southworth	(UK),	Coralie	Neiner (France),	Manuel	Güdel
(Austria),	Peter	Jonker (Nederlands),	Conny Aerts (Belgium),	Sergio	
Simón-Díaz (Spain),	Saskia	Hekker (Germany),	Samaya Nissanke

(Nederlands),	Ennio Poretti	(Italy)

9/7/17 1The	PLATO	Mission	Conference	2017:	Exoplanetary	systems	in	the	PLATO	era,	Warwick,	5-7	September

PLATO GOP Workshop, 17-19 October 2022, Geneva: thanks Nami & Co !!!

PLATO-CS: “far, far away”

Type Ia supernova: triggered by 
accretion or a merger of white 

dwarfs?

Important to observe right after the 
explosion


Cadence decides: ground-based 
observations can’t compete


Amplitude is often quite large (some 
5mag in this example)

We discovered the supernovae in the Kepler data by searching for
variability resembling supernova lightcurves. Spectra of the host gal-
axies obtained subsequently with the Gemini and Keck telescopes
indicate that all of our supernovae occurred in red passive galaxies
with redshifts of about 0.1 (see Table 1).

The high quality of the Kepler data (Fig. 1) can be seen by comparing
the lightcurves of Kepler supernova KSN 2011b and SN 2011fe7,17,
which has one of the best ground-based early supernova lightcurves.
The Kepler photometry of KSN 2011b is comparable to that of SN
2011fe in depth, but with a significantly better cadence and overall
photometric stability.

We compared the Kepler transients to supernova lightcurve tem-
plates using the PSNID code18, finding that KSN 2011b and KSN 2012a
are clearly type Ia supernovae. The classification of KSN 2011c is more
uncertain, with a PSNID 54% probability of being type Ia and a 46%
probability of being type Ibc (a core-collapse supernova). However,
since the massive-star progenitor of a type Ibc supernova is very
unlikely to occur in an elliptical host galaxy, we classify KSN 2011c
as a faint type Ia supernova. The three supernova lightcurves are also
well fitted around their peaks by the type Ia supernova fitting program
MLCS2k219 (Fig. 2), supporting the type Ia supernova identification.

KSN 2012a and KSN 2011b both show a secondary ‘bump’ in the
post-maximum lightcurve, a characteristic feature of normal type Ia
supernovae observed at red wavelengths. KSN 2011c has the features of
underluminous events: it lacks a clear second bump, rapidly declines,
and is underluminous. KSN 2012a is moderately underluminous,
while KSN 2011b is close to normal. Our type Ia supernovae are
systematically offset from the brightness distribution typically
observed for type Ia supernovae20 (Fig. 2e); however, our Kepler galaxy
selection was biased towards red, passive galaxies, which preferentially
host dimmer supernovae21.

Simple analytic radiative-transfer models1,22 with power-law ejecta
profiles predict that the early luminosity L can be described by a power
law in time t as follows: L / ta, where a 5 1.522, depending on the
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Figure 1 | Ground-based and Kepler lightcurves compared. The lightcurve of
KSN 2011b was obtained by Kepler with a 30-min cadence (black) and binned
at 12 h (red). The green lines indicate the range of best-fit type Ia supernova
lightcurve templates (using the MLCS2k219 analysis, modified to apply the
Kepler wavelength sensitivity function). A secondary peak in the lightcurve,
characteristic of type Ia supernovae, is apparent in KSN 2011b. Open circles
show the lightcurve of the well-observed, nearby SN 2011fe7,17, which has been
shifted in magnitude and time to match the peak of KSN 2011b. SN 2011fe had
a lightcurve width near the average for type Ia supernovae, whereas the KSN
2011b lightcurve is narrower. KJD measures time, in days, since 1 January of the
year that the Kepler mission was launched (2009), with KJD 5 MJD – 54832.5.
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Figure 2 | Lightcurves of the three Kepler type Ia
supernovae. The blue lines in a–c show the range
of best-fit MLCS2k219 lightcurve templates. All
lightcurves are rather flat around maximum
brightness, where they change little from about 1.5
days before to 1.5 days after maximum. d, Hubble
diagram of the Kepler supernovae (red) along with
type Ia supernovae from the SDSS-II survey20

(blue), with m the distance modulus in magnitudes.
e, The distribution of the width parameter D versus
redshift. The parameter D measures lightcurve
shape and is anticorrelated with peak luminosity.
The Kepler supernovae are biased towards large D
because the Kepler galaxies have lower star-
formation rates, which preferentially host dimmer
supernovae21. All error bars are 1s errors.
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SNe explosions in distant galaxies 

PLATO will provide cadence, quality, 
and fast reaction (ToO)

GOP: optical spectra to probe physics 
and/or formation scenarios
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PLATO-CS: “far, far away”

AGN variability: what is the 
underlying physical cause?

Viscosity fluctuations in the accretion 
disc by episodic mass deposition at 
the outer disc edge?


“hotspots” in the accretion disc due 
to shock heating?


