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ABSTRACT

High-precision spectrographs play a key role in exoplaeatches and Doppler asteroseismology using the radiatitsetechnique.
The 1 ms? level of precision requires very high stability and unifdtyrof the illumination of the spectrograph. In fiber-fed spe
trographs such as SOPHIE, the fiber-link scrambling prigeedre one of the main conditions for high precision. To ificantly
improve the radial velocity precision of the SOPHIE spegtaph, which was limited to 5-6 m we implemented a piece of
octagonal-section fiber in the fiber link. We present heresttientific validation of the upgrade of this instrument, destrating a
real improvement. The upgraded instrument, renamed SOPHé&Ches radial velocity precision in the range of 1-2-hlsis now
fully efﬁcientlfor the detection of low-mass exoplanets down to 5-10akid for the identification of acoustic modes down to a few
tens of cms*.
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1. Introduction telescope of Observatoire de Haute-Provence (OHP). Berefit

. . from experience acquired on ELODIE (Baranne et al. 1996) and
In the last few decades, the continuous improvement of rgappg (Pepe et al. 2002), SOPHIE was designed to obtain
dial velocity (RV) measurements has revolutionized emplahigh-precision RV measurements with much higher throughpu

etology. Doppler measurements have illustrated theirwéipa o, it predecessor. SOPHIE is a fiber-fed cross-dispeesed
ties by extending the exoplanet search around a wide vaofety,

stars, opening the possibility of exploring the domain afido vironmentally stabilized echelle spectrograph coverhng vis-

. . iple wavelength domain from 3872 to 6943 A. It plays an ef-
mass planets down 10 a few Earth masses. This technique f%ﬁént role in the search for northern extrasolar planetg.(e

to the discovery and characterization of multiple planetys- CT X
: . Bouchy et al. 2009; Hébrard et al. 2010), and in the Doppler
tems, perform long-term surveys to f|n<_j Jupiter analogs_a,best foIIow—ﬁp of photometric surveys for plamgtary transitrsndemaspp
lish the planetary nature, and characterize the mass, ticin such as SuperWASP (Collier-Cameron et al. 2007), HAT (Bakos
and obliquity of transiting planet.s. Using the same inseats, et al. 2007), CoRoT (Barge et al. 2008) aKepler (Santerne
Doppler asteroseismology on bright stars has also pexrite et al. 2011)j SOPHIE is also used for planetary system oblig-
ter:Z?roiEtg];r:gflsrtrt:%u?ggusm oscillations modes and pngbof uity measurements and has allowed the detection of thewiost t
One RV method mékes use of a molecular absorption CCﬁses of spin-orbit misalignment (Hébrard et al. 2008; tdou
P &t al. 2009). SOPHIE also plays a significant role in the detec

filled with iodine gas to impress lines of stable wavelength %on i NS : s
X . ) ; ion identification of acoustic oscillation modes (p-modes
the incoming starlight (€.g., Cochran & Hatzes 1994; Waster solar-like stars (Mosser et al. 2008). However, the firstyed

al. 1995; Butler et al. 1996). The stellar and refer_encetsaes;e eration showed that the RV precision obtained on stabts st
then recorded from the same beam, thereby circumventing w)

. : o &s limited to 5-6 md in the best cases (e.g., Boisse et al.
problem of any stellar photocenter shift or instrumentataivil- 2009; Diaz et al. 2012). Although well adapted for the deect
ity. However, this approach considerably increases thequho X o e ; e
noise RV errors due to the limited spectral range (5000 - GZg,Qd characterization of giant planets, this precision irtam

) . ing appropriate for the super-Earth and Neptune-likegig
A) and the absorption of the iodine gas. Another RV metho hich require the 1-2 nT$ precision level. This RV limitation

which av_oids this drawback, makes use_of a_fiber-optic feed 19 < igentified as being mainly caused by the ffisient scram-
the starlight, plus a second fiber carrying light from a stab ling of the fiber link and the high sensitivity of the spegfraph
Wﬁ\_\/elength Sﬁurcﬁ (rl?rown_ et arl]._ 1394’ Mayorh& QU?IQZ h]ﬁfg illumination variations. To significantly improve the poler
This approach, which requires high opto-mechanical sta precision, we implemented a new fiber link that included apie

the spectrograph, also strongly depends on the capaliiityeo ¢ octagonal-section fibers and tested this concept on fhéosk
optical fiber to scramble and homogenize the stellar beam. - first time.

The SOPHIE spectrograph (Bouchy et al. 2006; Perruchot et
al. 2008) has been in operation since October 2006 at thert.93
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Section 2 is devoted to a description of scrambling propeFhis far-field pattern is only scrambled in azimuth by the ffibe
ties of fibers commonly used on astronomical spectrografes. but not radially. These changes in illumination are praddb
report in section 3 the RV systematics measured on the SOPHHIE spectrograph pupil and grating. This is the case fortspec
spectrograph due to the infigient scrambling of fibers. We graphs like FEROS (2.2-m ESO), HARPS in EGGS mode (3.6-
then discuss in section 4 the properties of square- andattédg m ESO), and FLAMES (VLT-ESO). On these instruments, the
section fibers, which allow the scrambling gain of opticagfib typical RV precision is not better than 20 mtge.g. Setiawan
to be considerably improved. In section 5 we present resiiltset al. 2004; Loeillet et al. 2008), and we strongly suspeat th
the scientific validation of the upgraded spectrographediéer it comes from unstable illumination of the spectrographigoa
renamed SOPHIE due to the pupil injection mode in the fiber input. It is thenrmo

adapted to having image injection with a guiding system keep

ing the star well centered on the fiber entrance. In that ¢hse,
2. Scrambling properties of fibers used for echelle far field of the fiber sees the stable pupil of the telescopéghvh

spectrograph is propcted on the spectrograph grqtmg. _
To increase scrambling properties, one may incorporate a

A review of fibers in astronomy has been given by Heacox &ouble-fiber scrambler (Brown et al. 1991), in which a pair of
Connes (1992). Fiber-fed spectrographs use multi-mod®e stéibers is coupled together using a pair of microlenses, ségar
index fibers with core sizes typically in the 50- to S@@range. by their common focal lengths. The fibers then see each other a
One significant characteristic of fibers is their ability tbanble infinity, causing the near- and far- fields to be interchangée
the input image. The geometry of cylindrical fibers introésic near-field pattern is then projected onto the spectrograpil p
two dimensions of scrambling, azimuthal, and radial. Bo#+t and the far-field pattern on the output face of the fiber, heice
ory (Heacox 1987) and experiments (Hunter & Ramsey 199Re spectrograph slit entrance. The guiding errors on tlee éib-
Avila et al. 2006, 2008) show that fibers provide a high degreence are then almost not visible on near-field fiber outpattd
of azimuthal scrambling but an incomplete radial scrangplin  this field exchange. The scrambling gain of such a system was

