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ABSTRACT

SPIRou is the newest spectropolarimeter and high-precision velocimeter that has recently been installed at the Canada-France-Hawaii
Telescope on Maunakea, Hawaii. It operates in the near-infrared and simultaneously covers the 0.98-2.35 um domain at high spectral
resolution. SPIRou is optimized for exoplanet search and characterization with the radial-velocity technique, and for polarization
measurements in stellar lines and subsequent magnetic field studies. The host of the transiting hot Jupiter HD 189733 b has been
observed during early science runs. We present the first near-infrared spectropolarimetric observations of the planet-hosting star as
well as the stellar radial velocities as measured by SPIRou throughout the planetary orbit and two transit sequences. The planetary
orbit and Rossiter-McLaughlin anomaly are both investigated and modeled. The orbital parameters and obliquity are all compatible
with the values found in the optical. The obtained radial-velocity precision is compatible with about twice the photon-noise estimates
for a K2 star under these conditions. The additional scatter around the orbit, of about 8 ms™!, agrees with previous results that showed
that the activity-induced scatter is the dominant factor. We analyzed the polarimetric signal, Zeeman broadening, and chromospheric
activity tracers such as the 1083nm Hel and the 1282nm Pag lines to investigate stellar activity. First estimates of the average unsigned
magnetic flux from the Zeeman broadening of the Fel lines give a magnetic flux of 290 + 58 G, and the large-scale longitudinal field
shows typical values of a few Gauss. These observations illustrate the potential of SPIRou for exoplanet characterization and magnetic

and stellar activity studies.

Key words. planetary systems — stars: magnetic field — stars: activity — techniques: radial velocities — techniques: polarimetric —

techniques: spectroscopic

1. Introduction

The study and characterization of exoplanet systems has greatly
benefited from the instrumental developments in high-resolution
optical spectroscopy since the pioneer work by Walker et al.
(1995), Mayor & Queloz (1995), and Marcy & Butler (1992) and
in particular, from the improvement of simultaneous wavelength
calibrations (Baranne et al. 1996) in the advent of precise radial-
velocity (RV) measurements. While recent years have seen very
interesting developments in the optical with instruments such as

* Based on observations obtained at the Canada-France-Hawaii Tele-
scope (CFHT) which is operated from the summit of Maunakea by the
National Research Council of Canada, the Institut National des Sciences
de I’Univers of the Centre National de la Recherche Scientifique of
France, and the University of Hawaii. Based on observations obtained
with SPIRou, an international project led by Institut de Recherche en
Astrophysique et Planétologie, Toulouse, France.

ESPRESSO (Pepe et al. 2014) and EXPRES (Petersburg et al.
2020), the strongest emphasis on precision-RV instrumentation
has been in the near-infrared (NIR) domain, with CARMENES-
NIR (Becerril et al. 2017), GIARPS (Claudi et al. 2017), IRD
(Kotani et al. 2018), HPF (Mahadevan et al. 2014), CRIRES+
(Dorn et al. 2016), and SPIRou (Donati et al. 2020). This new
branch of RV NIR spectrographs has started a new era, in which
the characterization of exoplanet systems widens toward a spec-
tral domain full of riches: not only can different planet hosts be
reached (young stars, and the coolest red dwarfs), but different
atomic and molecular species are accessible to extend their char-
acterization. In the extrasolar systems that can be observed both
at optical and NIR wavelengths, the relative amplitude of stel-
lar activity and planet signatures can, for instance, be used to
distinguish between the two phenomena (Hébrard et al. 2014;
Reiners et al. 2010; Zechmeister et al. 2018). Moreover, Zeeman
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broadening increases with wavelength, which offers new ways to
explore the surface activity of host stars that plagues the radial
velocity technique (Reiners et al. 2013). In this era of new NIR
spectrographs with precise RV measurements, SPIRou offers the
advantage of including the full YJHK coverage (0.98-2.35 um)
and a polarimeter to monitor the evolution of circular polariza-
tion in lines. This is an additional tool for stellar characterization
(Hébrard et al. 2016).

We study early SPIRou science data of the well-known hot-
Jupiter system HD 189733. Although SPIRou is optimized for
stars cooler than K types, whose wealth of information contained
in the spectral domain is greater, it seemed interesting to revisit
this system with a new instrument and study the spectroscopic
content and behavior in the NIR domain. HD 189733 is a moder-
ately active K2 dwarf star that is transited by a hot-Jupiter planet
in a 2.218-day circular orbit (Bouchy et al. 2005). It has a distant
M-dwarf companion (Bakos et al. 2006b). Since the planet was
discovered and the first spectroscopic transit observations were
reported, it has been extensively studied with high-resolution
optical spectrographs (e.g., Winn et al. 2006; Bakos et al. 2006a;
Redfield et al. 2008; Triaud et al. 2009).

The stellar activity of the planet host HD 189733 has been
observed with space-based photometry with MOST (Croll
et al. 2007), unveiling a 3% flux modulation due to the rotation
of contrasted features in the photosphere. Radial velocities
obtained with SOPHIE in turn exhibit a stellar activity jitter
amplitude of about 10ms~' rms when the planetary orbit is
removed (Boisse et al. 2009).

In spectropolarimetry, the star was also extensively followed
up with CFHT/ESPaDOnS and TBL/NARVAL for its strong
magnetic activity. Features induced by star-planet interactions
were likewise searched for (Moutou et al. 2007; Fares et al. 2010,
2017). The magnetic field of HD 189733 is characterized by a
complex topology. The mean value of the total field is about
40 G, and there is a strong contribution of the toroidal component
(Fares et al. 2017).

Recently, HD 189733 transits have been observed using
CRIRES (Brogi et al. 2016; Brogi & Line 2019), GIANO (Brogi
et al. 2018) and the NIR arm of CARMENES. These observa-
tions and previous ones in transmission spectroscopy led to the
discovery of water, carbon monoxide, and helium in the extended
atmosphere of the planet (Birkby et al. 2013; Salz et al. 2018;
Alonso-Floriano et al. 2019).

In this paper, we present data on the orbital signal, on the
Rossiter-McLaughling radial-velocity anomaly, on the circularly
polarized Zeeman signatures in photospheric atomic lines, on
the average small-scale surface magnetic flux, and on Pag and
Hel chromospheric lines of HD 189733 as seen by SPIRou. The
transmission spectroscopy analysis will be presented in a forth-
coming paper. In Sect. 2 we provide a short description of the
instrument, the observing strategy, the data collection, and the
methods used in the data analysis. In Sect. 3 we present our
radial-velocity results. In Sect. 4 we present our analyses of the
stellar activity, of polarization features, and Zeeman broadening
before we conclude in the last section.

2. Data acquisition and processing
2.1. SPIRou

SPIRou is the new NIR spectropolarimeter and high-precision
velocimeter installed in 2018 at the Cassegrain focus of the 3.6 m
Canada—-France—Hawaii Telescope atop Maunakea (Donati et al.
2020). Its wide spectral range (0.98-2.35 um), high resolving
power (about 70000), its temperature-controlled environment
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(Challita et al. 2018), and precise light injection devices (Pares
et al. 2012) are key for obtaining time series of stellar spectra
with extreme stability (Donati et al. 2018). The CFH telescope
is guided with a system that includes a tip-tilt plate operating
at a frequency of 50 Hz for the observations of HD 189733 and
a NIR imaging camera sensitive to YJH bands (Barrick et al.
2018). This system then allows the operator to position the star on
the 1.29” circular aperture. The achromatic polarimeter located
in the Cassegrain unit is composed of two ZnSe quarter-wave
rhombs and a Wollaston prism, splitting the beam into the two
orthogonal states of the selected polarization (circular polariza-
tion was used in this study). The spectrograph is fed with three
fluoride fibers: two science fibers collecting the light out of the
polarimeter, and one calibration fiber for the spectral reference
lamp (Micheau et al. 2018). A short octogonal fiber in the spec-
trograph contributes to a better scrambling to increase the RV
precision. The SPIRou cryogenic spectrograph is operated in
vacuum, at 73 K, and is thermally regulated at a submillikelvin
level (Reshetov et al. 2012). The design of the echelle spec-
trograph is described in Thibault et al. (2012) and contains an
R2 diffraction grating and a cross-disperser train consisting of
three prisms. Finally, the detector used in SPIRou is a 15-micron
science-grade H4RG from Teledyne Systems with up-the-ramp
readout mode; the detector characteristics are presented in
Artigau et al. (2018). The orders are tilted relative to the detec-
tor rows, providing a good numerical sampling of the resolution
element.

