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• Stellar activity is the main obstacle to 
characterising small exoplanets.

• How does stellar activity impact radial-
velocity (RV) observations?

• How can we correct for activity to better 
characterise small exoplanets?

Outline

Artist impression: M. Garlick



Over 3800 exoplanets confirmed to date, and 4700 more planet candidates

Transit surveys 

Radial-velocity (RV) 
surveys 

Artist impression: ESO/M. Kornmesser

We now know that there are more planets than stars in our galaxy

Dressing & Charbonneau (2015), 
Ballard & Johnson (2016), 

Zhu et al. (2018) and others



Image credit: Phil Voystock

Discovering and characterising nearby small planets, and examining 
their atmospheres to assess their potential for hosting life



Image credit: Phil Voystock

Is there life on other planets?

What kinds of planets 
are habitable?

Discovering and characterising nearby small planets, and examining 
their atmospheres to assess their potential for hosting life

What are the atmospheres 
of exoplanets made of?



Discovering and characterising nearby small planets, and examining 
their atmospheres to assess their potential for hosting life

Carry out and interpret 
observations of their 

atmospheres

Image credit: NASA

Step 3:

Image credit: M. Garlick

Discover the nearest 
Earth- to Neptune-size exoplanets 
in our celestial neighbourhood

Step 1:

Image credit: ESA/Hubble & NASA

Confirm and characterise 
these exoplanets

Step 2:



Main inputs for models of 
interior composition/structure

Mass is essential to 
interpreting observations of 

atmospheres

Zeng & Sasselov (2013) Morley et al. (2017)
Winn (2010)

 Image credits: NASA

Mass and radius are the most fundamental parameters of a planet



How do we determine planet masses?
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We use highly precise and stable spectrographs to monitor the star’s 
radial-velocity (RV) variations over time
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Jupiter system

The radial-velocity (RV) amplitude is proportional to the planet’s mass
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Super-Earth (≈ 5Mearth) in 
orbit of a few days: ≈ 3-5 m/s

Earth orbit around Sun: 0.09 m/s!

WASP-8, a hot 
Jupiter system

The radial-velocity (RV) amplitude is proportional to the planet’s mass



We cannot yet measure reliable masses of small, rocky planets

Plotted at exoplanet.org (2018)



2 Earth masses

We cannot yet measure reliable masses of small, rocky planets

Plotted at exoplanet.org (2018)



2 Earth masses

Stellar magnetic activity produces significant  
radial-velocity variations, even in the quietest stars  
Isaacson & Fischer, 2010; Motalebi et al. 2015 and many others

We cannot yet measure reliable masses of small, rocky planets

Plotted at exoplanet.org (2018)



Image credit: M. Garlick

To determine precise masses of small, rocky planets, 
we need to understand the physical processes at play 
on the surfaces of the host stars
See Fischer et al. (2016), Dumusque et al. (2017) and others



NASA

Timescales of stellar activity

• Minutes to hours

• Days

• Weeks (stellar rotation period)

• Decades



Pressure-mode oscillations 5-10 min

Image: Kiepenheuer Institute for Solar Physics



Pressure-mode oscillations

μ Arae, RV data from Bouchy et al. (2005)
Image: Kiepenheuer Institute for Solar Physics



Pressure-mode oscillations

μ Arae, RV data from Bouchy et al. (2005)
Image: Kiepenheuer Institute for Solar Physics



Pressure-mode oscillations

μ Arae, RV data from Bouchy et al. (2005)
Image: Kiepenheuer Institute for Solar Physics

Code: https://github.com/grd349/ChaplinFilter
See supplementary slides in this talk

Stellar oscillations can be averaged out to < 10cm/s 
by choosing the right exposure time

Chaplin, Cegla et al. (2019)
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that this precision may be overestimated as the current observing strategies have not
yet been analysed for their e↵ectiveness in averaging out noise due the inhibition of
convection around magnetically active regions nor the e↵ect of bright active regions

