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Abstract: Einstein&rsquo;s general theory of relativity is the standard theory of gravity, especially where the modern needs of astronomy,
astrophysics, cosmology and fundamental physics are concerned. As such, this theory is used for many practical purposes involving spacecraft
navigation, geodesy, time transfer and etc. Series of recent experiments have successfully tested general relativity to aremarkable precision. Various
experimental techniques were used to test relativistic gravity in the solar system namely spacecraft Doppler tracking, planetary ranging, lunar laser
ranging, dedicated gravity experiments in space and many ground-based efforts. We will discuss the recent progress in the tests of relativistic
gravity and motivation for the new generation of high-accuracy gravitational experiments in space. We also discuss the advances in our
understanding of fundamental physics that are anticipated in the near future and evaluate the discovery potential of the recently proposed solar
system gravitational experiments.
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Outline: Solar System Tests of Gravity

TESTS OF RELATIVISTIC GRAVITY IN SPACE
JPL * -

The talk will cover:

. heoretical Landscape in the 20th Century:
(brief...) History of the tests of general relativity
— Frameworks used: the PPN formalism and Robertson-Mansouri-Sex|
— Recentprogress in the tests of general relativity

-

0 -— p— - i
» Beginning of the 21st Century. . .:

J‘

— Motivations for high-precision tests of gravity
— Whatto expectin the near future? and some proposed experiments

— Are the solar system tests still useful?
— Is there a discovery potential? Or what is the importance of new improved limits?
— Whattests are most valuable?
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The First Test of
General Theory of Relativity

Gravitational Deflection of Light:

Solar Eclipse 1919:
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The First Test of

General Theory of Relativity

Gravitational Deflection of Light:
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Gravitational Deﬂectnon of Light
Is a Well-Known Effect Today
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Gravitational Deﬂectnon of Light
Is a Well-Known Effect Today
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JIPL Theoretical Landscape of the 20* Century: @
I.r'? =

Conrpetin: peoites of Giarily

lLrs

not a complete list. ..
Newton 1686 Poincare 1890

Einstein 1912 Nordstrem 1912 Nordstrem 1913 Einstein & Fokker1914 Einstein 1915
Whitehead 1922 Cartan1923 Kaluza & Klein 1932 Fierz & Pauli 1939 Birkhoff 1943
Milne 1948 Thiry 1948 Papapetrou1954 Jordan19355 Littlewood & Bergmann 1956

Brans & Dicke 1961 Yilmaz1962 Whitrow & Morduch 1965 Kustaanheimo & Nuotio 1967
Page & Tupper1968 Bergmann1968 Deser & Laurent1968 Nordtvedt1970 Wagoner1970
Bollini et al. 1970 Rosen 1971 Will & Nordtvedt1972 Ni1972 Hellings & Nordtvedt 1972
Ni1973 Yiimaz1973 Lightman&lLee 1973 Lee, Lightman & Ni 1974 Rosen1975

Belinfante & Swihart 1975 Leeetal. 1976 Bekenstein1977 Barker1978 Rastall1979
Coleman1983 Logunov1987 Hehl1997 Overiooked (20"century)

— Some authors proposed more than one
theory, e.g. Einstein, Ni, Lee, Nordtvedt,
Papapetrou. Yilmaz. etc.

— Some theories are just variations of others

— Some theories were proposed in the
1910s/20s; many theories in the 1960s/70s

Pirsa 10010098 aricoked: this is not 3 complete list! Page 14/85




JPL Theoretical Landscape of the 20* Century: @

Couspefing 1 heoives of Girarify

not a complete list. . .
Newton 1686 Poincare 1890

Einstein 1912 Nordstrem 1912 Nordstrem 1913 Einstein & Fokker 1914 Einstein 1915
Whitehead 1922 Cartan1923 Kaluza & Klein 1932 Fierz & Pauli 1939 Birkhoff 1943

Milne 1948 Thiry 1948 Papapetrou1954 Jordan19355 Littlewood & Bergmann 1956

Brans & Dicke 1961 Yilmaz1962 Whitrow & Morduch 1965 Kustaanheimo & Nuotio 1967
Page & Tupper1968 Bergmann1968 Deser & Laurent1968 Nordtvedt1970 Wagoner1970
Bollini et al. 1970 Rosen 1971 Will & Nordtvedt1972 Ni1972 Hellings & Nordtvedt 1972
Ni1973 Yiimaz1973 Lightman&lLee 1973 Lee, Lightman & Ni 1974 Rosen1975

Belinfante & Swihart 1975 Leeetal. 1976 Bekenstein1977 Barker1978 Rastall1979
Coleman1983 Logunov1987 Hehl1997 Overiooked (20"century)

Theory mustbe:
— Some authors proposed more than one — Complete: not a law. but a theory. Derive
theory, e.g. Einstein. Ni, Lee, Nordtvedt, experimental results from first principles
Papapetrou, Yimaz. etc. — Self-consistent: get same results no matter
— Some theories are just variations of others which mathematics or models are used
— Some theories were proposed in the — Relativistic: Non-gravitational laws are those
1910s/20s; many theories in the 1960s/70s of Special Relativity
Prea 100108 veriooked: this is not 2 complete list! — Newtonian: Reduces to Newton's equatith'i

the limit of low gravity and low velocities



JPL Theoretical Landscape of the 20t Century: l
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Theorzes that fail already
Newton 1686 Poincare 1890 = —

Einstein 1912 Nordstrem 1912 Nordstrem 1913 Einstein & Fokker1914 Einstein 1915

Whitehead 1922 Cartan1923 Kaluza & Klein 15932 REErt- AU EE N0 i g s

VL EREENE Thiry 1948 Papapetrou1954 Jordan19355 Littlewood & Bergmann 1956

Brans & Dicke 1961 Yilmaz1962
Page & Tupper1968 Bergmann1968 Deser & Laurent1968 Nordtvedt1970 Wagoner1970
Bollini et al. 1970 Rosen 1971 Will & Nordtvedt1972 Ni1972 Hellings & Nordivedt 1972
Ni1973 Yiimaz1973 Lightman&lLee 1973 Lee, Lightman & Ni 1974 Rosen1975

Belinfante & Swihart 1975 Leeetal. 1976 Bekenstein1977 Barker1978 Rastall1979
Coleman1983 Logunov1987 Hehl1997 Overlooked (20"century)

— Newton (1686) - non-relativistic: implicit action at a distance - incompatible with special relativity

— Poincare (1820) and conformally fiat theory of Whithrow-Maorduch (1965) - incomplete: do not
mesh with non-gravitational physics (Maxwell)

— Fierz & Pauli (1939) [ "spin-2 field theory” ] - inconsisient: field equations -= all graviiating
bodies move zlong siraight lines, equation of motion -= gravity deflects bodies

— Birkhoff (1943) - not Newtonian: demands _f::'_-':' oF SOoHMd = sDeed 67 Loz

Pirsa: 10010005, . : : o ! - s . _. - - Page 16/85
=" Rilne (1948) — incomplete - no graviiational red-shift prediction
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JRPL Theoretical Landscape of the 20* Century: :
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Theorzes that riolate
Newton 1686 Poincare 1890 ?Li_?t:’ Efvﬁjf?f}f :f ngff-f'iﬂ{i}ﬁ{‘t} Pf?}h?!{t}

Einstein 1912 Nordstrem 1912 Nordstrem 1913 Einstein & Fokker1914 Einstein 1915

Whitehead 1922 Cartan 1923 LGS ACELHREEVE Fierz & Pauli 1938 Birkhoff 1843

Milne 1948 Thiry1948 Papapetrou1954 Jordan1955 Littlewood & Bergmann 1956

Brans & Dicke 1961  Yilmaz1962 Whitrow & Morduch 1965 Kustaanheimo & Nuotio 1967
Page & Tupper1968 Bergmann1968 Deser & Laurent1968 Nordtvedt1970 Wagoner1970
Bollini et al. 1970 Rosen 1971 Will & Nordtvedt1972 Ni1972 Hellings & Nordivedt 1972
Ni1973 Yiimaz1973 Lightman&lLee 1973 Lee, Lightman & Ni 1974 Rosen1975

e CER e nuC a6l Lee et al. 1976 Bekenstein 1977 Barker1978 Rastall1979

Coleman1983 Logunov1987 Hehl1997 Overiooked (20"century)

Einstein’s Equivalence Principle (EEP): Only metric theories are viable:

— Unigueness of Free Fzll — Belinfante & Swihart (1975): not a metric theory
— Local Lorentz Invariance —  Kaluza-Klein (1932): viclates EEP

— Local Position Invariance —  Siill too many theories around. ..

