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At the dawn of a new era in astrophysics:

Gravitational waves have arrived
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Gravitational Waves: Ripples in spacetime
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® Unusual news headlines on 11/12 February 2016
® First direct detection of gravitational waves: GW150914
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' So, what happened?

® Sep 14, 2015 at 09:50:45 UTC: SNR ~ 24
Abbott et al. PRL 2016,

@ BBH inspiral, merger and ringdown: m; = 3573 mg,
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What really happened...

@ Once upon a time: 1.341722 Gyr ago, somewhere in the universe

2Ma

First humans 4550 Ma

Formation of the Earth
Humars

Mamma

ca. 380 Ma and plartty

First vertebrate land animals

230-65 Ma
Dinosaurs

- » 4527 Ma
ca. S30 Ma pe 0bes Formation of the Moon

Cambrian explosion - !
\ ca. 4000 Ma: End of the
750-635 Ma

Late Meavy Bombardment
Two Snowball Earths e first life

ca. 3500 Ma
Photosynthesis starts

® Deep Precambrian

ca. 2300 Ma
\ Atmosphere becomes oxygen-rich;

first Snowball Earth
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Overview

A brief theory of gravitational waves
Frequency windows, sources and detectors
Parameter estimation and source modeling
GW150914

Some future applications

Conclusions
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Gravitational waves
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~ Gravitational waves: weak-field solutions
: ® Consider small deviations from Minkowski in Cartesian coordinates

“Background”: Manifold M =R*, 7,, =diag(-1,1, 1, 1)
iPerturbation™: chyy —Otel < | — g0 — 9 Th o

sy il iy Dat

® Coordinate freedom: “Transverse-traceless (TT)” gauge
e — 0 caddh )

® Vacuum, no cosmological constant: 7,,, =0, A=0
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Eigdeins eqs. [1h,, — 0

® Plane wave solution in z direction: h,, = Weikaw"

et

00 0 U \
0 H 0
kH = w(lv 0, 0, 1) H = 0 H—: —f:;<+ 0
I Ve B







‘ Effect on particles

® Measure this effect; Michelson-Morley type interferometer
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The GW spectrum, sources and detectors
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Th'e gravitational wdve spectrum

® Source types and detection strategies = 4 regimes

Ultra low
Very low
Low
High

el Lo o
Fad=r o 107 Hy
f oG e 1o
f~10'...10° Hz

® Major sources

Ultra low:
Very low:
Low:
High:

Fluctuations in the early universe
Supermassive BH binaries (high M, z)
SMBHs, EMRIs, Compact binaries,...

Neutron star / BH binaries, supernovae,...




Quantum fluctuations in early universe

Binary Supermassive Black
Holes in galactic nuclei .

Compact Binaries in our
Galaxy & beyond
<
Compact objects
captured by Rotating NS,
Supermassive Black

Supernovae

Holes
> <¢ =g

age of <
universe hours sec ms

log(frequency) -16 -14 -12  -10 2 +2

wave period

Cosmic microwave Pulsar Timing Space Terrestrial

background Interferometers interferometers
polarization

Detectors
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B Wlira low Fraquehey redil

® Wave periods ~ Hubble time

® Primordial GWs — Signature in polarization of CMB

® E.g. BICEP2

BICEP2 B-mode signal
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® Problem: Pattern can be attributed to galactic dust (BICEP2, Planck)

® See e.d. Flauger, Hill, Spergel 1405.7351
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The very low frequency regime

® Pulsar timing arrays PPTA, EPTA, NANOGrav

® Search for correlated arrival time delays of pulses
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' The very low frequency regime

Exotic sources: Topological defects, cosmic strings (early Universe)

SMBH binaries > 10° Mg

Most/all galaxies host BHs hole-halo correlation: My, o o*3%9-2
Ferrarese & Merri’r ApJ (2000), Giiltekin et al, ApT (2009)

Galaxies merge = SMBH merger

But “Final parsec problem”

Few individually observed systems possible.

But mostly stochastic background.

Model as power law

7 (yrf‘l)a
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f(yr)
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' m'éu‘-pé_rmassive ) .—Compact Object " Galactic White " . Cosmic S—{rings and . - .~ slLaser Interferometer Space Antenna
Black Hole Binaries _ « Captures Dwarf Binaries ; Phase Transitions .. : ' ! ‘ } ‘ ‘ l T

-

" Gravity is alking. LISA willlisten.

