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Abstract: <p>Two years ago the Laser Interferometer Gravitationa-wave Observatory.</p>

<p>(L1GO) announced the first direct detection of gravitational waves; minute distortions in space-time caused by cataclysmic events far away in
the universe.&nbsp; Very recently, the merger of a binary neutron star system was detected by both of the Advanced LIGO detectors and the
Advanced Virgo detector in Italy, triggering a massive follow-up campaign by ground and space-based telescopes.& nbsp; A counterpart to the

gravitational-wave source was located, and transient emission was detected from gamma rays to radio.&nbsp; | will talk about the sources of the
signals we detected, the physics behind the detectors, and prospects for the future of this emerging field.</p>
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What we know about the first binary black hole
merger observed by LIGO

 The two black holes that merged were very massive, about 30

times the mass of the sun |
3612 M, and 297 M, “

 The black holes merged 1.3 billion light-years away (410 Mpc)

« These (and subsequently observed) black holes were NOT close
to maximally spinning

(and most consistent with zero spin) m

Apr, 2018
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Energy, and Luminosity — Fun Statistics

The two black holes merged to form a single black hole of 62
times the mass of the sun

As they merged, the equivalent of ~3 times the mass of our Sun
was emitted in gravitational waves [ . =
That is a lot!!! Let's compare: E=mc?

* Qur Sun has lost 0.03% of its mass in 5 billion years, through
electromagnetic emission (so this was 10,000 times more, in < 1s)

« The power output was briefly larger than all of the light from all of the
stars in the visible universe. Luminosity at Earth similar to full moon!

And still, it produced only a tiny distortion here on Earth:
space-time is very, very stiff!

Apr, 2018 M. Evans, PI 4
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With binary black holes, we have

« tested General Relativity in the strong field
regime, improving constraints on deV'iaitions
- from GR by orders of magnitude bl

/.
Binary Black Hole Mergers in the first AdVanced LIGO Observing Run
), . Vg ] P |
LSC (2016) PRX 6.041015 7 7

(i

- discovgred a previously unknown
population of high-mass stellar remnants .

- from field binaries, or clusters?

Astrophysical Implications of Binary Black Hole Merger GW 150914
LSC (2016) ApJL 818 L22
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Recently, our first binary neutron star merger!
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Spectrum of GW170817 counterpart
a blue kilonova which fades to red over time
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Spectrum of GW170817 counterpart
a blue kilonova which fades to red over time
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Spectrum of GW170817 counterpart
a blue kilonova which fades to red over time
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Spectrum of GW170817 counterpart
a blue kilonova which fades to red over time
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Spectrum of GW170817 counterpart
a blue kilonova which fades to red over time
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Many, many images were made of GW170817
This is my favorite...

Hubble Space Telescope

Multi-messenger Observations of
a Binary Neutron Star Merger
(2017) ApJL 848 L12

3000+ authors, 900+ institutions
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With the binary neutron star detection we have

» Made first joint GW-EM source observation

» Linked short gamma-ray bursts to BNS and kilonovae

* Independently measured the local Hubble constant
Measured the speed of gravitational-wave propagation
Made initial constraints on the NS EOS

Constrained the rate of BNS mergers in the local
Universe (and thus their production of heavy metals)

« ...'the work on this event is ongoing.

GW170817: Observation of Gravitational \Waves from a Binary Neutron Star Inspiral:
LSC (2017) PRL 119, 161101
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But what are gravitational waves?
And how do we detect them?

Apr, 2018
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Eesa

Gravitational Wave Strain

-

If you have masses that are free to
move, you can (at least in principle)
measure space-time distortion by
watching how they move

~
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Eesa

Gravitational Wave Strain

-

If you have masses that are free to
move, you can (at least in principle)
measure space-time distortion by
watching how they move

~

M. Evans, P|

Page 41/95




Pirsa: 18040051

Eesa

Gravitational Wave Strain
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If you have masses that are free to
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Eesa

Gravitational Wave Strain

\9

Strain over
distance L

Amplitude of the

ravitational wave
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Need to measure VERY small displacements!

Even if you can make L very long (but
reasonable for the surface of the Earth),
let’s say L = 4km, you still need to measure:

AL=hxL=10""%4000=4x10"m

. IMichelson, Morley 18_87
\..: -_._, _ : ’ T

: —5 T m
Michelson e xil 0 HI oA

e
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Need to measure VERY small displacements!

