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HITec facility: VLBAI & Einstein Elevator
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Fig. 3 Hannover Very Long Baseline Atom Interferometry (VLBAI)
facility and its three main elements: source chambers , baseline
and inertial reference system and vacuumvessel (VTS) . The baseline
and upper source chambers are supported by an aluminium structure
(VSS, dark blue). The region of interest for atom interferometry is
shaded in light blue

in the 8-m-long central region of interest where the lon-
gitudinal magnetic field gradients fall below 2.5nT/m.

In order to decouple the instrument from oscillations of
the walls of the building, the apparatus is only rigidly con-
nected to the foundations of the building. The VTS (and
SAS) and lower source chamber are mounted on a baseplate
directly connected to the foundation. The baseline and upper
source chamber are supported by a 10-m-high aluminium

tower, denoted as VLBAI support structure (VSS) in the fol-
lowing sections. The footprint of the device on the floor is
2.5m × 2.5m. Traceability to the SI is ensured by locking
the instrument’s frequency references to standards at theGer-
man NMI (PTB Braunschweig) via an optical link (Raupach
et al. 2015). All heights are measured from the instrument’s
baseplate. The altitude of this reference point in the German
height datum is 50.545m.

4 Environmental model

The VLBAI facility is implemented in the laboratory build-
ing of the Hannover Institute of Technology. The building
consists of three floors (one basement level, two above street
level) and is divided into a technical part mainly containing
the climate control systems, and a section with the laborato-
ries (see Fig. 4). In the laboratory part, a so-called backbone
gives laboratories access to the technical infrastructure and
divides the building in two parts along its long axis. The
backbone and southern row of laboratories have a footprint
of 13.4m×55.4m and extend approximately 5m below sur-
face level. The northern row of laboratories is fully above
ground except for the gravimetry laboratory which is on an
intermediate level, around 1.5m below street level and 3.4m
above basement level (see Fig. 4a). The foundation of the
building is 0.5m thick except beneath the gravimetry labora-
tory, which has a separate and 0.8-m-thick one. Figure 4a also
shows the measurement points for the relative gravimeters
along the VLBAI main axis and a second validation profile,
occupied using tripods, next to the VLBAI which were used
for the measurements presented in Sect. 5.

4.1 Physical model

Following themethods described byLi andChouteau (1998),
we discretise the HITec building into a model of rectangular
prisms that accounts for more than 500 elements. The geom-
etry is extracted from the construction plans, and we verified
all the heights by levelling, also including a benchmark with
a known elevation in the German height datum. The build-
ing is embedded in a sedimentary ground of sand, clay, and
marl (2050kg/m3). For the edifice itself, we include all walls
and floors made of reinforced concrete (2500kg/m3), the
7-cm- to 13-cm-thick liquid flow screed covering the con-
crete floors in the laboratories (2100kg/m3) and the gypsum
drywalls (800kg/m3). We also incorporate the insulation
material (150kg/m3) and gravel on the roof (1350kg/m3).
We use a simplified geometry to model the large research
facilities in the surroundings. This is, for example, the case
for the Einstein-Elevator (Lotz et al. 2018), a free-fall simu-
lator with a weight of 165 t and horizontal distances of 32m
and 16m to the VLBAI facility and gravimetry laboratory,
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Bose-Einstein-Condensates (BECs)
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10m Atom Interferometer “VLBAI”
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Fig. 3 Hannover Very Long Baseline Atom Interferometry (VLBAI)
facility and its three main elements: source chambers , baseline
and inertial reference system and vacuumvessel (VTS) . The baseline
and upper source chambers are supported by an aluminium structure
(VSS, dark blue). The region of interest for atom interferometry is
shaded in light blue

in the 8-m-long central region of interest where the lon-
gitudinal magnetic field gradients fall below 2.5nT/m.

In order to decouple the instrument from oscillations of
the walls of the building, the apparatus is only rigidly con-
nected to the foundations of the building. The VTS (and
SAS) and lower source chamber are mounted on a baseplate
directly connected to the foundation. The baseline and upper
source chamber are supported by a 10-m-high aluminium

tower, denoted as VLBAI support structure (VSS) in the fol-
lowing sections. The footprint of the device on the floor is
2.5m × 2.5m. Traceability to the SI is ensured by locking
the instrument’s frequency references to standards at theGer-
man NMI (PTB Braunschweig) via an optical link (Raupach
et al. 2015). All heights are measured from the instrument’s
baseplate. The altitude of this reference point in the German
height datum is 50.545m.

4 Environmental model

The VLBAI facility is implemented in the laboratory build-
ing of the Hannover Institute of Technology. The building
consists of three floors (one basement level, two above street
level) and is divided into a technical part mainly containing
the climate control systems, and a section with the laborato-
ries (see Fig. 4). In the laboratory part, a so-called backbone
gives laboratories access to the technical infrastructure and
divides the building in two parts along its long axis. The
backbone and southern row of laboratories have a footprint
of 13.4m×55.4m and extend approximately 5m below sur-
face level. The northern row of laboratories is fully above
ground except for the gravimetry laboratory which is on an
intermediate level, around 1.5m below street level and 3.4m
above basement level (see Fig. 4a). The foundation of the
building is 0.5m thick except beneath the gravimetry labora-
tory, which has a separate and 0.8-m-thick one. Figure 4a also
shows the measurement points for the relative gravimeters
along the VLBAI main axis and a second validation profile,
occupied using tripods, next to the VLBAI which were used
for the measurements presented in Sect. 5.

4.1 Physical model

Following themethods described byLi andChouteau (1998),
we discretise the HITec building into a model of rectangular
prisms that accounts for more than 500 elements. The geom-
etry is extracted from the construction plans, and we verified
all the heights by levelling, also including a benchmark with
a known elevation in the German height datum. The build-
ing is embedded in a sedimentary ground of sand, clay, and
marl (2050kg/m3). For the edifice itself, we include all walls
and floors made of reinforced concrete (2500kg/m3), the
7-cm- to 13-cm-thick liquid flow screed covering the con-
crete floors in the laboratories (2100kg/m3) and the gypsum
drywalls (800kg/m3). We also incorporate the insulation
material (150kg/m3) and gravel on the roof (1350kg/m3).
We use a simplified geometry to model the large research
facilities in the surroundings. This is, for example, the case
for the Einstein-Elevator (Lotz et al. 2018), a free-fall simu-
lator with a weight of 165 t and horizontal distances of 32m
and 16m to the VLBAI facility and gravimetry laboratory,
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Fig. 3 Hannover Very Long Baseline Atom Interferometry (VLBAI)
facility and its three main elements: source chambers , baseline
and inertial reference system and vacuumvessel (VTS) . The baseline
and upper source chambers are supported by an aluminium structure
(VSS, dark blue). The region of interest for atom interferometry is
shaded in light blue

in the 8-m-long central region of interest where the lon-
gitudinal magnetic field gradients fall below 2.5nT/m.

In order to decouple the instrument from oscillations of
the walls of the building, the apparatus is only rigidly con-
nected to the foundations of the building. The VTS (and
SAS) and lower source chamber are mounted on a baseplate
directly connected to the foundation. The baseline and upper
source chamber are supported by a 10-m-high aluminium

tower, denoted as VLBAI support structure (VSS) in the fol-
lowing sections. The footprint of the device on the floor is
2.5m × 2.5m. Traceability to the SI is ensured by locking
the instrument’s frequency references to standards at theGer-
man NMI (PTB Braunschweig) via an optical link (Raupach
et al. 2015). All heights are measured from the instrument’s
baseplate. The altitude of this reference point in the German
height datum is 50.545m.

4 Environmental model

The VLBAI facility is implemented in the laboratory build-
ing of the Hannover Institute of Technology. The building
consists of three floors (one basement level, two above street
level) and is divided into a technical part mainly containing
the climate control systems, and a section with the laborato-
ries (see Fig. 4). In the laboratory part, a so-called backbone
gives laboratories access to the technical infrastructure and
divides the building in two parts along its long axis. The
backbone and southern row of laboratories have a footprint
of 13.4m×55.4m and extend approximately 5m below sur-
face level. The northern row of laboratories is fully above
ground except for the gravimetry laboratory which is on an
intermediate level, around 1.5m below street level and 3.4m
above basement level (see Fig. 4a). The foundation of the
building is 0.5m thick except beneath the gravimetry labora-
tory, which has a separate and 0.8-m-thick one. Figure 4a also
shows the measurement points for the relative gravimeters
along the VLBAI main axis and a second validation profile,
occupied using tripods, next to the VLBAI which were used
for the measurements presented in Sect. 5.

4.1 Physical model

Following themethods described byLi andChouteau (1998),
we discretise the HITec building into a model of rectangular
prisms that accounts for more than 500 elements. The geom-
etry is extracted from the construction plans, and we verified
all the heights by levelling, also including a benchmark with
a known elevation in the German height datum. The build-
ing is embedded in a sedimentary ground of sand, clay, and
marl (2050kg/m3). For the edifice itself, we include all walls
and floors made of reinforced concrete (2500kg/m3), the
7-cm- to 13-cm-thick liquid flow screed covering the con-
crete floors in the laboratories (2100kg/m3) and the gypsum
drywalls (800kg/m3). We also incorporate the insulation
material (150kg/m3) and gravel on the roof (1350kg/m3).
We use a simplified geometry to model the large research
facilities in the surroundings. This is, for example, the case
for the Einstein-Elevator (Lotz et al. 2018), a free-fall simu-
lator with a weight of 165 t and horizontal distances of 32m
and 16m to the VLBAI facility and gravimetry laboratory,
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Fig. 3 Hannover Very Long Baseline Atom Interferometry (VLBAI)
facility and its three main elements: source chambers , baseline
and inertial reference system and vacuumvessel (VTS) . The baseline
and upper source chambers are supported by an aluminium structure
(VSS, dark blue). The region of interest for atom interferometry is
shaded in light blue

in the 8-m-long central region of interest where the lon-
gitudinal magnetic field gradients fall below 2.5nT/m.

In order to decouple the instrument from oscillations of
the walls of the building, the apparatus is only rigidly con-
nected to the foundations of the building. The VTS (and
SAS) and lower source chamber are mounted on a baseplate
directly connected to the foundation. The baseline and upper
source chamber are supported by a 10-m-high aluminium

tower, denoted as VLBAI support structure (VSS) in the fol-
lowing sections. The footprint of the device on the floor is
2.5m × 2.5m. Traceability to the SI is ensured by locking
the instrument’s frequency references to standards at theGer-
man NMI (PTB Braunschweig) via an optical link (Raupach
et al. 2015). All heights are measured from the instrument’s
baseplate. The altitude of this reference point in the German
height datum is 50.545m.

4 Environmental model

The VLBAI facility is implemented in the laboratory build-
ing of the Hannover Institute of Technology. The building
consists of three floors (one basement level, two above street
level) and is divided into a technical part mainly containing
the climate control systems, and a section with the laborato-
ries (see Fig. 4). In the laboratory part, a so-called backbone
gives laboratories access to the technical infrastructure and
divides the building in two parts along its long axis. The
backbone and southern row of laboratories have a footprint
of 13.4m×55.4m and extend approximately 5m below sur-
face level. The northern row of laboratories is fully above
ground except for the gravimetry laboratory which is on an
intermediate level, around 1.5m below street level and 3.4m
above basement level (see Fig. 4a). The foundation of the
building is 0.5m thick except beneath the gravimetry labora-
tory, which has a separate and 0.8-m-thick one. Figure 4a also
shows the measurement points for the relative gravimeters
along the VLBAI main axis and a second validation profile,
occupied using tripods, next to the VLBAI which were used
for the measurements presented in Sect. 5.

4.1 Physical model

Following themethods described byLi andChouteau (1998),
we discretise the HITec building into a model of rectangular
prisms that accounts for more than 500 elements. The geom-
etry is extracted from the construction plans, and we verified
all the heights by levelling, also including a benchmark with
a known elevation in the German height datum. The build-
ing is embedded in a sedimentary ground of sand, clay, and
marl (2050kg/m3). For the edifice itself, we include all walls
and floors made of reinforced concrete (2500kg/m3), the
7-cm- to 13-cm-thick liquid flow screed covering the con-
crete floors in the laboratories (2100kg/m3) and the gypsum
drywalls (800kg/m3). We also incorporate the insulation
material (150kg/m3) and gravel on the roof (1350kg/m3).
We use a simplified geometry to model the large research
facilities in the surroundings. This is, for example, the case
for the Einstein-Elevator (Lotz et al. 2018), a free-fall simu-
lator with a weight of 165 t and horizontal distances of 32m
and 16m to the VLBAI facility and gravimetry laboratory,
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Fig. 3 Hannover Very Long Baseline Atom Interferometry (VLBAI)
facility and its three main elements: source chambers , baseline
and inertial reference system and vacuumvessel (VTS) . The baseline
and upper source chambers are supported by an aluminium structure
(VSS, dark blue). The region of interest for atom interferometry is
shaded in light blue

in the 8-m-long central region of interest where the lon-
gitudinal magnetic field gradients fall below 2.5nT/m.

