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Abstract
We present new optical transmission spectra for two hot Jupiters: WASP-25b (M =0.56 M;; R=1.23Ry;
P=3716days) and WASP-124b (M =0.58 M;; R=1.34R;; P=3.37days), with wavelength coverages of

4200-9100 A and 4570-9940 A, respectively. These spectra are from the ESO Faint Object Spectrograph and
Camera (v.2) mounted on the New Technology Telescope and Inamori-Magellan Areal Camera & Spectrograph on
Magellan Baade. No strong spectral features were found in either spectra, with the data probing 4 and 6 scale
heights, respectively. Exoretrievals and PLATON retrievals favor stellar activity for WASP-25b, while the
data for WASP-124b did not favor one model over another. For both planets the retrievals found a wide range in
the depths where the atmosphere could be optically thick (~0.4 ©—0.2 bars for WASP-25b and 1.6 —32 bars for
WASP-124b) and recovered a temperature that is consistent with the planets’ equilibrium temperatures, but with
wide uncertainties (up to +430 K). For WASP-25b, the models also favor stellar spots that are ~500-3000 K
cooler than the surrounding photosphere. The fairly weak constraints on parameters are owing to the relatively low
precision of the data, with an average precision of 840 and 1240 ppm per bin for WASP-25b and WASP-124b,
respectively. However, some contribution might still be due to an inherent absence of absorption or scattering in
the planets’ upper atmospheres, possibly because of aerosols. We attempt to fit the strength of the sodium signals to
the aerosol-metallicity trend proposed by McGruder et al., and find WASP-25b and WASP-124b are consistent
with the prediction, though their uncertainties are too large to confidently confirm the trend.

Unified Astronomy Thesaurus concepts: Exoplanet atmospheres (487); Exoplanet astronomy (486); Exoplanet
atmospheric composition (2021); Stellar activity (1580); Hot Jupiters (753)

1. Introduction transmission spectroscopy, strives have been made with
ground-based telescopes (e.g., Sing et al. 2012; Nikolov et al.
2016; Diamond-Lowe et al. 2018; Todorov et al. 2019; Spyratos
et al. 2021), the Hubble Space Telescope (HST; e.g.,
Charbonneau et al. 2002; Kulow et al. 2014; Sing et al. 2016;
Tsiaras et al. 2016; Wakeford et al. 2020; Rathcke et al. 2021),
and Spitzer (e.g., Knutson et al. 2011; Pont et al. 2013; Alam
et al. 2020; Alderson et al. 2022). However, the advancements
with the next generation of telescopes will be revolutionary. This
has already begun with the launch and utilization of the JWST,
where novel science has been conducted with outstanding quality

Original content from this work may be used under the terms of data and newly discovered molecular features (e.g., Tsai et al.
.  ork may e us ' 2023; Ahrer et al. 2023b; Alderson et al. 2023; Feinstein et al.

of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title 2023; Rustamkulov et al. 2023). Furthermore, soon-to-be-

of the work, journal citation and DOL. launched telescopes like Pandora (Quintana et al. 2021; Hoffman

Exoplanet science is at a new frontier, where the need to
repurpose telescopes to observe planetary atmospheres is being
replaced with telescopes that are designed with the goal of
exoplanet atmosphere characterization in mind. Exoplanet
scientists have made plenty of advancements with the current
generation of telescopes. Specifically with low-resolution
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° NSF Graduate Research Fellow.


https://orcid.org/0000-0002-6167-3159
https://orcid.org/0000-0002-6167-3159
https://orcid.org/0000-0002-6167-3159
https://orcid.org/0000-0003-3204-8183
https://orcid.org/0000-0003-3204-8183
https://orcid.org/0000-0003-3204-8183
https://orcid.org/0000-0002-4207-6615
https://orcid.org/0000-0002-4207-6615
https://orcid.org/0000-0002-4207-6615
https://orcid.org/0000-0002-3627-1676
https://orcid.org/0000-0002-3627-1676
https://orcid.org/0000-0002-3627-1676
https://orcid.org/0000-0002-2739-1465
https://orcid.org/0000-0002-2739-1465
https://orcid.org/0000-0002-2739-1465
https://orcid.org/0000-0003-0973-8426
https://orcid.org/0000-0003-0973-8426
https://orcid.org/0000-0003-0973-8426
https://orcid.org/0000-0002-3641-6636
https://orcid.org/0000-0002-3641-6636
https://orcid.org/0000-0002-3641-6636
https://orcid.org/0000-0003-4157-832X
https://orcid.org/0000-0003-4157-832X
https://orcid.org/0000-0003-4157-832X
https://orcid.org/0000-0002-0832-710X
https://orcid.org/0000-0002-0832-710X
https://orcid.org/0000-0002-0832-710X
https://orcid.org/0000-0003-3455-8814
https://orcid.org/0000-0003-3455-8814
https://orcid.org/0000-0003-3455-8814
https://orcid.org/0000-0001-9513-1449
https://orcid.org/0000-0001-9513-1449
https://orcid.org/0000-0001-9513-1449
https://orcid.org/0000-0002-3003-3183
https://orcid.org/0000-0002-3003-3183
https://orcid.org/0000-0002-3003-3183
https://orcid.org/0000-0002-5389-3944
https://orcid.org/0000-0002-5389-3944
https://orcid.org/0000-0002-5389-3944
https://orcid.org/0000-0002-3380-3307
https://orcid.org/0000-0002-3380-3307
https://orcid.org/0000-0002-3380-3307
https://orcid.org/0000-0003-0412-9664
https://orcid.org/0000-0003-0412-9664
https://orcid.org/0000-0003-0412-9664
https://orcid.org/0000-0003-1452-2240
https://orcid.org/0000-0003-1452-2240
https://orcid.org/0000-0003-1452-2240
mailto:chima.mcgruder@cfa.harvard.edu
http://astrothesaurus.org/uat/487
http://astrothesaurus.org/uat/486
http://astrothesaurus.org/uat/2021
http://astrothesaurus.org/uat/2021
http://astrothesaurus.org/uat/1580
http://astrothesaurus.org/uat/753
https://doi.org/10.3847/1538-3881/ace777
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-3881/ace777&domain=pdf&date_stamp=2023-08-21
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-3881/ace777&domain=pdf&date_stamp=2023-08-21
http://creativecommons.org/licenses/by/4.0/

THE ASTRONOMICAL JOURNAL, 166:120 (21pp), 2023 September

et al. 2022), the Atmospheric Remote-sensing Infrared Exoplanet
Large-survey (Tinetti et al. 2018), and the next generation of
ground-based telescopes: the Extremely Large Telescope
(ELT),” Thirty Meter Telescope (TMT),?" and Giant Magellan
Telescope (GMT)** will have designs and instruments specific
for exoplanet atmospheric studies. These telescopes will
undoubtedly be cornerstones in advancing our understanding
of exoplanet atmospheres.

There is still much about exoplanet atmospheres that alludes us.
For example, we have no direct link with physical conditions that
cause high-altitude aerosols to form in the upper atmosphere of
some observed planets (e.g., Alam et al. 2018; Chachan et al.
2019; Estrela et al. 2021) but not others (e.g., Sing et al. 2016; Kirk
et al. 2019; Alam et al. 2021; Ahrer et al. 2022; McGruder et al.
2022). Here we refer to aerosols as clouds— condensation material
due to specific atmospheric conditions—or hazes—material
formed from photochemical reactions. The formation of aerosols
likely occurs in most (if not all) atmospheres, just like in our solar
system; however, high-altitude aerosols are normally the main
concern when probing atmospheres. This is because the most used
method to probe exoplanet atmospheres is transmission spectrosc-
opy, which more easily probes the upper atmospheric limbs of
planets, due to geometry and opacities (Lecavelier Des Etangs
et al. 2008; Kreidberg 2018; Sing 2018). There are a number of
studies aimed at understanding the composition and formation of
high-altitude hazes (e.g., Moses et al. 2011, 2013; Fleury et al.
2019) and clouds (e.g., Helling 2019; Gao et al. 2020; Estrela et al.
2022), and though there has been a lot of headway toward this,
there is little observational support for leading theories.

