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Gravitational-wave theory
Linearised theory
guv = M + hyw, |hy,u| <1
= (Lorentz gauge) [Jh,, = —167 T,
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Gravitational-wave theory

Solution of the wave equation

_ Tyt — ¥ — 5,5

2 d?
|X| dr?

Q

/yiﬂp(t— X, %) d’y

(for [¥] > |7

, finite-size, non-relativistic sources)

Binary characteristics
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Newtonian binary

Assume the perfect circular motion of two point particles
m; = my with a constant orbital frequency w.

hi.

@ Parameterize the position of both particles X (¢), X»(t).
© Use p(t,¥) = mi0(y¥ — %) + mad(¥ — %2) to calculate
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Compact Binary Signals

Solution

Centre-of-mass coordinate system:

X = [% cos(wt), % sin(wt)} =%
2 2 M2

Observations
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/yl v p(t,5) &y = my % cos? (wt) + my cos* (wt) = - cos*(wr)

/yiﬂp(t,f) dy="—

_ MP [ 1+4cos(2wt)  sin(2wt)
-8 sin(2wt) 1 — cos(2wt)
- M (Caox(aur)  sing2)
A |X] sin(2wr’)  — cos(2wt’)

S
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Compact Binary Signals

Observational evidence Some numbers

Hulse-Taylor pulsar 1978, e m = 1.441M

Nobel prize 1993
e prize my = 1.387M,

°

= M = 2.828M
o D =~ 6.4Mpc
@ P~T7.75hr

=
°

SRR RARA) RARRI RARRRRARANRARR

Worb &= 2.25 x 1074571

General Relotivity/ F o~ 106 km

prediction

= h~ O(107%)

T T T T [T T [T T T T T [T e

Cumulative shift of periastron time (s)
8

E [for comparison (in metres): Carbon atom
P SN T TN FUTE TN AU P, . 10 . 15
I 1975 1980 1985 1990 1995 2000 2005 radius 0(10 ), proton radius 0(10 ), D

veer earth-moon O(10%), earth-sun O(10')]
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Design and Principles

Catching Gravitational Waves

i e End test mass
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Today’s technology

LIGO Hanford
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Today’s technology

LIGO Livingston
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Today’s technology

Inside LIGO: The tube

tions &k

Numerical Relativity

Frank Ohme GW Observations of Compact Binaries 15/58



Gravitational Waves GW interferometers Data Analysis GW150914 Binary characteristics Observations
0000000 00000080000000 0000000 0000000 00000000 0000000000000

Today’s technology

Inside LIGO: Laser and vacuum equipment
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Today’s technology

Inside LIGO: Optics
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Today’s technology

Inside LIGO: Suspension
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Detector network

The GW detector network

Observations & (.
Numerical Relativity

Frank Ohme GW Observations of Compact Binaries 19/58



Gravitational Waves GW interferometers Data Analysis GW150914 Binary characteristics Observations
0000000 00000000008000 0000000 0000000 00000000 0000000000000

Status

Instrument noise

Seismic Ground vibrations Gravity gradient Gravitational field
Thermal Finite temperature of the environment
Quantum Light quanta

1071

[PRL116, 061102 (2016)]

1072}

(f) amplitude spectral density
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Status
v >| SEARCH TASKS
f:‘;sgkl;Ho Quick search | >| SEARCH

e T ]

P Dientaving renarts 2440 of 45997 Co to nace 41 2] 1] 11 [21 18] 71 11 [a] /) eng]
[ Displaying reports 21-40 of 45917.Go to page [1) [2] [3] [4] [5] [6] [7] [#] [9] [10] [End] ]
Reports until 15:06, Tuesday 05 March 2019

H1PSL

Jjason.oberling@LIGO.ORG - posted 15:06. Tuesday 05 March 2019 (47307)
PSL Work Today

[Home™] Sea

P. King, R. Savage, J. Oberling, D. Sigg

£S5 RefCay Picomotor Mitror Mounts https://alog.ligo-wa.caltech.edu/aLLOG
At the request of the LHO commissioning team, today we installed 2 picomotor equipped mounts in the FSS RefCav path. We replaced the mount for mirror M2

the FSS EOM, 1st attachment) and for the upper periscope mirror (UPM, 2nd attachment). We used M27 instead of the lower periscope mirror (LPM) because |
to the RefCav; with this setup, M27 primarily changes beam position while the UPM primarily changes beam angle. The 3rd attachment shows both new picom:

The same driver (PICO D) that runs the picomotors for the PMC input mirrors (mirrors M08 and MO7) had 2 empty channels, so we used these for the new RefC
of now. channels 1 & 2 are for the PMC picomotor mirrors and channels 3 & 4 are for the RefCav; Daniel changed the displayed channel names on the picomot
screen to reflect this. To end, we confirmed that all picomoters functioned as expected, which they did. When we left the enclosure the FSS RefCav TPD read *
was transmitting ~54.5W. During the next maintenance window where we do not have an enclosure incursion, | will tweak the alignment into both the PMC anc

TOW Amplifier Power Monitor PD
We had noticed some odd behavior with the 70W amp power monitor PD (the PD that the 70W amp power watchdog friggers off of). When blocked directly at tl
PSL Beckhoff software reports ~3W on this PD; when blocked farther away the reading is ~52W. We suspected the cause to be room lights, so we added a tub

(808nm pump light filter) screwed onto the end (4th attachment); this second RGB50 was added to block moare of the room light, as one wasn't quite enough. Tt
blocked reading to ~3W regardless of how far away the blockage occurred, with no degradation in the amount of power read by the PD when unblocked.

Images attached to this report

H1 CDS (CDS, DCS)
gregory.mendell@LIGO.ORG - posted 13:05, Tuesday 05 March 2019 - ast comment - 13:28, Tuesday 05 March 2019(47302)
DMT computers have been patched and rebooted, bringing in gds2.18.16-1.el7
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Status
Early w==Mid m=late  smDesign
[LVC, Living Rev Relativ (2018) 21:3.]
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Stationary processes

Typical data stream

a) Characterise the noise

s(t)

b) Model potential signals

00 02 04 06 08 10 1.2

; . 1.4 -
t [s] %

0
Numerical Relativity
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Stationary processes

Theory of Stationary Gaussian noise

o Assume the following noise properties:
o Stationarity: invariant under time translation
o Gaussianity with zero mean

@ Fourier spectrum of the noise:
nr(f) = / n(t) e 1 dr
VT Jo
Sa(f) = ( Jim 1Az ()P )
T—o00

@ Wiener-Khinchin theorem: S,, is the Fourier transform of the
auto-correlation function

GOV ()) = 386) 5~ F)
Cib

=
ﬁ Binary Merger
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Stationary processes

Signal buried in the noise?

o How likely is a particular noise realisation?

pln) ~ e 0I2,

with (a|b) = 4 Re /“(f L #) 4

Observations
0000000000000

o Is it likely that the observed data stream s contains a signal 4, i.e.,

= ?
s=n-+ h? S~ (=12
e Gls)/2
_ B (hlh) I (slh) 1
Ind = ) = 557 < 5 = Sl

s|h) is commonly referred to as the (recovered) signal-to-noise ratio ® W

Binary Merger
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Numerical Relatmty
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Matched filtering

THE BEFFECT OF A GW IS SO MINUSCULE AND
EASILY CONFUSED WITH RANDOM NOISE, You
NEED A SMART DATA ANALYSIS TECHNIGUE.

Frank Ohme

Observations
0000000000000

GW150914
0000000

Binary characteristics
00000000

SCENTISTS HOPE TO IDENTIEY THE
PATTERNG OF GRAVITATIONAL WAVES BY
COMPARING THE WiSSLES THEY MEASURE
N THE EXPERIMENT TO THE WIGGLES THEY

HUMMED AT & HNOISY PARTY.
& VERY VERY NOISY PARTY,

~ R TR I
Numerical Relativity
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Matched filtering

Real-life Searches

© Need to know the signals we are looking for.
@ Filter data with all some of them.
© Account for non-stationarity and non-Gaussianity of noise.

Q Quantify false alarm probability.

H

L

coherent signal? o) 'N
1 Binary Merger k ‘}
L )

Observations &
Numerical Relativity
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Matched filtering

Real-life Searches

© Need to know the signals we are looking for.
@ Filter data with all some of them.

Observations
0000000000000

© Account for non-stationarity and non-Gaussianity of noise.

Q Quantify false alarm probability.

szl

No coherent signal!

