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1. Motivation
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How it started…
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See Schwartz und Giulini, Post-Newtonian Hamiltonian description of an atom (2019)

Theory colleagues working on general relativity (GR) developed this: 

We wanted to apply this novel GR-Hamiltonian to atom interferometers (AIFs)!
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Minkowski space
<latexit sha1_base64="jHFcSnDaUXNyFTHuRaH3UnuDlp4="></latexit>

gµω = ωµω =




→1 0

0




<latexit sha1_base64="/68OnIzeX0AUVBuhDkjgzKebMgk="></latexit>

gµω =




→1→ 2 ε

c2 0

0





Newtonian spacetime

<latexit sha1_base64="/c5xD+TVRmcXmaUCZ4GQy91p87k="></latexit>

gµω =




→1→ 2 ε

c2 → 2ω ε2

c4 0

0
(
1→ 2ε ε

c2

)





(Parametrized) Post-Newtonian (PPN) spacetime

<latexit sha1_base64="jlCoNlHaljPValEI2KXQN1OJxmM="></latexit>

ω = Gravitational potential

in GR:
<latexit sha1_base64="fOPb0p3oJ4Uq8iehfwbpe8ukKPs="></latexit>

ω = ε = 1

PPN parameters

How it started…
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How it started…

Center of mass 
(COM)

Internal dynamics

Atom-Light-
Interaction

Light field
Treat light fields classical  
—> Maxwell’s equations

Look @ elastic scattering processes (first) 
—> Populate the excited state only virtually.
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COM Hamiltonian: Propagation Phase

<latexit sha1_base64="PwLKaNvUupkkHgnTncxujFedkPc="></latexit>

L(z, ż) = →mc2 +
mż2

2
→mω(z) +

1

mc2

[
m2ż4

8
→

2ε → 1

2
m2ω(z)2 →

2ϑ + 1

2
mω(z)ż2

]
+O(c→4)

We follow a semiclassical approach with 

The phase of an atom then evolves freely as

<latexit sha1_base64="xqyoP0QTMVc8mg5MexqMefM2cek="></latexit>

d

dt

ωL

ωż
→ ωL

ωz
= 0

where the atomic trajectory solves the Euler-Lagrange equation

<latexit sha1_base64="pMlqtajl8AAU9kZMkfKZpnAs72U="></latexit>

!”A→B =
1

⊋

tb∫

ta

dt L(zA→B(t), żA→B(t))
<latexit sha1_base64="2hiee025GIaK7cy3SW259aahA5I="></latexit>

A = (ta, za)

<latexit sha1_base64="byryXGvrrnJZhhI4l7YeZzWr+50="></latexit>

B = (tb, zb)

<latexit sha1_base64="3zdj+35dNY2SaYA5Plz5mJWqQPo="></latexit>

zA→B(t)

Bound.  
conditions
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CHAPTER 3. ATOM INTERFEROMETERS IN CURVED SPACETIMES 81

Eq. (3.24), combined with the assumption ω(t, r) = ω(z), which yields

Γ0
z0 = Γ

0
0z =

(
1 + 2(ε → 1)

ω

c2

)
ω,z

c2 + O(c→6), (3.42a)

Γz
00 =

(
1 + 2(ε + ϑ)

ω

c2 → 2(ϑ + 1)
ω0

c2

)
ω,z

c2 + O(c→6), (3.42b)

Γz
xx = Γ

z
yy = ϑ

ω,z

c2 + O(c→4), (3.42c)

Γz
zz = Γ

x
xz = Γ

x
zx = Γ

y
yz = Γ

y
zy = →ϑ

ω,z

c2 + O(c→4). (3.42d)

From those Christoffel symbols one can calculate the non-vanishing components of the Ricci
tensor using

Rµϖ = ϱςΓ
ς
µϖ → ϱµΓςϖς + ΓφφςΓςµϖ → ΓφµςΓςφϖ = ϱςΓςµϖ → ϱµΓςϖς + O(c→4), (3.43)

which gives rise to the only components of the Ricci curvature at order O(c→2) of

R00 = ϱzΓ
z
00 =

ϱ2
zω(z)

c2 , Rxx = ϱzΓ
z
xx = ϑ

ϱ2
zω(z)

c2 , (3.44a)

Ryy = ϱzΓ
z
yy = ϑ

ϱ2
zω(z)

c2 , Rzz = →2ϱzΓ
z
zz → ϱzΓ

0
z0 = (2ϑ → 1)

ϱ2
zω(z)

c2 . (3.44b)

The Ricci curvature therefore only contributes at the orderO(Γ c→2), which we have previously
neglected. The curvature contribution in Eq. (3.41) is therefore beyond our approximation
level and will be omitted.

For the upcoming calculations it will turn out beneficial to rewrite Maxwell’s equations
with respect to a covariant EM potential, such that we rather work with

F ;ε
↼ε = ↑

εF↼ε = ↑ε
(
↑↼Aε → ↑εA↼

)
= 0, (3.45)

where we now need to imply a gauge condition. Three different choices arise canonically
at this stage, due to the (3 + 1)-split of the metric, namely the fully relativistic Lorenz
Gauge (LG) and two additional versions of the Coulomb gauge, i.e., the Geometric Coulomb
Gauge (GCG) and Background Coulomb Gauge (BCG), formulated as

LG: ↑εAε = Aε;ε = A ;ε
ε = 0, (3.46a)

GCG: ↑iAi = A ;i
i = 0, (3.46b)

BCG: ϱiAi = A ,ii = 0. (3.46c)

The BCG refers to the "usual" Coulomb gauge, commonly employed in quantum optics.

3.5.1 Wave Equations in the Geometric Coulomb Gauge:

The gauge condition, when incorporating the expanded covariant derivative, is expressed as

0 = ↑iAi = giς↑ςAi = ϱ
iAi → giςΓφςiAφ, (3.47)

to allow for Maxwell’s equations to be expanded in a manner that directly contains this term.
Starting with Maxwell’s equations from Eq. (3.45) we begin to expand all differential terms.

CHAPTER 3. ATOM INTERFEROMETERS IN CURVED SPACETIMES 81

Eq. (3.24), combined with the assumption ω(t, r) = ω(z), which yields

Γ0
z0 = Γ

0
0z =

(
1 + 2(ε → 1)

ω

c2

)
ω,z

c2 + O(c→6), (3.42a)

Γz
00 =

(
1 + 2(ε + ϑ)

ω

c2 → 2(ϑ + 1)
ω0

c2

)
ω,z

c2 + O(c→6), (3.42b)

Γz
xx = Γ

z
yy = ϑ

ω,z

c2 + O(c→4), (3.42c)

Γz
zz = Γ

x
xz = Γ

x
zx = Γ

y
yz = Γ

y
zy = →ϑ

ω,z

c2 + O(c→4). (3.42d)

From those Christoffel symbols one can calculate the non-vanishing components of the Ricci
tensor using

Rµϖ = ϱςΓ
ς
µϖ → ϱµΓςϖς + ΓφφςΓςµϖ → ΓφµςΓςφϖ = ϱςΓςµϖ → ϱµΓςϖς + O(c→4), (3.43)

which gives rise to the only components of the Ricci curvature at order O(c→2) of

R00 = ϱzΓ
z
00 =

ϱ2
zω(z)

c2 , Rxx = ϱzΓ
z
xx = ϑ

ϱ2
zω(z)

c2 , (3.44a)

Ryy = ϱzΓ
z
yy = ϑ

ϱ2
zω(z)

c2 , Rzz = →2ϱzΓ
z
zz → ϱzΓ

0
z0 = (2ϑ → 1)

ϱ2
zω(z)

c2 . (3.44b)

The Ricci curvature therefore only contributes at the orderO(Γ c→2), which we have previously
neglected. The curvature contribution in Eq. (3.41) is therefore beyond our approximation
level and will be omitted.

For the upcoming calculations it will turn out beneficial to rewrite Maxwell’s equations
with respect to a covariant EM potential, such that we rather work with

F ;ε
↼ε = ↑

εF↼ε = ↑ε
(
↑↼Aε → ↑εA↼

)
= 0, (3.45)

where we now need to imply a gauge condition. Three different choices arise canonically
at this stage, due to the (3 + 1)-split of the metric, namely the fully relativistic Lorenz
Gauge (LG) and two additional versions of the Coulomb gauge, i.e., the Geometric Coulomb
Gauge (GCG) and Background Coulomb Gauge (BCG), formulated as

LG: ↑εAε = Aε;ε = A ;ε
ε = 0, (3.46a)

GCG: ↑iAi = A ;i
i = 0, (3.46b)

BCG: ϱiAi = A ,ii = 0. (3.46c)

The BCG refers to the "usual" Coulomb gauge, commonly employed in quantum optics.

3.5.1 Wave Equations in the Geometric Coulomb Gauge:

The gauge condition, when incorporating the expanded covariant derivative, is expressed as

0 = ↑iAi = giς↑ςAi = ϱ
iAi → giςΓφςiAφ, (3.47)

to allow for Maxwell’s equations to be expanded in a manner that directly contains this term.
Starting with Maxwell’s equations from Eq. (3.45) we begin to expand all differential terms.

Light Hamiltonian: Maxwell’s equations

Three different choices for gauges:

We analyse Maxwell’s equations in vacuum:

Lorenz gauge

Geometric Coulomb gauge

Background Coulomb gauge
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82 CHAPTER 3. ATOM INTERFEROMETERS IN CURVED SPACETIMES

We then colour-code the terms that appear in the gauge condition specified in Eq. (3.47) in
order to derive

0 = F ;µ
ωµ = A ;µ

µ ;ω → A ;µ
ω;µ

= gµεϑεϑµAω → ϑωϑµAµ → gµεΓϖεµ
(
ϑϖAω + ϑωAϖ

) → gµεΓϖεω
(
ϑµAϖ → ϑϖAµ

)

= gµεϑεϑµAω → ϑωϑ0A0→ϑωϑiAi → gµεΓϖεµϑϖAω + ϑωg
0εΓϖε0Aϖ + ϑωg

iεΓϖεiAϖ
→
(
ϑωg
µε
)
ΓϖεµAϖ → gµε

(
ϑωΓ
ϖ
εµ

)
Aϖ → gµεΓϖεωϑµAϖ + gµεΓϖεωϑϖAµ

= gµε
(
ϑεϑµAω → ΓϖεµϑϖAω →

(
ϑωΓ
ϖ
εµ

)
Aϖ → ΓϖεωϑµAϖ + ΓϖεωϑϖAµ

)

→ ϑω
(
ϑ0A0 → g0εΓϖε0Aϖ

)
→
(
ϑωg
µε
)
ΓϖεµAϖ→ϑω

(
ϑiAi → giεΓϖεiAϖ

)

= g00
(
ϑ2

0Aω → Γϖ00ϑϖAω →
(
ϑωΓ
ϖ

00
)
Aϖ → Γϖ0ωϑ0Aϖ + Γ

ϖ
0ωϑϖA0

)

→ ϑω
(
ϑ0A0 → g00Γϖ00Aϖ

)
→
(
ϑωg

00
)
Γϖ00Aϖ →

(
ϑωg

i j
)
Γϖi jAϖ

+ gi j
(
ϑiϑ jAω → Γϖi jϑϖAω →

(
ϑωΓ
ϖ

i j

)
Aϖ → Γϖ jωϑiAϖ + Γ

ϖ
jωϑϖAi

)
. (3.48)

Note that the only non-zero Christoffel symbol Γϖ00 is Γz
00 (as referenced in Eq. (3.42)).

Using this, we proceed to calculate the last remaining non-trivial term in Eq. (3.48) that
requires the application of the Leibniz rule, namely

ϑωg
00Γz

00Az =
(
ϑωg

00
)
Γz

00Az + g00
(
ϑωΓ

z
00

)
Az + g00Γz

00

(
ϑωAz

)
.

Using this identity, one obtains

0 = g00
(
ϑ2

0Aω → Γz
00ϑzAω →

(
ϑωΓ

z
00

)
Az → Γϖ0ωϑ0Aϖ + Γ

ϖ
0ωϑϖA0

)

→ g00
(
ϑωϑ0A0 →

(
ϑωΓ

z
00

)
Az → Γz

00

(
ϑωAz

))
→
(
ϑωg

i j
)
Γϖi jAϖ

+ gi j
(
ϑiϑ jAω → Γϖi jϑϖAω →

(
ϑωΓ
ϖ

i j

)
Aϖ → Γϖ jωϑiAϖ + Γ

ϖ
jωϑϖAi

)

= g00
(
ϑ2

0Aω → Γz
00ϑzAω → Γϖ0ωϑ0Aϖ + Γ

ϖ
0ωϑϖA0 → ϑωϑ0A0 + Γ

z
00

(
ϑωAz

))

+ gi j
(
ϑiϑ jAω → Γϖi jϑϖAω →

(
ϑωΓ
ϖ

i j

)
Aϖ + Γ

ϖ
jω
(
ϑϖAi → ϑiAϖ

)) →
(
ϑωg

i j
)
Γϖi jAϖ.

Inserting the explicit formulas for the metric tensor components from Eq. (3.21), we see that

0 =
(
→1 + 2

ϱ

c2

)[
ϑ2

0Aω → Γz
00ϑzAω + Γ

ϖ
0ω
(
ϑϖA0 → ϑ0Aϖ

) →
(
ϑωϑ0A0 → Γz

00

(
ϑωAz

))]

+

(
ςi j + 2φ

ϱ

c2 ς
i j
)(
ϑiϑ jAω → Γϖi jϑϖAω →

(
ϑωΓ
ϖ

i j

)
Aϖ → Γϖ jωϑiAϖ + Γ

ϖ
jωϑϖAi

)

→ 2φ


ϑωϱ

c2


 ςi jΓϖi jAϖ + O(c→4).

If we denote the flat Laplace operator by ∆flat = ς
i jϑiϑ j = ϑ

2
x +ϑ

2
y +ϑ

2
z , we find the relativistic

corrections to the flat wave equation to be

∆flatAω =
(
1 → 2(φ + 1)

ϱ

c2

)(
ϑ2

0Aω + Γ
z
00

(
ϑωAz → ϑzAω

)
→ Γϖ0ωϑ0Aϖ + Γ

ϖ
0ωϑϖA0 → ϑωϑ0A0

)

+

3∑

i=1

(
ΓϖiiϑϖAω +

(
ϑωΓ
ϖ

ii
)
Aϖ + Γ

ϖ
iωϑiAϖ → ΓϖiωϑϖAi

)
+ O(c→4). (3.49)

In this context, considering relativistic corrections, one typically extends the flat wave
equation, which involves the flat Laplace operator, by incorporating terms that arise due to

Maxwell’s equations: Geometric Coulomb gauge

Writing them out and using the gauge condition:
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<latexit sha1_base64="MBo5m/YMZ2VsuQaM6rzIDc0iF8g="></latexit>

Aµ =
(
aµ + ωbµ + ω2cµ +O(ω3)

)
ei!/ω

<latexit sha1_base64="km6f8qKvndP+QqKnPBtVmTJh1lw="></latexit>

aµ, bµ, cµ : M →↑ C <latexit sha1_base64="vZJwSBKHv+GvHyVOssTz7VLNsqw="></latexit>

! : M →↑ R

Maxwell’s equations: Geometric optics approximation

<latexit sha1_base64="japgsTJLSvww3Y+zAvEtVxcWtgA="></latexit>

kµ = →µ! = ωµ!