The near-field pattern of a fiber is defined as the brightnesstimated both in the laboratory and on the sky to be between
distribution across its output face. In most cases, a spgeiph two and ten (Hunter & Ramsey 1992, Brown et al. 1994, Casse
images this output face, which corresponds to the slit anga 1995). This is the case for spectrographs like ELODIE (1193-
directly onto the detector as a function of wavelength.ations OHP), SOPHIE in HR mode (1.93-m OHP), and HARPS in stan-
in illumination on the entrance fiber will reflect themselves dard HAM mode (3.6-m ESO). The typical throughput of these
a variation of the spot profile, which leads to RV shifts. Thdouble scramblers is about 85%.
fiber-scrambling gain is defined as the ratio between the pho- Another solution proposed by Avila et al. (2006, 2008) con-
tocenter displacement of the near-field at the fiber ouputia@d sists of inserting a mechanical scramblers, which squesze t
displacement of the input beam. Laboratory tests (e.g.s€asiber with mini-bendings. Although it improves the scramigli
1995; Bouchy & Connes 1999; Avila et al. 2006, 2008) shogain by a factor up to eight, this solution significantly ieases
that the motion of the output photocenter may be of the ortlerthe focal ratio degradation and then reduces the throughfput
100-200 times smaller than the input photocenter. The I'm she fiber link.
precision requires a stabilization of the star image on thex fi As proposed by Connes et al. (1996), the use of a single-
input at the level of few 0.01 arcsec. However, image st&hili mode fiber acts as a perfect single-mode spatial filter. Absr
tion (guiding and centering at the entrance fiber) is not thig o sections of the output beam are quasi-Gaussian and preserve
factor that may introduce illumination variation. The inesgize, memory of the input beam geometry. Hence a single-mode fiber
mainly driven by the seeing condition, telescope focusargl behaves as an ideal scrambler. It may be matched to the Airy
image elongation due to atmospheric dispersion also pleyiea pattern at the focus of a filiaction-limited telescope. On the
in fiber illumination. ground, this solution is limited to a telescope pupil snratan

The near-field pattern of the fiber-output face is not the ontlie Fried coherence length (Fried 1966) which is roughlym2 c
aspect to consider. One should also take carefully intolwaticoin the visible for 1 arcsec seeing or requires adaptive sptic
the far-field pattern, which is defined as the cross-section o0 Connes (1999) was first to propose the use of square-section
the beam far from the output face or the angular distributigiper to improve scramblingféciency. Indeed, ray-tracing sim-
of light exiting the fiber. Far-field variations are projettnto ylations show that such a section breaks the radial symroétry
the spectrograph pupil and cause changes in grating ill@mifiber, which is responsible for the radial scramblingfirsency.

tion. Spectrograph aberrations and grating imperfecttoay But at that time, fiber manufacturers were unfortunatelyaiué
then shift the center of the light distribution on the dete@&s o build such a fiber.

a function of the input light distribution and induce RV ghif

The amount of this féect strongly depends on the instrument

aberrations, and it is not possible to give numbers thatalid v 3. SOPHIE radial velocity systematics due to

in general. However, this aspect should be taken into adaoun - oficient scrambling of cylindrical fibers

the spectrograph optical design, which has to be as ingensit

as possible to the pupil illumination variations or at lei@sbe The SOPHIE spectrograph has two observing modes, both us-

symmetrical along all spectral orders in order to be comgieas ing standard step-index multi-mode cylindrical opticalefib

in the RV measurements. (Polymicro FVR100/11Q'125). In high-resolution (HR) mode,
On some fiber-fed spectrographs, the pupil of the telescoe spectrograph is fed by a 4Qf slit superimposed on the

is imaged on the input face of the fiber (pupil injection).hat output of the 10Qum fiber, reaching a spectral resolution of

case, the near-field pattern is expected to be homogengmars (a75,000. In high-ficiency mode (HE), the spectrograph is di-

from the central obstruction of the telescope) and veryist&n rectly fed by the 10@m fiber with a resolution power of 39,000.

the other hand, the far field sees the moving image of the teBsth SOPHIE fibers have a sky acceptance of 3 arcsec, well

scope focal plan gtering from centering and guidingfects. adapted to median seeing condition at OHP. The high-réealut
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mode is equipped with a double-fiber scrambler. For each fi/g. 2. Star-decenteringfiect on SOPHIE radial velocities as function
pair, one aperture (fiber A) is used for starlight, whereasther of the fiber illumination center of gravity for initial HE (bé& open cir-
one (fiber B), 2 arcmin away from the first one, can be used ele) and HR (blue circle) modes and the new octagonal fib&slin
ther on a Thorium-Argon lamp for tracking spectrographtanif HE+ (red open square) and HRred square) modes.
on the sky to estimate background pollution, especiallyaisec
of moonlight. Figure 1 shows the SOPHIE fiber links configura- ~ 2° T
tion.

In order to quantify the fect of illumination and injection
variations onto the fiber input to the RVs, several tests \pere 15
formed on standard RV solar-type stars.

10
3.1. Star decentering

RV [ms-!]

