
Realistic Simulator of Gravitational Wave and Dark 
Matter Detection in long-baseline Atom Interferometry

Introduction
In Hannover is the 10m facility VLBAI (“Very Long Baseline 
Atom Interferometer”). 
• Interferometry with Rubidium (Rb) and Ytterbium (Yb) with a 

free fall time of up to . 
• Designed to do precise UFF (Universality of Free Fall) tests 

with atoms.

2T ≈ 2.6 s

Theory of Quantum Sensing

Motivation
Measuring Gravitational Waves and Dark Matter are two of the most anticipated problems in modern physics. 
Atom Interferometer (AIFs) are highly sensitive measurement devices that can potentially measure both within a single 
(large scale) facility with a baseline .B ≥ 100 m

Optimal Parameters for Resonant GW Detection

What is the optimal configuration to detect a GW of known frequency  in a 
detector with fixed baseline  on Earth? [1] 
The interferometer time  is set by the GW frequency. Having a minimal 
and maximal time of the AIF, one can define the three main free parameters 

, and  . 

Goal: Find the optimal triple  which maximizes the phase 

. 

Numerics: Our open source Python algorithm (right box) is able to simulate GWs 
with strains of  even within  interferometers. 

Connection to DM: DM is detected in the exact same AIF geometry — optimized 
in the same manner!
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2c )
h ≥ 10−20 B = 10 m

Open Source Python Algorithm 
• Solves the Schrödinger equation systematically using 

the stationary phase approximation. [2] 

• Includes general relativity (GR) to order . [2] 
• Ray propagation (finite speed of light) and intersection 

with atomic trajectories to ultra high precision. 
• Models (static) idealized gravitational backgrounds as 

well as non-trivial ones, such as the measured model 
of the VLBAI. 

• Possibility to include (temporal and spatial) 
gravitational anharmonicities.

𝒪(c−2)

Broadband GW & DM Analysis
Large scale detectors — of course — need to operate in a broadband 
configuration. For this, one sets the AIF time  to a fixed value and tries to 
optimize the broadband configuration. 
Goal: Find parameters that reject noise (GGN) optimally for ULDM and GW 
detection. There are, however, some differences in the detection schemes: 
• ULDM requires multiple atomic species to detect different couplings. 
• DM usually also has multiple coupling constants that need to be distinguished. 
• GWs requires (optimally) a global network of AIF detectors with baselines in 

different directions to distinguish polarizations. 

T

Our webpage!
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FIG. 4. (a) Analytical and numerical magnitude of the phase shift for the AIF depicted in Fig. 2, on resonance, normalized by the gravitational
wave strain h, for the optimal number of diamonds Qopt and fixed n = 1, as a function of frequency f . The numerical simulation closely follows
the analytical model of Graham et al., demonstrating excellent agreement. (b) Kick phase (orange dashed), separation phase (blue dashed),
and the sum of both (black solid), each normalized by the strain h, as functions of f for the B = 10 m interferometer investigated in (a). The
propagation phase constitutes the dominant contribution to the total phase shift under the assumption of a homogeneous gravitational field.
All curves are calculated for Rubidium with ωA = 6.8 GHz, a strain of h = 10→10, with laser/mirror positions at zL = →1 m and zU = B + 1 m,
yielding a free laser propagation length of B̃ = B + 2 m.

where we denoted the recoil velocity by vrec = ⊋keff/m and the
free laser propagation length by B̃ = zU → zL. The approxi-
mation for ∆zKick is exact for no LMT pulses, i.e. n = 1, (as
shown in the subsequent pictures) and for high LMT orders
n ↑ 1.

The optimal initial height for the lower atomic ensemble is
z1(0) = 0. For the upper interferometer, the initial position
should be chosen as z2(0) = L = B → ∆h. This configuration
ensures that the upper ensemble — specifically, the upper path
component — reaches its turning point at the height B at the
time Tfull/2. From this we can deduce an ensemble separation
L as a function of Q and n of

L(Q, n,ω) = B → gQ2ε2

2ω2 → Qnvrec

(
Tres → (n → 1)

B̃
c

)
. (7)

The central question that follows is which values of Q ↓
Qmax ↔ N and n ↓ nmax ↔ N maximize the interferometric
phase signal of the AIF as a function of the gravitational wave
frequency, for a given baseline B (resp. laser propagation
length B̃). To address this, we examine in detail the phase
response of the differential interferometer scheme illustrated in
Fig. 2. We numerically simulate the phase of the interferometer
in the ‘semiclassical’ approach [28], consisting of propagation
phase ∆ϑProp, separation phase ∆ϑSep and the laser phase (we
call it ’Kick phase’) ∆ϑKick. Within this gravitational-wave de-
tection scheme, the propagation phase constitutes the dominant
contribution to the total signal. Additionally, for the purposes
of this analysis, we assume a linear gravitational field, i.e.,
g(z) = g is constant.

Following Graham et al. [29] the phase response of such
an AIF is on resonance given by ∆Φres(t) = ∆ϑres sin(ωt + ϑ0),
where ϑ0 refers to the phase offset as defined in Eq. (3), and
∆ϑres denotes the resonance amplitude, whose explicit expres-
sion is given by

∆ϑres = 2QkeffhL sinc
(ωnL

2c

)
cos
(
ω(n → 1)L

2c

)
. (8)

Although the above equation was originally derived in a
spaceborne context, it also applies to the earthbound case. This
is because the phase shift itself is independent of the local
gravitational acceleration g, which constitutes a uniform ac-
celeration and therefore affects both interferometer arms of
each atomic ensemble identically. [30] The only differences
arise in the boundary conditions for the parameters Q, n, and
L, which must account for the finite extent of the atomic trajec-
tories resulting from the presence of a non-zero gravitational
acceleration in earthbound configurations.

To get the optimal distance between the two ensembles as a
function of n and Q we insert Eq. (7) into Eq. (8) and get

∆ϑres(Q, n) =
4cQkeffh
ω

sin
(

nωL(Q, n)
2c

)
cos
(
ω(n → 1)L(Q, n)

2c

)
.

(9)

Maximizing this expression over integer parameters does not
yield an analytical solution. However, for given values of B

z=0m

groundfloor

gravimetry

groundwater

backbone

z=4.89m
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<latexit sha1_base64="h8CgLqahdwnpzAjPbMcVVW9ItCU=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx6jmAckS5idzCZDZmeWmVlhWQJ+gFf9BG/i1V/xC/wNJ8keTGJBQ1HVTXdXEHOmjet+O4W19Y3NreJ2aWd3b/+gfHjU0jJRhDaJ5FJ1AqwpZ4I2DTOcdmJFcRRw2g7Gt1O//USVZlI8mjSmfoSHgoWMYGOlh17WL1fcqjsDWiVeTiqQo9Ev//QGkiQRFYZwrHXXc2PjZ1gZRjidlHqJpjEmYzykXUsFjqj2s9mlE3RmlQEKpbIlDJqpfycyHGmdRoHtjLAZ6WVvKv7ndRMTXvsZE3FiqCDzRWHCkZFo+jYaMEWJ4aklmChmb0VkhBUmxoazsCUepZoRPSnZZLzlHFZJ66Lq1aq1+8tK/SbPqAgncArn4MEV1OEOGtAEAiG8wCu8Oc/Ou/PhfM5bC04+cwwLcL5+AYlqlmg=</latexit>
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<latexit sha1_base64="cXFO+kUrd3wnev4Jey7O/TlQELg=">AAAB/3icbVDLSgNBEOz1GeMr6tHLYBA8hV2R6DHoxWNE84BkCbOT2WTI7OwwMyusSw5+gFf9BG/i1U/xC/wNJ8keTGJBQ1HVTXdXIDnTxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGiCG2QmMeqHWBNORO0YZjhtC0VxVHAaSsY3Uz81iNVmsXiwaSS+hEeCBYygo2V7p96Xq9UdivuFGiZeDkpQ456r/TT7cckiagwhGOtO54rjZ9hZRjhdFzsJppKTEZ4QDuWChxR7WfTU8fo1Cp9FMbKljBoqv6dyHCkdRoFtjPCZqgXvYn4n9dJTHjlZ0zIxFBBZovChCMTo8nfqM8UJYanlmCimL0VkSFWmBibztwWOUw1I3pctMl4izksk+Z5xatWqncX5dp1nlEBjuEEzsCDS6jBLdShAQQG8AKv8OY8O+/Oh/M5a11x8pkjmIPz9QsA5pal</latexit>z1

<latexit sha1_base64="WVAdH7KIYCKDsAR0MYrtqNXazeg=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiRFqsuiG5cV7QPaUCbTSTt0MgkzEyGGLvwAt/oJ7sStn+IX+BtO2ixs64ELh3Pu5d57vIgzpW372yqsrW9sbhW3Szu7e/sH5cOjtgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yU3mdx6pVCwUDzqJqBvgkWA+I1gb6f5pUBuUK3bVngGtEicnFcjRHJR/+sOQxAEVmnCsVM+xI+2mWGpGOJ2W+rGiESYTPKI9QwUOqHLT2alTdGaUIfJDaUpoNFP/TqQ4UCoJPNMZYD1Wy14m/uf1Yu1fuSkTUaypIPNFfsyRDlH2NxoySYnmiSGYSGZuRWSMJSbapLOwJRonihE1LZlknOUcVkm7VnXq1frdRaVxnWdUhBM4hXNw4BIacAtNaAGBEbzAK7xZz9a79WF9zlsLVj5zDAuwvn4BAn+Wpg==</latexit>z2

