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Indication, from Pioneer 10/11, Galileo, and Ulysses Data, of an Apparent Anomalous,
Weak, Long-Range Acceleration
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Radio metric data from the Pioneer /0, Galileo, and Ulysses spacecraft indicate an apparent
anomalous, constant, acceleration acting on the spacecraft with a magritiflex 1078 cm/s,
directed towards the Sun. Two independent codes and physical strategies have been used to analyze
the data. A number of potential causes have been ruled out. We discuss future kinematic tests and
possible origins of the signal. [S0031-9007(98)07300-1]

PACS numbers: 04.80.Cc, 95.10.Eg, 95.55.Pe

Exploration of the outer planets began with the launchthe faster-moving Pioneer 10) found that the biggest
of Pioneer 10 on 2 March 1972 [1]. (Pioneer 11 followedsystematic error in the acceleration residuals is a constant
on 5 April 1973.) After Jupiter and (for Pioneer 11) bias ofap ~ (8 = 3) X 1073 cm/<’, directedtowardthe
Saturn encounters, the two spacecraft followed hyperboliSun [3], to within the accuracy of the Pioneers’ antennas.
orbits near the plane of the ecliptic to opposite sides of thés possible “perturbative forces” to explain this bias, we
solar system. Although Pioneer 10 is still transmitting, itsconsidered gravity from the Kuiper belt, gravity from
mission officially ended on 31 March 1997 when it was atthe galaxy, spacecraft “gas leaks,” errors in the planetary
the distance of 67 astronomical units (AU) from the Sun.ephemeris, and errors in the accepted values of the
Pioneer 11's radio system failed and coherent DoppleEarth’'s orientation, precession, and nutation. None of
signals were last received on 1 October 1990, when ththese “forces” explained the apparent acceleration. Some
spacecraft was 30 AU away from the Sun. were 3 orders of magnitude or more too small.

The Pioneer spacecraft are excellent for dynamical as- Nongravitational effects, such as solar radiation pres-
tronomy studies. Because of their spin stabilization andure and precessional attitude-control maneuvers, make
their great distances, a minimum number of Earth-attitudemall contributions to the apparent acceleration we have
reorientation maneuvers are required. This permits presbserved. The solar radiation pressure decreases’as
cise acceleration estimations, to the levellof '° cm/s>  As previously indicated for the Pioneers, at distances
(averaged over 5 days). Contrariwise, a Voyager-type>10—15 AU it produces an acceleration that is much less
spacecraft is not well suited for a precise celestial methan8 X 10~% cm/s’, directedawayfrom the Sun. (The
chanics experiment as its numerous attitude-control masolar wind is roughly a factor of 100 smaller than this.)
neuvers overwhelm any small external acceleration. A possible systematic explanation of the residuals

To obtain theS-band Doppler data from the Pioneer is nonisotropic thermal radiation. P8 (half-life of
spacecraft, NASA used the Jet Propulsion Laboratory’87.74 yr) radioactive thermal generators (RTGs) power
(JPL) Deep Space Network (DSN). This data was used ithe Pioneers. At launch, the RTGs delivered 160 W
the two analyses described below to determine Pioneersf electric power. Power has decreased approximately
initial position, velocity, and the magnitudes of the orien-linearly ever since. By 1997 a little less than 80 W were
tation maneuvers. The analyses were modeled to includavailable. The excess power and the heat generated by
the effects of planetary perturbations, radiation pressurghe plutonium has been thermally radiated into space.
the interplanetary media, general relativity, and bias and’he power needed for this to explaip is ~85 W.
drift in the range and Doppler. Planetary coordinates and here is almost that much available, but presumably the
the solar system masses were obtained using JPL’s Exadiation was approximately isotropic. Further, if it were
port Planetary Ephemeris DE200. Both analyses calcuaot, and was the cause afp, this acceleration would
lated Earth’s polar motion and its nonuniform rotation have decreased with time. After 1980, no such (linearly
using the International Earth Rotation Service. decreasing) acceleration was observed. Another radiation

