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ABSTRACT

Context. The radius of an exoplanet is one of its most important patarseStudies of planetary interiors and their evolutiaquiee

1% precision in the radius determination. Transiting eaopts @fer a unique oppurtunity to measure the radius of exoplamets i
stellar units. These radius measurements and their psaase strongly fiected by our knowledge of limb darkening.

Aims. We study how the precision of the exoplanet radius detetimimas afected by our present knowledge of limb darkening in
two cases: when we fix the limb darkening fit@ents and when we adjust them. We also investigatefflets of spots in one-colour
photometry.

Methods. We study the ffect of limb darkening on the planetary radius determindbiatin via analytical expressions and by numerical
experiments. We also compare some of the existing limb déargetables. When stellar spotffect the fit, we replace the limb
darkening cofficients, calculated for the unspotted cases, witkotive limb darkening cdgcients to describe thefect of the spots.
Results. There are two important cases. (1) When one fixes the limbedarg values according to some theoretical predictions,
the inconsistencies of the tables do not allow us to reachracyg in the planetary radius of better than 1-10% (dependimthe
impact parameter) if the host star's surfackeetive temperature is higher than 5000K. Below 5000K théugachtio determination
may contain even 20% error. (2) When one allows adjustmetiteofimb darkening cdécients, thea/R ratio, the planet-to-stellar
radius ratio, and the impact parameter can be determinéudsifficient accuracy< 1%), if the signal-to-noise ratio is high enough.
However, the presence of stellar spots and faculae carogiabie agreement between the limb darkening tables and tad fitnb
darkening cofficients, but this does noffact the precision of the planet radius determination. We fatel that it is necessary to fit
the contamination factor, too.

Conclusions. We conclude that the present inconsistencies of theotatietar limb darkening tables suggests one should not fix
the limb darkening cdécients. When one allows them to be adjusted, then the pladets, impact parameter, and #6Rs can be
obtained with the required precision.
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1. Introduction function of the stellar #ective temperature, metallicity, lag
The depth of an exoplanetary transit is orimarily deterrib and turbulgnt velocity in the stellar atmosphere. Sucletabhn
the raticF)) of the radiugof the t?lansitin efo Iane)t/to thet hta? be found in van Hamme (1993), Diaz-Cordoves et al. (1995),
Limb darkening i d4-ord g L Kk P t for determi - Claret et al. (1995), Claret (2000, 2004), Claret & Haustthil
Limb darkening is a second-order, but kejeet for determin-- 53y Barhan (2003), Sing (2010), Howarth (2011), andetla
ing the exact radius of the planet, bepayse limb darkemmg Bloemen (2011). For earlier tables see the summary of van
only modifies the shape of the transit light curve, but it al amme (1993)
significantly dfects the true transit depth. There are other third- '
order dfects (e.g. night-side radiation, exorings, gravity darken Some investigators of transit light curves have found good
ing, etc.), but they are not studied here. agreement between theoretical predictions and fitted liaxk-d
Transit parameters are determined by fitting a model to teeing codicients (e.g. in CoRoT-8, Bordé et al 2010, or in
observed light curve data points. Typically the number eefr CoRoT-11 Gandolfi et al. 2010); however, sometimes larder di
parameters is around seven (e.g. epoch, period, duratitreof ferences were found (e.g. at Z2evel in CoRoT-13, Cabrera et al.
transit, the impact parameter, radius ratio of the plandttae 2010) or the fit did not constrain the values of the limb darken
host star, and two limb darkening daeients). If we knew a ing cosdficients at all (e.g. in CoRoT-12 Gillon 2010). Complete
priori the exact values of the limb darkening €iteents, then disagreement can often be found between the theoreticadly p
the number of free parameters would be significantly redbgeddicted and the observed limb darkening ffiméents, even where
fixing the limb darkening cd@cients. This would mean not only the quality of the light curve is extremely good (e.g. thelgna
that the dimensions of this optimization problem are reducesis of the HST light curve of HD 209 458 by Claret (2009), re-
but also that the occasional degeneracy of the fitting praeed analysis of Kepler-5b by Kipping & Bakos (2011)); or elseg th
reported by several authors would disappear (e.g. Browh etground-based photometry of WASP-13 by (Barros et al. 2012),
2001; Deleuil et al. 2008; Csizmadia et al. 2011). who also point out that these discrepancies are not causte by
Values of the limb darkening cfiicients have been pub-photometric signal-to-noise ratio f$), and the quality of the
lished by several authors for many photometric passbands dight curves are dficient to say that aforementioned discrepan-
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cies are real. Claret (2009) concludes that uncertaintie¢héd Some modellers fix the limb darkening ¢beients accord-
stellar parameters ffective temperature, surface gravity (lgyg ing to these or other tables when they fit a transit curve. As is
metallicity) are also not responsible for the discrepascie clear from the aforementioned discrepancies, in some teanpe

Neilson & Lester (2011) point out that the used plan-parallture regions this is not a good strategy because the valubs of
theory might be replaced by spherical symmetry for calongat limb darkening cofficients are not consistent and it is not clear
limb darkening cofficients, which may provide better predic-which are the correct ones.
tions for limb darkening. The 3D stellar atmosphere modsls a  When investigators adjust the limb darkening fEaéents,
offer an oppurtunity to improve the predictions. However, ¢heshen it is customary to compare the results to some limb darke
very new models have not been tested against full and multig codficient table. Unfortunately, most authors compare their
colour light curves yet (Hayek et al. 2012). results to only one table, and this may not be appropriais. It

Since limb darkening changes true transit depths (seecessary to compare the results to all available tablesulsec
Appendix), the question arises: do these insonsistendiesta of the disagreements between tables.
the accuracy of the transit parameter determination? Adow,s Such a comparison was done by Southworth et al. (2007),
the answer is yes. In addition, to distinguish betwedfedént among others. After modelling the light curve of an ecligsin
planetary models and to study them in detail we requit® binary star, they compared the resulting limb darkeningifcoe
precision in planetary radii below five Earth masses (Wagbercients to the tables of Diaz-Cordoves & Claret (1995), Glare
al 2011; F. Sohl, priv. comm.), a level that cannot be readhed(2000), and Claret & Hauschildt (2003). The predicted valofe
all temperature regions when fixing the limb darkeningfiee these three tables typicallyftér from each other by 40— 60%
cients for the transit fit. (see Table 5 of Southworth 2007). In their paper the relativer

The aim of this paper is not only to take a step toward bettef the resulting limb darkening céficients was~ 35%, and the
understanding what can cause inconsistent observed linkb ddimb darkening values observed were consistent with maie th
ening codficients. We also want to make certain that such ipne theory. Consequently, they could not decide which gheor
consistencies between observed and predicted limb damgendescribes the reality, so the uncertainty limits are intusice
codficients do not fiect the determination of transit parametergor distinguishing the theories.