Additionally, finding observational trends in aerosol formation
has proven illusive, with many contradicting or inconclusive studies
(Heng 2016; Stevenson 2016; Fu et al. 2017; Fisher & Heng 2018;
Tsiaras et al. 2018; Dymont et al. 2022; Estrela et al. 2022). A
possible reason why no correlation has been clearly identified is the
limited number of observed planets relative to the parameter space,
where tens of planetary atmospheres have been used for studies, but
tens of parameters (host star, orbital, and planetary parameters)
could be correlated to aerosol formation rates. Possible solutions are
to either increase the number of planetary atmospheres observed or
to reduce the parameter space by observing selected targets with
many parameters that nearly match. The observations presented
here aim to address both methods.

We observed the atmospheres of WASP-25b (M = 0.6 M, R =
1.2 R;, P = 3.764 days, host star = G4,Viae = 11.9; Enoch et al.
2011; Brown et al. 2012; Southworth et al. 2014), and WASP-124b
(M=0.6M;,R=13R;, P=13.373d,host star = F9,V,,,, = 12.7;
Maxted et al. 2016). We obtained three spectroscopic transits of
WASP-25b and five of WASP-124b as part of ACCESS.” We
obtained one additional transit of WASP-25b with the ESO
Faint Object Spectrograph and Camera (v.2; EFOSC2)
instrument on the ESO New Technology Telescope (NTT) as
part of LRG-BEASTS.** There was also a full and partial

20 ELT:https://elt.eso.org/.
21 TMT:https: //www.tmt.org/.
2 GMT:https://giantmagellan.org /

2 The Atmospheric Characterization Collaboration for Exoplanet Spectro-
scopic Studies survey on the Baade Magellan Telescope (Jordan et al. 2013;
Rackham et al. 2017; Bixel et al. 2019; Espinoza et al. 2019; McGruder et al.
2020; Weaver et al. 2020; Kirk et al. 2021; Weaver et al. 2021; Allen et al.
2022; McGruder et al. 2022).

24 The Low Resolution Ground-Based Exoplanet Atmosphere Survey using
Transmission Spectroscopy (Kirk et al. 2017; Louden et al. 2017; Kirk et al.
2018, 2019; Alderson et al. 2020; Kirk et al. 2021; Ahrer et al. 2022, 2023a).
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transit of WASP-124b obtained by the MOPSS team® that we
added to our data set. Neither of these planets have atmospheric
observations published. Furthermore, they have very similar
parameters to one another and are part of a sample of seven
planets proposed by McGruder et al. (2023) that could be key
for identifying correlations with high-altitude aerosols and
observed parameters.

The observation and reduction of all data are described in
Section 2, followed by their light curve analysis in Section 3. In
Section 4 we introduce the combined transmission spectra of both
targets, discuss our retrieval analysis of the data (Section 4.1), and
interpret the retrieval results (Section 4.2). We then compare our
results with expectations from the tentative aerosol-metallicity
trend proposed by McGruder et al. (2023) in Section 5. Finally, in
Section 6 we recapitulate and provide conclusions.

2. Observations and Data Reduction
2.1. Magellan/IMACS Transits

We observed three transits of WASP-25b (UTYYMMDD:
UT180620, UT210306, UT220325) and five transits of
WASP-124b (UT190826, UT210809, UT210905, UT211002,
UT220605) with the Inamori-Magellan Areal Camera &
Spectrograph (IMACS; Dressler et al. 2011) mounted on Baade,
one of the twin 6.5 m Magellan telescopes. Those transits were
observed as part of ACCESS and used a setup similar to previous
ACCESS observations (i.e., Kirk et al. 2021; Weaver et al. 2021;
Allen et al. 2022; McGruder et al. 2022). Our general setup uses
the 8 x8 K CCD mosaic camera at the f/2 focus, a
300 line mm ™" grating at a blaze angle of 17°5, and a GG455
filter. This gave a wavelength coverage of (4550-9900 A) and
dispersed the spectra across two chips, but we managed to fit the
spectrum of the target from 4550 to 9100 A on one CCD,
preventing gaps from occurring at wavelengths of particular
interest (see Figure 1). We used 2 x 2 binning and the FAST
readout mode to reduce the readout time and improve the
observational duty cycle. We used 10”7 by 90” slits (0”5 by 90”
for HeNeAr wavelength calibration lamps), putting the observa-
tions in a seeing-limited regime, with an average resolving power
of R=1350. The number of exposures, range of airmasses,
instrument setup, and resolution per night can be found in Table 1.

We combined our ACCESS observations of WASP-124b with
two observations obtained by the MOPSS team on UT180915 and
UT190615 (UT190615 was a partial transit). We used Magellan/
IMACS with a similar observational setup to that of ACCESS, but
with the 300 line mm ' grating at a blaze angle of 26°7 and a slit
size of 15" by 20" (1” by 1” for HeNeAr wavelength calibration
lamps). We also had different comparison stars, which are
highlighted in Table 1.

All IMACS observations utilize the multiobject
spectrograph (MOS) mode to observe multiple comparison
stars simultaneously. The best comparison stars were
selected based on the procedure outlined in Rackham et al.
(2017), where we consider a nearby star suitable if it has a
color difference of D < 1 with the target. D is defined as

D=J[B-V)e—B-V)F+I[J—-K).—J—K,P,

where the uppercase letters correspond to the Johnson—Cousin
apparent magnitudes of the stars, and the subscripts ¢ and ¢

% Michigan/Magellan Optical Planetary Spectra Survey (May et al.
2018, 2020).


https://elt.eso.org/
https://www.tmt.org/
https://giantmagellan.org/
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Figure 1. Median extracted spectra of WASP-25 (top) and WASP-124 (bottom). Each spectra is plotted in the same order in which it is printed in the legend (top to
bottom). The shaded regions of the same color extending past the median lines are the 1o range of counts extracted for that night. Each spectroscopic bin used is
demarcated by dotted vertical lines, where the only gaps in the binning scheme are the strong telluric region from 7594 to 7638 A (lightly red shaded region), the CCD
gap for the oﬁrst two WASP-124 observations (bottom left) at 6317-6424 A, and the CCD gap for the other five WASP-124 observations (bottom right) at
9100-9225 A (gray shaded region). The specific instrument and setup used for each spectrum are printed, where EFOSC2, IMACS-17°5, and IMACS-2677 refer to
the LRG-BEASTS (see Section 2.3), ACCESS, and MOPSS (see Section 2.1) setups, respectively. The differing throughputs between the grism used for the ACCESS
and MOPSS data explain the different spectral shapes between the two WASP-124 spectra on the bottom left and the five spectra on the bottom right. Note the plotted
spectrum of the NTT/EFOSC2 data (top right) was created without the sky flat, in order to visually compare with the other spectra. However, the final spectrum used

for data analysis did use the sky flat as discussed in Section 2.4.

indicate the target and potential comparison, respectively. The
sky coordinates of each comparison and their D relative to the
target can be found in Table 1.

2.2. IMACS Reduction

The reduction process for all IMACS data was the same and
uses a custom ACCESS pipeline, which has been described in
detail by Jordan et al. (2013), Espinoza (2017), Rackham et al.
(2017), and Bixel et al. (2019). In general, this includes
wavelength calibration using the HeNeAr arc lamp measurements,
bias subtraction with the overscan region, pixel tracing, and sky
background subtraction utilizing the median counts outside the
science aperture. The radius of the science aperture was
determined by taking the average FWHM over time and
wavelength. This value was then added to 3 times the standard
deviation (STD) of all FWHM values (all calculated wavelength-
and time-dependent FWHM values), i.e., aperture = (FWHM) +
3 X STDgwum. Allen et al. (2022) found that optimal extraction
(Marsh 1989) has the potential to be a more effective way of
identifying and correcting for bad pixels and cosmic rays in
ACCESS data. When testing the effectiveness of this reduction
step versus the traditional pipeline steps, we see slightly less
scatter in the resulting white light curve with optimal extraction,

so we adopt the results of this method. The final reduced spectra
for the targets from each night are shown in Figure 1.