Ansatz with           of the following form:          
<latexit sha1_base64="uiVWoIp9dvuSCgCJj6Q9R1mWyic="></latexit>

ω → 1

Amplitudes Phase
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<latexit sha1_base64="vlAmnkQ5eCqPsjCmx77EykgxymQ="></latexit>

kµk
µaω = 0

Maxwell’s equations: Leading order
<latexit sha1_base64="6SzlUBukE23oT3eImBaNQLQTh1U="></latexit>

O(ω→2) : To leading order, geometric optics ensures that 
the wave vector is light like.

<latexit sha1_base64="RiQp5exhfLUHubA1TDrg+V3Ds94="></latexit>

kµk
µ = 0

<latexit sha1_base64="No3EYGTG9bRD98RkkifpECks5Qg="></latexit>

k2z(z) =

(
1→ 2(ω + 1)

ε(z)

c2
+O(c→4)

)
k20(z)

<latexit sha1_base64="yOUDu5iQZLae7tKrQWAsCGJYF80="></latexit>

kz(z) = ±

(
1→ (ω + 1)

ε(z)

c2
+O(c→4)

)
k0(z)

Using some more algebra we also find that 
<latexit sha1_base64="MxOF1WDLVuREgRljyx/18LK1clA="></latexit>

k0(z) = k0
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CHAPTER 3. ATOM INTERFEROMETERS IN CURVED SPACETIMES 89

The O(ω→2) condition is, once more, equivalent to kµk
µ = 0. The O(ω→1) equation is given by

2(→ax) · k + ax→ · k =
1
c2

[(
1 → 2(ε + 1)

ϑ

c2

)
(
2k0(ϖ0ax) + (ϖ0k0)ax

)

+ (2ε + 1)(ϖzϑ)kxaz → (ε + 1)(ϖzϑ)kzax

]

=
2ε + 1

c2 (ϖzϑ)kxaz →
ε + 1

c2 (ϖzϑ)kzax. (3.74c)

For the y-direction, the process and results work analogously.
To summarise, we arrive at a set of differential equations

i) (→ax) · k + 1
2

ax→ · k =
2ε + 1

2c2 (ϖzϑ)kxaz →
ε + 1
2c2 (ϖzϑ)kzax + O(ω0, c→4), (3.75a)

ii) (→ay) · k + 1
2

ay→ · k =
2ε + 1

2c2 (ϖzϑ)kyaz →
ε + 1
2c2 (ϖzϑ)kzay + O(ω0, c→4), (3.75b)

iii) (→az) · k +
1
2

az→ · k =
ε

2c2 (ϖzϑ)kzaz + O(ω0, c→4). (3.75c)

We further impose the boundary conditions ai(z = 0) = Ai for i = x, y and az(z = 0) = 0,
indicating that we begin with a transverse wave. We continue by rewriting the ODE for az in

Eq. (3.75c). By using the relation ϖzkz = →(ε + 1)ϖzϑ

c2 k0 + O(c→4), we obtain

ϖzaz +
ϖzkz

2kz
az =

ε

2c2 (ϖzϑ)az + O(c→4) (3.76a)

↑↓ ϖzaz →
ε + 1

2
ϖzϑ

c2 az =
ε

2c2 (ϖzϑ)az + O(c→4) (3.76b)

↑↓ ϖzaz =
2ε + 1

2
g
c2 az + O



ϖ2

zϑ

c2 , c
→4

, (3.76c)

which is solved by

az(z) = Az e
2ε+1

2
gz
c2 =↓ az(z = 0) = 0 =↓ Az = 0 =↓ az(z) ↔ 0. (3.77)

The amplitude in the z-direction therefore identically vanishes, meaning that the EM wave
remains transverse. Substituting this solution into the remaining equations, we obtain (using
the example of the x-direction)

ϖzax +
ϖzkz

2kz
ax = →

ε + 1
2c2 (ϖzϑ)ax + O(ω0, c→4) (3.78a)

↑↓ ϖzax →
ε + 1
2c2 (ϖzϑ)ax = →

ε + 1
2c2 (ϖzϑ)ax + O(ω0, c→4) (3.78b)

↑↓ ϖzax = O(ω0, c→4), (3.78c)

which is trivially solved by the constant amplitude ax(z) = Ax. In conclusion, at the chosen
level of approximation, there are no general relativistic corrections to the amplitudes of EM
waves.

Combining this with the phase expression from Eq. (3.63), we arrive at an EM vector
potential in the geometric optics approximation, expressed as

(Ai) = A =A e
i
(
k0ct±

(
1→ ε+1

2
gz
c2

)
k0z
)

+ O(Γ c→2), (3.79)

Maxwell’s equations: Sub-Leading order

No corrections to the amplitudes to relevant order. 
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Combining this with the phase expression from Eq. (3.63), we arrive at an EM vector
potential in the geometric optics approximation, expressed as

(Ai) = A =A e
i
(
k0ct±

(
1→ ε+1

2
gz
c2

)
k0z
)

+ O(Γ c→2), (3.79)

<latexit sha1_base64="O8WN5fp4sNCgcFZ375WSFIc3uYE="></latexit>

A =





Ax

Ay

0




with

Next order equations:
<latexit sha1_base64="1y6UryrSTslGdeGxYs5iaeXL/Jw="></latexit>

O(ω→1)

<latexit sha1_base64="kdiXXh3jPkmlI6lN78rfNwcD0YU=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4GjJtmU53RTcuq1hbaEvJpJk2NJMZkowwDAU/wK1+gjtx66/4Bf6G6UOwogcuHM65l3vv8WPOlEbow8qtrW9sbuW3Czu7e/sHxcOjOxUlktAWiXgkOz5WlDNBW5ppTjuxpDj0OW37k8uZ376nUrFI3Oo0pv0QjwQLGMHaSDe9bFAsIbteqaJyDSK76nmVsmsI8iqOW4eOjeYogSWag+JnbxiRJKRCE46V6joo1v0MS80Ip9NCL1E0xmSCR7RrqMAhVf1sfukUnhllCINImhIaztWfExkOlUpD33SGWI/Vb28m/uV1Ex14/YyJONFUkMWiIOFQR3D2NhwySYnmqSGYSGZuhWSMJSbahLOyJR6nihE1LZhkvt+H/5O7su24tntdLTUulhnlwQk4BefAATXQAFegCVqAgAA8gifwbD1YL9ar9bZozVnLmWOwAuv9CwhSlrs=</latexit>

{
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2. Systematic analysis 
of AIF classes
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Interferometer geometries of interest
CHAPTER 2. ATOM INTERFEROMETERS IN NEWTONIAN SPACETIME 23

t

z(t)

z0

TR TR

+⊋kR +⊋kR

(a) Mach-Zehnder Interferometer (MZI)

t

z(t)

z0

TR TB TR

+⊋kB+⊋kR +⊋kR

(b) Symmetric Ramsey-Bordé

t

z(t)

z0

TR TB TR

+⊋kB±⊋kR ±⊋kR

(c) Symmetric Double Diffraction

t

z(t)

z0

TR TB TR

+⊋kB+⊋kR →⊋kR

(d) Asymmetric Ramsey-Bordé

Figure 2.1: Schematic pictures of atomic trajectories (green lines) for four different AIF
geometries in the freely falling frame. Interferometry laser (beam splitter/mirror) pulses are
depicted in red dashed with a momentum transfer of ±⊋kR and Bloch oscillations in violet
with a momentum transfer of ⊋kB. The speed of light is set to infinity for this picture. (a)
Mach-Zehnder interferometer (MZI) (b) Symmetric Ramsey-Bordé interferometer (SRBI),
(c) Symmetric Double Diffraction interferometer (SDDI), (d) Antisymmetric Ramsey-Bordé
interferometer (ARBI). For the case of Bragg scattering (a), (b) and (d) can be realised using
single Bragg diffraction, whereas (c) relies on double Bragg diffraction.

Note that 100-metre baselines are also in construction [85, 86]. Therefore, the gravitational
potential at a height Z above the ground can be expressed as

ω(R→ + Z ez) = ω0 + g Z ↑ 1
2
ΓZ2 + O(ε3

rω). (2.1)

Here, ω0 ↓ 60 MJ/kg represents the constant offset of the gravitational potential. This value
corresponds to the energy required for a test object with a mass of 1 kg to escape Earth’s
gravitational field, equivalent to half of the squared escape velocity for the object. The linear
gravitational acceleration is g ↓ 9.81 m/s2, and the gravity gradient Γ ↓ 2.7 ↔ 10↑6 Hz2.
To clarify this quantity: the gravity gradient Γ describes the spatial change of g and can be
defined as Γ ↓ 2.7↔ 10↑7 g

m , or alternatively as Γ ↓ 2.7↔ 103 E. Here, we use the unit Eötvös
(E), defined as 1 E = 10↑9 Hz2.

We choose to expand the gravitational potential ω(r) to second order to enable a com-
parison of our results with those in Refs. [87–89]. This expansion also prepares us for the

<latexit sha1_base64="xsioohugftQL0TmzaVxjlq0D27A="></latexit>

(SRBI)

<latexit sha1_base64="f0UGVNP39nXGLgF4Tbk1HsfpjkE="></latexit>

(ARBI)
<latexit sha1_base64="HWwb5YeIf6R3Ljcw2qbUkK7Z60o="></latexit>

(SDDI)

Bloch 
Oscillations

Bragg 
scattering

<latexit sha1_base64="4plIB+Z1+fqhzaiJwDPGfdEpoAo=">AAACBnicdVDLSgNBEJz1GeMr6tHLYBA8hd2Q5y3oxWMU88AkhNnJJBkyO7vM9Iph2bsf4FU/wZt49Tf8An/DSbKCES1oKKq66e5yA8E12PaHtbK6tr6xmdpKb+/s7u1nDg6b2g8VZQ3qC1+1XaKZ4JI1gINg7UAx4rmCtdzJxcxv3TGluS9vYBqwnkdGkg85JWCk20m/C+weouu4n8nauWqlUC3nsZ2z55iRfNEpFrGTKFmUoN7PfHYHPg09JoEKonXHsQPoRUQBp4LF6W6oWUDohIxYx1BJPKZ70fziGJ8aZYCHvjIlAc/VnxMR8bSeeq7p9AiM9W9vJv7ldUIYVnoRl0EITNLFomEoMPh49j4ecMUoiKkhhCpubsV0TBShYEJa2hKMp5pTHadNMt/v4/9JM59zSrnSVSFbO08ySqFjdILOkIPKqIYuUR01EEUSPaIn9Gw9WC/Wq/W2aF2xkpkjtATr/Qt9E5pP</latexit>

kR

<latexit sha1_base64="Ge3Jdw76xA3BjjnT/xHbq605Wk8=">AAACBnicdVDJSgNBEO2JW4xb1KOXxiB4GmZi1luIF48RzIJJCD2dTtKkp2forhHDkLsf4FU/wZt49Tf8An/DziIY0QcFj/eqqKrnhYJrcJwPK7G2vrG5ldxO7ezu7R+kD48aOogUZXUaiEC1PKKZ4JLVgYNgrVAx4nuCNb3x5cxv3jGleSBvYBKyrk+Gkg84JWCk23GvA+we4uq0l8449kUxn82XsGNn3XK+mDckV3accgm7tjNHBi1R66U/O/2ARj6TQAXRuu06IXRjooBTwaapTqRZSOiYDFnbUEl8prvx/OIpPjNKHw8CZUoCnqs/J2Liaz3xPdPpExjp395M/MtrRzAodWMuwwiYpItFg0hgCPDsfdznilEQE0MIVdzciumIKELBhLSyJRxNNKd6mjLJfL+P/yeNrO0W7MJ1LlOpLjNKohN0is6Ri4qogq5QDdURRRI9oif0bD1YL9ar9bZoTVjLmWO0Auv9C5OEml8=</latexit>

kB
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So many small parameters…

14

What shall we keep? Where should we truncate?

