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ABSTRACT

Context. Stellar activity, and in particular convection-relatedfaoe structures, potentially cause bias in the planetctlete and
characterisation. In the latter, interferometry can helgisentangle the signal of the transiting planet.

Aims. We used realistic three-dimensional (3D) radiative hyginagnical (RHD) simulations from therSscer-grid and synthetic
images computed with the radiative transfer coden@BD to provide interferometric observables to extract tlymaiure of stellar
granulation and transiting planets.

Methods. We computed intensity maps from RHD simulations and prodsg@thetic stellar disk images as a nearby observer would
see accounting for the centre-to-limb variations. We did for twelve interferometric instruments covering wavejths ranging
from optical to infrared. We chose an arbitrary date andtatyi star with coordinates that ensures observabilitgughout the night.
This optimization of observability allows for a broad coage of spatial frequencies. The stellar surface asymmeéiribe brightness
distribution, either due to convection-related strucsusea faint companion mostlyffect closure phases. We then computed closure
phases for all images and compared the system star withsitingrplanet and the star alone. We considered the impangghetic
spots constructing a hypothetical starspots image and a@dphe resulting closure phases with the system star withnaiting
planet.

Results. We analyzed the impact of convection affeient wavelengths. All the simulations show departure ftioenaxisymmetric
case (closure phases not equal to @y at all wavelengths. The levels of asymmetry and inhomoigenéstellar disk images reach
high values with strongerfiects from 3rd visibility lobe on. We presented two possiklgéts (Beta Com and Procyon) either in
the visible and in the infrared and found that departuresoupt can be detected on the 3rd lobe and higher. In particular, MIR
is the most appropriate instrument because it combines Ydbdoverage and long baselines. Moreover, we explored thadtn

of convection on interferometric planet signature for ¢hprototypes of planets with sizes corresponding to one tngitet, one
hot Neptune, and a terrestrial planet. The signature of fmesiting planet on closure phase is mixed with the signal wuthe
convection-related surface structures, but it is posdibldisentangle it at particular wavelengths (either in thfeared or in the
optical) by comparing the closure phases of the starfBgréince phases of the planetary transit. It must be notedtdrapots caused
by the magnetic field may pollute the granulation and thesitang planet signals. However, it is possible téfelientiate the transiting
planet signal because the time-scale of a planet crossingtdiiar disk is much smaller than the typical rotationabmiation of a
star.

Conclusions. The detection and characterisation of planets must be lmmsadomprehensive knowledge of the host star; this includes
the detailed study of the stellar surface convection witerfierometric techniques. In this context, RHD simulasi@re crucial

to reach this aim. We emphasize that interferometric olagiems should be pushed at high spatial frequencies by adating
observations on closure phases at short and long baselines.
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1. Introduction velocity (i.e., the velocity of the star along the line of lsigf
an observer on Earth) depend on the planet's mass and the in-

Two very successful methods for finding exoplanets orbitirﬁ&gﬁ'né"ﬂon of its orbit to our line of sight. Measurements e t
around stars are the transiting and radial velocity methtde Doppler-shifted spectra give a minimum value for the mass of
transit happens when a planet passes between the exopianethg planet.

its host star. The planet then blocks some of the star-light d  However, a potential complication to planet detection may
ing the transit and creates a periodic dip in the brightnéfiseo be posed by stellar surface inhomogeneities (due to the pres
star. Observations taken during both the primary and sexgndence of stellar granulation, magnetic spots, dust, etdh)eohost
transit can be used to deduce the composition of the plaatet’sstar. In this article we investigate in particular problefrstel-
mosphere. lar granulation. It was first observed on the Sunl[by Herschel
As the star moves in the small orbit resulting from the pullef  (18021) and today modern telescopes provide direct obsensat
exoplanet, it will move towards the planet and then away as(&.g.,[ Carlsson et al. 2004). However, the best obsenadten
completes an orbit. Regular periodic changes in the stad&l idence comes from unresolved spectral line in terms of width

Article number, page 1 ¢f13


http://arxiv.org/abs/1404.7049v1

A&A proofs:manuscript no. 3D_interferometry

Table 1.3D simulations from $wcer-grid used in this work.

< Teg >2 [FeH] logg Xxy,zdimensions XY, zresolution M R, Number of tiles
[K] [cgs] [Mm] [grid points] [Mg] [Re] overthe diameter
5768.51 (Sun) 0.0 4.4 3.83.33«2.16 24x240x240 1.0 1.0 286
5764.13 -1.0 4.4 3.223.12¢<1.63 24x240x240 1.0 1.0 305
5781.04 -2.0 4.4 2.78.75¢1.67 24(x240x240 1.0 1.0 347
5780.06 -3.0 4.4 3.008.00x1.61 24x240x240 1.0 1.0 318
4569.23 0.0 2.0 100010001288  24x240x240 1.3 18.9 17
5001.35 0.0 3.5 27.087.0824.49 24x240x240 1.15% 3.1 121
5993.42 0.0 4.0 10.8310.8%5.66  24x240x240 1.0° 1.6 266
5998.93 0.0 4.5 2.922.92¢1.76 24x240x240 1.15° 0.99 312

& Horizontally and temporal average of the emergéfeative temperatures from Magic et al. (2013)
b Averaged value from Fig. 4 of Mosser et al. (2012)
¢ Averaged value from Fig. 2 of Silva Aguirre et al. (2011)

shapes, and strengths that, when combined with numeriadl mimg, which finds wide companions, and the use of RV mea-
els of convection, allow quite robust results to be extrftem surements, which detect close companions (Le Bouquin &lAbsi
the simulations (Nordlund et al. 2009; Asplund et al. 2060@y. 12012). Several attempts and discussions regarding pridgpec
this purpose, largefforts have been made in recent decades itbeas towards this end have already been carried out. licpart
use theoretical modeling of stellar atmospheres to solvke miar for hot Jupiter planets, with the MIRC instrument at CHAR
tidimensional radiative hydrodynamic equations in whidmc telescope (e.g.,_Zhao et al. 2008; van Belle 2008; Zhaa et al.
vection emerges naturally. These simulations take intowatc 2011) or the AMBER, MIDI, PIONIER instruments at VLTI
surface inhomogeneities (i.e., granulation pattern) aeldos (e.g., |Matter etal! 2010; Absil etlal. 2011; Chiavassa et al.
ity fields. The widths of spectral lines are heavily influethce2012; L achaume & Berger 2013). However, the extractionef th
by the amplitude of the convective velocity field, which ovemplanetary signal from the interferometric observables dfia-
shoots into the stable layers of the photosphere whererhes licult task that requires very accurate precision levelssiptes
are formed. This results in characteristic asymmetriegpets only with proportionate increase of the data signal to noise

