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ABSTRACT
We report results of an extended spectropolarimetric atophetric monitoring of the weak-
line T Tauri star V830 Tau and its recently-detected newlotose-in giant planet. Our obser-
vations, carried out within the MaTYSSE programme, wereagiover 91 d, and involved the
ESPaDONS and Narval spectropolarimeters linked to theBd&nada-France-Hawaii, the 2-
m Bernard Lyot and the 8-m Gemini-North Telescopes. UsingnZan-Doppler Imaging, we
characterize the surface brightness distributions, ntagtopologies and surfaceftirential
rotation of V830 Tau at the time of our observations, and destrate that both distributions
evolve with time beyond what is expected fronffeiential rotation. We also report that near
the end of our observations, V830 Tau triggered one majce #ad two weaker precursors,
showing up as enhanced red-shifted emission in multipletsgleactivity proxies.

With 3 different filtering techniques, we model the radial velocity R¢tivity jitter (of
semi-amplitude 1.2 knT8) that V830 Tau generates, successfully retrieve the 68 ms*
RV planet signal hiding behind the jitter, further confirnetaxistence of V830 Tau b and
better characterize its orbital parameters. We find thattbthod based on Gaussian-process
regression performs best thanks to its higher ability atefiod) not only the activity jitter, but
also its temporal evolution over the course of our obseswatiand succeeds at reproducing
our RV data down to a rms precision of 35 m.sOur result provides new observational
constraints on scenarios of sfgslanet formation and demonstrates the scientific poteotial
large-scale searches for close-in giant planets aroundiiii S&rs.

Key words: stars: magnetic fields — stars: formation — stars: imagingrssplanetary sys-
tems — stars: individual: V830 Tau — techniques: polarifoetr

1 INTRODUCTION the magnetospheric gaps that they carve at the disc cenge (e
Lin et al. 1996 Romanova & Lovelace 2006The recent discov-
eries (or candidate detections) of newborn close-in gidah-p
ets around T Tauri starsgn Eyken et al. 2032Mann et al. 2016
Johns-Krull et al. 2016Donati et al. 2016David et al. 201Hren-
der the study of the latter topic particularly attractivel dimely.

Magnetic fields are thought to play a key role in the formation
of stars and their planets (e.dindré et al. 2009Baruteau et al.
2014, and for their subsequent evolution into maturity. For in-
stance, large-scale fields of low-mass pre-main-sequePbtS)
stars, the so-called T Tauri stars (TTSs), are known to obatrd

even trigger physical processes such as accretion, outflod/an- Although first detected long ago (e.dahns-Krull et al. 1999
gular momentum transport, through which they mostly dectae Johns-Krull 2007, magnetic fields of TTSs are not yet fully char-
rotational evolution of TTSs (e.gBouvier et al. 2007Frank et al. acterized, neither for those still surrounded by their etion discs
2014. Large-scale fields of TTSs may also help newborn close- (the classical T Tauri stafTTSs) nor for those whose discs have
in giant planets to avoid falling into their host stars andvise dissipated already (the weak-line T Tauri staveT TSs). Only re-

the fast migration that accretion discieiently trigger, thanks to  cently were the field topologies of a dozen cTTSs unveiled. (e.
Donati et al. 2007 Hussain et al. 20Q9Donati et al. 20102013
thanks to the MaPP (Magnetic Protostars and Planets) Labge O
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(CFHT) with the ESPaDONS high-resolution spectropolatéme  duration 690 and 1200 s each for ESPaDONS and Narval respec-
(550 hr of clear time over semester 2008b to 2012b). Thisdirst tively) recorded in diferent polarimeter configurations to allow the
ploration revealed for instance that large-scale fieldsI@i®s can removal of all spurious polarisation signatures at firsteord&S-

be either relatively simple or quite complex depending ortiar PaDONFGRACES spectra were collected in spectroscopic “star
the host star is largely convective or mostly radiati@edgory et al. only” mode, with a resolution similar to that of all other spe
2012 Donati et al. 20138 it also showed that these fields vary with  tra, and consist of single 300 s observations. All raw framses
time (e.g.,Donati et al. 20112012 2013 and mimic those of ma- processed with the reference pipelinefe ESPRIT implement-

ture stars with similar internal structurdgl@rin et al. 2008, sug- ing optimal extraction and radial velocity (RV) correctiérom

gesting a dynamo origin. telluric lines, yielding a typical rms RV precision of 20-&0s!
The ongoing MaTYSSE (Magnetic Topologies of Young Stars (Moutou et al. 2007Donati et al. 2008 Least-Squares Deconvo-

and the Survival of close-in giant Exoplanets) Large Progne, lution (LSD, Donati et al. 199y was applied to all spectra, using

allocated at CFHT over semesters 2013a-2016b (510 hr) withc ~ the same line list as in our previous studies (D15, D16). Thie f

plementary observations with the Narval spectropolammein journal of observations is presented in Table

the 2-m Télescope Bernard Lyot (TBL) at Pic du Midi in France Rotational and orbital cycles of V830 Tau (denotednd o

(450 hr, allocated) and with the HARPS spectropolarimetéhe in the following equations) are computed from Barycentribah

3.6-m ESO Telescope at La Silla in Chile (135 hr, allocatistar- Dates (BJDs) according to the ephemerides:

rying out the same kind of magnetic exploration on a few tens o _

wTTSs Qonati et al. 20142015 hereafter D14, D15). MaTYSSE BJD(d) = 245701180+ 274 1)

also aims at probing the potential presence of newborn giose BJD(d) = 245736052+ 4.930 @)

giant exoplanets (hot JupiteyshJs) at an early stage of star  in which the photometrically-determined rotation periddjs and

planet formation; it recently succeeded at detecting thengest the orbital periodP,, of the hJ are set to 2.741 d and 4.93 d re-
such body orbiting only 0.057 au (or 6.1 stellar radii) aweynf spectively Grankin 2013 D16). Whereas the initial Julian date of
the 2 Myr wTTS V830 Tau Qonati et al. 2016 hereafter D16),  the first ephemeris is chosen arbitrarily, that of the seaoelco-
strongly suggesting that disc migration is a viable andlyilef- incides with the inferior conjunction (with the hJ in front)
ficient mechanism for generating hJs. As in our late-2015 data (D16), a few spectra (8 altogether,
In this new paper, we revisit the latest MaTYSSE data set col- corresponding to cycles 1.347, 2.090, 2.692, 2.820, 3.84®5,
lected on V830 Tau, including extended observations fronfyea  3.914 and 4.135) were weaklffected by moonlight in the far blue
2016 that follow the late 2015 ones from which V830 Tau b was ng of the spectra| lines, due to the proximity of the momgng
detected, as well as contemporaneous photometry secutee at  within Taurus in Dec and Jan) arar to non-photometric condi-
Crimean Astrophysical Observatory (CrAO). After brieflycde tions. To filter this contamination from our Stoke&SD profiles,
menting these additional data (S}, we apply Zeeman-Doppler e applied the dual-step method described in D16, spedjfidat
Imaging (ZDI) to both subsets to accurately model the serfac signed for this purpose and shown to be quitecint at restoring
features and large-scale magnetic fields generating thengiis  the original RVs down to noise level (50 mtsms in our case, see
activity (Sec.3). This modelling is then used to predict the ac- Taple1).
tivity jitter! and retrieve the planet signature using two comple- Contemporaneous BVjR photometric observations were also
mentary methods, yielding results in agreement with a tbanh- collected from the CrAO 1.25 m telescope (see Tahjeshowing
pletely independent technique based on Gaussian-proegsssi  that V830 Tau exhibited significantly larger brightness tiliations
sion (e.g.Haywood et al. 2014Rajpaul et al. 201pand withthose  than a year before (D15), with a full amplitude of 0.28 mag and
of D16 (Sec4). We finally summarize our results and stress how period of 27424+ 0.0014 d (compatible within error bars with the

