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The quest to understand the Pioneer anomaly

Michael Martin Nieto,
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uring the 1960’, when the Jet Propul sion Laboratory (JPL)

first started thinking about what eventually became the
"Grand Tours' of the outer planets (the Voyager missionsof the
1970’ and 1980%), the use o planetary flybysfor gravity assstsof
gpacecraft becameof greet interest. The concept wasto useflybys
of themgjor planetsto both modify the direction of the spacecraft
and aso to add to its heliocentricvel ocity in amanner that was
unfeasible usngonly chemical fuds Thefirsttimetheseidesswere
put into practicein deep spacewaswith the Pioneers.

A Fig. 1: Pioneer 10's launch on 2 March 1972.
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Pioneer 10 was launched on 2 March 1972 local time, aboard
an Atlas/Centaur/TE364-4 launch vehicle (seeFig. 1). It wasthe
first craft launched into deep space and was the first to reach an
outer giant planet, Jupiter,on4 Dec.1973(1, 2]. Later it wasthe first
to leavethe" solar system”” (pastthe orbit of Pluto or, should we now
say, Neptune). The Pioneer project, eventually extending over
decades, was managed at NASA/AMES Research Center under the
handsof four successiveproject managers, thelegendary Charlie
Hll, Richard Fimmel, Fred Wirth, and the current Larry Lasher.

Whilein its Earth-Jupitercruise, Pioneer 10 wastill boundto
thesolar system. By 9 January 1973 Pioneer 10 wasat adistanceof
340 AU (Astronomical Units), beyond the asteroid belt. Thisin
itself wasa happy surprise, as the craft had not been destroyed
passing through. With the Jupiter flyby, Pioneer 10 reached escape
velocity from the solar system. It was then headed in the generdl
direction oppositethe relative motion of the solar system in the
locdl interstellar dust cloud or oppositeto thedirection towardsthe
gdactic center.

Pioneer 11 followed soon after with alaunch on 6 April 1973,
cruisingto Jupiteron an gpproximateheliocentricdlipse Thistime
during the Earth-Jupiter cruise, it was determinedthat a carefully
executed flyby of Jupiter could put the craft on atrajectory to
encounter Saturn in 1979. On 2 Dec. 1974 Pioneer 11 reached
Jupiter,whereit underwent the Jupiter gravity assist that sent it
back insdethesolar systemto catch up with Saturn on thefar side.
It wasthen still on an dlipse, but amore energeticone. Pioneer 11
reached as closeto the Sun as 3.73 AU on 2 February 1976.

Pioneer 11 reached Saturn on 1 Sept. 1979. The trgjectory took
the craft under thering plane on approach and it camewithin
24,000 km of Saturn. After encounter, Pioneer 11 wason an
escapehyperbolicorbit. Themotion of Pioneer 11 isapproximate-
lyinthedirection of the Sun's relative motion in the local
interstellar dust cloud (towardsthe heliopause). Itsdirectionis
roughly anti-parallel to the direction of Pioneer 10.

InFigure2thetrgectoriesdf the Pioneersintheinner solar sys-
tem are shown. I n Figure 3 the trgjectories of the Pioneersand
Voyagasover the entiresolar system are shown.

The Pioneer Navigation ,

Thenavigationto Jupiterwascarried out at the Jet PropulsionLab-
oratory using NASA's Deep Space Network (DSN). It was
ground-breakingin its advances and fraught with crises. To suc-
ceed the navigation team needed to modify the codes with
real-timefixes. (SeeFg. 4). But the team succeeded.

The navigation used aDoppler signa.An S-band sgnd (-2.11
Ghz) wassent viaa DS\ antennalocated either at Goldstone, Cdli-
fornia, outsideMadrid, Spain, or outside Canberra, Austrdia.On
reachingthe craft the sgnal was transponded back with a(240/221)
frequencyratio (—2.29Ghz),and rece vedback at thesamegtation (or
a another gation if, duringthe radio round trip, the origind station
had rotated out of view). Therethe signa was de-transponded by
(2211240) and any Doppler frequency shift was measured directly by
cydecount comparedto an atomicclock Theideawasto determine
thevedocity asafunction of timeandfrom thiscadculateatrgectory,
aprocedurethat isdoneiterativelyto improvethe accuracy.

! An Astronomical Unit is the mean Sun-Earth distance, about 150,000,000km.
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A Fig. 2: The Pioneer orbits in the interior of the solar system.

