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Why the star matters to us…

• Stellar variability limits transit detectability 

• Planet parameters measured relative to stellar 
parameters 

• Stellar activity hinder RV mass measurement



Basic requirements: 
stellar radius and mass

• Transit gives Rp/R✶, 
RVs give Mp/M✶ 

• Errors on M✶ & R✶ 
often dominate errors 
on Rp & Mp 

• Need to know M✶ & R✶ 
to a few %.

Zeng et al. (2015)
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accuracy. In summary, within the present observational limits, it is difficult to distinguish between an 
almost coreless planet and a Mercury-like planet interior with a large iron core. The situationwill 
significantly improve with PLATO 2.0 accuracies.  

 

Figure 2.6 Left: Radius of planet and its core depending on the uncertainty in radius Rplanet or Right: planetary 
mass Mplanet. The calculations are based on mass-radius relationships reported in Wagner et al. (2011).Left, we 
assume a planet of 1 Earth-mass and vary the radius (0 corresponds to 1 REarth) within current uncertainties 
(±6% in radius). Right: same, but keeping the radius fixed at 1 REarth and vary the planet mass within current 
uncertainties (±20%). Numbers at black dots provide the core mass fraction as percentage of total mass. The 
dark shaded regions illustrate the expected PLATO 2.0 accuracy (±2% and ±10% in radius and mass, 
respectively). See Noack et al. (2014) for details. 

The ratio of core radius to planet radius is important for understanding the interior evolution of a 
terrestrial planet, which can also influence its surface habitability. For example, the volume of the 
silicate mantle and the hydrostatic pressure in the upper mantle both influence the amount of partial 
melting and hence the rate of volcanism at the surface. Greenhouse gases are trapped in the uprising 
melt and are released at the surface feeding the atmosphere. In view of the large uncertainties 
involved in the underlying exchange processes,  important bounds on  the present models must be 
expected  from a large and diverse population of well-characterized low-mass planets. Accurate 
determinations of both mass and radius are therefore important to impose bounds on interior-
surface-atmosphere interactions with possible consequences for surface habitability (e.g., Noack et 
al. 2014).  

Current detection limits have prevented the discovery of more than a few rocky exoplanets, although 
low-mass planets around other stars are most likely abundant. The future detection of hot (super-) 
Earths by e.g., TESS, and their follow-up by CHEOPS, will provide the first fundamental information to 
better constrain the bulk compositions of these planets. PLATO 2.0 will then provide masses and radii 
of a large number of solid planets up to 1 au distance from their host star. Studying temperate 
planets at large orbital separations allows us to address the architecture of planetary systems and 
the connection to proto-planetary disk properties, and finally to study the relationship of interiors to 
atmospheres in planets up to the HZ. These will be complemented by the detection of giant planets 
at larger orbital separation expected from the Gaia mission, expanding our characterization of these 
planetary systems. 

Constraining the mean composition and bulk interior structure of small planets, PLATO 2.0 will 
enable us to answer the following questions: 

• Is there another planetary system including a terrestrial planet like Earth? 

• What is the typical mean density distribution (and mass function) in planetary systems? 

15 

 

accuracy. In summary, within the present observational limits, it is difficult to distinguish between an 
almost coreless planet and a Mercury-like planet interior with a large iron core. The situationwill 
significantly improve with PLATO 2.0 accuracies.  

 

Figure 2.6 Left: Radius of planet and its core depending on the uncertainty in radius Rplanet or Right: planetary 
mass Mplanet. The calculations are based on mass-radius relationships reported in Wagner et al. (2011).Left, we 
assume a planet of 1 Earth-mass and vary the radius (0 corresponds to 1 REarth) within current uncertainties 
(±6% in radius). Right: same, but keeping the radius fixed at 1 REarth and vary the planet mass within current 
uncertainties (±20%). Numbers at black dots provide the core mass fraction as percentage of total mass. The 
dark shaded regions illustrate the expected PLATO 2.0 accuracy (±2% and ±10% in radius and mass, 
respectively). See Noack et al. (2014) for details. 

The ratio of core radius to planet radius is important for understanding the interior evolution of a 
terrestrial planet, which can also influence its surface habitability. For example, the volume of the 
silicate mantle and the hydrostatic pressure in the upper mantle both influence the amount of partial 
melting and hence the rate of volcanism at the surface. Greenhouse gases are trapped in the uprising 
melt and are released at the surface feeding the atmosphere. In view of the large uncertainties 
involved in the underlying exchange processes,  important bounds on  the present models must be 
expected  from a large and diverse population of well-characterized low-mass planets. Accurate 
determinations of both mass and radius are therefore important to impose bounds on interior-
surface-atmosphere interactions with possible consequences for surface habitability (e.g., Noack et 
al. 2014).  

