Current and future challenges in
gravitational wave astronomy
(and physics)

Lecture 1 ~ Introduction

April 21, 2026 ~ Caroline Owen

©3 UNIVERSITA

DEGLI STUDI

=== ONVIIN Id



Logistics

Schedule Exam

Location: U2 - 2016 (Only for the PhD students taking the course for credit)

Time: 10:30 am -12:30 pm 10-minute presentation on your own research or a published paper discussing
Week 1: how it relates to the techniques or topics we have discussed in this class

Tuesday, April 21: Introduction 2 minutes for questions

Thursday*, April 23: Fermi Estimates and Dimensional Analysis Note: | will be leaving Milan sometime in June, so we will need to schedule all

Week 2:

exams before then

Tuesday, April 28: Post Newtonian Binaries

Thursday™*, April 30: Stationary Phase Approximation and Waveform Approximants
Week 3:

Tuesday, May 5: Bayesian Overview

Friday, May 8: Binary Parameter Estimation

Week 4:

Tuesday, May 12: Fisher Analysis and Principal Component Analysis

Friday, May 15: Wrap up and Gravity Beyond GR

Materials will be posted to the git repo: github.com/cbo17/CFCGWA_UNIMIB/

Recordings will be posted to: elearning.unimib.it/
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November 1915: The Field Equations of Gravitation, Albert Einstein
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1919: The Eddington experiment, first confirmation of a novel prediction of GR

The New York Times
November 10, 1919

LIGHTS ALLL ASKEW.
TN THE HRAVENS

Men of Science More or Less
Agog Over Results of Eclipse -
Cbservations.

EINSTEIN THEORY TRIUMPHS

Stars Not Where They Seemed
or Were Calculated to be,
but Nobody Need Worry.

A BOOK FOR 12 WISE MEN

No More in All the Worid Could
Comprehend It, Said Einsteln When
His Daring Publishers Accepted It.



Historical overview

1919: The Eddington experiment, first confirmation of a novel prediction of GR

Hanford, Washington (H1) Livingston Louisiana (L1)
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Historical overview

1916 and 1918: Einstein claims the existence of gravitational waves

"Approximate integration of the
field equations of gravitation”  “On gravitational waves”
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1916 and 1918: Einstein claims the existence of gravitational waves

"Approximate integration of the
field equations of gravitation”  “On gravitational waves”

Three types of waves:
» longitudinal-longitudinal
> transverse-longitudinal

» {ransverse-transverse
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October 1922: Eddington: L-L and T-L waves propagate “at the speed of thought”

The Propagation of Gravitational Waves.
By A. S. EppiNGgTON, F.R.S.
(Received October 11, 1922.)

1. The problem of the propagation of disturbances of the gravitational field
was investigated by Einstein in 1916, and again in 1918.* It has usually
been inferred from his discussion that a change in the distribution of matter
produces gravitational effects which are propagated with the speed of light :
but I think that Einstein really left the question of the speed of propagation
rather indefinite. His analysis shows how the co-ordinates must be chosen if
it 1s desired to represent the gravitational potentials as propagated with the
speed of light; but there is nothing to indicate that the speed of light appears
in the problem, except as the result of this arbitrary choice. So faras I
know, the propagation of the absolute physical condition—the altered curvature
of space-time—has not hitherto been discussed.

Weylt has classified plane gravitational waves into three types, viz.: (1)
longitudinal-longitudinal ; (2)longitudinal-transverse; (3) transverse-transverse.
The present investigation leads to the conclusion that transverse-transverse
waves are propagated with the speed of light in all systems of co-ordinates.
Waves of the first and second types have no fixed velocity—a result which
rouses suspicion as to their objective existence. FEinstein had also become
suspicious of these waves (in so far as they oceur in his special co-ordinate-
system) for another reason, because he found that they convey no energy.