MaTYSSE-like explorations can unlock current limitatidnsour average periods dbrankin 2013 used to phase our spectroscopic
understanding of how giant planets and planetary systems fo data, see E).
(Sec5). We note that V830 Tau features emission in various spectral

activity proxies, as expected from its youth and fast rotatMore
specifically, Balmer lines and in particulatiare in emission, as
2 SPECTROPOLARIMETRIC AND PHOTOMETRIC well as the central core of the Ganfrared triplet (IRT) lines, with
OBSERVATIONS OF V830 TAU typical equivalent widths of 85 and 16 kmidfor He and the Car
IRT emission core respectively. The B3 line is most of the time
quite shallow, with an average equivalent width of 5 kih s
In 2016 however, we detected several flares of V830 Tau,
showing up as enhanced red-shifted emission in all actpmiox-
ies including He, a reliable proxy whose high excitation poten-
tial makes it possible to separate flares from phases of estan
chromospheric activity (e.gMontes et al. 199/ The most intense
flare occurred on Feb 10 during our last pair of observatiggs (
cles 10.107 and 10.108), wherwHCan IRT and Her emission
“reach equivalent widths of 280, 32 and 25 krhand feature large
red-shifts of 15-35 knr3 (with respect to the stellar rest frame,
shifted from the Barycentric rest frame by17 km s?) and asym-
metric profiles (with a conspicuous red tail forHsee Figl, and
1 Throughout the paper, we call “activity jitter” or “jittethe RV signal that He1). We note that one of our photometric measurements was se-
activity generates, and not an “independent, identicaifributed Gaussian ~ cured just after this large flare (at rotation cycle 152.283,0.283
noise” as in, e.gAigrain et al.(2012. in the reference frame of TablB. At this time, the star was ob-

Following our intensive campaign in late 2015 (D16), V83 Ta
was re-observed from 2016 Jan 14 to Feb 10, using again ES-
PaDONS at the CFHT, its clone Narval at the TBL, and ES-
PaDOnNS coupled to Gemini-North through the GRACES fiber link
(Chene et al. 204 ESPaDONS and Narval collect spectra cover-
ing 370 to 1,000 nm at a resolving power of 65,00@ati 2003.

A total of 15, 6 and 6 spectra were respectively collectedh &EiB-
PaDONS, Narval and ESPaDQGRACES, at a daily rate from
Jan 14 to 30 and more sparsely afterwards. ESPaDONS and NAR
VAL were used in spectropolarimetric modes, with all coiést
spectra consisting of a sequence of 4 individual subexpgs{af

MNRAS 000, 1-18 (2016)



The hot Jupiter and magnetic activity of V830 Tau3

Table 1. Journal of ESPaDONS observations of V830 Tau collectedoim 2016 Jan 14 to Feb 10. ESPaDONS and Narval spectropaiacirabservations
consist of sequences of 4 subexposures (each lasting 6802880 s respectively) whereas ESPaD@TSACES exposures correspond to single (unpolarized)
observations lasting 300 s each. ColumnsSBLrespectively list (i) the UT date of the observation, (ii¢ instrument used, (iii) the corresponding UT time (at
mid-exposure), (iv) the Barycentric Julian Date (BJD), &idhe peak signal to noise ratigh(per 2.6 km s velocity bin) of each observation. Columns 6
and 7 respectively list the/8 in Stokesl LSD profiles (per 1.8 kms velocity bin), and the rms noise level (relative to the umpakd continuum level

Ic) in StokesV LSD profiles (whenever relevant). Columns 8 and 9 indicaterttationalr and orbitalo cycles associated with each exposure (using the
ephemerides given by Eg). Columns 10-12 respectively give the raw and ZDI-filter&s R4y andvs, as well as the corresponding- Error barsrgry. No

Vg estimates are available for Jan 30 and Feb 10 spediezted by strong flares. The observation log of our late 201% ctn be found in D16 (Extended
Data Table 1).

Date Instrument uT BJD /8l S/Nisp TLSD r [0} Vraw \ill ORV
(2016) (hh:mm:ss) (2,457,460 (0.01%) (142) (8+) (kny/s) (knmys)  (kmys)
Jan 14 ESPaDONnS 08:19:57 1.85135 150 1460 3.3 0.303 0.384 54 0.2-0.017  0.049
Jan15 ESPaDOnNnS 08:16:30 2.84889 150 1400 3.3 0.667 0.586 89 0.7 0.020 0.051
Jan16 ESPaDONnS 08:34:49 3.86153 160 1480 2.9 1.036 0.790.287 0.005 0.048
Jan17 ESPaDOnNS 05:02:34 4.71408 170 1470 2.9 1.347 0.96@.008 0.000 0.049
Jan 18 ESPaDONnS 07:32:40 5.81823 160 1420 3.1 1.750 1.188380 -0.016 0.050
Jan19 ESPaDONS 05:55:30 6.75069 170 1470 2.9 2.090 1.37@.123 -0.092 0.049
Jan 20 Narval 21:30:38 8.39998 20 1130 5.1 2.692 1.712 0.546.0890 0.063
Jan21 ESPaDOnNS 05:55:40 8.75065 150 1440 3.3 2.820 1.788.013 0.034 0.050
Jan 21 Narval 22:16:00 9.43141 100 1240 4.6 3.068 1.9210.099 0.035 0.058
Jan 22 ESPaDOnNS 05:56:39 9.75126 140 1450 3.5 3.185 1.986 86 0.3-0.006  0.049
Jan23 ESPaDONnS 07:00:55 10.79581 160 1450 3.0 3.566 2.198170 1. 0.015 0.050
Jan 24  ESPaDONS 05:57:09 11.75144 170 1450 3.0 3.914 2.392258 -0.069 0.049
Jan 24 Narval 20:25:57 12.35475 70 970 6.5 4.135 2.514 0.180.0250 0.074
Jan25 ESPaDOnNS 07:23:59 12.81166 150 1470 3.4 4.301 2.607284 0. -0.011  0.049
Jan26 ESPaDONnS 06:59:05 13.79429 150 1420 35 4.660 2.80840 0. -0.011  0.051
Jan 26 Narval 19:34:05 14.31857 90 1130 5.4 4.851 2.9121.160 0.039 0.064
Jan27 ESPaDONS 06:05:23 14.75691 170 1470 2.9 5.011 3.000.482 0.009 0.049
Jan28 ESPaDONnS 06:05:42 15.75705 160 1440 3.1 5.376 3.208.176 -0.031  0.050
Jan29 ESPaDOnNnS 06:58:43 16.79378 150 1410 3.3 5.754  3.446444 -0.036 0.051
Jan 29 Narval 20:01:53 17.33762 80 1210 5.6 5.952 3.5280.956 0.011 0.059
Jan 30 Narval 20:15:57 18.34730 80 1190 6.1 6.321 3.730 0.000 0.060
Feb 04 GRACES 07:12:12 22.80262 140 1560 7.946  4.6331.017 -0.005 0.046
Feb 04 GRACES 07:18:12 22.80678 150 1560 7.948  4.6340.978 0.023 0.046
Feb 09 GRACES 07:16:45 27.80532 150 1470 9.771 5.6480.621 -0.019 0.049
Feb 09 GRACES 07:22:39 27.80941 150 1470 9.773 5.6490.628 -0.010 0.049
Feb 10 GRACES 05:21:11 28.72497 160 1600 10.107 5.8350.653 0.045
Feb 10 GRACES 05:27:05 28.72907 160 1590 10.108 5.8360.647 0.045

served to be 54 mmag (i.e., &Y brighter than 4 rotation cycles  collected at similar phases but previous cycles (0.30314,3ug-

earlier at almost the same phase (cycle 148.289, see Zphilbis gesting that it was largely uffacted by the flare and thus used
shows that even the largest flare of our run was barely délecta for magnetic imaging (see Se8). The Stoked (andV) spectra
in the light curve, to the point that it is not even clear whaftihe corresponding to the third, milder, flare, yielding an RVireste
two photometric measurements at this phase deviates noostffie consistent with those from the two unperturbed ESPaDON&rspe
bulk of our data points (see S&). bracketing the flare, were also kept in the sample.