<latexit sha1_base64="3FM4EvgS02xt5NdBPpNiyC93wxs=">AAAB/XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRiwcPLdhaaEPZbCft0s0m7G6EEIo/wKv+BG/i1d/iL/BvuG1zsK0PBh7vzTAzz485U9pxvq3C2vrG5lZxu7Szu7d/UD48aqsokRRbNOKR7PhEIWcCW5ppjp1YIgl9jo/++HbqPz6hVCwSDzqN0QvJULCAUaKN1LzvlytO1ZnBXiVuTiqQo9Ev//QGEU1CFJpyolTXdWLtZURqRjlOSr1EYUzomAyxa6ggISovmx06sc+MMrCDSJoS2p6pfycyEiqVhr7pDIkeqWVvKv7ndRMdXHsZE3GiUdD5oiDhto7s6df2gEmkmqeGECqZudWmIyIJ1SabhS3xKFWMqknJJOMu57BK2hdVt1atNS8r9Zs8oyKcwCmcgwtXUIc7aEALKCC8wCu8Wc/Wu/Vhfc5bC1Y+cwwLsL5+AYXzldM=</latexit>

L

<latexit sha1_base64="vJrmAtle2Is6elFjLInzQ6pwKYo=">AAAB/XicbVDLSgNBEOz1GeMr6tHLYBA8hV2R6DHoxWMCeUGyhNlJbzJk9sHMrLAswQ/wqp/gTbz6LX6Bv+Ek2YNJLGgoqrrp7vJiwZW27W9rY3Nre2e3sFfcPzg8Oi6dnLZVlEiGLRaJSHY9qlDwEFuaa4HdWCINPIEdb/Iw8ztPKBWPwqZOY3QDOgq5zxnVRmo0B6WyXbHnIOvEyUkZctQHpZ/+MGJJgKFmgirVc+xYuxmVmjOB02I/URhTNqEj7Bka0gCVm80PnZJLowyJH0lToSZz9e9ERgOl0sAznQHVY7XqzcT/vF6i/Ts342GcaAzZYpGfCKIjMvuaDLlEpkVqCGWSm1sJG1NJmTbZLG2Jx6niTE2LJhlnNYd10r6uONVKtXFTrt3nGRXgHC7gChy4hRo8Qh1awADhBV7hzXq23q0P63PRumHlM2ewBOvrF5K7lds=</latexit>

T
<latexit sha1_base64="ISZJ5hlbLF6fBbONC5hjptbemtU=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4TMA9IljA76U2GzD6YmRWWJfgBXvUTvIlXv8Uv8DecJHswiQUNRVU33V1eLLjStv1tFTY2t7Z3irulvf2Dw6Py8UlbRYlk2GKRiGTXowoFD7GluRbYjSXSwBPY8Sb3M7/zhFLxKHzUaYxuQEch9zmj2khNe1Cu2FV7DrJOnJxUIEdjUP7pDyOWBBhqJqhSPceOtZtRqTkTOC31E4UxZRM6wp6hIQ1Qudn80Cm5MMqQ+JE0FWoyV/9OZDRQKg080xlQPVar3kz8z+sl2r91Mx7GicaQLRb5iSA6IrOvyZBLZFqkhlAmubmVsDGVlGmTzdKWeJwqztS0ZJJxVnNYJ+2rqlOr1prXlfpdnlERzuAcLsGBG6jDAzSgBQwQXuAV3qxn6936sD4XrQUrnzmFJVhfv1k3lbc=</latexit>

0
<latexit sha1_base64="JZizg0TN9MBLVNUBobenQvQMsEw=">AAAB/nicbVDLSsNAFL2pr1pfVZduBovgqiRFqsuiG5dV+oI2lMl00g6dTMLMRAih4Ae41U9wJ279Fb/A33CaZmFbD1w4nHMv997jRZwpbdvfVmFjc2t7p7hb2ts/ODwqH590VBhLQtsk5KHseVhRzgRta6Y57UWS4sDjtOtN7+Z+94lKxULR0klE3QCPBfMZwdpIj7XWsFyxq3YGtE6cnFQgR3NY/hmMQhIHVGjCsVJ9x460m2KpGeF0VhrEikaYTPGY9g0VOKDKTbNLZ+jCKCPkh9KU0ChT/06kOFAqCTzTGWA9UaveXPzP68fav3FTJqJYU0EWi/yYIx2i+dtoxCQlmieGYCKZuRWRCZaYaBPO0pZokihG1KxkknFWc1gnnVrVqVfrD1eVxm2eURHO4BwuwYFraMA9NKENBHx4gVd4s56td+vD+ly0Fqx85hSWYH39AgfXlhc=</latexit>

2T
<latexit sha1_base64="Be8bh9lfeFu2N18iqAD0JTh6OKU=">AAAB/nicbVDLSsNAFL2pr1pfVZduBovgqiQq1WXRjcsqfUEbymQ6aYdOJmFmIoRQ8APc6ie4E7f+il/gbzhps7CtBy4czrmXe+/xIs6Utu1vq7C2vrG5Vdwu7ezu7R+UD4/aKowloS0S8lB2PawoZ4K2NNOcdiNJceBx2vEmd5nfeaJSsVA0dRJRN8AjwXxGsDbS42VzUK7YVXsGtEqcnFQgR2NQ/ukPQxIHVGjCsVI9x460m2KpGeF0WurHikaYTPCI9gwVOKDKTWeXTtGZUYbID6UpodFM/TuR4kCpJPBMZ4D1WC17mfif14u1f+OmTESxpoLMF/kxRzpE2dtoyCQlmieGYCKZuRWRMZaYaBPOwpZonChG1LRkknGWc1gl7YuqU6vWHq4q9ds8oyKcwCmcgwPXUId7aEALCPjwAq/wZj1b79aH9TlvLVj5zDEswPr6BQlxlhg=</latexit>

3T
<latexit sha1_base64="muwHcZi9kLYB2vExDyQWRpvT+JI=">AAAB/nicbVDLSsNAFL2pr1pfVZduBovgqiRSqsuiG5dV+oI2lMl00g6dTMLMRAih4Ae41U9wJ279Fb/A33CaZmFbD1w4nHMv997jRZwpbdvfVmFjc2t7p7hb2ts/ODwqH590VBhLQtsk5KHseVhRzgRta6Y57UWS4sDjtOtN7+Z+94lKxULR0klE3QCPBfMZwdpIj7XWsFyxq3YGtE6cnFQgR3NY/hmMQhIHVGjCsVJ9x460m2KpGeF0VhrEikaYTPGY9g0VOKDKTbNLZ+jCKCPkh9KU0ChT/06kOFAqCTzTGWA9UaveXPzP68fav3FTJqJYU0EWi/yYIx2i+dtoxCQlmieGYCKZuRWRCZaYaBPO0pZokihG1KxkknFWc1gnnauqU6/WH2qVxm2eURHO4BwuwYFraMA9NKENBHx4gVd4s56td+vD+ly0Fqx85hSWYH39AgsLlhk=</latexit>

4T
<latexit sha1_base64="4lNRmsnkAVr+6WkZEMn+UKVMCEk=">AAAB/nicbVDLSsNAFL2pr1pfVZduBovgqiSi1WXRjcsqfUEbymQ6aYdOJmFmIoRQ8APc6ie4E7f+il/gbzhps7CtBy4czrmXe+/xIs6Utu1vq7C2vrG5Vdwu7ezu7R+UD4/aKowloS0S8lB2PawoZ4K2NNOcdiNJceBx2vEmd5nfeaJSsVA0dRJRN8AjwXxGsDbS41VzUK7YVXsGtEqcnFQgR2NQ/ukPQxIHVGjCsVI9x460m2KpGeF0WurHikaYTPCI9gwVOKDKTWeXTtGZUYbID6UpodFM/TuR4kCpJPBMZ4D1WC17mfif14u1f+OmTESxpoLMF/kxRzpE2dtoyCQlmieGYCKZuRWRMZaYaBPOwpZonChG1LRkknGWc1gl7YuqU6vWHi4r9ds8oyKcwCmcgwPXUId7aEALCPjwAq/wZj1b79aH9TlvLVj5zDEswPr6BQyllho=</latexit>

5T
<latexit sha1_base64="sdbZQmcLYAUIulO5RIHxMAS3PHw=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx6jJDGQLGF2MpsMmZ0dZmaFZQn4AV71E7yJV3/FL/A3nCR7MIkFDUVVN91dgeRMG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNEEdoiMY9VJ8CaciZoyzDDaUcqiqOA08dgfDv1H5+o0iwWTZNK6kd4KFjICDZWeqg1++WKW3VnQKvEy0kFcjT65Z/eICZJRIUhHGvd9Vxp/Awrwwink1Iv0VRiMsZD2rVU4IhqP5tdOkFnVhmgMFa2hEEz9e9EhiOt0yiwnRE2I73sTcX/vG5iwms/Y0ImhgoyXxQmHJkYTd9GA6YoMTy1BBPF7K2IjLDCxNhwFrbIUaoZ0ZOSTcZbzmGVtC+qXq1au7+s1G/yjIpwAqdwDh5cQR3uoAEtIBDCC7zCm/PsvDsfzue8teDkM8ewAOfrFw4/lhs=</latexit>

6T

<latexit sha1_base64="ddKI+VrvxMXhg7gpb9l1QS9pRmY="></latexit> <latexit sha1_base64="Ldl8UL0Jc7uXp7zzp7qQRyMoD0s="></latexit>

