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 413D#��Evs,|BfD#� (r�b&gWLks,hÆD#�) KbO1k?fD#��SP+D#�@<��BfgKEv|P�x� Bx xy D#gK x /� �`�!D#�@xO�evR^sÆBfg
�`�`I{k V�b%D#��|)�k\��_�[<OM+D#�k,pPK4^k\� [1−4]. ����!�cB�P.k�	KNBS�To+
�</�3W��1gbO1k?fD#���NB��sÆ}.��k-?�c)�%1gpPkEv (J2000.0) s,hÆD#� [5−6].�B"KNBYd}.k?f�c2��np? (�;*A,[|k&?) �c�nKb`<�d,BfD#��qsÆ?M�d.Bfg�7�Ok
��rU�U5����#� IAU2000 d.| l1ind, J2000.0 sÆ|BfD#�.GOd.Bfg�7�
�k;.���rU5�� Pathfinder d.| l1ind, J1980.0 |?f.GOd.Bfg�7�
�kU5�������1g IAU2000 k| l1��RiL&6�Od,hÆD#�)}.��W?EkD#��|)��	��)lEq&��G��k���4Zv^>k9d.]4k��M��ra��.Æd.]4k-�9Gh��)�%<�pPk7�D#��p�1gEv J2000.0kd,|BfD#���<d,hÆD#��3Z��DadM,BfD#��d, J2000.0sÆ|BfD#�KEv J2000.0kd,|BfD#����T�gv 2 �)kr 1 r3�����@�l9WLkEv
J2000.0 ks,|BfD#�)kD#xxs,|T$d, (d.(,), `�Zk�M7,��B��S�0@NBYd}.k?f�c�
1gk7�D#��
2 e�R�x�g�NÆ�d.@P1?s6.��;
�gk8qsÆ?Mk7(�d.kM1<�}.�d}PKd}
��d.| l1kB"�3W��sÆk| l1B"jsÆE.dd.�nKjn[J��Yhfk`Ie��d.kBfg�7�
���+
��;.��;kU5�#K.���k���#�d.kU5?MnsÆU5�jn[JKd.}.�d.BfW�/�k`I7/kd. “ ~U5” 3Winsgh�7�]4�k;4gj��jn[J��YY6.�d.54��k)��7/kd. “6.U5” ���&Q
�U5QY@!jU5`�kd.<4/�hÆ&! k VY���jB[l1vRK;49Qjd [7]. jnd.n<N'�Gk,�|�$�d.U5QYkB[��,�|� Yoder n [8] � 1997yin Viking d.]4�k;49Q.Gd.U5QY�x -7.83±0.30 arcsec/yr, nPy Folkner n [9] in Mars Pathfinder k;49Q.Gd.U5QY�x -7.576±0.053 arcsec/yr. qsÆk}. (~Æ) ���d.kM1}.d}PKd}
k(N��Q&��?fg�9
�d.Bfg [10], `�kd.U5���sÆ<�}. (~Æ) `�ksÆU5�&Q
�d.��AY�@j[J`�k��
�kY&"k 1′′, � IAU2000 =�)Obk�;����1(���kY&o��}.?fke�7( [4], �n��W[Fk�
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IAU2000 d.| l1kiL&6�D#��|)��	��

IAU2000 d.| l1�� ICRF (International Celestial Reference Frame) �p.G�xx{nd.(,�i�|gxd.J2|Bfg�i�� B xd.�E;��
(h<1;��) qd.J2|Bfk	x (�r 1), �{'jd.J2|Bfq J2000.0sÆ|Bfk0	x�:vN�r< Q Gd.Bf �vN$ B kU; W, vR5;#��

W = 176.630◦ + 350.89198226◦d , (1)�)� d x< J2000.0�Rk"Z �
� W 3/Bd.&k “R.2”, �bkd.<4'�rx
RIAU(t) = Rz(W) . (2)

s 1 IAU f0~"n3
Fig. 1 IAU Mars orientation model

IAU2000 d.| l1.G^U5x^d.|hn�d,hÆD#�)B��Bz (�r 1) k V9� [11] x
α = 317.68143◦ − 0.1061◦T

