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Abstract

Quantum mechanics is at the basis of our understanding of all matter and - since with the behavior
of matter we explore space and time - also of our understanding of space-time. In the recent years,
also quantum technologies became more and more important for practical purposes. This includes
guantum sensors, quantum metrology, quantum information, quantum cryptography, quantum
computing, etc. Of particular importance is the coupling of quantum matter to gravity. In this talk we
collect the foundations of quantum mechanics, the foundations of relativistic gravity, and
corresponding tests, in particular tests exploring the quantum-gravity interaction. Also the relevance
of this research for practical purposes is described.
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Quantum mechanics: the postulates

P> the physical system: quantum object |y) e

“Z
=
W 6/32  Thefoundations [T ZARM e



Quantum mechanics: the postulates

P> the physical system: quantum object
P> quantization T
p —

D

%

o
W 6/32  Thefoundations [T ZARM e



Quantum mechanics: the postulates

P> the physical system: quantum object
P> quantization .

A 2
P> measurement process 1Y) — Aa,Ja),[{a|y)*}
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Quantum mechanics: the postulates

P> the physical system: quantum object
P> quantization
P> measurement process

P> dynamics: Schrédinger equation ihd, | ) = H(Z,p) | v)
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Quantum mechanics: the postulates

P> the physical system: quantum object

P> quantization

P> measurement process

P> dynamics: Schrédinger equation ihd, | ) = H(Z,p) | v)

everything works extremely well: all experiments can be completely understood in terms of their
calculation
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Quantum mechanics: Main phenomena

P> for all physical systems: interference,
diffraction, ..., impossibility to get
which-way information, delayed-choice
experiment, action-at-a-distance a la
Aharonov-Bohm, ...
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Quantum mechanics: Main phenomena
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Quantum mechanics: Main phenomena

P> for all physical systems: interference,
diffraction, ..., impossibility to get
which-way information, delayed-choice
experiment, action-at-a-distance a la
Aharonov-Bohm, ...

P> energy levels: quantum systems are
characterized by a finite number of
numbers "Biphotor by Neoler/

P> entanglement

= |0 14® [ 1)p—=[1)4®10)p)
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Quantum mechanics: Main phenomena

P> for all physical systems: interference,
diffraction, ..., impossibility to get
which-way information, delayed-choice
experiment, action-at-a-distance a la
Aharonov-Bohm, ...

P> energy levels: quantum systems are

characterized by a finite number of

numbers . . .
no unitary operation U with
P> entanglement

P no cloning - no broadcasting Ulv)®[0) = [¢¥)®]v)
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Quantum mechanics: Main phenomena

P> for all physical systems: interference,
diffraction, ..., impossibility to get
which-way information, delayed-choice
experiment, action-at-a-distance a la
Aharonov-Bohm, ...

The state to be transmitted

P> energy levels: quantum systems are
characterized by a finite number of
numbers

Bell-base measurement

P> entanglement c
P> no cloning - no broadcasting EPR photon source
P> quantum teleportation

Wen, Tian, Niu, Phys. Scr. 2010
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Quantum mechanics: Uniqueness

P> standard model of elementary particles: unique description of electrons, quarks, neutrons,
protons, ...

P> atoms are the same everywhere in the universe

P> quantum phenomena are the same everywhere in the universe

P> allows, e.g., perfect dissemination of physical units since quantum states are uniquely defined
through a finite number of numbers (no machining necessary, no prototype, ...)

P> beyond classical physics: spin degree of freedom

P> technological aspect: huge potential for miniaturization
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Quantum mechanics: Open problems

P> biginterpretational problem: collapse of “/\W\N\/\/\/"' ‘::> -

wave function

J. Norton
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Quantum mechanics: Open problems

P> biginterpretational problem: collapse of “/\M\/\/\/\/\/\/"' E:> B

wave function

J. Norton
P> classical limit
quantum mechanics classical mechanics
“as well as” “either or”
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Quantum mechanics: Open problems

P> biginterpretational problem: collapse of “/\A/\/\/\/\/\/\/"' E:> N

wave function

J. Norton
P> classical limit
quantum mechanics classical mechanics
) ) “as well as” “either or”
P> zero point energy and gravity
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Quantum mechanics: Open problems

P> biginterpretational problem: collapse of ‘“/\A/\/\/V\/\/\/\" E:> N

wave function

J. Norton
P> classical limit
quantum mechanics classical mechanics
“as well as” “either or”

P> zero point energy and gravity

however: we can work very well without solving these problems, for practical work no solution is
needed — purely interpretational problems
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Gravitation

Basic principles of gravity (Ehlers, Pirani, Schild 1972; Will 1993)

P> Conformal structure behavior of light rays —
metric structure, locally Special Relativity

c = const

Minkowski metric 7,
many tests 1071° — 10730
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Gravitation

Basic principles of gravity (Ehlers, Pirani, Schild 1972; Will 1993)

P> Conformal structure behavior of light rays —

metric structure, locally Special Relativity P independence of ¢ from velocity of source:

<1011

P> isotropy of c: < 1017

P Kennedy-Thorndike: < 1017
P time dilation: < 1078
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Gravitation
Basic principles of gravity (Ehlers, Pirani, Schild 1972; Will 1993)