In order to decouple the instrument from oscillations of
the walls of the building, the apparatus is only rigidly con-
nected to the foundations of the building. The VTS (and
SAS) and lower source chamber are mounted on a baseplate
directly connected to the foundation. The baseline and upper
source chamber are supported by a 10-m-high aluminium

tower, denoted as VLBAI support structure (VSS) in the fol-
lowing sections. The footprint of the device on the floor is
2.5m × 2.5m. Traceability to the SI is ensured by locking
the instrument’s frequency references to standards at theGer-
man NMI (PTB Braunschweig) via an optical link (Raupach
et al. 2015). All heights are measured from the instrument’s
baseplate. The altitude of this reference point in the German
height datum is 50.545m.

4 Environmental model

The VLBAI facility is implemented in the laboratory build-
ing of the Hannover Institute of Technology. The building
consists of three floors (one basement level, two above street
level) and is divided into a technical part mainly containing
the climate control systems, and a section with the laborato-
ries (see Fig. 4). In the laboratory part, a so-called backbone
gives laboratories access to the technical infrastructure and
divides the building in two parts along its long axis. The
backbone and southern row of laboratories have a footprint
of 13.4m×55.4m and extend approximately 5m below sur-
face level. The northern row of laboratories is fully above
ground except for the gravimetry laboratory which is on an
intermediate level, around 1.5m below street level and 3.4m
above basement level (see Fig. 4a). The foundation of the
building is 0.5m thick except beneath the gravimetry labora-
tory, which has a separate and 0.8-m-thick one. Figure 4a also
shows the measurement points for the relative gravimeters
along the VLBAI main axis and a second validation profile,
occupied using tripods, next to the VLBAI which were used
for the measurements presented in Sect. 5.

4.1 Physical model

Following themethods described byLi andChouteau (1998),
we discretise the HITec building into a model of rectangular
prisms that accounts for more than 500 elements. The geom-
etry is extracted from the construction plans, and we verified
all the heights by levelling, also including a benchmark with
a known elevation in the German height datum. The build-
ing is embedded in a sedimentary ground of sand, clay, and
marl (2050kg/m3). For the edifice itself, we include all walls
and floors made of reinforced concrete (2500kg/m3), the
7-cm- to 13-cm-thick liquid flow screed covering the con-
crete floors in the laboratories (2100kg/m3) and the gypsum
drywalls (800kg/m3). We also incorporate the insulation
material (150kg/m3) and gravel on the roof (1350kg/m3).
We use a simplified geometry to model the large research
facilities in the surroundings. This is, for example, the case
for the Einstein-Elevator (Lotz et al. 2018), a free-fall simu-
lator with a weight of 165 t and horizontal distances of 32m
and 16m to the VLBAI facility and gravimetry laboratory,
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Fig. 3 Hannover Very Long Baseline Atom Interferometry (VLBAI)
facility and its three main elements: source chambers , baseline
and inertial reference system and vacuumvessel (VTS) . The baseline
and upper source chambers are supported by an aluminium structure
(VSS, dark blue). The region of interest for atom interferometry is
shaded in light blue

in the 8-m-long central region of interest where the lon-
gitudinal magnetic field gradients fall below 2.5nT/m.

In order to decouple the instrument from oscillations of
the walls of the building, the apparatus is only rigidly con-
nected to the foundations of the building. The VTS (and
SAS) and lower source chamber are mounted on a baseplate
directly connected to the foundation. The baseline and upper
source chamber are supported by a 10-m-high aluminium

tower, denoted as VLBAI support structure (VSS) in the fol-
lowing sections. The footprint of the device on the floor is
2.5m × 2.5m. Traceability to the SI is ensured by locking
the instrument’s frequency references to standards at theGer-
man NMI (PTB Braunschweig) via an optical link (Raupach
et al. 2015). All heights are measured from the instrument’s
baseplate. The altitude of this reference point in the German
height datum is 50.545m.

4 Environmental model

The VLBAI facility is implemented in the laboratory build-
ing of the Hannover Institute of Technology. The building
consists of three floors (one basement level, two above street
level) and is divided into a technical part mainly containing
the climate control systems, and a section with the laborato-
ries (see Fig. 4). In the laboratory part, a so-called backbone
gives laboratories access to the technical infrastructure and
divides the building in two parts along its long axis. The
backbone and southern row of laboratories have a footprint
of 13.4m×55.4m and extend approximately 5m below sur-
face level. The northern row of laboratories is fully above
ground except for the gravimetry laboratory which is on an
intermediate level, around 1.5m below street level and 3.4m
above basement level (see Fig. 4a). The foundation of the
building is 0.5m thick except beneath the gravimetry labora-
tory, which has a separate and 0.8-m-thick one. Figure 4a also
shows the measurement points for the relative gravimeters
along the VLBAI main axis and a second validation profile,
occupied using tripods, next to the VLBAI which were used
for the measurements presented in Sect. 5.

4.1 Physical model

Following themethods described byLi andChouteau (1998),
we discretise the HITec building into a model of rectangular
prisms that accounts for more than 500 elements. The geom-
etry is extracted from the construction plans, and we verified
all the heights by levelling, also including a benchmark with
a known elevation in the German height datum. The build-
ing is embedded in a sedimentary ground of sand, clay, and
marl (2050kg/m3). For the edifice itself, we include all walls
and floors made of reinforced concrete (2500kg/m3), the
7-cm- to 13-cm-thick liquid flow screed covering the con-
crete floors in the laboratories (2100kg/m3) and the gypsum
drywalls (800kg/m3). We also incorporate the insulation
material (150kg/m3) and gravel on the roof (1350kg/m3).
We use a simplified geometry to model the large research
facilities in the surroundings. This is, for example, the case
for the Einstein-Elevator (Lotz et al. 2018), a free-fall simu-
lator with a weight of 165 t and horizontal distances of 32m
and 16m to the VLBAI facility and gravimetry laboratory,
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facility and its three main elements: source chambers , baseline
and inertial reference system and vacuumvessel (VTS) . The baseline
and upper source chambers are supported by an aluminium structure
(VSS, dark blue). The region of interest for atom interferometry is
shaded in light blue

in the 8-m-long central region of interest where the lon-
gitudinal magnetic field gradients fall below 2.5nT/m.

In order to decouple the instrument from oscillations of
the walls of the building, the apparatus is only rigidly con-
nected to the foundations of the building. The VTS (and
SAS) and lower source chamber are mounted on a baseplate
directly connected to the foundation. The baseline and upper
source chamber are supported by a 10-m-high aluminium

tower, denoted as VLBAI support structure (VSS) in the fol-
lowing sections. The footprint of the device on the floor is
2.5m × 2.5m. Traceability to the SI is ensured by locking
the instrument’s frequency references to standards at theGer-
man NMI (PTB Braunschweig) via an optical link (Raupach
et al. 2015). All heights are measured from the instrument’s
baseplate. The altitude of this reference point in the German
height datum is 50.545m.

4 Environmental model

The VLBAI facility is implemented in the laboratory build-
ing of the Hannover Institute of Technology. The building
consists of three floors (one basement level, two above street
level) and is divided into a technical part mainly containing
the climate control systems, and a section with the laborato-
ries (see Fig. 4). In the laboratory part, a so-called backbone
gives laboratories access to the technical infrastructure and
divides the building in two parts along its long axis. The
backbone and southern row of laboratories have a footprint
of 13.4m×55.4m and extend approximately 5m below sur-
face level. The northern row of laboratories is fully above
ground except for the gravimetry laboratory which is on an
intermediate level, around 1.5m below street level and 3.4m
above basement level (see Fig. 4a). The foundation of the
building is 0.5m thick except beneath the gravimetry labora-
tory, which has a separate and 0.8-m-thick one. Figure 4a also
shows the measurement points for the relative gravimeters
along the VLBAI main axis and a second validation profile,
occupied using tripods, next to the VLBAI which were used
for the measurements presented in Sect. 5.

4.1 Physical model

Following themethods described byLi andChouteau (1998),
we discretise the HITec building into a model of rectangular
prisms that accounts for more than 500 elements. The geom-
etry is extracted from the construction plans, and we verified
all the heights by levelling, also including a benchmark with
a known elevation in the German height datum. The build-
ing is embedded in a sedimentary ground of sand, clay, and
marl (2050kg/m3). For the edifice itself, we include all walls
and floors made of reinforced concrete (2500kg/m3), the
7-cm- to 13-cm-thick liquid flow screed covering the con-
crete floors in the laboratories (2100kg/m3) and the gypsum
drywalls (800kg/m3). We also incorporate the insulation
material (150kg/m3) and gravel on the roof (1350kg/m3).
We use a simplified geometry to model the large research
facilities in the surroundings. This is, for example, the case
for the Einstein-Elevator (Lotz et al. 2018), a free-fall simu-
lator with a weight of 165 t and horizontal distances of 32m
and 16m to the VLBAI facility and gravimetry laboratory,
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Fig. 3 Hannover Very Long Baseline Atom Interferometry (VLBAI)
facility and its three main elements: source chambers , baseline
and inertial reference system and vacuumvessel (VTS) . The baseline
and upper source chambers are supported by an aluminium structure
(VSS, dark blue). The region of interest for atom interferometry is
shaded in light blue

in the 8-m-long central region of interest where the lon-
gitudinal magnetic field gradients fall below 2.5nT/m.

In order to decouple the instrument from oscillations of
the walls of the building, the apparatus is only rigidly con-
nected to the foundations of the building. The VTS (and
SAS) and lower source chamber are mounted on a baseplate
directly connected to the foundation. The baseline and upper
source chamber are supported by a 10-m-high aluminium

tower, denoted as VLBAI support structure (VSS) in the fol-
lowing sections. The footprint of the device on the floor is
2.5m × 2.5m. Traceability to the SI is ensured by locking
the instrument’s frequency references to standards at theGer-
man NMI (PTB Braunschweig) via an optical link (Raupach
et al. 2015). All heights are measured from the instrument’s
baseplate. The altitude of this reference point in the German
height datum is 50.545m.

4 Environmental model

The VLBAI facility is implemented in the laboratory build-
ing of the Hannover Institute of Technology. The building
consists of three floors (one basement level, two above street
level) and is divided into a technical part mainly containing
the climate control systems, and a section with the laborato-
ries (see Fig. 4). In the laboratory part, a so-called backbone
gives laboratories access to the technical infrastructure and
divides the building in two parts along its long axis. The
backbone and southern row of laboratories have a footprint
of 13.4m×55.4m and extend approximately 5m below sur-
face level. The northern row of laboratories is fully above
ground except for the gravimetry laboratory which is on an
intermediate level, around 1.5m below street level and 3.4m
above basement level (see Fig. 4a). The foundation of the
building is 0.5m thick except beneath the gravimetry labora-
tory, which has a separate and 0.8-m-thick one. Figure 4a also
shows the measurement points for the relative gravimeters
along the VLBAI main axis and a second validation profile,
occupied using tripods, next to the VLBAI which were used
for the measurements presented in Sect. 5.

4.1 Physical model

Following themethods described byLi andChouteau (1998),
we discretise the HITec building into a model of rectangular
prisms that accounts for more than 500 elements. The geom-
etry is extracted from the construction plans, and we verified
all the heights by levelling, also including a benchmark with
a known elevation in the German height datum. The build-
ing is embedded in a sedimentary ground of sand, clay, and
marl (2050kg/m3). For the edifice itself, we include all walls
and floors made of reinforced concrete (2500kg/m3), the
7-cm- to 13-cm-thick liquid flow screed covering the con-
crete floors in the laboratories (2100kg/m3) and the gypsum
drywalls (800kg/m3). We also incorporate the insulation
material (150kg/m3) and gravel on the roof (1350kg/m3).
We use a simplified geometry to model the large research
facilities in the surroundings. This is, for example, the case
for the Einstein-Elevator (Lotz et al. 2018), a free-fall simu-
lator with a weight of 165 t and horizontal distances of 32m
and 16m to the VLBAI facility and gravimetry laboratory,
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Fig. 3 Hannover Very Long Baseline Atom Interferometry (VLBAI)
facility and its three main elements: source chambers , baseline
and inertial reference system and vacuumvessel (VTS) . The baseline
and upper source chambers are supported by an aluminium structure
(VSS, dark blue). The region of interest for atom interferometry is
shaded in light blue

in the 8-m-long central region of interest where the lon-
gitudinal magnetic field gradients fall below 2.5nT/m.

In order to decouple the instrument from oscillations of
the walls of the building, the apparatus is only rigidly con-
nected to the foundations of the building. The VTS (and
SAS) and lower source chamber are mounted on a baseplate
directly connected to the foundation. The baseline and upper
source chamber are supported by a 10-m-high aluminium

tower, denoted as VLBAI support structure (VSS) in the fol-
lowing sections. The footprint of the device on the floor is
2.5m × 2.5m. Traceability to the SI is ensured by locking
the instrument’s frequency references to standards at theGer-
man NMI (PTB Braunschweig) via an optical link (Raupach
et al. 2015). All heights are measured from the instrument’s
baseplate. The altitude of this reference point in the German
height datum is 50.545m.

