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Einstein’s gravitation *°"

No “instantaneous gravitational force”
When masses move, they wrinkle the space time
fabric, making other masses move.

Credit: AMNH

Explains just as well as
Newton’s why apples
fall and planetary
motion...

. but it also predicts gravitationa] yaves
traveling away from moving masses!
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GW landscape i LsU
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GWs from a stochastic background #L5SU
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Big Bang plus
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gravitational waves

(Courtesy: NASA)

We have learned much about the early history of the Universe from
observation of the “cosmic microwave background” (and using Einstein’s
theory) — but there is also a “gravitational wave background” from even

earlier times.
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GWs from Supernova explosions 1 LSU

Credit; NASA

SN explosions generated by the collapse of a star under its own gravity give birth to neutron
stars and black holes with mass close to the Sun’s, but with the size of a city.

If the explosion is not perfectly symmetric, and happens in our Galaxy or very nearby, we
may detect the gravitational waves produced with LIGO.
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Crab pulsar and nebula
Credit: M. Kramer Credit: NASA/CXC/ASU/J. Hester et al.

Neutron stars are born rapidly spinning, emitting electromagnetic beams: they are “pulsars”.
Eventually, electromagnetic power is exhausted, and older neutron stars do not pulsate.
Pulsars are very precise clocks — rivaling atomic clocks. “Pulsar timing” will allow detection of
gravitational waves with parsec scale wavelengths and periods of years.

The structure of the interior of neutron stars, or “equation of state”, is not well known, and is
something we can learn about from gravitational waves.

LIGO-G1500655



A5
Neutron stars LS

proportional to their non-spherical shape and twice their rotation
frequency - but neutron stars are very smooth!

There are about 2,000 pulsars observed in our galaxy, but there are
about 100 million neutron stars in the Milky way.
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Neutron stars in Binary systems *-LSU

Credit: John Rowe animations

About 5% of neutron stars are part of a binary system, eventually
forming a binary system with two neutron stars, or a neutron star and a

black hole.
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Credit: John Rowe animations

Binary systems of compact objects as neutron stars and black holes lose energy to
gravitational waves, orbiting closer and closer until merging into a larger black hole.
The amplitude and frequency of the gravitational wave before the merger is “easy”
to calculate using Einstein’s theory — this is likely to be the bread-and-butter of
Advanced LIGO when it begins detecting astrophysical signals.
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GR theory and waveforms ILSU

“Post Newtonian expansion”
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Einstein’s GR on computers  *-L5U

Credit: Henze, NASA y
LIGO-G1500655



L !

How far can we see? 15U

Using known waveforms for binary systems, given the “noise” in
a detector we can calculate how far we can detect signals with
enough “signal to noise” ratio. H1: 23 W, 57 Mpc (2015 May 15

L1: 25 W, 65 Mpc (2015 Mar 03)
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o Advanced LIGO
10 s T y
{| I Early (2015, 40 — 80 Mpc)
. Mid (2016-17, 80 — 120 Mpc)
8 [ Late (2017-18, 120 — 170 Mpc)f| !
Y { Il Design (2019, 200 Mpc)
= 'BNS—optimized (215 Mpc)
10
'§ peisiesie seegnae
%
=
(]
@
g 10—-23
=
£
(]
-24 : P f f:ifis
10’ 10° 10°

frequency (Hz)

Already here!
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We’ll have GWs soon =
Estimated | Faw = 107°M;c* Number
Run Burst Range (Mpc) | BNS Range (Mpc) of BNS
Epoch | Duration LICO Virag LIGO | Virgo Detections
2015 3 months | 40 — 60 40 — 80 0.0004—3_
< 201617 6 months 60 e 20 — 40 ol 120 20 — 60 0.006 — 20 >
201718 9 months 75 — 90 40 — 50 120 — 170 60 — 85 W
2019F —(per-year) 105 40 — 80 200—1 65— 130 | 0.2 — 200
2022+ (India) | (per year) 105 80 200 130 0.4 — 400
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But that’s only the beginning... * 15U

« Science with GWs will need more than the first few
detections:

» Astrophysics will need EM counterparts : multi-messenger
astronomy.

» Source localization and more uptime will need a world-
wide gravitational network with several detectors.

» Testing GR will need large signal-to-noise ratio detections,
and comparison with numerical relativity simulations.

» Equation of state of neutron stars information will arise
from detectors’ sensitivity at ~kHz frequencies of the
binary merger.

» Population studies will need large statistics.
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Multi-messenger astronomy *-=!
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Event validation

“Search Algorithms” “Software” to identify
to identify the GW-triggers = GW-trigger for the EM follow-up:

- select statistically significant
triggers wrt background

» determine telescope pointing
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GW detectors follow HE, EM signals -

Knowledge of transients from electromagnetic telescopes or
satellites (GRBs) or neutrino detectors can be followed up in

the GW data with more prior information.
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Known multi-messengers B LSL

Kilonovae
Significant mass (0.01-0.1 m,) is dynamically ejected (SN
during NS-NS NS-BH mergers

at sub-relativistic velocity (0.1-0.2 c)

(Piran et al. 2013, MNRAS, 430; Rosswog et al. 2013 , MNRAS, 430)

EM signature similar to Supernovae

Macronova - Kilonova
| short lived IR-UV signal (days) powered
by the radioactive decay of heavy
elements synthesized in the ejected

Kulkarni 2005, astro-ph0510256;
outflow | baczynsii 1998 api, 507

Metzger et al. 2010, MNRAS, 406;
Piran et al. 2013, MNRAS, 430

RADIO REMNANT

long lasting radio signals (years)
produced by interaction of ejected
sub-relativistic outflow with

surrounding matter piran et al. 2013, MNRAS, 430

GRBs emission - Fireball Model - ) ‘

Cataclysmic event Central engine
NS-NS NS-BH

merger Black Hole
o 7
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Y-ray - within seconds Optical, X-ray, radio -
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LIGO-G1500655 '



The GW Detector Network~2022

Advanced LIGO
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Some of our partners —ready to {1 sy
observe!

More than 70 astronomy agreements with partners for 2015-18
’ THE DARK ENERGY SURVEY

Fermi

Gamma-ray Space Telescope

South African
Astronomical Observatory

(V/D)V/"g"- 'Catalina Real-Time
MW M &) - Transiént Survey

TAROT

Télescopes & Action Rapide pour les Objets Transitoires s ISTITUTO NAZIONALE DI TROFISICA

NATIONAL INSTITUTE FOR TROPHYSICS
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Exciting near future iLsu
observations

LSST received its federal construction start in 2014 and will achieve
engineering first light five years after that. Full science operations for the ten-

year survey will begin two years after engineering first light.
What 0.5deg? will look like with LSST:

: A'- @ Deep Lens Suy/ UC Davis / NOAO
- : ) ¢ .‘ ] i . . . 2 -.. -
.* _Large Synoptic Survey Telescope

« the widest, fastest, deepest eye of the new digital age
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GR@100 and LIGO i LSL

J 8

,;.’Q,. Einstein would be very happy visiting

: LIGO today, and would not doubt we
are at the dawn of gravitational wave
astrophysics.
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