In Section 2 we study the fierences between recent limb  Claret (2009) concluds that no presently available limikdar
darkening tables. In Section 3 we investigate tffeat of the ening calculation is able to reproduce the surface brigistdés-
poor knowledge of the limb darkening on the planet-to-atelltribution of HD 209 458. Claret (2008) also points out that th
radius ratio. In Section 4 we check the accuracy of the agfflistobservations do not support any of the limb darkening tables
limb darkening cofficients and study this on synthetic data. We The diferences between thefidirent limb darkening tables
call attention to the impact of stellar spots on the transitdfnd are mainly due to the adopted numerical methods and not to the
their importance in the observable limb darkeningfioents atmosphere models themselves. In addition, to have a clue to
in Section 5. We check the determinability of the limb darkerstellar atmosphere studies, it will be necessary to comihere
ing codiicients in Section 6. Our conclusions can be found idifferences between the observations and theory. This gives an-
Section 7. other argument for why it is worthy and necessary to fit thélim

darkening cofficients.

2. Comparison of theoretical predictions for limb
darkening coefficients 3. The effect of poor knowledge of fixed limb

darkening coefficients on the radius

In Figure 1 the limb darkening céiécients predictions of Sing determination

(2010) and Claret & Bloeman (2011) are plotted for three dif-
ferent stellar metallicities:NI/H] = —0.5,0.0, 1.0. It is obvious Here we investigate the hidden inaccuracy caused by fixiag th
that the values given by thesdférent authors deviate from eachimb darkening cofficients during the transit-fitting procedure.
other by a value of @1 - 0.3, depending on which temperatureDur goal is to calculate the error kncaused by the theoretical
region we consider. The usual range of the limb darkeningr co@ncertainties of the limb darkening dfieients. We assume the
ficients is between approximate.1 and 08, so these diier- time being that the normalized transit degth/F is perfectly
ences are considered as large. known since we are only interested in the error caused by the

We concentrate on the 3500-8000 K temperature rangeconsistent limb darkening tables.
because most of the transiting exoplanets have been de-LetAu; andAu; be the uncertainties of the theoretically cal-
tected around main sequence stars with such temperatucesgated linear and the quadratic limb darkeningftiogents, re-
Interestingly, we have better agreement between modelsein gpectively. These uncertainties have four sources: (iXtibe-
high-metallicity range (1/H] = 1.0). Here the cofficients ries have some uncertainties. These kinds of uncertaiaties
agree with each other, within@ at the low-temperature end,not well known, but as a first approximation, we can assumte tha
but over 7000 K, they diier from each other by.05. Fortunately, their order of magnitude is equal to thefdrences between dif-
this temperature region is less interesting for transiténs At ferent theories as mentioned in Section 2. (ii) The inputaste
intermediate temperatures the predictions for limb darigoo- parametersTes+, logg, metallicity) have uncertainties that will
efficients do not dter by more than 01 to Q02. be reflected in the prediction of limb darkening fiic@ents. The

At lower metallicities the situation is completelyfidirent. uncertainties of stellar parameters usually cause smedintain-
Below ~ 4500K, the two lower metallicities are in complete disties in the prediction of the limb darkening d¢beients, and for
agreement, and the relativefidirences between the predictiongnstance, Deleuil et al. (2012) found that the uncertairitthe
can be as high as® Between~ 5000 K and~ 8000 K the sit- predicted limb darkening céiécients was+0.0168 when they
uation is still problematic, and in the case ®fi{H] = 0.0 the propagated the stellar parameter uncertainties to the diank-
two tables generally dier by 0.2. Similar conclusions have alsening prediction. In most of the cases the stellar paramater
been reached by Claret & Bloemen (2011). certainties cause less th&0.03 uncertainty in the prediction of
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log(g)=4.5; [M/H]=-0.5; v,=2 km s™* the limb darkening cd&cients. (iii) Although the spectroscopic
‘ ‘ ‘ ‘ ‘ ‘ effective temperature determination is not significanffgeted
08 C.&B. 2011 ATLAS;FCM 1 by stellar spots in the case of a solar-like activity, thélateur-

face dfective temperature determination can be systematically
affected when the spot coverage is about 10-20% (A. Hatzes,
priv. comm., Ribas et al. 2008), and this can lead to sysiemat
errors in the limb darkening predictions and to underedtona
1 of the uncertainties of such a prediction. Thus, the univeits
mentioned in point (ii) might be underestimated. It is quii®-
cult to characterize these kinds of error sources, but fhatiely
they have an impact only for very active stars, which are lhsua
avoided by planet hunters. (A remarkable exception is CeRoT
o 1 2.) (iv) The inhomogeneties of the stellar surface tempeeat
— —— —— — —— — distribu'gion (e.g._spots, facgla}e, grayity darkeniﬁﬂ-}ets_, etc.)
To K] are not included in the prediction of limb darkening fiogents.

