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A. Chiavassa et al.: Characterizing and quantifying stellar granulation during planet transits

Fig. 4. Intensity profiles obtained from the cut at x = 0, y > 0 in the
synthetic disk images of Fig. 2. The black curves are the overlap of
N = 42 di↵erent images. The number N depends on the duration of
the transit of Kepler 11-f (7 h, Table 3) and the observed granulation
timescale for the Sun is ⇠10 min (see text). The intensity profiles are
normalized to the intensity at the disk center (R = 0.0). The green line
is the temporal average profile.

In the infrared, the situation is di↵erent: for both the Sun
and the K dwarf, the photon noise is greater than the black-body
noise for all wavelength ranges; moreover, K dwarf values are
higher than the Sun owing to the lower e↵ective temperature of
the star and the consequent displacement of the radiation peak.
Furthermore, increasing the number of N realizations (up to N =
80) for the granulation average (i.e., �t = 13.3 h) returns values
very similar to Fig. 6.

Granulation significantly a↵ects the photon noise in various
wavelength ranges compared to the black-body approximation,
so that transit uncertainties based on the black-body approxima-
tion can overestimate or underestimate the uncertainties, depend-
ing on the wavelength range considered. Furthermore, it is im-
portant to consider the change in the granulation pattern during
the photometric measurements of transits like the one considered
in this work, as developed in the next section.

4.2. Flux variations caused by the transiting planet

Chiavassa et al. (2015) modeled the transit light curve of Venus
in 2004 assuming the 3D RHD simulation of the Sun (the same
as we used here) for the background solar disk. They showed that

Fig. 5. Top panel: number of photons ('?granulation for the synthetic Sun
(black) and K dwarf (red) calculated as described in the text and for the
wavelengths of Table 2. Central and bottom panels: enlargements for
the Sun in the optical and infrared.

in terms of transit depth and ingress/egress slopes as well as the
emerging flux, the RHD simulation is well adapted to interpret
the observed data. Furthermore, they reported that the granula-
tion causes intrinsic changes in the total solar irradiance over the
same time interval as the Venus transit, arguing that the gran-
ulation is a source of an intrinsic noise that may a↵ect precise
measurements of exoplanet transits.

In this work, we extended their analysis to the simulations
of Table 1 (i.e., adding more calculations for the Sun and the
K dwarf) and to the large set of wavelength bands of Table 2. We
used the following procedure:

– we chose three prototypes of planets with di↵erent sizes and
transit time lengths corresponding to a hot Jupiter, a hot

A94, page 5 of 12
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For the Sun, about 1000 km, about 5 minutes  
(synthetic data, video from M. Carlsson)

The surface structures and 
dynamics of cool stars are 
characterised by the presence of 
convective motions and turbulent 
flows which shape the emergent 
spectrum.
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What is the impact of stellar granulation on 
the observed planetary signal?


•Photometric transits

•Brightness and velocity variability

•High spectral resolution


Are stars really smooth?
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- They vary on diBerent timescales and scales

Stellar activity forms a complexe noise signature

- They have diBerent nature : stochastic, sporadic (Xares), or (semi-) periodic + stochastic with a modulation related to the 
          stellar rotation, the diBerential rotation, and/or the stellar cycle

Figures from Garcia, 2014
Left : KIC 3733735 (variable F5IV-V star)  — Right : Solar data. Credits, T. Bedding & H. Kjeldsen

Transit timescalesRV timescales

Photon noise

Granulation
Oscillation

Spot 
modulation  

Rotation

KIC 3733735 (F5iV-V star), figure adapted from Garcia et al. 2014

Pulsating stars



 1 Mm in size∼

Sun granules

•  5-10 minutes in time 
• 40-80 cm/s in amplitude 
• 10-300 ppm

K Giant granules

•  hours to days in time 
• 200-300 m/s in amplitude 
• 1000-2000 ppm

 600 Mm in size∼

Rodríguez Díaz et al. 2022 

Chiavassa et al. 2018 

4 L. F. Rodríguez Díaz et al.

with ` representing the mean molecular weight, and �? roughly
as )e� /6. We emphasize here that this frequency is well-known in
asteroseismology since it corresponds to the maximum of the power
of acoustic modes. Even if our analysis does not contain modes, we
keep this quantity as defined in asteroseismology since it follows
nicely the evolution of the star amax ⇠ 6/p)e� (Belkacem et al.
2011). Low values of amax correspond to evolved or hotter stars,
while large values correspond to cool dwarfs. For the Sun its value
is around 3090 `Hz. Since we have models at di�erent metallicities,
we modified amax according to the following dependencies:

`
�1 = - + .

