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TRISEP lectures on
Gravitational Waves

Djuna Croon, TRIUMF




Yesterday

THE QUADRUPOLE APPROXIMATION
BINARY MERGERS



EFE for a metric perturbation

Metric perturbation
Source: energy

momentum tensor



GW Solutions

* For far away, non-relativistic sources, we

found
T = (7]

’L] — quad

12G .
[hTT — __Aij,klel(t — T/C)

tJ }quad I r c?

e Gravitational waves are generated by (huge)
accelerated mass distributions with a nonzero
mass quadrupole moment



Inspiral of a binary merger

-
1 Other assumptions:

* No backreaction, e m,—m,
o Circular orbits |
1 4G puw?R? (1 20
O ’LLC: ( T C0s ) cos(2wt 4 2¢)
r C 2
2 4G uw? R?
hy =— ,uc: cos 0 sin(2wt 4 2¢)
(& C

* Butin reality there is backreaction

Mo
2r

PGW — Eorbit Eorbit = -G



The sticky bead revisited:
Why does the stick not stretch?

* No concept of a gravitational force in GR

* However, we can consider the “stretching” of
the stick due to GW strain,

h = Asin(wt) —

L = Lo(1+ Asin(wt)) E—

* Molecular forces mediated by photons

* Compare w,y,to win the material

— Molecular vibrations, w ~ 104 Hz



Gravitational backreaction

* Orbital frequency: Kepler’s 37 [aw

Gn

mi1 + Mms

r3

 GW emission drains energy from the system,

PGW — Eorbit

Eorbit

— Ekin =+ Epot
1o

- -G

2r

GW emission implies
that the orbital radius
decreases and the
frequency increases



Chirp signal

* |f the orbits are still quasi-circular, we can use
what we have derived so far

* To find the frequency as a function of time, we
can solve Pow

(m1m2)3/5

M. =

(m1 4 mg)t/5

fe®) = (

o 1

)"

256 ¢

4

— Eorbit

G M,

' Here t is defined
, as the time left
L | until coalescence!



Gravitational wave

DETECTION



Detectors

* |n general, detectors will measure,
_ i
h(t) = D" h;;(t)

Y P

GW strain Parametrizes  Metric perturbation

detector geometry

* Detectors are only sensitive to strain in the
direction of DV



Gravitational wave strain

Characteristic strain: displacement of test
masses in the gravitational field

AL/L ~ DVh,;
Note that this quantity falls off as r -/
[h-T-T} - 12G

v) lquad ; Al

AijraM (t —r/c)

: Q: Detector sensitivity to EM radiation :

: falls of as r %, what is the difference? :



Gravitational wave strain

Characteristic strain: displacement of test
masses in the gravitational field

AL/L ~ DVh,;
Note that this quantity falls off as r -/
[h-T-T} - 12G

v) lquad ; Al

AijraM (t —r/c)

: A: For EM radiation, you measure the :
: deposited energy, which goes as the |
: square of the amplitude. :



10 | LIGO Hanlford Data | PredictedI |
BBH merger %
The first LIGO 7
detection (2015): _ gston Data Fredced
o
e 30 solar mass BHs <
1.3 billion ly away %
______________________ 5
I Q: Does LIGO probe a BNS 1 z
| merger for a longer or shorter : g
| period, and why? ! v

| | | |
0.30 0.35 0.40 0.45
Shifted and inverted (because Time (sec)

of the different orientation) to
cross-correlate Source: ligo.caltech.edu



| | | |
UL . | LIGO Hanford Data Predicted

BBH merger

Strainf.{1 021)

The first LIGO
detection (2015):

5

* 30 solar mass BHs Z
1.3 billion ly away 7
...................... 5
LA: longer, as the binary loses : E
| energy (and hence radius) in | s
| ] &

| proportion to the chirp mass

| | | |
0.30 0.35 0.40 0.45
Shifted and inverted (because Time (sec)

of the different orientation) to
cross-correlate Source: ligo.caltech.edu



Michelson interferometers

Source

Beam  compensator
Splitter

Detector

Sodium
Fringes

A Michelson interferometer, from Hyperphysics.com

IGO and Virgo are Michelson interferometers with
~abry Perot cavities (and power recycling mirrors)

