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Fig. 4. Top two panels: radial velocity measurements phased to each of
the two periods, after subtraction of the other component of our best
2-planet Keplerian model. Third panel: residuals of the best 2-planet fit
as a function of time (O"C, Observed minus Computed). Bottom panel:
lomb-Scargle periodogram of these residuals.

of the second signal a priori uncertain, and the very small rota-
tion velocity removes much of the power of the usual bisector
test (Appendix A). We therefore investigated its magnetic ac-
tivity through photometric observations (Sect. 5.1) and detailed
examination of the chromospheric features in the clean HARPS
spectra (Sect. 5.2).

5.1. Photometric variability

We obtained photometric measurements with the CCD cam-
era of the Euler Telescope (La Silla) during 21 nights be-
tween September 2 and October 19, 2006. GJ 674 was observed
through a VG filter that, among those available, optimizes the
flux ratio between GJ 674 and its two brightest reference stars.
This relatively blue filters also happens to have good sensitiv-
ity to spots on cool stars such as GJ 674. To minimize atmo-
spheric scintillation noise, we took advantage of the low stel-
lar density to defocus the images to FWHM # 11$$, so that
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Fig. 5. Upper panel: di!erential photometry of GJ 674 as a function
of time. The star clearly varies with a 1.3% amplitude. Bottom panel:
the periodogram of the GJ 674 photometry exhibits significant power
excess peaking at 35 days (small black arrow).

we could use longer exposure times. The increased read-out and
sky-background noises from the larger synthetic aperture, which
we then had to use, remain negligible compared to both stellar
photon noise and scintillation.

We gathered 14 to 75 images per night with a median ex-
posure time of 20 s. We used the Sept. 24th data, which have
the longest nightly time base, to tune the parameters of the
I!"# D"$%&$' package and optimise the set of reference stars
(HD 157931, CD 4611534, and 7 anonymous fainter stars) to
minimise the dispersion in the GJ 674 photometry for that night.
These parameters were then fixed for analysis of the full data
set. The nightly light curves for GJ 674 were normalized by
that of the sum of the references, clipped at 3-! to remove a
small number of outliers, and then averaged to one measure-
ment per night to examine the long-term photometric variability
of GJ 674. GJ 674 clearly varies with a #1.3% amplitude and a
(quasi-)period close to 35 days (Fig. 5). To verify that this vari-
ability does not actually originate in one of the reference stars,
we repeated the analysis alternately using HD 157931 alone as
the reference star and the average of the 8 other references. Both
light curves are very similar to Fig. 5.

The photometric observations are consistent with the signal
of a single spot, within the limitations of their incomplete phase
coverage: the variations are approximately sinusoidal, and their
#0.2–0.3 radian phase shift from the corresponding radial veloc-
ity signal closely matches the di!erence expected for a spot. The
spot would cover 2.6% of the stellar surface if completely dark,
corresponding to a #0.16 R" radius for a circular spot.

5.2. Variability of the spectroscopic indices

The emission reversal in the core of the Ca (( H&K resonant
lines results from non-radiative heating of the chromosphere,
which is closely coupled to spots and plages through magnetic
connections between the photosphere and chromosphere. The
H# line is similarly sensitive to chromospheric activity. We
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Fig. 4. Top two panels: radial velocity measurements phased to each of
the two periods, after subtraction of the other component of our best
2-planet Keplerian model. Third panel: residuals of the best 2-planet fit
as a function of time (O"C, Observed minus Computed). Bottom panel:
lomb-Scargle periodogram of these residuals.

of the second signal a priori uncertain, and the very small rota-
tion velocity removes much of the power of the usual bisector
test (Appendix A). We therefore investigated its magnetic ac-
tivity through photometric observations (Sect. 5.1) and detailed
examination of the chromospheric features in the clean HARPS
spectra (Sect. 5.2).

5.1. Photometric variability

We obtained photometric measurements with the CCD cam-
era of the Euler Telescope (La Silla) during 21 nights be-
tween September 2 and October 19, 2006. GJ 674 was observed
through a VG filter that, among those available, optimizes the
flux ratio between GJ 674 and its two brightest reference stars.
This relatively blue filters also happens to have good sensitiv-
ity to spots on cool stars such as GJ 674. To minimize atmo-
spheric scintillation noise, we took advantage of the low stel-
lar density to defocus the images to FWHM # 11$$, so that
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Fig. 5. Upper panel: di!erential photometry of GJ 674 as a function
of time. The star clearly varies with a 1.3% amplitude. Bottom panel:
the periodogram of the GJ 674 photometry exhibits significant power
excess peaking at 35 days (small black arrow).

we could use longer exposure times. The increased read-out and
sky-background noises from the larger synthetic aperture, which
we then had to use, remain negligible compared to both stellar
photon noise and scintillation.

We gathered 14 to 75 images per night with a median ex-
posure time of 20 s. We used the Sept. 24th data, which have
the longest nightly time base, to tune the parameters of the
I!"# D"$%&$' package and optimise the set of reference stars
(HD 157931, CD 4611534, and 7 anonymous fainter stars) to
minimise the dispersion in the GJ 674 photometry for that night.
These parameters were then fixed for analysis of the full data
set. The nightly light curves for GJ 674 were normalized by
that of the sum of the references, clipped at 3-! to remove a
small number of outliers, and then averaged to one measure-
ment per night to examine the long-term photometric variability
of GJ 674. GJ 674 clearly varies with a #1.3% amplitude and a
(quasi-)period close to 35 days (Fig. 5). To verify that this vari-
ability does not actually originate in one of the reference stars,
we repeated the analysis alternately using HD 157931 alone as
the reference star and the average of the 8 other references. Both
light curves are very similar to Fig. 5.

The photometric observations are consistent with the signal
of a single spot, within the limitations of their incomplete phase
coverage: the variations are approximately sinusoidal, and their
#0.2–0.3 radian phase shift from the corresponding radial veloc-
ity signal closely matches the di!erence expected for a spot. The
spot would cover 2.6% of the stellar surface if completely dark,
corresponding to a #0.16 R" radius for a circular spot.

5.2. Variability of the spectroscopic indices

The emission reversal in the core of the Ca (( H&K resonant
lines results from non-radiative heating of the chromosphere,
which is closely coupled to spots and plages through magnetic
connections between the photosphere and chromosphere. The
H# line is similarly sensitive to chromospheric activity. We

296 X. Bonfils et al.: An 11 M! planet around the nearby M dwarf GJ 674

! = 0.82 m s!1

"2 = 2.57

!10

0

10

RV
pl

an
et

1
[m

s!
1
]

RV
pl

an
et

1
[m

s!
1
]

!10

0

10

RV
pl

an
et

2
[m

s!
1
]

RV
pl

an
et

2
[m

s!
1
]

0 0.25 0.5 0.75 1
##

!5

0

5

O
!

C
[m

s!
1
]

O
!

C
[m

s!
1
]

53000 53250 53500 53750 54000

Julian date !2,400,000 [day]Julian date !2,400,000 [day]

0

5

10

P
ow

er
P
ow

er

1 10 100 1000

Period [day]Period [day]

Fig. 4. Top two panels: radial velocity measurements phased to each of
the two periods, after subtraction of the other component of our best
2-planet Keplerian model. Third panel: residuals of the best 2-planet fit
as a function of time (O"C, Observed minus Computed). Bottom panel:
lomb-Scargle periodogram of these residuals.

of the second signal a priori uncertain, and the very small rota-
tion velocity removes much of the power of the usual bisector
test (Appendix A). We therefore investigated its magnetic ac-
tivity through photometric observations (Sect. 5.1) and detailed
examination of the chromospheric features in the clean HARPS
spectra (Sect. 5.2).

5.1. Photometric variability

We obtained photometric measurements with the CCD cam-
era of the Euler Telescope (La Silla) during 21 nights be-
tween September 2 and October 19, 2006. GJ 674 was observed
through a VG filter that, among those available, optimizes the
flux ratio between GJ 674 and its two brightest reference stars.
This relatively blue filters also happens to have good sensitiv-
ity to spots on cool stars such as GJ 674. To minimize atmo-
spheric scintillation noise, we took advantage of the low stel-
lar density to defocus the images to FWHM # 11$$, so that
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Fig. 5. Upper panel: di!erential photometry of GJ 674 as a function
of time. The star clearly varies with a 1.3% amplitude. Bottom panel:
the periodogram of the GJ 674 photometry exhibits significant power
excess peaking at 35 days (small black arrow).

we could use longer exposure times. The increased read-out and
sky-background noises from the larger synthetic aperture, which
we then had to use, remain negligible compared to both stellar
photon noise and scintillation.