Now we consider the uncertainty in the planet-to-stellar ra
dius ratio caused by the uncertainty of the limb darkenireffco
cients. After straightforward calculation we have (cf. Bg[l)):
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of the star and the planet from Eg. (1) is shown in Figure 2.
1 First we consider the temperature region 500&KT <
7500 K. Here the dierent limb darkening theories agree more
closely. Substituting the uncertainties of the theory ased in
the previous section, we can easily conclude that the uainert
2000 2000 5000 5000 7000 5000 ties in the relative radius ratio of the planet and the steegde-
Terr (K] tween 1% and 10%, but it can be around 8% at the high temper-
log(g)=4.5; [MHI=1.0; v=2 km s ature. Below 5000 K, where the curves offdient theories are
' ' ' ' ' ' very divergent, we have uncertainties of up to 20% in theusdi
o8| C.&B.2011; ATLAS; FCM ratio. These uncertainties only come from the inconsisésaf
the theoretical limb darkening calculations. The aforetioeied
two additional factors increase these uncertainties éurtbut
one needs a case-to-case study to characterize them.
These uncertainties are unacceptable if radii and therefor
: internal structure of the planets are being studied, bectus
distinguish between fferent planet models and to study them
in detail we requirex1% precision in planetary radii below
five Earth-masses. The consistency of the limb darkenibipsa
should be improved in all temperature regions and should be
ot g checked via observations, to obtain more concordant linnk-da
ening tables in the near future.
Since we do not have reliable limb darkening theories it
seems questionable to fix the limb darkening fiogents for

Fig. 1. A comparison of 5 (3) dferent limb darkening models. transit light curve analysis. For instance, CoRoT and Kieple

We plotted only the cdficients of the quadratic limb darkening-able to determine the transit depth with a precision of*1i@

law. From top to bottom one can see the models féiedent general or sometimes even better, which can be translated to
metallicities (M/H] = —0.5, 0.0, 1.0). For the sake of cor- 0.5% relative error for the radius raio- in the absence of limb
rect comparison, we used the same logg and turbulent velog#erkening. Since the error due to the poor knowledge of thie li

v values for all the curves. Solid lines represent thecoeffi- darkening may be as big as 20% at low host-star surface temper
cients, dotted lines the coeficients. The model of Sing (2010)atures T < 5000K), this can cause 40— 50 times larger error

is denoted by cyan lines. Red lines show the models of Clafgtthe radius than the error stemming from the quality of pho-
& Bloeman (2011), which are based on the ATLAS syntheti®@metry alone! This error source is also two to ten times &igg
spectra and their ‘flux conservation method’ (FCM). Greegsi at the higher host-star’s surface temperatufes (6000K) than
were obtained by them using the same spectra, but applyéig tihe error stemming from the photometry. This is the case when
‘least square method’ (LSM) for calculating the limb dariken one fixes the limb darkening ciients during the transit light
codficients. For solar metallicity ([MH]=0.0), they also calcu- curve fit procedure.

lated the limb darkening cdigcients with these two methods, but  We add that these numbers come from the optimistic case;
from the PHOENIX spectra, too (violet and magenta linesk Th.e., uncertainty in the stellar radius can be neglected.tBis
figure only hows the CoRoT white light passbandfioeents; is not the case. The aforementioned errors are the errars ste
the discrepancies are similar for Kepler's response fonaind ming from the planet-to-stellar radius ratio determinattone.

for other photometric systems.
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Fig.2. a): The diterence of the theoretically predicted limb darkeningfioentu; as a function of the stellarfective surface
temperature between Sing (2010) (S) an@ledent models of Claret & Bloemen (2011). F means the flux ceatien method, L
means the least square method of Claret & Bloemen (2011)dAPasfenote the ATLAS and the PHOENIX models that they used
for creating of their limb darkening tables. b): the sametf@ru, quadratic cofficients. c): the absolute value of the maximum
differences at a given temperature between Sing (2010) and ddahee@aret & Bloemen (2011) models. The curves in this panel
are upper limits, because we calculated theedences between thefiirent limb darkening tables in a conservative way; i.e., we
searched for the biggestftirence between Sing’s table and any of the Claret & Bloemable at the given temperature. d):
visualization of the meaning of Eq. (1): relative error oé tfadius ratio of the star and the plaket Rpjanet/Rstar VS €fective
surface temperature of the stellar surface when the limketiémg codicients are fixed. ThAu;, Au, uncertainties are taken from
panel c. The two curves are valid for a rather centoa(0.2) and for a rather grazingp (= 0.8) transit. For these plots we used
the CoRoT passband limb darkening fiagents of Sing (2010) and Claret & Bloemen (2011), and werassilogg = 4.50, solar
metallicity and a turbulent velocity of 2kis. However, the main result does not change significantlpfioer input parameters or
passbands. The uncertainty of the parameters were edtiragtihe dference between the two limb darkening tables. In certain
temperature regions we are far from the required precisidhneé radius ratio determination.

When this radius ratio is transformed to absolute dimerssain parameters are discussed. We also mention that futurecgspje
the planet viaRpianet = KRstar, then the error bars should be indike PLATO, are expected to provide the stellar masses atid ra
creased more accordingly, by the uncertainties in theastedl  with less than couple of percent relative error via astésose-
dius. The stellar radius is usually obtained by comparietisst logical studies. Details of this latter method and its uteiaties
evolutionary models to the spectroscopically measureatijua are discussed e.g. in Catala (2009).

ties, such age¢¢ and logg of the star. It seems that the most

careful spectroscopic studies of the host stars are ableltbtiie I . . -
stellar radius with a precision not better thas% (e.g. Brunttet 4- Adjusting the limb darkening coefficients

al. 2010; see also the discussion in Torres et al. 2012). Mewe Here we study how precisely our fitting procedure is able to de
the final error budget also depends on the uncertaintiesy#d $ermine the diterent transit parameters. For this purpose we cre-
tematics of the stellar evolutionary models used. For m&#a ated 2000 synthetic light curves with the subroutines of dgn
the radii of stars below Mo, predicted by current evolutionaryg Agol (2002). We assumed a circular orbit for all of these
models, are not supported by observations (see e.g. Clatisegyrves. The number of the simulated photometric data pints

