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ABSTRACT

Context. In recent years, ground-based high-resolution spectroscopy has become a powerful tool for investigating exoplanet atmo-
spheres. It allows the robust identification of molecular species, and it can be applied to both transiting and non-transiting planets.
Radial-velocity measurements of the star HD 179949 indicate the presence of a giant planet companion in a close-in orbit. The system
is bright enough to be an ideal target for near-infrared, high-resolution spectroscopy.

Aims. Here we present the analysis of spectra of the system at 2.3 um, obtained at a resolution of R ~ 100 000, during three nights
of observations with CRIRES at the VLT. We targeted the system while the exoplanet was near superior conjunction, aiming to detect
the planet’s thermal spectrum and the radial component of its orbital velocity.

Methods. Unlike the telluric signal, the planet signal is subject to a changing Doppler shift during the observations. This is due to
the changing radial component of the planet orbital velocity, which is on the order of 100150 km s~ for these hot Jupiters. We can
therefore effectively remove the telluric absorption while preserving the planet signal, which is then extracted from the data by cross
correlation with a range of model spectra for the planet atmosphere.

Results. We detect molecular absorption from carbon monoxide and water vapor with a combined signal-to-noise ratio (S/N) of 6.3,
at a projected planet orbital velocity of Kp = (142.8 + 3.4) km s~!, which translates into a planet mass of Mp = (0.98 + 0.04) Jupiter
masses, and an orbital inclination of i = (67.7 + 4.3) degrees, using the known stellar radial velocity and stellar mass. The detection
of absorption features rather than emission means that, despite being highly irradiated, HD 179949 b does not have an atmospheric
temperature inversion in the probed range of pressures and temperatures. Since the host star is active (Rj;; > —4.9), this is in line
with the hypothesis that stellar activity damps the onset of thermal inversion layers owing to UV flux photo-dissociating high-altitude,
optical absorbers. Finally, our analysis favors an oxygen-rich atmosphere for HD 179949 b, although a carbon-rich planet cannot be

statistically ruled out based on these data alone.

Key words. planets and satellites: atmospheres — planets and satellites: fundamental parameters — methods: data analysis —

techniques: spectroscopic

1. Introduction

Since the mid-1990s, the exoplanet community started to use
ground-based high-resolution spectroscopy as a tool for measur-
ing signals from exoplanet atmospheres (Collier Cameron et al.
1999; Charbonneau et al. 1999). It allows molecular bands to
be resolved into the individual lines, offering a robust way of
identifying molecular species by line matching. It is also able to
detect the planet orbital motion in the form of a Doppler-shifted
spectrum. This means that the radial velocity of the planet can
be directly measured, and the star + planet system can be treated
in the same way as a spectroscopic binary. While the first ob-
servations of exoplanets at high spectral resolution were focused
on detecting reflected starlight from hot Jupiters, it soon became
clear that most of these planets might have a very low albedo
(Marley et al. 1999; Sudarsky et al. 2000). Similar searches
for thermal emission (e.g., Wiedemann et al. 2001) were con-
ducted at a lower resolving power (R < 50000) and were lim-
ited by the narrow spectral range of near-infrared instruments.
Therefore, these early studies were only able to put upper limits
on the detected planet signal, and ground-based high-resolution

* Based on observations collected at the ESO Very Large Telescope
during the Program 186.C-0289.
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spectroscopy remained unsuccessful at detecting signatures from
an exoplanet atmosphere for more than a decade.

Transiting planets can be observed at high spectral resolution
while crossing the stellar disk (transmission spectroscopy), when
a small fraction of the stellar light filters through their atmo-
spheres, but also just before and after secondary eclipse, when
the illuminated planet hemisphere is facing the observer (day-
side spectroscopy). In the latter case, the thermal emission from
the planet is targeted directly, meaning that dayside spectroscopy
can be applied to non-transiting planets as well. Direct imaging
and direct spectroscopy, which have recently achieved great suc-
cesses in characterizing non-transiting planets (Konopacky et al.
2013), can so far be applied only to young, self-luminous planets
on large orbits. High-resolution spectroscopy offers a comple-
mentary method capable of studying the atmospheres of close-
in, evolved non-transiting planets, and of determining their or-
bital inclination and true mass.

By using the CRyogenic Infra-Red Echelle Spectrograph
(CRIRES, Kaeufl et al. 2004) at the ESO Very Large Telescope
(VLT) facility, the first molecular detections at high spectral res-
olution were obtained in recent years. By observing a transit of
HD 209458 b at 2.3 um, the radial velocity of the exoplanet was
measured (Snellen et al. 2010) by tracing the Doppler-shifted
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carbon monoxide absorption while the planet was transiting the
host star. Dayside spectroscopy in the same wavelength range
revealed molecular absorption in the atmosphere of the non-
transiting exoplanet T Bootis b (Brogi et al. 2012; Rodler et al.
2012), whose mass and orbital inclination were also determined
by means of the measured planet radial velocity. Molecular ab-
sorption from CO and possibly water was also observed in the
dayside spectrum of 51 Peg b (Brogi et al. 2013), although one
of the three nights of observations does not show a signal and
therefore more data are required in order to confirm the de-
tection. Finally, the dayside spectrum of the transiting planet
HD 189733 b was also investigated at high-resolution around
2.3 ym and 3.2 ym. The K-band data revealed CO absorption
(de Kok et al. 2013), and the L-band data resulted in the de-
tection of water vapor absorption (Birkby et al. 2013), which
demonstrates the robustness of high-resolution spectroscopy
even when searching for more complicated molecules such as
H,0 and in spectral regions heavily contaminated by telluric
absorption.

Here we present high-resolution dayside spectroscopy of the
non-transiting planet HD 179949 b. We detect carbon monox-
ide and water vapor in the planet atmosphere, and solve for the
planet mass and system inclination. The system HD 179949 is
introduced in Sect. 2, while Sect. 3 presents our observations and
data analysis. Section 4 explains how we cross correlate the data
with model spectra in order to extract the planet signal, and the
results of our analysis are presented in Sect. 5. The interpreta-
tion of our measurements and future prospects of high-resolution
spectroscopy for exoplanet studies are presented in Sect. 6.