The tests of sensitivity to decenterinfiexts were described in
Perruchot et al. (2011). Figure 2 (blue circle) shows the RV
change as a function of the fiber illumination center of grefar O g HR+
both HE and HR modes. The RV shift may reach up to 25 s __-zzZZzz=== ;,%ﬁ -t~ —E——— - E

for large decentering. These tests also show that HE mode has %%~~~ | | |
sensitivity at least twice as larger as the HR mode and agtron 0 1 2 3 4 5
sensitivity to the decenterindfset direction illustrating the gain defocusing star image size [arcsec]

g'g\ggleg by the %‘?Uble Sfram.blerl' The tyzlpaISaC(;urakc):y ezf(} ag 3. Star-defocusingféect on SOPHIE radial velocities for initial HE
- New guiding Systeém, Implemented In september ue open circle) and HR (blue circle) modes and for the netagonal
was estimated to be better than 0.3 arcsec. This correspwadsfiper |inks in HE (red open square) and HRred square) modes.

smaller change in the illumination center of gravity (0.08s&c

for a seeing of 3 arcsec). Thus, guiding and centering edwors

not cause systematics larger thah ms* and~2 ms' forthe ms for large defocusing. We noticed that for the largest de-

HR and HE mode, respectively. focusing, the shadow of the telescope secondary mirratestar
Considering that the output fiber corresponds to a slit rese-be visible in the guiding camera anfiexted the guiding and

lution of 7.7 km s (resolution of 39,000), the scrambling gaincentering system.

computed for a center of gravity displacement of 0.6 arcisec,

equal to 260 and 130 for the HR and HE mode, respectively. For L )

comparison, the scrambling gain of HARPS fiber link was es-3- Atmospheric dispersion

timated to be 400. Furthermore, the HARPS spectral resvlutiThe SOPHIE Cassegrain adapter contains an atmospheric dis-
(110,000) conducts to a 2.8 times smaller RV shift for a givesersion correctors (ADC) to minimize as much as possible the
illumination center of gravity fiset. The SOPHIE HR mode is|oss of star light due to dierential atmospheric refraction at the
then at least four times more sensitive than HARPS to theinjexntrance of the fiber. This system is made of one paralleé plat
tion and illumination change onto the fiber near-field. for a zenith angle smaller than 11 deg and of four normal field
bi-prisms covering zenith angles 11-30, 30-44, 44-54, afq\d 5
60 deg, respectively. The choice of the bi-prisms and their a
gles is set automatically by the observing system as a fumcti
To test the sensitivity to telescope defocusing on the filber eof the airmass and the parallactic angle of the observeettarg
trance, we adjusted the telescope focusin orderto enlaeggg-  The residual of the atmospheric dispersion after corradti@x-
parent size of the star image on the guiding camera. We exgblopected to never exceed 0.3 arcsec length up to an airmase.of tw
different values from the seeing (2.5-3 arcsec), correspomaindo test the &ect of a wrong or incomplete correction of atmo-
the best focus, up to a FWHM image of 5.5 arcsec. Figurespheric dispersion on the fiber entrance, we adjusted mignual
(blue circle) shows the RV change as a function of the appardime angle of the ADC. We performed this test at airmass close
star image size introduced by the defocusing. Both HE and H® 1.4 using the corrector number 4 covering zenith angle 44-
modes present about the same sensitivity with RV shift ugbto 54 deg (airmass 1.39 - 1.70). For this corrector, the ang#itu

5

[e2]

3.2. Telescope defocusing
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Fig. 4. Atmospheric dispersionfiect on SOPHIE radial velocities for Fig.5. SOPHIE radial velocities of standard stars for initial HRdao
initial HR (blue circle) mode and for the new octagonal fidak$ in  as function of the seeing. Each of the six standard starpresented
HR+ (red square) mode. by a diferent color (see Table 1).

of dispersion from 387 to 694 nm provided by the bi-prismis 5\ "¢ responds to the expected number of photon-electrons
arcsec. By rotating the angle from its nominal valu_e, 0 dpgou_ at 550 nm per pixel and per second forsfv This factor, which
315 d]:a% we th_en expect ';]0 cfht;amge the apparent s;lzeba}nd‘:"‘a.”en s estimated to 5.3 t0includes the atmosphere, the telescope,
e amae e ey e, 0 CA21 fhe e ik, and th stumentaliency ot 550 . e
The enlargement of the image size, due to incomplete cdmrectgheCked that some seeing values derived from Eq. 1 were in
or even ar?increase of the d?s ersi(;n (for 180 de ‘; leadRb a agreement with the corresponding values measured on tte gui
shift up to 28 mst P 9), ing camera. The seeing value is a rough estimation and am uppe
P : limit of the true seeing because atmospheric absorptionatan
be estimated.

3.4. Seeing changes Figure 5 shows the RV of six standard stars measured with
the HR mode as a function of the seeing estimation. These star

o~ . ; N&e listed in Table 1. To adjust the velocitffset, we removed
possibility to control it properly. Indeed, the defocusioigthe e ayeraged RV of each star measured later with the new oc-

telescope does not exactly reproduce a change of seeing. {fig,na| fiber link (see section 4.2). We see a clear corosiati
pattern of the defocused star image is far from being likes#®& o1y een the seeing and the RV. The seeing variation may intro
ing and _furthermore defocusmgfacts both near- apd far field y,ce RV change of up to 35 mispeak to peak in the worst
on the fiber entrance. The seeinfjeet was identified on the ;556 Some measurements below the main curve probably cor-
HR mode when we found a correlation between the signal-igssnond to measurements made under bad weather conditions,
noise ratio (SNR) and the radial velocities on several stethd it atmospheric absorption due to cirrus, which leads to an
stars observed with the same exposure time. TiegE first de- ,yerestimate of the seeing. Two regimes seem to appear on
scribed by Boisse et al. (2010a, 2010D), appeared to bertf& larjg 5 - 1) for seeing larger than the fiber aperture (3 arcsec)
limiting factor in the SOPHIE precision. Whereas all thiteets o correlation between RV and seeing is small, if not néglig
described above (star decentering, telescope defocuimg; e (3 6:1.9 mstarcsect) ; 2) for seeing smaller than the fiber
spheric dispersion) may be controlled, this is notthe casthe  gperqyre, the correlation becomes stronger and very signifi
Seeing. _ _ _ _ (22.2+8.9 ms'arcsec?). In this regime, when the seeing is im-
The seeing value is not automatically monitored for ea{g}oving (decreasing), mainly the center of the fiber enteasc
SOPHIE observation. To roughly estimate the seeing at tee fity, minated. Taking into account the double scrambler, fére
entrance, we compute the SNR per pixel at 550 nm and assSWiBgy at the fiber output is then mainly illuminated on its gaht
that this SNR only depends on the exposure tiMigg, target ot As shown in Boisse et al. (2010a), ray-tracing simoiat
magnitudemv and the fiber filling factoi;. The filling factor yemonstrates that a center-illuminated far field projeotethe
F corresponds to the transmission ratio of a two-dimensionghp|E grating induces change of RV that are not symmetric
Gaussian profile with a FWHM equal to the seeing on a circulglong the spectral orders and then introduces an apparamgeh
fiber of 3-arcsec diameter. Neglecting detector read-oigenoj, Ry, The seeing variations on the fiber entrance are directl
and atmospheric absorption, the number of photon-elespen  qiected on the spectrograph grating. The grating is therem
pixel at 550 nm is given by or less center-illuminated with a direcffect on the RV shift.
We did not find similar correlation with the HE mode, which
confirms that seeing variations are not comparable to tepesc

