Parameterized post-Newtonian analysis of flyby acceleration corrections

S. L. Adler, IAS ( 2009)

One natural question to ask, in connection with the flyby anomalies reported by Anderson
et al. [1], is whether they can be explained by small deviations from Einstein gravity within
the parameterized post-Newtonian (PPN) framework. This question has been looked at in
the past by people at the Jet Propulsion Laboratory [2], but I thought it would be useful
to check this, using the latest bounds on the 10 PPN parameters given in the table on page
4 of the Wikipedia article on “Parameterized post-Newtonian Formalism”, and the formula
for PPN modifications to a test body acceleration, given in Egs. (6.33)-(6.34) of the book
of Will [3]. The flyby velocity anomalies are of order a few to thirteen mm/s; conservatively
taking them as 1 mm/s, accrued over a time window of about 10* seconds when the flybys
cannot be tracked, one needs at least a residual acceleration of a ~ 107%km/s?, or converting
to ¢ = 1 units as used by Will, awy = a/c? ~ 1072'km™". I went through the 11 lines in
Will’s formula of Eq. (6.34), and worked out an upper bound for each. Since the JPL orbital
codes include the Einstein gravity contributions 8 = 1 and v = 1 to the post-Newtonian
acceleration, I replaced 8 and v in Will's equation by § — 1 and v — 1 to get possible
corrections coming from deviations from the Einstein gravity values. As a check, I did the
calculation two different ways; the more compact version is given in the scanned notes on
the pages which follow. The conclusion is that all terms have an upper bound at least two
orders of magnitude smaller than 10~2! in inverse kilometer units, and so PPN corrections
to the acceleration cannot account for the flyby anomalies. Thus if corrections to gravity are
invoked, one must go outside the PPN framework of theories with a symmetric metric, in
which all bodies obey the equivalence principle, and in which the speed of light is constant.

References

(1] J. D. Anderson, J. K. Campbell, J. E. Ekelund, J. Ellis, and J. F. Jordan, Phys. Rev.
Lett. 100, 091102 (2008).

(2] J. K. Campbell, private communication; S. Turyshev, private communication; T. Krisher,
unpublished JPL memo.

[3] C. M. Will, “Theory and Experiment in Gravitational Physics”, Revised Edition, Cam-
bridge University Press (1993), p. 149.



@

Mn_: PPN rake it I -
bomel o= b kel o
20 ~lp
A S 2N R Y o
e € il } -2 = L
. RN A -V S B S ot b wERwd
-—:; o~ _’j_g‘ug(;j‘r e b ——
L . :L - ,___) . e
‘ - J
ﬁ W‘é‘?/ / & :'C'I) sy reman Aoe g ~
M ”f{ ,&/775? pd é«"’é"“:’@‘f“‘i ol e b S, <
o £ om = pag L N ’ "
L Moz LAy L&f em
: -
A Mg O ¢von = 04% e 0 fo
M= T30 ks Lo Mypabs T30 180k 5 5% 3
ng = 195 F 4 RS\
Vs [o b fe - 4., ' g .
Hghy~ 2772 o~ 3T & dodune t g0l fofimaTie m&a‘?
T kel
véf‘“f\“ i g /,;4 - < 2355
Lo O Al S N | S S SRR ek SRR S~ O T - B
i .'
T demle - -
e S S & W 2.33.,%34% N
| 3 —q“' ! -
, Vo Beedu £ P~ (367 1 o« gt
-5
Ve Aheets =0 B S S
“y 1 é,_‘_& — | 7
- e B %j:w“" TN R G 72
R .,Kﬂ?,#?,_.“,glA..f&f.._._ZQ.é"}?... N 2N . - ; ,
— . ’I‘A'[ f“':‘?’-"‘. — .Kt“{:l_’.{.gh,,f", i*:s,:v 3:} zl'w ,...j,:...-.. —
|
_____ oy .




