Gravitational wave science

Jo van den Brand, Nikhef, VU University Amsterdam and Maastricht University, jo@nikhef.nl
The 2022 Asia-Europe-Pacific School of High-Energy Physics, Pyeongchang, October 16, 2022

LIGO
Scientific
Collaboration



mailto:jo@nikhef.nl

El nstel nos

t heory

of

Einstein discovers deep connections between space, time, light, and gravity

Einsteinds Gravity

A Space and time are physical objects

A Gravity as a geometry

Predictions

A Gravitation is curvature of spacetime
A Light bends around the Sun

A Expansion of the Universe

ABI

A Gravitational waves: curvature perturbations in the
spacetime metric
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S44 Sixung der physikalisoi-matbimsatischen Ko vom 25, November 1915
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Die Feldgleichungen der Gravitation,

Yoo A. EaNsTRIN.

]u zywéd vor kurxem erschienenen Mitteilungen® habe feh gozdigt, wie
man zu Feldglelehungen der Gravitation gelangen kaon, die dem Posto-

1at sligemeiner Relativitit entsprechen, d. h. die in ihrer allgemeinen

¥ 31 1'|'n'(.‘l.n‘s - 0 der R
variant. sind.

Der Eatwieklungigans winr dabei folgender.  Zunehst find ieh
Gleichungen, welehe dic Npwvosscas Theorie sls N3herang enthalien
und beliehigen Substitutionen von der Determinante 1 gégentber ko-
variant waren.  Hieweol fnd ieh, daf diesen Gleichungen allgemein
kovarignte cntsprechen, falls der Skalar des Enorgiesensors dey «Ma-
teries verschwinded,  Das Koordinatensystem war danmn nach der ein-
fuehen Begel za spezialisierea, dab ]——-g zu 1 gemacht wird, wodureh
die Gleichungen der Theorde eine eminente Vervinfachung orfshren.
Dabei mufita aber, wie erwilnt, dic Hypothese eingefithet wenden,
dal der Skalar des Euergietensors dev Matevie verschwinde.

Neuendings finde ieh oon, Jab man obne Hypotheso iher den
Enecgictensor der Materie auskomnen kanp, wean man dea Energie-
tensor der Materie in etwas andever Welse o dic Feldgleichnngen
einsotzt, als dies in meinen beiden fritheron  Mitteilungen geschehen
ist, . Die- Feldgleichungen fic das Vakoom, sut welche ieh die Er-
klicang der Perihelbewegung des Merkur gegrinder habe, bleiben von
dieser Modifikation unberiilog, Ieh gebe hier nochmals die gange Be-
teachteng, damit dee Leser nicht gendizt ist, die frdheren Mitteilungen
unansgesetzt. heranzuzichen,
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Arthur Eddington observes bending of light in May 1919

LIGHTS ALL ASKEW,
[N THE HRAVANS

Men of Science More or Less
Agog Over Results of Eclipse
Chservations.

EINSTEIN THEORY TRIUMPHS

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

A BOOK FOR 12 WISE MEN

Optical Deflection of Statlight During Eclipses
No More in All the World Could

Date Location arc secs
29 May 1919 Sobral 1.98 £0.16 Comprehend It, Sald Einsteln When
Principe 116 +0.40 His Daring Publishers
21 Sep 1923 Australia 177 +£0.40 g Accepted It.
1420 2.16
1724015
1.82 £0.20 .
S 2345010 New York Times,
19 June 1936 USSR 2.73 +0.31
Tapat 128 t02.13
November 10, 1919

25 Feb 19352 Sudan 170 +£0.10
30 Jun 1973 M auritania 166 £0.19




Einstein arrives in New York

Einstein is now world famous

NEW YORK @/)
gl

L%Mdemw e

LJH%IELN it Iamom bermaﬂ

Sclentist __ faces

barrage of camera-mein
on &rrival.




Einstein predicts existence of gravitational waves

Einstein publishes his discovery in Sitzungberichte Preussische Akademie der Wissenschaften, 22
June 1916 and on 14 February 1918

688 Sitzung der physikalisch-mathematischen Klasse vom 22, Juni 1916
154  Gesamtsitzung vom 14. Februar 1918, Mitteilung vom 31. Januar
|
Uber Gravitationswellen. l " : : =
| Niherungsweise Integration der Feldgleichungen

Von A. EINSTEIN.

der Gravitation.

(Vorgelegt am 31. Januar 1918 [s. oben S. 79).)

