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ABSTRACT

Planet formation processes or evolution mechanisms are surmised to be at the origin of the hot Neptune desert. Studying exoplanets
currently living within or at the edge of this desert could allow disentangling the respective roles of formation and evolution. We
present the High Accuracy Radial velocity Planet Searcher (HARPS) transmission spectrum of the bloated super-Neptune WASP-
166b, located at the outer rim of the Neptune desert. Neutral sodium is detected at the 3.4σ level (0.455 ± 0.135%), with a tentative
indication of line broadening, which could be caused by winds blowing sodium farther into space, a possible manifestation of the
bloated character of these highly irradiated worlds. We put this detection into context with previous work claiming a non-detection of
sodium in the same observations and show that the high noise in the trace of the discarded stellar sodium lines was responsible for the
non-detection. We highlight the impact of this low signal-to-noise ratio remnant on detections for exoplanets similar to WASP-166b.

Key words. planetary systems – planets and satellites: atmospheres – planets and satellites: individual: WASP-166b –
techniques: spectroscopic – instrumentation: spectrographs – methods: observational

1. Introduction

One of the most prominent features of the current landscape of
exoplanets is the Neptune desert, an area in the radius-insolation
diagram with a lack of strongly irradiated Neptune-sized plan-
ets (Lecavelier Des Etangs 2007; Beaugé & Nesvorný 2013;
Mazeh et al. 2016). This feature is not an observational bias;
these worlds are accessible via various observational methods.
Starting with the first detection of an evaporating atmosphere
(Vidal-Madjar et al. 2003), both theoretical (e.g. Owen & Lai
2018; Owen 2019) and observational (e.g. Ehrenreich et al.
2015; Bourrier et al. 2018) results show that atmospheric escape
is a dominant process in shaping the desert. The high irradia-
tion received by these close-in planets, both in the UV and X-
ray bands, triggers a significant expansion of the upper atmo-
sphere (Lammer et al. 2003), indicating that warm and hot Nep-
tunes potentially erode over time (Lecavelier Des Etangs 2007;
Owen & Jackson 2012). In this context, WASP-166b presents a

? Based on observations made at ESO 3.6 m telescope (La Silla,
Chile) under ESO programme 098.C-0305 (PI Ehrenreich).

rare opportunity to study a planet within the desert, made espe-
cially interesting by its low density (ρ = 0.54 ± 0.09 g cm3) sug-
gesting a bloated atmosphere (Hellier et al. 2019; Bryant et al.
2020) (see Fig. 1).

Neptune-sized worlds remain challenging observational tar-
gets due to their size and subsequent lower signal-to-noise ratio
(S/N) compared to Jupiter-sized targets. In this work, we present
the observations our group obtained as part of the HEARTS sur-
vey and highlight pitfalls in analysing low S/N data, most impor-
tantly effects from the stellar sodium lines. We then present our
detection of neutral sodium in the atmosphere of WASP-166b.
Lastly, we comment on the previous independent analysis of
the same observations and non-detection of sodium in Žák et al.
(2019; hereafter Z2019).

2. Observations and data reduction

The observations consist of three spectroscopic transits of the
bloated super-Neptune WASP-166b in front of WASP-166,
a bright F9 star (Vmag = 9.36, distance = 113.0 ± 1.0 pc). The
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Fig. 1. Insolation vs radius diagram highlighting WASP-166b as a larger
red dot in the landscape of current exoplanet detections at the edge of
the Neptune desert.

observations made use of the HARPS echelle spectrograph at the
ESO 3.6 m telescope in La Silla Observatory, Chile (Mayor et al.
2003). They were performed on 2017 January 13, 2017 March
03, and 2017 March 14 as part of the HEARTS survey (ESO
programme: 098.C-0305; PI: Ehrenreich). An overview of the
nights can be found in Table 1.