2.3. NTT/EFOSC2 Transit

WASP-25b had an additional transit observation with the
European Faint Object Spectrograph and Camera 2 (EFOSC2;
Buzzoni et al. 1984) mounted on the 3.6 m New Technology
Telescope (NTT) as part of LRG-BEASTS and ESO program
0100.C-0822(A) (PI: Kirk). The observation was taken on the
night of UT180329 with the same instrument and setup used to
detect Na in the atmosphere of WASP-94Ab (Ahrer et al. 2022)
and clouds in the atmosphere of HATS-46b (Ahrer et al.
2023a). This was a 27”x 3”53slit and Grism #11, which
provided spectra from 3960 to 7150 A and an average seeing-
limited resolution of R =150, which was dispersed on a
2048 x 2048 pixel Loral /Lesser CCD. Our long slit allowed us
to simultaneously observe the comparison star 2MASS
J13011275-2730485 with a V=12.5 and B — V= 1.5, whereas
WASP-25 has a V=11.9 and B—V=0.7. We used 2 x 2
binning and the fast readout mode.

We also obtained 54 biases, 7 lamp flats, 17 morning twilight
sky flats,”® and 3 arc lamps at the beginning and end of the

26 A communication problem with the instrument prevented us from obtaining
additional lamp flats.
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Table 1
Observing Log for the WASP-25b and WASP-124b Data Sets

Transit Date Instrument Airmass Exposure Frames resolution Comparisons’ Coordinates Color Difference

(UTC) Setup (range) Times (s) (min/max) (R.A., decl.) (D)

WASP-25b:

2018 Mar 29 EFOSC2—Grism #11, 1.56-1.0-2.08 160 170 97/225 13:01:12.763, —27:30:48.59 (1) 0.964

2018 Jun 20 IMACS—300mm @ 17°5 1.01-2.1 20-40 203 684/1552 13:01:12.763, —27:30:48.59 (1) 0.964
13:02:14.300, —27:48:06.60 (2) 0.457
13:00:50.950, —27:44:27.90 (3) 0.205
13:01:54.318, —27:42:21.97 (4) 0.191

2021 Mar 06 IMACS—300mm @ 17°5 1.54-1.0-1.08 30 321 1386/2093 13:01:54.322, —27:42:21.80 (4) 0.191
13:02:40.089, —27:24:34.76 (5) 0.074
13:02:01.341, —27:46:21.51 (6) 0.15
13:01:40.804, —27:35:03.73 (7) 0.051

2022 Mar 25 IMACS—300mm @ 17°5 1.17-1.0-1.36 30 330 1635/2228 Same as on 06.03.2021

WASP-124b:

2018 Sep 15 IMACS—300mm @ 26°7 1.21-1.0-1.33 100 160 700/1382 22:11:30.327, —30:45:56.50 (1) 0.373
22:11:40.676, —30:46:02.05 (2) 0.501
22:11:35.478, —30:44:10.86 (3) 0.091
22:10:18.862, —30:47:15.11 (4) 0.137
22:12:17.072, —30:47:31.72 (5) 0.113

2019 Jun 15 IMACS—300mm @ 26°7 1.14-1.0-1.05 80-100 111 757/1387 Same as on 15.09.2018

2019 Aug 26  IMACS—300mm @ 17°5 1.41-1.0-1.08 60-150 111 613/1404 22:11:35.480, —30:44:10.84 (3) 0.091
22:10:18.865, —30:47:15.10 (4) 0.137
22:11:17.340, —30:32:38.37 (6) 0.029
22:10:07.432, —30:45:56.62 (7) 0.099

2021 Aug 9 IMACS—300mm @ 17°5 1.65-1.0-1.05 60 217 813/1288 Same as on 26.08.2019

2021 Sep 5 IMACS—300mm @ 17°5 1.35-1.0-1.16 60 221 611/1236 Same as on 26.08.2019

2021 Oct 2 IMACS—300mm @ 17°5 1.14-1.0-1.34 60 215 745/1952 Same as on 26.08.2019

2022 Jun 5 IMACS—300mm @ 17°5 2.10-1.0 90 153 363/919 Same as on 26.08.2019

Note. The resolutions were calculated from the FWHM near the peak of the spectrum. The magnitudes used to calculate D were obtained from the UCAC4 Catalog
(Zacharias et al. 2013). The numbers in parentheses represent the comparison labels that refer to a specific star.

observations. The flats were taken with the same 27”-wide slit
as the science observations but the arc lamps were taken with a
1” slit to avoid saturation and ensure narrow lines for
calibration. This meant that the arc lamps were only used for
an initial wavelength calibration with the final wavelength
calibration performed using absorption lines in the stellar
spectra.

2.4. EFOSC2 Reduction

We reduced and processed the data using the LRG-BEASTS
pipeline, which is described in more detail in Kirk et al.
(2017, 2018, 2021). For the flats, we created two sets of
reductions, one without a flat-field correction, as is standard for
LRG-BEASTS observations (e.g., Alderson et al. 2020; Kirk
et al. 2021; Ahrer et al. 2022), and one with a flat-field
correction. This flat-field correction was performed in a novel
way whereby we used the master sky flat without removing the
sky spectrum from the sky flat. The motivation behind this
approach was to avoid uncertainties associated with fitting out
the sky spectrum (with a running median for example) while
also capitalizing on the higher number of blue photons from the
sky flat compared to a lamp flat. As we did not remove the sky
spectrum from the sky flat, this meant that the stellar spectra
(Fy, F») we extracted were contaminated by the sky back-
ground imprinted into the sky flat (Fg,). Therefore, the stellar

spectra we extracted were actually F/Fyy ; and F>/Fyy . The
target and reference stars drifted across the course of the
observations, leading to changes in Fgyy; and Fgy,. This
meant that the F, terms did not fully cancel out after dividing
the target’s light curve (X(F; /Fyy,1)) by the comparison’s light
curve (X(F,/Fyy2)). However, we found that using the sky flat
led to light curves and transmission spectra that deviated by
< < 1o from the same reduction without the flat field, while
also decreasing the white noise in the light curves by 6% and
leading to a small improvement the precision in the transmis-
sion spectrum (~3%). This demonstrates that impacts on the
spectrophotometry due to A(Fyy 1) and A(Fyy o) are insignif-
icant, likely due to the fact that the stellar traces drift by <3
pixels, which is corrected for by cross correlation, and this
constitutes only 8% of our average bin width used to make the
transmission spectrum. Due to this test, we adopted the
reduction using the sky flat for the rest of our analysis.

To extract the stellar spectra we experimented with different
aperture widths and background widths and compared the noise
of the resulting white light curve in each case. We found that
the lowest white light noise resulted from a combination of a
22-pixel-wide aperture, with two 15-pixel-wide background
regions on either side of the aperture, each separated from the
aperture by 15 pixels. We fit a linear polynomial across these
two background regions to remove the sky background from
our spectra. Following the extraction of the stellar spectra, we
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Table 2
White Light Curve Fitting Priors
WASP-25b WASP-124b
Parameter Function Bounds Bounds
« log-uniform 0.01-0.100 [ppm] 0.01-0.100 [ppm]
13 log-uniform 0.01-0.100 [mmag] 0.01-0.100 [mmag]
/A gamma a=1 a=1
P normal m = 3.7648337, 0, = 1.2e-6 m = 3.3726511, o, = 3.4e-6
to normal m = 2455274.99649, 0, = 0.021 m = 2457028.58329, o,, = 0.021
R,/R; normal m =0.139, 0, = 0.02 m = 0.125, 0, = 0.02
b normal m = 0.357, 0, = 0.042 m=0.619, o, = 0.033
a/R normal m=11.33, 0,=0.14 m=9.22, 0,=0.13
qi uniform 0-1 0-1
Qo uniform 0-1 0-1

Note. The priors for the GP hyperparameters are amplitude («v), jitter (€), and inverse squared length scale (1/X). For 1/, when the a parameter of a gamma function
is set to 1, it becomes an exponential function (i.e., ¢~ *). The mean and standard deviation (o,,) values of the transit parameters (variables defined in Section 3.1) were
obtained directly from McGruder et al. (2023). With the exception of #,, which was deduced for a given night from the period and #, obtained from McGruder et al.