SPIRou can be used in spectropolarimetric and spectroscopic
mode. In both modes, the star light passes through the polarime-
ter that is located in the front end. In the spectroscopic mode,
each exposure is acquired in a single thomb position, while in
the polarimetric mode, four sub-exposures with different rhomb
configurations are necessary to retrieve each Stokes parameter, as
usual in optical spectropolarimeters (Donati et al. 1997). Radial
velocities of the star can be measured in both modes, and the
same set of calibrations is used for the two SPIRou modes.

SPIRou is operated with an extensive calibration plan,
including daytime and nighttime observations. Each afternoon
a series of internal calibrations is run, including detector dark
frames and instrumental background (fixed time of 600s), order
localization and flat-field frames using a tungsten lamp, accurate
wavelength solution using exposures from a stabilized Fabry-
Perot (Perruchot et al. 2018) and uranium-neon hollow-cathod
lamps. The Fabry-Perot is also used simultaneously to stellar
observations in the reference channel, allowing a monitoring of
the residual spectrograph shifts over a timescale of the night.
Extensive tests have shown that the calibrated instrument inter-
nally delivers radial velocities at a precision level better than
0.5 m s~! rms over days. Nighttime observations for SPIRou
calibration plan include a sky background of 10 min, at least
one nightly radial-velocity standard and a few bright hot stars
to monitor the telluric absorption spectrum in various condi-
tions (for a total 10 min of observing time, nightly). SPIRou has
demonstrated its sensitivity, resolving power, and radial-velocity
precision on cool nonactive stars and was accepted as a guest
instrument at CFHT in January 2019. The on-sky performances
of SPIRou are outlined in a forthcoming paper (Donati et al.
2020). SPIRou has been open to the CFHT community since
February 2019.

2.2. Observations

HD 189733 was observed with SPIRou between July 2018 and
June 2019 as part of the science verification program and of
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Table 1. SPIRou observations of HD 189733.

UT date Mode N BIJD bory  Texp See S/N ZP RV RV phn RV rms
[s] " kms™! ms™! ms™!

2018-07-29  Pol 4 8329.03 0.31 245164 0.66 240 N/A -2.4642 149 52
2018-07-30  Pol 4 8329.98 0.74 245.164 0.74 254 0.13 -2.0406 1.61 11.7
2018-08-01 Pol 4 8331.95 0.63 245164 0.75 214 0.05 -2.0942 1.78 8.7
2018-08-02  Pol 4 8333.02 0.11 245.164 1.05 205 0.04 -2.4039 1.85 8.1
2018-08-03  Pol 8 8333.98 0.55 245.164 0.85 110 1.39 -2.2192 3.05 9.0
2018-08-04 Pol 4 8335.04 046 245164 090 170 048 -2.3069 2.08 6.9
2018-08-05 Pol 4 8336.03 0.88 245.164 0.78 213 0.03 --2.3144 1.78 7.9
2018-08-06  Pol 4 8336.96 0.46 245.164 0.83 215 0.03 -2.1238 1.77 5.1
2018-09-22  Sp 36 8383.84 0.00 250.736 0.77 250 0.07 -2.3016 1.65 4.0
2018-09-23  Pol 4 8384.83 0.46 245.164 052 280 0.00 -2.2975 152 3.4
2018-09-25 Pol 4 8386.80 0.35 245.164 115 230 0.00 -2.4244 1.75 4.9
2018-09-26  Pol 4 8387.87 0.83 245164 047 260 0.22 -2.0975 1.48 9.9
2018-10-26  Pol 4 841775 030 245.164 125 249 0.00 -2.4572 1.69 4.1
2019-06-15  Sp 50 8650.04 0.00 250.736 0.80 210 0.02 -2.2605 1.76 6.0

Notes. The exposure time corresponds to one exposure. The S/N is per pixel and per exposure at 1.7 um. The barycentric Julian date is shifted
by —2450000. SPIRou has been used in both polarimetric and spectroscopic modes (“Pol” and “Sp”). Zero-point (ZP) indicates the mean
CFHT/SKYPROBE extinction during the visit, when available, in magnitude (Cuillandre et al. 2016). The last two columns “RV phn” and “RV
rms” show the average photon noise of the sequence and the scatter observed at a given epoch over the N data points when the planet signal is

removed, respectively.

the SPIRou Legacy Survey (SLS)!. Fourty-eight and eighty-
six spectra were obtained in polarimetric and in spectroscopic
mode, respectively. The polarimetric mode has been used in cir-
cular polarisation at a temporal sampling of about one Stokes V
sequence per night when SPIRou was operated at CFHT between
July 28 and October 25, 2018, for a total of 12 visits. In addition
to recovering the planetary orbit signature, this sparse data set
allows us to probe the magnetic field of the stellar host, which is
already known from optical measurements with ESPaDOnS and
NARVAL at much denser time sampling (Moutou et al. 2007;
Fares et al. 2010, 2017). It also gives the option of investigating
how stellar activity in the NIR is modulated by the 12d stellar
rotation period. The spectroscopic mode was used for the obser-
vation of two planetary transit sequences, on 21-22 September,
2018, and on 14—15 June, 2019. The first partial transit sequence
was obtained during a commissioning night and the baseline
before ingress is missing. The second transit sequence has a
longer baseline with equal baselines before ingress and after
egress as the in-transit duration.

Table 1 lists the nights with observations of HD 189733 con-
sidered in this paper, and the average properties of the N spectra
taken in each of these nights. For polarimetric measurements,
4 consecutive exposures were taken, while for each of the two
transits 36 and 50 exposures were taken in spectroscopic mode.
The signal-to-noise ratio (S/N) per 2.28-kms~! pixel bin in the
middle of the H band ranges from 110 to 280 for 245 s exposures,
with a median value of 230. Conditions were photometric during
both transit sequences, with an average seeing estimated on the
guiding images of 0.77"" and 0.80".

2.3. Data processing

The spectra were reduced with the SPIRou data reduction sys-
tem, APERO, using version 0.5.0. The nonlinearity of the
detector was accounted for at the readout level, and the slope of

' CFHT programs 18BD50 and 19AP40.

individual pixels was calculated along the readout ramp within
the linearity regime. The pipeline uses the optimal extraction
method (Horne 1986) and the daily-updated calibration database
to produce 2D spectra on which the radial-velocity measure-
ment and (whenever relevant) the polarimetric calculation are
performed. For RV measurements, the two science channels are
extracted and treated together; for polarization, they are extracted
individually and combined, as we describe in Sect. 4.3. The
Blaze function is estimated from the flat-field in each channel
and removed from extracted spectra. The wavelength calibra-
tion is obtained from the combination of exposures using the
UNe hollow-cathod lamp and the thermally controlled Fabry-
Pérot etalon (FP). The measurement of the FP cavity length is
anchored on the absolute line positions of the UNe lamp, as orig-
inally proposed by Bauer et al. (2015) and described in detail for
SPIRou by Hobson et al. (2020). The offset of the wavelength
solution is then estimated for each exposure from the calibration
of the simultaneous FP observation and the accurate calculation
of the Barycentric Earth Radial Velocity (BERV).

Prior to cross-correlating the extracted spectra with a numer-
ical mask to obtain the radial velocity, it is critical to correct
for the telluric contamination that plagues the NIR domain. In
the SPIRou pipeline, we use the PCA-based correction technique
that was first developed and tested on HARPS data, as described
in Artigau et al. (2014), which was then implemented for SPIRou.
Nightly observed telluric standards are collected into a library
covering a widely sampled parameter space in atmospheric con-
ditions, and this library is used to reconstruct with PCA the
best-match telluric contamination spectrum of a given science
observation. We used five principal components for telluric cor-
rection. Figure 1 shows one example spectrum of HD 189733
that was extracted with the SPIRou pipeline. In the top plot, the
black spectrum shows the full extracted spectrum, and the red
spectrum was obtained after correction for telluric contamina-
tion, excluding the most opaque atmospheric bands. The blaze
function was not removed at this stage. In the bottom plot, we
show a small part of the H band, after the blaze function was
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Fig. 1. Top: example of the whole SPIRou spectrum after pipeline extraction (black line) and after telluric correction (red line). Bortom: zoom into
the H band, showing the atmospheric spectrum derived from the PCA-based telluric correction. The removed telluric spectrum is shown in green;
it contains absorption lines and most OH emission lines. The underlying black curve is the total extracted spectrum.

removed. In black and red we show the extracted stellar spectrum
before and after correction of the most appropriate PCA-derived
telluric spectrum, which is shown in green.

