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Gravitational Waves

Perturbations of the space-time metric produced by rapid changes
In shape and orientation of massive objects.

Speed of light RPN
2 polarization (plus & cross) -~

-

Juv = Muv + hpw

’ 1 2G -

h(t) = 50—41(1)

h = dimensionless strain
| = source mass quadrupole moment
R = source distance
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Indirect Evidence of gravitational radiation:

PSR 1913+16

1974: [
Hulse and Taylor N
discover binary " ‘
neutron star 5 Talor R Huise
Observed over the course of decades
Slow orbital decay

Gravitational waves carrying away orbital energy

Nobel Prize in Physics 1993
Coalescence in about ~300 million years
GW emission strongest near the end

Cumulative shift of periastron time ()
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The Gravitational-wave Spectrum

= » Supermassive Black Hole Binary Merger 8
= |
| |‘:§\-
e I~ " . | .
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Astrophysical Targets for Ground-based Detectors

NASA/WMAP Science Team

Coalescing
Binary
Systems
Black Holes
Neutron stars

Cosmic GW
Background

Stochastic,
incoherent
background

Caéey Reed, Penn State

‘Bursts’

Asymmetric core
collapse
supernovae

cosmic strings
2?7

Continuous
Sources

Spinning neutron
stars

crustal
deformations,
accretion



Astrophysical Targets for Ground-based Detectors

Coalescing ‘Bursts’

Binary Asymmetric core

System collapse
supernovae

)

auusS
ources

Background

Spinning neutron

: stars
Stochastic, -
incoherent ey crustal
background Nag deformations,
NASA/WMAP Science Team accretion

Cas;ey; Reéd, Peﬁn Stéte -



Terrestrial Detection of Gravitational Waves

0 1960s: Joseph Weber constructs
resonant bar detectors

a Claims several detections per day
Not reproducible by similar experiments
in US, Europe, Japan
Theoretical objections:

Milky Way should be losing energy at a
noticeable rate!

a If not this way, how would one
detect gravitational waves?




Michelson Interferometer

_ Physically,
e his a strain ~ AL/L
LIGO measures: h ~ 10721

LS

y

For Example:
L=4km—>4x10""m
(Proton radius ~ 1 fm)

A L =4.4ly (Alpha Centauri)
— ~40 ym (human hair)

Laser

V
V
A\

| Beam Splitter

SN\ 7 4N




Interferometric Detectors

Q Design study 1971 by
Rai Welss

Q Major noise sources:
Seismic
Thermal
Photon Shot Noise

a Need for km long
laser interferometers!

region

Sensitive

1: ;
1Iﬂﬂ 1000
Frequency (Hz)
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End test

Advanced LIGO detectors Z l
during first observation run 1 I
Electro- Input test
optic masses

modulator

1064 nm I Splitter
Timeline: 45I‘~I~lez Fim;%irng 85m Rfégzﬁr'] Enmdats?t
> Funding 1984-1992 o Mirror
> Construction 1992-2002 gyH; Cleaner outout
> Initial LIGO 2002-2010 "' Mode

25mW Cleaner

» Advanced LIGO 2008-now _
50/50 splitter

Photodetectors
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Large Test Mass Optics

Specifications:

» Diameter: 340 mm

» Thickness: 200 mm

» Mass: 39.6 kg

» ROC: 2250 m /1940 m

» Figure: <1 nm rms

» Scatter: ~10 ppm

» Surface absorption: ~0.3 ppm
» Bulk absorption: ~0.2 ppm/cm
» HR transmission: ~4 ppm

» AR reflectivity: ~200 ppm
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Input Optics Table
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Observation Runs

60-80 60-100 120-170 190
Mpc Mpc Mpc Mpc
LIGO o o 03
25-30 65-85 65-115 125
Mpc Mpc Mpc Mpc
Virgo oz 0s
| | | | | | | | |
2015 2016 2017 2018 2019 2020 2021 2022 2023
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GW150914 and GW170817: Two discoveries that
lJaunched gravitational wave astrophysics