4
+ /

h�i , (2)

where ` is the mean molecular weight, h�i corresponds to the mean
atomic number, which is⇡15.5 for our models, and the mass fractions
- , . , and / were directly determined from the chemical abundances
of the simulations, keeping in mind that the abundances of alpha-
elements for [Fe/H]-1.0 already accounted for U-enhancement fol-
lowing

[M/H] = [Fe/H] + corr([U/Fe]), (3)

where corr makes reference to a correction factor based on [U/Fe]
(Salaris et al. 1993). Thus, the characteristic frequency amax scales
as (Viani et al. 2017)

amax /
✓

g
g�

◆ ✓
Te�,�
Te�

◆1/2 ✓
`

`�

◆1/2
, (4)

where 6� ,)e�,� , and `� correspond to the solar values. We
note that for our 3D models, we used the following reference values,
based on the solar-like 3D model at solar metallicity: 6� = 27542.29
cm/s2, )e�,� = 5759 K, and `� = 1.249. We consider models of
stars with 3 orders of magnitude range in amax, as indicated in Table 1.
To calculate amax for every model, we used h)e�i, which is the mean
)e� from the time series, rather than the target )e� corresponding to
the )e� that we aimed to achieve for each model. Hereafter, unless
specified, the )e� refers to h)e�i.

All 3D models in this work were generated with the following
input physics:

• The time series covered at least 1000 convective turnover times,
to have a reliable standard deviation independent of the length of the
time series, opposite to what happens for too short time series of
stochastic processes.

• Opacity tables with 6 bins were used if available, otherwise 12
bins were used. We note that the influence of the number of bins is
negligible as shown in Appendix A1.

• The radiative transfer equation was solved along the vertical
direction and 7 additional inclined angles.

• We used a grid resolution of 120 points in every direction.
• The box-modes were damped.

Since we computed long time series, saved at relative high cadence,
the relative low grid resolution was chosen to minimize both the
CPU and storage resources, without a�ecting the derived granulation
properties. This is justified in Appendix A, where we studied the
e�ects of our selection on the brightness fluctuations.

2.3 The BAyesian STellar Algorithm (BASTA)

Since the only stellar parameters that define the 3D models - )e� ,
logg, and [Fe/H] - are indeed atmospheric parameters, it is not pos-
sible to describe a whole star with them. Therefore, several stars

Figure 3. Comparison of the radiative flux variations as a function of
the number of convective turnover times, for three simulated stars at dif-
ferent evolutionary stages: giant (t45g20m00) with amax = 12.727`Hz,
subgiant (t50g30m00) with amax = 121.516`Hz, and a solar simulation
(t5777g44m00) with with amax = 3106`Hz.

with di�erent radii, masses, and ages may match a given set of these
parameters. As we will discuss in Sec. 3, to derive the f of the
brightness fluctuations of an entire star from a 3D model, we need
to know its radius. In practice, to define the most probable star that
matches any of our models, we use the BAyesian STellar Algorithm
(BASTA; Silva Aguirre et al. 2015, 2017; Aguirre Børsen-Koch et al.
2021), a pipeline to accurately determine stellar properties using as-
teroseismology. A bayesian approach is implemented in BASTA to
find the optimal solution from a pre-computed grid of evolutionary
models, being in this study the grid of BaSTI isochrones (Hidalgo
et al. 2018) that included overshooting, di�usion, and mass loss.
This is done by taking prior information such as a standard Salpeter
initial mass function, and providing a set of observables, being in
this case )e� , logg, and [M/H]. [M/H] was calculated using Eq. 3
with U-enhancement [U/Fe] = +0.4 dex when appropriated, as this
is not the case for all metallicities. BASTA then takes all this infor-
mation into account to compute the probability of every model in
the grid matching the observations. As a result, BASTA provides a
posterior probability distribution (PDF) for every parameter, and the
final values for each stellar quantity are taken as a robust estimate of
a typical star configuration that matches the 16 and 84 percentiles of
the distribution.