Beginning in 1980, when, at 20 AU from the Sun, source is the Pioneer radio beam. The power emitted from
the solar radiation pressure acceleration had decreasedttee antenna is 8 W. This implies a bias maximum of
<5 X 1078 cm/s” [2], JPL’s orbit determination program less than 9% ofip, and in theoppositedirection. (The
(ODP) analysis of unmodeled accelerations (at first withinfluence of the bias is being investigated.)
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We conclude, from the JPL-ODP analysis, that thereof JPL's ODP, was performed. Although, by necessity,
is an unmodeled acceleratiomp towards the Sun of both programs use the same physical principles, planetary
(8.09 = 0.20) X 1073 cm/s> for Pioneer 10 and of ephemeris, and timing and polar motion inputs, the algo-
(8.56 = 0.15) x 1078 cm/s* for Pioneer 11. The erroris rithms are otherwise quite different. If there were an error
determined by use of a five-day batch sequential filter within either program, they would not agree. (Common pro-
radial acceleration as a stochastic parameter subject fram elements continue to be investigated.)
white Gaussian noise{500 independent five-day samples  The CHASMP analysis of Pioneer 10 data also showed
of radial acceleration) [4,5]. No magnitude variation an unmodeled acceleration in a direction along the radial
of ap with distance was foundyithin a sensitivity of toward the Sun [9]. The value i$8.65 = 0.03) X
2 X 10~% cm/s* over a range of 40 to 60 AU. 10~% cm/<?, agreeing with JPL’s result. The smaller error

Continuing our search for an explanation, we consid-here is because the CHASMP analysis used a batch least-
ered the possibilities: (i) that the Pioneer/1Q spacecraft squares fit over the whole orbit [4], not looking for a
had internal systematic properties, undiscovered becausariation of the magnitude afp with distance.
they are of identical design, and (ii) that the acceleration Without using the apparent acceleration, CHASMP
was due to some not-understood viscous drag force (preshows a steady frequency drift of aboté X 10~° Hz/s,
portional to the approximately constant velocity of theor 1.5 Hz over 8 yr (one way only). This equates to
Pioneers). Both of these possibilities could be investia clock acceleration;-a,, of —2.8 X 1078 s/s>. The
gated by studying spin-stabilized craft whose spin axe&entity with ap is ap = a;c. The drift in the Doppler
are not directed towards the Sun, and whose orbital veloaesiduals (observed minus computed data) is seen in Fig. 1.
ity vectors are far from being radially directed. It is clear, definite, and cannot be removed without either

Two candidates were Galileo in its Earth-Jupiter mis-the added acceleratioma,», or the inclusion in the data
sion phase and Ulysses in a Jupiter-perihelion cruise outself of a frequency drift, i.e., a “clock acceleratioan;.
of the plane of the ecliptic. As well as Doppler data, these If there were a systematic drift in the atomic clocks of
spacecraft also yielded a considerable quantity of rangthe DSN or in the time-reference standard signals, this
data. Ranging data are generated by cross correlatingveould appear like a nonuniformity of time; i.e., all clocks
phase modulated signal with a ground duplicate and notwould be changing with a constant acceleration. We have
ing the time delay. Thus, the ranging data are independemipt yet been able to rule out this possibility. Elements
of the Doppler data, which represent a frequency shift otommon to the Doppler and range tracking systems (e.g.,
the radio carrier wave without modulation. (For example,DSN station clocks) need to be investigated. For example,
solar plasma introduces a group delay in the ranging dataow and to what accuracy are the clocks at different
but a phase advance in the Doppler data.) Ranging dafaSN stations tied to each other and to external national
can be used to distinguish an actual range change from a
fictitious one caused by a frequency error.

A quick look at Galileo data showed it was impossible
to separate the solar radiation effect from the anomalous
constant acceleration with the limited data analyzed (241
days from 8 January 1994 to 6 September 1994) [6].

However, an analysis of the radiation pressure on
Ulysses in its out-of-the-ecliptic journey, from 5.4 AU
near Jupiter in February 1992 to the perihelion at 1.3 AU
in February 1995, found a varying profile with distance M
[7]. The orbit solution requires a periodic updating of the
solar radiation pressure. The radio Doppler and rangingg -io|- L
data can be fit to the noise level with a time-varying Nr
solar constant in the fitting model [8]. The inferred -a0 t \
solar constant is about 40% larger at perihelion (1.3 AU)
than at Jupiter (5.2 AU), a physical impossibility. By -0
interpreting this time variation as a true? solar pressure

400

300

200

100 -

0 iy

Doppler Velocity (mm/sec}

+

- aret

T

¥

plus a constant radial acceleration, we conclude thar -o;——b—t—— 1 1 L1 —
Ulysses was subjected to an unmodeled acceleratiol. Days from 1 Jan 1987 09:00:00
towards the Sun of12 * 3) X 107 cm/s’. FIG. 1. Two-way Doppler residuals (observed Doppler veloc-