δ = 52.88650◦ − 0.0609◦T
, (3)

T x< J2000.0 �Rk"Z?zG� (3) ;.G?MksÆU5k;� (;.�)  V��nEv J2000.0, k
α0 = 317.68143◦

δ0 = 52.88650◦
. (4)� IAU2000 | l1��J2d.|BfD#�rxJ2d.�BfD#��jn,0X����ra��)�,���d.k�Bfgq|Bfg�"kEv (J2000.0)BfgqJ2Bfg���Zd��k5(rU5�7���uN9��r 2.
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s 2 IAU2000 f0~"n30Imf0~Dh"X>[s
Fig. 2 Movement of Mars mean equator based on IAU2000 Mars orientation model

3 e\0J
#e��{0J
(j.c^
�n*Ad.,[|kd.}.��Edk1M)�@d.�Æ4`I)��d.�Æ4`I{@�d8D#�)�Hk���nd.]4kk9�c�9M�d,hÆD#�)6�}.?f�	���!D#�)�d.kU5��``�d.�Æ4`I{k�b V��%�:0XR Vb%k}.?fW?EkD#��|)�e���nD#��|)��c�M,odd8D#�qd,|BfD#���k4^�M,D#���k5]@jU5����nTKd.<4`�k�_��KnTN���&�
�?fke�m�>l'b��nP���M��3,0X��U5�P;.��'b� 10 yr 2�k V3Wd 10−4, ralE J2 �`�kD#��|)�Nt3W
10−6 ∼ 10−7, jn!)�e�k`���Yd}.?fke�@;.�'b���9�c)�:pW0X�^R���M�,kD#��|)��c)�"M0X t 25kd,J2|BfD#�qEvd,|BfD#���k4^9��1g IAU2000 d.| l1�?MNBsÆ}.kD#��|)��c�`��J
~R K ~r �(&=�d8D#�Kd,hÆD#�)}.k{'7N��,0X��KnTk
:��Zd��k4^9�#��

~R = (MP)~r = (MR)(PR)~r , (5)�) (MR) @d.<4'� RIAU(t), � (2) ;� (PR) @d.U5'��#r 1 =Zk IAU2000| l1�ind,sÆEv|BfD#�.Gd.<4/�7�k
���bkU5'�3W&=x�R4;�
(PR) = Rx(90◦ − δ)Rz(−(α0 − α))Rx(δ0 − 90◦) , (6)���d.}.?fkD#��|)�2�3��sÆ}.?fD#��|)��&F4^'�kNB�Æ��^>P|���a�BOB�V�1( (3);3��� 50 yr ��d.|hnk V�&�30X�UdB�U5 ∆α = (α−α0) KBzU5 ∆δ = (δ− δ0)
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(PR) = Rx(θ + ∆θ)Rz(−∆µ)Rx(−θ) , (7)�)

θ = 37.11350◦ , (8)

∆θ = 0.0609◦T, ∆µ = 0.1061◦T . (9)Gg&Fd.<4'� (MR) KU5'� (PR), 7�dPÆU5N2�!Y.Gd8D#�Kd,hÆD#�)}.{'7N ~R q ~r ��k�]4^9��Z�tbE>��
RG4^9� (5) ;k�V4;#��
~R =









X

Y

Z









= (MP )~r =









X

Y

z − (∆µ sin θ) x − (∆θ) y









, (10)

(

X

Y

)

=













(x cosW + y sin W ) + cosW [− (∆µ cos θ) y + (∆µ sin θ) z]

+ sinW [(∆µ cos θ) y + (∆θ) z]

(−x sin W + y cosW ) − sin W [− (∆µ cos θ) y + (∆µ sin θ) z]

+ cosW [(∆µ cos θ) y + (∆θ) z]













, (11)�P4^9�%@��M.Gd.?fD#��|)��	�kS(�d.�Æ4`I{)[*� Jl (l ≥ 2) k�|)�qd.<4�9��,o&F Z �N�k
Z = z − [(∆µ sin θ)x + (∆θ)y] , (12)�)

