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Abstract We analyze the post-fit residuals of one-way Doppler tracking data from the
Mars Express (MEX) spacecraft to test possible violations of local Lorentz invariance
(LLI) and local position invariance (LPI). These one-way Doppler observations were
carried out on 2011 August 7 for about 20 minutes at Sheshan Station of Shanghai
Astronomical Observatory in China. These downlink signalswere sent by MEX for
telemetry at X-band. Because we are not able to decode the data in the form of teleme-
try and separate them from the carrier frequency, this makesthe post-fit residuals of the
Doppler data degrade to the level of 0.1 m s−1. Even so, the residuals can still impose
upper bounds on LLI and LPI at10−1, which is consistent with the prediction based
on our analysis of the detectability. Although the upper bounds given by three-way
Doppler tracking of MEX are better than those obtained in thepresent work, one-way
Doppler measurements still provide a unique chance to test possible violations of LLI
and LPI far from the ground stations.
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1 INTRODUCTION

Spacecraft Doppler tracking is a successful technique for control and navigation in deep space mis-
sions (Kruger 1965; Moyer 2005). This technique can also be implemented for scientific research,
such as fundamental physics (e.g. Chapter 7.8 of Kopeikin etal. 2011). In the present work, we will
try to test the Einstein equivalence principle (EEP) by using one-way Doppler tracking.

EEP is essential for constructing general relativity (GR) and all other metric theories of gravity.
It depends on the weak equivalence principle, local Lorentzinvariance (LLI), and local position
invariance (LPI) (see Will 1993, 2006; Kopeikin et al. 2011,for more details). LLI and LPI can be
tested by measuring the redshift of the frequency of a signalwhen its emitter moves in a gravitational
field (e.g. Krisher 1990). EEP has been confirmed at levels from∼ 10−4 to ∼ 10−2 by experiments
in the vicinity of the Earth (Vessot et al. 1980) and in interplanetary space (e.g. Krisher et al. 1990,
1993).
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All of these experiments relied on a one-way radio signal transmitted from the spacecraft to
ground stations. The transmitted frequency was based on an onboard frequency standard. However,
such an onboard standard is much less stable than ground-based standards and is limited by its
own noise. One solution for this is to use two-way or three-way Doppler tracking. Considering
these advantages, Deng & Xie (2014) extended the relativistic theories of two-way and three-way
Doppler tracking by including possible violations of LLI and LPI. With this model, Zhang et al.
(2014) analyzed the post-fit residuals of three-way Dopplertracking data from Mars Express (MEX)
for determining bounds on LLI and LPI. These Doppler observations were carried out from 2009
August 7 to 8, with an uplink station administered by the European Space Agency (ESA) at New
Norcia in Australia and three downlink stations at Shanghai, Kunming and Urumqi in China. It was
found by Zhang et al. (2014) that these observations impose preliminary bounds on LLI at the level
of 10−2, but they are not suitable for testing LPI because of the configuration of these stations and
the insufficient accuracy of the observations.

In the present work, as a demonstration of the capabilities of the Chinese deep space tracking
system and software used for data processing, we will try to test EEP by utilizing one-way Doppler
tracking data from MEX. Although this kind of measurement suffers various types of noise, it still
provides us with unique access to the possible violations ofEEP which might be far from ground
stations and associated with the spacecraft in deep space. By contrast, three-way Doppler tracking
is only sensitive to the possible violations of EEP associated with two ground stations and these
violations cannot affect two-way Doppler tracking under a linear approximation of the light time
solution (Deng & Xie 2014). One-way measurements on MEX wereconducted by the Shanghai
Astronomical Observatory (SHAO) in China on 2011 August 7 for about 20 minutes. The downlink
signals were sent by MEX in the form of telemetry. Because we are not able to decode the data
contained in telemetry and separate them from the carrier frequency, we have to treat them as un-
modeled or mismodeled components in the post-fit residuals.These residuals will be used to obtain
upper bounds on LLI and LPI.

The rest of the paper is organized as follows. Section 2 is devoted to describing the model of
one-way Doppler tracking with possible violations of LLI and LPI. Their detectability will also be
analyzed and some prediction will be made. In Section 3, we present the one-way Doppler observa-
tions of MEX and their data reduction. The post-fit residualsare taken to estimate the upper bounds
on LLI in Section 4. Finally, in Section 5, we summarize our results.