Black hok binary at 2=15

10° M., two hours Betore merger.
Numarical wavelom phas instrumant
noise and WO bickground (J. Baker)

Bickgrbund COMUDS fscbiite o o 2007, NGE €243 PUASACUCST) Adats Randerrg




e & B i i S R et B i el oS s i i iyl y N T L e

o ks
e

N A o R N

¢ O ¢ ¢

The low frequency regime
Interferometry with ~ 10° km arms
Realm of space missions
eLISA: L3 mission of ESAs “Cosmic Vision” Launch: ~ 2034
Configuration still uncertain:

2 arms vs. 3 arms
10° km vs. 5 x 10° km

2yr vs. 5yrlifespan — —
Calibration binaries (WDs)
Outstanding SNR

~ lisap

® AIRBUS

LISA Pathfinder: Test mission ==y
Launched 3 Dec 2015 P\

ABG

athfinder
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Interferometer
Sensing

Frequency (Hz)




® Interferometry with ~ km arms

® Detector: 2 LIGO, Virgo (2016), GEO600, KAGRA (2018), LIGO-India

Antarctica
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Test

Mass
Frequency (Hz)

Power
Recycling

Recycling
“W" Photodetector




Inspiral Merger Ring-

$ ei sie@

— Numerical relativity
I Reconstructed (template)
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Stochastic
background

Massive binaries

Extreme mass Type IA
ratio inspirals supernovae

10
Frequency / Hz

GW150914

Compact binary
inspirals
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Parameter estimation and
source modeling
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The séarch for GWs in‘fhe data stream

8rGG 8nrGG 5
e —_ 7 = 2.07 x 10743
. =l ¢ e m kg

& Weak effect of matter on geometry

(2

w GWs carry huge energy but barely interact with anything

< Induced changes in length: < atomic nucleus / km
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Generic transient search _L
® No specific waveform model
® Identify excess power in detector strain data *
® Use multi detector maximum likelihood Klimenko et al. 1511.05999 %
10 P S OO
Binary coalescence search ‘
@ “Matched Filtering” e.g. Allen et al. PRD 2012 "°| |
® Compare data stream with GW templates ool B
(“Finger print search”)
® Bayesian analysis: Prior — Posterior 08
- 0.2 04 06 J?{}) 1.0 1.2 14
| Trifiro al. 1507.05587 ;
e R R e : s )

Detection and paramé’rer estimation
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Black-hole binaries: parameters
® 8+2 Intrinsic parameters

Masses mi, mo
SpinS Sl, So

Eccentricity (often ignored; GW emission circularizes orbit)

® / Extrinsic parameters

Location: Luminosity distance DDy, , Right ascension ¢, Declination §
Orientation: Inclination ¢, Polarization ¥

Time t. and Phase ¢, of coalescence
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GW source modeling

Key requirement for matched filtering: GW template catalog

Model black holes in general relativity

w

-
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Combine "NR"” with "Post-Newtonian”, “Effective one body” methods

Post Newtonian theory — Inspiral Blanchet Liv.Rev.Rel. 2006
Numerical relativity — final orbits, merger

Pretorius PRL 2005, Baker et al PRL 2006, Campanelli et al PRL 2006
Perturbation theory — Ringdown

2 families in use: Phenomenological, Effective one body

Use reduced bases or similar to cover parameter space

Multipolar decomposition

hy —ihx =) _2Yem (0, 9)hem (2)
Im
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’ -I-I.Ybrid waveforms and catalogs

Stitch together PN and NR waveforms

T T T | T T
02 |— RelH,, wgl I I I | I
o1k = RelH,, pyl
' W ES A ’
N gl gttty vl il
I l;\'”"""‘”’Ill”!\‘\“
Ol'v CEURE AR SRR SR 2
0.2} -
1 | 1 | 1 | 1 | l | 1 | 1 | 1
0.04 i Re[Hs's, NR] ' ' g
- |-= RelHs5 pyl -
0.02 - e
= a By -
R iy TR S A I A UL PR U TR UR AR TR TR UM -
-0.02 - -
0.04 . -
1 P P e | NPV RSN o

1 I 1 1 .
-0'(—)5000 -1500 -1000  -500 0 500 1000 1500 2000
(tR,)/M

US et al CQG 2011

Mass produce waveforms; Hinder et al CQG 2013, Mroue et al PRL 2013
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Anatomy of a BHB coalescence

Binary Black Hole Evolution:

Caltech/Cornell Computer Simulation

Top: 3D view of Black Holes
and Orbital Trajectory

Middle: Spacetime curvature:
Depth: Curvature of space |
' Colors: Rate of flow of time Ralatr s
1 Arrows: Velocity of flow of space- '

Bottom: Waveform
(red line shows current time) -

Thanks to Caltech-Cornell groups
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GW150914
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‘GWI150914: BH parameters

T
Mass ratio q = - 0.65 £+ 0.03
1

Spins harder to measure: few cycles, no full-precession catalog

S S
| 1|<07 Yo = | 2|<09
ml mz

Xl
0.05
— 0671
Luminosity distance Dr = 410713 Mpc

Source redshift 2z = 0.0887) 024
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Livingston




