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Recent Atacama Cosmology Telescope (ACT) observations, combined with Planck, favor a scalar
spectral index in tension with Starobinsky inflation. Two main strategies have been proposed to reconcile
Starobinsky inflation with these data: (i) including higher-curvature operators in the gravitational action
and (i) modifying the postinflationary reheating dynamics. We critically reexamine both approaches.
When higher-curvature corrections are included, dimensional-analysis arguments allow introducing a
second mass scale suppressing higher-dimensional operators, resulting in a one-coupling, two-scale
effective theory. We show that fitting the Planck + ACT data drives this class of effective theories toward a
regime of stronger sensitivity to UV physics, potentially implying fine-tuning of the inflationary
observables. We illustrate our general point with two concrete models, namely, no-scale supergravity
and metric-affine gravity, showing that they provide different realizations of the same underlying f(R)
theory. On the reheating side, requiring the CMB modes to reenter the horizon before recombination leads
to stringent constraints on the reheating equation of state, and fitting the Planck + ACT data favors an
exotic reheating phase with @, > 1/3, incompatible with inflaton oscillations about the minimum of the
standard Starobinsky potential. Finally, we explore the possibility that a phase of cosmological stasis,
driven by a tower of decaying massive states, could play the role of the postinflationary epoch. We find that
accommodating ACT-preferred 7 in this setup requires a tower of states with negative energy density.
Taken together, our results suggest that reconciling Starobinsky inflation with the Planck + ACT data
demands ingredients that are challenging to motivate from the perspective of UV-complete theories,
undermining the minimality of the original Starobinsky model.
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I. INTRODUCTION

Starobinsky inflation is one of the earliest and most
successful models of cosmic inflation, originally proposed
by Starobinsky in 1980 [1]. Unlike many models based on
scalar fields with ad hoc potentials, Starobinsky inflation
arises from a modification of the gravitational sector itself.
Specifically, the action includes a quadratic correction to
the Ricci scalar:
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where R is the Ricci scalar, My, is the reduced Planck mass,
and M is a mass parameter that determines the scale of
inflation. The R? term becomes significant at high curva-
tures and naturally leads to a period of accelerated
expansion in the early Universe.

This higher-curvature theory can be transformed into a
standard Einstein-Hilbert action plus a scalar field through
a conformal transformation. In the Einstein frame, the
model is equivalent to a canonical scalar field ¢ with the
following potential:

V(g) = %MZM% {1 —exp (-\@Mim)r. 2)

This potential is flat for large values of ¢, which ensures a
prolonged period of slow-roll inflation and generates nearly
scale-invariant, Gaussian, and adiabatic perturbations—
features that are in excellent agreement with current
observational data. One of the key predictions of the
Starobinsky model is a very small tensor-to-scalar ratio,
r ~0.003, and a scalar spectral index n,; ~ 0.965, both of
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which are well within the bounds measured by the Planck
satellite [2]. Its minimal nature, strong predictive power,
and geometric origin make Starobinsky inflation a bench-
mark model in modern cosmology.

However, recent combined data from the Planck satellite
and the Atacama Cosmology Telescope (ACT) have
introduced potential tensions with the predictions of the
Starobinsky model [3-5]. These updated observations hint
at a slightly higher tensor-to-scalar ratio and subtle shifts in
the preferred values of the scalar spectral index, which may
be difficult to reconcile within the strict predictions of
Starobinsky inflation. While not conclusively ruling it out,
these results invite a reevaluation of the model’s parameter
space and have spurred renewed interest in alternative or
extended inflationary scenarios. Indeed, several proposals
have been put forward to reconcile the Starobinsky pre-
dictions with the new Planck + ACT constraints (see, e.g.,
Refs. [6-19]). One approach involves modifying the origi-
nal action by including higher-order curvature corrections.
These additional geometric terms can alter the prediction of
the original Starobinsky model; cf. Refs. [20-22]. A differ-
ent route explores the role of reheating: by considering a
prolonged and colder reheating phase, the number of e-folds
AN, associated with CMB scales increases. This shifts
the model predictions in the (n,, r) plane toward slightly
higher values of n,, thus alleviating the tension with
Planck + ACT; cf. Refs. [23-26] (see also Refs. [27,28]).

The purpose of this paper is to critically examine these
proposals from the standpoint of effective field theory and
ultraviolet completions. Rather than simply demonstrating
that certain parameter choices can fit the data, we ask what
the implications are from the perspective of ultraviolet-
complete theories. Our analysis reveals that, in each case,
the required modifications introduce fine-tuned hierar-
chies, exotic ingredients, or deformations that undermine
the minimality of the original Starobinsky model.

The paper is organized as follows. In Sec. II, we present a
self-contained review of Starobinsky inflation, collecting the
key analytical results in the slow-roll approximation and
comparing them with the latest observational constraints. In
Sec. III, we analyze the effect of higher-curvature operators
on the inflationary predictions. We first carry out a phe-
nomenological analysis (Sec. III A); then we use dimen-
sional-analysis arguments to discuss multiparticle unitarity
bounds and interpret the results through the lens of effective
field theory, thereby identifying the fundamental couplings
and mass scales governing the effective description
(Sec. IIIB). We next focus on concrete realizations of
higher-curvature corrections to Starobinsky inflation, explor-
ing the embedding within no-scale supergravity in Sec. III C.
We then consider the higher-curvature structure arising from
metric-affine gravity (Sec. III D), showing that pseudoscalar
inflation can be mapped onto an higher-curvature extension
of Starobinsky inflation. We then discuss the naturalness of
the two effective theories introduced above, showing that

Planck + ACT-compatible data inevitably drive this class of
effective theories toward a regime of increased fine-tuning
(Sec. IV). In Sec. V, we examine the reheating route,
deriving the consistency conditions linking the equation-
of-state parameter w,, and the reheating temperature 7', to
the spectral index n,, and we discuss the physical implica-
tions of requiring a stiff postinflationary phase. In Sec. VI,
we explore the possibility that a phase of cosmological
stasis—driven by a tower of decaying massive states—
could serve as the postinflationary epoch, and we derive the
corresponding phenomenological constraints. We present
our conclusions in Sec. VII. Appendix A contains a detailed
discussion of the unitarity bounds for multiparticle scattering
amplitudes, including the careful tracking of coupling
dimensions. Appendix B contains a brief, self-contained
review of metric-affine gravity, including the explicit deri-
vation of the pseudoscalar potential driving inflation dis-
cussed in this work, as well as a discussion of the torsionless
limit. In Appendix C, we present a metric-affine modifica-
tion of Starobinsky inflation which reproduces the same
pseudoscalar potential and manifestly reduces to Starobinsky
inflation in the torsionless limit.

II. A LIGHTNING REVIEW
OF STAROBINSKY INFLATION

In this section, we present the key analytic results for the
Starobinsky model in the slow-roll approximation, derive
the dependence of observable quantities on the number of
e-folds, and assess their alignment with the latest cosmo-
logical constraints.

In the slow-roll approximation, the inflationary dynam-
ics can be solved semianalytically. For ease of reading, we
introduce the function

1
(=—30+ 24/3) e~ 172/ V343, (3)

We indicate with AN, the number of e-folds between the
horizon crossing of the CMB pivot scale k, = 0.05 Mpc™!
and the end of inflation. The field value at the end of

inflation is
3 2\ -
= /=1 14+ — | Mp,. 4
¢end \/; 0g < + \/g) Pl ( )

The field value at the CMB pivot scale is

hom = =2
+10g(—135 +78V3) + 3W_, (fan )IMp,  (5)

3+2V3+4AN,

where W_;(z) is the branch with k = —1 of the Lambert W
function W(z). The scalar spectral index at the CMB pivot
scale reads
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| 16 + 8 (6)
ng=1- ,
3[L4+W_i(fan,) 3[1+W_i(fan,)]
while for the tensor-to-scalar ratio we find
64
r= (7)

3[L4+W_ (fan,)*’

The amplitude of the scalar power spectrum at the
CMB pivot scale is

_ 3M2[1 + W—l(fAN*H4
Y128 MW (fan, )

(8)

Finally, the square of the Hubble rate at the end of
inflation is

H(Nep)?=H2%, =3 G - 2ﬁ> M2, (9)

while its value at the time of horizon crossing for the
CMB pivot scale k, is

_ o M L

The value of the Hubble rate at the e-fold time N, at
which the generic comoving wave number k crosses the
inverse comoving Hubble radius [that is, the time N
defined by the condition k = a(N;)H(N)] can be
obtained from the scaling

k _ alNJHWNY H(N,) =H, = <£> eN-NeH
(11)

These analytical predictions can be directly compared
with current observational bounds. In Fig. 1, we show the
Starobinsky model predictions for two representative
benchmark values of the number of e-folds: AN, = 50
and AN, = 60, shown as black filled dots. As expected,
the model predicts a very low tensor-to-scalar ratio r and a
scalar spectral index n; slightly below unity, both consis-
tent with Planck 2018 constraints. However, the combined
Planck + ACT data introduce some tension with the
Starobinsky predictions. In particular, the Planck + ACT
data favor slightly higher values of r and a spectral tilt
closer to scale invariance. While Starobinsky inflation is
still within the allowed region, it no longer sits at the center
of the preferred contours. Notice that considering a
prolonged period of inflation AN, > 50 (see the open
circle in Fig. 1) comes with its own problems [29] that will
be explored in detail in Sec. V.

Planck TT,TE,EE+lowE+lensing
+BK18+BAO
Planck+ACT

1071

7'0.002

1072F

1073
0.95 0.96 0.97 0.98 0.99

FIG. 1. Comparison between the predictions of the Starobinsky
inflation model (black line from AN, = 50 to AN, = 70) and
observational constraints on the scalar spectral index n, and
tensor-to-scalar ratio rgp,. The shaded regions correspond to
data from Planck (green), BICEP/Keck + BAO (blue), and
Planck 4+ ACT (purple), showing the 68% and 95% confidence
contours. Here, rg g, denotes the tensor-to-scalar ratio evaluated
at the pivot scale k = 0.002 Mpc~!, relevant for large angular
scales in the CMB.

III. STAROBINSKY INFLATION AND
HIGHER-CURVATURE OPERATORS

A. Phenomenological analysis

From the viewpoint of quantum gravity, it is natural to
expect the presence of additional higher-curvature correc-
tions in the effective action (1), such as terms proportional
to R3, R*, and so on. Notably, even small corrections
beyond the quadratic term can spoil the agreement with
current CMB data, unless their coefficients are highly
suppressed. Indeed, while the pure R? term leads to a flat
plateau potential suitable for slow-roll inflation, higher-
order corrections typically deform this shape, making the
potential steeper or introducing new features [30,31].
Therefore, understanding and controlling higher-curvature
terms is essential when embedding Starobinsky inflation
into a UV-complete theory like supergravity or string
theory.

In this section, we elaborate further on this point.
Working in the general context of f(R) theories of gravity
[32-34], we show that, when rewritten in the Einstein
frame, the f(R) theory becomes equivalent to Einstein
gravity minimally coupled to a scalaron field ¢ with a
nontrivial potential.

We consider, in the spirit of Ref. [35], the following
gravitational action:

Ve
_ My

s="0 [ dwmare) (12)

where
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f(R) =R+ F(R),
2 3 4
FR) =G Tham T4

R2 kmax Rk
:—6M2+Z/1k—M2k—2' (13)
k=

In natural units, the Ricci scalar has dimension of a mass
squared, [R] = [M]?; the coefficients /;, therefore, are
dimensionless numbers. In Eq. (13), the lowest term of this
type compatible with supersymmetry is R*; cf. Refs. [36,37].
On the other hand, all powers of R, even and odd, starting
from R* with arbitrary coefficients have a supersymmetric
generalization [37]. Classical and quantum stability of the
theory requires that f'(R) >0 and f”(R) = F"(R) > 0;
cf. Ref. [38].

A Legendre transformation allows us to recast the action
in Eq. (12) into a dynamically equivalent form in which
the Lagrangian is linear in the scalar curvature, with the
addition of an auxiliary scalar degree of freedom. We write

5= M o [ o v)
SEL [ @xv=iro) + 1)k - o)
— i, / dﬁﬁ{@le

The action in the Einstein frame can be obtained via a Weyl
transformation

1 !
Slor@) s} (14

with Q? = f'(o). (15)

Under such rescaling, in four space-time dimensions,
we have

g/u/ = ngﬂw

\/——ng 4 g’ (16)
R=QR+2(n-1)7"Q(V,V,Q)
—n(n-1)g*(V,Q)(V,Q), (17)

with n = 4. We thus have
VEIXR = VTGIR + 637 (V,9,Q)
- 12g*Q7%(V,Q)(V,Q)]
= V=3R - 63"Q*(V,Q)(V,Q)],  (18)

S /d“xr{ Yk~ 2" 0,0)00) - V)| where Vig) = 28 (-

where in the second line we performed an integration by
parts (dropping the total derivative term). Moreover,
we write

o f"(o)
V,Q= '"(0) = 0,0). 19
L2 f'(e) = f,(a)( 0) (19)

We thus have

e 2
v=i2R = 73| R =1 p(0)2500,0) 0,01

(20)
All in all, the action in the Einstein frame, S, takes the

form (we drop the symbol ~ from all metric-dependent
functions)

_ h(o) .
Sg = /d4x\/_[ i Ly g 5 ——-¢"(0,0)(9,0) = V(o) |,
e1)
where
3MEF" (o) _ M3,[6F (6) — F(o)]
") = 2+ Flo) Vo) = T PP
(22)

In the above form, the scalar field o is not canonically
normalized, and it has mass dimension [o¢] = [M]?. If
we define

p=1+F(o) (23)

and introduce the field transformation

@ = exp (\/%MiP) (24)

the action in the Einstein frame finally becomes

V72

20 0= Volo) = Flo()l}. (29

where (@) can be obtained by solving Eq. (23). More concretely, we write
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FIG. 2. Left panel: Einstein-frame potential V', (1) (¢) for the Starobinsky model supplemented by higher-curvature operators, shown
for representative values of the coefficients 4;. The “solid black line corresponds to the baseline Starobinsky potential (4, = 0), while the
colored curves illustrate the deformation induced by the leading corrections. A negative sign of 4; steepens the potential at large field
values, reducing the duration of slow-roll inflation and shifting the spectral index toward larger values. Right panel: value of the inflaton
field during slow-roll inflation as a function of 4;, shown over a representative range of 4, values. Each 4; denotes the coefficient
controlling the corresponding higher-curvature R¥ correction to the Starobinsky model, with k = 3, 4, 5.

