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- How matter behave at supranuclear densities?

- - How gravity behave in the strong field,  high                         
-   curvature regime? 

Which detectors do we need to answer these questions?

Open questions in Fundamental Physics



In the inner part of the core of a neutron star, the 
density can be larger than the equilibrium density of 
nuclear matter
                         ρ0 =2.67x1014 g /cm3

                    typical densities ≈ 2-5  ρ0   or more

NEUTRON STARS: 
observed mass:  [1-2]

radius:  difficult to measure (about 13-15 % accuracy)
              [10-15] km (teoretical) 

At these densities (unreachable in a laboratory) hadrons interactions cannot be 
neglected, and have to be treated  in the framework of  the theory of  
Quantum Cromo Dynamics

Several different models have been proposed which have to be tested

credits D. Page

even the particle content is unknown:   Hyperons? Meson condensates? 
                                                          Deconfined quark matter? 
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Hotokezaka, Kyutoku, Sekiguchi, Shibata, PRD 93 (2016)

leading-order tidal-deformation effect. We provide evi-
dence for this in Appendix B. For this reason, we suppose
that the EOB formalism could give a better waveform than
the TT4 formalism.
Figure 3 plots the Fourier spectra of the hybrid waveforms

(numerical plus EOB waveforms) together with a designed
noise curve of Advanced LIGO, S1=2n (for the zero detuning
high power configuration) [56] and with the spectrum of a
binary-black-holemerger ofmass 1.35M⊙ − 1.35M⊙. Here,
SnðfÞ denotes the one-sided noise spectrum density of
gravitational-wave detectors. The numerical waveform for
the binary black hole is taken from the SXS Gravitational
WaveformDatabase [57], and we employ SXS:BBH:001. In
this paper, the Fourier transform is defined by

~hðfÞ≔
Z

dthþðtÞ expð−2πiftÞ; ð3:6Þ

where hþðtÞ denotes the plus-mode gravitational waveform.
For binary neutron stars, the overall shape of h×ðtÞ is
approximately the same as that of hþðtÞ except for a π=2
phase difference, and hence, theFourier transformationof the
cross mode, h×ðtÞ, results approximately in −i ~hðfÞ.
The response of gravitational-wave detectors for a

gravitational-wave event of coalescing binary neutron stars
is written in the form

h̄ðtÞ ¼ Hþðθ;φ; ι;ψpÞhþðtÞ þH×ðθ;φ; ι;ψpÞh×ðtÞ; ð3:7Þ

where Hþ and H× are functions of the source angular
direction denoted by ðθ;φÞ, of the inclination angle of the
binary orbital plane with respect to the line of the sight to
the source denoted by ι, and of the polarization angle

denoted by ψp. Thus, the Fourier transformation of h̄ðtÞ is
written as

h̄ðfÞ ≈Hðθ;φ; ι;ψpÞ ~hðfÞ; ð3:8Þ

where H ¼ Hþ − iH×, for which jHj ≤ 1. Taking into
account this form, we define the effective distance to the
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FIG. 2. The same as Fig. 1, but for the case that TT4 waveforms are used for the comparison with the numerical waveforms.
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FIG. 3. Fourier spectra of the hybrid waveforms for five
different equations of state for a hypothetical effective distance
of Deff ¼ 100 Mpc. The dot-dot curve for Advanced LIGO
(referred to as aLIGO) denotes S1=2n . Here, Sn is the one-sided
noise spectrum density for the “zero detuning high power”
configuration [56]. The dot-dot-dot curve denotes the Fourier
spectrum for a spinless binary black hole of mass 1.35M⊙ −
1.35M⊙ (plotted only for f ≥ 375 Hz). To find the approximate
SNR, the spectrum is shown with an additional factor of 2;
see Eq. (3.9).
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  Virgo

Signal emitted in the coalescence
of two neutron stars with mass 
1.35M☉,  modeled using different 
Equations of state (EoSs)

signal emitted by two
coalescing black holes 
with the same mass

part of the signal emitted 
in the merger+post-merger

to detect this part of the signal
detectors much more sensitive at high
frequency will be needed

However, differences among different EoSs   become appreciable earlier, when the 
two stars are still inspiralling and very close to the merging

why is the inspiral signal emitted by black holes 
different from that of NS binaries ??
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                                      The Newtonian Theory of Tides:
The Love numbers were introduced by  August E. H. Love in 1911: they are  a 
set of dimensionless parameters which measure how the shape of a planetary body 
changes in response to an external tidal potential. 

