Gravity tests
in the solar system
and the Pioneer anomaly

Marc-Thierry JAEKEL

Laboratoire de Physique Théorique de I'ENS,
Paris, CNRS, ENS, UPMC

Serge REYNAUD

Laboratoire Kastler Brossel, Paris
CNRS, ENS, UPMC

arXiv:gr-qc/0410nnn




Tests PPN

-

Deflection of light

L+~
0= —Qs andar
5 Ustandard
Shapiro time delay
T = —1 + fyT
— 9 standard
C. Will
Living Reviews (2001)

www.livingreviews.org

After Cassini

11— 7| S afew107°

B. Bertotti et al, Nature (2004)

THE PARAMETER (1+y)/2

LR |
1.10 |- _ —
T Radio [ her EcTION
. OF LIGHT
Optical -
1.05 | _
™Y 3
? ~ T. VLBI
|
o Y W
1.00 -
* 1 *x
® ® /(
® Hi rcos
ogs5]— L »® Ppéa —
— ‘e PSR 1937421 =
1.05 |- _ - 2
SHAPIRO
TIME T
DELAY i Voyager
1.00 -4 }
1 Viking
095 | L —
| | | || |
1920 1940 1960 1970 1980 1990 2000

YEAR OF EXPERIMENT



Tests : Newton law

Yukawa correction
to the Newton law

_GMm
r

V(r) = (1+ ae™*)

Windows remain
open for deviations
at short ranges

or long ranges
Update : J. Coy, E. Fischbach, R. Hellings,
C. Talmadge and E. M. Standish (2003)

The Search for Non-Newtonian Gravity, E. Fischbach and C. Talmadge (1998)




Astrophysical
anomalies

Galaxy rotation
curves

show deviations
from Newton law

An observation of
Dark Matter
and / or
a modification of

gravity laws
at large distances?
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The Pioneer anomaly

An anomaly already
observed at scales of the
order of the size of the
solar system ?

But an explanation from
a long range modification

of Newton law is forbidden 1

by planetary tests !
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J.D. Anderson et al,
PRD 65 (2002) 082004

———————————————————————————————————

_________________________

________

_______________________________________

___________________________________

______________________________

— R e B T S E
-3 0 3 6 9 12 15

" Planetary |

A key question :
Is the Pioneer anomaly compatible (or not)
with other gravity tests in the solar system ?



Theoretical motivations for an
extension of Einstein gravity theory

The geometric features  x metric theory
of Einstein theory ® gauge invariance

will be left unchanged % geodesic motion ...

The Einstein relation between curvature
and stress tensor will be modified

S|mp||fy|ng _ » linearized theory
assumptions in ® stationarity and isotropy
a first approach of the gravity source

Equivalence
principle
preserved

Metric changed in
the solar system

Description valid in
the outer part of
the solar system




Basic definitions

Same basic equations as G = M + Py
in linearized general relativity 5 hyw < 1
expressed in the Fourier domain — = ok,

arH

Curvature tensors
1
Rpvo = 5 (kukvhoo — kpkohp, — kpokuhyo + kokohyw)

Ry = 0" Ryupvo R=n"R,,

The Einstein tensor FE,, = R, — =n,. R istransverse k"E,, =0

2
as the stress tensor k"1, =0

In standard theory, they are merely o

81
4GNZW
proportional to each other



Generalized gravity equation (1)

More general linear relation E. k] = X" k) Tho [K]

between the two tensors X [k] = 0

By = E/(L(I)/) T Eﬁ)
Allows for different

linear responses in 72000 _ T + wonh ) T TP .
the two sectors of pv 9 3 po
traceless and -
T, TFP° _ v
traced components Eﬁ) _ Ty ) E Tow = Ty — 22

Momentum-dependent linear response functions y with
different behaviors in the two sectors are naturally
produced by quantum corrections to general relativity



Generalized gravity equation (2)

When the Sun is
described as a
stationary and Ty (k] = nponeoMc? ko
Isotropic source,

The generalized equation of gravity may be written
in terms of two running constants

Tpa (QZ‘) — 77p07700MC2 5(X)
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The running constants

B[k = xu.," Mc? depend on momentum

2 3 c2

00 _ S M The running constants

%GU) K] differ in the two sectors
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Standard Einstein equation is recovered when G [k] = G [K] = G



Generalized gravity equation (3)

The stationary and isotropic hoo (1) = 2@ (7)

metric can be written
in the PPN gauge hjr (r) = 2(@n (r) = p (7)) 15k

The two potentials @ and ®;
are related to the two running constants :

2 D [k] . 4w M CN;'N [k] ,
—k ((I)p[k]>_ 2 <ép[k]> A=-k

Laplacian
Gulk] | 1 ( 14 -1 ) GO [K]
Gplk] | 3\ 2 —2 G [K]

Standard Poisson equation is recovered when Gn N = < G >
Gp K] 0




Phenomenological consequences of
the extension of gravity theory

The first potential @, generalizes the Newton potential.
It has to remain close to its standard expression !

The second potential @, opens free space for new
phenomena.

It produces a Pioneer-like anomaly for probes
with large radial velocities.

It affects propagation of light
as a generalized Eddington parameter v.



A simple version of the extension

Newton-like terms Oy (x)\ _ M [ Gy N Mr ([ (n
plus terms linearinr dp (x) rc2 \ Gp 2 \ Cp
Associated Gylk \ _ ( Gy )+ 2 ( Cn )
running constants Gp K] Gp k? \ Cp
G, effective Newton constant
| dification of Newton potential - (-52)
Cy long range maodification of Newton potentia G 2

G, « Eddington parameter y differing from unity
Cp <> long range effect for the second potential
These expressions are not exact at all distances or all momenta.

They can be considered as expansions valid for 7 < A or |k|A > 1
of Yukawa functions better-behaved at large distances or low momenta.



Modification of Newton potential

The value of ¢
needed to explain
the Pioneer anomaly

(with @ =0)
(NM ~ 8 x 1071 ms™?

IS much too large
to remain undetected
on planetary tests

M| <5 x 1071 ms™?

But the presence of ©,
opens free space
for new phenomena
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In a first approach,
we evaluate its effect
with & =0



A Pioneer-like anomaly

To evaluate the effect of ®, (with £, =0) on
probes having large radial velocities :

x we evaluate the motion of the probes in the modified metric
x we take into account the perturbation of light propagation
to and from the probes

x we write the result as an equivalent acceleration a

x we subtract the result of the standard calculation to obtain
the anomaly da = a — [d]

standard
We find : v, radial velocity
dd GpM\ v?
oa ~ 2 Pv%f:Z (pM 4+ =£ Cr
dr T2 c? ' :
A Pioneer-like anomaly
If we identify the constant with constant at long distances
the observed Pioneer anomaly, 2
we fix the unknown parameter CpM ~ap ~ 0.25ms™?

2
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Modification of the deflection of light

The modification of Einstein gravity needed to obtain the
Pioneer anomaly should not spoil its agreement with other
gravity tests

A critical problem : the effect of @, on the propagation of

light rays _2GpM  2(pMrq

ot =0 — [e]standard — 7“()62 2 L (TO)
If o =0, this is equivalent to When ¢, #0, Eddington tests
the usual PPN result (and Shapiro tests)
|y Gp should show an anomaly
G depending on the distance

of closest approach

This is a further motivation for high-accuracy Eddington tests
(SORT, LATOR) or astrometric surveys (GAIA)



The next step : study
combined effects of the two potentials

The modified equation of gravity naturally leads to combined
effects of the two potentials

It is now necessary to perform new analysis of the motions of
planets and probes in the solar system

Other possibilities for testing the new framework :

% check its predictions against old Pioneer data
% check its predictions against fly-by data
x look for the r, dependence in Eddington / Shapiro tests

» look for the v, dependence on new probes
X ...
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