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F-Class ESA 2025 Step 1 GUEST

SG3. Geodesy, space navigation and fundamental properties of gravitation

Geodesy—the measurement of Earth’s orientation, shape and gravity field—saw a revolution with the advent of
the space era, and today provides critical measurements for several scientific applications. Geodetic products
such as the terrestrial and celestial reference frames, and the Earth Orientation Parameters (EOP), are essential
for virtually all modern geospatial and space-based systems.

A key technique of geodesy is satellite laser ranging (SLR), achieving sub-cm accuracy observations of the
instantaneous distances to the targets. These observations support the development of Earth’s gravity field mod-
els, the realisation of the terrestrial reference frame, and very precise tests of General Relativity. This technique
crucially depends on a very specialised space segment: dense, passive spherical satellites, designed to minimise
the accelerations caused by non-conservative forces and thus to enable a very precise orbit determination.

The LAGEOS and LARES satellites, in circular orbits from 1450 to 5800 Km altitude, are the current workforce
of the space segment for geodetic and scientific purposes. Their contribution will be augmented by the ESA’s
mission GENESIS (launch in 2028), to be tracked by SLR and other techniques. GENESIS is designed to
improve the accuracy and stability of the terrestrial reference frame, the link between the celestial and the
terrestrial frames and the consistency of EOP, in order to support a wide range of societal applications, e.g in
geodetic and Earth science and space navigation (as endorsed by the United Nations resolution A/RES/69/266).

A new passive geodetic satellite in highly eccentric (e > 0.5) orbits and of large periods (P > day) constitutes
a promising direction to complement the advancement in this field. High e helps with the estimation of the
gravitational parameter (GM→), required in the calculation of the orbits around Earth3. It also allows to obtain
a very good measurement of the orbital argument of pericenter ω, very sensitive to modifications to General
Relativity [7, 8] and new long-range forces (5th forces) which arise in models beyond the standard model of
particle physics. According to the method of Precise Orbit Determinations (PODs) of the LAGEOS satellites,
the accuracy in ω scales as → 1/(eP

2/3
). For GUEST, this translates into an improvement of order 30 in the

determination of ω with respect to LAGEOS. Large P is also relevant to explore 5th forces at length scales
complementary to SLR missions and Lunar ranging, each range optimized for new particles of di!erent mass.

Satellite laser ranging of highly eccentric and large orbits to explore the gravitational Universe

The presence of fluctuating gravitational fields and waves on an eccentric binary system modifies the orbital
motion in a predictable way. When these fluctuations have frequencies that are multiples of the characteristic
frequency of the orbital motion, they generate resonant e!ects that accumulate over time [9, 10]. The relevant
GW frequency range and the relevant ULDM mass interval probed by GUEST (SG1 and SG2), summarized
in Figs. 1 and 2, require binaries with orbital periods from hours to months. The analysis of [3, 6, 10, 11]
shows that the data from a mission with the specifications meeting those of an F-class ESA mission may generate
significant discoveries in the GW spectrum and ULDM landscape (GUEST lines in Figs. 1 and 2, for the first
10 years). SG3 will certainly benefit from such a mission and will be a natural evolution of current e!orts in
the SLR community. GUEST (Gravitational Universe Exploration with Satellite Tracking) is the mission that
will make this possible. It combines the prospect of groundbreaking discoveries in cosmology and high-energy
physics with a broad and rich legacy in several aspects of modern science.

• SG1. GWs from SMBHs in the galaxies in µHz band.
• SG1. Individual GW events in µHz band.
• SG1. GWs from Early Universe

• SG2. Probe uncharted ultra-dark matter models

• SG3. Impact in geodesy and tests of general relativity

New concept: GUEST

Two satellites laser tracked
at cm accuracy

in orbits e > 0.75, Pb > 1 day
for more than 10 years.

Why now?

Only a launch in the ballpark of F3, or earlier, would allow GUEST to overlap in the sky with LISA (launch in
2035, operating 2037-2041). This is particularly relevant as some LISA sources may be tracked down to the
µHz band (some observable years before in GUEST), which will help to complement LISA in aspects such as
sky localisation and to provide certified calibration targets for GUEST. The final synergies are still under study
by our team, and will be available before Step 2.

