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! General Relativity (GR) makes gravitation universal (no coupling to a charge) and 
allows it to be described as a geometric phenomenon (space-time curvature) in 
contrast to all other interactions that rely on symmetries or other fundamental 
arguments 


! Principles of GR are rather an expression of an empirical assumption Òbodies 
fall the same way in the same gravitational potentialÓ. Einstein himself called it 
at first Òthe hypothesis of equivalenceÓ


! Most attempts to explain Dark Energy, Dark Matter, etc. improving the standard 
model are violating the Einstein Equivalence Principle

Under which condition the EEP 
is violated and to which extent ?

Motivation
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Einstein Equivalence Principle
Weak Equivalence Principle: Free fall trajectory independent of 
internal composition 


(Classical) Tests:
Torsion balance

! (Be,Ti) = (0.3± 1.8) ! 10" 13

! (Be,Al) = (" 0.7± 1.3) ! 10" 13

Wagner et al., CQG 29, 184002 (2012)

MICROSCOPE

! (Ti,Pt:Rh) = (" 1 ± 9(stat)± 9(syst)) ! 10" 15

! (Earth,Moon) = (" 3 ± 5) ! 10" 14. ! pC, Kq Ò p«1.0 ù 1.4q ö 10« 13 .
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Hofmann et Müller, CQG 35, 035015 (2018)

Touboul et al., PRL 119, 231101 (2017)
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Lunar laser ranging

Laser gravimeter

! (Cu,U) = 5 ! 10" 10

Niebauer et al., PRL 59, 609 (1987)
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Outline 5

Atom Interferometric tests of the UFF

Space UFF test

State-of-the-art and heritage
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Atom Interferometric Tests of the UFF

P # cos($ " )

$ " = !keff % !g T2

!g
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Population in output 
port


with phase difference
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P # cos($ " )

$ " = !keff % !g T2

!g
<latexit sha1_base64="e4Oaaey9+eurnGgaitoZZbNcw4U="></latexit><latexit sha1_base64="e4Oaaey9+eurnGgaitoZZbNcw4U="></latexit><latexit sha1_base64="e4Oaaey9+eurnGgaitoZZbNcw4U="></latexit><latexit sha1_base64="e4Oaaey9+eurnGgaitoZZbNcw4U="></latexit>

t

z

T T

z0

!
<latexit sha1_base64="g9DiauvjWqIoqupXtcr+O+BP69o=">AAACDXicbVDLSsNAFJ34rPFVdekmGARXJSOCLotuXFa0D2hCmUwm7dCZSZiZVErIJ4g7/RJ34tZv8EPcO2mz0NYDA4dzzuXeOWHKqNKe92WtrK6tb2zWtuztnd29/frBYUclmcSkjROWyF6IFGFUkLammpFeKgniISPdcHxT+t0JkYom4kFPUxJwNBQ0phhpI937KR3UXa/hzeAsE1gRF1RoDerffpTgjBOhMUNK9aGX6iBHUlPMSGH7mSIpwmM0JH1DBeJEBfns1MI5NUrkxIk0T2hnpv6eyBFXaspDk+RIj9SiV4r/ef1Mx1dBTkWaaSLwfFGcMUcnTvlvJ6KSYM2mhiAsqbnVwSMkEdamHdsX5BEnnCMR5f7EBIs+DHK/XBPGuQuLwjY9wcVWlknnvAG9Bry7cJvXVWM1cAxOwBmA4BI0wS1ogTbAYAiewAt4tZ6tN+vd+phHV6xq5gj8gfX5A1MPnC8=</latexit><latexit sha1_base64="g9DiauvjWqIoqupXtcr+O+BP69o=">AAACDXicbVDLSsNAFJ34rPFVdekmGARXJSOCLotuXFa0D2hCmUwm7dCZSZiZVErIJ4g7/RJ34tZv8EPcO2mz0NYDA4dzzuXeOWHKqNKe92WtrK6tb2zWtuztnd29/frBYUclmcSkjROWyF6IFGFUkLammpFeKgniISPdcHxT+t0JkYom4kFPUxJwNBQ0phhpI937KR3UXa/hzeAsE1gRF1RoDerffpTgjBOhMUNK9aGX6iBHUlPMSGH7mSIpwmM0JH1DBeJEBfns1MI5NUrkxIk0T2hnpv6eyBFXaspDk+RIj9SiV4r/ef1Mx1dBTkWaaSLwfFGcMUcnTvlvJ6KSYM2mhiAsqbnVwSMkEdamHdsX5BEnnCMR5f7EBIs+DHK/XBPGuQuLwjY9wcVWlknnvAG9Bry7cJvXVWM1cAxOwBmA4BI0wS1ogTbAYAiewAt4tZ6tN+vd+phHV6xq5gj8gfX5A1MPnC8=</latexit><latexit sha1_base64="g9DiauvjWqIoqupXtcr+O+BP69o=">AAACDXicbVDLSsNAFJ34rPFVdekmGARXJSOCLotuXFa0D2hCmUwm7dCZSZiZVErIJ4g7/RJ34tZv8EPcO2mz0NYDA4dzzuXeOWHKqNKe92WtrK6tb2zWtuztnd29/frBYUclmcSkjROWyF6IFGFUkLammpFeKgniISPdcHxT+t0JkYom4kFPUxJwNBQ0phhpI937KR3UXa/hzeAsE1gRF1RoDerffpTgjBOhMUNK9aGX6iBHUlPMSGH7mSIpwmM0JH1DBeJEBfns1MI5NUrkxIk0T2hnpv6eyBFXaspDk+RIj9SiV4r/ef1Mx1dBTkWaaSLwfFGcMUcnTvlvJ6KSYM2mhiAsqbnVwSMkEdamHdsX5BEnnCMR5f7EBIs+DHK/XBPGuQuLwjY9wcVWlknnvAG9Bry7cJvXVWM1cAxOwBmA4BI0wS1ogTbAYAiewAt4tZ6tN+vd+phHV6xq5gj8gfX5A1MPnC8=</latexit><latexit sha1_base64="g9DiauvjWqIoqupXtcr+O+BP69o=">AAACDXicbVDLSsNAFJ34rPFVdekmGARXJSOCLotuXFa0D2hCmUwm7dCZSZiZVErIJ4g7/RJ34tZv8EPcO2mz0NYDA4dzzuXeOWHKqNKe92WtrK6tb2zWtuztnd29/frBYUclmcSkjROWyF6IFGFUkLammpFeKgniISPdcHxT+t0JkYom4kFPUxJwNBQ0phhpI937KR3UXa/hzeAsE1gRF1RoDerffpTgjBOhMUNK9aGX6iBHUlPMSGH7mSIpwmM0JH1DBeJEBfns1MI5NUrkxIk0T2hnpv6eyBFXaspDk+RIj9SiV4r/ef1Mx1dBTkWaaSLwfFGcMUcnTvlvJ6KSYM2mhiAsqbnVwSMkEdamHdsX5BEnnCMR5f7EBIs+DHK/XBPGuQuLwjY9wcVWlknnvAG9Bry7cJvXVWM1cAxOwBmA4BI0wS1ogTbAYAiewAt4tZ6tN+vd+phHV6xq5gj8gfX5A1MPnC8=</latexit>! / 2

