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An ever growing catalogue (GWTC-3)
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Gravitational wave
experiments

running, planned and proposed



Opportunities in the next decade

* LIGO/Virgo/KAGRA — operational (04 in progress)
* Pulsar Timing Arrays — operational
e LISA — 2035

 Atom interferometers: AION, Magis — prototypes
developed

YEARS HOURS SECONDS  MSEC

* Next generation ground-based:

* Einstein telescope (2030s7?) 10¢ -
* Cosmic EXpIOrer (20305?) precision LISA GEO,LIGO,
timing of (ESA/NASA, BANG OBS VIRGO, TAMA
. milli msecsa?snd 2010) (NASA) (2002 -)
* Next generation space-based: foa weriacingel o

mass in spacecraft meters
orbiting the sun on Earth

* DECIGO, BBO, ... detectors)



Michelson interferometers

* GW induce changes in path
Mirror length using interference of a
4 split beam
e Largest interference signal:
C()gWL T ﬂgw

C 2 4

e 100 Hz — 750 km detector

Ly(t) <

| |  Beam splitter | * With Fabry-Perot cavities, can
L Mi . . .
aser —» /\ — _ 1™ increase the effective optical

~
Y L,(t)

path length without physically
Detector lengthening the path

e Arm lengths down to ©O(km)

Image by David Weir, DC and Weir, to appear



LIGO/Virgo/KAGRA

GWINC Noise Budget: Advanced LIGO
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Plot from the Python Gravitational Wave Interferometer Noise Calculator (pygwinc)



LIGO/Virgo/KAGRA

GWINC Noise Budget: Advanced LIGO

10-20 4 — Tot;I wes Coating Brownian i
N ~—|w——Quantum Vacuum w= | Coating Thermo-Optic
: 1] . L | SeiSMIC w= | Substrate Brownian
molecular IR YEE | |m—=_Newtonian w= | Substrate Thermo-Elastic
motion Of 21 wees= Suspension Thermal === Residual Gas
10~ — . — .
atoms within
the coatings on 5,
the mirrors 0 10722
0
10—23 y
—
10—24':' TNy - 1 r  — 1
e L ‘ Shot noise: photons
. — | : T "W S— L. .
10! 102 103 arriving discretely
Frequency [Hz] limits the precision
with which the
. 7 ” . . [ e
Seismic “wall thermal motion of atoms and mirrors’ positions

molecules within the suspensions can be measured

Plot from the Python Gravitational Wave Interferometer Noise Calculator (pygwinc)



Future ground-based interferometers
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Time-delay interferometry

Image by David Weir, DC and Weir, to appear

3.0 X 10°km/s
« Much longer arms, e.g. for LISA fgw =c/L = = 0.12 Hz

2.5 X 106km

* Impossible to maintain an equal distance between multiple SC in orbit
— time-delay interferometry

e Each SC receives and transmits laser signals — laser noise can be subtracted



LISA

e ESA & NASA
e Pathfinder mission: 2015
e Launch date; ~ 2035

* LISA Consortium already comprised
of ~ 107 scientists and engineers

»> |

\

LISA pathfinder
(at L1)

LISA (trailing the earth at
50M km in heliocentric orbit)

LIS A

CONSORTIUM
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" " correlations in the arrival times of pulses from
Pulsar timing P

multiple millisecond pulsars across the galaxy
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Atom interferometry
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d,&/’ ol A@(2T) phase
/’ ,/ difference between
] p ’
o +” Groundstate g the arms due to
o. 0 T 2T difference in time
- spend in excited state
time
Ap(2T) (AT
. Inthe detectors, Pg = cos? < , P, = sin?
2 2
« Two atom interferometers A® = A¢, — A, &~ Cancel laser noise

 GW modify the light travel time — times that the arms spend in excited state different
between two interferometers - A® # 0 — phase shift depends on GW strain

