Contrib. Astron. Obs. Skalnaté Pleso 39, 34 – 42, (2009)

Relative photometry of transiting exoplanet COROT-Exo-2b

P. Vereš^1, J. Budaj^2, J. Világi^1, A. Galád^1 and L. Kornoš^1 1 Department of Astronomy, Physics of the Earth and Meteorology, Faculty of Mathemtacics, Physics and Informatics, Comenius University, 842 48 Bratislava, The Slovak Republic (E-mail: veres@fmph.uniba.sk) 2 Astronomical Institute of the Slovak Academy of Sciences 059 60 Tatranská Lomnica, The Slovak Republic

Received: October 29, 2008; Accepted: February 2, 2009

Abstract. Relative CCD photometry of the extrasolar planet COROT-Exo- 2b transiting in front of its parent star was carried out at the Astronomical and Geophysical Observatory of Comenius University at Modra (AGO). Physical and orbital parameters were determined and compared with the previous published data.

Key words: extrasolar planet – relative photometry

1. Introduction

The idea of planets orbiting another stars appeared through philosophic ideas of ancient Greeks, centuries later in book by Huygens (1698) and finally since the middle of the 20th century. Despite reasonable methods observers were not successful (e.g. Strand, 1943; Reuyl and Holmberg, 1943; van de Kamp, 1963; Harrington et al., 1983; McCarthy et al., 1985). Recent development of observation techniques and instrumentation finally led to the first discovery of a planet orbiting a star - surprisingly a pulsar (Wolszczan and Frail, 1992) by a pulse timing method. Three years later the first planet orbiting a sun-like star 51 Pegasi was discovered (Mayor and Queloz, 1995) by radial velocity method. Yet, first planets were strange in comparison to those in our Solar system - usually with their mass several times greater than the mass of Jupiter and with orbital periods of only several days, heavily irradiated by their parent star (”hot Jupiters”). 333 objects classified as extrasolar planets (exoplanets) were known before December 10, 2008 (The Extrasolar Planets Encyclopaedia, 2008), most of them detected thanks to precise spectroscopy (a radial velocity method) and photometry (a transit method), 31 of them in multiple systems. Currently, the object is considered an exoplanet if its M sin i is less than 13 M_{jup} (Jupiter masses, approx. a boundary between planets and brown dwarfs, lighter objects never go through a Deuterium burning stage, e.g. Burrows et al., 1997), orbiting s star or multiple star systems. Several ground-based (HAT - Bakos et al., 2002; OGLE - Udalski et al., 2002; TrES - Alonso et al., 2004, WASP - Pollaco et al.,

2006) and the first space-based exoplanet survey (COROT) are carried out and new discoveries increase rapidly. Less massive planets are discovered. Some data become inaccurate because the errors spread in time from published dates. Photometry of a transiting exoplanet could reveal the transit time, depth of transit, duration of transit, revolution period, radius of planet and the inclination of the orbit quite precisely and the method is applicable also for a small astronomical telescope. We present the first successful attempt to detect an extrasolar planet transit from Slovakia, calculate physical parameters of the system and update the transit time and reduce errors.

