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Abstract. The Pioneer anomaly stands for unexplained fre-to all otherknown effect§ could cause this deceleration at a
quency shifts of the Doppler radio-tracking signals receivedlevel of

at the ground stations from the Pioneer 10 and 11 spacecragp — _(874+133)x10 0 ms2, )

in disagreement with expectations based on model calcula- ] ] )

tions. We consider here observations of Pioneer 10 at heliof\ltérnatively, the drift rate of the frequency shift would be

centric distances between 40 ua and 70.5 ua over a time intefOMpatible with a clock acceleration at the ground stations —
val of 11.55 years from 1987 to 1998. The anomaly has bee/@ISO unaccounted —of
interpreted in the literature either as a Doppler shift causeds, = (2.92+0.44) x 10718 g1 | @)

by an apparent spacecraft deceleration not accoun_ted for bXlthough a true trajectory anomaly together with an unknown
known effects, or as an unexpected clock acceleration of th

) stematic spacecraft effect was considered to be the most
frequency standards at the ground stations. The reasons f(ﬁﬁ

th | behavi t understood in both ely interpretation Anderson et a).2002. Turyshev and
€ anomaious benhaviour are not Understood I both Casesy, (2010 have concluded that the nature of the anomaly re-
Based on a gravitational impact model—-requiring a secular

ains unexplained, even though quite a few potential reasons

tmhatsfs mi:_rease IOf E” maTswf_ bOd'_?s —a S|°|Ut'|0n 'Stprt%p?s‘?gnging from spacecraft effects to new physics have been
atimplies a clock acceleration with a value close fo that o proposed since 1998, most of them are documented in their

the Hubble constant. extensive reference list. However, articlesPgtry (2009;
Fahr and Siewert2007, 2008 and Hajdukovic (2010, for
instance, have not been included therein. Petry deduces from
his analysis of the Pioneer anomaly in the framework of a flat
1 Introduction space-time geometry that an acceleration has to be expected
opposite to the direction of the velocity. On the other hand,
The large number of references in a recent presentation of theahr and Siewert discuss the concept of the Einstein—Straus
Pioneer Anomaly in Living Reviews in Relativity (cfury- vacuole and the dynamics of the local space-time metric with
shev and Toth201Q and references therein) shows a greatthe creation of local mass. Hajdukovic assumes gravitational
interest of the scientific community in this phenomenon. répulsion between matter and antimatter as well as virtual
It has been detected as an apparent trajectory anomaly d¥article-antiparticle pairs that cause the Pioneer anomaly via
1998 2002 Turyshev et al.2006 Turyshev and Tot2009.
_The observations of the anomalous_frequency shlft§ could b% Observations
interpreted as a real—but unexplained —deceleration of the

approximately anti-sunward directed heliocentric spacecrafisnomalous frequency shifts of the Doppler radio-tracking
velocity, vp. A (nearly) sunward-directed force (in addition sjgnals were observed for both Pioneer spacecraft and have

1 The gravitational pull of the total mass of the inner solar sys-
tem of 1992x 103%kg reduced the speed of the Pioneer 10 space-

qurespondence toK. Wilhelm craft on its hyperbolic escape trajectory fragirg) ~ 13kms™t at
BY (wilhelm@mps.mpg.de) ro=40uatovp(r)) ~12kms L atr; =705ua.
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been discussed in great detail Apderson et al(2002 and as a possible cause of the anomalous deceleration. The au-
Turyshev et al(200§ among others. In this contribution, thors leave the question open “... whether or not a statis-
only Pioneer 10 (launched on 2 March 1972) will be con- tically significant anomalous acceleration still remains ...".
sidered during the time intervalip, 71), between 3 January Under these conditions, we tend to believe that a conclud-
1987 and 22 July 1998;(— 1o ~ 3.6 x 1(8 ), while the space- ing statement “... unless new data arises, the puzzle of the
craft was at heliocentric distances betwegr=40ua and anomalous acceleration of the Pioneer probes can finally be
r1=705ua. The unaccounted frequency shift drifted with put to rest” byFrancisco et al(2011) might be somewhat

