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Gravitational Waves Detected
100 Years After Einstein's
Prediction

News Release * February 11, 2016

|| Selected for a Viewpoint in Physics
PHYSICAL REVIEW LETTERS

week ending

PRL 116, 061102 (2016) 12 FEBRUARY 2016

«on

»
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 10-?', 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 5.10. The source lies at a luminosity distance of 410”5 Mpc corresponding to a redshift z = 0.09705;.
In the source frame, the initial black hole masses are 367 M, and 29~ {M ., and the final black hole mass is

62 M, with 30703 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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FIG. 1. The gravitational-wave event GW 150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35-350 Hz bandpass filter to suppress large fluctuation§ outside the detectors’ most sensitive frequency band, and band-reject
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column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35-350 Hz bandpass filter to suppress large fluctuation8 outside the detectors’ most sensitive frequency band, and band-reject
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cos( 2 pi 2dL /lambda)

Michelson Interferometer




Antenna Pattemn
(Response for source direction and polarization)

Interferometer’s antenna pattern is widely
spread as almost ‘omni-directionar.

Declination
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11 2 “‘KAGRA and the Global Network of Gravitational Wave Detectors” at CHEP2015
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Lo Advanced LIGO:

L aser By the numbers
Interferometric

Gravitational
Observatory

kilometers

The length of the L-shaped interferometers that
contain Advanced LIGO's instrumentation and
approximately 40 city blocks in length

of a proton
laser beams ] /] OOOdicmeter

Actually one that is split into two rays that go
back and forth in interferometer vacuum tubes
between precisely configured mirrors

The degree of movement LIGO laser
beams could detect in the mirrors
Advanced LIGO is 10 times more sensitive

< after Big Bang ] O -] OOOHZ

The cosmic gravitational background from . -

7 9 g Advanced LIGO's increased frequency range,
which is key to observing signals from
to test theories about the universe's development coalescing black holes and pulsars

this time period that scientists hope to capture
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FIG. 3. Simplified diagram of an Advanced LIGO detector (not to scale). A gravitational wave propagating orthogonally to the
detector plane and linearly polarized parallel to the 4-km optical cavities will have the effect of lengthening one 4-km arm and shortening
the other during one half-cycle of the wave; these length changes are reversed during the other half-cycle. The output photodetector
records these differential cavity length variations. While a detector’s directional response is maximal for this case, it is still significant for
most other angles of incidence or polarizations (gravitational waves propagate freely through the Earth). Inset (a): Location and
orientation of the LIGO detectors at Hanford, WA (H1) and Livingsl,eton, LA (L1). Inset (b): The instrument noise for each detector near

the time of the signal detection; this is an amplitude spectral d
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sity, expressed in terms of equivalent gravitational-wave strain




LIGO
Current Status

’

viewgraph by Matthew John Evans : Advanced LIGO: status and plans

at GWPAW?2015 Osaka, June 2015
17
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Detection Rates

Estimated | Eqgw = 10~ *Mc? Number % BNS Localized
Run Burst Range (Mpc) | BNS Range (Mpc) of BNS within
Epoch Duration LIGO Virgo LIGO Virgo Detections [ 5deg? | 20deg®
2015 3 months | 40 - 60 40 — 80 0.0004 - 3
2016-17 6 months | 60 - 75 20 - 40 80 - 120 | 20 - 60 § 0.006 - 20 5-12
201718 O months | 75 -90 | 40 - 50 120 - 170 | 60 -85 | 0.04 - 100 10 - 12
2019+ (per vear) 105 40 - 80 200 65 - 130§ 0.2 - 200 8 - 28
2022+ (India) | (per year) 105 80 200 130 0.4 - 400 48

ClEarly: 60 £ 20 Mpc (NSNS) ———
FIMid: 100-+.20 Mpe (NS-NS) Neutron Star Binaries:

. Near final: 140 + 30 Mpc (NS-NS) Advanced LIGO: ~ 200 MpC
—rl e 11 “Detection rate” ~ 10/year

Class. Quant. Grav. 27, 173001 (2010)

these are "bes -gU.éSSes” not targets, | (Initial LIGO: ~15 Mpc, Rate
we aimtodo better! . ~1/50years)

10
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viewgraph by Matthew John Evans : Advanced LIGO: status and plans

at GWPAW?Z2015 Osaka, June 201 E‘% 5



| |st Observing Run

® Official Ol:Sept I8th - Jan |12th
® LIGO Hanford (HI) and Livingston (LI) only

® OIA:Sept |2 - Oct 20th (includes end of ER8)
used for dataset presented here

b [

® Duty cycle:HI 70%, L1 55%, ~50% coincident 1=

® |6.5 days coincident, good quality data

Strain noise (Hz~?)
=
o

® BNS range HI: ~80Mpc, L1:~60 Mpc

® See talk from K. Cannon for search details 107%

100 1000
Frequency (Hz)

3 (OIVRG

viewgraph by John Veitch
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LIGO India MOU signed
News Release » March 31, 2016

The National Science Foundation's
director, France A. Cérdova has signed a
Memorandum of Understanding with
officials in India to officially mark the go-
ahead for constructing a third LIGO
advanced gravitational wave detector in
India.