Figure 2.17: Time-averaged solar observations in the G-band (top left), blue continuum
(4170 Å; top right), and Ca II K (bottom left), with a physical size of ⇠ 61” x 57” (⇠
44 x 42 Mm2). A single G-band exposure is also shown (bottom right) for comparison,
the physical size of the image is slighter larger at ⇠ 67” x 65” (⇠ 49 x 47 Mm2). Each
time-average image was averaged over a ⇠ 1 hr time frame and normalised to the time-
dependent mean (intensity scale displayed at the bottom of each image). Observations
were obtained from the ROSA instrument on the Dunn Solar Telescope in May 2009
(Jess et al. 2010). The G-band and continuum observations have a cadence of 30.3
frames per second (0.033 s) and a cadence of 0.528 s after speckle-reconstructed (i.e.
di↵raction limited) images (of 15 ms exposures) were created; the time-average images
were then created by averaging all 6079 individual reconstructed images together (over
a total timespan of 53 min). The Ca II K observations have a cadence of 3.8 frames per
second and a cadence of 4.224 s after speckle-reconstruction (of 200 ms exposures); the
time-average image was created by averaging all 761 individual reconstructed images
together (over the same 53 min observing time). Although the granular lifetime is 5 –
10 min, prominent underlying structure is clearly still evident, in both the G-band and
continuum images, after averaging over a 1 hr period. It is also interesting to note that
the Ca II K image also still displays cellular structure from the presence of granulation,
and that the regions associated with the magnetic bright points (visible in the G-band)
display the most evident structure (though this may just be a byproduct of the fact that
magnetic structures are bright in the Ca II K, and therefore easier to discern).

49

1hr Average: RMS = 0.4 m/s

Meunier et al. (2015)Figure: H. Cegla, Dunn Solar Telescope (G-band)

“Averaging out” with multiple exposures/night will not get you <≈ 0.5 m/s

Magnetoconvection (granulation, supergranulation)
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• Understand the effect of 
granulation on the shapes 
of spectral lines

• Identify proxies that will 
allow us to fit and 
subtract granulation RV 
signal

Using 3D magneto-hydrodynamical (MHD) simulations

Figure: H. Cegla Cegla et al. (2013, 2018, 2019)
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M dwarf Reiners (2009)

Few min: flares/coronal mass ejections

Minutes to hours: flares



Rare events in Sun-like stars
Strong signatures in Hα emission profile
But very frequent in some M dwarfs!

Few min: flares/coronal mass ejections

Reiners (2009), see also Anglada-Escudé et al., (2016) and others

M dwarf Reiners (2009)

Minutes to hours: flares



Gravitational redshift

Change in stellar radius 0.01% can induce 
RV shift of 0.06 m/sec
Slow changes, eg. from granulation or 
Wilson depression can have such effect

ɣ

Cegla et al. (2012)

Days



Gravitational redshift

Change in stellar radius 0.01% can induce 
RV shift of 0.06 m/sec
Slow changes, eg. from granulation or 
Wilson depression can have such effect

ɣ

Cegla et al. (2012)

Days

Not currently the main problem in RV surveys
Will become an issue as we get to Earth-like planets

Cegla et al. (2012)



SDO/HMI continuum intensity

Stellar rotation period (15-40 days in Sun-like stars)



SDO/HMI continuum intensity



SDO/HMI continuum intensity

Swedish 1-m Telescope,  V. Henriques



SDO/HMI continuum intensity

Sunspots



SDO/HMI continuum intensity

Faculae/plage



Networks of 
faculae

SDO/HMI continuum intensityFaculae/plage



ΔRVactivity = ΔRVrot + ΔRVconv + ΔRVother?

Suppression of convective 
blueshift

Rotational imbalance due to 
brightness inhomogeneities

Stellar rotation period (15-40 days in Sun-like stars)



Lagrange et al. (2010)
Meunier et al. (2010a,b)

Star rotates

Doppler shifts 
balanced

More redshift More blueshift
Doppler shifts 

balanced

ΔRVrot: Rotational imbalance due to brightness inhomogeneities

RMS: 0.1-0.5 m/s



Lagrange et al. (2010)
Meunier et al. (2010a,b)

Star rotates

Doppler shifts 
balanced

More redshift More blueshift
Doppler shifts 

balanced

ΔRVrot: Rotational imbalance due to brightness inhomogeneities

RMS: 0.1-0.5 m/s
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ΔRVconv: Suppression of convective blueshift

Haywood et al. (2016)
Meunier et al. (2010a,b)
Dumusque et al. (2014)

Swedish 1-m Telescope,  V. Henriques



magnetic elements

Swedish 1-m Telescope,  V. Henriques

ΔRVconv: Suppression of convective blueshift

Haywood et al. (2016)
Meunier et al. (2010a,b)
Dumusque et al. (2014)

RMS: several m/s!