ft a2 .
€

Lol as ok bz oK

|
frs v As fBA Le  fna
LA}
|
i |
! -
’ -{ ~% —f
l%d { A.6-17 LY 4 oo p S¥xew i
| s v
(i..( {agé L b€ A
’ A et
£ e

o~ 2.7 =4

l 0 = -
3 i.ad % G wm— o mii

S ¢ 4 o
144 %9\3’ 0-84G .y ]N F-lo “

oot ] RN
{he o : At
S o

Lerfpitold Dorl koty  goruvengt

[ v 4TS d-fyy Vg =2 paf =P
fyly My o Gear = Galb ; = e '

e S faw e i f‘ g;;—
') o 3 4l - ia H
Qhw V-Ah .L’-] .i,\‘a},"‘ #5 { 4

A SR T A R D N D TR A e T e S g S S T S ST ey




[ 953

. + ‘ q.@ \
_ R A ffm} 3
e
8 an
2 4 £ 2% £ L‘J%
- AT ﬁ‘;‘ e E  PETR

Y s P BN z: o
. TR {7t
B e —

T T ST R

ép‘e, 4 & #"’f‘}g & ratl €z e
I e T B T } T
i N,_ﬁ:_fq?r'% 2.3 w‘ {l 21 i ,‘h:‘e.’,i‘f.‘,_. ,’,}"‘f’ ‘b 4 ’f jmi _ ~Lad o«
- o ”EG R I7‘ fu 3 . ;-g_
. B & 4’;«;% faE e €z lf‘.‘f’{
e S s £ s S — B '} 1 "Lf
1¥7 [e)-‘? : 1.3 !.: /".3‘?0 -+ E;-!I) (73 + Ll -f}J ~ 2,77 {2 é._ (o
Ea% ki ”3’3
Lur £ AT {-‘{ b2 M-ﬁ S T ) o -
. SR & S T e S W e
q-3'% .1 Lg% (n2ad ¢ D Law L3N } N'??lﬂ Ve Ip E
o R - S e e e . . .
W‘ga -t -\l “5‘ E‘h
@4 7. iu 2 f £ “) ¢
I | a;gégs s e Oz pacth I

ﬂ" 5§i3 74 !e)

S s




_ .
be || A= . b=z a»H = o -
}
i}.s ; ;
5 = - -3 - -7 %, Y R | B =11}
I -8 L 2.} R a4 . H Sl
i i L Tle e VxS (LT 4 3evh 2w gy e b
i o et e e
! =g 3.3 (4. B
I Fw T- 12 S RS
|
:
i ”
| 2h ¢ i ¢z ok
i O{-f 1,08 i< e Al
) ﬁ’v"} -
i - - ) = 33
o, =17 s I -3 ) L =3
E; Toin | & ,‘{;E',._M i _E - S &8y
€ Ty
{ 1
e ¢ I M . e
G 7 A= :f’rk’.}é_‘ he a?'«f‘"ﬁ TE pam
o

7 [n3

R log(\':\ﬁ[ o

,44-75

$ -7 , :"L?

4
P
&

= = |
mugj i

é < ﬁa‘:ﬁ

7.4« {p

Ar gﬁy{%

taf 12

—

(ts-0f)

o

bt

- —3 A A -% ~21
TR N - S Y A oo B ~ 3 & B
: . E ﬂ?‘)‘/"" ,uﬂ{.nu—,
| L?'.luu} J—
i » e i AR 4—,‘)-&:5

i - -3
mﬁ‘%’f"ﬁa‘ﬂ = gJﬁ/}»mv- S AU & W

]




S
{0

. - iq— - 7- . (-_ _Q,A:— - ) - é‘ R -‘l-‘- ‘ N o B
i Qo 2-3‘4051{3‘ i _:r‘ ~ 7y e
o e e ~
Yo v * 2-3‘“ (‘.\3’70 J Vl‘i 3‘ fU o 4_{ [u } 7 ) ) , 7
3 .
,,ﬁwk 15 AT _g,&;% s k2 H e R SV .
P s -
IR SR AR A S N §
A s 5.;}:«6 b2 A €2 L,:Q‘:éf
37 1y
- -~ - -7 = L
) w ( ;ﬁ 15 T S N SO 2270 ,’f,’—,:,‘ﬂf] O ~bq & W .
£ b2 2 N - B
e fet B da 441 b 3 <
oy 5 T
o kag® ] it ante WF 0T e ] @ gy et et
| e '
' A= fih ba €= o '
S | B e | e et i b
Y7 l_ boLyW ko + fw ch (T S U ” é'jfw =
S f‘i't_f___@‘_ﬁ‘ A S e
- b -—m._;,_‘_;_:'“ e e P e e e




JL.\,-“.. .‘%’-'—\-Aﬁq Altr Ffbn.:@.., gé(,ﬂ.u{..‘:&'y A= /‘3 £ Lm.,m:é@«.)

