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Abstract. First results of the observational campaign Dwarf aimed at detec-
tion of circumbinary extrasolar planets using the timing of the minima are pre-
sented. The campaign is focused on low-mass eclipsing binaries with M and K
components, short-period binaries with an sdB or sdO component, and post-
common-envelope systems, which enable us to determine minima with high
precision. Because the light-time effect (LITE) amplitude caused by an addi-
tional component to an eclipsing binary increases with its the orbital period,
the timescale of the project is at least 5-10 years.
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1. Introduction

The observing campaign Dwarf (Pribulla et al., 2012) focuses on detection of
extrasolar planets orbiting eclipsing binary stars using accurate minima timing.
Other similar campaign is the project SOLARIS (Konacki et al. 2012) and a
quest for companions to post-common envelope binaries (Backhaus et al. 2012).

In the past decade, the eclipse timing has been used to infer the existence
of multiple low-mass planetary objects to several of binaries. Circumbinary sys-
tems were announced around sdB+M dwarf binary HW Vir (Lee et al., 2009)
and several post-common-envelope systems: NN Ser (Beuermann et al. 2010),
UZ For (Potter et al. 2011), DP Leo (Qian et al. 2010), HU Aqr (Gozdziewski
et al. 2012), and RR Cae (Qian et al. 2012).

2. Target selection

Chances to discover a circumbinary substellar body depend primarily on: (i)
the precision and number of the minima which can be achieved; (ii) the semi-
amplitude of the LITE caused by the body; (iii) the intrinsic variability of the
binary. The suitability of an object can be defined as the peak-to-peak amplitude
of LITE caused by such a body, AT, divided by the theoretical precision of
a single minimum timing, At. In the case of triangular minima we have (see
Pribulla et al., 2012):

At = ;100.2(m>\+xﬁ>\)£. (1)
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where d is the depth and D the duration of the minimum, 7 € (0, 1) is the
total throughput of the telescope (the whole optical system), F is number of
photons from an my, = 0 star per square meter and per second outside the
Earth’s atmosphere recorded through the filter used, X is airmass, ) is the
extinction coefficient, and A is the diameter of the telescope. Because of several
other sources of the noise (scintillation, read-out, sky background...) and non-
negligible read-out times, the above relation gives just the theoretical limits.
It is clear that the most precise timings can be obtained for bright eclipsing
binaries with deep and narrow minima. In the case that one component is a
WD, the timing precision is determined by our ability to cover fast ingress and
egress to the eclipse.

The peak-to-peak of the expected LITE changes caused by another body
orbiting a binary on the edge-on (i ~ 90°) circular orbit (e ~ 0) is:

(2)

AT =~ 2M3 G/ Fs 2/3,
C 27T(M1 + MQ)

where My, My, M3 are the masses of the components, G is the gravitational
constant, c is the speed of light, and Pj is the orbital period of the third com-
ponent.

It is clear, that the most suitable are low-mass eclipsing binaries orbited
by massive sub-stellar companions on long-period orbits. The advantage of low-
mass binaries is, on the other hand, offset by their intrinsic variability. Pulsations
of the sdB components are of much less concern (Kilkenny, 2011).

To get the highest possible accuracy and precision of the eclipse timings nec-
essary to detect exoplanets, we selected bright (R < 17 mag) low-mass detached
eclipsing systems with sharp and deep minima. To collect as many minima as
possible, and to fully cover a minimum in one night from a single site at mid-
latitudes, we excluded objects with orbital periods longer than 10 days.

3. Data reduction and analysis

In the first step, the master dark and master flat-field frames will be produced.
In the next step, the raw CCD frames will be dark and flatfield corrected. Then
the WCS system will be determined using the USNO B1 catalogue available in
IRAF using the adumpcat task. Finally, aperture photometry of the target and
suitable (stable) comparison(s) star will be performed. The numerical aperture
giving the smallest noise of the differential photometry will be selected.

The data from individual observatories are being collected in geocentric JD
based on UTC. The time will then be transformed to Barycentric Julian Date
in Barycentric Dynamical Time (BJD-TDB).

The minima timings will be determined by cross-corellating the light curve
(hereafter LC) with its best fitting model LC. Synthetic LCs will be produced
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using program ROCHE (Pribulla, 2012). For binaries with non-degenerate com-
ponents the modelling will include proximity effects and assumes a tidally-
deformed shape of the components. For systems with a WD component only
its irradiation of the companion will be taken into account, while the spherical
shapes of the components will be assumed.

Using an appropriate template LC will enable us to use any LC segment
where the brightness sufficiently changes (see equation 1 of Pribulla et al. 2008).
The "minima” uncertainties will be determined by a Monte Carlo simulation
approach: a multitude of artificial data sets will be produced by adding the
Gaussian-distributed random noise to the original data. The standard deviation
of the added noise will correspond to the standard deviation of the original data
with respect to the original fit.