~P cavities effectively enlarge the arm length, to
enhance the visibility of deviations



Interferometers

* Armlengths:

— LIGO: 4 km, but reflected 400x, such that the
effective armlength = 1600 km

— LISA: 2.5 million km

* The longer the arms, the smaller the

frequencies the experiment probes

Aew ~ L — —— ~10%Hz
Liico
c
s ~ 1071 Hz
L11sa




Signal and noise

* The signal will be something like,

s(t) =n(t) + h(t)
! f ]
Detector output Noise Gravitational wave strain

* Unfortunately, /h(t)/</n(t)/is not unusual

* To dig the GW signal out of the noise, we can
use the fact that they are uncorrelated



Noise

* |f we assume the noise is statlonary,

(n*(f)n(f)) = o6(f - f) n(f)

This factor is here such that we ™
can integrate over physical f>0

* S_(f) is the noise spectral density

e Alternative definition in terms of auto-
correlation function of the source



Matched filtering

* Imagine we know the form of the GW strain
h(t) well, s(t) = n(t) + h(t)
t -
obs B tobs . tobs )
/o s(t)h(t)dt _/o (t)h(t)dt+/0 h*(t)dt
R ~— ~——

| In general, may use

: another filter
funct/on optimized to |
| pick out the GW stram '

I
: Oscillating, grows much Positive definite,
I slower with ¢, . so grows with ¢, .



SNR

e The best matched filter function is

~

k0= 5.5

* This then gives signal to noise ratio (SNR),

Szf_zdfﬁ(f)K*(f) 5\ ? ()P
(%) =1/ @5

\

N = [ SunIRDP

-
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LIGO noise curve

Quantum noise

= Seismic noise

== Gravity Gradients
Suspension thermal noise

== Coating Brownian noise
Coating Thermo-optic noise
Substrate Brownian noise
Excess Gas

.| m==m= Total noise

Quantum noise:

- Radiation pressure
noise (small f)

- Photon shot noise
(large f)

Nothing to do with optics,
just with harmonic
oscillations of the test
masses and mirrors

10°
Frequency [HZz]

LIGO-T010075-v2
21



(Other) experiments

Massive binaries

TianQin

/

4 \
" | GW150914

&
©
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n
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O

10
Frequency / Hz

Moore, Cole and Berry, Class.Quant.Grav. 32 (2015)

Pulsar timing
arrays

Space-based
interferometers

Ground-based
interferometers
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Stochastic GW Backgrounds

* Plane wave decomposition: Plarztontnsor
00 ’__ ”______?_~~)\
hab(t, 7)) = / i Kt kz (Eoa(f, kyg2m/0-h /e
o b SO

Plane waves

* Schematically, for an unpolarized and isotropic

GRB
2 2 0
[t atpi () o 2 = S0 2enld)

f3 GW fractional energy density




Power-law integrated sensitivity

Romano, Thrane, arXiv:1310.5300

 For power-law spectra,

1\
Qaw (f) = Qg (f f)

* Define the bandwidth of
the detector (f,... , f.,00)

* For aset of indices f5,
calculate {24 (integration
over f) such that the
SNR has some fixed
value




A brief look at

SCIENCE OPPORTUNITIES
AND PROSPECTS






Standard sirens

* Gravitational waves give a distance

— Interferometers measure the amplitude and the
phase of the GW

— The distance depends on M _and r, but the phase
only on M,

* EM counterpart BNS merger revealed the host

galaxy at z = 0.009680 4

* For small z,

- 0.00079

dL(Z)

= I

- - O(27)