2. The system HD 179949

The F8 main-sequence star HD 179949 has a mass of Mg =
(1.1817093%) M, and a radius of Rs = (1.23 + 0.04) R, (Takeda
et al. 2007). Interestingly for these observations, the relatively
high stellar effective temperature (7. = 6168 + 44 K) and pro-
jected rotational velocity (7.0 + 0.5 km s~!) ensure that no sig-
nificant stellar absorption is present in the wavelength range cov-
ered by our data, especially CO absorption which would cause
a spurious cross-correlation signal when the planet and the star
have a similar radial velocity (i.e., around superior conjunction,
see Brogi et al. 2013). This star is known to host a planet from
radial velocity (RV) measurements (Tinney et al. 2001). Since
no transit of HD 179949 b is detected, only a lower limit of
msin(@) = (0.902 + 0.033) Jupiter masses (Mj,p) can be put on
its mass, with the orbital inclination i being unknown.

Cowan et al. (2007) observed the phase curve of HD 179949
with Spitzer/IRAC at 3.6 um and 8.0 um. At the longer wave-
length, they detected peak-to-peak flux variations of (1.41 +
0.33) x 1073 relative to the average flux from the system, in
phase with the orbit of the planet. By assuming a planet radius
(I < Rp < 1.2) Ry, and a Bond albedo close to zero, they were
able to constrain the recirculation efficiency as a function of sys-
tem inclination, and concluded that less than 21% of the incident
energy must recirculate to the night side.

Barnes et al. (2008) used CRIRES at a resolution of R ~
50000 to observe HD 179949 during two nights in the wave-
length range 2.1215-2.1740 pum. After testing for molecular ab-
sorption and emission, they were able to rule out absorption
features at a 99 per cent confidence level, for a planet-to-star
contrast ratio of ~3x 10~*. As shown in Sect. 5, our observations
detect molecular absorption from HD 179949 b, at a contrast ra-
tio of roughly ~107%, which is consistent with the above upper
limit.
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Finally, the star HD 179949 is an active star, with an activity
index of log(Ryy ) = —4.720 £ 0.031 (Watson et al. 2010, supple-
mentary information). By analyzing the variability of the Ca1r K
and H emission, Shkolnik et al. (2003) reported evidence for the
activity of HD 179949 being in phase with the planet orbit. Fares
et al. (2012) studied the large-scale magnetic field of the star,
and concluded that the chromospheric activity of HD 179949
is mainly modulated by the stellar rotation, although there is
some evidence of an additional modulation with the period of
the planet companion. A similar conclusion was obtained by
Gurdemir et al. (2012). These results support the hypothesis that
HD 179949 experiences planet-induced emission enhancement,
as a result of the strong planet-star interaction.

3. Observations and data analysis
3.1. Telescope, instrument and observations

As part of the Large Program 186.C-0289, 1000 spectra of the
system HD 179979 (K = 4.94 mag) were obtained during the
nights of July 17, 2011 (398 spectra, 5.5 h of observations ex-
cluding overheads), July 19, 2011 (388 spectra, 5.4 h of ob-
servations), and August 22, 2011 (214 spectra, 3 h of observa-
tions) with CRIRES, mounted at the Nasmyth-A focus of the
VLT UT1 (Antu).

The spectrograph was set to cover the wavelength range
2287.5-2345.4 nm, roughly centered on the 2-0 R-branch
of carbon monoxide. Possible additional molecular absorption
from water vapor and methane is also present at these wave-
lengths. We employed CRIRES at the maximum resolution (R =
100 000) by using the 0.2” slit. In order to maximize the in-
strument throughput, the Multi Application Curvature Adaptive
Optic system (MACAO, Arsenault et al. 2003) was used. The
observations were conducted by nodding the spectrograph 10”
along the slit, in a standard ABBA pattern, for accurate back-
ground subtraction.

Unlike our previous observations of 7 Bootis and 51 Pegasi
(Brogi et al. 2012, 2013), the observing conditions differed
considerably between the three nights for this target. Firstly,
HD 179949 reaches almost the zenith from Paranal, and there-
fore the airmass varies considerably during a full night of ob-
servations, which causes spectra taken at airmass ~2 to have ap-
proximately half the signal-to-noise ratio (S/N) of those taken
around culmination. Moreover, during the night of August 22,
2011, HD 179979 was observed as a backup target because of
pointing restrictions, resulting in non-optimal performances of
the MACAO AO system, and a poorer S/N. Finally, during the
first two nights, the spectra were taken in groups of 100. At the
end of each group, the target was reacquired by the telescope
and the AO loop temporarily opened, resulting in small temporal
gaps, reducing the S/N of the first spectra of each series, and im-
pacting the overall instrument stability. These factors are taken
into account during the data analysis, as explained in Sect. 3.3.

3.2. Extraction of the one-dimensional spectra

The basic calibration and extraction of the spectra was per-
formed with the CRIRES pipeline version 2.1.3, in combination
with both the GUI Gasgano (version 2.4.0) and the command-
line interface esorex (version 3.9.0).

Standard calibration frames taken in the morning after each
night of observations were used for flat-fielding and dark correc-
tion. The non-linearity measurements available in the CRIRES
archive were also used. Each frame was dark-subtracted,
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non-linearity corrected and flat-fielded. Then each couple of
nodded observations (AB or BA) was combined into a sin-
gle spectrum for accurate background subtraction. The one-
dimensional spectra were finally obtained by optimal extraction
(Horne 1986), resulting in 199, 194, and 107 spectra respectively
for the three nights of observations. These were subsequently
analyzed independently in order to account for different atmo-
spheric and instrumental conditions.

3.3. Bad-pixel correction and wavelength calibration

Subsequently, the data analysis was performed by employing our
own dedicated set of routines written in IDL. As for all our pre-
vious high-resolution data, the spectra of each night of observa-
tion and each of the CRIRES detectors were organized in matri-
ces with pixel number (wavelength) on the horizontal axis and
frame number (time) on the vertical axis, of which an example
is shown in Fig. 1 (panel a).

