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Abstract

The discovery of hot Jupiters has challenged the classical planet formation theory.
Although various formation mechanisms have been proposed, the dominant chan-
nel and relative contributions remain unclear. Furthermore, hot Jupiters offer a
unique opportunity to test tidal theory and measure the fundamental tidal qual-
ity factor Q;, which is yet to be well-constrained. In this work, based on a hot
Jupiter sample around single Sun-like stars with kinematic properties, we find
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that the declining trend of their frequency is broken with a ridge at ~ 2 Gyr,
providing direct evidence that hot Jupiters are formed with multiple origins of
different timescales. By fitting with the theoretical expectations, we provide a
constraint of log Q; ~ 5.7fg:§ for Sun-like stars, which aligns well with the
detected number of hot Jupiters with orbital decay. Moreover, we simultaneously
constrain the relative importance of different channels: although the majority of
hot Jupiters are formed early, within several tenths of Gyr via ‘Early’ models
(e.g., in-situ formation, disk migration, planet-planet scattering and Kozai-Lidov
interaction), a significant portion (381_13%) should be formed late on a rela-
tively long timescale extending up to several Gyr mainly via the secular chaos
mechanism, further supported by the obliquity distribution of ‘late-arrived’ hot
Jupiters. Our findings provide a unified framework that reconciles hot Jupiter
demographics and long-term evolution with multichannel formation.

Keywords: exoplanet, planet formation, planetary dynamics

The discovery and peculiarities of hot Jupiters present significant challenges to the
classical planet formation theories based on our Solar system [1, 2]. To explain the
origin of hot Jupiters, previous studies have proposed various models, e.g., in-situ for-
mation [3, 4], disk migration [5, 6] and high-eccentricity migration [7-11]. However,
none of these models alone can satisfactorily explain all the observational evidence,
and the origin of hot Jupiters remains puzzling (see the review by [2]). An outstand-
ing question is: what is the predominant channel and how much do different models
contribute to the formation of hot Jupiters?

Furthermore, as hot Jupiters are close to the host stars, their orbits are expected to
decay with age due to tidal interaction [12, 13]. Previous studies have looked for obser-
vational evidence for the tidal decays from individual [14-16] and ensemble properties
of hot Jupiters [12, 17-20] as well as the properties (e.g., age, spin-up) of their host
stars [19, 21-24]. However, the derived stellar modified tidal quality factor Q. from dif-
ferent works vary by several orders of magnitude [12, 14, 15, 17-19, 25], ranging from
~ 10* — 10° (Extended Data Tab. 1). Therefore, obtaining a well-constrained stellar
tidal quality factor is vital to resolve this discrepancy and to achieve a fundamental
understanding of tidal phenomena.

The age-frequency relationship of hot Jupiters offers novel insights into their origin
and tidal evolution. Specifically, different formation mechanisms operate on timescales
ranging from millions to billions of years [2], resulting in distinct arrival time distri-
butions. After hot Jupiters arrive at < 0.1 AU and have been largely circularized, the
orbits of hot Jupiters are expected to decay under tidal forces, with the decay rate
primarily determined by Q; [12, 13]. Some of them will eventually pass into the Roche
limit and be disrupted within the lifetime of their host stars [13, 21]. Consequently,
hot Jupiters formed through different origin models, under the tidal forces of stars
with varying Q;, will exhibit distinct evolutionary patterns over time.

Based on the kinematic method for estimating age and a sample of hot Jupiters
with kinematic properties, in a previous study [21], we derived the age-frequency
relation and revealed a generally declining trend using a mathematical exponential



function. In this work, we perform detailed analyses of the age-frequency trend and
focus on the physical interpretation of the observational results by quantitatively fit-
ting with the theoretical expectations of the tidal evolution of hot Jupiters originating
from different channels. This not only allows us to obtain a precise constraint on the
stellar tidal quality factor but also enables the determination of the relative importance
of different models in forming hot Jupiters across varying timescales.

Sample selection

Our work builds upon the planetary sample selected and the stellar parent sample
constructed in our previous study [for details, see the § 1 and 3 of Supporting infor-
mation of 21]. The planetary sample was collected from the kinematic catalogs of the
Planets Across Space and Time series [PAST; 26, 27] and composed of giant plan-
ets orbiting single Sun-like stars in the Galactic disks, which was further divided into
three subsamples based on the discovery method and facility, i.e., radial velocity (RV),
space-based transit (ST), and ground-based transit (GT). In this work, we further
expand the GT subsample by utilizing the Gaia DR2 catalog. The final sample con-
sists of 123 hot Jupiters (17 RV, 14 ST and 92 GT) and 936,815 (1662 RV, 19,228 ST
and 915,925 GT) parent stars (Methods, § 1.1).

Analyses and Results
A broken Age-frequency relation of hot Jupiters

We derive a ‘combined’ frequency of hot Jupiters Fyj (i.e., also termed as ’occurrence’,
defined as the fraction of stars with a hot Jupiter) as a function of kinematic age by
jointly using the data from the three subsamples discovered by different methods/fa-
cilities (Methods, § 1.2). The detection efficiencies and geometric effects are corrected
with the same procedures described in § 3 of Supporting information of [21]. As can be
seen in the top panel of Figure 1, Fiy; generally declines with increasing age (Methods,
§ 1.3.1), which is consistent with previous studies [21, 22].

Beyond the generally declining trend, there are some more intriguing characteris-
tics: a ridge occurs at ~ 2 Gyr, and the declining trend of Fyy is mild in the early
stage, but becomes steeper in the late stage. To evaluate the existence of the ridge, we
adopt the findpeaks function from from the scipy.signal module and returns a ridge at
1.94;"8:;% Gyr. We also resample the observation data (e.g., kinematic ages, observed
number of planets and stars, detection efficiencies, geometric effects) for 10,000 times
from their uncertainties and perform the sequences and reversals test to the resam-
pled data. In 9,608 out of 10,000 instances, a ridge was observed, corresponding to
a confidence level of 96.08%. Moreover, on the two sides of the ridge, the decline
trend in the late stage is steeper with a smaller exponential index (exponential index
v = —0.187057) compared to the early stage (y = —0.077039) with a confidence level
of 94.10% (see (Methods, § 1.3.2). It is worth noting that the kinematic age represents
the average age of a group of stars and the uncertainty denotes the uncertainty of
the average age rather than the width of true age distribution. To further verify the
above result, we also consider a Kepler sample of single Sun-like stars with reliable
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Fig. 1 The observed age-frequency relation of hot Jupiters. Frequency of hot Jupiters as a
function of kinematic age for the entire hot Jupiter sample (Top), and separately for the two pop-
ulations: ‘late-arrived’ (Middle) and ‘early-arrived’ (Bottom). The vertical and horizontal errorbars
represent the uncertainties of Frequencies of hot Jupiters and kinematic ages, respectively.

individual age estimations from gyrochronology and isochrone fitting and find a bro-
ken declining trend of Fy; with a ridge at ~ 2 Gyr (Figure S11), which is generally
consistent with the kinematic results. We also investigate the impact of age uncer-
tainty on the frequency—age relation and demonstrate that it is insufficient to produce
a broken relation as prominent as the observation (Figure S17-S18). These features
are not anticipated from the tidal decay of hot Jupiters’ orbits if they all formed at a



very early stage after the stars have formed, and thus suggest that some hot Jupiters
may have formed later.

Two hot Jupiter populations with different arrival timescales

To demonstrate the above inference, we further categorize the hot Jupiter sample into
two distinct populations. Specifically, 54 hot Jupiters with tidal evolution timescales
smaller than the ages of host stars at 2-0 confidence are selected as ‘late-arrived’
because if they had reached their current orbits soon after stars formed, they would
have been tidally disrupted/circularized. The Q; value used here comes from the
best-fits obtained by comparing the observational age-frequency relation with the-
oretical predictions (as discussed later). The other 69 hot Jupiters are selected as
‘early-arrived’. We then derive the frequencies of the two populations as a function of
kinematic age (Methods, § 1.3.3). As shown in the middle panel of Figure 1, the fre-
quency of the ‘late-arrived’ population first increases (v = 0.44f8:3‘15, confidence level
of 96.37%) and then decreases (y = —0.11700%, confidence level of 97.83%), natu-
rally forming a ridge at ~ 2 Gyr with a confidence level of 99.87%. After removing
the contribution of the ‘late-arrived’ population, the ridge at ~ 2 Gyr disappears and
the declining trends of the remaining ‘early-arrived’ population in the early and late
stages become nearly identical (middle panel of Figure 1). The above results are based
on the combined analysis of the three subsamples. For further validation, we also per-
formed the analyses of the temporal evolution using the three subsamples separately,
which show similar results though the uncertainties are larger due to the reduced sam-
ple sizes (Figure S5, S7, and S9). The above results demonstrate that the local ridge
and the broken pattern of Fyj are caused by the ‘late-arrived’ population, providing
direct evidence that the hot Jupiters do not have a single origin. As shown below,
we interpret them as the tidal evolution of hot Jupiters that formed through different
mechanisms on different timescales.

Constraints on the formation and tidal evolution

Various mechanisms have been proposed to explain the origin of hot Jupiters [2].
Considering formation timescales as well as age uncertainties (2 tenth of Gyr), in
this work, these mechanisms are divided into two categories: ‘Early’ model and ‘Late’
model (Methods, § 2.1). For the ‘Early’ model, most hot Jupiters form within about
several tenths of Gyr via in-situ formation [3, 4], disk migration [5, 6], planet-planet
scattering[7] /Kozai [9]/coplanar secular [11]. Whereas, for ‘Late’ model, hot Jupiters
are delivered to < 0.1 AU on a long timescale up to several Gyrs. Although the planet-
star Kozai mechanism can potentially deliver hot Jupiters over Gyr [8, 28], we do not
consider it as the main channel for the following reasons: (1) the fraction of binary
companions capable of inducing Kozai-Lidov oscillations is < 16%+5%, and the upper
limit will further decrease to 6% +2% assuming an isotropic distribution for the stellar
companion inclinations [29]; (2) the typical timescales for planet-star Kozai cycles are
predominantly (99.71%) less than 1 Gyr (Extended Data Fig. 1); (3) potential binaries
have been largely excluded in our sample. Instead, secular chaos can be a promising
candidate for the ‘Late’ model, serving as a robust mechanism consistently capable of
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Fig. 2 Fitting the observed age-frequency relation of hot Jupiters with a hybrid model.
Left panel: The frequency of hot Jupiters Fiyy as a function of age. The observation data is plotted
as solid black points and line segments denote the 1-o interval. The solid line denotes best-fit of the
hybrid model with 38% hot Jupiter contributed from the ‘Late’ model (red dashed) and 62% from the

‘Early’ models (blue dashed). Right panel: Relative likelihood in logarithm as a function of Q; and
fLate- The blue, green, and red lines indicate the boundary of the 1-0, 2-0, and 3-0 confidence levels.

producing hot Jupiters around single stars over Gyr timescales. Previous numerical
studies have predicted the formation rate of hot Jupiters through secular chaos as a
function of stellar age [30]. We also compared the arrival timescales of the secular chaos
model with the estimated arrival timescales of the observed‘late-arrived’ population,
which are statistically consistent (with KS p—value of 0.3499) after considering the
impact of selection criteria (Extended Data Fig. 2). In the following, we test the secular
chaos mechanism as the ‘Late’ model.

