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ABSTRACT

This paper deals with the theory for rotational motion of a two-layer Earth model (an
inelastic mantle and liquid core) including the dissipation in the mantle-core boundary (CMB)
along with tidal effects produced by Moon and Sun. An analytical solution being derived using
Hori’s perturbation technique at a second order Hamiltonian. Numerical nutation series will
be deduced from the theory.
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I. INTRODUCTION

Although the Earth is almost an axis-symmetric body,the influence of its triaxiality on the nutation is not
negligible. The influence of this effect on nutation was calculated firstly by Kinoshita(1977) for the biggest terms
and by Kinoshita and Souchay(1990) up to 0.005 milliarcseconds.

Smith & Dahlen (1981) extended their calculation of the theoretical period of the Chandler Wobble to account
for the non-hydrostatic portion of the Earth’s equatorial bulge and the effect of the fluid core upon the lengthening
of the period due to the pole tide. Backus (1988) has shown that for an axis symmetric magnetic field B whose
sources lie in the region r < a, the stokes stream function p in r > a can be computed from the Gauss coefficients
of B on the sphere S(a) where r=a . Bodri & Bodri (1977) calculated numerically the resonant amplification of
diurnal Earth tides for waves with frequencies close to the resonant frequency of quasi-diurnal free nutation.Their
method was applied to the Earth models of Wang (1972) and of Gilbert & Dziewonski (1975).

More of that, Folgueira et al. (1998), Souchay et al. (1999) and Bretagnon et al. (1997) have evaluated the
coefficient of nutation due to higher parts of geopotential, obtaining the diurnal and semidiurnal terms. Selim
(2004) has shown the effects of rotation of the Earth along with tidal effects produced by Moon and Sun, where the
coupling between different effects was not considered. Notes that all these works assume rigid Earth. A simpler
Earth model constituted by 2-layers, whose relative motion gives rise to a dissipation at the mutual boundary. The
mantle is assumed to be deformed in an elastic way, the displacement vector solved by an expression as Takeuchi
(1951), through consideration of time delay, weak inelasticity can be solved. A core is considered as fluid according
to a tisserand form through its motion.

Dehant & Zschau (1989) computed the effects of mantle inelasticity on the Earth gravity response to the lunisolar
attraction has been computed for the two most commonly used earth models: a spherical nonrotating Earth and
an elliptical uniformly rotating Earth.The corresponding results were compared. In view of dynamical formation of
structures at the core-mantle boundary, Hansen & Stemmer (2006) apply fully three dimensional models in cartesian
and spherical geometry, in order to study the evolving patterns at the lower boundary in convection with strongly
temperature-dependent viscosity at high Rayleigh number. Getino & Ferrandiz (2001) calculated the nutation
series of a 2-layer Earth model (at a first order), Ferrandiz et al (2004) calculated precession for a free core nutation
(FCN),they mentioned the computation of precession due to secular part of a second order term of the transformed
Hamiltonian. In this work, we will deduce a second order Hamiltonian of a 2-layer Earth model including the
tidal effect produces by the attraction of Moon and Sun. Drive the generating function of a complete second
order transformation, using Hori’s (1966) perturbation technique through a suitable set of canonical variables. A
complete analytical and numerical solutions of nutation series will be deduce, after calculations of some basic Earth
parameters and coefficients.
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II. Expression of The Hamiltonian

The Hamiltonian, in form of (CMB), with our approximation is written as

H = Tye +Tgey. +Vo +V2 (1)

where:

Tarc ¢ is the kinetic energy for free rotation , MC refers to mantle-core .

Tyey. : is the increase in kinetic energy corresponding to tidal deformation.

