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Active regions on the Sun

Active regions contain: 
• spots (limb-darkened, large contrast)  
• faculae (limb-brightened, low contrast, extended) 

SoHO/MDI continuum intensity

Note also: granules, bright points, … (much smaller)



Activity and transits



Photometric effects of spots and faculae

Active star (CoRoT-2)

Sun (SoHO/VIRGO)



Photometric effects of spots and faculae

Composite total solar irradiance (TSI) from PMOD/WRC (C. Froehlich)

On the Sun, faculae have large filling factor and dominate the net photometric effect. 
On active stars, the ratio of faculae to spot filling factor is thought to be lower. 
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TransitsOrbit Oscillations

Transits can be separated from 
photometric variations due to active 
regions in the Fourier domain … so long 
as the star doesn’t rotate to fast!

Granulation, on the other hand, gives 
rise to photometric variability on similar 
timescales to transits (hours).
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Filtering activity to detect transits

Iterative non-linear filter followed by 
least-squares box-shaped transit search 
(Aigrain & Irwin 2004)

P ~ 20h, depth 0.0003, Rplanet ~ 2 REarth 

(CoRoT-7b, Leger et al. 2009)
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When does activity matter for transit searches?

Transit SNR =  
sqrt(Ntransits) x depth / sigma(Ttransit) 
where: 
- Ntransits is number of transits 
- Ttransit is duration of transit 

Intrinsic stellar variability on 6 hour time-
scales from Kepler (Gilliland et al. 2011)

Sun

Kepler would have needed 7 rather than 
4 years to reach SNR of 10 for Earth-
like planets in the habitable zone of 
Sun-like stars

This can be addressed, at least partially, by modelling the 
activity-induced variations simultaneously with the transits

For more on this see Jessie Christiansen’s talk
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HD189733 out of transit variability 
(Pont et al. 2013)

Modelling stellar and planetary signals jointly 
using Gaussian Processes (GPs)

In particular, they provide a flexible, robust and principled way of  
• modelling correlated (red) noise  
• interpolating  over uneven time-sampling

Usually, planetary signals are deterministic, whereas, stellar activity signals are stochastic. 
Gaussian Processes (GPs) are a powerful way of modelling both together.

Transit search using GPs 
(Foreman-Mackey et al, in prep.)

Simple Python GP regression for beginners:  
https://github.com/saigrain/SuzPyUtils/GP_simple.py

Fast GP regression using rapid matrix 
inversion: http://dan.iel.fm/george

More on GPs in J. Christiansen, R. Haywood’s talks!



Activity in transmission spectra

• In transmission spectroscopy, need to worry about  

• occulted spots: distort transit, or make it seem shallower 

• un-occulted spots: make transit appear deeper 

• Both effects are very important and hard to correct for transmission spectroscopy 

• not just in the optical / UV! cf. Pont et al. (2013)



Dust in the atmosphere of HD 189733b 11

Figure 7. Left: residuals around a transit model from the three medium-resolution STIS HST visits, showing the ubiquitous e↵ect of
occulted spots. Right: Same residuals, with the spot e↵ect scaled to the expected amplitude at 8 µm, and added errors corresponding
to those of Spitzer measurements at 8 µm (3.7⇥ 10�4 per minute).

each other, given that the second is the sum of the contribu-
tion of the occulted stat spots with the e↵ect of unocculted
star spots (of the same amplitude on average) and the in-
strumental systematics. A scatter of 0.3 % at 8 µm on ↵
due to unrecognised star spot crossings is compatible with
all three.

We therefore use 0.3 % at 8 µm as an additional uncer-
tainty in the depth measurement of individual transits due
to unidentified spot crossings, and use ↵ =<↵0> to calcu-
late our best estimate of the transit radius in the infrared
data. This value is scaled with the factors in Table 4 at other
wavelengths.

3.3 Limitations of the spot corrections

Several lines of evidence and cross-checks allow us to build
some confidence on the spot corrections. We have also stayed
as conservative as possible in our assumptions about the
e↵ect of unseen spots in the infrared data. As a results, the
uncertainties in the infrared measurements are significantly
larger than in previous studies.

Nevertheless, some coincidences and compensating ef-
fects remain possible. We identify some of them here.

The mean e↵ective temperature of spots is calculated
from the large spot crossings in the ACS and STIS data.
It is possible that this temperature is only representative of
larger spots, and that there is a large population of smaller
spots with a weaker temperature di↵erence. Such a ”leopard
skin” model for HD 189733 would modify the transmission
spectrum in ways that would be virtually impossible to cor-
rect with the available data. Nevertheless, with smaller and
more numerous spots, the e↵ects of occulted and unocculted
spots tend to average out over the scale of a full transit.

The level of unocculted spots, that we have estimated
to be 1-2% in the previous section, could be much higher.
This scenario requires a certain number of coincidences to
remain compatible with the observations. First, the spots
must be preferentially situated out of the path taken by the
planet across the star during the transit (the planet crosses
the 31-550 latitude range of the star, see Fig. 8), so as to re-
produce the statistics of crossed spots and the variability of

Figure 8. Geometry of the HD189733 system.

measured depth at 8 µm. This is possible with a large polar
spot region, for instance. The spot configuration would also
have to remain remarkably stable, to reproduce the variabil-
ity of the APT light curve over more than five years. Also,
the MgH feature expected with such a high spot dimming
(see Fig. 10 of Sing et al. 2011) is not seen, which requires the
spot spectrum to be anomalous and di↵erent from a cooler
stellar photosphere (this last point is not as unlikely as it
sounds, the TrES-1 spot occultation observed with ACS in
Rabus et al. (2009) for instance show a spectrum for the spot
that seems flatter than expected, and in our STIS spectrum,
the expected MgH spectral feature of the spot near 5000 Å
seems absent).

The distribution of spots could also be strongly uneven
in latitude, undermining the ↵ =<↵0 > relation used for
the infrared transit. This would bias the connection of the
infrared and visible parts of the transmission spectrum.

We consider these situations less likely than our default
assumptions, and will leave them as possible caveat unless
they are supported by empirical evidence.