= T
3 -1 v
Al &= mlib my |
PR Syt Ao 8 e o
i u

oy, Y e -7 =13
(M= (Tw 2 [ A b

- b o -3 3
M A Ay B2 fe 23y 00 AG PRYE e Na
.ﬁ"d‘- 'y s - g 3"“;.
N \-“f'/ - L

W\L X

g\ 3, Flgaw
iy ‘a
;A.H £ .
"“.‘3_»'9?
LT e :
e ! , =37
i /-1 I
;=3 -
{ .
—_ . -
-3 ) L
& i ¥ LIn
4 £,53-0¥
V3 _}! i -ﬁ;? ~‘:}..f
¥ %4 ~ o4 b a o du
D) R = E

Losata g{ 2PN 4 .Ey(;"é’ EXVIRS 7= AN { j{;ﬂ-«,{j S « <y ce

&7
- ik &

e, 7
Ay = Gulople st anBlIR

Weed  cacll 4 g feadiad et

& &

%Cﬁ'f ?}Ma{ '\oi:}p\&.é" /’M'vw;‘.'" i
7>

. i ‘ N . .
PO WY vy fzﬁru:éﬁ,wfe ) IOl Aule .
s e )

-3 s, s ’3 -3
N £ frdephe e Ve o~ w ~.% 1y

R

{7 M&}‘q

rd
i £ N 4 i = ol
A M‘éﬁ.’ f,—éuﬁé?&é Pl & “'?.*'\——bﬂar-ﬁé_ Aervse St gt
~ o - a2 £
iif A e rapeih - on Aly o Gl Asule?
iy “ v,
i/ ,

) - 2
<
Haw fog oo #32 Ak T & B A apend]

\/ % ‘ﬁ \J F é_ ."Llr::f(;:..

T L T AT T S S SN



. ]
PP S Y

Ao R
.
S e - . S S
| " -
Ay 20w - dnita R o S
v

-2

SRPRPRRIRP -, SO
15w
i S _.15_"- L e n‘“ﬁ‘\"‘b’!‘;’l "!—'"a::?i‘(r‘"’?'i ™ et S ,C_a{rgt, f) e .
F TN e s TN T e,
; . s : #
S L e, e S B - - IO Wefy AL, ”n‘-’%‘wé’(
“ N 4 7 # ¥ -3 < ) 2
G pliiend i 9o, e 4w e An 2 ey
ez b s 2
!._f‘ ! -Jj“}éi"‘l.
q “‘”z i
R 1 fi%ﬁ”‘f ) ’} / dy VY (it 1_,;};,-«;_;‘{;4:,
. : " -7
- —m ‘@Lff{ ES—- vm (y;‘! ._.y__% (‘“\‘ . ,‘law.,-. u{“v‘ e '. ] q’g) LA s —d ]b
5 f né
e e e NZ__A__A_.M.;;._M.N_u,&._. ~l I
"";\" o % 4 M\ﬁ/’\d! L (‘ -

SSpe———. [

‘\/‘ril ~ . fU /3).} '

»wﬁiéf -f‘-yn_?y: tdoge A A oo %d;:{m pent

..:‘..’.ﬁ_'z..._,.f:h' Mol TR 0

i el - .