No. Texp.F ;
Nphot = SNR? = ;%;mf (1) defocusing.
: To check the RV change along spectral orders, we cut each
with spectral order in its middle and computed the RV on each side.
We callRV1 the RV computed using only the left (or blue side)
3 of spectral orders an@V2 the RV derived from their right side
Fr=1- exp(—0.684.(seemg) : (2)  (or red side). The dierenceRv2 — RV1 is not equal to zero but



F. Bouchy et al.: SOPHIE: First results

“\““\““\‘f“‘““““““““:

E% g# " ]
§;@?§ E%E H ! 7
; 52%% 3R LISt .
B M

s 3 b

-10

-20

RV [ms]

-30

-40 s iﬁ % ] ) . . . .
2 $ ] Fig. 7. Pictures of the section of the 101 diameter SOPHIE circular-

| | | | | ﬁ 3 t | ] section fiber (left) and the octagonal-section fiber (right)
750 N N N N S N N = S —

50 60 70 80 90 100 110 120
RV2-RV1 [ms!]

4. Laboratory and on-sky properties of octagonal
Fig. 6. SOPHIE radial velocities of standard stars for initial HRdeo  fibers

as function of the radial velocity flerenceRV2 — RV1 of right and left . o
sides of spectral orders. Each of the six standard starpiissented by 4.1. Octagonal fiber characteristics

a diferent color (see Table 1). Considering the low scramblingtiiency of the SOPHIE fiber
link and the strong sensitivity of the spectrograph to ilioation
change, we decided to implement octagonal fibers on the fiber
links. The octagonal section was chosen in order to haveterbet
coupling dficiency or filling factor (94.8%) with circular-section
fibers in comparison with square-section (78.5%).

strongly correlated with the seeing. Figure 6 shows the RV of The scrambling properties were measured using the test

the same six standard stars as in Fig. 5 but plotted as functiench of the Geneva Observatory described in Chazelas et al.

of RV2 - RV1. A clear anti-correlation appears between RV an@010). Figure 7 shows a picture of the face of the initial
the diferenceRV2 — RV1, with a slope of -1.040.27, illustrat- SOPHIE fiber and the new octagonal-section fiber. Our labora-
ing the strong sensitivity of the SOPHIE spectrograph toilpugiory test, described in Perruchot et al. (2011), led to ansbliag
illumination change. The average valueRf2 — RV1 appears gain of 180 for the SOPHIE-type circular fiber, in agreement
to be function of theB — V index. with our tests on sky made with the HE mode (130) and greater

. . . .. than 3500 for the octagonal one.
The RV dispersion of the six standard stars shown in Fig. g On 2011 June 17, 1.5 m length octagonal fibers were inserted

and Fig. 6 are listed in Table 1. They range from 7.1 t0 128, fher A and B of the HR mode in front of the double scram-
ms . fhe seeing oot could be partially comectec USIng tNer and on fiber A of the HE mode. On 2011 October 10, the HE
gg&rgbat?glgeg’ﬁﬁg ;Yr;gﬂosnegggvéﬁ R?/nz(:n dytr;B&?;Snieet fode was completed with the insertion of a 1.5 m length octag-
RV2—,RV1 (z;s done by Diaz et al. 2012) onal fiber on fiber B. The technical details about the octajona
y : ) fiber, its implementation on the SOPHIE fiber link, and firstse
We found that in the HR mode allffects that introduced are presented by Perruchot et al. (2011). Figure 1 showseile n
an increase of the star image in the fiber entrance (decegteriSOPHIE fiber link configuration, including the octagonal fibe
defocusing, atmospheric dispersion, and seeing) lead fpan as in 2011 October 10. The flux loss due to the insertion ofpcta
parent increase of the RV. onal fiber was estimated to be 8% and 10% on fiber A of HR and
HE mode, respectively. Thidgfeciency loss in the science fibers
is as expected due to the coupliff@ency of an octagonal sec-
3.5. Mechanical and thermal change on the fiber links tion with circular section (5.2%) and the FC-FC connectiuss!
(2-5%) measured in the laboratory. The SOPHIE spectrograph

In the previous sections, we emphasize the fact that SOPHIE With these new octagonal fibers was renamed SORHWith

dial velocities are extremely sensitive to the injectionditions Such an implementation, we expect a very high scrambling of
and illumination of the fiber input. We also made some tests cdhe near-field illumination of the fibers, which is projected
sisting of slightly displacing and bending the fiber linkiveen the HR mode in the spectrograph pupil. We do not expect a gain
the Cassegrain unit and the Coude train. We saw sdfeetat in the scrambling of the far field.

the level of few mst, indicating that bends inside the fiber may

slightly change the iIIuminz;tion. Although it wasfficult to test, 42 Tests of systematic effect on standard stars

we have some hints of evidence that the temperature ins@e th
dome (similar to outside temperature) may also impact on tfie quantify the gain of scrambling provided by the insertidn
fiber illumination. The correlation cdiécient found between RV an octagonal fiber and to estimate the precision of SORHIE
and the diferenceRV2-RV1 seems to be a function of the epoclunder real observing conditions, we performed the same &sst

of observations along the year, indicating that the tentpega those described in Section 3 on standard solar-type stars.

of the fiber (inside the dome) may slightlffect its scrambling The tests of decentering (see Fig. 2) show that the sensitivy
properties. Some RV changes observed in the HE mode seenotthe guiding decentering is reduced by at least a factoixof s
be related to temperature change inside the dome, which niaypoth HR+ and HE+ modes illustrating the gain of scrambling
affect the far field and then introduce grating illuminationiaar in the near field. The scrambling gain, computed for a cerfter o
tions. gravity displacement of 0.6 arcsec, is equal 100 and~1000
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Table 1. Radial velocity standard solar-type stars measured on Héemith SOPHIE and SOPHIE

Target SOPHIEHR SOPHIEHR+ SOPHIEHR+
Name spectral mv  Fig. colof oRy span Nbs TRV span Npbs | 10 nightsory
type [ms'] [days] [ms'] [days] [ms™]
HD 109358 GOV 4.3 yellow 7.6 97 48 2.4 21 80 2.0
HD 139324 G5IV-V 7.5 green 11.1 93 25 2.2 31 11 2.2
HD 147512 GOV 7.3 black 7.1 79 12 - - - -
HD 185144 G9V 4.7 red 7.8 40 12 1.5 97 63 0.9
HD 30708 G5V 6.8 blue 9.0 360 39 2.3 92 13 1.2
HD 55575 Gov 5.6 magenta| 12.6 16 36 3.4 118 56 15
HD 221354 K2V 6.7 black - - - 2.2 174 43 0.9
HD 9407 G6V 6.5 cyan - - - 2.7 160 23 1.6

for the HR and HE mode, respectively. The typical accuracy of
the new guiding system, 0.3 arcsec, is not expected to inted
RV jitter larger than 0.5 m3.

