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Abstract

iovanni Otalora'*®, Manuel
poc. Casilla 7-D, Ari

nzaler.

p.n..n: <@, Yoelsy Leyva'

ics of /(%) gravity's rainbow in the presence of a perfect
fluid. employing s formalism to establish a well-
detnca notion of tme. I the el
and solve th

ical regime. we derive
equations of motion, um.\mmb both analy

fortatae 1 smmamw Wheeler-DeWitt (SWD) equa-
tion for the quantum model. By solving its eigenfunctions,
we construct the wave function of the Universe and obtain
analytical solu enaios dominaid by Sl mater
Gur resalts highligh the impac o w gravity on quas
tum evol pariculary in modifying the smucuure of the
wave function and shaping the transition from the quantum
to the classical regime.

1 Introduction

Dewitt tha the one-loop
el retiron supplementing . Esmten-Hilber acion
with higher-order curvature terms [5). Furth quan
am cormections fom swing theory ave shown hat the
tive low-enerzy gravitational action naturally includes such
higher-order invariants [6-8].

This strong motivation 10 extend GR has given rise (o
modified gravity theories, with f(R) gravity being one of
the simplest and most extensively studied proposals [9-11]
A major advantage of f(R) gravity is its ab woid th
Ostrogradski instability, a fundamental issue in most higher-
order theories [12]. A prominent example is Starobinsky's
2 inflation model [13], which explains the Universe’s rapid

V(¢)

“There was something before the Big
Bang and that something is what we
will have in our future.”

Future singularities in IDE
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1. INTRODUCTION where /= fa. The above oquations can be combinod

to obtain the contimity equation

1L PRELIMINARY NOTIONS ;
()

(5)
Then, considering the barotropic reationship w = p/p,
we ol the above oquation and obtain

Both thecxitenco of interactions betwoen dack matter
and dark energy s wellas future costnologal s
ties s b widely sadiod. In the el [Beltras] interac- ®
tion models between the dark components were proposod €

o there i an exchnge of cucrgy flow eepresnted by T [0}
the Q factor so that when it diverges, it generates future M)t t)

a0
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Theoretical Framework

The inflaton g?) =d+ (;ASS splits [Aldabergenov, et al, arXiv:2506.21423] into a classical
background and quantum noise (£) driving the Langevin dynamics [R. Christie et al,
arXiv:2606.12636] (N: e-folds):

A~

o0 oF . 3
(b T+ 6(15( )7 8W = _(3 — 61)?— (¢)

+&(N). (1)

ON
Noise amplitude at the coarse-graining scale k, [V. Vennin, arXIV:2009.08715]:
(01€5(N1)E(N2)[0) o [k, (N1)[PS( Ny — N). )
et Vi)

H RUIDO CUANTICO
é / (Estocastico)
S SALTOS ALEATORIOS
e
B A FLUCTUACIONES
8% /2> CUANTICAS ESTOCASTICAS
a
=2
E
=
g
-
PCcMB Pend reheating
> -
FINAL DE LA INFLACION Ad
VALOR DEL CAMPO, () / RECALENTAMIENTO
Figure: 1. Stochastic inflation Figure: 2. Slow-roll inflation
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Theoretical Framework

The scalar-torsion teleparallel action [Gonzalez, Otalora, P.L. B 809, 135696] is:
5= [ d'xelf(T,0)+ P)X]. 3)
Varying Eq. (3), we obtain the background equations:
f(T,p)— P(¢)X —2Tf+ =0, 1st Friedmann eq.  (4)
f(T,¢)+ P(¢p)X —2Tf1 —4Hf 1 —4Hf7 =0, 2nd Friedmann eq.  (5)
—P 4X —3P(¢p)Hop — P(¢p)p + g = 0, Klein-Gordon eq.  (6)
_Hw H

Using e-folds N = Ina, momentum M= ¢ n = % and € = — 7 = — 1, the
background dynamics are:

Pome, fo
NMy=—-3-eN—2M L
;N (3 6) 2P +PH2 (7)

This is the deterministic drift that must be recovered when the stochastic sources
are switched off. In a slow-roll regime,

2P PH?
The sign is consistent with the GR limit because f4 = =V 4.

