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ABSTRACT

Context. The Enhanced Resolution Imager and Spectrograph (ERIS) is the new Adaptive-Optics (AO) assisted Infrared instrument at
the Very Large Telescope (VLT). Its refurbished Integral Field Spectrograph (IFS) SPIFFIER leverages a new AO module, enabling
high-contrast imaging applications and giving access to the orbital and atmospheric characterisation of super-Jovian exoplanets.
Aims. We test the detection limits of ERIS and demonstrate its scientific potential by exploring the atmospheric composition of the
young super-Jovian AF Lep b and improving its orbital solution by measuring its radial velocity relative to its host star.
Methods. We present new spectroscopic observations of AF Lep b in K-band at R ∼ 11000 obtained with ERIS/SPIFFIER at the
VLT. We reduce the data using the standard pipeline together with a custom wavelength calibration routine, and remove the stellar
PSF using principal component analysis along the spectral axis. We compute molecular maps by cross-correlating the residuals with
molecular spectral templates and measure the radial velocity of the planet relative to the star. Furthermore, we compute contrast grids
for molecular mapping by injecting fake planets.
Results. We detect a strong signal from H2O and CO but not from CH4 or CO2. This result corroborates the hypothesis of chemical
disequilibrium in the atmosphere of AF Lep b. Our measurement of the RV of the planet yields ∆vR,P⋆ = 7.8 ± 1.7 km s−1. This enables
us to disentangle the degeneracy of the orbital solution, namely the correct longitude of the ascending node is Ω = 248.8+0.4

−0.7 deg and
the argument of periapsis is ω = 109+13

−21 deg. Our detection limits reach a contrast of ∆K = 11.5 mag at 0′′.12 for the spectral templates
of H2O and CO, significantly extending the parameter space available to moderately high spectral resolution towards small angular
separation.
Conclusions. Our results demonstrate the competitiveness of the new ERIS/SPIFFIER instrument for the orbital and atmospheric
characterisation of exoplanets at high contrast and small angular separation.

Key words. techniques: imaging spectroscopy – techniques: high angular resolution – infrared: planetary systems – planets and
satellites: atmospheres
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1. Introduction

The combination of high-contrast imaging (HCI) and spec-
troscopy offers access to the orbital and atmospheric properties of
low-mass companions and super-Jovian exoplanets. Colloquially
referred to as direct spectroscopy or high-contrast spectroscopy,
this technique relies on the separation of the light coming from the
companion from that of its host star using Adaptive-Optics (AO)
and post-processing algorithms that disentangle their significantly
different spectral signatures (Snellen et al. 2015).

Early results of direct spectroscopy include the detection
of carbon monoxide in the atmosphere of the giant exoplanet
HR 8799 c (Konopacky et al. 2013) using the OSIRIS instrument
at the Keck telescope (Quirrenbach et al. 2003; Larkin et al.
2006) as well as the measurement of the spin velocity of β Pic b
(Snellen et al. 2014) using the CRIRES instrument (Kaeufl et al.
2004) from the Very Large Telescope (VLT). Since then, many
studies have continued to further develop this technique: OSIRIS
has enabled the measurement of the radial velocity (RV) of the
HR 8799 b and c planets (Ruffio et al. 2019) and the constraint
of the atmospheric parameters of the c planet (Wang et al. 2023).
The VLT/SINFONI instrument (Eisenhauer et al. 2003) was used
to measure the atmospheric 12CO/13CO isotopologue ratio of the
young giant exoplanet TYC 8998-760-1 b (Zhang et al. 2021).
Using the NIRSPEC spectrograph (Lopez et al. 2020; Fitzgerald
et al. 2018) from the KPIC instrument (Delorme et al. 2021),
Xuan et al. (2022) measured the carbon-to-oxygen ratio (C/O) and
metallicity of the brown dwarf HD 4747 B. More recently, Ruffio
et al. (2024) measured the 2.9–5.2 µm spectrum of the T dwarf
HD 19467 B using the NIRSpec (Jakobsen et al. 2022; Böker et al.
2023) integral field spectrometer (IFS) on board JWST, leading
to the detection of H2O, CH4, CO2, and CO in its atmosphere
(Hoch et al. 2024). Beyond the exploration of the atmospheric
physics of gas giant exoplanets, the atmospheric composition of
low-mass companions might provide insights into their formation
history (see, e.g., Öberg et al. 2011; Öberg & Bergin 2021;
Turrini et al. 2021; Pacetti et al. 2022). While the details of planet
formation are still mostly unclear, these measurements—which
are enabled by newer instruments and more powerful analysis
tools—might help to put together some pieces of the puzzle.

The latest facility offering high-contrast spectroscopic
capabilities on an 8 m-class telescope is the Enhanced Resolution
Imager and Spectrograph (ERIS; Davies et al. 2023). Installed
at the Cassegrain focus of the UT4 at the VLT, ERIS is the new
AO-assisted instrument replacing the Infrared imaging and spec-
troscopic capabilities previously offered by NACO (Lenzen et al.
2003; Rousset et al. 2003) and SINFONI (Eisenhauer et al. 2003).
With its refurbished and upgraded IFS SPIFFIER (George et al.
2016) as well as its new AO module (Riccardi et al. 2022), ERIS
is expected to improve upon its predecessor SINFONI in terms of
contrast, angular separation, and sensitivity. However, its compet-
itiveness in the current landscape of high-contrast spectrographs
remains to be proven. In this article, we aim to demonstrate the
scientific potential of this new instrument by reporting on the de-
tection of one of the most challenging directly-imaged exoplanets
discovered so far, AF Lep b, which sits at an angular separation
of 0′′.32 and contrast of ∆K = 11.84 mag (De Rosa et al. 2023).

The super-Jovian exoplanet AF Lep b was simultaneously
discovered by three teams who were independently following
up on the significant astrometric accelerations of its host star
measured between the Gaia and Hipparcos catalogs (De Rosa
et al. 2023; Mesa et al. 2023; Franson et al. 2023). The exoplanet
was later precovered in archival NACO observations taken 11
years prior (Bonse et al. 2024) and was since then re-observed

with NIRCam (Franson et al. 2024) and VLTI/GRAVITY
(Balmer et al. 2024). Its dynamical mass was measured at
3.75± 0.50 MJup (Balmer et al. 2024), making it one of the lowest
mass directly-imaged exoplanets found so far. By combining
the relative astrometry measured by GRAVITY with all archival
RV and astrometric data, most of the orbital parameters could
be accurately determined: its period is 24.3+0.9

−0.4 yr, its semi-major
axis is 8.98+0.15

−0.08 au, and its eccentricity is smaller than 0.02
(Balmer et al. 2024). AF Lep is an F8V star (Gray et al. 2006)
at 26.8 pc with a mass of 1.13+0.10

−0.04 M⊙ (De Rosa et al. 2023). It
is a likely member of the β Pictoris moving group (Zuckerman
et al. 2001; Malo et al. 2013; Ujjwal et al. 2020) with an age
of 24 ± 3 Myr (Bell et al. 2015). The latest atmospheric study—
based on the currently available photometry and low-resolution
spectroscopy—locate the planet at the L–T transition and indicate
an effective temperature of Teff = 800 ± 50 K with evidence of
elevated metallicity and chemical disequilibrium (Balmer et al.
2024), agreeing with previous atmospheric constraints (Zhang
et al. 2023; Palma-Bifani et al. 2024; Franson et al. 2024).

