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ABSTRACT

Ultra-hot Jupiters (UHJs) are expected to possess temperature inversion layers in their dayside atmospheres. Recent thermal emission
observations have discovered several atomic and molecular species along with temperature inversions in UHJs. We observed the
thermal emission spectra of two UHJs (WASP-33b and WASP-189b) with the GIANO-B high-resolution near-infrared spectrograph.
Using the cross-correlation technique, we detected carbon monoxide (CO) in the dayside atmospheres of both planets. The detected
CO lines are in emission, which agrees with previous discoveries of iron emission lines and temperature inversions in the two planets.
This is the first detection of CO lines in emission with high-resolution spectroscopy. Further retrieval work combining the CO lines
with other spectral features will enable a comprehensive understanding of the atmospheric properties such as temperature structures
and C/O ratios. The detected CO and iron emission lines of WASP-189b have redshifted radial velocities of several kms~!, which
likely originate from a dayside to nightside wind in its atmosphere. Such a redshifted velocity has not been detected for the emission

lines of WASP-33b, suggesting that the atmospheric circulation patterns of the two UHJs may be different.
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1. Introduction

Characterizing the atmosphere of ultra-hot Jupiters (UHJs)
has become a fast expanding subject in the field of exo-
planet science. Ground-based high-resolution spectroscopy,
in particular, plays an important role in discovering chemi-
cal species in the atmosphere of UHJs. For example, many
species have been detected via high-resolution transmission
spectroscopy in the hottest known exoplanet — KELT-9b,
including hydrogen Balmer lines, Fel, Fet, Tim, Cal,
Mg1, and OTI (Yan & Henning 2018; Hoeijmakers et al. 2018,
2019; Yanetal. 2019; Cauley et al. 2019; Turner et al. 2020;
Wyttenbach et al. 2020; Borsa et al. 2021b; Pai Asnodkar et al.
2022). Various chemical species have also been discov-
ered in other UHJs such as KELT-20b/MASCARA-2b
(Casasayas-Barris etal. 2018, 2019; Stangretetal. 2020;
Hoeijmakers et al. 2020a; Raineretal. 2021), WASP-76b
(Seidel et al. 2019; Zak etal. 2019; Ehrenreichetal. 2020:;
Tabernero et al. 2021; Casasayas-Barris et al. 2021; Deibert et al.
2021; Landmanetal. 2021; Kesselietal. 2022), WASP-121b
(Singetal. 2019; Bourrieretal. 2020; Cabotetal. 2020;

Ben-Yami et al. 2020; Hoeijmakers et al. 2020b; Borsa et al.
2021a), TOI-1518b (Cabotetal. 2021), and HAT-P-70b
(Bello-Arufe et al. 2022).

Thermal emission spectroscopy has also been used in char-
acterizing the dayside atmosphere of UHJs. For example,
atomic FelI emission lines have been detected in KELT-9b
(Pino et al. 2020; Kasper et al. 2021), WASP-189b (Yan et al.
2020), WASP-33b (Nugroho et al. 2020; Cont et al. 2021), and
KELT-20b (Yan et al. 2022). We note that OH and TiO emission
lines were found in WASP-33b (Nugroho et al. 2021; Cont et al.
2021). Cont et al. (2022) have recently reported the detection of
SiT in WASP-33b and KELT-20b. The spectral lines of these
detected species are all in emission, which unambiguously indi-
cates the presence of temperature inversion layers on the dayside
of these UHJs. These observational results agree with theoretical
simulations, which predict the existence of temperature inver-
sions in UHJs (e.g., Lothringer et al. 2018; Kitzmann et al. 2018;
Helling et al. 2019; Fossati et al. 2021).

In addition to these high-resolution studies, space-based low-
resolution emission spectroscopy has also been widely used
in studying temperature inversions. For example, strong H,O
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emission features have been found in WASP-121b (Evans et al.
2017) and KELT-20b (Fu et al. 2022) with the Hubble Space
Telescope. Evidence of carbon monoxide (CO) emission has
been inferred from the Spitzer photometric observations at
3.6um in several UHJs (e.g., WASP-103, WASP-18b, and
KELT-20b; Sheppard et al. 2017; Kreidberg et al. 2018).

