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ABSTRACT
The characteristics of the radius valley, i.e. an observed lack of planets between 1.5 and 2 Earth radii at periods shorter than
about 100 d, provide insights into the formation and evolution of close-in planets. We present a novel view of the radius valley
by refitting the transits of 431 planets using Kepler 1-min short cadence observations, the vast majority of which have not been
previously analysed in this way. In some cases, the updated planetary parameters differ significantly from previous studies,
resulting in a deeper radius valley than previously observed. This suggests that planets are likely to have a more homogeneous
core composition at formation. Furthermore, using support vector machines, we find that the radius valley location strongly
depends on orbital period and stellar mass and weakly depends on stellar age, with ∂ log

(
Rp,valley

)
/∂ log P = −0.096+0.023

−0.027,
∂ log

(
Rp,valley

)
/∂ log M� = 0.231+0.053

−0.064, and ∂ log
(
Rp,valley

)
/∂ log (age) = 0.033+0.017

−0.025. These findings favour thermally driven
mass-loss models such as photoevaporation and core-powered mass-loss, with a slight preference for the latter scenario. Finally,
this work highlights the value of transit observations with a short photometric cadence to precisely determine planet radii, and
we provide an updated list of precisely and homogeneously determined parameters for the planets in our sample.

Key words: planets and satellites: composition – planets and satellites: formation – planets and satellites: fundamental parame-
ters.
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IN T RO D U C T I O N

he ‘radius valley’, also known as the ‘radius gap’, is the relative
aucity of planets with sizes between about 1.5 and 2 Earth radii at
rbital periods less than about 100 d. This phenomenon has been
redicted theoretically due to the heavy radiation these close-in
lanets receive from their host star (e.g. Lopez & Fortney 2013;
wen & Wu 2013) and was subsequently seen observationally (e.g.
ulton et al. 2017; Fulton & Petigura 2018; Van Eylen et al. 2018).
everal theories have been suggested to explain the physical origin of

he radius valley. On one hand, thermally driven mass-loss scenarios
ave been proposed, which include photoevaporation (e.g. Lopez &
ortney 2013; Owen & Wu 2013; Owen & Wu 2017) and core-
owered mass-loss (e.g. Ginzburg, Schlichting & Sari 2018; Gupta &
chlichting 2019, 2020) models. In these scenarios, the valley
eparates planets that have lost their atmosphere from those that
ave retained it. Alternatively, late gas-poor formation, where planets
elow the valley have formed atmosphere-free, may also be able to
xplain the origin of the valley (e.g. Lee, Chiang & Ormel 2014;
ee & Chiang 2016; Lopez & Rice 2018; Cloutier & Menou 2020).
Observed characteristics of the radius valley can therefore reveal

he properties of these close-in planets and their formation history.
or example, in photoevaporation models, the location of the radius
alley and its slope as a function of orbital period depend on the
lanetary composition and photoevaporation physics (Owen & Wu
017; Mordasini 2020). The valley’s location and relative emptiness
an therefore be used to infer the composition of planets surrounding
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t and their relative homogeneity (e.g. Van Eylen et al. 2018). Planets
ocated inside the radius valley may have a different composition
r could be undergoing the final stages of atmospheric loss by
hermally driven mechanisms and hence may be important targets
or further studies (e.g. Owen & Wu 2017; Gupta & Schlichting
019; Petigura 2020). The valley’s location as a function of orbital
eriod can be used to distinguish between thermal mass-loss models,
hich exhibit a negative slope as a function of orbital period, and

ate gas-poor formation models, which have the opposite slope (e.g.
an Eylen et al. 2019; Cloutier & Menou 2020; Van Eylen et al.
021). Within thermal mass-loss models, photoevaporation and core-
owered mass-loss models predict a different dependence of the
alley’s location on stellar mass and age (e.g. Rogers et al. 2021).

Observationally, these valley characteristics have been challenging
o reliably ascertain. A deficit of planets with sizes around 1.5–2 Earth
adii (R⊕) was first observed by Fulton et al. (2017) in a sample
f 2025 planets, with stellar radii determined spectroscopically as
art of the California-Kepler survey (CKS). These planets were
bout a factor of 2 rarer than planets both smaller and larger.
ndependently, Van Eylen et al. (2018, hereafter V18) analysed a
ubset of this sample (117 planets), incorporating higher-precision
tellar parameters using asteroseismology and refitting transit light
urves to achieve a median uncertainty on planet sizes of 3.3 per cent.
his study revealed the valley’s slope as a function of orbital period

or the first time, and suggested the radius valley may be very deep or
ven entirely empty. The tension between the valley’s views of Fulton
t al. (2017) and V18 was further exacerbated when the precision
f stellar parameters of the former study were further improved
y Fulton & Petigura (2018, hereafter F18). Despite improving
tellar uncertainties from 11 to 3 per cent by incorporating Gaia
© The Author(s) 2023.
y. This is an Open Access article distributed under the terms of the Creative
ch permits unrestricted reuse, distribution, and reproduction in any medium,
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arallaxes, the valley remained partially filled in, with its depth
argely unchanged.

Petigura (2020) investigated the discrepancy in the valley’s depth
etween V18 and F18 and concluded it is unlikely to be caused by
iffering sample sizes or differing values or uncertainties in stellar
adii. The study argued that the 6.9 per cent dispersion in planetary
adii is instead primarily caused by a discrepancy in the ratio of
lanet to stellar radii (Rp/R�) determined from the transit fits. F18
sed radius ratios from Mullally et al. (2015), which fitted Kepler
0-min ‘long cadence’ observations, whereas V18 used Kepler 1-
in ‘short cadence’ observations, also used for orbital eccentricity

etermination and described in Van Eylen & Albrecht (2015) and
an Eylen et al. (2019).
Here, we seek to refit planet transits for the full subset of F18

or which short cadence observations are available. This increases
he sample of planets relevant for the radius valley for which short
adence transit fits are used from 60 in V18 to 431 here. Furthermore,
e will apply the methods to determine the valley’s location and slope
sed by V18, notably the use of support vector machines (SVMs), to
his larger sample, and we expand to other dimensions such as stellar

ass and age.
In Section 2, we describe the sample and methodology used to

nalyse the radius valley. In Section 3, we present the results of this
nalysis, such as revised planetary sizes, the depth of the valley, and
ts dependence on parameters such as the orbital period and stellar

ass and age. These findings are compared to other observational
tudies and theoretical models in Section 4. Finally, we provide
onclusions in Section 5.

ME T H O D S

.1 Sample selection

e use the sample of planets for which stellar parameters are
vailable from F18 as a starting point. To focus on the radius valley,
e limit the sample to planets with radii 1 ≤ Rp/R⊕ ≤ 4 and orbital
eriods 1 ≤ P/days ≤ 100, resulting in a sample of 1272 planets
for comparison, applying the same period and radius cuts to the
ample studied by V18 leaves 74 planets). As Kepler 1-min short
adence observations may yield superior precision (Petigura 2020),
e further limit our sample to those planets for which at least 6
onths of Kepler short cadence data are available.
To avoid issues with transit fitting related to transit timing

ariations (TTVs), we also remove planets with known TTVs based
n the catalogue by Holczer et al. (2016). We further exclude KOI-
576.03, as we find that the short cadence data suggested an orbital
eriod different to the one recorded in the archive. Furthermore, we
xclude any planets that are classified as potential false positives
n Petigura et al. (2017). The results in a total sample size of 431
lanets, 60 of which have parameters previously analysed by V18
nd 371 which have not (a further 14 planets in V18 have TTVs and
re not reanalysed here).

.2 Data reduction

he 1-min Kepler short cadence Pre-search Data Conditioning SAP
Stumpe et al. 2012; Smith et al. 2012) light curves of these targets are
ownloaded from the NASA Mikulski Archive for Space Telescopes
MAST) database using the lightkurve package (Lightkurve Col-
aboration et al. 2018), which incorporates astroquery (Ginsburg
t al. 2019) and astropy (Astropy Collaboration et al. 2013, 2018)
ependencies. We only retain data within 0.2 d before the estimated
ngress and after the estimated egress of the transits of the planets of
nterest, using the transit durations and mid-times in Mullally et al.
2015) as the expected transit locations. For multiplanet systems, we
nly retain transits of planets that are within our sample. We remove
ata outliers that lie beyond 6σ from the median after masking the
ransits. We then flatten the transits by dividing the data points with
he slope obtained by performing linear regression on the data points
mmediately before ingress and after egress, to remove long-term
ystematic trends present in the transits. We then again remove data
utliers with σ = 5 to further clean the data.

.3 Stellar multiplicity

round 46 per cent of solar-type stars have at least one stellar
ompanion (Raghavan et al. 2010). When a planet orbits a single
tar, the transit depth δ is approximately given by

= �F

Ftot
≈ R2

p

R2
�

, (1)

here Ftot is the total stellar flux, �F is the change in stellar flux, and
p and R� are the planetary and stellar radius, respectively. However,

n a multistellar system, the total flux is the sum of fluxes of all stars
n the system, but the change in flux during transit is only relative to
he star(s) which the planet transits (Furlan et al. 2017). Therefore,
t is important to take into account the effect of nearby stars on the
ight curve flux.