Current detection limits have prevented the discovery of more than a few rocky exoplanets, although 
low-mass planets around other stars are most likely abundant. The future detection of hot (super-) 
Earths by e.g., TESS, and their follow-up by CHEOPS, will provide the first fundamental information to 
better constrain the bulk compositions of these planets. PLATO 2.0 will then provide masses and radii 
of a large number of solid planets up to 1 au distance from their host star. Studying temperate 
planets at large orbital separations allows us to address the architecture of planetary systems and 
the connection to proto-planetary disk properties, and finally to study the relationship of interiors to 
atmospheres in planets up to the HZ. These will be complemented by the detection of giant planets 
at larger orbital separation expected from the Gaia mission, expanding our characterization of these 
planetary systems. 

Constraining the mean composition and bulk interior structure of small planets, PLATO 2.0 will 
enable us to answer the following questions: 

• Is there another planetary system including a terrestrial planet like Earth? 

• What is the typical mean density distribution (and mass function) in planetary systems? 

Basic requirements: 
stellar radius and mass

• Transit gives Rp/R✶, 
RVs give Mp/M✶ 

• Errors on M✶ & R✶ 
often dominate errors 
on Rp & Mp 

• Need to know M✶ & R✶ 
to a few %.

Rauer et al. (2014)



Basic requirements: 
stellar age

• We want to investigate the 
dynamical and thermodynamical 
evolution history of the planetary 
systems we detect 

• E.g.: planet incidence expected 
to decrease with increasing age 
for tightly packed systems of 
multiple planets, can PLATO 
detect it? (Veras et al. 2015) 

• Need to know stellar age t✶ to 
~10 %.

4 Veras, Brown, Mustill, & Pollacco

variable to allow for the possibility of variations in
the stellar constraints on a star-by-star basis. Further,
we consider 9 different main sequence stellar masses
(0.7, 0.8, 0.9, 1.0, 1.1, 1.2, 1.3, 1.4, 1.5M⊙), corresponding to
the range in which asteroseismology with PLATO can be
effective at constraining stellar ages. Because we are inter-
ested only in Lagrange instability on the main sequence
2, we must compute the main sequence lifetime tMS of
these stars. To do so, we use the sse code (Hurley et al.
2000), and assume Solar metallicity. We obtain tMS =
10948, 7646, 5607, 4237, 3355, and 2716 Myr for M⋆ =
1.0, 1.1, 1.2, 1.3, 1.4, 1.5M⊙, respectively. The lower mass
stars are on the main sequence for a duration greater than
the current age of the Universe. Consequently, for added
clarity, we do not draw curves in the figures of this paper
for the 0.8M⊙ and 0.9M⊙ tracks, as they are so similar to
the 0.7M⊙ track.

3.1 Two-planet systems

First consider equation (4) in the context of two-planet sys-
tems. Combining that with equation (1) yields the following
specific condition on the planet/star mass ratio as a function
of ∆tPLATO
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The upper panel of Figure 1 illustrates the minimum
planet masses for which PLATO will be able to detect a
trend of decreasing planet frequency with main sequence
age, provided that PLATO can discover enough planets at
these given masses to build up a large-enough sample. From
the PLATO primary sample of stars, we expect many thou-
sands of terrestrial planets with orbital periods up to about
one year to be detectable. For a significant proportion of
these planets, stellar activity signals will complicate the de-
termination of their masses. However, by just crudely bin-
ning observations, PLATO will be able to recover many of
these systems. Disentangling stellar activity signals is an on-
going area of research (e.g. Bastien et al. 2014) that will, no
doubt, further improve the situation over the next decade.

The first time bin is particularly important, and will

2 Nearly all of the (transiting) planets assumed here will
be engulfed by the star during post-main-sequence evo-
lution (Mustill & Villaver 2012; Nordhaus & Spiegel 2013;
Villaver et al. 2014). If the planets were further away from the
star, then Lagrange instability could occur during either the gi-
ant branch or white dwarf phases of stellar evolution (Veras et al.
2013).