a nearly constant ratetowards higher frequencies (i.e. to premature. Nevertheless, we take into account the indica-
the blue side of the spectrum and thus has a positive sign)tions that some or all of the anomalous effect might have
The frequency drift rate was obtained as a result of coherenbeen caused by more anisotropic emission of the total nu-
Doppler observations and had been deduced from data of thelear power (2.2kW in 1987 decaying to 1.9kW in 1998)
Deep Space Network (DSN) S-band communication systenthan had been assumed in earlier studieBeftolami et al.

near 2 GHz using the DSN sign conventidinflerson eta). 2008 Rievers et al.2009 Turyshev and Toth2009 Riev-

2002 see Note 38 therein). The analysis carried out by theers and lammerzahl2011), and will consider the potential
Pioneer team took into account the large red shift caused bgonsequences in Sedt.

vp and all other known contributions in calculating a model  In addition, it should be kept in mind that other anoma-
frequency,vmodel(?). It was based on a constant clock fre- lies have been observed in the solar system, although under
quency fo and the elapsed timar since the initial epoc¢h  less favourable conditions compared to those of the Pioneer
t =to. In general, Az is much larger than the signal round- probes Anderson et a.2008 Lammerzahl et al2008.

trip time 8¢ = #, — t5, wherer, and¢s are the signal reception

and transmission times, respectively. Repeated observations .

and calculations at times= o+ At indicated a nearly uni- 3 Interpretations

form increase of the observed frequency with respect to th

expected one of el'he temporal derivationf of f(¢) can be considered to be the

) drift rate of a receiver-clock reading at timevith respect to
Vobs(t) — Vmodel(t) =2 f At 3) a constant transmitter-clock frequengyobtained in a one-

Wt =590+10 2Hzs . (. Tuyshe ot 2009, Tre 12 DOPDET obsennian bersons) commuieaton
values in Egs.1) and @) as well asf in Eq. (3) have been e » approp P

deduced by the Pioneer team and will be accepted as Valiglscussmn, 'S

without further discussion at this stage; supplemented by ther ;) = £+ 7 Az , (4)
assumption that prosaicexplanation, such as an additional

spacecraft effect balancing the anomaly —as suggested, fauch thatvg = fo is the emitted frequency andr) = £ (¢)
instance, byKatz (1999; Murphy (1999; Scheffer(2003 -  would be the received one at the spacectaft.

would not have passed unnoticed. As long as the Pioneer The basic Eq.3) has been re-written below in different
team has not formally declared that the anisotropic radiaformats depending upon the choice of the interpretation. The
tion of the radioisotope thermoelectric generators is quantitacorresponding discussions can considerably be simplified,
tively causing the unmodelled frequency drift of both space-if all knownfrequency variations are no longer included in
craft, the search for a solution appears to be pertinent in vievihe equations. This is possible, because they have already
of the fact that “Only scarce documentation is available aboutoeen taken care of by the model calculations of the Pio-
the exact geometry of the Pioneer 10 and 11 spacecraft” isieer team. The observed and calculated frequencies without
stated in the most recent review on “The Pioneer Anomaly”known contributions to their variations will be denoted by
(Turyshev and Toth2010. Turyshev et al(2011) now re-  Vanom@ndvmog in this convention. This is equivalent to set-
port indications of a temporal variation of the anonfaly ting all square-bracket terms to zero in the modified Egg)
which support anisotropic heat emission from the spacecrafand 6a).

