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| Einstein’s waves detected in star smash Watch/Listen

Scientists detect the warping of space - The sound of two
generated by the collision of two colliding neutron stars
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Grawtatlonal Waves

What are grawtatuonal waves? -

- Why suddenly detectable now?

+ What are we learming?

'« Where are we going in the future? .
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Elnsteln s changlng attltude to
grawtatlonal waves

‘ : “Fs glbt also ke/ne |
Grav:tatlonswellen Welohe L/chtwellen analog Waren s

= - - | so s:eht man daB A (d/e Ausstrahlung des
: Systems durch Grav:tat/onswellen pro Zeiteneinheit) in allen nur denkbaren '

Féllen einen praktisch verschwindenden Wert haben muB.” nanrungsweise integration:
der Feldgle/chungen S/tzungsbenchte der Koniglich Preru&schen Akadem/e der Wlssensohaften (Berlln) 1916 688 ;

| -1918: “Da aber meine damal/ge Darstellung des
i Gegenstandes nicht genugend durchsichtig und aulBerdem durch einen -
bedauerlichen Rechenfehler verunstaltet ist, muf3 ich hier noohmals auf d/e

S 'Angelegenhel t zur UCkkOmmen S'/tzungsber/chte der Kon/gllch PreuBlschen Akadem/e der ‘
~ W/ssenschaften (Berl/n) 1916 154 . o .

: -“Together W/th a young oollaborator 7

arnved at the lnterestlng result that gravitational waves do not ex:st though .

'they have been assumed a certa/nty to the flrst approx:matlon

93 1ceton lecture: “If you ask me Whether there are gravitational
;o .waves or not / must answer that | do not know But itis a hlghly /nterest/ng
v problem /



Hulse-Taylor binary PSR B1913+16

Line of zero orbital decay

General Relativity prediction _—"
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1993 Nobel Prize for Physics

“for the discovery of a new

T I S RN R EIIN EVEE RIS B S type of pulsar, a discovery that

1975 1980 1985 1‘?2;]1” 1995 2000 2005 has Opened Up new
possibilities for the study of

gravitation"
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2017 Nobel Prize in Physics

; 1'

Kip 5 Thorne (Caltech)

Barry C. Barish (Caltech)

2017 NnbeI‘Prize inP

‘ .

“"for decisive contributions to the LIGO

detector and the observation of gravitational
waves"”
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Source: Virgo/LAPP, T. Patterson
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~ Silica wires 0.4mm thick

: fH‘oquor.ea"y works -

Earths curvature over4<m is Cime e
"1 20W 1064 nm'Nd:YAG (neodymrum-' ke

L | doped yttrrum aIum|n|um garnet) (er be up to ZOOW) ik
' ver Fabry Perot Cavrtles 100kW, e

power and srgnal recyclrng S
ear-dari digc 50mW*dﬁ e
One trrIIronth atm 10 torr |n 10 OOOm3
ation: at ~ 10 13 m | |
at 10 ®m o g

| 40kg suspended by fused-



Readlng between the I|nes

| Interference pattern Poﬁt—PmaX COS A (i)

2 Ag=Zaplal coumilated phase diferencs

" sl cement sensitivity:



~ Spectral Ii-hes_ o
Violin line—— 5.

60Hz
harmonics
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Violin harmonics
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Black Holes of Known Mass -
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X-Ray Studies
LIGO/VIRGO
e -~ [Image credit: LIGO/Caltech/Sonoma State (Aurore Simonnet)] .



- X-ray binaries masses and spin
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Xray + GW masses and spins
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. Astrophysics. = .
= -' | Fd-rmatioh*ef ‘heavy"blaeklfhoiles ‘—”'-‘d_i rect ,CO'IIaP"Se?.

e -T|me to merge from 1AU by GW alone
e 100x age of unlverse - common envelope’P |

v For mation of binary Sti‘”*Op_en ~cluster Q-rﬁeld’?" o



Testlng grawty

: il Compact and dynamrc e
e | J]ZGM]C)I/S e
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. Curvature scaIe correctlons to gravrty’> |
..Kl 3 h <<_1 i
| 78 G M

Sidhe Honzon scale correctrons to gravrty’?
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InsplraL-merger rmgdown .o
cen3|stency-

Fig. 3 (bo) of LVC PRL 16 (2016) 221101
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. Eventrate estimates
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Advanced LIGO

T

i Early (2015-16, 40—80 Mpc)
-1 I Mid (201617, 80— 120 Mpc)
- Il Late (2017-18, 120170 Mpc)
o1 |l Design (2019, 200 Mpc)

: BNS-optimized (215 Mpc)
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Binary Neutron Star GW170817
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. Fig 2, ApJL848, (2017) L12



~_ LVC detection, Fig 3, PRL119 (2017) 161101



omponent Masses
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~ LVC, Fig 4, PRL119 {2017) 161101



L 1

_ BNS,shortGRB

‘Luminosity distance 40"}, Mpc, Fermi GRB 1.7 sec later .

_H:ubbrecohe.tan~t 70"y kmpersecond per Mpc

2010 “realrstlc” rates prorectron 1000 per Gpc3 per year g o
rarige 10 to 10, OOO | . ol
+3200

Measured now to be 1540 1220 per Gp(:3 per year

<7><10 1.