∆µ sin θ = 0.0640◦T, ∆θ = 0.0609◦T, (13)&F9�; (10)∼(13), %@g<�H^Bfg
��`�kd.�Æ4`I�|{ki�9�;�
4 e�W{� u�,-��QZi}T���d.hÆD#��|)�k��)�xO�n_[�cK�-�BN��Y&k�����)�/5;&W-W�N%4;.G��D1gl9<�k>PV]{�;�]{ [L] �(N]{ [M ] K2�]{ [T ] �(x















[L] = ae (ae @d.30uÆfkBf� )

[M ] = M (M @d.(N��G�j GM �.G)

[T ] = (a3
e/GM)

1

2

, (14)
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 417�RvR]{)�`I9G G = 1, d.`I9G µ = GM = 1. %1gin IAU2000 d.| l1.GkcB*Wid.`I8l1 GMM-2B, �k














ae = 3397.0 km

GM = 42828.3719 km3/s2

[T ] = 15.945064755181 min

, (15)��@P+vR]{k<��),,o)f���c�,E�r8#gd.k�Y`I8l1�&F#7]{)f�k5(OQ&�,`# -�BNkNt���	�cI�e��$n�)f�c)dr1gN+`I8l1��,`# �{��k�[�jnd.kU5Nt,Y��nYd}.?fkD#��|)��"9M.G�Æ4`I{)1M[*� J2 �k�|)�r3��bk�Æ4`I{k&W;#��
V (J2) =

(

−
J2

a3

)

(a/R)
3

[

(

3

2

)(

Z

R

)2

−

(

1

2

)

]

, (16),u/G R = r, ^R���,ok�c)�&Fd8D#�qd,hÆD#���k4^�JTZ{nTK��M,^Pv�qd.<4�9�\gA+4^9�k (12) ;%@�d6� J2 �D#��|)��W9Mk4^9��� (12) ;\$ J2 �k`I{ (16) ;�.G
V (J2) =

(

−
J2

a3

)

(a

r

)3
[(

3

2

)

(z

r

)2

−

(

1

2

)]

+

3

(

J2

a3

)

(a

r

)3 (z

r

) [

(∆µ sin θ)
(x

r

)

+ (∆θ)
(y

r

)]

,
(17)�)















(z/r) = sin i sinu

(x/r) = cosΩ cosu − sin Ω sin u cos i

(y/r) = sinΩ cosu + cosΩ sin u cos i

, (18)�D u = f + w, a, i, Ω, ω, f n-x}.?f1G (Kepler uz1G) k9g�J�jR3Wjdd,hÆD#�)�|)�{k&W;#��
∆V (J2) =

(

3J2/2a3
)

(a/r)
3
sin i {cos i [(∆θ) cosΩ − (∆µ sin θ) sin Ω] +

[(∆µ sin θ) cosΩ + (∆θ) sin Ω] sin 2u+

cos i [(∆µ sin θ) sin Ω − (∆θ) cosΩ] cos 2u} ,

(19)�)U5N*A#7Ev (J2000.0) 10∼20 yr 2`Wd 10−4 kNt (� (13) ;). jR3� J2 �D#��|)�kNtx 10−7. TP1Mk*� J2,2 kD#��|)���e�$(� J2 �k&Fe�&P,Nt�l93,0X�#D�o)k&��M�k�c)9M.G�Pe��W,ok (X,Y ) q (x,y) k4^9�Vj (11) ;.G�,�[F�
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5 J2 �0J
Zi}To�D#��|)�{ ∆V(J2) ����AG;��.�/� ∆Vl K ∆Vs, k

∆V (J2) = ∆Vl + ∆Vs , (20)�);��.�/�k)f&W4;#��
∆Vl =

(

3J2

2a3

)

(

1 − e2
)−3/2

sin i cos i [(∆y cos θ0) cosΩ − (∆y sin θ0) sin Ω] , (21)

