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Abstract: Compared with the results of Planck-only analyses, recent measurements from the Atacama Cosmology
Telescope (ACT) indicate a preference for a slightly bluer scalar spectral index, placing canonical inflationary mod-
els in General Relativity (GR) under mild pressure. We demonstrate that f{7) gravity systematically accommodates
these dataset-dependent preferences by suppressing the tensor-to-scalar ratio in monomial and hilltop potentials and
by shifting the spectral index of E-models toward the ACT-favored region. Incorporating Big Bang Nucleosynthesis
bounds, we break the degeneracy between the inflationary e-folding number and the post-inflationary thermal his-
tory. A direct side-by-side comparison reveals that reconciling models such as the Starobinsky potential with ACT
data in GR strictly necessitates a non-standard, stiff (kinetic-dominated) reheating phase. In contrast, torsional cor-
rections in f{7) gravity significantly enlarge the viable parameter space, relaxing these stringent phenomenological
requirements and establishing a coherent framework that jointly constrains CMB observables and reheating dynam-

ics.
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I. INTRODUCTION

The inflationary paradigm stands as a cornerstone of
modern cosmology, successfully addressing the founda-
tional puzzles of the Big Bang model while providing a
quantum origin for the primordial density perturbations
that seeded all cosmic structure [1—4]. High-precision
measurements of the cosmic microwave background
(CMB), led by the Planck satellite, have stringently tested
this paradigm, mapping out the properties of these prim-
ordial fluctuations through observables such as the scalar
spectral index n, and tensor-to-scalar ratio r [5, 6].

However, this era of precision has also revealed
subtle dataset-dependent differences in the preferred val-
ues of the scalar spectral index. Recent results from the
Atacama Cosmology Telescope (ACT) Collaboration [7,
8], particularly when combined with Planck data and oth-
er cosmological probes such as DESI BAO measure-
ments [9, 10] and BICEP/Keck B-mode data [6], indicate
a preference for a slightly higher scalar spectral index
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(ns; = 0.9743 £0.0034 for P-ACT-LB) compared with that
indicated by Planck-only findings (n, ~ 0.965+0.004). It
is crucial to clarify that this discrepancy between ACT
and Planck results is currently a mild statistical prefer-
ence rather than a robust tension comparable to the
Hubble crisis. Nevertheless, even a modest shift in n,
places significant phenomenological pressure on several
canonical inflationary models, such as Starobinsky infla-
tion, Higgs inflation, and broad classes of a-attractors,
which were previously in excellent agreement with
Planck-only constraints [11-29]. This situation motiv-
ates further exploration of either more flexible inflation-
ary constructions within General Relativity (GR) or mod-
est extensions to the gravitational framework itself.

This latter possibility has fueled interest in modified
gravity theories as a means to reconcile inflationary the-
ory with observation. Among the various proposals, tele-
parallel gravity offers a particularly compelling alternat-
ive [30—56]. In this approach, gravitation is formulated
through spacetime torsion on a globally flat manifold
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rather than curvature on a Riemannian one. The simplest
version, known as the Teleparallel Equivalent of General
Relativity (TEGR), reproduces the same field equations
as GR. By generalizing the Lagrangian density to a func-
tion f{T) of the torsion scalar 7, in analogy with f(R)
gravity [57], one obtains a natural second-order exten-
sion that avoids the higher-derivative instabilities of
many modified gravity models while offering a distinct-
ive and predictive phenomenology [58—64]. In inflation-
ary scenarios, f{7) modifications alter the relation
between the inflaton potential and the Hubble rate, which
typically reduces the tensor-to-scalar ratio r relative to the
GR prediction, thereby modifying the inflationary predic-
tions for (n,,r) relative to the GR case and allowing an
exploration of how torsional effects shift the observable
parameter space [65—69].

However, modifying the gravitational sector is only
one part of the puzzle. Precise constraints on inflationary
models also require a detailed understanding of the post-
inflationary thermal history, specifically the reheating
epoch [70—72]. The uncertainty in the duration of reheat-
ing and the effective equation of state during this phase
introduces a degeneracy in the prediction of the inflation-
ary e-folding number, which in turn affects the theoretic-
al values of n, and r [73—94]. In light of the improved
precision of recent CMB datasets, including ACT, rely-
ing solely on standard assumptions for the duration of in-
flation may obscure important degeneracies between in-
flationary dynamics and the post-inflationary thermal his-
tory. Therefore, a robust analysis must treat the reheating
temperature and the equation of state parameter as integ-
ral components of the constraints. In a previous study
[68], we explored the f{T) model with power-law infla-
tion against Planck-era data, and recent studies have ex-
amined reheating constraints under ACT data [95-98].
However, a unified analysis combining the specific tor-
sional effects of f{T) gravity with rigorous reheating con-
straints across different potential classes using the latest
ACT datasets remains absent.

In this study, we addressed this gap by performing a
comprehensive comparative study of three benchmark
potential classes, including power-law monomials, hill-
top models, and E-models, using the f(T)= CT**' para-
meterization and the latest ACT data. We aimed to elu-
cidate how the torsional parameter ¢ uniquely modulates
the (n,,r) predictions for these different potential shapes
in light of the ACT-preferred region of parameter space,
while simultaneously enforcing consistency with the
thermal history of the Universe through rigorous reheat-
ing constraints, such as the Big Bang Nucleosynthesis
(BBN) temperature limit. Through this unified approach,
we aimed to characterize how deviations from GR mani-
fest under combined inflationary and reheating considera-
tions.

