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LIGO Scientific Collaboration and Virgo Collaboration
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THE DISCOVERY

 the first direct observation of a  passing gravitational wave

F breakthrough of the century

- opens a new window to the universe

- the culmination of a long, difficult and challenging process to 
build a super-sensitive instrument

- opens for “hands-on” studies of the gravitational force 

in the “strong limit” e.g. close to black holes
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GRAVITAIONAL RADIATION

 gravitational radiation is generated when masses accelerate

 the space-time is deformed

 the deformations propagate    F description in terms of gravitational     

waves that travel with the speed of light 

 space-time oscillates               F contracts/extends perpendicular

to the direction of propagation

visualization: Haas@AEI
from A. Buananno, CERN colloquium 2017
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GRAVITATIONSSTRÅLNING

visualization: Haas@AEI
from A. Buananno, CERN colloquium 2017
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 gravitational radiation is generated when masses accelerat

 the space-time is  deformed

 the deformations propagate    F description in terms of gravitational     

waves that travel with the speed of light 

 space-time oscillates               F contracts/extends perpendicular

to the direction of propagation

KITS, Nov 4, 2017



 extremely small amplitude

 signal measured in terms of relative extension: h = DL/L

 four interesting astrophysical sources:

GRAVITATIONSVÅGOR

h ~ G/c4…

 h ~ 10 ⎼21

 h ~ 10 ⎼27 – 10 ⎼24

 h ~ 10 ⎼23 – 10 ⎼20

collisions between compact objects
black holes / neutron stars

supernove
gamma ray bursts

pulsars/magnetars

cosmic gravitational wave background

 h ~ 10 ⎼24 ??
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 Hulse and Taylor (1974) observed a dubble pulsar PSR 1913+16

 showed that the orbit shrinks, the two stars come closer and closer

 the effect is in  accordance with general relativity and is

– a consequence of gravitational radiation!

GRAVITATIONAL RADIATION – INDIRECT OBSERVATION

Ge. Rel.

for the discovery of a new type of pulsar,

a discovery that has opened up new 

possibilities for the study of gravitation

 Nobel Prize 1993
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THE FIRST EXPERIMENTS

 the 1957 Chapel Hill conference 
– theorists agree that gravitational radiation has detectable effects

 Joseph Weber builds the first gravitational wave antenna in early 1960’s

 “he detects” about 1 event per day! (publ. 1969; questioned)

 stimulated further R&D on
gravitational wave detectors

F cryogeniska resonant   

Weberdetektors

F laser interferometrs
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Laser Interferometer Gravitational-wave Observatory
LIGO

two identical laser interferometers 3002 km 
apart at
• Livingston, Louisiana
• Hanford, Washington

LIGO

Livingston

Hanford



LASER INTERFEROMETER F0R GRAVITATIONAL WAVES

T. H. Hansson KITS, Nov 4, 2017



source: www.sciencenews.org
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FIRST OBSERVATION GW150914 (Abbott et al., PRL 116 (2016) 061102)

DISCOVERED BY

automized,
wave shape independent

search algorithm
for generic trancients,
reported within 3 min

PRD 93 (2016) 122004
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FIRSTSTA OBSERVATION GW150914 (Abbott et al., PRL 116 (2016) 061102)

DISCOVERED BY

automized,
wave shape independent

search algorithm
for generic trancients

later confirmed by a 
matched filter 

analysis employing 
wave templets 

computed assuming 
merging black holes

PRD 93 (2016) 122004

T.H. Hansson KITS, Nov 4, 2017



FLERA GRAVITATIONSVÅGOR

Olga Botner Oct 3, 2017



A SHORT HISTORY OF LIGO

 Laserinterferometry for detection of gravitational waves is first mentioned in an 
article by Gertsenshtein and Pustovoit, USSR, 1963 

 Independently proposed by Rainer Weiss, MIT, a few years later

 1967 Weiss gives the first 

demonstration of a detector with 
a sensitivity only limited by by
“shot noise”

 1972 Weiss founds LIGO 

identifies and evaluates about 10 
different effects that limits the 
sensitivity, including sesmic
noice, geomagnetic storms, 
cosmic radiation etc.
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ADVANCED LIGO

pre-stabilized laser

200W , 1064 nm

40 kg ‘Test Mass’ mirror

polished to sub-nm prec.

input optics

 aLIGO – today a sensitivity of 10-23 at 100 Hz

 an enormous amount of innovation in detector technology

 close collaboration between  groups in USA, in Australia and in Europe

 many exempels
- detector components
- mirror suspension
- calibration methods
- signal processing
- etc. etc.