V,: is the potential energy corresponding to the rigid case’

V; : is the additional potential energy due to the redistribution of mass caused by tidal deformation.
we write the Hamiltonian with its different orders as:

H = H, + Hi + H, (2)

where H, is corresponding to the free motion(unperturbed part) and the other parts corresponding to the perturbed
one, for a forced perturbations.

ie

Ho = TMC (3)

Hy = Vo + They (4)
and

Gm* 233 —t11 — ¢
H,=V, = TZ: D, [ 33 211 22Pg(siné) + (t13 cos a + tag sinoz)P%(sin(S)
t11 — too 1 . 2/ .
+ TCOSQQ+§t12 sin 2« ) Py (sin 6) (5)

which we deal with in our evaluations.

III. EVALUATION OF GENERATING FUNCTION

According to last Hamiltonian, we perform a second order analytical integration of this Hamiltonian by using
Hori’s perturbation method(1966), by following the procedure:

H = H,+H, + H>

H* = H;+ H{ + Hj

H} = Hogee (6)
Hy, = (Hy— Hj) (7)
Hy = Hayt 5((Hy+ D), w1) Q

where the sign (*) means the secular part, wy is the generating function of a first order, Hy), is the periodic part
of a second order and the bracket refers to poisson bracket. The the generating function of a second order can be
determine by integrate the periodic part of this order

1
we = [ (Hay 5 (Huperiwn) + (H )

W2 = WA + W2p + Woc 9)
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Andoyer plane of core

Eguator of mantle

Andoyer plane
Fig. 1.— Canonical Variables
where
Wopa = /(H2 7H;)dt (10)
1
wop = 5/(H1p67.;w1)dt (11)
Wae = /(Hf;wl)dt (12)

The Hamiltonian (eqn.(1)) is formulated canonically by using the set of canonical variables
A, v, A, M, N — for the total Earth
Aey Moy Ve, Aoy Mo, N, — for the core

(a) Evaluation of wg4

We can write eq. (5) in the form

Hy = =Qu| 930 37 30 > B;(Bicos(; = pby) —sinoCi(r) cos(hi — v = pby))
j p=*t1 i r=+1
+ 62 Z Z Z Ci(p) <C¢(T)cos(h,» - h~]) - %sinaDi(T) cos(h+p — h?))
j o p=E1 i 7T=+£1
+ 3> 0> Dilp) <Sinpci(7)cos(h+V—71—ﬁ—ﬁ)+;Di(T)CoS(h+H+V—?L—ﬁ—§)>
j p=x1 i 7=%£1
(13)
where:
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and the suffix 7 ,j are refer to Moon and Sun respectively, G is the gravitational constant, m* and a* being
respectively the mass and semi-major axis concerning the perturbing body(Moon, Sun),

B; (3cos I1-1)AY ;sm2IA ) Zsm 2147

1
5(1 +7cosI)(—1+ 2TCOSI)A;)

1
Ci(r) = ~1 sinZIA?) + isin[(l + TCOSI)A?) +
1 1
D;(7) = —5 sin? IA?) + 7sinI(1 —|—TCOSI)A3) - 1(1 —I—TCOSI)QA?)

the numerical values of the coefficients Ag) are given in Kinoshita (1977) and updated in Kinoshita & Souchay
(1990),

t1y = 2P(sind) — P2(sind) cos 2a t1y = —P2(sind)sin2a
tys = 2P(sind) 4+ P2(sind) cos 2a ti3 = —P}(sind)cosa
ts3 = —AP,(sind) tys = —2P)(sind)sina

and the spherical function with the simplification of neglecting the second order terms

*

3
a
(76*) Py (sin 0) 3ZB cosb; 73s1naz Z Ci(7) cos(p — 76;)

i T==+1

() phns) (2 Ya=s5 3 e (5 Y prrv—roy

i T==%1

(£) rins (52 Youm ()33 S nir (5 ) v

i T==%1

where « 5 being longitude and latitude of the perturbing body referred to the principal axis of the Earth, a*
the semi-major axis of its orbit, taking the approximation cosg =~ 1 , since the angle o between the angular
momentum and the figure axis of the Earth is about 1076 rad, and the coefficient D, is computed by Takeuchi’s
Model2(Takeuchi, 1951, which consider as an old but classical work than that recent considerably more rigorous
and advanced works), depending on the Earth’s model used