Under the tidal forces of host stars, the temporal evolution of the frequency of
hot Jupiters Fyj from different formation models varies significantly (Methods, § 2.2-
2.3). Specifically, Fy; will decrease for the ‘Early’ model (cyan line of Extended Data
Fig. 3). Whereas, for the ‘Late’ model, Fizy will follow an increasing-decreasing curve
(orange line of Extended Data Fig. 3) and the turning point is around ~ 2 Gyr for a
typical stellar tidal quality factor (~ 10°—107). The expectations of the ‘Early’ model
and ‘Late’ model coincide well with the observational features of the ‘early-arrived’
and ‘late-arrived’ hot Jupiter populations, respectively (middle and bottom panels of
Figure 1). We are therefore motivated to fit the observed age-frequency relation of
hot Jupiters with a hybrid physical model by combining the ‘Early’ and ‘Late’ models
(Methods, § 2.3).

In the hybrid model, there are two free parameters: the tidal quality factor of host
stars (Q.) and the fraction of hot Jupiters formed via ‘Late’ model (frate). Figure 2
shows the fitting result (the solid black curve) for the hybrid model in the standard
case, which matches well with the observational data and provides constraints on the

two parameters: log Q. = 57753 and frate = 0.387015. In Figure 2, we also show the



relative contributions of ‘Early’ model (dashed cyan curve) and ‘Late’ model (dashed
orange curve). As can be seen, ‘Early’ model contributes the majority (62715%) of hot
Jupiters, leading to the global declining trend. Whereas, ‘Late’ model plays a comple-
mentary role (3871$%), forming the local ridge substructure at ~ 2 Gyr. Moreover, the
increasing-decreasing curve in Fyj induced by the ‘Late’ model contribution counter-
acts the declining trend induced by the ‘Early’ model contribution at the early stage
but strengthens it at the late stage, naturally explaining the observational broken
trend (Methods, § 3.1).

We also fit the observations using either the ‘Early’ model or the ‘Late’ model alone
(Extended Data Fig. 4, 5 and 6) and find that the hybrid model is significantly favored
over both the single-‘Early’ model and the single-‘Late’ model, with AAIC values
of 9.6 and 35.9 respectively. This corresponds to confidence levels of 98.55% (>2-0)
and 99.99% (>3-0), when accounting for uncertainties in the observed frequency and
stellar age (Extended Data Tab. 2). We also investigated various conditions (e.g., initial
distributions of a and planetary mass) and found that all the results are consistent
within 1-0 errorbars (Figure S1-S4, Extended Data Tab. 2). Furthermore, we fit the
observational data using the three subsamples separately and all the results show that
the hybrid model is preferred (Figure S6, S8, and S10). The derived constraints on
fLate and Q; from the three subsamples are all consistent with those of the whole
sample within 1-0 uncertainties (Extended Data Tab. 2).

In addition, previous studies have suggested that the stellar Q; may depend on
the stellar mass and the evolutionary stage [24, 31, 32] as well as the orbital period P
of hot Jupiters [24]. Since we only study single Sun-like stars, these stellar properties
are similar across different age bins (Figure S12). To account for this potential Q; - P
dependence, we also fit the observational data using an empirical formula and find
that the hybrid model remains preferred compared to the single-‘Early’ model and
single-‘Late’ model, with confidence levels > 4-0 (Figure S13-15). Besides, we also
adopted the secular chaos model from [33] as the ‘late’ model, and the derived best-
fits of fLate and Q. are highly comparable (Figure S16), suggesting that our results
are not sensitive to the choice of secular chaos model.

Additional evidence supporting secular chaos

The agreement between the observed age-frequency relation and the hybrid model
implies that secular chaos [10, 30, 33] is the dominant mechanism to form the late
arrived hot Jupiter. We further explore other properties of hot Jupiter systems and
find some additional evidence supporting this inference. As shown in Figure 3, we find
that the ‘late-arrived’ hot Jupiter systems have a stellar obliquity distribution mainly
within 10—90°, which is consistent with the prediction of the secular chaos mechanism
[33] with a KS p—value of 0.229, but it deviates from the predictions of all other
mechanisms with KS p—values< 0.05 (Methods, § 3.2, Extended Data Tab. 3). In
addition, since secular chaos mechanism occurs in systems with multiple giant planets,
one would expect that the ‘late-arrived’ hot Jupiters are more likely to have outer
companions and are preferentially hosted by metal-rich stars. For consistency check,
we investigate their metallicity distribution and companion presence. As expected, the
‘late-arrived’ hot Jupiter systems are metal-richer ([Fe/H] = 0.1275-02 dex) (Methods,
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Fig. 3 Additional supporting evidence for the secular chaos as the ‘Late’ model. The
cumulative distributions of the sky-projected stellar obliquities A for the ‘early-arrived’ (blue) and
‘late-arrived’ (red) hot Jupiter systems with long-alignment timescales and young kinematic ages. The
dashed lines represent the predicted A distributions inferred from the stellar obliquity distributions
predicted by different mechanisms and the aligned distribution randomly in 0 — 20°.

§ 3.3, Extended Data Fig. 7) and show a larger fraction (Fog = 40f§g:;%; Methods,

§ 3.4) to have outer giant companions compared to the ‘early-arrived’ hot Jupiters
([Fe/H] = 0.0610:03, Foc = 8.3718%).

Further validation on Q;

To further validate the constraints on log Q; derived in our work, we calculate the
absolute decay rates |P| of orbital period and the expected numbers of hot Jupiters
with detectable orbital period decay, Ngjg;;table (see Figure 4), and then compare
these with the observation number, i.e., 1 confirmed case +10 candidates identified
in Wang et al. (2024) ([16], Methods, § 3.5). As can be seen, the expected value
Ngetectable — 4 + 2 (red lines), which lies within the observed range of 1 — 11 with a
confidence level of 99.5%, aligning well with the observational results. Previous studies
have also provided constraints on Q/* (Extended Data Tab. 1) based on the evolution
of hot Jupiters in the individual systems [14, 16] and the ensemble statistics [12, 17—
20]. For comparison, we tested Q/* derived from previous studies by repeating the

above procedure and found that the resulted N, ggct;;table do not match the observations.

Specifically, when taking the constraints of log @, = 5.1440.05 derived from individual
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Fig. 4 Evaluation of the constraints on log Q; from our work and previous studies. The
probability density distributions for the absolute decay rates |P| of orbital period (Top) and the
probability of the expected numbers of hot Jupiters with detectable orbital decay (Bottom). Solid
lines in different colors represent results for different stellar tidal quality factors: this work (red),
WASP 12 b (green) and previous ensemble studies (blue). In the top panel, the vertical dashed line
and grey region denote the median value and 1-o interval of the typical detection threshold of |P|
for orbital period decay. In the bottom panel, the yellow lines (region) indicate the lower and upper
limits (range) of the observed numbers with orbital decay.

system WASP 12 (the only one with conclusive evidence of orbital decay; green lines),
we found that Ngetectable — 15 + 3, which is significantly (> 4-o) higher than the
number of confirmed system and remains overestimated even if all 10 candidates are
eventually confirmed. In contrast, using the constraints of log Q; ~ 6 —9 derived from



previous ensemble studies (blue lines), the orbital decay of hot Jupiters is expected to
be unobservable yet, with a confidence level of 92.5%.

Discussions and conclusions

One of the longest-standing puzzles in exoplanet research is how hot Jupiters form.
Previous studies have attempted to constrain the origin of hot Jupiters from the
observed distribution of the semi-major axis/eccentricity/age/configurations for hot
Jupiters [see the review by 2]. For example, Wu et al. (2023) [34] reporetd that
> 12 + 6% of hot Jupiters have nearby planetary companions and thus form via
quiescent dynamical mechanisms (i.e., in-situ formation and disk migration). Hamer
et al. (2022) [35] found that high-stellar-obliquity hot Jupiter systems are kinemati-
cally younger than low-stellar-obliquity hot Jupiter systems, implying that some hot
Jupiters in misaligned systems may arrive late. However, it remains unclear which of
these formation mechanisms actually plays a role and how much they quantitatively
contribute [2]. In this study, we analyze the age-frequency relation of hot Jupiters orbit-
ing single Sun-like stars and provide direct evidence that hot Jupiters form through
multiple channels operating on different timescales (Figure 1). We further quantita-
tively determine the contributions of different channels, revealing that 38+1%% of hot
Jupiters should arrive late with timescales up to several Gyrs via the ‘Late’ model
(Figure 2). Additionally, we found more evidence from obliquity that supports sec-
ular chaos [10, 30, 33] as a promising mechanism for producing such a ‘late-arrived’
population (Figure 3).

The evolutionary patterns of hot Jupiters have long served as a critical framework
for testing tidal theories and constraining stellar tidal factors (Extended Data Tab. 1).
However, Q; remain poorly constrained, with notable discrepancies between results
obtained from the orbital decay of hot Jupiter/spin-up of host stars in individual
systems [~ 4.5 —7; 14, 16, 24] and the observed distributions of hot Jupiter ensembles
[~ 6 —9; 12, 17-20]. Moreover, the Q; values from previous studies do not match
the observed number of hot Jupiters with orbital decay (Figure 4). This is likely
due to the limitations of their methodologies. Specifically, the limited sample size of
individual systems with precise orbital decay rates or stellar spin periods/ages hampers
the ability to represent the overall distribution, potentially introducing a bias toward
a larger |P| and lower tail of Q;. On the other hand, previous ensemble studies on
the distribution/evolution of the hot Jupiter population [12, 17-20] assumed that
hot Jupiters were all ‘early-arrived’ and neglected the contribution of ‘late-arrived’
population, leading to overestimate in @, and thus an underestimate in Nggg;;table.

Hansen 2010 [36] and 2012 [37] constrained log @, ~ 7 — 9 from the eccentricity
distribution of short-period exoplanets, but the analysis involved host stars near the
convective-radiative envelope transition that may have less efficient dissipation and
larger Q; [24]. In this work, by considering the effects of not only early formed but
also late-arrived hot Jupiters, we obtain a more precise constraint on log Q; = 5.7‘_"8:%
for Sun-like stars from a large sample analysis, aligning well with both the observed
age-frequency relation (Figure 2) and the detected number of hot Jupiters with orbital
decay (red lines in Figure 4). Very recently, during the peer-review period of this
paper, we noted that Millholland et al. (2025) [38] analyzed the distribution of insprial
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timescales (~ 0.001 — 0.3 Gyr) of short-period hot Jupiters and provided a constraint
of log QF ~ 5.5 — 7.0, consistent with our results. Such a consistence is expected since
these hot Jupiters are probably in the very late stages of tidal evolution, which is
primarily dominated by Q; rather than formation channels. Furthermore, our derived
constraint is well consistent with those derived from binary interactions (log Q; ~ 5.5;
[39, 40]). In addition, our results emphasizes the necessity of considering the formation
pathways and timescales of hot Jupiters when constraining Q;.

