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Sitzung der physikalisch-mathematischen Klasse vom 22. Juni 1914

Naherungsweise Integration der Feldglelchunggn 'r
der Gravitation.

Von A. KinsTEIN. b;?"'

Ebene Gravitationswellen.

s |
‘I\ -

Aus den Gleichungen (6) und (9) folgt, daB sich Gravitationss
felder stets mit der Geschwindigkeit 1, d. h. mit Lichtgeschwindigkeit,
fortpflanzen. Ebene, nach der positiven a-Achse fortschreitende Gra-

vitationswellen sind daher durch den Ansatz zu finden

Yo, =, fl@,+ix) =a, fle—1). (15)

Nachtrag. Das seltsame Ergebnis, daB Gravitationswellen exi.
stieren sollen, welche keine Energie transportieren (Typen a, b, ),
klart sich in einfacher Weise auf. Es handelt sich némlich dabei nielt
um »reale« Wellen, sondern um »scheinbare« Wellen, die darauf be- [i*
ruhen, dal als Bezugssystem ein wellenartig zitterndes Koordinatens

system benutzt wird. Dies sieht man bequem in folgender Weise ej
. | £ 1,

ﬁ Albert-Einstein-Institut Harald Liick, September 2016, lake Baikal



Propagating Gravitational Waves

» Transversal waves in space-time travelling @
speed of light

Credit: ESA—C.Carreau
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“Observation of P HYSICAL

Gravitational Waves

from 2 REVIEW
Binary Black Hole
Merger” LETTERS
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THE Detection
GW150914

14. September 2015
09:50:45 UTC

Detection of a
transient signal in
both

advanced LIGO

detectors
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Inspiral Merger Ring-
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GW150914 = Binary BH
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Large template bank to
determine parameters
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Hanford, Washington (H1) Livingston, Louisiana (L1)
Phys. Rev. Lett. 116, 061102° ! | .
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Two black holes with 29 and 36 solar masses




The most powerful event ever “seen”
GW150914

Before: two BHs (29 M + 36 M, = 65 M,)
After: One BH (62 M)

Within 0.2 sec 2 Mg
were radiated off in GWs
=4 x 1030 kg (E=M c?)
3.5x10°%erg/s
=3.5x10°W

50x as much as all stars
INn the universe together

16






There were more Signals in 01 LSC
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arXiv:1606.04856 and acc. by Phys. Rev. X;

Binary Black Hole Mergers in the first
Advanced LIGO Observing Run




Discovery Timeline

Septemnber 14, 2015 October 12,2015 *© - £ ‘December 26, 2015
. CONFIRMED - CANDIDATE R ) COMNFIRMED

September 2015 _. l:l'l:ruth ?_.ﬂiE meher_"lﬂﬁ iy E'E:emher 1015 lanuary 2016
| Courtesy Caltech/MIT/LIGO Laboratory




PhysRevlLett.116.241103,
arxiv.org/abs/1606.04856

‘fThe Event GW150914 GWI151226 LVTI51012
Th r‘ee T o Slgnal—m—’;lmse ratio 537 13.0 97
g False alarm rate 7 7
Slgna]-S)) FAR,/yr" < 6.0 x 10 < 6.0 x 10 0.37
p-value 75x107%  75x10°% 0.045
Significance =530 =330 1.7
Primary mass 36.2437 14.2+53 2318
m M /M o o -
1
Secondary mass 137 123 14
U /M 29.174 4 71.57573 137¢
Effective inspiral spin 10.14 0.20 0.3
Keft —0.06Ty1, 021755 0.0Z93
Final mass :
M?DUFCE/B{G; 6’] H%_F%T]r zost?% 7,"';_‘_:1“4
B Pcak luminosity 3.6:&2 X 3 ?:?2 X 3. ]:?3 X
R o/ (erezs ™) 10% 10% 10°
journals.aps.org/prl/abstract/10.1103/ LUHIIIEE;I;{II{;LSIHHCE 4201_}%3 440:}33 lﬂDU:g%

arXiv:1606.04856



Solar Masses

Black Holes - August 2016
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Statistics GW150914 & GW151226

 False alarm rate > 1.6 My

e Significance >5.3 0

e False Alarm Probability = 7.5x 108

Ca. 48 d coincident time (after cleaning, vetoeing and min. lock duration
filter) With 0.1 s time shift background analysis - 1.6My equiv. data

2030 4g S50
20 3g 4g 5o

Search Result
— Background including all search results
— Background excluding only GW150914

|

GW150914

30 40 50 60 70 80 90
Detection statistic In £

Search Result
— Background excluding only GW150914

Background excluding
~ GW150914 and GW151226

II_LI
10 15 20 25 30
Detection statistic In £

arXiv:1606.04856



Sky Localisation

LVT151012

GW151226




The advanced GW Network

Advanced LIGO
Hanford, 2015

GEO600, 2011

Advanced Virgo
2016 '

i
f% ¥
kS

== KAGRA 20

B O

Advanced LIQV
Livingston, 20




How far away was GW150914°?

= 1.3 billion light years away

» The merger happened 1.3 Gy ago

* How do we know?

