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Gravitational Waves in General Relativity (Einstein 1916,1918)
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How hkig iS the effect?
Zooming ihto an Atom







“Three(ish) Detections in the
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ART. XXXVI.—On the Relative Motion of the Earth and the
Luminiferous Lther ; by ALBERT A. MICHELSON and
EpwaArp W. MORLEY.*

Used light interferometry to achieve sensitivity in measuring
distances down to 0.01 A or ~5x10° m = 0.000000005 m

1907 Nobel Prize in Physics to A. Michelson i



Simple Michaelson Tntes€esometes







End
* Test Mass

fr
e

abry-Perot
Test Mass :

Cavity

“ Input
Test Mass

\ Photodiode [I)Féad th

Beamsplltter

Recycling

Mirror th put I\/me
d eaner



DC Read ut



L

s
Al

o

e

o
_H_n_.
o
L -
m o
=
£5
o B
=il
M m
=
i) o
&y
3 = B
L m =
rml
=0

FCalumba-
Supercluster -

il £




vl AP

o

sy S Loy
BTt
- GOogle

Turks anc

At
NOAA, i\l‘ﬂ,{dﬁﬁ. CEBCO ¢a
© 2010 Google’ Gulf of Mexico

20




Achenar

South Pole




e GlOobal Network

of Gravitational Wave Detectors
|

GEO600
Germany



L1GO Livingston










*Young (~300 yr) compact object

*Position is well known
*Unknown spin-down parameters S
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The binary pulsar

= Period speeds up 14 sec from 1975-94
= Measured to ~50 msec accuracy

= Deviation grows quadratically with time
= Merger in about 300M years

(<< age of universe!) NEESERRER
= shortening of period <= orbital energy loss O
= Compact system: 2 e
negligible loss from friction, material flow 2 “
= Beautiful agreement with GR prediction e i v
= Apparently, loss is due to GWs! o i
=GW emission will be strongest near the end: £
— Coalescence of neutron stars! g T
= Nobel Prize, 1993
= By 2013, there are ~8 = 1
S -5
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MICROWAVE
BACKGROUND FROM THE
PLANCK SATELLITE

Radio waves Infrared Ultraviolet X-rays
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LIGO The GW Spectrum

BH and NS Binaries
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Noise Cartoon
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Yests of General Relativity basea on
[ GW/ 50914 s |

0PN 0 0.5PN 1PN 1.5PN 2PN 25PN® 3PN 0 3PN® 35PN

i

| 2| GW150914 (single)
GW150914 (multiple)
1 =4 — J0737-3039

®el 7 B2 B3 az s s

Binary pulsar J0737 3@39 results gonstrain only PHYSICAL REV
the OPN, t§rm 0 a paranﬂetenzed model of

dewatnons from*'GR

The dynamlcal evolution bf*m'e waveform 0s
'through merger .of GW150914 provides bounds |
on values to 3.5PN due tq the dynamlcs of the
merger™ * :

Evolution-of phase.over time of the signal limits
the amount of-'disﬁefsion the signals suffered in
propagating ~ 1.2 x'10° years .

PRL 116, 221101 (2016)
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Parameter estimates for the 3
events

Fmal black hole [dumenswnless] spins
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FIG. 4. Posterior probability densities of the masses, spins and distance to the three events GW 150914, LVT151012 and GW151226. For the

& two dimensional distributions, the contours show 50% and 90% credible regions. Top lefi: component masses m°"" and m3™""® for the three
events. We use the convention that m{®*™® > m3™"*¢, which produces the sharp cut in the two-dimensional distribution. For GW 151226 and
LVT151012, the contours follow lines of constant chirp mass (.#*°*" = 8. 9JrD 3 3 Mg and .#5°" = 15. lﬂ ‘I‘M@ respectively). In all three [
cases, both masses are consistent with being black holes. Top right: The mass and dimensionless spin magnitude of the final black holes.
Bottom lefi: The effective spin and mass ratios of the binary components. Bottom right: The luminosity distance to the three events.




