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Gravity vs matter: motivation based on a number of indications
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Effective quantities: opacity?, ...

Modifications introduced by modified gravity to pressure?
Chemical reactions rates depend on gravity?

Specific heat and crystallization depend on modified gravity*
Chemical potential depends on gravity®

Elementary particle interactions modified by modified gravity (dependence of the metric
on the local energy-momentum distributions®

EoS depends on relativistic effects introduced by GR”

Thermonuclear processes...?8

®© 6 ©

Fermi and Bose equations of state depend on (modified/quantum) gravity®

J. Sakstein, PRD 92 (2015) 124045; ...

H-Ch. Kim, PRD 89 (2014) 064001

P. Lecca, J. Phys.: Conf. Ser. 2090 (2021) 012034

S. Kalita, L. Sarmah, AW, PRD 107 (2023) 4, 044072

I.K. Kulikov, P.I. Pronin, Int. J. Theor. Phys. 34, (1995) 9

A.D.I Latorre, G.J. Olmo, M. Ronco, PRB 780, 294 (2018)

G.M. Hossain, S. Mandal, JCAP 02 (2021) 026; PRD 104 (2021) 123005

J. Sakstein, PRD 92 (2015) 124045; AW, PRD 103 (2021) 4, 044037; in preparation

AW, PRD 107 (2023) 4, 044025; A. Pachol, AW, Class.Quant.Grav. 40 (2023) 19, 195021; AW, PRD 109 (2024) 2,
024011; AW PRD 109 (2024) 124031
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How to use seismic waves to understand gravity?

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 data and about 50 order of magnitude
better than data from black holes (shadows, quasi normal modes).

Kozak et al (2021, 2023, 2024).
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Studying fundamental theories using seismic waves

@ Gravity (modifications to Einstein's
theory, quantum gravity)

@ Fifth force? (additional field(s),
extra dimensions,...)

@ Dark Matter

(]

Particle Physics (neutrinos, ...)

@ Matter properties
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How to use seismic waves to understand gravity?
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Neutrino tomography of Earth: Zenith angular distribution of the atmospheric muon
neutrino events in the 1C86 sample.
(Donini et al., Nature Physics vol. 15, p. 37-40, 2019)
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How to use seismic waves to understand gravity?

—— PREM model
4 Max 1D pos.
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Neutrino tomography of Earth: Fit of the density profile of the Earth with IC86 data.
(Donini et al., Nature Physics volume 15, pages 37-40, 2019)
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A statistically significant correlation exceeding 60 between cosmic

intensity variations and global seismic activity

Super massive
particle decays to a
very high energy
photon

High energy photon
collision creates lots

Low energy photons

Super Massive ;
in a super-preshower

Particles formed in

the early Universe are detected on the

Earth

of low energy
photons

Hypothesis
@ Tectonic stress — Core dynamics perturbation
@ Core flow changes — Geomagnetic field variations
@ Magpnetic field changes — Cosmic ray trajectory alterations
@ Trajectory changes — Surface detection anomalies (gravity?) < Aneta sticks her nose into these matters

Credit: Cosmic Ray Extremely Distributed Observatory (CREDO);
Homola, P., et al. (2023). Observation of large-scale precursor correlations between cosmic rays and earthquakes with a
periodicity similar to the solar cycle
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The stellar and galaxy curvature regime not considered too much
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Untested regime in the the galaxy and stellar physics regime. It could potentially hide the

onset of corrections to GR (T. Baker et al 2015 ApJ 802, 63).
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Astrophysical Bodies




Basic equations of stellar (sub-)structure!®

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

The structural and thermal differential relations

dp  Gm dm 5 dL 5
P 0, a 47mtrop, ar = 4rtreep

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

Viad <Vaq pure diffusive radiative transport or conduction
Viad >Vaq adiabatic convection is present locally

dinT 3xcLp
h Viad = =
where rad ( dinp ) rad  16712cGmT*

Microscopic physics (X is shorthand for composition)
p=plp.T.X), E=E(T.X), x=x(p,T.X), e=e(p.T,X)

Boundary conditions at the center (m =0, r = L = 0) and at the surface
(m=M,p=T=0).

10

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 and quantum gravity

Modified Poisson equation

1
V20 ~ 5(p -+ modification)

For spherical-symmetric spacetime the gravitational potential the hydrostatic equilibrium
equation

d® _ ,dP

ar TP e
M = /47T'F2p(F)dF,

+ matter description (EoS or seismic data, temperature dependence,...)
+ eventual equations for additional fields

A new method of testing theories of gravity proposed?!?