1.3 billion years ago 135 million years ago

i Sep 14,2015 G

Aug 17, 2017

Binary Black Hole Mergers Binary Neutron Star Coalescence



GW150914

Strain (1072}

Frequency (Hz)
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H — Numerical relativity —
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I Reconstructed (template)

H — Numerical relativity —
Reconstructed (wavelet)
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Solar Mass Black Holes

Solar Masses

70

60

50

40
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GW150914

20
$ F O GW170104
10

LVT151012 O
GW151226

. GW170814

&)
GW170608

LIGO/VIRGO



Solar Mass Black Holes

Solar Masses

70

60

50

40

30

20

10

GW150914

GW170104

LVT151012

GW151226

GW170608

LIGO/VIRGO
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Binary black hole mergers are the

General Relativity Tests

best test of GR in the strong field, nonlinear regime

Post Newtonian Approximation

107 &
10~} 5
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Astrophysical
Implications

a Early in the Universe
monster stars can form
out of Hydrogen only

Q Stars produce metals
(meaning anything
heavier than Helium)

a 30 solar mass black holes
can not be formed with

core collapses in the
current solar environment

Mbh,max [MG)]

80

70

60

20

40

30

20

10

Belczynski et al. 2010

Weak wind

LIGO Black Holes

-
----------

Strong wind

Current solar
environment

0.1 0.01
7/ 7.

Early ——>
Universe



Binary Black Hole Formation

TIME [Myr]
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Incidence
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Multi-messenger Astronomy with
Gravitational Waves

Binary Neutron Star Merger

Visible/Infrared Light

Neutrinos

Radio Waves



Frequency (Hz)

Neutron Star Merger: GW170817

Normalized amplitude
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Multi-messenger Observations

The Astrophysical Journal Letters, 848:L12, 2017

30° \ |
LIGO/ <&

Virgo

 Fermi/

00 I GBM

16h

. IPN Fermi /
\ INTEGRAL

-30°

12h
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-30°

30"’

Swope +10.9 h

DLT40 -20.5d




EM Follow-up Campaign

GW

LIGO, Virgo

y-ray [ J

Fermi, INTEGRAL, Astrosat, IPN, Insight-HXMT, Swift, AGILE, CALET, H.E.S.S., HAWC, Konus-Wind

X-ray P
Swift, MAXI/GSC, NuSTAR, Chandra, INTEGRAL

uv o

Swift, HST

Swope, DECam, DLT40, REM-ROS2, HST, Las Cumbres, SkyMapper, VISTA, MASTER, Magellan, Subaru, Pan-STAR

HCT, TZAC, LSGT, T17, Gemini-South, NTT, GROND, SOAR, ESO-VLT, KMTNet, ESO-VST, VIRT, SALT, CHILES
BOOTES-5, Zadko, iTelescope.Net, AAT, Pi of the Sky, AST3-2, ATLAS, Danish Tel, DFN, T80S, EABA

e Iimnmnrpm o g

IR

REM-ROS2, VISTA, Gemini-South, 2MASS, Spitzer, NTT, GROND, SOAR, NOT, ESO-VLF,

anata Telescope, HST

Radio

ATCA, VLA, ASKAP, VLBA, GMRT, MWA, LOFAR, LW MA, OVRO, EVN, e-MERLIN, MeerKAT, Parkes, SRT, Effelsberg

T o B e T
/H;(s%/ t-1, (days) \ / )/6 \\



Binary neutron star merger
A LIGO / Virgo gravitational wave detection with

associated electromagnetic events observed by over

Kilonova

70 observatories.

12:41:04 UTC
Q \ A gravitational wave from a

st

~

binary neutron star merger is detected. N

Q gravitational wave signal

Two neutron stars, each the size
of a city but with at least the
mass of the sun, collided with
each other,

GW170817 allows us to
measure the expansion rate of
the universe directly using
gravitational waves for the first
time.