YVon A. KiNsTEIN.

l)iv wichtige Frage, wie die Ausbreitung der Gravitationsfelder er-
folgt, ist schon vor anderthalb Jahren in einer Akademiearbeit von
wstellung des Gegen-

mir behandelt worden'. Da aber meine damalige

ein. Man crhiilt aus ihm also die Ausstrahlung A des Systems pro
Zeiteinheit durch Multiplikation mit j7 R*:

= \“(83‘]@)2- (21)

e _'_3
247 =\ d¢
Wiirde man die Zeit in Sekunden, die Energic in Krg messen, so

Ly » 1 . ..
wiirde zu diesem Ausdruck der Zahlenfaktor - hinzutreten. Beriick-
pe

sichtigt man aullerdem, dall z = 1.57-107", so sielit man, da
allen nur denkbaren Fillen einen praktisch verschwindenden Wert

haben muf3.

Gleichwohl miBten die Atome zufolge der inneratomischen Elek-
tronenbewegung nicht nur elektromaguetische, sondern aueh Gravi-
tationscnergie ausstrahlen, wenn auch in winzigem Betrage. Da dies
in Wahrheit in der Natur nieht zutreffen diirfte, so scheint es, daB
die Quantentheorie nicht nur die Maxwrerische Elektrodynamik, son-
dern aueh die neuc Gravitationstheorie wird modifizieren miissen.




Gravitational radiation exists: PSR B1913+16
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Robert Oppenheimer predicts existence of black holes

Together with Snyder he predicts in 1939 the creation of black holes for neutron stars with masses
above approximately oU ¢ (Tolman-Oppenheimer-Volkoff limit)

Black holes are made of spacetime. According to GR all matter has disappeared in a singularity
Finkelstein (1958) identified Schwarzschild surface as an event horizon

Discovery of pulsars (1967) and identification as neutron stars (1969)




Evolution of stars

Compact objects are the product of stellar evolution: white dwarfs, neutron stars, and black holes
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For decades relativists doubted whether GWSs are real

Gravitational waves

|l n Eddi ngtonds early textbook on relativity, he qui ppe
the speedoft hought O

Einstein proposed many experiments, including really hard ones, but never suggested a search for gravitational
waves

The controversy lasted four decades, until the Chapel Hill Conference in 1957

Felix Pirani
Solved the problem of the reality of gravitational waves

He showed relativists that gravitational waves must have physical reality, because you could invent a (thought)
experiment that could detect them

If now one intro-

duces an orthonormal frame on ¢, W being the timelike vector of the frame, and
assumes that the frame is parallelly propagated along { (which insures that an ob-
server using this frame will see things in as Newtonian a way as possible) then the
equation of geodesic deviation (1) becomes

dn” R? b= (ayb =1,2,3) (2)
a2 obo ’ ik

Here qa are the physical components of the infinitesimal displacement and Raobo

some of the physical components of the Riemann tensor, referred to the orthonormal
frame.

By measurements of the relative accelerations of several different pairs of
particles, one may obtain full details about the Riemann tensor. One can thus very
easily imagine an experiment for measuring the physical components of the Riemann
tensor.

Photo by Josh Goldberg
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Geometry

Geometry is the study of shapes and spatial relations

Euclidean geometry
- sum of internal angles of a triangle is 180°
- circumference of a circle with radius R has length 2pR
- a sphere with radius R has area A = 4pR?
- Newton: space is Euclidean and time is universal
- Newton thus assumes a flat spacetime

Euclidian geometry is not the only kind of geometry
- Bolyai, Lobachevsky, Gauss discovered other geometries

Especially, Carl Friedrich Gauss (17771 1855) and
Bernhard Riemann (1826 i 1866) have made important
contributions to the development of geometry. They defined
differential geometry

Determining the geometric properties of the space (or
spacetime) is an experimental enterprise. It is not the
subject of pure mathematics

C




Differential geometry and the line element

Line element is the central element of any geometry

Example: length of a curve in Euclidean 2D plane

Q

Lc(P,Q) :/P dl [dl2 = do? +dy’ P dl = (da? + dy?)/? ]

The simplest solution is to make use of a parametrized curve. The
coordinates become functions of a continuous varying parameter u

We then have x(u) and y(u)

Example: the function vy = 2 gives x(u) = u, y(u) = u?

curve C

Example: the function 22 + y? = 1 gives z(u) = cos(u), y(u) = sin(u)

Onehas Ar— 2a,
“ da
A B ‘ der = —du, dy=
Ay = —JAu du
' Au B

2
(2 211/2 _ d_‘r 2 dl
dl = (de? +dy”)"” p  dl = ((du> o (du

Le(P,Q)

/qul mmm) L (P,Q)= /PQ A= /U.:Q

dy

du

du,



Line element for different coordinates

Line element for the same geometry but in different coordinates

Consider 3D Euclidean (flat) space
Cartesian coordinates  d/? = da? + dy? + dz?