With no explanation of this data in hand, our atten-ity minus model Doppler velocity) for Pioneer 10 in igvs
tion focused on the possibility that there was some ertime. Solar system gravity is represented by the Sun and the

ror in JPL’s ODP. To investigate this, an independenlf'anetary systems [17]. [If one adds one more parameter to
X he model (a constant radial acceleration) the residuals are dis-

an(_elly?is of the raw data using The Af—:‘rospage Corpot'ributed about zero Doppler velocity with a systematic variation
ration’s Compact High Accuracy Satellite Motion Pro- —30 mms! on a time scale-3 months.] The outliers on the

gram (CHASMP), which was developed independentlyplot were rejected from the fit.
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standards? Are there differences in the orbital fits when If the cause is dark matter, it is hard to understand. The
different stations’ data are analyzed separately? spherically symmetric distribution of mattep, ~ r~!,
Aerospace’s analysis of Galileo data covered the samproduces a constant acceleratimside the distribution.
arc as JPL and a second arc from 2 December 1992 teor this to causezp, even only out to 50 AU, would
24 March 1993. Doppler data from the first arc resultedrequire the total dark matter to be3 x 10~*M,. But
in a determination foup of ~(8 = 3) X 1078 cm/s?, a  this is in conflict with the accuracy of the ephemeris,
value similar to that from Pioneer 10. But the correlationwhich allows only of order a few times0 °M,, of dark
with solar pressure was so high (0.99) that it is impossiblenatter even within the orbit of Uranus [11]. (A 3-cloud
to decide whether solar pressure is a contributing factomeutrino model also did not solve the problem [12].)
(Galileo is less sensitive to both the-- and a,-model Contrariwise, the most commonly studied possible
effects than the Pioneers. The Pioneers have a smallenodification of gravity (at various scales) is an added
solar pressure and a longer light travel time. SensitivityYukawa force [13]. Then the gravitational potential is
to a clock acceleration is proportional to the light travel _ _
time squared.) The second arc was 113 days long, starting V() = =GMm[(1 + )71 + aexp ], (1)
6 days prior to the second Earth encounter. This solutiofvhere « is the new coupling strength relative to Newto-
was also too highly correlated with solar pressure, angiian gravity, andx is the new force’s range. Since the

the data analysis was complicatec_i k_)y many midcoursgadial force isF, = —d,V(r) = ma, the power series for
maneuvers. The maneuver uncertainties were so great thife acceleration yields an inverse-square term, no inverse-
a standard null result could not be ruled out. r term, then a constant term. Identifying this last term as

However, there was an additional result from this secthe Pioneer acceleration yields
ond arc. This arc was chosen for study because there was Cir 2o
ranging data. The two-way range change and time inte- ap = —a1a[2(1 + )] [ri/A°], 2)
grated Doppler are consistenttal m over a time interval whereq; is the Newtonian acceleration at distange=

of 1 day. Thisis strong (b_ut not conclusive) evidence thay a . (Out to 65 AU there is no observational evidence
the apparent acceleration is not the result of hardware prols a1 » term in the acceleration.) Equation (2) is the

lems at the tracking stations. _ solution curve; for examplep = —1 X 1073 for A =
With these added discoveries, what other possiblgg) au.
origins for the signal come to mind? It is also of interest to consider Milgrom’s proposed

One can speculate that there is some unknown inmqgification of gravity [14], wherez = 1/r2 for some
teraction of the radio signals with the solar wind. An constant, < « anda = 1/r for ay > a. Depending on
experimental answer could be given with two differentihe yajue of the Hubble constant, we find thgt~ ap.
transmission frequencies. Although the main communi- of course, there are (fundamental and deep) theoretical
cation link on the Ulysses missionSsup/X-down mode,  proplems if one has a new force of the phenomenological
a small fraction of the data iS-up/S-down. We planto ynes of those above. Even so, the deep-space data
utilize this option in further analysis. , piques our curiosity. However, these and other universal-

If no normal explanation for the residuals is found, yravitational explanations for the Pioneer effect come up

further tests of the effect are needed. The Weake”'”ﬁgainsta hard experimental wall.
Pioneer 10 signal can still be reacquired for a short “The anomalous acceleration is too large to have gone
time. (The NASA/Ames Lunar Prospector Team has ndetected in planetary orbits, particularly for Earth and
|n_term|tte_ntly done this for training purposes, producindpars. NASA's Viking mission provided radio-ranging
high-quality data.) Further Ulysses data would also helpmeasurements to an accuracy of about 12 m [15,16]. If a

The Pluto Express mission could provide an excellenpjanet experiences a small, anomalous, radial acceleration,

opportunity for high-quality data from very deep space,,, | its orbital radius- is perturbed by
especially if optical tracking is used. A similar opportu-

nity may exist, out of the plane of the ecliptic, from the Ar = —1%a4/(GMo)* — —rlaa/an], 3)
proposed Solar Probe mission. Under consideration is
low-mass module to be ejected during solar fly-by.