After the extracted spectra were corrected from the telluric
contribution, the nominal RV calculation offered by the APERO
pipeline was the cross-correlation function with a numerical
mask, that was then fit by a Gaussian. The mean velocity of the
Gaussian is the radial velocity. This is well adapted for slow rota-
tors of K type such as HD 189733 (Pepe et al. 2002; Bouchy
et al. 2005), but has been shown to prevent the recovery of RV
information content for fast rotators (e.g., Galland et al. 2005;
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Yu et al. 2019) or M dwarfs in the optical (e.g., Astudillo-Defru
et al. 2015).

2.4. Masks for cross-correlation

The telluric-corrected spectra can be used to create a high-S/N
template spectrum free of telluric lines, which is the result of
combining all the spectra, excluding areas that are affected by a
telluric line at the time of observation. We used the template of
HD 189733 to produce a weighted mask that contains the cen-
tral wavelength of the lines and a weight corresponding to their
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depth. The lines were first identified as a local minimum, more
than 40 lower than the variation in the local continuum com-
puted at a distance greater than the typical stellar line full-width
at half-maximum (FWHM). This criterion rejected blended lines
of similar depth. A Gaussian fit was then made around these local
minima to determine the central position of the line and to reject
features whose appearance was too different from that of a stellar
line. See Pepe et al. (2002) for a full description of the method
of correlation with a weighted binary mask.

One difference between optical and NIR data is the role of
residual telluric lines in the construction of the line list. Telluric
lines show relative and variable motion with respect to the stellar
lines, therefore the mask needs to be free of regions where the
residual telluric correction still contaminates the spectrum and
adds spurious RV variations. We found that telluric lines deeper
than 40% leave significant residuals. Stellar lines that overlap
telluric features with a depth larger than 40% were then masked
out for a BERV corresponding to the maximum range associated
with HD 189733. For shallower telluric lines, only the excess
photon noise due to telluric residuals was included in the line
weight (ranging from 1.5 times the photon noise for a line of
10% depth to 7 times the photon noise for a line of 30% depth).
This mask-construction method is similar to method 3 described
in Figueira et al. (2016). The produced K2 mask finally contained
1924 atomic and molecular lines in the whole SPIRou domain.
As an experiment, other partial masks were made from the orig-
inal ones: a first set of three masks included only lines in the J,
H, and K bands from the K2 mask.

We then used the out-of-transit observations of the nights
of September 21-22, 2018, and June 14-15, 2019, which were
obtained in spectroscopic mode, to produce an alternative stellar
mask. The line-list filtering makes use of a template spectrum
obtained from the mean of all out-of-transit spectra, where we
fit every line in the mask using a multiple Gaussian model to
account for blends. After performing a standard least-squares fit,
we compared the fitted central wavelength of each line with the
mask values and removed the lines in which the difference was
greater than half of the FWHM, using FWHM ~ 12kms~! as the
reference value. We also removed lines whose fitted amplitudes
were lower than twice the mean flux error within the spectral
region around the line. Finally, we removed lines in which the
fitted FWHM lay outside an acceptable range of widths (a con-
servative range of 0.12-24 kms~' was used here). The final
K2-filtered mask contains 1405 lines.

A last set of masks was created from ATLASY stellar models
(Castelli & Kurucz 2003) and the VALD database, specifically,
the model corresponding to an effective temperature of 5000 K
and logg of 5.0. Originally, this mask contained 6102 atomic
lines in the SPIRou domain; when most opaque atmospheric
bands at [1335-1490] and [1790-1994] were removed, 4121 lines
remained. These constitute the Castelli5000 mask. From this line
list, we then selected 1289 lines with the highest Landé factors
(high Landé with a factor larger than 1.4 and a median factor of
1.57) and 1323 lines with the lowest Landé factors (low Landé
with a factor smaller than 1.1 and a median factor of 0.91). The
Landé factor of each line affects the line broadening because of
the unsigned magnetic field in active regions of the stellar sur-
face. By selecting the lines with the highest Landé factor, one
amplifies the effect of the magnetic field on the line broaden-
ing, and potentially, on the radial-velocity jitter. One could thus
expect the cross-correlation function (CCF) of the high Landé
mask to have a larger width and smaller depth than the CCF
obtained with the low Landé mask in the presence of a strong
magnetic field. The largest number of lines, those with average
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Fig. 2. Top: cross-correlation functions obtained with SPIRou pipeline
APERO using a variety of numerical masks: K2, an empirical mask
based on the whole collection of spectra, its separate J, H, and K con-
tributions and a more filtered version of it, and a theoretical mask based
on Castelli models containing atomic lines (with its two flavors of low-
Landé factor and high-Landé-factor lines, see text). Bottom: distribution
of agy showing the relative contribution of each wavelength bin to the
RV precision for different line lists.

Landé factors of about the median 1.25, remains in this selection
to enhance any contrasted behavior.

Figure 2 (top) compares the average CCF obtained with each
mask. Table 2 shows the number of lines, the average FWHM
and spectral shifts obtained on the cross-correlation functions
with these masks. The number of lines is given in two ways:
the smaller number is the number of lines in the line list, and
the larger number in parenthesis includes all duplicate occur-
rences of lines when consecutive orders overlap (hence the larger
difference in the J-band mask, where the overlaps are wider).

It might be expected that the K-band lines are either of sim-
ilar width or slightly wider than the J-band lines because the
Zeeman-splitting behavior increases with wavelength squared.
We observe a 10% wider H-band CCF compared to the J-band
CCF. However, the K-band CCF in turn is 17% narrower than
the H CCF. The K band includes a larger fraction of molecu-
lar lines, which have a narrower profile than atomic lines, and
the average profiles might reflect this as the dominant factor.
Because these CCFs are not built from similar line densities, this
discrepancy may also be due to a lower precision of the K-band
CCF because the FWHM has a scatter four times larger for the K
band than the H band. In addition, the comparison between the
low-Landé and high-Landé masks shows no systematic broad-
ening for the second one, within a dispersion of 0.2 kms™'.
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Table 2. Characteristics of the average CCF for a variety of line lists (see text).

Mask Nb lines FWHM ov rms orbit rms RM
kms™! kms™! ms™! ms™!
Castelli 4121 (6288) 12.6+0.1 0.06 =0.08 11.6 29.0
Low Landé 1323 (2034) 12.7+0.08 —0.11+0.06 47.2 222
High Landé 1289 (1987) 12.6+0.2 0.04 +0.11 40.5 17.4
K2 1924 (3246) 11.5+0.1 0.00+0.07 10.8 59
K2 filtered 1405 (2378) 11.7+0.1 0.002 +0.07 10.2 5.3
K2 J 646 (1895) 10.7 £ 0.1 0.46 +0.08 41.1 26.0
K2 H 894 (959) 11.9+0.1 0.004 +=0.07 12.2 9.1
K2 K 384 (392) 99+04 -0.07 £0.07 24.7 17.0

Notes. Column 2 lists the real number of stellar lines in the mask and the total number of line occurrences when order overlaps are included.
Columns 3 and 4 give the average FWHM of the CCF and the velocity shift compared to the K2 CCF; errors represent their scatter in the sample.
The last two columns list the rms values of the residuals to the orbit model and the classical Rossiter-MacLaughlin model.

This requires further investigations using other stars with various
activity levels. The comparison of CCF width between the the-
oretical mask (Castelli) and the empirical mask (K2) shows that
the second is 1 kms™' narrower than the first. This may indicate
that some reference wavelengths in the theoretical line list are
slightly misplaced.

Finally, the K2-J line list shows a spectral shift compared
to the reference K2 mask. If this shift were further investi-
gated, it might show that some lines are contaminated by telluric
residuals or residual blended stellar lines.

The RV precision of each wavelength bin is proportional to
ary = VN x (I), where (I) is the average intensity of the lines
and N is the number of lines in the bin. The bottom plot of Fig. 2
shows that the distribution of agy over the spectral domain is
quite different between the theoretical and empirical lists: while
it is similar in the two sets of masks, it is twice lower in the
H and K bands in the empirical mask than in the theoretical
mask. The low- and high-Landé masks have a similar wavelength
distribution.

2.5. Dispersion and conditions

In this section, we compare photon noise RV estimates and
observed RV scatter in this data set featuring the K star
HD 189733.