Standard sirens

LIGO, VIRGO, DES, et al.
Nature 551 (2017) no.7678, 85-88

* This gives,
Hy = 70.014% km s~ 'Mpc ™!
— Luminosity and comoving

distance differ only at
order v/c ~ 1%

— Compatible with (and independent of) earlier
measurements such as Planck

* No “distance ladder” or prioron H,,

28



Multi-messenger astronomy
with BNS-mergers

| 11GO - Virgo

counts/s (arb. scale)

z
i 5
m
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400 600 1000
wavelength (nm)

o]

LIGO, Virgo

y-ray

Fermi, INTEGRAL, Astrosat, IPN, Insight-HXMT, Swift, AGILE, CALET, H.E.S.S., HAWC, Konus-Wind

X-ra

Swift, MAXI/GSC, NuSTAR, Chandra, INTEGRAL

IR

REM-ROS2, VISTA, Gemini-South, 2MASS, Spitzer, NTT, GROND, SOAR, NOT, ESO-VLF:

ATCA, VLA, ASKAP, VLBA, GMRT, MWA, LOFAR, LWA.ATMA, OVRO, EVN, e-MERLIN, MeerKAT, Parkes, SRT, Effelsberg

-100 -50 050 102
A (S)

2000

(GW170817) and (GRB 170817A), Astrophys.J. 848 (2017) no.2, L12

Kilonova: nucleosynthesis
and subsequent decay of
radioactive elements

Accretion of a remnant disk following the merger

Afterglow emission (only for viewing angles
close to the jet axis)

Decay of free neutrons in ejecta

Lanthanide-free components of ejecta

Lanthanide components of ejecta

Bremsstrahlung from ionized gas

29



Kilonovas and heavy elements

* Largely consistent with predictions and simulations:

— SpeCtru m Ejecta Type M (M) vej(c) Color M decreases with
— Luminosity Polas Shodkd 104 —102 015038 Bhes (o) Moo/Mome
. Disk Outflows 10~4 —0.07 0.03 — 0.1 Blue+Red Mem/Mmax
— Timescales
. . r I
— Ejecta mass and velocity ly =
I Ny + Ty :

* Nucleosynthesis: strong support for binary NS mergers
as the dominant source of heavy r-process nuclei

— Neutron-rich ejecta produce (heavy) lanthanide elements
— Y, < 0.1-0.2 consistent with the solar system abundance

A helpful overview:

Metzger, arXiv:1710.05931 [astro-ph.HE] 30



The first Kilonova observation

Metzger, arXiv:1710.05931 [astro-ph.HE]

0.01 Msun “Kilonova” model from
Metzger et al. 2010 (their Fig. 4)

Low level of lanthanide elements

1041 )
/ compared to theoretical curve
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Lighter r-process Heavier r-process
elements elements
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Modified gravity

e Scalar-tensor theories

ensor ’ S .
perrbaton L G 3= CgM + D¢ + B ="\
Multi-messenger signal: 2= —

lcy/c— 1] >5x 107 1°
Ezquiaga, Zumalacdrregui

arXiv:1710.05901 [astro-ph.CO]

General Relativity quartic/quintic Galileons [13, 14]
quintessence /k-essence [46] Fab Four [15]
Brans-Dicke/ f(R) [47, 48] de Sitter Horndeski [49]

Kinetic Gravity Braiding [50] Gud*¢” [51], f(¢)-Gauss-Bonnet [52]

.-
<
n
(9
el
=]
-
Q
s

Derivative Conformal (19) [17] quartic/quintic GLPV [18]
Disformal Tuning (21) quadratic DHOST [20] with A; # 0
quadratic DHOST with A; =0 cubic DHOST [23]

Viable after GW170817 Non-viable after GW170817

ens| G" k,k, = 0



Post-Newtonian corrections

* For self-gravitating systems, when v< ¢ breaks
down, so does the assumption that spacetime
is flat

— Must include higher multipoles
— Must include GR corrections to the wave equation

