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Abstract: We report the results of the transit timing variation (TTV) analysis of the extra-solar planet Qatar-
1b using thirty eight light curves. Our analysis combines thirty five previously available transit light curves
with three new transits observed by us between June 2016 and September 2016 using the 2-m Himalayan
Chandra Telescope (HCT) at the Indian Astronomical Observatory (Hanle, India). From these transit data, the
physical and orbital parameters of the Qatar-1 system are determined. In addition to this, the ephemeris for
the orbital period and mid-transit time are refined to investigate the possible TTV. We find that the null-TTV
model provides the better fit to the (O-C) data. This indicates that there is no evidence for TTVs to confirm
the presence of additional planets in the Qatar-1 system. The use of the 3.6-m Devasthal Optical Telescope
(DOT) operated by the Aryabhatta Research Institute of Observational Sciences (ARIES, Nainital, India) could
improve the photometric precision to examine the signature of TTVs in this system with a greater accuracy than
in the present work.

1 Introduction

The development of the research in extra-solar planets has been successful for nearly two decades.
The Doppler-shift method allowed us to detect many extra-solar planets. In addition to this, the
method of planetary transits also produces fruitful results. So far, already more than 2653 extra-solar
planetary systems have been found to transit their parent stars. In order to study the perturbation
from small unknown planets and to constrain the overall orbital configuration in planetary systems,
TTVs have been seriously investigated in recent years (Agol et al. 2005; Holman et al. 2005, 2010;
Maciejewski et al. 2015). Among the detected planetary systems, Qatar-1 attracts a lot of attention
due to its strong transit signal and short orbital period. For the Qatar-1 system, Von Essen et al. (2013)
have found evidence for possible TTVs, whereas some other workers in this field (e.g. Maciejewski
et al. 2015; Collins et al. 2017) have not claimed the detection of TTVs. These results imply that
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further photometric follow-up of transits for the extra-solar planetary system Qatar-1 is necessary to
confirm the presence or absence of TTVs. Here, in addition to three new transit observations of this
system with the 2-m HCT telescope, we try to cover much more epochs by including many transit
data from both the literature and the Exoplanet Transit Database (ETD) ! to improve the estimates of
the physical and orbital parameters of this system as well as to refine the ephemeris for the orbital
period and mid-transit time required for future transit observations.

The remainder of this paper is organized as follows. In the section 2, we describe the observations
and data reduction. Section 3 presents the methods for analysis of transit light curves. Section 4
and 5 are devoted to the estimation of new ephemeris and TTV analysis, respectively. Finally, the
concluding remarks are given in Section 6.

2 Observation and Data Reduction

During June-September 2016, we carried out the three photometric follow-up observations of the
Qatar-1 system in the R-band by gathering 60 sec exposures with the 2-m HCT telescope. In addition
to these new data, we also considered 8 light curves from ETD, 5 from Covino et al. (2013), 7
from Von Essen et at. (2013), and 15 from Maciejewski et al. (2015). In total, 38 light curves are
analyzed in this study. The HCT CCD images of the Qatar-1 system are calibrated using the standard
IRAF 2 procedures such as trimming, bias subtractions, and flat field division. After pre-processing,
aperture photometry has been performed on the Qatar-1 system and the nearby comparison stars
using the 'phot’ task within IRAF. Using the flux of Qatar-1 and the comparison stars, we carry out
the differential photometry to construct the light curve of each observed transit.

3 Analysis of Light Curves

The Transit Analysis Package (TAP), as described in Gazak et al. (2012), has been used for our light
curves analysis. The TAP employs Markov Chain Monte Carlo (MCMC) technique (see Gazak et al.
2012) and the model of Mandel & Agol (2002) to fit the light curves. The results derived from our
three HCT data sets are shown in Table 1, where 2457 000 is already subtracted from the mid-transit
time Tp,. The observed light curves with the modeled light curves are shown in Fig.1. The orbital
inclination i, the planet-to-star radius ratio Rp/R* and the scaled semi-major axis a/R, are plotted as a
function of epoch in Fig. 2. It shows that there are no significant variations in these parameters with
the epochs as most of the points are confined within the 20 levels.