3.4 “Weather” variability

Reconstructing a unique transmission spectrum from data
taken at di↵erent times rests on the assumption that in-
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measured depth at 8 µm. This is possible with a large polar
spot region, for instance. The spot configuration would also
have to remain remarkably stable, to reproduce the variabil-
ity of the APT light curve over more than five years. Also,
the MgH feature expected with such a high spot dimming
(see Fig. 10 of Sing et al. 2011) is not seen, which requires the
spot spectrum to be anomalous and di↵erent from a cooler
stellar photosphere (this last point is not as unlikely as it
sounds, the TrES-1 spot occultation observed with ACS in
Rabus et al. (2009) for instance show a spectrum for the spot
that seems flatter than expected, and in our STIS spectrum,
the expected MgH spectral feature of the spot near 5000 Å
seems absent).

The distribution of spots could also be strongly uneven
in latitude, undermining the ↵ =<↵0 > relation used for
the infrared transit. This would bias the connection of the
infrared and visible parts of the transmission spectrum.

We consider these situations less likely than our default
assumptions, and will leave them as possible caveat unless
they are supported by empirical evidence.

3.4 “Weather” variability

Reconstructing a unique transmission spectrum from data
taken at di↵erent times rests on the assumption that in-
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Activity in transmission spectra

• In transmission spectroscopy, need to worry about  

• occulted spots: distort transit, or make it seem shallower 

• un-occulted spots: make transit appear deeper 

• Both effects are very important and hard to correct for transmission spectroscopy 

• not just in the optical / UV! cf. Pont et al. (2013)

Plages also matter - see talk by M. Oshagh



Activity and RVs
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Convection is partially suppressed in regions 
where surface magnetic field is large 
!
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RV effects of activity - 2:  
convective blueshift suppression

magnetized region 

Convection is partially suppressed in regions 
where surface magnetic field is large 
!
Why does this affect RVs?

Joshi et al. (2011)
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Line shape and absolute convective blue-shift depend on line strength (Gray 2009)
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Effect of convective blueshift suppression  
on RV and spectral line shape 

flu
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This dominates over the effect of spots for the Sun (Meunier et al. 2010)



Methods to identify / filter / model activity signals in RV

• Correlation with CCF bisector span (Bonfils et al. 2007, Boisse et al. 2009). 

• Correlation with Ca H & K index (Boisse et al. 2011, Dumusque et al. 2011, Meunier et 
al. 2013) or UV variability (Cegla et al. 2014). 

• Long-term component of Ca index for “activity cycle” (Dumusque et al. 2012) 

• Sine-fitting of RVs at harmonics of the rotation period (e.g. Dumusque et al. 2012) 

• Spot modelling (Lanza et al. 2007, 2010, Boisse et al. 2011 - SOAP) 

• FF’ method (Aigrain et al. 2012) - simplified relationship between photometric and RV 
effects of active regions 

• Hydrodynamical simulations of convection (Cegla et al. 2013)



Activity-induced RV variations from photometry 3

2.2 RV signature

The most important e↵ect of the spot in RV is due to the
fact that it suppresses the flux emitted by a portion of the
rotating stellar disk, thus introducing a perturbation to the
disk-averaged RV. Provided c is not close to one, this pertur-
bation can be estimated simply by multiplying the projected
area of the spot, which is given by F (t), by the RV of the
stellar surface at the location of the spot:

�RV

rot

(t) = �F (t) V

eq

cos � sin �(t) sin i, (4)

where V

eq

= 2⇡R?/P

rot

is the equatorial rotational velocity
of the star, and R? the stellar radius. Di↵erential rotation
can be included in this formalism by allowing V

eq

(or equiv-
alently P

rot

) to vary as a function of the spot latitude.
Spots tend to be associated with magnetized areas

which, while they have very limited photometric contrast,
are much more extended spatially. These do have an im-
portant impact in RV, because convection is partially sup-
pressed within them, leading to a reduction in the convec-
tive blue-shift (see Meunier et al. 2010a,b, and references
therein). Within our simplified formalism, it is possible to
approximate the resulting RV perturbation as

�RV

c

(t) = +F (t) �V

c

 cos �(t) (5)

where �V

c

is the di↵erence between the convective blue-shift
in the unspotted photosphere and that within the magne-
tized area, and  is the ratio of this area to the spot surface
(typically � 1). The total RV signature of the spot and
associated magnetised area is then simply

�RV (t) = �RV

rot

(t) + �RV

c

(t). (6)

2.3 Examples

Figure 1 shows light and RV curves simulated using this
simple model for an equatorial spot (solid black line) and
a high-latitude spot on an inclined star (solid cyan line).
The dotted grey line in the bottom panel shows the equato-
rial spot case without the convective blue-shift suppression
term. Also shown for comparison is the same equatorial spot
modeled with the more sophisticated formalism of Dorren
(1987), who gives analytical expressions for a circular spot
of finite size on a limb-darkened photosphere. Figure 2 shows
the corresponding amplitude spectra1, which we use to eval-
uate the impact of the simplifications we have made on the
frequency content of the simulated light and RV curves.

In all cases, the amplitude spectrum of the light curve
is dominated by the rotational frequency, as one might
expect. There is also signal at the second, fourth, sixth
and higher even-numbered harmonics ⌫ = 2n/P

rot

, where
n = 1, 2, 3,. . . , although the amplitude decreases rapidly
with n. On the other hand, there is essentially no sig-
nal at odd-numbered harmonics ⌫ = (2m + 1)/P

rot

, where
m = 1, 2, 3,. . . . As previously noted by Boisse et al. (2009,

1 Throughout this paper, we use amplitude spectra computed
by linear least-squares fitting of a sinusoid with free zero-point,
amplitude and phase at each frequency. This is akin to the gen-
eralised periodogram of Zechmeister & Kürster (2009) but ex-
pressed in units of amplitude rather than �

2 reduction.

Figure 1. Simulated photometric and RV signatures of a single
spot (top and bottom respectively). The solid black line shows
the output of our simple model for a fairly large, dark, equatorial
spot (c = 0, ↵ = 10 �, � = 0) on a star with P

rot

= 5 days,
i = 90 �, �V

c

= 200 m s�1 and  = 10 (see text for details). The
solid cyan line is the same, but for a higher latitude spot on an
inclined star (� = 60 �, i = 70 �). For comparison, the dashed
lines show the same spots modeled with the formalism of Dorren
(1987) (stellar linear limb-darkening parameter u? = 0.5). For
simplicity, we have omitted the Dorren formalism for the high-
latitude case in the bottom panel. Instead, the black dash-dot
line shows the equatorial spot simulated with our simple model,
but without the convective blue-shift e↵ect (�V

c

= 0).

