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ABSTRACT

‘We have derived analytical formulae of obliquity variations of terrestrial planets in spin-orbit resonant
regions as well as in non-resonant regions. With our formulae, we have investigated obliquity variations of
possible terrestrial planets in habitable zones (HZs) perturbed by a giant planet(s) in extrasolar planetary
systems. All the extrasolar planets so far discovered are inferred to be Jovian-type gas giants, however,
terrestrial planets could also exist in the extrasolar planetary systems. In order for life, in particular for
land-based life, to evolve and survive on a possible terrestrial planet in a HZ, small obliquity variations
of the planet is required in addition to its orbital stability, because large obliquity variations may cause
significant climate change. In general, large obliquity variations are caused by spin-orbit resonances where
the precession frequency of a planet’s spin nearly coincides with one of the precession frequencies of the
ascending node of the planet’s orbit. Considering a system that consists of a host star, a hypothetical giant
planet(s), and a hypothetical mass-less terrestrial planet, we derived the analytical formulae of obliquity
variation amplitude of the terrestrial planet. In some cases, we compared the analytical formulae with
numerical integration of the precession equation and found excellent agreement. Using our analytical
expressions, we evaluated the obliquity variations of terrestrial planets with prograde spins in HZs. We
found that the obliquity of a terrestrial planet in a HZ is most largely affected by the giant planet when
the giant planet is so far from the HZ that the orbit of the terrestrial planet is hardly perturbed. The
obliquity variations of terrestrial planets are rather small when the giant planet is so close to largely affect
the orbit of the terrestrial planet. We investigated the obliquity variations of possible terrestrial planets
in the HZs in the known extrasolar planetary systems. We found about half of the known extrasolar
planetary systems show small obliquity variations (smaller than 10 degrees) over the entire HZs. However,
the systems with both small obliquity variations and stable orbits in their HZs are only 1/5 of the known
systems. Most of such systems are comprise with short-period giant planets. If additional planets are found
in the known planetary systems, they generally tend to enhance obliquity variations of possible terrestrial
planets. On the other hand, a large and/or close satellite that significantly enhances precession rate of
the spin axis of the terrestrial planet is likely to reduce obliquity variations of the planet on a stable orbit
near 1AU. Moreover, if a terrestrial planet is in retrograde spin state, the spin-orbit resonance does not
occur. Retrograde spin, or a large and/or close satellite might be essential for land-based life to survive on
a terrestrial planet in a HZ.

INTRODUCTION

rocky planets) could be present in some of the extraso-

More than 100 extrasolar planets around nearly 90
Sun-like stars are now known (see e.g., http://cfa-
www.harvard.edu/planets/). The main technique used
to detect these planets is to observe reflex motion of
host stars due to planetary motion through the Doppler
shift of stellar spectral lines (e.g., Marcy et al. 2000).
The planets so far found are as massive as Jupiter,
so all the known extrasolar planets are considered to
be Jupiter-like giant planets. However, it is reason-
able to expect that terrestrial planets (relatively sinall

lar planetary systems where a giant planet(s) has been
detected. Are there terrestrial planets which could har-
bor life like the Earth does in the extrasolar planetary
systems?

All organisms which we are familiar with on the
Earth require liquid water during at least part of their
life cycle. In order for life to emerge on a terrestrial
planet, it is also necessary that their orbits remain con-
fined in the habitable zone (HZ) of its host star over the
length of time required for biological evolution. A stcl-



lar HZ is the range of distances from a star allowing the
existence of liquid water at the surface of a terrestrial
planet (Abe 1993; Kasting et al. 1993). The orbital sta-
bility of hypothetical Earth-like planets inside the HZs
of extrasolar planetary systems have already been in-
vestigated through numerical simulations by many au-
thors (Gehman et al. 1996; Jones et al. 2001; Jones
and Sleep 2002; Noble et al. 2002; Menou and Tabach-
nik 2003). Here, orbital stability means that the orbits
of the hypothetical terrestrial planets remain confined
in stellar HZs over the time required for the evolution
of life. In general, if the orbits of giant planets are lo-
cated in the vicinity of the HZs, terrestrial planets can-
not exist on stable orbits long enough inside the HZs
because of the strong perturbing influence of the gi-
ant planets. Menou and Tabachnik (2003) studied the
orbital stability of 85 known extrasolar planetary sys-
tems. Their results indicate that more than half of the
85 systems are unlikely to harbor habitable terrestrial
planets, however, about a quarter of the known extra-
solar systems could have terrestrial planets on stable
orbits in the HZs as our own Solar System.

Not long-term orbital stability of terrestrial planets
in stellar HZs but also moderate climate on these plan-
ets may be necessary for the evolution of life. Planetary
climate is greatly influenced by the insolation distribu-
tion and intensity, which depends on the orbital param-
eters and spin motion of a planet, especially eccentric-
ity, obliquity, and the precession motion of the planet
(Milankovitch 1941; Berger 1984, 1989). Because of
their equatorial bulge, planets are subject to the torque
arising from the gravitational force of a host star (and
possibly of their satellites and of other planets). This
torque causes precessional motion of the spin axis of
the planet about its orbit normal. On the other hand,
gravitational interactions with other planets cause the
orbit normals to precess and nutate about the normal
to the invariable plane of the system. So the obliquity
of a planet generally changes periodically. In particu-
lar, for a land-based life like human beings to evolve
and survive, small obliquity variations of those planets
are required to keep moderate climate. Then, we treat
the change of obliquity of terrestrial planets especially
in this paper.

Obliquity, the angle of a spin axis of a planet relative
to its orbital plane, changes the latitudinal distribution
of yearly insolation on the planet. Changes in obliquity,
inducing insolation distribution change, could be an im-
portant driver of climate variations. The Earth’s obliq-
uity varies by + 1.3° around its mean value of 23.3° in
a period about 4 x 104 years (Ward 1974, 1992). The
glacial cycle of the Earth has been triggered by the pe-
riodic change of obliquity to some extent, through the
variation of insolation at the edge of glacier in northern
hemisphere. Even such small variation of the obliquity
has produced significant. variations in the Earth’s cli-
mate at least during the Quaternary.

Mars’ obliquity is believed to have suffered from a

large-scale oscillation with an amplitude as much as
~ 20° around its average of ~ 25° on a time scale
~ 10%-106 years (Ward 1973, 1974; Ward and Rudy
1991). Such a large variation is a result of a cou-
pling between the precession rate of Mars’ spin axis
and one of the frequencies of its orbital precession. This
is called the spin-orbit resonance. Laskar and Robutel
(1993) and Touma and Wisdom (1993) showed that the
obliquity of terrestrial planets except the Earth could
have experienced large and chaotic variations through-
out their histories. As a result of the chaotic variations
on a long timescale, the range of Mars’ obliquity change
can be as large as 0° to 60°. Furthermore, obliquity of
a moon-less Earth would vary radically in the range
from 0° to 85° (Laskar and Robutel 1993; Laskar et al.
1993; Laskar 1996). If the Earth’s obliquity had such
a large variation, its climate would drastically change,
providing a significant obstacle to the development of
complex life on the Earth.

The analysis on the behavior of the planetary obliq-
uity performed so far, however, has been concerned
mostly with the orbital configuration of the planets in
our Solar System through numerical calculations. In
order to investigate the spin-orbit resonance in extra-
solar planetary systems and discuss obliquity variations
of possible terrestrial planets in HZs in the systems, it
is useful to derive the generalized analytical formulae
which express variations of the obliquity.

The oscillation amplitude of obliquity in non-
resonant regions was derived by Ward (1974) through a
linear analysis of the secular precession equation. Ward
et al. (2002) showed the amplitude for a mass-less body
in the place of Mars as a function of the rotational pe-
riod and the semimajor axis of the particle with the an-
alytical formulae. However, the non-resonant formulae
cannot describe the oscillation amplitude of obliquity
in the regions near spin-orbit resonances where the os-
cillation amplitude is not small. As we show later, the
regions affected by the spin-orbit resonance are some-
times wide, and the non-resonant formulae significantly
underestimate the amplitude near the edge of the res-
onant regions while they overestimate the amplitude
near the center. Therefore, it is important to evaluate
the amplitude also in spin-orbit resonant regions.

In the present paper, we investigate how the oscil-
lation amplitude of the obliquity of terrestrial planets
in a HZ depends on the masses and the orbits of giant
planets, in resonant regions as well as in non-resonant
ones. Through analytical arguments and numerical cal-
culations of secular precession equations, we derive the
resonance width and amplitude of obliquity near spin-
orbit resonances. We also derive obliquity amplitude in .
non-resonant regions through a different approach form
Ward (1974), which completely agrees with the results
by Ward (1974). With our formulae, we can predict the
amplitude of obliquity of a terrestrial planet in spin-
orbit resonant regions as well as in an non-resonant
regions.



Applying our results to the known extrasolar plan-
etary systems, we investigate how strongly possible
terrestrial planets are affected by the spin-orbit reso-
nances. We find that the possible terrestrial planets in
only 1/5 of the known extrasolar planetary systems ex-
hibit both small obliquity variations (Ae < 10°, where
Ac is the variation amplitude of obliquity) and the pos-
sibility of the orbital stability over the entire HZs. Our
results show that terrestrial planets often suffer large
obliquity variations by the spin-orbit resonances even
if they have stable orbits.

