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Abstract Satellite orbits around a central body with arbitrary zonal harmonics are consid-
ered in a relativistic framework. Our starting point is the relativistic Celestial Mechanics
based upon the first post-Newtonian approximation to Einstein’s theory of gravity as it has
been formulated by Damour et al. (Phys Rev D 43:3273-3307, 1991; 45:1017-1044, 1992;
47:3124-3135, 1993; 49:618-635, 1994). Since effects of order (GM/c?R) x Ji with k > 2
for the Earth are very small (of order 7 x 10710 x J;) we consider an axially symmetric body
with arbitrary zonal harmonics and a static external gravitational field. In such a field the
explicit Ji /c2-terms (direct terms) in the equations of motion for the coordinate acceleration
of a satellite are treated first with first-order perturbation theory. The derived perturbation
theoretical results of first order have been checked by purely numerical integrations of the
equations of motion. Additional terms of the same order result from the interaction of the
Newtonian Ji-terms with the post-Newtonian Schwarzschild terms (relativistic terms related
to the mass of the central body). These ‘mixed terms’ are treated by means of second-order
perturbation theory based on the Lie-series method (Hori—Deprit method). Here we concen-
trate on the secular drifts of the ascending node < €2 > and argument of the pericenter < & >.
Finally orders of magnitude are given and discussed.

List of symbols

x* = (ct, x) Space-time coordinates

8uv Space-time metric tensor

o Gravitating mass-energy density
G Universal gravitational constant
Py Ordinary Legendre polynomials
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ag,j Coefficients in the derivatives of the Legendre polynomi-
als, see (13)

Jk Dimensionless post-Newtonian zonal harmonic

[x] Greatest integer that is less than or equal to x (Gauss’
bracket)

X ,f 9(e) Hansen coefficient

Fipg (D) Kaula inclination function

Dk p(f, ®) Special function defined in (39a)

@; ik, p( f, w) Special function defined in (39b)

Vi ik p(f, M) Special function defined in (39¢)

S, T, W Decomposition of perturbing acceleration into radial,
transversal and normal part

(l,g,h; L,G,H)=(y,Y) Post-Newtonian Delaunay variables

n Mean motion

b Defined below (24)

1 Introduction

In this paper, we consider satellite orbits around a single isolated central body with a static
external gravitational field in a relativistic framework. Our discussions are based upon the
first post-Newtonian approximation to Einstein’s theory of gravity. A very general relativistic
Celestial Mechanics of N gravitating bodies of arbitrary time-dependent shape and composi-
tion has been formulated by Damour et al. (1991, 1992, 1993, 1994). This DSX-framework
uses very efficiently a special parametrization of the metric tensor, that presents the gravita-
tional field of the central body. In the harmonic gauge (e.g. Weinberg 1972) with space-time
coordinates x* = (ct, x), the post-Newtonian metric tensor in the static case is written
with a single gravitational potential w, generalizing the usual Newtonian potential U, i.e.
w = U + (1/c*)—terms:

2w 2w?
g00=—1+67—7+05
goi =0
2w
8ij =0ij |1+ -7 )+04, ey

where the symbol O, indicates that terms of order ¢~ are neglected. The field equation for
w reads:

Aw = —4nGo , ()
where 00
T + TSS
0= 35— 3

is the gravitating mass-energy density, 7#" are the components of the energy-momentum
tensor and 7% = T 4 7?2 4 T3, G is the universal gravitational constant. According
to a Theorem by Blanchet and Damour (1989) the external potential w admits a multipole
expansion of the form:

— 1k 1
w@ =Gy ,) MKaK( ) : “

k! r
0<k
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that converges outside a coordinate sphere that completely contains the central body (the
energy-momentum tensor of the matter distribution). Here, Mg are the Cartesian Blanchet—
Damour mass multipole moments of the central body, defined as integrals over the field
generating source that explicitly contain 1/c?-terms, i.e. terms of first post-Newtonian order.
The index K is a Cartesian multi-index, i.e. K = i ... i, where each index runs over the
three spatial Cartesian coordinates, and dx = 9%/ (9j; . .. 0;,). Assuming the central body to
be axially symmetric, the gravitational potentials can be written in quasi-Newtonian form:!
GM  GM & (R\!
w(x) = - T (7) Ji Pr(cos @) , 5)

r
k=2

where (r, 0, ¢) are usual spherical coordinates, R is some suitably chosen radius of the

central body (e.g. some ‘equatorial radius’ of a reference ellipsoid) and Py are Legendre’s
polynomials, given by Rodrigues’ formula

1 d o,
Pk(x)zzk—k!@(x _l) .

Though expression (5) for the potential w looks perfectly Newtonian, it is a post-Newtonian
result since the quantities Jg, the post-Newtonian zonal harmonics of our central body, are
defined to post-Newtonian accuracy.

The post-Newtonian equation of motion for the coordinate position Xg of a satellite in
such an external gravitational field, given by (1), in harmonic coordinates takes the form (e.g.
Damour et al. 1994)

d?xq
dr?
The c-independent part of the satellite acceleration in (6) is the ‘quasi-Newtonian’ term, the

rest that explicitly depends upon 1/c2 describes the ‘post-Newtonian® acceleration terms. So
formally we can write the satellite acceleration, a; = d>x,/dr? in the form

=Vuw+ cil [-2V (w?) =4 (Vw - v) v+ v Vu] . (6)

a; = aN + apN, @)

where the quasi-Newtonian part, aN, contains the post-Newtonian zonal harmonics. We write

w(x) = wo(x) + Y wi(x) ®)
k>2
with
GM

The potentials wy (x) result from the non-spherical matter distribution of the central body. In
the following, we will concentrate on one multipole moment of order k > 2 at a time. The
satellite acceleration can then be written in the form

ag = an[wo] + an[wg] + apn[wo] + apn[wk] . (10)

The terms on the right hand side are: the quasi-Newtonian mass-monopole acceleration,
the quasi-Newtonian acceleration of J; with k > 2, the post-Newtonian Schwarzschild
acceleration and the post-Newtonian acceleration of J; with k > 2.

