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HOT JUPITER FORMATION

PREVIOUS ATTEMPTS TO FIND YOUNG HOT JUPITERS

THE CFHT/ESPADONS MATYSSE PROGRAM 

V830 TAU DATA AND DETECTION

INTERACTIONS WITH THE STAR?

FIND PLANET SIGNALS INTO THE ACTIVITY JITTER
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HOT JUPITER FORMATION

▸ jupiter-size planets need material to form, far from the star 

▸ if formed early, they're dragged by the disk & spiral in 

▸ inward migration within My 

▸ stop at magnetospheric cavity 

▸ later dynamical interactions possible 

▸ in/out migration, tilts, eccentricity

Baruteau et al 2015
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PLANETS DO FORM QUICKLY (HL TAU, 1 MYR)

▸ early evidence of disk clearing in young systems, e.g. 
revealed by ALMA

credits: ESO
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SOME SYSTEMS HAVE A MORE VIOLENT HISTORY

▸ migration may not stop 

▸ final orbits may be disturbed by dynamical interactions 

▸ many hot jupiters are in binary systems 

▸ binarity seemingly not related to misalignment (Ngo 2015) 

▸ still being investigated, very active research ongoing
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HOT JUPITERS ARE EASY TO FIND

▸ strong bias of indirect methods:  

▸ Radial velocity: signal ~ Mp/sqrt(a)............100 m/s 

▸ transit: signal ~ Rp^2, proba ~ 1/a.............1%, 10% 

▸ 30m/s RV accuracy sufficient: most echelle spectrographs  

▸ mostly HJup found in the first years of planet surveys 

▸ yet they are only present around 1% main-seq stars 

▸ Kepler, and long-term RV surveys agree on that
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YOUNG HOT JUPITERS, NOT SO EASY TO FIND...

▸ the most variable stars: spots, accretion clumps, outbursts, 
strong magnetic fields, fast rotation 

▸ a challenge for indirect exoplanet methods, watching the 
star 

▸ very advanced data analysis or multi-techniques required 

▸ direct imaging: young planets are brighter, but method  
limited in angular separation, not adequate for HJup
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LKCA 15 (2MY)

▸ direct imaging  

▸ 2-3 massive planets in 15-20 AU range 

▸ accretion still ongoing, planet still forming

10 AU

b L� Ks H�

b

c

d?

a

50 AU

Figure 1: Composite H↵, Ks, and L1 image. a) The coloured image shows H↵ (blue), Ks (green),

and L1 (red) detections at the same scale as VLA millimetre observations29 (greyscale). b) Zoomed

in composite image of LBT and Magellan observations, with b, c, and d marked.

Kraus & Ireland 2011, Sallum et al 2015
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TW HYA (5-10 MY)
▸ HJup announced in 2008, optical RVs 

▸ face on: 10MJ at 3.5d orbit 

▸ nIR RVs and bisector slope deny this scenario 

▸ gaps & structures at AU scale

ALMA -Andrews et al 2016Setiawan et al 2008

L12 N. Huélamo et al.: TW Hydrae: evidence of stellar spots instead of a Hot Jupiter
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Fig. 4. CRIRES/H-band radial-velocity points overplotted on the fitted
Keplerian function shown in Table 1. The error bars correspond to the
quadratic addition of the errors bars on the RV standard and on TW Hya
measurements.

and a seeing >0.8′′ in the optical – the objective was to reduce
photocenter-induced RV errors while observing at the highest
resolution available, estimated as 100 000.

To derive the RV from the spectra we used a cross-
correlation method (Baranne et al. 1996). The spectra were
correlated simultaneously with a telluric mask, built with the
HITRAN database (Rothman et al. 1998), and a stellar mask,
built from PHOENIX models (Barman et al. 2005). The atmo-
spheric lines allow us to establish the zeropoint of the wave-
length calibration. By subtracting the RV of the atmospheric
lines from the target RV, we can correct from instrumental
changes following the same principle of the simultaneous ThAr,
(e.g. Pepe et al. 2007). The whole procedure will be described in
detail in a forthcoming paper (Figueira et al., in prep.).

TW Hya was observed five times between Feb. 22
and 28, 2008. An RV standard (HD108309) was observed im-
mediately after the target each night. We calculated the mean
RV per night and assigned a 1σ error bar corresponding to the
standard deviation of the RV in the nodding cycle. We verified
that the measured scatter per night, between 20 and 50 m s−1,
matched the expected uncertainties as estimated by Bouchy et al.
(2001). However, the scatter of the 5 datapoints obtained on dif-
ferent nights is higher (∼90 m s−1), testifying the presence of sys-
tematic errors. Among others, all the observations in the first
night were done with the guiding camera saturated. To remove
these effects, and assuming that they affect both TW Hya and the
RV standard in the same way, we calculated the relative velocity
between TW Hya and the standard for each night. The rms of the
five relative RV is 35 m s−1, and 22 m s−1 if we only consider the
4 last points. The results are plotted in Fig. 4 and compared with
the fitted orbit (Table 1).

To estimate the match between the IR observations and
the fitted orbit (Table 1), we performed a Monte Carlo sim-
ulation. For each JD, we built an RV point by adding to the
corresponding orbit value an observational error represented by
a zero-centered Gaussian distribution with a fixed dispersion. We
calculated the probability of obtaining the observed RV disper-
sion, hence the probability that our five points indeed belong to
the fitted orbit. For the observed scatter of 35 m s−1 (the mea-
sured one) and 70 m s−1 (twice the observed one), the probabil-
ity that our RV dispersion is drawn from the fitted orbit is always
below 10−6.

Finally, we note that, as an important by-product of this
work, we have obtained the most accurate RV measurements

Fig. 5. Upper panel: R-band lightcurve obtained for TW Hya (filled
symbols) and for the main reference star (open symbols). The fluxes
are normalized. Lower panel: TW Hya photometric flux as a function
of the surface of the CORALIE CCF. The best linear fit to the data is
shown.

in the near-IR to date, showing the capabilities of CRIRES in
this domain.

3.3. Photometric observations

TW Hya was monitored photometrically with the Euler tele-
scope (La Silla, Chile) during 15 nights from 2008 February 2
to March 13 under photometric conditions (except for March 8).
Each night, a sequence of six exposures was observed at approxi-
matively the same airmass to minimize any second-order extinc-
tion effect. Observations were performed in the R-band and were
defocused to ∼5′′ to (1) minimize any systematics due to the
intra/inter-pixels variations and (2) to allow exposure times of
∼50 s in order to minimize the scintillation noise. The pointing
was chosen to include TYC 7208-1066-1 and 3 other fainter iso-
lated comparison stars in the EulerCAM field of view. Aperture
photometry was used to extract the fluxes. Figure 5 shows the
resulting lightcurve.

TW Hya exhibited ∼20% (peak to peak) flux variations
during the run. The analysis of the lightcurve using both the
Lomb-Scargle periodogram (Scargle 1982) and the string-length
method (Dworetsky 1983) provides tentative periods of 6.1 and
6.5 days, respectively. The origin of this period is not clear and
the small time coverage does not allow us to draw further con-
clusions about this result. The comparison of this value with pre-
vious estimates does not help in interpreting our data, since the
rotation period of TW Hya is not well-established and very dif-
ferent values (from 1.6 to 4.4 days) have been reported in the
literature (e.g. Mekkaden 1998; Batalha et al. 2002; Lawson &
Crause 2005; Setiawan et al. 2008).

Interestingly, the photometric variations seem to be corre-
lated with the surface of the CORALIE CCF (the CORALIE
data and the photometric measurements were obtained on the
same nights) – Fig. 5, lower panel. Since the CORALIE CCF is a

Huelamo et al 2008
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PTFO 8-8695 (3 MY)

remains possible that a comprehensive search of parameter
space of the model proposed by Barnes et al. (2013)—
including the effects of gravity darkening and orbital preces-
sion—could reveal a configuration that possesses these
properties and is also compatible with the lack of detectable
change in v sin iå, as well as the unexpectedly bland
morphologies, strongly chromatic depths, lack of occultation
signals, and timing irregularities that are seen in the new light
curves. We leave such a computationally intensive search for
future work. It is also important to try and develop alternative
hypotheses for the fading events of PTFO 8-8695. Below, we
describe four alternatives, along with their apparent strengths
and weaknesses. Figure 19 illustrates these hypotheses.

4.1. Dust-emitting Rocky Planet

The seemingly erratic variations in the depth and duration of
the fading events, along with the slight asymmetries in the
phase-folded light curves (Figure 5), bring to mind the case of
KIC 12557548 (Rappaport et al. 2012). This object was
identified in data from the Kepler spacecraft. It exhibits transit-
like flux dips with a very short period (15.7 hr) and duration
(1.5 hr), an erratically varying depth ranging from 0%–1.3%,
and an egress of longer duration than ingress. Rappaport et al.
(2012) interpreted the dips as transits by a dusty tail being
emitted by a small rocky planet. Two other similar cases have
since been identified (Rappaport et al. 2014; Sanchis-Ojeda
et al. 2015). In at least one case the transit depth has been
shown to be smaller at infrared wavelengths, as expected for
extinction by small dust grains.

PTFO 8-8695 shares much of the phenomenology that has
just been described. The main difference is that the other
systems are not rapidly rotating young stars. They appear to be
slowly rotating main-sequence stars, and are not even close to
being synchronized with the transit period. Furthermore it is

not clear whether this hypothesis could be reconciled with the
apparent change in period that was seen in the most recent
season of observations.
It is tempting to invoke tidal dissipation as a mechanism for

gradually shrinking the orbit and shortening the period, but this
is implausible for a low-mass rocky body. Conceivably, orbital
decay could be a consequence of the dust emission. If the dust
acquires additional specific angular momentum from radiation
pressure while leaving the system, it would be driven into a
higher orbit. There it would pull back on the planet and
potentially extract angular momentum from the planetary orbit.
However, the magnitude of this effective drag is difficult to
estimate from first principles, particularly because the dust may
represent only a modest fraction of the total mass loss, and the
gas need not behave the same way as dust as it leaves the
system. In any case the lifetime of ∼104 years implied by the
observations (see Section 2.4) is uncomfortably short. It would
require a special coincidence to observe such a short-lived
phase of evolution.

4.2. Starspots

The synchronization of the stellar rotation period and the
period of the fading events, along with the changing depth and
duration of the fading events, raises the suspicion that the
periodic dips are caused by starspots being carried around by
rotation. The star is expected to be heavily spotted, given its
youth. Moreover, the photometric variations produced by
stellar activity are expected to be weaker in the infrared than in
the optical, consistent with our observations. Gradual changes
in the spot pattern could be invoked to explain the changes in
depth, duration, and timing of the fading events.
VE+12 have already pointed out the main weakness of this

hypothesis. Flux variations caused by starspots have a natural
timescale of half the rotation period, the interval over which a

Figure 19. Illustrations of the five hypotheses discussed in Section 4.
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function of time to data outside of the event and then dividing
by the best-fitting function.

Just as with the Magellan light curve, we determined an
upper limit on the occultation loss of light by fitting a
parameterized model to the data. The model included a
quadratic function of time to describe the out-of-occultation
variations. The occultation model was required to have the
same durations between first, second, third and fourth contacts
as observed earlier with Magellan. The loss of light δocc was a
free parameter. We used an MCMC algorithm to calculate the
posterior probability distribution of δocc and the parameters of
the quadratic function. The minimum χ2 value was 565.9, with
535 degrees of freedom. The result for the occultation depth
was 0.0008 0.0006,occd = - o i.e., the best-fitting value
corresponds to a brightness increase rather than a loss of light.
This corresponds to a 3σ upper limit of δocc < 0.0010. Again,
as illustrated in Figure 8, the upper bound on δocc given by

Spitzer is smaller than the occultation depth implied by the
parameters of the Barnes et al. (2013) model.
Careful inspection of Figure 9 shows a candidate flux dip of

centered around a time coordinate of 0.425, with an amplitude
of ≈0.3%. One might be tempted to attribute this dip to the
occultation of a planet on an eccentric orbit, for which
the occultation need not be halfway between transits. However,
the statistical significance of this dip is dubious, and the
required value of the eccentricity would be e > 0.35, using
Equation (33) of Winn (2010). Such a high eccentricity would
be unprecedented and unexpected for a short-period planet. In
general, giant planets with periods shorter than three days have
nearly circular orbits, a fact that is attributed to the gradual
action of tidal dissipation. Given the youth of the star, it is
possible that there has not yet been sufficient time for orbital
circularization; however, a higher eccentricity and a potentially

Table 2
Best-fitting Parameters of Phase-folded Light Curves (See Equation (2))

Light Curve Filter Time of Minimum Light, t0 Fractional Loss Ingress Duration, w1 Egress Duration, w2

(days) of Light, δ (days) (days)

FLWO average i′ 0.0029 ± 0.0028 0.0360 ± 0.0017 0.0166 ± 0.0023 0.0124 ± 0.0018
TRAPPIST average I + z 0.0018 ± 0.0018 0.0336 ± 0.0010 0.0149 ± 0.0014 0.0128 ± 0.0013

Figure 6. Multiband observations of fading events. Top row—Simultaneous observations in the r′ and I + z bands (open blue and filled red circles, respectively).
Middle row—Interleaved observations in the g′ and i′ bands (open blue and filled red circles, respectively). Bottom row—Simultaneous observations in the I + z and
H bands (open blue and filled red circles, respectively). In all but one case, the loss of light is greater in the bluer bandpass.
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Table 3
System Parameters

Parameter Value

Measured

P 0.448413 ± 0.000040 days
iorb 61.◦8 ± 3.◦7
a/R∗ 1.685 ± 0.064
Rp/R∗ 0.1838 ± 0.0097
T0 (HJD) 2455543.9402 ± 0.0008
vr sin i∗ 80.6 ± 8.1 km s−1

Derived

a 0.00838 ± 0.00072 AU
=1.80 ± 0.15 R⊙a

R∗ 1.07 ± 0.10 R⊙
Rp 1.91 ± 0.21 RJup
Mp sin iorb !4.8 ± 1.2 MJup

b

Mp !5.5 ± 1.4 MJup

Notes. Summary of parameters determined in this paper for
the PTFO 8-8695 system. Quantities are P: orbital period;
iorb: orbital inclination; i∗: inclination of stellar rotation axis;
a: orbital semimajor axis; R∗: stellar radius; Rp: planet radius;
T0: epoch of transit center; vr: stellar equatorial rotational
velocity; Mp: planet mass.
a From Kepler’s third law, assuming stellar mass M∗ =
0.39 ± 0.10 M⊙ (Briceño et al. 2005), and Mp ≪ M∗.
b Upper limit derived from measured RV semi-amplitude.

