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ABSTRACT

We report the detection of the primary transit of the extrisplanet HD 80606 b, thanks to photometric and spectmeabserva-
tions performed at Observatoire de Haute-Provence, samedtusly with the CCD camera at the 120-cm telescope an8OREIIE
spectrograph at the 193-cm telescope. We observed in btatbeda the whole egress of the transit and partially itsabpart, with the
same timings. The ingress occurred before sunset and wabs@tved. The full duration of the transit is between 9.5BA& hours.
The data allows the planetary radius to be measuRga:(0.86 + 0.10 R;,;) and other parameters of the system to be refined. Radial
velocity measurements show the detection of a prograddteesdcLaughlin dfect, and provide a hint for a spin-orbit misalignment.
If confirmed, this misalignment would corroborate the hyjesis that HD 80606 b owes its unusual orbital configuratdfazai mi-
gration. HD 80606 b is by far the transiting planet on the Esigeriod detected today. Its radius reinforces the obdawiationship
between the planet radius and the incident flux received fr@star. Orbiting a quite bright sta¥ (= 9), it opens opportunities to
numerous follow-up studies.
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1. Introduction CCD camera at the 120-cm telescope, andSBEHIE spec-
. . trograph at the 1.93-m telescope. This allows us to repert th
The extra-solar planet HD 80606b was discovered with E&;%tection of the primary transit of HD 80606 b, in photomeisy

ELODIE spectrograph by Naef et al. (2001). This is a gia : .
massive planet (4h,) with a 111-day orbital period, on an ell as in spectroscopy through the Rossiter-McLaugHfiac.

extremely eccentric orbite( = 0.93). HD 80606 is a member
of a common proper motion binary (HD 80606 - HD 80607\%
with a separation of~ 1200AU (~ 20’ on the sky). Wu &

Murray (2003) suggested that the present orbit of HD 8060
results from the combination of the Kozai mechanism (indlum?r

by the distant stellar companion) and tidal dissipatiorcdRdly, logg of 4.45 + 0.05 and a high metallicity of 0.43 dex (Santos

][‘Oarulgglgogtoﬂ 'b(lzjcs)g]g) ggog ﬁ?zee?%tgggﬁ/gg;gsszfgﬁ: da’t'yhsgt e(_at al. 2004, Valenti &Fischer 2005). The stellar mass cansbe e
; g aum Sp R P€imated using isochrones and we geé3®+ 0.10 M,. Using the
riastron passage. This implies an inclination of the systear

S - relationship between luminosity, temperature, gravityf arass,
| = 9C°, and a~ 15% probability that the planet also S’how§he stellar luminosity is estimated 0.840.13 L. Finally, with

primary transits. the relation between radius and luminosity and temperaiuge
If transits occur, opportunities to detect them are rarhias 'Yerive a radius of @8+0.07 R.. These mear){values arrt)a obtained
orbital period of the planet is almost four months. We maxdag o :

an observational campaign to attempt the detection of tre tr%‘ﬁer several iterations over mass and radius determmalioe

rojected rotational velocity igsinl = 1.8 kmys (Valenti &

sit of HD 80606 b scheduled to happen on Valentine’s day (F ; ; :
14th, 2009). We simultaneously used instruments of two te%1SCher 2005), hence the rotation period of the star is slow.

scopes of Observatoire de Haute-Provence (OHP), Franee: th

We recall the stellar characteristics of the primary stzaf t
used in our analysis of the transit data presented here-
fter: HD 80606 is a G5-type star with a parallax measured by
pparcos of 1#5 mas. A compilation of spectroscopic data
om the literature gives arflective temperature of 552460 K,

In the following, we discuss the full set of data that we
* Based on observations made with the 1.20-m and 1.93-m ¢gdesc have gathered on HD 80606: new photometric data, new radial-

at Observatoire de Haute-Provence (CNRS), France, by@RHIE  velocity measurements, as well as a combination of all alukel
consortium (program 07A.PNP.CONS). velocity data to further consolidate the orbital solution.
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2. The photometric transit of HD 80606b

