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1. Research Background

Importance and Important Progresses of Planetary Statistics



A short history of Planets and Exoplanets

The detection of planets & exoplanets
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Important Progresses of Planetary Statistics

Era of the Solar System Planets (Pre-1995)
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Important Progresses of Planetary Statistics

Era of Exoplanets (1995-) giant planets - stellar metallicity correlation
Jupiter-like Planets  observational foundation for the theory of planet
formation (Core Accretion)
1995-2010 &
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Important Progresses of Planetary Statistics

Era of Exoplanets (1995-) the Planet Radius Valley
Super Earths/Sub-Neptunes * Revealing the formation and evolution of
1995-2010 4 different planet populations
gt 2 | | Fulton et al. 2017
Also see
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Exoplanets: the Era of Planet Census

By finding thousands of planets, exoplanet field has been
revolutionized and entered a new era of exoplanet census.

Cumulative Counts vs Discovery Year o
exoplanetarchive.ipac.calfech.edu, 2025-03-27
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2. Exoplanet Statistical Research Based on LAMOST
Research highlight of the “PAST"  (Z£ik) Series



LAMOST

Large sky Area Multi-Object Fiber Spectroscopy Telescope

Features: Large field of view (20 square degrees),
Multi-object (4000 fibers).

« over 20 million spectra, nearly 3 times the sum of
other international survey telescopes).

« 2012-2017: first phase of scientific observations.
« 2018-2023: second phase of scientific observations.
2024- : third phase of scientific observations.

8990
Baich &l



Why LAMOST ?

Exoplanet census needs star census
Know thy star, know thy planet
(1) To accurately characterize planets (2) To reveal the star-planet relations

Photometry Spectroscopy Astrometry
N . S
i l :
2 W R N
] \ }f e 1 g L)
Ground : WASP, HATNet Ground : LAMOST, HARPS, KecK ... Gaia ...
Space : CoRot, Kepler, TESS Space : HST, JWST
‘ What (why) they are l
Find Something is there Planetary phy-5|cal propel:tles (ma_f.s, radius)
) Planetary orbital properties (a, e,i..)
candidates ... Stellar Host properties (mass, age, Fe/H, activity, RV, dis)
Stellar environments (thin/thick disk, halo)




LAMOST - Kepler— Gaia Synergy

fILJAstrometry

St Spectroscopy G Photometry

Teff,

Distance,
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Motion

Seiepoun apgensy ~ A revolution in astronomy
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Planet Census
In the Milky Way
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* Planetary Properties as functions of Galactic Environments (e.g., Thin/Thick disks)
* Planetary Properties as functions of Time (Kinematic age, Isochrone age, Rotation age)

—




NJU Exoplanet Census Team: "PAST" Group

 Jia-Yi YANG
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RS Planets Across Space and Time (PAST)

To Reveal the Observational Evidences of Planetary Evolution




Challenges of the Research

Stellar Luminosity [Lo ]

Age is crucial, but estimating age, especially the age of
exoplanet host stars (main sequency), is not an easy task.

median error 56%
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PAST Approach: Kinematic Age

A Well Calibrated Age-Velocity Relation based on LAMOST and Gaia

Reducing the age error from approximately 50% to 15%

Table 6
The Typical Relative Uncertainties of Parameters and Kinematic Ages Derived
35 by the AVR Using Data from Holmberg et al. (2009) and This Work
| - -Gomez+1997 -
30 -- ~Holmberg+2009 This Work Holmberg et al. (2009)
’ Bovy+2012 U Ak/k 2.6% 10.1%
25 - -shama+f|f;}4 , AB/3 4.4% 20.5%
F = -Yu+2018 <270pc A 2.0% 2.0%
- ~Yu+2018 (Z>270pc), 2% /_\.U/g 9.7%-14.1% 31.6%-64.1%
20 - _Mackereth+2019 =7 i/t o141 210708 1%
; A L % Ak /k 3.7% 9.4%
- - AB/3 4.1% 13.8%
15 _ -z s Ao/o 3.5% 3.5%
: el -~ AL/t 11.8%-20.1% 23.329—44.4%
- et 1% Ak/k 52% 14.1%
Low®" a2 % AB/3 3.7% 12.3%
10L.-72 Ac/o 4.1% 4.1%
= At/t
; ® a/k reduce the internal error |
ABJE
) ‘ 1 R Ac/o 49 2.4%
1 E G )4 6 At/t VS | 27.4%-54.1%
; yl‘