Even if you can make L very long (but
reasonable for the surface of the Earth),
let's say L = 4km, you still need to measure:

AL=hxL=10""%4000=4x10"m

chelson, Morley 18_877

. ) == 5
e 3x107 m 2
S met— 1

Michelson

e

Apr, 2018 M. Evans, Pl

Pirsa: 18040051

4x10"8m=
Proton diameter / 200

Page 50/95




Need to measure VERY small displacements!
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Laser Interferometry
to measure small displacements

mirrors used as
masses free to move
Il\ /]
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Laser Interferometry
to measure small displacements

~ = mirrors used as
asses free to move
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2 LIGO Observatories, each with one laser interferometer with 4 km arms

ObservatOry
(Washington State)
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More than 300 control loops needed to keep
oot the interferometer optimally running
40 kg high quality

fused silica mirrors N
isolated from the | Fabry—Pgrot cavities
ground l' in the Michelson arms

e

. GW laser, 1064&n/ § .
Up to 125W enteringthe
e . il \/\\/\/\/

interferometer
(20-25W during first
\observing run)

Output photodetector:
Interferometer noise +
V- grdvitational wave signal
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The BNS signal, with and without noise...
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The BNS signal, with and without noise...
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Advanced LIGO Noise,
In the Frequency Domain

102

_ _ test mass
Strain Strain Noise (mirror)

1VHz h _ AL/L
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Advanced LIGO Design

[ [ VA
100Hz 1kHz 10kHz
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Quantum Noise:
Shot Noise and Radiation Pressure Noise
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Radiation Shot noise photodiode | Radiation

/ pressure

"Shot" noise

Pressure \
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Quantum
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Advanced LIGO Noise: Progress
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GW150914: The Advanced LIGO Detectors in the Era of First Discoveries. LSC (2016) PRL 116, 131103
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Better isolation
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More laser power
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Advanced LIGO Noise: Progress
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Squeezing Light to Reduced Quantum Noise

» We can't continue to increase the power in the
interferometer beyond Advanced LIGO design due to

* thermal effects
» radiation pressure driven instabilities
* quantum radiation pressure noise

* How can we improve?

 to understand the answer, we have to start from the
beginning...
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What is Quantum Noise?

*  Quantum optics tells us that shot noise and
radiation pressure noise result from vacuum
fluctuations that enter at every “open port”

Apr, 2018

Pirsa: 18040051

Main Laser

. 4 Faraday

| Isolator
Vacuum l

Fluctuations

photodiode

M. Evans, PI

Page 77/95




Pirsa: 18040051

So, what can we do about it?

Heisenberg says we can’t make the noise smaller, but
we can change its shape.

Can we use a squeezed vacuum state in our detector?

X,
Quantized M Fteld socw™ |

uvﬂ— ,Lovu GW Slgnal

E X cosa)t+1X sin wt gx ety

Hei.s-am_barg umcarl:ou.mbj

i L L‘: 7 + | )
privcivte ARAL -1 [l e T
noise
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In theory, sure... but in practice?

Nonlinear crystal creates
entangled photon pairs by
parametric down-conversion

Main Laser

il

Faraday
Isolator

Squeezed Vacuum
Source

Enhanced sensitivity of the LIGO gravitational wave detector by '
using squeezed states of light.  LSC (2015) Nature Photonics photodiode
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Advanced LIGO Noise: Progress
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Maggie (MIT grad)
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Future Improvements

* R&D is driven not only by how
to make Advanced LIGO better,
but also by the longer term
potential of the field

 The next big leap in sensitivity
will come from a longer
interferometer...
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A 40km facility with new coatings and squeezing

Cosmic Explorer (expected R&D improvements)
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BBH and BNS from the entire Universe!

/o contidence levels
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ordial gravitational waves below the binary-black-hole-produced stochastic background
Regimbau, Evans, ..., Vitale, (2017) PRL 118, 151105
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A 40km facility with new coatings and squeezing

Cosmic Explorer (expected R&D improvements)
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BBH and BNS from the entire Universe!

Horizon and ¢ Yo confidence levels
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Over the next 20 years...

Spectroscopy of Kerr black holes with Earth- and space-based interferometers
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arXiv:1605.09286v2 [gr-qc] 5 Sep 2016

Sensitivity progression from the
present (O1 and 02) to potential
detectors of the 2030s.
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Close BBH Mergers will have high SNR

Binary Black Hole SNR vs. Redshift

« SNR > 1000 for BBH like GW150914

*  This will allow tests of

» BH quasi normal modes

+ GW memory effect

Redshift 2

Exploring the sensitivity of next generation
gravitational wave detectors

doi:10.1088/1361-6382/aa51f4
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The Gravitational Wave Spectrum
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The Message

Advanced LIGO is producing results
+ we are testing fundamental physics
+ and improving our understanding of the Universe,

» but we still have a lot of room for detector improvement
(high power, squeezing, better coatings...)

Near-term upgrades will reduce the noise by ~2 beyond design
- event rate may be ~1 per day
Next generation detectors will reach the entire Universe (high redshift)

« BBH and BNS detection rate will be mostly determined by astrophysical
population (>10° per year?), not detector sensitivity (peak near z ~ 3?)

« high SNR signals will allow for detailed tests of GR, NS EOS, ...
This is just the beginning!
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