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Newton’s law of Universal Gravitation

F_

* In the solar system is almost always a good theory

* In the case of a body of mass m’, rotating around a central
oody of mass m, with speed v/, the Newton model is valid

if:
V(r)<<m'c® =r >>Gm2 and
c

(RISt M =M, ~ 2x107kg # r>>sz1 5km
2 n
G ~6.67x10 ™ m%kg™s™ C

8 n -l
c~=3x10"ms Almost always true
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-rom Newton to Einstein

 The main critical point of the Newton’s gravity is the
“action at a distance”

1

VEoHo
 From Galilean to Lorentz transformations

e Special theory of the relativity (1905)
e 4 dimensions (flat) space-time
o ds® = c?dt? —dx? —dy* —dz* = n,,dx*dx”
* Ny Minkowski metric tensor

e General Relativity (2015)

e Conflict with the electro-magnetism ¢ =
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General Relativity

Theory of the gravitation

AC'arI Frie.drich éaugs
1777-1855

Albert Einstein
1879-1955

1915 - GR is “the” gravitation theory
where space-time is no more flat,
but curved by the presence of
masses:
“Mass tells space-time how to
curve, and space-time tells mass
how to move." (John Wheeler)
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o~ Istiuto Mazional
di Fislca Nucisar

First law of motion (Newton):

In an inertial reference frame, an
object either remains at rest or
continues to move at a constant
velocity (and direction), unless acted

upon by a net force M.Punturo 5




1919 — Sun eclipse

Real Observed

A
Arthur Eddington

1882-1944
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Prediction of GW

* 1916: one year after the publication of the GR, Einstein
published the key paper predicting the existence of GW

Niiherungsweise Integration der Feldgleichungg
der Gravitation.

Von A. Eixsrix.

B:*i der Behandlung der meisten spezicllen (nicht prinzipiellen) Probje
suf dem Gebiete der Gravitationstheorie kann man sich damit begniiges
die g,, in erster Niherung zu berechnen. Dabel bedient man sich mi
Vorteil der imagindren Zeitvariable x, = if aus denselben Grinden wi
in der speziellen Relativititstheorie. Unter serster Niherong- st dal |
verstanden, dal die durch die Gleichung

g, = —d_ 4+, (th

Approximate integration of the field equations of gravitation
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Einstein’s field equation

* In the Einstein’s General Relativity theory of the
gravitation, the field equation can be written as

Curvature G - 821G T !Energy-
tensor uv 4 uv impulse
C Tensor

T, represents the source of the deformation: “the mass”

G, represents the effect of the deformation: “the geometry”

* Equations highly non linear, to be handled numerically,
but they can be resolved in case of weak field (far from
the masses that are generating the curvature)
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GW in General Relativity

* |n GR the distance can be generalised to a curved space
time introducing the metric tensor g, :

ds® =g, dx"dx"
1 871G

Related to the curvature of the space-time G, =R, - Rg,, = T
C

4

Far from the big masses Einstein field equation admits
(linear approximation) wave solution (small perturbation of
the background geometry)

0,, =1, +h,, with|h, |<<1 = (vz
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Gravitational Waves

e Gravitational waves are a
perturbation of the space-time
geometry

» They present (in GR) two h(z,t) =€

0
h+
polarizations n.

—h,

0O 0 O

The effect of GWs on a mass distribution is the modulation of
the reciprocal distance of the masses
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Let quantify the “deformation”
e Should we expect this?

Coupling constant (fundamental interactions)

strong e.m weak gravity

0.1 1/137 10-° 10-39

GW emission: very energetic events but almost no interaction

Or “space-time” rigidity (Naif):

O = Cijklgkl = Yoo 2x10"Pa

Very energetic phenomena in the Universe could cause only
faint deformations of the space-time
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GW emission




Emission of GW

e Solving the field equation, considering a certain
distribution of mass, it is possible to see that the
amplitude of the emitted wave is given by

Where Q,,, is the
guadrupolar moment of

the GW source

e Onl ith d | h and r is the distance
nly sources wi gquadrupolar momen between the detector

in the mass distribution can emit GW and the GW source
* Why not monopole?

* Mass/energy conservation law
* Why not dipole?

e Mass has only one charge sign

e Forbidden by the conservation of the linear momentum
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Emission of GW

e Let consider a system of two point-like
stars

* |n the Newtonian approximation
* No spin, circular orbits, no energy loss

_8G

— Mr; Q¢ cos
rc?

