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The Beginning of Gravitational Wave Astronomy
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Or. September ' 4, 2015 at 095045 UTC the two detectors of the Laser [nterferomerer Gravitational-\Vave
Observatory simultaneously observed ¢ transient gravilational-wave signal. The signel sweeps upwards in EGO 2 Vir o
v ( } g . frequency fram 35 to 250 Hz with a peak gravitational-wave stran o7 1.0 x 10°7", Tt matches the waveform g

predicted by general relativity for the inspiral and merger of a pair of bleck holes anc the ringdown of the
resulting single black hole. The signal was observed with a matched-filter signal-to-noise ratio of 24 and a
false zlarm rate estimated to be less than 1 event per 203 (H)) years, equivalent to a significance greater

than 5.1 6. The source lies at a luminosity distenca of 210 ,'g Mpe correspending 10 a redshift 2 = 0.09_3_&3.

In the source frame, the initial black hole masses are 3677 M . and 297, M, and the final black hole mass is
6275 Mz, with 3.0202M c” radieted in gravitational waves. All uncertaintics define 90% credible intervels.
. These observatons demonsurate the existence of binary stellar-mass black hole systems. This is the first direct
i Skt NED.  Wlume 116 Nuster§ detection of gravitationa! waves and the first observation of a binary bleck hele merger.
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The Beginning of Gravitational Wave Astronomy
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OUTLINE

I. The Black Hole Spectrum

Il. The Gravitational Wave Spectrum

l11. Black Hole Science with Gravitational Waves

IV. Conclusions
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The Black Hole Spectrum



Black Holes

* Black Holes are becoming central objects in different wide areas of
research in Physics. They originate from General Relativity:

* A Black Hole is a region of the spacetime of no escape. From this
region, no physical signals/interactions can propagate outside. The BH

horizon is the boundary of this region. | st
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Black Holes

* Black Holes are becoming central objects in different wide areas of

research in Physics.

* Astrophysics:
* End point of Gravitational Collapse [Critical Phenomena, Mass gap
between Neutron Stars (NSs) and Stellar Black Holes (SBHs)?,
maximum mass of SBHs,
etc.]

* Understanding stellar
synthesis: (Mass, Spin)
distribution of SBHs in
(the) Galaxy.

HC ceme weme . Carlos F. Sopuerta  Institute of Space Sciences (ICE, CSIC) l E E c g
TUNEEEAeE June 11th, 2019 Institute of Space Studies of Catalonia (IEEC)



Black Holes

* Black Holes are becoming central objects in different wide areas of
research in Physics.

* Astrophysics:

* End point of Gravitational Collapse [Critical Phenomena, Mass gap
between Neutron Stars (NSs) and Stellar Black Holes (SBHs)?,
maximum mass of SBHs, etc.]

* Understanding stellar synthesis: (Mass, Spin) distribution of SBHs in
(the) Galaxy.

® Globular Clusters and Intermediate-Mass Black Holes.

® Micro-quasars and quasars [mechanism of the
engine powering these systems, Bardeen-
Petterson effect on accretion disks around black
holes, etc.]
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Black Holes

* Black Holes are becoming central objects in different wide areas of

research in Physics.

* Cosmology:

* Supermassive Black Holes and
the origin and evolution of

| 1 [ | |
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B Higher—moss Sormple (GHOS)
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—— Gultekin et ol. (2003)

GaIaXieS [the MBH — O relation and P Grahom et ol. (2011)

other connections between the
central (super)massive black hole
and the bulge of the galaxy and
local dark matter halo].
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Black Holes

* Black Holes are becoming central objects in different wide areas of
research in Physics.

* Cosmology:

* Supermassive Black Holes and the origin and evolution of Galaxies
[the M, . — o relation and other connections between the central
(super)massive black hole and the bulge of the galaxy and local dark
matter halo].

* Supermassive Black Hole Binaries in the coalescence phase (emitting
gravitational waves in the low and very-low frequency bands) as
standard sirens for cosmography.

* Primordial Black Holes.

* Black Holes and higher-dimensional cosmological scenarios.
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Black Holes

* Black Holes are becoming central objects in different wide areas of
research in Physics.