Conformal structure behavior of light r. . .
> . ucture beha o. o1 ' t .ays—> there exists a coordinate system so that for all
metric structure, locally Special Relativity particles
P Universality of Free Fall
d?at L
ez

|k

P bulk matter, MICROSCOPE < 10~'°
(Touboul et al, PRL 2017)
P> spin matter
P charged matter
P> anti-matter — Michael Doser, nextt
W 14/32 Thefoundations [T ZARM e
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Gravitation

Basic principles of gravity (Ehlers, Pirani, Schild 1972; Will 1993)

P> Conformal structure behavior of light rays —
metric structure, locally Special Relativity

P Universality of Free Fall

P> Compatibility no superluminal velocity

v<ec

P laboratory: < 1076
P> astroparticle tests: < 102!
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Gravitation

Basic principles of gravity (Ehlers, Pirani, Schild 1972; Will 1993)

Conformal structure behavior of light rays —
metric structure, locally Special Relativity

Universality of Free Fall

Compatibility no superluminal velocity

vvvy Vv

Unigueness of time-keeping or uniqueness of
guantum mechanics or Local Position
Invariance

clocks may show different time (twin
paradox), but same ticking rates required

many different clock tests ov < 10~%
anti clocks, Galileo %
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Gravitation

Basic principles of gravity (Ehlers, Pirani, Schild 1972; Will 1993)

Conformal structure behavior of light rays —
metric structure, locally Special Relativity

Universality of Free Fall
Compatibility no superluminal velocity

vvvy Vv

Unigueness of time-keeping or uniqueness of
guantum mechanics or Local Position
Invariance

Einstein Equivalence Principle
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Gravitation

Basic principles of gravity (Ehlers, Pirani, Schild 1972; Will 1993)

Conformal structure behavior of light rays —
metric structure, locally Special Relativity

Universality of Free Fall
Compatibility no superluminal velocity

vvvy Vv

Unigueness of time-keeping or uniqueness of
guantum mechanics or Local Position Einstein Equivalence Principle
Invariance

Result: Gravity can be described by a pseudo-Riemannian manifold g,

applies also to fields: Maxwell, Dirac, ...
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The field equations

P> There is no unique physical way to derive the Einstein field equations

P> Attempts: PPN formalism
still loopholes: torsion, Finsler gecometry, non-Newtonian gravity, anisotropy on the Newtonian

level (SME), ...
P> Guiding principle: action principle

S = /R\/—gd‘lx—i-/ﬁmatter d*z

extremalization
8 G ]- 5£matter

R Qgp,uR = T;u/ ) T/,Ll/ \/— 6gwj

1% oA

P> One major consequence: Black Holes

W 6/32 The gravitational field equations [T ZARM e
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Predictions, consequences

All predictions of General Relativity are experimentally well tested and confirmed

The Einstein Equivalence Principle

P> Universality of Free Fall

P> Universality of Gravitational Redshift
P> Local Lorentz Invariance
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Predictions, consequences

All predictions of General Relativity are experimentally well tested and confirmed

The Einstein Equivalence Principle

P> Universality of Free Fall
P> Universality of Gravitational Redshift

P> Local Lorentz Invariance
4

Implication

Gravity is a metrical theory

Ehlers, Pirani & Schild 1972
4
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Predictions, consequences
All predictions of General Relativity are experimentally well tested and confirmed

Predictions for metrical theory

The Einstein Equivalence Principle Ol ST TS

P> Universality of Free Fall

P> Perihelion shift
P> Universality of Gravitational Redshift P> Gravitational redshift
P> Local Lorentz Invariance > Deflection of light
P> Gravitational time delay
) P> Lense-Thirring effect
| l : P> Schiff effect
Bl IEETaler) P> Strong gravitational fields
Gravity is a metrical theory = P> Binary systems
P> Black holes

P> Gravitational waves
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Predictions, consequences
All predictions of General Relativity are experimentally well tested and confirmed

Predictions for metrical theory

The Einstein Equivalence Principle Ol ST TS

P> Universality of Free Fall

P> Perihelion shift
P> Universality of Gravitational Redshift P> Gravitational redshift
P> Local Lorentz Invariance > Deflection of light
P> Gravitational time delay
) P> Lense-Thirring effect
o P P> Schiff effect
Bl IEETaler) P> Strong gravitational fields
Gravity is a metrical theory = P> Binary systems
P> Black holes

P> Gravitational waves

General Relativity =
%
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Open problems

observational

P Dark Matter
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Open problems

observational

P> Dark Matter P> some kind of matter?
P modified gravity?
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Open problems

observational
P> some kind of matter?/energy?

P> Dark Matter
P modified gravity?

P> Dark Energy
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Open problems

observational

P> Dark Matter P> some kind of matter?/energy?
P> Dark Energy P modified gravity?

structural

P> singularities
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Open problems

observational

P> Dark Matter P> some kind of matter?/energy?
P> Dark Energy P modified gravity?

structural

P> singularities P> hidden behind the horizon

P> singularities not present for quantum systems
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Open problems

observational

P> Dark Matter P> some kind of matter?/energy?

P> Dark Energy P modified gravity?

structural

P> singularities P> hidden behind the horizon

P> cosmic censorship P> singularities not present for quantum systems
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Open problems

observational

P> Dark Matter P> some kind of matter?/energy?