2Small periodic variations, recently discussed in detaiLbyy I. A Doppler shift interpretation is best described by the
et al.(2009, will not be considered here. following two equations:

3A frequencyf (tg) = fo~ 2.05 GHz is consistent with the val-
ues ofay, f anda, = f/fp in Egs. @), (3) and @). The frequency [ops(®) — (fo+2 'At)]—[v wel1)— fol =0 5
translation ratio of 240221 between up-link and down-link com- ° f ! moce f ®)
munications is only of technical interest. 6The actual measurements were performed in a two-way

4Unless explicitly indicated, the time definition of the Sysie Doppler mode according to EcB)(assuming equal effects during
International d’Uniés (SI) based on a hyperfine transitiod#3Cs  the up-link and down-link propagation times.

will be used —in some cases as an approximation. "For reasons of clarity, clock frequencies will be denoted by the
SAcceleration estimates betweer: (—8.3 and —7.2) x symbol f and radio signal frequencies byboth measured in units
10~10m s=2 are given for the time interval considered here. of hertz.
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[Vanom(?) — (fo+2 f A)]—[vmod(?) — fo] =0 (5a) 3.2 Clock acceleration

Equation 6 &) will be treated in SecB.1 An interpretation of the anomaly with the help of the clock
accelerationy, in Eq. (2) andwithout anomalous spacecraft
Il. An alternative formulation lends itself to an interpreta- motionscan be obtained by considering EGa). Together
tion involving a general acceleration of both the trans- with Eq. @), written in the form
mitter and the receiver clocks on the ground. It will be

discussed in Sec8.2 fO=fo <1+JJ: At> = fo(l+a; At), (12)

0
[Vobs(?) — (fo+ f A1)] . we draw conclusions as described in the following
—[vmodel?) — (fo— f AD]=0 (6)  subsections.

. 3.2.1 Long-term considerations
[Vanom(?) — (fo+ f Ap)]

—[Vmod(®) — (fo— f AH)]=0 (6a) Eq. €6a) describes the situation, where a frequengym=
fo+ f At will be obtained with a variable model frequency
Vmod(?) = fo— f At. It is qualitatively not different from
Eq. Ga), if the reference frequency is agafn Assuming,
however, a clock acceleration,, requires to refer the sig-
nals to the frequency (1) of Eq. (12) as referencé.Conse-
quently, Eg. 6a) has to be expressed as

3.1 Doppler effect

As mentioned above, the model calculations for the first
case assumed a constant reference frequégcyrhis im-
pliesvmod(t) = fo and, of course, a constant transmitter fre-
quencyvo = fo. From Eq. 6a) it follows thatvanomt) = (1) — £(1)) — (vmod®) — [ (1) — 2foar A]} =0, (13)
vo+2 f At, which can conveniently be interpreted as a two-

way Doppler shift caused by a reflection from a spacecraftin which both curly bracket terms must be zero. The second
moving towards the ground station(s) with an anomalousterm is zero with a model frequency of

speed of
Vmod(®) = Vmod() +2 foa; At = f(1) , (14)

Vanor(?) =ap At , (7) . . .

i.e. the clock frequency at time determined by Eq.1Q2).
where the numerical value af is givenin Eq. {). It should  The constraint of Eq. 1) is then met withvanon(t) =
be re-iterated that\r is different from the Signal round- Vr?od(t)' The clock acce|erati0n’ therefore' offers a way to
trip time 6z. The relativistic Doppler effectHinstein 1905  ynderstand the frequency anomaly without anomalous space-

yields an anomalous frequency behaviour of craft behaviouf. Such an option is not excluded, because
1— Doppler range-rate measurements cannot differentiate be-
Banon(?) . .
Vanorr(f) = Vo 15 BororD) BanontD) (8) tween a spacecraft deceleration and a clock acceleration (cf.
ano