VEM |

Speed of gravrty -—3>< 10 15<



The Origin of the Solar System Elements
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Astronomical Image Credits:
Graphic created by Jennifer Johnson ESA/NASA/AASNova




_ Full GW spectra

Stochastic
background

Hesolvable galactic
binaries

Extreme mass
ratio inspirals
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el Source: Wikimedia; C. Moore, R. Cole'and C. Berry .




Other potentlal GW sources

Neutron star black hoIe blnarles

Deformed rotatlng neu’tron stars |

Supermasswe black holes |
White dwarf “venflcatlon blnanes”

te Tensor mode CMB polansatlons

Galaotlc supernovae

Astrophysmal background

Cosmlc stnngs

Flrst order phase transmons

Ianatlonary partlcle productlon

Non perturbatlve preheatlng g e s

.Inflatlo.nary.vacuum- flu_-otuatlons G



01 upper Irmlts

. Neutron star blnarles o ‘ o
- <12,600 Gpc Al ApJ 832 (2016) L21-:._ i

. Intermedlate black holes G
5 <O 93 GpcB yrl Ciad aervl704 04628
- Deformed rotatlng neutrons e e S

8 below spln down I|m|t ApJ 839 (2017) 12.

- Stochastlc background ok s
Q < 1 7*107 i PRL 118 (2017) 121101- .



G o Summang s b

© + LIGO has detected gravitational waves

~+'Binary black hole systems exist. -

~+ Binary neutron stars cause short GRBs

- The future s kely to bring more ©
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(BBH was O 1 300 reallstlc 5 and |s measured to be 55+103-
41) 2 i | b -



Squeezed Ilght

Helsenberg uncertalnty In amplltude phase

Inject phase Iocked squeezed vacuum state '
into output port 0 e

-.Denomcally poled potassmm t|tanyI phosphate 5

'.'.,-Iopec elg ~30% galn |n senS|t|V|ty

PRL 117, 110801 (2016) PHYSICAL REVIEW LETTERS 9 SEPTEMBER 2016

o
r

Detection of 15 dB Squeezed States of Light and their Application for the Absolute
Calibration of Photoelectric Quantum Efficiency

Henning V: ahlbruch,”” Moritz Mehmet,"” Karsten Danzmann,' and Roman Schnabel'”
'Institut fiir Gravitationsphysik, Leibniz Universitit Hannover and Max-Planck-Institut fiir Gravitationsphysik
[ 4 Albert-Einstein-Institt it), Callinstrafie 38, 30167 Hannover, Germany
"hr.';.f."nrt__t't'u Laserphy Hf and .ﬁurn wm fiir Optisc 1,;.1' i frmmu nm"rauur Universitdt Hamburg,

lluttnuj I'* fum "Hlﬁ puh]t hed l‘t Htpttmhtr "Hlﬁl



Grawtatlonal Waveforms

e Numerlcal relatlwty ,,
2 .-elther f|n|te dn‘ferencmg or spectral methods e

~maps two body problem to one body problem via effective
‘Hamiltonian and ca]ibrated fo -_numeri-_c;al sim.ulat,_ions |

| comblnes post Newtonlan msplral Wlth phenomenologlcal fit -

. ‘model.of numerical S|mulat|0ns of late |nsp|ral and merger and 0y

e quaS| analytlcal rlngdown phase

" Source: Khan et al. PRD.93 (2016) 044007



"~ What was seen Il
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- Fig. 10 of LVC CQG33 (2016) 134001 -

' Frequency ~30 Hz to ~250 Hz

 Wavelength ~10,000 km to ~1,000 km

. ,Visible:duration ~ 0. 1 secs , |
i Increasmg amplltude mcreasmg frequency chlrp
+.0.007 secs earlier in L|V|ngston . -
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. Non-Gaussian transients .
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. Search significance = .

- ), ’ i

Binary coalescence search

Generic transient search
20 30
20 30 40 460

4a5.1o

Search Result (C3) | Search Result
— Search Background (C3) i | = Search Background
###% Search Result (C2+C3) — Background excluding GW150914 B

— Search Background (C24C3)

GW150914 GW150914

Number of events
Number of events

5 M’Hﬂ Al

14 16 18 20 22
Detection statistic f

12 14 16 18
Detection statistic nc

a7 gt A E RS e e e S g A ABBotter al, PRI 116 (2016);6,061102



~_Daytime versus nighttime <" -
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" Fig. 1 (right) of Chen ét al. ApJ 835 (2017) 31 "
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~ Post-Neywtonian expansion (2-2 phase)

Includes
PN order (amongst other things)

Kepler
Newtonian Gravity

0.5PN Zero in GR

OPN

Pericenter advance (cf zero)
PPN parameters Y,0,&

1PN

Spin-orbit couplings

1.5PN Gravitational tails (backscatter)

Spin-spin couplings
(Newtonian) quadrupole-monopole (GR BH)
(Newtonian) magnetic dipole-dipole (cf zero)

Tails of tails

(Newtonian) Adiabatic tidal deformations
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Bounds an. RN coefﬂments froms |
GW150914 and GW151226
K )

. . & 4  FigbofLVC:606.04856 PRX6 041045




GW150914

LVT151012

GW151226

~ Fig. 2 of LVC 1706.01812, PRL118 221101



GW151226
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Fig. 4 of LVC 1606.04856, PRX6 041015
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