The remainder of the paper is organized as follows. In

Sec. II, we briefly review the basic framework of fT)
gravity and its application to inflationary cosmology.
Section III presents the analysis of the three potential
classes and their inflationary predictions against ACT
data. Section IV details the reheating analysis, deriving
the constraints on the reheating temperature and duration
for each model. We summarize and discuss the implica-
tions in Sec. V. Throughout this study, we adopt the met-
ric signature (—,+,+,+), set ¢ =h =1, and work with re-
duced Planck units Mp = (872G)™'*> = 1.

IO. INFLATIONARY DYNAMICS IN f{(T)
GRAVITY

We consider a canonical single-field inflationary
scenario within the teleparallel gravity framework, in
which gravitation is described by torsion rather than
curvature. The gravitational sector is generalized via a
function f{T) of the torsion scalar 7, and the inflaton ¢ is
minimally coupled to the metric. The action is given by
[31,32,43]

1 1
5= / ed'x {EﬂT)—ngamavcp—V(@ , (1)

where e = det(e’,) = 4/—g is the determinant of the vier-
bein ¢, related to the metric tensor via g, = n,e”,€’,.
Here, V(¢) denotes the inflaton potential. In teleparallel
gravity, the torsion scalar is defined by

T = SO—HVTO-/JV b (2)

where the torsion tensor 77,, and superpotential S,* are
given by

Tg-yv = eao— (ayeav - aveay) > (3)

S =

(K" o+ 04T = 8,T%,) 4)

N =

with the contorsion tensor defined as
uv 1 uy Vi uy
K (rz_E(T o= T =T,"). (5)

For a spatially flat, homogeneous, and isotropic back-
ground, the metric takes the standard Friedmann—
Robertson—Walker (FRW) form,

ds* = —d* +@* (1) 6;;dx'dx/, (6)
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where a(r) is the scale factor. Varying the action ex-
pressed by Eq. (1) with respect to the vierbein yields the
modified Friedmann equations [58—62]:

ﬂﬂ=pw+%ﬁfh—T—f% %)

o . ~ ~
H == [po + Py +AHT 428 fr 28], @®)

where H=a/a is the Hubble parameter, f;=df/dT,
frr =d2f/dT?, and the scalar field energy density and
pressure are

1. 1.
m=5#+vwx &=5#—V@x ©

which satisfy the continuity equation p4 +3H(ps + P4) = 0.
This leads to the Klein—-Gordon equation,

¢+3Hp+V,=0. (10)
In this study, we focused on the power-law form of f{7):

1
f(H=cr*', c= " (11)

where 0 is a dimensionless constant, and A is a mass
scale”. Using T = —6H?, the modified Friedmann equa-

tions become

L
26+1

3H2=% ——| (12)
c(2s+=
( +2>
. H P
H:—37(1+—¢). (13)
226+ \ " py

The limit § — 0 recovers GR. For convenience, we define
the Hubble slow-roll parameters,

E]E—£=;(1+&), (14)
H?>  2(1+26) Lo
€
= —. 1
€ HE] ( 5)

Inflation occurs when €, < 1 and |e| < 1 and ends when
€ ~ 1. From Eq. (14), using P,/ps < 1, the maximal value
of the first slow-roll parameter is € m.x = 3/(1+26). Re-

quiring € .« = 1 so that inflation can end gives § < 1. Un-
der slow-roll conditions (¢*> <V, |§| < [3H@|), one finds
ps = V() and 3Hp ~ -V 4, leading to

v
€ = 2(146) ° (16)
2(1+26) Vs

(17

2(1+26)VV
6 ~2¢ {2(1+5)—(+)"’”“’} ,

&

where Ci= [4°C(1+46)]™” | The number of e-folds is
given by
VL
1426
— d R
CiVy ¢

fend Pend
N.= [ Hdr=~ / (18)
=

ty

between the horizon exit of the pivot scale k. (denoted by
"x'") and the end of inflation, where ¢.,q is determined by
the condition € (¢eng) = 1.

The primordial scalar power spectrum in f{7) gravity
is [37, 65, 66]

H2
s o3 , 19
‘ 87T2C:s;61 csk=aH ( )
where the sound speed is
1
c2 Ji (20)

T fr—12Hfr;  1+45°

From Eq. (20), the positivity of ¢ demands §>-1/4,
while the subluminal condition ¢2 < 1 enforces § > 0. To-
gether with the requirement 6 < 1 from ¢, this yields the
viable range 0 < ¢ <1 adopted hereafter. Concerning the
scalar amplitude, the recent P-ACT-LB analysis intro-
duced the constraint [10]

In(10"°Py(k.)) = 3.060*(05, Q1

and at the pivot scale k., the spectral index of the
curvature perturbations n, and tensor-to-scalar ratio » can
be expressed, respectively, as [66]

ng = 1- 2El (¢*) - EZ(QS*)’ (22)

r=16cie(g.). (23)

It is important to clarify the physical role of the torsional

1) In subsequent calculations, we will set C = 1. In addition, this specific power-law form is chosen to ensure real-valued solutions for T = —=6H> < 0.
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parameter J. In f{T) gravity, 6 modifies the way in which
the total energy density sources the cosmic expansion.
The modified Friedmann relation can be expressed
schematically as H? o p7+1, which differs fundamentally
from the GR relation H? < p. Consequently, the Hubble
slow-roll parameter € = —H/H? is no longer determined
solely by the inflaton potential but is directly influenced
by the torsional structure of the gravitational sector.
Therefore, the resulting shifts in (n,,r) arise from genu-
ine modifications of the background dynamics, rather
than from an effective reparameterization of the inflation-
ary model.

