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ABSTRACT

This paper presents the case of CoRoT LREQ20121, which was initially classified as a Neptune-size ftamgsplanet candidate on a relatively
wide orbit of 363 days. Follow-up observations were performed with UVES)dfard, SOPHIE and HARPS. These observations revealed a
faint companion in the spectra. To find the true nature of yistesn we derived the radial velocities of the faint companising TODMOR —

a two-dimensional correlation technique, applied to théHOE spectra. Modeling the lightcurve with EBAS we disc@gbra secondary eclipse
with a depth of~ 0.07%, indicating a diluted eclipsing binary. Combined MCM®@adeling of the lightcurve and the radial velocities suggést
that CoRoT LRa0ZE2 0121 is a hierarchical triple system with an evolved G-typgemary and an A-type:F-type grazing eclipsing binary. Such
triple systems are fficult to discover.
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1. Introduction Table 1.Coordinates and magnitudes of C0121.

Since its launch, the CoRoT space mission (Baglin et al. 20085 qentifiers

Aigrain et al.| 2008; Auvergne etal. 2009) has obtained Mot reTID 110680875

than 1@ lightcurves of stars in more than 15idirent fields that  omass 1D 06520760- 0526137

are spatially projected toward the center and anticentéh®f ~Coordinates

Galaxy, in search of transiting exoplanets (Deleuil et 8ll1). ~RA (32000) 0B52"075.61

In order to confirm a new transiting planet, a candidate has tdec (J2000) -05°26'13".8

pass a sequence of tests (e.g., Briown 2003). The tests encluéilter Magnitude Source

careful analysis of the lightcurve (Carpano etial. 2009)p-ph B 1232+ 0.05 ExoDat?

tometric follow-up observations (Deed et lal. 2009), andlffna Vv 1175+ 0.08 ExoDat

spectroscopic follow-up observations (Bouchy ét al. 2009) I’ 1137+0.06 ExoDat
The main source of false positive alarms in the CoRoT' 1095+ 007 Exobat

s . - . . . 9.723+ 0.025 2MASS
sample are eclipsing binary systems in various configuratio |, 0197+ 0.020 OMASS
(Almenara et all_2009). One possible strong indication @&f th 91024+ 0021 IMASS

blnary nature of a system is the detection of a faint compes Deleull &t al. (2000)

nent in its observed spectrum. However, sometimes theastell ~ it a1 (2003)

secondary is too faint to be noticed at first glance, and spe- '

cial tools are needed to detect it. Such a tool is TODMOR

(e.g.,.Zucker & Mazeh 1994; Zucker et al. 2003, 2004), a two- ) ) - ) .

dimensional correlation algorithm that was proved seviarads ~ servations of this star, we concluded that it is a hieraatltiple

in the past to be anfcient tool for measuring the radial veloc-System with an evolved G-type primary and a grazing eclgpsin

ities (= RVs) of the two components of a binary system, evepinary. The case is presented here to illustrate the longycur

with a relatively faint secondary (e.q., Mazeh et al. 19®®71, road one might need to travel until the true nature of a syséem

Torres et al 1995). revealed and to demonstrate the potential of TODMOR, which

This paper presents the case of the transiting Neptune-s¢## reveal the diluted-binary nature of a system with aivelt

candidate LRaQZE2 0121 & C0121). By careful analysis of the Modest investment of observational resources.

CoRoT lightcurve combined with spectroscopic follow-up ob ~ Section 2 gives some details about the star and presents the
CoRoT white lightcurve. Section 3 describes the spectgisco

: ; follow-up observations and the spectral analysis. Sectide-
* Based on observations made with the 1.93-m telescope 91{. P D P Yy
Observatoire de Haute-Provence (CNRS), France, the Bdanc'opg scribes our application of TODMOR to the observed SOPHIE
at La Silla Observatory (ESO), Chile (program 184.C-0688, VLT Spectra. Section 5 presents our analysis of the CoRoT ligrec
at Paranal Observatory (ESO), Chile (program 083.C-068%), the and the combined MCMC modeling of the photometric and RV
2.1-m Otto Struve telescope at McDonald Observatory, TexS#. data. The astrophysics of C0121 as a hierarchical tripleesys
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Fig. 1. White lightcurve of C0121. Top: the calibrated lightcurve

after rebinning oversampled points back to 512 s and rengovin

outliers. The calculated long-term trend is overplottethvé  the HARPS spectrograph (Pepe éf al. 2000; Mayorlét al.l 2003),

solid black line. Middle: the detrended lightcurve (for sen mounted at the ESO.8m telescope in La Silla Observatory,

nience the calibrated lightcurve was moved up by 10 mmagjhile. All spectra had a typical signal-to-noise ratigNBof 30—

