
 

Effect of Earth-Moon’s gravity on TianQin’s range acceleration noise
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TianQin is a proposed space-borne gravitational-wave detection mission using circular high Earth orbits.
The geocentric concept has raised questions about the disturbing effect of the nearby gravity field of the
Earth-Moon system on the highly sensitive intersatellite ranging measurements. Here we examine the issue
through high-precision numerical orbit simulations with detailed gravity-field models. By evaluating range
accelerations between distant free-falling test masses, the study shows that the majority of the Earth-
Moon’s gravity disturbances are not in TianQin’s detection frequency band above 10−4 Hz, and hence
present no showstoppers to the mission.
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I. INTRODUCTION

The currentTianQindesign assumeshighEarth orbitswith
an orbital radius of 105 km [1]. The nearly equilateral-
triangle constellation stands almost vertical to the ecliptic.
High-precision laser-ranging interferometry tracks distance
changes between well-protected test masses (TMs) in sep-
arate drag-free controlled satellites, within a preliminary
frequency range of 10−4–1 Hz. Proximity to the Earth has
certain benefits, such as lower launch cost, shorter transfer
duration, easier communication, availability of the Global
Navigation Satellite Systems, etc. Other geocentric mission
concepts [2] include OMEGA [3,4], GEOGRAWI/gLISA
[5], GADFLI [6], B-DECIGO [7], etc. TianQin’s orbit is
different from these in both the orbital radius and orientation.
Space-based gravitational-wave (GW) detectors are sub-

ject to various influences from the surrounding environ-
ment, including gravity fields, thermal radiation, plasma,
magnetic fields, solar-wind particles, galactic cosmic
rays, micrometeorites, etc. that exist in outer space.
Environmental effects can strongly affect the performance
and lifetime of the sciencecraft. Quite prominently, the
space gravity-field environment—encompassing gravita-
tional perturbations from the central and other celestial
bodies—plays an important role. This is particularly true
for geocentric missions due to their closeness to the Earth
and Moon. More specifically, the effects on TianQin are
twofold. On large scales, the perturbations distort the

nominal equilateral triangle of the constellation. The
resulting unequal and time-varying arm lengths have far-
reaching implications on science payload design and data-
processing strategies (e.g., Refs. [8,9]). The distortion can
be reduced by orbit optimization [10,11] and control to
meet the stability requirements of the science payloads. On
small scales, the perturbations impinge on TMs’ geodesic
motion under nearly pure gravity. Since space-based
detectors accurately measure arm-length variations
between TMs, they respond not only to GWs (radiation
zone) but equally well to Newtonian gravity fields (near
zone) in targeted frequency bands. Appearing as environ-
mental noise, the latter should be avoided or mitigated.
Ideally, gravitational perturbations in space should only

manifest as long-term and slow changes in interspacecraft
displacement measurements. If there exists a proper sep-
aration in the frequencies of gravity-field fluctuations and
GWs, then the GW signals—superimposed on top of a
smooth and slowly varying background—can be extracted
(see Sec 2.1.1 of Ref. [12]). Therefore, GW detection relies
heavily on the “quietness” of the ambient gravity-field
environment in the measurement band.
The problem of environmental gravity disturbances was

recognized early on in designing ground-based detectors
[13], and hence it is not unique to space missions, where the
problem is thought to be much less severe. In ground-based
detectors, Newtonian or gravity-gradient noise caused by
terrestrial gravity fluctuations poses a limitation on sensi-
tivity improvement below ∼10 Hz [14]. Multiple strategies
have been developed to effectively mitigate such noise, and
the techniques have a major influence on designing next-
generation ground-based detectors.
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If not handled properly in space GW detection, dis-
turbing gravity fields may induce excessive “orbital noise”
that encroaches on the sensitivity curve, causing a situation
somewhat similar to galactic foreground noise at lower
frequencies [15]. The potential risk has drawn attention for
TianQin, and may raise concern for other geocentric
concepts as well. With regard to LISA [16], the majority
of the effect is expected to be out of the sensitive frequency
band because of its heliocentric yearly orbits and being
placed far away from the Earth-Moon system (∼20° trailing
angle, ∼5 × 107 km).
In general, gravity disturbances in space constitute an

