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COST (European Cooperation in Science and Technology) is a funding

organisation for research and innovation networks
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COST Actions
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Testing Fundamental Physics with Seismology (FuSe) CA24101

FuSe has a very strong connection with Romania!

MC member for Romania: Nicoleta Voicu, Transilvania U. of Bras, ov,
mathematician, member of WG1

WG3 Leader: Elena Apostol, National U. of Science and Technology Politehnica

Bucharest, computer scientist.
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Bucharest 2026, MC1 meeting in Brussels 2025 & the first FuSe conference

Bucharest, University Fountain, 2026 (Revolution) Brussels, 2025

Brussels, 2025, MC members 1st FuSe conference, Corfu 2026
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Upcoming event: 1st FuSe Training School 2026, Tihany, Hungary

We have quite a bit of
funding, and we’re actively
looking for good reasons to
spend it - supporting
(young) participants is our
favourite one

Topics:
Gravitational waves
Neutrino tomography
Cosmic rays
Machine learning and
artificial intelligence
Planetary seismology
Geoneutrino physics
Hands-on Detectors and
Field Exploration
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Upcoming event: 2nd FuSe conference, Wroc law 2027
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Let’s finally talk about the science behind FuSe

In FuSe, we are kind of obsessed with waves.
If it oscillates, we are interested.

Seismic waves:

provide information about the interiors of astrophysical bodies (planets
and stars) — a theory-dependent procedure;
enable tests of theories of gravity, dark matter and dark energy models,
as well as particle physics.

Possible additional oscillation modes in astrophysical bodies:

searching for signatures of a fifth force and other new physics.

Gravitational waves:

probe the “cosmological fluid”;
probe the interiors of the Earth and the Moon;
(earth)quakes? G
probe extra dimensions.
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Basic equations of stellar (sub-)structure1

(nonsphericity, magnetic fiels, time-dependency,... ignored here

The structural and thermal differential relations

dp

dr
= −Gm

r2
ρ,

dm

dr
= 4πr2ρ,

dL

dr
= 4πr2ϵρ

Criteria for the heat transfer model (e.g. Schwarzschild criterion)

∇rad ≤∇ad pure diffusive radiative transport or conduction

∇rad >∇ad adiabatic convection is present locally

where ∇rad :=
(
d lnT

d ln p

)
rad

=
3κrcLp

16πacGmT 4

Microscopic physics (X is shorthand for composition)

p = p(ρ,T ,X ), E = E (ρ,T ,X ), κ = κ(ρ,T ,X ), ϵ = ϵ(ρ,T ,X )

Boundary conditions at the center (m = 0, r = L = 0) and at the surface

(m = M, ρ = T = 0).

1
see e.g. Stellar Interiors, Physical Principles, Structure and Evolution, C.J. Hansen, S.D. Kawaler, V. Trimble
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Non-relativistic equations of modified gravity

Modified Poisson equation2

∇2Φ ≈ κ

2
(ρ + modification)

For spherical-symmetric spacetime the gravitational potential

Φ(r ) = −GM

r
− 4πG

∫ R

r

(
ρ(r )r + modification

)
dr .

The hydrostatic equilibrium equation

dΦ
dr

= −ρ−1 dP

dr
,

+ matter description (EoS and/or ”seismic waves”, temperature dependence,...)
+ eventual equations for additional fields

(It can be ”easily” extended to rotating models3)

2
A.W., EPJC 79, 1, 51 (2019) - H2, G. Olmo, D. Rubiera-Garcia, A.W. PRD 104, 024045 (2021) - H9, and others, not

included in the list of scientific achievements presented here.
3

Chowdhury et al. (A.W.), PRD 109 (2024) 10, 104049; A. Kozak, A.W., in progress.
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How to use seismic waves to understand gravity?5

geometry (based on a model of gravity)

+

mass & moment of inertia (observational constraints):

=

gravity ∼ terms including seismic data

Result:
Constraints on (quantum) gravitational theories 40 order of magnitude
better than from cosmological data4 and about 50 order of magnitude

better than data from black holes (shadows, quasi normal modes).