Insets: zoom on the three individual transit-like events. 50 per pixel at 550 nm. In the additional six spectra we found

the same long-term drift, which at that time had an observed

with a G-type giant is detailed in Section 6. Section 7 preser@mplitude of about 7 knT8. The long-term variation indicated
some general conclusions derived from this specific case.  that C0121 is a member of a binary system with a long pe-
riod, but did not rule out the existence of a planet in theesyst

) There could still be a planet orbiting one of the members ef th
2. The CoRoT lightcurve wide binary, as in the cases of 16 Cyg/B (Cochran &t al.11997),

The star C0121 was discovered as a transiting candidateeby%%%se)g). h(e)ibcio(yj;{/zisnit ggeﬁgoi)érgrosb% chao(niut%ntlhnedré;tsah

alarm mode of CoRoT.(Surace et al. 2008) during the LRa& ; :
run, which lasted from Nowv. 16, 2008 to I)\/Iar. 1_% 2009. It§ﬁCh a complex system. Figlre 2 shows the RVs of the primary,

white lightcurve displayed three transit-like events obab indicating that the orbital period is 100 long for us to deran
0.3% depth with a period of about 3 days, and therefore orbit, so we fit the measured RVs with a second-degree polyno-

C0121 was identified as an interesting candidate of a Neptufi&2 . .
size planet with a relatively long periog. P The plot started to thicken when we noticed that the three

Figure [1 shows thé calibrated and detrended whiPectra taken with HARPS revealed a faint secondary. Foipw

lightcurves of this candidate, with a zoom on the three ftanstiS: We re-analyzed the eight spectra already obtained wit

like events in the insets. Trends were removed with locaeg SOPHIE, fitting a sum of two Gaussians to the cross correiatio

; : ; ion (= CCF, Baranne et al. 1996) derived with a G2 mask
sion that fits a second-degree polynomial to one-day-lora d%unctlon & CCF,
with weighted linear least squares. Table 1 lists some hasic _Pepe etal. 2002). Due to the loySof the secondary feature

formation on C0121. in the CCF, we succeeded in measuring its RV in only 9 out

of the 11 measured spectra — three from HARPS and six from
SOPHIE spectra. All measured RVs are listed in Table 2.
3. Spectroscopic follow-up observations The nine measured velocities of the faint secondary were
consistent with the 38-day period found by CoRoT, but with
alarge RV semiamplitude of 62 km s. This finding ruled out
The first five RV measurements of C0121 were obtained wig®mpletely the existence of a transiting planet in CO12d,ian
the SOPHIE spectrograph (Bouchy & The Sophie Téam [2008cated that the extremely shallow transit-like signalasning
Perruchot et al. 2008), mounted at th®3m telescope at the from its faint companion, which is by itself a diluted eclipg
Observatoire de Haute Provence, France, between Feb. 26 Binary.
Apr. 04, 2009. Following the discovery of the transits in the Along the way we found one more surprise: the measured
alarm mode, the observations began before the end of thed R&Ys of the faint companion of C0121 were @nti-phase with
run and spanned 37 days to cover a full orbital period of the-tr the CoRoT lightcurve; i.e., the detected eclipses occureithe
siting object. The observation timings were chosen to beeclorising part of the RV curve. This means that the eclipsesotiede
to the quadrature times of the transiting object to maxintiee in the CoRoT lightcurve areaused by the star whose spectrum
chance that small RV variability will be detected. These fike is detected in the composite spectra of the system, passing i
servations gave us the first signs of the complexity of theesys front of its companion. The spectrum of teelipsed star is not
Instead of the expected 3day periodicity, we detected a long-seen in the observed spectra. This is a very unusual casedeec
term drift, with an amplitude of about®km s, in most eclipsing binaries the primary eclipse occurs witen t
Six more observations of C0121 were obtained when tipgimary star, whose spectrum dominates the spectra, fssedi
field was observable again, between Nov. 05 and Dec. 04, 2009.1t was clear then that C0121 includes at least three stars. To
Three were acquired with SOPHIE and three other ones witkcilitate the discussion we denoted the primary star irsfre-

