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I - The Einstein Equivalence Principle �3

Implies metric theory of gravity. Modern formulation: 

1 - LLI: independence of reference frame velocity 

2 - UFF/WEP: free-fall trajectory independent of internal 
composition 

3 - LPI/UGR: independence of location    

Z = (1 + α)
ΔU
c2η = 2

|a1 − a2 |
a1 + a2

δ =
1
c2

− 1

Will: Living Reviews in Relativity 17(1) (2014)
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I - The Einstein Equivalence Principle
Weak Equivalence Principle: Free fall trajectory independent of 
internal composition  

(Classical) Tests:
Torsion balance

η(Be,Ti) = (0.3 ± 1.8) × 10−13

η(Be,Al) = (−0.7 ± 1.3) × 10−13

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

MICROSCOPE

η(Ti,Pt:Rh) = (−1 ± 9(stat) ± 9(syst)) × 10−15

η(Earth,Moon) = (−3 ± 5) × 10−14. ⌘pC,Kq “ p´1.0 ˘ 1.4q ˆ 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

η(Cu,U) = 5 × 10−10

Niebauer et al., PRL 59, 609 (1987)
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II - Atom Interferometry

P ∝ cos(Δϕ)

Δϕ = ⃗keff ⋅ ⃗g T2

~g
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II - Atom Interferometry

P ∝ cos(Δϕ)

Δϕ = ⃗keff ⋅ ⃗g T2

~g
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<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

�6
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�7

phase of species i

Population in output 
port 

with phase difference

II - Atom Interferometry

P ∝ cos(Δϕ)

Δϕ = ⃗keff ⋅ ⃗g T2

ai =
��i

ke↵,iT 2
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:

η = 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
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>



Sina Loriani (IQ Hanover) ACES workshop Munich October 22nd 2018

�8

Quantum tests: 
• range of test masses 
• spin-gravity coupling 
• large test mass 

coherence length 
For example, test  
• SME extension or  
• dilaton model violation 

parameters:

II - Atom Interferometry

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

D. Schlippert, PhD Thesis, LUH (2014)
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Tests of the WEP

II - Atom Interferometry

Type Ref. A B δη(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

[0] Touboul et al., PRL 119, 231101 (2017) [1] Hofmann et Müller, 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] Hartwig et al., NJP 17, 035011 (2015),; [12] Overstreet et al., PRL 120, 183604 (2018), [13] 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 (3·10-10): Zhang et al., arXiv:
1805.07758

projected inaccuracy of large baseline [11,12] and 
space-borne [13] AI tests of the WEP: δη ∼ 10−13 − 10−15
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III The Co-location problem

In presence of gravity 
gradients                  , 
initial coordinates        
enter the phase:  
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<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>

III The Co-location problem

In presence of gravity 
gradients                  , 
initial coordinates        
enter the phase:  

�11

Γi,j = ∂jgi

�� = ~ke↵ · ~a T 2 + ke↵�zzT
2(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

• Phase/acceleration measurement 
uncertainty 

• loss of contrast 
• one of major limitations in state of the 

art atomic gravimeters 
• δη ~10-15: requires δr0~nm, δv0~nm/s

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>
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<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>