Image from Hannah Banks, BeyondWimps meeting at Durham University, 2024



AI O Atom Interferometer
Observatory and Network
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Once the technique is
proven at the 10 metre
scale, the project will be
scaled up to a 100 metre
facility that will be
constructed within an
existing mineshaft at the
Boulby Underground
Laboratory. The hope is that
the project can then be
scaled up to 1,000 metres,
which will require a new
underground facility.
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Atom interferometry timeline

Prototypes km-scale
:+ AION-10/AION-100 : ie AION-km
i« MAGIS-100 i« MAGIA-advanced
:+ MIGA . i+ ELGAR
e VLBAI i ie MAGIS-km
:+ ZAIGA . i advanced ZAIGA
in development now 2030s ?

GW science

__\ ~
Ultralight DM searches
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Astrometry

* Galaxy surveys such as GAIA make

orecise observations of 10stars in
our galaxy

* Gravitational wave signals
interfere with the light of those
stars as it travels towards the
Earth, which would register as
very small wiggles in their
apparent position

 Compression of the dataset is
necessary and possible

Moore, Mihaylov, Lasenby,

° For ShlftS Of 3 OOUt 3 pC, frequency Gilmore, PRL, arXiv:1707.06239
is similar to that of PTAs: 5
ears |
fGW ~ C/pC ~ 10_9HZ hC — 10_14 y Vf< .
tm tm



Absorption by binaries

Blas & Jenkins, PRL (2022) 10, 101103

. GM . 1. .
. In the presence of GW, 7' 4 r'= 8% —h, 1
r 2 Y
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* Can probe via: binary pulsar timing, lunar and satellite
ranging
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Gravitational wave
opportunities

for fundamental physics



Phenomenological opportunities

ok exhaustive!)




Total Binary Mass [M)]

Histories o S

& Primordial Black Holes .§
GW detectors measure £ E Dark Ages
. 100 = 2D S| 20 Myr
the displacement of test =8 %
masses: strain amplitude P
scales with o 1/7 & _Relonization
10 = y 500 Myr
(The total energy of the &  : W
guadrupole radiation g - g N\ beakisti Fommatlin
would fall off with 1/r?) 11 : % 96y |y
A

— Can probe very high
redshifts! E.g. mergers
BHs from the very first f;—i %
(pop-Ill) stars, PBHs... g
‘_~O3
Image: Cosmic Explorer white paper,

arXiv:2306.13745

100 1000



Nuclear physics

* BNS mergers probe the EoS of nuclear matter under
extreme densities (exceeding atomic nuclei)

Thin atmosphere: H, He, C,... J Outer crust: ions, electrons

Inner crust: ion lattice,
soaked in superfluid neutrons (SFn)

Outer core liquid: e, ",
SFn, superconducting protons

Inner core: hyperons?
quarks? unknown

~10%gcm™

~2X nuclear density

2x10*gcm™
~nuclear density

4x10"gcm™

Image: Yunes, Miller, Yagi, Nature ‘neutron drip’

Review of Physics, arXiv:2202.04117



Nuclear physics

* BNS mergers probe the EoS of nuclear matter under
extreme densities (exceeding atomic nuclei)

* Inspiral regime

Thin atmosphere: H, He, C,... J Outer crust: ions, electrons

e Tidal Deformability imprints
on the waveform

Inner crust: ion lattice,
soaked in superfluid neutrons (SFn)

Outer core liquid: e, ",
SFn, superconducting protons

* Post-merger/ringdown

e Ringdown oscillations
(frequency/damping time) can
tell us about nuclear EOS
under extreme conditions

e Can also show signals of the
presence of a phase transition
(sudden changes)

Inner core: hyperons?
quarks? unknown

~10®gcm™

~2X nuclear density

2x10*gcm™
~nuclear density

4x10"gcm™

Image: Yunes, Miller, Yagi, Nature ‘neutron drip’

Review of Physics, arXiv:2202.04117



p MeV*)

