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theories of Newtonian gravity
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Overview

& General thermodynamic gravity from non-equilibrium thermodynamics
& Analytical solutions

& Astrophysical application
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Gravitation and thermodynamics

& Gravitational field coupled to thermodynamic equations of state

& A general energy density function of the gravitational field and up-to 3rd order
gradients is added to the internal energy:

e(p, 0, Vo, V29, V3¢)
p

& pu internal energy density, pe total energy density, € total energy density.
Hydrodynamical framework, extensivity 1s conserved

PR SE st A R =

& Simple heuristic derivation or Liu’s procedure for the evolution equations
® NB.:VTQ®Vp =V?¢0,andVQRVRJR TV =730
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Gravitation and thermodynamics

¢ Balances of mass, momentum and internal energy are constraints:
p+pV-v=0
PG+ VP =0
pe+V.-q=—-P:Vv

& II. law of thermodynamuics:

pS+V-7=0
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Full entropy balance

pstV - [T (d— dvape - (VV) - (V) — Dyape : (3(VV) - (V29)) + (V2V) - (Vip)) + Dyae - (V) - (V)
T (V- 9gsg) - (V) - (Vo))

N (vas _v. GV%S L V2 - avgwg) ® + (avgqo&‘ — V- BV?':;:E) -V + (aV?-g:?E) ; Vi@)}

- (q — Byage - ((VV) - (V) — Bgsge : (3(VV) - (V29)) + (V2V) - (V) + ((Bysge) - (V) : Vg
(V- 8es,6) - (VV) - (V)
|

+ (Oype — V - Bya e + V2 : Bys€) ¢+ (Byzpe — V - Bysge) - Vi + (Dysye) : qu_.j) v (?)

+ % (V - (Owye) — Ope — V2 Ov2,€ + VSE@VE‘&PE)

. [P + (e = p— pO,E)] — (Dype — V - Byage + V2 : Bgay) (Vo)

— (Buage — V- Bga,e) - (V20) — (Boage) : (V)| : v > 0 5
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Gravitation and thermodynamics

& Cross-effect can arise between 2 of the resulting constitutive equations (the Seebeck
and Peltier effects being an analogy)

& A dissipative field equation for gravity can be derived assuming negligible pressure
terms:

10y = 1?47G (V - (Oy,€) — 0,6 — V? 1 Oy2,e + V2:0gs,e+
+2K[ — 3¢ + 3p0ye + (Ovpe — V - Oy2,e + V7 1 Oyse) - (Vo)

+(Oy2pe — V - Oyse) = (V2) + (3@@)5(‘7%@])

l12

6det(L)
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(Standard) Thermodynamic gravity

¢ Van & Abe (2022) include the ( Ohanian) gravitational
field energy as:

(Vp)*
8ntlG

e(p, ., Vo, V2, V3p) = pp +

& The stationary field equation is a modified Poisson’s equation:

Ap = 4nGp + K(Vp)?
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Vacuum solution

Crossover in the vacuum solution, K=0.1,C=1

=~ Numerical V¢

@ g(r) — 1 - Theoreticaqu;
Kr+Cr? el
@cp(r)zlln( - )+<p0 <
K K+Cr S
; a5 S
® In Newtonian limit: g
T
7 o
®C = P S 10!

® Explain dark matter

observations 1n galaxies? :
10~

r distance from the centre [r4]
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Galactic rotational curve with thermogravity

NGC 3198 galaxy velocity curves, K= 37.99
¢ Thermodynamic gravity applied to = (340005 = 3.60.07) shikm?

. . . . )(2 = 4,911e+01, BIC = -9.758e+01
observed density distributions Disk Yoo 620,01+ 7.00103

¢ Comparable results to Dark Matter or

MOND approaches with fewer fitted
parameters:
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Thermodynamic gravity

Dark matter 0 DC14
MOND 0 EFE realisation

— \felocity - Thermogravity
= \Velocity - Stellar Disk

== Velocity - Gas
—}— Observational data - SPARCS
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Self-consistent, self-coupled scalar gravity

¢ Grulini (1997), Franklin (2014) and others; to incorporate relativistic self-coupling from the
gravitational field:

c? (Vp)?
» V ) VZ ) 73 = + PEn-
e(p, 0, Vo, V0,V ¢) = @p o
& Stationary field equation:
A —47TG +1 1+2K (Vp)?
P = -2 PP AT P
2ng2
& Vacuum solution, for K = 0 (no coupling): o(r) = — GiW fcé\:{ ~+ ¢?
2
& Vacuum solution, for K # 0: o(r) = ——erf~1 (— —%(ZCZ - %)>
K cCeTt r
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Gradient modified gravity

& Lazar (2020), to consider special quadratic higher order modifications in the form
of:

1
e, 0, Vo, V29, V9) = ¢p + %( (Vp)? + (V2 0)? + 1§ (73 )?)

¢ Results in Yukawa-like vacuum solutions, where [y, [, are (real) internal
characteristic length scale parameters

& Stationary field equation:
Ap — 12N + 503
= 4nGp + K (V)2 + Z[(720)? + A()?] + 3[(739)? + A(V29)? — £2(Vgp)?])

¢ Could help with the cancellation of Newtonian singularities or short-scale
modifications

Testing Fundamental Physics with Seismology 2026 (FuSe 2026) 12



Yukawa-solutions and the violation
of the equivalence principle

—~ o -

& Yukawa-like modified gravity:
A, 8 il e
wit) O——p |0

(From3e 03¢ T

& Example: E. Fischbach et al.
(1986): Fifth force based on
the E6tvOs torsion balance
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Summary

& Models using hydrodynamic descriptions have potential for describing
galactic dynamics (modified gravity vs particle DM)

& Thermodynamic gravity within the hydrodynamic framework offers a
potentially powerful method for the description of dynamics on
cosmological scales

¢ Hydrodynamic description greatly benefits from a rigorous foundation and
can be a thermodynamic link between QM and gravity

& Classical holography

& Korteweg-fluids
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