They are not objective, and (like absolute velocity) are not detectable by any
conceivable experiment. They are merely sinuosities in the co-ordinate-
system, and the only speed of propagation relevant to them is “ the speed of
thought.”
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rather indefinite. His analysis shows how the co-ordinates must be chosen if
it 1s desired to represent the gravitational potentials as propagated with the
speed of light; but there is nothing to indicate that the speed of light appears

in the problem, except as the result of this arbitrary choice. So faras I
know, the propagation of the absolute physical condition—the altered curvature
of space-time—has not hitherto been discussed.

Weylt has classified plane gravitational waves into three types, viz.: (1)
longitudinal-longitudinal ; (2)longitudinal-transverse; (3) transverse-transverse.
The present investigation leads to the conclusion that transverse-transverse
waves are propagated with the speed of light in all systems of co-ordinates.
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:'!bey are not objective, and (like absolute velocity) are not detectable by any
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thought.”



Historical overview

1936: A busy year



Historical overview

1936: A busy year

Together with a young collaborator [Rosen], |

arrive at the interesting result that gravitational

waves do not exist, though they have been

assumed a certainty to the first approximation.
~ Einstein to Max Born
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1936: A busy year

Together with a young collaborator [Rosen], |

arrive at the interesting result that gravitational

waves do not exist, though they have been

assumed a certainty to the first approximation.
~ Einstein to Max Born

» June: Einstein and Rosen submitted "“Are
there any gravitational waves?” to PRL

» Peer reviewed by Howard Percy
Robertson, who found mistakes

July 27, 1936
Dear Sir.

“We (Mr. Rosen and I) had sent you our manuscript for publication and had not authorized
you to show it to specialists before it is printed. I see no reason to address the—in any case
erroneous—comments of your anonymous expert. On the basis of this incident I prefer to publish
the paper elsewhere.”

Respectfully

Einstein

P.S. Mr. Rosen, who has left for the Soviet Union, has authorized me to represent him in this matter.
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the paper elsewhere.”

Respectfully
Einstein

P.S. Mr. Rosen, who has left for the Soviet Union, has authorized me to represent him in this matter.

ON GRAVITATIONAL WAVES.

BY

A. EINSTEIN and N. ROSEN.

ABSTRACT.

The rigorous solution for cylindrical gravitational waves is given. For the
convenience of the reader the theory of gravitational waves and their production,
already known in principle, is given in the first part of this paper. After encoun-
tering relationships which cast doubt on the existence of rigorous solutions for
undulatory gravitational fields, we investigate rigorously the case of cylindrical
gravitational waves. [t turns out that rigorous solutions exist and that the
problem reduces to the usual cylindrical waves in euclidean space.

I. APPROXIMATE SOLUTION OF THE PROBLEM OF PLANE WAVES
AND THE PRODUCTION OF GRAVITATIONAL WAVES.

[t 1s well known that the approximate method of inte-
gration of the gravitational equations of the general relativity
theory leads to the existence of gravitational waves. The
method used is as follows: We start with the equations
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1956: Felix A. E. Pirani: gravitational waves move particles as they pass through

1957: Chapel Hill Conference (GR1): Do gravitational waves carry energy?

R.P. Feynman: Yes. (Sticky beads argument)

”| was surprised to find that a whole
day of the conference was spent on
this issue and that ‘experts’ were
confused. That’s what happens
when one is considering energy
conservation tensors, etc. instead of
questioning, can waves do work?”

~ R.P. Feynman
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1960's: John Weber claims detection using resonance bars

EVIDENCE FOR DISCOVERY OF GRAVITATIONAL RADIATION*

J. Weber
Department of Physics and Astronomy, University of Maryland, College Park, Maryland 20742
(Received 29 April 1969)

Coincidences have been observed on gravitational-radiation detectors over a base line
of about 1000 km at Argonne National Laboratory and at the University of Maryland.
The probability that all of these coincidences were accidental is incredibly small, Ex-
periments imply that electromagnetic and seismic effects can be ruled out with a high
level of confidence. These data are consistent with the conclusion that the detectors are

being excited by gravitational radiation.
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1960's: John Weber claims detection using resonance bars

EVIDENCE FOR DISCOVERY OF GRAVITATIONAL RADIATION*

J. Weber
Department of Physics and Astronomy, University of Maryland, College Park, Maryland 20742
(Received 29 April 1969)

Coincidences have been observed on gravitational-radiation detectors over a base line
of about 1000 km at Argonne National Laboratory and at the University of Maryland.
The probability that all of these coincidences were accidental is incredibly small, Ex-
periments imply that electromagnetic and seismic effects can be ruled out with a high
level of confidence. These data are consistent with the conclusion that the detectors are

being excited by gravitational radiation.

