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And for GWs?



GWs (essentials)
Perturbations of space-time


travelling as waves of frequency  f
Characterised by 2 polarizations  (dimensionless) h+,×

GWs carry energy. They have energy density
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c = 1

h0 ⇡ �L/L ⇡ �E/E....

GWs couple to ANYTHING in your lab!



Landscape of GW detectors: today

Step-2 Proposal ESA F3 Call 2025 – GUEST

3.2. Universe hidden to light: the Dark Universe and the Gravitating Universe
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Fig. 1: A Dark and Gravitating Universe

The revolutionary progress of astronomy in the 20th century
was mostly driven by the study of electromagnetic waves. In-
terestingly, these signals have already shown their limitations
in sustaining this progress: 95% of the current energy density
of the Universe is in the form of dark matter or dark energy,
with no known interaction with light; the centers of galaxies are
dominated by supermassive black holes with no direct emission
of electromagnetic signals; and any process from the heart of
the Big Bang, before the Universe became transparent, can not
transmit any direct information to us through light. Moreover,
gravitation remains an enigmatic force, whose precise study
cannot be limited to light signals. All these mysteries share the
fact that they may be explored through gravitational phenomena. Studying the dark gravitational Universe
stands as a universal goal towards groundbreaking results in understanding Nature, as clearly represented
in the Voyage 2050 vision of ESA, with 3 of its 5 topical teams related to the dark Universe and several
recommendations for its exploration [ESAVoyage2050].

3.2.A. Charting new bands of gravitational waves: colouring the gravitational wave sky.
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Fig. 2: The GW landscape. Despite observations by several current (black curves/dark grey shading) and future (light
grey shading) GW missions, the 𝐿Hz band remains unexplored. GUEST will take a decisive step to bridging this gap.

Gravitational waves (GW) are ripples of space-time carrying fundamental information about their source
and probing the intervening Universe in their propagation. They are characterized by an amplitude 𝑀0( 𝑁 ) at
frequency 𝑁 and a geometrical factor (polarization content). When the waves are abundant, they add up to a
background that is better characterized in terms of its power-spectrum, or equivalently, in terms of its energy
density as a function of frequency, normalized by the average energy density of the universe 𝑂𝐿,

ω( 𝑁 )GW =
1
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d𝑂𝑀
d ln 𝑁

, with 𝑂𝑀 =
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Since gravitation is universally coupled to any energy source, gravitational waves are privileged witnesses of
all the constituents of the cosmos, even if they do not emit light.
The first direct detection of gravitational radiation was achieved in 2015 by the twin LIGO interferometers [Abbott
et al., 2016]. Besides its historical relevance, the signal was groundbreaking, sourced by a “loud” merger of
two black holes of properties considered implausible before. A new window into the Cosmos just opened.
Since 2015, hundreds of events emitting gravitational waves have been detected in a band centered around 100
Hz. It is a priority for the international community to expand this reach to the wide band where gravitational
waves may be produced. This program (“adding colour to the gravitational wave sky”, see Voyage 2050
document [ESAVoyage2050]) promises to be equally groundbreaking as the one from last century for the
electromagnetic spectrum (see [ESAMisssions] for ESA’s e!ort to cover the full electromagnetic spectrum).
The lowest detectable frequencies are explored through their impact on the cosmic microwave background
(CMB bounds in Fig. 2). The nHz band is surveyed by pulsar timing arrays (PTA in Fig. 2), while the mHz
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The revolutionary progress of astronomy in the 20th century
was mostly driven by the study of electromagnetic waves. In-
terestingly, these signals have already shown their limitations
in sustaining this progress: 95% of the current energy density
of the Universe is in the form of dark matter or dark energy,
with no known interaction with light; the centers of galaxies are
dominated by supermassive black holes with no direct emission
of electromagnetic signals; and any process from the heart of
the Big Bang, before the Universe became transparent, can not
transmit any direct information to us through light. Moreover,
gravitation remains an enigmatic force, whose precise study
cannot be limited to light signals. All these mysteries share the
fact that they may be explored through gravitational phenomena. Studying the dark gravitational Universe
stands as a universal goal towards groundbreaking results in understanding Nature, as clearly represented
in the Voyage 2050 vision of ESA, with 3 of its 5 topical teams related to the dark Universe and several
recommendations for its exploration [ESAVoyage2050].

3.2.A. Charting new bands of gravitational waves: colouring the gravitational wave sky.
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Fig. 2: The GW landscape. Despite observations by several current (black curves/dark grey shading) and future (light
grey shading) GW missions, the 𝐿Hz band remains unexplored. GUEST will take a decisive step to bridging this gap.

Gravitational waves (GW) are ripples of space-time carrying fundamental information about their source
and probing the intervening Universe in their propagation. They are characterized by an amplitude 𝑀0( 𝑁 ) at
frequency 𝑁 and a geometrical factor (polarization content). When the waves are abundant, they add up to a
background that is better characterized in terms of its power-spectrum, or equivalently, in terms of its energy
density as a function of frequency, normalized by the average energy density of the universe 𝑂𝐿,

ω( 𝑁 )GW =
1
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d𝑂𝑀
d ln 𝑁

, with 𝑂𝑀 =
1
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→ ↑𝑀2
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0,↓↔ and 𝑂𝐿 = 3𝑅2
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Since gravitation is universally coupled to any energy source, gravitational waves are privileged witnesses of
all the constituents of the cosmos, even if they do not emit light.
The first direct detection of gravitational radiation was achieved in 2015 by the twin LIGO interferometers [Abbott
et al., 2016]. Besides its historical relevance, the signal was groundbreaking, sourced by a “loud” merger of
two black holes of properties considered implausible before. A new window into the Cosmos just opened.
Since 2015, hundreds of events emitting gravitational waves have been detected in a band centered around 100
Hz. It is a priority for the international community to expand this reach to the wide band where gravitational
waves may be produced. This program (“adding colour to the gravitational wave sky”, see Voyage 2050
document [ESAVoyage2050]) promises to be equally groundbreaking as the one from last century for the
electromagnetic spectrum (see [ESAMisssions] for ESA’s e!ort to cover the full electromagnetic spectrum).
The lowest detectable frequencies are explored through their impact on the cosmic microwave background
(CMB bounds in Fig. 2). The nHz band is surveyed by pulsar timing arrays (PTA in Fig. 2), while the mHz
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Searches for fundamental physics in LISA/3G
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Figure 5.2: Detector horizons for the two baseline configurations of ET, alone and in con-
junction with a network of two CE as described in the legend. The shaded bands, reported
only for the combinations with CE, denote the range within which 50% of the sources are
detected, when averaging over sky location. Known classes of target sources are reported
for illustration: stellar-mass black holes (SOBBH) and double neutron star systems (catalogs
from [16]), neutron star-black hole binaries (catalogs from [1168] based on [1374, 1378, 2455]),
Population III stars [1683, 1684], and intermediate mass black holes (IMBH) [331]. The or-
ange band is representative of a population of high–redshift primordial black holes (PBHs)
[1183, 1747]. Triangles show the events detected by the LVK collaboration [6].

throughout the Universe each year [107, 1168, 1592]. The properties and origin of the pop-
ulation of compact object binaries have only started to be explored, with many formation
pathways suggested (see section 3). There is no doubt that ET on its own will enable very
significant advances in our understanding of the population and origin of compact object
binaries. However, in synergy with other GW detectors, several additional science results are
expected, which are highlighted here. We discuss both synergy with high-frequency detectors
and with mid-frequency detectors.