Figure 2. Amplitude spectra for the light and RV curves shown
in 1, using the same colour-coding. These spectra were computed
from time-series lasting 5 P

rot

. Frequencies are expressed in units
of inverse rotation periods.

2011), the RV signature is dominated by the first three har-
monics of the rotational frequency, with additional signal
at odd-numbered harmonics, although at much lower am-
plitude. The di↵erences between the distribution of power
at higher harmonics in photometry and in RV arise because
the photometric signal is maximised when the spot is face
on, which occurs once per disk-crossing, but the RV signal
is maximised when the spot longitude is 45�, which occurs
twice per disk crossing.

c� . . . RAS, MNRAS 000, 1–13
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(Aigrain, Pont & Mazeh 2012)
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of the star, and R? the stellar radius. Di↵erential rotation
can be included in this formalism by allowing V
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(or equiv-
alently P
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) to vary as a function of the spot latitude.
Spots tend to be associated with magnetized areas

which, while they have very limited photometric contrast,
are much more extended spatially. These do have an im-
portant impact in RV, because convection is partially sup-
pressed within them, leading to a reduction in the convec-
tive blue-shift (see Meunier et al. 2010a,b, and references
therein). Within our simplified formalism, it is possible to
approximate the resulting RV perturbation as
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where �V
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is the di↵erence between the convective blue-shift
in the unspotted photosphere and that within the magne-
tized area, and  is the ratio of this area to the spot surface
(typically � 1). The total RV signature of the spot and
associated magnetised area is then simply
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2.3 Examples

Figure 1 shows light and RV curves simulated using this
simple model for an equatorial spot (solid black line) and
a high-latitude spot on an inclined star (solid cyan line).
The dotted grey line in the bottom panel shows the equato-
rial spot case without the convective blue-shift suppression
term. Also shown for comparison is the same equatorial spot
modeled with the more sophisticated formalism of Dorren
(1987), who gives analytical expressions for a circular spot
of finite size on a limb-darkened photosphere. Figure 2 shows
the corresponding amplitude spectra1, which we use to eval-
uate the impact of the simplifications we have made on the
frequency content of the simulated light and RV curves.

In all cases, the amplitude spectrum of the light curve
is dominated by the rotational frequency, as one might
expect. There is also signal at the second, fourth, sixth
and higher even-numbered harmonics ⌫ = 2n/P

rot

, where
n = 1, 2, 3,. . . , although the amplitude decreases rapidly
with n. On the other hand, there is essentially no sig-
nal at odd-numbered harmonics ⌫ = (2m + 1)/P

rot

, where
m = 1, 2, 3,. . . . As previously noted by Boisse et al. (2009,

1 Throughout this paper, we use amplitude spectra computed
by linear least-squares fitting of a sinusoid with free zero-point,
amplitude and phase at each frequency. This is akin to the gen-
eralised periodogram of Zechmeister & Kürster (2009) but ex-
pressed in units of amplitude rather than �

2 reduction.

Figure 1. Simulated photometric and RV signatures of a single
spot (top and bottom respectively). The solid black line shows
the output of our simple model for a fairly large, dark, equatorial
spot (c = 0, ↵ = 10 �, � = 0) on a star with P

rot

= 5 days,
i = 90 �, �V

c

= 200 m s�1 and  = 10 (see text for details). The
solid cyan line is the same, but for a higher latitude spot on an
inclined star (� = 60 �, i = 70 �). For comparison, the dashed
lines show the same spots modeled with the formalism of Dorren
(1987) (stellar linear limb-darkening parameter u? = 0.5). For
simplicity, we have omitted the Dorren formalism for the high-
latitude case in the bottom panel. Instead, the black dash-dot
line shows the equatorial spot simulated with our simple model,
but without the convective blue-shift e↵ect (�V

c

= 0).

Figure 2. Amplitude spectra for the light and RV curves shown
in 1, using the same colour-coding. These spectra were computed
from time-series lasting 5 P

rot

. Frequencies are expressed in units
of inverse rotation periods.

2011), the RV signature is dominated by the first three har-
monics of the rotational frequency, with additional signal
at odd-numbered harmonics, although at much lower am-
plitude. The di↵erences between the distribution of power
at higher harmonics in photometry and in RV arise because
the photometric signal is maximised when the spot is face
on, which occurs once per disk-crossing, but the RV signal
is maximised when the spot longitude is 45�, which occurs
twice per disk crossing.
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(1987), who gives analytical expressions for a circular spot
of finite size on a limb-darkened photosphere. Figure 2 shows
the corresponding amplitude spectra1, which we use to eval-
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Beyond FF’: joint modelling of activity signals in RV and 
spectral activity indicators using GPs

(I) The problem: mitigating stellar activity 

 
•  Stellar activity can give rise to apparent radial velocity (RV) variability 
•  Activity-induced variations (due e.g. to rotating spots) can drown out or 

mimic the signals one would expect from an exoplanet, and are difficult to 
disentangle from putative planetary signals 

•  Existing approaches to mitigating stellar activity tend to be problematic – e.g. 
spot models are very degenerate; other approaches don’t model RVs jointly 
with available activity diagnostics (or make strong assumptions about the 
relationships between the former and the latter); etc. 

•  FF’ method of Aigrain et al. (2012) allows activity-induced RV variations to 
be estimated using photometric light curve and its first derivative. But if no 
photometry is available – how to extend this approach to other diagnostics? 

•  More generally: how better to mitigate stellar activity in RV datasets, to find 
planets? 

(V) Results: Alpha Cen B 

 

(Fig. 3; caption at bottom of poster) 

(II) What about Gaussian processes (GPs)? 

