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Gravitational Waves (GWs)

GWs carry away large quantity of
energy in systems involving
movements of large masses

Although the large amount of energy,
GWs interact very weakly with matter
and are difficult to detect.

These properties make them ideal
probes of some of the most
interesting parts of the Universe, now
that we have learned how to make
sufficiently sensitive detectors.

Unlike in most of electromagnetic astronomy, gravitational waves will be observed
coherently, following the phase of the wave.

This is possible because of their relatively low frequencies (below 10 kHz).

This makes detection strategies very different: instead of bolometric (energy) detection
in hardware, gravitational wave detection will be in analyzing the phase.

The software for data analysis is of paramount importance
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From Einstein Equation to Gravitational Waves

Gravitational waves (GW) are a natural consequence of Einstein’s general theory of
relativity, and their existence was predicted almost exactly 100 years ago.

The starting point is the Einstein equations (4x4 symmetric tensors)

. ] 8tG

Though simple in appearance, the Einstein equation is a nonlinear function of the
metric and its first and second derivatives; this very compact geometrical statement
disguises 10 coupled, nonlinear partial differential equations.

In order to give a very simple mechanical analogy of (13.3), consider the potential
energy connected with the spatial deformation of a spring:

kx =VU . (13.4)
Thus, the equivalent of the spring's constant k in (13.3) is

4

k—s 8;:(}‘ —56x10¥ kems2. (13.5)
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A Long Story Short

The General Relativity (GR), published by Einstein in 1916 (during | Word War)

Einstein derived three types of propagating solutions from the field equations; however,
the nature of approximations led many (including Einstein himself) to doubt the result.

In 1922, Eddington showed that two types of wave were artifacts. Eddington’s joking
sentence that GWs “propagate at the speed of thought”.

In 1936, Einstein and Nathan Rosen submitted a paper to the Physical Review Letter
(PRL) with the title Are there any gravitational waves?

The Einstein’s epistolary documents show that the answer to the title was “NO”.

The editor sent the manuscript to be reviewed by an anonymous referee (in the usual
peer review process), who questioned the conclusion of the paper.

(Today, we know that the anonymous referee was Howard P. Robertson).
Einstein angrily withdrew the manuscript, asserting that he would never publish in PRL

Few weeks after Infeld (at that time, an assistant of Einstein) met Robertson at a
conference, and Robertson convincing Infeld that the conclusion in his presentation (that
contained in the Einstein-Rosen paper) was incorrect.

Finally Infeld similarly convinced Einstein that the criticism was correct; the paper was
rewritten with the same title, the opposite conclusion and published elsewhere.

The question whether GWs carry energy (and are thus “physical” objects) or are instead
a “gauge” effect remained controversial up to the end of the 1950s.
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17 / sec

. *
\ .*‘
'.l-

[~ 8 hr

1974: Hulse-Taylor discover a pulsar in a binary
system, with frequency of 17 Hz

The pulsar orbits around a NS with an 8-hour

orbital period

In 30 years of observations, the orbital period

has decreased by ~ 40s

This is exactly what is expected for the loss of
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energy due to the GW emission (one of the few
cases wWhere the energy loss can be easily done)

Nobel to Hulse and Taylor in 1993 for the

indirect discovery of GW
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A possible final state of the evolution of a massive star is a stellar black hole (or
stellar-mass black hole). A black hole is a massive object exhibiting such strong
gravitational effects that nothing (particles and electromagnetic radiation) can
escape from inside its boundary, called the event horizon.

In most cases, we can consider the event horizon equivalent to the Schwarzschild
radius (This is correct for non-rotating massive objects that fit inside this radius).

The escape velocity, v,s., from a body of mass m at a distance r from the center is:

Vese =+ 2GM /T

The Schwarzschild radius, R, is defined as the dimension of an object of mass m such
that v,,. = c. Using the above relation, we obtain:

_ 2Gm fm
@ =——=205 (—) km . (6.84)
cl_ me._ ;

If the body is sufficiently dense and confined within R,
the Schwarzschild radius represents its event horizon
and its inner region behaves like a black hole.

Particles and light can escape the black hole only if they
remain outside the event horizon.
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By absorbing other stars and merging with other black holes, supermassive black
holes of millions of solar masses may form.
It is likely that supermassive BH exist in the centers of most galaxies.
Although Eq. (6.84) is obtained from Newtonian considerations, the same conclusion
emerges from general relativity. Furthermore, in classical general relativity, a particle
that is inside the event horizon can never emerge outside.
More generally, BHs are particular solutions to the Einstein field equations. It has
been demonstrated (by the so-called no-hair theorem) that a stable black hole is
completely described at any time by the following quantities:

* its mass-energy, M;

* its angular momentum, or spin, S (three components);

e its total electric charge, Q.
In terms of these properties, four types of BHs can be defined:

* Uncharged/Charged and non-rotating BHs (also called Schwarzschild BH)

* Uncharged/Charged and rotating BHs (called Kerr BHs).
A rotating BH is formed in the gravitational collapse of a massive spinning star;
It can lose rotational energy through different mechanisms occurring just outside its
event horizon. In that case, it gradually reduces to a Schwarzschild BH, the minimum
configuration from which no further energy can be extracted.



Neutron stars and pulsars (Chap. 6)

A NS is an object with a defined mass, M ~1.4M_,,, the Chandrasekhar mass

sun’
Its density corresponds to the density of a nucleus, 1014 g/cm?3,
The radius of a neutron star is thus a few km (exercise)

If the remnant star has a mass greater than the Chandrasekhar limit, it continues
collapsing to form a black hole, Sect. 6.8.

