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Abstract—The limb darkening and center-to-limb variation of the continuum polarization is calcu-
lated for a grid of one-dimensional stellar model atmospheres and for a wavelength range between 300
and 950 nm. Model parameters match those of the transiting stars taken from the NASA exoplanet
archive. The limb darkening of the continuum radiation for these stars is shown to decrease with the
rise in their effective temperature. For the A = 370 nm wavelength, which corresponds to the maximum
of the Johnson—Cousins UX filter, the limb darkening values of the planet transiting stars lie in a range
between 0.03 and 0.3. The continuum linear polarization depends not only on the effective tempera-
ture of the star but also on its gravity and metallicity. Its value decreases for increasing values of these
parameters. In the UX'band, the maximum linear polarization of stars with transiting planets amounts
to 4%, while the minimum value is approximately 0.3%. The continuum limb darkening and the linear
polarization decrease rapidly with wavelength. At the R band maximum (A = 700 nm), the linear
polarization close to the limb is in fact two orders of magnitude smaller than in the UXband. The cen-
ter-to-limb variation of the continuum intensity and the linear polarization of the stars with transiting
planets can be approximated, respectively, by polynomials of the fourth and the sixth degree. The coef-
ficients of the polynomials, as well as the IDL procedures for reading them, are available in electronic
form. It is shown that there are two classes of stars with high linear polarization at the limb. The first
one consists of cold dwarfs. Their typical representatives are HATS-6, Kepler-45, as well as all the stars
with similar parameters. The second class of stars includes hotter giants and subgiants. Among them
we have CoRoT-28, Kepler-91, and the group of stars with effective temperatures and gravities of
approximately 5000 K and 3.5, respectively.

DOI: 10.3103/S0884591317040043

INTRODUCTION

The search and study of exoplanets is one of the successfully developing fields of modern astrophysics.
At present, the vast majority of planetary systems have been discovered from the observations of stellar
luminosity variations that occur during the transit of planets across the star’s disk (so-called transit pho-
tometry method or transit method). The second greatest amount of exoplanets have been discovered by
observations of spectral line Doppler shifts (Doppler method or radial velocity method) caused by rota-
tion of the star and planet about the common center of mass. Both methods complement each other,
which makes it possible to obtain sufficiently accurate information on the mass, size, and orbital param-
eters of exoplanets. Among other methods, we should also mention the transit timing, gravitational micro-
lensing, direct imaging, and method of discovering planets near pulsars by detecting the variations in pulse
regularity (pulsation timing). The use of the astrometric method, based on measuring the movement of
the star in a tiny orbit under the gravitation influence of an orbiting planet, so far has resulted in the dis-
covery of only one planetary system.

Currently, there is an active discussion of possibilities to discover or confirm the existence of planets
by measuring the variations of linear polarization of continuum radiation from exoplanetary systems [31].
It is known that the radiation from the whole disk of a spherically symmetrical star is unpolarized. Any
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symmetry breaking leads to a non-zero linear polarization in integration over the disk. Asymmetry can be
caused by the following factors: a change in the star’s shape due to its rotation or tidal interaction with a
planet, magnetic spots on the star’s disk, temperature variations on its surface, or an occultation of the star
by a transiting planet. Another source of polarization is the scattering of the star’s radiation by molecules,
aerosols, and dust particles in the planetary atmosphere [50, 58].

Theoretical estimates [5] show that the first effect is negligibly small: the maximum value of the linear
polarization P does not exceed 3 x 10~ of the unpolarized continuum radiation. The presence of spots
can cause polarization from 3 x 10~° to 10~ and even 10~* [5, 36, 41, 63]. Estimates of polarization mag-
nitude caused by temperature variations on the star’s surface are currently obtained only for the case of a
gray atmosphere. According to the data [27] for variable stars of the Mira type, it can reach several percent.
Observational data on the polarization due to the star’s radiation being scattered by the planetary atmo-
sphere are only known for a few exoplanetary systems [4, 5, 41, 63]. It should be noted that these data are
quite contradictory. The scatter of polarization amplitudes obtained by different authors reaches two orders
of magnitude and lies within the interval between 2.2 X 107¢ and 2 % 10~*. The first results of modeling of
the occultation of G, K, M, and T dwarf stars by planets were published in 2005 by Carciofi and Magalhaes
[15]. These authors showed that the polarization signal, while remaining rather weak (P = 10°—1079),
exceeds the errors of modern spectral polarimeters.

