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Landscape of GW detectors: today to 2040

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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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].
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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,
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1
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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

7

As
tro

m
et

ry?

CMBS4

Ωgw( f ) ≡
1
ρc

dρgw

d log f
ρgw =

c2

16πG ⟨ ·h2
+ + ·h2

×⟩ =
c2

32πG
⟨ ·hij

·hij⟩

I

Very large baseline atomic interferometers

Neff



Landscape of GW detectors: today to 2045

Step-2 Proposal ESA F3 Call 2025 – GUEST

3.2. Universe hidden to light: the Dark Universe and the Gravitating Universe

5%
Visible 
Matter

27%
Dark Matter

68%
Dark Energy

Gravitational phenomenum

Black Holes

Invisible so far to
electromagnetic waves

Detectable 
through gravity

gravitational waves / phenomena
Early Universe

Opaque to light

The dark gravitational 
universe

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].
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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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d ln 𝑁

, with 𝑂𝑀 =
1
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→ ↑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 LISA band
guaranteed signal by the corner?

Is it a signal of SMBHBs?

2301.13854 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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FIG. 17. Extension of Fig. 16 to higher frequencies, indicating the prospective sensitivities of LVK and planned and proposed
future detectors. For clarity, we include only the first four and the eighth bins which are the most narrow and have the largest
impact on fit quality. The green band extends the “violins” in the PTA range to higher frequencies, and shows the mean GW
energy density spectrum from SMBH binaries heavier than 103M→ for pBH = 0.25→ 1. Individual SMBH binaries are expected
to be measurable in this frequency range. The FOGW spectrum is expected to be cut o! at some frequency between the ranges
where PTAs and interferometers are sensitive.

fit is better than in the pure SMBH model but that can
still accommodate observable individual binary sources.

Fig. 17 extends the model comparisons to the higher
frequencies accessible to other experiments including
LISA [303–305], The Einstein Telescope (ET) [306, 307],
AION [308, 309], AEDGE [309, 310], the Nancy Roman
telescope (ROMAN) [311] and the design sensitivity of
LVK [161–163]. We see that LISA should be able to de-
tect individual SMBH binaries, albeit with lower masses
(O(106 → 109) solar masses) than those responsible for
the NANOGrav signal (↭ O(109) solar masses [112]), at
larger rates if environmental e!ects are important [14].
Similarly, proposed experiments in the mid-frequency
band such as AION and AEDGE would be sensitive to
mergers of BHs with masses O(103 → 106) solar masses.
On the other hand experiments such as LVK and ET are
not sensitive to mergers of BHs with masses ↭ 103 so-
lar masses. In contrast, all these experiments should be
able to detect GWs from cosmic (super)strings, even in
the case of modified cosmological evolution [20]. On the
other hand, the SGWB from a cosmological phase transi-
tion, SIGWs, FOGWs or “audible” axions would be un-
observable in any higher-frequency detector, whereas the
SGWB from domain walls might be observable by LISA
between 10→3

→ 10→2 Hz, but probably not by AEDGE
and other detectors operating at frequencies ↭ 10→2 Hz.

V. CONCLUSIONS

The recent PTA data from NANOGrav and other
PTA Collaborations have established the existence
of a SGWB in the nHz range, but its interpretation
remains an open question. Binary SMBH systems are
the default astrophysical interpretation but remain to
be established as the sources of the PTA signals. Many
cosmological models invoking generic aspects of BSM
physics have also been proposed as prospective sources.
We have presented in this paper a comprehensive
Multi-Model Analysis (MMA) that applies a common
approach to assess the relative qualities of fits in these
models, both with and without the inclusion of a SMBH
binary background. We find that these models are
capable of fitting the NANOGrav data at least as
well as SMBH binaries alone (significantly better if
environmental e!ects on the evolution of the binaries
can be neglected). Future PTA datasets may be able to
distinguish between the cosmological and astrophysical
scenarios, e.g., by observing bin-to-bin fluctuations,
anisotropies, circular polarization or individual sources.
Observations at higher frequencies will also be invalu-
able: some cosmological scenarios predict a turndown
of the frequency spectrum that precludes measurements
by LISA, whereas astrophysical models suggest that BH

2308.08546 Ellis et al

What’s this PTA signal?



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

Peera Simakachorn (Uni. Hamburg) 28.10.2022
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Another PBH signal: scalar-Induced GWs
Blas et al 2602.12252

Figure 2: Power-law-integrated sensitivity curves (solid lines) of LLR, eLO and eSLR [40]. We also show the first 14 bins of
NANOGrav 15 yrs experiment [2, 79] and future sensitivity (dashed lines) for planned experiments like SKA [80, 81] and LISA [82]
and AION-km [83–85]. For completeness, we also show in black the SIGW spectra for two benchmark scenarios, with A = 10→2,
kω = 109 Mpc→1, ! = 0.1 (solid) and ! = 1 (dashed).

of such waves induces a tidal acceleration on the rel-
ative separation vector with an oscillating pattern,
thereby exciting harmonics of the orbital frequency
and producing time-dependent perturbations in the
osculating orbital elements that may accumulate with
time, as well as in the round-trip light-travel time
measured by LLR. Since the Earth-Moon baseline,
i.e. the nominal orbital separation predicted by high-
precision ephemerides, is known with exquisite accu-
racy, the perturbations from a very weak stochastic
signal model are expected to be distinguishable from
other e!ects [39, 40, 86].

In addition, we consider high-eccentricity orbits for
laser-ranging that extend both current lunar and ter-
restrial capacities.

i) First, we study an eccentric lunar-orbit configu-
ration (eLO), in which a satellite orbiting the Moon
on a highly eccentric trajectory is tracked with a
precision comparable to that of LLR. As done in
Ref. [40], we adopt orbital parameters correspond-
ing to a period of 6.5 days and an eccentricity of
0.7. These parameters are representative of orbits
currently planned for lunar navigation infrastruc-
tures such as Gateway [87]. While achieving the re-
quired laser-ranging precision for such missions would
be challenging, this configuration provides a realis-

tic benchmark for assessing the potential sensitivity
of future lunar satellite tracking to long-wavelength
GWs.

ii) Second, we consider eccentric Satellite Laser
Ranging (eSLR) scenarios involving artificial satel-
lites on highly eccentric Earth orbits. In this case,
the Earth-satellite system forms a gravitationally
bound binary whose large eccentricity, like in the
case of eLO, enhances the resonant response to long-
wavelength GWs and results in amplified perturba-
tions of the orbital elements. As an illustrative exam-
ple, we use the orbit of the Magnetospheric Multiscale
(MMS) mission, which was briefly laser ranged [40].
Although MMS was not designed as an SLR mission,
and therefore does not provide the precision assumed
in our projections, a future SLR experiment with sim-
ilar orbital parameters is possible with current tech-
nologies. Other SLR missions which realize less ec-
centric and shorter-period orbits are also discussed in
Ref. [40].

A summary of the relevant GW sensitivities and
the corresponding horizon mass ranges as a function
of frequency is shown in Fig. 2. Sensitivities via the
binary resonance mechanism for the LLR, eLO, and
eSLR scenarios are adopted from Ref. [86] and depend
in detail on the assumptions made in that work.
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Figure 2: Power-law-integrated sensitivity curves (solid lines) of LLR, eLO and eSLR [40]. We also show the first 14 bins of
NANOGrav 15 yrs experiment [2, 79] and future sensitivity (dashed lines) for planned experiments like SKA [80, 81] and LISA [82]
and AION-km [83–85]. For completeness, we also show in black the SIGW spectra for two benchmark scenarios, with A = 10→2,
kω = 109 Mpc→1, ! = 0.1 (solid) and ! = 1 (dashed).

of such waves induces a tidal acceleration on the rel-
ative separation vector with an oscillating pattern,
thereby exciting harmonics of the orbital frequency
and producing time-dependent perturbations in the
osculating orbital elements that may accumulate with
time, as well as in the round-trip light-travel time
measured by LLR. Since the Earth-Moon baseline,
i.e. the nominal orbital separation predicted by high-
precision ephemerides, is known with exquisite accu-
racy, the perturbations from a very weak stochastic
signal model are expected to be distinguishable from
other e!ects [39, 40, 86].