4
D. Aguiar Gomes et al. (A.W.), JCAP 01 (2024) 011.

5
A. Kozak, A.W., PRD 104 (2021) 8 - H10; 108 (2023) 4, 044055 - H15; A. Kozak, A. Pachol, A.W. Annals Phys. 481

(2025) 170136.
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Theories of gravity constrained so far

Modified Poisson equation

∇2ϕ(x) = 4πG
(

ρ(x) +∇2α
(
x, ρ(x)

))
,

Palatini f (R) and Eddington-inspired Born-Infeld gravity (Ricci-based)6:
α(r , ρ) = ϵ/2ρ(r), and ϵ = 4β

−2 × 109 ≲ βP ≲ 109m2 for Palatini ,−8 × 109 ≲ ϵ ≲ 4 × 109m2 for EiBI

DHOST theories α(r , ρ) = Υ
4 r

2ρ(r)

−10−3 ≲ Υ ≲ 10−3

Quantum gravity: Snyder and qGUP (β := β̃M2
Pc

2): β < 4.67 × 1044

Quantum gravity: linear GUP7: −6 × 1022 ≲ σ ≲ 3 × 1022 s/kg m

6
New cosmological data provides bounds |βP | < 1049 m2, Aguiar Gomes+, JCAP 01 (2024) 011

7
A.W., PRD 109, 024011 (2024) - H18
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Challenging the concept of continuous space-time8

→ In Quantum Gravity the geometry of space-time (space-time
continuum) has no operational meaning

→ common in many approaches: ”quantum spacetime - unlikely to admit
a fundamental description in terms of a differentiable manifold”

Loop Quantum Gravity (minimal area/volume)
String Theory (minimal length uncertainty relations from high-energy
scattering)
Spin Foam Models (effective noncommutative QFTs)
Group Field Theory, Causal Dynamical Triangulation

The space-time - non-local:

∆xµ∆xν ≳ (Lp)
2

→ the coordinates are non-commutative

[xµ, xν] ̸= 0
8

Doplicher, Fredenhagen and Roberts, ”Quantum structure of space-time at the Planck scale and quantum fields”
Commun.Math.Phys. 172 (1995) 187-220 [arxiv:hep-th/0303037]; Seiberg - Witten, String theory and noncommutative
geometry, JHEP 09 (1999)
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Quantum gravity9

Observation:

Modifies Heisenberg uncertainty principle (GUP, EUP)

∆xi∆pi ≥
h̄

2

(
1 + modification

)
or/and dispersion relation

E 2 + p2
(

1 + modification
)
= m2

9LQG, Doubly Special Relativity, String Theory, Noncommunative geometry,...
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(Quantum) gravity and thermodynamics

The weighted phase space volume is modified (D - dim of the phase space)10.

dDxdDp

1+modification

Consequence: modified partition function (z = eµ/kBT )

lnZ =
V

(2π h̄)3

g

±1

∫
ln

(
1± ze−E/kBT

) d3p

1+modification

Conclusion: Quantum Gravity modifies thermodynamics

P = kBT
∂

∂V
lnZ ,

n = kBT
∂

∂µ
lnZ |T ,V ,

U = kBT
2 ∂

∂T
lnZ |z,V

MG as an effective theory derived from QG
10

A. Pacho l, Nucl.Phys.B 1010 (2025) 116771

Aneta Wojnar FuSe & Lepage Research Institute August 2026 16 / 27



Crystals in Noncommutative Backgrounds12

Main idea

We study Einstein crystals as low-energy systems sensitive to modified
quantum phase space effects.

Snyder background leads to GUP-type corrections:

[x̂ , p̂] = i h̄
(
1 + θp̂2

)
Snyder–de Sitter background leads to GEUP-type corrections:

[x̂ , p̂] = i h̄
(

1 + αx̂2 + ζp̂2 +
√

αζ(x̂ p̂ + p̂x̂)
)

These deformations modify the harmonic oscillator spectrum and
therefore the thermodynamics of crystals11.

11
Diamond is used as a realistic example of an Einstein crystal at low temperatures.

12
A. Pacho l, AW, Phys.Rev.D 113 (2026) 11, 116028; in preparation
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Key Results

The partition function receives noncommutative corrections:

Z = Zundef + ∆ZNC

and its positivity imposes bounds on the deformation parameters.

Internal energy and heat capacity are modified:

U = Uundef + ∆UNC, CV = CV ,undef + ∆CV ,NC.

For generic values of the noncommutative parameters, the heat capacity may
become unphysical:

CV < 0 or
CV

3NkB
> 1.

The theory parameter ”sensitive” to the energy scale - at higher temperatures, the
increased vibrational activity of particles enhances the role of
momentum-dependent corrections in the uncertainty relation.