important potential noise source for interspacecraft mea-
surements. In this work, we aim to determine the ampli-
tudes and frequencies of the disturbances for TianQin’s
orbit, and quantitatively evaluate the impact on TianQin’s
acceleration noise requirement. The forward modeling
takes into account a variety of main gravitational pertur-
bations, including the gravity fields of the Earth (static and
tidal), Moon, and Sun, as well as other Solar System
bodies. It requires realistic and accurate orbit propagation
that is also used in performance assessment and data
analysis of gravity-mapping missions, such as GRACE
[17], GRACE Follow-On [18], GOCE [19], and GRAIL
[20]. However, for TianQin a problem with the insuffi-
ciency of double-precision arithmetic has emerged owing
to the high measurement accuracy requirement over the
long baseline. To tackle this issue, an earlier attempt was
made in Ref. [21] where analytical expansions of perturbed
orbits were derived. Unfortunately, the approach cannot
handle complicated gravity field models, and only the
Earth’s static gravity field was considered without a
realistic model of Earth’s rotation (precession, nutation,
etc.), the Earth’s tides, and third bodies. This motivated us
to take a fully numerical approach, which we present in this
paper. For other works regarding environmental magnetic
and plasmic effects on TianQin, one can refer to, e.g.,
Refs. [22–24].
This is our third paper of the concept study series on

TianQin’s orbit and constellation. It is based on the
previous work of orbit optimization and constellation
stability [10,11], and shifts the attention to small-scale
orbital motion through much refined simulations. The
paper is organized as follows. In Sec. II three types of
intersatellite observables are analyzed, and the range
acceleration is chosen for evaluating the impact. In
Sec. III we describe the high-precision orbit propagator,
detailed force models, and orbital parameters used in the
assessment. Section IV presents the amplitude spectral
density (ASD) results of the calculated range accelerations.
Our conclusions are presented in Sec. V.

II. OBSERVABLES AND CRITERIA

For the purpose of evaluation, the numerical simulation
should provide an observable accuracy better than the

instrumental measurement noise level. The selectable inter-
satellite observables include the (instantaneous) range, range
rate, and range acceleration. Mathematically, they are inter-
changeable by differentiation and integration, but their
numerical calculations require different computational
resources. Here we estimate the magnitudes of their numeri-
cal ranges (numbers of significant digits required) for
TianQin. First, the range between two satellites is given by

ρ ¼ jr2 − r1j; ð1Þ

where r1;2 denotes thepositionvector of each satellite relative
to theEarth’s center. Taking the baseline1.7 × 108 mand the
displacement measurement noise 1 × 10−12 m=Hz1=2 [1],
the numerical representation of the range observable requires
at least 20 digits, exceeding the 16 digits of the double-
precision format (64 bits). Second, the range rate reads

_ρ ¼ ê12 · ð_r2 − _r1Þ; ð2Þ

with the unit vector ê12 ¼ ðr2 − r1Þ=ρ. The relative velocity
between the TianQin satellites is expected to be within
�5 m=s [10]. Taking the range-rate measurement noise
5 × 10−14 m=s=Hz1=2 (∼2πf × 10−12 m=Hz1=2 at the cross-
over frequencyf ∼ 10−2 Hzof the displacement and residual
acceleration noises [1]), the dynamical range of _ρ takes up
about 15 digits. Third, differentiating the range rate yields the
equation for the range acceleration:

ρ̈ ¼ ê12 · ð̈r2 − ̈r1Þ þ
1

ρ
ðj_r2 − _r1j2 − _ρ2Þ; ð3Þ

where on the right-hand side the first term represents
projected differential acceleration and the second term
centrifugal acceleration. The gravitational acceleration of
one TianQin satellite is on the order of 10−2 m=s2. This is 13
orders of magnitude greater than the residual acceleration
noise level of one TM, i.e., 1 × 10−15 m=s2 [1]. For either _ρ
or ρ̈, if one takes into account that numerical errors com-
pounded over time may occupy 2–3 digits, and redundant
numerical accuracy another 1–2 digits, then the requirement
would exceed 16 digits. Therefore, the commonly used
double-precision arithmetic is insufficient in representing
the intersatellite observables, and the associated roundoff
error becomes a bottleneck for precision improvement
(cf. Fig. 1).
Among the three observables, the range acceleration

appears more favorable for taking up less digits in
numerical computations. In the frequency domain, accel-
eration and displacement can be easily converted. For
evaluating gravity disturbances in space, we henceforward
adopt the range acceleration as the main observable
(cf. [25]), and directly compare its ASD with the inter-
satellite residual acceleration noise requirement

ffiffiffi

2
p

×
10−15 m=s2=Hz1=2 at 10−4–10−2 Hz as the criteria, which
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is simply
ffiffiffi

2
p

of the residual acceleration noise of a single
TM (cf. Ref. [26]). Note that this flat noise requirement is
preliminary and expected to be relaxed near 10−4 Hz in the
future [1,16].

III. SIMULATION AND FORCE MODELS

The evaluation requires careful calculation and modeling
of satellite orbits and gravity fields. The accuracy of
numerical integration must surpass the noise requirement
ffiffiffi

2
p

× 10−15 m=s2=Hz1=2 of the range acceleration observ-
able by at least 1 order of magnitude. The force modeling
should be sufficiently detailed and up to date to reflect as
many significant gravity disturbances as possible, particu-
larly those that may enter the detection band.

A. Quadruple-precision orbit propagation

There exist a few strategies to tackle the inadequacy of
double precision. A straightforward way is by extending to
34 significant digits with quadruple-precision arithmetic
(128 bits). The potential downsides are low execution speed
and heavy programming workload. Following this “brute
force” approach, the TianQin Quadruple Precision Orbit
Propagator program based onMatlab has been developed so
as to evaluate the range acceleration at< 10−15 m=s2=Hz1=2

levels. The quadruple-precision data type is applied to all of
the necessary aspects of the program, including parameter
inputs, ephemeris data outputs, reference frame transforma-
tions, time conversion, numerical integration, force models,
etc. For the nearly circular high orbits, the integrator uses the

eighth-order embedded Prince-Dormand (DP87) method
[27] with a constant step size of 50 seconds (Nyquist
frequency 10−2 Hz). The algorithm provides a relative
truncation error of < 10−20 (more than 20 significant digits)
in both satellite positions and velocities. Thereby, the range
acceleration error is estimated to be < 10−22 m=s2 and well
below 10−15 m=s2. The roundoff error due to finite digits is
approximately 10−33 m=s2=Hz1=2, and no longer poses a
limiting factor (see Fig. 1), which otherwise would over-
whelm gravity-field signals in the case of double precision.
To mitigate the low efficiency of quadruple-precision cal-
culations, great effortwasmade in optimizing code execution
to significantly reduce the run time. Other quadruple-pre-
cision orbit simulations can be found in, e.g., Refs. [28,29].

B. Detailed force models

As the satellites are drag-free controlled, we only
consider pure freefall orbits of the TMs in order to focus
on the gravitational perturbative effects. Excluding non-
gravitational forces, the force models implemented are
summarized in Table I. The types of gravity-field models
are comparable with those used in the Earth’s gravity field
determination in satellite missions, such as GRACE [17,30]
and GOCE [19].
The Solar System ephemeris uses DE430 [31] including

all eight planets and the Moon. The effect from the main
belt asteroids is estimated to not enter LISA’s detection
band [39], nor TianQin’s due to the shorter arm length.
Hence, they are not included in the simulation.
For the Earth’s orientation, the International Astronomical

Union (IAU) 2006 precession and IAU 2000A nutation
models [32] are used with the help of the Standards Of
Fundamental Astronomy (SOFA) software collection [40].
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FIG. 1. ASD of the range acceleration ρ̈ between two satellites
in circular orbits of radius 105 km and separated by 120° in phase.
The orbits are integrated with a constant step size of 50 s and
under the central force of the Earth’s point mass. The roundoff
error of the quadruple-precision arithmetic is at the level of
10−33 m=s2=Hz1=2 (at 10−4 Hz). The curve tilts up toward low
frequencies due to the accumulation of roundoff errors over time.
For comparison, the roundoff error of double precision is also
shown, but at a much higher level of 10−15 m=s2=Hz1=2 (at
10−4 Hz), and hence not sufficient for the accuracy requirement.