Thermal viscous instabilities and/or 
variable mass transfer rate?


Magnetic flares in the corona of the 
accretion disc?
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Physics of SMBH accretion & variability
4334 V. P. Kasliwal, M. S. Vogeley and G. T. Richards

Figure 3. ‘Stitched’ light curves of all the AGN in our investigation. The AGN are grouped based on the light-curve categories discussed in Section 6. Light
curves within a category are sorted in order of increasing redshift. All 20 light curves are plotted over the same rest-frame time range on the x-axis. Refer to
Table 1 for details on individual objects.

behaviours exhibited by the category 1 AGN above and the category
3 AGN discussed below. The light curves of these AGN are shown
in the 2nd row of Fig. 3 between the light curves of the category 1
and 3 AGN to facilitate comparisons. Although there are indications
of oscillatory behaviour in this intermediate category of objects, the
oscillations have very poorly defined time-periods as compared to
objects in category 3. However, their light curves are not as purely
stochastic looking as the light curves of the objects in category 1.
Supporting this notion of an intermediate state is the observation
that the object kplr012158940, which is grouped with the category 1
AGN, appears to be in the process of switching between categories

as it begins to display features more reminiscent of category 3 light
curves towards the end of the data.

Category 3 AGN (kplr002694186, kplr009215110,
kplr010841941, kplr003337670, and kplr007610713) are shown in
the third row of Fig. 3. These objects appear to exhibit pronounced
rippling features in the light curve. The aforementioned ‘moire’
and ‘rolling-band’ effects that are known to exist in specific
detector modules and channels in Kepler are the natural suspects.
These effects are known to occur on time-scales of a few days and
have patterns very similar to those observed in these light curves
(Kolodziejczak et al. 2010). However, a close examination of the
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Time-scales of hours 
to years; amplitudes 

of few tens to 
hundreds of mmag

PLATO will provide cadence, quality, and time 
base

Also observed by 
TESS: Treiber et al. (2022; 

arXiv:2209.15019) 
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Structure of the Milky Way Galaxy

Is Milky Way a grand-design spiral galaxy?

E. Zari et. al: Mapping luminous hot stars in the Galaxy

Fig. 16. Masers (dots) and the fit to the spiral
arms (solid lines) from Reid et al. (2019) are
over-plotted on top of our density map (same
as Fig. 11). The maser distances were computed
by naively inverting the parallax. The dashed
circles have radii from 1 to 6 kpc, in steps of
1 kpc. The shaded regions correspond to the
arm width. Di↵erent colours correspond to dif-
ferent spiral arms: Outer, green; Perseus, grey;
Local, pink; Sagittarius-Carina, purple; Scutum-
Centaurus, orange.

Traditionally, the four main spiral arms of the Milky Way
are considered to be Perseus, Sagittarius, Scutum, and Norma,
with an additional Outer arm, which might be the outer part
of one of the inner arms, and the Local or Orion arm, which
is shorter and may be a spur or a bridge between two arms
(see for instance Churchwell et al. 2009). In the Milky Way, the
term ‘spiral arm’ has been used very broadly to refer to regions
encompassing HI, molecular gas (and masers), dust, and young
stars, while it has been shown from external galaxies that these
tracers have quite distinct morphology. This has led to some
inconsistencies in defining the spiral arms in our Galaxy. For
example, the structure parameters derived by Reid et al. (2019)
(see Fig. 16 and Sect. 5.5 of the present paper) do not agree
with those presented in Chen et al. (2019) (see Sect. 5.2). Fur-
ther, certain features might be interpreted as spiral arms or spurs
connecting di↵erent arms: this is for example the case for the
dust complex labelled ‘Lower Sagittarius-Carina’ by Lallement
et al. (2019) (see Sects. 5.3 and Fig. 14) and ‘Lower Sagittarius-
Carina Spur’ by Chen et al. (2020). Further, by studying the cor-
relation between the location of young clusters and molecular
clouds in NGC 7793 and M51 (respectively a flocculent and a
grand-design spiral galaxy), Grasha et al. (2018, 2019) found
that the star clusters that are associated (i.e. located within the
footprint of a giant molecular cloud) are young, with a median
age of 2 Myr in NGC 7793 and of 4 Myr in M51. Older clusters
are mostly unassociated with any molecular cloud. Therefore,
equating the same spiral arm morphology with di↵erent tracers
(such as early type stars and dust) might be inappropriate.