 LIGO collaboration 
- about 1000 researchers 

90 institutions
5 continents

 continuous detector/method-
development during 40 years.

 many crucial individual contr.
 ~ 300 publications

mirror suspension
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ADVANCED VIRGO

6 EU countries: France, Hungary, Italy, Poland, Spain, and The Netherlands
20 labs, ~280 authors

APC Paris 
ARTEMIS Nice
EGO Cascina
INFN Firenze-Urbino
INFN Genova
INFN Napoli
INFN Perugia
INFN Pisa
INFN Roma La 
Sapienza
INFN Roma Tor 
Vergata
INFN Trento-Padova
LAL Orsay – ESPCI 
Paris
LAPP Annecy
LKB Paris
LMA Lyon
NIKHEF Amsterdam
POLGRAW(Poland)
RADBOUD Uni. 
Nijmegen
RMKI Budapest
University of 
Valencia





What is new as of August 17, 2017 ? 

Black holes

• only elements: space and time

• masses: > 3 M⊙, in GW-detections: (7.5 - 36) M⊙

⇒ extreme spacetime

• GWs produced by a matter-source

• masses:                                  ~1.4 M⊙ (< 3 M⊙)

• densities:                               ~ 5x1014 g/cm3  >> density nuclear matter

• temperatures during merger: > 1011 K

⇒ extreme spacetime & extreme matter

Neutron star

T. H. Hansson KITS, Nov 4, 2017



TITLE

Sep 2017LIGO / Olga Botner

Radio Waves

X-rays/Gamma-rays
Gravitational Waves

Visible/Infrared Light Neutrinos
Radio Waves

Multi-messenger GW astronomy

From D. Reitze CERN colloquium August 2017
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Figure 1. Tim elineofobservationsofG W 150914,separated by band and relativeto thetim eoftheG W trigger.Thetop row show s

G W inform ation releases. The bottom fourrow s show high-energy,optical,near-infrared,and radio observations respectively.
O pticalspectroscopy and narrow -field radio observationsare indicated w ith darkertick m arksand boldface text.M ore detailed

inform ation on the tim eline ofobservationsisreported in Table 2.

m atched-filtersearchesusing a tem plate bank w hich includes

both N S binary and BBH m ergers. The w aveform w as con-
firm ed to be consistent w ith a BBH m erger and this infor-
m ation w as shared w ith observers about 3 w eeks after the

event(G CN 18388). The FA R w as evaluated w ith the data
collected through 20 O ctober,reported to be less than 1 in

100 years (G CN 18851;A bbottetal.2016c),and ultim ately
determ ined to be m uch low er. The finalresults ofthe offline
search are reported in A bbottetal.(2016a).

3. SK Y M A PS

W e produce and dissem inate probability sky m aps using a

sequence ofalgorithm sw ith increasing accuracy and com pu-

tationalcost. H ere,w e com pare fourlocation estim ates: the

prom ptcW B and LIB localizations thatw ere initially shared
w ith observing partners plus the rapid BAY ESTA R localiza-

tion and the finallocalization from LA LInference. A llfour
are show n in Fig.2.
cW B perform saconstrained m axim um likelihood (M L)es-

tim ate of the reconstructed signalon a sky grid (K lim enko
etal.2015)w eighted by the detectors’antenna patterns (Es-

sick etal.2015) and m akes m inim alassum ptions aboutthe
w aveform m orphology. W ith tw o detectors,this am ounts to
restricting thesignalto only oneoftw o orthogonalG W polar-

izations throughoutm ostofthe sky. LIB perform s Bayesian

inference assum ing the signal is a sinusoidally m odulated

G aussian (Lynch et al.2015). W hile this assum ption m ay

notperfectly m atch the data,itisflexible enough to produce

reliable localizations for a w ide variety of w aveform s, in-

cluding BBH inspiral-m erger-ringdow n signals (Essick etal.
2015). BAY ESTA R produces sky m aps by triangulating the

tim es,am plitudes,and phaseson arrivalsupplied by the CBC
pipelines (Singer& Price 2016). BAY ESTA R w as notavail-

able prom ptly because the low -latency CBC searches w ere

notconfigured for BBH s; the localization presented here is

derived from the offline CBC search.LA LInference perform s
fullforw ard m odeling ofthe data using a param eterized CBC
w aveform w hich allow s for BH spins and detector calibra-

