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Radial	  Velocity:	   Transits:	  

mp	  and	  Rp	  depend	  on	  M★and	  R★.	  However,	  δR★≈	  5%	  and	  δM★≈	  10%.	  
1.  Obtain	  stellar	  parameters	  with	  2%	  accuracy	  

Stellar	  acCvity	  (magneCc	  spots,	  granulaCon)	  è	  noise	  +	  false	  detecCon	  
2.	  How	  can	  we	  deal	  with	  stellar	  acCvity?	  
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Distances	  d	  
δd	  ≈	  10%	  

Asteroseismology	   Hipparcos	  

Angular	  diameter	  θ	  	  
δθ	  ≈	  2-‐5	  %	  

θ	  +	  d	  è	  	  R★	  
δR★	  ≈10%	  	  

δRp	  ≈	  5-‐10	  %	  
δMp	  ≈	  10%	  

OscillaCon	  
frequency	  
Δν,	  δν	  

gravity,	  density	  

HRA	  

Teff,	  M★,	  age	  

Stellar	  models	   Planetary	  
models:	  	  

composi<on,	  
habitability?	  

STELLAR	  PARAMETERS	  
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HRA	  

Distances	  d	  
δd	  ≈	  1	  %	  

Gaia	  

Angular	  diameter	  θ	  	  
δθ	  ≈	  2-‐5	  %	  

θ	  +	  d	  è	  	  R★	  
δR★	  ≈2	  %	  	  

δRp	  ≈	  2	  %	  
δMp	  ≈	  2	  %	  

Teff,	  M★,	  age	  

Asteroseismology	  

OscillaCon	  
frequency	  	  
Δν,	  δν	  

gravity,	  density	  

Planetary	  
models:	  	  

composi<on,	  
habitability?	  

Stellar	  models	  

	  	  	  	  	  	  	  	  	  	  	  Model-‐independent	  
BeMer	  accuracy	  on	  parameters	  
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van	  Ci\ert	  &	  Zernicke	  theorem:	  	  
«	  complex	  degree	  of	  mutual	  coherence	  ϒ12	  
equals	  the	  Fourier	  transform	  of	  the	  spaCal	  
intensity	  distribuCon	  of	  the	  source.	  »	  

!!!!!!

!!! ! !!!
!! !!" ! !!

! !!
!!!! !

Two	  beams	  ψ1	  et	  ψ2	  coming	  from	  the	  
same	  source	  and	  mixed	  in	  a	  coherent	  
way.	  

INTERFEROMETRY	  PRINCIPLE	  
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Σ	  
θUD	  =	  1	  mas	  

θUD	  =	  0.5	  mas	  

θUD	  =	  2	  mas	  
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Measurement	  of	  differenCal	  phases	  
and	  
	  

if	  3	  telescopes	  :	  	  
3	  arguments,	  	  
3	  phases:	  	  
measurement	  of	  the	  
phase	  closure	  
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HR	  diagram	  
	  è	  stellar	  masses	  and	  ages	  
	  è	  minimum	  masses	  of	  
	  exoplanets	  

	  
	  

Interferometric	  results	  	  
Summary	  for	  17	  stars:	  
<δθ★>	  =	  2.4	  %	  with	  <δd>	  =	  3.8	  %	  
<δR>	  =	  5.0	  %	  
<δTeff>	  =	  100	  K	  

STELLAR	  PARAMETERS	  

PARSEC	  tables	  (Bressan	  et	  al.	  2012)	   10/07/14 Roxanne Ligi - CoRot3-KASC7 10 

Ligi	  et	  al.	  2012	  
Ligi	  et	  al.,	  in	  prep.	  



Current	  limitaCons:	  	  
o  the	  measured	  signals	  contain	  the	  signal	  of	  the	  stellar	  intrinsic	  noise	  
o  not	  possible	  to	  directly	  measure	  the	  LD,	  nor	  stellar	  acCvity	  effects…	  :	  

not	  possible	  to	  measure	  very	  low	  visibilCes	  

	  

LimitaHons	  
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INTERFEROMETRY	  PRINCIPLE	  

55	  Cnc	  
θ★=	  0.63	  ±	  0.02	  mas	  
	  



In	  the	  future	  :	  more	  sensiCve	  instruments	  
o  the	  noise	  signal	  will	  be	  measurable	  è	  AO	  
o  transiCng	  exoplanets	  can	  be	  characterized	  

LimitaHons	  

•  Improve	  instrumentaCon	  
•  Impact	  of	  stellar	  acCvity	  on	  interferometric	  observables?	  

o  future	  needs	  in	  instrumentaCon?	  	  
o  prepare	  adequate	  observing	  strategies	  
o  prepare	  the	  interpretaCon	  of	  future	  data	  è	  evolved	  models,	  disentangle	  

exoplanets	  and	  acCvity	  signals	  
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Stellar	  acCvity	  linked	  to	  the	  detecCon	  and	  characterizaCon	  of	  exoplanets:	  
	  
•  Radial	  velocity	  measurements	  :	  

•  Spots	  can	  mimic	  planetary	  signals	  	  
(ex.	  :	  HD166435,	  Queloz	  et	  al.	  2001,	  
Gliese	  d	  and	  g)	  

•  Noise	  on	  RV	  and	  BVS	  (e.g.	  Lagrange	  et	  al.	  2010,	  	  
Meunier	  et	  al.	  2010,	  Dumusque	  et	  al.	  2011,	  Boisse	  
et	  al.	  2011,	  Desort	  et	  al.	  2007…	  )	  bigger	  than	  the	  exopanet’s	  signal	  

•  Transits:	  
•  Disturb	  photometric	  measurements,	  anomalies	  (e.g.:	  Sanchis-‐Ojeda	  &	  Winn	  

2011)	  
•  Kepler	  and	  CoRoT	  

	  
	  

A&A 512, A38 (2010)

intermediate v sin i, smaller spots may produce similar features.
These spots may therefore complicate the search for low-mass
planets on orbits with periods of the order of the star rotational
period. Additional observables (e.g., photometry, spectroscopic
diagnostics) are in these cases mandatory for confirming the
presence of short period planets, but unfortunately, photomet-
ric variations may in some cases be too small to clearly exclude
spots as explanations of the observed variations. This is particu-
larly important when searching for super-Earth planets.