al. 2009 and references therein). It is beyond the scopei®f thide the transit were selected randomly between 500 and 5000
paper to characterize these kinds of error sources, we diotit Then we added Gaussian-type random noise to these lightsury
Study Only to the ffect of limb darkening on the p|anet-t0-ste||a(,vith zero mean andd Scatter, and we chose random})such
radius ratio, and therefore we refer to Torres et al. (20&8%re  that our final light curves have/IS between 1 and 1000. The
the uncertainties of the used stellar models and the destedldr g\ is defined as followsS/N = k2/o-. We did not study the ef-
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fect of red noise, systematic errors, etc., since our airn flitl  these are transient phenomena, e.g. the flares, but others ha
what minimum accuracy is needed for precise parameter-det@milar or much longer timescales than the length of thesitan
mination. The input parameters of these synthetic lighvesir (e.g. the spots and faculae). They can be regarded as an addi-
were randomly chosen between the following limlis= 0...1, tional, but constant surface brightness distortion duait@nsit.
k =0..0.3,a/Rs = 5..50,u; = 0...1 andu- = -0.1...1.0, re- Constant here means that we assume that the number, tempera-
spectively. Herea is the semi-major axif}s the stellar radius - ture, size, astrographic longitude, and latitude of theodi®n(s)
a/Rs are often called scaled semi-major axeb is the impact do not change around and during a transit. The constancyof th
parameter, and, = u; + Up andu_ = u; — Up. The use of these aforementioned quantities are reasonable.
combinations of the limb darkening dieients was suggested  These distortions mean that the locfkeetive surface tem-
by Brown et al. (2001) and they aim to avoid degeneracies Qserature where they occur is lower for stellar spots andérigh
tweenu; andu,. We selectedl, andu- randomly between the for faculae than that of the undistorted stellar surfaceisAgell
aforementioned limits. This means that they are not relatedknown, the limb darkening cdiécient is diferent for diterent
this test to any stellar properties or theoretical consitiens, surface temperatureShis means that the apparent stellar disc
and thus there is no link between them; i.e., they are indep&annot be characterized by only onfeetive surface tempera-
dent of each other in this test. ture value, and that is why the surface brightness distriut

In the next step we modelled these artificial light curveiwitcannot be characterized by only using the limb darkening-coe
our fitting procedure, which is based on a genetic algorithfigients due to only onegf.
(Geem et al. 2011). The free parameters were the impact pa- pjurasevic (1992) already took into account that the undis-
rameterb, k, a/Rsratio andu,. We fixed the value ofi at 13  torted and the distorted areas havé&atient limb darkening co-
different values at0.3,-0.2,-0.1,...,0.9, 1.0, and then we se- efficients, when he developed a code to analyse eclipsing bi-
lected the best solution (according to fievalues). Then, this nary star light curves. The corresponding limb darkeningf-co
best solution was refined by allowing to vary in a narrower ficients were taken from theoretical approximations atdéiat
range ¢0.1). After that we plotted the standard devations of theat time. We would need a similar approach for the transi-mo

differences between the value obtained from the I|ght curve %’hng However, we Suggest avoiding exact|y the same aqh'o
lution and the original input value, normalized to the inpalie  for the following reasons.

vs the 9N ratio as it is plotted in Figure 3:

Imodelled value- input valug o) a) Different tables give flierent limb darkening cdgcients,
input value ’ which is why the results can beft#irent, and maybe the

This s-value has been plotted in thefidirent panels of Figure 3 g:::lleer:jinsépgég?ir:ﬂsters will depend on the assumed limb
a_galnsft the f]N (}f the S|mthIz|ilted I'%r\}t curvgs. Vl\le drzchonglu-b) The spot distribution is not well known, and the spot solu-
sions from this 'ﬁurle. as 1o ?(WS‘. e need at ea/SNh anl d tion is often highly degenerated so the reliability of thetsp

6 to determine the limb darkening dfeients and the scaled ¢ vion can be criticized if only one-colour photometry is
semi-major axis witf5% uncertainty. To determiriewith 1% available. Consequently it is hard to include the spots in a
accuracy, we need at leagiNs~50. To determind with 10% modelliné tool

relative accuracy, we needNs=~ 100 at least. We also found ’

that whenb > 0.85 the solution becomes unstable and far from

the input values, so we removed them from this analysis. 5.1. Effect of a single active area

s=STD DEV(

he li keni To investigate theféect of stellar spots and faculae (hereafter we
5. Effect of stellar spots on the limb darkening call both spots, including spots that can have higher teaipegs

The result of a fit with adjusted limb darkening édeients can thanthe surface, i.e. “bright spots”, describing the ctienastics
lead to unreasonable limb darkening values, e.g. Southwo@f faculae that they have a higher temperature than the Horma
(2011) accepted a worse solution for CoRoT-13b in the sehseP@otospheric area), we classify the spots as follows. Spats
the quality of the fit (measured by thé-values), because whenare not eclipsed by the planet we define as Type | spots ansl spot
he adjusted both limb darkening dbeients, he obtained ‘un- that are eclipsed by the planet as Type Il spots.
physical’ values, i.e. far from the theoretically predittange, The dfect of Type Il spots can be taken into account because
sometimes causing ‘limb brightening’ instead of limb darke the size and location of the spots can be determined with high
ing or negative fluxes at the edge. What can we say about s@gieuracy, and that is why removing of their contributiomnfro
cases? the light curve causes no problem, at least in principlevésil
We would like to point out that we employed an indirect asvalio & Lanza 2011; Sanchis-Ojeda & Winn 2011; Désert et al.
sumption in the previous sections: th@egtive temperature of 2011).
the stellar surface is assumed to be the same at each point ofType | spots are more complicated. Those that cause light
the surface and therefore the stellar surface brightnesstdi- curve modulations can be removed safely with baseline fils an
tion is only modified by limb darkening. The same assumptidraseline corrections using the out-of-transit points & gmall
is used when the theoretical limb darkeningfti@énts are cal- vicinity of transits. But there are also spots that causeigit |
culated, and almost every transit light curve investigatas the curve modulations, e.g. a polar spot. In addition, Jackson &
same assumption. However, there are several factors thdifymo Jefries (2012) propose, based on spectral evidence, that a con-
the local effective temperature on the stellar surface. Such efiderable amount of stars exhibit numerous (up~td6000),
fects are e.g. stellar rotation (i.e. gravity darkening, eg. von small (not bigger than 2-3 astrographic degrees) dark spats
Zeipel 1924; Twigg & Ré&ert 1980; Barnes 2009, Espinoza &are axysymmetrically distributed on the stellar surfaeaching
Rieutord 2011; Claret 2012), reflectioffect (although we can ~ 50% spot-coverage, which led to no observable light curve
neglect this for the star in a star-planet system), andastalt- modulation over the current detection limit in spite of thidgh
tivity phenomena: spots, plage-area, faculae and flarese®d activity level. If this is true then we can expect that evelph
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tometrically quiet stars can produce strange limb darlgooy Finally the basic equation which relates the observed light

effients as we will show. loss during a transit, the planet-to-stellar radius ratiellar spot
Figure 4 illustrates the situation. When the planet moveffects and limb darkening to each other is

in front of an unmaculated star, the observable maximum flux

change will be AF — aFstar k21 — Uet 0 — Ugef 16° 8
Fstar - 1_ Ueft  Upetf ( )
3 6