4 New Ephemeris

We determined refined ephemeris for orbital and mid-transit time using the linear function, T§, =
EP+TO, where T%n, E, P, and TO are the calculated mid-transit time, epoch, orbital period, and mid-
transit time at E = 0, respectively. The first Qatar-1 transit in Covino et al. (2013) is defined as epoch
E = 0 and the other transits epochs are calculated accordingly. We have done the X2 fitting on all the
38 data sets of (E, Ty,) and calculated the best fit values of P and TO with sze q= 1.12 as
P=1.42002368 + 0.00000015 d and T() =2455711.53470 & 0.00011 BIDp

"http://var.astro.cz/ETD

2IRAF (Image Reduction and Analysis Facility) is distributed by the National Optical Astronomy Observatories, which
are operated by the Association of Universities for Research in Astronomy, Inc., under cooperative agreement with the
National Science Foundation. For more details, http://iraf.noao.edu/
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Figure 1: Left panels: the normalized relative flux as a function of the time (the offset from the mid-
transit time in the Barycentric Julian Date (BJD) with the time standard Barycentric Dynamical Time
(TDB), i.e., TDB-based BJD) of three new light curves used in this work: points are the data and
curves are the models. Right panels: the corresponding residuals.

Table 1: Results of best fitted parameters using TAP.

Parameters 30-06-2016 10-07-2016 02-09-2016

Orbital Inclination (%) 84.23+0-933 84.30+9-120 84.28*0:130

Scaled Semi-major axis (/R ,) 6.335+0033 6.348+0-033 6.323+0-033
Planet-to-Star radius ratio (Rp/R.,) 0.1431+0-9028 0.146170-90022  0.1477+0.092]
Mid-transit time (Tpy,) 570.34628T0-90039 5802855200002 634 246661000032
Linear limb-darkening coefficient (ul) 0.567‘*:8:81; 0,512‘*:8:822 0. 5204:88218
Quadratic limb-darkening coefficient (u2) 0. 166‘*:883% 0.1304:8:&)%8 0.195":8:82%
oor G oGl ool
o2 oowss UL oo 0%

5 Transit Timing Variation Analysis using O-C Diagram

To investigate possible TTVs, it necessary to make an O-C diagram. This shows the difference be-
tween the observed mid-transit time, Ty, and the calculated mid-transit time Tfn. In this regard, we
first calculated T§, for each epoch (E) using the best fitted values of P and Ty (see Section 4) and
then plotted the O-C diagram as a function of epoch in Fig. 3. We found that the null-TTV model

provides better fit to the O-C data with y

2
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red= 1.12. This suggest that there is no evidence of TTVs,
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from which we conclude that there is no evidence of additional planets in the Qatar-1 system either.
Our result agrees with those reported in Maciejewski et al. (2015) and Collins et al. (2017).
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Fpoch Figure 3: Residuals of the transit times from the

refined linear ephemeris. Square symbols are
used for the data from Covino et al. (2013), di-
amonds for Maciejewski et al. (2015), crosses
for Von Essen et al. (2013), open circles for
ETD and filled circles for the new transits data
of this work. The dotted lines denote null TTV
model. Dashed lines denote the uncertainties at
the confidence level of 95.5% (i.e. 20), where
o is the weighted standard deviation.

Figure 2: Distribution of i, a/R, and Rp/R* as
a function of epoch. In this figure squares are
used for data from Covino et al. (2013), dia-
monds for Maciejewski et al. (2015), crosses
for Von Essen et al. (2013), open circles for
ETD and filled circles for the data observed by
us. The continuous lines denote weighted mean
values. Dashed lines denote the uncertainties at
the confidence level of 95.5% (i.e. 20), where
o is the weighted standard deviation.

6 Concluding Remarks

The three new transit light curves of the Qatar-1 system are analyzed. Together with these three light
curves, those available in literature are all further analyzed with the same procedure for a uniform
estimation of the physical and orbital parameters. All the determined parameter values are consistent
with previous works. Our result suggests that there is no evidence of TTVs in the Qatar-1 system,
which allows us to conclude that there may not be an additional planet present in this system. How-
ever, this result should be further confirmed by high-cadence, high-precision follow-up observations
using the 3.6-m DOT (ARIES, Nainital, India.)
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