We gathered 14 to 75 images per night with a median ex-
posure time of 20 s. We used the Sept. 24th data, which have
the longest nightly time base, to tune the parameters of the
I!"# D"$%&$' package and optimise the set of reference stars
(HD 157931, CD 4611534, and 7 anonymous fainter stars) to
minimise the dispersion in the GJ 674 photometry for that night.
These parameters were then fixed for analysis of the full data
set. The nightly light curves for GJ 674 were normalized by
that of the sum of the references, clipped at 3-! to remove a
small number of outliers, and then averaged to one measure-
ment per night to examine the long-term photometric variability
of GJ 674. GJ 674 clearly varies with a #1.3% amplitude and a
(quasi-)period close to 35 days (Fig. 5). To verify that this vari-
ability does not actually originate in one of the reference stars,
we repeated the analysis alternately using HD 157931 alone as
the reference star and the average of the 8 other references. Both
light curves are very similar to Fig. 5.

The photometric observations are consistent with the signal
of a single spot, within the limitations of their incomplete phase
coverage: the variations are approximately sinusoidal, and their
#0.2–0.3 radian phase shift from the corresponding radial veloc-
ity signal closely matches the di!erence expected for a spot. The
spot would cover 2.6% of the stellar surface if completely dark,
corresponding to a #0.16 R" radius for a circular spot.

5.2. Variability of the spectroscopic indices

The emission reversal in the core of the Ca (( H&K resonant
lines results from non-radiative heating of the chromosphere,
which is closely coupled to spots and plages through magnetic
connections between the photosphere and chromosphere. The
H# line is similarly sensitive to chromospheric activity. We
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Fig. 4. Top two panels: radial velocity measurements phased to each of
the two periods, after subtraction of the other component of our best
2-planet Keplerian model. Third panel: residuals of the best 2-planet fit
as a function of time (O"C, Observed minus Computed). Bottom panel:
lomb-Scargle periodogram of these residuals.

of the second signal a priori uncertain, and the very small rota-
tion velocity removes much of the power of the usual bisector
test (Appendix A). We therefore investigated its magnetic ac-
tivity through photometric observations (Sect. 5.1) and detailed
examination of the chromospheric features in the clean HARPS
spectra (Sect. 5.2).

5.1. Photometric variability

We obtained photometric measurements with the CCD cam-
era of the Euler Telescope (La Silla) during 21 nights be-
tween September 2 and October 19, 2006. GJ 674 was observed
through a VG filter that, among those available, optimizes the
flux ratio between GJ 674 and its two brightest reference stars.
This relatively blue filters also happens to have good sensitiv-
ity to spots on cool stars such as GJ 674. To minimize atmo-
spheric scintillation noise, we took advantage of the low stel-
lar density to defocus the images to FWHM # 11$$, so that
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Fig. 5. Upper panel: di!erential photometry of GJ 674 as a function
of time. The star clearly varies with a 1.3% amplitude. Bottom panel:
the periodogram of the GJ 674 photometry exhibits significant power
excess peaking at 35 days (small black arrow).

we could use longer exposure times. The increased read-out and
sky-background noises from the larger synthetic aperture, which
we then had to use, remain negligible compared to both stellar
photon noise and scintillation.

We gathered 14 to 75 images per night with a median ex-
posure time of 20 s. We used the Sept. 24th data, which have
the longest nightly time base, to tune the parameters of the
I!"# D"$%&$' package and optimise the set of reference stars
(HD 157931, CD 4611534, and 7 anonymous fainter stars) to
minimise the dispersion in the GJ 674 photometry for that night.
These parameters were then fixed for analysis of the full data
set. The nightly light curves for GJ 674 were normalized by
that of the sum of the references, clipped at 3-! to remove a
small number of outliers, and then averaged to one measure-
ment per night to examine the long-term photometric variability
of GJ 674. GJ 674 clearly varies with a #1.3% amplitude and a
(quasi-)period close to 35 days (Fig. 5). To verify that this vari-
ability does not actually originate in one of the reference stars,
we repeated the analysis alternately using HD 157931 alone as
the reference star and the average of the 8 other references. Both
light curves are very similar to Fig. 5.

The photometric observations are consistent with the signal
of a single spot, within the limitations of their incomplete phase
coverage: the variations are approximately sinusoidal, and their
#0.2–0.3 radian phase shift from the corresponding radial veloc-
ity signal closely matches the di!erence expected for a spot. The
spot would cover 2.6% of the stellar surface if completely dark,
corresponding to a #0.16 R" radius for a circular spot.

5.2. Variability of the spectroscopic indices

The emission reversal in the core of the Ca (( H&K resonant
lines results from non-radiative heating of the chromosphere,
which is closely coupled to spots and plages through magnetic
connections between the photosphere and chromosphere. The
H# line is similarly sensitive to chromospheric activity. We
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Fig. 4. Top two panels: radial velocity measurements phased to each of
the two periods, after subtraction of the other component of our best
2-planet Keplerian model. Third panel: residuals of the best 2-planet fit
as a function of time (O"C, Observed minus Computed). Bottom panel:
lomb-Scargle periodogram of these residuals.

of the second signal a priori uncertain, and the very small rota-
tion velocity removes much of the power of the usual bisector
test (Appendix A). We therefore investigated its magnetic ac-
tivity through photometric observations (Sect. 5.1) and detailed
examination of the chromospheric features in the clean HARPS
spectra (Sect. 5.2).

5.1. Photometric variability

We obtained photometric measurements with the CCD cam-
era of the Euler Telescope (La Silla) during 21 nights be-
tween September 2 and October 19, 2006. GJ 674 was observed
through a VG filter that, among those available, optimizes the
flux ratio between GJ 674 and its two brightest reference stars.
This relatively blue filters also happens to have good sensitiv-
ity to spots on cool stars such as GJ 674. To minimize atmo-
spheric scintillation noise, we took advantage of the low stel-
lar density to defocus the images to FWHM # 11$$, so that
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Fig. 5. Upper panel: di!erential photometry of GJ 674 as a function
of time. The star clearly varies with a 1.3% amplitude. Bottom panel:
the periodogram of the GJ 674 photometry exhibits significant power
excess peaking at 35 days (small black arrow).

we could use longer exposure times. The increased read-out and
sky-background noises from the larger synthetic aperture, which
we then had to use, remain negligible compared to both stellar
photon noise and scintillation.

We gathered 14 to 75 images per night with a median ex-
posure time of 20 s. We used the Sept. 24th data, which have
the longest nightly time base, to tune the parameters of the
I!"# D"$%&$' package and optimise the set of reference stars
(HD 157931, CD 4611534, and 7 anonymous fainter stars) to
minimise the dispersion in the GJ 674 photometry for that night.
These parameters were then fixed for analysis of the full data
set. The nightly light curves for GJ 674 were normalized by
that of the sum of the references, clipped at 3-! to remove a
small number of outliers, and then averaged to one measure-
ment per night to examine the long-term photometric variability
of GJ 674. GJ 674 clearly varies with a #1.3% amplitude and a
(quasi-)period close to 35 days (Fig. 5). To verify that this vari-
ability does not actually originate in one of the reference stars,
we repeated the analysis alternately using HD 157931 alone as
the reference star and the average of the 8 other references. Both
light curves are very similar to Fig. 5.

The photometric observations are consistent with the signal
of a single spot, within the limitations of their incomplete phase
coverage: the variations are approximately sinusoidal, and their
#0.2–0.3 radian phase shift from the corresponding radial veloc-
ity signal closely matches the di!erence expected for a spot. The
spot would cover 2.6% of the stellar surface if completely dark,
corresponding to a #0.16 R" radius for a circular spot.

