20207 pige+E Bl 5

2020'CTCI Foundation: Science and Technology Scholarship

]

FERE R G

Research Scholarship

Thermodynamics of f(R) Gravity with Disformal

Transformation
Jhih-Rong Lu

Department of Physics, National Tsing Hua University

Jhih—-ronglul@gapp.nthu.edu.tw

Abstract

We study thermodynamics in f(R) gravity with the disformal transformation. The
transformation applied to the matter Lagrangian has the form of v, = A(¢, X)g,., +
B(¢, X)0,¢90,¢ with the assumption of the Minkowski matter metric 7, = 7.,
where ¢ is the disformal scalar and X is the corresponding kinetic term of ¢. We
verify the generalized first and second laws of thermodynamics in this disformal type
of f(R) gravity in the Friedmann-Lemaitre-Robertson-Walker (FLRW) universe. In
addition, we show that the Hubble parameter contains the disformal-induced terms,
which define the effectively varying equations of state for matter.

Introduction

e In 1995, T. Jacobson further showed that Einstein equation can be derived from
the thermodynamic behavior of spacetime. [1]

e In 20035, Cai and Kim demonstrated that the Friedmann equations can be derived
from the first law of thermodynamics on the apparent horizon of the universe.[2]

e Connection between thermodynamics and f(R) gravity and other modified gravity
has been widely investigated. [3-5]

e Bekenstein argued that two metrics, the physical metric and the gravitational met-
ric, should be related through the disformal transformation in order to satisfy
equivalence principle and causality: [6]

Yuv = A(Qba X).g,ul/ F B<¢7 X>au¢au¢ (1)

e We examine thermodynamic properties in f(R) gravity including the disformal
transformation with the following assumptions.

Assumption

1. Consider the flat FLRW universe (k=0).

2. Consider the physical metric to be Minkowskian: v, = diag(—1,1,1,1)
3. Consider the physical metric directly coupled to matter only.

4. Interpret the effects of f(RR) deviated from GR as dark energy.

5. Assume all the matter including dark energy are perfect fluids.

Action

e The action of f(R) gravity with matter is given by
1 i
8= / d'vy/=g F(R) + D Sy [yul 2)

e Since the disformal metric couples to the matter action, we have i_nduced some
new matter contents (induced energy density (pgm)) and pressure (PZ-(m) )

P = [(1 — a®)(3ad + d°P)/ (3ad)]pi = A pi,

et agbl—aQ
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Thermodynamics in Jordan Frame (non-equilibrium picture)

e Modified Friedmann equations:

H* = ?—FG(PM + ﬁd) :
Hz—?(pM%—ﬁdJrPM%—pd). 3)
where
X 1 /1 :
Pd=%<§(FR—f) —3HF> ,
B = ﬁ (F +2HF — %(FR — f)) , 4)
e Continuity equation (energy-momentum non-conservation)
Protal + 3H (Ptotar + P Yotal) = 3; Z &)
where dot represents derivatives w.r.t. cosmic time .
e Unified First Law:
TdS + Td;S = —dE +WdV , (6)
where

1" 1s the temperature on the horizon,

G
5

S is the entropy on the horizon,

d;S is the entropy change rate of ordinary matter and induced matter within the
horizon,

E is the total energy within the horizon,

W is the work density,

V' is the total volume.

e Generalized Second Law:
ds . d;S . dS, 12nFH?
dt  dt  dt
provided F'=0f(R)/OR >0,

where d., /dt: entropy change rate of ordinary matter and induced matter within
the horizon in non-equilibrium description.

GRIP = 4

Thermodynamics in Jordan Frame (equilibrium picture)

e Modified Friedmann equation

8rG
H? = 3 ((,OM + pa) + )\PM)a
H = —47rG((pM +pa+ P+ Py) + A1+ w(in))pM> , (8)

e Dark energy density and pressure are defined to be:

—1 l — — ; 2 —
pa=g 7 _2(FR f)—3HEF + 3H(1 F)} ,
— L [ 2 . 1 - — — . 2
Pa= o= |F+2HF — (FR— f) — (1 - F)2H +3H )] . 9)

e Energy-momentum conservation:
ptotal -+ SH(ptotal an Ptotal) =0 ) (10)

e Unified First Law & Generalized Second Law

TdS = —dFE + WdV (11)
d 127 H?
—_ — >
dt(s + St) SRS 2 0, (12)

where S = A/4G is the entropy in equilibrium description and d.S;/dt is entropy
change rate of ordinary matter and induced matter within the horizon in equilib-
rium description.

Thermodynamics in Einstein Frame

e After applying conformal transformation, g,, = Q%g,, = exp(\/41G/3w)gw,
modified Friedmann equations become

o 8mG,,
Hé = 71-T((/)M .0 pw)) 3
H = —4nG((pm + pu+ Pu+ P.)) , (13)

where “tildes” represent quantities in Einstein frame and
“r’ represent derivatives w.r.t. ¢t with dt = €2dt and

o= (1+ ) (P + fr), pu = (1/2w? +V (W), P = (1/2)” = V().
e Continuity equation
p,+3H(p+ P) =0,

e Unified First Law & Generalized Second Law

TdS = —dE +WdV (14)
d - - 127 H"™
—= S ‘I— S — ~ > O, 15
7" = GRE ()
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