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What do we know about the Universe?

Planets Stars
GalaxiesThe Universe…



What do we actually see?



Can we use gravity?



Newton’s law. It works but…

T 2 =
4⇡

GM
r3

M

m

    
The Earth needs to know the mass of the Sun! 
How is that possible? Instantaneous action?

What is gravity (really)? 
What is the messenger of gravity? 

F = m
GM

r2



Newton, the man

F = q
kQ

r2

    
compare to:

F = ma F = m
GM

r2
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Gravity is not a force! 

a =
GM

r2
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Einstein, the man

Yeah, sure, a giant rubber sheet… Does that really exist?

    
Mass (which is energy by the way) deforms space and time. 
Gravity is inertia on a curved spacetime



Eddington expedition (1919)

Einstein Eddington



Black holes Regions of spacetime so compact  
not even light can escape. Sun in 1km

Black&holes:&the&early&story&
November 1915: 
!  Einstein presents the field equations of general relativity to 

the Prussian Academy of Science  
 
1916:  
!  Karl Schwarzschild discovers black holes while in the 

German army during World War 1 
!  Schwarzschild dies of a disease developed on the Russian 

front. Einstein himself does not believe in the physical 
reality of the Schwarzschild solution 

1930:  
!  19-year old Subramanyan Chandrasekhar is awarded 

a Scholarship to study in Cambridge, UK.  
On the boat to England, combining quantum 
mechanics and relativity, he discovers that massive 
white dwarfs must collapse gravitationally.  

!  Sir Arthur Eddington ridicules him: “stellar buffoonery” 
 
1937: 
!  Chandra moves to Chicago. 1983: Nobel prize 

Black&holes:&the&early&story&
November 1915: 
!  Einstein presents the field equations of general relativity to 

the Prussian Academy of Science  
 
1916:  
!  Karl Schwarzschild discovers black holes while in the 

German army during World War 1 
!  Schwarzschild dies of a disease developed on the Russian 

front. Einstein himself does not believe in the physical 
reality of the Schwarzschild solution 

1930:  
!  19-year old Subramanyan Chandrasekhar is awarded 

a Scholarship to study in Cambridge, UK.  
On the boat to England, combining quantum 
mechanics and relativity, he discovers that massive 
white dwarfs must collapse gravitationally.  

!  Sir Arthur Eddington ridicules him: “stellar buffoonery” 
 
1937: 
!  Chandra moves to Chicago. 1983: Nobel prize 

Black&holes:&the&early&story&

September 1939: 
!  World War 2 begins 
!  Oppenheimer & Snyder understand that 

collapse can lead to a black hole 
 
1941:  
!  Oppenheimer stops working on relativity 
!  “Modern Prometheus”: leads the Manhattan 

Project in Los Alamos to build the atomic bomb 

1939: 
!  John Wheeler & Niels Bohr study 

nuclear fission 
!  Wheeler’s brother dies in Italy; 

he joins the Manhattan project 

1950s: 
!  Wheeler and his students (most 

notably Kip Thorne) return to the 
problem of gravitational collapse Black&holes:&the&Golden&Age&(196391970s)&

Late 1960s and 1970s: 

!  Kip Thorne and students prove 
stability and understand the 
dynamics of black holes 

1963: 

!  Roy Kerr from New Zealand discovers a 
mathematical solution describing rotating 
black holes 
 

!  Maarten Schmidt at Caltech discovers the 
first quasar, 3C273 at z=0.15 

!  Must be compact and outshines the 
brightest galaxies! 

!  First supermassive black hole 
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Schwarzschild

Wheeler

Kerr

Chandrasekhar

Schmidt

Thorne

Singularity&theorems,&the&Big&Bang,&and&Hawking&radiaYon&
!  Roger Penrose proves that gravitational collapse leads to singularities 

!  Stephen Hawking proves that the Universe must have been born out of a 
singularity…unless quantum mechanics comes into play! 

 
!  Hawking radiation: connection between general relativity and quantum mechanics? 