The details of their structure is unknown (the Equation of state, EoS)

The maximum observed mass of neutron stars is ~2.0M_,

outer crust 0.3-0.5 km
ions, electrons

inner crust 1-2 km
electrons, neutrons, nuclei

outer core ~ 9 km
neutron-proton Fermi liquid

few % electron Fermi gas

inner core 0-3 km
quark gluon plasma?
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From Einstein Equation to Gravitational Waves

* If we assume a weak gravitational field, the spacetime metric can be decomposed

guv(X) = 53" + huy (x) . (13.6)
* It exists a particular gauge condition under which (4) in vacuum
1 92 _, |
—(—2?+V /I“V(X)ED;I“V(X):O (137)

has familiar space-time dependence solutions, but describes a tensorperturbation

Iy (X) = A, el Ex=en) (13.8)
* The constant h? is a symmetric 4x4 matrix and o = kc.
00 0 0
_ Ohy hyx O li(k-x—or)] -
hyy (X) = 0h, —h. 0 e ._ (13.9)
00 0 O e
h+ ':' e ® T a ':- t- - . hx
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Analogies/differences between GW and EM (I)

The EM radiation is an incoherent superposition
of light from many sources, in a region much z
larger than the radiation wavelengths; GWs come
from sources with sizes R comparable to the
wavelength A . Hence the signal reflects the
coherent motion of extremely massive objects.

electromagnetic wave dil

Solutions of Maxwell's equations for a localized
oscillating source of dimension R at a distance r in
a homogeneous material are E and B fields that
decay as 1/r when r >>R. These are the radiating
fields; the condition r>> R denotes the far field.
Similarly, the strain h (see eq. 13.15) o 1/r.

The classical electromagnetic effect of a moving electric point charge in terms of a
vector potential and a scalar potential is described by the retarded Liénard-

Wiechert potentials. Retarded, because the effect on a position takes into account
[r—']

that the fields propagate at the speed of lightc: t,..; =t —

Cc
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Source term

 The inhomogeneous wave equation (in the presence of sources)

= 16707 . 3\\5

!
* Itis analogous to the wave equation from a relativistic lﬁ@d

DA% (x) = —uoJ* \Q\
* the Green function formalism can be ap¢ ive a solution:

@ 3 7] TXQ
(rx)— d”x x—x

* Similarly, the solution for (11) produced by variations of the mass

4G 1.X) | e
ey (2.X) /d”‘ / “’l"; i’lﬂ & (13.13)

(13.12)

 That can be solved for a periodic system when

1) A > R. i.e. the long-wavelength approxrimation, and
2) r > R, where r is the distance of the observer from the source (the distant-

source approrimation).
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The mass-quadrupole moment and energy flux <

Under these approximations, Eq. (14) connecting h and source reduces to

4G
B (1,%) = _4/5{‘ Tuv(t —r/c.x') . (13.14)

rc

This relation further simplify if T is dominated by its rest- ’&&%’ obtamlng a

relation for the spatial coordinates:

4G szu
hji o~ 13.15
i rct dr? ( )
Where Q;; is a 3x3 tensor of the m ﬁ%pole moment:
QU = /dBX(x-‘xj %r-55j> P;::(X) . (13.16)

If (16) holds, the GW carry an energy flux

%

F — — |h|"— 3.
F ;2;1-‘/4 (13.18)

1
S—EEXB.

That is the analogous of the Poynting vector for the EM wave:

Exercise: verify that that the quantity (13.18) has the same units of the Poynting vector
Exercise: verify that the (13.18) depends on 1/r?
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Two-body system >

The quadrupole moment is defines as

6 — 3% ,xaw,a %
Oii= Y ma| xave m ! e\. ’%21)
o=12 0
In the simple case of a binary system rptaging Qe frequency A
2 \6‘@ cos(2wmyt) sin(2a,t) 0
m
Q?j ‘; u ij . (13.22) ] 5111(2(0{, ) % — cos(2wyt) i
0 0 —3
By summing up the contribution of the two masses
| mim» _
- @ _ _yR%J. . (13.24 = = (13.25)
QU‘ Z QU 2“R J.U ’ ( ) !.l ”11 —I—mz

o—=1.2
The second derivative of the quadrupole moment elements
0 1 5
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The strain h for a binary system <

For a 2—body system, the strain Eq. (16) is >

h(t) ~ (2}uR2 2) . cos(2w4t) = ho COS(@gt) ‘\&8)

Because the quadrupole moment is symmetric under 1 ation about the

orbital axis, the radiation has a frequency, ® “ hat of the orbital frequency
of the source, o..

The Kepler Il law connect angula &lty and , GM

radius R wy = 73 where M = mqy + may
4G GM
Thus, the stain h_in (28) /i, ~ (2pR ) ._ (13.30)
ret
Or, in a form manifestly dimensionless:
26M 2G]J. 9?51 -9?52 o
/10_2( o )(CQR)_z L2 (13.31)
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The flux F and luminosity L <

* We derived the energy flux, eq. (13.18) in units: (W/cm? s) of the GW. >
* For the binary system, it can be simply written as: \
m,
G e
= 13.3 5
y 3271. G h wg'lt ? (I' 7) r,cosm.t : -\ ol |

..
[
|
|
i
i
i
|
|
:

r,cosmt

Important exercise (see: arXiv:9710079 of B.F. Schutz)

* Use the flux F (13.37), and assume that is emitted isotopically over a sphere of radius r.
Under this assumption, the luminosity at the source is given by: £ = 4mr*F

* Remember that @, =2 ;.
* Make use of the lll Kepler law that correlate the distance R and ..
e Show that the luminosity £ can be simply written (without the factor 1/5) as (13.36):

1G /1 2 32 G
L= (—uRz) (2a;)% -2 = 53 (uRwl)? . (13.36)

* (The factor 1/5 arises from the fact that the flux F is not isotropic).
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Man-made Gravitational waves

* Differently from EM waves, it is almost impossible with current technology
to produce and detect manmade GWs.

| ]
‘ |

* Exercise: Consider a dumbbell consisting of two 1-ton compact masses with their
centers separated by 2 m and spinning at 1 kHz (this is the limit for its stability).
Determine the strain h, to an observer 300 km away (in the far field region). >

* Answer: h, ~1038

M. Spurio - Astroparticle Physics - 13 23



The strain and the effect on free masses (=observer)

Exercise: Compute h, for 2 neutron stars at R=100 km and at 40 Mpc from the Earth

10° x 1.2 10%* m?