�z
<latexit sha1_base64="LIN40TIzPaDx/aPdkAEqVtjUA1M=">AAACFHicbVC7TsMwFHXKq4RXgZElIkJiqhKEBGMFC2OR6EMkUeU4TmvVdiLbKSpR/gKxwZewIVZ2PoQdp80ALUeydHTOubrXJ0wpkcpxvozayura+kZ909za3tnda+wfdGWSCYQ7KKGJ6IdQYko47iiiKO6nAkMWUtwLx9el35tgIUnC79Q0xQGDQ05igqDS0r0vyZDBQf5YDBq203RmsJaJWxEbVGgPGt9+lKCMYa4QhVJ6rpOqIIdCEURxYfqZxClEYzjEnqYcMiyDfHZxYZ1oJbLiROjHlTVTf0/kkEk5ZaFOMqhGctErxf88L1PxZZATnmYKczRfFGfUUolVft+KiMBI0akmEAmib7XQCAqIlC7J9Dl+QAljkEe5P9HBwnOD3C/XhHFuu0Vh6p7cxVaWSfes6TpN9/bcbl1VjdXBETgGp8AFF6AFbkAbdAACHDyBF/BqPBtvxrvxMY/WjGrmEPyB8fkDa+affg==</latexit><latexit sha1_base64="LIN40TIzPaDx/aPdkAEqVtjUA1M=">AAACFHicbVC7TsMwFHXKq4RXgZElIkJiqhKEBGMFC2OR6EMkUeU4TmvVdiLbKSpR/gKxwZewIVZ2PoQdp80ALUeydHTOubrXJ0wpkcpxvozayura+kZ909za3tnda+wfdGWSCYQ7KKGJ6IdQYko47iiiKO6nAkMWUtwLx9el35tgIUnC79Q0xQGDQ05igqDS0r0vyZDBQf5YDBq203RmsJaJWxEbVGgPGt9+lKCMYa4QhVJ6rpOqIIdCEURxYfqZxClEYzjEnqYcMiyDfHZxYZ1oJbLiROjHlTVTf0/kkEk5ZaFOMqhGctErxf88L1PxZZATnmYKczRfFGfUUolVft+KiMBI0akmEAmib7XQCAqIlC7J9Dl+QAljkEe5P9HBwnOD3C/XhHFuu0Vh6p7cxVaWSfes6TpN9/bcbl1VjdXBETgGp8AFF6AFbkAbdAACHDyBF/BqPBtvxrvxMY/WjGrmEPyB8fkDa+affg==</latexit><latexit sha1_base64="LIN40TIzPaDx/aPdkAEqVtjUA1M=">AAACFHicbVC7TsMwFHXKq4RXgZElIkJiqhKEBGMFC2OR6EMkUeU4TmvVdiLbKSpR/gKxwZewIVZ2PoQdp80ALUeydHTOubrXJ0wpkcpxvozayura+kZ909za3tnda+wfdGWSCYQ7KKGJ6IdQYko47iiiKO6nAkMWUtwLx9el35tgIUnC79Q0xQGDQ05igqDS0r0vyZDBQf5YDBq203RmsJaJWxEbVGgPGt9+lKCMYa4QhVJ6rpOqIIdCEURxYfqZxClEYzjEnqYcMiyDfHZxYZ1oJbLiROjHlTVTf0/kkEk5ZaFOMqhGctErxf88L1PxZZATnmYKczRfFGfUUolVft+KiMBI0akmEAmib7XQCAqIlC7J9Dl+QAljkEe5P9HBwnOD3C/XhHFuu0Vh6p7cxVaWSfes6TpN9/bcbl1VjdXBETgGp8AFF6AFbkAbdAACHDyBF/BqPBtvxrvxMY/WjGrmEPyB8fkDa+affg==</latexit><latexit sha1_base64="LIN40TIzPaDx/aPdkAEqVtjUA1M=">AAACFHicbVC7TsMwFHXKq4RXgZElIkJiqhKEBGMFC2OR6EMkUeU4TmvVdiLbKSpR/gKxwZewIVZ2PoQdp80ALUeydHTOubrXJ0wpkcpxvozayura+kZ909za3tnda+wfdGWSCYQ7KKGJ6IdQYko47iiiKO6nAkMWUtwLx9el35tgIUnC79Q0xQGDQ05igqDS0r0vyZDBQf5YDBq203RmsJaJWxEbVGgPGt9+lKCMYa4QhVJ6rpOqIIdCEURxYfqZxClEYzjEnqYcMiyDfHZxYZ1oJbLiROjHlTVTf0/kkEk5ZaFOMqhGctErxf88L1PxZZATnmYKczRfFGfUUolVft+KiMBI0akmEAmib7XQCAqIlC7J9Dl+QAljkEe5P9HBwnOD3C/XhHFuu0Vh6p7cxVaWSfes6TpN9/bcbl1VjdXBETgGp8AFF6AFbkAbdAACHDyBF/BqPBtvxrvxMY/WjGrmEPyB8fkDa+affg==</latexit>

⇒
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�� = ...+ ke↵�zzT
2(z0 + vz,0T )� 2�k(z0 + vz,0T ) + ...