It is difficult, however, to explain how an inclination change
can yield a transit that becomes both more grazing (longer
ingress/egress) and deeper at the same time. Another explana-
tion may be variation in star spot coverage (or limb-darkening,
though with heavy spot coverage, the two effects become some-
what confused). In addition to short-term spot variations, there
may be surface features which survive for much longer periods
(see, e.g., Mahmud et al. 2011). Given the activity of the star
and the extreme proximity of the companion, such features may
be compounded by magnetic or tidal star/planet interactions
that could give rise to varying hot or cold spots near the sub-
planetary point on the stellar photosphere. This could affect the
apparent shape of the transit in a systematic way. The planet’s
apparent proximity to the tidal disruption limit (see Section 3.3)
may also be a factor: A tidally distorted shape, or transient rings
or a tidal tail of evaporating material could all yield unexpected
and possibly varying transit shape (and also cause the slight
transit asymmetry seen in the second year’s data). For the sake
of simplicity, and given the lack of data to disentangle all of
these possibilities, we here adopt the single combined fit to both
years’ data sets, although with the caveat that the variability
may cause some systematic error in the measurements.

We note that our fit yields a somewhat smaller stellar radius,
R∗ ≈ 1.07 R⊙, than that previously reported by Briceño et al.
(2005) (1.39 R⊙). Assuming that their estimate of Teff =
3470 K is correct, interpolating Siess models (Siess et al. 2000)
with this updated radius gives a slightly older age estimate
for the star, ≈3.7 Myr versus 2.7 Myr. Given the distance
uncertainties in the Briceño et al. (2005) results, however, and
the possibility of uncertainty in Teff arising from heavy spotting
in the stellar photosphere, the two radius estimates are probably
not inconsistent.25

25 Our radius estimate also depends on our estimate of a, which depends in
turn on the assumption that the mass estimate of Briceño et al. (2005) is correct,
so the argument is somewhat circular. a, however, is relatively insensitive to

Figure 9. Differential radial velocity measurements obtained with Keck/HIRES
and HET/HRS (Section 3.2.1). Zero phase is chosen to correspond to the
photometric center-of-transit time. The offset between the two data sets is
chosen to match the mean RV of each. The lines indicate best Keplerian fits
(excluding the outlier): dashed line—circular orbit, transit-center time, T0, fixed
to photometry (χ2

red = 4.0); dotted line—eccentric orbit, transit-center time
fixed to photometry (χ2

red = 1.1); solid line—a sinusoidal fit (equivalent to a
circular orbit) at the same period, with phase free to float (χ2

red = 0.42). The
eccentric fit is better than the fixed-T0 fit, but brings the companion to the surface
of the star at periastron. The floating-phase sinusoidal fit gives the best result,
suggesting that star spots either modify or dominate the Doppler RV signal. The
outlier point may represent Rossiter–McLaughlin effect due to the transiting
companion.
(A color version of this figure is available in the online journal.)

3.2. Spectroscopy

3.2.1. Radial Velocities

Since the RV analysis is differential in nature, the RV offset
between the HET and Keck data sets is arbitrary. We place them
on the same approximate scale by shifting the RV zero points
to the mean of the data for each data set. There are too few data
points to create a periodogram to measure any periodicities in
the data, but we can look for consistency with the previously
determined transit period by folding the data on that period
and looking for a coherent alignment of the data points. The
result is shown in Figure 9: Indeed, the data appear to phase
well, showing a smooth and apparently sinusoidal variation,
with the exception of one outlying data point at orbital phase
φ = −0.082 (Heliocentric Julian date (HJD) 2455615.64969),
which is discussed further below. This outlier is excluded in
calculating the offset between the data sets.

To constrain the mass of the companion, we fit a Keplerian
orbit model to the data using the RVLIN package by Wright
& Howard (2009). The model includes six parameters: the
period, P; the RV semi-amplitude, K; the eccentricity, e; the
argument of periastron, ω; the time of periastron passage, Tp;
and the systemic velocity, γ . We fixed P and Tp to the values
measured from the transit photometry. Since the χ2 surface
has multiple minima, we explore the fitting parameter space
by running 10,000 trial Keplerian fits (neglecting the apparent
outlier point), with initial parameter estimates drawn at random
from reasonable starting distributions, and selecting the fit with
the lowest reduced χ2 (χ2

red).

stellar mass (a ∝ M1/3), and the Siess models predict a negligible difference
in mass at our older age. (In fact, at the estimated Teff , they predict a mass
range smaller than the errors over an age range of 1–10 Myr.)
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Figure 7. Lomb–Scargle periodogram of the non-whitened light curves from the two years of PTF Orion observations, compared to simple synthetic models
(Section 3.1.1). The presumed stellar rotation period is marked with a thick arrow (red in the online color version); a second distinct one-day period, which we attribute
to the observing cadence, is marked with a thin (blue) arrow. The more prominent aliases of these periods are indicated with vertical lines: thick (red) marks indicate
peaks which are predominantly produced by aliases of the presumed stellar rotation period; thin (blue) marks indicate peaks predominantly produced by aliases of the
one-day period. Dotted (magenta) lines indicate peaks produced by a combination of the two.
(A color version of this figure is available in the online journal.)

Figure 8. Folded light curve for the two years of observations combined, after removing stellar variability (Section 3.1.1). The first year’s data (2009 December–2010
January) are plotted in black; the second year’s (2010 December) are plotted in gray (orange in the online journal). A change in transit shape between the two years
is evident. The best transit fit to both years combined is overplotted on the assumption that Rp < R∗ (Section 3.1.2). Limb darkening is neglected, and error bars are
omitted for clarity; the median photometric error is 0.0046, with an out-of-eclipse standard deviation of 0.0056.
(A color version of this figure is available in the online journal.)

There is significant variation in the light curve from transit
to transit, as can be seen in Figure 6. This can reasonably
be attributed to the companion passing across varying surface
features—cold or hot spots, or perhaps flares—on the stellar
photosphere. Such variations are a result of the planet tracing
the stellar surface brightness profile as it traverses the stellar
disk, and cannot be removed by the whitening process, which
is only sensitive to the integrated brightness of the disk. Since
PTFO 8-8695 is expected to be active and spotted, such variation
in the transits is further suggestive of a genuine transit, rather
than a background blend.

It can also clearly be seen from Figures 6 and 8, however,
that there is an overall change in the transit shape between the
two years’ data sets. Explanations for this remain speculative.
Re-running the fitting process and allowing a change in both
R∗ and Rp between the two years yields a decrease in stellar
radius of ≈10% (2.1σ ) from one year to the next (with no mea-
surable change in companion radius). Such a large change in

the stellar radius in such a short time period is unlikely, and
would likely manifest itself in observable rotation rate changes
not seen in the data. A change in transit shape could also arise
in principle from a change in orbital geometry. For example,
the host star is rotating quickly enough to exhibit significant
oblateness, which may induce precession of the orbital plane
and, therefore, changes in iorb if the orbital and stellar rotational
axes are misaligned.24 An additional planet in a different or-
bit could also produce a similar effect (Miralda-Escudé 2002).

24 Given the small orbital period, this may occur on short timescales.
Following Miralda-Escudé (2002), we estimate the order of magnitude of the
oblateness-induced gravitational quadrupole moment of the host star, J2, by
scaling to the pre-main sequence from a solar value of ∼10−7 to 10−6

according to J2 ∝ R3
∗/(M∗P 2

∗ ). Assuming that the stellar obliquity is small,
and noting that the orbital angular momentum and stellar rotational angular
momentum are similar for Mp ∼ 5 MJup (so that the inclinations of the stellar
rotation and orbital planes with respect to the mean plane are similar), this
leads to a precession period of the orbital nodes on the order of tens to
hundreds of days.

9

▸ planet candidate 0.45d period, 1.9RJ 

▸ co-rotating star 

▸ but transits are chromatic 

▸ non-planet scenarios more probable

Liang Yu et al  2015
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CI TAU (2 MY)

▸ 8 MJ, 9 day period in K-band radial velocities 

▸ disk still present 

▸ star rotation ~5-7 d (TBC) 

▸ Halpha in phase with planet: accretion? 

▸ maybe 10-12 MJ 

▸ needs more observations

Johns-Krull et al 2016
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RV time series.
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K2-33 / EPIC 205117205 (10 MY M STAR)

▸ orbital period 5.4d 

▸ 5 Earth radii, no mass (K~20m/s expected) 

▸ star rotation 6.3d 

▸ false positives scenarios discarded

6 Mann et al.

of parameter space. We applied a prior on limb dark-
ening derived from the Husser et al. (2013) atmospheric
models, calculated using the LDTK toolkit (Parviainen
& Aigrain 2015), which enabled us to account for errors
in stellar parameters and finite grid spacing. Stellar pa-
rameters input into LDTK are derived in Section 4. Er-
rors on the limb-darkening coefficients are broadened by
a factor of two to account for model uncertainties (es-
timated by comparing limb darkening parameters from
different model grids). The filter profiles and CCD trans-
mission functions were taken from Dittmann et al. (2016)
for MEarth and from the Kepler science center4 for Ke-
pler. This yielded quadratic limb-darkening coefficients
of µ1 = 0.4 ± 0.1 and µ2 = 0.4 ± 0.1 for Kepler and
µ1 = 0.26± 0.09 and µ2 = 0.4± 0.1 for MEarth.

Our MCMC was allowed to explore |b| < 1 + RP /R∗,
P from 0 to 70 days, ρ∗ from 0 to ∞, RP /R∗ from 0
to 1, and T0 from ±3 days from the initial value, all
with uniform priors. All parameters were initialized to
the values from our BLS search (Section 3.1), which are
based on a Levenberg-Marquardt fit to the light curve
(Markwardt 2009). MCMC chains were run using 150
walkers, each with 100,000 steps after a burn-in phase
of 5,000 steps.

We report the transit fit parameters in Table 1. For
each parameter we report the median value with the er-
rors as the 84.1 and 15.9 percentile values (correspond-
ing to 1σ for Gaussian distributions). The model light
curve with the best-fit parameters is shown in Figure 3
alongside the K2 and MEarth data. Some correlated
errors are present in the MEarth light curve, primarily
during ingress, which we attribute to imperfect correc-
tion of stellar variability and/or the planet crossing a
spot. We also show posteriors and correlations for a
subset of parameters in Figure 4.

The transit posterior favors a low (< 0.4) impact pa-
rameter, although there is a tail in the distribution corre-
sponding to higher impact parameter, lower stellar den-
sity (< 0.3), and larger planet radius. We consider this
tail of low stellar density solutions to be unlikely, as
these values are strongly disfavored by our stellar param-
eters (see Section 4). However, given the complexity of
constraining stellar parameters of PMS we choose not to
restrict our MCMC or remove these solutions from the
posterior distribution.

4. STELLAR PARAMETERS

Membership in Upper Scorpius: The spatial position
and kinematics of EPIC 205117205 are consistent with
co-motion of the star with the ensemble Upper Scorpius
space velocity. We calculate a photometric distance to

4 http://keplergo.arc.nasa.gov/CalibrationResponse.shtml

Figure 3. Phase-folded light curve of EPIC 205117205’s tran-
sit (black) from MEarth (top, binned) and K2 (bottom). The
best-fit transit models are show in red. Owing to the large
number of data points from MEarth we bin every 5min of
data and show the median and 1σ scatter of points in each
bin (unbinned data is used for MCMC fit). The K2 fit hasa
longer ingress/egress because of the 30min integration time,
which is accounted for in the model. Some systematics are
present in the ingress of the MEarth transit, which we at-
tribute to imperfect correction of stellar variability.

EPIC 205117205 of 140±16 pc using literature optical
and NIR photometry, and the 10 Myr isochrone from
Chen et al. (2014). This is consistent with the Hippar-
cos distances to high-mass members of Upper Scorpius
(145±15 pc, de Zeeuw et al. 1999). Using this photomet-
ric distance, proper motions from UCAC4 (-9.8±1.7, -
24.2±1.8 mas yr−1 Zacharias et al. 2012), and the mean
RV from our IGRINS observations, we calculate the
Galactic space velocity of EPIC 205117205 (U , V ,W =
5.4±0.5, −15.8±2.2, −8.2±1.2 km s−1). This is consis-
tent with the kinematic models of Chen et al. (2014) and
velocity dispersion of ∼2-3 km/s (Kraus & Hillenbrand
2008) for Upper Scorpius. Using the Bayesian method
from Rizzuto et al. (2011) and Rizzuto et al. (2015) we
calculate a probability of membership in Upper Scorpius
of 96% for EPIC 205117205.

EPIC 205117205 also shows multiple indicators of
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Figure 1. Light curve of EPIC 205117205 taken by the Kepler spacecraft. The top panel displays the light curve constructed
from Kepler pixel data after removing effects of Kepler roll. The bottom panel shows the light curve after removing stellar
variability. Red dashed lines indicate transits. Both curves are normalized to one.

We obtained an optical spectrum of EPIC 205117205
on February 23, 2016 (UT) with the SuperNova Inte-
gral Field Spectrograph (SNIFS, Aldering et al. 2002;
Lantz et al. 2004) on the University of Hawai’i 2.2m tele-
scope on Maunakea. SNIFS covers 3200–9700 Å simul-
taneously with a resolution of R ≃700 and R≃1000 in
the blue (3200–5200 Å) and red (5100-9700 Å) channels,
respectively. A single 710 s exposure yielded S/N=80
per resolving element in the red channel. We also ob-
served 5 spectrophotometric standards throughout the
night for flux calibration. ThAr arcs were taken before
or after each observation to improve the wavelength solu-
tion. Bias, flat, dark correction and cosmic ray rejection,
construction of the data cubes, and extraction of the one-
dimensional spectrum are described in detail in Aldering
et al. (2002). The flux calibration is derived from the
combination of the spectrophotometric standards and a
model of the atmospheric absorption above Maunakea
as described in Mann et al. (2015).

2.3. NIR Spectrum from ARCoIRIS

During the night of January 25, 2016 (UT), we
acquired z′Y JHK spectra (≃ 0.8 − 2.45µm) of
EPIC 205117205 using the ARCoIRIS spectrograph
(Schlawin et al. 2014), newly installed at the Cassegrain
focus of the Blanco 4m telescope at the Cerro Tololo In-
terAmerican Observatory. ARCoIRIS is a fixed-format,
cross-dispersed, long-slit spectrograph projected onto an
HAWAII-2RG array having 18-µm pixels. We used its
110.5 l mm−1 reflection grating and a 1.1” × 28” slit to
obtain an approximate spectral resolution of R ≃ 3500
across all six spectral orders.

We placed the object at two widely separated posi-

tions along the slit, A and B, and took two series of
ABBA nods, with per-nod position exposure times of
100 s. Immediately afterwards, we took a similar series
of ABBA nod observations for the A0V standard HD
146606. An accompanying Cu-He-Ar comparison lamp
spectrum was also obtained for wavelength calibration.
Data reduction of the target and calibrator was per-
formed using the SpeXtool suite of IDL packages (version
4.1, Cushing et al. 2004) adapted for the data format
and characteristics of the ARCoIRIS instrument (Priv
Comm. Katelyn Allers1). Each difference (A-B) image
was flat-fielded, wavelength calibrated, and extracted to
produce a one-dimensional spectra. The telluric calibra-
tor star (HD 146606) was used to telluric correct and
flux calibrate the target spectrum (employing the pack-
age xtellcorr; Vacca et al. 2004). The final reduced and
stacked spectrum has a peak S/N> 200 per resolving
element in the H and K bands.

2.4. High Resolution NIR Spectrum

We observed EPIC 205117205 on the nights of Jan-
uary 30, February 26, March 28 and 29, 2016 (UT) with
the Immersion Grating Infrared Spectrometer (IGRINS,
Park et al. 2014) on the 2.7m Harlan J. Smith telescope
at McDonald Observatory. IGRINS provides simultane-
ous H- and K-band (1.48-2.48µm) coverage with a re-
solving power of R ≃45,000. Similar to the ARCoIRIS
observations, the target was placed at two positions
along the slit (A and B) and observed in an ABBA pat-
tern. Each integration was 600 s, which, when stacked,

1 ARCoIRIS Spextool

Mann et al 2016, subm
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standard settings were used except the extinction at ∞
was set to AV = 0.894 based on the map of Schlegel
et al. (1998). We randomly placed stars at locations
in a circular field within 4 Kepler pixels (16′′) around
EPIC 205117205. Stars were discarded if their position
and magnitude are ruled out by the detection limits from
our imaging/NRM, or they are too faint to produce the
observed signal. We weighted each remaining star by
the probability that an eclipsing binary with a period
of 5.425 days would yield a duration consistent with our
transit fit (≃4.1 hours).

The final false-positive probability is sensitive to the
assumed binary eccentricity distribution. It is < 3×10−7

for all reasonable choices, but is essentially zero if the or-
bits are near-circular, as is expected for short-period bi-
naries; the long transit duration could only be produced
by a giant star, but these are bright and ruled out by
the lack of detections in our AO data. Background stars
fainter than EPIC 205117205 will be denser dwarf stars.

5.2. Companion Eclipsing Binary

We next considered the possibility that the transit sig-
nal is due a physically associated companion system, i.e.,
a very-low mass eclipsing binary (EB). Since the maxi-
mum transit depth of an EB is 50%, the contrast ratio
of such a companion must be ∆Kp > 5.7, and thus ab-
solute MKp

> 14.0. Such a system cannot be excluded
if it is within 0.2" of the primary, or a projected sepa-
ration of < 28 AU. According to an 11-Myr isochrone
generated by the Dartmouth Stellar Evolution program,
such a system would have to be substellar, i.e., a pair
of eclipsing brown dwarfs or self-luminous young giant
planets. Moreover splitting the light curve into even and
odd transits shows that the “primary” and “secondary”
transits have equal depths (0.27±0.05 and 0.25±0.04%),
so such a system must consist of equal-mass components.
This is inconsistent with the “flat-bottomed” shape of
the transit light curve (Figure 3).

5.3. Eclipsing Binary

To confirm the transiting body is non-stellar, we use
the RVs from our IGRINS spectra to put an upper limit
on the mass of EPIC 205117205b. We fit the RVs assum-
ing a circular orbit and locking the period and argument
of periapsis from the transit fit (Section 3.2) and assum-
ing the mass derived for the host star from our model
interpolation (Section 4). The RVs rule out companion
masses above 3.7 Jupiter masses (MJ) at 3σ (Figure 7).
The constraints are tighter (< 2.8MJ) if we remove the
IGRINS epoch with high telluric contamination (see Sec-
tion 2). If we loosen our assumptions about eccentricity
the maximum mass increases to 5.4MJ . In all cases
the RVs exclude any brown dwarf or stellar companion
(> 13MJ) with an orbital period matching the transit

Figure 7. Radial velocities derived from our IGRINS spec-
tra, phased to the transit-based orbital period (5.42 days,
top) and stellar rotation period (6.29 days, bottom). Du-
plicate measurements are shown in grey. The expected
RV amplitudes (assuming circular orbits) for Neptune-mass,
Jupiter-mass, and 3MJ -mass planets at this orbital period
are shown as teal, blue, and red lines on the top panel. An es-
timate of the spot-induced RV jitter, derived from the v sin i∗
and variability in K2 data, is shown in the bottom panel in
red.

signal.

5.4. Stellar Variability

Spots and plages on the photosphere combined with
stellar rotation create 1-3% variations in the light curve
of EPIC 205117205. The amplitude of this variation is
roughly an order of magnitude larger than the transit
depth (≃0.26%, Figure 3). Fortunately, spots create a
characteristic shape in the light curve curve (smoothly
varying) and duration (≃ half the rotation period) that
differs from a transit (trapezoidal shape and a dura-
tion of hours). This makes them easy to differentiate
in most stars. However, improper removal of the more
complicated spot patterns on young stars can sometimes
generate transit-like signals over short (days or weeks)
timescales. Our BLS search identified many such sys-
tems; one of which we show in Figure 8

The combination of our MEarth and K2 light curves
demonstrate that the transit signal cannot be caused by
stellar variability. While spot patterns can be stable on
multi-year baseline in old M dwarfs (Newton et al. 2015),
spot evolution can been seen even over the 80 day ob-
serving window for Upper Scorpius members (e.g., Fig-
ure 1, 8). If the transit signal was an artifact of stel-
lar activity signals the transit depth and shape would
change or disappear over the K2 observing window and
between the K2 and MEarth observations. To test this
we fit each transit individually as in Section 3.2, but lock-
ing the period to the previously derived value. We find
that all transits yield consistent depths and transit du-
rations, including MEarth data taken 1.5 years after the

LETTERRESEARCH

Extended Data Figure 3 | Apparent radial velocity variations of K2-33.  
Line-of-sight velocities and 1σ  uncertainties (standard deviations, 
indicated by error bars) with respect to the Solar System barycentre from 
Keck/HIRES are indicated. Radial velocities are mean-subtracted, and the 
abscissa shows the orbital phase of K2-33 b measured from K2 photometry 
(mid-transit occurs at zero orbital phase). We rule out radial velocity 

variations larger than 300 m s−1 at 68.3% confidence, corresponding to a 
1.2MJup planet mass. Curves show the expected radial velocity variations 
for planets having circular orbits and different masses Mp. Radial velocities 
due to a 1.0MJup planet (blue) are consistent with our observations, while a 
4.0MJup planet (red) is ruled out at high confidence.

© 2016 Macmillan Publishers Limited. All rights reserved
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THE CFHT/ESPADONS MATYSSE PROGRAM 

▸ uses CFHT/ESPaDOnS, TBL/NARVAL, HARPS-POL 

▸ formation of Sun-like stars and their planetary systems 

▸ role of the magnetic field in early stages 

▸ large-scale magnetic topology of low-mass protostars 

▸ are these similar in cTTS and wTTS? 

▸ migration in disk, gaps, winds, and their time 
evolution, wrt planet formation and survival
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USING TOMOGRAPHY TO CORRECT FOR STELLAR ACTIVITY
▸ Intensity profile: latitude and longitude of spots 

▸ mean star profile averaging 1,000s lines

15

spot at pole: core spot at equator: wings
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http://www.ast.obs-mip.fr/donati

http://www.ast.obs-mip.fr/donati


SPECTROPOLARIMETRY: MAGNETIC FIELD TOPOLOGY

▸ circular polarization is sensitive to the B field along l.o.s.

16

radial field azimutal field
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Zeeman splitting

www.ast.obs-mip.fr/donati
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CFHT/ESPADONS

▸ Xdisp échelle 370-1050nm 

▸ 65-80k resolution 

▸ polarimetric/spectro mode 

▸ 20m/s RV accuracy 

▸ operated in queue mode 

▸ ~8 runs / 80 n per year

17



TBL/NARVAL

▸ NARVAL is a twin of ESPaDOnS 

▸ TBL 2m in the Pyrénées, South France 

▸ same pipeline, same RV accuracy, data can be mixed
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GEMINI/ESPADONS = GRACES
▸ uses Gemini telescope, a 270m fiber link, and ESPaDOnS, 

in operation since May 2014 

▸ spectral range 400-1050nm (less blue), R 40-65k 

▸ NO polarimetry, ~ same RV accuracy
 
 

 
 

 

 

 
Figure 2. Different perspectives showing the OHANA conduit between CFHT and Gemini.  

 

 

 

 

 

 

 

 

 

Figure 3. a) Protection of the fiber connectors at the end of the fibers during the 
fiber-pull through the OHANA conduit. b) The GRACES fibers falling from the 
telescope through the platform and c) down the telescope pier. d) The fiber spooled 
and stored down the pier when GRACES is not used. 