4 Environmental model

The VLBAI facility is implemented in the laboratory build-
ing of the Hannover Institute of Technology. The building
consists of three floors (one basement level, two above street
level) and is divided into a technical part mainly containing
the climate control systems, and a section with the laborato-
ries (see Fig. 4). In the laboratory part, a so-called backbone
gives laboratories access to the technical infrastructure and
divides the building in two parts along its long axis. The
backbone and southern row of laboratories have a footprint
of 13.4m×55.4m and extend approximately 5m below sur-
face level. The northern row of laboratories is fully above
ground except for the gravimetry laboratory which is on an
intermediate level, around 1.5m below street level and 3.4m
above basement level (see Fig. 4a). The foundation of the
building is 0.5m thick except beneath the gravimetry labora-
tory, which has a separate and 0.8-m-thick one. Figure 4a also
shows the measurement points for the relative gravimeters
along the VLBAI main axis and a second validation profile,
occupied using tripods, next to the VLBAI which were used
for the measurements presented in Sect. 5.

4.1 Physical model

Following themethods described byLi andChouteau (1998),
we discretise the HITec building into a model of rectangular
prisms that accounts for more than 500 elements. The geom-
etry is extracted from the construction plans, and we verified
all the heights by levelling, also including a benchmark with
a known elevation in the German height datum. The build-
ing is embedded in a sedimentary ground of sand, clay, and
marl (2050kg/m3). For the edifice itself, we include all walls
and floors made of reinforced concrete (2500kg/m3), the
7-cm- to 13-cm-thick liquid flow screed covering the con-
crete floors in the laboratories (2100kg/m3) and the gypsum
drywalls (800kg/m3). We also incorporate the insulation
material (150kg/m3) and gravel on the roof (1350kg/m3).
We use a simplified geometry to model the large research
facilities in the surroundings. This is, for example, the case
for the Einstein-Elevator (Lotz et al. 2018), a free-fall simu-
lator with a weight of 165 t and horizontal distances of 32m
and 16m to the VLBAI facility and gravimetry laboratory,
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facility and its three main elements: source chambers , baseline
and inertial reference system and vacuumvessel (VTS) . The baseline
and upper source chambers are supported by an aluminium structure
(VSS, dark blue). The region of interest for atom interferometry is
shaded in light blue

in the 8-m-long central region of interest where the lon-
gitudinal magnetic field gradients fall below 2.5nT/m.

In order to decouple the instrument from oscillations of
the walls of the building, the apparatus is only rigidly con-
nected to the foundations of the building. The VTS (and
SAS) and lower source chamber are mounted on a baseplate
directly connected to the foundation. The baseline and upper
source chamber are supported by a 10-m-high aluminium

tower, denoted as VLBAI support structure (VSS) in the fol-
lowing sections. The footprint of the device on the floor is
2.5m × 2.5m. Traceability to the SI is ensured by locking
the instrument’s frequency references to standards at theGer-
man NMI (PTB Braunschweig) via an optical link (Raupach
et al. 2015). All heights are measured from the instrument’s
baseplate. The altitude of this reference point in the German
height datum is 50.545m.

4 Environmental model

The VLBAI facility is implemented in the laboratory build-
ing of the Hannover Institute of Technology. The building
consists of three floors (one basement level, two above street
level) and is divided into a technical part mainly containing
the climate control systems, and a section with the laborato-
ries (see Fig. 4). In the laboratory part, a so-called backbone
gives laboratories access to the technical infrastructure and
divides the building in two parts along its long axis. The
backbone and southern row of laboratories have a footprint
of 13.4m×55.4m and extend approximately 5m below sur-
face level. The northern row of laboratories is fully above
ground except for the gravimetry laboratory which is on an
intermediate level, around 1.5m below street level and 3.4m
above basement level (see Fig. 4a). The foundation of the
building is 0.5m thick except beneath the gravimetry labora-
tory, which has a separate and 0.8-m-thick one. Figure 4a also
shows the measurement points for the relative gravimeters
along the VLBAI main axis and a second validation profile,
occupied using tripods, next to the VLBAI which were used
for the measurements presented in Sect. 5.

4.1 Physical model

Following themethods described byLi andChouteau (1998),
we discretise the HITec building into a model of rectangular
prisms that accounts for more than 500 elements. The geom-
etry is extracted from the construction plans, and we verified
all the heights by levelling, also including a benchmark with
a known elevation in the German height datum. The build-
ing is embedded in a sedimentary ground of sand, clay, and
marl (2050kg/m3). For the edifice itself, we include all walls
and floors made of reinforced concrete (2500kg/m3), the
7-cm- to 13-cm-thick liquid flow screed covering the con-
crete floors in the laboratories (2100kg/m3) and the gypsum
drywalls (800kg/m3). We also incorporate the insulation
material (150kg/m3) and gravel on the roof (1350kg/m3).
We use a simplified geometry to model the large research
facilities in the surroundings. This is, for example, the case
for the Einstein-Elevator (Lotz et al. 2018), a free-fall simu-
lator with a weight of 165 t and horizontal distances of 32m
and 16m to the VLBAI facility and gravimetry laboratory,
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Fig. 3 Hannover Very Long Baseline Atom Interferometry (VLBAI)
facility and its three main elements: source chambers , baseline
and inertial reference system and vacuumvessel (VTS) . The baseline
and upper source chambers are supported by an aluminium structure
(VSS, dark blue). The region of interest for atom interferometry is
shaded in light blue

in the 8-m-long central region of interest where the lon-
gitudinal magnetic field gradients fall below 2.5nT/m.

In order to decouple the instrument from oscillations of
the walls of the building, the apparatus is only rigidly con-
nected to the foundations of the building. The VTS (and
SAS) and lower source chamber are mounted on a baseplate
directly connected to the foundation. The baseline and upper
source chamber are supported by a 10-m-high aluminium

tower, denoted as VLBAI support structure (VSS) in the fol-
lowing sections. The footprint of the device on the floor is
2.5m × 2.5m. Traceability to the SI is ensured by locking
the instrument’s frequency references to standards at theGer-
man NMI (PTB Braunschweig) via an optical link (Raupach
et al. 2015). All heights are measured from the instrument’s
baseplate. The altitude of this reference point in the German
height datum is 50.545m.

4 Environmental model

The VLBAI facility is implemented in the laboratory build-
ing of the Hannover Institute of Technology. The building
consists of three floors (one basement level, two above street
level) and is divided into a technical part mainly containing
the climate control systems, and a section with the laborato-
ries (see Fig. 4). In the laboratory part, a so-called backbone
gives laboratories access to the technical infrastructure and
divides the building in two parts along its long axis. The
backbone and southern row of laboratories have a footprint
of 13.4m×55.4m and extend approximately 5m below sur-
face level. The northern row of laboratories is fully above
ground except for the gravimetry laboratory which is on an
intermediate level, around 1.5m below street level and 3.4m
above basement level (see Fig. 4a). The foundation of the
building is 0.5m thick except beneath the gravimetry labora-
tory, which has a separate and 0.8-m-thick one. Figure 4a also
shows the measurement points for the relative gravimeters
along the VLBAI main axis and a second validation profile,
occupied using tripods, next to the VLBAI which were used
for the measurements presented in Sect. 5.

4.1 Physical model

Following themethods described byLi andChouteau (1998),
we discretise the HITec building into a model of rectangular
prisms that accounts for more than 500 elements. The geom-
etry is extracted from the construction plans, and we verified
all the heights by levelling, also including a benchmark with
a known elevation in the German height datum. The build-
ing is embedded in a sedimentary ground of sand, clay, and
marl (2050kg/m3). For the edifice itself, we include all walls
and floors made of reinforced concrete (2500kg/m3), the
7-cm- to 13-cm-thick liquid flow screed covering the con-
crete floors in the laboratories (2100kg/m3) and the gypsum
drywalls (800kg/m3). We also incorporate the insulation
material (150kg/m3) and gravel on the roof (1350kg/m3).
We use a simplified geometry to model the large research
facilities in the surroundings. This is, for example, the case
for the Einstein-Elevator (Lotz et al. 2018), a free-fall simu-
lator with a weight of 165 t and horizontal distances of 32m
and 16m to the VLBAI facility and gravimetry laboratory,
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Fig. 3 Hannover Very Long Baseline Atom Interferometry (VLBAI)
facility and its three main elements: source chambers , baseline
and inertial reference system and vacuumvessel (VTS) . The baseline
and upper source chambers are supported by an aluminium structure
(VSS, dark blue). The region of interest for atom interferometry is
shaded in light blue

in the 8-m-long central region of interest where the lon-
gitudinal magnetic field gradients fall below 2.5nT/m.

In order to decouple the instrument from oscillations of
the walls of the building, the apparatus is only rigidly con-
nected to the foundations of the building. The VTS (and
SAS) and lower source chamber are mounted on a baseplate
directly connected to the foundation. The baseline and upper
source chamber are supported by a 10-m-high aluminium

tower, denoted as VLBAI support structure (VSS) in the fol-
lowing sections. The footprint of the device on the floor is
2.5m × 2.5m. Traceability to the SI is ensured by locking
the instrument’s frequency references to standards at theGer-
man NMI (PTB Braunschweig) via an optical link (Raupach
et al. 2015). All heights are measured from the instrument’s
baseplate. The altitude of this reference point in the German
height datum is 50.545m.

4 Environmental model

The VLBAI facility is implemented in the laboratory build-
ing of the Hannover Institute of Technology. The building
consists of three floors (one basement level, two above street
level) and is divided into a technical part mainly containing
the climate control systems, and a section with the laborato-
ries (see Fig. 4). In the laboratory part, a so-called backbone
gives laboratories access to the technical infrastructure and
divides the building in two parts along its long axis. The
backbone and southern row of laboratories have a footprint
of 13.4m×55.4m and extend approximately 5m below sur-
face level. The northern row of laboratories is fully above
ground except for the gravimetry laboratory which is on an
intermediate level, around 1.5m below street level and 3.4m
above basement level (see Fig. 4a). The foundation of the
building is 0.5m thick except beneath the gravimetry labora-
tory, which has a separate and 0.8-m-thick one. Figure 4a also
shows the measurement points for the relative gravimeters
along the VLBAI main axis and a second validation profile,
occupied using tripods, next to the VLBAI which were used
for the measurements presented in Sect. 5.

4.1 Physical model

Following themethods described byLi andChouteau (1998),
we discretise the HITec building into a model of rectangular
prisms that accounts for more than 500 elements. The geom-
etry is extracted from the construction plans, and we verified
all the heights by levelling, also including a benchmark with
a known elevation in the German height datum. The build-
ing is embedded in a sedimentary ground of sand, clay, and
marl (2050kg/m3). For the edifice itself, we include all walls
and floors made of reinforced concrete (2500kg/m3), the
7-cm- to 13-cm-thick liquid flow screed covering the con-
crete floors in the laboratories (2100kg/m3) and the gypsum
drywalls (800kg/m3). We also incorporate the insulation
material (150kg/m3) and gravel on the roof (1350kg/m3).
We use a simplified geometry to model the large research
facilities in the surroundings. This is, for example, the case
for the Einstein-Elevator (Lotz et al. 2018), a free-fall simu-
lator with a weight of 165 t and horizontal distances of 32m
and 16m to the VLBAI facility and gravimetry laboratory,
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Theory
Model analytical form of       :
Example:

<latexit sha1_base64="EyMVJQXzvgSWC9BPzd1yLu80M/c=">AAACE3icbVDLSsNAFJ3UV62vqLhyM1gEVyUpUt0IRV24rNCH0MQymU7aoZPJMDMRQuhn+AFu9RPciVs/wC/wN5y2WdjWAxcO59zLuZxAMKq043xbhZXVtfWN4mZpa3tnd8/eP2irOJGYtHDMYvkQIEUY5aSlqWbkQUiCooCRTjC6mfidJyIVjXlTp4L4ERpwGlKMtJF69pF3S5hG0BNDCq/gAI5g87Has8tOxZkCLhM3J2WQo9Gzf7x+jJOIcI0ZUqrrOkL7GZKaYkbGJS9RRCA8QgPSNZSjiCg/m74/hqdG6cMwlma4hlP170WGIqXSKDCbEdJDtehNxP+8bqLDSz+jXCSacDwLChMGdQwnXcA+lQRrlhqCsKTmV4iHSCKsTWNzKWKYKorVuGSacRd7WCbtasWtVWr35+X6dd5RERyDE3AGXHAB6uAONEALYJCBF/AK3qxn6936sD5nqwUrvzkEc7C+fgEFfJz2</latexit>

!ω = gkT 2

<latexit sha1_base64="EyMVJQXzvgSWC9BPzd1yLu80M/c=">AAACE3icbVDLSsNAFJ3UV62vqLhyM1gEVyUpUt0IRV24rNCH0MQymU7aoZPJMDMRQuhn+AFu9RPciVs/wC/wN5y2WdjWAxcO59zLuZxAMKq043xbhZXVtfWN4mZpa3tnd8/eP2irOJGYtHDMYvkQIEUY5aSlqWbkQUiCooCRTjC6mfidJyIVjXlTp4L4ERpwGlKMtJF69pF3S5hG0BNDCq/gAI5g87Has8tOxZkCLhM3J2WQo9Gzf7x+jJOIcI0ZUqrrOkL7GZKaYkbGJS9RRCA8QgPSNZSjiCg/m74/hqdG6cMwlma4hlP170WGIqXSKDCbEdJDtehNxP+8bqLDSz+jXCSacDwLChMGdQwnXcA+lQRrlhqCsKTmV4iHSCKsTWNzKWKYKorVuGSacRd7WCbtasWtVWr35+X6dd5RERyDE3AGXHAB6uAONEALYJCBF/AK3qxn6936sD5nqwUrvzkEc7C+fgEFfJz2</latexit>