Pirsa: 10010005 Page 17/85



JPL Empirical Foundations of General Relativity: @

Confrontation Between the Theory and Experiient

= S 4 = ad —! £ s Sk gb
1e-8 fv e e I, .| Uniqueness of Free Fall
ol EeveFiall (= Weak Equivalence Principle):
i L L _w- ______________ FFEC—) i e e e e
1e-9 =
T LR ey e e SO R ST B Bolder - = F = mia=meggqg
~m;"—‘*f WV EorWash
Bkl A O = mjy=mg
fefr | — 1 o e e - : ;
Aoroos: TIR o ; All bodies fall with the same
lel3 —mt——boovo—- o o= o i N acceleration
le-14 —— P 1 I
o I Define the test parameter that

signifies 2 violation of the WEP
le-16 — 47— 1-—————g———p- m—————j——————

Aa _ (ay—az) _ [ mo "m; }
el ——+— t R e - ——f——————+ a i{a; +as) __rn: My |,
le-18 —+— e et Let Q is the gravitational binding

[ A ] (S T N O A O < energy of a test body, then the

-

1000 1920 1940 1960 1980 2000 2020 2040 ‘Sstparameterthatsignifiesa
viclation of the SEP is

— e funded projects ‘mg| L+ 0 ) Al “{_ o= o }
Pirsa: 10010005— o proposed projects LM |s mc= a me=11 Pageié?és 32

— I TR 4POII 0. and PI E testing the Strong Equivalence Principle (SEP)
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Courperine 1 Deoites of (Giartiy

T heorzes that riolate
b il (BeariAtio L ocal I orents: Invariance (L)

Einstein 1912 Nordstrem 1912 Nordstrem 1913 Einstein & Fokker1914 Einstein 1915

-G EEREPYE Cartan 1923 Kaluza & Klein 1932 Fierz & Pauli 1939 Birkhoff 1943

Milne 1948 Thiry 1948 Papapetrou1954 Jordan1955 Littlewood & Bergmann 1956

i

Brans & Dicke 1961  Yiimaz1962 Whitrow & Morduch 1965 Kustaanheimo & Nuotio 1967

Page & Tupper1968 Bergmann 1968 QLTI RN Tnabll: 8 Nordtvedt1970 Wagoner1970

LM SNVl Rosen 1971 Will & Nordtvedt1972 Ni1972 Hellings & Nordtvedt 1972
Ni1973 Yiimaz1973 Lightman&lLee 1973 Lee, Lightman & Ni 1974 Rosen1975

Belinfante & Swihart 1975 Leeetal. 1976 Bekenstein 1977 Barker1978 Rastall1979

Coleman1983 Logunov1987 Hehl1997 Overiooked (20"century)

Quasi-lingar theories:

— Deser & Laurent (1968), Bollini, Giambiagi & Tiomno (1970) both predict existence of 2 preferred
reference frame (i.e., £=1)

— Whitehead (1922) predicis time-dependence for ocean tides in violation of everyday experiencs

Pirsa: 10010005 Page 19/85



JPL

Empirical Foundations of General Relativity: @

Tl e if S ¥ -4 .f_' T F = Wi = = 7 -
Confrontation betneen the 1 beory and Experiiient

{5- Lests of Local L orentz Invariance (1.11) -
N ichelson—Morie 1=z —1

le2 71— .‘,,; _______ JPL. b

et g e e Local Lorentz Invariance:

el Pl Centrifupe—SF—- L | — Extended frameworks by

v Coiit Kostelecky et al.,

le8 — 7 =t _B_:_;____'___"_'TF - ? ______________ Jacobson et al.

Il ittt __t
Future experiments:
P e B e e B e :
— Clock comparisons
e il it HugpesDrever; | | — Clocks vs microwave cavities
10— ¥ ~TT - Capities———————— — Time of flight of high energy
15_18 R . N R ? ?I_ ___________ phOtDns
) ST — Birefringence in vacuum
e g F —F——————p———¢t Washingion-NVF-——————————+ e =
S — Neuirino oscillations
le —f—— — Threshold effects in particle
le-24 —+——Ft—-doo b Bt e ) physics
1e-26 , @ i~ Testof one-way speed of light:
1900 1920 1940 1960 1980 2000 2020 2040 — Importanttofundamental

— Michelson-Moriey, Joos, Brillet-Hall: Round-irip propagation
Pirsa: 10010005— Centrifuge. TPA. JPL: One-way propagation

—_— et e immme rever ayrarirmants

physics, cosmology, astronomy

and astrophysics
Page 20/85
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Laboratory tests of Lorentz Invariance:
search for preferred-frame effects

framel : S(T, X) e.g. CMB Vsl = 377TKkm/s
frame2 : s(t. x) laboratory  RA, dec = (11.2, —6.4°)

Mansouri & Sexl, 1977

2

dT = L(dt + %dxr) a=1+a%+0(*)
2

dX = }dx + E(dt + Ydx) b=1+0%+0(c?)
2

¥ — iy iz — S0 d=1+6%+O(c?)

Special Theory of Relativity: a=-1/2.3=1/2,0=0

irsa: 10010005 Page 21/85
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lpl L'heorefical Landscape of the 2 1% Century: '
Special Relativity _

Clock comparison experiments:

Prrar — (% — 3+ 5) Michelson-Morley: orientation dependence
Prr=(B—a-—1) Kennedy-Thorndike: velocity dependence
Prs = |a+ %| lves-Stillwell: contraction, dilation

Precision tests of Lorentz Invariance:

Pysar ——1.6(16.1) x 10 '~ Eisele et al, PRL 103 (2009) 090401

= 3.1(+£6.9) x 10~/ Wolf et al. PRL 90 (2003) 060402

Py
Prg <22 %10°7 Saathoffetal. PRL 91 (2003) 190403

Tests of isotropy of the speed of light:
Acg/e <1 x 107 Herrmann etal, PRD 80 (2009) 105011

Pirsa: 10010005 Page 22/85



JPL Theoretical Landscape of the 20% Century: l
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Theorzes that riolate
Newton 1686 Poincaré 1890 I ocal Position Inrariance (1 _Pl)

Whitehead 1 Cartan1923 Kaluza & Klein 1932 Fierz & Pauli 1939 Birkhoff 1943
Milne 1948 Thiry 1948 ci:El:CligeIREGEN Jordan 1955 Littlewood & Bergmann 1956

Brans & Dicke 1961 RflluErab: sVl lage VY Llge il b iEl K ustaanheimo & Nuotio 1!

(A8 ]
h

SLETL R ral Will & Nordtvedt 1972 Hellings & Norditvedt 1972
Ni1973 Yiimaz1973 Lightman& lLee 1973 Lee, Lightman & Ni 1974 Rosen1975

S5 Leeetal. 1976 Bekenstein1977 Barker1978 Rastall1979
oL GELRELEN | ogunov 1987 Hehl1997 Overlooked (20"century)

= e PO
Belinfante & Swihart 197

Stratified theories with time-orthogonal time slices zall predict £ = O:
— Einstein (1912), Papapeirou (1854) (actually two theories)

—  Yimaz (1962), Whithrow & Morduch (1965)

— Page & Tupper (1968). Rosen (1971)

— Ni(1972). Coleman (1283)

Pirsa: 10010005 Page 23/85



JPL Empirical Foundations of General Relativity: @

Confrontation Between the Theory and Experient

st OoF ical Posttion Invariane Sl ; r 7o
Q T Lests g . ocal Position Invariance (1.Pl) Crivibtanal redihis
Nogna—Reorea Re>§ s Paliar =
el o WSolS GV SulsTTY T SRS T Av AU
_____ LA RS RS . . S . S S | — =Q0+a)—
Rex v
Pounc—Snizer o
T | i G v RS Samrn =
Null Redsier Local Position Invariance:
— The outcome of any local
15 = R e e e non-gravitational
e Sip. . NG Redibi A X A experiment is independent
H \Maer | g of where & when in the
led ——— — ——— e ——————— universe it is performed
_____________________ R e Splits into:
| U (R (R I ' - | | - spatialinvariance
| — temporal invariance
NuliRedshit | | — Current best result is by
B0l = Ashby et al., Phys. Rev.
e Lett. 98, 070802 (2007)
_________________________ —_— - N
_ . la] <14 x 107°
e7 —t——1— T e

— Yet unpublished test with

1960 1970 1980 1990 2000 2010 2020 2030 matier '““"EVE_”tE-’_'EfEFUmETW
— SolS: Scolar Spectra; — R&S: Rockets and Spacecraft By ielen v 8 (10

- =9
Pirsa: 10010005 — Null Redshift: comparison of different atomic clocks al < T 10 page aaes
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ESTS OF RELATIVISTIC GRAVITY IN SPACE
JPL SOFR

General Theory of Relativity and its Alternatives...

€ ] — 2 - - -
Sclgmn] = e / d'ry/—gR < Action of generzal relativity
e E5 N

— Ricci scalar, Ricci tensor & Christoffel symbols

_,-'--.,-o-"""'f-- _\_\____\_\__‘—_:t
F i I
PRy . i ke ke pd i —a Pl Gon + Ong L7y —
Iﬁ”r!.‘! ;’.L"'f[ 717 A rf'-‘fr'.‘.-'r T r'rr:.’I kIl — rrrr.'r-_ri.,- e _"’ L n.spm pATn

- ; p [ L —— mk_ml = = e
OSAII L. —'1"3- H: Omn / ""f;""‘ — IZ v — 44 M_"; HIL,:!..,;_;IE == Z v — T I_.}.”.L'

B - ] ITITT —r = s — 1
Action of Standard Model — - =V=99"" D HD, H — =gV (H) — Z AvV—guHv — /—Gpac

Variational principle:

- ‘3 ST"-.IE L. --‘.”I‘ fIf:f;r.'.r:z_ *-q[; Omn| + '5'57.[_'!-1- -'Ln- Itl-;‘]-:,"l_)r.‘.':.'.r 3
O mn

T'inn | “‘*.".'{;\lm_;“. e

F ; 1 l 1
5 = ev—g |=f(2)R — =g(c)0c® = + V()| + q:(2)L;
=G / A L L &) Z S Scalar-Tensor
- S theories of gravity
flz) == gle) = =. Vig) =0. Brans and Dicke (1961)
' Pirsa: 10010005
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Jpl TESTS OF RELATIVISTIC GRAVITY IN SPACE
Parameterized Post-Newtonian (PPN) formalism

PPN Formalism: Eddington, Fock, Chandrasekhar, Dicke, Nordtvedt, Thorne, Will,...