AF 12 1- Ulo(l - /Jp) - Uzo(l - /Jp)z ) ) ) )
Fo 1 _ Yo _ U 3) Comparing the equations of this section to each other weesan s

3 6 that the newly definedfective limb darkening cd&cients are
whereAF is the flux decrease due to the planet trarfgjtis the  '€lated to the values valid on the unspotted stellar susace
total emitted flux of the star in our directionyg anduyg are the that:
limb darkening cofficients of the unmaculated stellar surface _ U _ Uy 9
and indexp stands for the planet. Uietf = 7> Ueff = 71 ©)

If we have one circular Type | spot on the stellar surfacen th
this can be modelled by replacing the stellar flux with thet'spo
flux at the place of the spot. Then, we use the rieyy, value o i . : .
instead ofF in Eq. (3). In this case, the total flux of a spherica'iure and this is valid during the entire transit. If an untesd

star with only one Type | spot can be written as (if the spot &' OF other light source (also called "contamination selr
small enougz) yp P ( P contributes to the observed flux, then that decreases tleevaubs

transit depth. This extra light source is routinely remofredn

?:rom this mathematical analysis of transit light curves ilbvi-
ous now that spots acts like a contamination source in the ape

Foar = R l0(1 - U1o/3 — Upo/6) () the light curve in general. Certain spots acts as a negatire
total, this kind of contamination-like source can be eithesi-
~7RE[ oL (Uso, Uzo, p1s) — IsLo (s, Ups, 5)]. tive or negative, but in the transit fits we did not include amige

contamination.
It has been already recognized, that Type | spots can act as

Index s stands for the spotted area. The first term on the righéntamination sources, but our result implies also that kiark-
hand side describes the total flux stemming from the steiéa d ening codicients can also change which is a new result. In ad-
while the second term describes tifieet of the spot: we remove dition to the arbitrary sign of, these latter two equations jus-
a certain small part of the stellar flux and replace it by thet'sp tify that contamination should be an additional free partmia
flux. The argument of thiep function isus which we can calcu- the transit fit which would enable to remove all the spfieets
late easily from the spot’s position. This equation alsoxgthat which may remain after the baseline-correction since thigyhm
in the case of a dark spdtstar is smaller and the transit depthnot cause light curve modulation in and out of transit. lpals
becomes larger. For faculae, which are brighter than tfaseir shows that no detailed spot modelling is needed to fully unde
Fstar become larger and hence the transit depth will be smallestand the transit light curves if no spot-crossing occurenef

When we model the transit, we replace this real star withglar or any other spots are present. The problem of thisazzase
hypothetical star of an unmaculated surface. Althoughrttie-t be solved in the following simple and robust way: limb darken
sit depth will change due to the presence of stellar spots, iting codficients and contamination factor should be free param-
easy to show that the radius rak@emains unchanged and preeters. Last but not least it shows that the observed limb-dark
cisely determinable if one chooses tHEeetive limb darkening ening codicients can be highly éierent from the theoretically

codficients appropriately. predicted values in the presence of spots, even if they dproet
We use the following abbreviation (cf. Eq. (4)): duce light curve modulations. The uniqueness of the tréighit
curve solutions are provided by the fact that the length ef th
ZN_slﬂ'Rz'[lOLD(Ulo» Uz, 1)) — IsjLp(Uisj» Uasjs fs))] ingress and egress phases, as well as the full transit leaigth
A== 5 (5) also related to the size ratio of the star and the planet (spe e
R a0 Winn 2010).

This analysis is only valid for small spots. The analysis,can
wever, be generalized easily for numerous and larges spst
we did with the summation above. It is also easy to extend the
analysis to bright spots (i.e. faculae). If one takes mamasen
(6) the expression of the limb darkening laws into account, then

where j stands for thejth spot. Then we have a step-by-step]0
calculation of the observable light loss during the transit

AF K2 1-upo — u2062

Fstar 1-p-_A effective limb darkening cdBcients will be transformed in the
1_ Yo 5 _ Uo52 same way as the first two terms, and it is then clear how one has
= KR—2 L iq, to extend ther-function with additional limb darkening terms.
l-san ~w@n We also note that for this spotted case the same applies as for
i the previous unspotted case in Section 4: if the limb dargeni
where we abbreviate codficients are fitted, then we can determine their exact values if
AR they fulfil the SN requirements. We have to keep in mind, how-
= ) (7) ever, that we measure théective limb darkening cdgcients
a-A (1 - ﬁ - ﬁ) in this case and not the ones related to an unmaculatedrstella
surface.

This « is constant during the transit, because it does not depend Recently, combined optical and near infrared observatibns
on the planet-star distance and we assumed above that thie spipansits were proposed by Ballerini et al. (2012) to miniertize
fixed in space, i.e. the star rotational period is much lotigen effect of spots on the transit parameters. It was proven therein
the transit length. that it is possible to derive precise planetary radii frois #ind
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of multicolour observation, if the temperature of spots &mel the limb darkening cd@cients, which will lead to 9% error in
theoretical limb darkening cdiécients are known. Here we havethe radius ratio (cf. Eq. 1)). If the star has only 0.5% spat-co
showed that the same result can be reached without spot paraenage, then thé-function will cause a change of only 0.004 in
ters and without the knowledge of the theoretical limb dainkg the limb darkening cdécients, but this still causes 1% error in
codficients (which are practically unkown today). Our methothe radius ratio. Thus, 0.5% spot coverage can be considsred
is not only simpler, but it does not require multicolour ptrot  a limit: below it one can neglect the change in the limb dark-
etry. Both methods have the advantage of being able to pgovighing codficients owing to Type | stellar spots. These changes
the exact and precise planetary parameters in highly acgises in the observedféective and the tabulated limb darkening coef-
when the spots are not crossed by the planet, and thereforefisients are plotted in Figure 5. (For this estimation we uaed
have limited information about the stellar surface. rather grazing eclipse. For central eclipses tfieat is less but
still considerable.)