The over-density towards the inner Galaxy (visible for pos-
itive x values, i.e. in the first and fourth Galactic quadrants) in
Fig. 11 is associated with the Sagittarius-Carina and Scutum-
Centaurus arm, and is much more prominent than the others,
containing numerous HMSFRs. On the contrary, the distribution
of massive stars associated with the Perseus arm peaks mainly in
the second Galactic quadrant (towards Cassiopeia). This is con-

sistent with the findings of Reid et al. (2019), and would point to
the conclusion that the Perseus arm as traced by O- and B-type
stars is not a dominant arm, and might be dispersing in the field.
This suggests that a recent, large-scale episode of (massive) star
formation occurred in Sagittarius-Carina and Scutum-Centaurus,
while in the other arms (Perseus and Local) stars formed earlier,
except in a few isolated massive associations, such as Cygnus
and Cassiopeia. To confirm this, we selected stars brighter than
MKs
= �1 mag and MKs

= �2 mag (corresponding respectively
to the Ks absolute magnitude of B2V-type and B1V-type stars),
and we evaluated their density on the plane following the proce-
dure described in Sect. 5. The density maps obtained with these
samples are shown in Fig. 17, where also the same map of Fig. 11
is shown for clarity. The density contours in Fig. 17 (left) trace
the same dense structures as in Fig. 11 (we note that the contour
levels are di↵erent), while the low-density contours substantially
disappear. This is even more evident in Fig. 17 (right). This is
expected, as intrinsically brighter stars are on average younger
and thus have had less time to disperse in the field.

Drimmel (2000) and Drimmel & Spergel (2001) studied the
spiral arm features of the Milky Way in the far-infrared and near-
infrared and concluded that the near-infrared features were con-
sistent with a two-armed spiral model, while the other two arms
were traced only by the far-infrared emission and thus could
perhaps be present only in gas and young stars. More recently,
Xu et al. (2018) and Chen et al. (2019) noted that the spiral arm
structure traced by O- and early B-type stars may have many
substructures in addition to the four major arms. These latter
authors concluded that the Milky Way might not be a pure grand-
design spiral galaxy with two or four well-defined, dominant
arms. This might suggest that the Milky Way could exhibit char-
acteristics of both flocculent and grand-design arms, with grand-
design features seen in the infrared (old stellar populations)
and more flocculent (or multi- arm) features seen in the optical
(young stars). As mentioned above, these characteristics have
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Do different tracers agree on the number of 
arms?


Perseus arm, as traced by young massive 
stars, dispersing in the field?


What do older stars and dust tell us about the 
spiral arms structure?


Does the MW galaxy have different structure at 
different wavelengths and when traced by 
different astrophysical objects?
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“Classical” contraction vs. accreting 
models


Continuous stochastic accretion: its role in 
stellar mass accumulation and inner disc 
evolution


(Some of the) time-scales and amplitudes 
are not properly sampled/appreciated in 
ground-based observations

identified in A. M. Cody (2017, in preparation), 90% are
variable, but only 17% are bursting. If this is a reflection of
geometric selection, then one might hypothesize that burster
disks are viewed at angles ranging from face-on to ∼34°.
However, this assumes that face-on is the best angle at which to
view bursting; as suggested by the ALMA data described
below, this may not be the case.

The idea that bursting behavior may be a function of viewing
angle can be further explored by considering resolved disk
imaging. Five of the bursters discussed in this paper have been
observed with ALMA at 0.88mm (Carpenter et al. 2014;
Barenfeld et al. 2016). EPIC204830786 (2MASS J16075796-
2040087) has a broad CO = -J 3 2 line detection, with
velocities from −17 to 17 kms−1; the profile suggests that the
disk is not face-on. EPIC204342099 (2MASS J16153456-
2242421) is the only other disk with a CO detection, albeit a
weak one. The broad velocity distribution again suggests that
this system is not oriented face-on. The other three disk-bearing
sources in our sample (EPIC 204906020/2MASS J16070
211-2019387, EPIC 204226548/2MASS J15582981-2310077,

EPIC 204908189/2MASS J16111330-2019029) have no CO
detection. The latter two do show continuum, so CO may be
highly depleted or the disks in these cases could be physically
small.
The continuum fluxes can also be used to infer disk

properties. S. A. Barenfeld (2017, in preparation) infers from
modeling SEDs and size constraints that EPIC204830786
(2MASS J16075796-2040087) has aninclination of 42°-

+
9
12,

while EPIC204342099 (2MASS J16153456-2242421) is
inclined at 43°-

+
16
15. Dust masses were inferred by Barenfeld

et al. (2016) and range from < ÅM0.5 (EPIC 204906020/
2MASS J16070211-2019387; non-detection) to ÅM9.3 in the
case of EPIC204830786/2MASSJ16075796-2040087. All
five bursters in the ALMA sample are noted as having been
classified as full disks (as opposed to evolved or transitional)
by Luhman & Mamajek (2012).
These intermediate inclination values are consistent with the

idea proposed above that we are not looking through disk
material, which would be expected to produce “dipping” rather
than ”bursting” light curves. However,they are inconclusive

Figure 2. Light curves of selected bursters over the 80-day duration of K2 Campaign 2, in approximate order of amplitude.

6

The Astrophysical Journal, 836:41 (25pp), 2017 February 10 Cody et al.