IOI. INFLATIONARY POTENTIALS AND
OBSERVATIONAL CONSTRAINTS

In this section, we introduce the inflationary poten-
tials considered in this study, which serve as representat-
ive models within the AT) gravity framework. For each
potential, we present its theoretical form and compute the
relevant inflationary observables, followed by a compar-
ison with the latest ACT data.

A. Power-law potential

We consider the potential form of the power-law
model as follows [99]:

V(@) = Vod", (24)

where V, is the normalization constant, and »n is the
power index. Substituting into Eq. (16), the first slow-roll
parameter reads

Cw V™ o (25)

€(.) =~ m B

Similarly, the second slow-roll parameter becomes

&(¢.) = 2e/(4.) |2(1+6) -

2(1+2i)(n—1) ‘ (26)

Using the slow-roll approximation and taking the limit
@+ > Pena, Eq. (18) can be approximated by

2né

C(1+20)V, B g
T o2nCi[1+Q2-n)]

@7

From the above expressions, n, and r follow straightfor-
wardly via Egs. (22) and (23) evaluated as

n 1
T AT o ) 29
4n 1 3
N 29
" N*[1+6(2—n)]<1+46> : 29)

Compared with GR (6 =0), increasing J raises n, for
n <2, leaves it unchanged for n =2, and systematically
suppresses the tensor-to-scalar ratio 7 in all cases. Based
on the above two equations, we can approximately ob-
tain the spectral index and tensor-to-scalar ratio of the
power-law potential for different values of ¢ at N, =50
and 60 presented in Table 1. In addition, we also present
the numerical calculation results in Fig. 1 and compare
them with the latest P-ACT-LB-BK 18 observational data.
From the figure, we conclude that the power-law poten-
tials n=2/3, 1, and 2, which were originally excluded by
the ACT data, can be consistent with observations under
the influence of AT) gravity. Moreover, the greater the
deviation of {T) gravity from GR, the better the consist-
ency with observations. When n =2, f{T) gravity devi-
ates significantly (6 = 0.75) from GR and can agree with
the P-ACT-LB-BK18 data at the 20 level, supporting a
larger N, (approaching 60). For n=2/3 and 1, it can
even agree with observations at the 1o level. While lar-
ger ¢ significantly suppresses » for monomial potentials,
allowing them to re-enter the viable region, the required
N. values are sensitive to the post-inflationary evolution.
We rigorously constrain this dependency in Sec. IV.

B. Hilltop inflation
We consider the potential form of the hilltop model as
follows [100]:

V@) =vo1 - (z)} (30)

where p is a positive integer exponent, and u sets the field
scale. For notational convenience, we also introduce the
dimensionless field

Table 1. Predicted (ny, r) for V o ¢" with coupling J at N. = 50,60.
s n=2/3 n=1 n=2
N. =50 N, =60 N, =50 N. =60 N. =50 N. =60
0 (0.973,0.053) (0.978,0.044) (0.970,0.080) (0.975,0.067) (0.960,0.160) (0.967,0.133)
0.25 (0.975,0.014) (0.979,0.012) (0.972,0.023) (0.977,0.019) (0.960,0.057) (0.967,0.047)
0.75 (0.977,0.0033) (0.981,0.0028) (0.974,0.0057) (0.979,0.0048) (0.960,0.020) (0.967,0.017)

065107-4



Reconciling the ACT preference in f{T) gravity: inflation and reheating constraints

Chin. Phys. C 50, 065107 (2026)

0.14

0.12F

0.10

0.081

0.06 [

0.04

0.02

O'%9960 0.9;65 0.§70 0.975 0.980 0.985

nS
Fig. 1.
law potential in f{7) gravity. The curves with different colors

(color online) Inflationary predictions for the power-

and line styles show the values of n, and r as n and J vary.
Each curve corresponds to a variation in the number of e-folds
N. from 50 to 60. The dark and light blue shaded regions rep-
resent the 1o and 20~ confidence intervals from the combined
P-ACT-LB-BK18 data [9, 10].

ESEASS

€ (0,1), (31)

which will only be used to streamline intermediate ex-
pressions; all physical results are ultimately stated in
terms of the original parameters. Substituting into Egs.
(16) and (17) yields

W g
Q)= 575 )RV (1-x) T ()
e = 2L {(p 1)1 +20)57 + [1~(p~20] .

