Universidad

Industrial de
Santander

UNIVERSIDAD
ANTONIO NARINO

https://cutt.ly/unxi93X

Jacobson's thermodynamic
approach to classical gravity
applied to non-Riemmanian
geometries: remarks on the

simplicity of Nature

Author: Jhan Nicolas Martinez Lobo
Advisor: Yeinzon Rodriguez Garcia
Co-Advisor: José Fernando Rodriguez

Based on: J. Martinez, J. Rodriguez, Y. Rodriguez, Ann.Phys.(Berlin), 2026.



02

1.RG:Review

The Metric
Juv;

tensor comparison at different points,

FZI/(QMV)ﬁ —> R)\p

and field equations are given by

R

s

1
2

gWR — 87TGNTMV,

A. Einstein, A. der Wissenschaften, 1915.
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1.1.Laws of black hole dynamics

Zeroth law:

1
= 2(S 6t Ria = U,

First law:

(M, J, A) — (M + 6M, J +5.J, A+ 5A),

SM = —~§A + QpéJ.
ST

J. M. Bardeen, B. Carter, S. W. Hawking, Commun. Math. Phys., 1973.



1.1.Laws of black hole dynamics

second law (generalized):

7  kpA
T:%K/, 5_461%’

therefore,

S. W. Hawking, Nature, 1974.
J. D. Bekenstein, Phys. Rev. D, 1974.
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1.2.RG:Thermodynamics
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T. Jacobson, Phys. Rev. Lett., 1995.
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r.2.1.Unruh eftect

In Minkowski spacetime, accelerated observers measure a thermal bath of temperature:

hK

2

T:

where [{ is the fourth-acceleration norm.

T. Jacobson, Phys. Rev. Lett., 1995.



I.2.2.Energy flux
5@ — / TMVXMdZV,
H

Y= —rAEE, dSF = kMdNdA.

therefore,

50 = —rk / AT k" kY AN A,
H

T. Jacobson, Phys. Rev. Lett., 1995.



08

1.2.3.H0rizon entropy

dS =noA,

SA = / AANdA,
H

using the Raychaudhuri equation,

o 1 , , L
a——ie — O —Rm/kk‘,

T. Jacobson, Phys. Rev. Lett., 1995.
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1.2.4.Area variation

§ = —AR,, k'K,

then,

SA = — / AR, k' kY dAdA,
H

T. Jacobson, Phys. Rev. Lett., 1995.
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1.2.5.C1ausius relation

0
5Q = TdS = —nsA,
27

h
K / )\ka“k”d)\dA: —%7 / )\ka%”d)\dA,
H 21 Jy

but, for an arbitrary horizon:

. hn 5 27T
T, k" E = %ka“’k , — ﬁ_?yTW = R, + fouw,

T. Jacobson, Phys. Rev. Lett., 1995.
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1.2.6.Field equation

v, T" =0, = f=-R/2+A.

D. Lovelock, J. Math. Phys., 1971.
D. losifidis and F. W. Hehl, Phys. Lett. B, 2024.

finally,

where,

1
—> 77_1/2 = 2l,,

T. Jacobson, Phys. Rev. Lett., 1995.
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1.2.7. (:Field equation Or state equation?

Viewed In this way, RG Is an equation of state.

It may be no more appropriate to canonically quantize the Einstein equation than it would be
to quantize the wave equation for sound Iin air.

The cosmological constant remains as enigmatic as ever.

High amplitude and frequency perturbations of the gravitational field could no longer be
described by GR due to the lack of local equilibrium conditions.

Entropy production in the free expansion of a gas Is not described by Clausius’ Relation.

f(R) and Einstein-Cartan has been found by non-equilibrium thermodynamics.

T. Jacobson, Phys. Rev. D, 1995.

F. Falk, J. Elast., 1981.

R. Kupferman et. al., J. Geom. Mech., 2015.

R. Kupferman et. al., Isr. J. Math., 2017.

T. De Lorenzo et. al., Phys. Rev. D., 2018.

R. Dey, S. Liberati, D. Pranzetti, Phys. Rev. D, 2017.



2.RG: reasons to modity it

) Dark matter:

» Dark energy:

) Hubble tension:

25.89% =+ 0.57%.