(2023). The o, for this parameter was set to 30 minutes for each night.

clipped cosmic-ray hits by identifying 50 outliers in the
spectral time series and replaced these with a linear interpola-
tion between the nearest two neighboring pixels. We then
corrected for shifts in the stellar spectra of -2 pixels across the
night. This was done by cross correlating each spectrum with a
spectrum taken in the middle of the observations and then
performing a flux-conserving resampling of each spectrum onto
the reference wavelength grid. Figure 1 (top right) shows the
final spectrum extracted for WASP-25 with this pipeline.

3. Light Curve Analysis

The general steps in our light curve analysis are the same as
what has been implemented in previous ACCESS papers (e.g.,
Allen et al. 2022; McGruder et al. 2022). This includes first
creating a photometric (white) light curve by combining all
counts of the entire spectrum for each exposure. The
systematics are removed from the white light curve, and the
transit is fit to obtain the transit parameters. These parameters
are then used to constrain the priors for fitting the spectro-
photometric (binned) light curves. The binned light curves are
produced by summing the light within a band of wavelengths.
The appropriate widths and centering of bins were determined
by considering spectrophotometric precision, the overlap of
spectral bands from different observations, high telluric
absorption regions, and the desire to properly probe for
atmospheric features. The average bin widths were ~150 A for
WASP-25b and 160 A for WASP-124b, with 90 A bins
centered on the Na and K doublets and wider bins on low-
throughput edges of the spectra. The final binning scheme used
is demarcated with dotted vertical lines in Figure 1 and written
for each bin in the first column of the Figures in Appendix A.

3.1. White Light Curve Fitting

We detrended the white light curve (WLC) using a
combination of principal component analysis (PCA) and
Gaussian processes (GPs), which we refer to as PCA+GP.?’
This routine is identical to what was used by McGruder et al.
(2020), Yan et al. (2020), Weaver et al. (2021), and McGruder
et al. (2022). It involves first performing singular-value

27 . . . . . . .
Prior to the detrending process, we removed outliers via visual inspection
after dividing the target light curve by the sum of the comparisons’ light curves.

decomposition on a matrix composed of the comparison stars’
light curves in magnitude space, which yield eigenvectors and
values that allow us to identify principal components that
capture features common to all comparison light curves.
However, we still needed to reduce systematics unique to the
target star, for which we use GPs. We used george
(Ambikasaran et al. 2015) to construct and evaluate the
likelihoods of a multidimensional squared-exponential kernel
dependent on the auxiliary observables of airmass, FWHM, sky
flux, trace, and wavelength solution drift. Details of the GP
hyperparameter priors are shown in Table 2. We used nested
sampling (PyMultiNest; Buchner et al. 2014) to explore
the posteriors of applying each principle component, combined
with the GP regression. Lastly, we performed Bayesian model
averaging (BMA; Gibson 2014) to combine those posteriors
and produce the final detrended light curves.

The analytical transit model was produced using batman
(Kreidberg 2015), where the priors on the period (P),
semimajor axis (relative to the stellar radius, a/R,), impact
parameter (b), and time of mid-transit (fy) were all normal
distributions with means and standard deviations set by the
values found in McGruder et al. (2023, Table 1). The priors for
the radius of the planet relative to the star (R,/R,) and the
parameterized quadratic limb darkening (LD) parameters ¢,
and g, (Kipping 2013) were set wider. Table 2 also provides
information on those and the other transit priors.

After the transit parameters of the WLC were acquired for
each night, we weight-averaged the P, a/R;, and b values from
each night to obtain more constrained terms for each. These
means were held fixed for an additional pass of the PCA+GP
run, to obtain final values for #,, R, /Rs, q1, and q2.28 Figure 2
shows the final detrended light curves of all transits, and
Table 3 shows the values obtained when all parameters were
fitted for (first four columns) and when the common parameters
were fixed (last four columns). From the table, one can see that
only the LRG-BEASTS transit depth and the MOPSS partial
transit depth differ by more than 20 between each other transit
of a specific target. However, those two outliers are likely due
to the LRG-BEASTS observations being bluer than those from

28 We did not include a transit fitting pass with the common parameters free
for the partial transit of UT190615 and just used the weighted means of the
other six WASP-124b transits for fitting 5, R,/R,, ¢1, and g.
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Figure 2. Final detrended white light curves for each transit, utilizing the principal component analysis and Gaussian process detrending routine. The residuals
obtained by the difference of the data from the best-fit model are shown below each light curve. The standard deviations of residuals are given by o,.

Table 3
Fitted White Light Curve Values
Transit P (days) b a/Ry i (deg) R,/R; to (—2,450,000) (d) qi q2

WASP-25b:
UT180329 3.7648337*127¢ 0.36079:9% 11.28*0:10 88.177°913 0.13435:3017 8207.2952510:50023 0.52379%¢ 0361012
UT180620 3.7648337+12¢76 0.329t8.8§; 11.199+3:81 88.327914 0.1403* 53013 8290.628501000018  0.35270:9%¢ 0.35+012
UT210306 3.7648337+12¢76 0.341+0:922 11.193+59% 88.25%013 0.1374+09925  9280.77911*+00%012 (5315003 (.199+0.988
UT220325 3.7648337+1 3¢ -8 0.3267093 11.252+0:98 88.3410:13 0.145210:902 9664.792131:99023 0.458703% 0. 42*8 14
mean 3.76483368+9~ 4 0.338*0012 11.223+0042 gg 975+0065

WASP-124b:
UT180915 3.372651+33¢76 0.6302500132 9.154+0:054 86.05550139  0.1289709%9  8377.6438470502) 03127902 0.534%9317
UT190615 0.139975:9938 8650.83074+0.9907¢ 0.478792%  0.6557933¢
UT190826 3.372651 1+§ Je-8 0.6267t8;8}g§ 9.130+0192 86. 067*8 1801265799990 8721.653467 990083 04501018 02771032
UT210809 3.3726509734¢=¢ 0.6481799%8 9.10279982 8591870902  0.1333109%%¢ 9436.655737 399018 04097993 04117313
UT210905 3.372651%33¢7¢ 0.6062+00%5 9.20415-10¢ 862237013 0.1273753%%8 9463.63663 09503 033270133 0.405193%
UT211002 3.372651%33¢°¢ 0.6370799133 9.162+0982 86.01410120  0.127375%14 9490.61771+000020 043170078 0.144+543]
UT220605 3.372651137¢-8 0.6452700118 9.17550:989 8596910102 0.125810019  9736.82136709992% 0315799 0.270*9%:8
mean 3.372651*!3¢7¢ 0.6379+0-0056 9.152%0037 86.011+0048

Note. P, b, a/R,, and i are the values obtained when leaving the transit parameters free, and R,/R;, fo, ¢1, and g, are values obtained from the second pass where only
those transit parameters were allowed to be free and all others were fixed on the weighted mean values. Each printed value of #, is subtracted by 2,450,000 days.
Transit UT190615 does not have the first four parameters because we did not allow those parameters to be free for the partial transit and just used the weighted means
of the other six WASP-124b transits for fitting o, R), /R, g1, and q».
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ACCESS and the lack of full transit coverage from MOPSS
hindering the detrending process.