1 max k—1
l-g+3 <M2> + Zklk<M2> =0. (26)

In the limit A; — 0, the previous equation gives
o = 3M?*(p — 1). Equation (26) admits k,,, — 1 solutions,
among which we select the one that continuously recovers
the Starobinsky solution in the limit 4, — 0. We are able to
find exact analytic solutions up to k., = 5. For larger
values of k., or alternatively, we can construct perturba-
tive solutions by expanding around small values of 1;. In
the left panel in Fig. 2 we show the corrected Starobinsky
potential for different values of k., and 1;, while in the
right panel we show the constraint on 4, derived from the
requirement that the higher-curvature corrections remain
perturbative. At the first order in 4;, the potential we find
takes the form

3 2 ¢
e A A

Kmax H ¢ k=2
X {1—;6/1]( —3+33Xp (\/;M—m>] }

(27)

In fact, apart from the purpose of explicitly visualising
the shape of the potential, there is no real need to go
through this complicated inversion procedure, which is
moreover applicable only in a limited set of cases. The
action in Eq. (25) delivers the equation of motion

d*¢ [3 _% <@> 2} {dqﬁ n dlog V(¢)

= 2
an? " dN dN dep ] 0. (28)

where we wrote implicitly ¢ in units of the reduced Planck
mass. Equivalently, we write

oto) s+ (o) (o) + {3501 5] )

do 1 dlogV(o)
><{()d]v+g()7d(7 ] 0, (29)
with
_d¢ 3] F'(o)
9(0)=%— E[TF’(G)] (30)
and
¢ = \/glog[l + F'(0)). (31)

The slow-roll parameters €, and 7y take the form

LA S R

V=2 [Vig) (o) V(o)
Vi) Wy V') dlo).,
= Mn Ty = Vo) {gw prad )}' (33)

Equation (29) describes the inflationary dynamics and can
be solved without any approximation using the potential
V(o) in Eq. (22). We show our result in Fig. 3, where we
show the effect of the R® and R* operators in the left and
right panels, respectively, when each is switched on
individually. From this analysis, two important observa-
tions emerge.
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FIG. 3.
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Left panel: predictions in the (n,, r) plane for the Starobinsky model extended by an R* operator with coefficient A3 < 0.

The solid black line denotes the baseline Starobinsky prediction, while the dashed lines correspond to different values of |43,
increasing in the direction of larger n,. Right panel: the same as the left panel but for the R* operator with coefficient 1, < 0 (and
A3 = 0). In both cases, a negative sign of the higher-curvature coefficient is required to shift the predictions toward the region favored
by the Planck + ACT data combination (purple contours). The shaded regions correspond to the observational constraints from Planck
2018 (green), BICEP/Keck + BAO (blue), and Planck + ACT (purple), showing the 68% and 95% confidence contours. We require
50 < AN, <60 e-folds of inflation after CMB modes exit the horizon.

(1) First, we find that a negative sign of the coefficient is
required in order to shift the cosmological predic-
tions toward the confidence region favored by the
Planck + ACT data combination.

(i1) Second, we observe that an extremely small value of
the coefficients 4, is sufficient to alter the predictions
of the baseline Starobinsky model.

These conclusions are in full agreement with previous
studies (cf. Refs. [20,21,39,40]). However, in the following,
we aim to provide a physical interpretation of these
phenomenological results.

B. The effective field theory perspective

In the meter-kilogram-second system, there are three
fundamental units: length [L], mass [M], and time [T].
From these three fundamental units, all other units
(such as force, energy, pressure, etc.) can be derived.
Specifically, the energy [E] is given by the combination
[E] = [M][L]?/[T]?. Let us now consider a system of units
in which ¢ = ¢y = 1 (where ¢, is the vacuum permittiv-
ity). In this case, we have [L] = [T] and, consequently,
only two fundamental units remain, namely, [L] and [M].
Since [E] = [M], we can work with [L] = [T] and [E]. The
action S has the dimension of energy multiplied by time,
[S] = [E][L], which corresponds to the dimensionality of the
Planck constant. Therefore, we can write [S] = [A] = [E][L].
It follows that the dimension of a Lagrangian density is given
by [£] = [A]/[L]*. From the corresponding canonical kinetic
terms, we therefore obtain that the dimensionalities of a
bosonic field ¢p and a fermionic field ¥ are, respectively,
[¢] = [1]'/?/[L] and [¥] = [A]'/?/[L]*/>. 1t follows that a
mass parameter m.,, whether bosonic or fermionic, appearing
in the Lagrangian has the dimension [m,] = [L]™!; that is, it
corresponds to the inverse of a length scale (consequently,

note that [m,] = [M]/[A]). A typical coupling g, in the
Lagrangian, such as a Yukawa coupling or a gauge coupling,
has the dimension [g,] = [#]~"/2. In natural units, the
dimensionality of the coupling is obscured, and one might
be tempted to treat g, as if it were a dimensionless numerical
constant. However, by reinstating #, the fundamental dis-
tinction between g, and a pure number becomes evident. In
gravity, the Ricci scalar has the dimension [R] = [L]~2 (since
it is quadratic in spatial derivatives). Consequently, from the
Einstein-Hilbert Lagrangian, we observe that the (reduced)
Planck mass has units [Mp] = [A]'/?/[L]. Motivated by the
previous relation, it is useful to introduce the coupling
dimension [C] such that [C] = [n]"!/? = [E]7'/2[L]7V/2.
The Lagrangian density has dimensions

(34)

and we also have

([Cl[Mp] = [L]™"; (35)
that is, the product of the Planck mass times a fundamental
coupling is the inverse of a length scale. Assuming the
existence of one fundamental coupling g, and one funda-
mental scale m,,, we write the Lagrangian density in the form

g \m S mi T m )

where, assuming all fields canonically normalized, Lis a
dimensionless polynomial functional with arbitrary order-
one numerical coefficients.

(36)
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We now apply these considerations to the Starobinsky
model in Eq. (1). This theory can be considered of the one-
coupling—one-scale type, since a fundamental coupling g,
can be defined through the relation g, Mp = M, which
satisfies the scaling in Eq. (35), with M being a mass
parameter (which plays the role of m, in the previous
discussion). Based on dimensional analysis, therefore, we
rewrite the action in the form

S= / d*x\/=g ( 27 ) (37)

In terms of the canonically normalized scalar field ¢, at large
field values, where the CMB observables are reproduced, the
potential flattens, and dimensional analysis gives the scaling
Vems = O(M*/¢%) = O(g2M3,) = O(M3M?), in agree-
ment with Eq. (2). Using the slow-roll approximation and
the requirement r < 0.036, we obtain an upper bound on the
underlying coupling

9. S 0(107). (38)

Consequently, M < O(107)Mp < Mp,.

A common concern in inflationary effective field theo-
ries is the scale at which perturbative unitarity is violated,
i.e., the energy Ayy at which tree-level scattering ampli-
tudes exceed partial-wave unitarity bounds and new phys-
ics must enter; cf. Refs. [41-43]. The consensus is that pure
R + R? inflation is free of sub-Planckian unitarity prob-
lems, with Ayy ~ Mpy; cf. Refs. [44,45], and Ref. [46] for a
geometrical formulation.

We here provide a simple argument based on dimen-
sional analysis. The following discussion is motivated by
the fact that Ref. [43] raised the concern that multiparticle
final-state scattering processes, such as ¢p¢ — ¢ppp¢, could
lead to a violation of tree-level unitarity at the scale M.
However, even simply in light of the previous discussion, it
is clear that it is not possible to identify the energy scale
Ayv with the scale M alone, as this would be incorrect
already at the dimensional level, since [M] = [L]~! while
[E] = [A][L]7". In other words, it is a combination of mass
parameters, i.e., inverse length scales, and couplings that
defines the energy cutoff of the effective field theory and
not M alone. Let us further corroborate this point of view
with the help of few examples.

We start from some generic considerations. The scatter-
ing amplitude for a n — m process has dimension
(cf. Appendix A)

[Mn—>m] — [C]—2+n+m[L]n+m—4. (39)

This scaling is completely general and holds indepen-
dently of the perturbative order at which the amplitude is
computed. Consequently, we have [M,_,] = [C]?
while [M,_y] = [C]V[L]V2.

We are interested in the bounds placed on tree-level
scattering amplitudes by unitarity. We extract the s-wave
contribution to the scattering amplitude by evaluating
the phase-space averaged scattering matrix element that
we denote with Mn_,,n. We find (cf. Appendix A)

A

[Moo] = [C]720H, (40)

The phase-space averaged scattering matrix element, there-
fore, verifies a precise scaling rule in terms of powers of
quantities with dimension of a coupling. For example, in a
one-coupling—one-scale effective field theory (EFT), the
scaling of the scattering matrix will be saturated by an
appropriate power of g,, while the mass M can enter only
through the dimensionless ratio E/M.

We consider the interactions contained in Eq. (2) after
expanding around (¢). We find the Lagrangian density

ro ! g.M¢’
5( u¢)(aﬂ¢) M2¢2 \/6
1" g’
36 +6\/5M (41)

The generic structure of the contact interaction term with
N fields is, therefore, given by

24N
W) _ cngi P
Lind == 2 (42)
in agreement with Eq. (34). In the above expression, cy are
pure dimensionless numbers that can be extracted from
the expansion in Eq. (41). The tree-level scattering ampli-
tude for the process n — m is given by

B g;ler 2 M2
anm—Cner(n“‘m)'W[l“‘O(E . (43)

This expression has already the correct coupling dimension
to saturate the one in Eq (40) the first term originates from

the contact interaction Elm ), whereas the correction arises
from tree-level diagrams in Wthh a propagator is exchanged

between interaction vertices of the form £\ and £
In the high-energy limit E > M, the contact interaction
dominates, and we henceforth focus on this contribution.

We now average over the initial and final phase space.
We consider the limit in which ¢ is massless. Since we are
considering contact interactions without any momentum
dependence, we are allowed to replace the phase space
integrals with the corresponding volumes. Equation (43)
already contains the right power of coupling g, to repro-
duce the scaling in Eq. (40). Based solely on dimensional
analysis, therefore, we expect
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Ry~ g2 (£ (44
n 4 M

A more precise computation gives

Mn—>m =

~ Vol,Vol,,
4dzM

1/2 Cn+m(n + m)l 2 E n+m—4
n—-m — 1/29* AT ) (45)
nlm! 8r[n!m!(n—1)(n—2)!(m—1)!(m—-2)!]

which has the correct scaling in terms of powers of coupling as dictated by Eq. (40). The matrix elements |./\A/l,,_,m| are
directly constrained by unitarity to be < 1. Consider the case 2 — m. We find

2 CQ,er (m + 2)! E m—=2
= " : 46
Mo 8z[2m!(m — 1)!(m — 2)!]'/? P \anm (46)

In the limit of large m, the previous expression simplifies to

~ E\™ c E \m
M R m;>2 Covm 9« — 24+m - i 47
=M gr(2m!) V2 \daM 8(2m!) /2 \4niy, (47)

where powers of g, and M combine into Mp,. We, thus, find the unitarity bound for each m:

35F s

£ & ]

30F o

£ .,‘ ]

25F el E

£ - ]

1/971/m 20F "“. E

E 8m(2m!)/ : E
< = 15f o E (48)

A7y, = | |casm] g e E

10 “eee ]

5F E

0 5 10 15 20 2 30

with the numerical value of the right-hand side showninthe  realizations of the effective model in (49), arising from
plot as a function of m. This analysis shows that imposing  different underlying theories.

tree-level unitarity on multiparticle processes does not We remark the following points.

lower the cutoff of the Starobinsky model below Mp,. (i) Under the global scale transformation g, (x) —
We now consider the presence of higher-curvature 2%g,,(x) in four spacetime dimensions, one finds

operators. For definiteness, we consider the case in which N ,14\/—_9 and R — A72R. Consequently, the

we include quadrqtic al?d cubic curvature corre.ctions. combination \/=gR> is scale invariant, whereas

Based solely on dimensional analysis, let us write the /=9R and /=gR® are not. The lack of invariance

action in the form of the latter two operators explains why they must be

i R R accompanied by appropriate dimensionful scales in

S = /d4x1 /—g<_1’1R +—2_ﬁ), (49) ) the action. _ S .
2 12g:  giA (i) The theory in Eq. (49) has two, in principle dlfferE:nt,
mass scales, namely, A and the combination g, Mp,.

where g, is a fundamental coupling while A is a mass scale. It is, therefore, an effective theory of the one-
The coefficient of the cubic term is negative, in accordance coupling, two-scale type.

with the results of the phenomenological analysis carried (iii) The inflation observed at CMB scales takes place
out earlier, and should be understood as multiplied by a in a well-defined, fine-tuned regime, namely,
factor of the order of unity. For simplicity, we set this factor one in which the curvature R is such that the
exactly to one. This choice is motivated by the fact that in quadratic term dominates. This corresponds to the
the following sections we analyze distinct concrete condition
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FM3 < R < A% (50)

In this perspective, the dimensionless coefficient Ay in
Eq. (13) reads

_ 2g: My

13 = A2 s

(51)

and the phenomenological condition 43 < 1 reflects the
separation of scales implied by Eq. (50). Furthermore, we
have the identification M = g, Mp,. On the contrary, writing

M3 R> A R}
S_/d4x\/__g<TmR+@+EW> (52)

makes the effective theory of the one-coupling, one-scale
type. Consequently, requiring 43 < 1 appears unnatural.
Although this may seem like a matter of semantics,
distinguishing between one-scale and two-scale scenarios
makes a substantial difference in the context of concrete
realizations, as the underlying theoretical origin and the
degree of naturalness of the required parameter hierarchies
can be markedly different.