!ω = gkT 2

Get Estimator
<latexit sha1_base64="DbMy3Ne89PJVPyJCuSi44bbPRcE=">AAACIXicbVDLSsNAFJ34rPVVdelmsAiuSlKkuhGKunBZoS9oaplMJ83QyYOZGyGEfIDf4Qe41U9wJ+7ED/A3nLZZ2NYDA4dzzuXeOU4kuALT/DJWVtfWNzYLW8Xtnd29/dLBYVuFsaSsRUMRyq5DFBM8YC3gIFg3koz4jmAdZ3wz8TuPTCoeBk1IItb3ySjgLqcEtDQolW2PQDrK8BW2XUloat8yAQTbkcezdIybD9VMp8yKOQVeJlZOyihHY1D6sYchjX0WABVEqZ5lRtBPiQROBcuKdqxYROiYjFhP04D4TPXT6WcyfKqVIXZDqV8AeKr+nUiJr1TiOzrpE/DUojcR//N6MbiX/ZQHUQwsoLNFbiwwhHjSDB5yySiIRBNCJde3YuoR3Qno/ua2RF6iOFVZUTdjLfawTNrVilWr1O7Py/XrvKMCOkYn6AxZ6ALV0R1qoBai6Am9oFf0Zjwb78aH8TmLrhj5zBGag/H9C8oCo9s=</latexit>

ĝ =
!ω

kT 2
Example:

✨
✨

✨
✨
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Differential Phase Readout
Reject Common Noise

<latexit sha1_base64="FUVisNBdzYjX8srTegHkh6OWb7k=">AAACCXicbVDLSsNAFJ34rPVVdelmsAiuSiJSXRZ14bKCfUATymR60wydTOLMRAihX+AHuNVPcCdu/Qq/wN9w2mZhWw9cOJxzL+dy/IQzpW3721pZXVvf2Cxtlbd3dvf2KweHbRWnkkKLxjyWXZ8o4ExASzPNoZtIIJHPoeOPbiZ+5wmkYrF40FkCXkSGggWMEm0kz70Frgl2k5D1nX6latfsKfAycQpSRQWa/cqPO4hpGoHQlBOleo6daC8nUjPKYVx2UwUJoSMyhJ6hgkSgvHz69BifGmWAg1iaERpP1b8XOYmUyiLfbEZEh2rRm4j/eb1UB1dezkSSahB0FhSkHOsYTxrAAyaBap4ZQqhk5ldMQyIJ1aanuZQkzBSjalw2zTiLPSyT9nnNqdfq9xfVxnXRUQkdoxN0hhx0iRroDjVRC1H0iF7QK3qznq1368P6nK2uWMXNEZqD9fULNA+akg==</latexit>

!ω1

<latexit sha1_base64="aFOsz+fyCDyasS8bByyw2ja2wBY=">AAACCXicbVDLSsNAFJ3UV62vqks3g0VwVZIi1WVRFy4r2Ac0oUymN83QySTOTIQS+gV+gFv9BHfi1q/wC/wNp20WtvXAhcM593Iux084U9q2v63C2vrG5lZxu7Szu7d/UD48aqs4lRRaNOax7PpEAWcCWpppDt1EAol8Dh1/dDP1O08gFYvFgx4n4EVkKFjAKNFG8txb4JpgNwlZv9YvV+yqPQNeJU5OKihHs1/+cQcxTSMQmnKiVM+xE+1lRGpGOUxKbqogIXREhtAzVJAIlJfNnp7gM6MMcBBLM0Ljmfr3IiORUuPIN5sR0aFa9qbif14v1cGVlzGRpBoEnQcFKcc6xtMG8IBJoJqPDSFUMvMrpiGRhGrT00JKEo4Vo2pSMs04yz2sknat6tSr9fuLSuM676iITtApOkcOukQNdIeaqIUoekQv6BW9Wc/Wu/Vhfc5XC1Z+c4wWYH39AjWompM=</latexit>

!ω2

<latexit sha1_base64="+0GH9vYwVYWcDAZZsJ4FE3ctwWI=">AAAB/3icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmgckS5idzCZDZmeWmVlhWXLwA7zqJ3gTr36KX+BvOEn2YBILGoqqbrq7gpgzbVz32ymsrW9sbhW3Szu7e/sH5cOjlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvp367SeqNJPi0aQx9SM8FCxkBBsrPTT6Xr9ccavuDGiVeDmpQI5Gv/zTG0iSRFQYwrHWXc+NjZ9hZRjhdFLqJZrGmIzxkHYtFTii2s9mp07QmVUGKJTKljBopv6dyHCkdRoFtjPCZqSXvan4n9dNTHjtZ0zEiaGCzBeFCUdGounfaMAUJYanlmCimL0VkRFWmBibzsKWeJRqRvSkZJPxlnNYJa2Lqler1u4vK/WbPKMinMApnIMHV1CHO2hAEwgM4QVe4c15dt6dD+dz3lpw8pljWIDz9Qu9aZZ7</latexit>

P1

<latexit sha1_base64="TqKSoLd3uaBPTFhP09UkwjvLbuo=">AAAB/3icbVDLSgNBEOzxGeMr6tHLYBA8hd0g0WPQi8eI5gHJEmYns8mQ2dllZlZYlhz8AK/6Cd7Eq5/iF/gbTpI9mMSChqKqm+4uPxZcG8f5RmvrG5tb24Wd4u7e/sFh6ei4paNEUdakkYhUxyeaCS5Z03AjWCdWjIS+YG1/fDv1209MaR7JR5PGzAvJUPKAU2Ks9NDoV/ulslNxZsCrxM1JGXI0+qWf3iCiScikoYJo3XWd2HgZUYZTwSbFXqJZTOiYDFnXUklCpr1sduoEn1tlgINI2ZIGz9S/ExkJtU5D33aGxIz0sjcV//O6iQmuvYzLODFM0vmiIBHYRHj6Nx5wxagRqSWEKm5vxXREFKHGprOwJR6lmlM9Kdpk3OUcVkmrWnFrldr9Zbl+k2dUgFM4gwtw4QrqcAcNaAKFIbzAK7yhZ/SOPtDnvHUN5TMnsAD09Qu/ApZ8</latexit>

P2

<latexit sha1_base64="o9jOYfhWZn4YSf+eZIVuIYaYrYo=">AAAB/3icbVDLSgNBEOz1GeMr6tHLYBA8hV2R6DHoxWNE84BkCbOT2WTI7OwwMyusSw5+gFf9BG/i1U/xC/wNJ8keTGJBQ1HVTXdXIDnTxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGiCG2QmMeqHWBNORO0YZjhtC0VxVHAaSsY3Uz81iNVmsXiwaSS+hEeCBYygo2V7p96bq9UdivuFGiZeDkpQ456r/TT7cckiagwhGOtO54rjZ9hZRjhdFzsJppKTEZ4QDuWChxR7WfTU8fo1Cp9FMbKljBoqv6dyHCkdRoFtjPCZqgXvYn4n9dJTHjlZ0zIxFBBZovChCMTo8nfqM8UJYanlmCimL0VkSFWmBibztwWOUw1I3pctMl4izksk+Z5xatWqncX5dp1nlEBjuEEzsCDS6jBLdShAQQG8AKv8OY8O+/Oh/M5a11x8pkjmIPz9Qv/Ppak</latexit>z0

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

!h
Differential  

Phase
<latexit sha1_base64="ltEKAJNDWyd36nv7oZtzIRmVCxc="></latexit>

ωε = !ε1 →!ε2 ↑ ”̂

Ellipse Fitting



What can we measure with 
atom interferometers?
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From Hammer & Feather to Atom & Atom

1971 Today

Problem:


• Higher order  
mass moments!


• Both objects don’t  
accelerate the  
same way!

Atoms are the ideal test 
particles (in the GR sense)!


• No charge.


• No mass moments.


• Everywhere identical.

<latexit sha1_base64="OYZ1kKEIrFPu0jwfxRVFwaJMQDg=">AAAB/XicdVDLSsNAFJ3UV62vqks3g0VwFZKmqe2u6MZlC/YBbSiT6aQdOpmEmYkQQvED3OonuBO3fotf4G84fQhW9MCFwzn3cu89fsyoVJb1YeQ2Nre2d/K7hb39g8Oj4vFJR0aJwKSNIxaJno8kYZSTtqKKkV4sCAp9Rrr+9Gbud++JkDTidyqNiReiMacBxUhpqTUeFkuWWS+79ZoDLdNx665ra2KVa07FgbZpLVACKzSHxc/BKMJJSLjCDEnZt61YeRkSimJGZoVBIkmM8BSNSV9TjkIivWxx6AxeaGUEg0jo4gou1J8TGQqlTENfd4ZITeRvby7+5fUTFdS8jPI4UYTj5aIgYVBFcP41HFFBsGKpJggLqm+FeIIEwkpns7YlnqSSYjkr6GS+34f/k07ZtKtmtVUpNa5XGeXBGTgHl8AGV6ABbkETtAEGBDyCJ/BsPBgvxqvxtmzNGauZU7AG4/0LMi6WQg==</latexit>g <latexit sha1_base64="79JkvPWO78RfW+QIvoKoHttVlxQ=">AAAB/XicdVDLSgMxFM34rPVVdekmWARXQ2Zsx3ZXdOOyBfuAdiiZNNOGZjJDkhGGUvwAt/oJ7sSt3+IX+BumD8GKHrhwOOde7r0nSDhTGqEPa219Y3NrO7eT393bPzgsHB23VJxKQpsk5rHsBFhRzgRtaqY57SSS4ijgtB2Mb2Z++55KxWJxp7OE+hEeChYygrWRGsN+oYhs5Hlu+RIiu1x2Pa9kSLVaQa4HHRvNUQRL1PuFz94gJmlEhSYcK9V1UKL9CZaaEU6n+V6qaILJGA9p11CBI6r8yfzQKTw3ygCGsTQlNJyrPycmOFIqiwLTGWE9Ur+9mfiX1011WPEnTCSppoIsFoUphzqGs6/hgElKNM8MwUQycyskIywx0SablS3JKFOMqGneJPP9PvyftFzb8WyvUSrWrpcZ5cApOAMXwAFXoAZuQR00AQEUPIIn8Gw9WC/Wq/W2aF2zljMnYAXW+xcxQJZC</latexit>g <latexit sha1_base64="OYZ1kKEIrFPu0jwfxRVFwaJMQDg=">AAAB/XicdVDLSsNAFJ3UV62vqks3g0VwFZKmqe2u6MZlC/YBbSiT6aQdOpmEmYkQQvED3OonuBO3fotf4G84fQhW9MCFwzn3cu89fsyoVJb1YeQ2Nre2d/K7hb39g8Oj4vFJR0aJwKSNIxaJno8kYZSTtqKKkV4sCAp9Rrr+9Gbud++JkDTidyqNiReiMacBxUhpqTUeFkuWWS+79ZoDLdNx665ra2KVa07FgbZpLVACKzSHxc/BKMJJSLjCDEnZt61YeRkSimJGZoVBIkmM8BSNSV9TjkIivWxx6AxeaGUEg0jo4gou1J8TGQqlTENfd4ZITeRvby7+5fUTFdS8jPI4UYTj5aIgYVBFcP41HFFBsGKpJggLqm+FeIIEwkpns7YlnqSSYjkr6GS+34f/k07ZtKtmtVUpNa5XGeXBGTgHl8AGV6ABbkETtAEGBDyCJ/BsPBgvxqvxtmzNGauZU7AG4/0LMi6WQg==</latexit>g <latexit sha1_base64="79JkvPWO78RfW+QIvoKoHttVlxQ=">AAAB/XicdVDLSgMxFM34rPVVdekmWARXQ2Zsx3ZXdOOyBfuAdiiZNNOGZjJDkhGGUvwAt/oJ7sSt3+IX+BumD8GKHrhwOOde7r0nSDhTGqEPa219Y3NrO7eT393bPzgsHB23VJxKQpsk5rHsBFhRzgRtaqY57SSS4ijgtB2Mb2Z++55KxWJxp7OE+hEeChYygrWRGsN+oYhs5Hlu+RIiu1x2Pa9kSLVaQa4HHRvNUQRL1PuFz94gJmlEhSYcK9V1UKL9CZaaEU6n+V6qaILJGA9p11CBI6r8yfzQKTw3ygCGsTQlNJyrPycmOFIqiwLTGWE9Ur+9mfiX1011WPEnTCSppoIsFoUphzqGs6/hgElKNM8MwUQycyskIywx0SablS3JKFOMqGneJPP9PvyftFzb8WyvUSrWrpcZ5cApOAMXwAFXoAZuQR00AQEUPIIn8Gw9WC/Wq/W2aF2zljMnYAXW+xcxQJZC</latexit>g

Weak Equivalence Principle Tests
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STE-QUEST: Space Time Explorer and QUantum Equivalence Space Test

Gaaloul et al., “STE-QUEST -- Space Time Explorer and QUantum Equivalence principle Space Test: The 2022 medium-class mission concept” 
Struckmann et al., “Platform and environment requirements of a satellite quantum test of the weak equivalence principle at the 10-17 level”

Class Elements ω Year [ref] Comments

Classical
Be - Ti 2→ 10→13 2008 Torsion balance
Pt - Ti 2→ 10→15 2022 MICROSCOPE

Hybrid

133Cs - CC 7→ 10→9 2001 Atom Interferometry
87Rb - CC 7→ 10→9 2010 and macroscopic corner cube (CC)

Quantum

39K - 87Rb 3→ 10→7 2020 di!erent elements
87Sr - 88Sr 2→ 10→7 2014 same element, fermion vs. boson
85Rb - 87Rb 3→ 10→8 2015 same element, di!erent isotopes
85Rb - 87Rb 3.8→ 10→12 2020 10 m tower
41
K -

87
Rb 10

→17
2041 STE-QUEST

Antimatter H - H 0.2 2023 ALPHA-g at CERN

Table 1: State of the art in UFF/EEP tests. Table taken, and updated, from [1], where the original references
can be found. MICROSCOPE was updated using the results reported in [3] and the ALPHA-g results from [16].

entail some violation of the EEP [14], e.g., models based on string theory and loop quantum gravity and many
theoretical scenarios that break Lorentz invariance [15].