In summary, we find that the declining of the frequency of hot Jupiters with age is
broken, which simultaneously puts constraints on the stellar tidal quality factors and
the relative importance of the ‘Early’ and ‘Late’ models to form hot Jupiters. Although
the secular chaos mechanism [10, 30, 33] is identified as the dominant channel in
the ‘Late’ model, the situation regarding the ‘Early’ model (timescales within tenths
of Gyr) remains unclear, highlighting the need for a larger sample of hot Jupiters
orbiting young stars. Moreover, our results focus primarily on understanding formation
channels in single-star systems. Investigating planetary systems in binary star samples
can offer further insights into constraining the formation mechanisms (e.g., binary
Kozai) of hot Jupiters [e.g., 41, 42]. Future observations and analyses of hot Jupiters
from TESS [43], PLATO [44], JWST [45] and ET 2.0 [46] will test our results and

further provide more insights on their origin and evolution.
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Methods

1.Observational Analyses
1.1 Sample

In a previous paper Chen et al. 2023 (hereafter as Chen2023; [21]), we selected giant
planets around single Sun-like stars in the Galactic disk from the planet host catalog
of Planet Across Space and Time (PAST) I [26] and divide the planetary sample into
three subsamples, i.e., radial velocity (RV), ground-based transit (GT) and space-
based transit (ST). Then we constructed parent samples for the three subsamples
(see § 3 of supporting information (SI) of Chen2023 [21]). Specifically, the RV parent
sample were constructed by using data from Keck, Lick, HAPRS [47-49]. The ST
parent sample were constructed by using data from LAMOST-Gaia-Kepler catalog
[27]. For the GT subsample, we conducted their parent sample primary based on the
information from (Super)WASP survey [50, 51], which searched stars with V-band
magnitudes in the range of ~ 8 — 13 [50]. For homogeneity, we only adopted Tycho-2
catalog, which is only 99% complete to V-band magnitude of V' < 11 [52].

In this work, to cover the entire magnitude range of SuperWASP and further

expand the GT planetary subsample, we utilize the Gaia DR2 catalog, which provides
parallax, celestial coordinates (RA and DEC), proper motions, and magnitudes. We
then select stars from the Gaia DR2 catalog using similar criteria as Super WASP [51]:
(1) V-band magnitude in the range 8 <V < 13;
(2) Dwarf stars by excluding giant stars with logg < 4.0. Note this criterion is not
exactly same as the reduced proper motion (RPM) method but it offers a more direct
approach with the same physical meaning. We then collect RV data from APOGEE,
RAVE, LAMOST and Gaia with the same criteria as PAST I. Using the astrometric
and RV data, we calculate their kinematic properties (i.e., Galactic position, velocity,
and component). We make the quality control and keep Sun-like stars in the Galactic
disk with the same criteria as described in § 1 of the SI of Chen2023 [21]. The final
parent GT stellar sample contains 915,925 stars. We then crossmatch the parent stellar
sample with planets discovered by transit method and ground-based facilities to obtain
the planetary sample. To ensure uniformity in the RV follow-up of Super WASP transit
candidates, we retain only hot Jupiters with high signal-to-red noise ratios (see § 3.2.1
of SI of Chen2023 [21] for more details). The number of hot Jupiters in the GT sample
increases from 43 (in Chen 2023) to 92.

In sum, based on the kinematic catalogs of PAST series [26, 27], we select giant
planets around single Sun-like stars and construct their parent stellar samples. The
final sample consists of:

1. RV: 17 hot Jupiters and 85 warm/cold Jupiters from 1662 stars;
2. ST: 14 hot Jupiters and 19 warm/cold Jupiters from 19,228 stars;
3. GT: 92 hot Jupiters from 915,925 stars;

12



1.2 Deriving the Fygjy by combining RV, GT and ST data

Using the planetary and parent stellar samples, by correcting the detection efficiency
and geometric effect, one can derive the frequencies of giant planets for the three
subsamples with the following formula:
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where N, and N, are the numbers of planets and stars. DE denotes the planetary
detection efficiency detected by a given star, regardless of whether the star has actually
detected planets or not. GE is the geometric effect of a given planet. Neg is the
effective detection number of targets after correcting the effects of geometric effect
and detection efficiency.

In this subsection, for a given sample, we aim to derive a joint frequency of
hot Jupiters by combining the three subsamples and eliminating the influence of
metallicity. The detailed procedure is as follows:

1. We calculate the detection efficiencies and geometric effects for stars and planets
for the three subsamples with the same procedure described in § 3.1-3.3 of SI
of Chen2023 [21]. We then obtain the N, and Neg of the ten bins for the three
subsamples.

2. We eliminate the effect of stellar [Fe/H] by unifying to solar metallicities (i.e.,
[Fe/H] = 0). It has been found that the frequencies of giant planets are positively
correlated with stellar [Fe/H] as Fyy oc 10#*[Fe/Hl [21]. Thus the stellar [Fe/H]
induce a difference in Fyy by a factor of:

ZloﬁX[Fe/H] ZloﬁX[Fe/H]
>108x0 N, ’

Factor[Fe/H] =

(52)

Thus we eliminate the effect of [Fe/H] by dividing the frequency of each bin by
Factor(pe/m) for the three subsamples.

3. Fuj derived from the GT subsample are likely underestimated since we do not cor-
rect the effect of weather window, which is challenging to quantify as key parameters
required for such an estimation are either incomplete or unpublished. To address
the weather window effect, we assume that the GT subsample have an identical
Fyy with the RV and ST subsamples. Then we re-normalize its amplitude to the
intersection of RV and ST subsamples, which further reduce the effective size of
GT parent sample by a factor of Fyorm = 0.73.

4. We finally obtain the combined Fyy as follows:

Com
Np

IHJ =
A7Com’
eff
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where Npcom and Ng_fom are the ‘combined’ numbers of planets and effective star in
each bin:
Ngom = NIV 4+ NJT + NGT, (S4)

Ng:fom :Ne%«v * Factor[%\é/H] + NS{_}P * Factor?li/H]

+ Ne%T * Factor[flg\é/H] * Florm- (55)

To access the uncertainties of the ‘combined’ frequencies Fyy, we assume that the

observed number Nyj, N, obey the Poisson distribution. For DE and GE, we take a

Monte Carlo method by resampling the stellar and planetary properties based on their

uncertainties. For Xge g, we take 3 as 1.6 £ 0.3 [21] and calculate the uncertainties

of Xpe,/m) with Equation S2 by means of error propagation. The uncertainties of Fyj
are set as the 50434.1 percentiles in the resampled distributions.

1.3 Statistical analyses of the age-frequency trend of hot Jupiter

In this subsection, we conduct mathematical analyses to quantitatively characterize
the properties of the observational data.

1.3.1 Fyj is generally declining with age

We divide the whole planetary sample into ten bins according to the relative mem-
bership probability for the thick disk to thin disk TD/D. Then we calculate the
frequencies of hot Jupiters by adopting the methods described in § 1.2. For each bin,
the kinematic age t is calculated from the vertical velocity dispersion using the refined
age-velocity dispersion relation (AVR) of PAST I [26], which gives

1
o 1

b= (kzkm s—l)b Gyr, (S6)
where t is stellar age, o is the velocity dispersion. k and b are two coefficients for
AVR (listed in Table 5 of [26]). The uncertainties of kinematic ages ¢ are calculated by
means of error propagation considering the uncertainties of vertical velocity dispersion
and the AVR coefficients.

In the top panel of Figure 1 in the main text, we show the evolution of Fyj with
age. As can be seen, there is an obvious declining trend for Fyry with increasing age. To
quantify this declining trend, we fit the relation between Fyy and ¢ with two models: a
constant model and an exponential model. The Formula forms for the two models are:

Fujy = Co, (S7)

Fuy = Cy x exp(y x 1), (S8)

For each model, we fit the relation between Fiy and ¢ (Gyr) with the Levenberg-
Marquardt algorithm (LMA). In order to avoid being trapped in some local best fits,
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we randomly generate 1,000 sets of initial starting guesses of the fitting parameters
before LMA fitting. We then select the one with lowest residual sum of squares (RSS)
from the 1,000 local best-fits as the global best fit. In order to compare the global
best fits of the two models, we calculate the Akaike information criterion (AIC) [53]
for each model. The resulting AIC values are —93.2 and —113.5 for the constant and
exponential model, respectively. Therefore a constant model can be confidently ruled
out compared with the exponential model with AIC score difference AAIC > 10.

To consider the effect of uncertainties and obtain the confidence level, we resample
Fyy and t from the given distributions and refit the data. We repeat this procedure
10,000 times and obtain 10,000 sets of best fits and their respective AIC scores. Of
the 10,000 sets of resampled data, the exponential decay model is preferred with a
smaller AIC score comparing to the constant model for 9,986 sets, corresponding to
a confidence level of 99.86%. Therefore, we conclude that Fiy generally declines with
age. The best fit is mathematically expressed as

Fiy = 1.3703% x exp(—0.1670:03 x 1), (S9)

which is consistent with the results derived from the three subsamples in Chen2023
[21].

1.3.2 The declining of Fyj is broken with a ridge at ~ 2 Gyr

Besides the global declining, we also find some local features. Specifically, we note that
there exists a local ridge at ~ 2 Gyr. Moreover, on the two sides of the ridge, Fyy
seems to follow different evolution trends. To evaluate the existence of the ridge, we
also adopt the findpeaks function, showing a ridges at 1.94 Gyr. To consider the effect
of the uncertainties of observational data, we resample the observation data (e.g.,
kinematic ages, observed number of planets and stars, detection efficiencies, geometric
effects) for 10,000 times from their uncetainties. For each set of resampled data, we
adopt the findpeaks function to determine the existence and position of ridges. Out of
the 10,000 sets, the findpeaks function returns a ridge for 9,608 times, corresponding
to confidence levels of 96.08%. Moreover, we also fit Fiyj as a function of ¢ at two
sides of the ridge using the exponential model. The exponential indexes v of the early
and the late stages are —0.07f8:ég and —0.18f8:83, respectively. Of the 10,000 times
of resampled data, v of the late stage is smaller than that of the early stage for 9,410
times, corresponding to a confidence level of 94.10%.

1.3.3 The two populations of hot Jupiters of different origin
channels of different timescales

One natural explanation for the broken Fyj-age function is that some hot Jupiters are
late-arrived, causing some local increase in hot Jupiter frequency at late stage (see the
orange line of Figure 3). To further validate this explanation, we select hot Jupiters
as ‘late-arrived’ if they satisfy at least one of the following conditions:

1. Kinematic age t larger than their in-spiral timescale t;, at 2-c confidence;
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2. eccentricity e > 0 at 2-0 but kinematic age larger than the circularization timescale
teir at 2-0 confidence.

tin and t., are estimated using the following equations [13, 54]:

22Q. M, [ a\’P
tin = 75 * Ny PY) 1
139 M, (R*) o (510)
Qo My (M2 (R 7/ a %
toir = 1. =p Zp ( Zx =) (=) 11
6 Gy 106 21, (M@> (RJ> 0.05AU/ (811)

where M, and M}, are the masses of the host star and the planet. R, and R, are the
radii of the host star and the planet. a and P are the orbital semi-major axis and
period of the planet. The subscripts © and J denote the Sun and Jupiter. @), is the
planetary tidal quality factor and we here adopt a fiducial value often used for close
Jovian planets as 10° referring to [55, 56]. Q. is the stellar tidal quality factor and we
adopt the best fits from the observational results by comparing with the theoretical
predictions (see later analyses in § 3.1).

In Extended Data Fig. 2, we also plot the cumulative distribution of the difference
between the kinematic age and tidal evolution timescale, ¢ — tyiqe for the ‘late-arrived’
population. As can been, the majority of ‘late-arrived’ hot Jupiters should take 2>
1 Gyr to reach their current orbits since the formation of their host stars, which
provides a strong constraint to the ‘late’ model. As discussed later, we adopt the
secular chaos model from [30] as the ‘late’ model. Compared to the arrived timescale
via secular chaos model [30], t — ttige from the observational sample seems to be larger.
This is expected since our selection criteria for the ‘late-arrived’ observational sample
are rather strict. As we mentioned before, a portion of ‘late-arrived’ hot Jupiters
(e.g., t < tyige) may not be identified. Thus, we generated a synthetic population of
10,000 hot Jupiters with the arrival timescale distribution as [30]. We then calculate
their inspiral timescales. Subsequently, we assigned ages and uncertainties to these
synthetic hot Jupiters by randomly sampling from the observed ‘late-arrived’ hot
Jupiter population. Then, we selected survived synthetic hot Jupiters that can be
classified as ‘late-arrived’. Finally, we conducted a two-sample KS test between the
arrival timescales of synthetic and observed hot Jupiters that can be selected as ‘late-
arrived’, yielding a p-value of 0.3499. The above consistence further supports the
secular chaos as the ‘Late’ model.

