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4 Spin measurement of the
substellar companion GSC
6214-210 b with CRIRES

In collaboration with:
Matteo Brogi, Ignas Snellen, Jayne Birkby, Remco de Kok
In preparation

'The rotational velocities of exoplanets and brown dwarf companions are fundamental
observables which affects their climate, atmospheric dynamics, and magnetic field, and
may hold important clues to the formation process and the orbital history of these ob-
jects. We have measured the projected rotational velocity of the young, directly imaged,
substellar companion GSC 06214-00210 b, which has a well-determined mass straddling
the planet — brown dwarf boundary. Rotation period data are available in the literature for
very low-mass stars and brown dwarfs, both in open clusters and in the field, but substellar
companions present a unique challenge due to their close proximity to a bright host star.
We combine spectral and spatial filtering to separate the signal of the companion from
that of the host star by observing the target in the near-infrared with a high-dispersion
slit spectrograph using adaptive optics. The companion spectrum is optimally extracted
and cross-correlated with a template spectrum, and the rotational broadening is measured
from the shape of the cross-correlation signal. We detect carbon monoxide with a signal-
to-noise of 5.3 in the atmosphere of GSC 06214-00210 b and measure the projected rota-
tional velocity to be v sin(i) = 21.5 & 3.5 km s~ 1. That is similar to the v sin(i) measured
for the exoplanet /3 Pictoris b, but significantly faster than that for GQ_Lupi b.

4.1 Introduction

Climate and atmospheric dynamics can be strongly affected by the spin rate of a
planet. A faster rotation period for the Earth would have a profound effect on ocean
and wind circulation patterns and the redistribution of solar energy around the
globe, leading to a greater temperature difference from equator to pole (Showman
et al., 2013). The spin rate plays an equally important role in the case of gas giants.
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Showman et al. (2015) discuss the effects of rotation on warm and hot Jupiters, and
Showman and Kaspi (2013) focus on brown dwarfs and directly imaged planets,
the former of which are generally fast rotators causing the large-scale flows to be
rotationally dominated. Also the occurrence and strength of a magnetic field are

closely linked to planet rotation (Parker, 1955; Lépez-Morales et al., 2011).

It is clear that planets acquire their angular momenta during the early forma-
tion process, when they accrete the bulk of their masses. Unlike low-mass stars,
that can lose a large fraction of their spin through magnetic breaking, planets are
more likely to retain their angular momenta except through gravitational interac-
tions. The details of how angular momentum is accreted are less clear. Generally,
two formation processes are considered for giant planets: i) core accretion, where
gas accretes onto planetary embryos of several Earth masses (Pollack et al., 1996;
Laughlin et al., 2004; Hubickyj et al., 2005), and ii) disk fragmentation, where gas
rapidly collapses on itself due to a disk gravitational instability in the outer proto-
planetary disk (Boss, 1997, 2000). If core accretion and disk fragmentation result
in differences in spin angular momenta, it is possible this will show up in studies
of the spin of substellar companions as a function of mass and of orbital distance,
which could be a proxy for different formation scenarios.

'The solar system planets have a wide range of spin velocities which show an
increasing trend with planetary mass (Hughes, 2003). The Earth and Mars rotate
relatively slowly with spin rates of 24 to 25 hours and equatorial rotation veloci-
ties of 465 ms~! and 241 ms~1, respectively. Neptune and Uranus rotate in 16 to
17 hours with velocities around 2.6 kms~1, while Jupiter and Saturn rotate sig-
nificantly faster in 10 to 11 hours with 12.6 kms~! and 9.9 kms™1, respectively.
Mercury and Venus have equatorial rotation velocities that fall below the spin —
mass relation observed in the remaining planets, but this can be explained by the
tidal interactions with the Sun that have significantly slowed them down. Also, the
Earth has been slowed somewhat owing to tidal energy dissipation by the Moon.
Surprisingly, Uranus does follow the trend while its obliquity is ~ 98°, pointing to
a catastrophic event.