The first step in the data analysis is to correct for detector
cosmetics and cosmic rays. Isolated bad-pixels were replaced by
their spline-interpolated value across the neighboring pixels in
the spectral direction. Small groups of adjacent bad-pixels (typi-
cally 2 or 3 pixels along the spectral axis) were corrected by lin-
ear interpolation. Finally, there was not enough information to
correct for large groups (>5) of adjacent bad pixels. These were
therefore masked in all the subsequent steps of the data analysis.

The spectra were then aligned to a common wavelength
scale, which is in this case that of the spectrum with the high-
est S/N in the series. We fit the centroid position of the deep-
est lines in each spectrum, and computed the difference with
those of the reference spectrum. This difference was then fit
with a linear function of pixel number and the fit was utilized
to shift each spectrum via spline interpolation. Under standard
observing conditions, the wavelength solution of CRIRES spec-
tra varies smoothly as a function of time, and the resulting shifts
are generally at the sub-pixel level. For these observations, be-
cause of the re-acquisition of the telescope (see Sect. 3.1 above),
the wavelength solution shifted by 1-2 pixels each time a se-
ries of 100 spectra was taken. We therefore discarded 2 pixels at
the edges of the spectra, in order to prevent artifacts from the
interpolation to the new pixel scale. Finally, with the spectra
all aligned to the same reference, we determined the common
wavelength solution by comparing the pixel position of the tel-
luric lines in the spectra with their vacuum wavelengths listed in
the HITRAN database. We find that a quadratic fit (pixel, wave-
length) is sufficient for this purpose, with typical residuals hav-
ing rms of 0.15-0.30 km s~! (or 0.1-0.2 pixels). The wavelength
solution was determined for each of the CRIRES detectors sep-
arately. We note that detectors 1 and 4 suffer from the so-called
“odd-even effect”, which is a non-linear change in gain between
odd and even columns along the spectral direction'. Although
for most of the science uses of CRIRES this effect can be cor-
rected by using non-linearity measurements, in our case detec-
tor 4 still showed residual odd-even signatures after being cali-
brated. These residuals would significantly affect the data when
the spectra are aligned to the same reference frame, especially
for these observations in which the target is reacquired multiple
times. We therefore discarded the fourth detector for the remain-
der of the analysis.

! http://www.eso.org/sci/facilities/paranal/
instruments/crires/doc/VLT-MAN-ESO-14500-3486_v93.pdf

100

Example of telluric removal

1
1

T
s

80F

60

| I |

40
20

100
80
60
40
20

e ] L
T T T T T

100
80
60
40
20

Frame Number

100
80
60
40
20 f

100
80
60
40
200

2307 2308 2309 2310 2311
Wavelength (nm)

Fig. 1. Example of telluric lines removal. Panel a) shows a sequence of
120 spectra of HD 179949 observed during the night of July 19, 2011.
A small portion of detector 2 of CRIRES is shown, corresponding to
the wavelength range 2306-2312 nm. The spectra are first normalized
by their median value b). Subsequently, the flux in each column is di-
vided through its linear fit with airmass ¢). A linear combination of the
strongest residuals is utilized to detrend second-order effects d) and fi-
nally each column is normalized by its standard deviation squared e).

3.4. Removal of telluric lines

In these ground-based, high-resolution observations, telluric
lines dominate over the planet signal in the data by several orders
of magnitude. Unlike the planet signal, telluric lines are station-
ary in wavelength and can therefore be removed (i.e., normal-
ized) by modeling the flux of each resolution element (i.e., each
column of the matrix) in time. In previous work (de Kok et al.
2013; Birkby et al. 2013), we have tested several ways of per-
forming this task, including Singular-Value Decomposition and
the SYSREM algorithm (Tamuz et al. 2005). Here we followed
the approach of Brogi et al. (2012) and detrended the data for

A124, page 3 of 10


http://www.eso.org/sci/facilities/paranal/instruments/crires/doc/VLT-MAN-ESO-14500-3486_v93.pdf
http://www.eso.org/sci/facilities/paranal/instruments/crires/doc/VLT-MAN-ESO-14500-3486_v93.pdf
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201423537&pdf_id=1

A&A 565, A124 (2014)

airmass. This approach works well when the contribution from
stellar lines is negligible and the dominant factor driving the in-
strument performances (resolution, stability, and throughput) is
the airmass.

The various stages of the telluric removal are shown in Fig. 1.
We first normalized each spectrum in the series by its median
value, in order to correct for varying throughput (panel b). We
then fit the logarithm of the flux in each of the detector pixels
(i.e., each column in the matrix) with a linear function of air-
mass. This step removed the main airmass dependence, but left
strong residuals in the data, at the level of 1-2 percent, at the po-
sition of some of the telluric lines (panel c). These second order
effects are due to differential airmass effects (e.g., changes in the
atmospheric water vapor content) and/or changes in the instru-
ment profile during the night. In order to remove these effects,
we sampled the strongest residuals at the position of 2-3 telluric
lines per detector, and we modeled every other pixel as a linear
combination of these, determined through linear regression. This
very effectively detrended most of the telluric contamination in
the data (panel d). Away from the cores of deep absorption lines,
we achieve an rms which is at most ~15% higher than the photon
noise. At the core of strong absorption lines, the rms is a factor
of 2—4x higher than the photon noise, but these columns account
for a small portion of the data, so that on average we obtain noise
levels within 20% from the photon noise. In order to account for
the different signal-to-noise as a function of wavelength, we nor-
malized each column in the data matrix by its standard deviation
squared (panel e).

4. Extraction of the planet signal

Even after applying the telluric removal explained in Sect. 3.4,
the planet signal is still buried in the noise, as shown in the low-
est panel of Fig. 1. Depending on the molecular species con-
tributing to the opacity at 2.3 um and their relative abundances,
the planet spectrum consists of tens to hundreds of molecular
lines Doppler-shifted with respect to their rest-frame frequen-
cies according to the radial component of the planet orbital ve-
locity. In order to enhance the planet signal, we funneled the
information of these many molecular lines toward a single func-
tion, which was achieved by cross-correlating the data with
model spectra for the planet atmosphere. The rest of this sec-
tion explains how these models and the cross correlation were
computed.