5.2. Variability of the spectroscopic indices

The emission reversal in the core of the Ca (( H&K resonant
lines results from non-radiative heating of the chromosphere,
which is closely coupled to spots and plages through magnetic
connections between the photosphere and chromosphere. The
H# line is similarly sensitive to chromospheric activity. We
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Fig. 4. Top two panels: radial velocity measurements phased to each of
the two periods, after subtraction of the other component of our best
2-planet Keplerian model. Third panel: residuals of the best 2-planet fit
as a function of time (O"C, Observed minus Computed). Bottom panel:
lomb-Scargle periodogram of these residuals.

of the second signal a priori uncertain, and the very small rota-
tion velocity removes much of the power of the usual bisector
test (Appendix A). We therefore investigated its magnetic ac-
tivity through photometric observations (Sect. 5.1) and detailed
examination of the chromospheric features in the clean HARPS
spectra (Sect. 5.2).

5.1. Photometric variability

We obtained photometric measurements with the CCD cam-
era of the Euler Telescope (La Silla) during 21 nights be-
tween September 2 and October 19, 2006. GJ 674 was observed
through a VG filter that, among those available, optimizes the
flux ratio between GJ 674 and its two brightest reference stars.
This relatively blue filters also happens to have good sensitiv-
ity to spots on cool stars such as GJ 674. To minimize atmo-
spheric scintillation noise, we took advantage of the low stel-
lar density to defocus the images to FWHM # 11$$, so that
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Fig. 5. Upper panel: di!erential photometry of GJ 674 as a function
of time. The star clearly varies with a 1.3% amplitude. Bottom panel:
the periodogram of the GJ 674 photometry exhibits significant power
excess peaking at 35 days (small black arrow).

we could use longer exposure times. The increased read-out and
sky-background noises from the larger synthetic aperture, which
we then had to use, remain negligible compared to both stellar
photon noise and scintillation.

We gathered 14 to 75 images per night with a median ex-
posure time of 20 s. We used the Sept. 24th data, which have
the longest nightly time base, to tune the parameters of the
I!"# D"$%&$' package and optimise the set of reference stars
(HD 157931, CD 4611534, and 7 anonymous fainter stars) to
minimise the dispersion in the GJ 674 photometry for that night.
These parameters were then fixed for analysis of the full data
set. The nightly light curves for GJ 674 were normalized by
that of the sum of the references, clipped at 3-! to remove a
small number of outliers, and then averaged to one measure-
ment per night to examine the long-term photometric variability
of GJ 674. GJ 674 clearly varies with a #1.3% amplitude and a
(quasi-)period close to 35 days (Fig. 5). To verify that this vari-
ability does not actually originate in one of the reference stars,
we repeated the analysis alternately using HD 157931 alone as
the reference star and the average of the 8 other references. Both
light curves are very similar to Fig. 5.

The photometric observations are consistent with the signal
of a single spot, within the limitations of their incomplete phase
coverage: the variations are approximately sinusoidal, and their
#0.2–0.3 radian phase shift from the corresponding radial veloc-
ity signal closely matches the di!erence expected for a spot. The
spot would cover 2.6% of the stellar surface if completely dark,
corresponding to a #0.16 R" radius for a circular spot.

5.2. Variability of the spectroscopic indices

The emission reversal in the core of the Ca (( H&K resonant
lines results from non-radiative heating of the chromosphere,
which is closely coupled to spots and plages through magnetic
connections between the photosphere and chromosphere. The
H# line is similarly sensitive to chromospheric activity. We

GJ 674 HARPS

Bonfils et al. (2007)

spot: 35 day periodplanet: 5 day period

Alonso et al. (2008)

CoRoT-2
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The challenging case of CoRoT-7

Active K-star, 11th mag: bright for CoRoT
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The challenging case of CoRoT-7

Active K-star, 11th mag: bright for CoRoT

Filter out variations on timescales >1d (iterative non-linear filter, Aigrain & Irwin 2004)
Residuals have RMS on 2h timescales ~0.1mmag

Aigrain et al (2009)
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The challenging case of CoRoT-7

Active K-star, 11th mag: bright for CoRoT

The impact of activity on short-period transit detection is significant only in extreme cases. Is the same 
true for longer period (hence duration) transits?

Filter out variations on timescales >1d (iterative non-linear filter, Aigrain & Irwin 2004)
Residuals have RMS on 2h timescales ~0.1mmag

Aigrain et al (2009)
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Search for transits in residuals (least squares box-search or equivalent)
0.3mmag transit at P=0.85d (Leger et al 2009)

The challenging case of CoRoT-7
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Search for transits in residuals (least squares box-search or equivalent)
0.3mmag transit at P=0.85d (Leger et al 2009)

The challenging case of CoRoT-7

If planetary, companion has R ~ 2 REarth.
Slightly long ingress/egress for expected stellar radius...
... but small transit timing variations could also cause this.
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Tricky RV follow-up

RV detection of a few Earth-mass planet around 11th mag, 0.8MSun star is challenging even without activity.

Wednesday, July 21, 2010



Tricky RV follow-up

RV detection of a few Earth-mass planet around 11th mag, 0.8MSun star is challenging even without activity.

> 100h of HARPS timeQueloz et al. (2009)

CoRoT-7’s RV signal is clearly dominated by activity. 
Both light and RV curves show evidence for rapid (~Prot) evolution of active regions
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Tricky RV follow-up

RV detection of a few Earth-mass planet around 11th mag, 0.8MSun star is challenging even without activity.

> 100h of HARPS timeQueloz et al. (2009)

CoRoT-7’s RV signal is clearly dominated by activity. 
Both light and RV curves show evidence for rapid (~Prot) evolution of active regions

HARPS RV time series contains signal at ~0.85d (or its 1day alias), but how much of that comes from activity?
There is also an un-explained peak at ~3.7d.
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Spectroscopic activity diagnostics

Chromospheric activity indicators and bissector span can be used to diagnose and in some cases correct RV time-
series for activity (Boisse et al. 2008) ... but correction not demonstrated at better than few m/s level.
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Spectroscopic activity diagnostics

Chromospheric activity indicators and bissector span can be used to diagnose and in some cases correct RV time-
series for activity (Boisse et al. 2008) ... but correction not demonstrated at better than few m/s level.

D. Queloz et al.: The CoRoT-7 planetary system: two orbiting super-Earths 307

Fig. 3. Diagram of the correlation between the bisector span of the CCF
profile and the radial velocity. By fitting a linear relation one finds a
significant negative slope of !0.19 ± 0.06 (solid line).

(auto-)correlation of the radial velocity measurements with itself
in Fig. 4 (top) reveals a central peak width of about 5 days and
a pattern with a minimum (or anti-correlation) at 11 days, and
then a second peak around 25 days. After this point the corre-
lation function becomes more complex, but one can still see a
similar structure (a second cycle) going first to a minimum and
another about 25 days later. This structure, while noisier, can
still be distinguished in a third cycle. This pattern agrees overall
with a 23-day period rotating star with an active region slowly
varying in time.

We looked for possible correlations between the radial veloc-
ity and CCF width and shape (bisector span) measurements and
considering a time lag between them (Fig. 4). In all cases one
again sees a 23 day periodic pattern suggesting that the rotation
period is the strongest component in the signal. Interestingly, the
maximum correlation between the radial velocity and the CCF
width does not occur at the same time, but when one applies a
time lag of about 15 or 7 days (depending on the sign). This ob-
served lag means that the FWHM variability pattern is seen about
15 days (±5d) later in the radial velocities signal, correspond-
ing to about 3/4 of the rotation period (or equivalently !1/4 the
rotation period). We tested this correlation as well by fitting a
synthetic multi-component sine-curve to the FWHM variations.
To correct the phase shift, we added 5.8 days (1/4 of the rota-
tion period) to each FWHM fitted value (corresponding each to
real measurements). This way the 3/4 rotation phase delay is cor-
rected by moving the FWHM data one full rotation phase ahead.
With this correction, the lag-corrected data set shows a linear
correlation between FWHM and the radial velocity with a linear
regression of !0.62, while no significant correlation is measured
without adding this time delay.