We note that when a host star of a transiting planet is highly
active, like CoRoT-2, then it is not enough to take an appropr

The direct observations of the Sun’s surface, the Doppléi€ contamination factor into account to change the tralegith
imaging of other active stars and their photometric spaistu ©F to carefully model the crossing of Type Il spots, inclugia
show concordantly that, in general, more than one active iare baseline correction to remove all the contrlbutl_ons ofsp@the
present on the stellar surface at the same time. The restitts o Photometry. It is also necessary to keep the limb darkenirg ¢
previous section can be generalized easily by simple supmgfficients as free parameters or to modify them according to Eq.
of the dfects of several individual active areas (cf. Eq. (5)). (9), because the modification of the limb darkeningffioents
Studies of the Sun show that the total area of the facul#dll also cause non-negligibleiect on the planetary radius.
depends on the area of the dark spots. According to Chapman etThus we conclude that stellar activity modifies both the ob-
al. (1997), the following expression is a good approxintafir servable &ective limb darkening cd&cients, as well as the ob-

5.2. Effect of more than one active area

the Sun servable transit depth. Then, if spots and faculae are ptiese
one cannot fix the limb darkening déieients corresponding to
S Atacuiae * 17ZAspo (10) the stellar €ective surface temperature. It is preferable to leave

them as adjustable parameters, because itficdt to predict
but the conversion factor of the total area ratio shows ssealf  the dfect of the spots on the limb darkening fiteents. We also
ular variations during one solar cyle (Chapman et al. 199%). established that theffective limb darkening cd&cients (note
reasonable to assume that other stars have similar redatjpsr that almost all transit light curve modellers use these)lware
between their total area ratios, although the conversiciofan unphysical values because of spots and faculae. Of course, *
Eg. (10) can vary. For instance, Chapman et al. (2011) find thghysical’ is only the correct word if, and only if, we do notrae
the conversion factor varies from cycle to cycle, and fomsolpare the spotted star to an unspotted model calculatianalsd
Cycle 23 it was 42 instead of the 17 that is valid for Cycle 2Zlear that in such a case, we also can determine with good ac-
More studies are required to determine this factor and pede curacy & 1%) the radius ratio of the star and the planet, the
dence on the stellar properties. Foukal (1998) shows tleae thimpact parameter, and tlagR;s ratio and the limb darkening co-
is an anticorrelation betweekpot andAracuiaein the case of the efficients, but we just keep in mind, that in the case of several
Sun and he argues that this can be extrapolated to other starspots and faculae, the limb darkening fiments yielded by the
The total spot coverage varies over a wide range. The Smedelling do not correspond to the limb darkeningfGoeents
has a spot coverage of 0.1% only at maximum. Several obser@han unmaculated star with the sanféeetive temperature, but
tions suggest that many of the normal stars can have 1-2% sifétead correspond to théective limb darkening cd&cients.
coverage, but there are quite a few stars showing 10-60% spot
coverage on its surface (Schrijver & Zwaan 2004 and refaeng Determinability of individual limb darkening
therein; this coverage refers to the total area of the spbés r
tive to the whole stellar surface). The most active starmsee
be located in close binary stars and giants, and they areonot-ere we study the determinability of the specific limb daikgn
important from the point of view of the presently known trigns coefficients. Since many combinations of limb darkening coef-
ing exoplanets. But some exoplanet hosting stars (like GeRo ficients are able to reproduce the same surface brightngtss di
CoRoT-6, CoRoT-7 etc.) seem to be very active stars. E.gzd arbution within the errors of the observations, it seems jikbht
et al. (2009) established 7% spot coverage for CoRoT-2. the light curve fitting procedures reproduce the intensisyrid
The changes in the limb darkening ¢eients have dramatic bution and not the true values of the @ogients. In other words,
conclusions for the errors in planet-to-stellar radiusordtone  the inversions of the polynomial expressions of the limtkdar
fixes the limb darkening cdkcients according to tabulated val-ing laws incorporate many degeneracies. That is why we adee ab
ues and neglects théect of spots on the limb darkening. If oneto determine all the transit parameters with good accuradya
accepts the conclusions offflees & Jackson (2012), namelyreproduce the corresponding stellar surface brightnesshli-
that ~ 50% of the surface can be covered by small spots ifon within the errors of the observations, but we are noeabl
an active star without observable photometric modulathart ( to determine the individual values of the limb darkeningffiee
spectroscopic activity indicators still imply an activetur@ of cients. From the point of view of exoplanet parameter determ
this hypothetical star), then th&-function defined by Eq. (5) nation this does not present anyfitiulties. To illustrate this, we
can have a value of 0.36. This causes via Eq. (9) the observrewrite Eq. (1) for the following analysis as
able limb darkening cdicients to increase by a factor of 1.56 AF/F
- if we do not take into account the role of faculae, which maly? =
be negligible according to the extrapolation suggestediuk&l Lo
(1998). If the host star is less active, we take 5% spot caeeral he current aim is to know the planetary radii with 5% premisi
as an example, th&-function will cause a change ef0.037 in  (Valencia et al. 2007), although the future goal is 1% (Waghe

coefficients

(11)
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al. 2011). To determink, say, with 5% precision, it is enough toin Brown et al. (2001) and in e.g. Deleuil et al. (2008) and
know the limb darkening with a precision of 10%, which follew Csizmadia et al. (2011). Brown et al. (2001) and Pal (2008) s

from the linear error analysis gest fitting the combination, = u; + Uy, U = u; — U and
Uy = UpCcos40 + upsin4Q, u- = u;cos40 — upsin40 in-
Ak _ 1(AF n Alp (12) stead of fitu; andu, themselves because they are less correlated
k 2\F Lp /)’ to each other as previously assumed. As is clear from Figure 6

