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Abstract

We report on our efforts to test the Einstein Equivalence Principle by measuring the gravitational redshift with the VLBI spacecraft
RadioAstron, in an eccentric orbit around Earth with geocentric distances as small as ~7000 km and up to 350,000 km. The spacecraft
and its ground stations are each equipped with stable hydrogen maser frequency standards, and measurements of the redshifted downlink
carrier frequencies were obtained at both 8.4 and 15 GHz between 2012 and 2017. Over the course of the ~9 d orbit, the gravitational
redshift between the spacecraft and the ground stations varies between 6.8 x 107'% and 0.6 x 107'°. Since the clock offset between the
masers is difficult to estimate independently of the gravitational redshift, only the variation of the gravitational redshift is considered
for this analysis. We obtain a preliminary estimate of the fractional deviation of the gravitational redshift from prediction of
€ = —0.016 £ 0.003,; & 0.030y with the systematic uncertainty likely being dominated by unmodelled effects including the error in
accounting for the non-relativistic Doppler shift. This result is consistent with zero within the uncertainties. For the first time, the grav-
itational redshift has been probed over such large distances in the vicinity of Earth. About three orders of magnitude more accurate esti-
mates may be possible with RadioAstron using existing data from dedicated interleaved observations combining uplink and downlink
modes of operation.
© 2019 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The incompatibility of general relativity and quantum
theory is a fundamental problem in our understanding of
the physical world. The Einstein Equivalence Principle
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(EEP) is a cornerstone of general relativity, and it leads
to there being a gravitational redshift (Will, 1993). Specif-
ically, local position invariance requires that time flows
slower for an observer close to a massive body than for
one farther away. Similarly, an electromagnetic wave is
seen to be redshifted when its source is located close to a
massive body in comparison to when the source is located
far away from it. Accurate measurements of the gravita-
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tional redshift are thus a way of verifying EEP and, in turn,
general relativity. Comparisons with predictions are there-
fore of prime importance.

A milestone in measuring the gravitational redshift was
reached with the Gravity Probe A (GP-A) mission in 1976.
A Scout rocket lifted a spacecraft with a hydrogen maser
frequency standard on board to an altitude of 10,000 km.
The frequency from the onboard maser was compared with
that from a maser on the ground. The resulting gravita-
tional redshift measurement was consistent with prediction
and had a fractional uncertainty of 1.4 x 10~* (Vessot and
Levine, 1979; Vessot, 1989). Recently, the two teams work-
ing on the GREAT project, using data from the Galileo 5
and 6 satellites erroneously launched into slightly elliptical
orbits with an eccentricity of 0.166 and semi-major axis of
~27,980 km, have published results that reduce this uncer-
tainty by more than a factor of 4 (Herrmann et al., 2018)
and 5.6 (Delva et al., 2018) respectively. In the future, the
ACES experiment, on board the International Space Sta-
tion in a nearly circular orbit at an altitude of ~400 km,
is expected to reduce the uncertainty down to the 10~° level
(Meynadier et al., 2018).

We conducted a similar experiment to GP-A in conjunc-
tion with the Russian-led international space Very Long
Baseline Interferometry (space VLBI) mission RadioAs-
tron (Kardashev et al., 2013). The RadioAstron spacecraft
was launched on 2011 July 18 into a highly elliptical orbit
around Earth with a perigee as small as ~7,000 km and an
apogee as large as ~350,000 km from the geocenter. Since
early on, the spacecraft has been used for astrophysical
space VLBI observations of compact radio sources. The
spacecraft has a hydrogen maser frequency standard (H-
maser) on board that operated until mid-2017. Ground
testing of this H-maser showed an Allan deviation of
2 x 107" for an averaging time of 1 h. Prior to the failure
of the onboard H-maser, the downlink carrier frequencies
of 8.4 and 15 GHz, locked to the frequency of the maser,
were recorded at ground stations, also equipped with H-
masers, during science observations. The ground stations
for RadioAstron are the 26-m Pushchino tracking station
in Russia (PU) and, from 2013 onwards, the 43-m Green
Bank tracking station at the West Virginia site of the
National Radio Astronomy Observatory in the USA
(GB). We refer to this space-to-ground mode of operation
as the 1-way mode. During the ~9 d elliptical orbits, the
spacecraft travels through the gravitational potential of
Earth, which according to the EEP, should cause a varying
gravitational redshift on the downlink signals with a rela-
tive frequency shift predicted to vary between 6.8 x 107"
and ~ 0.6 x 107'°. In order to measure the gravitational
redshift, various effects need to be subtracted from the
observed frequencies, the largest being the non-relativistic
Doppler shift. This must be computed using the orbit of
the spacecraft.