Because stars are tidally deformed by the companion

Deformability properties are encoded in the Love numbers

These numbers can be generalized  for stars in General Relativity:
If a star is placed in an external tidal field Cij,  it develops a quadrupole moment Qij 

Qij = �Cij

λ     is  the tidal deformability,  which is related to the l=2 tidal Love number

λ depends on the stellar compactness, 
therefore it depends on the equation
of state of matter inside the star
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                       M=1.35  M☉

leading-order tidal-deformation effect. We provide evi-
dence for this in Appendix B. For this reason, we suppose
that the EOB formalism could give a better waveform than
the TT4 formalism.
Figure 3 plots the Fourier spectra of the hybrid waveforms

(numerical plus EOB waveforms) together with a designed
noise curve of Advanced LIGO, S1=2n (for the zero detuning
high power configuration) [56] and with the spectrum of a
binary-black-holemerger ofmass 1.35M⊙ − 1.35M⊙. Here,
SnðfÞ denotes the one-sided noise spectrum density of
gravitational-wave detectors. The numerical waveform for
the binary black hole is taken from the SXS Gravitational
WaveformDatabase [57], and we employ SXS:BBH:001. In
this paper, the Fourier transform is defined by

~hðfÞ≔
Z

dthþðtÞ expð−2πiftÞ; ð3:6Þ

where hþðtÞ denotes the plus-mode gravitational waveform.
For binary neutron stars, the overall shape of h×ðtÞ is
approximately the same as that of hþðtÞ except for a π=2
phase difference, and hence, theFourier transformationof the
cross mode, h×ðtÞ, results approximately in −i ~hðfÞ.
The response of gravitational-wave detectors for a

gravitational-wave event of coalescing binary neutron stars
is written in the form

h̄ðtÞ ¼ Hþðθ;φ; ι;ψpÞhþðtÞ þH×ðθ;φ; ι;ψpÞh×ðtÞ; ð3:7Þ

where Hþ and H× are functions of the source angular
direction denoted by ðθ;φÞ, of the inclination angle of the
binary orbital plane with respect to the line of the sight to
the source denoted by ι, and of the polarization angle

denoted by ψp. Thus, the Fourier transformation of h̄ðtÞ is
written as

h̄ðfÞ ≈Hðθ;φ; ι;ψpÞ ~hðfÞ; ð3:8Þ

where H ¼ Hþ − iH×, for which jHj ≤ 1. Taking into
account this form, we define the effective distance to the
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FIG. 2. The same as Fig. 1, but for the case that TT4 waveforms are used for the comparison with the numerical waveforms.
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FIG. 3. Fourier spectra of the hybrid waveforms for five
different equations of state for a hypothetical effective distance
of Deff ¼ 100 Mpc. The dot-dot curve for Advanced LIGO
(referred to as aLIGO) denotes S1=2n . Here, Sn is the one-sided
noise spectrum density for the “zero detuning high power”
configuration [56]. The dot-dot-dot curve denotes the Fourier
spectrum for a spinless binary black hole of mass 1.35M⊙ −
1.35M⊙ (plotted only for f ≥ 375 Hz). To find the approximate
SNR, the spectrum is shown with an additional factor of 2;
see Eq. (3.9).
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  Virgo

 EOS's  can be classified in terms
of their stiffness/softness

Stiffness/softness of the EoS 
depends on how hadron 
interactions are modeled, 
and on the particle content. 

 softer EOS’s: 
 speeds of sound is lower
 more compressible matter 
 smaller radius  
 larger average densities

 EoS stiffness   Radius (km)    λ
APR4 soft 11,09 322
SFHo moderately soft 11,91 420
DD2 moderately stiff 13.20 854
TMA stiff 13.85 1192
TM1 very stiff 14,48 1428