Satellite orbits in the post-Newtonian Schwarzschild field have been extensively discussed
in the literature (e.g. Brumberg 1972; Soffel et al. 1987; Soffel 1989). As is well known,

! The dipole J; vanishes because of the choice of coordinates (center of mass condition).
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satellite equations of motion (for timelike-geodesics) in the exact Schwarzschild field admit
exact solutions in terms of elliptic functions (e.g. Hagihara 1931; Mielnik and Plebanski
1962). Post-Newtonian effects related to the oblateness (J>) of the central body have been
discussed by Soffel et al. (1988), Heimberger et al. (1990) and Huang and Liu (1992). In
Soffel et al. (1988) the direct J/c>-terms in the equations of motion (6) are discussed by
using the Gauss form of the usual perturbation equations to first order. In Heimberger et al.
(1990) the complete problem of direct and mixed terms is treated with the Hori—Deprit
Lie-series method. Finally, Huang and Liu (1992) again discussed the complete problem of
Jo/c?-terms, using some mean elements method due to Kozai (1959). At this place also the
paper by Iorio (2015) and the references cited therein should be mentioned, where the full
quadrupole-problem is again discussed in great detail and for an arbitrary orientation of the
symmetry axis.

The present paper focuses on relativistic (post-Newtonian) effects related to zonal har-
monics J; with k > 2, that have not been treated before. It therefore generalizes and extends
the above-mentioned papers (Soffel et al. 1988; Heimberger et al. 1990; Huang and Liu 1992).
The organization of this paper is as follows: Chapter 2 discusses the direct post-Newtonian
Ji-terms in the harmonic equations of motion by means of first-order perturbation theory.
The corresponding perturbation theoretical results will be checked by numerical integrations
of the equations of motion. Chapter 3 is devoted to the mixed terms that appear from the
(quasi-)Newtonian J; terms and the post-Newtonian mass monopole (PN Schwarzschild)
term as second-order terms. These mixed terms are treated by means of the Hori—Deprit
Lie-series method. Finally, Chapter 4 presents a discussion based upon orders of magnitudes
of these new terms.

2 Direct terms of order Ji /c>

First, we derive direct Ji /c2-terms from the acceleration (7) and solve the Gauss form per-
turbation equations via the common S, 7, W-decomposition, similar to Soffel et al. (1988).

2.1 Derivation
The direct terms are included in apy [wy ], which is explicitly given by

4 4 v2
apN [wi] = —cjv (wo - wg) — 2V (v-V)yw + C—ZVwk

=aj,tayc+as, an

where w,%—terrns have been neglected. Calculating the perturbing accelerations a; i, we find

4 u’R*Ji .
A== 35 [(2+ k) Pr(cos®) - e, +sin6 P (cosb) - eg (11a)
4 uRkJ
arg = — 5k [(1+k) (r-v) Pe(cos®) + (r-v) - = - P[(cos)
’ 2 rkt3 r
—v; -1 P{(cosO)] - v (11b)
WRE T, . v?
k=" [(1 + k) Pr(cos0) - e, +sin6 P (cosO) - eg] - 7 (11c)
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from which the S, T, W-decomposition follows as

w? Rk Iy r )4
s=-5ms ([0a+100-30+0 2 —40+0 2] Pucose)
c°r a r
—4esin fsin I cos (w + f) - P{(cos)) (12a)
2 pk
weR* Jy r .
T = Py [(Z—i- - —|—4€) -sin I cos (w + f) - P(cos0)
—401 +k)esinf-Pk(cos9)] (12b)
2 pk
we R Jy r
W:W(Z—i— ;)COSIPIQ(COSG) (IZC)

P[ are the derivatives of Legendre’s polynomials with respect to the argument,

1]
Pl=Y" arjPcaj1. (12d)
=0

where the coefficients oy ; are given by

aj=2(k—-2j)—1. (13)
2.2 First-order perturbation theory
From the S, T, W-decomposition of the perturbing acceleration apn [wy] from (11), we
obtain the right hand sides of the perturbation equations in Gauss form (e.g. Beutler 2005).
These can be solved employing expansions into Kaula inclination functions (Kaula 1966)
and Hansen’s coefficients (Hansen 1974). The process is straightforward, though tedious.
Here we give only the most interesting parts of the solutions, the secular drifts in w and 2.

Results for the other orbital elements, as well as short- and long-periodic parts in w and 2,
are presented in “Appendix”. For k even, the drifts are given by (n = +/1 — €2)

k
R —h —_K—
(Aa)/)sec = %Jk (*) ﬁFk,O,k/Z(I) . ((14+ 10k) . X()k 3,1 3 (1 —l—k) ) Xok 2.1
cea a e
_ 4772 (1+k)- XO*k*“,l +2e(14+k)- I:(Xofk73,2 _ Xoik73’0)
1 —RK— —_K—
+— (Xok 22 _ gk 2,0)]) ot e
n
(']

0

~

ag i Fr—j-1,0k2-;UI)

Nl

" R\F cot 1
(AQ)sec = _Tjk -
cca a n

J
% [2X07k72,0 + Xofkfl,o] nt

where w = ' — Qcos I . (15)
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Here, a, e, I, , 2 are the usual osculating elements of the satellite orbit. X, 4™ (¢) denotes
Hansen coefficients, given by (see Hughes 1981?)