3.2. Spectrophotometric Light Curves

We used two separate detrending routines to reduce the
binned light curves (BLC). Both routines were discussed and
tested by McGruder et al. (2022). For all WASP-25b transits
and WASP-124b transits on UT190826, UT210809, and
UT211002 we used common-mode correction (CMC) followed
by polynomial correction (Poly), CMC+Poly. This method
assumes that most of the systematics are captured when
detrending the WLC (following the procedures of Section 3.1).
As such it uses the quotient of the final detrended WLC and the
“raw” light curve, produced from the normalized target divided
by the sum of comparison starlight curves, as a common-mode
term. The raw light curve also had a moving average 4o
clipping, similar to what was done in McGruder et al. (2022).
Each BLC is then divided by this common-mode term. We then
apply polynomial regression models dependent on the auxiliary
observables (i.e., airmass, FWHM,; see Section 3.1), to remove
any additional chromatic systematics unique to each bin. For
each auxiliary observable we allowed the polynomial to go up
to the fourth order, aside from the airmass, which only went up
to the second order because of the smooth correlation with it
and the light curves. We tested all combinations of each
auxiliary parameter and order polynomials® using scipy.
optimize.minimize (Virtanen et al. 2020). We then
ranked each combination by polynomial corrections based on
a standardized sum of Xz’ the Bayesian information criterion
(BIC), the Akaike information criterion (AIC), and the rms of
the residuals (rRMS), and took the highest-ranked 100 models
(lower sums) to do a final pass of fitting with PyMultiNest.
The priors on polynomial coefficients were normal with a mean
set by the scipy.optimize.minimize fits and standard
deviation of one. We used BMA to combine posteriors and
arrive at our final binned transit depths.

The detrending method used for transits UT180915, UT190615,
and UT210905 (three WASP-124b transits) was PCA+GP, which
is the same algorithm used for our WLC analysis (see Section 3.1).
The reasoning for using this routine instead of the CMC+-Poly is
that the systematics found in each bin are significantly different
from one another (see the corresponding first columns of figures in
Appendix A), so the CMC term poorly corrects the bins and likely
introduces more systematics, which simple polynomials have
trouble modeling. In fact, the transits that required PCA+GP had
obvious issues with their observations such as missing ingress,
scattered cloud coverage, and poor seeing. However, we also
tested the performances of both methods by examining the binned
spectra each produced; in particular we compared the variance of
their transmission spectra and the average residual red noise of
each bin (§ (McGruder et al. 2022; see appendix D). We found that
for the three aforementioned WASP-124b transits, G and the
variance were substantially worse. This supports a finding of
McGruder et al. (2022), in which the appropriate detrending
method should be considered by testing multiple approaches for
each data set.

For both fitting methods all transit parameters were fixed to
the WLC best fit (columns 2-5 of Table 3), but the LD
parameters were uniform from O to 1 and R,/R, had a normal

29 1875 combinations for five observables and up to fourth order for
everything but the airmass, which is up to second order.
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prior with a mean set by the WLC best fits and a standard
deviation of 0.02.

4. Transmission Spectra

We produced our transmission spectra by comparing the best-
fit R,/R, found for each detrended wavelength bin. We then
combined the transmission spectra from each night to form a
global transmission spectrum for each target. The spectra from
each night had an offset applied so the mean depths across
overlapping spectral bins were the same, as was done by
McGruder et al. (2022). The spectra were then combined by
weight averaging each overlapping bin. The new points were
obtained using the python numpy . average (Harris et al. 2020)
function where the weight of each R,,/R, was given by the inverse
squared R,/R; errors (“inverse variance weighting”). The errors of
the resulting weighted R,,/R; were calculated as the square root of
the weighted variance (again using inverse squared R,,/R; error as
weights). For WASP-25b the overlapping bins were from
4570-7113 A and had a mean depth of 0.14040 R,/R,, which
corresponded to weighted offsets of 0.00584, 0.00016, 0.00265,
and —0.00552 R,/R; for each night in chronological order. For
WASP-124b the mean depth was 0.12811 R,/R, where all
wavelengths overlapped aside for 6317-6424 and 91009225 A.
This yielded offsets of —0.00047, 0.00122, —0.00494, 0.00049,
0.00093, and 0.00295, respectively.

For WASP-124b, the partial transit on UT190615 was not
included because the scatter of that transmission spectrum was
too high to positively contribute to the combined spectrum.
This is likely because the lack of ingress prevented both
detrending methods (PCA+GP and CMC+Poly) from accu-
rately constraining the systematics. Figure 4 shows the
transmission spectra of each night (except transit UT190615)
and the combined transmission spectra.

The average precision (68% confidence interval) of the
combined spectra per bin® in R,/R, for the WASP-25b data
was 0.00301 (841 ppm in depth) and 0.00485 (1238 ppm in
depth) for WASP-124b. With these precisions, we can only
probe as low as 4.03 and 5.71 atmospheric pressure scale
heights for WASP-25b and WASP-124b, respectively, for
which the scale heights are 453.2 and 634.9 km. Thus, it is
difficult to determine if the relatively flat spectra seen in both
targets (see Figure 4) are due to a true dearth of planetary
features or a precision limitation.

It should also be noted that even though there are more transits
for WASP-124b, its transmission spectrum is less precise than the
four transits of WASP-25b because WASP-124 (Vy,,, = 12.7) is
dimmer than WASP-25 (V. = 11.9) and the overall quality of
the WASP-124b observations were not as high, as implied in
Section 3.2 where we apply the PCA+GP detrending routine for
two out of the six used transits because of aggressive systematics.

4.1. Retrieval Analysis

We ran a series of retrieval models with PLATON (Zhang
et al. 2019) and Exoretrievals (Espinoza et al. 2019) on
our final combined transmission spectra of WASP-25b and
WASP-124b. Our analysis process was to run models including
stellar activity, scattering features, or common atomic/
molecular species observed in planets of this type (i.e., H,O,
Na, K) and the different combinations of each with

30 The average bin size was ~150 and 160 A for WASP-25b and WASP-124b,
respectively.
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Table 4
AlnZ for Exoretrievals and PLATON Retrievals
Exoretrievals PLATON
Model: flat H,O K Na K+ Na H,0 + Na H,O + K + Na Model:
WASP-25b:
plain 0.0 —0.81 —-0.94 —1.01 —1.11 -1.0 —1.34 plain 0.0
scattering —4.15 —-3.91 —-3.8 —3.78 —3.85 —3.94 scattering 2.89
activity 5.0 6.28 6.25 6.16 5.81 5.85 5.61 activity 4.13
Both —1.82 0.55 —0.35 —0.13 —2.07 —0.93 Both 3.75
WASP-124b:
plain 0.0 —0.83 —0.55 —0.34 —0.1 —0.35 —0.48 plain 0.0
scattering . -3.17 —3.01 -3.12 —3.38 —3.41 —3.62 scattering -0.22
activity 0.52 —0.95 —0.88 —0.62 —0.64 —0.88 —1.01 activity 0.09
scattering+-activity —3.42 —3.64 —3.63 -39 —3.93 —4.3 Both -0.27

Note. The AInZ values are relative to a plain (and flat for Exoretrievals’s case) spectrum with the combined WASP-25b (top) spectrum and the combined
WASP-124b (bottom) spectrum. For WASP-25b the retrievals with activity were favored with both Exoretrievals and PLATON. For WASP-124b no model had
evidences strongly favoring it, but the plain models or the models with activity had higher evidences. The models with the highest evidences are highlighted in bold. In
these models the InZ values for the flat (Exoretrievals, 0 AlnZ) and plain (PLATON, 0 AlnZ) models are, respectively, —238 and 192 for WASP-25b, and -250
and 206 for WASP-124. We include those values for completeness, though AlnZ is what is needed for model selection.