The selected ‘late-arrived’ population consists of 54 hot Jupiters (5 RV, 6 ST and
43 GT). The other hot Jupiters are classified as ‘early-arrived’. It is worth noting
that the selected ‘early-arrived’ population may also contain a portion of ‘late-arrived’
hot Jupiters, which could not be identified using the aforementioned criteria due to
the current age precision. Then we divide the two populations into ten bins with
the same intervals as the whole sample and derived their ‘combined’ frequencies with
the same procedures as described in § 1.2. The frequencies of‘late-arrived’ and ‘early-
arrived’ populations after correcting detection biases are 0.23f8:8§% and 0.62‘_”8:8?%,
which contribute to ~ 27.3753% and ~ 72.773-2% of the whole hot Jupiter frequency

(0.8510-09%), respectively.
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In the middle and bottom panels of Figure 1, we show the ‘combined’ frequencies of
the ‘late-arrived’ and ‘early-arrived’ hot Jupiter populations as a function of kinematic
age, respectively. As can be seen, for the ‘late-arrived’ hot Jupiters, their frequency first
increases and then decreases, forming a ridge at ~ Gyr. To quantify the above feature,
we adopt the findpeaks function, returning a ridge at 1.90f8:% Gyr with a confidence
level of 99.87%. At the early stage, as star ages, Fyy increase with v = 0.4470-35 and the
confidence level (i.e., the fraction of v > 0) is 96.37%. In contrast, in the late stage, Fy;
becomes to decrease with age and the fitted + is —0.11‘_”8:82, correspond to a confidence
level of 97.83%. After removing the contribution of the ‘late-arrived’ population, the
frequency of the remaining ‘early arrived’ population shows a significantly declining
trend with a AAIC = 24.5. Moreover, the ridge at ~ 2 Gyr disappear, and the fitted
7 before and after ~ 2 Gyr are —0.1870:32 and —0.1673-9% respectively, which are well
consistent within 1 — o interval.

The above results support the proposed explanation that the observed broken age-
frequency trend is a consequence of multiple origins of hot Jupiters. Specifically, the
‘early-arrived’ population dominates the global declining trend, while the ‘late-arrived’
population induces the local ridge. As discussed later in § 2.3, we put constraints on
the origin and tidal evolution of hot Jupiters by comparing the observational results
with the theoretical predictions.

2. The Age-Frequency Relation of Hot Jupiters from Theory
2.1 The origin of hot Jupiters

At present, there are mainly three classes of origin theories for the hot Jupiters: in-situ
formation, disk migration, and high-eccentricity migration [2]. In the in-situ formation
scenario, hot Jupiters form at their current locations through gravitational instability
[57] and/or core accretion [5, 58]. It was believed that in-situ formation is difficult
to operate at close-in orbit [59, 60], but some recent studies suggest that it may be
feasible under some certain conditions [3, 4], which however could not explain the vast
majority of hot Jupiter population. Thus some form of migrations must have occurred
for most of hot Jupiters after their initial formation. To date, two primary migration
mechanisms have been proposed: disk migration and high-eccentricity migration. In
the disk migration scenario, hot Jupiters form several astronomical units (AU) away
and migrate inward to < 0.1 AU under torques from the gaseous protoplanetary
disk [5, 6, 61]. For the high-eccentricity migration scenario, hot Jupiters are driven
into high-eccentricity orbits under close encounters between planets [7], Kozai-Lidov
interactions [62, 63] induced by a distant binary companion star/massive planet on an
inclined orbit [8, 9], secular chaos in multi-planetary systems in mildly inclined and
eccentric orbits [10, 30] or planet-planet coplanar secular [11] and then moved from a
large separation to several hundredths of AU [64, 65].

Hot Jupiters of different origins are expected to have distinct formation timescales.
For in-situ formation and gas disk migration, hot Jupiters must form or migrate to
their current locations before the dissipation of the gas disk, i.e., < 1— 10 Myr [66].
In contrast, for the high-eccentricity migration, the timescale varies significantly for
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different mechanisms. Specifically, in the case of planet-planet scattering, the eccen-
tricities of hot Jupiters increase via a random walk process, with their periapsides
shrinking to ~ 0.1 AU over a timescale of thousands of years [67]. For hot Jupiters
formed via secular Kozai-Lidov interactions by inclined massive planets [9], most of
them are tidally ensnared on their first close approach to the host star with a timescale
ranging from 10* — 108 years. Afterward, they are tidally circularized to orbits of < 0.1
AU within ~ 1-100 Myr (summarized in Fig. 3 and § 2.3.1.3 of [2]). Whereas, under
the secular chaos in multi-planetary systems, the migration timescale of hot Jupiter
can span the entire lifetime of the host star, i.e., ~ 0.1 — 10 Gyr [10, 30].

Alternatively, the planet-star kozai effect can also deliver hot Jupiters under cer-
tain conditions [8, 28]. The planet eccentricity and periapse oscillate with a typical
timescale as [68]:

mia + mao + ms 2P2
Tkozai = M3 37T;i]:1 (1 - eiut)3/2a (812)

where m1, mo, ms are the masses of central stars, planets and outer companions,
respectively. P, and P, are the orbital periods of the giant planet and compan-
ion. ey is the eccentricity of the companion. We then exclude planets that are likely
dynamically unstable according to the following formula: ﬁ > 0.330 — 0.417¢equt +
0.069¢2,; [69]. Furthermore, because Kozai cycles are driven by weak gravitational
forces from the outer binary, they can be easily suppressed by general relativity peri-
center precession in the inner binary [28]. Therefore, the Kozai effects can only occur
when their timescale is shorter than the pericenter precession timescale (following
Equation (23) in [28]). To obtain the distributions of the Kozai timescales, we adopt
the following conditions: the distributions of orbital period, eccentricity and mass ratio
of outer companions referring fig. 13, 15 and 16 of [70], and the distribution of orbital
semi-major axes of giant planets between 1 and 5 au based on the power law distribu-
tion from [71]. Then we calculate with Equation S13 and keep those shorter than the
corresponding pericenter precession timescale. Extended Data Fig. 1 shows the distri-
bution of the planet-star Kozai timescale. As shown, the Kozai timescales are mainly
between 10* — 10® years, which is comparable to the results of previous studies [69].
The majority (94.28%) of the Kozai timescales are less than 0.1 Gyr, with nearly all
(99.71%) being less than 1 Gyr.
Here we classify these mechanisms into two types according to their timescales:

¢ ‘Early’ model, i.e., in-situ foramtion, disk migration and high-eccentricity migra-
tion via planet-planet scattering [7]/Kozai-Lidov interactions [9]/coplanar secular
[11]. Their formation timescales, typically within several tenths of Gyr, are compa-
rable to (or even shorter than) the typical uncertainties in kinematic age estimates
and are significantly shorter than the evolutionary timescales of our sample (i.e., ~
0.5-10 Gyr). Therefore, given the current limitations in age accuracy, we collectively
group the aforementioned mechanisms into a single category.

¢ ‘Late’ model, i.e., High-eccentricity migration via secular chaos in multi-planetary
systems, which could form hot Jupiters over a relatively long timescale extending
to several Gyrs. Previous studies show that the stellar Kozai effect can also deliver
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hot Jupiters over Gyr under certain conditions [10, 28], but here we do not consider
it as the main channel for the following reason: (1) the fraction of hot Jupiter host
stars with binary companions capable of inducing Kozai-Lidov oscillations is at
most 16% + 5% (when overcoming the general relativity pericenter precession) and
will further decrease to 6% =+ 2% assume an isotropic distribution of the inclinations
of stellar companions [29]. (2) The stellar kozai would mainly deliver hot Jupiters
with timescales < tenths of Gyr. (3) the potential binaries have been excluded in
our sample.

Without considering the subsequent tidal evolution, the frequency of hot Jupiters
via ‘Early’ model is expected to have no (significant) dependence on stellar age. In
contrast, if ‘Late’ model is dominating, the frequency of hot Jupiters would grow with
increasing age (See Extended Data Fig. 3).

2.2 The tidal decay of hot Jupiters

Because hot Jupiters are close to their host stars, the tidal interactions can reduce
the orbital eccentricity (e) of close-in planets [7, 12]. Tides can also transfer orbital
energy and angular momentum from the hot Jupiters to their host stars, resulting
in the spin-up of the stars [72-76]. As a consequence, the semi-major axis (a) of hot
Jupiters would shrink with age. Part of them may have already passed into the Roche
limit and been tidally disrupted by the host star [12, 77].

In order to quantitatively determine the tidal reduction of the semi-major axis a,
we adopt the classical equations of equilibrium tidal evolution: [13, 78]

1da 63 RS 9 R5M
Pl [7(GM3)1/2/—;\’462 + §(G/M*)1/2—,p
@ @p M * (S13)
57
x (1+ 262))111‘13/2,
lde 63 a2 RE 5 225 1/2
car ~ g @M M, 16 (G/M.)

(S14)
RiMp]a—B/Q

Q*
where G is the gravitational constant, R and M are the radius and mass, and Q, is
the modified tidal dissipation factor [78]. The subscripts * and p refer to the star and
planet, respectively. As can been, due to the tides, a decays with the increase of age.
The tidal decay rate is dependent on various parameters (e.g., the initial a and Q;)

Plenty of previous studies have estimated the stellar tidal quality factor Q;, using
various samples and methodologies. Specifically, Jackson et al. (2008) [12], Bonomo et
al. (2017) [17], Penev et al. (2018) [24] and Labadie-Bartz et al. (2019) [79] provided
constraints based on the evolution of planetary semi-major axis (a), eccentricity (e),
and stellar spin-up. Whereas, Meibom et al. (2005) [39] and Milliman et al. (2014) [40]
restrict the Q; from the tidal interaction between stellar binaries. Collier Cameron
& Jardine (2018) [18]estimated the tidal quality factor by reproducing the observed
orbital separation distribution, assuming an initially uniform distribution inferred from

)
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Doppler surveys. Hamer & schlaufman (2019) [19] obtains a upper limit of log Q. <107
by assuming that hot Jupiters were destroyed before the end of the main sequence
lifetime of their host stars. Recently, Yee et al. (2020) [14] and Turner et al. (2021)
[15] constrained Q'* by analyzing the orbital decay of WASP-12b, a transiting hot
Jupiter with a 1.09-day orbit around a late-F star. Additionally, some other studies
have detected hints of orbital decay for tens of hot Jupiters (e.g., WASP-4b, 43b) and
provided estimations for Q. [80, 81]. We have summarized the constraints on the value
of Q; from the literature in Extended Data Tab. 1.

2.3 Numerical simulation

In this section, we conduct numerical simulations for the tidal decay of hot Jupiters
of different origin to obtain the age evolution of hot Jupiters from theory.