* Fundamental Physics:

® The Black Hole paradigm [no-hair conjecture/cosmic censorship]:
Are the “black objects” we see in Nature well described by the Kerr
family of vacuum solutions of Einstein field equations?
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Black Holes in General Relativity
. Subrahmanyan Chandrasekhar (Nobel Prlze in Physncs 1983)

The Efaa/a %/oéaa 0/ Nature are the modt perfect ma/waao,aw
objects there are in the Universe. The only elements in theit
condluuclion are ot concepld of duace and lime. And dince
the General Theo'ty of Relalivily provided only a single unigue
WMM ‘ o/w&&ome%’ fo' Ueeit dedcriplion, they are the dimplest
objects as well
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Black Holes

* Black Holes are becoming central objects in different wide areas of
research in Physics.

* Fundamental Physics:

* The Black Hole paradigm [no-hair conjecture/cosmic censorship]:
Are the “black objects” we see in Nature well described by the Kerr
family of vacuum solutions of Einstein field equations?

* Tests of General Relativity and other alternative theories of Gravity.

* Towards quantum gravity [Black Hole Information paradox,
holography, etc.] -

hole

L T RO RS BT ot > Y~z® \ 4-Dimensioral
\— Flat Spacetime
(hologram)
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Black Holes

* Black Holes are becoming central objects in different wide areas of
research in Physics.

* Condensed Matter Physics:

* Black Holes and gravity as emerging (collective) phenomena.
* Extensions of the Gauge/Gravity duality to condensed matter physics.

* Analogues of Black Holes and Hawking radiation.

W

o

gﬁ;: Supersonic

w A Acoustic Black-hole
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QNM frequency The Black Hole Spectrum

BH Curvature
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Black Hole Observations by ~2030

* Landscape of Black Hole Observations in the next
decades: Log(Black Hole Mass) vs Redshift plot.

. ' "'

Future EM Obs.
LSST, JWST, EELT

SKA, Pulsar
Timing
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Black Hole Observations by ~2030

* Landscape of Black Hole Observations in the next

decades: Log(Black Hole Mass) vs Redshift plot.
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The Gravitational Wave
dpectrum



FactSheet on Gravitational Waves

* Gravitational Waves are ripples in the spacetime geometry
produced by time-varying distributions of energy and momentum,

that propagate (locally) at the speed of light.

* Gravitational Waves are transverse waves with two independent
polarization states (in General Relativity).

* They are generated by the bulk of the energy-momentum
distribution so their wavelengths are bigger than the source size. So
the cannot be use to do images. We “listen” to them.

* Detection is based on the inference of the radiative gravitational
field (h~1/r), not on the energy flux (dE/dt ~ 1/r2).

* GWs from cosmological sources at z > | suffer significantly from
lensing). Affects Luminosity distance estimation.

* Degeneracy with redshift: M(z) = (1+z)M
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Detection of Gravitational Waves
* The effect of gravitational waves on matter is to change tx\
proper dlstance between the matter constituents:

L :Proper
distance
between
“test’
bodies

GWs in GR have 2 independent polarizations!
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Detection of Gravitational Waves

* Therefore, to detect Gravitational VWaves we need:

- Masses in almost perfect free-fall (no subject
to non- gravﬂaﬂonal forces).

- A hlghlg preclse and stable devuce for length/
time measurements. EENESGECEIEE
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Detection of Gravitational Waves
- Resonant Detectors (Pioneer Technology)

- Laser Interferometric Detectors (Current Technology
for Ground-Based Detectors)
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Principle of LIGO Detector

dL/L ~ 1/1000 size of a typical atomic nucleus
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Ground-Based Laser Interferometer Detectors

* LIGO showed that Gravitational Waves affect our (laser
interferometric) detectors as expected (by most people...)!

* Ground-Based second-generation detectors LIGO (USA) and
Virgo (ltaly, France, The Netherlands, Hungary, Poland, Spain,
..) have just started their third observation run (O3). KAGRA
(Japan) IS second-1/2 generation detector currentl in
engineering runs. \ LIGO Livingston
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Ground-Based Laser Interferometer Detectors

* There are plans for Ground-Based third-generation detectors:
Einstein Telescope (Europe), LIGO Voyager and LIGO Cosmic
Explorer (USA).
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Ground-Based Laser Interferometer Detectors

* Status and Future Plans:

2010] 2011| 2012]| 2013| 2014| 2015| 2016| 2017) 2018 2019] 2020] 2021 2022| 2023| 2024] 2025| 2026| 2027} 2028

AdvLIGO B
AdwVirgo = .
LCGT ) .