Figure 1. The minimum planet-star mass ratio µ for which
PLATO can detect a decreasing trend of planet frequency ver-
sus time for packed, Hill-stable two-planet systems. The x-axis
refers to the (variable) magnitude of the stellar age constraints
PLATO may provide. In the lower panel, the first time bin is ex-
cluded, emphasizing its importance at detecting potential trends
(shaded regions only). If ages are constrained to within 1 Gyr,
then a trend should be detectable for planets at least as massive
as 10−2MJ.

contain a large sample of instabilities with which to com-
pare. Consider the consequences of excluding that time bin;
the lower panel of Figure 1 also imposes the restriction of
Equation (5). If PLATO were to look for trends of planet fre-
quency with stellar age only between the first and last time
bins, then the planet mass range for which this technique
would be successful is less than an order of magnitude.

In any case, if we assume that PLATO will constrain
stellar ages to within 10 per cent for stars of spectral type K7
or earlier, then we can obtain some broad estimates for the
planet masses for which a decreasing frequency would be de-
tectable. Consider our model stars for which M⋆ " 1.0M⊙.
Their values of tMS imply ∆tPLATO # 1 Gyr always. There-
fore, in the equal-mass case (upper panel), PLATO should
be able to detect a decreasing frequency trend for planet
masses ∼ 10−2MJ and larger. This statement is also true

c⃝ 2015 RAS, MNRAS 000, 1–6

Veras et al. (2015)



Stellar density and limb-
darkening

• Transit fit involves a/R✶ 
(related to ρ✶ via Kepler’s 3rd 
law) and limb-darkening 
model 

• Asteroseismology: direct, 
model-independent constraint 
on ρ✶  

• Not sure if stellar pipeline will 
provide any info on limb-
darkening?

Knuston et al. (2007)



Which properties affect 
accuracy of stellar parameters?

• How does the accuracy of ρ✶, M✶, R✶, t✶ depend on 
factors such as Teff, activity level, rotation rate? 

• Prioritise targets to observe (input catalog) and 
later candidates to follow-up where precise stellar 
parameters can be expected?



Impact of activity on planet detection 
• Transits are typically 

a lot shorter than 
the dominant 
timescales for 
activity 

• Activity and 
granulation do 
matter for shallow, 
long-duration (long-
period transits) 

• Activity is THE main 
issue for RV follow-
up

Solar irradiance (SoHO/VIRGO)
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Detecting transits in the 
presence of activity - I

CoRoT
No prior knowledge of stellar activity / 

rotation needed



Detecting transits in the 
presence of activity - II

CoRoT

the data record near solar minimum (!5.7 vs. !4.9 !) but
that it is nearly the same at the end of the record near solar
maximum (!4.25 vs. !4 !). This is a consequence of the
movement of noise power toward shorter timescales as solar
maximum is approached (see Fig. 2). Another way to inter-
pret the S/Ns plotted in this figure is to examine the equiva-
lent total noise in a time interval equal to the duration of the
transit. This is easily computed by dividing the transit depth
(84 ppm) by the S/N. Figure 6 shows the result of this calcu-
lation for the 6.5 and 13 hr transits. As the desired total
noise forKepler is to have no more than 21 ppm for the total
noise budget at 6.5 hr (for an mv ¼ 12 star), it is clear that
this requirement is met with significant margin over most of

the data record. Since transit photometry campaigns search
for sequences of transits, it is the mean S/N that is of inter-
est, not the S/N of any particular transit. These calculations
were extended to cover transits of durations of 0.25–20 hr.
Figures 7 and 8 present contour maps of the S/N and equiv-
alent total noise over the course of the DIARAD observa-
tions with instrumental and shot noise expected for Kepler.
The S/Ns allowKepler to detect Earth-sized planets exhibit-
ing four transits longer than!5 hr formv ¼ 12 stars.