Here, we present the high-resolution detection of CO emis-
sion lines in the dayside atmospheres of two UHJs (WASP-33b
and WASP-189b) with the GIANO-B spectrograph. This is the
first detection of CO lines with an emission line profile since pre-
vious high-resolution CO lines were only detected in absorption
(e.g., Snellen et al. 2010; Brogietal. 2012; Konopacky et al.
2013; Line et al. 2021; Giacobbe et al. 2021). We notice that,
during the refereeing process of this manuscript, van Sluijs et al.
(2022) also reported the detection of CO emission lines in
WASP-33b.

The atmospheres of the two UHJs presented in this work
were observed with other instruments before. For WASP-33b,
hydrogen Balmer lines and CaII have been detected in its trans-
mission spectrum (Yan et al. 2019, 2021) and emission lines of
Fe1l, OH, TiO, and SiI have been discovered on WASP-33b’s
dayside. For WASP-189b, Fe T emission lines have been detected
in its dayside atmosphere (Yan et al. 2020), and various chemi-
cal species (e.g., Fe1, Fe11, Ti1, Cr1, and TiO) have been detected
in its transmission spectrum (Stangret et al. 2022; Prinoth et al.
2022). The detected transmission lines of these species have
different radial velocities (RVs), indicating a three-dimensional
thermo-chemical stratification at the terminator of WASP-189b
(Prinoth et al. 2022).

The paper is organized as follows. We describe the observa-
tions and data reduction in Sect. 2 and the methods in Sect. 3 . In
Sect. 4 , we present the results and discussions. The conclusions
are provided in Sect. 5.

2. Observations and data reduction

We observed WASP-33b on 15 October 2020 and WASP-189b
on 13 April 2019 and 29 April 2019 with the GIARPS instru-
ment (Claudi et al. 2016) mounted on the Telescopio Nazionale
Galileo. To observe the dayside hemispheres, we performed
the observations at planetary orbital phases near the secondary
eclipse (Fig. 1). The detailed observation logs are presented
in Table 1. The GIARPS instrument is the combination of
the HARPS-N and GIANO-B spectrograph, which allows for
simultaneous observations in the visible and near-infrared (NIR)
wavelengths. The HARPS-N data have been used to study the
Fe 1 emission lines in WASP-189b (Yan et al. 2020) and WASP-
33b (Cont et al. 2021). In this work, we use only the GIANO-B
data to search for CO lines. GIANO-B is a NIR high-resolution
spectrograph (R ~ 50 000) that consists of 50 echelle orders with
a wavelength coverage of 0.95-2.45um (Claudi et al. 2017).
The observations were carried out in the ABAB nodding mode,
which enables the subtraction of sky background and detector
noise using the AB pairs of the spectra.

The raw spectra were reduced with the GOFIO pipeline
(Rainer et al. 2018). The pipeline reduced spectra consist of two
data sequences — one in nodding position A and the other in nod-
ding position B. The A and B spectra were treated separately
in the following reduction procedures. We normalized the spec-
tra order-by-order using a polynomial fit. Because each spec-
tral order spans two detectors with a flux jump in the middle,
we divided each order into two sections and normalized them
separately.

L6, page 2 of 7

WASP-33b observation

Fig. 1. Schematic of the orbital phase coverage of the GIANO-B obser-
vations.