— Average
— Precessing

— Nonprecessing
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(Selected) Present and future applications ;‘




Gravitational Waves
NN N T
Inflation Wiky Ay Iy AR Y AN
Generates
Two Types of -
Waves Waves Imprint Characteristic
Polarization Signals

Free Electrons Earliest Time
Scatter Light Visible with Light

Quantum
luctuations

Radius of the Visible Universe
Inflation
Nucdlear Fusion Begins
Neutral Hydrogen Forms
Modemn Universe

0.01s 3min 13.8 Billion yrs
Age of the Universe

Homogeneous
Neutron
Superfluid

*——— ATMOSPHERE

Polar cap

Cone of open
magnetic

Neutron Superfluid

Neéutron Superfluid +

Neutron Vortex  Proton Superconductor|
Neutron Vorte;
gnetic Flux Tube

Testing Einstein’s theory
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Overview
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Galaxy history

e e e I e G e i ST W R———




v
S
7

~
[22]
=
=
o
Q
Q
2]
~
Q
E
=

-0.10

N T E 8 8
™

L01/OMO " () (o




Testing GR with GW150914: Graviton mass.

® Phenomenological model

B i i P SN el i st s St - 5 o liin i PN e a

- @ Massive graviton = Compton wavelength A\, = — |
| Mg C
® Di ' lati US 1 i F
| ispersion relation: —= = |
| 5 : Al |
; 1.0 | ‘
| @ = Quasi-1PN phase term l
T e iR
el e e
)\9(1 i Z)f 206 _%
Will 1998 PRD E
= 04 :—Er
- 1210 eV /7
0.2 et
Abbott et al 1602.03841 0.0 . . . . . .
10° 10" 10 102 108 10 10" q0'¢ 07 ¢ f
A, (km) ;




‘ Morphblogies and phase transitions in BHBs.

® Consider spin precessing binaries in PN

Sl & Do i ar P e«
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- 9 3 morphologies
i ¢ A® librates about 0 |
ﬂ Y A® librates about
; & Circulating A® € [—m, 7] t
i ® Morphology can change during inspiral
0.40]
w030] . :-
0-'820’ o.'gg 10.230 035 0.14;;"0.;5 o. o  Kesden et al 2015 PRL, Gerosa et al 2015 PRD t

S/M?
R R T T O T et e e e U B i e————— — — of




NS S S R v

M',w ~ e

TR

il bl i,

oyl

R Y

R T

LN B ™ Cienss iias s

Morphblogies and phase transitions in BHBs.

® The morphology is closely related to the spin inclination at r — o

® Binary formation leaves a memory on the morphology

COS 020(;

cos 9200

= e S p— - ‘-
------------------------ U “ ‘.-“~_‘ 114,71 ;
g=02 g=05 | 0 B HEm e v gy =L =D LI }
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05 X =1 058 X =1 14 0.5F I |
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[ Librating A® ~m : _/,_—" A // xp=1 f
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A simple model for BH binary formation

Two massive stars in orbit

Mass transfer may reverse mass ratio

Initially more massive star goes supernova — kick
Tidal interaction may align spin with L

2nd supernova — Kkick

GW driven inspiral — preference of one morphology

[

p
‘ Spin alignment
ags TV AP — 0°
ow
evers” 012 — 0°
.
p B0 sin £ A‘b > O (0 uilibrium)
“\«\k“ q S ( = —
S »aud,-u.d Spin anti-alignment
* Masg Ad — 180°

Merging BH binary S ratj, ' - -
012 — 0, + 92 (lall)
X Free precession -
1(1'( g

sin A® — *1 (pile-up)

Gerosa et al 2013 PRD
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A simple model for BH binary formatior
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Can we measure this?
Inject binary population

including all 3 scenarios

Identify morphology; does

it match expectations?

Statistically yes!
Tides + mass reversal
— prefered AP ~ (

Tides + mass reversal

— prefered AP ~ 7
No tides

— no prefered libration

Identified fraction

P
10 12 15 20 50
O-8 | | | |
S A(I)source = 0°
0.7 | - A(I)sourcc = 180°
= Tides RMR
——— Tides SMR
L | — No tides |
0.5
0.4
0.3
0.2
0.1
0.0 l ' ' ——
0.990 0.992 0.994 0.996 0.998 1.000

OIH&X

Gerosa et al 2014 PRD
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Conclusions

GW150914 marks the dawn of GW astronomy
“"We"” measured the change in length by a fraction

of an atomic nucleus caused by sth. 1 Gyr away!

>1 BBH! Not merely a lucky shot.

First surprise: BHs heavier than expected
Parameter estimation requires GW modeling
Applications: Test GR, BH census, History of universe, ECS,...

A new window to the universe reveals interesting things...