How can we measure the tidal
deformability?

stars with softer EoS are less deformable
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The inspiralling part of the signal is modeled by using a post-Newtonian 
(PN) expansion of the equations of motion in GR + radiation reaction

Chirp

7

the expansion parameter  is

where m is the total mass and f the wave frequency
         

x = (m⇡f)5/3

7
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h(f) = A(f)ei (f)  (f) =  PP +  Q̄ +  �̄

x = (m⇡f)5/3 PN expansion parameter
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Quadrupole induced by rotation

Tidal contribution:
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2
, �a =

�̄1 � �̄2

2
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Tidal contributions become relevant when the NS velocities are high, i.e. before merging

m = m1 +m2

⌘ = m1m2/m2

The tidal deformability enters in the waveforms emitted during the inspiralling
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Coalescing NSs with mass 1.35 M☉  each

leading-order tidal-deformation effect. We provide evi-
dence for this in Appendix B. For this reason, we suppose
that the EOB formalism could give a better waveform than
the TT4 formalism.
Figure 3 plots the Fourier spectra of the hybrid waveforms

(numerical plus EOB waveforms) together with a designed
noise curve of Advanced LIGO, S1=2n (for the zero detuning
high power configuration) [56] and with the spectrum of a
binary-black-holemerger ofmass 1.35M⊙ − 1.35M⊙. Here,
SnðfÞ denotes the one-sided noise spectrum density of
gravitational-wave detectors. The numerical waveform for
the binary black hole is taken from the SXS Gravitational
WaveformDatabase [57], and we employ SXS:BBH:001. In
this paper, the Fourier transform is defined by

~hðfÞ≔
Z

dthþðtÞ expð−2πiftÞ; ð3:6Þ

where hþðtÞ denotes the plus-mode gravitational waveform.
For binary neutron stars, the overall shape of h×ðtÞ is
approximately the same as that of hþðtÞ except for a π=2
phase difference, and hence, theFourier transformationof the
cross mode, h×ðtÞ, results approximately in −i ~hðfÞ.
The response of gravitational-wave detectors for a

gravitational-wave event of coalescing binary neutron stars
is written in the form

h̄ðtÞ ¼ Hþðθ;φ; ι;ψpÞhþðtÞ þH×ðθ;φ; ι;ψpÞh×ðtÞ; ð3:7Þ

where Hþ and H× are functions of the source angular
direction denoted by ðθ;φÞ, of the inclination angle of the
binary orbital plane with respect to the line of the sight to
the source denoted by ι, and of the polarization angle

denoted by ψp. Thus, the Fourier transformation of h̄ðtÞ is
written as

h̄ðfÞ ≈Hðθ;φ; ι;ψpÞ ~hðfÞ; ð3:8Þ

where H ¼ Hþ − iH×, for which jHj ≤ 1. Taking into
account this form, we define the effective distance to the
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FIG. 3. Fourier spectra of the hybrid waveforms for five
different equations of state for a hypothetical effective distance
of Deff ¼ 100 Mpc. The dot-dot curve for Advanced LIGO
(referred to as aLIGO) denotes S1=2n . Here, Sn is the one-sided
noise spectrum density for the “zero detuning high power”
configuration [56]. The dot-dot-dot curve denotes the Fourier
spectrum for a spinless binary black hole of mass 1.35M⊙ −
1.35M⊙ (plotted only for f ≥ 375 Hz). To find the approximate
SNR, the spectrum is shown with an additional factor of 2;
see Eq. (3.9).
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.