2 MODEL OF ONE-WAY DOPPLER TRACKING WITH VIOLATIONS OF LLI AND LPI

In order to test EEP, we adopt the parametrized model of one-way Doppler tracking according to
Krisher et al. (1993). After applying the linear approximation of the light time solution (see Chapter
8 in Moyer 2005, for details), we have the deviation of the redshift δz from the prediction by EEP,
which is

δz = δzLLI + δzLPI + O(ǫ3) , (1)

whereδzLLI andδzLPI are respectively caused by the possible violations of LLI and LPI, which are

δzLLI =
1

2
ǫ2β̄Rv2

R(tR) −
1

2
ǫ2β̄Ev2

E(tR) , (2)

δzLPI = ǫ2
∑

A

ᾱA
RUA[yR(tR)] − ǫ2

∑

A

ᾱA
EUA[yE(tR)] . (3)

In this caseǫ ≡ c−1 andc is the speed of light. Here,yE andyR are respectively the positional
vectors of the emitter and the receiver in the Barycentric Celestial Reference System (BCRS) (Soffel
et al. 2003), andvE andvR are their velocities. Possible violations of LLI can be tested by fitting
the dimensionless parametersβ̄R and β̄E, which are respectively associated with the receiver and
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the emitter. If LLI holds true, then̄βR/E = 0. Possible violations of LPI can be tested by fitting the
dimensionless parametersᾱA

R
andᾱA

E
, which are respectively associated with the receiver and the

emitter in the gravitational field of body A. If there is no violation of LPI, thenᾱA
R/E

= 0.
Before applying this model to one-way Doppler observations, it is first necessary for us to inves-

tigate the detectability of these parameters. It is worth mentioning that this discussion of detectability
is not a statistical estimation of the parameters. They will be statistically estimated by the method of
weighted least squares in Section 4. Considering a spacecraft around Mars and a ground station on
the Earth, we can rewriteδzLLI (see Eq. (2)) as

δzLLI =
1

2
ǫ2

[

β̄R(v⊕ + V S)2 − β̄E(vMars + V P)2
]

, (4)

wherev⊕ andvMars are respectively the velocities of the Earth and Mars in the BCRS;V S is the
local velocity of the station in the Geocentric Celestial Reference System (GCRS) (Soffel et al.
2003); andV P is the local velocity of the spacecraft with respect to the center of mass of Mars. If
we assumēβS1

= β̄S2
= β̄, v⊕ ≫ VS andvMars ≫ VP, thenδzLLI can be simplified as

δzLLI =
1

2
ǫ2β̄(v2

⊕ − v2

Mars) . (5)

Becausev⊕ ∼ 3.0 × 104 m s−1 andvMars ∼ 2.4 × 104 m s−1, we can obtain

β̄ ∼ 2c2δzLLI(v
2

⊕ − v2

Mars)
−1 ∼ 0.5 ×

(

δzLLI

10−9

)

. (6)

This means if the residuals of one-way Doppler observation are at the level of10−9, then the param-
eterβ̄ can be determined to the level of∼ 10−1 when the violation of LPI is neglected. The causes
of the residuals might come from several sources, such as various types of noise, which might be un-
modeled and/or mismodeled in the software, and some specificsignals which cannot be decoded and
separated from the carrier frequency by the observer. Although this rough estimation is independent
of the local velocities of the station and spacecraft, it cangive the leading order of the detectability.
For a realistic data analysis, these two local velocities must be included in the model, as we will do
in Section 4.

For the detectability of violations of LPI, if only the monopole component of the gravitational
field of the Sun is taken into account, then we can rewriteδzLPI (see Eq. (3)) as

δzLPI = ǫ2
[

ᾱ⊙

R

GM⊙

|y⊙ − y⊕ − Y S|
− ᾱ⊙

E

GM⊙

|y⊙ − yMars − Y P|

]

, (7)

wherey⊙, y⊕ andyMars are respectively the positions of the Sun, Earth and Mars in the BCRS;
Y S is the local position of the station in the GCRS; andY P is the local position of the spacecraft
with respect to the center of mass of Mars. If we assumeᾱ⊙

S1
∼ ᾱ⊙

S2
= ᾱ⊙ and make use of the

conditions that|y⊙ − y⊕| ≫ |Y S| and|y⊙ − yMars| ≫ |Y P|, thenδzLPI can be simplified as

δzLPI = ǫ2ᾱ⊙

(

GM⊙

|y⊙ − y⊕|
−

GM⊙

|y⊙ − yMars|

)

. (8)

Since|y⊙ − y⊕| ∼ 1 au and|y⊙ − yMars| ∼ 1.5 au, we can estimate that

ᾱ⊙ ∼ c2δzLPI

(

GM⊙

|y⊙ − y⊕|
−

GM⊙

|y⊙ − yMars|

)−1

∼ 0.3 ×
δzLPI

10−9
. (9)

This means that when the residuals of the one-way Doppler data are at the level of10−9, the parame-
ter ᾱ⊙ can be determined to∼ 10−1 when the violation of LLI is neglected. Thus, Equations (6) and
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(9) roughly describe the detectability of a possible violation of LLI and LPI by the one-way Doppler
tracking. It is worth mentioning again that these two equations are just crude estimations: they might
be able to show leading effects but the full model (see Eqs. (1)–(3)) must be used in realistic data
analyses.