3 STELLAR CONVECTIVE NOISE FROM 3D STELLAR
ATMOSPHERE MODELS

Granulation produces fluctuations of the bolometric radiative flux
as a function of time. Fig. 3 shows models representing stars in the
following stages: giant (t45g20m00), sub-giant (t50g30m00), and a
solar simulation (t5777g44m00) in terms of the number of convective
turnover times, defined here as the time from the time series scaled
by the amax associated with every model. From the figure it is clear,
that the flux variations increase as a star evolves, and thus, increase
with decreasing amax.

This stochastic process can be described by two variables. First,
its standard deviation f

fbox =
q⌦

F 2
↵
� hF i2, (5)

MNRAS 000, 1–15 (2020)

K Giant

Sun

Brightness variations

Detecting an Earth 
• 12 hours transit 
• 9 m/s in amplitude 
• 84 ppm 
Perryman 2018

K dwarf



Chapitre 4. FliPer 107

FIGURE 4.4: Évolution de la psd en fonction de l’état évolutif des étoiles. L’évolution a lieu entre la phase
de ms et la rgb du rouge au bleu. La ligne pointillée grise représente la limite des psd acquises avec le mode
d’observation en LC de Kepler.

• L’expansion de l’enveloppe de l’étoile durant son évolution conduit à la fois à l’agrandissement des
cellules de convection et à l’agrandissement des cavités résonnantes des modes d’oscillation. Finale-
ment, il sont excités et résonnent à des fréquences de plus en plus basses lorsque l’étoile évolue (voir
figure 4.4, (e.g. Mathur et al., 2011a)).

• La signature rotationnelle de surface est également décalée vers les basses fréquences puisque l’ex-
pansion de l’enveloppe conduit à son ralentissement par conservation du moment cinétique. Avec la
résolution fréquentielle disponible dans les données, les signaux de rotation à basses fréquences sont
intrinsèquement plus di�ciles à détecter. De plus, ils sont rarement détectés dans les étoiles au-delà
de la ms à cause de leur baisse d’activité (bien que ce soit tout de même possible pour certaines, e.g.
Ceillier et al., 2017). En général, les signaux de rotation sont plus facilement détectés pour les étoiles
de la ms seulement (e.g. Barnes, 2003; Garćıa et al., 2014a; McQuillan et al., 2014; Santos et al.,
2019).

Ainsi, nous avons vu que les signaux dominants que sont la convection et les oscillations évoluent de manière
consistante dans la psd avec l’évolution de l’étoile, vers les basses fréquences et grandes amplitudes entre la
ms et la rgb. La tendance évolutive s’inverse lorsque l’étoile retombe dans le Clump, puis reprend durant la
agb. Le contenu général du spectre de puissance dépend donc de l’état évolutif de l’étoile de type solaire, ce
qui rend la psd un outil très précieux pour contraindre l’âge de l’étoile.

Pour pallier à la restriction du Flicker en état évolutif, nous avons développé la méthode FliPer. Le sigle
FliPer correspond à ⌧ Flicker adapté au domaine des Puissances �. En e↵et, comme détaillée ci-après, la
méthodologie du FliPer repose sur l’étude du scintillement convectif à partir des psd des étoiles plutôt que
de leur courbe de lumière.

Nous mentionnons également qu’une étude menée de façon contemporaine à la notre par Pande et al. (2018)
adapte la loi 4.9 du Flicker au domaine de la densité de puissance :

log ⌫max [µHz] = 0.4861 log Pgran [ppm2
/µHz] � Te↵ [11022K] + 4.197, (4.10)

 1 Mm in size∼

Sun granules

•  5-10 minutes in time 
• 40-80 cm/s in amplitude 
• 10-300 ppm

K Giant granules

•  hours to days in time 
• 200-300 m/s in amplitude 
• 1000-2000 ppm

 600 Mm in size∼

Granule sizes depend on  
pressure scale height and, 

in particular, on surface gravity

Rodríguez Díaz et al. 2022 

Chiavassa et al. 2018 

Lisa Bugnet PhD Thesis 

Stellar evolution

Main Sequence

Red Giant 
Branch

Brightness variations
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- They vary on diBerent timescales and scales

