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Hunting for exoplanets

a quest for origins                                                                                                           
origins of the Solar System & origins of life                                                                                                                                             
        ✒ study planets / satellites within the Solar System                                                    
        ✒ detect & study worlds outside the Solar System     

https://apod.nasa.gov/apod/ap151205.html
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a quest for origins                                                                                                           
origins of the Solar System & origins of life                                                                                                                                             
        ✒ study planets / satellites within the Solar System                                                    
        ✒ detect & study worlds outside the Solar System     

unveiling the invisible                                                                                                          
technically tricky & only possible since last two decades                                               
several techniques to reveal distant exoplanets                                                                                                 
        ✒ imaging / velocimetry / photometry / micro-lensing / astrometry                                                                                                  



Hunting for exoplanets

direct imaging                                                                                                          
extreme flux contrast : 5-9 orders of magnitude                                                                    
tiny angular separation : 1 au @ 10 pc = 0.1’’ (atmospheric turbulence > 0.5’’)                                                                                                 
        ✒ detect a candle next to a lighthouse from a distance of ~2 000 km                                                                                             
        ✒ coronography / adaptive optics / interferometry                                                                                            
        ✒ few detections of distant young giant planets, eg HR 8799                                                                                                     

HR 8799 bcde : 30 Myr @ 40 pc
5-7 M♃ planets @ 15-68 au’s 

Marois et al 2010



Hunting for exoplanets

high-precision velocimetry                                                                                                          
detect & measure the reflex motion of the host star through the Doppler effect       
radial velocity (RV) signal yields planet mass (m sin i w/ i: orbit tilt wrt line of sight)                  
e.g. Jupiter on the Sun: 13 m/s — Earth on the Sun: 0.08 m/s                                                                                                       
        ✒ extreme precision required: 1 m/s = 3 10-9 x speed of light                                                                                                    
        ✒ thermally stable (~0.01 K) evacuated spectrographs                                                                                                   
        ✒ very stable wavelength reference                                                                                                   
        ✒ HARPS @ 3.6m ESO telescope at La Silla (Chile)                                                                                                  
        ✒ most reliable technique & hundreds of planets detected

https://www.eso.org/public/videos/eso1035g/
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Hunting for exoplanets

photometric transits                                                                                                         
detect & measure the partial occultation of the star by a close-in planet               
gives access to the planet radius (wrt the stellar radius)                                                                                
e.g. Jupiter on the Sun: 1% = 10 mmag — Earth on the Sun: 0.008% = 80 ppm                                                                                               
        ✒ very high photometric precision (a few tens of ppm)                                                                                                  
        ✒ best from space (CoRoT, MOST, KEPLER, TESS, PLATO)                                                                                                    
        ✒ needs confirmation w/ velocimetry to validate planet                                                                                                              
        ✒ radius + mass yields average bulk density & composition                                                                                                               
        ✒ thousands of planets & hundreds of systems detected with KEPLER    

https://www.eso.org/public/videos/eso1011c/
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Figure 1
Approximate masses and orbital distances of known planets based on an October 2014 query of the
exoplanets.eu encyclopedia (Schneider et al. 2011). This plot does not consider selection biases and glosses
over many important details. For Doppler planets, the plotted mass is really M p sin i . For imaging planets,
the plotted mass is based on theoretical models relating the planet’s age, luminosity, and mass. With
microlensing, the planet–to–star mass ratio is determined more directly than the planet mass. For
microlensing and imaging planets, the plotted orbital distance is really the sky-projected orbital distance. For
transiting planets, thousands of candidates identified by the Kepler mission are missing; these have unknown
masses, but many of them are likely to be planets. For timing planets, many are dubious cases of
circumbinary planets around evolved stars (see Section 6.2).

Giants are less abundant than smaller planets per unit log Rp or log M p, within the period
range that has been best investigated (P ! 1 year). Giants are also associated with a higher
heavy-element abundance in the host star’s photosphere and a broader eccentricity distri-
bution than smaller planets.

3. Giant planets with periods shorter than a few years are found around ≈10% of Sun-like
stars, with a probability density nearly constant in log P between 2 and 2,000 days. Giants
are rarely found with P < 2 days.

4. Smaller planets (1–4 R⊕) with P ! 1 year are found around approximately half of Sun-like
stars, often in closely spaced multiplanet systems. The probability density is nearly constant
in log P between about 10 and 300 days. For P ! 10 days the occurrence rate declines
sharply with decreasing period.

2.1. Doppler Planets
Cumming et al. (2008) analyzed the results of a Doppler campaign in which nearly 600 FGKM
stars were monitored for 8 years. They fitted a simple function to the inferred probability density
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Hunting for exoplanets

pollution by stellar activity                                                                                                  
stellar magnetic fields generates spots & plages at the surface of the host star                                                                                            
impacts RVs & photometry on timescales of days to months & years (rotation, cycle)       
chromatic signature from activity as opposed to achromatic signature from planet                                                                                                
        ✒ activity of the Sun: a few m/s and 100 ppms at optical wavelengths                                                                                                            
        ✒ distort / drown signal from planet :(                                                                                                          
        ✒ need to model & filter-out activity 
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impacts RVs & photometry on timescales of days to months & years (rotation, cycle)       
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        ✒ need to model & filter-out activity 

http://www.ast.obs-mip.fr/article.php3?id_article=457



Properties of hot Jupiters

what is a hot Jupiter ?                                                                                                          
close-in giant gaseous planet at a distance of <0.5 au from its host star                                                                                                                                              
        ✒ orbital period < 10 d and mass > 0.2 M♃                                                                                                     
        ✒ large RV signal, typical semi amplitude of ~100 m/s or more                                                                                                                                          
        ✒ large photometric transit depth of a few %                                                                                   
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what is a hot Jupiter ?                                                                                                          
close-in giant gaseous planet at a distance of <0.5 au from its host star                                                                                                                                              
        ✒ orbital period < 10 d and mass > 0.2 M♃                                                                                                     
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first planets detected w/ velocimetry                                                                                                       
easiest to detect thanks to their large RV signal                                                           
51 Peg b (Mayor & Queloz 1995)                                                           
HD 209458 b (Mazeh et al 2000) 

confirmed with photometry                                                        
HD 209458 b (Charbonneau et al 2000)                                                       
independent discovery (Henry et al 2000)