<latexit sha1_base64="Qqzayva7JUa75QxkIPWNFMRm03E="></latexit>zL

<latexit sha1_base64="TAEe0CkWQRltWv75k1/8iw0BQYA="></latexit>zU
<latexit sha1_base64="h8CgLqahdwnpzAjPbMcVVW9ItCU=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx6jmAckS5idzCZDZmeWmVlhWQJ+gFf9BG/i1V/xC/wNJ8keTGJBQ1HVTXdXEHOmjet+O4W19Y3NreJ2aWd3b/+gfHjU0jJRhDaJ5FJ1AqwpZ4I2DTOcdmJFcRRw2g7Gt1O//USVZlI8mjSmfoSHgoWMYGOlh17WL1fcqjsDWiVeTiqQo9Ev//QGkiQRFYZwrHXXc2PjZ1gZRjidlHqJpjEmYzykXUsFjqj2s9mlE3RmlQEKpbIlDJqpfycyHGmdRoHtjLAZ6WVvKv7ndRMTXvsZE3FiqCDzRWHCkZFo+jYaMEWJ4aklmChmb0VkhBUmxoazsCUepZoRPSnZZLzlHFZJ66Lq1aq1+8tK/SbPqAgncArn4MEV1OEOGtAEAiG8wCu8Oc/Ou/PhfM5bC04+cwwLcL5+AYlqlmg=</latexit>

{<latexit sha1_base64="LngLctilojPCh0hT1AO6bN5Bp/E=">AAACBHicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BPXiMYB6QLGF20psMmX0w0yssS65+gFf9BG/i1f/wC/wNJ8keTGJBQ1HVTXeXF0uh0ba/rcLa+sbmVnG7tLO7t39QPjxq6ShRHJo8kpHqeEyDFCE0UaCETqyABZ6Etje+nfrtJ1BaROEjpjG4ARuGwhecoZE6vTuQyOioX67YVXsGukqcnFRIjka//NMbRDwJIEQumdZdx47RzZhCwSVMSr1EQ8z4mA2ha2jIAtBuNrt3Qs+MMqB+pEyFSGfq34mMBVqngWc6A4YjvexNxf+8boL+tZuJME4QQj5f5CeSYkSnz9OBUMBRpoYwroS5lfIRU4yjiWhhSzxKteB6UjLJOMs5rJLWRdWpVWsPl5X6TZ5RkZyQU3JOHHJF6uSeNEiTcCLJC3klb9az9W59WJ/z1oKVzxyTBVhfv5TsmJs=</latexit>

!h

<latexit sha1_base64="h8CgLqahdwnpzAjPbMcVVW9ItCU=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx6jmAckS5idzCZDZmeWmVlhWQJ+gFf9BG/i1V/xC/wNJ8keTGJBQ1HVTXdXEHOmjet+O4W19Y3NreJ2aWd3b/+gfHjU0jJRhDaJ5FJ1AqwpZ4I2DTOcdmJFcRRw2g7Gt1O//USVZlI8mjSmfoSHgoWMYGOlh17WL1fcqjsDWiVeTiqQo9Ev//QGkiQRFYZwrHXXc2PjZ1gZRjidlHqJpjEmYzykXUsFjqj2s9mlE3RmlQEKpbIlDJqpfycyHGmdRoHtjLAZ6WVvKv7ndRMTXvsZE3FiqCDzRWHCkZFo+jYaMEWJ4aklmChmb0VkhBUmxoazsCUepZoRPSnZZLzlHFZJ66Lq1aq1+8tK/SbPqAgncArn4MEV1OEOGtAEAiG8wCu8Oc/Ou/PhfM5bC04+cwwLcL5+AYlqlmg=</latexit>

{<latexit sha1_base64="LngLctilojPCh0hT1AO6bN5Bp/E=">AAACBHicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BPXiMYB6QLGF20psMmX0w0yssS65+gFf9BG/i1f/wC/wNJ8keTGJBQ1HVTXeXF0uh0ba/rcLa+sbmVnG7tLO7t39QPjxq6ShRHJo8kpHqeEyDFCE0UaCETqyABZ6Etje+nfrtJ1BaROEjpjG4ARuGwhecoZE6vTuQyOioX67YVXsGukqcnFRIjka//NMbRDwJIEQumdZdx47RzZhCwSVMSr1EQ8z4mA2ha2jIAtBuNrt3Qs+MMqB+pEyFSGfq34mMBVqngWc6A4YjvexNxf+8boL+tZuJME4QQj5f5CeSYkSnz9OBUMBRpoYwroS5lfIRU4yjiWhhSzxKteB6UjLJOMs5rJLWRdWpVWsPl5X6TZ5RkZyQU3JOHHJF6uSeNEiTcCLJC3klb9az9W59WJ/z1oKVzxyTBVhfv5TsmJs=</latexit>

!h

<latexit sha1_base64="ytJhj4HkUd2e0tXoDWOqcoQz9iU=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiRaqhuh6MZli/YBbSiT6aQdOpmEmYkQQhd+gFv9BHfi1k/xC/wNp20WtvXAhcM593LvPV7EmdK2/W3l1tY3Nrfy24Wd3b39g+LhUUuFsSS0SUIeyo6HFeVM0KZmmtNOJCkOPE7b3vhu6refqFQsFI86iagb4KFgPiNYG+mhcXPZL5bssj0DWiVORkqQod4v/vQGIYkDKjThWKmuY0faTbHUjHA6KfRiRSNMxnhIu4YKHFDlprNTJ+jMKAPkh9KU0Gim/p1IcaBUEnimM8B6pJa9qfif1421f+2mTESxpoLMF/kxRzpE07/RgElKNE8MwUQycysiIywx0SadhS3RKFGMqEnBJOMs57BKWhdlp1quNiql2m2WUR5O4BTOwYErqME91KEJBIbwAq/wZj1b79aH9TlvzVnZzDEswPr6BYvCllw=</latexit>

Q = 3
<latexit sha1_base64="QFQWH+A1uGpQ/IlfG8RnQ5zqy3k=">AAAB/3icbVDLSgNBEOz1GeMr6tHLYBA8hV2R6EUIevEY0TwgWcLsZDYZMjuzzMwKy5KDH+BVP8GbePVT/AJ/w0myB5NY0FBUddPdFcScaeO6387K6tr6xmZhq7i9s7u3Xzo4bGqZKEIbRHKp2gHWlDNBG4YZTtuxojgKOG0Fo9uJ33qiSjMpHk0aUz/CA8FCRrCx0oO49nqlsltxp0DLxMtJGXLUe6Wfbl+SJKLCEI617nhubPwMK8MIp+NiN9E0xmSEB7RjqcAR1X42PXWMTq3SR6FUtoRBU/XvRIYjrdMosJ0RNkO96E3E/7xOYsIrP2MiTgwVZLYoTDgyEk3+Rn2mKDE8tQQTxeytiAyxwsTYdOa2xMNUM6LHRZuMt5jDMmmeV7xqpXp/Ua7d5BkV4BhO4Aw8uIQa3EEdGkBgAC/wCm/Os/PufDifs9YVJ585gjk4X7+3H5Z3</latexit>

n = 1
<latexit sha1_base64="IUZJf3FY5ippoCUaD6Ji+V5AJhI="></latexit>

LMT order

<latexit sha1_base64="3MCgw6mtwxIwe5GyB4mvwMICLMk="></latexit>

Diamonds

<latexit sha1_base64="vJrmAtle2Is6elFjLInzQ6pwKYo=">AAAB/XicbVDLSgNBEOz1GeMr6tHLYBA8hV2R6DHoxWMCeUGyhNlJbzJk9sHMrLAswQ/wqp/gTbz6LX6Bv+Ek2YNJLGgoqrrp7vJiwZW27W9rY3Nre2e3sFfcPzg8Oi6dnLZVlEiGLRaJSHY9qlDwEFuaa4HdWCINPIEdb/Iw8ztPKBWPwqZOY3QDOgq5zxnVRmo0B6WyXbHnIOvEyUkZctQHpZ/+MGJJgKFmgirVc+xYuxmVmjOB02I/URhTNqEj7Bka0gCVm80PnZJLowyJH0lToSZz9e9ERgOl0sAznQHVY7XqzcT/vF6i/Ts342GcaAzZYpGfCKIjMvuaDLlEpkVqCGWSm1sJG1NJmTbZLG2Jx6niTE2LJhlnNYd10r6uONVKtXFTrt3nGRXgHC7gChy4hRo8Qh1awADhBV7hzXq23q0P63PRumHlM2ewBOvrF5K7lds=</latexit>

<latexit sha1_base64="ISZJ5hlbLF6fBbONC5hjptbemtU=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4TMA9IljA76U2GzD6YmRWWJfgBXvUTvIlXv8Uv8DecJHswiQUNRVU33V1eLLjStv1tFTY2t7Z3irulvf2Dw6Py8UlbRYlk2GKRiGTXowoFD7GluRbYjSXSwBPY8Sb3M7/zhFLxKHzUaYxuQEch9zmj2khNe1Cu2FV7DrJOnJxUIEdjUP7pDyOWBBhqJqhSPceOtZtRqTkTOC31E4UxZRM6wp6hIQ1Qudn80Cm5MMqQ+JE0FWoyV/9OZDRQKg080xlQPVar3kz8z+sl2r91Mx7GicaQLRb5iSA6IrOvyZBLZFqkhlAmubmVsDGVlGmTzdKWeJwqztS0ZJJxVnNYJ+2rqlOr1prXlfpdnlERzuAcLsGBG6jDAzSgBQwQXuAV3qxn6936sD4XrQUrnzmFJVhfv1k3lbc=</latexit>