3The currently adopted GM→ value was determined with SLR observations in 1992, but its uncertainty is larger than the ambitious
requirements set for the ESA GENESIS mission and other scientific applications.
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gravitational fluctuations affect gravitational dynamics
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Gravitational wave searches ca. 2040
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Particle“Ultralight” DM Macroscopic objects

Dark matter candidates and orbital dynamics
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Dark matter candidates and orbital dynamics

But they can exchange enough momentum ( ) with bound systems to  δ··ri = Fi(t)
* destroy some of them
* modify their distributions

Particle“Ultralight” DM Macroscopic objects

If DM is made of macroscopic objects, MDM(R) ≈ 3.8 × 10−18 ( ρ
0.3 GeV cm−3 ) ( R

AU )
3

M⊙

* heat some systems (if )EDM > Esystem



Dark matter candidates and orbital dynamics

Particle“Ultralight” DM Macroscopic objects

Particle dark matter can generate dynamical friction in orbiting systems

Wake

There can also be direct DM - celestial body interactions beyond gravity

δ··ri = Fi

this can generate new long range phenomena or friction



Dark matter candidates and orbital dynamics

Particle“Ultralight” DM Macroscopic objects

Ultralight dark matter is characterized by 

As a results, DM behaves as a oscillating very coherent wave

d ≪ L

ϕ = ϕ0 cos(mt + mv⃗ ⋅ ⃗x + φ0)
At ‘short’ times and ‘small’ distances

This induces oscillations in the gravitational potentials

 and  are 
stochastic variables
ϕ0 v⃗

10−15 eV ∼ 1 Hz

If there is direct coupling, the mass of stars may oscillate at this frequency, etc

hii

3
≈

π
m2

ρ̄ϕ cos(2mt)



Dark matter candidates and orbital dynamics

Particle“Ultralight” DM Macroscopic objects

Ultralight dark matter is characterized by 

The power spectrum of the fluctuations in gravitational potential is

d ≪ L
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New opportunities to detect  
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Gravitational waves in poorly covered frequencies (  and 
) may induce resonances, heating, evaporation, orbital 

changes… in orbiting systems with  .

10−15 − 10−11 Hz
10−7 − 10−4 Hz

P ∼ 1/f

Dark matter in poorly covered masses may induce resonances, heating, 
evaporation, orbital changes… in orbiting systems

We are here to identify the best systems for different frequencies/masses

δ··ri = Fi(x, t) ⟨Fi(x, t)Fi(x′￼, t′￼)⟩With dτ(x, t)sand ⟨dτ(x, t)sdτ(x′￼, t′￼)⟩with



gravitational physics community. Furthermore, making plain
the remit of existing constraints will allow us to sensibly ask
the question: is there still “room” for departures from GR in the
present state of affairs? Are there untested gravitational
environments that might provide the most fruitful directions
for future research?

We stress from the outset that this paper does not address
issues of experimental difficulty involved in performing a
precision test of gravity. In many of the situations we will
discuss, astrophysical systematics dominate the relativistic
effects by orders of magnitude. However, our optimistic
attitude is motivated by recent examples in which such
systematics have been successfully modelled and subtracted.
For example, in a test of gravity using radio links with the
Cassini spacecraft, successful removal of dominating noise

from the solar coronal plasma resulted in systematic errors four
orders of magnitude smaller than the relativistic signal (Bertotti
et al. 2003). Similarly, the incredible precision of current pulsar
constraints is obtained using detailed modeling of a series of
gravitational interaction terms and orbital delays. On the
cosmological front, N-body simulations are used to model
nonlinear and baryonic effects. There are clear goals set for the
improvements needed to deal with data from the next
generation of cosmological experiments (approximately a

Figure 1. A parameter space for gravitational fields, showing the regimes probed by a wide range of astrophysical and cosmological systems. The axes variables are
explained in Section 2 and individual curves are detailed in Section 3. Some of the label abbreviations are: SS—planets of the Solar System, MS—Main Sequence
stars, WD—white dwarfs, PSRs—binary pulsars, NS—individual neutron stars, BH—stellar mass black holes, MW—the Milky Way, SMBH—supermassive black
holes, BBN—Big Bang Nucleosynthesis.