_86 — M,y Qs sm

rc’

cos?[Q,, (—r/c)]—% %sin[ZQ (t-r/c)] 0

Q" =2Mmr; %sm[ZQ o(t=r/e)]  sin*[Qn (- r/c)]_% ’

0

Useful to compute the order of magnitude of the expected
space-time strain. For 2 NS at 10Mpc:

M =1.4M, =1.4-(2-10%kg)
r =10MPc =10" -(3-10"*m )} =

{ fow =390Hz
I, =50km

h~2.104
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Emission of GW

e |[n effect, if the binary system emits GW must radiate energy
* At the first order we obtain:

_MM,

2
.M 3
M

U

5
PIVERE.
ho (t, r,i)=41+02OS | GM” Q3(t)-cos[2Q(t)-t]

rc*

5

~

h®(t,r,i)=4(<:osi)Gr|::/| Q3(t)-sin[2Q(t)-t]

 More refined evaluation is obtained by increasing the
post-Newtonian order of the series (on v/c)

e But the physics is clear:

 BNS are standard candles (sirens):
 The amplitude of the signal depends only by the distance
e The (chirp) mass can be determined by the frequency sweep
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Emission of GW

Let suppose to have again a system of 2 coalescing
neutron stars, located in the Virgo cluster (r~10Mpc):

March
Equinox
Mar 20/21

June
Solstice
Jun 21/22

Aphelion 147,300,000 km 4 Perihelion
July 4 January 3

December
Solstice
Dec 21/22
September
Equinox
Sept 22/23

——

Size of one atom in the Earth-Sun distance

ML PUntUrS Extremely challenging for any kind of detectors 16




Energy emitted through GW

e |t is impossible to think to realise a synthetic source of GW
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Detection principles

 The quadrupolar nature of the GW makes the
Michelson interferometer a “natural” GW detector

10%<L, <10* m in
terrestrial detectors

B (t) =B, (t)+ E,(t)=

_ Ezm {cos[at —k L (t)]+ cosfet — k L, (t)]} =

‘c, < -. - - —  GW signal
q \W F \/ \‘/A\J . s .
Interference term R/\/\/ AT

v d —
———————————— Photodetektor
= i (t){1+ 003{2

m Power fluctuations :
Noise 472_
Index fluctuations SOClESS Doy = 7 L,-h
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Power fluctuation

e Power fluctuation? Shot noise!

A1~ 1 |AAC
— _¢shot —

hot ™ Az L 2L\ 7P

To allow the GW detection, the shot noise should be smaller than the
expected signal (h~10-21-10-%?)

Try the intuitive numbers: P<100W, L~103m: hshot"'lO'zo

If we try P~1kW, L~10°m: hep o ~10723
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Fabry-Perot cavities

* We need a “trick” to build ~100km long detectors on
the Earth

Effective length:

= " '»=.

0¢:, _8F _2F Oy, Y

8AL0|Ot A T 8ALOlot ? T Mireison
Fabry-Perot cavities: amplify the length-to- = 0_ -------------
phase transduction 2 L “
Higher finesse — higher df/dL e

Drawback: works only at resonance
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Power recycling

e We need a “trick” to realize a 1000W CW laser

GW interferometers work near the dark fringe:
Huge power wasted at the input port:
Recycle it

P.+= Recycling factor -P,,

—
Shot noise reduced by a factor —7
One more cavity to be controlled
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Selsmic noise

* The soil is continuously vibrating because of:
e Natural seismic activity 10~ m/Hz f <0.1-0.5Hz

* Volcans Xion ()= 4107
SeIsm m/~/Hz f >0.1+0.5Hz
e Wind, ocean waves fe /

e Human and industrial activities




Under vacuum and giant!
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Terrestrial Detectors
Advanced detectors 2015-2025

GEO600, 0.6 km
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Antenna pattern

 An L shaped detector sees a linear combination of
the two polarisations

1
3 (1 4 cos? @) cos 2¢ cos 21) — cos f sin 2¢ sin 24,

1
~3 (1 + cos? 0) cos 2¢ sin 2¢ — cos 0 sin 2¢ cos 21,
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Sky localization

* To localise the GW source we need a network (>3) of detectors
(5 parameters—>2At, 3 Amplitudes) and a good SNR:

e 2 detectors: a circles

* Improvement by phase
relationship and amplitude
measurement

e 3 detectors: 2 points

4 5%1077
M.Punturo Posterior probability density/deg ? 27




: Dl

©
O

O

Epoch

2015-2016

2016 —-2017

20172018

2019+

2022+ (India)

Estimated run duration

4 months

6 months

9 months

(per year)

(per year)

LIGO

Burst range/Mpc Virgo

40—-60

60—75
2040

75-90
40 - 50

105
4080

105
80

LIGO
BNS range/Mpc Virgo

40-80

80—120
20-60

120-170
60 -85

200
65—-115

200
130

Estimated BNS detections

0.0005—-4

0.006—-20

0.04—-100

0.2-200

0.4—-400

5 deg”
20 deg?
median/deg?