The combined fit on the GRAVITY relative astrometry to-
gether with RV and astrometric data was not able to constrain two
of the orbital parameters AF Lep b (Balmer et al. 2024). Indeed,
since direct imaging—and hence interferometry—projects the
astrometric path of astronomical objects on the celestial sphere,
it is insensitive to the component of the velocity of the planet that
is orthogonal to the sky plane, and therefore results in a bimodal
distribution for the ascending node and argument of periapsis.
This ambiguity prevents the prediction of the orbital phase and
the determination of the true obliquity of the planet. The former
is relevant for planning follow-up observations in reflected
light while the latter can inform the planet formation history of
AF Lep b (Kraus et al. 2020). Orbital motion perpendicular to
the sky plane can only be determined by RV measurements. Due
to the fast rotation of the star, existing stellar RV measurements
of AF Lep are not accurate enough to robustly resolve the reflex
motion of the star caused by the planet (De Rosa et al. 2023).
Therefore, the only way to uniquely disambiguate the orbital
solution is by measuring the RV of the planet directly.

In this article, we present new ERIS/SPIFFIER K-band
observations of AF Lep b at moderately high spectral resolution
(R ∼ 11 000) obtained within the ERIS Guaranteed Time Obser-
vations (GTO) program allocated to ETH Zurich. We describe
the observations and our data reduction (Sect. 2.1 and Sect. 2.2),
including our custom wavelength calibration (Sect. 2.2.1) as
well as our algorithm to remove the stellar point spread function
(PSF; Sect. 2.2.3). We compute molecular maps (Hoeijmakers
et al. 2018) of the AF Lep system (Sect. 3.1), revealing the planet
through the detection of water and carbon monoxide in its atmo-
sphere. We then measure the RV of AF Lep b relative to its star
(Sect. 3.2), which allows us to resolve the ambiguity in its orbital
solution (Sect. 4.1). We discuss the implications of our detection
of H2O and CO (Sect. 4.2), the impact of stellar contamination
(Sect. 4.3), and compute detection limits for our observations
(Sect. 4.4). In Sect. 5, we provide concluding remarks.

2. Methods

2.1. Observations

AF Lep was observed with ERIS on the 8th of November 2023
using SPIFFIER with the smallest image scale (0′′.8×0′′.8) and the
K-long grating (2.19–2.47 µm at R ∼ 11 000). The observations
were taken in field-tracking mode—pupil-tracking being not yet
available at this time—with position angle set to 0◦ (i.e. the North

Article number, page 2 of 16



Hayoz et al.: ERIS

Fig. 1: Illustration of the main processing steps applied to one frame of our dataset. Left: raw detector frame. The brick-wall pattern
of the slitlets is visible as the telluric absorption lines are shifted in adjacent slitlets. Middle: reduced frame. The missing data in the
middle is due to cropping the frames, essentially removing slitlets at the border of the image. Right: residuals after PSF subtraction
via spectral PCA. The two horizontal lines at 2.24 and 2.30 µm mark the position of the mask applied to the data to hide the strong
stray light features present in slitlets 2 to 6 and 12 to 15 (cf. Fig. C.1). The slitlets are numbered from 1 to 32 and span the image
from bottom to top, i.e., from South to North.

at the top of the image), the star offset by 0′′.15 to the west to
include the exoplanet in the field-of-view, with a square jitter
pattern of width 0′′.1 with offsets every second frame, and sky
offsets after each square jitter. We recorded a total of 267 object
frames with a detector integration time (DIT) of 40 s and nDIT = 1.
The observing conditions were average, with a median seeing of
0′′.65, a median coherence time of 5.7 ms, and a median integrated
water vapour column of 3.32 mm.

2.2. Data reduction

The data were reduced using the ERIS-SPIFFIER pipeline v1.6.0
together with custom tools to improve the quality of the calibra-
tion. The standard calibration steps consist of dark subtraction,
flat fielding, bad pixel correction, distortion correction, and an ini-
tial wavelength calibration using daytime arc lamps calibrations.
The pipeline normally relies on OH sky emission lines present in
the science data to obtain a good wavelength calibration (Davies
2007); however, our observations are dominated by the stellar PSF
and the OH lines are not visible in the data, preventing this cali-
bration strategy. Therefore, we had to implement a custom tool to
calibrate the wavelength using telluric absorption lines visible in
the stellar PSF. We describe our custom wavelength calibration
in Sect. 2.2.1, the additional pre-processing steps necessary to
format the output of the ERIS-SPIFFIER pipeline in Sect. 2.2.2,
and our PSF subtraction technique in Sect. 2.2.3. The main steps
of our pipeline—including the PSF subtraction—are illustrated
in Fig. 1. In the following, we use the term spaxel to denote the
spectrum extracted from one cube at a given spatial pixel.

2.2.1. Custom wavelength calibration

Since the entire field-of-view of our observations is dominated
by the stellar PSF, we can leverage the telluric absorption lines
present in the stellar spectrum to improve the wavelength cali-
bration. As reference, we used a telluric transmission template
calculated with SkyCalc (Noll et al. 2012; Jones et al. 2013) and
evaluated with the parameters matching our observing conditions.
Our custom wavelength calibration consists of three steps, which
are described in the following.

Step 1: we first measure an initial shift in each spaxel of the
data. This is done by cross-correlating each spaxel with the tel-

luric template using the function phase_cross_correlation
from skimage (van der Walt et al. 2014) with an upsampling fac-
tor of 20. We noticed that the error varied approximately linearly
over the extent of each slitlet (see the upper panel in Fig. 2). More-
over, the slope of the error also varies from the slitlets on one side
of the detector to the slitlets on the other side. This effect—which
is hardly noticeable by eye on raw detector frames (cf. Fig. 1)—is
due to spectral curvature, which causes a line of constant wave-
length to follow a curve from one side to the other. We model this
spectral curvature by fitting the slope of the wavelength error over
all slitlets using a third-order polynomial (see the lower left panel
in Fig. 2). We then integrate this third-order polynomial and fit the
y-intercept of the resulting function to model the wavelength error
within each slitlet (see the orange line in the upper panel in Fig. 2).

Step 2: we then measure higher-order wavelength errors.
Since the telluric lines cover the whole extent of the K-long
grating, we can locally measure the wavelength error by cross-
correlating the telluric transmission template on subintervals of
the spectrum. To do so, we first combine all spaxels within the
same slitlet after correcting them by the initial error measured
previously. We then define subintervals of size 200 wavelength
channels that we shift by 50 channels along the wavelength di-
mension such that they overlap. The size of the intervals is chosen
to ensure that enough telluric lines are contained for a robust mea-
surement, while the overlaps increase the sampling along the
wavelength dimension. We then cross-correlate each subinterval
with the telluric transmission template. This yields a list of mea-
surements of the wavelength error as a function of wavelength
(see lower right panel in Fig. 2 for the calibration of the slitlet 11
taken as an example). We fit the error with a third-order spline and
a smoothing factor of 0.4 using the function UnivariateSpline
from SciPy (Virtanen et al. 2020). The smoothing factor was cho-
sen by inspecting the resulting fits by eye and ensuring that noisy
error measurements did not impact the spline. For the 100 chan-
nels at either side of the spectrum, we set the wavelength error as
equal to the value of the spline at the last measurement point. This
is done for the sake of robustness because the spline can grow
polynomially on either side and can result in extreme values.

Step 3: finally, we update the wavelength solution. The stan-
dard pipeline provides an initial wavelength map computed from
arc lamp images taken during daytime calibrations. This map
relates each detector pixel to its corresponding wavelength. We
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(a) Measurement of the wavelength error across all slitlets by cross-correlating each spaxel with a telluric transmission template (black). We only
show every fourth measurement for readability. Bad measurements are indicated by red dots, while the red line indicates the median error over the
whole detector. The blue line indicates an initial linear fit of the error over each slitlet. The orange line represents the model created in the first step
of our wavelength calibration as described in Sect. 2.2.1 and shown in Fig. 2b.

(b) Slope of the linear fit (blue line in Fig. 2a) to the wavelength error in
each slitlet (black) as described in step 1 of Sect. 2.2.1. The orange line
shows the third-order polynomial fit to the data.