Furlan et al. (2017) compiled a catalogue of Kepler Objects of
nterest (KOI) observations with adaptive optics, speckle interferom-
try, lucky imaging, and imaging from space with the Hubble Space
elescope. The typical point spread function widths and sensitivities
�m) are different for every observation method, target and bandpass;
ence, whether stellar companions are detected is dependent on the
bove factors. For example, Furlan et al. (2017) were able to detect
median �m ∼ 8 mag with Keck in the K band at a separation of
0.5 arcsec, but only at ∼2.5 arcsec at Lick in the J or H bands.
bout 30 per cent of KOIs observed in Furlan et al. (2017) have at

east one companion detected within 4 arcsec (Furlan et al. 2017),
nd given a mean distance of 616 pc for the 431 planets in our
ample computed from distances reported in Mathur et al. (2017),
orresponds to ∼2464 au.

Here, we adopt the ‘radius correction factor’ (RCF), given in
urlan et al. (2017) as

CF = Rp,corr

Rp,uncorr
(2)

nd multiply the normalized Kepler light curve fluxes by RCF2, and
ubtract (RCF2 − 1) to re-normalize, to obtain the corrected light
urve reflecting the transit of one planet orbiting around one star. In
otal, 137 of the 431 planets in our sample (32 per cent) have RCF

easurements from Furlan et al. (2017).

.4 Transit fitting

e use the exoplanet package (Foreman-Mackey et al. 2021)
o generate a transit light curve model with quadratic stellar limb
arkening, and then run a Hamiltonian Monte Carlo (HMC) al-
orithm implemented in PyMC3 (Salvatier, Wiecki & Fonnesbeck
016) to perform fitting and determine orbital parameter posteriors.
e also implement a Gaussian process (GP) model (Rasmussen &
illiams 2006) to account for correlated noise in the light curves.
owever, for Kepler-65 and Kepler-21 A, we do not fit for a GP
odel due to convergence constraints. The parameters fitted for each
MNRAS 519, 4056–4073 (2023)
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Table 1. Table showing estimates of the orbital periods (P), planetary-to-stellar-radii ratio (Rp/R�), planetary radii (Rp),
the number of transits in the fitted light curve (Ntr) of 431 planets refitted in this work. The source of R� to convert Rp/R�

to Rp is listed in the references column: (1) F18, (2) V18. ‘Flag’ refers to whether the planet passes the filter checks and is
included in the smaller subset for further analyses (1 for true and 0 for false). The complete list of parameters is provided
in Appendix A. Only the first 10 planets are shown here; the full table is available online in a machine-readable format.

KOI Kepler name P (d) Rp/R� Rp (R⊕) R� source Ntr Flag

K00041.01 Kepler-100 c 12.815 893 ± 0.000 008 0.0138 ± 0.0002 2.28+0.03
−0.03 (2) 93 1

K00041.02 Kepler-100 b 6.887 062 ± 0.000 007 0.0082 ± 0.0001 1.36+0.03
−0.03 (2) 173 1

K00041.03 Kepler-100 d 35.333 093 ± 0.000 019 0.0104 ± 0.0002 1.71+0.04
−0.04 (2) 35 1

K00046.02 Kepler-101 c 6.029 792 ± 0.000 020 0.0073 ± 0.0007 1.32+0.14
−0.14 (1) 50 0

K00049.01 Kepler-461 b 8.313 784 ± 0.000 015 0.0287 ± 0.0010 4.03+0.17
−0.17 (1) 34 1

K00069.01 Kepler-93 b 4.726 739 ± 0.000 001 0.0151 ± 0.0001 1.50+0.04
−0.04 (2) 275 1

K00070.01 Kepler-20 A c 10.854 089 ± 0.000 003 0.0290 ± 0.0002 2.79+0.07
−0.07 (1) 116 1

K00070.02 Kepler-20 A b 3.696 115 ± 0.000 001 0.0182 ± 0.0002 1.75+0.05
−0.04 (1) 336 1

K00070.03 Kepler-20 A d 77.611 598 ± 0.000 019 0.0263 ± 0.0003 2.52+0.07
−0.07 (1) 15 1

K00070.05 Kepler-20 A f 19.577 627 ± 0.000 020 0.0091 ± 0.0004 0.88+0.04
−0.04 (1) 62 1

... ... ... ... ... ... ... ...
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Figure 1. Radius–period plot of all 431 planets refitted in this work. The
black-dotted lines indicate the upper and lower boundaries of the radius
valley defined in V18.
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lanet are orbital period (P), transit mid-time (t0), ratio between
lanetary and stellar radii (Rp/R�), impact parameter (b), eccentricity
e), argument of periapsis (ω), and stellar density (ρ�). For each
ight curve, we further include two quadratic stellar limb darkening
arameters (u0 and u1) for the host star, with bounds 0 < u0, u1 <

and implemented with the Kipping (2013) reparameterization in
xoplanet, the transit jitter (σ lc), and two parameters describing

he GP contribution (σ gp, ρgp).
We initialize the HMC chains by using values presented in the

epler Q1-16 data set (Mullally et al. 2015) for P, t0, Rp/R�, and b.
e set the system to begin with near-circular orbits, with e = 0.01

nd ω = 0.01 rad. We take initial stellar densities from F18. We
se the Exoplanet Characterization ToolKit (Bourque et al. 2021) to
stimate the initial u0 and u1, which takes the stellar temperature,
urface gravity, and metallicity, which we use values from the Kepler
1-16 data set (Mullally et al. 2015), as inputs.
We apply Gaussian priors to P, t0, u0, u1, and ρ�, using the initial

uesses as the mean, and σ P = 2 × 10−5 d, σt0 = 10−3 d, σ u =
.2, and the ρ� uncertainty from F18 if available, and Mullally et al.
2015) otherwise. A beta distribution prior, according to Van Eylen
t al. (2019), is placed on e, which is

DF (e, α, β) ∝ eα(1 − e)β (3)

ith α = 1.58 and β = 4.4 for system with only one transiting planet,
nd α = 1.52 and β = 29 for a multitransiting-planet system.

R ESULTS

.1 Revised planet parameters

e report the updated orbital periods (P), planetary-to-stellar-radii
atio (Rp/R�), planetary radii (Rp), the number of transits in the fitted
ight curve (Ntr), and their uncertainties of the 431 planets fitted in
his sample in Table 1. The full list of parameters are provided in
ppendix A. We convert our Rp/R� to Rp using the updated stellar
arameters available: values used in V18 from asteroseismology (i.e.
aken from Huber et al. 2013; Silva Aguirre et al. 2015; Lundkvist
t al. 2016) if the planets are included in the V18 samples, and F18
therwise. Full homogeneity is lost by using stellar radii from two
ources. To investigate the consequences of this, we compute the
ifference, δRp , between the planetary radii obtained by converting
NRAS 519, 4056–4073 (2023)
p/R� to Rp using R� from F18 and V18, and found the mean δ,
¯ = 0.03 ± 0.11; hence, δ = 0 (no difference) is well within 1σ ,
nd we conclude that there is no substantial drawbacks of using
ultiple sources. This sample of 431 planets with updated parameters

s plotted on the radius-orbital period plot as shown in Fig. 1.
We present the typical uncertainties of Rp/R� and Rp of planets

tted in this work, compared with F18 and V18 in Table 2. For
ur newly fitted results, we find that Rp/R� has a mean uncertainty
f 4.76 per cent, and a median uncertainty of 3.44 per cent. This is
maller when compared to the mean and median uncertainties of
.73 and 4.07 per cent, respectively, for the F18 sample. For Rp, we
nd a mean and median uncertainty of 6.09 and 4.70 per cent in
ur work, again smaller compared to 10.00 and 5.22 per cent for
18. However, they are larger than that of V18, possibly due to V18
nalysing brighter stars, hence the light curves are less noisy. This
an be seen by comparing the mean photometric flux error of the
ransit light curves fitted: 1007 parts per million (ppm) for this work,
nd 271 ppm for V18.

art/stac3802_f1.eps
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Table 2. Mean and median values radii determined in this work, F18, and
V18. Values are listed as percentages (%).

Parameter This work F18 V18

Sample size 431 1901 117

Rp/R� Mean 4.76 8.73 3.20
Median 3.44 4.07 2.44

R� Mean 3.23 3.17 2.49
Median 2.78 2.74 2.20

Rp Mean 6.09 10.00 3.96
Median 4.70 5.22 3.36
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We select the planets in F18 that are in common with the planets in
ur sample, and examine the change in Rp. We find that 217 planets
ave a larger Rp after refitting, and smaller for 214 planets. Of the
lanets whose sizes have increased, the mean change is 9.79 per cent,
nd 8.69 per cent for planets with reduced sizes. Considering all 431
lanets, our new results change Rp by a mean and median of only 0.62
nd 0.02 per cent, respectively, indicating that our refitting results do
ot systematically alter the planet sizes. We observe that 120 planets
28 per cent) have a revised Rp >2σ away from their corresponding
alues from F18, and 62 planets (14 per cent) >3σ away.