P> Dark Energy P modified gravity?

structural

P> singularities P> hidden behind the horizon

P> cosmic censorship P> singularities not present for quantum systems

P> collapse model
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Open problems

observational

P> Dark Matter P> some kind of matter?/energy?

P> Dark Energy P modified gravity?

structural

P> singularities P> hidden behind the horizon

P> cosmic censorship P> singularities not present for quantum systems

P> collapse model

quantization of gravity
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Open problems

observational

P> Dark Matter P> some kind of matter?/energy?
P> Dark Energy P modified gravity?

structural

hidden behind the horizon
singularities not present for quantum systems

P> singularities
P> cosmic censorship

\ A A 4

collapse model

quantization of gravity

P> singularities
P> Hawking radiation
| 4

information paradox
%
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Quantum devices / Quantum technologies

P> quantum sensors - atom
interferometers, clocks

PTB



Magnetizcher Flugs

Quantum devices / Quantum technologies

P> quantum sensors - atom
interferometers, clocks, SQUIDS, ...

Supraleiter

Konstanter
Strom

4
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Quantum devices / Quantum technologies

P quantum sensors - atom old definition of units:

interferometers, clocks, SQUIDS, ... P> 1sare9192 631 770 periods of the radi- ation of
the transition between the two hyperfine levels
of the 133Cs ground state.

P> quantum metrology - new definition of
physical units, realization via quantum

systems (uniqueness) ) S
> clocks P> 1 mis the length traveled by light in vacuum

P> quantum Hall effect, Josephson effect: during 1/299 792 458 of a's.

new definition of kg P> 1 kg is equal to the mass of the prototype.

> quantum dots for the Ampere P 1 Ais that current through two long thin parallel

conductors 1 metre apart, which produces a force
of 2-1077 N/m.

P 1Kis 1/273.16 of the thermodynamic
temperature of the triple point of water.

P> 1 mol is the amount of substance of a sys- tem
which contains as many elementary entities as
there are atoms in 12 g of '2C. v

N o> D 2N R



Quantum devices / Quantum technologies

P quantum sensors - atom new definition of units
interferometers, clocks, SQUIDS, ...
P> quantum metrology - new definition of

physical units, realization via quantum
systems (uniqueness)

P> 1sare9192 631 770 periods of the radi- ation of
the transition between the two hyperfine levels
of the 133Cs ground state.

> clocks P> 1 mis the length traveled by light in vacuum
P> quantum Hall effect, Josephson effect: during 1/299 792 458 of a s.
new definition of kg P> kg from definition of A

P> quantum dots for the Ampere b A from definition of e

P K from definition of kg
» mol from definition of N,

P> 1cdis the luminous intensity of a source that
emits monochromatic radiation of frequency
540 - 10'? hertz and that has a radiant intensity in
that direction of 1/683 W/steradian.
y T
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Quantum devices / Quantum technologies

P quantum sensors - atom realization of units
interferometers, clocks, SQUIDS, ...

P> quantum metrology - new definition of
physical units, realization via quantum

P> s through atomic clock
P m through light

systems (uniqueness) P> kg through Watt balance (QHE and Josephson
P clocks effect)
P> quantum Hall effect, Josephson effect: > A through quantum dots

new definition of kg

P> quantum dots for the Ampere P Kthrough energy comparison

P mol through silicon sphere

P o



ALL CHANGE

Under the revised Sl system, every unit will be defined in relation to a
constant, whose value will become fixed. Many of the units will be defined

Qu a ntu m d evi CeS / QU a nt u m tech n o I og in relation to each other: for example, definition of the kilogram requires

Planck’s constant, and definitions of the second and metre.*

> Dependency SECOND(5)

P> quantum sensors - atom prr—
H Requires:
interferometers, clocks, SQUIDS, ... Hyberfine-trarsition

frequency of the

P> quantum metrology - new definition of R
. . . . . 9,192,631,770
physical units, realization via quantum - ovclos of the raciaton
. METRE (m) ding to th KILOGRAM
systems (uniqueness) i anciion botyeen e
Meas_ures: Length two hyperfine levels Meas_ures: Mass
> CIOCkS ‘Rger%mres: Speed of of cassium-133 CR::sutlar:tS: Planck's
‘
Definition: L h Definition: Ot
P> quantum Hall effect, Josephson effect: of the path trmalled Kilogram i Planck's
.. by light tant divided b
new definition of kg in1/298.702 468 6,626 070 040 % *

seconds 103 m2

P> quantum dots for the Ampere

Measures: Current
Requires: Charge
on the electron
Definition: Electric
current
corresponding to
the flow of 1/(1.602
176 620 8 %1079
elementary charges
per second

MOLE (mol)

Measures: Amount
of substance
Requires:
Avogadro’s constant
Definition: Amount
of substance of a
system that
contains 6,022 140
857 x10% specified
elementary entities

HELYN ) I

Measures: Measures: Luminous intensity
Temperature Requires: Luminous efficacy of
Requires: Boltzmann's  monochromatic light of llg ency
constant 540 x10'2 Hz

Definition: Equal Definition: Luminous iQ&te=—7"0of
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Quantum devices / Quantum technologies

P> quantum sensors - atom
interferometers, clocks, SQUIDS, ...