<latexit sha1_base64="nkATa9iKBYDloBkyOA5JzrK1fsw="></latexit><latexit sha1_base64="nkATa9iKBYDloBkyOA5JzrK1fsw="></latexit><latexit sha1_base64="nkATa9iKBYDloBkyOA5JzrK1fsw="></latexit><latexit sha1_base64="nkATa9iKBYDloBkyOA5JzrK1fsw="></latexit>

IV Gravity gradient cancellation
Idea: Introduce controllable phase-shift to remove 

dependencies on initial coordinates
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<latexit sha1_base64="SeiZ9dLctFQcSURjAeS0VVaLT9E="></latexit><latexit sha1_base64="SeiZ9dLctFQcSURjAeS0VVaLT9E="></latexit><latexit sha1_base64="SeiZ9dLctFQcSURjAeS0VVaLT9E="></latexit><latexit sha1_base64="SeiZ9dLctFQcSURjAeS0VVaLT9E="></latexit>
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<latexit sha1_base64="iET4JY0rP9+NAN3h8Ec+43ecV/0="></latexit><latexit sha1_base64="iET4JY0rP9+NAN3h8Ec+43ecV/0="></latexit><latexit sha1_base64="iET4JY0rP9+NAN3h8Ec+43ecV/0="></latexit><latexit sha1_base64="iET4JY0rP9+NAN3h8Ec+43ecV/0="></latexit>
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<latexit sha1_base64="ofaAqwNZChP6lEGPjbS45rna14A="></latexit><latexit sha1_base64="ofaAqwNZChP6lEGPjbS45rna14A="></latexit><latexit sha1_base64="ofaAqwNZChP6lEGPjbS45rna14A="></latexit><latexit sha1_base64="ofaAqwNZChP6lEGPjbS45rna14A="></latexit>

Theory: Roura, PRL 118, 160401 (2017); Experiment: Overstreet et al., PRL 120, 183604 (2018); D’Amico et al., PRL 119, 253201 (2017)
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<latexit sha1_base64="0Db0mucFpWH4G7yXvizmSy4nemk="></latexit><latexit sha1_base64="0Db0mucFpWH4G7yXvizmSy4nemk="></latexit><latexit sha1_base64="0Db0mucFpWH4G7yXvizmSy4nemk="></latexit><latexit sha1_base64="0Db0mucFpWH4G7yXvizmSy4nemk="></latexit>

IV Gravity gradient cancellation
Idea: Introduce controllable phase-shift to remove 

dependencies on initial coordinates
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<latexit sha1_base64="SeiZ9dLctFQcSURjAeS0VVaLT9E="></latexit><latexit sha1_base64="SeiZ9dLctFQcSURjAeS0VVaLT9E="></latexit><latexit sha1_base64="SeiZ9dLctFQcSURjAeS0VVaLT9E="></latexit><latexit sha1_base64="SeiZ9dLctFQcSURjAeS0VVaLT9E="></latexit>

k(3)
e↵ =

0

@
0
0
ke↵

1

A

<latexit sha1_base64="ofaAqwNZChP6lEGPjbS45rna14A="></latexit><latexit sha1_base64="ofaAqwNZChP6lEGPjbS45rna14A="></latexit><latexit sha1_base64="ofaAqwNZChP6lEGPjbS45rna14A="></latexit><latexit sha1_base64="ofaAqwNZChP6lEGPjbS45rna14A="></latexit>

�� = ...+ ke↵�zzT
2(z0 + vz,0T )� 2�k(z0 + vz,0T ) + ...