4.1. Model spectra

Model spectra of HD 179949b were constructed using an av-
erage temperature/pressure (7/p) profile describing the vertical
structure of the visible hemisphere of the planet atmosphere.
This profile was parametrized by two points in the (7', p) space,
namely (T, p1) and (T3, p2). The atmosphere was assumed to be
isothermal for pressures p > p; and p < p,, at temperatures T
and T, respectively. For p; > p > p,, a constant lapse rate was
adopted, given by

dr B T, —T,
dlog;o(p)  logyo(p1) — logyo(p2)

ey

Inverted and non-inverted 7/p profiles were therefore obtained
by choosing T, > Ty and T, < T, respectively. The model spec-
tra are the result of line-by-line calculations including H,-H,
collision-induced absorption (Borysow & Fu 2001; Borysow
2002) and absorption from three trace gases, CO, H,O, and
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CH,4, which are the dominant sources of opacities at these
wavelengths (Madhusudhan 2012; Moses et al. 2013). Line
data for the trace gases were taken from HITEMP 2010 for
H,0 and CO (Rothman et al. 2010), and HITRAN 2008 for
CH4 (Rothman et al. 2009). A Voigt line profile was used
for the calculations, with broadening coeflicients obtained from
the HITEMP/HITRAN databases and accounting for pressure
broadening only. As a result of the high temperatures involved,
this carries the dominant contribution to the line profiles. The
methane line list is known to contain two strong but apparently
spurious absorption lines in this wavelength range (Yurchenko
& Tennyson, priv. comm.), at 2326.90 nm and 2335.14 nm.
These lines were therefore removed from the input of our mod-
els. We also compared the strengths of the molecular lines in
the HITRAN and EXOMOL databases, finding a good agree-
ment between them. Because of computational reasons and of
the degeneracies affecting these high-dispersion observations
(see Sect. 4.3 below), we did not explore a full grid of param-
eters by varying temperatures, pressures, and molecular abun-
dances at the same time. We instead tested pressures in the range
(-4.5 < log,p(p2) < —1.5) in steps of 1.0 dex, while p; was
fixed to 1 bar, which is approximately the expected continuum
level for these gaseous planets (de Kok et al. 2014).

We first computed planet spectra by including a single trace
gas. We utilized the upper limit of ~20% on the recirculation ef-
ficiency set by Cowan et al. (2007) in combination with Eq. (4)
of Cowan & Agol (2011) in order to get an estimate of the
dayside temperature of HD 179949 b, which was found to be
Teq = 1950 K. Different assumptions for the recirculation effi-
ciency would lead to dayside temperatures between 1570 K (full
recirculation) and 2000 K (no recirculation). We set 7 = Teq,
and explored T, = [1450, 1800,2150] K. The chosen Volume
Mixing Ratios (VMRs) of the three molecules were VMR =
[10°, 107>, 107*]. This first set of models allowed us to de-
termine which species are significantly detected, and to deter-
mine the presence or the absence of an inversion layer, as dis-
cussed in Sect. 5.1. We then computed an additional grid of
models with the same choice of p;, p», and T, but with only
non-inverted profiles (7, = 1450 K), since we did not detect
any significant cross-correlation from models with 7, > T.
In this case, the VMR of CO was set to 10™*>, which roughly
matches the measured line contrast ratio of the planet spectrum
(see Sects. 4.3 and 5.1). The abundances of H,O were varied in
the range (—8.5 < log;,(VMR) < -2.5) and those for CH, in
the range (9.5 < log;((VMR) < —4.5), with steps of 1 dex.
This choice covers the whole range of relative abundances for
a hot Jupiter with the above T4, as a function of its C/O ratio
(Madhusudhan 2012). As explained in Sect. 5.2, we determined
the best-fitting model for the planet atmosphere, the planet mass,
the orbital inclination, and the atmospheric C/O ratio by using
this second grid of models.

4.2. Cross correlation and signal retrieval

We cross correlated each model spectra with the telluric-
removed data by utilizing a lag vector corresponding to radial
velocities (RVs) in the range =250 < V < 250 km s~!, in steps of
1.5 km s~!. This range was chosen in order to cover all the possi-
ble RVs for the planet, with the step size approximately matching
the pixel scale of the instrument detectors at this wavelength.
For each RV value, we Doppler-shifted the model spectrum
and computed its cross correlation with the time series of the ob-
served spectra. In this way we obtained the strength of the cross-
correlation signal as a function of radial velocity and time, that is
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Fig. 2. Total strength of the cross-correlation signal, as function of rest-frame velocity V.. and planet projected orbital velocity Kp, for atmospheric
models containing CO only (left panel), HO only (mid panel), and CHy only (right panel). It shows that carbon monoxide and water vapor are
detected in the atmosphere of HD 179949 b around 2.3 um, while methane is not. The signal-to-noise is computed by dividing the value of the cross
correlation at each of the positions in the diagram by the standard deviation of the cross-correlation noise. Positive and negative cross-correlation

signals are both plotted.

