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Abstract We analyze the post-fit residuals of one-way Doppler tragkizta from the
Mars Express (MEX) spacecraft to test possible violatidiea@al Lorentz invariance
(LLI) and local position invariance (LPI). These one-way{dpter observations were
carried out on 2011 August 7 for about 20 minutes at SheshatioStof Shanghai
Astronomical Observatory in China. These downlink signeése sent by MEX for
telemetry at X-band. Because we are not able to decode taéde form of teleme-
try and separate them from the carrier frequency, this miegsost-fit residuals of the
Doppler data degrade to the level of 0.1 nt sEven so, the residuals can still impose
upper bounds on LLI and LPI a0~!, which is consistent with the prediction based
on our analysis of the detectability. Although the uppernmtsigiven by three-way
Doppler tracking of MEX are better than those obtained ingitessent work, one-way
Doppler measurements still provide a unique chance to tsstilple violations of LLI
and LPI far from the ground stations.
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1 INTRODUCTION

Spacecraft Doppler tracking is a successful techniquedntrol and navigation in deep space mis-
sions (Kruger 1965; Moyer 2005). This technique can alsariy@emented for scientific research,
such as fundamental physics (e.g. Chapter 7.8 of Kopeilah 2011). In the present work, we will
try to test the Einstein equivalence principle (EEP) by gsine-way Doppler tracking.

EEP is essential for constructing general relativity (GRJ) all other metric theories of gravity.
It depends on the weak equivalence principle, local Lorémtariance (LLI), and local position
invariance (LPI) (see Will 1993, 2006; Kopeikin et al. 201dr, more details). LLI and LPI can be
tested by measuring the redshift of the frequency of a sighah its emitter moves in a gravitational
field (e.g. Krisher 1990). EEP has been confirmed at leveta fro10~* to ~ 10~2 by experiments
in the vicinity of the Earth (Vessot et al. 1980) and in intargetary space (e.g. Krisher et al. 1990,
1993).
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All of these experiments relied on a one-way radio signaidmaitted from the spacecraft to
ground stations. The transmitted frequency was based onlamaod frequency standard. However,
such an onboard standard is much less stable than groued-bndards and is limited by its
own noise. One solution for this is to use two-way or threg~@ppler tracking. Considering
these advantages, Deng & Xie (2014) extended the relatitrstories of two-way and three-way
Doppler tracking by including possible violations of LLI @&h.PIl. With this model, Zhang et al.
(2014) analyzed the post-fit residuals of three-way Doppdeking data from Mars Express (MEX)
for determining bounds on LLI and LPI. These Doppler obstéowna were carried out from 2009
August 7 to 8, with an uplink station administered by the paan Space Agency (ESA) at New
Norcia in Australia and three downlink stations at Shangkanming and Urumgi in China. It was
found by Zhang et al. (2014) that these observations impespnary bounds on LLI at the level
of 1072, but they are not suitable for testing LPI because of the gardiion of these stations and
the insufficient accuracy of the observations.

In the present work, as a demonstration of the capabilii¢deeoChinese deep space tracking
system and software used for data processing, we will trggbEEP by utilizing one-way Doppler
tracking data from MEX. Although this kind of measuremerffexs various types of noise, it still
provides us with unique access to the possible violatioriSER which might be far from ground
stations and associated with the spacecraft in deep spgamrBrast, three-way Doppler tracking
is only sensitive to the possible violations of EEP assediatith two ground stations and these
violations cannot affect two-way Doppler tracking undeiredr approximation of the light time
solution (Deng & Xie 2014). One-way measurements on MEX wemeducted by the Shanghai
Astronomical Observatory (SHAO) in China on 2011 Augustr7aioout 20 minutes. The downlink
signals were sent by MEX in the form of telemetry. Because weenat able to decode the data
contained in telemetry and separate them from the careguincy, we have to treat them as un-
modeled or mismodeled components in the post-fit residliase residuals will be used to obtain
upper bounds on LLI and LPI.

The rest of the paper is organized as follows. Section 2 istéevto describing the model of
one-way Doppler tracking with possible violations of LLIcahPI. Their detectability will also be
analyzed and some prediction will be made. In Section 3, wegnt the one-way Doppler observa-
tions of MEX and their data reduction. The post-fit resid@abstaken to estimate the upper bounds
on LLI in Section 4. Finally, in Section 5, we summatrize owuks.