Turyshev and Toth2010); and telemetry range data are not
whereBanom(t) = vanon(t)/co andco is the speed of light in  available for the Pioneer spacecrafnh@erson et a).2002.
vacuum. In view of the slow speeds involved, the frequency

shift can be approximated by the non-relativistic Doppler 3.2.2 Round-trip signals

equation
The frequency and clock drifts can also be applied to round-
Vanom(t) — Vo &~ —21g P A , 9) trip signals from a ground station to the spacecraft and back
o to Earth (although many years of observations went into the
and a comparison with Eg5 &) then shows that it is determination off as outlined in Sect3.1). Note that—
' u a according to the assumption in Se&2-no anomalous
f=—wL=—fo2, (10)  spacecraft motion will now be included in the model cal-
Y o culations. After the signal has been sent offatnothing
and differentiation of Eq.9) yields unexpected is assumed to happen 18 énd, consequently,
) it IS vanon(tr) = f(ts), wherevanon(ty) is the observed and
Vanom~ 2 f . (11)

. ) 8In line with the approximation in Se@, itist ~ s~ tr, i.e. the
It can, therefore, be concluded that the introduction of a de<ignal round-trip delay will be neglected.

celerationap, of Pioneer 10, in addition to all other known 9 Any clock acceleration will—to a certain extent—also affect
effects, removes the term representing the anomaly. Howthe apparent motion of the spacecraft. An estimate will be derived
ever, it is not the only interpretation as has already beerin AppendixB, which shows that the effect can be neglected.
pointed out byAnderson et al(1998. 10see AppendiB for a justification.
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adjusted frequency at reception after a total transit tme  al. (1990. An increase of elementary particles in the Uni-
Since the clock frequency increased dyysr according to  verse with time had also been consideredlisac (1937).
Eq. (12), a relative red shift of the signal frequency would These topics are reviewed tahr (1995 —mentioning, in
be expected. This is not in conflict with the statements inparticular, that an electron mass increase might result from
Sects3.1and3.2.1as long as the conditionz > §¢ is ful- Mach'’s principle of inertia and the corresponding variation
filled. Observations with\r ~ §¢ are, however, not available of the so-called Rydberg constant could lead to the cosmo-
with the required accuracy and thus cannot be used to dislogical red shift.Fahr and Hey{2007) suggest that a decay
tinguish between a clock-acceleration hypothesis or a truef the vacuum energy density creates mass in an expanding
anomalous spacecraft motion, which would result in a blueUniverse.
shift. Our estimates for the quantity in Eq. (15) were based
on the requirement to emulate Newton’s law of gravity.
They ranged fromd ~6x 10 2%s 1 up to A ~ Ho ~ 2.4 x
4 Proposed solution 101851 the Hubble constant. No mensurable effect over
the age of a Big-Bang Universe should be detectable with
The Pioneer anomaly, together with observed fly-by anomagpresent-day uncertainty margins at the lower limit, whereas
lies (for a recent discussion s@éaderson et a).2008, and near the upper limit, an accelerated expansion of the Uni-
some other—possibly related —unexplained phenomena, lederse (cfPerlimutter et a).1999 Ries et al.2001) would not
Lammerzahl et al(2008 to raise the question, whether the be required to explain the type la supernovae observations.
physics within the solar system is really understood. Con-In any case, the quantity is so small that Eq.15) can be
sidering the conclusions in most of the recent articles onwritten in very good approximation as the first two terms of
this topic, the answer to the question appears tiNbe It the exponential function expansion
is, therefore, only appropriate to present a solution for the
Pioneer anomaly that is based on a proposed gravitationaM (1) ~ Mg [1+ A (t —tp)] (16)
model involving the exchange of massless entities —called
quadrupoles —between elementary particles. The model h&®r the time intervals under consideration.
been designed to emulate Newton’s law of gravity under the The Pioneer anomaly appears to offer a good opportunity
assumption that there are no far-reaching fields, and the exfor a test of any gravitational model, because the extreme ac-
change of energy and momentum has to be accomplished bguracies achievable in frequency and time measurements are
those massless entities—in analogy with the transfer of encombined with very long temporal and spatial baselines. The
ergy and momentum by photons. In order to model the at-quadrupole model outlined above will, therefore, be applied
traction, a re-emission of the absorbed quadrupoles with reto the solar system, although one important aspect, namely,
duced energy and momentum was required. Consequentlyhe transition from elementary particles to large conglomer-
the model predicts the most significant aspect in our con-ations of mass, has not yet been unambiguously achieved in
text, i.e. a secular mass increase of all massive particles ithe model. The assumption here will be that the scaling law
the Universe governed by the law of gravitation (fuelled by ais just proportional to the mass.
background quadrupole flux) according to the equation Atomic frequencies are linearly related to the Rydberg
constant
M () = Mg exp A (t —19)] , (15)
Roo =10973731568527 m! (u,=6.6x10"1%)  (17)
where My is the (rest) mass of a body at timgand M at
some later time. It should be noted that the model has some (Codata recommended value 2006). The impact model, how-
features in common with the impact theory of Nicolas Fa- ever, implies thatR., increases together with the electron
tio de Duillier presented to the Royal Society of London in masd?! as a function of time
1690 (see, e.dBopp 1929 Gagnebin1949. The gravita-
tional attraction in our modified impact model is, however, a?co (18)