] 6.953379 x 1036cgs for Moon
b 3.185508 x 1036cgs for Sun

0; = (mi+mz+ma)lay + (m3+ma)gu
+  (ma+ms)har + (ma —ma)ls — (9s + hs)ma — msA
= hy—2A

0; = 0 at i=(00000)=0

where ¢, g, h are the Delaunay variables for Moon(M) and Sun(S).
The generating function (10) is obtained by integrating the periodic part of equation (13)which can be related
easily to

W24 = Qt |:/ ‘/todt + /SiIlCT‘/tldt:| (14)
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Now first of all, to carry out the integration of eqn.(13), we follow the following technique

L = /Msinacos(k‘(u +v) — v — Oyy)dt

= Msino[F¢sin(h —yv) + F? cos(h — yv))
+  M,sino [F¢sin(h + yv,) + F cos(h 4+ y1.)],

I, = /MC sino. cos(k(p +v) — ave — ®;5)dt

= Msino[G$sin(h + av) + G cos(h + av)]
+  M.sino [GEsin(h — av,) + GY cos(h — av.)]

where
<I>ij:70i—p0j; Oé,’}/::l:l,k':LQ
hi:,u—l—V—TQi; hj:ﬁ—f';—pej
dhij _ yratnhi;
Nhi; = thj 3 s : = W
p _ Qr 2—Np—T4 _ ra
Fl - Af1f2 ; F2<l  fife
Ty . a _ _ ar
FY = yOI' - f1,2f27 G¢ = f1f32
b _ f2 OéA T3 _ nhijj—ar;
G QF( flf2 )’ Gg - fjlf2
GY = aQr 4 ”h;gl . f1 =m1 + nhj
f2 m2+nh”, g :Q(j—;qLeAAm)
= QA (1+e); rs = Q4=(1+e.)
7“4——(2 (1+e) A,=A—-A,
ce = O my = QG
mo = —Q[l + ﬁ(ec — Qﬁc)]'

Then the generating function (10) will be after calculus
waa = Wiy +wia + Wha
where

why = —Q QZZZB sm(ﬁfpﬁ)

1#£0 p==£1 i#0

+ Y SN ) )njsin(h,;f{j)

j#0 p==£1 i£0 7==%1 -r

+ fZZZZD p)jsm(h +M+V—f?—ﬁ—§)

j#0 p==%1i#£0 7=%£1

—Qesing { =9 " >~ N> B;Ci(r)[Ff sin(h — v) + FY (h — v)]

i#0 p==%1 i£0 7=*£1

32 Z Z Z Ci( 7)[Ffsin(h — v) + F} cos(h — v)]

j#0 p==£1 i#£0 T==%1

SZZZZD T)[EFf(h + v) + F} cos(h + v)

j#0 p==£1 i£0 7==%1

2
Wa A

_|_

93

(15)

(16)
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wi, = —Q ]Z\\/[l sin o, —92 Z Z Z Ci(1) == sin(o, ) [Fg sin(h + v) + F2(h + v.)]

1#£0 p==£1 i#£0 7==%1

32 Z Z Z C5( ) [F¢sin(h + v.) + F2 cos(h + v.)]

j#0 p==£1 i#£0 T==%1

3 D D" Di(p)Ciln)[Fs (b — ve) + Ff cos(h — v

j£0 p=+1 i£0 T=%1

+

(b) Evaluation of wsp
To evaluate eqn.(11) we use a periodic part of the potential energy in eqn.(4)
Voper. = ki, Z B, cos0; — k., Z Z C;(7) sino cos(p — 76;)
i#£0 i#0 T=%1

where

/ m*

a

and C' , A are the principal moments of inertia , and the generating function which produced through the first
order solution by Getino and Ferrandiz (2001), after some calculations, we can deduce wap as follows

wap = Wy + wip + wip (17)
where
me; 1 B;0B; B;0B;. .
= - Kbkl —2 — 0; — pb;
wip ;Opzil 007 sin I ny — pn; (nj o1 + n; 01 ) sin( P j)
sino 0B, 3C p) 0B
wig - Z Z kg ko (cosICj(p) 3 81( )+ 5] C; (p)m5j>
i,j#0 p=%1