The tests of defocusing (see Fig. 3) show that the senwitivit
to the telescope defocusing is not reduced on the Hiede but 10
reduced by a least a factor 6 for the HRnode. The non im-
provementin the HE mode may indicate that defocusinfjext
both the near- and far field, the last-one being not scrantbfed
the octagonal fiber. The tests of a wrong or incomplete cerrec
tion of the atmospheric dispersion (see Fig. 4) show thatRaH
mode there is a real improvement with no more signific#ieot
on the RV. —=0

To estimate the seeingdfect, we monitored within the HR
mode seven standard stars as in section 3.4. These stastete |
in Table 1. The RV of these standard stars are plotted in Fig. 8 seeing [arcsec]

as a function of the seeing value. No more correlations a&e se

between RV and seeing. The RV dispersions of the seven SIE-W—' 8. SOPHIE- radial velocities of standard stars observed with the
inal HR+ mode, including octagonal fibers, as function of the seeing.

dard stars shown in Fig. 8 are listed in Table 1. They ranga ﬂjol'his figure should be directly compared with Fig. 5. Each efshven

1.'5 to 3.4 ms, indicating a gain of about five in the RV Pr€Clsiandard stars are represented byfeedént color (see Table 1).

sion for the HR- mode. Three of these targets were monltorec}

with HIRES on the 10.2 m Keck telescope: HD185144 (Howard , _

2010), HD221354, and HD9407 (Howard 2011), with RV disT‘i‘blez' Radial velocity standard solar-type stars measured on HiEEmo
persion of 2.0, 1.9, and 1.7 mlsrespectively over several years.Wlth SOPHIE and SOPHIE

For the HRr mode, we also report in Table 1 the dispersion ol
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. . . . . Target SOPHIEHE SOPHIEHE+
talneq over atime scale of ten nights. During this time sfize, Name ory span  Nos | omy span  Nis
RV dispersion ranges from 0.9 to 2.2 nisvery close to the [ms?1] [days] [ms? [days]
photon noise uncertainty. To explain the slightly worsecigien ~HD 109358 10.9 103 22 n n .
during time spans longer than ten nights, we suspect pesgbl HD 139324 25.0 93 34 3.8 87 7
maining systematicféects. The thermo-mechanical evolution of HD 147512 | 22.7 83 15 - - -
the far field in the fiber link of the HR mode is not scrambled HD 185144 - - - 2.2 243 25
by the octagonal fiber. This far field is converted by the deubl HD30708 | 6.0 16 36 | 3.7 92 15
scrambler to the near field at the entrance of the spectrbgrap|_'|"[')325251537554 9.0 2140 a1 o
and may introduce a long-terntfect at the level of few ms. HD 9407 ] ) ) 36 160 57

If this is confirmed, we will have to consider inserting an iadd
tional octagonal fiber after the double scramblers (see Big.
The evolution of the Thorium-Argon lamp, with a life span of ) _ )

about one year on SOPHIE, and more precisely the flux rafigode. However, the highfiiciency mode is not devoted to the
between Thorium and Argon lines, which may evolve on a tinfgh-precision RV measurements and is usually used in photo
scale of few weeks, are presently not taken into accounten tRoise limited regimes for targets fainter than-x12.
data-reduction pipeline. Finally, we cannot exclude fansaof
our targets intrinsic variability on the long term at thedeof
few mst.

In Table 2, we list the RV dispersion measured on standa#d described in Perruchot et al. (2011), the drifffeliences
stars with the initital HE mode and the new HEnode. For the measured on double Thorium-Argon calibration and repdrted
HE+ mode, the RV precision, between 3 and 4 ™ és not as Table 3 are strongly reduced by the use of octagonal fibers. In
good as the HR mode. This may indicate that the far field inthe previous configuration, relative displacement of therSbA
HE+ link, which is not scrambled by the octagonal fibers, is na@nd B as well as thermomechanical changes in the Cassegrain
suficiently stable. As discussed in section 3.5, we suspect tlaaapter led to relative change of illumination in fiber paiksth
this far field is sensitive to the thermomechanical envirentn the new configuration, the relative drift in HRmode is at the
of the HE+ fiber link. There is presently no way to improve thidevel of 22 cms! RMS to be compared to the photon-noise

4.3. Internal accuracy
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Table 3. Relative drift between fiber A and B measured with th€€onsidering our 200 RV measurements, the corresponding ve-

Thorium-Argon lamp locity noise in the time series is 43 crmisTaking into account
the Sun photon noise of 37 cmtsand the Thorium-Argon pho-
Mode HE HEr HR HR+ ton noise of 16 cm3, the expected noise is 40 cmswhich
Relative drift[ms’] 2.27 058 0.57 0.22 is very close to the measured noise at high frequency. We note

that such a test on the blue sky is totally free of any illurtiora
variation and may be representative of the present ultitirate

of Th-Ar spectra of 10 cm3. Even with the calibration lamp, of SOPHIE+, which intrinsically can reach precision well below
which provides stable illumination of the fiber entrance fiud 1 ms™* on short time scales.
an improvement using octagonal fibers.

. . . 51.2. A i | f HD139324
All our different tests show that the new octagonal fiber Ilni steroseismology o 393

provides a real and significant improvement in RV stabil#s A sequence of RV measurement was made on the G5IV-V star
pecially with the HR- mode. The scrambling gain (1000 andHD139324 using the HE mode of SOPHIE without simulta-
1500 for HE+ and HR+ mode, respectively), if not as impres-neous Thorium-Argon. The exposure time was adjusted to be-
sive as in the laboratory (3500), increased by a faetor tween 120 to 150 sec in order to have an almost constant SNR
equal to 95 (thanks to the exposure meter) and a computed RV
photon noise of 172 cnt4. The sequence of 54 measurements
5. Scientific validation of SOPHIE+ spread over 4.3 hours was interrupted twice for Thoriumefrg
calibration. We used these calibration to determine thetspe
graph drift, which was typically between 1 and 3 mtsour?,
and interpolated it to the dates of our observations in otder
correct them. Figure 9 shows the radial velocities of HD13B3
The dispersion is equal to 2.35 msbut one may see in the
5.1. Doppler seismology of the Sun and solar-type stars RV series that oscillation modes introduce some signalrei§
) B ) ~ shows the amplitude spectrum of the radial velocities. The p
To validate the capability of SOPH#Eo detect the tiny acoustic modes are visible around 2 mHz (corresponding@aninutes).
oscillations modes (p-modes) of solar-like stars, we peréml A mean noise level of 44 cntswas computed in the amplitude
high-cadence RV sequences of several hours as in Doppéef asfpectrum in the frequency range 2.5 - 3.3 mHz. Considering ou
oseismology runs. We observed the Sun, HD139324, Procygn, measurement, the corresponding velocity noise in the tim

and Eta Cas. For each target, we computed the RV dispersigfies is 182 cns, which is very close to the estimated photon
orv, the noise level in the amplitude spectrumg in a fre- poise.

quency domain free of oscillation modes, and the correspgnd
noise in the time seriesnose cOMputed asrte. VNops/7 With

Nabs the number of RV measurements. The results are sumrhal.3. Asteroseismology of Procyon
rized in Table 4 and plotted in Fig. 9.

In order to validate the new performances of SOPHI\fth oc-
tagonal fibers for Doppler asteroseismology and exopléogyp
we made RV series on specific solar-type stars.

A sequence of RV measurements was made on the well-known
asteroseismological target Procyon using thetHRode with
5.1.1. Helioseismology simultaneous Thorium-Argon. Almost 400 measurements with
_ . xposure time between 10 and 15 sec were obtained over a dura-
To measure the p-mode oscillations of the Sun, we oriented thy, o 6.8 hours. The SNR ranged from 300 to 500, and a com-

telescope to blue sky during day time and made a 3 h sequUepgd Rv photon noise was in the range 55 - 90 chiBigure 9
totaling 200 observations. The exposure time was set to €0 $¢,vs the radial velocities of Procyon. The dispersion isétp

and the dead-time between exposures was typically 34 sec. B 4 m 51, hut one may see clearly in the RV series oscillation

HR+ mode with simultaneous Thorium-Argon was used. Th&qqes with periods close to 17 mn. Figure 9 shows the ampli-
SNR at 550 nm ranges from 270 to 310, and the computed ifYje spectrum of the radial velocities. The p-modes aréleisi
photon noiséis between 35'140 cms, _ as expected around 1 mHz. A mean noise level of 10.7¢éms
A linear drift of 7.5 ms™ was observed in our sequenceyas computed in the amplitude spectrum in the frequencyerang
which may be related to the inappropriate barycentric ER®h 3 .9 mHz. Considering our 396 RV measurements, the corre-
due to wrong sun coordinates dadthe éfect of difused atmo-  g54nding velocity noise in the time series is 120 ¢ A previ-
sphere like winds, which were notltak_en into account. We thejys run made with SOPHIE on Procyon by Mosser et al. (2008)
subtracted a slope of 2.5 misiour™. Figure 9 shows the RV jeq 10 220 cm'st. A comparable sequence made on HARPS by
obtained on the blue sky after removing the slope. The dispgfochy et al. (2004) led to a noise of 127 crh.$Ne also note
sion is equal to 1.0 nT$ but s clearly dominated by the oscilla-tht there is no significant signal at high frequency due t pe
tion modes with period close to 5 mn. Averaging ten conseeutiagic error in the guiding system as it was observed on HARPS

data points led to a dispersion of 47 cm.sFigure 9 shows the 4t 6 mHz (Bazot et al. 2007) before the installation of a ilip-t
amplitude spectrum of the RV. The p-modes are clearly \sibdystem in 2011.

with their comb-like structure around 3 mHz (correspondimng
~5 minutes). A mean noise level of 5.4 cnsvas computed
in the amplitude spectrum in the frequency range 5.5 - 9 mHz1.4. Asteroseismology of Eta Cas

1 Blue-sky spectra have much more signal in the blue speatiars WO Sequences of RV measurement were made on the solar twin
than solar-type spectra for a given SNR at 550 nm. The phatiwens Eta Cas (HD 4614) using both mode HRand HE+ with si-
then accordingly smaller than for a solar-type star obskat¢he same Mmultaneous Thorium-Argon. With the HR mode, 250 measure-
SNR at 550 nm. ments with exposure time between 30 and 45 sec were obtained
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Fig. 9. Radial velocity sequences obtained with SOPHUH the Sun and solar-type stars. Left panels show the ragliatity time series. Right
panels show the amplitude spectrum.

over a duration of six hours. The SNR ranged from 130 to 220able 4. Doppler helio- and asteroseimology with SOPHIE
and a computed RV photon noise was in between 80 and 140

cmst. With the HE+ mode, 270 measurements with an expo- Name Spectral mv  ogy OTF Onoise
sure time of 30 sec were obtained over a duration of 5.2 hours. type [cmsY [cms?!] [cmsT
The SNR ranged from 200 to 320, which led to an estimated SUN G2v - 100 5.4 43
RV photon noise between 60 and 100 cth&igure 9 shows HD139324  GSIV-V  7.48 235 44.0 182
the radial velocities of Eta Cas. The dispersion is equal.d 1 Procyon  F5lV-v. - 0.35 314 10.7 120

Eta Cas G3Vv 3.45 185 8.7 112

and 1.9 mst! for the HE and HR modes, respectively. A slight
drift of a few m s appears in both time series, which is not un-
derstood. Figure 9 shows the amplitude spectrum of thelradia
velocities (HE and HR together). The p-modes are visiblexas e
pected around 3 mHz (corresponding~6 minutes). A mean

noise level of 8.7 cms was computed in the amplitude spec-

trum in the frequency range 4.5 - 6 mHz. Considering our 53(ne seriesis 112 cns. A tentative detection of p-modes close

RV measurements, the corresponding velocity dispersignein {0 3 MHz on this target was claimed by Martic et al. (2001) base
on six nights of ELODIE observations.
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Table 5. Known low-mass exoplanets measured with SORHIE