tral lines as well as net blueshifts (e.g. Dravins 1987). dhe In this work, we present interferometric predictions ol
servation and interpretation of unresolved stellar gratioh is  from three-dimensional surface convection simulations for

not limited to the Sun_(Nordlund etlal. 2009) because numestars spanning fierent éfective temperatures, surface gravities,
cal simulations cover a substantial portion of the Hertzsgr and metallicities. Further, we present results from a safdiie
Russell diagram| (Magic etal. 2013; Trampedach et al. |2048ipact of granulation on the detection of transiting plafoet
Ludwig et al. 2009), including the evolutionary phases fiiti® three prototypes of planets offtiirent sizes corresponding to a
main-sequence over the tuffiap to the red-giant branch for hot Jupiter, a hot Neptune, and a terrestrial planet.

low-mass stars.

Since the discovery of 51 Peg (Mayor & Queloz 1995), var-
ious studies have looked at starspots. For instdnce, Sakr e2- Stellar model atmospheres

(1998) proposed the first quantitative impact of Starspets - i~et 4] (2013) described the largeGer-grid of realistic
radial-velocity measurements. The authors .StUd'ed theﬁ‘mnpthree-dimensional radiative hydrodynamical (RHD) sintiolas
of these s_urface structures on the bisector (i.e., measureo of stellar convection for cool stars usingaScer-code (origi-
spectral line asymmetries) global slope and found that cqilyy qeveloped by Nordlund & Galsgaard 189&nd continu-
vection leads to bisector variations up to a few tensms ously improved over the years by its user community), a state
Saa}r & Donghue (.19.97) pointed out they can lead to even I""r%‘f"—rthe—art (magneto)hydrodynamic code that solves thetim
radial-velocity variations for G2V-type stars. It shoulé bx- 000 4ent equations for conservation of mass, momentum and
pected that, in the case of F dwarfs or K giants, the veloatg$i energy. The code uses periodic boundary conditions hazifign
wom_JId_ be even Ia[gle r. Paulson et al. .(2.094) measured s&tato and open boundaries vertically. At the bottom of the sinioigt
variations of 5ms " due to stellar activity in a sample of Hyadegy,q infiows have constant entropy and pressure. The outfl@vs a
dwarfs. Desort et all (2(.)07) d|_sc_ussed the possibility, i.hEE'K not constrained and are free to pass through the boundasy. Th
type stars, radial-velocity variations may be due to e8NS ., jq js hased on a sixth-order explicit finiteteience scheme,
or planets. Sanchis-Ojeda & Winn (2011) showed that thesirary , 4  fiih_order interpolation. The considered large nurolser
dhata pfasuper-Neptune planet 3Xh|'(b't numerous anomakes (/vavelength points is merged into 12 opacity bins (Nordlund
they interpret as passages over dark spots. 1982;[ Skartlien 2000). The equation-of-state accountscior

The role of long-baseline interferometric observations ization, recombination, and dissociation (Mihalas et &I8€).
planet hunting is a complement to the radial velocity ancpadéarhe opacities include continuous absorption and scatferin
tive optics surveys. Thanks to the higher angular resalyiio  efficients as listed in_ Hayek etlal. (2010), and the line opaxitie
terferometry is the ideal tool for exploring separationsfie as described in_Gustafsson et al. (2008), in turn based on the
range 1 to 50 mas (Le Bouquin & Absil 2012). This is achievedALD-2 database (Stempels et al. 2001) of atomic lines ard th
by observing the closure phase measurements directly iassBCAN-basel (Jgrgensen 1997) of molecular lines.
ated with the asymmetries in the brightness distributiod, @s For the solar abundances the authors employed the latesi-che
a consequenceflvaxis detection of a companion. Long-baseline
interferometry bridges the gap between the use of direcjima’ httpy/www.astro.ku.dk-kg/PaperéMHD_code.ps.gz
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Fig. 1. Synthetic stellar disk images of the RHD simulations of &b[(columns). The images correspond to a representativelevagth for each
interferometric instruments of Taklé 2 from the opticap(tow) to the far infrared (bottom row). The averaged intgngk10° ergcn? st A1)
is reported in the lower left corner of each image.

cal composition by Asplund et al. (2009), which is based amra dine opacity data as the latest generation of MARCS models

lar simulation performed with the same code and atomic plys{Gustafsson et al. 2008). We assume zero microturbulente an

as in_ Magic et al. (2013). model the non-thermal Doppler broadening of spectral lines
using only the self-consistent velocity fields issued frdme t
3D simulations. The temperature and density ranges spanned

3. Three-dimensional radiative transfer by the tables are optimized for the values encountered in the
RHD simulations. The detailed methods used in the code are

We used pure-LTE radiative transfer@3D (Chiavassa et al. explained if_Chiavassa ef al. (2009r1@3D has already been

2009) to compute synthetic images from the snapshots of #@ployed in synergy with Bccer-code within several works

RHD simulations of the Bccer-grid (see Fig. 1 of Magic et al. (Chiavassa et &l. 2010, 2011, 2012) either concerning tihaex

2013). The code takes into account the Doppler shifts occen of interferometric observables or synthetic spectra.

ring due to convective motions. The radiative transfer éqna

is solved monochromatically using pre-tabulated extorcto-

efficients as a function of temperature, density, and wavetengly |nterferometric observable construction

The lookup tables were computed for the same chemical com-

positions [(Asplund et al. 2009) as the RHD simulations u$he aim of the present work is to present a survey of the con-

ing the same extensive atomic and molecular continuum avettive pattern ranging from the optical to the far infragetl
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Fig. 3. RHD simulations from $weer-grid used in this work with
the aimed #ective temperature (see also Table 1) over-plotted to
the Kepler planets (confirmed and candidates) in fall 20Xk@nfr
httpy//exoplanets.org (Wright et al. 2011).