Stellar activity forms a complexe noise signature

- They have diBerent nature : stochastic, sporadic (Xares), or (semi-) periodic + stochastic with a modulation related to the 
          stellar rotation, the diBerential rotation, and/or the stellar cycle

Figures from Garcia, 2014
Left : KIC 3733735 (variable F5IV-V star)  — Right : Solar data. Credits, T. Bedding & H. Kjeldsen
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Hosting star: precise stellar characterisation
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Transmission for Sun-Earth-like system is about 0.2 ppm

Transmission for M dwarf-Earth-like system is about 40 ppm

Atmosphere characterisation (N2, 
CO2, H2O, CH4…)

Stellar contamination



Atmosphere characterisation (N2, 
CO2, H2O, CH4, O2)

Planetary albedo: 

reflective layers on the 

surface (ice, oceans) 

and in the atmosphere 

(clouds)

Fig. 8 Detectability in reflected light (in Y, J, H bands) with ANDES of Proxima b and its atmo-
spheres. The top three lines indicate the integration time required to reach a SNR=5 molecular
detection (O2, CO2, H2O), calculated with a CCF using Doppler-shifted molecular absorption lines.
The last bottom line indicates the integration time required to reach a SNR=5, calculated with a
CCF using Doppler-shifted stellar lines. Required integration times strongly vary from one atmo-
spheric composition to the other, and are significantly lower when considering the e↵ect of clouds.
The symbols inside the right side legend indicate cases that are not detectable in less than 60 nights.

thus be highly beneficial to access the golden sample targets Ross 128 b, Wolf 1061 c
and GJ 682 b, located at 15–21mas from the star at maximum elongation. If this can
be achieved, a basic characterization of all 5 golden sample targets could be done in
about 33 nights of observing time. The population of potentially habitable planets in
the immediate solar neighborhood could thus be probed for the first time by ANDES.

4.2 Expected properties and Detectable species in or near the
Habitable Zone of small planets: Proxima b

To estimate the detectability of the main atmospheric constituents of the best target
of our golden sample – Proxima b – with ANDES, we adapted the methodology of
Mollière and Snellen (2019) to HCHR observations to compute cross-correlation func-
tions (CCF) and then SNR. We accounted for the contamination by Earth’s telluric
lines, as well as the relative velocity of Proxima b, Proxima Cen and the Earth. Cal-
culations were performed in the Y, J and H bands, using the contrast curves in the
low-piston scenario, in line with calculations presented in the previous subsections. We
first assumed fixed (i.e., wavelength-independent) planet-to-star contrast ratios using
typical values derived from global climate model (GCM) simulations of Turbet et al
(2016) at maximum elongation. We find that, assuming a planet-to-star contrast ratio
of 10�7 (3⇥10�8 and 2⇥10�7, respectively), Proxima b can be detected with ANDES
at 5� in about 7 h (60 and 2 h, respectively).

22

Stellar lines reflected on the planet or molecular 
absorption (H2O, CO2, O2)


Palle et al. 2023 (ANDES paper)

Stellar contamination



Best case scenario: M dwarf + Earth like system


Stellar activity

Molecular absorption

Stellar variability

Stellar parameters


Stellar contamination



Best case scenario: M dwarf + Earth like system


Stellar activity

Molecular absorption

Stellar variability

Stellar parameters


Stellar contamination

3.6 Mm

3.
6 

M
m

New state-of-the-art simulation 
of stellar convection for M dwarf 
stars (Rodriguez Díaz et al. 
2024) 



Konings et al., 2022

Synthetic flare of a M dwarf star

Impact on the (close-orbiting) gaseous planet atmosphere 
Several hundred of ppm 

Happening up to several days after the flares

Stellar contamination: Stellar activity



The Sun

Freytag et al.: Simulations of brown dwarf atmospheres 1073
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Fig. 4. Two intensity snapshots of a dust-free
global brown dwarf toy model, about 25 min apart.

the photosphere above are much larger and
therefore “overexposed” in this plot. Still, one
can distinguish the dust convection zone with
overturning flows (-1< z <16 km) from the re-
gions filled by horizontally elongated gravity
waves just below and above. If the dust clouds
become so thick that they can hinder the ra-
diative flux from escaping the develop inter-
nal convective flows very e↵ectively mix ma-
terial, a mechanism that depends sensitively
on the properties of the employed dust model.
Convective overshoot of the gas convection
zone can only a↵ect dust species that can form
at the relatively high temperatures close to the
convective layers. In contrast, gravity waves
seem to occur everywhere, but there essentially
reversible motion provides only small amounts
of mixing (Freytag et al. 2010).