* PN expansion in v/c (in the near region)

e Effects such as tidal forces come in at 5PN
— Probe the NS EoS
— Probe ECOs with smaller compactness



EMRIs/IMRIs

* Merger of a supermassive (~ 10° M) or
intermediate mass (~104 M) BH and a solar
mass object, probed by LISA
— LISA can detect EMRIs up to z=4
— Inspirals are slow: LISA typically probes 10%-10° cycles

* Potential to probe black hole spacetime

— Nonzero Love numbers imply tidal forces

— For black holes these effects are absent, while for
mimickers they are present



EMRIs/IMRIs

* Three main formation mechanisms with very
different resulting orbits,

1. Two-body relaxation -> eccentric orbits, inclined
towards the BH spin

2. Absorption of a binary star -> circular orbits,
inclined towards the BH spin

3. Star formation in the accretion disk -> circular
orbits in the equatorial plane

* The orbits are also quite relativistic, v/c ~0.3



Stochastic Background
(from binary mergers)

d
Qaw(f) = pj; Pdc;w

Qcow (f, My, fBBS) = dz

f /Zmax Rm(Z,M*,fBBs) dF
pcHo Jo (1—|—Z)\/QM(1—|—Z)3—|—QA df s

LIGO, PRL 120, 091101

36



Stochastic Background
(from binary mergers)

J dpew
df

Qaw(f) =

Observed frequency Pe
Merger rate

Zmas (2, M,, dE
Qcew(f, M., fBBS) @/ Q @ 2
pctio 2)/ ST L+ 2)3 + Qa\ s

Differential energy
emitted by a single
source

LIGO, PRL 120, 091101
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The Merger Rate

Atmam

R,, (t, M., fgs) = Rpps(¥ — At, M,| YA
=/

Binary formation
rate

Usual Ansatz: the formation of binaries
tracks the star formation rate

Time delay
distribution

Probability that two stars initially
separated by a are gravitationally
bounded

38



The early Universe

Gravitational waves?

Image: ESA



First order phase transitions

Change in vacuum state associated with \
the release of latent heat

i\

Inhomogeneous and out-of-equilibrium

Nucleation of bubbles of “true” vacuum
described by instantons

Potential energy

Order parameter

What happens to the energy released by the phase
transition?

It may dissipate as gravitational waves:

e Bubble collisions source GW

Snapshot from simulation: e Acoustic waves and turbulence in the plasma

Daniel CL{tt/n.g, private source GW
communication



Qcw

GW spectra from a SFOPT

See for example:
Total - Weir, [1705.01783]
10710 - . L
————— Colision e \ 1
4 \ —_—
----- Sound Wave //, \\ XX f
Turbulance / N\
Lori5] // /
7 5/3
/,:/ ~~~~~~~ “—__ X f
Al T TN \\
10—20 L l,:l,l ~“\s\\\ \\N\
/ ARG
/s / \\\ N\‘~~\
/,// \\
I,/, \\
1 0—25 L l”l’, \\\
/7 S
’l,/// \\\ -------------------I
108 10 T T 10° 102 | Compare: I
. T
F(Hz) | * Binary mergers: inspiral I
3 —4 1 2/3 -
ch O(f | phase 2 ~ f*/ |
1° Cosmicstrings 2~ f7 i
h------------------'
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Typical scales (f,..;)

B/H~10%, v, ~1

PTAs Interferometers (space) Interferometers (ground)
[ I
1071° 10 10® 107 10% 10® 10* 103 102 10! 10° 10! 102 10® 104
fi)ea.k (Hz)
10 10° 10* 10® 102 107! 10° 10' 102 10® 10* 10° 10% 107

Tn (GeV)
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Typical amplitudes

V™~ 1

10° Compare:

e Avisible GW LISA Q ~ ’10 13 -
spectrum requires
alarge latentheat " o "

1071} L

AL

— T — IR A )
I S st"—/*l" -
Prad . )