The correlation signal between the bisector span and the
radial velocity exhibits a clear anti-correlation after 15 day. It
suggests as well a small o!set of a few days between the two
variation patterns. It is di"cult to understand the significance
of these time delays without a complete modeling of the cross-

Fig. 4. Autocorrelation between two parameters with a time delay. Top:
autocorrelation of the radial velocity measurements. Middle: correlation
between radial velocity and FWHM of the CCF. Bottom: correlation of
the line bisector and the radial velocity measurements. The hatched area
indicates the 1 ± ! uncertainty smoothed with a 3-day box. The errors
are computed according to 1.5/

"
(ni), where ni is the number of points

found in each lag.

correlation profile that goes beyond the goal of this paper. Our
general understanding is that there are time-structured variations
between these two parameters that are expected in a spotted at-
mosphere like CoRoT-7.

In conclusion, the variations in all these parameters are dom-
inated by the rotation pattern of stellar surface structure. These
may be understood to the first order as the e!ect of cool spotted
regions on the rotating stellar surface of CoRoT-7. When the spot
area is visible, both the luminosity and the FWHM of the CCF
are a minimum as well. When the spot area is behind the star,
both the luminosity and the FWHM are at maximum. When the
spot is on the approaching limb (hiding part of the blue side) the
radial velocity is maximum and when it is on the receding limb
(hiding part of the red side) the radial velocity is at a minimum,
see figure in Queloz (1999).

The geometry of the activity resulting from our analysis
agrees with a more sophisticated model of CoRoT-7 established
from the measured light curve. This modeling also suggests that
a dominant spot region with a lifetime of at least 60 days and
random individuals spots with shorter lifetimes than the rotation
period (Lanza et al., in prep.).

Correlation is too messy to be used in CoRoT-7 dataset.

Queloz et al. (2009)
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Harmonic filtering

Boisse et al. (2008): RV signal from activity dominated by Prot & 1st 2 harmonics. 
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Harmonic filtering

Boisse et al. (2008): RV signal from activity dominated by Prot & 1st 2 harmonics. 

On this basis, they estimate M=4.8±0.8MEarth for CoRoT-7b, and argue for another, Neptune mass planet at P=3.7d.

Queloz et al fit 2-planet model to harmonic-filtered RV , fixing ephemeris of CoRoT-7b from transits.
They then fit a 2-planet model to the residuals.

Wednesday, July 21, 2010



Harmonic filtering

Hatzes et al. (2010) even find a 3rd planet at P~9d using a CLEAN approach (successive fitting and subtraction of 
sinusoids at most significant periods).

Boisse et al. (2008): RV signal from activity dominated by Prot & 1st 2 harmonics. 

On this basis, they estimate M=4.8±0.8MEarth for CoRoT-7b, and argue for another, Neptune mass planet at P=3.7d.

Queloz et al fit 2-planet model to harmonic-filtered RV , fixing ephemeris of CoRoT-7b from transits.
They then fit a 2-planet model to the residuals.
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The dangers of pre-whitening

Fiilters based on the fitting and subtraction of sine-curves 
are inappropriate for this problem:
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raw data

after harmonic filtering • Uneven sampling: sines are not orthogonal. Filter alters 
frequencies unrelated to those being filtered.

The dangers of pre-whitening

Fiilters based on the fitting and subtraction of sine-curves 
are inappropriate for this problem:
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raw data

after harmonic filtering • Uneven sampling: sines are not orthogonal. Filter alters 
frequencies unrelated to those being filtered.

The dangers of pre-whitening

• CoRoT-7 signal not simple P, P/2 and P/3 (active region 
evolution, time sampling, noise...)

Fiilters based on the fitting and subtraction of sine-curves 
are inappropriate for this problem:
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raw data

after harmonic filtering • Uneven sampling: sines are not orthogonal. Filter alters 
frequencies unrelated to those being filtered.

The dangers of pre-whitening

• CoRoT-7 signal not simple P, P/2 and P/3 (active region 
evolution, time sampling, noise...)

• 1-day alias of CoRoT-7b’s period very close to P/4.

Fiilters based on the fitting and subtraction of sine-curves 
are inappropriate for this problem:
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raw data

after harmonic filtering • Uneven sampling: sines are not orthogonal. Filter alters 
frequencies unrelated to those being filtered.

The dangers of pre-whitening

• CoRoT-7 signal not simple P, P/2 and P/3 (active region 
evolution, time sampling, noise...)

• To get around this, Hatzes et al. fit many ad-hoc 
frequencies; Queloz et al. allow the amplitude and phase 
of each harmonic to evolve rapidly.

• 1-day alias of CoRoT-7b’s period very close to P/4.

Fiilters based on the fitting and subtraction of sine-curves 
are inappropriate for this problem:
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raw data

after harmonic filtering • Uneven sampling: sines are not orthogonal. Filter alters 
frequencies unrelated to those being filtered.

The dangers of pre-whitening

• Both approaches involve many parameters and strongly affect other frequencies.

• CoRoT-7 signal not simple P, P/2 and P/3 (active region 
evolution, time sampling, noise...)

• To get around this, Hatzes et al. fit many ad-hoc 
frequencies; Queloz et al. allow the amplitude and phase 
of each harmonic to evolve rapidly.

• 1-day alias of CoRoT-7b’s period very close to P/4.

Fiilters based on the fitting and subtraction of sine-curves 
are inappropriate for this problem:
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raw data

after harmonic filtering • Uneven sampling: sines are not orthogonal. Filter alters 
frequencies unrelated to those being filtered.

The dangers of pre-whitening

• There is no good way to estimate how much of the signal removed or added the period of CoRoT-7b is of planetary 
origin. Queloz et al. (2009) apply a correction by a factor ~2, without justification.

• Both approaches involve many parameters and strongly affect other frequencies.

• CoRoT-7 signal not simple P, P/2 and P/3 (active region 
evolution, time sampling, noise...)

• To get around this, Hatzes et al. fit many ad-hoc 
frequencies; Queloz et al. allow the amplitude and phase 
of each harmonic to evolve rapidly.

• 1-day alias of CoRoT-7b’s period very close to P/4.

Fiilters based on the fitting and subtraction of sine-curves 
are inappropriate for this problem:
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Can we use photometry to predict RVs?

Lanza et al. (2010) modelled the expected activity signal by fitting a model with a few active regions to the CoRoT LC. 
This kind of approach works well to reproduce the Sun’s LC (Lanza et al. 2004, 2005) and RV (Meunier et al. 2010).
Problem: degeneracy, some parameters must be fixed (e.g. number of active regions).
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1 MODELLING THE PHOTOMETRIC AND
RV SIGNATURES OF ACTIVE REGIONS

1.1 Photometric signature

Active regions on the Sun contain both dark spots and bright
faculae. Faculae cover a much larger area of the solar disk,
but their contrast is negligible except at the limb. These two
facts conspire to make the photometric signature of faculae
very small compared to that of spots, and we therefore focus
exclusively on the latter when modelling light curves.

Most of the di!culty in simulating the photometric sig-
nature of star-spots comes from their finite size and from
the limb-darkening of the stellar surface. If we ignore these
two e"ects for now, we can simply model the relative drop
in flux F due to a single point-like, dark spot on a uniform
disk as a truncated sinusoid:

F (t) = fMAX {cos !; 0} , (1)

where ! is the angle between a vector normal to the stellar
surface at the location of the spot, and f is the spot’s scale
factor. If cs is the contrast ratio between the spot and the
spot-free photosphere, and " is the angular diameter of the
spot, we can approximate f ! cs sin2 ". Finally, ! is given
by

! = cos #(t) cos $ sin i + sin $ cos i, (2)

where i is the stellar inclination (the angle between the star’s
rotation axis and the plane of the sky), $ is the latitude of
the spot relative to the star’s rotational equator, and phi(t)
is the phase of the spot relative to the line of sight. The
latter is of course #(t) " 2%t/Prot + #0, where Prot being
the star’s rotation period and #0 is the longitude of the spot
(i.e. we take the stellar meridian to be aligned with the line
of sight at t = 0). The observed stellar flux is then simply

#(t) = #0 [1# F (t)] , (3)