∆Vs = ∆V (J2) − ∆Vl . (22)1(&F�|)�{ ∆Vl K ∆Vs 3��d. J2 �D#��|)��Yd}.��?f"k;��.�e��,E��Dk;.�� ∆Vl jnU5N ∆y k V�4(&@bO1k+O��_@ ∆y k VQ]`��n�P25 t k}.?f�c�w�3W�! t 25 ∆y k�b�Bx, N<NB�%�.���F�"90X�?f�; ke��k
as (t) = 2a2∆Vs, (23)1gvP?��x1G

a, i,Ω, ξ = e cosω, η = e sinω, λ = ω + M . (24)gx|-1GÆ6�)���Z�tbE>��
.G J2 �D#��|)�k;.� V� ∆σ(t) = σl(t) − σl(t0), σl(t) k)f4;���]�r
al (t) = 0 , (25)

il (t) = I , (26)

Ωl (t) = (−2 cot 2i)H , (27)

ξl (t) = −
1

2

(

1 − 5 sin2 i

sin i

)

[(ξI + ηH) /α1 − (ξI − ηH) /α2] , (28)

ηl (t) =
1

2

(

1 − 5 sin2 i

sin i

)

[(ξH − ηI) /α1 + (ξH + ηI) /α2] , (29)

λl (t) =

(

1

sin i
−
(

5 + 3
√

1 − e2
)

sin i

)

H , (30)�)
I = [(∆θ) cosΩ − (∆µ sin θ) sin Ω] , (31)

H = [(∆µ sin θ) cosΩ + (∆θ) sin Ω] , (32)
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α1 = 1 − ω1/Ω1, α2 = 1 + ω1/Ω1 . (33)�DG�k ω1 K Ω1 %@ J2 �)�)?f1G ω K Ω ;� VkPÆ Y��)f4;x
ω1 = 3J2

2p2 n
(

2 − 5
2 sin2 i

)

, Ω1 = − 3J2

2p2 n cos i ,

n = a−3/2, p = a
(

1 − e2
)

.
(34)&F-;l�G�k?f1G a, i, Ω, ξ, η, e2 = ξ2 + η2, -x%J�.� V�kx|-1G σ̄(t) = σl(t) − σs(t), �^x#R�J&F;.� V�v�\kx|-1GÆ`kk “�
” �|��1M&�� Ω K λ M,1G&�W;��k4;G��r

∆Ωc (t) = −
1

2
H sin i

[(

3J2

2p2
n (t − t0)

)

Ω1 (t − t0)

]

, (35)

∆λc (t) =
1

2
H
(

5 + 3
√

1 − e2
)

sin i cos i

[(

3J2

2p2
n (t − t0)

)

Ω1 (t − t0)

]

. (36)

6 �*�'anv1g|-&�x 300 km kd.p?}.���?f�6vtvR�1g&��kG�� (j RKF l��a4) Bx�H#7�?fvt2�x 1 ,sÆ (1 400 min, }x!?fk 13 ,.�), E:?f1G�#�M@�
t0 x UTC 2� 2012 y 9 ~ 9  0 2 0 � 0 i�

(1)
a = 3685.8362 km, e = 0.00468819, i = 92.580981◦,

Ω = 44.995808◦, ω = 269.779851◦, M = 0.321671◦,

(2)
a = 3685.8362 km, e = 0.00468819, i = 42.580981◦,

Ω = 44.995808◦, ω = 269.779851◦, M = 0.321671◦.vt2�;� 1 400 min(��.�) KM+?f�
�P@xOf��.�)�'bk6\�TP@,n?f�
�D#��|)�ke��M@vt�D�(Rn& 1 K& 2.K 1 �)U"X
U (yzp[�U) m_Gl (1)

Table 1 Comparison of numerical method and analytical method (quasi average

element method) (1)

Method a (km) e i (◦) Ω (◦) ω (◦) λ (◦)

A 3696.505 0.008006 92.57730 45.50652 273.17394 139.59795

B 3696.505 0.008010 92.57731 45.50651 273.18310 139.59700

C 3696.505 0.008006 92.57721 45.50658 273.17591 139.59790

D 3696.505 0.008010 92.57721 45.50656 273.18311 139.59700
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K 2 �)U"X
U (yzp[�U) m_Gl (2)

Table 2 Comparison of numerical method and analytical method (quasi average

element method) (2)

Method a (km) e i (◦) Ω (◦) ω (◦) λ (◦)