(c) Measurement of the wavelength error along the wavelength dimension
within slitlet 11 (black) as described in step 2 of Sect. 2.2.1. The orange
line shows the spline fit to the data.

Fig. 2: Illustration of the steps involved in our custom wavelength calibration applied to an arbitrary frame. The shaded areas
correspond to the slitlets at the top and bottom of the field-of-view which are cropped out after the wavelength calibration. The figures
at the top and on the bottom left illustrate step 1 whilst the figure on the bottom right shows step 2.

update it by adding the errors from the two previous steps accord-
ing to the column number and wavelength bin associated to each
pixel. The updated wavelength map is then used together with the
normal recipe eris_ifu_jitter.

Fig. 3 shows a small region of the mean spectrum contained
within the slitlet 11 before and after our wavelength calibration
together with the telluric transmission template for comparison.
The improvement is clearly visible by eye: the telluric lines
present in the calibrated data match the template much more
closely. To validate our calibration, we repeat the measurement
of the wavelength error described in steps 1 and 2 above after
applying our custom calibration. Figures A.1 and A.2 present
the results for the same frame as in Fig. 2: most of the structure
present in the uncalibrated data (cf. Fig. 2) has been corrected,
including both the linear trend across the slitlets and the wavy
pattern along the wavelength axis. Unfortunately, some slitlets—
more precisely slitlets 12, 17, and 18—still show some trends
on the order of 0.25 to 0.5 px, however the trend is significantly
smaller than before the calibration. From a median error of
3.85 px (i.e. 0.5 nm or 64 km s−1) initially measured for the frame
considered in Fig. 2, our pipeline delivered a calibration with
a median residual error of 0.10 px (i.e. 0.01 nm or 1.7 km s−1). To

obtain an overview of the quality of the calibration, we repeated
this exercise by measuring the median residual error of each
frame after having applied our custom calibration. Over the whole
observation, the median of the wavelength error is 0.05 px and the
standard deviation 0.02 px, i.e., 6.5 ± 2.4 pm or 0.8 ± 0.3 km s−1.
These results validate our custom wavelength calibration routine.

Over the whole observation, the wavelength solution varied
by a total of 5 px, i.e., 0.65 nm or 83 km s−1, as shown in Fig. 4.
This large drift of the wavelength solution over time is due to
internal flexures within SPIFFIER as the telescope—and thus
the Cassegrain focus where ERIS is installed—changes altitude
to track its target. Indeed, the light-weighted diffraction gratings
of SINFONI suffered from cryogenic deformation (George
et al. 2017), which significantly impacted its spectral profile.
Therefore, heavier gratings were used for SPIFFIER which
helped to greatly improve the spectral profile at the cost of
significant flexures with changes in altitude and rotation. The
impact of the flexures in SPIFFIER can be mitigated with a
good wavelength calibration strategy—either by using OH sky
emission lines (Davies 2007) for faint targets and long integration
times, or by leveraging telluric absorption lines for observations
of bright targets such as presented in this work.
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Fig. 3: Application of our custom wavelength calibration to the
spectrum. Upper panel: spectrum calibrated using daytime arc
lamp images as provided by the standard pipeline when OH
sky emission lines are hidden by the stellar PSF. Lower panel:
spectrum calibrated using our custom pipeline. We provide the
telluric transmission template used for the calibration as reference
(orange). We only show the region between 2.375–2.4 µm to
easily distinguish the telluric lines by eye.

Fig. 4: Median correction applied to the wavelength solution
shown as a function of time since the start of the observation.
The star was re-centered after 100 min, hence the break. The
significant drift of the wavelength solution is due to flexures
of the diffraction gratings of ERIS/SPIFFIER with changes in
altitude and rotation as the telescope tracks its target (see the text
for more details).

2.2.2. Additional steps

At this point, each exposure is a 3D cube consisting of 2155
λ-images of size 64 × 64, covering a wavelength range be-
tween 2.187 99 and 2.468 14 µm. We implemented a custom
pipeline to prepare the data for post-processing. Due to the
brick-wall arrangement of the slitlets on the detector (see the
left image in Fig. 1), we excluded all λ-images outside the range
2.202 29–2.451 76 µm to avoid any missing data. Furthermore,
we noticed the presence of bright stray light extending between
2.24–2.30 µm and within slitlets 2 to 6 and 12 to 15 (see Fig. 1).
The cause for this stray light within ERIS/SPIFFIER is unclear.
Since it effectively adds strong correlated noise along the spectral
and spatial dimensions, it can hinder the detection of molecular
signal in the atmosphere of a companion or create fiducial fea-
tures that might be mistaken for one. Therefore, we masked the
full spectral region between 2.24–2.30 µm. We further removed
4 pixels at the edge of each frame to avoid contamination by
adjacent slitlets due to inaccuracies of the distortion calibration,

leaving λ-images of size 56 × 56. Due to residual instrument
flexures between the AO stage and the SPIFFIER detector at
the moment of our observations, the target was slowly drifting
over time with a rate of approximately 60 mas h−1. This drift
forced us to pause the observation after 1.5 h to re-centre the star.
Nevertheless, we still had to remove 28 frames for which the star
drifted outside the field of view, leaving 239 frames. The position
of the star in the remaining frames was measured by fitting the
stellar PSF with a Gaussian in the wavelength-averaged frames.
At this point, the data have reached their final shape: there are
239 cubes left each made of 1923 λ-images of size 56 × 56.

After PSF subtraction but before cross-correlating the data
with spectral templates (cf. sections 2.2.3 and 3.1), we convolved
each image with an aperture of radius 1.7 px (21.25 mas), i.e., we
applied aperture photometry on every pixel. The output of this
step is a datacube with the same format as the input cube, but
where each spaxel now contains the total flux over its surrounding
aperture. This step was carried out to gather all the signal coming
from the planet and thereby increasing the signal-to-noise ratio
(S/N) of its spectrum. We tried several radii for the apertures,
including 1 λ/D (i.e., 58.5 mas); however, they yielded worse
results, probably because of remaining systematics from the PSF
subtraction that are included in the apertures. The spectrum of
the planet is extracted after this convolution by taking the spaxel
resulting in the highest S/N in the molecular maps.

2.2.3. Removal of the stellar Point Spread Function with
Spectral PCA

Since the stellar PSF dominates the signal from the exoplanet,
we need to model and subtract it from the data. As pupil-tracking
was not available at the time of our observations, we cannot
use Angular Differential Imaging (ADI; Marois et al. 2006). In-
stead, we want to leverage the significant differences in spec-
tral features—which can be resolved at high enough spectral
resolution—between the companion and the tellurics-imprinted
stellar spectrum. This can be done by using principal component
analysis (PCA; see, e.g., Bishop & Nasrabadi 2006).

PCA is widely used by the exoplanet community to sup-
press systematic noise. Depending on the type of data, different
schemes have been developed to apply PCA. In general, PCA
models the strongest covariances along the so-called feature di-
mension using a set of data points called samples. In the con-
text of HCI, PCA was first introduced to ADI (Amara & Quanz
2012; Soummer et al. 2012). In this framework, PCA explores
the spatial covariances of the speckle noise utilising the image
dimensions (X × Y) as features and the time dimension (T ) as
samples. An alternative scheme to apply PCA is PCA-Temporal
(Long et al. 2023) or similarly TRAP (Samland et al. 2021). In-
stead of exploring the spatial covariances, PCA-Temporal models
the temporal covariances using the time dimension (T ) as features
and the image dimensions (X × Y) as samples. For IFS data at
low spectral resolution (R < 1000), the wavelength dimension
(Λ) can be added to the samples to leverage Spectral and An-
gular Differential Imaging simultaneously (ASDI/CODI; Kiefer
et al. 2021). Spectral Differential Imaging exploits the outward
motion of speckles with increasing wavelength due to chromatic
PSF broadening to differentiate them from the fixed signal of the
planet.