= Time evolution = mass of the objects

" mass + time evolution 2 GW amplitude @ origin
= h(r)=h_/r

= h@earth=h - distance

observed



EM Follow-up observations

THE ASTROPHYSICAL JOURNAL LETTERS, 826:L13, 2016 JULY 20

Initial GW Initial Updated GCN Circular Final
Burst Recovery GCN Circular (identified as BBH candidate) sky map
| m | N
Fermi GBM, LAT, MAXI, Swift Swift Fermi LAT,
IPN, INTEGRAL (archival) XRT XRT MAXI
I ! I !
BOOTES-3 MASTER Swift UVOT, SkyMapper, MASTER, TOROS, TAROT, VST, iPTF, Keck, Pan-STARRSI TOROS
o ’ Pan-STARRS1, KWFC, QUEST, DECam, LT, P200, Pi of the Sky, PESSTO. UH VST )
1 1 (I | 1 1y nm n
VISTA
ASKAP, ASKAP, VLA, VLA,
MWA LOFAR  MWA LOFAR LOFAR YA
L . L . n . — . L L |
10 10! 10

I — Imerger (days)

Preliminary estimates of the time, significance, and sky location
of the event were shared with 63 (80 now) teams of observers
covering radio, optical, near-infrared, X-ray, and gamma-ray
wavelengths with ground- and space-based facilities

Alerts if FAR> < 1/month

Albert-Einstein-Institut ! f E:YEE: Harald Liick, September 2016, lake Baikal



Upgrades > advanced generation

More laser power Up to 200 W Shot noise
800 kW in cavity

Larger Optics ~ 40 kg Less thermal noise

Better optics <o0.25 ppm/cm  Less thermal lensing
< 0.3 Nmrms Less scattered light

Signal Recycling / RSE Chose bandwidth independent
from cavity buildup
Tune centre frequency

Better suspensions Seismic isol. Low frequency sensitivity
(mainly LIGO) Glas fibres Lower suspension thermal noise

Essentially all subsystems Less technical noise
Input optics

Output Mode Cleaner ) )
Electronics Minor Improvements
Auxiliary optics O1 -2 02 (-50% Vol)

Thermal compensation
Electrostatic Actuators




More to come




Detection is just the first step

The goal is
Gravitational Wave Astronomy

— routinely observing regions and times which are
inaccessible by other messengers

— add info by combining GW & other messengers

Credit: universetoday.com
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GW Spectrum

Leibniz
{ 0, 2§ Universitit
to09'4 | Hannover

SELLSCHAF

Sources

Quantum
fluctuations in the
early universe

Ultra massive
BH binaries in galactic centres

Ultra massive Binary systems in the

BH swallow stellar objects milky way
Supernova Coalescing Neutron star and  Fast rotating
explosions Black hole systems neutron stars
: age of the _ : milli-
Period . ears hours minutes seconds
universe Y seconds
Spectrum

Frequency (Hz) [0'® [0 012 [01°

Detectors
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LISA and LISA Pathfinder Sj

LISA Pathfinder results exceed
expectations by orders of magnitude



LISA und LISA Pathfinder

2 LISA PATHFINDER EXCEEDS EXPECTATIONS
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0.0001

1 Centrifugal farce

The rotation of the spacecralt
required te keep the selar armay
painted at the Sun and the anbenna
pointed towarnds Earth, coupled with
the noie of the startrackers produces
a rnisy centrifugal force on the test
madsey, This aoise ferm has been
subtracted, and the source of the
mesadual nowe after subtrackion s sl
being irvestigated.

Gas damplng

Inside their howsings, the test
masses collide with some of the
few gas molecules still present.
This noise term becomes smaller
with time, a4 more gas moleioles
are vented to space.

Spocecraft: ESASATG medileb; doto: ESATTSA Pothfinder CoVaboratian

0l

Sensing noise

The sensing noise of the optical
mitralogy system used to monibar
the position and onentaticn of the
test masses, at a bevel of 35 fm 7 Vite,
has already surpassed the level

of precigion required by a future
gravitational-wawe observatory by
a factor of maore than 100,

Eurgpean Space Agency
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Credit;: Michele Punturo
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3rd Generation Gravitational Wave Observatories g

i atatcrona) vove Tlesops Einstein Telescope
--é@s@sf!‘_?e;?" St Conceptual Design

5 Study

* May 2008 — May 2011

e Pan European effort

e Science Team =
ca. 250 members

http://www.et-




ET% Einstein Teleskop
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100 — 200m underground









4 X 1039 )/s peak power of source,
40 yotta yotta watt.

1 X 1025 meter distance to source,
10 yotta meter.

4 X 103 meter LIGO arm length,
4 kilometer.

2 X 100 meter test mass suspension
length, 2 meter.

1 X 16 meter ground vibration, 1
micrometer.

1 X 10—18 meter arm difference at
peak signal, 1 attometer.

LIGO-G1600792-v1

yotta
zetla
exa
peta
tera
giga

mega
Kilo

hecto

deca

deci

centi
milli
micro
nano
pico
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10008
10007
10008
1000
1000*
10003

10002
10007
100023
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10007143
1000-23
100071
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100073
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1000-3
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100078

107 Decimal

1024 1 000000 000 000 000 000 000 000
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1 1000 000 000 000 000 000 00O

1018 1 000 000 000 000 000 000

103 1 000 000 000 000 000

1012 1000000 000 000
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1000 000
1000
100
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0.000 001
0.000 000 001
12 0.000 000 000 001
5 0.000 000 000 000 001
0.000 000 000 000 000 001
0.000 000 000 000 000 000 001
0.000 000 000 D00 DOO 000 D00 001
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