4.1. From a small portion of the stellar surface to spherical
tile images

The computational domain of the RHD simulations is limited t

a small representative volume located in the stellar plpttese
including the top of the stellar convective envelope, thezom-

tal directions chosen so as to be large enough to cover an area
corresponding to about ten granular cells. The intensitpsna
computed with @rmm3D are limited to a small portion of the
stellar surface (see, e.g., Fig 1 of Chiavassalet al.| 20003, t

to overcome this limitation, we applied the same method as ex
Fig. 2. Enlargement of the synthetic stellar disk images of Hig.rttie plained in_Chiavassa etlal. (2010) to tile a spherical sertaz
VEGA instrument (Tablg]2). counting for limb-darkened®ects. The computed value of the
angle used to generate each map depended on the positien (lon
gitude and latitude) of the tile on the sphere and was ligearl
interpolated among the inclination angles.

to evaluate its ect on the detection of planet transit. We chod® addition to this, the statistical t_lle-tq-tlle quc_tuaIlS (|_.e., )
representative simulations in thesScer-grid partially covering humber of granules, shape, and size) is taken in considarati
the Kepler planets and to study thigeet of the metallicity across Py selecting random snapshots within each simulation’-tim
the HR-diagram to cover typical Kepler planets, and inaigdi S€ries. As a consequence, the simulation assumption afdperi
different metallicities for the solar model (Fig. 3). Our stiated  Poundary conditions resulted in a tiled spherical surfdob-g
approach aim to present results that can be extrapolateti¢o odlly displaying an artifactual periodic granulation patteHow-
stars in the Hertzsprung-Russel. More detailed analystsnei  €ver.Chiavassa etial. (2010) proved that the signal aatiifydn-

spect to particular stellar parameters can be conductad gpe- troduced into the interferometric observables is weakan the
cific simulations of the Seer-grid. signal caused by the inhomogeneities of the stellar surface
We estimated a stellar radius based on an applied mass taken
We used ®rm3D to compute intensity maps from the snaprom the literature (Tablel 1, 6th column), then we compube t
shots of the RHD simulations of Tatlé 1 forfidirent inclina- number {;e) of tiles needed to cover half a circumference from
tions with respect to the vertical= cos@)=[1.000, 0.989, 0.978, side to side on the spheMye = wﬁ%” where R (trans-
0.946, 0.913, 0.861, 0.809, 0.739, 0.669, 0.584, 0.50@40.4formed in Mm) andx, y—dimension come from Tablé 1.
0.309, 0.206, 0.104] (these angles have already been usieel in  The final result is an orthographic projection of the tiled
previous works of._Chiavassa et al. 2012, 2010), and for a regheres (Fid.J1). It must be noted that our method of cortstruc
resentative series of 10 snapshots spaced adequatelysa@t ing realisations of stellar disk images inevitably introda some
to capture several convective turnovers for each simulalibe discontinuities between neighboring tiles by randomligsthg
wavelength range is between 4000 and 52000 A with a specteahporal snapshots and by cutting intensity maps at high lat
resolutioni/AA = 20000. tudes and longitudes. The figure shows that the centravio-Ii
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variations are more pronounced in the optical instrumeritis w
respect to the infrared ones. Thifext was already found in
Chiavassa et all (2012, 2010) for some K-giant and sub-giant
stars and is explained by ftkrent sensitivity of the source
(Planck) function at optical and at infrared wavelengths.

4.2. Choice of interferometric instruments

Actual interferometers ensure the wavelength coverage fo-

tical to far infrared with a series of instruments mountedidn
ferent sites. TablE]2 displays the instruments we choserevhe
they are mounted, and the number of telescopes recombined as
well as the wavelength probed. We used the online Astronamic
Software for Preparing Observations (ASPRO2) of the JMMC
to extract an OIFITS file with the telescope real positionthim
UV-plane, telescope configurations, and observing waggten
Afterwards, we performed a top-hat average over the whdle se
of disk images to obtain one synthetic image for each observ-
ing wavelength. Even if a wavelength dependence exists@n th
interferometric observables, for simplicity, we assumepre-
sentative wavelength for each instrument in the rest of thikw

In Section[d, we introduce the closure phase observable and
study its potentiality for the detection of surface relatedvec-

tive structures. We do not aim to interpi@iserve a particular
star and thus, for each instrument, we chose an arbitrag/ dat
and arbitrary star with coordinates that ensure obseiitsabilr

the whole night. This choice is taken to accommodate a large
coverage of the spatial frequencies up to the 5th-6th lobenwh
possible (Fig[¥). Due to the sparse selections of base(irees
different apparent size of the targets), using this approash it i
not possible to directly compare directly the instrumehtsy-
ever, in this section, we aim to present a closure phasesofve
the convective pattern from the optical to the far infrared.
Finally, in Sectior B, we investigate a more concrete sdenar
with the choice of two real targets either in the visible amthie
infrared. Thanks to the fact that we consider fixed targetgifd-

ble and infrared instruments, we can directly compare thelte
among the dferent instruments and propose the best instrument
andor interferometric facility to detect the stellar granigat

5. Closure phase as an indicator of the stellar
inhomogeneity

The stellar surface asymmetries in the brightness digtobu
due to either convection-related structures or a faint comp
ion, afect closure phases. The sum of three phases around a
closed triangle of baselines is the closure phase: thisegiae
removes the atmospheric contribution, leaving the pha®e-in
mation of the object visibility unaltered (Monnier 2007 ,00).
Closure phases have the main advantage of being uncordupted
telescope-specific phase errors, including pointing srratmo-
spheric piston, and longitudinal dispersion due to air aatew
vapor (Le Bouquin & Absil 2012). Closure phase errors, when
known, are reported in Tallé 2.

However, owing to the sparse structure of the point spread-fu
tion associated with the diluted aperture of an interferemgee

Fig. 4. Typical UV coverage in meters for theffiirent instruments of Fig.[4), the position and the morphology of these surface-nh

Table[2 over-plotted to the Fourier Transform of the RHD datian of
the Sun (Tabl€]1l). Red dots correspond to the telescopeimagelsi-
tions during the arbitrary observation we prepared. Theotbility is
assured for approximatively a whole night with a large efongmber
of Earth rotation aperture synthesis baseline points. Tthigrary appar-
ent size of the star is reported in the top-right corner ohgzamel.

mogeneities depend on their relative orientation and orirthe
terferometric baselines.