CCF(V, t). This computation was first performed for each night
and each detector separately. Subsequently, the CCF matrices of
the three CRIRES detectors were summed after weighting each
CCF by the S/N of the corresponding spectrum. As we explained
above, the fourth CRIRES detector was excluded from the anal-
ysis. Finally, the CCFs of the three nights were summed in time.
This last step was performed by first shifting each CCF to the rest
frame of the planet, which implies the knowledge of the planet
radial velocity curve, the velocity of the observer with respect
to the barycenter of the solar system (Vops(f)) and the systemic
velocity of HD 179949, that is Viys = (-=24.35 £ 0.18) km 57!
(Butler et al. 2006):

@)

In the above equation ¢ is the planet orbital phase, and Kp is
the amplitude of the planet orbital radial velocity. Since Kp is
unknown for a non-transiting planet, we assumed a range of
(0 < Kp < 170) km s~!, which corresponds to all the possible
orbital inclinations of the system, plus some unphysical values
(sin i > 1) as a sanity check. In the case of our best-fitting model
(see Sect. 5.2), we extended the range to negative Kp. This is
done to further assess the robustness of the total cross-correlation
signal, as discussed in Sect 5.3. For each value of Kp, the planet
radial velocity curve was computed, each CCF was shifted to
the planet rest frame, and the signal was summed in phase. In
this way we obtained the total strength of the cross correlation
signal as a function of the planet rest-frame velocity (Vi) and
projected orbital velocity (Kp), which is shown in Figs. 2 and 4.
We note that, in the case of HD 179949 b, the exact orbital phase
is an additional source of uncertainty in computing Eq. (2). The
orbital phase is obtained by taking the fractional part of

Ve(#) = Kp sin[2rp(1)] + Vobs(2) + Vsys~

t—Ty

P b
where P is the orbital period and T the time of inferior con-
junction. From the most accurate orbital solution for the planet
(Butler et al. 2006) we have P = 3.092514(32) days and Ty =
(2,451,001.516 + 0.020) HID, which translates into a 1o~ uncer-
tainty of Ap = 0.012 in the orbital phase at the time of obser-
vation. Since the systemic and barycentric velocities are known
with a much better precision, we iteratively solved for ¢(f) by
first computing the total cross-correlation signal as a function

p(1) = 3

of Kp, and then by applying a shift A¢ until the planet signal
peaked at zero planet rest-frame velocity. This also allowed us
to refine the value of 7. In all these computations, we made
the assumption that the orbit of HD 179949 b is circular. Butler
et al. (2006) presents weak evidence for a low eccentricity of
e = (0.022 £ 0.015), but we did not measure any significant
change in the strength of the planet signal by assuming this so-
lution. Therefore, we adopted e = 0 through the remainder of
the analysis.

4.3. Degeneracies in the atmospheric models

In these high-dispersion observations, each spectrum is renor-
malized for accurate telluric removal, as described in Sect. 3.4.
This means that information on absolute fluxes, as well as on
broad-band flux variations, is lost. On the other hand, informa-
tion on the narrow component of the planet spectrum, e.g., the
flux ratio between the planet continuum and the core of the lines,
is preserved.

By utilizing the cross correlation to extract information from
the data, we were able to investigate two main properties of the
planet spectrum. Firstly, we measured the relative strength of the
molecular lines with respect to each other, which we henceforth
refer to as relative line ratios. This property was estimated di-
rectly by cross-correlating the model spectra with the data, and
by selecting the model giving the highest total cross-correlation
signal. Secondly, we measured the average depth of the planet
spectral lines with respect to the stellar continuum flux, which
we call average line depth, in the following way. We scaled the
planet model spectrum to units of stellar continuum flux, via

Fycalea(d) =

2
7Fp(A) (@ ) @

F star (/l) RS

where F, (1) is the NextGen low-resolution model spectrum for
a HD 179949-like star (T = 6200 K, log g = 4.5, solar metal-
licity), Rp and Rg are the planet and stellar radii respectively, and
Fp(Q) is the output of our models. The factor of 7 accounts for
the integration over the solid angle. The scaled model (Fcyjeq)
was convolved to the CRIRES resolution and subtracted from
the data (Fpeas) before the removal of telluric lines, via
Fsub(/l) = Fmeas(/l) [1 - Fscaled(/l)] . (5)
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Fig. 3. Effects of line saturation for models containing pure CO (left panel) and pure H,O (right panel). The models are continuum-subtracted
and arbitrarily shifted in flux for visualization purposes. The atmospheric 7'/ p profile is kept constant between the top and bottom models, but the
molecular VMR is increased by two orders of magnitude from top to bottom, leading to saturation of the strongest lines. The same effects could
be obtained by keeping the abundances constant, and increasing the lapse rate d7//dlog(p).

After performing the full analysis, we then cross-correlated the
telluric- and model-subtracted data with the same model. When
the average line depth of the model matches the average line
depth in the observed spectra, the subtraction is perfect and we
obtain zero residual cross-correlation signal. This means that the
best-fitting model for the planet atmosphere must give at the
same time the highest cross-correlation signal, and zero cross-
correlation signal when subtracted from the data.

Even by pairing the study of the relative line ratios and the
average line depth as outlined above, these high-resolution ob-
servations are affected by degeneracies. The contrast between
the planet continuum (deeper in the atmosphere) and the line
core (much higher in the atmosphere) reflects a temperature dif-
ference between the two atmospheric layers. This depends on
three quantities: the continuum temperature, the atmospheric
lapse rate, and the molecular abundances. Therefore, large de-
generacies exist when comparing models to the data. For transit-
ing planets, the degeneracies can be lifted since the continuum
temperature can be derived from low-resolution measurements
of secondary-eclipse depth. However, this is not possible for
non-transiting planets and therefore weaker constraints can be
placed through phase curves, as in the case of this planet.

In addition, Rp is also unknown for non-transiting planets.
Here we assume Rp ~ 1.35 Ryyp, which is the mean radius of the
known transiting planets with masses in the range 0.9-1.1 My,
and orbital periods less than 10 days.

5. Results
5.1. Single-molecule detections

Figure 2 shows the total strength of the cross-correlation sig-
nal as a function of the planet rest-frame velocity Vi, and pro-
jected orbital velocity Kp, as obtained from models containing
carbon monoxide only, water vapor only, and methane only. CO
and H,O are detected, when cross correlating with non-inverted
atmospheric models, at a S/N of 5.8 and 3.9 respectively. The
level of detection is estimated by dividing the peak value of the
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cross-correlation by the standard deviation of the noise. No sig-
nificant cross-correlation is obtained when testing models with
thermal inversion. It means that we measure only molecular fea-
tures in absorption in the atmosphere of HD 179949 b. Finally,
models with CH, do not result in any cross-correlation signal
above the threshold of S/N = 3. The consequences of the mea-
sured lack of thermal inversion, and the validity of our models
based on a single T/ p profile extending to pressures well above
typical levels for inversion layers are discussed in Sect. 6.