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

In order to test EEP, we adopt the parametrized model of acneB®oppler tracking according to
Krisher et al. (1993). After applying the linear approximatof the light time solution (see Chapter
8 in Moyer 2005, for details), we have the deviation of thestefi 6= from the prediction by EEP,
which is

0z ="0zLL1 + 0zLp1 + 0(63) , Q)

wheredzy 1 anddzypy are respectively caused by the possible violations of Lid BRI, which are

dzrr = %EQBR'UQR(tR) - %6261511%(&{), (2
Szrpr = € Z apUalyp(tr)] — € Z aUalys(tr)] - 3)
A y

In this casec = ¢! andc is the speed of light. Herey; andyy are respectively the positional
vectors of the emitter and the receiver in the Barycentrie€l@l Reference System (BCRS) (Soffel
et al. 2003), andg andwvg are their velocities. Possible violations of LLI can be ¢eisby fitting

the dimensionless parametets and 3g, which are respectively associated with the receiver and
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the emitter. If LLI holds true, theﬁR/E = 0. Possible violations of LPI can be tested by fitting the
dimensionless parametetg andai;, which are respectively associated with the receiver aad th
emitter in the gravitational field of body A. If there is no lation of LPI, '[hen@g/E =0.

Before applying this model to one-way Doppler observatidns first necessary for us to inves-
tigate the detectability of these parameters. It is worthtinaing that this discussion of detectability
is not a statistical estimation of the parameters. They will béstteally estimated by the method of
weighted least squares in Section 4. Considering a spdtaopand Mars and a ground station on
the Earth, we can rewrit&z; 1 (see Eq. (2)) as

1.7 _
dzrLl = 562 Br(vg + Vs)? — Be(vmars + V)2, (4)

wherevg andwvy.,s are respectively the velocities of the Earth and Mars in ti&RB; Vg is the
local velocity of the station in the Geocentric Celestiafdence System (GCRS) (Soffel et al.
2003); andV p is the local velocity of the spacecraft with respect to theteeof mass of Mars. If
we assumels, = (s, = 3, vg > Vs anduvyraes > Ve, thendzpr can be simplified as

1 52
(SZLLI = 5625('059 - v12\/[ars) . (5)

Becauseg ~ 3.0 x 10* m s~! andvyars ~ 2.4 x 10* ms™!, we can obtain

. _ oz
ﬁ ~ 26252LLI(”§9 - vilars) ! ~ 0.5 x (ﬁ) : (6)

This means if the residuals of one-way Doppler observatieraathe level ol 0~?, then the param-
eter3 can be determined to the level 10~ when the violation of LPI is neglected. The causes
of the residuals might come from several sources, such @sugaiypes of noise, which might be un-
modeled and/or mismodeled in the software, and some spsigifials which cannot be decoded and
separated from the carrier frequency by the observer. Ahdhis rough estimation is independent
of the local velocities of the station and spacecraft, it gae the leading order of the detectability.
For a realistic data analysis, these two local velocitiestrbe included in the model, as we will do
in Section 4.

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

& GM, . G M ]
o — )
RlyQ —Yg _YS| B |y® — YMars _YP|

52Lp1 = 62 |: (7)
wherey ., y, andy,,., are respectively the positions of the Sun, Earth and MarkénBCRS;

Y s is the local position of the station in the GCRS; aYi@ is the local position of the spacecraft
with respect to the center of mass of Mars. If we assaifle~ ag, = a® and make use of the
conditions thaty , — y,| > |Ys| and|y, — Yyrars| > |Yp]], thenozipy can be simplified as

GM GM
0zL,p1 = 62a®( © — © ) . (8)
Yo —¥al 1Yo — Yntars|
Sincely., — yo| ~ 1auandy, — Y| ~ 1.5 au, we can estimate that
GM, GM, ! 5
a® ~ 0262Lp1( o © ) ~ 0.3 x Lj’; . 9)
Yo = Yol 1Yo — Yntansl 10

This means that when the residuals of the one-way Dopplaratatat the level af0—?, the parame-
tera® can be determined to 10~ when the violation of LLI is neglected. Thus, Equations (&)l a
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(9) roughly describe the detectability of a possible violabf LLI and LPI by the one-way Doppler
tracking. It is worth mentioning again that these two equadiare just crude estimations: they might
be able to show leading effects but the full model (see EQs(8)) must be used in realistic data
analyses.