Table 5
Parameters Obtained by the Best-fit Retrievals for Each System and Retrieval Code

Exoretrievals PLATON

WASP-25b WASP-124b WASP-25b WASP-124b
T, 1350439 11601439 T, 15204139 10904240
log;o(Po) 30134 2873 log;o(Po) 31550 07133
log;(K) -17.1%8 -12.31,
logyo(Na) -18.4153 —9.7%9%, log,¢(2/Z5) 16175 12415
ATt -2382:373 81071250 AT -2001247° 82071350
fiec 0.24975567 0.023*5673 firet 0.16870567 0.025%357%

Note. For WASP-124b the heterogeneity parameters with Exoretrievals were obtained using the model that only included activity and the other parameters were
obtained using the plain model that included K and Na. According to the evidence, both of those models were indistinguishable from each other (see Table 4). We
used the model with activity, sodium, and potassium to obtain the best-fit parameters for WASP-25b. This model was used because all models including activity were
indistinguishable from each other, and this model obtained elemental mixing ratios. The difference in obtained overlapping parameters (i.e., T, 10g,((P), AThet, fhet)
with that model and the one with just activity and water, were well within their uncertainties. The obtained water abundance was not constrained given there are no
water features in the data, so we do not show its best fit here. Given that there are no carbon or oxygen-bearing species in the wavelength coverage of our data, we do

not report the C/O ratios retrieved by PLATON. The pressure in log;o(P) is given in bars for both retrievals.

Exoretrievals. Concurrently, we run models including
scatters, stellar activity, neither, and both with PLATON, which
assumes equilibrium chemistry and fits for the C/O ratio and
planetary metallicity to extrapolate the abundances. This
retrieval analysis workflow is the same as was done by
McGruder et al. (2020) for WASP-31b, McGruder et al. (2022)
for WASP-96b, and McGruder et al. (2023) for WASP-6b and
WASP-110b. To determine which models are preferred over
the others we used the Bayesian evidences (Z), given for each
model because both retrieval routines use nested sampling to
explore the posterior space (PyMultiNest with Exore-
trievals and dynesty (Speagle 2020) with PLATON).
Following the reasoning of Trotta (2008) and Benneke &
Seager (2013), we considered a AlInZ less than 2.5, not
significantly favoring one model over another; AlnZ between
2.5 and 5, moderately favoring the higher evidence model; and
a AlnZ greater than 5 strongly supports the higher-InZ
model.*!. A table of the difference in natural-log evidences

31 A loose conversion of this to Frequentist terms is AlnZ of 2.5 ~2.70
favoring and AInZ of 5 ~ 3.60 favoring

(AlnZ) of a given model relative to the least complex model for
the given retrieval is shown in Table 4. The term we use for
when there are no scatters in the planetary atmosphere or
activity in the stellar photosphere added to the model is plain.
Given that PLATON assumes equilibrium chemistry and
atomic/molecular abundances are inherently determined
through this, a plain model is the least complex model used
for PLATON. In the case of Exoretrievals, its least
complex model is when the presence of species is turned off,
i.e. a plain model (no scatters or activity), but also without
atomic/molecular species included. In that case the spectrum is
completely. In that case the spectrum is completely flar.
When determining the priors for the stellar activity parameter
in our retrieval analysis, we used log;o(R'yk) and stellar
rotational periods obtained from high-resolution spectra and
photometric observations in McGruder et al. (2023; Table 1).
WASP-124 has a log;o(R'yk) of —4.765 4+ 0.056, consistent
with WASP-96b’s (log;o(R'yxk= —4.781 + 0.028), which has
been established to be quiet (McGruder et al. 2022; Nikolov
et al. 2022). However, WASP-124 has a faster rotational period
(10.657337 days), which has been found to be correlated to
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activity levels (e.g., Pizzolato et al. 2003; Wright et al.
2011, 2013). With this in consideration we allow the covering
fraction of unocculted inhomogeneities to vary uniformly from
0 to 6.8%, which is consistent with the 20 upper level of
activity for stars of this type found by Rackham et al. (2019;
see their Tables 2 and 3 and Equation 2). For WASP-25, the
logio(R'yk) of —4.507+0.119 and faster stellar rotational
period of 16.937392 days suggests it is a somewhat active star;
as such, we do not limit its stellar inhomogeneity coverage and
set the covering fraction priors to be uniform from 0% to 50%.
The priors used for each retrieval run are given in Appendix B.

4.2. Retrieval Interpretation

The best-fit parameters from the retrieval analysis can be
seen in Table 5. Overall, the PLATON and Exoretrievals
results agree with each other well for each target. The lack of
prominent features in either spectrum makes it difficult for
planetary atmospheric properties to be constrained, which is
outlined by the wide 1o range given for every parameter in
Table 5. For WASP-25b, the best-fit models were plain
atmospheres (i.e., no scatterers or atomic/molecular features)
for the exoplanet and an inhomogeneous photosphere for the
stellar host, with ~20% coverage of cold spots at a temperature
contrast of AT ~ —2000 with respect to the quiescent
photosphere. However, the uncertainty of these inhomogeneity
parameters is large (see Table 5), with the most extreme case
being the retrieved PLATON inhomogeneity temperature of
—200171%73 K. For WASP-124b, using Exoretrievals, the
highest-evidence models were those with low levels of stellar
activity or a plain planetary atmosphere. Even still, those
evidences were indistinguishable from a flat-line model. The
PLATON retrievals had the same issue where no model was
significantly favored over another. This emphasizes the
difficulty of constraining the atmosphere of WASP-124b with
the data at hand.

The limb temperatures obtained for WASP-25b and WASP-
124b using both retrieval methods (see Table 5) are in
agreement with their corresponding effective temperatures of
1217 + 101K and 1481 £ 123K, respectively (McGruder et al.
2023; Table 1). However, again the uncertainties in the
retrieved values are quite large. The pressures where the
atmospheres are optically thick were also poorly constrained,
with values ranging from log;o[bars] of —3.073% and —2.8%3]
for WASP-25b and from —3.173¢ to —0.773% for WASP-
124b, with Exoretrievals and PLATON, respectively.
Thus pressures from ~0.4 p to 0.2 bars are all within a lo
interval for WASP-25b and from 1.6 p to 32 bars for WASP-
124b. Figure 3 shows the corner plot obtained for the PLATON
best fit of WASP-25. It also highlights the difficulty in
retrieving precise atmospheric parameters.

We compared these results to the analysis of WASP-31b
(McGruder et al. 2020), WASP-96b (McGruder et al. 2022),
WASP-6b, and WASP-110b (McGruder et al. 2023). These
planets were chosen because they underwent the same retrieval
analysis, minimizing differences that may arise from varying
model assumptions and priors (e.g., Kirk et al. 2019; Barstow
et al. 2020).% The upper bounds of the pressure ranges for both
targets are consistent with the 68% interval of the WASP-96b
fit, which strongly indicates the absence of aerosols in the

32 Barstow et al. (2020) generally find consistency among the models and data
tested but do find cases where different models retrieve different parameters.
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observed wavelength range of 0.4-1.24 ym. However, their
lower bounds are also consistent with the cloud top pressure
found for WASP-110b, which has the highest retrieved cloud
top altitude (i.e., the largest amount of high-altitude aerosols) of
the four planets. Thus, we reaffirm that further observations are
needed to constrain the atmospheres of WASP-25b and
WASP-124b.

When attempting to interpret the relatively featureless
spectra, we can deduce that it is unlikely that hazes are
prominently present in the upper atmospheres of the planets,
because there is no scattering slope observed. Strong scattering
slopes in the optical have been suggested to signify hazes and
could have signals as high as 15 scale heights (Ohno &
Kawashima 2020), well within the precision of the data.
Therefore, the more likely cause for the observed features is
either high-altitude clouds or observational limitations due to
the lower precision, with one scenario not necessarily
explaining both atmospheres. To obtain a better understanding
of these atmospheres, higher precision optical observations
with the HST and longer wavelength observations, ideally with
the JWST, are required.

5. Similar Seven

McGruder et al. (2023) proposed that there is a tentative
trend with observed high-altitude aerosols and the host-star
metallicity for a group of seven planets with very similar
system properties, which includes WASP-25b and WASP-
124b. They claim that, if this trend is true, then WASP-25b and
WASP-124b would sit on opposite ends, where WASP-25b
would be obscured by aerosols (like WASP-6b and WASP-
110b), and WASP-124b would be relatively clear (like
WASP-96b).