 
•  A GP can be thought of as an infinite-dimensional generalisation of a 

multivariate Gaussian distribution.  
•  A multivariate Gaussian is specified by a mean vector and covariance matrix, 

whereas a GP is specified by a mean function and a covariance function 
•  When trying to learn a function (given some data), GPs can conveniently be 

used as prior distributions over functions in Bayesian inference 
•  In particular, GPs allow complex stochastic processes to be modelled very 

flexibly, just by parameterising their covariance functions 
•  Many other convenient properties – e.g. they allow interpolation over sparsely-

sampled data; analytical marginalisation over nuisance parameters; etc. 
•  Further reading: e.g. Rasmussen & Williams (2006) or Roberts et al. (2013). 

 

 

 

(IV) Results: SOAP simulation 
 

(Fig. 2; caption at bottom of poster) 

(III) Proposed solution: use GPs to model activity 

 
•  Assume (unobserved) stochastic process, G – e.g. spot coverage – giving rise to 

activity signals can be described by a GP 
•  Encode any available knowledge about G into the GP’s covariance function, 

e.g. (quasi)periodicity, evolutionary timescales, smoothness, etc. 
•  Use existing physical models to relate G (and possibly its derivatives, integrals) 

to observables: photometry, RVs; line diagnostics such as FWHM, line bisector 
(BIS), log R 'HK activity index, etc. ! multiple ‘linked’ GPs 

•  Incorporate dynamical effects (e.g. Kepler orbits) into GPs’ mean functions 
•  Use this GP framework to model all available data jointly 
•  Thus the RVs can be modelled without having to parameterise activity signals 

(e.g. don’t need sinusoids!); ancillary observables should robustly constrain the 
activity signal in the RVs 

•  In principle, can do Bayesian model comparison to decide if a planet is 
detected 

(VI) Summary & future work 

 
•  We have developed a GP-based approach to mitigating stellar activity signals in 

RV datasets; RV time series are modelled jointly with activity indicators 
•  Early results with both simulated & real data are promising 
•  It appears possible to model Alpha Cen B data well without a planet, but… 
•  The next steps in this work include: 

1.  Bayesian model comparison (planet vs. no-planet models)…is there really 
evidence for a planet around Alpha Cen B? 

2.  Development of more physically-realistic models to link the various time 
series (RV, BIS, log R 'HK, etc.) 

3.  Rigorous quantification of how well our approach works in various cases 
(e.g. large vs. small planetary signal relative to activity; planetary signal 
with period very similar/different to activity signals; etc.) 

 
 

RV exoplanets and stellar activity: 
Gaussian processes to the rescue… 

 
 

   

Vinesh Rajpaul,*  
Suzanne Aigrain, Michael Osborne 

 

University of Oxford; 
*vinesh.rajpaul@astro.ox.ac.uk 

Figure captions: (1) Simplified, schematic sketch of our GP-based scheme for the joint modelling of an RV time series with ancillary activity diagnostics. (2) GP-based, max. likelihood 
fits to simulated data generated using the SOAP tool from Boisse et al. (2012), plus an injected planetary signal. The activity (due to 4 rotating, spotted regions) is modelled well, and 
the planetary signal is recovered accurately.  (3) GP-based, max. likelihood fits to publicly-available Alpha Cen B data from Dumusque et al., 2012; no planet was needed to obtain a 
good fit. For clarity, data are binned to one point per night on plot, though fit was performed to full dataset. All four seasons were fitted simultaneously. 
 

Selected references: Aigrain S., Pont F., Zucker S., 2012, MNRAS, 419, 3147 | Boisse, I., Bonfils, X., Santos, N. C., 2012, A&A, A109, 9 | Dumusque X. et al., 2012, Nature, 491, 207 | 
Rasmussen C. E., Williams C. K. I., 2006, Gaussian processes for machine learning. MIT Press | Roberts S. et al., 2013, Philosophical Transactions of the Royal Society A: 
Mathematical, Physical and Engineering Sciences, 371, 20110550.  
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Planet detectability estimates for Sun 
Meunier & Lagrange (2013)

A&A 551, A101 (2013)

Fig. 1. Upper panels: reconstructed se-
ries for spots+plages RVsppl (left) and
all components including convection
RVtot (right). Set 3 and Set 4 are indi-
cated by horizontal arrows. Set 1 and
Set 2 cover the whole range. Lower
panels: corresponding periodograms.
The periodograms are in the same ar-
bitrary units.

to correct for the activity contribution of four stars (stellar types
K and F) with a solar-like magnetic cycle, which allowed them to
detect planets with masses between 0.22 and 2 MJup. This shows
that it is possible to correct part of the convection signal using
the Ca index, but to a yet undetermined precision. An important
issue is whether it is possible to reach the 1 MEarth detection limit
level in the habitable zone for a solar-type star with an activity
level and pattern similar to the Sun.

We note that the use of the Ca index is not the only way
to deal with this issue. Aigrain et al. (2012) have implemented
a method to derive activity-induced RV variation from photo-
metric time series and applied it to stellar observations and to
the solar-reconstructed RV used in this paper. Photometric vari-
ations have also been fitted in order to extract information about
the spots and plages (e.g. Lanza et al. 2007). These methods,
however, do not take into account the convection contribution.

The objectives of this paper are therefore twofold: i) to deter-
mine the detection limits on reconstructed solar RV for different
levels of convection; ii) to propose and test a method to correct
for the convective component. In Sect. 2, we therefore compute
the detection limits on the RV time series for various temporal
samplings and RV noise conditions. We also evaluate the impact
of the amplitude of the convective component on the detection
limits. While we focus our study on light planets at 1.2 AU, we
also study the impact of the distance on the detection limits. In
Sect. 3, we describe the Ca emission activity index (observed
and model) that will be used to correct for the convective con-
tribution. In Sect. 4, we evaluate two methods to perform this
correction, and in Sect. 5 we study their limitations. We illus-
trate our results for a 1 MEarth planet in Sect. 6 and discuss them
in Sect. 7.

2. Detection limits on reconstructed radial
velocities

2.1. Time series and method

In this section, we compute the detection limits for the time se-
ries presented in Paper II and shown in Fig. 1, hereafter RVsppl
(spots and plages only, without convection) and RVtot (all com-
ponents, including the convection component RVconv). We used
spots and plages observed daily over one cycle to build solar
maps and derive spectra. The RV time series result from the sum
of three components computed on the spectra: the RV variations
due to the spot temperature contrast; the RV variations due to
the plage temperature contrast; the convective component due
to the attenuation of the convective blueshift in the presence of
magnetic fields present in plages. The sum of the two first com-
ponents corresponds to RVsppl, while RVtot corresponds to all
components. We analyse the influence of the sampling and of
the noise associated with these RV data on the detection limits.