For the origin of hot Jupiters, we consider the following three models (as shown in
Extended Data Fig. 3):

1. ‘Early’ model within a short time after stars formed. As mentioned before, the
formation timescale is significantly shorter than the evolutionary timescale in our
sample, thus the simulation simplistically approximates it as 0.

2. ‘Late’ model. The formation timescale obeys a distribution referring to Fig. 9 of
Hamers et al. (2017) [30].

3. Hybrid model (‘Early’ plus ‘Late’). We assume frate of hot Jupiters are formed
via the ‘Late’ model and the other 1 — f1.¢. are via the ‘Early’ model. In each
simulation, frate is set as a free parameter range from 0 to 1 with the interval of
0.01.

For the subsequent tidal evolution, we use a simplified model to perform numerical
simulations by setting the orbital eccentricity e = 0 since the circularization timescale
is order of magnitudes less than the in-sprial timescale for hot Jupiters [12, 13]. That
is to say, the conditions for a hot Jupiter’s ‘arrival’ defined in this work refer to it
entering within 0.1 AU of its star, with its orbit having been largely circularized. The
simulations are carried out by adopting the eighth-order Runge-Kutta method and
the precision is set as 107'2. As shown in Equation S13, the initial conditions consist
of the stellar tidal dissipation factor Q;, the masses and radii of star and planet, and
the initial period distribution of hot Jupiters.

The initial conditions are set as follows: For the stellar mass and radius, we adopt
the same distributions as hot Jupiter host stars in our observed sample. The initial
distributions of planetary mass, radius and orbital period are set as follows:

1. ‘Early’ model: For the planetary mass and radius, we adopt the same distributions
as the observed warm/cold Jupiters. For the initial orbital period distribution, we
here adopt a distribution inferred from the confirmed planets in Kepler field [82].

2. ‘Late’ model: mass and period as the results of Fig. 8 and 3 of Hamers et al. (2017)
[30]. The planetary radius are estimated with the planetary mass-radius relation,

0.27
R, _ My,
B 12 (M) [83].
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The above initial condition is hereafter referred to as the standard case. We also
perform simulations on different initial conditions and compare to the observations.
The influence of initial conditions will be discussed later in detail in § 4.1 and 4.2.

In each set of simulation, we put 10,000 hot Jupiters with the aforementioned initial
conditions. During the simulations, the hot Jupiters were removed from the system
when they fell into the Roche limit, ag = (R,/0.462)(M.,/M,)'/3 [84]. log Q. is set
at the interval of 0.1 from 4 to 9. Upon completion of the simulations, the returned
information consist of the simulation time, semi-major axis, and the lifetimes of each
hot Jupiter.

3. Constraints on the Formation and Tidal Evolution of Hot Jupiters
3.1 Constraints from the age-frequency relation

To explore how the origin mechanisms and tides shape the observation, we calculate
the number fraction of survived hot Jupiters to the total number in simulations, fﬁfjn
To compare the observation data with theoretical models, we transfer it to F}Slijn with
the following formula:

B = Fy x £, (S15)
where Fj is the scaling factor for each set of simulation. The Fy factor is calibrated
by equating the observational data to the simulation results, using the average age of
the observed hot Jupiter population as the value of ¢ in the simulation.

To obtain the best match, we calculate the likelihood L as a function of frate and
Q; in the following formula:

10 2
1 AF
L= H exp (— I_{J ) , (S16)

where AFyj is the difference between the observational and model results. o; denotes
the uncertainties of Fyj for each age bin shown in Figure 1. The best-fits of Q; and
fLate have the maximum L and the confidence intervals (1-0: 68.3%, 2-0: 95.4% and
3-0:99.7%) are estimated using a spline function.

In what follows, we show the best fits for the three origin models of hot Jupiters:

e ‘Early’ model (fLate = 0)
Extended Data Fig. 4 illustrates the best match of the Fy; from the simulation (cyan
line) along with the distribution of likelihood as a function of Q; when all Jupiters
are formed via the ‘Early’ model. As can be seen, Fy; derived from the simulations
decreases with age, which is generally consistent the observational results but can
not explain the ridge at t ~ 2 Gyr and the broken relation. By comparing to the
observational results, we obtain the best fit of log Q; is 6.2Jj8:§ for the standard
case. The AIC score for the best-fit comparing to the observational results is -106.9.
¢ ‘Late’ model (fLate = 1)
If hot Jupiter are all formed via the ‘Late’ model, their frequency first increases and
then decreases with age due to the combined effects of continuous supplement and
tidal destruction. Extended Data Fig. 5 shows the best match (log Q; = 4.8f8:§) of

21



the numerical simulation via the ‘Late’ model. Due to the strong tidal effect, the
turning point occurs before ~ 0.6 Gyr and Fii® decreases within the age range of the
observational sample, which barely agree with the observational decay. Nevertheless,
significant deviations remain between the best match of the numerical simulations
and the observational results. The AIC score for the best-fit is -80.6.
¢ Hybrid model

Extended Data Fig. 6 compares the numerical simulation of the hybrid model with
the observational results and shows the distribution of likelihood as a function of
Q; and frate- As can be seen, the best fit of theoretical result matches well with
the observation data (i.e., the long-term decay as well as the broken age-frequency
relation and the local ridge at ~ 2 Gyr). The good match between the observational
results and theoretical models allows us to provide constraints on the stellar tidal
quality factor and relative importance of different origin mechanisms of hot Jupiters.
For the standard case, the best fits for fr.e and log @, are 0.3879-1% and 5.7153,
respectively. The AIC score for the best-fit of the hybrid model is -116.5.

In order to compare the fitting quality between the three model, we calculate the
AIC scores for their best fits. As shown in Extended Data Tab. 2, the AIC values
are -106.9, -80.6, and -116.5 for the ‘Early’ model, ‘Late’ model and Hybrid model,
respectively. In the 10,000 sets of resampled data, comparing to the single origin
of ‘Early’ model and ‘Late’ model, the AIC scores of the hybrid model are smaller
for 9,855 and 9,999 times, corresponding to confidence levels of 98.55% and 99.99%
respectively. Therefore, we can confidentially conclude that the hybrid model is more
preferred.

3.2 Additional evidence from the obliquity distributions

Stellar obliquity refers to the angle between a planet’s orbital axis and its host star’s
spin axis, which can provide important clues to the formation and dynamic evolution
of hot Jupiters. Specifically, the initial distribution of stellar obliquity is determined by
the formation and evolution of a protoplanetary disk [85, 86]. Subsequently, the stellar
obliquity can be further excited by the dynamic mechanisms via interactions caused by
planetary and/or binary companions, e.g., planet—planet scattering , stellar /planetary
Lidov—Kozai (LK) effects secular chaos. The predicted stellar obliquity distributions of
the hot Jupiters via different mechanisms are different (see fig. 22 of [87]). For example,
the majority of hot Jupiter systems caused by the planet-planet scattering mechanism
would be aligned but a small fraction of systems would have a diverse range of stellar
obliquities [67]. In contrast, the secular chaos mechanism will result in misaligned
systems with obliquities < 90° [33]. Lastly, the tidal interaction could realign the host
star’s spin axis with the planet’s orbital axis and thus reduce the stellar obliquity
[87]. Therefore, investigating the distribution of the stellar obliquities of hot Jupiter
systems can help to constrain their formation channel and tidal evolution [35, 88].
From observations, typically only the sky-projected stellar obliquity A (the
projections onto the plane of the sky) can be mainly measured through the
Rossiter-McLaughlin effect [89, 90]. To date, the stellar obliquities have been measured
for hundreds of hot Jupiters. Previous studies have found observational evidence that
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many hot Jupiters in misaligned systems are late-arrived within < 0.1 AU long after
their parent protoplanetary disks dissipated [35]. Dong & Foreman-Mackey (2023) [88]
reported that most hot Jupiter system are aligned and the other misaligned systems
have nearly isotropic stellar obliquities with no strong clustering near 90 degrees.

We initialize the sample of hot Jupiters with A measurements based on the
Table A of [87]. We also compare with the TEPCat orbital obliquity catalog
(https://www.astro.keele.ac.uk/jkt /tepcat/obli- quity.html) and remove hot Jupiters
with the differences in A larger than three times of uncertainties. Then we cross-match
with our planetary sample and yield 39 hot Jupiters with A measurements.

As mentioned before, the tidal interaction would reduce the observed A. The
timescale of tidal-realignment is not well determined yet [91]. In the equilibrium
tidal theory, the timescale for realignment is comparable to the in-sprial timescale
[87], which is dependent on the stellar mass, radius and planetary mass, radius,
orbital semi-major axes. Referring to [87], we adopt the dimensionless tidal dissipation

parameter,
M\ 2/ a\®
() (&) o1

where M, and R, are the stellar mass and radius. M}, and a are the planetary mass and
semi-major axes. Then we select hot 2Jupiter6 systems with long-alignment timescales
using the following criterion: (42) ~ () > 102 or Tug > 6250 K [7). Further-
more, as shown in Fig. 11 of [87], hot Jupiter systems older than ~ 4 Gyr have
relatively smaller A\, thus we also only keep hot Jupiter systems with kinematic ages
< 4 Gyr. We also make Kolmogorov—Smirnov (KS) tests and check the resulted p
values to quantify the age evolution.

In Figure 3, we show the distributions in A for the ‘early-arrived’ and ‘late-arrived’
hot Jupiter systems with long-alignment timescales and young kinematic ages. As can
be seen, the ‘early-arrived’ systems are mainly aligned (A < 10°) but with a small
fraction in misaligned systems. In contrast, the ‘late-arrived’” hot Jupiter systems have
a stellar obliquity distribution mainly within 10 — 90°.

To further put constraints on the origin of hot Jupiters, we then compare the
observed A distribution with the predictions of different formation mechanisms, i.e.,
planet-planet scattering [67], resonance crossing [92], secular chaos [33], and planetary
Kozai-Lidov effect [93]. We also conduct an aligned distribution of stellar obliquity ¢
as uniformly distributed in the range of 0 — 20°. Specifically, we first generate 1,000
hot Jupiter systems for each of the above mechanisms with the distributions of stellar
obliquity ¢. Then we obtain the sky-projected obliquity A distribution from the ¢
distribution with the following formula [88]:

sin ¢ sin 0

A = arctan (S18)

— sin ¢ cos 0 cos iorp + COS P SiN gy,

where 6 is the azimuthal angle of the stellar spin axis relative to the orbital axis, and
iorb 1s the orbital inclination. Referring to [88], we take 6 and cosie, as uniformly
distributed between 0 and 1. Finally, we perform two-sample KS tests between the A
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distributions of the observed ‘early-arrived’/‘late-arrived’ hot Jupiter systems and the
prediction of the five mechanisms.

The resulted p—values are summarized as Extended Data Tab. 3. As can be seen,
the A distribution of the ‘early-arrived’ population matches well with the predictions
of the planet-planet scattering [67], the resonance cross [92], and the alignment dis-
tribution, but is significantly smaller than the prediction of planetary Kozai-Lidov
mechanism [93] with a KS p—value < 0.003. For the ‘late-arrived’ hot Jupiters, their A
distribution is consistent with the prediction of the secular chaos mechanism [33] with
a KS p—value of 0.229, but it deviates from the predictions of all other mechanisms
with KS p—values< 0.05. The most-favored mechanisms (with largest p—values, high-
lighted in Extended Data Tab. 3) for the ‘early-arrived’ and ‘late-arrived’ hot Jupiters
are planet-planet scattering and secular chaos, respectively.