At higher spectral resolution, where the wavelength coverage
might not suffice for SDI, the signal from the planet can be disen-
tengled from that of its host star by leveraging their significantly
different spectral features. This simple idea was implemented in
different ways in the literature, however most methods follow a
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Table 1: Removal of systematic noise with PCA.

Algorithm Data type R Usage of PCA Features Samples Forward Model References
ADI + PCA/KLIP Imaging – Full PSF X × Y T (1), (2)
TRAP Imaging – Full PSF T X × Y ✓ (3)
PCA-Temporal Imaging – Full PSF T X × Y (4)
ASDI/CODI IFS < 1000 Full PSF X × Y Λ × T (5)
FMMF IFS < 1000 Full PSF X × Y Λ × T ✓ (6)
HRSDI IFS > 1000 Residual systematics Λ X × Y (7), (8), (9)
Ruffio and Hoch IFS > 1000 Residual systematics P × Λ X × Y ✓ (10), (11)
Spectral PCA IFS > 1000 Full PSF Λ X × Y This work

Notes. Overview of application schemes for PCA-based systematic noise subtraction. Depending on the scheme and data type, PCA can be applied
along different dimensions: the letters X and Y denote the two spatial axes, T is the time axis, Λ is the spectral axis, and P is a local 5 × 5 patch in
space. The column R denotes the spectral resolution. In the last three rows, i.e. for the methods HRSDI, Ruffio and Hoch, and Spectral PCA, the
column "Usage of PCA" refers to the steps (i) and (ii) described in the main text. References: (1) Amara & Quanz (2012), (2) Soummer et al. (2012),
(3) Samland et al. (2021), (4) Long et al. (2023), (5) Kiefer et al. (2021), (6) Ruffio et al. (2017), (7) Hoeijmakers et al. (2018), (8) Haffert et al.
(2019), (9) Cugno et al. (2021), (10) Hoch et al. (2020), (11) Ruffio et al. (2021).

similar scheme: (i) first create a stellar PSF model using expert
knowledge about HCI and telluric absorption lines, then (ii) cor-
rect any remaining systematics using PCA. Hoeijmakers et al.
(2018) implemented this scheme on K-band SINFONI data of
β Pic b at R ∼ 4000 and first coined the term molecular maps.
Their method first built a PSF model by dividing the 3D IFS
data by a master stellar spectrum extracted from the brightest
pixels. The result was then low-pass filtered and multiplied by the
master stellar spectrum. The role of the low-pass filter is to create
a model of the wavelength-dependent stellar PSF, however, it also
includes the continuum of the planet which therefore disappears
when the PSF is subtracted. Since telluric absorption lines of
CH4 remained in the residuals, they applied the SYSREM algo-
rithm (Tamuz et al. 2005; Birkby et al. 2013)—which reduces
to PCA if the data have constant uncertainties—to remove these
systematics. In this framework, the features are defined along the
spectral dimension (Λ) whilst the samples consist of all spaxels
of a frame along the two spatial dimensions (X × Y). The same
method—where SYSREM was replaced with PCA—was later
applied to VLT/MUSE and SINFONI data of the PDS 70 system
(Haffert et al. 2019; Cugno et al. 2021), where it was coined High-
Resolution Spectral Differential Imaging (HRSDI). Ruffio et al.
(2019) introduced a forward model framework to simultaneously
fit the planet spectrum together with the stellar PSF—which is
constructed in a similar way as in Hoeijmakers et al. (2018). This
approach was later improved (Hoch et al. 2020; Ruffio et al. 2021)
to include PCA to model the remaining systematics after an initial
stellar PSF fit and subtraction. In this framework, the features are
defined as 5×5 spaxel patches (P×Λ, with P ⊂ X×Y) whilst the
samples are defined from the rest of the frame. These two frame-
works explicitly enforce the behaviour of the stellar PSF as a
function of wavelength: the low-frequency variations come from
the chromatic broadening of the stellar PSF and the continuum of
the stellar spectrum, whilst the high-frequency variations are due
to the telluric absorption lines imprinted on the stellar spectrum.
Any remaining systematics due to wavelength calibration errors
or variable telluric line strengths are subsequently identified and
removed with PCA.

In this work, we have opted to leave the full modelling of the
stellar PSF to PCA (steps (i) and (ii) combined). We define the
features along the spectral dimension (Λ) and the samples consist
of all spaxels in the frame (X × Y). We compute a new PCA basis
separately for each cube, i.e. the time dimension (T ) is not used.

Afterwards, each spaxel of each cube is projected onto the first
250 principal components (PCs), thereby creating a model of the
stellar PSF for each cube. The number of principal components
used to build the PCA basis was determined by a blind search.
The planet can be detected with 50 PCs, but the highest S/N was
obtained with 250 PCs. Since our approach uses PCA for the
full PSF model (i and ii) and not only for the subtraction of the
remaining systematics (ii) as in (e.g., Hoeijmakers et al. 2018;
Hoch et al. 2020; Ruffio et al. 2021) a significantly larger number
of components is needed. The PCA-based noise model is sub-
tracted from the data resulting in a sequence of residual cubes.
These residuals are then aligned with the previously derived po-
sition of the star in each cube, and median-combined along the
time dimension to produce a final residual cube. We refer to this
technique as Spectral PCA.

Although PCA has been used with features along the spectral
axis (Λ) and samples along the two spatial axes (X × Y) before
(Hoeijmakers et al. 2018), the novelty of this technique consists
in using it to fully model the 3D stellar PSF. To underline the
similarities and differences between some of the existing PSF
subtraction techniques and Spectral PCA, we report their defining
concepts in Tab. 1.

3. Results

3.1. Molecular maps

Molecular maps are obtained by cross-correlating each spaxel
in the residual cube with molecular spectral templates, thereby
optimally matching the molecular signature from the exoplanet
atmosphere while dampening any remaining systematics. Our
spectral templates were calculated using petitRADTRANS (Mol-
lière et al. 2019) with only one molecule as source of opacity
at a time, setting its mass fraction to −2 dex, and adopting the
maximum a posteriori pressure–temperature profile constrained
by Balmer et al. (2024). We calculated spectral templates for H2O,
CO, CH4, and CO2, as they produce significant spectral features
in the K band. Additionally, we prepared a “full-model” template
corresponding to the maximum a posteriori parameters derived
by Balmer et al. (2024) for AF Lep b (i.e., log g = 4.17 dex,
Fe/H = 0.74, C/O = 0.50 ) containing H2O, CO, CH4, CO2, H2S,
HCN, NH3, FeH, TiO, PH3, K, VO, and Na, but ignoring the
cloud treatment. We then removed the continuum of the spec-
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Fig. 5: PSF intensity (top left) and molecular maps of the AF Lep system. The planet AF Lep b is revealed in the H2O and CO maps,
as well as with the full model from Balmer et al. (2024), but not in the CH4 and CO2 maps. The orange star indicates the position of
the star, while the white dashed circle—whose radius is equal to 1 λ/D—indicates the position of the planet.

tral templates using a Gaussian filter with a standard deviation
of 2.6 nm. We note that the precise size of the filter does not
significantly influence the molecular maps as long as the contin-
uum is effectively removed, however we did not systematically
search for the optimal filter size to create the molecular maps.
We cross-correlated the final residual cube with the spectral tem-
plates by Doppler-shifting them over a range of radial velocities
from −1000 to 1000 km s−1 in steps of 1 km s−1 using the function
crosscorrRV from the Python package PyAstronomy (Czesla
et al. 2019). Following Petrus et al. (2021), molecular maps are
created by evaluating the cross-correlation function (CCF) at the
RV of the planet. As an additional step, we standardised the map
by subtracting the mean and dividing by the standard deviation
over the whole image.