Table 2
Interpretations of the Curvature Desert

ξ Density k Mass at 1AU Dist. from
(cm−2) (kg m−3) (h Mpc−1) (kg) M1 (AU)

10−37 ´ -4.6 10 8 ´1.4 106 ´6.5 1026 14.5
10−50 ´ -4.6 10 21 0.44 ´6.5 1013 ´3.1 105

Note. Column 2 is the density needed for a uniform sphere to have the
curvature in column 1 on its surface (the radius of the sphere is not needed).
Column 3 is obtained by straightforwardly interpreting x as an inverse length,
with appropriate unit conversions. Columns 4 and 5 are obtained using
Equation (2) and solving for the appropriate quantity.

Table 1
Galaxy Survey Parameters

Experiment klow (h Mpc−1) khigh (h Mpc−1) zlow zhigh

DETF4 0.006 0.2 0.65 2.05
Facility 0.004 0.5 0.42 7.0
BAO K 0.1 K 0.57

2

The Astrophysical Journal, 802:63 (19pp), 2015 March 20 Baker, Psaltis, & Skordis

Best systems

If virtualized v2 ∼ Φ

Φ



Best systems
Tracked very precisely

Loosely bound

Lots of data

Old

Galactic dynamics

Pulsars
Satellite Laser Ranging, Lunar Laser Ranging, GNSS

Doppler tracking of satellites

Astrometry

The effect are typically enhanced at large periods!

Wide binaries
Dark matter substructure (streams, disks)

Oort Cloud, Kuiper belt

Pulsar populations Moon libration
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Few biased examples (more this week) 



Binary system embedded in stochastic GWB
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Newtonian Potential

fluctuating gravitational potentials of ULDM affect gravitationally bound systems

External Gravitational Potential 

possible resonances at  =n/Pf
r ⇠ e cos(2⇡t/P )
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→ω̈ ri

gμνdxμdxν ≈ − (1 − 2Φ)dt2 + (1 + 2ψ)δij dxi dxj

Blas, Lopez-Nacir, Sibiryakov, 1612.06789, 1910.08544 



Two binary probes

timing of binary pulsars

(pulsar animation credit: Michael Kramer)

lunar and satellite laser ranging

(image credit: NASA)
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Two probes: precise timing of binaries



Our estimates from 2025 for 2025
Foster, DB et al., arXiv: 2504.15334 [astro-ph.CO]

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



New ULDM handles: resonant absorption
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GRAVITATIONAL REDSHIFT
Because of the inhomogeneities of the gravitational 

background along the line of sight a signal experiences 
gravitational redshift 

Δ𝜔𝑒
𝜔𝑒

≃ Φȁ𝑒𝑟 + 𝑛𝑖 𝑣𝑖ȁ𝑒𝑟 − 𝐼𝑖𝑆𝑊 where 

𝐼𝑖𝑆𝑊 = Φ +Ψ ȁ𝑒𝑟 + 𝑛𝑖 𝑒׬
𝑟 𝜕𝑖 Φ + Ψ 𝑑𝜆

The DM background oscillates, then the gravitational 
potentials also oscillate.

Decomposing Ψ = Ψ + 𝛿Ψcos 𝜔𝛿𝑡 as well as for Φ, 
from Einstein equations one finds 

𝛿Ψ = − 𝜋𝜌
𝑚2 and 𝜔𝛿 = 2𝑚

Periodic modulation in the time of arrival residuals of 
millisecond Pulsars

Δ𝑡 ≃ 0׬−
𝑡 Δ𝜔𝑒 𝑡′

𝜔𝑒
𝑑𝑡′ ≃ 0׬−

𝑡(Ψ𝑒−Ψ𝑟) 𝑑𝑡′

𝑓𝑙𝑜𝑤 =
1

𝑇𝑜𝑏𝑠
𝑓ℎ𝑖𝑔ℎ =

1
𝛿𝑡𝑜𝑏𝑠

𝑇𝑜𝑏𝑠 ∼ 25 𝑦𝑒𝑎𝑟𝑠 𝛿𝑡𝑜𝑏𝑠 ∼ 3 𝑤𝑒𝑒𝑘𝑠

Clemente et al. 2023, 2306.16228

Khmelnitsky & 
Rubakov 1309.5888

Tracked space-craft in weak metric
Armstrong, J. W. , Living Reviews in Relativity, 9,
1, doi: 10.12942/lrr-2006-1
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GWs and ULDM searches w/ Doppler tracking

Cassini PSD

Bertotti, B., Vecchio, A., & Iess, L. 1999, Phys. Rev. D,
59, 082001

Uranus Orbiter and Probe
Zwick, DB et al  2406.02306 [astro-ph.HE]