+ Rates within .

s previously:

. estimated values
' prior-to.detection
~» Rates exclude

" most pessimistic
. values, o+

Event Based
GW150914
LVT151012

100
R (Gpc3yr™1)

https://arxiv.org/abs/1606.04856

FIG. 9. The posterior density on the rate of GW150914-like BBH,
LVT151012-like BBH, and GW151226-like BBH mergers. The
event based rate is the sum of these. The median and 90% credi-
ble levels are given in Table [II]
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M EIG. 5. Posterior probability distributions for for the dimensionless component spins ¢S/ (Gm%) and ¢S/ (Gm%) relative to the normal to the

B orbital plane L, marginalized over the azimuthal angles. The bins are constructed linearly in spin magnitude and the cosine of the tilt angles,
and therefore have equal prior probability. The left plot shows the distribution for GW 150914, the middle plot is for LVT 151012 and the right
plot is for GW151226.




TABLE IV. Parameters that characterise GW150914, GW151226 and LVT151012. For model parameters we report the median value with the range of the symmetric 90% credible
interval [221]; we also quote selected 90% credible bounds. For the logarithm of the Bayes factor for a signal compared to Gaussian noise we report the mean and its 90% standard error
from 4 parallel runs with a nested sampling algorithm [211], and for the deviance information criterion we report the mean and its 90% standard error from a Markov-chain Monte Carlo and
a nested sampling run. The source redshift and source-frame masses assume standard cosmology [40]. Results are given for spin-aligned EOBNR and precessing IMRPhenom waveform
models. The Overall results are computed by averaging the posteriors for the two models. For the Overall results we quote both the 90% credible interval or bound and an estimate for the
90% range of systematic error on this determined from the variance between waveform models. Further explanation of the parameters are given in [38].

GW150914 GW151226 LVTI51012
EOBNR IMRPhenom Overall EOBNR IMRPhenom Overall EOBNR IMRPhenom Overall
Detector frame
Total mass M /Mg, 71.01%8 71.2433 71114807 23,6159 238371 23.716-3%22 45+17 44112 4411655
Chirp mass .# /Mo 045¢ 30753 30efieng  97Gm  972gne 972Muion 18153 181fgy 181 5050]
Primary mass m; /Mg, 40.2132 385733 39473103 153058 158717 156750155 29733 27+ 28732153
Secondary mass my /Mg 30.613) 327558 317450401 8.3123 8.1%23 g.2+2640.2 15+2 1644 161550
Final mass M¢/Mg, 678149 67.9733 67.87371E08 225482 2287973 26101522 43117 4219 42741055
Source frame
Total mass MU /M, 65543 65.1136 653141510 20674 219717 218195 380 37! 3711354
Chirp mass .4*"" /Mg, 2804 284§ 281FS05 87IGR 8001%%  sssIREORL  1s2 1s0fjy 15003
Primary mass m°""* /Mg, 37.0149 353431 36.213 204 14.07100 14.578% 14.2183524 24119 23tle 2311825
Secondary mass m""¢ /Mg, 28.3%35 29.9732 29.1737500 7.5%33 74453 7.5+23402 13+4 1474 137350
Final mass MEU /M, 62.5%32 62.1733 623437402 206778 209718 20,876-1420 3670 35t 35Tl
Bnergy radiated Frag/(Moc?) - 2987035 3.027538 1025550 09970y | 100%Gies | 148Toi LSRR | 1S0TGEEN
Mass ratio g 0.77*5:13 0.85%57} —020+0.04 0.5475:3 0.51%53 6-35—0:291(104 0.53*05; 0.605:37 057 —037+0.04
Effective inspiral spin Zetr —0.087g1  —00sTgiy —006Tgid0E 021908 022%G5  0217GTi0 006755, 00155 0.03T55000
Primary spin magnitude a 033103 0307033 032704000 042703 05510 049fdIENAY 0317048 0317930 0317058803
Secondary spin magnitude a; 0627031 036703 04870400 0s1T0dr  0s52f0d o0s2fpEEl) 04970 0427030 04sTRAIED:
Final spin ar 068'05  0.68'Ga5  0.68'0oeiony  073'Goe  075'Gg  074%GEEons  0.6S'gig 06651 066'510500
Luminosity distance Dy /Mpc 4001180 4401139 420130420 4501189 440t170 440+ 18020 10007330 10301480 1020139020
Source redshift z 0.0867003  0.00470037  0.090 700300008 009670015  0.002700%  0.0047003E000  0.19870.00) 02047008 0.20170 08550008
Upper bound
Primary spin magnitude a; 0.62 0.73 0.67£0.09 0.68 0.83 0.77+0.12 0.64 0.69 0.67+0.04
Secondary spin magnitude a; 0.93 0.80 0.90+0.12 0.90 0.89 0.90£0.01 0.89 0.85 0.87+0.04
Lower bound
Mass ratio ¢ 0.62 0.68 0.65£0.05 0.25 0.30 0.28£0.04 0.22 0.28 0.24£0.05
Log Bayes factor In %, 287.7+£0.1  289.8+0.3 — 59.5+£0.1  60.2£0.2 — 228+£0.2  23.0+£0.1 —