We show the resulting molecular maps in Fig. 5. The planet is
clearly revealed in the H2O, CO, and full-model maps at signal-
to-noise ratios (S/N) of 9.3, 9.7, and 20.7, respectively. The calcu-
lations made to quantify the S/N follow Petrus et al. (2021) with
the modification to only consider values of the CCF at the same
angular separation as the planet, as the speckle noise is expected
to depend on the angular separation (see, e.g., Marois et al. 2008).
More details on the computation of the S/N metric are given in
App. B. The signal is located at a position of ∆α ≈ +0′′.30 and
∆δ ≈ +0′′.06 (i.e., ρ ≈ 0′′.3, θ ≈ 0◦.79) as expected from previous
direct imaging of the planet (De Rosa et al. 2023; Mesa et al.
2023; Franson et al. 2023; Bonse et al. 2024; Balmer et al. 2024),
and shows a (non-calibrated) RV of approximately 20 km s−1.

The extracted spectrum of the planet is shown in Fig. 6 to-
gether with our full model template for reference. Although the
planet spectrum has a low S/N and might still contain residual
stellar light, absorption lines are nevertheless well resolved, for ex-
ample in the region from 2.30–2.32 µm where CO dominates the
spectrum. The stray light mentioned in Sect. 2.2 can be seen be-
tween 2.24 and 2.30 µm. The spectral templates used for the cross-
correlation are shown in Fig. C.1 together with the spectra at the
position of the planet before and after PSF subtraction and aper-
ture photometry. Finally, we show the cross-correlation functions
with the different molecules at the position of the planet in Fig. 7.

3.2. Radial velocity

To measure the RV from the cross-correlation function, we
would like to interpret it as the position of the peak in the cross-
correlation function. However, each frame might have slightly
different systematics. Indeed, errors in the wavelength solution,
imperfect PSF subtraction, stray light, etc., might affect the
shape of the cross-correlation function as well as the position
of its peak. Since the planet is not detected in single frames,
we adopt a bootstrapping approach (Beran 2008) to replicate
the observation many times by randomly sampling the frames
and combining them, thereby quantifying the random effect of
the instrument and processing systematics. Furthermore, we cor-
rect for the relative motion of the Paranal observatory with re-
spect to the AF Lep system. Since we detect the planet with
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Fig. 6: Spectrum of AF Lep b after PSF subtraction (black) compared to our full model (blue). The CO-dominated region between
2.30 and 2.32 µm matches particularly well with the model considering the low S/N of the data. The shaded area represents the mask
applied to the data to remove the instrument stray light described in Sect. 2.2.

Fig. 7: Cross-correlation functions with molecular templates
at the position of the planet in Fig. 5. The peaks indicate the
presence of H2O and CO in the atmosphere of AF Lep b at an
(uncalibrated) RV of approximately 20 km s−1 (vertical line).
The cross-correlation functions were standardised over the
spatial axes in the same way as our molecular maps, i.e., the
cross-correlation map at each RV was mean-subtracted and
normalised by its standard deviation over the whole image.

three different spectral templates, we can measure its RV with
each model. The exact details of the measurement and cali-
bration of the RV of AF Lep b are given in App. C. We re-
port the following results for each model: for H2O, we obtain
∆v(H2O)

R,P⋆ = 8.9 ± 2.5 km s−1, for CO ∆v(CO)
R,P⋆ = 6.1 ± 2.8 km s−1,

and for the full model ∆v(Full)
R,P⋆ = 7.8 ± 1.7 km s−1. These three

values are consistent with each other and all allow to constrain
the orbital solution. We note that since the full model contains

H2O and CO, the three measurements are not independent of each
other, which might explain why the RV value obtained with the
full model lies between the other two values. This also makes the
combination of the three values non-trivial. Instead, we choose the
measurement resulting in the highest S/N detection of AF Lep b,
i.e., the full model, and take it as our final RV measurement
∆vR,P⋆ = ∆v

(Full)
R,P⋆ = 7.8 ± 1.7 km s−1.

For a planet which has been discovered simultaneously by
three independent teams, it is not surprising that its RV has also
been measured by another instrument at a similar time as our
ERIS observations. Indeed, Denis et al. (submitted) have also
observed AF Lep b with the new VLT/HiRISE (Vigan et al. 2024)
instrument at high spectral resolution (R ∼ 100 000). Their analy-
sis delivers the value 9.09 ± 0.90 km s−1 (Denis et al., submitted).
Our final RV measurement lies within 0.8σ of their result, vali-
dating both the methods applied in Denis et al. (submitted) and
in our work.

To validate the uncertainty delivered by our bootstrapping
approach, we run a simple simulation using the exposure time
calculator of ERIS/SPIFFIER1. For a field object with an
effective temperature of 800 K and an apparent magnitude of
16.77 mag like AF Lep b, the measured spectrum is estimated
to have a S/N ≈ 10 for an identical observing setup as described
in Sect. 2.1. We simulate 104 noisy spectra at this S/N using our
full model of the planet and subsequently measure the RV using
the same cross-correlation technique as described in App. C, i.e.,
by measuring the position of the peak of the cross-correlation
function evaluated with our full model spectral template. The re-
sulting RV measurements have a standard deviation of 0.1 km s−1.
This reflects the uncertainty with which the RV can be measured
for this experiment. Since the S/N calculated with the ETC
ignores residual systematics from the subtraction of the stellar

1 The ESO exposure time calculator for ERIS is available under the
following link: https://etc.eso.org/eris.
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PSF as well as photon noise from the stellar PSF overlapping
with AF Lep b, the S/N is expected to be much smaller. By
repeating the experiment with S/N = 1, the resulting uncertainty
is 1.1 km s−1, which is already much closer to our uncertainty of
1.7 km s−1. The actual S/N of our extracted spectrum is difficult to
estimate, especially considering that the continuum is lost during
PSF subtraction. However, since CO absorption lines are visible
by eye, the S/N cannot be far from 1. Additionally, as we describe
in Sect. 2.2.1, measuring the wavelength error after applying
our pipeline showed a residual error of 0.8 ± 0.3 km s−1 over the
whole observation, i.e., a bias of 0.8 km s−1 and a random scatter
of 0.3 km s−1. Assuming that the bias can be corrected perfectly
(see App. C for details on the correction of this bias), the random
errors arising from the wavelength calibration add another
uncertainty on the order of 0.3 km s−1. Our actual uncertainty of
1.7 km s−1 can therefore be quite well explained as a combination
of residual wavelength errors and low S/N spectrum.

4. Discussion

4.1. Orbital constraint

Our RV measurement can be used to remove the ambiguity in
the previously constrained orbital solution of AF Lep b (De Rosa
et al. 2023; Franson et al. 2023; Mesa et al. 2023; Bonse et al.
2024; Zhang et al. 2023; Balmer et al. 2024). Indeed, the or-
bital fit obtained by Balmer et al. (2024) on all previous imag-
ing, astrometry, stellar RV, and GRAVITY data can be evaluated
to predict the RV of the companion relative to its host star on
the night of our ERIS observations. Due to the bimodality of
the orbital solution, there are two equiprobable radial veloci-
ties: (a) ∆vR,P⋆ = 10 ± 2 km s−1 associated with the argument of
periapsis ω = 109+13

−21 deg and longitude of the ascending node
Ω = 248.8+0.4

−0.7 deg, and (b) ∆vR,P⋆ = −10 ± 2 km s−1 associ-
ated with the other solution ω = 289+13

−21 deg, Ω = 68.8+0.4
−0.7 deg

(the other orbital parameters are all equal in both cases). Here,
the ascending node Ω is defined in the same way as in orvara
(Brandt 2021), i.e., it denotes the position angle at which the
planet crosses the sky plane moving towards the observer (we note
that orbitize! uses the opposite definition; Blunt et al. 2024).