P> quantum metrology - new definition of
physical units, realization via quantum
systems (uniqueness)

P clocks

P> quantum Hall effect, Josephson effect:
new definition of kg

P> quantum dots for the Ampere

P> quantum networks - networks of
entangled clocks for geodesy, quantum
internet, ...

%
ZARM

B 2232



Quantum devices / Quantum technologies

P> quantum sensors - atom
interferometers, clocks, SQUIDS, ...
P> quantum metrology - new definition of
physical units, realization via quantum
systems (uniqueness)
P clocks Oo
P> quantum Hall effect, Josephson effect:
new definition of kg
P> quantum dots for the Ampere

P> quantum networks - networks of Y
entangled clocks for geodesy, quantum
internet, ...

P> quantum computing

Classical Bit




Quantum devices / Quantum technologies

P> quantum sensors - atom
interferometers, clocks, SQUIDS, ...

P> quantum metrology - new definition of
physical units, realization via quantum
systems (uniqueness)

P clocks
P> quantum Hall effect, Josephson effect: s -
. ender Receiver
new definition of kg soge | @ p—
P quantum dots for the Ampere """,;’.ff'°"|-—'| st [ ot v [ e
Yy (signal)
P> quantum networks - networks of H H
entangled clocks for geodesy, quantum ° @
internet, ... | v }
S0km optical fiber
. (synchronous signal)
P> quantum computing Sdroneszsns

P quantum cryptography from phys.org
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Quantum devices / Quantum technologies

P> quantum sensors - atom
interferometers, clocks, SQUIDS, ...

P> quantum metrology - new definition of
physical units, realization via quantum
systems (uniqueness)
P clocks
P> quantum Hall effect, Josephson effect:
new definition of kg R —
P> quantum dots for the Ampere il

P> quantum networks - networks of Bell-base measurement
entangled clocks for geodesy, quantum /7 -
internet, ... 3 :

> quantum Comput'ing EPR photon source
P> quantum cryptography
P> teleportation

Wen, Tian, Niu, Phys, Scr. 2010
=4
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> Test of Gravitational redshift

> Atom interferometry

» Quantum-to-classical transition

» Towards tests of the quantum gravity domain
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Quantum test of the Equivalence Principle

Model Discussion

Schrodinger equation in gravitational field

P> Exact quantum result
G A2 > UFF exactly fulfilled
Y — A U
ot 2m $+m Uy P> Does not depend on %
>

h comes in by introducing classical notions
P height=h =0, T = 2T

Phase shift P length=1=v,T

For pure gravitational acceleration then

mghl
P> atom interferom. (Bordé 1989) §¢ = k,gT? = P
0
¢ = k-gT? P> classical notions are operationally not
realized
P> neutron interference (CL, GRG 1996) » 6¢ = k_gT? contains experimentally given
quantities only
dp=C-gT? %
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Quantum test of the Equivalence Principle

Model Discussion

Schrodinger equation in gravitational field

P> Exact quantum result
0 h2 P> UFF exactly fulfilled
2 = T Npm U /
ot 2m, g P> Does not depend on i
>

h comes in by introducing classical notions
P height=h =0, T = 2T

Phase shift P length=1=v,T

For pure gravitational acceleration then

mghl
P> atom interferom. (Bordé 1989) §¢ = k,gT? = P
0
dp = My k-gT? P> classical notions are operationally not
i realized
P> neutron interference (CL, GRG 1996) » 6¢ = k_gT? contains experimentally given
quantities only
dp=C-gT? %
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Quantum test of the Equivalence Principle

Peters, Chung & Chu, Nature 2000: quantum matter vs. classical matter, n < 1079
Fray et al, PRL 2004: different rubidium isotopes, n < 1077
Schlippert et al, PRL 2014: rubidium and potassium, < 10~

drop tower: expected < 10711
space: expected < 10719

P> can be used for an operational definition of the equivalence principle in the quantum domain,
even in curved space—time (C.L., GRG 1996)

P> it can be shown that this operational definition is equivalent to the minimal coupling procedure
(C.L., APP 1997)

%
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BEC in GOST

P> BEC in gravito-optical surface trap (GOST)

P> boundary conditions ¢ = 0 for z = 0
P> spacing between nodes depends on gravitational acceleration

(/
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Neutron eigenstates in gravitational field

Potential

%

=
- 28/82 Two generic tests ZARM -



in gravitational field

Neutron eigenstates

Potential
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Neutron eigenstates in gravitational field

Potential

- 28/82 Two generic tests

experimental setup

Classical View

initial neutron state: plane wave

SiRmann 1965, LL



in gravitational field

Neutron eigenstates

Potential

measurement

Dot: classical expectation

Solid: quantum expectation

%
—
ZARM

absorber height h [um]
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SiRmann 1965, LL
Nesvizhevsky et al 2002
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Quantum tests

» General quests and approaches
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General quests related to the quantum — gravity regime

P Test of quantum principles

study of the measurement process

testing linearity of quantum mechanics

search for fundamental decoherence

measuring wave packet spreading

exploring the quantum degrees of freedom (spin)