» Fig. 3 Ecliptic pole view of the Pioneer 10, Pioneer 11 and \Voyager
trajectories. Pioneer 10 i traveling in a directionalmost opposite o the
galactic center, while Pioneer 11 is heading approximately in the
closest direction to the heliopause. The direction of the solar system's
motionin the galaxy is approximatelytowards the top.
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However, to obtain the spacecraftvel ocity as afunction of time
from thisDoppler shiftis not essy. The codesmust includedl grav-
itational and time effectsof general relativity to order (v/c)*and
someeffectsto order (v/c)*. The ephemeredesof the Sun, planets
and their large moons as well as the lower mass multipole
momentsareincluded. The positions of the recelving stationsand
the effectsof the tides on the exact positions,the ionosphere, tro-
posphere, and thesolar plasmaareincluded.

Given the abovetools, precise navigation was possible because,
dueto aserendipitousstrokedf luck, the Pioneerswere spin-stabi-
lized. Thisis contrary to, for example, the later Voyagerswhich
were 3-axis stabilized.With spin-stabilizationthe craft are rotated
a arate of ~(4-7) rpm about the principal moment-of-inertia
axis. Thus, the craft is a gyroscope and attitude maneuversare
needed only when the motions of the Earth and the craft move
the Earthfrom theantenna’s line-of-sight. With 3-axisstabilization,
there are continuous,semi-autonomous,small gas jet thruststo
maintain the antennafacing the Earth. Thisyieldsanavigation
that isnot as precise asthat of the Pioneers.

The Pioneerswerethe first deep spacecraftto use nuclear heat
from **Pu asa power sourcein Radioi sotope Thermoel ectric Gen-
erators (RTGs). The RTGswere placed at the end of long booms
to be away from the craft and thereby avoid any radiation damage.
(SeeFg. 5) Thus, thecraft had to be spin-stabilized. Especially in
thelater years, only afew orientation maneuverswere needed
every year to keep the antenna pointed towardsthe Earth, and
these Could be easily modeled.

Even so, there remained one relatively large effect on thisscde
that had to be modeled: the solar radiation pressure of the Sun,
which aso dependson the craft's orientation with respect to the
Sun. Thiseffect is gpproximately 1130,000 that of the Sun's gravity
onthePioneersand dso decreasesastheinverse-squaredt thedis
tance. It produced an acceleration of —20 x 10 * cm/s” on the
Pioneer craft a the distance of Saturn (9.38 AU from the Sun at
encounter). (For comparison, the gravitational accelerationof the
Sun at the Earth is 0.593 cm/s?). Therefore, any "unmodel ed
force" on the craft could not be seen very wel below thislevel at
Jupiter.However, beyond Jupiterit became possible.
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Discovery of the Anomaly

One d the main experiments on the Pioneers was radioscience
celegtid mechanics.In 1969 Tohn Anderson becamethe Pl of this
program, remaining so until the officid end of the extended mis-
son[3] in 1997. Workingwith Eunice Lau (whodso later joined
the Pioneer anomaly Collaboration), the Pioneer Doppler data
going back to 1976 for Pioneer 11 and 1981 for Pioneer 10 (butalso
including the Jupiter flyby) was archived at the National Space
Science Data Center (NSSDC),something that later was extreme-
ly helpful.

Part of the celestial mechani cseffort, working together with the
navigationteam, was to model the trajectory of the spacecraft
very precisdy and determineif there were any unrnodeled effects.
Around Jupiter none could be found. But over time, anumber of
approximately 6-month to |-year averagesof the datawere taken
from both Pioneer 10 and Pioneer 11 and by 1987it wasdear that
an anomal ous accel eration appeared to be actingon the craft with
amagnitude = 8 x 10® cm/s?, directed approximatelytowardsthe
Sun. (SeeHg. 6).

For independent reasons,in 1994 the current author contacted
Anderson about gravity in the solar system. When the anomaly
came up its magnitudewas a great personal surprise. The result
was an announcement in a 1994 Conference Proceedings. The
gtrongest immediate reaction was that the anomaly could well be
an artifact of JPLs Orbital Data Program (ODP), and could not be
taken serioudly until an independent code had tested it. So Ander-
son put together ateam that included two former Pioneer
co-workers (seeFig. 4) who were then associated with The Aero-
space Corporation. These two used the independent CHASMP
navigation code they had developed to ook at the Pioneer data.
To within small uncertainties, their result wasthe same.

