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~ TOPICS -
' What are gravitational waves? - e

il ,The,oretical"backg-round" e

) ..How do we know we.are seelng grav1tat10nal Waves"
Detectmg new 51gnals | i

3 -'What can we use grawtatlonal waves for"
Astrophysws with grav1tat10nal waves o
Fundainental physws with grav1tat10nal Waves e



.o certainty to the fi rst approxzmatlon

Elnsteln S changlng attltude to
grav1tat10nal Waves

ES glbt also keine vaztatlonswellen welche

" Llehtwellen analog. waren

. R0, Szehz‘ man, da/o’ A (dze AuSstmhlung des Systems durch
/ Gravztatlonswellen pro Zeztenemhezt) in allen nur denkbaren Fillen einen praktisch -
verschwindenden Wert haben mufs.’ * Nahrungsweise Integmtzon der F eldglelchungen
Sztzungsberlckte der: Komgltch Preu/o’zschen Akademze der Wlssenschaﬁ‘en (Berlm ), 1916 688

“Da aber meine dama.lzge Darstellung des Gegenstandes nicht genugend -

_ durchszchtlg, und au/)’erdem durch einen bedauerlichen Rechenfehler verunstaltet ist, muf ich
~ hier nochmals auf die Angelegenhelt zurtickkommen. "Sitzungsberichte der Komglzch
™ Preupischen Akademie der Wzssensehaﬁen (Berlln) 1916 154

| | ~ “Together wzth a young collabomtor T arrzved at the '
interesting result that gmvrtatlonal waves do not exist, though they have been assumed a

]f you ask me whether there are gravztatlonal waves or not, I must -
_* answer that] do not kniow. But itis a hzghly mterestmg problem.” |



Herrn John T, Tate

Lditor The Fhysical Review
University of Linnesota
Minneapolis,liinn,

Sehr geehrter Herri

wir (Herr Rosen und ich) hatten Ihnen

unser Xanusxript zur Fublikutlon gesandt und Sie niqht

autorisiert, dasselbe Fachleuten zu zeigen,bevor es
gedruckt ist, Auf die « {ibrigens irrtiimlichen - Ausfilhrun-
gen lhres anonymen Gewdhrsmannes einzugehen sehe ich

keine Veranlassung. Auf Grund des Vorkorrmisses ziehe kch

es vor, die Arbeit anderweitig zu publizieren,

it vorzuglicher Hochachtung

P.S5. Herr Roseny der nach Sowjet-Russland abgereist is¢,

hat mich autorisiert,ihn in dieser Sache zu vertreten.

.. Source: APS/Kennefick, Traveling at the Spe—ed of T hought: Einstein and the Quest for Gravitational Waves




- perturbation propagation <. elliptical equation.

_in Newtonian gravity > (Poissofi's equation) .~ ™g® - Instantancous .- -

= perturbat'i'on propagation .« 'hyperbzoli.c.equatj(;)n :

~inEinstein gravity ~ +  (wave equation) bt _'spegd"Q'f _1ight-_



Speed Of graVIty

- 1693 Edmund Halley, lookmg at anc1ent Babyloman and
~ Arabic eehpse observations, noticed the perlod of the
'moon S. orblt seemed to be gettmg shorter.

| 1776 Laplaee exammed p0551b1e explanatlons in 7 raité
‘de mecamque celeste Volume IV Book X Chapter viI :



Naherungswelse Integratlon der

Feldglelchungen der Grawtatlon ' ,



o -'Wh-at' are gravitational waves?
. | Gab = 81TGTab Elnstem equatlons -,

o Small 1_1ne___-'_ar.perturbat101:1_: gab. -, T]ab’ + h.cib e

, - Ql] = fd:” Xp (x x] 3.r26ij>
e | . 25l A - iz szij . s

' Einstein quadrupole formula &, S TaTonE




~ Tidal forces - .

. Tidal force due to ordinary Neﬁ{tof._lian._potential: e ~ r—3

e L

- Tidal force due to grav_i'tat_i_onal wave pe'rturb_’atién:-.‘ VVh ~ T _17\_ £



. Exact gravitational wave salutions -
o ds? =H(ux,y)du? + 2dudv + dx? + dy? "
CHuxy) = a@ (- y?) +2b@Wxy

e | 0 =.._R.a.bcdRabc_d'%'RadeRcdefR : A _= ..:..'_ |



- Why binaries for Gravitationa] Waves? .