Cody et al. (2017)

A&A 654, A36 (2021)

Fig. 8. Stellar models from accreting protostars compared to classical
models. Black lines show the models originating from the accreting
initial model, while blue lines show the evolution from classical ini-
tial models. The full lines correspond to a one solar mass model while
the dashed lines correspond to a four solar mass model. Top left panel:
Kiel diagram. Top right panel: Hertzprung-Russel diagram, where L is
the photospheric luminosity. Bottom left panel: time evolution of the
stellar radius. Bottom right: temperature – density (cgs units) profiles
of selected models which are marked with a circle in the Kiel and
Hertzsprung-Russel diagrams.

between the radiative core and the convective outer regions in
the high density region towards the centre of the star. This is due
to the heating of the stellar atmosphere from hot accretion (see
e.g., Stahler et al. 1980; Jensen & Haugbølle 2018).

In the following, we refer to the evolution from the initial
stellar seed with constant mass accretion as the accreting evo-
lutionary track. We use the term ‘pre-main-sequence tracks’ to
refer to the subsequent evolution towards the ZAMS for models
of di↵erent masses after accretion has stopped.

6.2. Enveloping our stellar sample

We have calculated multiple accreting evolutionary tracks for
di↵erent choices of input physics. The constraints from spectro-
scopic parameters of our sample are su�cient to limit some free
parameters of the accretion picture we adopted (see Sect. 5.1.3).

We have chosen the following input physics as our standard
model: an accretion rate of Ṁ = 5 ⇥ 10�6

M� yr�1, fractional
mass of the outer region Mouter = 0.1, mixing length param-
eter ↵MLT = 1.8, and factor � = 0.1 with Krishna-Swamy
atmospheres and initial Deuterium abundance of 20 ppm. The
accreting evolutionary track of this standard model is shown in
Fig. 9, together with the resulting pre-main-sequence tracks and
classical pre-main-sequence evolution. The accreting evolution-
ary track, together with the ZAMS, beautifully envelopes our
stellar sample for lower temperatures and explains the ‘missing’
stars in the area between log(Te↵) = 3.6 � 3.8 and log(g) =
3.2 � 3.75.

However, this model does not envelop our complete stellar
sample. Most notably, it reaches the ZAMS at approximately

6 M� and cuts out multiple stars with e↵ective temperatures
higher than 15 000 K. This is not surprising since higher e↵ec-
tive temperatures correspond to higher stellar mass. This in turn
leads to shorter evolutionary timescales. Stars with O spectral
types only have pre-main-sequence lifetimes of tens to hun-
dreds of thousand years according to classical evolution mod-
els, making it increasingly di�cult to observe such stars in their
pre-main-sequence phase. At this timescale, they might still be
embedded in their birth cloud when the stellar core already burns
hydrogen in equilibrium. Furthermore, our calculations do not
include input physics that would put them within the envelope
of our accreting evolutionary track without straying far away
from well-fitting envelope for lower temperatures. Therefore,
we believe that most of these stars have arrived on the main
sequence, or are even already in the post-main-sequence phase
of their evolution.

A few more stars do not lie within the region enveloped by
our accreting model and the ZAMS. Some stars of the sample
by Fairlamb et al. (2015) lie just above the accretion model. This
might be attributed to multiple reasons. While they might be
(similar to the hotter stars) in their post-main-sequence phases,
this is less probable at the respective temperature. A more log-
ical explanation might be that they undergo phases of strong
accretion. As our model assumes constant accretion rates, depar-
tures from this accreting evolutionary track are expected due to
episodic accretion (Elbakyan et al. 2019). Given the uncertain-
ties of the spectroscopic parameters (see Fig. 1) it is also possible
that some even lie within the envelope. A few low-temperature
stars of the sample by Da Rio et al. (2016, shown as pink sym-
bols in Fig. 9) seem to have surface gravities above three. We
suspect that these are either red giant branch stars or statistical
outliers.

Two stars need special attention. The first one, Z CMa is part
of the sample by Fairlamb et al. (2015). With Te↵ = 8500 ± 500
and log(g) = 2.53 ± 0.17 it lies far o↵ our accreting model. This
star is a well known FU Orionis object (Hartmann & Kenyon
1996), meaning it undergoes very strong accretion, leading to
high luminosities. This leads to heating of the stellar enve-
lope and increase in stellar radius (Elbakyan et al. 2019). This
explains that the surface gravity is very low and the star does
not fit within our envelope.The second one, 2MASS 11110238-
7613327 is part of the sample by Gutiérrez Albarrán et al. (2020)
as a member of Cha I. With Te↵ = 5032 ± 56 and log(g) =
3.26 ± 0.09) it lies in the area of the Kiel diagram where the
accreting evolutionary track takes a dip in surface gravity. There
is no literature available for this star and the TESS lightcurve
does not show any variability. At this stage, we are unable to
explain the reason for the star’s location in the Kiel diagram and
we strongly encourage follow-up observations.

The samples by Da Rio et al. (2016) and Vioque et al. (2020)
show some stars below the ZAMS. These might be dwarfs, but
their existence does not influence our results for the accreting
models.

6.3. Constraining the input physics with spectroscopic
parameters

We calculated models that di↵er from the standard model by one
parameter at a time. From the discussion in Sect. 6.2 it is clear
that a significant portion of the stars in our sample of pre-main-
sequence and early ZAMS stars might be in later evolutionary
stages even tough they are of comparably young age (several
million years old) because of the short evolutionary timescales
of high-mass stars. Without a distinction between these stars and
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Observations: flux redistribution in the 
abundance spots vs wind blanketing; 
magnetic field strength dichotomy


Theory: fossil fields vs dynamo-generated 
fields vs binary mergers (e.g., Jermyn & 
Cantiello 2020)


Evolution: pre-MS vs MS stars; time-scales 
for the field evolution (e.g., Jermyn & 
Cantiello 2021)

Lignières et al. (2014)

PLATO will provide cadence/sampling, 
high quality, and numbers

Nature and origin of magnetic fields in 
early-type stars

7

first direct constraint on the value of the magnetic field of a typical intermediate-mass
star. Meanwhile, the hypothesis of a widespread magnetism is suggested by the analysis
of the Kepler photometry of thousands of A stars. Indeed, according to Balona (2011), a
low frequency modulation of the light-curve compatible with a rotational modulation has
been found in 70 % of the A-type Kepler stars, as expected in the presence of starspots
or other magnetic corotating features.

Figure 4. (Colour online) This sketch summarizes the new context of intermediate-mass mag-
netism set by the recent discoveries of the lower bound of Ap magnetism, the magnetic desert
in longitudinal field BL and the Vega-like magnetism.

4. On the origin of the magnetic dichotomy

The sketch of Fig. 4 illustrates the dichotomy between the Ap/Bp-like and Vega-like
magnetic fields of intermediate-mass stars. One can think of two di↵erent ways to explain
this dichotomy : the first one is to assume that the two types of magnetic fields have
di↵erent properties because they have been generated by two di↵erent processes. Another
possibility is that the observed fields have a common origin but during the evolution their
magnetic field distribution split into two distinct families of low and high longitudinal
fields.
Braithwaite & Cantiello (2013) proposed that Vega-like stars are ”failed fossil” mag-

netic stars meaning that their field, produced during star formation, is still decaying
thus not truly fossil. Accordingly, the helicity of the initial field configuration must be
low enough to evolve towards a sub-gauss field amplitude at the age of Vega. By con-
trast, the initial helicity of Ap/Bp-like magnetic stars has to be very high to produce in a

S. Hümmerich et al.: The Kepler view of magnetic chemically peculiar stars

Fig. 10. Light curve of KIC 5814635 (A1 V SiSrCrEu metals strong) based on original Kepler data (upper left panel) and Kepler data to which a
Gaussian scatter of 1 mmag (upper right panel), 5 mmag (middle left panel), and 10 mmag (middle right panel) has been added. The subtle details
revealed by Kepler can only be guessed after the introduction of a scatter of 1 mmag, which become totally unrecognizable as the scatter increases
to 5 and 10 mmag, respectively. The same holds true for KIC 6426158 (A1 V SiSrCrEu). The details in the light curve (lower left panel) already
get blurred after the introduction of a scatter of 1 mmag (lower right panel). This illustrates that the subtle details revealed by Kepler would have
been lost in standard ground-based observations.

is in accordance with the expectations, as ACV variables are
believed to exhibit stable spot configurations (and hence light
curves) during long periods of time (cf. Sect. 1). On the other
hand, all stars for which we failed to establish chemical peculiar-
ities show some kind of long-term changes in light curve shape
(in particular KIC 5213466, KIC 10082844, and KIC 10550657)
or some kind of additional variability (cf. Sect. 4.2). This appar-
ent dichotomy might prove valuable in future e↵orts aimed
at the discovery of mCP star candidates by their light curve
properties in large photometric surveys. An automated approach

seems readily conceivable and is under consideration. However,
we caution that the di↵erentiation between instrumental e↵ects
and intrinsic light curve features in Kepler data is not easy.

4.2. Objects of special interest

For seven stars of our sample, we were not able to detect
peculiarities in the available spectroscopic material. None of
these objects show a 5200 Å flux depression (Table 4) or are
outstanding in the Kiel diagram (Fig. 5). This raises the question
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Simon-Diaz et al. (2018)

PLATO-CS: Stars with mass loss

S. Simón-Díaz et al.: Low-frequency photospheric and wind variability in HD 2905

Fig. 3. Amplitude spectrum of the HIPPARCOS light curve of HD 2905,
where the dominant frequency peak ( f1) is also indicated. The right

inset represents the spectral window. The left inset is a zoom of the
amplitude spectrum showing two subsequent levels of prewhitening and
the only additional reliable frequency peak ( f2) standing out above four
times the average noise level, indicated by the horizontal red dashed line
(see text for details).

frequencies stand out. We note that the second amplitude bump
located between 8 and 14 d�1 is a consequence of the limited
sampling of the HIPPARCOS data, which produces a spectral
window as in the inset of Fig. 3. The periodogram resembles
that of HD 188209 (Fig. 4 in Aerts et al. 2017), where we also
showed how the photometric amplitude spectrum of that late-O
supergiant improves when relying on Kepler scattered-light pho-
tometry with a similar time-span as the HIPPARCOS dataset but
with a much higher cadence (the number of data points is ⇠200
times larger).