In the next section, we explain our model and basic
equations. In Section 3, we derive the analytical for-
mulae, which are confirmed by numerical calculations.
Using the analytical formulae, we discuss what kind of
giant planet causes large obliquity variation of terres-
trial planets in a HZ, in Section 4. In Section 5, we
show the results of applications of our results to the
known extrasolar planetary systems. Sections 6 and 7
are devoted to discussion and conclusion.

2. MODEL AND BASIC EQUATIONS

We investigate obliquity variations of a hypothetical
terrestrial planet in a planetary system with a given
giant planet(s). Here we consider the terrestrial planet
with oblate figure and neglect its gravitational effects
on the host star and the giant planet.

Spin axis of a terrestrial planet precesses around the
orbit normal because of the gravitational torque raised
by other objects in the system exerted on the oblate
figure of the terrestrial planet. The secular precession
equation of the spin axis § of the planet is given by
(e.g., Ward 1974)

ds

dt

where 8§ is a unit vector in the direction of spin axis
and 72 is that of the normal to the orbital plane of the
terrestrial planet. The precession constant « is

3Gm.ED
4mald
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where G is the gravitational constant, m, is the mass
of the central star, D and a are the spin rotation period
and the semi-major axis of the terrestrial planet, and
E is its dynamical ellipticity, assuming E « D2 (e.g.,
Laskar and Robutel 1993). Here we only consider the
torque by a central star. The torque by the giant planet
can be neglected compared with that by the central star
unless the orbits of the terrestrial and giant planets are
so close that the terrestrial planet is orbitally unstable.
The torque by satellites of the terrestrial planet (if they
exist) can be cffective. Actually, the precession of the

(1)

= of3-A)(3 x A1),

Earth’s spin axis is increased by a factor 3 by the torque
by the Moon, although no other satellites in the Solar
System raise such large torque. The torque by satellites
can be taken into account by appropriately increasing
o (Ito et al. 1995).

Obliquity € of the terrestrial planet, the angle be-
tween 8 and n, is obtained by

(3)

The relationship among the reference plane (which is
the invariant plane in this paper), orbital plane, and the
equator of the terrestrial planet is schematically shown
in Figure 1. Note that § is perpendicular to the equato-
rial plane. Since we assume that the planet’s rotation
period is sufficiently shorter than the period of preces-
sion and obliquity variation, its spin axis coincides with
its principal axis.

§-7 = cose.

orbital plane

Fig. 1.— Relationship between the reference plane, orbital
plane and equator.3 is the unit vector in the direction of
the spin axis, 72 is that normal to the orbital plane, ¢ is
the obliquity, @ is the angle of the equator relative to the
reference plane, ¥ is the longitude of the equator, I is the
orbital inclination, and Q is the longitude of the ascending
node.

If o is constant with time, Eq. (1) shows that ¢ is
also constant. However, 7 generally varies by the grav-
itational perturbations exerted by other planets, which
are the giant planets in the systems we consider here.
Because we are interested in orbitally stable cases, we
use the secular perturbation theories (e.g., Brouwer
and Clemence 1961) to describe orbital change of the
terrestrial planet. Let 7 and © be the orbital inclination
and the longitude of the ascending node of the terres-
trial planet. Then, 2 = (sin Isin Q, — sin J cos 2, cos J)
in the Cartesian frame with the z-y plane being the ref-
erence plane. Assuming that I « 1, secular variations
of I and Q are written as

N.
Iysin(Bt + v) + Z Iisin(fit + ). (4)

=1

Isin)



N
Ipcos(Bt + ) + Z I; cos(fit + 7:),(5)

i=1

Icos

where f; are the eigenfrequrncies of this system and
N, is number of eigenfrequencies. Free oscillation fre-
quency B and forced inclinations I; are given by

Ng
—-2nz pjaF;,
i=1
Ng
2n3 5t ieFil )
B-f '

where n is the mean motion of the terrestrial planet,

(8)

a* = max(a, a;), @; = min(a, a;)/max(a, e;), a and a;
are the semi-major axis of the terrestrial planet and the
giant planet j, bg’")(a,-) are Laplace coefficients (e.g.,
Brouwer and Clemence 1961), Nz is number of giant
planets, and p; is the mass of giant planet j normalized
by the host star mass, m;/m.. I;; are eigenvectors
for f;. Since we here adopt the invariant plane as the
reference plane, I; = I; = 0when Np =1, )y = Iy =
0 and I are orbital inclinations of giant planet j when
Ng = 2. Free inclination Iy, and phase parameters -y
and v; are determined by initial conditions. Since we
only consider the lowest order terms of eccentricity and
inclination, the evolution of inclination is independent
of eccentricity. We investigate the oscillation amplitude
of ¢, using Eqgs. (1), (4) and (5).

B (6)

I;

1 .

Fj = goraibsjplas),

3. FORMULAE OF OBLIQUITY VARIA-
TIONS
3.1. ANALYTICAL DERIVATION

We derive analytical formulae of amplitude of oblig-
uity oscillation, Ae, in the region near spin-orbit reso-
nances as well as in non-resonant region. Ward (1974)
- derived the expression for Ae¢ in the non-resonant re-
gions when I (in radian) < 1, through analytical
method different from ours. We mainly focus on reso-
nant regions, which have not been studied in detail.

We assume that I < 1 as Ward (1974). With this
assumption, substitution of Egs. (4) and (5) into (1)
yields (see Appendix) ‘

% —acose + acosecot @ [Ipcos(yp — )
Nl’.
+Y L cos(yp — )] + O(I2), 9)
i=1
d‘“;:‘) ~ IoBsinBsin(s — Q)

N,
+ Y Lf;sinBsin(y — Q) + O(I%)(10)

i=]

where 9 is the Jongitude of the equator of the terrestrial
planet in the reference frame, and 6 is the angle between

the equator of the terrestrial planet and the reference
plane. We denote Bt + v by Qo and f;t + 7; by €.

If a precession frequency of spin axis approaches one
of the orbital precession frequencies, ¥ — Qo ~ 0 or
¥ — Q; ~ 0, the first or second term of the right hand
side of Eqgs. (9) and (10) does not change a sign (sin§
has a definite sign), so that e tends to secularly increase
or decrease to have a large amplitude. This is the spin-
orbit resonance. On the other hand, in non-resonance
case, since the terms in the right hand side of Eqs. (9)
and (10) oscillates around zero with time, € oscillates
with a small amplitude, ~ O(J) (see section 3.1.2.).

Since I < 1, the precession frequency () is ap-
proximately given by —acose. It should be noted that
P ~ —acose is negative for prograde spin rotation
(e < 90°) and positive for retrograde one (¢ > 90°)
while ) and €; are always negative. So spin-orbit res-
onance occurs only for the planets with prograde spin.
We will discuss planetary spin later.

First we consider the system with a giant planet and
a terrestrial planet. We address systems with multiple
giant planets later. In the one giant planet system,
Iy is the inclination angle between the orbital planes
of the giant and the terrestrial planet. Since I; = 0,
I = I and Iy does not change with ¢, and  is a linear
function of t given by Bt + v (= Q) (Egs. 4 and 5).

In this case, Equation (9) is reduced to

;—tw_QO) (—B — acose)

~

+ a cos € cot 81 cos(yp — Qo)

+O(1%). (11)

Spin-orbit resonance occurs when 3 — g =~ 0. Scaling
time t by 1/y/alo|B|sine,, where ¢, is a particular
obliquity, Equation (11) is

dx —-B —acose = cosecotd \/cfocosx+0(l3/2),

=
dt  \/aly|B|sine. +/|B]|sine.

(12)
where z = ¢ — Qo and £ = /aly|B|sine.t. We will

take a resonant obliquity as €. to analyze resonant
regions, while a time averaged one is taken as €, to
analyze in non-resonant regions. Since we are inter-
ested in the terrestrial planet in a prograde spin state,
0 < e, < 90°.

3.1.1. RESONANT REGIONS

Because we assume that I < 1, the second term in
the right-hand side of Eq. (12) is much smaller than
the first term. To investigate time variation of € near a
resonance, we adopt resonant obliquity ¢, that satisfies
cos¢r = |B|/a as e.. Then, Eq. (12) is reduced to

dz
—_ =Y, 13
=Y (13)
where

_ __|Bl+acose

= 14
Vvalo| Bl sine, a4



Since 6 e for I « 1, Eq. (10) is reduced to
d(cose)/dt = IpBsinesinz, so that time derivative of
Eq. (13) is

~

d’z _ sine
dt2

15
sin €, (15)

sinz ~ sinz,

where we neglect the displacements in € from the exact
resonant obliquity ¢,, compared with the change in z.
Integrating Eq. (15) with Eq. (13), we obtain

H =cosz + %yz, (16)
where H is an integration constant. Equation (12)

including the second term yields a similar integration
constant,

H=cosz+ %y’, (17)
where ¢ = y+1/Ip cot3 &, cosz. The modified resonant
obliquity €’ is given from ¥’ = 0 by

cos€, = cose(1 + Ip cot €, cos ). (18)

If cosz < 0 (> 0), €] is slightly larger (smaller) than
€y.