With all of the above, it is interesting to speculate on
the possibility that the origin of the anomalous signal is
new physics [10]. This is true even though the probability,
is that some “standard physics” or some as-yet-unknow
systematic will be found to explain this “acceleration.”
This probability is of interest in itself, given that we have
found no plausible explanation so far.

The paradigm is obvious. “Is it the effects of dark
matter or a modification of gravity"? Unfortunately, .
neither easily works. Aw = 2lay/(GMg) — 20[as/ay]. 4
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fhere1 is the orbital angular momentum per unit mass
and ay is the Newtonian acceleration at [The right
value in Eq. (3) holds in the circular orbit limit.]

For Earth and MarsAr is about—21 and —76 km.
However, the Viking data determines the difference be-
tween the Mars and Earth orbital radii to about a 100 m
accuracy, and their sum to an accuracy of about 150 m.
The Pioneer effect is not seen.

Further, a perturbation in produces a perturbation to
the orbital angular frequency of
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The determination of the synodic angular frequengy — M.M. Nieto, T. Goldman, J.D. Anderson, E.L. Lau,
wy IS accurate to seven parts if0'!, or to about and J. Pérez-Mercader, ifProceedings of the Third
5 ms accuracy in synodic period. The only parameter  Biennial Conference on Low-Energy Antiproton Physics,
that could possibly mask the spacecraft-determimgds LEAP'94, edited by G. Kernel, P. Krizan, and M. Mikuz

GM,. But a large error here would cause inconsistencies é\av/‘gﬁzsginﬁﬁc’ Singapore, 1995), p. 606; e-print hep-

Wlu;higr:ljﬁgp:ﬁgftgg (\E/F?Eiimergi [ilnl’lg]alta limit an [4] B.D. Tapley, in Recent Advances in Dynamical Astron-
g ranging Y " omy, edited by B.D. Tapley and V. Szebehely (Reidel,

unmodeled radial accelereitsion acting on Earth and Mars Boston, 1973), p. 396.

to no more than0.1 X 10°* cm/s’. Consequently, if 5] All errors are from the covariance matrices associated
the anomalous radial acceleration acting on spinning  with the least-squares analysis [4]. The assumed data
spacecraft is gravitational in origin, it isot universal. errors are larger than the standard error on the postfit
That is, it must affect bodies in the 1000 kg range more  residuals. (For example, the Pione&rband Doppler
than bodies of planetary size by a factor of 100 or more.  error was set ai mms™' at a Doppler integration time
This would be a strange violation of the principle of of 60 s, as opposed to a characteristic chi-squared value
equivalence (PE) [18]. The fact that an anomalous signal  ©f 0.3 mms™') Thus, the quoted errors are realistic, not
is not seen in the analysis of the Viking Lander ranging formal,_representmg an attempt to include systematics and
data gives us added confidence that the anomaly is not feddening of the noise spectrum by solar plasma. Any
related to DSN hardware. However, the Viking Lander SpeCtraltp?ak.? n tthf pggg/f't P'?.geer D|°pp||er residuals
data have not been analyzed by either ODP or CHASMP,[6 Jrere nos signiiican; a a o7 contaence eve

= ) . ] For a description of Galileo’s mission, see T.V. Johnson,
so we cannot make a similar claim regarding software " * ¢ . veats, and R. Young, Space Sci. R60, 3 (1992);

errors. _ _ for the trajectory, see L.A. D’Amario, L.E. Bright, and
Similarly, theA o results rule out the universality of the A.A. Wolf, Space Sci. Rev60, 22 (1992).

a, time-acceleration model. In the age of the universe, [7] T. McElrath (private communication).

T, one would haveath/z ~ 0.7T. (Another unusual [8] T.P._MqEIrath, SW Thurman, and K. E. Criddle, AAS

possibility is that there is some unknown nonkinematic  Publications Office Paper No. AAS 93-687, 1993.
Clearly, more analysis, observation, and theoretic Report No. NAGW-4968, 1996. ,

work are called for. Further details will appear elsewhere 10] Pioneer 10 yielded other fundamental physics, a photon
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