Two observational methods are available to measure the spin of an extraso-
lar body. The first makes use of temporal photometric variations caused by lo-
cal variations in the surface brightness that can be monitored during rotation.
In the case of substellar companions, this requires high-contrast direct imaging
techniques to separate the starlight from that of the faint companion. It has been
applied to the exoplanet 2M1207 b exhibiting flux modulations indicating a ro-
tation period of 10.7 hours (Zhou et al., 2016). The second method, as used in
this paper, combines high-dispersion spectroscopy with high-contrast imaging to
separate the light from the companion from that of the star, and subsequently
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the projected rotational velocity (v sin(i)) is measured through the width of ab-
sorption lines in the thermal spectrum of the companion. Although this is not a
direct measurement of the rotation period, since the viewing geometry is gener-
ally unknown, the method does not depend on the presence of surface brightness
variations, it is more straightforward to interpret, and it can be performed in rel-
atively short observing time - if the appropriate instrumentation is available. In
this way, our group observed the exoplanet 3 Pictoris b with the Very Large Tele-
scope (VLT and the instrument the Cryogenic High-Resolution Infrared Echelle
Spectrograph (CRIRES; Kaeufl et al., 2004), measuring it to have a vsin(i) of
25kms ™! (Snellen et al., 2014). Just before CRIRES was taken off the telescope
for a major upgrade, we were awarded time to conduct a small survey to measure
the v sin(7) of three additional substellar companions to further investigate the spin
properties of wide-orbit, young companions. Observations of GQ_Lupi b are dis-
cussed in Schwarz et al. (2016, vsin(i) = 5.3kms™!), and those of HIP 78530 b
will be presented in a forthcoming paper. Here we describe the observations and
results for GSC 06214-00210 b (hereafter GSC 6214 b), which has an age and a
mass in between those of 3 Pictoris b and GQ_Lupi b.

In Section 2 we characterise the GSC 6214 system, and in Section 3 we give
the details of the observations. The data analysis is explained in Sections 4 and 5:
Section 4 is the basic data reduction and the extraction of the companion spec-
trum, and Section 5 is the cross-correlation analysis which we employ to measure
the rotational broadening of the molecular lines in the thermal spectrum of the
companion. The results are presented and discussed in Section 6.

4.2 The GSC 06214-00210 system

GSC 6214 A is a pre-main-sequence, solar-type star in Upper Scorpius, which
is a subgroup of the nearest OB association. Members of Upper Scorpius have a
small age dispersion (Preibisch and Mamajek, 2008), with a typical age initially
estimated by low-mass evolutionary models to be 5 Myr (Preibisch et al., 2002),
and more recently revised to 11 Myr (Pecaut et al., 2012), based on isochrone
fitting. The 16 M ; companion GSC 6214 b was discovered by Ireland et al. (2011)
with adaptive optics imaging. It is seen to orbit at a projected distance of 320 au,
and there is unambiguous evidence for a circumplanetary accretion disk (Bowler
et al., 2011; Lachapelle et al., 2015; Zhou et al., 2014). The dust mass of this
disk is constrained to less than 0.15 Mg by observations from the Atacama Large
Millimeter/submillimeter Array (ALMA; Bowler et al., 2015), and GSC 6214 b
is therefore not expected to gain significant mass. More information about the
system is given in Table 5.1.
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Table 4.1: GSC 06214-00210 system properties

Property GSC 6214 A GSC 6214 bt
Teff [K] 4200 + 150 2300 + 200
Spectral type K7 £0.5 M9y £ 0.5
Mass 0.9 + 0.1 Mg 16 £ 1.5M;
Surf. grav. log(g) 4.0

Distance [pc]iit 145 + 20

Age [Myr]" 11+2

Ang. sep. ["]t 2.17 £0.02

AK [mag]t 5.74 £0.01

i Bowler et al. (2011)
ii Lachapelle et al. (2015)
i de Zeeuw et al. (1999)
V Pecaut et al. (2012)

4.3 QOfbservations

We observed the GSC 6214 system on 29 May 2014 as part of the ESO pro-
gramme 293.C-5012(A). The observations were carried out with the infrared high-
dispersion spectrograph CRIRES (Kaeufl et al., 2004) at the Very Large Telescope
on Cerro Paranal in Chile. We obtained a standard set of calibration frames and
eight science exposures of 300 seconds each. We used the smallest slit width of 0.2
to maximise the spectral resolution, which is close to 90 000. The slit was aligned
with the position angle of the companion (PA = 175.2°, Zhou et al., 2014), thus
observing the host star and the companion simultaneously. With a K-band con-
trast ratio between the companion and the host star of 5.06 x 10~ (Lachapelle
et al., 2015), and an angular separation of 2.2, these are high contrast observa-
tions. We made use of the Multi Application Curvature Adaptive Optics system
(MACAO, Arsenault et al., 2003) to both suppress the star light and maximise the
throughput. The observations were carried out under clear sky conditions, at air-
masses below 1.02, hence very close to zenith, and with seeing of 1”. The telescope
was nodded sequentially in an ABBA pattern along the slit direction between posi-
tions A and B, 10” apart, to allow accurate background subtraction. Additionally,
a small random offset was introduced for each exposure to improve flatfielding and
hot pixel corrections.

