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The Beginning of Gravitational Wave Astronomy
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Observation of Gravitational Waves from a Binary Black Hole Merger

B.P. Abbott et al.”

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 21 January 2016; published 11 February 2016)

On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave
Observatory simultaneously observed a transient gravitational-wave signal. The signal sweeps upwards in
frequency from 35 to 250 Hz with a peak gravitational-wave strain of 1.0 x 102!, It matches the waveform
predicted by general relativity for the inspiral and merger of a pair of black holes and 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 alarm rate estimated to be less than 1 event per 203 000 years, equivalent to a significance greater
than 5.16. The source lies at a luminosity distance of 410§ Mpc corresponding to a redshift z = 0.097 0.
In the source frame, the initial black hole masses are 36JjM o and 29*_1‘M ©- and the final black hole mass is
624 M, with 3.070: M, c? radiated in gravitational waves. All uncertainties define 90% credible intervals.
These observations demonstrate the existence of binary stellar-mass black hole systems. This is the first direct
detection of gravitational waves and the first observation of a binary black hole merger.

DOI: 10.1103/PhysRevLett.116.061102
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Current Situation of Gravitational Wave Astronomy

e Gravitational Waves exist and affect our (laser interferometric)
detectors as expected (by most people...)!

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 30M, exist!

* The LIGO-Virgo collaboration has detected the coalescence and
merger of 5 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).
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Current Situation of Gravitational Wave Astronomy

¢ First confirmation of the kilonova mechanism for the formation of
the heaviest elements.

* The LISA Pathfinder mission of the European Space Agency (ESA)
has just demonstrated the technology for the future LISA space-
based observatory (the ESA-L3 mission), with launch in ~2030.

e 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

e CMB polarization experiments are improving on ground and they
are sensitive to interesting values of ‘r’. Concepts for space are

being proposed.
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Brief Introduction to
General Relativity




Newtonian (sravitation

Newtonian Newtonian
Dynamics Gravity
. Mg Mg
F=m;a =—G P2 12
12
/
th = t—t,  mi=M{
/
r = xx—v-0
Consistent!!

:g, 2nd ICE Summer School: Gravitational Wave Astronomy (2-6 July 2018) I E E c Ig
~a S Yoo Carlos F. Sopuerta  (Institute of Space Sciences, ICE-CSIC & IEEC)



Electromagnetism with Newtonian Dynamics

Newtonian
Dynamics Maxwellian
Electromagnetism
F = T, Ei gg — 1y
B = 0
0B - - i}
t, — t o t E—I—VXE = 0
O 1 0E - - )
EE—VXB = _:qu

&=
|
&=
|
-
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Not Consistent!!

:g, 2nd ICE Summer School: Gravitational Wave Astronomy (2-6 July 2018) I E E c Ig

EEEEEEEEEE

o E ewmee . Carlos F. Sopuerta (Institute of Space Sciences, ICE-CSIC & IEEC)



Electromagnetism with Relativistic Dynamics

Relativistic
Dynamics Maxwellian
J2 b Electromagnetism
F“:mde / VT V-E el p
4 b= 7( 2 ) VB =0
/ %—f%—ﬁxﬁ = 0
r = y(@—v-i) 1 0F  — 3}
C—ZE—VXB — _:qu
B 1
/y_ 2
Vi-%
Consistent!!
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Newtonian Gravitation with Relativistic Dynamics

Relativistic Newtonian
Dynamics Gravity
2, . . MI . MY
F“:Tn-alaj o F=-G—5—= 15
(} 9 / o V- r
dr = (t ) 12
62
_— AfY
v = vy(x—v-1) m; = M;
1

Not Consistent!!
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Relativistic Gravitation (General Relativity)

Einstein Einstein
Dynamics Gravity
12 7 G
V/LTM =0 th = f(t,x) Gy + Mg = 7CT4 Ly
v = g(t, )
Consistent!!

Both included
in Einstein’s

Field Eguations
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Gravitational Waves 1n
Linearized Gravity



(Gravitational Waves in Linearized Gravity

* Linearized gravity is a good approximation when the local
spacetime geometry deviates slightly from flat spacetime:

8w =Mw+hy, |h,l<1  (uv,..=0-3y, = dag(—1,1,1,1))

* Some relevant formulae:
h,=n"h,,, W =n"n"h,,  h=n"h,
g = i — " + O(h?)
IR _ 1w 0o +0g — _ 1 v oh +0h —0h, |+ OHh?
po = 58\ 85 T Y6b,, ™ Ybps | =5\ %'y 2 Yo
_ A A
e = O,k = O, + TN Th —TH T,

1
— 2 2
= (apyhﬂ(, +0,0"h,, — 9,0"h,, — a(wh”p)

R
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(Gravitational Waves in Linearized Gravity

* Some relevant formulae:

R =R’ =l 02 h? +0 0°h —TTh,. —0*h) + Oh?
> (ot 0,0'h,, = Olhy, = Juh ) + O?)

7 ppv

R =g'"R,, = 0'd"h,, — OOh + O(h*)

1 1
— — 2 2 o 2
G = Ry = S8R == (9?4 0,0, = Oy, = b = 1,0’y + 1, 1 ) + 6P

pv't o

* Linearized Einstein Field Equations:

7 PFh — 3 — ok = 0"
w T My po UV Pup  Pp Pup T o4 K

_ 1
h,m/ — My — Eﬂ,uvh
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(Gravitational Waves in Linearized Gravity

* Gauge Freedom in Linearized Gravity:

X — xt = XM 4 ER |EH | <« 1
h, — hyp=h,—0cg —09.;5,

h, — E’W = ﬁﬂy — 0,6, — 0,5, +1,0,5"

* Lorenz Gauge Condition:
Ui, — —
#h,, =0

* Remaining Freedom in the choice of Gauge:

0//%',41/ = 0”ilﬂy —[1¢, - Then @ 0 ]”_t’/w =0 = Sy = aﬂﬁﬂv

:g, 2nd ICE Summer School: Gravitational Wave Astronomy (2-6 July 2018) I E E c
coe s YeEmee Carlos F. Sopuerta (Institute of Space Sciences, ICE-CSIC & IEEC)



(Gravitational Waves in Linearized Gravity

* Then, if initially we are in the Lorenz Gauge, to stay in this family
of gauges the transformation vector has to satisfy:

#h, =0 = E =0

* Linearized Einstein Field Equations in the Lorenz Gauge:

_ 167G
] h/w = T/,w

c4

That is, the metric perturbation propagate exactly as waves, at the
speed of light, in the Lorenz Gauge. From now, we will assume we
are in vacuum.
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(Gravitational Waves in Linearized Gravity

* Traceless-Transverse (TT) Gauge: By using the remaining freedom
in the choice of the Lorenz Gauge we can impose (in vacuum):
h,=h. =0 (spatial character of the metric perturbations)

h=h''=0 (traceless character)
0"h,, =0 = aihl.j =0 (transverse character)

The “TT"” Gauge conditions completely fix the local gauge freedom.