In addition to the 1-way mode, the spacecraft also oper-
ates in a 2-way mode where the downlink signals are phase

coherently locked to the uplink carrier frequency from the
ground station. Fig. 1 gives a block diagram for the two
modes. In the 2-way mode, the Doppler shift is doubled
while the gravitational redshift is cancelled. A combination
of both the 1-way and 2-way modes that cancels the non-
relativistic Doppler shift but retains the gravitational red-
shift allows the latter to be measured with much higher
accuracy. This combination is similar to the GP-A mode
of operation. The 1-way mode and the combination of
the 1-way and 2-way modes each have advantages and dis-
advantages. The 1-way mode is compatible with normal
science observations and thus allowed almost continuous
daily monitoring of the predicted varying gravitational red-
shift for ~5 yr, albeit with relatively low accuracy. Switch-
ing between l-way and 2-way modes, however, is not
compatible with normal science observations and requires
dedicated interleaved observations and so the varying grav-
itational redshift was monitored for relatively short peri-
ods, but with expected higher accuracy. Here we report
on our analysis of 1-way mode measurements recorded at
the ground stations and give preliminary results.

2. Modelling the 1-way data

The fractional frequency shift, Af
station is given by the equation:

obs/ /> measured at a

Afons D v2=02 | (vem)*—(ven)-(vem)
T 2c2 + c2 (1)
Af grav Af dlock Afiro Affine 3
+%+f+7p+7+0(%3)

as described in Biriukov et al. (2014), see also Sazhin et al.
(2010). The first term is the non-relativistic Doppler shift,
of order 107>, where D is the range rate or radial velocity
between the spacecraft and ground station and ¢ is the
speed of light. The second and third terms are the relativis-
tic contributions to the Doppler shift of order 10~'°, where
v. and v, respectively, are the velocity vectors of the station
and spacecraft in the J2000 reference frame and n is the
unit vector in the direction opposite to that of signal prop-
agation. The fourth term is the observed gravitational red-
shift between the ground station and spacecraft and is of
order 107'°. The fifth term, Af 4. /f, of order 107'!, is
due to the clock offset between the H-masers which drift
relative to each other over time, and includes both a con-
stant clock offset, y,, and to first order a linear clock drift,
y,, on the order of 107"*/d with Af,,./f = yo + it. The
sixth term, Af',,/f, of order up to 107", is due to the tro-

posphere. Effects of order 10~ and smaller arising from
the ionosphere, antenna phase center motion effects and
the gravitational effects of the Moon and Sun are grouped
together in Af,./f. Finally, O(v*/c®), of order 107", con-
sists of third order or higher terms that need not be consid-
ered given the accuracy achievable with our analysis.

In Fig. 2, we plot the total frequency shift and predicted
gravitational redshift for the month of January in 2014
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Fig. 1. Block diagram of RadioAstron’s modes of operation (Litvinov et al., 2018). In the 1-way mode (a), the downlink carrier frequencies from the
spacecraft are locked to the onboard H-maser. Measuring these frequencies at the station, also equipped with an H-maser, allows the gravitational redshift
to be monitored. In the 2-way mode (b), the onboard H-maser is not used. A combination of these modes is used to mostly cancel the non-relativistic

Doppler shift and the effect of the troposphere.
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Fig. 2. A plot of the predicted total fractional frequency shift between the spacecraft and the GB ground station for a number of ~9 d orbits, dominated

by the non-relativistic Doppler shift, —D/c, along with the much smaller gravitational redshift, Af

/f, with absolute values plotted against the

grav

logarithmic scale on the left side. In addition, the geocentric distance of the spacecraft, |ry|, is plotted with the scale on the right side. Time is given in days

since 2014 January 1.

together with the geocentric distance, ||, of the spacecraft.
The non-relativistic Doppler shift, which dominates the
total frequency shift, varies due to the motion of the space-
craft and Earth’s rotation. The largest fractional frequency
shifts are more than 107°. The gravitational redshift is
about 10* times smaller. Due to the large eccentricity of
the orbit, the spacecraft spends much more time near apo-
gee, where the gravitational redshift is near its maximum
value of ~ 6.8 x 107'°. Near perigee, the gravitational

redshift changes rapidly, reaching a minimum that depends
on the orbit, which is constantly evolving, but can be as
small as ~ 0.6 x 107"