SRS —
5] [ '.;-: A
= = Ju - j'.I_;fj
wo = 1-3 __-_Z Z |
] =3 =1
2(2.3 — 2(25-1) By Hic a-r; 3
¥ —_— = — — L (He™)
N ay LS
2(1 +=) 75
Foa - = Z = L+ O™
' == 7
2 38 [ pi 12 :
: - Hj : Hj P
a3 — _"Ju.i(l s = Z ) = Qe™)
C ol o I:Jr =c" L S F”_ !
T J i r

« Assumption: Local Lorentz Invariance (LLI|) and local position invariance (LP1) hold. thus.
preferred frame parameters «.. .. . are not included. ..

» Generalcase. there are 10 PPN parameters: 7.0.C.aj.as.03.£1.82.83.&

« v are 3 the Eddington’'s parameterized post-Newtonian (PPN) parameters:

I. —

General relativity: ~=3=1 Brans-Dicke theory: = g

« Sis the posi-PPN parameter — impaortant for next generation of light propagation tesis.
Pirsa: 10010005 Page 26/85
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TESTS OF RELATIVISTIC GRAVITY IN SPACE

JPL PPN Equations of Motion (a part of the model)

- Z !f-:'ﬂi'_,-lrj - T;) { _Hh_,'_ M3+ ) Z (;Hl{ 253 —=1 Z (_F;H?_J;- ;
I; = : — - — — T
3 s 2 -i"jk

I e il
s £ : -5 o .‘.":_;

JFi ij
HIL +-) hoiis (-1t
= Ll c
) F — T ﬁ'}} = -
_ ) ) ) Possible
Possible EP 323 j{:_l'r — %) - |j‘-‘ F2)n—(1+27 !f‘;_}ff‘: —r;) + temporal
. . £ L
violation " ; dependencs
(rmjr. f;mmlrn—r_;I of G
L ‘_"'.C'l Z G Z LE Z F:L-il:e-ruiq.l;a
\ T m—=1 ”' BT
me | r O , G . ) (. i) pi(r)
ne = r}(—,) n=43—~ -3 Q= —— [ d'zp:l; = (H ) il
L My | gpp me= = /i 2 k¥
* Ingeneral theory of relativity ¥y=3=_. thus »=_ (this is not the case for scalar-tensor
theories of gravity, for instance. where these Darameter:.. can have different values).
ta — 1y — + {1l +-) —;1[1 — - .* + Ne™?)
€ L2 riopopt i, U
i 1 2 | - Page 27/85
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JPL Theoretical Landscape of the 20 Century: @r

f 4 3 s F r i B - i Fl _._" -
Tﬂ’_?E{H?M Ihdr predict V= () or —1 ;J,j/
Newton 1686 Poincare 1890 < * J

=LEr-iRtarl Nordstrem 1912 Nordstrem 1913 Einstein & Fokker 1914 gaGEC iR Rs

0
'“I-
Y

=

D

=hy
I
=Y

({n]

(WS }

Whitehead 1922 Cartan1923 Kaluza & Klein 1932 Fierz & Pauli 1939

Milne 1948 Thiry1948 Papapetrou1954 Jordan 1955 EMjuliWVelele BB =T-Tgely Elals ke ls

Brans & Dicke 1961 | Yilmaz1962 Whitrow & Morduch 1965 Kustaanheimo & Nuotio 196

Page & Tupper 1968 Bergmann1968 Deser & Laurent1968 Nordivedt1970 Wagoner1970
n1971 Will & Nordtvedt1972 Hellings & Nordtvedt 1972
Ni1973 Yiimaz1973 Lightman& lLee 1973 Lee, Lightman & Ni 1974 Rosen1975

Belinfante & Swihart 1975 Leeetal. 1976 Bekenstein 1977 Barker1978 Rastall1979
Coleman1983 Logunov1987 Hehl1997 Overiooked (20"century)

n

A

Bollini et al. 1970

_
0s

(1 1]

Parameterized Post-Newtonian Formalism (PPN): Confarmally-flat theories fail test of

— Solar system is the main arena to test weak gravity: time delay and deflection of light:

— Nordstrom (1912)
S s = - - 19
— They have 10 PPN parameters in front Nordstrom (1213)
v, 8.C, ay, s, a3, 1. 62.&3, &4 — Einstein & Fokker (1914)
prssToolergiculate those parameters & Compare with experiments — Littlewood & Bergmann | 12\?522/85

[2010: A need for Cosmological PPN?] — Ni(1972)

— Expand the meitrics; identify various potentials
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Cassini 2002 Conjunction Experiment

Results of Cassini Conjunction Experiment:
= Spacecrafi—Earth separation > 1 billion km
= DopplerfRange: X~7.14GHz & Ka~34.1GHz

Lr-f-'

= Result Y = 1+{21%2

Gravitational deflection of light (Einstein, 1915):

".-.

T Ty i

Gravitational delay of light signals (Shapiro,1976):

A=tk ale——inl-———————p o=

Gravitational frequency drift (Bertottiet al. 2003):

£ = L

i 1 — ST =) o S =Rl iRt =it
Y
Modern-dayDSN = - Tma  aad
frequency stability - = | : |
v~10-13 ___"'--——_:_::_

Pirsa: 10010005 = =



TESTING RELATIVISTIC GRAVITY IN SPACE

JPL

Results of Cassini Conjunction Experiment:

Cassini 2002 Conjunction Experiment

= Spacecrafi—Earth separation > 1 billion km
= Doppler/fRange: X~7.14GHz & Ka~-34.1GHz

= Result 7 =1+:21+23) 107°

Gravitational deflection of light (Einstein, 1915):

Distance (golar radi)
[}
1

e =FJI:j|l -_-.-(.'.U_ ah 1!]_,,(1 --)(H_ )

L he= 2 h

Gravitational delay of light signals (Shapiro,1976):

i
a8
i
tl

f-l'._lf_ [ 1 = M+ M2 | {--JJI_ _fr 1_
AE=(1+4- 1 i Sun =~ (1 += In l:_' 3

€ Fi =T —Tri2 e b=

Gravitational frequency drift (Bertottiet al. 2003): s.10

v 1 +—=~)GAL v a1+ R-" - |
by = 92 (b) = s (12) (B) o |
Y=l B) = ) = = 10 = 5
= 2x1079 |
_'\.. =
Ap YN >
y=— o [l R g or
: 3
2 .10
- < 10-C
Modern-day DSN = =
frequency stability = < | _4x10-8 |
y~10713
- x 109 | 1 4 - -
. 15 10 -5 0 3 10 15
Pirsa: 10010005 —-k Page 30/85

Time {days from 2002 solar conjuncion)



TESTS OF RELATIVISTIC GRAVITY IN SPACE

JPL List of PPN Parameters for Competing Theories @

Competing theories of Gravity | B | & o; | a| a | & | & l C3 | Ca
Einstein (1915) GR - 1 | o 0 0 | o |lol o ‘ ol o
Scalar Freld theorres — Note: in Page-Tupper (1968): paramster d is definedas A=71—~
Einstein (1912) [not GR] lea|ao |- | 2 |a]| =|@ |- o0 | o
Whitrow-Morduch (1965) g|21-| 2 [o| 0o |o|=2]|a]|e
Rosen (1971) A|3+3- 40| 0| 4|0 1|00
Papetrou (19542, 1954b) t |2 |=| 8 || alolz]la]o
Ni (1972) (stratified) 1 1 | = -8 ol o |o|2]|0]o0
Yilmaz (1958, 1962) 1 | = = 0| 4|0 | 2|0
Page-Tupper(1968) 7 B | - 41 0 |-24| O | O 5
Nordstrom (1912, 1913) 3 % | 0 o| 0|0 |0|O0]oO
Einstein-Fokker (1914) ] £ 0 0 ‘ 0o |o|o|lo]o
Ni (1972) (flat) 4 | 1g|- 0 0 | o |o| 5| 0|o
Whitrow-Morduch (1960) B RIE &0 0 0| o |0 | q | 0] o0
LitHewred (1953), Bergman (1956) —1 2 | - 0 0 | 0 o | 1 Opogl i

— R I T e N e 7 e O 7 L I o [ R o R I P e S



TESTS OF RELATIVISTIC GRAVITY IN SPACE

JPL

List of PPN Parameters for Competing Theories

Competing theories of Grarily 4 Joj E | a; | & | o3 | el el gl £
Einstein (1915) GR 1 [ 1[0 |o|lo|of[o]a|[a]o
Scalar-Tensor theortes
Bergmann (1968), Wagoner (1970) ;:: B 0 0 0 0 0 0 0 0
Nordtvedt(1970). Bekenstein (1977) ;:: B 0 0 0| O 0 0 0 0
Brans-Dicke (1961) i 1 0 0 0 0 0 | 0 O 0
U ector-Tensor theorzes
Hellings-Nordtvedt (1973) s | Bl o | a@a|a|lo|o|o|o]o
Will-Nordtvedi(1972) 1 1 0 0 s 0 0 0 0 0
Bimetric theorres — Note: in Rosen (1975): parameter k; is defined as &> = (cy/c.) —1
Rosen (1975) 1 1 0 0 K> 0 0 | 0 0 0
Rastall (1979) 1 1 0 0 @l 0 0 0 0 0
Lightman-Lee (1973) > | gl o | a&a|a|o|o|a|o]o
S tratifred theorses
Lee-Lightman-Ni (1974) acse, | B | £ | @ | @ | 0 | 0| 0| 9 e
Ni (1973) ar/~ | he. 0 & | &1 b 0 0 0 0




JPL Theoretical Landscape of the 20% Century:

O/ DeTIRS 1 2805788 Of il

&

U f’sm_/] Scalar-Tensor T heorzes

s A QDR [ a = B A i
orduch 1965 Kustaanheimo & Nuotio

Bergmann 1968 QEEEEIS-REETN =il Nordivedt1970 Wagoner 1970

Will & Nordtvedt1972 | Ni 197

2 Hellings & Norditvedt 1972

Ni1973 Yiimaz1973 Lightman&lLee 1973 Lee, Lightman & Ni 1974 Rosen1975

Selinfante & Swihart 1975 Leeetal. 1976 IR GUECLURETIS == . Clal: -8 Rastall1979

Coleman1983 Logunov1987 Hehl1997 Overiooked (20"century)

Scalar-Tensor theories are extremely constrained by Viking (1876) result on y:

— Thiry (1948), Jordan 1955

— Brans & Dicke (1961): w =6500 (Viking, 1976)

— Bergmann (1968), Nordtvedt (1970)
— Wagoner (1970). Bekenstein (1977)
Pirsa:?OOlOO@arker I': 1 9?8}

. w >=40.000 (Cassini, 2003)

Page 33/85



JPL Theoretical Landscape of the 20% Century: @
=

oF . s TF =
Courpetine 1 beorres of Girarily

Mercury s Perthelion: Theorres that far/

Newton 1686 Poincare 1890

Einstein 1912 Nordstrem 1912 Nordstrem 1913 Einstein & Fokker1914 |  Einstein 1915

Whitehead 1922 Cartan1923 Kaluza & Klein 1932 Fierz & Pauli 1938 Birkhoff 1943

Milne 1948 Thiry1948 Papapetrou1954 Jordan1955 Littlewood & Bergmann 1956

Brans & Dicke 1961 Yilmaz1962 Whitrow & Morduch 1965 Kustaanheimo & Nuotio 1967
Page & Tupper1968 Bergmann1968 Deser & Laurent1968 Nordivedt1970 Wagoner1970
Bollinietal. 1970 Rosen 1971 Will & Nordtvedt1972 Ni1972  Hellings & Norditvedt 1972

LR VEE Yiimaz1973 Lightman & Lee 1973 QEEHEGLLGELR S S Rosen 1975

Belinfante & Swihart 1975 Leeetal. 1976 Bekenstein 1977 Barker1978 Rastall1979

Coleman1983 Logunov1987 Hehl1997 Overlooked (20"century)

Stratified theories predict preferred frame effects on perihelion shifi:

— Ni(1873) .  GM=nyy 3 rR=N\2 Jzna s -
: ) =2t 29— 0)— e T—( ‘) ———{(3cos” 1y — 1). /ey
— Lee. Lightman & Ni (1974) ccay(l —ey,) 4 (I —exy)-

axr

=1 ¥ .
=429 | 3(2+27 = 3) +0.296- Jog m*_. cy

Pirsa: 10010005 Jo: ~2x 107" from helioseismology; confirmed by Konopliv et al. pa$as



JPL Theoretical Landscape of the 20* Century: % |
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GW ™ & Bnary Pulsar: Theores that fail

.-1

o

90

Einstein 1912 Nordstrem 1912 Nordstrem 1913 Einstein & Fokker 191 Einstein 1915

-

Newton 1686 Poincar

Whitehead 1922 Cartan1923 Kaluza & Klein 1932 Fierz & Pauli 1939 Birkhoff 1943

Milne 1948 Thiry 1948 Papapetrou1954 Jordan1955 Littlewood & Bergmann 1956

Br

Brans & Dicke 1961 Yiimaz1962 Whitrow & Morduch 1965 Kustaanheimo & Nuotio 196

iu

Page & Tupper1968 Bergmann1968 Deser & Laurent1968 Nordivedt1970 Wagoner1970
Bollinietal. 1970 Rosen 1971 Will & Nordtvedt1972 Ni1972 | Hellings & Nordtvedt 1972
NIi1S73 Yilmaz1973 REGLLELRESREREFER [ cc Lightman & Ni 1974 Gt Rk FE

Belinfante & Swihart 1975 JEEEIEINENGE Bekenstein 1977 Barker1978 =l re]
Coleman1983 Logunov1987 Hehl1997 Overiooked (20"century)

Bi-meiric Theories predict a dipole radiation. Can't be...:
— Rosen (1975)

— Leeetsl (19706)

— Rastall (1979)

— Lightman & Lee (1973)

Pirsa: 10010005 Page 35/85



lpl TESTS OF RELATIVISTIC GRAVITY IN SPACE
The Current Values of the PPN Parameters @,
Para- What it measured relative Current | .
| meter to General Relativity? value | S EMCE S
" Measure of space curvature = | Time delay, . :
‘ produced by unit mass 2.3x10 light deflection EEE
. Measure of non-linearity in _4 | Nordtvedt effect, :
p gravitational superposition 1.1x10 perihelion shift E NG EEOS s L)
£ ;":f:_gj ﬁ:f;a)::i:f:?e;t; 1x10-3 Earth tides Gravimeter data
L 5 e Orbit polarization Lunar laser ranging
Measure the existence of = : : h o
| el e et 4x10~ Spin precession Sun axis’ alignment w/ ecliptic
a; 4x102° | Self-acceleration Pulsar spin-down statistics
¢ 2x10~2 E Combined PPN bounds
I Measure (plus «:) of the B
_ - - ry pulsar :
| <> | failure of conservation laws of | 4%107 acceleration Pulsar: PSR 1913+16
£ en:;gzi::?nrg:;?:;nd 1x10-3 Newton's 3rd law Lunar acceleration
e 6x10-3 - Kreuzer experiment

Pirsa: 10010005 Page 36/85



_JIS_ Laboratory for Relativistic
Gravity Experiments:
Our Solar System

Chaantum
Field Theors

h v

......

Strongest gravity potential

GAL..
c ;R:m

10"

Most accessible region for gravity
tests in space:
= |SS. LLR. SLR, free-fliers

Page 37/85
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RELATIVISTIC GRAVITY IN SPACE

e Current Values of the PPN Parameters

-

Para- | \Whatit measured relative Current | .
meter to General Relativity? value | Sffects e
_ Measure of space curvature = | Time delay. . :
produced by unit mass 2.3x10 light deflection S E NN
Measure of non-linearity in _4 | Nordtvedt effect, :
g gravitational superposition 1.1x10 perihelion shift E IS LS S
- Measure of existence of 403 : :
£ e e e 1x10 Earth tides Gravimeter data
a; 1%10~* | Qrbit polarization Lunar laser ranging
el e 4x10~7 Spin precession Sun axis' alignment w/ ecliptic
4 : ' )
& preferred frame effects pnp - P
a3 4x102° | Self-acceleration Pulsar spin-down statistics
Z 2x1072 = Combined PPN bounds
Measure (plus «:) of the Bi
" - - = inary pulsar _
Z> | failure of conservation laws of | 4*10 acceleration Pulsar: PSR 1913+16
e DT, RNIENHIN 2w 1x10-8 Newton's 3rd law Lunar acceleration
= angular momentum
2 6x10-3 - Kreuzer experiment

=

Pirsa: 10010005
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_JISL_ Laboratory for Relativistic
Gravity Experiments:
Our Solar System

Claantum
Field Theors

Strongest gravity potential

AL

: =1
c _R":Iﬂ

Most accessible region for gravity
tests in space:
= |SS. LLR. SLR, free-fliers

Page 39/85




_IP TESTS OF RELATIVISTIC GRAVITY IN SPACE
L 40 Years of Solar System Gravity Tests

Techniques for Gravity Tests:

Radar Ranging: .
= Planets: Mercury, Venus, Mars 2 e e e
= sfc: Mariners, Vikings, Pioneers, i
Cassini, Mars Global Surveyor, L
Mars Orbiter, efc. S | N |
= \/LBI, GPS, efc. y L
Laser: z L
= SLR, LLR, interplanetary, efc. > w11 L
2 I A < [
Dedicated Gravity Missions: s L
= LLR (1969 - on-going!!) = i
= GP-A, '76; LAGEOS, '76,/92:GP-B, = [ 7T\ 77
'04; LARES. "10; LISA, 2020+{7?) 3 I
L | o

Pirsa: 10010005 Page 40/85



_IP TESTS OF RELATIVISTIC GRAVITY IN SPACE
L 40 Years of Solar System Gravity Tests

Techniques for Gravity Tests:

Radar Ranging I MarsRanging 76 7—1<2x10°
= Planets: Mercury. Venus, Mars 1.002
= s/c: Mariners, Vikings, Pioneers, i
Cassini, Mars Global Surveyor, L .
Mars Orbiter, etc. O T Sl B |
= \/LBI, GPS, efc. ) it | o pr = y—-1<3x10"
Laser: = i e trometricVLBI ‘09
= SLR, LLR,. interplanetary, etc. E o) & ; ___________
z L e I
Dedicated Gravity Missions: ﬁ L s 7, e -
* LLR (1969 - on-going!!) > [
= GP-A, '76; LAGEOS, '76.92; GP-B, L2 e A i v S
04:; LARES. "10: LISA, 2020+ 7) - PR,
J | = p

Pirsa: 10010005 Page 41/85



TESTS OQF RELATN

Techniques for Gravity Tests:

adar Ranging:

= Planets: Mercury Venus, Mars

= sfc: Mariners, Vikings, Pioneers,
Cassini, Mars Global Surveyor,
Mars Orbiter, efc.