Predicted epochs for the primary transit of HD 80606b we
given by Laughlin et al. (2009). We carried observationsiatb

the expected transit epoch3P,454,876.5 with the 120-cm tele-
scope at OHP, equipped with a 12 arciril2 arcmin CCD =

rmu\izeda\ux
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camera. The Bess#8lfilter and a neutral density were inserted, o.sssf
to insure unsaturated focused images ofthe: 9 target. We
obtained 326 frames on 13 Feburary 2009 and 238 frames @'’
the preceeding night, for comparison. Typical exposuresim & 46
range are 60 sec on the first night and 20-30 sec on the se:ci”f’
ond. Aperture photometry was then performed on both data se-*"*£
guences. Apertures of 8 and 6 pixels were used, for the ficst ag *'*
second observing night, respectively. The secondary coimpa € *'2E
HD 80607 is taken as a reference for HD 80606. Both stars are
separated by 24 pixels, which prevents contamination esigu

_S|m_ple aperture photom(_etry. Th_e sky backgro_und_ls eve_dUali_elg_ 1. Photometry (top) and radial velocities (bottom) of HD 80606
in rings of about 12-15 pixel fad'L!S- The reSl_JIt'ng lighteziis from 12th to 14th February, 2009, obtained at OHP with the-dr0
shown on Fig. 1 (upper panel), with all data included. Th@dafng 193-cm telescopes, respectively. The planetary trandetected
quality is significantly better during the transit nightchese of in both datasets at the same timifigp: Superimposed are the two ex-
different seeing conditions. Thiens is about 0.0025 to 0.0030treme b = 0 in red-dashed, and = 0.91 in green-long-dashed) and
over the full time series. the mean (in blue-dottedh, = 0.75) models that correspond to our data
set.Bottom: The orbital solution is overplotted (solid line, Table 1j; t
) . _gether with Rossiter-McLaughlinfiect models presented in Table 2,
An egress is clearly detected in the data sequence obtaifefbd-dashedl( = 0, 1 = 0°), blue-dotted Iy = 0.75, 1 = 63), and
on the night 13-14 February. A shift of almost one half traissi green-long-dashed lineb € 0.91, 1 = 8C°).
observed, in comparison to expected ephemeris. Long-tgsm s
tematics are observed in the lightcurve, and removed by pol
nomial function of the airmass, with the criterion of gedgteflat
section of the out-of-transit flux. This correction does afté¢ct
the transit shape. It is checked on the 12-13 February sequen
that long-term fluctuations are low (not corrected for on Big
The beginning of the transit sequence unambiguously shuats t
we do not detect the ingress of the transit. The first hour ef th

876.0 876.5

BJD - 2454000

875.5

1.01

1.00

sequence shows indications of a slight decrease but theadata Lo ',,.'., . * L ‘::;%:: e . e
quite noisy due to the low object’s elevation and this mayrbe i gf}:'::t'.":;é: ,a.:‘.v' s .
troduced by the correction for airmass variations. We olesir 2 099[%, o Fee Ty, teg et

total 7 hours during transit on the second night, and 3.4 $our
after the transit. In addition, we gathered 9.8 hours outaofdit
on the first night.

0.98

Modelling the primary transit lightcurve of HD 80606 b is
done in the first place using models of circular orbits, to-con
strain the inclination and the radius ratio. The Univergalnbit
Modeler 2008 is used, including the limb-darkeningficeéents

of Claret (2000) for the” filter, and parameters of the orbitsF.

. . . h g g.2. Zoom-in plot on the photometric transit and the three models
given in the next section. Fig. 1 and 2 show three transit mo\g;-th the impact parameter ranging from 0 to 0.91. The redidage

els superimposed to the data, corresponding to impact B4e&Mgpqn below, with an fiset of 0.02 on the Y-axis for clarity; they cor-
b ranging from 0 to 0.91 or inclinations ranging from 89.2 t@espond to the mean model with= 0.75.