Curves of constant H obtained by Eq. (17) are plot-
ted on the z-y plane in Figure 2a. We show the curves
in the case of m¢ = 1Mg, m; = 1M; (Mj is the mass
of Jupiter), a; = 5.2AU, a = 1.1AU, D = 24hour and
Ip = 1.3°. The results obtained by numerically inte-
grating Eq. (1) are plotted in Fig. 2b. Integrations
start at z = 7 with different y such that H calculated
by the z and y correspond to those plotted in Fig. 2a.
The integrated trajectories are in excellent agreement
with corresponding analytical contours in Fig. 2a. If
H > 1, the angle z circulates with oscillation in y on
the same period; the oscillation amplitude decreases
with increase in H. If -1 < H < 1 (H cannot take
values < —1), the angle z librates in the limited range,
accompanied by oscillation in y with relatively large
amplitude around y = 0, which corresponds to € = ¢;.
H = 1 is the separatrix, which divides the libration
region from the circulation region.

For each trajectory with -1 < H < 1, y

+1/2(H — cosz). The maximum deviation |Ay| from
y = 0 (the resonant center) is

|AY|max = 2, (19)
which occurs when z = 7 and H — 1. When ini-
tial y (yini) satisfies —|AyYlmax < Yini < |AY|maxs
initial = (zip;) such that the initial point (Zini,¥ini)
lies on the libration trajectory with H — 1 exists.
In this case, y on the trajectory varies in the range
of —|AYlmax < ¥ < |AY|max- We call the region
of —|AyY|lmax < ¥ < |AY|max as “resonant region”.
{AYimax is the resonant (haif) width to lowest-order
accuracy. However, all trajectories with v in this re-
gion do not necessarily belong to the libration region.

It depends on zj,; whether a trajectory with y;, in

(a) analytical resuit

0 nl2 n 3n/2 2n
X
{b) numerical result
3 T T T

-3 L 1 1

Fig. 2.— The curves of constant H are plotted on the z-y
plane, in the case of m; = 1Mp, m1 = 1M, (M} is the mass
of Jupiter), a1 = 5.2AU, a = 1.1AU, D = 24hour and Io =
1.3°; the curves of H = -1.0,-0.8,—-0.5,0,0.5,1.0,1.5,2.0
from the inner one to the outer respectively. (a) The curves
of constant H analytically calculated according to Eq. (17).
(b) The trajectories obtained by numerical integration of

Eq. (1).

resonant region belong to the libration region or not.
According to the definition of y (Eq. 14), when o, B
and Iy are given, € uniquely corresponds to some par-
ticular value of y. The variation of y corresponds to
that of e. The maximum change in obliquity is

2v/Iy|B]sine; /o
24/Ip cos ¢, sin ey,

where we use |B| = acose¢, in the last equation. The
range of € in the resonant region is specified by

|A cos €|inax
(20)

€05 € — | A €05 €|max < €0s€ < €08 €;+|A cos €| max. (21)

We present a schematic illustration of the resonant re-
gion as a function of initial obliquity €,; and the vari-
ation range of ¢ in Figure 3a. In Fig. 3a, we denote
cos™1(cos € F |A cos€|max) by €x. When ¢, is in the
range of e_ < €, < €4, € can evolve following the curve
of A — 1 with a particular x;,; as shown in Fig. 2a, and
so the maximum variation range of ¢ is e~ < ¢ < €.
For all €;,; in the resonant region, the maximum vari-
ation is the same as the range of the resonant. region.



Then, we can illustrate the resonant region as a square
area in Fig. 3a. When the variation is small enough,
| A cos €| max = sin €;|A€|max- Then Eq. (20) is reduced

to
|A5Imax =3 2\/ I(]/tﬂ-l] (8 (22)

Since cos €, % |A €08 €|max > cos(&; F |A€|max), Eq. (21)
is
€p— 1Af[max e S €r =+ lAE!max-

(23)

Note that |Ae|,ax only depends directly on Iy and e,.
The other parameters, the semi-major axis a, the rota-
tion period D of the terrestrial planet, the semi-major
axis aj, and mass m; of the giant planet, determine
€r. |Ae|max depends on these parameters only through
€. Ward (1982) showed through higher order expan-
sion of Eq. (1) that |A€|max ~ 1/Jo/tane, at €ini = €r,
although the derivation was not presented. His result
is consistent with our formulae at €;,; = €, in the limit
of Ae — 0 expect for a factor 2.

(a)

variation range of €

initial obliquity

Fig. 3.— Schematic illustrations of the resonant regions.
(a) An example of the resonant region in a single giant
planet system. (b) An example of the overlapped resonant
region resulting from two resonant regions in two giant plan-
ets system. We denote cos™(cos€; F |A cos €|max) by €.
The maximum variation range of € in resonant region is the
same as €~ < € < €4.

Figures 2 show that there are two fixed points at
"y = 0: the point x = m, the center of an ellipse, is
a stable fixed point while £ = 0 and 2z = 2, saddle
points, are unstable fixed points. The scaling factor
for t—1, \/an|B| sine; = ay/Ig cos e, sine¢,, in Egs. (14)
and (15) is no other than a frequency of the libration
around the stable fixed point.

If other giant planets exist, there are other resonant
regions associated with orbital variations with frequen-
cies f;. In the same way as Eq. (20), the resonant
widths of the individual spin-orbit resonances are given

by
|A cos €|max,i = 24/1; cos e sin€; 4, (24)
where cose,; = |fi|/a (i = 1,2,---,N¢). Defining

fo = B, we hereafter use Eq. (24) fori =0,1,2,---, N..
Frequencies of libration of individual resonances are
ay/Ticos ¢ ;sine ;. If resonant widths of two reso-
nant regions overlap, an expanded resonant region ap-
pears as schematically illustrated in Figure 3b. In a
two piant planets system, the orbital precession of the

terrestrial has two frequencies, fo and f;. We con-
sider the case with fy > fi (the case with fo < fi
is similar). We denote the resonant region associ-
ated with fy by eo— < € < ¢oy, and one with f; by
€1- < € < €14. Suppose that two resonant regions over-
lap: €1- < egs (see Fig. 3b). When ep— < €ni < €04,
€ can vary in the range g < € < €p4. When € en-
ters the range of ;- < ¢ (< €o4), € is in the reso-
nant region associated with f; as well, e1- < € < €14.
As a result, the variation range of e is extended to
eg— < € < €14 as shown in Fig. 3b. When ¢jy; is in
€1- < €ni < €14, the variation range is extended in the
same way. In general, if the individual resonant regions
(e;i- < € < €;4) overlap, the merged resonant region is
given by min(e;—) € € < 111?x(5i+). In the overlapped
resonant re‘gion, multiple libration frequencies exist, so
that variations of € seems to be chaotic (e.g., Laskar
and Robutel 1993). When resonances overlap, the anal-
ysis assuming an isolated resonance is, in principle, no
longer valid. However, as shown in section 3.2, the
simple prescription for merging of resonances into an
extended resonance region stated here well reproduces
numerical results.

3.1.2. NON-RESONANT REGIONS

In non-resonant regions (trajectories with H > 1),
the angle z circulates with relatively small oscillation
in y, which implies oscillation of e with small ampli-
tude. In the cases with ¢ far from ¢., the approxi-
mation sine =~ sine in Eq. (15) is not appropriate;
instead, sine sin €,y is more appropriate, where
€ay is time averaged obliquity. Here, we adopt the
time averaged obliquity €., as €. and scale time ¢ by
1/+/aly|B|sin€ay. Integrating the scaled Eq. (11), the
integration constant to the lowest order accuracy is
given by a similar form in resonant regions (Eq. 16).
as

~

1
H =cosz + =Y?, (25)

2

where Y = —(B+4a cose)/+/alo|B|sin€,y. Let (Y) and
AY be the time averaged value of Y and AY = Y —(Y)

along a trajectory. Assuming |[AY| < |(Y)|, Eq. (25)
reads as
1
AY - (Y) ~ —cosz + H — §<Y)2' (26)
Since H and (Y')?/2 are constant along a given trajec-
tory, AY takes the maximum value when z = m,

1 /aly|B|sinéay

o ) 27
(Y) |B+acosea| (71}

|A},|max =
According to the definition of Y, the equivalent oscil-
lation amplitude of € is

alo|B| sin €qy IAY|
RS T e max-

28
Qsin €,y (5)

lAflnmx =



Substituting Eq. (27) into (28), oscillation amplitude
of € in non-resonant regions is given by

Bl
B + acose,y

|Almax = ’ . (29)

This expression is in complete agreement with one de-
rived by Ward (1974).