The current studies in the field of spectral polarimetry of exoplanetary systems are mainly being carried
out in three directions. First of all, the creation of highly sensitive stellar spectral polarimeters capable of
measuring the signal on the order of P = 107—10~". It should be noted that the information on such
instruments was first published by Kemp et al. [34] as early as in 1987. Among polarimeters successfully
operating today, we should mention CHEOPS (Characterization of Exoplanets by Opto-Infrared Pola-
rimetry and Spectroscopy) [20, 49], PlanetPol [32], POLISH (POLarimeter for Inclination Studies of
High mass x-ray binaries/Hot jupiters) [64], and ZIMPOL (Zurich IMaging POLarimeter) [59]. The sec-
ond direction in polarimetry of exoplanetary systems is the analysis of chemical composition and struc-
ture of planetary atmospheres [5, 50, 55, 56, 58, 65]. The third direction is modeling of luminosity and
linear polarization curves during occultation that occurs when one or more planets transit over the disk of
a host star [15, 22, 30, 36, 37]. The final goal of such a modeling is to predict possible spectral polarimetry
effects of transiting planets depending on their radius, orbital inclination, and period of rotation around
the star.

In order to calculate these curves, it is necessary to know how the intensity and linear polarization of
continuum radiation change from the center to the limb of the star [15]. The effect of limb darkening can
be taken into account using nonlinear dependence on the polar angle |, found by Claret [18] from a one-
dimensional modeling for a large grid of wavelengths, effective temperatures, gravity, and metallicity. The
other option is to use the limb darkening coefficients obtained by Sing [54] for the case of broadband filters
onboard the CoRoT and Kepler space missions.

Until recently, the center-to-limb variation of linear polarization was typically described using the
solar data calculated for one-dimensional [21] or three-dimensional model solar atmospheres [62] as well
as using the Chandrasekhar approximation [17]. It should be noted that this approximation may yield large
errors, since it is true only for O stars, whose main source of opacity is electron scattering. The stars with
transiting planets are not of this type, since they belong to later spectral classes. According to Code [19] and
Harrington [28], the joint action of Thompson scattering at electrons and absorption of continuum radiation
by atoms in the atmospheres of such stars leads to a significant decrease in the linear polarization at the limb.
For example, application of the Chandrasekhar approximation by Kostogryz et al. [37] to a star of spectral
class K (HD 189733) yields polarization values overestimated by more than an order of magnitude.

This approach can be explained by the lack (until recently) of reliable data on the center-to-limb vari-
ation of the linear polarization of stars. A significant progress in this area occurred when N.G. Shchukina
et al. [51—53], starting from 2013, presented the first results of modeling of limb darkening and continuum
linear polarization for F, G, and K stars of various metallicity [Fe/H] in the wavelength range A = 300—
950 nm. In 2015, N.M. Kostogryz et al. [35, 36] published similar results for the stars with solar metallicity
for the optical part of the spectrum (A = 400—700 nm).

The objective of this paper is to present the results of calculations of the center-to-limb variation in
intensity and linear polarization of continuum radiation for a grid of stellar model atmospheres, whose
parameters match the stars with transiting planets discovered thus far.
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Fig. 1. Effective temperature—gravity diagram for stars with transiting planets. Letters M, K, G, and F denote the spectral
classes of stars. Parameters of the stars are taken from the NASA archive http://exoplanetarchive.ipac.caltech.edu/corre-
sponding to the period up to May 2016. The stars with no information on the spectral class in the NASA archive are marked
with circles. The names are shown for typical stars with transiting planets (gray circles and asterisks) (see table). The rectangle
inside the figure contains the stars with the parameter values in the range 4600 < 754 < 6400 K and 3.0 <logg < 4.8.

STELLAR PARAMETERS OF TRANSIT SYSTEMS

We analyzed the stellar parameters of transit exoplanetary systems using the data from the NASA
archive http://exoplanetarchive.ipac.caltech.edu/ corresponding to the period until May 2016. The
archive contains information on planetary systems discovered by the space missions CoRoT (COnvection
ROtation and planetary Transits) and Kepler as well as the ground-based programs of exoplanet search
MEarth Project (searching for transiting habitable super-Earths around nearby M-dwarfs), HATNet
(Hungarian Automated Telescope Network), SuperWASP (Wide Angle Search for Planets), OGLE
(Optical Gravitational Lensing Experiment), KELT-South (Kilodegree Extremely Little Telescope),
Trans-Atlantic Exoplanet Survey, etc.

Figure 1 shows the effective temperatures 7 and gravity logg for the stars with transiting planets from
the abovementioned archive. By May 2016, the number of such stars had reached 1890. Where possible,
we also mark the spectral classes of stars, denoting them by letters M, K, G, and F, correspondingly. The
stars with no spectral class information in the NASA archive are marked with circles. Comparison of this
figure with the Hertzsprung—Russell diagram [39] shows that most exoplanetary systems correspond to
main-sequence stars. The number of stars evolved to the subgiant and giant stage is in fact two orders of
magnitude lower.

The histograms of distribution of effective temperatures, gravity, and metallicity for the stars with tran-
siting planets from the NASA archive are shown in Fig. 2. All of them have a distinct peak near solar values
of T.4, logg, and [Fe/H]. For the vast majority of stars (>98%), their effective temperatures 74 are within
the range 3500—7000 K, and metallicity [Fe/H] is between —0.5 and +0.5. The number of stars with solar
metallicity (—0.1 < [Fe/H] < +0.01) is approximately 10%. The gravity values for almost all stars (99.3%)
are within 3.0 <1gg < 4.8. The number of stars outside this range does not exceed 1%.

INPUT DATA AND METHOD

Model stellar atmospheres. Based on the above-mentioned statistics, we have modeled the center-to-limb
variations of the continuum intensity and continuum linear polarization for a grid of one-dimensional model

KINEMATICS AND PHYSICS OF CELESTIAL BODIES  Vol. 33  No.4 2017
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Fig. 2. Histograms of the values of effective temperature (a) 7.4, (b) gravity logg, and (c) metallicity [Fe/H] for the stars
with transiting planets. The data are taken from the NASA exoplanet archive. The numbers in the figure show the amount
of stars (in % to the total number) in the intervals 4600 < T, < 6400 K, 3.0 <logg < 4.8, and —0.5 < [Fe/H] < +0.5.

atmospheres by Kurucz [38] with the following stellar parameters: 3500 < 7.+ < 7000 K, 3.0 <logg<4.8, and
—0.5<[Fe/H] £+0.5.

In calculating the continuum absorption coefficient, the following opacity sources were taken into
account: bound—free and free—free absorption by hydrogen atoms (H™ and H 1), bound—free absorption

by metals (C, Mg, Al Si, Fe), free—free absorption by H; molecules, Rayleigh scattering from the ground
level of neutral hydrogen atoms, and Thompson scattering at electrons. We have also accounted for the
“haze” opacity is formed in the spectral region at the wavelength A < 450 nm. The “haze” was taken into
account using the method described in [10].

Method. The polarized radiation is described by four Stokes parameters: I, Q, U, and V. In our calcu-
lations, we chose the reference frame where the Stokes parameter Q represents the linear polarization in
the direction parallel to the stellar limb. This means that the second linear polarization parameter U turns
to zero. The parameter of circular polarization V also equals zero, since we use the assumption that the
magnetic field in the atmospheres of the stars under consideration is absent.

The numerical solution of transfer equations for the Stokes parameters / and Q was carried out using
the iterative method developed for a one-dimensional case by Trujillo Bueno and Manso Sainz [61] as well
as the NATAJA code based on this method. The details of this solution can be found in [62]. For the grid
of model stellar atmospheres described above, we calculated the continuum intensity /(W,A)/I(L = 1,A)
(so-called limb darkening) and linear polarization P(u,A) = QO(W,A)/I(1,\) relative to the disk center
intensity for different positions at the disk with a step Au = 0.025. Here, L = cos 6, where 0 is the angle
between the direction of radiation and the normal to the surface of the atmosphere. The modeling of dark-
ening and polarization of continuum radiation was performed for the wavelength interval A = 300—950 nm
with a variable step AA changing from 5 nm to 20 nm in the infrared part of the spectrum.

RESULTS FOR THE GRID OF MODEL STELLAR ATMOSPHERES

The limb darkening of the continuum radiation intensity. The temperature of the outer layers of the stellar
atmosphere (photosphere) rises with depth, which is known [43] to cause visible darkening of the disk’s
limb: while the optical length of the path is the same, the radiation in the center of the disk comes from
deeper and, therefore, from hotter layers of the photosphere, unlike the radiation of the disk’s periphery
that comes at a tangent from cooler upper layers of the photosphere. The second effect that changes the
magnitude of darkening is the dependence of the absorption coefficient on wavelength. In the wavelength
range A = 300—900 nm, the absorption of radiation by negative hydrogen ions, which is one of the con-
tinuous opacity sources in the atmospheres of the stars in our study, increases with wavelength (see, for
example, Figs. 6 and 7 in the monograph by Sobolev [2]). As a result, the optical length of the continuum
radiation path in the near infrared part of the spectrum is smaller, and the continuum formation region is
higher than in the violet region (see Fig. 6 in [62]). Since the temperature gradient decreases with height,
the stellar disks near the limb would appear brighter with increasing wavelength.

Figure 3 shows the ratio /(W = 0.1)//(u = 1) of the continuum radiation intensity at a distance |t = 0.1
from the center of the disk to the intensity in the center (L = 1) calculated for the above-mentioned grid
of stellar models depending on the effective temperature 7., gravity logg, and metallicity [Fe/H]. The
results in this figure are calculated for the wavelength A = 370 nm corresponding to the maximum photo-
metric passband UX in the Johnson—Cousins UVBRI system [6]. We shall note that this maximum is

KINEMATICS AND PHYSICS OF CELESTIAL BODIES  Vol.33 No.4 2017
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Fig. 3. Limb darkening /(1 = 0.1)/I(u = 1) calculated for the grid of model stars at A = 370 nm (see text): (a) isolines of
equal darkening for the stars with solar metallicity ([Fe/H] = 0.0) as a function of T ¢ and logg (the corresponding values
of /(L= 10.1)/I(n = 1) are shown at the isolines; the circles and asterisks mark the values for the stars from the NASA exo-
planet archive); (b) dependences of darkening on the effective temperature for the stars with solar metallicity for three
values logg = 3.0, 4.0, and 4.8 (numbers at the curves); (c) dependences of darkening on gravity of the stars with solar
metallicity for four values T = 3500, 4400, 5400, and 7000 K; (d) dependences of darkening on stellar metallicity for the
same four values of 7T ¢and gravity logg = 4.4.

located just above the Balmer series boundary (A = 364.6 nm). Our calculations for this model grid show
that the ratio /(1 = 0.1)/1(u = 1) at this wavelength is several times lower than in the long-wave part of the
spectrum (A = 950 nm).

The isolines of constant values of darkening /(i = 0.1)/I(u = 1) (excluding the regions of low and high
effective temperatures) in Fig. 3a are almost parallel to the vertical axis of logg, which indicates the weak
dependence of darkening on gravity; while, the limb brightness increases with the rise of the effective tem-
perature. On the whole, at the wavelength A = 370 nm, the values /(1 = 0.1)/1(lL = 1) for the stars with tran-
siting planets from the NASA archive lie within the range between 0.03 and 0.3. The results shown in
Figs. 3b—3d provide a more detailed view on the dependence of the limb darkening in the UX band on the
effective temperature, gravity, and metallicity of stars. It can be seen that the ratio /(uw = 0.1)/1(w = 1) for hot
stars (7= 7000 K) is at least five times higher than that for cool stars (7 4= 3500 K). The limb brightness
of hot stars weakly increases with lgg, while this dependence for cool stars is manifested only at logg > 4.4.
In the range —0.5 < [Fe/H] < +0.5, the limb darkening only slightly depends on metallicity.

Center-to-limb variations of the linear polarization of continuum radiation. Figure 4 shows the results of
modeling the linear continuum polarization Q(u = 0.1)/1(iL = 0.1) near the limb (u = 0.1) at the wavelength
A = 370 nm for the grid of model stars considered above. The isolines shown in Fig. 4a significantly deviate
from the vertical, indicating that the linear polarization, unlike the limb darkening, depends not only on the
effective temperature but also on the gravity at the star’s surface. Our calculations of Q(u = 0.1)/1(u = 0.1)
for the passbands ¥ (A = 530 nm) and R (A = 700 nm) show that the isolines at other wavelengths behave in
a similar way. From Figs. 4b and 4c, it can be seen that the linear polarization rapidly decreases with the rise
of the effective temperature and gravity. For cool stars (7= 3500 K) with logg = 3.0, the linear polarization
O(L=0.1)/I(nL = 0.1) exceeds 10%, while it is an order of magnitude less for hot stars (7, = 7000 K) with
logg = 4.8. The maximum linear polarization of stars with transiting planets from the NASA archive is
approximately 4%, while the minimum value is approximately 0.3%. The dependence of the linear polar-
ization on metallicity in the range of [Fe/H] between —0.5 and +0.5 is significantly weaker than on T,

KINEMATICS AND PHYSICS OF CELESTIAL BODIES  Vol. 33  No.4 2017
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Fig. 4. Same for linear polarization Q(u = 0.1)//(u = 0.1).

and logg (Fig. 4d). The sensitivity of Q(u = 0.1)/1(u = 0.1) to metallicity decreases with a rise in the effec-
tive temperature. The maximum effect is observed for cool stars (7 ;= 3500 K). With the rise of metallic-
ity in this range, the linear polarization reduces by approximately one half.

Approximate solution for linear polarization. The dependences of the linear continuum polarization on
stellar parameters shown in Fig. 4 can be explained using the approximate expression for estimating the
amplitude of the linear polarization of the emergent radiation P(u,A) = Q(1,A)/I(1L,\) obtained by Trujillo
Bueno and Shchukina in [62]:

2
als, (1)
c.+k. J,

Q(WA) _ @(1 ) o,
I(WwA) 2
where k, is the coefficient of continuum radiation absorption by atoms; G, is the coefficient of absorption

caused by the Rayleigh and Thompson scattering; J, 8 is the average intensity of radiation; J, 5 is the tensor
describing the “anisotropy” of the radiation field or, in other words, the degree of difference between the
radiation field in vertical and horizontal direction. All the values refer to the atmospheric region where the
intensity of the emergent continuum radiation is formed at a given wavelength. In literary sources, the

ratio 6,/(c, + k) is referred to as the effective polarizability, and J / J4 ratio is known as the anisotropy
factor. These values, same as multiplier o, are the functions of wavelength A. The o values range between
4.06 (A =370 nm) and 2.34 (A = 800 nm).

From Eq. (1), it follows that the linear polarization mainly depends on the product of two values: effec-
tive polarizability and anisotropy factor. We have calculated their values for the limb (1 = 0.1) at the wave-
length A = 370 nm depending on the effective temperature and gravity. The results of calculations are
shown in Figs. 5a and 5b as isolines along which the effective polarizability and anisotropy factor remain the

same. It should be noted that in calculation of 6./(c, + k) and J 02 / J § , the region of continuum formation
was found based on the Eddington—Barbier approximation (see formula (2.53) in the monograph [42]).

According to the approximation, this region is identified with the height where the optical depth at the
given wavelength T, (1) = W. It can be seen from Fig. 5a that the isolines of the effective polarizability are
characterized by horizontal orientation, while the isolines of the anisotropy factor are characterized by

KINEMATICS AND PHYSICS OF CELESTIAL BODIES  Vol.33 No.4 2017
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Fig. 5. Isolines of (a) effective polarizability 6./(6. + k), (b) anisotropy factor J 02 / J 8 , and (c, d) linear polarization Q//
of the continuum radiation at the wavelength A = 370 nm near the limb (= 0.1), calculated as functions of two variables
T.¢r and Igg for the stars with solar metallicity ([Fe/H] = 0); (c) approximate estimate of Q// obtained using formula (1);
(d) Q/1 obtained by solving the transfer equations for Stokes parameters Q and /. All values are the functions of two vari-

ables: T,grand logg. The values of 6./(0, + k), J 02 / J (()) , and Q/I with corresponding isolines are shown in the figure.

vertical orientation. Such a behavior is the result of low sensitivity of 6./(G, + k) to the effective tempera-

ture and high sensitivity to gravity. The anisotropy factor J 5 / J 5’ , on the contrary, depends mainly on the
effective temperature, and its value increases rapidly with decreasing 74 As a result of combined action
of these effects, the linear polarization of the emergent radiation becomes a function of two variables,
namely, T, and logg.

Comparison of Figs. 5c and 5d shows that the approximate solution matches the solution found from
the transfer equation for the polarized radiation with an accuracy to the coefficient o. Thus, approxima-
tion (1) is a sufficiently reliable estimate of the linear polarization for the stars of the considered grid pro-
vided that it is necessary to take into account into account not only the effective polarizability, like [35],
but also the anisotropy factor.

Polynomial approximations of limb darkening and center-to-limb polarization of continuum radiation.
Currently, there are a number of works published that suggest several kinds of approximations, from linear
dependence to fourth-degree polynomial, for describing the center-to-limb dependence of stellar radia-
tion intensity. The references to these works and the approximations themselves can be found in Claret’s
studies [18, 54]. In the present work, we have made an attempt to describe the limb darkening for the grid
of model atmospheres as an analytical nonlinear dependence on L. The results can be best represented
with a fourth-degree polynomial, previously proposed by Claret:

1 (w,2)

— 2% = D+ Dx+ D,x> + Dyx’ + Dyx*, 2
1( L) 0 1 2 3 4X ()
where

Dy=1-D,-D,-D,—D,, x=+

To our knowledge, there are currently no publications where the variations of linear polarization from
the center to the limb of the disk are presented as an analytical dependence on stellar parameters. In our
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Fig. 6. Dependence of (a, b) coefficients D; of polynomial approximation of limb darkening and (c, d) coefficients Q; of poly-
nomial approximation of center-to-limb linear polarization on the effective temperature of stars (A = 420 nm, logg = 4.4,
[Fe/H] = 0).

work, we have obtained such a dependence. It appears that, for our grid of stellar model atmospheres, the
variation of the linear polarization over the stellar disk can be described with a sixth-degree polynomial:

0(1A)
O (M)

The coefficients D; and Q; are the functions of four variables: A, T, logg, and [Fe/H]. The coefficients
and IDL procedures for their reading are available in the electronic form. Figure 6, as an example, shows the
dependence of these coefficients on the effective temperature for the case of solar metallicity [Fe/H] = 0,
gravity logg = 4.4, and wavelength A = 420 nm, which corresponds to the maximum photometric pass-
band B in the Johnson—Cousins UVBRI system.

= Q)+ 0x +0,x” + 05x” + Qpx* + 0sx” + Qgx”. (3)

RESULTS FOR REPRESENTATIVE STARS WITH TRANSITING PLANETS

Characteristics of the representative stars with transiting planets. Above, we mainly discussed the behavior
of darkening /(i,A)/I(L = 1,A) and linear polarization P(u,A) = Q(W,A)/I(L,A) at the limb (L= 0.1) for a sin-
gle wavelength. It is the most convenient to consider the dependences on the wavelength A and position
on the disk [ for typical samples of stars. From the set of stars with transiting planets shown in Figs. 1, 3a,
and 4a, we have selected seven stars. Four of them (HATS-6, HD189733, Sun, and Kepler-774), marked
with large circles, are located along the main sequence. The remaining three (CoRoT-26, CoRoTI-28, and
Kepler-91), marked with asterisks, are outside the main sequence. The stars and their parameters are
listed in the Table 1. Taking into account that different methods of determining the stellar parameters lead
to a large scatter in 7.4, lgg, and [Fe/H] values, we list the minimum, average, and maximum values of
these parameters. The calculations of the spectral energy distribution, limb darkening, and linear polar-
ization for the stars from the table were carried out using the averaged values.

The exoplanetary system HD189733 is a binary star system: one component is a planet-hosting orange
dwarf of spectral class K2V; the other one is a red M dwarf. The stars CoRoT-28 and CoRoT-26 (spectral
classes G8/9 IV and G5) have left the main sequence and started evolving toward red giants, while Kepler-91
is already a red giant star of spectral class K3. The stars’ masses are close to the solar mass, and their radii
exceed the solar radius approximately by 2—6 times. The star of the orbiting planet Kepler-774 b, discov-
ered in 2016, belongs to spectral class F and exceeds the solar mass by approximately 1.5 times. All the
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Table 1. Parameters of the representative stars with transiting planets

SHCHUKINA et al.

. T, K lo Fe/H
Object (min, re:id, max) (min, miiéj max) (min[, mi/d, ]max) Reference
CoRoT-26 5590 3.99, 4.05, 4.10 +0.01 [3]
CoRoT-28 5150 3.60, 3.77, 3.94 +0.15 [14]
HD189733 4780, 5022, 5201 4.26,4.54,4.71 —0.37, —0.06, +0.13 | [7, 9, 16, 23—26, 44,
46, 48, 57, 60, 66]
HATS-6 3722, 3773, 3872 4.68,4.69, 4.69 +0.2 [29]
Kepler-91 4550, 4708, 4917 2.85, 2.88, 2.95 +0.11, +0.34, +0.51 [33, 40, 45, 47]
Kepler-774 6270, 6360, 6523 3.97,4.25,4.54 —0.43, —-0.17, —0.08 [8, 11, 33, 45, 47]
Sun 5770 4.44 0.0 [1]

above-mentioned stars host at least one planet with an orbital period from 2 to 11 terrestrial days. All plan-
ets belong to the class of so-called hot Jupiters located close to the central star. The exoplanetary system
HATS-6 consists of a dwarf star of spectral class M1 V and a Saturn-like planet with an orbital period of
slightly more than 3 days. The mass and radius of the star are approximately half the Sun’s.