Figure[1 shows irregular stellar surfaces with convection-
related surface structures, whose sizes depend on tharstell

2 www.jmmec.fraspro_page.htm
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Table 2. Interferometric instrumentsonfigurations used in this work. Some of the instruments ower other wavelength range or be used
with different configurations, but what we chose is a good repregamtfatr the purpose of the present work. All the informatidsoat the
instrumenfconfiguratiofwavelengths have been retrieved on ASPRO2, except for WIMDE. Garcia, private communication).

Name Location Max wavelength Closure Configuration Numlber o Active Reference
baseline [m] range [A] Phase errdi [ chosen telescopes  sirifrem
VEGA CHARA® ~331 ~6400-8800 — W2-E2-S1-E1 4 2009 1
PAVO CHARA ~331 ~6500-8000 — S1-W1-W2 3 2011 2
VISION NPOI®) ~432 ~5500-8500 — ACO-AWO0-ANO-E06 4 20147 3
ACO0-AE0-AW0-ANO-E06-W07 6 3
CLIMB CHARA ~331 1286221349 — S1-W1-W2 3 2005 4
broad-band
MIRC CHARA ~331 ~14000-18000 0.1-09 S1-S2-W1-W2-E1-E2 6 2007 5
AMBER VLTI@ 130 ~21200-25000  0.20-0.8 A1-G1-J3 3 2004 6
PIONIER VLTI 130 1681¢R0510 0.25-f) A1-G1-K0-J3 4 2010 7
broad-band
GRAVITY VLTI 130 ~20000-24000 ® A1-G1-K0-J3 4 2015? 8
MATISSE VLTI 130 ~28600-52000 < 1.16" A1-G1-K0-J3 4 201672 9

@ ften Brummelaar et al._ (200%) [Armstrong et al.[(2014%) [Zhao et al.[(2011. 201D, 2008) [Haguenauer et hl. (2008 [Absil et al. (2010) for medium
resolution® [Le Bouquin et al.[(2011); Absil et al. (201 Final Design Review 2011, private communicati®iLope? (201P)

References(1)Mourard et al.[(2009); (2) Ireland et al. (2008);(3) Gdragour et al. (2012); (4) ten Brummelaar €tial. (2005); (5hMer et al.
(2004); (6)_Petrov et al. (2007); (7) Le Bouquin et al. (2QX8) [Eisenhauer et al. (2008); (9) Lopez et al. (2008).

parameters of the simulations. There are pronounced eentre with 6 telescopes one obtains 20 closed triangles of baselin
to-limb variations in the optical (VEGA to NPOI instrumepts (20 closure phases), 15 Fourier phases, and 10 independent
while these are less noticeable in the infrared. This is tpain  closure phases

due to the dterences in Planck functions in the optical range

and in the infrared region. Chiavassa et al. (2012, 2010) demonstrated that, in the case
Starting from these synthetic images, we followed the mathef Procyon and K-giant stars, the synthetic visibility ces\pro-
described in_Chiavassa ef al. (2009) to calculate the déscréuced by the RHD simulations are systematicallyedent from
complex Fourier transforr for each image, with particular spherical symmetric modeling, with an impact on the radgfs,
interest only in the closure phases. From the OIFITS files ftgctive temperature, and departures from symmetry. This wa
each instrument we know the set of all baseline vectors (i. noticeable at higher spatial frequencies and mosfigcéing
plane) of all the telescopes (see SECil 4.2) and we matchid tHhe signal of the closure phases. The authors interpreiecsh
frequencies in the UV-plane with the corresponding poimthie  the signature linked to the convection-related surfacectires.
Fourier transform of the synthetic images. The phase foh edgtarting from these remarks, we decided to concentrateuur s
telescope is tap = I(F)/R(F), whereI(F) and R(F) are Vey study only on the closure phases.

the imaginary and real parts of the complex numberespec- Figure[® displays closure phases deviating from the ax-
tively. Finally, the closure phase is the sum of all phasiedi isymmetric case that are particularly occurring in optidgdrs,
ences between closed triangles of telescope baselinesoedy where the dispersion is larger (e.g., VEGA, NPOI, and PAVO
telescopesCP(1-2-3) = ®1_»+®d,_3+d3 1, whereCP(1-2-3) instruments). Depending on the instruments and spatial fre
is the closure phas®;_, is the arctan of the Fourier phasesgan quency spanned, the departures from symmetry may be large or
for the telescopes 1-2. not. However, it is apparent that the convection-relatethse

In our survey, we used the setup offdrent instruments (Ta- Structures have a signature on the closure phases.

ble[2) characterised by a number of telescopés/arying from

3 to 6. Monnierl(2003) showed that the possible closed tieeng  The characterisation of the granulation signature is aealy

of baselines (i.e, one closed triangle gives one closursgsas in Fig.[6, where the departure from axisymmetric case @le-,

(N) = MN-DN-2 1,4t the independent Fourier phases are givéHre phase dierent from zero oter) of all the RHD simulations

3)= 7 R i ic ie di
_and interferometric instruments is displayed. We procecdfla
by (5) = 82452, and thus, not all the closure phases are indgjys: ey P

pendent but only™; ") = &=N-2),

2
The number of independen% closure phases is always less tharfor all the instruments, we determined théeiencey;, be-
the number of phases one would like to determine, but the tween the synthetic closure phases and the axisymmetric val
percent of phase information retained by the closure phasesues zero oex from all spatial frequenc
improves as the number of telescopes in the array increasesbased on the UV coverage of Hig. 4 and the synthetic visibil-

(Monnief2003). ities, we identified the frequency limits of the lobes (veatti
To sum up: dashed red lines of Fif] 5);
— we averaged; over the frequencidadalling inside the lobe’s
limits;

— with 3 telescopes one obtains 1 closed triangle of baselines i 456 of multiple closed triangles (i.e., multiple valaés
(i.e., 1 closure phase), 3 Fourier phases, and 1 independent|ssyre phases such as for instruments working with 4 or 6
closure phase telescopes), we selected the largagst

— with 4 telescopes one obtains 4 closed triangles of baseline
(4 closure phases), 6 Fourier phases, and 3 independent clodt is remarkable that all the simulations show departurenfro
sure phases the axisymmetric case at all the wavelengths. At least fer th
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Fig. 5. Scatter plot of closure phases of 20000 random baselingtaa (black dots) as a function of the maximum linear extensorresponding
to the configuration chosen for each instrument of Thble 2fanthe RHD simulation of the Sun (Taté 1). The colored sytatmver-plotted
display the closure phases for the configuration chosentfge®V-planes of Fig]4) and the vertical dashed red lines ¢fie approximative
positions of the dferent lobes.