<latexit sha1_base64="+VGyW4Cm3C4V2ncPo7dXprD3qcs=">AAACAnicbVDLSsNAFL2pr1pfVZduBovgxpKIVJdFNy4r2Ae0sUymk3bsZBJmJkII2fkBbvUT3Ilbf8Qv8DectlnY1gMXDufcy733eBFnStv2t1VYWV1b3yhulra2d3b3yvsHLRXGktAmCXkoOx5WlDNBm5ppTjuRpDjwOG1745uJ336iUrFQ3Oskom6Ah4L5jGBtpBZ5SM+crF+u2FV7CrRMnJxUIEejX/7pDUISB1RowrFSXceOtJtiqRnhNCv1YkUjTMZ4SLuGChxQ5abTazN0YpQB8kNpSmg0Vf9OpDhQKgk80xlgPVKL3kT8z+vG2r9yUyaiWFNBZov8mCMdosnraMAkJZonhmAimbkVkRGWmGgT0NyWaJQoRlRWMsk4izksk9Z51alVa3cXlfp1nlERjuAYTsGBS6jDLTSgCQQe4QVe4c16tt6tD+tz1lqw8plDmIP19Qsh1pfQ</latexit>

c→1

<latexit sha1_base64="99+/HHc5stJguIL0GELApSy7mZc=">AAACAnicbVDLSsNAFL2pr1pfVZduBovgxpKIVJdFNy4r2Ae0sUymk3bsZBJmJkII2fkBbvUT3Ilbf8Qv8DectlnY1gMXDufcy733eBFnStv2t1VYWV1b3yhulra2d3b3yvsHLRXGktAmCXkoOx5WlDNBm5ppTjuRpDjwOG1745uJ336iUrFQ3Oskom6Ah4L5jGBtpBZ5SM/Os365YlftKdAycXJSgRyNfvmnNwhJHFChCcdKdR070m6KpWaE06zUixWNMBnjIe0aKnBAlZtOr83QiVEGyA+lKaHRVP07keJAqSTwTGeA9UgtehPxP68ba//KTZmIYk0FmS3yY450iCavowGTlGieGIKJZOZWREZYYqJNQHNbolGiGFFZySTjLOawTFrnVadWrd1dVOrXeUZFOIJjOAUHLqEOt9CAJhB4hBd4hTfr2Xq3PqzPWWvBymcOYQ7W1y8jcJfR</latexit>

c→2<latexit sha1_base64="HPJkni+ZNZfi/Q949RvYZ78hwjY=">AAACBHicbVDLSgNBEOz1GeMr6tHLYBA8xV2R6DHoQY8RzAOSJcxOZpMhM7PLzKywLLn6AV71E7yJV//DL/A3nCR7MIkFDUVVN91dQcyZNq777aysrq1vbBa2its7u3v7pYPDpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6Hbit56o0iySjyaNqS/wQLKQEWys1O7eYSHwOemVym7FnQItEy8nZchR75V+uv2IJIJKQzjWuuO5sfEzrAwjnI6L3UTTGJMRHtCOpRILqv1seu8YnVqlj8JI2ZIGTdW/ExkWWqcisJ0Cm6Fe9Cbif14nMeG1nzEZJ4ZKMlsUJhyZCE2eR32mKDE8tQQTxeytiAyxwsTYiOa2xMNUM6LHRZuMt5jDMmleVLxqpfpwWa7d5BkV4BhO4Aw8uIIa3EMdGkCAwwu8wpvz7Lw7H87nrHXFyWeOYA7O1y+Zs5ie</latexit>

!/c

<latexit sha1_base64="ImuoeyizsPxulqUBSOTe3Or1wjg=">AAACBnicbVDLTsJAFL3FF+ILdemmkZi4wpYYdEl0oUtM5BGhkukwhQkz02ZmatI07P0At/oJ7oxbf8Mv8DccoAsBT3KTk3Puzb33+BGjSjvOt5VbWV1b38hvFra2d3b3ivsHTRXGEpMGDlko2z5ShFFBGppqRtqRJIj7jLT80fXEbz0RqWgo7nUSEY+jgaABxUgb6aF7gzhHZ/ix0iuWnLIzhb1M3IyUIEO9V/zp9kMccyI0ZkipjutE2kuR1BQzMi50Y0UihEdoQDqGCsSJ8tLpxWP7xCh9OwilKaHtqfp3IkVcqYT7ppMjPVSL3kT8z+vEOrj0UiqiWBOBZ4uCmNk6tCfv230qCdYsMQRhSc2tNh4iibA2Ic1tiYaJoliNCyYZdzGHZdKslN1quXp3XqpdZRnl4QiO4RRcuIAa3EIdGoBBwAu8wpv1bL1bH9bnrDVnZTOHMAfr6xfP4plC</latexit>

!/c2

<latexit sha1_base64="9CAWJD1BRHXGkSiGo4wC+qKIXuk=">AAACBnicbVDLTsJAFL3FF+ILdemmkZi4wpYYdEl0oUtM5BGhkukwhQkz02ZmatI07P0At/oJ7oxbf8Mv8DccoAsBT3KTk3Puzb33+BGjSjvOt5VbWV1b38hvFra2d3b3ivsHTRXGEpMGDlko2z5ShFFBGppqRtqRJIj7jLT80fXEbz0RqWgo7nUSEY+jgaABxUgb6aF7gzhHj5Uz3CuWnLIzhb1M3IyUIEO9V/zp9kMccyI0ZkipjutE2kuR1BQzMi50Y0UihEdoQDqGCsSJ8tLpxWP7xCh9OwilKaHtqfp3IkVcqYT7ppMjPVSL3kT8z+vEOrj0UiqiWBOBZ4uCmNk6tCfv230qCdYsMQRhSc2tNh4iibA2Ic1tiYaJoliNCyYZdzGHZdKslN1quXp3XqpdZRnl4QiO4RRcuIAa3EIdGoBBwAu8wpv1bL1bH9bnrDVnZTOHMAfr6xfP3plC</latexit>

!2/c

<latexit sha1_base64="xh4Ym3bVRCrBJucRqWr7bJIxV+I=">AAACBnicbVDLSgNBEOyNrxhfUY9eBoPgKe6KRI9BLx6jmAcmS5idzCZDZmaXmVlhWXL3A7zqJ3gTr/6GX+BvOHkcTGJBQ1HVTXdXEHOmjet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiCK2TiEeqFWBNOZO0bpjhtBUrikXAaTMY3oz95hNVmkXywaQx9QXuSxYygo2VHjuRoH3cvT8j3WLJLbsToGXizUgJZqh1iz+dXkQSQaUhHGvd9tzY+BlWhhFOR4VOommMyRD3adtSiQXVfja5eIROrNJDYaRsSYMm6t+JDAutUxHYToHNQC96Y/E/r52Y8MrPmIwTQyWZLgoTjkyExu+jHlOUGJ5agoli9lZEBlhhYmxIc1viQaoZ0aOCTcZbzGGZNM7LXqVcubsoVa9nGeXhCI7hFDy4hCrcQg3qQEDCC7zCm/PsvDsfzue0NefMZg5hDs7XL0LlmYk=</latexit>

ωR/c

<latexit sha1_base64="OQO87KEGhgKWdqGTPr7n1wsGob8=">AAACCHicbVBLSgNBFOzxG+Mv6tLNYBBcxZkg0WXQjcso5gOZMfR0epIm/aO7RxiGXMADuNUjuBO33sITeA07ySxMYsGDouo96lGRpEQbz/t2VlbX1jc2C1vF7Z3dvf3SwWFLi0Qh3ESCCtWJoMaUcNw0xFDckQpDFlHcjkY3E7/9hJUmgj+YVOKQwQEnMUHQWCkIBMMD2Ls/R4/VXqnsVbwp3GXi56QMcjR6pZ+gL1DCMDeIQq27vidNmEFlCKJ4XAwSjSVEIzjAXUs5ZFiH2fTnsXtqlb4bC2WHG3eq/r3IINM6ZZHdZNAM9aI3Ef/zuomJr8KMcJkYzNEsKE6oa4Q7KcDtE4WRoaklEClif3XRECqIjK1pLkUOU02QHhdtM/5iD8ukVa34tUrt7qJcv847KoBjcALOgA8uQR3cggZoAgQkeAGv4M15dt6dD+dztrri5DdHYA7O1y96ypot</latexit>

ωR/c
2

<latexit sha1_base64="cFlOF83WgsMsnNN1p9mq8hjcrho=">AAACD3icbVBLTgJBFOzBH+IPdOmmIzFxhTPGoEuiC12ikU8CZPKmaaBD9/Sku0czIRzCA7jVI7gzbj2CJ/AaNjALASt5SaXqvdRLBRFn2rjut5NZWV1b38hu5ra2d3b38oX9upaxIrRGJJeqGYCmnIW0ZpjhtBkpCiLgtBEMryd+45EqzWT4YJKIdgT0Q9ZjBIyV/HyhLQXtg3+P2zcgBJwSP190S+4UeJl4KSmiFFU//9PuShILGhrCQeuW50amMwJlGOF0nGvHmkZAhtCnLUtDEFR3RtPXx/jYKl3ck8pOaPBU/XsxAqF1IgK7KcAM9KI3Ef/zWrHpXXZGLIxiQ0MyC+rFHBuJJz3gLlOUGJ5YAkQx+ysmA1BAjG1rLiUaJJoRPc7ZZrzFHpZJ/azklUvlu/Ni5SrtKIsO0RE6QR66QBV0i6qohgh6Qi/oFb05z8678+F8zlYzTnpzgObgfP0Cq1acXw==</latexit>

ωR!/c
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Dimensionless description

<latexit sha1_base64="27m4DCnyZ1N2WYrjn4oNIPO5V6s="></latexit>

→ 10→8

<latexit sha1_base64="evqyupakcbFzBn9PjbwnBdQOBgo="></latexit>

→ 10→11

Different example:
<latexit sha1_base64="rjLa58GMBKuUWdav+b9b8yw5KTA="></latexit>

!” = gkR#0T
4
R = ωCTR · gTR

c
· ⊋kR
mc

· #0T
2
R

<latexit sha1_base64="6BlrwE3F66hWz0EHvwdEQWXcv/M="></latexit>

ωC =
mc2

⊋ = Atomic Compton frequency

<latexit sha1_base64="RLWAug3cE/Lqv844R4tYgECJEs8="></latexit>

Big dimensionless number
<latexit sha1_base64="u0HGS4MOii8TpeSHQFK+sLASlg0="></latexit>

ωCTR → 1026

Denote this as 
<latexit sha1_base64="b19HJ06weerxjZs01JswfcP59AE="></latexit>

O(2) → 107 rad

<latexit sha1_base64="6ZQftqygwvGSJ3mdO6ureDBcD5I="></latexit>

O(3) → 100 rad
Denote this as 

One can write every phase shift in an atom interferometer in this 
form! 

Using this notation we can systematically group phase shifts!

<latexit sha1_base64="mYweBbVMNd7tBpk94+bY4dPX8Rs="></latexit>

!” = gkRT
2
R =

mc2

⊋ TR · gTR

c
· ⊋kR
mc
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Dimensionless parameters (for now)

<latexit sha1_base64="ahMyWJah6sEPBPt1YAYCUHLftpw="></latexit>

{
<latexit sha1_base64="ahMyWJah6sEPBPt1YAYCUHLftpw="></latexit>

{

Initial conditions: 10−8

Recoil frequency: 10−20

Gravitational potential: 10−8

Recoil momentum: 10−11−10−9

Smaller than the others

<latexit sha1_base64="4a1HCgvkcGNzkMVbBt+eu3KgMf4="></latexit>

Parameter Definition

Z0
z0
cTR

V0
v0
c

FR
⊋ωR
mc2

G1,i
gTi

c

G2,i !0T 2
i

Ri
⊋ki
mc

<latexit sha1_base64="TB8TBuUp77QWE/UQDTY2tSRTjh0=">AAACCHicbVDLSgMxFM34rPVVdekmWARXZaZIdVl0ocsKfUFnLJk004YmmZBkhGHoD/gBbvUT3Ilb/8Iv8DdM21nY1gMXDufcy7mcUDKqjet+O2vrG5tb24Wd4u7e/sFh6ei4reNEYdLCMYtVN0SaMCpIy1DDSFcqgnjISCcc3079zhNRmsaiaVJJAo6GgkYUI2Ml379DnCPY7NPHar9UdivuDHCVeDkpgxyNfunHH8Q44UQYzJDWPc+VJsiQMhQzMin6iSYS4TEakp6lAnGig2z28wSeW2UAo1jZEQbO1L8XGeJapzy0mxyZkV72puJ/Xi8x0XWQUSETQwSeB0UJgyaG0wLggCqCDUstQVhR+yvEI6QQNramhRQ5SjXFelK0zXjLPaySdrXi1Sq1h8ty/SbvqABOwRm4AB64AnVwDxqgBTCQ4AW8gjfn2Xl3PpzP+eqak9+cgAU4X78wvJoA</latexit>

!T 2
i
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Python algorithm 

Interval #2 Interval #3 Interval #4Interval #1

Let me show it to you!

Created an open source Python algorithm that symbolically (!) 
calculates the phase shifts using SymPy.
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For the rest of today we’ll 
concentrate on spiciness level two: 

18
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3. Measurements of 
gravitational curvature
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34 CHAPTER 2. ATOM INTERFEROMETERS IN NEWTONIAN SPACETIME

Phases in units of ωC

# Order Proportionality SRBI SDDI ARBI ε Origin

1 O(2) G1,RRR TB + TR 2TB + 2TR TB + TR 2 Non-relativistic

2 R2
R 0 0 TR 1

3 RRRB →TR →2TR →TR 1

4 O(3) RRZ0G2,R →TB → TR →2TB → 2TR →TB → TR 2 Gravity gradient

5 RRV0G2,R → 3
2 TB → TR →3TB → 2TR → 3

2 TB → TR 3

6 RRRBG2,R → 1
4 TB → 1

6 TR → 1
2 TB → 1

3 TR → 1
4 TB → 1

6 TR 4

7 RRG1,RG2,R
7
6 TB +

7
12 TR

7
3 TB +

7
6 TR

7
6 TB +

7
12 TR 4

8 R2
RG2,R → 1

2 TB → 1
2 TR 0 → 1

2 TB → 1
3 TR 3

9 RRV0G2,B → 1
2 TR →TR → 1

2 TR 3

10 RRRBG2,B → 1
8 TR → 1

4 TR → 1
8 TR 3

11 RRG1,RG2,B
1
6 TB +

3
4 TR

1
3 TB +

3
2 TR

1
6 TB +

3
4 TR 4

12 FRG
2
1,R → 9

2 TB → 3TR →9TB → 6TR → 9
2 TB → 3TR 3 Doppler effect

13 FRG1,RV0 3TB + 3TR 6TB + 6TR 3TB + 3TR 2

14 FRG1,RG1,B → 3
2 TB →3TB → 3

2 TB 3

15 FRRBG1,R
5
2 TB +

7
2 TR 5TB + 7TR

5
2 TB +

7
2 TR 2

16 FRR
2
B →TR →2TR →TR 1

17 FRRBV0 →2TR →4TR →2TR 1

18 FRR
2
R 0 2TR TR 1

19 FRRRG1,B
1
2 TB 0 → 1

2 TB 2

20 FRRRG1,R 3TB → 5
2 TR 0 →3TB +

9
2 TR 2

21 FRRRRB → 1
2 TB + 2TR 0 1

2 TB → 2TR 1

22 FRRRV0 →TB → TR 0 TB + 5TR 1

23 FRRRZ0 0 0 2TR 1

Table 2.2: List of phases of the SRBI, SDDI, ARBI geometries written in terms of dimen-
sionless parameters of order O(2) (# 1→ # 3) and O(3) (# 4→ # 23), excluding FSL terms.
To extract this phase for one of the AIF geometries, one has to multiply the factor in the
column "proportionality" by the time given in the column of the respective AIF and the
atomic Compton frequency ωC in Eq. (2.7). For example, phase shift # 1 for the SRBI
RRG1,RωC(TR + TB) which translates into gkR(T 2

R + TRTB), see Table 2.1. Written out in
terms of dimensionful quantities, each contribution is a polynomial in TR and TB, i.e., is
proportional to TεR

R TεB
B . The overall exponent ε = εR + εB determines the scaling of each

phase with AIF time.

