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Forces in Physics

e Fundamental Forces
Gravitation, Strong, Weak, EW,

e Residual Forces

Wolecular, Nuclear, Surface Tewsion

e Collective Forces

Prownian motion,|Entropic Forces




Our proposal

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

e Need a covariant formalism of
out-of-equilibrinm phenomena v FR.

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



Motivation

o (everal Relativity is a
time-reversible (+ — -t) theory.

o Wost of the history of the universe
Is adiabatic (actually n local th. eq.),
althongh there is an arrow of time,

o Trreversible phenomena are vot
mcluded in GR in a systematic way.



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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Cosmology

Covariant Energy-Momentum Tensor Conservation

a
D= = p+35(p+p)=()

Also derived from Second Law Thermodynamics (in ed.)
18 ey ol
TE—%(,OCL)—F}?%(CL)—O

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

T% =0 entropy production



Cosmology

Bevond adiabatic cosmoloay

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

Together with Friedmawv eduation (F1)

@\’ 8nG
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Entropic forces in mechanics

Variational formulation of non-equilibrinm thermodynamics
(Govy-Balmaz & Moshimura, 2017F)

Laws Thermodynamics + Stationary action principle

!

!

Defines physical

Constraints on dynamics # Variational problem



Entropic forces in mechanics

Geveral wmechanical system with canovical coord. g
oL d oL OL
S = /dtL 0,4, 5) W S = / ((8(1 e aq)qu“%(sS)

+ thermodynamic constraint: g—g 05 = f(q, q) oq

Constrained equations of motion

——- — - = [(q, §) = TFriction or eutropic force



Entropic forces in mechanics

What is the physics of f(q, ¢) 7
Has +o be obtained from +he thermodynamic constraint
0L

5g° =fla.d)dq
0L - :
Usnally P ~T = f(q,q)¢g <0 ewntropy production
Dynamics + Symmetry under

IS odified +ime-reversal is brokew



Entropic forces in GR

geveralization

1 §(v—gR) oL oL
4 m 737 4 m o
58 /d (2/{ 59#1/ 0 5g,ul/> 59 +/d X BYS g5 =

Variational constraint: 27 law thermodynamics

oL 1
m Ny U
s 0s 2\/ 9fu09

Non-equilibrinm Tinstein field equations

entropic force / Bianchi identities

1
R,UJ/ — §Rgu1/ = <T,LL1/ — f,uz/)




ADM Formalism

(3+1)-splitting of space-time

ds® = —(Ndt)? + hs;(dz* + N'dt)(dz’ + N7dt)
ne = (—N,0,0,0)

Lie derivative £,, along the normal vector n
h,ul/ — Juv I n,mny

as a generalization of the time derivative

1 1
oL 1 3 17 3 v
- £ns = SNVAfi; £nh? i = b0,
Hawmilton eduations Hamiltonian and momentum constraints
SHE Ha
T T

dale Ly
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Raychaudhuri Eq.

Congruence of worldlines

1
@,Lu/ — Dl/n,u — §@h,u,l/ il Oy R Wpy — ANy
1
- 2 U v .1 n
¥ O = —§@ — B G T — D T L, 0

guyer” > Oemnd ©®2 > (. vorticity vanishes i =10,
1 1

Runfn” = 8rG (Twnﬂn’/ SE §T s Pt §f>

ce : 1
If the strong energy condition is satisfied, then: 7T, nfn"” > —§T

and, in the absence of intrinsic acceleration, a, = 0, we
can establish the bound:

1 1
£,0 + g@Q < 871G (fw/n“n” + §f>

A positive & suff. large ewtropic contribution can avoid recollapse



Entropic forces in GR

Temperature and Entropy from the matter content

o Wechanical system
OL OU

L(g, 4, $) = K(¢: ) -Ula, ) = T=-2z=-5

o Hydrodynamical matter

L=—V=-9p(9w,s) = T=- =



Entropic forces in GR

Temperature and Entropy from the gravity sector

o Horizow H with induced wmetric 1

1 ] 1 .
Sany = — Hd yvVhK = _— Hdt sin 0df dp vVh K

o Schwarzschild black hole

2G M 2GM\
dsf = — (1 - ) dt* + (1 — ) dr® +r2dQs .