90.0 deg. TheO — C residuals depicted in Fig.2 correspond to

an average transit duration of 13.5 hours, with= 0.75 and

rms of 0.0025. The transit depth imposes a radius rejgR.

of 0.090 + 0.009. The planet radius is then e_st!mated to bg The spectroscopic transit of HD 80606b

0.86 + 0.10 Ryyp In order to match the full transit lightcurve, a

model including eccentricity would be required. The asyrrgne We observed HD 80606 with tH®PHIE instrument at the 1.93-

of the ingress and egress should be detected and propezd); fitm telescope of OHFSOPHIE is a cross-dispersed, environmen-
for instance. Since we have a patrtial transit, the approtxima tally stabilized echelle spectrograph dedicated to higgeigion

of the circular modelling is acceptable here, if one takés éc- radial velocity measurements (Bouchy et al. 2006; Perrueho
count the relative projection of the transit angle and the bf al. 2008). We used the high-resolution mode (resolutiongrow
sight. In a further study, we plan to investigate the modglbf R = 75,000) of the spectrograph and the fast-readout mode of
the asymetric transit by including the eccentric orbit. Videndt the CCD detector. The two 3"-wide circular apertures (agtic
expect major dierences compared to the simple fit performeiibers) were used, the first one centered on the target andthe s
here, before new, more complete photometric data are @uatainond one on the sky to simultaneously measure its background.

0970 v |

876.5
JD—2454000.
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This second aperture, 2’ away from the first one, allows us to HDS0606 Elodie +Sophie+Keck
check that there is no significant pollution due to moonligint A A R AR A A A A M N A
the spectra of the target. We obtained 45 radial velocitysues 44 L 4
ments from 8th to 17th February, 2009, including a full setpee L ]
during the night 13th February (BJ® 54876), when the possi- a2 [ ]
ble transit was expected to occur according to the epheniées & L ]
exposure times range from 600 to 1500 sec, insuring a canstag 4, [ ]
signal-to-noise ratio. This observation was performedirafiel Z L u “ & u & ]
to the photometric ones. 18 [ H K ]

The sequence of the transit night is plotted in Fig. 1, lower L \ '“w ﬂ ﬁ ? '
panel, together with the measurement secured the previiglis n 36 |

The Keplerian curve expected from the orbital parameters is

overplotted. The radial velocities of the 13 February nigie

‘ H

E j H

clearly blue-shifted by- 10 ms? from the Keplerian curve in g 3 f ; 3

the first half of the night, then match the Keplerian curveiat = o = Mﬁj &@ thﬂtif%iff;. e =

second half of the night. This is the feature expected in odse ¢ , £ t + 3

transit of a planet on a prograde orbit, according to the iRass Y FY R RN T ARV NN FREN PY PN ERRYIN FRRNRY PV R NPV PN ENY IYONEUTY PY AR YONTE=

McLaughlin (RM) dfect. This €fect occurs when an object tran- 1500 2000 2500 3000 3500 4000 4500 5000
sits in front of a rotating star, causing a spectral distortif the JD - 2450000.0 [days]

stellar lines profile, and thus resulting in a Doppler-saifomaly ng 3. Top: Radial velocity measurements of HD 80606 as a function
(250e0e7).0hta et al. 2005; Giménez et al. 2006b; Gaudi & Wi -or# tim‘;’ gggm%plg”tan.ﬁtgf theTﬂata. t')f_t'—?D'E dat? in red. dead.
. . | INK, ata In plue. € orpital parameters correspondin

On the RM feature of HD80606b (Fig. 1), the third and; Fhis fit are reported in Table Bottom: Regiduals of the fit wiFt)h 1- ’
fourth contacts occurred at BJD: 5487645 and BJD =~ . grror bars.
5487655 respectively, whereas the first contact occurred before
sunset, and was not observed. These timings agree with ¢fiose
the photometry (Sect. 2 and Fig. 2); the detection of the iRoss
McLaughlin anomaly is unambiguous.