In addition, we consider high-eccentricity orbits for
laser-ranging that extend both current lunar and ter-
restrial capacities.

i) First, we study an eccentric lunar-orbit configu-
ration (eLO), in which a satellite orbiting the Moon
on a highly eccentric trajectory is tracked with a
precision comparable to that of LLR. As done in
Ref. [40], we adopt orbital parameters correspond-
ing to a period of 6.5 days and an eccentricity of
0.7. These parameters are representative of orbits
currently planned for lunar navigation infrastruc-
tures such as Gateway [87]. While achieving the re-
quired laser-ranging precision for such missions would
be challenging, this configuration provides a realis-

tic benchmark for assessing the potential sensitivity
of future lunar satellite tracking to long-wavelength
GWs.

ii) Second, we consider eccentric Satellite Laser
Ranging (eSLR) scenarios involving artificial satel-
lites on highly eccentric Earth orbits. In this case,
the Earth-satellite system forms a gravitationally
bound binary whose large eccentricity, like in the
case of eLO, enhances the resonant response to long-
wavelength GWs and results in amplified perturba-
tions of the orbital elements. As an illustrative exam-
ple, we use the orbit of the Magnetospheric Multiscale
(MMS) mission, which was briefly laser ranged [40].
Although MMS was not designed as an SLR mission,
and therefore does not provide the precision assumed
in our projections, a future SLR experiment with sim-
ilar orbital parameters is possible with current tech-
nologies. Other SLR missions which realize less ec-
centric and shorter-period orbits are also discussed in
Ref. [40].

A summary of the relevant GW sensitivities and
the corresponding horizon mass ranges as a function
of frequency is shown in Fig. 2. Sensitivities via the
binary resonance mechanism for the LLR, eLO, and
eSLR scenarios are adopted from Ref. [86] and depend
in detail on the assumptions made in that work.
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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).
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Resonant responses: for the Hz band, P from days to months (Moon)μ
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Passeig Lluı́s Companys 23, 08010 Barcelona, Spain

Email: dblas@ifae.es

* MMS: if they were tracked at levels at which LAGEOS is tracked + idealized data analysis 

LAGEOS
SLR

* 



F-Class ESA 2025 – Step 2

GUEST 
satellite

Eccentric 
orbit

Cube-corner 
retroreflector

Gravitational 
waves

Geodesy 
and tests 
of gravity

Dark-matter 
induced 

fluctuations

Laser

GUEST 
satellite

Gravitational Universe Exploration
with Satellite Tracking

GUEST

Lead Proposer: Prof. Diego Blas Temiño
Institut de Fı́sica d’Altes Energies (IFAE)
The Barcelona Institute of Science and Technology
Campus UAB, 08193 Bellaterra (Barcelona), Spain;
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Italy Nicolò Burzillà nicolo.burzilla@lnf.infn.it LNF-INFN
Italy Marco Cinelli marco.cinelli@inaf.it IAPS-INAF
Italy Simone Dell’Agnello simone.dellagnello@lnf.infn.it LNF-INFN
Italy David Lucchesi david.lucchesi@inaf.it IAPS-INAF
Italy Dario Vetrano d.vetrano@lnf.infn.it LNF-INFN
Romania Laurentiu Caramete lcaramete@spacescience.ro I. Space Science
UK Alexander C. Jenkins acj46@cam.ac.uk U. Cambridge
USA Joshua W. Foster jwfoster@fnal.gov U. Wisconsin

Participants: Ulrich Schreiber (TUM), Luca Porcelli (LNF-INFN), Roberto Peron (INAF) Ana Caramete
(Institute of Space Science Romania), Florentina Pislan (Institute of Space Science Romania), Alice Paun
(Institute of Space Science Romania), Florin Ioan Constantin (Institute of Space Science Romania), Maria
Isfan (Institute of Space Science Romania), Gabriel Chiritoi (Institute of Space Science Romania), Florin
Adrian Popescu (Institute of Space Science Romania), Marta Goli m.goli@oma.be (UCLouvain/ROB), Alfonso
Caldiero (ROB), Justin Janquart (ROB), Soumen Roy (ROB), Ignasi Ribas (IEEC), Cristóbal Padilla (IFAE),
Nanda Rea (ICE), Rafael Rebolo (IAC), Marco Reyes (IAC), Carlos Sopuerta (ICE), Xiao Xue (IFAE), Josep
Mas Masdemont (UPC), Adrien Bourgoin (OBSPM), Alice Perego (OCA), Pascal Rosenblatt (U. Nantes),
Mathis Blossfeld (TUM), Anja Schlicht (TUM), Miguel Zumalacárregui (MPG), Alberto Sesana (U. Milano),
Feliciana Sapio (INAF), Alessandro Di Marco (INAF), Marco Lucente (INAF), Massimo Bassan (INAF),
Massimo Visco (INAF), Francesco Santoli (INAF), Toshimichi Otsubo (Hitotsubashi U.), Krzysztof Sośnica
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Orbits
• For this proposal: find 2 orbits that satisfy all requirements.

• Optimized for:
• Science: large period and eccentricity
• End of life: these orbits reenter after the mission life-time (10yr +20yr extended phase)
• Visibility from the ground stations: not too high, geometric visibility optimized

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).
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Payload description: the CCR
• Two sets of CCRS (off-the-shelf available): novelty due to the eccentricity of the orbits

• CCR 1 optimized for low altitude, high aberration, same as on LARES
• CCR 2 optimized for high altitude, low aberration, same as used ESA’s NAVISP R&D 

on lunar navigation/positioning

Heritage from LARES and ESA NAVISP R&D

Step-2 Proposal ESA F3 Call 2025 – GUEST

by concept A (larger spheres). LLR stations would be able to track the SATs at any altitude in their orbit.

The weight of individual CCR masses are estimated by scaling the LAGEOS II optical assembly mass (42.7 g per
1.5 →→ unit [Visco and Lucchesi, 2016]): 12.6 g for a 1 →→ prism and 101.2 g for a 2 →→ prism, including mounting
rings (Invar/Kel-F). The total optical payload mass is 25.7 kg for 86 cm and 16.7 for 70 cm (cf. Table 5).

Regarding RSAT3, the reconstruction of the satellite orbit will be accurately recovered from ranging data, as
the design of the retroreflector array enables cm-level accuracy at all attitudes.

Fig. 20: Estimated satellite’s OCS versus altitude for the GUEST orbit (for the 70 cm sphere, factor 1.5 larger for 86
cm). Left: Visibility in 𝐿 = 532 nm in terms of distance along the orbit. Red curve represent CCR1 average OCS, while
blue curve represent CCR2 average OCS. The total satellite OCS is given by the orange curve. The confidence bands
represent the whole range of possible OCS according to the considered LoS. Right: Comparison between satellite’s OCS
at 𝐿 = 532 nm (green curve) and 𝐿 = 1064 nm (orange curve) as a function of altitude for the GUEST orbit. The IR gives
a better cross-section compared to the green for radial distances below ↑38000 km.

5.3.B.3. Summary of Sphere Parameters

↓ ↓ CCR1/CCR2 single OCS CCR1 (𝑀𝐿)/ CCR2 (𝑀𝑀) # CCR1/CCR2 OCS range
86 cm 1 inch / 2 inches 0.1 Mm2 / 16.5 Mm2 561/189 1.6-48.6 Mm2

70 cm 1 inch / 2 inches 0.1 Mm2 / 16.5 Mm2 366/124 1.0-31.8 Mm2

Table 8: Summary of SAT and CCRs of GUEST (per satellite). The 3rd column presents the OCS of individual CCR,
while the last column presents the estimated OCS of the full SAT.