<latexit sha1_base64="kGhmkxSKLgnS6wOM5x/r2EpCMO8=">AAACEHicbVC7TsMwFHV4lvAqMLJYREhMJamQYKxgYSwSfUhJVDmO05raTmQ7RVWUf0Bs8CVsiJU/4EPYcR8DtBzJ0tE55+penyhjVGnX/bJWVtfWNzYrW/b2zu7efvXgsK3SXGLSwilLZTdCijAqSEtTzUg3kwTxiJFONLyZ+J0RkYqm4l6PMxJy1Bc0oRhpI7WDjJ7Deq/quDV3CrhMvDlxwBzNXvU7iFOccyI0Zkgp33MzHRZIaooZKe0gVyRDeIj6xDdUIE5UWEyvLeGpUWKYpNI8oeFU/T1RIK7UmEcmyZEeqEVvIv7n+blOrsKCiizXRODZoiRnUKdw8nUYU0mwZmNDEJbU3ArxAEmEtSnIDgR5xCnnSMRFMDLB0vfCIpisiZLC8crSNj15i60sk3a95rk17+7CaVzPG6uAY3ACzoAHLkED3IImaAEMHsATeAGv1rP1Zr1bH7PoijWfOQJ/YH3+AJuJnM4=</latexit><latexit sha1_base64="kGhmkxSKLgnS6wOM5x/r2EpCMO8=">AAACEHicbVC7TsMwFHV4lvAqMLJYREhMJamQYKxgYSwSfUhJVDmO05raTmQ7RVWUf0Bs8CVsiJU/4EPYcR8DtBzJ0tE55+penyhjVGnX/bJWVtfWNzYrW/b2zu7efvXgsK3SXGLSwilLZTdCijAqSEtTzUg3kwTxiJFONLyZ+J0RkYqm4l6PMxJy1Bc0oRhpI7WDjJ7Deq/quDV3CrhMvDlxwBzNXvU7iFOccyI0Zkgp33MzHRZIaooZKe0gVyRDeIj6xDdUIE5UWEyvLeGpUWKYpNI8oeFU/T1RIK7UmEcmyZEeqEVvIv7n+blOrsKCiizXRODZoiRnUKdw8nUYU0mwZmNDEJbU3ArxAEmEtSnIDgR5xCnnSMRFMDLB0vfCIpisiZLC8crSNj15i60sk3a95rk17+7CaVzPG6uAY3ACzoAHLkED3IImaAEMHsATeAGv1rP1Zr1bH7PoijWfOQJ/YH3+AJuJnM4=</latexit><latexit sha1_base64="kGhmkxSKLgnS6wOM5x/r2EpCMO8=">AAACEHicbVC7TsMwFHV4lvAqMLJYREhMJamQYKxgYSwSfUhJVDmO05raTmQ7RVWUf0Bs8CVsiJU/4EPYcR8DtBzJ0tE55+penyhjVGnX/bJWVtfWNzYrW/b2zu7efvXgsK3SXGLSwilLZTdCijAqSEtTzUg3kwTxiJFONLyZ+J0RkYqm4l6PMxJy1Bc0oRhpI7WDjJ7Deq/quDV3CrhMvDlxwBzNXvU7iFOccyI0Zkgp33MzHRZIaooZKe0gVyRDeIj6xDdUIE5UWEyvLeGpUWKYpNI8oeFU/T1RIK7UmEcmyZEeqEVvIv7n+blOrsKCiizXRODZoiRnUKdw8nUYU0mwZmNDEJbU3ArxAEmEtSnIDgR5xCnnSMRFMDLB0vfCIpisiZLC8crSNj15i60sk3a95rk17+7CaVzPG6uAY3ACzoAHLkED3IImaAEMHsATeAGv1rP1Zr1bH7PoijWfOQJ/YH3+AJuJnM4=</latexit><latexit sha1_base64="kGhmkxSKLgnS6wOM5x/r2EpCMO8=">AAACEHicbVC7TsMwFHV4lvAqMLJYREhMJamQYKxgYSwSfUhJVDmO05raTmQ7RVWUf0Bs8CVsiJU/4EPYcR8DtBzJ0tE55+penyhjVGnX/bJWVtfWNzYrW/b2zu7efvXgsK3SXGLSwilLZTdCijAqSEtTzUg3kwTxiJFONLyZ+J0RkYqm4l6PMxJy1Bc0oRhpI7WDjJ7Deq/quDV3CrhMvDlxwBzNXvU7iFOccyI0Zkgp33MzHRZIaooZKe0gVyRDeIj6xDdUIE5UWEyvLeGpUWKYpNI8oeFU/T1RIK7UmEcmyZEeqEVvIv7n+blOrsKCiizXRODZoiRnUKdw8nUYU0mwZmNDEJbU3ArxAEmEtSnIDgR5xCnnSMRFMDLB0vfCIpisiZLC8crSNj15i60sk3a95rk17+7CaVzPG6uAY3ACzoAHLkED3IImaAEMHsATeAGv1rP1Zr1bH7PoijWfOQJ/YH3+AJuJnM4=</latexit>

! / 2
<latexit sha1_base64="kGhmkxSKLgnS6wOM5x/r2EpCMO8=">AAACEHicbVC7TsMwFHV4lvAqMLJYREhMJamQYKxgYSwSfUhJVDmO05raTmQ7RVWUf0Bs8CVsiJU/4EPYcR8DtBzJ0tE55+penyhjVGnX/bJWVtfWNzYrW/b2zu7efvXgsK3SXGLSwilLZTdCijAqSEtTzUg3kwTxiJFONLyZ+J0RkYqm4l6PMxJy1Bc0oRhpI7WDjJ7Deq/quDV3CrhMvDlxwBzNXvU7iFOccyI0Zkgp33MzHRZIaooZKe0gVyRDeIj6xDdUIE5UWEyvLeGpUWKYpNI8oeFU/T1RIK7UmEcmyZEeqEVvIv7n+blOrsKCiizXRODZoiRnUKdw8nUYU0mwZmNDEJbU3ArxAEmEtSnIDgR5xCnnSMRFMDLB0vfCIpisiZLC8crSNj15i60sk3a95rk17+7CaVzPG6uAY3ACzoAHLkED3IImaAEMHsATeAGv1rP1Zr1bH7PoijWfOQJ/YH3+AJuJnM4=</latexit><latexit sha1_base64="kGhmkxSKLgnS6wOM5x/r2EpCMO8=">AAACEHicbVC7TsMwFHV4lvAqMLJYREhMJamQYKxgYSwSfUhJVDmO05raTmQ7RVWUf0Bs8CVsiJU/4EPYcR8DtBzJ0tE55+penyhjVGnX/bJWVtfWNzYrW/b2zu7efvXgsK3SXGLSwilLZTdCijAqSEtTzUg3kwTxiJFONLyZ+J0RkYqm4l6PMxJy1Bc0oRhpI7WDjJ7Deq/quDV3CrhMvDlxwBzNXvU7iFOccyI0Zkgp33MzHRZIaooZKe0gVyRDeIj6xDdUIE5UWEyvLeGpUWKYpNI8oeFU/T1RIK7UmEcmyZEeqEVvIv7n+blOrsKCiizXRODZoiRnUKdw8nUYU0mwZmNDEJbU3ArxAEmEtSnIDgR5xCnnSMRFMDLB0vfCIpisiZLC8crSNj15i60sk3a95rk17+7CaVzPG6uAY3ACzoAHLkED3IImaAEMHsATeAGv1rP1Zr1bH7PoijWfOQJ/YH3+AJuJnM4=</latexit><latexit sha1_base64="kGhmkxSKLgnS6wOM5x/r2EpCMO8=">AAACEHicbVC7TsMwFHV4lvAqMLJYREhMJamQYKxgYSwSfUhJVDmO05raTmQ7RVWUf0Bs8CVsiJU/4EPYcR8DtBzJ0tE55+penyhjVGnX/bJWVtfWNzYrW/b2zu7efvXgsK3SXGLSwilLZTdCijAqSEtTzUg3kwTxiJFONLyZ+J0RkYqm4l6PMxJy1Bc0oRhpI7WDjJ7Deq/quDV3CrhMvDlxwBzNXvU7iFOccyI0Zkgp33MzHRZIaooZKe0gVyRDeIj6xDdUIE5UWEyvLeGpUWKYpNI8oeFU/T1RIK7UmEcmyZEeqEVvIv7n+blOrsKCiizXRODZoiRnUKdw8nUYU0mwZmNDEJbU3ArxAEmEtSnIDgR5xCnnSMRFMDLB0vfCIpisiZLC8crSNj15i60sk3a95rk17+7CaVzPG6uAY3ACzoAHLkED3IImaAEMHsATeAGv1rP1Zr1bH7PoijWfOQJ/YH3+AJuJnM4=</latexit><latexit sha1_base64="kGhmkxSKLgnS6wOM5x/r2EpCMO8=">AAACEHicbVC7TsMwFHV4lvAqMLJYREhMJamQYKxgYSwSfUhJVDmO05raTmQ7RVWUf0Bs8CVsiJU/4EPYcR8DtBzJ0tE55+penyhjVGnX/bJWVtfWNzYrW/b2zu7efvXgsK3SXGLSwilLZTdCijAqSEtTzUg3kwTxiJFONLyZ+J0RkYqm4l6PMxJy1Bc0oRhpI7WDjJ7Deq/quDV3CrhMvDlxwBzNXvU7iFOccyI0Zkgp33MzHRZIaooZKe0gVyRDeIj6xDdUIE5UWEyvLeGpUWKYpNI8oeFU/T1RIK7UmEcmyZEeqEVvIv7n+blOrsKCiizXRODZoiRnUKdw8nUYU0mwZmNDEJbU3ArxAEmEtSnIDgR5xCnnSMRFMDLB0vfCIpisiZLC8crSNj15i60sk3a95rk17+7CaVzPG6uAY3ACzoAHLkED3IImaAEMHsATeAGv1rP1Zr1bH7PoijWfOQJ/YH3+AJuJnM4=</latexit>

species B

species A

!g
<latexit sha1_base64="e4Oaaey9+eurnGgaitoZZbNcw4U="></latexit><latexit sha1_base64="e4Oaaey9+eurnGgaitoZZbNcw4U="></latexit><latexit sha1_base64="e4Oaaey9+eurnGgaitoZZbNcw4U="></latexit><latexit sha1_base64="e4Oaaey9+eurnGgaitoZZbNcw4U="></latexit>