N. Aghanim et. al., Astron. Astrophys.,2020.

69.11% + 0.62%.

N. Aghanim et. al., Astron. Astrophys.,2020.

HO — (674 T O.S)km/s/Mpc,

Hy = (73.52 + 1.62)km/s/Mpc.

A. G. Riess et al., Astrophys. J., 2018.
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2.RG: reasons to modity it

) Singularities.

) Renormalizability and unitarity.

R. Penrose, Phys. Rev. Lett., 1965.

R. M. Wald, University of Chicago Press, 2010.
K. S. Stelle, Phys. Rev. D, 1977.
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2.1.General Manitfold

Beyond the metric, we also have

1 v
FO{‘W/ :§g 5((%9,@;,, =+ augazﬁ — 8ﬁguaf)

1 vV v v 1 % v v
+§(T CepJ_Toqu _T;u,a )+§(Q oz;u,_Quoz _Qau )
where

Quaﬁ = vugaﬁa T =1% —T%,,.



3.MAG

R x0(1,3), = R"“ xGL(1,3),

the non metricity tensor is defined as

Quaﬁ — vugaﬁa

and modifies the inner product under parallel transport as
74 4 4
Oa(gu VIW?Y) =V o (gu VEWY) = Qo VWY,

deformations of ideal crystal can be described by a metric like in GR, but local deffects, require
structures like torsion and non metricity to be described.

F. W. Hehl et. al., Phys. Rept., 1995.

F. Falk, Journal of Elasticity, 1981.
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4.Gravitational equation
of state (vanishing Q)
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4.1.Unruh effect

In Minkowski spacetime, accelerated observers measure a thermal bath of temperature:

hK

2

T:

where [{ is the fourth-acceleration norm.

T. Jacobson, Phys. Rev. Lett., 1995.



4.2.Energy tlux
5@ — / TMVXMdZV,
H

Y= —rAEE, dSF = kMdNdA.

therefore,

50 = —rk / AT k" kY AN A,
H

T. Jacobson, Phys. Rev. Lett., 1995.



4.3-Horizon entropy (vanishing Q)

dS =ndA,

where

SA = / AANdA,
H

and by definition

1
0 = Eqw/['uq#w

T. Jacobson, Phys. Rev. Lett., 1995.



4.4.Area variation (vanishing Q)

we find that
dO
— | =— R l%F — 1PV, Ts + IYI°T., 5, T"
I\ | R 3 V ﬁ-l—l [ 3
— 1PV, T3o" — T, V" (1M17)
— (V) (Vol?) 4+ Tl *VPIH
where

84 = 8 @8

J. Martinez, J. Rodriguez, Y. Rodriguez, Ann.Phys.(Berlin), 2026.
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4.5.Clausius relation (Vanishing Q)

0Q) =TdS = @ncﬂl,
27T

from which we have the fundamental relation

27T

i Tat) = Riap) + f9a5 + (Vo = T)Tlap)” + ViaTp)

Tidal heating term:
5S; = n / (= T V7 (1117) — (V,0°) (V) + Toual VP14 ) AAGA.
H

J. Martinez, J. Rodriguez, Y. Rodriguez, Ann.Phys.(Berlin), 2026.
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4.6.What it...? (vanishing Q)

Choosing the metric energy-momentum tensor we have:

—2  d(v/—detgLly)
Tuw = 7
v —det g o gHv

and, therefore,

S = Sgrav T SM

_ 1 4 o 4
= 167rG/d z\/—det g[R — 2A + T, T°] /d z\/—det gLy,

J. Martinez, J. Rodriguez, Y. Rodriguez, Ann.Phys.(Berlin), 2026.
D. Lovelock, J. Math. Phys., 1971.

D. losifidis and F. W. Hehl, Phys. Lett. B, 2024.



4.7.-What if...? (vanishing Q)

Choosing the metric energy-momentum tensor:

the action would look like

1 4
rav I . 2 O'_TO' TJ:
Sty o ST 167TG/dI\/ det g (2V )

which sadly do not generate a term like

(Vo —T5)T ()7

J. Martinez, J. Rodriguez, Y. Rodriguez, Ann.Phys.(Berlin), 2026.
D. Lovelock, J. Math. Phys., 1971.

D. losifidis and F. W. Hehl, Phys. Lett. B, 2024.
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5.0n the general gravitational
equation of state
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5.I.Unruh eftect

In Minkowski spacetime, accelerated observers measure a thermal bath of temperature:

hK

2

T:

where [{ is the fourth-acceleration norm.