1970's: Weber's detections are debunked
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1993 Nobel Prize: Russel Hulse and
Joseph Taylor, “for the discovery of a new
type of pulsar, a discovery that has opened
up new possibilities for the study of
gravitation.”

DISCOVERY OF A PULSAR IN A BINARY SYSTEM

R. A. Hurse axp J. H. TayLor
Department of Physics and Astronomy, University of Massachusetts, Amherst
Received 1974 October 18

ABSTRACT

We have detected a pulsar with a pulsation period that varies systematically between 0:058967 and 0:059045 over
a cycle of 0¢3230. Approximately 200 independent observations over 3-minute intervals have yielded a well-sampled
velocity curve which implies a binary orbit with projected semimajor axis a, sin7 = 1.0 R, eccentricity e = 0.615, and
mass function f(m) = 0.13 M. No eclipses are observed. We infer that the unseen companion is a compact object with
mass comparable to that of the pulsar. In addition to the obvious potential for determining the masses of the pulsarand
its companion, this discovery makes feasible a number of studies involving the physics of compact objects, the astro-
physics of close hinary systems, and special- and general-relativistic effects.

Subject headings: binaries — black holes — neutron stars — pulsars — relativity
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A NEW TEST OF GENERAL RELATIVITY: GRAVITATIONAL RADIATION AND
THE BINARY PULSAR PSR 1913+16

J. H. TAYLOR AND J. M. WEISBERG
Department of Physics and Astronomy, University of Massachusetts, Amherst; and Joseph Henry Laboratories,
Physics Department, Princeton University
Received 1981 July 2; accepted 1981 August 28
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relativistic prediction for loss of energy to gravitational radiation,
or P,=—240x10""2,
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Relativistic Binary Pulsar B1913+416: Thirty Years of
Observations and Analysis

Joel M. Weisberg
Dept. of Physics & Astronomy, Carleton College, Northfield, MN

Joseph H. Taylor
Dept. of Physics, Princeton University, Princeton, NJ
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Figure 1.  Orbital decay of PSR B1913+16. The data points indicate
the observed change in the epoch of periastron with date while the
parabola illustrates the theoretically expected change in epoch for a
system emitting gravitational radiation, according to general relativity.



Historical overview

BICEP2 claims to find GWs in the CMB, probably its just dust

Spring 2014
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Historical overview

Spring 2014: BICEP2 claims to find GWs in the CMB, probably its just dust

Search...

d I‘le > astro-ph > arXiv:1403.3985v1

Astrophysics > Cosmology and Nongalactic Astrophysics

[Submitted on 17 Mar 2014 (this version), latest version 23 Jun 2014 (v3)]

BICEP2 I: Detection Of B-mode Polarization at Degree Angular Scales

BICEP2 Collaboration: P. A. R Ade (1), R. W. Aikin (2), D. Barkats (3), S. J. Benton (4), C. A. Bischoff (5), J. J. Bock (2,6), J. A. Brevik (2), |. Buder (5), E. Bullock (7),
C. D. Dowell (6), L. Duband (8), J. P. Filippini (2), S. Fliescher (9), S. R. Golwala (2), M. Halpern (10), M. Hasselfield (10), S. R. Hildebrandt (2,6), G. C. Hilton (11),
V. V. Hristov (2), K. D. Irwin (12,13,11), K. S. Karkare (5), J. P. Kaufman (14), B. G. Keating (14), S. A. Kernasovskiy (12), J. M. Kovac (5), C. L. Kuo (12,13), E. M.
Leitch (15), M. Lueker (2), P. Mason (2), C. B. Netterfield (4), H. T. Nguyen (6), R. O'Brient (6), R. W. Ogburn IV (12,13), A. Orlando (14), C. Pryke (9,7), C. D.
Reintsema (11), S. Richter (5), R. Schwarz (9), C. D. Sheehy (9,15), Z. K. Staniszewski (2,6), R. V. Sudiwala (1), G. P. Teply (2), J. E. Tolan (12), A. D. Turner (6), A.
G. Vieregg (5,15), C. L. Wong (5), K. W. Yoon (12,13) ((1) Cardiff University, (2) Caltech, (3) ALMA, (4) University of Toronto, (5) Harvard/CfA, (6) NASA JPL, (7)