<latexit sha1_base64="l/sJmtqLOKFpO7exdihxLDqhnk4="></latexit>

(2TB + 2TR) · ωC · G1,RRR = 2gkRTR(TB + TR)

<latexit sha1_base64="ahMyWJah6sEPBPt1YAYCUHLftpw="></latexit> {

<latexit sha1_base64="TXo9EC9b6GWH52TavSVkhdmY3KI="></latexit>

O(2)

<latexit sha1_base64="ahMyWJah6sEPBPt1YAYCUHLftpw="></latexit> {<latexit sha1_base64="7url/logP/k48fiVKZPge0cjEkw="></latexit>

ω = 2

Small

Phase shift results (without FSL)
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Phase shift results (without FSL)

34 CHAPTER 2. ATOM INTERFEROMETERS IN NEWTONIAN SPACETIME

Phases in units of ωC

# Order Proportionality SRBI SDDI ARBI ε Origin

1 O(2) G1,RRR TB + TR 2TB + 2TR TB + TR 2 Non-relativistic

2 R2
R 0 0 TR 1

3 RRRB →TR →2TR →TR 1

4 O(3) RRZ0G2,R →TB → TR →2TB → 2TR →TB → TR 2 Gravity gradient

5 RRV0G2,R → 3
2 TB → TR →3TB → 2TR → 3

2 TB → TR 3

6 RRRBG2,R → 1
4 TB → 1

6 TR → 1
2 TB → 1

3 TR → 1
4 TB → 1

6 TR 4

7 RRG1,RG2,R
7
6 TB +

7
12 TR

7
3 TB +

7
6 TR

7
6 TB +

7
12 TR 4

8 R2
RG2,R → 1

2 TB → 1
2 TR 0 → 1

2 TB → 1
3 TR 3

9 RRV0G2,B → 1
2 TR →TR → 1

2 TR 3

10 RRRBG2,B → 1
8 TR → 1

4 TR → 1
8 TR 3

11 RRG1,RG2,B
1
6 TB +

3
4 TR

1
3 TB +

3
2 TR

1
6 TB +

3
4 TR 4

12 FRG
2
1,R → 9

2 TB → 3TR →9TB → 6TR → 9
2 TB → 3TR 3 Doppler effect

13 FRG1,RV0 3TB + 3TR 6TB + 6TR 3TB + 3TR 2

14 FRG1,RG1,B → 3
2 TB →3TB → 3

2 TB 3

15 FRRBG1,R
5
2 TB +

7
2 TR 5TB + 7TR

5
2 TB +

7
2 TR 2

16 FRR
2
B →TR →2TR →TR 1

17 FRRBV0 →2TR →4TR →2TR 1

18 FRR
2
R 0 2TR TR 1

19 FRRRG1,B
1
2 TB 0 → 1

2 TB 2

20 FRRRG1,R 3TB → 5
2 TR 0 →3TB +

9
2 TR 2

21 FRRRRB → 1
2 TB + 2TR 0 1

2 TB → 2TR 1

22 FRRRV0 →TB → TR 0 TB + 5TR 1

23 FRRRZ0 0 0 2TR 1

Table 2.2: List of phases of the SRBI, SDDI, ARBI geometries written in terms of dimen-
sionless parameters of order O(2) (# 1→ # 3) and O(3) (# 4→ # 23), excluding FSL terms.
To extract this phase for one of the AIF geometries, one has to multiply the factor in the
column "proportionality" by the time given in the column of the respective AIF and the
atomic Compton frequency ωC in Eq. (2.7). For example, phase shift # 1 for the SRBI
RRG1,RωC(TR + TB) which translates into gkR(T 2

R + TRTB), see Table 2.1. Written out in
terms of dimensionful quantities, each contribution is a polynomial in TR and TB, i.e., is
proportional to TεR

R TεB
B . The overall exponent ε = εR + εB determines the scaling of each

phase with AIF time.

Interesting asymmetry
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⊋k2R!0T 3
R

m

Most phases scale 
with a factor of two 
(spacetime area).  
But this one not!

Can we use this to 
gain information about 
the gravity gradient?
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MZI

SDDI

VLBAI figure adapted from Schilling et al. „Gravity field modelling for the Hannover 10 m atom interferometer“
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Phase comparison of a MZI and a SDDI in a CGI configuration (no FSL phases)

MZI SDDI Phase Phase Magnitude [rad] Differential signal

2 2 NRkRgT 2
R NRRRG1,R 1.4 → 107 0

↑2 ↑2 NRkRz0ΓT
2
R NRZ0G2,RRR 20 0

↑2 ↑2 NRkRv0ΓT
3
R NRV0G2,RRR 14 0

7
6

7
6 NRkRgΓT 4

R NRG1,RG2,RRR 14 0

↑2 0 N2
R⊋k

2
RΓT

3
R

m N2
RG2,RR2

R 1.5 → 10↑2 ↑2

↑12 ↑12 NRωRg2T 3
R

c2 NRG2
1,RFR 2.3 → 10↑9 0

12 12 NRωRgv0T 2
R

c2 NRFRG1,RV0 2.4 → 10↑9 0

Table 2.6: Comparison of phases in the MZI and SDDI used for a CGI, as depicted in Fig. 2.7,
split into different proportionalities. Pure FSL phases are discarded in this list. The first
two columns describe the prefactor of phase shift contributions given in the third and fourth
column, which is present in each AIF phase output. The magnitude denotes the absolute
value of the expression in the "Phase" columns with assumed numerical values: NR = 1,
ωR = 107 Hz, kR = 4 → 106 m↑1, m = 87 u, TR = 0.6 s, z0 = 5 m, v0 = 6 m/s, g = 9.81 m/s2

and Γ = 2.7 → 103 E. The last column comprises the prefactor of the phase expression in a
differential measurement setup between MZI and SDDI.

2.3.1 FSL Effect and Mitigation Scheme

Up to this point, we have assumed infinitely fast laser beams and perfectly simultaneous
interactions occurring at times t = 0,TR, 2TR for each AIF path. Nevertheless, as previously
mentioned, the FSL phases are influenced by various experimental conditions, including
photon path lengths, mirror positions, and, most importantly, the type of laser interaction
used for beam splitting and reflection. Therefore, we will consider a specific experimental
setup and choose again the setup depicted in Fig. 2.2. In the case of two-photon Bragg
transitions, this phase shift evaluates to

∆ΦFSL = 4N2
RR2

R

(
4G1,R ↑V0 ↑ RR

)
+ ∆Φ0

=
4⊋N2

Rk2
RTR

mc

(
4gTR ↑ v0 ↑

NR⊋kR
m

)
+ ∆Φ0, (2.56)

along with an additional time-independent component

∆Φ0 = 2N2
RR2

R
(
2ZL ↑Z0 ↑ZU

)
= 2N2

RR2
R
(ZL ↑H ↑Z0

)

=
2⊋N2

Rk2
R

mc
(
2zL ↑ z0 ↑ zU

)
(2.57)

and some other phase shift contributions of similar magnitude to those previously neglected.
The time-independent part is not inherently problematic, as it remains constant across each
AIF and can be used to precisely calculate the desired quantities from the output phase shift,
provided its magnitude is known. The TR dependence of the first part can pose challenges,
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CGI phase comparison
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Looks interesting so far, but the 
gravitational field is highly 

idealised…
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gravity along their trajectory. 

But how exactly?
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Where are the atoms „on average“?

Answer: It depends on the averaging process!

Averaging gravity
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Estimator for grav. curvature
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We can now define a novel estimator           for the grav. curvature: 
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E
]

<latexit sha1_base64="MurImPRWuDgym65bMzDAiUZh2VM="></latexit> [1
03

E
]

<latexit sha1_base64="MurImPRWuDgym65bMzDAiUZh2VM="></latexit> [1
03

E
]

<latexit sha1_base64="ApjqkWBYcV/xZghOyd43qo6urk4="></latexit> �
�
[m

ra
d
]

<latexit sha1_base64="ApjqkWBYcV/xZghOyd43qo6urk4="></latexit> �
�
[m

ra
d
]

<latexit sha1_base64="NVjqorW879G7rJ01QUI3K5sOl8k="></latexit>

��̂/h�i [%]

<latexit sha1_base64="2s1naNNQzAOXP2fm+Vp4yF1yyj4="></latexit>

��̂ [E]

<latexit sha1_base64="cU3sIJoLAygCBfclrGHv2CxX7bM="></latexit>

10
<latexit sha1_base64="ozDZSNh2iQvgm0UUiEH4Kpeeh8g="></latexit>

100

<latexit sha1_base64="J2IQLbWk14/0dJmioir0UkSyxMc="></latexit>

0.5
<latexit sha1_base64="bqfAbXC748fTz8dkkS2eSbj7ve4="></latexit>

�h

<latexit sha1_base64="k1KfWvX1aaDqkT/rxKPdZb80gLg="></latexit>

0.1m
<latexit sha1_base64="Fbjt6ozySwLKI1o0ZHKAhRackPA="></latexit>

2.5m

<latexit sha1_base64="TyHz7/qKYSfAP02LrFCb4duu3dg="></latexit>

4

<latexit sha1_base64="Yvo3XbvYOI1h4ikTloj0DoQA0CE="></latexit> Av
er

ag
e

P
ha

se
h�

�
i[
m
ra
d
]

<latexit sha1_base64="yiel6zwxQVhsqPV3GIj/JQ2yG5I="></latexit>�1

<latexit sha1_base64="Ge3awGyN8qrwoGEW8aCCjCSi0xI="></latexit>�10

<latexit sha1_base64="2pjUwjYtB6bG7PaXGw+zAjjhzHM="></latexit>

Relative Error
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<latexit sha1_base64="oLlxALd95NzlVs+wi6beiMoCrtM="></latexit>

1

<latexit sha1_base64="NVjqorW879G7rJ01QUI3K5sOl8k="></latexit>

��̂/h�i [%]

<latexit sha1_base64="2s1naNNQzAOXP2fm+Vp4yF1yyj4="></latexit>

��̂ [E]

<latexit sha1_base64="cU3sIJoLAygCBfclrGHv2CxX7bM="></latexit>

10
<latexit sha1_base64="ozDZSNh2iQvgm0UUiEH4Kpeeh8g="></latexit>

100

<latexit sha1_base64="bqfAbXC748fTz8dkkS2eSbj7ve4="></latexit>

�h

<latexit sha1_base64="Yvo3XbvYOI1h4ikTloj0DoQA0CE="></latexit> Av
er

ag
e

P
ha

se
h�

�
i[
m
ra
d
]

<latexit sha1_base64="yiel6zwxQVhsqPV3GIj/JQ2yG5I="></latexit>�1

<latexit sha1_base64="Ge3awGyN8qrwoGEW8aCCjCSi0xI="></latexit>�10

<latexit sha1_base64="2pjUwjYtB6bG7PaXGw+zAjjhzHM="></latexit>

Relative Error
<latexit sha1_base64="pZYc+D8XlsatyKg0wogzNASNcP4="></latexit>

0.1

<latexit sha1_base64="oLlxALd95NzlVs+wi6beiMoCrtM="></latexit>

1

<latexit sha1_base64="FrpodIYqjph+Npx/nHQsXXphGyg="></latexit>

0.15m
<latexit sha1_base64="tQvc5b/XTxv6x+QO0M6ZjSVboZI="></latexit>

3.5m

30

<latexit sha1_base64="ocDxnVyPcnaPRmNEfTYOOAt6t8A="></latexit>

!̂Our estimator

<latexit sha1_base64="O3gF1L3ZJ05h3SH1E0D79d7ig2g="></latexit>

!”

f
„Unshifted estimator“

Roughly one order of 
magnitude improvement in 

the estimation!

(Root mean square error)



S
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4. Noise
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<latexit sha1_base64="mk4Sr1mcbF9AZ9zdL6C50yYiJoA="></latexit>

zω,1(t)

<latexit sha1_base64="WXJTVSFtaDoA6EP6GnyflkLG6sI="></latexit>

zω,2(t)

<latexit sha1_base64="J+WSV36LZfZSg3S+VvHQDh2RK0c=">AAAB+HicbVBNT8JAEN3iF+IHVY9eGokJXkhrDHokevGIiXwk0DTbZYEN291md6pCwy/x4kFjvPpTvPlvXKAHBV8yyct7M5mZF8acaXDdbyu3tr6xuZXfLuzs7u0X7YPDppaJIrRBJJeqHWJNORO0AQw4bceK4ijktBWObmZ+64EqzaS4h3FM/QgPBOszgsFIgV2cBF2gT5By+Tgtw1lgl9yKO4ezSryMlFCGemB/dXuSJBEVQDjWuuO5MfgpVsAIp9NCN9E0xmSEB7RjqMAR1X46P3zqnBql5/SlMiXAmau/J1IcaT2OQtMZYRjqZW8m/ud1Euhf+SkTcQJUkMWifsIdkM4sBafHFCXAx4Zgopi51SFDrDABk1XBhOAtv7xKmucVr1qp3l2UatdZHHl0jE5QGXnoEtXQLaqjBiIoQc/oFb1ZE+vFerc+Fq05K5s5Qn9gff4AA+KTVQ==</latexit>

zlow(t)

<latexit sha1_base64="pCPJ5p+QDhMF+6wGJ99n27oI3MU=">AAAB9XicbVBNS8NAEN34WetX1aOXYBHqpSQi1WPRi8cK9gPaWDbbSbt0swm7E7WG/g8vHhTx6n/x5r9x2+agrQ8GHu/NMDPPjwXX6Djf1tLyyuraem4jv7m1vbNb2Ntv6ChRDOosEpFq+VSD4BLqyFFAK1ZAQ19A0x9eTfzmPSjNI3mLoxi8kPYlDzijaKS7p24H4RHTJB6X8KRbKDplZwp7kbgZKZIMtW7hq9OLWBKCRCao1m3XidFLqULOBIzznURDTNmQ9qFtqKQhaC+dXj22j43Ss4NImZJoT9XfEykNtR6FvukMKQ70vDcR//PaCQYXXsplnCBINlsUJMLGyJ5EYPe4AoZiZAhliptbbTagijI0QeVNCO78y4ukcVp2K+XKzVmxepnFkSOH5IiUiEvOSZVckxqpE0YUeSav5M16sF6sd+tj1rpkZTMH5A+szx+74pKt</latexit>

zup(t)

<latexit sha1_base64="Pt2VBvY3gT2Tsw9FvvB6PwNcwFQ=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUcCGzI79MLI7OxmZtYECV/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOzTjQk=</latexit>z

