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GRAVITATIONAL WAVES
AND THE VALIDITY OF

GENERAL RELATIVITY

WASHINGTON UNIVERSITY GRAVITATION GROUP

e The Binary Pulsar
e Gravitational Waves to High Post-Newtonian Order

o Why?

o DIRE: Direct Integration of the Relaxed Einstein Equations
o 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
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SIGNIFICANCE OF INSPIRALLING COMPACT BINARIES

e Promising source for LIGO/VIRGO detectors
o 3 - 100 per year to 200 Mpc, h =~ 1072
o possible correlation with gamma-ray bursts (2 NS)
e Motion and GW generation almost “pure” general relativity
o “Point” masses (tidal and quadrupole effects small )
» NS and BH can be treated the same (strong equivalence principle)
o Spin effects calculable
o Hydrodynamics only during coalescence
e Observations probe general relativity in new regimes
o Dynamical, strong-field GR
o Non-linear gravity important (e.g. tails)

o Coalescence may reveal information about NS equation of state (fi-

nite radius effects) or “smoking gun” for black holes (quasinormal
modes)
e Post-Newtonian methods applicable for most of inspiral

e 2 NS at 10 Hz: v2 =~ m/r ~ 5 x 1073



C. Will, SS1 1998

BINALY COBLESCENCE,

NS=NS BH- B+
(2x 14Mg)  (2x 10 M)
/45" = W X 4‘ be o ) f‘}' Z WA X 30 b 1




BINALY COMLESCENCE , THEORET! CAL METHOOS, LiIGO b P

C. Will, SS1 1998

N
3 o
T e B,
v Q¢ S o
T
2 J H o M
& S 3
“
) <

/6,000 cyetey i,

P R L N L L Ry e TR LAY AL R e AT LI L T A
IR RN \..._unn_-o.na..\in\n..ia P, amem et eTe, \umao-.:n\t.in%n { LA
-..s....ta-%hb- # 20000 00y moSer S ane P8 B M L9t iy ppmtme g g B0 Fegs
08 00 130 00 198 pme P PP gt s e TN BBy B tn et B gttt PR e .ﬂolﬁt
d

-

NS=NS
(2 x 1.+ Mgp)
(v = X4 )
PN Waveforms
.:é..

PN £€.0.M.

Tide s
3+1 D
Hya o
NS e BH -
N avwneR
Moas.es

| w 2

fw o x *)

= P PN P

- A w ~

&« L il | 4

6 o o ‘\M -

A = 4

< 5 > ¥

Yy - . 1 ]

C _.Mm \\M. \fd_‘_ m, M(....

$ 4 i L { ] LYy
s



C. Will, SS1 1998

CHALLENGE TO THEORISTS

Matched filtering of data requires very accurate template

waveforms, especially for extracting parameters (O[(v/c)%]7)

. Theoretic&.ll Methods
o BDI Method (Blanchet, Damour, Iyer)
* Slow motion, PN app%oximatiozl in near zone
* Non-linearity, “post-Minkowskiian” expansion in far zone
* Match & analytic continuation to control divergences
x Far-zone results to 2.5PN order — 3.5PN order
e BH Perturbations (Tagoshi, Nakamura, Sasaki, Poisson, Tanaka . . .)
x Valid in limit m; <€ ms (n = mima/(m; +ms)? K 1)
* E through 5.5PN order [(v/c)'!]
o Extended Epstein-Wagoner Method (Will, Wiseman) ; )| % =3
* Formal integral solution of relaxed Einstein equation
= Iterate repeatedly
x New trick for integrating over far-zone light cone
* F‘ﬁr-zone results to 2PN order — 3.5PN order

o All three methods agree where they overlap
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THE RELAXED EINSTEIN EQUATIONS

Field Definition:

ha,@ — naﬁ . \/’_‘E‘gaﬁ

Harmonic Coordinate Condition:

dph*? =0

“Reduced” Field Equations:

0RO = —167(—g)T? — A°P(h) = 16777

c")ﬁr""@ = ()
Formal Solution:

af 4t !
hoP = /3—@&?—15(:’ —t+ |x - x'|)d*2’
¢ |x—x|

Divide into Inner (A = {|x/| < R}) and Outer (C — N = {|xX'| > R})

integrals, where R ~ A.
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Field point (t,x)
V4

,
Matter source
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FAR ZONE SOLUTION: NEAR ZONE INTEGRAL

r >R

op e (=T o™ 1o aBky.km
Ry (%) = 4 Z m! Ozkr ... Ozkm ?"‘M

m=0

MoBlrka.km = / R (N L .z dr
M

Radiative Fields: The Epstein-Wagoner Decomposition

Harmonic Identities (1%¢ g = 0):

el .t

1 o S 1 _
T = -5(700.33%3)‘00 + 2(TkU:r.J)),;c — = (r"x'2?)