* The metric perturbations in the TT Gauge contain only physical
(non-gauge) information.

* The only independent component of the Riemann tensor in the
TT Gauge is (the others can be found from this one and the
properties of the Riemann tensor):

R = — @y
titj Y
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Interaction of GGravitational Waves with Matter

* The solution, in the TT Gauge, for a wave travelling in the z
direction, is given by:

0O O 0O O

(hTT) _ * h, hy O
% k0
SR £ 0

where:

h, = h+,><(t + z/c)

+,X
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Interaction of GGravitational Waves with Matter

* Free falling (massive) test particles follow timelike geodesics:

d*7"(7) L dz"(t) dz°(7) _
dr? Pe dr dr

where T denotes proper time and the four-velocity satisfies
dz"(z) dz"(7)
dr dr

* From here we deduce that in the linear theory, and using the TT
gauge, the coordinate location of a slowly-moving free-falling body is
unaffected by passing Gravitational VWaves:

d*7
dr?
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Interaction of GGravitational Waves with Matter

* However, the proper distance between two test bodies (Bl and
B2) inzfree-fall oscillates as the GWV passes by

LC LC
L(t) = J \Vds? = J dx\/ 8.1, 2) = J dx\/ I+ thxT(t —z/c)
B1-B2 line 0 0

O
Bl Y
L 1 1
82 zJO dx<1+5h+ z=o>=Lc<1+5h+ z=0>
x ¥ Lc
Therefore,
oL 1hTT(t 0) = 1h (¢ 0)
— Z= —h_ (t,z =
L 2 2T
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Summary of Properties of Gravitational Waves
* The effect of gravitational waves on matter is to change tx .
proper distance between the matter constituents:

— -
‘5 0y
® ¢

L :Proper
distance
between
“test’
bodies

+ Polarization

GWs in GR have 2 independent polarizations!

x Polarization
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Summary of Properties of Gravitational Waves
* Comparison with Electromagnetic Waves: Things in

common

Both travel at the speed of light (as measured locally)

Both are transverse waves

Both have electric (polar) and magnetic (axial) components
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Summary of Properties of Gravitational Waves
* Comparison with Electromagnetic Waves:

Differences

EMWs are generated by accelerated GWs are generated by time-dependent
charges distributions of energy and momentum

Quadrupole is the lowest order
time-dependent distribution that can
generate GWs (mass and linear
momentum conservation)

Dipole is the lowest order time-dependent
distribution that can generate EMWs
(charge conservation)

EMWs arise from interactions of atoms, GWs are generated by the bulk mass
nuclei, etc. within the astrophysical distribution of the sources:
source:
AGW ™~ Lsource

>‘E1\/I < Lsource

GWs are not good for imaging the source.
EMWs are good for imaging the source Information is extracted by means of
audio-like methods

It is extremely important to have
The Frequency spectra of G\Wa jariarbivitisea $tostratdatith
cosmic phenomena is ko stdgenabldneewtargtorms!
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Summary of Properties of Gravitational Waves
* Comparison with Electromagnetic Waves:

Differences

Detection is based on the deposition of Detection based on the inference of the

energy (photons) in the detector: radiative gravitational field (h~1/r), not
on the energy flux:
2
7 1 7 dh 1
D D? dt D%

Then, an enhancement in the detector
sensitivity of a factor 2 increases the
visible volume of the sky in a factor 8!

Very week interaction with matter:
dispersion and absorption are
negligible.

The interaction with matter is important:
dispersion, absorption, ...
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Summary of Properties of Gravitational Waves

* Some Important Facts:

* We detect GW amplitudes (h ~ |/r), not energy fluxes (dE/dt ~ (dh/
dt)x(dh/dt) ~ 1/rA2). Then,an enhancement in the detector sensitivity
of a factor 2 increases the visible volume of the sky in a factor 8!

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

« Degeneracy with redshift: M(z) = (1+z)M

 GWs are direct probes of spacetime curvature and strong gravity
(radiative) regimes. They will provide observations of strong gravity
regions not transparent to EM waves.
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Summary of Properties of Gravitational Waves

* GW Polarizations [GWs in Metric Theories of
Gravity]:

Gravitational-Wave Polarlzatlon
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* GR has only two independent
polarizations [(a) and (b) in the
Figure] and corresponds to type
N2 in the E(2) classification .

 An alternative theory of gravity
may have up to six independent
polarizations.

Eardley, Lee, Lightman, Will, Wagoner:
Phys. Rev. Lett. 30, 884 (1974)

Plot from C. Will (LRR, 2006)

2nd ICE Summer School: Gravitational Wave Astronomy (2-6 July 2018) I E E c I;
> Carlos F. Sopuerta (Institute of Space Sciences, ICE-CSIC & IEEC)



The Gravitational Wave
dpectrum



Gravitational Wave Spectrum (with Sources & Detectors)

<- GW Detector Armlength <- Mass/Energy

Credit: Ira
Thorpe (NASA)

Supermassive Black Hole Binary Merger
.

@ -
S \ Compact Binary Inspiral & Merger
& y ,
@% & T
.w= | Extreme Mass- Pulsars,
| Ratio Inspirals Aase Supernovae
R . RS
age of the Wave Period
universe years hours seconds milliseconds
10-1° 10" 1072 107 10+ 10 10 102 1 102

Wave Fre&uency

—

Radio Pulsar Timing Arrays Space-based interferometers Terrestrial interferometers

Ihe Gravitational Wave Spectrum

Detectors
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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 Sources (HF Band)

Compact Binary System Coalescence Core Collapse Supernovae

NS-NS, BH-BH, BH-NS

Stochastic Signals/
Gravitational Wave Backgrounds

Oscillations of Relativistic Stars

Continuous gravitational waves |

_

‘Mountain’

'Spinning neutron star

r-Modes “mountains” in Neutron Stars

-~

% ¥ MINISTERIO
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ueo  What have LIGO-Virgo found?

® GRAVITATIONAL WAVE
o " EVENT CATALOGUE

Name GWiIsS0q14 | GWiS1226 | GWIT0104 GW130814
Type BH4+BH BH4+-BH BH4+BH BH4+BH

Mass 1 (soler mass) 36 Msun 14 Msun 31 Msun 315 Msun
Mass 2 (sclor mass) 29 Msun g Msun 20 Msun 25 Msun
Final Mass 62 Msun 21 Msun 49 Msun 53 Msun
Energy Radiated 3 Msun 11 Msun 2 Msun 2.7 Msun
Distance (Mpec) 400 Mpe 440 Mpe 880 Mpe 540 Mpe
Duration (seconds) ~ 0.2 sec ~ 1 sec ~ 03 sec | ~ 025 sec
Detectors LIGO LIGO LIGO LIGO+Virge

11 February 2016 15 June 2016 1 June 2017 27 September 2017
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ueo  What have LIGO-Virgo found?

|
AVAVAVAVAY \/\/ \f\/ \/ vV vV V '\_/ \V / A\VAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVYAVAVAVAYAY) VARV AV AV AYAVATATATATATATATATATATATATATAT VY Yyuliyy ",A",/','\’

I
I

} GW170104

,,.*L GW170814

VWU

0 sec. 1 sec.

time observable by LIGO-Virgo
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Masses of known Black Holes
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weo \X/ hat have

GW170817/

Binary neutron star merger
A LIGO / Virgo gravitational wave detection with
associated electromagnetic events observed by over

70 observatories.

