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Outline

• High-resolution spectroscopy in exoplanet atmospheres 

• Temperature inversions: what are they and why should we care? 

• WASP-121b: a massively-inflated super-hot Jupiter 

• Testing the techniques for UVES: simulations with artificial signals 

• Next steps and future work
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Doppler Spectroscopy

• Planet and star orbit a common centre of mass 

• Planet's mass significantly lower: radial velocity much higher (ratio ~1000) 

• Can treat spectral lines from star as essentially stationary over short periods 

• Can take advantage of this to disentangle planetary spectral features
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Doppler Spectroscopy
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Doppler Spectroscopy
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Doppler Spectroscopy
• Molecular spectra contain many 100s of spectral 

lines 

• Cross-correlate high-resolution spectra with 
template spectrum 

• Difficult to obtain abundances, only useful for 
molecular species 

• Requires high-resolution time series spectra, bright 
targets (Vmag < 12)

Snellen et al. (2010)

Detection of CO in HD 189733b in transmission:

Brogi et al. (2015)
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Doppler Spectroscopy

Brogi et al. (2014)Birkby et al. (2017)

H2O in 51 Peg b CO and H2O in HD179949b
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Doppler Spectroscopy

• Result is unambiguous: almost impossible for any other effect to mimic 
retrieved signal 

• Can extract planetary rotation and suggest the presence of high-altitude winds 
on the planet (Snellen et al. 2010, 2013; Brogi et al. 2015) 

Snellen et al. (2016)Brogi et al. (2015)
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Temperature Inversions

• Presence of absorbing species in atmosphere 
cause temperature to rise with altitude 

• Early models suggested highly-irradiated hot 
Jupiters had temperature inversions caused 
by gaseous TiO and/or VO

Fortney et al. (2008)
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Temperature Inversions in Hot Jupiters

• Observational evidence elusive until very recently 

• Low-resolution transmission spectroscopy: best 
fit model for WASP-19b contains TiO 

• High-resolution spectroscopy in emission: TiO 
detected in WASP-33b

Sedaghati et al. (2017)

Nugroho et al. (2017)

TIO WASP-33B DRAFT 15

Figure 13. Order-based optimized version of cross-correlation map
for H-spec with log VMR= �8 (first row), FI-spec (second row),
NI-spec (third row), and the injected signal (fourth row). The left
panel shows the mean CCF map. The middle panel shows the
aligned mean CCF map at Kp= +237.5 km s�1 and Vsys= �1.5
km s�1. The planet signal can be seen as a dark trail in the ex-
pected rest-frame of the radial velocity of the planet from the first
observed phase until the appearance of the secondary eclipse phase
(red dashed). The right panel shows the mean CCF for a 6 pixel
column bin (CCFexo) centered on Vsys= �1.5 km s�1 along the or-
bital phase. The solid black line shows the smoothed CCFexo with
a 3 frame smoothing window. The blue dashed line shows the zero
value of CCF.

measuring the radial velocity of the host star we also con-
firmed the measurement by Collier Cameron et al. (2010),
which differs by ⇠ 4 km s�1 from the SIMBAD database.
This confirmation gives us a narrow Vsys search space to find
the possible exoplanet signal.

We reported a TiO molecule signature detection in the
day-side spectra of WASP-33b by 4.8-� confidence level,
which provided direct evidence of the existence of TiO in
the atmosphere of the hot Jupiter. The detection levels for
VMR= -8, -9, and -10 (H-spec) lie within 1-� from the high-
est one (VMR= -8); moreover, in our analysis we did not
use a self-consistent atmospheric model, thus the constraint
on the VMR cannot be obtained directly from our result
only. Our TiO molecular detection for H-spec and FI-spec
confirmed the existence of stratosphere (thermal inversion
layer) in the day-side of WASP-33 b, as previously has been
claimed by several studies (e.g. von Essen et al. 2015; Haynes

Figure 14. Figure Kp – Vsys S/N map of H-spec with maximum
peak at Kp= +237.5 +13.0

�5.0 km s�1 and Vsys= �1.5 +4.0
�10.5 km s�1,

which gives 4.8-� detection. The white dashed line is the expected
Kp and Vsys from the previous studies. The top and right panels
show the 1-dimensional cross section of the CCF peak along the
Vsys and Kp respectively. The black dash lines show the most sig-
nificant signal, the white dash lines show the expected Kp and Vsys,
and the color bar grid interval is 1-�, the white area also represents
the 1-� error of the detected signal.

Figure 15. Significance map after converting from the p-value from
Welch’s t-test using erf function for the most significant detected
signal with the H-spec model spectrum of log VMRTiO= �8. The
black dashes show the most significant signal, the white dashes
show the expected Kp and Vsys, and the color bar grid interval is 1-
�, the white area also represents the 1-� error of the detected signal.

et al. 2015). The full inversion T/P profile has also been re-
ported for another super hot Jupiter, WASP-121b by Evans
et al. (2017), which resolved the emission spectral feature
of H2O at near-infrared wavelength, using HST. Our result
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WASP-121b

WASP-121b:

mass 1.183 MJ

radius 1.865 RJ

semi-major 
axis 0.025 AU

temperature 2350K

scale height 1100km

Delrez et al. (2016)

Image credit: NASA, ESA, and G. Bacon (STSci)
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A Temperature Inversion?