TABLE I. The list of force models implemented in the
simulation.

Models Specifications

Solar system ephemeris JPL DE430 [31]
Earth’s precession and
nutation

IAU 2006/2000A [32]

Earth’s polar motion EOP 14 C04 [33]
Earth’s static gravity
field

EGM2008 (n ¼ 12) [34]

Solid Earth tides IERS (2010) [32]
Ocean tides FES2004 (n ¼ 10) [35]
Solid Earth pole tide IERS (2010) [32]
Ocean pole tide Desai (2003) [32]
Atmospheric tides Biancale and Bode (2003) [36]
Moon’s libration JPL DE430 [31]
Moon’s static gravity
field

GL0660B (n ¼ 7) [20]

Sun’s orientation IAU [37], Table 1
Sun’s J2 IAU [37], Table 1
Relativistic effect post-Newtonian [38]
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For the Earth’s polar motion we adopt the IERS Earth
Orientation Parameters (EOP) 14 C04 data series [33].
Earth’s nonspherical static gravity field is provided by

the EGM2008 model [34], following the recommendation
of IERS (2010) [32]. The normalized spherical harmonic
coefficients (C̄nm, S̄nm) are kept up to the 12th degree and
order. High-degree terms decay rapidly with increasing
radius as 1=rnþ1. Our numerical tests and perturbation
analysis show that the effect from the ninth-degree gravity
field has already dropped below 10−15 m=s2=Hz1=2. The
contribution from the 12th degree sinks deeper to the level
of 10−18 m=s2=Hz1=2. Hence, we deem it safe to truncate at
the degree and order 12.
Temporal variations of the Earth’s gravity field are added

as corrections to the spherical harmonic coefficients. To
model the Earth’s tidal effects, we have followed IERS
(2010) [32] and taken into account solid Earth tides
(anelastic), ocean tides, solid Earth pole tide, and ocean
pole tide, as specified in Table I. Thewidely used ocean tide
model FES2004 [35] includes long-period (Ω1, Ω2, Sa, Ssa,
Mm, Mf, Mtm, Msqm), diurnal (Q1, O1, P1, K1), semi-
diurnal (2N2, N2, M2, S2, K2), and quarter-diurnal (M4)
waves. The coefficients up to the degree and order ten are
used. Additionally, atmospheric tides are incorporated,
though their effect is small compared to the solid Earth
and ocean tides. The associated model [36] consists of the
diurnal and semidiurnal waves S1 and S2 in the highest
frequency constituents. The correction is made up to the
degree eight and order five. The nontidal temporal gravity
changes have been estimated to be orders of magnitude
smaller than the static gravity [41], and will be discussed
elsewhere.
The Moon’s liberation varies by about �8°, and is

provided by DE430 [31]. For the Moon’s static gravity
field, we use GL0660B [20] up to the degree and order
seven, and the effect of the seventh degree and order alone
is below 10−20 m=s2=Hz1=2. The model was obtained from
the Gravity Recovery and Interior Laboratory (GRAIL)
mission [20] with improved low-degree harmonics. The
lunar tide is not included, since the effect is quite small and
(semi)monthly periodic, and hence out of the detection
band, owing to the Moon’s tidal locking with the Earth. The

values of the Sun’s oblateness J2 and orientation are taken
from Ref. [37] (see Table 9 in also Ref. [31]). Moreover, the
relativistic effect is added as post-Newtonian correction
terms to the equations of motion [38]. The effect is slowly
varying and expected to be outside the detection band.