Starobinsky inflation, thus, operates on the delicate
balance between two sources of explicit breaking of scale
invariance. The fragility of this solution becomes particu-
larly apparent in light of the fact that there is no compelling
reason for scale invariance to be a high-quality symmetry:
in the infrared it must be broken in order to recover Einstein
gravity, while in the ultraviolet it is part of the common lore
that a quantum theory of gravity does not accommodate
global symmetries.

Undoubtedly, while corrections from higher-curvature
operators are to be expected in the spirit of an effective field
theory, it is equally undeniable that such sensitivity to
ultraviolet physics undermines, to some extent, the original
motivation behind the Starobinsky model, as inflation
becomes a particular solution within a broader landscape
of possible scenarios. This type of situation is referred to as
accidental inflation, especially in the context of string-
derived models [47]. The term highlights the idea that
inflation is not a generic or inevitable outcome of the
underlying theory but rather the result of a specific—
and possibly rare—choice of parameters within a high-
dimensional theory landscape.

Moreover, achieving the hierarchy in Eq. (50) proves to
be far from straightforward when attempting to embed the
effective theory into the framework of a more fundamental
underlying theory. With a possible embedding into string
theory in mind, it would be desirable, for instance, if the
coupling g, could be identified with the string coupling g,
that controls the perturbative expansion in the string genus,
and the mass scale A with a mass scale associated to string
theory. In the latter framework, two characteristic mass

scales typically arise: the string mass scale M, =
()72 = £51, which sets the energy threshold for the
excitation of fundamental string modes, and the Kaluza-
Klein (KK) mass scale Mgy, which corresponds to the
inverse of the typical compactification radius and governs
the excitation of the lowest modes associated with the
compact extra dimensions. The dimensionless volume in
string units is defined by V = V/£% = (R/¢,)® under the
assumption of isotropic R (that is, all compactified six extra
dimensions have the same size R). Given that Mgy ~ 1/R,
from the previous definition we find Mgg ~1/R =
M,/V'/®. In string compactifications, the large-volume,
small-coupling limit refers to the region of moduli space
where the dimensionless compactification volume V > 1
and the string coupling g; < 1. In this regime, perturbative
control is ensured: higher-genus world sheet corrections are
suppressed by powers of g,, while o corrections—higher-
derivative terms in the low-energy effective action arising
from the finite length of the string—are suppressed by
inverse powers of V. In this regime, we thus typically have
M > M. The four-dimensional Planck scale becomes a
derived scale in string theory. It is related to the string scale,
the Kaluza-Klein scale, and the string coupling via

_ M, \3
gMp = [ —) M,> M,. (53)
MKK

In most controlled treatments of string compactifications,
therefore, we expect the hierarchy of scales

Myx < M < g;Mpy, (54)

which is the opposite compared to what Eq. (50) seems
to suggest.

The preceding scalings should be regarded as order-of-
magnitude estimates that hold in unwarped, isotropic
compactifications and at tree level. They can be quantita-
tively modified by several effects: warping (which redshifts
local mass scales and can lower the relevant KK thresholds)
and anisotropy (different radii produce multiple KK scale)
as well as string-loop corrections (which can be non-
negligible if curvatures are not parametrically small or if
g, 1s not extremely weak). Consequently, while the hier-
archy Mygx < M, < g;Mp, is typical in controlled
regimes, specific constructions can display deviations from
these naive estimates [48].

In conclusion, if one insists on interpreting the shift
toward larger values of ng, as suggested by the Planck +
ACT data, as being due to the presence of higher-curvature
operators within the framework of the Starobinsky model,
then one is inevitably led to introduce two distinct mass
scales and to assume a parametric separation between them.
Such a separation, however, does not admit an immediate
interpretation in terms of models in which the Starobinsky
action arises from controlled string-theoretic setups.
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A direct identification of the scales entering the infla-
tionary effective action with the fundamental string scales,
such as Mgk or M,, can be overly simplistic. In realistic
string compactifications, the path from the ten-dimensional
string theory to four-dimensional inflationary dynamics is
typically mediated by an intermediate stage in which
the relevant degrees of freedom and interactions are
described by a supergravity theory. This low-energy,
four-dimensional supergravity arises after integrating out
the massive string and Kaluza-Klein excitations, and it
encodes the dynamics of the massless spectrum, including
the moduli, gauge fields, and fermions. The inflationary
sector is then embedded within this supergravity frame-
work, and its parameters are determined not only by the
underlying string scales, but also by the details of moduli
stabilization, supersymmetry breaking, and potential cou-
plings to the rest of the light spectrum. As a result, the
effective scales governing inflation may be related to, but
need not coincide with, the naive values of Mgy or M
obtained from simple compactification arguments.

C. No-scale supergravity embedding of Starobinsky
inflation with higher-curvature operators

When string theory is examined at energies much lower
than both the string scale M, and the Kaluza-Klein scale
My, the massive excitations of the string and the heavy
modes associated with the compact extra dimensions
decouple from the dynamics. The only degrees of freedom
that remain relevant are the massless modes of the theory,
including the graviton, its supersymmetric partners such as
the gravitino, gauge bosons, and various scalar and fer-
mionic fields. The resulting theory that describes the
interactions of these fields is a supergravity theory (that
is, a theory with local supersymmetry), which can therefore
be viewed as the low-energy effective field theory of string
theory.

In the context of cosmology, and, in particular, inflation,
the supergravity theory obtained from string compactifi-
cation provides the field content and interactions from
which inflationary dynamics can emerge. The inflaton is
identified with one of the scalar degrees of freedom present
in the 4D effective theory. The specific choice of inflaton
depends on the details of the compactification and on the
mechanism used to stabilize the moduli, i.e., the scalar
fields associated with the geometry and couplings of the
extra dimensions. Moduli stabilization is designed to fix the
vacuum expectation values of these fields and to give them
large masses, so as to remove unwanted light degrees of
freedom from the low-energy spectrum. In an inflationary
setup, however, one deliberately preserves a single scalar
direction—identified with the inflaton—that remains suf-
ficiently light after stabilization to sustain a period of slow-
roll inflation. The remaining scalar modes of the theory—
namely, the moduli other than the inflaton—are, therefore,
assumed to be stabilized with masses above the Hubble

scale during inflation. This ensures that their quantum
fluctuations are exponentially suppressed and that they can
be consistently integrated out of the low-energy dynamics.
As for the nonscalar fields in the spectrum, such as gauge
bosons, fermions, and the gravitino, their masses and
couplings depend on the details of supersymmetry break-
ing, and in realistic scenarios they are typically required
either to be sufficiently heavy to avoid affecting the
inflationary background (with the possible exception of
the gravitino) or to interact so weakly that they remain
spectators to the inflationary dynamics.

A particularly interesting class of supergravity theories
that often emerges from string compactifications is pro-
vided by no-scale supergravity [49-54] (cf. Ref. [55] for a
review). These models are characterized by a specific form
of the Kihler potential that leads, at tree level, to a
vanishing scalar potential along certain directions in field
space, corresponding to flat moduli directions. This prop-
erty makes no-scale supergravity especially appealing for
cosmology: the flatness of the potential can naturally
accommodate an inflaton candidate, while the remaining
moduli can be stabilized through subleading corrections.
Moreover, no-scale models often arise in controlled limits
of string theory, particularly in large-volume compactifi-
cations, and thus provide a natural bridge between the
UV structure of the theory and the low-energy inflationary
dynamics. In what follows, we focus on this class of models
as a concrete realization of the effective supergravity
framework introduced above.

The minimal no-scale model appropriate for inflation
involves two complex fields; cf. Refs. [7,56]. The scalar
potential for the canonical field ¢ takes the form

a2z anp [ )
V(¢) = 3M*Mjp,sinh (\/61\_/11:1

« [cosh (%LMP) _ Jsinh <W6LMP1> } L (s5)

Remarkably, for 4 = 1 Eq. (55) reduces to the Starobinsky
potential in Eq. (2). In this section, we analyze the
corrections arising when 1 = 1 — ¢, with € a small param-
eter. To this end, it is convenient to recast Eq. (55) into an
f(R) theory proceeding as follows.

From Eq. (22), recalling the identification 6 = R, we can
then write the system (cf. also Ref. [57])

R(p) = 1%\4_2 [2v+ god‘;—f;”)},
2
o) = [V -0 o). (56)

An inverse-engineering strategy is, thus, possible. If the
potential V(¢) is known, the potential V(p) can be
obtained through Eq. (24). Consequently, the above system
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FIG. 4. Leftpanel: F(R) function given in Eq. (58) for € € (10~°, 10~*). The solid black line denotes the Starobinsky limit (recovered
for € < 107°), while the gray band corresponds to increasing values of €. The inset shows a representative numerical integration of the
background inflaton field yielding N = 60 e-folds of inflation after CMB modes exit the horizon. The red contour marks the region
where the perturbativity condition eR/M? < 1 is violated. As shown, for the values of R relevant to the inflationary dynamics,
perturbativity is always satisfied. Right panel: prediction in the (n,, r) plane for the model given in Eq. (58) for different values of €. The
solid black line is the Starobinsky prediction (recovered for e < 107°), while the dashed black lines denote increasing values of €, up to
e = 107*. We require 50 < N < 60 e-folds of inflation after CMB modes exited the horizon. Experimental constraints are shown using
the Planck 2018 baseline analysis (green regions) and including BICEP/Keck and baryon acoustic oscillation (BAO) data (blue regions);
cf. Ref. [58]. We also show (purple regions) the results from the ACT; cf. Ref. [4]. We show the 68% and 95% confidence contours.

can be solved by eliminating the parametric dependence
on ¢, thereby allowing one to write f(R) [and, conse-
quently, F(R)].

We apply this procedure to the potential in Eq. (55),

finding
T iy B 11 3Re
8¢? 201 32 M
8Re 1 1 3 3R%?
+W|: 1+2F] <__96357 M4 >:|}9 (57)

which admits the expansion
R? 1 [€eR 2 (eR\?
FR)=—=5|1—-Z(— —|—
(R) 6M> [ 3 <M2> Ty <M2>

7 [€eR)\3 e*R*

—=— == +0(—x ]|,

(i) o))

under the assumption eR/M? < 1. The above expansion is
consistent with the analysis of Ref. [17], where the
connection between the no-scale supergravity potential
in Eq. (55) and the higher-curvature corrections to the
Starobinsky model was noted up to cubic order in the
curvature. Following the analysis carried out in Sec. Il A,
we require the leading cubic correction to carry a negative
sign, which translates into the condition € > 0 (or 1 < 1).
In the right panel in Fig. 4, we show the predictions for
the spectral index and tensor-to-scalar ratio in the model of
Eq. (58). As expected, for very small values of € < 107° we
recover the Starobinsky predictions (solid black line),
whereas larger € shifts the spectral index to higher values

(58)

(along the dashed black lines), bringing the model into
agreement with the Planck + ACT data. As complementary
information, the left panel in Fig. 4 shows explicitly the
function in Eq. (58) for the range € € (107, 10™%), together
with a representative inflationary solution (see the inset).

In the spirit of Sec. III B, we now analyze the structure of
the higher-curvature operators appearing in the expansion
(58) from an effective field theory perspective. Based solely
on dimensional analysis, we can write the action associated
with (58) as follows:

M2 R R? R*
S= [ d*xy/=g{ =R — 24
/x 9{2 g Tgne T aa T }
(59)

where we introduced the fundamental coupling g, such that
M = g,Mp, and the (UV) scale A = 65’*—\/15”"‘ by setting to 1
the dimensionless coefficient multiplying the cubic term, in
accordance with the convention adopted in (49).
Therefore, the theory in (59) can be interpreted as a one-
coupling—two-scale effective theory, as two distinct mass
scales, M and A, can, in principle, be identified as
characterizing the effective description. From the fit to
the cosmological observables (see Fig. 4), we deduce
A/M ~ 1/\/e > 1, in line with the general considerations
discussed above [see, in particular, Eq. (50)]. However,
while the limit € — 0 gives A — oo, implying that higher-
curvature operators completely decouple from the
Starobinsky potential, recovering the Planck + ACT data
sets a lower bound on € and, hence, keeps A finite. In other
words, the scale A controlling the higher-order operators
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cannot be too far from M. This introduces a sensitivity to
the UV physics and ultimately a fine-tuning, as we will
show in Sec. IV.

D. Metric-affine gravity

Metric-affine gravity is a gravitational theory in which
the affine connection and the metric are treated as inde-
pendent dynamical variables, unlike in standard general
relativity. This approach introduces additional degrees of
freedom, among which a pseudoscalar component can be
identified with the inflaton field; cf. Ref. [59]. This
theoretical setup provides a geometric origin for the scalar
field driving inflation, which appears as an alternative to
that offered by the Starobinsky model. Building on the
same theoretical setup, Ref. [8] demonstrates that metric-
affine gravity can successfully reproduce the recent obser-
vational results reported by the ACT Collaboration, offer-
ing an explanation that cannot be traced back to the
predictions of the Starobinsky model.

In this section, we critically reexamine the results of
Ref. [8] showing that pseudoscalar inflation from metric-
affine gravity can actually be mapped onto an f(R)
theory that exactly reproduces the predictions of
Starobinsky inflation, with the addition of higher-
curvature operators.

In the metric-affine model studied in Ref. [8], a
pseudoscalar degree of freedom arising from the inde-
pendent affine connection can be promoted, after a field
redefinition, to a canonical field ¢ (see Appendix B for
details). In terms of ¢, the inflationary potential takes
the form

_3ipinl L 4
V(¢)—4MP1M {1 4ﬁsmhL\_4p1\/3/72

. 4p ’
h | ——— , 60
+ tan ( *16? n 1) } ( )

where ¢ and f= p/M3, are dimensionless parameters
inherited from the underlying metric-affine action and we
introduced the scale M? = M2/ /3c.!