2. COROT-Exo-2b

COnvection ROtation and planetary Transits (COROT) is a space mission telescope led by ESA and French Space Agency, launched on December 27, 2006. The 27 cm telescope is aimed for two main goals: discovery of short period transiting exoplanets and asteroseismology. The advantage of the mission lies in ability to scan the same field of view for a long period of time (weeks) without an interruption and perform almost real time photometric analysis of tens of thousands stars. Also its space-based position allows to acquire high precision photometry of the order of 10^{−3} magnitude in one exposure. COROT-EXO-2b was the second exoplanet discovered by this mission (Alonso et al., 2008). The ”hot Jupiter” like planet is rotating around K0V type star GSC 00465-01282 at 930 ly distance (Bouchy et al., 2008) in Aquila constellation. Physical properties of the parent star and planet are given in Table 1. It is assumed that the planet originated much farther from the parent star and has overcome substantial orbital evolution. Strong tidal effects from its parent star might have affected the physical and orbital properties of the planet (Jackson et al., 2008, Pont, 2008). The detailed lightcurve analysis of the star confirmed the existence of stellar spots and facular fields, also the stellar rotation rate is relatively high (4.5 days). The star is most likely more active than our Sun. The oscillation of spotted photospheric regions is equal to 10 synodic periods of the planet and suggests the magnetic interaction between the exoplanet and parent star (Lanza et al., 2008). Alonso et al. (2008b) detected a tentative secondary eclipse at the level of 5.5x10^{−5}. They also studied the O-C diagram and concluded that there are no periodic variations in the O-C residuals larger than 10 s. Many observations of COROT-Exo-2b transits with the basic parameters derived (such as the transit duration, epoch and depth) can be found in the Exoplanet Transit Database.

3. Observation and data reduction

The observation of COROT-Exo-2b was performed from the AGO Modra (Code 118) by the 60cm main Cassegrain type telescope equipped with a CCD camera

Apogee Ap8 in primary focus. We observed during 4 nights, beginning on August 27, September 17, October 1 and 15, whereby the object had to reach the minimal altitude 30 degrees above the horizon. Good photometric conditions were needed since the magnitude drop during the transit was expected to be only 0.032 mag in the Johnson R-filter according to data by Alonso et al., 2008. We chose the relative photometry as a method, exposing 30 seconds each image in the R-filter. Data reduction was made with the MaxIm DL and CCD image analysis software by Világi, 2007. The brightness of the parent star COROT- Exo-2 was compared with 8 stars in the field of view of comparable brightness and spectral type with no lightcurve variability (not a variable star according to used catalogues GSC and USNO A2, no variability observed). The overall standard photometric error for comparison stars during the observation reached 0.003 mag on August 27, 0.009 mag on September 17, 0.015 mag on October 1 and 0.02 mag on October 15. As seen on quality of photometry, the weather and seeing conditions during the third and fourth night did not provide data with sufficient photometric precision, therefore data from the first two nights were used for lightcurve analysis.

4. Data analysis

Reduction of data from the first night immediately showed the decrease and increase of the parent star brightness among the quasi stable brightness of comparison stars. Only during this night we detected the entire progress of transit and short periods before the first and after the fourth contact between the planet and star disks. To determine the beginning and the end of the transit we used the AVE software (Barbera, 2000) which used the Kwee - van Woerden method (Kwee and van Woerden, 1956). Then the middle of the transit (transit epoch) and transit duration were derived. The second night’s observation did not cover the whole transit and the reduced data were therefore used for lightcurve shape improvement only. The transit epoch from the first night with the orbital period of the planet (Alonso et al., 2008) were used for linking the data from the second night of observation. To find selected physical and orbital parameters of COROT-Exo-2b we had to find a model lightcurve which would fit the measured data.

The real shape of the photometric curve depends on the inclination of the orbit i, orbital period P, planet semimajor axis a, diameter of the planet R_P and the star R_∗ (Cassen et al., 2006). We consider that the stellar disk is not uniformly bright and hat the orbital eccentricity e is zero and P, a are known (Alonso et al., 2008). We used a quadratic expression for limb darkening (Cassen et al., 2006) which depends on dimensionless coefficients c_1, c_2, wavelength λ, projected distance between the center of the planet and the star r and R_∗. In this case the intensity is given by

Table 1. Physical properties and orbital parameters of extrasolar planet COROT-Exo-2b and its parent star, left - previously published values, right - our results.

