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Advancing High-resolution Cross-correlation Spectroscopy in

Characterising the Atmosphere of Exoplanets

NUGROHO, Stevanus K.+

1: Astrobiology Center, 2: National Astronomical Observatory of Japan

Today, we have discovered more than 5000 planets
orbiting around other stars in our galaxy alone. With
the modern technologies and techniques, we have begun
studying their atmosphere to constrain the temperature
structure, chemical composition, and atmospheric dy-
namics and infer their planetary formation history. One
of the most powerful techniques to characterise the at-
mosphere of exoplanets is high-resolution spectroscopy.
This technique uses the variation of Doppler shifts of the
atomic/molecular planetary lines, due to its orbital mo-
tion, to disentangle it from the stationary telluric and
stellar lines. The huge number of resolved and unique
planetary lines are combined using cross-correlation to
detect and identify specific chemical species robustly.

We developed a technique to constrain the phase varia-
tion of the planetary emission using high-resolution spec-
troscopy data based on our likelihood method [1], led
by Miranda Herman (University of Toronto, Canada).
Unlike a phase curve obtained using photometry (e.g.,
Spitzer, Kepler, TESS) or low-resolution spectroscopy
(e.g., HST, JWST), this novel technique can extract the
phase curve of each chemical species by detecting the line
strength variations, phase and velocity shift simultane-
ously hence it can be called a ”chemical phase-curve”.
We demonstrated it by constraining the phase-variation
of Fe I emission on the day-side of WASP-33b [2] in the
data sets taken using HDS on the Subaru telescope and
ESPaDOnS on the CFHT. As a result, assuming the op-
tical emission spectrum of the planet is dominated by
Fe I, we found evidence that the strongest emission is
shifted westward relative to the substellar point and the
dayside flux is more than 10x than the nightside flux [3].

In removing the telluric and stellar lines, a detrend-
ing algorithm (e.g. SysRem, 4, 5) is usually used to
fits and removes a temporal trend in the data-set (in-
cluding telluric and stellar lines). However, this pro-
cess also affects the embedded planetary signal in a non-
trivial way such that any line profile-dependent retrieval
(e.g., chemical abundance, temperature-pressure profile)
would not reflect its true value. Therefore, led by Neale
Gibson (Trinity College Dublin, the Republic of Ireland),
we introduced a novel method to pre-process the model
correctly and efficiently replicating the effect of the de-
trending algorithms on the data in the high-resolution
cross-correlation spectroscopy analysis. We applied this
method to retrieve the temperature-pressure profile and
the relative abundances of atomic species in the transmis-
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Figure 1: left panel: The cross-correlation map of Fel at
the telluric rest-frame detected in the HDS data used in the
analysis. The white dashed line marks the projected rota-
tional velocity of the star and shows noise pattern from the
stellar pulsation. The blue dot-dashed line indicates the be-
ginning of the secondary eclipse. The black arrows point to
the planetary signal. Only the area inside the solid red lines
was used in the analysis. middle panel: The cross-correlation
map at the planetary rest-frame. right panel: The black dots
show the mean cross-correlation function (CCF) calculated
for £4km s~ from the center of the planet’s signal. The
orange line shows the binned-CCF by 2 exposures. [2]

sion spectrum of WASP-121b taken using UVES/VLT
and found that most of the relative atomic abundances
are consistent with the solar values [6].

Note that both techniques are developed to fully take
the advantage of high-resolution cross-correlation spec-
troscopy and can be applied to emission and transmission
spectroscopy.
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