90% CR % within

<1
<1
480

2
14

> 1-2
> 10

> 3-8
> 8§30

> 20
> 50

5 deg?
20 deg?
median /deg?

searched area 7 within

6
16
88

20




GW detection
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Angle-averaged range [Mpc]

O1 in a nutshell

« Official dates : 18" of September 2015 to 12t of January 2016
« Dates with very good confidence : from the 12t of September

to the 15t of January 2016

o Hl Iiveﬁme : 626 % LIGO network duaty [actor
e L1 livetime :55.3%

Ponbde interferommeler |-11J._H‘_}’1'|
Single mtedferometer [33.4%)

ol [ e o _ Py SF
B o torferometer [28.8%)]

s Binary neutron star inspiral range

Time [weeks] from 2015-09-18 00:00:00 UTC (1126569617.0)




14 Settembre, 2015 —11:50:45 CET




September 14, 2015 - 11:50:45 CEST

LIGO Hanford Observator LIGO Livingston Observator
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Initial detection made by a low latency searches for generic GW transients:
Coherent WaveBurst

Reported within 3 minutes after data acquisition
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Large signal, well above background noise (35-350Hz band-pass filter)

I | | |
LIGO Livingston Data
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We saw a very similar waveform in the LIGO Hanford detector, only 7 milliseconds later.

We see a few cycles increasing in amplitude and frequency, and the signal settles down back
to the noise— all in a small fraction of a second.

The detected distortion of space time was very small, a part in 10721. The distance changes
we measured in LIGO's arms are 4 parts in a thousandth of a proton diameter: tiny!

| 1 1 | | | 1 |
~ 10 | LIGO Livingston Data | | LIGO Hanford Data |
;f:: 05 - 3;‘! ;L\ﬁ‘iﬁ ALE “ |
| ' h& ;'i | ” | :1 | ﬁ ‘
— .a 'Fﬂlﬁ F.;} f‘-il '|. ‘]J\" 1‘11:4"&‘!1
S 05F | (i q+ ]
n
1.0+ |1 l
' | | I | | | !
0.30 0.35 0.40 0.45 0.30 0.35 0.40 0.45
Time (sec) Time (sec)
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Numerical relativity waveform prediction for a system with parameters
consistent with those recovered from GW150914

I I I I I I I I

~ 1 G_LLIGOLivingstnn Data Predicted | | LIGOHanfordData  Predicted l |

N

© 05 - I .

=

c 0.0

g '0-5 — ud =

40 . -

I I I I I I I I
0.30 0.35 0.40 0.45 0.30 0.35 0.40 0.45
Time (sec) Time (sec)
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Binary system: BBH

* In 0.2s the GW signal sweeps,
in 8 cycles, from 35 to 150Hz

e Ok it is a binary system:
e BNS, NS-BH or BBH? o

* The coalescing phase can be used to determine the
chirp mass:
P M — (7711777/2)3/5 N é EW—8/3f—11/3f e
M5 G |96
M =30M
M=m;+ m,i1s 270M

Schwarzschild radii of the resulting body: PAES/JRPAPATIR S
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BNS, NS-BH or BBH?

 They should be very close and compact objects because
the Keplerian separation should be

GM

: 1/3
¢ R = ] ~350km

| (2Tx75HZ)?

e Two NS: not enough total mass
 NS-BH, the BH should be very massive - impossible to reach

/5Hz
 BBH |

e The mass ratio (and t
is determined throug
expansion in the tem

ne spins) of the two coalescing BH
n the next orders of the PN

nlates
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Source Parameters for GW150914

= Use numerical simulations fits of black hole merger to
determine parameters, we determine total energy radiated in
gravitational waves is 3.0+0.5 M, c?

» The system reached a peak ~3.6 x10°° ergs, and the spin of the
final black hole < 0.7 (not maximal spin)

Primary black hole mass 367 Mg

Secondary black hole mass .:"Ufi Mg

Final black hole mass Ezfi Mg
Final black hole spin DEJTJ_FB:::?
Luminosity distance 41[]+}E:: Mpc

Source redshift, = D.[]Qfg::%i
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Ultra-Relativistic collision

Inspiral Merger Ring-
down

XY

S

ﬂ

— Numerical relativity
I Reconstructed (template)

| | === Black hole separation
=== Black hole relative velocity

Separation (Rg)

0.35 0.40
Time (s)
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Two analysis methods

e Generic transient search: cWB

Based on a search of excess of energy in time-frequency for signals
up to 1kHz and duration up to few seconds

Running online and detecting the events few minutes after it
occurred

Reconstruct waveform in both detectors using multi-detector
maximum likelihood method

2E,
1+E, /E;

e E_=dimensionless coherent signal energy by cross correlating the two
reconstructed waveforms and E_ is residual noise energy

Restricting to events with f increasing with time, GW150914 is the
strongest event in the search with n, = 20

Yields false alarm rate < 1 per 22500 years
Probability of background event during data run < 2x10°® or > 4.6 o.