5.2.1 Synergy with ground-based detectors

There are several other detectors in the frequency range of ET, from a few Hz to a few
kHz, that could provide synergy with ET. The most important one is Cosmic Explorer (CE)
[14], a US project for a third generation detector. Einstein Telescope and Cosmic Explorer
strengthen and complement each other in important ways. An important di!erence is that
CE is expected to be slightly more sensitive in the 10–100 Hz range which will complement
the ET sensitivity curve [14], whereas ET is expected to have better sensitivity compared to
CE at lower frequencies as a result from ET’s underground location that suppresses seismic
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from [16]), neutron star-black hole binaries (catalogs from [1168] based on [1374, 1378, 2455]),
Population III stars [1683, 1684], and intermediate mass black holes (IMBH) [331]. The or-
ange band is representative of a population of high–redshift primordial black holes (PBHs)
[1183, 1747]. Triangles show the events detected by the LVK collaboration [6].

throughout the Universe each year [107, 1168, 1592]. The properties and origin of the pop-
ulation of compact object binaries have only started to be explored, with many formation
pathways suggested (see section 3). There is no doubt that ET on its own will enable very
significant advances in our understanding of the population and origin of compact object
binaries. However, in synergy with other GW detectors, several additional science results are
expected, which are highlighted here. We discuss both synergy with high-frequency detectors
and with mid-frequency detectors.

5.2.1 Synergy with ground-based detectors

There are several other detectors in the frequency range of ET, from a few Hz to a few
kHz, that could provide synergy with ET. The most important one is Cosmic Explorer (CE)
[14], a US project for a third generation detector. Einstein Telescope and Cosmic Explorer
strengthen and complement each other in important ways. An important di!erence is that
CE is expected to be slightly more sensitive in the 10–100 Hz range which will complement
the ET sensitivity curve [14], whereas ET is expected to have better sensitivity compared to
CE at lower frequencies as a result from ET’s underground location that suppresses seismic
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Fig. 1: A Dark and Gravitating Universe

The revolutionary progress of astronomy in the 20th century
was mostly driven by the study of electromagnetic waves. In-
terestingly, these signals have already shown their limitations
in sustaining this progress: 95% of the current energy density
of the Universe is in the form of dark matter or dark energy,
with no known interaction with light; the centers of galaxies are
dominated by supermassive black holes with no direct emission
of electromagnetic signals; and any process from the heart of
the Big Bang, before the Universe became transparent, can not
transmit any direct information to us through light. Moreover,
gravitation remains an enigmatic force, whose precise study
cannot be limited to light signals. All these mysteries share the
fact that they may be explored through gravitational phenomena. Studying the dark gravitational Universe
stands as a universal goal towards groundbreaking results in understanding Nature, as clearly represented
in the Voyage 2050 vision of ESA, with 3 of its 5 topical teams related to the dark Universe and several
recommendations for its exploration [ESAVoyage2050].

3.2.A. Charting new bands of gravitational waves: colouring the gravitational wave sky.
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Fig. 2: The GW landscape. Despite observations by several current (black curves/dark grey shading) and future (light
grey shading) GW missions, the 𝐿Hz band remains unexplored. GUEST will take a decisive step to bridging this gap.

Gravitational waves (GW) are ripples of space-time carrying fundamental information about their source
and probing the intervening Universe in their propagation. They are characterized by an amplitude 𝑀0( 𝑁 ) at
frequency 𝑁 and a geometrical factor (polarization content). When the waves are abundant, they add up to a
background that is better characterized in terms of its power-spectrum, or equivalently, in terms of its energy
density as a function of frequency, normalized by the average energy density of the universe 𝑂𝐿,

ω( 𝑁 )GW =
1
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, with 𝑂𝑀 =
1
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0,+ + ↑𝑀2
0,↓↔ and 𝑂𝐿 = 3𝑅2

/(8𝑃𝑄). (1)

Since gravitation is universally coupled to any energy source, gravitational waves are privileged witnesses of
all the constituents of the cosmos, even if they do not emit light.
The first direct detection of gravitational radiation was achieved in 2015 by the twin LIGO interferometers [Abbott
et al., 2016]. Besides its historical relevance, the signal was groundbreaking, sourced by a “loud” merger of
two black holes of properties considered implausible before. A new window into the Cosmos just opened.
Since 2015, hundreds of events emitting gravitational waves have been detected in a band centered around 100
Hz. It is a priority for the international community to expand this reach to the wide band where gravitational
waves may be produced. This program (“adding colour to the gravitational wave sky”, see Voyage 2050
document [ESAVoyage2050]) promises to be equally groundbreaking as the one from last century for the
electromagnetic spectrum (see [ESAMisssions] for ESA’s e!ort to cover the full electromagnetic spectrum).
The lowest detectable frequencies are explored through their impact on the cosmic microwave background
(CMB bounds in Fig. 2). The nHz band is surveyed by pulsar timing arrays (PTA in Fig. 2), while the mHz
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Beyond-the-Standard Model sources.
Preheating, first-order phase transitions, cosmic strings

Peera Simakachorn (Uni. Hamburg) 28.10.2022

10-18 10-13 10-8 10-3 102 107 1012
10-17

10-15

10-13

10-11

10-9

10-7

Frequency of GW [Hz]

Fr
ac
tio
n
of
en
er
gy
de
ns
ity
in
G
W
to
da
y:

Ω
G
W
h2

PIXIE

Voyage 2050

Pl
an
ck
/B
IC
EP

/K
ec
k

Li
te
B
IR
D

LI
SA

ET CE

B
B
O

D
EC
IG
O

AE
D
GE

SK
A

EP
TA

N
A
N
O
G
ra
v

P
P
TA

P
TA

hi
nt
s

GA
IA

TH
EI
A

A
st
er
oi
ds

ra
ng
in
g

Lu
na
r

LIGO O2
O4

O5

Cosmic Strings

Primordial
Inflation

1st-order EW
phase transition Thermal

Plasma
Preheating

CMB-ΔNeff ↑

BBN-ΔNeff ↑

10

Standard-Model sources 

Thermal plasma 
Primordial inflation

beyond the Standard-Model sources 
preheating 

first-order phase transitions 
cosmic strings

Sources of primordial GW
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Beyond-the-Standard Model sources.
Preheating, first-order phase transitions, cosmic strings

Peera Simakachorn (Uni. Hamburg) 28.10.2022
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Step-2 Proposal ESA F3 Call 2025 – GUEST

3.2. Universe hidden to light: the Dark Universe and the Gravitating Universe
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Fig. 1: A Dark and Gravitating Universe

The revolutionary progress of astronomy in the 20th century
was mostly driven by the study of electromagnetic waves. In-
terestingly, these signals have already shown their limitations
in sustaining this progress: 95% of the current energy density
of the Universe is in the form of dark matter or dark energy,
with no known interaction with light; the centers of galaxies are
dominated by supermassive black holes with no direct emission
of electromagnetic signals; and any process from the heart of
the Big Bang, before the Universe became transparent, can not
transmit any direct information to us through light. Moreover,
gravitation remains an enigmatic force, whose precise study
cannot be limited to light signals. All these mysteries share the
fact that they may be explored through gravitational phenomena. Studying the dark gravitational Universe
stands as a universal goal towards groundbreaking results in understanding Nature, as clearly represented
in the Voyage 2050 vision of ESA, with 3 of its 5 topical teams related to the dark Universe and several
recommendations for its exploration [ESAVoyage2050].

3.2.A. Charting new bands of gravitational waves: colouring the gravitational wave sky.
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Fig. 2: The GW landscape. Despite observations by several current (black curves/dark grey shading) and future (light
grey shading) GW missions, the 𝐿Hz band remains unexplored. GUEST will take a decisive step to bridging this gap.