• Water feature discovered in emission and potential discovery of TiO/VO by 
Evans et al. (2015, 2017, 2018 in press) indicates temperature inversion

An ultrahot gas-giant exoplanet with a stratosphere 
 

 4 

Figure 2 | Emission spectrum for WASP-121b. 
a, Eclipse depths measured with HST (brown 
circles) and Spitzer (black circle, top right), and 
a ground-based photometric measurement20 

(green circle). Vertical error bars give 1σ 
uncertainties and horizontal error bars give 
photometric bandpasses. Yellow line shows the 
best-fit isothermal blackbody spectrum with a 
temperature of 2,700 K. Red line shows the best-
fit model from the retrieval analysis. Inset shows 
the HST data on a magnified scale. b, Planetary 
flux with stellar contribution removed. Measured 
spectra for M8 and L1 dwarfs30 are shown for 
comparison (blue and purple lines), exhibiting 
H2O absorption bands (bracketed) characteristic 
of these spectral types. For WASP-121b the H2O 
band at 1.35–1.55 μm appears in emission. 
Spectra for 2,400 K and 2,900 K blackbodies 
(grey lines) indicate the approximate temperature 
range probed by the data. c, Similar to b, but 
showing only the WFC3 bandpass and with a 
possible emission feature due to VO also 
indicated at 1.20–1.25 μm.  

 

 

 

Detection of the stratosphere is driven by the emission peaks at 1.35–1.55 μm and 1.20–1.25 μm, 
which coincide with H2O and VO bands (see Fig. 2 and Extended Data Figs 2 and 3). Indeed, H2O 
has previously been detected in the transmission spectrum of WASP-121b19, and high-altitude 
absorption of incident stellar radiation at optical wavelengths by VO, as well as by TiO, has been 
proposed as a possible mechanism for forming stratospheres in strongly irradiated exoplanets9,10. 
However, although the inferred H2O abundance is broadly consistent with solar elemental 
abundances in chemical equilibrium, the 95% lower credible limit for the inferred VO abundance 
is about 1,000× solar. Such a high inferred VO abundance warrants scepticism. For instance, there 
is a well-known modelling degeneracy between the absolute pressure level of a stratosphere and 
the abundance of optical absorbers such as VO, with higher abundances giving stratospheres at 
lower pressures and vice versa10. It is also possible that the relatively simple T–P profile adopted 
in the retrieval analysis produces a biased VO abundance estimate, as it forces the atmosphere to 
be isothermal at low pressures (Fig. 3) and does not account for three-dimensional effects or non-
equilibrium chemistry. Alternatively, the 1.20–1.25 μm feature could be emission from some other 
unknown source. Given these caveats, a robust detection or non-detection of VO must await further 
observations that are capable of spectrally resolving the emission bands at high signal-to-noise 

Evans et al. (2015)
Evans et al. (2017)
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Motivation

• Confirming result of Evans et al. (2017): detecting TiO in WASP-121b 

• UVES (on the VLT) operates in optical wavelengths (300 -1100nm) where TiO lines 
appear with R ~ 80,000 (blue end) -- 100,000 (red end) 

• Doppler spectroscopy provides unambiguous detection of molecular signal: many 
TiO lines strengthen cross-correlation signal

R
top

Rsurf

• e.g. for a H2, He + TiO Hot Jupiter atmosphere: • and at high resolution:
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Motivation for Simulations
• New technique -- high-resolution spectroscopic exoplanet characterisation has never 

been attempted with UVES 

• Building a robust codebase for future work 

• Testing different methods of cleaning/blaze-correcting spectral data, removing telluric and 
stellar lines  

• Line lists for molecules at hot-Jovian temperatures/pressures known to be inaccurate

Nugroho et al. (2017)



Stephanie Merritt, Queen's University Belfast ExoMol 2018

Data Processing

• Blaze function of UVES variable in time: data "cleaned" of outliers and all spectra 
placed on the same blaze 

• Principal component extraction used to remove dominant signals (telluric/stellar 
lines), outliers clipped and spectra divided through by a filter comprised of a 
smoothed function of the median spectrum
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Preliminary Results
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Next Steps

• Tellurics currently imperfectly removed (time dependence in depth of telluric lines 
over the night): options include fitting function of airmass to columns (eg: Brogi et 
al 2018), linear basis models 

• SYSREM (Tamuz et al. 2005): algorithm very similar to PCA/ICA/NNMF but 
"weighted" by uncertainties: does this perform better? 

• Insertion of TiO template instead of randomised artificial signals 

• Eventual use of radiative transfer template spectrum for WASP-121b to attempt to 
recover TiO signal in UVES dataset 

• Production of robust and well-tested techniques for future work in this area using 
UVES



Stephanie Merritt, Queen's University Belfast ExoMol 2018

The Future

• Proving ground-based high-resolution spectroscopy and UVES to be adept at 
detecting molecules in exoplanetary atmospheres 

• Doppler spectroscopy used alongside transmission/emission spectroscopy to 
confirm discoveries with high confidence 

• Future instruments and telescopes (CRIRES+, E-ELT, JWST) could detect 
molecular oxygen in super-Earths, potentially paving the way for the discovery of 
extra-terrestrial life