Frank Ohme

GW Observations of Compact Binaries
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Matched filtering
| L M S S SR | L M S SR |
4 N
770N\
-lem%dm%5Mﬂ<0% o |
1 550 Ixael <0.05 4

|X1,2| < 0.9895

[PRD93, 122003

100 4
100 10!
Mass 1 [M)]
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Matched filtering
Search results — PRL116, 061102 (2016) & PRD93, 122003 (2016)

Binary coalescence search

20 30 4-10 >5.10
5 20 30 4:‘.10 >5.10
10% mmm Search Result 1
10! — Search Background
" 100! bm m — Background excluding GW150914 -
€ 10-1
g 107 T
© 1072} 1
b~ GW150914
(@] -3
e 10>} )
2 1074}
€
S5 1073}
=2
106}
107}
10—8 L |

, 10 12 14 16 18 20 22 24
Detection statistic p¢ — k}
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Discovery
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Discovery

Ww'w'
lakactad
B 702 p0n porr

EDICADLISBOA SEX12FEV 2016 | Audic:

ZEITUNG FUR DEUTSCHLAND,

Franffurter Allgemeine

Einstein hat wieder mal recht

Siiddeutsche Zeitung

= o
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Inspiral evolution

0.6 -

0.5 H — Black hole separation
— Black hole relative velocity
0.4 -

0.3

Velocity (c)

0.35
Time (s)

1
O N WM
Separation (Rs)

0.30 0.35 0.40 0.45
Time (s) '%

[PRL116, 061102 (2016)]
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Inspiral evolution

Binary phase evolution

Newtonian binary (arbitrary masses)
h(t) = Fyhy + Fyhy v(t) = w(t) (1)
= MV 6 ne) + 0) 1=
£ = "y Ry
L(r) = 35_27]2‘}100) () |

Newtonian phase evolution

@ From the energy-balance law, dE /dt = — L, derive a differential equation
for the binary’s velocity v(7).

@ Calculate v(¢) and w(r).
© Integrate w(r) to obtain ¢ (7).
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Inspiral evolution

Solution
dv, L) 32
= gy ~ "W
1,/ M
V(t) B 5 77 (tc - t)
() 1 5 3/8 1 5 \%8
w(r) = =\ —n) T\
M 8 \M>/3n (1. — 1) sm/8 \te —1t
M, =Mn*>
6 (r>—/w<> g (=)
orb — c SMC i y W
: c;;:;?m:,%:gk

Numerical Relativity
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Inspiral evolution
GW150914
T o1of
£ o5l ) | |
E e ol ] w'\ﬁu L \‘M‘%I A/"%” :
| I L f | \ AT N I K
5 00 0 K K f'}‘w,wvmﬂw &W \\H&‘ ¢
- |
E —0.5} \
§ —10f
a L5
I 1of
£ Ll nwdls P ._
ﬂ)
E —~LO- NI Wavelet
§ -15} T BBH Template -6
0.25 U.;SU (1.25-5 OAli() 0;3
Time /s \
[n, 241102 2016))  How much mass is in the system? gﬁ:e?viﬁ:ﬁscuﬂt

see also [LVC 1608.01940]
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Parameter Overview

Binary parameters

Intrinsic parameters

2 masses (my,my / M., q)

6 spin vector parameters

; .

°
o reference time and phase

°

@ tidal parameters (for neutron stars)

Extrinsic parameters
@ 2 angles for sky location
@ inclination angle (¢)

@ polarization angle (v)) BT

o distance (D) [Sathyaprakash, Schutz, LRR]

v
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Spins

Non-precessing systems

Aligned spins

_’i L L
o Parameters: M, n, y; = 3 . .
ml- M S
@ Reduced spin: . = W

[Poisson, Will, 9502040; Ajith, 1107.1267, Piirrer et al., 1306.2320]

g=1, x1=x2=0 g=1, x1=x2=099 g=1, x1=x2=-0.99
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Spins

Generic spins: precession

@ Waveform depends non-trivially on orientation, in
particular inclination ¢

L ;
Parameters : S
@ 1, 51,85 — 1, X, [Schmidt, FO, Hannam 1408.1810] 3,

[Hannam, 1312.3641]

)

UUBELVAUULS G 9
L :I\l}i.,!??ical Relativ\i&
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Spins

Binary black hole explorer
A ¥

b

\

W
Visualization of precessing binary black holes
L SR

Varmia, Stein, Gerosa, 1811.06552]

-
e

Binary Merger
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Spins

Distance and inclination

hy ~2(1 + cos? L)Mmlg—r;([)z 08 [200rb (1)]