<latexit sha1_base64="nkATa9iKBYDloBkyOA5JzrK1fsw="></latexit><latexit sha1_base64="nkATa9iKBYDloBkyOA5JzrK1fsw="></latexit><latexit sha1_base64="nkATa9iKBYDloBkyOA5JzrK1fsw="></latexit><latexit sha1_base64="nkATa9iKBYDloBkyOA5JzrK1fsw="></latexit>

Theory: Roura, PRL 118, 160401 (2017); Experiment: Overstreet et al., PRL 120, 183604 (2018); D’Amico et al., PRL 119, 253201 (2017)



Sina Loriani (IQ Hanover) ACES workshop Munich October 22nd 2018

functions of:αj, βj

Δi, j(θi, Δfi)

IV Gravity gradient cancellation
Idea: Introduce controllable phase-shift to remove 

dependencies on initial coordinates
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<latexit sha1_base64="SeiZ9dLctFQcSURjAeS0VVaLT9E="></latexit><latexit sha1_base64="SeiZ9dLctFQcSURjAeS0VVaLT9E="></latexit><latexit sha1_base64="SeiZ9dLctFQcSURjAeS0VVaLT9E="></latexit><latexit sha1_base64="SeiZ9dLctFQcSURjAeS0VVaLT9E="></latexit>
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~k(2)e↵ = ke↵
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<latexit sha1_base64="t6HBot7QPU+UqxvPxSeO3rXUuO0="></latexit><latexit sha1_base64="t6HBot7QPU+UqxvPxSeO3rXUuO0="></latexit><latexit sha1_base64="t6HBot7QPU+UqxvPxSeO3rXUuO0="></latexit><latexit sha1_base64="t6HBot7QPU+UqxvPxSeO3rXUuO0="></latexit>

~k(3)e↵ = ke↵

0

@
�3,x

0
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<latexit sha1_base64="qY083Dmpui2kDtnt0yIVXJLmnvQ="></latexit><latexit sha1_base64="qY083Dmpui2kDtnt0yIVXJLmnvQ="></latexit><latexit sha1_base64="qY083Dmpui2kDtnt0yIVXJLmnvQ="></latexit><latexit sha1_base64="qY083Dmpui2kDtnt0yIVXJLmnvQ="></latexit>

�� = ��0 +
X

j=x,y,z

↵jrj(0) + �j ṙj(0)
<latexit sha1_base64="tgs5ZFxeFaBouXjd0/1DMtJiikM="></latexit><latexit sha1_base64="tgs5ZFxeFaBouXjd0/1DMtJiikM="></latexit><latexit sha1_base64="tgs5ZFxeFaBouXjd0/1DMtJiikM="></latexit><latexit sha1_base64="tgs5ZFxeFaBouXjd0/1DMtJiikM="></latexit>
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IV Gravity gradient cancellation

t

z

T T

z0 θ2 θ3

Δf2
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Application:  
• Varying gravity gradient values 
• Rotating systems

�15

offset: rotation 
compensation by 
counter-rotation 

modulation: 
gravity gradient 
compensation
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Example: Satellite spinning 
in orbital plane (Ω=2xΩorbit)

~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>

k(1)
e↵ =

0

@
0
0
ke↵

1

A

<latexit sha1_base64="SeiZ9dLctFQcSURjAeS0VVaLT9E="></latexit><latexit sha1_base64="SeiZ9dLctFQcSURjAeS0VVaLT9E="></latexit><latexit sha1_base64="SeiZ9dLctFQcSURjAeS0VVaLT9E="></latexit><latexit sha1_base64="SeiZ9dLctFQcSURjAeS0VVaLT9E="></latexit>

~k(2)e↵ = ke↵

0

@
�2,x

0
1 +�2,z

1

A

<latexit sha1_base64="t6HBot7QPU+UqxvPxSeO3rXUuO0="></latexit><latexit sha1_base64="t6HBot7QPU+UqxvPxSeO3rXUuO0="></latexit><latexit sha1_base64="t6HBot7QPU+UqxvPxSeO3rXUuO0="></latexit><latexit sha1_base64="t6HBot7QPU+UqxvPxSeO3rXUuO0="></latexit>