o —— -] D—
GEO-HF

—— e e e e —

———————-———‘
US3G

Key B cConcept I Fabrication
B 1nstaliation

Commissioning

. Upgrade

LCGT = KAGRA (Japan)
LIGO India was approved!
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Detection of Gravitational Waves
- Resonant Detectors (Pioneer Technology)

- Laser Interferometric Detectors (Current Technology
for Ground-Based Detectors)

- Long- Arm Laser Interferometric Detectors (Technology
for the first Space-Based Observatory)
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Gravitational Wave Detection from Space

Ground- Bas%i fr rﬁ%e d<om rg]pated cletﬁctors

Space Based are signal-dominated detectors

Passive Orbits
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Gravitational Wave Detection from Space

* With such baselines we cannot use mirrors for reflection

(LISA #LIGO in Space). Instead, active mirrors with phase locked

laser transponders on the spacecraft will be implemented.
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Gravitational Wave Detection from Space

*Time-delay interferometry (TDI): Correlations in
SC2&3: optical transponder .

the frequency noise can be calculated and @
1/
/

subtracted by algebraically combining phase /
measurements from different craft delayed by the N
multiples of the time delay between the spacecrafts.
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Detection of Gravitational Waves
- Resonant Detectors (Pioneer Technology)

- Laser Interferometric Detectors (Current Technology
for Ground-Based Detectors)

- Long- Arm Laser Interferometric Detectors (Technology
for the first Space-Based Observatory)

* Pulsar Timing Arrays (Radiotelescopes)
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Pulsar Timing Arrays

bnal waves will
ctable with
mes.

* It has been s
induce pulsar
high-precision

)erhaps
gravitational

lar rotation of
effects or in

*However, wit
impossible, to
waves and ma
the neutron st
accuracies in

*It has been shown that such effects could be distinguished by
looking for correlated behaviour in the timing residuals of
many pulsars: The timing residuals caused by irregular rotation
or propagation effects should be uncorrelated between

different pulsars.
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Pulsar Timing Arrays

* Pulsar Timing Arrays have achieved a sensitivity in the
discovery region of the expected parameter-space for GW
backgrounds produced by supermassive black hole binaries

ROTATION
AXIS
RADIATION

-

7 4

NEUTRON STAR == ) | #

-"JI.\ !

RADIATION
BEAM
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Detection of Gravitational Waves

- Resonant Detectors (Pioneer Technology)

- Cosmic Microwave Background Radiation Polatization
Detectors

- Atom Interferometric Detectors (Future Technology)

IEEC”
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The Gravitational-Wave Spectrum

» The Ultra-low Frequency Band:
107 Hz < f <1071 Hz

» The very High Frequency Band:
f>10* Hz
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Gravitational Wave Spectrum (with Detectors & Sources)

<- GW Detector “'Size”

Gravity's spectrum

The frequency of gravitational waves depends on the sources they originate from. Detectors focus on different regions of this
spectrum of frequencies. Today the BICEPZ project reported the first clear detection of waves from the birth of the universe

BICEP2 and other cosmic LIGO, Virgo and
w microwave background Pulsar timing by LISA other Earth-based
§ telescopes telescopes spacecraft interferometers
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CSIC

Gravitational Wave Spectrum (with Sources & Detectors)
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Black Hole dcience with
Gravitational Waves



Gravitational Wave Sources (HF Band)

Compact Binary System Coalescence Core Collapse Supernovae

NS-NS, BH-BH, BH-NS

Stochastic Signals/

Oscillations of Relativistic Stars o
: Gravitational Wave Backgrounds

Continuous aravitational waves

/ -\'l
4

~
'Mountall'r'|

| Spinning neutron star

r-Modes “mountains” in Neutron Stars
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2018 (Dec 1st): First catalog of the O1 (Sep 2015 to Jan 2016)

and O2 (Nov 2016 to Aug 2017) Observing Runs released:
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Summary of Discoveries in the O1 & 02 Science Runs

e Stellar-Mass Binary Black Holes exist (first evidence), they
merge and form another (bigger) black hole!

e Stellar-Mass Black Holes with masses above 30 M, exist!

* The LIGO-Virgo collaboration has detected the coalescence
and merger of 10 Binary Black Holes and a Binary Neutron
Star (with lots of electromagnetic counterparts).

* The BNS is the first known outside our galaxy.