12:41:04 UTC

Distance
t& 130 million light years

@ Discovered
17 August 2017/

Q A gravitational wave from a
binary neutron star merger is detected.

Q gravitational wave signal

Two neutron stars, each the size
of a city but with at least the

\~© Neutron star merger

&
O
X
&

mass of the sun, collided with

each other.

GW170817 allows us to
measure the expansion rate of
the universe directly using
gravitational waves for the first
time,.

Detecting gravitational waves
from a neutron star merger
allows us to find out more about
the structure of these unusual
objects.

This multimessenger event
provides confirmation that
neutron star mergers can
produce short gamma ray bursts.

The observation of a kilonova
allowed us to show that neutron
star mergers could be
responsible for the production
most of the heavy elements, like
gold, in the universe.

Observing both electromagnetic
and gravitational waves from the
event provides compelling
evidence that gravitational
waves travel at the same speed
as light.

gamma ray burst
A short gamma ray burst is an
intense beam of gamma ray
radiation which is produced
just after the merger.

+ 2 seconds

A gamma ray burst
is detected.

+10 hours 52 minutes
A new bright source of optical
light is detected in a galaxy
called NGC 4993, in the
constellation of Hydra.

kilonova
Decaying neutron-rich
material creates a glowing
kilonova, producing heavy
metals like gold and
platinum.

+11 hours 36 minutes
Infrared emission observed.

+15 hours
Bright ultraviolet emission
detected.

+9 days

X-ray emission detected.

radio remnant

As material moves away from
the merger it produces a
shockwave in the interstellar
medium - the tenuous material
between stars. This produces
emission which can last for
years.

\ +16 days
| Radio emission
' detected.

LIGO-Virgo found?

Frequency (Hz)

Normalized amplitude
0 2 4 6

500

LIGO-Hanford

100

50
500

LIGO-Livingston

100

50

500

-20 -10 0
Time (seconds)
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ueo  What have LIGO-Virgo found?

Gw150914 |//| &
GW151226
GW170104

GW170814 VW

GW170817

0 1 2
time observable (seconds)

LIGO/University of Oregon/Ben Farr

= MINISTERIO
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Gravitational Wave Sources (ILF Band)

Extreme Mass Ratio Inspirals, EMRIs
* The Low-Frequency Band (0. mHz - | Hz): (1 t0 10 Mo into 104 to 5 x 106 Mo
Massive Black Holes mergers (104 to 108 Mo)

) The GW Sky m‘;/-”

X

Suaranteed Sources!

Sy sl e T O LR o DN,
Ultra-Compact Binaries in the Milky Way GW Stochastic Signals
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Gravitational Wave Sources (VLF Band)

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

Cosmic Strings

GW Stochastlc Slgnals

2nd ICE Summer School: Gravitational Wave Astronomy (2-6 July 2018) I E E c
> Carlos F. Sopuerta (Institute of Space Sciences, ICE-CSIC & IEEC)

Py e
@s
3 B
<0z
83%

CSIC



CMB Polarization Experiments and the ULF Band
laHz < f < 0.1 pHz

BICEP2 B-mode signal
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Gravitational waves from inflation generate a faint but distinctive twisting pattern in the
polarization of the CMB, known as a "curl" or B-mode pattern. For the density fluctuations that
generate most of the polarization of the CMB, this part of the primordial pattern is exactly zero.
Shown here is the actual B-mode pattern observed with the BICEP2 telescope, with the line
segments showing the polarization from different spots on the sky. The red and blue shading
shows the degree of clockwise and anti-clockwise twisting of this B-mode pattern.
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Energy-Momentum Content
of
Gravitational Waves



Energy-Momentum Content of GGravitational Waves

* The fact that Gravitational Waves carry energy and momentum is
clear from the study of their interaction with matter: Ve have seen
how gravitational waves put in motion a circle of test particles.

* General Relativity tells us that any form of energy contributes to
the curvature of spacetime. Then, we can ask ourselves whether
Gravitational VWaves are themselves a source of space-time
curvature.

* To that end we need a framework in which to separate
Gravitational VWaves from a curved background spacetime. If we
would do as in linear theory, fixing the flat background spacetime,
we would prevent Gravitational VWaves from curving the background
spacetime. Instead, we need to treat the background as a dynamical
background metric.
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Energy-Momentum Content of GGravitational Waves

* Then, we start from the following separation:
g,uv(xp) — gﬂy(xp) + 5gﬂy(xp) ) ‘ 5g,MU| << 1

* The question is: How do we decide which part of the spacetime
metric is background and which part correspond to the fluctuations

induced by the gravitational waves?

* The answer is that this depends on whether we can establish a
clear separation of scales. For instance, a clear separation can be
done if, given a particular coordinate system, we have:

8,, 1s a metric with a scale of variation L,
6g,, are superimposed small amplitude perturbations

characterized by a wavelength 4 such that
MQ2r) < L,
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Energy-Momentum Content of GGravitational Waves

* This is a separation based on spatial scales. Something similar can
be done in terms of frequencies. In this case, the background is a

slowly varying geometry and the perturbations are high-frequency
perturbations that satisfy:

>,

* The expansion around the background based on these separations

based on scales (spatial and temporal) is called the short-wave
approximation scheme.