'The CRIRES instrument has four Aladdin III InSB detectors each spanning
1024 x 512 pixels with physical separations between the detectors corresponding
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to approximately 280 pixels. We observed at 2.3 pm targeting the ro-vibrational (2,
0) R branch of carbon monoxide, with the standard wavelength settings for order
24. Additional absorption from water vapour is also likely to be present at these
wavelengths.

4.4 Data analysis

The basic data reduction was performed with recipes from the CRIRES pipeline
version 2.3.2 and processed with the EsoRex tool version 3.10.2. The raw science
frames were dark-subtracted, flatfielded, and corrected for known bad pixels and
non-linearity effects. Furthermore, EsoRex was used to perform the background
subtraction by combining the science frames in AB nodding pairs, and to optimally
extract (Horne, 1986) a one-dimensional spectrum of the star GSC 6214 A from
each of the four AB-combined frames. The remainder of the data analysis was
carried out with custom-built Python scripts, unless specifically stated otherwise.

2324.0 2326.0
wavelength [nm]

Figure 4.1: An example of a two-dimensional spectrum from detector 3, after the basic data
reduction steps and cropped to the relevant slit positions. The bright band is the spectral trail
of the star. Twenty-six pixels below, the faint trail of the companion can be seen (marked
with b).

We cropped the combined frames in the spatial direction (i.e. along the slit)
close to the positions of the stellar spectrum and the companion spectrum. The
automatic bad pixel correction in the CRIRES pipeline is insufficient and there-
fore we visually identified remaining detector defects and cosmic rays using the
programme SAOImage DS9. The bad pixels were corrected with cubic spline inter-
polation based on the four nearest neighbours within the same row. A few detector
defects were severe enough that it was necessary to mask out entire columns from
the subsequent data analysis. This was the case for 32 columns in the second de-
tector, 65 columns in the fourth detector, as well as the four columns closest to
the left and right edge of all detectors. Fig. 5.2 is one of the AB-combined frames
from the third detector. The faint spectral trail of the companion is visible 26 pixels
below the stellar spectral trail.

We opted to discard the first detector from the analysis, based on the combined



94 Spin measurement of GSC 6214-210 b

1 causing a high noise level, and very

effects of a well-known non-linearity issue
little expected signal due to few CO lines in that part of the wavelength range. The
tourth detector suffers from the same non-linear effects, but this was adequately
corrected by the non-linearity procedure of the pipeline. Unfortunately, we have
also had to discard the first and second AB-combined frames from all detectors,
leaving only half of the data set. The first frame suffers from an unknown systematic
issue across the entire wavelength range, which has caused severe non-linearity
from row to row. The second frame was exposed as the target passed zenith, and
the violent slewing of the telescope caused the companion not to be within the slit

throughout the exposure.

4.4.1 Extraction of the companion spectrum

From the carefully cleaned frames, we performed an optimal extraction of the com-
panion spectra with the IRAF procedure apa/l. The fitted trace of the stellar spectral
trail was applied as a reference and manually offset to the position of the compan-
ion, which could easily be identified by summing together 100-500 wavelength
bins. We found this to be well-matched by the pixel distance determined from the
plate scale and the literature value for the angular separation. The background of
scattered stellar light was ignored at this stage and was instead removed manu-
ally as described in section 4.4.3. We extracted a companion spectrum from each
detector and AB-combined frame.

4.4.2 Wavelength calibration and the systemic velocity

We determined the wavelength solution in an iterative process of refining trial
wavelength solutions based on cross-correlating the average observed stellar spec-
trum and a template spectrum which contained both stellar molecular lines and
telluric lines. The Doppler shift of the stellar lines in the model was allowed to
vary at every step of the iteration so that we could simultaneously measure the
unknown radial velocity (RV) of the star.