* First direct association of a BNS merger with a short gamma-
ray burst (GRB), the closest known so far.

* First measurement of the Hubble constant using gravitational
waves (for the determination of the luminosity distance).

e First confirmation of the Kilonova mechanism for the

formation of the heaviest elements.
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Parameter estimation for GW150914

X From the estimation of the initial and final masses we have
an estimation of the energy radiated:

Eaw = (3.04+0.5)Myc”

* The source maximum GW luminosity during the merger
phase has been estimated:

Ecw = 3.670°2 x 10°%erg/s = 2001350 Mo c?/s

X The ultraluminous GRB
equivalent luminosity:

L = (4.7-

110918A reached a peak isotropic-
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Time (Myr)
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Tests of General Relativity

GW170817
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From: N. K. Johnson-McDaniel (for the LIGO Scientific Collaboration and Virgo Collaboration)
arXiv: 1905.05565
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Tests of General Relativity

Properties . GR tests performed
RN, Dr Meot AR RT IMR PI PPI MDR
[Mpc] (M)
GW150914 430750  66.2754 25370~ v 7/ / v
GW151012 1060133 37, 3+10 ¢ 9.20% £ = =
GW151226 44015  21. f+‘1’§ 1247 e - 7/ - v
GW170104 960730  51.3%) 3 1410755 v v/ v
GW170608 320730  18.67151 151652 v/ o/ v/
GW170729 2760135  85. 2*}?? 10873 oo/ v/ v
GW170809 9907350  59.2127 1970 ¢ A 4 v
GW170814 580735  56. 1+2 - 5 v /Y v
GW170818 10201330  62.5131 1. 9+° s v/ - / v/
GW170823 18507330  68. 9+2‘{ 12. 1+3 § o/ v v

GR tests performed: RT = residuals test; IMR = |nsp|ral merger-
ringdown consistency test; Pl & PPl = parameterized tests of GW
generation for inspiral and post-inspiral phases; MDR = modified

GW dispersion relation
From: N. K. Johnson-McDaniel (for the LIGO Scientific

Collaboration and Virgo Collaboration). arXiv:1905.05565
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Massive Black Hole Mergers

* The last stages of the evolution of a Black Hole Binary will be
driven by gravitational-wave emission:

The system here
resembles a
perturbed stngle
Black Hole. The
evolution can be
followed ustng BH
perturbation theory
(evolutiow of
dawped stnusotds,
L.e. Ruast-normal

From: Kip Thorne
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Fundamental Physics with Massive Black Hole Mergers

Merger
(Numerical
Relativity)

* High precision measurements of Strong Gravity

D EEE——

The asy hi‘ﬁw merger
single (m"ggxack ole. Frra?‘ “relaxat?{é’%ﬁ%esgpgrawtatg?‘a]l,g Ay m

regim
system emits Gravitational Waves that are copQjinay gys of 8

QuasiNormal Modes (QNMs) of the final Black Hole. (Pe rtu rbat|on

The phase carries information about It is a very energetic event with
THNQNPRPagasieling totbenGraviekionly, ony Jepanda Bide o < 105 @IL)
Ma¥¥aued Spin of the Black Hole (no hair con;eﬁgrﬁ)’Wer of the Sun.

TheanddiftificAbionries loZIQNIK fheVides a test of the
geDNPEUE) 'DRBINEICFINIEIt(ARS, tArPéllly Kerr Black Holes?).
ThRrQRMM Bpubdauim is sufficiently rich to allow for distinction
of different object.

)'
[& ﬁ wmo weme  Carlos F. Sopuerta  Institute of Space Sciences (ICE, CSIC)

DE ESPANA DE

Saic T : June 11th, 2019 Institute of Space Studies of Catalonia (IEEC)

IEEC”




The Science of LISA

* Expected Sen5|t|V|ty and Sources:

L
; \ 9 Galactic Background | 1,388
qonth ]
A day hour . ] MBHBs at 2z =3 I E
)' - . W e e o o aser Interferometer Space Antenna
10'17 3 » ¥ Verification Binaries e TN
o ; ye , Sl == EMRI Harmonics
- s o A T | = LIGO-type BHBs
e 10181 \ 10" M | — GW150914
N : '
O \year o4 o Gal. Bin. (SNR > 7)
";)3 * _ i hojir
.z -19 - \ 10° M. "
Y 10 E \ W
3 \ Y
2 N /
S : /
==, -20 2
O 10 2 /\~ E
Observatory
21 I Characteristic Strain
10 ~ - = Total E
: — R ]