VVVVYY

» Quantum test of gravity principles
P quantum test of UFF
P> quantum test of UFF with atoms with spin
P test of UGR
P> test of UFF and UGR for gravitomagnetism
P> testing all GR effects

P Combined tests (towards quantum gravity)

P> entanglement in gravitational fields

P> investigation of self gravity

P> test of semiclassical Einstein equations
P> search for modified dispersion relation %

=
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General quests related to the quantum — gravity regime

P Test of quantum principles

study of the measurement process

testing linearity of quantum mechanics
search for fundamental decoherence most of the tests profit from
measuring wave packet spreading

exploring the quantum degrees of freedom (spin) P large potential differences

VVVVYY

» Quantum test of gravity principles P long distances

P> quantum test of UFF P> long free fall time — long
P> quantum test of UFF with atoms with spin integration/accumulation time
P test of UGR P> quiet environment

P> test of UFF and UGR for gravitomagnetism
P> testing all GR effects
P Combined tests (towards quantum gravity)
P> entanglement in gravitational fields
P> investigation of self gravity
P> test of semiclassical Einstein equations
P> search for modified dispersion relation Z
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General quests related to the quantum — gravity regime

P Test of quantum principles

P> study of the measurement process

P> testing linearity of quantum mechanics
P> search for fundamental decoherence most of the tests profit from
P> measuring wave packet spreading

P> exploring the quantum degrees of freedom (spin)

» Quantum test of gravity principles

P> large potential differences

P> long distances

P quantum test of UFF P> long free fall time — long
P> quantum test of UFF with atoms with spin integration/accumulation time
P test of UGR P> quiet environment

P> test of UFF and UGR for gravitomagnetism
P> testing all GR effects
P Combined tests (towards quantum gravity)
P> entanglement in gravitational fields
P> investigation of self gravity
P> test of semiclassical Einstein equations
P> search for modified dispersion relation Z,,
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Quantum Tests in space

benefit from space conditions
P> atom interferometers:
sensitivity ~ T2
P> clocks:
gravitational potential

P> laser interferometry:
long distances
P> entanglement over large
distances:
quantum key distribution
from space
P quantum metrology:
definition of kg via Watt
balance with inertial force in
space %

=
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Quantum Tests in space

benefit from space conditions space missions

P> atom interferometers: P> GP-A (test of GR) completed
sensitivity ~ T P> LLR (test of GR, Earth science) running

> clocks: P> GP-B (test of GR) completed

gravitational potential > LARES (test of GR) running

P> LISA Pathfinder (gw astronomy, test of GR) completed

P> MAIUS / QUANTUS (test of QM and GR)
completed/running

P> laser interferometry:
long distances

P> entanglement over large
distances:

quantum key distribution P Galileo (test of GR) completed
from space P> QUESS, QKD (Quantum Key Distribution, test of QM)

P> quantum metrology: completed
definition of kg via Watt P> ACES / PHARAO (metrology, test of GR) launch 2020
balance with inertial force in b LISA (gravitational waves) launch 2028+
space %
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Quantum Tests in space

benefit from space conditions

P> atom interferometers:
sensitivity ~ T2

P> clocks:
gravitational potential

P> laser interferometry:
long distances

P> entanglement over large
distances:
quantum key distribution
from space

P quantum metrology:
definition of kg via Watt
balance with inertial force in
space

planned projects

P BECCAL launch 2024
P> MAQRO (test of quantum-to-classical transition)

P> BOOST (optical tests of SR)

P> STE-QUEST (atom interferometry and clocks, tests of GR)

> ..

C,/
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Outline

Quantum tests

> Test of Gravitational redshift

%
C_
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Galileo5and 6

| after launch | after correction | target orbit |

a [km]

T, — T, [km]

0.233
26,192
49.774
11,681

0.1561
27,977
49.7212
8,730

~0
29,900
55
~0

%

~7
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| after launch | after correction

e 0.233 0.1561
a [km] 26,192 27,977
i 49.774 49.7212

r, — 1, [km] 11,681 8,730

Test of Gravitational redshift ZARM



| after launch | after correction

e 0.233

a [km] 26,192

7 49.774

Ty —Tp [km] 11,681

0.1561
27,977
49.7212
8,730

Test of Gravitational redshift

ZARM



Galileo clocks and redshift

Galileo clocks

P> passive Hydrogen maser PHM and Rubidium clock RAFS
P stability: oy = 3 - 10715 and ogpps = 2 - 10714 at time scale of one orbit

Redshift

P> redshift between perigeum and apogeum

A M /(1 1 ]
_’/:(1+a)G—(———> = At:2(1+a)%

2
C Tp a

P> experimental parameter: o
P> with the maximum difference of radius of ~ 8730 km one gets the maximum redshift

AV 5. 101
%

12
P> corresponds to 370 ns time gain per revolution (nominal ~ 0.5 ns =
- 34/82 Test of Gravitational redshift ZARM -



Clock data
Pseudo range for measured times
Prt) = |7 (8) =7 =T)| + c (AL, (t) = At*(t = T))
te(d, p () —di(t =T)) + I3, + TSy —ms p () + € p (1)

GPS Satellite b

GPS Satellite a EPOCH t,
EPOCH 1, . vy

P> Measurement of signal travel times = pseudo

range
. . ) LA 0 7))
P> one has to determine satellite clock corrections
S
At GPS GPS
Receiver q Receiver r