* Let us start with the trace-reversed form of Einstein’s equations:

B 3G 1

T/w — Eg/’”/T

1%
L 4
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Energy-Momentum Content of GGravitational Waves

* Let us expand now the Ricci tensor to second order:

R,=R,+R,)+R + 0(5g)

* Observations:

R, only contains the background metric g, and hence,
only contains low-frequency modes

R{) is linear in 5g,, and hence,
only contains high-frequency modes

R{ is quadratic in g, and hence,

contains both low- and high-frequency modes
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Energy-Momentum Content of GGravitational Waves

*Therefore, the Einstein equations can be split into two separate
equations for the low- and high-frequency parts:

3G 1 Low

p _—  p@),Low O
R/w = R/w + " TW > gWT
High
- 3G 1
(1) — _ p(2),High o
R/w = R;w + " T/w > gWT
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Energy-Momentum Content of Gravitational Waves

* Scales of variation:

WMWUW%WIEEC
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Energy-Momentum Content of GGravitational Waves

* We can write the equation for the Ricci background using an
averaging over the many wavelengths:

3t 1
< Tlﬂ/ — Eg/“/T >/1

N )
R,=-<R?> +

c4

* We now introduce an effective energy-momentum tensor of
matter:

HV 9) A UV )
ig, 2nd ICE Summer School: Gravitational Wave Astronomy (2-6 July 2018) I E E c
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Energy-Momentum Content of GGravitational Waves

* We can also introduce the following "energy-momentum” tensor:

c* o 1 2)
t,m/ — — 87[G < R//w — Eg””R >/1

and define its trace as follows

4

=g, =—— <R >
o 3nG /

then

— < RY > = oG t 1 f
UV Yy C4 UV zglﬂ/
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Energy-Momentum Content of GGravitational Waves

* Combining all these equations we can arrive at the following
“coarse-grained” form of the Einstein equations:

_ 1 - 8aG /-
R//W—Eg/wR= C4 (T/,w_l_t/,w)

These equations determine the dynamics of the background metric
in terms of the long-wavelength of the matter energy-momentum
tensor and in terms of a tensor that is quadratic in the metric
(short-wave) fluctuations.

It shows the effect of the Gravitational VWaves on the background
curvatures, which appear to be in the form of an “effective” energy-
momentum tensor.
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Energy-Momentum Content of GGravitational Waves

* The Energy-Momentum Tensor of Gravitational Waves: We can
identify the metric fluctuations with the gravitational waves described
in the Lorenz gauge. Then, after some algebra:

4

C
! <ahahw>
Za 327Z'G Hoap v

and this tensor is gauge independent. So, it only contains the T'1-
modes.VVe can then replace it with the TT metric perturbations. The
energy density is then:

C4
tOO _ < i’LTT hTT >
y oy 7o)
327G
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Energy-Momentum Content of GGravitational Waves

or in terms of the two (GR) gravitational-wave polarizations:

C4 . .
0 = < h% + hZ >

* A consequence of the “coarse-grained” form of the Einstein
equations is the following conservation law:

= (7 B
(T, +1,) =0
and far away from the sources we can write:

0,1" =0

A
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Energy-Momentum Content of GGravitational Waves

* The Energy Flux in Gravitational Waves: Using the conservation

law we have just derived and integrating it over a spatial volumeV
bounded by a surface S we have:

dE 00 c’
— Cl7 =
dAdt 327G

. TT1.TT
< hl.j hlj >

or, using the explicit form of the area element dA:

dE B c3r?
dt 322G

dA = r2dQ — Jdﬂ < h;g.Th;gT >
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Energy-Momentum Content of GGravitational Waves

in terms of the gravitational-wave polarizations:

dE B c?
dAdt 162G

,2 ,2
< hy+hy>,

Therefore, the total energy radiated through dA is given by

+00 c? 00
1.2 1.2 _ 1.2 1.2
J di <2+ 12> = 167:GJ dt<h++hx>

dE B c?
dA 167G
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Energy-Momentum Content of Gravitational Waves

* Some relevant explicit formulae:

— T 3
=T, +61. +06,1", + 008

1 _ _ _
_ A
51Fg6 = Eéglu ( Vpéga/l + Vgégp/l — V/15gp(,)

2nd ICE Summer School: Gravitational Wave Astronomy (2-6 July 2018)
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Energy-Momentum Content of Gravitational Waves

* Some relevant explicit formulae:

| _
(1) — _ _ p
R’ = [ 10g,, V.V 5g+VpV(ﬂ5g )

1 1 _ _ _ _
Q) — _grogap | _
Ry = —~g"g" (Vﬁgpa) (Vy5g6ﬁ> + (Vp5gm) (Vo-f?gﬂﬁ Vﬂég,w)

4 V,9,08,-Y,9,68,, - V,9,5,,)

P i ) _ _
n <5 Vaég/m _ Vpég(w) < Vyég//tﬂ + V,ﬁgyﬁ — Vﬂag/w>
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(zeneration of Gravitational Waves

* Weak-field sources with arbitrary velocity: The starting point are
the Linearized Einstein Field Equations in the Lorenz Gauge:

_ 167G
[ h/w = T/w

with:

we can solve this using the Green function method:

1 167G 4.1 / /
h (x)= dxGx—xYT, (x)
HV C‘4 UV
K T 2nd ICE Summer School: Gravitational Wave Astronomy (2-6 July 2018)
cale :%—: oo Carlos F. Sopuerta (Institute of Space Sciences, ICE-CSIC & IEEC)I E E c



(zeneration of Gravitational Waves

The corresponding Green's function is the retarded one:

0 0
Gx —x') = — ————0(Xpo — X )
dr| x — x|
where: | — —n‘
xV=ct', xO =ct t . =t i
o ’ ret — “'ret> ret c

Then, the solution is:

BT =2 |y —— T (1%
W(t,x)—? x‘ t x)
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(zeneration of Gravitational Waves

We can find the solution in the TT gauge by using the TT projector:

hio =N b =N h

ikl ki 1.kl ki
where:
. U SR
Ny @) = PP () = =P (#)P, ()
and:
sz(n) = 51.]. —nn
with:
o x
n=Xx—=—
B
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(zeneration of Gravitational Waves

Then, the solution in the TT gauge is:

4G ] ‘ X — x"
T/, —=\ _— A 3.7 d
hij (t, x') = oy Alj’kl(n)Jd X =5 Tkl (t , X )
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(zeneration of Gravitational Waves

* Low-velocity expansion: Things simplify a lot when we assume

that the typical velocities within the gravitational-wave source are
small as compared to the speed of light. Near spatial infinity we

have:

4G r  x'-n _,
hl.TT(t X)) = —AU kl(n)Jde’ Tkl (t ; | , X ’)

r C C
where;
X —X'|=|x|-*%x ﬁ+@(d2/r)=r—7’-fz+@(d2/r), and r>d
Then:
T -2+ A T + —xlinia T xlixljninjazT + I
- | ° .x z | l- PP - _, X
kl C C ki C ki 202 kl C
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(zeneration of Gravitational Waves

And now the TT gauge metric perturbation has the form:

hi'(, X)) = —A_ (#) [S’d: L Gklm . —ZGklmp

rct Ukl C 2c2

&

where:

SY(t) = J'dg’x T9(t, X)),
SUK(1) = Jd3x TY(t, X )x*,

SUK (1) = Jd3x TY(t, X )xkx!,
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(zeneration of Gravitational Waves

In order understand the physical meaning of this multipolar
expansion it is more convenient to use the momenta associated
with the energy density and momentum density:

1
C Pi(f) = —Jd3x T, %),
; L s 00, =i X
M(t)=—2JdXT (X, 1

Cl Pi’j(t) = — Jd3x TOi(ta Y)XJ ’
Mii(r) = —zj‘ﬂx =), |

¢ P (1) = —Jd3x T(t, X))/ x*,

C

3 1 .
MY%(t) = — Jd3x T, X))x'x/ xk,
C
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(zeneration of Gravitational Waves