4000 m)> ,
Answer: hozz( (4000 m) >w3><10—*2. (13.32)| >

As a GW passes an observer, that observer (=free masses) will find space-time distorted
by the effects of strain.

Distances L between objects increase and decrease rhythmically as the wave passes,
with a maximum amplitude AL such that

— = h,.
I 0

To get a feeling for this, the distance of the Earth from the Sun is changed by the
distance of one atom during the passage of such a GW.

With the quadrupole moment (13.22), the luminosity of the source from Eq. (13.19) is

M. Spurio - Astroparticle Physics - 13 24



Analogies/differences between GW and EM (ll)

... continues from |

4. Detectors of the electromagnetic radiation are sensible to the flux intensity (i.e. to
the Poynting vector, S) that decreases as 1/r? : work must be done on electric charges
of the detector. On the contrary, GW detectors register waves coherently by
following the phase of the wave and not just measuring its intensity. The phase of
the wave in the strain h that decreases as 1/r

5. The frequencies of detectable GWs are below the few kHz range; the graviton

energies hv are very small, making detection of individual quanta extremely
challenging (if not almost impossible)

6. Gravitational radiation suffers a very small absorption when passing through ordinary
matter. As a result, GWs can carry to us information about violent processes occurred
in very dense environments.

7. Itis almost impossible with current technology to detect manmade GWs (see  » )

Exercise: A GW detector that measures the strain h, improves the sensitivity (=minimum
detectable signal) by a factor of 3. Before the improvement, the number of possible
source visible in the Universe is N_. Evaluate the number N, of sources visible after the
improvement. Compare the same situation for a telescope observing the EM radiation.

Answer: after improvement, N,=33N_ for the GW observatory. It is N,=3%2N_ for the EM
telescopes.



Sources of Gravitational waves

* |t is almost impossible to produce and detect manmade GWs.

* Different astrophysical sources of GW have been modeled

Compact binary

—~ coalescence (CBC): ;:o::::n:ous
SO inspiral, merger and 9 _ i

/ ringdown of black spinning
neutron stars

holes and neutron stars

e

a | Stochastic
F-- - Short bursts:
P sources:
supernovae, L
_ gravitational wave
unmodeled transient
background from the

sources

big bang



Planetary Nebula

Small Star Red Giant
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White Dwarf

R ¢ Supernova
i Red Supergiant
Large Star
Stellar Cloud
with
Protostars
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Ground-based laser interferometers
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Detecting GWs, early tentative

Effect of GWs: Squeeze and stretch the space in Joseph Weber c. 1965
perpendicular directions: strain h = AL/L | : :

Detectors must be designed to achieve h<102?, over the
widest frequency range within 10-5000 Hz >

The question whether the waves carry energy remained
controversial up to the end of the 1950s. Finally, F. Pirani
showed that GWs would exert tidal forces on intervening
matter, producing a strain.

This stimulated experimental searches for GW with the
work of Weber (1960), also motivated by incorrect
predictions of h~ 1017 at 1 ~ kHz.

Weber built an aluminum bar 2 m in length and 0.5 m in
diameter, with resonant mode of oscillation of 1,6 kHz.
The bar was fitted with piezo-electric transducers to
convert its motion into an electrical signal.

In 1971, with the coincident use of two detectors (in
Michigan and lllinois), Weber claimed detection of GWs
from the direction of the galactic center.

This led to the construction of many other bar detectors
of comparable or better sensitivity, which never
confirmed his claims.

M. Spurio - Astroparticle Physics - 13 ~ S



Laser interferometers

GW interferometers are arranged in
Michelson configuration (L-shaped).

They consist of a laser, a beam
splitter, a series of mirrors and
photodetectors that record the
interference pattern.

A beam splitter splits the laser beam

into two identical beams, one at 90°.

At the end of each arm, a mirror
acting as a test mass reflects each
beam back to the beam splitter,
where the two beams merge back
into a single beam.

25W
1064 nm

Electro-
optic
modulator

Fabry-Perg
l=— 4 kg
I

Input test
masses

\/
Input

Mode
Cleaner

Power

Recycling ]
Mirror Signal
Recycling
Mirror
Output
Mode
25mW Cleaner

50/50 spljie |/
U Photodetectorg

mass

In ‘'merging’, light waves interfere with each other before reaching a photodetector.

GW interferometers are set up so that the interference is destructive.

Any change in light intensity indicates that something (noise or signal) happened to
change the distance L travelled by one or both laser beams.

The interference pattern can be used to calculate AL/L, i.e., the signal strain (13.33)

M. Spurio - Astroparticle Physics - 13

30



The interferometers: LIGO (USA)

* LIGO consists of two widely separated
(about 3,000 km) identical detector sites in
the USA working as a single observatory:
one in southeastern Washington State and
the other in rural Livingston, Louisiana.