Detection statistics (YSNR): ., = \/
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Generic transient search

20 30 4
20 30 a
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Template based transient search

 Two template banks, based on two different

methods to build the templates
e EOBNR, based on Effective-One-Body formalism , that

combines weak field PN approximation with strong field
effects, calibrated and corrected by NR simulation

e IMRPhenom: inspiral-merger—-ringdown
phenomenological formalism based on extending
frequency-domain PN expressions and hybridizing PN
and EOB with NR waveformes.

 Two DA pipelines, sharing the same banks
e PyCBC, GstLAL
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Template bank

e Component masses 1 to 99 solar masses; total mass, up
to 100 solar masses and dimensionless spin < 0.99

e ~250,000 wave forms are used to cover the parameter
space

-,

S i
— |__.X'1| < 0.9895, |xz| < 0.05 ,O \\

rFd
rd
I

“-_E'}I
-
4]
w
w
1)
=

Mass 1 [M]
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Binary coalescence search

20 30 4_1.:1

>5.10

20 30

4g5.10

>5.10

mmm Search Result
— Search Background
—— Background excluding GW150914

*

P

GW150914

GW150914 has p. = 23.6 (largest signal),
corresponding to false alarm rate less than 1
per 203,000 years or significance >5.1 ¢

I

|

14

16

18

20 22
Detection statistic o




Parameters estimation

e Using the template based search it is possible to
reconstruct the parameters of the coalescing BHs

Overall
— IMRPhenom
—— EOBNR

Masses
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Parameters estimation

e Using the template based search it is possible to
reconstruct the parameters of the coalescing BHs

— Qverall
— IMRPhenom
—— EOBNR

Luminosity
distance

- 30° 60° 90° 120° 150° 180°
0sn

Binary inclination angle
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Astrophysics implications
Key facts

e Binary black holes do exist!
* Form and merge in time scales accessible to us
e Predictions previously encompassed [0 — 103] / Gpc3 / yr
e Now (full 01) we exclude lowest end: rate € [9,240] Gpc3 yr.

Masses (M > 20 M ;) large compared with known stellar mass
BHs

* Progenitors are
e Likely heavy, M > 60 M ,
e Likely with a low metallicity, Z<0.25 7,

e Measured redshift z ~ 0.1

 Low metallicity models can produce low-z mergers at rates
consistent with our observation
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Testing GR

 Most relativistic binary know today JO737-3039
e Orbital velocity |

e GW150914 : Higly disturbed black holes

 Non linear dynamics

e Access to the properties of space-time
e Strong field, high velocity regime testable for the first time

v/c ~ 0.6
e Tests:

 Waveform internal consistency check
e Deviation of PN coefficients from General Relativity
e Bound on graviton mass

e All tests are consistent with predictions of General Relativity
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Wavetorm internal consistency

=
oo

haw(t)/ 107!

—
L—
by}

____;"!'.__"__-_-_;_s..__'_-__-_l:__'_‘_f :

=
e
=
LR )
o
oo
pr—
e
5
LT-.

fow(t) (Hz)

5:;.
b

60 70 80 90 100 110 _—U- 10 -0.05
Time (seconds)

Final mass My (Mg)

1. Predict final black hole mass and spin from the inspiral signal
2. Predict final black hole mass and spin from the ring-down phase
3. Compare to check consistency of GR in different regimes
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Testing the mass of the graviton
* In GR the GW travel at the light speed

* Introducing the graviton it corresponds to state that it is massless

* Butifvgy < c the grawton should have mass m, and then we
can write: E* = p?c® + mgc*

* The Compton wavelength related to m, is:A; = h/(mgc)

 Then, the graviton travel speed is Energy (frequency)
dependent%dlspersmn

U (@) Zq (2
cz (E) =1 (Ag )
* Further consequence is that the inverse r dependence op the

Newtonian gravitational potential has a Yukawa-type
correctlon

e V(r) = [1 —a- exp( 'r//lg)]
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Testing the mass of the graviton

e The effect of the dispersion should add a 1PN phase term
depending on A.

* Introducing this term in the template has been tested the
dispersion of the GW

e Results, upper limit: m, < 1.2 X 107%%eV /c* at 90%
confidence (A,>10%km

* 3 times better than Solar System : excluded
bound

e 3 orders of magnitude better
than the one from binary-pulsar
observations : Earth-CAGEOS

 |ess constraining than model-
dependent bounds coming from
the large-scale dynamics of

LAGEOS-Lunar

galactic clusters and weak s e
gravitational-lensing
ObservathnS 10—2 100 102 104 106 108 1010 1012 1014
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New “family” of BH?