P> clock corrections depend, among others, on orbit
information: 30cm — 1ns

/
=
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Clock data

Clock and orbit products are made available to us by ESOC
P> 30 s sampling on clock <+ i / 300 s sampling on orbit

P> Customized reprocessing to needs of data analysis (E. Schénemann, F. Dillsner, T. Springer from

ESOC)

July 2015

January 2015

E18
E14

July 2016

January 2016

GPS week

E18
E14

W vo ata

[sets

Set3 set4

Set2

Wsetn
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Data without relativistic correction

GPS week 1870; day 0

[

x_clock residuals) |

P> relativistic effects
included

P> gravitational redshift
+ Doppler

77

clock residuals [ns]

P ~ 370 ns modulation
amplitude

-400

1 L L L L s 1 L L L .
0 2 4 6 8 10 12 14 16 18 20 22 24
observation time [h]

#
C_
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Data without relativistic “correction”

GPS week 1870; day 0

P> relativistic effects
procesed ESOC data) modeled and
——deviation fit and datal re m OVed by ZAR M

P> comparison to final
ESOC products

P> provides a check of
basic common
understanding

06 Clock residuals after correction Week 1870

04 |

clock residuals [ns]

P> variations of ~ 0.5 ns
due to systematic
effects

-0.6

0 2 4 6 8 10 12 14 16 18 20 22 24
observation time [h]
P
=
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Least squares fit model

X GM, Jyak (327 v?
— § o 1 2 YVt ) —an—ant
° o1 (el : (/path< rc? < 2r2 \ r? o2 dt; o — ht;
with

€; clock residuals

Jy axially symmetric quadruple moment of Earth (flattening)
ay clock offset parameter

a; clock drift parameter

to be determined «
working on Bayesian data analysis

%

—
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Preliminary statistics on all a results

0,004 4 0,004

0,002 4 0,002 4
3 0,000 3 0,000

-0,002 - -0,002 4

i3 ==
0,004 - : : : - : : : 0,004 - -
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
days since 01.01.2015 days since 01.01.2015

P> two years of data: 585 days, resp. 610 days

P> evaluation ongoing ...
%

~7
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Partial results

| set [[@-10*[0-107* | n | outliers | gap days | span [days] |

setl 0.14 2.89 405 15 101 521
set 2 11.20 13.27 205 2 11 218
set 3 -0.75 3.92 163 9 59 231
set 4 -0.43 10.75 232 9 0 241
set5 -0.97 1.12 190 12 15 217

4
2
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Systematics: approach

P> Temperature, magnetic fields, attitude as discussed in TN1 not yet considered due to lack of data
P> Focus on solar radiation pressure

P> correlate with sun elevation, derive model
P> model SRP a priori from geometric satellite model
P> use SLR data from ILRS campaign and reprocess products

P> Look for other correlations with readily accessible data (orbit parameters, eclipse phases,...)

Improvement of GP-A result by a factor of 4 (Herrmann et al, PRL 2018)

conservative assumptions - colleagues from SYRTE get an improvement by a factor of 5 (Delva et al,
PRL 2018) - ongoing discussion
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Systematics: approach

P> Temperature, magnetic fields, attitude as discussed in TN1 not yet considered due to lack of data
P> Focus on solar radiation pressure

P> correlate with sun elevation, derive model
P> model SRP a priori from geometric satellite model
P> use SLR data from ILRS campaign and reprocess products

P> Look for other correlations with readily accessible data (orbit parameters, eclipse phases,...)
Improvement of GP-A result by a factor of 4 (Herrmann et al, PRL 2018)

conservative assumptions - colleagues from SYRTE get an improvement by a factor of 5 (Delva et al,
PRL 2018) - ongoing discussion

Galileo satellites are not designed for such kind of test: dedicated satellite might give further
substantial improvements

(/
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Outline

Quantum tests

> Atom interferometry

%
C_
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QUANTUS facilities

QUANTUS | QUANTUS II MAIUS

4.7 s 9.3s ~ 5 min

4
2
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QUANTUS apparatuses

QUANTUS |




Preparation of BEC in the drop tower

‘1’2 T T e MoT P 107 atoms in MOT
P 5105 atoms in magnetic trap
z > IE=Itap P ~ 1.5 evaporation cooling
,j/ BEC » 10* atoms in BEC
27s e M ‘.:“‘\ E.Eg P> 10-30 Hz trap frequency
\ P> T=9nK (kinetic energy)
P F =2,mp = 0state
\ Al
i,.-"f P> until now more than 450 drops
458 e | | \\ . > DCK = De'Ita Ki.ck Co?ling
4TS o 1 P4 P> ARP = Adiabatic Rapid Passage (transfer from

mp = 2 to a non-magnetic my = 0 state) C%/
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BEC in microgravity

- 47/82  Atom interferometry

design of capsule

vacuum chamber




QUANTUS I: Atom chip technology

ZARM
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First BEC in microgravity / extended free fall

|

LU Hannover, ZARM, MPQ Munich, U Hamburg, HU Berlin, U Ulm y vd
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BEC in microgravity — long free evolution