31
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VIRGO (Italy)

e Virgois a 3 km interferometer
located close to Pisa, Italy, funded by
the European Gravitational
Observatory (EGO), a collaboration
between the Italian INFN and the
French CNRS.
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Advanced LIGO/VIRGO runs 01-02

* |nitial LIGO and VIRGO took data between 2001 and 2010, without detecting GWs.

* The redesign, construction, preparation and installation of the Advanced LIGO (aLIGO)
took 7 years, from 2008 to 2015, and those for the Advanced Virgo from 2010 to 2017.

* LIGO and Virgo Collaborations are separate organizations, but they cooperate closely;
they are referred to as LVC, and they collectively sign the research papers.

M. Spurio - Astroparticle Physics - 13

September 2015: aLIGO began
the era of GW astronomy with
its first observation run (01)
and detections, collecting data
until January 2016.

The 02 run of aLIGO started on
November 30, 2016. aVirgo
joined the O2 run on August 1,
2017.

02 operations ended on August
25, 2017.

O3 operations started on April
1st ) 2019 end March 27, 2020
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h( f) amplitude spectral density

Noise

A genuine GW signal must be extracted from a large background due to noise sources.

These noise sources can be divided into two categories:

J—
=
|

—

=]

Displacement noises, such as thermal noise, ground vibrations and gravity gradient

noises. These dominate at the frequencies below 100 Hz.

Sensing noises, as shot noise and quantum effects. Associated with the conversion
of displacement into a readout signal (dominates above 100 Hz).
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Noise at aLIGO at the time of
GW150914. On the y axis
there is an amplitude spectral
density, expressed in terms of
equivalent GW strain.
Narrow-band features include
calibration lines (33-38, 330,
and 1,080 Hz), vibrational
modes of suspension fibers
(500 Hz and harmonics), and
60 Hz electric power grid
harmonics
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|84 Selected for a Viewpoint in Physics week endine
PRL 116, 061102 (2016) PHYSICAL REVIEW LETTERS 12 FEBRUARY 2016

Observation of Gravitational Waves from a Binary Black Hole Merger

B.P. Abbott ef al.”

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 21 January 2016; published 11 February 2016)

On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave
Observatory simultaneously observed a transient gravitational-wave signal. The signal sweeps upwards in
frequencj/ from 35 to 250 Hz \}vith a peak gravitational-wave strain 0 It matches the waveform
predicted by general relativity for the inspiral and merger of a pair of black holes and the ringdown of the
resulting single black hole. The signal was observed with a matched-filter signal-to-noise ratio of 24 and a
false alarm rate estimated to be less than 1 event per 203 000 years, equivalent to a significance greater
than 5.16. The source lies at a luminosity distance 4)f4l():rllgg Mpc Lorresponding to a redshiftt 7 = 0.09709%
In the source frame, the initial black hole masses are|36ﬁM oand 2973 M o, |and the final black hole mass is
GQﬁMO, with 3.0:?'2 M c? |radiated in gravitational waves. All uncertainties define 90% credible intervals.
These observations demonstrate the existence of binary stellar-mass black hole systems. This is the first direct
detection of gravitational waves and the first observation of a binary black hole merger.

DOI: 10.1103/PhysRevLett.116.061102
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The expected signal

It matches the waveform predicted
by general relativity for the inspiral
and merger of a pair of black holes
and the ringdown of the resulting

. single black hole.

+ 10_22 n lﬂ\‘\"r.
< 10722 _/\/\/\A/\NV\A/\ I ‘JI.""

T T . T T ! R;IIS‘
el Inspiral Merger, /| idown
S L e S i e NI WP o NP % e T v—
< 1022 \JW

-0.4 -0.3 ~0.2 -0.1 0.0 §Ks
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Transient signal: the matching filter method

Data (signal buried in noise)

* The matched filtering is the
technique used to detect GWs
in this noisy data. The idea is to
model the expected signals
and cross-correlate them with
the data from the detector.

Signal Template * The expected GWs must be
' ' ' | | ' modeled: the h(t) depend on
BH masses, spins, orientation
etc.

* The parameter space is
discretely sampled to form a
Cross-Correlation Result template bank, containing all

i | the modelled GW signals.

1 1 | 1 | 1 L

i 4 * The signalis searched through
the very noisy data.

1 1 1 1 1 |

“The signal was observed with a matched-filter signal-to-noise...”
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Another matched templates at work

time
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Signal strain of

the first GW s

down

LIGO data for GW150914

Top panel shows the strain
h (H/L) vs. time. Spectral
noise features have been
filtered.

I
Second row: fit to the =]
data using different %
waveforms. In color, the ?
signals obtained from
numerical relativity
Third row: the residuals
(data-fitted signal)
Fourth row: time- fx“:
frequency representation &
of the data. The frequency “é
increasing over time (chirp 2

effect)

fjfjco
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0.0
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£
32 06
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How to derive masses and distance? <

The discovery paper contains only one formula, relating observables with physical >
parameters (masses of the system). Let derive this equation.
The total energy of the system

1 5 n o Gmpmy GM Gmyny
i — -T- ] — TR — - = = ~ . 3',
Eioi =K+ 2uw,‘R R R 3R (13.47)

If the radius of the orbit decreases, also the total energy changes
dEw  GMudR GMuR
dt  2R? dt 2R R

(13.48) >

According to the Kepler's third law, also the angular velocity changes,

, GM @, 3R
2 —— 13.49
w; 3 o, >R ( 9)
The energy loss rate is due to the emission of GWs
dE‘i.’u' _ _dErrJr _ GMJLI' E _ GMH ﬁ . (1350)
dt dt 2R R 3R
By replacing the LH side with Eq. (13.36) we obtain >
326G 5., & GMu o,
——=u- = 3.5
5 ¢ s 3R @ (13.51)
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The “chirp” mass

We can make dw/dt explicit in Eg. (51) removing R by using the Il Kepler law
96 ua] (GM/w?)’)