Our RV measurement using the full model template, i.e.
∆vR,P⋆ = 7.8 ± 1.7 km s−1, is consistent with the first orbital
solution within 1.3σ, while excluding the other at 11σ. Our mea-
surement therefore shows that the orbital solutionω = 109+13

−21 deg,
Ω = 248.8+0.4

−0.7 deg is the correct one. This means that (i) the rela-
tive RV of AF Lep b was close to its maximum value at the epoch
of our observations, (ii) the planet recently crossed the sky plane
moving behind the star (i.e., away from the Earth), and (iii) more
generally the planet is located behind the star (from the point
of view of the Earth) between the position angles 68.8+0.4

−0.7 deg
and 248.8+0.4

−0.7 deg. In particular, it is now possible to compute a
phase curve of AF Lep b, which is crucial for the planning of
follow-up observations in visible light. Moreover, this delivers
one of the two puzzle pieces necessary to determine the true
obliquity of AF Lep b, i.e., the angle between its orbital angular
momentum and the spin axis of the star. The other piece, i.e.,
the orientation of the spin axis of the star, can be determined
by measuring the displacement of the photocenter due to stellar
rotation (Le Bouquin et al. 2009; Kraus et al. 2020).

4.2. Implications for the atmospheric chemistry of AF Lep b

In itself, our detection of H2O and CO in the atmosphere of
AF Lep b is not surprising as these molecules have already been
found in similar objects. In fact, several atmospheric studies have
started to directly constrain the mass fractions of H2O, CO, and
CH4 in such objects (Zhang et al. 2023; Palma-Bifani et al. 2024;
Balmer et al. 2024). Chemical disequilibrium—driven by vertical
mixing—has been advanced as a potential explanation for the
high abundance of CO found by these studies. Indeed, at an
effective temperature of 800 K, CH4 is expected to be chemically
favoured over CO (Mollière et al. 2022), hence the need for an
upwards stream of CO from hotter, deeper layers. Therefore, our
detection of H2O and CO together with our non-detection of
CH4 are compatible with the chemical disequilibrium hypothesis.
To investigate whether our new ERIS observations also favour
this hypothesis over chemical equilibrium, one would need to
constrain the molecular abundances of H2O and CO. This requires
the use of a dedicated atmospheric retrieval framework such as
CROCODILE (Hayoz et al. 2023) and will be investigated in a
future article.

4.3. Stellar and telluric contamination

The stellar PSF is still very strong at the position of the planet:
around 10−3.25 times its maximum value. This means that
the planet—with its contrast of ∆K = 11.84 mag (De Rosa
et al. 2023)—is around 30 times fainter than the PSF at its
position. There is therefore a risk of contamination of the
planet signal by the stellar spectrum. More precisely, since the
spectrum of AF Lep only contains atomic lines and at most
very weak molecular lines, the risk rather comes from the strong
telluric absorption lines imprinted in the stellar spectrum by the
atmosphere of the Earth. However, molecular maps remedy this
problem by measuring the cross-correlation at the position of
the planet and everywhere else in the field of view. Therefore,
if the spectral templates correlate with the stellar spectrum, then
this contamination can be measured as a cross-correlation signal
in a different place than the planet. This is the reason for our
chosen S/N metric, which ensures that any contamination by the
tellurics-imprinted stellar spectrum is taken into account.

4.4. High-contrast capabilities of ERIS

The high significance of our detection of AF Lep b hints at deeper
detection limits. Establishing a robust detection limit for molecu-
lar mapping is more complicated than for imaging due to the high
dependency on the atmospheric properties of the companions and
the spectral type of the host star. Indeed, the pressure–temperature
profile, the chemical composition of the atmosphere, and the pres-
ence and composition of clouds strongly affect the shape and
strength of the absorption lines, which in turn will affect the sig-
nal picked up by cross-correlation with spectral templates (Bidot
et al. 2024). At the same time, the photosphere of the host star
can—depending on its spectral type—contain the same molecules
of interest as the companion, which might affect the efficacy of
the PSF subtraction and thereby the detection limits, hindering
the generalisation to another stellar system (Bidot et al. 2024).
Accounting for all these factors is beyond the scope of this paper.
Nevertheless, we would like to provide indicative detection limits
that can be used as a reference point for the planning of future
observations with ERIS/SPIFFIER. To do so, we set up a fake
planet injection and retrieval test as is customary in HCI (see, e.g.,
Bonse et al. 2023), but we constrain the analysis to the detection
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Fig. 8: Contrast grids computed by injecting fake planets with our full model spectrum from Sect. 3.1 at different contrast and angular
separation from the host star and retrieving them in the molecular maps of H2O (left), CO (centre), and with the full model (right).
The dashed red line corresponds to a S/N of 8, which we use as detection threshold to compute our detection limits.

of companions spectrally identical to AF Lep b. Concretely, we
use our full model from Sect. 3.1 as planet spectrum.

We create a PSF reference by considering the 6 frames where
the star is closest to the centre of the field-of-view, cropping
them to a size of 0′′.3 × 0′′.3, aligning them, and finally median-
combining them. To inject a fake planet at a given contrast, we
divide the datacube of the PSF reference by the stellar spectrum
and multiply it by the planet spectrum and the contrast. The stellar
and planet spectra are normalised using synthetic photometry
with the filter SPHERE/IRDIS K12_2, as it was used to report
the contrast of AF Lep b in the K band (De Rosa et al. 2023). For
the stellar spectrum, we use a BT-NextGen model (Allard et al.
2012) evaluated at the grid point closest to the stellar parameters
reported by the Gaia DR3, i.e., Teff = 5900 K, log g = 4 dex,
Fe/H = −0.5 dex. Fake planets are injected into each datacube of
the reduced data at a fixed relative position with respect to the
host star and with no Doppler shift. We inject the fake planets
right before the PSF subtraction and subsequently apply the rest
of the pipeline to the fiducial datasets.

Looking at Fig. 5, there is not a lot of room in the 0′′.8 × 0′′.8
field-of-view of ERIS/SPIFFIER to inject fake planets around
the host star. This forces us to inject planets at only one position
angle, namely at 105 deg (as measured from North through East),
and only up to 0′′.4 angular separation. Concretely, we use a range
of angular separation between 1 and 7 λ/D in steps of 1 λ/D,
i.e., between 0′′.06 and 0′′.41. For the contrast, we select a range
between 9 and 16 ∆mag in steps of 0.5 ∆mag. This allows us to
create a contrast grid similar to the ones computed by applefy
(Bonse et al. 2023).

The resulting contrast grids for the molecular maps of H2O,
CO, and for the full model are shown in Fig. 8. From these
grids, we extract contrast curves by setting the detection threshold
to S/N = 8 to enforce a clear detection. We show the three
extracted S/N = 8 detection limits in Fig. 9 together with the
K-band contrast and angular separation of other directly-imaged
exoplanets as reference. To illustrate these contrast grids and our
detection limits, we show a few resulting molecular maps for a
sample of contrast and angular separation close to our detection
limits in Fig. D.1. The injected fake planets are indeed clearly
detected at S/N ≥ 8 but not necessarily at lower values, which
validates our selected detection threshold.

These detection limits imply that we could have detected
AF Lep b even if it had been at an angular separation of 2 λ/D
(i.e., 0′′.12). Indeed, looking at the second row of Fig. D.1, the fake
planet is retrieved at S/N of 15.2 and 14.6 with the H2O template
and the full model. This corresponds to the contrast and angular

separation close to which β Pic c was detected using interferome-
try with GRAVITY (Nowak et al. 2020). The close-in exoplanet
has not been detected yet with non-interferometric observations.
Of course, β Pic c certainly has different atmospheric properties
than AF Lep b, which is not accounted for in this analysis. To
validate the high-contrast potential of molecular mapping with
ERIS/SPIFFIER in the 1-2 λ/D range, one would have to actually
detect β Pic c. If possible, this would significantly extend the pa-
rameter space accessible to characterise exoplanets at moderately
high spectral resolution towards smaller angular separation. In
fact, molecular mapping with ERIS/SPIFFIER might even enable
to efficiently search for further young and bright super-Jovian
planets closer in.

