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TESTING POST-NEWTONIAN
GRAVITY

©
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WASHINGTON UNIVERSITY GRAVITATION GROUP

e The Parametrized Post-Newtonian Formalism
o GR and Scalar-Tensor Gravity

e Measurement of PPN parameters
o Light Deflection and Time Delay

o Mercury’s Perihelion Advance

(o]

Tests of the Strong Equivalence Principle
.. © Is G constant?
| "o Is Momentum Conserved?
[ ¢ Bounds on the PPN Parameters
! o The Rise and Fall (and Rise) of Scalar-Tensor Gravity
The Search for Gravitomagnetism
o Gravitomagnetism, Frame-Dragging and Mach’s Principle
o Gravity Probe-B
o LAGEQOS Satellite Tracking

Future Tests
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¢« MERCURY ORBITER
o Possible ESA mission ca 2010; US proposals coming
o Ka and X-band tracking proposed
o Could improve w, G and v by factor ~ 10.
e RELATIVISTIC CELESTIAL MECHANICS
o Global analyses of large data sets
o Earth satellites (LAGEOS, ...), LLR, planetary tracking (Mer-
cury, Mars .. .), interplanetary 5 /C (magellan, galileo, cassini, . . )
o Yukawa-like gravity effects
o Modest improvements in PPN parameters, G.
o Interplanetary laser ranging
e OPTICAL INTERFEROMETERS IN SPACE
o 3 - 30 pas accuracy
o ytolx107°
o Barely sensitive to 2nd order term (A)
o Ongoing development effort at NASA for stellar and galactic as-
tronomy, search for planets, proper motions, binaries
e« DEDICATED TIME DELAY MEASUREMENTS
o Piggyback accurate ranging on other missions that go behind the

SuIl



C. Will, SS1 1998

GRAVITATIONAL WAVES
AND THE VALIDITY OF

GENERAL RELATIVITY

WUGRAV

WASHINGTON UNIVERSITY GRAVITATION GROUP

¢ The Binary Pulsar
o Gravitational Waves to High Post-Newtonian Order

o Why?

o DIRE: Direct Integration of the Relaxed Einstein Equations
¢ Gravitational-wave Tests of General Relativity

o Polarization of Waves

o Tests of Radiation Damping

o Speed of Waves and a Bound on the Graviton Mass



C. Will, SS1 1998

@Molv*ufo(c G W w Generol ﬂ:,la,-ﬁé‘h,

9 _ 2 TY-ry + -
T E R

T
...6‘ ui,j
E-.-L 7%

#
Tha GR @ Mufolﬁ
ﬁ»Wo.a

For binony Jystems *
z" = pxx - 592

e N/J.z'r‘q'w‘ £ = m.-"-;:/'\m



(8)9181p 9] UI SI101I5 9)0ULP mﬂmoﬁno&mm Ul SIOQUIN |\ *

(9)eeve— (;1-01) T OATIRALIS(] POLIDJ [RIIQI0)

(2)g627 (sur) A UOTYR[I(] SUILT, PUR HIYSPaY

(11)12992Z'% (;-1£,) (m) 90UBADY UOIJSRLISJ JO 97@Y URSIN
saojomreaeg  ueraajdasy-3sod, (1)

(£)61£88866°FFIF (arm) ¢ UOI3SRIIdJ JO 97R(] SHowaydy uernp

(9)825L.8°92¢ (0) 0m UOIISRII9J JO opnISuo]

(L)9€L29%L66328°0 (4ep) U7 poLag [e1qI0)

(%)80€1L19°0 2 £y1o111U10007

(61)26GL1%€°C  (s-1ysip)ruts %o sxy Joleunuieg pejoslorg
siajowrered  uerrajdayy, (1)

(8)€1L29'8 (1-0T) aﬁ. \ POLISJ JO 9ATJRALIS(]

(L)€19626L66620°6C (sur) 4y pOLISJ Ies(nJ

(€)E70¥"11L8,90,91 9 UOTRUIID(]

(ST)8T000+ 8% wST 46T 0 UOISUASY JYI1Y

siejowreded JedisAydg, (1)

onfeA  (sjun) joquig IojouIRIR J

C. Will, SS1 1998

(909T+CT61L) YVSTINd AMVNIE HOTAVIL-ASTNH AHL 40 SHALANVHVI



C. Will, SS1 1998

Post - chlcruw\ E-F'Fuﬂ in Om..n, Sys-l-c.ms

Kc.pfw's 3 red Lowtd

(ai Yo,
,ZJM)
Per jastrow shif+
e - /3 os
S ]&%‘ fo( )
ﬂa_(.-g‘)
[no*hdd&“z

Gvow, tahonol vesshibt / Tive dulohen

y = 213(3 )(m@) P e TEe30]) s

@Ma Fof1 o ok &&ﬂl;ﬁk'ﬁd’h Dﬁ-rw}oiﬂ-ﬁ

s g e P e et S e

i

‘b"‘)‘
[{}
\
[ o [
Mim,

: .- ’.!.?:f ) [/‘-) 5" T (le) PuAD

Moo

- 4..,,.( )(&"“) t 32Gees oo

GR ,&:P: p(:zl 5 'Z*:aag,,:o
Fle)= (1+ ety -fc'y(t-e'j“%'

