Fundamental Physics from
Gravitational Waves

The GW spectrum
From LIGO to supermassive black holes (LISA)
Atom interferometers (AION, AEDGE)
GW propagation: graviton mass, Lorentz violation?  |IRAEALR

GWs from first-order phase transitions ING’'S
. . College
GWs from cosmic strings LONDON

Interpreting GW hint from NANOGrav PTA



Gravitational Waves

* General relativity proposed by Einstein 1915

* He predicted gravitational waves in 1916

Niherungsweise Integration der Feldgleich
der Gravitation.
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Albert Emstemn, Naherungsweise
Integration der Feldgleichungen der
Gravitation. 22.6. Berlin 1916

* Tried to retract prediction in 1936!



Gravitational Wave Spectrum
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Indirect Detection

* Binary pulsar discovered 1974 (Hulse & Taylor)

 Change in orbit measured
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LIGO experiment

* Interference between 2 laser beams measures the
expansion and contraction of space




What was observed

* Very similar signals in the 2 detectors
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Mergers Measured in
First LIGO/Virgo Observation Period
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Binary neutron star merger: electromagnetic counterpart




Observations of Neutron Star I\/Ierger
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LIGO-Virgo Black Hole & Neutron Star Masses

Farmer, Renzo, de Mink, Fishbach & Justham,
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LIGO & Virgo Collaborations: arXiv:2009.01075, 01190

GW190521 — a Bang not a Chirp

Hanford Livingston Virgo
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Triple measurement of merger of heaviest black holes seen so far



Graham et al.: arXiv:2006.14122

Optical Counterpart?
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Optical flash detected with Zwicky Transient Facility
Due to “shake-up” of gas clouds in AGN accretion disk by GW emission?



Ground-Based GW Detectors
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Supermassive Black Holes

M87: mass ~ 6.5 x 10° solar masses




Future Step: Interferometer in Space
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Gravitational Wave Spectrum

1
IPTA early-mid 2020s
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Gap between ground-based optical interferometers & LISA
— Formation of supermassive black holes (SMBHs)?
— Electroweak phase transition? Cosmic strings?

Gap between LISA & pulsar timing arrays (PTASs)




How to Make a Supermassive BH?

SMBHs from mergers of intermediate-mass BHs (IMBHs)?
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How to Make a Supermassive BH?

* SMBHs from mergers of intermediate-mass BHs (IMBHSs)?
most atz< 10

* Estimated merger rates:

SMBH Merger Rate (Mpc~2 yr-!)
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AION Collaboration (Badurina, ..., JE et al): arXiv:1911.11755

Gravitational Waves from IMBH Mergers
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Probe formation of SMBHs
Synergies between GW experiments (LIGO, AION, LISA), test GR



AION Collaboration

L. Badurina', S. Balashov?, E. Bentine?, D. Blas’, J. Boehm?, K. Bongs*,

D. Bortolettg Rawcock®, W. Bowden®’, C. Brew?, 0. Buchmuellert, J. Colemans,
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B. Sauer$, U. Schneider’, I. Shipsey3, Y. Singh?, M. Tarbutté, M. A. Uchida’,

T. V-Salazar?, M. van der Grinten?, J. Vossebeld4, D. Weatherill?, I. Wilmut?,
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Kings College London, 2STFC Rutherford Appleton Laboratory, University of Oxford,
4University of Birmingham, *University of Liverpool, ®imperial College London, "University
of Cambridge



Principle of Atom Interferometry

Space-time diagram of operation of
pair of cold-atom interferometers
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AION — Staged Programme

AION-10: Stage 1 [year 1 to 3]
= 1 & 10 m Interferometers & Site Development for

100m Baseline Initial funding from UK STFC
* AION-100: Stage 2 [year 3 to 6]

= 100m Construction & Commissioning

* AION-KM: Stage 3 [ >year 6]

= Operating AION-100 and planning for 1 km & Beyond
* AION-SPACE (AEDGE): Stage 4 [ after AION-KM ]