! E-mail: suzanne.aigrain@astro.ox.ac.uk

Figure 1. Simulated photometric and RV signatures of a single
active. The solid black line shows the output of our simple model
for a fairly large, dark, equatorial spot (cs = 0, ! = 10 !, " = 0)
on a star with Prot = 5days, i = 90 !, "Vc = 200m/s and # = 10
(see text for details). The dash-dot magenta and dotted grey line
show the same spot modelled, respectively, with the formalism
of Dorren (1987) (stellar linear limb-darkening parameter u! =
0.5) and without the convective blue-shift e!ect ("Vc = 0). The
dotted cyan line shows the The dashed cyan line shows the ouput
of our simple model for the same spot at higher latitude on an
inclined star (" = 60 !, i = 70 !). The LSPs were computed from
time-series lasting 5Prot, and normalised to a value of 1 at the
rotational frequency. The frequencies are expressed in units of
inverse rotation periods.

where #0 is the flux in the absence of spots.
The top-left panel of Figure 1 shows simulated light

curves for an equatorial spot (solid black line) and a high-
latitude spot on an inclined star (dash-dot magenta line).
Also shown for comparison is the same equatorial spot
modelled with the more sophisticated formalism of Dorren
(1987), who provides analytical expressions for a circular
spot on a limb-darkened photosphere. In all cases, the pe-
riodogram of the light curve (shown in the top-right panel)
is dominated by the rotational frequency, as one might ex-
pect, with significant signal at its first harmonic. Projection
e"ects over the area of the spot, and limb-darkening (both
of which are accounted for in the Dorren 1987 formalism,
but not in our simple model), alter the shape and maximum
amplitude of the signal, and hence the balance of power be-
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where #0 is the flux in the absence of spots.
The top-left panel of Figure 1 shows simulated light

curves for an equatorial spot (solid black line) and a high-
latitude spot on an inclined star (dash-dot magenta line).
Also shown for comparison is the same equatorial spot
modelled with the more sophisticated formalism of Dorren
(1987), who provides analytical expressions for a circular
spot on a limb-darkened photosphere. In all cases, the pe-
riodogram of the light curve (shown in the top-right panel)
is dominated by the rotational frequency, as one might ex-
pect, with significant signal at its first harmonic. Projection
e"ects over the area of the spot, and limb-darkening (both
of which are accounted for in the Dorren 1987 formalism,
but not in our simple model), alter the shape and maximum
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surface at the location of the spot, and f is the spot’s scale
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spot, we can approximate f ! cs sin2 ". Finally, ! is given
by
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rotation axis and the plane of the sky), $ is the latitude of
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(i.e. we take the stellar meridian to be aligned with the line
of sight at t = 0). The observed stellar flux is then simply
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Figure 1. Simulated photometric and RV signatures of a single
active. The solid black line shows the output of our simple model
for a fairly large, dark, equatorial spot (cs = 0, ! = 10 !, " = 0)
on a star with Prot = 5 days, i = 90 !, "Vc = 200 m/s and # = 10
(see text for details). The dash-dot magenta and dotted grey line
show the same spot modelled, respectively, with the formalism
of Dorren (1987) (stellar linear limb-darkening parameter u! =
0.5) and without the convective blue-shift e!ect ("Vc = 0). The
dotted cyan line shows the The dashed cyan line shows the ouput
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inclined star (" = 60 !, i = 70 !). The LSPs were computed from
time-series lasting 5Prot, and normalised to a value of 1 at the
rotational frequency. The frequencies are expressed in units of
inverse rotation periods.

where #0 is the flux in the absence of spots.
The top-left panel of Figure 1 shows simulated light

curves for an equatorial spot (solid black line) and a high-
latitude spot on an inclined star (dash-dot magenta line).
Also shown for comparison is the same equatorial spot
modelled with the more sophisticated formalism of Dorren
(1987), who provides analytical expressions for a circular
spot on a limb-darkened photosphere. In all cases, the pe-
riodogram of the light curve (shown in the top-right panel)
is dominated by the rotational frequency, as one might ex-
pect, with significant signal at its first harmonic. Projection
e"ects over the area of the spot, and limb-darkening (both
of which are accounted for in the Dorren 1987 formalism,
but not in our simple model), alter the shape and maximum
amplitude of the signal, and hence the balance of power be-
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Single equatorial spot: 
F(t) = stellar flux “hidden” by spot = f cos(1/Prot).
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faculae. Faculae cover a much larger area of the solar disk,
but their contrast is negligible except at the limb. These two
facts conspire to make the photometric signature of faculae
very small compared to that of spots, and we therefore focus
exclusively on the latter when modelling light curves.

Most of the di!culty in simulating the photometric sig-
nature of star-spots comes from their finite size and from
the limb-darkening of the stellar surface. If we ignore these
two e"ects for now, we can simply model the relative drop
in flux F due to a single point-like, dark spot on a uniform
disk as a truncated sinusoid:

F (t) = fMAX {cos !; 0} , (1)

where ! is the angle between a vector normal to the stellar
surface at the location of the spot, and f is the spot’s scale
factor. If cs is the contrast ratio between the spot and the
spot-free photosphere, and " is the angular diameter of the
spot, we can approximate f ! cs sin2 ". Finally, ! is given
by

! = cos #(t) cos $ sin i + sin $ cos i, (2)

where i is the stellar inclination (the angle between the star’s
rotation axis and the plane of the sky), $ is the latitude of
the spot relative to the star’s rotational equator, and phi(t)
is the phase of the spot relative to the line of sight. The
latter is of course #(t) " 2%t/Prot + #0, where Prot being
the star’s rotation period and #0 is the longitude of the spot
(i.e. we take the stellar meridian to be aligned with the line
of sight at t = 0). The observed stellar flux is then simply

#(t) = #0 [1# F (t)] , (3)

! E-mail: suzanne.aigrain@astro.ox.ac.uk

Figure 1. Simulated photometric and RV signatures of a single
active. The solid black line shows the output of our simple model
for a fairly large, dark, equatorial spot (cs = 0, ! = 10 !, " = 0)
on a star with Prot = 5days, i = 90 !, "Vc = 200m/s and # = 10
(see text for details). The dash-dot magenta and dotted grey line
show the same spot modelled, respectively, with the formalism
of Dorren (1987) (stellar linear limb-darkening parameter u! =
0.5) and without the convective blue-shift e!ect ("Vc = 0). The
dotted cyan line shows the The dashed cyan line shows the ouput
of our simple model for the same spot at higher latitude on an
inclined star (" = 60 !, i = 70 !). The LSPs were computed from
time-series lasting 5Prot, and normalised to a value of 1 at the
rotational frequency. The frequencies are expressed in units of
inverse rotation periods.

where #0 is the flux in the absence of spots.
The top-left panel of Figure 1 shows simulated light

curves for an equatorial spot (solid black line) and a high-
latitude spot on an inclined star (dash-dot magenta line).
Also shown for comparison is the same equatorial spot
modelled with the more sophisticated formalism of Dorren
(1987), who provides analytical expressions for a circular
spot on a limb-darkened photosphere. In all cases, the pe-
riodogram of the light curve (shown in the top-right panel)
is dominated by the rotational frequency, as one might ex-
pect, with significant signal at its first harmonic. Projection
e"ects over the area of the spot, and limb-darkening (both
of which are accounted for in the Dorren 1987 formalism,
but not in our simple model), alter the shape and maximum
amplitude of the signal, and hence the balance of power be-
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Figure 4. Simulated photometric and RV signatures of two evolv-
ing active regions, both with ! = 4 Prot. The active regions are
initially in antiphase, and the second reaches its peak size 4 Prot

after the first. All other parameters of both active regions are
identical to the solid black line in Figure 1.

the spot is maximum at t = t0. As might be expected, spot
evolution causes the peaks in the periodogram to broaden
(see Figure 2).

Finally, we also investigated the e!ect of di!erential ro-
tation, by using slightly di!erent rotation periods for dif-
ferent active regions. The e!ect of di!erential rotation is
to split the fundamental and harmonic peaks in the peri-
odogram (see Figure 3). By contrast, multiple active regions
growing and decaying at di!erent times, but on a solidly
rotating star, cause a splitting of the fundamental and odd-
numbered harmonics only (see Figure 4. As previously noted
elsewhere [ref. Aigrain et al. 2008, but there may well be
an earlier reference], this property provides a means of dis-
tinguishing between di!erential rotation and active region
evolution without full-scale spot modelling.

Overall, the combined e!ect of multiple spots and spot
evolution is to increase the complexity of the periodograms,
in particular for the RV case, and can make their interpre-
tation more di"cult.

