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® Unusual news headlines on 11/12 February 2016

Gravitational Waves: Ripples in spacetime

® First direct detection of gravitational waves: GW150914
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® Sep 14, 2015 at 09:50:45 UTC: SNR ~ 24

So, what happened?

Abbott et al. PRL 2016,

Abbott et al. PRX 2016

® BBH inspiral, merger and ringdown: m; = 3513 mg,

Strain (10~%1)
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What really happened...

® Once upon a time: 1.347¢22 Gyr ago, somewhere in the universe

2Ma

First humans 4550 Ma

Formation of the Earth

230-65 Ma

Humans
Mamma

ca. 380 Ma

First vertebrate land animals

ca. 530 Ma

Cambrian explosion : :
\ ¢a. 4000 Ma: End of the
750635 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 Smowball Earth
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Overview

A brief theory of gravitational waves

Frequency windows, sources and detectors

Parameter estimation and source modeling
The GW events
Some future applications

Conclusions
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Gravitational waves
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® Spacetime as a curved manifold
® Key quantity: spacetime metric gag
® Curvature, geodesics etc. all follow
® Einstein equations
Rap — %gaﬁR + Agap = 8:—4(; of
® 10 non-linear PDEs for g,
® 1,3 = Matter fields R
® Conceptually simple, 1&1— e’
® hard in practice T
® E.g. Schwarzschild 2

ds”  =c°dt’| 1—-

2GM

2
dr”

re

-

o r————

) 1-2GM/rc?

“General relativity in 30 seconds
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, Gravitational waves: weak-field solutions

® Consider small deviations from Minkowski in Cartesian coordinates
.~ ® “Background”: Manifold M = R 7 —diasl 111 1)
31 @ Perturbation” h., =UOle< .. = g, —n, Fh,;
® Coordinate freedom: “Transverse-traceless (TT)” gauge
; b — U dh 0
% ® Vacuum, no cosmological constant: T,, =0, A=0
' ® Einstein’s egs.: Oh,, =0
* ® Plane wave solution in z direction: h,, = Weimo
|
! (- 0 \
2 L i g a Y e
i e 0-H.- B 0
I 0. 0 0
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® Measure this

SadaT i A A et

Effect on particles

effect; Michelson-Morley type interferometer
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The GW spectrum, sources and detectors
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The gravitational wave spectrum
® Source types and detection strategies = 4 regimes
flitralow 108 bk Hy
ey dow. . fa 100 10 H

Low o100 10 e
High f~10'...10% Hz

® Major sources
Ultra low: Fluctuations in the early universe
Very low: Supermassive BH binaries (high M, z)
Low: SMBHs, EMRIs, Compact binaries,...

High: 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
- p.ture:?d by Rotating NS,
Supermassive Black Supernovae
Holes i .
age of < >
universe hours sec ms

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

wave period

pe— 1 - —
Cosmic microwave Pulsar Timing Space Terrestrial

background Interferometers interferometers
polarization

Detectors
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® Wave periods ~ Hubble time

® Primordial GWs — Signature in polarization of CMB

® FE.g. BICEP2

BICEP2 B-mode signal

SNy 7
-55}- _.\;_ ' ~ ( ' - -'_/ ¢ 1t
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y b &y
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® Problem: Pattern can be attributed to galactic dust (BICEP2, Planck)

See e.g. 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: Mpp o o8%9:5
Ferrarese & Merri’r ApJ (2000), Giltekin et al, ApJ (2009)

Galaxies merge = SMBH merger

But “Final parsec problem”

Few individually observed systems possible.
But mostly stochastic background.

Model as power law

o (yrf‘l)a
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‘ “éljbé)rmassive ‘ éompact Object ' -ééiaét.ic White : » é.o_smic Stnngs and +Laser Interferometer Space Antenna

.Blac':lf -Flgleéirf'alries ‘ - .(i%ptutes = ‘l')w'arf‘Binar.ies', : '.,.Iitmase'l"lg'a'nsition-s“ B L” ” “‘ ” ‘“ “ ‘m

‘ :'Gravity is.té_/king., LISA wil /iSf.é”.-..f'

Black ho binary at 2=15,

104 M., two hours Bedore merper.
Nursrical wavefom phs instrument
noise and WO bickground (1. Baker)

% 2007, NGC 6243 PASACXCST), Artit's Pancarrg?
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The low frequency regime
Interferometry with ~ 10° km arms
Realm of space missions |
LISA: L3 mission of ESA's "Cosmic Vision” Launch: ~ 2034
Configuratioh still uncertain: __

2 arms vs. 3 arms 3 |
10° km vs. 5x 10% km PR |
2 yr vs. 5 yrlife span - TR - =it )

Verification binaries (WDs)
Outstandlng SNR

K25 / sAmsh:sa pathflnder

Launched 3 Dec 2015

Major success!!! ' o i




The high frequency regime
® Interferometry with ~ km arms

® Detector nework:
2 LIGO (2015), Virgo (2017), GEO600, KAGRA (2020), LIGO-India

GEO | | Virgo

LIGO

KAGRA |

Antalrctica

/ 80
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Recycling
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Inspiral

— Numerical relativity
I Reconstructed (template)

Merger Ring-
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Stochastic
background

Massive binaries

Extreme mass Type IA
ratio inspirals supernovae

107
Frequency / Hz

GW150914

aLlaiﬂ;Qﬂ

Compact binary
inspirals



http://gwplotter.com
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Parameter estimation and
source modeling




L 3 il i 3.0 Iare.