The pipeline estimates the RV uncertainty of each individual
exposure using the optimal weight method on the spectrum, as
introduced by Connes (1985) and Bouchy et al. (2001). Because
this is performed on the extracted spectrum rather than the
CCF, this RV uncertainty indicator does not depend on the
mask and underestimates the real value because telluric lines
are still included. Moreover, while the photon-noise estimator in
the pipeline gives relevant values for most spectra, some spec-
tra had erroneous values that did not scale with S/N. For these,
we estimated the photon-noise uncertainty by using the scaling
observed in the majority of spectra. The scaling function is
SRVms = 240/S/N +0.65ms™", (D)
where S/N is the S/N per 2.28-km s~! pixel at 1700 nm (note that
this relation can only be used for SPIRou observations of a star
whose spectral type and rotational velocity are similar to those
of HD 189733). The chosen threshold for correction was + 10%
of the expected value. After this correction, the average RV pre-
cision of the data set is 1.8 ms~!. Individual nightly averages of
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the estimated photon-noise RV uncertainty are given in Table 1
in the penultimate column, RV phn.

As each circular-polarisation sequence consists of four indi-
vidual spectra, it is possible to extract and derive the spectrum
position of all subexposures as opposed to the position of the
combined Stokes I spectrum, and derive an estimate of the
RV scatter inside a sequence, although small-number statis-
tics applies here. The last column, RV rms, in Table 1 shows
the nightly RV dispersion values. The lowest dispersion values
obtained in this data set and with version 0.5.0 of the data reduc-
tion system are 3—4 ms~!, or about twice the average photon
noise. This reaches higher values when the extinction varies or
the S/N is low. Worse seeing conditions in turn do not lead to
significantly higher dispersion values in this limited data set.

3. Radial-velocity analysis
3.1. Orbit

All RVs as measured with the K2-filtered mask are listed in
Table A.l. The radial velocity measurements obtained with
SPIRou were then phased according to the following ephemeris
(Balueyv et al. 2019):

dorb = (BJD —2458383.8012)/2.21857545. 2)

As shown in Fig. 3, the recovery of the planetary orbit as known
from the literature is secured from this sparse data set, although
the time series is spread over three commissioning runs from
July to October 2018, and various changes were made in the
instrument between runs (both hardware and software). It shows
that daily calibrations operate as expected, by deriving the cor-
rect velocity shift from spectral lamp observations. The hardware
changes during the six-month commissioning period were not
considered significant enough to justify adding a free offset
between runs in this study, because there were only a few visits.

The rms of these O-C residuals is 10.8 ms™' rms with the
K2 cross-correlation mask, when combined RVs per polari-
metric sequences are used. The value is 10.2ms™! with the
K2-filtered mask. This residual scatter is compatible with the
rms jitter previously found by Bouchy et al. (2005; 15ms™!,
ELODIE), Winn et al. (2006; 12ms~!, HIRES), and Boisse
et al. (2009; 9ms~', SOPHIE), and with the 33.5ms"! peak-to-
peak variations reported by Triaud et al. (2009) between several
transit sequences (HARPS). These were obtained with optical
spectrographs.



C. Moutou et al.: HD 189733 seen by SPIRou

RV [km/s]

)
o
|
!
|
|
|

o
|
|
|
ot
|
|
|
o+
|
|
|
|
L
|
|
|
-
\
|
|
|
|
o,
L
ool

-0.4 -0.2 0.0 0.2 0.4
Orbital phase

Fig. 3. Average RV per polarimetric sequence taken over the orbital
cycles of the planetary system as a function of orbital phase with
residuals to the literature model. The data in this plot are listed in
Table A.1.

We obtain a dispersion of O-C residuals of: 41.1 ms™ with
the K2 mask limited J, 12.2ms™! in H, and 24.7 in K. The dis-
persion is much smaller in H within a polarimetric sequence and
over the full time series.

3.2. Rossiter-McLaughlin effect

The two transit sequences obtained in spectroscopic mode can
be used to measure the Rossiter-McLaughlin effect. We can
compare this with previous results from optical measurements.
The K2-filtered mask was used for this analysis. The improve-
ment in RV precision with this mask is about 1 ms~' compared
to the K2 mask, that is, an improvement of about 20%, but
more importantly it removes a residual systematic slope of about
0.07 kms~!/day, which is probably due to residuals from tel-
luric lines that slowly move over the stellar spectrum with Earth
rotation during the sequences.

3.2.1. Classical Rossiter-McLaughlin fit

The Rossiter-McLaughlin effect was fit using the model devel-
oped by Ohta et al. (2005). This model derives an accurate
analytic formula for the radial velocity anomaly and takes the
stellar limb darkening into account. In order to determine the
limb-darkening coefficient () for HD 189733 b in the infrared
range, we used 3D stellar model atmospheres from Hayek et al.
(2012). A simple linear limb-darkening law was used to derive
an approximate value of u = 0.433 for the J band.

Five free parameters were used to simultaneously fit the two
transits of HD 189733 b: the sky-projected obliquity A, the pro-
jected rotation velocity vsini,, the transit epoch 7, and two
systematic velocities y; and y,. All other transit and Keplerian
parameters were fixed at the values reported in the literature (see
Table 3).

We sampled the posterior distributions of A, vsini,, and T
using the Markov chain Monte Carlo (MCMC) software emcee
(Foreman-Mackey et al. 2013), assuming uniform priors. We
used 50 walkers and 2000 steps of the MCMC and discarded
the first 500 steps. Best-fit values are the medians of the distri-
butions, with 1o~ uncertainties that are derived by taking limits
at 34% on either side of the median, as listed in Table 3. Figure 4
shows the RV measurements of HD 189733 taken during the two
transits of planet b on September 21, 2018, and June 14, 2019,

along with the best-fit model. We found a sky-projected obliquity

A= —3.6f}j2 degrees and vsini, = 3.29f8j83 kms~!. When we
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Fig. 4. Individual RV measurements of the two observed transits as
obtained from the CCF analysis (top; blue: first sequence, black: sec-
ond sequence), together with the best-fit model obtained with the
MCMC procedure (solid red line); (bottom) residuals after subtracting
the best-fit model are shifted by —2.34 km s~ for better visualization.

fit this separately, the second sequence has a smaller offset on
the A value than the reference optical value, —1.9 + 1.8 degrees,
compared to when the two sequences were combined, proba-
bly because the first sequence is not complete. It starts slightly
after ingress and has no baseline before the transit. These partial
sequences understandably lead to increased systematics. These
values obtained with one or two SPIRou transits agree within

20~ with the values obtained from data in the optical range:

A= —0.85f8j§§ degrees and vsini, = 3.316f8j8é; kms~! from

four transit sequences with HARPS, as analyzed by Triaud et al.
(2009) or revised later with 4 = —0.4 + 0.2 degrees from Cegla
et al. (2016).

The dispersion of residuals after the subtraction of the model
is 5.31 ms~! for both transits, or 4.08 and 6.04ms~! for the
September 2018 and June 2019 transit, respectively. Out-of-
transit RV data have a dispersion of 3.82 and 5.25ms™! for
the first and second transit sequences (15 and 27 baseline data
points), respectively, after the orbital slope is removed. This
number likely represents the current instrumental scatter that was
measured on early-science SPIRou data of a bright K star with
this version of the pipeline. For comparison, when the full K2
mask is used or when the measurement is limited to the J, H,
and K bands, the dispersion of the residuals for both transits are
5.9,26,9, and 17ms™!, respectively, when the two transits are
fit together, with the residual slope mentioned earlier. The final
fit parameters did not change significantly for different values
of the limb-darkening coefficient u corresponding to each band
(uy = 0.467, uy = 0.343 and ux = 0.286). In Fig. 5, we show
the correlation diagrams for all five free parameters. The best-fit
value of the transit epoch, 7, is consistent with the value of (1)
in Baluev et al. (2019) by propagating over different orbits using
the orbital period from Table 2 of Baluev et al. (2019).

3.2.2. Doppler tomography

We applied another technique, Doppler tomography, to the same
data to determine the obliquity measurement for HD 189733 b
and checked its consistency with the classical RM method. The
50 CCFs from the second transit were used for this analysis. We
considered a model of stellar CCF that includes a limb-darkened
rotation profile convolved with a Gaussian corresponding to the
intrinsic photospheric line profile and instrumental broadening,
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Table 3. Best-fit parameters of the Rossiter-McLaughlin effect.