1= 107 107 1072 107 10
Frequency (Hz)

{,, o weme  Carlos F. Sopuerta Institute of Space Sciences (ICE, CSIC) l E E c R
csic A ws T June 11th, 2019 Institute of Space Studies of Catalonia (IEEC)



The Science of LISA

Extreme Mass Ratio Inspirals, EMRIs
* The Low-Frequency Band (0.1 mHz - | Hz): (11010 Mo into 104 to 5 x 106 Mo,

Massive Black Holes mergers (104 to 107 Mo)

The LISA GW Sky

Guaranteed @ | .".

Sources!

-
LIGO Inspiralling BBHs

Ultra Com act Bmarles in the Milky Wa

: s:’ comemo  MNsTERO Carlos F. Sopuerta Institute of Space Sciences (ICE, CSIC)
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characteristic amplitude
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The Science of LISA

* Expected Sensitivity and Sources:
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%yesa

LISA observations will
tell LIGO and all
electromagnetic probes
weeks in advance when
and where these BHB
coalescences will occur
with uncertainties of:

t < 10sec

coalescence

dQ < 1deg”

From: Sesana, PRL, 116,231102 (2016)
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The Science of LISA

* Massive Black Holes: LISA SNR for inspiral and ringdown:

UL S S SR Ryl SLEBLE ) R AR | Le =l k)
4 .
g - 7 il B
' &,=1%. j=0.8 gy, ]
1 $|-"""'
/// < <
3 » A
10 e = ami, ‘.\-—"""‘g

5.-
X
SNR
=
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1o

S

v

4

\\

0 | 25- rL/ . / // — .__________:
107 /
: // 0 7 ¢4
B it V4
10 ///I =
4
t/x
0 | 1///“..1 i . |
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M

From: Berti, Cardoso & Will, PRD 73 064030 (2006)
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The Science of LISA

* Parameter estimation accuracy for LISA for Massive Black

Hole mergers:

Error distributions estimated
from a synthetic catalogue of
~ 1500 sources.

The catalogue has been
constructed from different
cosmological models of BH
formation and evolution.

~ Carlos F. Sopuerta
June 11th, 2019
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The Science of LISA @' -

* Science Objective 2: Trace the origin, growth and merger {cesa
history of massive black holes across cosmic ages.

0 (C black hole - black hole mergers

18
Jdie Ddocedl

16 Stavitations E
JDSE ALl

14

12

The tracks show the mass-redshift
evolution of selected supermassive

Redshift (z)

0 black holes:
8 yrobe - BH powering a QSO at z=6 starting
from a massive seed (blue).
S)
- BH powering a QSO at z=6 starting
4 from a collapsed Pop Ill seed
(yellow).
2
2 S
2o 600 - Typical 10° Mo in a giant elliptical
0 - l A\ l | | | galaxy (red).
g 3 4 0 6 / 8 9. A Milky Way type black hole
log(M/Mg) (green).

Balelf
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The Science of LISA

* Science Objective 3:Probe the dynamics of dense nuclear
clusters using EMRlIs.

* Extreme Mass Ratio Inspirals (EMRIs) describe the long-lasting inspiral

(from months to a few years) and plunge of Stellar Origin Black Holes
(SOBHs), with mass range | 0—60 M©, into MBHSs of 10A5—1026MO in

the centre of galaxies.

* S13.1:Study the immediate environment of Milky Way like MBHs at
low redshift.
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The Science of LISA g’
e S15.2: Use EMRIs to explore the multipolar structure of MBHs. €>esa
EMRI System

S
...

..
S

-, -
T, -— ——
Sl —_—
e

-
- -
p——

* For a Kerr BH in GR:

= _GZ 2 Yo (0 g 4
M,+iJ,=M,(i-—*
M, Multipole moments M o C
GOCE can measure up to TQQ‘I’Q 01( "’h@ Kerr geOmeh“g
Uriax ~ 200

and/or theory of Gravity!
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The Science of LISA

 This program was pioneered by Ryan [Ryan, PRD, 52, 5707 (1995);
56, 1845 (1997)]

TABLE IV. The error 88" for each parameter &, when fitting up to the /. th moment, using LISA. We use the abbrevialion
L(---)=log(---). We assume pu=10M -, M=10°M-,, r=3M, and S/N=100.