The potential in Eq. (60) exhibits a Starobinsky-like
plateau for || > 1, thus providing a viable slow-roll infla-
tionary dynamics driven by the geometrically induced scalar
field ¢. More specifically, as noted in Ref. [60], the potential
in Eq. (60) asymptotically converges to the Starobinsky
potential for |Z3| — oo (see also Refs. [27,61,62] for further
related examples of asymptotic convergence to the
Starobinsky potential in metric-affine models).

Following the same reverse-engineering approach dis-
cussed in Sec. III C, it is possible to write a metric f(R)

'A physical interpretation of the scale M is given in
Appendix C.

which reproduce in the Einstein frame the scalaron poten-
tial (60). Applying this procedure, we then obtain

8cR? R’ 1\2 -~
it ) O

EPE) o]

f(R) =R

+ (61)

By construction, the coefficients of the terms quadratic in R
determine the inverse squared mass of the pseudoscalaron
introduced in Ref. [8]. Comparing with Eq. (13), we
indeed recognize the following squared mass:

_ My (1 +165°)
- 48¢

M? . (62)

The conceptual connection is significant: demonstrating
that pseudoscalar inflation in metric-affine gravity can be
mapped onto an f(R) model with a “Starobinsky -+
higher-curvature” structure effectively unifies two seem-
ingly distinct geometric approaches—the metric-affine and
purely metric formulations—within a single effective frame-
work. The phenomenological implication is also immediate:
the metric f(R) in (61) exactly reproduces the fit to the
Planck + ACT data reported in Ref. [8], thus proving that, in
this case, the metric-affine geometry does not generate new
inflationary dynamics.

In Fig. 5, we show the inflationary predictions of the
theory in Eq. (61). In the left panel, we display the values of
the parameters (||, c) (dashed black line) that reproduce
the observed scalar power spectrum. In the right panel, we
show the predictions for the spectral index and tensor-to-
scalar ratio for different values of |3|. We see that the
predictions converge to those of Starobinsky in the large- ||
limit, in agreement with the f(R) expansion in (61), which
reduces to Starobinsky plus vanishing corrections as
|B| — oo. For decreasing values of |B|, the spectral index
shifts to higher values, bringing the model into agreement
with the Planck + ACT data.

We analyze the structure of the higher-curvature operators
appearing in the expansion (61) in the spirit of Sec. III B.
Unlike the metric f(R) model derived from no-scale super-
gravity in (58), the series of coefficients multiplying the
higher-curvature operators in (61) cannot be resummed into
a closed form. Therefore, in order to allow a comparison
with the analysis performed in Sec. III C, we restrict our
attention to the leading contribution associated with each
higher-curvature operator. Based solely on dimensional
analysis, we can write the action associated with (61)
as follows:

In f(R) theories of gravity, for a Minkowski background, the

scalaron mass is given by Mé = ﬁ(m; cf. Ref. [32].
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FIG. 5. Left panel: the red line denotes the upper bound on |f| in (81) derived imposing tree-level unitarity. The gray shaded region
indicates the portion of parameter space where tree-level unitarity up to scales parametrically larger than My, is violated. The black
dashed curve corresponds to pairs (|3, ¢) reproducing the observed scalar power spectrum for AN, = 60. The purple band corresponds
to the range of || for which the predictions of the potential (60) in the (n,, r) plane at AN, = 60 are consistent with Planck + ACT data
at the 95% confidence level. The blue line marks the lower bound on |f| for which the same predictions are consistent with
BICEP/Keck + BAO data at the 95% confidence level. Right panel: prediction in the (n,, r) plane for the scalar potential in Eq. (60) for
distinct values of |f|. The solid black line is the Starobinsky prediction (recovered for || > 10%), while the dashed black lines denote
decreasing values of ||, up to || = 20. We require 50 < N < 60 e-folds of inflation after CMB modes exited the horizon. Experimental
constraints are shown using the Planck 2018 baseline analysis (green regions) and including BICEP/Keck and BAO data (blue regions);
cf. Ref. [58]. We also show (purple regions) the results from the ACT; cf. Ref. [4]. We show the 65% and 95% confidence contours.

R? R3 -

TR

127 g2A?

MZ
S = /d“x\/—_g{TPl

R* 165> . } }
+ 24 =+ OB +---¢. 63
A [ 1+ 16/ ) (63)
where we introduced the fundamental coupling ¢? = 1%2/'32

such that M = g, Mp, and the (UV) scale
va. N

A= 24 My, 64
(s obtm (6

by setting to unity the dimensionless coefficient multiplying
the cubic term, in accordance with the convention adopted
in (49).3 Therefore, the theory in (63) can also be interpreted
as a one-coupling, two-scale effective theory.

The fit to the cosmological observables (see Fig. 5)
yields A/M > 1, in agreement with the general consid-
erations on the scale hierarchy discussed previously [see
Eq. (50)]. As follows from Eq. (64), in the Starobinsky limit
c is chosen such that g, (and, thus, M) remains finite, while
A — o0, so that higher-curvature operators completely
decouple. In analogy with what was done in Sec. III C,

*Note that, alternatively, by defining A = 24/ ; + e ﬂzMPl Gr»

S = [dixy=g{"2 R+

one obtains the following action:

2 3 65> ~_ 4 642 —
i~ e gl + 0] + 6 Ka [5gh + 0(F )] + - %,

which presents the same dimensionless dependence on 3 in the
coefficients multiplying each leading higher curvature operator.

agreement with the Planck + ACT data sets an upper
bound on |f|, which, in turn, constrains the scale separation
between M and A to be finite. Once again, this introduces a
sensitivity to the UV physics and ultimately a fine-tuning
(see Sec. IV).

1. Metric-affine vs f(R): (In)equivalence and
convergence to Starobinsky predictions

It is important to clarify that, although the metric f(R) in
Eq. (61) and the metric-affine model of Ref. [8] reproduce
the same inflationary potential, they are not equivalent
theories, in general. To point out this in-equivalence,
we stress two key points.

(i) In the Einstein frame, defined by the metric g,, in
(15), the metric f(R) theory is dynamically equiv-
alent to the Einstein-Hilbert action supplemented by
a scalar degree of freedom with potential in Eq. (60).
By contrast, the metric-affine model of Ref. [8], after
integrating out the nondynamical components of the
torsion tensor, reduces directly in the Jordan frame*
(i.e., the frame with metric g,,) to the Einstein-
Hilbert action plus a pseudoscalar degree of freedom
with the same potential, without requiring any

“We here call “Jordan frame” representation of the metric-
affine model, the frame with metric Gy in order to distinguish it
from the representations in which the metric has been confor-
mally transformed, even if the gravitational sector in the g,
representation already takes the Einstein-Hilbert form.
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conformal transformation (see Appendix B for
details).

(i1) The two models feature inequivalent connections. In
the Einstein frame, the connection of the metric f(R)
model is related to Levi-Civita of g,, through the
conformal transformation

1
{}glﬂy = {}gimz +§ (5/1’/614Q + 51/461/9 - gio-gm/aaQL
(65)

where {}g* ~and {};* are, respectively, Levi-
Civita of g,, and g,,.

On the other hand, in the Jordan frame, the
connection of the metric-affine model deviates from
Levi-Civita due to the presence of torsion

fl{/w = {}glw + Klmn (66)

where K* v 18 the contorsion tensor constructed from
the torsion tensor, whose explicit form for the
metric-affine model of Ref. [8] is provided in
Appendix B.
The two points discussed above highlight that the two
theories are inequivalent. Since conformally related frames
(such as Jordan and Einstein frame) of a given metric f(R)
theory are, at least classically, physically equivalent5 (see,
e.g., Refs. [63—65]), it is convenient to consider the metric
f(R) in Eq. (61) in the Einstein frame for facilitate
comparison with the metric-affine model of Ref. [8]. In
this representation, as already emphasized in the first point
above, it becomes manifest that, although the two theories
are described by the same action, they are formulated in
terms of different, albeit conformally related, metrics. Of
course, one is always free to adopt a prescription that
identifies the metric associated with the metric-affine action
with g,,. This amounts to adopting a prescription in which
time, length, and mass units are appropriately rescaled with
the conformal factor Q? relating g,, and g,, [63]. However,
even with such a prescription, the two theories should not
be regarded as equivalent. The key distinction lies in the
different geometrical nature of the field ¢: it is a pseudo-
scalaron degree of freedom, a manifestation of torsion, in
the metric-affine model, whereas it is a scalaron in the

SAs explained in Ref. [63], where conformal transformations
in the context of scalar-tensor theories were originally introduced,
a conformal transformation can be seen as a rescaling of units. In
this view, the transformation (15) connecting the two frames must
be understood together with a corresponding and appropriate
rescaling of the fundamental units in the conformally transformed
frame. Since physical measurements can probe only dimension-
less quantities, which are invariant under such rescalings, con-
formally related frames are physically equivalent. Reference [64]
further shows that metric f(R) theories can indeed be cast into a
manifestly frame-independent formulation.

metric f(R) theory. Nevertheless, although the parity-
violating nature of the pseudoscalaron leads to interaction
terms with matter describing the postinflationary phase (see
Refs. [66,67] for recent studies of the postinflationary
phase of pseudoscalar inflation) that have no analog for the
scalaron, in a purely inflationary setting the two theories are
phenomenologically equivalent, in the sense that they
generate the same inflationary dynamics.

The second point highlighted above identifies a further
source of inequivalence, related to the distinct nature of ¢ in
the two theories. The two theories feature inequivalent
connection, meaning that {}gﬂw is conformally equivalent

to {}g’lﬂy, whereas T*

dynamical torsion.

It is interesting to investigate the limit in which the two
theories become completely equivalent. In a framework
where f and c¢ are treated as independent parameters, an
interesting feature emerges in the large-|| limit. In this
regime, Eq. (62) implies M — oo so that the metric model
(61) reduces to general relativity. Moreover, as one expects,
the conformal transformation relating the Jordan and
Einstein frames, Q? = f'(R), approaches the identity

w 1s not due to the presence of

Q> > 1 for |f| = o, (67)
meaning that in this limit Einstein and Jordan frames
coincide and the connection reduces to {}gﬂw. On the
other hand, in the metric-affine model of Ref. [8], the same
large-|| limit drives the torsion tensor and, hence, the
contorsion tensor to zero, so that the connection also
reduces to {}gﬁw, and the theory reduces to purely metric.
In particular, one can readily show that it reduces to general
relativity (see Appendix B for details). _

Hence, the two theories become equivalent for || — oo,
as both reduce to general relativity. In this regime, the two
models share the same Einstein-Hilbert action, defined on a
spacetime with identical metric g,, and Levi-Civita con-

. 2
nection { }, w )

In an inflationary context, however, § and c¢ are not
independent parameters: for each ||, ¢ is fixed to repro-
duce the observed scalar power spectrum. This prevents M
from diverging in the large-|| regime, giving

_ R
M ~M < O0(1075)Mp, = e <0(10719),  (68)
c

so that the metric theory (61) reduces to the Starobinsky
model with M ~ M. Equation (68) implies that the ratio
c/P? is fixed to a large value. As a result, the limit in (67)
does not lead to a conformal transformation approaching
the identity and the connection remains as in Eq. (65). On
the metric-affine side, Eq. (68) implies that the torsion
tensor does not vanish for |[5| — oo (see Appendix B for
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details), so that the connection is given by Eq. (66), meaning
that the theory does not reduce to a metric one. Thus, in an
inflationary context, the large-|| limit does not reduce the
two theories to be equivalent, leaving them as two inequi-
valent descriptions of the same inflationary dynamics.

Remarkably, one can uncover the physical origin of the
nontrivial exact convergence of the inflationary potential
associated with the metric-affine model of Ref. [8] to the
Starobinsky potential for || — co. To make this point
explicit, in Appendix C, we present an alternative con-
struction corresponding to a metric-affine counterpart of
Starobinsky supplemented with a purely torsional operator.
This model exhibits two interesting properties. First, it
manifestly reduces to Starobinsky in the large-|f| limit,
where the torsion tensor is switched off and M sets the
inflationary scale as in Eq. (68), while it reduces to general
relativity in the torsionless limit with M — co. Second, it
reproduces, in the Einstein frame, the scalaron potential in
Eq. (60). It follows that, in contrast with the metric-affine
model of Ref. [8], in the large-| | regime this metric-affine
construction becomes equivalent to the metric f(R) theory
in Eq. (61) also in the inflationary context (see Appendix C
for details).

Although the metric-affine model of Ref. [8] is not
a priori related to Starobinsky, its inflationary potential
coincides with that of the construction in Appendix C.
Thus, the Starobinsky limit of Eq. (60), as well as the
corresponding inflationary predictions shown in Fig. 5
(right panel) and the specific structure of the metric f(R)
theory in Eq. (61), can be understood physically as a
consequence of the torsionless limit of the metric-affine
deformation of Starobinsky presented in Appendix C.

2. Tree-level unitarity bounds

The phenomenological behavior in the large—|ﬁ | regime
motivates investigating upper bounds on \ﬁ | by imposing
tree-level unitarity, to determine whether the model can
reproduce viable slow-roll inflationary dynamics while
remaining free of sub-Planckian unitarity problem, as in
the case of Starobinsky inflation.

Following the discussion in Sec. III B, we impose tree-
level unitarity by looking at phase-space averaged scatter-
ing amplitudes.