7): symmetric mass r
n = mimy/M?
Vorb: oOrbital velocity

Oorb: orbital phase

Frank Ohme GW Observations of Compact Binaries
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M: total mass, M = mq + m»
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Bayesian Parameter estimation

Binary characteristics Observations
0000000 0000000e 0000000000000

@ 9 : Source parameters

o A(s]9) ~ exp(—3lls — h(d)]]?)

o Posterior probability(dJ|s)
~ A(s|9)x prior(9)

Likelihood

I D
- Binary M il

v Source parameter dﬂ:gvatg,gl:&k"y

- 4 Numerical Relativity
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GWTC-1

Gravitational-Wave Transient Catalog

10%
"""""" Expected Background
Foreground
+«  GW Events
- < g @ Advanced LIGO’s first and
5102 s <20 L B
E - <l second observing runs,
6 2015-2017
2 .
E @ 10 binary black holes
=
O — .
= @ 1 binary neutron star
” \ [LIGO+Virgo 1811.12907]
|

02 w0t 1 ot 10° 10 10
Inverse False Alarm Rate (v)
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GWTC-1
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GWTC-1
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GWTC-1

GW170104

LVT151012

GW151226

GW170817

GW150914

GW170814

LIGO/Virgo/NASA/Leo Singer () W
(Milky Way image: Axel Mellinger) f '
Binary Merger k}'*r
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Numerical Relativity
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August 17, 2017 — first binary neutron star detection [ApJL 848:L12 (2017)]
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Highlight results

@ Binary neutron-star mergers occur and are measurable through
gravitational waves. [LIGO/Virgo, PRL119 no.16 161101 (2017)]

@ Binary neutron-star mergers are progenitors of short gamma-ray bursts
and kilonovae. [LIGO/Virgo/Fermi, ApjL 848, L13 (2017)]

@ A significant fraction of heavy elements (gold, platinum, etc...) is created
in neutron-star mergers.

@ Matter at extreme densities is not very stiff.

@ The speed of light and speed of gravity are similar to at least
Av/e <1071,
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Getting involved

3, Gravitational Wave Open Science Center

Getiing Started
Data

Gataiogs | www.gw-openscience.org

Buk Data

Tutorials
Software
Detector Status
Timelnes

My Sources

LIGO Livingston Observatory, Louisiana
(credis: 1. laime)

 Washington
@Ps o UTC .

About the detectors
Projects

Acknowledge
Gwosc The Gravitational Wave Open Science Center provides data from gravitational-wave

@ 02 Bulk Data Release!

@ Get started!

!l Download data

osa

(:o\ GWTC-1: Catalog of Compact Binary Mergers

[>A] 30in the email list PY

@ Attend an open data workshop rger kﬂ‘“
ns &

Numerical Relativity
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Getting involved

LSC, ‘ https://emfollow.docs.ligo.org/userguide/ ‘

(MRJINIRD  LIGO/Virgo Public Alerts User

Primer on public alerts for

astronomers from the LIGO and ( :uide

Virgo gravitational-wave

Getting Started Checklist —

ohservatories.

Lighteurve from Fermi /GEM (50 - 300 keV)

Navigation

Obse‘r\ ing Capabl ities

Procedures ,’ ‘
Alert Contents / : * 3
Sample Code /
Change Log
Glossary Welcome to the LIGO/Virgo Public Alerts User Guide! This document is intended for

both professional astronomers and science enthusiasts who are interested in receiving
Question? Issues? alerts and real-time data products related to gravitational-wave (GW) events.
Feedback?
Email emfﬂlluw— Wamlng :

Some technical details of LIGO/Virgo public alerts may change before the start \

Ouick search of Observmg Run 3 (03) m 2019. In par‘ncular details of the alert format and

Numerical Relatmty
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What I intended you learn

@ Basics of gravitational-wave emission
e Source: second time derivative of mass quadrupole moment
o Gravitational-wave interferometers

o GW — differential length change — laser light phase difference — signal
o Complex instruments, variety of noise sources

o Gravitational-wave analysis
o If model available: extract information by comparing data and model
@ Binary dynamics and measurement

e Masses & spins <+ phase/frequency evolution
e Distance & inclination <> amplitude
o Location «+ time difference

o7 ravitational-wave astronomy in action _\
4 Binary Merger k

Observations &
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