Multiple transits were observed to ensure reproducibility as
well as a sufficiently high S/N. The e2ds spectra were pro-
cessed by the HARPS Data Reduction Pipeline (DRS v3.5).
This work focusses on the sodium doublet (spectral order 56,
5850.24 Å–5916.17 Å). The data were taken during the transit
(in-transit spectra), but also before and after the transit (out-
of-transit spectra). A sufficient sample of out-of-transit spectra
is necessary to accurately extract the planet’s atmospheric sig-
nal from the total flux during transit. On night 1 (75 spectra
taken) two spectra were used as tests to establish the correct
exposure time, and thus rejected. One out-of-transit spectrum
was rejected due to overall low flux, 13 in-transit spectra due
to the possible influence of low S/N remnants on the signal (see
Sect. 4.1), and one due to a passing cloud. On night 2 (52 spectra
taken), 12 in-transit spectra were rejected due to low S/N rem-
nants, and all out-of transit spectra after the transit because of
a steep fall in S/N. Two out-of-transit spectra before the transit
have differing exposure times. This led to an insufficient base-
line, making a correct separation of the in-transit signal from
the stellar spectrum impossible. As a result, night 2 was dis-
carded from the sample. On night 3 (65 spectra taken), 2 spec-
tra were rejected due to low flux, 11 in-transit due to low S/N
remnants.

The data were corrected for the blaze, cosmic rays, and tel-
luric absorption lines. Telluric sodium was monitored with the
detector’s fibre B and not found on either night. The remain-
ing telluric lines were corrected with molecfit version 1.5.1.
(Smette et al. 2015; Kausch et al. 2015), a well-established tool
to correct telluric features in ground-based observations pro-
vided by ESO (see Allart et al. 2017; Seidel et al. 2019, for
applications and further details). We controlled the telluric cor-
rection by comparing the sum over all spectra in the observer’s
rest frame before and after the application of molecfit. Sum-
ming over all spectra makes any cumulative effects due to an
imprecise telluric correction visible. As can be seen in Fig. 2,
the combined telluric effect was reduced to the noise level, with-
out influencing any stellar lines. All system parameters used in
this analysis were taken from Hellier et al. (2019).

3. Previous analysis of the observations

The presented observations were previously analysed in Z2019,
who reported a non-detection and set an upper limit to a sodium
absorption signal at 0.14%. For comparison purposes, we tried to
recreate the results presented in Z2019, which included telluric
correction, but no pre-selection of spectra based on observa-
tional conditions, and no correction for stellar effects nor for the
RossiterMcLaughlin (RM) effect (for further details on the RM
effect see Rossiter 1924; McLaughlin 1924; Louden & Wheatley
2015; Cegla et al. 2016). However, when comparing Fig. 5 of
Z2019 with our recreation of their analysis (Fig. 3, lower panel),
the spectra show discrepancies. Our noise level is visibly lower
than in the transmission spectrum presented in Z2019, even
though the same spectra were used from the same observations.
Comparing the yellow bands in Fig. 3 with the same wavelength
range in Fig. 5 of Z2019 shows a clear correlation between the
cumulative effect of telluric lines and the differences between the
results of Z2019 and our attempted recreation. A closer look at
Fig. 1 in Z2019, which depicts the telluric correction via direct
calculation of a telluric spectrum, shows that the telluric lines in
the mentioned wavelength ranges were not corrected down to the
noise level, and thus residuals were created in the transmission
spectrum. Setting aside the telluric contamination in Z2019, we
were able to recreate their analysis. In the following, we high-
light various effects that may have masked the sodium feature in
Z2019, and present a sodium detection at the 3.4σ level.

4. Transmission spectroscopy of WASP-166b

We follow Wyttenbach et al. (2015) in the calculation of the
transmission spectrum, with the modifications in the spectra nor-
malisation described in Seidel et al. (2019). Compared to Z2019,
we discarded night 2, and multiple in- and out-of-transit spec-
tra (see Sect. 2). All spectra are shifted from the observer’s
rest frame into the stellar rest frame (SRF), where the plane-
tary spectra are separated from the stellar absorption signal by
dividing each in-transit spectrum by the normalised sum of the
out-of-transit spectra (master-out). These in-transit spectra of
the planet’s atmosphere are then shifted into the planetary rest
frame (PRF) and summed to create the transmission spectrum.
For these shifts, we used a BERV from 17.26 to 16.62 km s−1

on night 1 and from −7.61 to −8.28 km s−1 on night 3. The sys-
tem velocity is 23.62 km s−1 (Hellier et al. 2019). The planet’s
velocity ranges from −23.64 to 17.06 km s−1 on night 1 and
from −15.83 to 25.12 km s−1 on night 3. The transit spectrum
of WASP-166b for the two transits combined is plotted in Fig. 4.
For the Gaussian fit (shown in red), the priors on the D1 line
were restricted with the fitting parameters of the D2 line.

4.1. Stellar effects

When not corrected, the RM effect influences the line shape and
depth of the planet’s transmission spectrum, masking potential
detections (e.g. Chen et al. 2020; Casasayas-Barris et al. 2020).
The surface radial velocity of regions that the planet occults
during transit range from ±∼5 km s−1, altering the transmission
spectrum by up to 0.5% at line centre. We applied an RM cor-
rection to each spectrum following Wyttenbach et al. (2020), a
technique verified in Seidel et al. (2020); however, the RM effect
is not strong enough for WASP-166b to mask the sodium signal
and does not solely account for the non-detection presented in
Z2019.
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Table 1. Log of observations.

Date # Spectra (a) Exp. time [s] Airmass (b) Seeing S/N #56 S/N stellar line core

Night 1 2017-01-13 57 (26/32) 350, 300 1.95−1.05−1.20 0.7−2.5 30−62 7−15
Night 2 2017-03-03 32 (27/5)(c) 400, 300 1.01−1.20−2.40 0.7−1.3 30−74 7−18
Night 3 2017-03-14 53 (23/30) 350 1.20−1.05−2.10 0.6−1.7 40−68 9−16

Notes. (a)Parentheses show in- and out-of-transit spectra after excluding exposures. (b)Airmass at the beginning, centre, and end of each transit.
(c)This night was discarded from the analysis.

Fig. 2. Normalised sum over all spectra taken during night 1 around the sodium D1 line at ∼5896 Å. The normalised sum before telluric correction
is shown in black, after the application of the telluric correction in dark green. The light blue dash-dotted line indicates the telluric profile generated
for the spectra at transit centre for night 1. The telluric influence on the spectra was corrected down to the noise level and does not impact the
transmission spectrum.

Fig. 3. Recreation of the analysis as presented in Z2019 of the same
observations used in this work without telluric correction (upper panel)
and with telluric correction using molecfit (lower panel). Colours,
scales, and binning recreate Fig. 5 of Z2019; the red line indicates the
mean and the blue dashed line the expected positions of the sodium
lines. Comparing Fig. 5 in Z2019 with our recreation attempt shows that
Z2019 has residuals from telluric lines (most pronounced in wavelength
bands highlighted in light yellow).

In the wavelength range of the stellar sodium feature, the
noise is increased significantly due to the low flux (see Figs. A.1
and A.2). This effect, when shifted into the PRF, yields a trans-
mission spectrum with low S/N in the line cores (Barnes et al.

2016; Borsa & Zannoni 2018). In the exposures where this low
S/N remnant overlaps with the region of the planetary sodium
signature, it can effectively mask any detection (likely the cause
of the non-detection in Z2019). We discarded all exposures
where the low S/N remnants and the expected planetary sodium
signal overlap (see Appendix A and Sect. 2).

4.2. Data quality assessment

To assess the probability that a signal in our transmission spec-
trum is a false-positive, stemming from spurious events like
instrumental effects, observational conditions, or stellar spots,
we performed an empirical Monte Carlo (EMC), or bootstrap,
analysis. It predicts the likelihood of a false positive for our
observations, which is taken into account in the calculation of the
detection level. This additional uncertainty is especially impor-
tant for noisy observations, where the likelihood of false-positive
signals increases. We draw sub-samples from either the in-transit
or out-of-transit spectra to create randomised transmission spec-
tra, following Redfield et al. (2008). The three different scenar-
ios are in-in (all spectra drawn from the real in-transit data and
attributed to virtual in-transit and out-of-transit samples), and
likewise an out-out and in-out (virtual in transit drawn from
real in transit and virtual out-of-transit drawn from real out-
of-transit) scenario. The generated transmission spectra should
show no absorption (depth centred at 0) for the in-in and the
out-out case, but an absorption feature for the in-out case (see
Wyttenbach et al. 2015; Seidel et al. 2019, for further details).

The likelihood of a false positive is calculated as the stan-
dard deviation of the out-out distribution, derived from the Gaus-
sian fit to the distribution, multiplied by the square root of the
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Fig. 4. HARPS sodium doublet transmission spectrum of WASP-166b for all nights combined shown in the PRF. Upper panel: grey, data points
at full HARPS resolution. In black, grey data points binned by ×25 for visibility. The theoretical line centres for the sodium doublets are shown as
vertical blue dashed lines; a Gaussian fit to the unbinned data is shown in red. The sodium absorption is visible for both lines of the doublet. The
combined line contrast is measured at 0.455 ± 0.135%, resulting in a 3.4σ detection (see Sect. 4.3). Lower panel: residuals of the Gaussian fit in
percent.

fraction of out-of-transit spectra to the total number of spec-
tra to account for the biased sample selection (Redfield et al.
2008; Astudillo-Defru & Rojo 2013; Wyttenbach et al. 2015).
The results of the bootstrapping are shown in Fig. 5, where each
run was performed with 20 000 iterations. The in-in and out-
out scenarios are both centred as expected around 0, whereas
the in-out distribution is significantly shifted towards negative
and compatible values (meaning absorption) for both nights.
The false positive likelihood for nights 1 and 3 is 0.022% and
0.027%, respectively.

4.3. Atmospheric absorption depth

Figure 4 shows the sodium doublet transmission spectrum of
WASP-166b in the PRF. The double-peaked feature of the res-
onant sodium doublet is clearly visible and fitted with Gaus-
sians. We use the fitted amplitude of the sodium lines as the
absorption depth and calculate its uncertainty as the sum of the
false positive likelihood (see Sect. 4.2; Redfield et al. 2008), the
mean of the uncertainty of the data in the reference bands from
Wyttenbach et al. (2015), and the uncertainty of the Gaussian fit.
This results in a sodium detection of 0.455 ± 0.135%, or 3.4σ,
with the line depth for the D2 line 0.479 ± 0.192% and for the
D1 line 0.431 ± 0.189%. The difference in line depth between
the two lines is, as expected, not statistically significant.

5. Interpretation of the obtained sodium feature

The same dataset was analysed in Z2019, which did not report a
detection of the sodium feature presented here. Z2019 reported

an upper limit for sodium of 0.14% and infer a high cloud deck
on WASP-166b, obscuring any absorption features.

In contrast, we report the detection of an absorption feature at
0.455±0.135% after carefully discarding exposures (see Sect. 2)
and correcting for the RM effect and low S/N remnants.

The full width at half maximum (FWHM) of the coadded
sodium doublet is 0.69 ± 0.24 Å (34.91 ± 12.02 km s−1). The
FWHM is calculated from the Gaussian fit (see Fig. 4) and cor-
responds to a broadening of 17.45 ± 6.01 km s−1 in each direc-
tion from the line centre, tentatively indicating significant line
broadening compared to the line spread function of HARPS
(2.7 km s−1, Mayor et al. 2003). The escape velocity on the sur-
face of WASP-166b is 23.83 ± 0.81 km s−1, which means that
because of the large uncertainties due to noise, the broaden-
ing is within 1σ of the escape velocity. This indicates at least
part of the atmospheric sodium is transported at speeds close
to what is needed to overcome the planet’s gravity. Compara-
tively, in another planet with broadened sodium lines and high
irradiation, the ultra-hot Jupiter WASP-76b, the vast majority
of sodium atoms remain at velocities below the escape velocity
(Seidel et al. 2019). Whether this observation is part of a trend
for planets in the Neptune desert remains to be seen.

To date, there are few planets in the mass range of WASP-
166b (M = 0.101 ± 0.005 MJ , R = 0.63 ± 0.03 RJ , ρ =
0.54±0.09 g cm−3; Hellier et al. 2019) with confirmed and well-
constrained values for both mass and radius that can be used
to evaluate the hypothesis of a bloated atmosphere. The closest
in mass, while not residing in the Neptune desert, is GJ 143b
(HD 21749b) (M = 0.071 ± 0.007 MJ , R = 0.233 ± 0.015 RJ ,
ρ = 7.0 ± 1.6 g cm−3, Dragomir et al. 2019), with 71% the
mass of WASP-166b. However, this planet does not show a
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Fig. 5. Distributions of the EMC bootstrap analysis for the 12 Å passband for the two transits. The “in-in” (purple) and “out-out” (blue) distributions
are both centred around zero (no sodium detection), but the randomised “in-out” distribution shows a detection (black). Each distribution was fitted
with a Gaussian (dashed lines). Given that each night has a different number of observed spectra, each randomisation also has a different number
of counts, and thus a different scaling of the y-axis.

bloated atmosphere, with 12.96 times the density of WASP-
166b. Considering that GJ 143b receives an insolation flux of
∼6 S ⊕, compared to ∼436 S ⊕ for WASP-166b, the hypothesis
that the bloated atmosphere of WASP-166b stems from the high
irradiation from its host star and subsequent winds transporting
sodium upwards seems plausible. WASP-166b, therefore, adds
another observational puzzle piece to the understanding of the
Neptune desert.

6. Conclusion

We analysed 193 spectra taken of WASP-166b, with 110 spectra
remaining after a careful data quality assessment. Of these, 48
spectra were taken during two separate transits of WASP-166b.
This led to a detection of neutral sodium via the Frauenhofer
D-doublet at the 3.4σ level. We ruled out spurious signals via
bootstrapping and suggest that the sodium lines are broadened,
with velocities around the escape velocity. Combined with the
analysis from Hellier et al. (2019), it is indicative of a possible
hydrodynamically escaping atmosphere.

The detection highlights one of the intents of the HEARTS
survey: to vet potential targets for the ESPRESSO spectrograph
operating at the ESO 8 m VLT telescope. Additional data taken
with ESPRESSO might provide a better resolution of the ten-
tatively broadened line shape with a small number of transits,
thus enabling us to gain a glimpse into the upper atmosphere
of a bloated super-Neptune via retrieval (e.g. Seidel et al. 2020;
Fisher & Heng 2019) and to gain access to its chemical composi-
tion (e.g. Hoeijmakers et al. 2019; Pino et al. 2018, 2020). How-
ever, due to the system architecture, the large overlap between
the low S/N remnants and the planetary signal is a challenge,
and any further study of this system requires an in-depth analy-
sis and correction of this effect.
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Appendix A: Remnants of the stellar spectrum

As described in Sect. 4.1, the low S/N in the bins at the cen-
tre of the stellar sodium make a correct extraction of the plane-
tary signal challenging. We have opted for a more conservative
approach in mitigating the adverse effect of the low S/N rem-
nants on the planetary signal. In the upper panels of Figs. A.1
and A.2, all spectra are shown in the SRF before correction. The
deep features are the stellar sodium lines, with the planetary sig-
nal distributed over a broad wavelength range due to the Doppler
shift between the PRF and the SRF. Calculating the FWHM of
this feature gives a maximum wavelength region for the poten-
tial planetary sodium, if it can be detected. If we now divide by
the master-out and shift the remaining in-transit spectra to the
PRF, the low S/N remnant becomes visible. The slant indicates
that this feature does not stem from the planet’s atmosphere, but
from the low S/N in the stellar sodium line core and subsequent

noise in the extracted planetary spectra. For less noisy spectra,
these remnants are negligible, given that they are distributed over
a wide wavelength range when summing over all in-transit spec-
tra to calculate the transmission spectrum. However, in this case,
the remnants are large and their impact is exacerbated by the
small change in the orbital velocity and the aligned orbit of the
planet, which creates a significant overlap between the position
of a potential planetary sodium signal and the low S/N remnants.
In the sum of the transmission spectrum, the remnants increase
the noise significantly and can effectively hide any planetary
sodium signature, or worse, produce a false positive detection
of sodium. To eliminate these two possibilities, we identified all
spectra where the core of the low S/N remnants coincide with
the identified maximum wavelength region for the sodium fea-
ture (white dotted lines in the lower panels), which resulted in the
rejection of all spectra taken between phases −0.005 and 0.005
(indicated by horizontal white dashed lines).

Fig. A.1. Upper panel: all spectra in the SRF as a 2D map of wavelength and transit phase for the first transit. The stellar sodium doublet is visible
as two horizontal light yellow bands. Transit ingress and egress are shown as black dashed lines. Centre panel: normalised sum of all spectra with
a fit to each line in dashed blue. The FWHM is indicated as dotted vertical lines. Lower panel: same data, but corrected for the stellar spectrum by
the master-out, in the PRF. The dotted lines propagate the position of the FWHM from the central panel. The low S/N remnants are clearly visible,
but the S/N is too low to see the planetary trace.
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Fig. A.2. Stellar remnants after correction for night 3. See Fig. A.1 for further details on the plot. The noise is generally higher compared to night 1.
The low S/N remnants are again clearly visible.
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