We consider the interactions contained in (60) after
expanding around (¢) =0. We find the Lagrangian
density

1 V2. [ 48 1/2 1 4 2857 ( 48 )
_ oM M2 2_ V= *M 3 _ _ % 4
QD) 1 ﬁ( —|—16ﬂ2> st = (s )
B+ 16/ 48 \32g
_ ( ) = ¢5 (69)
8642 \I1 + 16§
The generic structure of the contact interaction term with N fields is, therefore, given by
M4 N¢N 5 48 gN—2¢N
Ll =cy(p L 70
o = en I — ey ) () s (70

in agreement with Eq. (34). In the above expression, ¢y (/) are pure dimensionless numbers that can be extracted from the

expansion of the potential in Eq. (60):

a1 (2/3)M N-1 72 (AN-1
en(p) = _an +32p°(2% 1 —1)] for N even, (71)
N 2/3)N/2 .
en(f) = 16%ﬁ \/1+16p*(2YN —2) for N odd. (72)
The tree-level scattering amplitude for the process n — m is given by
- 48 g:+m 2 M2
Mn—ml = Cn+m(ﬂ)(n + m)‘ (1 + 1652) Mn+m—4 1 +0 ﬁ ’ (73)

whose mass dimension is consistent with the scaling relation in Eq. (39). In the ultrarelativistic limit E > M, ¢ can be
approximated as massless, and the contact interaction dominates. We, therefore, focus on this contribution, namely, the
first term in Eq. (73). In this setup, averaging over the initial and final phase space corresponds to replace the phase space
integrals with the corresponding volumes, yielding
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M = Cntm (ﬁ)(” + m)!
T 8alntm!(n—1)(n = 2)!(m = 1)!(m - 2)!1])"/?
48 _ E n+m—4
" <1+16ﬁ2> g <47zM> L8

which has the expected dependence on the coupling as
dictated by Eq. (40). The matrix elements |M,_,,,| are
directly constrained by unitarity to be < 1; this automati-
cally gives upper bounds on |3|. Note that |[M,_,,| is a
function of both || and c; the resulting upper bounds on
|B| depend on c for a given cutoff energy. In the following,
in order to make this dependence explicit, and because
matrix elements are independent of the specific definition
of the coupling g,, we express all results in terms of ¢
and f.

As a benchmark, we consider n — n scatterings and
derive the corresponding analytic unitarity bound. Inserting
(71) into (74) yields

1 ontm—1 + 3252(2n+m—1 _ 1)
c B

- t(n, m) <4”EMPI> " (75)

where, for ease of reading, we define the function ¢(n, m)
as follows:

A
|M}’l—>n‘l| =

1

t(n,m)= .
(n.m) 512zy/n'm!(n—1)!(n — 2)!(m — 1)!(m — 2)!
(76)
For the case n — n, we find
. 122n—1 + 32ﬁ2 22n—1 -1
|Mn—>n| = 3 ,(, )
¢ (z)
E 2n—4
- t(n, = . 77
n.0) (3o 77

In the large-n limit, #(n,n) can be approximated using
Stirling’s formula, and consequently (77) can be written as

|M | - 122n—l 4 32‘32(22n—1 _ 1)
n—n|l — c 1024\/§ﬂ5/2(%)n

o O ()™ o

The maximum of (78) over n is obtained by solving
(3,Z|/\A/ln_>,,| =0. To derive an approximate analytical
expression for np,, valid in the large-n limit, we solve
the previous equation by considering only the leading term
in the large-n regime, obtaining

2/3
8 E
~ - . 7
Mtmax (\/;47rMP1> (79)

The unitarity bound |J\A/lnmx_)nmax
defines the cutoff energy scale

E 1 (288v27%%c\¥?
W 3[_1g< 88V 2 cﬂ (o)

— — (0] =
4zMp V8|3 3257 +1

< 1, in the large-n limit,

where |/\A/lnmax_,nmx has been approximated by a majorizing
function to obtain nonimplicit expression for Eyy. The
cutoff scale Eyy is parametrically larger than 4zMp; if

g <Yl
42

with B = 288v/2752¢2%" ~ 110, and ¢ must satisfy
¢ > 1/B. Equation (81) shows that || can be large, i.e.,
|B| > 1, provided that ¢ is sufficiently large, ¢ > 33/B.

The unitarity bound is shown in the left panel in Fig. 5. It
is evident from the figure that the portion of the dashed
curve corresponding to values of || € (20,40) compatible
with the Planck + ACT data lies safely within the region
required for ensuring tree-level unitarity at scales parametri-
cally larger than Myp,. In fact, the full range of || values
allowed by the BICEP-Keck + BAO data remains entirely
within the region where tree-level unitarity is preserved.
This is consistent with the fact that Starobinsky inflation,
recovered in the large—|ﬁ | regime, is free of sub-Planckian
unitarity problems, as shown in Sec. III B.

(81)

IV. DISCUSSING FINE-TUNING

Building on the considerations discussed in Secs. III C
and III D, we now quantitatively analyze the degree of fine-
tuning of the two inflationary EFTs considered in this
work, namely, the f(R) model embedded in no-scale
supergravity (SUGRA) and the f(R) theory arising from
metric-affine gravity. Both EFTs under consideration can
be viewed as of the one-coupling, two-scale type: the
combination g, Mp,, which sets the scalaron mass scale, and
an additional (UV) scale A, which controls the suppression
of higher-dimensional operators. The scale A is determined
as a function of the dimensionless IR parameter controlling
the EFT, namely, ¢ in the no-scale SUGRA case and | Vi | in
the metric-affine case. As introduced in Sec. IIIB, to
facilitate a direct comparison between different EFTs,
we define the UV scale A by normalizing the dimensionless
coefficient of the cubic curvature operator to unity, so that
each f(R) EFT can be written in the form of Eq. (49).

Heuristically speaking, the amount of fine-tuning is
proportional to how sensitively a generic physical observ-
able O reacts to variations of A. The naive expectation is
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that in a natural EFT the UV physics should be decoupled
in the IR; namely, the physical observables should not be
sensitive to the UV scale A. The fine-tuning A, of an
observable O is quantified following [68] as

dlog O(a)
dloga

) AOE’

. (82)

where A, is the “absolute” sensitivity first introduced
in [69], a denotes a dimensionless IR parameter defining
A (e or |B\ in the present case), and ¢ denotes the average
sensitivity defined through the following equation:

(83)

where we restrict the integration to be performed over a
physically viable range of the IR parameter a. The
integration domain entering the average is, therefore, not
an arbitrary prior but rather a precise specification of the
physical question under consideration [70]. By evaluating
A, , we quantify the extent to which, over a physically
relevant range of ny, fitting the Planck + ACT data drives
the theory toward a region of parameter space characterized
by anomalous sensitivity. In the following, we define an
EFT to be fine-tuned when A, > 1. Note that the absolute
sensitivity Ay (a), in principle, depends on the specific
relation between the IR parameters and the UV scale A via
the following chain rule:

e

101

AJM

Upper bound ACT
=

10°

0.97 0.98 0.99

s

[

| dlogO | |dlogM/A| | dlogO ~
7 ldlogM/A ~ ldlog M/A| TM/A
(84)

dloga

In one-coupling, two-scale EFTs, it is reasonable to assume
a power-law parametrization of the scale hierarchy of the
form M/A o a, with |x| = O(1), leading to Ay, =
x| = O(1). Thus, A/ does not introduce any parametric

enhancement or suppression in (84), showing that A, is
not particularly sensitive to the specific choice of para-
metrization a(M/A) and is primarily controlled by the
scale separation. We conclude that the fine-tuning A, can
be regarded as a measure of the direct sensitivity of the
observables to variations of the UV scale A rather
than a. We explicitly check the power-law parametrization
for the two EFTs studied in this work, for which A, /A
takes the form

2

1l+———— (85
+1+162 (85)

~ 1 ~
AMsu//\su = E’ AMMA/AMA =
in the no-scale SUGRA and metric-affine cases, respec-
tively. As expected, AMM Ay, ~ 1 in the large-| 3| regime,
where the parametrization reduces to the power law
Moyga/ Apa o |7

In Fig. 6 (left panel), we show the scale separation
between A and M as a function of the observable n, for the
no-scale SUGRA and metric-affine EFTs, displayed as
continuous and dashed lines, respectively. The figure shows
that the hierarchy between A and M decreases with

104 E
Metv‘ic_j _"‘_f_fflli ------- ;
100k | | e ‘
. 102 % 5 ]
£ 3 ]
1
0.97 0.98 0.99

Ng

FIG. 6. Left panel: scale hierarchy A/M as a function of n for the no-scale SUGRA and metric-affine and EFTs, shown as solid and
dashed lines, respectively. The purple band indicates the range of n, values for which the predictions of the potentials (55) and (60) in the
(ng, r) plane, for AN, = 60, are consistent with Planck + ACT data at the 95% confidence level. The blue line denotes the upper bound
on n, for which the corresponding predictions remain consistent with BICEP/Keck 4+ BAO data at the 95% confidence level. The inset
shows the absolute sensitivity An,\- defined in (82) as a function of n, for AN, = 60 in the no-scale SUGRA EFTs and metric-affine
cases, shown as solid and dashed lines, respectively. Right panel: the amount of fine-tuning, computed according to (82), required for the
no-scale SUGRA and metric-affine EFTs to reproduce a given value of ng at AN, = 60, shown as solid and dashed lines, respectively.
The horizontal red line at A, = 1 marks the threshold above which a theory is considered fine-tuned. The purple band indicates the
range of ng values for which the predictions of the potentials (55) and (60) in the (ng, r) plane, for AN, = 60, are consistent with
Planck + ACT data at the 95% confidence level. The blue line denotes the upper bound on n, for which the corresponding predictions
remain consistent with BICEP/Keck + BAO data at the 95% confidence level.
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increasing n,, indicating that n, is a monotonically increas-
ing function of M/A. The inset displays the absolute
sensitivity Anx for the two theories, which also increases
with n,, and, therefore, is a monotonically increasing
function of M/A. This means that ACT-compatible values
of n, imply a smaller scale separation compared to that
associated with values of n; compatible with the
BICEP/Keck + BAO data, thereby moving effective the-
ories of the form (49) toward a regime characterized by a
larger absolute sensitivity to UV physics, as already noticed
in Secs. III C and III D. From Fig. 6 (left panel), it is also
evident that the scale separation in the two theories is
comparable for all values of 7. Since fine-tuning is directly
related to the absolute sensitivity as in (82), we expect that a
shift toward ACT-compatible values of n, corresponds to
driving the theory into a more fine-tuned regime. This is
shown quantitatively in the right panel in Fig. 6, where we
plot the amount of fine-tuning required by the SUGRA and
metric-affine EFTs to reproduce a given value of ng, as a
function of n;. To compute the average sensitivity ¢
entering (82), we considered ranges of € and || yielding

values 7, € [n5“°"™Y 1] in the respective EFT. We
observe that for both models A, = 1 for values of ng
consistent with the Planck + ACT data, implying that both
EFTs are fine-tuned. The actual degree of fine-tuning
depends on the model, with metric-affine gravity reaching
fine-tuning up to A, ~ 10*, while in no-scale SUGRA
Ay ~ 10 at most. This difference between the two models
can be traced back to the fact that the metric-affine effective
theory exhibits a smaller average sensitivity ¢ compared to
the no-scale SUGRA case. Notably, there is an intrinsic
source of systematic error in the definition of fine-tuning in
Eq. (82). Indeed, there is no unique way of defining the
average sensitivity ¢. We have numerically verified that the
fine-tuning shown in the right panel in Fig. 6 is reduced by
approximately one order of magnitude in the no-scale
SUGRA case and by approximately 2 orders of magni-
tude in the metric-affine case when other definitions of ¢ are
adopted, e.g., ¢ = [daAy(a)/[da. This implies that,
while we can confidently conclude that metric-affine
gravity is fine-tuned, the same conclusion is not definitive
for no-scale SUGRA. Nevertheless, the central physical
point—that higher values of the spectral index correspond
to higher absolute sensitivity to the UV scale—does not
depend on the choice of ¢.

V. STAROBINSKY INFLATION AND REHEATING

An alternative way to reconcile the Starobinsky model
with Planck + ACT data is to consider a longer observed
phase of inflation, namely, the interval between the horizon
exit of the CMB pivot scales and the end of inflation.
Clearly, this effect must be properly compensated during
the postinflationary epoch by an appropriate reheating
phase; otherwise, the CMB scales would be stretched to

such an extent that they would not reenter the horizon
before recombination epoch, in contradiction with what is
observed in the postinflationary Universe. In the left panel
in Fig. 1, we display, using an open circle, the prediction of
the Starobinsky model for AN, = 70 e-folds of observed
inflation, and we note that such an extended inflationary
period can be readily reconciled with the ACT-preferred
values of n, and r.

Reheating is the nonadiabatic transition that converts the
inflaton’s coherent energy into a thermal bath of relativistic
particles, thereby initiating the standard radiation-domi-
nated era. In a model-agnostic treatment, it can be char-
acterized by two effective parameters: the reheating
temperature T, and the (average) equation-of-state param-
eter . The temperature 7', marks the end of reheating
when the plasma attains (near) thermal equilibrium and,
thus, sets the energy scale of the handoff to radiation
domination. The parameter @, controls how the back-
ground energy density redshifts during reheating and,
therefore, how long it lasts.

References [23,25] show that the predictions for the
spectral index and tensor-to-scalar ratio can lie within 1o of
the Planck + ACT constraints if the reheating temperature
satisfies 4 MeV < T, <10 GeV for 0.8 S w, <1 (the
lower bound on the reheating temperature, 7T, = 4 MeV,
arises from the requirement not to spoil big bang nucleo-
synthesis). We illustrate this point in the left panel in Fig. 7.
We plot the evolution of the inverse comoving Hubble
radius. The inflationary solution is chosen with AN, = 67
e-folds, which makes the Starobinsky model compatible
with the recent ACT observations, yielding n, = 0.97 and
r = 2.5 x 1073, Without loss of generality, we set N = 0 at
the moment in which the CMB modes exit the horizon
during inflation. As shown, the CMB modes do not have
time to reenter the horizon in the postinflationary evolution
if one assumes instantaneous reheating (dashed line). On
the other hand, introducing a prolonged and stiff reheating
phase, here modeled with @, =0.9 and AN, =25
(solid line), significantly modifies the evolution of the
inverse Hubble radius after inflation, allowing the CMB
scales to reenter the horizon before matter-radiation equal-
ity and recombination.