C. Orbital parameters

The initial orbital parameters are given in Table II. The
integration lasts for one observation window of 3 months
[1], that is, from 6 June to 4 September, 2004 for 90 days,
when the orbital plane is facing the Sun within �45°. The
year 2004 is chosen without preference but to take
advantage of the available EOP observation data, which
is more accurate than predictions in the 2030s. Our tests
have shown that the dominant spectral behavior does not
depend on the specific year chosen.
To make the simulation more realistic, we use the

optimized initial orbital elements in Table II that can meet
TianQin’s constellation stability requirement (e.g., the
breathing angles within 60� 0.1°) for 3 months [10,11].
The optimization removes linear drift in the arm lengths and
breathing angles, and prevents the nearly equilateral-triangle
constellation from having severe distortion. The initial
eccentricities are set to zero to keep the orbits almost circular.
Note that even if one starts with less optimized initial orbital
elements (e.g., the nominal values, a ¼ 105 km, etc.), the
dominant spectral behavior of 3 months (cf. Fig. 2) will be
unaffected.

IV. SPECTRAL RESULTS

It should be emphasized that the purpose of this work is
to determine the frequency-domain effects (especially
> 10−4 Hz) of various gravity disturbances on the range
acceleration observable, and it concerns less about the

TABLE II. Initial orbital elements of the TianQin constellation
in the J2000-based Earth-centered equatorial coordinate system at
the epoch 6 June, 2004, 00∶00∶00 UTC for evaluation purposes.
Here a denotes the semimajor axis, e the eccentricity, i the
inclination,Ω the longitude of ascending node, ω the argument of
periapsis, and νini the true anomaly.

a e i Ω ω νini

SC1 100000.0 km 0 74.5° 211.6° 0° 30°
SC2 100009.5 km 0 74.5° 211.6° 0° 150°
SC3 99995.0 km 0 74.5° 211.6° 0° 270°

FIG. 2. Range acceleration ASD of two TianQin satellites SC1
and SC2, calculated in quadruple precision with the models of
Table I and step size 50 s using 90 days of data. The orbital period
3.6 days corresponds to 3.2 × 10−6 Hz. The plots for SC1-SC3
and SC2-SC3 are nearly identical to the one shown above.
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absolute accuracy of an integrated orbit, which may drift
away from true values over long time scales outside the
frequency band of interest.

A. Total effect

The overall result of the range acceleration ASD is
presented in Fig. 2 for the arm SC1-SC2 using the models
of Table I assembled together in the simulation. The plots
for the other two arms severely overlap with the first one,
and hence they are not presented for clarity.
In the frequency domain, the gravity field signals are

dominating below 10−4 Hz, and roll off rapidly in amplitude
toward high frequencies, and intersect with the lower end of
the range acceleration noise requirement at1 × 10−4 Hz.The
steep falloff roughly follows a power law of ∼1.7×
10−15m=s2=Hz1=2×ð0.1mHz=fÞ24 near f ¼ 1 × 10−4 Hz.
The plot demonstrates that the effect of the gravity-
field models in Table I does not enter the detection
band > 10−4 Hz. Note that the slanted part of the ASD
curve (< 10−17 m=s2=Hz1=2 and > 10−4 Hz, marked by
“Numerical error” in Fig. 2) is an artifact of the numerical
interpolation of the EOP data.
The frequency-domain behavior somewhat resembles

that in the intersatellite laser ranging measurement result of
the GRACE Follow-On mission [18], which also shows a
steep falloff, but at a higher frequency (∼4 × 10−2 Hz)
because of its low orbital altitude of approximately 500 km.

B. Effect breakdown

Now we examine various contributions to the total range
acceleration ASD of the arm SC1-SC2. The result is
presented in Fig. 3.
The Earth’s nonspherical static gravity field with degrees

n ≥ 3 dominates above 5 × 10−5 Hz in the total ASD,
indicated by the overlapping of the blue and red curves. The
effect decreases rapidly toward high frequencies and

impinges on the noise requirement at 10−4 Hz. At the high
altitude of TianQin, high-degree harmonics are effectively
attenuated.
The contribution from the Moon’s nonspherical static

gravity field (n ≥ 2) is minute and only sticks out in the
low-frequency region. One may have expected this since
the Moon is a slowly rotating body. The same argument
also justifies the omission of the lunar tides in the
simulation. Nevertheless, the Moon’s point mass and its
orbital motion play an important role, largely accounting
for the total ASD below 4 × 10−5 Hz.
The effects of relativity and Earth’s tidal gravity field

(solid Earth, oceanic, pole, and atmospheric, cf. Table I) are
considerably smaller than the total effect, and both peak at
low frequencies away from the detection band. These low-
frequency disturbances show no significant coupling into
high frequencies, and do not induce pronounced range
acceleration response above 10−4 Hz.

