The radial velocity trail from the giant planet orbiting T Bootis
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The giant planet orbiting T Boitis was among the first extrasolar planets to be discovered
through the reflex motion of its host star'. It is one of the brightest known and most nearby
planets with an orbital period of just a few days. Over the course of more than a decade,
measurements of its orbital inclination have been announced’ and refuted’, and have
subsequently remained elusive*® until now. Here we report on the detection of carbon
monoxide absorption in the thermal day-side spectrum of T Bodétis b. At a spectral resolution
of R~100,000, we trace the change in the radial velocity of the planet over a large range in
phase, determining an orbital inclination of i=44.5+1.5° and a true planet mass of 5.95+0.28
Mjyp. This result extends atmospheric characterisation to non-transiting planets. The strong
absorption signal points to an atmosphere with a temperature that is decreasing towards
higher altitudes. This is a stark contrast to the temperature inversion invoked for other highly

irradiated planetsg’10

, and supports models in which the absorbing compounds believed to
cause such atmospheric inversions are destroyed by the ultraviolet emission from the active

host star'!.

We observed t Bodtis for 3x6 hours during the nights of April 1, 8, and 14, 2011, with the
CRyogenic InfraRed Echelle Spectrograph (CRIRES'?) at the Nasmyth A focus of the Very Large
Telescope UTI, located at the European Southern Observatory on Cerro Paranal, Chile. Targeting
the planet almost continuously between orbital phase 0.37 < ¢ < 0.63, we collected 452 spectra at a
resolution of R~100,000 in the wavelength range 2287-2345 nm, centred on the 2-0 R-branch of
carbon monoxide. We used the ESO CRIRES data pipeline for the basic data reduction and the
extraction of the one-dimensional spectra. We subsequently extracted the signal of the planet using

purpose-built algorithms, similar to those utilised for high-dispersion transit spectroscopy of



HD209458b", which are described in detail in the Supplementary Information (SI-2). The most
critical step in this analysis is the removal of telluric features caused by the Earth's atmosphere,
which completely dominate our spectra. This can be achieved without destroying the planetary
signature only because the signal from the planet moves significantly in wavelength during our

observations, due to its large change in radial velocity along the orbit.

We cross-correlated each of the 452 extracted and processed spectra with a CO template
(described in SI-5.1), and subsequently aligned and combined all the cross-correlation functions,
assuming a range of values for the maximum orbital radial velocity of the planet, Kp. Figure 1
shows the combined cross-correlation signal as function of Kp, corresponding to a wide range in
orbital inclinations. We detect a 66 absorption signal at Kp= (110.0 + 3.2) km sec™', at the systemic
velocity of -16.4 km sec™, which is within the uncertainties of that of the host star'* T Bootis. The
distributions of the values of the cross-correlated time series for points in the planet trail and out of
the planet trail are shown in Figure 2. A detailed discussion on the noise properties of the cross-
correlated time series and on the significance level of this detection is presented in SI-3. Figure 3
shows the radial velocity trail of the planet in CO over the full phase range of our observations.
Combining the measured Kp with the maximum radial velocity of the host star, Ks = (0.4664 +
0.0033) km sec™ (see SI-4), yields a star/planet mass ratio of 235.8 + 7.1. With a host stellar mass'
of Ms=(1.34 £ 0.05) Ms,, we derive a planetary mass of Mp= (5.95 £ 0.28) Mjyy,. In addition, using
Kepler's Third Law, we determine a planet orbital inclination of i = (44.5 + 1.5)°. Note that orbital
solutions to the long-term monitoring of the radial velocity variations of the host star show a modest
preference'® for a slightly eccentric orbit with eccentricity e = (0.023 + 0.015). However, the
combination of our planet radial velocity data and a reanalysis of the stellar data in the literature
shows no evidence for an eccentric orbit (see SI-4). We therefore adopt a circular orbit for T Bootis
b in our analysis.

. - 1417
Spectro-polarimetric observations

of 1 Bodtis show that the host star exhibits strong
differential rotation, with a period ranging from P = 3.0 to 3.9 days from the equator to the poles.
It indicates that the stellar rotation at intermediate latitudes is synchronised with the planet’s orbital
period (P = 3.312 days). If we assume that the stellar rotation axis is aligned with the normal to the
orbital plane of the planet, the projected rotational velocity'® of the star, v sin(i) ~ 15 km sec™,
combined with a stellar radius'® of Rs = (1.46 £+ 0.05) Rsyn and our measurement of i, indeed
corresponds to a stellar rotational period of P, = 3.3 days, matching the planet’s orbital period.

Therefore, in addition to synchronization, it suggests that the orbital plane and the plane of stellar

rotation are not significantly misaligned. We would like to point out that a large fraction of the hot



Jupiters around hot stars (7> 6250 K) such as T Bootis, whose orbital alignment can be measured
via the Rossiter-McLaughlin effect, exhibit strong misalignments'®'’. However, most of the
massive planets (M, > 3 Mj,,) are found in more aligned orbits®’, and T Boétis b does not break this

trend.