lma.x L(&Ix:’bﬂc‘) L(5¢x) L(5,u,//.z) L(&ﬂl/l‘l) L(&&-‘) L(5m:) L(&_—,) L(&”M) L(&és) L(5mo) L(&;) L(ﬁmt) L(&Ag) L(5m;c)

0 0.74 025 =59 —5.80

] 17 (033 —492 —470 —453

2 237 141 —4.17 —401 -—-389 -—-282

3 L7 252 —349 et M =22 =106

4 4.54 380 —240 =223 —=hE9T =D8l 007 0.72

S 399 474 —-0.73 —-055 -—112 047 0359 095 2235

6 6.05 487 —0.68 —050 —100 054 0954 153 2.35 2.58

7 6.07 488 —0.66 —-048 -—-099 056 0954 153 235 281 2.68

8 6.07 488 —0.65 —047 —098 057 096 1.56 2.35 281 3.16 3.68

9 6.08 491 065 —047 096 058 104 1.67 235 2.82 3.20 374 410
10 6.08 492 —0.64 —046 —095 058 105 1.69 23 2.82 3.20 3.75 4.17 4.70

 This uses quasi-circular and quasi-equatorial orbits. The
conclusion is that a LISA-like detector may be able to
estimate 3-5 moments (1-3 tests of the Kerr hypothesis).

,K,, e weme  Carlos F. Sopuerta Institute of Space Sciences (ICE, CSIC) l E E c R
csic T June 11th, 2019 Institute of Space Studies of Catalonia (IEEC)



The Science of LISA

« Barack & Cutler extended their study [PRD, 75, 042003 (2007)] to

consider a central object with a mass quadrupole. The error
estimations for this parameter (using generic orbits) are in the
range:

M
A [ 22 N10—(2—4)
<M5’>

which Is a considerably better error estimate than Ryan’s
estimate.
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The Science of LISA

- Again, to test General Relativity, we must use models that
consider non-GR dynamics for EMRIs.

The Landscape of Theories of Gravity is very rich...

TRING THEORY GUMMAR IZED:

| JUST HAD AN AWESOME |DEA
SUPPOSE ALL MATTER AND ENERGY
IS MADE OF TINY VIBRATING STRINGS™

\ OKAY. WHAT WOuLD
.\ THAT oLy ?

i”fﬂo /

£
‘Not all theories are
suitable to

consistently study
EMRIs.
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The Science of LISA =

* Science Objective 6: Probe the rate of expansion of the %

Universe.

* LISA will probe the expansion of the Universe using GWV sirens at high
redshifts: SOBH binaries (z < 0.2), EMRIs (z < 1.5), MBHBs (z < 6).

Example of possible LISA cosmological data

100 i IRyl
. EMRIs |, | (
: i i 1 I
1-— [ N i ” i P
- " Stellar mass : ]
I~ | ; 1
9 BHBs MRBI
> | T T L~ MPHBs
{ I : }ﬁﬂi :
'S ll
| =
0.1 i7" i
; |
0.01 0.1 I 10

Z

Tamanini et al, JCAP, 04(2016)002

___ Carlos F. Sopuerta

CSIC June 11th, 2019

Institute of Space Sciences (ICE, CSIC)
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® $16.1: Measure the
dimensionless Hubble
parameter by means of
GW observations only.

* §$16.2: Constrain
cosmological parameters
through joint GW and EM

_| observations.
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Gravitational Wave Sources (VLF Band)

Stochastic Background from Supermassive Black
Holes mergers (108 to 1010 Mg)

S i a5 A IS ke
GW Stochastic Signals
T e e, Carlos F. Sopuerta Institute of Space Sciences (ICE, CSIC) l E E c q
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Conclusions



Conclusions

* LIGO has inaugurated the Era of Gravitational VWave
Astronomy in the High-frequency Band.

* There are great expectations for the direct detection of
Gravitational Waves within the present decade (Ground Based
detectors and PTAs).

® The L3 mission of ESA will be devoted to Gravitational VWave
Astronomy in the Low-frequency Band. LISA Pathfinder has
demonstrated the technology.

* The potential of GW discoveries to impact Black Hole
Physics is very high!
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Conclusions

* All these is very exciting but:
“We get what we put in”
All the strong field tests of gravity require a lot

of theoretical developments. There is a lot of
work to be done...
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Many Thanks for your attention!
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