We would like to stress that these detection limits are only
indicative and should not be interpreted as a guarantee to detect
a companion with a contrast and angular separation located
close to the contrast curves. Indeed, many assumptions went into
computing them, which is why we would like to emphasise them
here. The input spectrum is a simplified model of the spectrum
of AF Lep b that does not include any treatment of clouds. The
wavelength is assumed to be perfectly calibrated. The S/N metric
used here (c.f. Petrus et al. 2021) does not take into account
effects from small sample statistics and might overestimate
the confidence of the detection. For each contrast and angular
separation, the fake planets were only injected at one position
angle, which can create a bias depending on the position of
residual speckles. Finally, the contrast curves are calculated with
respect to AF Lep specifically, which means that a brighter star
might result in a worse detection limit at close separations due
to the presence of brighter speckles, whereas observations of a
fainter star might be limited by the sensitivity of ERIS/SPIFFIER.
Taking all that into account, our detection limits indicate that a
similar observing setup is probable to result in the detection of an
exoplanet with similar atmospheric properties as AF Lep b with
a contrast and angular separation that would locate it sufficiently
above the detection limits shown in Fig. 9.

5. Summary and conclusion

In this article, we demonstrated the first high-contrast spectro-
scopic application of the new ERIS/SPIFFIER instrument at the
VLT. We observed the AF Lep system at moderately high spectral
resolution (R ∼ 11 000) in the K band as part of the ERIS GTO
program allocated to ETH Zurich. Since high-contrast spectro-
scopic applications are not covered by the standard SPIFFIER
pipeline, we developed a robust method to calibrate the wave-
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Fig. 9: Detection limits at S/N = 8 for H2O, CO, and the full
model for our ERIS/SPIFFIER observations of the AF Lep
system. The detection limits were calculated for the full 178 min
total integration time, which required just over 4 h of telescope
time, and did not use ADI as it was not yet available at the time
of our observations. The contrast and angular separations of the
other directly-imaged exoplanets indicated in this figure are taken
from the following studies: β Pic c from Nowak et al. (2020),
β Pic b from Bonnefoy et al. (2011), HR 8799 e from Marois
et al. (2010), AF Lep b from De Rosa et al. (2023), and 51 Eri b
from Samland et al. (2017).

length solution by cross-correlating the strong telluric absorption
lines imprinted on the stellar spectrum with a SkyCalc template
(Noll et al. 2012; Jones et al. 2013) and modelling the slight
spectral curvature caused by the single diffraction grating within
SPIFFIER. Our custom pipeline additionally corrects high-order
effects by fitting a spline to the wavelength error. Furthermore,
we presented spectral PCA, an innovative application of PCA
to model the 3D stellar PSF and subtract it from the data. Our
findings are summarised in the following points.

– The new ERIS instrument at the Very Large Telescope can
detect molecules in the atmosphere of a planet with a con-
trast of ∆K = 11.84 mag (De Rosa et al. 2023) and an ap-
parent separation of 0′′.32, and can be used to measure its
RV with an uncertainty of 1.7 km s−1. This demonstrates that
ERIS/SPIFFIER is a competitive instrument for the spectral
and orbital characterisation of directly-imaged exoplanets at
high contrast and small angular separation.

– We directly detected water and carbon monoxide in the
atmosphere of AF Lep b at high S/N. Together with our
non-detection of methane, this is compatible with the
hypothesis of chemical disequilibrium currently favoured
by previous observations. We will further investigate the
atmospheric properties of AF Lep b using atmospheric
retrievals in a follow-up article together with other targets
observed as part of the ERIS GTO program.

– We measured the radial velocity of AF Lep b relative
to its host star: ∆vR,P⋆ = 7.8 ± 1.7 km s−1. This value
indicates that the orbital solution with argument of peri-
apsis ω = 109+13

−21 deg and longitude of ascending node
Ω = 248.8+0.4

−0.7 deg is the correct one, removing the bimodal
distribution found by Balmer et al. (2024). As explained
in Sect. 4.1, this now allows the computation of the phase

curve of AF Lep b necessary for the planning of follow-up
observations in visible light, and delivers one piece of the
puzzle necessary for the measurement of its true obliquity.

– We computed detection limits for our observations by
injecting fake planets at different contrast and angular
separations from the host star. These detection limits were
derived with many assumptions listed in Sect. 4.4, the most
critical being that we used a simple model of the spectrum
of AF Lep b whilst the sensitivity of molecular mapping
might strongly depend on the atmospheric parameters (i.e.
pressure–temperature profile, chemistry, clouds). Taken
at face value, our detection limits seem to indicate that
ERIS/SPIFFIER might be able to reach a contrast of
∆K = 12 mag at an angular separation of 2 λ/D (i.e. 0′′.12).
If confirmed, this would significantly extend the parameter
space available for the search and investigation of the
atmospheric and orbital properties of low-mass companions
and young exoplanets at moderately-high spectral resolution,
as so far the only known exoplanet in this regime is β Pic c
which has only been directly imaged using interferometry
with the VLTI/GRAVITY instrument (Nowak et al. 2020).

– Finally, ADI (Marois et al. 2006) is not strictly necessary
for the detection and characterisation of exoplanets when
observed at high enough spectral resolution. Indeed, pupil-
tracking was not yet commissioned for ERIS/SPIFFIER at
the time of our observations. Our results demonstrate that
stellar speckles can be effectively disentangled from the
signal of the companion using PSF subtraction via spectral
PCA. Future work should investigate whether molecular
mapping can be combined with ADI to reach even deeper
detection limits. However, if ADI is not necessary, it might
relax some functionality requirements under investigation for
the design of the next generation of high-contrast facilities
aiming at characterising terrestrial exoplanets, such as the
Planetary Camera and Spectrograph (PCS, Kasper et al.
2021) at the upcoming Extremely Large Telescope.
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Appendix A: Validation of the wavelength calibration

Appendix B: Statistical test for the detection of
molecules

In this appendix, we describe the statistical test that we used to
interpret the values of the cross-correlation function (CCF) as a
measure for the confidence in the presence of molecular signal in
each spaxel. This is done by setting a detection threshold on the
values of the CCF based on a desired confidence level. Several
such metrics have been used in the literature, as described in
Garvin et al. (2024). We choose the test introduced by Petrus
et al. (2021), as it has been used a few times already (Patapis et al.
2022; Mâlin et al. 2023), with a small modification to evaluate
the CCF only at the angular separation of the planet. Concretely,
we consider only the pixels of the standardised CCF (i.e., mean-
subtracted and normalised by the standard deviation) at the RV
of the planet (i.e. 20 km s−1) and in an annulus of width 1 λ/D
(i.e. 58.5 mas) and radius equal to the angular separation of the
planet (0′′.30). We also mask out the 1 λ/D region containing the
planet. This results in a total of 214 px considered for the noise
estimate. We fit a Gaussian function to the histogram of their
values. The S/N is then given by S/N = (Cp − µ)/σ, where µ and
σ are the mean and standard deviation of the fitted Gaussian, and
Cp is the value of the CCF at the position of the planet. Fig. B.1
illustrates our measurement for the maps of H2O, CO, and for the
full model.

Appendix C: Measurement of the radial velocity

In this appendix, we describe the measurement of the RV of the
planet.