A e Pag A= S N
. & ‘(-«f,w( i ...}{ ) m\a.t'z\w f.wﬁii\ { .
’ d 6 Y e
_n/uw“}%ﬁ_wlﬁ_ Ma R Az L4 /uj {m
:;?Ls .’Q &= »,7» ;’?15 -jéw-_ -
—f 5 ; -
~ JD ; Q’;’ i{;)i"‘}{g it f’h’l&f}w’lf@ h"'&\r_&’ 7 ?U ) -—-2- }U
f[\S'{'lJ@jB ,(l“"iug
% o g o S N e
=] j -t b
/é Vi« Lo 7 ,,_fbl.(»_ ~ 21y Foan - el
L o ¢
7 i -
= i i l_b % o <:' WM, ) '—"% m&&:\ Z’F‘“J‘d‘;y"-é
R LM a&a!-.",«—,usé ..é:v-t_ L 2 T o e o e e e




! ,

I | . 17 £ O 8-, - . -~3° S .
= LA
e ~ . < :
1 AL ] <29 ] YOI -7 23 2 ogp
-‘ Appe € b A 3 Pam3d, Uik ay Bl (2w B
B 30 P/ SN WO o W - pemrde B ol L4 R
s Mg fap I "Ma s
R e TR T S s T e S Y \} P k4
&' 3 3 Ea
Vo T R i
L R DS Cxte T 338 .
Wy :
Ty ;
”Z‘j?“ b <&t
SEIE—— ... .| SRS 5. o MU B LS i S —
V‘A‘w' E \‘;\./A
|
i e
; =
!
11
S oo U e R L
1 ks C A=A -8 2 e
i ool ‘ + A2 §)
T e e {1‘;\——~ e T o "*“"rg',' P é% = i = - =
™, L1 S
i 3 £l
—— — Fﬂ‘/}l ’;f e i f—-w—-.»c"s-:'—w—- e — -~ e e P ——
U | N P F_Mfs—if gown [ ppad oed are
% N ¥ N
1 ; LW b R 5 -1t 2 &5
: . é = el PO I 4 €‘> = 42 L) ~ Doy
MR . el L P
7 ;-3 -
§ N | Kflsoy . [ e N S -1, AP S
§ g
P [PV =t Wi -2
Wl g ¥ /4
LY SR /5 NPT A 2) B
A =
. e g e - - - .
R ~31 ~ul
Na o~ ™agy 27 o 70 e - .
} MV“XM -
SRR | S e,

B

_fets f oF Badd g

-

Lot skl psuloitn A sn S Ao gl
R | R PP > S Sy % S A . NP
] Wi = §&
{‘éig—:‘sﬂm
S | S V.~ JED-SeT . A S WP S .17/ S LSS L




(«

{44,17¢

) ‘éM {;.@-;lm C\}é
L!;r—-\.\e\&—_ ._””l::):—? e )i{/: 5.5 fi A % ‘H“"C' Qlf‘tf'_é,,__ o A
’ L ¥ re
- * - S
Mo ps LAXh g ovbdd it of Tk~ 2 G
3— s 4:14 3«'
e oY i zf o
o
i\ 48] %
m{.'_.fx:‘:";.f.-_g;)?\— Iy N TN/ 1 . Ly _h__,__.vi,_ e kbl B Q‘j ) ,_/“l v
A . R
e = 37 G = 44 . :
Vi
L2837 Lo 194, 284
9 §88 i . Wytiakion ;
~4 PYPRR
N7 o, 003 37 =90 50 ]—ﬁs{ : 21
2 i e
f\{; ond gz | a4 - 14
Ae = 000 Dho= Gy . ® {y N
{57 194,200 7

Az fad

-} ,
ol s ng‘i’— i 4-\ T D VPO ¥ ¢ ,j{;\
v 7 v 1
.
;,:? i _,ffdvﬂ‘-; Sean_ A..g-"{ b o= Q\c‘-. z'f-- e
e 77
SRR

: } gt £

D24 ;,,.’.:;g

. ¥ nﬁsém <37

a4y mwt(j_

S
7

Lodhon - f?’ 4 b j
el 7

[fas- 1¢ ;;,—,‘f%@gf’

&
ke, Aty il

» Y > ) "
A /\.4}.}-5&»’!—1/‘? ot g /3 ;—ﬁ;},fﬁ ?, Mu'!g