In the following parts of this work, we will analyze the pditresiduals of the one-way Doppler
tracking data of MEX (see Sect. 3) and use these residualstimate 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 sigftedm MEX at the X-band (8.4 GHz),
which started at 04:18 on 2011 August 7 (UTC) and ended atlOgn4dhe same day (UTC). These
signals did not match any known radio science campaignsiased with MEX and they were
sent in the form of telemetry (Patzold 2014, private comitation). The carrier frequency of the
telemetry signals was generated by the onboard frequerstgray which was an ultra-stable oscil-
lator (Patzold et al. 2004). The downlink signals were res by a 25-meter dish at the Sheshan
Station of SHAO. The frequency standard used by the ShedhinifBwas an H-maser with a stabil-
ity of about10~1° in a day (Zheng et al. 2013), and we also acquired our VLBI nkzg®ns at this
station. It is worth mentioning that we were not able to decthe data in the form of telemetry and
separate them from the carrier frequency, so we had to tieat ais unmodeled and/or mismodeled
components in the data processing. The duration of the wditsen was 23 minutes and 275 data
points were obtained. These one-way observation data wecegsed by the software AesODP
(Huang et al. 2009) teimultaneously determine the orbit of MEX and the frequency of the downlink
which was previously unknown. MNRSODP was developed by a group from SHAO. It can reduce
data from two/three-way ranging, one/two/three-way Depphcking, VLBI and other types of ob-
servations. However, a better way to perform such a test,a@sdone with the experiment using
the Galileo spacecraft (Krisher et al. 1993), is to detemtire position and velocity of the space-
craft independently from two/three-way Doppler tracking and the range measargshwhich are
referenced to the frequency standards of the ground sgation

As a demonstration on the capabilities of the Chinese deapespacking system and software
used for data processing, we use the post-fit residuals afrteevay Doppler tracking to estimate
the upper bounds on possible violations of LLI and LPI. Theséuals were obtained by fitting the
observational data with the standard model which is builNemwton’s law and Einstein’s GR (see
Huang et al. 2009, for details). Therefore, the effects ofations of LLI and LPI were not modeled
in MARSODP and the parameteﬁﬁ/E anddf%/E were not determined in the fitting. In this sense,
the results that we obtain in the next section may not be densd to be genuine “constraints” (they
would be so if one solved for them in a covariance analysisslapalyzing the data with modified
software that includes these effects), but they are prefinyiindications of acceptable upper limits
computed by the best contemporary knowledge (see lorio,Z004.4 further discussion).

Figure 1 shows the post-fit residuals (left panel) and their statistical histograms (right panel
after MARSODP was used to process the one-way Doppler tracking datavév@ obtained by
SHAO. The origin of the time coordinates is chosen to coiaesiith 04'18™10.5 on 2011 August
7 (UTC). The mean value of these residugs) is —2.5 x 10~* m s! and the standard deviation
05, is aboutD.1 m s~1. It is worth mentioning that s, is much larger than the observational errors
at SHAO. The Doppler frequency noise of SHAO's hardware ithatlevel of~mHz in S and X
bands, corresponding to the level-of10~* m s~! in radial velocity (Cao et al. 2010; Zheng et al.
2013), which is comparable with ESA's error budget for MEXa{#ld et al. 2004). For comparison,
by making use of MRSODP, the mean value of the post-fit residuals, derived froraettway
Doppler tracking of MEX that was carried out in 2009 by SHACasw 10~* m s~! and the

1 The Geosciences Node of NASA’s Planetary Data System (Pi8jvas:http://pds-geosciences.wustl .edu/.
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Fig.1 The post-fit residualdv (left panel) and their statistical histogramsight panel) after
MARSODP was used to process the one-way Doppler tracking daténebit by SHAO in China.
The origin of the time coordinates is chosen to coincide @ith18™10.5 on 2011 August 7 (UTC).
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Fig.2 The spectrum of residuat® (see the left panel of Fig. 1). There are 21 peaks with ang@gu

larger than10~2 m s, which contribute a lot of the fluctuations #v. The highest peak has a
frequency ofd.57 mHz and an amplitude @.22 x 1072 ms L.

standard deviation of these residuals was aBoutl0—* m s~!. These values were consistent with
the observational errors ef 10~% m s™! (see Cao et al. 2010; Cao et al. 2011, for details).