<latexit sha1_base64="JZizg0TN9MBLVNUBobenQvQMsEw=">AAAB/nicbVDLSsNAFL2pr1pfVZduBovgqiRFqsuiG5dV+oI2lMl00g6dTMLMRAih4Ae41U9wJ279Fb/A33CaZmFbD1w4nHMv997jRZwpbdvfVmFjc2t7p7hb2ts/ODwqH590VBhLQtsk5KHseVhRzgRta6Y57UWS4sDjtOtN7+Z+94lKxULR0klE3QCPBfMZwdpIj7XWsFyxq3YGtE6cnFQgR3NY/hmMQhIHVGjCsVJ9x460m2KpGeF0VhrEikaYTPGY9g0VOKDKTbNLZ+jCKCPkh9KU0ChT/06kOFAqCTzTGWA9UaveXPzP68fav3FTJqJYU0EWi/yYIx2i+dtoxCQlmieGYCKZuRWRCZaYaBPO0pZokihG1KxkknFWc1gnnVrVqVfrD1eVxm2eURHO4BwuwYFraMA9NKENBHx4gVd4s56td+vD+ly0Fqx85hSWYH39AgfXlhc=</latexit> <latexit sha1_base64="Be8bh9lfeFu2N18iqAD0JTh6OKU=">AAAB/nicbVDLSsNAFL2pr1pfVZduBovgqiQq1WXRjcsqfUEbymQ6aYdOJmFmIoRQ8APc6ie4E7f+il/gbzhps7CtBy4czrmXe+/xIs6Utu1vq7C2vrG5Vdwu7ezu7R+UD4/aKowloS0S8lB2PawoZ4K2NNOcdiNJceBx2vEmd5nfeaJSsVA0dRJRN8AjwXxGsDbS42VzUK7YVXsGtEqcnFQgR2NQ/ukPQxIHVGjCsVI9x460m2KpGeF0WurHikaYTPCI9gwVOKDKTWeXTtGZUYbID6UpodFM/TuR4kCpJPBMZ4D1WC17mfif14u1f+OmTESxpoLMF/kxRzpE2dtoyCQlmieGYCKZuRWRMZaYaBPOwpZonChG1LRkknGWc1gl7YuqU6vWHq4q9ds8oyKcwCmcgwPXUId7aEALCPjwAq/wZj1b79aH9TlvLVj5zDEswPr6BQlxlhg=</latexit>

<latexit sha1_base64="muwHcZi9kLYB2vExDyQWRpvT+JI=">AAAB/nicbVDLSsNAFL2pr1pfVZduBovgqiRSqsuiG5dV+oI2lMl00g6dTMLMRAih4Ae41U9wJ279Fb/A33CaZmFbD1w4nHMv997jRZwpbdvfVmFjc2t7p7hb2ts/ODwqH590VBhLQtsk5KHseVhRzgRta6Y57UWS4sDjtOtN7+Z+94lKxULR0klE3QCPBfMZwdpIj7XWsFyxq3YGtE6cnFQgR3NY/hmMQhIHVGjCsVJ9x460m2KpGeF0VhrEikaYTPGY9g0VOKDKTbNLZ+jCKCPkh9KU0ChT/06kOFAqCTzTGWA9UaveXPzP68fav3FTJqJYU0EWi/yYIx2i+dtoxCQlmieGYCKZuRWRCZaYaBPO0pZokihG1KxkknFWc1gnnauqU6/WH2qVxm2eURHO4BwuwYFraMA9NKENBHx4gVd4s56td+vD+ly0Fqx85hSWYH39AgsLlhk=</latexit>

<latexit sha1_base64="3GM7BxBmLZAQcbuDFRDcavlPbw4=">AAACBnicbVDLTgIxFO3gC/GFunTTSExckRkW6JLoxiUm8ogwIZ1yBxo6nabtmEwm7P0At/oJ7oxbf8Mv8DcsMAsBT9Lk5Jx7c09PIDnTxnW/ncLG5tb2TnG3tLd/cHhUPj5p6zhRFFo05rHqBkQDZwJahhkOXamARAGHTjC5nfmdJ1CaxeLBpBL8iIwECxklxkqPLSlBYUnMeFCuuFV3DrxOvJxUUI7moPzTH8Y0iUAYyonWPc+Vxs+IMoxymJb6iQZJ6ISMoGepIBFoP5snnuILqwxxGCv7hMFz9e9GRiKt0yiwk5ENp1e9mfif10tMeO1nTMjEgKCLQ2HCsYnx7Pt4yBRQw1NLCFXMZsV0TBShxpa0dEWOU82onpZsM95qD+ukXat69Wr9vlZp3OQdFdEZOkeXyENXqIHuUBO1EEUCvaBX9OY8O+/Oh/O5GC04+c4pWoLz9QuQNZm4</latexit>

Upper path
<latexit sha1_base64="dObEgn47DU9RgMFsiAd0BiTj5L0=">AAACBnicbVDLTgIxFO3gC/GFunTTSExckRkW6JLoxoULTOQRYUI65Q40dNpJ29FMCHs/wK1+gjvj1t/wC/wNC8xCwJM0OTnn3tzTE8ScaeO6305ubX1jcyu/XdjZ3ds/KB4eNbVMFIUGlVyqdkA0cCagYZjh0I4VkCjg0ApG11O/9QhKMynuTRqDH5GBYCGjxFjp4VY+gcIxMcNeseSW3RnwKvEyUkIZ6r3iT7cvaRKBMJQTrTueGxt/TJRhlMOk0E00xISOyAA6lgoSgfbHs8QTfGaVPg6lsk8YPFP/boxJpHUaBXYysuH0sjcV//M6iQkv/TETcWJA0PmhMOHYSDz9Pu4zBdTw1BJCFbNZMR0SRaixJS1ciYepZlRPCrYZb7mHVdKslL1quXpXKdWuso7y6ASdonPkoQtUQzeojhqIIoFe0Ct6c56dd+fD+ZyP5pxs5xgtwPn6BYtCmbU=</latexit>

Lower path <latexit sha1_base64="IUZJf3FY5ippoCUaD6Ji+V5AJhI="></latexit>

<latexit sha1_base64="3MCgw6mtwxIwe5GyB4mvwMICLMk="></latexit>

<latexit sha1_base64="Hz9d8fndSAwDV9d1sgiiOqrJQ4Y=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiRFWjdC0Y3LFu0D2lAm00k7dDIJMxMhhC78ALf6Ce7ErZ/iF/gbTtssbOuBC4dz7uXee7yIM6Vt+9vKbWxube/kdwt7+weHR8Xjk7YKY0loi4Q8lF0PK8qZoC3NNKfdSFIceJx2vMndzO88UalYKB51ElE3wCPBfEawNtJD86YyKJbssj0HWidORkqQoTEo/vSHIYkDKjThWKmeY0faTbHUjHA6LfRjRSNMJnhEe4YKHFDlpvNTp+jCKEPkh9KU0Giu/p1IcaBUEnimM8B6rFa9mfif14u1f+2mTESxpoIsFvkxRzpEs7/RkElKNE8MwUQycysiYywx0SadpS3ROFGMqGnBJOOs5rBO2pWyUy1Xm1el+m2WUR7O4BwuwYEa1OEeGtACAiN4gVd4s56td+vD+ly05qxs5hSWYH39Aooplls=</latexit>

<latexit sha1_base64="h8CgLqahdwnpzAjPbMcVVW9ItCU=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx6jmAckS5idzCZDZmeWmVlhWQJ+gFf9BG/i1V/xC/wNJ8keTGJBQ1HVTXdXEHOmjet+O4W19Y3NreJ2aWd3b/+gfHjU0jJRhDaJ5FJ1AqwpZ4I2DTOcdmJFcRRw2g7Gt1O//USVZlI8mjSmfoSHgoWMYGOlh17WL1fcqjsDWiVeTiqQo9Ev//QGkiQRFYZwrHXXc2PjZ1gZRjidlHqJpjEmYzykXUsFjqj2s9mlE3RmlQEKpbIlDJqpfycyHGmdRoHtjLAZ6WVvKv7ndRMTXvsZE3FiqCDzRWHCkZFo+jYaMEWJ4aklmChmb0VkhBUmxoazsCUepZoRPSnZZLzlHFZJ66Lq1aq1+8tK/SbPqAgncArn4MEV1OEOGtAEAiG8wCu8Oc/Ou/PhfM5bC04+cwwLcL5+AYlqlmg=</latexit>

<latexit sha1_base64="NOGEEzfnlrQP4xgP6PpNQ2VN4og=">AAAB/nicbVDLSsNAFL2pr1pfVZduBovoqiQi1WXRjcsqfUEbymQ6aYdOJmFmIoRQ8APc6ie4E7f+il/gbzhps7CtBy4czrmXe+/xIs6Utu1vq7C2vrG5Vdwu7ezu7R+UD4/aKowloS0S8lB2PawoZ4K2NNOcdiNJceBx2vEmd5nfeaJSsVA0dRJRN8AjwXxGsDbSY/N8UK7YVXsGtEqcnFQgR2NQ/ukPQxIHVGjCsVI9x460m2KpGeF0WurHikaYTPCI9gwVOKDKTWeXTtGZUYbID6UpodFM/TuR4kCpJPBMZ4D1WC17mfif14u1f+OmTESxpoLMF/kxRzpE2dtoyCQlmieGYCKZuRWRMZaYaBPOwpZonChG1LRkknGWc1gl7cuqU6vWHq4q9ds8oyKcwClcgAPXUId7aEALCPjwAq/wZj1b79aH9TlvLVj5zDEswPr6BfZXlgw=</latexit>