X (FfJ(FI“ sin(h —v) + Flb cos(h —v)) + Flbj(Fla cos(h —v) — Flb sin(h — 1/)))

CSlan{- aB 8C p 8B’L
wdpy = = Z Zi Koik; 37 (COSIC’j(p) o7 81( )} 57 Ci (p)msg>
1,j7#0 p=+1

X (Fpy(Fg sin(h + ve) + sz cos(h+1.)) + Flbj(FQ" sin(h + v.) — F§ sin(h + v.)))

(c) Evaluation of wsc

To evaluate eqn. (12) we use the secular term of the potential energy in eqn. (4)

Vosee. = k;Bo (18)
o .0 __ 1 9
after some calculations, through a 7 =cotlsr 5 gxr =—gi737
we can deduce
W2e = w%c + wgc + wgc (19)

where

m5] aBO Bj .
we = Z Z 0t 6] sinl OI ﬁsmej
i,j7#0 p=%1 J
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5‘B ms;  cosl
w20 Z Z kOlkO] sino <sin[ sin I>

1,j#0 p==%1
x (((Ff)? —&—G‘fFQ“)sin(h—z/)+((Ff)2+F2bG‘f)cos(h—u))
6‘ M. (ms; cosl
wae Z Z Koiko; € 8[ Ssinoe M <sinI ~sinl
4,j7#0 p==%1

X ((F{F$ + GSFS) sin(h + v.) + (FYFS + FLGS) cos(h + 1)) .
IV. FORCED NUTATION
The periodic perturbations, forced nutation are obtained through the generating function by means of the well-
known relation ships
ow ow
———— AM,NA)=————.
sarNay SN EIE0LN

We compute the periodic perturbation of the fundamental planes, that is to say, the plane perpendicular to the
angular momentum vector( or Andoyer plane) and the plane perpendicular to the figure axis of the Earth(figure

A, v, \) =

plane or equatorial plane) once the derivatives have been performed, we could identify h which points out that this
argument corresponds to the coordinates of the perturbing body responsible of the tidal deformation, with A which
points out that this argument corresponding to the coordinates of the perturbed bodied.

(a) Nutation of Andoyer Plane

The longitude of the node and inclination of this plane are given respectively by A and I = cos™!( M) the nuta-
tion corresponding to these variables, known as poisson terms, are obtained through the equations (Kinoshita,1977)

_ 1 Owy . 1 Owy Ows
A= Srant a1 AT et <8)\ Cosjau) ' (20)

the poisson terms will be obtained by neglecting second order terms in small parameters through the simplification
form of generating function (10) as follows:-

Contribution of wyy

Ay = S0 D {33 iBit Gn(0; — poy) + (2C210Cua () | LDi(0)Dir(m) ) o —paj)} (21)

Msin GFor =i N TN — PN 2 Tn; —pn;
3Q4 B;Bi;1
Ay = ————cos(t; — pb;
4 emT 2 2 { —pn; cos(bi = 203)
1,j7#0 T,p==%1

L T—— lwmwzcou)) ooty )b (2)

TN; — PN 2 Tn; — pn;

Contribution of wsp

k! k! ms; 0B, 0B; 0B,
Alp = ot "oy 57 L0 B, 0; — pb; 2
Bigéinmx,w<mm+w )) st~ o) @)

kK. M5 M5, 0B, 0B;
AT — o1 03 541157 <B i ) 1,>.
o i%é:OT ;ﬂ AM sin® I nj(n; — pnj) \" " 01 7 o1
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Contribution of wyco