5.3.C. Ground segment: tracking; upgrades of stations; construction and operation of new stations
5.3.C.1. Tracking using only existing stations

In Sec. 4.4, we considered two requirements for tracking GUEST satellites. RT1 is what we consider as the
minimum scenario, with (on average) at least two LLR stations and one SLR station from the ILRS stations
tracking our SATs during each orbit. Having two SATs translates into 20 NPs observations per orbit for the
whole network, each with mm precision and cm accuracies, with integration times of about 2-10 minutes per
NP. This is a modest number compared to the 𝑁 (100) points per day of LARES-2 [Geisser, 2023; Sośnica et al.,
2025] (see also the EUROLAS Data Center or the ILRS Quaterly analysis or compare to ESA-GASTON).
The visibility by the ILRS stations poses important di!erences compared to similar concepts of SLR: the orbits
of GUEST have large apogees, while perigees are transited at larger velocities, and the orbit orientation plays a
role (all stations with current LLR capabilities are in the northern hemisphere, and there is a concentration of
SLR stations in Europe). The stations we consider from the ILRS are:
LLR Main: Métrologie Optique - Grasse (France, N-MEO), Italian Space Agency Matera (Italy, N-MAT),
Geodätisches Observatorium Wettzell (Germany, N-WETl);
LLR Aux: Kunming Yunnan Observatory (China, N-KUN), Zhongshan University Zhuhai Campus (N-ZH);
SLR: Arequipa (Peru, S-AR), Graz (Austria, N-GRA), Geodätisches Observatorium Wettzell (Germany,
N-WETs), Greenbelt (USA, N-GRE), Haleakala (Hawaii, N-HAL), Hartebeesthoek (South Africa, S-HAR),
Herstmonceux (UK, N-HER), Potsdam (Germany, N-PO), Riga (Lativa, N-RI), San Fernando (Spain, N-SF),
Tahiti (Taiti, S-TA), Yarragadee (Australiam S-YA), Yebes (Spain, N-YE), Zimmerwald (Switzerlnd, N-ZI).
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• Distribution and ratio (~ 3/1) optimized:
• Enough CCR1 to ensure high

visibility at low elevation
• Distribution as isotropic as

possible
• Distribution which would allow to

measure the spin axis of the sphere
• Should allow sub-cm precision in 

SLR measurement

CCRs: Italian contribution

For the small sphere 
(large sphere: 1.5 larger)

Step-2 Proposal ESA F3 Call 2025 – GUEST

Possible gains Cost Di!culty Realistic? Worth?
Laser → 20-50 ↑ 500 ke Medium Yes Yes

Detector A few tens of % 10-40 ke Medium Yes For some stations
Filters & Optics A few tens of % ↑ 1ke Low to Medium Yes For some stations

Infrared ↑ 100% > 350 ke High Unlikely Unlikely

Table 9: Summary of the possible station upgrades investigated. For costs, we give a ballpark estimate of the hardware.
Additional costs needed for installation and system integration may occur.

Fig. 22: Impact of the proposed upgrades of the SLR stations. Current performance of Herstmonceux SLR stations
compared to GUEST OCS (left panel), and expected performance with a 50 mJ Laser upgrade (right panel).

The logic behind these upgrades is:

Laser. Improving stations to use new geodetic-grade, high-power lasers can be envisioned. For example, the
Herstmonceux station operates a 1 mJ energy per pulse, 10 ps pulse length, 1 kHz firing rate, 532 nm laser. The
photon return rate is linearly proportional to the laser power and inversely proportional to the distance to the
fourth power. Increasing the laser power by a factor of 50 would correspond to an increase in the ranging
distance reachable by the station by a factor ↑ 2.7. Upgrading the laser requires bench space in the laser room,
the implementation of an additional optical path to feed in the new laser, additional control, calibration, start
diode and software integration. We use this gain to define the plots of upgraded stations, Fig. 22 and Fig. 13.

Detector. Higher quantum e!ciency (QE) detector can be considered for some stations. The photon return-rate
is linear with the QE. Another relevant parameter is the dark count rate, where large improvements have been
achieved that would be particularly valuable for daytime operations. This upgrade depends on what detector
stations are using, as only stations using a low QE detector (or with high dark count rates) would benefit.

Filters and optics. New notch and wide band filters and possible re-coating of selected degraded optics.
Valuable on a case-by-case basis, it needs a detailed survey to identify potential gains.

Infrared operations. There are several advantages to upgrading to IR laser/detector (observing during bad
conditions), but this upgrade is technically challenging, costly, time-consuming, and disruptive for station
operations. The SATs are also more visible in the IR at low altitudes (cf. Fig. 20). Some stations of the network
have dual-wavelength ranging capabilities, which enable upgrades targeted for the most advantageous case.
This preliminary assessment suggests that upgrading the lasers of some stations would be the most promising
and e”ective option. Several stations from ESA countries have been contacted to perform a very preliminary
assessment of the feasibility of such an upgrade. From these first contacts with stations, we have established a
list of prioritized upgrades, see Table 10. In total, this would add ranging capabilities up to 60000 km to 8
stations (compared to 15000 km currently, i.e. a factor 4 improvement), all operating in the northern hemisphere.
All these stations are shown as FUTURE (yellow), in Fig. 13.

Regarding the southern hemisphere, the station of La Plata-AGGO (see Fig. 13) is a joint station from the
German DLR and the Argentinian government. Prof. Michael Häfner, who is responsible for their operations,
is also part of GUEST. The station will upgrade its laser coudé path to ensure better tracking at the perigee.
Upgrading this station implies a guaranteed coverage of 75% of data close to perigee in good conditions.
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the visibility along the rest of the orbit (2-inch CCR). We first describe each of them before discussing the
optimized ratio in the SATs.
Both sets of CCR are uncoated fused-silica retroreflectors exploiting total internal reflection (TIR). The baseline
mounting of the CCR on protrusions extending outward from the spherical surface to ensure that the reflective
tips of the 2-inch CCRs and 1-inch CCRs are at the same radial distance. This is done to reduce time-detection
biases and ambiguities in the calculation of the laser range correction and in the corresponding processing of
the laser observations. Still, the advantage of this configuration with respect to no protrusions (like LAGEOS
and LARES), or with CCR1s in recessions will be fully evaluated in Phase A/B.

• CCR1 (1 inch): optimised for the high velocity aberration 𝐿 → 48 𝐿rad encountered at perigee (altitude
6919 km). The far-field di!raction pattern (FFDP) of these prisms peaks as close as possible from this
aberration value (see Fig. 18, left panel). This CCR also benefit from a the LARES-2 heritage of ASI.

• CCR2 (2 inch): optimised for the low velocity aberration 𝐿 → 7 𝐿rad at apogee (altitude 86 701 km).
The larger aperture provides higher OCS per unit at small aberration, partially compensating the 𝑀4

signal loss at extreme range. (see the horizontal line on the right panel from Fig. 18). CCR2 will be
Commercial O!-The-Shelf (COTS) detectors with heritage from ESA’s NAVISP EL 1-61 R&D on LCNS
(with strong involvement of our team).

Perigee

Apogee

Fig. 18: Evolution of the OCS for a single CCR as a function of the aberration for the 2 types of CCRs considered in
GUEST for green light 𝑁 = 532 nm. Left: Measured OCS for CCR 1, which is the CCR used for LARES-2. The dashed
lines correspond to the aberration velocities at perigee, see Fig 11. Right: CCR2 corresponds the CCR chosen for the
tracking away from perigee. This curve has been simulated using the CODE V software. The dashed lines correspond to
the aberration at apogee, see Fig 11.

Fig. 19: Distribution of 1” and 2 ” CCRS in the
3:1 configuration. Protrusions for CCR2 shown.

The distribution of the CCRs on the spheres has been optimized
accounting for the following factors: (i) enough CCR1s are
needed to ensure su”cient visibility at low altitudes ; (ii) the
CCRs distribution needs to be as isotropic as possible to provide
constant visibility and minimize aspects such as thermal noise
; (iii) the distribution should allow to identify the North and the
South poles to better determine the spinning properties of the
SATs; and (iv) the retroreflector array as a whole must allow
for sub-cm accuracy in the ranging measurements in order to
accomplish the science objectives. The nominal solution is a
(3:1) mix ratio (CCR1 : CCR2) see Fig. 19, determined by a
parametric optimisation of the total satellite OCS as a function of the number ratio, using FFDP data provided
in Fig. 18. The total number of them is 189 and 561 for the 86 cm sphere from concept A (124 and 366 for the
70 cm sphere from concept B).