We think that a much largers, might be caused by the telemetry data embedded in the carrier
frequency. Because we are not able to decode and sepamateM®SODP treats them as “signals”
of the carrier frequency, regardless if they are unmodetedor mismodeled components.

Figure 2 shows the spectrum of the post-fit residdalin the frequency domain. The range of
the frequency domain is determined by our sampling intesf/ak. The resolution of the frequencies
is limited due to the short time span of the observation. lee 21 peaks that have amplitudes larger
than10~2 m s~t, which contribute a lot to the the fluctuationsdn (see left panel of Fig. 1). The
highest peak has a frequency©$7 mHz and an amplitude af.22 x 10=2 m s~*. Although the
residuals returned from MRSODP are dominated by the telemetry signals, they can stiNige
some information and can be used to obtain the upper bounidsl@nd LPI, as our analysis on the
detectability described in the previous section indicates
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4 UPPER BOUNDSON LLI

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

S=> wj(edv; — 62)*, (10)

wheredv; anddz; are respectively the post-fit residual and the theoretiealiption by Equation (1)
for theith data point. The factar; is the statistical weight for tha&h data point. It is quite common
thatw; takes the value ofr;2, whereo; is the observational error for théh point, such as in the
case of Zhang et al. (2014). However, as was shown in Sectitire3oost-fit residuals are much
larger than the observational errors in our one-way Dopplesisurements so that the observational
errors are not a suitable choice for weights. Insteadsave); = Av[Q, whereAuw; is the deviation
of the average fofv;, i.e. Av; = dv; — (6v).

Our estimation will be divided into three further cases. ks€ |, weassume that 5 andBE
are thefree parameters and make the other parameters vanish. It is finandin Case I,BR =
(0.56 & 1. 04) x 10~ andfBg = (0.76 & 1.42) x 107, In Case I, weassume that3r = ag = Bx
andjr = af) = B}, which means the Sun’s contribution to Equation (3) will &leen into account,
and we set the other parameters to zero. We find ffyat= (0.53 + 0.98) x 10~! and 3}, =
(0.76 £ 1.42) x 10~ Lin Case Il. In Case 1, we&umethatﬁﬁ =g =0 ando<R = ag =a®
and we find3 = (0.7441.39) x 10~ ! anda® = (—0.29+£0.54) x 10~*. The results of these cases
are summarized in Table 1 and they are found to be consistdnowr analysis on the detectability
of the parameters in Equations (6) and (9).

Tablel Summary of Preliminary Bounds on LLI and LPI

Case| fBr (1071)  Bg (1071 af 107Y) &g o) | Assumption

| 0.56 £1.04 0.76 & 1.42 - — aRg = O‘E =0

I 0.53+0.98  0.76 + 1.42 =fr = Bg Br = ag, Pe = ag
_ -0 e
= ar 6R—BEOCR—04E

Il 0.74 + 1.39 = fr —0.29 + 0.54

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

5 CONCLUSIONS

We analyze the post-fit residuals associated with one-wapleotracking of MEX. These Doppler
observations were carried out from 2011 August 7, with thesBan Station of SHAO in China. The
downlink signals were sent by MEX at X-band in the form of te&dry. We find that, because we
are not able to decode the data in the form of telemetry aratesthem from the carrier frequency,
this makes the post-fit residuals of the one-way data degmaties level of 0.1 m s'. However,
they can still impose upper bounds on LLI and LP1at !, which are consistent with the prediction
based on our analysis of the detectability.

Meanwhile, this investigation is rather limited by the ghduration of the tracking and lack
of three-way Doppler tracking for independent orbit det@ation of MEX. These two factors are
helpful to solidly and robustly pin down and separate défémoises in the one-way measurements.



Upper Bounds on LLI from One-way Tracking on MEX 1757

Therefore, we suggest that a specific carrier frequencyrferway Doppler tracking, an independent
method of orbit determination and a long time span for oke@ms are indispensable ingredients
for Chinese future deep space missions, which will aim tectifely test EEP.
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