To measure the tidal deformability λ  and gain information on             
the equation of state of matter in the inner core of the stars we need 
detectors more sensitive at frequencies larger than ~ 500-700 Hz

                       M=1.35  M☉

 EoS stiffness   Radius (km)    λ
APR4 soft 11,09 322
SFHo moderately soft 11,91 420
DD2 moderately stiff 13.20 854
TMA stiff 13.85 1192
TM1 very stiff 14,48 1428
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Beyond binary coalescence NSs emit gravitational waves in different phases of their life and   
                                in several astrophysical processes

❖  the star is old and cold: it may oscillate and emit gravitational 
     waves due to an external or internal perturbation
     Gualtieri, Benhar, Pons, Ferrari, Phys. Rev. D 2004

❖ it has just been formed in a gravitational core collapse or in NS-NS coalescence,     
it is hot and rapidly evolving

    Ferrari, Miniutti, Pons, MNRAS 2004,   Burgio, Ferrari, Gualtieri, Schultze, Phys. Rev. D 2011
    Camelio, Lovato, Gualtieri, Benhar, Pons, Ferrari, Phys. Rev. D 2017

10

Neutron star pulsations are of particular interest because:

✶ Gravitational Waves are emitted at the pulsation frequencies

✶ The pulsation frequencies depend on the Equation of State of matter
    inside the star

Neutron star pulsations can be excited when 

Other processes which may be associated to GW emission in isolated NS
or in NS in LMXRB
- f-mode or r-mode instabilities
- deviation form axisymmetry
Glampedakis & Gualtieri arXiv: 1709.07049  CQG to appear 2017
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OLD, COLD Neutron star
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Do	we	have	a	chance	to	detect	a	signal	from	an	old,	 cold	neutron	star	oscillating	 in	its	
fundamental	mode?

A	typical	GW	signal	from	a	neutron	star	pulsation	mode	has	the	form	of	a	damped	sinusoid

A ⇥ 7.6� 10�24

⇤
�E⇥
10�12

1 s
�d

�
1 kpc

d

⇥ �
1 kHz

f

⇥
.

�E⇥ = �EGW /M⇥c2 = total energy

h(t) = A e�(t�t0)/ ⇥d sin[2� f (t� t0)] for t > t0

How	much	energy	would	need	to	be	channeled	into	a	mode?

For	mature	neutron	stars		we	can	take	as	a	bench-mark	the	energy	involved	in	a	typical	pulsar	
glitch,	in	which	case

�EGW = 10�13M⇥c2

Assuming f ⇥ 1500 Hz, �d ⇥ 0.1 s, d = 1 kpc, A ⇤ 5� 10�24
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Assuming f ⇥ 1500 Hz, �d ⇥ 0.1 s, d = 1 kpc, A ⇤ 5� 10�24

Advanced	LIGO		and	Virgo
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3rd	generation	detectors	are	needed	 to	detect	signals	from	old	neutron	stars
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Gravitational waves emitted by NS in different processes,if detected, will 
be a probe to explore the behaviour of matter at supranuclear densities.

From NS binary coalescence we will be able to gain information on the
stiffness of the EoS,  and set constraints on the particle content

With third generation detectors we will hopefully be able to measure 
the frequencies at which stars oscillate emitting GWs:
                      gravitational wave asteroseismology

Observing the birth of a NS through GWs will provide infomation on the
hot EoS and on the dynamics of the early evolution of the newly born NS
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Do we need to test GR?



- Before GW150914, we had tested only the weak-field regime of gravity (solar system 
tests, binary pulsars)   Now, the realm of strong gravity is open to exploration!
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10-62 
 10-59 
 10-56 
 10-53 
 10-50 
 10-47 
 10-44 
 10-41 
 10-38 
 10-35 
 10-32 
 10-29 
 10-26 
 10-23 
 10-20 
 10-17 
 10-14 
 10-11 

Cu
rv

at
ur

e,
 ξ

 (c
m

-2
 )

10-12  10-10  10-8  10-6  10-4  10-2  100

Potential, ε

 DETF4
 Facility

 BAO

 ELT S stars

  LOFT +
  Athena

     PPN 
constraints

  Tidal streams
     (GAIA)

 AdLIGO

 eLISA

 A
 P

 Atom

 Triple

 Inv. Sq.

 EHT

 Sgr A*

 M87

 Planck

PTA

Fig. 2.— The experimental version of the gravitational parameter space (axes the same as in Fig. 1). Curves are described in detail in
the text (§4). Some of the abbreviations in the figure are: PPN = Parameterized Post-Newtonian region, Inv. Sq. = laboratory tests of the
1/r2 behaviour of the gravitational force law, Atom = atom interferometry experiments to probe screening mechanisms, EHT = the Event
Horizon Telescope, ELT = the Extremely Large Telescope, DETF4 = a hypothetical ‘stage 4’ experiment according to the classification
scheme of the Dark Energy Task Force (Albrecht et al. 2006), Facility = a futuristic large radio telescope such as the Square Kilometre
Array.