2.1.1. Temporal samplings

The temporal samplings are the following. On the original time
series (covering solar cycle 23, with a temporal cadence close
to one day), we first apply a mask eliminating four months per
year to simulate the fact that a star is not observable throuhgout
the year. This should naturally introduce a one-year periodicity
in the time series. In the resulting time series, we consider four
temporal samplings:

– All points (hereafter one-day sampling),
– 1 point every 4 days,
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Fig. 4. Two first rows: detection limits versus sampling for the
spots+plages RV signal for Sets 1 to 4, no RV noise, for the correlation-
based method (stars, orange), and the LPA method (squares, blue). Two
last rows: same for the total RV signal.

when full convection is taken into account. We find that, as es-
timated in Paper II from periodogram analysis in a few cases,
a very low level of convection (one order of magnitude weaker
than in the Sun) is necessary to reach the Earth-mass regime:
with levels of convection ten times lower, the detection limits ob-
tained for an excellent sampling, although larger than the RVsppl
detection limits obtained in Sect. 2.2.1, are close to one Earth
mass. With levels of convection five times lower, detection lim-
its of a few Earth masses can be reached, i.e. moderate levels of
convection may make it possible to reach the Super-Earth mass
regime. These results also give an idea of the amplitude of the
correction of the convective component that needs to be reached

Fig. 5. Upper panel: rms of the RV signal versus the sampling for zero
RV noise, for the spots+plages RV signal (green), and for the total
RV signal (red) for Set 1 (stars), Set 2 (diamonds), Set 3 (triangle),
and Set 4 (squares). Middle panel: same for the total power computed
from the periodogram. Lower panel: same for the correlation with the
spots+plages RV signal corresponding to the same sampling.

under a perfect case (no RV noise). When adding the RV noise,
the results are similar to that of Fig. 3, i.e. the impact is very
small (no difference or of the order of the mass step).

2.3. Results for planets at different periods

Here we compute the detection limits in the same conditions
for other periods between 200 and 600 days. The results are
shown in Fig. 8 for Set 1 and all points considered. With no
convection (upper panel), the detection limits are similar to the
one at 1.2 AU and are all below 1 MEarth. With convection
(lower panel), they are all above 1 MEarth. The high values in
the range 320−440 days, especially for RVtot, are likely due to
the temporal sampling including a four-month gap every year,
this introduces some power around 365 days. The correlation-
based detection limits are noisier than the LPA detection limits,
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Fig. 15. Detection limits versus sampling for the corrected signal using reconstructed Ca for the correlation-based method (stars, orange), and the
LPA method (squares, blue). Each row corresponds to a different Ca noise level (from top to bottom: no noise, σhigh, σmed, σlow). Each column
corresponds to a data set (from left to right: from Set 1 to Set 4). The errorbar symbols indicate the minimum value and maximum values for each
detection limit, computed for ten realisations of the Ca noise.

4.3. Conclusion

When compared with the sinusoidal fit approach in the same
conditions (reconstructed Ca with no noise) the Ca-RV corre-
lation method provides much better detection limits and allows
levels below 1 MEarth with no noise or very good Ca S/N to be
reached. This test is, however, very optimistic as we are deal-
ing with ideal conditions, with detection limits below 1 1 MEarth
for the best sampling and no Ca noise, and above 1 MEarth in
the presence of noise (except for a few realisations of the high
S/N case), up to almost 7 MEarth for a low Ca S/N and good
sampling. Realistic detection limits should lie between those ob-
tained with realistic Ca noise and the results for observed Ca.

We could interpret these results as follows: on observed Ca (i.e.
noisy data), both correction methods provide similar (but poor)
detection limits because the residual rms RV is dominated by
the large dispersion in Ca. In an ideal case, the sinusoidal fit ap-
proach is not adapted because of the variation of activity level at
various time scales (whose residuals dominate the signal), while
the Ca-RV correlation approach takes these into account and is
therefore more adapted.

5. Robustness of the Ca-RV correction

In this section, we study in more detail some possible limitations
of the Ca-RV method that seems the most promising.
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Fig. 1. Upper panels: reconstructed se-
ries for spots+plages RVsppl (left) and
all components including convection
RVtot (right). Set 3 and Set 4 are indi-
cated by horizontal arrows. Set 1 and
Set 2 cover the whole range. Lower
panels: corresponding periodograms.
The periodograms are in the same ar-
bitrary units.

to correct for the activity contribution of four stars (stellar types
K and F) with a solar-like magnetic cycle, which allowed them to
detect planets with masses between 0.22 and 2 MJup. This shows
that it is possible to correct part of the convection signal using
the Ca index, but to a yet undetermined precision. An important
issue is whether it is possible to reach the 1 MEarth detection limit
level in the habitable zone for a solar-type star with an activity
level and pattern similar to the Sun.

We note that the use of the Ca index is not the only way
to deal with this issue. Aigrain et al. (2012) have implemented
a method to derive activity-induced RV variation from photo-
metric time series and applied it to stellar observations and to
the solar-reconstructed RV used in this paper. Photometric vari-
ations have also been fitted in order to extract information about
the spots and plages (e.g. Lanza et al. 2007). These methods,
however, do not take into account the convection contribution.

The objectives of this paper are therefore twofold: i) to deter-
mine the detection limits on reconstructed solar RV for different
levels of convection; ii) to propose and test a method to correct
for the convective component. In Sect. 2, we therefore compute
the detection limits on the RV time series for various temporal
samplings and RV noise conditions. We also evaluate the impact
of the amplitude of the convective component on the detection
limits. While we focus our study on light planets at 1.2 AU, we
also study the impact of the distance on the detection limits. In
Sect. 3, we describe the Ca emission activity index (observed
and model) that will be used to correct for the convective con-
tribution. In Sect. 4, we evaluate two methods to perform this
correction, and in Sect. 5 we study their limitations. We illus-
trate our results for a 1 MEarth planet in Sect. 6 and discuss them
in Sect. 7.