A weaker flare was detected 10.3 d earlier on Jan 30 (cy-
cle 6.321), with activity proxies exhibiting similar allbééss dras-
tic characteristics, e.g., Heemission with an equivalent width of

11 kms? and a redshift 020 km s (with respect to the stellar 3 TOMOGRAPHIC MODELLING OF SURFACE
rest frame, or=10 km s with respect to the average velocity of FEATURES, MAGNETIC FIELDS AND ACTIVITY

the HeI.Iine). A.third fIare.was recgrded on .].an 26 (cycle 4.851), e applied ZDI to both our late-2015 and early-2016 sets asph
mostly in He (with an equivalent width reaching 122 kit but resolved Stokes andV LSD profiles, keeping them separate from
short enough to be seen only with Narval, but_ neither a fewshou o5 other in a first step. ZDlI is a tomographic techniqueiiedp
before (cycle 4.660) nor later (cycle 5.011) with ESPaDGhE; from medical imaging, with which distributions of brighsmefea-
flare has only mild He characteristics however, with an equivalent  res and magnetic fields at the surfaces of rotating starbeae-
width only slightly above average and no significant redfaith constructed from time-series of high-resolution speaif@pmet-
respect to the average line velocity). ric observationsBrown et al. 1991 Donati & Brown 1997 Donati
The 3 Stokes spectra corresponding to the 2 first flares turned 2001 Donati et al. 2005 Technically speaking, ZDI follows the

out to yield discrepant RV estimates (with excess bluetshif or- principles of maximum-entropy image reconstruction, atedar
der 0.3 kms?), most likely as a result of flaring, and were removed tively looks for the image with lowest information contehat fits
from the subsequent modelling (see S&cand4). The Stokes/ the data at a givew? level. By working out the amount of lat-
spectrum associated with the second flare compares welthatie itudinal shearing that surface maps are subject to as aifunot

MNRAS 000, 1-18 (2016)



4 J.-F Donati et al.

Table 2.Journal of contemporaneous CrAO multicolour photometoisas-
vations of V830 Tau collected from 2015 Oct 30 to 2016 Mar Espec-
tively listing the Heliocentric Julian Date (HJD) of the @ogation, the mea-

sured V magnitude, B V,V — Ryand V- |3 Johnson photometric colours,
and the corresponding rotational cycle (using again theeghides of
Eq.2). The middle line separates observations collected in 2052016.
The typical - error bar on V is 20 mmag.
HJD Y, B-V V-R; V-1l r
(2,457,30@) (mag) (mag) (mag) (mag) (W
26.4574 12.410 1.339 2.182 0.797
28.5085 12.378 2.242 1.545
30.6098 12.322 1.375 1.325 2.151 2.311
31.5960 12.474 1.413 1.341 2.231 2.671
32.5964 12.267 1.349 2.143 3.036
40.5358 12.307 1.340 2.165 5.933
44.4530 12.321 1.321 2.146 7.362
47.5027 12.342 1.307 2.162 8.475
47.5524 12.367 1.335 2.180 8.493
73.3208 12.317 1.319 2.161 17.894
73.5082 12.261 1.305 2.130 17.962
74.2657 12.268 1.310 2.128 18.238
91.3173 12.281 1.307 2.122  24.459
101.2599 12.199 1.282 2.094  28.087
105.2842 12.356 1.319 2.155  29.555
112.2820 12.244 1.284 2.113  32.108
118.2602 12.306 1.339 2.160 34.289
127.2569 12.362 1.325 2.165 37.571
129.2079 12.252 1.296 2.105 38.283
141.2201 12.413 1.343 2.204  42.665
142.2211 12.210 1.301 2.106  43.031
153.2096 12.219 1.297 2.106  47.040
156.2255 12.196 1.288 2.094  48.140
158.2696 12.329 1.332 2.148  48.886
163.2378 12.425 1.322 2.217 50.698

time, ZDI can also infer an estimate off@irential rotation at photo-
spheric level Donati & Collier Cameron 199Donati et al. 2003

For this study, we used the latest implementation of ZDlI,
where the large-scale field is decomposed into its poloidal a
toroidal components, both expressed as spherical harmenic
pansions Donati et al. 2005 and where the brightness distribu-
tion incorporates both cool spots and warm pldg@sl4, D15,
D16). The local Stoked and V profiles are computed using
Unno-Rachkovsky’s analytical solution to the polarizediative
transfer equations in a Milne-Eddington model atmosphtete,
ing into account the local brightness and magnetic fieldsahe
local profiles are then integrated over the visible hemiephie
derive the synthetic profiles of the rotating star, to be carag
with our observations. This computation scheme provides-a r
liable description of how line profiles are distorted in thegp
ence of magnetic fields (including magneto-opticakets, e.g.,
Landi degl'Innocenti & Landolfi 2004

In this new paper, we assume for V830 Tau the same pa-
rameters as in our previous studies in particular an inttinaof
the rotation axis to the line of sightequal to 55+ 10° and a
line-of-sight-projected equatorial rotation velocitgini equal to

2 |n this paper, the term “plage” refers to a photosphericardirighter
than the quiet photosphere, and not to a bright region atnobspheric
level (as in solar physics).

3

Normalized intensity
2

Velocity (km/s)

Figure 1. Ha profiles of V830 Tau on 2016 Jan 17 (cycle 1.347, red line),
Feb 10 (cycle 10.107, blue) and Jan. 30 (cycle 6.321, gréergd com-
ponent/ tail is clearly present in the latter two profiles (recordeding a
flare) while absent in the first one (more typical of V830 Tau).

Table 3. Summary of the main parameters of V830 Tau, with referenses a
mentioned whenever appropriate (G13 and R12 stan@ffankin 2013nd
Rodriguez et al. 2032

Parameter Value Reference
M, (Mo) 1.00+ 0.05 D15
R, (Ro) 2.0+02 D15

age (Myr) ~2.2 D15

Prot (d) 2.741 G13
BJDg 2,457,011.80 D15
Qeq(radd?) 229525 0.00020 D16
dQ (rad d1) 0.0172+ 0.0014 D16
i°) 55+ 10 D15
vsini (kms™1) 305+05 D15
distance (pc) 15a5 R12
Ter (K) 4250+ 50 D15

305+ 0.5 kms*! (D15, D16¥. We recall that the inclination angle
i is derived both from the measured stellar parameters (8 9%é
D15) and by minimizing the information content of reconstad
images, with a typical error bar of order°1@Ve further assume that
the (weak) surface fierential rotation of V830 Tau is as derived by
D16 from our late 2015 data alone, before revisiting theesthjs-
ing the whole data set in Se&.2 The parameters of V830 Tau used
in our study are summarized in Tal8e

3.1 Brightness and magnetic imaging

In Fig. 2, we show our sets of StokdsandV LSD profiles of
V830 Tau from early 2016, along with the fit to the data. A sim-
ilar plot is provided in AppendiA for our late-2015 data set (see

3 The distance assumed for V830 Tau in D15 and D16, i.e.,431pc,

is likely underestimated, since V830 Tau is located in L15&®er than
L1495, and thus close to DG Tau for which the adopted distatg0:5 pc
(Rodriguez et al. 20)2Given that this dierence in distance is compara-
ble flux-wise to the uncertainty on the unspotted magnitud¢830 Tau,
we still assume for V830 Tau the same stellar parameters B4 %nand
D16 (see Tabl®). Assuming instead that V830 Tau is 30% brighter would
mostly imply that it is younger, with an age sfL..5 Myr (using the evolu-
tionary models ofSiess et al. 2008s in D15).