= VVLBI, GPS, etc.

= SLR LLR. interplanetary, efc.

Dedicated Gravity Missions:

= LR (1969 - on-going!!)

= GP-A '76; LAGEQS. '76,92; GP-B,

'04: LARES. "10: LISA, 2020+ 7?)

Pirsa: 10010005

JPL /ISTIC GRAVITY IN SPACE
40 Years of Solar System Gravity Tests

Unit Curvature

-

- )
Viars Ranging ry—1<2x10—
B T R/ e v
| we T . e
[ g Astrometrnic VLBI "0S
1 [ i e — _Cassini ‘03
G, S 3 ¥ — 1 *:(2 l 2 3)x10—

A B i

Nun—[inearity_

Page 42/85



_IP TESTS OF RELATIVISTIC GRAVITY IN SPACE -
L 40 Years of Solar System Gravity Tests @

Techniques for Gravity Tests:

RadarRan (i :3: :" A Mars Ranging 76 ?’—1"_:2)(10_3
= Planets: Mercury Venus, Mars 1.002
= sfc: Mariners, Vikings, Pioneers, i
Cassini, Mars Global Surveyor, - Sl
Mars Orbiter, etc. e e . P S s A N |
= \/LBI, GPS, efc. ) L C_* ? 1 <:3 xlD—
3 LR, LLR. interplanetary, efc. > w1 = Cassini ‘03
- s
Dedicated Gravity Missions: - it it 4 1= (2 1 -2.3)x10"
= LLR (1969 - on-going!!) = 4By 3<4. 3x10-
= GP-A, '76; LAGEOS, '76.'92;: GP-B, Lol ) I 27 N S
'04: LARES. "10; LISA, 2020+{7?) I TR TN
New Engineering Discipline — 0998
Applied General Relativity: i , S
= Daily life: GPS, geodesy. ime transfer; 1,598 J.eeg 1 1001 1.002
= Precision measurements: deep-space an-Sncarty
navigation & astrometry (SIM. Gaia.....).

A factorof 100 in 40 years is impressive, butis not enough for the near future!



_IP TESTS OF RELATIVISTIC GRAVITY IN SPACE
L 40 Years of Solar System Gravity Tests

Techniques for Gravity Tests:

- 4

o S .
| -_,|I|;".'I|!_.'_ r

radal

= Planets: Me}cury. Venus, Mars 1.002

= s/c: Mariners, Vikings, Pioneers,
Cassini, Mars Global Surveyor,
Mars Orbiter, efc.

= V/LBI, GPS, etc.

N ]
()
([

= SLR, LLR. interplanetary, efc.

[

b

Dedicated Gravity Missions:

= LR (1969 - on-going!!)
= GP-A '76: LAGEQS. '76.92: GP-B.
'04: LARES. "10: LISA. 2020+{?}

Unit Curvature

New Engineering Discipline —
Applied General Relativity:

= Daily life: GPS, geodesy. ime transfer;

= Precision measurements: deep-space
navigation & astromeftry (SIM. Gaia,.._.).

Pirsa:—10010005.

y—1<2x10~°

ey e, o
Vidlrs nanEimne

Cassini 03

y-1<(2.1:2.3)x10°

48—y -3<43x10 ,

= e
L = -
? Geners eiativit
| - L L . T neia L
—
-
1 o ¥
= J
S o S L 1 o | = -
] Q0% N aGg ] W7
e S e LWL HELY ¥

Non-linearity
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A factorof 100in 40 years is impressive,

butis not enough for the near future!



JPL Theoretical Landscape of the 20* Century: @/

Competing Theorves of Grarify

. Some Theories resist fo fail
Newton 1686 Poincare 1890 &

Einstein 1912 Nordstrem 1912 Nordstrem 1913 Einstein & Fokker 1914 | Einstein 1915
Whitehead 1922 |[ESRRRIRIN Kaluza & Kiein 1932 Fierz & Pauli 1939 Birkhoff 1943

Milne 1948 Thiry1948 Papapetrou1954 Jordan19355 Littlewood & Bergmann 1956

Brans & Dicke 1961 Yilmaz1962 Whitrow & Morduch 1965 Kustaanheimo & Nuotio 1967
Page & Tupper1968 Bergmann1968 Deser & Laurent1968 Nordivedt1970 Wagoner1970

Ni1973 _ Lightman & Lee 1973 Lee, Lightman & Ni 1974 Rosen 1975
Belinfante & Swihart 1975 Leeetal. 1976 Bekenstein 1977 Barker15978 Rastall1979

—  Will & Nordtvedt (1972) and Hellings & Nordivedt (1972) are vector-tensor theories.
Deviations can be only significant in high energy regimes (e.g. Planck energy) to be in accord with
current precision of experiments

— Yilmaz (1973) was mathematically inconsistent, but now is fixed. Does not predict black holes

— Logunov (1987) bi-metric theory with massive graviton: fits all the solar system and binary pulsar
data. does not predict black holes. universe is flat and infinite. no Big Bang singularity, oscillates. ..

pirsat00100Bartan (1923). Hehl (1997) introduces matter spin Page 45/85



Jpl_ Theoretical Landscape of the 20t Century: @/

Conpeting Theorres of Grarify

“Aesthetics-Based ™ Conclnsion foir 202 Centutiy
Newton 1686 Poincare 1890 = =

Einstein 1912 Nordstrem 1912 Nordstrem 1913 Einstein & Fokker 1914 | Einstein 1915
Whitehead 1922 Cartan1923 Kaluza & Klein 1932 Fierz & Pauli 1939 Birkhoff 1943

Milne 1948 Thiry 1948 Papapetrou1954 Jordan19355 Littlewood & Bergmann 1956

Brans & Dicke 1961 Yilmaz1962 Whitrow & Morduch 1965 Kustaanheimo & Nuotio 1967
Page & Tupper1968 Bergmann1968 Deser & Laurent1968 Nordivedt1970 Wagoner1970
Bollini etal. 1970 Rosen1971 Will & Nordtvedt1972 Ni1972 Hellings & Nordtvedt 1972
Ni1973 Yiimaz1973 Lightman & Lee 1973 Lee, Lightman & Ni 1974 Rosen1975

Belinfante & Swihart 1975 Leeetal. 1976 Bekenstein 1977 Barker1978 Rastall1979
Coleman1983 Logunov1987 Hehl1997 Overiooked (20"century)

— “Among all bedies of physical law none has ever been found that is simpler and more beautiful
than Einstein's geomeiric theory of gravity”
—Misner. Thorne and Wheeler, 1973

—  “[...] Unfortunately, any finite number of effects can be fitted by a sufficiently complicated theory.
[...] Aesthetic or philosophical motives will therefore continue to play a part in the widespread
faith in Einstein’s theory, even if all tests verify iis predictions.”

Pirsa: 10010005 — Maszaicolm Ma:CaIIum, 1976 Page 46/85
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JPL Theoretical Landscape of the 21t Century:

1um 1 mm 1 mAU 1AU 1 kAU 1 kpc 1 Mpc 1 Gpc Horizon

How well do we know gravity at various scaies?

neories that predict deviations from general retativity

Technigues available to explore gravity on various scales

1um 1 mm 1 mAU 1 AU 1 kAU 1 kpc 1 Mpc 1 Gpc CMB
Distancescales (notionzl), R

pisa: 1002dbb@l sSystem experiments allow forimprovements in our knowledge of graviify, s
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JPL Theoretical Landscape of the 21% Century: l

1ym 1 mm 1 mAU 1AU 1 KAU 1 kpc 1 Mpc 1 Gpc Harizon
How well do we know gravity at various scales?
7?7 Well-tested Reasonably well-tested Noprecisedata Poorly tested: Juststarted:

e

4
T
£
=

L]

-

Theories that predict deviations from gener

Technigues available to explore gravity on various scales

1pym 1 mm 1 mA 1 AU 1 kAU 1 kpc 1 Mpc 1 Gpc CMB

Distancescales (notional), R

pisa: 1002dbb@l System experiments allow forimprovements in our knowledge of graviifyees



'pl Theoretical Landscape of the 21 Century:
1um 1 mm 1 mAU 1AU 1 KAU 1 kpc 1 Mpc 1 Gpc Harizon
| How well do we know gravity at various scales?
77 Well-tested Reasonably well-tested Noprecisedata Poorly tested: Juststarted:
DGP LGP Theories that predict deviations from general relativity DGE sorings
CMB

Technigues avzilable to explore gravity on various scales
1 kAU 1 kpc 1 Mpc 1 Gpc
nal), R

LY,

Uistancescales (notl

1AU

1pum 1 mm 1 mAU
pisa: 1002dbb@l System experiments allow forimprovements in our knowledge of graviifyoes



Jpl_ Theoretical Landscape of the 21 th Century

1 kpc 1 Mpc 1 Gpc Horizon

1 mAU 1AU 1 KAU

How well do we know gravity at various scales?
Poaorly tested: Juststarted:

No precisedata

1gm 1 mm

7?7 Well-tested Reasonably well-tested
= _"'.' fE ';'“: _"_’".- SHOE '_'_* = :.f-""? VLIS L z,
Everra A Zernaizve theorzes of oravty MONID reossse 1B -mmdized oranty
eI SIOr seeElar —fEnior, MONI) regrame? Tel 28, STV = R | oravesy, Brames
_ e =2 O
—_ L S ..---3 - i, SEFTFaT
ILE:. Lot Theories that predict deviations from general 1 y LoD S
I gk Testr Stare-Based Excbermment A dromormn A srophysis —o520l00)
_ontroiled BExcberrment A sironormcal Ohservation

Technigues available to explore gravity on various scales

1 Gpc

CMB

1 AU 1 kAU 1 kpc 1 Mpc

1 um 1 mm 1 mA -
Distancescales (notional), R

risa: 1002dbba@l System experiments allow forimprovements in our knowledge of gravifyss



Theoretical Landscape of the 21 Century:

aontnell ao ne gnon siqriry¢

1ym 1mm 1 mAU 1AU 1 KAU 1 kpc 1 Mpc 1 Gpc Harizon

How well do we know gravity at various scales?