(33)
The number of e-folds reads

#2 Xend 1
No~—F / AP(1-x)dx. (34)
C, pVO1+25 X

Using Egs. (19) and (32), together with the f{7)-modified
Friedmann relation in Eq. (12), and working within the
slow-roll regime where p, ~ V, the scalar amplitude can
be expressed so that the Vy-dependence is explicit:

1+26
1272 C3 3 p*’
(35)

+ 1;2(2
Py = K@) i X270 (1 =) P8 V™, K(6) =

1.  Analytic limits

We consider two complementary limits of the hilltop
potential, corresponding to the small-field regime near
the maximum and the vicinity of the edge of the potential.

(i) Small-field regime, x, < 1 (near the hilltop). This
regime typically arises when u < 1, given that obtaining
sufficient e-folds requires the inflaton to start very close
to the hilltop. For x <« 1, one may expand (1-—x7)* =~
1 +0(x"). To leading order, Eq. (34) gives

Nom—
. =5 Xa (p>2), (36)
Cip(p-2Vy™

where the contribution of the upper limit x.,4 has been
neglected”. Eliminating x, yields the compact relations

2 2p

1 p7 ur? =
E(N*) 20p 5 P N. " ’
1 2(1+26) (p— 2y (€ Voﬁw)m
(37)
2(p-1) 1
N*
&(N.,) = (1=2) N, (38)

Combining Eq. (36) with Eq. (35) eliminates V, and
yields a closed form for ¢ :

b S w2 e 2-1)
p+2pé-2 C‘l'y P p+2ps-2 P K(6)| p+2ps-2 - —
a(N.) ~ M p [2([] S ( )] N PR
2(1+268) (p—2) P22
(39)

Therefore, to leading order in the slow-roll era, the spec-
tral index and tensor-to-scalar ratio follow from Egs. (22)
and (23), yielding

2(p—-1) 1
ng=1- ~ (40)

(p-2) N,

and
_p  2OED apod s
81 P+2p5-2 C p+2po-2 pprapi-2 [P;lq(( 5)] Pr2po—2 71)3(;7—61_)2
T 2(p=1) N. .
(1+26) (1+46)32(p—2)p+2pi-2

41)

From Eq. (40), the spectral tilt exhibits a universal hill-
top attractor that is independent of both x and ¢. In con-

1) For p>2 and x, < 1, the relative correction from including Xxepg scales as (Xepd /x)* P < 1,and is numerically subleading across the parameter space con-
sidered. In addition, the restriction p > 2 ensures that the e-fold integral converges as x — 0, whereas for p = 2 the result would become logarithmic rather than power-

law.
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trast, Eq. (41) shows that the tensor-to-scalar ratio de-
pends explicitly on p, i, d, and N., reducmg in the, GR
limit to the familiar scaling r ~8 P uT [N.(p=2)] 7.
As an illustration, for p=4, p=10"*, and 6§ =0.25, we
obtain n, =0.94 and r = 1.37x107® for N, = 50, while for
N, =60 the results are n, =095 and r=1.04x1073.
These analytic predictions are in good agreement with
our numerical calculations.

(ii) Vicinity of the edge, x, — 17. In the opposite re-
gime, typically realized for u > 1, inflation takes place
near the boundary of the potential. We can write x=1-A
with 0 < A < 1. A Taylor expansion gives

K¢

u
(42)

V(g) = Voll—(1-AY]1= Vo [pA+O(A%)], A=

To leading order, the potential is linear in the displace-
ment from the edge:

PVO

V(g) = (u=9). (43)

Accordingly, the predictions approach those of linear in-
flation, as discussed in Subsection III.A. As an example,
6=0.25 and N, =50 gives n; ~0.972 and r=~0.023, in
agreement with the numerical solutions presented below.

In summary, in the hilltop regime x, < 1, the scalar
tilt exhibits a universal attractor independent of u, V;, and
0, namely Eq. (40), while the tensor-to-scalar ratio is
strongly suppressed in f{7) gravity. In the opposite vicin-
ity x. — 17, the potential is effectively linear in the dis-
placement from the edge. Both limits reduce smoothly to
their GR counterparts as § — 0.

2. Numerical predictions and observational

constraints

As a representative example, we set p =4 and com-
puted (ny,r) numerically using Egs. (22) and (23). Figure
2 displays the results for several values of the torsion
parameter o0, together with the latest P-ACT-LB-BK18
constraints in the (n;,r) plane. As demonstrated in the
above limit analysis, the predicted values of n, and r tend
toward smaller values when p < 1. As u increases, the
predicted behavior gradually approaches the linear poten-
tial. In the GR limit (6 = 0), the case N, =50 is excluded,
while for N,=60 two viable intervals remain:
14.5 514 <$65.3 at 20 and 20.9 s <33.6 at 1o. Turning
on torsion-induced modifications shifts predictions to-
ward larger n, and smaller », thereby improving the
agreement with data. For ¢6=0.25, compatibility is
already achieved at N, =50 provided that x> 0.19 (20)

0.10
6=0 |
—6=0.25 ]
oo Nl . 5=05 |
e N,=50 7
0.06 - ® N, =60 |
0.04 - B
0.02- B

0'%.0960 0.965 0. 970 0. 975 0.5;80 0.985

nS
Fig. 2.
potential in f{T) gravity. All shaded regions are the same as

(color online) Inflationary predictions for the hilltop

those in Fig. 1.

and ©20.38 (lo); at N,=60, the bounds relax to
1 20.09 (20) and p > 0.14 (10). A stronger suppression
of r occurs for 6=0.5: at N,=50, one finds that
1 20.002 (20) and u = 0.0038 (10); at N, =60, the al-
lowed region extends to u = 0.001 (207) and u = 0.0015
(10).