.2 Radius valley dependence on orbital period

o obtain the most precise planetary sample, we apply the following
onservative cuts to our sample for subsequent analyses in the rest
f this paper:

(i) Precision on Rp: We exclude planets with a planet radius
recision σRp > 10 per cent.
(ii) Radius correction factor (RCF): We exclude planets with an

CF > 5 per cent, as reported in Furlan et al. (2017). RCFs may
hemselves be uncertain due to observational challenges in detecting
earby stellar companions and measuring their brightness (Furlan
t al. 2017). Of the 137 planets with RCF measurements from Furlan
t al. (2017), 18 (13 per cent) have RCF > 5 per cent. The remaining
94 planets do not have RCF measurements currently available.
(iii) Number of transits: We exclude planets with fewer than

hree transits in the Kepler short cadence data to limit the risk
hat correlated noise during an individual transit strongly affects
he resulting fit.

After implementing these filters, 375 planets remain in our sample
hich we will use throughout the remainder of this work.
We first use this sample to investigate the location of the radius

alley as a function of orbital period. Following the procedure
utlined in V18, we calculate the position of the radius valley by
etermining the hyperplane of maximum separation. We perform
his with a linear SVM. To initialize our model, we initially classify
ur sample into two groups, ‘above’ and ‘below’ the radius valley
n the radius-orbital period plane, by applying a Gaussian mixture
odel with two components in the Rp–P plane. Since the orders of
agnitude of Rp and P are different, we divide P by 5 before applying

he above clustering algorithm to allow the model to separate the
lanetary population into two groups above and below the radius
alley. Otherwise, the population would be clustered in a way
ominated by the difference in period. Following V18 and David
t al. (2021), we select an SVM penalty parameter of C = 10 for
he hyperplane, to minimize misclassification of data points above
r below the radius valley, but still allow the hyperplane location to
e determined by a sufficient number of data points. To determine
ccurate uncertainties on the location of the valley, we then perform a
ootstrap by generating 1000 new sample sets on which we repeat the
bove procedure. Each bootstrap sample is generated by generating
new sample of the same size from the original sample, allowing

eplacement. Each bootstrapped sample is then categorized into two
roups with a Gaussian mixture model, and the SVM procedure is
epeated. Reporting the median value and taking the 16th and 84th
ercentiles as the upper and lower uncertainties, we find

log10

(
Rp/R⊕

) = m log10 (P/days) + c (4)

ith m = −0.11 ± 0.02, and c = 0.37+0.02
−0.03. The location of the radius

alley is plotted in Fig. 2.
We also implement the method adopted by Petigura et al. (2022),

hich involves computing the planet density in the radius-period
lane with a Gaussian kernel density estimate (KDE), and fitting
he planet radius at the KDE minima between log10(P/days) =
.5 − 1.5 (i.e. P ≈ 3.16−31.6 d) and log10(Rp/R⊕) = 0.15−0.35
i.e. Rp ≈ 1.41−2.24R⊕) according to equation (4), and performing
ootstrap with 1000 sample sets to find the uncertainties. The result
s illustrated in Fig. 2. We use a KDE bandwidth of 0.467 in log10P
nd 0.075 in log10Rp, which is based on the bandwidth used by
etigura et al. (2022), but scaled up linearly based on the ratios
etween the two sample sizes. We note that this method fits a narrower
eriod range compared to the SVM method, which fits for the full
= 1−100 d. With this method, we obtain m = −0.12+0.03

−0.05 and
= 0.37+0.05

−0.03. We find this value to be slightly steeper than that
etermined with the SVM, however, the two values are well within
σ of each other. Here, we do not correct for detection completeness,
nd we note that this method is highly sensitive to the choice of the
DE bandwidth, and using a bandwidth five times larger results with
slope approximately twice as steep.
Some studies have opted to study the radius valley location as
function of incident flux S, in addition to, or instead of, P (e.g.
ogers et al. 2021; Petigura et al. 2022). We calculate S according

o the formula

= L�

4πa2
(5)

here L� is the host star’s luminosity. L� can itself be calculated
sing

� = 4πR2
�σsbT

4
eff (6)

here R� is the stellar radius, σ sb is the Stefan–Boltzmann constant,
nd Teff is the effective temperature of the star. Finally, a is the orbital
emimajor axis, which is given by

(
a

R�

)3

= GP 2ρ�

3π

(1 + e sin ω)3

(
1 − e2

)1.5 (7)

ccording to Kepler’s third law of planetary motion (e.g. Van Eylen &
lbrecht 2015; Petigura 2020). Here, G is the gravitational constant,
is the orbital period, ρ� is the stellar density, e and ω are the orbital

ccentricity and argument of periapsis, respectively. As before, we
btain the stellar properties (R�, ρ�, Teff) from V18 when available,
nd from F18 otherwise. P, e, and ω are obtained from the transit
tting results of this work. Fitting the valley with the SVM, we obtain

log10 Rp/R⊕ = m log10 S/S⊕ + c (8)

ith m = 0.07+0.02
−0.01, and c = 0.11+0.03

−0.04. The location of the radius
alley in terms of S is shown in Fig. 3.
MNRAS 519, 4056–4073 (2023)
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Figure 2. Left-hand panel: Radius valley location determined with the SVM, with m = −0.11 ± 0.02, and c = 0.36+0.02
−0.03, indicated by the black solid line. The

dashed lines represent the median boundaries passing through the supporting vectors determining the position of the solid line. We define the area between the
two lines as the radius valley region. The green and blue points show planets above and below the radius valley, respectively. The grey-shaded regions represent
the ±1σ uncertainties of the lines determined using the bootstrap method. The red-dotted lines show the plot divided into multiple orbital-period dependent
bins, which is then used for plotting the adjusted histogram in Fig. 4. Right-hand panel: radius valley position determined by fitting a line through the region
where the kernel density estimate is minimum. With this method, we obtain m = −0.12+0.03

−0.05, and c = 0.37+0.0
−0.03, indicated by the black solid line with ±1σ

uncertainty shaded in grey.

Figure 3. Same as Fig. 2 left-hand panel, but as a function of incident flux S
instead of orbital period P.
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10 d, according to the radius valley slope calculated in Section 3.2 with the
SVM. Note that completeness corrections are not performed. Here, Eavg =
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.3 Depth of the radius valley

e investigate the depth of the radius valley. As we find the position
f the radius valley is dependent on the orbital period, we divide
he radius valley into multiple tilted bins (as shown in Fig. 2 left-
and panel) and plot an adjusted histogram in logarithmic scale. We
hift planets along the slope of the radius valley obtained with the
VM method in Section 3.2, i.e. m = −0.11, and plot a histogram
f ‘expected’ planetary radii at an orbital period of 10 d, shown in
ig. 4. We choose to fit the histogram with a Gaussian mixture
odel of two clusters, as opposed to a Gaussian kernel density

stimate, as the former is independent of the sizes and locations
f the histogram bins, as well as the Gaussian bandwidth. Also, with
he Gaussian mixture model, we are able to force the planets to fall
nto two groups only, matching the bimodal distribution of small
lanets.
NRAS 519, 4056–4073 (2023)
Here, we propose the metric E, defined as

SN = Nsub-Neptune,peak/Nvalley (9)

nd

SE = Nsuper-Earth,peak/Nvalley (10)

o compare the number of planets inside the valley and the peak
umber outside the valley. A higher E indicates a deeper radius
alley. Nsub-Neptune, peak and Nsuper-Earth, peak are the number of planets
t the sub-Neptune and super-Earth Gaussian peaks respectively,
nd Nvalley is the number of planets at the lowest point between
he two Gaussian peaks. As Nsub-Neptune, peak, Nsuper-Earth, peak, and

valley are determined directly from the curve resulting from the
aussian mixture model, this E metric is also independent of the
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Figure 5. Plot of planetary radius against mass of host star. The solid line
shows the location of the radius valley determined with the SVM, with slope
m = 0.23+0.09

−0.08, and c = 0.27 ± 0.01. The dashed lines show the boundaries
of the radius valley, given by the same m, and cupper = 0.33 ± 0.01, clower =
0.22 ± 0.01. The shaded regions depict the ±1σ uncertainties of the lines
determined with bootstrapping.
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istogram bin sizes or locations. To calculate the uncertainties of
, we again perform a bootstrap with 1000 sample sets, where
ach bootstrap sample is generated by generating a new sample
f the same size from the original, allowing replacements. We also
eplace the radius of each selected planet by randomly drawing from
normal distribution with the reported planet radius as the mean,

nd the uncertainties on the radius as the variance. We report the
edian of this bootstrap distribution as our results, and the 84th

nd 16th percentiles as our ±1σ uncertainties. We test this metric
n known planetary samples on F18 and V18, which we know the
ifference in the radius valley depth, and find that their corresponding
value differ, hence demonstrating the reliability of such metric.

he difference in the depth of the radius valley is further discussed
n Section 4.3. We find that for our new short cadence results, the
igure 6. Plot of planet radius against orbital period and mass of host star (left-h
and panel). The grey plane shows the radius valley location determined with the
ncertainties on individual planet parameters are not displayed in the interest of cla

l

atios are ESN = 3.59+0.77
−0.62 and ESE = 2.40+0.61

−0.41. Averaging the two
umbers gives us Eavg = 2.98+0.60

−0.47.