A parametrized description of the mix-
ing based in CO5BOLD simulation was put
into the Phoenix code and is part of the cur-
rent Phoenix model generation (Allard et al.
2011, 2012). Figure 4 of Allard et al. (2011)
and Figure 5 of Allard et al. (2013) show
an e↵ective-temperature sequence of intensity
maps of local 3D RHD models of dusty brown
dwarfs. With decreasing Te↵ and increasing
thickness of the clouds the underlying low-
contrast granules become completely invisible.
Instead, high-contrast small-scale features pro-
duces within the cloud layers dominate.

Figure 3 of Allard et al. (2013) shows the
emergent intensity of a global 3D toy model of
an M dwarf: While the surface properties (Te↵ ,
log g, and therefore pressure scale height and
granule size) are realistic, the stellar radius was

st22g35n05  t=3175.1 min

-10 -5 0 5 10
x [Mm]

-10

-5

0

5

10
st22g35n05  t=3200.0 min

-10 -5 0 5 10
x [Mm]

-10

-5

0

5

10

st22g35n05  t=3175.1 min

-10 -5 0 5 10
x [Mm]

-10

-5

0

5

10
st22g35n05  t=3200.0 min

-10 -5 0 5 10
x [Mm]

-10

-5

0

5

10

st22g35n05  t=3175.1 min

-10 -5 0 5 10
x [Mm]

-10

-5

0

5

10
st22g35n05  t=3200.0 min

-10 -5 0 5 10
x [Mm]

-10

-5

0

5

10

Fig. 5. Two intensity snapshots of a dusty global
brown dwarf toy model, about 25 min apart (top
panels). Below slices showing the dust concentra-
tion (middle) and the entropy (bottom).

drastically reduced so that only a small number
of granules cover the entire surface. Such mod-
els of rotating M dwarfs are being used to de-
termine the e↵ect of rotation on the convective
e�ciency. A similar setup is used for the non-
rotating models in Fig. 5 to study the occur-
rence of large-scale structure in the dust layers
of brown dwarfs.

The very small convective cells in the thin
dust layer have rather low contrast. The visi-
ble dark patches have roughly the scale of the
underlying granules and are produced by oc-
casionally occurring strong overshooting mo-

M Dwarf

Brown Dwarf

1

Stellar contamination: Molecular absorption
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become so thick that they can hinder the ra-
diative flux from escaping the develop inter-
nal convective flows very e↵ectively mix ma-
terial, a mechanism that depends sensitively
on the properties of the employed dust model.
Convective overshoot of the gas convection
zone can only a↵ect dust species that can form
at the relatively high temperatures close to the
convective layers. In contrast, gravity waves
seem to occur everywhere, but there essentially
reversible motion provides only small amounts
of mixing (Freytag et al. 2010).

A parametrized description of the mix-
ing based in CO5BOLD simulation was put
into the Phoenix code and is part of the cur-
rent Phoenix model generation (Allard et al.
2011, 2012). Figure 4 of Allard et al. (2011)
and Figure 5 of Allard et al. (2013) show
an e↵ective-temperature sequence of intensity
maps of local 3D RHD models of dusty brown
dwarfs. With decreasing Te↵ and increasing
thickness of the clouds the underlying low-
contrast granules become completely invisible.
Instead, high-contrast small-scale features pro-
duces within the cloud layers dominate.

Figure 3 of Allard et al. (2013) shows the
emergent intensity of a global 3D toy model of
an M dwarf: While the surface properties (Te↵ ,
log g, and therefore pressure scale height and
granule size) are realistic, the stellar radius was
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Fig. 5. Two intensity snapshots of a dusty global
brown dwarf toy model, about 25 min apart (top
panels). Below slices showing the dust concentra-
tion (middle) and the entropy (bottom).

drastically reduced so that only a small number
of granules cover the entire surface. Such mod-
els of rotating M dwarfs are being used to de-
termine the e↵ect of rotation on the convective
e�ciency. A similar setup is used for the non-
rotating models in Fig. 5 to study the occur-
rence of large-scale structure in the dust layers
of brown dwarfs.