3.3 Consistency check of stellar metallicity

Stellar metallicity also has important impacts on the formation and evolution of hot
Jupiters [94]. From theory, gentle disk migration is expected to operate in environments
with a range of metallicities. Whereas high eccentricity migration via secular chaos
occurs in systems with multiple giant planets, which are more likely to form around
metal-rich stars born in disks with more solids.

Stellar metallicity is known to be correlated with other stellar properties [95]. Thus
we adopt the NearestNeighbors method in scikit-learn to select the nearest neighbor in
the stellar mass and T'D/D from the ‘early-arrived’ hot Jupiter hosts for every ‘late-
arrived’ hot Jupiter host star. As shown in Extended Data Fig. 7, after eliminating
the effects of stellar mass, radius and age, the ‘early-arrived’ hot Jupiter host stars
have a relative smaller [Fe/H] comparing to the ‘late-arrived’ hot Jupiter hosts. We
generate the 10,000 bootstrapped sample from the [Fe/H] of ‘late-arrived’ and ‘early-
arrived’ hot Jupiter hosts (after parameter controlling) and calculate their average
metallicities [Fe/H]. The uncertainties are taken as the 50+34.1 percentile. The [Fe/H]
are 0.061003 and 0.1270 55 dex for the ‘early-arrived’ and ‘late-arrived’ hot Jupiter

hosts, respectively. Of the 10,000 set of bootstrapping, the [Fe/H] of ‘late-arrived’ hot
Jupiter hosts are larger for 9,607 times, supporting our inference that the ‘late-arrived’
hot Jupiters are formed via secular chaos.

3.4 Consistency check of configurations of hot Jupiter systems

Secular chaos mechanism occurs in systems with multiple giant planets. Thus we
expect that the ‘late-arrived” hot Jupiters are more likely to have outer companions.
Therefore, we adopt the 17 hot Jupiters in the RV sample using data from the Keck,
Lick and HAPRS and calculate the fraction to have outer giant companions for the
‘early-arrived’ and ‘late-arrived’ populations. Out of the 5 ‘late-arrived’ hot Jupiters,
2 of them (401‘32:;%) have outer giant companions. Whereas, for the ‘early-arrived’
hot Jupiters, only 1/12 (8.3‘_”?8%) has an outer giant companion. It is worth noting
that the sample size is currently very small and thus, the observed difference in the
fraction of hot Jupiters with outer giant planets necessitates further verification with
a larger sample.
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3.5 Evaluation on log Q; from the observed number of hot Jupiters
with orbital decay.

Previous studies have detected hints of the orbital decay of hot Jupiters through
monitoring of their transit-time variations (TTVs) [14, 80]. Recently, by combining
the high-precision 2 minute cadence transit data provided by TESS with archival
data from previous work, Wang et al. (2024) identified 11 candidates with decreasing
orbital periods that also passed the leave-one-out cross validation test from 326 hot
Jupiters [16]. Out of the 11 candidates, only the orbital decay of WASP 12 b has
been confirmed [14, 15]. For the other 10 candidates, the possibility that mechanisms
other than tidal interactions (e.g., apsidal precession [96], the Rgmer effect [97], and
the Applegate effect[98]) may contribute to the variations in orbital periods cannot
be ruled out. Therefore, 1 and 11 can be taken as the lower and upper limits of the
number of hot Jupiters with observable orbital decay.

Under the equilibrium tide theory, the rate of decay in the orbital semi-major axis
or period of hot Jupiters is strongly correlated with the stellar tidal quality factor
log Q;. Consequently, the number of hot Jupiters with detectable orbital period decay
depending on log Q; under the current observational precision. Therefore, comparing
the theoretically expected numbers with observations can validate the constraints on
log Q; derived from our work and previous studies.

For the 326 hot Jupiters in Wang et al. (2024) [16], we calculate the theoretical
prediction of their decay rate of orbital due to tidal interaction. For the stellar tidal
quality factor, we examine three different distributions:

1. Results from this work: log Q, = 5.7703.

2. Results from WASP-12 system [15]: log @, = 5.14 & 0.05.
3. Results from previous assemble studies: log@Q, ~ 6 — 9. Here we set logQ, as
uniformly distributed in 6 — 9.

We adopt the 30 errorbars of the observed period change rate as the detection
threshold (as shown in Fig. 9 of [16]). Hot Jupiters with calculated P values exceeding
the detection limit are considered to exhibit detectable orbital decay and we count the
expected numbers N, gjct,z;wble for the above three log Ql* distributions. To consider the
effect of uncertainties and obtain the confidence level, we resample the data (i.e., stel-
lar /planetary parameters, Ql*, detection limit) considering the uncertainties for 1,000
times and repeat the above procedure. Then we count the numbers of hot Jupiters

with detectable orbital decay Ngeect;;table by taking different log Q; distributions for
each set of resampled data. The 1-0 intervals of NN, gj(fg;table are taken as their 50+ 34.1
percentiles.

Figure 4 displays the probability density distributions for the absolute decay rates
|P| of orbital period (top panel) and expected numbers of hot Jupiters with detectable
orbital decay (bottom panel). As can be seen, a smaller @, leads to a greater |P)|.
Consequently, more hot Jupiters can exceed the detection threshold, making a larger
numbers with detectable orbital decay. When taking a log Q; as the WASP 12 system,
Nggg;;table = 15 + 3, which is larger than the observed lower and upper limits with

confidence level of > 99.9% and 92.1%, respectively. When taking a log Q; as previous
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ensemble studies (~ 6 — 9), the predicted |P| will be too small to be identified as
detectable. Out of 1000 resampled data, only 75 cases resulted in detectable orbital
decays of hot Jupiters. Whereas, when taking our derived results log Q; = 5.7Jj8:§,
the expected N ggctg;table = 4+ 2. Out of 1000 resampled data, the resulted N, gj(fg;table
fall within the upper and lower limits for 995 times. Therefore, compared to previous
individual and ensemble studies, our derived constraint on the stellar tidal factor aligns

better with the observations.

Data availability
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Extended Data Fig. 1 The probability density distribution for the typical timescale of
planet-star Kozai cycles. To overcome general relativity pericenter precession, we only keep these
Kozai—Lidov oscillations with timescales shorter than the pericenter precession timescales.
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Extended Data Fig. 2 The cumulative distribution of the difference between the kine-
matic ages and tidal evolution timescales ¢t — t;;q.. The results from the observed and synthetic
hot Jupiter sample that can be classified as ‘Late-arrived’ are plotted as solid black line and dashed
red line, respectively. We print the two-sample KS test p—value. The solid orange line denotes the
arrival timescale of hot Jupiters via the secular models derived from simulations [30].
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Extended Data Fig. 3 The evolutionary patterns of hot Jupiters formed via different
origin models. Top panels: The number ratio of the formed hot Jupiters before t over the formed
hot Jupiters of all times as a function of age for different origin models. The green and origin lines
represent ‘Early 'model and ‘Late’ model, respectively. Bottom panels: The number ratio of the left
(formed — tidally disrupted) hot Jupiters before t over the formed hot Jupiters of all times as a
function of age for different origin models. The initial conditions are set as the standard case, i.e.,
the a-distribution of hot Jupiters is set as the results inferred from Kepler data [82] and the initial

planetary mass is set as that of cold Jupiters. The modified stellar tidal quality factor Q; =109,
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Extended Data Fig. 4 Fitting the observed age-frequency relation of hot Jupiters with
the ‘Early’ model for the standard case. The comparison between Fyj obtained from observation
data and theoretical simulation. Here the hot Jupiters are formed/migrated all by ‘Early’ model (i.e.,
frate = 0). Left-Top panel: The observation data is plotted as solid black points and line segments
denote the 1-o interval. The solid line denotes the best match. The initial conditions of simulations
are as standard case. The modified stellar tidal quality factor Q; ranges from 104 to 10°. Left-Bottom
panel: The residual of the best match of numerical simulation to the observational results. Right

panel: Relative likelihood in logarithm as a function of Q;. The blue, green, and red hatched regions
indicate the 1-o, 2-0, and 3-0 confidence levels.
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Extended Data Fig. 5 Fitting the observed age-frequency relation of hot Jupiters with
the ‘Late’ model for the standard case. Similar to Extended Data Fig. 4 but here the hot
Jupiters are formed/migrated all by ‘Late’ model (i.e., fLate = 1).
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Extended Data Fig. 6 Fitting the observed age-frequency relation of hot Jupiters with
the Hybrid model for the standard case. Similar to Extended Data Fig. 4 but here the hot
Jupiters are formed/migrated by two origin mechanisms: ‘Early’ model plus ‘Late’ model. FYate is the
fraction of hot Jupiters formed by the ‘Late’ model. The right panel displays the relative likelihood
in logarithm as a function of Q; and fiate-
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Extended Data Fig. 7 The cumulative distributions of stellar metallicity [Fe/H]. The red
and blue lines denote the ‘late-arrived’ hot Jupiter hosts and the ‘early-arrived’ hot Jupiter hosts
neighboring to the ‘late-arrived’ hot Jupiter hosts in stellar mass, radius and T'D/D. The average
metallicities and corresponding uncertainties from bootstrapping are printed in the top-right corner.
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Extended Data Tab. 1 The constraints of the value of Q; from previous observational

studies.

Literature Source log Q; Sample Method Comments

Meibom&Mathieu (2005) ~ 5.5 Binaries ensemble statistics Distribution of orbital
e — P in M35

Milliman et al. (2014) ~ 5.5 Binaries ensemble statistics Tidal circularization of
binary orbits in NGC 6819

Hansen (2012) 7—-9 Planet hosts ensemble studies eccentricity distribution of hot
Jupiters based on stars near
transition between convective
and radiative envelopes

Jackson et al. (2008) ~4—-8 Hot Jupiters ensemble statistics Distributions of orbital a — e
(loose constraints)

Bonomo et al. (2017) >26-7 Giant planets Ensemble statistics Distribution of orbital e
versus distance

Collier Cameron&Jardine (2018) 8.3+£0.14 Hot Jupiters ensemble statistics Distribution of orbital distance

Hamer&Schlaufman (2019) <7 hot Jupiters ensemble statistics Assuming hot Jupiters are
tidally disrupted within
main-sequence stage

Hamer&Schlaufman (2020) 27 Planets ensemble statistics Assuming USPs survive
the main-sequence stage

Millholland et al. (2025) ~55—7.0 hot Jupiters ensemble statistics Distribution of insprial
timescales (0.001-0.3 Gyr) of
very-short-period hot Jupiters

Nielsen et al. (2020) 6—9 Hot Jupiter individual measurement  Assuming HIP 65Ab’ insprial
timescale of 80 Myr to Gyr

Penev et al. (2018) 5—-7 Hot Jupiter hosts individual measurement Spin-up of host stars

Labadie-Bartz et al. (2019) ~ 6.2 hot Jupiter hosts individual measurement  Spin-up of host stars

Yee et al. (2020) 5.24 £ 0.03 Hot Jupiter individual measurement  Orbital decay of WASP-12b

Maciejewski et al. (2020) 26.6 Hot Jupiter individual measurement  Orbital decay of WASP-18b

Patra et al. (2020) > 5.0 Hot Jupiter individual measurement  Orbital decay of 11 HJs

Davoudi et al. (2021) 25.6+0.1 Hot Jupiter individual measurement  Orbital decay of WASP-43 b

Turner et al. (2021) 5.14 £0.05 Hot Jupiter individual measurement  Orbital decay of WASP-12b

Turner et al. (2022) 4.71fg‘8; Hot Jupiter individual measurement Orbital decay of WASP-4 b

Bai et al. (2022) 5.0910-95 Hot Jupiter individual measurement ~ Orbital decay of WASP-12b

Akinsanmi et al. (2024) 5.23fg:gi Hot Jupiter individual measurement Orbital decay of WASP-12b
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Extended Data Tab. 2 The fitting parameters for theoretical models under various
conditions for different observational data.