.4 Radius valley dependence on stellar mass

e investigate the radius valley location as a function of stellar
ass. We first implement a two-dimensional SVM, using the same
ethod as in Section 3.2. The result is shown in Fig. 5. We find
log Rp/d log M� = 0.23+0.09

−0.08, and the intercept c = 0.27 ± 0.01.
Rogers et al. (2021) suggested the degeneracy between the

hotoevaporation and core-powered mass-loss scenarios could be
roken with an analysis of the radius valley in three dimensions.
ence, we implement an SVM in three dimensions: planet radius
p, orbital period P, and mass of the host star M�, to fit the radius
alley in the form of a plane. We perform bootstrapping with 1000
ample sets as per previous. We obtain the relation

log10

(
Rp/R⊕

) = A log10 (P/days)

+B log10

(
M�/M�

) + C (11)

ith A = −0.09+0.02
−0.03, B = 0.21+0.06

−0.07, and C = 0.35+0.02
−0.02. An illus-

ration of the SVM plane is shown in Fig. 6.
We also investigate the radius valley location in the Rp–S–M�

pace. Fig. 6 (right-hand panel) shows the radius valley location in
his space. We find

log10

(
Rp/R⊕

) = A log10

(
S/S⊕

)
+B log10

(
M�/M�

) + C (12)

ith A = 0.07 ± 0.02, B = −0.01+0.07
−0.09, and C = 0.11+0.04

−0.05.

.5 Radius valley dependence on stellar age

e investigate the location of the radius valley as a function of stellar
ge. We obtain the stellar ages from F18. Kepler-174 does not have
tellar age data from this source; hence, we omit Kepler-174 b and
epler-174 c in our analysis with stellar age.
Fitting the valley with the SVM, we obtain

log10

(
Rp/R⊕

) = m log10 (Age/Gyr) + c (13)
MNRAS 519, 4056–4073 (2023)

and panel), and planet radius against incident flux and stellar mass (right-
SVM in three dimensions, with the ±1σ uncertainties shown in pink. The
rity.

ege London user on 11 January 2023
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ith m = 0.02+0.01
−0.02 and c = 0.26+0.01

−0.01, showing no significant corre-
ation with the radius valley location in two-dimensional space. The
esult is displayed in Fig. 7 (left-hand panel).

We further investigate whether the radius valley depth may be a
unction of stellar age. To do so, we generate histograms, similar to
ig. 4, split into different stellar age subsamples. Fig. 8 (left-hand
anel) shows that for older stars, the radius valley location shifts to
igher Rp, and the radius valley becomes shallower. The change in
he E metric is reported in Table 4. These findings suggest that the
adius valley has a dependence on the age of the host stars.

We further plot the radius valley in Rp–P–age space, and fit the
alley with the SVM, as shown in Fig. 9 (left-hand panel). We find

log10

(
Rp/R⊕

) = A log10 (P/days)

+ B log10 (Age/Gyr) + C (14)

ith A = −0.10 ± 0.02, B = 0.03+0.02
−0.03, and C = 0.34+0.03

−0.02.
We can also combine Rp, P, M�, and stellar age, and determine

he radius valley with a four-dimensional SVM, as shown in Fig. 10.
he resulting equation representing the radius valley is in the form
f a four-dimensional hyperplane

log10

(
Rp/R⊕

) = A log10 (P/days) + B log10

(
M�/M�

)
+C log10 (Age/Gyr) + D (15)

ith A = −0.096+0.023
−0.027, B = 0.231+0.053

−0.064, C = 0.033+0.017
−0.025, andD =

.339+0.026
−0.018. These results imply there is strong evidence

he radius valley location is dependent on P and M�, and
eak evidence for its dependence on stellar age (>1σ ).
hese values are also consistent within 1σ with their cor-

esponding dependencies in two and three dimensions (see
able 3).

.6 Radius valley dependence on stellar metallicity

e perform a similar analysis in terms of the stellar metallicity. As
or age, we obtain the stellar metallicity from V18 if available, and
18 otherwise. We find

log10

(
Rp/R⊕

) = m[Fe/H] + c (16)

ith m = 0.06+0.06
−0.08 and c = 0.26+0.01

−0.01, again displaying no significant
orrelation with the radius valley location in two-dimensional space.

We divide the planet population into two groups, based on the
edian [Fe/H] =0.06. The adjusted histograms in Fig. 8 (right-hand

anel) show that the super-Earth peak is lower for metal-poor stars.
he E values are reported in Table 5.
We perform a similar SVM analysis in Rp–P–[Fe/H] space (shown

n right-hand panel of Fig. 9), and find

log10

(
Rp/R⊕

) = A log10 (P/days) + B[Fe/H] + C (17)

ith A = −0.10 ± 0.03, B = 0.03+0.03
−0.04, and C = 0.36+0.02

−0.03. These
alues imply that we find no evidence that the radius valley location
epends on stellar metallicity.

D ISCUSSION

.1 Rp–P relation suggests a thermally driven mass-loss model

s presented in Section 3.2, we observe the radius valley scales
s m = dlog Rp/dlog P = −0.11 ± 0.02. This negative period-
ependence is a robust finding which remains roughly simi-
ar even when other parameters are included in the fit (see
able 3).
NRAS 519, 4056–4073 (2023)
Different theoretical mechanisms to create the radius valley
esult in a different slope as a function of orbital period. For
xample, Lopez & Rice (2018) predicted that if the rocky planets
re core remnants of sub-Neptunes with evaporated atmospheres,
he radius valley location should decrease with increasing orbital
eriod, with m = −0.09, whereas if those rocky planets were
ormed after disc dissipation (i.e. late gas-poor formation), the
adius valley location tends to larger planetary radii at longer
rbital periods, with m = 0.11. Similarly, Owen & Wu (2017)
redicted a negative period–radius valley slope for a photoevapo-
ation model, with −0.25 ≤ m ≤ −0.16 depending on the pho-
oevaporation efficiency. If the radius valley is thermally driven
ut powered by the core rather than photoevaporation, the slope
ould be similarly negative, with e.g. Gupta & Schlichting (2019)
redicting that m ≈ −0.11 in this case. Theoretically predicted
lopes for different formation mechanisms are summarized in
able 6.
Our observed negative slope is consistent with thermally driven
ass-loss models but inconsistent with late gas-poor formation
odels. We can also compare our observed slope with other

bservational studies (see again Table 6). The period-radius slope
as first observed by V18, who used the SVM approach that we

dopted here and who found m = −0.09+0.02
−0.04. A different approach

as followed by Martinez et al. (2019), who divided their planetary
ample into 10 bins with equal number of planets, determined the
inimum radius in each bin, and fitted a linear relationship to obtain

quation (4). These two approaches led to a consistent result, with
= −0.11 ± 0.02. MacDonald (2019) adopted machine-learning

pproaches, and report m = −0.319+0.088
−0.116. The above studies all

ocus on samples of FGK stars, where various approaches to
odel the valley’s location appear to result in negative slopes with

onsistent magnitude, matching thermally driven atmospheric loss
odels.
For smaller and cooler (M-type) stars, Cloutier & Menou (2020)

ound a positive slope (m = 0.058 ± 0.022) using a method similar
o Martinez et al. (2019), suggesting for these stars the valley may be
he result of gas-poor formation rather than being thermally driven.
an Eylen et al. (2021) used the SVM approach to measure the
-dwarf valley and found a negative slope instead, of −0.11+0.05

−0.04.
uque & Pallé (2022) used the gapfit package (Loyd et al. 2020)
nd found m = −0.02 ± 0.05. A recent study by Petigura et al.
2022) also included M-type stars in addition to FGK stars, and they
ound m = −0.11 ± 0.02 for this sample. Our sample does not
nclude M-type stars but does span a mass range from about 0.6 to
.4M�.
To investigate whether the slope of m changes with stellar mass

ithin our sample, we split our planetary sample into two groups:
� ≥ 1 M�, and M� < 1 M�. We determine the Rp−P relation

eparately for these two groups with the same methods as above. We
nd for M� ≥ 1M�, m = −0.07+0.02

−0.04, and c = 0.35+0.03
−0.02; for M� <

M�, m = −0.11+0.02
−0.07, and c = 0.35+0.05

−0.02. These results are shown
n Fig. 11. The two values are in agreement within 1σ , suggesting
hat within our sample, the radius valley location as a function of
rbital period is inconsistent with the gas-poor formation scenario.
We can also look at the slope of the valley as a function of incident

ux (S) rather than orbital period. By Kepler’s third law (as shown
n equation 7), planets at longer orbital periods are located further
way from the planet, thus the incident flux S is lower for planets
ith larger star–planet distances, as shown in equation (5). Hence,
e expect for a thermally driven planetary mass-loss scenario, the

adius valley location tends to larger planetary radii for higher S.



Deep radius valley with Kepler short cadence 4063

Figure 7. Same as Fig. 5, but for stellar age (left-hand panel, m = 0.01+0.01
−0.02, c = 0.26+0.01

−0.01), and stellar metallicity [Fe/H] (right-hand panel, m = 0.06+0.06
−0.08,

and c = 0.26+0.01
−0.01).