The Keplerian curve in Fig. 1 corresponds to the orbital pa- . A
rameters that we refined for HD 80606 b. We usedS6@HIE ;lew)fgwow???uwww\uwwuwwwww\uww\uww\uww\wwﬁl?ﬂlﬁ??m?TKeCk
measurements performed out of the transit, as well as 45 Keck , [ ]
measurements (Butler et al. 2006) and 74 ELODIE measure-
ments (44 published by Naef et al. (2001) and 30 additional
measurements obtained from B3 51977 to 52961). We al-
low free radial velocity shifts between the three dataséts. £
use the constraint of the secondary transit given by Laoghli
et al. (2009) Te = 2454424736+ 0.003 HID). We also use
our constraint on the primary transit considering that the ef
transit isTegress = 245487655+ 0.03 BJD. From these con-
traints, we estimated that the inclination of the systenrasnf A . e
90" (Ty = 245487620 BJD with 17.2 h duration) to 892 -0 00 01 02 03 04 05 06 07 08 09 1.0 LI
(Tt = 2454 87632 BJD with 9.4 h duration). 0

Assuming those constraints, we adjust the Keplerian orbit.
The dispersion of the radial velocities around this fit is 816,
and the reduceg? is 1.4. The obtained parameters are report
in Table 1. They agree with thosg of LQUQhIm et al. (2009), ©Yata in red, Keck data in pinOPHIE data in blue. Orbital parameters
cept for the period, where there is ar3disagreement. The full oresponding to this fit are reported in Table 1.
data set and orbital solution are plotted in Figs. 3 and 4.

To model the RM #ect, we used the analytical approach
developed by Ohta et al. (2005). The complete model has 12
parameters: the six standard orbital parameters, thegadiio
ro/R., the orbital semi-major axis to stellar radiagR, (con-
strained by the transit duration), the sky-projected ahgteveen
the stellar spin axis and the planetary orbital akighe sky-

400 —

200 —

=200 —

{(Jlﬁ 4. Phase-folded radial velocity measurements of HD 80606 as a
ction of the orbital phase, and Keplerian fit to the dataOBIE

panel) first show that the stellar rotation is prograde redabd
the planet orbit. Assuming = 90° anda = 0°, the projected
rotation velocity of the stavsinl determined by our RM fit is
- , o copene oo o 2.2 kms?t This agrees with the value 1.8 kmtsobtained by
rojected stellar rotational velocitysinl, the orbital inclination L2 . :
broj e Valenti & Fisher (2005) as well as our spectroscopic deteami

i, and the stellar limb-darkening ddeiente. For our purpose, :
9 ¢ burp on (2-3 kms?') from SOPHIE spectra. This latest one could

we used the orbital parameters and photometric transihparzﬂ : . . L
; ; : ; imb-daingn P& here slightly overestimated due to the high metallicity o
eters as derived previously. We fixed the linear limb-d n HD 80606. We decided to fix this value and to explore the dif-

codficiente = 0.78, based on Claret (2000) tables for filtgr ferent values of inclination angleto estimate the spin-orbit
d for the stell ters derived in Sect. 1. Our fregnpa . . . C )
and Tor the steiar parame ers derivec in Sec o angle. We see in Table 2 that if the transit is not centrah the

eters are then, vsinl andi. As we observed a partial transit,RNI p hat th : bi loi lianed
there is no way to put a strong constraint on the inclination "M fit suggests that the spin-orbit angle Is not aligned.

We then decided to adjustfor different value of in the range
89.2 - 90°. The results of our fits (Table 2 and Fig. 1, lower
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Table 1. Fitted orbit and planetary parameters for HD 80606 b.

of HD 80606 b is prograde, and suggests that it could be sig-
nificantly inclined relative to the stellar equator. A smirbit

Parameters Values andrlerror bars Unit misalignment is expected if HD 80606b owes its current or-
V, (Elodie) 3788+ 0.002 kms? bital configuration to Kozai migration (Wu & Murray 2003).
V, (SOPHIE) 3.911+ 0.002 kms' Kozai migration can explain the formation of the planet only
Vr (Keck) - - if the initial relative inclination of the system is largemfong
P 111436+ 0.003 days the 11 other transiting planets with Rossiter-McLaughlieam
e 0.934+ 0.003 . surements, the only system which shows a significant sgit-or
‘P‘(’ 3%072:—: 2'4 msl misalignment is XO-3, another massive and eccentric planet
T, (periastron) 2 454 42857 + 0.05 BID (H(_abrard et al. 2(?08; Winn et al. 2009). _HAT—P-2b is a_lhgned
M, sini 40403 Myup (V\/_mn et al. 2007; Loe|IIe_t et al. 2008). T|ghter constrailin
a 0.453+ 0.015 AU Spin-orbit misalignments in HD 80606 will be crucial and may
T, (primary transit) 24548787 + 0.08 BJD Pprovide compelling evidence that the orbital evolution wase
Te (secondary transit) 2 454 AZB6+ 0.00F BJD dominated by the binary companion (Fabrycky & Winn 2009).
tia 95-172 hours Most of the~ 60 known transiting planets are orbiting at
tos 8.7-157 hours close distances from their hosting stars. Only five of thereha
M, 098 +0.10 M. a period longer than five days, the most distant from its star b
R, 0.98 +0.07 Ro ing HD17516b, on a 21.2-day period. HD 80606 b is the sixth
2/ R. Oboggi%(i%g . detected transiting planet above 5-day period, with by ffer t