2¢

L I T A = i AT i et




C. Will, SS1 1998

The Q;Auy Pud sav M=y Plane

T | 1 2 |
e N\ .
Lot (% &
. +, w+ |~
(XN \ e
L 2 \ o
| 7/ J :
IHO Tl
Mz(”o)
.39
ao'“)
igq9
3 (7
W37 = ——
1.37 |-
%“_\
L I ] | L\
Y2 143 )i (A~ (7

m, fM@)

m, = Lasi(1y  my= L3374 (7)



C. Will, SS1 1998

Goloehe Accelavehion
g g g N g

(Da-mow-f 'T;.ylw H’@j

b,

o~ & L’c»

Geloeche Cuudes
® - - 'y
..E = ;‘ (Q'*Q,) + 'r"/d
P
: ‘U“‘ v
z - ;'cosk - E’mk + v /e
f
[ -1
f’c“ s — 0.017%0. 005 =182
: -l
Poes € — 2. 739 X 0.01¥ x 10 N

Per

B N e

L1 T . v

PGw" -2.922 2 0.01% 2o

A

2 = 3. .43 TS .

BETp e SR s —



C. Will, SS1 1998

!
N

l
N

I
~
'O Ca

Orbital phase shift (seconds)
l
»

I
N

|
IS

GR Prediction

|Ill
di\!_{
L
1975

1980 1985 1990
Year




C. Will, SS1 1998

“w (L)»L88 7 =

PU (L) 11hh) = w

(8)3181p yse] Wl 810110 940uLp sisoyjuoIRd Ul SISCUITLN *

9ATJRATIO(] POLIO] [RIGIN)

UOLJR[I(] QUILT, Pue j31Yspar]
@Uﬁ.@bﬁ/w ﬂOmem;,ﬁwﬁm ,__“O Owﬁ\m HH@QH\/H

saejotnered uelrofdody-3s0J,(1n)

(C)GTES8CH6 CFTFOT (arm) © TOIISRIIOJ JO 93e(] stweydry wermyp

. {9)gzaiagzz (0) 0 U0I}SRII9 [ JO opNjIZUO]

(2)9€129%.6622€°0 (Lep) 17 J_IUMEQ& ICEIGETS)
(£)R061219°0 2 £41011310007

(61)26GLTPET

(8)€1229°8
(L)£19656L66620 68
t EV0¥ ,,L2,90,91
ST000s d.ﬁtEme@H

(s-yuSry)e s 4o

(51-01) “d
(sw) 4
0
)

SIXY Iolewureg pPajoalol ]
stojowreaeq  uerrsrdayy, (1)

POLIoJ JO 9AIJRALIS(T

pottaJ Ies[nJ

UOIYRUI[D9(]

UOISTIROSY JUITY]
savjowreIe g JedIsAt g, (1)

onfep  (syun) joquifg

Iojouree J

(90971 I£) UVSTINd AUdVNIL HOTAVL-USTAH HILL 10 SHALINVUVJ




C. Will, SS1 1998

S‘Mt"‘ﬂh"‘, fo.chuvs " BM DMAM.’ 'ﬂwor;

RN gy P g R R

]
{-Fw.;-{-m in T e 94«-\6—) }

Y= 1= ¥(s+5,-255,)
‘ 2 .
P bi-2g +dse5-25%)]

¥
X, = I- $s,

* _ v - _ /92T }
72 =(-2%)F {J(- D%G)N

L w-m[ .
Fle) = T0-e) [k&(wa’*e"‘*ie“)”&/zwe )

Br(1z(-t5)+ 1]
=9 [uéa te)+ts(r~srr'-¥$p'") ]

Mz 1= 2(m S, +m,3,)/m

/

A ! Vellvas o6 S
£ =3 £os .38 M, l.awi{&ﬁ
-f/‘l. B 0‘ 30 yaes ®

Gy (+te)(i-2")
o 0.143 oS




C. Will, SS1 1998

Tests of Genersd Scaler-Tenser Grovit

|2 -z C,
x = Ty o™ ~
. ” . ¢ )
L < :
g-t = L B B
z &
(14 2}) %
%)
0655+64 | LIGOVIRGO 534,15
1534+12 -7 (moP)
- \\\ e
\! -7
LIGO/VIRGO ')
NS-NS A 1
1913+16 ,
Xy =2
x°=1
0655+64
IPN
= B