& ‘&

[0, normal V@cfror to
nETN T O S, of radius r




Entropic forces in GR

1 i
S = — | &ByvhK =
it 87TG H y\/7 87TG H

VhK = (3GM —2r)sinf) D evewt horizon r =2GM

1
OEPY = —§/dt]WcQ = —/dtTBHSBH

he?

_ Classical (emergent)
Bl = S M~

quantum origin
Sl Ac? B ArGM?/
ST A

C

dt sin0df dpvVh K



Entropic forces in GR

o Contribution to bulk entropy of the inevitable
Schwarzsehild black hole component of Dark Matter

Assuming BH fotal comoving number is conserved, their
Total everay density and entropy devsity (h=c=1) is

PBH — NBH ]\[, STy = NRE 47TG]\[2
Therefore a E(pBHa ) = TBHE(SBHQ =10

No contribution to entropic force of the universe unless
multiple black hole mergers or siguificant mass accretion,
which may chavge mass or namber density of black Iholes.



Entropic forces in FLRW

Now-eduilibrinm thermodynamics v expanding universe

d7,2
ds® = —N(t)*dt* + a°(%) (1 o er9§>
- (p +p)u“u” +pgm/ D'MTH,/ . D’uf,u,/
2.4 |aw thermodynamics L 2 |
. . . TS
TdS = d(pa?) + pd(a®) p+3H(p+p) = 3
~ - ~ 5 8rG
Hamiltonian constraint a2 +k = —pa
Friedmann/Raychandhuri equation
7 47TG( +3)+47TGTS
a T 3 a3H




Entropic forces in FLRW

o Apparent Cosmological Horizon H

i = e A R (/WIH" normal vector er
comoving sphere of radins v

VhE = 2N(t)rav/1—kr2sing® Trace extrinsic curvature

rag =1/ H? — k2 /a? Apparent horizow distavce

1
SEHY — YE dt N(t)HTElH = —/dtN(t) TS agr
T he H g B 3 W?’%H T
T e aH e Emergent

Not enounah to contribute to accelerated expansion umiverse



Entropic forces in FLRW

o Causal Cosmological Horizon H

VhEK =2N(t)rav/1 —kr2sing®  Trace extrinsic cuarvature

dg = an Caunsal horizon distavce
r = sinh(nv—k)/v/—k.  Conformal time 7
1 a .
Say = ~ 50 dt N (t) N sinh(2nv —k)

— —/dtN(t)THSH:—/dtNCLSpH

he sinh(2nv/—k) 3 aln? \

T, — T atn
H o CL?]Q /—_k 9

— Ewmeroent
SH= 377G 7



Cosmic Acceleration

Observer's cansal norizon

o THuSH Zo

AT = - = @ sinh(2aoHon) ,
_ e QO =D NF Trh ’
T — QO = £ 2 <Teq> (1 —I— Zeq) z

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

a' \? a i 5 2
(&) = (o) ron(3)
ao ao ao

Entropic force term /

) 2 sinh(27)

Note: A =0



Cosmlc Acceleratlon

a H(a) / apH)




Cosmic Acceleration
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Cosmlc Acceleratlon




Cosmic Acceleration
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Conclusions

Non-equilibrinm phenomena in GR: entropic forces
ADW (241) slicing: Raychandhuri ed. grav. collapse
Cosmic acceleration from first principles

No need for a Cosmologjical Constant

Just QFT, GR and Now ed. Thermodynamics
WMultiple conseduences for Large Scale Structure
Possible solution of the H, , So teusions

Tuture: Preheativg after inflation (Big Bang)
Tuture: Conmection w/ Verlinde's emergent gravity
Future: Commection w/ Buchert’'s backreaction prob.