In the cases with multiple giant planets, total max-
imum oscillation amplitude of ¢ is linear superposition
of the amplitude due to individual frequencies,

N

|A€jmax = Z

=0
3.2. NUMERICAL RESULTS

To verify the analytical formulae we derived in Sec-
tion 3.1, we numerically integrate Eq. (1) with Egs. (3)
to (5) with a forth order Runge-Kutta scheme and com-
pare the results with the analytical formulae. We will
show that our numerical results are in excellent agree-
ment with our analytical results, Egs. (24) and (30).
We calculated time evolution in € of a hypothetical ter-
restrial planet with various initial obliquity from 0° to
90° at every 1° in various systems over 3 x 10° years,
which is as long as at least a few times the typical
timescale of spin-orbit resonance. The maximum value
(e+) and the minimum value (e_) of ¢ during the nu-
merical integration are plotted in Figures 4 as a func-
tion of initial obliquity €;ni, in one giant planet sys-
tem with m, = 1Mg,m; = 1Mj, where Mj is the
mass of Jupiter, a; = 5.2AU, and I = 1.3° (Fig. 4a),
and in two giant planet system with m; 1Mj,
a; = 5.2AU, my = 1Ms, where Mg is the mass of
Saturn, a; = 9.5AU, I); = Is; = 0,113 = 0.36° and
Iyy = 0.89° (Figs. 4b and 40). I and I, coincide with
the inclination of Jupiter and Saturn measured from
the invariant plane. In Figs. 4a, 4b, and 4c, (a, D) =
(1.1AU, 24hour), (0.8AU, 24hour) and (1.4AU, 2.4hour)
respectively. Corresponding resonant obliquity ¢, cal-
culated by cose,; = |fil/a are 51.7° (Fig. 4a), 81.5°,
43.1° (Fig. 4b), and 78.4°, 67.0° (Fig. 4c). The ampli-
tude and oscillation range of € depend on initial i — g
even if the spin axis has the same initial obliquity as
shown in Section 3.1. For each initial obliquity, we cal-
culate the cases with initial ¢ — Qg at every 10° from
0° to 360°.

Figure 4a shows that obliquity has large amplitude
if initial obliquity €;,; is in 36° to 66° around 51.7°.
As stated in Section 3.1, the range of ¢;,; in resonant
region coincides with the maximum variation range of
e. Figure 4b shows two resonant regions, one is due to
the resonance of free orbital precession frequency, ex-
tending from 79° to 84° around 81.5°, and the other is
due to the resonance of an eigenfrequency of the sys-
tem extending from 36° to 49° around 43.1°. In Figure
4c, two resonant regions overlap, resulting in onc large
resonant region extending from 59° to 85°.

fili

fi+ocosea |’ (30)
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Fig. 4.— The maximum and minimum values reached by
obliquity € during the integration on 3 x 10° years as a
function of initial obliquity €ini- One giant planet system
with (a) m; = 1M;,a1 = 5.2AU,a = 1.1AU, D = 24hours
and I = 1.3° and two giant planet system with m; =
1M;,a; = 5.2AU, my = 1Ms, a2 = 9.5AU, (b) a = 0.8AU,
and D = 24hours and (c) a = 1.4AU, and D = 2.4hours.

Although Figs. 2 already showed the agreement be-
tween the analytical and numerical results in one giant
planet system, we show the agreement more explicitly.
We plot the maximum oscillation amplitude of ¢ as a
function of initial obliquity €;n; in Figures 5a, 5b and
5¢, corresponding to the results in Figs. 4a, 4b and 4c,
respectively. We plot the amplitude that is numeri-
cally obtained with dots, and analytical results with
solid lines. The analytical results are calculated by
Eq. (30) in non-resonant regions and by Eq. (24) in
resonant regions. The analytical results (Egs. 24 and
30) show excellent agreement with the numerical results
in both resonant and non-resonant regions except for
slight deviations at the boundaries between resonant
and non-resonant regions. We also plot the amplitude
calculated by Eq. (30) in resonant regions with dashed
lines. Figures 5 show that the analytical formula for
the non-resonant region (Eq. 30) underestimates the
amplitude of € near the edge of resonant region, while
it overestimates near €,; ~ €,. In Fig. 5¢, we also plot
the oscillation amplitudes of individual resonances with
dashed-dot lines. The amplitude of ¢ is well reproduced
even in the overlapped resonant regions.

4. OBLIQUITY VARIATION IN A HABIT-
ABLE ZONE IN EXTRASOLAR PLANE-
TARY SYSTEMS

We have derived analytical expressions for the ampli-
tude of obliquity variation (|Ae€|max), which show excel-
lent agreement with numerical calculations. Hereafter,
we denote |A¢|max by Ae. Using our analytical expres-
sions, we study what kind of giant planet causes large
obliquity variations of terrestrial planets in a habitable
zone (HZ). As mentioned in Section 1, for land-based
life to evolve and survive on a terrestrial planet in a HZ,
small obliquity variation of the planet may be required,
in addition to the planet’s orbital stability. Because
we do not know specific locations of terrestrial planets,
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Fig. 5.— The maximum oscillation amplitude of obliquity
of a terrestrial planet ¢ as a function of initial obliquity
€ini. Dots show numerical results. Solid lines show the an-
alytical expression given by Egs. (24) and (30) in Section
3.1. Dashed lines show the amplitude given by Eq. (30)
in resonant region. Dashed-dot lines in (c) show the indi-
vidual amplitude of the resonance of free orbital precession
frequency and of eigenfrequency.

their spin periods, and critical Ae for land-based life in
extrasolar planetary systems, we calculate the proba-
bility that a terrestrial planet has Ae larger than some
given values, averaged over an entire HZ and likely spin
periods.

Locations of the spin-orbit resonance are predicted
by

h— = —(f; + acose) =0, (31)

where f; (i =0,1,2,---,N,) are the frequencies of the
orbital variation of a terrestrial planet and « is the pre-
cession constant. fy represents the free orbital preces-
sion frequency and f; for i = 1,2, -, N, represent the
eigenfrequencies of the system (see Section 3.1). Corre-
sponding obliquity variation amplitude Ac is estimated
by Egs. (24) and (30). Given the initial orbital elements
and masses of the host star and the giant planet(s) in
the system, fy depends only on the semi-major axis a
of a terrestrial planet (Eq. 6) and a depends on a and
its spin period D (Eq. 2). Figures 6 show the exam-
ples of obliquity variation amplitudes for a terrestrial
planet, as a function of a and D:

e systeml:
my = 1Mj,a; = 0.1AU, Iy = 0.05 (Fig. 6a)

e system?2:
my = 1My, a; = 1.0AU, I = 0.05 (Fig. 6Db)

e systemd:
my = IA{{_],al = 0.1AU,I]2 = 0.05
ma = lﬂJJ, az = l.OAU, Igg = 0.05 (Fig. GC)

In Figs. 6, we adopt the mass of the host star m.
1M and initial obliquity €, = 25°. Figs. 6 show that
the variation amplitude of ¢ depends on a and D.

The regions where obliquity has a large amplitude
can be classified into 3 types:

I : The regions of spin-orhit resonances with f

70
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Fig. Ga.— Obliquity variation amplitude (Ae¢) for a ter-
restrial planet as a function of a and D, in the case of
mi 1Mj,a; = 0.1AU and Iy = 0.05 (system 1). The
color bar indicates A¢ in degree.
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Fig. Gb.— Obliquity variation amplitude for a terres-
trial planet as a function of a and D, in the case of
my1 = 1Mj,a; = 1.0AU and Jo = 0.05 (system 2).

1T : The regions of spin-orbit resonances with f; (¢
1 3 2: ty Ne)

IIT : The regions of secular resonances (at the loca-
tion satisfying fo = fi)

It is noted that the regions IT and III do not appear in
the systems with a single giant planet.

In the case of a single giant planet system, fp can
be expressed in a simple form. We derive a simple
approximate expression of the resonant region as fol-
lows. The dependence of fy on a comes from the a-
dependence of the Laplace coeflicients bglf)z(al), where
a1 = min(a,a;)/max(a,a;) (see Egs. 6 and 8). In
general, b;l/)z(al) cannot be expressed with a simple
function of a and a;. However, when the orbits of
terrestrial and giant planets are sufficiently separated,
by (a1) = 3(a1/a) at a > ay and b)) (1) = 3(a/ar) at
a < ay, according to our numerical calculations. Sub-
stituting these expressions into Eq. (6), fo can be writ-

ten as
me \ 42 my
1M, 1M,

" (%)p (hZU)q [rad. yr~7],

~

fo -4.5x 1078 (

(32)
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Fig. Gc.— Obliquity variation amplitude for a terrestrial
planet as a function of @ and D, in the case of m; =
IJMJ,G.] — O.IAU,Ilg = 0.05,?’7‘.‘-2 = ]AJJ,O,] = IOAU, and
122 = 0.05 (system 3).

where p = 2 and ¢ = -7/2 for @ > @y and p = -3

and g = 3/2 for a < a;. Substituting Egs. (2) and (32)

into Eq. (31), we obtain the spin period at spin-orbit
Mg

resonance, D,, as
3/2
M)

1
« () Gl
1AU
where p' = —2 and ¢’ = 1/2 for a > a; and p’ = 3 and
g = —9/2 for a < a;. Although this formula is valid
only when the orbits of the giant and the terrestrial
planets are well separated, it provides a good account
for the characteristics of resonant regions on the a-D
plane in Figs. 6a and Gb.

COS €jpj

D, _—
cos 25°

~
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i O S
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When a system contains multiple giant planets, fo
and D, cannot be expressed analytically. However,
type I resonant regions on the a-D plane in such a
system is approximately given by the superposition of
resonant regions in a single giant planet systems with
a cut-off over a crossing point of the individual type
I resonant regions, because fp in this systems is given
by the sum of fy in the individual single giant planet
systems. The resonant region at < 0.5AU in Fig. 6¢
is the result of such superposition of individual type I
resonant regions in Figs. 6a and 6b.

