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MODELING AND OBSERVING EXTRASOLAR PLANETARY TRANSITS

Brett C. Addison !, Samuel T. Durrance !, and Edward W. Schwieterman

ABSTRACT

A computer model, called the Exoplanetary Pixelization Transit Model (EPTM), i s developed to
calculate exoplanetary transit light curves and determine exoplanet properties froman observed transit
light curve. To establish and test the accuracy of the model, an observation of XO-2vas conducted
on 2008 Mar 17 where time-series photometry of the transit of XO-2b was collectedBased on the
EPTM, XO-2 hosts a planet, XO-2b, with a planetary radius of Rp = 1:043%055R;, in a near

circular orbit with semimajor axis a = 0:0360 AU and inclination anglei = 89*67*01 3. The EPTM

also determined the length of the transit and the approximate start and end time d the ingress and
egress. Here we describe how the EPTM works: (1) a theoretical light curve is ¢eulated for an initial

set of planetary parameters,Rp, a, and i; (2) an observed light curve is used to calculateA? for
that theoretical curve; (3) the planetary parameters are varied in a grid about their initial values to

produce a multidimensional array of A2 values; and (4) the minimum valley in this A? array is used to
select most probable values and con dence intervals of the planetary parameters. We concludeith

future prospects for studying light curve anomalies in exoplanetary transits.

Subject headings:binary transit models: planetary systems stars: individual (GSC 34130-000b

techniques: photometric binaries: eclipsing planetary systems

1. INTRODUCTION

Model (EPTM). The EPTM produces a theoretical light

To correlate observed exoplanetary transit light curves
with theoretical transit light curves, we have developed
a computer model called the Exoplanetary Pixelization
Transit Model (EPTM). The model is used to predict
planetary parameters for the transiting planet XO-2b,
including the length of the transit, the planet's radius
(Rp), the semimajor axis (a), and inclination angle (i)
of its orbit. In the EPTM, the optimum planetary pa-
rameters for an observed transit light curve are chosen
based on a chi-squared\? minimization procedure. The
EPTM results are then compared with the published re-
sults for XO-2b by Burke et al. (2007).

XO-2 (GSC 34130-0005) is av = 11:18 mag KOV
star with high metalicity ([Fe/H]=0.45 § 0.02), Tep =
53408 32) K, M, = 0:9880:02)M-, and R, =
0:97(8 0:02)R- Burke et al. 2007 ). It has a binary com-
panion at » 31% separation with similar spectral type
and apparent magnitude (Burke et al. 2007).

The star, XO-2, has a transiting exoplanet, XO-2b,
with Mp =0:57(8 0:06)M;, Rp = 0:973(8 0:03)R;, a =
0:0369@ 0:002) AU, P % 2:62 days, andi , 8858 (Burke
et al. 2007 ). XO-2b belongs to the growing class of
transiting Hot Jupiter (HJ) planets.

The transit model, EPTM, is discussed in x2. Obser-
vations of the transiting exoplanet XO-2b, used to test
the model, is discussed irx3. Data reduction is discussed
in x4 and the results of using EPTM to predict the pa-
rameters of XO-2b are discussed inx5.

2. TRANSIT MODEL

To accurately extract the properties of exoplanets
from transit observations, we have developed a com-
puter model called the Exoplanetary Pixelization Transit
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curve of an exoplanetary transit for a given set of plane-
tary (a, i, Rp) and stellar (* and R,) parameters, where
L is the limb darkening coezcient. The EPTM reads in-
put TTes containing data from a transit observation for
comparison with model calculations. The observational
data can be binned as necessary. The theoretical light
curve is then compared analytically with the transit ob-
servation data by calculating chi-square @?). The plan-
etary parameters (@, i and Rp) are then varied in a grid
of values around their initial values and A? is recalcu-
lated. A %nd of contour plots of this multidimentional
array of A“ values are constructed and used to select the
most probable values of the planetary parameters as the
minimum of this grid. Fixed contour levels are used to
select the con dence intervals. Thus EPTM provides a
guantitative comparison between a theoretical model and
an observed light curve of an exoplanetary transit giving
the most probable value and the con dence interval for
the planetary parametersa, i and Rp .