All these multipole moments can be related via the energy-
momentum conservation equations:

125 —
T, =0
For instance;
0,I"=0=0T"=-0T"=>cM= J dx0 T = — J x0T = — [ dS'T" =0
|% V oV
Then:
M=0,
1 _ DI
M = P,
MY = P + P
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(zeneration of Gravitational Waves

Similarly:

Pi,j — Sij,

Combining these relations we can write:

MV =PJ+Pl=SI45 =25 = §V= EM’J
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(zeneration of GGravitational Waves
* Mass Quadrupole Radiation:
2G .
BT r,?] — A () MMt = rle
[ y ( ) quad rct l],kl( ) ( )

We can now decompose the mass quadrupole into its irreducible
parts:

Mij — (Mij . léiijk> 4 lészkk — Qij 4 lészkk

3 3 3

where:
i 3 —> i\ 1 2 ¢ij 1 00
OY= |d’xp(t, x)| x'x¥’) ——=r<oY ] , p=—T
2
3 C
ig, weme | 2nd ICE Summer School: Gravitational Wave Astronomy (2-6 July 2018) I E E c
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(zeneration of Gravitational Waves

Using the properties of the TT projector (its traceless character)
we finally have:

AT )|

2—GA () Ot = rlc) = QTT(t — r/c)
quad s C4 ij,kl s C4

* Radiated Energy: The Quadrupole Formula:

db c’ < JTTIT S o ar
dAdt 32zG Y Y g dQ  8ncd

-
Ny ) < Q7 Q5" >,

and from here the total power is:

G
— TTAHTT
Pquad o 505 < Qij 1 >/1
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Inspiral of Compact Binaries

h time
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Inspiral of Compact Binaries

* Newtonian Binary:

center
of mass
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LIGO Inspiral of Compact Binaries
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Tests of General Relativity




844 Sitzung der physikalisch-mathematischen Klasse vom 25. November 1915

Die Feldgleichungen der Gravitation.

Von A. EINSTEIN.

In zwei vor kurzem erschienenen Mitteilungen' habe ich gezeigt, wie
man zu Feldgleichungen der Gravitation gelangen kann, die dem Postu-
lat allgemeiner Relativitiit entsprechen, d. h. die in ihrer allgemeinen
Fassung beliebigen Substitutionen der Raumzeitvariabeln gegeniiber ko-
variant sind.

Der Entwicklungsgang war dabei folgender.

" . . . "
NAVE NDINMPetreq e Mg Djenald \Wor Q. ae a

First of all, | found equations containing the Newtonian
theory as an-dsphisxseaddans Albert, 1915

XY e
@s
3 B
<0
8m

0
=
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Tests of General Relativity

Tum Tmm 1 mAU 1AU 1 kAU 1 kpc 1 Mpc 1Gpc CMB

— : : & : : : : : : : : - - : : : —
How well do we know gravity at various scales?
Not Well Reasonably well tested No precise data Poorly tested Poorly tested
tested tested — Pioneer anomaly? — Dark matter? — Dark energy?
Theories that predict deviations from general relativity
Extra Alternative theories of gravity: Modified gravity,
dimensions, Scalar-tensor, MOND regime? MOND regime, f(R) gravity, branes,
DGP DGP TeVeS, STVG DGP, strings

Lab tests Space-based experiments Astronomy  Astrophysics Cosmology
< ‘ o
B : =

Controlled experiments Astronomical observations
Techniques available to explore gravity on various scales
Ongoing lab Cosmology missions,
experiments, LLR, Ongoing space Precision spectroscopy, CMB research,
cold atoms GPS exploration efforts galaxy surveys, pulsars gravity waves

< | | | | ! 1 ! 1 ! | | | | | ! ! | En. %
e ] Ll 1 1 ] 1 ] ] ] ] ] || I 1 1 1 1 || 7

Tum Tmm 1 mAU 1AU 1 kAU 1 kpc 1 Mpc 1Gpc CMB

Distance scales (notional), R

S.G.Turyshev (2008)
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Tests of General Relativity

* In General Relativity, Gravity is described by a
metric tensor that couples in a universal way with
the matter fields of the Standard Model (Einstein
Equivalence Principle).

* This universal coupling has a number of
implications for experiments and observations..
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Tests of General Relativity

e The outcome of local non-gravitational experiments,
referred to local standards, does not depend on where,
when, and in which locally inertial frame, the
experiment is performed.

e This means that local experiments should neither feel
the cosmological evolution of the Universe (constancy
of the constants), nor exhibit preferred directions in

spacetime (isotropy of space, local Lorentz invariance).

* In addition, we have the Weak Equivalence principle,
which has been tested many times.
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Tests of General Relativity

TESTS OF THE
WEAK EQUIVALENCE PRINCIPLE

| L 1 | | |
108 [ Eotvos =
Renner
9 L Free-fall -
10 I
I Fifth-fot:ce
.10 - searches o
L Boulder /
n Princeton I Ebt-Wash
10‘11 —_— —
12 Moscow E6t-Wash
107" “ I =
10'13 _— —
a1 'a 2
14 1= ayrap2
10" I 1772 —
| I | i | | |
R SRS P T s 2,
% %% %% % % *’ooo
YEAR OF EXPERIMENT

TESTS OF
LOCAL POSITION INVARIANCE

| | | |

j0 I= PoundRebka Millisecond Pulsar
I I I I; Null I

2L Redshift

10 Pound
Snider
Saturn
'3 - —
o 10
Hmaser

04 - ‘ -

{ Solar spectra

10° [~ Clocks in rockets
spacecraft & planes

Redshift

i

% % % % %
YEAR OF EXPERIMENT

Av/v = (1+a)AU/c?

10-10

10714

10718

10722

10‘26

TESTS OF
LOCAL LORENTZ INVARIANCE

R | | |

" Michelson-Morley JPL
Joos
TPA
Centrifuge I —

i II Ca\iltles |

Brillet-Hall

Hughes Drever
NIST

I Harvard

Bt u. Washlngtonll T
d=1/c%- 1
| | — | | |
%e. %9.%. %o, %o, %o %o 2 7))
D 0% % o % % % 0
YEAR OF EXPERIMENT

C.M.Will (2014)
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Tests of General Relativity

Constant k Limit on k/k Redshift Method
(yr™)
Fine structure constant <380 % 1072° 0 Clock comparisons
(agm = €°/he)
z:4).5 x 1010 0.15 Oklo Natural Reactor
<34x1071%  0.45 187Re decay in meteorites
(6.4+1.4) x 10716  0.2-3.7 Spectra in distant quasars
< 1.2 x 10798 0.4-2.3 Spectra in distant quasars
Weak interaction constant <15 10" 0.15 Oklo Natural Reactor
(aw = Gfmgc/h3)
<5 % 1072 10° Big Bang nucleosynthesis
e-p mass ratio g % 19 2.6-3.0 Spectra in distant quasars

Bounds on changes of non-gravitational constants C.M.Will (2014)
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Tests of General Relativity

Method G
(1071 yr~)
Lunar laser ranging 449
Binary pulsar 1913 + 16 40 4 50
Helioseismology 0L 16
Big Bang nucleosynthesis 014
C.M.Will (2014)
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Tests of General Relativity

Parameter | What it measures relative Value Value in semi- Value in fully C.M.Will (20 | 4)
to GR in GR conservative conservative
theories theories
7y How much space-curva- 1 v ¥
ture produced by unit rest
mass?
8 How much “nonlinearity” 1 I6] 8

in the superposition law
for gravity?

