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Abstract. We explore the influence that limb darkening and stellar activity have in the determination of
planetary parameters, highlighting the impact that they have in space-based surveys, such as CoRoT.

1. INTRODUCTION
The simultaneous measurement of the mass and the radius of an extrasolar planet provides the first
information about its internal structure and composition, which is later needed to understand its
formation and evolution. In this work we study the derivation of the radius of a transiting extrasolar
planet from the analysis of its photometric light curve. In particular, we discuss the impact that stellar
limb darkening has when obtaining the value of the relative radius between the star and the planet and the
systematic uncertainties created by stellar activity. The interested reader can obtain detailed information
about transiting extrasolar planets from [1, 2] and references therein.
Transit parameters are determined by fitting a theoretical model to the observed light curve
observations. A precise fit is a nonlinear, multi-dimensional problem which has been solved by different
authors in many ways. For example, one can use elliptic functions to describe the light curve shape [3];
or Jacobi polynomials [4, 5]; or semi-analytical approximations, such as EBOP [6, 7] or JKTEBOP [8].
There are also fully numerical codes, mostly used for eclipsing binary stars [9–15]. Finally, the fit model
has to be coupled with an optimization code. Most popular methods are MCMC, Amoeba, and genetic
algorithms. For example, sometimes Amoeba is used for optimization, and later MCMC for deriving
the uncertainties [16]. TLCM [17] uses genetic algorithms for minimization and Simulated Annealing
for deriving uncertainties. The later code is routinely used for CoRoT exoplanets, but there are more
approaches, a recent case being EXOFAST, which uses a differential evolution MCMC code [18].
2. DERIVATION OF THE PLANETARY PARAMETERS
Once the signal of a transiting planet has been detected, there is an optimal strategy to assess the
reliability of the signal to the follow-up procedure that will lead to the final confirmation of the candidate
as a planet. These procedures have been described by different authors; see, for example, [19–22].
What the light curve modeling provides at these stage are a first estimation of the planetary parameters
relative to the stellar ones, namely the radius ratio k = Rp /Rs , the relative semi-major axis ap /Rs ,
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the impact parameter b, the limb-darkening coefficients, the photometric contamination by third light,
and information about the epoch of the transit (useful for the study of transit timing variations). Next
steps involve spectroscopic characterization of the host star to reject false alarms (see [23, 24]) and
to calculate absolute values for the relative planetary parameters obtained from the light curve analysis.
Stellar parameters obtained from spectroscopic analysis are model dependent, however transiting planets
provide an useful constrain for those models: the stellar log g from the transit fit (see the discussion in
[25] and, in this volume, the contribution from J. Valenti). However, current models include a certain
uncertainty in the stellar parameters, which are typically larger than 10% for the mass and the radius
[25]. Asteroseismology can overcome these limitations, but it is only feasible from space for bright
targets (see [26–28] and, in this volume, the contribution from A. Moya). The uncertainty in the stellar
parameters is directly translated into the uncertainty of the planetary parameters, where precisions of a
few percent are required to distinguish between different compositions and internal structures [29–35].
3. THE IMPACT OF LIMB DARKENING
Figure 1 shows the values that different authors get for the quadratic limb darkening coefficients for stars
of different effective temperatures. It is known from previous studies (see [36, 37] and references therein)
that theoretical values deviate significantly from each other among different models depending on which
temperature region we consider. Some transit modelers fix the limb darkening coefficients according
to tables when they fit a transit curve. As is clear from the aforementioned discrepancies, in some
temperature regions this is not a good strategy because the values of the limb darkening coefficients are
not consistent and it is not clear which are the correct ones. Moreover, in the modeling of transits, limb
darkening coefficients are strongly correlated to other parameters, for example the impact parameter b
or the radius ratio k (see, for illustration, Figure 4 from [17]). Therefore, if due to the uncertainties in the
stellar parameters or in the theoretical models, the limb darkening coefficients are fixed to an incorrect
value, the derived planetary parameters will suffer of a systematic uncertainty difficult to evaluate.