Parameter Unit Prior type Value Reference
Period days Fixed 2.21857545 Baluev et al. (2019)
K kms™! Fixed 0.201 Boisse et al. (2009)
w degrees Fixed 90.0 Winn et al. (2007)
e Fixed 0.0028 Baluev et al. (2019)
a/R, Fixed 8.7566 Triaud et al. (2009)
s degrees Fixed 85.712 Balueyv et al. (2019)
r/Ry Fixed 0.15703 Baluev et al. (2019)
Fit parameters

T BID U (2458383.800,2458383.803) 2458383.8012189 0 o00as This work

2 degrees U (-10,10) -3.613 This work
vsini, kms~! U 2,5) 3.29%00 This work

i kms™! N (=2.3,0.1) —2.1522129% This work

¥ kms™! N (=2.3,0.1) —2.15745 00008 This work

Notes. U (min,max) corresponds to uniform probability distribution with min and max as the minimum and maximum values and N (mean,sigma)

corresponds to Normal probability distribution.
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Fig. 5. Corner plot of the Rossiter-McLaughlin effect when the two
transit sequences are combined. Different color counters marks the 1,
2, and 30 regions. The red arrows in the histograms correspond to the
distribution medians.

following the approach of Collier Cameron et al. (2010). The
Gaussian bump due to the planet occultation was also modeled
in the stellar line profile, whose spectral location depends on the
planet position in front of the stellar disk during the transit. We
made a tomographic model that depends on the same param-
eters as the classical RM fit (Sect. 3.2.1), and added the local
line profile width, s (nonrotating local CCF width) expressed in
units of the projected stellar rotational velocity (Collier Cameron
et al. 2010; Dalal et al. 2019). The free parameters we used to fit
the Gaussian bump were A, vsiniy, y and s. The T was fixed
to 7o and the other parameters were taken from the literature.
The top panel in Fig. 6 shows the bright signal corresponding
to the stellar surface regions that are occulted by HD 189733 b.
The best-fit model as shown in the middle panel of the Fig. 6 was
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Fig. 6. Doppler Tomography results obtained on the June 2019 transit:
the diamonds mark the ingress and egress from literature ephemeris and
the dashed line corresponds to the vsini, of the star. Top panel: resid-
uals after subtracting the model stellar CCF from the CCFs obtained.
Middle panel: best-fit model corresponding to A = —0.5°. Bottom panel:
residuals after subtracting the best-fit model.

obtained with 1 = —0.5" i _'% degrees and vsin i, = 3.80f8_‘%g kms~!.

The obliquity and rotational velocity from the classical
RM and the Doppler tomography models agree well (See
Sect. 3.2.1).

This is the first time that two different techniques, a clas-
sical RM fit and Doppler tomography, were used to measure
obliquity in the NIR range. They are both compatible with the
results obtained from the optical data. The data from the second
sequence modeled alone gave a result closer to the optical data,
although with slightly larger error bars; this is explained by the
incomplete transit sequence of the first epoch, although it was
observed in better conditions than the second epoch.

4, Stellar features

4.1. Activity jitter

HD 189733 is known to have an average rotation period close
to 12 days (Henry & Winn 2008) while a differential rotation
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Fig. 7. Residual RV jitter as a function of the rotational phase of the
parent star. Red squares indicate the first rotational cycle.

of 0.11 radd™! has been measured by Zeeman Doppler imaging
(Fares et al. 2010, 2017). We used an average period of 12 days
with the following ephemeris:

dror = (BJD —2458329.018)/12.0. 3)

Figure 7 shows the behavior of the residual RVs from the plane-
tary orbit subtraction as a function of the rotational phase of the
parent star. As earlier, the error bars reflect the relative scatter of
the four consecutive RV measurements that were made within a
polarimetric series (last column of Table 1). The residual RVs are
quite dispersed in this data set, which extends over three months
(eight rotational cycles). The peak-to-peak variations are about
30ms!. Considering the eight first visits, which were obtained
within a dozen days, that is, during a single rotational cycle, a
more organized pattern appears with a maximum near phase 0.1
and a minimum near phase 0.4 before another rise (points with a
red square in Fig. 7). This suggests that cool spots cluster around
rotation phase 0.3 at the time of our first eight observations. The
rapid evolution of the stellar photosphere is well known (Boisse
et al. 2009; Lanza et al. 2011), and it is not surprising that the
five last RVs do not seem in phase with the first RVs, as they are
separated by 47 days from the first batch, and spread over another
34 days. The data set is not sufficient for a relevant jitter analysis
or for attempting to correct for it, but the possible dependence of
the residuals on rotational phase may indicate that at least part
of the RV residuals is due to stellar activity.

The FWHM of the CCF averaged over each polarimetric
sequences does not correlate with the RV residuals of the orbit
(Pearson coefficient —0.08). It may differ from observations
made in the optical where the FWHM seems to be a good indi-
cator of the stellar activity when it is due to a spot or a plage
(Dumusque et al. 2014). This difference might also indicate that
in SPIRou data, the CCF broadening is dominated by Zeeman
broadening rather than spot and plage temperature contrast, and
hence is less prone to rotational modulation. Alternatively, resid-
ual systematic noise in the intensity profile might affect its shape.
Even in the more frequently studied cases of optical CCFs, the
origin of variations in the FWHM is not always clear and may be
more sensitive to instrumental systematics, as shown earlier for
SOPHIE data of HD 189733 (Dumusque 2014) and other cases
observed with HARPS-N (Benatti et al. 2017; Mayo et al. 2019).

4.2. Pap and Hel activity indices

In order to compare the RV jitter to an independent activity crite-
rion, we searched the spectra for chromospheric lines that would

Flux

Mean spectrum
Atmospheric spectrum
Paschen beta

0.6F ‘ ‘ ‘
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Atmospheric spectrum
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Ny
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Fig. 8. Top: mean telluric-corrected spectrum of HD 189733 (in black)
near the Paf line (vertical line). The subtracted telluric spectrum is
shown in blue. Botfom: same for the Hel triplet line.

be sensitive to stellar modulated phenomena. We selected the
Paschen § line at 1282 nm and the Hel triplet at 1083 nm. The
Pap spectral region is shown in Fig. 8 (top) together with the
reconstructed spectrum of telluric contamination (a byproduct
of the telluric correction), which has very little effect in this
domain. Two methods were compared. In the first, a Gaussian
fit was adjusted to the core of the line in all spectra as well as
to the mean spectrum. An average equivalent width per polari-
metric sequence was then calculated after the mean value was
removed. In the second method, the mean spectrum was first
removed from each spectrum and the residual in the stellar line
was integrated over the line width. The error of each visit was
calculated to be the scatter within the polarimetric sequence.
The two methods give similar trends, and the second method has
slightly less noise than the first and is considered in the analysis.
The telluric-subtracted spectra are used.

As a sanity check, this method was used on other lines close
to the Hel and Pag regions. Three lines at 1084.680, 1282.520,
and 1283.495 nm were then measured in the same way as Hel
and PagB. The first two are contaminated by telluric residuals at
some values of the BERYV, and the last line is not contaminated.
This comparison allowed us to set a threshold on any significant
variability, accounting for the variable noise in the spectra. The
main conclusion is that there is no significant difference between
the variable behavior of the Hel and Pag lines with respect to the
check lines.

4.3. Spectropolarimetry

The Stokes V Zeeman signatures for our SPIRou observations
were calculated using the ratio method as described in Donati
etal. (1997) and Bagnulo et al. (2009), where we used a sequence
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of four exposures consisting of two pairs of observations that
each correspond to different retarder position. For each exposure
in the sequence we extracted the two orthogonal-polarization
science channels individually and then applied the blaze flux
correction. Then a wavelength correction was applied to each
exposure to compensate for the BERV. Finally, the flux values of
each exposure were interpolated using a B-spline to match the
wavelength sampling of the first exposure in the sequence. Then
we calculated the degree of polarization for each spectral point
using the ratio method. We measured the pseudo-continuum of
the polarization spectrum using a moving median with a window
width of about 1000 points. Then we fit a low-order polynomial
to the measured continuum points to model the continuum in the
whole spectrum, which was further subtracted from the data.