4.1. Cosmology

Galaxy Surveys. In the lower section of the figure we
indicate the regions probed by two future galaxy clus-
tering surveys. In green we consider a next-generation
‘stage 4’ space-based survey of the kind envisaged by the
Dark Energy Task Force (Albrecht et al. 2006), labelled
DETF4. In blue, we consider a futuristic ‘Facility stage’
ground-based radio interferometer of the kind considered
by Bull et al. (2014), capable of mapping nearly the full
sky out to very high redshifts.
Each survey is delineated by two lines, whose separa-

tion is set by the survey redshift range. We used equa-
tions (11) and (15) to plot the minimum and maximum

k-values for each experiment, where the minimum k is
set by the size of the survey and the maximum k is
chosen to cut o↵ before nonlinearities become dominant
(the value chosen varies somewhat in the literature for
the di↵erent experiments). We have also plotted a point
of k ' 0.05 h Mpc�1, corresponding to the approximate
position of the turnover in the matter power spectrum.
The bent shape of these survey regions reflects the shape
of the matter power spectrum shown in Fig. 1 (cyan
curve). Table 1 shows the values used. In addition, we
have added a point to represent recent measurements of
the BAO feature (Anderson et al. 2014).
Although the extent of the parameter space probed

by cosmology is small, we stress that this is one of the

3G

EXTP
Athena

solar system+
binary pulsar tests

In the past, when changing scale interaction also  
changed! 

Is General Relativity appropriate to describe the 
behaviour of gravity at the horizon scale?

QED
~1920s

10-9 meters 10-15 meters

QCD
~1950s

Mechanics
~1700ish

10-3 meters

Length-scale [m]

Classical tests of GR
~1920s

Potential [GM/(c2 R)]10-6 0.1-1

Compact objects
~2010s-2020s

Newton
~1700ish

10-9

6 orders of magnitude

credit P.Pani

/Virgo

2015



Theoretical issues 

These arguments suggest that gravity should be modified 
at both low and high energies

unification with the quantum world :
the theory becomes renormalizable if we add quadratic curvature terms—i.e., high- energy/high-
curvature corrections—to the  Einstein–Hilbert action.

Candidate theories of quantum gravity (such as string theory and loop quantum gravity) 
provide  indications on how GR should be modified at high energies. 

singularities:  high- energy corrections can avoid the formation of singularities (Hawking-Penrose
 singularity theorem)

Observational issues                                     

cosmological measurements provide evidence for dark matter and a nonzero cosmological constant 
(‘dark energy’).  How to explain why the cosmological constant is so small and the corresponding
energy density is so close to the present matter density?  low-energy corrections to GR seems
unavoidable



How to navigate in the sea of alternative/modified theories of gravity?

(see e.g. Berti,Barausse, Cardoso, Gualtieri, Pani  et al.,  CQG  2015)

Testing General Relativity 15
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Figure 2.1. This diagram illustrates how Lovelock’s theorem serves as a guide to classify modified
theories of gravity. Each yellow box represents a class of modified theories of gravity that arises from
violating one of the assumptions underlying the theorem. A theory can, in general, belong to multiple
classes. See Table 1 for a more precise classification.

2. Extensions of general relativity: motivation and overview

2.1. A compass to navigate the modified-gravity atlas

There are countless inequivalent ways to modify GR, many of them leading to theories
that can be designed to agree with current observations. Cosmological observations
and fundamental physics considerations suggest that GR must be modified at very
low and/or very high energies. Experimental searches for beyond-GR physics are a
particularly active and well motivated area of research, so it is natural to look for a
guiding principle: if we were to find experimental hints of modifications of GR, which
of the assumptions underlying Einstein’s theory should be abandoned?