Information criterion DIC 32977.2+0.3 32973.1+0.1 — 34296.4£0.2 34295.1+0.1 — 94695.8 0.0 94692.9+0.0 —




LIGO _
Neutron Star Equation of State

* Neutron stars host the highest
densities in the (visible) universe

hardness

* Measuring their equation of state
requires joint measurement of
radius and mass

* Possible with EM, but challenging
— Mass estimates not always reliable

— Radius estimates non often available
and not always reliable

— NICER to launch 2016, 5% precision

8 10 12 14
Watts+, 1602.01081 Radius (km)




LIGO _
Neutron Star Equation of State

* |n a CBC, each NS will feel the tidal field of the companion,
which induces a quadrupole moment

Q.=-/(EOS,m)T,

* Known leading and next-to-leading effects on GW phasing

* Early studies considered single events, with contradictory
findings (Read+ PRD 79 124033; Hinderer+ PRD 81 123016, many others)

* Markakis+ JPCS 189 012024 considered multiple events but

used Fished matrix, unreliable at low signal-to-noise ratios
(Vallisneri PRD 77 042001, Vitale+ PRD 84 104020)

* First fully Bayesian approach in 2013 (Del Pozzo+ PRL 11 071110)
* Also see Wade+, and many more.



LIGO . .
GW — Electromagnetic connection

* CBC containing neutron R CAC-S

stars are expected to be P a2 /q
bright in the EM band Yy | { /7 Bt shos
— Progenitors of short GRBs? \ | [ B (5/ :
— Rich variety of frequencies and ¢ | )
timescales N (Fin:mml.l' p!‘/
* Core collapse supernovae ey I(J“/
are believed to power long _ A 'l

e And are BBH luminous??

~ R

"
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LIGO _ _
CBC and their formation channels

* Measuring masses and spins can help determine channel and
environment in which BH and CBC are formed

* Two main formation channels

e Galactic fields
* Final masses not too different

* Aligned spins

* Globular clusters
* Any mass ratio (?)

* Misaligned spins



Go |
Cosmography with GWs

» Gravitational waves provide direct
measurement of luminosity distance

* If the redshift of the source can be estimated
in some other way one can measure
cosmological parameters.

(\1/%) sinh[y Q;k IN %] for Qp >0
for Q=0




Gravitational Waves$ pr0pa§a1-e

througdh Space

May 15, 2016 Matthew Evans at JHU






SIMULATION OF THE BINARY BLACK-HOLE
COALESCENCE GW 150914







SIMULATION OF THE BINARY BLACK-HOLE
COALESCENCE GW 151226













Black Holes Everywhere

Horlzon and 10 50 and 75 % conﬁdence levels
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How to Beat the Quantum
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Observed Effects of Gravity’s Distortion of
Space

Gravitational Lensing — light
bends around massive object

» »

J073728.45+321618.5 J095629.77+510006.6 J120540.43+491029.3 J125028.25+052349.0

e
S
S g

. L

J140228.21+632133.5 J162746.44-005357.5 J163028.15+452036.2 J232120.93-093910.2

Einstein Ring Gravitational Lenses
Hubble Space Telescope « Advanced Camera for Surveys

NASA, ESA, A. Bolton (Harvard-Smithsonian CfA), and the SLACS Team STScl-PRC05-32

“Einstein’s Cross” — quasar’s light bends
around a galaxy.
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Equivalent test mass motion (mA/Hz)

courtesy of Brian Lantz
-17 : i 95% gravity noise
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Advance Ligo Seismic
|solation is designhed so
as not to be a limiting
noise source

Quadruple pendulum
test mass suspension



Quad Suspensions

Magnets

Electrostatic

a Fused silica fiber

e Seismic isolation and
suspension together:
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30M, Black Hole Binaries | — S6run
| = O1 run

= Adv. LIGO design
— Future upgrades
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Redshift

Abbott,... DAB, et al. Phys. Rev. Lett. 116,







Vacuum tube enclosures test

G0900437 19May09  UC Davis
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