Figure 8. Same as Fig. 4, but separated into different stellar ages (left-hand panel), and metallicities (right-hand panel). Here, T = log10(Age/yr). The histograms
are normalized such that the relative density of the sub-Neptune peak equals to unity.

Figure 9. Same as Fig. 6, but in Rp–P–age space (left-hand panel) and Rp–P–[Fe/H] space (right-hand panel).
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M

Figure 10. Radius valley location in terms of orbital period, stellar mass,
and stellar age. The colour bar represents the age of the planetary host stars,
and planes of different colours indicate the radius valley location for different
stellar ages.
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e observe this positive relationship in this work, in agreement with
ther previous observations as shown in Table 7, and consistent with
hermally driven mass-loss models which is also shown in radius-
eriod space.

.2 Rp–M� relation supports a thermally driven mass-loss
odel

s presented in Section 3.4, we find that in two dimensions, m =
log Rp/d log M� = 0.23+0.09

−0.08.
A stellar mass dependence has been predicted by radius valley
odels. Both thermally driven mass-loss models predict a similar

ependence of the valley on stellar mass. For example, Rogers et al.
2021) predicted m = 0.29 and 0.32 for photoevaporation (Owen &

u 2017) and core-powered mass-loss models (Gupta & Schlichting
019, 2020), respectively. Our results are consistent with both sets
f models within 1σ .
A stellar mass dependence was observed by Berger et al. (2020),

ho find m = 0.26+0.21
−0.16 by fitting the minima of the two-dimensional

DE in Rp−M� space. A recent study by Petigura et al. (2022),
imilarly following a binning approach and incorporating data from
ata Release 2 (DR2) of the California–Kepler Survey for cooler

tars, estimated m = 0.18+0.08
−0.07. It is therefore reassuring to see that

espite the different methods adopted here, the slope derived in this
ork is consistent with both of these studies within 1σ . For lower
ass stars, Luque & Pallé (2022) found m = 0.08 ± 0.12; this may

e inconsistent with our results at 1σ , however, the stellar mass range
hey studied is significantly lower than that in our sample with no
verlaps. The results are summarized in Table 8.

When extending our analysis to three dimensions as a function
f P and M�, we obtain A = (

∂ log Rp/∂ log P
)

M�
= −0.09+0.02

−0.03,

= (
∂ log Rp/∂ log M�

)
P

= 0.21+0.06
−0.08 from determining the radius

alley location in the Rp–P–M� space. Note that this is different to
he total derivative dlog Rp/dlog M� in two dimensions (shown in
able 3). Based on the models of photoevaporation (Owen & Wu
017; Owen & Adams 2019; Mordasini 2020) and core-powered
ass-loss (Gupta & Schlichting 2019, 2020), Van Eylen et al.

2021) predicted B = 0.19 for a photoevaporation model, and B =
.33 for a core-powered mass-loss model. Our resulting posterior
istribution of A and B determined from the bootstrapping presented
n Section 3.4, as shown in Fig. 12, is consistent with both the
NRAS 519, 4056–4073 (2023)
hotoevaporation and core-powered mass-loss cases at 2σ , hence we
re unable to distinguish between the two models in this particular
arameter space.
Rogers et al. (2021) proposed an analysis of the radius valley

n Rp–S–M� space that could distinguish between the two different
hermally driven mass-loss mechanisms. Using theoretical models,
hey predicted the radius valley scales as a function of S and M�

s equation (11), with A = (
∂ log Rp/∂ log S

)
M�

	 0.12 and B =
∂log Rp/∂log M�)S 	 −0.17 for a photoevaporation model, and A

0.08 and B 	 0.00 for a core-powered mass-loss model. Again,
e plot the posterior distributions of A and B, as shown in Fig. 13,

nd observe that our results are consistent with the core-powered
ass-loss case well within 1σ . For the photoevaporation scenario,

ur values overlap with the theoretical predictions at the edge of
he 2σ confidence interval. Rogers et al. (2021) also measured
he planet density of the CKS (F18), and the Gaia–Kepler Survey
GKS, Berger et al. 2020), in Rp–S–M� space. They found for the
KS data, A = 0.13+0.03

−0.05, B = −0.21+0.33
−0.39, and for the GKS data,

= 0.10+0.03
−0.02, B = −0.03+0.10

−0.12. Our results are in agreement with
oth the CKS and GKS values, and our measurements have smaller
ncertainties.
There are some caveats to this comparison between our observa-

ion results and theoretical models. First, the thermally driven mass-
oss models predict the slope of the bottom of the valley (V18; Rogers
t al. 2021), whereas our SVM finds the slope for the middle of the
adius valley. Some studies have suggested a different planet size
ependence with orbital period for super-Earths and sub-Neptunes
e.g. Petigura et al. 2022), hence these two slopes may not be equal.
ince the radius valley is not completely empty, the bottom of the
adius valley is not clearly defined, and there would be challenges
ocating and fitting the bottom of the radius valley. As a result, our
bserved values may not be fully comparable with theoretical model
alues. Furthermore, the method of extracting the radius valley is
rone to transit biases, which we do not correct for in this work.
ogers et al. (2021) showed that even when modelling synthetic

ransit surveys based on evolving planets with theoretical models, the
esulting posteriors may not be fully consistent with the theoretically
redicted slope. Further work, such as generating synthetic surveys
rom both photoevaporation and core-powered mass-loss models
ased on conditions similar to that of our sample in a method similar
o that performed in Rogers et al. (2021), and fitting the valley with
he same method as in this work, or analysing more planets around
tars in a larger mass range, is required to compare our observations
o theoretical models in a homogeneous way.

.3 Deeper radius valley suggests a homogeneous initial
lanetary core composition

e now turn to the depth of the radius valley. Using the previously
efined depth metric (E, equations 9 and 10), we find a valley
epth of Eavg = 2.98+0.60

−0.47 (see Section 3.3). We can compare this
epth to the valley observed by F18. Shifting the planets along the
lope calculated in Section 3.2, and applying the same metric to
heir filtered sample of 907 planets, we calculate ESN = 1.99+0.26

−0.23,
SE = 2.28+0.31

−0.27, giving Eavg = 2.14+0.26
−0.21 for that sample. For V18,

e shift the planets according to the slope obtained in their study,
.e. m = −0.09+0.02

−0.04, and we find ESN = 7.11+4.70
−2.49, ESE = 4.75+3.42

−1.70,
iving Eavg = 6.05+3.87

−2.14. These values imply that compared to F18,
e observe a deeper radius valley. On the other hand, the radius valley

ppears less deep than observed by V18 for a smaller sample. This
nding is visualized in Fig. 14, which shows the adjusted histograms
f the sample studied here next to the F18 and the V18 samples.

art/stac3802_f10.eps
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Table 3. Dependencies of the radius valley in n dimensions (mi), given by the equation log10

(
Rp/R⊕ = ∑n

i=1 mixi
, with

different parameter combinations xi. The methods used to obtain the equation of the radius valley hyperplanes are also given,
where SVM and KDE stand for the SVM and fitting the minima of the kernel density estimates, respectively.

Dimensions log10(P/d) log10(S/S⊕) log10(M/M�) log10(Age/Gyr) [Fe/H] Intercept Method

−0.11+0.02
−0.02 0.37+0.02

−0.03 SVM

−0.12+0.03
−0.05 0.37+0.05

−0.03 KDE

2 0.07+0.02
−0.01 0.11+0.03

−0.04 SVM

0.23+0.09
−0.08 0.27+0.01

−0.01 SVM

0.02+0.01
−0.02 0.26+0.01

−0.01 SVM

0.06+0.06
−0.08 0.26+0.01

−0.01 SVM

−0.09+0.02
−0.03 0.21+0.06

−0.07 0.35+0.02
−0.03 SVM

3 0.07+0.02
−0.02 −0.01+0.07

−0.09 0.11+0.04
−0.05 SVM

−0.10+0.02
−0.02 0.03+0.02

−0.03 0.34+0.03
−0.02 SVM

−0.10+0.03
−0.03 0.03+0.03

−0.04 0.36+0.02
−0.03 SVM

4 −0.096+0.023
−0.027 0.231+0.053

−0.064 0.033+0.017
−0.025 0.339+0.026

−0.018 SVM

Table 4. E values of the radius valley for different ages of the host stars.
Eavg = (ESN + ESE)/2.

log10(age/yr) Age (Gyr) Nplanets ESN ESE Eavg

<9.25 <1.78 53 4.93 3.64 4.28
9.25−9.5 1.78−3.16 95 4.69 3.08 3.89
9.5−9.75 3.16−5.62 114 3.22 3.32 3.27
>9.75 >5.62 111 2.21 4.40 3.30

Table 5. E values of the radius valley for different stellar metallicities. Eavg =
(ESN + ESE)/2.