Another criterion often used to distinguish spots or stellar
activity in general from planets is the so-called Ca activity indi-
cator, either expressed in terms of S index or in terms of R′HK .
Stars with log(R′HK) smaller than about −5.0, which corresponds
to the value measured for the Sun at its minimum of activity
(see below), are usually considered to be inactive on levels of
RV variations of 2−10 m/s. Many detections of very light plan-
ets are based on this assumption.

Desort et al. (2007) study, and other studies quoted above
assumed one spot at the surface of the star. The example of
our Sun shows that the spot pattern is far more complex, with,
often, several spots, of different size and lifetime present at a
given time on the visible hemisphere. The number of spots and
their size (which determine the filling factor) also strongly vary
during the solar cycle. It would be interesting to know the so-
called integrated Sun RV variations, analyzed in the same way
as in RV searches for exoplanets. However, RVs of the inte-
grated solar disc are intrinsically very difficult to obtain, and to
our knowledge, the rare measurements available were performed
using individual lines rather than using a large number of lines
(which averages out individual line contributions) and the result-
ing RV curves differ from one author to another, with in particu-
lar amplitudes ranging from smaller than 4 m/s (McMillan et al.
1993) to 16 m/s (Jimenez et al. 1986) or greater than 25 m/s
(Deming et al. 1994). Hence, quantitatively precise results about
the integrated Sun RV variations are still lacking, in contrast to
the precise and well documented integrated Sun brightness vari-
ations recorded over several cycles (see e.g., Fröhlich & Lean
1998; Lockwood et al. 2007; and Livingston et al. 2007).

To test the impact of spots on stellar RV variations in a more
realistic way, we decided to use original sunspot data to com-
pute the observables that would be derived when observing a
solar-type star covered with spots identical to those observed
on the Sun. To do so, we have used the reported sunspot pat-
terns observed during a full solar cycle to synthetise the spectra
of this “integrated” Sun and measure a number of observables
(e.g., RV, BVS, and their assoicated periodograms), and estimate
the associated photometric variations. Our approach is described
in Sect. 2. The results are provided in Sect. 3 and compared to
available data on the solar variability in Sect. 4. We then sim-
ulate the RV curve of a similarly spotted star surrounded by a
1 MEarth planet located in the habitable zone (Sect. 5), and derive
some conclusions about the detectability of these planets based
on the present assumptions and in the framework of forthcoming
RV instruments (Sect. 6).

2. Description of the simulations

2.1. Input solar data

To construct our spot patterns, we use the Debrecen helio-
graphic data (Györi et al. 2003), a catalogue of positions and
areas of sunspots extracted from white-light full-disk images of
several observatories, including the Debrecen observatory. For
this work, we used data covering more than a complete solar

Fig. 1. Left: Sun surface observed with the Paris Observatory
Spectroheliograph on JD 2451686. Right: simulated surface with spots
derived from Debrecen Heliographic Data on the same day (see text).

Fig. 2. Temporal variations of the projected filling factor over the whole
period (see text).

cycle, between Jan., 1st, 1993 and Dec., 31, 2003, represent-
ing 3700 days of observations. The temporal sampling is about
1 day. All spots with area larger than 10−6 of the solar hemi-
sphere (1 micro hemisphere) were taken into account. Figure 1
shows an example of an observed map and the simulated spot-
ted surface for JD 2 451 686. Over the whole period, more than
160 000 spots were then considered. Their position (latitude, lon-
gitude) as well as their surface assumed to be circular, were
recorded and used as inputs to our simulation tool. The projected
filling factor fp (i.e., the projection of the spot surface over the
Sun hemisphere) over the whole period is indicated in Fig. 2.

2.2. Simulated spectra

For the 1993−2003 period, we used all spots larger than one
micro hemisphere and produced 3700 integrated spectra, as de-
scribed in Desort et al. (2007). We assume that the star is seen
edge-on (indeed, it is not possible to add an inclination be-
cause we wish to rely only on observed spots). The visible,
spotted, 3D hemisphere is divided into cells of size adapted
to both the spectral resolution of an HARPS-like spectrograph
and the minimum size of the spots considered. We then com-
pute the resulting spectrum, assuming that each unspotted cell
emits a solar-like spectrum and that each spotted cell emits like
a black body of a temperature Ts. The spots are then assumed to
have a uniform temperature. Most of the time, we assume that
TΘ − Ts = ∆T = 550 K. This temperature is compatible with
the bolometric spot contrast of 0.32 usually used in irradiance
reconstructions (see Chapman et al. (1994), who observed con-
trasts ranging from 0.21 to 0.38), which corresponds to a ∆T of
about 500 K. Krivova et al. (2003) used a ∆T of 1070 K for spot
umbra and 370 K for the penumbra, which is also compatible

Page 2 of 15

Lagrange	  et	  al.	  (2010)	  

STELLAR	  ACTIVITY	  
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è	  Need	  to	  detect	  and	  characterize	  stellar	  acHvity	  



Could	  interferometry	  be	  of	  any	  help?	  
•  Bridge	  the	  gap	  between	  direct	  imaging	  (wide	  companions)	  and	  RV	  (close	  

companions)	  (Le	  Bouquin	  &	  Absil	  2012)	  
•  Only	  method	  to	  provide	  the	  transit	  velocity,	  stellar	  and	  planetary	  radius,	  

impact	  parameter	  and	  transit	  ingress	  Cme	  without	  the	  need	  of	  other	  
observaCons	  (van	  Belle	  et	  al.	  2008)	  through	  closure	  phase	  measurements	  
è	  inclinaison	  and	  orientaCon	  of	  the	  planetary	  orbit	  

•  A\emps	  to	  detect	  exoplanets	  or	  spots	  with	  interferometry:	  	  
MaOer	  et	  al.	  (2010);	  Zhao	  et	  al.	  (2008,	  2011);	  Baron	  et	  al.	  (2012)	  

	  

BUT	  no	  study	  in	  the	  visible;	  however	  
o  Be\er	  angular	  resoluCon	  
o  Complementary	  spectral	  domain	  to	  RV	  and	  photometry	  

INTERFEROMETRY	  AND	  PLANETARY	  TRANSITS	  
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Two	  ways:	  
	  
Absolute	  difference:	  
	  
	  
RelaCve	  difference:	  

!!! ! !!! ! !!