Type II resonant region is found in the region at
0.5-1AU in Fig. 6c. Since the eigenfrequencies f; (i =
1,2,--, N.) are constant on a, D, has a dependence on
a like D,  a~® (see Eq. 2). When fy = fi, obliquity
has large amplitude whether the spin-orbit resonance
exists or not because I; given in Eq. (7) is large (type III
resonant region). Type III region appears at ~ 2.7AU
in Fig. 6¢. Since fy and f; (1 = 1,2,---, N,) do not
depend on D, this region is perpendicular to the x-axis
on the a-D plane.

In order to quantify the effects of the spin-orbit res-
onances on the terrestrial planets in a HZ, we consider
the restricted area on the a-D plane by appropriate D
and a in a HZ and calculate the fraction of the area

where Ae is larger than some given values (Aegy) to
evaluate the probability for the terrestrial planets to
have Ae > Aeey. Since we consider the terrestrial
planets like the Earth, we here take 8-72hours as the
appropriate range of D, and a=0.7-1.3AU as a HZ, for
simplicity. We also adopt €, = 25°. The different
choices of the range of D, HZ, and ¢,,; do not signifi-
cantly affect the global features of the probability dis-
tributions we show in the below. The choice of I does
not affect the global features either, but as shown in
Egs. (24) and (30), larger I results in the larger varia-
tion of ¢ and enhances area fractions below. We discuss
the choice of I in the known extrasolar systems in the
next section.

Table I shows area fractions with Ae > 10°, > 20°
and > 40° in the system 1, 2, and 3 in Figs. 6. The area
fractions in this table indicate the degree of overlapping
of resonant regions with HZ. In system 1, type I
resonant region overlaps with the HZ, while there is no
overlapping in system 2. In system 3, type III resonant
region overlaps with the HZ. Figure 7 shows the results
of similar procedures for single giant planet systems
with different semi-major axis of the giant planet, a,
in the case of m; = 1Mj;,I = 0.05 and initial obliquity
e = 25°. Spin-orbit resonance is most effective at
a; ~ 0.1AU and 5AU, and it is hardly effective at a; ~
1AU.

40

30 F

area fraction [%)

20

a [AU]

Fig. 7.— The area fraction with Ae > 10° (solid line), >
20° (dashed line), and > 30° (dot-dashed line) as a function
of the semi-major axis of a giant planet ai, in the case of
me = 1Mg, m1 = 1M; and Iy = 0.05.

We explain this dependence on a;, using Eq. (33).
The spin period in the spin-orbit resonance given by
Eq. (33) increases with decreasing a; for a > a; or with
increasing a; for a < a;. Equation (33) is equivalent to

0.13 (COS €ini )1/2 Mg 3/4 ] =12
" \cos 25° 1My 1M;
1/4 -1/2
X ( 2 ) e [AU] for a > a;
1AU 24hour

ayr == §

COS €ini M nq

@ () " ()

cos 25° 1Mg 1M,
a \¥2( D "
= AU] for a < ay,
| " (1AU) (lel(mr) AU} for o <.a)

(34)
where aj, is the semi-major axis of the giant planel that



TABLE 1
EXAMPLES OF AREA FRACTIONS.

system  Ae > 10°*1 Ae > 20°*2 Ae > 40°*3
(%) (%) (%)
system 1 45.86 31.39 6.15
system 2 0.00 0.00 0.00
system 3 16.38 7.50 0.12

NOTE.—(*)The percentages indicate the frac-
tion of the area where Ae is larger than (1) 10°,
(2) 20°, and (3) 40° in the area with D==8-72hours
and a=0.7-1.3AU(HZ).

causes spin-orbit resonance at a. This equation implies
that the most effective a; for the obliquity variation
of the terrestrial planet with @ ~ 1AU and D ~ 24
hour are ~ 0.13AU and ~ 3.9AU in the cases with
€ini = 25°,me = 1Mp, and m; = 1M, which is con-
sistent with Fig. 7. When the terrestrial planet is too
close to the giant planet, a ~ a;, fo is much larger than
a cos €, with D =8-72 hours. In this case, very small D
(rapid rotation) is necessary for the terrestrial planet to
be in resonance. However, such a rapid rotation rate
breaks up the planet (e.g., Lissauer et al. 2000, and
references therein). On the other hand, when the giant
planet is too far from the terrestrial planet (a; 2 10AU
or a; < 0.05AU), fo is too small for the spin-orbit res-
onance. For spin-orbit resonance to occur in this case,
spin rate must be smaller by order of magnitude than
24 hours, which is unrealistic except when tidal force
exerted by a host star or thick atmosphere damps the
spin. Thus, Eq. (34) explains the dependence on ¢, in
Fig. 7. Figures 8 show the area fraction as a function of
the mass of a giant planet m,, in the cases of I = 0.05
and a; = 0.1AU (Fig. 8a), and e; = 5.0AU (Fig. 8b).
" In these cases, m; ~ 1Mj is the most effective.
Equation (33) is rewritten as

¢ - 3/2 _
17 (Geme) (i) (o)
1/2 -1
% (IAU) (24hour) [Mo] for @ > ay
COS €jnj 82 a; \3
22 (cos 25°) (IM@) (5AU)

-9/2 D -1

% (lAU) (24hour) [Ms] for a < as,

(35)
where m,, is the mass of the giant planet at a; that
causes spin-orbit resonances at a. The most effective
m; is cstimated as ~ 1.7Mj for at a; = 0.1AU, and
as ~ 2.2M; for a; = 5AU. These are consistent, with
Figs. 8. Figure 9 shows the area fraction with Ae > 20°
as a function of a; and m;. The giant planets with

myy = <

my 2 1M; affect the obliquity of terrestrial planets in
HZs when they are located at 0.05-0.1AU or at 3-5AU.
The obliquity of terrestrial planets at ~ 1AU is hardly
affected when the orbit of a giant planet is close enough
to the HZ when m; 2 1Mj;. On the contrary, the or-
bit of the terrestrial planets become unstable when the
giant planet is located in the vicinity of the HZ. The
giant planets which cause the spin-orbit resonance are
different from those which destabilize the orbits of the
terrestrial planets.

Above estimation is valid for the systems with a sin-
gle giant planet. When other giant planets are in the
system and other resonant regions appear, the proba-
bility for terrestrial planets in a HZ to have large Ae
would generally increase, although modulation of res-
onant regions sometimes decreases the probability as
seen in the case of Fig. 6¢c and Table 1.

5. APPLICATIONS TO KNOWN EXTRA-
SOLAR PLANETARY SYSTEMS

We apply the results in the previous section to the
known extrasolar planetary systems to evaluate obliq-
uity variations of possible terrestrial planets in their
HZs. The samples of extrasolar planetary systems used
here are listed in Tables II, III, and IV with relevant
data on the stellar masses, and the planet’s masses,
semi-major axes and eccentricities. These data were
taken from the the Extrasolar Planets Encyclopedia
(http://cfa-www.harvard.edu/planets/).

In the current radial velocity surveys, only m;sini
(mp is the planet’s mass, and i is the inclination be-
tween the orbital and sky planes) are measured. Since
we have little observational constraints on i, we adopt
planetary masses corresponding to 1 = 45°, which
means 1.4 times the minimum values assuming i = 90°.
Because we are interested in the possible terrestrial
planets on nearly circular orbits that have not been
largely aflected by close scattering or orbital reso-
nances, we assume that the orbits of the terrestrial
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Fig. 8.— The area fraction with Ae > 10° (solid line), >
20° (dashed line), and > 30° (dot-dashed line) as a function
of mass of a giant planet m, in the case of m. = 1Mp and
Io = 0.05. The semi-major axis of the giant planet a; are
(a) 0.1AU and (b) 5.0AU.

planets are nearly on equatorial plane of original pro-
toplanetary disks. The inclinations between the orbital
plane of the giant planets and the original disks are not
known. If orbital eccentricities e, of the giant plan-
ets are produced by close scattering with other plan-
ets, the inclinations of the giant planets I would be
in average ~ e,/2 (Ida et al. 1993; Marzari and Wei-
denschilling 2002). The eccentricities of giant planets
can be pumped up by disk-planet interactions or dis-
tant resonant perturbations by other planets. Then
I, ~ e, /2 does not necessarily hold. However, we here
adopt the simple assumption I, ~ e, /2. We will dis-
cuss the variety of choice of I}, later.

In Section 4, we adopted the region between 0.7TAU
and 1.3AU as a HZ. For the known extrasolar systems,
however, we know their host star’s masses, which pre-
dict the luminosity of the host stars. Using the pre-
dicted luminosity, we can estimate the range of HZs for
individual systems. A variety of criteria have been used
to define the boundaries of a HZ. According to Kast-
ing ct al. (1993), for the inner boundary of the HZ, we
use the minimum distance from the host star where a
runaway greenhouse effect occurs leading to the evap-
oration of all surface water. As for the outer boundary
of the HZ, the maximum distance at. which a cloud-free

10

Fig. 9.— The area fraction with Ae > 20° as a function
of a; and m;. The color bar indicates the area fraction in
percent. The curves of constant fraction are drawn at 10 %
and 30 %.

massive COy atmosphere of the terrestrial planet can
maintain a surface temperature of 273K. The HZs de-
termined in this way are given as a function of stellar
mass. In general, the boundaries of HZs move with
stellar age because stellar luminosity changes with age.
For simplicity, we use zero-age main sequence HZs here.
The inner and outer radii of HZs are listed in the 7th
column of Table II, III, and IV for each system.