tion uncertainties (Veitch etal.2015).Itisthe m ostaccurate
m ethod for CBC signals buttakes the m osttim e due to the

high dim ensionality.W e presentthe sam e LA LInference m ap
as A bbott etal.(2016e), w ith a spline interpolation proce-
dure to include the potentialeffects ofcalibration uncertain-

ties. The BAY ESTA R and LA LInference m aps w ere shared
w ith observerson 2016 January 13 (G CN 18858),atthe con-

clusion ofthe O 1 run.Since G W 150914 isa CBC event,w e
considerthe LA LInference m ap to be the m ostaccurate,au-

thoritative,and finallocalization forthisevent.
A llof the sky m aps agree qualitatively,favoring a broad,

long section ofarc in the Southern hem isphere and to a lesser

extenta shortersection ofnearly the sam e arc nearthe equa-
tor. W hile the m ajority ofLIB’s probability is concentrated

in the Southern hem isphere,a non-trivialfraction ofthe 90%
confidence region extendsinto the N orthern hem isphere.The

LA LInferenceshow sm uch lesssupportin theN orthern hem i-

sphere w hich islikely associated w ith the strongerconstraints
available w ith fullCBC w aveform s. The cW B localization

also supportsan isolated hotspotnear↵ ⇠ 9h,δ⇠ 5◦ .W hile
allalgorithm s assum e ellipticalpolarization throughoutm ost

of the sky, cW B’s assum ptions are relaxed near this island
w here the detectorresponses m ake itpossible to distinguish
otherpolarizations.

Table 1 show sthatthe size ofconfidence regionsvariesbe-

tw een the algorithm s. Forthis event,cW B produces sm aller

confidence regions than the other algorithm s. W hile cW B

produces reasonably accurate m aps fortypicalBBH signals,

itcan system atically m isestim ate thesizesoflargeconfidence



What have we learned from the first GW+EM 

multi-messenger event?

Electromagnetic waves:

Solution of long-standing puzzles:

• “neutron star mergers produce short 

Gamma-Ray Bursts”

• ”neutron star mergers are a major 

production site of heavy elements”

• “it was a neutron star neutron star merger 

with total mass ≈ 2.8 M⊙”

Gravitational Waves: 

T. H. Hansson KITS, Nov 4, 2017



What have we learned from EM emission?

Lesson1: We know where it happened!

credit: LIGO/VIRGO



Platinum, Z= 78, A= 195

Gold, Z= 79, A= 197

Examples of r-process elements

“platinum peak”

Nucleosynthesis via “rapid neutron capture (=r-process)”

Enough matter is ejected for neutron star 

mergers to be A major/potentially THE 

major source of heavy elements in the 

Universe!

T. H. Hansson KITS, Nov 4, 2017
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From the will of Alfred Nobel

"The whole of my remaining realizable estate shall be dealt with in the following way: 
………….annually distributed in the form of prizes to those who, during the preceding 
year, shall have conferred the greatest benefit on mankind. …

………….shall be divided into five equal parts, which shall be apportioned as follows: 
one part to the person who shall have made the most important discovery or invention
within the field of physics; one part to the person who shall have made the most 
important chemical discovery or improvement; one part to the person who shall have 
made the most important discovery within the domain of physiology or medicine; one 
part to the person who shall have produced in the field of literature the most 
outstanding work in an ideal direction; ………

The prizes for physics and chemistry shall be awarded by the Swedish Academy of 
Sciences ….

It is my express wish that in awarding the prizes no consideration be given to the 
nationality of the candidates, but that the most worthy shall receive the prize, 
whether he be Scandinavian or not."

T. H. Hansson KITS, Nov 4, 2017



The Nobel Foundation
A private institution established in 1900 based on the will of 
Alfred Nobel. The Foundation manages the assets made 
available through the will for the awarding of the Nobel Prizes 
in Physics, Chemistry, Physiology or Medicine, Literature and 
Peace.

It represents the Nobel institutions externally and administers 
informational activities and arrangements surrounding the 
presentation of the Nobel Prize. The Foundation also 
administers Nobel symposia in the different prize areas.

• Nobel Media
• Nobel Museum
• Nobel Center

T. H. Hansson KITS, Nov 4, 2017



Nominations and selection of physics laureates

• Nominations to the Nobel Prize in Physics is by invitation only. 

• The names of the nominees and other information about the 
nominations are kept secret for 50 years. 