'The wavelength calibration was performed separately for each detector. The
change in the Doppler shift of the stellar lines due to the rotation and the orbital
motion of the Earth is negligible over the course of the 40 minutes of the obser-
vations, and therefore it is sufficient to calibrate the average observed spectrum.
We constructed template spectra for a range of Doppler shifts by multiplying a
Doppler shifted PHOENIX model and a synthetic transmission spectrum from
ESO SkyCalc. The details of the models are given in table 4.2. Both the telluric

1http:/ [www.eso.org/sci/facilities/paranal/instruments/crires/doc/ VLT-MAN-ESO-14500-
3486_v93.pdf
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model and the stellar model was convolved to a spectral resolution of 90 000, which
is a typical value for the actual resolving power of CRIRES. 'This provided a vi-
sually good fit to the telluric lines, and although the fit of the stellar lines was
imperfect, we found that it was sufficient for the wavelength calibration. Both the
Doppler shifted Phoenix model and the telluric model were interpolated to a trial
wavelength solution before they were multiplied and cross-correlated with the ob-
served spectrum. The initial trial solution was taken from a previous CRIRES data
set, published in Schwarz et al. (2016).

Table 4.2: The template spectra in the wavelength calibration routine were constructed from
the following individual models

GSC 6214-210 A model: PHOENIX

Teff 4200 K log(g) 4.0 solar metallicity
http://phoenix.astro.physik.uni-goettingen.de
Husser et al. (2013)

Sky transmission model: ESO SkyCalc

Airmass 1.0 PWYV seasonal
https://www.eso.org/observing/etc/skycalc
Noll et al. (2012); Jones et al. (2013)

'The final wavelength solution was determined in an iterative process of refin-
ing the trial solutions to maximise the cross-correlation coefhicient while allow-
ing the Doppler shift of the stellar lines to vary. This method is an adaptation of
the iterative wavelength calibration in Brogi et al. (2016). Following Brogi et al.
(2016), the trial wavelength solutions are quadratic fits to all possible combina-
tions of five evenly spaced wavelength guesses for the first, the middle and the
last pixel of the detector. This corresponds to a total of 125 trial solutions. For
each iteration, we selected the provisional best wavelength solution based on the
highest cross-correlation coeflicient and let this solution form the central triplet of
pixel-wavelength pairs in the following iteration, where the wavelength step size
between guesses was refined. We found that for all detectors the cross-correlation
coefficient improved with each iteration until a step size corresponding to 10% of
a pixel (Fig. P?), and also at this step size the best radial velocity of the star con-
verged to a single value (Fig. ??). Accordingly, we estimated that the accuracy of
the final wavelength solution was 10% of a pixel, and applying the heliocentric
correction of —0.06 km s~1, the systemic velocity of GSC 6214 A was measured
to be —5.3 £0.1kms~1.
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Figure 4.2: The wavelength solution was determined in an iterative process of cross-correlating
the observed stellar spectrum and a template spectrum. For each iteration the best wave-
length solution (i.e. the one with the highest cross-correlation coefficient) from a set of 125
trial solutions was selected and the step size defining the grid of solutions was refined. The
radial velocity of the star was measured at every iteration of the wavelength calibration by
cross-correlating with template spectra where the stellar lines had a range of Doppler shifts
relative to the stationary telluric lines.

4.4.3 Removing the stellar and telluric background

At the position of the companion, the flux is dominated by the companion itself
with the stellar flux suppressed to a level of 20% of that of the companion. The
observed stellar spectrum including telluric lines was scaled to this contrast ratio
and subtracted.