Minnesota Institute for Astrophysics, (8) SBT Grenoble, (9) University of Minnesota, (10) University of BritishColumbia, (11) NIST, (12) Stanford University, (13)
KIPAC/SLAC, (14) UCSD, (15) University of Chicago)

We report results from the BICEP2 experiment, a Cosmic Microwave Background (CMB) polarimeter specifically designed to search for the signal of inflationary gravitational
waves in the B-mode power spectrum around |=80. The telescope comprised a 26 cm aperture all-cold refracting optical system equipped with a focal plane of 512 antenna
coupled transition edge sensor (TES) 150 GHz bolometers each with temperature sensitivity of approx. 300 this http URL(s). BICEP2 observed from the South Pole for three
seasons from 2010 to 2012. A low-foreground region of sky with an effective area of 380 square degrees was observed to a depth of 87 nK-degrees in Stokes Q and U. In this
paper we describe the observations, data reduction, maps, simulations and results. We find an excess of B-mode power over the base lensed-LCDM expectation in the range
30<I<150, inconsistent with the null hypothesis at a significance of > 50. Through jackknife tests and simulations based on detailed calibration measurements we show that
systematic contamination is much smaller than the observed excess. We also estimate potential foreground signals and find that available models predict these to be
considerably smaller than the observed signal. These foreground models possess no significant cross—correlation with our maps. Additionally, cross-correlating BICEP2 against
100 GHz maps from the BICEP1 experiment, the excess signal is confirmed with 30 significance and its spectral index is found to be consistent with that of the CMB, disfavoring
synchrotron or dust at 2.30 and 2.20, respectively. The observed B-mode power spectrum is well-fit by a lensed-LCDM + tensor theoretical model with tensor/scalar ratio

r= 0.20f8:8§ , with r=0 disfavored at 7.00. Subtracting the best available estimate for foreground dust modifies the likelihood slightly so that r=0 is disfavored at 5.90.
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Spring 2014: BICEP2 claims to find GWs in the CMB, probably its just dust

Search...

d I‘><1V > astro-ph > arXiv:1403.3985v3

Astrophysics > Cosmology and Nongalactic Astrophysics

[Submitted on 17 Mar 2014 (v1), last revised 23 Jun 2014 (this version, v3)]

BICEP2 I: Detection Of B-mode Polarization at Degree Angular Scales

P. A. R Ade (1), R. W. Aikin (2), D. Barkats (3), S. J. Benton (4), C. A. Bischoff (5), J. J. Bock (2,6), J. A. Brevik (2), |. Buder (5), E. Bullock (7), C. D. Dowell (6), L.
Duband (8), J. P. Filippini (2), S. Fliescher (9), S. R. Golwala (2), M. Halpern (10), M. Hasselfield (10), S. R. Hildebrandt (2,6), G. C. Hilton (11), V. V. Hristov (2), K.
D. Irwin (12,13,11), K. S. Karkare (5), J. P. Kaufman (14), B. G. Keating (14), S. A. Kernasovskiy (12), J. M. Kovac (5), C. L. Kuo (12,13), E. M. Leitch (15), M.
Lueker (2), P. Mason (2), C. B. Netterfield (4,16), H. T. Nguyen (6), R. O'Brient (6), R. W. Ogburn IV (12,13), A. Orlando (14), C. Pryke (9,7), C. D. Reintsema (11),
S. Richter (5), R. Schwarz (9), C. D. Sheehy (9,15), Z. K. Staniszewski (2,6), R. V. Sudiwala (1), G. P. Teply (2), J. E. Tolan (12), A. D. Turner (6), A. G. Vieregg
(5,15), C. L. Wong (5), K. W. Yoon (12,13) ((1) Cardiff University, (2) Caltech, (3) ALMA, (4) University of Toronto, (5) Harvard/CfA, (6) NASA JPL, (7) Minnesota
Institute for Astrophysics, (8) SBT Grenoble, (9) University of Minnesota, (10) University of British Columbia, (11) NIST, (12) Stanford University, (13) KIPAC/SLAC,
(14) UCSD, (15) University of Chicago, (16) Canadian Institute for Advanced Research)