; =— 1+A @ —1)],
not a consequence of Fatio’s shadow effect, but of the energy © ~ 2k mell+A (t~10)]

absorption anq mass creation. . . ... _Whereq is the fine structure constarit,the Planck constant

Mass creation hypotheses albeit operating under dn‘fer-and the electron mass a. According to the Rydberg—
ent processes have been discussed by many autHosde e ' 9 y g
(1949 quotes\.]eans(1925_3 with a rer.‘nark.that galf';mes 11The other quantities in Eql1®) are assumed to be constant.
appear as points at W_h'Ch mattgr IS belng. Contmqa"y C_re'Constraints on the variation ef with time are orders of magni-
ated”, before suggesting a stationary Universe, in whichy,qe pelow that ofd (cf. Uzan 2003; Lea 2008). The distinction
“Neutron creation appears to be the most likely possibil-petween dimensional constants, such as the Rydberg constant, and
ity.” Creation of neutrinos is mentioned dylassa(1999 dimensionless ones has been emphasized by Karshenboim and Peik
and ejection of new matter from nuclei of galaxiesAryp et (2008).
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Ritz formula with a proton mass, atq, the optical transi-  is, however, very involved and has been discussed for many
tion frequencies are decades. An increase of the mass of the central body will
lead to a decrease of the mean orbital radius of a revolving

1 1 \ ”
Flnpn) = o Roo <1+ @) ( ) Cmpeny (19) body with constant mass (cBtdmgren 1903 See 1911).

mp n_i B n_g Kepler’s third law then stipulates that an increase in New-
ton’s “constant” of gravity,Gn, will have the same effect
for hydroged?. The Fermi energy and its corrections (rele- provided the masses of both bodies do not change. If this
vant for the hyperfine-structure transition used in hydrogencondition is not fulfilled, such a conclusion cannot be drawn
masers) are proportional to the Rydberg constant as well (cfwithout detailed considerations. This applies, in particular,
Fermi 193Q Goudsmit 1931 Nafe et al, 1947 Karshen-  to recent results published in relation to a possible tempo-
boim and Ivanoy2002. One would consequently expect an ral variation of GN: Lunar-laser-ranging data yield values

increase of the frequency of the clocks with time at the DSNof Gn/Gn from (—0.2+1.2) x 1072°s71 to (1.9+2.2) x

ground stations. From EqlL®), it thus follows that 102951 (Merkowitz, 201Q Hofmann et al.2011); white-
dwarf and neutron-star observations giv6.7 x 10-2°s™1
fO)=f)[1+A(-10)] (20)  (Garda-Berro et al.2011) and|Gn/Gn| < 1.9x 10719572

(Reisenegger et ak001J), respectively.