C. Model errors

The models inevitably contain errors. A straightforward
way to estimate their effect is to determine whether
discrepancies between different models can significantly
alter the spectral result in Fig. 2.
For a cross-check, we test another set of gravity-field

models shown in Table III, where several replacements are
made compared to Table I. The substitute models are
deemed less accurate than the corresponding, more recent
ones in Table I, and thus can mimic model errors (see, e.g.,
Ref. [42]). In Fig. 4, both ASD results show good agree-
ment with each other, and the difference Δρ̈ is well below
the noise requirement. In addition, the spectral behavior
above 10−15 m=s2=Hz1=2 is also confirmed by running the
flight-qualified, open source program GMAT [43] in
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FIG. 3. Components of the range acceleration ASD of two
TianQin satellites SC1 and SC2. The total ASD in Fig. 2 is
duplicated as the dotted red curve for comparison.
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FIG. 4. Range acceleration ASD of two TianQin satellites SC1
and SC2 using the models of Table III for replacement for Table I
(Tab1þ 3, blue). The ASD in Fig. 2 is duplicated as the dashed
red curve (Tab1) for comparison. The ASD of their difference Δρ̈
is marked by the cyan curve.
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double precision. Hence, the overall frequency-domain
behavior appears to be robust, which instills more con-
fidence in the results.

V. CONCLUSION

The TianQin mission, to be deployed in a high Earth
orbit, shares technological similarities with low-Earth
gravimetry missions using satellite-to-satellite tracking.
They diverge on a key point that the Earth’s gravity-field
signals targeted in gravimetry missions become environ-
mental noise in TianQin’s GW detection. Hence, TianQin
must keep a safe distance from the Earth by flying high
enough, so as to push the Earth’s gravity-field interference
out of the detection band. This work has been devoted to
evaluating and examining this type of effect, and two main
conclusions can be drawn here.
(1) With the orbital radius of 105 km for TianQin, the

current models show that the effect of the Earth-
Moon’s gravity field dominates at low frequencies,
and that the amplitude rolls off rapidly toward high
frequencies and intersects with the range acceleration
noise requirement (

ffiffiffi

2
p

× 10−15 m=s2=Hz1=2) at
10−4 Hz, right on the lower end of the preliminary
detection band. To provide more context, the gravity-
field signals from GRACE-FO laser ranging interfer-

ometry along a ∼200 km baseline fall off at about
4 × 10−2 Hz [18]with an orbital altitude of∼500 km.

(2) The high-precision numerical simulations help to
rule out the majority of the perturbing gravity
sources for TianQin, including the Sun’s point mass
and its J2, the Solar System planets’ point masses
(under their orbital motion), the Earth’s static gravity
(with its rotation), the Earth’s tidal gravity changes
(solid Earth, oceanic, pole, and atmospheric), the
Moon’s static gravity, the relativistic effect, etc.
(cf. Table I). These effects are slowly varying, do
not enter the detection band, and present no show-
stoppers for TianQin. The Newtonian gravity-field
environment at a distance of 105 km from the Earth
is expected to be fairly “quiet” for TianQin.

The results can provide useful input and guidelines for
several aspects of the mission concept studies, such as orbit
selection, noise reduction, and data processing. For
future works, further refined gravity models will be
explored to identify other possible noise sources. On
another note, the strong low-frequency gravity-field signals
(< 10−4 Hz) illustrated in Fig. 2, which carry long-wave-
length gravity information, may find potential applications
in geodesy and geophysics [47]. This may help to enrich
TianQin’s secondary science output.
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