I:q—m—Z]
2
- m 1 q—2\(2j+m e\2j
x50 = (£)" . ( )( )(,)

0 (29-3)/2 i i

2 (1-¢2) q s 2j+m J 2

where 2 < ¢, (16)

and Fy o, (I) are Kaula inclination functions, given by (see Kaula 1966)

_ #1 [k & o2k =2m\ ( 2m \ 3 om_20 2mt20—k
Fk,o,,n(l)—(—l)[z]zk(m)- 2.1 ( o )(k—a)c '

0=0]

1 1
wherec:cosi, s=sin—, o] =max{0,k—2m} ando, = min{k,2k —2m} .

2
amn

For k odd, there are no secular drifts in w and €2, except for the unphysical case, where one
considers only odd multipoles. In this case, the usually long-periodic part of the lowest (i.e.
biggest) multipole in w will give rise to a secular drift of the form

k k
W R\" n X .
(Aw)sec = 7 Jk (—) et > (=D Feom() - sin (K o)

a
m=0

/2
x (44100 - X P —3 4 X
—4

P A+0) - X T e (k- [ (X0 - xg )

1 —k—2,k'+2 —k—2,k'
+7 (Xs ’ — XO ’ )

n
[%]k—zj—l

+ Z Ak, j sin 1Fk—2j—1,0,m(1) - sin (k"a))
m=0
1 k=141 k11
X (? [ ~%o ]

2
11 —k=2K"+1 k=211
E + *) . [XO — XO ) ]

02
2e | kx| k1w

- = |X T+ =X '
n [ ’ 27?

.. I:X(;k—3,k“+2 _ Xo—k—3,l<”—2:|

—k—3.k"+1 —k—3,k"—1
+3-[x - X; |

12 [ng—4,k”+l _ Xo—k—4,k”—1]>] ’

where k' =k —2m and k" =k —2j — 2m , (18)

2 1t is formula (11) in Hughes (1981), which gives the Hansen coefficients for the cases relevant for us. Note
however, that the formula there contains an error: it should read 1/ 22J instead of 1 /27 (Schanner 2017).
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Table 1 Initial, dressed orbital elements for the numerical integrations

ao 12,270 km wo 53.12°
e 0.0044333 Q0 289.74°
Io 109.84° Mo 302°

The values are chosen to agree with the LAGEOS elements from Lucchesi et al. (2015)

and there will be no long-periodic perturbations in w from this lowest odd J.

2.2.1 Checks by numerical integrations

In Soffel et al. (1988), explicit expressions for orbital perturbations resulting for the post-
Newtonian quadrupole terms in the equations of motion are given, which corresponds to
k = 2 in our calculations. We used a symbol manipulation program (SymPy), to evalu-
ate the general expressions for k = 2 and compare the results to the formulas given there;
complete agreement was found. To check the corresponding terms with k& > 2, for which
so far no perturbation theoretical results exist, we numerically integrate the equations of
motion. As an integrator we choose an ODEX implementation in Fortran90, a description
of which can be found in Hairer et al. (1993). The initial values for the orbital elements
(ao, eo, wo, 0, lo, M) are chosen in accordance with LAGEOS data and are given in
Table 1.

Further parameters for numerical integration were chosen as: ;& = 3.986005 x 10'* m3 /52,
R = 6371km, ¢ = 10° m/s, J» = 0.0011 so that the magnitudes of perturbing accelerations
are of order |an[wo]] ~ 2.6, lan[wa]l/lan[woll ~ 3.0 x 1073, Japn[woll/lan[wol] ~
3.2 x 1073 and lapn[w2]l/lan[wol] ~ 9.6 x 10~°. From the initial elements above, the
initial theoretical expressions for the perturbations are subtracted, to get the unperturbed
elements for perturbation theory.

For these numerical integrations, we chose the satellite acceleration to be of the form

U X
ag = i +ajr+ayr+azg, (19)
where a; , = 4& [(2+k)P ( )-e +P’(5)~(5e —e)] (192)
L= 72 s k 4 kA r 0t
4 uR*Jy z 7,z
az,k_—CQri[(l—i-k)(r v)Pk(;)Jr(r-v).;.Pk(;)
—vr P (2)] v (19b)
R¥J, z z 2
agg = Lk [(1+k)Pk< ) e+ P (5) (Ce—e)] 5. %)
r r r C

When subtracting the perturbation theoretical results from the numerical ones, the difference
was several orders of magnitudes below the first-order perturbation theoretical results which
are checked in that way.
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3 Mixed terms of order Jj/c>

As already mentioned above, the second-order perturbation theory yields terms of the same
order as the direct terms discussed above, due to mixing of the post-Newtonian mass monopole
(the post-Newtonian Schwarzschild acceleration) and the (quasi-)Newtonian multipoles J.
Because of this, we employ canonical perturbation theory for the full problem in this section,
in analogy to Heimberger et al. (1990). The basic equation of motion (6) can be obtained
from a specific Lagrangian® (e.g. Weinberg 1972)

L:;vz—i—w—l—clz[‘:—u;—i-;wvz]. (20)
The canonical momentum p is then given by
oL
=y