o] =

riigh = Z(2r%C gk — 0% gigd) o + (r'aPzk — .-2-7“‘:1:“.%3),1

Multipole Expansion of Radiative Field:
2 < " ik
— Y N, - N I (u)

Epstein-Wagoner Moments:
Igw = 0z  d3z + IngRF

ik _0(i,.5) 0k 0k i.gN g3, ijk
M

gkl ij kg
.fgW:f riigkstdPa
M

TR 2 dm? . .
[k km . 2 gkt gkm Py
EW m! dim—2 M
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NEAR ZONE SOLUTION: NEAR ZONE INTEGRAL

r<R

o — ("_1 mam e / m— !
hN’S(t,x) :42 —~——mm? o MT Atz x — x| '
m=0 ’

Example to 3.5 PN order

00 / e
R0 :4f T—Md%’—ﬂ—/ 70(t, 2')d3a’
|x — x'| M

+ 2?_2“ "Do(t x’)[x—~x’]d3:ﬁ’— E_QE_-/ TOG(t :I?!)|X . xf|2d3:cf
8t2 M! ’ 38153 M '

1 0% 00 N3 3.1 19 00 / 1493, 1
Sl t 2 — S — 1 — d
PLZ [ - PP~ g [ - s

]. 66 I f i’
T 180010 /M rO0(t, 2) x - x'°ds

1 97 00 / 116 43 .1 5
~ 360317 MT (t,2)|x — x'|°d°2" + O(e’)
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CENTER OF MASS WORLD LINE

& FIELD POINT (t,x)
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THE OUTER LIGHT-CONE INTEGRAL
Change Variables:
=t —-r or t—u=r"+|x-X

Pyt ' Tgﬂ(t_u!)z
?“(U,Q)_'2(n;_xmt+u;)

,_o:ﬁ
heP (t, ) __4f du/ (w7, X)[r’(u’,ﬂ’)]2d2ﬂ’

t—u —
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RESULTS OF DIRE

Far Zone Field to 2PN Order (Wiseman & Will, 96)
h¥.(t,x) =R~ independent terms + 1/R terms

1912 'm ”
_ 27 WY (R
35 R ¢ W

Y dm [ Y ' s 11
ij — ()1 (4 — —_
he _ar(t,x) = = ](; ds QY (u—s) [hl (2R+ s) + 12]

4m o e (5)ijk |: 8 ) 97}

i AN | s

+3g" A ds Q7 u—9) |In{ 5775 )1 6o

16m (ke < > - s 7
22 ((ilka prk ds (B jali) (4 — 1 - Z
3R ¢ N/o s ‘g (u s)[n(zR 3)+6]

1912 m s
4 2222 W 0Y (W)R
t2 g @ W

* No R dependence

x Propagation along “true” null cones

o R dependence in tail integral gives circular orbit waveform phase
Yp=w{t—R-2mIn R - 2m[y + 1n(4we'11/12)]}

+ Outer integral also gives Christodoulou memory (Wiseman & Will 91)

% Energy flux and TT waveform agree with BDI and GI

e BIWW 2PN waveform now incorporated in GRASP: Gravitational Ra-
diation Analysis and Simulation Package (B. Allen), a software toolkit
publicly available. See

http://Www.ligo.caltech.edu/LIGO._web/Colla,boration/manual.pdf
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CANCELLATION OF BOUNDARY-DEPENDENT TERMS

x Through 3.5PN order for the near zone and 2PN order for the far zone,

we can decompose 7P outside the source into terms of the form

x For each (N, L):

R L afi+ _ —x' !
f TPt = X = Xh ) g0 (N, LYRY + bV, L)inR
M [x — x|

+ R — independent terms

« Using Maple, for each (NN, L):

~af . ! !
/ ot =k =x'1,2Y) s, o (N, LYRP - b(N, L)InR
C—
4+ R— independent terms
+ Cancellation valid for field points in far zone and in near zone

% At > 2PN order in the far zone, In7 terms arise (tails of tails) in TP,

These must be treated separately.



[ C. Will, SS1 1998

-

Obsecrver ( )(J t’)




IC. Will, SSI 1998

Heve ol tury

©=9"°

0.1
R 00
2p
-0.1
0.1
R 0.0
2pt“'
-0.1
0.02

Cﬁ’ W A V e ‘h JW S '"'s';f:'

WAV Gy & ‘ﬁ, o

-Iil

m, = m,
:_T ‘ | I T ‘ I | T ] ' ] | I | :
- Nonhereditary ﬂuf_f
E MMM W\J\/\WWV\ M e
= ﬁJUJV /a 'JJUﬂ' j\ {IE
= | (@) | Li
;l___—l— [ I. | I | 1 I | | I | [ I -
mERVVVVVVYY Mf\/v\/v\/\/\/\/\/\/\/\/v\ \/\ /“ i
- Vi
G
E T I ‘ I | I T | [ ‘J I T i :_:
%— Christodoulou Effect /—E_
- =

.lllll

(Orbital Phase)/(2m)