= 2703 (13.52)
and, by elevating at cube
. 96\’ G° . , 96\ w!! .
W) = (?) ﬁ;,r%rvr—f,o,,.” = (?) 15 (G (13.53)

Were the combination of reduced and total mass is called “chirp mass”:

, 3/5
= (M5 = (mymy) _
(M) (my +my)1/5

(13.54)

The “chirp mass” can be derived by inverting Eq. (53)

3 5\ 3 1/5
//1:5{(%) w; ! a)j] . (13.55)

or, in terms of the GW frequency (v,,, = 2v;=0,/n), we obtain the equation in the
discovery paper:

3 5 B 3/5
% - (E (%H—'_Sﬁ’ V{;h'll/g i”gn') ; (1356) >
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Strain (1072%)

Frequency (Hz)

Deriving the chirp mass from data (inspiral)

Equation (13.56) shows that as the BHs spiral inward, the frequency of the GW
increases rapidly. This is the famous chirp effect, visible in Figs. 13.6 and 13.7.

The chirp mass M can be extracted from the values of time At between successive
minima in the strain h(t) in the Figure (values in the Table)

1.0 At Vg Vguw il ps M M/M,, R
0.5 . quw Ygw 0

(ms) (Hz) (Hzs™") (ke) (km)
0.0 247 40 - - - - 630
-0.5 224 45 186 46E-12  6.0E+31 30 590
1.0t S L 20.2 50 241 3.2E-12 5.6E+31 28 550

B T

512 6.4 156 9673  6.7E-13  4.1E+31 21 255

43 233 17746  5.2E-14 25E+31 12 200
256
128 * Frequency = 1/At
64 . Frequen?ll chgange rate, Av/At

* Term Vaw Vguw

32

0.30 0.35 0.40 0.45
Time (s)

e Chirp mass from eq. (56)
e Radius of the system, from Kepler Il law
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Chirp mass and total mass M

From the definitions: M = my + mo
3/5
= (M5 = mma) 13.54
(u ) (my +my)1/5 ( )
If weassume: ) —ogm . my=(1—0)M. (13.57)
M
Then from (54) M = (a(1—o)p/5 (13.58)

M /Chirp mass

18

16

The denominator is maximum if a=1/2;
thus M is minimum for m;=m, (equal
masses)

M = 43/5M ~ 2.3M.

12

10

I\/I/l\/lchirp
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Individual masses (coalescence)

* The chirp mass depends on the individual masses m,;,m,. We need a second
equation to disentangle the two values. The coalescence (merger) starts when the

separation R between BH is equal to the Schwarzschild radius:
)
X = £(1?1|+i11'2) . (13.59)

2
e At this value of R (minimum), it corresponds the maximum angular velocity, derived
again from lll Kepler law:

1
2 GM chw == 13.60
Ko =8 GM (13.60)
* From inspection of Fig. 13.7: v} ~330 Hz. (13.61) =

* Byinverting (13.60) and using the maximum observable frequency to estimate o,

| c’

M = — = 1.3810°* kg ~ 70M, . (13.62)
/8 Gv‘gffln B
*  From the (13.58), a mass M=70 solar masses corresponds to a. = 0.6, i.e. >
m{" = oM™ =42M., ;. m3" =(1—a)M™ =28M, . (13.63)

* After the correction for cosmological effects (next subsection), these values are
compatible with that obtained from the LIGO/Virgo Collaboration (see paper abstract).
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Exercize: luminosity distance <

The luminosity distance D, is defined (§7.1) as the ratio between the effective luminosity
of the object, L, and its energy flux, F:

F = ‘g. :
4nD;
For GW150914, neglecting, as a first approximation, cosmological corrections (to be
verified a posteriori), and using F from (13.37) and L from (13.36), we obtain:

(7.3) >

("3 32 G 254 6

51
and thus .
8 G 1 N
D =— — (uR*w?) . 13.65

Insert the values determined in our computation for this event (u=17 M)

The values of angular velocity and distance at different At are in Table 13.1, and >
the strain h, in Fig. 13.7. In Eq. (13.65) we insert the values corresponding to At
= 16.0 ms, obtaining a value in agreement with the D;=410 Mpc reported in the

paper: .
D; ~ 1.1 10® m=0.4 Gpc . (13.66)
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Exercize: Redshift and effects on observables <

Similarly to the electromagnetic radiation, GWs are stretched by the Universe expansion.
The redshift z of an object cannot be directly measured using GWs

If the GW source is identified through a different measurement (multimessenger
program), the z measured with different instruments can be used.

For GW150914), the z can be determined using standard cosmology, e.g., from Fig. 7.1.

This increases the wavelength (at redshift z),

decreases the frequency of the waves detected S :
(“det”) on Earth compared to their values when 3
emitted at the source (“s”) o
time intervals are “redshifted” at the location of %‘ o :
the observer as: g
At = (142)Ar* . (13.67a) 3!
this affects observable frequencies and its & ol oos - oos ol
derivative dv/dt as: redshift z
vir — Y (13.67b) gl AV _ AV L L (13670
I +z Ardet Ars (1+42z)? (1+2z)?
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Exercize: Redshift and effects on observables <

The effect on the chirp mass at the source frame can be derived using Eq. (13.56), which
correspond to the detected value: >
(V\s‘)—ll/S (,"/,5)3/5

S — - s\—11/57¢,5\3/5
(1_|_\—)—1]/5 (1_|_:)6/5 (1+\)(VJ (V]

%fft’? oc (V;ff)—l 1/3 (V;;’:I)B,/S =

h i« N s

M = (1+2).4° (13.68)

and similarly for constituent masses:

m‘]"” =(l4+z)m; ; m‘%_m = (14+2z)m> . (13.69)

Direct inspection of the detector data yields mass values from the red-shifted waves,
and thus the values we derived in (13.63) must be scaled down by (1+z) to obtain the
values at the source frame (those reported in the abstract of the paper).

