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Forces in Physics

e Fundamental Forces
Gravitation, Strong, Weak, EW,

e Residual Forces
Wolecular, Nuclear, Surface Tewsion

® Collective Forces
Prownian motion, [Entroplc Forces

Fdz = dW = —dU + TdS = F = -2 4792
dx dx



Our proposal

e Tutropic Forces are responsible
for preseut cosmic acceleration
and many other LSS phenomena,

o (Ise a covariant formalism of
out-of-equilibrinm phenomena v FR.

o Just Quantum Mechanics (QFT),
(Now ed.) Thermodynamics and GR.



Entropic forces in mechanics

General mechanical system with two components:

e Slow do.f. described with canovical coordivates (4, p)

o Fast dof. coarsegraived as a thermodynamical
system with macroscopic quantities (S, T)

o The uteraction between the slow and fast do.f. are
described by +he Thermodynamical constraint: the

First Law of Thermodynamics



Entropic forces in GR

JGB, Esplnosa (2021)

Entropy
B = d4x\/_R+/d4x\/_£ (G, ST

2K
0S = /d4:1: ( L 0y =9 R) + 5(\/—_g£m)> ogh” + /d4az\/—_g ({?—;55

2 w0ghe g

Variational constraint: First law thermodynamics
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Nov-eduilibrinm Einstein field equations

Entropy (avti)gravitates !

GREA = General Relativistic
Entropic Acceleration
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Entropic force



Gravitational Collapse

|
§R9W = K (Tw — fu) = 6T

Variational constraint: First law thermodywamics

- dS
—dVW = —Fidi = dbf P—T— |dV
Effective Pressure

Gy = By —

= dU + PdV Coeff.
. /\/iSOOSH‘\{
o= G0 (G- W) =E O,
T = Pg" +ie+ Plu'u”"— COR™ l
:Pg“”——(e——f’)u“u”, TdS
Maintains the perfect fluid form 6= 0dv




Gravitational Collapse

Raychandhuri equation for geodesic motion
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5 (e + 3P) > (6 ') dV)

Due to the extra entropic term v the effective pressure,
even for matter that satisties the strovg energy
condition, e+3P > 0, It's possible to prevent gravitat,
collapse, © + ©2/3 > 0, as long as ewtropy production is
significant, i.e.  3TdS/dV > (e 4+ 3P) >0



Hawking Radiation

Temperature & Entropy of a black hole horizon

A G M?

Spu = kB T

hed
SmG M

kBIBH =

Bekenstein (1973)
Hawking (1974
(ha C, G7 kB) o )



Entropic forces in GR

Temperature and Entropy from the gravity sector

o Horizow H with induced wmetric 1

1 9 1 .
— K=— 0do K
Scuy e Hd y\/ﬁ e Hdtsm d dgb\/ﬁ

o Schwarzschild black hole

2G M o0GM\
ds® = — (1 - ) dt* + (1 — ) dr® 4+r2dS; .

r r

[0, norimal \/@cfror to
nETNV T T S, of radius r




Entropic forces in GR

JGB, Espinosa (2021)
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CHY e Hd y\/ﬁ e Hdtsm d d¢\/EK

VhK = (3GM — 2r)sinf event horizon © r =2GM

1
Scpy = —§/alt]\/[c2 = —/dtTBHSBH

g 3 \Classiml (emergent)
i Tn = T~

Quantum origiv

A G M2
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SBH = kB



Cosmology

Homogeneous and isotropic uviverse

dr?
1 —kr?

ds* = —dt* + a(t)? ( + TQdQ%)
Filled with a perfect (ideal) fluid
T,uz/ — PYuv + (:0 + p) Uy Uy

Friedman (Einstein) equations
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(9) _ G, ) ¢ _
a 3 a

A7G

T (p+ 3p)

(F2)



Cosmology

Covariant Evergy-Momentum Tensor Conservation

a
DT =0 = p+35(p+p)=()

Also derived from First Law Thermodynamics (v equil.)
dS d , 4 d g
TE—%(,OCL)—F}?%(CL)—O

Ow a few occasions (e.9). Blg Bang)

T% > () entropy production



Cosmology

Bevond adiabatic cosmoloay

TS o
P+ 3— (p +p) = — (continuity ed.)

Together with Friedmawv eduation (F1)

a\’> 8nG
a) 37 .
entropic force



Entropic forces in FLRW

Now-eduilibrinm thermodynamics v expanding universe

d7,2
ds* = —N(t)?dt* + a*(t) (1 2 + fr’Qng)
THY — (p _|_p)uuu1/ _+_pgu1/ DMTILW _ D’uf’u,/
First law thermodynamics ‘ |
.3 .3 . TS
TdS = d(pa®) + pd(a®) » p+3H(p+p) = =
. . . .9 8rG
Hamiltonian constraint a2 +k = —pa
Friedmann/Ravychandhuri eduation Entropic Torce

i iy e iy e TS/

— 2,43 ,
a 3 (p+3p) + 3 a3H




Entropic forces in FLRW

o Causal Cosmological Horizon H

VhK = 2N(t ra\/l — kr2sin€  Trace extrinsic curvature

dg = an Cansal horizow distavce

rg = sinh(nv—k)/V—k Conformal +ime n

1 a
- N(t e G
ScHY 20 dt ()\/Tksm (2nV —Fk)
= —/dtN(t)THSH:—/dtNCLSpH
 hcsinh(2nv/—k) A ratry \
Iy = o arivk SH = T Emergent



Cosmic Acceleration

Observer’s cansal norizown

2 THSH: 1 Sinh(anH(m)

PH A~ =

v : 8 k
V\/\aJrc\mmq: HQ:%Q/—— — —k = apHy

a2

Hawmiltonian constraint in conformal time
(primes denote derivatives wrt, T = agHon )

a\? ag
(£) o (3) + o (o amea)

Entropic force ferm Note: A =0



Cosmlc Acceleratlon

a H(a) / apH)

||||||||||||||||||||||||

Coasting polvt




Cosmic Acceleration
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Cosmic Acceleration

+ w(a)
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Cosmo Observations
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Cosmic Constraints

GREA

‘t:'

Arjona, Espinosa, JGB & Nesseris (2021)
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Cosmic Constraints

Arjona, Espinosa, JGB & Nesseris (2021)

Same data
but with
(w07 wa) free

wia) = 1wy + We(l — a) -0.5:-

GREA

wo = —0.946, w, = —0.318
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Future Constraints

DEST Coll. (20160)
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Future Constralnts
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Entropic forces in SMBH

Aceretion owto black holes from the gas around +hewm
will change their mass and therefore their entropy,
Inducing an ewtropic force on space-time around +hew,
according to Ravchandhuri edquations,

At the Eddington limit, the mass of SMBH grows like

: 4G m M 2
M = P M ~ = M
0.1lcor 40 Myr  t(z4)

(2 = 35)

Assumption: SMBH continue to accrete mass at Eddington
imit with a rate that decreases with the available gas
over cosmological timescales,

ot least since DO Myr M ot eca’ =W



Entropic forces in SMBH

Growth of BH entropy asseciated with this mass growth

dS dV
Sx M*?xV? = —=92—
S |4
Contributes with a constant & negative entropic pressure
_ —Tﬁ _ _QT_S _ - NsvmBaMsmBH _
ps TV v % PSMBH

where the total entropyis S = Z SS&BH = NsMBHSSMBH
NsMmBH is the total nvumber of SMBH v +he Universe,

assumed constant (i.e. without SMBH mergers)



Acceleration from SMBH

The Raychandhuri equation v this case becomes

a A7

47'('G 87TG
— _T(p+3p) - —5PSMBH -

The entropic force term can be interpreted as av
effective coswmological constant term A = 87G psvpn

Conseduence: Primordial seeds of SMBH, rather Hhan
contributing as DM, they behave as DE, due to their
rapid growth, until accretion stops.




DE from SMBH

Only a small fraction of PM in the form of PBH constitute
the seeds of SMBH at the centers of galaxies, and their
rapid growth induces GREA that we nterpret as DE,

Qpe = fompua QoM (1 + 24)” = 0.69.
fsmpa = 5 x 107°  Qpy = 0.26.

A more sophisticated computation is needed for the case
of a broad mass distribution £(W) of PBH, and possibly
different rates of accretion, M(z)

QDE—QDM/fM T dz



PBH could be all the DM
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SMBH growth ..

Probability

(2023)
Cosmological coupling strength &
0 15 3 45 6 0 15 3 45 6 0 15 3 45 6
- WISE ! | WISE : | o COSMOS |
SDSS wn SDSS
(0.7 < 2 <0.8) (0.8 < 2<0.9) (0.7 < z < 2.5)

Probability

Traditional BHs |

T T 1 T T T
Best-fit Gaussian

| Combined Posterior

2 3 45 6
Cosmological coupling strength k



Conclusions

Non-eduilibrinm phenomena in GR: ewtropic forces
Extra term in Raychandhuri ed. of grav. Collapse
FLRW: Cosmic acceleration from first principles
SMBH growth throngh Eddington accretion

BH entropy production generates GREA

No need for a Cosmological Constant

Precise knowledge of M(z) & (M) will give (wy,w,)
WMultiple conseduences for Large Scale Structure
Possible solution to the H, tension

DEST able to distinguish GREA from ACDW



Backup slides



Real fluids

Relativistic dynamics of real fluids (viscosity & heat)

111,1/ . (,0 W p)u,uul/ g PYuv - Ty

Ts a particular case of ¥he variational formalism if:
T = —fuw with orthogonality cond. w71, =0
The 15t law thermodynamics of real fluid takes +he form
TD, (ou¥) = 7, Dyuf

where T is the temperature of the fluid
Aud o is the local entropy density of the fluid



Real fluids

In the comoving orthogonal gange, ut = nt .
1
Dy(out) = £no+V,(on*) and Dyu, = §£nhxw

Then the 2 law thermodynamics of a real fluid can
be written n terms of the phievomenological constraint,
by makivg the following identifications:

— tot __ B )
f,LLI/ — —Thy. © — . .. = —0

1 or
NVh 0s

g =



Real fluids in FLRW

Further identification between the
entropic force tensor and the viscosity tensor

(87 (84

2 Y
o (C o §77> Dau (gxw + u,uuu) y

wWhere v and C are, respectively, the shear
and bulk viscosity coefficients of the real fluid



Real fluids in FLRW

Consider a homogeneons and isotropic fluid in FLRW,
where covariant derivatives are given by

a
a F

a
and therefore the viscosity tensor Ty, = —3( ah,uu
Comparing with the trace of the entropic force:

57 =/ =Ty = —Tih”
. 8BS
~ 9H?2g3

we find the bulk viscosity coefficient: ¢ > ()



Let us elaborate a bit on the results of this section. First
of all, the conventional formulation of general relativistic

real fluids can be recovered by means of the variational
formulation of non—eguilibrium thermodznamies in Gen-

eral Relativity. In fact, one does not even need to impose
additional terms on the energy momentum tensor. In-
stead, they are effectively generated by simply assuming
the pressure and the energy density of the fluid to have
a dependency on the entropy.

The variational description allows the inclusion of dis-
sipative effects to any matter or gravity content, as long
as it has time-dependent entropy. This means that we
can interpret non-equilibrium phenomena in General Rel-
ativity as an effective viscosity term of a real (i.e. non
idealz fluid. In this sense, our results allow for a vari-
ational, first principles formulation of real fluids and
the generalization of their dissipative effects to arbitrary
matter and gravity contents.



We point out that the variational and phenomenolog-
- . : { bef btaing ] -
tions of motion and must be satisfied at all times. This
is a fundamental difference with the theory of real fluids.

Here we considered a vanishing chemical potential,
which means that we did not impose particle number
conservation. This excludes thermal conduction effects.
Nevertheless, one could in principle impose also particle
number conservation at the Lagrangian.

In _the homogeneous and isotropic limit there is only
bulk viscosity, parametrized by ¢. However, shear vis-
cosity, parametrized by 1, may play a role in characteriz-
ing entropic forces in gravitational collapse and structure
formation.



Gattanaga & Fosalva (2.024)
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Angular 2-point correlation function of the Planck temperature map (red solid line). For reference we also show the theory prediction for the Planck
best-fit ACDM cosmology (blue dashed line). Shaded areas display the 68 % Gaussian confidence intervals (see text for details).



Cosmic Acceleration

Pewrose diagram Potential

de Sitter



Cosmic Acceleration

Penrose diagram Potential

Open empty universe




Cosmic Acceleration

Pewrose diagram Potential

Flat reheated uiverse




Cosmic Acceleration

Penrose diagram Potential
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0
Flat late universe



Cosmic Acceleration

Penrose diagram Potential
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0
Flat late universe



