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Asynchronous rotation of Earth-mass planets in the
habitable zone of lower-mass stars
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& HEODOLIRFEVWRAEZ S DOYE Planets in the habitable zone of lower-mass stars are often assumed to be in a
J =N = state of tidally synchronized rotation, which would considerably affect their pu-
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EhrE, BHERTHOZREM tative habitability. Although thermal tides cause Venus to rotate retrogradely,
Wi 5 B2 N TE simple scaling arguments tend to attribute this peculiarity to the massive Venu-
S N . sian atmosphere. Using a global climate model, we show that even a relatively
® RRNHEOHIERHEIZGZDH thin atmosphere can drive terrestrial planets’ rotation away from synchronic-
W5 AR AT T LTI~ ity. We derive a more realistic atmospheric tide model that predicts four asyn-
chronous equilibrium spin states, two being stable, when the amplitude of the
® BV OB THIERERZ OFVK thermal tide exceeds a threshold that is met for habitable Earth-like planets
KELOBELIEFEHEEEL 5 B with a 1 bar atmosphere around stars more massive than ~ 0.5 — 0.7 M. Thus,
many recently discovered terrestrial planets could exhibit asynchronous spin-
orbit rotation, even with a thin atmosphere.
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Table 1. Characteristics of the thermal tide for various types of atmospheres. Numerical values
of the amplitude of the atmospheric quadrupole (go) and intrinsic thermal frequency of the atmosphere
(ox) derived from the global climate model.
Model output
F(Wm™) ps(bar) qo(Pa) wo(s™)

Sets of simulations
S 2n/00 (days)

RUEPs, KREAARE 52, £k 720l Venos 2610 92 201 377x107 193
W N . Inner habitable zone 1366 1 1180 230x10°° 32
B o=z IZX L, T.ZRKDAHD 10 4050 146x10°° 50
Outer habitable zone (N) 450 1 890 118 x 107° 62

) 7 =L 10 2960 717 x 1077 101
(CRLBLTR Qo & wo &R Outer habitable zone (CO;) 450 10 2500 97x107 70
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Fig. 1. Frequency dependence of the tomue.
(A) Sinof the lag angle (sin23,), (B) amplitude of
the pressure bulge (|§, ), and (C) torque [Im(g,)]
as afunction of the forcing frequency [(w - n)/n]
computed from the numerical atmospheric model
(gray data points) and given by our anzlyticzl mod-
el (black curve). Results zre shown for two pressures
(squares, 1 bar: cirdles, 10 bar) in the 1366 W/m™=
case with an orbitzal period of 225 days. The ermor
bars show the intemal varizbility (+1e). The Venusian
tide amplitude is shown in (B). Despite its simplicity,
the andyticd model farly captures the frequency
dependence of the therma tide response.
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Fig.3. Spin state of
planets in the habit-
able zone.The blue
region depicts the hab-
itable zone (14, 25), and
gray dots are detected
and candidzte exopla-
nets. Each solid black
line marks the critical
orbital distance (5.)
(Eq. 2) separating syn-
chronous (left, red
arrow) from asyn-
chronous planets (right,
blue arrow) for p., = 1 and
10 bar (the extrzpolation
outside the habitable
zone is shown with
dotted lines). Objects in
the gray area are not
spun down by tides. The
error bar illustrates how
lirnits would shift when
varying the dissipation
insde the planet () ~ 100)
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Fig. 2. Equilibrium spin states of the planet. Atmospheric (dashed), gravitational (dotted), and
total (solid) torgue as a function of spin rate for two tidal models, (A to €) Andrade and (D to F)
Constant-Q. Arrows show the sense of spin evolution. (A) and (D) show weak atmaospheric torque, only
one equilibrium, and synchronous spin state exists (blue circle). (B) and (E) show the bifurcation point
(a =a.). In (C) and (F), the atmospheric torgue is strong enough to generate four asynchronous equilibrium
spin states, two being unstable (red open dircles) and two being stable (blue dircles; one is refrograde in the
case shown). The synchronous spin state remains stable. The figure is to be compared with figure 6 of (24).
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(21) within an order of magnitude.