3.1. Radial velocity measurements
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Table 2. The measured RVs of C0121 (kms

0.800+
HJD CCF: CCF: BN Per Pixel 2 0.600
(-2450000) Primary Secondary (at 550 nm) I3
488930773 30091+ 0.034 7007+ 1.78 339 g 47
490429007 29789+ 0.035 -——= 351 0.200
491138470 29694+0.045 -4534+1.76 278
491430337 29663+0.023 -2105+134 498 0.8391
492631911 29403+ 0.030 7439+ 2.05 433 s
514063895 24128+ 0.042 -——— 294 % 0.838}
514170360 24071+ 0.039 7267 + 2.52 313 s
514856025 23815+ 0.029 6239+ 2.15 378 © 08371
516481355 23312+0.012 -4198+0.87 510 ‘ ‘
516884324 2325+0.014 -1156+0.74 484 -50 0 ol ‘\|50 v Tk 100 150
516970123 23166+ 0016 —0.86= 0.73 438 Radial Velocity [km/s]
(—251';([))000) T%?i'\nﬁgs T(Sjtz:“gr%i}y m(ZerSP(I)Xr?rln) Fig. 3. TODMOR plot for the first exposure of C0121. The upper
488930773 3001011 7208 130 339 and Iower panells show the primary and secondaty through
490429007 282+ 012 -2705+114 351 the two-dimensional correlation function.
491138470 2972+ 0.19 -4460+ 1.77 278
491430337 2968+ 0.10 -2213+0.89 498
492631911 2940+ 0.12 7561+ 1.20 433 4. TODMOR analysis of the SOPHIE spectra
514063895 2393+ 0.11 6804+ 1.33 294
514170360 2385+ 0.11 7355+ 1.28 313 To better understand the unusual C0121 system, we analyzed
514856025 2389+ 0.10 6567 + 1.20 378 all eight SOPHIE spectra with our two-dimensional coriielat

algorithm TODMOR, and derived the RVs of C0121-Bb from all
eight spectra. Our best model included as the primary templa
the observed spectrum of HD 32923, a G4V star (White et al.
2007), rotationally broadened by 9 kmtsand as the secondary
template the observed spectrum of HD 18539&Yq), an F4V

tra by CO121-A, the secondary star in the spectra, whose B\ (Kypka et al. 2004). The secondgarymary flux ratio was
was observed to vary with a large amplitude by C0121-Bb, andg 7.

the eclipsed star during the primary eclipses detected so far by Despite our &orts, we did not detect any spectral signa-

Co0121-Ba. ture of C0121-Ba, even when analyzing the data with TRIMOR
(Mazeh et al. 2009), an algorithm to analyze multi-ordecsge
of triple systems. This might indicate that Ba is a subssalgti
hotter star, with spectral type A or even earlier. Such dtaxe

A reconnaissance high-resolutioR (~ 47000) spectrum only few broad spectral lines in the optical band, and treeeef

of C0121 was acquired on February 13, 2009, using t}it‘ﬁfs hard to measure their RVs, especially when their light i

Sandiford Cassegrain echelle spectrograph_(McCarthy et®dfnded with the light of other stars. _

1993) mounted at the 2m Otto Struve Telescope at McDonald ~ Figurel3 shows the TODMOR results for the first SOPHIE
Observatory. The analysis of the spectrum revealed a G_t@{?)osur_e of C0121. The upper and lower panels of the figure
giant star withTer = 5500+ 250K, logg = 3.0 + 0.2, and SNOW primary and secondacyts through the two-dimensional
vsini = 12+ 1 kms?t. correlation function that run through the correlation pebtke

. . . primary cut (upper panel) is parallel to the primary RV axis,
Furthermore, high-resolution, high? Spectroscopy freezing the secondary velocity at its derived velocifye Eec-

of C0121 was performed with the UVES spectrography,qar
. | y cut (lower panel) runs parallel to the secondary R¥,ax
(Dekker & D'Odorico! 1992) mounted at the ESQ28n Very  freezing the primary velocity at its derived velocity.