Spherical coordinates

x = rsinf cos o.

y = 7 sin 0 sin ¢, ‘

rcos6.

-~
A~

dx = sinf cos ¢ dr 4 rcos f cos ¢ df — rsin € sin ¢ do,

sinfsin o dr + rcosf sin @df + rsinf cos ¢ do,

0os @ dr — rsinf dé. = s a 5 .
cos & dr sin v do, ~[C112 _ (l'T‘2—|—'?‘2 (192 —|—T‘2 811129(1(,92]

dy

dz

Using this line element we can again determine the length of a curve in the 3D flat
space. We then can build up the entire 3D Euclidean geometry. Gauss realized

that the line element is the key concept

We can go further and also consider the geometry of 2D curved spaces in the 3D
flat space. To this end we fix r = R and find for the line element

dI* = R*d0? + R?sin* 0 d¢”



Curved spaces
Line element for curved surface leads to different geometry

Consider 2D curved surface (space) of a sphere - arc of length RO
Line element d/? = R*d#? + R?sin® 0 do?

Coordinates are ) and ¢ e

Example: calculate the circumference of circle C 4 | RN

Answer: () is constant, thus
27
C = / Rsinfdp = Rsinf [¢]" = 27 Rsin
0
When we measure the radius and circumference in the same curved surface, the
we discover that the circumference is different than the Euclidean result

The sum of the internal angles of a triangle is larger than 180°

The shortest path between two points is the segment of a circle
through both point, where the center of the circle coincides with the
center of the sphere. This is a great circle

Note that curvature is an intrinsic property of the surface



Metric and Riemannian geometry
Line element is the starting point for any geometry

We have seen several line elements dli? = dz? + dy

.

di? = dr? + 2 do

2

: : 2
We deduced expressions for these line elements from

the known properties of these spaces dI? = dz* + dy* + d2?
dI? = dr? 4+ r? d6? + r?sin? 6 do?
Line element is expressed as the sum of the squares di? = R?d0? + R?sin? 0 do?

of coordinate differences, in analogy to the expression
by Pythagoras

With the line element we can determine the lengths of curves and shortest paths, and with
this the properties of circles and triangles, and in fact the entire geometry of a particular
(curved) space

Riemann realized the one also can take the line element as starting point for a
geometry (and not only as a summary)

n
An n-dimensional Riemann space is a space for which d1? = Z i 2l Al
i,J=1
The functions g;; are called the metric coefficients and must be symmetric g;; = g;j; SO
there are n(n+1)/2 independent coefficients

The set of metric coefficients is called the metric, sometimes also the metric tensor, and it
determines the complete geometry of the space



SRT derived from Minkowski metric of spacetime
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SRT derived from Minkowski metric of spacetime

-1 0 0

: : : 0O 1 0

For Cartesian coordinates ST has global metric =1 6 o 1
Line element  ds® = —c?dt* + dz® + dy* + dz* 0 00

Line element represents the time elapsed between two events for an
observer O1 at rest with respect to these events, (i w Qf

For an observer O2, moving with respect to O2 at a constant velocity v, the two
events occur at a time difference dt and take place at two different positions

2
Adr? = A — da® — dy — d2° ey dr = i\/l — (=)t

C
Lorentz contraction can be found in a similar manner

Which transformation leave the line element invariant?
Question: which functions solve the following equation? Thus 6 0 (Ohudwdd) o

Adt? — da? — dy? — d2? = Adt? — da? — dy”* — d2”?

Answer: displacements, rotations and Lorentz transformations. For example

0

_ o O

o (ohahuhd) hé

cdt! = ~ (cdt — (%) d:c) da”’ v =By 0 0 da”

dr’ = ~(dx — vdt) dx" | =By 4 00 dx? W i g
dy’ = dy T @ | T 0 0 10 de? | 7 dt = A, dr
dz = dz, da? 0 0 0 1 dax?