We note that minimum detectable planet radius is not
particularly sensitive to the single-event S/N as this is pro-
portional to the square of the planetary radius. To illustrate
this, we extend the calculations above to stars of magnitude
other than mv ¼ 12. The uncertainty of the DIARAD time
series is equivalent to the combined shot and instrumental
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Fig. 5.—Estimated S/Ns (in !) for 6.5 and 13 hr transits of Earth-sized
planets orbiting mv ¼ 12 Sun-like stars over half a solar-like cycle. Values
of S/N greater than 4 ! indicate a detection rate exceeding 84% for four
transits.
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Fig. 7.—Contour map of estimated S/Ns (in !) for single transits of
Earth-sized planets orbiting mv ¼ 12 Sun-like stars with durations from
0.25 to 20 hr. Four or more Earth-sized transits longer than !5 hr are
detectable#84% of the time.
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Fig. 8.—Contour map of the equivalent total noise (in ppm) as a func-
tion of transit duration (or time interval) for Earth-sized transits with shot
and instrumental noise appropriate for theKeplermission.
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obvious outliers, such as the ones occurring every 60 days,
and a small number of isolated outliers that appear to occur
randomly. We have not removed some of the data segments
that appear to be corrupted in more subtle ways. An exam-
ple of these is given by data on the edges of gaps in the data
set, which often have atypically large slopes. Fully 83% of
the data samples are available (62% of the missing points
are represented by the three largest data gaps). For our pur-
poses, a contiguous, completely sampled data set is highly
desirable. This is mainly for computational convenience (to
avoid division by zero errors), and the filled-in points are
largely neglected in addressing the detectability of transits
against stellar variability. To that end, the missing points
have been filled in by reflecting a segment on either side of
each gap across the gap. We combine the two segments by
taking the sum of each multiplied by a linear taper directly
proportional to the distance from the closest edge of the
gap. This procedure naturally preserves continuity of the
data, and it preserves the correlation structure to a large
degree. Some smoothing of the small-scale structure occurs,
however, as the procedure takes the average of two seg-
ments of a noise process. We have adjusted the filled-in data
to reduce the amount of smoothing using a technique
described in x 4.

Figure 1 shows the DIARAD time series, binned to 1 hr.
Filled-in gaps of at least a day in duration are denoted by
the horizontal line segments at 1365.5 W m!2. The average
solar flux during the 5.2 yr of observation is 1366.6 W m!2.
Note that on this scale, an Earth-sized transit (84 parts per
million [ppm]) is 0.115 W m!2. The sample standard devia-
tion of the data set is 0.5 W m!2. This would seem to imply
that detecting Earth-sized transiting planets might be a ter-
ribly difficult, if not impossible, task. The solar variability is
not a white-noise process, however, and most of the noise
power occurs on very long timescales compared to the dura-
tion of a central transit of planets with orbital periods up to
2 yr about a solar-like star (2–16 hr). This is made clear by
Figure 2, which exhibits the power of the DIARAD time
series as a function of timescale near solar minimum (1996)
and near solar maximum (2000) along with the energy at

each timescale for Earth-sized, 8 and 12 hr transits. These
curves were obtained by a wavelet analysis described in x 3.
Note that at timescales shorter than 1 day, the ratio of the
transit energy to the power of the solar time series is much
greater than 1. This indicates that transits of Earth-sized
planets are highly detectable against solar-like variability,
with low intrinsic noise, space-based observations.

3. DETECTION THEORY

Suppose we wish to detect a signal sðnÞ (with time sample
index n) in observational data xðnÞ. Further, suppose that
xðnÞ is composed solely of Gaussian noise wðnÞ [i.e.,
xðnÞ ¼ wðnÞ] or that xðnÞ is the sum of the signal plus noise
[i.e., xðnÞ ¼ wðnÞ þ sðnÞ]. Time series will usually be denoted
by the functional form used here; however, it is sometimes
convenient to use vector notation: x ¼ xðnÞ; n ¼ 1; . . . ;N,
where N is the length of the time series. Under these condi-
tions, the optimal detector is a matched filter of the form

l ¼ xTR!1sffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sTR!1s

p ¼ R!1=2xð ÞT R!1=2sð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R!1=2sð ÞT R!1=2sð Þ

q ; ð1Þ

whereR is the autocorrelation matrix of the noise, wðnÞ, and
T is the transpose operator (see, e.g., Kay 1999). The value
of the detection statistic, l, determines whether a detection
has been made by comparing it to a given threshold, !. This
threshold is chosen so that the probability of a false detec-
tion occurring is small by some objective criterion. In the
case of Kepler, the threshold is set so that no more than one
false alarm is expected for the entire mission, which consists
of searching light curves of more than 100,000 stars for tran-
siting planets with orbital periods up to 2 yr. As there are
&2' 107 independent tests per star, there are a total of
2' 1012 tests yielding a threshold of 7.1 ", assuming Gaus-
sian statistics (Jenkins, Caldwell, & Borucki 2002).
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Fig. 1.—Time series of solar irradiance as measured by the DIARAD
instrument on board SOHO from 1996 January 1 through 2001 March
binned to 1 hr. Gaps of a day or longer are denoted by the horizontal seg-
ments at 1365.5Wm!2.
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Detecting transits in the 
presence of activity - II