MNRAS 000, 1-18 (2016)
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Figure 2. Maximum-entropy fit (thin red line) to the observed (thicladk line) Stokes (left panel) and Stoke¥ (right panel) LSD photospheric profiles of
V830 Tau in early 2016. (The red and black lines almost pdyfewverlap for Stoked LSD profiles.) Stoke$ LSD profiles prior to their filtering from lunar
contamination (in the far blue wing) are also shown (cyae)lifRotational cycles ands3error bars (for Stoke¥ profiles) are also shown next to each profile.
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Figure 3. Maps of the logarithmic brightness (relative to the quiebtpksphere), at the surface of V830 Tau in early 2016 (left) late 2015 (right). Cool
spots/ bright plages show up as browblue features. The star is shown in flattened polar projectmvn to latitudes of30°, with the equator depicted as a
bold circle and parallels as dashed circles. Radial tickarad each plot indicate phases of observations.

Fig. A1, repeating Fig. 1 of D16 for Stokégprofiles, and including
StokesV profiles not previously shown in D16). The fit we obtain
in both cases corresponds tg%equal to the number of data points,
i.e., to a unity? level (wherey? is simply taken here ag* divided
by the number of data poirftsrespectively equal to 1104 and 2208

4 This is the usual convention in regularized tomographicgimg tech-
niques where the number of model parameters, reflectingiltrgz{ined)

number of resolution elements in the reconstructed imagmyuich smaller
than the number of fitted data points and not taken into a¢douthe ex-

pression of?.

MNRAS 000, 1-18 (2016)

for the early-2016 and late-2015 StoKedata sets, and to 966 and
1472 for the corresponding Stokésdata sets). The initig¢? val-
ues, corresponding to input maps with null fields and no lnigbs
features, are equal to 27 and 19 for the early-2016 and @&t8&-2
data sets respectively, clearly demonstrating the oveuaitess of
ZDI at modelling the observed modulation of both StokesdV
LSD profiles.

The reconstructed brightness maps of V830 Tau at both
epochs are shown in Fi§. The two maps share obvious similari-
ties and exhibit similar spottedness levels, k&.3% of the stellar
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Figure 4. Brightness variations of V830 Tau in early 2016 (left) arntg 2015 (right) as predicted from the tomographic modeléhgur spectropolarimetric
data (see Fig3, green line), compared with contemporaneous photomesemvations in the V band (open symbols andetror bars of 20 mmag) at the
1.25-m CrAQ telescope (see Talllp The photometric measurement collected immediately #fielarge flare detected in our early 2016 spectroscopy data

(see Sec?2) is shown as an open blue square in the left panel.

surfacé (7% and 6% for cool and warm features respectively). In
particular, most cool spots and warm plages present inraitla@s
are recovered at both epochs. One can also notiterelntial ro-
tation shearing the brightness distribution between |&tE52and
early 2016 (a time gap corresponding to 49 d or 18 rotatiotesyc
with equatorial and polar features being both shifted bywa%eof

a rotation cycle to smaller and larger phases respectiyihyply-

ing a fast equator and a slow pole, in good quantitative ageee
with D16). Some intrinsic temporal evolution beyondfeliential
rotation may be visible in our images as well, with, e.g., #ipe
pearance of a warm equatorial plage at phase 0.08 in early 201
that was not visible (or not as strong) in late 2015; howesegn
though phase coverage is fairly good in our case at both spoch
quantifying spot evolution by visually comparing imagesived

whose optical RV curves are much more sensitive than phdtgme
to small features in surface brightness distributions.

The large-scale magnetic topologies we retrieve for V830 Ta
at both epochs (see Fif) are again very similar, with rms surface
magnetic fluxes of 350 G, and resemble that found previously f
this star (D15). As for the brightness maps, the main magmeti
gions that we recover are visible at both epochs. More spattifj
the field is found to be 90% poloidal, featuring a 340 G dipaéfi
tilted at 22+ 5° to the rotation axis towards phas&9+0.03 (in late
2015) and B8+ 0.03 (in early 2016), and that gathers 60% of the
poloidal field energy. Weaker quadrupolar and octupolar pmpm
nents (of strength 100—150 G) and smaller-scale featueealao
present on V830 Tau, giving the field close to the stellaraaf
a more complex appearance than that of the dominating dipole

from differently sampled data sets is notoriously ambiguous and with a rms flux of~110 G, the toroidal field is weak and of rather

misleading. We come back on this point in S8

complex topology. The extrapolated large-scale magneticlogy

We stress that the derived brightness images predict light (in the assumption of a potential field) is shown in Fégat both
curves that are in good agreement with our observations (seeepochs.

Fig. 4), even though these images were produced from our sets of

LSD profiles only. Note the small temporal evolution in thepr
dicted light curves between both epochs, that our photomelr
servations cannot confirm due to their limited sampling aretip
sion. This further demonstrates that LSD profiles contaiough
information to accurately predict the surface distribntdd bright-
ness features, and in particular those responsible of thad&vity
jitter (see Sec4d); on the opposite, it is quite obvious that photo-
metric information is way too limited (even when better séedp
and more precise) to infer complex spot distributions sicthase
we reconstruct for V830 Tau. It implies that jitter-filtegiriech-
niques based solely on photometry (eAjgrain etal. 2012 are
likely to yield poorer results, especially for moderateastfrotators

5 We stress that ZDI is only sensitive to large brightnessufeat and not
to small ones evenly distributed at the surface of the startHis reason,
the value we quote here for the spot coverage of V830 Taualylilo be a
lower limit, in agreement with photometric monitoring segting a typical
spot coverage in the range 30-50% for V830 Tawahkin et al. 2008

6 For instance, the equatorial plage at phase 0.46 in earl§ ROfbund at
phase 0.48 in late 2015, while the cool polar cap rotateek@yt cycle in
the other direction at the same time. Note that the latestimsipown first
in Fig. 3 and following plots.

As for the brightness maps, the magnetic images show evi-
dence of a global dlierential rotation shear similar to that reported
by D15, with equatorial regions (e.g., the strong negathmmathal
feature at phase 0.17) moving to slightly earlier phases fiate
2015 to early 2016, and higher latitude regions (e.g., th&-po
tive radial field region at phase 0.05 and latitudé)afoving to
later phases at the same time. The increase in the phasedsowar
which the dipole is tilted (0.79 and 0.88 in late 2015 andyearl
2016 respectively) comes as additional evidence that hitifudies
(at which the dipole poles are anchored) are rotating manelgl
than average, by typically 1 part in 200; this is further conéd
by the fact that the line-of-sight projected (longitudnalagnetic
fields (proportional to the first moment of the StoRé9rofiles,
e.g.,Donati et al. 1997and most sensitive to the low-order com-
ponents of the large-scale field) exhibit a recurrence tiaesof
1.004+ 0.003 Py, i.€. slightly longer tharP,o; by a similar amount.

We also report that the phase of maximum Emission of
V830 Tau coincides, in both late 2015 and early 2016, with tha
of the high-latitude regions at which the dipole field is aoe;
this is obvious from the dynamic spectra of the kesiduals that
we provide as an additional figure in the Appendix (see BR).

A logical by-product is that b emission of V830 Tau, like its lon-
gitudinal field, is modulated by a period slightly longer i,

MNRAS 000, 1-18 (2016)
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Figure 5. Maps of the radial (left), azimuthal (middle) and meridib(right) components of the magnetic fieRlat the surface of V830 Tau in early 2016
(top) and late 2015 (bottom). Magnetic fluxes in the coloklgotable are expressed in G. The star is shown in flattened pabjection as in Fig3.

500

—500

Figure 6. Potential extrapolations of the magnetic field reconseiédr V830 Tau in early 2016 (left) and late 2015 (right), esrsby an Earth-based observer
at phase 0.10. Open and closed field lines are shown in blue/hitel respectively, whereas colors at the stellar surfagectl the local values (in G) of the
radial field (see left panels of Fig). The source surface at which the field becomes radial i sediatance of &, close to the corotation radius of V830 Tau
(at which the Keplerian orbital period equals the stellaation period and beyond which field lines tend to open unuegtect of centrifugal forceslardine
2004 but smaller than the Alfvén radius expected for a T Tauri lta V830 Tau &6 R,, seeVidotto & Donati 2016. Note how the high-latitude open-field
regions slightly lag behind rotation between both epocte r@sult of diferential rotation.
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and equal to D04+ 0.002 P,,. From the solar analogy, one would
have expected chromospheric emission to be minimum whem ope
field lines point towards the observer, i.e., at phase 0B{ske
Fig. 6); this is however not what we observe, suggesting that the
Ha emission we detect comes from regions close to (but not coin-
ciding with) the strongest radial field regions that we restarct at
high latitudes (see Fid).

