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After 11 years of GW measurements
- more than 400 events detected 
- impressive consequences in astrophysics, 
cosmology, fundamental physics, …



The GW landscape in 2040: 
with a notorious gap in the 𝜇Hz regime

How to detect such GW?
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Current detection techniques for GW rely mainly on light 
propagation

- “usual” difficulties to develop such detectors in the 𝜇Hz regime:
• Size of the instrument (~ a.u. e.g. 𝜇 Ares proposal or asteroid laser 

ranging)
• Stable observations over long period (~ year)
• Usually not that great low frequency behavior of optics, clocks, …
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How do we measure the GWB?
Two key methods (currently), both search for GW perturbations to photon travel times

Pulsar timing
Interferometers
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NB: Lots of promising methods for high-freq (>kHz) GWs — ignored in this talk!

- GW impacts the time of propagation or frequency shift of light ray



A binary system acts as a GW antenna:
it can emit GW but also detect them

- if the GW is resonant with the orbital period: produces a secular evolution of 
all orbital elements (in particular a quadratic evolution of the true anomaly, a 
linear drift of the semi-major axis and eccentricity). This can be detected.
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Binary resonance: a brief history
• Similar idea discussed (rather pessimistically…) in MTW (1973)

• This does not account for the resonance, which boosts detectability 
• More recently investigated by Hui+, 1212.2623 — Hulse-Taylor binary pulsar bounds 
• Similar ideas used to search for ultralight dark matter by Blas+, 1612.06789
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Such an idea is already mentioned in everyone’s 
favorite bedbook

- such a pessimistic statement does not account for resonant effects
- first exploration of resonant effect in Hui et al, PRD, 2013 (binary pulsar)
- careful analysis of the resonant effect using secular approximation by D. Blas and 
A. Jenkins with prediction for SGWB for LLR, SLR, BPS in PRL, PRD 2021
- beyond secular approximation and more realistic simulation closer to data analysis 
in J. Foster et al, PRL, PRD 2026
- 2025/2026: development of a research program to analyze existing data (LLR, SLR, 
pulsars)
- 2025: dedicated space mission proposal “GUEST” (PI: D. Blas) as an answer to the 
ESA F-3 call (currently under evaluation)



At resonance, all orbital elements of the binary system 
are impacted by the GW
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- a quadratic drift of the true anomaly
- a linear drift for all other orbital ements (including semi-major axis)

Which can be transformed into an observable 2-ways LTT
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Importance of orbital period and eccentricity

• orbital period / semi-major axis: the binary system is sensitivite to GW 
frequency ~ n forb

• Orbital eccentricity:
1. increases the signal amplitude 
2. increases the number of resonnances (i.e. sensitive to more frequencies)
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Sensitivity analysis
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Figure from J. Foster et al, PRL 2026

Binary 
pulsars

Earth-
Moon

LAGEOS-
LARES

- optimistic sensitivity analysis but this has pushed us to start developing real 
data analysis but
- none of these systems have been optimized for this (small eccentricity)



Real data analysis is on-going but is way more complex:
LLR, LAGEOS/LARES, Binary Pulsars

Figure from J. Foster et al, PRL 2026

- non-Keplerian motion: detector response function is way more complex (and not 
analytical anymore)

- GW should be fitted simultaneously with a lot of other parameters (initial 
conditions, tidal interaction, gravity field, drag force, solar radiation pressure, …): 
presence of correlations

- fits using arcs

- estimation of systematics is quite challenging (mis-modeling)

Solid results obtained using existing data would be the best way to 
demonstrate that this method works



GUEST 
satellite

Eccentric 
orbit

Cube-corner 
retroreflector

Gravitational 
waves

Geodesy 
and tests 
of gravity

Dark-matter 
induced 

fluctuations

Laser

GUEST 
satellite

2 passive free falling S/Cs in eccentric orbit equipped with 
retroreflectors tracked using Satellite Laser Ranging (SLR) Artistic vision of GUEST by E. Barlier

Gravitational Universe Exploration with Satellite Tracking (GUEST)
a space mission proposal for the F3 ESA call



Gravitational Universe Exploration with Satellite 
Tracking ⎯ GUEST

Lead proposer: Diego Blas – Institut de Física d’Altes Energies (IFAE), Barcelona, Spain

French contributors:
- Clément Courde, Julien Chabé: OCA/GeoAzur
- Alice Perego: LAGRANGE/OCA
- Nicola Tamanini: L2IT
- Pascal Rosenblatt: LPG Nantes
- Aurélien Hees, Adrien Bourgoin: LTE/OBSPM

Exploring the Dark Universe using eccentric geocentric S/C tracking
An answer to the ESA F3 call
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Collaboration very open to new scientists – feel free to reach us if you are 
interested



GUEST: a conceptually simple mission with 3 scientific objectives

1. Detect GW in the 𝜇Hz regime

• Improvement wrt phase 1: full simulations using realistic orbits and POD (Earth gravity field 
fitted, SRP, ...)