Population in output 
port


with phase difference

7Atom Interferometric Tests of the UFF
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phase of species i

Population in output 
port


with phase difference

P # cos($ " )

$ " = !keff % !g T2

ai =
! ! i

ke! ,i T2
i

<latexit sha1_base64="+abdy2SMTGyVflmMitwVD4Z2U+Y="></latexit><latexit sha1_base64="+abdy2SMTGyVflmMitwVD4Z2U+Y="></latexit><latexit sha1_base64="+abdy2SMTGyVflmMitwVD4Z2U+Y="></latexit><latexit sha1_base64="+abdy2SMTGyVflmMitwVD4Z2U+Y="></latexit>

acceleration 
of species i

scale factor of species i

Simultaneous AIs measure differential acceleration:

! = 2
! a1 " a2!

a1 + a2

!g
<latexit sha1_base64="e4Oaaey9+eurnGgaitoZZbNcw4U="></latexit><latexit sha1_base64="e4Oaaey9+eurnGgaitoZZbNcw4U="></latexit><latexit sha1_base64="e4Oaaey9+eurnGgaitoZZbNcw4U="></latexit><latexit sha1_base64="e4Oaaey9+eurnGgaitoZZbNcw4U="></latexit>

t

z

T T

z0

!
<latexit sha1_base64="g9DiauvjWqIoqupXtcr+O+BP69o=">AAACDXicbVDLSsNAFJ34rPFVdekmGARXJSOCLotuXFa0D2hCmUwm7dCZSZiZVErIJ4g7/RJ34tZv8EPcO2mz0NYDA4dzzuXeOWHKqNKe92WtrK6tb2zWtuztnd29/frBYUclmcSkjROWyF6IFGFUkLammpFeKgniISPdcHxT+t0JkYom4kFPUxJwNBQ0phhpI937KR3UXa/hzeAsE1gRF1RoDerffpTgjBOhMUNK9aGX6iBHUlPMSGH7mSIpwmM0JH1DBeJEBfns1MI5NUrkxIk0T2hnpv6eyBFXaspDk+RIj9SiV4r/ef1Mx1dBTkWaaSLwfFGcMUcnTvlvJ6KSYM2mhiAsqbnVwSMkEdamHdsX5BEnnCMR5f7EBIs+DHK/XBPGuQuLwjY9wcVWlknnvAG9Bry7cJvXVWM1cAxOwBmA4BI0wS1ogTbAYAiewAt4tZ6tN+vd+phHV6xq5gj8gfX5A1MPnC8=</latexit><latexit sha1_base64="g9DiauvjWqIoqupXtcr+O+BP69o=">AAACDXicbVDLSsNAFJ34rPFVdekmGARXJSOCLotuXFa0D2hCmUwm7dCZSZiZVErIJ4g7/RJ34tZv8EPcO2mz0NYDA4dzzuXeOWHKqNKe92WtrK6tb2zWtuztnd29/frBYUclmcSkjROWyF6IFGFUkLammpFeKgniISPdcHxT+t0JkYom4kFPUxJwNBQ0phhpI937KR3UXa/hzeAsE1gRF1RoDerffpTgjBOhMUNK9aGX6iBHUlPMSGH7mSIpwmM0JH1DBeJEBfns1MI5NUrkxIk0T2hnpv6eyBFXaspDk+RIj9SiV4r/ef1Mx1dBTkWaaSLwfFGcMUcnTvlvJ6KSYM2mhiAsqbnVwSMkEdamHdsX5BEnnCMR5f7EBIs+DHK/XBPGuQuLwjY9wcVWlknnvAG9Bry7cJvXVWM1cAxOwBmA4BI0wS1ogTbAYAiewAt4tZ6tN+vd+phHV6xq5gj8gfX5A1MPnC8=</latexit><latexit sha1_base64="g9DiauvjWqIoqupXtcr+O+BP69o=">AAACDXicbVDLSsNAFJ34rPFVdekmGARXJSOCLotuXFa0D2hCmUwm7dCZSZiZVErIJ4g7/RJ34tZv8EPcO2mz0NYDA4dzzuXeOWHKqNKe92WtrK6tb2zWtuztnd29/frBYUclmcSkjROWyF6IFGFUkLammpFeKgniISPdcHxT+t0JkYom4kFPUxJwNBQ0phhpI937KR3UXa/hzeAsE1gRF1RoDerffpTgjBOhMUNK9aGX6iBHUlPMSGH7mSIpwmM0JH1DBeJEBfns1MI5NUrkxIk0T2hnpv6eyBFXaspDk+RIj9SiV4r/ef1Mx1dBTkWaaSLwfFGcMUcnTvlvJ6KSYM2mhiAsqbnVwSMkEdamHdsX5BEnnCMR5f7EBIs+DHK/XBPGuQuLwjY9wcVWlknnvAG9Bry7cJvXVWM1cAxOwBmA4BI0wS1ogTbAYAiewAt4tZ6tN+vd+phHV6xq5gj8gfX5A1MPnC8=</latexit><latexit sha1_base64="g9DiauvjWqIoqupXtcr+O+BP69o=">AAACDXicbVDLSsNAFJ34rPFVdekmGARXJSOCLotuXFa0D2hCmUwm7dCZSZiZVErIJ4g7/RJ34tZv8EPcO2mz0NYDA4dzzuXeOWHKqNKe92WtrK6tb2zWtuztnd29/frBYUclmcSkjROWyF6IFGFUkLammpFeKgniISPdcHxT+t0JkYom4kFPUxJwNBQ0phhpI937KR3UXa/hzeAsE1gRF1RoDerffpTgjBOhMUNK9aGX6iBHUlPMSGH7mSIpwmM0JH1DBeJEBfns1MI5NUrkxIk0T2hnpv6eyBFXaspDk+RIj9SiV4r/ef1Mx1dBTkWaaSLwfFGcMUcnTvlvJ6KSYM2mhiAsqbnVwSMkEdamHdsX5BEnnCMR5f7EBIs+DHK/XBPGuQuLwjY9wcVWlknnvAG9Bry7cJvXVWM1cAxOwBmA4BI0wS1ogTbAYAiewAt4tZ6tN+vd+phHV6xq5gj8gfX5A1MPnC8=</latexit>! / 2