The wavelength solution of the GIANO-B spectrograph
is known to be unstable between consecutive exposures
(Brogi et al. 2018). Therefore, we performed additional wave-
length corrections following the method in Guilluy et al. (2019)
and Giacobbe et al. (2021). Since the CO lines are located at the
first two spectral orders of the spectrograph (i.e., the reddest two
orders), we only performed the correction for these two orders.
For each data set, we first aligned each observed spectrum to the
averaged spectrum using the telluric lines in order to correct for
the spectral drift. The calculated drift of the two spectral orders
was small for the entire data set (<0.2 pixel), which agrees with
previous work (Brogi et al. 2018). We then refined the wave-
length solutions of the pipeline by matching the observed tel-
luric lines to a theoretical telluric template calculated using the
Molecfit tool (Smette et al. 2015). The precision of the refined
wavelength solution is around 1kms™', which was estimated by
computing the standard deviation of the calibration residuals.

3. Methods

To search for CO signals in the dayside spectra, we applied
the cross-correlation technique by cross-correlating the observed
spectra with modeled spectral templates. We first performed
the SYSRENM algorithm (Tamuz et al. 2005; Birkby et al. 2013) to
remove the telluric lines and stellar lines at the observer’s rest
frame. The observed spectra are dominated by telluric absorp-
tion lines because the A-type host stars have few spectral lines at
these wavelengths. We masked the strong telluric lines by dis-
carding the pixels with low signal-to-noise ratios (S/Ns). We
used the S/N values provided by the pipeline and calculated the
mean S/N for each pixel. In this way, we discarded 10%—-20% of
the pixels for each data set. We then applied the SYSREM algo-
rithm to each data set in the same way as in Gibson et al. (2020)
and Yan et al. (2022). We tested the SYSREM with iterations from
1 to 15. The final CO detection significance reached an asymp-
tote after the initial few SYSREM iterations and we chose the num-
ber that yields the maximum detection significance (Fig. A.2).
The telluric and stellar lines’ removed spectra were then shifted
to the stellar rest frame by correcting the observer’s barycentric
RV and the stellar systemic RV.

We modeled the thermal emission spectrum using the
petitRADTRANS tool (Molliere et al. 2019). The CO opaci-
ties (up to 5000K) were calculated using the line list from
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Table 1. Observation logs.

Target Date Airmass change Phase coverage Exposure time  Ngpecira (total/out-of-eclipse)
WASP-33b 2020-10-15 2.02-1.01-1.64 0.43-0.74 200s 122/88
WASP-189b  2019-04-13  1.79-1.18-1.59 0.53-0.62 60s 170/168
WASP-189b  2019-04-29 2.08-1.18-2.19 0.38-0.50 60s 210/152
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Fig. 2. Adopted T—P profile (left) and CO mixing ratio (right) for the
calculation of the spectral template.

Li et al. (2015) with the ExoCross tool (Yurchenko et al. 2018).
We adopted the temperature—pressure (7—P) profile that was
retrieved from Fel emission lines of WASP-189b (Yan et al.
2020). This T—P profile consists of a strong temperature inver-
sion (Fig. 2). Then we calculated the CO mixing ratio using the
easyCHEM code (Molliere et al. 2015) under the chemical equi-
librium and solar abundance assumptions. According to the sim-
ulation (right panel in Fig. 2), CO is abundant at lower altitudes
and it begins to be thermally dissociated in the temperature inver-
sion layer. At very high altitudes, CO is largely dissociated into
atomic carbon and oxygen. The planetary dayside spectra (F},) of
WASP-189b and WASP-33b were calculated using the parame-
ters in Tables A.1 and A.2. The observed spectrum also contains
the flux from the star; therefore, the model spectrum should be
Fg + F,, where we assumed the stellar flux F; to be a blackbody
spectrum. Since the observed spectrum has been normalized, we
expressed the template spectrum as 1 + Fp/F (Fig. A.1). We
then calculated a grid of the template spectrum by shifting the
modeled spectrum from —500kms~! to +500km s~ in 1 kms™!
steps. The template spectrum was further normalized, convolved
with a Gaussian function corresponding to the instrumental res-
olution (50 000), and sampled to the same wavelength grid of the
observed spectra. Before the cross-correlation, we filtered both
the observed and template spectra with a Gaussian high-pass fil-
ter of 15 points. In this way, we removed broadband spectral fea-
tures in the spectra and, therefore, both the data and the template
have values around one.