Such a guiding principle can be found by examining the building blocks of
Einstein’s theory. Lovelock’s theorem [191, 192] (the generalization of a theorem due
to Cartan [193]) is particularly useful in this context. In simple terms, the theorem
states that GR emerges as the unique theory of gravity under specific assumptions.
More precisely, it can be articulated as follows:

In four spacetime dimensions the only divergence-free symmetric rank-2
tensor constructed solely from the metric gµ⌫ and its derivatives up to second
differential order, and preserving diffeomorphism invariance, is the Einstein

Simple modifications:
extra scalar fields

higher-order
curvature terms

                                                         Lovelock Theorem

In 4-dimensional spacetime, the only divergence free, symmetric, rank-2 tensor which can be constructed 
from the metric tensor g𝜇𝜈  and its first and second derivatives, preserving diffeomorfism invariance is the 
Einstein tensor plus a cosmological term

Gµ⌫ + ⇤gµ⌫ =
8⇡G

c4
Tµ⌫



Information on GR deviations we may extract from gravitational waves 

Bounds on more general deviations of radiated flux (due to extra dimensions, 
violations of Lorentz invariance, time-varying G due to extra fields, etc.)

Bounds on modification of GW propagation (graviton mass, dispersion relation, polarization, 
etc.)

Most of the information of GW150914, GW151226, GW170104
has been extracted from the inspiral phase 

propagation time, the events have a combined signal-to-
noise ratio (SNR) of 24 [45].
Only the LIGO detectors were observing at the time of

GW150914. The Virgo detector was being upgraded,
and GEO 600, though not sufficiently sensitive to detect
this event, was operating but not in observational
mode. With only two detectors the source position is
primarily determined by the relative arrival time and
localized to an area of approximately 600 deg2 (90%
credible region) [39,46].
The basic features of GW150914 point to it being

produced by the coalescence of two black holes—i.e.,
their orbital inspiral and merger, and subsequent final black
hole ringdown. Over 0.2 s, the signal increases in frequency
and amplitude in about 8 cycles from 35 to 150 Hz, where
the amplitude reaches a maximum. The most plausible
explanation for this evolution is the inspiral of two orbiting
masses, m1 and m2, due to gravitational-wave emission. At
the lower frequencies, such evolution is characterized by
the chirp mass [11]
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where f and _f are the observed frequency and its time
derivative and G and c are the gravitational constant and
speed of light. Estimating f and _f from the data in Fig. 1,
we obtain a chirp mass of M≃ 30M⊙, implying that the
total mass M ¼ m1 þm2 is ≳70M⊙ in the detector frame.
This bounds the sum of the Schwarzschild radii of the
binary components to 2GM=c2 ≳ 210 km. To reach an
orbital frequency of 75 Hz (half the gravitational-wave
frequency) the objects must have been very close and very
compact; equal Newtonian point masses orbiting at this
frequency would be only ≃350 km apart. A pair of
neutron stars, while compact, would not have the required
mass, while a black hole neutron star binary with the
deduced chirp mass would have a very large total mass,
and would thus merge at much lower frequency. This
leaves black holes as the only known objects compact
enough to reach an orbital frequency of 75 Hz without
contact. Furthermore, the decay of the waveform after it
peaks is consistent with the damped oscillations of a black
hole relaxing to a final stationary Kerr configuration.
Below, we present a general-relativistic analysis of
GW150914; Fig. 2 shows the calculated waveform using
the resulting source parameters.

III. DETECTORS

Gravitational-wave astronomy exploits multiple, widely
separated detectors to distinguish gravitational waves from
local instrumental and environmental noise, to provide
source sky localization, and to measure wave polarizations.
The LIGO sites each operate a single Advanced LIGO

detector [33], a modified Michelson interferometer (see
Fig. 3) that measures gravitational-wave strain as a differ-
ence in length of its orthogonal arms. Each arm is formed
by two mirrors, acting as test masses, separated by
Lx ¼ Ly ¼ L ¼ 4 km. A passing gravitational wave effec-
tively alters the arm lengths such that the measured
difference is ΔLðtÞ ¼ δLx − δLy ¼ hðtÞL, where h is the
gravitational-wave strain amplitude projected onto the
detector. This differential length variation alters the phase
difference between the two light fields returning to the
beam splitter, transmitting an optical signal proportional to
the gravitational-wave strain to the output photodetector.
To achieve sufficient sensitivity to measure gravitational