The Pioneer anomaly Collaboration's discovery paper
appeared in 1998 [4] and afinal detailed analysisappearedin
2002 [5]. The latter used Pioneer 10 data spanning 3 January
1987 to 22 July 1998 (when the craft was40 AU to 705 AU from
the Sun) and Pioneer 11 dataspanning 5 January1987to 1 Octo-
ber 1990 (when Pioneer 11 was 22.4 to 31.7 AU from the Sun).
The result, after accounting for all known systematics,wasthat =
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A Fig. 4 Membersof the JPL navigation team working on theday o
Fioneer 10s launch. In theforeground are Tony Liu and Fhil Laing,
who laer became part d the Fionear anomdy Collaboration. in the
background are Sun Kuen Wong, Jack Hohikian, Steve Reinbold,and
Bruce O'Reilly. Notethe sack d computer program cards labded
“LAST CARD; the large format computer printout paper,and the
Tektronix scope, evidence d the technol ogiesused then.

- there is an unmodeled acceleration, directed approximately
towards the Sun, of

ap = (8.74 + 1.33) x 10 cm/s™

Meaning of the anomaly

Thedecisionto use modern datain thefinal andysswas motivat-
ed by anumber of reasons. i) It waseadly accessbleandin modern
format, ii) the craft werethen further awvay from the Sun (greater
than 40 and 20 AU, respectively, for Pioneers10 and 11) so solar
radiation pressurewasasmaller complicating factor, and iii) fur-
ther out therewerefewer antennaEarth-reorientationmanoeuvres
that had to be modeled. To the accuracy of the analysis, the
anomaly was constant, but this accuracy was only —15%.

This brings up the problem of heat radiating out from the craft
in anon-isotropic manner. Since at launch therewere 2500 W of
heat coming from the RTGs and only 63 W of directed power
could cause the effect, it istempting to assume this must bethe
cause. However, even though admittedly thisisthe most likely
explanation of the anomaly, no one asyet has been able to firmly
tiethis down, despite heated controversy [6]. The craft was
designed,again serendipitoudly sothat theheat wasradiated out in
avery fore/aft symmetric manner. Further, the heat from electric
power went down by almost afactor of 3 during the mission. Heet
as amechanism remainsto be clearly resolved.

Dragfromnormal matter dust aswel as gravity fromtheKuiper
belt havebeen ruled out. Also, if thisisamodificationd gravity, it
isnot universal; i.e, it does not affect planetary bodiesin bound
orbits. It could,in principlebei) some strange modification of
gravity,ii) dragfrom dark matter or amodificationof inertia, or iii)
alight acceleration. (Remember,thesigna isa Doppler shiftwhich
isonly interpreted as an acceleration).In such circumstancesthe
true direction of the anomaly should bei) towardsthe Sun, ii)
dongthecraft velocity vector?, or iii) towardsthe Earth. (If theori-
gnishesat the accelerationwould beiv) a ongthe spin axis).

Technicallyit isalong the vector sumof the spacecr aft velocity and the dark
matter'schangein velocity.
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Findingthe origin of the anomaly

a) Usingdl thedata.

If dl the Doppler data, fromlaunchto last contact, wereto beana-
lyzed together anumber of thingswould be obviated [7)]. Firt, it
would be easier to seeif the anomaly istruly a constant or rather
if it exhibitsa half-life corresponding to the 87.74 years of »¢py,,
Also, if the effects of solar radiation pressureand many manoeu-
vresthat occur closein to the Sun could be disentangled,onemight
be able to do 3-dimensional tracking precisely enough to deter-
minetheexact directionaf theanomaly. Perhapsmostintriguingly,
by closdy studying the data.around Pioneer 11’s Saturn flyby (and
Pioneer 10s Jupiter flyby) it could be determined if, indeed, there
was an onset near thesetransitionsto hyperbolic-orbits.

The Doppler data archived at the NSSDC and the data used in
the summary analysis[5], as well as other pieces obtained else-
where have recently been reacquired, translated and compiled in
modern format. Analyses will soon start [8]. The Doppler data
holdsthe possble key to finding an origin to the anomdly.

Duetotheforesightof Larry Kelloggof Arnesin retaining obso-
lete telemetryfiles, the engineering data has a so been reacquired
[8]. Inthelong run the telemetry might be most useful. From the
beginning the Collaboration has observed that, even if the anom-
ay turnsout to be due to systematics, the anomaly inquiry would
till resultin awin. Onewould obtain a better understandingof
how to build spacecraftfor very deep space and how to mode and
track craft there.

I
b) The New Horizons missionto Pluto
On 19 Jan2006the New Horizonsmission to Pluto and the Kuiper
Bdt waslaunchedfrom Cape Canavera (Alan Stern of the South-
west Research Institute is Pl). Although it was not designed for
precisiontracking, it might be ableto yield useful information.