EVESt
_107"--

* Slower = better WA

_[.d S
dT T |y

L - /16 "—",—
ﬂwﬁl_-o,—’——
sW. -

s
H

163 ) 164
B/H
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Typical amplitudes

V™ 1

10° Compare:

+ Avisible GW e (VIR
spectrum requires |- T T T
a large latent heat T e e

1071 _u';QS;V‘LT’ '

—_ AE T;._‘;'— - . —:.4_;.’ _
— p d I S ‘Q’s‘y‘vﬁlq’/’ ' -
ra e )

* Slower = better mﬂ e

. d S
dT T | ;g

s
H
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PR
: Lectures start

Da rk matter :next week! :
* Dark matter interacts gravitationally:
GW studies are a new opportunity for the
phenomenology of dark sectors

Gravitational wave probes of dark matter: challenges and opportunities

Gianfranco Bertone,'>* Djuna Croon,? T Mustafa A. Amin,3:* Kimberly K. Boddy,* ¢ Bradley
J. Kavanagh,!* 9 Katherine J. Mack,® | Priyamvada Natarajan,® ** Toby Opferkuch,”: It
Katelin Schutz,®:** Volodymyr Takhistov,?> 38 Christoph Weniger,!* 97 and Tien-Tien Yu!0:***

arXiv: 1907.10610 (today!)

* GWSs can probe DM candidates with many
orders of magnitude in mass




Hidden
sectors

Phase
transitions

Gravitational
wave probes
of dark matter

with
interfe-
rometers

Formation

Primordial
Black Holes

arXiv: 1907.10610

Signatures

Implica-
tions for
WIMPs

Environ-
mental
effects

Light DM
clouds

Exotic
objects




arXiv: 1907.10610

Dark matter

{:] EMRI dephasing Current Interferometers

QCD Axion Future Interferometers
(GW/Radio) DM production

by bubble collisions .
Axion Pulsar Timing Arrays

DM

Dark Photon  Dark Photon -
production production Dark blobs Constraints

(:) Axion forces [172]
D D QCD Axion (GW/Radio) [127]

Dark Photon DM Hidden sector PBH EMRI dephasing [106, 107]
scalars

D BH-Boson [:] mergers Axion DM [196]

condensate Bubble collision DM [278]
Dark Photon production [238]
Dark Photon DM [194]
PBH/sub-halo Dark blobs [187]
transits PBH mergers [54, 60]
Boson star 1 M BH-boson condensate [116, 117]
binaries © Hidden-sector scalars [268, 269]
mpEn oo e poeneponneldung gy spin distribution [116, 117]
10720 10°10 1 10 1020 10%°  10%  10°°  10%° 107 Boson stars [151, 152, 157, 160]

Dark Matter Candidate Mass [eV] PBH/sub-halo transits [220, 221]

BH spin
distribution




Resolvable mergers: modified inspirals

o(t) =2 [ dtfow(t)

h(t) @[chzw(t)] % cos + o)

* Distance to the binary (A o« 1/r) w(t)
* Inclination of the orbital plane faw (t) -
 Detector response
* Chirp mass

48



Exotic Compact Objects

Best detection prospects
forfmin< fISCO < fmax

Defines an ECO sensitivity
band
C. — GnM,
R* Dy, < 450 Mpc

33/2 0 Gy (M + Mo) s R

fISCO —

* Important: masses and
compa ctness Of ECOs Giudice, McCullough, Urbano 1605.01209

49



Primordial black holes

* Smoking gun signhals
— Stellar evolution: no BHs < 1.4 Mg

— No astrophysical BH mergers with z > 40 (which will
be probed by ET and CE)

e Statistical evidence

— PBH binaries could form abundantly before matter-
radiation equality

— PBHs have different spin distributions

* Incompatible with WIMPs!



Gravitational waves are a new
opportunity for (astro-) particle
physics and cosmology

Thanks for listening and enjoy the
rest of TRISEP!
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