T. Jacobson, Phys. Rev. Lett., 1995.



5.2.Energy flux
5@ — / TMVXMdZV,
H

Y= —rAEE, dSF = kMdNdA.

therefore,

50 = —rk / AT k" kY AN A,
H

T. Jacobson, Phys. Rev. Lett., 1995.



s.3.Horizon entropy (full)
dS =ndA,

where

SA = / AANdA,
H

and by definition

1
0 = Eqw/['uq#w

T. Jacobson, Phys. Rev. Lett., 1995.
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s.4.Area variation (full)

we find that

doO

1 - 1 -
i . aﬂ_aﬁv a1p v aﬁv v a:,Bv o1 v

1 .
—1*1PV, Q80" + 1IPT" Qagy — §ZQZBTQBVQ” — (VI (VlP) = T,,, V" (I"1P)
1 ~
+ T3l *VPIF + TV, V1P — S Qul V1 = Qo VY (IM1°) =V, (1,V 1)
where

Q,u — Qyum @p — Qm/l/-

J. Martinez, J. Rodriguez, Y. Rodriguez, Ann.Phys.(Berlin), 2026.



5.5.Clausius relation (full)

Therefore we have the fundamental relation

and the tidal heating term
0S; =1 / ( — Ty V2 (IF1P) — (V1) (Vol?) + Taual VPP + TV, V1
H

1 -~
= QUL = QY (111°) - v,,,(z,,,,v*—’w)) AdAdA .

J. Martinez, J. Rodriguez, Y. Rodriguez, Ann.Phys.(Berlin), 2026.
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<.6.What if...7 (full)

Choosing the metric energy-momentum tensor we have:

—2  d(v/—detgLly)
T = ,
v —det g o gHv

and, therefore,

Suraw O S - 16;6,/ (10~ 10°) (1. - 2a.) + ( _Tﬁ%@a) (_%QQ)
1
: )| V=

Q (21T — QO‘ + Q° det gd4

J. Martinez, J. Rodriguez, Y. Rodriguez, Ann.Phys.(Berlin), 2026.
D. Lovelock, J. Math. Phys., 1971.
D. losifidis and F. W. Hehl, Phys. Lett. B, 2024.
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6.Conclusions, prospects...

Gravitational phenomena is emergent, many gravitational theories can be found by this procedure.

Even here, the cosmological constant remains as enigmatic as ever: vacuum energy.

In the studied case, non metricity is not favoured by nature.

Dilation density modifies clausius relation!

D. losifidis and T. S. Koivisto, JCAP, 2024.

What about the canonical EM tensor when modifyng clausius relation?

This “state” equations hints to be the statistical limit of a more fundamental description of the
spacetime quanta (e.g. Loop quantum gravity).

T. Jacobson, Phys. Rev. Lett., 1995.

It IS surprising that we have been able to find out actions that give way to the fundamental
relation for some of the cases considered. What this is telling us about the nature of the
gravitational interaction, we have not been able to interpret it yet.

J. Martinez, J. Rodriguez, Y. Rodriguez, Ann.Phys.(Berlin), 2026.



Thanks a lot!




___ State of the art

Lovelock Gauge

Thermodynamics

9y R R+ O(Rimﬁ)

D. Lovelock, J. Math. Phys., 1971. F. W. Hehl, Nato science series B, 1979.

R

T. Jacobson, Phys. Rev. Lett., 1995.

7 2 2
G Ty | R | meo(mar)

A. Mardones et. al., Class Quant. Grav., 1991. F. W. Hehl, Nato science series B, 1979.

R

T. De Lorenzo et. al., Phys. Rev. D., 2018.

G =87G(TH + (Vo 4+ 1) (7~ 77 = 7))

57 ., = 16nGT°

N. J. Poplawski, Astron. Rev., 2013.

IM. Gasperini, Phys. Rev. Lett., 1986.