We performed a preliminary estimate in response to re-
ports of an increase of the mean Sun-Earth distance (see, for
instance Krasinsky and Brumberg2004), which indicated
that A should be significantly smaller, but still near the up-
per limit of the range from & 1072°s 1 t0 24x 10 1851
given above. If this could be confirmed, the Pioneer anomaly
would have to be smaller than specified in B). (

and a comparison with Eql12) indicates that the Pioneer
anomaly as defined by Eq4)@nd @) can be understood by
equating the clock acceleratianwith A and Hp— within the
uncertainty margins oty (cf. e.g.Freedman and Madore
2010 and ofa, —while assuming a nominal spacecraft mo-
tion along the trajectory. In this context, it is interesting to
note thatiorio (2007 concluded that it seems to be “difficult
to realistically consider the possibility that some modifica-
tion of the current laws of gravity may be the cause of the
Pioneer anomaly ..." .

Whereas the choicg ~ Hp is near the upper limit of the
estimates of the quantity governing the secular mass ac-
cretion and could not be increased within standard concept
of the Universe, smaller values af which might eventually
result from a revised analysis of the observations (cf. Sct.
can be accommodated without difficulty in view of the wide
range ofA. In this sense, the correspondencéfgiwith A in

5 Discussion and conclusions

The Doppler data are obtained in relation to atomic clocks.

iccording to Eqg. 20), their frequencies increase with time

in the clock-acceleration scenario and thus there is less time
for the spacecraft to be slowed down by the gravitational at-

traction of the inner solar system than assumed in the model

; . calculation based on a constafat The difference in speed
Egs. (5 and (1.6) \{vould only be directly relevant if Eq3j is, however, so small that thgf?esulting red shift canpbe ne-
Coulq be quantitatively confirmed. o glected as shown in Appendi

o e et e cock scceeraton s et 8Led 0 A sl rounrp messuremen, i feasible, vl o
. infl ' fthe ck,lan ina distance of Pioneer loshow a red shift of the anomalous signal compared to the
ject to any nfiuence o anging . } increased atomic clock frequency at the receiving station, but
from the inner solar system—in accordance with earlier Ob'the contribution is proportional t /At and thus very small
servations (sednderson et a).2008 2002 Turyshev and (see again Appendii)

Toth, 2010, but, as mentioned before, a relative variation i

So, what produces the frequency increase 6{& — ro) =
~ 0,
2211)15 % has been reported very recentiyifyshev et al. 4.34Hz over the observational period discussed under the

i s _ assumption of an atomic clock acceleration? According to
The secular mass increase modifies the gravitational POE 6a), it is the inappropriate choice of the reference fre-
tentials in the solar system. The resulting effects on the a : pprop

Pioneer spacecraft are. however. many orders of ma nitudguencyfo under these circumstances. This reference is too
P ' ' y 9 small by f At = fo a; At both at the transmitting and re-

smaller than the observed anomaly, and would amount to an.ivin station(s), giving an apparent blue shift of the sig-
additional deceleration of —2 x 1071°ms2 at the end of gs - giving an app 9

. . ; nal of twice that amount, i.e. 22.17 Hz after 11.55 years.
the selected time interval. The influence on the planetar)LI_hiS is remedied in Eqgs.16) and (4) with a reference
system could be more significant, althougahr and Siew- gs-

: : ; L, f .
ert (2007) believe that there is no observable conflict with reAquerg\(/;igt(ito)nal impact model together with a arowth time
conventional celestial mechanics fr/ M = Hy. This topic 9 P 9 9

of the secular mass increase of the order of the inverse Hub-
12The ratio . = me/mp would not be directly affected by the b_Ie constant and a correspondi_ng clock acceleration can pro-

secular mass increase. The fine-structure transitions are also pretide an explanation for the Pioneer anomaly as presently

portional toR . characterized by Eq2). Under the same assumptidrghr
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and Siewert(2007 also find a mass creation rate from :tph"torkN)—ﬂ(At)z. (A3)
their local space-time metric, which is in accordance with . 2

Eq. (L6). It remains to study (in the framework of this model) This is equivalent to Eq. (64) dinderson et al(2002 and
the other unexplained observations listedUmmerzahl et l€ads tarPheton— ;20— 0.19 s after 11.55 years.