As stated in Section 1, orbital stability of the possi-
ble terrestrial planets have been investigated by sev-
eral groups. Among them, Menou and Tabachnik
(2003) investigated the orbital dynamics of 85 extraso-
lar planetary systems, integrating 100 terrestrial plan-
ets (treated as test particles) in the HZs for 106 years.
They found that orbital stability is correlated with the
degree of overlap between a HZ and a gravitational zone
of influence of a discovered giant planet, defined by
the region extending from Rj, = (1 — ep)ap — 3Ruin
to Rout = (1 + ep)ap + 3Ruin, where a, and e, are
the semi-major axis, eccentricity of the giant planet
and Ryjy is the planet’s Hill radius defined by Ry =
ap(myp/3me)'/3. Menou and Tabachnik (2003) classi-
fied orbital stability of the terrestrial planets in a HZ,
based on the degree of overlap between the gas giant’s
zone of influence (ZI) and the system’s habitable zone
(HZ): Class I (ap, < 0.25 AU), Class II (a, > 0.25
AU and no overlap between HZ and ZI), Class III
(ap > 0.25 AU and partial overlap between HZ and ZI),
and Class IV (ap > 0.25 AU and HZ is fully inside ZI).
Menou and Tabachnik (2003) showed the probabilities
for terrestrial planets to remain stable are 73.9 +8.3 %
for Class I, 29.9 £+ 17.3 % for Class 11, 0.92 £ 2.31 %
for Class III, and 0 % for Class IV. More orbits of ter-
restrial planets are unstable in the systems with larger
overlap. The orbital classification (I-IV) are listed in
the last column of Tables II, 111, and IV in order to
see the relation between orbital stability and obliquity
variation.



TABLE II
EXTRASOLAR PLANETARY SYSTEMS IN GROUP A

system M, M, sini a e HZ Ae>10°°! Ac > 20°%2 Ace > 40°*% class
(Mg) . (Miwp)  (AU) (AV) (%) (%) (%)
HD46375 1.00 0.249 0.041 0.000 0.70/1.30 0.00 0.00 0.00 1
HD187123 1.06 0.520 0.042 0.030 0.75/1.40 0.00 0.00 0.00 1
HD209458 1.05 0.690 0.045 0.000 0.75/1.40 0.00 0.00 0.00 I
HD179949 1.24 0.840 0.045 0.050 1.10/2.25 0.00 0.00 0.00 I
HD75289 1.05 0.420 0.046 0.054 0.75/1.40 0.00 0.00 0.00 1
BD-10 3166 1.10 0.480 0.046 0.000 0.85/1.60 0.00 0.00 0.00 1
HD76700 1.00 0.197 0.049 0.000 0.70/1.30 0.00 0.00 0.00 I
651Peg 0.95 0.470 0.050 0.000 0.70/1.30 0.00 0.00 0.00 I
HD49674 1.00 0.120 0.057 0.000 0.70/1.30 0.00 0.00 0.00 I
HD168746 0.92 0.230- 0.065 0.081 0.65/1.25 0.00 0.00 0.00 I
GI86 0.79 4.000 0.110 0.046 0.50/1.00 0.00 0.00 0.00 1
HD195019 1.02 3.430 0.140 0.050 0.70/1.30 0.00 0.00 0.00 1
rhoCrB 0.95 1.100 0.230 0.028 0.70/1.30 0.00 0.00 0.00 1
HD114762 0.82 11.000 0.300 0.334 0.50/1.00 0.00 0.00 0.00 m
HD121504 1.00 0.890 0.320 0.130 0.70/1.30 0.00 0.00 0.00 11
HD178911 0.87 6.292 0.320 0.124 0.60/1.20 0.00 0.00 0.00 11I-111
HD52265 1.13 1.130 0.490 0.290 0.85/1.60 1.02 0.00 0.00 11
HD73526 1.02 3.000 0.660 0.340 0.70/1.30 0.00 0.00 0.00 111-1v
HD134987 1.05 1.580 0.780 0.240 0.75/1.40 0.00 0.00 0.00 I11
HD40979 1.08 3.160 0.818 0.250 0.85/1.60 0.00 0.00 0.00 111
HD169830 1.40 2.960 0.823 0.340 1.40/3.00 6.61 0.00 0.00 1I-111
HR810 1.03 2.250 0.925 0.161 0.70/1.30 0.00 0.00 0.00 v
HD28185 0.99 5.700 1.030 0.070 0.70/1.30 0.00 0.00 0.00 v
HD128311 0.80 2.630 1.060 0.210 0.50/1.00 0.00 0.00 0.00 v
HD108874 1.00 1.650 1.070 0.200 0.70/1.30 0.00 0.00 0.00 v
HD27442 1.20 1.430 1.180 0.020 0.93/1.80 0.00 0.00 0.00 m
HD114783 0.92 0.990 1.200 0.100 0.65/1.25 0.00 0.00 0.00 1111V
HD20367 1.05 1.070 1.250 0.230 0.75/1.40 0.00 0.00 0.00 v
HD19994 1.35 2.000 1.300 0.200 1.33/2.85 0.00 0.00 0.00 111
HD23079 1.10 2.540 1.480 0.060 0.85/1.60 0.00 0.00 0.60 111-1V
HD4028 0.93 0.810 1.690 0.040 0.65/1.25 0.25 0.16 0.00 I1-111
HD10697 1.10 6.590 2.000 0.120 0.85/1.60 0.00 0.00 0.00 1111V
HD196050 1.10 3.000 2.500 0.280 0.85/1.60 1.34 0.00 0.00 I11-IV
HD216435 1.25 1.230 2.600 0.140 1.10/2.25 0.00 0.00 0.00 HI-IV
HD30177 0.95 7.700 2.600 0.220 0.70/1.30 0.00 0.00 0.00 HI-IV
HD23596 1.10 7.190 2,720 0.314 0.85/1.60 1.72 0.00 0.00 v
HD72659 0.95 2.550 3.240 0.180 0.70/1.30 7.48 3.37 1.06 11-IvV
GI7T77A 0.90 1.150 3.650 0.000 0.60/1.20 0.00 0.00 0.00 n
HD83443 0.79 0.350 0.038 0.080 0.50/1.00 9.77 2.99 0.00 1
0.170 0.174 0.420 1
65Cnc 1.03 0.840 0.115 0.020 0.70/1.30 7.13 3.56 0.69 I
0.210 0.241 0.340 I
4.050 5.860 0.160 11

Note.—(*)The percentages indicate the fraction of the area where Ae¢ is larger than (1) 10°, (2) 20°, and (3) 40° in
the area with D=8-72hours and ¢=0.7-1.3AU(HZ).



TABLE III

EXTRASOLAR PLANETARY SYSTEMS IN GRouP B

system M, M, sini a e HZ Ae> 10°° Ae>20°*% Ae> 40°°% class
(Mp) (Miyp)  (AU) (AU) (%) (%) (%)

B1
Jupiter system 1.00 1.00 5.203 0.048 0.70/1.30 13.14 11.41 0.00 I
Tau Boo 1.30 3.870 0.046 0.018 1.25/2.70 11.74 3.99 0.00 I
HD130322 0.79 1.080 0.088 0.048 0.50/1.00 12.74 10.81 0.00 1
HD114386 0.75 0.990 1.620 0.280 0.50/1.00 20.14 3.89 1.36 404
B2
70Vir 1.10 6.600 0.430 0.400 0.85/1.60 100.00 0.00 0.00 1I-111
HD223084 1.05 1.210 0.440 0.480 0.75/1.40 100.00 0.00 0.00 11111
GJ3021 0.90 3.320 0.490 0.505 0.60/1.20 100.00 0.00 0.00 HI
HD8574 1.10 2.230 0.760 0.400 0.85/1.60 100.00 0.00 0.00 414
HD150706 0.98 1.000 0.820 0.380 0.70/1.30 100.00 0.00 0.00 v
HD92788 1.06 3.800 0940 0.360 0.75/1.40 100.00 0.00 0.00 v
HD142 1.10 1.360 0980 0.370 0.85/1.60 100.00 0.00 0.00 I-1v
HD177830 1.17 1.280 1.000 0.430 0.93/1.80 100.00 0.00 0.00 uI-1v
HD4203 1.06 1.640 1.090 0530 0.75/1.40 100.00 0.00 0.00 v
HD210277 0.99 1.240 1.097 0.450 0.70/1.30 100.00 0.00 0.00 v
HD147513 0.92 1.000 1.260 0.520 0.65/1.26 100.60 0.11 0.00 v
HD141937 0.16 9.760  1.520 0.410 0.70/1.30 100.00 0.00 0.00 v
HD213240 1.22 4.500 2.030 0.450 0.93/1.80 100.00 0.00 0.00 v
HD190228 1.30 4.990 2310 0430 1.25/2.70 100.00 0.00 0.00 v
HD136118 1.24 11.900 2.335 0366 1.10/2.25 100.00 0.00 0.00 v
HD50564 1.10 4900 2380 0.420 0.85/1.60 160.00 0.00 0.00 v
HD106252 1.05 6.810 2.610 0.540 0.75/1.40 100.00 0.68 0.00 v
HD33636 0.99 7.800 2.700 0.410 0.70/1.30 100.00 0.12 0.00 v
HD39091 1.10 0.370  3.340 0.620 0.85/1.60 100.00 2.81 0.00 v