!!! ! !!!
!!!

! !
!"# ! !!

!"!
!!!

!
!

Detectability:	  MBL	  	  
Minimum	  Baseline	  Length	  

Squared	  visibility	  

C	  	  	  	  	  METS	  COMETS:	  COde	  for	  Modeling	  ExoplaneTs	  and	  Spots	  	  
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-‐  star 	   	  	  
-‐  star	  +	  exoplanet	  	  



Visibility	  

	  	  	  	  	  0.5	  %	  
	  	  	  	  	  1.0	  %	  
	  +	  2.0	  %	  
*

RelaCve	  error	  on	  squared	  visibiliCes	   Absolute	  error	  on	  squared	  visibiliCes	  
	  

Detectability:	  MBL	  	  
Minimum	  Baseline	  Length	  

+	  SNR	  =	  5	  	  
*	  SNR	  =	  20	  

•  Test	  of	  other	  parameters:	  exoplanet	  posiCon,	  intensity	  spot…	  

C	  	  	  	  	  METS	  COMETS:	  COde	  for	  Modeling	  ExoplaneTs	  and	  Spots	  	  

10/07/14 Roxanne Ligi - CoRot3-KASC7 19 



Visibility	  

	  	  	  	  	  0.5	  %	  
	  	  	  	  	  1.0	  %	  
	  +	  2.0	  %	  
*

RelaCve	  error	  on	  squared	  visibiliCes	   Absolute	  error	  on	  squared	  visibiliCes	  
	  

Detectability:	  MBL	  	  
Minimum	  Baseline	  Length	  

+	  SNR	  =	  5	  	  
*	  SNR	  =	  20	  

•  Test	  of	  other	  parameters:	  exoplanet	  posiCon,	  intensity	  spot…	  

C	  	  	  	  	  METS	  COMETS:	  COde	  for	  Modeling	  ExoplaneTs	  and	  Spots	  	  

10/07/14 Roxanne Ligi - CoRot3-KASC7 20 

!"# !! !!!!"!! ! !!!!!! ! !!!!
!!!!

! ! !!
!!"#

!!
!! ! !

!"#!!" !!!



	  2°	  	  
20°	  

Detectability:	  MBL	  	  
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probe	  3	  values	  of	  the	  	  
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3	  spaCal	  frequencies	  to	  
probe	  3	  values	  of	  the	  
phases	  
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Cut	  in	  the	  v	  direcCon	  

-‐	  star 	   	  -‐	  star	  +	  exoplanet	  	  
-‐	  star	  +	  spot 	  -‐	  star	  +	  exoplanet	  +	  spot	  

α

δ	

Squared	  visibility	  Phase	  
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Results	  
	  
•  DeterminaCon	  of	  the	  effect	  of	  exoplanet	  diameter	  and	  posiCon,	  spot	  

intensity	  on	  the	  complex	  visibility	  signal	  

•  A	  transiCng	  exoplanet	  affects	  the	  interferometric	  observables	  even	  on	  
a	  spo\ed	  star	  

•  First	  lobe	  very	  slightly	  affected	  è	  do	  not	  affect	  the	  measured	  radius	  

•  Importance	  of	  measuring	  visibiliCes	  in	  the	  2nd	  lobe	  and	  beyond	  

•  Improvment	  of	  instruments’	  sensiCvity	  and	  kilometric	  baselines:	  need	  
more	  than	  1%	  precision	  on	  squared	  visibilCes	  and	  2°	  on	  phase	  for	  
Earth-‐like	  planets	  characterizaCon	  
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3D	  radiaCve-‐hydrodynamical	  simulaCons	  
(Stagger	  grid,	  Magic	  et	  al.	  2013)	  	  
SyntheCc	  stellar	  images	  
(OpCm3D,	  Chiavassa	  et	  al.	  2009).	  
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Fig. 2. Enlargement of the synthetic stellar disk images of Fig. 1 for the
VEGA instrument (Table 2).

to evaluate its effect on the detection of planet transit. We chose
representative simulations in the Stagger-grid partially covering
the Kepler planets and to study the effect of the metallicity across
the HR-diagram to cover typical Kepler planets, and including
different metallicities for the solar model (Fig. 3). Our statistical
approach aim to present results that can be extrapolated to other
stars in the Hertzsprung-Russel. More detailed analysis with re-
spect to particular stellar parameters can be conducted using spe-
cific simulations of the Stagger-grid.

We used Optim3D to compute intensity maps from the snap-
shots of the RHD simulations of Table 1 for different inclina-
tions with respect to the vertical, µ≡ cos(θ)=[1.000, 0.989, 0.978,
0.946, 0.913, 0.861, 0.809, 0.739, 0.669, 0.584, 0.500, 0.404,
0.309, 0.206, 0.104] (these angles have already been used in the
previous works of Chiavassa et al. 2012, 2010), and for a rep-
resentative series of 10 snapshots spaced adequately apart so as
to capture several convective turnovers for each simulation. The
wavelength range is between 4000 and 52000 Å with a spectral
resolution λ/∆λ = 20000.