~k(3)e↵ = ke↵

0

@
�3,x

0
1 +�3,z

1

A

<latexit sha1_base64="qY083Dmpui2kDtnt0yIVXJLmnvQ="></latexit><latexit sha1_base64="qY083Dmpui2kDtnt0yIVXJLmnvQ="></latexit><latexit sha1_base64="qY083Dmpui2kDtnt0yIVXJLmnvQ="></latexit><latexit sha1_base64="qY083Dmpui2kDtnt0yIVXJLmnvQ="></latexit>



Sina Loriani (IQ Hanover) ACES workshop Munich October 22nd 2018

�16

Feasibility analysis: Inertial mission 

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

IV Gravity gradient cancellation
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T 5s �T 10µs pulse separation time

⌦y 0 �⌦ 10nrad satellite spinning

�rj,0 1µm �rj,0 1µm interspecies displacement
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4 Demodulation
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<latexit sha1_base64="e4Oaaey9+eurnGgaitoZZbNcw4U="></latexit><latexit sha1_base64="e4Oaaey9+eurnGgaitoZZbNcw4U="></latexit><latexit sha1_base64="e4Oaaey9+eurnGgaitoZZbNcw4U="></latexit><latexit sha1_base64="e4Oaaey9+eurnGgaitoZZbNcw4U="></latexit>

~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>How to get rid of residual uncertainties? 

Idea: Possible violation signal modulated at 
different frequency than systematic 
uncertainties from gravity gradients
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Wiliams et al., NJP 16(12), (2017)

Touboul et al., PRL 119 (23), (2017)
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Differential acceleration signal: 
4 Demodulation
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poss. UFF-violation modulated at Ωm frequency components of syst. uncertainties



Sina Loriani (IQ Hanover) ACES workshop Munich October 22nd 2018

2
τ ∫

τ

0
Δa cos(Ωmt)dt = (δa + Δa1

sys) +
2

τΩm [
δa + Δa1

sys

2
sin(2Ωmτ) + Δaconst sin(Ωmτ)

+ 2∑
j=2

Δaj
sys [ sin([ jΩm − Ωm]τ)

jΩm − Ωm
+

sin([ jΩm + Ωm]τ)
jΩm − Ωm ]

≤ (δa + Δa1
sys) +

2
τΩm

δa + Δa1
sys

4
+ |Δaconst | +

2
3 ∑

j=2

|Δaj
sys |

�19

Differential acceleration signal: 

Demodulation at target frequency:

4 Demodulation
~g
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poss. UFF-violation modulated at Ωm frequency components of syst. uncertainties
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Differential acceleration signal: 

Demodulation at target frequency:

4 Demodulation
~g
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poss. UFF-violation modulated at Ωm frequency components of syst. uncertainties
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Differential acceleration signal: 

Demodulation at target frequency:

4 Demodulation
~g
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poss. UFF-violation modulated at Ωm frequency components of syst. uncertainties
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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

4 Demodulation

without gradient cancellation

with gradient cancellation�⌘ = 10�18
<latexit sha1_base64="eBK6eRFNqSOR1K1NBs7DZyVqTfI="></latexit><latexit sha1_base64="eBK6eRFNqSOR1K1NBs7DZyVqTfI="></latexit><latexit sha1_base64="eBK6eRFNqSOR1K1NBs7DZyVqTfI="></latexit><latexit sha1_base64="eBK6eRFNqSOR1K1NBs7DZyVqTfI="></latexit>

�⌘ = 10�15
<latexit sha1_base64="qHauWLY6yurav4bQiV6btKvXduE="></latexit><latexit sha1_base64="qHauWLY6yurav4bQiV6btKvXduE="></latexit><latexit sha1_base64="qHauWLY6yurav4bQiV6btKvXduE="></latexit><latexit sha1_base64="qHauWLY6yurav4bQiV6btKvXduE="></latexit>

~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>

~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>

10-18 supression of gravity gradient induced uncertainties 
with moderate requirements and integration time

assumptions: 
δr0 = 1μm 
δv0 = 1μm/s 
altitude = 700km 
δθ = 100nrad 
δf = 10MHz 
δΩ = 10nrad 
δ𝞬 = 10-3 𝞬 
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Quantum Tests
Dilaton model 

Standard Model extension
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