TABLE IV
EXTRASOLAR PLANETARY SYSTEMS IN GROUP C

system M, M, siné a e HZ - Ae > 10°*7 Ae > 20°*% Ae> 40°*3 class
(Mp)  (Mawp)  (AU) (AU) (%) (%) (%)
HD68988 1.20 1.860 0.071 0.140 0.93/1.80 64.45 46.33 13.08 1
HD217107 0.98 1.280 0.070 0.140 0.70/1.30 65.18 44.54 12.56 1
HD108147 1.27 0.410 0.104 0.498 0.75/1.40 53.52 53.52 53.52 1
HD6434 1.00 0.480 0.150 0.300 0.70/1.30 90.31 51.10 21.68 1
HD16141 1.00 0.215 0.350 0.280 0.70/1.30 57.51 12.98 4.27 1
HD114729 0.93 0.800 2.080 0.330 0.65/1.25 55.49 5.09 2.25 -1V
14Her 0.79 3.300 2500 0.326 0.50/1.00 60.09 7.94 3.68 1111V
HD216437 1.07 2100 2.700 0.340 0.80/1.45 63.38 1.24 0.31 11-1v
Epsilon Eridani 0.80 0.860 3.30 0.608 0.50/1.00 83.62 82.37 47.07 -1V
HD80606 0.90 3.410 0.439 0.927 0.60/1.20 100.00 100.00 0.00 11-III
HD89744 1.40 7.200 0.880 0.700 1.40/3.00 100.00 160.00 0.00 m
HIP75458 1.05 8.640 1.340 0.710 0.75/1.40 100.00 160.00 0.00 v
HD222582 1.00 5.400 1.350 0.710 0.70/1.30 100.00 100.00 0.00 v
16CygB 1.01 1.500 1.700 0.670 0.70/1.30 100.60 23.09 0.02 v
HD2039 0.98 5.100 2.200 0.690 0.70/1.30 100.00 50.84 0.00 v
Gliese 876 0.32 1.880 0.210 0.100 0.10/0.20 80.00 1.34 0.00 v
0.560 0.130 0.270 -1V
HD37124 0.91 0.750 0.540 0.100 0.60/1.20 98.69 39.45 1.15 I
1.200 2.500 0.690 nI-1v
HD38529 1.39 0.780 0.129 0.280 1.40/3.00 100.00 99.98 2.60 I
12,70  3.680 0.360 v
HD74156 1.05 1.560 0.276 0.649 0.75/1.40 100.00 99.98 36.68 11
7.500 3.470 0.395 v
HD168443 1.01 7.700 0.280 0.529 0.70/1.30 160.00 71.83 1.33 1
16.80 2.850 0.228 v
HD82943 1.05 0.880 0.730 0.540 0.75/1.40 160.00 160.00 0.00 -1V
1.630 1.160 0.410 v
HD12661 1.07 2.300 0.830 0.350 0.80/1.45 100.00 160.00 0.00 11V
1.570  2.560 0.200 -1V
HBD160691 1.08 1.7600 1500 0.310 0.85/1.60 100.00 62.67 26.67 v
1.000  2.300 0.800 v
47Uma 1.03 2.410 2100 0.096 0.70/1.30 79.10 38.39 18.50 -1V
0.760  3.730  0.160 I
UpsAnd 1.30 0.60 0.059 0.012 1.25/2.70 100.00 47.28 0.00 1
1.890  0.829 0.280 11
3.750 2530 0.270 v




Tables II, III, and IV show the probability with
Ae > 10°,> 20° and > 40° for terrestrial planets
in HZs in 87 extrasolar planetary systems. Here, we
consider spin periods of the terrestrial planets as 8-72
hours and the HZs listed in the 7th column in the Ta-
bles for each system. The extrasolar planetary systems
can be classified into four distinct groups based on Ae,
although the detailed values of the probability changes
by different choices of the ranges of D and a, I, and
sini.

About half of the systems show small obliquity vari-
ations (Ae < 10°) over the entire HZs (Group A). This
group is mostly comprised of systems containing gi-
ant planets with small eccentricities. Corresponding
small I make resonant regions narrow, resulting in the
small probability. About 1/4 of the systems show large
change of obliquity with more than 20° in their HZs
(Group C). This group is mostly comprised of systems
containing giant planets with ~ 1M; and semi-major
axis ~ 0.1AU, or planets with large eccentricities. In
the systems containing giant planets with mp ~ 1M
and a, ~ 0.1AU, resonant regions considerably over-
lap HZs, as shown in Fig. 6a. In the systems with
giant planets on eccentric orbits, resonant regions are
expanded by large inclinations inferred from the large
eccentricities. All of the two giant planet systems ex-
cept for HD83443 system, and a triple giant planets sys-
tem, Ups And system, belong to Group C. The residual
systems we call Groups Bl and B2, which show inter-
mediate features between Group A and Group C. In
the systems of Group Bl, resonant regions and HZs
partially overlap. We also list the result for the system
which only contains Jupiter around a host star with
1Mg except for massless terrestrial planets (we call it
“Jupiter system” hereafter). Jupiter system belongs to
this group. In Group B2, resonant regions do not over-
lap with HZs, but the obliquity variation amplitude
is not small enough: it is larger than 10° but smaller
than 20° over the entire HZs. The systems in Group
B2 contain giant planets with e ~ 0.3-0.6, which causes
large obliquity variations in non-resonant regions. The
evaluated variation amplitude of obliquity may become
small if the estimated orbital inclinations are reduced.

Both Group A and Group C include all the orbital
stability classes. As expected from discussion in Section
5, large amplitude of obliquity variation is not neces-
sarily associated with an unstable orbit. In general, if
a giant planet is closer to the HZ and/or more massive,
the orbits of terrestrial planets are more likely to be
unstable. However, obliquity is less affected by spin-
orbit resonances if the giant planet is closer to the HZ
or more massive. More than 1/3 of the systems which
have unstable orbits of terrestrial planets in the HZs
(Class III or IV) show small obliquity variations. On
the other hand, the terrestrial planets which has the
stable orbits can have large obliquity variations. Nearly
1/3 of the systems in which the terrestrial planets have
stable orbits in HZs (Class I or IT) show large obliquity
variations. The systems that have both stable orbits

and small obliquity variations are only 1/5 of all the
systems. Note that 2/3 of such systems are systems
with the giant planet(s) with a, < 0.1AU.

In most of the multi-planet systems so far found,
the obliquity of terrestrial planets in HZs would change
by more than 20°. More resonant regions exist in
multi-planet systems than in single-planet systems. In
HD74156 system, it is the spin-orbit resonance with an
eigenfrequency that causes the obliquity variation with
> 40°. In 47Uma system, which contains giant planets
relatively distant from the host star with small eccen-
tricities, a secular resonance is located within its HZ,
resulting in the large variation of obliquity. In HD82943
and HD160691 systems, their HZs are bounded by sec-
ular resonances. Only HD83443 and 55Cnc systems
show small obliquity variations (Ae < 10°). In these
systems, the orbit of terrestrial planets in their HZs are
also stable. It should be noted that multi-planet sys-
tems in Group C contain giant planets with large ec-
centricities, which cause the large obliquity variations
of terrestrial planets in HZ in non-resonant regions, as
well as the resonant regions. Current surveys of the ex-
trasolar planets are limited to the detection of planets
located within 3-4 AU from their host stars. Planets
on more distant orbits with small eccentricities will be
detected as planets in new planetary systems or as ad-
ditional planets in known planetary systems. As shown
in Figure 7, distant giant planets have weaker effect on
the obliquity of terrestrial planets in HZ than the giant
planets at 2-4AU. Therefore we may find multiple giant
planet systems whose HZs include the terrestrial plan-
ets with small obliquity variation, in future surveys.

6. DISCUSSION

We have evaluated the probability that terrestrial
planets in HZs have large obliquity variations in 87
known extrasolar planetary systems. In future surveys,
giant planets at > 5-10 AU could be detected as ad-
ditional planets in known planetary systems. As sug-
gested by the results in Fig. 9, however, such distant
giant planets have less influence on the HZs, the re-
sults shown in Section 5 do not suffer from significant
modification if additional giant planets are detected in
future.

However, other terrestrial planets that may probably
exist near or within a habitable zone affect the oblig-
uity variations of a terrestrial planet in a HZ. As Figure
9 suggests, close planets with small masses can cause
spin-orbit resonances. These effects may sometimes be
more severe than those of giant planets. Indeed, Mars’
obliquity is under the influence of other terrestrial plan-
ets, as well as Jupiter and Saturn (Ward 1974).

The effect of a satellite(s) cannot be neglected for
the obliquity variation, if the satellite is as large as
the Moon. Earth owes the stability of its spin axis
to the existence of the Moon (Ward 1974; Laskar et
al. 1993; Laskar 1996). Total torque that a terrestrial
planet. received is sum of the torques raised by other



objects in the system. In Earth’s case, the torque by
the Moon is twice as large as that exerted by Sun, which
increases its precession constant by a factor of 3. This
is equivalent to reducing the rotation period by a factor
of 3 in the results in previous sections. As a result of
this effect, Earth gets out of resonant regions. In the
past, the Moon was closer to the Earth, so the lunar
torque was stronger than the current one. Thus, the
Moon has been stabilizing the Earth’s obliquity.