The analysis of the selected EBs timings will be performed in the following
three steps: (i) period search in the (O-C) residuals with respect to a linear or
quadratic ephemeris, (ii) fitting LITE orbits to most promising orbital periods,
(iii) excluding possible spurious detections caused by, e.g., Applegate’s (1992)
mechanism.

4. Observing network and strategy

The selected eclipsing binaries will be observed at several observatories using
20cm - 2m telescopes equipped mostly with low-end CCD cameras. In addition
to the original list of observatories, several well-equipped amateur astronomers
decided to join. The role of smaller telescopes is mainly to characterize newly-
detected eclipsing binaries found in, e.g., NSVS or HAT surveys. The larger tele-
scopes will concentrate on faint and short-period objects, mainly post-common-
envelope binaries.

To get the best S/N it is advisable to use the R or I filters for M or K EBs,
and the V filter (or B in the case of back-illuminated CCDs) for the systems with
sdB or WD components, where the eclipse depth quickly increases to the shorter
wavelength range. Several faint or short-period objects will be observed without
filter to provide more light. For short-period systems both minima shoulders
will be observed to see the LC asymmetry caused by the photospheric spots.

In addition to the observations focused on the exact timing, we will perform
(much less extensive) multi-color U BV RI photometry of the same fields to find
the best comparison stars (to minimize the second-order extinction effects).
The observations will also be focused on checking possible out-of-eclipse and
color brightness variations which would indicate the mechanism causing cyclic
variations of the orbital period proposed by Applegate (1992).



378 T. Pribulla and M. Vaiiko

5. First results

Systematic CCD observations started at the Stard Lesnd Observatory in Febru-
ary 2012. The first data release (from all observatories) of the extensive photo-
metric campaign is still under preparation (Pribulla et al., 2014).

The precision of the data is good but it is still hardly approaching the theo-
retical limits discussed in Section 2. The best error estimates of 4 primary min-
ima determined from the preliminary reduction of the CCD photometry (differ-
ential photometry with respect to one comparison) of NY Vir (March 16, 24, and
26, 2012) range between 1.7 and 3.5 seconds, while the theoretically estimated
limit is 0.6 seconds. This results from the red noise in the data (no autoguider
available), possible variability of the comparison star (GSC 4966-00559), and
read-out overheads. The timing precision is well documented in the case of two
short-period eclipsing binaries NSVS0786147 and SDSS J143547.87+373338.5
(Fig. 1).

A new sdB+M dwarf candidate star, VSX J075328.9+722424, was announced
based on observations from several observatories within the project (Pribulla et
al., 2013). The system is rather unusual: it is totally eclipsing, the primary min-
imum is about 3 mag deep and the orbital period, P=0.208 days, is the second
longest among known eclipsing sd binaries. The system is rather faint, with V.«
= 16.5.

Observations of systems with degenerate components (presently including
PTFEB11.441, V471 Tau, CSS 41177, DE CVn, NN Ser, SDSS J1435.84-3734,
and RX J2130.644710) showed that to obtain useful data requires at least 60cm
telescope (see Fig. 2).
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Figure 1. (O-C) diagrams of two short-period eclipsing binaries. NSVS0786147 is an
sd+M dwarf system while SDSS J143547.87+373338.5 contains a late-type dwarf and
a WD component. The minima have been determined from unpublished observations
obtained within the Dwarf observing network
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Extensive observations of more than 50 close eclipsing binaries' lead to de-
termination of 606 minima times (as of October 2013). Eleven eclipsing binaries
from the NSVS database (Hoffmann et al., 2008) were observed (mostly at the
private observatory of Giorgio Corfini, San Lorenzo, Italy) and improved their
light elements. Low dispersion spectroscopy of the NSVS eclipsing binaries is
planned at the Stara Lesna observatory.
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Figure 2. Light curve of RX J2130.64+4710 obtained in the V passband (left) and
phase light curve of SDSS J143547.87+373338.5 obtained without a filter (right). Both
light curves were obtained from observations with the 60-cm Cassegrain telescope at
the Stard Lesna observatory of the Slovak Academy of Sciences.

6. Conclusion

The presented project is aimed at the detection of circumbinary extrasolar plan-
ets and brown dwarfs using minima timing variability of carefully selected EBs.
Unlike more widespread techniques (RV or transit searches) to detect extrasolar
planets, the minima timing does not require high-end and costly astronomical
instrumentation. The chances to detect circumbinary bodies do not depend only
on the precision of the individual timings, but also on the number of participat-
ing institutions and devoted amateurs and number of targets monitored.

