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Outline

Discovery of black hole binaries

Measurements of neutron star mergers (kilonovae)

Supermassive black holes: how to assemble them?

® Atom interferometry Al@l

Discovery of nanoHz GW background by Pulsar Timing Arrays (PTAs)
Supermassive black hole binaries?

BSM scenarios fit NANOGrav data better than BH binaries!



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 Emstein, Naherungsweise
Integration der Feldgleichungen der
Gravitation. 22.6. Berlin 1916

* Tried to retract prediction in 1936!



Cumulative period shift (s)

Indirect Detection

* Binary pulsar discovered 1974 (Hulse & Taylor)
 Emits gravitational waves S

* Change in orbit measured

for years
Perfect agreement with Einstein
Nobel Prize 1993

1975 1980 1985 1990 1995 2000 2005
Year




Direct Discovery of Gravitational Waves

* Measured by the LIGO experiment in 2 locations




Principle of Laser Interferometers

Interference between 2 laser beams measures the

expansion and contraction of space
O O

Reinforce Cancel out

H

Mirror

aser

.-




What was observed

* Very similar signals in the 2 detectors

T
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Fusion of two massive black holes

—— Numerical relativity
am Reconstructed (template)
| § 1

— 1 | T ] m(n
L 0.6 - 4 a =
= 0.5 || — Black hole separation N 12 £
o ’ - Black hole relative velocity — =
< 0.4 = 2 S
2 11 2

uN

0.30 0.35 0.40 0.45
Time (s)

* A new way to study the Universe



Fusion of two massive black holes

- ' 5 -

Masses ~ 36, 29 solar masses

B - Radiated energy ~ 3 solar masses'



The Gravitational Chirp ...

e ... heard around the world

Frequency (Hz)

o N B O 0

Normalized amplitude¢

0.30 0.35 0.40 0.45 0.30 0.35 0.40 0.45
Time (s) Time (s)

* Frequency increases with time during inspiral
 Followed by ringdown of combined black hole

e Graviton mass < 10-27 x mass of electron
* Waves of different frequencies have same speed

JE, Mavromatos & Nanopoulos, arXiv:1602.04764
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Observations of Neutron Star Merger (Kilonova)
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F,[m]y] + offset

Heavy-Element Production in Kilonovae
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Model calculations
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lodine production predicted to be similar:
Essential for human life!




Do we Owe our Lives to
Gravitational Waves?

* Some heavy elements are
essential in human biology, e.g., iodine, bromine

* Produced by the nuclear r-process in neutron-rich
environments

* Probably not most supernovae, certainly (mainly?)
in kilonovae (collisions of neutron stars)

* Why do neutron stars collide?

* Because they lose energy via gravitational waves!

JE, Fields & Surman, arXiv:2402.xxxxx



Gravitational Wave Spectrum

Binary Supermassive Black

Holes in galactic nuclei AStrOphySiCS
w < >
g Compact Binaries in our
3 A new type of astronomy Galaxy & beyond
O < >
8 Compact objects
captured by Rotating NS,
Supermassive Black Supernovae
Holes & -
wave period age of : g
universe years Now sec ms
| | | 19 N
log(frequency) -16 -14 -12 -10 -8 -6 -4 -2 0  +2 S

physics?

< > <% —b
Space Terrestrial
Interferometers interferometers

Cosmic microwave
background
polarization
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Supermassive Black Holes in Active
Galactic Nuclei: Image of M87

Mass ~ 6.5 x 10° solar masses
EHT




Future Step: Interferometer in Space

Supermassive black holes
in galactic centres

> 10°% x Sun

Detect mergers?
Intermediate masses?




How to Make a Supermassive BH?

SMBHs from mergers of intermediate-mass BHs (IMBHs)?

12 . 2 . /
Popll. .+ * . ' Nuclear cluster ./

stellar seeds , * e in protogalaxy

Nuclear cluster of >*
1 0 2nd generation stars
Direct collapse

8 protogalaxies
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Gravitational Wave Spectrum

NANOGrav 2018
IPTA early-mid 2020s
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* Gap between ground-based optical interferometers & LISA
 Formation of supermassive black holes (SMBHs)
e Supernovae? Phase transitions? ...

 Atom interferometry?