Fig. 3. RHD simulations from Stagger-grid used in this work with
the aimed effective temperature (see also Table 1) over-plotted to
the Kepler planets (confirmed and candidates) in fall 2013 from
http://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 to
a small representative volume located in the stellar photosphere
including the top of the stellar convective envelope, the horizon-
tal directions chosen so as to be large enough to cover an area
corresponding to about ten granular cells. The intensity maps
computed with Optim3D are limited to a small portion of the
stellar surface (see, e.g., Fig 1 of Chiavassa et al. 2010), thus
to overcome this limitation, we applied the same method as ex-
plained in Chiavassa et al. (2010) to tile a spherical surface ac-
counting for limb-darkened effects. The computed value of the θ-
angle used to generate each map depended on the position (lon-
gitude and latitude) of the tile on the sphere and was linearly
interpolated among the inclination angles.
In addition to this, the statistical tile-to-tile fluctuations (i.e.,
number of granules, shape, and size) is taken in consideration
by selecting random snapshots within each simulation’s time-
series. As a consequence, the simulation assumption of periodic
boundary conditions resulted in a tiled spherical surface glob-
ally displaying an artifactual periodic granulation pattern. How-
ever, Chiavassa et al. (2010) proved that the signal artificially in-
troduced into the interferometric observables is weaker than the
signal caused by the inhomogeneities of the stellar surface.
We estimated a stellar radius based on an applied mass taken
from the literature (Table 1, 6th column), then we computed the
number (Ntile) of tiles needed to cover half a circumference from
side to side on the sphere Ntile = π·R"

x,y−dimension , where R" (trans-
formed in Mm) and x, y−dimension come from Table 1.

The final result is an orthographic projection of the tiled
spheres (Fig. 1). It must be noted that our method of construct-
ing realisations of stellar disk images inevitably introduces some
discontinuities between neighboring tiles by randomly selecting
temporal snapshots and by cutting intensity maps at high lati-
tudes and longitudes. The figure shows that the centre-to-limb
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Aimed	  to	  be	  extended	  to	  other	  stars	  in	  
the	  HR	  diagram	  

10/07/14 Roxanne Ligi - CoRot3-KASC7 29 



3D	  radiaCve-‐hydrodynamical	  simulaCons	  
(Stagger	  grid,	  Magic	  et	  al.	  2013)	  	  
SyntheCc	  stellar	  images	  
(OpCm3D,	  Chiavassa	  et	  al.	  2009).	  
	  
	  
	  
	  
	  
	  
	  
	  

Chiavassa,	  Ligi	  et	  al.	  2014,	  A&A,	  in	  press	  

GRANULATION	  

A&A proofs: manuscript no. 3D_interferometry

Fig. 2. Enlargement of the synthetic stellar disk images of Fig. 1 for the
VEGA instrument (Table 2).

to evaluate its effect on the detection of planet transit. We chose
representative simulations in the Stagger-grid partially covering
the Kepler planets and to study the effect of the metallicity across
the HR-diagram to cover typical Kepler planets, and including
different metallicities for the solar model (Fig. 3). Our statistical
approach aim to present results that can be extrapolated to other
stars in the Hertzsprung-Russel. More detailed analysis with re-
spect to particular stellar parameters can be conducted using spe-
cific simulations of the Stagger-grid.

We used Optim3D to compute intensity maps from the snap-
shots of the RHD simulations of Table 1 for different inclina-
tions with respect to the vertical, µ≡ cos(θ)=[1.000, 0.989, 0.978,
0.946, 0.913, 0.861, 0.809, 0.739, 0.669, 0.584, 0.500, 0.404,
0.309, 0.206, 0.104] (these angles have already been used in the
previous works of Chiavassa et al. 2012, 2010), and for a rep-
resentative series of 10 snapshots spaced adequately apart so as
to capture several convective turnovers for each simulation. The
wavelength range is between 4000 and 52000 Å with a spectral
resolution λ/∆λ = 20000.

Fig. 3. RHD simulations from Stagger-grid used in this work with
the aimed effective temperature (see also Table 1) over-plotted to
the Kepler planets (confirmed and candidates) in fall 2013 from
http://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 to
a small representative volume located in the stellar photosphere
including the top of the stellar convective envelope, the horizon-
tal directions chosen so as to be large enough to cover an area
corresponding to about ten granular cells. The intensity maps
computed with Optim3D are limited to a small portion of the
stellar surface (see, e.g., Fig 1 of Chiavassa et al. 2010), thus
to overcome this limitation, we applied the same method as ex-
plained in Chiavassa et al. (2010) to tile a spherical surface ac-
counting for limb-darkened effects. The computed value of the θ-
angle used to generate each map depended on the position (lon-
gitude and latitude) of the tile on the sphere and was linearly
interpolated among the inclination angles.
In addition to this, the statistical tile-to-tile fluctuations (i.e.,
number of granules, shape, and size) is taken in consideration
by selecting random snapshots within each simulation’s time-
series. As a consequence, the simulation assumption of periodic
boundary conditions resulted in a tiled spherical surface glob-
ally displaying an artifactual periodic granulation pattern. How-
ever, Chiavassa et al. (2010) proved that the signal artificially in-
troduced into the interferometric observables is weaker than the
signal caused by the inhomogeneities of the stellar surface.
We estimated a stellar radius based on an applied mass taken
from the literature (Table 1, 6th column), then we computed the
number (Ntile) of tiles needed to cover half a circumference from
side to side on the sphere Ntile = π·R"

x,y−dimension , where R" (trans-
formed in Mm) and x, y−dimension come from Table 1.

The final result is an orthographic projection of the tiled
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Fig. 4. Typical UV coverage in meters for the different instruments of
Table 2 over-plotted to the Fourier Transform of the RHD simulation of
the Sun (Table 1). Red dots correspond to the telescope baseline posi-
tions during the arbitrary observation we prepared. The observability is
assured for approximatively a whole night with a large enough number
of Earth rotation aperture synthesis baseline points. The arbitrary appar-
ent size of the star is reported in the top-right corner of each panel.