Preparation of the data: we extracted two sets of spectra:
for the planet spectrum we used an aperture of radius 1.7 px (i.e.
21.25 mas) centred on the planet in the PSF-subtracted data; for
the stellar spectrum at the position of the planet we used the
same aperture in the data before PSF subtraction. The reason
for extracting the stellar spectrum at the position of the planet
is to investigate remaining calibration errors of the wavelength
solution. We removed the continuum of the stellar spectrum using
a Gaussian filter of size 40 (i.e. 5.2 nm).

Preparation of the models: as a template for the telluric, we
calculated a transmission spectrum of the Earth atmosphere with
the same weather conditions as in the middle of our observa-
tions using SkyCalc-iPy2, a python wrapper to access ESO’s
SkyCalc tool (Noll et al. 2012; Jones et al. 2013). To obtain pre-
cise measurements of the RV, we used spectral templates at a
higher bin sampling rate than the data (we chose a factor of 10)
and convolved them down to the spectral resolution of the instru-
ment using a Gaussian kernel with size σ = (2

√
2 ln 2)−1(λ/R) =

0.055 nm, where lambda = 2.327 µm is the average wavelength
of the K-long grating and R = 11 000 is the spectral resolution of
ERIS/SPIFFIER. The continuum of the planet model was then
removed using a Gaussian filter with the same physical size as
the one used for the data, i.e. 5.2 nm. We calculated the CCFs
separately for each frame on the range −80 to 80 km s−1 and in
steps of 0.1 km s−1. The spectral templates used to measure the
RV of AF Lep b are shown in Fig. C.1 together with the extracted
spectrum of the planet before and after PSF subtraction.

Propagation of the uncertainty: as described in the main text
(see Sect. 3.2), we adopted a bootstrapping approach (Beran 2008)
to estimate the uncertainty arising from the systematics affecting

2 https://skycalc-ipy.readthedocs.io/en/stable/

the CCF. We describe the exact process in the following. We
started by extracting the 239 planet spectra after PSF subtraction
(i.e., before frame combination). We then cross-correlated these
spectra with the spectral templates of H2O, CO, and the full
model. We then picked 10 000 bootstrap samples for each spectral
template, each consisting of a random choice with replacement of
the 239 CCFs. For each sample, we mean-combined the CCFs and
extracted the RV as the peak of the combined CCF. We noticed
that, after bootstrapping, the measured RVs of the planet and
the tellurics depended on the size of the filter and the method
(Gaussian or median) used to remove the continuum. To remove
this source of bias, we repeated the bootstrapping framework for
both filter types and with filter sizes between 10 and 100 in steps
of 2 (i.e. 1.3 nm and 13 nm in steps of 0.26 nm), and pooled the
resulting 112 sets of samples together, essentially weighting each
filter equally.

Intermediate results: we obtained the following values for
the RV of the planet and for the spectral templates of H2O,
CO, and the full model: v(H2O)

R,P = 20.6 ± 2.4 km s−1, v(CO)
R,P =

17.8 ± 2.7 km s−1, v(Full)
R,P = 19.5 ± 1.6 km s−1 and for the RV of

the tellurics vR,Tell = 5.0 ± 0.2 km s−1. At first glance, the fact
that the tellurics are not at rest in the data seems to invalidate the
extensive wavelength calibration discussed in Sect. 2.2.1. Indeed,
we report a systematic wavelength error on the order of 0.8 km s−1

over the whole observation, which is six times smaller than the
measurement of the RV of the tellurics reported here. We can
resolve this contradiction by comparing the position of the planet
in the molecular maps (Fig. 5) with the residual wavelength error
presented in Fig. A.1. Indeed, the planet is unfortunately located
within the slitlet 18, which still shows some trend in the wave-
length error from one side to the other side of the slitlet. Along
slitlet 18, the remaining wavelength error after calibration varies
by 0.5 px, i.e. 8.5 km s−1. The planet being on the side of the slit-
let, this causes our wavelength calibration to systematically leave
a residual error in that location in the image. Fortunately, we can
easily correct for this effect by subtracting the RV of the tellurics
measured at the position of the planet from the RV of the planet.
Had the planet been in another location in the image, for example
within slitlets 7 to 11 or 21 to 28, then our wavelength calibration
would have probably been more accurate and the tellurics at that
position would have been at rest. Future works could explore how
to more accurately model the spectral curvature to better stabilise
the wavelength calibration across the field of view of SPIFFIER
in the cases not covered by the standard pipeline, i.e. when the
stellar PSF dominates the image.

Calibration of the radial velocity: to obtain the RV of
AF Lep b relative to its host star, we first subtracted the RV
of the tellurics to express our measurement in the rest frame
of the observatory. We then transformed to the rest frame of
the barycentre of the Solar system by correcting for the rota-
tion of the Earth, the motion of the Earth around the Earth-
Moon barycentre, and the motion of the Earth-Moon barycentre
around the Sun. To do so, we used the function helcorr from
PyAstronomy (Czesla et al. 2019) at the Julian date of the middle
of our observation 2 460 256.729 24 d. This yielded a correction
of vR,BC = −13.96 km s−1 (as measured towards AF Lep). We note
that the correction varied between −14.18 and −13.70 km s−1 be-
tween the start and end of our observations. We did not track
the mean Julian date within each sampled frame used for our
bootstrapping procedure; however, we expect the mean Julian
date within each sample to vary by less than 3 % due to the large
number of frames (239) from which the samples are selected
randomly, thus producing an additional uncertainty on the order
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Fig. A.1: Validation of our custom wavelength calibration. The measurement described in step 1 of Sect. 2.2.1 was repeated after
applying the wavelength calibration (black) to the same frame as in Fig. 2. We only show every fourth measurement for readability.
The shaded areas correspond to the slitlets at the top and bottom of the field-of-view which are cropped out after the wavelength
calibration.

Fig. A.2: Validation of our custom wavelength calibration. The
measurement described in step 2 of Sect. 2.2.1 was repeated after
applying the wavelength calibration (black).

of 0.015 km s−1, i.e. two orders of magnitude below our mea-
surement uncertainty. For the RV of AF Lep, we adopt the value
measured by GAIA: vR,⋆ = 20.61 ± 0.51 km s−1 (Brown et al.
2018). Finally, the RV of AF Lep b relative to its host star is given
by ∆v(i)R,P⋆ = v

(i)
R,P − vR,Tell − vR,BC − vR,⋆, where i denotes any of the

three spectral templates used, i.e. H2O, CO, and the full model.

Appendix D: Selected sample of fake planet
injection tests
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Fig. B.1: Top: molecular maps of H2O, CO, and full model. The dashed lines highlight the annulus and excluded region considered to
quantify the S/N of the detection. Bottom: histograms of the values of the CCF contained in the annular region. The dark line shows
the Gaussian fit (with parameters µ and σ shown in the legend), while the orange line shows the value Cp of the CCF at the position
of the planet.

Fig. C.1: Spaxel at the position of the planet before and after PSF subtraction with spectral PCA and aperture convolution (red
and black), and spectral templates used to compute the molecular maps presented in Fig. 5. All spectra are shown after continuum
subtraction. Additionally, they are normalised and offset vertically for readability. The shaded area between 2.24 and 2.3 µm represents
the masked wavelength range where stray light is present.
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Fig. D.1: Sample of fake planet injection tests to support the detection limits extracted from the contrast grids computed in Sect. 4.4.
Each row shows a different experiment and each column shows the corresponding molecular map computed with a different spectral
template. The contrast and angular separation of the injected planets are annotated in white at the top of each figure. The dotted white
circles show the position of the injected planets as well as the annulus considered to compute the S/N. The molecular maps show the
cross-correlation values at the RV of the injected planet, i.e. 0 km s−1, which is why they look slightly different than Fig. 5. The actual
planet, AF Lep b, is still clearly visible due to the broad peak of the CCF (c.f. Fig. 7).
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