We also note apparent temporal evolution of the magnetic
topology, with, e.g., the positive radial field region clasethe
equator at phase 0.33 growing much stronger between late 201
and early 2016, though we caution again that a simple visuade
comparison of individual features can be misleading.

3.2 Intrinsic variability and surface di fferential rotation

The most reliable way to assess whether intrinsic varigbdc-
curred at the surface of V830 Tau between late 2015 and eaitly 2
is to attempt modelling both data sets simultaneously withique
brightness and magnetic topology, and see whether one dhe fit
full set to the samg? level as that achieved for the individual sets
(i.e., 1.0, see Se®B). We find that this is not possible, with a mini-
mum achievablg? of 1.62 and 1.18 for Stokdsand Stoke¥ data
respectively (starting from initig¢? of 35 and 5); this confirms our
previous suspicion that intrinsic variability occurrectla¢ surface
of V830 Tau throughout the 91 d (33 rotation cycles) of ouraszs
ing campaign, and in particular over the 49 d shift betweerwa
data sets. The global fit to the full data set we obtain notetke
captures most of the observed line profile fluctuations,ciitig
that the intrinsic variability at work at the surface of V83au
remained moderate and local without altering the brighsreesd
magnetic surface distributions too drastically; thislfiertconfirms
our visual impression that images from both epochs shareid b
similarities.

Despite this intrinsic variability, we attempted to esttmélif-
ferential rotation from our full data set. As in previous pep we
achieve this by assuming that the rotation rate at the sirédc
V830 TauQ(6) varies with latitudes as sif6 and depends on 2
main parameters, the rotation rate at the equtgand the difer-
ence in rotation ratdQ between the equator and the pole (so that
Qf) = Qeq— dQ sir? 6). Both parameters are derived by looking
for the pair that minimizes the? of the fit to the data (at constant
information content in the reconstructed image), wherbascor-
responding error bars are computed from the curvature oAfie
paraboloid at its minimumonati et al. 2008 (Ay? is defined as
the y? increase with respect to the minimypd in the map.) Re-
sults are shown in Figl. The diferential rotation we derive from
our complete data set is slightly smaller (though still catige
at a~30 level) than that inferred from the late-2015 StokdsSD
profiles only (D16). Despite the fact that this weakeninddiseyved
in both Stoked andV data, we think that this small change likely
results from intrinsic variability at the surface of V830uTa

Further evidence that high latitudes of V830 Tau are rogatin
more slowly than average (in agreement with thedential ro-
tation pattern we recover) comes from the drift to later plasf
the polar regions at which the large-scale dipole field camepbis
anchored and wheredHemission is strongest.

7 For this reason, the filerential rotation parameters of D16 were used as
reference throughout this paper, their impact on mosttebeing however
quite small given how weakly the photosphere of V830 Tau é&asd.

4 FILTERING THE ACTIVITY JITTER AND
MODELLING THE PLANET SIGNAL

We describe below the results of 3 independent techniquescbat
characterizing the RV signature of V830 Tau b from our datee T
first 2 methods are those already outlined in D16 and usedéatde
V830 Tau b from the late-2015 data alone, that we now apply to
both late-2015 and early-2016 data sets, with some modditat

to account for the intrinsic variability between the 2 epo¢bee
Sec.3.2). The third one follows the approach bfaywood et al.
(20149 andRajpaul et al(2015, and uses Gaussian-process regres-
sion (GPR) to model activity directly from the raw RVs. Theuks
obtained with each technique are described and compardin t
following sections.

4.1 Modeling the planet signal from filtered RVs (ZDI #1)

The first technique consists in using the ZDI brightness esanf
Fig. 3 to predict the RV curves expected for V830 Tau at each
epoch, and compare them with observed raw RVs. Modeled and
raw RVs are both computed as the first order moment of Stbkes
LSD profiles (i.e.,[(1 - 1(W)vdv/ [(1 - 1(v))dvwherevis the ra-
dial velocity across the line profile) while error bars on r&Ws
are derived from those propagated from the observed spedtia
Stokesl LSD profiles (and checked for consistency through sim-
ulated data sets as in D16); activity-filtered RVs are thenvee
by simply subtracting the modelled RVs from the observedsone
(D16, see Tabld). Even though the intrinsic variability observed
at the surface of V830 Tau is only moderate (see S&®, using
a specific ZDI map for each data subset (i.e., late 2015 ang ear
2016) is essential to obtain precise filtered RVs; using glsim-
age for both subsets and ignoring the temporal evolutiohestir-
face brightness distribution between the two epochs (lbybat
caused by dferential rotation) significantly degrades the quality of
the modelling and therefore the precision of the filtered .RVs

The results we obtain are shown in F&yfor the raw, fil-
tered and residual RVs, and in Fig.for the corresponding peri-
odograms. The planet RV signal is very clearly detected érfith
tered RVs, with a false-alarm probability (FAP) lower tha®rl
They? decrease that we obtain with our fit to the filtered RVs (with
respect to a case with no planet) is about 36 (for 72 RV poimts a
4 degrees of freedom), suggesting a similarly-low FAP vaifie
<10°%. The corresponding curve features a semi-amplitude equal t
K = 60+ 10 ms? and an orbital period oy, = 4.97+0.03 d, in
agreement with the estimates of D6 £ 75+12 ms* andPq, =
4.93+0.05 d). Fitting a Keplerian orbit through the data marginally
improves the fit, but the derived eccentricity.Z0 + 0.15) is not
measured with enough precision to be relialilady & Sweeney
1971); it confirms at least that V830 Tau b is close to circular
or only weakly eccentric. The residual RVs show a rms disper-
sion of 44 ms?, fully compatible with the errors of our RV esti-
mates (see Tabl®) that mostly reflect the photon noise in our LSD
profiles (and to a lesser extent the intrinsic RV precisiorE&f
PaDONS, equal to 20-30 m's Moutou et al. 2007 Donati et al.
2008. Residual RVs in the first part of the run (late 2015) exhibit
a larger-than-average dispersion (of 50sns, i.e., close to the
value of 48 ms! found by D16 from modelling the late 2015 data
only) that mostly reflects the limits in our assumption of astant
brightness distribution at the surface of the star (shebyediffer-
ential rotation) on a relatively long data set (15 rotatigales) and
to a small extent potential residual pollution by the mootween
rotational cycles 6.0 and 7.2 (see Fid.).

MNRAS 000, 1-18 (2016)
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Figure 7. Variations ofAy? as a function of the dlierential rotation parametef3eq anddQ, derived from modelling our full set of Stokes(right) andV
(left) LSD profiles of V830 Tau at constant information cariteA well defined paraboloid is observed in both cases, wighduter color contour tracing the
99.99% confidence interval (corresponding & of 18.4 for the 2438 Stoke¢ and 3312 Stokes data points). In both cases, the minimyfhachieved
(equal to 1.62 and 1.18 for Stokésand Stokes/ data respectively) is significantly larger than 1; this eaisi used to normalisg? before computing\y?
S0 as to account for intrinsic variability ffacting the brightness distribution and magnetic field of ¥82au over the course of our 91-d run, see S
when estimating errors bars orfférential rotation parameters. The values we obtain fortipasameters are equal@q = 2.29455+ 0.00014 rad d! and
dQ = 0.0156= 0.0009 rad d* for the Stoked data, andeq = 2.29360:+ 0.00025 rad d* anddQ = 0.0131+ 0.0010 rad d* for the StokesV data. The
middle plot emphasizes how the confidence intervals frorh btasurements compare with each other, and with that defrioen the late-2015 Stokds
LSD profiles only (D16). The 68.3% and 99.99% confidence valer(dashed and full lines) are shown in green, red and loluthé full Stokesv, the full
Stokesl and the late-2015 Stokéslata sets respectively.