In order to obtain the circular polarization (Stokes V) in the
stellar lines, we used the least-square deconvolution technique
(LSD; Donati et al. 1997) with the Castelli mask that contains the
Landé factor of each line, that is, the sensitivity of each line to
the stellar magnetic field. These factors are currently only avail-
able through physical experiment or theory and are lacking for
most molecular lines in the NIR spectrum. The exclusion param-
eter we used to remove spectral domains that are contaminated
by telluric residuals corresponds to telluric lines that are deeper
than 5%. Between the Landé factor restriction and the cut for
telluric residuals, only 1366 lines were used in the polarization
profile. An example of Stokes V signatures is shown in Fig. 9. It
also shows the LSD profile of the null spectrum (N), obtained
from a different combination of individual spectra and aimed
at confirming the potential instrumental artifacts (Donati et al.
1997).

Table 4 lists all polarimetric sequences and their charac-
teristics: stellar rotational phase, maximum signal and standard
deviation in the Stokes V profile, and longitudinal field B,. The
latter was obtained from the following equation:

f vV (v)dv
Ao gesr ¢+ [ [ — 1) dv’

where the mean wavelength A is 1512 nm and the average Landé
factor geg is 1.25. The values for B, span a few Gauss for the
few profiles in which a signature is detected in the Stokes V
profile, in accordance with the values reported in the optical
with ESPaDOnS (Moutou et al. 2007; Fares et al. 2010, 2017).
The median error on B, is 1.7 Gauss, which is to be compared
with a median error of 1 Gauss in optical literature values, while
exposure times that were used with ESPaDOnS are two to three
times longer. It is expected that with similar exposure times, the
error on the longitudinal field would have been similar between
ESPaDOnS and SPIRou. Moreover, the number of available lines
with a known Landé factor is larger in the wavelength domain of
NARVAL (0.37-1.0 um) than in SPIRou (0.98-2.35 um) for a
K dwarf star. The Zeeman sensitivity, however, is higher in the
NIR than the optical, which more or less compensates the lower
number of lines. This explains the similar error bars on B, for
comparable exposure times.

Correcting for telluric contamination before calculating the
LSD profiles does not significantly change the Stokes V profile
(at a level less than 10), which is expected because the ratio
method acts as a filter against any signatures that do not change
in a short time or with the polarization state, including telluric
features. As seen previously, the theoretical mask is not opti-
mal for deriving the radial velocity at high precision because
it does not include molecular lines, in contrast to the empiri-
cal mask. Further iterations between the theoretical line lists and

B, = -2.14 x 10" “
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Fig. 9. Top: LSD Stokes profiles for one of the polarimetric sequences
showing a definite detection in the V profile. The Stokes V and N pro-
files are multiplied by 100 and shifted for clarity. Bottom: variations in
the longitudinal magnetic field as a function of the rotational phase. Red
squares indicate the first rotation cycle.

observed spectra are required to improve the Stokes V profiles,
for instance, by including strong molecular features with known
Landé factors.

Figure 9 (bottom) shows the variation in the longitudinal
magnetic field with respect to the stellar rotation phase. As for
previous indicators, the variation is smooth during the first rota-
tional cycle, while additional visits acquired several cycles later
show no clear behavior. Although the longitudinal field and the
RV residuals show indications of rotationally modulated evolu-
tion, these two quantities do not appear to be directly correlated
with each other in this data set, similarly as has been observed
for other stars (Hébrard et al. 2016; Hussain et al. 2016). Fur-
thermore, the data collection is not sufficient to try modeling the
magnetic topology of the stellar surface with the few detected
signatures spread over several months.

4.4. Zeeman broadening

Zeeman broadening provides an alternative diagnostic of the
stellar magnetic field, because it infers a magnetic field strength
from line widths in the Stokes I spectrum. This provides a
measure of magnetic field strengths on small scales, which are
invisible in Stokes V because regions with opposite sign cancel
each other out (Morin et al. 2013). Because Zeeman broaden-
ing scales with wavelength squared while most other broadening
processes scale with wavelength, the ability to detect this effect
is much higher with SPIRou than with optical spectrographs.
The approach taken here was to directly model carefully cho-
sen spectral lines with a wide range of effective Landé factors
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Table 4. Characteristics of least-squares deconvolution Stokes V profiles obtained for all polarimetric sequences.

Date Rot. Max signal o By Bf

—2458000 phase 10741, 10741, G) (G)

329.018 0.00 2.17 0.35 097+1.58 271 +68
329.973 0.08 2.16 037 -0.70+£157 267+48
331.949 0.24 2.30 043 284171 236+75
333.016 0.33 1.77 051 —-1.72+£2.73 342+65
333.972 0.41 1.67 148 031275 324+74
333.986 0.41 1.39 0.92 6.93+2.53 357+80
335.038 0.50 2.94 0.58 482+194 25076
336.020 0.58 215 0.35 013+1.72 282+50
336.951 0.66 2.00 039 467172 183+46
384.825 4.65 0.21 0.41 0.08+1.48 332+36
386.797 4.81 2.26 0.41 323+1.65 332+43
387.866 4.90 1.72 0.56 -223+156 302+68
417.740 7.39 2.62 0.45 216+ 157 262+49

Notes. B, is the longitudinal magnetic field in Gauss. Bf is the magnetic modulus calculated from the Zeeman broadening of Fel lines (Sect. 4.4).

Table 5. Atomic data of the Fe I lines used in the spectral synthesis
including Zeeman broadening.

A (nm) Element g.x loggf logCs
1534.3788 Fel 263 -0.67 -752
1538.1960 Fe1 001 -0.69 -743
1561.1145 Fel 1.83 -330 -7.79
1564.7413  Fel .00 -1.08 -7.29
1564.8510 Fe1 298 -0.63 -749

Notes. g.q is the effective Landé factor, loggf the oscillator strength,
and log C¢ is the van der Waals damping coefficient. loggf for Fe 1
1564.85 is from Valenti et al. (1995), other loggf values are from fits
to the solar spectrum by Petit et al. (in prep.), and other data are from
Kurucz (2014).

and minimum blending. We used the Fe 1 lines at 1534.3788,
1538.1960, 1561.1145, and 1564.8510 nm. The 1564.8510 nm line
was used by Valenti et al. (1995) and Lavail et al. (2017). Table 5
lists the line characteristics used in this study. The choice for
these specific lines is the result of a trade-off analysis using the
following criteria: large (and, respectively, very small) Landé
factors, large line depths, no blending, and long wavelengths.
Atomic and molecular lines in the K band that are used in M
stars (e.g., Flores et al. 2019), for instance, are too weak in the
spectrum of HD 189733.

Synthetic spectra including Zeeman splitting were calcu-
lated using the ZEEMAN spectrum synthesis code (Landstreet
1988; Wade et al. 2001; Folsom et al. 2016). This produces
local-thermal-equilibrium spectra in all four Stokes parameters,
although here we focused on Stokes I. A grid of MARCS model
atmospheres (Gustafsson et al. 2008) was used as input. While
ZEEMAN accurately reproduces atomic lines in LTE for K stars
(e.g., Folsom et al. 2016), it does not calculate molecular line
spectra. We therefore avoided molecular lines.

Atomic data for four Fe I lines were taken from the VALD
database (Kupka et al. 1999; Ryabchikova et al. 2015), but the
oscillator strengths were not sufficiently accurate for this anal-
ysis. For the Fe 1 1564.8510 nm line we adopted the empirical
log g f of Valenti et al. (1995). For the other three lines we fit the
oscillator strengths using an observation of the solar spectrum.

The observation was obtained with SPIRou in sunlight reflected
off the moon. Synthetic spectra were calculated for a solar model
atmosphere and oscillator strength log g f values were fit through
a y* minimization routine.

Spectral synthesis was performed using the stellar effec-
tive temperature (4875 K) and gravity (4.56) from interfor-
metric observations (Boyajian et al. 2015). A vsini, value of
3.47 km s~! was inferred from the equatorial rotation period and
inclination of the rotation axis from Fares et al. (2017) and the
stellar radius of Boyajian et al. (2015). We assumed a microtur-
bulence of 0.9 kms~!, which is typical for this spectral type (e.g.,
Doyle et al. 2013). These parameters were considered as fixed.
Then the spectral fit derived the following parameters: macro-
turbulence, metallicity, a magnetic field strength, and a filling
factor for this magnetic field. A radial-tangential macroturbu-
lence profile was used. The magnetic field was assumed to have a
uniform radial geometry, covering a fraction of the surface given
by the filling factor. This is clearly simpler than the real mag-
netic geometry, but Zeeman broadening is relatively insensitive
to magnetic geometry, and this is the simplest geometry consis-
tent with the observations, and is consistent with models used in
previous Zeeman broadening studies (e.g., Valenti et al. 1995).