. ® Einstein’s field equations
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'The séarch for GWs in‘fhe data stream
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, Y  Weak effect of matter on geometry |

& =:

| ¢ GWs carry huge energy but barely interact with anything |

| ¢  Induced changes in length: < atomic nucleus / km |
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Detection and parameter estimation

Generic transient search

® No specific waveform model
® [dentify excess power in detector strain data

® Use multi detector maximum likelihood Klimenko et al. 1511.05999

Binary coalescence search
® "Matched Filtering”

® Compare data stream
with GW templates
("Finger print search”)

® Bayesian analysis:

R

Prior —> Posterior SEARCHING DATABASE .
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Black-hole binaries: parameters
® 841 Intrinsic parameters
Masses mi, ma

Spins Sl, S5

Eccentricity (often ignored; GW emission circularizes orbit)

® 7/ Extrinsic parameters
Location: Luminosity distance Dy, Right ascension &, Declination ¢
Orientation: Inclination ¢, Polarization

Time {,. and Phase @. of coalescence

® Other parameters

Anything beyond vacuum GR.... (ignored for starters...)
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GW source modeling
Key requirement for matched filtering: GW template catalog

Model black holes in general relativity ‘
& Post Newtonian theory — Inspiral Blanchet Liv.Rev.Rel. 2006 r .
¢ Numerical relativity — final orbits, merger i

Pretorius PRL 2005, Baker et al PRL 2006, Campanelli et al PRL 2006

¢ Perturbation theory — Ringdown

Combine "NR” with “Post-Newtonian”, “Effective one body” methods
2 families in use: Phenomenological, Effective one body |

Use reduced bases or similar to cover parameter space

Multipolar decomposition

hy — iR =) _2Yem (0, 9)hum (2)
Im
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’ HYbrid waveforms and catalogs

® Stitch together PN and NR waveforms
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® Mass produce waveforms;

Hinder et al CQG 2013,

Mroue et al PRL 2013,
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Boyle et al CQG 2019
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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 Raltr s
' Arrows: Velocity of flow of space- '

Bottom: Waveform
(red line shows current time) -

Thanks to Caltech-Cornell groups
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Subset of GW detections up to

Masses in the Stellar Graveyard

in Solar Masses

.
e LI%BO—Virgo Neutron Stars

LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern




GW150914

Masses in the Stellar Graveyard

in Solar Masses

160

GW150914

80
40

20

.
e LI%BO—Virgo Neutron Stars

LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern
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‘GWI150914: BH parameters

ma
Mass ratio 49 = e = 0.65 £+ 0.03
1

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

S
| 1|<07 Yo = 52 |<09
ml m2

Xl
0.05
= 0.67%,07
Luminosity distance Dy = 4107139 Mpc

Source redshift  z = 0.08870 025
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3 detectors

much improved

sky location!

First triple coincidence
detection GW170814

2017: Virg

L SR R 4

o joins O2

TN TR o P gt Y, 2

T T T e S T T et R e B a9y 27 T I W A Wiy AR A TV
¥ B Ly <3 - <

| GW151226 %
L ’

S (\\/150914 B




GW170817

Masses in the Stellar Graveyard

in Solar Masses

EM Neutron Stars
..
L] ... ®
...‘.. ™ . . e .. o0 o
L

@St S
IGO-Virgo Neutro .

GW170817

LIGO-Virgo | Frank 'Elavsky, Aaron Geller | Northwestern
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GW170817: Binary Neutron Star Merger
® Fermi and Gamma-Ray Burst Monitor send GRB170817A alert ‘
® Within 6 minutes, LIGO, Virgo find GW170817 in the data stream

T e AT * .- T

Normalized amplitude r

0 2 4 6 ';,
— j
LIGO-Hanford %

LIGO-Livingston "

Frequency (Hz)

30 20 -10 0 f
Time (seconds)




GWI170817: Binary Neutron Star Merger

® Fermi and Gamma-Ray Burst Monitor send GRB170817A alert
® Within 6 minutes, LIGO, Virgo find GW170817 in the data stream

® Note the duration!!!