With these numbers, we can finally predict the OCS of the SATs along the orbit for our two instrumental
concepts. The results are shown in Fig. 20, left panel for a 70 cm sphere (for a 86 cm sphere, the ratio of OCS is
basically (86/70)2

→ 1.5). This OCS is also displayed in Fig. 12, where we study the ability of a SLR station to
observe a given OCS at di!erent altitudes. In Fig. 12, the lower part of the black band corresponds to the 70 cm
sphere, while the upper one is for a 86 cm sphere, highlighting the small improvement in SLR tracking induced
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Passeig Lluı́s Companys 23, 08010 Barcelona, Spain

Email: dblas@ifae.es



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 3mm. (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 3mm 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 t5/2 while it scales as t3/2 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)) µmday�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, t
0) = TA
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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 3mm. (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 3mm 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 t5/2 while it scales as t3/2 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)) µmday�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
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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 3mm. (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 3mm 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
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)P0
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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 t5/2 while it scales as t3/2 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)) µmday�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
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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
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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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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
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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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gravitational observation in unique ways to directly sense DM. Furthermore, the DM may undergo extra
interactions (forces) with ordinary matter, an hypothesis behind most of the methods to search for it on Earth.

Another fascinating process occurs for these DM candidates: their interaction with a rotating black hole may
generate superradiant events, where the amplitude of the classical field is enhanced after scattering from the
black hole (from which it extracts angular momentum to conserve energy). This process may happen several
times, because the massive DM field can form bound states in the gravitational potential of the black hole,
leading to a large accumulation of DM around the black hole called a superradiant cloud [Brito et al., 2015].

3.2.B.1. Probing dark matter of ultra-light mass in the Solar System
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Fig. 7: Potential of GUEST to detect ULDM
in parameter space uncovered by other methods.
The green curve corresponds to a very conserva-
tive approach to data analysis while the orange
curve corresponds to a best case scenario.

The coherent oscillations of ULDM occur at frequencies 𝐿 =
𝑀DM/(2𝑁ω𝑂2

) = 6→10↑5Hz
(

𝐿DM
10↑20eV/c2

)
, where ω is the reduced

Planck constant and 𝑂 is the speed of light. As a result, accessing
di!erent frequency bands of gravitational fluctuations (some of
them at resonance) allows the scanning of di!erent DM models.

To illustrate this, in Fig. 7, we show forecast constraints on
the product 𝑃𝑄DM, where 𝑄DM is the energy density of DM
and 𝑃 represents a possible quadratic coupling between DM and
ordinary matter, normalized to the expected energy density of DM
in the Solar System, 𝑄↓ (0.4 GeV/cm3). For the pure universal
gravitational coupling, the fact that DM will a!ect ordinary
matter gravitationally, one finds 𝑃 = 1. Other interactions that
may exist between DM and the mass of the satellites are expected
to be stronger, hence with 𝑃 > 1. All the unconstrained parameter
space corresponds to possible ULDM models of di!erent mass, with 𝑃 = 1 corresponding to an unavoidable
coupling strength. The enormous parameter space of GUEST reach is compared to bounds from PTA, the
Solar System mission Cassini, and those expected from LISA [Foster et al., 2025b].

SGB1. GUEST will extend the search for ULDM in an unexplored parameter space.

3.2.B.2. SG2B. Probing dark matter of ultra-light mass from superradiant clouds
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Fig. 8: T GW amplitude from scalar and vector
boson clouds around supermassive black holes,
highlighting the GUEST-sensitive region and
parameter space not covered by other methods.

Boson clouds form around spinning BHs through the superradiant
instability: when the boson’s Compton wavelength is comparable
to the BH scale, and the superradiance condition is satisfied,
a bound state grows by extracting the BH’s rotational energy
and angular momentum until the growth saturates at a critical
spin. The e”ciency of this process depends on the boson
mass, the BH mass, and spin. It is strongest when the boson
Compton wavelength is comparable to the gravitational radius
of the BH or equivalently when the dimensionless coupling
𝑅 ↔ 𝑆𝑇BH 𝑀DM/ω𝑂3 is of order unity [Brito et al., 2015]. This
matching condition implies that lighter bosons are associated
with more massive BHs, while heavier bosons are favored by
lower-mass systems. High spin is essential, since it both enables
the instability and sets the available reservoir of rotational energy.

The resulting GW emission is a long-lived, nearly monochromatic
signal whose frequency and amplitude are determined by the cloud properties and their evolution. At leading
order, the emitted frequency is set primarily by the boson mass, 𝐿 ↗ 𝑀DM/(𝑁ω𝑂2

) = 3 → 10↑5Hz
(

𝐿DM
10↑20eV/c2

)
.

In general, vector clouds are expected to grow faster and radiate more strongly than scalar clouds for the same
BH mass and spin [East and Pretorius, 2017], making them more promising sources, while scalar clouds
typically evolve more slowly and produce weaker signals.

Fig. 8 illustrates the predicted GW strain amplitude as a function of frequency for scalar and vector boson clouds
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matching condition implies that lighter bosons are associated
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lower-mass systems. High spin is essential, since it both enables
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In general, vector clouds are expected to grow faster and radiate more strongly than scalar clouds for the same
BH mass and spin [East and Pretorius, 2017], making them more promising sources, while scalar clouds
typically evolve more slowly and produce weaker signals.

Fig. 8 illustrates the predicted GW strain amplitude as a function of frequency for scalar and vector boson clouds
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around three nearby supermassive black holes: M87, NGC3115, and M31. The three systems populate distinct
frequency intervals, tracing the transition from the most massive black hole, M87, at the lowest frequencies to
the lighter system, M31, at higher frequencies. For each target, vector clouds consistently produce stronger
signals than scalar clouds. The transition visible in the plot arises because the dominant superradiant mode
of the boson cloud changes as the boson mass increases. The grey dashed line marks a cloud growth time
of 𝐿grow → 107yr; above this line, the cloud growth time is shorter than a typical AGN lifetime. For all the
cases shown, the GW emission timescale is much longer than the GUEST mission duration, implying that the
signals remain e!ectively monochromatic throughout the observation time. The predicted signal amplitudes
and timescales shown here are computed using a public waveform framework for black-hole superradiance and
boson-cloud GW emission [Siemonsen et al., 2023; May et al., 2025]. These results highlight the discovery
potential of GUEST: its low-frequency sensitivity is naturally aligned with the expected emission from nearby
supermassive BH boson clouds and is particularly suited to probing the mass range → 10↑20–10↑18 eV/𝑀2, where
it can explore parameter space beyond the reach of other approaches. Note that the superradiance phenomenon
is independent of whether the new boson field constitutes Dark Matter, which makes it a very general e!ect.

SGB2. GUEST will enable searches for new ultra-light particles from the gravitational waves emitted by
their superradiant clouds.

3.2.C. Fundamental properties of gravitation and new forces from new particles (including dark matter)

Fig. 9: Existing and GUEST projected con-
straints on the strength of a possible fifth force.

Gravitation is sometimes qualified as the least understood of
the four forces of Nature. Two reasons for this are its unique
weakness and the notorious di”culties in harmonizing it with
quantum mechanics in a fully consistent theory. Even if the main
objectives of GUEST have been discussed in previous sections,
its unique sensitivity to new forces that may act in gravitational
dynamics makes it also an extraordinary mission for exploring
possible extensions of general relativity and of the four known
forces of Nature. Furthermore, some particles that may constitute
the DM or whose existence may hint towards what completes
the standard model of particle physics, or general relativity (GR),
also generate new forces that may be sourced by Earth, see e.g. [Moody and Wilczek, 1984; Fischbach and
Talmadge, 1999]. As a result, GUEST will also be a multifaceted mission in these ancillary directions.