2.3 The receiver unit 

The receiver unit is the only GRACES component with moving parts controlled by a Galil 4183 servo controller. 
Installed onto a bridge inside the ESPaDOnS spectrograph (see Figure 4a), it contains a bench holding the optics, an 
image slicer, a dekker blocking “unwanted” light from the slicer, a shutter and a pickoff mirror sending the light to the 
spectrograph. The bench can rotate to switch between two slicing modes. One mode slices the image of the two fibers 
into two parts each (see Figure 4d). That mode is used when the sky is observed simultaneously with the target and 
delivers the smallest resolution power offered by GRACES. That mode can be called the “two-slice” mode (this name 
describes how many times the fiber images are sliced), but can also be referred to as the “two-fiber” mode (as the two 
fibers are used) or the “star+sky” mode (the most descriptive name for astronomers, as it describes better what kind of 
data it provides). The other mode slices the image of the fiber#2 (or science fiber) in four (see Figure 4e). That mode is 
called the “four-slice” mode, or “one-fiber” mode, or “star only” mode. All the stages can move back and forward 

a 

c 

d 

b 

courtesy A.-N. Chene

19                                                       YOUNG HOT JUPITERS? HILO 24 JUNE 2016



V830 TAU

▸ 131 parcsec in Taurus  

▸ a solar-type star 1 Msun 

▸ ~2 My, inflated radius 2 Rsun 

▸ 8% solar luminosity, V=12.1 

▸ 2.741 d rotation period (precise from ZDI) 

▸ inclination 55 degrees (from ZDI) 

▸ projected rotational velocity 30 km/s

Magnetometry & velocimetry of the wTTSs V819 Tau & V830 Tau 5

Figure 2. Observed (open square and error bars) location of
V819 Tau and V830 Tau in the HR diagram. The PMS evolution-
ary tracks and corresponding isochrones (Siess et al. 2000) assume
solar metallicity and include convective overshooting. The green
line depicts where models predict PMS stars start developing their
radiative core as they contract towards the main sequence.

are well determined from long-term multi-colour photo-
metric monitoring, and equal to 5.53113 d and 2.74101 d
(Grankin 2013) respectively; estimates from different stud-
ies (e.g., Xiao et al. 2012) happen to agree to a precision of
better than 1%, indicative of robust and reliable measure-
ments. Coupling these rotation periods along with our mea-
surements of the line-of-sight-projected equatorial rotation
velocities v sin i of V819 Tau and V830 Tau (respectively
equal to 9.5± 0.5 and 30.5± 0.5 km s−1, see Sec. 4), we can
infer that the R⋆ sin i values of both stars are 1.04±0.05 R⊙
and 1.65 ± 0.03 R⊙, where R⋆ and i note the radius of the
stars and the inclination of their rotation axis to the line of
sight. Comparing with the radii derived from the luminosi-
ties and photometric temperature, we derive that i is equal
to 35◦ and 55◦ (to an accuracy no better than ≃10◦) for
V819 Tau and V830 Tau respectively.

Using the evolutionary models of Siess et al. (2000,
assuming solar metallicity and including convective over-
shooting), we obtain that V819 Tau and V830 Tau are both
1.00 ± 0.05 M⊙ stars, and that their respective age is ≃3.2
and ≃2.2 Myr (see Fig 2), suggesting that V819 Tau is es-
sentially a slightly evolved version (by about ≃1 Myr) of
V830 Tau; it also confirms that disc dissipation can occur
on a timescale as short as 2 Myr (Ingleby et al. 2012). We
also note that our two targets are both located close to the
theoretical threshold at which 1 M⊙ stars cease to be fully
convective. This may suggest that V830 Tau is still fully
convective whereas V819 Tau has already developed a small
radiative core; our error bars on the location of both stars in
the HR diagram are however still too large to reach a firm
conclusion (see Fig. 2), to the point that even the opposite
conclusion could actually be true. Interestingly, V819 Tau
and V830 Tau are also located close to the classical T Tauri
star GQ Lup in the HR diagram (Donati et al. 2012), imply-
ing that their internal structures should be similar, if that
of GQ Lup is not significantly impacted by accretion (only
moderate for this cTTS, e.g., Donati et al. 2012).

We finally report that core emission is clearly detected
in the Ca ii IRT lines of both V819 Tau and V830 Tau, with

an average equivalent width of the emission core equal to
≃15 km s−1, corresponding to the amount expected from
chromospheric emission for such PMS stars. Moreover, the
He i D3 line is barely visible (average equivalent width of
≃5 km s−1) for both V819 Tau and V830 Tau, demonstrat-
ing that accretion is no longer taking place at their surfaces,
in agreement with previous studies.

4 TOMOGRAPHIC MODELLING

Now that our two stars are well characterized regarding
their atmospheric properties and evolutionary status, we are
ready to apply our dedicated stellar-surface tomographic-
imaging package to the spectropolarimetric data set de-
scribed in Sec 2. This tool is based on the principles of
maximum-entropy image reconstruction and on the assump-
tion that the observed variability is mainly caused by ro-
tational modulation (with an added option for differential
rotation). Since initially released (Brown et al. 1991; Donati
& Brown 1997), the code underwent several upgrades (e.g.,
Donati 2001; Donati et al. 2006), the most recent ones being
its re-profiling to the specific needs of MaPP and MaTYSSE
observations (Donati et al. 2010, 2014). More specifically, the
imaging code is set up to invert (both automatically and si-
multaneously) time series of Stokes I and V LSD profiles
into brightness and magnetic maps of the stellar surface;
moreover, brightness imaging is now allowed to reconstruct
both cool spots and warm plages, known to be participating
to the activity of very active stars (Donati et al. 2014). The
reader is referred to the papers mentioned above for more
general details on the imaging method.

The local Stokes I and V profiles used to compute
the disc-integrated average photospheric LSD profile are
synthesized using Unno-Rachkovsky’s analytical solution to
the equations of polarized radiative transfer in a Milne-
Eddington model atmosphere, known to provide a reli-
able description (including magneto-optical effects) of how
shapes of line profiles are distorted in the presence of mag-
netic fields (e.g., Landi degl’Innocenti & Landolfi 2004). The
main parameters of the local profile are similar to those
used in our previous studies, the wavelength, Doppler width,
equivalent width and Landé factor being respectively set
to 670 nm, 1.8 km s−1, 3.9 km s−1 and 1.2. As part of the
imaging process, we obtain accurate estimates for several
parameters of both stars; we find in particular that the av-
erage RVs and v sin i’s are respectively equal to 16.6 ± 0.1
and 9.5 ± 0.5 km s−1 for V819 Tau, and 17.5 ± 0.1 and
30.5± 0.5 km s−1 for V830 Tau. We will come back in more
details on the RV curves of both stars in Sec. 5.

4.1 Brightness and magnetic imaging

We show in Fig. 3 our sets of Stokes I and V LSD profiles of
V819 Tau and V830 Tau along with our fits to the data, and
in Figs. 4 and 5 the corresponding brightness and magnetic
maps that we reconstruct from fitting these data. The fits
we obtain correspond to a unit reduced chi-square, start-
ing from initial values of about 65 and 10 (corresponding
to null magnetic fields and unspotted brightness maps) for
V819 Tau and V830 Tau respectively. This further stresses
the quality of our data set and the high performance of our

c⃝ 0000 RAS, MNRAS 000, 000–000
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PRE-DETECTION IN DEC2014

▸ CFHT/ESPaDOnS data, 14 spectro-polar sequences 

▸ wide, rich stellar profile and V variations 
Magnetometry & velocimetry of the wTTSs V819 Tau & V830 Tau 3

Table 1. Journal of ESPaDOnS observations of V819 Tau (first
15 lines) and V830 Tau (last 15 lines) collected from mid 2014 De-
cember to mid 2015 January. Each observation consists a sequence
of 4 subexposures, each lasting 1400 s and 700 s for V819 Tau and
V830 Tau respectively (except on 2015 Jan 15 for which subex-
posures on V819 Tau were shortened to 900 s). Columns 1 − 4
respectively list (i) the UT date of the observation, (ii) the cor-
responding UT time (at mid-exposure), (iii) the Barycentric Ju-
lian Date (BJD) in excess of 2,457,000, and (iv) the peak signal
to noise ratio (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 circu-
lar polarization profile produced by Least-Squares Deconvolution
(LSD), while column 6 indicates the rotational cycle associated
with each exposure (using the ephemerides given by Eq. 1).

Date UT BJD S/N σLSD Cycle
(2014) (h:m:s) (2,457,000+) (0.01%)

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

weather/seeing conditions. The full journal of observations
is presented in Table 1 for both stars.

Rotational cycles of V819 Tau and V830 Tau (noted E
in the following equation) are computed from Barycentric
Julian Dates (BJDs) according to the ephemerides:

BJD (d) = 2, 457, 011.0 + 5.53113E (for V819 Tau)

BJD (d) = 2, 457, 011.8 + 2.74101E (for V830 Tau) (1)

in which the photometrically-determined rotation periods
Prot (equal to 5.53113 and 2.74101 d respectively, Grankin
2013) is taken from the literature and the initial Julian dates
(2,457,011.0 and 2,457,011.8 d) are chosen arbitrarily.

Least-Squares Deconvolution (LSD, Donati et al. 1997)
was applied to all spectra. The line list we employed for

Figure 1. LSD circularly-polarized (Stokes V , top/red curve)
and unpolarized (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 con-
junction with the unpolarized line profiles. The mean polarization
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.

LSD is computed from an Atlas9 LTE model atmosphere
(Kurucz 1993) featuring Teff = 4, 250 K and log g = 4.0,
appropriate for both V819 Tau and V830 Tau (see Sec. 3).
As usual, only moderate to strong atomic spectral lines are
included in this list (see, e.g., Donati et al. 2010, for more de-
tails). Altogether, about 7,800 spectral features (with about
40% from Fe i) are used in this process. Expressed in units of
the unpolarized continuum level Ic, the average noise levels
of the 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 am-
plitudes of 0.5–1%, i.e., indicative of significant large-scale
fields. Clear asymmetries and / or distortions are also vis-
ible in Stokes I LSD profiles, suggesting the presence of
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Figure 9. RV variations (in the stellar rest frame) of V819 Tau (left) and V830 Tau (right) as a function of rotation phase, as measured
from our observations (open circles) and predicted by the tomographic maps of Fig. 4 (green line). RV residuals (expanded by a factor of
2 for clarity), are also shown (pluses) and exhibit a rms dispersion equal to 0.032 km s−1 for V819 Tau and 0.104 km s−1 for V830 Tau.
Red, green, dark-blue, light-blue, magenta, grey, orange and purple symbols depict measurements secured at rotation cycles 0, 1, 3
(including phase 2.999), 4, 6, 7, 8 and 9 respectively (see Table 1 and Fig. 3). Given the asymmetric and sometimes irregular shapes of
Stokes I LSD profiles (see Fig. 3), RVs are estimated as first order moments of the Stokes I LSD profiles rather than through Gaussian
fits. All RV estimates and residuals are depicted with error bars of ±0.06 km s−1, typical for our measurements (Donati et al. 2014).
This figure is best viewed in color.

Figure 10. RV residuals of V830 Tau after applying our filter-
ing process to the spectropolarimetric data set. A sine fit to the
points with an orbital period of 6 d and a velocity semi-amplitude
of 0.11 km s−1 (shown as a dashed line for illustration purposes
only) provides a good match to the observations (rms dispersion
of 0.074 km s−1), suggesting the possible presence of a ≃1 MJup

giant planet located 0.065 AU away from V830 Tau. More obser-
vations are obviously needed to confirm or reject this very pre-
liminary result. The color code used for this plot is the same as
that of Fig. 9 (right panel). This figure is best viewed in color.

diagram (Donati et al. 2012), although their belonging to
different star-formation regions may alter comparisons.

With rotation periods of 5.53 d and 2.74 d, V819 Tau
and V830 Tau both spin significantly faster than typical
cTTSs of similar mass (rotating in ≃8 d, like GQ Lup); this
suggests that both stars already entered a process of rapid
spin-up after dissipating their accretion discs. We can note
however that V819 Tau rotates slower despite being older
than V830 Tau; this suggests that V830 Tau spent more
time spinning up since the dissipation of its (presumably less
massive) accretion disc than V819 Tau and thus that both

stars had slightly different accretion histories. This scenario
is also consistent with the fact that V819 Tau is still host-
ing a warm debris disc whereas V830 Tau shows none (e.g.,
Cieza et al. 2013).

Applying our tomographic imaging code (adapted to
the case of wTTSs, see Donati et al. 2014) to our new data
set, we derived the surface brightness maps and magnetic
topologies of both stars. Cool spots and warm plages are
found to be present at the surfaces of both V819 Tau and
V830 Tau, but with a smaller contrast than the brightness
features previously mapped on LkCa 4. This is especially
true for V830 Tau despite the fact that it rotates about
twice as fast as V819 Tau and was thus expected to have
built up, e.g., a large high-contrast polar spot like that of
V410 Tau or many other similar rapidly-rotating young low-
mass stars; this may suggest that V830 Tau was in a lower-
than-usual state of activity at the time of our observations.
As for LkCa 4, we find that the brightness maps recon-
structed for both stars are in very good agreement with our
contemporeneous photometric observations.