In conclusion, from the derived redshift of z=~ 0.1, the masses at the source frame are
about 10% smaller than that derived in (13.63) at the detector frame.
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Total emitted energy as GWs

Another impressive observation of GW150914 is the surprising amount of energy
emitted in the form of gravitational radiation.

Initial very large distance of the black holes, R —, and a final separation given by the
sum of their Schwarzschild radii

- : Gmym Gy m»c? c” R
AE=El —E —_ 2;)? 2 _ 4'6[‘/} _ *”4 ~ AM., > (13.70)

in agreement with the value of 3Mc? determined in GW150914 paper. Equation (13.70)
also shows that, for a fixed total mass M = m,;+m,, the radiated energy depends on the
reduced mass u, and thus it is maximum when the merging BH masses are equal.

Spin of the BH

The BHs spin leads to additional velocity-dependent interactions during inspiral.
Incorporation of these effects is not straightforward
For an object with mass m and spin S, the dimensionless spin is

c |S|

=Gm (13.71)

The spin modify the radius of the event horizon with respect to the Schwarzschild
radius (smaller for y=>1)
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GW Localization

Interferometers are linearly-polarized quadrupolar detectors and do not have good
directional sensitivity.

As a result, two antennas are necessary in order to obtain minimum directional
information on the source position using the relative arrival time of the signal.

For a distance L=3000 km and A=1.5x10° m (200 Hz), LIGO has a resolution of

AO ~ & = (0.5rad ~ 28°.
L
The uncertainty on the source position

corresponds to about AG? ~ 800 deg?.

The 90% credible region mentioned in
paper corresponds to approximately
600 deg?.

The localization improves significantly
using three detectors (by a factor of
~10), as demostrated with the GW
detected in combination with VIRGO

© Canopus
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Status of BH-BH observations after O1 and O2*

arXiv:1811.12907 and arXiv:1811.12940

Event m/Ms  m/Ms  M/Mg Yeft M/ Mg ar Erag/ Moc?)  Cpeax/(ergs™)  dp/Mpc z AQ/deg?

GWI50914 35675 30,6739 28671 —0.01702 63133 0.6970% 31794 3.6704x10% 4307130 0,090 179

-3.0 -0.4 -170 -0.03
GWI151012 2337140 136741 152129 0.04*0288 35797 0.67°083 15103 32:08%10% 1060730 021729 1555
GWI151226 13.7:88 7722 89%03  0.18:02) 20.57%¢ 0747090 1.0701 3459710 4407180 0.09:004 1033
GW170104 31.0712 20.1742 21521 —0.047007 491532 0.66709% 22503 33508 x 10 960+50  0.19:097 924
GW170608 10.953 7613 79702 0.03:20 178532 0.6970% 09709 35904x 10 3201120 0.07:02 396
GW170729 50.6*166 343+ 35745 0362020 80.3*13¢ 081709  4.8+17 42509 10% 27507133 0.48:01% 1033
GW170809 35.2%83 23832 25021 0.07:216 564732 070709 27006 35706 10%  990+320 0201005 340
GWI170814 30737 253727 242814 0.07:012 534732 0727000 27304 37:04% 10 580710 0.12:003 87
GWI170817 1.467013 1277000 1.186%000) 0.00700r <28 <089  >004  >0.1x10° 4078  001*35% 16
GWI170818 355773 268743 26721  —0.09: 018 598748 0.67:007 27503 34505 %10 1020780 0205007 39
GW170823 39.6*100 29.4+63  293+2  0.08:02)  65.6704 071709 3307 3.6705x 10 1850780 034013 1651

11 GW observed in O1 and 02 (values with 90% C.L.). All are BBH, a part GW170817.
For BBH events the z was calculated from the luminosity distance and assumed cosmology.

The columns show source masses m; and chirp mass M, dimensionless effective aligned
spin Y. final source frame mass M, final spin o, radiated energy E _,, peak luminosity

| ol lUMinosity distance d,, redshift z and sky localization AQ (90% credible region).
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Masses of observed stellar BHs and NS

~ 20 of stellar BHs indirectly detected via EM radiation (as X-rays);

The largest was 15 M,; the more likely mass was 5-10 M;

All BHs detected using GWs have masses larger than expected (apart two events)

The simple distribution of BH masses (initial and final) require a complete revision of
astrophysical models of stellar evolution.

)
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Stellar BHs observed in O1, O2

Time-frequency maps
and reconstructed
signal waveforms for
the ten BBH events
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August, 17th 2017: a long series of events

* If sufficiently close to the Earth, the
merger of two neutron stars (NSs) is
predicted to produce three observable

3
&
%5

- )
" unts/s
normalized F,
x

400 600 1000 2000

wavelength (nm)
phenomena: o
* a3 gravitational wave (GW) signal; i
. : i B
 ashort GRB and, possibly, neutrings; s s e BN | |
. . . X-ray =
* atransient optical-near-infrared e .
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. g, ” Optical
* Such a transient (also called a k||9nova ) = E%M
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. . IR AR\ IR T A0 )1
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August, 17th 2017: a long series of events

a gold mine for physics

New Gravitational Wave Discovery (Press Conference and Online Q&A Session) P ress re | ease O CtO b er 1 6t h mi ?