Chen et al. 2021 Ap]



Plan of the PAST

Applications

Methods and Catalogs g Di-Chang CHEN
JIE— s

PAST-1: Characterizing the Memberships of
Galactic Components and Stellar Ages:
Revisiting the Kinematic Methods and Applying

to Planet Host Stars ‘ Chen +2021 Ap)J

- o

B Jia-Yi YANG

PAST-2: Catalog and Analyses of the LAMOST-
Gaia-Kepler Stellar Kinematic Properties

Chen + 2021 AJ

Size Relative to Earth (Radius)

Orbital Period (Days)

PAST-3 & 4: Applications to Super-Earths & Sub-neptunes; (Chen+2022 AJ, Yang+2023 AJ)
PAST-5 & 7: Applications to Hot Jupiters; (Chen+2023 PNAS, Chen+2025 Accepted by Nature Astronomy)
PAST-6: Application to USP planets (Tu+2025 Nature Astronomy)




Hot Jupiters
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The First Discovery of Hot Jupiter

Article Published: 23 November 1995

A Jupiter-mass companion to a solar-type star
Michel Mayor & Didier Queloz Eﬂ?gﬂ‘ﬁgﬁmmﬁﬂgﬁg
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The Mystery of Hot Jupiters (1)

How do hot Jupiters form?

lack of important observational evidences to distinguish between various models

Ex situ formation
Disk Eccentricity

. . disappears excitation
- — —

l Disk
In situ migration
formation

: . o TN Disk disappears

Dawson & Johnson 2018 ARAA




The Mystery of Hot Jupiters (2)

Will Hot Jupiters crash into the Stars ?

Tidal theory: YES!

BUT: lack large-sample
observational evidence

WASP-12 b is currently the only one with
solid evidence on orbital decay (Yee et al. 2020)




The Mystery of Hot Jupiters (3)

Contradiction on the Occurrence of Hot Jupiter

Gould+06, Howard+12, Santerne+16 Cumming+08, Mayor+11, Wright+12
Transit: F,;~0.5% . ~ Radial Velocity: F,;~1%

time (hrs + JD 2451751.0]



The Mystery of Hot Jupiters (4)

Searching for hot Jupiters in Globular Clusters

Result: 0!  Gililand et al. (2003)

Globular Cluster
47 Tucanae

Ground * AAT

NASA and R. Gilliland (STSel)
STScl-PRC00-33

Hubble Space Telescope * WFPC2




Hot Jupiters are Decaying
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The evolution of hot Jupiters revealed by the age distribution of
their host stars

Di-Chang Chen®™“(2), Ji-Wei Xie®™', Ji-Lin Zhou®™", Subo Dong®®' (), Jia-Yi Yang*® (2, wei Zhu', Chao Liu¥(2), Yang Huang®", Mao-Sheng Xiang®,
Hai-Feng Wang'(2), Zheng Zheng, A-Li Luo®(), Jing-Hua Zhang?, and Zi Zhu®®

Edited by Neta Bahcall, Princeton University, Princeton, NJ; received March 15, 2023; accepted August 15,2023

PAST-5: Chen, Xie & Zhou et al. 2023 PNAS



Implications

Mystery(1 ): How do HJ form? PAST-5: Chen, Xie & Zhou et al. 2023 PNAS

Space-based Iransit

Answer (1) : Providing time constraint for the ot Jupiter
formation mechanism, and the majority of
hot Jupiters should form within ~1 Gys

E&‘?(l = 7.853% x exp(0.027){% 1)
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Disk

In situ migration
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Dawson & Johnson 2018 ARAA




Implications

PAST-5: Chen, Xie & Zhou et al. 2023 PNAS

Mystery(2): HJ crash into the Stars ? Spuccbosnd Tt
Fy" = 135% % exp(=0.15775  t)
Answer (2): Yes! Providing large-sample evidence of hot Hot Jupiter

Jupiters being engulfed due to tidal evolution. Provide
observational constraints for stellar tidal factors.