Note, that p = v + dp, where dp is a post-Newtonian correction to the velocity v. Because
of this, the orbital elements in our post-Newtonian canonical formalism, often called contact
elements, are not osculating elements (e.g. Brumberg 1972; Kopeikin et al. 2011). The reason
for this can simply be understood: The osculating elements (dosc, €oscs @oscs Loscs Losc, Mosc)
are equivalent to the vectorial elements

hose =X XV
GM
fosc:<vz_7>X—(X~V)V.
r

h is the specific angular momentum vector and f the Runge—Lenz vector, pointing towards
pericenter. In the post-Newtonian canonical formalism, one has to replace v by the canon-
ical momentum p, so that the contact elements (dcont, €cont> @conts S2conts Leonts Mcont) are
determined by

heone =x x p
GM
fcom= <P2—T>X—(X‘P)P-

The equations for (hogsc, fosc) and (heont, foont) fix the relations between osculating and con-
tact elements. These relations are important when comparing results from the different
approaches. Evaluating such relations, that can be found in Brumberg (1972) or Kopeikin
et al. (2011), we find for the here considered 2 and w:

Qosc = Lcont (21a)

sin % a
Wosc = Wcont + 7f [1 -8 (*)
e 0sc

2
osc C“dosc r

Aosc

k k
65 () 3 Fam - (4). cos((k—zm)-(womfosc))} - @)

m=0

From the discussion based on h and f, it is clear that Qosc = S2cont, Since in our case the
orbital plane remains the same when using contact elements. Because we later concentrate

3 Consider that in the Euler-Lagrange equations d/df = 9/9¢ + vV, which will lead to terms proportional to
v = a. To derive the direct terms of order Ji /c2 in (6) we insert a = Vw + O; and neglect terms of order

c
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on secular drifts only, we average the second relation and find, that the differences are short-
and long-periodic, i.e. for our purposes we use

Wosc = Weont - 21c)

In the following, we will often not distinguish between osculating and contact elements for
the sake of convenience.
The Hamiltonian corresponding to the Lagrangian (20) reads

H L=1ip L UG (22)
=vp-—L=-p’—w——|—— —+ wp*| .
p p T3 TP

As canonical variables we choose post-Newtonian Delaunay variables (1 = GM)*

=M L =na* = J/na
g=w G =na*y1—e? =L
h=Q H =na®’y/1 —e2cosI =nLcos] ,

where we keep in mind, that (a, e, w, 2, I, M) are contact elements, that differ from oscu-
lating ones. We insert the potentials and use an expansion of Legendre’s polynomials into
functions of Delaunay variables, given by Garfinkel (1965)

k
b4
Pi(cos ) = 2;) (2= 82m) - bz - cos (k= 2m) - (f + ¢~ 5)) ,
m=
(I —m)! H
where bm = m . P[m(()) . le 5 (23)
and P/" are the associated Legendre polynomials
B am/2 d”
P (x) = (=D (1 —x?) T P
This way the Hamiltonian is written as
1
H=Ho+Hi+ M, 24
where
2
7
H() = m (24&)
is the unperturbed Kepler part,
[k/2]
JkRkMk+2 ank+1 T
Hi = W (;) Z (2 - 5k,2m) - bg—om - cos ((k —2m) - (f +8— E))
m=0
4 2 1
I a a
- 3 (f) S 24b
2L |: r r + 8] (24b)

4 Here M is the central bodies mass, not to be confused with the mean anomaly M, meant when defining the
Delaunay variables.
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40 Page 10 of 24 M. Schanner, M. Soffel

are the quasi-Newtonian- and Schwarzschild-parts (of first order) and

| J RE k4 k/2 -
m=|

H2 3 k41
« [z (729 ] 240)
r 2 \r
is the post-Newtonian higher-order multipole part (of second order).

3.1 Lie-series (Hori—-Deprit) method

Hori (1966) and Deprit (1969) developed a formalism to cast the canonical equations into
a simpler form by means of Lie-transformations (see e.g. Heimberger et al. 1990 for more
details). Consider a Hamiltonian 7, given as a series in some small perturbation parameter &

2
P
H=H0+8H1+3H2+---, (25)

where the solutions to the equations of motion for  are known. Let (y/, Y’) denote the trans-
formed canonical variables, relating to the original variables (y, Y) via a Lie-transformation
generated by a function W = W; + W, + ... . Then, to second order the transformed
Hamiltonian H* is given by Deprit (1969)

Hy = Ho , (26a)
HY = {Ho; Wi} + M, (26b)
H5 = {{Ho: Wi}; Wil +2{H1; Wi} + {Ho; W2} +H>

={H] +Hi; Wi} + {Ho; Wa}+Ha . (26¢)

The braces denote the Poisson bracket, given by

OHOW  OH W
{H: w) Xi:<3)’z{3Yi/ 77 b‘y{) 27

The time evolution of the new variables (y’, Y’) is then given by the (ideally simpler) canonical
equations in H* and to second order (y', Y’ ) relate to the old coordinates via

, aW oW, oWy
y=yteoy 7 oy Ty ™ (282)
. AW &2 (oW, (oW
Y=Y —¢ +{—: Wi t). (28b)
ay’ 2 \ 9y ay’

Following Heimberger et al. (1990), we choose W in a way, that the transformed Hamiltonian
‘H* corresponds to the /-average of the original Hamiltonian H. This way, the second-order
secular drifts we are interested in are contained in (26¢), more precisely in H, and the Poisson
bracket