Faculae in plage 
(not in the network)

SDO/HMI continuum image

Faculae in plage are the dominant features at play

Milbourne, Haywood et al. (2019)
Haywood et al. (2016)

Meunier et al. (2010a,b)

See my next talk 
tomorrow!



Photo: Swedish 1-m Telescope,  V. Henriques

Other (as yet unknown) physical processes are likely at play

- Mesoscale flows? 

- Horizontal velocity flows around active regions?

- Other features/processes?

Meunier et al. (2015)

Gizon (2010); summer project 
by Anthony Iampietro, 2019

SDO/HMI continuum intensity



Various tools to model rotationally modulated activity

Model RV variations using simultaneous photometry: 
FF’ method (Aigrain et al., 2011)

Build your stellar surface: 
SOAP 2.0 (Boisse et al., 2011, Dumusque et al., 2014), StarSim (Herrero 
et al., 2016) — beware of degeneracies (eg. Jeffers & Keller, 2009, see 
supplementary slides)

Treat activity as correlated noise/data-driven methods: 
Gaussian process regeression (eg. Haywood et al. 2014, Rajpaul et al. 
2015, Jones et al. 2017), wobble (Bedell et al., 2019)

(This is not a comprehensive list)



Spectral lines change over rotation timescales

Thompson et al. (2017)α Cen B

See also: Wise et al. (2018), 
Dumusque (2018)
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Spectral lines change over rotation timescales

Thompson et al. (2017)α Cen B

See also: Wise et al. (2018), 
Dumusque (2018)

Better techniques to model activity will make 
use of the additional information in the CCF 
and the individual spectral lines themselves



Young stars

Meunier et al. (2010a,b)

Solar activity-induced RV 
variations

Magnetic cycles (decades)



Young stars

9 cm/s solar reflex orbital 
motion for 1 M� planet 
at 1 AU

Solar activity-induced RV 
variations

Meunier et al. (2010a,b)

Magnetic cycles (decades)



S-index: Vaughan et al. (1978)
log R’HK: Noyes et al. (1984)

On the magnetic cycle timescale, Ca II H&K tends to correlate well with RV variations



LaBonte (1986)

S-index: Vaughan et al. (1978)
log R’HK: Noyes et al. (1984)

On the magnetic cycle timescale, Ca II H&K tends to correlate well with RV variations
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LaBonte (1986)

S-index: Vaughan et al. (1978)
log R’HK: Noyes et al. (1984)

On the magnetic cycle timescale, Ca II H&K tends to correlate well with RV variations
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Meunier et al. (2010a)
See also Lanza et al. (2016)

The Sun

On the magnetic cycle timescale, Ca II H&K tends to correlate well with RV variations
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Meunier et al. (2010a)
See also Lanza et al. (2016) Dumusque et al. (2012)
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Meunier et al. (2010a)
See also Lanza et al. (2016) Dumusque et al. (2012)
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The Sun

Lovis et al. (2011) and othersΔRV ∝ log R’HK

On the magnetic cycle timescale, Ca II H&K tends to correlate well with RV variations



James Webb Space Telescope 
launch planned 2020

Observations of atmospheres via transmission spectroscopy 
will be strongly affected by stellar activity!

Artist impression: NASA, ESA & G. Bacon (STScI)
JWST cartoon: NASA

See Rackham et al. (2017, 2018), Cauley et al. (2018), 
Mallonn et al. (2018), Oshagh et al. (2014), 

McCullough et al. (2014) among others
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Stellar surfaces evolve, and the signals they 
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masses of small planets.
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Look out for NASA/NSF Roadmap to EPRV in 
March 2020!
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Stellar surfaces evolve, and the signals they 
produce will affect our determinations of the 
masses of small planets.

We must understand all the physical processes 
at play, in order to model them in detail

Look out for NASA/NSF Roadmap to EPRV in 
March 2020!

Know thy star, know thy planet!

Final remarks
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Summary: stellar surface processes that produce RV variations

• Minutes to hours: 
• oscillations
• surface granulation ☹
• flares and coronal mass ejections

• Days: 
• gravitational redshift

• Days-weeks (stellar rotation period): 
• spots
• faculae ☹
• other?