<latexit sha1_base64="xNN7SPCNhKLV3XRAploQU2B0JSg=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiRSqhuh6MZlRfuANpTJdNIOnUzCzEQIoQs/wK1+gjtx66f4Bf6G0zQL23rgwuGce7n3Hi/iTGnb/rYKa+sbm1vF7dLO7t7+QfnwqK3CWBLaIiEPZdfDinImaEszzWk3khQHHqcdb3I78ztPVCoWikedRNQN8EgwnxGsjfQgrmuDcsWu2hnQKnFyUoEczUH5pz8MSRxQoQnHSvUcO9JuiqVmhNNpqR8rGmEywSPaM1TggCo3zU6dojOjDJEfSlNCo0z9O5HiQKkk8ExngPVYLXsz8T+vF2v/yk2ZiGJNBZkv8mOOdIhmf6Mhk5RonhiCiWTmVkTGWGKiTToLW6JxohhR05JJxlnOYZW0L6pOvVq/r1UaN3lGRTiBUzgHBy6hAXfQhBYQGMELvMKb9Wy9Wx/W57y1YOUzx7AA6+sXu+qWeg==</latexit>

<latexit sha1_base64="KhlVT7Zt8mvK+SrAJU9x5qSlF/0=">AAACEnicbZDLSsNAFIYn9VbrLV52bgaLWBeWpEh1I5S6cVmhN2hDmUwn7dDJJMxMhBjyFj6AW30Ed+LWF/AJfA2nbRa2+sOBn/+cwzl8bsioVJb1ZeRWVtfWN/Kbha3tnd09c/+gLYNIYNLCAQtE10WSMMpJS1HFSDcUBPkuIx13cjvtdx6IkDTgTRWHxPHRiFOPYqR0NDCPmmc3fU8gnFRK/MI+r6cJTgdm0SpbM8G/xs5MEWRqDMzv/jDAkU+4wgxJ2bOtUDkJEopiRtJCP5IkRHiCRqSnLUc+kU4y+z6FpzoZQi8QuriCs/T3RoJ8KWPf1ZM+UmO53JuG//V6kfKunYTyMFKE4/khL2JQBXCKAg6pIFixWBuEBdW/QjxGmoXSwBauhONYUizTgiZjL3P4a9qVsl0tV+8vi7V6xigPjsEJKAEbXIEauAMN0AIYPIJn8AJejSfjzXg3PuajOSPbOQQLMj5/AAYinQo=</latexit>

<latexit sha1_base64="NzezcWcxeq+5Qp4bYWXhajsl+jU=">AAACBnicdVDJSgNBEO2JW4xb1KOXxiB4kNCTzXgLevEYwSyYhNDTqSRNenqG7h4hDLn7AV71E7yJV3/DL/A37CyCEX1Q8Hiviqp6Xii4NoR8OImV1bX1jeRmamt7Z3cvvX9Q10GkGNRYIALV9KgGwSXUDDcCmqEC6nsCGt7oauo37kFpHshbMw6h49OB5H3OqLHSXXsEJnbPMEy66QzJXpBcMe9ikiUWBTIlxXyuUMbuTCEkgxaodtOf7V7AIh+kYYJq3XJJaDoxVYYzAZNUO9IQUjaiA2hZKqkPuhPPLp7gE6v0cD9QtqTBM/XnREx9rce+Zzt9aob6tzcV//JakemXOzGXYWRAsvmifiSwCfD0fdzjCpgRY0soU9zeitmQKsqMDWlpSzgca870JGWT+X4f/0/quaxbypZuCpnK5SKjJDpCx+gUuegcVdA1qqIaYkiiR/SEnp0H58V5dd7mrQlnMXOIluC8fwE+g5mJ</latexit>

|1, e→

<latexit sha1_base64="j9f2VDidGl9hMX+d3fygQlOBn2Y=">AAACBnicdVDLSgMxFM3UV62vqks3wSK4kCFT22lnV3TjsoJtxXYomTRtQzOZIckIZejeD3Crn+BO3PobfoG/YfoQrOiBC4dz7uXee4KYM6UR+rAyK6tr6xvZzdzW9s7uXn7/oKmiRBLaIBGP5G2AFeVM0IZmmtPbWFIcBpy2gtHl1G/dU6lYJG70OKZ+iAeC9RnB2kh3nRHVKTqDg0k3X0A2cl2vUoHILpfPi6hsiOdV3ZIHHRvNUAAL1Lv5z04vIklIhSYcK9V2UKz9FEvNCKeTXCdRNMZkhAe0bajAIVV+Ort4Ak+M0oP9SJoSGs7UnxMpDpUah4HpDLEeqt/eVPzLaye6X/VTJuJEU0Hmi/oJhzqC0/dhj0lKNB8bgolk5lZIhlhiok1IS1vi4VgxoiY5k8z3+/B/0izajmu716VC7WKRURYcgWNwChxQATVwBeqgAQgQ4BE8gWfrwXqxXq23eWvGWswcgiVY71+SbZnA</latexit>

|0, g→

<latexit sha1_base64="o8epeUxeIhCROsAvTHnirbzpNds=">AAACBnicdVDLSsNAFJ3UV62vqks3g0VwISHxUeuu6MZlBduKbSiT6W07dDIJMxMhhOz9ALf6Ce7Erb/hF/gbTh+C9XHgwuGce7n3Hj/iTGnHebdyc/MLi0v55cLK6tr6RnFzq6HCWFKo05CH8sYnCjgTUNdMc7iJJJDA59D0hxcjv3kHUrFQXOskAi8gfcF6jBJtpNv2EHQqDnA/6xRLju1Uzk6OXPybuLYzRglNUesUP9rdkMYBCE05UarlOpH2UiI1oxyyQjtWEBE6JH1oGSpIAMpLxxdneM8oXdwLpSmh8Vj9PpGSQKkk8E1nQPRA/fRG4l9eK9a9ipcyEcUaBJ0s6sUc6xCP3sddJoFqnhhCqGTmVkwHRBKqTUgzW6JBohhVWcEk8/U+/p80Dm23bJevjkvV82lGebSDdtE+ctEpqqJLVEN1RJFAD+gRPVn31rP1Yr1OWnPWdGYbzcB6+wTVQZno</latexit>

|n, g→
<latexit sha1_base64="ZlUJBGB7ypmqBM0xeal1Y7D1FZ0=">AAACBnicdVDLSsNAFJ3UV62vqks3g0VwISHxUeuu6MZlBduKbSiT6W07dDIJMxMhhOz9ALf6Ce7Erb/hF/gbTh+C9XHgwuGce7n3Hj/iTGnHebdyc/MLi0v55cLK6tr6RnFzq6HCWFKo05CH8sYnCjgTUNdMc7iJJJDA59D0hxcjv3kHUrFQXOskAi8gfcF6jBJtpNv2EHQqDjBknWLJsZ3K2cmRi38T13bGKKEpap3iR7sb0jgAoSknSrVcJ9JeSqRmlENWaMcKIkKHpA8tQwUJQHnp+OIM7xmli3uhNCU0HqvfJ1ISKJUEvukMiB6on95I/MtrxbpX8VImoliDoJNFvZhjHeLR+7jLJFDNE0MIlczciumASEK1CWlmSzRIFKMqK5hkvt7H/5PGoe2W7fLVcal6Ps0oj3bQLtpHLjpFVXSJaqiOKBLoAT2iJ+veerZerNdJa86azmyjGVhvn9INmeY=</latexit>

|n, e→

<latexit sha1_base64="j9f2VDidGl9hMX+d3fygQlOBn2Y=">AAACBnicdVDLSgMxFM3UV62vqks3wSK4kCFT22lnV3TjsoJtxXYomTRtQzOZIckIZejeD3Crn+BO3PobfoG/YfoQrOiBC4dz7uXee4KYM6UR+rAyK6tr6xvZzdzW9s7uXn7/oKmiRBLaIBGP5G2AFeVM0IZmmtPbWFIcBpy2gtHl1G/dU6lYJG70OKZ+iAeC9RnB2kh3nRHVKTqDg0k3X0A2cl2vUoHILpfPi6hsiOdV3ZIHHRvNUAAL1Lv5z04vIklIhSYcK9V2UKz9FEvNCKeTXCdRNMZkhAe0bajAIVV+Ort4Ak+M0oP9SJoSGs7UnxMpDpUah4HpDLEeqt/eVPzLaye6X/VTJuJEU0Hmi/oJhzqC0/dhj0lKNB8bgolk5lZIhlhiok1IS1vi4VgxoiY5k8z3+/B/0izajmu716VC7WKRURYcgWNwChxQATVwBeqgAQgQ4BE8gWfrwXqxXq23eWvGWswcgiVY71+SbZnA</latexit>