= Space-based version

AION Collaboration (Badurina, ..., JE et al): arXiv:1911.11755



AION Design Parameters

Table 1. List of basic parameters: length of the detector L; interrogation time of the atom interferometer
Tint; phase noise dPnoise; and number of momentum transfers LMT. The choices of these parameters largely
determine the sensitivities of the projection scenarios. It should be noted that at a 100m detector it will be

conceptually possible to increase the interrogation time of the atom interferometer beyond 1.4 sec.

umi\ Sensitivity L Tt O Dnoise LMT
i Scenario m] | [sec] | [1/vHz] | [number n]
AION-10 (initial) | 10 | 1.4 1073 100
. AION.10 (goal) 10 | 1.4 104 1000
I8 AION-100 (1n ial) | 100 1.4 10— 1000
| L P gdal) | 100 | 1.4 1072 40000
] 2000 5 0.3 x 107° 40000
" Initial targets and final goals
Source -IID Detectiol
B etrorenctor AION Collaboration (Badurina, ..., JE et al): arXiv:1911.11755




Planned Site for AION 10m

|

e Oxford Physics Department

Ground level

 New purpose-built building
— Low vibration
— Temperature control
— Laser laboratory

— Engineering support

AION Collaboration

(Badurina, ..., JE et al):
arXiv:1911.11755

Feed through to
laser lab




-coordinate [m]

Possible Sites for AION 100m:
Daresbury, Boulby in UK ... or CERN?
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AION Collaboration (Badurina, ..., JE et al): arXiv:1911.11755

AION GW SNR from IMBH Mergers
Map assembly of SMBHs

AION 100m | AION 1km

D /Gpc
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for masses ~ 104 solar for masses ~ 103 solar



AEDGE:
Atomic Experiment for Dark Matter and Gravity

Exploration in Space Beyond LISA
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AEDGE: Abou El-Neaj, ..., JE et al: arXiv:1908.00802

Conceptual Design of Experiment
Two satellites in Medium Earth Orbit

Satellite 1 Satellite 2

Table 1. List of basic parameters of strontium atom interferometer designs for AEDGE and a benchmark
1-km terrestrial experiment using similar technologies: length of the detector L; interrogation time of the atom
interferometer Tin:; phase noise d¢noise; and the total number of pulses n,**, where n is the large momentum

transfer (LMT) enhancement and @ the resonant enhancement. The choices of these parameters predominately
define the sensitivity of the projection scenarios[45].

Sensitivity L T 0D poise npex = 2Q(2n—1)+1
Scenario [m] [sec] | [1/v/Hz] [number]
Earth-km 2000 5) 0.3 x 107° 40000
AEDGE 4.4 x 107 | 300 10—° 1000




AEDGE: Abou El-Neaj, ..., JE et al: arXiv:1908.00802

Possible AEDGE Measurements
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AEDGE: Abou El-Neaj, ..., JE et al: arXiv:1908.00802

Gravitational Waves from IMBHs

AEDGE

0.1 1 10 1020 10° 10° 10° 10°
MM,

Detect mergers of ~ 104 solar-mass BHs
with SNR 1000 out to z ~ 10,
Mergers of ~ 103 solar-mass BHs
with SNR 100 out to z ~ 100

0.1 1 10 10% 10° 10* 10° 10° 107 10® 10°
MM

Lighter shades: inspiral
Darker shades: merger + ringdown
Complementarity + synergy



Constraints
on Graviton
Mass

e Current LIGO/Virgo limit: 1.76 x 10-23 eV

e Future sensitivity with

LIGO/Virgo-like 10°gm"
event? 2]
Longer observations ;

« With merger of z 10

heavier BHs? 1]

Lower frequencies

It
o
[

JE & Vaskonen: arXiv:2003.13480
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Waveforms

LIGO/Virgo: arXiv:2010.14529
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Lorentz Violation

* Modified dispersion relation:  E? = p? + Ap®

mi =29M@, my =36M®, Dy =420Mpc
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 AION 1-km: sen5|t|V|ty 10 x LIGO/Virgo for a =
* AEDGE: sensitivity 1000 x LIGO/Virgo for o =%