Thefirst problem will be the on-board heat systematics. The
large RTG is mounted on the side of the craft, and produced
-4,500 W of heat at launch.A rough calculationshowsthat asys-
tematic of —20 cm/s? or larger will be produced. Since the
post-launch modeling of heat systematicsis notorioudly difficult,
this makesthissystematican important problemto overcome.

A saving grace may be that soon after launch a 180 degree
"Earth acquisition manoeuvre' rotationwasperformed, toamthe
main antenna at the Earth. The differencein the Doppler shift
immediately before and after the rotationcan in principleyield a
difference measurementof the heat accelerationwhich would be
pointed first in one direction and then in the opposite. But a
determination may be difficult because of the high solar radiation
pressure (whichwill vary somewhat i n the two orientations) and
therdatively small data set beforethe manoeuvre.

More gratifyingly, New Horizonswill bein spin-stabilization
modefor about the six months before the Jupiter observing peri-
od (January-June,2007, with encounter on 28 Feb. 2007). It dso
will bespin-stabilizedfor much of the period after June2007 uttil
soon beforethe Pluto encounter on 14 July 2015. Thisis designed
tosavefue so it can be used to aim |ater at a Kuiper Bt Object.
With luck the Doppler and range data from these periods will
supply atest, at some leve, of the Pioneer anomaly, especialy
sincethe velocity of the craft before (-21 km/s) and after (-25
km/s) the Jupiter encounter will besignificantly different that those
o the Pioneers (-12 km/s). Perhapssomething can belearned
from the New Horizons data by 2008.

c) ESAs CosmicVision

As discussionon the anomaly was proceeding,in Europethere
independentlyarose an international interest in the problem. In
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A Fig.5: A diagram of the Pioneer spacecraft. The final fins on the
RTGs were actually larger, to increase the heat radiationaway from
the craft.

May 2004 a meetingwas held at the University of Bremen to dis-
cuss the anomaly, and from thisan international Pioneer Explorer
Collaboration wasformed to proposea dedi catedtest of theanom-
dy [9], with Hang oergDittus of BremenasPl. Institutionsfromal
over Europe, includingfrom France, Germany, Great Britain, Itay,
Netherlands, Portugal,and Spain, have joined.

The proposal isaThemefor ESAs CosmicVision program,with
launchesto occur during the period 2015-2025.As such it's timing
would be perfect if the two investigationsdescribed above indi-
catethat adedicated test of the anomaly is called for. A driving
considerationwould be new technology. The mission would take
insight from knowledge of what allowed the Pioneer craft to be
navigatedso well and add to it.

The concept would beto determine accurately the heliocentric
motion of atest-mass utilizing 2-step tracking with common-
mode noiserejection®. A state-of-the-art K a-band trackingsystem,
using both Doppler and range, could be used to track the main .

" Another concept would be an autonomous probe that would be jettisoned
from a main vehicle, such asthe Interstellar Probe. Thiswould happen further
out than at least the orbit of Jupiter or Saturn. The probe would then be navi-
gated from the ground.
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¥V Fig. 6: A JPL Orbital Data Program (ODP) plot of the early
unmodeled accelerations of Pioneer 10 and Pioneer 11, from about
1981 to 1989 and 1977 to 1989, respectively. This graph first
appeared in JPL memos from the period 1992.
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A Fig. 7: Aschematic, cut-away drawing of the Pioneer Anomaly
Explorer concept. The side facing away contains the radio antenna
to communicate with Earth. On the facing side are the canistersthat
will emit corner-cube covered spheres and the mW laser. (Drawing
courtesy of Alexandre D. Szames).

- satelliteto an accuracy approaching0.1 x 10 cmy/s%. Then, from
the forward side facing away from the Earth, a"formationflying"
systemwould send out small corner-cube covered spheresto be
tracked from the main satellitewith mW laser ranging. The passive
sphereswould beat adistancedf order >500 m from the mainsatel-
lite, which satellitewoul d utilize occasional manoeuvresto maintain
formation. Thisfinal step could yield an acceleration precision
approaching 10"° cmls®. On board one could also carry sensitive
drag-free DC accelerometers,which are being devel oped.

The craft would be spin-stabilized. The design would be
extremely forelaft symmetric asfar as heat/power-radiation were
concerned,to reduceheat acceleration of the craft. (The heat would
beradiatedout i n fore/aft and axially symmetric manners). InFig-
ure 7 we show a schematic cut-away preliminary model. The side
exterior surfacesiscurved to symmetricallyreflect and radiate heat
from the side of the bus. (Heat from inside the equipment bus
would come out of louverslocated betweenthe RTG extensions).
This surface also symmetrically reflects heat from the RTGs
whicharein parabolicWinston conereflectors. The RTGs could be
extended out on booms after launch. One can aso see where the
sphereswould be extruded and the central location of thelaser.