chosen configurations, it is fiicult to determine clear ffer- ing equation can be used to retrieve second zero of the Ntgibi
ences among the stellar parameters and, in particulahéatif- curve (i.e., the third lobe):

ferent metallicities of the solar simulations. In additimnthis,

it must be noted that the averaggdmay smooth out the dif- gry — 2 23. A _ 5pg. 42062651000 1)
ferences even if these observables are useful for pointihthe frad] 6[mas]

signature of the convection-related surface structures. . . . ,

The levels of asymmetry and inhomogeneity of stellar disk in/hered is the apparent diametetis the wavelength in meters,
ages reach very high values of several tens of degrees v B is the baseline in meters. For example, a sun observed
stronger ects from 3rd visibility lobe on. In this work we as-at wavelength 0.4m (e.g., VEGA instrument) witl$= [0.5,
sumed precise values for the arbitrary observations (@i 2, 5, 10] mas the third lobe will be probed with a baselines of

To estimate the baseline needed for other stellar sizefoltbe- aPout[645, 165, 65, 33] m. The same example in the H band 1.6
um (e.g., PIONIER instrument) gives baselines of about [1472
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Fig. 6. Differencesy, between the closure phases and zeraoi(i.e., departure from axisymmetric case) for all the sirtiates of Table 1L

(horizontal axis) and all the instruments of Table 2 (vedtixis).y has been averaged over the spatial frequencies corresgatadihe diferent

lobes spanned by the instruments configuration (see tedtfaneach simulation, 6 lobes are displayed: black for stddbe, violet for the 2nd,
light blue for the 3rd, green for the 4th, yellow for the Sthgaed for the 6th. Only the lobes spanned in the UV-planesgf4rare plotted. The
symbols correspond tofiierent values, in degrees.

368, 148, 74] m, respectively; and for the L band ap@®with Table 3. Reference targets and associated RHD simulations of [able 1
baselines of [27600, 2900, 2760, 1380] m, respectively.

Name Spectral angular RHD

Finally, to estimate the distance of the observed star the fo Seta Com (HD 114710) ngv dlameltglr [mas] <['S|'Effn>]

lowing equation can be used: Procyon (HD 62421) F51V 5.4 5% 5993.42
_ R[R.]-9.305 @ [Richichi et al. [(2005§P [Chiavassa et &l. (2012)

d[pel =~ ()
whered is the distance of the observed star in par&jR.] extension of the next generation interferometric infrastures.

is the radius of the star in solar radii, afds the apparent di-

ameter. The optical and the near infrared wavelengths are mo In this section, we performed the closure phase analysis for
affordable in term of baseline lengths because they are less thao real targets: Beta Com and Procyon (Table 3). Beta Com has
400 meters for stellar sizes larger than 2 mas, it is howeweembeen chosen for its smaller angular diameter so as to #ltestr
complicated for the mid-infrared wavelengths where theldas observations in the visible while the large diameter of RPooc
lengths become kilometric. The signature on the closursgihaensures a good UV coverage in the infrared. As before, we pre-
can be evaluated by accumulating observations at shoroaigd Ipared adapted OIFITS files for each instrument using real ob-
baselines. This can be ensured by the fact that the instianerervability coverage.

errors on closure phases is much smaller than the expeated cl Fig.[7 displays smaller departures in closure phases with re
sure phase departures (see Table 2). It is however impddanépect to the configurations taken in Hig. 6: in general allithe
note that probing high frequencies, the signal to noise witthe  struments (except for MATISSE and NPOI, which do not probe
measurements would be very low due to low fringe visibiitie frequencies larger than the first lobe) show closure phases d
greatly deteriorating the closure phase precision afettng partures ¢) of the order of few degrees with largest values of

the instrument capability. the order of~ 16° (to be compared with instrumental errors of
Tablel2).
o As we only considered, in this instance, one single target fo
6. Applications all the visible instruments, and another for the infrarestrim-

ments, we can directly compare the results among thierdnt
instruments. Both PAVO and VEGA return values lower than
In previous section we showed that the detection of closubes with a closure phase signal starting from the 2nd lobe for
phase departures from symmetry needs stars resolved up toMBGA. More interesting is the infrared region with VLTI's-in
3rd and 4th lobes, as well as in some cases, the 5th or 6th lolstimiments showing departures already from the 2nd lobe: AM-
This reduces the number of targets that can be observed vBEER and GRAVITY with values lower than 0.8PIONIER in

the actual interferometric baselines but foresees the fogezth the H band with values of 4232nd lobe) 6.4 (3rd lobe), and

6.1. Study of the granulation on two real targets
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T T Table 4. Prototypes of planets chosen to represent the planet ttransi
CLIMB K [~ ® ® 4> — phases of Fig]&
PIONIER K|~ ® A —
J— 5 % _ Name Jupiter  Jupiter  semi-axis Real
| o v | Mass  Radius [AU] hosting star
PIONIER H Teff[K] /Iog g
AMBER = ® k n Kepler-11 0.006 0.222 0.2504 566837
MIRC 6Tel [~ ® ® «@mOw — HD 149026 K 0.360 0.654 0.0431 616028
oLms - ® o> o i CoRoT-14 3K 7.570 1.090 0.0269 604045
avol ®® ® 1 @[ opez & Fortneyl(2013) [Sato et al.[(2005) [Tingley et al. (20111)
VEGA |~ ® ® 0 1

— We chose three prototypes of planets representifigrdint

O v é é sizes and compositions (Talile 4). However, the purpose of
s z e this work is not to reproduce the exact conditions of the
o 4 4 planet-star system detected but to employ a statistical ap-
A Fass E £ proach on the interferometric signature foffeient stellar
A ° g parameters hosting planets wittfdirent sizes.