The large-scale magnetic fields we reconstruct for
V819 Tau and V830 Tau are similar, both in terms of
strengths and topologies, and are found to be 80–90%
poloidal; the poloidal component is dominated by a dipolar
term of polar strength 350–400 G inclined at ≃30◦ to the
rotation axis whereas the octupolar term is weaker than the
dipolar one. We stress that neither stars show a conspicuous
ring of strong toroidal fields as that reported for LkCa 4 (Do-
nati et al. 2014). That both stars have similar fields despite
their ×2 ratio in rotation rates does not come as a surprise
given that dynamo action is expected to be largely saturated
for these active wTTSs. More unexpected is that these fields
are much weaker than that of GQ Lup (typically hosting a
1 kG dipole and a 2 kG octupole, see Donati et al. 2012)
despite their proximity in the HR diagram; although a topo-
logical difference (the afore-mentioned toroidal component)
was also reported between the large-scale fields of LkCa 4
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Figure 9. RV variations (in the stellar rest frame) of V819 Tau (left) and V830 Tau (right) as a function of rotation phase, as measured
from our observations (open circles) and predicted by the tomographic maps of Fig. 4 (green line). RV residuals (expanded by a factor of
2 for clarity), are also shown (pluses) and exhibit a rms dispersion equal to 0.032 km s−1 for V819 Tau and 0.104 km s−1 for V830 Tau.
Red, green, dark-blue, light-blue, magenta, grey, orange and purple symbols depict measurements secured at rotation cycles 0, 1, 3
(including phase 2.999), 4, 6, 7, 8 and 9 respectively (see Table 1 and Fig. 3). Given the asymmetric and sometimes irregular shapes of
Stokes I LSD profiles (see Fig. 3), RVs are estimated as first order moments of the Stokes I LSD profiles rather than through Gaussian
fits. All RV estimates and residuals are depicted with error bars of ±0.06 km s−1, typical for our measurements (Donati et al. 2014).
This figure is best viewed in color.

Figure 10. RV residuals of V830 Tau after applying our filter-
ing process to the spectropolarimetric data set. A sine fit to the
points with an orbital period of 6 d and a velocity semi-amplitude
of 0.11 km s−1 (shown as a dashed line for illustration purposes
only) provides a good match to the observations (rms dispersion
of 0.074 km s−1), suggesting the possible presence of a ≃1 MJup

giant planet located 0.065 AU away from V830 Tau. More obser-
vations are obviously needed to confirm or reject this very pre-
liminary result. The color code used for this plot is the same as
that of Fig. 9 (right panel). This figure is best viewed in color.

diagram (Donati et al. 2012), although their belonging to
different star-formation regions may alter comparisons.

With rotation periods of 5.53 d and 2.74 d, V819 Tau
and V830 Tau both spin significantly faster than typical
cTTSs of similar mass (rotating in ≃8 d, like GQ Lup); this
suggests that both stars already entered a process of rapid
spin-up after dissipating their accretion discs. We can note
however that V819 Tau rotates slower despite being older
than V830 Tau; this suggests that V830 Tau spent more
time spinning up since the dissipation of its (presumably less
massive) accretion disc than V819 Tau and thus that both

stars had slightly different accretion histories. This scenario
is also consistent with the fact that V819 Tau is still host-
ing a warm debris disc whereas V830 Tau shows none (e.g.,
Cieza et al. 2013).

Applying our tomographic imaging code (adapted to
the case of wTTSs, see Donati et al. 2014) to our new data
set, we derived the surface brightness maps and magnetic
topologies of both stars. Cool spots and warm plages are
found to be present at the surfaces of both V819 Tau and
V830 Tau, but with a smaller contrast than the brightness
features previously mapped on LkCa 4. This is especially
true for V830 Tau despite the fact that it rotates about
twice as fast as V819 Tau and was thus expected to have
built up, e.g., a large high-contrast polar spot like that of
V410 Tau or many other similar rapidly-rotating young low-
mass stars; this may suggest that V830 Tau was in a lower-
than-usual state of activity at the time of our observations.
As for LkCa 4, we find that the brightness maps recon-
structed for both stars are in very good agreement with our
contemporeneous photometric observations.

The large-scale magnetic fields we reconstruct for
V819 Tau and V830 Tau are similar, both in terms of
strengths and topologies, and are found to be 80–90%
poloidal; the poloidal component is dominated by a dipolar
term of polar strength 350–400 G inclined at ≃30◦ to the
rotation axis whereas the octupolar term is weaker than the
dipolar one. We stress that neither stars show a conspicuous
ring of strong toroidal fields as that reported for LkCa 4 (Do-
nati et al. 2014). That both stars have similar fields despite
their ×2 ratio in rotation rates does not come as a surprise
given that dynamo action is expected to be largely saturated
for these active wTTSs. More unexpected is that these fields
are much weaker than that of GQ Lup (typically hosting a
1 kG dipole and a 2 kG octupole, see Donati et al. 2012)
despite their proximity in the HR diagram; although a topo-
logical difference (the afore-mentioned toroidal component)
was also reported between the large-scale fields of LkCa 4
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Figure 6. Brightness variations of V819 Tau (left) and V830 Tau (right) predicted from the tomographic modelling of Fig. 4 of our
spectropolarimetric data set (green line), compared with contemporaneous photometric observations in the V band (red open circles and
error bars of 15 mmag) at the 1.25-m CrAO telescope.

Figure 7. Potential field extrapolations of the magnetic topologies reconstructed for V819 Tau (left) and V830 Tau (right), as seen by
an Earth-based observer at phases 0.0 and 0.15 respectively. Open and closed field lines are shown in blue and white respectively, whereas
colors at the stellar surface depict the local value of the radial field (in G, as shown in the left panel of Fig. 5). The source surface at
which the field becomes radial is (arbitrarily) set at a (realistic) distance of 4 R⋆.

field energy (75% and 60%) concentrates in spherical har-
monics (SH) dipolar modes (i.e., with m < ℓ/2, ℓ and m
denoting respectively the degrees and orders of the modes)
whereas 90% of it gathers in the aligned dipole (ℓ = 1 and
m = 0) mode for both stars. At first order (and at some dis-
tance from the stars), the poloidal components of V819 Tau
and V830 Tau can be approximated with dipoles of respec-
tive strengths 400 and 350 G, tilted at angles of ≃30◦ to
the line of sight (towards phases 0.50 and 0.65). A weaker
octupolar component in the range 150–300 G (depending
on whether or not we favour odd modes in the imaging
process), is also present on V819 Tau, more or less aligned

with the rotation axis and antiparallel with the dipole com-
ponent; on V830 Tau, the octupolar component is weaker
and non-axisymmetric, with a polar strength no larger than
150 G. The reconstructed large-scale fields of V819 Tau and
V830 Tau also include weaker (though significant) toroidal
components with average unsigned fluxes equal to ≃170 G
and ≃100 G respectively, and whose topologies are more
complex and less axisymmetric than that of LkCa 4 (Donati
et al. 2014).

SH expansions describing the reconstructed field pre-
sented in Fig. 5 are limited to terms with ℓ ≤ 8 and 10 for
V819 Tau and V830 Tau respectively; only marginal changes
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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 De-
cember to mid 2015 January. Each observation consists a sequence
of 4 subexposures, each lasting 1400 s and 700 s for V819 Tau and
V830 Tau respectively (except on 2015 Jan 15 for which subex-
posures on V819 Tau were shortened to 900 s). Columns 1 − 4
respectively list (i) the UT date of the observation, (ii) the cor-
responding UT time (at mid-exposure), (iii) the Barycentric Ju-
lian Date (BJD) in excess of 2,457,000, and (iv) the peak signal
to noise ratio (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 circu-
lar polarization profile produced by Least-Squares Deconvolution
(LSD), while column 6 indicates the rotational cycle associated
with each exposure (using the ephemerides given by Eq. 1).

Date UT BJD S/N σLSD Cycle
(2014) (h:m:s) (2,457,000+) (0.01%)

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

weather/seeing conditions. The full journal of observations
is presented in Table 1 for both stars.

Rotational cycles of V819 Tau and V830 Tau (noted E
in the following equation) are computed from Barycentric
Julian Dates (BJDs) according to the ephemerides:

BJD (d) = 2, 457, 011.0 + 5.53113E (for V819 Tau)

BJD (d) = 2, 457, 011.8 + 2.74101E (for V830 Tau) (1)

in which the photometrically-determined rotation periods
Prot (equal to 5.53113 and 2.74101 d respectively, Grankin
2013) is taken from the literature and the initial Julian dates
(2,457,011.0 and 2,457,011.8 d) are chosen arbitrarily.

Least-Squares Deconvolution (LSD, Donati et al. 1997)
was applied to all spectra. The line list we employed for

Figure 1. LSD circularly-polarized (Stokes V , top/red curve)
and unpolarized (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 con-
junction with the unpolarized line profiles. The mean polarization
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.

LSD is computed from an Atlas9 LTE model atmosphere
(Kurucz 1993) featuring Teff = 4, 250 K and log g = 4.0,
appropriate for both V819 Tau and V830 Tau (see Sec. 3).
As usual, only moderate to strong atomic spectral lines are
included in this list (see, e.g., Donati et al. 2010, for more de-
tails). Altogether, about 7,800 spectral features (with about
40% from Fe i) are used in this process. Expressed in units of
the unpolarized continuum level Ic, the average noise levels
of the 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 am-
plitudes of 0.5–1%, i.e., indicative of significant large-scale
fields. Clear asymmetries and / or distortions are also vis-
ible in Stokes I LSD profiles, suggesting the presence of
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Figure 6. Brightness variations of V819 Tau (left) and V830 Tau (right) predicted from the tomographic modelling of Fig. 4 of our
spectropolarimetric data set (green line), compared with contemporaneous photometric observations in the V band (red open circles and
error bars of 15 mmag) at the 1.25-m CrAO telescope.

Figure 7. Potential field extrapolations of the magnetic topologies reconstructed for V819 Tau (left) and V830 Tau (right), as seen by
an Earth-based observer at phases 0.0 and 0.15 respectively. Open and closed field lines are shown in blue and white respectively, whereas
colors at the stellar surface depict the local value of the radial field (in G, as shown in the left panel of Fig. 5). The source surface at
which the field becomes radial is (arbitrarily) set at a (realistic) distance of 4 R⋆.

field energy (75% and 60%) concentrates in spherical har-
monics (SH) dipolar modes (i.e., with m < ℓ/2, ℓ and m
denoting respectively the degrees and orders of the modes)
whereas 90% of it gathers in the aligned dipole (ℓ = 1 and
m = 0) mode for both stars. At first order (and at some dis-
tance from the stars), the poloidal components of V819 Tau
and V830 Tau can be approximated with dipoles of respec-
tive strengths 400 and 350 G, tilted at angles of ≃30◦ to
the line of sight (towards phases 0.50 and 0.65). A weaker
octupolar component in the range 150–300 G (depending
on whether or not we favour odd modes in the imaging
process), is also present on V819 Tau, more or less aligned

with the rotation axis and antiparallel with the dipole com-
ponent; on V830 Tau, the octupolar component is weaker
and non-axisymmetric, with a polar strength no larger than
150 G. The reconstructed large-scale fields of V819 Tau and
V830 Tau also include weaker (though significant) toroidal
components with average unsigned fluxes equal to ≃170 G
and ≃100 G respectively, and whose topologies are more
complex and less axisymmetric than that of LkCa 4 (Donati
et al. 2014).

SH expansions describing the reconstructed field pre-
sented in Fig. 5 are limited to terms with ℓ ≤ 8 and 10 for
V819 Tau and V830 Tau respectively; only marginal changes
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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 De-
cember to mid 2015 January. Each observation consists a sequence
of 4 subexposures, each lasting 1400 s and 700 s for V819 Tau and
V830 Tau respectively (except on 2015 Jan 15 for which subex-
posures on V819 Tau were shortened to 900 s). Columns 1 − 4
respectively list (i) the UT date of the observation, (ii) the cor-
responding UT time (at mid-exposure), (iii) the Barycentric Ju-
lian Date (BJD) in excess of 2,457,000, and (iv) the peak signal
to noise ratio (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 circu-
lar polarization profile produced by Least-Squares Deconvolution
(LSD), while column 6 indicates the rotational cycle associated
with each exposure (using the ephemerides given by Eq. 1).

Date UT BJD S/N σLSD Cycle
(2014) (h:m:s) (2,457,000+) (0.01%)

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

weather/seeing conditions. The full journal of observations
is presented in Table 1 for both stars.

Rotational cycles of V819 Tau and V830 Tau (noted E
in the following equation) are computed from Barycentric
Julian Dates (BJDs) according to the ephemerides:

BJD (d) = 2, 457, 011.0 + 5.53113E (for V819 Tau)

BJD (d) = 2, 457, 011.8 + 2.74101E (for V830 Tau) (1)

in which the photometrically-determined rotation periods
Prot (equal to 5.53113 and 2.74101 d respectively, Grankin
2013) is taken from the literature and the initial Julian dates
(2,457,011.0 and 2,457,011.8 d) are chosen arbitrarily.

Least-Squares Deconvolution (LSD, Donati et al. 1997)
was applied to all spectra. The line list we employed for

Figure 1. LSD circularly-polarized (Stokes V , top/red curve)
and unpolarized (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 con-
junction with the unpolarized line profiles. The mean polarization
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.