Gravitational waves (GW) are ripples of space-time carrying fundamental information about their source
and probing the intervening Universe in their propagation. They are characterized by an amplitude 𝑀0( 𝑁 ) at
frequency 𝑁 and a geometrical factor (polarization content). When the waves are abundant, they add up to a
background that is better characterized in terms of its power-spectrum, or equivalently, in terms of its energy
density as a function of frequency, normalized by the average energy density of the universe 𝑂𝐿,

ω( 𝑁 )GW =
1
𝑂𝐿

d𝑂𝑀
d ln 𝑁

, with 𝑂𝑀 =
1

32𝑃𝑄
→ ↑𝑀2

0,+ + ↑𝑀2
0,↓↔ and 𝑂𝐿 = 3𝑅2

/(8𝑃𝑄). (1)

Since gravitation is universally coupled to any energy source, gravitational waves are privileged witnesses of
all the constituents of the cosmos, even if they do not emit light.
The first direct detection of gravitational radiation was achieved in 2015 by the twin LIGO interferometers [Abbott
et al., 2016]. Besides its historical relevance, the signal was groundbreaking, sourced by a “loud” merger of
two black holes of properties considered implausible before. A new window into the Cosmos just opened.
Since 2015, hundreds of events emitting gravitational waves have been detected in a band centered around 100
Hz. It is a priority for the international community to expand this reach to the wide band where gravitational
waves may be produced. This program (“adding colour to the gravitational wave sky”, see Voyage 2050
document [ESAVoyage2050]) promises to be equally groundbreaking as the one from last century for the
electromagnetic spectrum (see [ESAMisssions] for ESA’s e!ort to cover the full electromagnetic spectrum).
The lowest detectable frequencies are explored through their impact on the cosmic microwave background
(CMB bounds in Fig. 2). The nHz band is surveyed by pulsar timing arrays (PTA in Fig. 2), while the mHz
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The revolutionary progress of astronomy in the 20th century
was mostly driven by the study of electromagnetic waves. In-
terestingly, these signals have already shown their limitations
in sustaining this progress: 95% of the current energy density
of the Universe is in the form of dark matter or dark energy,
with no known interaction with light; the centers of galaxies are
dominated by supermassive black holes with no direct emission
of electromagnetic signals; and any process from the heart of
the Big Bang, before the Universe became transparent, can not
transmit any direct information to us through light. Moreover,
gravitation remains an enigmatic force, whose precise study
cannot be limited to light signals. All these mysteries share the
fact that they may be explored through gravitational phenomena. Studying the dark gravitational Universe
stands as a universal goal towards groundbreaking results in understanding Nature, as clearly represented
in the Voyage 2050 vision of ESA, with 3 of its 5 topical teams related to the dark Universe and several
recommendations for its exploration [ESAVoyage2050].

3.2.A. Charting new bands of gravitational waves: colouring the gravitational wave sky.
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Fig. 2: The GW landscape. Despite observations by several current (black curves/dark grey shading) and future (light
grey shading) GW missions, the 𝐿Hz band remains unexplored. GUEST will take a decisive step to bridging this gap.

Gravitational waves (GW) are ripples of space-time carrying fundamental information about their source
and probing the intervening Universe in their propagation. They are characterized by an amplitude 𝑀0( 𝑁 ) at
frequency 𝑁 and a geometrical factor (polarization content). When the waves are abundant, they add up to a
background that is better characterized in terms of its power-spectrum, or equivalently, in terms of its energy
density as a function of frequency, normalized by the average energy density of the universe 𝑂𝐿,

ω( 𝑁 )GW =
1
𝑂𝐿

d𝑂𝑀
d ln 𝑁

, with 𝑂𝑀 =
1

32𝑃𝑄
→ ↑𝑀2

0,+ + ↑𝑀2
0,↓↔ and 𝑂𝐿 = 3𝑅2

/(8𝑃𝑄). (1)

Since gravitation is universally coupled to any energy source, gravitational waves are privileged witnesses of
all the constituents of the cosmos, even if they do not emit light.
The first direct detection of gravitational radiation was achieved in 2015 by the twin LIGO interferometers [Abbott
et al., 2016]. Besides its historical relevance, the signal was groundbreaking, sourced by a “loud” merger of
two black holes of properties considered implausible before. A new window into the Cosmos just opened.
Since 2015, hundreds of events emitting gravitational waves have been detected in a band centered around 100
Hz. It is a priority for the international community to expand this reach to the wide band where gravitational
waves may be produced. This program (“adding colour to the gravitational wave sky”, see Voyage 2050
document [ESAVoyage2050]) promises to be equally groundbreaking as the one from last century for the
electromagnetic spectrum (see [ESAMisssions] for ESA’s e!ort to cover the full electromagnetic spectrum).
The lowest detectable frequencies are explored through their impact on the cosmic microwave background
(CMB bounds in Fig. 2). The nHz band is surveyed by pulsar timing arrays (PTA in Fig. 2), while the mHz
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microHz to 0.1 mHz
This is the Higgs-like band:

guaranteed Physics by the corner reasonable ideas for searches 

Is it a signal of SMBHBs?

2301.13854 [astro-ph.CO] Ellis et al

PTA Evidence 2023

A&A proofs: manuscript no. mainPTA
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Fig. 2. Mean GW energy density spectrum from massive BH mergers compared with the sensitivities of di!erent experiments. The
black dashed curve shows the case where all mergers of galaxies produce a GW signal for BHs heavier than 10

3M→ (pBH = 1). The
colored bands show the spectra from SMBHs heavier than 10

9M→ (dark blue), from SMBHs in the range (10
6M→, 10

9M→) (light
blue), and from IMBHs with masses in the range 10

3
→10

6M→ (green), assuming a universal e"ciency factor pBH = 0.17+0.18
↑0.08. The

shaded regions show the prospective sensitivities of IPTA30 (Chen et al. 2017; Kaiser & McWilliams 2021), LISA (Amaro-Seoane
et al. 2017), AEDGE (El-Neaj et al. 2020; Badurina et al. 2021), AION-km (Badurina et al. 2020, 2021) and ET (Sathyaprakash
et al. 2012).

Fig. 3. Distributions of the binary parameters for a sampling of the BH binary population with 0 < z < 3, 1 nHz < f < 30nHz and
M0 > 10

9
(f/nHz)

↑ 4
3 . The symmetric mass ratio is integrated with the lower bound ω > 0.001. In the right panel, the black curve

shows the NANOGrav 95% CL constraint on continuous GW sources (Arzoumanian et al. 2023) and the projected sensitivity of
IPTA30 at SNR = 8.

stochastic GW background as it does not distinguish be-
tween individual resolvable events and unresolvable events
that would contribute to a GW background. The !GW →

f
2
3 tail at low frequencies arises from nearly monochromatic

signals generated by inspiralling BH binaries. Because of
this, !GW will fluctuate depending on the specific realiza-
tion of the binary population, so the spectrum in Fig. 2
should be interpreted as the mean !GW obtained by aver-
aging over many potential realizations of the binary popu-
lation. We return to the probability distribution of !GW in
the next subsection and in Appendix A.

The grey band in Fig. 2 was obtained by choosing a
fixed value of pBH so that the amplitude of the total GW
spectrum from BH binaries matches the IPTA observations
in the nHz range, which requires pBH = 0.17

+0.18
→0.08. The

colored bands show the contributions to the total IPTA
spectrum from di!erent ranges of the BH masses. In com-
paring the dark blue, light blue, and green bands, we can
see that the largest contribution to the GW spectrum in
the PTA window comes from M > 10

9
M↑ SMBH binaries,

consistent with earlier studies (Wyithe & Loeb 2003; Sesana
et al. 2004; Enoki et al. 2004; Sesana et al. 2008, 2009; Kel-
ley et al. 2017a; Izquierdo-Villalba et al. 2021; Bécsy et al.
2022).

Some characteristics of these binaries are shown in
Fig. 3. The left panel shows that the total masses are
↭ 10

10, and the redshifts are typically O(1). The middle
left panel shows that the typical masses increase with de-
creasing frequency and the middle right panel shows that
the binary lifetimes are only weakly correlated with their

Article number, page 4 of 14
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Newtonian Potential

gravitational waves affect gravitationally bound systems

Perturbing Gravitational Wave

possible resonances at  =n/Pf

h ⇠ cos(2⇡ft)
r ⇠ e cos(2⇡t/P )

f ⇠ µHz

~ few days

Our proposal for Hz band: binary resonance!μ
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DB, A. Jenkins, 2107.04061, 2107.04063

J. Foster, DB et al., arXiv: 2504.15334 [astro-ph.CO]

Foster, DB et al., arXiv:2504.16988 [gr-qc]

X. Xue, DB, et al. to appear 



Response of the system
Foster, DB et al., arXiv: 2504.15334 [astro-ph.CO]

Foster, DB et al., arXiv:2504.16988 [gr-qc]

Xue, DB, et al. to appear 

Step-2 Proposal ESA F3 Call 2025 – GUEST

5.3.A. Orbits as detectors

Fig. 17: Comparison of the response of a mildly ec-
centric Keplerian orbit (𝐿 = 0.4) with the response
of the GUEST mission. Eccentriciy increases the
signal and excites higher resonances.