Large Telescope=(VLT) in Paranal Observatory, Chile. Two We note that in the upper panel the correlation drops Y6

consecutive exposures of 3000 sec each were acquired oh len moving away from the peak, because we change the veloc-
8, 2009, under the ESO program 083.C-0690. The adoa@of the primary template in the model. On the other hand, the
set-up yielded a resolving power Bf~ 67000 in the spectral .., e|ation in the lower panel drops only ky0.002, because we
range of 3280- 6820 A, with a final N of about 320 per change the velocity of theecondary template, which contributes
pixel at 5500 A. Following the procedure already adopteshly ~ 7% of the light, and the primary velocity is kept at its best
in_some CoRoT discovery papers (e.g., Deleuil et al. 200gjue. Nevertheless, the peak at the lower panel is prortiimen
Gandolfi et al. 2010), the UVES spectrum was used to deri¥g:ating the high significance of the detection of the seaopd
the fundamental photospheric parameters of C0121. Iggorijelocity.

the additional light from C0121-Ba and C0121-Bb, we found The TODMOR RVs of C0121-A and C0121-Bb are listed in
Ter = 5640+ 100K, logg = 29+ 0.1, [M/H] = -1.0= 0.2, Taple[2. Figuré} presents the RVs of C0121-Bb with our best
andvsini = 115+ 1.0 kms™, corresponding to a GO lll star. orhital solution, which is described in the next section.

3.2. High-resolution spectroscopic observations

Allowing a dilution factor and fitting only the Mg |, F¢ll and We also estimated thefective temperatures of C0121-A and
Cal lines we foundler = 4980+ 100K, logg = 2.6 + O.}, C0121-Bb from the SOPHIE spectra by trying a range of high-
[M/H] = -05=+ 02, andvsini = 110 + 1.0 kms™, egolution PHOENIX synthetic model§ (Hauschildt & Baron
corresponding to a G8lI star. 1999) with diferentTer values as templates. TODMOR found
The two observations indicate that C0121-A is probably Bga = 5650+ 200K andTes gp = 6500+ 500K, in agreement
G-type giant star. with the analysis of the UVES and Sandiford observations.
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Fig. 4. RVs of C0121-Bb as measured by the SOPHIE (bladd

circles) and HARPS (red boxes) spectrographs. SOPHIE RVs )

were derived with TODMOR, while HARPS RVs were deriveq, _ Cosi 1 - & @)

by fitting a sum of two Gaussians to the CCF. The solid line™ r, 1+ esinw’

is the Keplerian model produced from the orbital parameters

Table[3 and the dashed line is the center-of-mass velodity. TwhereRp andRs are the primary and secondary radiijs the

residuals are plotted at the bottom. orbital semimajor axig,the inclination g the eccentricity, and
the longitude of periastron (Tamuz etlal. 2006). Using tlis-c
vention,x = 1 when the components are grazing but not yet

5. Modeling the eclipsing binary C0121-B eclipsing. We used linear limb darkening law, with flogents,

) ) up andus, fixed according to_Sing (2010), assuming an A5 and
To estimate the photometric parameters of CO0121-B vms dwarfs for the primary and secondary stars in the eclipsin
re-analyzed the CoRoT white lightcurve with EBASinary.