@ v-v g & — we simulated the transit of those planets for stars witlestel

parameters of RHD simulations of Table 1. Two representa-
Fig. 7. Same as in Fid]6 but for two real targets: Beta Com and Procyon tive examples are reported in Fig. 8;
(see Tabl&I3 for the associated RHD simulation). MATISSE MROI — we computed the closure phases for three planet-star sys-
do not probe frequency larger than the first lobe and have e be- tem images corresponding to three particular planet tran-
ported. The size of the circles correspond thatent value, in degrees. sit phases. The fierent selections Instrumeritvavelength
Note that the values af are smaller than in Fifll 6. The crossed-circle (configurations reported in Sdg. 5) of the synthetic images i
means that there are no detected departures . . ) S

a representative choice among the numerous possibilities;

— we determined the ffierence between the planet-star system

PIONIER in the K band with 2:9(2nd lobe). CHARA's instru-  2nd the star alone (Fig] 9).

ments do not show departures on the 2nd lobe but they probe
higher frequencies up to the 6th lobe with MIRC (1°3.85.3,

16.4, 13.2 for the 3rd, 4th, 5th, 6th lobe), CLIMB J band (6,5
0.2, 5.7° for the 3rd, 4th, 5th lobe), and CLIMB K band (12,3

For modeling the flux of the irradiated planet, we use the
same prescriptions as Chiavassa et al. (2012). Since oanrimai
terest is related to the impact of the planet size on thefater
ometric observables, and the flux of the planet is much smalle

_?_r‘?o fortth(T_Src:, 4th Iotbe). dtel ith th ” than the stellar flux, we used the same model for the planetary
€ actual Instruments and telescopes, with the errorsasu® g, igarman et di. 2001), in particular the spectra of hotaxt

phases reported in Tallg 2, allow, in principle, the devectf solar planet around a generic cool star
the granulation. The closure phase signal is already mare pr Our interest is related to the closure phase signature due to

nounced in the infrared for the 2nd lobe and may be detecied )anet with respect to the stellar granulation. Figursss
with very good weather and instrumental conditions but@es v the geometrical configurations of the planet-statesys
tainly easier to detect from the 3rd lobe on. The long basedet ¢, 11,0 representative example of the Sun. As already regant

of CHARA telescopes is more advantageous as higher frequgiiia, assa et al. (2012), the ratio between the stellarsitieand
cies are probed. Moreover, MIRC instrument with 6 telescope, planet integrated intensity is stronger in the inframtt re-

recombination is the most appropr!ate instrument as i.t ¢oesh ectto the optical. The stellar intensity,, atits centreyg = 1)
good UV coverage and long baselines. Our analysis is basefﬁnthe synthetic images of the simulations of Fiy. 8, and the

the assumption of very good conditions, but, in the contéxt g, o+ jntegrated intensityianes at the wavelength correspond-
non-zero exposure times and the presence of atmosphévie tu ng to the instruments of Tablé 2 are reported in Table 5.
lence, the accuracy on closure phase measurements is also diye considered three particular planet transition phases
fected by piston noise. The statistical uncertainty on thewe ey m) ¢orresponding to the ingress and egress of theitrans
ph?‘ses depends on the a.tmos.pherlc conditions with th.enp| iBn as well as the planet at the centre of the stellar disle Th
noise contribution decreasing with the square root of thegita- ¢ ting absolute dierences (in degrees) between the closure
tion time [Le Bouquin & Absil 2012). Optimal observing strat y\ases"of the planet-star system with the ones of the stae alo
egy could however be defined to reach the needed accuracy, 3s; FigD®. The figure shows that, for all the instrumerits, t
already demonstrated by some of instruments of Table 2. absolute diterence scales with the size of the planet considered:
the smaller planet returns smalleffdrences. There is however
6.2. Transiting planet an exception for the H band-MIRC and MATISSE where there is
not a clear distinction between thdigrent planets as the base-
Chiavassa et al. (2012) explored the impact of the convectio lines probe very high spatial frequencies (fEiy. 4) and thue fi
interferometric planetary signature around a RHD simatatf details.
a sub-giant star. The authors estimated the impact of theugraMoreover, the closure phasdifdirences are larger in the optical
lation noise on a hot Jupiter detection using closure phaisés wavelengths where the stellar surface is not flat but ratber“
found that there is a non-negligible and detectable comamirugated”, due to the larger fluctuations and the higher eshof
tion to the signal of the hot Jupiter due to the granulatiemfr granulation than in the infrared. Finally, while for someti-
spatial frequencies longward of the third lobe. In this warke ments it is not possible to disentangle the transition pbagee
extended this analysis to all the simulations of Table 1gitiie planet (because of the configurations chosenarttie spatial
following procedure: frequencies spanned), for others (VEGA, PAVO, CLIMB, and
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Fig. 8. Synthetic stellar disk images in PIONIER H band togethehuliree planet transiting phases (black color) for the Sufatie[1. The
prototypes of planet are from Talile 4 and are: Kepler-11tgtype planet (left column), HD 149026 b prototype (cent@lmn), and CoRoT-14
b prototype (right column). The purpose is not to reprodieeseixact conditions of the planet-star system already tetdnit to have a statistical
approach on the interferometric signature fdfatient stellar parameters hosting planets witfedent sizes.

Table 5. The stellar intensitylar, at its centre = 1) for the synthetic images of the simulation of Hij. 8, anel panet integrated intensity,
lpianes at the wavelength corresponding to the instruments ofe[@blThe diferent selections of Instrument and wavelengthof the synthetic
images is a representative choice among the numerous ficissib

Instrument| VEGA PAVO NPOI NPOI CLIMB MIRC
4 Tel 6 Tel J band 6 Tel
Aused 7312A 6400A 5669A 5817A 12862A 159407
Istar/ | planet 1702 5524 13228 82619 148 29
Instrument| AMBER PIONIER GRAVITY PIONIER CLIMB MATISSE
H band K band Kband LM band
Aused 23015A 16810A 22000 A 20510 A 213507 28675A
Istar/ | planet 84 15 16 22 15 13
VEGA AMBER PIONIER H band
100.0000F " T . 4 1000000 T T T T ] 100.0000 100.0000 j j j
= IS fe = =
° 10.0000 °  10.0000 °  10.0000 ° 10.0000
& 1.0000F & 1.00000 % 1.0000f & 1.0000F
=~ oiooof = oo =~ 01000 =~ oiooof
3 3 3 3
5 5 5 5
2 ooloof 2 00100 2 0.0100F . 2 ooloof
5 5 5 5
7 7 7 \ 7
o 0.0010F o 00010 o 0.0010F 4 4 a4 00010F
e e e e !
0.0001 " R R R 0.0001 L R R R R R R 0.0001 R R R R 0.0001 L
260 280 300 320 110 115 120 125 130 135 140 260 265 270 275 80 90 100 110 120 130 140
Maximum Boseline [m] Maximum Boseline [m] Maximum Boseline [m] Maximum Boseline [m]
NPOI 4 Tel GRAVITY NPOI 6 Tel PIONIER K band
__100.0000F " i "1 _ 100.0000f T " _ 1000000f T i i § 1 . 1000000 j j j
> > > >
°  10.0000 4 ° 100000F ° 10.0000 I 4 ° 100000F
% 1.0000f & ; 4% 1.o000F & 1.0000F ! 4% 1.o000F
=~ 01000 14 oo =~ oiooof ?f ' 14 oo
3 3 3 4 3
5 5 5 5
2 00100 4 % oomwof 2 ooloof 4 % oomwof
5 5 5 5
7 7 7 7
o 00010 4 a4 00010F o 0.0010F 4 a4 00010F
e e e e
0.0001 L+ R R R R 0.0001 L R R R R 0.0001 . . " 0.0001
35 40 45 50 55 100 110 120 130 140 20 40 60 80 80 90 100 110 120 130 140
Maximum Boseline [m] Maximum Boseline [m] Maximum Boseline [m] Maximum Boseline [m]
CLIMB J band CLIMB K band MIRC 6 Tel MATISSE LM band
__100.0000 T i ; 4 _ 100.0000f T T T 4 _ 100.0000F 4 _ 100.0000f J " " ]
o 100000 1 o 100000F. AV 4\' o 1 & 10.0000F 1 o 100000 g
i3 i3 g @ i3
% 1.0000f " 4% 1.o000F 4g 10000 4% 1.0000f g
=~ 01000 14 oo 4% ao00f 4% ool B
3 3 3 3
5 5 , ] 5 y
2 00100 4 % o000 4% oowof 4 & oo0100f { B
5 5 5 5
7 7 i 7
o 00010 4 a4 00010F 4 o 00010F 4 o oo0l0f g
e e e e
0.0001 R R R R 0.0001 " " . . 0.0001 0.0001
260 265 270 275 260 265 270 275 200 220 240 260 280 320 340 20 100 110 120 130 140

Maximum Baseline [m]

Maximum Baseline [m]

Maximum Baseline [m]

Maximum Baseline [m]

Fig. 9. Absolute closure phaseftirences (in degrees) between the star with a transitingepl&ig.[8) and the star alone (FIgd. 1) for all the
instruments of Tablel2. The black colour correspond to thallest prototype planet Kepler 11-f of Tahle 4, the red toitlermediate planet HD
149026 b, and the blue to largest planet CoRoT 14-b. The wtaloals connected with solid lines correspond to the plahase entering in the
stellar disk (see Fi]8), the circle symbols connected ditited line to the planet at the centre of the stellar disk,tae triangles connected with
dashed line to the planet exiting the stellar disk.
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AMBER) it is clear that diferent transit positions haveftér-
ent dfects on the closure phases (this is also shown in Ligi &
Mourard, in preparation).

The signature of the transiting planet on the closure phase
is mixed with the signal due to the convection-related sigfa
structures. The time-scale of granulation depends on kst
parameters, and varies from minutes or tens of minutes for so 0.5
lar type stars and sub-giants, to hours for more evolved red g
ant stars. If the transit is longer that the granulation tsnale
(which is the case for most of main sequence stars), it isipless
to disentangle its signal from convection by observing at pa
ticular wavelengths (either in the infrared or in the opljieand
measuring the closure phases for the starféi¢idince phases of
the planetary transit.

For this purpose, it is very important to have a comprehensiv
knowledge of the host star to detect and characterize thigngb
planet, and RHD simulations are very important to reach this
aim. -1.0

-1.0 -0.5 0.0 0.5 1.0
x [Rsun]

1.0

0.0

y [Rsun]

-0.5

6.3. Closure phases impact: granulation versus limb
darkened law Sun [Fe/H]=0.0

We show in this section that the planet detection with clesur
phases is strongly influenced by the intrinsic stellar glatian
presented in Sel] 5. For this purpose, we computed imagles wit
out stellar granulation and using the limb darkened law and c
efficients of Claret (2000). We proceeded using appropriate lim
darkened cocients for the wavelength range of the interfero-
metric instruments of Tablé 2 and for the same stellar paierse
of RHD simulations Tablg]1. Then, we simulated the planettra
sitions and compute the resulting closure phases usingithe s
approach and prototypes of planets as the previous section. [ % Synihetic images from RHD simulstion

— - v 1000 x Limb darkening image with Corot 14b -

Fig.[I0 (top) displays a typical example for the limb dark- 50: 41988 e time gg:t:g}gg }ggé: A ]
ened image of the Sun. The bottom panel of the figure shows T
the comparison between the closure phases of the synthetic i Moximum Boseline [m]
ages from the RHD simulation of the Sun and the ones from
the limb darkened image with the transiting planet. Thewles Fig. 10. Top: limb darkened image (made using the law andficoe
phases of a limb disk without the presence of inhomogeiseitigents of Claret 2000) for AMBER instrument together witretd planet
on its surface is zero atr, while the transiting planet causegransiting phases (black) for a star with the sun stellaaipetersBot-

very small departures from spherical symmetry. It is evidieat tom: Scatter plot of closure phases computed for the Sun witSitiag
the departure from zero ar due to the convection-related surPlanets using limb-darkening unidimensional models withgranula-
n (colored symbols) versus closure phases of the carnelipg RHD

face structures are much larger than what it is expected éy gﬁmulation of TabldTl (black symbols). The dashed line iatis the
transiting planet on axisymmetric images. This resultenslar . degree.

for all instruments and stellar parameters employed invtioik.

It is essential to use reliable RHD hydrodynamical simolati
for preparing and interpreting observations aimed to deted
characterize planets.

150 -1
100 -1

50 -1

Closure phose (degree)

Table 6. Parameters for the starspots.

Spotl Spot2 Spot3 Spot4

Size [% of stellar radius] 10.0 1.1 15 2.2
: ; Temperature [K] 3800 3900 4100 3900
6.4. Magnetic starspots impact on closure phases Longitude [] 25, 10. 30, -10.