The novelty of tracking at high accuracy an eccentric orbit, and with periods above those of other satellites
deployed for precise laser tracking (LARES and LAGEOS satellites are in circular orbits from 1450 to 5800
km altitude) adds new possibilities to searching for a possible new interaction sourced by Earth. In particular,
it allows for a very good measurement of the drift of the orbital argument of pericenter ↓𝑁, very sensitive to
modifications to general relativity [Lucchesi and Peron, 2010, 2014], to a breaking of Lorentz symmetry [Bailey
and Kostelecký, 2006; Lucchesi et al., 2026] and new long-range forces (5th forces) which arise in models
beyond the standard model of particle physics [Moody and Wilczek, 1984; Fischbach and Talmadge, 1999].
According to an analysis of LAGEOS data [Lucchesi et al., 2020], the accuracy in ↓𝑁 scales as → 1/(𝑂𝑃2/3

). For
GUEST values, this translates into an improvement of →30 in the determination of ↓𝑁 with respect to LAGEOS
which can be used to measure relativistic e!ects such as the Schwarzschild precession [Lucchesi and Peron,
2014] or constrain GR extensions. The two-satellite configuration allows linear combinations of nodes and
pericentres that cancel both 𝑄2 and 𝑄4 simultaneously, further isolating the relativistic signal from other e!ects.

Large 𝑃 is also relevant to explore 5th forces at length scales 𝑅 complementary to existing SLR missions
and Lunar ranging, see Fig. 9. The standard way of parametrizing these searches is by a new force with an
exponential damping related to the mass of the particle responsible of the force, with potential

𝑆 = ↑𝑇
𝑈𝑉↔

𝑊
𝑂↑𝐿𝑀/ω𝑁, (2)

where sometimes we define 𝑅 = ω𝑀/𝑋 as the characteristic range of the new long-range interaction. The
parameter 𝑇 summarizes the strength of the new interaction with respect to the gravitational one. Current
constraints on 𝑆 are shown in Fig. 9. At large 𝑅 the bound deteriorates precisely because it is degenerate with
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and Pearlman, 2009] will require a significant improvement in the performance of the observational networks,
models and processing strategies. In terms of accuracy, the current uncertainty in 𝐿𝑀→ exceeds these goals by
almost an order of magnitude. Furthermore, despite repeated attempts to improve its error budget employing
di!erent combinations of geodetic satellites at di!erent heights and new processing strategies, the currently
available SLR space segment cannot provide further significant enhancements. The crux of the problem is
that, for circular orbits, range biases, the UP component of station positions and 𝐿𝑀→ are all highly correlated,
limiting the sensibility of the orbits to each of these parameters. On the other hand, GUEST orbits provide
the means to achieve a step change improvement in the estimation of 𝐿𝑀→, as their large eccentricity and
semi-major axes allow for the e!ective decorrelation of the key parameters involved in the computation. From
preliminary simulations, it is expected that after only a few months of tracking, GUEST would match the
uncertainty of the current 𝐿𝑀→ standard, and after one year it would approach an uncertainty equivalent to
1 mm on the surface of the Earth. This uncertainty reduction benefits all science applications that depend on an
absolute knowledge of their position to accomplish their objectives (e.g. altimetry and geodesy), and it is a
necessity for the Genesis mission, which aims to improve the state of the art in the realisation of the ITRF and
the detection of inter-technique systematic errors at the level of 1 mm.
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Fig. 10: Estimated formal errors in 𝐿𝑀→ obtained from simu-
lations of LAGEOS-2 and GUEST orbits. N.B. the simulations
do not include additional parameters that may a!ect the estima-
tion. These results provide a direct comparison of the superior
sensibility of GUEST to 𝐿𝑀→ , which after approximately 100
days, it already improves on LAGEOS-2.

2. Augmenting the space segment. The GUEST
project contemplates upgrading selected stations
in order to increase the number of observations
available to accomplish the science goals of the
mission, as detailed in Sec. 5.3.C.2 and Sec. 5.3.C.3.
These upgrades, together with the expected improve-
ments of the ground network originating from the
continuation of developments in key technologies
(e.g. detectors and lasers), mean that the GUEST
targets will only be more accessible with time. The
availability of observations from a greater share
of the network will increase their weight in the
combined solutions aiming to generate geodetic
products. Thus, the realisation of the ITRF and
computation of EOPs could benefit from having
additional targets with su”cient tracking at orbital
regimes previously unavailable. The space of or-
bital parameters sampled by these orbits may also benefit an improved estimation of the geopotential quadrupole,
nowadays essentially computed from LAGEOS and LARES-2. GUEST, with a similar perigee, but sampling
di!erent inclinations, would be an additional contribution.

SGAnc. GUEST adds an orbital regime unavailable in the SLR space segment. The novel orbits enable an
improvement in the determination of 𝐿𝑀→ , which presents an opportunity for space geodesy to minimise
a long-lasting contributor to the error budget in the quest for absolute accuracy, with positive impacts on
other applications, and relevant for ongoing e!orts in this direction such as ESA’s Genesis mission.

Upgraded stations and new stations: global contribution from GUEST. In order to maximize GUEST
tracking, we propose to upgrade 8 existing stations (more details can be found in Sec. 5.3.C.2) and to
build three new ones (more details can be found in Sec. 5.3.C.3). The location of these new stations are
chosen in order to close the southern-hemisphere longitude gap and match GUEST’s 𝑁 = 270↑ (perigee in
SH). Additionally, ↓8 Northern-hemisphere SLR stations will be upgraded to 50 mJ, and La Plata/AGGO
(Argentina, 35↑S) serves as a conservative southern SLR node. These stations and upgrades, built for
GUEST, permanently expand the global ESA SLR tracking infrastructure. Their capabilities are fully
compatible with regular tracking by the ILRS as well as other programs such as SST activities and debris
tracking, and it would greatly enhance the productivity of these stations for high altitude satellites such as
Galileo and other missions such as Genesis. Additionally, the new stations would increase the availability of
basic tracking intrastructure required to perform space-based quantum key distribution. The total tracking
needs for GUEST are modest, and this infrastructure would be beneficial for the entire Earth-science,
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GUEST
guaranteed Physics by the corner (PTA signal at muHz)

reasonable idea for muHz for ESA F Class / NASA SMEX 

possible new Physics 

1. Why the microhertz band for gravitational waves, and why now
Gravitational-wave (GW) astronomy in 2026 stands at a transitional point. Three main windows of
observation are currently open, by LIGO-Virgo-KAGRA (LVK) centered at → 100Hz (first GW
in 2015 [1]), pulsar timing arrays (PTA) centered at nanohertz (strong evidence for GWs found in
2023 [2–5]), and cosmic-microwave background (CMB) observations exploring the lowest possible
frequencies. The large band of frequencies left uncovered has spurred the international community to
expand the previous capacities to reach the wide band where gravitational waves may be produced.
This program (“adding colour to the gravitational wave sky”) promises to be equally groundbreaking
as the one from last century for the electromagnetic spectrum, see Voyage 2050 document [6].

The ESA’s flagship mission LISA will contribute to this e!ort by covering the millihertz band from
the late-2030s [7], while ground-based 3G interferometers (Einstein Telescope, Cosmic Explorer) will
further explore the audio band. To investigate the decihertz band, terrestrial atomic interferometers
of large baselines or space-based laser interferometers of arms smaller than LISA are proposed, while
GWs of frequencies above 10 kHz are currently investigated with several techniques [8, 9].

This landscape of future developments leaves the band between the PTAs and LISA, roughly four
decades in frequency — from 10→8 to 10→4 Hz — essentially unconstrained. We refer to this
band as the microhertz gap, see Fig. 1, where we have also included a guest forecast1. This region
is very relevant regarding possible sources of GWs. In [10], several astrophysical and fundamental
signals were presented for the µHz band, at characteristic amplitudes starting at h0 → 10→16, or
energy densities starting at ! → 10→8. Furthermore, the current evidence from PTA observations
suggests the presence of a signal from supermassive black hole binaries at similar values across this
band.
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Figure 1: The gravitational-wave landscape. Current facilities (dark grey) and approved next-generation
missions (light grey) leave the µHz band essentially uncovered. Astrometric missions [11] may o!er
complementary access but do not reach astrophysically motivated signals. Guest makes a decisive step
toward closing this gap.