The cross-correlation procedure was performed by calculat-
ing the weighted cross-correlation function (CCF; Gibson et al.
2020) using the equation

R;m;

CCF = Z =, (1
R

where R; is the observed spectrum, m; is the template spec-

trum, and o; is the noise of the observed data at wavelength

point i. We took the noise values provided by the instrumental

pipeline and considered error propagation during the data reduc-
tion. The weighted CCF method normally yields a better final
detection significance because the low-S/N pixels (e.g., inside
the telluric lines) and the low-flux spectra are assigned with low
weights.

4. Results and discussions
4.1. Detection of the CO lines

The upper panels of Figs. 3 and 4 present the calculated CCFs
of all the observed spectra in the stellar rest frame. Although
the CCFs for position A and position B were calculated sepa-
rately, we merged the A and B sequences in the figures. The
trails of the CO emission signal are visible for both WASP-33b
and WASP-189b in the CCF maps and their RV are aligned with
the planetary orbital motion (blue dashed lines). The lower pan-
els of Figs. 3 and 4 show the CCFs in the planetary rest frame by
correcting the planetary orbital RV.

To estimate the detection significance, we computed the K,
maps, where K, is the semi-amplitude of the planetary orbital
RV. The K, maps were generated by combining all the out-of-
eclipse CCFs in the planetary rest frame for different K|, values
(ranging from 0 to 400kms~! in steps of 1kms™'). We further
divided the map by its noise, which was estimated as the standard
deviation of the CCFs with |Au| ranging from 100 to 200 kms~.
In this way, we obtained the K, maps in the unit of o (detection
significance) (Figs. 5 and 6). We defined the horizontal axis of
the map as Av, which means the RV deviation from the plane-
tary rest frame (i.e., the remaining RV after the correction of the
stellar systemic velocity and the planetary orbital motion RV).

For WASP-33b, we detected the CO signal with a S/N of
6.8 and the peak signal is located at K, = 229f}§ kms~' and
Av = 2 + 10kms~'. This K, is consistent with the K, inferred
from the Fel emission lines (225.0*;%kms™") in Cont et al.
(2021). For WASP-189b, the detected CO signal peaks at K, =
19lfg kms™ and Av = 4.5f§:(2)kms‘1 with a S/N of 7.0. The
detected K|, agrees well with the value from FeI emission lines

(193.54*333kms™") in Yan et al. (2020). The K, results of both
planets are also consistent with the expected K}, values calculated

using the orbital parameters (cf. Tables A.1 and A.2).

4.2. Signature of atmospheric circulation

The detected CO signal of WASP-189b has a Av of 4.5”_’%:(2) kms™!,
which was measured as the difference between the RV of the
detected signal and the stellar systemic RV (i.e., the detected CO
signal has an absolute RV of —20f§% kms~!, while the stellar
systemic velocity is —24.452 + 0.012kms™"). The previously
detected Fe Iemission lines also have a Av of 4.3i8:§2 kms~! when
using the same systemic velocity (Yan et al. 2020). Therefore,
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a) CCF map in the stellar rest frame
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Fig. 3. CCF map for WASP-33b in the stellar rest frame (upper panel)
and the planetary rest frame (lower panel). The blue dashed line indi-
cates the RV of the planetary orbital motion.

