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Content:

« What are gravitational waves made of? How are they
generated?

e What are the main cosmological and astrophysical
gravitational-wave sources?

e How do we search for gravitational waves?

e What will we learn about the Universe and fundamental
physics by detecting gravitational waves?
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Milestones in understanding gravity:
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Theory of gravitation
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General Relativity
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General relativity:

1907-1915: Einstein develops the theory of general relativity

* Space-time is no longer given a priori; it
is no longer independent of all material content.
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* Space-time is a dynamic and elastic entity both
influencing and influenced by the distribution of
mass-energy that it contains.

& ds* = n,, do* dz¥
Nuv = (_17+17+17+1)
p,v=0,1,2,3

ds* = g, (z) dz# dz* =

Rigid spacetime in special relativity Elastic spacetime in general
relativity
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Gravitational waves: prediction of general relativity

* 1916: Einstein predicts the existence of gravitational waves, describing
them as space-time elastic.

* Linearized gravity: g, =7,, + h,, with |h,|<1

1 8rG ~ 167G
* Analogy with Maxwell equations: [A, = —47.J,

A distribution of mass deforms the space-time in its neighborhood. This
deformation propagates at finite speed away from the source in the form
of waves whose oscillations reflect the temporal variation of the matter
distribution.

) Ripples of warping in the fabric of
Ripples of water from a stone space-time from orbiting black

kthrown in the water holes /
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Post-Newtonian approximation:
First developed by Einstein, Droste and Infeld in 1917

Newtonian gravity is recovered assuming a weak deformation of

flat spacetime, a slowly varying field, and a non-relativistic source.

PN expansion: working within the Newtonian limit and keeping
terms of higher order in the parameter

v GM
E ~V — N ——

c? c’r

PN force of gravitational attraction between two bodies:

G mqmo v? v v° v v’
Fpn=——"—"7+—"" 11

r2

1PN prediction tested in solar system (v/c = 10> - 10*4) and
binary pulsars (v/c= 10-3)

+ Q1PN —5 + Q2PN —;y T A2.5PN ~¢ T U3PN —5 + U3.5PN —- T °
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Multipolar decomposition of waves (linear order in G):

Multipole expansion in terms of mass moments (I,) and
mass-current moments (J,) of the source:

can’t oscillate  can’toscillate  mass quadrupole

o N— / T —~ . .

G 1 G I G I G J G J

h ~ —2—0 + —3—1 + —4—2 + —4—1 + —5—2

C T C T C T C T C T
——

can’t oscillate  current quadrupole

2 . 2
Typical strength: }, ~ G ML 1 G (Exin/c”)

~/
ctd P2 r c2r

If Exin/c? ~ 1My dependingonr = h~107%-10"17
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Comparison between GW and EM luminosities:

G L N J 2 2
— 7 Iy~ eM
Low 505(12) o~ eMR
G

To~w’eMR?*withw~1/P = Lgw~ —562w6M2R4
c

5 6 2\ 4 5
¢ 5 (GMw Rce c® 59 '
Low G € ( 3 ) (GM) = o= 3.6 x 10°” erg/sec (huge!)

Steel rod of mass 500 tons, radius 20 meters at max rotation freq:

(GW energy flux) = 10° x (EM energy flux of our Sun)

Two black holes spiraling each other close to the speed of light:
(GW energy flux) = 10%° x (EM energy flux of our Sun)

Strong sources of gravitational radiation must have strong
won-spherical dynamics, large velocities and large masses. J
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Black holes orbiting each other are an ideal source of gravitational
waves:

Supergiant star--Cygnus X-1 Black hole of 4 million solar
binary system masses in our galaxy’s center

Black-hole binary system
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The Binary Pulsar PSR1913+16