See al so fNThe Rpedtah itva tSpoe c G |,daeXw:A10KLDIEK 0 e k((@%ce& I

irgo



Metric perturbations and gravitational waves
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General Relativity

Metric is determined by the energy momentum tensor

Spacetime is not flat and we can write the line elementas ‘A "Q Qww
P T T T
In local Lorentz frame ats ,wehave ™ Q () — and™Q () Twith — g np 1pT E
T T T P
A freely falling particle always along a geodesic [— 3 — )]
Christoffel symbols 3 -"Q ("Q Er Qi Q ﬁ)

The metric is a rank 2 tensor. The curvature is defined by the rank 4 Riemann tensor tensor'Y
which depends on "Q , and also by its contractions, the Riccitensor 'Y and curvature scalar 'Y

Riemann tensor tensor 'Y -Q (Qy "Qrp Qf Q)

What generates curvature of spacetime?

Gener al Relativity to the rescue ¢

Einstein equations [Y -Q Y —"Y] with Y the energy momentum tensor

John A. Wheeler: fspacetime tells matter how to move; matter tells spacetime howtoc ur v e 0



Linearized gravity

Einstein field equations can be written as a wave equation for metric perturbations

We assume that the metric '‘Q can be described as flat — with a small perturbationQ L p
encoding the effect of gravitation

Start from the Einstein equations Y -QY —/Y
Linearize by replacing "Q with — "Q and removing higher order terms in 'Q

The equivalent equation is still complicated: change variables Q © "Q
The trace-reversed variables are definedby Q@ k' Q -— Q
In GR physics does not depend choice of coordinates (gauge)

Choose a specific set of coordinates systems that meet the condition —"Q T Q Tt

The field equations may now be written as Q ( ——) Q C (—) Y

In vacuum the EFE reduce to a wave equation for the metric perturbation "Q



Gravitational waves
GW polarizations can be derived in Transverse Traceless (TT) gauge (coordinate system)

In vacuum we have Y mtand the EFE reduce to the wave equation "Q ( ——) Q Tt

This wave equation obeys the gauge condition? Q T

1

1 T
: : . , _ N Ko,
We consider solutions "Q A A(T Q ) with wave vector Q 0
Q
Then satisfying the wave equation Q  mimplies QQ 1t This gives] &) m and thus a
wave propagating at the speed of light ¢
Using the gauge conditionT Q tleads to "QF mmand we have 6 remaining independent
elements in the polarization tensor
Among the set of coordinate systems, it is possible to choose one for which T T. This reduces
the number of iIindependent el ements to 2 denoted
General solution for a wave traveling along the z-axis isT Q (”QT Qf )'Q
T 7T T T T 7T T T
: m p T T Tm T p T - ot
Here isf nm opom andT mop T are a basis for the polarization tensor
T T T T T T TU TT



Gravitational waves: effect on two test masses

Metric perturbation h is the relative variation in proper length between the test masses

Consider the proper length between two test masses in free fall
Wave
Line element G "Q o w z A

Consider a plus-polarized gravitational wave

We only consider the x-direction and for proper length (Q0 )

we have Q "Q & @ >

g 2
Wehaved) . VT Qo . +Jp Q (i mMQw ’
We find 0 (p -"Q (o n))’Qdo (p -"Q (o n)) 30

TheTT-coordi nate system has coordinates dAfixedo a

The proper length changes, because the metric changes. This is observable



End of intermezzo



Weber bars

Joe Weber, co-inventor of the maser, was working with John Wheeler at Princeton on gravitational
waves. Thet wo of t hem were at Chapel tk I 1, and | i st e

We b e grdvisational wave detector was a cylinder of aluminum. Each end is like a test mass, while
the center iIs |Ii ke a spring. PZTb6s around the m

to an electrical amplifier

A massive (aluminum) cylinder. Vibrating in its gravest longitudinal mode, its two ends are like two
test masses connected by a spring

[

L




Resonant bar detectors

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,

AU

P



Rainer Welss

In 1957, Rai Weiss was a grad student of Jerrold Zacharias at MIT, working on atomic beams
Int he early 660606s, he s p e Micke atWrncelor an gravityvexperiments g w i

|l n 1964, Rai was back at MIT as a professor. He
know it, so he had to learn it one day ahead of the students

Heasked, Whatodods really measurable in gener al r el
presented at Chapel Hill in 1957

InPi rani 6s papers, he didnot
dashpot between the test masses. Instead, he said: It fi

Is assumed that an observer, by the use of light

signals or otherwise, determine the coordinates of a
neighboring particle in his local Cartesian coordinate
Ssystemo