LSD is computed from an Atlas9 LTE model atmosphere
(Kurucz 1993) featuring Teff = 4, 250 K and log g = 4.0,
appropriate for both V819 Tau and V830 Tau (see Sec. 3).
As usual, only moderate to strong atomic spectral lines are
included in this list (see, e.g., Donati et al. 2010, for more de-
tails). Altogether, about 7,800 spectral features (with about
40% from Fe i) are used in this process. Expressed in units of
the unpolarized continuum level Ic, the average noise levels
of the 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 am-
plitudes of 0.5–1%, i.e., indicative of significant large-scale
fields. Clear asymmetries and / or distortions are also vis-
ible in Stokes I LSD profiles, suggesting the presence of
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Figure 9. RV variations (in the stellar rest frame) of V819 Tau (left) and V830 Tau (right) as a function of rotation phase, as measured
from our observations (open circles) and predicted by the tomographic maps of Fig. 4 (green line). RV residuals (expanded by a factor of
2 for clarity), are also shown (pluses) and exhibit a rms dispersion equal to 0.032 km s−1 for V819 Tau and 0.104 km s−1 for V830 Tau.
Red, green, dark-blue, light-blue, magenta, grey, orange and purple symbols depict measurements secured at rotation cycles 0, 1, 3
(including phase 2.999), 4, 6, 7, 8 and 9 respectively (see Table 1 and Fig. 3). Given the asymmetric and sometimes irregular shapes of
Stokes I LSD profiles (see Fig. 3), RVs are estimated as first order moments of the Stokes I LSD profiles rather than through Gaussian
fits. All RV estimates and residuals are depicted with error bars of ±0.06 km s−1, typical for our measurements (Donati et al. 2014).
This figure is best viewed in color.

Figure 10. RV residuals of V830 Tau after applying our filter-
ing process to the spectropolarimetric data set. A sine fit to the
points with an orbital period of 6 d and a velocity semi-amplitude
of 0.11 km s−1 (shown as a dashed line for illustration purposes
only) provides a good match to the observations (rms dispersion
of 0.074 km s−1), suggesting the possible presence of a ≃1 MJup

giant planet located 0.065 AU away from V830 Tau. More obser-
vations are obviously needed to confirm or reject this very pre-
liminary result. The color code used for this plot is the same as
that of Fig. 9 (right panel). This figure is best viewed in color.

diagram (Donati et al. 2012), although their belonging to
different star-formation regions may alter comparisons.

With rotation periods of 5.53 d and 2.74 d, V819 Tau
and V830 Tau both spin significantly faster than typical
cTTSs of similar mass (rotating in ≃8 d, like GQ Lup); this
suggests that both stars already entered a process of rapid
spin-up after dissipating their accretion discs. We can note
however that V819 Tau rotates slower despite being older
than V830 Tau; this suggests that V830 Tau spent more
time spinning up since the dissipation of its (presumably less
massive) accretion disc than V819 Tau and thus that both

stars had slightly different accretion histories. This scenario
is also consistent with the fact that V819 Tau is still host-
ing a warm debris disc whereas V830 Tau shows none (e.g.,
Cieza et al. 2013).

Applying our tomographic imaging code (adapted to
the case of wTTSs, see Donati et al. 2014) to our new data
set, we derived the surface brightness maps and magnetic
topologies of both stars. Cool spots and warm plages are
found to be present at the surfaces of both V819 Tau and
V830 Tau, but with a smaller contrast than the brightness
features previously mapped on LkCa 4. This is especially
true for V830 Tau despite the fact that it rotates about
twice as fast as V819 Tau and was thus expected to have
built up, e.g., a large high-contrast polar spot like that of
V410 Tau or many other similar rapidly-rotating young low-
mass stars; this may suggest that V830 Tau was in a lower-
than-usual state of activity at the time of our observations.
As for LkCa 4, we find that the brightness maps recon-
structed for both stars are in very good agreement with our
contemporeneous photometric observations.

The large-scale magnetic fields we reconstruct for
V819 Tau and V830 Tau are similar, both in terms of
strengths and topologies, and are found to be 80–90%
poloidal; the poloidal component is dominated by a dipolar
term of polar strength 350–400 G inclined at ≃30◦ to the
rotation axis whereas the octupolar term is weaker than the
dipolar one. We stress that neither stars show a conspicuous
ring of strong toroidal fields as that reported for LkCa 4 (Do-
nati et al. 2014). That both stars have similar fields despite
their ×2 ratio in rotation rates does not come as a surprise
given that dynamo action is expected to be largely saturated
for these active wTTSs. More unexpected is that these fields
are much weaker than that of GQ Lup (typically hosting a
1 kG dipole and a 2 kG octupole, see Donati et al. 2012)
despite their proximity in the HR diagram; although a topo-
logical difference (the afore-mentioned toroidal component)
was also reported between the large-scale fields of LkCa 4
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Figure 9. RV variations (in the stellar rest frame) of V819 Tau (left) and V830 Tau (right) as a function of rotation phase, as measured
from our observations (open circles) and predicted by the tomographic maps of Fig. 4 (green line). RV residuals (expanded by a factor of
2 for clarity), are also shown (pluses) and exhibit a rms dispersion equal to 0.032 km s−1 for V819 Tau and 0.104 km s−1 for V830 Tau.
Red, green, dark-blue, light-blue, magenta, grey, orange and purple symbols depict measurements secured at rotation cycles 0, 1, 3
(including phase 2.999), 4, 6, 7, 8 and 9 respectively (see Table 1 and Fig. 3). Given the asymmetric and sometimes irregular shapes of
Stokes I LSD profiles (see Fig. 3), RVs are estimated as first order moments of the Stokes I LSD profiles rather than through Gaussian
fits. All RV estimates and residuals are depicted with error bars of ±0.06 km s−1, typical for our measurements (Donati et al. 2014).
This figure is best viewed in color.

Figure 10. RV residuals of V830 Tau after applying our filter-
ing process to the spectropolarimetric data set. A sine fit to the
points with an orbital period of 6 d and a velocity semi-amplitude
of 0.11 km s−1 (shown as a dashed line for illustration purposes
only) provides a good match to the observations (rms dispersion
of 0.074 km s−1), suggesting the possible presence of a ≃1 MJup

giant planet located 0.065 AU away from V830 Tau. More obser-
vations are obviously needed to confirm or reject this very pre-
liminary result. The color code used for this plot is the same as
that of Fig. 9 (right panel). This figure is best viewed in color.

diagram (Donati et al. 2012), although their belonging to
different star-formation regions may alter comparisons.

With rotation periods of 5.53 d and 2.74 d, V819 Tau
and V830 Tau both spin significantly faster than typical
cTTSs of similar mass (rotating in ≃8 d, like GQ Lup); this
suggests that both stars already entered a process of rapid
spin-up after dissipating their accretion discs. We can note
however that V819 Tau rotates slower despite being older
than V830 Tau; this suggests that V830 Tau spent more
time spinning up since the dissipation of its (presumably less
massive) accretion disc than V819 Tau and thus that both

stars had slightly different accretion histories. This scenario
is also consistent with the fact that V819 Tau is still host-
ing a warm debris disc whereas V830 Tau shows none (e.g.,
Cieza et al. 2013).

Applying our tomographic imaging code (adapted to
the case of wTTSs, see Donati et al. 2014) to our new data
set, we derived the surface brightness maps and magnetic
topologies of both stars. Cool spots and warm plages are
found to be present at the surfaces of both V819 Tau and
V830 Tau, but with a smaller contrast than the brightness
features previously mapped on LkCa 4. This is especially
true for V830 Tau despite the fact that it rotates about
twice as fast as V819 Tau and was thus expected to have
built up, e.g., a large high-contrast polar spot like that of
V410 Tau or many other similar rapidly-rotating young low-
mass stars; this may suggest that V830 Tau was in a lower-
than-usual state of activity at the time of our observations.
As for LkCa 4, we find that the brightness maps recon-
structed for both stars are in very good agreement with our
contemporeneous photometric observations.

The large-scale magnetic fields we reconstruct for
V819 Tau and V830 Tau are similar, both in terms of
strengths and topologies, and are found to be 80–90%
poloidal; the poloidal component is dominated by a dipolar
term of polar strength 350–400 G inclined at ≃30◦ to the
rotation axis whereas the octupolar term is weaker than the
dipolar one. We stress that neither stars show a conspicuous
ring of strong toroidal fields as that reported for LkCa 4 (Do-
nati et al. 2014). That both stars have similar fields despite
their ×2 ratio in rotation rates does not come as a surprise
given that dynamo action is expected to be largely saturated
for these active wTTSs. More unexpected is that these fields
are much weaker than that of GQ Lup (typically hosting a
1 kG dipole and a 2 kG octupole, see Donati et al. 2012)
despite their proximity in the HR diagram; although a topo-
logical difference (the afore-mentioned toroidal component)
was also reported between the large-scale fields of LkCa 4

c⃝ 0000 RAS, MNRAS 000, 000–000

Donati et al 
2015

                                                       YOUNG HOT JUPITERS? HILO 24 JUNE 2016 22

8 J.-F. Donati et al.

Figure 6. Brightness variations of V819 Tau (left) and V830 Tau (right) predicted from the tomographic modelling of Fig. 4 of our
spectropolarimetric data set (green line), compared with contemporaneous photometric observations in the V band (red open circles and
error bars of 15 mmag) at the 1.25-m CrAO telescope.

Figure 7. Potential field extrapolations of the magnetic topologies reconstructed for V819 Tau (left) and V830 Tau (right), as seen by
an Earth-based observer at phases 0.0 and 0.15 respectively. Open and closed field lines are shown in blue and white respectively, whereas
colors at the stellar surface depict the local value of the radial field (in G, as shown in the left panel of Fig. 5). The source surface at
which the field becomes radial is (arbitrarily) set at a (realistic) distance of 4 R⋆.

field energy (75% and 60%) concentrates in spherical har-
monics (SH) dipolar modes (i.e., with m < ℓ/2, ℓ and m
denoting respectively the degrees and orders of the modes)
whereas 90% of it gathers in the aligned dipole (ℓ = 1 and
m = 0) mode for both stars. At first order (and at some dis-
tance from the stars), the poloidal components of V819 Tau
and V830 Tau can be approximated with dipoles of respec-
tive strengths 400 and 350 G, tilted at angles of ≃30◦ to
the line of sight (towards phases 0.50 and 0.65). A weaker
octupolar component in the range 150–300 G (depending
on whether or not we favour odd modes in the imaging
process), is also present on V819 Tau, more or less aligned

with the rotation axis and antiparallel with the dipole com-
ponent; on V830 Tau, the octupolar component is weaker
and non-axisymmetric, with a polar strength no larger than
150 G. The reconstructed large-scale fields of V819 Tau and
V830 Tau also include weaker (though significant) toroidal
components with average unsigned fluxes equal to ≃170 G
and ≃100 G respectively, and whose topologies are more
complex and less axisymmetric than that of LkCa 4 (Donati
et al. 2014).

SH expansions describing the reconstructed field pre-
sented in Fig. 5 are limited to terms with ℓ ≤ 8 and 10 for
V819 Tau and V830 Tau respectively; only marginal changes
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Figure 9. RV variations (in the stellar rest frame) of V819 Tau (left) and V830 Tau (right) as a function of rotation phase, as measured
from our observations (open circles) and predicted by the tomographic maps of Fig. 4 (green line). RV residuals (expanded by a factor of
2 for clarity), are also shown (pluses) and exhibit a rms dispersion equal to 0.032 km s−1 for V819 Tau and 0.104 km s−1 for V830 Tau.
Red, green, dark-blue, light-blue, magenta, grey, orange and purple symbols depict measurements secured at rotation cycles 0, 1, 3
(including phase 2.999), 4, 6, 7, 8 and 9 respectively (see Table 1 and Fig. 3). Given the asymmetric and sometimes irregular shapes of
Stokes I LSD profiles (see Fig. 3), RVs are estimated as first order moments of the Stokes I LSD profiles rather than through Gaussian
fits. All RV estimates and residuals are depicted with error bars of ±0.06 km s−1, typical for our measurements (Donati et al. 2014).
This figure is best viewed in color.

Figure 10. RV residuals of V830 Tau after applying our filter-
ing process to the spectropolarimetric data set. A sine fit to the
points with an orbital period of 6 d and a velocity semi-amplitude
of 0.11 km s−1 (shown as a dashed line for illustration purposes
only) provides a good match to the observations (rms dispersion
of 0.074 km s−1), suggesting the possible presence of a ≃1 MJup

giant planet located 0.065 AU away from V830 Tau. More obser-
vations are obviously needed to confirm or reject this very pre-
liminary result. The color code used for this plot is the same as
that of Fig. 9 (right panel). This figure is best viewed in color.

diagram (Donati et al. 2012), although their belonging to
different star-formation regions may alter comparisons.