(i +H; Wi} =T (29)

The other Poisson bracket {Ho; W} only contains short-periodic contributions and will not
be considered here. The explicit calculation of 75 is tedious. To simplify things, we concen-
trate on secular perturbations only. Formally, this is done by a second Lie-transformation,
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which includes the long-periodic perturbations and eliminates them from the equations of
motion. In this case, the Hori—Deprit equations read

My = 1.
H* = {Ho: Wi} + M.
Hy* = {HP 4+ Hy Wi+ {Hos Wil +H5 .
We choose H* and H3™ as the averages of H} and H} with respect to g, respectively. We
find for (<T2>,>g,:

Ji Rk/,l,k+4
c2L/5G2k—1

k+2 s o 14
k+2 3L
(22 (5) (7)) GG

s=0 g=0

k+1 s e 174

k+1\ /(s 9L

~een X () () ()]s
s=0 g=0

L//2 3L//4]

<(T2),)g, = “bo

+552‘I 1= e’ G//2+ 5,29 — 22G//4

L2 3 L4
+<k+1)22( ) ()( )[Ss,zq <3m+56,,4>
s=0 g=0
2 3L 3L L7
#oon (5= 5r) -0 (S - )
k—1 s o 1 s
22 (5) (L))
s=0¢=0

L// L// L”2 LNZ
x (ss,z,,[ e =124 6k — + 15— + (k + l)elzGuz +7W}

r B L//2 4 L//2
+5572q_1 6e G”2 +Zmi|

r L//2 72
+ 85,092 3@ —(k+1)e” :|

3 L//2 L//2 :|

4
—S(Ss,zq 2+ E e Gn - W

s r 2 6 L//2 L//2
+ s _ 2q 8s,2q—1 (? - ?W) 89 2q— 23 G//z])> . (30)

¥ and <(H2)1>g/ follow directly:

I = Jx Rk pk+2 b (6)25 k—1\[2s
PR 0 L 25 J\s
4
1% L 15
- 3= - 2 31
c2L4|: G 8 G
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JkRkMk+4
c2 L5 G2k—1 ’

H 2]

GEE) 0026 (0] @

s=|

((H2>1>g/ = 0

The drifts are then given by the Hamilton equations

o OH** I:l” B IH*
- PYeld - oH"

1
where 1" = Ho + Hi* + 5 (((Hah), + (T, ) -

(33a,b)

The second term in H** simply gives the first-order secular drifts, namely the Schwarzschild
precession in w and quasi-Newtonian secular drifts in both w and €. The (...)/2-term
contains the Ji/ c2-contributions, i.e. the direct secular and the mixed term drifts. Explicit
expressions are given in “Appendix”. For the case k = 2 our results agree with those in
Heimberger et al. (1990). Note that by = 0 for k odd, which means that our second-order
discussion does not include the (unphysical) odd drifts mentioned above.

Because of several reasons, a detailed comparison of our second-order perturbation theoretical
results for k > 2 with those of a purely numerical integration was beyond the scope of this
paper, e.g. short-periodic perturbations of second order, that play a role for the precise initial
conditions in the frame of perturbation theory, have not been derived. Another point are the
quasi-Newtonian secular drifts, which are here given in terms of contact elements. When
converting these expressions into osculating elements, the corrections (for example in the
semi-major axis) again produce terms of order J; /¢ which have to be included carefully.

4 Discussion

We have discussed direct and mixed perturbations in the satellite orbit around an axisymmet-
ric central body, that are of order J/ ¢2. Our results for the direct terms have been checked
numerically. Most of the work went into the calculation of perturbations due to second-order
terms, that arise from mixing of the post-Newtonian Schwarzschild- and the quasi-Newtonian
multipole terms. Previous results for the quadrupole (Soffel et al. 1988; Heimberger et al.
1990) have been reproduced and correspond to the case k = 2 in our calculations. We are
able to give the secular drifts in the argument of pericenter w and the ascending node 2 for
all higher even multipole orders and for the explicit perturbations also in the (unphysical)
special cases where one considers only odd multipoles. For example, the nodal drift €274 due
to J4 is for the direct terms given by

Q PR (45) RY' (28 cos* (1) — 12cos(1))
= — e — (=) =) . cos — 12cos
J4,direct 4 256 \ 24 a (- 62)5

x (12 +26¢% — 3¢*) . (34)

At this place, we might ask if some of the effects discussed in this paper will be measurable
from the orbits of artificial Earth satellites. Since the determination of the geoid using high
precession satellite data reaches an accuracy at the mm level, it is clear that one has to
model satellite orbits in the framework of Einstein’s theory of gravity, at least in the first
post-Newtonian approximation. It is clear from the very beginning, that relativistic effects
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Table 2 Secular drifts in the argument of pericenter w and the ascending node 2 in mas/y, due to relativistic
effects related to higher-order multipoles. The index ‘direct’ refers to the explicit Jj / ¢2-terms in the acceler-
ation (from Sect. 2). The index ‘mixed’ refers to second-order mixed perturbations that have been calculated
in Sect. 3. We get these numbers by deriving the respective special case for each order k£ from the general
formulas for w and €2, given in Sect. 2 and “Appendix,” and inserting the LAGEOS elements from Lucchesi
et al. (2015)