RV transit signal                                                                                 
Rossiter McLaughlin effect                                                                                                                                      
        ✒ tilt of orbital axis to spin axis                                                                                                                                      
        ✒ coplanar orbit for HD 209458 b                                                

Mayor & Queloz 
2000

HD 209458 b (Charbonneau et al  2000)

232 J. N. Winn

Figure 2. The RM effect as a spectral distortion. Top: three successive phases of a
transit. Middle and bottom panels: same, but showing the line-of-sight rotation velocity of the
photosphere as a gradient, as well as the distorted spectral line profile. Middle: a low obliquity.
The spectral distortion moves from the blue side to the red side. Bottom: a projected obliquity
of 60◦. In this case the obscuration by the planet weakens the blue wing throughout most of the
transit. By observing and modeling the time-varying spectral distortion throughout the transit,
one can measure the projected obliquity of the star (see, e.g., Collier Cameron et al. 2010).

One possible pattern that has emerged is that stars with high obliquities are preferen-
tially those with the highest effective temperatures or (nearly equivalently) the largest
masses. This finding, illustrated in Figure 4, could help to explain the otherwise puzzling
history of RM observations: the first 10 published analyses were all consistent with good
alignment, while the next 20 showed a much wider range of obliquities. The explanation
could be that cooler stars were examined earlier, as they allow for better RV precision
and greater ease of detecting planets.

The physical reason for this pattern is not clear. It could be a signal that planet
migration is different for low-mass stars than for high-mass stars. Or, perhaps all close-in
planets begin with a wide range of obliquities, but tidal dissipation causes some of them

© J Winn



Properties of hot Jupiters

occurrence rate of hot Jupiters                                                                                                                                                                                             
only ~1% of mature Sun-like stars host hot Jupiters (eg Wright et al 2012)                                                                   
less for low-mass stars / M dwarfs                                                                           
higher occurence rates from RV surveys than from photometric transits ?                       
more frequent (~5%) in dense open clusters (Brucalassi et al 2016) ? 



Properties of hot Jupiters

The effect of RM models on vsin Is estimates 829

Figure 26. Absolute value of the spin-orbit alignment angle, |λ|, as a func-
tion of stellar effective temperature for hot Jupiter systems for which the
angle has been measured; no distinction is made by method. Several systems
are omitted from this plot (see the text for details). The horizontal dashed
line marks 0◦. The vertical dashed line denotes the dividing temperature of
Winn et al. (2010), Tcrit = 6250 K. Blue symbols mark systems with Teff
< 6150 K, red symbols systems with Teff > 6350 K, and magenta symbols
those systems that occupy the region of uncertainty surrounding the position
of the transition, 6150 ≤ Teff ≤ 6350 K. Open symbols represent the systems
presented herein.

4.2 Alignment angle as a function of age

Triaud (2011) noticed that, for stars with Ms ≥ 1.2 M⊙, all systems
older than ∼2.5 Gyr are mostly well aligned. This implies that the
distribution of λ changes with time, be it that misaligned planets
realign or get destroyed.

The systems in our sample exhibit a range of different stellar
masses, but by design have similar stellar temperatures and spectral
types. Their ages should therefore be quite different, and it should be
possible to use them to shed further light on the postulated trend of λ

decreasing with stellar age. We consider two sets of stellar models:
the Padova models of Marigo et al. (2008), and the Yonsei-Yale
models of Demarque et al. (2004).

We use the Padova models to recreate fig. 2 of Triaud (2011).
We calculate the ages for the six systems currently under discussion
using the method described in appendix A of Brown (2014). We also
calculate the ages for all systems in Fig. 26 with M⋆ ≥ 1.2 M⊙ using
the same method in order to provide a uniform sample. The results
are shown in Fig. 28. We find that the general trend for misaligned
systems is weaker than found in Triaud (2011). Considering ages
calculated using the Yonsei–Yale isochrones the pattern is weaker
still, whereas it strengthens when employing the Geneva models of
Mowlavi et al. (2012, only on objects below the H-shell burning
region). A full investigation of this effect is beyond the scope of
this paper; it seems that the general trend for misaligned systems to
be rare in older systems is weak and has some dependence on the
choice of stellar models.

Figure 27. Cumulative probability distributions for |λ| for three popula-
tions of systems from Fig. 26: systems with Teff < 6150 K in blue, systems
with Teff > 6350 K in red, and systems with 6150 ≤ Teff ≤ 6350 K in ma-
genta. The black distribution represents the entire population shown in Fig.
26. The vertical dotted line marks 30◦, the angle above which systems are
considered ‘misaligned’. The diagonal dotted line shows a uniform distri-
bution in λ, while the curved dotted grey line denotes a uniform distribution
in cos (λ). The distributions for the ‘hot’ and ‘cold’ populations are signifi-
cantly different, while the ‘intermediate’ population produces a distribution
that is more similar to that of the complete population.

Figure 28. Absolute value of the alignment angle, |λ|, as a function of
system age as determined using the Padova stellar evolution models for the
systems shown in Fig. 26. Key as in Fig. 26. The vertical dashed line denotes
the age of 2.5 Gyr by which it is posited that systems tend to realign. We find
that the trend for misaligned systems to disappear at approximately 2.5 Gyr
holds, but that the transition age is highly uncertain and depends strongly
on stellar model choice.