Initial ‘Early’ model (frLate = 0) ‘Late’ model (frate = 1) Hybrid Model
condition log Q. AIC log Q. AIC | fraee log Q. AIC
§ 7: fitting for the whole sample in the standard case
Whole sample | Standard case | 6.2f8'§ -106.9 | 4.8t3'§ -80.6 | O.BStSZii 5.7t3'§ -116.5
fitting for the whole sample for different initial planetary mass
Whole sample | Case 1 [ 59703 -105.4 [ 48703 -80.6 [ 0417075 54702 1150
fitting for the whole sample for different initial orbital period
Whole sample Case 2 6.2192 -104.8 4.8%03 -80.6 0.30791% 56703 1132
Whole sample Case 3 6.4193 -104.6 4.8%0% -80.6 0.35791% 58709  -115.3
.. . +0.4 +0.3 +0.15 +0.4
Whole sample Case 4 6.510% -105.5 4.8%03 -80.6 0451915 57104 1123
fitting for the three subsamples in the standard case
RV subsample | Standard case | 5.6707] -83.2 4.5101 -79.9 0217022 53701 _g6.3
ST subsample | Standard case | 6.0705 -86.9 4.9%04 -85.3 0.44703% 58701 918
GT subsample | Standard case | 6.0707 -102.5 4.970% -89.8 0417017 57108 1114

Standard case:

‘Late’ model: initial distributions referring to Hamers et al. 2017 [30].
Case 1: Similar to Standard case but the mass distribution of ‘Early’ model as observed hot

Jupiters.

Case 2-4: Similar to Standard case but the period distribution of ‘Early model’ is taken as

(a) ‘Early’ model: initial mass and radius distributions as observed
warm/cold Jupiters; initial period distribution as the result from Kepler data [82]; (b)

uniform in logarithmic space, the disk migration component, and high-e migration

component of Nelson et al. (2017), respectively.

Extended Data Tab. 3 The KS p—values of the obliquity distributions between the

observed hot Jupiter systems and theoretical predictions (Fig. 3).

Planet scattering

Resonance crossing

Secular chaos

Planetary Kozai

Stellar Kozai

Aligned distribution

‘early-arrived’

0.808

0.317

8.0 x 1073

8.1x 1074

4.2x107°

0.719

‘late-arrived’

0.032

0.045

0.229

0.0138

5.1x107°

2.5 x 1073
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Supplementary Information

Influence of the initial mass distribution of hot Jupiters

From theory, the initial mass distribution of hot Jupiters is expected to be similar to
that of warm/cold Jupiters if disk migration is dominating. In contrast, under high-
eccentricity migration (e.g., secular chaos), hot Jupiters tend to have smaller mass
distributions, as smaller planets are more easily driven into high-eccentricity orbits by
interactions with other planets [10, 11]. Therefore, the intrinsic initial mass distribution
of hot Jupiters is hard to be estimated accurately and is expected to lie between those
of observed hot and warm/cold Jupiters.

To evaluate the impact of the initial mass of hot Jupiters, we conduct simulations
using the similar initial conditions as § 2.3 but the planetary mass and radius are
set as the distribution of the observed hot Jupiters. Figure S1 show the best match
of the simulation results comparing to the observations. As shown in Extended Data
Tab. 2, the best fits (1-o intervals) of fLate are nearly identical for different initial
mass distributions. For the stellar tidal quality factor, the difference in the initial
median planetary mass induce a systematic difference of ~ 0.3 in log Q; to maintain a

M. Nevertheless, this systematic difference in Q; is statistically insignificant

similar

4
considering the uncertainties.

Influence of the initial a—distribution of hot Jupiters

As shown in Equation S14, the decay rate and the inspiral timescale of hot Jupiters
strongly depend on the initial distribution of orbital period. Therefore, differ-
ent assumptions of the initial period distribution may produce different numerical
simulation results and affect the constraints on the Q; and fLate.

To quantify the influence of initial period distribution on the Q; and frate, We
perform numerical simulations by adopting different period distributions as following:

1. the uniform distribution in logarithmic space inferred from early Doppler survey
[99];

2. the distribution as the disk migration component derived from Nelson et al. (2017)
[100], 4 277!, 2= &, 4 = —0.04;

3. the distribution as the high-eccentricity migration component derived from Nelson
et al. (2017) [100] which have a v = —1.38.

Then we compare the simulation with the observational results (as shown in Figure S2-
S4). The fitting parameters by adopting different period distributions are summarized
in Extended Data Tab. 2. As can be seen, the best fits of the Q; are consistent within
1-0 errorbars for different initial period distributions.

Comparisons with results from different subsamples

In this subsection, we analyze the temporal evolution of hot Jupiter frequency by using
these three sub-samples separately with the same procedures as the whole sample.
The results are as follows:
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1. RV subsample. In the top panel of Figure S5, we plot the frequency of hot Jupiters
from the RV subsample as a function of age. We then fit Fyy with the constant
model and the exponential model. The resulting difference in AIC score is 8.6,
demonstrating that Fyy is generally declining with age. We also note that the
declining trend is relatively mild before ~ 3 Gyr and becomes steeper at late stage.
We divide the RV hot Jupiter subsample into two populations (i.e., ‘late-arrived’
and ‘early-arrived’) and then obtain their frequencies as a function of age. As shown
in the middle panel of Figure S5, the frequency of ‘late-arrived’ RV hot Jupiter
population firstly increases and then decreases, forming a ridge at ~ 2 — 4 Gyr.
After removing these ‘late-arrived’ hot Jupiters, the ridge at ~ 2 Gyr disappears
and the declining trend of Fyj — ¢ trend becomes more significant (with a larger
AAIC of 14.3).

We then perform numerical simulations for the tidal decays of hot Jupiters
formed via different origins (frate) with various stellar tidal quality factor (Q.).
Figure S6 shows the best match of Fyj from the hybrid model comparing to
the observational results. The Hybrid model is preferred comparing to the single
‘Early’ model and single ‘Late’ model with AAIC of 3.1 and 6.4, corresponding to
confidence levels of ~ 1 — ¢ and ~ 2 — g, respectively. The best-fits for the frate
and Q. are 21192% and 5.3f8:§, respectively.

2. ST subsample. Figure S7 displays the frequency of hot Jupiters derived from the
ST subsample. Similar to the results from the entire sample, Fyy shows a ridge
at ~ 2 — 3 Gyr and the declining trend is more mild at the early stage. For the
two populations, the frequency of ‘late-arrived’ RV hot Jupiter population firstly
increases and then decrease, forming a ridge at ~ 2 — 3 Gyr (shown in the middle
panel of Figure S7). After removing the contribution of ‘late-arrived’ population,
the ridge at ~ 2 Gyr disappears and the frequency of the ‘early-arrived’ hot Jupiters
shows similar declining trends before and after ~ 2 Gyr (shown in the bottom panel
of Figure S7).

Figure S8 shows the best match of Fiy; from the hybrid model comparing to the
observational results. As can be seen, the hybrid model is preferred comparing to
the single ‘Early’ model and single ‘Late’ model with AAIC of 4.9 and 6.5, respec-
tively. The best-fits for the frate and Q; are 44Jj§}1% and 5.7Jj8:g, respectively.

3. GT subsample. The frequency of hot Jupiters derived from the ST subsample is
generally declining with age (with a DeltaAIC of 6.2). Similar to the results from
the entire sample, Fyy shows a ridge at ~ 2 Gyr and the declining trend is more
mild at the early stage. We then divide the ST hot Jupiter subsample into two pop-
ulations and investigate the temporal evolution of their frequencies. As shown in
the middle panel of Fig. S9, the frequency of ‘late-arrived’ hot Jupiter population
firstly increases and then decreases, forming a ridge at ~ 2 — 4 Gyr. After remov-
ing the contribution of ‘late-arrived’ population, the ridge at ~ 2 Gyr disappears
and the declining trends at early and late stages for the‘early-arrived’ hot Jupiter
population become well consistent.
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Figure S10 shows the best match of Fyy from the hybrid model comparing to
the observational results. As can be seen, the hybrid model is preferred comparing
to the single ‘Early’ model and single ‘Late’ model with AAIC of 8.9 and 21.6,
corresponding to confidence levels of 2 2— o and 2 3 — o respectively. The best-fits
for the frate and Q. are 41111% and 5.7Jj8:g, respectively.

The above analyses demonstrate that all the three subsamples show results similar
to those of the whole sample. The advantage of combining the three samples is that
the results from whole sample have smaller uncertainties in log @), and Fi,ate

Comparisons with results using ages from other methods

It is worth noting that the kinematic ages represent the average ages of a group of
stars. For a consistency check of the age-frequency relation of hot Jupiters derived from
the kinematic method, we collect individual ages obtained through other methods and
obtain the evolution trend of Fyj:

1. Gyrochronology age. Gyrochronology estimates the age of a main-sequence star
based on its rotation period [101, 102]. By adopting the method provided by Spada
& Lanzafame [103], we calculate gyrochronology ages for 31,860 Kepler stars based
on the rotation data from [104]. Then we select Sun-like stars with Teg in the
range of 4700 — 6500 K and remove potential binaries by excluding stars with re-
normalized unit weight error (RUWE)> 1.2, leaving 22,570 stars. For the planetary
sample, we cross-match with Kepler DR25 catalog and yield 16 hot Jupiters.

To obtain the age-frequency trend, we divide the stellar sample into 5 bins with
equal size according to their gyrochronology age and calculate the frequencies of
hot Jupiters by correcting the geometric effect /detection efficiency and eliminating
the effect of [Fe/H] with same procedure described in § 3.2 of Chen2023 [21]. Figure
S11 shows the frequency of hot Jupiters as a function of gyrochronology age (pink
points). As can be seen, Fyyj remains relatively stable when ¢ < 2 Gyr and then
declines sharply. It is also worth noting that the ages of some stars in the last two
bins may be underestimated due to stalled spin-down.

2. Isochrone age. [105] provided isotropic ages for 186,301 Kepler stars with a typical
uncertainty of ~ 56% by fitting the isochrone grid. Here we select Sun-like stars
with reliable age estimations by applying the following criteria: GOF > 0.99 &
TAMS <20 Gyr &t < 14 Gyr & er—;‘t < 1/3, yielding 17665 Kepler stars. For the
planetary sample, we cross-match with the Kepler DR25 catalog and obtained 10
hot Jupiters. We then divided the stellar sample into 5 bins and derive the frequency
of hot Jupiters of different age bins. As shown in Figure S11 (pink points), Fij
generally decreases when t > 2 Gyr.

Due to methodological limitations, the Gyrochronology and isochron method can
only provide reliable ages for the younger and older ends, respectively. By combining
the Kepler sample with individual age estimations from two methods, the declining
trend of Fyy is mildly (v = 0.0370(5) when ¢ < 2 Gyr and becomes steeper (y =
—0.12759%2) at the late stage.
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The above analyses demonstrate that the age-frequency trend of hot Jupiters
derived from individual age estimations is generally consistent with the kinematic
results, further reinforcing the reliability of the broken pattern.