both the CO and Fel signals deviated from the systemic RV
with a positive value, indicating that the dayside emission
lines have a redshifted RV. Interestingly, recently detected
transmission signals of WASP-189b (Stangretetal. 2022;
Prinoth et al. 2022) show a blueshifted RV of several
kms~!. In particular, the transmission Fel lines have a Av
of =3.6 + 0.4kms~!. Therefore, the Av values of both the
transmission and emission lines are significantly different from
zero and the signs of the transmission and emission Av values
are opposite. This can be explained consistently by assuming
a dayside to nightside wind scenario (e.g., Tan & Komacek
2019). For transmission observations, this scenario results in a
blueshifted RV (Fig. 7). On the other hand, for thermal emission
observations around secondary eclipses, the hotspot region on
the dayside has a blueshifted RV because of the strong upward
motion while the rest part of the dayside has a redshifted
RV (cf. Fig. 7 for such a fountain-like circulation pattern).
Considering that the temperature of the hotspot is extremely
high for WASP-189b, CO and Fe1 shall be largely disassociated
or ionized at the center of the hotspot. Therefore, the center of
the hotspot contributes less to the observed CO and FeT signals,
while the rest of the dayside contributes more to the observed
signals, leading to a redshifted RV of the emission lines.

For WASP-33b, such an RV signature of the dayside to night-
side wind is not prominent. The detected Av of the CO emission
lines is 2 + 10 km s~! and previously detected Fe I emission lines
have a Avof 0.0£2.6kms™" (Cont et al. 2021) and 0.2*2! kms™!
(Nugroho et al. 2020). The CO emission feature reported by
van Sluijs et al. (2022) also has a Av of 0.15*)¢! kms™". There-
fore, there is no indication of a strong dayside to nightside
wind in WASP-33b from thermal emission observations. For
transmission signals, only Call and hydrogen Blamer lines
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Fig. 4. Same as Fig. 3, but for WASP-189b.

have been detected in WASP-33b because the strong pulsa-
tion of the host star hinders the detection of atmospheric fea-
tures. For the Blamer Ha line, different Av values and line
depths have been reported in Yan et al. (2021; 1.2 + 0.9kms™!),
Cauley et al. (2021; —4.6 + 3.4kms™!), and Borsa et al. (2021c;
-8.2 + 1.4kms™"), which is likely due to the strong contamina-
tion of stellar pulsations. The stellar systemic velocities used in
these three works are slightly different, but the Av values are still
different when assuming the same systemic velocity. Therefore,
it is not conclusive on the existence of a dayside to nightside
wind from the transmission observations.

According to the simulations of the atmospheric circula-
tion in UHJs by Tan & Komacek (2019), the atmospheric cir-
culation patterns (e.g., the equatorial superrotation jet and the
dayside to nightside wind) depend on multiple parameters. In
general, a longer rotation period, higher equilibrium tempera-
ture, and stronger frictional drag produce a stronger dayside to
nightside wind with a weaker equatorial superrotation jet. The
parameters of WASP-33b and WASP-189b are very similar (cf.
Tables A.1 and A.2); however, the rotation period (assumed to
be tidally locked) of WASP-33b is half of the period of WASP-
189b, which might be the reason that we observed a strong day-
side to nightside wind in WASP-189b but not in WASP-33b.
Such a theoretical explanation also suggests that WASP-33b may
have a strong superrotation jet.

Dayside to nightside wind has also been observed in other
UHJs such as WASP-76b (Ehrenreich et al. 2020; Seidel et al.
2021) and HAT-P-70b (Bello-Arufe et al. 2022) with transmis-
sion spectroscopy. Further studies of more UHJs with differ-
ent parameters using both transmission and emission high-
resolution spectroscopy will enable a systematic understanding
of the atmospheric circulation in UHJs.
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Fig. 5. K, map and the CCF at the maximum S/N location for WASP-
33b. The white dashed lines indicate the location of the maximum S/N.

5. Conclusions

We observed the dayside thermal emission spectra of WASP-33b
and WASP-189b with the high-resolution near-infrared spec-
trograph GIANO-B. Using the cross-correlation technique, we
detected the CO emission lines at S/Ns of 6.8 and 7.0 for WASP-
33b and WASP-189b, respectively. The detected CO signals have
a positive correlation with the spectral template that contains
emission lines, meaning that the detected CO lines are in emis-
sion. This proves the existence of temperature inversion layers
in their atmospheres, which agrees with the results from the pre-
vious detections of other emission lines (e.g., FeI) in the two
UHIJs. This is the first detection of CO lines in emission as pre-
vious high-resolution detections of CO lines are all in absorp-
tion. The detected CO and Fel emission lines in WASP-189b
have a redshifted RV of several kms™!, which is likely due to
the strong dayside to nightside wind in its atmosphere. Such a
redshifted RV signature has not been observed in the emission
lines of WASP-33b, hinting at different circulation patterns in
the atmospheres of the two planets.