Nuclear physics

10101
107+
108 L
S N —
107} - 1An equation of state relates
-~ 1pressure and density
10°F § ihere: BSK, Pearson et al, PRC (2020)
2 S
1 1 : 1 I
107 108 10° 1010 10!



p MeV*)

Nuclear physics

10101
107+
108_
S L T i
107} - 1An equation of state relates |
. . 1
-~ 1pressure and density |
10%r § ihere: BSK, Pearson et al, PRC (2020) i
S 1
109 1 : 1 I
107 108 109 1010 101
p (MeV*)

Solving the TOV equations,
m(r) (and p(r)) can be found
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p MeV*)

Nuclear physics
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' - GW170817
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e e e . TO2E e e
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p MeV*) i
\ | /
PN i
iSoIvmg the TOV equations, !
I : 1.5}
im(r) (and p(7)) can be found ; R rommmemenees :
""""""""""" Kﬁ i The tidal love number A |
S b == imprints on the waveform as |
1 I
ia phase 6 at 5PN |
0.5} iFlanagan & Hinderer, PRD (2007) i
0. : L
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Cosmology / expansion history
c GW amplltude depends on luminosity distance:

f( f) where M = (1 + 2) (mymy)
- ) (my + my)'>

§ Break the mass-distance degeneracy




Bright sirens
EM counterparts

Host galaxy redshift
can be obtained from
EM counterpart
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g
=
=
=)
=,
Q

= GW170817
== Empty catalog
mmm= K-band with GW170817
m=s  K-band
Planck

60
Holkms~!Mpc~1]

Dark sirens
Galaxy catalogues

Galaxy surveys are
used to provide
redshift estimates

However: changing population
parameters leads to a
significant shift in posterior

— Cannot separate this
analysis from spectral sirens

image from LVK, AplJ,
arXiv:2111.03604

Spectral sirens
Redshifted masses

Features in the mass
distribution break the
mass-redshift
degeneracy



— = prior - Truncated
.. Broken Power Law Planck
Power Law + Peak SHOES

(Very) sensitive to assumed population
model(shown in numerous other works)
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Q

image from LVK, ApJ, arXiv:2111.03604

75 100 125 150
Holkms~!Mpc~1]

Bright sirens Dark sirens Spectral sirens

EM counterparts Galaxy catalogues Redshifted masses
Host galaxy redshift Galaxy surveys are Features in the mass
can be obtained from used to provide distribution break the
EM counterpart redshift estimates mass-redshift

degeneracy



- Broken Power Law
Power Law + Peak

== Truncated ) ]
—  GW170817 Spectral sirens + bright

Planck siren GW170817
SHOES
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image from LVK, ApJ,
arXiv:2111.03604
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EM counterparts Galaxy catalogues Redshifted masses
Host galaxy redshift Galaxy surveys are Features in the mass
can be obtained from used to provide distribution break the
EM counterpart redshift estimates mass-redshift

degeneracy



Early Universe physics

e Inflation

* First order phase transitions

* Cosmic strings

o AMMONG other wmechanisms



Early Universe physics

* Imprint as B- modes on the CMB, f ~ 10~!°Hz

* GW experiments are only competitive with current CMB
constraints for blue-shifted spectra

* Inflation * Such spectra may occur in non-standard scenarios

* Examples are nonlinear (p)reheating dynamics, features
in the inflation potential, non-standard cosmologies...