B e _File_souifcé,"Zkatt: '.

7 ”: r dt2 Qij-- =



Power output of bina ries

. M
Inspiral power ~ 6 x 1040(

. Binaryblackholeat 100Hz ~~  ~ 10
EM luminosity of Sun . * = . . .":'-1026 /4
EM luminosity of 'Milky Way ~ 107 W
EM lumimosity of all visible galax1es o~ 10w
." Total inspiral - " Ewr~5%  ofrest mass energy
Ringdown . Ewe~1% = ofrest mass energy

Supernova - Feor ~107% . of rest mass energy



- Quantizatioli fclnd -gravitons >

= the pr1mary motivation for the study of
. [gravitational radlatlon] theory is to prepare e
i for quantlzatlon of the grav1tat10nal field.” Felix Pirani -

;e Eﬁgrgy"at &"1Hz_ 1s ~ 6x 1"0434J' b

-Power output'('t_lvoh_-inertial) “_*10-5.{1W' o



| E"nergy of graVitati{)nalanes a

a Landau L1fsh1tz energy pseudotensor (195 1) elatices
S G e T : e e

T s Ol a a ab cd ac obdy)
e 161TG( g) # (( g)(g =0 .g_.- | )) .

Isaacson tensor(1968) o



Bondl Metzner-Sachs (BMS)
Rl metrlc (1962) '

Td;._ 2o —du - Zdudr 4272 yZZdZZ e
ZmB |

2 T ;(5 (Nz'_l'uasz)_'Zaz(czzc.?z)) d'-UdZ-+ C. C > ’

" Energy flux at infinity ~ ~y 2

+ rCZZdZ + rCZZdZZ + DZ(, dudz = DZC——dudZ.- :



Hulse—Taylor Radlo Pulsar PSR1913+16
 f  'Wi, - " (1974) G  _ 4

Relativity Prediction —

L\,lJ\‘lII‘J\\IJ\IIJ\\

1985 1990 1995 2000 2005 2010

5 Weisberg and Huang ApJ 829 (2016) 55

.. Nobel Prize 1993
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Mathemétical doubts persist.

THE ASTROPHYSICAL JOURNAL, 208:L77-L81, 1976 September |
@ 1976. The American Astronomical Society. All rights reserved. Printed in U.S.A

COMMENTS ON GRAVITATIONAL RADIATION DAMPING AND
ENERGY LOSS IN BINARY SYSTEMS
JirGEN EHLERS AND ARNOLD ROSENBLUM
Max-Planck-Institut fiir Physik und Astrophysik, Munich, Germany
Josaua N. GOLDBERG
Department of Physics, Syracuse University
AND
PETER HAvVaAS
Department of Physics, Temple University
Received 1976 A pril 12; revised 1976 JTune 21
ABSTRACT
It is argued that a formula for the energy loss due to gravitational radiation of bound systems
such as binaries has not vet been derived e1 actly or by means of a consistent apprntlmdl]nn
method within general relativity, a view which contradicts some widely accepted claims in the litera
ture. The main approaches used to obtain such a formula are critically reviewed, and it is pointed out
that the derivations presented so far either contain inconsistencies or are incomplete.
Subject headings: gravitation — relativity — stars: binaries
concerned erL not with a field theory of g ation in
fundan .tl prul’m m of any n:ld thrur\ e abstract, but with a partic uhr one: Einstein’s
More «puthulh the I‘liHUI general lh: ; of It‘llll\.il\ 'n some "E'i])t‘lt‘\



- Propagation of gravitational waves

S M B .'.1 - Jegeie
- Plasma mean free path: . [ = — x ——— =~ (10''9m"
| i | s nG"nGZmIZj,.-

oAy reasonable regularlzatlon of the vacuum expectatlon | | | |
Value of the energy momentum tensor of the field must Vamsh : <0| T | 0) e
~ This means that a gravitational wave far from its source W111 S ab R
propagate Wlthout hindrance by quantum effects.” |

Glbbons Commun Math Phys 45 (1975) ]9]



Barry C. Barish (Caltech)

2017 Nobel Prize in P

Kip 5 Thorne (Caltech)