• Decades: 
• magnetic cycles 



• Minutes to hours: 
• oscillations
• surface granulation
• flares and coronal mass ejections

• Days-weeks (stellar rotation period): 
• spots
• faculae

• Decades: 
• magnetic cycles 

Will become a problem when we 
determine (RV) masses of Earth-mass 

planets. We are using 3D MHD 
simulations to find observational 

proxies so that we can model it out.

Currently a big problem for 
(RV) masses and atmopsheric 
characterisation of planets 

around M dwarfs!
Could be problematic at (RV) Earth-mass 

level, and for atmospheric characterisation. 
But on slowly rotating, old stars like the Sun 

they are harmless compared to faculae…

Currently the main obstacle to determining 
(RV) masses of Neptunes & super-Earths.  

Will also be a major obstacle for atmospheric 
characterisation of these planetsLooks just like a Jupiter in an 

RV survey — beware!  
Not an issue when considering 
orbital periods < a few months

We can deal with it 
reasonably well by adapting 

(RV) exposure times.

Summary: stellar surface processes that produce RV variations



Over 4000 exoplanets confirmed to date, and many more planet candidates

Plotted at the NASA Exoplanet Archive (2018)

Earth
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Over 4000 exoplanets confirmed to date, and many more planet candidates

Plotted at the NASA Exoplanet Archive (2018)

Earth
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Jupiter
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super-Earths  
mini Neptunes

Transit surveys 

Radial-velocity (RV) 
surveys 



Mount Wilson HK Project (Mt Wilson Observatory, Lowell Observatory)
Radick et al. (1988), Lockwood et al. (2007), Radick et al. (2018)

Old, slowly rotating stars like the Sun are faculae-dominated

Figure from Lockwood et al. (2007)

Ca H&K 
emission

Optical 
photometry

Sun



Mount Wilson HK Project (Mt Wilson Observatory, Lowell Observatory)
Radick et al. (1988), Lockwood et al. (2007), Radick et al. (2018)

Old, slowly rotating stars like the Sun are faculae-dominated

Figure from Lockwood et al. (2007)
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Sun
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Figure 2. Left-hand panel: Model oscillation spectrum, constructed to mimic the spectrum shown by Sun-

as-a-star observations. Right-hand panel: mode amplitude,
p
Pn(⌫) (Equation 5), as a function of frequency.

Note both panels have been calibrated to show the full power spectral density and amplitude, respectively,

as opposed to the mean-square and root-mean-square values.

SoHo spacecraft (Domingo et al. 1995). Both instruments make their observations by measuring the

relative intensities in narrow passbands in the blue and red wavelength wings of a single spectral line.

This is in marked contrast to stellar spectrographs, which use many lines and cross-correlate the

observed line profiles with standard reference or synthetic spectra. These crucial di↵erences a↵ect

the observed Amax and Sl. Here we have deliberately chosen to use solar radial-mode amplitudes

and relative visibilities consistent with those expected for observations made using a spectrograph

like HARPS (see5 Table 1 in Kjeldsen et al. 2008), which di↵er slightly from the BiSON and GOLF

values (see Basu & Chaplin 2017 for further discussion). We make this choice because our predictions

for other stars (see Section 4) are calibrated against the Sun-as-a-star data.

We may calculate the p-mode signal amplitude that would remain for a given exposure length by

multiplying, in frequency, the mode amplitude
p
Pn(⌫) by the transfer function given by the exposure

duration (i.e., the transfer functions like those shown in Fig. 1). The integral in frequency of this

product gives the total remaining or residual mode amplitude. Fig. 3 shows the results for exposures

of di↵erent duration �tc as applied to the solar spectrum in Fig. 2. The top left-hand panel shows the

5 Also Pallé et al. (2013) for solar observations made by the SONG (Grundahl et al. 2008) Hertzsprung telescope.

Figure: H. Cegla Chaplin, Cegla et al. (2019)

Solar pressure-mode oscillations
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Solar pressure-mode oscillations
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Figure 1. The transfer functions (in power) given by exposure durations �tc of 5.38min (solid line),

7.94min (dashed line) and 16.67min (dot-dashed line).