JE & Vaskonen: arXiv:2003.13480



Probing Extehsions of
the Standard Model
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Dark Matter Effects in Neutron-Star Mergers?
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(Very) large DM fraction could have measurable effect on
equation of state, give additional feature in GW spectrum

JE, Hektor, Hutsi, Kannike, Marzola, Raidal & Vaskonen: arXiv:1710.05540, arXiv:1804.01418



GWs from a First-Order Phase Transition

* Transition by percolation of bubbles of new vacuum
* Bubbles grow and collide
* Possible sources of GWs:

— Bubble collisions
— Turbulence and sound waves in plasma
* Models studied:

— Standard Model + H6/A2 interaction
— Standard Model + U(1), , Z°

* These also have prospective collider signatures



Gravitational Waves from

U(1),, Phase Transition
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AEDGE: Bertoldi, ..., JE et al: arXiv:1908.00802



AION GW SNR in U(1),, Model
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Discovery of GW possible with AION 1km

Above red line: transition before vacuum energy dominates
Right of orange line: period of matter domination

JE, Lewicki, No & Vaskonen, arXiv:1903.09642



AEDGE: Abou El-Neaj, ..., JE et al: arXiv:1908.00802
Sensitivity to U(1),, Z°
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GW Signal in H6/A2 Model

* Strongest signal for which percolation is assured

| 1 \1\’ ‘
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e AEDGE and LISA sensitivities very similar

JE, Lewicki, No & Vaskonen, arXiv:1903.09642



Gravitational Wave Sensitivity
to Scale of H6/A2 Interaction

0.10

0.01"

A [GeV]
Gravitational wave sensitivity to A

JE, Lewicki & No, arXiv:1809.08242



Modification of Triple-H Coupling

e Current LHC data insensitive to H6/A2 coupling

e Future collider sensitivity via modification of
triple-Higgs coupling A,
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Collider sensitivity will be > gravitational waves

JE, Lewicki & No, arXiv:1809.08242






AEDGE: Bertoldi, ..., JE et al: arXiv:1908.00802

Gravitational Waves from Cosmic Strings
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Spectrum ~ flat from PTA/SKA to LIGO/ET
Tension Gu < 10-11from PTA limit



AEDGE: Abou El-Neaj, ..., JE et al: arXiv:1908.00802

Gravitational Waves from Cosmic Strings
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SNR

Perspectives for Future Experiments

2020 2025 2030 2035 2040

AION Collaboration (Badurina, ..., JE et al): arXiv:1911.11755




\ Pulsar Timing Arrays I\

NANOGRav
has observed 47 pulsars
\ over 12.5 yrs ...

NANOGrav Collaboration: arXiv:2009.04496




logio Residual [s]

NANOGrav Collaboration: arXiv:2009.04496

Pulsar Timing Data from NANOGrav

12.5-year data
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Cosmic String Interpretation of NANOGrav

Ezﬂ ~145F
3
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spectral index y f[Hz]
“Rainbow curve” Fits to NANOGrav signal
is cosmic string prediction as a at 10 (68%), 20 (95%) levels
function of the cosmic string tension Gu Compared to previous
Vertical line is naive SMBH merger prediction upper limits
Previous PTA upper limits for (previous NANOGrav superseded)

this value of y



Cosmic String Interpretation of NANOGrav
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Cosmic string prediction can be tested in several upcoming experiments (not LIGO)

AY=I-Xo]LYo} Blasi, Vrdar & Schmitz: arXiv:2009.06607v2




Fundamental Physics
Beyond Gravitational Waves

Atom interferometers can search for ultralight dark
matter

High-precision measurement of the gravitational
redshift, probes of Bell inequalities and the
equivalence principle

Probing fundamental “constants”, chameleons, dark
energy

Fundamental (# environmental) decoherence?



Was that you | heard chirp just now, or was it two black holes colliding?