21







T,

Otmervatory of Japen R Ory L

Nﬂ % Mi%cn M:QJ- ‘ 'e

» HITF 242 persons (78 afﬁllatlons ) 4
» Iz B I e A B LI S

) BRI CEERIRIR

» {EmER
» 20K
47 71 PEH EEES R
, 3km EHE KAGRA
BE S Y)EER
(3BIC2BRE+ 4 BI(C 2EMH)
> B - )
» 2010 : EREIEA © ICRR university of Tokyo '
» 2015 : Y0 E SEH| LSST@*%?@J(ZOZO'P)J: D gIIc GW

=y Ay

WL 31 B aa =2 Riar 4 BRUICAS (CHRT)



v XIVEHISERA@20145E3H

24



Photo : KAGRA tunnel, center corner
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ayaka.shoda - 18:09, Thursday 25 February 2016 (831)
PR3 installed

[Takahashi, Okutomi, Fujii]

Ladies and gentlemen,

Ve have nstqlled PR3 mirror into the cha

es, we |d|

We have set the KOACH filters around and inside the vacuum chamb
After that, the top chamber was opened.
Then, we suspended the suspensnon using the turnbuckles from the C
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New office building to be built in
2013. (340m2).

KAGRA office (from Hida-city,
since 2012, 140m?)

at Jan.2014






IKAGRA observation ~ KACRA
2016/3/25-31
2016/4/11-25

KAGRA stEEtx- [E

IKAGRA Operating




{E:BHERZHTF (low latency analysis) Y AFL
» BAIPICU IV LATENRZHFERT S

» 7407 TEHANDARY MEHREBE/M
» @KPRMX

» DAY EHER

» KAGRA ()
S F—4 ZERi%

» total 392 cores

» 288 TiB storage
(144 TiB x 2sets)
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viewgraph by John Veitch
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Where the Gravitational Waves Came From
Image Credit: LIGO/Axel Mellinger

The approximate location of the source of gravitational waves detected on September 14,
2015, by the twin LIGO facilities is shown on this sky map of the southern hemisphere. The
colored lines represent different probabilities for where the signal originated: the purple
line defines the region where the signal is predicted to have come from with a 90 percent
confidence level; the inner yellow line defines the target region at a 10 percent confidence




Future Outlook
Localisation
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viewgraph by John Veltch




Parameter Estimation

arXiv:1602.03840
Properties of the binary black hole merger GW150914

The LIGO Scientific Collaboration and The Virgo Collaboration

— Qverall
35 —— IMRPhenom
o 30 -
=
o
S 25 4
20 4

50

source
my / Mg

FIG. 1. Posterior PDFs for the source-frame component masses
miource and m%OU.I'CG, Whel'e m%OU.I'CG S m?OUI'CG. In the
1-dimensional marginalised distributions we show the Overall
(solid black), IMRPhenom (blue) and EOBNR (red) PDFs; the
dashed vertical lines mark the 90% credible interval for the Over-
all PDF. The 2-dimensional plot shows the contours of the 50%
and 90% credible regions plotted over a colour-coded posterior

density function.

800 - = Qverall
— IMRPhenom
—— EOBNR
600 -

DL/MpC

200 ﬁ&"
0

FIG. 2. Posterior PDFs for the source luminosity distance Dy, and
the binary inclination 6. In the 1-dimensional marginalised
distributions we show the Overall (solid black), IMRPhenom
(blue) and EOBNR (red) PDFs; the dashed vertical lines mark the
90% credible interval for the Overall PDF. The 2-dimensional
plot shows the contours of the 50% and 90% credible regions
plotted over a colour-coded PDF.
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Future Outlook
Localisation

Injection 4 (1126259462 .414469957-4)

® Studied simulated replicas with — Zero
different network configurations __ S\ HVI30

® HL Design sensitivity: ~50 sq.deg.
® HLV Design: ~4.6 sq. deg.

Jaofo

® HLVI Design: ~3.9 sq. deg. ~ | I
o KAGRA! el &

S 740

® SNR goes from
® 25708797

»  2JNIRG

viewgraph by John Veltch
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https://losc.ligo.org/events/GW 150914/

LIGO Open Science Center

LIGO Is operated by California Institute of Technology and Massachusetts Institute of Technology
and supported by the U.S. National Science Foundation.