al. (2008 in the hope that they might indeed not be iso-
lated phenomena. It is clear that~ A ~ Hy, if confirmed,
would have important ramifications for many cosmological
que;tions. quever, the impact modgl .could. acpommodat&ock acceleration and spacecraft trajectory
a wide range iM, and thus the association witlip is only

Appendix B

relevant as long as EcR)is valid. The spacecraft speed as a function\bfn the photon time
system is given by
Appendix A Ar Ar r(N+AN)—r(N
ppendix vp(N)=—=v0— =1p ( ) —r(N) . (B1)
At AN AN
Atom and photon clocks It is thought to be the true heliocentric velocity. Taking into

. ) account the values in footnolgethe spacecraft speechig~
Among other authorsRahada and Tiembl¢2008 empha- 15 51 and is approximately constant for the purpose of

sized the need to distinguish between different clocks. Theyyo e mining the differential speed with respect to the atomic

defined astronomical and atomic clocks pointing out that thetime system. The apparent difference can then be obtained
Pioneer anomaly might provide a means to determine theif, .., the help of Eq.A3) as

actual relation. atom

Such a concept is modified in this study: The atomic fre-vp (V) —vp~vpa; At . (B2)
quency of a maser clock is assumed to increase according : ; atom ;
to Eq. (L2). A photon frequency, on the other hand, will be Tr;le true veloglltyvp ﬁ;hufslslo;/voit:amp h Ieaddlngr]] © 2
considered to be constant in an inertial system, because there"'& apparent blue shift of. 2 zatthe erlst € ob-
cannot be a rest mass increase of a photon. A photon'dock servational pe_rlod, Whlc_h is only a fraction QMLO. of the
can be defined by counting electromagnetic wave periods. |r?”°”?a'9“5 Pioneer S_h'ft' The_concern _ralsed n foot@qte
aGedankenexperimeatsignal will be emitted af with vg thus is, indeed, not critical. It might be of interest to consider
and compared with atomic clocks after successive reflection§S well the difference in the location of the spacecraft at that

(and corrections for known effects) between the spacecra IMe. It.|s only 2300m, whereas a frue trajectory anomaly
and the ground station. would displace the spacecraft by about 57 Mm. Another ap-

If the advancement of time is given by the numbér parent frequer_wy shift_stems_ from the changing atomic clock
of cycles (counting front = rg) multiplied by their period frequency Wh'!e the signal is on a round _tr|p to the space-
T =1/v, a photon time with constant= vy is easy to for- craft. A numencal example fpr a Pioneer distance of 70.5 ua,
mulate as corresponding to a round-trip time 6f ~ 7 x 10*s, would

N result in a red shift ofv = — f §r ~ —4x 10~* Hz.
PO N — o+ — =10+ At . (A1) Note, however, that in th&edankenexperimerf Ap-
Vo pendix A the signal emitted a would appear to be anoma-
For the atomic time, the variation of the frequengywith lous shifted byAv = —2.17 Hz, i.e. towards red, font =
N has to be taken into account. This is done in the follow- 3 54 108 s at the end of the observational interval.
ing equations by using the photon time as baseline for the

calculation of time differences, thus neglecting higher orderAcknowledgementsie thank V. T. Toth for answering many
terms: questions on details of the Pioneer anomaly and H. Wilhelm for

discussions related to this topic as well as for the cooperation on
dratom ) 1 1 . - -
_ ~ _ the impact model of gravitation. We acknowledge the critical, but
dN fN)  fo+ f At constructive comments of anonymous referees.

1 N 1 N
~— (1_at —) =T (A2) The service charges for this open access publication
fo fo fo fo have been covered by the Max Planck Society.
Integration oveV gives together with EqA1) and an inte-
gration constanfy for N =0, when both clocks are thought Edited by: K. Scherer

to be synchronized, i.eg = fo Reviewed by: three anonymous referees
2
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