As we emphasize, the equivalent of the detector (the system
impacted by the GW signals) for GUEST are the orbits of the
SATs. This was first established in [Blas and Jenkins, 2022a,b]
and recently confirmed and extended in [Foster et al., 2025a,b].
High eccentricities are preferred for two reasons. First, because
a higher 𝐿 implies a larger e!ect [Foster et al., 2025b; Blas
and Jenkins, 2022b]. Second, because with a higher 𝐿, the
response of the orbit to higher multipoles (fluctuations in the
gravitational potential of frequency 𝑀 = 2𝑁𝑂/𝑃) is broader,
allowing for a larger reach for individual GW sources, cf.
Fig. 17. Larger periods allow to explore lower frequencies and
to dive more into the 𝑄Hz gap below the LISA band, see Fig. 2.
Hence, we will fix these two parameters to be 𝐿 = 0.75 and
𝑃 = 33.4 hours to find the SAT characteristics. The rest of the
parameters about the orbits will be established within Sec. 6.1, but we present here the final orbits at 𝑅0 in
Table 4 to be able to discuss the rest of the design.

Orbits at 𝑅0 Perigee altitude Apogee altitude AOP RAAN 𝐿0 𝑆 Period
Orb1 / Orb2 6926 km 86700 km 2700 00/2200 0.75 750/500 33.8 h

Table 4: GUEST nominal orbits at 𝑅0.

5.3.B. Satellites

Each GUEST satellite is a dense, passive sphere whose only functions is to be sensitive to gravity and to reflect
laser pulses to ground stations with maximum fidelity over a 30-years mission lifetime. The design to achieve
the the top-level requirement R1 is based on the large heritage from the LAGEOS-2 mission and LARES-2
mission. Still, the unique characteristics of GUEST require a larger sphere (see RSAT2) and using two kinds
of CCRs (see RSAT1).

Currently, there are two viable options that have been identified in the design of the instrument and of the
mission. We will present both options in this proposal, a detailed exploration of those to identify more precisely
the advantages and disadvantages of each of them is left for a possible Phase A study.

5.3.B.1. The spheres

Two concepts have been studied and their properties are highlighted on Table 5. Concept A is the simplest
concept that maximizes science return, while concept B o!ers more flexibility on weight and size.

• Concept A: a monolithic Aluminum (Al 6061-T6) sphere of diameter 86 cm and weight 840 kg with 2
polar stability chambers at the poles to increase the oblateness to guarantee gyroscopic stability.

• Concept B: a 70 cm sphere consists of an outer Aluminum (Al 6061-Te) shell (thickness 80mm) housing
a cylindrical tungsten heavy alloy (WHA) core, following the LAGEOS concept [Visco and Lucchesi,
2016, 2018]. The assembly is clamped by a hollow beryllium–copper (Cu-Be) stud running pole-to-pole.

For both concepts, eight Cu-Be anchor inserts, equally spaced around the equator, serve as the mechanical
interface for the launch adapter and are based directly on the LAGEOS study design.

Here we will summarize the main points that have been considered in the design of the spheres:

• Total mass. The launch imposes a constraint on the total mass of the spheres between 540 and 840 kg for
each SAT, see Sec. 6.2. A detailed mass budget for both concept is presented in Table 5.

• Area to mass ratio. Smaller 𝑇𝐿/𝑈 is required to minimize non-gravitational forces (see RSAT3)
and in particular solar radiation pressure [Visco and Lucchesi, 2016, 2018]. Both concepts have a
𝑇𝐿/𝑈 → 7 ↑ 10↓4 m2/kg, similar to the one of LAGEOS, su”cient for the non-gravitational forces not to
spoil the behaviour of the SATs as test bodies (RDAT2).

22

 Keplerian, e =0.75, Large P 
 Keplerian,  e =0.4,  Large P   

Resonant responses: for the Hz band, P from days to months (Moon)μ
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Two probes: precise timing of binaries
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Moon Proposed satellites Existing satellites*
* if they were tracked at levels at which LAGEOS is tracked + idealized data analysis 
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3

Core members



Sensitivity: way to go
Data: set of points of time of travel of 2 ways laserΔ∥(Υ) =

2p
c(1 + e cos f )

+ Δn
∥ 29

0 5 10 15 20 25 30

Time [Plunar]

�0.2

�0.1

0.0

0.1

0.2
L
ig

ht
T
ra

ve
l
T

im
e

[n
s] Numerical

/ t2
Orbit Envelope

Measurement Precision

0 5 10 15 20 25 30

Time [Plunar]

�25

0

25

50

P
1

[µ
s]

/ t

Orbit Envelope

Numerical

Secular Average

Measurement Precision

Figure 17. (Above) In black, we depict the time evolution
of the light-travel-time perturbation for the Earth-Moon sys-
tem when acted upon by an acceleration in the azimuthal
direction of the orbit with a magnitude of 1µm/day2. Grey
lines depict the envelope of the growth of the perturbation
in time, which scales as t2, while the grey band illustrates
the region within which the perturbation oscillates over a sin-
gle orbit. The red band illustrates the precision of a single
light-travel-time measurement, assumed to corresponding to
a distance perturbation precision of 3 mm. (Below) As in the
top panel, but inspecting the time-evolution of the perturba-
tion to the binary period. A less rapid linear growth of the
perturbation is realized, with lesser relative sensitivity via the
measurement precision of 3 mm related to a period sensitiv-
ity via the relation in Eq. 131 made in [2, 8]. Moreover, the
analysis of [2, 8] made use only of the secular evolution of
the period perturbation, which we illustrate on our plot by
downsampling averaging the numerical result in black over
each period. Further sensitivity will be lost in this approach
due to loss of resolution of the oscillatory features.

From our results of Sec. III, it hence follows that, unlike
the light-travel-time or pulse time-of-arrival, the pertur-
bation to the period P1 will grow at most linearly in t

when on-resonance as it does not depend on the true
anomaly perturbation f1.

We note that the orbital period is not a directly observ-
able quantity. By comparison, the sensitivity calculation
we have performed in this work has been careful to con-
struct directly observable quantities from the predicted
perturbed orbits. Nonetheless, we proceed to compare
them by adopting the ansatz of period perturbation sen-
sitivities made in [2, 8], in which a Earth-Moon distance
measurement with precision � could be related to a mea-
surement of the period by

�P =
3(1 � e

2
0)P0

2p0
� . (131)

Since, by assumption, both the light-travel-time and the
period perturbation sensitivity are constant in time, we

see that sensitivity calculations correctly making use of
the light-travel-time will achieve more rapid growth than
those which incorrectly use the period perturbation. For
instance, for a deterministic GW, sensitivity via the light-
travel-time scales as t

5/2 while it scales as t
3/2 from the

period perturbation.
To illustrate this di↵erence, we refer back to the iso-

lated Earth-Moon binary, which we perturb by an accel-
eration of the form

asig(t) = cos(2⇡⌫t)✓̂(⌥0(t)) µm day�2
.

with ⌫ = 2/P0. We then compute the perturbed or-
bital elements and map them into the first-order pertur-
bations to the light-travel time, relevant for the analy-
sis performed in this work, and to the orbital period,
relevant for the analysis performed in [2, 8]. The time
evolution of those perturbations for the first 30 orbits
starting from an unperturbed initial condition is shown
in Fig. 17. We clearly see the quadratic growth of the
light-travel-time as compared to the linear growth of the
period perturbation.

To directly compare to the results of [2, 8], we make
identical assumptions of a measurement precision in the
light-travel time corresponding to distance perturbation
measurement of � = 3mm, which we relate to a period
perturbation precision via Eq. 131. We then illustrate
single-measurement precision to each perturbation with
a light red band in Fig. 17. The properly calculated
sensitivity to the light-travel-time perturbation is con-
siderably greater incorrectly calculated sensitivity to the
period perturbation, with the relative di↵erence growing
greater in time due to their di↵erent scaling with time in
their evolution.