We explore how well this trend holds here, using the sodium
signal as a proxy for aerosol levels, as was done in McGruder
et al. (2023). We find a small hint of Na in the spectrum of
WASP-124b, which is stronger than for WASP-25b, even
though the data precision of WASP-25b probes deeper.
However, when looking at the retrieval analysis results of the
WASP-124b data (see Table 4), we see no strong favoring of
the Exoretrievals model, which includes Na. Further-
more, the log mixing ratio of Na found with the Exore-
trievals fit that included it is not well constrained and
suggests marginal amounts of Na (—9.77%%). As such, we
have no detection of Na in WASP-124b.

This seems inconsistent with the proposed trend, but the
scale height probed with the WASP-124b data is 5.71. This is
3 times higher than what was able to be probed with WASP-6b,
WASP-96b, and WASP-110b (2.004, 1.998, 2.212, respec-
tively), which were used to identify the tentative trend. The
precision of the other targets is likely higher because they
include observations from larger (VLT) or space-based (HST)
telescopes. In Figure 5 we plot a linear aerosol-metallicity
trend, where the Na feature was used as a proxy for aerosols,
similar to what was done by McGruder et al. (2023). However,
here we divide the Na amplitude values by their theoretical Na
signal when no aerosols are present in the atmosphere, AR, /R
(see Equation (10) of Heng 2016). This was done, because even
though the planets are twin-like, they are not exactly the same
and would have slightly different maximum possible signals.
Yet, because of the planets’ similarity, this modification had
little effect on the previous trend found by McGruder et al.
(2023), as shown in Figure 5.
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Figure 3. Corner plot obtained for the PLATON best fit of WASP-25. The best fit was one with activity and no additional scatters. However, it was only slightly
favored over other models. As the posteriors outline, the lack of significant features makes it difficult to strongly retrieve properties of the planetary atmosphere.

In Figure 5, we plot a linear fit with and without the WASP-
25b and WASP-124b Na signals and find that given the errors
both WASP-25b and WASP-124b are consistent with the trend
found using just WASP-6b, WASP-96b, and WASP-110b. In
Figure 5 our linear trend is fit with scipy.odr (Virtanen
et al. 2020) where we used the inverse of each Na signals’
errors as weights. The regression score, R?, of the weighted
linear fit with the Na signals from WASP-6b, WASP-96b, and
WASP-110b is 0.755. When including the Na signals from
WASP-25b and WASP-124b, the score was 0.754, showing
that the trend continues to hold. We also compare the data to a
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flat-line fit, i.e., no trend, and find a mean Na amplitude of
0.083 and R* of —0.051, emphasizing that a linear trend is
much more appropriate given the data.

Though there is no strong support for WASP-124b having
high-altitude aerosols, if it does and is inconsistent with the
tentative trend found by McGruder et al. (2023), a possible
explanation might be due to its difference in equilibrium
temperature. All the planets’ equilibrium temperatures lay
around ~1250K, and though the equilibrium temperature of
WASP-124b (1481 £ 123 K) is less than 20 from the coolest
planet in our sample (WASP-6b, T=1167 +96K), it is
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Figure 4. Final transmission spectra of WASP-25b (top) and WASP-124b (bottom). The final weighted-average spectra are shown in violet for WASP-25 and blue for
WASP-124, with their individual transmission spectra used for the combined spectra plotted in transparent colors. The best-fit PLATON retrieval models are plotted as
a black line with the 1o confidence interval highlighted in light blue. For both targets the best-fit models are the ones that just include activity, but in the case of
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Figure 5. Sodium amplitude from the transmission spectra of WASP-6b (red diamonds; Nikolov et al. 2015; Carter et al. 2020), WASP-96b (blue stars; Nikolov
et al. 2018; McGruder et al. 2022), and WASP-110b (green circles; Nikolov et al. 2021) vs. their host-star metallicities. In McGruder et al. (2023), “Na I Amplitude”
was the depth of the bin centered around the Na feature minus the average depth of all bins in the surrounding continuum. Here we take that value and divide it by the
theoretical difference of the peak depth from Na and the continuum, in order to incorporate slight differences in the planets’ scale heights and temperature. scipy.
odr was used to obtain a weighted linear fit with these three planetary signals and is shown as a dashed blue line. Its regression score, R, is 0.75. The 1o interval of
the fit is shaded around the dashed line and was calculated including the uncertainties in both metallicity and Na signal. Using the same method for WASP-6b and
WASP-110b (i.e., average R,/R; centered at 5892.9 A minus average R,/R, within 5340-5820 A and 5960-6440 A), we calculated the Na signals of WASP-25b
(purple squares) and WASP-124b (purple triangles). A weighted linear fit with all five planet signals is shown as a purple dashed—dotted line, with an R? of 0.71.
Although our new measurements have larger uncertainties they are consistent with the trend identified in McGruder et al. (2023). The metallicity range of WASP-55b

and HATS-29b are plotted as yellow shaded regions.

possible that this temperature difference is important. Many
studies find that equilibrium temperature is important in aerosol
formation (e.g., Stevenson 2016; Fu et al. 2017; Gao et al.
2020; Estrela et al. 2022), but this literature is not consistent on
whether an increase in temperature for this class of planets
would produce more or less aerosols. Thus, there is no strong
support in the literature that the ~300K difference in
equilibrium temperature of WASP-124b is an important factor
in the tentative trend found. Still, if metallicity does not
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strongly correlate with aerosol formation rates, then perhaps an
unobserved parameter, such as high-energy emissions, is
correlated to the higher aerosol rates observed in some of the
Similar Seven planets. Alternatively, the complex nature of
aerosol formations in their extreme environments might make it
difficult to correlate one or two parameters to the observed
aerosol rates.

To have a better grasp of whether the aerosol-metallicity
trend truly holds, at minimum, more optical observations of



THE ASTRONOMICAL JOURNAL, 166:120 (21pp), 2023 September

WASP-124b are needed to precisely probe its atmosphere. This
is achievable with the HST and/or larger ground-based
telescope observations. Further Magellan/IMACS observations
would also improve precision, especially if such observations
were of good quality (i.e., the full transit, sufficient baselines,
and good night conditions).

6. Summary and Conclusions

We observed four transits of WASP-25b, one with NTT/
EFOSC?2 and three with Magellan/IMACS, and seven transits
of WASP-124b with Magellan/ITMACS. We combined the
transmission spectra from each night for each target (excluding
the partial transit of WASP-124b on 2019 June 15) to produce
near-continuous final transmission spectra from 4200 to 9100 A
for WASP-25b and from 4570 to 9940 A for WASP-124b. Our
transmission spectra have an average precision in a depth of
841 ppm for WASP-25b and 1238 ppm for WASP-124b,
corresponding to 4.03 and 5.71 scale heights, respectively.
The spectrum of both targets lacked significant features.

Nevertheless, we ran a set of retrieval models utilizing
Exoretrievals and PLATON on each final transmission
spectrum. In doing so, we found that the most favored model
for the retrievals (with AlnZ < 5) for WASP-25b is one that
included ~20% covering a fraction of unocculted cold spots at
~2000K cooler than the surrounding photosphere, but no
molecular/atomic features. For WASP-124b there is no model
strongly favored over another, but there are marginal hints of
Na and K features and low levels of activity in the host star.
The retrieved atmospheric parameters from the best-fit models
have wide uncertainties for both planets, but the retrieved limb
temperatures are consistent with the calculated equilibrium
temperatures. Given that there are no strong atomic or
molecular features in either spectrum, the pressure levels
where the atmosphere is optically thick and the atmospheric
metallicities are poorly constrained. The lack of features is
possibly due to low precision being unable to probe the
required depths for feature detection and/or high-altitude
clouds obscuring the spectra.