C. E-model

We consider the E-model potential (a representative
a-attractor family) in the form [101, 102]

V(g) = Vo(1-e%)?, (44)

and introduce the variable y=e? € (0,1), such that the
potential can be expressed as

V= Vo(l-y). (45)

In particular, setting A= v2/3 reproduces the classic
Starobinsky potential (and is conformally equivalent to
the Higgs inflation) [1]. While this model has long been
favored by Planck data, the recent shift toward a slightly
bluer spectral index indicated by ACT renders the stand-
ard GR prediction (6 =0) increasingly disfavored within
the ACT-preferred region and may require comparatively
specific reheating histories to remain within the 1o~ con-
tour [95]. Using Egs. (16) and (17), the Hubble slow-roll
parameters can be expressed in closed form as functions
of y:

247 y:
a0 = 1755 v (46)
(1 —y*) 1426
1+26
Ez(y*)2261(y*)( ; —26). (47)
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By changing the variable to y=e™¢ (so that d¢=
—dy/(Ay)), the number of e-folds can be expressed as

_ 20 1-26
\% 1+25 *Yend (l_y)m
N, =~ -9 dy. 48

242C, / v (55

1. Analytic limits

a. Plateau (large-field) limit: y. < 1. The horizon exit
on the plateau corresponds to y, = e <« 1 (large ¢.). In
this regime, the integrand of Eq. (48) is dominated by y.,
and one may set V =~ V; in the integrand to leading order.
Expanding to lowest order in y,, one obtains the number
of e-folds as

~ byl (49)
242, Yy

5

Substituting into Eqs. (46) and (47) yields

1 T |
N,) ~ | A —
alN) =S osac 0 N2 (50)

5

o(N.) ~ N3 LON). 1)

To eliminate V,, we can express € by the observed amp-
litude to leading order from Eq. (19) as

1
2(1+26)A2C,

12723 P } T 1
1+20AN2] N

e(N.) = (52)

Therefore, the scalar tilt at leading order is the familiar
plateau attractor,

2
s=1l——, 53
n N (53)
while the tensor-to-scalar ratio is given by
3 2.3 _% 2
e 5% { Lme,P, } N T (54)
(1+26)A2C, | (1+26)A2

This expression reduces to the standard Starobinsky res-
ult r~12/N? when 6§ — 0 and A = v2/3. For reference,
when setting N, =50 and 60, the results obtained are
ny =~ 0960, r=~48x107 and n,~0.967, r=33x10"
respectively, which closely matches the widely known
Starobinsky prediction.

b. Quadratic (small-field) limit: A¢, < 1 (i.e. y,~1).

When the horizon exit occurs near the origin (A¢. < 1),
we may expand the exponential in the potential as

V(g) =V (1-e)?
=Vo{1-[1-4¢+0@")]}* = Vo(Ap)’, (59

so that the inflationary dynamics is that of a quadratic po-
tential. The corresponding predictions have already been
derived in Subsection III.LA. When N, =50 and 60, the
model predicts n, =0.960 and r=0.057, and n, =0.967
and r = 0.047, respectively.

One can see that, at leading order, the scalar spectral
index for the quadratic potential coincides with that ob-
tained in the plateau regime n; ~ 1—2/N,. Thus, n, alone
may not distinguish the two regimes at leading order. The
difference is in the scaling of r: plateau = r oc N 2/(1+29)
(with additional J-suppression), while quadratic small-
field = r oc N! (again multiplied by the sound-speed sup-
pression (1+46)7/?). This explains why, for moderate
values of J, the numerical results may show an r larger
than the naive plateau expectation but still much smaller
than the GR quadratic value because of the ¢, factor.

2.  Numerical predictions and observational constraints

Figure 3 displays our numerical results for the E-
model with A = v2/3 in the (n,,r) plane, compared with
the results obtained with the P-ACT-LB-BK18 con-
straints. For 6 =0, corresponding to the standard GR
case, the Starobinsky model is found to lie almost en-
tirely outside the allowed region. Once ¢ slightly departs
from zero, i.e., when f{T) gravity introduces small devi-
ations from GR, the scalar spectral index n, and tensor-
to-scalar ratio r increase. This trend substantially im-
proves the agreement with observations: for 6 = 0.05 and
¢ = 0.1, the predictions approach, and in some cases fall

0.10
6=0
—65=0.05 |
008 e 6=01 A
—6-025 ]
o N,=50 |
0.06} ® N,=60 ]
0.04—\ 1
0.02- B

0.0 : : ‘ ‘ .
0.960 0.965 0.970 0.975 0.980 0.985
Ns
Fig. 3. (color online) Inflationary predictions for the E-mod-
el with A= +2/3 in f(T) gravity. The shaded regions corres-
pond to the P-ACT-LB-BK 8 constraints (color coding as in

Fig. 1).
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within, the lo confidence region of the P-ACT-LB-
BK18 data. However, for larger deviations such as
6 =0.25, the dynamics of the Starobinsky potential re-
semble those of the quadratic potential, and the corres-
ponding predictions shift away from the allowed region,
eventually becoming disfavored by current CMB con-
straints. This highlights a mechanism distinct from the
power-law and hilltop cases: here, A7) gravity acts to
fine-tune the attractor prediction rather than just suppress-
ing a large tensor signal.