Bty = T8533% x exp(0.0258 1)

Cold Jupiter




Implications

Mistery (3) : Why are the occurrence rates for HJ different?

Answer (3): Because the RV sample are metal richer and younger.
PAST-5: Chen, Xie & Zhou et al. 2023 PNAS

[Fe/H] Age+t RV
[Fe/H] frequency Radial Velocity : Fy;~1%
"f

Transit: Fy;~0.5% 5

1.5

Fua (%]

0.5F




Implications

Mystery(4): Zero detection of HJ in globular cluster ?

Answer (4): Because globular clusters are too old, and most hot
Jupiters have already been engulfed.

47 Tucanae : Globular cluster , Field population mass Age
low [Fe/H] , low-mass, ~11.6 Gyr ' ' ' '
==
3 +1.7
ik 100_ 4‘.0_14

PAST-5: Chen, Xie & Zhou et al. 2023 PNAS ~0f8

Gilliland et al. (2003) Masuda & Winn (2017) Masuda & Winn (2017) This work
All Kepler sample Low mass Kepler sample




0.015

0.005

New Progress !

Hot Jupiter Origin and Tidal Evolution
Constrained by a Broken Age-Frequency Relation

PAST-7: Chen, Xie*, Zhou et al. 2025 Nature Astronomy, accepted

Standard case

—Best fit of Hybrid model
‘Early’ model contribution

- -‘Late’ model contribution ||

0.8

0.6

fLate

0.4

0.2

Ilybrid model

YeBest-fit
—1-—0c
—2—0
—3 -0

Best-fit:
fras 038701
log @, : 5.7°03

log Q,

8

=10

AlnL

=15

Quick model: ~ 60%

Timescale within < 0.1 Gyr
In-situ formation, disk migrarion
planet scattering/Kozai-Lidov

Slow model: ~40%

Timescale from ~0.1-10 Gyr
Secular chaos in multiple systems

Stellar tidal factor: log Q. = 5.779%

=25



Super-Earths / Sub-Neptunes

e Radial Velocity
* Transit
* Imaging

Microlensing
Pulsar Timing
Kepler

—xoplanet Populations
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Super-Earths / Sub-Neptunes

—xoplanet Populations
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see review by Zhu & Dong 2021




Age dependence of Occurrence and Architecture

Planet formation is robust and stable across the Galaxy history.

FKep[ %] Np n FKep x Np
T peraEE] [T Thae s | 20T o=t
80 p=0.227 | 3| p=0.0182 |- } p=0.00604
&
o f 13yt 1] gt
2,_ —— -
i i }; .1.0f i
L 2 = L z = o
Age [Gyr]

PAST-4: Yang, Chen & Xie* et al. 2023 AJ

Fraction of stars with Kepler-like planets (£7,,) is relatively stable around 50%.
Average planet multiplicity (Np) decreases ( ~2c significance) with age.
Number of planets per star () decreases (~3c significance) with age.