<latexit sha1_base64="kGhmkxSKLgnS6wOM5x/r2EpCMO8=">AAACEHicbVC7TsMwFHV4lvAqMLJYREhMJamQYKxgYSwSfUhJVDmO05raTmQ7RVWUf0Bs8CVsiJU/4EPYcR8DtBzJ0tE55+penyhjVGnX/bJWVtfWNzYrW/b2zu7efvXgsK3SXGLSwilLZTdCijAqSEtTzUg3kwTxiJFONLyZ+J0RkYqm4l6PMxJy1Bc0oRhpI7WDjJ7Deq/quDV3CrhMvDlxwBzNXvU7iFOccyI0Zkgp33MzHRZIaooZKe0gVyRDeIj6xDdUIE5UWEyvLeGpUWKYpNI8oeFU/T1RIK7UmEcmyZEeqEVvIv7n+blOrsKCiizXRODZoiRnUKdw8nUYU0mwZmNDEJbU3ArxAEmEtSnIDgR5xCnnSMRFMDLB0vfCIpisiZLC8crSNj15i60sk3a95rk17+7CaVzPG6uAY3ACzoAHLkED3IImaAEMHsATeAGv1rP1Zr1bH7PoijWfOQJ/YH3+AJuJnM4=</latexit><latexit sha1_base64="kGhmkxSKLgnS6wOM5x/r2EpCMO8=">AAACEHicbVC7TsMwFHV4lvAqMLJYREhMJamQYKxgYSwSfUhJVDmO05raTmQ7RVWUf0Bs8CVsiJU/4EPYcR8DtBzJ0tE55+penyhjVGnX/bJWVtfWNzYrW/b2zu7efvXgsK3SXGLSwilLZTdCijAqSEtTzUg3kwTxiJFONLyZ+J0RkYqm4l6PMxJy1Bc0oRhpI7WDjJ7Deq/quDV3CrhMvDlxwBzNXvU7iFOccyI0Zkgp33MzHRZIaooZKe0gVyRDeIj6xDdUIE5UWEyvLeGpUWKYpNI8oeFU/T1RIK7UmEcmyZEeqEVvIv7n+blOrsKCiizXRODZoiRnUKdw8nUYU0mwZmNDEJbU3ArxAEmEtSnIDgR5xCnnSMRFMDLB0vfCIpisiZLC8crSNj15i60sk3a95rk17+7CaVzPG6uAY3ACzoAHLkED3IImaAEMHsATeAGv1rP1Zr1bH7PoijWfOQJ/YH3+AJuJnM4=</latexit><latexit sha1_base64="kGhmkxSKLgnS6wOM5x/r2EpCMO8=">AAACEHicbVC7TsMwFHV4lvAqMLJYREhMJamQYKxgYSwSfUhJVDmO05raTmQ7RVWUf0Bs8CVsiJU/4EPYcR8DtBzJ0tE55+penyhjVGnX/bJWVtfWNzYrW/b2zu7efvXgsK3SXGLSwilLZTdCijAqSEtTzUg3kwTxiJFONLyZ+J0RkYqm4l6PMxJy1Bc0oRhpI7WDjJ7Deq/quDV3CrhMvDlxwBzNXvU7iFOccyI0Zkgp33MzHRZIaooZKe0gVyRDeIj6xDdUIE5UWEyvLeGpUWKYpNI8oeFU/T1RIK7UmEcmyZEeqEVvIv7n+blOrsKCiizXRODZoiRnUKdw8nUYU0mwZmNDEJbU3ArxAEmEtSnIDgR5xCnnSMRFMDLB0vfCIpisiZLC8crSNj15i60sk3a95rk17+7CaVzPG6uAY3ACzoAHLkED3IImaAEMHsATeAGv1rP1Zr1bH7PoijWfOQJ/YH3+AJuJnM4=</latexit><latexit sha1_base64="kGhmkxSKLgnS6wOM5x/r2EpCMO8=">AAACEHicbVC7TsMwFHV4lvAqMLJYREhMJamQYKxgYSwSfUhJVDmO05raTmQ7RVWUf0Bs8CVsiJU/4EPYcR8DtBzJ0tE55+penyhjVGnX/bJWVtfWNzYrW/b2zu7efvXgsK3SXGLSwilLZTdCijAqSEtTzUg3kwTxiJFONLyZ+J0RkYqm4l6PMxJy1Bc0oRhpI7WDjJ7Deq/quDV3CrhMvDlxwBzNXvU7iFOccyI0Zkgp33MzHRZIaooZKe0gVyRDeIj6xDdUIE5UWEyvLeGpUWKYpNI8oeFU/T1RIK7UmEcmyZEeqEVvIv7n+blOrsKCiizXRODZoiRnUKdw8nUYU0mwZmNDEJbU3ArxAEmEtSnIDgR5xCnnSMRFMDLB0vfCIpisiZLC8crSNj15i60sk3a95rk17+7CaVzPG6uAY3ACzoAHLkED3IImaAEMHsATeAGv1rP1Zr1bH7PoijWfOQJ/YH3+AJuJnM4=</latexit>
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Quantum tests:

• range of test masses

• spin-gravity coupling

• large test mass 

coherence length


For example, test 

• SME extension or 

• dilaton model violation 

parameters:
Schlippert et al., PRL 112, 203002  (2012)

D. Schlippert, PhD Thesis, LUH (2014)

Atom Interferometric Tests of the UFF



Naceur Gaaloul                                      Community Workshop on Cold Atoms in Space
 September 23rd 2021

10

Type Ref. A B !"(A,B)

Classical

MICROSCOPE [0] Ti PtRh ~ 9x10-15

Lunar laser ranging [1] Earth Moon ~1x10-14

Torsion balance [2] Be Ti ~1x10-13

Laser gravimeter [3] Cu U ~5x10-10

Hybrid AI+FG5 (Palo Alto) [4] 133Cs FG5 ~7x10-9

AI+FG5 (Paris) [5] 87Rb FG5 ~6x10-8

Quantum

AI (Munich) [6] 85Rb 87Rb ~2x10-7

AI (Palaiseau) [7] 85Rb 87Rb ~3x10-7

BO (Firenze) [8] 87Sr 88Sr ~2x10-7

AI (Wuhan) [9] 85Rb 87Rb ~3x10-8

AI (IQ)
 [10] 39K 87Rb ~5x10-7

AI (Stanford) [11] 85Rb 87Rb ~1.6x10-12

[0]  Touboul et al., PRL 119, 231101 (2017) [1]  Hofmann et MŸller, CQG 35, 035015 (2018); Williams et al., CQG 29, 184004 (2012);

[2] Wagner et al., CQG 29, 184002 (2012); [3]  Niebauer et al., PRL#59, 609 (1987); [4]  Peters et al., Nature 400, 849 (1999);   

[5]  Merlet et al., Metrologia 47, L9 (2010); [6]  Fray  et al., PRL. 93, 240404 (2004); [7]  Bonnin et al., PRA 88, 043615 (2013);  

[8] Tarallo et al., PRL. 113, 023005 (2014); [9]  Zhou et al., PRL 115, 013004 (2015); [10] Schlippert et al., PRL 112, 203002 (2014); 

[11] Asenbaum et al. PRL 125, 191101 (2020); [12]  Hartwig et al., NJP 17, 035011 (2015),; [13]  Overstreet et al., PRL 120, 183604 (2018), 
[14]  Altschul et al., Adv. in Space Research 55(1), 2015 see also: 87Rb F=1, F=2 & superposition (~10-9): Rosi et al., NatComm 8, 15529 (2017); 
87Rb F=1 & F=2 (3á10-10): Zhang et al., arXiv:1805.07758

projected inaccuracy of large baseline [12,13] and 
space-borne [14] AI tests of the WEP: #! < 10" 15

Atom Interferometric Tests of the UFF



11the way forward…

Error budget in units of 10!12 g 


Asenbaum et al. PRL 125, 191101 (2020) 
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species B

species A

!g
<latexit sha1_base64="e4Oaaey9+eurnGgaitoZZbNcw4U="></latexit><latexit sha1_base64="e4Oaaey9+eurnGgaitoZZbNcw4U="></latexit><latexit sha1_base64="e4Oaaey9+eurnGgaitoZZbNcw4U="></latexit><latexit sha1_base64="e4Oaaey9+eurnGgaitoZZbNcw4U="></latexit>

The Co-location problem

In presence of gravity 
gradients                  , 
initial coordinates        
enter the phase: 
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&i,j = ' jgi

! ! = "ke! á"a T2 + ke! " zz T2(z0 + vz,0T) + ...
<latexit sha1_base64="gTmB7YDBsYWlOXy5w8wJ0oFLWfw="></latexit><latexit sha1_base64="gTmB7YDBsYWlOXy5w8wJ0oFLWfw="></latexit><latexit sha1_base64="gTmB7YDBsYWlOXy5w8wJ0oFLWfw="></latexit><latexit sha1_base64="gTmB7YDBsYWlOXy5w8wJ0oFLWfw="></latexit>

z0, vz,0
<latexit sha1_base64="ilar3bzVQ0IXxuWmDuZfF+PL1/0="></latexit><latexit sha1_base64="ilar3bzVQ0IXxuWmDuZfF+PL1/0="></latexit><latexit sha1_base64="ilar3bzVQ0IXxuWmDuZfF+PL1/0="></latexit><latexit sha1_base64="ilar3bzVQ0IXxuWmDuZfF+PL1/0="></latexit>