Lomb-Scargle periodograms of the longitudinal fields arel th  are equal t&k = 62+ 9 ms* andPy, = 4.97 + 0.03 d, very simi-
Ha emission fluxes of V830 Tau (see Fif, middle and bot- lar to those obtained with our first method and again in agezgm
tom panels) both show that activity concentrates mostiyatro- with those of D16. The corresponding map (projected onto the
tation period (with a recurrence period slightly longernha,, K vs Py, plane that passes through the global minimum), shown in
see Sec3) and first harmonic, but not in a significant way at the Fig. 10, features a clear minimum. With respect to our best model
planet orbital period. This further confirms that the RV sibftom incorporating a planet, a model with no planet corresponda t
V830 Tau b cannot be attributed to activity. Ax? of 75, indicating that the planet is detected with a FAP level
< 1075 the much lower FAP directly reflects the larggy? ob-
tained with this method, reflecting that line profiles of chptators
contain more (or less-noisy) information than their firstmamts
(the raw and filtered RVSs).

4.2 Deriving planet parameters from LSD Stoked profiles
(ZDI #2)

The second method, proposed Bgtit et al.(2015 and inspired
from our diferential rotation measurement technique, directly 4.3 Deriving planet parameters from raw RVs using
works with Stoked LSD profiles, and consists in finding out the Gaussian-process regression (GPR)
planet characteristics and brightness distribution tlest lexplain
the observed profile modulation. More specifically, we asstime
presence of a close-in planet in circular orbit with givemapae-
ters K, Por, and phase of inferior conjunction), correct our LSD
profiles from the reflex motion induced by the planet, recacst
with ZDI the brightness image associated with the corret®D
profiles at given information content (i.e., image spotesi) and
iteratively derive which planet parameters allow the begbfihe
data. This technique was found to yield results in agreemitht
those our first direct method gave when previously applieduto
V830 Tau data (D15, D16). ctt) = 6fexpl-——

The method was slightly modified to handle Zreient sub- b5
sets of data at the same time, followig et al.(2016). The main
difference is that, for each set of planet parameters, we now-+eco
struct 2 diferent brightness images (one for each subset) with ZDI,
both at constant information content; we then compute aajjgb
for this dual image reconstruction as a weighted mean of/ftse
associated with the 2 ZDI images (with weights equal to tha-nu
ber of data points in the subsets). This allows us in pa#dictd
handle dfferent brightness distributions forfiérent epochs, with-
out which data cannot be optimally fitted as a result of therisic
variability that the spot configuration is subject to (see.Se&?).

The planet parameters we derive with this second technique

The third method we applied to our data works directly fronv ra
RVs and uses GPR to model the activity jitter as well as its-tem
poral evolution, given its covariance function (eldaywood et al.
2014 Rajpaul et al. 201 Assuming again the presence of a close-
in planet of given characteristics, we correct the raw Réafthe
reflex motion induced by the planet and fit the corrected R\k wi
a Gaussian process (GP) based on a pseudo-periodic caarian
functionc(t, t’) of the form:

)

, : n(t-t)
(t-v)? sir (3

0,
2
04

(©)

where 6, is the amplitude of the GP (in kmY, 6, the recur-
rence timescale (i.e., close to 1 here, in unit$gf), 6; the decay
timescale (i.e., the typical spot lifetime here, in unitsRaf;) and

0, a smoothing parameter (within [0,1]) setting the amountighh
frequency structure that we allow the fit to include. For sgiget

of planet parameters and of the 4 GP hyper param@iets 6,,

we can compute the GP that best fits the corrected raw RVs (de-
notedy) and estimate the log likelihood Iaf of the corresponding
parameter set from:

2logL = -nlog(2r)—loglC+2 -y (C+X)ty (4)

MNRAS 000, 1-18 (2016)
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Figure 8. Top panel: Raw (top), filtered (middle) and residual (bottom) RVs of \@8Rau (open symbols andrlerror bars, with circles, squares and triangles
depicting ESPaDONS, NARVAL and ESPaD@BRACES data, and colors coding rotation cycles). The raw &¥bit a semi-amplitude of 1.2 kmsand a
rms dispersion of 0.65 knT$ throughout the whole run. (Rotation cycles of the 2016 degashifted by+24 in this plot with respect to their values in Talile
and Fig.2). The RV jitter predicted by ZDI at both epochs, as well ashist sine fit to the filtered RVs, are added in the top and mipldies (cyan lines).
Note how the jitter model changes between late 2015 and 26§, and how both of them slowly evolve with time as a resttifierential rotation. The
rms dispersion of the residual RVs is 44 m sin agreement with our measurement errors (see TgbRottom panel: Activity-filtered RVs phase-folded on
the planet orbital period. The fit to the data is only mardynbétter with an eccentric orbit (dashed line) than withrawar one (solid line).

whereC is the covariance matrix for all observing epocEsthe
diagonal variance matrix of the raw RVs andhe number of data
points. Coupling this with a Markov Chain Monte-Carlo (MCWMC
simulation to explore the parameter domain, we can deterihiea
optimal set of planet and GP hyper parameters that maxirtikees

lihood, as well as the relative probability of this optimabdel with
respect to one with no planet (and only the GP modelling gg}iv

We start by carrying out an initial MCMC run with input
priors, whose results (the posterior distributions) aredus in-
fer refined priors and proposal distributions capable ofugng

MNRAS 000, 1-18 (2016)
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Figure 9. Top panel: Lomb-Scargle periodograms of the raw (top), filtered (megi@ind residual RVs (bottom) shown in FBgThe black line is for the full
set, while the dashed red, green, blue and pink lines ar&éédate-2015, the early-2016, the even, and the odd poitysTme stellar rotation period, its first
harmonic and the planet orbital period are depicted withicardashed lines. The horizontal dotted and dashed Inaes the 33%, 10%, 3% and 1% FAP
levels. The planet signal in the filtered RVs is detected @nftil set with a FAP levek 107°. Middle panel: Periodogram of the longitudinal magnetic field,
a reliable activity proxy laywood et al. 201 featuring a clear peak at the stellar rotation period loupower at the planet orbital perioBottom panel:
Same as middle panel for thed¢mission.
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Figure 10. Variations ofAy? of the ZDl fits to the late-2015 and early-2016
LSD profiles of V830 Tau (for a fixed spottedness level at bgibchs),
after removing the reflex motion of a close-in a planet andaaange
of orbital periodsPg, (actually the ratio of the orbital to rotation period
Porb/Prot) and semi-amplitudeK of the planet RV signature. (This is a 2D
cut from a 3D map, with the phase of the RV signal also incluated search
parameter). A clear minimum is obtained in the? landscape, whose pro-
jection in aK vs Pop/Prot plane passing through the minimum is shown
here. The outer color contour traces the projected 99.99%d=mce inter-
val, corresponding to Ay? of 21.1 for a 3-parameter fit to the 3312 data
points of the LSD profiles.

both an dicient mixing and convergence of the chain as well as
a thorough exploration of the domain of interest (throughaa-s
dard Metropolis-Hastings jumping scheme); these refinedgpare
found to be weakly dependent on the input priors, alreadygestg
ing that our data contain enough information to reliablyrelsa

Table 4. Priors used in our MCMC simulation for the planet and GP hy-
per parameters. We mention the mean and standard deviaeshfor the
refined Gaussian priors (plus the standard deviation agstoneur initial
MCMC run), the minimum and maximum values allowed for thefamn
and Jdreys priors, as well as the knee value for the modifigttees priors
(following Haywood et al. 2014with o-ry noting the IN?-weighted aver-
age RV error of our measurements, equal to 53 see Tablel). The
planet phas@y relates to the epoch of inferior conjunction BJrough
BJID: = ¢oPorp + to Wherety = 2,457,3599069 d (corresponding to rota-
tion cycle 127.0) is the reference zero time we used for ogenkations.