Our observations at high spectral resolution are only sensitive to narrow spectral features,
because of the particular data reduction necessary to remove the telluric contamination. Due to the
high opacity at the wavelengths of molecular transitions, these narrow features probe the
atmosphere at lower pressures than the surrounding continuum. The probed pressures are directly
linked to the Volume Mixing Ratio (VMR) of CO, but the depth of the absorption features in the
emitted planet spectrum depends on the relative temperatures at the levels of the continuum and CO
lines. This means that there is a strong degeneracy between the temperature-pressure (T/P) profile
of the planet atmosphere, and the VMR of CO. We compare our data with a range of models, in
order to constrain the CO abundance and the T/P profile (see SI-5.2). We obtain a lower limit of the
CO VMR by using the adiabatic lapse rate (d7/dlog;o(p) ~ 1000 K at these temperatures), which is
the maximum temperature gradient of a planet atmosphere before it becomes unstable to
convection. An additional uncertainty is that the size of T Bodtis b is unknown, because it is a non-
transiting planet. Since the average radius of the seventeen transiting hot-Jupiters currently known*'
with 3 My, < Mp <9 My, is 1.15 Ry,p, we assume this value for the planet. When we set the
temperature of the atmospheric layer in which the continuum is formed to 7 = 2000 K (near the
expected dayside equilibrium temperature for a planet without energy redistribution to the night-
side), and use an adiabatic lapse rate, we require a CO VMR of 107 to match the observed signal. If
we assume a temperature of 7= 1650 K for the continuum photospheric layer (near the dayside
equilibrium temperature for a planet with perfect redistribution to its night-side), under similar
adiabatic conditions, a CO VMR of 10™ is required. Note that this result is consistent with the
metallicity of the host star, corresponding to a CO VMR of ~107. We do not detect spectral features
from methane or water vapour above a significance of 2o, and we use our atmospheric models to
derive upper limits to the relative abundances of these molecules of VMR(CH4)/VMR(CO) < 1 and
VMR(H20)/VMR(CO) < 5 at a 90% confidence level.

Photometric observations of hot Jupiters with the Spitzer Space Telescope have been
interpreted as suggestive of thermal inversions, characterized by molecular features in emission
rather than in absorption, of which HD209458b is the best-studied example. These inversions are
likely fuelled by absorption of stellar radiation in a high-altitude absorbing layer. In such a model a

thermal inversion is more likely to occur in the most highly irradiated planets, for which indeed



some evidence exists’>. The planet T Bootis is more strongly irradiated than HD209458b. However,
it is clear that T Bootis does not exhibit a strong thermal inversion over the pressure range probed by
our observations, since we see the CO signal in absorption. Although the exact pressure range
probed depends on the CO abundance, the inversion layer invoked to explain the emission spectrum
of HD209458b encompasses such a wide range in atmospheric pressures that it is evident that t
Bootis does not have a HD209458b-type thermal inversion. Interestingly, the host star of T Bootis b
exhibits a high level of chromospheric activity, and it has been recently suggested that hot-Jupiters
orbiting active stars are less likely to have thermal inversions'', because the strong UV radiation
that accompanies chromospheric activity destroys the absorbing compound at high altitude, which

would otherwise be responsible for the thermal inversion.

These observations show that high-resolution spectroscopy from the ground is a valuable
tool for a detailed analysis of the temperature structure and molecular content of exoplanet
atmospheres. The used technique not only reveals its potential for transmission spectroscopy'”, but
also for dayside spectroscopy, meaning that atmospheric characterization is no longer constrained to
transiting planets alone. Detection of different molecular bands will further constrain the relative
molecular abundances and temperature-pressure profiles. In addition, tracing the signal along the
orbit will reveal the planet phase function, which is linked to its global atmospheric circulation.
Measuring this for different molecules may reveal changes between a planet's morning and evening
spectrum driven by photo-chemical processes. Furthermore, molecular line profiles, in both dayside
and transmission spectra, can potentially show the effects of a planet's rotational velocity, and

unveil whether these hot Jupiters are indeed tidally locked.
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Figure 1. CO signal in the dayside spectrum of exoplanet T Bootis b. Colour scale plot of the
carbon monoxide signal as function of heliocentric velocity on the x-axis, and the maximum radial
velocity of the planet Kp on the y-axis. The latter translates to an orbital inclination as indicated by
the scale on the right side. Lighter colours indicate CO in absorption. A clear signal at a 6.2c level is
visible at the system velocity of © Bootis (-16.4 km sec™), as indicated by the vertical dashed line,
for a maximum planet velocity of Kp = (110.0 + 3.2) km sec”. This corresponds to an orbital
inclination i = (44.5 + 1.5)° and to a planet mass of Mp= (5.95 + 0.28) M,y,. The signal is obtained
by cross-correlating a template spectrum of CO lines with the CRIRES/VLT spectra, which were
each shifted in wavelength using the planet's ephemeris assuming a Kp. This to compensate for the
changing Doppler effect caused by the change in the planet radial velocity over the large range in
phase. The significance of the signal and the properties of the cross-correlated noise are discussed in

the Supplementary Information.



Figure 2. Comparison of in-trail and out-of-trail cross-correlation values. Distributions of the
values of the cross-correlated time series for points in the planet trail (grey) and out of the trail
(black). The error bars denote the square root of the number of data points in each bin (15). The two
distributions clearly deviate, with the in-trail distribution shifted to lower pixel values due to the
planet signal. A Welch t-test on the data rejects the hypothesis that the two distributions are drawn

from the same parent distribution at the 6c level.

Figure 3. The orbital trail of carbon monoxide absorption. On panel a, the signature of CO in
absorption is visible as a sinusoidal trace around the heliocentric radial velocity of T Bodtis from
+80 km sec™ at phase 0.37, to -80 km sec™ at phase 0.63. On panel b, the data are shifted to the
reference-frame of t Booétis b, after subtracting the planet radial velocity computed assuming a
circular orbit and a system inclination of 44.5°: here the planet signal is recovered as a vertical trace
around Vet = 0 km sec’. A comparison between the observed trail and artificially generated data

with the same noise properties is shown in the Supplementary Information (Fig. S4).
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