We note that the models that contain CO show a different
behavior than those based on H,O and CHy for varying atmo-
spheric vertical structure and molecular abundances. The core
of carbon monoxide lines is formed at very high altitudes in the
planet atmosphere even for relatively low molecular abundances,
resulting in partially-saturated lines due to our assumption of
an isothermal planet atmosphere above a certain pressure level.
This means that the relative line ratio (defined in Sect. 4.3) of
the CO molecule does not change much with the atmospheric
thermal structure or molecular abundances (Fig. 3, left panel).
Conversely, in the case of H,O and CH4, when the tempera-
ture decreases steeply with pressure, or for high molecular abun-
dances, the strongest planet spectral lines tend to saturate, there-
fore altering the relative line ratios (Fig. 3, right panel). Because
CO dominates the cross-correlation signal at 2.3 uym, the sen-
sitivity of these data to various atmospheric structure is there-
fore decreased, adding to the degeneracies discussed in Sect. 4.3.
From the analysis of relative line ratios of models containing sin-
gle molecules, we only observe a marginal preference for models
with saturated line profiles, for both CO and H,O.

When investigating the average line depth as explained
in Sect. 4.3, we find that models with a steep lapse rate
(dT/dlog,y(p) = 300 K/dex) and VMR(CO) between 1075 and
10~* give zero cross correlation when subtracted from the data.
The corresponding line contrast with respect to the stellar con-
tinuum is (1.74 + 0.27) x 10~* and (0.86 + 0.24) x 107*, for CO
and H, O respectively. For the analysis described in Sect. 5.2, we
fix VMR(CO) to the intermediate value of 10747.
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Fig. 4. Total cross correlation signal from our best-fitting model (see
Sect. 5.2) for the atmosphere of HD 179949 b, shown as a function
of rest-frame velocity and planet projected orbital velocity. The model
contains CO and H,O with equal molecular abundance. The planet is
detected with a S/N of 6.3, at a planet projected orbital velocity of Kp =
(142.8+3.4) km s~!, which translates into a planet mass of Mp = (0.98+
0.04) My, and an orbital inclination of (67.7 + 4.3) degrees.

5.2. Planet mass and orbital inclination

From the previous single-molecule detections, we deduce that
the majority of the deepest lines in the dayside spectrum of
HD 179949 b comes from CO absorption, which also gives the
dominant cross-correlation signal. Additional signal comes from
shallower (but more numerous) H,O molecular lines. The con-
tribution from methane appears to be negligible, or below the
threshold of detectability, at these wavelengths. As explained in
Sect. 4.1, we repeated the cross-correlation analysis by utilizing
a grid of models containing the three gases in a wide range of
relative molecular abundances.

Our analysis shows that a model with VMR(CO) =
VMR(H,0) = 107*3, VMR(CH,) = 10723, and a steep lapse
rate of d7/dlog(p) ~ 330 K per pressure decade is the best fit
to the atmosphere of HD 179949 b, meaning that it gives the
strongest cross-correlation signal, corresponding to an S/N =
6.3. Statistical tests on the measured signal and on the proper-
ties of the cross-correlation noise are presented in Sect. 5.3, and
lead to a significance of 5.8c, in line with the above estimate.
The S/N of the detection is only weakly dependent on the atmo-
spheric lapse rate, meaning that it decreases by only ~0.5 when
reducing the lapse rate by a factor of 3.

In Fig. 4 we present the total cross correlation signal from
the best fitting model indicated above, which peaks at a planet
projected orbital velocity of Kp = (142.8 + 3.4) km s~!. The
planet signal is retrieved at zero rest-frame velocity when ap-
plying a phase shift of Ap = —0.00477 + 0.00069, which
translates into a refined time of inferior conjunction of Ty =
(2,455,757.8190 = 0.0022) HID. Since the stellar RV semi-
amplitude is known from previous measurements to be Kg =
(0.1126 + 0.0018) km s~! (Butler et al. 2006), we can now treat
the system HD 179949 as a spectroscopic binary. The mass ratio
between the star and the planet is Mgs/Mp = Kp/Ks= (1268 + 36),
which translates into a planet mass of Mp = (0.98 = 0.04) My,
by using the known stellar mass (see Sect. 2). Through Kepler’s
Third Law, we can compute a planet orbital velocity of Vo, =
(154.4 + 1.7) km s~'. The orbital inclination of the system is
therefore i = sin™! (Kp/Vigr,) = (67.7 + 4.3) degrees.
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Fig.5. Top panel: distribution of the cross-correlation values not be-
longing to the planet RV curve (black histogram) compared to a
Gaussian fit (gray line). The two curves are in excellent agreement
across the entire range. Bottom panel: comparison between the distri-
bution of the cross-correlation values outside and inside the planet RV
trail (black and gray histograms, respectively). The latter are systemati-
cally shifted toward higher values. A Welch t-test on the data rejects the
hypothesis that the two distributions are drawn from the same parent
distribution at the 5.80 of confidence level.

5.3. Statistical tests on the measured signal

The computation of the total cross-correlation signal in Fig. 4 is
extended to negative planet orbital velocities (Kp < 0 km s7!)
to test the robustness of the detection. For negative velocities,
which imply an unrealistic retrograde planet orbit, the interac-
tion between the model spectrum and any possible red noise in
the data would be similar to the corresponding positive Kp, so
false-positive signal would show up as a mirrored image of the
Kp > 0 plane, while real planet signals would not. In our case,
there is no significant signal in the bottom half of the diagram,
reinforcing the robustness of the detection.