A 3694.144 0.004596 42.65111 36.60267 259.08655 173.74786

B 3694.144 0.004597 42.65115 36.60278 259.17323 173.74756

C 3694.144 0.004596 42.65275 36.60277 259.08538 173.74738

D 3694.145 0.004597 42.65279 36.60291 259.17402 173.74712&)�Æ A � B � C K D kF\#��
(A) �0Xd. J2 �ke��gG�Æ�6?fvt�
(B) �0Xd. J2 �ke��g�	Æ�6?fvt�
(C) 0X J2 �KU5`�kD#��|)�e��gG�Æ�6?fvt�
(D) 0X J2 �KU5`�kD#��|)�e��g�	Æ�6?fvt�j& 1 ∼ 2 RGkvR�D3W/GW�ux�
(1) ���M��&k�a��d.U5`�kD#��|)��4b!0X�&FvR)�@�b 2012 yk6:�T82�ktT��e�\`�Y�
(2) �0Xd.�Æ4`I{ J2 �k)�e��PÆZ\�k�	��43WWd

10−5 k��M� (1M&��GmN&�� λ k�D);

(3)0Xd.U5`�kD#��|)�S�PÆZ\�k�	����v�AxI|�
(4) D#��|)�1M&��?f|gWoGmN& (� i �Ω K λ k�D), ?f�
ke�OkWf��x^3jD#��|)��k1M/� (;.� V�) /G���|)��&W; (27)∼(30) ;�;.� VkY&S=n?f1G Ω k V��� VQY Ω̇ (r (34) ;)k Ω1) kY&%�,n?f�
k6:� i = 42.0◦ �bk Ω̇ j�Yn i = 92.0◦ �bk Ω̇, �%@�g�?fE�k<�1gM@kx^�3W2�Ksf�D#��|)�e�k���1(&FB"K�D#��|)��	�k���H�D�4�<k�9Gh���%?f�c�F�x1g]Pkd,hÆD#� (p�kEv%@ J2000.0), bk�M�`ENBsÆ}.kn?�crK�`�bO1k?fD#��L q � �
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The Coordinate Additional Perturbations to Mars
Orbiters and the Choice of Corresponding Coordinate

System

LIU Lin1,2,3 ZHAO Yu-hui1,2 ZHANG Wei1,2 WANG Yan-rong3

WANG Jia-song3

(1 Astronomy Department, Nanjing University, Nanjing 210093)

(2 Institute of Space Environment and Astrodynamics, Nanjing University, Nanjing 210093)
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AABSTRACT Similar to the study of the related problems of Earth satellites, in the re-

search of the motion of Mars orbiter especially for low orbit satellites, it is more appropriate

to choose an epoch Mars-centered and Mars-equator reference system, which indeed is called

the Mars-centered celestial coordinate system. In this system, the xy plane and the direction

of the x axis correspond to the mean equator and mean equinox. Similar to the precession

and nutation on the Earth, the wiggling of instantaneous Mars equator causes the coordi-

nate additional perturbations in this Mars coordinate system. The paper quotes a method

which is similar to the one used in dealing with the coordinate additional perturbations

of Earth. According to this method, based on the IAU2000 Mars orientation model and

under the precondition of a certain accuracy, we are able to figure out the precession part of

the change of Mars gravitation. This lays the foundation for further study of its influence

on the Mars orbiter’s orbit of precession and the solution of the corresponding coordinate

additional perturbations. The obtained analytical solution is easy to use. Compared with

the numerical solution with higher accuracy, the result shows that the accuracy of this ana-

lytical solution could satisfy general requirements in use. Therefore, our result verifies that

a unified coordinate system, the Mars-centered celestial system in which J2000.0 is chosen

as its current initial epoch, could be applied to deal with the relative problems of Mars

orbiters, especially for low orbit satellites. It is different from the method we previously

used in dealing with the corresponding problems of Earth satellites, where we adopted the

instantaneous equator and epoch (J1950.0) mean equinox as xy plane and the direction of x

axis. In contrast, the coordinate transformation brings heavy workload and certain incon-

venience in relative former works in which the prior system is used. If adopting the unified

coordinate system, the transformation could be simply avoided and the computation load

could be decreased significantly.

Key words celestial mechanics, reference systems, methods: analytical, methods: numer-

ical