Event GWI150914  GWI51226 LVTIS1012
Signal-to-noise ratio )37 13.0 97
p
False alarm rate _7 _7
FAR /yr—! <6.0x10 <6.0x10 0.37
p-value T8% 108 T5x10-8 0.045
Significance » 330 »5.36 1.7
Primary mass 3()_24-2-% ]4_2+§~; 23+é3
msiource /MU " L -
Secondary mass 3.7 23 4
mg)ource }]M(D 29.1 _—‘_4.4 7'51_2.3 ]3i5
Chirp mass 1.8 0.3 1.4
'/Msollhll:ce/MQ Zg'ltt.i 8‘91_0.3 15'11_1.1
Total mass
Mo /N RS T By
Effective inspiral spin 10.14 10.20 +0.3
i —0.06" 14 0.217510 0.0755
Final mass 5 s 414
MFDLH’CE/‘ME) 62‘3—3.] 20‘871.7 3574
Final spin ay 0:68 002 0744500 .66+ 0%
Radiated energy +0.5 10.1 +0.3
Ead / (M@CZ ) 3 '0—0.4 1 '070.2 I '570.4
Peak luminosity 3602 % 3-3J_r?:2 X 3R
Cpeak/(ergs™") 105 10% 10%
Luminosity distance 4150 1180 +500
Dy /Mpc 4207 20 4407 5, 100075,
Source redshift z 0.09f8:8§i 0-09J_r8:8§; 0-20f8183
Sky localization 730 850 1600

AQ /deg?

GW151226f
GW151226b
GW151226a
LVT151012f
LVT151012b
LVT151012a
GW150914f
GW150914b
GW150914a
LMC X-3
GRQOJ1655-40
XTE )1550-564
XTE J1118+480
GRS1915+105
GRS 1009-45
CygX-1
A0620-00
XTEJ1859+226
LMC X-1

GS 1354-64
XTEJ1819-254
XTEJ1650-50(0)
GX339-4
M33 X-7
GRO J0422+32
GS 2000+25
GRS 1124-68
4U1543-47
H1705-25
GRS 1716-249
GS2023+338

M.Punturo

I — “...

--------------------------------------------------------

R . ____________________________________________________________
| . S S
.
_____+..|. ____________________________________________________________
- - - - .’...' ..........................................................

--------------------------------------------------------

--------------------------------------------------------

________________________________________________________

_______________________________________________________




Next discovery potential
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Fundamental Physics with NS

e What is the matter in the extreme conditions of a NS?
(p > pc~10"g/cm?)
* Nucleons (n,p,e,u)?
 Hyperon rich matter?
e Quark Matter? Deconfined quarks?

e Plethora of possible EOS of a NS:

1.97+0.04M  THIEL

-
-
o

e
<
@

—
wn
W

—

.

10 km 12 ki

=ons+Exotic Strange Quark Matter
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Observing BNS deformation

Tidal deformation Merger

e GW observation from

NS coalescing binaries ngsi—c@rcula\ Plunge Ringdown
could constrain the EOS: inspiral and merger

 Tidal deformation |

L O

A of the NS under
external field is o
related to its EOS

and it affects the
binary orbital
evolution

Black hole
Post-Newtonian Numerical perturbation

techniques relativi methods
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; 5 = 95% conf MS1
Del Pozzo, et al, 2013 B 95% conf H4

Discriminatingjs |95 cont sqms

| ==- True value

ANRRON

Events

e Possiblein 2G — 2G+ - 3G

* EM counterpart:

* GRB emission:
e Confinement of some of the parameters (BH-NS coalescence)
e Info on the external crust

e High energy Neutrino emission:
e Info on the nuclear processes in the Hyper-massive NS

* |Info on the shockwave
M.Punturo 59




Supernova Explosions

 Mechanism of the core-collapse SNe still unclear
e Shock Revival mechanism(s) after the core bounce TBC

SN Explosion

o
\_\ /f S/)OC&_
~ "?@ ,
o Protoneutron Star, a/ ]
ColaP=®  Stalled Shock, BH formation
\fon cor® Accretion "Collapsar"

Evolved Massive Star

GWs generated by a SNe should bring information from the inner massive part
of the process and could constrains on the core-collapse mechanisms

But, quantity of energy emitted in GW quite unpredicted and small

Advanced detectors expected to be sensible within the galaxy (few events per
century)

3G (ET)
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Stellar explosions - SNe

1o to.ne.u.tro.r.él.sta.r..p.uls.atin ET scenario

: . il W
[ rotational instabittty . _——

dllapse and boynee—

—
o
0
0
]
)
S
S
v
o]
el
>
1
Q
c
Q
O

Milky Way

* Low energy neutrino detection can contribute to the
determination of the explosion mechanism, but is there
overlap in the detection range?

e Mton neutrino detectors?
e Coincident/afterglow E.M. observations
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Radiation from isolated NS

