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"Recording a GW for the first time has never been
a big motivation for LIGO [and Virgo].
The motivation has always been
to open a new window on the Universe,
to see the warped side of the Universe,
an aspect never seen before:
objects and phenomena
made entirely or partially of warped spacetime”

Kip Thorne
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Finally, we have detected GWs.

But the best is yet to come!

"Recording a GW for the first time has never been
a big motivation for LIGO [and Virgo].
The motivation has always been
to open a new window on the Universe,
to see the warped side of the Universe,
an aspect never seen before:
objects and phenomena
made entirely or partially of warped spacetime”

Kip Thorne

Suddenly, the realm of physics has expanded:
we are able to study strongly gravitating object and phenomena,
of which - up to now - we only had indirect evidence or knowledge.
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Now that the uncharted territory of strong gravity can be explored,
many fundamental questions can be addressed

Some of them are related
to the nature and the behaviour of fundamental interactions,
like gravity itself, or nuclear physics
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Now that the uncharted territory of strong gravity can be explored,
many fundamental questions can be addressed

Some of them are related
to the nature and the behaviour of fundamental interactions,
like gravity itself, or nuclear physics
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to the nature and the evolution of the sources
populatlng our Universe, and, uItlmater, of the Universe itself
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1) How does gravity behave in the strong-field regime?
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Gravity, the weakest of fundamental interactions,
has been observed for centuries, but mostly in the weak-field regime.

The strength of gravity can be parametrized e
either by gravitational potential e=GM/r or by spacetime curvature E=GM/r3
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1) How does gravity behave in the strong-field regime?

Gravity, the weakest of fundamental interactions,
has been observed for centuries, but mostly in the weak-field regime.

The strength of gravity can be parametrized e
either by gravitational potential e=GM/r or by spacetime curvature E=GM/r3
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1) How does gravity behave in the strong-field regime?

Up to now, we had no direct information
from the strong-field/large curvature regime of gravity.
What happens near the horizon of black holes,
near the surface and in the inner core of neutron stars?
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1) How does gravity behave in the strong-field regime?

Up to now, we had no direct information
from the strong-field/large curvature regime of gravity.
What happens near the horizon of black holes,
near the surface and in the inner core of neutron stars?

There is no fundamental reason to believe that
gravity behaves in the same way as in weak field/small curvature!
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GWs can only be emitted (strong enough) by phenomena in this regime
thus they are the perfect probe of strong gravity.

What Next? Rome, 16/2/2016



1) How does gravity behave in the strong-field regime?

The same question can be addressed in different ways:
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1) How does gravity behave in the strong-field regime?
The same question can be addressed in different ways:
e Does General Relativity describe gravity at strong field/large curvature?

The weak equivalence principle very well tested (~10713).
Other modifications of the gravitational action are compatible with observations,
including scalar fields, bilinear curvature terms, massive gravity, etc.

e How general are the "no-hair theorems” of black holes?

In GR, any stationary BH (and, after a short transient, any BH)
is only characterized by mass and angular momentum => Kerr solution

e Quantum modifications to BH structure? (see e.g. Giddings '16)

Events like GW150914 provide constraints on
modified gravity theories (bound on mg, measure of a quasi-normal mode,...)

New frontier: black-hole spectroscopy
What Next? Rome, 16/2/2016



2) How does matter behave at supranuclear densities?

Neutron stars, among the main expected sources,
can be considered the “ground state of matter”.
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2) How does matter behave at supranuclear densities?

A NEUTRON STAR: SURFACE and INTERIOR
‘Swiss ‘Spaghetti” z

Neutron stars, among the main expected sources, | o?
can be considered the “"ground state of matter”.

s——— ATMOSPHERE

ENVELOPE

The composition of crust and outer core ~ understood,
but we do not know the composition of the inner core:
extreme conditions (p=10!° g/cm3, v~1kHz, B~1010-15G)

e can not be reproduced in lab,
e are a challenge for the theory.
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e are a challenge for the theory.