3 THE FF ! METHOD

3.1 Theory

The photometric signature of a single active region can be
represented as:

#(t) = #0 [1! F (t)] (7)

where #(t) is the observed stellar flux as a function of time,
#0 is the (hypothetical) spot-less photospheric flux, and
F (t) represents the fraction of the stellar flux which is does
not reach the observer owing the the presence of the active
region. Although F (t) can in principle be negative (bright
spots or faculae), in this work we consider dark spots only.
It is straight-forward to derive an expression for F (t) in the
case of a point-like, dark spot on a uniform disk:

F (t) = MAX {f [cos !(t) cos " sin i + sin " cos i] ; 0} (8)

where f is the product of the spot contrast and the area
of the spot as a fraction of the stellar disk, i is the angle
between the star’s rotation axis and the planet of the sky,
" is the latitude of the spot relative to the star’s rotational
equator and !(t) " 2#t/Prot + !0 is the phase of the spot
relative to the line of sight, Prot being the star’s rotation
period and !0 the phase of the spot at time t = 0. The
second term results from the fact that part of the spot can

be permanently visible or permanently hidden, and simply
shifts the sinusoid up or down before it is truncated. The
corresponding radial velocity signal is then:

$V (t) = F (t) Veq sin i cos " sin !(t), (9)

where Veq = 2#R!/Prot is the equatorial rotation velocity.
Going back to the single, point-like spot of section ??,

it is interesting to note that

Ḟ (t) = !f sin !(t) !̇(t) cos " sin i

= !f sin !(t) cos " sin i
2#
Prot

. (10)

Therefore the expression for the RV signal can be re-written:

$V (t) = !F (t) Ḟ (t) R!/f, (11)

This provides us with a means to derive the RV signal di-
rectly from the light curve, without knowing the rotation
period, as

F (t) = 1! #(t)

#0
and Ḟ (t) = ! #̇(t)

#0
, (12)

hence

$V (t) =

!
#̇(t)

#0
! #(t) #̇(t)

#2
0

"
R!

f
. (13)

As this method uses the light curve and its own derivative,
we refer to it as the FF ! method.

Extending the reasoning above to include limb-
darkening and large / multiple spots is non trivial. However,
we have tested, using the simple spot model of section 1, that
although the RV formula is not strictly additive, RV signals
simulated by adding up the individual RV contributions of
multiple spots are qualitatively and quantitatively almost
identical to the RV signal obtained from a multiple spot
simulation with the same spot parameters. I don’t quite
understand how that test worked, need clarification
from Frederic. Should we illustrate it with a figure?

3.2 Practical implementation

To compute the RV signal from the light curve, one must
estimate #0 and f . For a given light curve, where one is
presumably seeing the e!ect of many spots, and never see-
ing a complete spot-free hemisphere, it seems reasonable to
estimate the mean fractional spot coverage from the light
curve amplitude:

f # %0 ! %min

%0
, (14)

where %min and %max are the minimum and maximum ob-
served fluxes, respectively. Similarly, the light curve scatter
$ gives a crude estimate of the fraction of the stellar flux
always hidden by spots, so that the spot-free flux is given
by

%0 # %max + $. (15)

For well-sampled light curves, the derivative of the flux
can be estimated directly from the di!erence between con-
secutive data points. This procedure is highly sensitive to
high-frequency noise, so the light curve must be smoothed
first. We do this using a non-linear filter [ref. Aigrain & Ir-
win] with a smoothing length approximating a tenth of the
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Then ΔV(i) ∝ F(t) Vorb. In general:
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FF’ method example: HD 189733
Data from Boisse et al. (2008)

Black points: MOST photometry

Grey line: smoothed version used to estimate F(t) and F’(t).

Grey points: SOPHIE RVs

Black line: FF’ prediction
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FF’ method example: HD 189733
Data from Boisse et al. (2008)

Black points: MOST photometry

Grey line: smoothed version used to estimate F(t) and F’(t).

Grey points: SOPHIE RVs

Black line: FF’ prediction

Good agreement, except arount HJD 2454308: rapid RV 
drop not explained by photometry (or any plausible spot 
model). 

Boisse et al. (2008) estimate systematics at ~9m/s level in 
this SOPHIE dataset.
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FF’ method example: HD 189733

FF’ be applied to any well sampled LC, but ... the RV and LC data are not simultaneous for CoRoT-7b

Data from Boisse et al. (2008)

Black points: MOST photometry

Grey line: smoothed version used to estimate F(t) and F’(t).

Grey points: SOPHIE RVs

Black line: FF’ prediction

Good agreement, except arount HJD 2454308: rapid RV 
drop not explained by photometry (or any plausible spot 
model). 

Boisse et al. (2008) estimate systematics at ~9m/s level in 
this SOPHIE dataset.
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A “minimum assumption” many-spot model

FWHM of CCF is good proxy for photometry

306 D. Queloz et al.: The CoRoT-7 planetary system: two orbiting super-Earths

Fig. 2. Swiss Euler telescope photometric measurement obtained simul-
taneously to the HARPS measurements of the CCF width (FWHM).
Top: time series of the photometric variations for CoRoT-7 computed
from an average of short series of exposure totaling 20 min. Also shown
are the contemporaneous HARPS FWHM measurements. Bottom: cor-
relation between the CCF line width and the stellar color and magni-
tude. The best linear fit to the data is illustrated by a superimposed line.

at disk center, you have a bump at line center and the wings
appear broader. In this case, the FWHM of the line is a max-
imum when the spot is at disk center. When at the limb, the
distortion is in the wings, making the line appear thinner. In
addition, the width of the CCF is known to vary with the stel-
lar e!ective temperature. In Santos et al. (2002), this e!ect has
been carefully measured and empirically calibrated on a large
sample of stars. For main sequence stars, the smallest width is
measured around (B ! V) = 0.87. Stars with colors on either
side of this minimum have line width broadening mechanisms
that increase with a change in e!ective temperature. CoRoT-7b
is slightly bluer than (B ! V) = 0.87, therefore when the main
spot region becomes visible, a decrease in both of the average
luminosity and of the average temperature of the visible stellar
photosphere is expected. Therefore when the star is dimmer, it
is redder and the average line width decreases. Fitting a linear

relation to the data one obtains: "(FWHM) km s!1 " 2.55"V
and "(FWHM) km s!1 " 3.89"(B! V).

The interesting consequence of the linear relation between
the FWHM of the CCF and the stellar luminosity variability
is that we can get an estimate of the level of the stellar vari-
ability from the FWHM measurement without the need to carry
out simultaneous photometric measurements. One also can look
for other correlations between parameters to better identify and
characterize the activity signal in our radial velocity data which
is the topic of the next section.

3. Blind analysis of the data

In this section we analyze the time structure of the data keep-
ing in mind a possible composite scenario including planets and
starspots to describe our radial velocity observations. Starspots
are well known to produce radial velocity variability, as well as
spectral line variations. The analysis carried out in this section
does not assume any specific geometric configuration causing
these variations. It is, in that sense, a blind approach where we
let the data speak for themselves.

Starspots are often grouped in “active regions”. The typi-
cal lifetime of these regions depends on their size (Donahue
et al. 1997). For our Sun, active region’s lifetimes range from
a few days to 60 days. Sometimes they are part of long-lived
active complexes (or “active longitudes”) that are constantly
replenished by the formation of new active regions without
phase disruption, while the amplitude may have drastically
changed with a near-quiescent phase between more active pe-
riods (Castenmiller et al. 1986). It is therefore important to keep
in mind that the periodicity and the phase coherency of a sig-
nal does not preclude it from originating from stellar activity.
However one would expect such a stellar activity “signal” made
up of rotating active regions to be simultaneously detected in the
radial velocity, in the spectral line shape variations, and in the
photometry.