3. Feasibility of determining the violation parameter €

A violation of the predicted gravitational redshift can be
parametrized by introducing a violation parameter, e,
defined as:
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Zobs = (1 + €)z (2)

where z = AU /c* with AU being the difference in Earth’s
gravitational potential between the ground station and
the spacecraft. The parameter € is what we seek to measure
with e = 0 corresponding to EEP being valid. To look for a
possible violation using measured fractional frequency
shifts, the state parameters for the spacecraft must be
known with sufficient accuracy to isolate the gravitational
redshift from other effects, particularly the much larger
non-relativistic Doppler effect. Orbit determination for
the RadioAstron mission is done using a variety of sources
of data, among them the same frequency observations
made at the PU and GB ground stations used in this anal-
ysis (Zakhvatkin et al., 2013, 2018). The position and
velocity of the spacecraft are determined using a least-
squares minimization in which no violation is assumed.
We conducted a covariance analysis, done independently
by two groups within our collaboration, to investigate
whether the determination of ¢ would be biased by this
assumption. No significant correlation between e and the
state parameters was found when they are estimated con-
currently. However, as was expected, a significant correla-
tion was found between e and the constant clock offset, y,.
Since the constant clock offset is difficult to measure inde-
pendently of the gravitational redshift, it is necessary to
modify the approach to determining ¢ by instead looking
at the variation of the gravitational redshift over the course
of an orbit.

We define a new quantity, the observed biased gravita-
tional redshift as:

Zb _ Af obs _ Afdopplcr _ Afm\P
obs f f S (3 )
— Moy + A clockc
s /

obtained by subtracting the modelled Doppler effects (first
three terms in Eq. (1)) and the modelled tropospheric
effects from Af./f, leaving the gravitational redshift
biased by the clock offset. The tropospheric effect is com-
puted using a tropospheric delay model based on seasonal
averages (Collins, 1999). Contributions from effects on the
order of 107" or smaller including the ionosphere and the
tidal effects of the Moon (~ 10~"*) and Sun (~ 10™'*) are
too small compared to the accuracy achievable with our
present analysis and are ignored. The observed biased grav-
itational redshift can thus be parametrized as:

D= (1+€)z+yy + 1t (4)

By taking the difference between pairs of observations,
the constant in the clock offset is removed:

A = (1+ €)Az + y, At (5)

However, the expected uncertainty in the estimate of e
determined in this way increases by more than an order
of magnitude as the variation of the gravitational redshift,
Az, is at least an order of magnitude smaller, on average,
than the value of the gravitational redshift, z.

4. Observations and raw data

About 3900 sessions of downlink carrier frequency mea-
surements were performed between 2012 and 2017, about
2700 at PU and the remaining 1200 at GB. Each session
is about 1 h long and most have data for both the downlink
carrier frequencies of 8.4 and 15 GHz. During each session,
frequencies were recorded every 40 ms resulting in over
100,000 frequency measurements at each of the two down-
link carrier frequencies. A total of 850 million frequency
measurements were obtained. At 40 ms intervals, frequency
measurements are affected by Gaussian noise with a frac-
tional frequency shift on the order of 107" and must be
smoothed in time. The frequency measurements from each
session are fit with a polynomial that is used to arrive at a
single frequency measurement at the mid-point of the ses-
sion. Fig. 3 displays the residuals from such a fit for one
session. Sessions after June 2017 are excluded as at that
time the onboard H-maser began to show signs of failure
prior to running out of hydrogen later in the summer.
GB sessions in 2013 when the station was temporarily on
a Rubidium standard are also excluded. In addition,
~12% of the remaining sessions where residuals aren’t suf-
ficiently Gaussian distributed are also excluded. These
additional excluded sessions are spread somewhat evenly
over the full 5 years for both stations.

5. Data analysis

Our goal is to estimate e. Starting with the interpolated
frequency measurement from each session, we obtain 20,
by subtracting the Doppler effects computed using
NOVAS' for the position and velocity vectors of the sta-
tions and the determined orbital state of the spacecraft.
The geodetic coordinates of GB are known from VLBI
observations to an accuracy more than sufficient for our
purposes. However, the coordinates for PU are only
known within a few meters which affects how accurately
the non-relativisitc Doppler shift can be computed and
which, in turn, could have an impact on the estimate of
e. In Fig. 4, panels (a) and (b) show observed biased grav-
itational redshift measurements at PU and GB from 2012
to 2017, which are mostly due to the gravitational redshift
including a possible violation due to € # 0 and the clock
offset between the onboard and station H-masers. Panels
(¢) and (d) zoom in on 60 d over which the variation of
the gravitational redshift is clearly visible and can be com-
pared to the predicted value for z. The effect of the clock
offset drifting over time is shown in Fig. 5.

Starting with N sessions, we formed pairs of sessions, at
times ¢; and ¢;, where i <j < N and Ar = t;— t;, over a max-
imum time interval, Aty., Wwhere 0 < Ar < At While a

' NOVAS is a software library for astrometry-related numerical
computations provided by the United States Naval Observatory. http://
aa.usno.navy.mil/software/novas/novas_info.php
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Fig. 3. A sample of the ~100,000 residuals from fitting the frequency measurements at 8.4 and 15 GHz with a polynomial for a single session of ~1 h at
Pushchino. The right panel shows the distributions of all the residuals at each downlink carrier frequency with almost complete overlap and with the

dashed lines being Gaussian fits.

maximum of N — 1 independent pairs are possible by pair-
ing each of the N sessions with another session, the restric-
tion on At results in fewer than N — 1 pairs. The choice
of which specific sessions to pair within the time interval is
made to maximize the magnitude of the gravitational red-
shift difference, |Az|, and thus maximize the sensitivity to
a possible violation. By differencing the observed biased
gravitational redshift to obtain Az, the constant clock
offset, y,, is cancelled. Fitting these differences to a model
based on Eq. (5) allows the violation parameter, €, to be
determined along with y,. However, if the mean of the ratio
of At and Az over time, (At/Az), is sufficiently small, which
can be arranged by using a At,,,, that is relatively short,
say < 10 d, then the effect of the clock drift (as shown in
Fig. 5) is small compared to the accuracy of e achievable
in our analysis and can be ignored.

6. Estimate of €

For estimating ¢, we maximize the signal and minimize
systematics and noise by considering only those session
pairs with the largest gravitational redshift differences.
We choose a minimum magnitude of the predicted gravita-
tional redshift difference of |Az|,, =1 x 107" over a time
interval of less than At,,, = 4.5 d, about half an orbit,
resulting in a weighted mean of (At/Az)= 4 x 10° d for
PU and GB. This choice allows the drift parameter, y,,
to be ignored but it still produces a sufficient number of
pairs for our statistical analysis. The parameter € is com-
puted for each pair. Outliers are eliminated using a filter
based on a 3¢ criterion resulting in fewer than 6% of pairs
being excluded. In Table 1, we list the mean values for our

estimates of ¢, together with their standard errors,
separately for PU and GB and for the two downlink sig-
nals. Individual estimates of ¢, for each session pair, are
plotted in Fig. 6. The solutions for the mean of e at the
two downlink carrier frequencies and for the two stations
are all within a combined 0.5 o4,.. However, the solutions
show a trend with time that we fit by a parabola to estimate
systematic errors. The fit is very similar for the two down-
link carrier frequencies at a given station and somewhat
similar between the stations. This trend is expected to be
due to unmodeled effects, possibly related to the error in
accounting for the non-relativistic Doppler shift. We tried
excluding sessions at times when the uncertainty in the
orbital state parameters is highest, for example, during
the summer months when there are fewer sessions as well
as near perigee, but found the resulting fits to be within
lo of the combined statistical uncertainty. In fact, no sub-
set of the data has been found that eliminates the system-
atic trend. We also analysed the effect of not accounting
for the clock drift between the H-masers and, as expected,
found that it does not explain the systematic trend. We esti-
mate the magnitude of the systematic effect using the max-
ima and minima of the parabolas in the time range of the
observations given in the table as oy sic. Our final estimate
of the systematic errors, oy, enlarges this range by taking
into account the 68% confidence bands of the fit.” Our