On top of the general amplitude bump excess at low fre-
quencies found from the HIPPARCOS data, we find a dominant
isolated frequency peak at f1 = 0.37786 ± 0.00001 d�1, with
an amplitude of 18 ± 2 mmag (see dashed line in the main
panel of Fig. 3). A fit in the time domain shows its first har-
monic 2 f1 to have a significant amplitude as well, of value
9 ± 2 mmag (this peak is buried within a forest of additional
peaks in the black curve in Fig. 3). After prewhitening a har-
monic fit with f1 and 2 f1, shown in Fig. 4 as the red line, we
find a second frequency f2 = 0.13813 ± 0.00001 d�1 in the resid-
uals (indicted by the blue dotted line in the left inset of Fig. 3),
with an amplitude of 14 ± 2 mmag. Further prewhitening leads
to f

?
3 = 11.27175 ± 0.00002 d�1 (located outside the frequency

range shown in the left inset of Fig. 3), with an amplitude of
8 ± 2 mmag. After prewhitening this third frequency, we no
longer find significant frequencies adopting the common crite-
rion of accepting a frequency if its amplitude is above four times
the average noise level in an oversampled periodogram (Breger
et al. 1993). Even though it fulfils the noise criterion, the reli-
ability of f

?
3 is not at a similar level as the other two detected

frequencies, especially since it is located in a region of the
Scargle periodogram affected by the aliasing in the HIPPARCOS
data. The harmonic fit to the HIPPARCOS photometry with f1 and
f2 explains a fraction of 74% of the variability in that light curve.

4.2. Spectroscopic variability

Subsequently, we turned to the time-resolved spectroscopy.
Compared to the study of HD 188209 performed in Aerts et al.
(2017), more spectral lines were available for the investigation

Fig. 4. HIPPARCOS light curve folded according to the dominant
frequency. The red line is the fit for f1 and its first harmonic.

of spectroscopic variability thanks to the somewhat lower effec-
tive temperature of HD 2905. In the HERMES and FIES spectra
we had access to 13 non-blended – and strong enough – spectral
lines; among which there is Si III, Si IV, O II, He I, H�, and H↵.
In the SONG spectra, some of these lines are missing, mainly
due to the more limited wavelength coverage in the blue. In
particular, the SONG spectra lack the Si IV �4116 line, an impor-
tant diagnostic line to establish the effective temperature of the
star. Additional interest in this line comes from the fact that, in
early-B supergiants, it is formed in deeper regions of the stellar
photosphere compared to Si III, O II, and He I lines.

Following the strategy described in Aerts et al. (2017), we
computed the equivalent width (EW; moment of order zero
expressed in Å) and the centroid (first moment, denoted as hvi
expressed in km s�1) for each of the lines and for each of the
three spectroscopic datasets listed in Table 1. By way of example,
we show the EW and hvi of the Si III �4552Å line in Fig. 5;
this line is the deepest one of a triplet and was shown to be an
optimal line-profile diagnostic for low-amplitude variability of
stars with similar temperature to HD 2905 (e.g., Aerts & De Cat
2003). Despite careful normalization of all the spectra, it can
be seen in the top panel of Fig. 5 that there are non-negligible
differences in the EW resulting from the three different spec-
trographs. This was already stressed in Aerts et al. (2017) and
implies that simply merging datasets is not optimal when hunt-
ing for low-amplitude variability. Thanks to the definition of the
line moments adopted in Aerts et al. (1992), differences in EW
are compensated for in hvi, as can be seen in the bottom panel
of Fig. 5. Nevertheless, small differences due to the different
instruments and atmospheric conditions cannot be excluded, so
we continued with the three separate datasets as well as with
their merged versions.

4.2.1. Variability of zero and first moments of the line profiles

A detailed look at Figs. 1 and 5 reveals complex temporal behav-
ior of the Si III �4552 line profile of HD 2905. The star is a clear
spectroscopic variable with peak-to-peak amplitudes in equiv-
alent width and the first moment of this line up to 15% and
30 km s�1, respectively. We also conclude that we are dealing
with multi-periodic variability, with timescales of a few to sev-
eral days, in qualitative agreement with f1 and f2 found in the
HIPPARCOS photometry. Visual inspection of the SONG high-
cadence observations (e.g., bottom panel in Fig. 1) does not
reveal short-period variations. This leads us to conclude that any
frequency peak detected in the HIPPARCOS periodogram above
2 d�1 is likely spurious and a consequence of the relatively poor
time sampling of those photometric data.