F. SATELLITE NETWORKS AND ORBITAL
CORRELATIONS

An interesting future possibility to increase the chances
of detection and confirmation of the origin of any possi-
ble anomaly is the use of several probes sensitive to the
same background. As a first exercise in this direction, we
now consider the case where we have multiple satellites
and evaluate the correlated evolution of those perturbed
orbits. This will require only a modest extension of the
previous computations. For each satellite, which we in-
dex with a capitalized superscript, we can compute a
mapping of orbital perturbations to distance perturba-
tions TA, a fundamental matrix for the first-order per-
turbations �

A, and the solutions to the covariance inte-
grals ⌅

A. We can then evaluate the correlation between
the observables for arbitrary satellites driven by, e.g.,a
SGWB, as

⌃AB(t, t0) = TA

↵
(t)TB

�
(t0)h⌥↵,A

1 (t)⌥ �,B

1 (t0)i

= 3⇡H2
0Cij,lmTA

↵
(t)TB

�
(t0)�A

↵(p)(t)�
B

�(q)(t
0)

⇥

Z
d⌫⌫⌦GW(⌫)⌅A

(p)ij,d(t|⌫)⌅B
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Figure 17. (Above) In black, we depict the time evolution
of the light-travel-time perturbation for the Earth-Moon sys-
tem when acted upon by an acceleration in the azimuthal
direction of the orbit with a magnitude of 1µm/day2. Grey
lines depict the envelope of the growth of the perturbation
in time, which scales as t2, while the grey band illustrates
the region within which the perturbation oscillates over a sin-
gle orbit. The red band illustrates the precision of a single
light-travel-time measurement, assumed to corresponding to
a distance perturbation precision of 3 mm. (Below) As in the
top panel, but inspecting the time-evolution of the perturba-
tion to the binary period. A less rapid linear growth of the
perturbation is realized, with lesser relative sensitivity via the
measurement precision of 3 mm related to a period sensitiv-
ity via the relation in Eq. 131 made in [2, 8]. Moreover, the
analysis of [2, 8] made use only of the secular evolution of
the period perturbation, which we illustrate on our plot by
downsampling averaging the numerical result in black over
each period. Further sensitivity will be lost in this approach
due to loss of resolution of the oscillatory features.

From our results of Sec. III, it hence follows that, unlike
the light-travel-time or pulse time-of-arrival, the pertur-
bation to the period P1 will grow at most linearly in t

when on-resonance as it does not depend on the true
anomaly perturbation f1.

We note that the orbital period is not a directly observ-
able quantity. By comparison, the sensitivity calculation
we have performed in this work has been careful to con-
struct directly observable quantities from the predicted
perturbed orbits. Nonetheless, we proceed to compare
them by adopting the ansatz of period perturbation sen-
sitivities made in [2, 8], in which a Earth-Moon distance
measurement with precision � could be related to a mea-
surement of the period by

�P =
3(1 � e

2
0)P0

2p0
� . (131)

Since, by assumption, both the light-travel-time and the
period perturbation sensitivity are constant in time, we

see that sensitivity calculations correctly making use of
the light-travel-time will achieve more rapid growth than
those which incorrectly use the period perturbation. For
instance, for a deterministic GW, sensitivity via the light-
travel-time scales as t

5/2 while it scales as t
3/2 from the

period perturbation.
To illustrate this di↵erence, we refer back to the iso-

lated Earth-Moon binary, which we perturb by an accel-
eration of the form

asig(t) = cos(2⇡⌫t)✓̂(⌥0(t)) µm day�2
.

with ⌫ = 2/P0. We then compute the perturbed or-
bital elements and map them into the first-order pertur-
bations to the light-travel time, relevant for the analy-
sis performed in this work, and to the orbital period,
relevant for the analysis performed in [2, 8]. The time
evolution of those perturbations for the first 30 orbits
starting from an unperturbed initial condition is shown
in Fig. 17. We clearly see the quadratic growth of the
light-travel-time as compared to the linear growth of the
period perturbation.

To directly compare to the results of [2, 8], we make
identical assumptions of a measurement precision in the
light-travel time corresponding to distance perturbation
measurement of � = 3mm, which we relate to a period
perturbation precision via Eq. 131. We then illustrate
single-measurement precision to each perturbation with
a light red band in Fig. 17. The properly calculated
sensitivity to the light-travel-time perturbation is con-
siderably greater incorrectly calculated sensitivity to the
period perturbation, with the relative di↵erence growing
greater in time due to their di↵erent scaling with time in
their evolution.

F. SATELLITE NETWORKS AND ORBITAL
CORRELATIONS

An interesting future possibility to increase the chances
of detection and confirmation of the origin of any possi-
ble anomaly is the use of several probes sensitive to the
same background. As a first exercise in this direction, we
now consider the case where we have multiple satellites
and evaluate the correlated evolution of those perturbed
orbits. This will require only a modest extension of the
previous computations. For each satellite, which we in-
dex with a capitalized superscript, we can compute a
mapping of orbital perturbations to distance perturba-
tions TA, a fundamental matrix for the first-order per-
turbations �

A, and the solutions to the covariance inte-
grals ⌅

A. We can then evaluate the correlation between
the observables for arbitrary satellites driven by, e.g.,a
SGWB, as

⌃AB(t, t0) = TA

↵
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Standard Analysis: Arcs method. Fit a best orbit + signal every 7 days (~6 orbits).
Derived for geodesy
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Figure 17. (Above) In black, we depict the time evolution
of the light-travel-time perturbation for the Earth-Moon sys-
tem when acted upon by an acceleration in the azimuthal
direction of the orbit with a magnitude of 1µm/day2. Grey
lines depict the envelope of the growth of the perturbation
in time, which scales as t2, while the grey band illustrates
the region within which the perturbation oscillates over a sin-
gle orbit. The red band illustrates the precision of a single
light-travel-time measurement, assumed to corresponding to
a distance perturbation precision of 3 mm. (Below) As in the
top panel, but inspecting the time-evolution of the perturba-
tion to the binary period. A less rapid linear growth of the
perturbation is realized, with lesser relative sensitivity via the
measurement precision of 3 mm related to a period sensitiv-
ity via the relation in Eq. 131 made in [2, 8]. Moreover, the
analysis of [2, 8] made use only of the secular evolution of
the period perturbation, which we illustrate on our plot by
downsampling averaging the numerical result in black over
each period. Further sensitivity will be lost in this approach
due to loss of resolution of the oscillatory features.

From our results of Sec. III, it hence follows that, unlike
the light-travel-time or pulse time-of-arrival, the pertur-
bation to the period P1 will grow at most linearly in t

when on-resonance as it does not depend on the true
anomaly perturbation f1.

We note that the orbital period is not a directly observ-
able quantity. By comparison, the sensitivity calculation
we have performed in this work has been careful to con-
struct directly observable quantities from the predicted
perturbed orbits. Nonetheless, we proceed to compare
them by adopting the ansatz of period perturbation sen-
sitivities made in [2, 8], in which a Earth-Moon distance
measurement with precision � could be related to a mea-
surement of the period by

�P =
3(1 � e

2
0)P0

2p0
� . (131)

Since, by assumption, both the light-travel-time and the
period perturbation sensitivity are constant in time, we

see that sensitivity calculations correctly making use of
the light-travel-time will achieve more rapid growth than
those which incorrectly use the period perturbation. For
instance, for a deterministic GW, sensitivity via the light-
travel-time scales as t

5/2 while it scales as t
3/2 from the

period perturbation.
To illustrate this di↵erence, we refer back to the iso-

lated Earth-Moon binary, which we perturb by an accel-
eration of the form

asig(t) = cos(2⇡⌫t)✓̂(⌥0(t)) µm day�2
.

with ⌫ = 2/P0. We then compute the perturbed or-
bital elements and map them into the first-order pertur-
bations to the light-travel time, relevant for the analy-
sis performed in this work, and to the orbital period,
relevant for the analysis performed in [2, 8]. The time
evolution of those perturbations for the first 30 orbits
starting from an unperturbed initial condition is shown
in Fig. 17. We clearly see the quadratic growth of the
light-travel-time as compared to the linear growth of the
period perturbation.