IV. REHEATING ANALYSIS AND CONSTRAINTS

The epoch of reheating, bridging the end of inflation
and the onset of the radiation-dominated era, is critical
for determining the precise inflationary observables. The
duration of this phase, characterized by the number of e-
folds N., and the effective equation of state w, intro-
duce a dependency in the relation between the pivot scale
k. and total inflationary e-folds N,. In this section, we
quantify this connection within the f{T) gravity frame-
work to constrain the model parameters.

Based on the evolution of the comoving Hubble scale,
the relation connecting the current CMB scale &, to the
inflationary horizon crossing is given by

csk. _ a.H, Qs dend dre H, — o NeNee are H,
9
ap Hy

- & - (56)
agHy agHy  Gena are ag Hy

where the subscripts "re" and "0" denote the end of re-
heating and the present epoch, respectively. Assuming
entropy conservation from the end of reheating to the
present, the ratio of scale factors can be expressed in
terms of temperatures:

” 43 \'°*r
e _ ( ) L, (57)
ag 11gs,re Tre

where T, =2.725K is the current CMB temperature, and
gsre 18 the effective number of relativistic degrees of free-
dom for entropy at the end of reheating. Combining these
relations with the definition of the reheating equation of
state, poc a=31*ve) we derive the reheating temperature
T, as

43 \'"Pa,T,H, _, _
Ty = (11g > c;c e Mg e, (58)

Furthermore, from the cogtinuity of energy density at the

T :
T T = page e
tain a canonical relation linking the inflationary and re-

heating parameters [68, 75, 78]:

end of reheating, Pre = , We ob-

45Ven 1. (g
(3Wre—1)Nre=1n( 5Ved)+,ln( g )

g 3 43
cik,
4] : 4N.. 5
- n(aoTyH*)+ N (59)

3
Here, we have approximated Qend = EVend(¢end) and as-

sumed g, = gs.e = 106.75. This master equation allows us
to solve for N, and T, as functions of the spectral index
ny (via N,) for a given potential and reheating scenario
we. Specifically, H, is related to the scalar amplitude A,
via H?> ~ 8n°c3€ A, where ¢, depends on 4.

We derive numerical constraints on the reheating
epoch from Eq. (59) using the combined P-ACT-LB and
BBN datasets. Our analysis covers three potential classes,
starting with the power-law potential. Given that the re-
heating duration N,. decouples from the spectral index for
canonical reheating (w, =1/3), we focused exclusively
on the non-trivial cases where w,. # 1/3.

A. Power-law potential

Based on the inflationary analysis in Sec. III, only the
fractional power-law models with n =2/3 and linear po-
tential n=1 remain viable within the f7) framework,
specifically for mnon-vanishing torsional parameters
6=0.25 and 0.75. The quadratic model (n =2) requires
an excessively large 0 to marginally fit the data and is
thus excluded from this detailed reheating analysis. We
focused exclusively on the non-trivial cases where
we # 1/3. It is important to note that, for the power-law
potential in the GR limit (6 = 0), the tensor-to-scalar ratio
remains well above the observational upper bound for
any reasonable duration of inflation (e.g., N, €[50,60]).
Given that reheating dynamics cannot sufficiently sup-
press r without requiring physically implausible e-fold-
ing numbers, we do not present the GR constraints for
this case, as the model is already excluded by the B-mode
polarization data regardless of the thermal history.

Figure 4 shows the number of e-folds N, and the re-
heating temperature T, as functions of the spectral index
ny. For the n=2/3 potential, which is favored by the
data, the following results are obtained:

e In the case of §=0.25, consistency with the P-
ACT-LB constraints is achieved only for softer equations
of state, specifically w, =—1/3 and 0. The BBN temper-
ature requirement further tightens the bounds. Solving
Eq. (59) yields precise inflationary e-folding intervals:
430<N, <558 for we=-1/3 and 46.1 <N, <55.9 for
Wee = 0.

e For the larger torsional correction § = 0.75, the con-
straints are more severe. Only the w,, = —1/3 scenario re-
mains compatible with the ACT data, requiring a relat-
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(color online) N and log,,[Tr/GeV] as functions of n, for the power-law potential with various values of wy.. The colored

curves represent different values of the equation-of-state parameter during reheating wy.: purple (-1/3), blue (0), green (1/3), orange
(2/3), and red (1). The brown shaded region corresponds to the 1o~ constraints from P-ACT-LB [7]. The green band indicates the BBN-

excluded region (T <4 MeV) [103—106].

ively high number of inflationary e-folds, 56.5<

N, £60.5.

For the n =1 (linear) potential, the following results
are obtained:

e With § = 0.25, the model exhibits broad compatibil-
ity. Instantaneous reheating (N, =0) is permitted within
the 100 ACT region. A wide range of reheating equations
of state (w, =—1/3,0,2/3,1) are viable. The correspond-
ing constraints on the inflationary duration are derived as
478 <N. <593 (we=-1/3), 480<N, <593 (w,=0),
593 <N, <624 (we=2/3), and 59.3<N,<625
(wre = 1). Notably, stiffer’ equations of state (w, > 1/3)
necessitate a longer period of inflation (N, > 59).

e With 6=0.75, the viable space shrinks again to
softer reheating scenarios (w, =-1/3,0), yielding N,
ranges of [44.0,57.4] and [54.1,57.5], respectively.

