Cold Atom Probes of ;

Fundamental Science § =
L !

Foaoy

EW@%%MEW@KW%“E

e Ultralight Dark Matter i

g ®Gravitational Waves L

OQuantum Mechanics

L
b

L T

Fttrﬁ
.TL \'_]#T
T]_]—*-LAC—LT ,_._\_ 4

[- __' %ﬁ,*v-_l._l-

\,‘

= ;‘.»-r

- 18 : e B0 1—__}?',_’-‘-;:
ING'S : ‘gg;:____\
[ ]

College | E .
LONDGN John Hm

| LS
] -’w""

.

1



AION

Principle of Atom Interferometry
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Effect of Dark Matter on Atom Interferometer

DM
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Effect of Gravitational Wave on Atom Interferometer

GW changes
light travel time
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AION

Atomic Multi-Gradiometer
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Multiple atomic interferometers in the same vertical shaft,
manipulated with same laser beam.
Eliminate laser noise, minimize gravity gradient noise.



AION Collaboration

1 . Balashov?, E. Bentine?, D. Blas', J. Boehm?, K. Bongs{ . A Beniw!!
D. Borto gawcocks, W. Bowdens* C. Brew?, O. Buchmuellers, J. Colema. —J. Carlton

. R 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




Atom Interferometer Observatory &

Network

|VLBAI (Germany)l

Partnership with MAGIS
could be extended




AION — Staged Programme

AION-10: Stage 1 [year 1 to 3]
» 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] Workshop @ CERN, March 13/14, 2023
= 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




Planned Location of AION-10m AI@I

AION-10 @ Beecroft building, Oxford Physics
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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
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AION

Possible CERN Location of AION-100m

General view of LHC Point 4 Possible layout in PX46 shaft

@)

We are working with PBC Team
(Gianluigi Arduini et al)
on feasibility study:
Seismology
Temperature
Ventilation
Radiation protection
Electromagnetic interference
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AEDGE:
Atomic Experiment for Dark Matter and Gravity

Exploration in Space Beyond LISA
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Search for Ultralight Dark Matter

Higgs
Known particle masses: neutrino electron proton
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AION

Ultralight Dark Matter

A scalar ULDM ¢(x, t) field would be present throughout the Solar System
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The wavelength depends on the ULDM mass



AION
Ultralight Dark Matter

Interactions with the ULDM field lead to oscillations in fundamental ‘constants’

Time-dependent electron mass: \

dm
Me(t,X) =me |1+ “o(t,x
(t,) (1, %)

Time-dependent electromagnetic fine
structure constant:

de
a(t,x) =a |1+ t,x
(t.%) )
dwsr V2 d d
Tiny oscillations induced in transition energies: —=r _ VS/DM (dm, + £de) cos(mpmt)
Wsr MDM Mpy




Searches for Ultralight Dark Matter AI@

Linear couplings to gauge fields and matter fermions
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AION

Gravity Gradient Noise

Seismic waves on the surface (Rayleigh waves) change the gravitational
field experienced by the atoms and lead to a phase shift

PRayleigh = (Zfe_qkz" + Be_kz°> &y cos(wT + ©)

sin (4

w?

A, —B

We consider the simplest scenario:
Isotropic sourcing around the shaft,

single geological stratum present
(so only the fundamental Rayleigh mode) __—

Badurina, Gibson, McCabe & Mitchell, in preparation




AION

Gravity Gradient Noise

PRayleigh = (Ze_qkz" -+ Ee‘kz")ﬁv cos(wT + O)

/ -
Exponential suppression and frequency dependence Vertical displacement (Rayleigh distributed)
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Gravity Gradient Noise

Not large
for AION-100

Unimportant
for AION-10

ULDM mass (myg) [eV]
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AION-100 & AION-1km:

Mitigate Gravity Gradient Noise (GGN)
with multiple gradiometers

Badurina, Gibson, McCabe & Mitchell, in preparation
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LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars EM Neutron Stars
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Supermassive Black Holes in Active
Galactic Nuclei: Image of M87

Mass ~ 6.5 x 10° solar masses
EHT




How to Make a Supermassive BH?

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

12 . 2 . /
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Intermediate Mass Black Holes
|dentified as Low-Luminosity Active Galactic Nuclei
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How to Observe Mergers of
Intermediate Mass BHs?

Cosmic
microwave
background

Inflation
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Volonteri, Habouzit & Colpi, arXiv:2110.10175



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

10715 ‘**
10716 . .