Although sometimes theory and observations agree well (see the examples of CoRoT-8b [38] or CoRoT11b [39]), in numerous cases authors have noticed significant discrepancies (see the cases of CoRoT12b [40], CoRoT-13b [41, 42], HD 209458b [43], Kepler-5b [16], or WASP-13b [44]). Although recent
improvements have been made towards a more detailed modeling of stellar atmospheres (see [45]), the
current status of our knowledge of stellar parameters advocates for a conservative use of any priors on
the limb darkening coefficients based on the spectroscopic analysis of the star. [37] made a quantitative
analysis of how the uncertainties in the limb darkening coefficients translate into the uncertainties of the
planetary parameters, such as the radius ratio k. They conclude that for stars similar to the Sun, where
most models agree with each other, typical uncertainties are comparable to those coming from other
sources. However, for cool stars, the uncertainties in the limb darkening coefficients become dominant
and produce unacceptable uncertainties in the planetary parameters, specially when we consider the
photometric accuracy of space-based surveys such as CoRoT and Kepler.
4. THE IMPACT OF STELLAR ACTIVITY
The result of a fit to the transit light curve with adjustale limb darkening coefficients can lead to
unreasonable limb darkening values. For example, [42] accepted a worse solution for CoRoT-13b in
the sense of the quality of the fit (measured by the 2 -values), because when they left free both limb
darkening coefficients, they obtained unphysical values, i.e. far from the theoretically predicted range,
sometimes causing limb brightening instead of limb darkening or negative fluxes at the edge. What can
we say about such cases?
We would like to point out that we employed an indirect assumption in the previous sections: the
effective temperature of the stellar surface is assumed to be the same at each point of the surface
and therefore the stellar surface brightness distribution is only modified by limb darkening. The same
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Figure 1. Comparison of the values of the quadratic limb darkening coefficients for different theoretical models
as a function of the stellar effective temperature. For the sake of correct comparison, we used the same log g
and turbulent velocity vt values for all the curves. Solid lines represent the u1 coefficients, dotted lines the u2
coefficients. The model of [46] is denoted by cyan lines. Red lines show the models of [47], which are based on
the ATLAS synthetic spectra and their flux conservation method (FCM). Green lines were obtained by them using
the same spectra, but applying their least square method (LSM). Violet and magenta lines use the same methods
as the two previous ones, but for PHOENIX models. The figure only hows the CoRoT white light pass band
coefficients; the discrepancies are similar for Kepler’s response function and for other photometric systems. Figure
adapted from [37].

assumption is used when the theoretical limb darkening coefficients are calculated, and almost every
transit light curve investigator uses the same assumption. However, there are several factors that modify
the local effective temperature on the stellar surface. Such effects are e.g. stellar rotation (i.e. gravity
darkening, see e.g. [48–52], reflection effect (although we can neglect this for the star in a star-planet
system), and stellar activity phenomena: spots, plage-area, faculae and flares. Some of these are transient
phenomena, e.g. the flares, but others have similar or much longer timescales than the length of the
transits (e.g. the spots and faculae, [53]). They can be regarded as an additional, but constant surface
brightness distortion during a transit. Constant here means that we assume that the number, temperature,
size, astrographic longitude, and latitude of the distortions do not change around and during a transit.
The constancy of the aforementioned quantities is reasonable.
These distortions mean that the local effective surface temperature where they occur is lower for
stellar spots and higher for faculae than that of the undistorted stellar surface. As it is well known, the
limb darkening coefficient is different for different surface temperatures. This means that the apparent
stellar disc cannot be characterized by only one effective surface temperature value, and that is why the
surface brightness distribution cannot be characterized by only using the limb darkening coefficients
due to only one effective temperature.