MNRAS 464, 810–839 (2017)
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most have circular orbits, some w/ elliptical / tilted orbits                                                                          
most show prograde orbits, sometimes retrograde                                                                       
orbital alignement for cool host stars (eg Brown et al 2017)
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star / planet formation                                                                                                                                                                                             
dark cloud collapsing on its own weight, forming accretion disc                              
accretion disc yielding central star (T Tauri) and protoplanetary disc                                             
giant planets / hot Jupiters shape early planetary system architecture                                                                                                                
        ✒ key role in formation of planetary systems                                           
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in-situ formation ?                                                                                                                                                                                          
not enough disc material to form hot Jupiters in situ                                                                                        
giant planet first formed at several au’s, then migrate inwards                            
formed by accretion of smaller planets (Batygin et al 2016; Boley et al 2016) ?                                                                                                              
        ✒ possible for hot Neptunes, unlikely to occur for hot Jupiters 



Formation of hot Jupiters

star / planet formation                                                                                                                                                                                             
dark cloud collapsing on its own weight, forming accretion disc                              
accretion disc yielding central star (T Tauri) and protoplanetary disc                                             
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        ✒ key role in formation of planetary systems                                           
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giant planet first formed at several au’s, then migrate inwards                            
formed by accretion of smaller planets (Batygin et al 2016; Boley et al 2016) ?                                                                                                              
        ✒ possible for hot Neptunes, unlikely to occur for hot Jupiters 

planet-planet / star-planet interaction                                                                                                                                                                                   
giant planet formed at several au’s beyond ice line                                                
kicked on elliptical orbit through gravitational interaction w/ nearby planet / star 
orbit aligned & circularized through tidal effects with host star                                                                                                                                                            
        ✒ able to produce both aligned & misaligned hot Jupiters                                                                                                                                                              
        ✒ needs 100-1000 Myr to align & circularize orbits                                                             
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planet-disc interaction                                                                                                                                                                                         
giant planet depletes co-orbital region & generate spiral density structures (wakes)                                                                            
differential torque from inner & outer wakes induces inward (type-II) migration            
hot Jupiters migrate on timescales of 0.01-0.1 Myr                                                                                                                
        ✒ generates hot Jupiters on circular orbits (Lin et al 1996)                                   
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HL Tau,  0.1 Myr 
© ALMA / ESO
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planet-disc interaction                                                                                                                                                                                         
giant planet depletes co-orbital region & generate spiral density structures (wakes)                                                                            
differential torque from inner & outer wakes induces inward (type-II) migration            
hot Jupiters migrate on timescales of 0.01-0.1 Myr                                                                                                                
        ✒ generates hot Jupiters on circular orbits (Lin et al 1996)                                   

magnetospheric gaps                                                                                                                                                                                       
host stars trigger strong large-scale dynamo magnetic fields                                           
forces disc material into corotation w/i smallest of either Alfven / Kepler radius                                                                   
disrupts the central disc regions, generate magnetospheric gap & accretion funnels                                                                                                              
        ✒ stop planet migration at inner disc edge (Lin et al 1996)                                                                                                                                                               
        ✒ hot Jupiters survive if disc dissipates before field weakens                                                                                                                 
                                                                                                                                      
        ✒ validating hot Jupiter formation w/ young stars ?                                
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Hot Jupiters around young stars

T Tauri stars (TTSs)                                                                                                        
young Sun-like stars (0.5-15 Myr) no longer embedded in dust cocoon                                              
contraction not completed yet, w/ radii 3-1.2 R� for a 1 M� star                                                          
either accreting from their discs (classical) or disc-free (weak-line)                                      
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rotation & activity                                                                                                
rotation rates 3-100x faster than the Sun (periods 8-0.25 d)                                                                                                                       
        ✒ extremely active stars with strong large-scale magnetic fields                                                                                                                      
        ✒ very difficult to detect planets, even hot Jupiters                                      
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T Tauri stars (TTSs)                                                                                                        
young Sun-like stars (0.5-15 Myr) no longer embedded in dust cocoon                                              
contraction not completed yet, w/ radii 3-1.2 R� for a 1 M� star                                                          
either accreting from their discs (classical) or disc-free (weak-line)                                      

rotation & activity                                                                                                
rotation rates 3-100x faster than the Sun (periods 8-0.25 d)                                                                                                                       
        ✒ extremely active stars with strong large-scale magnetic fields                                                                                                                      
        ✒ very difficult to detect planets, even hot Jupiters                                      

the MaTYSSE programme                                                                                                
spectropolarimetric monitoring of TTSs from CFHT (Hawaii) & TBL (Pic du Midi)                                                             
model magnetic fields & activity w/ tomographic imaging                                                                 
search for potential hot Jupiters                                                                    
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du Midi, pour reprendre le titre de l’article de Point de vue et images du Monde, des « ermites 

de la science cherchent à percer le mystère des rayons cosmiques »38 ! 

 

La sculpture représentant l’hypéron, située entre le Casino et le Musée Salies, et 

qui domine le boulevard éponyme. 

 

                                                 
38 YAN, « Au Pic du Midi les ermites de la science cherchent à percer le mystère des rayons cosmiques », Point 

de vue et images du monde, n° 225, 23 avril 1953. A Luchon, Jean Robic gagne l’étape et ravi le maillot au 

Suisse Fritz Schaer 

pic du Midi 1953                                                 
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de vue et images du monde, n° 225, 23 avril 1953. A Luchon, Jean Robic gagne l’étape et ravi le maillot au 

Suisse Fritz Schaer 

pic du Midi 1953                                                 

pic du Midi 2010
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Table 1. Journal of ESPaDOnS observations of V819 Tau (first 15 lines) and
V830 Tau (last 15 lines) collected from mid-2014 December to mid-2015
January. Each observation consists of a sequence of four subexposures, each
lasting 1400 s and 700 s for V819 Tau and V830 Tau, respectively (except
on 2015 Jan 15 for which subexposures on V819 Tau were shortened to
900 s). Columns 1–4 respectively list (i) the UT date of the observation,
(ii) the corresponding UT time (at mid-exposure), (iii) the BJD, and (iv) the
peak S/N (per 2.6 km s−1 velocity bin) of each observation. Column 5 lists
the rms noise level (relative to the unpolarized continuum level Ic and per
1.8 km s−1 velocity bin) in the circular polarization profile produced by
LSD, while Column 6 indicates the rotational cycle associated with each
exposure (using the ephemerides given by equation 1).