[Fe/H] Nplanets ESN ESE Eavg

<0.06 181 4.10 2.20 3.15
≥0.06 194 3.28 2.78 3.03
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To investigate the reason for observing a deeper valley than F18,
e compare the 211 planets common in both our sample and the
ltered sample of F18. To investigate the role of transit fitting, we
onvert all our Rp/R� into Rp using R� from F18 (even when V18
alues are available). The results are shown in Fig. 15, which
ompares the same planets with the same stellar parameters but
ifferent transit fitting. We observe that in this case, the Rp of
6 (27 per cent) and 24 (11 per cent) planets change by >2σ and
3σ , respectively, compared to the values reported in F18. We find

or this common planetary sample, for our planetary parameters,
SN = 3.63+1.02

−0.70, ESE = 2.95+0.86
−0.63, giving Eavg = 3.29+0.91

−0.59, whereas
or parameters from F18, ESN = 2.40+0.59

−0.47, ESE = 1.93+0.49
−0.39, giving

avg = 2.18+0.49
−0.42. These findings suggest that our updated transit

ttings are directly responsible for deepening (although not fully
mptying) the radius valley.

A deeper radius valley is associated with a more homogeneous
lanet core composition. For example, in photoevaporation models,
he radius valley position is dependent on the mass of the planet core
Mc), and the density of a 1M⊕ core of a particular core composition
ρM⊕ ), as

valley ∝ ρ
−1/3
M⊕ M1/4

c . (18)
ence, if Rvalley is known, and the planets’ mean masses are known,
he planetary core compositions could be deduced (Owen & Wu
017).
Using the above relation, if the planetary cores were icy at

ormation, the radius valley would be located at a higher planetary
adius than if the cores were rocky/terrestrial at formation. Hence,
f the planetary cores are of mixed composition, a superposition of
he two models would be predicted, and we would expect the radius
alley to be smeared and less distinct, as each type of planet would
ave its own ‘radius valley’ at a different location (Owen & Wu 2017).
ur deep radius valley found in this work implies the opposite case,
here the planetary cores are more similar in composition. In this

cenario, planets inside the valley may have a different (e.g. icy)
omposition.

Owen & Wu (2017) compared their models to observations, and
ound that the planet compositions are more likely to be Earth-
ike (i.e. rocky), but that the apparent shallowness of the valley
uggested a wide distribution of iron fractions (fFe) in their cores,
s planets with a single value iron fraction (fFe = 0.5) produces
deeper valley compared to planets with a uniform distribution

fFe ∈ [0, 1]). Comparing our finding of a deeper valley to models in
wen & Wu (2017) would indicate that the planet compositions are
ore likely to have similar iron fractions with a narrower spread.
Similarly, in the core-powered mass-loss model, the location of

he radius valley scales as

valley ∝ ρ−4/9
c (19)

here ρc is the planet core density (Gupta & Schlichting 2019).
he same reasoning as the photoevaporation case then applies: given

he larger ρc for icy cores, planets with homogeneous icy cores
ill produce a radius valley at larger planetary radii compared to

ocky/terrestrial cores, implying that the radius valley would be
meared if planetary cores are of inhomogeneous compositions. Our
eep radius valley supports the opposite case, i.e. a similar planetary
ore composition.

Fig. 16 shows the stellar parameter distributions for the planet host
tars in the three planet samples, and the mean and median values are
isted in Table 9. We notice a similar stellar parameter range between
his work and F18; however, the stars in V18 are brighter, have a
arger mean radius and mass, and higher effective temperature. This
s likely due to V18 selecting stars which display strong asteroseismic
MNRAS 519, 4056–4073 (2023)
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Table 6. Slope of the radius valley on the radius–period plane from various sources.

Source m = dlog Rp/dlog P Stellar type

Observations This work −0.11+0.02
−0.02 FGK

V18 −0.09+0.02
−0.04 FGK

Martinez et al. (2019) −0.11+0.02
−0.02 FGK

MacDonald (2019) −0.319+0.088
−0.116 FGK

Cloutier & Menou (2020) 0.058+0.022
−0.022 M

Van Eylen et al. (2021) −0.11+0.05
−0.04 M

Petigura et al. (2022) −0.11+0.02
−0.02 FGKM

Luque & Pallé (2022) −0.02+0.05
−0.05 M

Source m = dlog Rp/dlog P Model

Theory Owen & Wu (2017) −0.25 ≤ m ≤ −0.16 Photoevaporation
Lopez & Rice (2018) −0.09 Photoevaporation

0.11 Gas-poor formation
Gupta & Schlichting (2019) −0.11 Core-powered mass-loss

Rogers et al. (2021) −0.16 Photoevaporation
−0.11 Core-powered mass-loss

Figure 11. Radius valley position for planets with host star mass M� < 1 M� (left-hand panel), and M� ≥ 1 M� (right-hand panel). For M� < 1 M�,
m = −0.11+0.02

−0.07, and c = 0.35+0.05
−0.02; for M� ≥ 1 M�, m = −0.07+0.02

−0.04, and c = 0.35+0.03
−0.02. The green and blue points show planets above and below the radius

valley, respectively. The grey-shaded region represents the ±1σ uncertainty in the radius valley position determined with bootstrapping.

Table 7. Same as Table 6, but for the radius valley slope on the radius-incident-flux plane.

Source m = dlog Rp/dlog S Stellar type

Observations This work 0.07+0.02
−0.01 FGK

Martinez et al. (2019) 0.12 ± 0.02 FGK
Cloutier & Menou (2020) −0.060 ± 0.025 M

Petigura et al. (2022) 0.06 ± 0.01 FGKM
Luque & Pallé (2022) 0.02 ± 0.02 M
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ignals, which usually are brighter and larger stars. This observation
ay indicate that the radius valley of such stars are emptier; however,

he details are left for future studies.
Despite our new results revealing that the radius valley deepens

y refitting planets with 1-min short cadence light curves, it is still
ncertain whether the difference between results from this work and
18 is solely due to the cadence in transit data used, as different
NRAS 519, 4056–4073 (2023)
ethods are used in the transit fitting process. Mullally et al. (2015)
tted planets using the method described in Rowe et al. (2014),
hich first fits a multiplanet transit model to the light curves, with
xed limb-darkening parameters from Claret & Bloemen (2011),
nd subsequently fitting for each planet in a system independently
y removing photometric contributions of other planets based on the
arameters from the multiplanet fit. In our work, we fit planets in
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Table 8. Same as Table 6, but for the radius valley slope on the radius–stellar–mass plane.

Source m = dlog Rp/dlog M� Stellar type

Observations This work 0.23+0.09
−0.08 FGK

Berger et al. (2020) 0.26+0.21
−0.16 FGKM

Petigura et al. (2022) 0.18+0.08
−0.07 FGKM

Luque & Pallé (2022) 0.08+0.12
−0.12 M

Source m = dlog Rp/dlog M� Model

Theory Gupta & Schlichting (2020) 0.33 Core-powered mass-loss
Rogers et al. (2021) 0.29 Photoevaporation

0.32 Core-powered mass-loss

Figure 12. Posterior distributions of the radius valley location dependence
with respect to orbital period at constant stellar mass

(
∂log Rp/∂log P

)
M�

,
and stellar mass at constant orbital period (∂log Rp/∂log M�)P. The dark- and
light-coloured shades represent the 1σ and 2σ uncertainties, respectively.
The theoretical models of photoevaporation and core-powered mass-loss are
taken from Van Eylen et al. (2021).

Figure 13. Same as Fig. 12, but for
(
∂log Rp/∂log S

)
M�

and
(∂log Rp/∂log M�)S.
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ultiplanet systems simultaneously, such that each system shares
he same stellar parameters, including limb-darkening parameters
nd stellar density. Mullally et al. (2015) assumed a circular orbit
hen performing the transit fits. On the contrary, we leave orbital

ccentricity e as a free parameter, and place a prior on e based on
he expected distribution from Van Eylen et al. (2019) and the stellar
ensity ρ� from F18. However, most of the planets in our sample have
ear-circular orbits, with over 85 per cent of planets having e < 0.1.
herefore planetary orbital eccentricity is not sufficient to explain the
ifference between the two results. The possible presence of TTVs
lso does not contribute to the discrepancy as planets with known
TVs are excluded in our like-for-like planet comparisons. In fact,
hen fitting transits using identical methods, precisions in Rp/R�

btained from fitting transit light curves of shorter cadences have
een found to substantially improve, compared to 30-min cadence
ight curves (Camero, Ho & Van Eylen, in preparation). We therefore
xpect the photometry cadence to contribute significantly to the
ifference in the views of the radius valley. Further work, such as
efitting the long cadence data of the same planet population with
dentical transit fitting methods, is needed to further investigate the
ffect of light curve cadence on planet parameter estimates and the
adius valley. We leave such considerations for future studies.

.4 Radius valley relation with stellar age consistent with
ore-powered mass-loss model

n Section 3.5, we present a positive relationship between the radius
alley location and stellar age. Photoevaporation is predicted to
ccur in the first 100 Myr of the planet’s formation (Owen & Wu
017), well before observations are able to detect the evolution
ignals, whereas core-powered mass-loss occurs throughout the
ain-sequence lifetime of the stars, on Gyr time-scales (Ginzburg,
chlichting & Sari 2016; Gupta & Schlichting 2019, 2020). Hence, in

he photoevaporation case, the radius valley is expected to be located
t a constant radius. On the other hand, in the core-powered mass-loss
ase, the radius valley shifts to higher planet radii for older systems,
s the atmospheres of planets with more massive cores are stripped
ff later in the evolution process than their less-massive counterparts
e.g. David et al. 2021; Rogers & Owen 2021).