— \
% g
50 ms o s 100 ms
500 ms } 1000 ms
A\
c/

PR - - -
B 052 aominterferometry [ ZANBM



Interference

Interference for long time of flight (at the moment > 0.6 s)
(b)

(a)

Muintinga et al, PRL 2013

o
W 51/30 Atominterferometry  [EEEEEEEEEEET— ZARM

d = vyedT —»l l«\\“
-AAAA AAAA

vV PR

— Release

AA}LA_?-

_mm, d

ex

l

- Detection

%



Interference

Interference for long time of flight (at the moment > 0.6 s)

(a) (b)

98 = 7= morT
g

z IP-Trap

BEC

P — — < | DKC

ARP

Al

Lw»ww*’/ )\/\””WWMWAJ
D Imaging : v B 1

Mintinga et al, PRL 2013
) %

ZARM
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QUANTUS II

(Fusher beam CF-16 valve

Retarder beam

Dispensers =

Interferometry Detection

telescope

20-MOT beam ) \ §l 30-MOT bearr

QUANTUS Il: further miniaturization
f/{/’

ZARM
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QUANTUS II

QUANTUS Il: further miniaturization
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QUANTUS II

QUANTUS Il: further miniaturization

N\

%
ZARM
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QUANTUS I

QUANTUS lI: further miniaturization — new generation multilayer atomic chip v
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QUANTUS II

QUANTUS II: further miniaturization — new generation multilayer atomic chip

- 55/82  Atom interferometry

15 (s)

Atom chip

j 2ms TOF 2ms TOF
3 o s

Chlp Mot CMOT + Molasses  Initial Magnetic Trap  Final Magnetic Trap
= 200K N= 2010, T2
(fofy, )= 62.58,82)H2 (1 fy, o) = (1783, 1775, 20,804z l'm‘v T 701, 696, B e

200,
B m 20,6) Giem

L

_ \
Br <
Hh k z
FLINA\/Z H
= I ] L S ]

E B g o7 0 o %7 o o7 02

Distanc to MOT cantr (mm) Distance to magnetic trap cantor (mm)

Figure x10° d inl6s. ion images of i the steps
involved (©-®). The (h|p structures used as well a the magnetic field calculated with a model ofthe wire structures re shown below
the images. (The ) All chip with
external bias fields. ® After 500 ms 1 X 10° atomsare loaded intoa MOT genera(ed ic Ustructure. @ TI
compressed and molasses cooled 1020 4. © 2 10" atoms can be captured in the initial magneti tra, formed by the mesoscopic H
andabase chip Z structure. ©@To imp fency, the trap
structure hij Zslmcmre. i itched on. ® Duri ion to BEC the trap is

2z
ZARM



QUANTUS I

QUANTUS II: further miniaturization — technical scetch
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QUANTUS I

QUANTUS II: further miniaturization — diode laser
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QUANTUS II

QUANTUS-II = worldwide fastest and
largest chip-based BEC

ZARM
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Sounding rocket MAIUS
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Sounding rocket MAIUS
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Sounding rocket MAIUS

Sealing : 4
N i 1Y - —
L ] Umbilicals Ay .4 /VCCD

camera

Vacuum
System

Laser
System

11.94m

Electronic
a  System

{0
=+ Power
i System

;ﬂ_

Sealing
|| Umbilicals

Becker et al, Nature 2018
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The goal: ISS

-



PRIMUS

dipole trap (instead of chip)
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PRIMUS metrology

P> Frequency comb

P> Remote operation via WLAN
P> Battery powered (24V / 8 A)
P> First drop 4.3.2010

P> high finesse optical resonators

- 64/82  Atom interferometry




PRIMUS

Test of Equivalence Principle with atom interferometry
Phase link between lasers
2-species atom interferometer

8'Rb

4 % Sa g é
% il i 7 t 7 i
Ramanlaser Ramanlaser
1 Rb: 780 nm K767 nm [
6.8 GHz 1.2 GHz

Frequency Comb as
Transferoscillator
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mission scenario

"

atomic

Atom interferometry



Outline

Quantum tests

» Quantum-to-classical transition

%
C_
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Summary MAQRO

MAQRO = Macroscopic Quantum Resonators
= WAX + DECIDE + CASE
WAX = Wave function Expansion
DECIDE = Decoherence Interference Experiment
CASE = Comparative Acceleration Sensing Experiment

Science cases
WAX: searches for fundamental decoherence by means of wave packet spreading

DECIDE: test the predictions of quantum theory for quantum superpositions of macroscopic
objects containing more than 10® atoms

CASE: demonstrate the performance of a novel type of inertial sensor based on optically
trapped microspheres
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MAQRO Science cases

P> will gravitation lead to modfications of quantum physics for very massive objects? [self gravity at
quantum level?]