Hawking

Neutron stars     

Basically a giant nucleus. Sun in 10km

Bell Burnell



The stellar graveyard

    

Something on stellar evolution 
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How about two of them?

    

Emission of gravitational waves

Dissipation of  energy and angular momentum 

Newton’s third law 

The orbit must shrink! 



Hulse-Taylor pulsar

1993 Nobel prize



Black hole dance

    

Francois video 

    

Two black holes merging into one, on a stellar background 



Ripples in the fabric of spacetime
Gravitational-wave 
propagation

Gravitational-wave emission

Binary cars?
M ⇠ 103Kg

h ⇠ 10�42

Binary black holes!

v ⇠ 0.1c
r ⇠ 100Mpc
h ⇠ 10�21

M ⇠ 10M� ⇠ 1031Kg

strain

mass

distance

velocity
measurement

detector

v ⇠ 1000Km/h
on a 1 km track

r ⇠ � ⇠ REarth

h ⇠ Mv2

r
⇠ �L

L

    

Effect of a GW on 
a ring of masses 



The signal we are after

Inspiral

Merger

Ringdown



0.00000000000000000000001
No worries we “just” need a precision of



Pioneering GW detectors

Weber 

First experimental attempt: 1960s, bar detector in Maryland



Lasers to detect gravity



LIGO Lousiana LIGO Washington

VIRGO Italy

LIGO and Virgo on Google Maps



The LIGO twins

LIGO Washington



It all begun with GW150914

properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9!0.5

!0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.

PRL 116, 061102 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
12 FEBRUARY 2016

061102-2

A numerical 
model…

Data streams with 
minimal filtering

in spectacular 
agreement

f ⇠ t8/3



GW150914

GW151012

GW151226

GW170104

GW170817

GW170814
There’s a new kid in town

Neutron stars! Gamma rays, and optical 
counterpart, and X ray later, radio still on… and now more than 40!

LIGO/Virgo: an incredible story…



In the mid-1960s, gamma-ray bursts (GRBs) were discovered
by the Vela satellites, and their cosmic origin was !rst established
by Klebesadel et al. (1973). GRBs are classi!ed as long or short,
based on their duration and spectral hardness!(Dezalay et al. 1992;
Kouveliotou et al. 1993). Uncovering the progenitors of GRBs
has been one of the key challenges in high-energy astrophysics
ever since!(Lee & Ramirez-Ruiz 2007). It has long been
suggested that short GRBs might be related to neutron star
mergers (Goodman 1986; Paczynski 1986; Eichler et al. 1989;
Narayan et al. 1992).

In 2005, the !eld of short gamma-ray burst (sGRB) studies
experienced a breakthrough (for reviews see Nakar 2007; Berger
2014) with the identi!cation of the !rst host galaxies of sGRBs
and multi-wavelength observation (from X-ray to optical and
radio) of their afterglows (Berger et al. 2005; Fox et al. 2005;
Gehrels et al. 2005; Hjorth et al. 2005b; Villasenor et al. 2005).
These observations provided strong hints that sGRBs might be
associated with mergers of neutron stars with other neutron stars
or with black holes. These hints included: (i) their association with
both elliptical and star-forming galaxies !(Barthelmy et al. 2005;
Prochaska et al. 2006; Berger et al. 2007; Ofek et al. 2007; Troja
et al. 2008; D’Avanzo et al. 2009; Fong et al. 2013), due to a very
wide range of delay times, as predicted theoretically!(Bagot et al.
1998; Fryer et al. 1999; Belczynski et al. 2002); (ii) a broad
distribution of spatial offsets from host-galaxy centers!(Berger
2010; Fong & Berger 2013; Tunnicliffe et al. 2014), which was
predicted to arise from supernova kicks!(Narayan et al. 1992;
Bloom et al. 1999); and (iii) the absence of associated
supernovae!(Fox et al. 2005; Hjorth et al. 2005c, 2005a;
Soderberg et al. 2006; Kocevski et al. 2010; Berger et al.
2013a). Despite these strong hints, proof that sGRBs were
powered by neutron star mergers remained elusive, and interest
intensi!ed in following up gravitational-wave detections electro-
magnetically!(Metzger & Berger 2012; Nissanke et al. 2013).