GWs and ULDM searches w/ Doppler tracking
Zwick, DB et al 2406.02306 [astro-ph.HE]



CASE OF GRAVITATIONAL WAVES
The same as for Pulsars will happen for any radiation at a fixed frequency 𝜔𝑒 ⇒ GW will 
experience frequency modulation.  First, let’s consider a monochromatic GW:

ℎ𝐺𝑊 = 𝐴𝑐𝑜𝑠 (𝜔𝑒𝑢 + 𝜑) +𝐴 𝜔𝑒
𝜔𝛿

Υȁ𝑒sin[(𝜔𝑒 ± 𝜔𝛿) 𝑢 + 𝜑)]

• GW emitters could come from inside the 
soliton (not contaminated by dust in the GC)

• Could be more abundant than Pulsars in PTA
• No limitation on observation time (higher 

frequency could be reached)
• Signal from other Galaxies

Signal-to-Noise-Ratio (SNR) of sidebands:

𝑆𝑁𝑅𝛿 =
1
2
𝜔𝑒

𝜔𝛿
Υ 𝜌0,𝑚, 𝑥𝑒 𝑆𝑁𝑅ℎ

Amplitude of 
the modulation

of the
carrier

carrier frequency modulation
frequency

Look at María José 
Bustamante-Rosell 2021

ULDM modulates GWs
© S. Gasparotto
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Galactic sources
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DB, Gasparotto, Vicente, 2410.07330



Sensitivity to ULDM from MW sources
DB, Gasparotto, Vicente, 2410.07330

egµ⌫ = A2(�)gµ⌫A ⇡ 1 + �/⇤1 and A ⇡ 1 + �2/⇤2
2Case with direct coupling with



Summary and expectations
 Time and/or space dependent phenomena associated to 

 Dark matter
 Gravitational waves

 may have secular effect on dynamics orbiting bodies  
 may have relevant effect on well tracked orbiting bodies  

 These may be more relevant for frequencies/masses hard to 
measure otherwise: big opportunity 

Expectations
 Dialogue among theorists/astrophysicists towards fun and new ideas
 Move from concepts to realistic analysis
 Craziest idea: is quantum communication with Mars possible?



Summary and expectations
Feel free to suggest topics to discuss during the breaks
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email to announce them



Summary and expectations

F-Class ESA 2025 Step 1 GUEST

Scientific goals of the mission

A Universe hidden to light: the Dark Universe

The revolutionary progress of astronomy in the 20th century was mostly driven by the study of electromagnetic
waves. Interestingly, 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. Besides, gravitation remains an enigmatic force,
whose precise study can not 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 to its exploration.1

SG1. Detecting gravitational waves in uncharted territories: more colours in the gravitational wave sky

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 h0(f) at frequency
f and a geometrical factor (polarization content). 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.

10-8 10-7 10-6 10-5

10-18
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10-14

10-12
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  [Hz]f

LISA’38SKAO’35

GUESTind (     )
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h0

Cosmo

Fig. 1. Reach of GUEST for individual (GUESTind)

and stochastic (GUESTsto) GWs, see text. GUESTsto

is compared to other experiments and sources (red).

The first direct detection of gravitational radiation was
achieved in 2015 by the twin LIGO interferometers. Be-
sides its historical relevance, the signal was groundbreak-
ing, 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 gravita-
tional wave sky”, see Voyage 2050 document, cf. Foot-
note 1) promises to be equally groundbreaking as the one from last century for the electromagnetic spectrum
(the ESA’s e!ort to cover the full electromagnetic spectrum can be found in this ESA webpage).

The lowest detectable frequencies are explored through their impact on the cosmic microwave background
(Cosmology bounds also extend to lower frequencies, see Fig. 1). The nHz band is surveyed by pulsar timing
arrays (PTAs), while the mHz is the target of the ESA-led constellation of laser interferometers, LISA. Alongside
ground-based interferometers, these technologies cover a large fraction of the physically motivated sources of
gravitational waves, but leave Physics-rich bands notoriously unexplored. The µHz region (from 10

→8 Hz to
10

→4 Hz) is maybe the most relevant one. As shown in Fig. 1, the amplitude2
hc of gravitational waves in this

band will remain almost unconstrained, despite the existence of many sources of the invisible Universe in it
[2, 3]. Two examples are the expected signals from supermassive black hole binaries from galactic centers and
primordial gravitational waves from the early Universe related to aspects of particle physics inaccessible to even
the most powerful particle colliders or any other astrophysical observation, cf. Fig. 1.