An immediate problem for detecting transiting planets gmali

contamination from starspots caused by the magnetic fiettokeof

star. Starspots are created by local magnetic field on tharsteearly G stars and down to 200K for late M stars (Berdyugina
surface and they appear as cool (and therefore dark) regeon2005), in our case we assumed temperatures for the spots of
compared to the surrounding surface. This is due to the inki2000K. We used spot size values betweed.1% and~ 10%
bition of the convective motions by a strong enough magneti the stellar radius based on the large compilation of detec
field that blocks or redirect the energy flow from the stellaatellar spots with Doppler imaging (Strassmeier 2009).

interior (Strassmeier 2009). We used the intensity map fiteen

RHD simulation of the Sun (Tabld 1) in the MIRC instrument Figure[11 (top) displays the resulting stellar disk imagee T
wavelengths (Tabl€]2) to construct a hypothetical stasspaipparent size of the spots should be compared to the apparent
image. We chose to put four spots affelient longitudes and sizes of the transiting planets of Fig. 8. The closure phiasab
distances from the center (Table 6). Thé&eatlience between thefor the RHD simulation considering only the granulation émal
photosphere and the spot temperatures is up to 2000K for F amé with starspots show non negligibléfdrences (bottom-left
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Fig. 11.Top: synthetic stellar disk image of the Sun (Table 1) for MIRQimsient with four darker starspots (see text) with paranseteported
in Table[®.Bottom left: Scatter plot of closure phases computed for the Sun witlsmtés (black stars) and for the Sun (red trianglBsjtom
right: same as in bottom left panel but for the Sun with transitiragpts.

panel of the figure), even thought it seem@idult to disentangle metric observable with intrinsic and unaltered informatidout
from the granulation signal due to its chaotic behavior. dorthe stellar surface asymmetries in the brightness distobuei-
over, it is also visible in the bottom-right panel that tharspot ther due to convection-related structures or a faint congpan
signal on closure phases can be of the same order as the-traig made our predictions as real as possible using actua inte
ing planet signal. Consequently, the planet signal may Ime cderometric instruments and configurations. All the simiolasg
taminated. show departure from the axisymmetric case (closure phages n
Starspots caused by the magnetic field may pollute the graergual to 0 oe-x) for all the wavelengths, but, at least for the cho-
lation and the transiting planet signals, at least for thespibts sen configurations, it is fficult to determine clear fferences
configuration we considered. However, it should be possibleamong the stellar parameters and, in particular, for tferint
differentiate the transiting planet signal as the time-scale ometallicities of the solar simulations. The levels of asystim
planet crossing stellar disk is much smaller than the typiwa and inhomogeneity of stellar disk images reach very highesl
tational modulation of the star. A more detailed analysitlvé of several tens of degrees with strong@eets from 3rd visibility
reported in a forthcoming paper. lobe on. We explored the possibility of detecting the gratiah
pattern on two real targets (Beta Com and Procyon). We found
7 Conclusions that the detec'gion on the_ 2nd lobe is possible either in thiblei

) or in the near infrared with closure phase departures oftless
We presented an application of theaGser-grid of realistic, 1°; detections on the 3rd, 4th, 5th, 6th lobes (with departupes
state-of-the-art, time-dependent, radiative-hydroayicastellar to 16°) are possible using CHARA's instruments, and, in partic-
atmosphere. We used the simulations to provide synthetic ittar, MIRC is the most appropriate instrument because it-com
ages from the optical to the infrared and extract interferim  bines good UV coverage and long baselines. In generalfémier
observables aimed to study stellar convection as well dmits ometers probing optical and near infrared wavelengths @are m
pact on planet detection and characterisation. RHD siiomst adapted to reach higher spatial frequencies as the 3rdlisib
are essential for a proper quantitative analysis of interfeetric lobe can be probed with baseline lengths less than 400 meters
observations and crucial for the extraction of the signal. for stellar sizes larger than 2 mas. It is more complicatedtfe

We analysed the impact of convection affelient wave- mid-infrared wavelengths where the baselines become kitom

lengths using the closure phases. Closure phase is théenater ric. We emphasise that stars should be observed at higrakpati
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frequencies by accumulating observations on closure ghatseHayek W., Asplund M., Carlsson M., et al., Jul. 2010, A&A, 5149

short and long baselines.

We explored the impact of convection on interferometrilc

planet signature for three prototypes of planets with scaes

Herschel W., 1801, Royal Society of London PhilosophicanBactions Series

I, 91, 265

reland M.J., Mérand A., ten Brummelaar T.A., et al., Jul00In: Society
of Photo-Optical Instrumentation Engineers (SPIE) Cariee Series, vol.

responding to one hot Jupiter, one hot Neptune, and a terresr013 of Society of Photo-Optical Instrumentation Engise@PIE) Confer-

trial one. Considering three particular planet transitirases,

ence Series

we compared the closure phases of the star with the tragsit#§rgensen U.G., 1997, In: van Dishoeck E.F. (ed.) IAU Symuposvol. 178 of

planet and the star alone. The signature of the transitarggblon

the closure phase is mixed with the signal due to the coruecti

related surface structure but it is possible to disentaihgtepar-
ticular wavelength (either in the infrared or in the opt)cétican

be achieved by measuring the closure phases for the stdieat di
ent phases of the transit. Starspots caused by the mageddic fi

IAU Symposium, 441-456
Lachaume R., Berger J.P., Nov. 2013, MNRAS, 435, 2501
Le Bouquin J.B., Absil O., May 2012, A&A, 541, A89
Le Bouquin J.B., Berger J.P., LazérB., et al., Nov. 2011, A&A, 535, A67
Lopez B., Dec. 2012, Publications de I'Observatoire Astroigue de Beograd,
91, 129
opez B., Antonelli P., Wolf S, et al., Jul. 2008, In: Sogietf Photo-Optical
Instrumentation Engineers (SPIE) Conference Series70dl3 of Society of

of the star may masquerade as planets for interferometric obphoto-Optical Instrumentation Engineers (SPIE) Confezederies
servations. We showed that the starspot signal on closasegsh Lopez E.D., Fortney J.J., Nov. 2013, ArXiv e-prints

can be of the same order as the transiting planet signab(sttite
the example configuration we considered). However, it shbal

possible to dierentiate between them because the time-scal

a planet crossing the stellar disk is much smaller than thieay
rotational modulation of the star. It is, however, impottamote

that when probing high spatial frequencies, the signal iseno
ratio of the measurements would be very low due to low frin

visibilities, greatly deteriorating the closure phasecisi®n and

affecting the instrument capability. Moreover, this would unfl

ence the capability and sensitivity of detecting the sigres of
granulation and disentangling the planetary signal.
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