For removing the telluric lines in the companion spectrum, we made use of the
same telluric model which was applied in the template used for the wavelength cal-
ibration (Table 4.2). The telluric model was carefully fitted to the average observed
stellar spectrum to adjust the line profiles to the instrumental profile. First, the
observed stellar spectrum including telluric lines was flattened, i.e. the continuum
gradient was removed by fitting the continuum with a polynomial and dividing
with the fit. The telluric model and the stellar model (also as used for the wave-
length calibration, Table 4.2) were both downsampled to the wavelength solution
and the stellar model was Doppler shifted to the measured radial velocity of the
star. Then, the stellar model was adjusted to the observed stellar spectrum by con-
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volving with a broadening kernel determined with singular value decomposition
(SVD; Rucinski, 1999), and the observed stellar spectrum was divided with this
stellar fit, thus providing the observed telluric spectrum. Subsequently, the telluric
model was adjusted to the observed telluric spectrum, again by convolving with an
SVD broadening kernel. This resulted in a telluric model with the correct line pro-
files broadened by the instrument profile, which was then scaled to the mean level
of the companion spectrum and subtracted. The influence of contamination from
the Earth’s atmosphere on the companion spectrum is very small for this data set.
The final companion spectrum is shown in Fig. 4.4, and is the weighted average
of the two frames with the weights determined from the cross-correlation analysis

(Sec. 4.5.2).

4.5 Measuring the vsin(7)

The thermal spectrum of the companion has absorption lines from molecules present
in the companion atmosphere and when observed at the high spectral resolution
of CRIRES, the molecular bands are resolved into individual lines. The rotation
of the object causes a broadening of the spectral lines due to the redshifts of the
receding half of the surface and the blueshifts of the approaching half. In other
words, the broadening reveals the component of the spin velocity projected along
the line of sight, and thus provides a minimum value for the objects rotational
velocity. However, the extracted companion spectrum of GSC 6214 b has a low
signal-to-noise (S/N), and it is not possible to measure the broadening of the in-
dividual lines directly. Instead, we combine the signal from all the spectral lines
within the wavelength range by cross-correlating with a template spectrum. The
cross-correlation function will have a peak if the relative positions of the spectral
lines of the model match those of the observed spectrum, and by using models with
a single trace gas the presence of specific gas molecules in the atmosphere can be
unambiguously detected. Most importantly, the cross-correlation profile is highly
sensitive to the shape of the spectral lines in the observed spectrum, and there-
fore the projected rotational velocity can be measured from the cross-correlation
function.

4.5.1 The template spectra

At the high temperatures of a young object like GSC 6214 b, the most abundant
trace gas molecules in the K-band are expected to be CO and H,O (Barman et al.,
2015; Moses et al., 2016). We modelled the thermal spectrum of GSC 6214 b

with the single-trace gas and double-trace gas template spectra, which were gen-
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Figure 4.3: The template spectra which were used in the cross-correlation analysis. The top
two panels show the models with either CO or H,O as a single-trace gas, and the lower panel
shows the model containing both CO and H,O. The three models have temperatures that
decrease with a constant lapse rate from 2150K at 1 bar to 1100K at 0.03 bar, and the T/p
profiles are isothermal outside of this pressure range. The volume mixing ratios for CO and
H,O are 10~ both in the single-trace gas and double-trace gas models. The gaps between
the three detectors are shaded in grey.

erated for GQ_Lupi b by Schwarz et al. (2016). These models employ the line
lists from HITEMP 2010 (Rothman et al., 2010), and assume collision-induced
absorption by hydrogen (Borysow et al., 2001; Borysow, 2002). The temperature-
pressure profiles (T/p profiles) were parameterised the following way: They are
isothermal at pressures higher than pg = 1 bar with a temperature of 7p = [1650 K,
1900 K, 2150 K], and the temperature decreases with a constant lapse rate (i.e. the
rate of temperature change with log pressure) until it reaches 77 = [750 K, 1100 K,
1450K, 1800 K] at pressure p; = [10~12 bar, 1072 bar, 1073 bar, 10~*° bar].
The models are isothermal again at higher altitudes or equivalently lower pres-
sures. Both CO and H,O were tested with four different volume mixing ratios,
VMR =[10°?,107%0,10~*%, 10~*°]. The model spectra were convolved to the
spectral resolution of CRIRES, which we have measured to be ~ 90 000, prior to
cross-correlation. Fig. 4.3 illustrates the three example models from the T/p grid.
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4.5.2 Cross-correlation analysis

We performed the cross-correlation individually per frame and detector, and the
analysis was carried out for every template spectrum in the T/p grid described in
Sec. 4.5.1. The model was Doppler-shifted over the range —250 to 250 kms ™1,
and the individual companion spectra were cross-correlated with the model for
every RV step of 1.5 km s 1. We will refer to the cross-correlation function (CCF)
from the companion spectrum and a template spectrum as the measured CCF.
'The designations for the different types of cross-correlation functions that are used
in this paper are summarised in Table 4.3. The model has not been subjected to
rotational broadening, so the absorption lines are relatively narrow with a width
dominated by the instrumental profile, which we have applied to all the models.
Assuming the molecule of the model is present in the companion atmosphere,
the cross-correlation of the narrow-lined model with an observed spectrum with
rotationally broadened lines will produce a cross-correlation signal centred on the
radial velocity of the companion, and the shape of the signal will be closely related,
though not identical, to the average line profile of the observed spectrum.