Why now?. Three factors converge to make guest a mission for the near future.
• The theoretical framework that turns orbits into precision GW detectors has matured in the

past five years. The resonant response of eccentric orbits to stochastic and monochromatic
GW backgrounds is now quantitatively understood [12–16]. It is natural to suggest a
mission where these techniques star to be tested in real data.

1
The GW amplitude at frequency f is characterised by a strain h0(f); when waves are abundant enough to form a

stochastic background the relevant quantity is the energy-density fraction

!GW(f) =
1

ωc

dωh

d ln f
, ωh =

1

32εG
→ḣ2

+ + ḣ2
→↑, ωc =

3H2

8εG
. (1)

The guest reach in both regimes is shown in Fig. 2.
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GUEST: next steps

 Study arcs vs (more) global fit

Build a proto-collaboration: we are at LISA 20 years ago. But now we know 
a lot as a community.  Be my GUEST!

 Realistic merger with arcs / more global (waterfall plot changes dramatically )

 More physics cases (EMRIs) / multi band 

 Decorrelation with 2 or more orbits

 Further ways to improve the orbit determination (ML?)

 Data analysis of LAGEOS data and Moon data (in progress)

 Data distribution and parameter determination
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 Injection / null channels? 

https://arxiv.org/abs/2607.18390
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Fig. 15: Impact of several GUEST requirements on the performance of the GW detection. The figure of merit used here
is the median amplitude of a monochromatic GW marginalized over sky location and polarization at second harmonic
( 𝐿 = 2 𝐿orb). Left panel: impact of number of Normal Points (NPs) per orbit, data noise and distribution versus altitude,
mission duration. Right panel: distribution (over sky location and polarization) of GW amplitude 𝑀0 in the nominal case
(10 years mission using the 2 SC), for each SC individually, if only LLR stations are used (pessimistic case) and at the end
of the extended mission.

5. Proposed Scientific Instruments

5.1. Detection concept/Measurement principle
The detection concept for GUEST is based on the freely falling trajectories of satellites bound to Earth. The
existence of orbits with the right properties to accumulate signal around the Earth from the right frequency
band and where the SATs can be tracked, makes the detection possible. The challenge lies in the measurement
of the e!ect at the right precision and distilling it from other e!ects. For this, GUEST is based on the heritage
of precise orbit determination (POD) of satellites and the Moon by laser tracking from ground-based stations
through retroreflectors installed on them. In this sense, one can imagine the orbital motion to be the sensor, and
the tracking to correspond to the data transmission.

5.2. Block diagram: main building-blocks and subsystems, including software

No onboard electronics, power, or propulsion are present in the SATs. Even the concept of platform and payload
is di!erent for a passive satellite. We have decided to call the whole satellite the payload, with an extremely
simple block diagram for our space-segment, Fig. 16.

Payload 2
Fused silica CCRs

Launch Segment

Ariane 62 OTV (ASTRIS / BERTA)

PlatformPassive sphere 1 Passive sphere 2

Payload 1: 

CCR1: 1’’ × 561 (366)
CCR2: 2’’ × 124 (189)

Fused silica CCRs

Ground segment
ILRS Stations GUEST SOCMOC 

Al 6061-T6 

Al 6061-T6 + W 

launch, OTV commanding, 

deployment sequence 

SLR data processing, orbit determination, 

science product generation

the SLR/LLR ground stations

doing the actual tracking

SSEP

Spin table

or

CCR1: 1’’ × 561 (366)
CCR2: 2’’ × 124 (189)

∅ 86 cm
∅ 70 cm

Al 6061-T6 

Al 6061-T6 + W or

∅ 86 cm
∅ 70 cm

Fig. 16: GUEST block diagram. The simplicity is due to the fact that the satellites are passive.

5.3. Design description (down to major subsystems) and operating principle
The main aspects to consider for GUEST are: (i) the orbits, (ii) the satellites themselves, (iii) the upgrades
of existing SLR station and the new stations that will be built, and (iv) the orbital transfer vehicle (OTV) to
inject one of the SATs and the Satellite Separation and Ejection Platform (SSEP) module and Spin Unit Module
(SUM). For the design of the instruments, we need a high-level description of the orbits, which we discuss in
Sec. 5.3.A, while a thorough description is provided when discussing the mission configuration and profile
(Sec. 6.1). The OTV is described as part of the launch, Sec. 6.2.A.1, while the SSEP/SUM are described in
Secs. 5.6.A/5.6.B.
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propose to upgrade and build new stations, see Sec. 5.3.C.2 and 5.3.C.3.
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Due to the different  orbital perturbations, GUEST initial orbital parameters (Table 1) will not be fixed  over time.  As can be 
seen in Figure 1,  some parameters such as the orbit inclination  suffer from huge variations  during the ~30 years 
propagation (until re -entry) . This can affect the duration of contacts with high -latitude stations,  and it changes the 
maximum elevation reached by the satellite over the ground statio n. 
 

Table 1 -  GUEST initial parameters for propagation  

Orbital Parameter  GUEST -1 GUEST -2 
Semi-major Axis [km]  53188 
Perigee Altitude [km]  6919 
Apogee Altitude [km]  86701 
Eccentricity  0.75 
Inclination [deg]  75 50 
RAAN [deg]  0 220 
Argument of Perigee [deg]  270 
True Anomaly [deg]  0 
Epoch  01/01/2027 
Approximated re -entry [years]  29.5 32.4 

   
Spacecraft Parameter  Value 
Mass [kg]  400 
Diameter [m]  0.35 
Frontal Area [m^2]  0.385 

 
Figure 1 -  Orbital parameters evolution until re -entry for GUEST orbits.  

   

   

 

Fig. 26: Evolution of the nominal orbits with time. GUEST-1/2 correspond to Orb1/2.

The choice of optimised orbits, satisfying both the SGs and the RSAT, depends on the launch date. In particular,
the 𝐿-body problem inherent in the influence of the Sun and the Moon has a major impact on the stability of
the orbits, particularly the perigee. Thus, the re-entry dates mentioned above are valid only for an injection on
2027 January, 1st, which we have taken as an arbitrary reference date. However, by fine-tuning the Keplerian
parameters, we have consistently found orbits that meet the various criteria for injection up to 2032.

6.2. Launch and transfer strategy
6.2.A. Launch vehicle

The launch has to be very optimized because of the weight and the extreme orbits. All the European launchers
were explored, and di!erent mission configurations analysed. We conclude that the optimal launch is: a single
launch by Ariane 6, directly injecting one of the SATs in its final orbit (SATs whose orbit inclination is 50→ will
be injected first), and an ASTRIS-derived orbital transfer vehicle (OTV) injecting the second one (SAT1 whose
orbit inclination is 75→ will be injected with the OTV). This was recommended by both OHB-Italy and SENER
space engineers. Any other concept we explored was less robust or very complex5. The philosophy we follow
in GUEST is ensuring a robust, resilient, scientifically sound, and simple mission.

6.2.A.1. OTV

The baseline deployment foresees an ASTRIS-based OTV. The total ω𝑀 ⊋ 2 km/s is in the same order of
magnitude as is expected for the ASTRIS kick stage (Ariane Group), but GUEST requires a simple design
approach and concept of operations. Two concepts are currently explored and will be refined during Phase A: a
chemical or an electric OTV.

Chemical OTV: For a chemical OTV, mission operations bounded to a 14 days period; on-board electrical
storage with no power generation subsystem; automated mission planning based on ω𝑀 precomputation and
scheduling (as typical for kick stages); on-board navigation using SENER’s NAVIGA unit (see below); attitude
control via reaction control systems (RCS) common with the main-engine propulsion subsystem; and a spinning
vehicle to improve firing accuracy and minimise thermal requirements. A BERTA engine from ArianeGroup is
considered - a non-cryogenic MON/MMH bipropellant engine designed for a mission profile and purpose very
similar to the one required here, with an estimated 𝑁sp ↑ 320 s. A non-cryogenic bipropellant (MON/MMH)
solution is favoured for its high heritage, simplicity, and compatibility with short-duration missions.