3.1. Correlation between parameters

The first obvious correlation to look for when activity may
be at play is the bisector span (Vspan) versus the radial veloc-
ity, Vr, (Fig. 3). The bisector span exhibits a 6.75 m s!1 rms
and a weak correlation with radial velocity variation (Vspan "
!0.19(±0.06)"Vr). The anti-correlation between these two pa-
rameters corresponding to the negative sign of the slope is ex-
pected for rotating cool starspots, but the slope is shallower
compared with similar measurements on other active stars like
HD 166433 (!0.88) or HD 189733 (!0.61) (Queloz et al. 2001;
Boisse et al. 2009). In Fig. 3 there is a significant scatter
(6.5 m s!1) that is not correlated with the radial velocity. A simi-
lar residual scatter above the measurement errors has been found
in the active star HD 219828 (Melo et al. 2007), which was also
observed with HARPS. The weakness of the coupling between
the bisector and the radial velocity variation for slow-rotating
stars is a known phenomena traditionally pictured as a “mag-
nification” e!ect with increasing v sin i (Saar et al. 1998). For
slowly rotating stars, this makes the bisector less useful than
anticipated for tracing the stellar activity related radial velocity
variation pattern.

To explore other relations we computed the correlation be-
tween various parameters using a slightly di!erent version of
the discrete correlation function of Edelson & Krolik (1988,
see also White & Peterson 1994) for unevenly spaced data. The

Queloz et al. (2009)
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A “minimum assumption” many-spot model

Fit “ proxy LC” with between 3 and 200 spots each hiding a fraction df 
of the stellar flux, which evolves according to a Gaussian. Spot 
longitude and peak time are drawn from uniform distribution, df and 
lifetime from logarithmic distribution. Predict RV and bissector span.
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Figure 1. Top: Brightness curve data for CoRoT-7 inferred from the spectroscopic data. The lines show five lightcurve models
from rotating starspots, using 5 to 200 spots, with di!erential rotation velocity and varying lifetimes. Bottom: Line bisector
data from HARPS spectra, and bisector e!ect expected from the five spot models. Note that the bisector data is not used in
the spot models.

the radial velocity data, showing it to be the dominant source of RV signal for CoRoT-7.

There are, however, visible exceptions. There are clearly features that are not accounted for

by the activity models. The nature of these features is, of course, what this is all about.

3 ANALYSING THE RV SIGNAL NOT DUE TO ACTIVITY

Unrecognised RV features

Fig. 4 shows the RV data compared to the median of our activity model curves. On the

bottom panel, measurements with SNR lower than the median value are displayed in red.

Fig.3 shows the RV residuals relative to the activity model in the two most densely-

covered periods, and plots the expected planetary signal from the two-planet solution in

Q09.

These plots show that the RV data contain features that cannot be accounted for by the

activity signal responsible for the light curve and bisector variations, nor from the possible

presence of two planets. Of particular notice are the! 20 m/s jumps at JD=788, JD=806 and

JD=868. These jumps occur over one day, with no corresponding feature in the lightcurve

and bisector data. Since the semi-amplitude of the two putative planets is 4 m/s at most,
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FWHM of CCF is good proxy for photometry

306 D. Queloz et al.: The CoRoT-7 planetary system: two orbiting super-Earths

Fig. 2. Swiss Euler telescope photometric measurement obtained simul-
taneously to the HARPS measurements of the CCF width (FWHM).
Top: time series of the photometric variations for CoRoT-7 computed
from an average of short series of exposure totaling 20 min. Also shown
are the contemporaneous HARPS FWHM measurements. Bottom: cor-
relation between the CCF line width and the stellar color and magni-
tude. The best linear fit to the data is illustrated by a superimposed line.

at disk center, you have a bump at line center and the wings
appear broader. In this case, the FWHM of the line is a max-
imum when the spot is at disk center. When at the limb, the
distortion is in the wings, making the line appear thinner. In
addition, the width of the CCF is known to vary with the stel-
lar e!ective temperature. In Santos et al. (2002), this e!ect has
been carefully measured and empirically calibrated on a large
sample of stars. For main sequence stars, the smallest width is
measured around (B ! V) = 0.87. Stars with colors on either
side of this minimum have line width broadening mechanisms
that increase with a change in e!ective temperature. CoRoT-7b
is slightly bluer than (B ! V) = 0.87, therefore when the main
spot region becomes visible, a decrease in both of the average
luminosity and of the average temperature of the visible stellar
photosphere is expected. Therefore when the star is dimmer, it
is redder and the average line width decreases. Fitting a linear

relation to the data one obtains: "(FWHM) km s!1 " 2.55"V
and "(FWHM) km s!1 " 3.89"(B! V).

The interesting consequence of the linear relation between
the FWHM of the CCF and the stellar luminosity variability
is that we can get an estimate of the level of the stellar vari-
ability from the FWHM measurement without the need to carry
out simultaneous photometric measurements. One also can look
for other correlations between parameters to better identify and
characterize the activity signal in our radial velocity data which
is the topic of the next section.

3. Blind analysis of the data

In this section we analyze the time structure of the data keep-
ing in mind a possible composite scenario including planets and
starspots to describe our radial velocity observations. Starspots
are well known to produce radial velocity variability, as well as
spectral line variations. The analysis carried out in this section
does not assume any specific geometric configuration causing
these variations. It is, in that sense, a blind approach where we
let the data speak for themselves.

Starspots are often grouped in “active regions”. The typi-
cal lifetime of these regions depends on their size (Donahue
et al. 1997). For our Sun, active region’s lifetimes range from
a few days to 60 days. Sometimes they are part of long-lived
active complexes (or “active longitudes”) that are constantly
replenished by the formation of new active regions without
phase disruption, while the amplitude may have drastically
changed with a near-quiescent phase between more active pe-
riods (Castenmiller et al. 1986). It is therefore important to keep
in mind that the periodicity and the phase coherency of a sig-
nal does not preclude it from originating from stellar activity.
However one would expect such a stellar activity “signal” made
up of rotating active regions to be simultaneously detected in the
radial velocity, in the spectral line shape variations, and in the
photometry.

3.1. Correlation between parameters

The first obvious correlation to look for when activity may
be at play is the bisector span (Vspan) versus the radial veloc-
ity, Vr, (Fig. 3). The bisector span exhibits a 6.75 m s!1 rms
and a weak correlation with radial velocity variation (Vspan "
!0.19(±0.06)"Vr). The anti-correlation between these two pa-
rameters corresponding to the negative sign of the slope is ex-
pected for rotating cool starspots, but the slope is shallower
compared with similar measurements on other active stars like
HD 166433 (!0.88) or HD 189733 (!0.61) (Queloz et al. 2001;
Boisse et al. 2009). In Fig. 3 there is a significant scatter
(6.5 m s!1) that is not correlated with the radial velocity. A simi-
lar residual scatter above the measurement errors has been found
in the active star HD 219828 (Melo et al. 2007), which was also
observed with HARPS. The weakness of the coupling between
the bisector and the radial velocity variation for slow-rotating
stars is a known phenomena traditionally pictured as a “mag-
nification” e!ect with increasing v sin i (Saar et al. 1998). For
slowly rotating stars, this makes the bisector less useful than
anticipated for tracing the stellar activity related radial velocity
variation pattern.

To explore other relations we computed the correlation be-
tween various parameters using a slightly di!erent version of
the discrete correlation function of Edelson & Krolik (1988,
see also White & Peterson 1994) for unevenly spaced data. The

Fit “ proxy LC” with between 3 and 200 spots each hiding a fraction df 
of the stellar flux, which evolves according to a Gaussian. Spot 
longitude and peak time are drawn from uniform distribution, df and 
lifetime from logarithmic distribution. Predict RV and bissector span.

Queloz et al. (2009)

Can also fit both “LC” and bissector span to 
derive RV. 14 realisations shown here.

Large discrepancies with observed RV.

6 Pont, Aigrain & Zucker

Figure 2. Top: Brightness curve data for CoRoT-7 inferred from the spectroscopic data. The lines show fourteen lightcurve
models from rotating starspots, using 5 to 200 spots, with di!erential rotation velocity, varying lifetimes, fitted to both the
brightness and line bisector information. Dotted lines show models with more weight given to the bisector information. Middle
Radial velocity data from HARPS and expected curve from the activity models. Bottom: Line bisector data from HARPS
spectra, and bisector e!ect expected from the five spot models.

they cannot produce jumps of this amplitude either, even if they were perfectly in phase

with them (which they are not). 1

Fig.3 show that these features are correlated with the SNR of the spectra, which suggests

that the unaccounted variations are caused by uncertainties beyond the formal error bars,

increasing with lower SNR. Actually, as discussed in the next Section, there are solid reasons

to believe that such uncertainties may be present in HARPS data, at the required level of

! 5 m/s r.m.s.