4.2. Choice of interferometric instruments

Actual interferometers ensure the wavelength coverage from op-
tical to far infrared with a series of instruments mounted on dif-
ferent sites. Table 2 displays the instruments we chose, where
they are mounted, and the number of telescopes recombined as
well as the wavelength probed. We used the online Astronomical
Software for Preparing Observations (ASPRO2) of the JMMC2

to extract an OIFITS file with the telescope real positions in the
UV-plane, telescope configurations, and observing wavelength.
Afterwards, we performed a top-hat average over the whole set
of disk images to obtain one synthetic image for each observ-
ing wavelength. Even if a wavelength dependence exists on the
interferometric observables, for simplicity, we assume a repre-
sentative wavelength for each instrument in the rest of the work.
In Section 5, we introduce the closure phase observable and
study its potentiality for the detection of surface related con-
vective structures. We do not aim to interpret/observe a par-
ticular star and thus, for each instrument, we chose an arbi-
trary date and arbitrary star with coordinates that ensures
observability for the whole night. This choice is taken to have
a large coverage of the spatial frequencies up to the 5th-6th
lobe when possible (Fig. 4). Due the sparse selections of base-
lines (i.e., different apparent size of the targets), with this ap-
proach it is not possible to compare directly the instruments
but, in this section, we aim to present a closure phase survey
of the convective pattern from the optical to the far infrared.
Finally, in Section 6, we investigate a more concrete scenario
with the choice of two real targets either in the visible and
in the infrared. Thanks to the fact that we consider fixed
targets for visible and infrared instruments, we can directly
compare the results among the different instruments and put
forward the best instrument and/or interferometric facility
to detect the stellar granulation.

5. Closure phase as an indicator of the stellar
inhomogeneity

The stellar surface asymmetries in the brightness distribution,
either due to convective-related structures or a faint companion,
affect closure phases. Closure phase is the sum of all phase dif-
ferences (from at least three telescopes): this procedure removes
the atmospheric contribution, leaving the phase information of
the object visibility unaltered (Monnier 2007, 2003). The clo-
sure phases have the main advantage of being uncorrupted by
telescope-specific phase errors, including pointing errors, atmo-
spheric piston, and longitudinal dispersion due to air and water
vapour (Le Bouquin & Absil 2012). Closure phase errors, when
known, are reported in Table 2.
However, owing to the sparse structure of the point spread func-
tion associated with the diluted aperture of an interferometer (see
Fig. 4), the position and the morphology of these surface inho-
mogeneities depend on their relative orientation and on the in-
terferometric baselines.

Figure 1 shows irregular stellar surfaces with convective-
related surface structures, whose size depend on the stellar pa-
rameters of the simulations. There are pronounced centre-to-
limb variations in the optical (VEGA to NPOI instruments)
while these are less noticeable in the infrared. This is manly due
to the different Planck functions in the optical range and in the
infrared region.
Starting from these synthetic images, we followed the method

2 www.jmmc.fr/aspro_page.htm
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Fig. 4. Scatter plot of closure phases of 20000 random baseline triangles
(black dots) as a function of the maximum linear extension correspond-
ing to the configuration chosen for each instrument of Table 2 and for
the RHD simulation of the Sun (Table 1). The colored symbols over-
plotted display the closure phases for the configuration chosen (see the
UV-plans of Fig. 3) and the vertical dashed red lines give the approxi-
mative positions of the different lobes.

in the closure phases only. From the OIFITS files for each in-
strument we know the UV-plan position of all the telescopes (see
Sect. 3.2) and we matched their frequencies in the UV-plan with
the corresponding points in the Fourier transform of the synthetic
images. The phase for each telescope is tanϕ = !(F )/"(F ),
where !(F ) and "(F ) are the imaginary and real parts of the
complex number F , respectively. Finally, the closure phase is
the sum of all phase differences between the telescopes: e.g. for 3
telescopes: CP(1−2−3) = Φ1−2+Φ2−3+Φ3−1, where CP(1−2−3)
is the closure phase,Φ1−2 is the arctan of the Fourier phases tanϕ
for the telescopes 1-2.
In our survey, we used different instruments (Table 2) character-

ized by a number (N) varying from 3 to 6 simultaneous aper-
tures. Monnier (2003) showed that the possible closing triangles
is defined by:
(
N
3

)
=

(N) (N − 1) (N − 2)
(3) (2)

(2)

but the independent Fourier phases are given by:
(
N
2

)
=

(N) (N − 1)
(2)

(3)

and thus, not all the closure phases are independent but only
(
N − 1

2

)
=

(N − 1) (N − 2)
(2)

(4)

The number of independent closure phases is always less than
the number of phases one would like to determine, but the per-
cent of phase information retained by the closure phases im-
proves as the number of telescopes in the array increases (Mon-
nier 2003). To sum up and from the above equations:

– with 3 telescopes one obtains 1 closing triangle (i.e., 1 clo-
sure phase), 3 Fourier phases, and 1 independent closure
phase

– with 4 telescopes one obtains 4 closing triangles (4 closure
phases), 6 Fourier phases, and 3 independent closure phases

– with 6 telescopes one obtains 20 closing triangles (20 clo-
sure phases), 15 Fourier phases, and 10 independent closure
phases

Chiavassa et al. (2012, 2010) demonstrated that, in the case
of Procyon and K-giant stars, the synthetic visibility curves pro-
duced by the RHD simulations, are systematically different from
spherical symmetric modelisations, with an impact on the ra-
dius, effective temperature, and departures from symmetry. This
was noticeable at higher spatial frequencies and mostly affecting
the signal of the closure phases. The authors interpreted this as
the signature linked to the convection-related surface structures.
Starting from these remarks, we decided to concentrate our sur-
vey only on the closure phases.

Figure 4 displays closure phases deviating from the ax-
isymmetric case that are particularly occurring in optical filters,
where the dispersion is larger (e.g., VEGA, NPOI, and PAVO in-
struments). Depending on the instruments and spatial frequency
spanned, the departures from symmetry may be large or not.
However, it is undoubtedly visible that the convection-related
surface structures have a signature on the closure phases.