Detecting gravitational waves
from a neutron star merger
allows us to find out more about
the structure of these unusual
objects.

- This multimessenger event
provides confirmation that
neutron star mergers can
produce short gamma ray bursts.

The observation of a kilonova
allowed us to show that neutron
star mergers could be
responsible for the production of
most of the heavy elements, like
gold, in the universe.

Observing both electromagnetic
and gravitational waves from the
event provides compelling
evidence that gravitational
waves travel at the same speed
as light.

gamma ray burst
A short gamma ray burst is an
intense beam of gamma ray

radiation which is produced
just after the merger.

kilonova
Decaying neutron-rich
material creates a glowing
kilonova, producing heavy
metals like gold and
platinum.

radio remnant

As material moves away from
the merger it produces a
shockwave in the interstellar

medium - the tenuous material

between stars. This produces
emission which can last for
years.

Distance

130 million light years

Discovered

17 August 2017

Type
Neutron star merger

+ 2 seconds

A gamma ray burst
is detected.

+10 hours 52 minutes
A new bright source of optical
light is detected in a galaxy
called NGC 49923, in the
constellation of Hydra.

+11 hours 36 minutes
Infrared emission observed.

+15 hours

Bright ultraviolet emission
detected.

+9 days

X-ray emission detected.

+16 days
Radio emission
detected.
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The Next Decade

Advanced LIGO Plus (A+)

» An incremental upgrade to aLIGO that
leverages existing technology and
Infrastructure, with minimal new investment
and moderate risk

» Target: x1.7 increase in range over aLIGO
X5 greater event rate

Silicon
m =200 kg
<« T=123K

LIGO Voyager

>

Additional x2 sensitivity broadband
Improvement,

lower frequency 20Hz — 10Hz

Larger Si masses, cryogenic operation,
new laser wavelength



Next Generation Gravitational Wave Detectors

Einstein Telescope (10 km) 20 Years+: New Facilities Needed
> European conceptual design study 1022 R
> Multiple interferometers underground, P S eonan
10 km arm length, in triangle. W[ R i 1| Setg v
10-15 year technology development _ " Fliv e oo = seresoman |
> ~10° binary coalescences per year & [\ T e
'§ i
Cosmic Explorer (40 km) 7z
» US-based design, just starting [T
» Based on LIGO Voyager technology, oz}
expanded to 40 km arms. .

Frequency [HZ]



1 e Horizon
: 10% detected:
50% detected]

10" |

:
100
= alIGO == ET |
10 e
100 BNS 10 BBH 102 10°
Credit: Evan Hall Total source frame mass [ M]

Next generation detectors will detect:

~10° Binary black mergers
Everywhere in the Universe!

~10° Binary neutron star mergers

We are here

Where do we go from here?

» Mergers at cosmological distance
s HO, dark energy EOS
» Black hole ring down
» Binary black hole formation channels
» Neutron star equation of state
» Tests of general relativity

10°

Peak of SFR
Peak of merger rate fro

| |
0.0 2.5 5.0 7.5 10.0 125 15.0



Advanced LIGO/Virgo and the Dawn of .
Gravitational-waves Physics and Astronomy

O Merging binary black hole and
neutron star systems have been
observed for the first time

e ‘a scientific revolution’

O Future increases in sensitivity will
Increase the rate of detections
« Daily Binary Black Hole Mergers,
weekly binary neutron star
mergers

Q The future looks bright! Stay Tu N ed .



LIGO Hanford Observatory

Thanks to:

ligo.caltech.edu

—

o

Lasen InTERFEROMETER GRAVITATIONAL-W AVE OBseEnvaTORY

www.ligo.org

Support: National Science
Foundation



https://ligo.caltech.edu/
http://www.ligo.org/
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