Age dependence of Occurrence and Architecture

Orbital inclination dispersion (o;,) generally increases with age.
PAST-4: Yang, Chen & Xie* et al. 2023 AJ

| & This work
-== Best Fit
- Y Solar system terrestrial
% Fabrycky+ 2014
* Xie+ 2016 iy |
__10¢ ! |
g | | nference  EQTlY SOlar System:
(o) |
O -1 ?
8 | . -, | =mmmm) more coplanar:
X _ e d
S L B | more planets ?
1 ;/; = L : : J e.g., The Planet V model
[l ; (Chambers & Lissauer 02;
[ 0°7~2°6 1°1~5°9 1°0~5°4 1°2~10°9  1°3~11°7 | Chambers 07; Brasser & Morbidelli)
1 10

Age [Gyr]



The

PAST-3: Chen, Xie* et al. 2022 Al

Young > Old
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20 -
| The radius valley emerged before 1 Gyr and the

contrast (Cyqey, nUmber ratio of super-]?rths plus
sub-Neptunes to the valley planets) increase with
time.

Alley

The asymmetry (Ayayey, the number ratio in logarithm
of super-Earths to sub-Neptunes) increase with time.

‘Radius Valley”

Is Evolving
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513 f . .
: % not change significantly.
1.2:*
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Ultra Short Period (USP) Planets
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Ultra Short Period (USP) Planets

T
» Earth-sized or super-Earth planets with orbital period < 1 day.

e QOccurs around 0.51 + 0.07% of Sun-like stars Winn et al. 2018
* Ty = 1000K-2000K —— Lava worlds!

A population-wide 0.32+0.04 CMF

5000

2.0
0 4000 _
x ®
2 T
= 3000
E 1.5 kS

/T K2-141b ©

? TOI-1444 2000 2
® =
0

10 1000 They are rocky!

' Dai et al. 2015, 2017, 2018, 2019, 2021
Rubenzahl, Dai et al. 2023

Brinkman, Weiss, Dai et al. 2022
1 2 3 4 5 7 1 0 | Weiss, Dlai et all. 2021
Pla net MaSS (M@ ) Including Murphy, Scarsdale, Batalha



Orbital Period (days)
[

Migration forms USP planets

Arrival time at the USP’s orbit

=
(=1
T

-
= 2
=

<K ~1Gyr . Myrs to Gyrs, depend on initial conditions
. disk migration @ ®  stellartides
3 Becker et al. 2021, Lee & Chiang 2017; h Schlaufman et al. 2010, Lee & Chiang 2017

planetary eccentricity tides
_ /% Petrovich et al 2019, Pu & Lai 2019
magnetic effects « @ o o

Strugarek et al. 2017, 2025 :
Colle et al. 2025 Lee & Owen 2025

Eccentric, Inclined Orbit planetary Ob“qurty t|deS

See also Eve J. Lee and Douglas Lin’'s talk on April 23 Millholland & Spalding 2020

USP planets' origins remain enigmatic



Evolution of USP Occurrence Rate and Architecture
S

nature astronomy

Explore content v About the journal v

Publish with us v

Subscribe

nature > nature astronomy > articles » article

Article | Published: 28 April 2025

planet systems

Pei-Wei Tu, Ji-Wei Xieg, Di-Chang _Chen & Ji-Lin Zhou

Age dependence of the occurrence and
architecture of ultra-short-period
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PAST-6: Tu, Xie*, et al. 2025 Nature Astronomy

—USP migration formation spans billions of vyears,
formation rate increases over time.

larger orbital

Gyr) USPs have smaller orbital

Transiting Planet Multiplicity
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3. Prospects and Summary



cumulative exoplanet count

Bright Future of Exoplanet Statistics
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Exoplanets vs. Galaxies

ABHRMTERSE
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Lessons from the extragalactic astronomy

XBERIMTERS RTRIMEERSR
Exoplanets Galaxies
See the future of the exoplanet field from the past of the galaxy field

Edwin Hubble's
Classification
Scheme ®

Ellipticals ™.
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https://hubblesite.org/contents/media/images/1999/34/890-Image.html?news=true

Future Plans and Layout: NJU Exoplanet Census Team
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Summary

The Future for Exoplanet Census is bright.
RIMTEEZESFITENRICHH

Large scale star survey (LAMOST) is essential for planet census.
ABBEEKR (ILAMOST) EiEENER

Time (or Age) Is an important dimension to explore -
observational planet evolution.
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