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= Einstein equivalence principle fulfilled - metric theory of gravitation
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Internal superposition energy
= two-level atom

. & -
= internal frequency f) )

= measured: (proper)time -
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Internal superposition energy .
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= internal frequency (2 ) TF ——————— — =+ >phase

= measured: (proper)time -

Spatial superposition i - ’i_/
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= position X, momentum P I_J ' '

= measured: accelerations -
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@ Clocks & atom interferometers UUlm

Internal superposition energy .
= two-level atom @ _ hﬂ-[ €) e A
= internal frequency (2 ) TF ——————— — =+ >phase

= measured: (proper)time -

Spatial superposition

= center-of-mass states 7\ _7 DA _ -
’ 1

= position X, momentum P

momentum
- phase

= measured: accelerations

Combination

momentum +

= clock on every branch state

-> quantum-clock interferometry
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Interference signal of quantum sensors UU|m
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Interference signal of quantum sensors

universitat

uu

Im

Interference signal from overlap

phase
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Phase from perturbation

Phys. Rev. A 101, 053615

unperturbed .
3 perturbed classical counterpart

X R
|:> trajectory from [? b

ﬁa/b - Hg/b T 7:[a/b

|:> [dt(7,—7,) along trajectory

(+ wave packet effects)
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Interference signal from overlap U
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contrast /
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Phase from perturbation 0
Phys. Rev. A 101, 053615 G
unpergjrbed . perturbed classical counterpart

ﬁa/b - Hg/b T 7:[a/b

Ry
|:> trajectory from Hg/b |:> [dt(H,=*,) along trajectory

(+ wave packet effects)
Overview of perturbations

Energie
A
Mo 4
. ?,TL ‘e) __m C2 o =) ’,""_‘~\
equivalence 1 mass defect e non-inertial *
violations Nl (CatinG 2, 0s ) effects U
PRX Quantum 2, 040333 ‘g) - mgc Phys. Rev. A 103, 023305
(talk by E. Giese) —

+ further relativistic perturbations (talk by E. Giese)
Phys. Rev. D 107, 064007; Phys. Rev. D 105, 084065
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Free-fall test with atom interferometers uulm
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= spatial superposition via short light pulses

atom cloud
- _kR
e — — © i < i s
- Phys. Rev. D 105, 084065
=) k=kB + kR
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Free-fall test with atom interferometers uulm
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= spatial superposition via short light pulses { o

atom cloud

— _kR
o — — © = = S s
- Phys. Rev. D 105, 084065

=) k=£kB + kR

= Mach-Zehnder atom interferometer

-> two different masses 7

—> differential phase —nkgT2 I_.t PRX Quantum 2, 040333
> Ebtvds parameter 17 = (g1 — g2) /g

{
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-—

Terrestrial Very-Long-Baseline Atom Interferometry Workshop - Fabio Di Pumpo 14. March 2023 m
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= spatial superposition via short light pulses

atom cloud
LB e~ — kR
e — — © i < i s
W Phys. Rev. D 105, 084065
=) k=kB +kR

= Mach-Zehnder atom interferometer
—> two different masses
> differential phase —nkgT™
- EOtvos parameter 1 = (g1 — g2) /g

» different masses via
» atomic species Phys. Rev. Lett. 112, 203002
> ISOtOpEeS Phys. Rev. Lett. 125, 191101

> Internal states chin. phys. Lett. 37, 043701

191/2

PRX Quantum 2, 040333
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7
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@ Redshift test with quantum-clock interferometry

m

= replace middle light pulse of Mach-Zehnder | 9ers

= N levitating pulses - acceleration a

= different masses via internal states
- quantum-clock interferometry
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PRX Quantum 2, 040333
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@ Redshift test with qguantum-clock interferometry 18 § Ulm

= replace middle light pulse of Mach-Zehnder | 9ers

= N levitating pulses - acceleration a

= different masses via internal states
- quantum-clock interferometry

> differential phase B £ SO I L SRS S W : 2
~a/g+q)or 7, 4L BLYAY gY Y g
UGR viglation + T T T .
PRX Quantum 2, 040333
with 67 = dz0gNT /c?
- UGRtestfor ¢ = g

&

alo — hQa=me*n

®_1‘ (talk by E. Giese)
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@ Redshift test with qguantum-clock interferometry 18 § Ulm

= replace middle light pulse of Mach-Zehnder | 9ers

= N levitating pulses - acceleration a

= different masses via internal states
- quantum-clock interferometry

~> differential phase B s S S T D |
—Q(a/g+a)or 7 A | it a1 el 1
UGR viglation + T T T ...
PRX Quantum 2, 040333
with 67 = dz0gNT /c?