GW150914

LVT151012 o

GW151226 ==

GW170104

GW170814

GW170817

| | | | | | | |

0 ) 10 15 20 25 30 35 40 45
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® Gravitational Waves, Gamma rays

® Optical: 6 left panels

® X-ray, Radio: Chandra, Jansky VLA

1M2H Swope

10.86h

| DLT40

\VISTA

h|[11.24h YIK,

GWITOBIT: Mulfi messenger astronomy

Chandra

9d

TV o gt Y I
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X-ray

MASTER

Las Cumbres

JVLA

16.4d

Radio
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Some things we have learned
GRB associated with Binary Neutron Star Merger

Kilonova (infrared transient) due to decay of heavy elements

Independent measurement of Hubble constant:
Gl - 0 ° ks Npe

Binary NS merger rate: 1540+?338 Cor

First insight into EOS at supernuclear densities through
tidal effects

Results will improve with more NS events




GW190521

Masses in the Stellar Graveyard

in Solz

L)
I.GO-Virgo Neutron Stars
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LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern
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GWI190521

Hanford Livingston Virgo

Whitened Data
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Progenitor masses: mi =91 Mg, mgo=67Mg |
Remnant mass: M =150 My =mi+m;  Abbott et al. 201014527
Mass defect AM =~ 8 M, ; cf. Tsar Bomba: AM =~ 2.65kg

Open questions: How did the progenitor BHs form? Is it a BBH? ;




GW190814

Masses in the Stellar Graveyard

in Solar Masses

.
e LI%BO—Virgo Neutron Stars

LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern




GW190521

® Progenitor masses: m; =23.2My, mg =259 Mg

Remnant mass: M =25.6 M,  Abbott et al. 2010.14527

Key question: What is the secondary?

7 \

< The heaviest neutron star ever seen?

& The lightest black hole ever seen?

-

~ An exotic compact object? Wormhole or Boson Star or ...
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(Selected) Future applications
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Early Universe

History of the Universe

Gravitational Waves .
hy AR S
Inflation VLAY AN
Generates WAV AV \ vy \ N v NN\
Two Types of 4 N/ et ~
Waves Waves Imprint Characteristic
Polarization Signals

VAAANANANANAS

ns Earliest Time
Scatter Light Visible with Light

Quantum
Fluctuations

Radius of the Visible Universe
Nucdlear Fusion Begins
Neutral Hydrogen Forms
Modem Universe

0.01s 3min 380,000 yrs 13.8 Billion yrs
Age of the Universe

STAR: SURFACE and INTERIOR
Y “Swiss “Spag

Homogeneous|
Neutron
Superfluid

*——— ATMOSPHERE
ENVELOPE
CRUST
OUTER CORE

a INNER CORE
Magnet

field

Polar cap

Cone of open
magnetic
field

lines

Neutron Superfluid

Neutron Superfluid +
Neutron Vortex  Proton Superconductor|
Neutron Vortex

Overview

Testing Einstein’s theory
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Galaxy history
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Testing GR with GW170817: Graviton mass.

® Phenomenological model

h

. ® Massive graviton = Compton wavelength Ay, = ——

; mgC |
;( : . : v§ h?c? r
. ® Dispersion relation: = =1
| c? A2 )2 |
» g !
f 1.0 |
g — Quasi-1PN phase term . |
| mDc 081
’ i )\9(1 Z)f 206 _%

§ Will 1998 PRD 2

’{* xz -

3 : 7

| e ol i (. (
} 2 |
Abbott et al 1602.03841 , , , | , | g
‘ : 109 ]OIO 1011 1012 1013 1014 1015 1016 1017 f.
| A, (km) :
R R R e S et - ST —— — - i




Equation of state of matter

A NEUTRON STAR: SURFACE and INTERIOR

A “Swiss “Spaghety’

CORE: v 065 0 0 o oK

Hom;g:tr;:oug \ | 000 o O O o Neutron
: . * A A Superfluid

s~ ATMOSPHERE
ENVELOPE
CRUST
OUTER CORE
Magnet INNER CORE
field

Polar cap

Cone of open
magnetic
field

) >
-', :
\ -
.
. 4
‘ lines
J

, Vs
- Neutron Superfluid .
-Q T Neutron Superfluid «
: ol Neutron Vortex  Proton Superconductor

Neutron Vortex
Magnetic Flux Tube

® E.g. through tidal effects
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Cosmological disfance ladder

How do astmnomers measure the’f»"‘..t:': ek

dlstance to Celestlal bodles‘?

— e T SRS S : - . ey ——— - - . . - AT o L Sl B DRI SRS BN e —— ey



~
—
[ee]
o
~
[
=
O

o
z
Q

~ Planck!’
~ SHoES!®

52)
<
o

(OdI S (—w) (OH)d




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

LS Sl gl ol v aganliy 3

Dark Sirens: HO from BH binaries

® No EM signal = redshift unknown

® Solution: Statistical analysis using galaxies in sky window

Combine sky localization from LIGO with galaxy surveys

® Here for GW170814

Rather well localized!
Dark Energy Survey “DES”
Not yet competitive, but will

improve with many events

DES galaxy distribution

~ 3
~
-
—
X
—*LVC Skymap <
2=

1

0.00 0.05 0.10 0.15 0.20 0.25

Soares-Santos et al 1901.01540
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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 surprises: BHs heavier than expected GW190521

Compact objects in the mass gap GW190814

GW170817 marks the dawn of multi messenger astronomy!

Applications: Test GR, BH census, History of universe, EQCS,...

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