The detection of CO emission lines is a new addition to
the discovered chemical species (i.e., Fe1, Si1, OH, and TiO)
in the dayside atmosphere of UHJs with high-resolution spec-
troscopy. We note that CO emission features were previously
inferred from the Spifzer photometry in several UHJs; therefore,
the high-resolution detections strengthen the low-resolution evi-
dences of CO signals. Further retrieval work combining both
high- and low-resolution CO signals will enable a comprehen-
sive understanding of the atmospheric properties such as tem-
perature structures and C/O ratios.

Unlike other molecules, the thermal dissociation temperature
of CO is relatively high. Thus, CO emission is likely to be a com-
mon spectral feature of UHJs. In addition, CO is an ideal species
for tracing the planetary formation history via the measurement
of the C/O ratio and the carbon isotope ratio. Therefore, CO lines
are a promising spectral window into the understanding of the
formation and migration of UHJs.
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Fig. 6. Same as Fig. 5, but for WASP-189b.
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Fig. 7. Schematic of the dayside to nightside wind for transmission and
thermal emission observations. The dashed line denotes the planetary
orbit.
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Appendix A: Additional tables and figures
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Fig. A.1. Modeled thermal emission spectra of CO lines. The green 1234 SSYSRE:A itBe rag onm 1112 13 14 15
shadow indicates the wavelength coverage of the two spectral orders
of the GIANO-B spectrograph. The spectra have been normalized and

Fig. A.2. Detection significance with different SYSREM iteration num-
convolved to the instrument resolution.

bers for WASP-33b (upper panel) and WASP-189b (lower panel). The
red triangles denote the peak S/N values.

Table A.1. Parameters of the WASP-33b system. Table A.2. Parameters of the WASP-189b system.

Parameter Symbol [unit] Value
Star
Effective temperature Ter [K] 7430 + 100 ¢
Radius R, [Ro] 1.509+0.016
Mass M, M) 1.561*0045
Systemic velocity Vsys [kms™'] —30+04°%
Planet
Radius R, [Ry] 1. 679*8 8%8 “
Mass M, [M;] 2.16 £0.20¢
Semi-major axis a[R,] 3.69+0.05¢
Orbital period P [d] 1.219870897(79) ¢
Transit epoch (BJD) Ty [d] 2454163.22449(16) ¢
RV semi-amplitude K, [kms™'] 231 +3¢
Equilibrium temperature Teq [K] 2710 =50
Orbital inclination i [deg] 89.24

Notes. “Lehmann et al. (2015). ®Nugroho et al. (2017).

“Maciejewski et al. (2018). “Predicted value using orbital preces-
sion parameters in Johnson et al. (2015).

Parameter Symbol [unit] Value
Star

Effective temperature Ter [K] 8000 + 80 ¢
Radius R, [Ro] 2.365 +0.025¢
Mass M, [M;] 2.031%0008 ¢

Systemic velocity

Vsys [kms™!]

—24.452 £ 0.012°

Planet
Radius R, [R)] 1.600%0017 @
Mass M, [M;) 2.13+0.28°
Semi-major axis a[R,] 4.587+0937 a
Orbital period P [d] 2.724035(23) ¢
Transit epoch (BJD) Ty [d] 2459016.43487(6) ¢
RV semi-amplitude K, [kms™!] 192 + 3¢
197+10 ¢
Equilibrium temperature Teq [K] 2641 +34°
Orbital inclination i [deg] 84.58*023

Notes. “Deline et al. (2022). *Anderson et al. (2018).
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