Gravitational Waves from IMBH Mergers AI@
10—15 |

‘gm 11111 N
10716 ame Personal interest:

5 1077 atom interferometer
= 10-18 5!\ experiments: AION
O 3 NI
g 100 o
,2_3 10—20%_
502
Q 10—22&_ —z=0.1
= z=1
1078 —z=10
107> =
10°° 10 107 103 1072 0.1 102 10° 10*

flHz]
Probe formation of SMBHs
Synergies with other GW experiments (LIGO, LISA), test GR

Badurina, Buchmueller, JE, Lewicki, McCabe & Vaskonen: arXiv:2108.02468



Al
Principle of Atom Interferometry

Mach-Zehnder Laser Interferometer Atom Interferometer
Beamsplitter Mirror HsTHptr Mirror v
\ n /2-pulse m-pulse O\,\Q, o’
Input \ ; ,,"
(Light) e _+7~ Output 1

\ Output 1 v "
Input

(Atoms)
Output 2
Laser excitation gives momentum kick to excited atom, Sl .p d hlk
which follows separated space-time path W
p —
Interference between atoms following different paths -1 R



Effect of Gravitational Wave on Atom Interferometer

GW changes
light travel time

\T‘N hL/c

Time




AION Collaboration

1 . Balashov?, E. Bentmb" D. Blas! &Boehm K. Bongs| . A Benial:
D. Borto Bawcocks, W. Bowdens* C%ﬂv\F 8 Buchmueller®, J. Colema. “JCarlton

. RIGOA. hazov2 M. LangI0|s4 h4 YH L|en4 R Malolmo7
P. Majewski2, S Malik®, J. March- RusseID. Newbold?, R. Preece?,
B. Sauer$, U. Schneider’, I. Shipsey?3, Y. NI Tarbutt®, M. A. Uchida’,
T. V-Salazar?, M. van der Grinten?, J. Vossebeld4, D. Weatherill?, I. Wilmut?,

J. Zielinska®

Kings College London, 2STFC Rutherford Appleton Laboratory, University of Oxford,
4University of Birmingham, *University of Liverpool, ®imperial College London, "University
of Cambridge

Network with MAGIS project in US

MAGIS Collaboration (Abe et al): arXiv:2104.02835
Also MIGA (France), ZAIGA (China)




AION

AION — Proposed Programme

AION-10: Stage 1 [year 1 to 3] Oxford
» 1 & 10 m Interferometers & site investigation 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

= Space-based version

Boulby? CERN?

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




AION

Interference Fringes

g 0.14 Mach-Zehnder
« 1st order LMT
Mach-Zehnder =
ach-zehnde S 0.12 ' 2nd order LMT
©
2. 0.10
o
1st order :‘;
+ 0.08
8
(73]
2 0.06
2nd order I
5 0.04 -
Larger o.o 0.1 0.2 0.3 0.4 0.5
momentum Applied phase,
transfers

Using 689 nm transition in Sr



Planned Location of AION-10m AI@I

AION-10 @ Beecroft building, Oxford Physics

R R L P P S
l‘

New purpose-built building (£50M facility)

AION-10 on basement level with 14.7m
headroom (stable concrete construction)

mnll[l]}]]__[.
Ground level |[/|

World-class infrastructure E

Experienced Project Manager: B

Engineering support from RAL (Oxfordshire)
i

Laser lab for AION

vibration criterion, VC-G =
10nm@10Hz. Temperature

W’ v (22+0.1)° C
]




Possible CERN LocaﬁonA'@

PZ45

Yan 19,2 | Access shaft

LHC

Cross-section
of access shaft

Layout of
experiment

Arduini et al: arXiv:2304.00614



AION

SNR = 8 Sensitivities to GWs from Mergers
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In the lighter regions between the dashed and solid lines the
corresponding detector observes only the inspiral phase.

AION, arXiv:1911.11755 AEDGE, arXiv:1908.00802




\ Pulsar Timing Array;s\(PTAs)

NANOGrav
& other PTAs see
nanoHz GW signal




NANOGrav 15-Year Data

NANOGrav GWs arXiv:2306.16213
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Evidence for GWs: Hellings-Downs angular correlation Bayes factor ~ 200



log,o (RMS residual, sec)

IPTA Data Compilation

joint posterior median

N
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107° 1078

frequency (Hz)

Venn diagram
of PTA data sets

IPTA Collaboration, arXiv:2309.00693

Assuming Hellings-Downs

-13.0 :
angular correlation
g —13.5- '
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spectral index, yup
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Also Chinese PTA



The Biggest Bangs since the Big Bang?
RR—

STELIOS THOUKIDIDES



AION

BH Merger Rate Estimate

BH merger rate Ry
dRgw _  dM;dM, dR,
dmydmy — * 2" dmy dm, dM,dM,
where R, is halo merger rate calculated using Extended
Press-Schechter formalism,

PBH = pocc(ml)pocc (m2)pmerg

is merger probability, and

strength of PTA signal can be fitted by constant pgy

JE, Fairbairn, Hitsi, Raidal, Urrutia, Vaskonen & Veermae: arXiv:2301.13854



AION

Stochastic GW Background fromBH Mergers

. Y R ' '
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> 107¢
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f/Hz

Black dashed line is maximum possible Qgw, i.e., pgy = 1

JE, Fairbairn, Hutsi, Raidal’, Urrutia, Vaskonen & Veermae: arXiv:2306.17021



Environmental energy loss AION

® |nteractions with gas, stars, dark matter?