C. Will, SS1 1998

THE STF MOMENTS TO 2PN ORDER

e prg{f'ziﬁj + 4—?5[""’ (29(1 — 3n)v® — 6(5 — 8n)— )

—24(1 — 3p)ralv?) + 22(1 — 3?))1}'1}"]
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EVOLUTION OF GRAVITY-WAVE FREQUENCY

+
df 96 g
dt zsﬁMz(ﬁMf)wg [1
€ (L + "1“172 (wM'f)2/3 ( Wagoner ¢ will )
{ o Po1ss av«.QQ3 , Wuewmsn U
2
= 34103 13661 99 A 1473 ( Glamonet
" + (1512 * 20167 T 157 T (TMIVT T e e
B ‘el
(AHSC e ey T |
€ +ol(mM )]
— | (Clowedert9s )
fMEm1+m2 o T]Emlmg/Mz
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2 2
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POLARIZATION OF GRAVITATIONAL WAVES
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GRAVITATIONAL RADIATION REACTION

e Gravitational radiation back-reaction controls inspiral

¢ Accurate measurement of phasing of waves can test GR and other

theories

EXAMPLES

o Testing Scalar-Tensor Gravity
x Dipole gravitational radiation can change damping significantly
x Difference in s ~ Eg/M between bodies crucial (sgg = 0.5,
sys = 0.2)

% Strong bounds on w possible (Will, 1994, 1997)

o Testing GR Non-Linearities

% For strong enough signal, can test GR Tail term (Blanchet &

Sathyaprakash 1995)
% For 2 BH @ 10 Mg, need S/N ~ 50

e Testing BH Exterior Spacetime

x Inspiral into massive black hole could map external spacetime, via

waveform & phasing

x Test no-hair theorems; look for exotic supermassive objects

x LISA (Ryan, Thorne, Finn, Poisson, ...)
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SPEED OF GRAVITATIONAL WAVES

WHY SPEED COULD BE DIFFERENT FROM LIGHT SPEED
2
. . R 2 . - _T?’ig_
o Massive graviton: vy =1 (EQ)
o Gravity coupling to “background” fields: vy = F(¢, K, H, .. )

EXAMPLES

o General Relativity. For A €« R, GW move on null geodesics of

background spacetime, as do photons. v, = 1.

o Scalar Tensor Gravity.  Tensor waves have have v, = 1, even if scalar

1S massive.
o Theories with background flat metric. ~ Eg. Rosen’s Bimetric Theory

(1970s). GW follow null cones of 7, light follows cones of g.

POSSIBLE LIMITS

1—v, =~ 5x1077 (g%@—c) [At, — (1 + Z)At,]

D = distance of source 7 = redshift of source

At, (At,) = time difference, in seconds

, D 12 r100Hz\ Y% / 1 \'/?
A > 3 12 o ) L
g > 3x10 km(mOMpc, ( 7 ) (fAt)

3 x 102 km = (4 x 10722 eV)~?
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BOUNDING THE GRAVITON MASS
USING INSPIRALING COMPACT BINARIES

g OETécran
P - #
-~ P s
Sovpce - ;
-~ e
Ve
#
#
e
7’
o
i X

mi mo Distance (Mpc) Bound on Ay (km)
Ground-based (LIGO/VIRGO)

1.4 1.4 300 4.6 x 1012
1.4 10 630 5.4 x 10"
10 10 1500 6.0 x 10*?
Space-based (LISA)

107 107 3000 6.9 x 10'°
100 10° 3000 5.4 x 10%°
10°  10° 3000 2.3 x 10'°
10* | 10* 3000 0.7 x 10%°

OTHER LIMITS ON THE GRAVITON MASS

Ag > 3X 10'? km Solar system 1/r” law

Ag > 6 X 10*° km Galaxy&Cluster Dynamics

Will (1997) 9r-9q« T0%0n
pRO /1%
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GPS SATELLITE

» Each satellite is equapped
with 4 atomic clocks.

» The accuracy of atomic
clocks has increased HXOO%
every decade since 1950,

« The 24 sateilites curcle the
earth twice a day, sendling
precisely timed signals to

grovnd-hased re LIVErs,
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GENEMRAL. RELATIVITY , NATIoNAL DEFENSE,
AND EVERYDAY LIFE

m_GlobM Po.s]ﬁal«inj Sy tewn (6Ps)

2

GPS System Concept

Space Segment

Satellites transmit coded RF signals,
provide orbital and clock paramcters
« 21 + 3 satellites

« [z-hour orbits Ground
Antenna

Master Control
Suation

-/ Control Segment
Ground control tracks satellites,

User Segment uploads satellite ephemeris and

User tracks satellite signal, o clock characteristics
downloads data and computes 5 monitor stations
position, velocity and time « 3 uplink stations

= I master control station

»‘\Commc? ﬁ.c%;rmm D IS > SO s

iu-au-imy E€fecAts ! 40Jooo S por Aoy
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