2.1.1 Universality of free fall

The best known aspect of EEP is the universality of free fall (UFF, sometimes also referred to as the weak
equivalence principle, WEP). A simple phenomenological figure of merit for all UFF/EEP tests is the Eötvös
ratio ωAB for two test objects A and B and a specified source mass of the gravitational field:

ωAB = 2
aA ↑ aB
aA + aB

, (1)

where ai (i = A,B) is the gravitational acceleration of object i with respect to the source mass. We note that the
data from any given experiment can be interpreted by reference to di!erent source masses with correspondingly
di!erent results for ωAB . Also, though ωAB is a useful tool for comparing di!erent experiments it cannot account
for the diversity of possible underlying theories, e.g., di!erent types of couplings depending on the source and test
objects, or couplings to space-time-varying background fields other than local gravity. Thus, not only is the best
performance in terms of the Eötvös ratio required, but also a large diversity of test objects and source masses.
The history of experimental tests of the UFF dates back at least as far as the 16th century and Galileo Galilei.
Since then, tremendous e!orts have been carried out to push laboratory tests to uncertainties as low as parts
in 10→13. However, ground tests are ultimately limited by the Earth’s gravitational environment, and future
discoveries will come from space experiments, like the recent MICROSCOPE experiment [3], which pioneered
tests of the UFF in space between 2016 and 2018. Table 1 presents the state of the art in UFF/EEP tests,
separated into di!erent classes as a function of the type of test-masses employed. In particular, we distinguish
between tests using macroscopic test masses and atom-interferometry (AI) tests that use matter waves in a
quantum superposition, possibly condensed to quantum degenerate states (Bose-Einstein Condensates) such
as STE-QUEST, with coherence lengths ↓ µm. The “game-changing” results of the MICROSCOPE mission
demonstrate the potential of going into a quiet and well-controlled space environment, with potentially “infinite”
free-fall times. Similarly the recent leap of quantum tests by four orders of magnitude is largely due to the much
longer free fall times in the 10 m tower, giving an indication of the improvements that can be expected when
going into space. STE-QUEST is designed to improve by about two orders of magnitude on the best present
results to a sensitivity in the low 10→17 (see Section 3 for details), considered impossible for ground experiments
because of the limited free fall times and the local environmental, gravitational, and inertial perturbations.

2.1.2 Local Lorentz invariance

Another aspect of the EEP is local Lorentz invariance (LLI), that is also a foundation of the Standard Model of
particle physics. A comprehensive e!ective-field theoretical description of LLI violation is provided by the Stan-
dard Model Extension (SME) [15], whose gravitational sector can be tested by UFF experiments, among others.
Such tests require a dedicated analysis of STE-QUEST data because the directional and time dependencies are
di!erent from those of the standard UFF tests. The best current constraints on the 4 composition-dependent
gravitational SME parameters are provided by the analysis of MICROSCOPE data [17]. STE-QUEST would be
able to improve on those by about three orders of magnitude, thereby opening another possibility for a glimpse
of physics beyond general relativity and the Standard Model, through a complementary experimental platform
to high-energy physics.

4

M-class mission proposal to the 2025 
call in ESA’s science program

Participations of scientists from Germany, France, UK, 
Italy, Switzerland, Spain, Greece, Sweden and USA

Mission Goal:

Naceur Gaaloul
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Essentially: Measure the atomic recoil

Michael Werner 21

Measure the Fine-Structure Constant α

Known to very 
high precision!

Can be measured 
with AIFs!

<latexit sha1_base64="2oJSSv5dalKYd9bNf+j7PbSABf0="></latexit>

ω2 =
e4

16ε2ϑ20⊋2c2

<latexit sha1_base64="M+RzKPuNbya1qTmV4euGSg0DR1U=">AAACInicbZDLSsNAFIYn9VbrLerSzWAVXJVESnUjFN24rGIv0IQwmU7aoZNJmJkIIeQFfA4fwK0+gjtxJbj3NZy2WdjWHwZ+/nMO58znx4xKZVlfRmlldW19o7xZ2dre2d0z9w86MkoEJm0csUj0fCQJo5y0FVWM9GJBUOgz0vXHN5N695EISSP+oNKYuCEachpQjJSOPPPkCjqBQDirQyem0Bn5SMB7z6E8UGmehR6BOPfMqlWzpoLLxi5MFRRqeeaPM4hwEhKuMENS9m0rVm6GhKKYkbziJJLECI/RkPS15Sgk0s2mv8nhqU4GMIiEflzBafp3IkOhlGno684QqZFcrE3C/2r9RAWXbkZ5nCjC8WxRkDCoIjhBAwdUEKxYqg3CgupbIR4hDUdpgHNb4lEqKZZ5RZOxFzksm855zW7UGnf1avO6YFQGR+AYnAEbXIAmuAUt0AYYPIEX8ArejGfj3fgwPmetJaOYOQRzMr5/ASLnpAg=</latexit>

=
4ω⊋R→
mec

<latexit sha1_base64="nXwry6xN2w0sUhq7w57ZnWrf+js=">AAACHXicbZC7TsMwFIYdrqXcAowMRFRITFWCUGEssDAWiV6kJqoc12mtOk5knyCiKCPPwQOwwiOwIVbEE/AauG0G2vJLln7/5xwd+/NjzhTY9rextLyyurZe2ihvbm3v7Jp7+y0VJZLQJol4JDs+VpQzQZvAgNNOLCkOfU7b/uhmXG8/UKlYJO4hjakX4oFgASMYdNQzj9xAYpKFPRfoI2RXkOczl55Zsav2RNaicQpTQYUaPfPH7UckCakAwrFSXceOwcuwBEY4zctuomiMyQgPaFdbgUOqvGzykdw60UnfCiKpjwBrkv6dyHCoVBr6ujPEMFTztXH4X62bQHDpZUzECVBBpouChFsQWWMqVp9JSoCn2mAimX6rRYZYkwHNbmZLPEwVIyovazLOPIdF0zqrOrVq7e68Ur8uGJXQITpGp8hBF6iOblEDNRFBT+gFvaI349l4Nz6Mz2nrklHMHKAZGV+/le6kAA==</latexit>mAt

mAt

<latexit sha1_base64="0iKU1SATl/hblqia+yl3SIazrZQ=">AAACD3icbZDLSsNAFIYn9VbrLdWlm8EiuCqJSHUjFN24rGAv0IQymU7aoZPJMDNRQshD+ABu9RHciVsfwSfwNZy2WdjWHw78/OcczuELBKNKO863VVpb39jcKm9Xdnb39g/s6mFHxYnEpI1jFstegBRhlJO2ppqRnpAERQEj3WByO+13H4lUNOYPOhXEj9CI05BipE00sKvX0AslwtkF9ATNM5wP7JpTd2aCq8YtTA0Uag3sH28Y4yQiXGOGlOq7jtB+hqSmmJG84iWKCIQnaET6xnIUEeVns9dzeGqSIQxjaYprOEv/bmQoUiqNAjMZIT1Wy71p+F+vn+jwys8oF4kmHM8PhQmDOoZTDnBIJcGapcYgLKn5FeIxMiS0obVwRYxTRbHKK4aMu8xh1XTO626j3ri/qDVvCkZlcAxOwBlwwSVogjvQAm2AwRN4Aa/gzXq23q0P63M+WrKKnSOwIOvrF+lonIk=</latexit>

=
4ω

c
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Measure the Fine-Structure Constant α
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Measure the Fine-Structure Constant α

From L. Morel et al., “Determination of the fine-structure constant with an accuracy of 81 parts per trillion”
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accuracy on α by a factor of 2.5 over the previous caesium recoil meas-
urement3 but, most notably, it reveals a 5.4σ difference from this latest 
measurement.

We built a dedicated experimental setup and implemented robust 
methods to control systematic effects. By accelerating atoms up to 
6 m s−1 in 6 ms and using typical two-photon Raman transitions as beam 
splitters for the matter waves, we obtained a relative sensitivity on 
the recoil velocity of 0.6 ppb in 1 h of integration (0.3 ppb on α). This 
sensitivity is more than three times better than that obtained using 
the best atom interferometer based on multi-photon beam splitters3, 
although the latter technique is expected to provide a substantial gain 
in sensitivity with respect to Raman transitions15,16.

The unprecedented sensitivity of our atom interferometer enables us 
to experimentally evaluate and mitigate several systematic biases. We 
recorded data with different experimental parameters, reinforcing the 
overall confidence of our error budget. We also implemented a Monte 
Carlo simulation that includes both the Ramsey–Bordé atom interfer-
ometer and the Bloch oscillations process. This code models precisely 
the underlying physics of our interferometer and provides an accurate 
evaluation of systematic effects, consistent with experimental results.

Experiment
Our experimental method is illustrated in Fig. 2. The basic tools of our 
experiment are Bloch oscillations in an accelerated optical lattice, 
which enable the coherent transfer of a precise number of photon 
momenta to the atoms (typically 1,000ħk), and a matter-wave inter-
ferometer that measures the phase shift due to the change in velocity 
of the atoms. As in the optical domain, atom interferometry needs 
tools to split and recombine atomic wave packets; this is accomplished 
by a sequence of light pulses. The probability of detecting atoms in a 
given internal state at the output of the interferometer is a sinusoidal 
function of the accumulated phase difference along the two paths. 
Thus, the measurement of atomic populations enables the evalua-
tion of the phase shift. Using the combination of the Ramsey–Bordé 
interferometer configuration and Bloch oscillations, the phase shift 
is proportional to the ratio h/m (ref. 17).

We produce a cold rubidium sample using an optical molasses in 
the main chamber. Then, atoms are transported to the interferom-
etry area, a 70-cm-long tube surrounded by a two-layer magnetic 

shield. The magnetic field is controlled to within 50 nT. To that end, 
we use an atomic elevator based on two Bloch oscillation pulses 
(acceleration/deceleration)17. These are performed using two vertical 
counter-propagating laser beams, the frequency difference of which is 
swept to create an accelerated standing wave. Atomic trajectories are 
precisely adjusted by controlling this frequency difference. Between 
the two Bloch oscillation pulses of the elevator, we apply two Raman 
pulses to prepare atoms in a well defined atomic internal state (see 
Fig. 2b). Raman transitions occur between the two hyperfine levels 
of the ground state of the rubidium atom and are also implemented 
using two vertical counter-propagating laser beams (with wave vectors 
k1 = −k2 and kR = k1 ≈ k2). Their frequency difference ωR is controlled to 
compensate precisely the Doppler shift induced by the accelerations 
of the atoms.

The atom interferometer is illustrated in Fig. 2c. It is implemented 
with two pairs of π/2 Raman pulses. Each pulse acts as a beam splitter by 
transferring a momentum of 2ħkR to an atom with a probability of 50%. 
The first pair creates a coherent superposition of two spatially sepa-
rated wave packets in the same internal state with the same momentum. 
The second pair recombines the two wave packets. Between the second 
and third π/2 pulses, a Bloch oscillation pulse transfers a momentum 
of 2NBħkB to both wave packets, where NB is the number of Bloch oscil-
lations. The overall phase Φ of the interferometer is given by

Φ T ε k ε
N ħk

m
gT δω φ= 2

2
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B B
R LS
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where TR is the time between the π/2 pulses of each pair, T is the time 
between the first and the third π/2 pulses, g is the gravitational accelera-
tion, φLS represents the phase corresponding to parasitic atomic level 
shifts and %ωR is the difference of the Raman frequencies between the 
first and the third π/2 pulses. εR and εB determine the orientation of 
Raman and Bloch lasers wave vectors, respectively.