£ Preferred-location effects?

a1 Preferred-frame effects?

Qs Violation of conservation
C1 of total momentum?

G2
3
Ca

 goo =—14+2U —20U?% — 2(®w + (27 +2+ 03+ —26)P1 +2(37y - 28+ 1 + (o + &)@
+2(1 +(3) @3+ 2(37 + 3¢s — 26)P4 — (¢1 — 26) A — (o1 — a2 — az)w’U — cow'w? Uy
+(2a3 — al)wiw + (’)(63),

O O O O OO O© OO
e OO0 99|l
O O O OO0 O© O\

o

1 1 1 |
goi = —5(4’)’ +34+a;—az+ G —28)V; — 5(1 +ag — (1 +2W; — 5(041 — 2a0)w'U
- e 5/2 ° °
—ow’lUi;; +0(€7),  Parametrized Post-Newtonian (PPN)
gij = (1 +20U)d;5 + O(e?). Formalism
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Tests of General Relativity

Parameter Effect Limit Remarks
v —1 time delay 2.3 x 107° Cassini tracking
light deflection 2 x 107* VLBI
B—1 perihelion shift 8x107° Jye =(2.24+0.1) x 1077
Nordtvedt effect 2.3 x 107* nn =48 — v — 3 assumed
& spin precession 4 x 10 millisecond pulsars
Q1 orbital polarization 10~* Lunar laser ranging
4x 107° PSR J1738+0333
Qo spin precession 2 x 102 millisecond pulsars
Qa3 pulsar acceleration 4 x 10™2° pulsar P statistics
(1 — 2 x 107? combined PPN bounds
(o binary acceleration 4 x 107° Pp for PSR 1913+16
(3 Newton’s 3rd law 10~® lunar acceleration
@ — — not independent
C.M.Will (2014)
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Tests of General Relativity
* Modifications of Newtonian Gravity

F _ GmlgrLQ |:]_—|_Oé (1_|_ Z) 6—T/>\i|
r - A

O [ PO R A [ T

excluded
region

This includes gauge bosons; B oy

. . 10° |
extra-dimensional models;
1078 - Earth-LAGEOS
dark energy scale probes.

la|

10—7 |
g LAGEOS-Lunar
1075 = -

planetary

N N N N AN A A A A O
102 10° 10?2 10 10° 10% 10" 10'% 10™
A [m]

Blayne Heckel
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Tests of General Relativity

® Short-range modifications of Newtonian gravity.

Decca 2007 |
T

Decca 2005

Gerac1 2008
|

Lamoreaux

10 1

A (pum)
M. Masuda, M. Sasaki: Limits on
Nonstandard Forces in the
Submicrometer Range.
Phys. Rev. Lett. 102 (2009) 171101

i %f.: MINISTERIO
S T DEECONOMIA

csic ° T

10"~ \ -
T .\ Lamoreaux
10° | gauged “ _
B# I
108 = -~ b _ :
: N | Excluded by
~ Stanford 1. - - experiment
10° | .
10° |- Yukawamessengers " Stamford3 \ -
10% Fdilaton -4 O T
109 P17 modlus :
102 | ﬂgzglus h - U.Colorado 7]
10° [ Kk|gravitons o N
g = e T - U.Washington 2
10° |- U.Washington 1|
heavy q
10'1 | moduli 4
10‘2 L Ll | fe T b
T 10 100 1000

A (um)

A.A. Geraci et al: Improved constraints
on non-Newtonian forces at 10

microns.

Phys. Rev. D78 (2008) 022002
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The Hulse-Taylor binary pulsar

e, ctersdor BAA13416 System o0
4@ ¢ VETENSKAPSAKADEMIEN — 7
Valu/ ? fﬂ//o’/@’

THE ROYAL SWEDISH ACADEMY OF SCIENCES

e

2.341782 (3) -5

—-35

0. S ©
o —10
52 4)
0.. (4) =
5 —15
20 S
4. <
~ —
0. 2
_ IS
Q —20
Joseph H =
Taylor Jr. £ _ag
T
E
=
-]
o

PSR B1913+16 . 0

| - Bbrbital
ogfel © 1.9 Mill: km from
the el Sl - Tation, i

aCCOr .unseeri . P.sg s ithin —45 ;\ Lo b b b b b
. , _-F=0YMmS ' 1975 1980 1985 1990 1995 2000 2005
abou M =139 My Mo=1:44 M, Vear
- TR : Weisberg, Nice & Taylor (1011.0718)
p=7-5h Sale=0.5T(g Astrophysical Journal, 722, 1030-1034 (2010)
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Other (recent) Pulsars

ES+
"0

-

WWW.ES0.0rg

_ET TN W s PSR ]0348+0432: A binary system with a
The Double Pulsar PSR J0737 3039A/B pulsar and a white dwarf

dP/dt = (-1.24840.001) x 1012.  pR _ (5 58+007) 1913 5 ¢!
Agreement with General Pb/PSR — 105+ 0.18

Relativity to 0.1%)!
Non-linear Regime, but Weak Field!
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Tests of General Relativity with Pulsars

Mg PSRBIO13+16 m, PSR BI1534+12 ¢ Binary pulsars contain strong gravity

25| o 25 domains. Therefore, they allow for
| |l tests of the strong-field regime of
miersection gravitational theories.
] 2 e This can be done in a phenomelogical
Ly Ly way by using a set of Keplerian and
05 05 post-Keplerian parameters for the
. . dynamics of the binary pulsar.

0 05 1 15 2 25 ™i 0 05 1 15 2 25 m, . ,
* In General Relativity (and also in

m, PSR J0737-3039  scalar-tensor theories) the post-

S5l - 2 Keplerian parameters can be written

0 in terms of the Keplerian ones and the

o two masses of the binary.

| e The measurement of a post-Keplerian
1 parameter produces a line (band) in

0.5 the mass plane. Then, measuring N+3

post-Keplerian parameters yields N+1

0 0

0 05 1 15 2 25 ™. 0 05 1 1s 2 a5 m testsofgravity.
[From: Damour, arXiv:0705.3109]
| 2nd ICE Summer School: Gravitational Wave Astronomy (2-6 July 2018) I E E c
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Tests of General Relativity with Pulsars

* Tests with pulsars: PSR J0737-3039A/B, the only
known double pulsar Tests of GR to the 0.05% level.