. . , . this rotational-like transformation can help better coaistone
because the photometric error is practically negligibtesfiace- of these combinations, but the other will still feature aresin a

based photometry beside the error steming from limb darkepige range and the problem cannot be surpassed in this way. Th
ing’s errors (cf. Section 3). This means that the transitl@irve  y5)yes that look ‘unphysical’ at first sight may describertuial
modelling codes can produce quitéfdrent limb darkening co- intensity distribution as well as do other values. We emizieas
efficients than what we expect. Now we aim to determine theggain that the absolute values of the fitted limb darkening co
differences. _ _ _ efficients are themselves not important but the radial intensit
We denote the expected limb darkening foéents byui, profiles are. These profiles, taking the tolerable deviatioto
and the diference between the measured and the expected Yaleoynt, can be produced with a very wide ranges of limb dark-
ues byg;. The relative deviation between measured and expecigiing codicients. That is why the basis of the analysis of the
stellar intensity profiles is denoted bf6) and the maximum al- regyits are not comparison of the resulting limb darkening c
lowed relative deviation - occurs at the still unknownis de-  eficient values themselves to some theoretical table valugs, b
noted byemax, SO we can write the comparison of the resulting radial intensity profilesthos
Lo(U, Uz, ..., 8) — Lo(Us + B1, Uz + B2, ..., 6) = €max (13) predicted with the observed ones, a diagram similar to Eigur

Although the analysis can easily be extended to higher srd ;
we cut it at second order because this is generally useddior tr('af' Conclusions
sit analysis (but as can be seen, the conclusion does nogehan this paper we have attempted to understand the impachbf i
significantly if one extends the calculation to higher osjer darkening on the planetary radius, to present ideas as tchwhi
We chose a solar-like star to illustrate the operation of theffects can modify the theoretically predicted limb darkerdag
Bi-numbers. We plotted the deviatige} for different cases in efficients, and to asnwer why some authors have higltfgmdint
Figure 6. In that figure, there is a rather wide rangef@iopa- observed limb darkening cfiicients from the theoretical pre-
rameters that produce the same limb darkening functioninvittdictions.
+e tolerance range. It is easy to constructlanfunction, for We concluded that concurrent limb darkening tables do not
example, of limb darkening céi&cients ofu; + 81 = 0.8 and yield consistent results in several temperature- and iyl
uz + B2 = —0.1 and this produces the same results within thegions, and we showed that the inconsistencies will leato
tolerance range as the correct valugs= 0.41 andu, = 0.26. rious defects in the determination of the planet-to-stefidius
This example is presented in Figure 6. Along the sides of thatios if one fixes the limb darkening ddieients according to
paralellograms one can easily construct the same qualityeof these tables. We also proved with numerical experiments tha
light curve fit (cf. Eg. (13). In Figure 7 we plotted another exone can safely fit the limb darkening d¢beients.
ample: the stellar surface brightness distribution fdiregdents; We investigated how the presence of stellar spots - both dark
numbers. As one can see there is a high tolerance range, sospats and bright faculae - modify the observable transittdep
can choose very tferent limb darkening combinations from theand the limb darkening cdig&cients. We found that below 0.5%
theoretical predictions that produce a similar surfacghiriess spot coverage, the change in thieetive limb darkening co-
distribution within the tolerance range. This example shitivat efficients causes no significant error in the measured planet-to
we are able to produce acceptablg /R = u) functions within  stellar radius ratio, but over that coverage this cannot é&e n
the tolerance ranges with quiteffédirent limb darkening cdg- glected, and neglecting the change in the limb darkeningfieoe
cients. If the tolerance range changes due fiedint precision cients themselves has a significant change in the radias rati
requirements, the acceptable range of the limb darkenieico ~ We pointed out that the radial intensity profiles of the stel-
cients will also change. lar discs are not very sensitive to the specific values ofithb |
One can envisage that a transit light curve modelling cod@rkening cofficients, and they are anticorrelated to each other
may take diferent numbers as input for numerical reasons ar the case of the quadratic limb darkening law (cf. Figure 6)
owing to data poinferror distributions than the theoretically ex-and a similar statement can be made about higher order limb
pected values. This can be also the case if stellar spotsfynodiarkening laws. Consequently, the observed values of e li
the limb darkening ca@icients. That is why the absolute valueslarkening cofficients can be very fferent from the theoreti-
of the limb darkening cd@icients are not important but the shapeally tabulated ones even if they produce the same radihint
of the radial intensity distribution that they define is (§égure sity profiles within the tolerance.
7 for such a comparison). Limb darkening is still a problem for transit modelling. On
This analysis gives hints and arguments that what we dée one hand, limb darkening is a challange for stellar astro
rive from the transit light curve are not the true individualues physics. On the other hand, we can replace the limb darken-
of the limb darkening cd@cients but some rather complicatedng codficients of an unmaculated star with the appropriately
combination of them. The limits of the potentially wide rasg weighted &ective limb darkening cd&cients for the modelling
depend on the actual impact parameter and photometric-pré@ur final conclusion is that the transit parameters can berdet
sion (i.e. the range of the tolerance factprso that to give the mined even if our knowledge of limb darkening and stellartspo
limits requires case studies. is not satisfactory. Our work will make it clear that one has t
From Figure 6 it is also clear that the fitted limb darkerfit the limb darkening coficients and it is not self-evident that
ing codficients are also correlated with each other. This b#he resulting limb darkening c@i&cients should agree with the
haviour has already been observed by numerical experienttesoretical predictions. Indeed, these can be veffgint. Our
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results suggest not only that fitting the limb darkeningftiee
cients will produce more reliable solutions but also thatrthd-

justment will not dfect the accuracy of determining other tran-

sit parameters. However, predicting thEeetive limb darkening

Gandolfi, D., Hébrard, G., Alonso, R., Deleuil, M., Guentlie W. et al. 2010,
A&A524, A55

Geem, Z. W., Kim, J. H., & Lonatathan, G. V. 2001, Simulati@g, 60

Gillon, M., Hatzes, A., Csizmadia, Sz., Fridlund, M., Ddlei. et al. 2010,
A&A520, A97

codficients is dfficult, because it requires a reliable and detailedyayek, W., Sing, D., Pont, F., Asplund, M. 2012, A&A539, A102

spot solution. Moreover, these can vary from transit toditzas

Howarth, I. D. 2011, MNRAS413, 1515

the spots evolve. If we fit them, then we can determine théir vaJackson, R. J., fieies, R. D., 2012, MNRAS423, 2966

ues, too, but then suclffective limb darkening cdicients have
no direct link to the theoretical limb darkening tables. \itze
statistically significant sample of high-quality, multioar pho-
tometric analyses of transits become available, then thgeo
ison of the resulting limb darkening ci€ient to the available
tables will become useful to characterize the discrepanmie
tween theory and observations better. This can contrilgiéfs
icantly to improving our knowledge of stellar atmosphetes
also important to simultaneously determine the activitielef
the star and the limb darkening dbeients