To directly compare to the results of [2, 8], we make
identical assumptions of a measurement precision in the
light-travel time corresponding to distance perturbation
measurement of � = 3mm, which we relate to a period
perturbation precision via Eq. 131. We then illustrate
single-measurement precision to each perturbation with
a light red band in Fig. 17. The properly calculated
sensitivity to the light-travel-time perturbation is con-
siderably greater incorrectly calculated sensitivity to the
period perturbation, with the relative di↵erence growing
greater in time due to their di↵erent scaling with time in
their evolution.

F. SATELLITE NETWORKS AND ORBITAL
CORRELATIONS

An interesting future possibility to increase the chances
of detection and confirmation of the origin of any possi-
ble anomaly is the use of several probes sensitive to the
same background. As a first exercise in this direction, we
now consider the case where we have multiple satellites
and evaluate the correlated evolution of those perturbed
orbits. This will require only a modest extension of the
previous computations. For each satellite, which we in-
dex with a capitalized superscript, we can compute a
mapping of orbital perturbations to distance perturba-
tions TA, a fundamental matrix for the first-order per-
turbations �

A, and the solutions to the covariance inte-
grals ⌅

A. We can then evaluate the correlation between
the observables for arbitrary satellites driven by, e.g.,a
SGWB, as

⌃AB(t, t0) = TA
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Standard Analysis: Arcs method. Fit a best orbit + signal every 7 days (~6 orbits).

Global Analysis: Fit a more global orbit model + signal

Derived for geodesy



Data:  
rms=1 cm per point, 

10 points per orbit

French hardware contribution (preliminary)

Open to additional contributions

• SLR tracking from station MéO/CNRS-OCA
(C. Courde, J. Chabé – OCA/GeoAzur)
• Regular “added value” to GUEST at perigee (similar to 

standard SLR station)
• Very high “added value” to GUEST at apogee 

(performances from LLR station needed to reach S/C)

• Consolidated cost estimate for the station: 4500 €/night
• Preliminary cost estimate: 10 normal points/day per S/C (5 

min pr NP): 625 k €/night x 200 obs. day/yr = 125 k €/yr

• Risks:
• New SLR laser bought in 2020
• Funding for a  new H-maser in 2024 (INSU-CNES)
• But LLR laser (~1990’s) is getting old
• Dedicated funding common to the LLR research

program/space debris tracking

Slide courtesy: C. Courde

GUEST 10 years sensitivity (one orbit) 
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Step-2 Proposal ESA F3 Call 2025 – GUEST

Fig. 4: Sensitivity of GUEST to the GW amplitude 𝐿0 of monochro-
matic GW as a function of sky location for 1 month of data for the
2 SC separately and when they are combined. Darker color repre-
sents better sensitivity to GW. This illustrates the complementarity
of the 2 probes.

Furthermore, some of these sources may be loud
enough to be individually resolvable. In this
case, the response is directional, as the changes
of the orbit are correlated with the sky location
of the GW source. In Fig. 4 we show a sky
map of single satellites for a month of data,
illustrating the importance of having 2 probes.
Furthermore, this sky location dependency is
also mitigating over long duration because of
the natural drift of the orbital planes.

The signal of these individual sources is di!erent depending on their stage of evolution. If far from their merger,
they will be in slowly evolving orbits, in which case they can be treated as (quasi-)monochromatic for the
duration of the mission. In this case, GUEST will exhibit a prominent resonant response, something that can be
seen in the right panel from Fig. 3 where the sensitivity of GUEST to monochromatic GW is shown. .

Fig. 5: Distance reach for monochromatic
sources and slowly evolving sources, i.e. SMBH
binaries far from their merger. Color lines: set
of initial frequencies of the SMBH system at the
beginning of the GUEST mission. Solid lines:
very conservative approach to data analysis (with
arcs). Dashed lines: best case scenario.

A preliminary distance limit inferred from the strain sensitivity
presented on the right panel from Fig. 3 is shown on Fig. 5 for
monochromatic sources or sources whose frequency is slowly
evolving with time. For the latter, i.e. supermassive black hole
binaries with a total mass of 105–108 solar masses, their GW
signals sweep across several resonances over the duration of the
mission. In this case, the evolution of the orbit behaves like a
spectrograph, with the GW signal exciting several resonnances.
The figure 5 accounts for such a peculiarity. This figure shows
that GUEST would be able to detect any intermediate mass
binary black hole (IMBH) system within our closest globular
clusters such as, for examples, M4 (distance 1.85 kpc) or NC6397
(distance 2.4 kpc). This would lead to a first discovery of such
elusive systems. Detecting binary IMBHs would be important,
because they could fill one of the biggest gaps in black hole
astrophysics: the range between stellar-mass black holes and
supermassive black holes. Note that such sources can possibly
enter the LISA band several years later. More massive chirping merger corresponding to supermassive mergers
would be observed up to distances corresponding to 100/1000 Mpc, in an optimistic scenario.

Fig. 6: Distance reach of GUEST for merging SMBHs (i.e. fastly evolving system).
The “With arcs” case corresponds to a very conservative approach to data analysis
while the other case corresponds to a best case scenario. The color lines correspond
to SNR=1, 2 and 5.

Finally, if the source is merg-
ing during the GUEST mission,
the source will be rapidly evolv-
ing and generate GWs whose
frequency grows very quickly,
and picks up even more higher
resonant peaks. In this case
as well, the evolution of the or-
bit behaves like a spectrograph,
with higher modes ringing up
as the orbit evolves. Track-
ing down these changes, one
can search for these chirping
sources.

Fig. 6 shows the distance reach of GUEST to merging signal using dedicated waveforms considering the two
conservative and optimistic scenarios for data analysis. This figure suggests that GUEST would be able to
detect GW emitted from supermassive black hole merger up to 109 solar masses, which would correspond to
the most massive single BH merger systems ever observed.
The possibility of simultaneous electromagnetic channels (multi-messenger) will also facilitate the identification
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Fig. 3: Left panel: Possible stochastic GW sources probed by GUEST. Pulsar timing arrays (represented here by
NANOGrav-15yr, light blue) provide strong evidence for a stochastic GW signal from supermassive black holes (blue).
More speculatively, the 𝐿Hz may harbour primordial signals from the early Universe (such as cosmological phase
transitions, red, or cosmic string networks, green). The black curves show the GUEST sensitivity using an ideal data
analysis scheme. The continuous line is a power-law integrated sensitivity, while the peaks correspond to the resonant
sensitivity. Right panel: Reach of GUEST for individual GWs quasi-monochromatic sources. The “with arcs” case
corresponds to a very conservative approach to data analysis, while the “no arc” case is related to a best-case scenario.
The curves correspond to SNR=1.

one is the target of the ESA-led constellation of laser interferometers, LISA (again, cf. Fig. 2). Alongside
ground-based interferometers (LVK and 3G in Fig. 2) and the possibility of terrestrial very large baseline
atomic interferometers (TVLBAI in Fig. 2), these technologies cover a large fraction of the physically motivated
sources of gravitational waves, but leave a physics-rich band notoriously unexplored: the 𝐿Hz region (from
10→8 Hz to 10→4 Hz). As shown in Fig. 2, the amplitude of gravitational waves in this band will remain almost
unconstrained (we plot some possible future bounds from astrometry [Vaglio et al., 2025]). This contrasts with
the existence of many sources of the invisible Universe in it [Sesana et al., 2021; Blas and Jenkins, 2022b]. Two
examples are the expected signals from supermassive black hole binaries from galactic centers and primordial
gravitational waves from the early Universe, the latter being related to aspects of particle physics inaccessible to
even the most powerful particle colliders or any other astrophysical observation, cf. Fig. 2.