Phase-space 
uncertainties

z
<latexit sha1_base64="wAT5OKtHdqQNMx6yMovupPbzYTk=">AAACC3icbVDLSsNAFJ3UV62vqks3wSC4KokIuiy6cdmCfUATymR60w6dmYSZSaWGfIG40y9xJ279CD/EvZO2C209MHA451zunRMmjCrtul9WaW19Y3OrvF3Z2d3bP6geHrVVnEoCLRKzWHZDrIBRAS1NNYNuIgHzkEEnHN8WfmcCUtFY3OtpAgHHQ0EjSrA2UvOxX3XcmjuDvUq8BXHQAo1+9dsfxCTlIDRhWKme5yY6yLDUlDDIK36qIMFkjIfQM1RgDirIZofm9plRBnYUS/OEtmfq74kMc6WmPDRJjvVILXuF+J/XS3V0HWRUJKkGQeaLopTZOraLX9sDKoFoNjUEE0nNrTYZYYmJNt1UfAEPJOYci0HmT0ww73lB5hdrwihzvDyvmJ685VZWSfui5rk1r3np1G8WjZXRCTpF58hDV6iO7lADtRBBgJ7QC3q1nq036936mEdL1mLmGP2B9fkD0rybYA==</latexit><latexit sha1_base64="wAT5OKtHdqQNMx6yMovupPbzYTk=">AAACC3icbVDLSsNAFJ3UV62vqks3wSC4KokIuiy6cdmCfUATymR60w6dmYSZSaWGfIG40y9xJ279CD/EvZO2C209MHA451zunRMmjCrtul9WaW19Y3OrvF3Z2d3bP6geHrVVnEoCLRKzWHZDrIBRAS1NNYNuIgHzkEEnHN8WfmcCUtFY3OtpAgHHQ0EjSrA2UvOxX3XcmjuDvUq8BXHQAo1+9dsfxCTlIDRhWKme5yY6yLDUlDDIK36qIMFkjIfQM1RgDirIZofm9plRBnYUS/OEtmfq74kMc6WmPDRJjvVILXuF+J/XS3V0HWRUJKkGQeaLopTZOraLX9sDKoFoNjUEE0nNrTYZYYmJNt1UfAEPJOYci0HmT0ww73lB5hdrwihzvDyvmJ685VZWSfui5rk1r3np1G8WjZXRCTpF58hDV6iO7lADtRBBgJ7QC3q1nq036936mEdL1mLmGP2B9fkD0rybYA==</latexit><latexit sha1_base64="wAT5OKtHdqQNMx6yMovupPbzYTk=">AAACC3icbVDLSsNAFJ3UV62vqks3wSC4KokIuiy6cdmCfUATymR60w6dmYSZSaWGfIG40y9xJ279CD/EvZO2C209MHA451zunRMmjCrtul9WaW19Y3OrvF3Z2d3bP6geHrVVnEoCLRKzWHZDrIBRAS1NNYNuIgHzkEEnHN8WfmcCUtFY3OtpAgHHQ0EjSrA2UvOxX3XcmjuDvUq8BXHQAo1+9dsfxCTlIDRhWKme5yY6yLDUlDDIK36qIMFkjIfQM1RgDirIZofm9plRBnYUS/OEtmfq74kMc6WmPDRJjvVILXuF+J/XS3V0HWRUJKkGQeaLopTZOraLX9sDKoFoNjUEE0nNrTYZYYmJNt1UfAEPJOYci0HmT0ww73lB5hdrwihzvDyvmJ685VZWSfui5rk1r3np1G8WjZXRCTpF58hDV6iO7lADtRBBgJ7QC3q1nq036936mEdL1mLmGP2B9fkD0rybYA==</latexit><latexit sha1_base64="wAT5OKtHdqQNMx6yMovupPbzYTk=">AAACC3icbVDLSsNAFJ3UV62vqks3wSC4KokIuiy6cdmCfUATymR60w6dmYSZSaWGfIG40y9xJ279CD/EvZO2C209MHA451zunRMmjCrtul9WaW19Y3OrvF3Z2d3bP6geHrVVnEoCLRKzWHZDrIBRAS1NNYNuIgHzkEEnHN8WfmcCUtFY3OtpAgHHQ0EjSrA2UvOxX3XcmjuDvUq8BXHQAo1+9dsfxCTlIDRhWKme5yY6yLDUlDDIK36qIMFkjIfQM1RgDirIZofm9plRBnYUS/OEtmfq74kMc6WmPDRJjvVILXuF+J/XS3V0HWRUJKkGQeaLopTZOraLX9sDKoFoNjUEE0nNrTYZYYmJNt1UfAEPJOYci0HmT0ww73lB5hdrwihzvDyvmJ685VZWSfui5rk1r3np1G8WjZXRCTpF58hDV6iO7lADtRBBgJ7QC3q1nq036936mEdL1mLmGP2B9fkD0rybYA==</latexit>

vz
<latexit sha1_base64="xpc/lBYUL6lbPj+5CdF+JpYyhyU=">AAACDXicbVDLSsNAFJ3UV42vqks3wSC4KokIuiy6cVnRPiAJZTKZtENnJmFmUqkhnyDu9EvciVu/wQ9x76TNQlsPDBzOOZd754QpJVI5zpdRW1ldW9+ob5pb2zu7e439g65MMoFwByU0Ef0QSkwJxx1FFMX9VGDIQop74fi69HsTLCRJ+L2apjhgcMhJTBBUWrqbDB4HDdtpOjNYy8StiA0qtAeNbz9KUMYwV4hCKT3XSVWQQ6EIorgw/UziFKIxHGJPUw4ZlkE+O7WwTrQSWXEi9OPKmqm/J3LIpJyyUCcZVCO56JXif56XqfgyyAlPM4U5mi+KM2qpxCr/bUVEYKToVBOIBNG3WmgEBURKt2P6HD+ghDHIo9yf6GDhuUHul2vCOLfdojB1T+5iK8uke9Z0naZ7e263rqrG6uAIHINT4IIL0AI3oA06AIEheAIv4NV4Nt6Md+NjHq0Z1cwh+APj8wd+KJxJ</latexit><latexit sha1_base64="xpc/lBYUL6lbPj+5CdF+JpYyhyU=">AAACDXicbVDLSsNAFJ3UV42vqks3wSC4KokIuiy6cVnRPiAJZTKZtENnJmFmUqkhnyDu9EvciVu/wQ9x76TNQlsPDBzOOZd754QpJVI5zpdRW1ldW9+ob5pb2zu7e439g65MMoFwByU0Ef0QSkwJxx1FFMX9VGDIQop74fi69HsTLCRJ+L2apjhgcMhJTBBUWrqbDB4HDdtpOjNYy8StiA0qtAeNbz9KUMYwV4hCKT3XSVWQQ6EIorgw/UziFKIxHGJPUw4ZlkE+O7WwTrQSWXEi9OPKmqm/J3LIpJyyUCcZVCO56JXif56XqfgyyAlPM4U5mi+KM2qpxCr/bUVEYKToVBOIBNG3WmgEBURKt2P6HD+ghDHIo9yf6GDhuUHul2vCOLfdojB1T+5iK8uke9Z0naZ7e263rqrG6uAIHINT4IIL0AI3oA06AIEheAIv4NV4Nt6Md+NjHq0Z1cwh+APj8wd+KJxJ</latexit><latexit sha1_base64="xpc/lBYUL6lbPj+5CdF+JpYyhyU=">AAACDXicbVDLSsNAFJ3UV42vqks3wSC4KokIuiy6cVnRPiAJZTKZtENnJmFmUqkhnyDu9EvciVu/wQ9x76TNQlsPDBzOOZd754QpJVI5zpdRW1ldW9+ob5pb2zu7e439g65MMoFwByU0Ef0QSkwJxx1FFMX9VGDIQop74fi69HsTLCRJ+L2apjhgcMhJTBBUWrqbDB4HDdtpOjNYy8StiA0qtAeNbz9KUMYwV4hCKT3XSVWQQ6EIorgw/UziFKIxHGJPUw4ZlkE+O7WwTrQSWXEi9OPKmqm/J3LIpJyyUCcZVCO56JXif56XqfgyyAlPM4U5mi+KM2qpxCr/bUVEYKToVBOIBNG3WmgEBURKt2P6HD+ghDHIo9yf6GDhuUHul2vCOLfdojB1T+5iK8uke9Z0naZ7e263rqrG6uAIHINT4IIL0AI3oA06AIEheAIv4NV4Nt6Md+NjHq0Z1cwh+APj8wd+KJxJ</latexit><latexit sha1_base64="xpc/lBYUL6lbPj+5CdF+JpYyhyU=">AAACDXicbVDLSsNAFJ3UV42vqks3wSC4KokIuiy6cVnRPiAJZTKZtENnJmFmUqkhnyDu9EvciVu/wQ9x76TNQlsPDBzOOZd754QpJVI5zpdRW1ldW9+ob5pb2zu7e439g65MMoFwByU0Ef0QSkwJxx1FFMX9VGDIQop74fi69HsTLCRJ+L2apjhgcMhJTBBUWrqbDB4HDdtpOjNYy8StiA0qtAeNbz9KUMYwV4hCKT3XSVWQQ6EIorgw/UziFKIxHGJPUw4ZlkE+O7WwTrQSWXEi9OPKmqm/J3LIpJyyUCcZVCO56JXif56XqfgyyAlPM4U5mi+KM2qpxCr/bUVEYKToVBOIBNG3WmgEBURKt2P6HD+ghDHIo9yf6GDhuUHul2vCOLfdojB1T+5iK8uke9Z0naZ7e263rqrG6uAIHINT4IIL0AI3oA06AIEheAIv4NV4Nt6Md+NjHq0Z1cwh+APj8wd+KJxJ</latexit>