_I | L I L I [ | I I i
0 >
B 12
A radio pulsar in a close orbit _ N 13
with period 8 hours around <> -3 2
= ()]
an unseen companion £ - 4 2
+ B 1 S
C — - -
- - S _10 | &
Discovered in 1974 by Hulse 3 ~'°[ 15
and Taylor 5 E E §
5 —-15— — =
Long-term radio observations B 15
have yielded object masses N 18§
- = | .
and orbital parameters. 5 0 / g
E | General Relativity Prediction _ é‘
3 — — -
- - - & - 4 X
The orbital period is slowly _o5 | =
decreasing at just the rate N 1 g
predicted by general relativity. - &
—30 ] | 1 111 l 1 111 l 1111 | | | 1111 |

The Strongest “indireCt" 1975 1880 198Y5ear1990 1995 2000

\evidence for gravitational radiation!
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Known binary pulsars merging in Hubble time A

Detection rate for initial LIGO (yr™') P, (hrs) Ty (Gyr)

00001 0.001 001 01 1 = pi913+16  59.03 7.75 0.37
Bl534+12 .

5t B1534+12  37.90 10.10 2.93

J0737-3039 2270 2.45 0.23

N J1756-2251  28.46 7.67 2.03

' J1906+0746  114.14 3.98 0.082

|
(o

* Observations are used to estimate
NS-NS merger rate in a Milky-way-
like-galaxy; then, the rate is scaled to
deduce rates for advanced LIGO.

log (Probability Density)
|
o

* Observations are used to constrain
population synthesis calculations,
which predicts rates for NS-NS, and
also NS-BH and BH-BH.

—-15

SN . N 99%
20+ 0 100 200 300 400 TR
L1 IIIII L L1l IIIII L L1l IIIII L I: L IIﬁIII . I: [ L Llall I

0.1 1 10 100 1000 - So far, we have not observed binary
Galactic merger rate (Myr™') pulsars with a BH companion.
& Kim et al. 2006 /




Population synthesis

T~3 Myr, N~10*

N —
/ N 7 N\ .
4 . ) Two OB main-sequence
\ o N stars
-

AN

—

T £ N~ - More_massive star (primary) - - -
T~10" yr, N~30 < /\ overfills Roche lobe ° Method orlglnally |ntr0duced
because of lack of observational

5 RN Helium-rich WR star
T~2-10 yr, N~500 Yz \ - ; :
{/’.\% R ’ with OB-companion d ata .
N~
2 -1 s Primary explodes as
v~10 yr > 7 \ type Ib Supernova and
A ‘ | becomes a neutron star
S\ 7 orblackhole « One simulates the entire

T ae N Secondary is close to Roche lobe. evolution of the binary system.

4
T~10 yr, N~100 > 4 \  Accretion of stellar wind results in
X P powerful X-ray emission

Helium core of the secondary

masslosing commen emeiope.* There are many uncertainties!

4
T~10 yr, N~30
mass-losing common envelope

N

A

4
T~2-10 yr, N~50 [P | Components merge.
Wolf-Rayet star with compact N Red (super)giant with neutron
companion surrounded by < ¥ @ !> star or black hole core
expanding envelope \\\ ,/I (Thorne-Zytkow object)

~—---""a

v
8
Secondary explodes as type T ~10 Gyr, N~10
4 -1 Single neutron star
Ib Supernova, v—10 yr ** * or lﬁack hole

f g Supernova explosion

S N\ 7
T~10 Gyr,N~10" (% =
Binary relativistic = disrupts the system.
star Two single neutron
stars or black holes

Merger of components

with a burst of emission

of gravitational waves,
1

E~1053erg, v~10_5 yr_
Postnov & Yungelson 2006
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The effect of a gravitational
wave on a ring of particles
(like Moon-Earth tides!)

AL =1Lh

-

h~ 1074 L = 4km

= AL ~ 10~ %¢cm!

The “direct” search for gravitational waves:

———————

We use light beams to measure
stretching and squeezing of mirrors
induced by GWs.

mass

mass

beam
splitter

photodetector

laser
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International network of detectors: 10-103 Hz

Ha nfo rd, WA World Network of Gravitational Wave Detectors

LIGO (2004-2010):

could observe NS-NS binary systems

up to 30 Mpc.