Getting Started

Tutorials

Data
Events

Bulk Data
Timelines
My Sources
Software
GPS «» UTC
About LIGO

Data Analysis
Projects

Acknowledgement

Data release for event GW150914

This page has been prepared by the LIGO Scientific Collaboration (LSC) and the Virgo Collaboration to inform the broader community about a
confirmed astrophysical event observed by the gravitational-wave detectors, and to make the data around that time available for others to
analyze. There is also a technical details page about the data linked below, and feel free to contact us. This dataset has the Digital Object
Identifier (doi) http://dx.doi.org/10.7935/K5SMW2F23

Summary of Observation

The event occurred at GPS time 1126259462.39 == September 14 2015, 09:50:45.39 UTC. The false alarm rate is estimated to be less than 1
event per 203,000 years, equivalent to a significance of 5.1 sigma. The event was detected in data from the LIGO Hanford and LIGO Livingston
observatories.

e There are Science Summaries, covering the information below in ordinary language.
e There is a one page factsheet about GW150914, summarizing the event.

How to Use this Page

« Click on the section headings below to show available data files.
o (click to Open/Close all sections)
There are lots of data files available in the sections below, look for the word DATA.
Click on each thumbnail image for larger image.
See the papers linked below for full information, references, and meaning.
Many of the data files linked below have heterogeneous formatting; if you have any questions, please
contact us.

The G150914 detection paper:

Observation of Gravitational Waves from a Binary Black Hole Merger
For full details see LIGO DCC, arXiv, or Phys. Rev. Letters
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lceCube, ANTARES : IceCube™
Fermi GBM Observations of LIGO Gravitational Wave event GW150914

é/ Ey E%yl-l L: /]/ /\\\ \/ l\ ci 5 % 73{ V. Connaughton®!, E. Burns?, A. Goldstein™3, L. Blackburn?, M. S. Briggs®, B.-B. Zhang®
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30 + 30 solar mass BHs

Interesting target for three
reasons:

LCGT detection range (VRSE-D)
for CBC for BH QNM |
—— SNR=3 --- SNR=3
— SNR=8 we= SNR=8
w—— SNR=100 w== SNR=100

1

10Gyr 13Gyr

Inspiral and ringdown phases
have roughly equal SNRs, so
provides good test of GR

T

10Gpc 100Gpc

]

I
1Gpc

Look Back Time

If population Il stars (formed at
redshifts 5-10) exist, these
might be a substantial fraction.
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i Luminocity Distance
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100Mpc

. 4-‘
1
|

I
10Mpc

10’ 10°
mass of one star [Mgqa]
(BH mass = 2M)

Perhaps we will detect several
of them in the first aLIGO data

run O1, this September!

Osaka 20.6.2015

viewgraph edited by Bruce Allen : (Personal) summary of new, novel, and interesting results

presented at this workshop
at GWPAW?2015 Osaka, June 2015 47
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ABSTRACT

Using our population synthesis code, we found that the typical chirp mass defined by
(mimy)*° /(m; 4+ my)!'/> of Population III (Pop III) binary black holes (BH-BHs) is ~30 M,
with the total mass of ~60 M so that the inspiral chirp signal as well as quasi-normal mode
(QNM) of the merging black hole (BH) are interesting targets of KAGRA. The detection rate of

the coalescing Pop 11l BH-BHs is ~180 events yr~' (SFR,/(107>° Mg yr~' Mpc—))([f,/(1
+ fvb)1/0.33)Errgy in our standard model, where SFR,, f, and Errgy are the peak value of
the Pop III star formation rate, the binary fraction and the systematic error with Errgs = 1
for our standard model, respectively. To evaluate the robustness of chirp mass distribution
and the range of Erry,, we examine the dependence of the results on the unknown parame-
ters and the distribution functions in the population synthesis code. We found that the chirp
mass has a peak at ~30 M@ in most of parameters and distribution functions as well as
Errgs ranges from 0.046 to 4. Therefore, the detection rate of the coalescing Pop III BH—
BHs ranges about 8.3-720 events yr~!(SFR, /(1072 M yr~! Mpc ™ ))([ fi/(1 + £1)1/0.33).
The minimum rate corresponds to the worst model which we think unlikely so that unless
(SFR,/(1072> M yr~! Mpc ([ £ /(1 + £)1/0.33) < 0.1, we expect the Pop III BH-BHs
merger rate of at least one event per year by KAGRA. Nakano, Tanaka & Nakamura show that
if signal-to-noise ratio (S/N) of QNM is larger than 35, we can confirm or refute the general
relativity (GR) more than 5o lgyel. In our standard model, the detection rate of Pop III BH—
BHs whose S/N is larger than 3% s 3.2events yr ! (SFR,/(10725 Mgy yr~ ! Mpc ) fo/(1 +
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