Wavelength dependences of the continuum absolute intensity, limb darkening, and linear polarization.
Figure 7a shows the spectral distribution of continuum radiation intensity /(iL,A) in the center of the disk
(u=1) of representative stars for wavelengths between 300 and 950 nm. The behavior of the curves in this
figure is in a full agreement with the assumption that the energy distribution with wavelength in these stars
depends mainly on their effective temperature. The energy emitted by the hottest star Kepler-774 (T,
6360 K) exceeds the energy of the cool star Kepler-91 (7 = 4708 K) by several times. The calculated and
observed [12, 13] distributions of intensity in the continuous spectrum of the Sun in Fig. 7a are in close
agreement with each other, which indicates the reliability of the NATAJA code used in the numerical solu-
tion of the transfer equations for Stokes parameters 7 and Q.

The dependence of the limb darkening (1L = 0.1) on T4, observed in the shortwave part of the spectrum
in Fig. 3b, is also true for other wavelengths. It can be seen from Fig. 7b that, in the wavelength range
300 <A <950 nm, the degree of limb darkening is reduced with wavelength for all types of the stars in ques-
tion. In the near infrared part of the spectrum, corresponding to the maximum photometric passband
R(A = 700 nm) in the Johnson—Cousins system, the disk of the cool star Kepler-91 at the limb appears
several times brighter than in the UX band. For the hot star Kepler-774, these differences are less: within
a factor of 2. Figure 7c shows the results of modeling the linear polarization P(u = 0.1,A) of continuum
radiation of representative stars near the limb (L = 0.1) depending on the wavelength. The linear polariza-
tion P(u = 0.1,A) at the limb, unlike the ratio /(u = 0.1,A)/I(u = 1,A), rapidly decreases with wavelength.
As can be seen it reaches maximum values in the shortwave part of the spectrum (A = 300 nm). In the near
infrared part of the spectrum (A = 700 nm), the linear polarization at the limb is, in fact, two orders of
magnitude less than in the UX band. Interestingly, the data presented in Fig. 7c do not correlate with the
effective temperature. The reason for such a behavior of the linear polarization P(uL = 0.1,A), as shown
above, is that it depends not only on 7 but also on the gravity.

The analysis of isolines in Fig. 4a calculated for the UX band leads to a conclusion that there are two
classes of stars with a high polarization at the limb. The first class includes relatively cool dwarfs in the left
upper corner of this figure (see also Fig. 1). Their typical representatives are HATS-6, Kepler-45, and all
stars in Fig. 1 near them. This conclusion is in full agreement with the results of [36]. The second class of
stars is hotter giants and subgiants that evolved away from the main sequence. It includes CoRoT-28,
Kepler-91, and a group of stars in Fig. 4a between them. It can be seen from Fig. 7c that the linear polar-
ization at the wavelength A = 300 nm for the first of these stars is close to 4%, while that for the second one
(Kepler-91) it reaches 10%.

Dependences of the limb darkening and linear polarization on position on the disk shown in Fig. 8 con-
firm a well-known fact that the darkening and linear polarization rapidly decrease toward the star’s center
[62]. This means that, in one-dimensional model atmospheres similar to the ones considered in this
paper, in the center of the disk, /(iW,A)/I(uw = 1,A) = 1, and P(u,A) = 0.

The intensification of darkening and polarization in transition to the shortwave part of the spectrum,
clearly seen in Fig. 8, is in full agreement with the conclusions presented above. Interestingly, none of the
stars in question, including HD 189733 mentioned in the Introduction, reach the values of P(l,A) pre-
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Fig. 7. Wavelength variation of (a) the continuum absolute intensity in the center of the disk, (b) limb darkening
I(w=0.1,A)/I(n = 1, L), and (c) linear polarization P(u = 0.1,A) for the stars from the table. The squares mark the
observational data [12, 13].

dicted by the Chandrasekhar approximation. In other words, this approximation is a strong overestima-
tion of the linear polarization value in the stars with transiting planets and should be by all means avoided.