We do not know the equation of state,
even the particle content is not clear:
Hadrons? Hyperons? Meson condensates?
Deconfined quark matter?
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The composition of crust and outer core ~ understood,
but we do not know the composition of the inner core:
extreme conditions (p=10!° g/cm3, v~1kHz, B~1010-15G)

e can not be reproduced in lab,
e are a challenge for the theory.

We do not know the equation of state,
even the particle content is not clear:
Hadrons? Hyperons? Meson condensates?
Deconfined quark matter?

Mass (solar)

Astrophysical observations are useful
to constrain the EoS
but only GWs can give a definite answer!
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2) How does matter behave at supranuclear densities?
neutron star - neutron star binary system.

Credits: AEl
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Credits: AEl

e In the late inspiral they are very deformed => it is possible to extract
the tidal deformability (encoded in the “"Love numbers”) of the star
from the gravitational waveform.
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e In the late inspiral they are very deformed => it is possible to extract
the tidal deformability (encoded in the “"Love numbers”) of the star
from the gravitational waveform.

Love numbers carry the imprint of the neutron star EoS! (see Michele’s talk)
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2) How does matter behave at supranuclear densities?
neutron star - neutron star binary system.

Credits: AEl

e In the late inspiral they are very deformed => it is possible to extract
the tidal deformability (encoded in the “"Love numbers”) of the star
from the gravitational waveform.

Love numbers carry the imprint of the neutron star EoS! (see Michele’s talk)

e After the merger, a metastable hypermassive neutron star can form.
It oscillates violently, emitting GWs, end eventually collapse to a BH.
These GWs (some kHz) carry the imprint of the neutron star EoS.

e Other processes (interaction with a companion, accretion, etc.)
could excite the quasi-normal modes of the neutron star (= 1 kHz).

These modes encode the property of the matter composing the
core, and then would reveal the EoS ("GW asteroseismology”)
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o New fundamental fields with m=10-1%eV (Compton length = 10 km)
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e Beyond-standard-model effects
(e.g. primordial phase transitions, domain walls etc.)
could yield stochastic background detectable by ground-based interferometers
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but still compatible with existent population synthesis models.
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Isolated binary evolution or dynamical formation?

BH masses and spins can be extracted from the GW signal.
Accurate measurements of these signals give information
on the formation and evolution of BHs.

Note that spin measurements from the electromagnetic signal
are difficult and problematic (model dependent)
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4) How do black holes of different mass scales form and evolve?

e Which are the formation and evolution processes of BHs?

e Which are the formation and evolution of BH binary systems?

The BHs of GW150914 are more massive then expected,
but still compatible with existent population synthesis models.
How did they form?

Isolated binary evolution or dynamical formation?

BH masses and spins can be extracted from the GW signal.
Accurate measurements of these signals give information
on the formation and evolution of BHs.

Note that spin measurements from the electromagnetic signal
are difficult and problematic (model dependent)

Ground-based and space-based detectors
will provide complementary information in different wavebands
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NASA/GSFC
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LMXRB: Neutron star + “normal” star

Observational puzzle:

accretion should be able to spin-up NS to v~1.5kHz, &
but actual spin rates much smaller: |

most of them v<300Hz, maximum value 714Hz.

NASA/GSFC
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5) Why neutron stars do not spin faster?

LMXRB: Neutron star + “normal” star

Observational puzzle:

accretion should be able to spin-up NS to v~1.5kHz, &
but actual spin rates much smaller: |

most of them v<300Hz, maximum value 714Hz.

The mechanism limiting the spin rate is unclear,
most candidates are associated to GW emission.

NASA/GSFC

If this is true, these objects would be promising sources of GWs...

6) Does compact object coalescence source gamma-ray bursts?
See Michele’s talk

7) Can we learn more on the origin and evolution of our Universe
using GWs? See Michele’s talk
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8) Will totally unexpected sources show up?
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(unexpected to some extent...)
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