Event rates: 2x10-4/year - 0.2/year

No detection, but it has proved the technology.

advanced LIGO (2015 - ...):

could observe NS-NS binary systems up to
200 Mpc.

Event rates: 0.4/year - 400/year (40/year)

40 kg silica mirror

/
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LIGO progression over time:

Progression of LIGO Detector Sensitivities over Time
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Typical noise in ground-based gravitational-wave detectors:

INITIAL INTERFEROMETER SENSITIVITY
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How we detect gravitational waves from binary systems:

0.5F — Data
— Time-shifted template

0
_0'5 i 1 1 1 1 1 ]
0 50 100 150 200 250
Time
4k — Correlation vs. time shift
s f\ ]
©
s or ) '
O
O
1 -
0 1 1 1 1 1
0 50 100 150 200 250
Time offset

(courtesy from Peter Shawhaly




Modeling the dynamics and gravitational-wave emission of
coalescing black holes:

at their proper frequencies!

relativity techniques.

s

When perturbed, black holes ring

oof T Inspiraling signal can be well
: merger : modeled by analytical techniques
2 020 : that go beyond Newtonian
(g : dynamics.
g 0.00f : ] _
g WJW Merger signal computed with
£-010; : numerical relativity simulations
S 20k inspiral ringdbwn on very powerful computers.
03r Templates are obtained by
005 004 (Os-gg) Ote combining analytical and numerical

™~
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Analytical and numerical relativists at work:

© Original Artist
Reproduction rights obtainable from
www. CartoonStock.com
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Merging black holes in nhumerical relativity:

If black-hole
mass is 10 solar
masses, the
initial separation
in the simulation
is 900 km, and
wave sweeps in
detector band in
half a second!

(*qe|j0D V.LID-I|2u10)-yd33|e) wo.g)

,'l A |'| ||I
Il ||||||| ||

)

Energy emitted during merger is larger than energy
in all stars in observable Universe

- /
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Unique information to extract upon detection:

0.02 0.04 —————————
different shapes
- oot . different binary _
s | | parameters 5
% 0.00 I. °
= I =
0.01F
-0.02 gl 004G T g
0 & ltime (seocg 03 time (sec)

GWs can tell us how heavy each
of the black holes was, how fast
they were spinning, the shape of
their orbits (circular? elongated?), ./ 77/ “w=ly | \
where the holes are in the sky, and * 4 (IS Ty
how far they are from Earth. ’

GW detection will tell us whether
&Einstein was right!
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Can we extract information on NS’s equation of state?

1021

* NS are composed of the
densest form of matter
known to exist in our
Universe.

1 0—22 L

107
* NSs provide a unique
laboratory for exploring the "
properties of baryonic matter 1°
at super-nuclear density.

AdvancedLIGO

Einsteijn Telescope mergelr

1 0—25 ! 1 I I ! !
10 50 100 500 1000 5000

f (Hz2)

MNS i 1—3M®
Rng ~ 11-13 km
PNS—core -~ 1014 g/cmB

(courtesy from Jocelyn Read)

* Measurements of the NS’s masses or radii can strongly constraint the
NS’s equation of state and its interior composition.
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waveform:

0.15¢
0.10
0.05
0.00 »

fow = 106 Hz, a = 144 km

TN

/Imprint of NS’s equation of state in the gravitational
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~2.00 Z1.99
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20
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For the final coalescence,
numerical simulation

Z1.97 Z1.96 ~1.95

Matter responds
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0.15;
0.10:
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0.00 7"
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-0.10
-0.15
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. -05

-0.05 -0.04

-0.03

20.02
t(s)

-0.01 0.00

(courtesy from Jocelyn Read)/
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NS-NS merger waveforms:

2 | (c) HIS

-2
2 +(d)S15
a1 ’
O
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X
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Lret - tmerge [ms]

(Shibata’s group)
Merger and post-merger signals depend on binary’s mass and
NS equation of state (nucleonic and hyperonic).