The characterization of the granulation signature is analyzed
in Fig. 5, where the departure from axisymmetric case (i.e., clo-
sure phase different from zero or ±π) of all the RHD simulations
and interferometric instruments is displayed. We proceed as fol-
lows:

– for all the instruments, we determined the difference, ψi, be-
tween the synthetic closure phases and the axisymmetric val-
ues zero or ±π from all spatial frequency i;

– based on the UV coverage of Fig. 3 and the synthetic visibili-
ties, we pointed out the frequency limits of the lobes (vertical
dashed red lines of Fig. 4);

– we averaged ψ̄i over the frequencies i falling inside the lobe’s
limits;

– in case of multiple closing triangles (i.e., multiple values of
closure phases like for instruments working with 4 or 6 tele-
scopes), we selected the largest ψ̄i.
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DetecCon	  of	  granulaCon	  with	  closure	  phase	  	  
è	  needs	  data	  points	  up	  to	  the	  3rd	  and	  4th	  
lobes,	  and	  in	  some	  cases,	  the	  5th	  or	  6th	  lobes.	  
	  
Ex.:	  Procyon	  and	  β	  Com	  
•  Signals	  from	  a	  few	  degrees	  to	  16°	  
•  PAVO	  and	  VEGA:	  <0.5°,	  signal	  from	  2nd	  lobe	  
•  Best	  appropriate	  instrument:	  MIRC	  (6T),	  

with	  closure	  phases	  of	  ~10°	  
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Fig. 4. Scatter plot of closure phases of 20000 random baseline triangles
(black dots) as a function of the maximum linear extension correspond-
ing to the configuration chosen for each instrument of Table 2 and for
the RHD simulation of the Sun (Table 1). The colored symbols over-
plotted display the closure phases for the configuration chosen (see the
UV-plans of Fig. 3) and the vertical dashed red lines give the approxi-
mative positions of the different lobes.

in the closure phases only. From the OIFITS files for each in-
strument we know the UV-plan position of all the telescopes (see
Sect. 3.2) and we matched their frequencies in the UV-plan with
the corresponding points in the Fourier transform of the synthetic
images. The phase for each telescope is tanϕ = !(F )/"(F ),
where !(F ) and "(F ) are the imaginary and real parts of the
complex number F , respectively. Finally, the closure phase is
the sum of all phase differences between the telescopes: e.g. for 3
telescopes: CP(1−2−3) = Φ1−2+Φ2−3+Φ3−1, where CP(1−2−3)
is the closure phase,Φ1−2 is the arctan of the Fourier phases tanϕ
for the telescopes 1-2.
In our survey, we used different instruments (Table 2) character-

ized by a number (N) varying from 3 to 6 simultaneous aper-
tures. Monnier (2003) showed that the possible closing triangles
is defined by:
(
N
3

)
=

(N) (N − 1) (N − 2)
(3) (2)

(2)

but the independent Fourier phases are given by:
(
N
2

)
=

(N) (N − 1)
(2)

(3)

and thus, not all the closure phases are independent but only
(
N − 1

2

)
=

(N − 1) (N − 2)
(2)

(4)

The number of independent closure phases is always less than
the number of phases one would like to determine, but the per-
cent of phase information retained by the closure phases im-
proves as the number of telescopes in the array increases (Mon-
nier 2003). To sum up and from the above equations:

– with 3 telescopes one obtains 1 closing triangle (i.e., 1 clo-
sure phase), 3 Fourier phases, and 1 independent closure
phase

– with 4 telescopes one obtains 4 closing triangles (4 closure
phases), 6 Fourier phases, and 3 independent closure phases

– with 6 telescopes one obtains 20 closing triangles (20 clo-
sure phases), 15 Fourier phases, and 10 independent closure
phases

Chiavassa et al. (2012, 2010) demonstrated that, in the case
of Procyon and K-giant stars, the synthetic visibility curves pro-
duced by the RHD simulations, are systematically different from
spherical symmetric modelisations, with an impact on the ra-
dius, effective temperature, and departures from symmetry. This
was noticeable at higher spatial frequencies and mostly affecting
the signal of the closure phases. The authors interpreted this as
the signature linked to the convection-related surface structures.
Starting from these remarks, we decided to concentrate our sur-
vey only on the closure phases.

Figure 4 displays closure phases deviating from the ax-
isymmetric case that are particularly occurring in optical filters,
where the dispersion is larger (e.g., VEGA, NPOI, and PAVO in-
struments). Depending on the instruments and spatial frequency
spanned, the departures from symmetry may be large or not.
However, it is undoubtedly visible that the convection-related
surface structures have a signature on the closure phases.

The characterization of the granulation signature is analyzed
in Fig. 5, where the departure from axisymmetric case (i.e., clo-
sure phase different from zero or ±π) of all the RHD simulations
and interferometric instruments is displayed. We proceed as fol-
lows:

– for all the instruments, we determined the difference, ψi, be-
tween the synthetic closure phases and the axisymmetric val-
ues zero or ±π from all spatial frequency i;

– based on the UV coverage of Fig. 3 and the synthetic visibili-
ties, we pointed out the frequency limits of the lobes (vertical
dashed red lines of Fig. 4);

– we averaged ψ̄i over the frequencies i falling inside the lobe’s
limits;

– in case of multiple closing triangles (i.e., multiple values of
closure phases like for instruments working with 4 or 6 tele-
scopes), we selected the largest ψ̄i.
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è	  needs	  data	  points	  up	  to	  the	  3rd	  and	  4th	  
lobes,	  and	  in	  some	  cases,	  the	  5th	  or	  6th	  lobes.	  
	  