Table 4.3: Nomenclature for the cross-correlation functions

Designation Spectrum 1 x Spectrum 2

measured CCF companion spec. x model vsin(i) = 0
broad meas. CCF companion spec. * model v sin(7) # 0
injected CCF injected spec. * model vsin(i) =0
(narrow) auto-CF  model vsin(i) = 0 * model vsin(i) =0
broad auto-CF model vsin(i) # 0 x model vsin(i) # 0
model CCF model vsin(i) = 0 * model vsin(i) # 0

CCF = cross-correlation function; auto-CF = auto-correlation function; spec. = spectrum; meas. = measured

In order to determine appropriate weighting of the frames and detectors, we
resampled the model at the observed wavelengths and injected it into the measured
companion spectrum:

inj_spec. = comp_spec. + model * mean(comp_spec.) (4.1)

'The injected spectrum was cross-correlated with the model spectrum, and the dif-
terence between this injected CCF and the measured CCF represents the expected
cross-correlation signal from a given model, and it is sensitive to both the strength
and the number of spectral lines for a given detector. Although this step is per-
tormed for each frame, the expected signal is unique to each model and detector,
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and independent of the data quality. On the other hand, the measured CCF does
contain information about the data quality, because it is sensitive to the S/N of the
companion spectrum as obtained from the individual frames of a detector. Both
effects are combined in a form of S/N weights:

w— <max(injected CCF — measured CCF) ) 2

std(measured CCF) (4.2)

'The weights were normalised and they constitute a set of detector weights and
frame weights which were used both separately and together, depending on the
context. In particular the weights were applied to the cross-correlation functions
of the individual frames and detectors to construct the weighted averages of any
cross-correlation functions considered in the remainder of this paper. The frame
weights were also applied when combining the companion spectra from the in-
dividual frames to the final weighted average spectrum of GSC 6214 b, which is
displayed in Fig. 4.4.

We fit the signal of the measured CCF with model CCFs, in order to mea-
sure the projected rotational velocity and the radial velocity of the companion.
'The model CCFs were constructed by cross-correlating the non-broadened model
spectrum with rotationally broadened and shifted versions of the model itself. We
tested projected rotational velocities in the range 0 to 60 km s~! and Doppler shifts
in the range —20 to 10 km s~. For both parameters the step size was 0.5 kms~1.
Thereafter, each of these model CCFs was offset (y-direction) and scaled with
a least-squares fit to best match the measured companion CCF. Finally, we de-
termined the best-fit model CCEF, and by extension the best-fit v sin() and RV,
through X2 minimisation, along with confidence intervals from rescaling the er-
rors so X2 = 1. The measured radial velocity was corrected to the heliocentric
radial velocity, i.e. it was compensated for the relative radial velocity of the ob-
server at the time of observation, caused by the spin rotation of Earth and the
orbital motion around the Sun.

4.6 Results & Discussion

'The final spectrum of the substellar companion GSC 6214 b is shown if Fig. 4.4,
with the rotationally broadened CO model overplotted in red. The S/N of the
spectrum in detectors 2, 3, and 4 are ~0.9, 1.1, and 1.5, respectively. This striking
difference is mirrored in the spectrum of the host star, and in fact the continuum
flux of the stellar spectral trail was seen to increase gradually from the shorter to
the longer wavelengths. The cause of the wavelength dependence is unknown but
must have an instrumental origin. It has no influence on the results: The detector
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Figure 4.4: The thermal spectrum of GSC 6214 b (black). The individual frames were
combined as a weighted average, where the weights were determined as part of the cross-
correlation analysis, as described in Sec. 4.5.2. The red line is the CO model from the top
panel of Fig. 4.3, convolved to the CRIRES resolution, rotationally broadened to match the
measured vsin(i) of 21.5kms ™!, and Doppler shifted to match the expected radial velocity.
Although the companion spectrum is dominated by noise, some of the more prominent CO
lines are discernible in detectors 3 and 4.

weights in the cross-correlation analysis are sensitive to the S/N of the companion
spectrum, as well as to the number and strength of lines for a given detector (Sec.
4.5.2). In general, due to the low S/N, the individual CO lines of the thermal
spectrum are hidden within the noise, but hints of the most prominent absorption
lines can be identified in detectors 3 and 4.