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Figure 2. Illustration of the effect of Type I spots. Left: the planet crosses an unmaculated star that is characterized
with some limb darkening coefficient u0 . Right: the planet crosses the apparent stellar disc of a spotted star, where
the spots and the planet have different impact parameters, as well as the stellar photosphere and the spots have
different limb darkening coefficients (u0 , us ). Grey area is the planet, black ellipses represent the spots. Figure
adapted from [37].

[12] already took into account that the undistorted and the distorted areas have different limb
darkening coefficients, when he developed a code to analyze eclipsing binary star light curves. The
corresponding limb darkening coefficients were taken from theoretical approximations available at that
time. We would need a similar approach for the transit modeling. However, we suggest avoiding exactly
the same approach for the following reasons:
a) Different tables give different limb darkening coefficients, which is why the results can be different,
and maybe the derived spot parameters will depend on the assumed limb darkening coefficients;
b) The spot distribution is not well known, and the spot solution is often highly degenerated so
the reliability of the spot solution can be criticized if only one-color photometry is available.
Consequently it is hard to include the spots in a modeling tool.
To investigate the effect of stellar spots and faculae (hereafter we will use the term spot for both cases,
considering that spots having higher temperatures than the surface, i.e. “bright spots”, describe the
characteristics of faculae, which have a higher temperature than the normal photospheric area), we
classify the spots as follows. Spots that are not eclipsed by the planet we define as Type I spots and
spots that are eclipsed by the planet as Type II spots.
The effect of Type II spots can be taken into account because the size and location of the spots can be
determined with high accuracy, and that is why removing their contribution from the light curve causes
no problem, at least in principle [54–56].
Type I spots are more complicated. Those that cause light curve modulations can be removed safely
with baseline fits and baseline corrections using the out-of-transit points in the small vicinity of transits.
But there are also spots that cause no light curve modulations, e.g. a polar spot. In addition, [57] propose,
based on spectral evidence, that a considerable amount of stars exhibit numerous (up to ∼ 5000), small
(not bigger than 2–3 astrographic degrees) dark spots that are axysymmetrically distributed on the stellar
surface, reaching ∼ 50% spot-coverage, which leads to no observable light curve modulation over the
current detection limit in spite of their high activity level. If this is true then we can expect that even
photometrically quiet stars can produce strange limb darkening coefficients as we will show.
Figure 2 illustrates the situation. One can calculate how the observable flux changes when the planet
moves in front of a spotted star and compare it with the case of the same planet orbiting an unmaculated
stellar surface (see [37]). Although the transit depth will change due to the presence of stellar spots,
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it is easy to show that the radius ratio k remains unchanged and precisely determinable if one chooses
the effective limb darkening coefficients appropriately. Spots act like a contamination source in the
aperture. If an unresolved star or other light source (also called “contamination source”) contributes to
the observed flux, then that decreases the observed transit depth. This extra light source is routinely
removed from the light curve in general.
It has been already recognized that Type I spots can act as contamination sources, but our result
implies also that limb darkening coefficients can also change. This problem however can be solved in
the following simple and robust way: limb darkening coefficients and contamination factor should be
free parameters. Last but not least it shows that the observed limb darkening coefficients can be highly
different from the theoretically predicted values in the presence of spots, even if they do not produce
light curve modulations. The uniqueness of the transit light curve solutions is determined by the fact
that the length of the ingress and egress phases, as well as the full transit length, are also related to the
size ratio of the star and the planet.
5. SUMMARY
Precise planetary parameters are required to improve our knowledge of the interior structure and
composition of extrasolar planets. In the long term, we aim at performing statistical studies of planetary
properties, which would lead to the first studies of exoplanetology, as we do today in the Solar System.
Obtaining these precise parameters requires a careful observational strategy (see Section 2) which
considers stars and planets as systems instead of separate objects, and a careful understanding of the
observational and theoretical uncertainties (see in particular Sections 3 and 4). We have discussed some
of the aspects that have an important influence on the determination of these parameters and that are
relevant for space-based photometry (MOST, CoRoT, Kepler, CHEOPS, EChO, and PLATO), which
currently allows the most detailed studies.
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