(Tamu_z etal._ 2006; _Maze_h etal. _2006), an algorithm for The MCMC run consisted of 2 $Gaccepted steps. The de-
analyzing eclipsing-binary lightcurve based on the EBOB SUrjyeq value of each parameter was its MCMC median, and its
routines|(Popper & Etzel 1981). Our EBAS analysis disca¥ergnfigence limits were estimated as the range of MCMC values
a faint secondary eclipse with a depth ofQD+ 0.01)% at the hat cover the central 68% of the chain.

orbital phase- 0.52, showing again that C0121-B is actually an Table[3 gives the full list of the estimated parameters of
eclipsing binary (see Figufé 5). The CoRoT lightcurve cederc0121_B from the MCMC analysis. Most of the model pa-

thre; pr:mary anil four Secogdqrydecll%s]ela.CMC vsi rameters showed normal posterior probability distributiBor
inal paramelers were derived wi analysis (€.Qpe gnes with skewed distribution, Taljle 3 gives uneven con-

Tegmark et all_2004;_Faord 2005) of the white lightcurt®, g4ance limits. Fi d

RO , . . Figuré]s presents the folded lightcurve and o
gether with the RV data. The input data were the detrended whi : :
lightcurve from CoRoT, which included 1948 points and the Best model, zoomed on the primary and secondary eclipses.

11 measured RVs of C0121-Bb. From the RVs listed in Tabje. W& Note that the high value we found indicates that the
o con e & TODMOR dorived SOHIE Rvs and the §0121-B ediipsing binary is grazing. In adton, the signi
CCF-derived HARPS RVs. Errors for the photometric data Weg@nt,ly n?hn_tzfr:o ((::eonltgrl-oé-i)nass a_cc_flerl%';mon valge W?daﬁ.n
derived from the local scatter of the detrended lightcusee( ¢/cat€s that (n€ - Dinary IS 1isell a member of a uerar
Figurell). chical trlple system.

The sizes of the MCMC Gaussian perturbations were set | N€ time of periastron passage)(as well as some other pa-
by the error estimations of EBAS and by a relatively shofgmeters of C0121-B, which are listed at the bottom of Table 3

MCMC run (of~ 10° accepted steps). Following the Metropolis!/ere analytically calculated for egich point in the MCMC chai
Hastings algorithm, trial points with lower? were accepted Their values and errors were estimated the same way as for the

whereas trial points with highey? were accepted only with free parameters of the model. Only for the Bb:Ba flux ratio did

probability of explAy?/2), assuming the observational error¥/€ {ake themost probablevalue ofJs k? as our estimation, where
to be Gaussian (Fdfd 2005). Thé for each trial point was the Js IS the Bb:Ba surface-brightness ratio datheir ratio of radii
sum of the lightcurve’? and they? of the RV data. We used flat (S8€ Tablel3), and not the median one, because we foundiits pro
prior distributions for all free parameters of the model,da- aPility distribution to be extremely skewed. o
tailed in Table 3. The absolute valuesamfosw, esinw, J, I+, K, C0121 was bright enough for CoRoT to observe it with
x andLz were constrained to be between 0 and 1. its three dfferent bands (e.g., Aigrain et/al. 2008; Bordé et al.
can be expressed by the more conventional parameters as  after the completion of the LRa02 run, revealefietient depths
of the primary eclipse — (@2+ 0.02)% in blue, (085+ 0.02)%
Ry + Rs in green, and (A8+0.02)% in red, indicating again that C0121-

It (1) Bais probably hotter than the other two stars in the system.

a
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Table 3. The parameters of C0121-B from the combined lightcurve andideling.

Symbol  Parameter name Value Units
Orbital parameters
P Period 36.2873+ 0.0025 day
ecosw  Eccentricityx Cosine Longitude of periastron .aB31+ 0.0003 -
esinw  Eccentricityx Sine Longitude of periastron @93%e
K RV semiamplitude 622+05 kms?
y Center-of-mass RV aiD = 2454889 16+06 kms?
% Center-of-mass acceleration 828 msid?
T Time of periastron (calculated analytically) 2454876 0.7 JD
Photometric parameters
To Time of center of primary eclipse 2454898452+ 0.0020 JD
Js Surface-brightness ratio (secondarymary) 061+023 -
re Fractional sum of radii 049+ 0.006 -
k Ratio of radii (secondaygrimary) 060+ 025 -
X Impact parameter 0.88302 —
L3 Third-light (blending) fraction B6+0.04 -
up Limb-darkening cofficient of primary (fixed) ®5 -
Us Limb-darkening cofficient of secondary (fixed) 58 -
Other estimated parameters
i inclination (see Eq.(2)) 87457023  degree
agp Semimajor axis of secondary 2076+ 0.0017 AU
f Mass function of Bb 0.903+0.022 M,
q Mass ratio (Msa/Mpp) assuming My = 1.3M, 1.73+003 -
Fep:Fea The Bb:Ba flux ratio 06723 -
6. The C0121 system
-2 0.2 Gyr 4 0.2 Gyr
The light of C0121 is coming from (at least) three stellarrses: 35
a G-type star (C0121-A) on a wide orbit with an unknown peria 0 ~ 3
and an eclipsing binary (C0121-B) that includes an F-type si . ( N s
(C0121-Bb) orbiting a hotter and more massive star (CO1a1-E = 2 A 4 8 2%
on a nearly circular orbit of 36.3 days. In addition, the center 4 =
of mass of the C0121-B system is itself on a wide orbit with ur 15
known period. We explore now the assumption that the three ¢ & 1