2.1. Planetary disk pixelization

The exoplanet passing in front of its host star is simu-
lated as an opaque disk on an NE N pixels grid where
the transmission of starlight through a disk pixel is zero
if the star lies behind that pixel. The number of pixels
used is selected to be large enough to minimize the e®ects
of granularity at the edge of the disk but small enough
to give reasonable computation times. For the XO-2b
observation a 50£ 50 pixel grid was used. Pixelization
of the planetary disk is illustrated in Figure 1.

2.2. Time intervals

The time interval used to calculate the theoretical tran-
sit observation is dictated by the integration time of the
observations. Time steps used in the calculations are set
at intervals less then or equal to the exposure times and
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Fig. 1.| The position of an exoplanet as it orbits the star. Time
T = 0 represents the transit midpoint as viewed from Earth.

for the XO-2 observation, the exposure times were 20 sec-
onds and the time steps were 2 seconds (2 second time
steps were used in order to produce a smoother model
light curve).

2.3. Calculating projected distances

The orbital velocity ( Vorp ), angular velocity (! ), and
orbital phase angle (1) of the exoplanet are calculated
using the following Equations:

r
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The geometry of the calculations is illustrated in Figure
2. Here, G is the gravitational constant, M, is the mass
of the host star, Mp is the mass of the exoplanet, and
a is its orbital radius. EPTM assumes circular orbits, a
good approximation for most exoplanets in tight orbits,
as is the case for XO-2b.T is the time in seconds before,
or after, the planet reaches the transit midpoint.

With the position of the exoplanet known at each time
step, EPTM calculates the projected distance between
the exoplanet center and the center of the host star using
the following Equations:

Xpos = @£ sin(l) 4)
Ypos = @£ arcsin(2j i) (5)
D center = Xgos + szos (6)

The geometry is illustrated in Figure 2. X o5 is the pro-
jected distance from the center of the planetary disk to
the transit midpoint parallel to the transit direction, Ypos
is the projected distance perpendicular to the transit di-
rection, where i is the inclination angle of the planet's
orbit relative to the observers line of site. Dcenter IS the
projected distance from the center of the planetary disk
to the center of the stellar disk.

Addison, Durrance, & Schwieterman

Pixel outside of planetary
radius thus not counted

Fig. 2. The exoplanet crossing in front of its host star. The
planetary disk is broken up into pixels and only those planet ary
pixels within the stellar disk are used to determine the amou nt of
stellar light blocked.

EPTM then calculates the projected distances between
each pixel of the planetary disk and the center of the star
(dpix ) and determines the amount of starlight blocked by
each pixel, as illustrated in Figure 2.

2.4. Calculating stellar brightness

To determined the amount of starlight blocked by the
planet at any point during the transit, limb darkening
of the stellar intensity must be taken into account. The
total °ux blocked by the disk at any point during the
transit Fy is given by
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where ¢- i, is the solid angle of a pixel,l is the band
intensity at the center of the star, and the summation is
over all pixels blocking the star. A linear rst order limb
darkening function is used, wheré is the limb darkening
coezxcient, dyix is the distance from the center of the
stellar disk to a planetary disk pixel, and R- is the stellar
radius. For XO-2, with an e®ective temperature of 5340K
and surface gravity of log(@) = 4:48 (Burke et al. 2007),
a limb darkening coezxcient of ¢ = 0:684 is used (Van
Hamme 1993).

Each pixel of the planetary disk is assigned a °ux value
according to Equation 7 if that pixel lies in front of the
stellar disk (dpix < R»). For each time step, a summa-
tion over all pixels with dyx < R» gives the amount of
light blocked by the planet. The light blocked is then
subtracted from the stellar °ux in the observed band to
give the normalized stellar °ux minus the amount of light
blocked by the planet. EPTM thus produces a theoret-
ical light curve from the calculated stellar °ux at each
time step. Figure 3 shows a theoretical light curve, the
smooth solid curve, generated by EPTM for the XO-2b
transit event.