, sothat Tsg =~ o (8)

Myl <3N, e<x1, 3P

<
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Cosmological Perturbation Theory

Extra degrees of freedom in MTG are non-dynamical and eliminated via
constraints.

ds® = —(1+2a)dt? + 20;8dtdx’ + a*(t)dydx'dx!, €%, =&, + e, (9)
In the spatially flat gauge (v) = 0), scalar perturbations are entirely encoded in
the gauge-invariant field fluctuation (Q = 0¢). The reduced second-order action:

1 : 0
S, = 5/dtd3x aP [QQ ( Q) MQQ2] (10)
With the torsion-dependent effective mass parameter:

2 L d\s(p 5, P22\ | _foo _ Pusd®  frs" 3PF
QT BPdt 7 4Hf 1 P 2P ' Pfrr  4ft

P23 é 1, -

- fo—=Pgd®|.
16H2f 12 | 2HfT (@ 2Fe? >

Varying with respect to Q yields the full wave equation of motion (CPT equation):

i

P

(11)

Q+<3H+ )Q aQJr/\/lQon. (12)
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Separate Universe Approach

We decompose the field into the background and first-order perturbation [Jackson,
et al, arXiv:2311.03281]:

8(8,9) = 3(1) +30(2.9). (13)
We work in the spatially flat gauge (¥ = 0), with Q = d¢, local lapse
perturbation dt — (1 4 «)dt, and approximating to first order:

66 =(69) —ad, 66 =(60) —dd—2ad, X =9(60) ~ d*a.  (14)
Perturbing the scalar-torsion field equations yields the constraint and dynamical
system (6 T = 12HJ0H):

5T(—f;T—2TﬁTT)+5¢(f;¢—P’¢X—2Tf:T¢)—P(SX:07 (15)
—P 406X — P 40X — 3P 466Ho — 3P6HG — 3PHS¢

- . (16)

—P 40¢pd — Pép + f 3400 + 70T =0.

@ Non-dynamical variables («, dH) act as algebraic Lagrange multipliers and
are integrated out directly.

@ Formulates the deterministic classical drift for the coarse-grained Langevin
equations.
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Separate Universe Approach

Eliminating the non-dynamical constraints yields the local patch equation:
. P
Q+ 3H+ Q+MQQ:O7 (17)

where the torsion-dependent effective mass is given by:

R N CY N S _foo _ Pood® | fr®  3PF
QT Bpdr U aHE T P 2P Pfrr  4fr

P2t o
T16HRf 2 2HET ( ,¢¢ )
Super-Hubble patches (k < aH) act as local FLRW universes, causing spatial
gradients to vanish in SUA. Comparing with the CPT equation:

[@+(3H+ )Qfaz—Q+MQQ] {Q+(3H+§)Q+pr(§>} (19)

(18)

Full CPT Equation Separate Universe Equation (SUA)

This establishes the analytical consistency of the long-wavelength background
evolution.
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Stochastic Langevin Dynamics

Coarse-graining (k, = caH) [C. Pattison, et al, JCAP 07, 031] with Bunch-Davies
vacuum sets the phase-space Langevin system [V. Vennin, arXiv:2009.08715]:

Py
2P

fo

Sen =Me+Zq, Men=—(3—e)e — PH?

n2 +

+Cn=n+Co=g (20)

The symmetric noise correlator 1({=;(N),=,(N")}) = A (N)3(N — N') yields:

H?2 H
Aco ™~ —— = by = ——, Aon = \oA Ann ~ M3 A 21
Q=555 g = 75 Aen=XeAe, Amn = XoAaq (21)

where Ag = Qx,n/Qk. The diffusion matrix is approximately rank-one on
super-Hubble scales.
Diffusion overcomes the classical drift (ANgg ~ D/A?) when:

5pq  3H3VP

Quiff = =
W= 5ha 27|ty

>1 <= ANgg = Qi (22)

Teleparallel modifications enter via: drift f,/(PH?), kick H/(27v/P), and mass
M.
Q
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Conclusions

Equivalence CPT + SUA:
Verified analytically in the super-horizon limit (k — 0) for general
scalar-torsion f( T, ¢) gravity.

Fokker-Planck and Observables:

The stochastic N framework connects effective mass, kinetic coupling, and
spectral corrections to changes in the tensor-to-scalar ratio and non-Gaussian
tails.

Imprint on Primordial Seeds:
First Passage Time statistics ((AN2)) directly encode torsion corrections
into curvature perturbations.

Cosmological Bridge:
Provides a consistent path from quantum bounce origins to late-time fates
via stochastic structure generation.

Future Directions:
Evaluation of UV correlators for PBH observables via Lindblad open quantum
dynamics.
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