2. Detection limits on reconstructed radial
velocities

2.1. Time series and method

In this section, we compute the detection limits for the time se-
ries presented in Paper II and shown in Fig. 1, hereafter RVsppl
(spots and plages only, without convection) and RVtot (all com-
ponents, including the convection component RVconv). We used
spots and plages observed daily over one cycle to build solar
maps and derive spectra. The RV time series result from the sum
of three components computed on the spectra: the RV variations
due to the spot temperature contrast; the RV variations due to
the plage temperature contrast; the convective component due
to the attenuation of the convective blueshift in the presence of
magnetic fields present in plages. The sum of the two first com-
ponents corresponds to RVsppl, while RVtot corresponds to all
components. We analyse the influence of the sampling and of
the noise associated with these RV data on the detection limits.

2.1.1. Temporal samplings

The temporal samplings are the following. On the original time
series (covering solar cycle 23, with a temporal cadence close
to one day), we first apply a mask eliminating four months per
year to simulate the fact that a star is not observable throuhgout
the year. This should naturally introduce a one-year periodicity
in the time series. In the resulting time series, we consider four
temporal samplings:

– All points (hereafter one-day sampling),
– 1 point every 4 days,
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Fig. 4. Two first rows: detection limits versus sampling for the
spots+plages RV signal for Sets 1 to 4, no RV noise, for the correlation-
based method (stars, orange), and the LPA method (squares, blue). Two
last rows: same for the total RV signal.

when full convection is taken into account. We find that, as es-
timated in Paper II from periodogram analysis in a few cases,
a very low level of convection (one order of magnitude weaker
than in the Sun) is necessary to reach the Earth-mass regime:
with levels of convection ten times lower, the detection limits ob-
tained for an excellent sampling, although larger than the RVsppl
detection limits obtained in Sect. 2.2.1, are close to one Earth
mass. With levels of convection five times lower, detection lim-
its of a few Earth masses can be reached, i.e. moderate levels of
convection may make it possible to reach the Super-Earth mass
regime. These results also give an idea of the amplitude of the
correction of the convective component that needs to be reached

Fig. 5. Upper panel: rms of the RV signal versus the sampling for zero
RV noise, for the spots+plages RV signal (green), and for the total
RV signal (red) for Set 1 (stars), Set 2 (diamonds), Set 3 (triangle),
and Set 4 (squares). Middle panel: same for the total power computed
from the periodogram. Lower panel: same for the correlation with the
spots+plages RV signal corresponding to the same sampling.

under a perfect case (no RV noise). When adding the RV noise,
the results are similar to that of Fig. 3, i.e. the impact is very
small (no difference or of the order of the mass step).

2.3. Results for planets at different periods

Here we compute the detection limits in the same conditions
for other periods between 200 and 600 days. The results are
shown in Fig. 8 for Set 1 and all points considered. With no
convection (upper panel), the detection limits are similar to the
one at 1.2 AU and are all below 1 MEarth. With convection
(lower panel), they are all above 1 MEarth. The high values in
the range 320−440 days, especially for RVtot, are likely due to
the temporal sampling including a four-month gap every year,
this introduces some power around 365 days. The correlation-
based detection limits are noisier than the LPA detection limits,
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Fig. 15. Detection limits versus sampling for the corrected signal using reconstructed Ca for the correlation-based method (stars, orange), and the
LPA method (squares, blue). Each row corresponds to a different Ca noise level (from top to bottom: no noise, σhigh, σmed, σlow). Each column
corresponds to a data set (from left to right: from Set 1 to Set 4). The errorbar symbols indicate the minimum value and maximum values for each
detection limit, computed for ten realisations of the Ca noise.

4.3. Conclusion

When compared with the sinusoidal fit approach in the same
conditions (reconstructed Ca with no noise) the Ca-RV corre-
lation method provides much better detection limits and allows
levels below 1 MEarth with no noise or very good Ca S/N to be
reached. This test is, however, very optimistic as we are deal-
ing with ideal conditions, with detection limits below 1 1 MEarth
for the best sampling and no Ca noise, and above 1 MEarth in
the presence of noise (except for a few realisations of the high
S/N case), up to almost 7 MEarth for a low Ca S/N and good
sampling. Realistic detection limits should lie between those ob-
tained with realistic Ca noise and the results for observed Ca.

We could interpret these results as follows: on observed Ca (i.e.
noisy data), both correction methods provide similar (but poor)
detection limits because the residual rms RV is dominated by
the large dispersion in Ca. In an ideal case, the sinusoidal fit ap-
proach is not adapted because of the variation of activity level at
various time scales (whose residuals dominate the signal), while
the Ca-RV correlation approach takes these into account and is
therefore more adapted.

5. Robustness of the Ca-RV correction

In this section, we study in more detail some possible limitations
of the Ca-RV method that seems the most promising.
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simulated planet in 
480 day orbit

no correction

correction using 
observed Ca

“...we estimate that a probability larger than 
50% to detect a 1 MEarth at 1.2 AU requires 
more than 1000 well-sampled observations 
and a Ca S/N larger than 130.”



It’s not just noise!



Stellar rotation periods
Largest ever catalog of stellar rotation periods (McQuillan, Mazeh & Aigrain 2014)



Stellar rotation periods
Dearth of short-period planets around rapidly rotating stars (McQuillan, Mazeh & Aigrain 2013)



Spot mapping by transits

@joe_llamaSpotting the spots

• Star spot crossings can be used to derive spin-orbit 
alignment of exoplanets.
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Transits over star spots

Spots occulted during multiple transits can be used to derive projected spin-orbit angle   
(Sanchis-Ojeda et al. 2011)

HAT-P-11



Spot mapping by transits

Spots occulted during many transits can reveal butterfly patterns (Sanchis-Ojeda et al. 2013)

@joe_llamaSpotting the spots

• Star spots provide information on stellar 
cycles and dynamo. 

• Enable recovery of rotation and 
differential rotation rates. 

• Differential rotation is one of the 
surface drivers for coronal evolution  
(see Moira’s talk this morning). 

• This talk: Star spots and recovering 
differential rotation profiles from Kepler 
light curves.

Introduction

Hathaway (2010) Galileo (1600s)

Sunspots (Hathaway 2010)

@joe_llamaSpotting the spots

• Transits over star spots may help reveal stellar 
butterfly patterns.