2.5. Determining exoplanetary parameters

The optimum values for the exoplanetary system pa-
rameters are determined by minimizingA%. This method
works by “rst calculating a theoretical light curve for
an initial set of planetary parameters; then, using the
observed light curve to calculate A? for that theoretical
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TABLE 1
Parameter ranges, number of iterations, and interval sizes ( ¢ x)
used for XO-2

Parameter Rp i a
Range 1:015; 1:070R; 87t99; 90t00 0:0348; 0:0388 AU
Iterations 56 68 21
¢ X 0:001R, 0:03* 0:0002 AU
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Fig. 3.]  Transit light curve produced by the EPTM plotted
with the the observed light curve of XO-2b binned into two min  ute Fig. 4| A contour plot of A2 with semi-major axis xed ( a =

intervals.
curve; and then, iterating the planetary parameters in a
grid about their initial values and calculating new theo-
retical light curves to produce a multidimensional array
of A? values; and “nally, using the minimum valley in
this A? array to select the most probable values of the
planetary parameters. Iterations can involve N parame-
ters over M iterations by ¢ x intervals. For the case of
XO0-2, three variablesRp, i, and a were iterated over 56
iterations for Rp, 68 iterations for i, and 21 iterations for
a (see Table 1 for the list of parameter ranges, number
of iterations, and interval sizes (¢x) used for XO-2).
Con dence intervals for the planetary parameters can
be determined usingA? contour plots with i on the y-axis
and Rp on the x-axis for each semi-major axis value iter-
ated (see Figure 4). According to Lampton et al. (1976),
to estimate parameters to a con dence of 0.68 () with
three free parameters (three parameters are iterated in
this model) using A? statistics one needs to nd the loca-
tions where A% changes by 3.5 from the minimum value
for each free parameter. Figure 4 indicates the location
on the contour plots where A2 changes by 3.5 with the
Tled black circles.

2.6. Transit Model Conclusion

The EPTM provides a method of calculating the pa-
rameters for any given transiting exoplanetary system.
EPTM was tested using the transit of XO-2b outlined
in x3. The method used in EPTM for calculating the-
oretical transit light curves is based on the numerical
approximation of describing the planetary disk as an ar-
ray of "nite size pixels. There are several advantages to
using this numerical method. One is the ability to use
fairly simple equations for determining the shape of the

0:0360 AU). The lowest value for A2 (A2 = 209:612) is indicated
by the arrow pointing at the intersection of the two dotted li nes.
The dotted lines indicates the best inclination angle (89 %67 on the
y-axis) and the best planetary radius (1.043 on the x-axis). The
error in both the inclination angle and the radius of the plan et
are determined as the location where the con dence level is 68 %.
These locations are indicated by the three dots that have arr ows
pointing to them.

transit light curve. This is especially true when dealing
with stellar limb darkening. Pixelization also yields a
more adaptable program, that can be easily modi ed for
di®erent limb darkening functions. However, numerical
methods generally are not quite as accurate as analytical
methods and can be more expensive (longer data pro-
cessing time). The EPTM took a few days to completely
process the XO-2 data.

3. TRANSIT OBSERVATIONS

A transit of XO-2b was observed with the Ortega 0.8m
telescope on the 2008 Mar 17 at 02:53:51 UT. The tele-
scope is equipped with a 76 510 SBIG Kodak KAF-
0402ME +TI TC-237 model ST-7XMEI CCD camera.
The size of the CCD is 6.9£ 4.6 mm with a pixel size
of 9 £ 9 square microns. AV-band Tter was used dur-
ing our observation. The "eld around XO-2 is shown in
Figure 5. XO-2 is indicated with an arrow. Its binary
companion is separated by 3%9%t a position angle of 162
(Burke et al. 2007). The magnitude di®erence between
the two binary stars is ¢V = 0:05 mag, XO-2 is the
fainter of the two stars.