A. Kasem et. al., Int. J. Mod. Phys. A, 2021.
Y. Bonder, Int. J. Mod. Phys. D, 2016.

B. A. Costa et. al., Phys. Lett. B, 2024.

F. Cabral et. al., Class Quant. Grav., 2021.
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Lovelock

Gauge

Thermodynamics

R

D. Lovelock, J. Math. Phys., 1971.

R+ O(R,.s)

F. W. Hehl, Nato science series B, 1979.

R

T. Jacobson, Phys. Rev. Lett., 1995.

v

ap

R

A. Mardones et. al., Class Quant. Grav., 1991.

2
pra? Ta,uu

F. W. Hehl, Nato science series B, 1979.

R+0(R2

)

R

T. De Lorenzo et. al., Phys. Rev. D., 2018.

1L
gMV7T 04/8?

7}
Q" s

R+ O(in)

A. Jiménez-Cano, Theor. Phys. A., 2022.

R+ O(R2,05T2,,Q

F. W. Hehl et. al., Phys. Rept., 1995.
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A.Field equations

S :/d4:13\/—_g(R — 2A),
:/d4w\/—_g(g”5R5V — 2A),

varying the action,

1
6S = / d*z+/ —g[Rg,/(SgVﬁ — Egﬁy(R — 2A)8g" + g”ﬁéRﬁy} :

— / d'z\/—g [(Rﬂu = %%(R - 2A))5g”ﬂ + 9" 5Rﬁv] -



A.Field equations

For the Riccl tensor

R, = Y ((SI‘“ W) —V, (51‘“ W) + TAMVcSI‘u .
— @M(M‘“ o) — ﬁy(éI‘“ W) - (5§\‘f‘“ Y — (5,(j‘f‘“ g 5gfa oA T 535gf5 w\) or* o)
and from,

oy
or”,, =

g (%csgm + V000 — 6759(}“)

g (gaﬂngyég”ﬂ — 90908V 109" — 9,958V 069"" )

N~ o



A.Field equations

IS found that

1 v v v
5F>\ q7 :§g>q (gaﬂg,ul/vfy(sg P g’yvgaﬂvuég P g,uug’yﬂvoz59 6)
1 1 ) y
+ E (5T)\a,u — g)qg’uﬁ(STﬁ(w — g)qgaﬂ(STﬁlw) =+ 5 ( )\vgaﬁg,w/(s@fy b gaﬂdQﬂ M gw/an )\) .

and therefore from

55 = [ d'ay/=g| (Ra — 59n (R~ 20))8g" + 9 (8307, = 61, — 84Ty 83040, )oT>

[ e[Sl ) - ST,



A.Field equations

Is found for the variation with respect to the torsion

L (camud & = =0 A v A v A ’ 0L M

P (53)\Tu 0 ' A - F(w)\ + 97T 0)\) (555045Z —979u800 — 9 79&55#) = —16nG sTP ’
vy

for the variation with respect to the non metricity

E(sqpm _pr o oy e (g 5367 — gu818Y) = —167G—EM

5( )\P H_P A\ — I )\+g I g)\)(g 9op9uv — 9ap9,9, — g 5) = —16m V3’

0@
and
1 . .
59 = / d4w\/—g{(R5V - = gﬁ,,R) 59" + V7 u(g"76T* ) — V("7 6T* )

1 1 - i
+ 3 (17,5 = T,5 — T, + Q" —2Q,, — 267 (Ts - EQﬁ) +96,(207 = Q7+ Q7)) V89",



A.Field equations

and finally for the metric variation

1
8nGTe, =R (g,) — EQBV(R — 2A)
1

1 = Y Y g 1 = 1 g Y Y Y
(Vo= T+ 505 [Tog + Qi + 0 (To — 5Q0) = 5@ 4 — 595 (217 - 07 + Q)]
and a remaining total divergence
55 = [ d'ay/=g[V,(g" 78" ;) ~ Vu(g"0T" )

4 %i([wyﬂ ~ T, =Ty + Q75— 2Q, — 28)(Ts - %Qﬂ) +95 (207 - Q7 +Q7) 397 |
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