<latexit sha1_base64="UZu2J5Hz2CJbh+GavQoLByuohy0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB0awX664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzUKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM/iYDoTlDObGEMi3srYSNqKYMbTolG4K3/PIqaV1UvVq1dn9Zqd/kcRThBE7hHDy4gjrcQQOawGAIz/AKb450Xpx352PRWnDymWP4A+fzB/UGjZo=</latexit>

ctMirror surface

<latexit sha1_base64="dWoeZOi+CJPgI4YcOxtqHMwUemM=">AAAB/HicdVDJSgNBEO1xjXEbzdFLYxA8yDAzWUxuQS8eI5gFkjD0dCpJk56F7p5AGOKvePGgiFc/xJt/Y2cRVPRBweO9Kqrq+TFnUtn2h7G2vrG5tZ3Zye7u7R8cmkfHTRklgkKDRjwSbZ9I4CyEhmKKQzsWQAKfQ8sfX8/91gSEZFF4p6Yx9AIyDNmAUaK05Jm5bhTAkHjOBe5OgKbjmed4Zt62qm7ZLhWwbRVK1aLramK7lUqljB3LXiCPVqh75nu3H9EkgFBRTqTsOHaseikRilEOs2w3kRATOiZD6GgakgBkL10cP8NnWunjQSR0hQov1O8TKQmknAa+7gyIGsnf3lz8y+skalDppSyMEwUhXS4aJByrCM+TwH0mgCo+1YRQwfStmI6IIFTpvLI6hK9P8f+k6VpO2SrfFvO1q1UcGXSCTtE5ctAlqqEbVEcNRNEUPaAn9GzcG4/Gi/G6bF0zVjM59APG2ydKQpSU</latexit>

ω1,εk1

<latexit sha1_base64="We7nZBsG+z7a7JgZ6XihebvtSu4=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgQkISbKu7ohuXFWwrtCFMpjft0MmDmUmhhPorblwo4tYPceffOH0IKnrgwuGce7n3niDlTCrb/jAKK6tr6xvFzdLW9s7unrl/0JZJJii0aMITcRcQCZzF0FJMcbhLBZAo4NAJRlczvzMGIVkS36pJCl5EBjELGSVKS75Z7iURDIjvnuLeGGg+mvqub1Zs68K2q46LbcueY0aq1bpTw85SqaAlmr753usnNIsgVpQTKbuOnSovJ0IxymFa6mUSUkJHZABdTWMSgfTy+fFTfKyVPg4ToStWeK5+n8hJJOUkCnRnRNRQ/vZm4l9eN1PhuZezOM0UxHSxKMw4VgmeJYH7TABVfKIJoYLpWzEdEkGo0nmVdAhfn+L/Sdu1nJpVuzmrNC6XcRTRITpCJ8hBddRA16iJWoiiCXpAT+jZuDcejRfjddFaMJYzZfQDxtsnEgOUbQ==</latexit>

ω2,εk2

<latexit sha1_base64="We7nZBsG+z7a7JgZ6XihebvtSu4=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgQkISbKu7ohuXFWwrtCFMpjft0MmDmUmhhPorblwo4tYPceffOH0IKnrgwuGce7n3niDlTCrb/jAKK6tr6xvFzdLW9s7unrl/0JZJJii0aMITcRcQCZzF0FJMcbhLBZAo4NAJRlczvzMGIVkS36pJCl5EBjELGSVKS75Z7iURDIjvnuLeGGg+mvqub1Zs68K2q46LbcueY0aq1bpTw85SqaAlmr753usnNIsgVpQTKbuOnSovJ0IxymFa6mUSUkJHZABdTWMSgfTy+fFTfKyVPg4ToStWeK5+n8hJJOUkCnRnRNRQ/vZm4l9eN1PhuZezOM0UxHSxKMw4VgmeJYH7TABVfKIJoYLpWzEdEkGo0nmVdAhfn+L/Sdu1nJpVuzmrNC6XcRTRITpCJ8hBddRA16iJWoiiCXpAT+jZuDcejRfjddFaMJYzZfQDxtsnEgOUbQ==</latexit>

ω2,εk2

<latexit sha1_base64="5YRZ25O/TbjAlIFnwO/Pz06U0ak=">AAACAXicbVDLSsNAFL2pr1pfVZduBovgqiQirRuh6MZlhaYttKFMppN26GQSZiZCCF35AW71E9yJW7/EL/A3nLZZ2NYDFw7n3Mu99/gxZ0rb9rdV2Njc2t4p7pb29g8Oj8rHJ20VJZJQl0Q8kl0fK8qZoK5mmtNuLCkOfU47/uR+5neeqFQsEi2dxtQL8UiwgBGsjeS20C2yB+WKXbXnQOvEyUkFcjQH5Z/+MCJJSIUmHCvVc+xYexmWmhFOp6V+omiMyQSPaM9QgUOqvGx+7BRdGGWIgkiaEhrN1b8TGQ6VSkPfdIZYj9WqNxP/83qJDm68jIk40VSQxaIg4UhHaPY5GjJJieapIZhIZm5FZIwlJtrks7QlHqeKETUtmWSc1RzWSfuq6tSqtcfrSuMuz6gIZ3AOl+BAHRrwAE1wgQCDF3iFN+vZerc+rM9Fa8HKZ05hCdbXLz14lrA=</latexit>

T = 0
<latexit sha1_base64="e/BTYBfLO4/DnvC/GT1abSH4YMc=">AAACGHicbVDLSsNAFJ3UV62vqDvdDBZBEEoiUl0WdeGyQvqAJpTJdNoOnZmEmYkQQsHv8APc6ie4E7fu/AJ/w2mbhW09cOFwzr3ce08YM6q043xbhZXVtfWN4mZpa3tnd8/eP2iqKJGYNHDEItkOkSKMCtLQVDPSjiVBPGSkFY5uJ37rkUhFI+HpNCYBRwNB+xQjbaSufeRBn0ViwFGsdAQ9eA79O8I0gl7XLjsVZwq4TNyclEGOetf+8XsRTjgRGjOkVMd1Yh1kSGqKGRmX/ESRGOERGpCOoQJxooJs+sMYnhqlB/uRNCU0nKp/JzLElUp5aDo50kO16E3E/7xOovvXQUZFnGgi8GxRP2HQfDsJBPaoJFiz1BCEJTW3QjxEEmFtYpvbEg9TRbEal0wy7mIOy6R5UXGrlerDZbl2k2dUBMfgBJwBF1yBGrgHddAAGDyBF/AK3qxn6936sD5nrQUrnzkEc7C+fgF1BZ9f</latexit>

T →↑↓ T +!T

<latexit sha1_base64="+GCLSs1BK/+mQO48jMlNISB7cLM=">AAACBXicbZC7TsMwFIYdrqXcCowsFhUSU5V0KIwVLLAViV5QG1WOe9patZ3IdpCiqDMPwAqPwIZYeQ6egNfATTPQll+y9Ok/5+gc/0HEmTau++2srW9sbm0Xdoq7e/sHh6Wj45YOY0WhSUMeqk5ANHAmoWmY4dCJFBARcGgHk5tZvf0ESrNQPpgkAl+QkWRDRomx1uOdAZVRv1R2K24mvApeDmWUq9Ev/fQGIY0FSEM50brruZHxU6IMoxymxV6sISJ0QkbQtSiJAO2n2cFTfG6dAR6Gyj5pcOb+nUiJ0DoRge0UxIz1cm1m/lfrxmZ45adMRrEBSeeLhjHHJsSz3+MBU0ANTywQqpi9FdMxUYTaHBa3RONEM6qnRZuMt5zDKrSqFa9Wqd1Xy/XrPKMCOkVn6AJ56BLV0S1qoCaiSKAX9IrenGfn3flwPueta04+c4IW5Hz9AiUUmYQ=</latexit>

Iteration

Goal: Find interaction times  accurate 
to . 

I.e. the interaction height to .

tup, tlow
10−18 s

∼ 0.3 nm

Finite speed of light
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Mirror surface

<latexit sha1_base64="xKqV/0F+IPZCdUHGYsREI0NfcxE=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQL2VXpHosevFYwX5Au5RsNtuGZpMlmRXq0p/hxYMiXv013vw3pu0etPXBwOO9GWbmBYngBlz32ymsrW9sbhW3Szu7e/sH5cOjtlGppqxFlVC6GxDDBJesBRwE6yaakTgQrBOMb2d+55Fpw5V8gEnC/JgMJY84JWClXj9kAgh+qsL5oFxxa+4ceJV4OamgHM1B+asfKprGTAIVxJie5ybgZ0QDp4JNS/3UsITQMRmynqWSxMz42fzkKT6zSogjpW1JwHP190RGYmMmcWA7YwIjs+zNxP+8XgrRtZ9xmaTAJF0silKBQeHZ/zjkmlEQE0sI1dzeiumIaELBplSyIXjLL6+S9kXNq9fq95eVxk0eRxGdoFNURR66Qg10h5qohShS6Bm9ojcHnBfn3flYtBacfOYY/YHz+QNwsZC4</latexit>

ωz(t)

<latexit sha1_base64="dWoeZOi+CJPgI4YcOxtqHMwUemM=">AAAB/HicdVDJSgNBEO1xjXEbzdFLYxA8yDAzWUxuQS8eI5gFkjD0dCpJk56F7p5AGOKvePGgiFc/xJt/Y2cRVPRBweO9Kqrq+TFnUtn2h7G2vrG5tZ3Zye7u7R8cmkfHTRklgkKDRjwSbZ9I4CyEhmKKQzsWQAKfQ8sfX8/91gSEZFF4p6Yx9AIyDNmAUaK05Jm5bhTAkHjOBe5OgKbjmed4Zt62qm7ZLhWwbRVK1aLramK7lUqljB3LXiCPVqh75nu3H9EkgFBRTqTsOHaseikRilEOs2w3kRATOiZD6GgakgBkL10cP8NnWunjQSR0hQov1O8TKQmknAa+7gyIGsnf3lz8y+skalDppSyMEwUhXS4aJByrCM+TwH0mgCo+1YRQwfStmI6IIFTpvLI6hK9P8f+k6VpO2SrfFvO1q1UcGXSCTtE5ctAlqqEbVEcNRNEUPaAn9GzcG4/Gi/G6bF0zVjM59APG2ydKQpSU</latexit>

ω1,εk1

<latexit sha1_base64="xKqV/0F+IPZCdUHGYsREI0NfcxE=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQL2VXpHosevFYwX5Au5RsNtuGZpMlmRXq0p/hxYMiXv013vw3pu0etPXBwOO9GWbmBYngBlz32ymsrW9sbhW3Szu7e/sH5cOjtlGppqxFlVC6GxDDBJesBRwE6yaakTgQrBOMb2d+55Fpw5V8gEnC/JgMJY84JWClXj9kAgh+qsL5oFxxa+4ceJV4OamgHM1B+asfKprGTAIVxJie5ybgZ0QDp4JNS/3UsITQMRmynqWSxMz42fzkKT6zSogjpW1JwHP190RGYmMmcWA7YwIjs+zNxP+8XgrRtZ9xmaTAJF0silKBQeHZ/zjkmlEQE0sI1dzeiumIaELBplSyIXjLL6+S9kXNq9fq95eVxk0eRxGdoFNURR66Qg10h5qohShS6Bm9ojcHnBfn3flYtBacfOYY/YHz+QNwsZC4</latexit>

ωz(t)

Mirror displacement  
noise

Interaction time  
noise

Phase noise

<latexit sha1_base64="FdM3D5TCH7QJHLkmqfGvATHn/Io=">AAACIHicbZDLSsNAFIYn9VbrLerSzdAi1E1JilQ3QtGNywr2Am0pk+mkHTq5MHMixJC9z+EDuNVHcCcu9QV8DadtFrb1h4Gf/5zDOfM5oeAKLOvLyK2tb2xu5bcLO7t7+wfm4VFLBZGkrEkDEciOQxQT3GdN4CBYJ5SMeI5gbWdyM623H5hUPPDvIQ5Z3yMjn7ucEtDRwCz2hkwAwYCvcBX3XElokkWPZThLE5oOzJJVsWbCq8bOTAllagzMn94woJHHfKCCKNW1rRD6CZHAqWBpoRcpFhI6ISPW1dYnHlP9ZPaXFJ/qZIjdQOrnA56lfycS4ikVe47u9AiM1XJtGv5X60bgXvYT7ocRMJ/OF7mRwBDgKRg85JJRELE2hEqub8V0TDQP0PgWtoTjWHGq0oImYy9zWDWtasWuVWp356X6dcYoj05QEZWRjS5QHd2iBmoiip7QC3pFb8az8W58GJ/z1pyRzRyjBRnfv/w4ots=</latexit>

ωt = 2
ωz(t)

c

<latexit sha1_base64="ZYVZsO8J5xl5zoYYWlvHOyEfzI0="></latexit>

ωε = ϑ1ωt = 2ϑ1
ωz(t)

c

<latexit sha1_base64="CTVkc1/3fPbbiyDtq0mSOA67LPI=">AAACBnicbVDLTgJBEJzFF+IL9ehlAjHxRHaNQY9ELx4xETACIbOzvTBhdnYz02tCCHc/wKt+gjfj1d/wC/wNB9iDgJV0UqnqTneXn0hh0HW/ndza+sbmVn67sLO7t39QPDxqmjjVHBo8lrF+8JkBKRQ0UKCEh0QDi3wJLX94M/VbT6CNiNU9jhLoRqyvRCg4Qys9ljoBSGQUS71i2a24M9BV4mWkTDLUe8WfThDzNAKFXDJj2p6bYHfMNAouYVLopAYSxoesD21LFYvAdMeziyf01CoBDWNtSyGdqX8nxiwyZhT5tjNiODDL3lT8z2unGF51x0IlKYLi80VhKinGdPo+DYQGjnJkCeNa2FspHzDNONqQFrYkg5ER3EwKNhlvOYdV0jyveNVK9e6iXLvOMsqTE1IiZ8Qjl6RGbkmdNAgniryQV/LmPDvvzofzOW/NOdnMMVmA8/ULlueZHw==</latexit>

”ωt”

Finite speed of light
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Seismic Acceleration 
<latexit sha1_base64="r8lT01cnygqRF13Nce1Su+ETz4g=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0hEqseiF49V7Ae0oWy2k3bpZhN2N0Ip/QdePCji1X/kzX/jts1BWx8MPN6bYWZemAqujed9O4W19Y3NreJ2aWd3b/+gfHjU1EmmGDZYIhLVDqlGwSU2DDcC26lCGocCW+Hodua3nlBpnshHM04xiOlA8ogzaqz04Lu9csVzvTnIKvFzUoEc9V75q9tPWBajNExQrTu+l5pgQpXhTOC01M00ppSN6AA7lkoaow4m80un5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRdTDhMs0MSrZYFGWCmITM3iZ9rpAZMbaEMsXtrYQNqaLM2HBKNgR/+eVV0rxw/apbvb+s1G7yOIpwAqdwDj5cQQ3uoA4NYBDBM7zCmzNyXpx352PRWnDymWP4A+fzB+j8jPg=</latexit>