4. DATA REDUCTION AND ANALYSIS

IRAF routines were used to reduce the data. Raw
data frames were bias and dark subtracted and °at "eld
corrected. The results of the data reduction and analy-
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Fig. 5.| Partial "eld of view image from Simbad. Image shows
XO-2, its stellar companion, and several background stars. The
arrow indicates XO-2. North is toward the top of the "gure and
East is toward the left of the gure.
sis for XO-2 are shown in Figure 6. The light curve of
the target star XO-2 is the top graph, the light curve
of the comparison star is the second graph, the light
curve of the target star divided by the comparison star
is the third graph, and the background sky counts are
shown in the bottom graph. The divided light curve
was binned into two minute intervals and is over plot-
ted with the theoretical light curve in Figure 3. This
helped to reduce the noise in the transit light curve.
The predicted ingress, mid, and egress times of the XO-2
transit are 2454542.68417 HJD, 2454542.74125 HJD, and
2454542.79833 HJD respectively and were obtained from
the XO Project ephemeris’

5. DISCUSSION

The EPTM was tested using this observation of the
XO-2b transit. The model results for XO-2b are: R
1:043435Ry, a = 0:0360AU, and i = 89%67C;
EPTM also determined the transit Iength to be 1604
min. These results are in reasonable agreement with the
results obtained by Burke et al. (2007). However, the
values obtained for the planetary radius and the semi-
major axis are just outside the error margins of Burke
et al. (2007). The reason for this di®erence is not clear.
The noise in the lightcurve data for XO-2 increased sig-
ni cantly toward the end of the observation as the ob-
ject approached the horizon; however, theA? analysis
should account for the noise in producing con dence in-
tervals. One possibility is that pixelization of the plan-
etary disk could bias the calculation of the amount of
light blocked by the planet toward a larger planetary
radius. Another possibility is that the use of a linear
limb-darkening law may not accurate enough and a non-
linear limb-darkening law, as suggested by Claret (2004),

2 wwwr-int.stsci.edu/ » pmcc/xofindex.shtml
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Fig. 6.] Light curves for the target star, comparison star, target
over comparison, and sky count respectively.
should be used. These posibility will be investigated fur-
ther in future work.

Table 2 list the results for XO-2b obtained using
EPTM and from Burke et al. (2007). Figure 3 com-
pares the best 't theoretical light curve generated by
EPTM with data from the observation of XO-2 binned
into two minute intervals. The XO-2 data ts the EPTM
light curve well, indicating that the EPTM does a rea-
sonable job of "tting exoplanetary transit light curves.
Additional work is needed to access the accuracy of the
EPTM and follow-up observations should be made to ver-
ify the accuracy of the model. No anomalies in XO-2's
light curve were observed; however, future observations
of this system could reveal them if any exist.

6. SUMMARY

The star XO-2 hosts a transiting extrasolar planet,
X0O-2b, with an approximate mass of 0.6 M ;, approxi-
mate size near to that of Jupiter, and an orbital radius of
about 0.04 AU. This planet belongs to the growing list of
Hot Jupiters. XO-2isaV =11:2 early K dwarf star with
high metalicity compared to our sun ([Fe=H] = 0:45),
and a stellar companion at 3P°separation (Burke et al.
2007). The high resolution spectroscopy obtained by
Burke et al. (2007) yields M = 0:988 0:02M, for the
mass of XO-2.

The observations we obtained for XO-2 and the tran-
sit model light curve we constructed and analyzed with
EPTM yields Rp = 1:043%03R;, a=0:0360 AU, and
i = 896733 for XO-2b. The optimum values and

uncertainties quoted were obtained by conducting aA?
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TABLE 2
XO-2b planetary parameters
Parameter Value Note
Mp 0:57§ 0:06M 5 b
. 0:018
Rp 1:0437 025 Ry a
. +0 :33
i 89767159 a
a 0.0360 AU a
t? 9626 s a
P 2:615857§ 0:000005 d b
gp 14:88 1.6 msi 2 b
Min( A2) 209.61 a

2 Based on the results of our model on the
data taken with the FIT Ortega Telescope on
2008 Mar 17.

b Data from Burke at al. 2007.

analysis of the data. With further follow-ups and anal-
ysis of exoplanetary transit light curves, irregularities or
anomalies may be found in these light curves. This could
indicate other possible exoplanets in orbit around these
stars or large moons or rings around exoplanets (see Kip-
ping 2008, Agol et al. 2005, and Simon 2007). Continued

study of exoplanetary transit light curves is required to
gain more knowledge about the properties of these sys-
tems. The importance of both amateur and professional
astronomers alike observing transit light curves on small
Earth based telescopes is high since time available on
large telescopes is limited. Contributions made by these
astronomers in this "eld is invaluable.
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