(abridged for arXiv) We report results from the BICEP2 experiment, a cosmic microwave background (CMB) polarimeter specifically designed to search for the signal of
inflationary gravitational waves in the B-mode power spectrum around £ ~ 80. The telescope comprised a 26 cm aperture all-cold refracting optical system equipped with a
focal plane of 512 antenna coupled transition edge sensor 150 GHz bolometers each with temperature sensitivity of = 300uK g 4/s- BICEP2 observed from the South Pole for
three seasons from 2010 to 2012. A low-foreground region of sky with an effective area of 380 square deg was observed to a depth of 87 nK deg in Stokes Q and U. We find an
excess of B-mode power over the base lensed-LCDM expectation in the range 30 < £ < 150, inconsistent with the null hypothesis at a significance of > 50. Through jackknife
tests and simulations we show that systematic contamination is much smaller than the observed excess. We also examine a number of available models of polarized dust
emission and find that at their default parameter values they predict power ~ (5 — 10)x smaller than the observed excess signal. However, these models are not sufficiently
constrained to exclude the possibility of dust emission bright enough to explain the entire excess signal. Cross correlating BICEP2 against 100 GHz maps from the BICEP1
experiment, the excess signal is confirmed and its spectral index is found to be consistent with that of the CMB, disfavoring dust at 1.70. The observed B-mode power
spectrum is well fit by a lensed-LCDM + tensor theoretical model with tensor-to-scalar ratior = 0.20’:8:8;/, with r = O disfavored at 7.00. Accounting for the contribution of

foreground dust will shift this value downward by an amount which will be better constrained with upcoming data sets.
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nterferometer detectors are proposed

1984: LIGO (Laser Interferometer Gravitational-wave Observatory) is founded
1989: Virgo is founded

Late 1990s-early 2000s: First-generation detectors are built (LIGO, Virgo, GEO)
Early 2010s: Second-generation upgrades (Advanced LIGO, Advanced Virgo)
2020: KAGRA is completed in Japan, LIGO-Virgo-KAGRA Collaboration
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September 2015: The first direct observation of a
gravitational wave: GW150914
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Historical overview

September 2015: The first direct observation of a
gravitational wave: GW150914

February 2016: The detection is announced to
the public
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Observation of Gravitational Waves from a Binary Black Hole Merger

B.P. Abbott er al.”

DOI: 10.1103/PhysRevLett.116.061102

L. INTRODUCTION

In 1916, the year after the final formulation of the field
equations of general relativity, Albert Einstein predicted
the existence of gravitational waves. He found that
the linearized weak-field equations had wave solutions:
transverse waves of spatial strain that travel at the speed of
light, generated by time variations of the mass quadrupole

moment of the source [1,2). Einstein understood that

Time

gravitational-wave amplitudes would be remarkably

small; moreover, until the Chapel Hill conference in
1957 there was significant debate about the physical

reality of gravitational waves [3].

Also in 1916, Schwarzschild published a solution for the
field equations [4] that was later understood to describe a
black hole [5,6], and in 1963 Kerr generalized the solution
to rotating black holes [7]. Starting in the 1970s theoretical
work led to the understanding of black hole quasinormal
modes [8-10], and in the 1990s higher-order post-
Newtonian calculations [11] preceded extensive analytical
studies of relativistic two-body dynamics [12,13]. These
advances, together with numerical relativity breakthroughs
in the past decade [14-16], have enabled modeling of
binary black hole mergers and accurate predictions of
their gravitational waveforms. While numerous black hole
candidates have now been identified through electromag-
netic observations [17-19], black hole mergers have not

previously been observed.

