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gravity: not just a force

* universal, does not depend on the mass of the test particle

® common property with centrifugal and Coriolis-forces
(inertial forces, Scheinkrdfte): no difference?

e all gravitational and inertial accelerations disappear in a
freely falling frame

® equivalence principle

* Newtonian gravity: (weak) static fields only, description with
a field g = —V& resulting from a potential &

e field equation: GauB-type law divg = —4m6Gp leads to
A% = 4n6p with matter density p as a source

Bjorn Malte Schifer physics of gravitational waves
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gravity: regimes

strong weak
static black holes Newton gravity
dynamic FLRW-cosmologies gravitational waves

¢ dynamic side of gravity: gravitational waves

Bjorn Malte Schifer physics of gravitational waves
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gravity: theory

* let's wiggle our way towards gravitational waves (pun
intfended) by using intuition for relativity

* Poisson-equation
A® = 4n6Gp

Euclidean Laplace-operator — Minkowskian box-operator
A=35;0'00 — O=n,o"d" =05 A
* Poisson-equation — wave equation

A =4nGp — [O&= —4m6p

new field equation allows for
® waves in the field & with propagation speed ¢
® source: fime-evolving p(t)

Bjorn Malte Schifer physics of gravitational waves
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gravity: classical solutions

e field equation for &
& = —4n6p

* 3 particular cases

® vacuum situation p = O:
0& = 0: plane gravitational wave

e static solution, field does not depend on t:
A® = 4nGp: Newtonian gravity

*® spatially homogeneous @, field does not depend on x,y, z:
9%®@ = —4nGp: FLRW-cosmology

Bjorn Malte Schifer physics of gravitational waves
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gravity: solutions

homogeneous
isotropic
varies along
gravity
scales
curvature
sources

Bjorn Malte Schadfer

black holes
1-
yes
r
strong
rs = ZSTM
Weyl
vacuum

grav. waves
r+ct
no
rt
weak

linear physics

Weyl
vacuum

FLRW-cosmologies

white dwarfs

r t
yes yes
t r
strong weak...strong
2
Perit = % eqn. of state

Ricci
p, p (ideal fluid)

Weyl + Ricci
p, p (ideal fluid)
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dynamics of gravity

e field equation for &
& = —4n6p

* propagation of excitations in & with ¢
* possible solution:

® x exp (iinabkaxf’)
with wave vector k°
* substitution intfo the wave equation yields dispersion
nwk'k' =0 = (w/c)? -k — w==+ck
null-condition for the wave vector

¢ phase and group velocity:

dw w
Ugr:W:C:F:UPh

B Mal Tg\gchq;esrpersmn, wave forms are perfectly consght;yigsqf gravitational waves
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hyperbolicity

* Poisson-equation A® = 4nGp or wave equation 0@ =0

® partial differential equations (PDE)

® inhomogeneous with p

® second order — time-reversible and parity-even
® linear — superposition holds

* hyperbolic vs. elliptical: signature of differential operator

® Poisson equation A® = 4nGp: signature (+ + +), elliptical
* wave equation O& = O: signature (+ — ——), hyperbolic

* solution is unique if

¢ elliptical PDE: boundary conditions are specified
® hyperbolic PDE: initial conditions are specified

wave forms depend only on the dynamics of the source

Bjorn Malte Schifer physics of gravitational waves
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causality and light cones (or gravity cones)

OBSERVER — 3

SPACE

Pas (pnt O

causality cone
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properties of gravitational waves

gravitational wave electromagnetic wave

propagation speed ¢ c
dispersion no no
type transverse transverse
polarisation modes 2 2
source quadrupole dipole
Bjérn Malte Schdfer physics of gravitational waves
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polarisation

gravitational wave

* two polarisation modes for gravitational waves

* choice: linear polarisation or circular polarisation

Bjorn Malte Schifer physics of gravitational waves
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geodesic deviation