—kK B; 0%B,;
Al = Roitoj D39 Dol g 25
=2 2 AMsin2 ] 2 ez MY (25)
i,j#0 T,p==%1 J

Alc = 0. (26)

(b) Nutation of The Figure Plane
The longitude of the node, 1y = —Ay, and the inclination e; = —I, of this plane are given by Kinoshita(1977)

)\f—/\—|— sinp; Ip=1+ocosp

I

following Kinoshita, the periodic perturbation of the increments Ay — A, Iy — I called oppolzer terms, are given
up to second order by

A=) = .1 1 {sinu(%f—%f) +o osuaawz]

sinl M sino

1 Owy  Ows . Ows
Al —1) = Mo {co (51/ ~ ) —osinp 30]' (27)

Oppolzer terms will be obtained by neglecting third order terms through the simplification form of generating
function (9) as follows

Contribution of wyy

INCYEPY Mbm] > > {9B;Ci(r) +3C;(p)Di(7)
4,j#0 T,p==%1
—  3D;(p)Ci(1))(F{sin; + FY cos ;) } (28)
A(If — Z > {(9B,Ci(r) + 3C;(p) Di()
i,j#0 T,p==%1
— 3D;(p)Cy(7))(F{ cos0; + Fsin6;)} . (29)

Contribution of wsp

koike aC;(p)
AAp—A) = ol OJ Z Z < p)lcos I +ms;] — Bi—2 >
4M sin® T 20 pr—i1 ol
x  (F{;Ffssin(0; — pf;) — FlbjFlal cos(70; — pb;)) (30)
—koiko 9C;(p)
- _ ~ Moioj OL\p)
A(lp 1) et 2o 2 ( pleosT+ms] = Bi—=y7 )

4,j7£0 p,7==%1
x  (FY;FY; cos(T0; — pbj) — FlbjFﬁ sin(76; — pb;)) (31)
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Contribution of wyo

k/ozk(/)jc'(p) 0B,

AAp =) = I ol (cos I —my;)(FEy sinT0; — E5 cosT6;) (32)
koik,;Ci(p) OB
_ _ oitoj wIAT) ° _ ) L : )
Ay —1) = Vsnl 8l (cos I — ms;)(Fy cosT0; — EosinT6;) (33)

where
By = F!'F{ + GSFY;  Ey= FPF + F2GY.
V. FINAL EXPRESSION

By using eqns. (20) and (27), the nutation series in longitude Ay, and obliquity Aey of the figure plane can be
collected as follows.

(a) Contribution of way

9B, Bz I (GCj (P)Cia(r) | 3 Dj(p)Di-I(T)) :
A = sln 0; — pb; ’ + = : sin(70; — pd;
Vi MsmI Z;O p);l { ( p0s) + TN — PN 2 Tn; — pn; ( P03
+ (9B;C;i(1) +3C;(p)D;i(T) — 3Dj(p)CZ-(T))(Ff sin0; + FY cos 0:)} (34)

where the amplitude for longitude in phase and out-of-phase terms respectively are:

b= 3 5 {98 priom,Ci) 430D - 3D,

1,§7#0 p,7==%1

: 3D;(p)Disi(7)
Lin — i I(T) ) 2]
LT MsmI Z Z < ™; — an + 2 T, —pn;