* An Isolated NS can emit through different mechanisms

e To reveal the GW emitted by a NS could constrain its EOS

—n

2 2 B
16m°G I f,” o XJ] Tnmesmane
hy =— ‘HR €

J @

“Mountain” on neutron star Wobbling neutron star

"y i

e

Accreting neutron star

M.Punturo 62




Continuous Waves from Isolated NS

Upper limits on the
gravitational wave strain
amplitude for 195
pulsars using data from
the LIGO S3, S4, S5 and
S6, and Virgo VSR2 and
VSR4 runs. The triangles
show the spin-down
limits for a selection of
these stars. The curves
give estimates of the
expected sensitivity of
the runs and also future
runs with Advanced
LIGO and Advanced
Virgo. | i
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Low frequency pulsars I
e S f
b (10534+2200) i WAL
R ~59.44Hz £ 10 v oWy
EEW <1% ; £<8x10™ . \ i

—206 i

Gravitational-wave Frequency (Hz)

® § a (J O 8 3 5 _— 4 5 1 O ) Figure 2. Zoomed version of Figure 1 focusing on the seven high interest pulsars.

fow ~22.39Hz Mountains in the NS?

EGW < . -4
W <10% c<b6x10
’ -8
c~100°—> H

~ MM

mountain

THE ASTROPHYSICAL JOURNAL, 785:119 (18pp), 2014 April 20

Table 7
(Continued)

Pulsar Fok o Frot d hsd Prior k5% S6/VSR2,4 5% i £
(Hz) (Hz) (Hzs™1) (kpc) !

J2124—-3358 202.79 405.59 —4.4x10"16 0.3 4.0x10"%72  4.9x10~2 3.9x10726 .

J2129-5721 268.36 536.72 —1.5%x10713 0.4 47x10"272  62x10°26 5.2x10726




Multimessenger: EM-follow-up

e LVC called for EM observers to join a follow-up program

e LIGO and Virgo share promptly with astronomers interesting triggers; up to a
few at current sensitivity

e Provide limited directional information, promptly estimated
Seventy MoUs involving

» 160 instruments
(satellites/world-wide ground-based) i N
covering the full spectrum M RADIO

B UV/OPTICAL/IR

from radio to "
very high-energy gamma-rays! 0 X-RAY

m "
¥ Astronomical institutions, GAMMA-RAY

agencies and large/small groups
of astronomers from 20 countries

e Big participation to GW150914 observation:
e 24 groups carried out observations
e Challenging! Source location with large uncertainty ~ 600 deg?
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New paradigm

* The detection of GW opens a revolutionary paradigm
in the observation of the universe:

e GW detectors listen the universe, localising the source,
giving information on the mass and dimension of the
source, identifying the processes that involve large
amount of asymmetric and accelerated matter

o “Telescopes” follows the indication on the localisation and
see the electromagnetic and astroparticle messages,
describing what is occurring in the “external” shells and in
the neighbouring of the catastrophic event

 Multi-messenger observation of the Universe
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GW150914: EM-follow-up

* No significant (as expected)
EM counterpart revealed by
the EM partners

e Debated Fermi-GBM excess
of energy

* In future, adding Virgo, will
change the scenario:

* |n the design LIGO-Virgo
network, GW150914 could

have been localized to less
than 20 deg?.
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What we know of the Universe?

Istruto Nazionalof
i Fisloa Mushpardg

Universe composition

Stars
Dark Matter 0,50%

~27%

Neutrinos
/ 0,30%
"Ordinary"matter

<5%

Dark Energy Heavy elements
0,
~68% 0,03%

Free hydrogen &
helium
4%
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GRB progenitors

 The simultaneous detection of GW and
SGRB from a coalescing BNS could
confirm the nature of the progenitors
of the GRB

e But it is possible to obtain also a
measure of the cosmological model of
the Universe

)| [ dz
) Oalo [Qar(1+2)3 + Qa1 + 2)30+w)]H/2

Affected by the Mass ambiguity due to the red-shift
of the frequencies (in effect considering the merging
phase it is possible to resolve the ambiguity)

Possible in 3G (ET)
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Gamma-Ray Bursts (GRBs): The Long and Short of It

Long gamma-ray burst
(=2 seconds’ duration)

Short gamma-ray burst
(=2 seconds’ duration)

i ’ - e ™
% e |
| | =
ing 5o
a1 i
ule -
|
Y
sullting torus
Jet ts centes
"k ol
Tarus il
EY 3
( e -) ( A r-'l i
¥
Ga W

Q,,: total mass density

Q,: Dark energy density

Ho: Hubble parameter

w: Dark energy equation of
state parameter

69




Extre

me Gravity: do we need the

darkr

ess?

* Today we need more “matter” ¢ But the Einstein field
in the Universe to keep GR equations are the “simplest”

solution in a curved space-
time

* There are a series of
alternative theories of the
gravity (for example f(R)

To verify GR in condition of strong theories) that could introduce

field could t

an extra-curvature stress-
est the need of energy tensor

modified gravity theories

1

f(R(9)) R (9) — 5 f(R(9)gu <N Vo f' (R(9)) + 90,01 (R(g),

-

Higher order Gravity (4t)!
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What Next?




