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Fig.1 The initial semi-major axis distributions with Rayleigh parameters o, of 0.03 (dotted line), 0.05
(dashed line), and 0.08 (solid line) in the simulations
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Fig.2 Tidal evolution of the semi-major axis and eccentricity in a single terrestrial planetary system.
The upper figure shows the time evolution of eccentricity, and the lower figure shows the semi-major axis

changing with eccentricity (the arrow shows the evolution direction).
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Fig.3 The final distributions of semi-major axis corresponding to the case of o, = 0.03, with the initial

eccentricity peak of 0.05, 0.1, 0.2, 0.3, and 0.4, respectively. The solid line represents the observed data.
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Fig.4 Similar to Fig.3, the final distributions of semi-major axis corresponding to the case of o, = 0.05
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Fig.5 Similar to Figs.3—4, the final distributions of semi-major axis corresponding to the case of
o, = 0.08
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Fig.6 The final orbital semi-major axis and eccentricity after tidal evolution with different timescales.
The initial orbital semi-major axis and eccentricity are chosen randomly from 0.01-0.12 au, and 0-0.4,

respectively. The planetary orbits within 0.1 au are almost circularized after gillion years’ evolution.
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Fig. 7 The final distributions of semi-major axis with different Q; and eccentricity, which depend on the

initial eccentricity but not on Q;
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Fig.8 The final distributions of semi-major axis with different Q’ and eccentricity, whose dependence on

Q. is much weaker than that of the initial eccentricity.

030 7

T T
- (3,24) |
Y e (0.75-1.25,0.8-1.2) | |
: (0.2,0.4)

0.25 -

0.20 -

0.15 -

Fraction

0.10 -

0.05 -

0.00 5 . 1 . 1 . | ]

0.00 0.05 0.10 0.15 0.20

Semi-major axis /au

B9 AR TR - 42 50 AR % Bk 4 R

Fig.9 The final orbital distribution of different stellar mass-radius relations

31-8



58 & i BRI Kepler /T A2 (W1 AT 4 1

K104 1 TAT R 42 00.8-4 R BENL T S IR A S E N o R = 1.3 Re I LLALATR,
A5 BIARAC A Ryana 1 Ryayr. AT 2255 (K3 AUIE Al 70 AT £EAH 7] Lo R 3 AT D0 T
ATAVBLI U ELA7 B SR, AEAR R SEAR Al R, 45 SRR 0 (K AN 7] 23 A1 A7 ] A2 14
M 2. DAL, A2 0 Al HUR SR 17 (L PR s 32 i AN S (B PR A . ISR I AT SR A0y
BB - S ) B Je 3 AT M AN K

0.4

0, =0.045 -==R_ . c=005
""" —R,_ ;004
031 [— R0 70.05 ]
B R, ;0,704
- 02p
- N
k3]
: i
= 01f  -----
oof
0.00 0.05 0.10 0.15

Semi-major axis /au

K10 ARATEAR RIS L R . Riana 710.8-4 R ZIMIBEHLIME, Reapn AMiFIZ o r =1.3 Rg MIHFIZR.

Fig.10 The final orbital distribution with different planet radii: R,anq case means that R, is assumed as
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Tidal Evolution of the Kepler Planets with Radii
Less than 4 Rg
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AsstracTt The planets with a radius < 4 Rg observed by the Kepler mission exhibit
a unique feature, and propose a challenge for current planetary formation models. The
tidal effects between the planet and the host star play an essential role in reconfigur-
ing the final orbits of the short-period planets. In this work, based on various initial
Rayleigh distributions of the orbital elements, the final semi-major axis distributions
of the planets with a radius < 4 Rg after suffering tidal evolution are investigated.
Our simulations qualitatively reveal various statistical properties: the peaks of semi-
major axes increase with the mean semi-major axis, and the peak amplitude of the
final semi-major axis distribution increases with the mean eccentricity for all kinds of
semi-major axis distributions. For the case that the mean semi-major axis is about
0.1 au and the mean eccentricity is larger than 0.25, the amplitude peaks of the final
semi-major axis are approximately consistent with observations. In addition, the roles
of other parameters such as the tidal dissipation factor, stellar, and planetary mass etc,
are explored in this study by performing numerical simulations, and it is found that
they have little effect on the amplitudes of the peaks. Our simulation results provide
some clues of planetary formation for such low-mass planets. We speculate that these
low-mass planets are possible to form in a farther place of the proto-planetary disk with
a moderate eccentricity via type I migration, and it is possible to form in situ too.

Key words celestial mechanics: tidal theory, planetary systems: formation, methods:
numerical
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