The fluorescence signal collected in the detection zone gives the 
number of atoms in each atomic level at the output of the interferom-
eter. Atomic fringes are obtained by measuring the fraction of atoms in 
a given internal state for varying %ωR. Using a mean-square adjustment, 
we calculate %ωR,0, the frequency for which Φ = 0. Gravity is cancelled 
between upward (εB = 1) and downward (εB = −1) acceleration (see Fig. 2). 
Constant level shifts φLS are mitigated by inverting the direction of the 
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Fig. 1 | Precision measurements of the fine-structure constant. Comparison 
of most precise determinations of the fine-structure constant so far. The red 
points are from ge − 2 measurements and QED calculations, and the green and 
blue points are obtained from measurements of caesium and rubidium atomic 

recoils, respectively. Errors bars correspond to ±1σ uncertainty. Previous data 
are from ref. 34 (Washington 1987), ref. 10 (Stanford 2002), ref. 18 (LKB 2011),  
ref. 9 (Harvard 2008), ref. 2 (RIKEN 2019) and ref. 3 (Berkeley 2018). Inset, 
magnification of the most accurate values of the fine-structure constant.
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Gravitational Wave Detection
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!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>

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="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>

LMT order

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

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

Q = 2

<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>

T →

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

n = 4

<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→
<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→

<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="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="mlrIwSm4eZ9v4S1hpLsQCFig/bs=">AAACBnicdVDJSgNBEO2JW4xb1KOXxiB4kNCTzXgLevEYwSyYhNDTqSRNenqG7h4hDLn7AV71E7yJV3/DL/A37CyCEX1Q8Hiviqp6Xii4NoR8OImV1bX1jeRmamt7Z3cvvX9Q10GkGNRYIALV9KgGwSXUDDcCmqEC6nsCGt7oauo37kFpHshbMw6h49OB5H3OqLHSXXsEJs6fYZh00xmSvSC5Yt7FJEssCmRKivlcoYzdmUJIBi1Q7aY/272ART5IwwTVuuWS0HRiqgxnAiapdqQhpGxEB9CyVFIfdCeeXTzBJ1bp4X6gbEmDZ+rPiZj6Wo99z3b61Az1b28q/uW1ItMvd2Iuw8iAZPNF/UhgE+Dp+7jHFTAjxpZQpri9FbMhVZQZG9LSlnA41pzpScom8/0+/p/Uc1m3lC3dFDKVy0VGSXSEjtEpctE5qqBrVEU1xJBEj+gJPTsPzovz6rzNWxPOYuYQLcF5/wJBvZmL</latexit>

|3, e→

<latexit sha1_base64="/jHo6rmpMc0pFqz/vHibhIE82p0=">AAACBnicdVDLSgMxFM3UV62vqks3wSK4kCFT7bTdFd24rGAf2JaSSdM2NJMZkowwDLP3A9zqJ7gTt/6GX+BvmD4EK3rgwuGce7n3Hi/kTGmEPqzMyura+kZ2M7e1vbO7l98/aKogkoQ2SMAD2fawopwJ2tBMc9oOJcW+x2nLm1xN/dY9lYoF4lbHIe35eCTYkBGsjXTXnVCdFM/gKO3nC8hG5aqDihDZpdI5ciuGVKsVt1iGjo1mKIAF6v38Z3cQkMinQhOOleo4KNS9BEvNCKdprhspGmIywSPaMVRgn6peMrs4hSdGGcBhIE0JDWfqz4kE+0rFvmc6fazH6rc3Ff/yOpEeVnoJE2GkqSDzRcOIQx3A6ftwwCQlmseGYCKZuRWSMZaYaBPS0pZwHCtGVJozyXy/D/8nzaLtuLZ7c1GoXS4yyoIjcAxOgQPKoAauQR00AAECPIIn8Gw9WC/Wq/U2b81Yi5lDsATr/QuBcJm1</latexit>

|2, g→
<latexit sha1_base64="66ljE5HOcYAUVw377WAQFW7LbsE=">AAACBnicdVDLSgMxFM3UV62vqks3wSK4kCFT22m7K7pxWcG2YltKJk3b0ExmSDLCMMzeD3Crn+BO3PobfoG/YfoQrOiBC4dz7uXee7yQM6UR+rAyK6tr6xvZzdzW9s7uXn7/oKWCSBLaJAEP5K2HFeVM0KZmmtPbUFLse5y2vcnl1G/fU6lYIG50HNKej0eCDRnB2kh33QnVSekMjtJ+voBsVKk5qAiRXS6fI7dqSK1WdYsV6NhohgJYoNHPf3YHAYl8KjThWKmOg0LdS7DUjHCa5rqRoiEmEzyiHUMF9qnqJbOLU3hilAEcBtKU0HCm/pxIsK9U7Hum08d6rH57U/EvrxPpYbWXMBFGmgoyXzSMONQBnL4PB0xSonlsCCaSmVshGWOJiTYhLW0Jx7FiRKU5k8z3+/B/0irajmu716VC/WKRURYcgWNwChxQAXVwBRqgCQgQ4BE8gWfrwXqxXq23eWvGWswcgiVY71+Eqpm3</latexit>

|4, 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="mlrIwSm4eZ9v4S1hpLsQCFig/bs=">AAACBnicdVDJSgNBEO2JW4xb1KOXxiB4kNCTzXgLevEYwSyYhNDTqSRNenqG7h4hDLn7AV71E7yJV3/DL/A37CyCEX1Q8Hiviqp6Xii4NoR8OImV1bX1jeRmamt7Z3cvvX9Q10GkGNRYIALV9KgGwSXUDDcCmqEC6nsCGt7oauo37kFpHshbMw6h49OB5H3OqLHSXXsEJs6fYZh00xmSvSC5Yt7FJEssCmRKivlcoYzdmUJIBi1Q7aY/272ART5IwwTVuuWS0HRiqgxnAiapdqQhpGxEB9CyVFIfdCeeXTzBJ1bp4X6gbEmDZ+rPiZj6Wo99z3b61Az1b28q/uW1ItMvd2Iuw8iAZPNF/UhgE+Dp+7jHFTAjxpZQpri9FbMhVZQZG9LSlnA41pzpScom8/0+/p/Uc1m3lC3dFDKVy0VGSXSEjtEpctE5qqBrVEU1xJBEj+gJPTsPzovz6rzNWxPOYuYQLcF5/wJBvZmL</latexit>

|3, e→
<latexit sha1_base64="/jHo6rmpMc0pFqz/vHibhIE82p0=">AAACBnicdVDLSgMxFM3UV62vqks3wSK4kCFT7bTdFd24rGAf2JaSSdM2NJMZkowwDLP3A9zqJ7gTt/6GX+BvmD4EK3rgwuGce7n3Hi/kTGmEPqzMyura+kZ2M7e1vbO7l98/aKogkoQ2SMAD2fawopwJ2tBMc9oOJcW+x2nLm1xN/dY9lYoF4lbHIe35eCTYkBGsjXTXnVCdFM/gKO3nC8hG5aqDihDZpdI5ciuGVKsVt1iGjo1mKIAF6v38Z3cQkMinQhOOleo4KNS9BEvNCKdprhspGmIywSPaMVRgn6peMrs4hSdGGcBhIE0JDWfqz4kE+0rFvmc6fazH6rc3Ff/yOpEeVnoJE2GkqSDzRcOIQx3A6ftwwCQlmseGYCKZuRWSMZaYaBPS0pZwHCtGVJozyXy/D/8nzaLtuLZ7c1GoXS4yyoIjcAxOgQPKoAauQR00AAECPIIn8Gw9WC/Wq/U2b81Yi5lDsATr/QuBcJm1</latexit>

|2, g→

<latexit sha1_base64="66ljE5HOcYAUVw377WAQFW7LbsE=">AAACBnicdVDLSgMxFM3UV62vqks3wSK4kCFT22m7K7pxWcG2YltKJk3b0ExmSDLCMMzeD3Crn+BO3PobfoG/YfoQrOiBC4dz7uXee7yQM6UR+rAyK6tr6xvZzdzW9s7uXn7/oKWCSBLaJAEP5K2HFeVM0KZmmtPbUFLse5y2vcnl1G/fU6lYIG50HNKej0eCDRnB2kh33QnVSekMjtJ+voBsVKk5qAiRXS6fI7dqSK1WdYsV6NhohgJYoNHPf3YHAYl8KjThWKmOg0LdS7DUjHCa5rqRoiEmEzyiHUMF9qnqJbOLU3hilAEcBtKU0HCm/pxIsK9U7Hum08d6rH57U/EvrxPpYbWXMBFGmgoyXzSMONQBnL4PB0xSonlsCCaSmVshGWOJiTYhLW0Jx7FiRKU5k8z3+/B/0irajmu716VC/WKRURYcgWNwChxQAXVwBRqgCQgQ4BE8gWfrwXqxXq23eWvGWswcgiVY71+Eqpm3</latexit>

|4, g→

<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

Adapted from Graham et al. - “Resonant mode for gravitational wave detectors based on atom interferometry”
Werner et al. - “Terrestrial Gravitational Wave Detection with Atom Interferometers” (in preparation)
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<latexit sha1_base64="s3OyxF2ySw/cU/1PIs48VTk59Eg=">AAACA3icbVDLSsNAFL2pr1pfVZduBovgxpJIqS6LblxWsA9oY5lMJ+3QySTMTIQQsvQD3OonuBO3fohf4G84bbOwrQcuHM65l3vv8SLOlLbtb6uwtr6xuVXcLu3s7u0flA+P2iqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJrdTv/NEpWKheNBJRN0AjwTzGcHaSB3Hfkwv6tmgXLGr9gxolTg5qUCO5qD80x+GJA6o0IRjpXqOHWk3xVIzwmlW6seKRphM8Ij2DBU4oMpNZ+dm6MwoQ+SH0pTQaKb+nUhxoFQSeKYzwHqslr2p+J/Xi7V/7aZMRLGmgswX+TFHOkTT39GQSUo0TwzBRDJzKyJjLDHRJqGFLdE4UYyorGSScZZzWCXty6pTr9bva5XGTZ5REU7gFM7BgStowB00oQUEJvACr/BmPVvv1of1OW8tWPnMMSzA+voFS9CX3Q==</latexit>

10→6
<latexit sha1_base64="bGYoFwG8Ezx7H5/TAJubi/WR0Kk=">AAACA3icbVDLSsNAFL2pr1pfVZduBovgxpKIVpdFNy4r2Ae0sUymk3boZBJmJkIIWfoBbvUT3IlbP8Qv8DectlnY1gMXDufcy733eBFnStv2t1VYWV1b3yhulra2d3b3yvsHLRXGktAmCXkoOx5WlDNBm5ppTjuRpDjwOG1749uJ336iUrFQPOgkom6Ah4L5jGBtpLZjP6Znl1m/XLGr9hRomTg5qUCORr/80xuEJA6o0IRjpbqOHWk3xVIzwmlW6sWKRpiM8ZB2DRU4oMpNp+dm6MQoA+SH0pTQaKr+nUhxoFQSeKYzwHqkFr2J+J/XjbV/7aZMRLGmgswW+TFHOkST39GASUo0TwzBRDJzKyIjLDHRJqG5LdEoUYyorGSScRZzWCat86pTq9buLyr1mzyjIhzBMZyCA1dQhztoQBMIjOEFXuHNerberQ/rc9ZasPKZQ5iD9fULSjaX3A==</latexit>

10→5
<latexit sha1_base64="WwsWD8bVZd/ez262iBBum2Fcz70=">AAACA3icbVDLSsNAFL2pr1pfVZduBovgxpJIqS6LblxWsA9oY5lMJ+3QySTMTIQQsvQD3OonuBO3fohf4G84bbOwrQcuHM65l3vv8SLOlLbtb6uwtr6xuVXcLu3s7u0flA+P2iqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJrdTv/NEpWKheNBJRN0AjwTzGcHaSB3HfkwvatmgXLGr9gxolTg5qUCO5qD80x+GJA6o0IRjpXqOHWk3xVIzwmlW6seKRphM8Ij2DBU4oMpNZ+dm6MwoQ+SH0pTQaKb+nUhxoFQSeKYzwHqslr2p+J/Xi7V/7aZMRLGmgswX+TFHOkTT39GQSUo0TwzBRDJzKyJjLDHRJqGFLdE4UYyorGSScZZzWCXty6pTr9bva5XGTZ5REU7gFM7BgStowB00oQUEJvACr/BmPVvv1of1OW8tWPnMMSzA+voFSJyX2w==</latexit>

10→4
<latexit sha1_base64="m3xKVatr0UqBNNDKZIdqsIpyW50=">AAACA3icbVDLSsNAFL2pr1pfVZduBovgxpKoVJdFNy4r2Ae0sUymk3boZBJmJkIIWfoBbvUT3IlbP8Qv8DectlnY1gMXDufcy733eBFnStv2t1VYWV1b3yhulra2d3b3yvsHLRXGktAmCXkoOx5WlDNBm5ppTjuRpDjwOG1749uJ336iUrFQPOgkom6Ah4L5jGBtpLZjP6ZnF1m/XLGr9hRomTg5qUCORr/80xuEJA6o0IRjpbqOHWk3xVIzwmlW6sWKRpiM8ZB2DRU4oMpNp+dm6MQoA+SH0pTQaKr+nUhxoFQSeKYzwHqkFr2J+J/XjbV/7aZMRLGmgswW+TFHOkST39GASUo0TwzBRDJzKyIjLDHRJqG5LdEoUYyorGSScRZzWCat86pTq9buLyv1mzyjIhzBMZyCA1dQhztoQBMIjOEFXuHNerberQ/rc9ZasPKZQ5iD9fULRwKX2g==</latexit>