star (GSC 00465-01282) Alonso et al., 2008 α(2000) 19 h 27 m 06.494 s δ(2000) +01^∘ 23’ 01.17” Spectral Type K0V Apparent Magnitude (V) 12.57 Distance 930 ly Mass 0.97 ±0.06 M⊙ Effective Temperature 5625 ± 120 K Radius 0.902 ± 0.018 R⊙ planet (COROT-Exo-2b) Alonso et al., 2008 our results Mass 3.31 ± 0.16 Mjup Semimajor axis 0.0281 ± 0.0009 AU Orbital period 1.7429964 ± 0.0000017 day Eccentricity 0 Radius 1.465 ± 0.029 Rjup 1.318 ± 0.158 Rjup Transit epoch (HJD) 2454706.4016 ± 0.03766 2454706.4041 ± 0.0030 Inclination 87.84 ± 0.10 87.88 ± 0.15 Transit duration 2.28 ± 0.06 hours 2.24 ± 0.15 hours Transit depth 0.032 ± 0.002 0.030 ± 0.007

I(λ, r) = I(λ, 0)[1 − c_1(λ)(1 − μ) − c_2(λ)(1 − μ)^2], (1)

where μ = cosθ = √ 1 − (r/R_∗)^2 (2)

θ is the angle from the normal to the surface to the line of sight and I_λ(0) is the intensity emerging from the stellar disk center. The flux from an unocculted star at the observer is F ≈ ∫ Idω (3)

where ω is the space angle subtended by the star on the sky and dω is given by

dω = 2π

R^2 D^2 sin θ cos θdθ (4)

Then F = 2πR^2 D^2

I_0

∫_{π/2} 0 [1 − c_1(1 − cosθ) − c_2(1 − cosθ)^2] sinθ cosθ dθ (5)

Figure 1. Photometric curve (top) and residuals from our theoretical model (bottom) of transiting extrasolar planet COROT-Exo-2b, data from second night were given to a phase according to first night data, the beginning, center and the end of the transit is marked.

where D is the distance between the observer and the star. The detected flux of unocculted stellar disk leads to

F = π

R^2 D^2

I_0 [ 1 − c_1 3 − c_2 6 ] (6) Assuming that R_P ≪ R the intensity can be considered constant within the eclipsed region. Consequently, within the 2-nd and 3-rd contact we may approximate the eclipsed flux as δF ≈ I(μ)^{πR2P}_{D2} and derive the normalized lightcurve as

Figure 2. The O - C diagram of all actually published observations. It shows how the observed minus calculated transit epoch differs from the time of observation. X-axis represents the number of planet revolutions around the parent star since the discovery.

F − δF F = 1 − δF F = 1 −

1 − c_1(1 − μ) − c_2(1 − μ)^2 1 −^{c1}_3 −^{c2}_6

R^2_P R^2 (7) where r = a √ sin^2(2πt/P ) + cos^2icos^2(2πt/P ). Eq.(7) is time dependent. We derived the stellar limb darkening coefficients c_1 = 0.38 and c_2 = 0.25 according to the spectral type, mass and temperature of the parent star COROT-Exo- 2 (Table 1) from Claret et al., 1995. Now, applying the nonlinear regression method on Eq.(7) we could find its free parameters R_P and i. The method fits the data in order to minimize the sum of χ^2 (standard deviations between the regression function and data points), considering that we know the remaining variables of Eq.(7). Derived parameters are shown in Table 1 and the fitting lightcurve with measured data points in Figure 1. The magnitude drop also yields from a model lightcurve.

Table 2. Table of published transit epochs for COROT-Exo-2b, according to Exoplanet Transit Database, 2008.

transit epoch (HJD) O - C (min) reference 2454237.53562 ± 0.00014 0 Alonso et al., 2008 2454624.4799 ± 0.0016 -0.0009 Kleidis (AXA), 2008 2454624.4831 ± 0.0011 0.0023 Ayiomamitis (AXA), 2008 2454676.7577 ± 0.001 -0.013 Roe (AXA), 2008 2454676.7612 ± 0.0008 -0.0095 Roe (AXA), 2008 2454678.5016 ± 0.0012 -0.0121 Mendez (AXA), 2008 2454683.7403 ± 0.0014 -0.0024 Roe (AXA), 2008 2454685.4843 ± 0.0007 -0.0014 Naves (AXA) 2454692.4595 ± 0.0015 0.0018 Mendez (AXA), 2008 2454697.6913 ± 0.0015 0.0046 Roe (AXA), 2008 2454702.9164 ± 0.0015 0.0007 Foote (AXA), 2008 2454706.4041 ± 0.003 0.0025 Vereš et al., 2008