1.5

Mass B (Mg, )
1

PSR B1913+16 PSR J0737-3039A/B

0.5

Mass A (Mg, )

Sun
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Tests of general Relatlwty

* GravitoMagnetism:
NASA+Stanford

ravity Probe B

In General Relativity, not only
mass produces gravitational
fields, but also the linear and
angular momentum of matter.
Those gravitational fields
produce effects similar to
magnetic fields: Gravito-

magnetism.

oIn particular, rotating matter
drags inertial reference
systems (Lense-Thirring
effect) around it.

oIn addition, if the reference system is also rotating (spin),
there will be also precession of the spin (geodetic precesion).

:2. 2nd ICE Summer School: Gravitational Wave Astronomy (2-6 July 2018) I E E c
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Tests of General Relativity
* GravitoMagnetism: Gravity Probe B

eGravity Probe B (NASA+Stanford) consisted in an experiment
(2004-2005) to measure these two effects (Lense-Thirring and
geodetic precession)

r. 1 e gmee o
al . ‘:: cg lh ..j-., '.,'.
mitlia N G U e M, ML s (W Sen e i et
Y\ e I S g B
39 milliarcseconds/year

(0.000011 degrees/year)

Guide Star k_/V

IM Pegasi

O
(HR 8703) f :

Geodetic Effect

6,606 milliarcseconds/year
(0.0018 degrees/year)

%" e 2nd ICE Summer School: Gravitational Wave Astronomy (2-6 July 2018) I E E c Ig
U
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Tests of General Relativity
* GravitoMagnetism: Gravity Probe B

o After many difficulties, the results obtained agree with General
Relativity with a precision of 0.3% (geodetic precession) and
20% (Lense-Thirring).

Measured Predicted
Geodetic precession 6602 + 18 6606
(mas)
Frame-dragging 372272 39.2
(mas)
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Towards Extreme Gravity

* What is Extreme Gravity?! Let us use two
figures of merit

e Newtonian Potential (dimensionless):

L ¢Newtonian GM
E — ~

C? Rc?

e Spacetime curvature associated with a particular
physical phenomena:
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Towards Extreme Gravity

* Let us use the first one (Newtonian Potencial)

e Gravity in the Solar System (perihelion advance, frame

dragging, time delays, etc.):
GM,,

¢Newtonian L

— ~ 1078
2 c2 1AU
e Gravity with Pulsars:
Binary
]1\\If§3wtonz’an GMNS N 10—1 Newtonian _ GM@ ~ 10—6
2 2 2 o _periastron
¢ " T'Ns ¢ C Hulse—Taylor

e Gravity with neutron stars and black holes:

¢N6wtonian -~ GMMBH N 10—1 1
2 2
c c? (a few 7. on)
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Curvature, & (cm™)

Towards Extreme Gravity
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Fundamental Physics with Massive Black Hole Mergers

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

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——

e asym etrlc r ant after .the merger settles down to a

single (Kerjp)Cdi WtQmmlﬁ “relaxatlo'im#rbtmsthﬁGI’aVItatRnal es m
system emits Gravitational Waves that are comthgathmis-bihg@ry regim |ng

f HRslativit
QuasiNATIALYIBPE] SR SHOA B0 T Plack Hetosiviey. (Do ,.bat,on

e At massoEdingo fRIsHA RGN oY ceb e mtner e T Tos @
Masmé'dp Pughéah Blcullcle A dttoRapicciewer corresponding to ~

Wav the power of the Sun.
The |dent|f|cat|on of two QNMs provides a test of the

Sy AL REIIRIES drrg ity allaciiorr Back Holes

Qum:ts N@g'lsa gllow for distinction
of i &'SHE H%Uﬁ&fg LISA will méasure®several QNMs with
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Tests of General Relativity with GW150914

1.00 —
e, -
-
N =
AN
9
D
— (.10 d
= i
S~ ]
N’ i
OPN ™ 0.5PN IPN 15PN 2PN 25PN® 3PN 55 3PNO 35PN
e 4 -------------- 15 —— B 4
21| 1(5)" 21 | | |
of g = ol o| = W +*
! -5} B 1 i : [
=2 [ [ R 1-10l IS L |l|-2 |mmm GW150914 (Single) | TR o]
. N GW150914 (Multiple) :
| -4 . {-15p @ —=|]-4 — J0737-3039
X i ] _2 < ¥ 4 1 1 1
%o @1 2 ®3 p ¢ P61 @7 B B3 (0%)
Pi
Double Pulsar l“'requency (HZ)
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r
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Tests of General Relativity with GW150914

1.0
0.8 f |5 o
& eHowever, this is worse
Zos] 2 than limits from (model
5 S dependent) galaxy
2 04 = cluster and weak-lensing
= measurements
0.2} =

0.0 : . : . 1 '
10° 1010 101! 102 1013 104 101 101 1017
/lg (km)

FIG. 8. Cumulative posterior probability distribution for 4, (black
curve) and exclusion regions for the graviton Compton wavelength
A, from GW150914. The shaded areas show exclusion regions from
the double pulsar observations (turquoise), the static Solar System
bound (orange) and the 90% (crimson) region from GW150914.
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Extreme-Mass-Ratio Inspirals (EMRIs)

* In the present Universe star formation rate and AGN activity are
declining. As a consequence, we observe a population of quiescent
massive black holes. The current census comprises about 75 massive
black holes out to z < 0.03 (e.g., Sgr* A in the Milky Way).

* The Milky Way Black Hole has a close young stellar population
contrary to our expectations, as star-forming clouds are expected

to be tidally disrupted.

* LISA will probe the neighborhood of quiescent black holes using
EMRIs: A compact star (a neutron star or a stellar mass black hole)
captured in a highly relativistic orbit around the massive black hole
and spiralling through the strongest field regions a few
Schwarzschild radii from the event horizon before plunging into it

% 2nd ICE Summer School: Gravitational Wave Astronomy (2-6 July 2018) I E E c
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Extreme-Mass-Ratio Inspirals (EMRIs)

e LISA will detect EMRIs with an SNR > 20 in the mass interval for
the central black hole between 104 < M/Ms < 5 x10% out to redshift
z ~ 0.7, covering a co-moving volume of 70 Gpc3,a much larger
volume than current observations of dormant galactic nuclei.

* The signals are long lasting (1-2 yrs) so that the SNR is built up as
the contribution of many cycles (~ 10> cycles during the last year
before plunging into the central black hole).

., ... 2ndICE Summer School: Gravitational Wave Astronomy (2-6 July 2018)
coe s YeEmee Carlos F. Sopuerta (Institute of Space Sciences, ICE-CSIC & IEEC)
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Extreme-Mass-Ratio Inspirals (EMRIs)

* Long and complex signal that carries very precise information
about the gravitational multipole moments of the central Black

Hole.