6 T S [P e 35 T .
; Limits AN i L

T P R e et i) BRIt St R e aneny | LY Fenies

g s i o - i e e s B
e R e

* First order phase transitions ===l

—

lia Agin &

S ————— ¥

* Cosmicstrings , _ 22 ,

GW — 3Hg C

108 10718 1072 10" 10°¢ 1073 10° 10° 10% 10°
Frequency (Hz)

Image from Caldwell et al, GR and gravitation, arXiv:2203.07972



Early Universe physics

Our cosmic timeline

Inflation Hadrons BBN CMB
EWSB form
10740 1073 10730 1072 10720 1071 10710 107° 10V 10° 1019 101°

Time since the Big Bang (s)



Early Universe physics

Our cosmic timeline

Grand Dark Matter production, Solution to the Explanation of the
Unification of mass mechanism, and strong-CP matter-antimatter
gauge forces? abundance? problem? asymmetry?

g/\q

Inflation Hadrons BBN CMB
EWSB form
10740 1073 10730 1072 10720 1071 10710 107° 10V 10° 1019 101°

Time since the Big Bang (s)



Early Universe physics

Our cosmic timeline

Grand

Dark Matter production,

Solution to the

Explanation of the

Unification of mass mechanism, and strong-CP matter-antimatter
gauge forces? abundance? problem? asymmetry?
f§/ \—_\
Inflation QGP Hadrons BBN CMB
EWSB form
104 107% 107 1072 102 1071 1071 107° 10" 10° 10" 10"

Before recombination, the Univer

Time since the Big Bang (s)

Gravitational radiation released in the early Universe travels (nearly)
unimpeded until today




Early Universe physics

First order phase transitions

________________________________________________________________________________________________

- First order phase transitions are
- described by tunnelling through a
~ potential barrier g

A/

)

Potential energy




Early Universe physics

First order phase transitions

________________________________________________________________________________________________

- First order phase transitions are R = .
descnlged by t.unnellmg through a " Bubbles nucleate, expand, and interact with
~ potential barrier T | - . ~ the plasma; Bubble and plasma shell
' KY i . .
\ - collisions source GWs
4"‘ :

- Energy transfer to the

2! rimordial plasma

% 0 / P A P

T@ \—/

= v

g

5

& A

% 4
- v
0 \
Order parameter
v "4 N\

Old vacuum

Order parameter = 0

_______________________________________________________________________________________________________________________



Early Universe physics

First order phase transitions

________________________________________________________________________________________________

First order phase transitions are -------------------------------------------------------------------------------------------------------------
described by tunnelling through a |

Bubbles nucleate, expand, and interact with
potential barrier f [ Jp— -

N the plasma; Bubble and plasma shell

N collisions source GWs
\
- Energy transfer to the
& rimordial plasma
Z:j 0 / P A e
E \/ i ] .
= ¥ | Simulations relate thermal
(B} i
ke - parameters to GW spectra
» 4
0 v

Order parameter

________________________________________________________________________________________________

Old vacuum

Order parameter = 0

_______________________________________________________________________________________

Snapshot from simulation: Daniel
. Cutting, private communication

_______________________________________________________________



Early Universe physics

Phase transitions and GW spectra
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Early Universe physics

Phase transitions and GW spectra

Broken power law GW

LIL} I LI I LI ' [ I LI

Colision spectrum with £, ~R™"

----- SoundWave . S
-------- Turbulance e AN

e EQSW(f): Sound shells in the
o fluid kinetic energy collide

-------- S
....... \
....... \
...... N
,,,,, \
¢"" ...'a...\ ...................................
,,,,,,, enV(f) Collisions of the
S iscalar bubble shells
Qu(f): (Magneto- hydrodynamlc) T
turbulence in the fluid -
"""""""""""""""""""""""""""""""""""" Hz)
A Compare:

-+ Binary inspirals Q ~ 72
‘e Cosmic strings Q ~ f°



Early Universe physics

Phase transitions and our cosmic timeline

Inflation Hadrons BBN CMB
EWSB  form
| 1 i 1 1 1 1 \L 1 ¢ 1 1 ¢ 1 1 ¢ 1
{t 1073° 10730 1072 10-20 1071 10710 107 10V 10° 1010 101°
Time since the Big Bang (s) éAssuming radiation domination :
1012 10° 106 10° 10V 103 1076 1079
T (GeV)
Assuming f/H ~ 10°, v, ~ 1,
106 103 10V 103 1079 107"
f (Hz)