CoRoT

Gilliland et al. (2011)

Kepler Mission Noise Properties 19

Fig. 7.— Each panel shows the fractional distribution of Kp = 11.5 to 12.5 stars within 1 ppm bins for instrinsic stellar noise. The mean
and rms distribution for solar noise levels over Quarter-long intervals spanning a solar Cycle are shown by the ‘+’ and heavy horizontal
line, with the full extent of solar noise per Quarter the thin line. From top the quartet stellar variance medians are set to the minimal
value (see text) of 300 ppm2, the 340 ppm2 value we adopt as most representative, and the bracketing 378 ppm2 on the high side at the
bottom.

Fig. 8.— The upper panel shows the intrinsic stellar noise in ppm for the Kp = 11.5 to 12.5 sample as a function of galactic latitude.
Medians evaluated up to 100 ppm are shown as ‘o’, while means from up to 3× the median at each degree of galactic latitude are shown
as ‘+’ symbols. Standard errors for the means are shown. The lower panel shows a histogram of number of stars per ppm bin. The mean
and rms distribution for solar noise levels over Quarter-long intervals spanning a solar Cycle are shown by the ‘+’ and heavy horizontal
line, with the full extent of solar noise per Quarter the thin line.



Detecting transits in the 
presence of activity - III

CoRoT

Example from K2 Campaign 7 Model activity as a quasi-periodic a Gaussian process. 
Simultaneously model pointing-related systematics



Detecting transits in the 
presence of activity - III

CoRoT

Example from K2 Campaign 7 Model activity as a quasi-periodic a Gaussian process. 
Simultaneously model pointing-related systematics

NB: This kind of modelling can give preliminary estimates of rotation period and active 
regions coverage/distribution and lifetime



Detecting transits in the 
presence of activity - III

CoRoT

Example from K2 Campaign 7 In a case like this, a-priori information on stellar period 
would help…



Stellar “noise” in RV
• short-term: pulsations (F-stars) - 15 min 

• rotation period:  

• spots “photometric” effect - dominates for active stars 

• convective blue-shift suppression - dominates for “quiet” stars (like the 
Sun) 

• growth and decay of active regions  

• activity cycle: 

• variation in activity level leads to long-term RV change 

• if “butterfly” pattern, dominant rotation period also changes



How WP120 can help with 
RV follow-up

• Estimates of Prot, activity level? 

• How stable are the active regions? 

• Information on stellar inclination? 

• Activity cycle: when will the star be least / most 
active?



Information exchange 
between stellar and exoplanet pipelines

LC detrending & 
transit search

Preliminary transit 
modelling & 

candidate vetting

RV follow-up

Final planet 
parameter 
estimates

prelim. Prot

prelim. ρ✶, M✶, R✶, t✶

Prot, activity level,  
activity cycle

Comparison to 
theory

ρ✶, M✶, R✶

ρ✶, M✶, R✶, t✶, Prot, i✶,  
everything else!…

prelim. Prot, active region  
distribution and lifetimes

large numbers of  
high-res spectra

limb-darkening parameters, 
ρ✶, 



Advertisement break
• LDTK: the limb-darkening toolkit: (Parviainen & Aigrain 2015, 

MNRAS, 453, 3821) 

• Automatic, efficient calculation of custom stellar limb-darkening 
profiles and model-specific limb-darkening coefficients using 
the PHOENIX-generated specific intensity spectra 

• Code at https://github.com/hpparvi/ldtk 

• Smear photometry of very bright Kepler & K2 stars (Pope et al. 
2016, MNRAS, 455, 36L) 

• Thought your favourite object was too bright, or observed only 
in a few Kepler quarters? We may be able to retrieve it for you…



Advertisement break
• Detrending K2 data while preserving variability using 

GPs: Aigrain et al. (2016, MNRAS, 459, 2408) 

• Lower systematics than both SAP and PDC, much 
better preservation of intrinsic stellar signals than 
PDC or other K2 pipelines 

• readily adapted for short cadence data 

• Light curves at https://archive.stsci.edu/prepds/k2sc/ 

• Code at https://github.com/OxES/k2sc

https://github.com/OxES/k2sc