3. RESULTS FOR THE SUN OR A SOLAR TWIN

To test the filter response for a Sun-like star, we first constructed a model p-mode oscillation

spectrum to mimic Sun-as-a-star observations; this is shown in the left-hand panel of Fig. 2. This

model spectrum comprises many overtones, n, of modes of di↵erent angular (spherical) degree, l.

The solar p modes are stochastically excited and intrinsically damped by turbulence in the near-

surface layers of the convective envelope, and manifest themselves as Lorentzian-like peaks in the

frequency spectrum. Other stars having outer convective envelopes show similar oscillation spectra,

where many overtones can be excited to detectable amplitudes.

Modes of di↵erent degree l show di↵erent powers at the same frequency owing to the net averaging

over the visible stellar hemisphere of perturbations due to the di↵erent spherical harmonics. The

relative visibilities also depend on details of the method used to make the observations, since this

5.4 min.

8 min.

16.7 min.

Figure: H. Cegla Chaplin, Cegla et al. (2019)

Finite exposure times = boxcar filter
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Figure 3. Top left-hand panel: residual mode amplitude versus �tc. The vertical dotted line marks the

duration corresponding to ⌧max = 1/⌫max. Top-right hand panel: residual amplitude as a function of the

equivalent frequency ⌫c = 1/�tc as the independent variable. Bottom panels: frequency axes normalized by

⌧max and ⌫max.

We may calculate the p-mode signal amplitude that would remain for a given exposure length

by multiplying, in frequency, the mode amplitude
p
Pn(⌫) by the transfer function given by the

exposure duration (i.e., like the transfer functions shown in Fig. 1). The integral in frequency of this

product gives the total remaining or residual mode amplitude. Fig. 3 shows the results for exposures

of di↵erent duration �tc as applied to the solar spectrum in Fig. 2. The top left-hand panel shows

the residual signal amplitude, in m s�1, as a function of �tc. The vertical dotted line marks the

duration corresponding to ⌧max = 1/⌫max. The top-right hand panel instead uses the equivalent

frequency ⌫c = 1/�tc as the independent variable (with ⌫max marked by the vertical dotted line). In

the bottom panels the frequency axes have been normalized by, respectively, ⌧max and ⌫max.

Figure: H. Cegla Chaplin, Cegla et al. (2019)
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Figure 3. Top left-hand panel: residual mode amplitude versus �tc. The vertical dotted line marks the

duration corresponding to ⌧max = 1/⌫max. Top-right hand panel: residual amplitude as a function of the

equivalent frequency ⌫c = 1/�tc as the independent variable. Bottom panels: frequency axes normalized by

⌧max and ⌫max.

We may calculate the p-mode signal amplitude that would remain for a given exposure length

by multiplying, in frequency, the mode amplitude
p
Pn(⌫) by the transfer function given by the

exposure duration (i.e., like the transfer functions shown in Fig. 1). The integral in frequency of this

product gives the total remaining or residual mode amplitude. Fig. 3 shows the results for exposures

of di↵erent duration �tc as applied to the solar spectrum in Fig. 2. The top left-hand panel shows

the residual signal amplitude, in m s�1, as a function of �tc. The vertical dotted line marks the

duration corresponding to ⌧max = 1/⌫max. The top-right hand panel instead uses the equivalent

frequency ⌫c = 1/�tc as the independent variable (with ⌫max marked by the vertical dotted line). In

the bottom panels the frequency axes have been normalized by, respectively, ⌧max and ⌫max.
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Figure: H. Cegla Chaplin, Cegla et al. (2019)

Impact of various exposure lengths

Longer exposure time can increase noise!
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Figure 5. Top left-hand panel: Exposure duration �tc needed to give a residual amplitude of 0.1m s�1,

for stellar evolutionary tracks of models having masses ranging from M = 0.7M� to M = 1.5M�. Top

right-hand panel: Exposure duration needed to give a residual amplitude K corresponding to the amplitude

given by an Earth-analogue. Bottom panel: Values of K for the models along each track. The horizontal

dotted line marks the 0.1m s�1 threshold.

Table 1 shows, for a selection of bright stars, the exposure durations (in min) needed to reach

threshold amplitudes of 0.1m s�1 (given as duration ⌧ 0.1c ) and the corresponding Earth-analogue

amplitude, K (given as duration ⌧Kc ). Note the fundamental properties come from Bruntt et al.

(2010). We again see a familiar pattern, that of longer durations being needed for more evolved or

more luminous stars.
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