GW astronomy

 E.M. astronomy covers
all the frequency
spectrum

e Thanks to GW150914
GW astronomy era has
been open

e But the two key
ingredients of e.m.
astronomy need to be
implemented:

e To see more distant

e To cover all the
frequency range

I'nfrar-ed_ . '  visible
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GW sources and detectors

Stochastic
background

‘ T
B
==

T

elISA
Massive binaries
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binaries
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ratio inspirals
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Core collapse
supernovae
Pulsars
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Short term evolution

Advanced Virgo

[ Early (2016 17, 20 60 Mpc)
I Mid (201718, 60 85 Mpc)
{ I Late (2018-20, 65115 Mpc)
“| Il Design (2021, 130 Mpc)
- | I BNS-optimized (145 Mpc)
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Next Generation

 Advanced detectors will be upgraded to gain a
factor 2/3 in the next decade, but the limit of the
infrastructures are close

 New research infrastructure proposed in Europe

e Einstein Telescope
e Observatory vs Detector
* Multi-detector facility
e Capable to detect both the polarizations
e 10 km arm, underground, cryogenic
e Conceptual design study funded by EU in 2008-2011

e Cosmic Explorer/LIGO 3G quickly growing idea
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Einstein Telescope
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AdV+ R&D

AdV+

A+/Voyager R&D

Voyager

E T‘ FINSTEIN
TELESLUi

ET Detector
Technical Design

ET Infrastructure
Technical Design

ET Observatory & Detector funding
ET site construction - detector installation & commissioning

CE site&detector installation

Cosmic Explorer R&D

ce0c

Le0c



(W

LISA

e LISA or now eLISA is a constellation
of 3 satellites in heliocentric orbit

e [t presents a 10° km arm lenght

e [tis focused on 104-101Hz frequency range,
corresponding to
e signals produced by very massive objects:

e Coalescences of ~10°M; black holes, internal modes

e Signal of lighter object (stellar mass black holes, BNS, stars) far
from the coalescence

e LISA will test the gravity in a very strong field regime

* |t will have an astonishing SNR on its detections
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eLISA-ET

complementar
e eLISA is scheduled to

ities

DE

launched in 22034 alt

an anticipation to ~2029 is

under evaluation
e eLISA will be active in

to a rich network of 2G+/3G

detectors

* They are complementary
(different sources) and .
cooperative (same sources in

different phases):

e eLISA could indicate where
stellar mass BHBH are
coalescing years before the

merging

e Using eLISA constrained mass,
mass ratio and location it is
possible to improve the (other)
parameter estimation (spin)

hough

parallel

oo [90%4] LISA+Ground

__ =
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Conclusions

e Gravitational wave detection is quite more than the
final confirmation of GR, 100 years after Einstein’s
prediction

e |t is the dawn of a new era,

 where access to the internal astrophysical processes in
cosmic catastrophes is finally possible

 Where a new paradigm in the observation of the
universe is defined
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END
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... Spazio-tempo curvo (2)

L'equazione di campo, che lega la causa della deformazione (TW cioe la masso

o 'energia) all’effetto della deformazione dello spazio-tempo €

Dove R, € il tensore di Ricci (che nasce dalla contrazione del tensore di
Rieman, legato alle deformazioni mareali) ed R la sua traccia. Il termine a
sinistra dell’'uguale e spesso indicato con un solo tensore deformazione G ,,.

'equazione di campo e un’equazione differenziale estremamente complicata,
dove compaiono in maniera non lineare le derivate del tensore metrico

Non c’e attualmente una soluzione analitica di tale equazione e si procede per
risoluzione numerica approssimata (supercomputers!) o facendo la dovuta
approssimazione lineare

Per piccole deformazioni I'approssimazione lineare sembra la via giusta, ma
sono piccole queste deformazioni?

M.Punturo 83




Potenziale gravitazionale

e Consideriamo una distribuzione continua di massa, con densita o(x’).
Supponiamo di valutare il potenziale gravitazionale ad una posizione x,
all’'esterno della massa stessa:

» Essendo x esterno alla massa, possiamo scrivere lo sviluppo in multipoli per il
potenziale usando lo sviluppo in serie di Taylor di 1/[x-X’| in un intorno di x’=0:

X X
rerI . r125I )
r

|l potenziale gravitazionale diventa:
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Potenziale gravitazionale, termini di quadrupolo
le :J-(erkx _r125k) ()—(>r)d3xr
\

e Dove:

\" \

« E’sempre possibile scegliere I’origine del sistema di riferimento
coincidente con il centro di massa in modo che 1 termini di dipolo
DX siano identicamente nulli

e Rimangono i termini di quadrupolo QX! tali da, se la distribuzione
di massa consente QX=20, introdurre un termine ocr3 nel potenziale
(r* nella forza).