With rotation periods of 5.53 d and 2.74 d, V819 Tau
and V830 Tau both spin significantly faster than typical
cTTSs of similar mass (rotating in ≃8 d, like GQ Lup); this
suggests that both stars already entered a process of rapid
spin-up after dissipating their accretion discs. We can note
however that V819 Tau rotates slower despite being older
than V830 Tau; this suggests that V830 Tau spent more
time spinning up since the dissipation of its (presumably less
massive) accretion disc than V819 Tau and thus that both

stars had slightly different accretion histories. This scenario
is also consistent with the fact that V819 Tau is still host-
ing a warm debris disc whereas V830 Tau shows none (e.g.,
Cieza et al. 2013).

Applying our tomographic imaging code (adapted to
the case of wTTSs, see Donati et al. 2014) to our new data
set, we derived the surface brightness maps and magnetic
topologies of both stars. Cool spots and warm plages are
found to be present at the surfaces of both V819 Tau and
V830 Tau, but with a smaller contrast than the brightness
features previously mapped on LkCa 4. This is especially
true for V830 Tau despite the fact that it rotates about
twice as fast as V819 Tau and was thus expected to have
built up, e.g., a large high-contrast polar spot like that of
V410 Tau or many other similar rapidly-rotating young low-
mass stars; this may suggest that V830 Tau was in a lower-
than-usual state of activity at the time of our observations.
As for LkCa 4, we find that the brightness maps recon-
structed for both stars are in very good agreement with our
contemporeneous photometric observations.

The large-scale magnetic fields we reconstruct for
V819 Tau and V830 Tau are similar, both in terms of
strengths and topologies, and are found to be 80–90%
poloidal; the poloidal component is dominated by a dipolar
term of polar strength 350–400 G inclined at ≃30◦ to the
rotation axis whereas the octupolar term is weaker than the
dipolar one. We stress that neither stars show a conspicuous
ring of strong toroidal fields as that reported for LkCa 4 (Do-
nati et al. 2014). That both stars have similar fields despite
their ×2 ratio in rotation rates does not come as a surprise
given that dynamo action is expected to be largely saturated
for these active wTTSs. More unexpected is that these fields
are much weaker than that of GQ Lup (typically hosting a
1 kG dipole and a 2 kG octupole, see Donati et al. 2012)
despite their proximity in the HR diagram; although a topo-
logical difference (the afore-mentioned toroidal component)
was also reported between the large-scale fields of LkCa 4
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Figure 9. RV variations (in the stellar rest frame) of V819 Tau (left) and V830 Tau (right) as a function of rotation phase, as measured
from our observations (open circles) and predicted by the tomographic maps of Fig. 4 (green line). RV residuals (expanded by a factor of
2 for clarity), are also shown (pluses) and exhibit a rms dispersion equal to 0.032 km s−1 for V819 Tau and 0.104 km s−1 for V830 Tau.
Red, green, dark-blue, light-blue, magenta, grey, orange and purple symbols depict measurements secured at rotation cycles 0, 1, 3
(including phase 2.999), 4, 6, 7, 8 and 9 respectively (see Table 1 and Fig. 3). Given the asymmetric and sometimes irregular shapes of
Stokes I LSD profiles (see Fig. 3), RVs are estimated as first order moments of the Stokes I LSD profiles rather than through Gaussian
fits. All RV estimates and residuals are depicted with error bars of ±0.06 km s−1, typical for our measurements (Donati et al. 2014).
This figure is best viewed in color.

Figure 10. RV residuals of V830 Tau after applying our filter-
ing process to the spectropolarimetric data set. A sine fit to the
points with an orbital period of 6 d and a velocity semi-amplitude
of 0.11 km s−1 (shown as a dashed line for illustration purposes
only) provides a good match to the observations (rms dispersion
of 0.074 km s−1), suggesting the possible presence of a ≃1 MJup

giant planet located 0.065 AU away from V830 Tau. More obser-
vations are obviously needed to confirm or reject this very pre-
liminary result. The color code used for this plot is the same as
that of Fig. 9 (right panel). This figure is best viewed in color.

diagram (Donati et al. 2012), although their belonging to
different star-formation regions may alter comparisons.

With rotation periods of 5.53 d and 2.74 d, V819 Tau
and V830 Tau both spin significantly faster than typical
cTTSs of similar mass (rotating in ≃8 d, like GQ Lup); this
suggests that both stars already entered a process of rapid
spin-up after dissipating their accretion discs. We can note
however that V819 Tau rotates slower despite being older
than V830 Tau; this suggests that V830 Tau spent more
time spinning up since the dissipation of its (presumably less
massive) accretion disc than V819 Tau and thus that both

stars had slightly different accretion histories. This scenario
is also consistent with the fact that V819 Tau is still host-
ing a warm debris disc whereas V830 Tau shows none (e.g.,
Cieza et al. 2013).

Applying our tomographic imaging code (adapted to
the case of wTTSs, see Donati et al. 2014) to our new data
set, we derived the surface brightness maps and magnetic
topologies of both stars. Cool spots and warm plages are
found to be present at the surfaces of both V819 Tau and
V830 Tau, but with a smaller contrast than the brightness
features previously mapped on LkCa 4. This is especially
true for V830 Tau despite the fact that it rotates about
twice as fast as V819 Tau and was thus expected to have
built up, e.g., a large high-contrast polar spot like that of
V410 Tau or many other similar rapidly-rotating young low-
mass stars; this may suggest that V830 Tau was in a lower-
than-usual state of activity at the time of our observations.
As for LkCa 4, we find that the brightness maps recon-
structed for both stars are in very good agreement with our
contemporeneous photometric observations.

The large-scale magnetic fields we reconstruct for
V819 Tau and V830 Tau are similar, both in terms of
strengths and topologies, and are found to be 80–90%
poloidal; the poloidal component is dominated by a dipolar
term of polar strength 350–400 G inclined at ≃30◦ to the
rotation axis whereas the octupolar term is weaker than the
dipolar one. We stress that neither stars show a conspicuous
ring of strong toroidal fields as that reported for LkCa 4 (Do-
nati et al. 2014). That both stars have similar fields despite
their ×2 ratio in rotation rates does not come as a surprise
given that dynamo action is expected to be largely saturated
for these active wTTSs. More unexpected is that these fields
are much weaker than that of GQ Lup (typically hosting a
1 kG dipole and a 2 kG octupole, see Donati et al. 2012)
despite their proximity in the HR diagram; although a topo-
logical difference (the afore-mentioned toroidal component)
was also reported between the large-scale fields of LkCa 4
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Figure 9. RV variations (in the stellar rest frame) of V819 Tau (left) and V830 Tau (right) as a function of rotation phase, as measured
from our observations (open circles) and predicted by the tomographic maps of Fig. 4 (green line). RV residuals (expanded by a factor of
2 for clarity), are also shown (pluses) and exhibit a rms dispersion equal to 0.032 km s−1 for V819 Tau and 0.104 km s−1 for V830 Tau.
Red, green, dark-blue, light-blue, magenta, grey, orange and purple symbols depict measurements secured at rotation cycles 0, 1, 3
(including phase 2.999), 4, 6, 7, 8 and 9 respectively (see Table 1 and Fig. 3). Given the asymmetric and sometimes irregular shapes of
Stokes I LSD profiles (see Fig. 3), RVs are estimated as first order moments of the Stokes I LSD profiles rather than through Gaussian
fits. All RV estimates and residuals are depicted with error bars of ±0.06 km s−1, typical for our measurements (Donati et al. 2014).
This figure is best viewed in color.

Figure 10. RV residuals of V830 Tau after applying our filter-
ing process to the spectropolarimetric data set. A sine fit to the
points with an orbital period of 6 d and a velocity semi-amplitude
of 0.11 km s−1 (shown as a dashed line for illustration purposes
only) provides a good match to the observations (rms dispersion
of 0.074 km s−1), suggesting the possible presence of a ≃1 MJup

giant planet located 0.065 AU away from V830 Tau. More obser-
vations are obviously needed to confirm or reject this very pre-
liminary result. The color code used for this plot is the same as
that of Fig. 9 (right panel). This figure is best viewed in color.

diagram (Donati et al. 2012), although their belonging to
different star-formation regions may alter comparisons.

With rotation periods of 5.53 d and 2.74 d, V819 Tau
and V830 Tau both spin significantly faster than typical
cTTSs of similar mass (rotating in ≃8 d, like GQ Lup); this
suggests that both stars already entered a process of rapid
spin-up after dissipating their accretion discs. We can note
however that V819 Tau rotates slower despite being older
than V830 Tau; this suggests that V830 Tau spent more
time spinning up since the dissipation of its (presumably less
massive) accretion disc than V819 Tau and thus that both

stars had slightly different accretion histories. This scenario
is also consistent with the fact that V819 Tau is still host-
ing a warm debris disc whereas V830 Tau shows none (e.g.,
Cieza et al. 2013).

Applying our tomographic imaging code (adapted to
the case of wTTSs, see Donati et al. 2014) to our new data
set, we derived the surface brightness maps and magnetic
topologies of both stars. Cool spots and warm plages are
found to be present at the surfaces of both V819 Tau and
V830 Tau, but with a smaller contrast than the brightness
features previously mapped on LkCa 4. This is especially
true for V830 Tau despite the fact that it rotates about
twice as fast as V819 Tau and was thus expected to have
built up, e.g., a large high-contrast polar spot like that of
V410 Tau or many other similar rapidly-rotating young low-
mass stars; this may suggest that V830 Tau was in a lower-
than-usual state of activity at the time of our observations.
As for LkCa 4, we find that the brightness maps recon-
structed for both stars are in very good agreement with our
contemporeneous photometric observations.

The large-scale magnetic fields we reconstruct for
V819 Tau and V830 Tau are similar, both in terms of
strengths and topologies, and are found to be 80–90%
poloidal; the poloidal component is dominated by a dipolar
term of polar strength 350–400 G inclined at ≃30◦ to the
rotation axis whereas the octupolar term is weaker than the
dipolar one. We stress that neither stars show a conspicuous
ring of strong toroidal fields as that reported for LkCa 4 (Do-
nati et al. 2014). That both stars have similar fields despite
their ×2 ratio in rotation rates does not come as a surprise
given that dynamo action is expected to be largely saturated
for these active wTTSs. More unexpected is that these fields
are much weaker than that of GQ Lup (typically hosting a
1 kG dipole and a 2 kG octupole, see Donati et al. 2012)
despite their proximity in the HR diagram; although a topo-
logical difference (the afore-mentioned toroidal component)
was also reported between the large-scale fields of LkCa 4
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Figure 9. RV variations (in the stellar rest frame) of V819 Tau (left) and V830 Tau (right) as a function of rotation phase, as measured
from our observations (open circles) and predicted by the tomographic maps of Fig. 4 (green line). RV residuals (expanded by a factor of
2 for clarity), are also shown (pluses) and exhibit a rms dispersion equal to 0.032 km s−1 for V819 Tau and 0.104 km s−1 for V830 Tau.
Red, green, dark-blue, light-blue, magenta, grey, orange and purple symbols depict measurements secured at rotation cycles 0, 1, 3
(including phase 2.999), 4, 6, 7, 8 and 9 respectively (see Table 1 and Fig. 3). Given the asymmetric and sometimes irregular shapes of
Stokes I LSD profiles (see Fig. 3), RVs are estimated as first order moments of the Stokes I LSD profiles rather than through Gaussian
fits. All RV estimates and residuals are depicted with error bars of ±0.06 km s−1, typical for our measurements (Donati et al. 2014).
This figure is best viewed in color.

Figure 10. RV residuals of V830 Tau after applying our filter-
ing process to the spectropolarimetric data set. A sine fit to the
points with an orbital period of 6 d and a velocity semi-amplitude
of 0.11 km s−1 (shown as a dashed line for illustration purposes
only) provides a good match to the observations (rms dispersion
of 0.074 km s−1), suggesting the possible presence of a ≃1 MJup

giant planet located 0.065 AU away from V830 Tau. More obser-
vations are obviously needed to confirm or reject this very pre-
liminary result. The color code used for this plot is the same as
that of Fig. 9 (right panel). This figure is best viewed in color.

diagram (Donati et al. 2012), although their belonging to
different star-formation regions may alter comparisons.

With rotation periods of 5.53 d and 2.74 d, V819 Tau
and V830 Tau both spin significantly faster than typical
cTTSs of similar mass (rotating in ≃8 d, like GQ Lup); this
suggests that both stars already entered a process of rapid
spin-up after dissipating their accretion discs. We can note
however that V819 Tau rotates slower despite being older
than V830 Tau; this suggests that V830 Tau spent more
time spinning up since the dissipation of its (presumably less
massive) accretion disc than V819 Tau and thus that both

stars had slightly different accretion histories. This scenario
is also consistent with the fact that V819 Tau is still host-
ing a warm debris disc whereas V830 Tau shows none (e.g.,
Cieza et al. 2013).

Applying our tomographic imaging code (adapted to
the case of wTTSs, see Donati et al. 2014) to our new data
set, we derived the surface brightness maps and magnetic
topologies of both stars. Cool spots and warm plages are
found to be present at the surfaces of both V819 Tau and
V830 Tau, but with a smaller contrast than the brightness
features previously mapped on LkCa 4. This is especially
true for V830 Tau despite the fact that it rotates about
twice as fast as V819 Tau and was thus expected to have
built up, e.g., a large high-contrast polar spot like that of
V410 Tau or many other similar rapidly-rotating young low-
mass stars; this may suggest that V830 Tau was in a lower-
than-usual state of activity at the time of our observations.
As for LkCa 4, we find that the brightness maps recon-
structed for both stars are in very good agreement with our
contemporeneous photometric observations.