11A. Kozak, AW, Phys.Rev.D 104 (2021) 8, 084097
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Terrestrial planets - seismology vs gravity Il 2

@ No exchange of heat between different layers (adiabatic compression)
@ The planet is a spherical-symmetric ball in hydrostatic equilibrium

@ The planet consists of radially symmetric shells with the given density jump
between the inner and outer core Ap = 600, central density p. = 13050 and
density at the mantle's base p,, = 5563 (in kg/m3) - PREM

@ Mass M =4 fOR r?0(r)dr and moment of inertia | = %ﬂfOR r*o(r)dr where R is
Earth’s radius, play a role of the constraints (given by observations with a high
accuracy)

@ The outer layers' density profile described by Birch law p = a+ bv,

vp is the longitudinal elastic wave. It contributes, together with the transverse elastic

wave vs, to the seismic parameter @5 and the elastic properties of an isotropic material
4 K dP
q)s:V2_,V$2:7' K=——
P3 0 dlnp
The hydrostatic equilibrium equation in MG:

dp GM(r) e -1
el —p (T + modification | &,

12A. Kozak, AW, Phys.Rev.D 108 (2023) 4, 044055
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The density profile given by the PREM (Newtonian)

10 4

@ The density profile given by the ?&[F- 8
preliminary reference Earth model in 5 6
which Newtonian gravity is assumed. o

@ The velocities' plots are obtained
from data without using any theory

of gravity. o 1 2 3 4 5 6

@ The primary waves are the same as
the longitudinal waves, while the

secondary waves are transverse in

nature. 1259
@ The units are in km/s for velocities, 4. 1007
while the densities are in kg/m3. ¥ 7.51 — Primary waves

§ —— Secondary waves
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Astrophysical bounds on Generalized Uncertainty Principle!3

Our bound when more realistic physics taken into account
Bo <1.36 x 10*8 from low-mass stars (A. Pachol, AW, Eur.Phys.J.C 83 (2023) 12, 1097)

Bo < 4.67 x 10* from Earthquakes (A. Kozak, A. Pachol, AW, Annals of Physics, 2025)

Experiment Reference Upper bound on 3
Perihelion precession (Solar System, 1) [328, 330] R
Time-of-flight measurements [327] 10'
Equivalence principle (pendula) [246] 107
Gravitational bar detectors [406, 407] 10%
Equivalence principle (atoms) [408] 10%
Low-mass stars [409] 10*
LIV in torsion pendulum [171] 10°!
Perihelion precession (Solar System, 2) [129, 161] 10%9
Perihelion precession (pulsars) [129] 10™
Gravitational redshift [161] 1076
Black hole quasi normal modes [257] 107
Light deflection [129, 161] 107
Time delay of light [161] 10%!
Black hole shadow [253] 107
Black hole shadow [257, 265] 10"

13See review by Bosso+, CQG 40.19 (2023): 195014
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Tabletop experiment bounds on Generalized Uncertainty Principle!#

Our bound when more realistic physics taken into account
Bo <1.36 x 10%® from low-mass stars (A. Pachol, AW, Eur.Phys.J.C 83 (2023) 12, 1097)

Bo < 4.67 x 10** from Earthquakes (A. Kozak, A. Pachol, AW, Annals of Physics, 2025)

Experiment Reference Upper bound on 3
Phonon cavity [399] 10%
Harmonic oscillators [400, 401] 10%°
LIV in hydrogen atom [304] 10%°
Scanning tunneling microscope  [65, 373] 10%
/v anomalous magnetic moment  [65, 402] 10%
Hydrogen atom [54, 57, 95,395,396]  10*
Lamb shift [65, 403] 10%
87Rb interferometry [404, 405] 10%
Kratzer potential [90] 10%
Stimulated emission [110] 10%
Landau levels [65, 69, 403] 10%
Quantum noise [112] 10”7

14See review by Bosso+ 2023 Class. Quantum Grav. 40 195014
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Thermodynamics




Quantum gravity!®

Observation 1:

Modifies Heisenberg uncertainty principle (GUP, EUP)

h
AxiAp; > 5 (1 + modification)

or/and dispersion relation

E%2 4+ p? (1 + modification) =m?

15| QG, Doubly Special Relativity, String Theory, Noncommunative geometry,...
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Quantum gravity and thermodynamics

Observation 2:

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

1 4+ modification

Consequence: modified partition function (z = e!/k8T)

V. & | —E/ksT d*p
nNZ=—=—"1/I <1 + 80 ) — ————
: (2mth)3 £1 / ; e ) 1 4 modification

Conclusion: Quantum Gravity modifies equations of state since

)
P=ksT-"1InZ
By "<

0
n= kBT@an |T'V,
U:kT%imz|
B aT Z,V

Observation 3: MG as an effective theory derived from QG



Seismic waves and cosmic rays

The laptop died here. It
seems that the Universe
doesn’t want us to talk
about that.

AW, arXiv:2604.07333

Muon count measurement
for an aluminium bloc
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Summary and conclusions

o Tests of gravity with the use of stars and substellar objects (BD,
(exo)-planets, seismology)

@ We must be consistent in describing physical systems in different
scales

@ We should consider more realistic models on both sides: gravity and
matter - rotating bodies, magnetic fields, ..., opacities (atmosphere),
microphysics description - to obtained better bounds and understand
the gravity effects

@ More research on matter properties in the MG and QG frameworks is
necessary
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