Order k Ok direct @k mixed Qu direct Q. mixed

2 0.150 —3.675 —0.495 2.063

4 8.904 x 1073 —6.020 x 1074 2.662 x 1074 —1.819x 1073
6 —5.760 x 1073 7.370 x 1074 —2.305x 1075 2.190 x 10~4
8 1.192 x 1073 —1.834 x 1074 6.940 x 1077 —8.444 x 1076

on the orbit of artificial Earth’s satellites are small, since the Earth gravitational radius Rg =
GME/c? is only 0.44 cm, so that they play arole mainly for high precision orbit determinations
(HPOD). If an orbit cannot be determined with cm accuracy or better, relativistic effects might
be absorbed in the orbital parameters (Soffel and Frutos 2016). Such HPODs are possible
for the Laser Geodynamics satellites LAGEOS, LAGEOS II and LARES. Mean Keplerian
elements for these satellites for some reference epoch can be found, e.g. in Lucchesi et al.
(2015). The dominant relativistic effects for these orbits are well known, concerning secular
drifts of the ascending node and argument of perigee: the (secular) perigee precession schw
due to the Schwarzschild field of the Earth, €211 and @y 1 due to the Lense-T hirring precession
(a gravito-magnetic effect caused by the Earth’s intrinsic angular momentum or spin dipole)
and Qgp, the nodal drift due to geodetic precssion. For LAGEOS the orders of magnitude
for the related accelerations are in the range of 1072 ...107'2 m/s? (Schanner 2017). Drift
rates can be found in Lucchesi et al. (2015).

These numbers imply that for a measurement of relativistic effects by means of SLR
data from a single satellite, the even zonal harmonics of the Earth would have to be
known with extreme precision. A comprehensive list for the secular nodal drifts of the
two LAGEOS satellites has been published in Iorio (2006). To get an idea of the orders
of magnitude of effects due to the Newtonian Ji-zonal harmonics of the LAGEOS II orbit:
Qk ~ —8.284 x 108, +5.933 x 102, +2.794 for k = 2, 10 and 16, respectively (values
are in mas/y = 1 milli-arc-second per year). Corresponding orders of magnitude for wy are:
+5.733 x 108, +3.723 x 103, 4 2.721 (Soffel and Frutos 2016). At such level of precision
tidal perturbations and a variety of non-gravitational forces acting on a satellite have to be
modelled with sufficient accuracy: atmospheric drag, solar radiation pressure, albedo radia-
tion pressure, thermal emission, dynamic solid Earth tide, dynamic ocean tide (e.g. Milani
etal. 1987), etc. These accelerations are for LAGEOS of orders between 107¢ ... 10~° m/s2.
Explicit numbers can be found in Lucchesi et al. (2015). These numbers suggest that for the
modelling of the LAGEOS orbits there exists some fundamental noise limit of the order
1015 m/s?, depending not only upon the orbit itself, but also upon the physical properties
of the satellite, where certain ‘Newtonian’ forces can no longer be controlled and modelled
sufficiently well (Soffel and Frutos 2016). Modelling with an accuracy beyond this critical
noise floor becomes practically impossible.

Typical satellite accelerations related to Ji /c* that are considered in this paper are roughly

of order
GMg\ [GMg )\ [ Rg\**! ;
a? c2Rg a ke
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The first term is the Earth’s monopole contribution of 2.7 m/s>. The second term has a value
of 6.96 x 10719 and Rg/a for the LAGEOS orbits is given by 0.53. So for the k = 4 terms
with J4; = — 1.5 x 1070, we obtain an acceleration of order 10716 m/s2, that is below the
noise floor and likely can never be detected in the data for the LAGEOS orbits. Effects from
higher values of k are even smaller. Nonetheless, we conclude by giving the drifts in @ and
2 for higher k values, calculated in this paper (see Table 2).
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Appendix
A. Orbital averages

In this paper, certain averages of functions F over one complete revolution in the unperturbed
Keplerian orbit are employed:

2 1 2

(F FdM = F(f)_zdf, (35)

)= 2 0 2nn Jo r
where M and f are the mean and true anomaly, respectively, n = +/1 — 2 and

a l4ecosf
;_T. (36)

The following averages are used:
a\n 1 e\2s (n—2\[2s
((C) )= 2 (3) ( 2 )() G72)

((%)n o8 f> = nTl—z rfi (%)A (n R 2) <;)8S,2q+l~ (37b)

s=0 g=0

From these relations, the following special cases can be derived:

)-="5
()5
(5))=3
()=
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a\>5 3¢3+12¢ L7

<(;) cos f> =—< o (38e)

a\4 L3
<(;) cos f> = e (38f)

a\3 e L3
(€ )55

a2

<(;) cosf>=0 (38h)
axt 5\ 2+4L° .
<(;) sin >_ s (38i)
a3 ., 1L .
<(;) sin >= XeE (38j)
<(§)zsin2 >: %é (38k)

with
— G
)’]: l—ezz—L7

where G and L are Delaunay elements.

B. Solutions for the direct terms

Here, we list the results for all orbital elements. The subscript SP stands for short-periodic,
LP for long-periodic and S for secular perturbations. To condense the short-periodic results,
we use the functions

k+i s .
@i jki(f0) = ;; (kjl> (;) (§>s m
[l Tusern o
k+i s . s
=53 () () ) s
- [Z?If } tdd ((+j+5—29)f +1w) (39b)
ik (fi M) = kf: i: (k :r i) (;) (95 (f — M)81,085+.24 (39¢)
5=0 =0
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Note, that there are poles in the denominator for certain combinations of indices. For the
short-periodic solutions these correspond to long-periodic terms and for the long-periodic
solutions they correspond to secular drifts, i.e. they have to be excluded from the sums.