Bjorn MuITe Schafer

Newton equation of motion: X' = —9'@
two test par“rlcles fall through space, relative distance
3=y -
relative acceler‘aﬁon
§ =y - %= —oa(y) + dd(x)
Taylor-expand &(y) around x:

2(y) = (x) + 9;2(x) (y) — x)) = 8(x) + 9;2(x) &
geodesic deviation: relative acceleration depends on tidal
field 9'0;@

§ = —0i0,8(x)
relativistic version: tidal field — Riemann curvature
test particles inside the field of a gravitational wave change
their physical distance by 3x in an oscullahnﬁ

Si cs¥f gravitational waves
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Galilei's experiment, more interesting

Y=
SppurpnT HARPEN
Tgs WAY. lm

T ALTEQ The: DATA.

Galilei, first try at geodesic deviation
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Ricci and Weyl curvature

* evolution of freely falling extended test bodies

e formally: Raychaudhuri-equation
* two modes in the time evolution of the test bodies

® change in volume, conserved shape:
field generating mass inside the cloud
Ricci-curvature (always « energy density)
typical for FLRW-universes
® change in shape, conserved volume:
field generating mass outside the cloud
Weyl-curvature
typical for vacuum solutions (gravitational waves, black holes)

Bjorn Malte Schifer physics of gravitational waves
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Galilei's experiment, but with volumes

Bjorn Malte Schifer physics of gravitational waves
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energy fransport

* electromagnetic waves carry energy and momentum:
Poynting-law

e gravitational waves as well!
* two intuitive arguments:

® Feynman's curtain rail — awesomel!

® geometry: gravitational waves change the semi-axes of a circle
by 1+ € due to their Weyl-curvature. The enclosed area
changes by (1+¢€) x (1 —¢) ~1—¢? < 1, so there must be
Ricci-curvature, implying that there is energy and momentum

* BTW: that's a major problem for quantum gravity: plane
waves have anomalous dispersion due to their own gravity,
they propagate in an energy-dependent way

Bjorn Malte Schifer physics of gravitational waves
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black hole mergers: estimate frequency

* “centrifugal balance”

vy GM
T rz
e multiply with 1/c2
v GM
@ clr
e identify Schwarzschild-radius rs = 26M/c?
v rs
2 r
if rs =r, u reaches c
* frequency v
v _c¢ ¢
Tr rs 26M
v ~ kHz for Solar mass black holes, My, ~ 1039 kg, rs = 103 m
Bjorn Malte Schadfer physics of gravitational waves
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black hole mergers: estimate amplitude

* let's assume the amplitude is of order unity at the source, i.e.
at r = rs. for a Solar-mass black hole rs ~ 103 meters

 amplitudes decrease with 1/r, luminosity with 1/r? (luminosity
is amplitude?)

® then,
ox rs

X r

e typically at a few 100 Mpc (~ 10?4 m) the signal is

dx = 10-24x: a distance of x = 103 meters is changed by
10718 meters: that's 1073 of the diameter of a proton

Bjorn Malte Schifer physics of gravitational waves
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Newtonian signal: principal characteristics

* two objects orbit each other around their common centre of
mass

e oscillating quadrupole in the matter distribution

® generate gravitational waves at the orbital frequency
* gravitational wave carries away energy

® system retracts inside its own gravitational well

¢ deeper down, orbital periods are faster

e gravitational wave signal typically increases in frequency —
chirp

Bjorn Malte Schifer physics of gravitational waves
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first direct signal from LIGO

Hanford, Washington (H1) Livingston, Louisiana (L1)

Strain (102)

ety
ed (wavelet]
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- p
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g 256 6 g

E‘f 128 4 'ﬁ

64 2 g

32 0 Zo

0.30 0.35 0.40 0.45 0.30 0.35 0.40 0,45
Time (s) Time (s)
discovery of gravitational waves
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typical gravitational wave signal
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typical, strong signals
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gravitational wave signal demographics

Candidate detections from O3 by month

- N WH OO N ®©O

ol b LT

19/04 19/05 19/06 19/07 19/08 19/09 19/10 19/11 19/12 20/01 20/02 20/03

BNS mergers mass gap false positives
NS-BH mergers terrestrial noise unidentified