Parameter Prior
Port/Prot Gaussian (1.80, 0.012, initial 0.10)
K (kms™1) modified Jéreys ¢ry)
@0 Gaussian (0.13, 0.04, initial 0.10)

GP amplituded; (kms™1)
Recurrence periot (Prot)
Spot lifetimeds (Pyot)
Smoothing paramete

modified J&8reys Ery)
Gaussian (1.0, 0.001, initial 0.010)
Jefreys (0.1, 500.0)
Uniform (0, 1)

well the equatorial rotation period of V830 Tau (see Tablend
Sec.3.2), suggesting that RVs are primarilffected by equatorial
features at the stellar surface. For the GP amplitydeve find that
6, = 0.878+ 0.135 km s, ~30% larger than the rms dispersion of
our raw RVs (equal to 0.65 kmisprior to any activity filtering, or
removal of planetary-induced reflex motions).

For the planet parameters, we find that= 68 + 11 ms?
and Py, = 4.93 £ 0.03 d, whereas the most accurate epoch of
inferior conjunction (assuming a circular orbit) is found e
BJD, = 2,457,36051 + 0.14. The corresponding fit to the data,
shown in Fig.11, demonstrates that the GP is doing a very nice
job at modelling not only the activity, but also its evolutigvith

terize the GP and planet parameters. The main MCMC run usestime. Comparing with the results of our first method (see Bjg.

our refined priors, listed in Tabkfor the various parameters; we
usually carry out two successive main runs, a first one with al
GP hyper parameters and 3 planet parameters free to varyathe
second one with both; andé, fixed to their best values and the
remaining 5 parameters left free to vary. The goal of thizisatjal
approach is to incorporate as much prior information abiweistel-
lar activity as possible into our model (hence the strongéned
priors) so that the GP yields a robust estimation of the uao#ies
on the final parameters (particularly the planet mass) giliese
priors (seeHaywood et al. 2014ndLopez-Morales et al. 201f®r

a similar approach).

We find thatds, the hyper parameter describing spot lifetime,
gives the best result for a value @f = 44+ 11 P, = 120+ 30 d,
only slightly longer than the full duration of our observimgn
(91 d). This further confirms the importance of taking inte@mt
the temporal evolution of brightness maps in activity fitigrstud-
ies, even in the case of wTTSs like V830 Tau whose spot distri-
butions are known to be fairly stable on long timescales; reqe
this is true for the largest surface features, this is nodotige case
for the smaller ones whosdfect on RV curves is significant. Sim-
ilarly, we get thatd, = 0.6 + 0.1 yields the most likely fit to the
data; this reflects the lack of fine structure in the RV curessex-
pected from the fact that RVs are the first-order moment okexto
I LSD profiles that acts as a low-pass filter on surface brigistne
distributions. With the final MCMC run, we obtain that the uec
rence timescalé, is equal tod, = 0.9986+ 0.0007 Py, i.e., only
very slightly shorter than the average rotation pefffag on which
our data were phased (see B}jj.we note that this period matches

we can see that both the GP and ZDI predict similar RV curves.
However, thanks to its higher flexibility, the GP does a brgtib at
matching the data, not only for our second data set wheredemp
ral variability is higher (given the faster evolution of theedicted
RV curve, see Figll) and where the planet signal is clearly bet-
ter recovered, but also for our first data set where the slepet
evolution is enhanced by the longer time span (of 15 rotation
cles). As aresult, the rms dispersion of the RV residualguréiser
decreased to 37 m’s 16% smaller than with our first method, in-
cluding in the first part of our run (late 2015) where the fithe t
data is now tighter (rms dispersion of RV residuals of 40 hiis-
stead of 50 m$, and close to that of the full run). Given this, we
consider that the planet parameters derived with this thiethod,
and in particulaiK andP,,, are likely more accurate than the es-
timates obtained with the two previous techniques; they atgee
better with the initial estimates of D16 inferred from th&el2015
data only. The phase plots of our final 5-parameter MCMC ren ar
provided in AppendixA (see Fig.A3, left panel), showing little
correlation between the various parameters and thus mmibias
in the derived values.

When applying this technique to the full series of raw RVs
collected to date on V830 Tau, including our original setused
in late 2014 and early 2015 (D15, D16), we further enhance the
precision on the derived parameters, in particular on thogtadr
period that we can now pin down tB,p = 4.927 + 0.008 d.
The derived semi-amplitude of the RV curve is the same asen th
previous fit € = 68 + 11 ms?) whereas the epoch of inferior
conjunction (assuming a circular orbit) is only slightlyproved
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Figure 11. Same as Fig8 but now using a planeGP fit to the data (pink line), where the GP is modelling thevigtjitter (cyan line) while the planet
and GP parameters are determined using a MCMC simulatiore v the GP succeeds at modelling the activity and its teahgwolution throughout the
whole observing window, and not just for the two separatesstsh The rms dispersion of the residual RVs is 37

(BJID: = 2,457,360522+ 0.124). The phase plots of this MCMC
run are also provided in Appendi (see FigA3, right panel).
Applying the method ofChib & Jeliazkov (2001) to the
MCMC posterior samples, we obtain that the marginal likedith
of the model including the planet is higher than that of a nhadi
no planet by a Bayes’ factor of $§10° when also including our
raw RVs from late 2014 and early 2015), providing a strongiand
dependent confirmation that V830 Tau hosts a close-in gianep
in a 4.93 d orbit. Assuming now a planet on an elliptical o¢aitd
using vecosw and esinw as search parameters wherand w
respectively denote the eccentricity and argument of psisaof
the orbit, Ford 2006 yields a low eccentricity of A6 + 0.20; the
marginal likelihood of this latter model is however largean that
of the circular planet model by a Bayes’ factor ©f3, implying
that there is no evidence yet that the planet is eccentrigpndigde
the MCMC phase plots of the eccentric orbit model in Ad.
The planet parameters derived with all 3 methods are summa-
rized in Tableb, with those derived in D16 (from our late 2015 data
only) listed as well for an easy comparison.

5 SUMMARY & DISCUSSION

This paper reports the results of an extended spectropwic
run on the wTTS V830 Tau, carried out in the framework of the in

Jan 14 to Feb 10, and complemented by contemporaneous photo-
metric observations from the 1.25-m telescope at CrAQ. mbis
study is an in-depth follow-up of a previous one, based onlyhe

first part of this data set and focussed on the detection ofdbeg
close-in hJ orbiting V830 Tau in 4.93 d (D16), and of an oldee o
that suspected the presence of V830 Tau b, but from too sparse
data set to firmly demonstrate the existence of the planes)D1

Applying ZDI to our two new data subsets, we derived the
surface brightness and magnetic maps of V830 Tau. Cool spots
and warm plages are again present on V830 Tau, totalling 13%
of the overall stellar surface for those to which ZDI is séwvei
The brightness maps from late 2015 and early 2016 are sjmilar
except for diferential rotation slightly shearing the photosphere
of V830 Tau and for small local changes in the spot distrdnyti
reflecting their temporal evolution on a timescale of onlyew f
weeks. The magnetic maps of V830 Tau are also quite similar at
both epochs and to that reconstructed from our previous sktta
(D15), featuring a mainly poloidal field whose dominant camp
nent is a 340 G dipole tilted at 22rom the rotation axis. As for
the brightness distribution, the magnetic field is also sfbdy a
weak surface dierential rotation, and is evolving with time over
the duration of our observing run.