4 6

£y



6. Fitlh, 511 TEED

O X sjdwes
e £ ¥4 z 'L L S0 0

fendsu Azeug

LU
St € §'c 4 gL } 50 o

UONEWLIO} 3]0y Yol

S[RUSIS JUAIQIIIP ‘UONNGLISIP SWRS



. iy, 31 s

Azuanbayy Aavanbay

(=]
o~

1 20 90 re [at] 0 i 80 90 o ‘N.Q o oz-
. - . _v‘.ff;y.::“.,lnlrx.?s,. . — : ‘/r, m.\..‘ Q
S w ;
0z : ob

3
L : 2] 90 ¥o 20 a ! 80 90 ¥o FA] 0 £
: 0% , o 3
: : E . - B
. : c
. 3
o g
El
5
=
"
a
el

-
©
o
et
o
-
-]
]
=]
<

|endsuy Aeurg ucHewso) ajoy yaelg

a1el 0) euontodoid ST 19MOd



6. Fitlh, 511 TEED

Kausnbayy

I 6°0 80 FA 90 S0
=T T I T I
~ “a
0
. z
, ]
T - o
_ \If)l:{{ljj} M
f%?}viqwfﬁf } m
: o
3
=
i o
|
o
=
bt
o
o
@
2
c
3
-
=

uolewWIo} oy yoe|g

S[RUSIS J1)SBYI0IS
ysmgunsip Suone[aLo)



6. Wi, 55| TERSB

k\bm.\ﬁﬁu >0 —
(P44 1) UO4J
1039919p 1O JurstIe S[euSIS Jo ey ¢
Juapiour romod [e1oJ, &

0
oo = Pt | 20

juanboigy
AP Uy = A [ AP ALY o — QJOUW ‘IO eoM [IoUIR] —
(A4p+4 1) WOIJ JOMOJ &  1orer ‘103uoIs (I3IEAU —
A/l — Je] pue Iedu S90IN0S

AS10U0 90INOS UBIN & WOI] oWOD S[eU3IS

( SUTUQIRY(] JO SULINULINIA]



6. Fitlh, 511 TEED

U181 9)Bp,, 910J9q
X <« $92IN0S OU :FUIUUIsaq
© peY JSIdAIU[) —

o N - SOOINOS TULINIY
JO AZ10Uu9 jJudiedde
S9SBAIOIP uoIsurdxa —

$90INOS
Jue)IsIp Jo el juatedde
SOSBaI09p uoIsurdxa —

:gurpuedxo st

Axeren SN
welsiq SSIGATU() S asneday &

(rep AYS 1ySTu oyl ST AYM



6. Wi, 55| TERSB

Azuanbay)

nc_ﬂ““m J, ~ No__ o ‘ ..n“_mwk
", w/hwﬂfufwcﬁ ,mw\,w Cuqug{ ) m ;ﬁf\q
yead uonnguisip
m Jesenb je jjo-mn) —
§592Z- zm | c
| __l.:mm|om:\4 mt©~ X Q= "U«
UOIIULIO]
§5e 1818 3oel} O] J3])o( «
AJISUQp 9Je1 WIOJIU —

gz > Z 10} eaidsul Areurq 01 anp jeubis onseyasols

suondwinssy <

reugis onseyoo)s [eardsur Areurg



6. Wil S5 TEED

£# yponeoily
‘1}”— i

-

[ # yyonarods

 T# ymnornds

paTWII] uoIsnjuo)) —
souIeuIq dnoefen ¢
199load
"VSVN 2qAeW ‘ySH -
-01 > ZH / /> 401 —
vUUANUY dedg
JOIQWOIQJINU] JaseT ¢



6. Fitlh, 511 TEED

Jp/tup a1e1 yq sn sppe) winnodds SurAIesqo —

il S

Jpup |p  Tup Tup
uoljenba Aynunuo)) ¢

PIAIISqO Jp/up :32IN0S PAIWI[ UOISNJUOD —

UO1)OBAI UONRIPRI [BUOTIRIIARIS A(Q IA[OAD —
aseyd

uonnJoAd Areurq 2dojoAus uowod MO[[0J —

SHAMD ¢

STSU?) HAMD




6. Fitlh, 511 TEED

SQuWII) UOT}RIZUT
(189K 0] Ypuowr) UO]
sormbal [eUSTS yeom —

[BUSTS
paje[npour Aouanbai) —

SOZUI[BYD UOTIDANI(] ¢

0S SS9 sapowr
-y {suistwiold sOdd) —

soLnawwAse gutonpoid
10] SWSIURYIQJA —
sumouyu[]

AIJoWIIAS®e
urejurew ‘9)eIoudd
0] WSTUBYI3W dInbax —

SIB1S uoNnau 3unejolr
Alp1des aAjoAUI [[B —

$90INOS JIPOLIDJ &

Arewung