Furthermore, we determined the statistical significance of the
signal as in previous work (Brogi et al. 2012, 2013; de Kok et al.
2013; Birkby et al. 2013). Firstly, we studied the properties of
the cross-correlation noise. From the matrix containing the cross
correlation signal as function of planet radial velocity and time,
CCF(V, 1), we selected those values not belonging to the planet
RV curve. In Fig. 5 (top panel) we show their histogram with
a black solid line, and a Gaussian fit with a gray line. It shows
that the distribution of the cross-correlation noise is in excel-
lent agreement with a Gaussian distribution. Subsequently, we
compared the distributions of the cross-correlation values in-
side and outside the planet RV curve, shown by the black and
gray histograms in the bottom panel of Fig. 5. Even at a vi-
sual inspection, it is possible to assess that the distribution con-
taining the planet signal is systematically shifted toward higher
values than the distribution of the noise. This can be tested
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Fig.6. S/N of the cross-correlation signal as function of
VMR(CO)/VMR(H,0) on the horizontal axis, and VMR(CO)/
VMR(CHy,) on the vertical axis. The results are shown for a lapse rate
of 111 K per decade in pressure (lower panel) and 333 K per decade in
pressure (upper panel). These are the minimum and maximum values
investigated with the atmospheric models containing CO, H,0O, and
CH,.

statistically by using a Welch t-test (Welch 1947). For the sig-
nal from HD 179949 b, we were able to reject the hypothesis
that the two distributions are drawn from the same parent distri-
bution at the 5.8¢, in line with the measured S/N.

5.4. Constraints on the C/O ratio

In Fig. 6 we plot the measured S/N of the cross-correlation sig-
nal as a function of the relative molecular abundances of CO
and H,O on the horizontal axis, and CO and CHy on the verti-
cal axis. The top and bottom panels correspond to a steep and
shallow atmospheric lapse rate, respectively. As already noticed
in Sect. 5.1, the strength of the total cross correlation signal is
only weakly dependent on the atmospheric lapse rate, so that the
top and the bottom plots are qualitatively very similar. Moreover,
when CO is highly overabundant over H,O and CHy, the mea-
sured signal to noise approaches that of models with CO alone,
ie., S/N = 5.9 (upper right quadrants of the two panels in
Fig. 6).

By assuming that CO, H,O, and CH4 are the dominant
carbon- and oxygen-bearing molecules at our observed wave-
lengths, we computed the C/O ratio corresponding to each of
our planet spectra as

VMR(CO) + VMR(CH,)

C/0= VMR(CO) + VMR(H,0)

(6)

We note that the above assumption neglects any possible con-
tribution from CO,, C,H,, and HCN. Firstly, these molecules
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cannot be detected with these data, because they are not signif-
icant sources of opacity at 2.3 um. Moreover, their equilibrium
abundances are at least one order of magnitude lower than CHy
(Madhusudhan 2012), except for high C/O ratio. This would also
imply a high methane abundance, which is inconsistent with our
non-detection of CHy in this data.

In Sect. 5.2, we verified that the measured S/N closely
matches the significance of the detection as measured by using
a statistical approach. Therefore, we can determine 1o limits on
the relative molecular abundances by using the values of S/N,
and we can constrain from those the C/O ratio.

We computed the difference between the S/N of each model
and that of the model giving the highest cross-correlation, which
we denote here with Ap,s. In addition, we also computed the
expected cross-correlation signal if the planet spectrum would
be identical to each of our model spectra. In order to do this, we
subtracted the best-fitting model after scaling it in the same way
as for measuring the average line depth (see Sect. 4.3). We then
scaled each of the planet spectra to the measured average line
depth, and summed it to the data. After running the data analysis
for telluric removal, we cross-correlated with the same model,
which gave us the expected planet signal. Finally, we computed
the difference between the expected signal and the signal mea-
sured by cross-correlating with real data, denoted with Aeyp.

By assuming that Ape,s and Acyp are independent quantities
and that they are good proxies for the statistical significance of
the signal, we described their combination as a bivariate normal
distribution, and we computed the deviation of each model from
the best-fitting model according to

Acomb = Y, A%neas + Agxp' @)

In Fig. 7 we plot Acomp as a function of the planet C/O ra-
tio, for atmospheric lapse rates of 333 K/dex (top panel) and
111 K/dex (bottom panel). The region above Acomp = 1 de-
notes the models which deviate from the best-fitting model by
more than 1o. Except for the case of highly-abundant methane
([COJ/[CH4] = 1, black line in Fig. 7) and a steep lapse rate,
our analysis favors a C/O < 1, with a best fitting value of
C/O= (0.5f812). Our analysis therefore suggests an oxygen-rich
atmosphere for HD 179949 b.

We note that the non-detection of CH4 loosens any con-
straint on the C/O ratio based on the above analysis. This is
because the cross-correlation is almost insensitive to progres-
sively increasing abundances of methane, unless its volume mix-
ing ratio equals that of CO. This also means that our estimate of
the C/O ratio could potentially be biased due to inaccuracies in
the high-temperature methane line list. These could wash out
the cross-correlation signal from CHy, and/or increase its detec-
tion threshold.

6. Discussion and future prospects

Thanks to high-resolution spectroscopic observations in the
near-infrared, we were able to detect molecular absorption from
carbon monoxide and water vapor in the atmosphere of the non-
transiting exoplanet HD 179949 b. By tracing the planet radial
velocity directly, we also solved for the planet mass and the sys-
tem inclination.

We do not observe a significant signal when cross-
correlating with models containing a thermal inversion. This
suggests that overall the temperature decreases with altitude in
the observed range of the dayside planet atmosphere. Although
weak thermal inversion at high altitude is still possible, these
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Fig.7. Deviation from the best-fitting model (A.omp) as a function of
C/O ratio, for atmospheric lapse rates of 333 K/dex (fop panel) and
111 K/dex (bottom panel). The C/O ratio is derived from the molecular
abundances according to Eq. (6). Since multiple combination of molec-
ular abundances give approximately the same C/O ratio, here we plot
curves ranging from a high methane abundance ([CO]J/[CH4] = 1, black
curve) to low methane abundance ([CO]/[CH,4] > 10?, orange curve).
The points are fit with fourth-order polynomials. Except for steep lapse
rates with highly-abundant methane, our analysis suggests an oxygen-
rich atmosphere for HD 179949 b.

observations exclude the presence of a strong thermal inversion,
which would produce molecular lines observed in emission. We
note that our assumption of an inversion layer extending down
to pressures of 1 bar might be too simplistic and not representa-
tive of realistic temperature inversions. In particular, the ability
of observing emission lines in the spectrum is dependent on the
typical atmospheric pressures probed by the CO template as a
whole. In order to exclude that our measured lack of thermal in-
version is a product of the particular parametrization chosen for
the planet atmosphere, we computed a set of models based on
the best-fitting inverted 7'/ p profile presented in Burrows et al.
(2007) for the exoplanet HD 209458 b (see their Fig. 2, green
line), which is often considered the prototype of planets with at-
mospheric inversion layers. For these calculations we assumed
VMR(CO) = (103,107, 107?). In line with the previous analy-
sis, we do not detect any planet signal by cross-correlating with
these models.