Subsequently, the presence of specific individual molecules is best revealed
from cross-correlating with single-trace-gas model spectra. Fig. 4.3 shows the CO,
H,0, and CO+H,0O model spectra from Schwarz et al. (2016), which we have
used in the cross-correlation analysis. The displayed models are representative of
the tested model grid, and we find that at the low S/N of these observations, the
results are insensitive to a wide range of T/p profiles. The example models share
the same T/p profile and have a temperature that decreases from 2150 K at 1 bar
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to 1100 K at 0.03 bar and is isothermal outside this pressure range.

We detect CO in the atmosphere of GSC 6214 b, but we cannot confirm the
presence of H,O from these observations. The measured cross-correlation function
using the CO single-trace gas model is shown by the solid black line in Fig. 5.6. The
lower panel is a magnification of the relevant region. The cross-correlation function
shows a distinct and broadened CO signal centred around a radial velocity close
to the systemic velocity. Cross-correlation using the double-trace gas model give
rise to a similar, yet slightly weaker signal, and the H,O model shows no hint of a
signal.

'The profile of the measured CO cross-correlation signal is broadened, and the
narrow auto-correlation function of the CO model is a poor fit. The auto-CF is
shown in Fig. 5.6 as the black dotted line. This is a clear indication that the ab-
sorption lines of the companion spectrum are rotationally broadened. We have fit-
ted the measured CCF with model CCFs of varying v sin()-values and Doppler
shifts, as described in Sec. 4.5. The best-fit model CCF is determined from x?
minimisation, and it is shown as the red solid line in Fig. 5.6, and the shading
indicates the 20 confidence. We find that the projected rotational velocity of GSC
6214 b is 21.5 £ 3.5 km s 1, whereas a Doppler shift relative to the systemic ve-
locity (5.3 kms™1, Sec. 4.4.2) was not unambiguously detected.

'The significance of the CO detection cannot be deduced from the measured
cross-correlation function of the companion spectrum and the CO model, because
the narrow lines of the model are not a good match to the rotationally broadened
lines present in the observed companion spectrum. Instead, we cross-correlated
the companion spectrum with the model rotationally broadened by the best-fit
vsin(i) = 21.5 kms~1, and then adopted the S/N of this broad measured CCF:

S max(broad meas. CCF) 43)
N std(broad meas. CCF — broad auto-CF) '

'The signal is the peak value of the broad measured CCEF, and the noise is the stan-

dard deviation of the broad measured CCF minus the auto-correlation function of
the rotationally broadened model. From this, we find that CO is detected in the
atmosphere of GSC 6214 b with a S/N of 5.3.

'The radii of directly-imaged planets cannot be measured directly as in the case
of transiting planets, and have to be inferred from evolutionary models and/or con-
necting their effective temperature to their luminosity. In the case of GSC 6214
b, we estimate the current radius to be approximately 1.7 4= 0.2 Ry based on evo-
lutionary models (Burrows et al., 2001), and thus the companion is expected to
spin up to 37 & 7kms~! when it ultimately contracts to the size of Jupiter. This
implies that the rotation period of the sub-stellar companion is currently ~9-10
hours, and is expected to decrease to ~3-4 hours.
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Figure 4.5: The cross-correlation function (CCF) from the CO model with narrow absorption
lines and the observed companion spectrum (solid black line). The peak, centred at an RV
close to that of the host star, shows that GSC 6214 b has CO in the atmosphere. The black
dotted line is the auto-correlation function of the CO model, scaled and offset to best match
the measured CCF. It can be seen that the measured CO signal is broader than the auto-
correlation signal. We find that the measured CCF is well fit by a model CCF from the CO
model and a rotationally broadened version of itself with a vsini of 21.5kms™. This best fit
model CCF is shown as the red solid line, and the shading indicates the 20 confidence. As
for the auto-correlation function, the broader model CCF has been scaled and offset with a
least-square fit to the measured CCF. The lower panel is an enlarged version of the central
radial velocities of the upper panel.
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We measure the radial velocity, corrected for the heliocentric motion, of GSC
6214 b to be —7.6 £2.0km s~ 1. This is consistent within the 20 errorbars with
the systemic velocity of the host star (—5.3 km s~1), which was measured as part
of the wavelength calibration routine in Sec. 4.4.2. The expected circular orbital
velocity of GSC 6214 b is 1.6 km s~ at the observed orbital distance of 320 au.
Therefore, the RV measurement is well within the expected range. Unfortunately,
the S/N of these observations are not sufficient to further constrain the orbit, like
in the case of GQ_Lupi b (Schwarz et al., 2016) and S Pictoris b (Snellen et al.,
2014).