Kallrath, J., Milone, E. F. 200%clipsing Binary Stars: Modeling and Analysis
Springer

Kipping, D., Bakos G. 2011, ApJ733, 36
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Appendix A: The limb darkening laws

Limb darkening is a stellar atmosphere phenomenon that is re
viewed in detail in several textbooks (see e.g. Kallrath &avie
2009). The most general formula to describe tffeat of limb
darkening is

I(y) = loLo(us, Uz, ..oy Uiy woypt) = (A1)
lo(1-Z32,uj(1 - cosy)),

whereu; are the so-called limb darkening dheients,y the an-

gle between the normal vector of the surface point and the di-
rection to the observely andl(y) are the surface brightnesses
(or intensities) at the appearant centre of the stellaratistin a
certain point of the stellar surface characterized by thygean
andLp is the limb darkening function defined by Eq. (A.1). We
also use the common notatign= cosy.

Many studies of eclipsing binaries have indicated thatastle
two terms in Eq. (A.1) should be kept to fit the light curves sat
isfactorily (Twigg & Rafert 1980; Alencar & Vaz 1999; Albrow
et al. 2001; Claret 2000, 2008, Southworth et al. 2007). That
why, in the exoplanetary research field it is widely accepeed
use the truncated formula of Eq. (A.1)

Lo = 1- X% ,uj(1 - cosy)/, (A.2)
which can easily be rewritten as
Lp=1- (U]_ + Ug) + (U]_ + 2U2)/J - Ug,uz. (A3)

There are dterent approaches describing the limb darkening ef-
fects, including logarithmic or square root termsiofsee e.g.
Claret (2000) or van Hamme (1993) for an overview.
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Appendix B: Transit depth and limb darkening

It is straightforward to show in the small-planet approxiioa
that the transit depth can be written as

AF 21—l —p) — (1 - p)?

_ W% ’
F 1-3-%

(B.1)

where
AF =n p,anet(l —Ug(1—p) —up(l- #)2)
and

u U
"o 1- % - %)
also hold, and it is trivial to extend these expressions g &
orders of the limb darkening approximations (cf. Kallrath &
Milone 2009 and Mandel & Agol 2002). In these expressions
AF is the light lost due to the transi is the stellar flux out of
the transit part of the light curvé; = Ryjanet/ Rstar iS the ratio of
the planet radiuRpianetand the star’s radiuRst,r. In addition, in

the moment of the maximum light logt,= V1 — b2 whereb is
the impact parameter. If we are interested in the light lbseg
arbitrary time inside the transit, thern= V1 - §2 whered is the
sky-projected distance measured in stellar units. (Faildetn
how to determine it for any arbitrary time see Kallrath & Mil®
2009.)

Taking the typical values of the limb darkening €oaents
into account (see Section 2 or the references mentioned in
Section 1), one can easily see that limb darkening will modif
the true depth by up to a factor ef2 relative to the case where
one takes the transit depth to be proportional only to theusad

(B.2)
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ratio - therefore theféect of limb darkening is not negligible.
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Fig. 3. Results of the light curve modelling test. On the x-axis
the SN quantity is defined in the text. y-axes are the relative un-
certainties in radius ratik, u, combination of the two quadratic
limb darkening cofficients used, in the scaled semi-major axis
(for brevity we used the notation afonly instead o&/Rs in the
third panel from top) and in the impact paramebefrom top

to bottom, expressed in percentages. The solid lines shew th
relative uncertainties defined as the standard deviatibriseo
differences of the modelled and the input values normalized to
the input values at certain$-values.
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Fig. 4. lllustration of the dect of Type | spots. Left: the planet
crosses an unmaculated star that is characterized with lsoime
darkening cofficientup. Right: the planet crosses the appareant
stellar disc of a spotted star, where the spots and the phavet

different impact parameters, as well as the stellar photosphere

and the spots haveftiérent limb darkening cdi&cients (g, Us).
Grey area is the planet, black ellipses represent the spots.

0.0

-0.5

up B

Fig.6. The x-axis is the modified linear limb darkening fioe
cientx; = u; + B1, the y-axis is the modified quadratic limb

darkening cofficientsx, = Uy + 2. Ug, Uy are fixed. The point
L 1 in the middle shows the; = 0.41,u, = 0.25 point, i.e. the
1.6 - original value of the limb darkening cficients of the example
i 1 presented in Section 8. Contours represent the quantifyi.e.
the absolute value of the maximum deviation of the origiimabl

840 4 darkening function withu; » coefficients from the limb darken-
: L 1 ing function withx » (6 run between 0 and 1).
1.2F -
i 1.4
10l [ Lev iy [ [ w 2 [
0 10 20 30 40 50 1.0k ]
Spot coverage (%) .
= 08¢ b
Fig.5. The x-axis is the total spotted area in percentage of the i
whole stellar surface area. The y-axis is thieetive - i.e ob- 0.6 ; E
served - limb darkening cdiécients relative to the table value at 04l ,
the given stellar &fective temperature. For this figure we used I
Tstar = 5775K andT spots = 3775K, and the positions of the spots o2b .. L

were chosen randomly on the visible hemisphere. The sizeeof t
spots were always the same, so higher spot coverage conasspo
to larger number of spots. The limb darkening @& ents were
taken from Claret & Bloemen (2011) fd®-band, loggy = 4.5
and at solar metallicity at these temperatureggeds of faculae
were not considered in this figure.

0.0

0.2 04 06 08 1.0
r/Rs‘(or

Fig. 7. The radial intensity profildD(r/R) as a function of the
sky-projected distancefrom the stellar centreRis the stellar

radius). As in all calculation in this paper, = 1 - (r/R)?2.
The solid line shows thefiect of limb darkeningD(r) =
Lp(ug, Uz, 1)/(1 — u1/3 — Up/6) that - multiplied byk? - is di-
rectly proportional to the light loss during a transit. Thestded
lines show the tolerable ranges: between these lines thal rad
intensity distribution profile will produce a radius rakdhat is

in the tolerance range af5%. The dotted line is an example
of an acceptable radial intensity distribution profile with =
0.82,u; = —0.16, while the dot-dashed line is with = 0.02,

u, = 0.6.
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