I BBH mergers

detections and their classification

Bjorn Malte Schadfer physics of gravitational waves
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gravitational wave signal demographics

03 detections by distance

16
14
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8 [ |
6
4
2
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Mpc Mpc Mpc 1000
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BNS mergers I BBH mergers mass gap
NS-BH mergers

distances to source
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Taylor-Hulse pulsar PSR B1913+16

first hint of gravitational waves: orbital decay of a binary
pulsar

e pulsar orbiting a neutron star

® gravitational waves carry away energy, system becomes more

tightly bound
* increasing orbital frequency, determined by radio
interferometry
Bjorn Malte Schifer physics of gravitational waves
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Taylor-Hulse pulsar PSR B1913+16
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Taylor-Hulse pulsar, orbital decay
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double pulsar PSR JO737-3039
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double pulsar: better determination of the orbital elements
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interferometry

* measure the relative acceleration of two test particles

¢ geodesic deviation
§ = —09,8(x) &

relative acceleration measures tidal field 8‘8th> or curvature

* signal is proportional to the distance &:
need a big interferometer, typically, 8x/x ~ 10~2!
* interferometry idea:

® mirrors are the freely falling test particles: they're
suspended on strings

¢ difference in travel time to the mirrors and back is measured
by interference

* interferometers measure amplitude

Bjorn Malte Schifer physics of gravitational waves
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LIGO picture book

Bjorn Malte Schifer physics of gravitational waves
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LIGO picture book

laser assembly (few 100 watts of power)

Bjorn Malte Schifer physics of gravitational waves
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LIGO picture book

mirror

Bjorn Malte Schadfer physics of gravitational waves
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LIGO picture book

mirror suspension: really freely falling!

Bjorn Malte Schadfer physics of gravitational waves
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funky idea: minimal size of an interferometer

sensible size of an interferometer: light travel time t should
be inverse frequency: then, the mirrors have maximally
changed their position

t~1/v,but thenct ~c/v~A

but ¢/v =rs, so wave length A ~ rs

LIGO is about the same size as the binary black holes
systems it tries to detect!

Bjorn Malte Schifer physics of gravitational waves
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Weber-type detectors

* gravitational wave: relative acceleration of test particles:
§ = —00,8(x) &

* join two test particles with a spring

* resonance with the wave: transfer of energy from the wave
to the detector

* narrow resonance window, widens for stronger damping, but
signal smaller

* Weber-detectors measure energy flux

e typically, v ~ kHz: imagine a big metal cylinder (rings like a
belll)

Bjorn Malte Schifer physics of gravitational waves
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Weber-type detectors

Weber-type resonant detectors

Bjorn Malte Schifer physics of gravitational waves
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pulsar timing arrays

pulsars inside the Milky Way

¢ natural gravitational wave detector!
e jitter in arrival time distribution of pulses

* radial positional uncertainty of 100m due to the gravitational
wave background

Bjorn Malte Schifer physics of gravitational waves
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quadrupole formula and radiative efficiency

¢ quadrupole formula for energy emitted by a time-evolving

quadrupole Q;
dE_ 6y #Qy
dt ¢ T dt3

e prefactor 6/c° is very, very small

* need to make up with large d3Q/dt3: rapid evolution...

Q= /d3r' (r‘~r‘- — r26~>
ij = p | rirj 3 i

...and high-density, large systems are efficient in generating
gravitational waves

* quadrupole Q;

Bjorn Malte Schifer physics of gravitational waves
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quadrupole formula: water world

tidal bulge tidal bulge
opposite Moon toward Moon
A su / om
R
- (]
P/
Y
-

Orbitai separation -

tides on an ocean form a quadrupole

* imagine a planet with a planet-wide ocean

* gravitational wave: produces tides 2 mountains and 2 valleys,
opposite sides, i.e. quadrupole

* turn situation around: a moving quadrupole should generate a
gravitational wavel!