Our results reveal a weak positive radius valley dependence on
he stellar age, which is consistent with the core-powered mass-loss
cenario, as is the observed radius valley dependence on stellar mass
s discussed in Section 4.2. However, a small age dependence does
ot preclude photoevaporation, since even in this scenario a subset
f planets may still lose their atmospheres and evolve at Gyr time-
cales (David et al. 2021; Rogers et al. 2021), and we are unable to
bserve stars younger than 100 Myr and hence cannot rule out the
MNRAS 519, 4056–4073 (2023)
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Figure 14. Histogram of planet radii, adjusted to P = 10 d for the planetary population in this work (left-hand panel, identical to Fig. 4), F18 (centre panel), and
V18 (right-hand panel). Planets in this work and F18 are shifted according to the slope defined in Section 3.2 with the SVM (i.e. −0.11+0.02

−0.02), whereas planets

in V18 are shifted according to the slope found in V18 (i.e. m = −0.09+0.02
−0.04). The E metrics defining the average peak-to-valley ratio are 2.98+0.60

−0.47, 2.14+0.26
−0.21,

and 6.05+3.87
−2.14, respectively.

Figure 15. Left-hand panel: radius-period plot of the 211 planets common to this work (blue) and F18 (red), using the same stellar radii to calculate planetary
radii. Right-hand panel: same as Fig. 14, but the planetary population is filtered to the 211 common planets in both samples. Planets in both samples are adjusted
to equivalent radii at P = 10 d according to the slope calculated in Section 3.2 with the SVM. The red and blue histograms are produced with the parameters
obtained from F18 and this work, respectively. The histograms and fitting with the Gaussian mixture model show that the observed valley is deeper in this work.
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ossibility of a dominant photoevaporation effect on planets at the
arly stages of the stars’ lifetime. Also, stellar age measurements are
ighly uncertain; the mean percentage uncertainty in stellar age for
ur sample is 54 per cent, hence there is also a probability that some
tars are younger than observed.

Table 10 lists the 50 planets located inside the radius valley in our
ample. To do so, we here defined the new radius valley region as the
rea bounded by the two lines passing through the supporting vectors
n the 4D SVM model in Section 3.5, given by equation (15) with
= −0.096, B = 0.231, C = 0.033, Dlower = 0.272 for the lower line,

nd Dupper = 0.405 for the upper line. These planets are potentially
nteresting for future characterization study as their atmospheres and
nteriors may provide additional insights regarding formation and
volution mechanisms.
NRAS 519, 4056–4073 (2023)

m

.5 Radius valley depth varies with stellar metallicity

n Section 3.6, we show a higher average E value (i.e. a deeper radius
alley) for planets around metal-poor stars. This seems to contradict
he suggestion that the radius valley is deeper for planets around

etal-rich stars (Owen & Murray-Clay 2018). However, we note
rom Fig. 17, that in our sample, the metal-rich host stars span a
ider range of stellar masses, due to lack of metal-poor stars with

arge radii. As from Section 3.4, we observe that the radius valley
epends on stellar mass as well, the superposition of the radius valley
or different stellar masses potentially smears the gap, making the
adius valley appear shallower.

The degeneracy between stellar mass and metallicity is not fully
esolved, hence we are unable to determine the sole effect of stellar
etallicity on the radius valley in this work. We therefore consider
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Figure 16. Distribution of host stars parameters in our work, compared with F18 and V18. The properties shown here, from the top left- to the bottom
right-hand panel, are stellar radius R�, mass M�, Kepler magnitude Ksmag, and effective temperature Teff. For systems with multiple transiting planets, stars
are counted multiple times.

Table 9. Average values of stellar properties of the host stars in the planetary sample used in
this work, compared with F18 and V18. x̄ and x̃ represent the mean and median values of the
parameter x, respectively.

Sample R̄� (R�) R̃� (R�) M̄� (M�) M̃� (M�) ¯Ksmag ˜Ksmag ¯Teff (K) ˜Teff (K)

This work 1.08 0.99 0.98 0.95 12.27 12.31 5587 5630
F18 1.23 1.19 1.04 1.03 11.72 11.97 5788 5860
V18 1.50 1.45 1.14 1.14 11.49 11.57 5980 5952
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he results related to metallicity to be inconclusive and in need of
urther future study.

C O N C L U S I O N

n summary, we performed transit light curve fitting on 431 planets
sing Kepler 1-min short cadence data, the vast majority of which
ave not been previously analysed homogeneously using short
adence observations. In this paper, we presented their revised
lanetary parameters, which in some cases differ substantially from
hose previously reported. These differences are unrelated to stellar
arameters but may be related to the details of the transit-fitting
pproach or the shorter observing cadence, the effects of which
hould be disentangled in future studies.

By statistically analysing the small close-in planets in our sample,
e observed a radius valley, which is deeper than that reported in

everal other studies, although not entirely empty. The valley’s depth
ikely implies a homogeneous initial planetary core composition
here the planets are similar in composition at formation, and likely

o have similar iron fractions. We provide a table of those planets
hat appear to be inside the valley, as they may warrant further
tudy.

The radius valley has a strong dependence on planetary orbital
eriod and the mass of the host star. It also displays a weak
ependence on the stellar age. We compared several possible radius
alley models using SVMs. We determined that the radius valley can
MNRAS 519, 4056–4073 (2023)
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Table 10. List of planets inside the radius valley as defined by this work. The coordinates (RA and Dec.) are taken from Kepler Q1-17 DR 25 catalogue
(Thompson et al. 2018), except for K02533.03, where data are taken from Kepler Q1-16 catalogue (Mullally et al. 2015).

KOI Kepler name P (d) t0 (BJD-2454833) Rp/R� Rp (R⊕) RA (o) Dec. (o)

K00049.01 Kepler-461 b 8.313 784 ± 0.000 015 175.9915 ± 0.0008 0.0287 ± 0.0010 4.03+0.17
−0.17 292.249 02 46.164 822

K00070.03 Kepler-20 A d 77.611 598 ± 0.00 0019 164.7274 ± 0.0005 0.0263 ± 0.0003 2.52+0.07
−0.07 287.698 42.338 718

K00092.01 KOI-92.01 65.704 594 ± 0.000 018 137.4419 ± 0.0005 0.0263 ± 0.0006 3.02+0.11
−0.11 283.374 82 43.788 219

K00094.02 Kepler-89 A c 10.423 684 ± 0.000 005 138.0092 ± 0.0005 0.0266 ± 0.0006 3.97+0.13
−0.13 297.333 07 41.891 121

K00105.01 Kepler-463 b 8.981 015 ± 0.000 002 136.6493 ± 0.0005 0.0313 ± 0.0004 3.65+0.11
−0.10 298.937 04 44.857 91

K00107.01 Kepler-464 b 7.256 964 ± 0.000 011 134.0232 ± 0.0007 0.0198 ± 0.0004 3.46+0.11
−0.11 294.835 17 48.982 361

K00108.01 Kepler-103 b 15.965 333 ± 0.000 013 142.1780 ± 0.0006 0.0221 ± 0.0002 3.49+0.04
−0.04 288.984 56 40.064 529

K00111.03 Kepler-104 A d 51.755 294 ± 0.000 018 271.0894 ± 0.0005 0.0232 ± 0.0003 2.66+0.07
−0.07 287.604 61 42.166 779

K00122.01 Kepler-95 b 11.523 073 ± 0.000 005 131.9686 ± 0.0004 0.0205 ± 0.0002 3.24+0.10
−0.10 284.482 45 44.398 041

K00157.02 Kepler-11 d 22.687159 ± 0.000 014 148.4549 ± 0.0006 0.0282 ± 0.0006 3.34+0.11
−0.10 297.115 11 41.909 142

K00174.01 Kepler-482 b 56.354185 ± 0.000 019 144.8366 ± 0.0007 0.0339 ± 0.0013 2.92+0.14
−0.14 296.822 91 48.107 552

K00238.01 Kepler-123 b 17.232 309 ± 0.000 018 135.0923 ± 0.0008 0.0223 ± 0.0006 3.21+0.13
−0.13 296.998 63 42.781 96

K00285.01 Kepler-92 b 13.748 833 ± 0.000 015 179.2788 ± 0.0007 0.0198 ± 0.0003 3.71+0.06
−0.06 289.086 06 41.562 958

K00317.01 Kepler-521 b 22.208 119 ± 0.000 015 206.3592 ± 0.0006 0.0207 ± 0.0003 3.69+0.11
−0.11 298.816 38 43.998 039

K00351.03 Kepler-90 d 59.737 034 ± 0.000 020 158.9612 ± 0.0009 0.0217 ± 0.0006 2.80+0.11
−0.11 284.4335 49.305 161

K00351.04 Kepler-90 e 91.940 461 ± 0.000 020 134.2987 ± 0.0010 0.0198 ± 0.0007 2.56+0.11
−0.11 284.4335 49.305161

K00386.01 Kepler-146 b 31.158 789 ± 0.000 019 173.9038 ± 0.0009 0.0297 ± 0.0007 3.30+0.12
−0.12 294.110 75 38.710 232

K00386.02 Kepler-146 c 76.732 517 ± 0.000 020 200.6716 ± 0.0010 0.0258 ± 0.0013 2.87+0.16
−0.16 294.110 75 38.710 232