|0, g→
<latexit sha1_base64="j9f2VDidGl9hMX+d3fygQlOBn2Y=">AAACBnicdVDLSgMxFM3UV62vqks3wSK4kCFT22lnV3TjsoJtxXYomTRtQzOZIckIZejeD3Crn+BO3PobfoG/YfoQrOiBC4dz7uXee4KYM6UR+rAyK6tr6xvZzdzW9s7uXn7/oKmiRBLaIBGP5G2AFeVM0IZmmtPbWFIcBpy2gtHl1G/dU6lYJG70OKZ+iAeC9RnB2kh3nRHVKTqDg0k3X0A2cl2vUoHILpfPi6hsiOdV3ZIHHRvNUAAL1Lv5z04vIklIhSYcK9V2UKz9FEvNCKeTXCdRNMZkhAe0bajAIVV+Ort4Ak+M0oP9SJoSGs7UnxMpDpUah4HpDLEeqt/eVPzLaye6X/VTJuJEU0Hmi/oJhzqC0/dhj0lKNB8bgolk5lZIhlhiok1IS1vi4VgxoiY5k8z3+/B/0izajmu716VC7WKRURYcgWNwChxQATVwBeqgAQgQ4BE8gWfrwXqxXq23eWvGWswcgiVY71+SbZnA</latexit>

|0, g→

<latexit sha1_base64="j9f2VDidGl9hMX+d3fygQlOBn2Y=">AAACBnicdVDLSgMxFM3UV62vqks3wSK4kCFT22lnV3TjsoJtxXYomTRtQzOZIckIZejeD3Crn+BO3PobfoG/YfoQrOiBC4dz7uXee4KYM6UR+rAyK6tr6xvZzdzW9s7uXn7/oKmiRBLaIBGP5G2AFeVM0IZmmtPbWFIcBpy2gtHl1G/dU6lYJG70OKZ+iAeC9RnB2kh3nRHVKTqDg0k3X0A2cl2vUoHILpfPi6hsiOdV3ZIHHRvNUAAL1Lv5z04vIklIhSYcK9V2UKz9FEvNCKeTXCdRNMZkhAe0bajAIVV+Ort4Ak+M0oP9SJoSGs7UnxMpDpUah4HpDLEeqt/eVPzLaye6X/VTJuJEU0Hmi/oJhzqC0/dhj0lKNB8bgolk5lZIhlhiok1IS1vi4VgxoiY5k8z3+/B/0izajmu716VC7WKRURYcgWNwChxQATVwBeqgAQgQ4BE8gWfrwXqxXq23eWvGWswcgiVY71+SbZnA</latexit>

|0, g→

<latexit sha1_base64="j9f2VDidGl9hMX+d3fygQlOBn2Y=">AAACBnicdVDLSgMxFM3UV62vqks3wSK4kCFT22lnV3TjsoJtxXYomTRtQzOZIckIZejeD3Crn+BO3PobfoG/YfoQrOiBC4dz7uXee4KYM6UR+rAyK6tr6xvZzdzW9s7uXn7/oKmiRBLaIBGP5G2AFeVM0IZmmtPbWFIcBpy2gtHl1G/dU6lYJG70OKZ+iAeC9RnB2kh3nRHVKTqDg0k3X0A2cl2vUoHILpfPi6hsiOdV3ZIHHRvNUAAL1Lv5z04vIklIhSYcK9V2UKz9FEvNCKeTXCdRNMZkhAe0bajAIVV+Ort4Ak+M0oP9SJoSGs7UnxMpDpUah4HpDLEeqt/eVPzLaye6X/VTJuJEU0Hmi/oJhzqC0/dhj0lKNB8bgolk5lZIhlhiok1IS1vi4VgxoiY5k8z3+/B/0izajmu716VC7WKRURYcgWNwChxQATVwBeqgAQgQ4BE8gWfrwXqxXq23eWvGWswcgiVY71+SbZnA</latexit>

|0, g→
<latexit sha1_base64="j9f2VDidGl9hMX+d3fygQlOBn2Y=">AAACBnicdVDLSgMxFM3UV62vqks3wSK4kCFT22lnV3TjsoJtxXYomTRtQzOZIckIZejeD3Crn+BO3PobfoG/YfoQrOiBC4dz7uXee4KYM6UR+rAyK6tr6xvZzdzW9s7uXn7/oKmiRBLaIBGP5G2AFeVM0IZmmtPbWFIcBpy2gtHl1G/dU6lYJG70OKZ+iAeC9RnB2kh3nRHVKTqDg0k3X0A2cl2vUoHILpfPi6hsiOdV3ZIHHRvNUAAL1Lv5z04vIklIhSYcK9V2UKz9FEvNCKeTXCdRNMZkhAe0bajAIVV+Ort4Ak+M0oP9SJoSGs7UnxMpDpUah4HpDLEeqt/eVPzLaye6X/VTJuJEU0Hmi/oJhzqC0/dhj0lKNB8bgolk5lZIhlhiok1IS1vi4VgxoiY5k8z3+/B/0izajmu716VC7WKRURYcgWNwChxQATVwBeqgAQgQ4BE8gWfrwXqxXq23eWvGWswcgiVY71+SbZnA</latexit>

|0, g→
<latexit sha1_base64="NzezcWcxeq+5Qp4bYWXhajsl+jU=">AAACBnicdVDJSgNBEO2JW4xb1KOXxiB4kNCTzXgLevEYwSyYhNDTqSRNenqG7h4hDLn7AV71E7yJV3/DL/A37CyCEX1Q8Hiviqp6Xii4NoR8OImV1bX1jeRmamt7Z3cvvX9Q10GkGNRYIALV9KgGwSXUDDcCmqEC6nsCGt7oauo37kFpHshbMw6h49OB5H3OqLHSXXsEJnbPMEy66QzJXpBcMe9ikiUWBTIlxXyuUMbuTCEkgxaodtOf7V7AIh+kYYJq3XJJaDoxVYYzAZNUO9IQUjaiA2hZKqkPuhPPLp7gE6v0cD9QtqTBM/XnREx9rce+Zzt9aob6tzcV//JakemXOzGXYWRAsvmifiSwCfD0fdzjCpgRY0soU9zeitmQKsqMDWlpSzgca870JGWT+X4f/0/quaxbypZuCpnK5SKjJDpCx+gUuegcVdA1qqIaYkiiR/SEnp0H58V5dd7mrQlnMXOIluC8fwE+g5mJ</latexit>

|1, e→

<latexit sha1_base64="NzezcWcxeq+5Qp4bYWXhajsl+jU=">AAACBnicdVDJSgNBEO2JW4xb1KOXxiB4kNCTzXgLevEYwSyYhNDTqSRNenqG7h4hDLn7AV71E7yJV3/DL/A37CyCEX1Q8Hiviqp6Xii4NoR8OImV1bX1jeRmamt7Z3cvvX9Q10GkGNRYIALV9KgGwSXUDDcCmqEC6nsCGt7oauo37kFpHshbMw6h49OB5H3OqLHSXXsEJnbPMEy66QzJXpBcMe9ikiUWBTIlxXyuUMbuTCEkgxaodtOf7V7AIh+kYYJq3XJJaDoxVYYzAZNUO9IQUjaiA2hZKqkPuhPPLp7gE6v0cD9QtqTBM/XnREx9rce+Zzt9aob6tzcV//JakemXOzGXYWRAsvmifiSwCfD0fdzjCpgRY0soU9zeitmQKsqMDWlpSzgca870JGWT+X4f/0/quaxbypZuCpnK5SKjJDpCx+gUuegcVdA1qqIaYkiiR/SEnp0H58V5dd7mrQlnMXOIluC8fwE+g5mJ</latexit>

|1, e→
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FIG. 2. Schematic depiction of the experimental setup in the laboratory frame (left) and the freely falling frame (right). The setup consists of
two Mach-Zehnder Interferometers (MZIs), each spanning a height difference of ∆h, placed a distance of L apart. The laser is placed at a height
zU and, relevant for the case of LMT enhancement (right), a mirror placed at zL. For the case of n = 1 (left) the AIF scheme consists of 2Q + 1
pulses: One ω/2 pulse at the beginning and the end, as well as 2Q → 1 ω pulses. In the case of n > 1 (right), there are 4Q(n → 1) additional LMT
pulses present. The time interval between LMT pulses is denoted by T ↑ and approximately given by T → 2(n → 1)(zU → zL)/c. A state is denoted
as |n, g/e↓, where n denotes the momentum eigenstate and g/e are the electronic ground and excited state. To enhance visibility, the electronic
ground and excited states are color-coded blue and red in the schematic.

II. RESONANT GW INTERFEROMETRY

The concept of detecting gravitational waves with atom
interferometers was first proposed in its current form by Di-
mopoulos et al. [19] for a spaceborne mission comprising two
satellites, each equipped with a vacuum chamber and intercon-
nected via a laser link to drive atomic transitions. However,
analogous experiments can also be implemented terrestrially in
a more cost-effective manner, albeit with the inherent limitation
of shorter baselines.

An example of such a vertical, earthbound facility is illus-
trated in Fig. 1 for the VLBAI Hannover, which features a base-
line of approximately 10 meters. Two other facilities of similar
scale—the Stanford and Wuhan 10-meter experiments—are
also operational. Additionally, several long-baseline atomic
interferometers are either planned or under construction world-
wide. Notable examples include:

B !


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10 m for VLBAI (EU), AION10 (EU), ...
100 m for MAGIS (US), MIGA (EU), ...
1000 m for AION-km (EU), ZAIGA (China), ...

Experiments with baselines of several hundreds of meters are
anticipated to achieve the sensitivity necessary for gravitational
wave detection [20–24].