10-17 &
10-18 E
10~19 E
1020 [
10721 E
1022 E
10~23 L

10—24
107 10 10* 103102 01 1 10 10%2 10 10*

J1Hz]

Characteristic Strain

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

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



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

GWs from IMBH Mergers: SNR = 8

0
R A Darker shading:
« L - |
10 ,' \‘ Measure merger
Y
i3
Lighter shading:
Measure inspiral

0.1}

] 104

103

10 102 10° 10* 10° 10° 107 10® 10°
MM

AION complementary to LIGO, Einstein Telescope (ET)
Operation before LISA

AION



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

Gravitational Waves from IMBHSs

AEDGE

0.1 1 10 100 10° 10° 10° 10°

Probe BHs in 102 solar-mass gap out to z ~ 103
Mergers of ~ 103 solar-mass BHs out to z > 102
Detect mergers of ~ 104 solar-mass BHs
with SNR 1000 outtoz~ 10
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Lighter shades: inspiral
Darker shades: merger + ringdown
Complementarity + synergy
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Black Hole Superradiance

Boson emission may cause spin-down of black holes (if self-interactions weak)
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AGNs constrain masses < 2 X 10~17

AION
Black Hole Superradiance

Boson emission causes spin-down of black holes (if self-interactions weak)

LIGO constralns masses > 3 X 10_
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Prospective Spin A|@
Measurements with AION-km, AEDGE

JE & Vaskonen: in preparation

AION-km | =06.D.=5Gpe. xo=x,=0 q=0.6, D;=5Gpc, y,=0, ys =1 q=0.6, D;=5Gpc, y,=02, x; =0.6
1 F 1 F 1 F
050} 0.50% 0.50F
F
0.10: - j:a E 0.10: - j:a E 0.10: - j:a E
— j=s — j=s —J=s
(Y1) S—— ——" : (Y1) S—— " : (1] S——— " :
50 100 500 1000 5000 o 50 100 500 1000 5000 o 50 100 500 1000 5000 1o
my /Mg my /Mg my /Mg
AEDGE | ¢=06,D,=5Gpc, yo=x,=0 ¢=0.6, D;=5Gpc, v =0, ys =1 g=0.6, D;=5Gpc, ya =02, x;=0.6
1 1 1
0.100 0.100 0.100
5
0010} 0010} 0010,
0.001 | 0.001 | 0.001 |
— j=s — j=s
100 1000 10t 105 100 1000 10* 105 100 1000 10* 105
mi /Mg mi /Mo m /Mo



Alonso, ..., Badurina, ..., JE, ..., McCabe et al, arXiv:2201.07789

Proposed ESA Road-Map for Cold Atoms in

Space
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ESA Call for
M, F-Class Science Missions

call for missions 2021

Call for missions 2021 » Home

Home

Briefing meeting
Phase-1 proposal
Workshop

Phase-2 proposal
Endorsement letters
Q&A

CALL FOR A MEDIUM-SIZE AND A FAST MISSION OPPORTUNITY
IN ESA'S SCIENCE PROGRAMME

Update 3 February 2022: A Q&A page has been added with answers to questions posed
after the briefing meeting.

Update 13 January 2022: The presentation from the briefing meeting is available to
download here (pdf).

Issue date: 13 December 2021

The ESA Director of Science solicits the scientific community in ESA's Member States
for proposals for both a "Fast" mission opportunity (to be launched in the 2030-
2031 timeframe) and for a Medium mission opportunity (to be launched around
2037).

The new long-term scientific plan Voyage 2050, for the Science Programme of the European
Space Agency (ESA), has been issued in June 2021, following a broad consultation of the
scientific community and a peer review process, with final recommendations issued by an
independent scientific Senior Committee.

The plan includes three Large (L) missions in selected science themes (Moons of the Giant
Planets, From Temperate Exoplanets to the Milky Way, and New Physical Probes of the Early
Universe) and a set of Medium (M) and Fast (F) missions.

The definition of the F and M space missions is based on a competitive, peer-reviewed
selection process. Even though the Voyage 2050 plan identifies a set of possible themes for
the Medium missions, proposals in all fields of space science will be considered, with no
prejudice.

DOCUMENTATION

Letter of Invitation from the
Director of Science (pdf)

Call for a Medium-size and a Fast
mission opportunity in ESA's
Science Programme (pdf)

Technical Annex for this Call (pdf)

Voyage 2050 Senior Committee
Report (pdf)

Added 13 January 2022:
Presentation from the briefing
meeting

Added 3 February 2022:

Q & A page with answers to
questions posed after the briefing
meeting.



TE-QUEST Proposal

Compare free fall of clouds of Rb and K

STE-QUEST
Space Time Explorer and QUantum Equivalence principle Space Test

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

June 28, 2022

Core Team:

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), Neuchétel, 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
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Testing the Equivalence Principle

Class Elements n Year [ref] Comments
Be - Ti 2x 10~ 2008 Torsion balance
Classical Pt - Ti x 10~ 2017 MICROSCOPE first results
Pt - Ti m MICROSCOPE full data
HCs - CC 7x 1079 2001 Atom Interferometry
Hybrid STRb - CC 7x 107" 2010 and macroscopic corner cube (CC)
3K - 8TRb 3x 1077 2020 different elements
8TQr - 888y 2x 1077 2014 same element, fermion vs. boson
Quantum  **Rb-%Rb 3 x10°%® 2015 same element, different isotopes
Rb-%Rb 3.8x10°12 2020 10 m tower
1K _87TRL  (10-17) 2037 STE-QUEST
Antimatter H-H (10—2) 2023+ under construction at CERN

MICROSCOPE Collaboration, PRL 129, 121102, 2022
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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

B l 1 e—/lt
P=73 e~

d
catinn: o T oAl
® General parametrisation: e "¢, e Ghirardi, Rimini & Weber, 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
and the 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