* LISA measurement of EMRI signals will plsovidetthiedresttitests of
tevatieneffigravith dike Scgaoatsp rofHeeniesg (RedanSatmoBdack
H@m—@hmﬂaaﬁm@ekﬁ&a@&orlds) etc.

2nd ICE Summer School: Gravitational Wave Astronomy (2-6 July 2018) I E E c Ig
> Carlos F. Sopuerta (Institute of Space Sciences, ICE-CSIC & IEEC)




Testing Strong Gravity within General Relativity

* |n General Relativity, provided the no-hair conjecture is true,
black holes are described by the Kerr gravitational field/geometry,
which is fully determined by the mass and spin (in the
astrophysical scenario).

’ 2Mr ) 7 3
ds* =g ., dx*dx" = (l — ,])dt‘ + p=dO-
| 2
= " 442\/1 A ., 4 |
+ (p—)dr* — .: 2 sin? O do dt
A p-

: 2
2Mra“

+ [(r2 + a*) + — §in” 0] sin® 0dg~

a

Kerr Black Hole

AR: Axis of rotation; E: Ergosphere; EH: Event Horizon, and
SL: Static Limit; S: Singularity.

e The gravitational wave emission and the inspiral dynamics is fully
determined by solutions of Einstein Equations.

_ 8w
Gaﬁ_ cd Taﬁ
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Testing Strong Gravity within General Relativity
Subrahmanyan Chandrasekhar (Physics Nobel Prize 1983):

. v .. .:. -
s S

The M:ai:hemgﬁca
Theory of Black Hole

"The black holes of nature are the most perfect macroscopic
objects there are in the universe. They are the most perfect
almost by definition since the only elements in their
construction are our concepts of space and time. And since
the general theory of relativity provides only a single unique
family of solutions for their description, they are the

simplest objects as well”
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Testing Strong Gravity within General Relativity

e The orbital motion is locally characterized by three fundamental
frequencies:

f. : Frequency of Radial Motion (from apoapsis to periapsis and back)
fo : Frequency of Polar Motion (Oscillations of the orbital plane)
f, + Frequency of motion around the spin axis

e These frequencies evolve in time due to the gravitational
backreaction (a.k.a. radiation reaction)

Z h(k,l,m> 27 i |kf (t)+1fo(t)+mf, (L))

k,l,m
:g, 2nd ICE Summer School: Gravitational Wave Astronomy (2-6 July 2018) I E E c
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Testing Strong Gravity within General Relativity

e With all these assumptions we can to detect EMRIs and determine
their physical parameters. The parameter error estimations are
[Barack & Cutler, PRD, 69, 082005 (2004)]

A(IlnM,), A(lnm,), A(]\S;.2> ~ 1074

Aeg ~ 10~ A(ln@> ~ 10712
DL

eFor EMRIs with:

My, =10°M,, m, =10M,, SNR ~ 30
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Testing Strong Gravity within General Relativity

« Within General Relativity we can test the Kerr Hypothesis: "The
dark, compact and very massive objects sitting at the
galactic centers are stationary BHs described by the Kerr
solution of General Relativity”.

e But to perform such tests, we need to consider models that
consider alternative geometries to Kerr.

e A quite general approach is to consider stationary and
axisymmetric (and asymptotically flat) geometries.

(a) z (b) tz 4
" =4 Q

eThe exterior gravitational field of
these objects is completely
determined by a set of multipole
moments.
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Testing Strong Gravity within General Relativity

e For Earth’s gravitational field:

M, Multipole moments

m

GOCE can measure up to

* RerraH{grotBidsis GR:Hkheretaredwg setstofiorarneémdd of the dark,

compact and very massive objects s@;hn at the galactic
centers can beMett deécribdd, Euum stationary, and

IO HELs GRHILRAES & mfmss@ SEHEL praheRemultinle
{EQE?SP¥ﬁeSR£ﬁFP(ySBﬁ15ﬁ£r relations”.
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Testing Strong Gravity within General Relativity

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

TABLE IV. The error 86 for each parameter §', when fitting up to the [,.th moment, using LISA. We use the abbreviation
L(---)=log,o(--+). We assume u=10M,, M=10°M, r=3M, and S/N=100.

lmax L(6t, /sec) L(6¢,) L(ou/p) L(6M/M) L(6s,) L(ém,) L(Js3) L(émy) L(Jss) L(dmg) L(Js;) L(dmg) L(Jsg) L(Omy)

0 0.74 =025 —399 —5.80

1 171 033 —492 —4770 —453

2 2357 141 —4.17 —40]1 =389 -—282

3 pATE 252 ~—349 —328 =294 227 -—166

4 4.54 380 ~—240 —223 =191 =031 0.07 0.72

5 5399 474 —0.73 =055 =112 047 059 0955 235

6 6.05 487 —0.68 —050 —-100 054 094 153 2.3 2.58

7 6.07 488 —0.66 —048 —-099 056 094 153 2.35 2.81 2.68

8 6.07 488 —0.65 =047 —098 051 096 1.56 2.35 2.81 3.16 3.68

9 6.08 491 —0.65 —-047 -—-096 0358 1.04 1.67 2.35 2.82 3.20 374  4.10
10 6.08 492 —0.64 —046 —-095 058 105 1.69 2.3 2.82 3.20 375 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).
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Testing Strong Gravity within General Relativity

e 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
Al =2)~10"02%
(%)

which is a considerably better error estimate than Ryan’s estimate.
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Testing Strong Gravity beyond General Relativity

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

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

GTRING THEORY GUMMAR IZED:

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

\ OKAY. WHAT WoULD
!\ THAT oLy’

| DUNND /

¢4

*Not all theories are
suitable to consistently
study EMRIs.
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Testing Strong Gravity beyond General Relativity

® EMRIs in Scalar-Tensor theories [Yunes, Pani & Cardoso, arXiv:1112.3351]:
Radiation of the scalar field can produce significant changes with
respect to GR (floating orbits).

® [N [Gair & Yunes, PRD, 84, 064106 (2011)] EMRI waveforms a la Barack &
Cutler for EMRIs with bumpy metric and modified gravity theories
have been constructed.
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http://inspirehep.net/author/Yunes%2C%20Nicolas?recid=1081636&ln=en
http://inspirehep.net/author/Pani%2C%20Paolo?recid=1081636&ln=en
http://inspirehep.net/author/Cardoso%2C%20Vitor?recid=1081636&ln=en
http://inspirehep.net/author/Pani%2C%20Paolo?recid=1081636&ln=en

Conclusions




Conclusions

* L IGO has inaugurated the Era of Gravitational Wave
Astronomy in the High-frequency Band.

* There are great expectations for the direct detection of
Gravitational VWaves 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.
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Many Thanks for your attention!
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