1.
<latexit sha1_base64="Juf0las+Vxc0cI9OFGzhMUeOSug="></latexit> a S

ei
sm

ic
(
f
)
[m

/s
2
/→

H
z
]

<latexit sha1_base64="KOaHHLuJ16Wdka5xhusKz29ULxA=">AAACDnicbVDLSsNAFJ34rPUVdelmsAiuSiJSXRbddFnBPqANZTKdtENnJmFmUoghfoMf4FY/wZ249Rf8An/DSZuFbT1w4XDOvdzD8SNGlXacb2ttfWNza7u0U97d2z84tI+O2yqMJSYtHLJQdn2kCKOCtDTVjHQjSRD3Gen4k7vc70yJVDQUDzqJiMfRSNCAYqSNNLDtAD71+hzpseRp4zHzBnbFqTozwFXiFqQCCjQH9k9/GOKYE6ExQ0r1XCfSXoqkppiRrNyPFYkQnqAR6RkqECfKS2fJM3hulCEMQmlGaDhT/16kiCuVcN9s5hnVspeL/3m9WAc3XkpFFGsi8PxREDOoQ5jXAIdUEqxZYgjCkpqsEI+RRFibsha+RONEUayysmnGXe5hlbQvq26tWru/qtRvi45K4BScgQvggmtQBw3QBC2AwRS8gFfwZj1b79aH9TlfXbOKmxOwAOvrFwfynKk=</latexit>

f [Hz]

<latexit sha1_base64="05/7hF+lLqijlPdWCTAfBodvcRg=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4CkmR6rHoxWMV+wFtKJvtpl262YTdiVBK/4EXD4p49R9589+4bXPQ1gcDj/dmmJkXplIY9LxvZ219Y3Nru7BT3N3bPzgsHR03TZJpxhsskYluh9RwKRRvoEDJ26nmNA4lb4Wj25nfeuLaiEQ94jjlQUwHSkSCUbTSQ8Xtlcqe681BVomfkzLkqPdKX91+wrKYK2SSGtPxvRSDCdUomOTTYjczPKVsRAe8Y6miMTfBZH7plJxbpU+iRNtSSObq74kJjY0Zx6HtjCkOzbI3E//zOhlG18FEqDRDrthiUZRJggmZvU36QnOGcmwJZVrYWwkbUk0Z2nCKNgR/+eVV0qy4ftWt3l+Wazd5HAU4hTO4AB+uoAZ3UIcGMIjgGV7hzRk5L86787FoXXPymRP4A+fzB+qBjPk=</latexit>

2. Laser Phase Noise 

<latexit sha1_base64="NtnYaJK5HM0Ge+Z2ckst6sfUD3Y="></latexit> !
P
S
D
(
f
)
[r
a
d
2
/H

z
]

<latexit sha1_base64="KOaHHLuJ16Wdka5xhusKz29ULxA=">AAACDnicbVDLSsNAFJ34rPUVdelmsAiuSiJSXRbddFnBPqANZTKdtENnJmFmUoghfoMf4FY/wZ249Rf8An/DSZuFbT1w4XDOvdzD8SNGlXacb2ttfWNza7u0U97d2z84tI+O2yqMJSYtHLJQdn2kCKOCtDTVjHQjSRD3Gen4k7vc70yJVDQUDzqJiMfRSNCAYqSNNLDtAD71+hzpseRp4zHzBnbFqTozwFXiFqQCCjQH9k9/GOKYE6ExQ0r1XCfSXoqkppiRrNyPFYkQnqAR6RkqECfKS2fJM3hulCEMQmlGaDhT/16kiCuVcN9s5hnVspeL/3m9WAc3XkpFFGsi8PxREDOoQ5jXAIdUEqxZYgjCkpqsEI+RRFibsha+RONEUayysmnGXe5hlbQvq26tWru/qtRvi45K4BScgQvggmtQBw3QBC2AwRS8gFfwZj1b79aH9TlfXbOKmxOwAOvrFwfynKk=</latexit>

f [Hz]

<latexit sha1_base64="02suqHrpikgwoKKwh9m8lo2R2vQ=">AAACAHicbVDLSsNAFL3xWeur6tLNYBFclUSkdVl047KCfUAby2Q6aYZOJmFmIoTQjR/gVj/Bnbj1T/wCf8NJm4VtPXDhcM693HuPF3OmtG1/W2vrG5tb26Wd8u7e/sFh5ei4o6JEEtomEY9kz8OKciZoWzPNaS+WFIcep11vcpv73ScqFYvEg05j6oZ4LJjPCNa55NiPjWGlatfsGdAqcQpShQKtYeVnMIpIElKhCcdK9R071m6GpWaE02l5kCgaYzLBY9o3VOCQKjeb3TpF50YZIT+SpoRGM/XvRIZDpdLQM50h1oFa9nLxP6+faP/azZiIE00FmS/yE450hPLH0YhJSjRPDcFEMnMrIgGWmGgTz8KWOEgVI2paNsk4yzmsks5lzanX6vdX1eZNkVEJTuEMLsCBBjThDlrQBgIBvMArvFnP1rv1YX3OW9esYuYEFmB9/QIF7Zab</latexit>
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<latexit sha1_base64="n6uCWOyRk8pqCfoiPNu/e4AUN40=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0hEq8eiF49V7Ae0oWy2m3bpZhN2J0Ip/QdePCji1X/kzX/jts1Bqw8GHu/NMDMvTKUw6HlfTmFldW19o7hZ2tre2d0r7x80TZJpxhsskYluh9RwKRRvoEDJ26nmNA4lb4Wjm5nfeuTaiEQ94DjlQUwHSkSCUbTS/YXbK1c815uD/CV+TiqQo94rf3b7CctirpBJakzH91IMJlSjYJJPS93M8JSyER3wjqWKxtwEk/mlU3JilT6JEm1LIZmrPycmNDZmHIe2M6Y4NMveTPzP62QYXQUTodIMuWKLRVEmCSZk9jbpC80ZyrEllGlhbyVsSDVlaMMp2RD85Zf/kuaZ61fd6t15pXadx1GEIziGU/DhEmpwC3VoAIMInuAFXp2R8+y8Oe+L1oKTzxzCLzgf3+8QjPw=</latexit>

5. Create noise 
Sample uniformly 

<latexit sha1_base64="2sOluupeTnFzoyzASE2VaZMNBAQ="></latexit>

ωz(t) = →
∑

i

aSeismic(fi)√
(2εfi)3

· sin(2εfit+ !i)

<latexit sha1_base64="dsrn8cq/uBnwejQj7eOUAWu+kQM="></latexit>

ω!(t) =
∑

j

√
2εfj!PSD(fj) · sin(2εfjt+ !j)

<latexit sha1_base64="a8hlkTXnndkNznUzHs6/C8LvuH4="></latexit>

ωg(t) =
∑

k

aGravity(fk) ·
√

2εfk · sin(2εfkt+ !k)

<latexit sha1_base64="uEJwYaQBIJd//SldHV3ZUdf8ulI=">AAACJXicbVDLSgNBEJyNrxhfUY9eBoMYD4ZdkehFCHrxGMU8IBuW2dlJMmR2d5jpFULIJ/gdfoBX/QRvInjy6G84SfZgEgsaiqpuurt8KbgG2/6yMkvLK6tr2fXcxubW9k5+d6+u40RRVqOxiFXTJ5oJHrEacBCsKRUjoS9Yw+/fjP3GI1Oax9EDDCRrh6Qb8Q6nBIzk5Y/dgAkg2JU9XoQTfIVP8b3nxlIkGqde1xhevmCX7AnwInFSUkApql7+xw1imoQsAiqI1i3HltAeEgWcCjbKuYlmktA+6bKWoREJmW4PJw+N8JFRAtyJlakI8ET9OzEkodaD0DedIYGenvfG4n9eK4HOZXvII5kAi+h0UScRGGI8TgcHXDEKYmAIoYqbWzHtEUUomAxntsjeQHOqRzmTjDOfwyKpn5Wccql8d16oXKcZZdEBOkRF5KALVEG3qIpqiKIn9IJe0Zv1bL1bH9bntDVjpTP7aAbW9y9oGaP4</latexit>

ωε(t) = →R→ωg(t)

<latexit sha1_base64="MQxwC9YA7QcI9hcupDqNuQpXfTk=">AAACInicbVDLSgMxFM3UV62vqks3wSoolDJTpLosunFZwT6gM5RMmmljM5mQZIRh6A/4HX6AW/0Ed+JKcO9vmLazsK0Hwj2ccy/35viCUaVt+8vKrayurW/kNwtb2zu7e8X9g5aKYolJE0cskh0fKcIoJ01NNSMdIQkKfUba/uhm4rcfiVQ04vc6EcQL0YDTgGKkjdQrnriNIe3RMpzWh6yOoEs57NplWHUFPe8VS3bFngIuEycjJZCh0Sv+uP0IxyHhGjOkVNexhfZSJDXFjIwLbqyIQHiEBqRrKEchUV46/c0YnhqlD4NImsc1nKp/J1IUKpWEvukMkR6qRW8i/ud1Yx1ceSnlItaE49miIGZQR3ASDexTSbBmiSEIS2puhXiIJMLaBDi3RQwTRbEaF0wyzmIOy6RVrTi1Su3uolS/zjLKgyNwDM6AAy5BHdyCBmgCDJ7AC3gFb9az9W59WJ+z1pyVzRyCOVjfv2rWolo=</latexit>

!i,!j ,!k → [0, 2ω)

Discretize 

<latexit sha1_base64="9fsEKvvQrs9r61vBjEFFvvNLWNY=">AAACIHicbVDLSsNAFJ34rPUVdelmsAguakmKtC6LbrqsYB/QxDCZTtqhk0mYmQg19FPc+CtuXCiiO/0aJ20W2nrgwuGce7n3Hj9mVCrL+jJWVtfWNzYLW8Xtnd29ffPgsCOjRGDSxhGLRM9HkjDKSVtRxUgvFgSFPiNdf3yd+d17IiSN+K2axMQN0ZDTgGKktOSZ9cCj0KEc9m3rLj2vTqFThk6I1EiEafNhWoaZviS7nlmyKtYMcJnYOSmBHC3P/HQGEU5CwhVmSEq9L1ZuioSimJFp0UkkiREeoyHpa8pRSKSbzh6cwlOtDGAQCV1cwZn6eyJFoZST0Ned2Y1y0cvE/7x+ooJLN6U8ThTheL4oSBhUEczSggMqCFZsognCgupbIR4hgbDSmRZ1CPbiy8ukU63YtUrt5qLUuMrjKIBjcALOgA3qoAGaoAXaAINH8AxewZvxZLwY78bHvHXFyGeOwB8Y3z9YaaFO</latexit>

fi → [10
→2

Hz, 102 Hz]

<latexit sha1_base64="xLsv44aUuiom4wnjnUuA6Q/l9m0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0hEqseiF49V7Ae0oWy2m3bpZhN2J0Ip/QdePCji1X/kzX/jts1BWx8MPN6bYWZemEph0PO+ncLa+sbmVnG7tLO7t39QPjxqmiTTjDdYIhPdDqnhUijeQIGSt1PNaRxK3gpHtzO/9cS1EYl6xHHKg5gOlIgEo2ilh0u3V654rjcHWSV+TiqQo94rf3X7CctirpBJakzH91IMJlSjYJJPS93M8JSyER3wjqWKxtwEk/mlU3JmlT6JEm1LIZmrvycmNDZmHIe2M6Y4NMveTPzP62QYXQcTodIMuWKLRVEmCSZk9jbpC80ZyrEllGlhbyVsSDVlaMMp2RD85ZdXSfPC9atu9f6yUrvJ4yjCCZzCOfhwBTW4gzo0gEEEz/AKb87IeXHenY9Fa8HJZ47hD5zPH+2LjPs=</latexit>

4.

<latexit sha1_base64="ZlETleJEjw+pSHvAzErTpu8NaxY=">AAACLXicbVDLSsNAFJ3UV62vqEs3g0VwUWoi0rosuumygn1AE8NkOmnHTiZhZiLUkM/wO/wAt/oJLgRx299w+ljY1gMXDufcy733+DGjUlnWl5FbW9/Y3MpvF3Z29/YPzMOjlowSgUkTRywSHR9JwignTUUVI51YEBT6jLT94e3Ebz8RIWnE79UoJm6I+pwGFCOlJc+8CLxH6FAOuzZ0StAJkRqIMK0/ZyVoWw/VJdH1zKJVtqaAq8SekyKYo+GZY6cX4SQkXGGGpOzaVqzcFAlFMSNZwUkkiREeoj7paspRSKSbTh/L4JlWejCIhC6u4FT9O5GiUMpR6OvOyY1y2ZuI/3ndRAXXbkp5nCjC8WxRkDCoIjhJCfaoIFixkSYIC6pvhXiABMJKZ7mwJR6MJMUyK+hk7OUcVknrsmxXypW7q2LtZp5RHpyAU3AObFAFNVAHDdAEGLyAN/AOPoxX49P4Nn5mrTljPnMMFmCMfwGA9qcf</latexit>

fj → [1Hz, 107 Hz]
<latexit sha1_base64="JuUebdt5rQkNQ45cXyItXb+cjVg=">AAAB/3icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmgckS5idzCZDZmeWmVlhWXLwA7zqJ3gTr36KX+BvOEn2YBILGoqqbrq7gpgzbVz32ymsrW9sbhW3Szu7e/sH5cOjlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvp367SeqNJPi0aQx9SM8FCxkBBsrPYT9cb9ccavuDGiVeDmpQI5Gv/zTG0iSRFQYwrHWXc+NjZ9hZRjhdFLqJZrGmIzxkHYtFTii2s9mp07QmVUGKJTKljBopv6dyHCkdRoFtjPCZqSXvan4n9dNTHjtZ0zEiaGCzBeFCUdGounfaMAUJYanlmCimL0VkRFWmBibzsKWeJRqRvSkZJPxlnNYJa2Lqler1u4vK/WbPKMinMApnIMHV1CHO2hAEwgM4QVe4c15dt6dD+dz3lpw8pljWIDz9Qs9dJbL</latexit>