!v
z,

0
<latexit sha1_base64="wusuR41YnqvKNY5yfaKpEf9zQcw=">AAACGHicbVDLSsNAFJ34tr6qLt0MFsGFlEQEXYpuXFawD2himUxu2qEzkzAzqdSQ/xB3+iXuxK07P8S908dCWw9cOJxzLvdywpQzbVz3y1lYXFpeWV1bL21sbm3vlHf3GjrJFIU6TXiiWiHRwJmEumGGQytVQETIoRn2r0d+cwBKs0TemWEKgSBdyWJGibHSvR8BNwQPOvnjiVt0yhW36o6B54k3JRU0Ra1T/vajhGYCpKGcaN323NQEOVGGUQ5Fyc80pIT2SRfalkoiQAf5+OsCH1klwnGi7EiDx+rvjZwIrYcitElBTE/PeiPxP6+dmfgiyJlMMwOSTg7FGccmwaMKcMQUUMOHlhCqmP0V0x5RhBpbVMmX8EATIYiMcn9gg0XbC3J/dCaM84pXFCXbkzfbyjxpnFY9t+rdnlUur6aNraEDdIiOkYfO0SW6QTVURxQp9IRe0Kvz7Lw5787HJLrgTHf20R84nz+U2qCR</latexit><latexit sha1_base64="wusuR41YnqvKNY5yfaKpEf9zQcw=">AAACGHicbVDLSsNAFJ34tr6qLt0MFsGFlEQEXYpuXFawD2himUxu2qEzkzAzqdSQ/xB3+iXuxK07P8S908dCWw9cOJxzLvdywpQzbVz3y1lYXFpeWV1bL21sbm3vlHf3GjrJFIU6TXiiWiHRwJmEumGGQytVQETIoRn2r0d+cwBKs0TemWEKgSBdyWJGibHSvR8BNwQPOvnjiVt0yhW36o6B54k3JRU0Ra1T/vajhGYCpKGcaN323NQEOVGGUQ5Fyc80pIT2SRfalkoiQAf5+OsCH1klwnGi7EiDx+rvjZwIrYcitElBTE/PeiPxP6+dmfgiyJlMMwOSTg7FGccmwaMKcMQUUMOHlhCqmP0V0x5RhBpbVMmX8EATIYiMcn9gg0XbC3J/dCaM84pXFCXbkzfbyjxpnFY9t+rdnlUur6aNraEDdIiOkYfO0SW6QTVURxQp9IRe0Kvz7Lw5787HJLrgTHf20R84nz+U2qCR</latexit><latexit sha1_base64="wusuR41YnqvKNY5yfaKpEf9zQcw=">AAACGHicbVDLSsNAFJ34tr6qLt0MFsGFlEQEXYpuXFawD2himUxu2qEzkzAzqdSQ/xB3+iXuxK07P8S908dCWw9cOJxzLvdywpQzbVz3y1lYXFpeWV1bL21sbm3vlHf3GjrJFIU6TXiiWiHRwJmEumGGQytVQETIoRn2r0d+cwBKs0TemWEKgSBdyWJGibHSvR8BNwQPOvnjiVt0yhW36o6B54k3JRU0Ra1T/vajhGYCpKGcaN323NQEOVGGUQ5Fyc80pIT2SRfalkoiQAf5+OsCH1klwnGi7EiDx+rvjZwIrYcitElBTE/PeiPxP6+dmfgiyJlMMwOSTg7FGccmwaMKcMQUUMOHlhCqmP0V0x5RhBpbVMmX8EATIYiMcn9gg0XbC3J/dCaM84pXFCXbkzfbyjxpnFY9t+rdnlUur6aNraEDdIiOkYfO0SW6QTVURxQp9IRe0Kvz7Lw5787HJLrgTHf20R84nz+U2qCR</latexit><latexit sha1_base64="wusuR41YnqvKNY5yfaKpEf9zQcw=">AAACGHicbVDLSsNAFJ34tr6qLt0MFsGFlEQEXYpuXFawD2himUxu2qEzkzAzqdSQ/xB3+iXuxK07P8S908dCWw9cOJxzLvdywpQzbVz3y1lYXFpeWV1bL21sbm3vlHf3GjrJFIU6TXiiWiHRwJmEumGGQytVQETIoRn2r0d+cwBKs0TemWEKgSBdyWJGibHSvR8BNwQPOvnjiVt0yhW36o6B54k3JRU0Ra1T/vajhGYCpKGcaN323NQEOVGGUQ5Fyc80pIT2SRfalkoiQAf5+OsCH1klwnGi7EiDx+rvjZwIrYcitElBTE/PeiPxP6+dmfgiyJlMMwOSTg7FGccmwaMKcMQUUMOHlhCqmP0V0x5RhBpbVMmX8EATIYiMcn9gg0XbC3J/dCaM84pXFCXbkzfbyjxpnFY9t+rdnlUur6aNraEDdIiOkYfO0SW6QTVURxQp9IRe0Kvz7Lw5787HJLrgTHf20R84nz+U2qCR</latexit>

! z0
<latexit sha1_base64="6ViuzeAerqNOZtT69DUskK5qR7Q=">AAACFnicbVDLSsNAFJ34rPVVdelmsAiuSiKCLotuXFawD2hCmUxu2qEzkzAzqdSQ3xB3+iXuxK1bP8S908dCWw9cOJxzLvdywpQzbVz3y1lZXVvf2Cxtlbd3dvf2KweHLZ1kikKTJjxRnZBo4ExC0zDDoZMqICLk0A6HNxO/PQKlWSLvzTiFQJC+ZDGjxFjJ9yPghuDHXu4WvUrVrblT4GXizUkVzdHoVb79KKGZAGkoJ1p3PTc1QU6UYZRDUfYzDSmhQ9KHrqWSCNBBPv25wKdWiXCcKDvS4Kn6eyMnQuuxCG1SEDPQi95E/M/rZia+CnIm08yApLNDccaxSfCkABwxBdTwsSWEKmZ/xXRAFKHG1lT2JTzQRAgio9wf2WDR9YLcn5wJ47zqFUXZ9uQttrJMWuc1z615dxfV+vW8sRI6RifoDHnoEtXRLWqgJqIoRU/oBb06z86b8+58zKIrznznCP2B8/kDNX+f2w==</latexit><latexit sha1_base64="6ViuzeAerqNOZtT69DUskK5qR7Q=">AAACFnicbVDLSsNAFJ34rPVVdelmsAiuSiKCLotuXFawD2hCmUxu2qEzkzAzqdSQ3xB3+iXuxK1bP8S908dCWw9cOJxzLvdywpQzbVz3y1lZXVvf2Cxtlbd3dvf2KweHLZ1kikKTJjxRnZBo4ExC0zDDoZMqICLk0A6HNxO/PQKlWSLvzTiFQJC+ZDGjxFjJ9yPghuDHXu4WvUrVrblT4GXizUkVzdHoVb79KKGZAGkoJ1p3PTc1QU6UYZRDUfYzDSmhQ9KHrqWSCNBBPv25wKdWiXCcKDvS4Kn6eyMnQuuxCG1SEDPQi95E/M/rZia+CnIm08yApLNDccaxSfCkABwxBdTwsSWEKmZ/xXRAFKHG1lT2JTzQRAgio9wf2WDR9YLcn5wJ47zqFUXZ9uQttrJMWuc1z615dxfV+vW8sRI6RifoDHnoEtXRLWqgJqIoRU/oBb06z86b8+58zKIrznznCP2B8/kDNX+f2w==</latexit><latexit sha1_base64="6ViuzeAerqNOZtT69DUskK5qR7Q=">AAACFnicbVDLSsNAFJ34rPVVdelmsAiuSiKCLotuXFawD2hCmUxu2qEzkzAzqdSQ3xB3+iXuxK1bP8S908dCWw9cOJxzLvdywpQzbVz3y1lZXVvf2Cxtlbd3dvf2KweHLZ1kikKTJjxRnZBo4ExC0zDDoZMqICLk0A6HNxO/PQKlWSLvzTiFQJC+ZDGjxFjJ9yPghuDHXu4WvUrVrblT4GXizUkVzdHoVb79KKGZAGkoJ1p3PTc1QU6UYZRDUfYzDSmhQ9KHrqWSCNBBPv25wKdWiXCcKDvS4Kn6eyMnQuuxCG1SEDPQi95E/M/rZia+CnIm08yApLNDccaxSfCkABwxBdTwsSWEKmZ/xXRAFKHG1lT2JTzQRAgio9wf2WDR9YLcn5wJ47zqFUXZ9uQttrJMWuc1z615dxfV+vW8sRI6RifoDHnoEtXRLWqgJqIoRU/oBb06z86b8+58zKIrznznCP2B8/kDNX+f2w==</latexit><latexit sha1_base64="6ViuzeAerqNOZtT69DUskK5qR7Q=">AAACFnicbVDLSsNAFJ34rPVVdelmsAiuSiKCLotuXFawD2hCmUxu2qEzkzAzqdSQ3xB3+iXuxK1bP8S908dCWw9cOJxzLvdywpQzbVz3y1lZXVvf2Cxtlbd3dvf2KweHLZ1kikKTJjxRnZBo4ExC0zDDoZMqICLk0A6HNxO/PQKlWSLvzTiFQJC+ZDGjxFjJ9yPghuDHXu4WvUrVrblT4GXizUkVzdHoVb79KKGZAGkoJ1p3PTc1QU6UYZRDUfYzDSmhQ9KHrqWSCNBBPv25wKdWiXCcKDvS4Kn6eyMnQuuxCG1SEDPQi95E/M/rZia+CnIm08yApLNDccaxSfCkABwxBdTwsSWEKmZ/xXRAFKHG1lT2JTzQRAgio9wf2WDR9YLcn5wJ47zqFUXZ9uQttrJMWuc1z615dxfV+vW8sRI6RifoDHnoEtXRLWqgJqIoRU/oBb06z86b8+58zKIrznznCP2B8/kDNX+f2w==</latexit>