3.2.A.1. Detecting GWs from supermassive black holes: key insights for galaxy evolution

Supermassive black hole binaries (SMBHBs) are pivotal in understanding the evolution of galaxies. As galaxies
merge, their central black holes sink towards the merged galaxy’s center due to dynamical friction, eventually
forming a binary system. Observing and modeling SMBHBs enables one to reconstruct the co-evolution
history of galaxies and their central black holes over cosmic time. Furthermore, their interactions with the
surrounding gas and stars can lead to both enhanced and suppressed star formation, o!ering insight into
observed properties of galaxies and di!erent e”ciencies for their merger. Finally, even if the environment
around SMBHBs may produce electromagnetic signatures such as optical flares, periodic X-ray emissions,
or radio jet modulations, only GWs are directly emitted at the heart of the SMBHB location and, since they
travel to us almost unimpeded, can probe their most fundamental properties in unsurpassed detail and statistical
significance [LISA collaboration, 2024].
With masses ranging from 106 to 109 solar masses, these binaries emit GWs in the range from nHz to 𝐿Hz
band, and their associated population models fill a broader spectrum up to mHz. One of the most relevant
observations of recent years has been the strong evidence of GWs at nHz frequencies found by PTAs [Agazie
et al., 2023], which may correspond to these giants. To confirm this origin or dismiss it, which could point
towards an even more fundamental origin, a robust strategy is exploring this signal at other frequencies. The
prediction from SMBH binaries is represented by the blue band in the left panel from Fig. 3 by the “SMBHBs”
line. The black lines gives an idea of the possible reach from GUEST to this background, the continuous line
being a power-law integrated sensitivity. Note that this sensitivity curve has been obtained using an optimistic
data analysis, the impact of fitting arcs to search for stochastic signals is still under investigation.

SGA1. GUEST will be sensitive to the expected background of GWs from a black hole population never
seen before.
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Supermassive black hole binaries (SMBHBs) are pivotal in understanding the evolution of galaxies. As galaxies
merge, their central black holes sink towards the merged galaxy’s center due to dynamical friction, eventually
forming a binary system. Observing and modeling SMBHBs enables one to reconstruct the co-evolution
history of galaxies and their central black holes over cosmic time. Furthermore, their interactions with the
surrounding gas and stars can lead to both enhanced and suppressed star formation, o!ering insight into
observed properties of galaxies and di!erent e”ciencies for their merger. Finally, even if the environment
around SMBHBs may produce electromagnetic signatures such as optical flares, periodic X-ray emissions,
or radio jet modulations, only GWs are directly emitted at the heart of the SMBHB location and, since they
travel to us almost unimpeded, can probe their most fundamental properties in unsurpassed detail and statistical
significance [LISA collaboration, 2024].
With masses ranging from 106 to 109 solar masses, these binaries emit GWs in the range from nHz to 𝐿Hz
band, and their associated population models fill a broader spectrum up to mHz. One of the most relevant
observations of recent years has been the strong evidence of GWs at nHz frequencies found by PTAs [Agazie
et al., 2023], which may correspond to these giants. To confirm this origin or dismiss it, which could point
towards an even more fundamental origin, a robust strategy is exploring this signal at other frequencies. The
prediction from SMBH binaries is represented by the blue band in the left panel from Fig. 3 by the “SMBHBs”
line. The black lines gives an idea of the possible reach from GUEST to this background, the continuous line
being a power-law integrated sensitivity. Note that this sensitivity curve has been obtained using an optimistic
data analysis, the impact of fitting arcs to search for stochastic signals is still under investigation.

SGA1. GUEST will be sensitive to the expected background of GWs from a black hole population never
seen before.
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f ∼ 10−15 Hz f ∼ μHz

Beyond-the-Standard Model sources.
Preheating, first-order phase transitions, cosmic strings

Peera Simakachorn (Uni. Hamburg) 28.10.2022
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3.2. Universe hidden to light: the Dark Universe and the Gravitating Universe
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Fig. 1: A Dark and Gravitating Universe

The revolutionary progress of astronomy in the 20th century
was mostly driven by the study of electromagnetic waves. In-
terestingly, these signals have already shown their limitations
in sustaining this progress: 95% of the current energy density
of the Universe is in the form of dark matter or dark energy,
with no known interaction with light; the centers of galaxies are
dominated by supermassive black holes with no direct emission
of electromagnetic signals; and any process from the heart of
the Big Bang, before the Universe became transparent, can not
transmit any direct information to us through light. Moreover,
gravitation remains an enigmatic force, whose precise study
cannot be limited to light signals. All these mysteries share the
fact that they may be explored through gravitational phenomena. Studying the dark gravitational Universe
stands as a universal goal towards groundbreaking results in understanding Nature, as clearly represented
in the Voyage 2050 vision of ESA, with 3 of its 5 topical teams related to the dark Universe and several
recommendations for its exploration [ESAVoyage2050].

3.2.A. Charting new bands of gravitational waves: colouring the gravitational wave sky.
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Fig. 2: The GW landscape. Despite observations by several current (black curves/dark grey shading) and future (light
grey shading) GW missions, the 𝐿Hz band remains unexplored. GUEST will take a decisive step to bridging this gap.

Gravitational waves (GW) are ripples of space-time carrying fundamental information about their source
and probing the intervening Universe in their propagation. They are characterized by an amplitude 𝑀0( 𝑁 ) at
frequency 𝑁 and a geometrical factor (polarization content). When the waves are abundant, they add up to a
background that is better characterized in terms of its power-spectrum, or equivalently, in terms of its energy
density as a function of frequency, normalized by the average energy density of the universe 𝑂𝐿,

ω( 𝑁 )GW =
1
𝑂𝐿

d𝑂𝑀
d ln 𝑁

, with 𝑂𝑀 =
1

32𝑃𝑄
→ ↑𝑀2

0,+ + ↑𝑀2
0,↓↔ and 𝑂𝐿 = 3𝑅2

/(8𝑃𝑄). (1)

Since gravitation is universally coupled to any energy source, gravitational waves are privileged witnesses of
all the constituents of the cosmos, even if they do not emit light.
The first direct detection of gravitational radiation was achieved in 2015 by the twin LIGO interferometers [Abbott
et al., 2016]. Besides its historical relevance, the signal was groundbreaking, sourced by a “loud” merger of
two black holes of properties considered implausible before. A new window into the Cosmos just opened.
Since 2015, hundreds of events emitting gravitational waves have been detected in a band centered around 100
Hz. It is a priority for the international community to expand this reach to the wide band where gravitational
waves may be produced. This program (“adding colour to the gravitational wave sky”, see Voyage 2050
document [ESAVoyage2050]) promises to be equally groundbreaking as the one from last century for the
electromagnetic spectrum (see [ESAMisssions] for ESA’s e!ort to cover the full electromagnetic spectrum).
The lowest detectable frequencies are explored through their impact on the cosmic microwave background
(CMB bounds in Fig. 2). The nHz band is surveyed by pulsar timing arrays (PTA in Fig. 2), while the mHz
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High frequency GWs (>10 kHz)
Exploratory: fundamental backgrounds & new technologies
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The revolutionary progress of astronomy in the 20th century
was mostly driven by the study of electromagnetic waves. In-
terestingly, these signals have already shown their limitations
in sustaining this progress: 95% of the current energy density
of the Universe is in the form of dark matter or dark energy,
with no known interaction with light; the centers of galaxies are
dominated by supermassive black holes with no direct emission
of electromagnetic signals; and any process from the heart of
the Big Bang, before the Universe became transparent, can not
transmit any direct information to us through light. Moreover,
gravitation remains an enigmatic force, whose precise study
cannot be limited to light signals. All these mysteries share the
fact that they may be explored through gravitational phenomena. Studying the dark gravitational Universe
stands as a universal goal towards groundbreaking results in understanding Nature, as clearly represented
in the Voyage 2050 vision of ESA, with 3 of its 5 topical teams related to the dark Universe and several
recommendations for its exploration [ESAVoyage2050].