52



Early Universe physics

Phase transitions and our cosmic timeline

Inflation Hadrons BBN CMB
EWSB form
. d | | | | 3 3 R R
1040 10 10 10 100 100 10 0105 100§ 10° 100 10
Tlme isince the Blg Bang (s) Assummg radiation domination
10'2 107 1@6 5103 10° L1073 1§)—6 107
: T (GdV) : N
LLTTTTT TP PP PP PP PP PP PPPPPP T . Assumlng pIH ~ 103, v, ~ 1,
} 11GO/Virgo, Kagra, Einstein ~ : i . | TR ) s et
: Telescope, DECIGO, Cosmic ~ + 108 100 10-3 1076 149
: Explorer L f (H}é) : 5
: AION/MAGIS : Y Y
: LISA, TianQin :  Ground-based i Indirect
: Pulsar timing arrays (e.g. : interferometers ' observations
ENanograv), astrometry (GAIA) : Space-based
e R EEEEEEEEEEEEEEEEEEEEEEEEEEEEE . interferometers
\ )

Y
atom interferometers



Early Universe physics

Cosmic strings

* 1d defects formed during phase transitions
* Extremely thin (about a proton width), very long

* Large mass per unit length (tension u)



Early Universe physics

Cosmic strings

* 1d defects formed during phase transitions
* Extremely thin (about a proton width), very long

* Large mass per unit length (tension u)

* Must lose energy

* Energy density redshifts as ,o/az2 — would lead to cosmic string domination
* Emit GW through dynamics such as loop formation, cusps, and kinks

* Typically reach a scaling solution where the number of long strings and loops
remains proportional to the volume of the universe.

* SGWB depends primarily on the string tension Gu
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Tests of GR

B Search for

spectroscopy GW echoes

Parametrized tests of GW
generation (post-inspiral
merger-ringdown)

Residual
analysis

Parametrized tests of
GW generation (inspiral)

Tests of GW propagation
(modified dispersion
relations)

Tests for GW Tests of binary black hole
polarisations nature using spin-induced
quadrupole moments

Importance of signal assumption

Ohme and Krishnendu, Universe, arXiv:2201.05418



Te StS Of G R Search for ER counterpart: GW170817 Probes near-horizon

ruled out a lot of scalar-tensor theories structure of BHs

BH Search for
spectroscopy CW echoes

Parafnetrized tests of GW
ation (post-inspiral
Proger-ringdown)

Residual
analysis

Pafametrized tests of
@ neration (inspiral)

Tests of GW propagation
(modified dispersion
relations)

Tests for GW Tests of binary black hole
polarisations nature using spin-induced
quadrupole moments

Iportance of signal assumption

Waveform analysis

Ohme and Krishnendu, Universe, arXiv:2201.05418
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G. Bertone, DC, et al. Scipost, arXiv:1907.10610
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DC, Ipek, McKeen, PRD, arXiv:2205.15396

Dark binary observation with LVK

.Very sensitive to the assumed formation mechanism
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Late Universe formation (optimistic estimate)

S. Bird et al., PRL, arXiv:1603.00464

See also Giudice, McCullough, Urbano, JCAP, arXiv:1605.01209
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Hutsi, Raidal, Vaskonen, VVeermae, JCAP,
arXiv:2012.02786
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To conclude

* Currently running and future experiments will probe GW
across many decades in frequency

e Ground-based interferometers probe 1 — 10° Hz
» Space-based interferometers will probe 107 — 10~! Hz
e Pulsar-timing arrays probe 10~ — 10" Hz

* Further proposals include atom interferometry, lunar lensing, astrometry...

* This brings great opportunities in astrophysics, nuclear
physics, and particle physics

* Not mentioned: other GW detection proposals in the nano-
mHz band, detecting high frequency GW, superradiance, ...



Thank you!

...ask me anything you like!

djuna.l.croon@durham.ac.uk | djunacroon.com