There is an upper limit on orbital precession frequen-
cies of terrestrial planets in a HZ for other planets to
maintain the orbital stability of the terrestrial planets.
Considering a giant planet far from the boundary of
the HZ by ~ 5Ryn (Ruin is the Hill radius of the giant
planet), which would marginally maintain the orbital
stability, the orbital precession frequency of a terres-
trial planet at 1AU is 50-100 ” yr—!. Hence, 50-100
 yr~Ymay be close to the upper limit. Note that this
value is almost the same order of the spin precession
frequency at 1AU. If considerable torque by a satellite
exerts on the terrestrial planet to pump up the spin
precession frequency over the upper limit of the orbital
precession frequency, spin-orbit resonance will not oc-
cur. So, a very large and/or very close satellite like
the Moon would generally tend to stabilize obliquity of
terrestrial planets.

Our analytical expressions of the obliquity variation
of terrestrial planets can be applied to giant planets.
Not only obliquity of terrestrial planets, but also that
of giant planets is affected by spin-orbit resonance. Sat-
urn’s primordial obliquity may have been smaller and
modified to the present value (~ 26°) by spin-orbit res-
onance with Neptune (Hamilton and Ward 2002a,b,c).
We investigated the obliquity variations of giant plan-
ets in known multiple-planet systems assuming rotation
periods similar to Jupiter or Saturn (~ 10 hour), and
found that no giant planets in multiple-planet systems
so far found would be in spin orbit resonance.

As mentioned in Section 3, obliquity of the plan-

.ets in a retrograde spin state is not affected by the
spin-orbit resonance. Planetary spin caused by plan-
etesimal accretion has two components: the systematic
component produced by accumulation of a large num-
ber of small planetesimals, and the random component
produced by small number of large impacts (e.g., Lis-
sauer et al. 2000). The systematic component tends to
result in relatively slow prograde spin. On the other
hand, radom component can produce relatively rapid
spin and does not have any preferred spin direction. For
the terrestrial planets, it is expected that the random
component is dominant (e.g., Lissauer et al. 2000).
In the Solar System, however, three terrestrial planets
have prograde spins. Primordial spin of Venus, which
is the only terrestrial planet having a retrograde spin,
could have been prograde until large obliquity variation
and the dissipation of its thick atmosphere overturned
the spin (Corrcia and Laskar 2001). If the planets are
formed in retrograde spin state, they maintain the pri-

mordial obliquity.

As shown in Section 5, among the known extraso-
lar planetary systems, systems with short-period giant
planets with semi-major axes < 0.1AU are favorable
sites for terrestrial planets to exist with orbital stabil-
ity and small obliquity variations in HZs. However,
short-period giant planets may have been formed in
the region outside the HZs and migrated inward to the
present locations by disk-planet interactions (Lin et al.
1996). It would not be easy for terrestrial planets in
the HZs to survive during the passage of the giant plan-
ets. If terrestrial planets forms in a HZ from a residual
protoplanetary disk after the passage, such terrestrial
planets would stay in stable orbits with small obliquity

. variations.

7. CONCLUSION

We have investigated obliquity variations of possible
terrestrial planets in habitable zones (HZs) in extra-
solar planetary systems. The amplitude of obliquity
variations may be one of the most important factors
for land-based life to survive on the terrestrial planets.

We derived the analytical expression for the oblig-
uity variations of terrestrial planets in the spin-orbit
resonance region, as well as the expression in non-
resonant region. The latter completely agrees with the
formulae derived by Ward (1974). Analytically pre-
dicted amplitude of obliquity variations showed excel-
lent agreement with the results obtained by numerically
integrating the precession equation.

Using the analytical expressions, we statistically
studied general properties of obliquity variations of ter-
restrial planets in a HZ perturbed by a giant planet(s).
We presented the probability of terrestrial planets with
prograde spin in the HZ having obliquity variation am-
plitude larger than given critical values. The results
are as follows:

1. Largest obliquity variations are produced by gi-
ant planets as far from the habitable zone as the
orbits of the terrestrial planets are stable.

2. Stability of the obliquity variations of a terrestrial
planet is not associated with its orbital stability.

3. About half of the known extrasolar planetary sys-
tems show small obliquity variations of terrestrial
planets (Ae < 10°) over the entire HZs.

4. The systems that have terrestrial planets with
both small obliquity variations and stable orbits
in the HZs are only 1/5 of the known extrasolar
planetary systems.

(47}

. In general, more planets (giant planets or other
terrestrial planets) result in larger obliquity vari-
ations. Almost all of the known multiple-planet
systems (except for HD83443 and 55Cnc systems)
show Jarge obliquity variations (Ae > 20°).



6. If a terrestrial planet on a stable orbit near 1AU
has so large and/or so close satellite that it sig-
nificantly enhances the precession rate of the spin
axis of the terrestrial planet, obliquity variations
may be significantly reduced.

Masses and orbital radii of the most effective giant
planets for enhancing the obliquity variations are plot-
ted in Figure 9. For example, in the system including a
giant planet with 1M; and with a HZ of 0.7-1.3AU, the
obliquity of terrestrial planets in the HZ is most radi-
cally changed (Ae > 20°) if the giant planet orbits at ~
0.05-0.1AU or 3-5AU. If the mass of the giant planet
is larger, the most effective location of the giant planet
is further from the HZ. On the other hand, the orbits
of the terrestrial planets in the HZ are destabilized if
the giant planet is closer to the HZ or is more massive.
The dependences on the masses and the orbital radii
of perturbing planets are different between the orbital
stability and the magnitude of the obliquity amplitude
of terrestrial planets.

In the systems where planetary orbital migration has
not occurred significantly, orbital configuration of plan-
ets may be likely to be in a marginally stable state.
Then, the our results suggest that obliquity of a terres-
trial planet tends to be near the spin-orbit resonances
and often suffer large obliquity variations, as long as
the spin of the terrestrial planet is prograde. There-
fore, retrograde spin of the terrestrial planet or the ex-
istence of a large and /or close satellite that significantly
pumps up spin precession rate might be essential for
land-based life to survive on a terrestrial planet in a
HZ.

APPENDIX: DERIVATION OF EQS. (9) AND
(10)

We expand the precession equation,

ds n anga  a -

Z = o8- n)(5 x 7), (1)
in terms of I « 1, in the Cartesian coordinates where
the invariant plane is on the z-y plane (see Figure 1).
In these coordinates, the spin vector § and the orbit

normal 72 are given by

sin #sin 9
= —sinfcosy |, (36)

>

cos @

sin I'sin Q
n o= —sinfcosQ |, (37)
cost

where # is the angle between the equator and the ref-
erence plane, 1 is the longitude of the equator, I is
the orbital inclination, and Q is the longitude of the
ascending node. The time derivative of 8 is given by

dé 6 cos  sin P+ 1/; sin @ cos
8 ;
= . (38)

7 —6 cos 6 cas ¥+ Psinfsiny

—fsin6

The vector product of 8 and 71 is

—sin @ cos 1 cos I + cosfsin I cos
Sxn = cos @sin I sinQ + sin@ cos I sin§2
—sin@sinysin I cos + sin @ cos 1 sin I sin )
(39)
From the z component of Eq. (1), we obtain

6 = acosesin I(sin ) cos — cossin )
~ acosel(sinycos ) — cosyPsin)
+0(I%), (40)

with the assumption I « 1. Substituting J cos§? and
Isin 2 given by Eqgs. (4) and (5) into the above equa-
tion, we obtain

Nn:
0 =~ acose |Ipsin(y — Qo) + ZI" sin(y — ) [+O(1?),

i=1
(41)
where o = Bt + v and ©; = fit + v;.
From the = and the y components of Eq. (1), we
obtain

¥

acos €|~ cos ]
+ sin I cot 6(cos 1 cos Q + sin ¥ sin )]
~ acose[-1
+ I cot (cos 1 cos  + sin ¢ sin )]
+ O(I2). (42)

With Egs. (4) and (5), Eq. (42) is

¥ =~ -—acose+acosecotd

N.
x |Io cos(yp — Qo) + Z I; cos(yp — )
=1

+ O(I?). (43)

Substituting 8 and 7 given by Eqs. (36) and (37)
into cose = 8- 7 (Eq. 3),
cos € = cosf cos I + sin@sin I cos(y — §2). (44)
Differentiating Eq. (44) with respect to ¢ yields

d(cose)

o = —0sinfcosI + 6 cosfsin I cos(y) — )

_ %(1/, — Q) sin 8 sin I sin(y — ). (45)

Substituting Eqs. (40) and (11) into the above equa-
tion, and neglecting the higher terms than the second
order of I, we obtain

d(cose)
dt

= IpBsin@sin(yp — Q)

Nr
+ z I; fi sin O sin(yp — Q;)

i=1

+ O(I?). (46)
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Abstract

In the solar system, there are many kinds of resonances, such as mean motion resonances, secular
resonances, and spin-orbit resonances. In this paper, such resonances are briefly summarized first.
Then the relationship between the distribution of asteroids and resonances are discussed and some
examples of the orbital evolution of asteroids in mean motion resonances are shown. The mean motion
resonances are very important not only for the stabilization of the system but also for the orbital
evolution of the bodies in the solar system.
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Fig.8 Orbit analysis for 3:2 mean motion resonance : Hilda group.
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