5. Conclusions

We carried out transit observations of the COROT-EXO-2b and a simple analysis of the light curve. The transit depth in the R-filter was 0.030 ± 0.007 mag, which corresponds to the radius of the exoplanet R_P = 1.318±0.158 R_J and the inclination of the orbit i = 87.88 ± 0.15. This is in agreement with the parameters from the COROT mission. Our results confirm a relatively large radius of the planet and evolutionary calculations with an alternate source of energy such as a tidal heating might be needed to explain it (see Burrow et al. 2008). The center of the transit was observed at HJD 54706.4041 ± 0.0030 and the duration of the transit was 2.24 ± 0.15 hours. In Figure 2 (see also Table 2) we put it into the context of other ground based observations and study the O - C diagram. At present, we cannot confirm any convincing evidence of the period variability which might have been indicated by the three outlying points and our results are in agreement with those of Alonso et al. (2008, 2008b).

Although the quality of the ground based data cannot be compared with those from the COROT mission they still might help to constrain the properties of the planet. Advantages of the ground observations are a long time baseline and a wavelength limited spectral window. It is hoped that additional ground based observations can improve the orbital period or reveal possible changes in the planet’s orbit. Also, additional ground based observations in relatively well defined spectral regions in the red part of the spectrum like those defined by the R, I filters might have a good control over the limb darkening which is wavelength dependent. Consequently, it might help to constrain the planet’s radius determined from the wide visual spectral region of COROT.

Acknowledgements. This work was supported by Vega Grant No. 1/3067/06 and grant for PhD students and postdocs Grant UK No. 2008/399 and Vega Grant No. 1/3074/06. Ján Budaj acknowledges the support from the European International Reintegration Grant MIRG-CT-2007-200297. We are thankful for valuable comments and help to Juraj Tóth, L’ubomír Hambálek, Jean Schneider and for accessible actual data to the Exoplanet Transit Database and The Extrasolar Planets Encyclopaedia.

References

Alonso, R., Aigrain, S., Pont, F., Mazeh, T., the CoRoT Exoplanet Science Team:

2008, eprint arXiv:0807.4828 , Alonso, R., Auvergne, M., Baglin, A., Ollivier, M., Moutou, C., Rouan, D., Deeg, H., Aigrain, S., Almanara, J., Barbieri, M., Barge, P., Benz, W., Borde, P., Bouchy, F., de la Reza, R., Deleuil, M., Dvorak, R., Erikson, A., Fridlund, M., Gillon, M., Gondoin, P., Guillot, T., Hatzes, A., Hebrard, G., Kabath, P., Jorda, L., Lammer, H., Leger, A., Llebaria, A., Louillet, B., Magain, P., Mayor, M., Mazeh, T., Paetzold, M., Pepe F., Pont F., Queloz, D., Rauer, H., Shporer, A., Schneider, J., Stecklum, B., Udry, S.,Wuchterl, G.: 2008, Astron. Astrophys. 482, L21 Alonso, R., Brown, T.M., Torres, G., Latham, D.W., Sozzetti, A., Mandushev, G., Belmonte, J.A., Charbonneau, D., Deeg, H.J., Dunham. E.W., O’Donovan, F.T., Stefanik, R.P.: 2004, Astron. J. 613, L153 Babcock, H.W., Babcock, H.D.: 1955, Astrophys. J. 121, 349 Bakos, G.Á, Lázár, J., Papp, I., Sári, P., Green, E.M.: 2002, Publ. Astron. Soc.