. = U \Ju I
b 0.75 (-0.75+0.16) P longest period (111.4 days).

89.6(-0.4, +0.4)

o

t:usingM, =0.98 + 0.10 M,
i: from Laughlin et al. (2009)

Table 2. Parameter sets for the Rossiter-McLaughfifeet models.

i
(deg)

transit duration
(hours)

Ttransit
BJD -2454000

spin-orbit  x?

(deg)

90.0
89.6
89.2

17.2
155
9.4

876.20
876.24
876.32

0
63
86

56.3
42.4
52.0

4. Discussion and Conclusion

HD 80606 b is thus a new Rosetta stone in the field of plane-
tary transits. Orbiting a quite bright stav¥ & 9), it opens oppor-
tunities for numerous follow-up studies. This includesdhser-
vation of a full photometric transit, which can be perfornfieon
space observatories only. Also, multi-site campaigns tasuee
a full spectroscopic transit sequence could be scheduled.

1.5

Despite the low probability for a 111-day period system to be — s
seen edge-on at both at the primary and the secondary transit=
phases (about 1% in the case of HD 80606 b), the data acquired 3
at Observatoire de Haute-Provence and presented here unam3
biguously show this alignment. With a partial transit obsel, e
we were able to constrain the orbital parameters, incluttieg -
inclination with a precision of 0.4°, and to measure the plane- L
tary radius. The error bars of our measurements should ke tak
with caution, however, since systematic noise is motftécdit to
correct with incomplete transits. The planet has a relbtiloav
radius (086 Ry,p considering its mass (4 M.

Since itis also by far the known transiting gas giant recgjvi
the lower irradiation from its parent star, it is temptingste its
small radius as reinforcing the explanation of anomalolastye
hot Jupiters as due primarily to stellar irradiation, asposed
for instance by Guillot & Showman (2002). Figure 5 shows theig. 5. Radius of transiting gas giant planets as a function of thiéiee
increasingly clear correlation between equilibrium tenapére rium temperatureTeq ~ T.(R./2)?). HD80606 is circled. Its position
and size for transiting gas giants. Explanations in termim-of reinforces the correlation between incident flux and radilistransit-
creased opacities (Burrows et al., 2009) or tidBéets (Jackson ing gas giants are included, above 0.4,MThe red points show the
et al., 2007) could also play a role. Also, the high metailicf ~ Planets with period longer than 5 days.
the parent star could influence the small radius of HD 80606 b,
since it helps provide refractory material for a big corenadD
149026.

HD 80606 may be compared to other planetary systems witkknonledgements. We are extremely grateful to Greg Laughlin for calling at-
a massive planet in an eccentric orbit: HD 17156, HAT-P-2, artention to the potential transit and encouraging obseymatiWe thank the tech-
X0-3. HD 80606 b has a smaller radius than those planetshNhl?ica' team at Haute-Provence Observatory for their suppitht the SOPHIE

. . . ingtrument and the 1.93-m and 1.20-m telescopes. Finasggborts for the
can be related to the migration history or to the changes @PHIEConsortium from the "Programme national de planétologRNP) of

stellar irradiation along the Orbit (Laughlin et al, 2009—)'].9 CNRSINSU, France, and from the Swiss National Science Found&fibiSRS)
shape of the Rossiter-McLaughlin anomaly shows that thi¢ orbre gratefully acknowledged. We also acknowledge supporn fthe French
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