The observations within the project promise additional useful science such
as: (i) the study of spot cycles in the RS CVn-like late-type binaries, detection of
flares (see Pribulla et al., 2001), (ii) a more accurate characterization of recently-
discovered detached eclipsing binaries, (iii) detection of new low-mass EBs which
is crucial to better define the empirical lower main sequence, (iv) determination
of absolute parameters of the components (in the case that spectroscopic orbits
are available), (v) detection of EBs with pulsating component(s), (vi) detec-
tion and characterization of multiple systems with two systems of eclipses, (vii)

Lfor the details see http://www.ta3.sk/“pribulla/Dwarfs/
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detection of new variable stars in the CCD fields covered, (viii) photometric de-
tection of transits of substellar components across the disks of the components
of the eclipsing pair.

The LITE can always be regarded only as a very good indication of a sub-
stellar body in the system. In nearby systems with a sufficiently close visual
companion (e.g., CU Cnec, GK Boo) the LITE on a long-period orbit could be
possibly checked by the differential astrometry of the visual pair (see Kervella
et al., 2013).

First observations show that it is feasible to obtain timing precision of about
1-3 seconds for eclipsing binaries with an sd or WD component.

Acknowledgements. This work has been supported by a VEGA Grant 2/0094/11
of the Slovak Academy of Sciences. The authors would like to express thanks to all
observers contributing to the Dwarf campaign.

References

Applegate, J.H.: 1992, Astrophys. J. 385, 621

Backhaus, U., Bauer, S., Beuermann, K., et al. : 2012, Astron. Astrophys. 538, 84

Beuermann, K., Hessman, F.V., Dreizler, S., Marsh, T.R., Parsons, S.G., Winget, D.E.,
Miller, G.F., Schreiber, M.R., Kley, W., Dhillon, V.S., Littlefair, S.P., Copperwheat,
C.M., Hermes, J.J.: 2010, Astron. Astrophys. 521, L60

Gozdziewski, K., Nasiroglu, 1., Stowikowska, A., Beuermann, K., Kanbach, G., Gauza,
B., Maciejewski, A.J., Schwarz, R., Schwope, A.D., Hinse, T.C., Haghighipour, N.,
Burwitz, V., Slonina, M., Rau, A.: 2012, Mon. Not. R. Astron. Soc. 425, 930

Hoffman, D.I., Harrison, T.E., Coughlin, J.L., McNamara, B.J., Holtzman, J.A., Tay-
lor, G.E., Vestrand, W.T.: 2008, Astron. J. 136, 1067

Kilkenny, D.: 2011, Mon. Not. R. Astron. Soc. 412, 487

Kervella, P., Mérand, A., Petr-Gotzens, M.G., Pribulla, T., Thévenin, F.: 2013, Astron.
Astrophys. 552, 18

Konacki, M., Sybilski, P., Kozlowski, S., Ratajczak, M., Helminiak, K.G.: 2012,
in From Interacting Binaries to Ezoplanets: Essential Modeling Tools, IAU Sym-
posium, Volume 282, ed.: M.T. Richards & I. Hubeny, Cambridge Univ. Press, ,
111

Lee, J.-W., Kim, S.-L., Kim, Ch.-H., Koch, R.H., Lee, Ch.-U., Kim, H.-1., Park, J.-H.:
2009, Astron. J. 137, 3181

Potter, S.B., Romero-Colmenero, E., Ramsay, G.: 2011, Mon. Not. R. Astron.
Soc. 416, 2202

Pribulla, T.: 2012, in From Interacting Binaries to FExoplanets: Essential Modeling
Tools, IAU Symposium, Volume 282, ed.: M.T. Richards & I. Hubeny, Cambridge
Univ. Press, , 279

Pribulla, T. et al., 2014, in preparation

Pribulla, T., Chochol, D., Heckert, P.A., Errico, L., Vittone, A.A., Parimucha, S.,
Teodorani, M.: 2001, Astron. Astrophys. 371, 997

Pribulla, T., Baludansky, D., Dubovsky, P., Kudzej, I., Parimucha, S., Siwak, M.,
Varko, M.: 2008, Mon. Not. R. Astron. Soc. 390, 798



The Dwarf project. First results. 381

Pribulla, T., Vanko, M., Ammler - von Eiff et al. : 2012, Astron. Nachr. 333, 754

Pribulla, T., Dimitrov, D., Kjurkchieva, D., Kohl, S., Kundra, E., Ohlert, J., Perdel-
witz, V., Srdoc, G., Vanko, M., 2013, Inf. Bull. Variable Stars, 6067, 1

Qian, S.-B., Liao, W.-P., Zhu, L.-Y., Dai, Z.-B.: 2010, Astrophys. J. 708, 66

Qian, S.-B., Liu, L., Zhu, L.-Y., Dai, Z.-B., Ferndndez Lajis, E., Baume, G.L.: 2012,
Mon. Not. R. Astron. Soc. 422, 24