Let us reinforce this result through a more quantitative
analysis. We consider some value of comoving wave number
k and compare it with the inverse comoving Hubble radius at
the time of recombination N ., k/ a,e. H,ec. We introduce the
e-fold time N defined through the equation k = a;H,,
where N, indicates the moment in time during inflation
when k transitions from being subhorizon to superhorizon.
We thus write (cf. Refs. [71,72])

(
arecj i rec

H
> = —(AN} 4 ANy, + AN,.) + log (H k ) .

rec

(86)
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FIG. 7. Left panel: evolution of the inverse comoving Hubble radius Ry' = aH during inflation and in the subsequent phase. We
consider AN, = 67 e-folds of inflation in the Starobinsky model which give n;, = 0.97 and r = 2.5 x 1073 (yellow dot in the inset plot).
After inflation, the solid line corresponds to a reheating phase with equation-of-state parameter @,., = 0.9 and duration AN, = 25,
while the dashed line represents the case of instantaneous reheating. The green band highlights the cosmological pivot scale, the shaded
purple region denotes the reheating epoch, and the vertical dashed lines indicate the times of matter-radiation equality and
recombination. The reheating temperature is approximately 7, = 0.7 GeV. Right panel: excluded regions of the parameter space
(@yens Tren) resulting from the requirement that CMB modes remain subhorizon at the time of recombination, shown for different values
of the scalar spectral index ny. The gray shaded region indicates the lower bound T, = 4 MeV, imposed by the requirement of

successful big bang nucleosynthesis.

The term AN, denotes the number of e-folds between
horizon exit of the mode k& and the end of inflation, while
AN, and the equation-of-state parameter w,y, characterize
the duration and dynamical properties of reheating. Finally,
AN, is the number of e-folds from the end of the reheating
phase to recombination epoch.

The ratio of Hubble parameters H,/H,, in the last term
of Eq. (86) can be rewritten as (py/prec)'/?, where p, and
Prec are, respectively, the energy density of the Universe at
N and N,... Furthermore, since the Universe is radiation
dominated after reheating, the continuity equation allows
us to express AN, as

1
AN, = 1 log (preh> )

Plugging back into Eq. (86), we finally obtain

).
rec
where we used the fact that p; = penq-

The quantities p,.. and a,..H,.. are fixed by the standard
ACDM cosmological model. In contrast, AN and p,q are
determined by the inflationary dynamics. In the case of
Starobinsky inflation, both are uniquely determined as func-
tions of the scalar spectral index n,. Requiring the CMB
modes kcyp to be subhorizon at the epoch of recombi-
nation amounts to imposing log(kcyvs/deeHwee) > 0.
Consequently, Eq. (88) should be interpreted as a consistency

(87)

(Swreh - 1)A]Vreh

= 4AN,; —log (pend> +4log <

p rec

a rec

relation between w,, and T, for a fixed value of ng, where
the relation between the reheating temperature 7', and the
duration of the reheating stage AN, is given by

4= &er;ie—sAth(Hw,eh) (89)

Gren®
and g,., denotes the effective number of relativistic degrees of
freedom contributing to the energy density at thermalization,
i.e., at the end of reheating. For simplicity, we fix the fiducial
value g, = 100.

Crucially, the left-hand side of Eq. (88) changes sign at
o, = 1/3. As a consequence, for wg, > 1/3 a longer
duration of the observed inflation AN, can always be
compensated by a longer reheating phase AN, without
spoiling the consistency of scales. On the other hand, for
W < 1/3, higher values of AN, require smaller values
of AN,,, which is, however, constrained to be non-
negative. This observation explains the two different
behaviors shown in Fig. 7 (left panel).

In the right panel in Fig. 7, we present the constraints
in the parameter space (@pep, Tren) derived from
Eq. (88). Each shade of red denotes the region where
log (kemp/recHree) < 0 for a fixed value of n,. We find
that accommodating larger values of n,, consistent with
Planck + ACT data, requires a stiff reheating phase (namely,
W, > 1/3) in agreement with Refs. [23,25]. A comple-
mentary information is presented in Fig. 8. In this case, we
fix kcyp = 0.05Mpc~! and we find the region of parameter
space (@yen, Tren) consistent with Planck + BICEP/Keck
data [58] (left panel) and ACT recent results [73]
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Constraints in the (@, Tren) plane using the joint analysis of Planck data with additional BICEP/Keck and BAO data (left

panel) [58] and the recent results from the Atacama Cosmology Telescope (right panel) [73], for the 68% and 95% confidence contours.
The vertical gray shaded region denotes parameter values that violate the causality bound on the reheating equation of state, i.e.,
@ > 1, while the horizontal gray shaded region indicates the lower bound on the reheating temperature 7', 2 4 MeV, imposed by the

requirement of successful big bang nucleosynthesis.

(right panel). In both cases, the darker shaded region
corresponds to values of n, lying within one standard
deviation of the respective central values (x0.965 for
Planck and ~0.974 for Planck + ACT), while the lighter
shaded region corresponds to agreement at the two-sigma
level. Crucially, the Planck+BICEP/Keck data are consistent
at the one-sigma level with a standard reheating phase
@pen = 0 [74], provided that the reheating temperature 7, is
sufficiently high (or, equivalently, that the reheating duration
AN, is sufficiently short). In contrast, one-sigma agree-
ment with the Planck + ACT results implies a stiffer
equation-of-state parameter @, and a lower reheating
temperature 7, (i.e., a longer duration of the reheating
phase AN ).

We now turn to the physical significance of our
findings. Addressing the tension with the Planck + ACT
data through a prolonged phase of inflation and an
extended reheating stage dominated by a stiff equation
of state, while phenomenologically viable, suffers from
some conceptual shortcomings. Toward the end of infla-
tion, the Starobinsky inflaton undergoes oscillations
around the minimum of the potential, which is dominated
by the quadratic term. These oscillations behave like a
pressureless fluid, i.e., with an effective equation of state
W, = 0 (matter dominated) [72,74] rather than by a stiff
phase with w,;, — 1. Therefore, accommodating an exotic
reheating stage requires deforming the Starobinsky poten-
tial in the vicinity of its minimum ¢ = 0. This is opposite
in spirit to the approach adopted in Sec. III, where we
considered deformations of the baseline Starobinsky
potential at large field values, ¢ > 1 (see the left panel
in Fig. 4). It should be noted that the equation-of-state
parameter of a homogeneous condensate oscillating in a
potential with a minimum of the form V(¢) « ¢? is given
by wen = (p—2)/(p +2); see Ref. [75]. Consequently,
W > 1/3  requires p >4, indicating a potential

dominated near its minimum by higher-dimensional oper-
ators, a scenario that is certainly not natural. The condition
. > 1/3 may also be achieved by replacing the mini-
mum at ¢ ~ 0 with a steep step in the potential, leading to
a kination era [76].

VI. COSMOLOGICAL STASIS: THEORETICAL
CONSIDERATIONS AND PHENOMENOLOGICAL
CONSTRAINTS

In addition to the well-known conceptual issues of the
standard cosmological model—such as the horizon and
flatness problems—there is another, often underappreci-
ated, feature: large portions of the Universe’s early evolu-
tion remain observationally unconstrained. While the CMB
and big bang nucleosynthesis (BBN) provide strong
empirical anchors, the postinflationary and pre-BBN epoch
spans many orders of magnitude in time and is largely free
from direct observational constraints. Within this window,
the expansion rate, energy content, and thermal history of
the Universe could deviate significantly from standard
assumptions without conflicting with known data. This
observational gap provides ample room for nonstandard
cosmological phases to occur.

The concept of stasis deviates from the standard behav-
ior. In a stasis era, two (or more) components maintain
constant fractional energy densities over extended cosmo-
logical timescales, even as the Universe continues to
expand. This scenario is not achievable with traditional
perfect fluids alone, due to their fixed redshifting behavior.
Instead, it requires nontrivial dynamics—such as particle
decays within a structured mass spectrum—that can inject
energy into one component while simultaneously compen-
sating the dilution of another. In this section, we will adopt
the mechanism proposed in [77]. After the end of inflation,
the scalar field undergoes an oscillatory phase around the
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minimum of the potential. During this stage, we assume
that the inflaton decays into a tower of N,,,, massive states,
denoted by ¢;, with indices [ = 0,2, ..., N, — | assigned
in order of increasing mass, and decay rate I ;’5 Each state
is then assumed to subsequently decay into radiation with
rate I[';, while direct interactions among the tower states are
neglected. Using the fact that the kinetic energy of the
inflaton is dominating over its potential energy (¢ > V)
and denoting with Qj, Q; and €, respectively, the
abundances of the inflaton field, the /th state in the tower,
and of radiation, the evolution of the system is governed by
the following set of equations:

dQ, I, & ry
o -1-- Q+2Q, +4Q, | +-L0
N ,( H+l§=1 129, +4Q | + -9,

(90)
dQ Nmaxr¢ Nmax
b [
W_Q¢<—4—ZE+ Q+2Q,+4Q, |, (91)
=1 =1
Nmax
Q=1-) -9 (92)

I=1

dH 1 e
=1

where the evolutions is given in terms of e-folds, according
to the relation dN = Hdt. The first two equations are the
continuity equation for the cosmological components,
while the last two are essentially the first and second
Friedmann equations, respectively. It is convenient to
further introduce the total abundance of massive states

Nmax
Qu=> Q. (94)
=1

Following Ref. [77], we then parametrize the decay rate of
the /th state as

r,=T, <@>y (95)

my

and m; = my + (Am)I°. Thus, T’y and m, set, respectively,
the decay rate and the mass of the lowest-energy state,
while Am, 8, and y control the mass hierarchy within the
tower. We introduce an analogous parametrization for the
inflaton decay rates {F;’J’} but with different parameters Fg’
and y 4, while mg, Am, and 6 cannot change, as they depend
only on the mass structure of the tower. In the context of
Starobinsky inflation, the conformal transformation used to
derive the theory in the Einstein frame universally fixes the

decay rates {Ff} in terms of the inflaton mass, the masses
of the states in the tower, and the reduced Planck mass [78].
For instance, assuming that the tower is made of fermionic
states, the decay rate into the heaviest state of mass my,
reads [78]
|4 mynt 3/ (96)
Noax=! " 487 M3,

where m, ~ 103 GeV is the inflaton mass.
In the left panel in Fig. 9, we present a numerical
integration of Egs. (90)-(93) for the parameter choice

=11, y=63 =

1072 GeV, N o = 50, and Ty = 10°I'?. The large hier-
archy between Fg and Iy ensures a sufficient temporal
separation between inflaton decay and the onset of the
stasis epoch. For the chosen initial conditions, Eq. (96)
implies m,, ~ 10'" GeV.

We begin the numerical integration at N =55 with
Q, =1 and Q, =€; =0 for all /. In this representative
solution, the inflaton decays completely into the tower of
massive states after ~10 e-folds. The Universe then under-
goes a period of cosmological stasis lasting AN ~ 15
e-folds, after which it becomes radiation dominated.

As explicitly shown in Fig. 9, during the cosmological
stasis, Qy(N) = QM; i.e., the abundance of massive states
is constant. This allows us to obtain an analytical solution
for the evolution of the background geometry. Indeed,
substituting Egs. (94) and (92) in Eq. (93) and using Q, ~ 0
yields

Am = my, }/(/) = 05,

dH 1 1
W— —EH(2+QM+2—2QM) == —EH(4—QM)
1 -
= —SH(4—Qy), (97)

which, in turn, gives

] 14—,
M — o i(4=Qu)(N=N;) — <£> ! ), (98)
H, i

where N; and H; are, respectively, the e-fold number and
the Hubble parameter at the beginning of the stasis. We
used the fact that a/a; = eV~Vi, in which a is the scale
factor.

Equation (98) can be compared with the evolution of the
Hubble parameter during a phase of reheating in which the
Universe is dominated by a single fluid with equation of
state parameter m,, that is,

H a _%( 1 +wreh)

Thus, we see that during a stasis the Universe geometry
effectively evolves as if it was dominated by a fluid with
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FIG. 9. Left panel: a representative solution of Egs. (90)—(93) that leads to a cosmological stasis. We set Am = my, 6 = 1.1,y = 6.3,
ve = 0.5, F%nm—l =10"2 GeV, N =50, and Ty = 10‘131”5’. We begin the numerical integration at N =55 with Q; =1 and
Q, = Q; = 0 forall [. The pile of colored curves at the bottom represents €2; V [. Right panel: excluded regions of the parameter space

(Qm, ANg,) Tesulting from the requirement that CMB modes remain subhorizon at the time of recombination, shown for different
values of the scalar spectral index n,. The blue shaded region indicates the upper bound on AN, imposed by the requirement of

successful big bang nucleosynthesis.

equation of state parameter @,.,, provided that

Qr =1 =30 (100)
In light of the preceding discussion, we now explore
whether a cosmological stasis could reconcile the
Starobinsky model with Planck + ACT data. Notice that,
in contrast to previous approaches, we do not modify the
baseline Starobinsky potential, neither in the large-field nor
in the small-field regime. It has been shown in Ref. [77] that
ANqsis & 1og N .. Therefore, in the limit N, > 1 it is
reasonable to neglect “edge effects” at the beginning and
end of the decay process. We then impose the consistency
relation Eq. (88) to the present scenario, where AN, =~
ANg.is and o, given by Eq. (100). We present the
resulting constraints in Fig. 9 (right panel). Each shade
of red denotes the region where log (kemp/ @recHyee) < 0
for a fixed value of n,. The blue shaded region denotes the
upper bound on the duration of the stasis phase, imposed by
the requirement that the Universe be radiation dominated
by the time its energy density reaches pggy at the epoch of
big bang nucleosynthesis. This condition is equivalent
to imposing T, = 4 MeV in Eq. (89) and solving for
AN, ~ ANy, as a function of Qy using Eq. (100).
We notice that accommodating larger values of ny,
consistent with Planck + ACT data, requires negative
values of QM, which, in turn, implies the existence of a
tower of negative-energy density states. Remarkably, the
condition Qy; < 0 translates into @,, > 1/3 via Eq. (100).
Therefore, once again, we find that resolving the tension
with the Planck + ACT data appears to require introducing
ingredients that are, from a fundamental physics perspec-
tive, somewhat pathological. Note that allowing for a
nonzero duration of the edge effects can only strengthen

this conclusion, since they would have to be compensated
by an even longer period of stasis in Eq. (88).