B. Hilltop inflation

Figure 5 illustrates the reheating constraints for the
hilltop potential, showing N, and T, as functions of n,.
To provide a direct comparison with GR, we included the
GR predictions (6=0) alongside the A7) results
(6=0.25,0.5). For the GR case, we selected two repres-
entative field scales: u=20.9 and u =33.6. These values
correspond to the lower and upper bounds of the paramet-

er space where the GR prediction enters the 1o~ region of
the (n,,r) plane for N, = 60, as shown in Fig. 2.

In the GR limit, the smaller field scale u=20.9 is
compatible with ACT data only for stiff reheating equa-
tions of state, w,. =2/3 and w,. = 1. When combined with
BBN bounds, these scenarios impose tight constraints on
the inflationary duration: 63.0<N, <644 and 63.1<
N. £69.8, respectively. For the larger field scale u = 33.6,
the model favors instantaneous reheating. The allowed e-
folding intervals are derived as 56.4 <N, <64.6 for
Wee =2/3 and 56.4 < N, <70.1 for w,, = 1.

For the case of § =0.25, we first consider u=0.14
(corresponding to the N, = 60 benchmark). Here, consist-
ency with ACT data is found only for stiffer equations of
state, specifically w, =2/3 and 1. The combined BBN
and spectral index constraints restrict the e-folding num-
ber to 62.3 <N, <66.6 and 62.3 < N, <71.6, respectively.
Conversely, for u=0.38 (corresponding to the N, =50
benchmark), the scenario of instantaneous reheating be-
comes viable. The allowed ranges for N, were found to
be [52.4,59.1] for w,=-1/3, [52.5,59.1] for w.=0,
[59.1,66.8] for w,, =2/3, and [59.1,68.9] for w,. = 1.

In the case of 6=0.5, we set u=0.0015 for the
N. = 60 benchmark. Instantaneous reheating is permitted,
with valid solutions found for w, =2/3 and 1, yielding
constraints of 61.9 <N, <69.1 and 61.9 <N, <73.9, re-
spectively. Finally, for p=0.0038 (the N, =50 bench-
mark), instantaneous reheating remains consistent with

1) We defer a detailed physical discussion of the stiff reheating solutions to the E-model subsection below, where the general interpretation of such phases is clari-

fied.
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(color online) Constraints on the reheating epoch for the hilltop potential. The plots show N, and log,([7r/GeV] as functions

of the spectral index n, for various values of wr.. The color coding and shaded regions follow the conventions of Fig. 4.

the data. The derived bounds on the e-folding number are
520<N. <620 (we=-1/3), 51.9<N, <62.0 (W =0),
620<N,<67.7 (we=2/3), and 62.0<N,<67.6
(Wre = 1)

C. E-model

Finally, we examine the reheating predictions for the
E-model with A = +/2/3 (Starobinsky potential). To ex-
plicitly quantify the impact of torsional modifications, we
performed a side-by-side analysis of the standard GR lim-
it (6 =0) and the A7) scenarios (¢ = 0.05,0.1).

In Fig. 6, the GR predictions barely intersect the
ACT-favored region. Consistency is achieved exclus-
ively for a stiff, kinetic-dominated equation of state
(Wre = 1). Furthermore, this scenario demands a pro-
longed period of inflation, with the e-folding number re-
stricted to a narrow range of 66.5 < N, <69.1. This im-
plies that, within standard GR, the Starobinsky model can
only be reconciled with ACT data by invoking a specific,
non-standard reheating history dominated by the kinetic
energy of the inflaton.

In contrast, {7T) gravity significantly relaxes these
constraints. For 6 =0.05 and 6 = 0.1, consistency with the
combined P-ACT-LB and BBN datasets is achieved for
less stiff equations of state, specifically w, =2/3 and
wee = 1. Consequently, we obtained the following con-
straints on the number of e-folds N, : for the 6 = 0.05 case,
the allowed ranges are restricted to 64.5<N, <64.8
(W =2/3) and 64.5 <N, <702 (w, =1). Similarly, for
¢ = 0.1, the constraints correspond to 62.5 < N, <65.9 and
62.5<N,<71.2 for w,=2/3 and w, =1, respectively.
This comparison highlights that while GR requires a spe-
cific kination epoch to remain viable, weak torsional cor-
rections naturally expand the allowed parameter space,
accommodating a broader range of thermal histories.

Logqo[Tre/GeV]

L h L

0.97 0.98
Ns

Fig. 6. (color online) Constraints on the reheating epoch for
the E-model with A= +2/3. The plots show N, and
log,o[Tre/GeV] as functions of the spectral index n, for vari-
ous values of we. The color coding and shaded regions fol-
low the conventions of Fig. 4.