A40, page 5 of 11

Hipparcos data

Figure 2: K2 data of the blue supergiant star EPIC 240255386. The light curve is shown

in the top panel, and the corresponding original and residual amplitude spectra are shown in

orange and black, respectively, in the bottom panel. The light curve is given as the change in the

Kepler passband magnitude (�Kp) as a function of Barycentric Julian date. The stochastic low-

frequency variability, which is characterized using equation (2) and is indicative of photospheric

variability caused by gravity waves, is shown as the solid green line, and its red and white

components are shown as red- and blue-dashed lines, respectively.
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composition, time-resolved LPVs
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Eclipsing binaries as a test of (single 
star) SSE theory13 of 44

Figure 6. Example Kepler satellite light curves of a set of binary systems. The names and the Kepler
quarters are labelled.

request or discovered from the Kepler light curves. The Kepler Eclipsing Binary Working
Group catalogued a total of 2878 EBs observed by Kepler [163,164], as well as classifying their
“detachedness” [165] and weeding out false positives [166].

3.1. “Normal” EBs
The Kepler database has been valuable for studying exotic objects, but equally important

for providing observations of previously unobtainable quality for more straightforward EBs
in pursuit of the science goals outlined in Section 1. Several groups have embarked on
spectroscopic follow-up of a sample of (typically bright) Kepler EBs. Examples include 20
objects from a set of 75 defined by Hełminiak et al. [167–169], 43 long-period EBs from K2
campaigns 1–3 for which tidal effects are negligible (Maxted & Hutcheon [170]), and the
SDSS-HET survey (Mahadevan et al. [171]).

One area where significant effort has been made is EBs containing low-mass stars. There
remains a “radius inflation” problem for stars below 1 M� in EBs, where theoretical models
underpredict the measured radii by up to 15% and overpredict their Teffs. It has been suggested
that this is due to tidal effects causing a faster rotation and thus a stronger magnetic field
[172–174], but this conflicts with the fact that it has also been seen in single stars [175–177], so
there is no current consensus on the cause [178]. One way to investigate this is to study EBs

7 of 44

Figure 3. The Hipparcos satellite light curves of three example EBs. V455 Aur (top) was chosen as it was
these data that enabled its discovery. z Phe (middle) was selected for comparison with the TESS data in
Fig. 1. W UMa (bottom) was picked as it is the prototype eclipsing contact binary; the TESS data of this
object are shown in Fig. 9 for comparison.

An example of the usefulness of the Hipparcos light curves is that they led to the discovery
of eclipses in HD 45191, subsequently given the designation V455 Aur (see Fig. 3). This
prompted Griffin [79,80] to obtain a high-quality spectroscopic orbit, and then Southworth
[81] to determine the physical properties of the system to high precision using the light curve
of this object from the TESS satellite. Hipparcos light curves of several other EBs have been
used to mimic the expected properties of the photometry from the Gaia satellite to explore the
impact of Gaia on the study of EBs [82,83].

2.6. Wide Field Infrared Explorer
The Wide Field Infrared Explorer (WIRE) satellite was launched by NASA in 1999 to

obtain infrared (IR) images of galaxies showing active star formation. A flaw in the electronics
caused the loss of hydrogen coolant for the IR camera, which outgassed and spun up the
satellite. By the time it was brought back under control, there was no coolant left and thus the
main mission could not be achieved. The star tracker was subsequently used from 2003-6 as a
high-precision space-based photometer. WIRE had been used to observe about 300 stars [84]
before contact was lost in 2008 [85].

Although the main focus of WIRE was on asteroseismology, it was the first instrument
to obtain light curves of such high precision from space and represents the start of the era
of space-based high-precision photometry of binary stars. The first result was the discovery
that the bright star (V = 4.03) y Cen is an EB (Bruntt et al. [86]). When combined with data
from the Solar Mass Ejection Imager (SMEI) it was possible to measure the orbital period of
the system (38.81 d) plus the photometric parameters of the eclipses. The second result was
the first good light curve of b Aur (Southworth et al. [87]), one of the brightest known EBs

8 of 44

Figure 4. The WIRE satellite light curves of four EBs (labelled) plotted according to orbital phase.

(V = 1.90), the first binary with a double-lined spectroscopic orbit (Baker [88]) and the first
detached EB for which the radii of the stars were measured directly (Stebbins [89]).

A total of seven EBs were observed using WIRE. Two more for which the light curves
are valuable (but remain under analysis) are AR Cas, which shows total eclipses and slowly-
pulsating B-star (SPB) pulsations, and d Cap, a short-period system with g Dor pulsations.
The WIRE light curves for all four EBs are shown in Fig. 4. Much of the scatter for AR Cas and
d Cap are due to the pulsations, which are not commensurate with the orbital period.

2.7. MOST
The Microvariability and Oscillations of Stars (MOST) satellite was launched by the

Canadian Space Agency in 2003 and functioned as a small space-based photometer until
completion of the mission in 2019 [90]. It was primarily operated as a single-object photometer
for asteroseismic studies, but observed a small number of EBs for various science goals.