A. Detecting gravitational waves from supermassive black holes: key data 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,

1https://www.cosmos.esa.int/web/voyage-2050.
2We use hc to denote characteristic amplitudes of stochastic backgrounds, while h0 is reserved for individual sources [1].
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only GWs are directly emitted at the heart of the SMBHB location and, since they traveled to us almost
unimpeded, can probe their most fundamental properties in enough detail and statistical significance.

With masses ranging from 10
6 to 10

9 solar masses, these binaries emit GWs in the range from nHz to µHz

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 [4],
that 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 in Fig. 1 by the “SMBHBs” line (being a stochastic background, we use hc).
The line GUESTsto gives an idea of the possible reach from GUEST. Furthermore, a mission concurrent with
LISA (multi-band) and/or electromagnetic channels (multi-messenger) will also facilitate the identification of
individual µHz sources (SMBHs and EMRIs [2]), and enable novel applications (e.g. cosmography). The reach
of GUEST for sources in band for the duration of the mission is shown in Fig. 1 under GUESTind.

B. Probing the heart of the Big Bang with gravitational waves

The early universe remains one of the least understood epochs in cosmology. Electromagnetic observations can
not probe times earlier than when light started to propagate, approximately 380,000 years after the Big Bang.
Gravitational waves, in contrast, propagate freely from the earliest moments of the universe’s history, o!ering a
unique observational window into the heart of the Big Bang [1]. Three aspects are particularly relevant:

i) How the large-scale structure of the universe originated?. According to the inflationary paradigm, quantum
fluctuations were stretched during an early exponential expansion to cosmic scales, seeding the formation of
cosmic structures. This mechanism also produces a broad stochastic gravitational wave background (SGWB).

ii) The period between the end of inflation and the time when the standard model of particle physics started
playing a role remains largely uncharted. Violent phenomena from this era, such as reheating, first-order phase

transitions, the decay of exotic fields, or the dynamics of topological defects, are natural sources of GWs.

iii) New theories of fundamental particle physics— such as grand unified theories or supersymmetry — predict
phenomena in the early Universe that could source GWs. GW detectors o!er hence a new method to explore
energy scales far beyond those accessible by terrestrial particle accelerators.

The previous processes may generate spectra peaking at di!erent frequency bands. As shown in Fig. 1, the µ-
Hz band o!ers a unique handle for these signals (lines “Primordial’), complementing the reach of PTA and LISA.

SG2. Probing dark matter of ultra-light mass in the Solar System
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Fig. 2. Potential of GUEST to detect ULDM in

parameter space uncovered by other methods.

85% of the matter in the Universe is made of dark matter (DM),
never detected in the Solar System, and of largely unknown
properties. If DM is made of a new particle, its fundamen-
tal mass mDM can be anywhere in the range 10

→31 → 10
19

mH

(10
→22→10

28
eV/c

2), where mH is the mass of Hydrogen. Clar-
ifying the nature of DM is one of the priorities of research
in astrophysics, cosmology, and particle physics. For masses
mDM ↭ 10

→9
mH , the ultra-light DM (ULDM) regime, the

number density of DM particles expected in the Milky Way
is so large that they overlap among themselves. As a result,
ULDM generates unique phenomena [5], such as its behaviour
as a stochastic classical field, generating oscillations of the grav-

itational potential coherent over large regions of the Galaxy. These fluctuations may impact any gravitational
observation in unique ways, opening a new way to directly sense DM.

The coherent oscillations of ULDM occur at frequencies f = nmDM/(2ω⊋c2), where n ↑ N and ⊋ is the
reduced Planck constant. As a result, accessing di!erent frequency bands of gravitational fluctuations allows
the scanning of di!erent DM models. To illustrate this, in Fig. 2, we represent the constraints on the product of
εϑDM, where ϑDM is the energy density of DM and ε the coupling between DM and ordinary matter normalized
by the universal gravitational coupling (ε = 1), compared to the expected energy density of DM in the Solar
System, ϑ↑. All the unconstrained parameter space corresponds to possible ULDM models of di!erent mass,
with ε = 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 [6].
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