Z a c hab at MIT was in the thick of the new field of
lasers. Rai read Pirani, and knew that lasers could do
the job

26



Gravitational waves: a 50 year quest

GW research started with Joseph Weber in the late 1960s with the use of resonant bars

GW resonant bar antennaos

: : _ PHYSICAL REVIEW LETTERS
A Weber published various detections

Highlights Recent  Accepted Authors Referees Search About N
T "Gravitational radiation”, Phys. Rev. Lett. 18, 498 (1967)
I "Gravitational-wave-detector events”, Phys. Rev. Lett. 20, 1307 (1968)

Evidence for Discovery of Gravitational Radiation

T "Evidence for discovery of gravitational radiation", Phys. Rev. Lett. 22, 132 (1969) %

Phys. Rev. Lett. 22, 1320 - Published 16 June 1969

I fGravitational Radiation E x p e r i niP@ys.tRevoLett. 24, 276 (1970) DR T

1 Mnisotropy and Polarization in the Gravitational-Ra d i at i on ERhyse r i me nites oeyreeco N
Reuv. Lett. 25, 180 (1970) N

T NMew Gravitational R &td/s. Bew. iLedt.B1, E70 (L1€7B)i ment s O

Loincidences 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
A Dlscred ”:ed coincidences were accidental is incredibly small. Experiments 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
I IBM, Levine and Garwin (1973)

Received 29 April 1969

I BellLabs, Tyson (1973) 12. Lunar Surface Gravimeter Experiment

A Room-temperature and cryogenic bars John J. Giganti,? I. V. Larson,* J. P. Richard,? and J. Webert

T RT12: Russia, US, UK, Japan, Germany, Italy, China, France Apollo 17 Prelim. Sci. Rept. SP-330
T CTO06: Stanford, LSU, UK, Rome, Regina, Legnaro The primary objective of the lunar surface gravi-
meter (LSG) is to use the Moon as an instrumented
T Triple (94%) and fourfold operations (57%): 2005 - 2007 e o b o) el daulalion]
waves E‘redlcted bz Einstein’s general _relativity
- i .. eory. secondary objective is to measure tidal
I Plans: TIGA’ GRAVITON’ (mInI)GRAIL and SFERA deformation of the Moon. Einstein's theory describes
. gravitation as propagating with the speed of light.
A Further ClaImS Gravitational waves carry energy, momentum, and
~ . information concerning changes in the configuration
1 SN1987A:; Rome , Ma r Yy | and Wi t h of their source. In these respects, such waves are
similar to electromagnetic waves; however, electro-
T P. Astone et al., Class. Quantum Grav. 19 (2002) 5449 magnetic waves only interact with electric charges

and electric currents. Gravitational waves are pre-
dicted to interact with all forms of energy.




Interferometers as detectors for gravitational waves

Interferometric detectors were first suggested in the early 1960s and the 1970s

Interferometers

A First proposed by Gertsenshtein and Pustovoit (1962)

T Sov. Phys. i JETP 878 16, 433 (1962) 879
A First built by Forward at Hughes Research Laboratories

T G. E. Moss, L. R. Miller, and R. L. Forward, Appl. Opt. 880 10, 2495 (1971)
A A study of the noise and performance of such detectors

T R. Weiss, Electromagnetically coupled broadband gravitational antenna, Tech. Rep. (MIT, 1972)
Quarterly report of the Research Laboratory for Electronics. https://dcc.ligo.org/LIGO-P720002/public

A First interferometer studies
T MPG Garching: early 1980s: a 3 m and later a 30 m ITF
T UK:1 m andlater 10 m ITF with FP cavities

1 Caltech: 40 m ITF; later Japan T
SOVIET FHYSICS JETP VOLUME 16, NUMBER 2 FEBRUARY, 1963

A LIGO .