Influence of the dependence of Q; on stellar/planetary properties

In the above analyses, we fit the observed frequency-age trend of hot Jupiters to
theoretical predictions, assuming a common tidal quality factor. Some previous studies
have suggested that Q; depend on factors such as stellar mass, age, evolutionary stage,
and the orbital periods of hot Jupiters [24, 31, 32]. Thus, in this subsection, we explore
the influence of the above dependences of Q; as follows:

1. Stellar properties. Ql may decrease at specific stellar evolutionary stages (e.g.,
subgiant) due to the change of stellar structures [e.g., the increase of stellar radii and
convective envelopes; 31, 106]. In this work, the stellar sample has been restricted
to Sun-like stars, i.e., main-sequence stars with T, in the range of 4700-6500 K. In
Figure S12, we compare the mass distributions for host stars of different kinematic
ages, which are statistically indistinguishable (with KS p—values > 0.1). Moreover,
Q; does not differ significantly with age during the main-sequence stage [see fig. 3
of 32]. Therefore, in this work, it is reasonable to fit using a common tidal factor
when considering only stellar properties.

2. Planetary orbital period (tidal forcing period). As suggested by the observational
[24] and theoretical analyses [32], the stellar Q. may vary with the orbital period
of hot Jupiters P, with an empirical formula,

) 106 .
Q. (Piide) = max[ﬁv 107], (S1)
tide
Poge = ! (52)
TG SR

where Piiqe and Pspin are the tidal force period and stellar spin period, respectively.
In the top panel of Figure S13, we show the derived Q% as a function of the orbital
period P, where Pypiy is set as a typical value of 18 days for Sun-like stars [101, 103].
As can be seen, Q; remains constant when P 2 4 days, while for P < 3 day,
Q; increases with decreasing P. We also calculate the in-sprial timescale ¢;,. The
stellar and planetary periods are taken as the median values for the ‘Early’ model
population in the standard case. As shown in the bottom panel, t;;, become longer
but does not differ significantly compared to typical age uncertainties (i.e., 0.2-2
Gyrs when t ~ 0.5 — 10 Gyr). This is not unexpected since t;,, o< P%5 | while the
variation in Q; primarily occurs at shorter periods (corresponding to ti, <1 Gyr)
with a weaker correlation, scaling as P31,

To further quantify the @QF — P dependence on our inference (i.e., the multiple
origins of hot Jupiters) and the fitted frate, Wwe make numerical simulations in the
standard case by adopting Q; as Equation S1. As shown in the top panel of Figure
S14, for the ‘Early’ model, the fraction of hot Jupiters survived (proportional to
Fyy) decreases quickly at first, then decreases more slowly when ¢ > 4 Gyr. This
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is expected since the orbital period P decays with increasing age. As star ages, P
will decrease to < 3 days and lead to an increase in Q;, weakening tidal dissipation
and slowing the decline rate of Fyy;. For the ‘Late’ model, as shown in the bottom
panel, Fyy would first increase and then decrease.

We then fit the observed age-frequency relation with a hybrid model by adopt-
ing Q; as Equation S1. The initial conditions are set as the standard case. Figure
S15 shows the best match of Fyy from the hybrid model comparing to the obser-
vational results. As can be seen, the Hybrid model is preferred comparing to the
single ‘Early’ model (i.e., frate = 0) and single ‘Late’ model (i.e., frate = 1) with
AAIC of 23.2 and 12.3, corresponding to confidence levels of 2 4-0. The best-fit of
fLate 18 0.58;”8:8?, which is a bit larger but statistically consistent with the results

(0.387019) when taking a constant log Q. = 5.710% within 1 —2¢ errorbars. That is

to say, after accounting for the Q; — P dependence, our inference that hot Jupiters
originate from multiple formation pathways with different timescales remains valid.

It is worth noting that the best fit of the hybrid model obtained using Q;
as [24] does not align very well with observations, as the inflection point appears
earlier than 1 Gyr. Moreover, the best fit of Hybrid model obtained using Q;
as [24] exhibits a poorer agreement with observations compared to that obtained
using a common @, (Extended Data Fig. 6), with a larger AIC scores of -105.6
(AAIC =10.9).

A better agreement with observat1ons could potentially be achieved by modi-
fying the coefficients (4, B,C) of Q. — P (max[P’g ,C]). However, this approach
would increase the number of free parameters from 2 to 4, and the results would
be highly sensitive to the sample orbiting young stars. Therefore, due to the lim-
ited sample size and (particularly) the lack of young data, we do not pursue this
further in the present work.

Comparison with results by adopting other secular chaos
models

The formation timescale of hot Jupiter via the secular chaos mechanism depends
on the initial conditions of the planetary system [10], which remain unclear. To test
how sensitive their conclusion is to this choice of secular chaos model and its initial
conditions, we also adopted the secular chaos model from Teyssandier et al. (2019)
[33] as the ‘late’ model and fitted it to the observational age-frequency trend.
Teyssandier et al. (2019) conducted numerical simulations and derived the distri-
bution of the formation timescales until 2 Gyr (the maximum integration time) for
transient eccentric warm Jupiters (see their fig. 8). They also suggested that 10% of
transient warm Jupiters would form on longer timescales. Here we simply assume that
these 10% form uniformly in logarithmic time between 2 and 10 Gyr. Due to to weak
friction tides, the orbits of transient warm Jupiters will be circularized, leading to the
formation of an hot Jupiters. Based on the semimajor axis and eccentricity, we cal-
culate their tidal circularization timescale. The formation timescales of hot Jupiters
is the sum of the formation and circularization timescales of transient warm Jupiters.
The initial mass distribution of hot Jupiters is assumed to be the same as that of the
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innermost warm Jupiters, i.e., uniformly distributed between 0.3-1.5 M ;. The initial
orbital periods obey a distribution referring to their fig. 10.

We then perform numerical simulations for the tidal decays of hot Jupiters with
various stellar tidal quality factor (Q;) Figure S16 shows the best match of Fyy
from the hybrid model comparing to the observational results. The Hybrid model is
preferred comparing to the single ‘Early’ model and single ‘Late’ model with confidence
levels of 2 2-o, respectively. The best-fits for the fLate and Q; are 45;"}2% and 5.61‘8%,
which are nearly identical to those when adopting the secular model from Hamers et
al. (2017) [30] though with a larger AIC score of -111.9.

The above analyses suggest that our constraints on the origin and tidal evolution
of hot Jupiters are not sensitive to the choice of secular chaos model.

Influence of age uncertainty

In this work, we have adopted the kinematic method, which could not directly provide
the ages and their uncertainties of individual stars. However, the age uncertainty may
distort the frequency-age relation. For example, if the age uncertainties are larger, the
observed frequency-age trend could become flatter regardless of the underlying true
pattern.

To evaluate whether the ‘early’ model alone, after considering the effect of age
uncertainties, can reproduce the observed broken age-frequency relation, we adopt the
‘early’ model and simulate the true ages for stars with and without Jupiters by taking
a log Q; = 5.5, which yields a declining slope consistent with observational trends
beyond approximately 2 Gyr. For each simulated star, we perturb its true age by
drawing from a Gaussian distribution with relative uncertainties of 50%, 100%, 200%,
300%, 400%, and 500%, respectively. Using these perturbed ages, we recalculate the
frequency—age relation. This entire procedure is repeated 1,000 times to assess the
statistical robustness of the results.

Figure S17 shows the median frequency-age relations using these perturbed ages
with different uncertainties. As expected, accounting for age uncertainties tends to
flatten the declining trend. However, under the same level of uncertainty, this flat-
tening effect caused by age uncertainties is similar for both young and old stars, and
thus cannot produce a broken pattern as observed. Moreover, this effect exhibits a
saturation behaviour: when the uncertainty exceeds 300%, the trends under different
uncertainty levels tend to become indistinguishable.

A broken pattern may also be reproduced if the relative uncertainties are larger at
younger ages but smaller at older ages, as shown in Figure S18. However, even with a
500% uncertainty for stars younger than 2 Gyr and 0% uncertainty for stars older than
2 Gyr, the degree of the observed broken pattern (first-flatten-then-decline) is still not
achieved. To evaluate whether this effect can produce a broken trend as pronounced
as the one observed, we consider an extreme case: the age uncertainty is set to 0%
after 2 Gyr, while being significantly larger before 2 Gyr. In this case, the declining
slope beyond 2 Gyr matches the observed trend. When the age uncertainty before 2
Gyr is set to 50%, none of the 1,000 realizations produce a frequency—age trend that
is flatter than the observed one (i.e., fitted ~ greater than or equal to the observed
value). With a 100% uncertainty, only 1 instance out of 1,000 realizations yields a
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flatter trend. Even when the uncertainty is increased to 500%, only 59 instances out
of 1,000 match the observed flattening.

Therefore, the above analyses demonstrate the age uncertainties, even under such
exaggerated conditions, are insufficient to reproduce a flatten-then-decline trend as
strong as the one observed. This strongly suggests that other physical mechanisms
must be contributing to the observed frequency—age relation.
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Planetary mass distribution as hot Jupiters
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Fig. S1 Similar to Extended Data Fig. 6 but the initial planetary mass in simulations is set as the
median value of observed hot Jupiters.

Planetary mass distribution as warm/cold Jupiters
a distribution as uniform in logarithmic scale
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Fig. S2 Similar to Extended Data Fig. 6 but the initial a—distribution of hot Jupiters in simulations
is set as uniform in logarithmic scale. .
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Planetary mass distribution as warm/cold Jupiters

a distribution as disk migration component in Nelsonetal. (2017) 1 Hybrid model o
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Fig. S3 Similar to Extended Data Fig. 6 but the initial planetary mass in simulations is set as the
initial a—distribution of hot Jupiters in simulations is set as the disk migration component in Nelson
et al. (2017).

Planetary mass distribution as warm/cold Jupiters

a distribution as high-e migration component in Nelsonetal. (2017) 1 Hybrid model o
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Fig. S4 Similar to Extended Data Fig. 6 but the initial planetary mass in simulations is set as
the initial a—distribution of hot Jupiters in simulations is set as the high-eccentricity migration
component in Nelson et al. (2017).
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Fig. S6 Similar to Extended Data Fig. 6 but here we only consider the Ground-based Radial velocity
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Fig. S8 Similar to Extended Data Fig. 6 but here we only consider the Space-based Transit (ST)

subsample.
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Ground-based Transit
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Fig. S10 Similar to Extended Data Fig. 6 but here we only consider the Ground-based Transit (GT)

subsample.
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Fig. S11 Frequency of hot Jupiters Fyj as a function of Gyrochronology age (dark blue) and
Isochrone age (pink) after renormalizing to Solar metallicity. The solid line denotes the best-fit of the
hybrid model derived from the kinematic results.
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Fig. S12 The cumulative distributions of the stellar masses for hot Jupiter host stars of different
kinematic ages. In the bottom-right corner, we print the two sample KS test p—values for the distri-
butions of each bin compared to the total sample.
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Fig. S14 The number ratio of the left (formed — tidally disrupted) hot Jupiters before ¢ over the
formed hot Jupiters of all times as a function of age for the ‘Early’ model (Top) and ‘Late’ model
(Bottom), respectively. The initial conditions are set as the standard case, i.e., the a-distribution
of hot Jupiters is set as the results inferred from Kepler data [82] and the initial planetary mass is

set as that of cold Jupiters. The modified stellar tidal quality factor Q; is set as Equation S1. For
comparison, we also plot the result when taking a constant log Q; =5.0.
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Standard case but with log Q. as Penev et al. (2018)
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S16 Similar to Extended Data Fig. 6 but the ‘late’ model is adopt as the secular chaos model
from [33].
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