Evidence of beaming in some sGRBs was initially found by
Soderberg et al. (2006) and Burrows et al. (2006) and con!rmed

by subsequent sGRB discoveries (see the compilation and
analysis by Fong et al. 2015 and also Troja et al. 2016). Neutron
star binary mergers are also expected, however, to produce
isotropic electromagnetic signals, which include (i) early optical
and infrared emission, a so-called kilonova/macronova (hereafter
kilonova; Li & Paczy!ski 1998; Kulkarni 2005; Rosswog 2005;
Metzger et al. 2010; Roberts et al. 2011; Barnes & Kasen 2013;
Kasen et al. 2013; Tanaka & Hotokezaka 2013; Grossman et al.
2014; Barnes et al. 2016; Tanaka 2016; Metzger 2017) due to
radioactive decay of rapid neutron-capture process (r-process)
nuclei!(Lattimer & Schramm 1974, 1976) synthesized in
dynamical and accretion-disk-wind ejecta during the merger;
and (ii) delayed radio emission from the interaction of the merger
ejecta with the ambient medium (Nakar & Piran 2011; Piran et al.
2013; Hotokezaka & Piran 2015; Hotokezaka et al. 2016). The
late-time infrared excess associated with GRB 130603B was
interpreted as the signature of r-process nucleosynthesis (Berger
et al. 2013b; Tanvir et al. 2013), and more candidates were
identi!ed later (for a compilation see Jin et al. 2016).
Here, we report on the global effort958 that led to the !rst joint

detection of gravitational and electromagnetic radiation from a
single source. An ! 100 s long gravitational-wave signal
(GW170817) was followed by an sGRB (GRB 170817A) and
an optical transient (SSS17a/AT 2017gfo) found in the host
galaxy NGC 4993. The source was detected across the
electromagnetic spectrum—in the X-ray, ultraviolet, optical,
infrared, and radio bands—over hours, days, and weeks. These
observations support the hypothesis that GW170817 was
produced by the merger of two neutron stars in NGC4993,
followed by an sGRB and a kilonova powered by the radioactive
decay of r-process nuclei synthesized in the ejecta.

Figure 1. Localization of the gravitational-wave, gamma-ray, and optical signals. The left panel shows an orthographic projection of the 90% credible regions from
LIGO (190 deg2; light green), the initial LIGO-Virgo localization (31 deg2; dark green), IPN triangulation from the time delay between Fermi and INTEGRAL (light
blue), and Fermi-GBM (dark blue). The inset shows the location of the apparent host galaxy NGC 4993 in the Swope optical discovery image at 10.9 hr after the
merger (top right) and the DLT40 pre-discovery image from 20.5 days prior to merger (bottom right). The reticle marks the position of the transient in both images.

958 A follow-up program established during initial LIGO-Virgo observations
(Abadie et al. 2012) was greatly expanded in preparation for Advanced LIGO-
Virgo observations. Partners have followed up binary black hole detections,
starting with GW150914 (Abbott et al. 2016a), but have discovered no !rm
electromagnetic counterparts to those events.

2

The Astrophysical Journal Letters, 848:L12 (59pp), 2017 October 20 Abbott et al.