3.2.A. Charting new bands of gravitational waves: colouring the gravitational wave sky.
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Fig. 2: The GW landscape. Despite observations by several current (black curves/dark grey shading) and future (light
grey shading) GW missions, the 𝐿Hz band remains unexplored. GUEST will take a decisive step to bridging this gap.

Gravitational waves (GW) are ripples of space-time carrying fundamental information about their source
and probing the intervening Universe in their propagation. They are characterized by an amplitude 𝑀0( 𝑁 ) at
frequency 𝑁 and a geometrical factor (polarization content). When the waves are abundant, they add up to a
background that is better characterized in terms of its power-spectrum, or equivalently, in terms of its energy
density as a function of frequency, normalized by the average energy density of the universe 𝑂𝐿,

ω( 𝑁 )GW =
1
𝑂𝐿

d𝑂𝑀
d ln 𝑁

, with 𝑂𝑀 =
1

32𝑃𝑄
→ ↑𝑀2

0,+ + ↑𝑀2
0,↓↔ and 𝑂𝐿 = 3𝑅2

/(8𝑃𝑄). (1)

Since gravitation is universally coupled to any energy source, gravitational waves are privileged witnesses of
all the constituents of the cosmos, even if they do not emit light.
The first direct detection of gravitational radiation was achieved in 2015 by the twin LIGO interferometers [Abbott
et al., 2016]. Besides its historical relevance, the signal was groundbreaking, sourced by a “loud” merger of
two black holes of properties considered implausible before. A new window into the Cosmos just opened.
Since 2015, hundreds of events emitting gravitational waves have been detected in a band centered around 100
Hz. It is a priority for the international community to expand this reach to the wide band where gravitational
waves may be produced. This program (“adding colour to the gravitational wave sky”, see Voyage 2050
document [ESAVoyage2050]) promises to be equally groundbreaking as the one from last century for the
electromagnetic spectrum (see [ESAMisssions] for ESA’s e!ort to cover the full electromagnetic spectrum).
The lowest detectable frequencies are explored through their impact on the cosmic microwave background
(CMB bounds in Fig. 2). The nHz band is surveyed by pulsar timing arrays (PTA in Fig. 2), while the mHz
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High frequency GWs (>10 kHz)

Sources?

How to detect them?



High frequency GWs (>10 kHz)

Great opportunity to leverage sensing revolution!

1) Frequencies and wavelengths closer to laboratory scales!

kHz�GHz

102 km� cm

2) Gravity couples to everything in your lab with ‘known’ Hamiltonians

How to detect them?



High frequency GWs (>10 kHz)
Exploring all possibilities!

2501.11723 [gr-qc] ( v1 2011.12414 [gr-qc])
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that is to be detected. This points out the principal feature of electromagnetically
coupled antennas relative to acoustically coupled ones such as bars; that an electro-
magnetic aDtenna can be.longer thar its acoustic counterpart in the ratio of the speed
of Ilght to the speed of sound !n materials, a faetor of l0-, Since it is not the strain
but rather the diJferential displacement that is measured in these gravitational antennas,
the proposed antenna can offer a distinct advantage in sensivity relative to bars in
detecting both broadband and 

'single-frequenc)' gravitational radiation' A significant
improvement in thermal noise can also be realized.

5, Noise Sources in the -{ntenna

The power spectrurn of noise from various sources in an antenna of the design shorvn
in Fig, V-20 is estimated below. The power spectra are given in equivalent displace-
ments squared per unit frequeney interval,
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How to detect them?

We are in the early days!
E.O. Lawrence 

Livingston plot



Livingston plot for GWs





Section 3: Overview of Detector Sensitivities and Possible Signals 17

Figure 1: Overview of achieved and projected strain sensitivities of high-
frequency gravitational wave detectors up to 100GHz. Solid (dashed) lines
indicate broadband (resonant) detectors. The color coding (see text for details)
indicates the development stage ranging from published GW results (orange)
to active R&D e!orts (purple) and proposed concepts (cyan). Details on the
di!erent proposals are given in Section 5.

includes concepts whose development is driven by physics goals other than
GWs, for instance light dark matter searches. Finally, cyan curves indicate
detector concepts which have been proposed but are, to our knowledge, not
yet under active R&D. This classification is necessarily somewhat subjective
and will evolve over time; it should therefore be taken as indicative only. For
better visibility, we have split these summary plots into two frequency regimes,
namely below 100GHz (Fig. 1) and above (Fig. 2).

Given the sensitivity curves in Figs. 1 and 2, the detectability of possible
signals can be estimated by determining the corresponding signal-to-noise ratio
as given in Eqs. (22) and (23). Various types of sources and signals will be
comprehensively discussed in Section 4; here, we focus on three exemplary
cases: a monochromatic signal, a PBH binary inspiral, and a stochastic GW
background.

For a persistent, monochromatic GW signal (arising e.g. from black
hole superradiance, see Section 4.1.5) and a detector performing a linear meas-
urement of the GW, the sensitivity to the GW amplitude can be estimated as
(see Eq. (31))

hsens
0 → (Snoise

h
/tint)

1/2 . (34)

Aggarwal et al. 2501.11723 [gr-qc])



Ex1. GWs interact with light

Analogy with axion experiments, though different current

Key differences: 
monochromatic, 
transient with sweeping frequency 
stochastic

GWs can be 



High frequency GWs (>10 kHz)

Sources?

How to detect them?



BSM: Early Universe: inflation, new particles at high E
Signals from dark matter
Signals from new particles

…
Fundamental properties of gravity

If one looks for new physics all the bands from may be too loud

How do we access BSM?
tough global fits


(as in hadron colliders)

move to other bands

Searches for fundamental physics in LISA/3G



Sources of UHFGW: where to aim
BSM: Early Universe: inflation, new particles at high E

Signals from dark matter
Signals from new particles

…
Fundamental properties of gravity

More importantly there is a ‘Higgs like’ observable!
https://incandenza-01.zdv.uni-mainz.de/Omegaplot/

GWs from thermal 
fluctuations of early 

Universe

hc

(Also non-stochastic sources possible)



GravNet

GravNet project (ERC funded)

‣ Further enhance sensitivity by combining 
HFGW detectors
‣ Initial sites: Bonn, Mainz, Frascati, PSI

‣ GPS based data-acquisition scheme 
‣ Experience from GNOME Network

‣ Nine small resonant cavities (5-9 GHz) 
‣ operation of three cavities in one magnet

‣ One large resonant cavity (100 MHz)

G
ravN

et‣ Optimized modelling



GravNet

GravNet project (ERC funded)

‣ Further enhance sensitivity by combining 
HFGW detectors
‣ Initial sites: Bonn, Mainz, Frascati, PSI

‣ GPS based data-acquisition scheme 
‣ Experience from GNOME Network

‣ Nine small resonant cavities (5-9 GHz) 
‣ operation of three cavities in one magnet

‣ One large resonant cavity (100 MHz)

G
ravN

et‣ Optimized modelling

GravNet

16

Source Modeling
and Data Analysis

Resonant 
Cavities Quantum Sensing Network 

Operation

Dmitry Budker (Mainz)Claudio Gatti (INFN)Diego Blas (IFAE) Matthias Schott (Bonn)



GravNet

1. Open a new window to the 
Universe (MHz to GHz gravitational 
waves).

2. Measure a physical phenomenon 
we have never measured before: 
the (inverse) Gertsenshtein effect, 
the generation of a photon by a 
gravitational wave that traverses a 
strong magnetic field. 

3. Start a new initiative on which to 
build in the future. 

4. Re-use of cavities which are 
already employed for axion 
searches. 

5. Operating a network.

7

EM coupling



GravNet

GravNet collaboration

‣ First results: 2511.17817

‣ CAPP-12T MC EXPERIMENTAL DATA USED FOR HFGWS
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Early explorations: lot’s of interesting Physics waiting!!!  
Analysis, sources, multiband, multimessenger, 

cosmology connections, other Physics.



gravitational waves affect gravitationally bound systems

Our proposal: binary resonance!
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ω → a
δ··ri = − δRi
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Credit: J. Foster 

Evolution on stochastic backgrounds 



Sensitivity: way to go



Sensitivity: way to go