VII. CONCLUSIONS

The release of the ACT DR6 data [3,4], reporting a scalar
spectral index ny~0.974 £0.003 when combined with
previous Planck data [5], has raised the question of whether
the Starobinsky model of inflation [79] can remain a viable
benchmark in the landscape of inflationary scenarios. In
this work, we have examined the two principal strategies
that have been proposed to reconcile the model with the
Planck + ACT observations—higher-curvature corrections
and a modified postinflationary phase—and we have
critically assessed their viability.

Concerning the inclusion of higher-curvature operators in
the gravitational action, we have shown that, while correc-
tions of the form R3, R*, etc., can indeed shift the predictions
of the Starobinsky model toward the ACT-favored region in
the (ny, r) plane, this implies a reduced hierarchy between
A, the mass scale controlling the size of the higher-order
terms, and the inflaton mass M. As a consequence, Planck +
ACT data inevitably drive higher-curvature extensions of
Starobinsky inflation toward a regime characterized by a
stronger sensitivity to ultraviolet physics, ultimately leading
to fine-tuning in the spectral index n,. We have substantiated
our argument using concrete realizations of the higher-
curvature correction scenario within no-scale supergravity
and metric-affine gravity. In the latter case, proving that the
metric-affine framework does not generate genuinely new
inflationary dynamics but rather provides an alternative
geometric realization of the same effective theory is in itself
a nontrivial and original result. It would be interesting to
generalize Eq. (49) so that, rather than considering only
powers of the scalar curvature, one includes all curvature

083522-22



RECONCILING STAROBINSKY INFLATION WITH ACT DATA

PHYS. REV. D 114, 083522 (2026)

operators at a given order in the effective action, since these
are unavoidably produced by loop corrections [80]. We leave
this for future work.

Turning to the reheating route, we have shown that
extending the observed inflationary phase to AN, ~
67-70 e-folds, accompanied by a prolonged reheating epoch
with a stiff equation of state w.y, = 0.8—1, brings the
Starobinsky predictions within the 16 Planck + ACT con-
tours, in agreement with previous findings [23,25]. However,
such a scenario requires deforming the Starobinsky potential
near its minimum with operators of the form V(¢) « ¢p?
with p > 4 or, alternatively, replacing the minimum alto-
gether with a steep runaway direction giving rise to a
kination epoch [76]. Moreover, we have explored the
possibility that a phase of cosmological stasis [77], during
which the fractional energy densities of matter and radiation
remain constant thanks to the sequential decay of a tower of
massive states, could serve as the postinflationary epoch. We
have derived the consistency conditions linking the stasis
parameters (Q,;, ANg,s) to the observed value of ny,
imposing that the CMB modes reenter the horizon before
recombination and that the Universe is radiation dominated
by the time of big bang nucleosynthesis. We find that
accommodating the ACT-preferred spectral index requires
Q,; <0. In other words, consistency with the Planck -+
ACT data would demand a tower of negative-energy-
density states.

In summary, our analysis reveals a common thread:
every attempt to reconcile the Starobinsky model with the
ACT observations inevitably introduces ingredients—
whether a fine-tuned separation of scales, an ad hoc
deformation of the potential near the minimum, or a tower
of negative-energy states—that undermine the minimality
and geometric elegance constituting the original appeal of
the Starobinsky model. Along these lines, Ref. [81] has
questioned even the original Starobinsky model on effec-
tive-field-theory grounds, arguing that the theory lies in the
swampland. Although these results point toward a genu-
inely different inflationary model rather than a deformation
of the Starobinsky paradigm (see also [82] for a broader
discussion of naturalness in the context of inflationary
models), future measurements by CMB-S4 [83] and
LiteBIRD [84] will be decisive in sharpening or relaxing
the present tension [85].
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APPENDIX A: UNITARITY OF THE S-MATRIX

Consider the case of a free, massive scalar field with
mass M. Keeping track of powers of A, we write its
decomposition in terms of creation and annihilation oper-
ators in the form

3 /
¢(x) = \/?L/(chr—gf %[a(p)e—iw/h + aT(p)e—Hpvc/h}

= ¢ (x) +¢-(%), (A1)

with E7, = |p|* + M?h?. Equal-time commutation relations
read [p(x, 1), p(y, 1] = ind(x —y) with [a(p),a’ (k)] =
(2zh)35(p —k). Creation and annihilation operators,
therefore, have dimension [a(p)] = [a'(p)] = [L]*/>.
Relativistically normalized single-particle states |p) =
\/2E,/ha’ (p)|0) have dimension [|p)] = [L]. Conse-
quently, the S-matrix element S;; = (f[S|i) between some
initial |i) = |py, ...,p,) and final |f) = |qq, ..., q,,) multi-
particle states has dimension [Sy;] = [L]"*™. Consider
now the computation of the connected part of Sy; with
Feynman rules. For each external particle, we have
¢, (x)|p) = A'/2e7iP~/7|0), so that we have a factor A!/?
for each external leg while the phases e~7*/" eventually
reconstruct a delta function of total four-momentum con-
servation, (2z7)*5(p; + ...p, — g, — ...q,,), which carries
the dimension [L]*. We thus write

Sfi = (2ﬂ'h)45([)1 TP a1 - "'qm)h<n+m)/2i/\~/tn—>m»
(A2)

with the scattering amplitude iM,,_,, computed with ordi-
nary Feynman rules. Consider the contribution to i/\~/l,,_)m
from a generic connected diagram with P propagators and
V vertices. Each propagator contributes with a power of 7
while each vertex with a power 1/A. Consequently, a
total power of A"~V = AL~ is associated to each diagram,
where L = P— (V —1) is the corresponding loop order.
Schematically, we have

1
iMoo = 7 (tree-level) + #° (one-loop)

+ A (two-loop) + -+ -. (A3)
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If we incorporate a power of 7 into /\~/l,,_,m, Eq. (A2)
takes the form Sy; = (27A)*6(py + ...py — q1 — - -q) ¥

AUt /2=1i(a M, _,,). Following from the previous argu-
ment, the quantity M, _,,, = hM,,_,m does not have any
power of % at the tree level while a factor of #- must be
included working at L loops. With these conventions,
we write

Sfi = (277.'71)45(]?1 +oDn—q1 - "'Qm)h(n+m>/2_liMn—>m'

(A4)
Solving for the dimension of M,,_,,,, we find Eq. (39):

[Mn—nn] — [C]—2+n+m [L]n+in—4‘ (AS)

We are interested in the bounds placed on tree-level
scattering amplitudes by unitarity. We refer to Refs. [86—89]
for some original literature in the context of Higgs physics
and to Ref. [90] for a recent application in the context of
Higgs inflation. We write the S-matrix as S =1+ iT,
where the identity contribution represents the free propa-
gation of particles without interactions and the transition
matrix 7" describes interactions. Unitarity of the S-matrix
implies that if |i/) and |f) are unit normalized states, we
have |(f|S|i)| < 1. For |i) # |f), this condition implies
[(f|T|i}| < 1. Plane-wave states are not unit normalized,
but we can put forward the following construction. We
consider the scattering of n = {n,,...,n,} ingoing scalar
particles into m = {m,, ..., m,} outgoing scalar particles,
where n; and m;, respectively, denote the number of

P pDip®, )

The normalization of these states is given by

{gW}: g MY

Py s D))

-l

particles of the species I. We have >/  n;,=n and
Zj:l m; = m. We define the n-particle state with total
four-momentum P#:

P s, )
=Cin...n,) / d*xe P ()M by (x)™]

0), (A6)

where ¢7 (x) is the part of the (interaction picture) field
¢;(x), normalized as in Eq. (A1), that contains a creation
operator for the scalar particle of type I. More precisely, let
us write

3
7(x) = \/ﬁ/(;i—g)ﬂ /%a“(l,p)e“””? (A7)

where we have added a species index [ such that
.p) = \/2E,[ha’(1.p)|0) with [a(l.p).a’(J.p)] =
(27h)35,,6(p — q). Consider a multiparticle state defined
by the partition n = {n,, ..., n,}. Let us group the momenta
according to the notation

1 1 2 2 r r
i e ap) oy

where we sum over all permutations of the n; identical particles of species /. We write

roon d* _
P; = hn/Z d4 .
| 9{”1’ 7nr}> C{”l ----- n} / [HH 27[h (l)/fl)‘|e

roon d3a
S i

Given that the n-body phase space volume is given by

Vol, = / dLIPS, = / lﬁl—’[ o d3 a
la 1

(1)

;p] 7"'7pn,
type 1 type 2 typer
= [{pW};..;{p"}), (A8)
such that we have
. roony 2E o
=TT —ra p)o). (A9)
I=1 a=1
n 2E
S ] @any 5( —p\l): (A10)
01 €S,, a=1
i(P=3 20 P Y5/ (DY fp(0))
)] xtyio(P= 3o )i ). (A
/h)] (27h) 45( Zpa ) with  [Vol,] = [L]*2", (A12)
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we write
|P;{ny,....n,})

=Cy,. ,,r}h"/z/dLIPS,,|{p“)};...;{p(’>}>. (A13)

In the case of massless particles with center of mass energy
E = v/ P?, the total volume of phase space is given by [91]

i d S 1 E\ 2n—4
Vol, = [ dLIPS, = ENT
Ol / " 8ﬂ(n—1)!(n—2)!<47z)

(Al14)

The coefficients Cy,, .
normalization condition

n,} can be fixed by imposing the

(Q;{my,....m}|P;{ny,...,n.})
= (2zh)*5(Q - P)Sy ;- O, (A15)
that gives
1
Clmomy = —= : . (Al6)
VAa"™Vol, ([T} ni!)
Equivalently, the normalized states |P; {n,,...,n,}) can be
written as
|P;{n,...,n.})
Necxumet)
= dLIPS, [{pV}; .. {p}).
VOln(H;:I nl‘)
(A17)

We define the scattering matrix elements M, according to

(QAmy.ccomJiTIP: (. c.om,})
= (2zh)*5(P — Q)iM, _ . (A18)
Unitarity of the S-matrix directly implies
] <1 (A19)

for n # m. The relation with the ordinary scattering matrix
elements defined in Eq. (A4) is given by

1 1/2
[(Hf=1 n)(ITj= mj!)Voanol,J

X / dLIPS, / dLIPS,, A" tm/2= AL,

A

My =

(A20)

Therefore, we find that

A

[Mn—>m] — pntm)/2-1 [C]n+m—2.

(A21)
This formula is illustrative, as it shows that phase-space-
averaged scattering matrix elements are indeed dimensionless
quantities, yet they exhibit a well-defined dependence on
parameters with the dimensions of a coupling. If we now set
the reduced Planck constant to unity, we recover exactly the
scaling in Eq. (40).

We now provide an example of the scaling above.

(i) Reference [92] considers the single-field potential

V(¢) = A*cos (?) (A22)
On dimensional ground, we have
1 1
[A] = e /] = A (A23)

Consequently, using these two quantities we can form
the following combinations with dimension, respec-
tively, of a coupling and the inverse of a length:

A2 A2 1

= |5 =0

f f1oIL
According to Eq. (AS5), therefore, the scattering

amplitude for the process n — n can scale only
according to

A2 2n—-2 2n—4
e (7

The phase-space-averaged scattering matrix elements,
in the limit of massless ¢, are given by

(A24)

~ Vol,

Myeon == My

_ 1
~ 8an!(n—1)!(n—2)!

A2 2n-2 E \ 2n—4
(7)) oo

which agrees with the results of Ref. [92]. Let us
rewrite the above amplitude as

R 1 /\2 2 E \\ 2n—4
o= Gz () ()

(A27)

The amplitude is maximized by considering

E \2/3
Max = <m> , (A28)
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and the unitarity bound \M,,_,,,| <1 defines the
cutoff energy scale

{log (2ﬁZj/2f 4)] " (A29)

Agy 1
dzf " 33

Following from Eq. (A24), it is convenient to
introduce the coupling g, = A%/ f2. We, thus, write

Ayy 1 [1 (2\@:3/2)] 3/2
~ (o) .
anf T3aL P\ 2

The cutoff scale Ayy is parametrically larger
than 4z f if

(A30)

(27)3/4

(A31)

APPENDIX B: METRIC-AFFINE GRAVITY

In general relativity, the connection is assumed to be
symmetric in its lower indices and metric compatible.
These two conditions uniquely determine the connection
to be the Levi-Civita connection, {}gﬂ}w.

In metric-affine gravity, these two assumptions are
relaxed; consequently, the metric-affine connection I”ﬂ,,
and the metric are independent dynamical variables. The
metric-affine connection can be decomposed into two
distinct contributions: torsion, associated with the asymme-
try of the connection WW # 1:’1,,”, and nonmetricity, which
measure the violation of metric-compatibility of f"ﬂw.
Precisely, the torsion tensor is defined as the antisymmetric
part of the connection

Th =14 _[*

pw — 4 2778

(B1)
and the nonmetricity can be defined as the following tensor:

Qp,uu = vpg/wv (B2)
where V is the covariant derivative defined from the
connection I*,,.

Both torsion and nonmetricity are encoded in the dis-
tortion tensor C*W, defined as the difference between the
metric-affine connection [* w and the Levi-Civita connection

Po— A 2
M, =1{}", +Chu (B3)
Since the general connection I is asymmetric in the last two

indices, a convention is needed for the covariant derivative of
a tensor. In this work, we adopt the following convention:

Vv,
v,

o,V,-1°,V,.
9,V +1v,,Ve.