B PeriodicTable of the Kl
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Time-sequence of observations ()

« GRB170817A s
* Fermi-GBM 17Aug 12:41:20 UTC 12:41:06 UTC, 1100 degz, D=?

Rt LIGO - Virgo

N ‘L@
N300 s
= |2
3 |8
C L
q) ‘V
:
9100

N
[

GW
LIGO. Virgo
, | | | | ||
y-ray ®
Felrn INTEGRAL, Astrozat, IPN, Ina-gn -HXMT, Swift, AGILE, CALET, HE.S.S., HAWC, Konus-Wind
| | I 1l

-100 -50 0 bO 102 107

H (9) t-Ic (days)

* GW170817

* LIGO (online) 17Aug 13:21:42 UTC  12:41:04 UTC
* LIGO/VIRGO 17Aug17:54:51UTC  12:41:04 UTC, 31deg?,40 Mpc
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The response of the astrophysical community
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Time-sequence of observations (Il)

IPN Fermi /
\ INTEGRAL

MMA — LIGO-P1700294-v4

X-ray

Swilt, MAXIGSC, NuSTAR, Chandra, INTEGRAL

uv -~

Swift, HST

Optical e °

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

HCT, TZAC, LSGT, T17, Gemini-South, NTT, GROND, S0AR, ESO-VLT, KMTNet, ESO-VST, VIRT, SALT, CHILES! , TOROS, \

BOOTES-5, Zadko, iTelescope.Net, AAT, Pi of the Sky, AST3-2, ATLAS, Danish Tel, DFN, TROS, EABA I !I | II I | I I I |

IR & I‘. \
REM-ROS2, VISTA, Gemini-South, ZMASS Spitzer, NTT, GROND, SOAR, NOT, ESO-V nata Telescope, HST \
|\” RHRTMEm  nwitl

Radio // \ /
ATCA, VLA, ASKAF, VLBA, GMRT, MWA, LOFAR, LW, A, OVRO, EVN, e-MERLIN, MeerKAT, Parkes, SRT, Effelsberg H‘ ) __.lz I|

0 oo o niAnm e e

-100 -504/0/50 107 10" 0° 10|

AE(9) t-t, (days) |

* No neutrinos

* IceCube 14:05:11 UTC
* ANTARES 20:35:31 UTC

* No prompt X-ray
« MAXI 17:21:54 UPC

* No prompt radio
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Time-sequence of observations (lll)
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The communication network
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The «Multimessenger» paper
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Abstract

On 2017 August 17 a binary neutron star coalescence candidate (later designated GW170817) with merger time
12:41:04 UTC was observed through gravitational waves by the Advanced LIGO and Advanced Virgo detectors. The
Fermi Gamma-ray Burst Monitor independently detected a gamma-ray burst (GRB 170817A) with a time delay of
~1.7 s with respect to the merger time. From the gravitational-wave signal, the source was initially localized to a sky
region of 31 deg” at a luminosity distance of 40?;; Mpc and with component masses consistent with neutron stars. The
component masses were later measured to be in the range 0.86 to 2.26 M. An extensive observing campaign was
launched across the electromagnetic spectrum leading to the discovery of a bright optical transient (S5517a, now with
the TAU identification of AT 2017gfo) in NGC 4993 (at ~40 Mpc) less than 11 hows after the merger by the One-
Meter, Two Hemisphere (1IM2H) team using the 1 m Swope Telescope. The optical transient was independently
detected by multiple teams within an hour. Subsequent observations targeted the object and its environment. Early
ultraviolet observations revealed a blue transient that faded within 48 hours. Optical and infrared observations showed a
redward evolution over ~10 days. Follbwing éarly/nbiedaetitdns’ Msiay and radio emission were discovered at
the transient’s position ~9 and ~16 days, respectively, afier the merger. Both the X-ray and radio emission likely
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GW170817: NS coalescence
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Event rate (counts/s)

Frequency (Hz)

Parameter of the system from GW170817

 Chirp mass from (13.56) »

1750 4 Lightcurve from Fermi/GBM (50 — 300 keV)

At Ugw | Tgw M M/M, R
() (Hz) (Hzs') (kg) (km)
-9.74 57.1 - - 166

-6.87  64.8 2.7 2.1E+30 1.0 153
-4.83 743 4.7 2.2E+30 1.1 140
-3.33  85.7 7.6 2.1E+30 1.1 127
-2.45  95.7 11.4 2.1E+30 1.1 118
-1.93  104.7 17.2 2.2E+30 1.1 111
-1.37  118.2 23.8 2.1E+30 1.0 102

100

-0.94  136.3 42.8 2.1E+30 1.1 93
o M. 050 1631 751 20E+30 10 83
Time from merger (s) -0.21 239.7 201.1 16E—|—3ﬂ 0.8 64
-0.06  359.9 810.0 1.5E+430 0.7 49
|xns| < 0.05 Ixns| < 0.89
Chirp mass M 1.1887 00 My 11887705, M
Luminosity distance Dy 4075, Mpe 4075, Mpe
Mass ratio ¢ = mq/my 0.7-1.0 0.4-1.0 Parameters of
Total mass M = my + mao 2,740 01 M, 2.8210-40 M,
Primary mass m, 1.36-1.60 Mg 1.36-2.26 M, the system from
Secondary mass s 1.17-1.36 M 0.86-1.36 M, the paper
Viewing angle © < 55° < 56°
Using NGC 4993 location < 28° < 28°
Tidal deformability A(1.4M g0 ) < 800 < 1400

Radiated energy E,.qq M. Spuris (RO2HaAIc/ePhysicss 025 M, c? 65




Final state: NS or BH?