The test masses would not be released until the main craft
would undergo no further acceleration manoeuvres, beit from a
final stage chemical rocket, a planetary flyby, or even a jettisoned
solar sail. Thiswould probably be at a distance of 5-10 AU, when
the craft hopefully had avelocity of >5 AU/yr. From then on, and
epecidly at distances of 25-45 AU, when solar radiation pressure
isreduced, precise datacould be taken.

Conclusion

That the Pioneer anomaly isa physical effect isno longer in doubt.
Theonly questionisitsorigin. Here the anomaly's discovery and
the growing interest and efforts to understand it have been
described. The latter include, in order of possible completion, a)
an andysisaf (amost) the entire Pioneer Doppler data set, b) the
possibly fruitful analysisof the tracking data from the ongoing
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New Horizons mission to Pluto, and ¢) a dedicated ESA mission.
Understanding the anomaly will yield, at theleast,improved navi-
gational protocolsfor deep space and, at the best, exciting new
physics.

Finally, given this opportunity, | wish to more directly address
the current audience with a political question that Europe must
face. Up to now Europe has not ventured into deep space alone.
Itsgreatest triumph, Huygens, necessitated a piggy-backon aRTG-
powered NASA mission, Cassini. Why isthis? Becauseof the
political mine-field about anything nuclear.

There issimply no way, given any foreseeabl e near-term tech-
nology, that even amedium-sized spacecraft (few hundred kg) can
go into deep space (>5 AU) in ashort time (less than afew years)
without some form of on-board nuclear power (the simplest
being RTGs).

However, it ismy experiencethat the elder statesmen of Europe
arevery hesitant to even discuss the matter. (Recall that they
reached maturity during the anti-nukeera). On the brighter side, I
havefound that young post-docshavemuch moreof an“of course”
attitude towardsusing RTGs. At theleast, | hope that the Pioneer
Explorer proposal will help stimulate discussion on the matter. If
thereisnot ashift in the European paradigm, then Europewill end
up abandoning deep spacetotherest of theworld. That would be
extremely sad. %

About the author

Michael Martin Nietois alLaboratory Fellow at Los Alamos
National Laboratory. He received a BA with highest honorsfrom
the University of California, Riverside and a PhD from Cornell
University. He hasworked on exactly solvablequantum systems,
particle physics, and tests of gravity (with some history of physics
included). Heis a Fellow of the American Physical Society and
received an Alexander von Humbolt Senior ResearchAward.

References

[11 R.O.Fimmel, J Van Allen,and E. Burgess, Pioneer: First to
Jupiter,Saturn, and Beyond, NASA report NASA-SP-446
(NASA,Washington D.C., 1980).

[2] M. Wolverton, The Depthsd Space, (JosephHenry Press, Washington
D.C., 2004).

[3] Pioneer Extended Mission Plan, Revised, NASA/ARC document No.
PC-1001 (NASA, Washington, D.C., 1994).

[4] JD.Anderson,P.A. Laing,E L. Lau,A.S Liu,M. M. Nieto,and
SG. Turyshev, Phys. Rev. Lett. 81,2858-2861(1998). ArXiv
gr-qc/9808081.

[5] JD.Anderson,RA. Laing,E L.Lau,A.S. Liu, M. M. Nieto, and
S.G. Turyshev, Phys. Rev. D. 65, 082004/1-50 (2002). ArXiv
gr-qc/0104064.

[6] JD.Anderson,E L. Lau, SG. Turyshev, PA. Laing,and M.M. Nieto,
Mod. Phys. Lett. A 17,875-885 (2002). ArXiv gr-qc/0107022.

[7] M.M. Nietoand J.D.Anderson, Class Quant. Grav.22, 5343-5354
(2005). ArXiv gr-qc/0507052.

[8] SG. Turyshev, V.T. Toth, LR Kellogg, EL. Lau,and K.J. Leg, Int. J.
Mod. Phys D 15, 1-56 (2006). ArXiv gr-qc/0512121.

[9] H. Dittus et al.,“A Mission to Explorethe Pioneer Anomaly;” in:
Trendsin Space Science and Cosmic Vision 2020, Proceedings of the
39 ES_AB Symposium,SP-588, eds. F Favataand A. Gimenez
(ESA Pub Div., ESTEC, Noordwijk,NL, 2005), pp. 3-10. ArXiv
gr-qc/0506139.

europhysicsnews