Ex.:	  Procyon	  and	  β	  Com	  
•  Signals	  from	  a	  few	  degrees	  to	  16°	  
•  PAVO	  and	  VEGA:	  <0.5°,	  signal	  from	  2nd	  lobe	  
•  Best	  appropriate	  instrument:	  MIRC	  (6T),	  

with	  closure	  phases	  of	  ~10°	  

	  AddiHon	  of	  an	  exoplanet:	  
•  Signal	  scales	  with	  exoplanet’s	  size	  
•  Larger	  signal	  in	  the	  opCcal	  
•  The	  exoplanet’s	  posiCon	  affects	  the	  signal	  
•  Signal	  mixed	  with	  the	  granulaCon	  signal	  
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Fig. 8. Synthetic stellar disk images in PIONIER H band together with three planet transiting phases (black color) for the Sun of Table 1. The
prototypes of planet are from Table 4 and are: Kepler-11 f prototype planet (left column), HD 149026 b prototype (central column), and CoRoT-14
b prototype (right column). The purpose is not to reproduce the exact conditions of the planet-star system already detected but to have a statistical
approach on the interferometric signature for different stellar parameters hosting planets with different sizes.

Table 5. The stellar intensity, Istar, at its centre (µ = 1) for the synthetic images of the simulation of Fig. 8, and the planet integrated intensity,
Iplanet, at the wavelength corresponding to the instruments of Table 2. The different selections of Instrument and wavelength (λ) of the synthetic
images is a representative choice among the numerous possibilities.

Instrument VEGA PAVO NPOI NPOI CLIMB MIRC
4 Tel 6 Tel J band 6 Tel

λ used 7312Å 6400Å 5669Å 5817Å 12862Å 15940Å
Istar/Iplanet 1702 5524 13228 82619 148 29
Instrument AMBER PIONIER GRAVITY PIONIER CLIMB MATISSE

H band K band K band LM band
λ used 23015Å 16810Å 22000 Å 20510 Å 21350Å 28675Å
Istar/Iplanet 84 15 16 22 15 13

Fig. 9. Absolute closure phase differences (in degrees) between the star with a transiting planet (Fig. 8) and the star alone (Fig. 1) for all the
instruments of Table 2. The black colour correspond to the smallest prototype planet Kepler 11-f of Table 4, the red to the intermediate planet HD
149026 b, and the blue to largest planet CoRoT 14-b. The star symbols connected with solid lines correspond to the planet phase entering in the
stellar disk (see Fig. 8), the circle symbols connected with dotted line to the planet at the centre of the stellar disk, and the triangles connected with
dashed line to the planet exiting the stellar disk.
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Fig. 4. Scatter plot of closure phases of 20000 random baseline triangles
(black dots) as a function of the maximum linear extension correspond-
ing to the configuration chosen for each instrument of Table 2 and for
the RHD simulation of the Sun (Table 1). The colored symbols over-
plotted display the closure phases for the configuration chosen (see the
UV-plans of Fig. 3) and the vertical dashed red lines give the approxi-
mative positions of the different lobes.

in the closure phases only. From the OIFITS files for each in-
strument we know the UV-plan position of all the telescopes (see
Sect. 3.2) and we matched their frequencies in the UV-plan with
the corresponding points in the Fourier transform of the synthetic
images. The phase for each telescope is tanϕ = !(F )/"(F ),
where !(F ) and "(F ) are the imaginary and real parts of the
complex number F , respectively. Finally, the closure phase is
the sum of all phase differences between the telescopes: e.g. for 3
telescopes: CP(1−2−3) = Φ1−2+Φ2−3+Φ3−1, where CP(1−2−3)
is the closure phase,Φ1−2 is the arctan of the Fourier phases tanϕ
for the telescopes 1-2.
In our survey, we used different instruments (Table 2) character-
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The number of independent closure phases is always less than
the number of phases one would like to determine, but the per-
cent of phase information retained by the closure phases im-
proves as the number of telescopes in the array increases (Mon-
nier 2003). To sum up and from the above equations:

– with 3 telescopes one obtains 1 closing triangle (i.e., 1 clo-
sure phase), 3 Fourier phases, and 1 independent closure
phase

– with 4 telescopes one obtains 4 closing triangles (4 closure
phases), 6 Fourier phases, and 3 independent closure phases

– with 6 telescopes one obtains 20 closing triangles (20 clo-
sure phases), 15 Fourier phases, and 10 independent closure
phases

Chiavassa et al. (2012, 2010) demonstrated that, in the case
of Procyon and K-giant stars, the synthetic visibility curves pro-
duced by the RHD simulations, are systematically different from
spherical symmetric modelisations, with an impact on the ra-
dius, effective temperature, and departures from symmetry. This
was noticeable at higher spatial frequencies and mostly affecting
the signal of the closure phases. The authors interpreted this as
the signature linked to the convection-related surface structures.
Starting from these remarks, we decided to concentrate our sur-
vey only on the closure phases.

Figure 4 displays closure phases deviating from the ax-
isymmetric case that are particularly occurring in optical filters,
where the dispersion is larger (e.g., VEGA, NPOI, and PAVO in-
struments). Depending on the instruments and spatial frequency
spanned, the departures from symmetry may be large or not.
However, it is undoubtedly visible that the convection-related
surface structures have a signature on the closure phases.

The characterization of the granulation signature is analyzed
in Fig. 5, where the departure from axisymmetric case (i.e., clo-
sure phase different from zero or ±π) of all the RHD simulations
and interferometric instruments is displayed. We proceed as fol-
lows:

– for all the instruments, we determined the difference, ψi, be-
tween the synthetic closure phases and the axisymmetric val-
ues zero or ±π from all spatial frequency i;

– based on the UV coverage of Fig. 3 and the synthetic visibili-
ties, we pointed out the frequency limits of the lobes (vertical
dashed red lines of Fig. 4);

– we averaged ψ̄i over the frequencies i falling inside the lobe’s
limits;

– in case of multiple closing triangles (i.e., multiple values of
closure phases like for instruments working with 4 or 6 tele-
scopes), we selected the largest ψ̄i.
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•  PAVO	  and	  VEGA:	  <0.5°,	  signal	  from	  2nd	  lobe	  
•  Best	  appropriate	  instrument:	  MIRC	  (6T),	  

with	  closure	  phases	  of	  ~10°	  

	  AddiCon	  of	  an	  exoplanet	
AddiHon	  of	  spot:	  
•  Interferometric	  signal	  due	  to	  spots	  or	  

exoplanets	  can	  be	  of	  the	  same	  order	  
•  exoplanetary	  signal	  contamined	  by	  spots’	  

signal	  	  
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Fig. 11. Top: synthetic stellar disk image of the Sun (Table 1) for MIRC instrument with four darker starspots (see text) with parameters reported
in Table 6. Bottom left: Scatter plot of closure phases computed for the Sun with starspots (black stars) and for the Sun (red triangles). Bottom
right: same as in bottom left panel but for the Sun with transiting planets.