CONCLUSIONS

The main results of our study can be summarized as follows.

We have performed a modeling of center-to-limb variations of continuum intensity (limb darkening)
and linear continuum polarization for the grid of one-dimensional model stellar atmospheres with the fol-
lowing parameters: 3500 < 7., <7000 K, 3.0 <logg < 4.8, and —0.5 < [Fe/H] < +0.5. The analysis of the
data from the NASA exoplanet archive for the period until May 2016 has shown that this range of effective
temperature, gravity, and metallicity includes almost all stars with transiting planets (above 98%). Mod-
eling of the darkening and polarization of continuum radiation was performed for the interval of wave-
lengths A = 300—950 nm.
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Fig. 8. Limb darkening (a, b) I(u,A)/I(L = 1,A) and (c, d) linear polarization P(U,A) of the continuum radiation versus
position at the stellar disk for the stars from the table (curve 7 is the Chandrasekhar approximation; see other notations
in Fig. 7).

We have shown that, at an angular distance (L = 0.1 from the center of the disk, the darkening rapidly
decreases with increasing effective temperature of the star, while the dependence on gravity and metallic-
ity is much weaker. On the whole, at the wavelength A = 370 nm, the values of darkening for the stars with
transiting planets from the NASA archive are between 0.03 and 0.3.

The linear polarization P, unlike the limb darkening, depends not only on the effective temperature of
the star but also on its gravity. The P values decrease with increasing T, and logg. The dependence of the
linear polarization on metallicity is weaker, and its sensitivity to this parameter reduces with an increase
in effective temperature. With increasing metallicity, P values decrease by approximately two times. The
maximum linear polarization of the stars with transiting planets from the NASA archive at the wavelength
A =370 nm is 4%, while the minimum value is approximately 0.3%.

We have estimated the amplitude of the linear polarization of the emergent radiation using the approx-
imation given by Trujillo Bueno and Shchukina in [62]. Comparison of the approximate solution with the
accurate one obtained from the transfer equation for polarized radiation has shown that this approxima-
tion with an accuracy to the coefficient o is a reliable estimate of the linear polarization of stars with tran-
siting planets.

We have described the limb darkening and linear polarization for the grid of model atmospheres as an
analytical nonlinear dependence on [!/2. It appears that the darkening is best represented with a fourth-
degree polynomial and the linear polarization with a six-degree polynomial. The coefficients of the poly-
nomials are the functions of four variables: A, T, logg, and [Fe/H]. The coefficients and IDL procedures
for reading them are available in electronic form.

‘We have discussed in detail the center-to-limb variations of intensity and linear polarization of several
stars. From 1890 stars with transiting planets from the NASA archive, we have selected the most typical.
These are HATS-6, HD189733, Kepler-774, CoRoT-26, CoRoT-28, and Kepler-91. We have shown that
the spectral distribution of the continuum radiation intensity for these stars depends mainly on their effec-
tive temperature. In the wavelength range A = 300—950 nm, the degree of limb brightness of stars with
transiting planets increases, and linear polarization at the limb decreases with wavelength. In the near
infrared part of the spectrum (A = 700 nm), the linear polarization at the limb is in fact two orders of mag-
nitude less than in the UX band (A = 370 nm).

‘We have shown that there are two classes of stars with a high linear polarization at the limb. The first
class includes relatively cool dwarfs. Their typical representatives are HATS-6, Kepler-45, and all stars
with similar values of 7, logg, and [Fe/H]. The second class consists of hotter giants and subgiants that
evolved away from the main sequence. It includes CoRoT-28, Kepler-91, and a group of stars with effec-
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tive temperature and gravity of approximately 5000 K and 3.5, respectively. The linear polarization in
the ultraviolet at the wavelength A = 300 nm for CoRoT-28 is close to 4%, while that for Kepler-91
reaches 10%. The dependences of the limb darkening and linear polarization on the position on the disk
acquired in this work confirm the known fact that the darkening and linear polarization rapidly decrease
toward the center of the star’s disk. For all the stars under consideration, the P values are several times
lower than predicted by the Chandrasekhar approximation. In other words, using this approximation to
describe the linear polarization of stars with transiting planets is erroneous.

The results of this work can be used for predicting possible spectral polarimetry effects during transits
of planets with different values of the radius, orbital inclination, and period of rotation around the star.
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