4,j#0 p,7==%1 P
ou _Q
L= oo 30 D F9BCi(r) +3C(p)Di(r) = 3D;(p)Ci(1))
sin [
1,j#0 p,7==%1
and
BB,
Aey = Z Z 3m517 cos(0; — pb;)
1,570 p,r=£1 P
2C;C,; 1 D;D;
+ {CC](Tms,- —cosT) + *J(T’ﬂl& —2cosI)| cos(10; — pb;)
TN; — PN 21n; — pn;
+ (3B (p)Ci(1) + C;(p)Di() — Dj(p)Cyi(1))(F} cos O; + F} sin 0;)} (35)
So the amplitude for obliquity in-phase and out-of-phase terms respectively are
in 3Q B' P a
0r =20 Y 5 {ams BB pspy )Ci(r) + D7) - D))
i,j#0 p,T==%1 P
om = — 3Qt Z Z [30 )(ng,i—cosl)—i—1Di(T)Dj(p)(Tm5i—2(ZOSI)}
GZ0p iz L T — Py 2 Tn; — pn;
out 3Qf
0; —7F1 > > BB )+ Cj(p)Di(7) — D;(p)Ci(7))

1,j7#0 p,7=%1
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(b) Contribution of wyp

koiko, ms; (0B;0B;  9°B; 1
A = % ] 2 2 7 lB' . 91 _ 9
v Z%;Op;ﬂ AM sin® I { ( 0?1 - oI? ]> ng — pn; sin( p0;)

oI oI

the amplitude for longitude in-phase and out-of-phase terms respectively

J
pn;

=3 2 et T :
520 pat1 4M sin® I nj 021 oI
_ —kpikh FEFE (0B, aC;(p)
Ly = # I B, =3\
(P VED Dl VR (al p)cos T ms;) = B )
1,j7#0 p,7==%1
k_l kl F(J,FCL aB ac(p)
Laut 005" 1iT 15 I B J
Z Z 4MSIH I (8[ ( )(COS +7”5]) 4 oI )
4,720 p,7==%1
and
Ay = 3% koiko, _msims; ((Bi 0B, n 0B; B; 1 cos(0; — pb)
r= AMsin I sinl \n; 0 ' 0 n; ) ni—p, i P

i,j#0 pr=+£1

ol oI

So the amplitude for obliquity in-phase, out-of-phase terms respectively are:

oin — _ koiko; MM B; 0B;  0B; Bj
! AMsin I sinI(n; — pnj) \n; 01 oI n;
bk, FAFS (0B, aC;(p)
in _ 2007057 1j7 14 Ye? I ;) — B —1
OF = Mt ( ar Cilp)(cos I +ms:) o1 >
kbik; FY, P (0B, 9C;5(p)
out 007+ 15+ 14 1 j 14
out . J0i%0;7 1571 I +ms;) — B; .
Oir AM sin T ( ar CilP)(cos I+ msi) = Bi—pr )
(c) Contribution of wye
kikio; 0%By; B; kiko;Cj(p) OB,
Ay = —2% % sin@; — L() % (cos I —ms;)(Ersint8; — Ey cos 16;)

Msin21 ™01 n2 Msin®T 0l

The amplitude for longitude in-phase and out-of-phase terms respectively are:
ki, 9*B,; B;

in oi'Voj
L 2

- Msin® I 1155 RIE n;

, k! .E! B
LZ:-Z _ _Moivoj E; 0 o
 Msin?T oI

(cosI —ms;)

(8B Cj(p)[cos I +ms;| — B; aCj(p)) (FY Fysin(m0; — pf;) — Flbij‘l cos(7; — p9j))} (36)

(83 i(p)(cos I +ms;) — B; an(p)) (FlajFlaz cos(10; — pb;) — FlbjFlai sin(76; — p9j)) } . (37)
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TABLE 1