Electrical OTV: Given the large mass to inject, an alternative concept based on electrical or hybrid propulsion
solution becomes increasingly attractive. The electric configuration corresponds to a more evolved ASTRIS-

5Two Ariane 62 launches, each of them using only 1/3 of its capacity, is a logically possible strategy, which does not require an OTV
and would a!ord extra weight for larger spheres or other missions at highly inclined orbits. The di”culties associated with this idea are
beyond what we can assess before a discussion with ESA, and we do not consider it henceforth.
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i) Ares: LISA-like conceptμ
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The μAres detection landscape
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μAres

LISA

~1000 inspiralling SMBHBsout to z~10

Hundreds of merging MBHBsout to z~20

SgrA*+0.05M☉ 106 yr to merger

~100k Galactic DWDs

>1k extragalactic BHBs
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Figure 1: µAres sky-averaged sensitivity curve (thick black curve; dashed: instrument only; solid: including astrophysical
foregrounds), compared to LISA (thin solid black curve) and SKA (solid black line at the top left). Sources in the SKA portion
of the figure include individual signals from a population of MBHBs (pale violet), resulting in an unresolved GWB (jagged
blue line) on top of which the loudest sources can be individually resolved (dark blue triangles). The vast diversity of µAres
sources is described by the labels in the figure. For all Galactic sources (including DWDs, BHBs, and objects orbiting SgrA⇤),
the frequency drift during the observing time has been assumed to be negligible. We thus plot h

p
n, where n is the number of

cycles completed over the mission lifetime, assumed to be 10 years. In this case, the signal-to-noise ratio (SNR) of the source
is given by the height of its marker over the sensitivity curve. Extragalactic sources (including BHBs, MBHBs, EMRIs, and
IMRIs) generally drift in frequency over the observation time. We thus plot the standard hc = h(f2/ḟ). In this case, the SNR
of the source is given by the area enclosed in between the source track and the sensitivity curve. In both cases, when multiple
harmonics are present, SNR summation in quadrature applies.
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Future astrometry?

 

Fedderke et al 2204.07677 Stellar interferometry

Monitoring many stars (GAIA or better) 2

corrections have been made and the term “Earth” is used
to refer to an idealised stationary observer.

The possibility of detecting GWs via astrometric de-
flections was first suggested in [14]. The astrometric de-
flection of a distant star was first derived in [15] (also see
[16] for a detailed derivation) and is summarised here.
The Earth and star are assumed to be at rest in flat
space. The coordinate components of the photon’s four-
momentum are not directly observable; instead an ob-
server on Earth measures the tetrad components of the
photon’s four-momentum and from these is able to de-
duce the star’s astrometric position (the unit vector ~n),
and the frequency of the starlight. A monochromatic
plane-fronted GW, from the direction of the unit vector
~q, gives the metric perturbation1

hµ⌫(t, ~x) = <
�
Hµ⌫ exp(ik⇢x

⇢)
 
, (1)

where Hµ⌫ are small complex constants satisfying the
usual transverse-traceless gauge conditions and the
wavevector, kµ=(!,�!~q), is null.

The observed photons follow null geodesics from the
star to the Earth; integrating the geodesic equations gives
the change in the coordinate components of the photon
four-momentum. The GW also changes the Earth-bound
observer’s tetrad, this may be calculated by integrating
the parallel transport equations along the worldline of the
Earth. Combining these results gives the change in the
tetrad components of the photon four-momentum, and
hence the measured frequency and astrometric position.

The frequency perturbation is described by the red-
shift, defined as 1 + z ⌘ ⌦emit/⌦obs, which is given by

z =
ninj

2(1� ~q · ~n) [hij(E)�hij(S)] ; (2)

this result is the foundation of PTA efforts to detect GWs
[17, 18]. The redshift depends (anti)symmetrically on
the metric perturbations at the “emission” and “absorp-
tion” events at the star and Earth respectively (hij(S)
and hij(E)). This symmetry arises from the endpoints of
the integral along the null geodesic from the star to the
Earth. This redshift (when applied to a pulsar) can be
integrated to give the timing residual signal searched for
by PTAs.

The astrometric perturbation also depends on the met-
ric perturbations at the star and at the Earth, although
not symmetrically. This loss of symmetry arises from per-
turbations to the spatial vectors in the observer’s tetrad
which depend only on the metric at the Earth. The full

1 When working with astrometry it is natural to define the sky
position of the GW source, ~q; this differs from the usual PTA
convention where the GW propagation direction, ~⌦=�~q, is used.

FIG. 1. Orthographic projection of the Northern hemisphere
with 103 stars. A GW from the North pole (black dot) causes
stars to oscillate at the GW frequency. The black (red) lines
show movement tracks for a linearly plus (cross) polarised
GW. For clarity, the GW has an unphysically large strain
amplitude of A= 0.1. The four-fold rotational symmetry of
the transverse–traceless GWs is clearly imprinted on the sky.

expression for the astrometric deflection is lengthy, how-
ever it simplifies considerably in the limit where the star
is many gravitational wavelengths away from Earth [15];

�ni =
ni � qi

2(1� ~q · ~n)hjk(E)n|̂nk � 1

2
hij(E)nj . (3)

In this limit the astrometric deflection depends only
on the “Earth term”. The “star term” (or “pulsar term”)
is also sometimes dropped in PTA searches for individ-
ually resolvable sources, but for a different reason. Be-
cause each pulsar is at a different (generally poorly con-
strained) distance from Earth the “pulsar terms” are all
at different frequencies and phases and may be treated
as an effective source of noise. Recent searches have
tended to include the “pulsar terms” (e.g. see recent pub-
lished searches for individual supermassive black hole bi-
naries from the three main PTAs [19–21], and references
therein) which has the benefit of increasing the observed
signal-to-noise at the expense of fitting for the distance to
each pulsar (for a discussion of the benefits of including
the pulsar term see, e.g. [22]).

Gaia’s sensitivity to GWs comes from the large num-
ber of stars it observes. Stars are typically separated
by many gravitational wavelengths, therefore each “star
term” will be different (as well as being suppressed by the
distance to the star) whereas the “Earth term” is domi-
nant and common to all stars. It is this common “Earth
term” that Gaia aims to detect. Including the “star term”
marginally increases the signal-to-noise ratio for the clos-
est few stars but makes a negligible difference for the ma-
jority (e.g. a GW with wavelength �=1016 m deflecting
a typical star at d=10 kpc gives a “star term” suppressed

10

Fig. 6. A random realization of the astrometric deflection field
for a background of tensorial + and ⇥ waves. The position
of each star is recorded twice, separated by a time �t. These
two position are shown here (in Mollweide projection) at the
foot and head respectively of each arrow. The length of each
arrow is proportional to the total power in the gw background
at frequencies f < 1/�t. The length of the arrows has been
greatly scaled up here for clarity.

In order to gain a better understanding of what this
vector field correlation over the sky means it is useful to
draw a realization of this random process and to plot the
result. The results are shown in Fig. 6, and an overview
of the procedure used to produce the data in this plot
can be found in Appendix C.
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Fig. 7. The astrometric and redshift correlations as a function
of angular separation on the sky in a background of scalar,
“breathing” gws (i.e. S). The functions which determine the
astrometric correlations (�S

x✓(⇥) and �S
y�(⇥), see eq. (47)) are

normalized so that their maximum is unity. The pta result
for the correlated redshift in eq. (48) is plotted, normalized
to 1/2 at ⇥ = 0.

B. Scalar “Breathing” Polarization

The astrometric correlations arising in a background of
transverse scalar gws (i.e. P 2 {S}) is considered here.
Appendix D shows how to evaluate the integrals �S

x✓ and
�S
y� defined in eq. (33); here only the results of these

integrals are presented.