They can be associated to short duration Gamma Ray Bursts
\ (GRB), and their optical and radio emissions.
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Space-based gravitational-wave interferometer (104-10-1 Hz):

LISA Pathfinder mission
in 2015 to prove

technology
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Binary of super-massive black holes:
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When galaxies collide, the super-massive black holes at their centers
can interact and merge = strongest signals for space-based detectors

The GW signal can be observed for months/years as it sweeps in the
detector bandwidth

We can learn how black holes have grown their masses, and
how galaxies formed

-
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Mapping the black hole space-time:

Satellite orbits probe
and map the matter
distribution of the Earth.

precession of orbital plane

(@) 8 body close to 2 :
6L central oiject 1 .
af (%
2 OfF / ¢ \< body far from
2k Yo central object
4} S )]
Black holes have 6}
very special multipole T
moment structure. z
b 5

GWs will contain a map of the
black-hole space-time curvature
= test of general relativity.

wave amplitude (x1022)
LS
$—r

body far from

body close to -
B central object

central object
—d 1 1 1 1 J

0 2 4 6 8 10
k time (x10? s)
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Gravitational waves from supernovae:

09T NS

eAoultddns s,19|dd)|

The core of a massive star ceases to
generate energy from nuclear fusion
and undergoes sudden gravitational
collapse.

Strength of GW depends on the
asymmetry of the core collapse

GW signal is an unshaped
Kburst lasting for 10 msec

Predictions of Signals from Supernovae

(magneto-)hydrodynamics of stellar plasma | relativistic gravity ‘

(nuclear) EoS | neutrino physics ‘

T~

SN explosion models

’ nucleosynthesis ‘

lightcurves,
‘ gravitational waves spectra

explosion asymmetries,
pulsar kicks

400

200

r [km]
s[kg/baryon]

-200

-400
400 200

200 400

(e)juer sewoy] wo.uy)
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Gravitational waves from radio pulsars:

|]opow asnoyjybi

First discovered in 1967, a few thousand known today

Spin-down mostly due to accelerating energetic particles

Possible gravitational wave-emission due to ellipticity or wobbling

Ellipticity created by "mountains” on a pulsar of 1cm height!

Gravitational-wave signal is continuous and periodic

e|ngaN qe.d) ayj3 jo
abewl Ael-x/jeondo

/
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Gravitational waves from the early Universe:

Cosmological probes:

v — free-streaming at ~ 1eV

v — streaming at ~ 1MeV
h — streaming since end of inflation ~ 10’ TeV

‘ 16 )

10 GeV  Inflation h < ot of the Uni
napshot o e Universe
dark age wah around the Big Bang!
h

BT A EAAAVY o
e ds? = a® [~d7® + (85 + hij) da* da?]
leV  CMB 105'6years

Very clean cosmological probes

What is the right model of
the Universe, soon after the
Big Bang?

- /

Unique information from the
dark age of the Universe
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Possible gravitational-wave signals from early Universe:
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Cosmic (super) strings. Loop
oscillations produce GWs.

Stochastic background and
powerful bursts from kinks/

cusps.

Frequency (Hz)

6

Amplification of quantum-vacuum

fluctuations during inflation and
subsequent eras.

Vi)

false
vacuum

true
vacuum

First-order phase transition
between “false” and “true”
vacuum. Collision of bubbles of
“true” vacuum produce GWs.

\
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Radical new windows, always big surprises

AGE OF THE

ih - "=
: e r
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0.0inm  1nm 100nm 1w im Lo
Wave Period  |yNIVERSE YEARS HOURS SECONDS MSEC

100 g Lmm ‘ ‘ ‘ I”I #
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= - .
. Radio and X-ray windows ° Frequencies to be

have allowed us to discover ©oPened spanned 19
new objects in the Universe: orders of magnitude!

radio galaxies and black

.,.‘
a
a
<
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DETECTORS &

Electromagnetic radiation
uonjeipe. jeuoijelineln

holes at their centers,  Gravitational waves are

quasars, pulsars, black holes far more radical than

in binary systems, etc. electro-magnetic
radiation. There will be
surprises!