P> are macroscopic quantum superpositions at all possible or are there yet unknown decoherence
mechanisms? [quantum to classical tramsition]

P> the short de-Broglie wavelength of massive particles can be used for high sensitivity matter wave
interferometry with practical applications [practical application]

Z
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Setup of MAQRO/DECIDE

&n,cool

-
PBS in, trap

N

- 70/82 Quantum-to-classical transition
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Outline

Quantum tests

» Towards tests of the quantum gravity domain

%
C_
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Decoherence

The model

» model

1
H = = (89 + &7 +99(t)) pip,

P> discuss now the influence of v%/ and neglect &%

P neglect small z—dependence

Noise model

P> isotropic fluctuations v (t) = o§“¢(t)
b white noise (£(£)) = 0, (E()E(E)) = 3(t —t')

P dimo? = time =7,

P> practically no influence from colored noise B
P ~%(t) random process %

o
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Decoherence

Master equation

P> stochastic Schrédinger equation in interaction picture

Zh— | '¢> 'y | 7/J>, ﬁ = e%HOtH,Ye*%Hot

with random Hamiltonian H. with (H,), = 0

P> averaging over fluctuations = averaged density matrix
p(t) = (| ) )
P> master equation for averaged density matrix to second order in the fluctuations

di,;: _%’ / ([, (1), AL, (), p(t)]])dt
/{I
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Decoherence

Markovian master equation

P> in Schrédinger picture
L d )
ih—p(t) = [Hy, p(t)] +ih(Zp)(t)

dt
with P
1 . _ V7D
(D)) = =5V V)] with Vv =Ye
P> master equation is in Lindblad form = defines a completey positive quantum—dynamical
semigroup

P> energy is conserved

P Dis the dissipator

%

o
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Decoherence

Decoherence time

P> solution of master equation in momentum space

, ) AFE 27'C ,
p(p,p’,t) = exp (—ﬁAEt = %t) p(p,p’,0)

decoherence time

Ty = 2% =2 f 27‘
Ch (AE)?T, - AET, ¢
b for Te = Uplanck 13
10°° s
(AE/eV)?

Tp =

P> too large for being observable
P> may change for BECs (Breuer, Gokla & C.L.2009)
=
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Spreading of wave packets

Model

P> dynamics: same model as above
H=H,+V(x), V(x) = O(hdoh, Ohdh)
P> V is Gaussian random function

(Vi) =0, (V(2),V(@)) =Vt —t)g(z — ')

The spreading

for Gaussian correlation and Gaussian initial wave packet

h2 5V2
2+
4m?2072 (0) v 2rm2a”
free evolution superdiffusion //

<
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Self gravity

Non-relativistic self gravity (e.g. Giulini & Grossardt)

. 2 -
it = —;—mm +mUy, AU = 47G

Relativistic self gravity (Boson stars, Kunz et al)

1
0=v+m*p+V(), R, —:9,R=rT, %)

2

P> Experimental realization of Boson stars (needs high density)

P> Spherically symmetric configurations
P> Rotating configurations

P> Interference of two self-gravitating objects

C/
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Semiclassical Einstein equations

Semiclassical Einstein equations

1 o~
R,u,l/ - §guuR = “(1/} | T,u,l/ | ¢>

Symmetrized and antisymmetrized
states in double-well potential

1

|¢i>:\/§

()£ [ 2))

P Symmetrized and antisymmetrized states have same spatial density | | ¢, )| = | | ¥_)|
> Symetrized and antisymmetrized states create different gravitational field:
<1/}+ | T/.Ll/ | 1/)+> 7& <¢— | T;w | ¢_>

P> Gravitational field can be probed by slow atoms (v ~ 1 mm/s)
(Peres & Lindner, PRA 2004)
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Semiclassical Einstein equations

Semiclassical Einstein equations

1 o~
R,u,l/ - §guuR = “(1/} | T,u,l/ | ¢>

Symmetrized and antisymmetrized
states in double-well potential

| 1) | 1a)

1

|¢i>:\/§

()£ [ 2))

P Symmetrized and antisymmetrized states have same spatial density | | ¢, )| = | | ¥_)|
> Symetrized and antisymmetrized states create different gravitational field:
<1/}+ | T/.Ll/ | 1/)+> 7& <¢— | T;w | ¢_>

P> Gravitational field can be probed by slow atoms (v ~ 1 mm/s)
(Peres & Lindner, PRA 2004)
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Outlook - further issues

Quantum time

P> Is the Compton frequency of an atom a clock? “A rock as a clock” (Miiller, Peters, Chu, Nature
2010)

Decoherence

P> decoherence of extended quantum states through position-dependent time dilation (Pikovski et
al., Nat.Phys. 15. June (2015))
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Summary
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Summary

What is special of quantum mechanics and gravity?
P> uniqueness of quantum matter — no need for prototypes

P> uniqueness of coupling (passive and active)

Practical applications of quantum devices, some with huge impact on the society
P> geodesy, reference frames (— talk of Jirgen Miiller)

P> positioning

P metrology, TAI

P> quantum cryptography (quantum internet)

P> quantum computing

P> wide range of quantum sensors

Advantage of space for

P> quantum sensors

P quantum metrology /,/,/
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Summary

What is special of quantum mechanics and gravity?
P> uniqueness of quantum matter — no need for prototypes

P> uniqueness of coupling (passive and active)

Practical applications of quantum devices, some with huge impact on the society
P> geodesy, reference frames (— talk of Jirgen Miiller)

P> positioning

P metrology, TAI

P> quantum cryptography (quantum internet)

P> quantum computing

P> wide range of quantum sensors . .
Quantum devices provide

Advantage of space for the technology of the 21st century

P> quantum sensors

P quantum metrology %,,
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