Stochastic GW background

• GUEST competitive to detect GW from SMBH 
inspirals/mergers from our close universe

• GUEST competitive to detect a stochastic GW 
background 
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Monochromatic GW



GUEST: a conceptually simple mission with 3 scientific objectives

2. Search for ULDM and boson clouds

• ULDM 
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• Earth gravitational potential

• Calibration of stations

• Connection with GENESIS 



Binary systems: a promising avenue to explore 
the 𝜇Hz GW frequency band?

• The GW 𝜇Hz band is a promising band: IMBH, SMBH mergers, first order 
phase transition, topological defects, stochastic SMBH merger (probe 
PTA signal), possible unexpected sources?, …

• The orbital evolution of binary system is impacted by GW – resonant 
effects increase such phenomenon and make it possibly detectable

• Idealized theoretical studies suggest this is a promising avenue to detect 
GW in the 𝜇Hz band

• First data analysis using existing (non optimized) dataset on-going: 
important to demonstrate the feasibility of such a method

• A project of an optimized space mission (GUEST) at low cost is currently
being explored

Young collaboration opened to newcomers, ideas, feedback



Thank you for your attention
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The 𝜇Hz GW frequency range contains exciting signals
1. Astrophysical signals: SMBH mergers
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The μAres detection landscape

SKA

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

SgrA*+10M☉ 108 yr to merger
~100 Galactic BHBs

Galactic binaries GWB
Cosmological MBHB GWB
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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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The 𝜇Hz GW landscape: single sources

GUEST

Figure from Voyage 2050 white paper, Sesana et al, arXiv:1908.11391

A&A proofs: manuscript no. mainPTA

IPTA30 LISA
AEDGE

AION-km
ETΩG

W
∝f
2/3

10
3 M ⊙

<M
<10
6 M ⊙

10
6 M ⊙

<M
<10
9 M ⊙

M>10
9 M ⊙

10-8 10-6 10-4 0.01 1
10-11

10-10

10-9

10-8

10-7

10-6

f /Hz
Ω
G
W

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

Figure from J. Ellis et al, A & A 676, A38, 2023

GUEST

The 𝜇Hz GW landscape: SMBH 
stochastic distribution

Will help understand evolution of galaxy, enable cosmography, multi-messenger (also with LISA), …

Will detect some MBHB ~weeks/yrs
before they enter LISA band



The 𝜇Hz GW frequency range contains exciting signals
1. Astrophysical signals: SMBH mergers
2. Fundamental physics: early Universe stochastic GW, e.g.
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Figure from Buchmuller et al, JCAP 2021, 12, 06.

An example signal: cosmological phase transitions

key prediction of many particle physics

models

four parameters:

I temperature Tú
I strength –
I rate —/Hú
I bubble-wall velocity vw

peak frequency

fú ¥ 19 µHz ◊ Tú

100 GeV

—/Hú

vw

alexander.jenkins@kcl.ac.uk Detecting GWs with binary resonance EPS-HEP, 26 July 2021 11 / 13

Cosmo first order phase transition
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But also: primordial BH, inflation, …



GUEST block diagram

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
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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).

22
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Payload description: the spheres

• 2 identical passive spacecraft: two options still under studied

• A: Monolithic Al 6061-T6 structure (LARES heritage), 86 cm – 840 kg

• B: Two layers: Al 6061-T6 with a Tungsten core (LAGEOS heritage), 70 cm – 550 kg

Optimized in order to

• Minimize surface-to-mass ratio (minimize non gravitational forces)

• Total mass within launcher capabilities

• Thermal noise budget: thermal isothermality (high conductivity), thermal inertia (high 

specific heat)

• Electric conductivity: minimize eddy current and Lorentz braking

• Moment of inertia and gyroscopic stability (oblateness ~ 12.4% - ensure stable spin axis)

• Construction: heritage from LAGEOS and LARES

• Reentry: they do not fragmentate in the atmosphere

Heritage from LAGEOS and LARES-2

Spheres: Spanish contribution
21



Keplerian versus realistic response
function
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