Date UT BJD S/N σLSD Cycle
(2014) (hh:mm:ss) (2457 000+) (0.01 per cent)

Dec 19 12:07:54 11.01081 140 3.9 0.002
Dec 20 07:55:28 11.83548 210 2.5 0.151
Dec 21 07:17:08 12.80882 210 2.4 0.327
Dec 22 08:14:51 13.84886 200 2.6 0.515
Dec 28 10:50:17 19.95655 190 2.8 1.619
Dec 29 07:37:39 20.82273 180 2.9 1.776
Dec 30 06:10:02 21.76183 200 2.6 1.946
Jan 07 07:19:42 29.80976 190 2.7 3.401
Jan 08 06:20:11 30.76836 190 2.7 3.574
Jan 09 06:15:12 31.76484 190 2.9 3.754
Jan 10 06:15:60 32.76533 170 3.2 3.935
Jan 11 07:25:26 33.81348 220 2.3 4.125
Jan 12 06:28:22 34.77379 200 2.4 4.298
Jan 14 06:17:48 36.76631 190 2.8 4.658
Jan 15 06:12:46 37.76274 150 3.5 4.839

Dec 20 09:13:43 11.88992 170 2.8 0.033
Dec 21 08:33:48 12.86217 170 2.8 0.387
Dec 22 09:29:48 13.90104 180 2.7 0.766
Dec 28 12:19:59 20.01897 140 3.6 2.999
Dec 29 08:53:59 20.87588 160 3.0 3.311
Dec 30 07:26:53 21.81535 160 2.9 3.654
Jan 07 08:35:55 29.86285 170 2.8 6.590
Jan 08 07:36:48 30.82174 180 2.7 6.940
Jan 09 07:31:38 31.81810 170 2.9 7.303
Jan 10 07:32:25 32.81858 150 3.3 7.668
Jan 11 08:42:02 33.86686 180 2.6 8.051
Jan 12 05:12:50 34.72151 170 2.9 8.362
Jan 13 05:03:32 35.71500 160 3.0 8.725
Jan 14 05:02:24 36.71414 170 2.8 9.089
Jan 15 07:12:21 37.80431 170 2.9 9.487

Dates (BJDs) according to the ephemerides:

BJD(d) = 2457 011.0 + 5.53113E1 (for V819 Tau)

BJD(d) = 2457 011.8 + 2.74101E2 (for V830 Tau) (1)

in which the photometrically determined rotation periods Prot (equal
to 5.53113 and 2.74101 d, respectively; Grankin 2013) are taken
from the literature and the initial Julian dates (2457011.0 and
2457011.8 d) are chosen arbitrarily.

Least-Squares Deconvolution (LSD; Donati et al. 1997) was ap-
plied to all spectra. The line list we employed for LSD is computed
from an ATLAS9 LTE model atmosphere (Kurucz 1993) featuring an
effective temperature of Teff = 4250 K and a logarithmic gravity (in
cgs unit) of log g = 4.0, appropriate for both V819 Tau and V830
Tau (see Section 3). As usual, only moderate to strong atomic spec-
tral lines are included in this list (see e.g. Donati et al. 2010, for
more details). Altogether, about 7800 spectral features (with about
40 per cent from Fe I) are used in this process. Expressed in units of
the unpolarized continuum level Ic, the average noise levels of the

Figure 1. LSD circularly polarized (Stokes V, top/red curve) and unpo-
larized (Stokes I, bottom/blue curve) profiles of V819 Tau (top panel) and
V830 Tau (bottom panel) collected on 2015 Jan. 07 (cycle 3.401) and 2014
Dec. 30 (cycle 3.654). Clear Zeeman signatures are detected in the LSD
Stokes V profile of both stars (with a complex shape in the case of V830
Tau), in conjunction with the unpolarized line profiles. The mean polariza-
tion profiles are expanded (by a factor of 10 and 20 for V819 Tau and V830
Tau, respectively) and shifted upwards by 1.06 for display purposes.

resulting Stokes V LSD signatures range from 2.3 to 3.9 × 10−4 per
1.8 km s−1 velocity bin – with a median value of 2.8 × 10−4 for
both stars.

Zeeman signatures are detected at all times in Stokes V LSD
profiles (see Fig. 1 for an example), featuring amplitudes of 0.3–
1 per cent, i.e. indicative of significant large-scale fields. Asymme-
tries and/or distortions are also visible in Stokes I LSD profiles,
suggesting the presence of brightness inhomogeneities at the sur-
faces of V819 Tau and V830 Tau at the time of our observations.

Contemporaneous BVRJ photometric observations were also col-
lected from the Crimean Astrophysical Observatory (CrAO) 1.25-m
telescope between 2014 Aug and Dec for both stars, indicating that
V819 Tau and V830 Tau were exhibiting brightness modulations
with full amplitudes of 0.45 and 0.10 mag in V (see Table 2) and
periods of 5.525 ± 0.015 and 2.741 ± 0.005 d, respectively (com-
patible within error bars with the average periods of Grankin 2013,
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Table 1. Journal of ESPaDOnS observations of V819 Tau (first 15 lines) and
V830 Tau (last 15 lines) collected from mid-2014 December to mid-2015
January. Each observation consists of a sequence of four subexposures, each
lasting 1400 s and 700 s for V819 Tau and V830 Tau, respectively (except
on 2015 Jan 15 for which subexposures on V819 Tau were shortened to
900 s). Columns 1–4 respectively list (i) the UT date of the observation,
(ii) the corresponding UT time (at mid-exposure), (iii) the BJD, and (iv) the
peak S/N (per 2.6 km s−1 velocity bin) of each observation. Column 5 lists
the rms noise level (relative to the unpolarized continuum level Ic and per
1.8 km s−1 velocity bin) in the circular polarization profile produced by
LSD, while Column 6 indicates the rotational cycle associated with each
exposure (using the ephemerides given by equation 1).

Date UT BJD S/N σLSD Cycle
(2014) (hh:mm:ss) (2457 000+) (0.01 per cent)

Dec 19 12:07:54 11.01081 140 3.9 0.002
Dec 20 07:55:28 11.83548 210 2.5 0.151
Dec 21 07:17:08 12.80882 210 2.4 0.327
Dec 22 08:14:51 13.84886 200 2.6 0.515
Dec 28 10:50:17 19.95655 190 2.8 1.619
Dec 29 07:37:39 20.82273 180 2.9 1.776
Dec 30 06:10:02 21.76183 200 2.6 1.946
Jan 07 07:19:42 29.80976 190 2.7 3.401
Jan 08 06:20:11 30.76836 190 2.7 3.574
Jan 09 06:15:12 31.76484 190 2.9 3.754
Jan 10 06:15:60 32.76533 170 3.2 3.935
Jan 11 07:25:26 33.81348 220 2.3 4.125
Jan 12 06:28:22 34.77379 200 2.4 4.298
Jan 14 06:17:48 36.76631 190 2.8 4.658
Jan 15 06:12:46 37.76274 150 3.5 4.839

Dec 20 09:13:43 11.88992 170 2.8 0.033
Dec 21 08:33:48 12.86217 170 2.8 0.387
Dec 22 09:29:48 13.90104 180 2.7 0.766
Dec 28 12:19:59 20.01897 140 3.6 2.999
Dec 29 08:53:59 20.87588 160 3.0 3.311
Dec 30 07:26:53 21.81535 160 2.9 3.654
Jan 07 08:35:55 29.86285 170 2.8 6.590
Jan 08 07:36:48 30.82174 180 2.7 6.940
Jan 09 07:31:38 31.81810 170 2.9 7.303
Jan 10 07:32:25 32.81858 150 3.3 7.668
Jan 11 08:42:02 33.86686 180 2.6 8.051
Jan 12 05:12:50 34.72151 170 2.9 8.362
Jan 13 05:03:32 35.71500 160 3.0 8.725
Jan 14 05:02:24 36.71414 170 2.8 9.089
Jan 15 07:12:21 37.80431 170 2.9 9.487

Dates (BJDs) according to the ephemerides:

BJD(d) = 2457 011.0 + 5.53113E1 (for V819 Tau)

BJD(d) = 2457 011.8 + 2.74101E2 (for V830 Tau) (1)

in which the photometrically determined rotation periods Prot (equal
to 5.53113 and 2.74101 d, respectively; Grankin 2013) are taken
from the literature and the initial Julian dates (2457011.0 and
2457011.8 d) are chosen arbitrarily.

Least-Squares Deconvolution (LSD; Donati et al. 1997) was ap-
plied to all spectra. The line list we employed for LSD is computed
from an ATLAS9 LTE model atmosphere (Kurucz 1993) featuring an
effective temperature of Teff = 4250 K and a logarithmic gravity (in
cgs unit) of log g = 4.0, appropriate for both V819 Tau and V830
Tau (see Section 3). As usual, only moderate to strong atomic spec-
tral lines are included in this list (see e.g. Donati et al. 2010, for
more details). Altogether, about 7800 spectral features (with about
40 per cent from Fe I) are used in this process. Expressed in units of
the unpolarized continuum level Ic, the average noise levels of the

Figure 1. LSD circularly polarized (Stokes V, top/red curve) and unpo-
larized (Stokes I, bottom/blue curve) profiles of V819 Tau (top panel) and
V830 Tau (bottom panel) collected on 2015 Jan. 07 (cycle 3.401) and 2014
Dec. 30 (cycle 3.654). Clear Zeeman signatures are detected in the LSD
Stokes V profile of both stars (with a complex shape in the case of V830
Tau), in conjunction with the unpolarized line profiles. The mean polariza-
tion profiles are expanded (by a factor of 10 and 20 for V819 Tau and V830
Tau, respectively) and shifted upwards by 1.06 for display purposes.

resulting Stokes V LSD signatures range from 2.3 to 3.9 × 10−4 per
1.8 km s−1 velocity bin – with a median value of 2.8 × 10−4 for
both stars.

Zeeman signatures are detected at all times in Stokes V LSD
profiles (see Fig. 1 for an example), featuring amplitudes of 0.3–
1 per cent, i.e. indicative of significant large-scale fields. Asymme-
tries and/or distortions are also visible in Stokes I LSD profiles,
suggesting the presence of brightness inhomogeneities at the sur-
faces of V819 Tau and V830 Tau at the time of our observations.

Contemporaneous BVRJ photometric observations were also col-
lected from the Crimean Astrophysical Observatory (CrAO) 1.25-m
telescope between 2014 Aug and Dec for both stars, indicating that
V819 Tau and V830 Tau were exhibiting brightness modulations
with full amplitudes of 0.45 and 0.10 mag in V (see Table 2) and
periods of 5.525 ± 0.015 and 2.741 ± 0.005 d, respectively (com-
patible within error bars with the average periods of Grankin 2013,
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Figure A1. Same as Fig. 2 for our late 2015 observations.

Figure A2. Dynamic spectra of Hα residual of V830 Tau in late 2016 (left) and early 2015 (right), with residuals computed with respect
to the S/N2-weighted mean over the whole observing run (after the removal of a few flaring spectra, see Sec. 2). Note how the phase
of maximum Hα emission increases from 0.8 to 0.9 from late 2015 to early 2016. Red / blue means positive / negative residuals, with
amplitudes ranging from –0.3 to 0.3 (in units of the continuum level), whereas the dashed and full vertical lines depict the line centre
(in the stellar rest frame) and the stellar rotational broadening v sin i.
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filtering RV curves from activity jitter w/ tomographic imaging                                                                                                 
youngest known hot Jupiter detected on ~2 Myr-old TTS V830 Tau                                                                        
planet RV signal ~20x smaller than activity jitter, small eccentricity                                                                                                 

10 J.-F. Donati et al.

Figure 8. Top panel: Raw (top), filtered (middle) and residual (bottom) RVs of V830 Tau (open symbols and 1σ error bars, with
circles, squares and triangles depicting ESPaDOnS, NARVAL and ESPaDOnS/GRACES data, and colors coding rotation cycles). The
raw RVs exhibit a semi-amplitude of 1.2 km s−1 and a rms dispersion of 0.65 km s−1 throughout the whole run. (Rotation cycles of the
2016 data are shifted by +24 in this plot with respect to their values in Table 1 and Fig. 2). The RV jitter predicted by ZDI at both
epochs, as well as the best sine fit to the filtered RVs, are added in the top and middle plots (cyan lines). Note how the jitter model
changes between late 2015 and early 2016, and how both of them slowly evolve with time as a result of differential rotation. The rms
dispersion of the residual RVs is 44 m s−1, in agreement with our measurement errors (see Table 1). Bottom panel: Activity-filtered
RVs phase-folded on the planet orbital period. The fit to the data is only marginally better with an eccentric orbit (dashed line) than
with a circular one (solid line).
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Figure 8. Top panel: Raw (top), filtered (middle) and residual (bottom) RVs of V830 Tau (open symbols and 1σ error bars, with
circles, squares and triangles depicting ESPaDOnS, NARVAL and ESPaDOnS/GRACES data, and colors coding rotation cycles). The
raw RVs exhibit a semi-amplitude of 1.2 km s−1 and a rms dispersion of 0.65 km s−1 throughout the whole run. (Rotation cycles of the
2016 data are shifted by +24 in this plot with respect to their values in Table 1 and Fig. 2). The RV jitter predicted by ZDI at both
epochs, as well as the best sine fit to the filtered RVs, are added in the top and middle plots (cyan lines). Note how the jitter model
changes between late 2015 and early 2016, and how both of them slowly evolve with time as a result of differential rotation. The rms
dispersion of the residual RVs is 44 m s−1, in agreement with our measurement errors (see Table 1). Bottom panel: Activity-filtered
RVs phase-folded on the planet orbital period. The fit to the data is only marginally better with an eccentric orbit (dashed line) than
with a circular one (solid line).
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Figure 9. Top panel: Lomb-Scargle periodograms of the raw (top), filtered (middle) and residual RVs (bottom) shown in Fig 8. The
black line is for the full set, while the dashed red, green, blue and pink lines are for the late-2015, the early-2016, the even, and the
odd points only. The stellar rotation period, its first harmonic and the planet orbital period are depicted with vertical dashed lines. The
horizontal dotted and dashed lines trace the 33%, 10%, 3% and 1% FAP levels. The planet signal in the filtered RVs is detected in the full
set with a FAP level < 10−5. Middle panel: Periodogram of the longitudinal magnetic field, a reliable activity proxy (Haywood et al.
2016), featuring a clear peak at the stellar rotation period but no power at the planet orbital period. Bottom panel: Same as middle
panel for the Hα emission.
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Figure 8. Top panel: Raw (top), filtered (middle) and residual (bottom) RVs of V830 Tau (open symbols and 1σ error bars, with
circles, squares and triangles depicting ESPaDOnS, NARVAL and ESPaDOnS/GRACES data, and colors coding rotation cycles). The
raw RVs exhibit a semi-amplitude of 1.2 km s−1 and a rms dispersion of 0.65 km s−1 throughout the whole run. (Rotation cycles of the
2016 data are shifted by +24 in this plot with respect to their values in Table 1 and Fig. 2). The RV jitter predicted by ZDI at both
epochs, as well as the best sine fit to the filtered RVs, are added in the top and middle plots (cyan lines). Note how the jitter model
changes between late 2015 and early 2016, and how both of them slowly evolve with time as a result of differential rotation. The rms
dispersion of the residual RVs is 44 m s−1, in agreement with our measurement errors (see Table 1). Bottom panel: Activity-filtered
RVs phase-folded on the planet orbital period. The fit to the data is only marginally better with an eccentric orbit (dashed line) than
with a circular one (solid line).

MNRAS 000, 1–19 (2016)