1 Caltech and MIT agreement 1984 ON THE DETECTION OF LOW FREQUENCY GRAVITATIONAL WAVES

T Congress funding in 1991 for M$ 23 M. E. GERTSENSHTEIN and V. I. PUSTOVOIT ¢

T NSF funding in 1994 for M$ 395 Submitted to JETP editor March 3, 1962 -

: J. Exptl, Theoret: Phys. (U.S.S.R.) 43, 605-607 (August, 1962) '

A Virgo ’ d

- It is- shown that the sensitivity of the eléctromechanical experiments for detecting gravita-

I Approved CNRS (1993) and INFN (1994) tional.wavezs by means of piezocrystals is ten orders of magnitude worse than that.estimated

- . .. . by Weber. (11 In the low frequency range’it should be possible to detect gravitational waves

I Nikhef ]OIHEd in 2007 by the, shift of the bands in an optical interferometer. The sensitivity’ of this method is.inr

vestigated. i



https://dcc.ligo.org/LIGO-P720002/public

The first detection



LIGO: Laser Interferometer Gravitational Observatory

LIGO realized two interferometers with 4 km long arms in the USA (Livingston LA and Hanford WA)




Binary Neutron Stars (BNS)

We have observed over 2,000 pulsars (NS) in our Milky Way. Thus NS exist and there are probably
billions of NS per galaxy. Before GW150914 many of us expected the first GW event would be a BNS

Astronomers discovered 17 binary neutron stars (BNS), e.g. Hulse Taylor BNS J. G. Martinez et al
2017 ApJL 851 L29.
These systems undergo strong quadrupole-type acceleration doi:10.3847/2041-8213/aa9d87

After a certain time, both NS will collide

In the process a black hole may be created

Numerical simulation representing the
binary neutron star coalescence and
merger which resulted in the gravitational-
wave event GW170817 and gamma ray
burst GRB170817A

Credits: Numerical Relativity Simulation:
T. Dietrich (Max Planck Institute for
Gravitational Physics) and the BAM

collaboration

Scientific Visualization: T. Dietrich, S.
Ossokine, H. Pfeiffer, A. Buonanno (Max
Planck Institute for Gravitational Physics)



https://doi.org/10.3847/2041-8213/aa9d87

Interferometric gravitational wave detectors

Tiny vibrations in space can now be observed by using the kilometer-scale laser-based
interferometers of LIGO and Virgo. This enables an entire new field in science

ViR | (D))

R f




About ninety detectionsé s dar
First gravitational wave detection with GW150914 and first binary neutron star GW170817

PHYSICAL PHYSICAL
REVIEW REVIEW
LETTERS LETTERS

Library or (,‘::’."n:{,:.':ﬁ'fimy:n:m,m Until 2017 ] Article: shed week ending 1 2 FEBRUARY 20 1 6 Article: shed week ending 20 OCTOBER 20 17

Published by

American Physical Society” f’;:g%é Volume 116, Number 6 American Physical Society

Published by N Q

Volume 119, Number 16
physics



Event GW150914

Chirp-signal from gravitational waves from two coalescing black holes were observed with the LIGO
detectors by the LIGO-Virgo Consortium on September 14, 2015

- ..~ «%  LlIGO Virgo Collaboratior
.i‘o‘ . ’ '{:. B
TR
. o R T
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Event GW150914

On September 14th 2015 the gravitational waves generated by a binary black hole merger,
located about 1.4 Gly from Earth, crossed the two LIGO detectors displacing their test
masses by a small fraction of the radius of a proton

O
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Nobel Prize in Physics 2017

https://www.nobelprize.org/nobel prizes/physics/laureates/2017/press.himl

2 KUNGL.
VETENSKAPS:
AKADEMIEN

THE ROYAL SWEDISH ACADEMY OF SCIENCES

Press Release: The
Nobel Prize in Physics 2017

3 October 2017

The Royal Swedish Academy of Sciences has decided to award the Nobel
Prize in Physics 2017 with one half to

Rainer Weiss
LIGO/VIRGO Collaboration

and the other half jointly to

Barry C. Barish
LIGO/VIRGO Collaboration

and

Kip S. Thorne
LIGO/VIRGO Collaboration



https://www.nobelprize.org/nobel_prizes/physics/laureates/2017/press.html

Speci al thanks to Virgoos
Alain Brillet and Adalberto Giazotto
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Data analysis

The interferometers produce araw h(t) ( s o ¢ laoftdl )e dt ifime ser i es. Not e
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Data analysis

In the frequency domain we have an amplitude spectral density (ASD). We whiten the data (i.e.
divide out the median noise curve)
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Data analysis

We can get rid of a lot of noise just by restricting where to look: this is called bandpassing
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Data analysis

Back in the time domain the bandpassed data look much cleaner. Note the scale of the amplitude.
However we observe some spiky-ness. This is indicated by the arrows
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Data analysis

In the frequency domain, we observe some sharp lines. What do you think is the effect of these
lines?
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Data analysis

The sharp |lines are due to instrumentation effe
transfer function
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