Only three other substellar companions have measurements of their spin rota-
tion: 3 Pictoris b and 2M1207 b which are likely of planetary mass, and GQ Lupib
which has a highly uncertain masses, straddling the planet — brown dwarf bound-
ary. 3 Pictoris b and GQ_Lupi b both have v sin(i) measurements (Snellen et al.,
2014; Schwarz et al., 2016) and are a part of the CRIRES survey that this work
is based upon, and 2M1207 b has a measurement of the rotation period (Zhou
et al., 2016) from which the equatorial rotation velocity can be inferred. Their ro-
tational velocities (either v sin(7) or veq) are plotted as a function of mass in Fig.
4.6. 'The rotational velocity of GSC 6214 b falls in between those of 3 Pictoris b
and 2M1207 b, and GQ_Lupi b appears as an outlier with a rotational velocity 3

to 5 times slower than the others.

We can speculate that the initial angular momentum content of a substellar
companion will depend on its specific formation scenario (e.g. core accretion ver-
sus disk fragmentation) and its total accreted mass. However, the observable - the
spin velocity or rotation period - will also depend on its current state of evolu-
tion. E.g. the objects can still be accreting matter and angular momentum. Also,
they will significantly spin-up to faster rotational velocities during their contrac-
tion and cooling phase. The sample of substellar companions with measured spin
rates currently available is too small to disentangle these different processes. How-
ever, we see that the youngest object in the sample, GQ_Lupi b (<5 Myr), indeed
exhibits the slowest rotation pointing to an evolutionary effect. GSC 6214 b is of
intermediate age (11 Myr) within the sample, and rotates significantly faster than
GQ_Lupi b, with a velocity that is comparable to the 3 Pictoris b and 2M1207 b
measurements. However, GSC 6214 b is also more massive than those two, and in
the light of the mass-spin relation as seen in our solar system, it may be expected
that more massive planets rotate faster. Both GQ_Lupi b and GSC 6214 b are
actively accreting material (e.g. Zhou et al., 2014), but in the case of GSC 6214 b
the dust mass of the accretion disk has been constrained by ALMA observations
to less than 0.15 Mg (Bowler et al., 2015), meaning that GSC 6214 b is not ex-

pected to gain significant mass or angular momentum from accretion. Of course,
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Figure 4.6: Spin as a function of mass for extrasolar substellar companions, together with
Jupiter and Saturn, and a sample of field brown dwarfs. The solar system planets and 2M1207
b have equatorial rotation velocities and [ Pictoris b, GQ Lupi b and GSC 6214 b have
projected rotational velocities. For comparison, field brown dwarfs with estimated masses and
either a rotational period measurement or vsin(i) measurement are shown as empty circles,
with the typical uncertainty in mass indicated for a single object.



106 Spin measurement of GSC 6214-210 b

on an object to object basis, the obliquity can also play a major role, meaning that
comparative analyses can only be conducted in a strict statistical way with a larger
sample.

4.7 Conclusions

We successfully observed the substellar companion GSC 06214-00210b with the
high-dispersion CRIRES spectrograph on ESO’s Very Large Telescope at 2.3 pm
targeting the carbon monoxide band. CO is detected at a S/N of 5.3 but H,O is
not seen. We measure a projected rotational velocity of 21.5 + 3.5kms™! from
fitting the shape of the CO cross-correlation signal with model cross-correlation
functions with varying rotational broadening. The radial velocity of the companion
is consistent with that of the star, as expected for the wide orbital separation of

320 au.
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