fk
<latexit sha1_base64="9fsEKvvQrs9r61vBjEFFvvNLWNY=">AAACIHicbVDLSsNAFJ34rPUVdelmsAguakmKtC6LbrqsYB/QxDCZTtqhk0mYmQg19FPc+CtuXCiiO/0aJ20W2nrgwuGce7n3Hj9mVCrL+jJWVtfWNzYLW8Xtnd29ffPgsCOjRGDSxhGLRM9HkjDKSVtRxUgvFgSFPiNdf3yd+d17IiSN+K2axMQN0ZDTgGKktOSZ9cCj0KEc9m3rLj2vTqFThk6I1EiEafNhWoaZviS7nlmyKtYMcJnYOSmBHC3P/HQGEU5CwhVmSEq9L1ZuioSimJFp0UkkiREeoyHpa8pRSKSbzh6cwlOtDGAQCV1cwZn6eyJFoZST0Ned2Y1y0cvE/7x+ooJLN6U8ThTheL4oSBhUEczSggMqCFZsognCgupbIR4hgbDSmRZ1CPbiy8ukU63YtUrt5qLUuMrjKIBjcALOgA3qoAGaoAXaAINH8AxewZvxZLwY78bHvHXFyGeOwB8Y3z9YaaFO</latexit>

fi → [10
→2

Hz, 102 Hz]

for 
<latexit sha1_base64="jIpgntlzzo5h1Vy3XeO4osljaSU=">AAACBHicbVDLSsNAFL2pr1pfVZduBovgopREpLosunFZwT6gDWUynbRjJ5MwMxFC6NYPcKuf4E7c+h9+gb/hpM3Cth64cDjnXu69x4s4U9q2v63C2vrG5lZxu7Szu7d/UD48aqswloS2SMhD2fWwopwJ2tJMc9qNJMWBx2nHm9xmfueJSsVC8aCTiLoBHgnmM4K1kbqsih6raIIG5Ypds2dAq8TJSQVyNAfln/4wJHFAhSYcK9Vz7Ei7KZaaEU6npX6saITJBI9oz1CBA6rcdHbvFJ0ZZYj8UJoSGs3UvxMpDpRKAs90BliP1bKXif95vVj7127KRBRrKsh8kR9zpEOUPY+GTFKieWIIJpKZWxEZY4mJNhEtbInGiWJETUsmGWc5h1XSvqg59Vr9/rLSuMkzKsIJnMI5OHAFDbiDJrSAAIcXeIU369l6tz6sz3lrwcpnjmEB1tcvOSCXww==</latexit>

i, j, k

Choose frequencies 
linearly in the 
respective intervals

Re
pe

at
 

 ti
m

es
N S

<latexit sha1_base64="dEy3RFuuYx+Wb+MDLXbdFyK/Gyg=">AAAB/nicbVDLSsNAFL2pr1pfVZduBovgKiQi0WXRjcsq9gFtKJPppB06mYSZiRBCwQ9wq5/gTtz6K36Bv+G0zcK2HrhwOOde7r0nSDhT2nG+rdLa+sbmVnm7srO7t39QPTxqqTiVhDZJzGPZCbCinAna1Exz2kkkxVHAaTsY30799hOVisXiUWcJ9SM8FCxkBGsjPXh2v1pzbGcGtErcgtSgQKNf/ekNYpJGVGjCsVJd10m0n2OpGeF0UumliiaYjPGQdg0VOKLKz2eXTtCZUQYojKUpodFM/TuR40ipLApMZ4T1SC17U/E/r5vq8NrPmUhSTQWZLwpTjnSMpm+jAZOUaJ4Zgolk5lZERlhiok04C1uSUaYYUZOKScZdzmGVtC5s17O9+8ta/abIqAwncArn4MIV1OEOGtAEAiG8wCu8Wc/Wu/Vhfc5bS1YxcwwLsL5+AdF6lfU=</latexit>

6.
Sample the phase  of 
an interferometer with  
atoms with given spreads 
in the initial conditions 

ΔΦ
NI

Phase sampling

<latexit sha1_base64="uAvx2XfD4egUgfU1HwXWm2aFIp4=">AAACQ3icbVDJSgNBEO2JW4xb1KOXxiAkIGFGJHoMLuAxglkgM4SeTidp0rPQXSPEIV/kd/gBHtUP8OBNvAp2JnPI4oOGV+9VUdXPDQVXYJpvRmZldW19I7uZ29re2d3L7x80VBBJyuo0EIFsuUQxwX1WBw6CtULJiOcK1nSH1xO/+cik4oH/AKOQOR7p+7zHKQEtdfK39g0TQLBdG/Ci3U34UxFKpzgtEmOm7s+ZYWKWOvmCWTYT4GVipaSAUtQ6+U+7G9DIYz5QQZRqW2YITkwkcCrYOGdHioWEDkmftTX1iceUEyffHeMTrXRxL5D6+YATdXYiJp5SI8/VnR6BgVr0JuJ/XjuC3qUTcz+MgPl0uqgXCQwBnmSHu1wyCmKkCaGS61sxHRBJKOiE57aEg5HiVI1zOhlrMYdl0jgrW5Vy5f68UL1KM8qiI3SMishCF6iK7lAN1RFFz+gVvaMP48X4Mr6Nn2lrxkhnDtEcjN8/A0eunw==</latexit>

!”(ωz(t), ω”(t), ωg(t), ωε(t))

Calculate and save the 
average phase. 

Gravity Noise 
<latexit sha1_base64="LBGP4+69C9Nxvd977Ak40qcGbiY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0hUqseiF49V7Ae0oWy2m3bpZhN2J0Ip/QdePCji1X/kzX/jts1Bqw8GHu/NMDMvTKUw6HlfTmFldW19o7hZ2tre2d0r7x80TZJpxhsskYluh9RwKRRvoEDJ26nmNA4lb4Wjm5nfeuTaiEQ94DjlQUwHSkSCUbTS/bnbK1c815uD/CV+TiqQo94rf3b7CctirpBJakzH91IMJlSjYJJPS93M8JSyER3wjqWKxtwEk/mlU3JilT6JEm1LIZmrPycmNDZmHIe2M6Y4NMveTPzP62QYXQUTodIMuWKLRVEmCSZk9jbpC80ZyrEllGlhbyVsSDVlaMMp2RD85Zf/kuaZ61fd6t1FpXadx1GEIziGU/DhEmpwC3VoAIMInuAFXp2R8+y8Oe+L1oKTzxzCLzgf3+wGjPo=</latexit>

3.

<latexit sha1_base64="2o6yzWkALruiNjSnBmIXTmm16bc="></latexit> a G
ra
v
it
y
(
f
)
[m

/s
2
/→

H
z
]

<latexit sha1_base64="KOaHHLuJ16Wdka5xhusKz29ULxA=">AAACDnicbVDLSsNAFJ34rPUVdelmsAiuSiJSXRbddFnBPqANZTKdtENnJmFmUoghfoMf4FY/wZ249Rf8An/DSZuFbT1w4XDOvdzD8SNGlXacb2ttfWNza7u0U97d2z84tI+O2yqMJSYtHLJQdn2kCKOCtDTVjHQjSRD3Gen4k7vc70yJVDQUDzqJiMfRSNCAYqSNNLDtAD71+hzpseRp4zHzBnbFqTozwFXiFqQCCjQH9k9/GOKYE6ExQ0r1XCfSXoqkppiRrNyPFYkQnqAR6RkqECfKS2fJM3hulCEMQmlGaDhT/16kiCuVcN9s5hnVspeL/3m9WAc3XkpFFGsi8PxREDOoQ5jXAIdUEqxZYgjCkpqsEI+RRFibsha+RONEUayysmnGXe5hlbQvq26tWru/qtRvi45K4BScgQvggmtQBw3QBC2AwRS8gFfwZj1b79aH9TlfXbOKmxOwAOvrFwfynKk=</latexit>

f [Hz]

Noise or Signal
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Result: Phase shift statistics



 AION Seminar — Michael Werner 

<latexit sha1_base64="0HsAAL6wJYbov7IEzaY/UWOiBYc=">AAAB/XicbZBLTwIxFIU7+EJ8jY+dm0YwcUVmWKBLohvdYSKPBCakUzpMQ6czae+YACH+FTcuNMat/8Od/8YCs1DwJE2+nHNv2h4/EVyD43xbubX1jc2t/HZhZ3dv/8A+PGrqOFWUNWgsYtX2iWaCS9YADoK1E8VI5AvW8oc3s7z1yJTmsXyAUcK8iAwkDzglYKyefXInOXAicMj4IARcGvecUs8uOmVnLrwKbgZFlKnes7+6/ZimEZNABdG64zoJeBOigFPBpoVuqllC6JAMWMegJBHT3mT++ik+N04fB7EyRwKeu783JiTSehT5ZjIiEOrlbGb+l3VSCK68CZdJCkzSxUVBKjDEeFYF7nPFKIiRAUKVqYFiGhJFKJjCCqYEd/nLq9CslN1quXpfKdauszry6BSdoQvkoktUQ7eojhqIojF6Rq/ozXqyXqx362MxmrOynWP0R9bnDwo/lFA=</latexit>

Initial height z0

<latexit sha1_base64="81buELhcgzUpmkcNuRa1x8so7Ow=">AAACAnicbVDLSsNAFJ34rPUVdSVuBlvBVUm6qC6LunAZwT6gCWUynTRDJw9mboQSiht/xY0LRdz6Fe78G6dtFtp6YOBwzj3cucdPBVdgWd/Gyura+sZmaau8vbO7t28eHLZVkknKWjQRiez6RDHBY9YCDoJ1U8lI5AvW8UfXU7/zwKTiSXwP45R5ERnGPOCUgJb65rET6jRWIQ8AV90bJoBg1wl5tW9WrJo1A14mdkEqqIDTN7/cQUKziMVABVGqZ1speDmRwKlgk7KbKZYSOiJD1tM0JhFTXj47YYLPtDLAQSL1iwHP1N+JnERKjSNfT0YEQrXoTcX/vF4GwaWX8zjNgMV0vijIBIYET/vAAy4ZBTHWhFDJ9V8xDYkkFHRrZV2CvXjyMmnXa3aj1rirV5pXRR0ldIJO0Tmy0QVqolvkoBai6BE9o1f0ZjwZL8a78TEfXTGKzBH6A+PzB2bqlig=</latexit>

Ph
as
e s
hi
ft
!
”

<latexit sha1_base64="TH/eHQKXUDx8itdKy2BMKJ94cHY=">AAAB+XicbVC7SgNBFJ2Nrxhfq5Y2g0GwCrspomUwjZVEMA9IljA7mU2GzGOZRyAs+RMbC0Vs/RM7/8ZJsoUmHrhwOOde7r0nThnVJgi+vcLW9s7uXnG/dHB4dHzin561tbQKkxaWTKpujDRhVJCWoYaRbqoI4jEjnXjSWPidKVGaSvFkZimJOBoJmlCMjJMGvv9geUwUlAlsSCuMHvjloBIsATdJmJMyyNEc+F/9ocSWE2EwQ1r3wiA1UYaUoZiRealvNUkRnqAR6TkqECc6ypaXz+GVU4YwkcqVMHCp/p7IENd6xmPXyZEZ63VvIf7n9axJbqOMitQaIvBqUWIZNBIuYoBDqgg2bOYIwoq6WyEeI4WwcWGVXAjh+subpF2thLVK7bFart/lcRTBBbgE1yAEN6AO7kETtAAGU/AMXsGbl3kv3rv3sWotePnMOfgD7/MHEKmTTg==</latexit> N
u
m
b
er

of
C
ou

nt
s

<latexit sha1_base64="jLLJqQ+cLi3HYN3mn6KEbP7cD1Y=">AAACFHicbVDLSsNAFJ3UV62vqODGzWARXJVEpLos6sJlBfuAJpTJdNIMnUzCzEQIMb/hB7jVT3Anbt37Bf6GkzYL23rgwuGce7iX48WMSmVZ30ZlZXVtfaO6Wdva3tndM/cPujJKBCYdHLFI9D0kCaOcdBRVjPRjQVDoMdLzJjeF33skQtKIP6g0Jm6Ixpz6FCOlpaF55ETaLtKZc0uYQtBpBzQfmnWrYU0Bl4ldkjoo0R6aP84owklIuMIMSTmwrVi5GRKKYkbympNIEiM8QWMy0JSjkEg3m/6fw1OtjKAfCT1cwan6N5GhUMo09PRmiFQgF71C/M8bJMq/cjPK40QRjmeH/IRBFcGiDDiigmDFUk0QFlT/CnGABMJKVzZ3JQ5SSbHMa7oZe7GHZdI9b9jNRvP+ot66LjuqgmNwAs6ADS5BC9yBNugADJ7AC3gFb8az8W58GJ+z1YpRZg7BHIyvX679nyU=</latexit>

!”

<latexit sha1_base64="11jd8Erjf0+Nt5KoRoaKvRACGMI=">AAACFHicbVDLSsNAFJ34rPUVFdy4GS2Cq5KIVJdFXbisYB/QhDCZTpqhM0mYmQgh5jf8ALf6Ce7ErXu/wN9w2mZhWw9cOJxzL+dy/IRRqSzr21haXlldW69sVDe3tnd2zb39joxTgUkbxywWPR9JwmhE2ooqRnqJIIj7jHT90c3Y7z4SIWkcPagsIS5Hw4gGFCOlJc88dCQdcuTlzrFzS5hC0GmFtPDMmlW3JoCLxC5JDZRoeeaPM4hxykmkMENS9m0rUW6OhKKYkaLqpJIkCI/QkPQ1jRAn0s0n/xfwVCsDGMRCT6TgRP17kSMuZcZ9vcmRCuW8Nxb/8/qpCq7cnEZJqkiEp0FByqCK4bgMOKCCYMUyTRAWVP8KcYgEwkpXNpOShJmkWBZV3Yw938Mi6ZzX7Ua9cX9Ra16XHVXAETgBZ8AGl6AJ7kALtAEGT+AFvII349l4Nz6Mz+nqklHeHIAZGF+/6rqerg==</latexit>ω!”