K00408.01 Kepler-150 c 7.381 981 ± 0.000 007 173.0729 ± 0.0008 0.0355 ± 0.0005 3.34+0.12
−0.12 288.2341 40.520 901

K00416.01 Kepler-152 b 18.207 957 ± 0.000 015 185.8427 ± 0.0006 0.0383 ± 0.0006 3.12+0.10
−0.09 286.865 48 41.989 079

K00435.05 Kepler-154 c 62.302 788 ± 0.000 020 179.0982 ± 0.0010 0.0266 ± 0.0010 3.04+0.15
−0.15 289.780 52 49.896 53

K00509.02 Kepler-171 c 11.463 477 ± 0.000 013 137.3859 ± 0.0008 0.0328 ± 0.0008 3.30+0.15
−0.14 296.771 91 41.755 539

K00510.04 Kepler-172 e 35.118 523 ± 0.000 020 152.1229 ± 0.0010 0.0248 ± 0.0021 2.82+0.26
−0.26 283.368 41 41.821 861

K00555.02 Kepler-598 c 86.494 779 ± 0.000 020 181.8831 ± 0.0009 0.0272 ± 0.0008 2.51+0.10
−0.10 293.123 41 40.934 769

K00665.01 Kepler-207 d 5.868 083 ± 0.000 009 170.3244 ± 0.0009 0.0202 ± 0.0004 3.69+0.11
−0.11 290.030 52 42.166 05

K00707.02 Kepler-33 f 41.028 059 ± 0.000 019 172.5788 ± 0.0009 0.0207 ± 0.0004 3.64+0.13
−0.13 289.077 55 46.005 219

K00707.03 Kepler-33 e 31.784 774 ± 0.000 020 135.8721 ± 0.0009 0.0188 ± 0.0005 3.30+0.12
−0.12 289.077 55 46.005 219

K00708.01 Kepler-216 c 17.406 653 ± 0.000 017 171.0063 ± 0.0008 0.0230 ± 0.0006 3.88+0.14
−0.14 293.728 06 46.12915

K00711.01 Kepler-218 c 44.699 505 ± 0.000 020 174.8232 ± 0.0008 0.0272 ± 0.0007 3.07+0.11
−0.11 295.412 81 46.266 472

K00800.02 Kepler-234 c 7.212 030 ± 0.000 017 172.8172 ± 0.0009 0.0283 ± 0.0012 3.61+0.28
−0.26 291.653 53 38.494 659

K00834.02 Kepler-238 d 13.233 546 ± 0.000 019 140.3211 ± 0.0010 0.0197 ± 0.0005 3.37+0.19
−0.18 287.897 13 40.637 821

K00834.05 Kepler-238 f 50.447 315 ± 0.000 020 178.4929 ± 0.0010 0.0203 ± 0.0009 3.48+0.23
−0.22 287.89713 40.637 821

K00881.01 Kepler-712 b 21.022 471 ± 0.000 017 207.6765 ± 0.0007 0.0391 ± 0.0008 3.14+0.18
−0.17 294.909 73 42.935 261

K00907.04 Kepler-251 e 99.640 965 ± 0.000 021 198.6899 ± 0.0009 0.0320 ± 0.0017 2.82+0.19
−0.19 296.566 22 44.105 862

K00921.02 Kepler-253 d 18.119 898 ± 0.000 018 182.6165 ± 0.0008 0.0346 ± 0.0011 3.01+0.16
−0.15 291.841 98 44.858 089

K00934.01 Kepler-254 b 5.826 654 ± 0.000 006 173.0110 ± 0.0009 0.0368 ± 0.0011 3.62+0.26
−0.24 288.1647 45.816 509

K00941.01 Kepler-257 c 6.581 482 ± 0.000 009 174.7876 ± 0.0009 0.0429 ± 0.0009 3.75+0.15
−0.15 297.315 98 46.023 258

K00954.02 Kepler-259 c 36.924 954 ± 0.000 019 174.2245 ± 0.0010 0.0291 ± 0.0017 2.85+0.19
−0.19 288.211 94 46.615 002

K01001.01 Kepler-264 b 40.806 846 ± 0.000 020 155.7126 ± 0.0009 0.0159 ± 0.0003 3.39+0.12
−0.12 292.044 62 37.376 24

K01198.01 Kepler-275 c 16.088 329 ± 0.000 018 139.4928 ± 0.0010 0.0232 ± 0.0011 3.55+0.31
−0.29 292.479 71 38.514 919

K01215.02 Kepler-277 c 33.006 310 ± 0.000 020 145.3914 ± 0.0010 0.0161 ± 0.0008 3.04+0.17
−0.17 286.583 16 39.077 202

K01270.01 Kepler-57 b 5.729 326 ± 0.000 005 138.5598 ± 0.0009 0.0356 ± 0.0024 3.16+0.24
−0.24 293.6413 44.657 04

K01486.02 Kepler-302 b 30.183 689 ± 0.000 018 146.6480 ± 0.0009 0.0286 ± 0.0011 3.27+0.21
−0.20 294.316 99 43.629 341

K01563.04 Kepler-305 d 16.738 655 ± 0.000 019 359.4178 ± 0.0009 0.0338 ± 0.0022 2.84+0.22
−0.22 299.224 33 40.343182

K01598.01 Kepler-310 c 56.476 167 ± 0.000 019 143.8052 ± 0.0008 0.0301 ± 0.0007 2.75+0.10
−0.10 288.839 36 46.986 74

K02051.01 Kepler-355 c 25.762 459 ± 0.000 020 147.7050 ± 0.0009 0.0230 ± 0.0010 2.95+0.18
−0.17 285.799 47 42.811 779

K02390.01 Kepler-1219 b 16.104 672 ± 0.000 020 135.0156 ± 0.0010 0.0120 ± 0.0011 3.51+0.46
−0.46 297.215 79 47.378 521

K02414.02 Kepler-384 c 45.348 527 ± 0.000 020 142.2527 ± 0.0010 0.0157 ± 0.0012 2.78+0.22
−0.22 286.026 12 44.782 871

K02533.03 KOI-2533.03 26.115 290 ± 0.000 019 145.5642 ± 0.0010 0.0122 ± 0.0011 4.01+0.38
−0.38 286.715 64 48.645 279

K02639.01 KOI-2639.01 25.108 060 ± 0.000 020 146.4407 ± 0.0010 0.0191 ± 0.0083 3.69+1.63
−1.62 285.365 17 49.201 561
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Figure 17. Metallicity and mass of the host stars are used in this work. The
grey-dotted line [Fe/H] =0.06 shows the cut-off between stars of low and
high metallicity as defined in this work. We note a lack of stars with low
metallicity and large stellar mass.
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est be described in four dimensions using the formula

p,valley ∝ P AMB
� (age)C (20)

ith A = −0.096+0.023
−0.027, B = 0.231+0.053

−0.064, and C = 0.033+0.017
−0.025.

Comparing our radius valley dependencies with theoretical mod-
ls, we found that in Rp–S–M� space, our posterior distributions
re most consistent with core-powered mass-loss, where they agree
ithin less than 1σ . The models are also consistent with photoevap-
ration scenarios at ≈2σ . We did not find a significant dependence
f the radius valley on stellar metallicity.
With the Transiting Exoplanet Survey Satellite (e.g. Ricker et al.

015) now in its extended mission, and the upcoming launch of the
LAnetary Transits and Oscillations of stars mission (e.g. Rauer
t al. 2014), such future planetary studies could drastically increase
he number of planets with radii measurements and hence provide an
ven more detailed view of the radius valley. This work highlights
he impact of careful transit fitting using short, 1-min cadence
bservations to obtain precise planetary radii. This will likely be
f key importance to derive precise planetary radii using transit
bservations from ongoing and future missions, which will ultimately
llow us to better understand the formation and evolution of small
lose-in planets.
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Table A3. Transit jitter and GP parameters from transit fitting of planetary
systems in this work. Only the first 10 systems are shown here; the full table
is available online in a machine-readable format.

KOI log σ lc log σ gp log ρgp

41 −8.4379 ± 0.0016 −9.5822 ± 0.0105 −4.5121 ± 0.0335
46 −7.1119 ± 0.0037 −9.1794 ± 0.1025 −4.3449 ± 0.2492
49 −7.3268 ± 0.0044 −8.8595 ± 0.0680 −1.2568 ± 0.1547
69 −8.9861 ± 0.0019 −10.1248 ± 0.0133 −4.8968 ± 0.0382
70 −7.7689 ± 0.0012 −9.4665 ± 0.0150 −3.7110 ± 0.0415
72 −8.4175 ± 0.0053 −9.6473 ± 0.0392 −4.0440 ± 0.1139
82 −8.1671 ± 0.0018 −8.6193 ± 0.0116 −3.2278 ± 0.0240
85 0.0000 ± 0.0000 0.0000 ± 0.0000 0.0000 ± 0.0000
92 −8.1505 ± 0.0062 −9.8036 ± 0.0880 −3.9919 ± 0.2448
94 −7.8819 ± 0.0017 −9.8028 ± 0.0308 −2.9898 ± 0.1183
... ... ... ...
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