o La Terra presenta una differenza fra diametro polare e quello

equatoria

e di 3 parti su 103, Questo produce un termine di

quadrupo

o che Influenza le orbite dei satelliti artificiali;

— Precessione dell’ellisse di Keplero, cioe una piccola rotazione dell’ellisse

Intorno

all’asse terrestre
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Metric in Special Relativity

* In special relativity the space-time is flat and the distance
ds® =c’dt® —dx* —dy* —dz°

is defined:

* With a change of notation: RelSky R

3

3
ds® = ZandX“dx" =1,,dx"dx"

1=0v=0

* Where 1, is the Minkowski metric tensor
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Equazioni di Maxwell INFN .

% di Fizlca Mucloare

Legge di Gauss magnetica

Legge di Ampere-Maxwell

Velocita di : 4.8

ropagazione C=—— In qualunque sistema di riferimento
in moto relativo (uniforme

dell’onda \ &o g ( )

&o permettivita elettrica del vuoto

Uo permeabilita magnetica del vuoto
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INEN
What means 101°m? (e

AL expected in Virgo ~10°m Human cells
Hydrogen atom
mm (10°m) Proton radius

Quark “size”
um (10°°m)

nm (10°m)

pm (101?m)

fm (10°m)

am (1018m)

In 1km size detector
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Trasformazioni: Galileiane e di Lorentz

Ly ;@

V4

Trasformazioni Lorenziane
Trasformazioni Galileiane
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Formalismo della Relativita Ristretta

* |n RR abbiamo uno spazio-tempo quadridimensionale, in cui e
definita la distanza:

o| IR oo [ K o VPR (intervallo spazio-temporale)

e Per mantenere Invariata la distanza, sl introducono le
trasformazioni di Lorentz:

 Principio di relativita:
— Tutte le leggi fisiche devono

essere invarianti per
trasformazioni di Lorentz

— Invarianza qui significa che
ogni legge conserva la stessa
forma matematica e che le
costanti numeriche conservano
lo stesso valore
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..formalismo della Relativita Ristretta (2)

* Introduciamo la notazione:

e La distanza diventa:

3 3
ds®=> > 5, dx“dx" =n,, dx"dx"

1=0v=0
* Dove si e usata la convenzione di somma sugli indici ripetuti (muti)
* Il termine n,, e la matrice:

che prende il nome di tensore metrico o tensore di
Minkowski.

Quantita con indici greci in alto sono dette controvarianti, guelle con indici in
basso covarianti
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..formalismo della Relativita Ristretta (3)

e Utilizzando questa notazione (e la convenzione c=1), la trasformazione di
Lorentz sopracitata gi

» dove a*, e la matrice (e I’indice di riga, , di colonna):

« Grazie alla matrice a*, delle trasformazioni di Lorentz, si puo definire cos’e
un tensore:

— Un tensore di rango r € un oggetto A*v--¥ con 4" componenti che per una
trasformazione di Lorentz diventa:

e Tensore di rango O:
— uno scalare che rimane invariato per trasf. di Lorentz
— La distanza ds?

st LRSIV ([0l o 7 = . [dx“dx, =+/dt® —dx® —dy® —dz® = dty1-V’
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..formalismo della Relativita Ristretta (4)

e Tensore di rango 1:
* Un vettore a quattro componenti
e La quadri-velocita m
e || quadri-vettore energia-impulso per una particella di massa (a riposo) m:

e Tensore di rango 2:
— Una “matrice” a 16 componenti che segue le trasf. di Lorentz

— Tensore energia-impulso per un sistema di particelle non interagenti. Sia n la densita

di particelle e v la sua velocita. Le componenti T+ di tale tensore sono:
n

m
AJ1-V?

T% =T*° =[densita di impulso k | = [densita di flusso di energia]=

T% =[densita di energia] =

nmvX

1—v?

nmv*y'

Vi-v?

» Definendo la densita di massa propria (cioe nel sistema di riposo locale delle
particelle):

T =T =[densita di flusso di impulso k in direzione | |=
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Cosmography

e But, how far GWDs need to observe GW from BNS to
have the coincidence?

- - — * We need 10° of coincidences
;___I_r_rr’-l—‘_mT | at high z and high SNR

_'IIVII.IT;arInoIpo‘IIsII(i; 5016 [ ° - e Future detectors (ET)

"I B.S.Sathyaprakas et al, CQG 27 (2010) 2015006

-0.1 0 0.1 0.2 0.3 0.4

Q

Figure 3. Scatter plot of the retrieved values for (£25, w), with -0, 2-0 and 3-0 contours, in th

case where weak lensing is not corrected.
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Timescale of Telescopes, Missions, Surveys

KACRA
(MJINIRGO

ATHENA ‘ L g A
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