The large-scale magnetic fields we reconstruct for
V819 Tau and V830 Tau are similar, both in terms of
strengths and topologies, and are found to be 80–90%
poloidal; the poloidal component is dominated by a dipolar
term of polar strength 350–400 G inclined at ≃30◦ to the
rotation axis whereas the octupolar term is weaker than the
dipolar one. We stress that neither stars show a conspicuous
ring of strong toroidal fields as that reported for LkCa 4 (Do-
nati et al. 2014). That both stars have similar fields despite
their ×2 ratio in rotation rates does not come as a surprise
given that dynamo action is expected to be largely saturated
for these active wTTSs. More unexpected is that these fields
are much weaker than that of GQ Lup (typically hosting a
1 kG dipole and a 2 kG octupole, see Donati et al. 2012)
despite their proximity in the HR diagram; although a topo-
logical difference (the afore-mentioned toroidal component)
was also reported between the large-scale fields of LkCa 4
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Figure 6. Brightness variations of V819 Tau (left) and V830 Tau (right) predicted from the tomographic modelling of Fig. 4 of our
spectropolarimetric data set (green line), compared with contemporaneous photometric observations in the V band (red open circles and
error bars of 15 mmag) at the 1.25-m CrAO telescope.

Figure 7. Potential field extrapolations of the magnetic topologies reconstructed for V819 Tau (left) and V830 Tau (right), as seen by
an Earth-based observer at phases 0.0 and 0.15 respectively. Open and closed field lines are shown in blue and white respectively, whereas
colors at the stellar surface depict the local value of the radial field (in G, as shown in the left panel of Fig. 5). The source surface at
which the field becomes radial is (arbitrarily) set at a (realistic) distance of 4 R⋆.

field energy (75% and 60%) concentrates in spherical har-
monics (SH) dipolar modes (i.e., with m < ℓ/2, ℓ and m
denoting respectively the degrees and orders of the modes)
whereas 90% of it gathers in the aligned dipole (ℓ = 1 and
m = 0) mode for both stars. At first order (and at some dis-
tance from the stars), the poloidal components of V819 Tau
and V830 Tau can be approximated with dipoles of respec-
tive strengths 400 and 350 G, tilted at angles of ≃30◦ to
the line of sight (towards phases 0.50 and 0.65). A weaker
octupolar component in the range 150–300 G (depending
on whether or not we favour odd modes in the imaging
process), is also present on V819 Tau, more or less aligned

with the rotation axis and antiparallel with the dipole com-
ponent; on V830 Tau, the octupolar component is weaker
and non-axisymmetric, with a polar strength no larger than
150 G. The reconstructed large-scale fields of V819 Tau and
V830 Tau also include weaker (though significant) toroidal
components with average unsigned fluxes equal to ≃170 G
and ≃100 G respectively, and whose topologies are more
complex and less axisymmetric than that of LkCa 4 (Donati
et al. 2014).

SH expansions describing the reconstructed field pre-
sented in Fig. 5 are limited to terms with ℓ ≤ 8 and 10 for
V819 Tau and V830 Tau respectively; only marginal changes
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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 De-
cember to mid 2015 January. Each observation consists a sequence
of 4 subexposures, each lasting 1400 s and 700 s for V819 Tau and
V830 Tau respectively (except on 2015 Jan 15 for which subex-
posures on V819 Tau were shortened to 900 s). Columns 1 − 4
respectively list (i) the UT date of the observation, (ii) the cor-
responding UT time (at mid-exposure), (iii) the Barycentric Ju-
lian Date (BJD) in excess of 2,457,000, and (iv) the peak signal
to noise ratio (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 circu-
lar polarization profile produced by Least-Squares Deconvolution
(LSD), while column 6 indicates the rotational cycle associated
with each exposure (using the ephemerides given by Eq. 1).

Date UT BJD S/N σLSD Cycle
(2014) (h:m:s) (2,457,000+) (0.01%)

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

weather/seeing conditions. The full journal of observations
is presented in Table 1 for both stars.

Rotational cycles of V819 Tau and V830 Tau (noted E
in the following equation) are computed from Barycentric
Julian Dates (BJDs) according to the ephemerides:

BJD (d) = 2, 457, 011.0 + 5.53113E (for V819 Tau)

BJD (d) = 2, 457, 011.8 + 2.74101E (for V830 Tau) (1)

in which the photometrically-determined rotation periods
Prot (equal to 5.53113 and 2.74101 d respectively, Grankin
2013) is taken from the literature and the initial Julian dates
(2,457,011.0 and 2,457,011.8 d) are chosen arbitrarily.

Least-Squares Deconvolution (LSD, Donati et al. 1997)
was applied to all spectra. The line list we employed for

Figure 1. LSD circularly-polarized (Stokes V , top/red curve)
and unpolarized (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 con-
junction with the unpolarized line profiles. The mean polarization
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.

LSD is computed from an Atlas9 LTE model atmosphere
(Kurucz 1993) featuring Teff = 4, 250 K and log g = 4.0,
appropriate for both V819 Tau and V830 Tau (see Sec. 3).
As usual, only moderate to strong atomic spectral lines are
included in this list (see, e.g., Donati et al. 2010, for more de-
tails). Altogether, about 7,800 spectral features (with about
40% from Fe i) are used in this process. Expressed in units of
the unpolarized continuum level Ic, the average noise levels
of the 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 am-
plitudes of 0.5–1%, i.e., indicative of significant large-scale
fields. Clear asymmetries and / or distortions are also vis-
ible in Stokes I LSD profiles, suggesting the presence of

c⃝ 0000 RAS, MNRAS 000, 000–000
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THE FINAL DETECTION

▸ 47 hours of telescope time over 1.5 month 

▸ CFHT/ESPaDOnS, GRACES, NARVAL 

▸ Unique pipeline and homogeneous data analysis 

▸ Tomographic techniques to remove the stellar jitter 

▸ The signal is consistent in several sub-data sets 

▸ V stokes profiles not even used yet 
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TIME SERIES OBTAINED IN NOV-DEC 2015
Multi-line Intensity Profiles with time ESP/NARVAL/GRACES + Model

Donati et al 2016
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FROM STAR TO PLANET

activity

planet

residuals
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PERIODOGRAMS

▸ a clear peak at 4.94d 

▸ stable in various subsets 

▸ not present in activity tracers 

▸ Prot clearly identified

ProtPorb Prot/2

raw RVs

activity-corrected RVs

all-signals-removed RVs

Blong

Prot
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BY-PRODUCT: THE ROTATION PROPERTIES OF THE PARENT STAR

▸ rotational period is very well constrained by ZDI 

▸ differential rotation can be added to the model and leads 
to a better result 

▸  3x weaker than the Sun 

▸ largely/fully convective star
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A COMPLEX STELLAR SURFACE

surface features modeled by differential rotation
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PLANET

▸ corrected RVs phased at 4.94d orbit 

▸ eccentricity is not constrained; residual e or circularized? 

▸ 0.77 MJup 

▸ 0.057 AU 

activity amplitude 
reduced by x10 

K=75+-11m/s
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V830 TAU IN A NUTSHELL

0.77 MJup 

4.94d orbit
1 Msun 

2 Rsun 

2 My 

2.741d rotation

artist view by Michael Ho

32                                                       YOUNG HOT JUPITERS? HILO 24 JUNE 2016

http://www.cfht.hawaii.edu/en/news/YoungPlanet/



INTERACTIONS WITH THE STAR?

▸ why does the magnetic field matter in a hot Jupiter system? 

▸ magnetospheric cavity has impact on migration 

▸ migration timescale depends on stellar B topology, rotation, mass loss 

▸ stellar wind, atmospheric corrosion 

▸ radio emission of exoplanets 

▸ close-in planet can induce activity 

▸ or impact the stellar magnetic cycle? 

▸ adds up to tides and irradiation interactions

The youngest known hot Jupiter discovered around the active young sun V830Tau flies in the inner magnetic web of its 
host star (blue/white lines for open/closed field) as observed with spectropolarimetry and reconstructed using 

tomographic techniques inspired from medical imaging (credit JF Donati)
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SPI THEORETICAL STUDIES

▸ case 1: super-Alfvenic interactions 

▸ formation of a bow shock 

▸ planet protected 

▸ interactions limited

Gombosi et al 1998
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SPI THEORETICAL STUDIES

▸ case 2: sub-Alfvenic connection 

▸ connection between the star and planet (Io-Jup like) 

▸ induced activity on star and planet, atm erosion

[Strugarek+ 2015] 

Preusse et al 2006, Saur et al 2013...
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WIND DENSITY AT PLANET ORBIT
▸ from surface topology to field extrapolation to mass loss 

and wind density 

▸ size and structure of Alfven surface wrt planet 

▸ predict radio emission from planet + its modulation 

▸ important to measure the B topology
3290 A. A. Vidotto et al.

Figure 4. The wind velocity distributions for each epoch are shown in the equatorial plane of the star.

For each epoch, we compute the mass-loss rate, defined as the
flux of particles flowing across a closed surface S:

Ṁ =
∮

S

ρu · dS. (6)

The calculated Ṁ for each cycle phase is presented in Table 3, where
we note that the derived mass-loss rates are about two orders of mag-
nitude larger than the solar wind value (Ṁ⊙ ∼ 2 × 10−14 M⊙ yr−1).
We warn the reader that the values of Ṁ obtained here (and, in gen-
eral, by any stellar wind models) strongly depend on the choice of
the base density n0. One way to constrain coronal base densities is
to perform a direct comparison between our derived mass-loss rates
and the observationally determined ones. However, to the best of our
knowledge, mass-loss rates determination for τ Boo are not avail-
able in the literature. A less-direct way to constrain coronal base
densities is through the comparison of EM values derived from X-
ray spectra. Coronal X-ray emission comes from flaring loops with

different sizes. The net effect of the superposition of the small-scale
loops should be to form the observed regions of closed magnetic
field lines (large-scale structure). Therefore, to compute the EM, we
concentrate only on the closed field line regions. The EM is defined
as

EM =
∫

neni dVclosed =
∫

n2
e dVclosed, (7)

where ne and ni are the electron and ion number densities, respec-
tively. The integration above is performed in the region of closed
field lines (with a volume Vclosed), where the temperature is ∼1.5–
2 × 106 K. The values obtained are presented in Table 3. We found
that EM ∼ 1050.6 cm−3, which is consistent with observations of
Maggio, Sanz-Forcada & Scelsi (2011), who found that the EM
distribution peaks at ∼1051 cm−3. This suggests that our choice for
the coronal base density is representative of τ Boo, implicating that
this star might indeed have a denser wind than that of the Sun
(Ṁ ≈ 135 Ṁ⊙ according to our models).

C⃝ 2012 The Authors, MNRAS 423, 3285–3298
Monthly Notices of the Royal Astronomical Society C⃝ 2012 RAS
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4122 A. A. Vidotto et al.

Figure 2. Left: the final configuration of the magnetic field lines after the wind solution has relaxed in the grid. Overplotted at the surface of the star is
the observationally reconstructed stellar magnetic field (Fares et al. 2012, 2013), used as boundary condition for the radial magnetic field. Right: the Alfvén
surfaces are shown in grey. Note their irregular, asymmetric shapes due to the irregular distribution of the observed field. The equatorial (xy) planes of the star,
assumed to contain the orbits of the planet, are also shown, as are the intersections between the xy plane and the Alfvén surface (thin black contour) and the
orbital radius of the planet (thick blue contour).

MNRAS 449, 4117–4130 (2015)
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Vidotto et al 2012, 2015; See et al 2015
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STELLAR ACTIVITY AND PLANET SEARCH

▸ spots' rotation, granulation, magnetic cycles: stellar 
magnetic activity perturbs the planet signals at many 
timescales 

▸ mitigated by simultaneous monitoring of activity tracers 
and good sampling of all these periods 

▸ spectropolarimetry + I profile analysis diagnostics 

▸ in nIR domain, stronger Zeeman effect and lower T 
contrast
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HOW SPIROU WILL HANDLE STELLAR ACTIVITY AND FIND PLANETS

▸ nIR spectropolarimeter YJHK, IVQU, 65k resolution, 1m/s 

▸ monitor longitudinal B, RVs and activity tracers together 

▸ large program: huge number of visits, many timescales 

▸ focus on young systems and systems around cool stars 

▸ observations start in 2018!
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http://www.cfht.hawaii.edu/en/projects/SPIRou/

http://spirou.irap.omp.eu/



SUMMARY

▸ hot jupiter formation mechanisms: various 

▸ very young close-in planets being discovered: 3! 

▸ star-planet magnetic interactions: an ingredient to include 
in formation-migration-evolution models 

▸ lessons learned in stellar activity correction will be needed 
in the next-generation RV surveys
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