<latexit sha1_base64="8BstQu7RDO/RFf7GYXDdUflaXXk=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEF1ISkeqy6MZlBfuAJpTJdNIOnUnCzESooV/ixoUibv0Ud/6NkzYLbT0wcDjnXu6ZEyScKe0431ZpbX1jc6u8XdnZ3duv2geHHRWnktA2iXksewFWlLOItjXTnPYSSbEIOO0Gk9vc7z5SqVgcPehpQn2BRxELGcHaSAO76iLvHHkC67EUmZgN7JpTd+ZAq8QtSA0KtAb2lzeMSSpopAnHSvVdJ9F+hqVmhNNZxUsVTTCZ4BHtGxphQZWfzYPP0KlRhiiMpXmRRnP190aGhVJTEZjJPKFa9nLxP6+f6vDaz1iUpJpGZHEoTDnSMcpbQEMmKdF8aggmkpmsiIyxxESbriqmBHf5y6ukc1F3G/XG/WWteVPUUYZjOIEzcOEKmnAHLWgDgRSe4RXerCfrxXq3PhajJavYOYI/sD5/AMkvko8=</latexit>

1m

<latexit sha1_base64="bb1hqeLHJzugYUC65z5FMafDxZQ=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgQkpSpLosunFZwT6gCWUynbRDZ5IwMxFq6Je4caGIWz/FnX/jpM1CWw8MHM65l3vmBAlnSjvOt7W2vrG5tV3aKe/u7R9U7MOjjopTSWibxDyWvQAryllE25ppTnuJpFgEnHaDyW3udx+pVCyOHvQ0ob7Ao4iFjGBtpIFdqSPvAnkC67EUmZgN7KpTc+ZAq8QtSBUKtAb2lzeMSSpopAnHSvVdJ9F+hqVmhNNZ2UsVTTCZ4BHtGxphQZWfzYPP0JlRhiiMpXmRRnP190aGhVJTEZjJPKFa9nLxP6+f6vDaz1iUpJpGZHEoTDnSMcpbQEMmKdF8aggmkpmsiIyxxESbrsqmBHf5y6ukU6+5jVrj/rLavCnqKMEJnMI5uHAFTbiDFrSBQArP8Apv1pP1Yr1bH4vRNavYOYY/sD5/AMrBkpA=</latexit>

2m

<latexit sha1_base64="7ojldBeE7CkCL44t+eIAOGMQfjI=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgQkqiUl0W3bisYB/QhDKZTtqhM0mYmQg19EvcuFDErZ/izr9x0mahrQcGDufcyz1zgoQzpR3n21pZXVvf2Cxtlbd3dvcq9v5BW8WpJLRFYh7LboAV5SyiLc00p91EUiwCTjvB+Db3O49UKhZHD3qSUF/gYcRCRrA2Ut+uXCDvDHkC65EUmZj27apTc2ZAy8QtSBUKNPv2lzeISSpopAnHSvVcJ9F+hqVmhNNp2UsVTTAZ4yHtGRphQZWfzYJP0YlRBiiMpXmRRjP190aGhVITEZjJPKFa9HLxP6+X6vDaz1iUpJpGZH4oTDnSMcpbQAMmKdF8YggmkpmsiIywxESbrsqmBHfxy8ukfV5z67X6/WW1cVPUUYIjOIZTcOEKGnAHTWgBgRSe4RXerCfrxXq3PuajK1axcwh/YH3+AMxTkpE=</latexit>

3m

<latexit sha1_base64="huF/gtEuc5lSlJ5IyohPsk/yzWQ=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgQkoipbosunFZwT6gCWUynbRDZ5IwMxFq6Je4caGIWz/FnX/jpM1CWw8MHM65l3vmBAlnSjvOt7W2vrG5tV3aKe/u7R9U7MOjjopTSWibxDyWvQAryllE25ppTnuJpFgEnHaDyW3udx+pVCyOHvQ0ob7Ao4iFjGBtpIFdqSPvAnkC67EUmZgN7KpTc+ZAq8QtSBUKtAb2lzeMSSpopAnHSvVdJ9F+hqVmhNNZ2UsVTTCZ4BHtGxphQZWfzYPP0JlRhiiMpXmRRnP190aGhVJTEZjJPKFa9nLxP6+f6vDaz1iUpJpGZHEoTDnSMcpbQEMmKdF8aggmkpmsiIyxxESbrsqmBHf5y6ukc1lzG7XGfb3avCnqKMEJnMI5uHAFTbiDFrSBQArP8Apv1pP1Yr1bH4vRNavYOYY/sD5/AM3lkpI=</latexit>

4m

<latexit sha1_base64="AQYtCHqzIF/1tHDrnL3iiI4ImnY=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgQkoiWl0W3bisYB/QhDKZTtqhM0mYmQg19EvcuFDErZ/izr9x0mahrQcGDufcyz1zgoQzpR3n21pZXVvf2Cxtlbd3dvcq9v5BW8WpJLRFYh7LboAV5SyiLc00p91EUiwCTjvB+Db3O49UKhZHD3qSUF/gYcRCRrA2Ut+uXCLvDHkC65EUmZj27apTc2ZAy8QtSBUKNPv2lzeISSpopAnHSvVcJ9F+hqVmhNNp2UsVTTAZ4yHtGRphQZWfzYJP0YlRBiiMpXmRRjP190aGhVITEZjJPKFa9HLxP6+X6vDaz1iUpJpGZH4oTDnSMcpbQAMmKdF8YggmkpmsiIywxESbrsqmBHfxy8ukfV5z67X6/UW1cVPUUYIjOIZTcOEKGnAHTWgBgRSe4RXerCfrxXq3PuajK1axcwh/YH3+AM93kpM=</latexit>

5m

<latexit sha1_base64="rsBFIj8q1KmrSod2Y0jV4yR+Pb0=">AAACBXicbVDLSsNAFL2pr1pfVZduBovgqiRSqhuh6MaVVLQPaUOZTCft0JkkzEyEELr2A9zqJ7gTt36HX+BvOG2zsK0HLhzOuZd77/EizpS27W8rt7K6tr6R3yxsbe/s7hX3D5oqjCWhDRLyULY9rChnAW1opjltR5Ji4XHa8kbXE7/1RKViYfCgk4i6Ag8C5jOCtZEeb3v36BJVbLtXLNllewq0TJyMlCBDvVf86fZDEgsaaMKxUh3HjrSbYqkZ4XRc6MaKRpiM8IB2DA2woMpNpweP0YlR+sgPpalAo6n6dyLFQqlEeKZTYD1Ui95E/M/rxNq/cFMWRLGmAZkt8mOOdIgm36M+k5RonhiCiWTmVkSGWGKiTUZzW6JhohhR44JJxlnMYZk0z8pOtVy9q5RqV1lGeTiCYzgFB86hBjdQhwYQEPACr/BmPVvv1of1OWvNWdnMIczB+voFi3OX6A==</latexit>

NS = 400
<latexit sha1_base64="0neSizeek/thM3zX0oSc34YRFsI=">AAACBnicbVDLSsNAFL2pr1pfVZduBovgqiRFqhuh6MaVVLQPbEOZTCft0MkkzEyEELr3A9zqJ7gTt/6GX+BvOG2zsK0HLhzOuZd77/EizpS27W8rt7K6tr6R3yxsbe/s7hX3D5oqjCWhDRLyULY9rChngjY005y2I0lx4HHa8kbXE7/1RKVioXjQSUTdAA8E8xnB2kiPt717dIkqVdvuFUt22Z4CLRMnIyXIUO8Vf7r9kMQBFZpwrFTHsSPtplhqRjgdF7qxohEmIzygHUMFDqhy0+nFY3RilD7yQ2lKaDRV/06kOFAqCTzTGWA9VIveRPzP68Tav3BTJqJYU0Fmi/yYIx2iyfuozyQlmieGYCKZuRWRIZaYaBPS3JZomChG1LhgknEWc1gmzUrZqZard2el2lWWUR6O4BhOwYFzqMEN1KEBBAS8wCu8Wc/Wu/Vhfc5ac1Y2cwhzsL5+AQW2mCY=</latexit>

NS = 2600

37

Result: Phase shift statistics
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<latexit sha1_base64="rurLkpLt7rqirruuln+owS9Igcg="></latexit>

g(z)� gref [µm/s2]

<latexit sha1_base64="RaknjJskVqlbgSADKMpTFDgyDss="></latexit>

600
<latexit sha1_base64="t9GpE3v9FIAlWql4fvGyqRZoeC0="></latexit>

610
<latexit sha1_base64="gvN/E9JAMzFhj9hS9PlpIIIVcps="></latexit>

605
<latexit sha1_base64="AXnd9yUUwVuKgCIyZQH+4j0CrTI="></latexit>

615

z=0m

groundfloor

gravimetry

groundwater

backbone

z=4.89m

z=10.09m

z=3.35m

mean
max

min

basement

region of interest

z

z=-0.59m

<latexit sha1_base64="ypnYo5ZQcUgKaVYPI9LAsJNaAVg="></latexit>

7
<latexit sha1_base64="Xi0z7L7xycqS4W1qlbCFxZ4t90Y="></latexit>

6
<latexit sha1_base64="6p0Z5QpUn24a+Buej9+n4SfIUks="></latexit>

5

<latexit sha1_base64="KO9JfWYnBIU1mmCwIHIOq2K66pM="></latexit>

1

<latexit sha1_base64="GTuF30uFVEdGRunGChZE+V916GY="></latexit>

2

<latexit sha1_base64="HWmIDzHgyrQ5FxeiOPSv/4Hn4E4="></latexit>

3

<latexit sha1_base64="KaAdyBB/My27qxz2K5CUbsRQKmQ="></latexit>

4

<latexit sha1_base64="uvZPUu8JbyP0/6FyJzdTsqzikc0="></latexit>�2.9
<latexit sha1_base64="4qktGars0Y2njX8Z8QTUroKYTAg="></latexit>�2.8

<latexit sha1_base64="smA/I+P8gzRsr4eShWBtBAG6lUg="></latexit>�2.7
<latexit sha1_base64="sdH+6cI/tLUyVhjuSXxB3PQUXtY="></latexit>�2.6

<latexit sha1_base64="tZ+DIYFRvMrLHeHBJTl6XFr6KoE="></latexit> z
[m

]

<latexit sha1_base64="AVBp9wKNV/3ChuYzAwFGdYl9Hlc="></latexit>

region of interest (ROI)

<latexit sha1_base64="xpiPfhfZmS97w2RalkQH38iUtxg="></latexit>

groundfloor

<latexit sha1_base64="6gfKGiJXmAVqvKs85NXorcmXMOQ="></latexit>

basement

<latexit sha1_base64="fAy1HUDUOgbat39pv24xxjEOc5Y="></latexit>

�(z) [103 E]

38

Where shall I operate my interferometer? 
How high shall I shoot the atoms?
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39

Stability Analysis: CGI

<latexit sha1_base64="lqHYUn2+8/uI6ZA4cApMd+N+j50=">AAACJXicbVDLSsNAFJ34rPVVdelmsIgupCQi1WVRFy4r2AckodxMp+3QmSTMTIQS8gl+hx/gVj/BnQiuXPobTtoubOuBC4dz7uXee4KYM6Vt+8taWl5ZXVsvbBQ3t7Z3dkt7+00VJZLQBol4JNsBKMpZSBuaaU7bsaQgAk5bwfAm91uPVCoWhQ96FFNfQD9kPUZAG6lTOvEU6wvopN4t5RqwVx+wDHtn2PUE6IEUqZDQzfxOqWxX7DHwInGmpIymqHdKP143IomgoSYclHIdO9Z+ClIzwmlW9BJFYyBD6FPX0BAEVX46fijDx0bp4l4kTYUaj9W/EykIpUYiMJ35lWrey8X/PDfRvSs/ZWGcaBqSyaJewrGOcJ4O7jJJieYjQ4BIZm7FZAASiDYZzmyJByPFiMqKJhlnPodF0jyvONVK9f6iXLueZlRAh+gInSIHXaIaukN11EAEPaEX9IrerGfr3fqwPietS9Z05gDNwPr+BYtYpdw=</latexit> ω
!
”
[m

ra
d
]

z=0m

groundfloor

gravimetry

groundwater

backbone

z=4.89m

z=10.09m

z=3.35m

mean
max

min

basement

region of interest

z

z=-0.59m

<latexit sha1_base64="3tw6aTMepzOXlQqHLx6nrXIIH1U="></latexit>z0

<latexit sha1_base64="Z4UrMDd+bQsVJKBBMdvv7epspg4="></latexit>

!h
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Stability Analysis: MZI

PRELIMINARY

<latexit sha1_base64="lqHYUn2+8/uI6ZA4cApMd+N+j50=">AAACJXicbVDLSsNAFJ34rPVVdelmsIgupCQi1WVRFy4r2AckodxMp+3QmSTMTIQS8gl+hx/gVj/BnQiuXPobTtoubOuBC4dz7uXee4KYM6Vt+8taWl5ZXVsvbBQ3t7Z3dkt7+00VJZLQBol4JNsBKMpZSBuaaU7bsaQgAk5bwfAm91uPVCoWhQ96FFNfQD9kPUZAG6lTOvEU6wvopN4t5RqwVx+wDHtn2PUE6IEUqZDQzfxOqWxX7DHwInGmpIymqHdKP143IomgoSYclHIdO9Z+ClIzwmlW9BJFYyBD6FPX0BAEVX46fijDx0bp4l4kTYUaj9W/EykIpUYiMJ35lWrey8X/PDfRvSs/ZWGcaBqSyaJewrGOcJ4O7jJJieYjQ4BIZm7FZAASiDYZzmyJByPFiMqKJhlnPodF0jyvONVK9f6iXLueZlRAh+gInSIHXaIaukN11EAEPaEX9IrerGfr3fqwPietS9Z05gDNwPr+BYtYpdw=</latexit> ω
!
”
[m

ra
d
]

More data needed!

z=0m

groundfloor

gravimetry

groundwater

backbone

z=4.89m

z=10.09m

z=3.35m

mean
max

min

basement

region of interest

z

z=-0.59m

<latexit sha1_base64="3tw6aTMepzOXlQqHLx6nrXIIH1U="></latexit>z0

<latexit sha1_base64="Z4UrMDd+bQsVJKBBMdvv7epspg4="></latexit>

!h
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5. The ghost in the 
machine 👻
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The ghost in the machine

VS

Sa
m

e 
Py

th
on

 c
od

e.
 

Sa
m

e 
lib

ra
rie

s.
  

Sa
m

e 
ev

er
yt

hi
ng

.

MacBook Pro 
Intel CPU

Code Machine Result

MacBook Pro 
Apple Silicon CPU
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My reaction

“Delusional state of self”
Acrylic on canvas, 2025.
— Artist unknown.
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The ghost in the machine
• Double precision was not enough in my code —> Changes in  in VLBAI are too 

small for this. 

• Python solution: Use LongDouble. Because this is equivalent to Quartic precision, innit? 

• No, it’s not. The LongDouble class tells the CPU to use the highest accuracy it supports 
natively.

g(z)

These 16 bit actually made the difference…

Intel CPU 
80 bit machine

Intel
Apple Silicon CPU 

64 bit machine
Apple
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Solution: We use the Python library “Decimal”. 

Idea: Numbers are stored as a string with any desired precision. 

Problem: We leave “GPU territory”. 

The ghost in the machine

Future Parallelization: Natively compute quartic precision NVIDIA 
Blackwell architecture. Quite expensive though… 

Parallelization now: CPU based using Python library “Dask”.

Expensive hardware 
 Open source spirit≠

Way faster
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Curvature paper:

1

Curv. algorithm:

1

PPN paper:

1

PPN algorithm:

1

Quick links:

We looked @ this code

Thank you for listening!
Any questions?

And also thanks to those people:
Gaaloul group (T-SQUAD)