10→3
<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="AIqr9pGC3xHyHbIMquv/QD7Oo6k=">AAACAnicbVDLSsNAFL2pr1pfVZduBovgqiQq1WXRjcsK9gFtLJPppB07mYSZiRBCdn6AW/0Ed+LWH/EL/A2nbRa29cCFwzn3cu89XsSZ0rb9bRVWVtfWN4qbpa3tnd298v5BS4WxJLRJQh7KjocV5UzQpmaa004kKQ48Ttve+Gbit5+oVCwU9zqJqBvgoWA+I1gbqeXYD+l51i9X7Ko9BVomTk4qkKPRL//0BiGJAyo04ViprmNH2k2x1IxwmpV6saIRJmM8pF1DBQ6octPptRk6McoA+aE0JTSaqn8nUhwolQSe6QywHqlFbyL+53Vj7V+5KRNRrKkgs0V+zJEO0eR1NGCSEs0TQzCRzNyKyAhLTLQJaG5LNEoUIyormWScxRyWSeus6tSqtbuLSv06z6gIR3AMp+DAJdThFhrQBAKP8AKv8GY9W+/Wh/U5ay1Y+cwhzMH6+gXYd5ej</latexit>

103
<latexit sha1_base64="vye3Cpm7pPvl3wZsDRAcnNlQXy8=">AAACAnicbVDLSsNAFL2pr1pfVZduBovgqiRSqsuiG5cV7APaWCbTSTt2MgkzEyGE7PwAt/oJ7sStP+IX+BtO2yxs64ELh3Pu5d57vIgzpW372yqsrW9sbhW3Szu7e/sH5cOjtgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yc3U7zxRqVgo7nUSUTfAI8F8RrA2UtuxH9JaNihX7Ko9A1olTk4qkKM5KP/0hyGJAyo04VipnmNH2k2x1IxwmpX6saIRJhM8oj1DBQ6octPZtRk6M8oQ+aE0JTSaqX8nUhwolQSe6QywHqtlbyr+5/Vi7V+5KRNRrKkg80V+zJEO0fR1NGSSEs0TQzCRzNyKyBhLTLQJaGFLNE4UIyormWSc5RxWSfui6tSr9btapXGdZ1SEEziFc3DgEhpwC01oAYFHeIFXeLOerXfrw/qctxasfOYYFmB9/QLaEZek</latexit>

104

<latexit sha1_base64="5rVtDGqWryHTUrNLSHY4eWtc4/A=">AAACBHicbVDLSsNAFL2pr1pfVZduBovgxpKIVpdFNy4r2Ae0sUymk3boZBJmJkII2foBbvUT3Ilb/8Mv8DectlnY1gMXDufcy733eBFnStv2t1VYWV1b3yhulra2d3b3yvsHLRXGktAmCXkoOx5WlDNBm5ppTjuRpDjwOG1749uJ336iUrFQPOgkom6Ah4L5jGBtpI5jP6ZnzmXWL1fsqj0FWiZOTiqQo9Ev//QGIYkDKjThWKmuY0faTbHUjHCalXqxohEmYzykXUMFDqhy0+m9GToxygD5oTQlNJqqfydSHCiVBJ7pDLAeqUVvIv7ndWPtX7spE1GsqSCzRX7MkQ7R5Hk0YJISzRNDMJHM3IrICEtMtIlobks0ShQjKiuZZJzFHJZJ67zq1Kq1+4tK/SbPqAhHcAyn4MAV1OEOGtAEAhxe4BXerGfr3fqwPmetBSufOYQ5WF+/v02YFw==</latexit>

10→15

<latexit sha1_base64="rQRb5YrKO2c9L26aP2WAGb+QSRM=">AAACBHicbVDLSsNAFL2pr1pfVZduBovgxpJIqS6LblxWsA9oY5lMJ+3QySTMTIQQsvUD3OonuBO3/odf4G84bbOwrQcuHM65l3vv8SLOlLbtb6uwtr6xuVXcLu3s7u0flA+P2iqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJrdTv/NEpWKheNBJRN0AjwTzGcHaSF3HfkwvnHo2KFfsqj0DWiVOTiqQozko//SHIYkDKjThWKmeY0faTbHUjHCalfqxohEmEzyiPUMFDqhy09m9GTozyhD5oTQlNJqpfydSHCiVBJ7pDLAeq2VvKv7n9WLtX7spE1GsqSDzRX7MkQ7R9Hk0ZJISzRNDMJHM3IrIGEtMtIloYUs0ThQjKiuZZJzlHFZJ+7Lq1Kv1+1qlcZNnVIQTOIVzcOAKGnAHTWgBAQ4v8Apv1rP1bn1Yn/PWgpXPHMMCrK9fwOeYGA==</latexit>

10→16

<latexit sha1_base64="L1VZltUZ/hUI23//tiRvV4cU2EI=">AAACBHicbVDLSsNAFL2pr1pfVZduBovgxpKItC6LblxWsA9oY5lMJ+3QySTMTIQQsvUD3OonuBO3/odf4G84bbOwrQcuHM65l3vv8SLOlLbtb6uwtr6xuVXcLu3s7u0flA+P2iqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJrdTv/NEpWKheNBJRN0AjwTzGcHaSF3HfkwvnHo2KFfsqj0DWiVOTiqQozko//SHIYkDKjThWKmeY0faTbHUjHCalfqxohEmEzyiPUMFDqhy09m9GTozyhD5oTQlNJqpfydSHCiVBJ7pDLAeq2VvKv7n9WLtX7spE1GsqSDzRX7MkQ7R9Hk0ZJISzRNDMJHM3IrIGEtMtIloYUs0ThQjKiuZZJzlHFZJ+7Lq1Kq1+6tK4ybPqAgncArn4EAdGnAHTWgBAQ4v8Apv1rP1bn1Yn/PWgpXPHMMCrK9fwoGYGQ==</latexit>

10→17

<latexit sha1_base64="39QC1NQo3LH8YJ+jpk+xN/ov/0A=">AAACBHicbVDLSsNAFL2pr1pfVZduBovgxpKI1C6LblxWsA9oY5lMJ+3QySTMTIQQsvUD3OonuBO3/odf4G84bbOwrQcuHM65l3vv8SLOlLbtb6uwtr6xuVXcLu3s7u0flA+P2iqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJrdTv/NEpWKheNBJRN0AjwTzGcHaSF3HfkwvnHo2KFfsqj0DWiVOTiqQozko//SHIYkDKjThWKmeY0faTbHUjHCalfqxohEmEzyiPUMFDqhy09m9GTozyhD5oTQlNJqpfydSHCiVBJ7pDLAeq2VvKv7n9WLt192UiSjWVJD5Ij/mSIdo+jwaMkmJ5okhmEhmbkVkjCUm2kS0sCUaJ4oRlZVMMs5yDqukfVl1atXa/VWlcZNnVIQTOIVzcOAaGnAHTWgBAQ4v8Apv1rP1bn1Yn/PWgpXPHMMCrK9fxBuYGg==</latexit>

10→18

<latexit sha1_base64="uITNXh7Rdn9nTvWCPdQ2uc2Y4AA=">AAACBHicbVDLSsNAFL2pr1pfVZduBovgxpKIVN0V3bisYB/QxjKZTtqhk0mYmQghZOsHuNVPcCdu/Q+/wN9w2mZhWw9cOJxzL/fe40WcKW3b31ZhZXVtfaO4Wdra3tndK+8ftFQYS0KbJOSh7HhYUc4EbWqmOe1EkuLA47TtjW8nfvuJSsVC8aCTiLoBHgrmM4K1kTqO/ZieOddZv1yxq/YUaJk4OalAjka//NMbhCQOqNCEY6W6jh1pN8VSM8JpVurFikaYjPGQdg0VOKDKTaf3ZujEKAPkh9KU0Giq/p1IcaBUEnimM8B6pBa9ifif1421f+WmTESxpoLMFvkxRzpEk+fRgElKNE8MwUQycysiIywx0SaiuS3RKFGMqKxkknEWc1gmrfOqU6vW7i8q9Zs8oyIcwTGcggOXUIc7aEATCHB4gVd4s56td+vD+py1Fqx85hDmYH39AsW1mBs=</latexit>

10→19

<latexit sha1_base64="9yRN8j7O68MesdQsYJ/M1A0I40w=">AAACBHicbVDLSsNAFL2pr1pfVZduBovgxpIUqS6LblxWsA9oY5lMJ+3QySTMTIQQsvUD3OonuBO3/odf4G84bbOwrQcuHM65l3vv8SLOlLbtb6uwtr6xuVXcLu3s7u0flA+P2iqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJrdTv/NEpWKheNBJRN0AjwTzGcHaSF3HfkwvanY2KFfsqj0DWiVOTiqQozko//SHIYkDKjThWKmeY0faTbHUjHCalfqxohEmEzyiPUMFDqhy09m9GTozyhD5oTQlNJqpfydSHCiVBJ7pDLAeq2VvKv7n9WLtX7spE1GsqSDzRX7MkQ7R9Hk0ZJISzRNDMJHM3IrIGEtMtIloYUs0ThQjKiuZZJzlHFZJu1Z16tX6/WWlcZNnVIQTOIVzcOAKGnAHTWgBAQ4v8Apv1rP1bn1Yn/PWgpXPHMMCrK9fuOaYEw==</latexit>

10→20

<latexit sha1_base64="9lFrd0kbYzmkuQXvLSC+irmsu5E=">AAACBHicbVDLSsNAFL2pr1pfVZduBovgxpIUqS6LblxWsA9oY5lMJ+3QySTMTIQQsvUD3OonuBO3/odf4G84bbOwrQcuHM65l3vv8SLOlLbtb6uwtr6xuVXcLu3s7u0flA+P2iqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJrdTv/NEpWKheNBJRN0AjwTzGcHaSF3Hfkwvak42KFfsqj0DWiVOTiqQozko//SHIYkDKjThWKmeY0faTbHUjHCalfqxohEmEzyiPUMFDqhy09m9GTozyhD5oTQlNJqpfydSHCiVBJ7pDLAeq2VvKv7n9WLtX7spE1GsqSDzRX7MkQ7R9Hk0ZJISzRNDMJHM3IrIGEtMtIloYUs0ThQjKiuZZJzlHFZJu1Z16tX6/WWlcZNnVIQTOIVzcOAKGnAHTWgBAQ4v8Apv1rP1bn1Yn/PWgpXPHMMCrK9fuoCYFA==</latexit>

10→21

<latexit sha1_base64="5yjJOcDsXHoXsvOpGpZgptIqkx0=">AAACBHicbVDLSsNAFL2pr1pfVZduBovgxpIUqS6LblxWsA9oY5lMJ+3QySTMTIQQsvUD3OonuBO3/odf4G84bbOwrQcuHM65l3vv8SLOlLbtb6uwtr6xuVXcLu3s7u0flA+P2iqMJaEtEvJQdj2sKGeCtjTTnHYjSXHgcdrxJrdTv/NEpWKheNBJRN0AjwTzGcHaSF3HfkwvarVsUK7YVXsGtEqcnFQgR3NQ/ukPQxIHVGjCsVI9x460m2KpGeE0K/VjRSNMJnhEe4YKHFDlprN7M3RmlCHyQ2lKaDRT/06kOFAqCTzTGWA9VsveVPzP68Xav3ZTJqJYU0Hmi/yYIx2i6fNoyCQlmieGYCKZuRWRMZaYaBPRwpZonChGVFYyyTjLOaySdq3q1Kv1+8tK4ybPqAgncArn4MAVNOAOmtACAhxe4BXerGfr3fqwPuetBSufOYYFWF+/vBqYFQ==</latexit>

10→22

<latexit sha1_base64="kbwBUc57Nu8DQGQa43mm7vsgLVY=">AAACBHicbVDLSsNAFL3xWeur6tLNYBHcWJIq1WXRjcsK9gFtLJPppB06mYSZiRBCtn6AW/0Ed+LW//AL/A2nbRa29cCFwzn3cu89XsSZ0rb9ba2srq1vbBa2its7u3v7pYPDlgpjSWiThDyUHQ8rypmgTc00p51IUhx4nLa98e3Ebz9RqVgoHnQSUTfAQ8F8RrA2UsexH9Pz6kXWL5Xtij0FWiZOTsqQo9Ev/fQGIYkDKjThWKmuY0faTbHUjHCaFXuxohEmYzykXUMFDqhy0+m9GTo1ygD5oTQlNJqqfydSHCiVBJ7pDLAeqUVvIv7ndWPtX7spE1GsqSCzRX7MkQ7R5Hk0YJISzRNDMJHM3IrICEtMtIlobks0ShQjKiuaZJzFHJZJq1pxapXa/WW5fpNnVIBjOIEzcOAK6nAHDWgCAQ4v8Apv1rP1bn1Yn7PWFSufOYI5WF+/vbSYFg==</latexit>