! v,z
<latexit sha1_base64="g7anD/EFMJJfbvvxHgezLvVVc20=">AAACFnicbVDLSsNAFJ3UV42vqks3wSC4kJKIoMuiG5cV7AOSUCaTSTt0ZhJmJpUa8hviTr/Enbh164e4d9Jmoa0HLhzOOZd7OWFKiVSO82XUVlbX1jfqm+bW9s7uXmP/oCuTTCDcQQlNRD+EElPCcUcRRXE/FRiykOJeOL4p/d4EC0kSfq+mKQ4YHHISEwSVlnxfkiGDg3xy9lgMGrbTdGawlolbERtUaA8a336UoIxhrhCFUnquk6ogh0IRRHFh+pnEKURjOMSephwyLIN89nNhnWglsuJE6OHKmqm/N3LIpJyyUCcZVCO56JXif56XqfgqyAlPM4U5mh+KM2qpxCoLsCIiMFJ0qglEguhfLTSCAiKlazJ9jh9QwhjkUe5PdLDw3CD3yzNhnNtuUZi6J3exlWXSPW+6TtO9u7Bb11VjdXAEjsEpcMElaIFb0AYdgEAKnsALeDWejTfj3fiYR2tGtXMI/sD4/AHKH6A0</latexit><latexit sha1_base64="g7anD/EFMJJfbvvxHgezLvVVc20=">AAACFnicbVDLSsNAFJ3UV42vqks3wSC4kJKIoMuiG5cV7AOSUCaTSTt0ZhJmJpUa8hviTr/Enbh164e4d9Jmoa0HLhzOOZd7OWFKiVSO82XUVlbX1jfqm+bW9s7uXmP/oCuTTCDcQQlNRD+EElPCcUcRRXE/FRiykOJeOL4p/d4EC0kSfq+mKQ4YHHISEwSVlnxfkiGDg3xy9lgMGrbTdGawlolbERtUaA8a336UoIxhrhCFUnquk6ogh0IRRHFh+pnEKURjOMSephwyLIN89nNhnWglsuJE6OHKmqm/N3LIpJyyUCcZVCO56JXif56XqfgqyAlPM4U5mh+KM2qpxCoLsCIiMFJ0qglEguhfLTSCAiKlazJ9jh9QwhjkUe5PdLDw3CD3yzNhnNtuUZi6J3exlWXSPW+6TtO9u7Bb11VjdXAEjsEpcMElaIFb0AYdgEAKnsALeDWejTfj3fiYR2tGtXMI/sD4/AHKH6A0</latexit><latexit sha1_base64="g7anD/EFMJJfbvvxHgezLvVVc20=">AAACFnicbVDLSsNAFJ3UV42vqks3wSC4kJKIoMuiG5cV7AOSUCaTSTt0ZhJmJpUa8hviTr/Enbh164e4d9Jmoa0HLhzOOZd7OWFKiVSO82XUVlbX1jfqm+bW9s7uXmP/oCuTTCDcQQlNRD+EElPCcUcRRXE/FRiykOJeOL4p/d4EC0kSfq+mKQ4YHHISEwSVlnxfkiGDg3xy9lgMGrbTdGawlolbERtUaA8a336UoIxhrhCFUnquk6ogh0IRRHFh+pnEKURjOMSephwyLIN89nNhnWglsuJE6OHKmqm/N3LIpJyyUCcZVCO56JXif56XqfgqyAlPM4U5mh+KM2qpxCoLsCIiMFJ0qglEguhfLTSCAiKlazJ9jh9QwhjkUe5PdLDw3CD3yzNhnNtuUZi6J3exlWXSPW+6TtO9u7Bb11VjdXAEjsEpcMElaIFb0AYdgEAKnsALeDWejTfj3fiYR2tGtXMI/sD4/AHKH6A0</latexit><latexit sha1_base64="g7anD/EFMJJfbvvxHgezLvVVc20=">AAACFnicbVDLSsNAFJ3UV42vqks3wSC4kJKIoMuiG5cV7AOSUCaTSTt0ZhJmJpUa8hviTr/Enbh164e4d9Jmoa0HLhzOOZd7OWFKiVSO82XUVlbX1jfqm+bW9s7uXmP/oCuTTCDcQQlNRD+EElPCcUcRRXE/FRiykOJeOL4p/d4EC0kSfq+mKQ4YHHISEwSVlnxfkiGDg3xy9lgMGrbTdGawlolbERtUaA8a336UoIxhrhCFUnquk6ogh0IRRHFh+pnEKURjOMSephwyLIN89nNhnWglsuJE6OHKmqm/N3LIpJyyUCcZVCO56JXif56XqfgqyAlPM4U5mh+KM2qpxCoLsCIiMFJ0qglEguhfLTSCAiKlazJ9jh9QwhjkUe5PdLDw3CD3yzNhnNtuUZi6J3exlWXSPW+6TtO9u7Bb11VjdXAEjsEpcMElaIFb0AYdgEAKnsALeDWejTfj3fiYR2tGtXMI/sD4/AHKH6A0</latexit>
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Error budget in units of 10!12 g 


Asenbaum et al. PRL 125, 191101 (2020) 
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Atomic ensemble’s size after few seconds 14

         Advantage of ultra-cold atoms !
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Expansion-related limitations 15

! Velocity width limiting factor 


! Wavefront abberations 


! Coriolis forces 


! Excitation rates 


! Limited setup size 


!  É

Louchet-Chauvet, NJP 2011

doi: 10.1088/1367-2630/13/6/065025. 

H. Albers, Masterarbeit



16the way forward…

Error budget in units of 10!12 g 


Asenbaum et al. PRL 125, 191101 (2020) 



! Precise control of the initial position and velocity  of atomic 
ensembles at  the nm and nm/s level , respectively. 


! Expansion velocity  of cold ensembles of 10s-100s !m/s  to 


! allow free expansion of several seconds in microgravity and 
space 


! keep wavefront systematics at a reasonable level 


! Interacting quantum mixtures  should 


 be treated appropriately

17Requirements for a precision UFF test at the 10-15 level
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Outline 18

Atom Interferometric tests of the UFF

Space UFF test

State-of-the-art and heritage
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! Extended unperturbed free fall in a well controlled 
environment 


! Ground experiments will ultimately be limited by systematics 
related to the positioning of test masses. This disappears in a 
space drag-free platform as demonstrated by LISA-
path finder or MICROSCOPE (~ 10-18 control) 


! Space-accelerometers offer rich technological heritage for 
applied fields like gravity field recovery (e.g. GRACE, GOCE, 
GRACE-FO), navigation, planetary and lunar exploration 


! Strong modulation of gravity along the orbit provides unique 
signature of the gravitational signalÉ

Why space?



STE-QUEST Consortium



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

Brett Altschul,. ãQuantum tests of the Einstein Equivalence Principle with the STE QUEST space missionÒ, Advances in Space Research 55 501 (2015)

Phase A (M3)

followed by (M4) with a 
JPL participation



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

Atom interferometer: test of the weak equivalence principle to one part in 1015

!

!

!

!