2 Both linear and parabolic fits were tried giving systematic errors with
68% confidence bands included of 0.017-0.028, respectively. We lean away
from a cubic fit or higher as these aren’t suggested by the scatter of the
data and, instead, use a parabolic fit yielding a more conservative
systematic error of 0.030 after rounding up.
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from each session at PU and GB between 2012 and 2017. For each session,
one point is plotted for each of the two downlink carrier frequencies. Panels (c) and (d) zoom in on 60 d to show the variation in the gravitational redshift
in detail. The predicted gravitational redshift, z, is shown in green for comparison. The offset between the two is mostly due to the clock offset between the
onboard and station H-masers. Time is given in days since 2012 January 1. The periods where there are fewer data points correspond to the summer
months when the number of experiments with RadioAstron dropped off due to constraints on spacecraft attitude limiting the visibility of radio sources of
interest. During these months, most sessions were closer to perigee resulting in smaller gravitational redshifts. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Panel (a) and (b) show the observed biased gravitational redshift minus the predicted gravitational redshift from each session for PU and GB
between 2012 and 2017. This difference is mostly due to the clock offset between the onboard and ground station H-masers drifting over time, apart from
any contribution due to a possible non-zero violation parameter. Time is given in days since 2012 January 1.
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Table 1
Mean values for ¢ with uncertainties.
PU GB

8.4 GHz 15 GHz 8.4 GHz 15 GHz
€ —0.018 —0.018 —0.006 —0.002
Ostat 0.002 0.002 0.005 0.005
Osyst.fit 0.020 0.015 0.040 0.040
Oyst 0.025 0.020 0.055 0.060
No. pairs 967 965 191 182

average for €, weighted by the number of pairs, with statis-
tical and systematic errors is:

€= —0.016 £ 0.003,; & 0.030y

This estimate of € is consistent with zero within the com-
bined uncertainties.

7. Discussion

We have presented an estimate of € on the basis of 1-way
frequency measurements at two stations and at two down-
link carrier frequencies. Since the constant clock offsets
between the onboard H-maser and the H-masers at the sta-
tions is difficult to measure independently of the gravita-
tional redshift, only differenced frequency measurements
are used to estimate e. Given our criteria for pairing obser-
vations, the difference in gravitational redshift is, on aver-
age, ~30 times smaller than the absolute effect, and
therefore the expected statistical noise floor is about 30
times larger. The statistical uncertainty for e is approxi-
mately at the expected level and cannot be reduced much
further using the 1-way data obtained at the ground sta-
tions. The systematic uncertainty, however, is tenfold lar-
ger. If the systematic trend in the fit of € over the five
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years of observations were to be accounted for, the total
error would be reduced significantly. This systematic effect
is possibly due to the error in accounting for the
non-relativistic Doppler shift, —D/c, necessary when using
1-way data alone. Our dedicated interleaved observations
of 1-way and 2-way data, however, offer the possibility of
mostly eliminating the non-relativistic Doppler shift and
potentially allow three orders of magnitude more accurate
estimates (Litvinov et al., 2018).

8. Conclusions

In summary:

For 5yr a varying gravitational redshift was observed
with the RadioAstron spacecraft, which is in an eccen-
tric orbit from near Earth out to a distance of
~350,000 km.

e The observations were made with the ground stations at
Green Bank, USA, and Pushchino, Russia, in the 1-way
operating mode at the downlink carrier frequencies of
8.4 and 15 GHz.

These are the first measurements of the varying flow of
time over such large distances in the vicinity of Earth.
e We estimate the violation parameter ¢ = —0.016+
0.003tat = 0.0304ys

This estimate of € is consistent with zero within the com-
bined statistical and systematic uncertainties and there-
fore consistent with the predictions of the FEinstein
Equivalence Principle which is foundational to general
relativity.

e While the statistical uncertainty is at the expected level,
the systematic uncertainty is tenfold larger, possibly due
to the error in accounting for the non-relativistic
Doppler shift.
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Each point is plotted at the mid-point of the session pair. The rms scatter of 0.07 at PU and 0.08 at GB, is ~3 times smaller than what would be expected
from the uncertainty due to errors in the orbital velocity of the spacecraft found to be 1.36 mm/s (Zakhvatkin et al., 2018) in any direction. The parabolic
fits, almost indistinguishable at the two downlink carrier frequencies, highlight a trend which we consider to be a systematic error. Time is given in days

since 2012 January 1.
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e Dedicated interleaved observations using the 1-way and
2-way modes mostly eliminate the non-relativistic Dop-
pler shift and promise to reduce the total uncertainty of
€ by possibly three orders of magnitude.
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