Figure 8 shows one of these models (for a VMR of CO of
10~*) compared to the corresponding model spectrum utilized in
this paper. The only qualitative difference produced by a more
realistic T/ p profile is that the line wings are seen in absorption,
while the line core shows emission. Overall the template still
shows strong emission lines, and this happens because at very
high resolution the narrow component of the planet spectrum
(which is the component detected through cross-correlation)
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Fig. 8. Comparison between the best fitting 7'/ p profile of Burrows et al.
(2007) for the atmosphere of HD 209458 b (top curve) and our mod-
els with temperature inversion, for a VMR(CO) = 10~*. In both cases,
emission lines due to the thermal inversion layer are clearly visible and
dominate the narrow component of the planet spectrum.
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Fig. 9. Contribution function for the model spectrum of HD 179949 b
computed with the Burrows et al. (2007) T/ p profile (Fig. 8, top curve).
The color scheme runs from zero contribution (white) to maximum con-
tribution (black). The broad component of the spectrum is formed at rel-
atively high pressures (deeper in the atmosphere) and typically probes
a non-inverted portion of the 7'/ p profile. On the other hand, the narrow
component of the spectrum, to which we are sensitive at high resolu-
tion, probes several orders of magnitude in pressure and encompasses
thermal inversion layers as well, producing molecular lines in emission.

probes pressures several order of magnitude lower than those
of the continuum part, including the typical altitudes at which
thermal inversion layers are thought to form. This is illustrated
by Fig. 9, showing the CO contribution function for the model
based on the Burrows et al. (2007) profile. Although the line
wings probe deep in the atmosphere, where realistic thermal in-
versions might not persist, the sensitivity to this part of the spec-
trum is very low due to our data analysis (see Sect. 4.3). We
instead remain sensitive to the contrast between the broad and
the narrow component of the spectrum, which probes 4-5 orders
of magnitude in pressures as a whole and encompasses the ther-
mal inversion layers as well, corresponding to molecular lines
observed in emission. We can therefore conclude that, based on
our analysis, HD 179949 b does not show a HD 208458b-like
inversion.

Thermal inversion layers might be influenced by the incident
stellar flux (Fortney et al. 2008), with the most irradiated planets
being capable of retaining in the gas phase high-altitude optical
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absorbers, such as TiO or VO, whereas these compounds would
condense and rain out at lower irradiation levels. The planet
HD 179949 b receives a stellar flux of ~1.4 x 10° erg cm=2 57!,
which according to the Fortney et al. (2008) classification should
be enough to keep optical absorbers in the gas phase. However,
stellar activity could also influence the onset of thermal inver-
sion layers, because of the UV stellar flux potentially destroying
the above-mentioned absorbers (Knutson et al. 2010). With an
activity index of Ry, = —4.72, HD 179949 can be considered an
active star, so that the observed lack of a thermal inversion could
fit in this scenario. However, it has recently been pointed out
that a potential key factor in determining the equilibrium chem-
ical composition of a hot Jupiter is the C/O ratio (Madhusudhan
2012). For carbon-rich planets, there is little oxygen left for the
formation of oxides, meaning that molecules like TiO and VO
would be under-abundant in these atmospheres, and could not
cause a thermal inversion layer.

The observational evidence for a carbon-rich planet has been
presented for the hot-Jupiter WASP-12 b, based on photomet-
ric measurements of its secondary-eclipse depth (Madhusudhan
etal. 2011). Subsequently, the discovery of a faint nearby star di-
luting the light of the system revised the slope and the shape of
the dayside spectrum, so that the assumption of a high C/O ratio,
although not inconsistent with the data, is not the only possible
explanation for the planet atmosphere (Crossfield et al. 2012).

In this work we derive limits on the relative molecular abun-
dances of CO, H,0, and CH4, and we translate them into a mea-
surement of the atmospheric C/O ratio. However, due to the fact
that around 2.3 ym CO dominates the cross-correlation signal
and that CHy is not detected, only loose limits on relative abun-
dances could be derived. These are insufficient to robustly con-
strain the C/O ratio, so that the hypothesis of a carbon-rich planet
as explanation for the lack of a thermal inversion layer cannot be
tested yet, although our analysis tends toward a low C/O ratio.

In order to improve these measurement, one would need to
detect multiple molecules at multiple wavelengths. For exam-
ple, as shown in (de Kok et al. 2014), the region around 3.5 um
is expected to contain the detectable signatures of H,O, CO,,
and CH4. By linking observations at 2.3 um and 3.5 um, it is
in principle possible to measure the relative abundances of the
four major C- and O-bearing molecular species in hot-Jupiter at-
mospheres, which would definitely improve constraints on the
planet C/O ratio.

Moreover, for molecular species such as water vapor and
methane, which absorb across a wide spectral range, high-
resolution spectrographs capable of covering one or multiple
near-infrared bands in a single setting would be beneficial to
these observations, since the cross-correlation signal scales
roughly as the square root of the number of strong molecular
lines. The upgrade of CRIRES to a cross-dispersed spec-
trograph will increase the spectral range of the instrument
by a factor of ~6. Moreover, although mounted on smaller
telescopes, more near-infrared spectrographs with an even wider
spectral range, such as CARMENES (Quirrenbach et al. 2012)
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and SPIRou (Thibault et al. 2012), will come on-line in the
northern hemisphere.
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