® Total energy loss rate: E=— EGW — Eenv

® Characteristic time scales: iqy = E/EGW =47 = E/]_'?enV

? enV

® Where = = (af,) S8

® Energy radiated in GWs reduced because of accelerated evolution:
2 5
dEGw 1 (”f)3’/%3

dlnf 3 1 + wa/ env

® Phenomenological parametrization:

Lo % 7
Iow - (fGW ) ’ fGW ﬁef < 109Zusun )

JE, Fairbairn, Hitsi, Raidal’, Urrutia, Vaskonen & Veermae: arXiv:2306.17021



Mechanisms for Energy Loss

1012, l
Dynamical friction
Loss-cone scattering

o e L S N
Gravitational waves
Total

Interval:

108}
107}

Hardening Timescale [yr]

106 1.0 Do;rninangt Mechanism
0.8
10° % 0.6\~
o4t \
10% E‘ 0.2 N
0. ZA

=

103 107 107 107 10
102 Binary Separation [pc]
10° 10° 10° 10" 10° 10" 10¢  10°
Binary Separation [pc|

Kelley, Blecha & Hernquist, arXiv:1606.01900




Astrophysmal Interpretahons AI@I

10~
10>t W GW +env.
10-6 H GW only
B NGI5
> 107/
@,
S 10°°
107 é
10~ 10
11.1.. Y P NI N ) I ) I P I N I I Y
107 15 20 25 30
f/mHz

Fits use overlaps of data and model violins in each bin
NB: Fits go beyond simple power-law approximations
Better fit to spectrum if evolution driven by both environment & GWs

JE, Fairbairn, Hitsi, Raidal’, Urrutia, Vaskonen & Veermae: arXiv:2306.17021



V\

I
A OV THE ).
wu:

-
MAaw
NVIS
-
N




o - - >



String Intercommutation

S ><

_>\r

i /\f—\

U(1) bosonic strings intercommute with probability p = 1
Other strings (super, QCD-like, ...) may have p < 1




Superstrings vs LVK AION

on 10w

(Super)string model compatible with LVK for p ~ 0.001 — 0.1

JE, Lewicki, Lin, & Vaskonen: arXiv:2306.17147
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Phase Transition Fit to NANOGrav Al@

[—0.79, 0.22]

Phase transition model compatible
with primordial black hole abundance
for T ~ few 00 MeV (hidden sector)

[0.38, 0.98]

N
2
S
& " PBH overprofiiion
— Qb& ‘ B
/\,-% /QOO NN NN EEN
log,(T%/GeV) log,(8/H)

JE, Fairbairn, Franciolini, Hitsi, lovino, Lewicki, Raidal, Urrutia, Vaskonen & Veermae, arXiv:2308.08546



Domain Wall Fit to NANOGrav AI@

[—0.2,0.072]

Topological defects produced

when discrete symmetry

is broken after inflation
[—1.1, —0.76]

o

AN

b=

log (o)
s

o

v

A TSR TR IVCAFCIIN
N7 RTXTRXTRITAT AN QTR

log10(Tann/GeV)  logyg(au)

Domain wall model compatible with cosmology for
annihilation temperature 7, . ~ GeV (hidden sector)

JE, Fairbairn, Franciolini, Hitsi, lovino, Lewicki, Urrutia, Vaskonen & Veermae, arXiv:2308.08546



Fits to NANOGrav  AIGN

(:)IQGIS

————— Cosmic SuperStrings

———- Domain Walls

— —— Audible axions
——— First—order GWs
——-=- Scalar-induced GWs

2x107 5x107° 1078 2x1078

JE, Fairbairn, Franciolini, Hitsi, lovino, Lewicki, Raidal, Urrutia, Vaskonen & Veermae, arXiv:2308.08546



Extension of Fits to Higher Frequencies A|@|

JE, Fairbairn, Franciolini, Hitsi, lovino, Lewicki, Raidal, Urrutia, Vaskonen & Veermae, arXiv:2308.08546



Quo Vadis NANOGrav?

Astrophysics or fundamental physics?

Biggest bangs since the Big Bang, or physics beyond the SM?
SMBH binaries driven by GWs alone disfavoured

SMBH binaries driven by GWs and environmental effects fit better
Better fits with cosmological BSM models

Discrimination possible with future measurements: fluctuations,
anisotropies, polarization, experiments at higher frequencies - including
atom interferometers

AION

Time and more data will tell!

JE, Fairbairn, Franciolini, Hltsi, lovino, Lewicki, Raidal, Urrutia, Vaskonen & Veermae, arXiv:2308.08546