raw, filtered 
& residual RVs

4.97-d RV 
planet signal

44 m/s rms 
RV residuals

The hot Jupiter and magnetic activity of V830 Tau 11

Figure 9. Top panel: Lomb-Scargle periodograms of the raw (top), filtered (middle) and residual RVs (bottom) shown in Fig 8. The
black line is for the full set, while the dashed red, green, blue and pink lines are for the late-2015, the early-2016, the even, and the
odd points only. The stellar rotation period, its first harmonic and the planet orbital period are depicted with vertical dashed lines. The
horizontal dotted and dashed lines trace the 33%, 10%, 3% and 1% FAP levels. The planet signal in the filtered RVs is detected in the full
set with a FAP level < 10−5. Middle panel: Periodogram of the longitudinal magnetic field, a reliable activity proxy (Haywood et al.
2016), featuring a clear peak at the stellar rotation period but no power at the planet orbital period. Bottom panel: Same as middle
panel for the Hα emission.
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Figure 8. Top panel: Raw (top), filtered (middle) and residual (bottom) RVs of V830 Tau (open symbols and 1σ error bars, with
circles, squares and triangles depicting ESPaDOnS, NARVAL and ESPaDOnS/GRACES data, and colors coding rotation cycles). The
raw RVs exhibit a semi-amplitude of 1.2 km s−1 and a rms dispersion of 0.65 km s−1 throughout the whole run. (Rotation cycles of the
2016 data are shifted by +24 in this plot with respect to their values in Table 1 and Fig. 2). The RV jitter predicted by ZDI at both
epochs, as well as the best sine fit to the filtered RVs, are added in the top and middle plots (cyan lines). Note how the jitter model
changes between late 2015 and early 2016, and how both of them slowly evolve with time as a result of differential rotation. The rms
dispersion of the residual RVs is 44 m s−1, in agreement with our measurement errors (see Table 1). Bottom panel: Activity-filtered
RVs phase-folded on the planet orbital period. The fit to the data is only marginally better with an eccentric orbit (dashed line) than
with a circular one (solid line).

MNRAS 000, 1–19 (2016)

orbit w/ small 
eccentricity



Hot Jupiters around young stars

modeling activity using Gaussian Process Regression (GPR)                                                                                                               
model activity as correlated noise, eg a Gaussian process (GP) of known covariance                                                                         
assume pseudo-periodic covariance function (eg Haywood et al 2014)                                                                                                             
        ✒ reproduces rotational modulation & spot evolution                                                  



Hot Jupiters around young stars

modeling activity using Gaussian Process Regression (GPR)                                                                                                               
model activity as correlated noise, eg a Gaussian process (GP) of known covariance                                                                         
assume pseudo-periodic covariance function (eg Haywood et al 2014)                                                                                                             
        ✒ reproduces rotational modulation & spot evolution                                                  

covariance function                                                                                                  
c(t,t’)  =  ϑ2 exp[ -(t-t’)2 / φ2 - sin2{ π(t-t’)/χ } / ψ2 ]                                                     
with ϑ,  φ, χ and ψ four hyper parameters characterizing the GP                              
ϑ amplitude - φ spot lifetime - χ rotation period - ψ allowed smoothness                                               



Hot Jupiters around young stars

modeling activity using Gaussian Process Regression (GPR)                                                                                                               
model activity as correlated noise, eg a Gaussian process (GP) of known covariance                                                                         
assume pseudo-periodic covariance function (eg Haywood et al 2014)                                                                                                             
        ✒ reproduces rotational modulation & spot evolution                                                  

covariance function                                                                                                  
c(t,t’)  =  ϑ2 exp[ -(t-t’)2 / φ2 - sin2{ π(t-t’)/χ } / ψ2 ]                                                     
with ϑ,  φ, χ and ψ four hyper parameters characterizing the GP                              
ϑ amplitude - φ spot lifetime - χ rotation period - ψ allowed smoothness                                               

likelihood estimation & Bayesian formalism                         
subtract planet signal & model activity for given set of GP parameters              
estimate likelihood w/ log ! = -n log(2π) / 2 - log |C+Σ| / 2 - yT (C+Σ)-1 y / 2                         
where C is the covariance matrix and Σ the diagonal variance matrix                                               



Hot Jupiters around young stars

modeling activity using Gaussian Process Regression (GPR)                                                                                                               
model activity as correlated noise, eg a Gaussian process (GP) of known covariance                                                                         
assume pseudo-periodic covariance function (eg Haywood et al 2014)                                                                                                             
        ✒ reproduces rotational modulation & spot evolution                                                  

covariance function                                                                                                  
c(t,t’)  =  ϑ2 exp[ -(t-t’)2 / φ2 - sin2{ π(t-t’)/χ } / ψ2 ]                                                     
with ϑ,  φ, χ and ψ four hyper parameters characterizing the GP                              
ϑ amplitude - φ spot lifetime - χ rotation period - ψ allowed smoothness                                               

likelihood estimation & Bayesian formalism                         
subtract planet signal & model activity for given set of GP parameters              
estimate likelihood w/ log ! = -n log(2π) / 2 - log |C+Σ| / 2 - yT (C+Σ)-1 y / 2                         
where C is the covariance matrix and Σ the diagonal variance matrix                                               

MCMC simulation                                                              
derive posterior distributions of planet & GP parameters at the same time
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Figure 11. Same as Fig. 8 but now using a planet+GP fit to the data (pink line), where the GP is modelling the activity jitter (cyan
line) while the planet and GP parameters are determined using a MCMC simulation. Note how the GP succeeds at modelling the activity
and its temporal evolution throughout the whole observing window, and not just for the two separate subsets. The rms dispersion of the
residual RVs is 37 m s−1.

summarized in Table 5, with those derived in D16 (from our
late 2015 data only) listed as well for an easy comparison.

5 SUMMARY & DISCUSSION

This paper reports the results of an extended spectropo-
larimetric run on the wTTS V830 Tau, carried out in
the framework of the international MaTYSSE Large Pro-
gramme, using ESPaDOnS on the CFHT, Narval on the
TBL and GRACES/ESPaDOnS on Gemini-North, spanning
from 2015 Nov 11 to Dec 22, then from 2016 Jan 14 to
Feb 10, and complemented by contemporaneous photomet-
ric observations from the 1.25-m telescope at CrAO. This
new study is an in-depth follow-up of a previous one, based
only on the first part of this data set and focussed on the de-
tection of the young close-in hJ orbiting V830 Tau in 4.93 d
(D16), and of an older one that suspected the presence of
V830 Tau b, but from too sparse a data set to firmly demon-
strate the existence of the planet (D15).