In the following parts of this work, we will analyze the post-fit residuals of the one-way Doppler
tracking data of MEX (see Sect. 3) and use these residuals to estimate the upper bounds on these
violations according to Equations (1)–(3) (see Sect. 4).

3 ONE-WAY DOPPLER TRACKING OF MEX

In the observational study, we acquired the downlink signals from MEX at the X-band (8.4 GHz),
which started at 04:18 on 2011 August 7 (UTC) and ended at 04:41 on the same day (UTC). These
signals did not match any known radio science campaigns associated with MEX1 and they were
sent in the form of telemetry (Pätzold 2014, private communication). The carrier frequency of the
telemetry signals was generated by the onboard frequency system, which was an ultra-stable oscil-
lator (Pätzold et al. 2004). The downlink signals were received by a 25-meter dish at the Sheshan
Station of SHAO. The frequency standard used by the Sheshan Station was an H-maser with a stabil-
ity of about10−15 in a day (Zheng et al. 2013), and we also acquired our VLBI observations at this
station. It is worth mentioning that we were not able to decode the data in the form of telemetry and
separate them from the carrier frequency, so we had to treat them as unmodeled and/or mismodeled
components in the data processing. The duration of the observation was 23 minutes and 275 data
points were obtained. These one-way observation data were processed by the software MARSODP
(Huang et al. 2009) tosimultaneously determine the orbit of MEX and the frequency of the downlink
which was previously unknown. MARSODP was developed by a group from SHAO. It can reduce
data from two/three-way ranging, one/two/three-way Doppler tracking, VLBI and other types of ob-
servations. However, a better way to perform such a test, as was done with the experiment using
the Galileo spacecraft (Krisher et al. 1993), is to determine the position and velocity of the space-
craft independently from two/three-way Doppler tracking and the range measurements which are
referenced to the frequency standards of the ground stations.

As a demonstration on the capabilities of the Chinese deep space tracking system and software
used for data processing, we use the post-fit residuals of theone-way Doppler tracking to estimate
the upper bounds on possible violations of LLI and LPI. Theseresiduals were obtained by fitting the
observational data with the standard model which is built onNewton’s law and Einstein’s GR (see
Huang et al. 2009, for details). Therefore, the effects of violations of LLI and LPI were not modeled
in MARSODP and the parameters̄βR/E andᾱA

R/E
were not determined in the fitting. In this sense,

the results that we obtain in the next section may not be considered to be genuine “constraints” (they
would be so if one solved for them in a covariance analysis by reanalyzing the data with modified
software that includes these effects), but they are preliminary indications of acceptable upper limits
computed by the best contemporary knowledge (see Iorio 2014, for a further discussion).

Figure 1 shows the post-fit residualsδv (left panel) and their statistical histograms (right panel)
after MARSODP was used to process the one-way Doppler tracking data that were obtained by
SHAO. The origin of the time coordinates is chosen to coincide with 04h18m10.5s on 2011 August
7 (UTC). The mean value of these residuals〈δv〉 is −2.5 × 10−4 m s−1 and the standard deviation
σδv is about0.1 m s−1. It is worth mentioning thatσδv is much larger than the observational errors
at SHAO. The Doppler frequency noise of SHAO’s hardware is atthe level of∼mHz in S and X
bands, corresponding to the level of∼ 10−4 m s−1 in radial velocity (Cao et al. 2010; Zheng et al.
2013), which is comparable with ESA’s error budget for MEX (Pätzold et al. 2004). For comparison,
by making use of MARSODP, the mean value of the post-fit residuals, derived from three-way
Doppler tracking of MEX that was carried out in 2009 by SHAO, was∼ 10−4 m s−1 and the

1 The Geosciences Node of NASA’s Planetary Data System (PDS) archives:http://pds-geosciences.wustl.edu/.
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Fig. 1 The post-fit residualsδv (left panel) and their statistical histograms (right panel) after
MARSODP was used to process the one-way Doppler tracking data obtained by SHAO in China.
The origin of the time coordinates is chosen to coincide with04h18m10.5s on 2011 August 7 (UTC).
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Fig. 2 The spectrum of residualsδv (see the left panel of Fig. 1). There are 21 peaks with amplitudes
larger than10−2 m s−1, which contribute a lot of the fluctuations inδv. The highest peak has a
frequency of4.57 mHz and an amplitude of6.22× 10

−2 m s−1.

standard deviation of these residuals was about3 × 10−4 m s−1. These values were consistent with
the observational errors of∼ 10−4 m s−1 (see Cao et al. 2010; Cao et al. 2011, for details).

We think that a much largerσδv might be caused by the telemetry data embedded in the carrier
frequency. Because we are not able to decode and separate them, MARSODP treats them as “signals”
of the carrier frequency, regardless if they are unmodeled and/or mismodeled components.