• The Nobel committee for physics sends confidential forms to 
institutions and persons who are competent and qualified to 
nominate.

• Only persons nominated a particular year can be considered 
for the prize that year. 

• A prize cannot be awarded posthumous.

T. H. Hansson KITS, Nov 4, 2017



Who can nominate?

• Swedish and foreign members of the Royal Swedish Academy of Sciences

• Members of the Nobel Committee for Physics

• Nobel Laureates in Physics

• Permanent and assistant professors in the sciences of Physics at the 
universities and institutes of technology of Sweden, Denmark, Finland, 
Iceland and Norway

• Holders of corresponding chairs in at least six universities or university 
colleges selected by the Academy of Sciences with a view to ensuring the 
appropriate distribution over the different countries and their seats of 
learning

• Other scientists from whom the Academy may see fit to invite proposals

T. H. HanssonT. H. Hansson KITS, Nov 4, 2017



Timline for nomination, selection and award ceremony

T. H. Hansson KITS, Nov 4, 2017



In early October, the Academy selects the 
Nobel Laureates in Physics through a 
majority vote. The decision is final and 
without appeal. The names of the Nobel 
Laureates are announced immediately 
afterwards.

The Nobel Prize Award Ceremony takes 
place on 10 December in Stockholm, 
where the Nobel Laureates receive 
their Nobel Prize, which consists of a 
Nobel Medal and Diploma, and a 
document confirming the prize amount.

T. H. Hansson KITS, Nov 4, 2017



Example of a prize for discovery

1935 

James Chadwick

”for the discovery of the neutron”

T. H. HanssonT. H. Hansson KITS, Nov 4, 2017



Example of a prize for invention

1960

Donald Arthur Glaser

”for the invention of the 
bubble chamber”
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Shared prize

2010

Andrei Geim

Konstantin Novosëlov

” for groundbreaking experiments 
regarding the two-dimensional material 
graphene”



Divided prize, 1978

Pyotr Kapitsa

“for his basic inventions and discoveries in the 
area of low-temperature physics"

Arno A. Penzias and Robert W. 
Wilson

"for their discovery of cosmic 
microwave background radiation"

T. H. Hansson KITS, Nov 4, 2017



NOBELPRISET I FYSIK 2017 - FÖ RSLAG

T. H. Hansson

Barry C. Barish Kip S. ThorneRainer Weiss

”för avgörande bidrag till LIGO-detektorn och observationen 
av gravitationsvågor”

med ena hälften till och med den andra hälften gemensamt till

LIGO Scientific Collaboration and Virgo Collaboration

Oct 3, 2017



Lesson2: We know the EM emission is powered by radioactivity

from “rapid neutron capture (r-process)” nucleosynthesis!

• “rapid neutron capture”:  

⇒ “lots of neutrons, delivered fast”

τn-capture <<  τβ-decay

• total EM-emission decays in time as predicted by decay from r-process:  

radioactive decay from r-process

(electron fraction ≲ 0.3)

⇒ heavy elements (A> 80)

(scaled) observed luminosity 

high electron fraction (Ye= 0.4)

⇒ lighter elements (A <80)

heating rate/

observed

luminosity

S. Rosswog et al. (2017)



Lead, Z= 82, A= 207

Iridium, Z= 77, A= 192

Platinum, Z= 78, A= 195

Gold, Z= 79, A= 197

Examples of r-process elements

“platinum peak”

Nucleosynthesis via “rapid neutron capture (=r-process)”



Lesson3: We know the merger produced the whole r-process range (A> 80)!

evolution of EM-flash from blue to red:

“blue”: 

- light r-process ( 80 ≲A ≲ 130)

- low opacity

- fast evolution

“red”: 

- heavy r-process (A ≳130)

- high opacity

- slow evolution

Credit: 1M2H/UC Santa Cruz and Carnegie Observatories/Ryan Foley



Lesson4: Enough matter is ejected for neutron star mergers to be A major/

potentially THE major source of heavy elements in the Universe!

R ⨯ mej  ⨯ τMW ≈         r-process mass in the Milky Way

rate estimates

ejected mass

age Milky Way

• the total EM-emission suggests that ≈ 0.03 M⊙ were ejected in the merger

• we have event rate estimates from:
• theoretical: stellar evolution

• observation: short Gamma-ray bursts

• observation: LIGO-VIRGO detection

• rate estimates differ somewhat, but are all consistent with:


