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Gravitational Wave Spectrum
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* Gap between ground-based optical interferometers & LISA
— Formation of supermassive black holes (SMBHSs)?
— Electroweak phase transition? Cosmic strings?

 Gap between LISA & pulsar timing arrays (PTAs)



LIGO-Virgo-KAGRA Black Hole & Neutron Star Masses

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars EM Black Holes

Solar Masses

A
v(u
7
e 1ttattIalee
‘-----..ctvt¢¢"0"""! :: Akl lllf"‘ l
prorypesr ‘ "

\ bagpe

%
"i’ a

[T

Al " -

LIGO-Virgo-KAGRA | Aaron Geller | Northwestern







How to Make a Supermassive BH?

SMBHs from mergers of intermediate-mass BHs (IMBHs)?
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Intermediate Mass Black Holes
|dentified as Low-Luminosity Active Galactic Nuclei

1011 | | I T T T ITTT | | N O L | | | T T TTT | | T T TTT ]
| Y% IMBH (FourStar + HST) ]
H % IMBH (literature) o
101°H % IMBH candidates (FourStar) ¥
W x b
-l e Graham et al. 2015 o o -
- e Graham & Scott 2015 gt A oo .
109 , «® © ® _
- o © .o, > © B N
B o . .‘/’.o. % .- o -
- . —
® 108 | = i /‘ ... * [ ] —]
> i I R B
= ® ° @ 4 ® & ]
& - /, [ _J : . —
° o ®
Em 107 | - .’: ‘..'.::.‘ =
| [ ] L o 7]
B e ') L od ° _]
4 °
" o B _
106 = /. ° =]
B ® ¢ ' N
L , i
V4 L ]
L o %{. i
5| .
10° w ﬁﬁk X .
104_1 | lllllll | | lllllll | | lllllll | | lllllll |
10° 1010 1011 1012
Mbulger M@

Chilingarian et al, arXiv:1805.01467




LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars EM Neutron Stars
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LIGO & Virgo Collaborations: arXiv:2009.01075, 2009.01190

Predicted Mass Gap
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Standard stellar evolution = no black holes between ~70, 120 solar masses
Previous mergers? Primordial black holes? BSM physics to fill in mass gap?




Sakstein, Croon, McDermott, Straight & Baxter, arXiv:2009.01213

Can New Physics Fill the Mass Gap?

* Mass gap due to pair-production instability: yy — ete™
* Could be (partially) filled in by new physics, BUT ...
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* Location of mass gap subject to nuclear physics uncertainty in

the C(a. )"0 rate, rotation, ..

* Gap could have been populated by previous mergers



AION Collaboration (Badurina, ..., JE et al): arXiv:1911.11755 @
Gravitational Waves from IMBH Mergers Al
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Characteristic Strain

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

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



SMBH Merger Rate (Mpc3 yr-!)

How to Make a Supermassive BH?

Mergers of intermediate-mass BHs (IMBHs)?
Estimated merger rates:
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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 — JAION 1km [

D, /Gpc
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SNR>5o0uttoz>1 SNR>10outtoz~ 10
for masses ~ 104 solar for masses ~ 103 solar




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

GWs from IMBH Mergers: SNR = 8
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AION complementary to LIGO, Einstein Telescope (ET)

Operation before LISA
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Gravitational Memory

GR predicts that the passage of matter or radiation from an
asymmetrically-emitting source causes a permanent change in the
local space-time metric - the Gravitational Memory effect

h (X f) _ 4GId3X, Su (Xt =[x =X']) Zel'dovich & Polnarev, 1974
UV BT |x — x| Braginskii & Thorne, 1987

Sourced, e.g., by SN neutrinos

h(r) === [""drL()a(t)

Where L, (1) is neutrino luminosity, 212
a(t) its anisotropy o]
Sketch of typical strain profile sz
NB: also nonlinear memory from GWs ‘x bt



Anisotropic Supernova Explosions

® Three-dimensional
simulations of
supernovae typically
exhibit anisotropies

® Anisotropy of neutrino
emissions is supported
by high velocities of
supernova remnants

Scheck, 2007




Supernova Neutrino
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AION/AEDGE Sensitivities to AI@

Gravitational Memory of Supernova Neutrinos
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Sensitivity to SN within the Milky Way

Badurina, Buchmueller, JE, Lewicki, McCabe & Vaskonen: arXiv:2108.02468
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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 Space 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+ Al@

External Atom Cloud?

Nan Yu (JPL)
Workshop on cold atoms in space

ultra-cold atom cloud
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AEDGE: Abou El-Neaj, ..., JE et al: arXiv:1908.00802

Gravitational Waves from IMBHSs
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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



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

GWs from IMBH, BH-NS Mergers AI@
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AEDGE complementary to LIGO, LISA, Einstein Telescope (ET)

Badurina, Buchmueller, JE, Lewicki, McCabe & Vaskonen: arXiv:2108.02468
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JE & Vaskonen: arXiv:2003.13480



AION

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

Lorentz Violation

my =29Mq, my =36 My, D;, =420Mpc
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JE & Vaskonen: arXiv:2003.13480



Probing Extensions of
the Standard Model
3 ]
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GW:s 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 + H8/A2 interaction
— Standard Model + U(1);, Z’

These also have prospective collider signhatures



Gravitational Waves from AI@I
U(1)z, Phase Transition

mz=100TeV, gg. . =0.274

Total
- - - - Bubble collisions
_ Sound waves

....... Turbulence

JE, Lewicki, No & Vaskonen:
arXiv:1903.09642
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AEDGE: Bertoldi, ..., JE et al: arXiv:1908.00802



8B-L

8B-L

log,,SNR
0

040}, 040},
035} 035}
030} S 030}

: S y
0.25¢ 0.25}
020} 0.20f
0.15 F s

0.40f 0.405
035} 035F
030} 5 030}

L Q L

L 0 L
025F=77 0.25}
020} 0.20f
0.15F | 0.15F

Sensitivities to U(1),, Z’

1 2 3

0.15 -

s
.........

Al

G

.
PR
........
P

W discovery

sensitivity

far beyond
colliders

100 1 105 107

08
my|GeV

JE, Lewicki & Vaskonen, arXiv:2007.15586




Probing Cosmic Strings
Hint from the NANOGrav pulsar timing array?




Pulsar Timing Arrays

-

NANOGrav
\ has observed 47 pulsars
over 12.5 yrs

\‘ ) NANOGrav Collaboration: arXiv:2009.04496
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Pulsar Timing Data from NANOGrav

12.5-year data
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“the amplitude ... may imply that the black hole mass function is underestimated, specifically
when extrapolated from observations of the local supermassive black hole population”



JE & Lewicki: arXiv:2009.06555

Cosmic String Interpretation of NANOGrav

charactenistic strain amplitude Log,4
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spectral index y

“Rainbow curve”
is cosmic string prediction as a
function of the cosmic string tension G
Vertical line is SMBH merger prediction
Previous PTA upper limits for
this value of y

f[Hz]

Fits to NANOGrav signal
at 10 (68%), 20 (95%) levels
Compared to previous
upper limits
(previous NANOGrav superseded)



JE & Lewicki: arXiv:2009.06555

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



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

Gravitational Waves from Cosmic Strings

Effects of
modified
expansion:
Kination,
Matter
Dominance

AEDGE+
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Spectrum ~ flat from PTA/SKA to LIGO/ET

Tension Gu < 10-11 from PTA limit




Badurina, Buchmueller, JE et al: arXiv:2108.02468 AI @
Gravitational Waves from Cosmic Strings
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Voyage 2050

Final recommendations from
the Voyage 2050 Senior Committee

)

Large missions:

% * Moons of the Giant Planets
* Exoplanets

Fundamental physics
and astrophysics

Possible M
. QM & GR (cold atoms?

Technology development
recommendations for Cold Atom
Interferometry

* for gravitational wave detectors
in new wavebands ..., detectors
for dark matter candidates,
sensitive clock tests of general
relativity, tests of wave function
collapse ....

must reach high technical
readiness level, be superior to
classical technologies

start with atomic clocks, on free-
flyer or ISS?

* M-mission?



Cold Atoms in Space: Community Report & Road-Map
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STE-QUEST Phase 1 Proposal

STE-QUEST

Space Time Explorer and QUantum Equivalence principle Space Test —Core Team:

A M-class mission proposal in response to the 2022 call in ESA’s science program

Lead proposer: Peter Wolf
SYRTE, Observatoire de Paris-PSL, CNRS, Sorbonne Université, LNE
61 Av. de I'Observatoire, 75014 Paris, France
e-mail: peter.wolf@obspm.fr

February 15, 2022

Angelo Bassi, Department of Physics, University of Trieste, and INFN - Trieste Section, Italy

Kai Bongs, Midlands Ultracold Atom Research Centre, School of Physics and Astronomy University of
Birmingham, United Kingdom