We then put these planets’ atmospheres in context with the
aerosol-metallicity trend proposed by McGruder et al. (2023),
and plot the sodium signal of these targets relative to their host-
star metallicities. We find that the uncertainties of the Na
signal, caused by lower data precision, make it difficult to
provide clear insight into the existence of such a trend. We
believe that further observations with higher-quality data in the
optical are necessary to confirm a trend. This could be done
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with the HST and/or further ground-based telescopes. JWST
observations would provide a broader context of the nature of
these planets’ atmospheres. Proving this trend has the potential
to drastically direct theoretical understandings of aerosol
formation and could yield more efficient target selection
criteria.
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Appendix A
Light Curves

The detrending steps for the spectrophotometric bins are
shown in Figures 6-11, where all WASP-25b transits were
detrended with the CMC+Poly detrending routine; transits
UT180915, UT190615, UT210905, and UT220605 for WASP-
124b were detrended with the PCA+GP detrending method;
and the remaining WASP-124b transits were with CMC+-Poly.
Table 6 has the combined transmission spectra of WASP-25b
(left) and WASP-124b (right). Figures 611 and the transmis-
sion spectra of each individual night, including the unused
partial transit of UT190615, can be obtained via doi: 10.5281/
zenodo.8047731.
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Figure 8. Same as Figure 6 but for transits UT210306 (left) and UT220325 (right).
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Figure 9. Left: LCs in each step of the detrending process when utilizing the PCA+GP method (see Sections 3), for each bin of transit UT180915. Each column shows
on the left the raw LCs produced directly from the extracted spectrum in Figure 1, in the middle the binned transit LCs of WASP-124b corrected with PCA (the best
GP systematic fits are overplotted in violet), and on the right the final detrended LC with the best-fit transit model overplotted in violet. The best-fit GP jitter term was
used to approximate the error bars shown in the middle and right columns. The wavelength ranges used, clipped frames, photon noise precisions, standard deviations
of residuals, and 3 are printed on the figures just as in Figure 6. Right: same as Figure 6 but for transit UT190826.
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Figure 10. Left: same as Figure 6 but for transit UT210809. Right: same left side of Figure 9 but for transit UT210905.
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Figure 11. Same as Figure 6 but for transit UT211002 (left) and transit UT220605 (right).
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Table 6
Transit Depths (R,,/R;) for the Optical Transmission Spectra of WASP-25b and WASP-124b

McGruder et al.

WASP-124b

Wavelength (A)

R,/Rq

Wavelength (A)

Ry/R;

4200.0-4410.0
4410.0-4570.0
4570.0-4730.0
4730.0-4890.0
4890.0-5050.0
5050.0-5210.0
5210.0-5370.0
5370.0-5530.0
5530.0-5690.0
5690.0-5847.9
5847.9-5937.9
5937.9-6082.9
6082.9-6227.9
6227.9-6372.87
6372.87-6517.86
6517.86-6662.86
6662.86-6752.86
6752.86-6872.86
6872.86-6992.86
6992.86-7113.0
7113.0-7273.0
7273.0-7433.0
7433.0-7597.0
7636.5-7726.5
7726.5-7886.5
7886.5-8046.5
8046.5-8206.5
8206.5-8366.5
8366.5-8566.0
8566.0-8800.0
8800.0-9100.0

0.1392*3:06%
0.133255:9023
0.1405 + 0.0022
0.1402013
0.1409 = 0.0003
0.140973:0022
0.1402°0001
0.1399 + 0.0021
0.140913:9012
0.14015607
0.1403 + 0.0008
0.14015:9%3,
0.14 + 0.0006
0.1403+3:991,
0.1408 + 0.0015
0.1403 + 0.0016
0.140475017
0.1407 3013
0.139820.0013
0.1412 + 0.0017
0.1402 + 0.0002
0.13987931¢
0.1391°3%13
0.141979:0023
0.1376 + 0.0008
0.1388 + 0.0008
0.1396 + 0.0023
0.139373501%
0.1376 + 0.001
0.137975:501%
0.1389 + 0.0016

4570.0-4730.0
4730.0-4890.0
4890.0-5050.0
5050.0-5210.0
5210.0-5370.0
5370.0-5530.0
5530.0-5690.0
5690.0-5847.9
5847.9-5937.9
5937.9-6097.9
6097.9-6317.0
6317.0-6424.0
6424.0-6542.86
6542.86-6662.86
6662.86-6752.86
6752.86-6872.86
6872.86-6992.86
6992.86-7113.0
7113.0-7273.0
7273.0-7433.0
7433.0-7597.0
7636.5-7726.5
7726.5-7886.5
7886.5-8046.5
8046.5-8206.5
8206.5-8366.5
8366.5-8566.0
8566.0-8800.0
8800.0-9100.0
9100.0-9225.0
9225.0-9425.0
9425.0-9640.0
9640.0-9940.0

0.12515603
0.127973908
0.1276 + 0.0006
0.126975:3065
0.12777546i3
0.1273 4 0.0018
0.1269 + 0.0016
0.128* 56657
0.13 £ 0.001
0.1292753015
0.1283 =+ 0.0005
0.1283 4 0.0019
0.12822003°
0.1298*05033
0.1299 + 0.002
0.1281 £ 0.0019
0.130575:99%
0.1293*056%
0.127950:0013
0.1267"55i6
0.1265 + 0.0021
0.135555031
0.1289 =+ 0.0023
0.128 + 0.0011
0.1273+3%017
0.1282595012
0.12880:9514
0.1269 + 0.0029
0.1251760
0. 1292+0 0042
0.1239t8_88§'
0.127230038
0.1309 = 0.0023

Note. Each spectrum was produced by weight averaging (with an offset) each of the transits for the given target. The transmission spectra for individual nights are
uploaded on zenodo.org/record/8047731.
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Appendix B

Atmospheric Retrieval Priors

Table 7 shows the priors used for each retrieval model.

McGruder et al.

Table 7
Priors for Exoretrievals and PLATON
Exoretrievals PLATON
Parameter Function Bounds Parameter Function Bounds
Reference pressure (P, bars) log-uniform —8-3 Reference pressure (Pgjouds, Pa) log-uniform —3.99-7.99
Planetary atmospheric uniform 600-1800 K Planetary atmospheric uniform 600-1800 K
temperature (7,) temperature (7,)
Stellar temperature uniform Teri—240 to Toe+240K Stellar temperature gaussian 1=Ter, 0=150 K
(Toce) (Tar)
Stellar heterogeneities uniform Tet—3000 to T +3000 K Stellar heterogeneities uniform Ter—3000 to T +3000 K
temperature (The) temperature (Tspor)
Heterogeneity covering uniform 0.0-0.5 (WASP-25) Heterogeneity covering uniform 0.0-0.5 (WASP-25)
fraction (fi,e() 0.0-0.068 (WASP-124) fraction (fgpo) 0.0-0.068 (WASP-124)
Haze amplitude (a) log-uniform —30-30 Scattering factor log-uniform —10-10
Haze power law (7) uniform —14-4 Scattering slope () uniform —4-14
Log cloud absorbing uniform —80-80 Metallicity (Z/Z) log-uniform —1-3
Cross section (0¢joud)
Trace molecules’ log-uniform -30-0 C/O0 uniform 0.05-2
mixing ratios
Reference radius factor (f) uniform 0.8-1.2 1 bar, reference radius (Ry) uniform R,—.2R, to R,+.2R,

Note. These priors were set to allow for a wide parameter space to be surveyed but contained within physical regimes. Not all parameters were included in each model
fit (see Table 4). We used 5000 live points for all runs. T is the effective temperature of the host star, which is 5697 K and 6258 K for WASP-25 and WASP-124,
respectively. «y is the exponent of the scattering-slope power law, where —4 is a Rayleigh scattering slope. « is the wavelength dependence of scattering, with 4 being
Rayleigh. fis a factor multiplied by the inputted planetary radius to produce the reference radius, i.e., Ry = fR,, R, is the radius of the planet, corresponding to 1.232R,
and 1.337R; for WASP-25b and WASP-124b, respectively. All stellar and planetary parameters were obtained from Table 1 of McGruder et al. (2023).
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