served stars, A, Ba, and Bb,

consist afragle hierarchical triple

system. To do that, we use the following previously-estedat

quantities and relations, derived from thdite lightcurve and

spectra of C0121:

— The dfective temperature of C0121-Bb is 658G00;
— The dfective temperature of C0121-A is 565®00;
— The Bh:Ba surface-brightness ratio i€ 0+ 0.23;

— The Bb:Ba flux ratio is (*0 ;

solar metallicity ([FgH] =

12,000 10,000 8,000 6,000 4,000

T, [K

12,000 10,000 8,000 6,000 4,000

T, [KI

Fig.6. Y2 stellar isochrones frorn_Demarque et al. (2004) for
0.05, [¢/Fe] = 0) and ages of
0.2,0.4,0.6,0.8, and 1 Gyr, from top-left to bottom-right. Left:
My (Teg) isochrones. Right: M(&) isochrones. Our estimations
for C0121-A, C0121-Ba, and C0121-Bb are marked by a red di-
amond, a green square, and a blue circle, respectively.ddee a

— C0121-A contributes 864% of the total light of the system; lute magnitude and mass of C0121-Bb were taken as the average
— The Ba:Bb mass ratiog depends onMg, through Value of the isochrones fora 6500K star, assuming no error.

(Mgpf~1sin®i) o® — g2 — 29— 1 = 0, where the mass function
f is 0.903+ 0.022 M, and the inclination is 87.4 + 0.4°;

— The center-of-mass acceleration of C0121-B is628

28msid1;

— The average acceleration value of C0121-A -85 +

1msid?t.

To proceed, wassume that Bb is on the main sequence. From
Y2 stellar isochrones of solar-metallicity stars (Demarduedle
2004) we take for it the following values (see Hig). 6):

— The My brightness of Bb is 3;

— The mass of Bb is.B M.

tio and calculated the expected surface-brightness ratigden

My values of 31*95 and 06*23

_1.4

derived brightness ratios, we got for C0121-Ba and CO12h-A a
: respectively. From the assumed
mass of Bb and the derived ratios, including the acceleraitio

tio between A and B, we got for C0121-Ba and C0121-A masses
of 2.25+ 0.04 M, and 28 + 0.4 M, respectively.

To see whether the three temperatures, brightnesses, and
masses can be fitted on a single isochrone, we plotted the Y
stellar isochrones for solar metallicity and ages @@ Gyr in
Figure[®, together with our estimations for thieetive temper-
atures, masses, amdl, values of the three observed stars. It can

be seen that a single isochrone~0f0.6 Gyr could fit all nine
To estimateT ¢ g, We used the derived surface brightness rastimated values, supporting the hierarchical triple hiyesis.

Another way to estimate the stellar temperatures is to wese th

various PHOENIX synthetic models, taking the CoRoT totdightcurves of the dierent CoRoT bands. We derived the 3ix

efficiency (Michel et all 2009) into account. We gbizga =

andLsj values, wherg indicates the color, using MCMC as be-

7400119°K. From the assumeMly value of Bb, and using the fore, and searched for the best temperatures of the thres sta

—-800
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pair is an eclipsing binary, the dilution factor makes thipse Gandolfi, D., Hébrard, G., Alonso, R., et al. 2010, A&A, 5265
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