“Full author list given at the end of the article.
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On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave
Observatory simultancously 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 107!, 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! 5 Mpc corresponding to a redshift z = 0.0907.
In the source frame, the initial black hole masses are 363 M, and 297 M ,, and the final black hole mass is
6273M, with 3.0703 M, ¢* 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.

The discovery of the binary pulsar system PSR B1913+16
by Hulse and Taylor [20] and subsequent observations of
its energy loss by Taylor and Weisberg [21] demonstrated
the existence of gravitational waves. This discovery,
along with emerging astrophysical understanding [22],
led to the recognition that direct observations of the
amplitude and phase of gravitational waves would enable
studies of additional relativistic systems and provide new
tests of general relativity, especially in the dynamic
strong-field regime.

Experiments to detect gravitational waves began with
Weber and his resonant mass detectors in the 1960s [23],
followed by an international network of cryogenic reso-
nant detectors [24]. Interferometric detectors were first
suggested in the early 1960s [25] and the 1970s [26]. A
study of the noise and performance of such detectors [27],
and further concepts to improve them [28], led to
proposals for long-baseline broadband laser interferome-
ters with the potential for significantly increased sensi-
tivity [29-32]. By the early 2000s, a set of initial detectors
was completed, including TAMA 300 in Japan, GEO 600
in Germany, the Laser Interferometer Gravitational-Wave
Observatory (LIGO) in the United States, and Virgo in
Italy. Combinations of these detectors made joint obser-
vations from 2002 through 2011, setting upper limits on a
variety of gravitational-wave sources while evolving into
a global network. In 2015, Advanced LIGO became the
first of a significantly more sensitive network of advanced
detectors to begin observations [33-36].

A century after the fundamental predictions of Einstein
and Schwarzschild, we report the first direct detection of
gravitational waves and the first direct observation of a
binary black hole system merging to form a single black
hole. Our observations provide unique access to the

Published by the American Physical Society



Historical overview

September 2015: The first direct observation of a
gravitational wave: GW150914

February 2016: The detection is announced to
the public

December 2017: The Nobel prize is awarded to
Rainer Weiss, Barry Barish, Kip Thorne, “for
decisive contributions to the LIGO detector and
the observation of gravitational waves”
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On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave
Observatory simultancously 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 107!, 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! 5 Mpc corresponding to a redshift z = 0.0907.
In the source frame, the initial black hole masses are 363 M, and 297 M ,, and the final black hole mass is
6273M, with 3.0703 M, ¢* 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

L. INTRODUCTION

In 1916, the year after the final formulation of the field
equations of general relativity, Albert Einstein predicted
the existence of gravitational waves. He found that
the linearized weak-field equations had wave solutions:
transverse waves of spatial strain that travel at the speed of
light, generated by time variations of the mass quadrupole
moment of the source [1,2). Einstein understood that
gravitational-wave amplitudes would be remarkably
small; moreover, until the Chapel Hill conference in
1957 there was significant debate about the physical
reality of gravitational waves [3].

Also in 1916, Schwarzschild published a solution for the
field equations [4] that was later understood to describe a
black hole [5,6], and in 1963 Kerr generalized the solution
to rotating black holes [7]. Starting in the 1970s theoretical
work led to the understanding of black hole quasinormal
modes [8-10], and in the 1990s higher-order post-
Newtonian calculations [11] preceded extensive analytical
studies of relativistic two-body dynamics [12,13]. These
advances, together with numerical relativity breakthroughs
in the past decade [14-16], have enabled modeling of
binary black hole mergers and accurate predictions of
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The discovery of the binary pulsar system PSR B1913+16
by Hulse and Taylor [20] and subsequent observations of
its energy loss by Taylor and Weisberg [21] demonstrated
the existence of gravitational waves. This discovery,
along with emerging astrophysical understanding [22],
led to the recognition that direct observations of the
amplitude and phase of gravitational waves would enable
studies of additional relativistic systems and provide new
tests of general relativity, especially in the dynamic
strong-field regime.