To model GWs, one typically begins with a linearized field
theory, where the spacetime metric is expressed as

gµε = ϑµε + hµε,
∣∣∣hµε
∣∣∣ ↔ 1 (1)

with the Minkowski metric ϑµε = diag(→1, 1, 1, 1). For the
analysis of GWs propagating along the x-direction, it is com-
mon to use the transverse-traceless (TT) gauge. In this gauge,
the line element can be written as

ds2 = →c2dt2 + dx2 + dy2 + dz2 + h(t)(dy2 → dz2), (2)

where h(t) denotes the time-dependent strain of the gravita-
tional wave. By solving the geodesic equation in this spacetime
for two test particles initially separated by a length L, one finds
that the proper distance between them oscillates as

L(t)
L
= 1 +

h(t)
2
= 1 +

h
2

sin(ϖt + ϱ0), (3)

where h is the amplitude of the GW strain, ϖ its angular fre-
quency, and ϱ0 an initial phase.

For a given GW frequency f = ϖ/2ω, the corresponding
resonance time Tres that leads to resonant signal enhancement
can be determined. This is achieved by applying mirror pulses
that interact with the atomic ensemble at half the GW frequency.
An illustration of this configuration is provided in Fig. 2. While
single-photon transitions are typically used to drive atomic
transitions, two-photon interactions have also been proposed in
the literature [19]. In the following, we focus on single-photon
transitions, which (instantaneously) change the internal state of
the atom from the electronic ground state |n, g↓ to the excited
state |n + 1, e↓ with transition frequency ϖA = ckeff, imparting
an effective momentum of ⊋keff. For the case of Rubidium 87
ϖA corresponds to 6.8 GHz.
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Dark Matter (scalar ULDM): 
Periodically change the internal state 
energies and therefore the resonance 
frequency of the interaction.

Gravitational Waves: Periodically changes the baseline  
and the corresponding photon flight times.

B

Both effects can be detected with the 
same interferometer setup!
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|e→<latexit sha1_base64="XUzf3mDB/cdPN+n2KD1SfI7qy/E=">AAAB/XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WNRBI8t2FpoQ9lsJ+3SzSbsboQQij/Aq/4Eb+LV3+Iv8G+4bXOwrQ8GHu/NMDPPjzlT2nG+rcLa+sbmVnG7tLO7t39QPjxqqyiRFFs04pHs+EQhZwJbmmmOnVgiCX2Oj/74duo/PqFULBIPOo3RC8lQsIBRoo3UvOuXK07VmcFeJW5OKpCj0S//9AYRTUIUmnKiVNd1Yu1lRGpGOU5KvURhTOiYDLFrqCAhKi+bHTqxz4wysINImhLanql/JzISKpWGvukMiR6pZW8q/ud1Ex1cexkTcaJR0PmiIOG2juzp1/aASaSap4YQKpm51aYjIgnVJpuFLfEoVYyqSckk4y7nsEraF1W3Vq01Lyv1mzyjIpzAKZyDC1dQh3toQAsoILzAK7xZz9a79WF9zlsLVj5zDAuwvn4BesSVzA==</latexit>

E

<latexit sha1_base64="ktqKfiuYC9xOQshHnrfp8eFI1DQ=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4TMA9IljA76U2GzM4OM7PCsgQ/wKt+gjfx6rf4Bf6Gk2QPJrGgoajqprsrkJxp47rfTmFjc2t7p7hb2ts/ODwqH5+0dZwoCi0a81h1A6KBMwEtwwyHrlRAooBDJ5jcz/zOEyjNYvFoUgl+REaChYwSY6WmHJQrbtWdA68TLycVlKMxKP/0hzFNIhCGcqJ1z3Ol8TOiDKMcpqV+okESOiEj6FkqSATaz+aHTvGFVYY4jJUtYfBc/TuRkUjrNApsZ0TMWK96M/E/r5eY8NbPmJCJAUEXi8KEYxPj2dd4yBRQw1NLCFXM3orpmChCjc1maYscp5pRPS3ZZLzVHNZJ+6rq1aq15nWlfpdnVERn6BxdIg/doDp6QA3UQhQBekGv6M15dt6dD+dz0Vpw8plTtATn6xe/d5X3</latexit>p

<latexit sha1_base64="Us23cMhXcar+KLzfwOLoRgfnhqw=">AAACD3icbVA7TsNAEF3zDeHnQEmzIkKiiuwUgTKCgpRBIh/JsaL1Zpyssv6wuwYZK4fgALRwBDpEyxE4Addgk7ggCU8a6em9Gc3M82LOpLKsb2NtfWNza7uwU9zd2z84NEtHbRklgkKLRjwSXY9I4CyElmKKQzcWQAKPQ8cbX0/9zgMIyaLwTqUxuAEZhsxnlCgt9c3STQf7Au4TCGmKncaT2zfLVsWaAa8SOydllKPZN396g4gmAYSKciKlY1uxcjMiFKMcJsVeIiEmdEyG4GgakgCkm81On+AzrQywHwldocIz9e9ERgIp08DTnQFRI7nsTcX/PCdR/qWbsTBOlH5tvshPOFYRnuaAB0wAVTzVhFDB9K2YjoggVOm0FrbEo1QyKidFnYy9nMMqaVcrdq1Su62W61d5RgV0gk7RObLRBaqjBmqiFqLoEb2gV/RmPBvvxofxOW9dM/KZY7QA4+sX4NScgA==</latexit>

GW frequency [Hz]

<latexit sha1_base64="kwvrb5IjE7uqQA2m02InD8QMBm4=">AAACA3icbVDLSsNAFL2pr1pfVZduBovgxpIUqS6LblxWsA9oY5lMJ+3QySTMTIQQsvQD3OonuBO3fohf4G84bbOwrQcuHM65l3vv8SLOlLbtb6uwtr6xuVXcLu3s7u0flA+P2iqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJrdTv/NEpWKheNBJRN0AjwTzGcHaSB3HfkwvatmgXLGr9gxolTg5qUCO5qD80x+GJA6o0IRjpXqOHWk3xVIzwmlW6seKRphM8Ij2DBU4oMpNZ+dm6MwoQ+SH0pTQaKb+nUhxoFQSeKYzwHqslr2p+J/Xi7V/7aZMRLGmgswX+TFHOkTT39GQSUo0TwzBRDJzKyJjLDHRJqGFLdE4UYyorGSScZZzWCXtWtWpV+v3l5XGTZ5REU7gFM7BgStowB00oQUEJvACr/BmPVvv1of1OW8tWPnMMSzA+voFRWiX2Q==</latexit>

10→2
<latexit sha1_base64="HuNGfCeeOOWPamyHFRlczRNlVGA=">AAACA3icbVDLSsNAFL2pr1pfVZduBovgxpJIqS6LblxWsA9oY5lMJ+3QySTMTIQQsvQD3OonuBO3fohf4G84bbOwrQcuHM65l3vv8SLOlLbtb6uwtr6xuVXcLu3s7u0flA+P2iqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJrdTv/NEpWKheNBJRN0AjwTzGcHaSB3HfkwvnGxQrthVewa0SpycVCBHc1D+6Q9DEgdUaMKxUj3HjrSbYqkZ4TQr9WNFI0wmeER7hgocUOWms3MzdGaUIfJDaUpoNFP/TqQ4UCoJPNMZYD1Wy95U/M/rxdq/dlMmolhTQeaL/JgjHaLp72jIJCWaJ4ZgIpm5FZExlphok9DClmicKEZUVjLJOMs5rJL2ZdWpV+v3tUrjJs+oCCdwCufgwBU04A6a0AICE3iBV3iznq1368P6nLcWrHzmGBZgff0CQ86X2A==</latexit>

10→1
<latexit sha1_base64="nZKVPgTAFT9dmZ4b9DFekkCS6LI=">AAACAnicbVDLSsNAFL2pr1pfVZduBovgqiQircuiG5cV7APaWCbTSTt2MgkzEyGE7PwAt/oJ7sStP+IX+BtO2yxs64ELh3Pu5d57vIgzpW372yqsrW9sbhW3Szu7e/sH5cOjtgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yc3U7zxRqVgo7nUSUTfAI8F8RrA2UtuxH1I7G5QrdtWeAa0SJycVyNEclH/6w5DEARWacKxUz7Ej7aZYakY4zUr9WNEIkwke0Z6hAgdUuens2gydGWWI/FCaEhrN1L8TKQ6USgLPdAZYj9WyNxX/83qx9q/clIko1lSQ+SI/5kiHaPo6GjJJieaJIZhIZm5FZIwlJtoEtLAlGieKEZWVTDLOcg6rpH1RdWrV2t1lpXGdZ1SEEziFc3CgDg24hSa0gMAjvMArvFnP1rv1YX3OWwtWPnMMC7C+fgHTqZeg</latexit>

100
<latexit sha1_base64="lQI41fUDQ/SUv1TlbkO/zRMmjBQ=">AAACAnicbVDLSsNAFL2pr1pfVZduBovgqiQircuiG5cV7APaWCbTSTt2MgkzEyGE7PwAt/oJ7sStP+IX+BtO2yxs64ELh3Pu5d57vIgzpW372yqsrW9sbhW3Szu7e/sH5cOjtgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yc3U7zxRqVgo7nUSUTfAI8F8RrA2UtuxH1InG5QrdtWeAa0SJycVyNEclH/6w5DEARWacKxUz7Ej7aZYakY4zUr9WNEIkwke0Z6hAgdUuens2gydGWWI/FCaEhrN1L8TKQ6USgLPdAZYj9WyNxX/83qx9q/clIko1lSQ+SI/5kiHaPo6GjJJieaJIZhIZm5FZIwlJtoEtLAlGieKEZWVTDLOcg6rpH1RdWrV2t1lpXGdZ1SEEziFc3CgDg24hSa0gMAjvMArvFnP1rv1YX3OWwtWPnMMC7C+fgHVQ5eh</latexit>

101
<latexit sha1_base64="swTdoORAH68ULtNS7yqqovqLKbA=">AAACAnicbVDLSsNAFL2pr1pfVZduBovgqiRFqsuiG5cV7APaWCbTSTt2MgkzEyGE7PwAt/oJ7sStP+IX+BtO2yxs64ELh3Pu5d57vIgzpW372yqsrW9sbhW3Szu7e/sH5cOjtgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yc3U7zxRqVgo7nUSUTfAI8F8RrA2UtuxH9JaNihX7Ko9A1olTk4qkKM5KP/0hyGJAyo04VipnmNH2k2x1IxwmpX6saIRJhM8oj1DBQ6octPZtRk6M8oQ+aE0JTSaqX8nUhwolQSe6QywHqtlbyr+5/Vi7V+5KRNRrKkg80V+zJEO0fR1NGSSEs0TQzCRzNyKyBhLTLQJaGFLNE4UIyormWSc5RxWSbtWderV+t1FpXGdZ1SEEziFc3DgEhpwC01oAYFHeIFXeLOerXfrw/qctxasfOYYFmB9/QLW3Zei</latexit>

102

<latexit sha1_base64="6o/G2Z3l1GOpNS9H2yuTZyuD4Ig=">AAACF3icbVDLSsNAFJ3UV62vqCtxM9gKrkrSRXVZ7MZlRfuANpTJdNIMnUzCzEQIofgdfoBb/QR34talX+BvOGkj2NYDA4dz7r2HOW7EqFSW9WUU1tY3NreK26Wd3b39A/PwqCPDWGDSxiELRc9FkjDKSVtRxUgvEgQFLiNdd9LM/O4DEZKG/F4lEXECNObUoxgpLQ3Nk6aPBMKKCJ1FMbxTAlEOK35laJatqjUDXCV2TsogR2tofg9GIY4DwhVmSMq+bUXKSZHQdxmZlgaxJBHCEzQmfU05Coh00tkXpvBcKyPohUI/ruBM/buRokDKJHD1ZICUL5e9TPzP68fKu3JSyqNYEY7nQV7MoAph1gccUUGwYokmCAuadYB/K1lMifxEUiynJd2MvdzDKunUqna9Wr+tlRvXeUdFcArOwAWwwSVogBvQAm2AwSN4Bi/g1Xgy3ox342M+WjDynWOwAOPzB+aln7A=</latexit> C
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<latexit sha1_base64="J3Y936VMMKlOo7MbcyMbEThlpB4=">AAACBHicbVDLSsNAFL2pr1pfVZduBovgxpJIqS6LblxWsA9oY5lMJ+3QySTMTIQQsvUD3OonuBO3/odf4G84bbOwrQcuHM65l3vv8SLOlLbtb6uwtr6xuVXcLu3s7u0flA+P2iqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJrdTv/NEpWKheNBJRN0AjwTzGcHaSF3HfkwvHDsblCt21Z4BrRInJxXI0RyUf/rDkMQBFZpwrFTPsSPtplhqRjjNSv1Y0QiTCR7RnqECB1S56ezeDJ0ZZYj8UJoSGs3UvxMpDpRKAs90BliP1bI3Ff/zerH2r92UiSjWVJD5Ij/mSIdo+jwaMkmJ5okhmEhmbkVkjCUm2kS0sCUaJ4oRlZVMMs5yDqukfVl16tX6fa3SuMkzKsIJnMI5OHAFDbiDJrSAAIcXeIU369l6tz6sz3lrwcpnjmEB1tcvt0uYEg==</latexit>

10→10

<latexit sha1_base64="l+xB85ZUCiNXS+Rnu+Uxk7PjtAU=">AAACBHicbVDLSgNBEOz1GeMr6tHLYBC8GHZEosegF48RzAOSNcxOZpMhs7PLzKywLLn6AV71E7yJV//DL/A3nCR7MIkFDUVVN91dfiy4Nq777aysrq1vbBa2its7u3v7pYPDpo4SRVmDRiJSbZ9oJrhkDcONYO1YMRL6grX80e3Ebz0xpXkkH0waMy8kA8kDTomxUhu7j9k5xuNeqexW3CnQMsE5KUOOeq/00+1HNAmZNFQQrTvYjY2XEWU4FWxc7CaaxYSOyIB1LJUkZNrLpveO0alV+iiIlC1p0FT9O5GRUOs09G1nSMxQL3oT8T+vk5jg2su4jBPDJJ0tChKBTIQmz6M+V4wakVpCqOL2VkSHRBFqbERzW+JhqjnV46JNBi/msEyaFxVcrVTvL8u1mzyjAhzDCZwBhiuowR3UoQEUBLzAK7w5z8678+F8zlpXnHzmCObgfP0CuOWYEw==</latexit>

10→11

<latexit sha1_base64="LYxl/ydzdZ6BGt9TtoaKOjOoyAY=">AAACBHicbVDLSsNAFL2pr1pfVZduBovgxpIUqS6LblxWsA9oY5lMJ+3QySTMTIQQsvUD3OonuBO3/odf4G84bbOwrQcuHM65l3vv8SLOlLbtb6uwtr6xuVXcLu3s7u0flA+P2iqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJrdTv/NEpWKheNBJRN0AjwTzGcHaSF3HfkwvnFo2KFfsqj0DWiVOTiqQozko//SHIYkDKjThWKmeY0faTbHUjHCalfqxohEmEzyiPUMFDqhy09m9GTozyhD5oTQlNJqpfydSHCiVBJ7pDLAeq2VvKv7n9WLtX7spE1GsqSDzRX7MkQ7R9Hk0ZJISzRNDMJHM3IrIGEtMtIloYUs0ThQjKiuZZJzlHFZJu1Z16tX6/WWlcZNnVIQTOIVzcOAKGnAHTWgBAQ4v8Apv1rP1bn1Yn/PWgpXPHMMCrK9fun+YFA==</latexit>

10→12

<latexit sha1_base64="93kFaTRjBmQ6uuvFSWJjOFqi+TE=">AAACBHicbVDLSsNAFL2pr1pfVZduBovgxpKoVJdFNy4r2Ae0sUymk3boZBJmJkII2foBbvUT3Ilb/8Mv8DectlnY1gMXDufcy733eBFnStv2t1VYWV1b3yhulra2d3b3yvsHLRXGktAmCXkoOx5WlDNBm5ppTjuRpDjwOG1749uJ336iUrFQPOgkom6Ah4L5jGBtpI5jP6ZnzkXWL1fsqj0FWiZOTiqQo9Ev//QGIYkDKjThWKmuY0faTbHUjHCalXqxohEmYzykXUMFDqhy0+m9GToxygD5oTQlNJqqfydSHCiVBJ7pDLAeqUVvIv7ndWPtX7spE1GsqSCzRX7MkQ7R5Hk0YJISzRNDMJHM3IrICEtMtIlobks0ShQjKiuZZJzFHJZJ67zq1Kq1+8tK/SbPqAhHcAyn4MAV1OEOGtAEAhxe4BXerGfr3fqwPmetBSufOYQ5WF+/vBmYFQ==</latexit>

10→13

<latexit sha1_base64="8dS0fWWgNbRTj2dJkxYc6kO5RKQ=">AAACBHicbVDLSsNAFL2pr1pfVZduBovgxpJIqS6LblxWsA9oY5lMJ+3QySTMTIQQsvUD3OonuBO3/odf4G84bbOwrQcuHM65l3vv8SLOlLbtb6uwtr6xuVXcLu3s7u0flA+P2iqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJrdTv/NEpWKheNBJRN0AjwTzGcHaSF3HfkwvnFo2KFfsqj0DWiVOTiqQozko//SHIYkDKjThWKmeY0faTbHUjHCalfqxohEmEzyiPUMFDqhy09m9GTozyhD5oTQlNJqpfydSHCiVBJ7pDLAeq2VvKv7n9WLtX7spE1GsqSDzRX7MkQ7R9Hk0ZJISzRNDMJHM3IrIGEtMtIloYUs0ThQjKiuZZJzlHFZJ+7Lq1Kv1+1qlcZNnVIQTOIVzcOAKGnAHTWgBAQ4v8Apv1rP1bn1Yn/PWgpXPHMMCrK9fvbOYFg==</latexit>

10→14

Example of a numerical broadband analysis with  T = 0.7 s

• Open Source: Each paper comes with its own repository that reproduces all 
numerical results. 

• Includes GGN noise [4] 

 

 

With fixed values . 

VGGN(z, t) = − 2πGρ0 ∑
a

ξa
cH
qωa ( 1 + s2

1 − s2 )
× [(1 + q/s) exp(−ωaz /cH) − 2 exp(−qωaz /cH)] cos(ωat + θ̃a)

ρ0 = 1800 kg/m3, s = 0.36, q = 0.88, cH = 205 m/s

From Peterson’s model [3]

Uniform random

Gravitational Waves (GWs): Can be detected in the highly anticipated mid-frequency band between space borne 
experiments (LISA) and terrestrial laser interferometers (LIGO/VIRGO/KAGRA).
Dark Matter (DM): A plethora of different DM theories are currently under investigation. ULDM is, however, in its scalar 
and axionic form proposed for large scale AIFs to be detectable.
All proposed theoretical models are, so far, mostly algebraic and treat imperfections and noise in a simplified manner. We 
now propose a numerical simulator and an optimal parameter analysis for such large scale AIF experiments.
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