waves, the detectors include several enhancements to the
basic Michelson interferometer. First, each arm contains a
resonant optical cavity, formed by its two test mass mirrors,
that multiplies the effect of a gravitational wave on the light
phase by a factor of 300 [48]. Second, a partially trans-
missive power-recycling mirror at the input provides addi-
tional resonant buildup of the laser light in the interferometer
as a whole [49,50]: 20Wof laser input is increased to 700W
incident on the beam splitter, which is further increased to
100 kW circulating in each arm cavity. Third, a partially
transmissive signal-recycling mirror at the output optimizes

FIG. 2. Top: Estimated gravitational-wave strain amplitude
from GW150914 projected onto H1. This shows the full
bandwidth of the waveforms, without the filtering used for Fig. 1.
The inset images show numerical relativity models of the black
hole horizons as the black holes coalesce. Bottom: The Keplerian
effective black hole separation in units of Schwarzschild radii
(RS ¼ 2GM=c2) and the effective relative velocity given by the
post-Newtonian parameter v=c ¼ ðGMπf=c3Þ1=3, where f is the
gravitational-wave frequency calculated with numerical relativity
and M is the total mass (value from Table I).
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Bounds on dipole emission, predicted in several GR deviations 
(in some of them it is activated in late inspiral, thus escaping binary pulsar bounds)
(Barausse et al., PRL ’16;  Yunes et al., PRD ’16):

credits: Favata

No significant bounds can be put on the strong-curvature 
regime using the inspiral part of the GW signal
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emitted by the final BH of a binary coalescence,
strongly excited by the violent merger process.

Quasi-normal modes (QNM) of black holes

Information on GR deviations we may extract from GWs: 
                                strong-curvature regime

In recent years QNM of non rotating BHs have been determined in quadratic gravity theories
General pattern 

• new classes of modes in the GW spectrum, due to coupling to extra field (poorly 
excited in BH coalescence)

• a (small) shift in the modes predicted by GR, detectable if SNR is ρ~100, which can 
only be obtained with 3G detectors.   

(Cardoso & Gualtieri PRD ’09;   Salcedo, Macedo,Cardoso,Ferrari,Gualtieri,Khoo,Kunz,Pani, PRD. ’16,  
Molina et al., PRD’10, 16, ):

Their frequencies are sensible to strong-curvature corrections
and carry the imprint of the underlying gravity theory

In General Relativity the QNM frequencies depends only on the black hole mass and angular momentum 
(no hair theorem).   For a non-rotating BH the frequency and damping time of the lowest mode are

M = nM� ⌫0 ⇠ (12/n)kHz ⌧ ⇠ n · 5.5⇥ 10�5 s



Testing the nature of compact objects in the ringdown phase

Prompt ringdown of BHs and of ECOs identical,
but “echoes” at late time

(Ferrari & Kokkotas PRD 2000, Cardoso Franzin & Pani PRL 2016,

Cardoso & Pani Nature Astronomy 2017)  

 More sensitive detectors will  probe regions  closer and closer to the horizon
-         Even Planck-scale corrections near horizon are within reach!

Delay time, R→2M

Ultracompact stars generically support trapped modes
(Chandrasekhar & Ferrari, 1991)
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@r2
+ V`m(r⇤) = 0
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Full inspiral-merger-ringdown template in different modified gravity 
theories are needed
                Presently,  no NR simulations in modified gravity theories!

OPEN PROBLEMS

Exotic compact objects: how do they form? are they stable?
Echo template, parameter estimations

Several groups (including ourselves) are working on this
 exciting challenge!

  EoS modeling: need of a better parametrization to extract physical information
  need better calculations of oscillation frequencies for rotating stars 

  extract information on the EoS using both gravitational and astrophysical   
  observations: data analysis algorithms dedicated to the problem

Neutron Star Physics 

Testing General Relativity