Experiments to detect gravitational waves began with
Weber and his resonant mass detectors in the 1960s [23],
followed by an international network of cryogenic reso-
nant detectors [24]. Interferometric detectors were first
suggested in the early 1960s [25] and the 1970s [26]. A
study of the noise and performance of such detectors [27],
and further concepts to improve them [28], led to
proposals for long-baseline broadband laser interferome-
ters with the potential for significantly increased sensi-
tivity [29-32]. By the early 2000s, a set of initial detectors
was completed, including TAMA 300 in Japan, GEO 600
in Germany, the Laser Interferometer Gravitational-Wave
Observatory (LIGO) in the United States, and Virgo in
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Historical overview

June 2023: Pulsar timing array collaborations ( NANOGrav, EPTA, PPTA, InPTA, CPTA) find evidence for a gravitational wave background
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Gravitational wave equation

n,, = diag(—1,1,1,1)
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Anatomy of a binary signal

Inspiral Merger
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Waveform modeling

» Phenomenological:
» Computed directly in the frequency domain
» PN + coefficients fit to NR
» Effective-one-body:
» Single body in an eftective potential
» PN/NR/BH perturbation
> Surrogate:
> Interpolate between NR Simulations

» Incorporate PN/BH perturbation to deal with inspiral/ringdown
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Power Spectral Density: S, (f) ~ 10~*° Hz~! (for LIGO)

Amplitude Spectral Density: \/Sn(f) ~ 1072% Hz~ 2 (for LIGO)
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Detector frame vs source frame

Our waveforms do not assume any cosmology. We measure what the source
parameters would have been it the wave had traveled through a flat, static universe

(detector-frame parameters). However...

The frequency is shifted by cosmic expansion: fi., = f.../(1 + 2)

So is the perceived distance from the source: D; = (1 + z)D,

5/3 2/3
Maet J det

Dy,

So the total mass we measure is: my,, = (1 + 2)m,,.

The leading order term of the strain is: & ~
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Parameter estimation: Hierarchical inference:
Learn about single events Learn about population properties
ZL(d|0)x(0)
p@|d) =
Z(d)
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Population inference

Parameter estimation: Hierarchical inference:
Learn about single events Learn about population properties
Z(d|0)n(0) Z({di} | A)m(A)
p@1d) = PANG)) = ——
Z(d) 2 (1d;})
0= {m,my,x,x»d ...} A = population parameters

< (0] A)

1
Z(d]0) ~ exp [—g(d - h<9>>2] L({d} |1 A) ~ H z’(da— >

J
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Space-based detectors: Third-generation ground-based detectors:
LISA (Laser Interferometer Space Antenna) Einstein Telescope (Europe)

Planned launch: 2035 Planned completion: 2035
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Useful links

"Gravitational Waves from Merging Compact Binaries: How Accurately Can One Extract the Binary's
Parameters from the Inspiral Waveform?”

(https://arxiv.org/abs/gr-ac/9402014)

“The basics of gravitational wave theory”

(https://arxiv.org/abs/gr-ac/0501041)

Handbook of Gravitational Wave Astronomy

(https://link.springer.com/referencework/10.1007/978-981-16-4306-4)

“A Brief History of Gravitational Waves”
(https://arxiv.org/abs/1609.09400)

“An introduction to Bayesian inference in gravitational-wave astronomy”

(https://arxiv.org/abs/1809.02293

"Gravitational-wave sensitivity curves”

(https://arxiv.org/abs/1408.0/40)



https://arxiv.org/abs/gr-qc/9402014
https://arxiv.org/abs/gr-qc/0501041
https://link.springer.com/referencework/10.1007/978-981-16-4306-4
https://arxiv.org/pdf/1609.09400
https://arxiv.org/abs/1809.02293
https://arxiv.org/abs/1408.0740