The four telluric-subtracted spectra were coadded for the
visit with the highest S/N (September 23) and were then gener-
alized to all epochs. A plot of the fitted lines for September 23 is
shown in Fig. 10 together with a comparison of the best fit of the
four lines with a null magnetic field. This modeling shows that a
nonzero magnetic field is required to fit the wings of the higher
Landé factor lines, while the model also fits the width of the zero
Landé factor line. The red line shows the line profiles when spec-
troscopic parameters are fixed and without Zeeman broadening:
all three lines with significant g appear to be deeper. Finally, the
best-fit model with additional magnetic flux parameters is shown
as the blue line and matches all line profiles.

The best-fit macroturbulence is 3.5+ 0.3 kms™' and metal-
licity of 0.09 +0.02 (in 1.30" agreement with the literature value
of —0.03 + 0.08 (Torres et al. 2008)). On average for all epochs,
HD 189733 has a magnetic field of 1.9+0.2 kG that covers
15 = 2% of the star; the average magnetic flux Bf is 290 + 58 G.
Individual uncertainties are obtained from the covariance matrix,
scaled by the square root of the reduced y>. A few sources
of errors are not included (on parameters that were considered
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Fig. 10. Observed (black line and dots) and modeled spectra of HD 189733 in four lines of Fe I with various Landé factors (see the g value in
the line label). Three models are compared: a model spectrum with fixed spectroscopic parameters and a magnetic field fixed to zero (red line); a
model with fitted spectroscopic parameters in which all lines contributing equally to the fit, even the broadened ones and no magnetic field (orange
line), and a model in which all parameters are fit (blue line) (see text). The dashed line represents the spectrum that is not corrected for the telluric

lines.

as fixed: Teff, gravity, and microturbulence), therefore these
uncertainties may be slightly underestimated. The last column
in Table 4 lists the individual Bf values corresponding to each
polarimetric sequence. While there is a mild correlation between
the longitudinal field and the field flux, as shown in Fig. 11, the
latter cannot be related to RV residuals.

This value of the magnetic field strength and flux for
HD 189733 is intermediate between nonactive, slow-rotators M
dwarfs such as Gl 411 or GI 380, which have typical fields lower
than 1 kG (Moutou et al. 2017; Flores et al. 2019), and fast-rotator
M dwarfs whose field usually ranges from 2 to 5 kG (Shulyak
et al. 2019). With a rotational period of 12 days, HD 189733
is similar to Gl 49, DS Leo, Gl 208 or CE Boo, whose mag-
netic field fluxes lie between 0.5 and 2 kG according to far-red
measurements of FeH and Ti (see Fig. 5 of Shulyak et al. 2019).
Comparisons of the filling factor of 15% we determined with
the filling factor of other solar-type dwarfs agree well with data
in the compilations by Cranmer & Saar (2011) and See et al.
(2019), as this parameter is highly variable. For a Rossby number
of 0.403 as estimated for HD 189733 (Vidotto et al. 2014), Fig. 4
in See et al. (2019) shows a range of magnetic filling factors of 5
to 50%.

5. Discussion and conclusion

We observed the planet-hosting star HD 189733 with SPIRou
during its science verification phase and early operations. The

A72, page 12 of 16

500
400 - 5
S 300- : 1171 ]
o F ans E
200 - ]
100¢ I I I ]
-10 5 0 5 10

Fig. 11. Magnetic field flux Bf as a function of the longitudinal field B,.
Red squares indicate the measurements made during the first rotational
cycle.

SPIRou data allowed the recovery of the orbital signature and
spectropolarimetric features in agreement with previous work
done at optical wavelengths.

From the flux in the spectra of HD 189733, we can estimate
the photon-noise RV uncertainty in the total NIR spectrum to
be about 1.8 ms~! for an S/N of about 250, using the method
described in Bouchy et al. (2001). A more comprehensive study
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of the photon-noise distribution in SPIRou spectra was not
included in the objectives of this article, and will be the object
of future studies. In particular, it would be interesting to study
whether the photon noise or the instrumental or processing scat-
ter (or which portion of each) is responsible for the observed
difference between the relative J, H, and K observed RV dis-
persion values. The scatter in the K band RV data is currently
twice larger than in the H band (Table 2), in line with the rela-
tive weight of these bands shown in Fig. 2. However, the situation
is less clear for the YJ bands: while their contribution to the
RV precision is expected to be as large as (or larger than) the
H band, the observed scatter is about three times larger. More-
over, the CCF calculated with the Y J lines alone shows a redshift
compared to the CCF obtained with both the H and K bands.
Whether this is due to a differential effect of stellar activity or
to a stronger effect of uncorrected absorption or emission lines
in the YJ bands remains to be investigated. Furthermore, a com-
parison with similar analyses based on RV content of spectra
of various spectral domains and resolving power (Figueira et al.
2016; Cloutier et al. 2018; Reiners & Zechmeister 2020) would
help in understanding the specific limitations of SPIRou data for
this type of stars.

The observed RV scatter over a timescale of an hour has
a median of 6 and it is ~10ms~! over a timescale of a few
months. If the short-term scatter represents the combination of
photon-noise contribution and instrumental or processing jit-
ter, then the activity jitter of HD 189733 in the period July to
October 2018 is about 8 m s~! rms. There is an indication of rota-
tion modulation in this additional scatter. Because HD 189733 is
known to be a star with an active surface, a comparison with
the RV jitter that is usually attributed to stellar activity from
optical data cannot be definite at this stage: it would require con-
temporaneous observations. A residual activity jitter of about
8ms~!, however, is plausible, given the range of values from
9 to 15ms~! of the literature values obtained in the optical
domain (see Sect. 3.1 and references therein). While observ-
ing the stellar surface in the NIR range might damp the jitter
because the spot contrast is lower than in the optical (Reiners
et al. 2010), it might also enhance it with larger Zeeman broaden-
ing (Reiners et al. 2013). A precise comparison would therefore
clearly require simultaneous campaigns with NIR and optical
spectrographs that would ideally be equivalently equipped with
spectropolarimetry and high-precision velocimetry for a precise
diagnostics.

Further ways to improve the instrumental or processing RV
precision budget are being investigated. One way is to increase
the data set with a larger BERV span, in order to improve the
stellar template. Overall telluric correction will also become
more robust with the use of additional principal components,
as allowed by a larger data set. Another way is to use template
matching (as in Astudillo-Defru et al. (2015), e.g.) when this
better-quality template is available. With more adjusted telluric
corrections, the line list can also be enlarged with a net improve-
ment expected on the RV precision as well as on the retrieval of
activity indices such as bisector span and FWHM of the CCF. A
more accurate wavelength calibration is also being implemented
in the SPIRou pipeline. Secondary effects, such as contamina-
tion from the calibration channel or persistence from previous
observations, are finally being investigated. A main difference
between NIR and optical RV data sets is indeed that spectra are
not independent of each other. Not only is the telluric subtrac-
tion dependent on the relative velocities, but flux contamination
may occur between channels or in time (detector persistence, and
smearing or electronic crosstalk from the calibration channel).

While these effects are not expected to dominate the error bud-
get for HD 189733, they should nevertheless be estimated when
these corrections will be implemented and validated by testing.
The data set presented in this paper is particularly adapted to test
further improvements of the pipeline, when available, because
the achromatic signatures of the planet are well known.

For the observation of two transits of HD 189733 it was
possible to model the Rossiter-McLaughlin signal in two dif-
ferent ways (direct modeling and Doppler tomography), which
both gave results that agree well with the optical analysis from
the literature. The Doppler tomography result from the sec-
ond, complete, transit, gives a projected obliquity of —0.5 +
1.3 degrees, which agrees very well with the modeling of four
transit sequences observed with HARPS, which allowed mea-
suring —0.4 + 0.2 degrees (Cegla et al. 2016). The spectroscopic
analysis of these transits in search for planet atmospheric sig-
natures is ongoing and will be published in a forthcoming
paper.

The fast-evolving activity of the stellar surface of HD 189733
has been studied and modeled multiple times in the past (e.g.,
Boisse et al. 2009; Lanza et al. 2011; Fares et al. 2017) because in
many ways, it affects the measurement of the system parameters,
including atmospheric composition and planetary environment
conditions (Pont et al. 2007; Sing et al. 2011; Bourrier et al.
2020). The stellar magnetic field of HD 189733 was also ana-
lyzed in the SPIRou data set. From the intensity spectrum, we
were able to fit the unsigned magnetic field contained in active
regions, for the Zeeman broadening, they produce in NIR atomic
lines of various Landé factors. This analysis gave a magnetic
field of 1.9 kG distributed over 15% of the stellar surface, corre-
sponding to Bf value of 290 + 58 G. These values are similar to
other magnetic field measurements of stars in the same domain
of rotation period and mass (Cranmer & Saar 2011; See et al.
2019; Shulyak et al. 2019; Flores et al. 2019).