!
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New mission concept: Inertial mission


requirements for a 103 supression of gravity gradient 
related differential acceleration uncertainties

Gravity gradient cancellation

t

z

T T

z0 $2 $3

$ f2
$ f3

! xx
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quantitiy value uncertainty value comment
! 20µrad "! 100nrad max. laser tilt

! f 10GHz " f 10MHz max. laser frequency shift
# ! 2 " 10! 6s! 2 "# ! 2 " 10! 9s! 2 gravity gradient
T 5s "T 10µs pulse separation time
" y 0 " " 10nrad satellite spinning

! r j, 0 1µm " r j, 0 1µm interspecies displacement
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Theory: Roura, PRL 118, 160401 (2017); Experiment: Overstreet et al., PRL 120, 183604 (2018); DÕAmico et al., PRL 119, 253201 (2017)
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Demodulation
!g
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Idea: Possible violation signal modulated at 
different frequency than systematic 
uncertainties from gravity gradients

24
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Wiliams et al., NJP 16(12), (2017)!
Touboul et al., PRL 119 (23), (2017)
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Study case: WEP test with atom interferometry

• inertial configuration on circular orbit

• GGC: reduces verification time & improves contrast

• Demodulation: reduces residual uncertainties

Recent Concept

without gradient cancellation

with gradient cancellation!" = 10! 18
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10-18 supression of gravity-gradient

induced uncertainties!

assumptions:

!r 0 = 1"m 
!v 0 = 1"m/s 
altitude = 700km

!$ = 100nrad 

!f = 10MHz 

!% = 10nrad

! 𝞬  = 10-3 𝞬 


S. Loriani, Phys. Rev. D"102, 124043 (2020)!
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Recent Concept 26

White paper for ESAs science 
program 2035+

France: B. Battelier, J. BergŽ, A. Bertoldi, L. 
Blanchet, P. Bouyer, P. Fayet, C. Guerlin, A. 
Hees, C. Le Poncin Lafitte, G. MŽtris, S. 
Reynaud, M. Rodrigues, C. Salomon, P. 
Tuckey


Germany: C. Braxmaier, N. Gaaloul, C. 
LŠmmerzahl, S. Loriani, E. Rasel, A. Roura, 
S. Schiller, W.P. Schleich, C. Schubert, L. 
Wšrner


Greece: W. von Klitzing


Italy: D. Calonico, F. Sorrentino, G. Tino


Spain: M. Nofrarias, C. Sopuerta


Sweden: M. Zelan


Switzerland: P. Jetzer, S. Lecomte, M. 
Rothacher


United Kingdom: K. Bongs, T. Sumner


   Baptiste Battelier, Jo‘l BergŽ, Andrea Bertoldi, Luc Blanchet, Kai 
Bongs, Philippe Bouyer, Claus Braxmaier, Davide Calonico, Pierre 
Fayet, Naceur Gaaloul, Christine Guerlin, AurŽlien Hees, Philippe 
Jetzer, Claus LŠmmerzahl, Steve Lecomte, Christophe Le Poncin-
Lafitte, Sina Loriani, Gilles MŽtris, Miguel Nofrarias, Ernst 
Rase l , Serge Reynaud, Manuel Rodr igues, Markus 
Rothacher, Albert Roura, Christophe Salomon, Stephan 
Schiller, Wolfgang P. Schleich, Christian Schubert, Carlos 
Sopuerta, Fiodor Sorrentino, Tim J. Sumner, Guglielmo M. 
Tino, Philip Tuckey, Wolf von Klitzing, Lisa Wšrner, Peter 
Wolf, Martin Zelan, "Exploring the Foundations of the Universe 
w i t h S p a c e Te s t s o f t h e E q u i v a l e n c e P r i n c i p l e 
(2019)", arXiv:1908.11785, White paper submitted to the ESA 
Voyage 2050 long term plan , 10.1007/s10686-021-09718-8, 
Experimental Astronomy (2021).




! Precise control of the initial position and velocity  of atomic 
ensembles at  the µm and µm/s level , respectively. 


! Expansion velocity  of cold ensembles of 10s-100s !m/s  to 


! allow free expansion of several seconds in microgravity and 
space 


! keep wavefront systematics at a reasonable level 


! Interacting quantum mixtures  should 


 be treated appropriately

27Requirements for a precision UFF test at the 10-15 level
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Outline 28

Atom Interferometric tests of the UFF

Space UFF test

State-of-the-art and heritage
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29Ultra-cold atoms in space

Cold Atom Laboratory

Precision atom  interferometry  with  degenerate  gases !

Ernst Rasel & Naceur Gaaloul!
Institute of Quantum Optics, Leibniz University of Hanover!

!
Frontiers of Matter Wave Optics Crete!

09.10.2014 !

Consortium for Ultracold Atoms in Space

" Idea: Bringing BECs and atom 
interferometers to space


" Mission Outline

" Creating the first BEC in space.

" Demonstrate the methods and the 

technologies for Atom Interferometry in 
Space

D. Becker et al., Nature 562, 391 !2018"

29

!"#$%&'()&
"*&$+,-.

!"#$%&'()&
/0&"*&
$+,-.

M. Lachmann, et al., Ç#Ultracold atom interferometry in 
space#È, Nature Comm. 12#1317  !2021".

MAIUS mission
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30Accurate positioning and release

Cold Atom Laboratory (CAL)

Precision atom  interferometry  with  degenerate  gases !

Ernst Rasel & Naceur Gaaloul!
Institute of Quantum Optics, Leibniz University of Hanover!

!
Frontiers of Matter Wave Optics Crete!

09.10.2014 !

Consortium for Ultracold Atoms in Space

1𝑑= 0.93*𝑚𝑚

𝑓 𝑧 = 926.4*𝐻 𝑧

𝑡 = 150*𝑚𝑠

𝑓 𝑧 = 27.0*𝐻 𝑧

BEC shuttling
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Atomic lensing 31

Size

time

Tf

Ti

Tf 1/2

Ti 1/2
=

DELTA-KICK COLLIMATION

2)34&.%&,567&8+%6&9.%%6&::7&;<&=:>?@AB&/CC,**&.%&,567&DE9&;?7&FG??&=:>>;AB&HI*%"*J,&.%&,567&DE9&::G7&G><@GF&=FG:<AB&
KLM,-3N&.%&,567&DE9&::O7&:O<GGO&=FG:PAQ
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32Atomic lensing

Creation of quantum matter at the pK energy scales

C. Deppner et al. Collective-Mode Enhanced Matter-Wave Optics, Phys. Rev. Lett. 127, 100401 (2021) 

 

Bose Einstein Condensation: performance comparison

Ist generation

this work
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33Atomic lensing

Creation of quantum matter at the pK energy scales
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34Atomic lensing

Creation of quantum matter at the pK energy scales
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35Quantum mixtures
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Lens 1 : !t = 2.3 ms
Lens 2 : !t = 0.3 ms
87Rb with a12 = 0
41Ka with a12 = 0
87Rb with a12=163 a0 (after 2nd lens)
41Ka with a12=163 a0 (after 2nd lens)

N = 105

87Rb(a = 99.6 a0)
a11 = 99.6 a0

! Rb = 2 " ! 10 Hz ! K = 2 " ! 14.5 Hz

41K(a = 60 a 0)

a22 = 60 a0

Feshbach magnetic field :
a12(B != 0) = 0

! vexp , Rb = 58.8µm.s! 1! vexp ! 100µm.s! 1! 3D
vexp

! vexp , K = 55.7µm.s! 1! vexp ! 100µm.s! 1! 3D
vexp

Interferometry Time

87Rb

41K
for more details, talk by 
Ernst Rasel at the first 
session tomorrow 

Robin Corgier,! Sina Loriani,! Holger Ahlers,! Katerine Posso-Trujillo,! Christian Schubert,! Ernst M. Rasel,! Eric 
Charron,! Naceur Gaaloul, Interacting quantum mixtures for precision atom interferometry, New J. 
Phys.!22!123008 (2020). 




! Precise control of the initial position and velocity  of atomic 
ensembles at  the µm and µm/s level , respectively. 


! Expansion velocity  of cold ensembles of 10s-100s !m/s  to 


! allow free expansion of several seconds in microgravity and 
space 


! keep wavefront systematics at a reasonable level 


! Interacting quantum mixtures  should 


 be treated appropriately

36Requirements for a precision UFF test at the 10-15 level
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37Conclusion

! Several recent advances, experimental and theoretical,  meet 
the requirements of a dual-species AI test of the UFF. 


! A consolidated UFF mission concept for a UFF/WEP test with 
a Rb-K dual atom interferometer at the 10 -17 level has 
become realistic. 


! This would improve the expected final Microscope results 
(10-15) by few orders of magnitude, entering a region no 
other experiments can reach <z Explore completely 
uncharted territory with potential for a major discovery !
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