HD 313926 was discovered to be a short-period EB (2.27 d) containing two B stars in an
eccentric orbit when it was used as a guide star for MOST (Rucinski et al. [91]). The light
curve is of high quality but spectroscopic observations have not yet been published; follow-up
of this object will allow the physical properties of two young B stars to be determined.

Pribulla et al. [92] observed a set of blue stragglers in the open cluster M67 using MOST,
with the aim of testing the hypothesis that blue stragglers primarily form through binary
interactions [93]. Excellent light curves were obtained for the contact binaries AH Cnc, ES Cnc
and EV Cnc, and two more EBs were discovered among the non-members of the cluster.
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completion of the mission in 2019 [90]. It was primarily operated as a single-object photometer
for asteroseismic studies, but observed a small number of EBs for various science goals.

HD 313926 was discovered to be a short-period EB (2.27 d) containing two B stars in an
eccentric orbit when it was used as a guide star for MOST (Rucinski et al. [91]). The light
curve is of high quality but spectroscopic observations have not yet been published; follow-up
of this object will allow the physical properties of two young B stars to be determined.

Pribulla et al. [92] observed a set of blue stragglers in the open cluster M67 using MOST,
with the aim of testing the hypothesis that blue stragglers primarily form through binary
interactions [93]. Excellent light curves were obtained for the contact binaries AH Cnc, ES Cnc
and EV Cnc, and two more EBs were discovered among the non-members of the cluster.
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composition
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Audenaert et al. (2021)

PLATO-CS: Variability catalogue

16 Audenaert et al.

validating the classifiers over cross-validation folds gives
a good grasp of how well the classifiers generalize to
unseen data, testing the classifiers on a holdout set gives
an idea of pure performance and accuracy. We report
the accuracy of each classifier in the third column of
Table 3.
Overall the holdout set accuracy of the set of clas-

sifiers is comparable to their mean accuracy over the
cross-validation folds, as for most classifiers the holdout
set accuracy lies almost within one standard deviation
of the mean cross-validation accuracy. For RFGC alone,
we notice that the holdout set accuracy is about 0.6 per-
cent lower than the lower uncertainty bound. In abso-
lute numbers, however, this is still very small and only
represents ±10 out of the 1666 stars in the holdout set.
Given that the accuracies on both sets are so similar,
we can safely assume that the individual classifiers are
fitting the data well and are not overfitting significantly.
We use SHAP (SHapley Additive exPlanations; Lund-

berg & Lee 2017; Lundberg et al. 2020), a unified ap-
proach that connects game theory with local explana-
tions to explain the output of a machine learning model,
to compute the feature importance scores. The fea-
ture importance plots for SORTING-HAT, RFGC and
GBGC are shown in Appendix A including a more de-
tailed explanation. For RFGC we find that the zero-
crossing parameter and point-to-point di↵erences are the
most important features, while for SORTING-HAT it is
clear that the multiscale entropy (MSE) together with
the first fundamental frequency and skewness are the
most important attributes in the classification process.
Lastly, for GBGC the variability index is by far the most
important. We do not plot the feature importance scores
for multiSLOSH given that it is a neural network classi-
fier that does not rely on a set of predefined features, but
rather learns a set of weights that define the importance
of each region in the power density spectrum image.

6. THE METACLASSIFIER

Each of the individual classifiers described in Section 4
predicts the class probability scores for each light curve.
We combine the predictions from this ensemble of clas-
sifiers using stacked generalization (Wolpert 1992), in
which we turn to a metaclassifier that takes the prob-
abilities outputted by the individual classifiers as its
features to produce overall class probabilities for each
light curve. This metaclassifier accounts for the rela-
tive strengths of the individual strong classifiers in the
ensemble (see Schapire 1990 for a description of strong
versus weak).

6.1. Training the Metaclassifier

Classifications

HAT
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Figure 6. Graphical representation of the classifier training
and testing procedure. 80% of the data set is split into k
stratified folds for cross-validation, where k = 5. Class prob-
abilities for data in each fold are predicted by the supervised
individual classifiers trained on the other k � 1 folds. The
training class probabilities from each individual classifier are
used to train the metaclassifier. The individual classifiers
used to characterize the unseen data are trained on all of
the training data. The success of the overall classification
is tested by classifying the holdout data with the individual
classifiers, and then by using their predictions as input into
the metaclassifier.

The stacked nature of our overall classification scheme
could lead to overfitting and poor generalization to the
unseen TESS data if the classifier is not trained carefully.
Our approach to training the metaclassifier and individ-
ual classifiers together closely follows Algorithm 19.7 in
Aggarwal (2014). We represent our application of this
training algorithm graphically in Figure 6.14

As explained in Section 5, for a given training set, we
take 20% of the data from the start as a holdout set to
test the trained ensemble of individual classifiers. We
split the remaining data set into k folds and produce
class probabilities for each by cross validation. We pre-
dict the class probabilities for each fold using the classi-

14 Inspired by the illustration at http://rasbt.github.io/mlxtend/
user guide/classifier/StackingCVClassifier/

GOP: atmospheric parameters as extra (very 
useful) features
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