Philippe Bouyer, LP2N, Université Bordeaux, IOGS, CNRS, Talence, France

Claus Braxmaier, Institute of Microelectronics, Ulm University and Institute of Quantum Technologies,
German Aerospace Center (DLR), Germany

Oliver Buchmueller, High Energy Physics Group, Blackett Laboratory, Imperial College London, London,
United Kingdom

Maria Luisa (Marilu) Chiofalo, Physics Department ”Enrico Fermi” University of Pisa, and INFN-Pisa
Italy

John Ellis, Physics Department, King’s College London, [/nited Kingdom

Naceur Gaaloul, Institute of Quantum Optics, Leibniz University of Hanover, Germany

Aurélien Hees, SYRTE, Observatoire de Paris-PSL, CNRS, Sorbonne Université, LNE, Paris, France
Philippe Jetzer, Department of Physics, University of Zurich, Switzerland

Steve Lecomte, Centre Suisse d’Electronique et de Microtechnique (CSEM), Neuchatel, Switzerland
Gilles Métris, Université Cote d’Azur, Observatoire de la Cote d’Azur, CNRS, IRD, Géoazur, France
Ernst M. Rasel, Institute of Quantum Optics, Leibniz University of Hanover, Germany

Thilo Schuldt, German Aerospace Center (DLR), Institute of Quantum Technologies, Ulm Germany

Carlos F. Sopuerta, Institute of Space Sciences (ICE, CSIC), Institute of Space Studies of Catalonia
(IEEC), Spain

Guglielmo M. Tino, Dipartimento di Fisica e Astronomia and LENS, Universita di Firenze, INFN, CNR
Italy

Wolf von Klitzing, Institute of Electronic Structure and Laser, Foundation for Research and Technology
Hellas, Greece

Lisa Worner, German Aerospace Center (DLR), Institute of Quantum Technologies, Ulm Germany
Nan Yu, Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA 91109, USA
Martin Zelan, Measurement Science and Technology, RISE Research Institutes of Sweden, Boras, Sweden

Other contributors: Leonardo Badurina, Baptiste Battelier, Matteo Carlesso, Robin Corgier, Sandro Donadi,
Gina Kleinsteinberg, Sina Loriani, Dennis Schlippert, Christian Schubert, Christian Struckmann, Jens Grosse,
and the numerous colleagues who contributed to the past STE-QUEST proposals.



STE-QUEST Science:
Testing the Equivalence Principle

Class Elements n Year [ref] Comments
Be - Ti 2 x 10-19 2008 Torsion balance
Classical Pt - Ti 1x10°M 2017 MICROSCOPE first results
Pt - Ti (10-1%) 2022+ MICROSCOPE full data
HiCs - CC 7x 1077 2001 Atom Interferometry
Hybrid STRb - CC 7x 107" 2010 and macroscopic corner cube (CC)
3K - STRb 3x 107 2020 different elements
STSr - %8Gy 2x 1077 2014 same element, fermion vs. boson
Quantum  *Rb-%Rb 3x 1078 2015 same element, different isotopes
S5Rb-%Rb 3.8x10°12 2020 10 m tower
11K - 87Rb (10-17) 2037 STE-QUEST
Antimatter H-H (10—2) 2023+ under construction at CERN




STE-QUEST Science:
Searching for Ultralight Dark Matter
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Wave-Function Collapse?

® Transition from quantum to classical behaviour?

® Black holes: information loss across horizon causes pure states —

mixed states :

e Non-factorising scattering matrix p,, = S p; : S # SS’

® Non-Hamiltonian evolution: d,p = i[p, H] + 7 p due to
information loss via microscopic black holes?

JE, Hagelin, Nanopoulos,

® e.g., 2-state system with equal energies: Olive & Srednicki, 1984
2 e—/lt 1
d 1t Ghirardi, Rimini & Weber,

® General parametrisation: e ", e~ 1986




STE-QUEST Science:
Probe of Quantum Mechanics

Interferometric tests on ground

Models for 107°
wave-function collapse
parameterised by 1078
time-scale 4
10—10
and range Te - Non-interferometric
"] tests on ground
2 10712
~<

GRW = parameters
proposed by
Ghirardi, Rimini, Weber

10—14_

10—16_

10-18,

1 0-—20 L

Theoretical lower bound
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STE-QUEST Science Programme

Probe the boundaries of our fundamental theories
& interfaces between them

General
Relativity

Universality of Free Fall,
Einstein Equivalence
Principle

Collapse of
the Quantum-Mechanical
wave function

Standard
Model

Quantum
Mechanics

Dark Matter
effects on
atomic properties