Figure 2 shows the spectrum of the post-fit residualsδv in the frequency domain. The range of
the frequency domain is determined by our sampling intervalof 5 s. The resolution of the frequencies
is limited due to the short time span of the observation. There are 21 peaks that have amplitudes larger
than10−2 m s−1, which contribute a lot to the the fluctuations inδv (see left panel of Fig. 1). The
highest peak has a frequency of4.57 mHz and an amplitude of6.22 × 10−2 m s−1. Although the
residuals returned from MARSODP are dominated by the telemetry signals, they can still provide
some information and can be used to obtain the upper bounds onLLI and LPI, as our analysis on the
detectability described in the previous section indicates.
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4 UPPER BOUNDS ON LLI

We will estimate the upper bounds on violations of LLI and LPIby using the method of minimizing
the weighted sum of squares, called weighted least squares

S =
∑

i

wi(ǫδvi − δzi)
2 , (10)

whereδvi andδzi are respectively the post-fit residual and the theoretical prediction by Equation (1)
for theith data point. The factorwi is the statistical weight for theith data point. It is quite common
thatwi takes the value ofσ−2

i , whereσi is the observational error for theith point, such as in the
case of Zhang et al. (2014). However, as was shown in Section 3, the post-fit residuals are much
larger than the observational errors in our one-way Dopplermeasurements so that the observational
errors are not a suitable choice for weights. Instead, weset wi = ∆v−2

i , where∆vi is the deviation
of the average forδvi, i.e.∆vi = δvi − 〈δv〉.

Our estimation will be divided into three further cases. In Case I, weassume that β̄R and β̄E

are thefree parameters and make the other parameters vanish. It is foundthat, in Case I,̄βR =
(0.56 ± 1.04) × 10−1 andβ̄E = (0.76 ± 1.42)× 10−1. In Case II, weassume thatβ̄R = ᾱ⊙

R
= β̄′

R

andβ̄E = ᾱ⊙

E
= β̄′

E
, which means the Sun’s contribution to Equation (3) will be taken into account,

and we set the other parameters to zero. We find thatβ̄′
R

= (0.53 ± 0.98) × 10−1 and β̄′
E

=
(0.76 ± 1.42) × 10−1 in Case II. In Case III, weassume that β̄R = β̄E = β̄ andᾱ⊙

R
= ᾱ⊙

E
= ᾱ⊙

and we findβ̄ = (0.74±1.39)×10−1 andᾱ⊙ = (−0.29±0.54)×10−1. The results of these cases
are summarized in Table 1 and they are found to be consistent with our analysis on the detectability
of the parameters in Equations (6) and (9).

Table 1 Summary of Preliminary Bounds on LLI and LPI

Case β̄R (10−1) β̄E (10−1) ᾱ⊙

R
(10−1) ᾱ⊙

E
(10−1) Assumption

I 0.56 ± 1.04 0.76 ± 1.42 – – ᾱ⊙

R
= ᾱ⊙

E
= 0

II 0.53 ± 0.98 0.76 ± 1.42 = β̄R = β̄E β̄R = ᾱ
⊙

R
, β̄E = ᾱ

⊙

E

III 0.74 ± 1.39 = β̄R −0.29 ± 0.54 = ᾱ
⊙

R
β̄R = β̄E, ᾱ

⊙

R
= ᾱ

⊙

E

We also find that, since the Earth and Mars are barely moving inthe BCRS during the short
duration of our tracking (about 20 minutes), other combinations of parameters for estimation are in-
appropriate and will give unphysical bounds. Although the upper bounds given by three-way Doppler
tracking (Zhang et al. 2014) are better than those obtained in the present work by about a factor of
10, one-way Doppler measurements still impose a unique chance to test possible violations of EEP
far from the ground tracking stations.

5 CONCLUSIONS

We analyze the post-fit residuals associated with one-way Doppler tracking of MEX. These Doppler
observations were carried out from 2011 August 7, with the Sheshan Station of SHAO in China. The
downlink signals were sent by MEX at X-band in the form of telemetry. We find that, because we
are not able to decode the data in the form of telemetry and isolate them from the carrier frequency,
this makes the post-fit residuals of the one-way data degradeto the level of 0.1 m s−1. However,
they can still impose upper bounds on LLI and LPI at10−1, which are consistent with the prediction
based on our analysis of the detectability.

Meanwhile, this investigation is rather limited by the short duration of the tracking and lack
of three-way Doppler tracking for independent orbit determination of MEX. These two factors are
helpful to solidly and robustly pin down and separate different noises in the one-way measurements.
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Therefore, we suggest that a specific carrier frequency for one-way Doppler tracking, an independent
method of orbit determination and a long time span for observations are indispensable ingredients
for Chinese future deep space missions, which will aim to effectively test EEP.
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