- UGRtestfor a = ¢

projected UGR sensitivity: o < 1073 Sl — hQao = me?,
. PRXQuantum 2, 040333 E a=0 —me
- clock-based tests: o < 10~ g ®_1‘ (talk by E. Giese)
Phys. Rev. Lett. 121, 231102 E-
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Further UGR-sensitive schemes | UU|m
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Phys. Rev. X 10, 021014
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Further UGR-sensitive schemes uu|m

Ige/g

!

10 10 10 10
, [ 0 , 0 i
T T T
t t
—Q(1+a)dzg (ts —t1) /c? FQ(1+ a)dz09T" /A —2kgT (T" +T) (14 1g/)
Phys. Rev. X 10, 021014 Phys. Rev. Research 2, 043240

- both schemes: —Q (1 + a) 7
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Clock-rate tests with quantum-clock interferometry
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= competitive clock-rate test?
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Clock-rate tests with quantum-clock interferometry

m

= competitive clock-rate test?

- UCR test instead of UGR test
- internal-state transitions

—> phase of single quantum clock

3QAT (1 + «/2) / (16T) + corrections
with AT = g*T3/ (3¢?)

T/4 T/2 T/4
f Phys. Rev. D 107, 064007
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Clock-rate tests with quantum-clock interferometry

m

= competitive clock-rate test?

- UCR test instead of UGR test
- internal-state transitions

—> phase of single quantum clock

3QAT (1 + «/2) / (16T) + corrections
with AT = g*T3/ (3¢?)

7 1
I T/4 T/2 T/4
= two different isotopes ! Phys. Rev. D 107, 064007

> a1 and @2: da = oy — Qg
- differential measurement

3ATa/32T 4+ corrections g

X O O
UCR violation E so ; 0
i
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Implementation in Very Long Baseline Atom Interferometry (VLBAI)

15m

Leibniz Universitat Hannover
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® Sensitivity estimates & parameters & uulm

Implementation in Very Long Baseline Atom Interferometry (VLBAI)

experimental parameters:

T =3s 2-10%rep/140 d 107 atoms 6s cycle time

CPT and Lorentz Symmetry, pp. 37; Phys. Rev. Lett. 124, 083604

15m

Leibniz Universitat Hannover
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@ Sensitivity estimates & parameters U Ulm

Implementation in Very Long Baseline Atom Interferometry (VLBAI)

experimental parameters:

T =3s 2-10%rep/140 d 107 atoms 6s cycle time

CPT and Lorentz Symmetry, pp. 37; Phys. Rev. Lett. 124, 083604

requirements from other perturbations:

speed of light: accelerations: gradients: %

5 T
AZy < 2.5mm Aag < 2-107%m/s? Avg <2-10"%m/s " g
Avg < 0.8mm/s - mitigation % :
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@ Sensitivity estimates & parameters U Ulm

Implementation in Very Long Baseline Atom Interferometry (VLBAI)

experimental parameters:

T =3s 2-10%rep/140 d 107 atoms 6s cycle time

CPT and Lorentz Symmetry, pp. 37; Phys. Rev. Lett. 124, 083604

requirements from other perturbations:

speed of light: accelerations: gradients: .
AZy < 2.5mm Aag<2-107%m/s2  Awy<2-10"8m/s "
Avg < 0.8mm/s - mitigation :

Leibniz Universitat Hannover

atomic clocks:

87Sr and 88Sr: 174yp and 176vh: | < 2.2-1077
_ _ Nature Phys. 14, 882
0o <1.2:1077  Ja <1077 ~ 107
Phys. Rev. D 107, 064007 Phys. Rev. Lett. 126, 011102
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Conclusion

PRX Quantum 2, 040333 (2021) Phys. Rev. D 107, 064007 (2023)

Thank you for your attention!

Contact:
fabio.di-pumpo@uni-ulm.de
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