Host star Published orbit SOPHIE+
Planet Spectral my | mpsini  Period K 0o-c Reference 0o-c timespan  Nps
type [Me] [days] [ms'] [ms™] [ms'] [days]
Gl436b M3.5vV  10.6 23 2.644 18.3 3.9 Maness et al. (200[7) 2.1 210 6
HD 190360c | G7IV-V 5.7 19 17.111 4.8 2.5 Wright et al. (2009) 1.0 22 15
HD219828b| GOIV 8.0 20 3.833 7.0 1.7 Melo et al. (2007)] 2.0 30 13
HD 7924b KoV 7.2 9 5.398 3.9 2.8 Howard et al. (2009) 1.7 11 9
r HD 190360
~45.205
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Fig. 10. Known low-mass exoplanets host stars measured with SOPHUBper left panel: phase-folded radial velocity curve of GI436. The
model includes the 2.6-day Keplerian. Residuals of SORHiBta (red, filled diamonds) are less dispersed than thosenehlt without the
octagonal fiber (black, open diamond&jpper right panel: SOPHIE+ radial velocities of HD 190360 as a function of time. The madeludes
the 17.1-day Keplerian and the long-period planet, whiabdpces a~ 1-ms? drift on the 3-week span displayed hetewer |eft pandl:
SOPHIE+ radial velocities of HD 219828 as a function of time. The madeludes the 3.8-day Keplerian, as well as the long-pepilagiet which
produces & 2-ms! drift on the 1-month span displayed hekewer right panel: SOPHIE+ radial velocities of HD 7924 as a function of time.
The model only includes the 5.4-day Keplerian.

5.2. Follow-up observations of known low-mass exoplanets 5.2.1. Gl436b

The hot Neptune orbiting the M-dwarf Gl 436 was discovered by
Butler et al. (2004); Gillon et al. (2007) showed it was tiiting

its star each 2.6 days. Seven 1800 sec observations of that ta
were secured with SOPHIE between 2008 February and 2011

To validate the capability of SOPH#Eto detect low-mass ex- APril, without simultaneous Thorium-Argon and before thei
oplanets, we measured four stars with known super-Earth Rigmentation of octagonal fibers. Three 1800 sec exposares i
Neptune-mass planets on short periods: G436, HD 19036pfew nights were obtained with SOPHiEn June 2011, then
HD 219828, and HD 7924. These four targets were observedifiée others in February 2012. Other radial velocities|alba
HR+ mode with simultaneous Thorium-Argon. The parametef the literature include the 59 HIRESeck measurements ob-
of these systems are reported in Table 5 and their SOPHIEgiIned over 6.5 years (Maness et al. 2007).

orbits are plotted in Fig. 10, together with the Keplerias fit  Following Maness et al. (2007), we fitted the SOPHIE and
described below, obtained using a Levenberg-MarquardtaldHIRES data with a Keplerian model. We fixed the eccentricity
rithm. to the valuee = 0.14 found by Demory et al. (2007) from transit
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and occultation timing. The parameters we derived for thuét or sures. According to the ongoing HARPS follow-up of that &rg

agree with those already published. The standard deviafionthe long-term trend in that month was below 2 Th€S. Udry,

the residuals of the HIRES datads_c = 3.9 ms?, similar to private communication).

the 4.3 m st dispersion reported by Maness et al. (2007). Thisis The lower left-hand panel of Fig. 10 shows the Keplerian fit

slightly larger than the expected error bars on individadial of the hot Neptune, together with the fixed trend. Fitted aJon

velocities. The additional dispersion was attributed tdeflax the SOPHIE- data show a 2.0 nt$ dispersion around that

jitter of the order of 2 ms' by Maness et al. (2007)and Demoryfit, in good agreement with the error bars on individual mea-

et al. (2007). surements. The derived parameters agree with those ddrwed
The residuals of the SOPHIE data without and with octagdelo et al. (2007), except for the semi-amplitude. We found

nal fibers show dispersionso_.c = 9.2 mstand 2.1 ms!, K = 95+ 05 ms?, i.e. 3.50 larger than the value from

respectively. This shows the real improvement due to the ddéelo et al. (2007). This would imply a projected mass around

tagonal fibers (see upper left-hand panel of Fig. 10). The 21k sini = 27 M. Melo et al. (2007) obtained a 1.7 mislisper-

ms dispersion is slightly smaller than the 3.5 mMdypi- sion of the residuals of the HARPS data, which span 1.3 years.

cal photon noise uncertainty on individual measuremertiss T The HARPS data seem to be slightly more accurate than the

could be due to the small number (six) of measurements d&OPHIE+ data. By forcing the SOPHIEfit to match the so-

ing that 210-day time span. However, the SOPHI&ata do lution from Melo et al. (2007), we increased the residuats di

not suggest significant stellar jitter on that target. ThR&®ES$ persion from 2.0 to 2.6 nT$

data show a larger dispersion, but they cover a longer tirap.sp

Considering only 30-day sequences, the HIRES data typic

showoo_c = 3.6 ms?, not significantly smaller than the fullag'z'd" HD7924b

6.5-year sequence. HD 7924 is a KOV star that is slightly active (&), = —4.89).

A seven-year follow up of that target with HIRES has revealed

the presence of a super Earth in orbit around it (Howard et

52.2. HD 190360c al. 2009). HD 7924b has a 9.26J\rojected mass and a 5.4-day

The G7IV-V, inactive star HD 190360 harbors a giant plan&bit. We present here nine SOPHIEneasurements performed
on an 8-year orbit and a 19 dplanet on a 17.1-day period.on that target over 11 days in late summer 2011. Exposure
That low-mass planet, HD 190360c, was detected by Vogt pes were around 15 minutes. The lower right-hand panel of
al. (2005) with HIRES. Wright et al. (2009) provide the latesti9- 10 shows that SOPH#Ecan detect such a super-Earth.
version of the HIRES measurements, including a total of 10Fh€ Keplerian fit includes the SOPHiEand HIRES data and
radial velocities on a 12-year time span. agrees with the orbit parameters from Howard et al. (2009).
We obtained 15 SOPHIE measurements of HD 190360The SOPHIE resu;luals show a dispersion of 1.7 mMsThis is .
over 22 days in July 2011 in order to sample the entire periéffpa"er than _the dlspersmn of the whole HIRES dataset, lwhic
of the low-mass planet. The exposure times were typicatly t8€SeNts a dispersion of 2.8 ntsover seven years. However,

minutes. The upper right-hand panel of Fig. 10 displayseho€n considering sections of the HIRES dataset with sftoe i
new measurem%?]ts a?]d a twoPKepIerian %it of thepS(%RHlépans similar to that of SOPHiEwe found no s_|gn|f|can_t dier-
data alone, the long period being fixed to the solution of Wrig €"¢eS between SOPHiEand HIRES accuracies for this target.
et al. (2009). The dispersion of the residuals is 1.0 & A linear trend could be present in the residuals of the SORHIE

good agreement with the typical error bars of the individugeta, and additional measurements are required to confirm it
measurements. The solution for HD 190360c agrees with that

of the literature, with the exception of the semi-amplitude . . .