10→23

<latexit sha1_base64="ppaWXty5j5RycjqfsuDBxPiA2vk=">AAACA3icdVDLSgMxFM3UV62vqks3wSK4GjJTOq27qiC6q2Af0A4lk6ZtmMyDJCMMQ5d+gFv9BHfi1g/xC/wN04dgRQ9cOJxzL/fe48WcSYXQh5FbWV1b38hvFra2d3b3ivsHLRklgtAmiXgkOh6WlLOQNhVTnHZiQXHgcdr2/Mup376nQrIovFNpTN0Aj0I2ZAQrLbUtP4DnN1f9YgmZDqo5VRsis1wuV5CjSaWGLPsMWiaaoQQWaPSLn71BRJKAhopwLGXXQrFyMywUI5xOCr1E0hgTH49oV9MQB1S62ezcCTzRygAOI6ErVHCm/pzIcCBlGni6M8BqLH97U/Evr5uoYc3NWBgnioZkvmiYcKgiOP0dDpigRPFUE0wE07dCMsYCE6UTWtoSj1PJiJwUdDLf78P/Scs2Lcd0bu1S/WKRUR4cgWNwCixQBXVwDRqgCQjwwSN4As/Gg/FivBpv89acsZg5BEsw3r8AiE6YBA==</latexit>

1km
AIF

<latexit sha1_base64="/Krn/+T8ATVnBDoSRlaBkdP/PWg=">AAACBHicdVDLSgMxFM3UV62vqks3wSK4GjJT7WNXFUR3FWwttEPJpGkbmswMSUYYhm79ALf6Ce7Erf/hF/gbpg/Bih64cDjnXu69x484UxqhDyuztLyyupZdz21sbm3v5Hf3miqMJaENEvJQtnysKGcBbWimOW1FkmLhc3rnjy4m/t09lYqFwa1OIuoJPAhYnxGsjdRyEBLw7Pqymy8gu1J1SycViGy3elp0i4Y4JbdcdKBjoykKYI56N//Z6YUkFjTQhGOl2g6KtJdiqRnhdJzrxIpGmIzwgLYNDbCgykun947hkVF6sB9KU4GGU/XnRIqFUonwTafAeqh+exPxL68d637FS1kQxZoGZLaoH3OoQzh5HvaYpETzxBBMJDO3QjLEEhNtIlrYEg0TxYga50wy3+/D/0nTNVnZpRu3UDufZ5QFB+AQHAMHlEENXIE6aAACOHgET+DZerBerFfrbdaaseYz+2AB1vsXpymYCg==</latexit>

100m
AIF

<latexit sha1_base64="c6mnn/6ZkX1HbibQrGZGcDMuqj8=">AAACA3icdVDLSgMxFM3UV62vqks3wSK4GjJTndpdVRDdVbAPaIeSSTNtaOZBkhGGoUs/wK1+gjtx64f4Bf6G6UOwogcuHM65l3vv8WLOpELow8gtLa+sruXXCxubW9s7xd29powSQWiDRDwSbQ9LyllIG4opTtuxoDjwOG15o8uJ37qnQrIovFNpTN0AD0LmM4KVlloWCuD5zVWvWEJm2Sk7jg2RWbErtoM0OTmt2qgKLRNNUQJz1HvFz24/IklAQ0U4lrJjoVi5GRaKEU7HhW4iaYzJCA9oR9MQB1S62fTcMTzSSh/6kdAVKjhVf05kOJAyDTzdGWA1lL+9ifiX10mUf+ZmLIwTRUMyW+QnHKoITn6HfSYoUTzVBBPB9K2QDLHAROmEFrbEw1QyIscFncz3+/B/0rRNyzGdW7tUu5hnlAcH4BAcAwtUQA1cgzpoAAJG4BE8gWfjwXgxXo23WWvOmM/sgwUY718wXZfO</latexit>

10m AIF

<latexit sha1_base64="n7YS1T0tJOswAG+m4J9mjdWc5Fs=">AAACAHicdVDLSsNAFJ3UV62vqks3g0VwFZK+u6u6UXBR0T6gDWUynTRDJw9mJkII3fgBbvUT3Ilb/8Qv8DectBWs6IELh3Pu5d577JBRIQ3jQ8usrK6tb2Q3c1vbO7t7+f2DjggijkkbByzgPRsJwqhP2pJKRnohJ8izGenak4vU794TLmjg38k4JJaHxj51KEYyla6vbs+G+YKhlxsVs1aBhl4tm/V6TRGz3CiVDGjqxgwFsEBrmP8cjAIcecSXmCEh+qYRSitBXFLMyDQ3iAQJEZ6gMekr6iOPCCuZ3TqFJ0oZQSfgqnwJZ+rPiQR5QsSerTo9JF3x20vFv7x+JJ26lVA/jCTx8XyREzEoA5g+DkeUEyxZrAjCnKpbIXYRR1iqeJa2hG4sKBbTnErm+334P+kUdbOqV2+Kheb5IqMsOALH4BSYoAaa4BK0QBtg4IJH8ASetQftRXvV3uatGW0xcwiWoL1/AdmelyE=</latexit>

LISA

<latexit sha1_base64="xTz3Snmm7RZpDAdnBLhH3mubYac=">AAAB/nicdVDLSgMxFM34rPVVdekmWARXQ2Za2s6uKILLKn1BO5RMmmlDMw+SjDAMBT/ArX6CO3Hrr/gF/obpQ7CiBy4czrmXe+/xYs6kQujDWFvf2Nzazu3kd/f2Dw4LR8dtGSWC0BaJeCS6HpaUs5C2FFOcdmNBceBx2vEmVzO/c0+FZFHYVGlM3QCPQuYzgpWW7q6bg0IRmY5TthwHIrOK7LJd0QSVaqhUgpaJ5iiCJRqDwmd/GJEkoKEiHEvZs1Cs3AwLxQin03w/kTTGZIJHtKdpiAMq3Wx+6RSea2UI/UjoChWcqz8nMhxImQae7gywGsvf3kz8y+slyq+5GQvjRNGQLBb5CYcqgrO34ZAJShRPNcFEMH0rJGMsMFE6nJUt8TiVjMhpXifz/T78n7Rt06qYlVu7WL9cZpQDp+AMXAALVEEd3IAGaAECfPAInsCz8WC8GK/G26J1zVjOnIAVGO9fn0qWdw==</latexit>

ET

<latexit sha1_base64="7F0NGijCAfRxXMzKxKWjt07VgIQ=">AAACAHicdVDLSsNAFJ3UV62vqks3g0VwFfLQtu6KLlQQrGBtoQ1lMp00QycPZiZCCN34AW71E9yJW//EL/A3nLQVrOiBC4dz7uXee9yYUSEN40MrLCwuLa8UV0tr6xubW+XtnTsRJRyTFo5YxDsuEoTRkLQklYx0Yk5Q4DLSdkdnud++J1zQKLyVaUycAA1D6lGMZC5dXZ5f98sVQ6+Zdds4gYZuH1tHlq2IUbctRUzdmKACZmj2y5+9QYSTgIQSMyRE1zRi6WSIS4oZGZd6iSAxwiM0JF1FQxQQ4WSTW8fwQCkD6EVcVSjhRP05kaFAiDRwVWeApC9+e7n4l9dNpFd3MhrGiSQhni7yEgZlBPPH4YBygiVLFUGYU3UrxD7iCEsVz9yW2E8FxWJcUsl8vw//J3eWblb16o1VaZzOMiqCPbAPDoEJaqABLkATtAAGPngET+BZe9BetFftbdpa0GYzu2AO2vsXviyXDw==</latexit>

LIGO

<latexit sha1_base64="4x6tf+/5zj5A3H12J5pL2tBhaNc=">AAACE3icbVBLTsMwFHT4lvIrIFZsLCokVlXSRWFZ0Q3LIuhHaqPKcV9aq44T2Q5SFPUYHIAtHIEdYssBOAHXwGmDRFtGsjSaec9jjxdxprRtf1lr6xubW9uFneLu3v7BYenouK3CWFJo0ZCHsusRBZwJaGmmOXQjCSTwOHS8SSPzO48gFQvFg04icAMyEsxnlGgjDUqnjTGRhGqQJotRfK8lYUYv2xV7BrxKnJyUUY7moPTdH4Y0DkBoyolSPceOtJsSae7kMC32YwURoRMygp6hggSg3HT2/Cm+MMoQ+6E0R2g8U/9upCRQKgk8MxkQPVbLXib+5/Vi7V+7KRNRrEHQeZAfc6xDnHWBh0wC1TwxhFDJsv/T3zoWU6JxohhV06JpxlnuYZW0qxWnVqndVcv1m7yjAjpD5+gSOegK1dEtaqIWoihFz+gFvVpP1pv1bn3MR9esfOcELcD6/AHjM564</latexit> C
h
ar
ac
te
ri
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S
tr
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<latexit sha1_base64="Us23cMhXcar+KLzfwOLoRgfnhqw=">AAACD3icbVA7TsNAEF3zDeHnQEmzIkKiiuwUgTKCgpRBIh/JsaL1Zpyssv6wuwYZK4fgALRwBDpEyxE4Addgk7ggCU8a6em9Gc3M82LOpLKsb2NtfWNza7uwU9zd2z84NEtHbRklgkKLRjwSXY9I4CyElmKKQzcWQAKPQ8cbX0/9zgMIyaLwTqUxuAEZhsxnlCgt9c3STQf7Au4TCGmKncaT2zfLVsWaAa8SOydllKPZN396g4gmAYSKciKlY1uxcjMiFKMcJsVeIiEmdEyG4GgakgCkm81On+AzrQywHwldocIz9e9ERgIp08DTnQFRI7nsTcX/PCdR/qWbsTBOlH5tvshPOFYRnuaAB0wAVTzVhFDB9K2YjoggVOm0FrbEo1QyKidFnYy9nMMqaVcrdq1Su62W61d5RgV0gk7RObLRBaqjBmqiFqLoEb2gV/RmPBvvxofxOW9dM/KZY7QA4+sX4NScgA==</latexit>

GW frequency [Hz]

Proposals: AIFs can 
measure GWs in the 
mid-frequency range!


We need: Baselines of 
more than 100m. 
First experiments are 
build as we speak!


• MIGA


• MAGIS100


• AICE?

My Job: Do realistic simulations of these experiments + Noise Analysis 
 

And: Optimize the Experiment

Adapted from Badurina et al. - “Prospective Sensitivities of Atom Interferometers to Gravitational Waves and Ultralight Dark Matter”
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Owned — Curated — Developed by the Community
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Open Source Python Simulator

High Precision 
Python Simulator

Non-trivial gravitational backgroundsDark Matter/Dark Energy (see later)

Various Noise Sources Gravitational Waves

Phase Statistics

Need extreme timing accuracy: 
δt ≈ 10−37 s

Need efficient parallelization algorithms 
to sample millions of runs!
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GWD: Numerics vs. (ideal) Analytics

Werner et al. - “Terrestrial Gravitational Wave Detection with Atom Interferometers” (in preparation)
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Gravity Gradient Noise (GGN)
Build on existing GW analysis and include gravity noise.


Gravity noise: 

• Gravity Gradient Noise (GGN) = Density fluctuations of surrounding 
media (air, ground).


• Newtonian noise (NN) = GGN + anthropogenic (and such) noise.


Example GGN: 




with . 

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

Cooperation with Jeremiah Mitchell and the MIGA-Team.

Jeremiah Mitchell

Benjamin Canuel
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Goal: Get a more accurate model!
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Gravity Gradient Noise (GGN)

Soil. Density: ρ1

Air. Density: ρAir

At
om

 In
te

rfe
ro

m
et

er
Soil, but different. Density: ρ2

Rayleigh waves  
+ scattering between layers

LIGO
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Hamiltonian with all  effects:𝒪(c−2)

Michael Werner 31

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

{Systematically solved the Schrödinger 
equation and analyzed the effect on AIFs!

With Klemens Hammerer, Domenico Giulini and Philip Schwartz

Photo: Nils Ole PetersPhoto: Uni Bremen

1

Full Analysis:

Werner et al. - “Atom interferometers in weakly curved spacetimes using Bragg diffraction and Bloch oscillations” (QR code)
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Same Geometry as GWD — Different Physics
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Dark Matter Detection

• Scalar ULDM acts like a change in .


• For a single photon transition this would change 
the transition frequency .


• Laser frequency  needs to be resonant to 
varying transition frequency.


• Detect  variations.


• Scalar DM / Vector DM / Axionic DM / …

α

ωeg

ω

Δα/α

With Elina Fuchs

Photo: LUH / Sören Pinsdorf
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AIFs are Versatile Quantum Sensors!
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Summary

• Very sensitive devices to measure inertial forces (accelerations, rotations).


• Test GR with atoms: Weak Equivalence Principle.


• Detect Gravitational Waves in the Mid-Frequency range (100+ meters).


• Look for Dark Matter: ULDM, Scalar, Axion, Chameleon, …


• Most accurate measurement of the fine-structure constant .


• And much more (Gravitational Aharonov-Bohm effect, Gravity Mediated 
Entanglement, Seismological Studies, Ground Water Analysis, …)!

α



Thank you for listening!
All of my codes (Python) are open source, since 
science should be free and accessible to everyone.

 
Our goal is to create community-driven, free and open software 
packages for atom interferometry. Interested? Please reach out! 

Our team in September 2025

AGAPES Project Quantum Frontiers

Funding from:

Codes and Contact!

1