• A third GW detector is the only 
reasonable way to do this 

• Time coincidence with gamma 
rays and fast communication 

• Still some 50 galaxies…

The gold rush



2017 Nobel Prize

R. Weiss B. Barish K. Thorne

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



Just passing by…

Credits:  
My hometown’s  
newspaper



A new window on the Universe

Gravitational 
waves

• Gravitational-waves are a fundamentally new way! 
• Serendipitous discoveries came with new electromagnetic bands            

(X-ray binaries, gamma-ray bursts, pulsars, CMB…)



Expect the unexpected



Listening to the Universe



The light spectrum



The gravity spectrum



The future is bright and loud
LIGO, Virgo, and moreLISA 

Pulsar timing arrays 

~100Hz~mHz

~nHz



LISA: the next revolution



What I (really) do

    
Formation channels

    
Black hole spins

    
Tests of General Relativity

    
Black hole recoils



Can BHs really make it?

aGW = 1.2⇥ 1011
✓

tGW

1.4⇥ 1010yr

◆1/4 ✓ M

M�

◆3/4

cm

Gravitational waves are efficient below 

⇠ 10R� stellar-mass BHs 

Power emitted in gravitational waves:

5.2 The interplay between astrophysics and relativity 91

at the leading, Newtonian order (Peters and Mathews 1963; Peters 1964):

da

dt
= �64

5

G3M3

c5a3
q
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(1� e2)�7/2
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✓
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e2
◆
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For example, from the above equations we have da/de ⇠ (12/19)(a/e) and consequently
a ⇠ e12/19. The eccentricity decreases faster than the separation: deviations from the
circular inspiral become smaller and smaller as the separation decreases. Fig. 5.2 shows the
merger timescale in the GW-driven phase for BH binaries of total mass M = 10M� and
mass ratio q = 0.8 (which is the same value used in Chapter 7). The coupled differential
equations (5.5) and (5.6) are solved numerically from initial values a0 and e0. We plot on a
color-coded scale the time necessary1 to reach a ' 0. Integrations are performed using the
StepperDopr5 routine developed in Press et al. (2002). The merger timescale increases
with the initial separation a0, because a very small amount of energy is emitted when the
BHs are far from each other (P ⇠ a�5, from Eq. 5.3). Highly eccentric binaries will merge
quicker because less angular momentum has to be emitted (see Eq. 3.1) and more radiation
is emitted at periastron because the bodies are closer to each other.

Further PN corrections of these evolutionary equations in the case of elliptic orbits can be
found in Damour et al. (2004), Sperhake et al. (2008a) and references therein. In this work
we use the standard Peters equations (5.5) and (5.6) to select merging binaries because they
give the timescale of the process within the level of accuracy that we require (Sec. 7.1.2).
The BH inspiral described in Chapter 6, is modeled in far more detail using higher-order
corrections for circular orbits.
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Figure 5.2: Merger timescale in the GW-driven inspiral for BH binaries with M = 10M�
and q = 0.8. The color-coded map shows (on a logarithmic scale the time needed (in yrs) for
a BH binary with semi major axis a0 and eccentricity e0 to reach coalescence. Black lines
mark 106, 108, 1010, 1012 and 1014 yrs from bottom to top respectively. The calculation was
performed by numerically integrating Eqs. (5.5) and (5.6).

1We cannot formally reach the final separation a = 0, because the system becomes stiff: in practice we
follow the solutions down to fiducial separations 10�8

a0, which are well outside the range of separations
where Eqs. (5.5) and (5.6) are valid.

GW-driven inspiral timescale 

Peters and Mathews 1963 
Peters 1964

Relativity alone cannot explain the LIGO events!  
We need some astrophysics!



Have we been together for so long?

Yes! I’ve known you 
since you were a star

Don’t you remember?   
We just met in cluster



Where do LIGO sources come from?
What’s this interplay between astronomy and relativity?

Black holes from binary stars? Black holes from clusters?



“In my entire scientific life, extending over forty-five years, the 
most shattering experience has been the realization that an exact 
solution of Einstein's equations of general relativity, discovered by 
the New Zealand mathematician, Roy Kerr, provides the 
absolutely exact representation of untold numbers of massive 
black holes that populate the universe.  
This shuddering before the beautiful, this incredible fact that a 
discovery motivated by a search after the beautiful in 
mathematics should find its exact replica in Nature, persuades 
me to say that beauty is that to which the human mind responds 
at its deepest and most profound.”  

S. Chandrasekhar (Truth and Beauty) 
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