In addition, Stokes V profiles for HD 189733 are detected
and are compatible with what was found earlier on this star in
optical data, with typical values of the longitudinal field of a few
Gauss and a median error bar of 1.7 Gauss. There is a mild corre-
lation (Fig. 11) between the longitudinal field obtained with the
polarized spectrum, and sensitive to the field large-scale geom-
etry, and the small-scale field flux as measured in the intensity
profile of Fel lines through Zeeman broadening. Both properties
of the magnetic field of HD 189733 thus show significant vari-
ations in this data set. The relationship between the small-scale
and large-scale magnetic characteristics could be further investi-
gated and modeled, but this preliminary analysis shows that very
high S/N spectra (>250 per pixel in the H band) are necessary
for this, especially for weak fields.

While spectropolarimetry of M stars will be greatly improved
by the use of SPIRou compared to optical spectropolarime-
ters, both domains are seemingly equivalent for early-K stars
observed at similar exposure times, and probably reversed for
hotter stars, where the line list and relative flux are both privi-
leged in the optical.

Surface activity of the parent star can, in addition, be exam-
ined in the PaB and Hel triplet lines. In the specific data set
analyzed here, no significant rotationally modulated variation of
these lines could be observed. It would be interesting in a future
campaign to relate NIR variability indices to optical chromo-
spheric lines such as He and the Call UV doublet or red triplet.
This comparison was made for M stars with CARMENES and
showed that Pag and Hel variability was not related to optical
chromospheric variability in their sample (Schofer et al. 2019).
Our data set did not reveal significant activity in these lines,
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which may be an indication that it is similar for K stars and for
M dwarfs.

It would also be interesting to obtain quasi-simultaneous
polarimetric information in the optical (e.g., with TBL/
NARVAL) and NIR with SPIRou. The wealth of information
that spectropolarimetry and high-precision velocimetry simulta-
neously offer for these types of systems indeed allows a complete
survey of star and planet properties in the time domain. This is
key to understanding evolutions and interactions, especially in
close-in planetary systems.
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Appendix A: Additional table Table A.1. continued.
Table A.1. Radial velocity data of HD 189733 measured by SPIRou in
the K2-filtered mask. BID RV o
kms™' ms™!
BJD RV o 2458383.83047 -2.3118 1.63
kms!' ms™! 2458383.83370 -2.2989 1.62

2458383.83697 -2.2877 1.61
2458383.84022 -2.2942  1.68
2458383.84344 -2.2967 1.61
2458383.84671 -2.2944 1.64
2458383.84995 -2.3060 1.64
2458383.85317 -2.3032 1.68
2458383.85646 —-2.3044  1.65
2458383.85969 -2.3056 1.61
2458383.86291 -2.3029 1.63
2458383.86615 -2.3025 1.71
2458383.86940 -2.3077 1.66
2458383.87265 -2.3113  1.65
2458383.87588 -2.3106  1.66
2458383.87914 -2.3207 1.65
2458383.88241 -2.3171  1.57
2458384.82524 -2.3064 1.50
2458384.82855 -2.3013  1.50
2458384.83188 —-2.2952 1.53
2458384.83510 —-2.2875 1.54
2458386.79707 -2.4181 1.78
2458386.80043 -2.4207 1.71
2458386.80370 -2.4290 1.82
2458386.80691 24172 1.72
2458387.86559 -2.0870 141
2458387.86896 —2.1030  1.50
2458387.87220 -2.0893 149
2458387.87544 -2.0839 1.52
2458417.74016  -2.4572  1.71
2458417.74357 -2.4490 1.71
2458417.74681 -2.4492 1.70
2458417.75005 -2.4563 1.64
2458649.95107 -2.2324 171
2458649.95441 -2.2296 1.63
245864995768 -2.2356 1.76
2458649.96090 -2.2340 1.57
2458649.96416 —-2.2356  1.85
2458649.96743 -2.2333  1.65
2458649.97072 -2.2474 1.64
2458649.97398 -2.2368  1.66
2458649.97723 -2.2405 1.72
2458649.98045 -2.2377 193
2458649.98368 -2.2501 1.71
2458649.98695 -2.2410 1.68
2458649.99019 -2.2507 1.76
2458649.99344 22567 1.65
2458649.99670 -2.2387 1.79
2458649.99993 -2.2231 1.79
2458650.00315 -2.2106  2.02
2458650.00643 -2.2121 193
2458650.00967 -2.2048  1.87
2458650.01289 -2.2219 2.04
2458650.01618 —-2.2345  1.90
2458650.01942 -2.2362 194
2458650.02271 -2.2455 1.88
2458650.02593 -2.2549  1.78
2458650.02916 -2.2744  1.71

2458329.01846 —2.4639 147
2458329.02200 -2.4560 1.54
2458329.02524 -2.4509 1.49
2458329.02842 -2.4558 144
2458329.97258 -2.0407 1.61
2458329.97588 -2.0392 1.59
2458329.97910 -2.0292 1.65
2458329.98229 -2.0272 1.62
2458331.94896 -2.0830 1.80
2458331.95230 -2.0994 1.77
2458331.95551 -2.0756 1.79
2458331.95871 -2.0854 1.78
2458333.01588 -2.3947  1.81
2458333.01932 -2.3947 1.79
2458333.02258 -2.4050 1.86
2458333.02580 -2.3863 1.97
245833397185 -2.2169 3.23
2458333.97513 22104 2.70
245833397841 -2.2214 3.60
2458333.98159 -2.2412 3.29
2458333.98600 -2.2350 3.28
2458333.98929 -2.2052 2.32
2458333.99252 -2.2040 2.77
2458333.99571 -2.1863 3.23
2458335.03784 -2.2936 2.21
2458335.04119 -2.2832 2.17
2458335.04443 -2.3018 2.03
2458335.04763 —2.3009 1.91
2458336.02048 -2.3131 1.74
2458336.02377 -2.3105 178
2458336.02699 -2.2979  1.83
2458336.03020 -2.2924  1.78
2458336.95142 -2.1189 1.71
2458336.95482 21118 1.75
2458336.95809 -2.1253 1.83
2458336.96127 -2.1236  1.80
2458383.76872 22362  1.67
2458383.77208 -2.2347  1.63
2458383.77531 -2.2152 1.61
2458383.77855 -2.2208 1.64
2458383.78181 -2.2307  1.65
2458383.78506 —-2.2386  1.60
2458383.78830 -2.2363 1.70
2458383.79151 -2.2498  1.57
2458383.79478 -2.2600 1.62
2458383.79805 -2.2565 1.67
2458383.80132 -2.2669 1.64
2458383.80455 -2.2800 1.64
2458383.80781 —2.2928  1.68
2458383.81106 -2.3007 1.69
2458383.81429 -2.3137 1.70
2458383.81753 23199 1.69
2458383.82073 -2.3260 1.70
2458383.82399 -2.3306 1.68
2458383.82724 -2.3116 1.74
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Table A.1. continued.

BID RV o

kms™!  ms™!
2458 650.03245 —2.2841 1.61
2458 650.03572 -2.2909 1.65
2458 650.03898 —2.2930 1.67
2458 650.04225 -2.3018 1.69
2458 650.04549 -2.2997 1.76
2458 650.04877 —-2.3102 1.83
2458 650.05200 -2.3168 1.71
2458 650.05522 -2.3049 1.68
2458 650.05844 -2.2978 1.70
2458 650.06168 —2.2974 1.71
2458 650.06502 —-2.2867 1.63
2458 650.06825 -2.2914 2.07
2458 650.07147 -2.2876 1.84
2458650.07471 -2.2970 1.74
2458 650.07799 —2.2855 1.64
2458650.08121 -2.2832  1.89
2458 650.08444 —-2.3034 1.84
2458 650.08773 -2.2931 1.94
2458 650.09096 -2.2956 1.79
2458650.09418 —-2.3023 1.81
2458650.09741 -2.3085 1.70
2458 650.10068 —2.3089 1.71
2458650.10392 -2.3134 1.64
2458650.10714  -2.3025 1.68
2458 650.11037 -2.3075 1.66
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