Rainer Weiss

“""for decisive contributions to the LIGO detector and
17

the observation of gravitational waves




. v ' < : I_magé source: ofherhand.brg
. : \ : ! ' _ * Nature, 16 July 2014 -




~ Interferometers .
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~ Reading between the lines

| Int_erfer'ence pattern: _.Pout':'Pmax‘COSZA(I) |

A(I) — -I- B 75 - :Accumulated phase difference

ik

- Displacement sensitivity;: AL = —= i
il ERe e e B 'Pmax__

N




= (Juantum noise
Seismic noise

== Gravity Gradients
Suspension thermal noise
Coating Brownian noise
Coating Therme-optic noise
Substrate Brownian noise
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~ Spectiral lines .
Violin line——

60Hz harmonics
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Masses in the Stellar Graveyard

in Solar Masses

80 ? ? LIGO- §o Black Holes
400?0? ® ? ?
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S Ihﬁage credit: LIGO—VirgQ/Fréﬁk Elavsky/N orthwestern U_rli\/'ersij[y], ,



| Technology development for (Advanced) LIGO

Earth‘s curvature over 4km 1S ~lm |
One tr1111onth atm 107 torr in 10 OOOm3

+H . 2OW 1064 nm Nd YAG (neodym1um-doped yttr1um_ L o
“alum1n1um garnet) (w1ll be up to 180W) e .

» Higher | Fabry-Perot cavrtres lOOkW power and srgnal
recycling = . . | . .
' T1tan1um—doped tantalum penterde

tes 40kg suspended by fused-silica wires 0. 4mm thrck |
'Heraeus Suprasrl 3001 S ey cuont] . |
Near oto diodes: 50 mW, homodyne detectron

at 10 13 m, 1solated react1on masses

four stage dow‘n to ~lO P'm
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;.Opt1eal 32 OOO BCE Aur1gnae1an bones moon s phases
. . Meteorltes Jean Baptlste Blot 1803; L’Algle |
| '.-_-Cosmle Ray V1et0r Hess 1912 balloon ﬂ1ghts
."-Radlo Karl J ansky 1931 from M1lky Way
‘ X ray US Navy V—2 1949 from the Sun f. :

*.'-Gamma _ray: Explorer 11, 1961, <100 isotropic

| - Neutrlnos Raymond DaV1s Jr and J ohn Baheall 1968
e Homestake M1ne from the Sun o -

Grav1tat10nal waves: LVC 20 | 5 from BBH GWI1 50914



e Gravitationally bound orbits o
Earth-Moon system, period ~ 'l'n:lo.nt‘h e o L

. Earth-Sun Sys-{em; period - 1 yeaf B
 SurGataxy.period < 250 millon years

- Equal Mass Black Hole:Binary, up to 100 times a second



. Gravitationally bound orbits
. Earth-Moon system, period ~ 'l'rr_'lo‘nth!. 5 9
- Earth-Sun Sys-{em; period | l year! "

. Equal Mass Black Hole:Binary, up to 100 times a second
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. Emission of grayitational waves

~ “Mass.quadrupole > T G LS j et

_‘Mass octupole -~ .. 0= [ommmette " = 15

. Einstein quadm'po'lé:-formula' -

“Octupole emission formula -~

veo and SO ON wee
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Sources  The Role of Gravitation in Phy...

1

< 26 Summary of Conference

27 An Expanded Version of the Remarks by

R.P. Feynman on the Reality of
Gravitational Waves

| think it is easy to see that if gravitational waves can be created they can carry
energy and can do work. Suppose we have a transverse-transverse wave generated
by impinging on two masses close together. Let one mass 4 carry a stick which runs
past touching the other B. | think | can show that the second in accelerating up and
down will rub the stick, and therefore by friction make heat. | use coordinates

Sou

Support for authg

The Role of Gravitation in
Physics

The Role of Gravitation
in Physics

Repont (rom the 1957 Chapel Hill Conference

Report from the 1 957 Chapel Hill Conferén_ce, DeWitt, Cecile M. et zlil..



Energy emitted

Emstem quadrupole formula

Equal mass c1rcular motlon

Grav1tat10nally bound motlon:; e

B

= (]
- dt | 321‘[6_[
dE 26 |
2. i ——Q6M2D4 :
dty 5eo

. dE 208 RS
S dE NS G

| “...50 sieht man, dafs A (die Ausstrahlung
| des Systems durch Gravitationswellen

pro Zeiteneinheit) in allen nur denkbaren
Fdllen einen praktisch verschwindenden

Wert haben muf3.”

Einstein, Preussische Akademie de(f- Wiss'enschaften, lSitzungsbefrichte,z 1916 688
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