physics of gravitational waves
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bounds on modified gravity

kilonovae generate a gravitational wave signal with associated
burst of photons

few seconds time difference of a source at few hundred Mpc

photons and gravitational waves travel at the same speed

incredibly strong constraints on graviton mass or on modified
gravity theories

Bjorn Malte Schifer physics of gravitational waves
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bounds on modified gravity

* wave-equation with a mass-term:
1 m?
£ = énu\,a”@@vé - 7
e variation of the action S = [ d®x £ yields:
(0 - m?)®@ = 4n6p

e consider vacuum p = O and try a plane wave ansatz:

3% — 4mGp

@ o exp(Lingk®xP) —  nu k'k'=m?>0
e dispersion relation
Ugr = dw _ cik
T dk ke me
slower than speed of light, waves would be dispersive
e similar: upper bound on coupling strength of & to other fields

w=cvki+mz — <c

Bjorn Malte Schifer physics of gravitational waves
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neutron star mergers: kilonovae

e classification:

® novae: runaway nuclear fusion in the surface of ordinary stars

® supernovae: nuclear fusion triggered in a mass-accreting white
dwarf (type I) or collapse of a massive star (type IT)

® hypernova: collapse of an extremely massive star, possibly
with GRB

¢ kilonova: merger of two neutron stars

e kilonova

® merging process of two neutron stars — gravitational waves

® associated optical signal, GRB

¢ explosive nucleosynthesis: r-process neutron capture with
subsequent decay into the valley of stability, detectable as
afterglow

® GW-signal and element yield depend on nuclear equation of
state, relativistic fluid mechanical simulations necessary

Bjorn Malte Schifer physics of gravitational waves
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nucleosynthesis processes

Dying Exploding Human synthesis H
low-mass massive : No stable isotopes e
stars stars m

Cosmic Merging Exploding
ray ' neutron white
fission stars dwarfs

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn
26 27

19 20 21 22 23 24 25 28 29 30

Mo Tc 'Ru Rh :Pd Ag Cd |
44 45 45 4T 48

' Os Ir Pt AuH
e By g iag

\ Eu Gd Tb

6! 64 65

origin of chemical elements

physics of gravitational waves
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kilonova AT 2017gfo with associated GRB

170817A

e detection

® 100 seconds of gravitational wave signal, starting at v = 24 Hz

¢ detected by both LIGO and VIRGO, positional fix by
triangulation within 30 square degrees

® high-energy transient detected by INTEGRAL and FERMI

® optical, UV and X-ray follow-up

e wave form analysis: total system with about 3Mg

e about 10* Earth masses in heavy elements produced, about
10 Mg in gold

Bjorn Malte Schifer physics of gravitational waves
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o
kilonov 20

kilonova AT 2017gfo
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questions for future gravitational experiments

* signal form analysis: constraints on nuclear equation of state

* standard siren technique: luminosity versus redshift for
cosmology, dark energy

* modified gravity in the merging process

* gravitational wave background, phase transitions in the early
universe

Bjorn Malte Schifer physics of gravitational waves
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other aspects of gravity to be probed

* Lovelock's theorem: general relativity is unique

¢ for energy-momentum conserving systems
® in 4 dimensions

® in a metric spacetime

® with a second-order, local field equation

e constructive gravity: matter field theories imply relativity

¢ if the QFTs are defined on a hyperbolic spacetime
® and are quantisable

* questions for "BSM-gravity"

® new gravitational degrees of freedom (i.e. more gravitons)
® non-local field equations, in particular higher orders
® new structures in field equations

Bjorn Malte Schifer physics of gravitational waves
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summary

* natural phenomenon of gravity, due to hyperbolicity of the
equations

* many analogies to electromagnetic waves

* sources: relativistic motion of heavy masses, typically
merging of neutron stars or black holes

e detection in inferferometers: measurement of amplitude

* signal shape: indicates details of the merging process,
nuclear equation of state

* explosive nucleosynthesis

® questions for future experiments

Bjorn Malte Schifer physics of gravitational waves
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