�S
x✓(⇥) =

⇡

3
cos⇥ ⌘ ⇡

3
� 2⇡

3
sin2(⇥/2) , (47a)

�S
y�(⇥) =

⇡

3
. (47b)

Again, this should be compared to the pta result for
the redshift correlation in a stochastic background of
“breathing” gws. This was derived by [16] as

corr(⇥) =
1

2
(1 + �) +

1

2
� 1

4
sin2(⇥/2) , (48)

the variable � is defined just after eq. (46). All three of
these functions are plotted in Fig. 7.
The most surprising aspect of astrometric correlation

is the result for �S
y�(⇥); the “perpendicular” components

of the astrometric deflection at any two points on the
sky are always perfectly correlated. This is an extremely
strong constraint which any allowed realizations of the
vector field must obey. The interpretation of this be-
comes clearer when a random realization of the correla-
tion is drawn; this is shown in Fig. 8.
The random realizations of the astrometric deflections

plotted in Figs. 6 and 8 are qualitatively di↵erent. The
transverse traceless polarisations of gr produce a dis-
tinctive curl-like pattern at large angular scales, whereas
the transverse-trace (or scalar) mode generates a dipole-
like structure on the sky. The polarization content of the
stochastic gw background determines the spatial corre-
lations among the astrometric deflections. If Gaia, or
some other future astrometry mission, is able to measure

Fig. 8. A random realization of the astrometric deflection
field for a background of scalar “breathing” S waves. This
was produced in the same way as Fig. 6. It is clear from the
plot that the astrometric deflection vector field has a random
dipole-like structure on the sphere; the origin of this behavior
is the fact that �S

y�(⇥) ⌘ constant, and the astrometric de-
flection at any two points on the sky are perfectly correlated.
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gravitational waves affect gravitationally bound systems

Our proposal: binary resonance!
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Evolution on stochastic backgrounds 



Analytical results
a = ℛ ̂r + 𝒮 ̂θ + 𝒲 ̂z,

𝒲

𝒮

ℛ

xa ≡ (P, e, I, Ω, ω, f )

4

X̂
Ŷ

Ẑ

⌦

!

f

r̂

✓̂

ẑ

n̂

û
v̂

◆

Figure 1. A diagram of the coordinate systems and dynamical

variables for orbital systems referenced in this work. The ob-

server coordinates are defined by the Cartesian basis vectors

X̂, Ŷ and Ẑ. The binary frame is defined as centered on one

of the two binary elements, with the dynamical variables ω,
ε, and ϑ defining the orientation of the orbit in the observer

frame. Meanwhile, the semilatus rectum p and the eccentric-

ity e, not shown here, jointly term in the size and ellipticity

of the orbit, while the true anomaly f serves as an angular

variable describing the phase of the orbit. Our basis vectors

r̂, ω̂, and ẑ are those associated with the cylindrical coordi-

nates of the binary frame oriented such that ẑ is orthogonal

to the orbital plane. A gravitational wave, not shown to scale,

propagating in the n̂ direction is also shown; the collectively

orthonormal unit vectors û and v̂ will be used to define the

polarization basis for this propagating tensor mode.

where ac is cth Cartesian component of the acceleration
and where ω is the Kronecker delta. We have allowed a
to depend on both the state vector ε

ω and the time t.
Hereafter, we use the convention that Greek indices de-
note elements of the 6-tuple ε

ω, while Latin indices b, c

indicate coordinate labels.

In this work, our interest is the detection prospects
for new accelerations associated with GWs and ULDM
that are expected to be perturbatively weak, motivating
a linearized treatment of Eqs. (3). However, there may be
other substantial forces beyond just the binary gravita-
tional interaction and possible e!ects from GWs/ULDM
acting on the system. In later sections, we will consider
the impact of the tidal force on the Earth-Moon system
and that of a third external body. We will therefore sep-
arate our forces into the “signal” acceleration asig, which
is treated at linear order, and all “background” accelera-
tions abkg, which are fully treated at the zeroth-order of
a perturbative approach we now outline.

We begin with the equations of motion at zeroth order

in asig, which evolve in the fully nonlinear system as

ε̇
ω

0
(t) = F

ω

0
(ε0, t), (7)

where

F
ω

0
(ε0, t) = M

ωb(ε0)ebc(ε0)abkg(ε0, t)
c

+

√
GM

p
3

0

[1 + e0 cos(f0)]
2
ω
ω6
,

(8)

represents the dynamics in the absence of asig. A nu-
merical (sometimes even analytical) solution ε0(t) can
be straightforwardly evaluated for simple forms of abkg.
Once we have obtained the zeroth-order solution, we pro-
ceed to evaluate the solution at linear order in asig. We
have

ε̇
ω

1
= F

ωε

0
(t)ε ε

1
+ F

ω

1
(ε0(t), t), (9)

where

F
ωε

0
(t) =

ϑF
ω

0

ϑε ε

∣∣∣∣
ϑ=ϑ0(t)

, (10)

and

F
ω

1
(t) = M

ωb(ε0(t))ebc(ε0(t))asig(ε0(t), t)
c
. (11)

Qualitatively, F
ωε

0
captures the change in the back-

ground forces due to any accumulated perturbation to
the state of the system, while Fω

1
captures the leading or-

der contribution of the perturbative signal acceleration.
This perturbative approach remains valid while the accu-
mulated perturbations are small compared to the corre-
sponding unperturbed orbital elements and, in the case
of the true anomaly, small with respect to 2ϖ.
For deterministic signal accelerations, a direct solu-

tion of Eqs. (8) and (11) su”ces to make predictions.
However, for accelerations generated by stochastic grav-
itational wave backgrounds (SGWB) and the stochastic
contribution of ULDM scenarios, only the defining statis-
tics of asig are known. To handle these scenarios, it is
useful to develop integral expressions for the solution of
ε1 given asig.
To do so, we begin by considering only the homoge-

neous part of Eq. (9) given by

ε̇
ω

1
= F

ωε

0
(t)ε ε

1
. (12)

Next, we introduce the fundamental matrix ϱ, which is
the linear mapping from the initial condition of ε1 at
time t = 0 to its value ε1(t) as it evolves under Eq. (12),

ε1(t) = ϱ(t)ε1(t = 0). (13)

The fundamental matrix is governed by the di!erential
equation and associated boundary condition

ϱ̇ωε = F
ωϖ

0
(t)ϱϖε , ϱ(t = 0) = I. (14)

·p = 2
p3

GM
1

1 + e cos( f )
𝒮,

·e =
p

GM
× [sin( f )ℛ +

2 cos( f ) + e[1 + cos2( f )]
1 + e cos( f )

𝒮],

·ι =
p

GM
cos(ω + f )

1 + e cos( f )
𝒲,

·Ω = csc(ι)
p

GM
sin(ω + f )

1 + e cos( f )
𝒲,

·ω =
1
e

p
GM [−cos( f )ℛ +

2 + e cos( f )
1 + e cos( f )

sin( f )𝒮 − e cot(ι)
sin(ω + f )

1 + e cos( f )
𝒲],

·f =
GM
p3 (1 + e cos( f ))2 +

1
e

p
GM [cos( f )ℛ −

2 + e cos( f )
1 + e cos( f )

sin( f )𝒮],



Analytical results

·xa
1 = Fab

0 (t)xb
1 + Faij

GW(x0(t), t)··hij(t),

Periodic solvable system Periodic external force

Ideal system for Floquet analysis

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

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

xa
1(t) = Φab(t)∫

t

0
dτ Φ−1

bc (τ)Fcij
GW(τ)··hij(τ)

xa ≡ (P, e, I, Ω, ω, ϵ)

·Φab = Fac
0 (t)Φcb, Φ(t = 0) = I .Propagator:

Final:

·̃xa
1 = Fab

0 (t)x̃b
1

x̃1(t)a = Φabx̃1(0)b

Periodic (external time dependence)Periodic (orbital period) Secular behavior expected  
for ω ≈ n/P



xa
1(t) = Φab(t)∫

t

0
dτ Φ−1

bc (τ)Fcij
GW(τ)··hij(τ)

Stochastic backgrounds

Σαβ(t, t′￼) ≡ ⟨xα
1 (t)xβ

1 (t′￼)⟩ = 3πH2
0Cij,lmΦαγ(t)Φβκ(t′￼)

× ∫
∞

0
dν ν ΩGW(ν)∫

t

0
dτ∫

t′￼

0
dτ′￼Φ−1

γλ (τ)Φ−1
κμ (τ′￼)Fλij

GW(τ)Fμlm
GW(τ′￼)cos[2πν(τ − τ′￼)]
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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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