Conclusion: crystal thermodynamics can provide a low-energy window into
GUP/GEUP-type quantum gravity effects.
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A New Laboratory Probe of Gravity13

Idea: combine seismic waves and cosmic-ray muons

Quantum-gravity effects modify the phase-space measure and therefore the
thermodynamics of solids.

Using the anharmonic Debye model, gravity corrections induce modifications
of the bulk modulus:

K = K0 + ∆Kgrav.

Seismic measurements provide: vP , vS , while muon tomography
independently determines the density ρ.

Combining both observables removes the dominant density-related
uncertainty:

K = ρ

(
v2
P − 4

3
v2
S

)
.

This enables a gravity-independent determination of elastic and
thermodynamic properties of materials.

13
AW, arXiv:2604.07333
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Seismic waves and cosmic rays14

Stronger constraints are obtained
at higher temperatures, indicating
a temperature-dependent
sensitivity to quantum-gravity
corrections.

The achievable bounds are
comparable to existing laboratory
constraints from GUP-inspired
experiments.

Muon tomography and seismology
provide a promising low-energy
window on quantum gravity.

14
AW, arXiv:2604.07333
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Gravitational Waves as Probes of the Cosmic Medium15

Key idea: gravitational waves do not only test gravity - they can also probe what the
Universe is made of.

LIGO event GW150914 whose signal propagated over a distance of about

L ≃ 410 Mpc.

If the cosmic medium has nonzero shear viscosity η, the GW amplitude is attenuated:

hij ∝
L0

L
exp

[
− βL

2

]
, β = 16πGη.

Ideal fluids do not dissipate gravitational waves.

Shear viscosity of dark matter or dark energy would damp the signal.

Comparing the observed and predicted waveform constrains the viscous properties
of the cosmic fluid.

Gravitational waves can act as “standard probes” of the invisible medium: they may help
distinguish collisionless dark matter from dissipative or self-interacting dark sectors.

15Goswami et al., Phys. Rev. D 95, 103509 (2017).
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Gravitational Waves as a Probe of the Earth’s Interior16

The Earth can be viewed as a giant
gravitational-wave detector.

A passing gravitational wave produces an effective
Dyson force

fGW = ∇µ · (êr · h)

where µ is the shear modulus and hij is the metric
perturbation. Key consequence

GWs interact only with spatial variations of µ

The interaction is concentrated at major elastic
discontinuities such as

Earth’s surface (solid Earth → atmosphere),

core–mantle boundary.

The Earth’s response therefore depends directly on
its internal elastic structure.

Normal-mode excitation
Passing GWs excite only
quadrupolar spheroidal modes
which carry information about the
Earth’s interior.
The induced displacement is
obtained through the Green-function
formalism

u(r, t) =
∫

G (r, r′, t) fGW dV ′.

Applications

probe Earth’s interior,

test gravity in the mHz band,

future synergy with LISA.

16
Dyson (1969); Ben-Menahem (1983); Majstorović (2019)
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CERN GenHET newsletter, Issue 09 June 202617

17
Editors: Saskia Demulder and Verónica Errasti D́ıez.

Aneta Wojnar FuSe & Lepage Research Institute August 2026 23 / 27



The campaign

First steps when you are a target:
1. Talk to women (locally, globally) - we already have a big network
2. Hire a lawyer
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Take-Home Message

Join FuSe :)

Use waves as a tool for understanding nature.

Multumesc!

aneta.wojnar@uwr.edu.pl
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Astrophysical bounds on Generalized Uncertainty Principle18

Our bound when more realistic physics taken into account

β ≤ 1.36 × 1048 from low-mass stars (A. Pachol, A.W., Eur.Phys.J.C 83 (2023) 12, 1097) - H17

β < 4.67 × 1044 from Earthquakes (A. Kozak, A. Pachol, A.W., Annals of Physics, 2025)

18
See review by Bosso+, CQG 40.19 (2023): 195014

Aneta Wojnar FuSe & Lepage Research Institute August 2026 26 / 27



Tabletop experiment bounds on Generalized Uncertainty Principle19

Our bound when more realistic physics taken into account

β ≤ 1.36 × 1048 from low-mass stars (A. Pachol, A.W., Eur.Phys.J.C 83 (2023) 12, 1097) - H17

β < 4.67 × 1044 from Earthquakes (A. Kozak, A. Pachol, A.W., Annals of Physics, 2025)

19
See review by Bosso+ 2023 Class. Quantum Grav. 40 195014
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