Applying ZDI to our two new data subsets, we derived
the surface brightness and magnetic maps of V830 Tau. Cool
spots and warm plages are again present on V830 Tau, to-
talling 13% of the overall stellar surface for those to which
ZDI is sensitive. The brightness maps from late 2015 and
early 2016 are similar, except for differential rotation slightly
shearing the photosphere of V830 Tau and for small local

changes in the spot distribution, reflecting their temporal
evolution on a timescale of only a few weeks. The magnetic
maps of V830 Tau are also quite similar at both epochs and
to that reconstructed from our previous data set (D15), fea-
turing a mainly poloidal field whose dominant component is
a 340 G dipole tilted at 22◦ from the rotation axis. As for
the brightness distribution, the magnetic field is also sheared
by a weak surface differential rotation, and is evolving with
time over the duration of our observing run.

We detected several flares of V830 Tau during the sec-
ond part of our run, where one major event and a weaker
precursor were strong enough to impact RVs at a level of
about 0.3 km s−1. In addition to generate intense emission
in the usual spectral activity proxies including the Hα, Ca ii
IRT and He i D3 lines, these flares triggered large redshifts
of the emission component, especially for the He i D3 line
whose redshift reaches up to 35 km s−1 with respect to the
stellar rest frame, and 25 km s−1 with respect to the aver-
age line position in a quiet state. By analogy with the Sun
and young active stars (e.g., Collier Cameron & Robinson
1989a,b), we propose that the flares we detect on V830 Tau
relate to coronal mass ejections and reflect the presence of
massive prominences in the magnetosphere of V830 Tau,
likely confined by magnetic fields in the equatorial belt of
closed-field loops encircling the star (see Fig. 6), and whose
stability is perturbed by the photospheric shear stressing the
field or by the hot Jupiter itself in the case of large magnetic
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new study is an in-depth follow-up of a previous one, based
only on the first part of this data set and focussed on the de-
tection of the young close-in hJ orbiting V830 Tau in 4.93 d
(D16), and of an older one that suspected the presence of
V830 Tau b, but from too sparse a data set to firmly demon-
strate the existence of the planet (D15).

Applying ZDI to our two new data subsets, we derived
the surface brightness and magnetic maps of V830 Tau. Cool
spots and warm plages are again present on V830 Tau, to-
talling 13% of the overall stellar surface for those to which
ZDI is sensitive. The brightness maps from late 2015 and
early 2016 are similar, except for differential rotation slightly
shearing the photosphere of V830 Tau and for small local

changes in the spot distribution, reflecting their temporal
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to that reconstructed from our previous data set (D15), fea-
turing a mainly poloidal field whose dominant component is
a 340 G dipole tilted at 22◦ from the rotation axis. As for
the brightness distribution, the magnetic field is also sheared
by a weak surface differential rotation, and is evolving with
time over the duration of our observing run.

We detected several flares of V830 Tau during the sec-
ond part of our run, where one major event and a weaker
precursor were strong enough to impact RVs at a level of
about 0.3 km s−1. In addition to generate intense emission
in the usual spectral activity proxies including the Hα, Ca ii
IRT and He i D3 lines, these flares triggered large redshifts
of the emission component, especially for the He i D3 line
whose redshift reaches up to 35 km s−1 with respect to the
stellar rest frame, and 25 km s−1 with respect to the aver-
age line position in a quiet state. By analogy with the Sun
and young active stars (e.g., Collier Cameron & Robinson
1989a,b), we propose that the flares we detect on V830 Tau
relate to coronal mass ejections and reflect the presence of
massive prominences in the magnetosphere of V830 Tau,
likely confined by magnetic fields in the equatorial belt of
closed-field loops encircling the star (see Fig. 6), and whose
stability is perturbed by the photospheric shear stressing the
field or by the hot Jupiter itself in the case of large magnetic
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Figure A3. Phase plots of our final 5-parameter MCMC run using both the late 2015 and early 2016 data (left) and all raw RVs collected
to date on V830 Tau (right), with yellow, red and blue points marking the 1, 2 and 3-σ confidence regions respectively. The optimal
parameter we derive from the left panel are respectively equal to θ1 = 0.878 ± 0.135 km s−1, θ2 = 0.9986 ± 0.0007 Prot, K = 68 ± 11 ms−1,
Porb/Prot = 1.80 ± 0.01 (i.e., Porb = 4.93 ± 0.03 d) and φ0 = 0.122 ± 0.028 (i.e., BJDt = 2, 457, 360.51 ± 0.14 d). Fitting all raw RVs allows to
significantly improve the precision on the rotation period (Porb/Prot = 1.7976 ± 0.0027 ± 0.01, i.e., Porb = 4.927 ± 0.008 d) and to slightly
refine the epoch of inferior conjunction (φ0 = 0.125 ± 0.025, i.e., BJDt = 2, 457, 360.523 ± 0.124 d). Note the little correlation between the
various parameters.

Figure A4. Same as Fig. A3 when fitting an eccentric orbit using parameter
√
e cosω and

√
e sinω as search parameters where e and

ω respectively denote the eccentricity and argument of periapsis of the orbit; the marginal likelihood of the best eccentric orbit model
is not significantly larger than that of the best circular orbit model, implying that there is no evidence that the planet is eccentric.
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open questions                                                                                                  
more frequent than on mature stars?                                                                           
role of magnetic fields on planet survival?                                                                                             
impact on early architecture of planetary systems?                                    
temperature / luminosity of newborn planets?                                                                                
io-Jupiter like star-planet interactions?                                                                     
transiting planets?        



Future prospects

characterize newborn hot Jupiters                                                                                                        
new extensive monitoring campaign about to begin for both stars                                                                    
multi wavelengths observations, including nIR spectroscopy & radio (LOFAR)           
high-precision photometry with Kepler / K2 to detect potential transit                                                                                                                                   
        ✒ Louise Yu starting her PhD thesis @ IRAP / OMP                                                                                                                                                 
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