0.96

Before concluding this section, we address two phys-
ical implications of our reheating analysis. The first con-
cerns the frequent appearance of a stiff reheating phase
(W 22/3) in the viable regions of the Hilltop and E-
models. While standard perturbative reheating typically
leads to radiation-like (w=1/3) or matter-like (w=0)
equations of state, a stiff phase (e.g., w =~ 1) corresponds
to a kination epoch where the kinetic energy of a scalar
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field temporarily dominates over its potential energy
[107-109]. We stress that such a stiff phase is not as-
sumed here as a generic prediction of specific particle-
physics reheating models. Instead, the parameter w,
serves as an effective, macroscopic description of the
post-inflationary expansion history. The stiff solutions
identified above should be interpreted as phenomenolo-
gical allowances required by the CMB data, rather than as
direct evidence for a specific microphysical mechanism.

The second issue relates to parameter correlations.
Although the BBN bounds effectively restrict the al-
lowed range of N, and compress the viable interval of the
torsional parameter J, a residual degeneracy persists
among o, w,., and the inflaton potential parameters (such
as u). These potential parameters dictate the background
evolution near the end of inflation, thereby determining
the required reheating history for a given J. Con-
sequently, a stronger torsional correction (larger J) may
necessitate a severely restricted range of w, and poten-
tial parameters to maintain n, within the ACT-preferred
region. The emergence of viable solutions within narrow
parameter windows (e.g., E-models requiring specific
we) should not be viewed as artificial fine-tuning but
rather as a reflection of the strong predictive power of the
combined constraints from inflationary observables, ACT
data, and the thermal history.

V. DISCUSSION AND CONCLUSIONS

Compared with the results of Planck-only analyses,
high-precision data from ACT indicate a preference for a
slightly bluer scalar spectral index, placing mild pressure
on several canonical inflationary models within GR. In
this study, we demonstrated that teleparallel f{7T) gravity
provides a robust mechanism to accommodate this data-
set-dependent preference. By incorporating torsion-in-
duced dynamics parameterized by J, we successfully re-
conciled the predictions of power-law, hilltop, and E-
models with the combined P-ACT-LB-BK18 and BBN
constraints. This reconciliation originates from a genuine
modification of the background expansion, which alters
the slow-roll hierarchy rather than merely reparameteriz-
ing the potentials. This dynamic breaks the degeneracy
between the inflationary duration N, and the thermal his-
tory, pinpointing precise parameter intervals that often
extend beyond the standard N, € [50,60] assumption.

Our systematic analysis yields distinct phenomenolo-
gical signatures for each potential class under the com-
bined constraints of CMB data and BBN:

e Power-law Potentials: Torsional corrections ef-
fectively rescue the fractional (n =2/3) and linear (n=1)
potentials that are otherwise disfavored in GR. Specific-
ally, the A7) modification significantly suppresses the
tensor-to-scalar ratio while shifting the spectral index to-

ward the bluer values favored by ACT. The reheating
constraints indicate a preference for softer equations of
state: the n=2/3 case requires w, <0, while the linear
model remains compatible with a broader range of
thermal histories, including instantaneous reheating.

e Hilltop Models: In the GR limit, consistency with
ACT data restricts the viable parameter space to relat-
ively large field scales (u = 20) and imposes stringent
limits on the thermal history. In contrast, f{T) gravity ef-
fectively suppresses the tensor-to-scalar ratio , signific-
antly broadening the viable parameter space to include
much smaller field scales (u < 1) while maintaining the
observationally preferred high n,. For these torsion-res-
cued small-field scenarios, matching the data strictly re-
quires a stiff, kinetic-dominated reheating phase
(Wre = 2/3) and a larger number of e-folds (N,  62). Lar-
ger field scales, however, remain compatible with stand-
ard reheating evolution.

e E-models (Starobinsky Potential): Our explicit
comparison reveals that, in the standard GR limit, the
Starobinsky potential is under significant pressure, com-
patible with ACT data only if one assumes an extreme
kinetic-dominated reheating phase (w, =1) and a large
number of e-folds (N, = 66). Introducing weak torsional
corrections (6§ ~0.05-0.1) alleviates this severe restric-
tion. By slightly enhancing the scalar spectral index relat-
ive to its GR prediction, T) gravity allows consistency
for a broader range of stiff equations of state (including
we =2/3) and widens the viable inflationary duration.
This demonstrates that f{T) gravity naturally restores the
robustness of E-models against current observational
bounds.

It is important to emphasize that the restoration of vi-
ability identified in this study is not an artifact of fine-
tuning the specific ansatz f(T)~ T?*'. The essential
mechanism is the modification of the consistency rela-
tion between H and p, which is a generic feature of
power-law—type torsional corrections. While different
functional forms of A7) would quantitatively shift the
precise parameter boundaries, the qualitative alleviation
of observational pressure persists for models introducing
similar torsional corrections. Furthermore, while the com-
bined BBN and CMB bounds restrict certain models to
narrow parameter windows (such as the specific w,, re-
quired for E-models), this underscores the strong predict-
ive power of the framework rather than indicating artifi-
cial fine-tuning.

In summary, f(T) gravity serves as a distinct gravita-
tional paradigm imposing specific, testable requirements
on post-inflationary evolution. As observational preci-
sion continues to improve, the unique signatures identi-
fied in this study, including the requirement for non-
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standard stiff reheating epochs and larger N, values to
match a bluer n,, will serve as powerful discriminators

between torsional modifications and standard Riemanni-
an gravity.
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