Semi-major axis a

n (R
(Aa>sp=c—2<—> e [Ze Fie.om (1)

x ((14 +10K) - (@] = Py

=34k (@ 40 - @3,_],,(,,(,))

[ iaj

—2sinl > " o j (=D Feoajorom(d)

j=0 m=0

* * 2 F*
X <4q)3,0,k,k” + 2(132’0’](’/(// + n q)l,(),k,k”

2
= (O 50 =20 g+ @’f’_zqk’ku))] : (40)

k k even
2 From( /
o=y (7) T [Ze P[] e

m=0 k odd
X <(14 + 10k) . X(]_k_3sk/+1 -3 (1 + k) . Xak—2,k/+l>
[u]k 2j-1 k even

— (=Dsint Z Z 7& ij//lom(l) [c9s] (K" w)

SIN |y odd
« <4n4X07k75,k _'_2172X07k74,k +n2X07k73,k
_ 2 I:Xak73,k”+2 B 2X07k73,k” " Xakfs,ktzD} 7

41)
where k' =k —2m and k" =k —2j —2m .

Eccentricity e

nw (R
(A)sp = - (—) s [Z Fie.o.m(D)
3
x ((7 +50 - (©F 1w = O i) =5 AHO I (D5 10w = P 1)
—2(1+k)- (q)z,l,k,k’ - q);fl,k,k’) +26*(1 4 k) - (q);,l,k,k’ - q)zk),fl,k,k’)

te(l+k)- (QT,Q,k,k/ =P 2w+ Poo sk — qDS,—Zk,k’))
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k=1

[ 7 ]k72j—1

- Z (—=D¥ayj-sin I - Feaj—1,0m(I)
j=0 m=0

X

2
n
( (P + Oy ) + (1 + ?> (@1 + 1)

* k
Y ok = 29T o nr ‘Dl,—z,k,k”>

2
( Lkt q)T,fl,k,k”) +2- (q%,l,k,k” + q:';,fl,k,k”)

J’_
0 ®* 1Okk”+2<D00kk“+4q>10kk”))i|’ (42)
2 k k k even
22 R Fk,O,m(I) COoSs ,
(A"’)L"‘%<E> o [ RG] @)
m=0 o

x ( (14 4 106) X9 H _ 3. (1 4 k) X F2KF —a? (1 4 1) xF 4!

- 1 — 482 1 ’
+2€(1+k)[ k3k+2+nXk2k+2] F(1+k)X0k 2,k+1>

[k?]kiwil Feoaj—t,0m(I) [cos]*e"
k . L Tk=2j-1.0m . 1
— (=D E E ok, j - sin — e |:sm :| ) (k w)
j=0 m=0 odd

1 —k—1,k"+1 —k—1,k"—1
* (2772 [XO Xy ]
+ l_,. LY. k2K +1 +X—k 2.k"—1

2 2 0
—e. I:Xak73,k”+2 _ 2X07k73,k n ka 3, kLz]
+3. I:Xo—k—3,k’+l n X—k 3.k —1] 4o I:Xo—k—4,k’+1 n Xo—k—4,k —1]

€ —k—1,k" —k—2.k" 2 v —k=3,k"
+?.[xO +2X; + 40X, ])]

where k' =k —2mand k" =k —2j —2m . (43)

Inclination 7

k T k—2j—1
% R\" cosl
(Al)sp=—%Jk(5) 7 Z Z (=D, Fe—aj-1.0m(D)

2
X (77 @4k T PL 101<1<~> (44)
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[kT]k 2j—1
Fr—2j-1,0m(I)
g 2 (e g

" Fncost
(ADrp = ———Ji | —
c’a

cos k even ,

x [ . ] (K'w) - (2X0*"*2”‘ + X * ) ,
S |y odd

where k" =k —2j — 2m . (45)

Argument of periapsis @
We give the results for ' = w + Qcos I. As mentioned above, one has to pay attention to

w, if one considers only odd multipoles, in which case the lowest odd multipole will not give
rise to long-periodic perturbations.

F mI k even )
(Aw)LP—ka< ) [Z( ) FeomD) [E?rf] (K o)

0 k odd

x ((14 F10k) - XK T3HH 3 (1 k) - xR

— 4P (0 X e (k[ (X - xR

| VAT —k—2.K
o5 (X - %) |
n
[](T] k=2j—1 k even
. Fr—2j—1,0m(I) [ cos .
—Z Z g jsinl - ——L 2T (k")
- k" @ SIN |y odd
1 T k1K1
x <2n %o ~ X, |
o1 [y k2K _ k21
5T 7 0 0
. |:ng—3,1<”+2 _ Xo—k—3,k”—2:|
—k=3.K"+1 k=31
+3-[xg ~ X; ]
2 [ y—k—d.k"+1 —k—4.k"—1
+ 27 [ X5 - X; ]) :
where k' =k —2m and k” =k — 2j — 2m. (46)

k k
o R 1 %
(Ad)gp = 4 Ji (g) en2k 2 [E :(_1) Fr0m(1)
m=0

X ((14 + 10k) - (P11 + Vi 1kk)

30 +k)n?- (Po, 1,66 + Vo, 1.41)
—40+k) - (Pr1ap + Y2 100)

+2e(1+k)- [Cbl,z,k,k/ = D10k k + Y12k k — V1,0kk
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+ @02k — Po0.k k0 + Vo260 — ‘I/o,o,k,k/D