7?7 Well-tested Reasonably well-tested Noprecisedata Poorly tested:

Juststarted:

— TIOREEY 3G YOV SFOFREEENT — L GFws IVIRLE
s V. o ARttt ey (il S e 2 AT ORI 2 A e
BExira- LILET LRI aree OTEREATY AN L reosmre LB -HOCSTIEG QT ERIIT
- i S s | e
dimensions — Scaiar—iensor, MOND regemes Telel, STVG HE ) orapety, brove
= _ e
e m e T AT TN - —_— ——
— L5 Tk " . 1 . 2k e —— | | _— TR
— i heories that predict deviations from general relativity e R
ot - = e : , : =
B W-ivas 3 Daee-Ddsea S hermmenis A ETOrGrT) A Trophyses _OSPE0I00)
= = , =
PiFviled Sxhernenis Asgronomal Gbservaiions
— i — —_ — -
S OOLREE i Y e TELLSION SDeriraseol) —OSREOOCY IO
T R TR T R F? % Ay __J'""_ T _:":"-'_-"'_' e e adte] _-_., mrErar T . N Lo - - g ) i DA = mEer T
e LG E 3 T ireny S A S i el r RS T edulniy Wbl Y Qe F DTy LA O S I B AT
old atoms Techni ilable t | ' i i STIILY WA
gt iecnnigues avalianle to explare grEVIW On various scales et e

1pm 1 mm 1 mAU 1AU 1 kAU 1 kpc 1 Mpc 1 Gpc CMB

pisa: 1002dbb@l System experiments allow forimprovements in our knowledge of graviify s



JIPL Theoretical Landscape of the 215t Century: @/

Competing Theoires of Giarify

!
... they are back.
Newton 1686 Poincare 1890 =

Einstein 1912 Nordstrem 1912 Nordstrem 1913 Einstein & Fokker1914  Einstein 1915
Whitehead 1922 Cartan 1923 | Kaluza & Klein 1932 | Fierz & Pauli 1938 BirkhofT 1943
Milne 1948 Thiry 1948 Papapetrou1954 Jordan1955 Liitlewood & Bergmann 1956

| Brans & Dicke 1961 | Yilmaz1962 Whitrow & Morduch 1965 Kustaanheimo & Nuotio 1967

Page & Tupper 1968 Bergmann1968 Deser & Laurent1968 Nordivedi1970 Wagoner1970
Bollini etal. 1970 Rosen1971 Will & Nordtvedt1972 Ni1972 Hellings & Nordtvedt 1972
Ni1973 Yiimaz1973 Lightman& Lee 1973 Lee, Lightman & Ni 1974 Rosen1975

Belinfante & Swihart 1975 Leeetal. 1976 Bekenstein 1977 Barker1978 Rastall1979

Coleman1983 Logunov1987 Hehl1997 Overiooked (20"century) | Scalar-Tensor Theories
Arkani-Hamed, Dimopoulos & Dvali 2000 | Dvali, Gabadadze & Poratti 2003 | Strings theory?
Bekenstein 2004  Moffat2005 | Multiple f(R) models 2003-07 ! Bi-Metric Theories

Need for new theory of gravity: Other challenges: Motivations for new tests of GR:
— Classical GR description breaks — Dark Matter — GRis a fundamental theory
down in regimes with large curvature  _  papcsnergy — Alternative theories & models
P 10fgravity is to be quantized. GR will Pioneer Anomaly... — Newideas & techniunggse Srzgg;uire

have to be modified or extended

. " . .
e e e e B B e SRy o e E DR B BT I e R



Jpl L'heorefical Landscape of the 215 Centuiy: |
'I_‘

(Re-envergence of the) Scalar Field

Fundamental Physics Challenges: Alternative Theories of Gravity:
= Appearance of space-time singularities; = Grand Unification Models, Standard
= Classical description breaks down in Model Extensions:
large curvature domains; = |nflationary cosmologies. strings. Kaluza-|
= Questfor Quantum Gravity — Standard Klein theories:
Model and/or GR modification; Common element: scalar partners —
= Dark Energy... dilaton, moduli fields...
The scalar field is a pioneer, "Gravigy ana e Lenactons Scalar Frela™
sent out to explore new worlds of physics! CarlBrans, gr-qe/870506
— Waves, Optics — Nordstrom's Scalar Gravity
— Electrodynamics — Kaluza-Klein Unification
— Quantum Mechanics — Dirac and Jordan's Cosmology
— ScalarQED — Scalar-Tensor Gravity
— Field Theory — Inflation
— Symmeiry Breaking — Quintessence

— Dilatons. Moduli — TeVeS. STVG,

Pirsa: 10010005 — . T e Page 53/85



_JISL Theoretical Motivation for *"\> |
New Gravity Tests |

S G e
Long-range massless [or low-mass] scalar: \ ‘ /
The low-energy limit of the String Theory in ‘Einstein \\\ f m! £l
Frame’ (Damour-Nordivedt-Polyakov 1993) suggesits: \ ] f:-’z Eﬂ:tTT
: i | | "m\ A asﬁzﬂ_'—: -
S==— 6o e /di"v‘—_g(R — Eg’””\_,,,rJT,,G) + Sarlwar- A(0)gmn, 0 4 )
%0

Expansion Ao /around background value o, of the scalarleads:

In A(p2) =In A(ge) + anlz — 20) + 3,{:..1; — on)” + O(AL”)

Slope a,; measures the coupling sirength of interaction between matier and the scalar.

_.‘_thj 2 1 ﬂik” 9 1
1] = 'L ~ —Ja;, 3 —1 == : 55 — -ﬂ-k et —1 }'I{
' 1 4+ o = 2(1+ (Iﬁ}l 2 ! 1 o

Scenario for cosmological evolution of the scalar (Damour, Piazza & Veneziano 2002):

= fHa\32 - -
] Fiia W | | I (—13) = rye— § e I — 00
03

Pirsa: 10010005 Page 54/85

i The unitcurvature PPN parameter - is the mostimportant quantity to test \




TESTS OF RELATIVISTIC GRAVITY IN SPACE

JPL Modified Gravity: f(R) theories @

- . . M-
» A broad class of alternative theories Lo=——w(0)@0)" - V(o)
o= f 3 ‘ f(R.0) + Lo(guy-0.00) + Lon(guy. ¥ }] (@0)” = V,oV*0| |F(R.0) =df(R.0)/0R
‘ Generalized gravity | “f(R.o) Lolo.00) p(R.o) g V()
Nonlinear gravity | Lf(R) =0V =0 p= F(R) JilnF 20
|
R’-gravity : HR+aR%) | w=0.V=0 p=1+2aR [mr 2o
l/Rgravity  |5(R—p'/R)| w=0.V=0 |p=1+u'/R® v%lnF —
Scalar-tensor theur}" _I_TFme wl(oe). V(o) p=F(o) J V"% + :}T._?—do %_r
Brans-Dicke theorv ‘ oR o) =2V =0 p=29 f \/;— - ;%f'—do 0
Dilaton | _les_':'R -;{{J']ZE_”-- 1" =10 p:E—-:- '%J 0
| = 2
= _ 1 2 = 3 v”i-‘-r’-‘—-l M= V
NMC scalar | 5(1 +&07)R w=1 V{g) p=1+&" |J — do| ——
CC(e=L) |3(1+°)R| «w=1 V(o) p=1+1to° v./_ranh e =
Induced Gravity | .L_TEG:R w=1 V() p=€p V"G + f—lnﬂ L;
GR with a scalar [ IjH w=1. Vio) =1 O V
Pirsa: 10010005 | Page 55/85
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Dark Energy ldeas: What it is there for us‘?

Modifications of Einstein Gravity

5 —

IGHG‘/\d-Lr\/_Qf( = = m[gm, L]

Carroll et al. PRD 70 (2004) 043528

Modification of PPN Gravity
FULRY

=1 == S
FUR)- 2R}

I fUR)- F'(R)
192f(R)+3f"(R)" dR

Analogy between scalar-tensor and higher-order gravity

Constraintson ... f(£f) from solar system experiments. ..

__tight restrictions on the form of the gravitational Lagrangian

Need for cosmological PPN formalism

Pirsa: 10010005 Page 56/85

Canozziello. Stabile. Trosi. ar-ac/0603071
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Cassini 2003: Where Do We Go From Here?

Cassini Conjunction Experiment:

= Spacecraft—Earth separation > 1 billion km
= Doppler/fRange: X~7.14GHz & Ka-~34.1GHz
« Result = 1+{21+£23) 10°

Pirsa: 10010005
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TESTING RELATIVISTIC Gi

JpL Cassini 2003: Where Do We Go From Here?

=S
e

Cassini Conjunction Experiment:

» Spacecraft—Earth separation > 1 billion km
= Doppler/Range: X~7.14GHz & Ka~34.1GHz
« Result Y = 1+(21+£23) 107

Possible with Existing Technologies?!
= VLBl[currenty =3 1077: limited to - 1 104

* uncer@amtyint the radio source coordinates

| P e - — M—LF- ; I~ 1=~ - -+ _:_'.
* LIR[currentn=4 107]:inSyears-3 10
— — |—1I..-1.. -'f-\ o — --E--F-
* mm accuracies [APOLLO] & maodeling efforts
—— NN~ ey SR || NSRR
= I-Wave ranging o a landeran Mars -6 U
e TS P o e R 1B
= {racking of BepiColombao s/c at Mercury -2

ris{Joneoneeds a dedicated mission to explore accuracies better than 107°° fordessdh
PPN narameters « {and 3 Internlanetarv laser ranaina is a no<s<itbilitv
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— Apollo 11, 14 & 15 sites
— Lunakhod 2 Rover
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m New LR stations:

— Apache Point, (NM, USA)

Pirsa: 10010005

— Matera (Matera. [taly)

— South Africa. former QCALLR



LUNAR LASER RANGING and TESTS OF GENERAL RELATIVITY

JPL

The Apallo 11 retroreflectoriniiated a shift from analyzing lunar pasition angles to ranges.
Today LLR s the only continuing experiment since the Apollo-Era

Excellent Legacy of the Apollo Program

Pirsa: 10010005 Page 60/85



LUNAR LASER RANGING and TESTS OF GENERAL RELATIVITY

JPL

The Apallo 11 retroreflectoriniiated a shift from analyzing lunar position angles to ranges.
Today LLR s the only continuing experiment since the Apaollo-Era

Excellent Legacy of the Apollo Program
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LUNAR LASER RANGING and TESTS OF GENERAL LATIVIT

JPL

The Apallo 11 retroreflectoriniiated a shift from analyzing lunar position angles to ranges.
Today LLR s the only continuing experiment since the Apollo-Era

Excellent Legacy of the Apollo Program
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Historical Accuracyof LLR

Schematics of the lunar
laser ranging experiment
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Historical Accuracyof LLR

Schematics of the lunar
laser ranging experiment
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Schematics of the lunar
laser ranging experiment
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JPL

LUNAR LASER RANGING and TESTS OF GENERAL RELATIVITY @

Testing General Relativity with LLR

Violation of the Equivalence Principle in PPN formalism:

Aa 2Ha —a,) Me M~ 1 . ()
e e =S —E =1+ {4 -7 —-3)—

a (g +ay) " m ) my | il e

Aa Q) Q) - i -

— =g —— )= 445 107 g a5

a mco  mi_c”

If 7 =1. this would produce a 13 m displacement of lunar orbit.
By 2007, range accuracy is ~1.3 cm. the effect was not seen.

Pirsa: 10010005
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LUNAR LASER RANGING and TESTS OF GENERAL RELATIVITY @/

Testing General Relativity with LLR

Violation of the Equivalence Principle in PPN formalism:

Aa 2Ha —a,) e Me 1 . 2.
e :} s \ _[_ﬁ’ _ € —1+ (48 —7—3)—

a a+a) ‘myp, my ) 1 e

A{I Q Q : - i -

— =gt — — -t dSx np=4p—"-3

a mco  Hi_C

If 7=1. this would produce a 13 m displacement of lunar orbit.
By 2007, range accuracy is ~1.3 cm. the effect was not seen.
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JPI LUNAR LASER RANGING and TESTS OF GENERAL RELATIVITY
Testing General Relativity with LLR @/

Violation of the Equivalence Principle in PPN formalism:

Aa Naq —a,)

: 2
a la —a, } . I - T 2 TH; mc

= = \ —[ﬁ | L, SN

. 0 )
OB e Sy gane™ n=4p—-7-3

2 7
a m_c m_c

- If 7=1. this would produce a 13 m displacement of lunar orbit.
By 2007, range accuracy is ~1.3 cm. the effect was not seen.

LLR results (April 2008): 16,471 normal points through May 29, 2007, including
147 APOLLO points plus MLRS, OCA, and HALA

A [ﬁ] ={(-095+1.30)x 10_13 — corrected for solar radiation pressure from Vokrouhlicky {1997).
m;

13 test of the Strong Equivalence Principle n=48-7-3=(44+43)x 10~

Ag =
— — - 195 1 9irxin -
a ( }x with Adelberger (2001} results for WEP

Using Cassini ‘03 result y—1=(2.1:23)x10° = B-1=(1.2+1.1)x10"

_ - Geodetic / de Sitter- G o e e ot
K., =-0.000700047 — 200" o ion Tg=(8=5x107 v

Pirsa: 10010005
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Prototype of advanced
corner cube for LLR:
a SIM precision CC

(~0.5 urad), 10 cm side length
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ADVANCED LUNAR LASER RANGING EXPERIMENT

JPL Advanced LLR: anticipated results

( WeakEquivalence Principle ' Fewyears |Aa/al<1.3x10~"3 |10 1¢ 16"
E Strong EquivalencePrinciple | Fewyears | | 7|<4.3x10™* 3x102 |3x10°
o ! -
«n PPN parameter g Fewyears | |G-1|<1.1x10* |10> 10°°
=
g Time variationof G ~10years |5.7x10 3 yr Sxil ¥ | 1@
-
Inverse Square Law ~10years | |a]<3x107"! 16 16
Effect Current Future Goals
Positions on Moon yes More locations
Q Low-degree gravity field yes Distinguish mantle from inner core for gravity

Q and moments

, == 3 free libration mantle modes yes Seek sumulating events

Q Solid-body tides ves Improve Love number accuracies

5 Tidal dissipation| vyes | improve tidat Q vs frequency

(4] Core/mantle boundary dissipation yes improve uncertainty. used to limit fluid core size

- Core/mantie boundary flattening yes improve uncertainty

1y Fluid core moment of inertia no Detect and determine

= Fluid cors free precession made no Detect mode. deterrmine amplitude & period

- Inner solid core no Detect inner core, determine gravity
Pirsa: 10010005 — 3 inner cores free libration modes no Detect modes. determine amplitudes & penods Page 71/85

Inner core boundary dissipation no Limit inner core size
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Phobos Laser Ranging Architecture

Pirsa: 10010005 Page 72/85

Next Step - Interplanetary Laser Ranging




JPL

TESTS OF GENERAL RELATIVITY WITH INTERPLANETARY LASER RANGING .
Interplanetary laser ranging trade space @

Dark crater ® Expensive, conjunction

Surface P communication problem
= "~ Plains e E—
Mercury < = ® Expensive, thermal difficulties
| Orbit _
@ Expensive, orbital & thermal difficulties
Surface o N
: Promising, but problems with dust & atmosphere
- Free orbit - ”» -
Mars ! ® Orbit precision a challenge
Orbit Phobos =2
Promising
Deimos @ S
Precession toolong

Asteroid ® No suitable candidate with enough conjunctions

FT&E-'HYEI’ ® Expensive, as a single spacecraft architecture would need a drag-free platform;
Insufficient science with a time-of-flight transponder (need for coherent detection).

Simulated: laser ranging over 1-6 years of operation based on daily 1 mm range points.

Estimated parameters (total up to 230) include orbital elements (60), up to 67 individual

A& BT GMs, asteroid class densities (3), spacecraft biases (8), solar corona correctf&ié®
(Y mlaparary faa+tnirac (Marce MarFciirg Dheabkoe 2v- )V anAd Aathare



TESTS OF GENERAL RELATIVITY WITH INTERPLANETARY LASER RANGING

JPL

1mm laser ranging to Mars:

Estimated nncertainties for parameters of interest as a function of Mars
lander mission duration. with 1 mm laser ranging once per dav with
2* SEP cut-off amnd 67 asteroid mass paramerers estimated.

Interplanetary laser ranging: Mercury vs Mars

1mm laser ranging to Mercury:

Estimated uncertainties for parameters of interest as a function of num-
ber of Mercury lander mission duration. with I mm laser raneing once
per dav with 2° SEP cut-off and 67 asteroid mass parameters estimated.

Relativistic Effect Mission duration. months Relativistic Effect AMission duration. months
to be studied by PLR s 36 Y- to be studied by PLR I= 36 2
The Eddington parameter = |31 =< 107" | L4 =107 | 7.8 = 10" The Eddington parameter ~ | 9.8 < 107" | 46 =« 107" | 2.7 =« 10"
The Eddingron parameter 7 | 13 x 107% | LT = 107" | 8.6 x 107° The Eddinston parameter 7 | 1.3 x 1077 | 6.6 x 107% | 7.5 = 107
Strong Equivalence Principle. g| 2.8 x 107 | 3.1 x 10~ | 8.5 = 10~° Strong Equivalence Principle. i) 1.5 x 10~* |34 x 1077 | 6.3 x 10~°
Solar oblateness. J 6.9 x 1077 | 3.2 107" | 2.1 x 107" Solar oblateness. .1, LT x 107 |6.9 x 10717{7.4 % 10~
Parameter G/G. yr™' LT x 107928 x 1077110 x 10”7 Parameter G/G. yr—* LT x 10728 x 107791 x 10719
Measure M. /M. v7 1T x 10718 x 107101 x 1070 Measure M. /M. . vr 2.1 x 10-3 |28 x 1007]9.1 x 10-19]

Estimated mncertainties for parameters of interest as a function of num-
ber of estimared asteroid mass paramerters. for a 36 month Mars lander
mission with 1 mm laser rangine once per day with 2 SEP cur-off.