In this case, the additional RV uncertainties would be related to the measurement SNR,

itself principally determined by the observing conditions. Observing conditions at observato-

ries vary strongly over one night for a given object (with the airmass varying according to the

1 In Q09, the authors ”iron out” these jumps with the sliding, 3-harmonic ”pre-whitening”, attributing it to the activity signal.

However, the CCF width, bisector and activity-indicator data show that there is no ground to believe stellar activity to cause

this jump. Note that if some activity feature can produce RV jumps without a!ecting either the lightcurve or the bisector, then

it is undistinguishable from instrumental systematics and play the same role. There is no reason for it to be removable with a

3-harmonic ”pre-whitening”. (Also note that Q09 use the 3-harmonics filter with a very narrow boxcar, out of its specifications

as originally devised by REF, so that it can smooth out anything.)

c! 2002 RAS, MNRAS 000, 1–15

Pont, Aigrain & Zucker (in prep)

ΔΨ
sp

an
 (k

m
/s

)
ΔR

V
 (k

m
/s

)

time (days)

Wednesday, July 21, 2010
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10 Pont, Aigrain & Zucker

Figure 3. Radial velocity residuals relative to the median of the activity models. Red points indicate data with SNR below
the median.

Figure 4. Radial velocity residuals relative to the median of the activity models, and the signal expected from the 2-planet
models of Q09. Red points indicate data with SNR in the lowest quartile. Note in particular the ! 20 m/s jumps near JD=795
and 806, and the set of low points at JD=868 and 869, that are not expected in the activity signal or the two-planet solution
and much larger than the formal RV uncertainties.

The periodogram of the HARPS RV data for CoRoT-7 is highly complex. Q09 identify

no less than eleven components3.

3 [Q09 and Hatzes then go on explaining these components one-by-one. However, Fourier decomposition works for continuous

sampling and periodic signal, but not for irregular sampling and non-periodic signal, like stellar activity and RV monitoring.
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Figure 5. LS periodogram for the radial velocity residuals. Increasingly lighter colours indicate periodograms with an increas-
ingly high SNR threshold (up to including the best 1/3 of the data).

Figure 6. Evolution of the best-fit radial-velocity semi-amplitude K as a function of the SNR threshold (the SNR is in units
of the median SNR).

The main peaks in the RV periodogram are clearly related to the signal from activity,

being near the rotation periods and its harmonics, and the aliases from the 1-day sampling.

There is a peak corresponding to the period of the transit signal detected in the CoRoT

photometry, P=0.854 days.

Figure 5 show the RV periodogram around the relevant frequency. The di!erent colours

show the evolution of the periodogram when the lowest-SNR measurements are not used,

There need not be ”one” explanation for each peak in the periodogram. Of course, using the ”false alarm probability” is not

applicable.]

c! 2002 RAS, MNRAS 000, 1–15

Estimate of CoRoT-7b’s semi-amplitude depends strongly on 
SNR threshold - including lower SNR leads to larger K.
Note result is similar whether fitting raw data (black) or residuals 
of activity model (green).
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SNR threshold - including lower SNR leads to larger K.
Note result is similar whether fitting raw data (black) or residuals 
of activity model (green).

Our “best guess” estimate (using most stringent SNR 
threshold) is K=1.7m/s. Error from bootstrap 1.3m/s (accounts 
for white noise only): safer to adopt K=2±2m/s.
C.f. Q09’s estimate: K=3.5±0.6m/s
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models of Q09. Red points indicate data with SNR in the lowest quartile. Note in particular the ! 20 m/s jumps near JD=795
and 806, and the set of low points at JD=868 and 869, that are not expected in the activity signal or the two-planet solution
and much larger than the formal RV uncertainties.
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Implications

Using a flat prior in log for planet masses, we 
derive a lower mass for CoRoT-7b and a 
significantly larger error: 

1−3 MEarth (1σ)
0−4 MEarth (2σ)
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derive a lower mass for CoRoT-7b and a 
significantly larger error: 

1−3 MEarth (1σ)
0−4 MEarth (2σ)

removal of the envelope. An age of 3–10Gyr for the star is sup-
ported24 both by its kinematics (which indicate that it is a member
of the old disk) and the lack of chromospheric activity from the
absence of Ha line emission. Moreover, the dominant periodicity
in the MEarth photometry is 83 days. Stars spin down as they age,
and a very long rotation would also indicate an old star. Thus we
conclude that significant loss of atmospheric mass has occurred over
the lifetime of the planet; the current envelope is therefore probably
not primordial. Moreover, some (or all) of the present envelope may
have resulted from outgassing and further photodissociation of
material from the core. If the composition of the gaseous envelope
is indeed dominated by hydrogen (whether primordial or not), the
annulus of the transmissive portion of planetary atmosphere would
occult roughly 0.16% of the stellar disk during transit and thus pre-
sent a signal larger than that already studied for other exoplanets3.
Thus GJ 1214b presents an opportunity to study a non-primordial
atmosphere enshrouding a world orbiting another star. Such studies
have been awaited25 and would serve to confirm directly that the
atmosphere was predominantly hydrogen, because only then would
the scale height be large enough to present a measurable wavelength-
dependent signal in transit.

The discussion above assumes that the solid core of GJ 1214b is
predominantly water. This is at odds with the recently discovered8,9

CoRoT-7b, the only other known transiting super-Earth. CoRot-7b
has mass of 4.8M›, a radius of 1.7R› and a density of 5,600 kgm23,
indicating a composition that is predominantly rock. The very dif-
ferent radii of GJ 1214b and CoRoT-7b despite their indistinguish-
able masses may be related to the differing degrees to which the two
planets are irradiated by their parent stars: owing to themuch greater
luminosity of its central star, CoRoT-7b has an equilibrium temper-
ature of about 2,000 K, roughly fourfold that of GJ 1214b. It may be
that both planets have rocky cores of similar mass and that it is only
for CoRoT-7b that the gaseous envelope has been removed, yielding
the smaller observed radius. Alternatively, GJ 1214b may have a
water-dominated core, indicating a very different formation history
from that of CoRoT-7b. Such degeneracies in the models16 of the
physical structures of super-Earths will be commonplace when only
a radius and mass are available, but at least one method25 has been
proposed to mitigate this problem in part. The differences in com-
position between GJ 1214b and CoRoT-7b bear on the quest for
habitable worlds: numerous planets with masses indistinguishable
from those of GJ 1214b and CoRoT-7b have been uncovered indir-
ectly by radial velocity studies, and some of these lie in or near their
stellar habitable zones. If such cooler super-Earth planets do indeed
have gaseous envelopes similar to that of GJ 1214b, the extreme
atmospheric pressure and absence of stellar radiation at the surface
might render them inhospitable to life as we know it on Earth. This
would motivate the push to even more sensitive ground-based tech-
niques capable of detecting planets with sizes andmasses equal to that
of the Earth orbiting within the habitable zones of low-mass stars.
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Figure 3 | Masses and radii of transitingplanets. GJ 1214b is shown as a red
filled circle (the 1s uncertainties correspond to the size of the symbol), and
the other known transiting planets are shown as open red circles. The eight
planets of the Solar System are shown as black diamonds. GJ 1214b and
CoRoT-7b are the only extrasolar planets with both well-determinedmasses
and radii for which the values are less than those for the ice giants of the Solar
System. Despite their indistinguishable masses, these two planets probably
have very different compositions. Predicted16 radii as a function of mass are
shown for assumed compositions of H/He (solid line), pure H2O (dashed
line), a hypothetical16 water-dominated world (75%H2O, 22% Si and 3% Fe
core; dotted line) and Earth-like (67.5% Si mantle and a 32.5% Fe core; dot-
dashed line). The radius of GJ 1214b lies 0.496 0.13 R› above the water-
world curve, indicating that even if the planet is predominantly water in
composition, it probably has a substantial gaseous envelope.
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Revised location 
of CoRoT-7b

This makes the most likely composition of 
CoRoT-7b more similar to that of GJ1214b. It now 
fits better with the “sequence” of hot Neptunes 
and hot Super-Earths.
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• There can be RV systematics at the 5−10m/s level in medium SNR regime, even 
with state of the art instruments (HARPS optimized for V=6−8, VCoRoT-7~12).
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