NS-NS NS+torus
Low-mass NS-NS

Supramassive NS

BH+torus

Hypermassive N

M. Spurio - Astroparticle Physics - 13 66



The EM follow-up

New Gravitational Wave Discovery (Press Conference and Online Q&A Session)

CECCD COAC ¢
The Fermi satellite detects The Ligo and 200
a gamma-ray burst from Virgo detector

this area of the sky triangulate a -~
gravitational e
wave signal 3

from this area S 150
of the sky -
c
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Las Cumbres Observatory

The galaxy NGC 4993
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The Origin of Trans-Fe Elements

Elements of higher mass number become progressively rarer, because they
increasingly absorb energy in being produced.

The abundance of elements in the Solar System is thought to be similar (Chap. 3)
Supernova nucleosynthesis is the theory of the releasing in the Universe of elements
up to iron (Z = 26) and nickel (Z = 28) in supernova explosions (F. Hoyle, 1954).
Core-collapse supernovae are the main contributors of the heavy elements (A>12)
Elements heavier that iron are produced by neutron capture in neutron-rich

________ Sasaa Exploding = Human synthesis i
i S low-mass massive No stable isotopes -
Eﬁ HH NRRNRRNNY stars stars HHHHHHH E L
aal % Cosmic g8 Merging Foplading S0 P
ray . neutron white = e
Na Mg fission “ stars dwarfs Al SI P S Gl = Ar
ihaiss EERiEE R Py e iein e
K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr

22 23
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Slow (s) and Rapid (r) processes

Elements heavier that iron are produced by neutron capture in neutron-rich
astrophysical environments, followed by 3 decay of the forming nuclei.

n+ 95X =5 X+ XSS Y e 4 v (12.49)

The so-called s-process is believed to occur mostly in asymptotic giant.

The s-process is believed to occur over time scales of thousands of years, passing
decades between successive neutron captures.

The r-process also involves neutron capture, as in (12.49) but the neutron capture
time is much smaller than the nucleus decay time, due to the high neutron density.

The newly formed nucleus does not decay immediately; after subsequent captures,
the isotopes move away from the stability valley: 2X — 4t1x — 4t2x —

The r-process occurs in astrophysical locations where there is a high density of free
neutrons (astrophysical regions matter of ongoing researches).

Until the observation of GW170817, the environment around core-collapse SN was
the most plausible candidate.

GW170817 showed that the most suited ambient for r-processes is probably the
neutron-rich matter in a binary neutron star merger (the so-called kilonova).



Numerical simulation
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Electromagnetic counterparts of compact object mergers powered by
the radioactive decay of r-process nuclei
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Brightness

The “kilonova”

55 Il e
M/\v N
4.5 4 M
ﬂ—\“ —
550 1 I
@ At Nttt Wprs e bl
... oesusr ot svem §

Wavelength (um)

A kilonova is a transient event observable with traditional
astronomical methods occurring when two NSs merge

The term kilonova (or macronova or r-process supernova)
was introduced to characterize the peak brightness of the
isotropic emission which reaches 103 times that of a nova.

These observations support the hypothesis that a kilonova
powered by the radioactive decay of r-process nuclei
synthesized in the ejecta was produced.

Brightness

[
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Time: +3.2 days
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Proposed 3rd Generation Detectors

Einstein
Telescope
10 km

The Einstein Telescope: x10 aLIGO
Deep Underground;
10 km arms
Triangle (polarization)
Cryogenic
Low frequency configuration
high frequency configuration
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The LISA interferometer in space

LISA would be the first dedicated space-
based GW detector using laser
interferometry.

The LISA concept has a constellation of three
spacecraft arranged in an equilateral triangle
with sides 2.5 million km long, flying along
an Earth-like heliocentric orbit.

The distance between the satellites is
precisely monitored to detect a passing GW.

The LISA project was initially as a joint effort
between NASA and the ESA.

LISA received its clearance goal for the
2030s, and was approved as one of the main
research missions of ESA

Each of the three LISA spacecraft contains two telescopes, two lasers and two masses
(each a 2 kg cube of gold/platinum), arranged in two optical assemblies pointed at the
other two spacecraft.

M. Spurio - Astroparticle Physics - 5 73



The LISA interferometer in space

The entire arrangement,
10xlarger than the orbit of the
Moon, will be placed in solar
orbit at the same distance from
the Sun as the Earth.

The approved 2017 LISA proposal
has arms 2.5 million km long.

An ESA test called LISA Pathfinder
was launched in 2015 to test the
technology necessary to put a
test mass in (almost) perfect free
fall conditions

Nicolas Douillet - ARTEMIS

A LISA-like detector is sensitive to
the GW low-frequency band,
which contains many interesting
sources




The jet axis, X-ray, radio and neutrinos

On-axis
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...for decisive contributions to the LIGO detector

and the observation of gravitational waves

“For the greatest benefit to mankind”

W\/M/&é

The Royal Swedish Academ yofS iences has decided to award the

NOBEL PRIZE IN

Ramer Welss
Barry C. Barish
Kip S. Thorne

“for decisive contributions to the LIGO detector and the observation of gravitational waves”
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Conclusions

GWs exist and carry energy as expected after 60 y of debate
GWs allow to investigate general relativity in a previously inaccessible regime.

GW170817 represents the 15t event for which both GW and EM from a single
astrophysical source have been observed, opening new perspectives also in
fields different from astrophysics;

They travel at the speed of light, in a Lorentz-invariant way

GWs allows exploring the non-thermal Universe in a way completely
independent by the electromagnetic radiation.

Astrophysics of stellar-size BHs
Cosmology: an independent “ladder” scale

Measurement of the Hubble constant

New LIGO/Virgo run O3: From April 2019.