panel of the figure), even thought it seems difficult to disentangle
from the granulation signal due to its chaotic behavior. More-
over, it is also visible in the bottom-right panel that the starspot
signal on closure phases can be of the same order as the transit-
ing planet signal. Consequently, the planet signal may be con-
taminated.
Starspots caused by the magnetic field may pollute the granu-
lation and the transiting planet signals, at least for the starspots
configuration we considered. However, it should be possible to
differentiate the transiting planet signal as the time-scale of a
planet crossing stellar disk is much smaller than the typical ro-
tational modulation of the star. A more detailed analysis will be
reported in a forthcoming paper.

7. Conclusions
We presented an application of the Stagger-grid of realistic,
state-of-the-art, time-dependent, radiative-hydrodynamic stellar
atmosphere. We used the simulations to provide synthetic im-
ages from the optical to the infrared and extract interferometric
observables aimed to study stellar convection as well as its im-
pact on planet detection and characterisation. RHD simulations
are essential for a proper quantitative analysis of interferometric
observations and crucial for the extraction of the signal.

We analysed the impact of convection at different wave-
lengths using the closure phases. Closure phase is the interfero-

metric observable with intrinsic and unaltered information about
the stellar surface asymmetries in the brightness distribution, ei-
ther due to convection-related structures or a faint companion.
We made our predictions as real as possible using actual inter-
ferometric instruments and configurations. All the simulations
show departure from the axisymmetric case (closure phases not
equal to 0 or ±π) for all the wavelengths, but, at least for the cho-
sen configurations, it is difficult to determine clear differences
among the stellar parameters and, in particular, for the different
metallicities of the solar simulations. The levels of asymmetry
and inhomogeneity of stellar disk images reach very high values
of several tens of degrees with stronger effects from 3rd visibility
lobe on. We explored the possibility of detecting the granulation
pattern on two real targets (Beta Com and Procyon). We found
that the detection on the 2nd lobe is possible either in the visible
or in the near infrared with closure phase departures of less than
1◦; detections on the 3rd, 4th, 5th, 6th lobes (with departures up
to 16◦) are possible using CHARA’s instruments, and, in partic-
ular, MIRC is the most appropriate instrument because it com-
bines good UV coverage and long baselines. In general, interfer-
ometers probing optical and near infrared wavelengths are more
adapted to reach higher spatial frequencies as the 3rd visibility
lobe can be probed with baseline lengths less than 400 meters
for stellar sizes larger than 2 mas. It is more complicated for the
mid-infrared wavelengths where the baselines become kilomet-
ric. We emphasise that stars should be observed at high spatial
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•  TransiCng	  exoplanets	  add	  a	  signal	  on	  interferometric	  observables	  
•  Their	  characterizaCon	  is	  possible	  even	  on	  a	  spo\ed	  star,	  but	  their	  signal	  

can	  be	  mixed	  up	  with	  the	  acCvity’s	  signal	  
o  Timescale	  variaCons	  
o  Scales	  with	  the	  exoplanet’s	  size	  

•  Currently,	  transiCng	  exoplanets	  
host	  stars	  not	  accessible:	  

o  Instrumental	  bias	  
o  Very	  low	  magnitudes	  

è	  FRIEND	  (Bério	  et	  al.,	  in	  prep.)	  

è	  CHEOPS,	  PLATO,	  TESS	  

CONCLUSION	  
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Gaia	  
Astrometry:	  
distances,	  radial	  
velocity	  
mV	  <	  20	  

CHEOPS	  
CharacterizaCon	  of	  
transiCng	  exoplanets	  
Earth-‐like	  è	  Neptunes	  
mV	  <	  9	  
Photometry	  
	  

TESS	  
DetecCon	  of	  transiCng	  
exoplanets	  
Giants	  of	  Earth-‐like	  planets	  
4<mV	  <	  12	  
Photometry	  

	  

SPHERE/VLT	  
DetecCon	  and	  characterizaCon	  
of	  Giant	  planets	  	  
Direct	  imaging	  

PLATO	  
DetecCon	  and	  characterizaCon	  	  
Earth-‐like	  planets	  
Habitable	  zone	  
4	  <	  mV	  <	  14	  
Photometry	  
	  

2024	  2014	   2015	   2016	   2017	  

VEGA	  è	  FRIEND	  
Interferometry	  
mV	  <	  8	  è	  mV	  <	  10	  

Detec<on	  and/or	  
characteriaa<on	  of	  exoplanets	  

	  Other	  instrument	  

THE	  NEXT	  DECADE…	  
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THE	  NEXT	  DECADE…	  

Interferometry:	  
•  A	  good	  method	  to	  characterize	  exoplanets	  host	  stars	  
•  Complementary	  data	  to	  photometry	  
•  Soon,	  will	  get	  the	  required	  sensiCvity	  to	  characterize	  exoplanets	  (ex.	  with	  

adaptaCve	  opCcs	  on	  the	  CHARA	  array).	  
o  closure	  phase	  measurements	  
o  baselines	  already	  exist	  

	  
Coupling	  PLATO/TESS/…	  and	  interferometric	  data:	  common	  targets	  

•  More	  informaCon	  on	  exoplanets	  and	  their	  host	  stars	  
•  CharacterizaCon	  of	  exoplanets	  è	  habitability,	  composiCon…	  
•  Extrapolate	  to	  other	  fainter	  stars	  

	  
	  

	  	  



THANK	  YOU	  FOR	  YOUR	  ATTENTION	  
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