NUMERICAL COEFFICIENTS AND SOME BASIC EARTH’S PARAMETERS
Parameter Value Parameter Values Sources
Q 157.04118108 € 843817 .412 Allen (2000)
A 0.80094 % 10*° gm.cm? C 0.80368 x10*° gm.cm? Allen (2000)
ae 0.1495979x 14cm ac 0384401 x 10 em Allen (2000)
mc 7.353x10%°gm me 1.989x10%3 gm Allen (2000)
R 6.378136x10%¢cm Allen (2000)
Cm 7.040x10** gm.cm? Am 7.0165x10* gm.cm? Barnes et al. (1983)
koo 34757.18832 arcsec./Jcy  koc 7568.01772arcsec./Jcy Computed
kic 8865”.751634arcsec./Jcy  kir 1928”.013810arcsec./Jcy  Computed
kio 38327.549573arcsec./Jey  kyg 8837.268967arcsec./Jcy Computed
Dic 3.1650834x10%%¢c.g.s Dy 4.7499997x10%%¢.g.s Computed
Dy, 1.449999%10%%¢.g.s D 2.1760878x10%%¢.g.s Computed
Qs -3.53044 x10~2 Qe 3.897048x107° Computed
Qo -7.40959%x 103 QT 8.17902x10~4 Computed
r 4%x10~° Computed

k:n'k(/)j E aBo

Lovwt = 29
¢ Msin21 ° oI
and
Ae; = Koiko; 0B, I E 0; + E5sinTh 39
Ef——m 6] (COS —m5z)( 1COST 1"‘ 2 SIN T Z) ( )

So the amplitude for obliquity in-phase, out-of-phase terms respectively are:

oin — k,.k,;Er OB,

AMsinl oI

(cosI —ms,)

—kK Es 9B,

Oout — 0t 0]
1T

4Msinl 01
VI. NUMERICAL COMPUTATION OF NUTATION SERIES

(cos I —ms;).

In this section, we can compute numerically the periodic perturbation of the fundamental plane(eqns.20 and
27), but firstly we need to evaluate numerical coefficients taking into account some of the basic Earth parameters.

Table 1 contains list of numerical coefficients and some basic Earth’s parameters(Barnes et al. 1983 ; Allen 2000,
and author’s computations).

By using the set parameters (Table 1), we can evaluate the nutation series tabulated in Table 2.

VII. CONCLUSION

This work deals with an analytical and numerical computation of a second order Hamiltonian to deduce a
nutation series for a two-layer Earth model. In table 1, author computed important coefficients which can be used
in the computation of numerical nutation series. In table 2, author calculated a longitude and obliquity (in-phase
and out-of-phase) for each mantle and core for 10 main periods in a nutation series in a milliarcseconds per Julian
century. As shown in Table 2, we find the longitude does not exceed 0.002(mas) and obliquity does not exceed
0.0007 (mas)in-phase through mantle for a period 182.62 days.
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TABLE 2.
NUTATION SERIES (LONGITUDE AND ()BLIQUITY)7 FOR EACH MANTLE AND CORE (UNIT:MAS).

Period Longitude Obliquity

(day) in- -phase out-of- -phase in- -phase out-of- -phase

mantle core mantle core mantel core mantle core

-6798.36 | -0.15784 0.6791 -0.01390 0.01166 -0.20382 0.26792 0.01365 -0.01145
-3399.18 | -0.00109 0.00131 -0.00005 0.00004 -0.00058 0.00049 0.00005 -0.00004
365.26 0.00005 -0.00006 -0.00000 0.00000 -0.00000 0.00000 0.000000  -0.00000
365.22 -0.00003 0.00004 0.00000 -0.00000 | -0.00001 0.00001 -0.00000 0.00000
182.62 0.00193 -0.00229 -0.00000 0.00000 0.00067 -0.00056 0.00000 -0.00000
121.75 0.00008 -0.00009 -0.00000 0.00000 0.00003 -0.00002 0.00000 -0.00000
27.55 0.00006 -0.00007 -0.00000 0.00000 -0.00000 0.00000 0.00000 -0.00000
13.66 0.00052 -0.00062 -0.00000  0.000000 | -0.00010 0.00009 -0.00000 0.00000
13.63 0.00009 -0.00011 0.00000 -0.00000 | -0.00012 0.00010 0.00000 -0.00000

9.13 0.00007 -0.00008 -0.00000 0.00000 -0.00001 0.00001 -0.00000 0.00000
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