The very small convective cells in the thin
dust layer have rather low contrast. The visi-
ble dark patches have roughly the scale of the
underlying granules and are produced by oc-
casionally occurring strong overshooting mo-
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A. Chiavassa and M. Brogi: Planet and star synergy at high spectral resolution

Table 1. 3D RHD simulations from STAGGER-grid (Magic et al. 2013) used in this work for observed systems reported in last column.

Te↵ [Fe/H] log g x, y, z-dimensions x, y, z-resolution Used for the
[K] [cgs] [Mm] [grid points] observed system

5788 (solar) 0.0 4.44 8.00⇥ 8.00⇥ 4.97 240⇥ 240⇥ 230 51 Pegasi b
4982 (K dwarf) 0.0 4.50 5.00⇥ 5.00⇥ 4.24 240⇥ 240⇥ 230 HD 189733 b

Notes. Te↵ are from Chiavassa et al. (2018).

Fig. 1. Example of synthetic spectrum from the K-dwarf RHD sim-
ulation of Table 1. The spectral lines correspond largerly to 2–0
rovibrational band of carbon monoxide.

of the RHD simulations for all required wavelengths, for ten
box tilting angles µ = cos(✓) = [1.00, 0.90, 0.80, 0.70, 0.50,
0.30, 0.20, 0.10, 0.05, 0.01], where ✓ is the angle between the
normal to the surface and the line of sight, and four azimuths
rotations � = [0�, 90�, 180�, 270�]. In addition, a temporal aver-
age is also performed over ten snapshots adequately spaced so
as to capture several convective turnovers. The final resulting
spectra are: (i) a temporally averaged intensity spectrum at dif-
ferent µ and �-angles, which will be used to model the changes in
the disk-averaged stellar spectrum during the transit of exoplanet
HD 189733 b (Sec. 5.1); (ii) a temporally- and spatially-averaged
flux (Fig. 1), which will be used to correct the stellar spectra in
datasets targeting the thermal emission of exoplanets (Sects. 5.2
and 6).

3. Intrinsic stellar variability and its impact in the
infrared

The granulation pattern is associated with heat transport by con-
vection. The bright areas on the stellar surfaces, the granules
(Fig. 2, bottom panel), are the locations of upflowing hot plasma,
while the dark intergranular lanes are the locations of down-
flowing cooler plasma. Additionally, the horizontal scale on
which radiative cooling drives the convective motions is linked
with the granulation diameter (Nordlund et al. 2009). One piece
of evidence of the convective-related surface structures comes
from the unresolved spectral lines, in particular at high spec-
tral resolution. In fact, they combine important properties such
as velocity amplitudes and velocity-intensity correlations, which
affect the line shape, shift, and asymmetries. These structures
derive from the convective flows in the solar photosphere and
solar oscillations (Asplund et al. 2000a; Nordlund et al. 2009).

Fig. 2. Spatially-resolved profiles at disk center (µ= 1.0, top panel) of
one CO line (�= 23 015.002 Å, log g f = 0.221, �=�5.474 eV) across
granulation pattern (bottom panel) of a K-dwarf simulation (Table 1).
The solid red (intergranular lane) and blue (granule) lines display two
particular positions (colored star symbols) extracted from the intensity
map.

Figure 2 displays an example of the spatially-resolved
intensities corresponding to different regions across the gran-
ulation pattern. Correlations of velocity and temperature cause
characteristic asymmetries of spectral lines as well as net blue-
or red-shifts depending on the area probed (Dravins 1987;
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In conclusion …


Stellar atmospheres are dynamics, depending on their stellar parameters —> not 
negligible impact on all observables (planetary detection, radius, density, composition, 
dynamics…)

M-dwarf hosts are the optimal target as their spectra have more lines to detect, thus 
boosting the detection strength of the cross-correlation. However, this requires accurate 
models of M-dwarfs spectra

andrea.chiavassa@oca.eu 
https://lagrange.oca.eu/fr/andrea-chiavassa/

From the planet point of view: 
- the star is the noise, and the stellar spectra 

need modelling to be processed 

From the stellar point of view: 
- the “noise” is the signal of stellar dynamics and 

key point for studying its physical properties 
- the planet transits represent and relevant 

source of information for the star 
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