Kepler 63: Sanchis-Ojeda et al. 2013

Stellar butterfly patterns 

Kepler 63
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Figure 8. Plotted is the occulted-spot feature from visit 2 at (top to bottom)
3300, 3950, 4450, 4950 and 5450 Å along with the best-fitting spot solution.

Figure 9. STIS G430L visit 2 light-curve residuals at (bottom to top) 3300,
3950, 4450, 4950 and 5450 Å with an arbitrary offset.

wavelength λ compared to a reference wavelength λ0 will be

"fλ/"fλ0 =
(

1 − F
Tspot
λ

F Tstar
λ

) /(
1 −

F
Tspot
λ0

F Tstar
λ0

)
, (3)

where FT
λ is the surface brightness of the stellar atmosphere models

at temperature T and wavelength λ. We also plot in the figure the
results of the same procedure for the ACS visit in Pont et al. (2008).

Fig. 10 shows that the spectrum of the occulted spots is well
constrained, corresponding to the models with spots at least 750 K
cooler than the stellar surface. Although the difference spectrum of
the occulted spot is coherent with the expectation in overall shape,
the 5000 Å MgH feature is weaker than expected. This does not
have a significant impact on the present study, but we point it out as
a possible intriguing feature of star-spots on HD 189733.

3.5.2 Unocculted spots

Since the time-scale of spot variability is much longer than the
planet crossing time during transits (Prot ≃ 12 d versus T tr ≃ 1.5 h
for HD 189733), unocculted spots can be considered as station-
ary during a transit, and their effect will correspond to a fixed
wavelength-dependent correction on the transit depth.

Figure 10. Spectral signature of the stellar spots occultation derived from
the STIS G430L (closed black and green symbols) and ACS (open symbols)
data. The spot is modelled with stellar atmospheric models of different
temperatures ranging from 4750 to 3500 K in 250 K intervals (blue to orange,
respectively), and Teff = 5000 K for the stellar temperature.

As in Pont et al. (2008), we model the effects of unocculted spots
by assuming that the emission spectrum of spots corresponds to
a stellar spectrum of lower temperature than the rest of the star
covering a fraction of the stellar surface and assuming no change in
the surface brightness outside spots. We neglect the effect of faculae
on the transmission spectrum. The spots then lead to an overall
dimming of the star. Under these assumptions, to reach the same
level of flux dimming, higher spot temperatures require a greater
fraction of stellar surface covered by spots. These assumptions are
now supported by the behaviour in several HST visits. The signature
on the flux of occulted spots is frequently seen (to the point in
fact that no entirely spot-free visit was encountered among our
nine visits), and the occulted spots observed have the expected red
signature (Fig. 10; Pont et al. 2008). No detectable facula occultation
is observed (a facular occultation would result in a sharp flux drop
during the transit with a blue spectral signature). In Section 3.5.4,
we present a further test in support of the validity of this assumption.

Under the assumption that the stellar flux is a combination of a
surface at T = Tstar and spots at T = Tspot causing a total dimming
"f (λ0, t), the corrections to the transit depth d at wavelength λ and
radius ratio due to unocculted spots will be

"d

d
= "f (λ0, t)

(
1 − F

Tspot
λ

F Tstar
λ

) /(
1 −

F
Tspot
λ0

F Tstar
λ0

)
(4)

and

"(Rpl/Rstar) ≃ 1
2

"d

d
(Rpl/Rstar). (5)

A similar formalism is given in Berta et al. (2011). Fig. 11 shows
the correction for unocculted spots for "f (λ0, t) = 1 per cent at
λ0 = 6000 Å for different spot temperatures. The influence over the
transmission spectrum on the STIS wavelength range is of the order
of 2 × 10−3 Rpl/Rstar, which is ∼five times smaller than the observed
variations (see Section 4), suggesting that the uncertainties on the
first-order correction for unocculted spots only add a small contri-
bution to the final errors on the planetary transmission spectrum
(Pont et al. 2008).
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Figure 9. STIS G430L visit 2 light-curve residuals at (bottom to top) 3300,
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respectively), and Teff = 5000 K for the stellar temperature.

As in Pont et al. (2008), we model the effects of unocculted spots
by assuming that the emission spectrum of spots corresponds to
a stellar spectrum of lower temperature than the rest of the star
covering a fraction of the stellar surface and assuming no change in
the surface brightness outside spots. We neglect the effect of faculae
on the transmission spectrum. The spots then lead to an overall
dimming of the star. Under these assumptions, to reach the same
level of flux dimming, higher spot temperatures require a greater
fraction of stellar surface covered by spots. These assumptions are
now supported by the behaviour in several HST visits. The signature
on the flux of occulted spots is frequently seen (to the point in
fact that no entirely spot-free visit was encountered among our
nine visits), and the occulted spots observed have the expected red
signature (Fig. 10; Pont et al. 2008). No detectable facula occultation
is observed (a facular occultation would result in a sharp flux drop
during the transit with a blue spectral signature). In Section 3.5.4,
we present a further test in support of the validity of this assumption.

Under the assumption that the stellar flux is a combination of a
surface at T = Tstar and spots at T = Tspot causing a total dimming
"f (λ0, t), the corrections to the transit depth d at wavelength λ and
radius ratio due to unocculted spots will be
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A similar formalism is given in Berta et al. (2011). Fig. 11 shows
the correction for unocculted spots for "f (λ0, t) = 1 per cent at
λ0 = 6000 Å for different spot temperatures. The influence over the
transmission spectrum on the STIS wavelength range is of the order
of 2 × 10−3 Rpl/Rstar, which is ∼five times smaller than the observed
variations (see Section 4), suggesting that the uncertainties on the
first-order correction for unocculted spots only add a small contri-
bution to the final errors on the planetary transmission spectrum
(Pont et al. 2008).
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Figure 3. STIS white light curve for visit 1 (black) and visit 2 (red) with
the instrument trends removed. The points showing occulted spot features
are indicated with boxes. The best-fitting transit models for both visits are
shown in grey using the unspotted points.