Pac. 114, 974 Bouchy, F., Queloz, D., Deleuil, M., Loeillet, B., Hatzes, A.P., Aigrain, S., Alonso, R., Auvergne, M., Baglin, A., Barge, P., Benz, W., Bordé, P., Deeg, H.J., de La Reza, R., Dvorak, R., Erikson, A., Fridlund, M., Gondoin, P., Guillot, T., Hébrard, G., Jorda, L., Lammer, H., Léger, A., Llebaria, A., Magain, P., Mayor, M., Moutou, C., Ollivier, M., Pätzold, M., Pepe, F., Pont, F., Rauer, H., Rouan, D., Schneider, J., Triaud, A.H.M.J., Udry, S., Wuchterl, G.: 2008, Astron. Astrophys. 482, L25 Burrows, A., Marley, M., Hubbard, W.B., Lunine, J.I., Guillot, T.: 1997, Astrophys.

J. 491, 856 Cassen, P., Guillot, T., Quirrenbach, A.: 2006, Extrasolar Planets, Springer-Velrag, Heidelberg Claret, A., Díaz-Cordovés, J., Gimenéz, A.: 1995, Astron. Astrophys., Suppl. Ser. 114, 247 Debosscher, J., Aerts, C., Vandenbussche, B.: 2006, Astrophys.Var. Stars 349, 219 Harrington, R.S., Kallarakal, V.V., Dahn, C.C.: 1983, Astron. J. 88, 1038 Huygens, C.: 1698, Cosmotheoros, Adriaan Moetjens, Den Haag Jackson, B., Barnes, R., Greenberg, R.: 2008, Mon. Not. R. Astron. Soc. 391, 237 Kwee, K.K., van Woerden, H.: 1956, Bull. Astron. Inst. Netherlands 464, 327 Lanza, A.F., Pagano, I., Leto, G., Messina, S., Aigrain, S., Alonso, R., Auvergne, M., Baglin, A., Barge, P., Bonomo, A. S., Boumier, P., Collier Cameron, A., Comparato, M., Cutispoto, G., De Medeiros, J.R., Foing, B., Kaiser, A., Moutou, C., Parihar, P.S., Silva, A.V.R., Weiss, W.W.: 2008, Astron. Astrophys. , accepted Liu, X., Burrows, A., Ibgui, L.: 2008, Astrophys. J. 687, 1191 Mayor, M., Queloz, D.: 1995, Nature 378, 355

42 P. Vereš, J. Budaj, J. Világi, A. Galád and L. Kornoš

McCarthy, D.W., Probst, R.G., Low, F.J.: 1985, Astrophys. J. 290, L9 Pollaco, D., Skillen, I., Cameron, A., Christian, D., Irwin, J., Lister, T., Street, R., West, R., Clarkson, W., Evans, N., Fitzsimmons, A., Haswell, C., Hellier, C., Hodgkin, S., Horne, K., Jones, B., Kane, S., Keenan, F., Norton, A., Osborne, J., Ryans, R., Wheatley, P.: 2006, Astrophys. Space Sci. 304, 253 Pont, F.: 2008, Mon. Not. R. Astron. Soc. , submitted Reuyl, D., Holmberg, E.: 1943, Astrophys. J. 97, 41 Strand, K.A.: 1943, Publ. Astron. Soc. Pac. 55, 29 Udalski, A., Zebrun, K., Szymanski, M., Kubiak, M., Soszynski, I., Szewczyk, O., Wyrzykowski, L., Pietrzynski, G.: 2005, Acta Astron. 52, 115 van de Kamp, P.: 1963, Astron. J. 68, 515 Világi, J.: 2007, A Photometry Program (in Slovak), PhD Thesis, Comenius University, Bratislava Wolszczan, A., Frail, D.A.: 1992, Nature 355, 145 URL: AVE software Barbera, 2008, http://www.astrogea.org/soft/ave/aveint.htm URL: AXA - Amateur Exoplanet Archive, http://brucegary.net/AXA/x.htm

URL: COROT homepage, http://smsc.cnes.fr/COROT/
URL: Exoplanet Transit Database, http://var2.astro.cz/ETD/index.php

URL: The Extrasolar Planets Encyclopaedia, http://www.exoplanet.eu/