We detected several flares of V830 Tau during the second part
of our run, where one major event and a weaker precursor were

ternational MaTYSSE Large Programme, using ESPaDONS on thestrong enough to impact RVs at a level of about 0.3 klnkn ad-

CFHT, Narval on the TBL and GRACHSSPaDONS on Gemini-
North, spanning from 2015 Nov 11 to Dec 22, then from 2016

MNRAS 000, 1-18 (2016)

dition to generate intense emission in the usual specttalitstc
proxies including the H, Cau IRT and Her D; lines, these flares
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Table 5. Summary of our results using the three filtering techniquescidbed in Sea; columns 2 to 4 are for the 2 ZDI-based and GPR methods describ
in Secs. 4.1 to 4.3 and applied to our new data from late 20&&dy 2016, whereas column 5 is for GPR applied to the enéta set (including that of D15).
Column 6 recalls the results derived in D16 from the late 2@4#a only as a comparison. The first table section lists theedeplanet parameters (witkd,
denoting the planet mass), the second one mentions theddf&P hyper parameters in the GPR case, and the last onls teeachieveg? (to the filtered
RVs for ZDI #1, to the Stokes profiles for ZDI #2 and to the raw RVs for GPR) and the rms disjoer of the RV residuals (whenever relevant).

Parameter ZDI #1 ZDI #2 GPR GPR (all data) D16
Porp (d) 497+ 0.03 497+ 0.03 493+ 0.03 4927+ 0.008 493+ 0.05
K (ms? 60+ 10 62+ 9 68+ 11 68+ 11 75+ 12
$o 0.128+0.025 Q142+0.024 0122+ 0.028 0125+ 0.025 0123+ 0.025
BJD; (2,457,308) 60.54+0.13 6061+ 0.12 6051+ 0.14 60523+ 0.124 6052+ 0.13
Mp sini (Maup) 0.50+ 0.09 052+ 0.09 057+0.10 057+0.10 063+0.10
Mp (Myyp) @assuming = 55° 0.61+0.11 063+0.11 070+0.12 070+0.12 077+0.12
a(au) 0.057+ 0.001
a/Ry 6.1+ 0.6
GP amplitudey; (kms™1) 0.878+0.135 0842+ 0.105
Recurrence periot (Prot) 0.9986+ 0.0007 09985+ 0.0006
Spot lifetimeds (d) 120+ 30
Smoothing paramete 06+0.1
x? 0.68 1.0 0.48 0.42 0.75
rms RV residuals (ms) 44 37 35 48

triggered large redshifts of the emission component, éajpeéor
the Her D3 line whose redshift reaches up to 35 knhwith respect
to the stellar rest frame, and 25 knt svith respect to the average
line position in a quiet state. By analogy with the Sun andhgpaic-
tive stars (e.g.Collier Cameron & Robinson 19893, we propose
that the flares we detect on V830 Tau relate to coronal mass eje
tions and reflect the presence of massive prominences inaige m
netosphere of V830 Tau, likely confined by magnetic fieldshim t
equatorial belt of closed-field loops encircling the stae(5ig.6),
and whose stability is perturbed by the photospheric sheess
ing the field or by the hot Jupiter itself in the case of larggnetic
loops extending as far as the giant planet orbit (atF.L High-
cadence spectral monitoring in various activity proxiegeiguired
to investigate such flares in more detail, work out the fatawf
sociated prominences once no longer magnetically confiaed,
diagnose the main triggering mechanism behind them.

We applied 3 diferent methods to our full data set to further
confirm the existence of its hJ, and better characterizeriigab
parameters. The first two methods, using ZDI to model and pre-
dict the RV activity jitter, are those with which V830 Tau b sva
originally detected, in a slightly modified version allogitthem
to handle two dierent ZDI images (corresponding to the late-2015
and early-2016 subsets) at the same time and account footée-p
tial evolution of brightness distributions between the @ays. Our
third technique is fully independent from the 2 others andally
works from raw RVs, using GPR to model the RV activity jitter
and MCMC to infer the optimal planet and GP parameters and er-
ror bars in a Bayesian formalism, followitaywood et al(2014).

All 3 methods unambiguously confirm the existence of V830Fau
and yield consistent results for the planet parameters \@pphed

to our new data; in particular, all are able to reliably remothe
RV planet signal (of semi-amplitude 811 ms*) hiding behind
the activity jitter (of semi-amplitude 1.2 knt'sand rms dispersion
0.65 km s?) that the brightness distribution of V830 Tau is induc-
ing. The third method is found to perform best, thanks toid$ér
flexibility and better performances at modelling the tenapevo-
lution of the RV activity jitter. Applying this third methot all raw
RVs collected to date on V830 Tau (including those of D15)vad

us to significantly improve the precision on the planet aibjte-
riod. We also confirm that the planet orbit is more or lessut&ng
with no evidence for a non-zero eccentricity ata frecision of
0.15-0.20. Further work is needed to enable ZDI reconsimict
time-variable features and make it &8@ent as GPR for filtering
activity from RV curves of young active stars.

Spectropolarimetry is found to be essential for retrieving
large-scale topology of the magnetic field that fuels aivégtphe-
nomena, but not critical for modelling and filtering the wityi jitter
at optical wavelengths, largely dominated by the impacuofese
brightness features; however, spectropolarimetry is@&w®pto be-
come crucial at nIR wavelengths where brightness featuras c
tribute less jitter and Zeeman distortions are much largen tin
the optical (e.g.Reiners et al. 2033Hébrard et al. 2014

Along with the latest reports of similar detections (or can-
didate detections) of young close-in giants around TTSg.,(e.
van Eyken et al. 2012Mann et al. 2016 Johns-Krull et al. 2016
David et al. 2016Yu et al. 201, our result suggests that newborn
hJs may be frequent, possibly more so than their mature &quiv
lents around Sun-like stargMright et al. 2012. The orbital fate of
young hJs like V830 Tau b under tidal forces and strong winds
as the host star progresses on its evolutionary track, acstand
spins up to the main sequence, and at the same time loses an-
gular momentum to its magnetic wind and planet, is still aacl
(e.g.,Vidotto et al. 2010 Bolmont & Mathis 201§. One can ex-
pect V830 Tau b, whose orbital period is currently longenttie
stellar spin period, to be spiralling outwards, at leasil M&30 Tau
is old enough to rotate more slowly than its close-in giamips-
tigating whether tidal forces will still be strong enough ttwen to
successfully drag V830 Tau b back and kick it into its host sta
in the next few hundred Myrs, may tell whether and how frequen
newborn close-in giants can be reconciled with the obsespadse
population of mature hJs.

Alternatively, the MaTYSSE sample may be somehow biased
towards wTTSs hosting hJs (e.yuy et al. 201§. In particular, our
sample is likely biased towards wTTSs whose discs have-dissi
pated early, i.e., at a time where the star, still fully cartie,
hosted a magnetic field strong enough to carve a large magneto
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spheric gap Gregory et al. 2012Donati et al. 2018 and trigger
stable accretionBlinova et al. 201% This may come as favorable
conditions for hJs to survive type-ll migration, when comguh
to more evolved cTTSs featuring weaker fields, smaller miagne
spheric gaps and chaotic accretion.

Last but not least, we stress that V830 Tau is the first known
non-solar planet host that exhibits radio emissi&ower et al.
2016, which opens very exciting perspectives for in-depth stud
ies of star-planet interactions, and possibly even of exwgthry
magnetic fields\idotto et al. 2010 Vidotto & Donati 201§.

Applying the complementary detection techniques outlined
in this paper to extended spectropolarimetric data seth sisc
those gathered within MaTYSSE, or forthcoming ones to be col
lected with SPIRou, the nIR spectropolarimetieigh-precision ve-
locimeter currently in construction for CFHT (first lightgsined in
2017), should turn out extremely fruitful and enlighteniiog our
understanding of starplanet formation, about which little obser-
vational constraints yet exist.
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Figure Al. Same as FigR for our late 2015 observations.
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Figure A2. Dynamic spectra of Hl residual of V830 Tau in late 2016 (left) and early 2015 (fjghiith residuals computed with respect to thélSweighted
mean over the whole observing run (after the removal of a favinfj spectra, see Se2). Note how the phase of maximunutémission increases from 0.8

to 0.9 from late 2015 to early 2016. Rgdlue means positivenegative residuals, with amplitudes ranging from —0.3 8(Ih units of the continuum level),
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