foundK = 6.3+ 0.3 ms?, which is 2.5 larger than the value 6- Discussions and conclusions

obtained by Wright et al. (2009). The corresponding pre&éct the jmplementation of an octagonal fiber in the fiber link @ th
mass ismp sini = 24.8 + 2.4 Ms. Additional SOPHIE- obser-  gopH|E spectrograph improves by a factérits RV precision.
vations would be needed before suggesting a significant réyhe majn limitation of SOPHIE, related to its sensitivitypopil
sion of the mass. By forcing the semi-amplitude to the valygmination changes due to imperfect fiber scrambling,asvn
of Wright et al. (2009) or nearly identically by fitting $|mﬂ+ strongly reduced, thanks to octagonal fiber. The typicatipien
neously the SOPHIEand HIRES data, the SOPHIEesiduals ot SOPHIE: is now in the range 1-2 nT$ on standard solar-
show a slightly increased dispersion from 1.0Thts 1.4 MS™  tyne stars observed with the HRnode. The systematidfects
By comparison, the HIRES dataset shows a larger dispersiik o guiding decentering, telescope defocusing, atnev&ph

H _ 1 i i i imi . h . L .
around the fitoo_¢c = 2.5 ms™. The dispersion remains similar yispersion, and seeing variations have now vanished uhéer t
when shorter sequences of the HIRES data are used in ordei_t;m s level.

match the shorter time span of the SOPHI&bservations. Thus Our high-cadence RV sequences illustrate the gain of

the dispersion seen in .the HIRES data does not seem to be d¢bH | for Doppler asteroseismology compared to the previ-
to low-frequency variations. ous fiber link configuration. The performances of SOPHf&r

asteroseismology are now close to the photon noise unegrtai
523 HD219828b and close to those of HARPS.

Our scientific validation demonstrates the capability of

Melo et al. (2007) published the detection of a 2@ Blanet SOPHIE+ to detect short-period, low-mass planets with RV
on a 3.8-day period around the GOIV, inactive star HD 21982@mi-amplitude of a few nt$. On time scales of a few tens
from HARPS measurements. Long-term RV variations were alebdays studied here, SOPH#Ewhich is mounted at a 2 m class
identified in addition to the variations due to the hot Negturtelescope, is shown to have an accuracy of 2’ hoseven better
HD 219828b. We secured 13 SOPHIEheasurements during aon bright targets. Its RV precision is similar to that of thiRES
time span of one month in fall 2011, with 15- to 20-minute expaspectrograph on the 10.2 m Keck telescope and approaches tha

10
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of HARPS at the 3.6 m ESO telescope in La Silla. Figure 11 T IR IR
shows the RV semi-amplitudé as function of the orbital pe- .
riod for known low-mass exoplanets with masses smaller the 0 d @
Myye2. Our results show that SOPHHEcan now diciently de- ig .
i .

tect exoplanets with semi-amplitudes down to 3 Pand with 3
g @
AT e
“ . ; .

10

periods up to 20 days. This corresponds to 50% of known low-
mass exoplanets. ok |
For a non-rotating K-type star af, = 8, a SNR per pixel " 0% ¢ e
at 550 nm of 150 is obtained in 20 mn with the HR mode. With
such a SNR, the photon noise uncertainty is 1-fn &or ex- E o) 5 |T
oplanet searches, an exposure time of 15-20 mn is required to ., . o4
average the p-mode oscillations (e.g., Bouchy et al. 2@B&)n 1 10 100
with a 2 m class telescope, a large search program for lovgmas Orbital period [days]
exoplanets at the level of 1-2 m'sprecision can be conducted
on a significantly large number of stars. Fig. 11. Radial velocity semi-amplitL_Jd_K as function of orbital period
For the follow-up of small-size transiting candidates of thforr]_k”OW” low-mass eXOP'f’J‘”elth'”' < 8-1 Myyp). Black dots and
space missiorCoRoT and Kepler, SOPHIE: is limited to the ¢l o5 o eao0e o e e e e o the exo-
brightest targets witim, < 11. For future space missions like " 2% = e V\Fl)ith SOIXHLE P
TESS or PLATO, which are devoted to searching for terre8-
trial transiting planets around bright stars, instrumesisilar
to S.OPHIB W.II.I be able to pIay a key role, as they already d%oisse, I., Bouchy, F., Chazelas, B., et al., 2010&éw technologies for prob-
for glant transiting planets. _ ) _ ing the diversity of brown dwarfs and exoplanets, Shanghai, 2009, EPJ Web
This first on-sky demonstration of the gain provided by of Conferences (arXiv:1001.0794)
octagonal fibers for high-precision fiber-fed spectrogsapBoisse, I., Eggenberger, A., Santos, N.C. et al. 2010b, AB2S, 88
will benefit next-generation instruments like HARPS-Nort/goisse. I.. Pepe, F., Perrier, C., etal., 2012, A&A, 545, 109
Cosentino et al. 2012), ESPRESSO (Pepe et al. 2010) ahgor £ & connes, b, 1999, AGAS, 136, 193
( c : ) p " HY chy, F., Maeder, A., Mayor, M., et al., 2004, Nature, 432,
SPIRou (Artigau et al. 2011). The use of octagonal fibers dogguchy, F., Bazot, M., Santos, N.C., et al., 2005, A&A, 44096
not reduce or relax the importance of the opto-mechaniahllst Bouchy, F., and the Sophie team, 2006, Tinth Anniversary of 51 Peg-b:
ity of the spectrograph itself. For spectrographs usingsiimeil- itca;t”fﬂ gjtiﬂdggwem for hot Jupiter studies, eds. L.|éro Bouchy
taneous wavelength cal_lbratlon m.ef[hod with two flbe(s, t_ms Bouchy,.F., Hebrard, G., Udry, S., et al., 2009, A&A, 505385
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