Estimated uncertainties for parameters of interest as a function of nmm-
ber of estimated asteroid mass parameters. for a 13 month Mercury
lander mission w/ 1 mm [aser ranging once per day w, 2° SEP cut-off.

Relativistic Effert Number of asteroid < 1[= Relarivistic Efect Mumber of asterowd (s
. to be studied bv PLR 11 36 Ba to be stndied bv PLR 11 36 | BT
| The Eddington parameter ~ | 7.8 x 107" | L.1 = HJ—'_ c 107° The Eddington parameter 5 | 6. x 10 | 3.0 » 107" |98 x 107 |
The Eddington parameter 7 | 6.9 = 10 Sill 52 8 b ] The Eddington parameter 7 (32 =< 107" |73 < 107" |15 < 1077
Stronez Equivalence Principle. 7| 26 < 1077 | 5.1 < 107° | L5 x 10~

I4 =
L.y
Strong Equivalence Principle. | 4.3 < 1077 | 8.3 < 1077 | 3.1 = 10~
Solar oblateness. .J, 16x 107% |25 x 107" | 3.2 x 107"
Parameter G/G. vr! 26x 1075126 x 10-17(2.8
2

Measure M- /M- T 11 x 1075199 x 10-'*| 1.8 x 1071

3w 10719

Solar oblateness. .. 44 % 107179 x 1071 LT x 1077
Parameter G/G. yt~' 12107 1. 1x 0~ 1T x 1071
Measure M. /M. _yr~! 1.2 x 10|16 x 10-1%21 x 10~H

Practical issues:
dust (life time), laser communication

through atmosphere (conjunctions are

Pirsa: 100100

worst case), etc.

Practical issues:
challenging thermal conditions (life time),

communication through conjunctm;;lg%,ms
nuclear power, overall cost (51.5B+), etc.
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Phobos Laser Rangmg: Prmmple
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1 mm range accuracy with PLR is possible

Impact on:
» Test of general relativity
» The science of Phobos, especially its interior

Pirsa: 10010005 Page 76/85

@ $550M (FY 2009 $)
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TESTS QF GENERAL RELATIVITY WITH LASER RANGING TO PHOBQOS

Gravity Tests with PLR vs Experiment Duration

Mission duration / N of conjunctions

Relativistic Effect CL;:;”'“
1yr/1cenj | 3yr/2cnj | 6yr/ 3 cnj

PPN parameter » 2.3x1072 3.12107 1.4x1077 7.921078
PPN parameter ~ 1.1x10™* 4.3210* 1.6x10"* 9.4x1072
Test of Strong Equiv. Principle, = | 4.3x10°* 1.521073 2.8-10% 8.82107
Solar oblateness, J; 2.0<107 6.92108 3.2-x1078 2.3210°8
Gravitational inverse square law 2107 e 2107 b

@ 1.5 AU @ 1.5AU @ 1.5AU @ 1.5AU

Estimated uncertainties for parameters of interest as a function of Phobos

lander mission duration. with 1 mm laser ranging once per day with 2° SEP cut-
off and 67 asteroid mass parameters estimated.

Pirsa: 10010005

Simulations by W.M. Folkner, JPL
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_IPI_ TESTS OF GENERAL RELATIVITY WITH LASER RANGING TQ PHOBQS
Gravity Tests with PLR: PPN " and the ISL

Estimated uncertainty in PPN y

e
-: IM’-/—”’-’__*
107 L /_,—-—""/
3 ]//
l"—'h L _d_#__,da—"’d_
__'_'___,_,-'-"'"
Ilmm _—
"
l[]'-'- S A T S P
0 2 - 6 by 10 12
SEP cut (degz)

Estimated unceriainty in PPN 7 as a function of
data accuracy and data cut-off with angular
separation from the Sun as viewed from Earth.

Pirsa: 10010005

e

Limits on the ISL violations

107
1072
1073
0%
_ |laboratory e
107 A=
= 10t -
107 e
LB

']
L5

. -.--'"-' o
geophysical

=

planetdry __

Y ] W O O N sl O

102 10° 108 10 10° 108 107 102 10"
A [m]

Simulations by W.M. Folkner;
background graphics from (Adelberger et 8¢ '2003)



JPL Theoretical Landscape of the 21th Century
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LASERASTROMETRIC TEST OF RELATIVITY

JPL LATOR Mission Concept

CQG 21 (2004) 2773-2799, ar-qc/0311020

Reference
spacecraft
= 2 AU = 300 million km

Exilr ¢

Measure:
=3 lengths|[ 4, {2 i3]

Sun Accuracy needed:
= Distance: ~3 mm

Target -' S T
spacecraft :

Euclid is violated in gravity: e
cos@ = (" +1° 1)/ 2Lt e
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Jpl _ASER ASTROMETRIC TEST OF RELATIVITY
LATOR Mission Concept

CQG 21 (2004) 27732799, grqc/0311020

International

Referencé U Space Station

spacecraft

2= 2 AU = 300 million km -

¢, D=

Exih ¢

Measure:

=3 lengths [ 77. {2 73]
=1angle| ]

Sun Accuracy needed:
= Distance: ~3 mm

Target -' X
spacecraft :

= Angle: 0.01 picorad

- - e

Euclid is violated in gravity:
cos@# (L~ +1° —£7)/2LL

Pirsa: 10010005

Test of aravitational deflection of liaht: PPN ~to 1 part in 10° @ EE3IOMIEY 20090 &)

Geometric redundancy enablesa very accurate
measurement of curvature of the solar gra'gi;tey field
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| ASERASTROMETRIC TEST OF RELATIVITY

Eddington Experiment of the 21st Century @

JPL

Optical vs. Microwave:

= Solar plasma effects decrease as A~ from 10cm {3GHz) to 1 um 300
THzis a 10'? reduction in solar plasma optical path fluctuations

Orbit Determination (OD):

= Noneed for drag-free environmentfor LATOR spacecraft

= Redundantopfical fruss — alternative to ultra-precise OD

A Low Cost Experiment:
Optical apertures ~15-25 cm — sufficient; high SNR ~1700

= Options existfor NO motorized moving parts

= Many technologies exist: laser components and spacecraft

= Paossibiliies for further immprovements: clocks, accelerometers, eic.

Toward Centennial of General Relativity (2015):

= 1919: Light deflection during solar eclipse: | 1—= ]| = 107
= 1980: Viking — Shapiro Time Delay: |1—+]<2 103
= 2003: Cassini—Doppler[d{Time Delay)/dfl: |1—7]-23 107 .

= 2016: LATOR - Astromeiric Interferometry: |1-7| = 102%-10°



TESTS OF RELATIVISTIC GRAVITY IN SPACE

JI L Beyond Einstein Advanced Coherent Optical Network (BEACON) @

Earth’s orbit: Measure:

80,000km -~ =4lengths [ 7. &2 f3 2]

Accuracy needed:
= Distance: ~0.1 nm

= 53 Geometric redundancy:

.\1.\ ﬁ di__'..
O + Enables a very accurate
S . e measurement of curvature
of the Earth's gravity field

Schematic of the BEACON experiment « Reduces the need for drag-
free spacecraft

Accurate test of gravitational time delay (Shapiro effect): PPN v to 1 part in 10°
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JPL

ADVANCES IN PRECISION CLOCKS AND QUANTUM SENSORS
Emerging Technologies @

» Frequency Standards:
— u-wave atomic clocks:
« NIST F-1 Cs fountain y-wave clock: 5 x 10-'® accuracy (1 day)
— u-wave atomic clocks on a chip:
« NIST Rb chip-scale y-wave clock: 6 x 10-'2 accuracy (1 sec)
— Optical atomic clocks
« NIST Hg+ clock now < 3 x 1077 (10* sec)

» Matter-wave Interferometers:
— Gravity gradiometer:
« Demonstrated differential acceleration sensitivity: 3 x 10-° g/Hz"?
— Gyroscope
« Achieved stability 2 x 10° deg/hr'? ARW (angle random walk)
— Accelerometer
« Demonstrated performance 2.3 x 10-° g/Hz'=
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TESTS OF RELATIVISTIC GRAVITY IN SPACE
P S

Conclusions
» Recent technological progress arXiv:0902.3004 [gr-qc]

— Resulted in new instruments with unique performance
— Could lead to major improvements in the tests of relativistic gravity
— Already led to a number of recently proposed gravitational experiments

« Challenges for solar system tests of gravity:

— Dedicated space-based experiments are very expensive — the science
must worth the cost... — EP, G-doz and PP\ ¥ fests are most relevant.

— Motivation for the tests in a weak gravity field is a challenge: there is no

strong expectation to see deviations from GR in the solar system (we are
looking for anomalies. . .) — zoess 70 strongfer) orarity regime is needed.

f ol Lee s ,_\_

e st e

— GRis very hard to mod:fy embed, extend or augment (whatever your
favorite verb is... ) — thus, perbaps, those anomalies are tmbporiant. ..

— PPN formalism becomes less relevant for modern gravity research. ..

— Looking to Cosmos for help? There is none: Little or no correspondence
between cosmological tests and physical principles in the foundation of
risa: 0010005 {@StS Of PPN gravity — EP, [ LI, [ Pl energy-momentum conservation, étr. .. Page 85185