[%]k—y—l
- > awjesind - Feajoiom()
j=0 m=0
n?
X (7 ‘ (¢71,1,k,k” — Dy k)
n?
+ <1 + ?) . (q)O,l,k,k” — Do 1 k)

—e- <¢’1,2,k,k” =Dy 2k k)
+3- (q>1,1,1<,1<” =Dy k)
+2- (<1>2,1,k,k~ - ¢2,—1,k,k~))] ,
where k' =k —2mand k" =k —2j —2m . 47)

Longitude of the ascending node 2

k—1
" R\F cot 1 [T]k_zj_]
(A)sp = ———Jik (*) T ag,j - Fr—2j-1,0m(I)
cea a n N
j=0 m=0
2 2
X (q>—1,o,k,k” + ?q)o,o,k,k” + Vo1 0kk + ?“DO,O,k,k”) , (48)
¢ [ ey
i R\" ncotl Frj—1.0m()
AQ R A ap ;- ——dm LM
(AQ)rp 2,k <a> 4 Z k,j B
j=0 =0
cos k even ., p
« [ ( ] (K" w) - (zxo—k—2,k +X0—k—1,k> ,
SN |y odd
where k" =k —2j —2m . 49)

Mean anomaly M

We give results for M = M —n -t + w - n + Qncos . For k odd there are no secular
perturbations in the mean anomaly.

R k
(@80)s = () 4 () - Foa)

x [(28 +20k) X720 —6(1 + b X0 — 801 + k)nZXO*k*iO] nt
(50)
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k
Jo w (R k
(AM/)SP = W@ (z) : [ Z(_l)ka,O,m(l) . ((28 =+ 20k) (qDO,O,k,k’ + ‘Po,o,k,k')

m=0

—6(1+k)n* (P ohn + Vor04k) — 8 (1 +K) (Proxn + Wl,u,k,k/))

[ k2
+4esin / Z Z ok,j - Fi—zj—1,0m(I) - (q)O,l,k,k” - cDO,—l,k,k”)] )

j=0 m=0
(5D
un R From() | cos keven
AM’ = —J <*) |:( 1) kK w
(aar) = B (B) e 32 Pt [oo] e
x <(28 +206) X7 —6(1 + X — 81+ k)nzxg"*”")
[k;l} .
2 | k—2j—-1 Fisi 10 (1) cos k even
: . —eJ—LUm . "
+4esin ] Z Z ag,j R |:Sm:|k » k a))
j=0 m=0
% <X6k72,k”+l Xak 2,k"— 1)]
where k' =k —2mand k" =k —2j —2m . (52)

C. Expressions in the canonical approach
First, we list two remaining expressions from the calculation process in the canonical

approach. From these the (quasi-)Newtonian results for arbitrary J; can be reproduced.
Finally we list the expressions for the second-order drifts in 7 = Q and g = w.

7, Rk k2 K2 Ty -1
HT:%ZQ—&M “r—om - ZZ< ) ( )(2)

L3G2k—1
m= s=0 g=0

X 85—2g.k—2m - cos (k —2m) - (g’ — E))

4 /
uw L 15
T are [35 - ﬂ ©3)
Je RF ik Z"” ZZ s
TG 2= Byam) - baom < ) ( )(q)
m=0 s=0 g=0

x[&ﬁwﬁmf—ﬂywuw—mmwg—gn

sin ((s —=2g +k —2m) f' '+ (k—2m) - (g’ — %))
+ (1 = 85-2g.k—2m) P P - 2 ]
2 ’
’LL L !’ 7 / /
—ﬂUFaU—U—MEdﬁ (54)
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Since the two Lie-transformations contain the short-periodic and long-periodic perturbations
only, the secular drifts in 7 = Q and g = w are given by the drifts in 2" and g”, respectively.
For these we find to second order

. . 3'u4 L//2

§ = C2LS G2 1
Je Rk puk+2 kii '\’ (k—1\[ s
L'BG"2k ot 2 S s/2

s even
4

H 3¢’
[(2k—1)b0+b0G -Gl ]z

// aG//
1 (a((Ha)), A ((T)),
+z< o " ) 63
k—1 3
JeRFpkt2 e\ (k—=1\/[ s

1 1

h :h0+ L"3G2k 'bO. 2(; ? s 5/2 ot
5=
s even

1 (o)), 0((Ta),
— -t
+ 2 oH" + oH"
- k—m)! op"
where By = KM pigy . 2% @ (56)
(k + m)' 0z z=H'/G’
and the derivatives, giving the second-order secular drifts, are
D((Hah)y Rkt
oH" - CzL//SG//Zk 20
k k—1
4 "N\ (k "N (k-1
L2 (5) O0) -2 (5) ()] @
(i 2 s)\s/2 = 2 s s/2
§ even § even
3 ((Ha)),, Jy RF k4 - H"
g kI
G == CZL//SG//Zk ’ ( |:(2k - l)b() + b() ’ ai|
L2 & e\’ K -1 s
4—— — 3
X[G’Qg(z) <><S/2> Z( ) ( )(s/2>]
s e_ven § even
k AN 7”2
e k K 4s L
w32 (5) ()(0) (G +o6m)
SC_VC[]

k—1 7N\ S "2
e k—1 K s G
=2 (5) ()0h)==)) )

s even
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I{(T2)),, _ JkREpkH
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e L//2 B Ly gl e L2 B L

L//2 3s L//Z s
( e

G//4 G//Z 26”2 G//2

+§;(2) ()6)

L L L/ "2
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The dots-term (. .. ) denotes the respective part in <<T2>l>g/ (Eq. 30).
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