
About 500 exoplanets have been detected to date. Among them 
about 90% planets have been detected by the radial velocity (RV) 
method. However, if observed from outside of the solar system, 
planets less-massive than Jupiter and Saturn will not be detected by 
the RV method. We aim at detecting such planets, i.e., terrestrial 
exoplanets in other planetary systems by the transit timing variation 
(TTV) method. The transit periods of a known transit planet will not be 
constant, if there are additional planets in an already known transit 
planetary system.
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Introduction
* More than 100 known transit exoplanets have been discovered

Transit by exoplanet

- The planetʼs orbit is parallel with the line of sight from the Earth
- The planet moves in front of the star
- Starʼs flux decreases periodically

* What is TTV (Transit Timing Variation) ?
TTV is a variation of observed transit timing

* Why do TTVs occur ? (Agol et al. 2005)
1. starʼs orbital motion around barycenter (left below figure)

RV detection limit: 1m/s accuracy by 
HARPS (Mayor et al. 2009)

2. gravitational scattering by additional planets

* Previous study
Maciejewski et al. (2010)
- known transiter:

WASP-10b (Mb=3 MJupiter)
- detected planet:

WASP-10c (Mc=0.1 MJupiter)
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Results

* Site: KISO Observatory
(the University of Tokyo)

* Location: Nagano Prefecture
(137:37:42.2E, 35:47:38.7N)

* Instruments
- Schmidt Telescope (Aperture: 105 cm)
- Detector: 2kCCD (FOV: 50ʼ * 50ʼ)
- Filter: R band

* Observing period
Aug. 2010 - Jan. 2011 (12 nights)

* Target: XO-3b (known transit planet) 
starʼs magnitude V: 9.91 mag
transit depth: 5 mmag

* Exposure time: 30 sec. or 60 sec.
* Interval: about 2 min. or about 2.5 min.
* Total observation time: about 6 hours

* Observational technique: 
Using defocus to earn more photons

* Data reduction (Using IRAF)
1. bias correction
2. flat fielding (dome flat)
3. aperture photometry (right figure)

(XO-3 & reference stars)
4. differential photometry

* Transit observations
Oct. 17, 2010 (right figure)

- photometric accuracy: ~ 0.9 mmag
- accuracy of time: ~ 67 sec.

Nov. 5, 2010
- photometric accuracy: ~ 2 mmag
- accuracy of time: ~ 177 sec.

Nov. 18, 2010
- photometric accuracy: ~ 1 mmag
- accuracy of time: ~ 70 sec.

* Obtained TTV (right figure)
- Differences of observed and predicted

transit timing are calculated.
- We detected several minutes TTVs

in 2 transit observations.

We used online site “Exoplanet Transit Database”.
(http://var2.astro.cz/ETD/)

Conclusion
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Observations & Data reduction

* We made TTV observations of a known transit exoplanet XO-3b
to detect additional unknown exoplanets.

* We obtained 3 transit data, and detect 2 TTVs in these data.
* We need to continue observations for XO-3b to confirm these TTVs.

TTV and activity in the WASP-10 planetary system 7
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Figure 6. The O −C diagram for WASP-10b with the best-fitting model (solution 1 in Table 4). The mass of the perturber is 0.10 MJ

and its orbital period is ∼5.23 d. Symbols are the same as in Fig. 2. Residuals are plotted in the bottom panel.
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Figure 8.Radial-velocity curves after removing remaining 2 com-
ponents for a) WASP-10b, b) WASP-10c and c) starspots effect.
Data were taken from Christian et al. (2009). Two points with
large error bars were obtained in poor weather conditions and
may exhibit systematic errors due to scattered moonlight (see
e.g. Latham et al. 2010).

ric variation in the 2004 and 2006 seasons only. To find
this variation in the 2007 season and verify determinations
from Smith et al. (2009), the analysis of variance method
(ANOVA, Schwarzenberg–Czerny 1996) was applied to the
WASP-10 light curve divided into individual seasons. A peri-

odic signal was identified. Then, a sinusoid was fitted to the
phased light curve to determine the amplitude. We deter-
mined peak-to-peak amplitudes of 20.8± 1.3, 10.4± 1.0 and
8.5± 0.9 mmag for the 2004, 2006 and 2007 seasons, respec-
tively. Our values are similar to the results of Smith et al.
(2009) who reported 20.2 and 12.6 mmag for 2004 and 2006,
respectively. Desort et al. (2007) showed that for a G2V-
type star with v sin i = 7 km s−1 and a photometric ampli-
tude of 1 per cent (parameters close to those of WASP-10),
a spot may produce RV variations with the semi-amplitude
of ∼70 m s−1. This estimation is consistent with the value
determined by us from the RV model analysis.

Stellar spots may affect the transit depth (e.g.
Czesla et al. 2009). We found in our data that transit depth
variation is smaller than the level of 3σ for individual tran-
sits which is thus insignificant. If stellar spots are located
along a planet’s path projected onto a stellar disk, the shape
of the transit may be deformed. This effect may have an
influence on determining mid-transit times and result in a
spurious periodic TTV signal (e.g. Alonso et al. 2009). Vi-
sual inspection of photometric residuals (Fig. 1) does not
reveal features which could be related to stellar inhomo-
geneities rather than to red noise. In particular, there are
no deviations visible in light-curve residuals during ingress
or egress. Such deformations caused by occulting spots lo-
cated close to a limb of the stellar disk are expected to
generate significant TTV amplitude, even greater than a
minute (Miller–Ricci et al. 2008b). Furthermore, no peak
close to the rotational period of the star was found in the
periodogram of the O − C diagram (Fig. 3) and f ttv

1 is
not an alias of the rotational frequency of the host star
(Alonso et al. 2009).

The proposed model of the WASP-10 system (solution
1) was found to be dynamically stable. Simulations were per-
formed with the Systemic Console employing Bulirsch–
Stoer integrator and covered 106 yr with a maximal time
step of 10−4 yr. The eccentricity of WASP-10b was found
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- Blue points: our data
- Red points: otherʼs data
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