3.1 Instrument systematic trends

As in past STIS studies, we applied orbit-to-orbit flux corrections
by fitting for a fourth-order polynomial to the photometric time
series, phased on the HST orbital period. The systematic trends
were fit simultaneously with the transit parameters in the fit. Higher
order polynomial fits were not statistically justified, based upon
the Bayesian information criteria (BIC; Schwarz 1978). Compared
to the standard χ 2, the BIC penalizes models with larger num-
bers of free parameters, giving a useful criterion to help select
between different models with different numbers of free param-
eters, and helps ensure that the preferred model does not over-
fit the data. The baseline flux level of each visit was let free to
vary in time linearly, described by two fit parameters. In addi-
tion, we found it useful to also fit for further systematic trends
which correlated with the detector position of the spectra, as de-
termined from a linear spectral trace in IRAF and the dispersion-
direction subpixel shift between spectral exposures, measured by
cross-correlation.

We found that fitting the systematic trends with a fourth-order
polynomial HST orbital period correction and linear baseline limited
S/N values to the range of 9000 to 10 000 (precisions levels of 0.011
to 0.01 per cent). These limiting values match similar previous
pre-SM4 STIS observations of HD 209458b, which also similarly
corrected for these systematic trends (Brown 2001; Ballester et al.
2007; Knutson et al. 2007b; Sing et al. 2008a). With the additional
correction of position-related trends (see Fig. 1), we were able to
increase the extracted S/N to values of 14 000 per image, which
is ∼80 per cent of the Poisson-limited value. These additional free
parameters in the fit are also justified by the BIC as well as a reduced
χ 2

ν value. In a fit excluding the position-dependent systematic trends
for the first STIS visit, we find a BIC value of 277 from a fit with 73
degrees of freedom (DOF), eight free parameters and a reduced χ 2

ν

of 3.31. Including the position-related trends lowers the BIC value
to 202 from a fit with 70 DOF, 11 free parameters and a reduced χ 2

ν

of 2.19. In the final white light-curve fits, the uncertainty in fitting
for instrument-related systematic trends accounts for ∼20 per cent
of the final Rpl/Rstar error budget.

3.2 Limb darkening

At near-UV and blue optical wavelengths, the stellar limb darken-
ing is strong, and in general not well reproduced by standard 1D
stellar atmospheric models. We account for the strong near-UV and
optical limb darkening following three different prescriptions: fit-
ting for the limb-darkening coefficients; computing limb-darkening

coefficients with 1D stellar atmospheric models and finally using a
fully 3D time-dependent hydrodynamic stellar atmospheric model.
We computed limb-darkening coefficients for the linear law

I (µ)
I (1)

= 1 − u(1 − µ) (1)

as well as the Claret (2000) four-parameter limb-darkening law

I (µ)
I (1)

= 1 − c1(1 − µ1/2) − c2(1 − µ)

− c3(1 − µ3/2) − c4(1 − µ2). (2)

For the 1D models, we followed the procedures of Sing (2010)
using 1D Kurucz ATLAS models2 and the transmission function
of the G430L grating (see Table 1). The four-parameter law is the
best representation of the stellar model intensity distribution itself,
while the linear law is the most useful in this study when fitting for
the coefficients from the transit light curves.

We constructed a 3D time-dependent hydrodynamical model at-
mosphere using the STAGGERCODE (Nordlund & Galsgaard 1995) with
a resolution of 2403 grid points, spanning 4 × 4 Mm2 on the hori-
zontal axes and 2.2 Mm on the vertical axis. The simulation has a
time-average effective temperature ⟨Teff⟩ = 5050 K, surface gravity
log g = 4.53 and metallicity [Fe/H] = 0.0 (based on the solar com-
position of Asplund, Grevesse & Sauval 2005), which is close to the
stellar parameters of Bouchy et al. (2005). Full 3D radiative transfer
was computed in local thermodynamic equilibrium (LTE) based on
continuous and spectral line opacities provided by Trampedach (in
preparation) and Plez (private communication); see also Gustafsson
et al. (2008). We obtain monochromatic surface intensities Iλ(µ, φ,
x, y, t) with a sampling of λ/%λ = 20 000 in wavelength for 17
polar angles µ, four azimuthal angles φ and a time series of 10
snapshots that span ≈30 min of stellar time t, with a horizontal res-
olution of 120 × 120 grid points in x and y. Limb-darkening laws
I(µ)/I(1) (see Fig. 4) were derived by averaging Iλ(µ, φ, x, y, t)
over horizontal grid, azimuth angle and time, providing a statistical
representation of the surface granulation, and integrating over each
bandpass and the transmission function; the result was normalized
to the disc-centre intensity at µ = 1. A more detailed description of
the 3D model will be given in a forthcoming paper by WH.

While limb darkening is stronger at near-UV and blue wave-
lengths, compared to the red and near-infrared, the white light stel-
lar intensity profile is also predicted to be close to linear (see Fig. 4).
Fortunately, a linear stellar intensity profile makes it much easier to
compare fit limb-darkening coefficients to model values, because it
is less ambiguous as to which limb-darkening law to choose and
because the fit is not complicated by degeneracies when fitting for
multiple limb-darkening coefficients. In the white light-curve fits,
we performed fits allowing the linear coefficient term to vary freely,
as well as fits setting the coefficients to their 1D and 3D predicted
values with the four-parameter law. The resulting coefficients are
given in Table 1. Given the phase coverage between our two HST
visits, and the observed occulted stellar spots in each visit, it is
much more straightforward to compare model limb darkening from
visit 1, which is largely occulted-spot free. Using the linear limb-
darkening law, we find ufit,white = 0.816 ± 0.019 for visit 1 (see
Table 1). The fit coefficient is within 1σ of an appropriate ATLAS
model (u1Dmodel = 0.8326 for Teff = 5000 K, log g = 4.5, [Fe/H] =
0.0 and vturb = 2 km s−1) and within 1σ of the 3D model, which pre-
dicts u3D = 0.8305. For visit 1, the freely fit linear limb-darkening

2 http://kurucz.harvard.edu
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Estimate spectrum/temperature of spots from 
occulted spots

Tspot ~ 4250K - unique way to 
measure spot temperatures on 

other stars!

HD189733b,  
Sing et al. (2012)
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• It’s not just noise! Planet datasets enable novel activity science
• Lots of really interesting posters in this session! (P5….)