(B4)

From now on, we assume the metricity condition, i.e.,
0O, = 0. Under this assumption, the torsionless compo-

nents of the distorsion tensor vanish and C* v reduces to the

so-called contorsion tensor K*,,, as follows:

>

Cj/w = (Tﬂ;w - Tv/lu - Tyi,) = Ki;w' (BS)

N =

The torsion tensor can be decomposed in three irreducible
components: a trace vector T, a pseudovector S, and the
reduced torsion tensor g,,,—cf. Ref. [93]—

T,=T"

y St = T,

HU? vupo >

2
Qup = 3 (Tuvp = T = Tipl) (B6)
where we use square brackets to denote antisymmetriza-
tion, Ty, = 3 (Topp = Tpup)-
The tensor g,,, satisfies the constraints

qym/ =0, em/pﬂ%wp =0, (B7)
reducing its components from 24 to 16. e#*/? is the usual
Levi-Civita ensor, i.e., €/° =—=|u,v,p,o]. From the
definition of g,,, in Eq. (B6), it is straightforward to check
that the reduced torsion tensor satisfies the cyclic identity
q;w/) + ql//)/l + Q/)/w = O? (BS)
which proves useful in calculations involving g,,,.
With the definitions in (B6), the torsion tensor can be
expressed as follows:

1 1
T/,wp = g (Tugpy - Tpgw) - geﬂbl)as + 9yvp- (B9)

In the presence of torsion, the additional degrees of
freedom in (B6) lead to the following generalization of
the curvature tensor [94]:

V,.V,]P* =17, V,P* + P°R*,,,.  (BIO)
Adopting the convention defined in (B4) in the above

commutator, the Riemann tensor in the presence of
torsion reads

Rﬂw = a,,rﬁw - ayr*,w + F’lwl“yw - rﬂwr‘y(,,,. (B11)
Using (B3), R’lﬂw can be written in terms of the torsionless
Riemann tensor R’l,,,w and torsionless covariant derivatives
of the contorsion tensor
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Rﬁa}w = Rﬁn}w + vﬂcio'v - vvclaﬂ + Cﬁyycyav - Cﬂyvcy(w'

(B12)
From (B12), the Ricci tensor reads
Ro‘u = Rﬂo‘/w
=R, + V”C”,,,, - VDC/‘,,” +c,,C = CC .
(B13)
The Ricci scalar then becomes
R= gm/ieau = gﬂygiﬂklo'yu
=R+ 2Vﬂ cv, -Cclkter, +C,,C. (B14)

Since it will be useful to express the Ricci scalar in terms of
the irreducible components of torsion in (B6), we first
rewrite (B14) in terms of the full torsion tensor using (BS),
finding

_ 1 1
R=R=29, T, =T,/ T, + T, T + Ty TH.

(B15)

Note that the quadratic in torsion terms appearing in (B15)
correspond exactly to the three linearly independent, parity-
even quadratic invariants that can be constructed from the
torsion tensor. Following the notation of Ref. [95], we write

K, =T, T™,  K,=T,'T",  Ky=T,,T".

(B16)

Using Eq. (BY), it is possible to express K, K,, and K5 in
terms of the irreducible components of torsion

2 1
Ki =Ty T = 3T, = 28,8 + 4,4, (BI7)

K, = T,/T", = T,T*, (B18)

Ky =T,,T"" = %T,,T” + éSﬂS" + qp,q™".  (B19)
It is important to note that the quadratic invariants in g,
appearing in K| and K5 are not independent. Indeed, using
the definition of the reduced torsion tensor in (B6) and its
cyclic property (B8), the quadratic term ¢,,,,¢"*” appearing
in K3 can be rewritten as follows:

q}/yyqﬂw = qﬂwq/wy - qﬂquy = 2qwl]yq[}w]y

1
= (T, " = T, T — T, T"). (B20)

3\

Substituting this expression for g,,,¢"” into the quadratic
invariant K3, we obtain

1 1
Ty T = 5T, T + 1 ,5". (B21)

Now, substituting the expressions for K, and K3 in (B19)
into (B21), we finally obtain

1
Qyuuqﬂw = 5 qyuﬂqﬂ/ﬂ9 (B22)

showing explicitly that there are only three linear indepen-
dent parity even quadratic terms that can be built using the
irreducible components of torsion.

Finally, using (B19) and (B22), the Ricci scalar can be
written as follows:

~ 2 1 1
R=R=2V,T"=2T,T" +5.5,5 + 5 4,4 (B23)

In metric-affine gravity, it is possible to build another
(pseudo)scalar, the Holst invariant, defined as

- 1 - -
R/ = [ﬂv v, pa 6] R,Ml/pﬂ = €}HJPO'R

V=9

Substituting the expression for the Riemann tensor in (B12)
into the definition (B24), we find

(B24)

Hvpc*

R =2¢"°(V,Cppy + CypClyy).  (B25)

Using (BY), it is possible to express the Holst invariant in
terms of torsion, obtaining

- 1
R = e |(V,T,,,) = ETYWTW, . (B26)
Following again the notation of [95], we define
— 1 HVPO Ty
K4 = 56' T DO'T}/M/)’ (B27)

which is a parity-odd quadratic in torsion invariant® arising
in R'.

Using (B6), we can express K, in terms of the irreducible
components of torsion as

2 1

K, = gSﬂT” + Ee’“’/’”qquw. (B28)
Applying (B6) once again, R’ can be written in terms of the
irreducible components of the torsion as follows:

oLt is possible to write another parity-odd quadratic in torsion
invariant [95], namely, K5 = ¢/#°T,,’T,,,, which does not appear
in R'.
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_ 2 1
R ==V,8" =38, —Serg! (B29)

voyup-
In this work, we focus on metric-affine models of
the form

072
s="0 [ eyl f®). (B30)
The metric-affine model proposed in [8] is a concrete
example of (B30).

Similarly to the metric f(R) case studied in Sec. III A,
assuming f” (Ié’ ) # 0, a Legendre transformation allows us
to recast actions of the form (B30) into a dynamically
equivalent model in which the Lagrangian is linear in both
the curvature scalars (B23) and (B29), with the addition of
an auxiliary pseudoscalar degree of freedom z. We write

s="0 [ diey=gik + 1R

12
_MPI

— T/d“x\/—_g[ie +f(2) + (2R = 2)]
:Ml%l/d“x\/_{ f/(Z)

Ve -1 >]}.

(B31)

Indeed, solving the equation of motion for z gives z = R,
showing that z is a pseudoscalar, often referred to as
pseudoscalaron. Note that the pseudoscalaron is a field
degree of freedom with a geometric origin; precisely, it is a
manifestation of torsion.

Following the discussion of Ref. [59], we clarify which
degrees of freedom associated with the torsion tensor in
actions of the form (B30) are effectively dynamical.

We can rewrite (B31) as follows [59]:

S= [ diay g0 Ry V(). (B32)
where
THYPO — % [gﬂ/)gyn’ + f/ (Z)e;w/)o']’
MZ
V(z) = [2f'(x) = f(2)- (B33)

Note that both V(z) and T#*°
torsion tensor.

In (B32), it is manifest that all the dependence on torsion
tensor is contained in the metric-affine Riemann tensor,
which involves torsionless covariant derivatives of the
contorsion tensor, as shown in (B12). Therefore, when
evaluating equation of motion for torsion, one can first
integrate by parts the first term in (B32), moving the
derivatives onto the metric and on the pseudoscalaron z.

are independent on the

This implies that the equations of motion for the torsion
tensor are algebraic, i.e., the torsion tensor in the dynami-
cally equivalent model (B31) is not dynamical.

In this way, we reduced the metric-affine model with a
generally dynamical torsion in (B30) to a dynamically
equivalent theory (B31) containing nondynamical torsion
and a pseudoscalaron. Whether the pseudoscalaron itself
is dynamical depends on the specific form of the func-
tional f(R'). Specifically, the pseudoscalaron is dynami-
cal if the action in Eq. (B30) cannot be cast in the
following form [59]:

s="0 [ atey=glatR + bR

+ fla(n)R +b(r)R)], (B34)
where a(y) and b(y) are generic functions and y denotes
a set of fields independent of torsion. Indeed, one can
explicitly check that the above action features nondy-
namical torsion and, thus, is a metric theory.7

We can, thus, integrate out the nondynamical torsion
tensor in (B31). To do so, we use the expression of the Ricci
scalar and the Holst invariant in terms of the irreducible
components of torsion, given in (B23) and (B29), respec-
tively. Indeed, varying the action with respect to the torsion
tensor T#*/ is equivalent to varying it separately with
respect to T#, S¥, and ¢**”, and this latter procedure is
considerably more practical.

Using the expressions (B23) and (B29), after integrating
by parts while neglecting total derivatives, the action (B31)
can be written as

2 1 1
/d“x,/ { {R—gT#T +ﬁSﬂS +§qywq“
/ 2 u 1 VPO Y
_f( ) S T +2€ qvaqﬂq)

+f”(z)S”0,,z] - V(z)}. (B35)

Varying (B35) with respect to T#, S*, and ¢"” yields,
respectively, T = —5 f'(z)S*, S* =8f"(2)T" = 12f"(z)0"z,
and ¢"” = 0. Substltutlng the on-shell values of 7# and S*
back into (B35), we obtain

"The action in Eq. (B34) can be rewritten in the form
of Eq. (B32), where 7"° takes the following form: T/’ =
s[4 (2)] - [aly)g” g + b(y)e™?”] and z = a(y)R + p(y)R'.
Then, using the expressions of the Ricci scalar and the Holst
invariant in Eqs. (B23) and (B29), one can integrate out the
nondynamical torsion and show that the resulting kinetic term for
z can be precisely canceled by performing a conformal trans-
formation, reducing the theory to a manifestly metric one which
propagates only g,,. Note that metric-affine f (R) models are a
particular case of the action (B34); therefore, they are metric theories.
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Ma 20'7-V(z )}

M3
s= | d%F{ 147

(B36)

Unlike the metric f(R) case studied in Sec. III A, Eq. (B36)
shows that metric-affine actions of the form (B30) are
dynamically equivalent to the Einstein Hilbert action sup-
plemented by a pseudoscalar field in the Jordan frame, i.e.,
without requiring any conformal transformation. The only
remark is that the connection associated with the model (B36)
is T s> Which is not conformally equivalent to the Levi-Civita
connection whenever the metric-affine theory features
dynamical torsion. In the case of the model (B30), the
condition f”(z) # 0 implies that the action cannot be recast
in the form of Eq. (B34), implying that the torsion is
dynamical. In order to write (B36) in a canonical form, we
define

»=f(z2) (B37)

and introduce the field transformation:

1. ¢
@ = = sinh ——————
2 {Mp1\/3/2

Using the above field redefinitions, we obtain

+ sinh~![27(0)] } (B38)

/ d4x\/”[ P‘R——a PO — V(qﬁ)]. (B39)

The explicit form of the pseudoscalar potential V(¢) depends

on the specific form of the functional f(R’). In this work, we
concentrate on the metric-affine model proposed in Ref. [8]:

f(R) = M—Zz (BR + cR?),

Pl

(B40)

where ¢ and f = f/ M3, are dimensionless parameters.

In the case of (B40), it is possible to solve (B37) for z
and, using (B38), obtain z(¢). Given that for (B40)
V(z) = cz?, the pseudoscalaron potential V(¢) is given by

v(g) = {ﬁ ~Lsin {Mpl(j?ﬁ

)}

In the spirit of Sec. IIID, we derive the explicit
expression for the torsion tensor associated with metric-
affine models of the form (B30).

Substituting the on-shell values of the irreducible torsion
components 7# and S* into (B9), we find

+ tanh™! ( (B41)

2f"(2)f'(z
T =15 ar )
2f”( ) € ()'Z
1+4f(z)> "7

)
T A2 (gpuauz - guyapz)
(B42)

The above expression shows that the pseudoscalaron z does
not merely play the role of an additional degree of freedom,
as the scalaron does in metric f(R) theories. Rather, it also
generates a deviation from the Levi-Civita connection of
torsional origin.

For the specific case of the metric-affine model (B40),
if # and ¢ are treated as independent, it is manifest from the
action (B36) and from Eq. (B42) that, in the limit || — oo,
the pseudoscalaron becomes nondynamical, the torsion
tensor (and, hence, the contorsion tensor) vanishes, and
the connection reduces to the Levi-Civita one:

Bl > 00 = K'Yy » 0= T, = {},.  (B43)
In the above limit, the metric-affine model (B40) reduces to
a metric theory. More precisely, integrating out the non-
dynamical pseudo-scalaron z from the action (B36) yields
the Einstein-Hilbert action. It is worth noting that, in this
setup, |f| — oo is a torsionless limit that implies M — oo,
as follows from Eq. (62). This is consistent with the fact
that z, being a manifestation of torsion, must not propagate
in a metric limit.

Therefore, the limit (B43) shows that, in the large-||
regime, the metric-affine model (B40) reduces to be
equivalent to the metric f(R) model in Eq. (61), since
both reduce to general relativity, as discussed in Sec. III D.
However, in an inflationary context, the ratio ¢/f? is fixed
to a large value to reproduce the observed scalar power
spectrum. As shown in Eq. (68), this prevents M from
diverging and yields M < O(107°)Mp,. It then follows
from the action (B36) and from (B42) that the pseudosca-
laron remains dynamical and the torsion tensor does not
vanish in the large-| | regime. As a result, the model (B40)
does not reduce to a metric theory.

APPENDIX C: METRIC-AFFINE
GENERALIZATION OF STAROBINSKY

Consider the following metric-affine modification of the
Starobinsky model, obtained by supplementing its metric-
affine counterpart with a purely torsional operator:

M3 . R -
S:;/d4x,/—g(R+6Mz+2ﬂR’), (Cl)

where M? is given by

P
M?* = M> P .
PI3e

(€2)
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A Legendre transformation allows to recast the action in
Eq. (C1) into a dynamically equivalent model in which the
Lagrangian is linear in R, with the addition of an auxiliary
scalar field o:

s= [ enma R or+ 258 - o). (€

where the functional £(¢) and the scalar potential v(o) are
defined as follows:

2 V72

o) =0+ 5. 0(0)57”(05’(0)—5(0)), (C4)

and we assumed &”(R) # 0. Indeed, solving the equa-
tion of motion for ¢ gives o = R, showing that ¢ is a
scalar of geometric origin. Unlike the pseudoscalaron
case treated in Appendix B, which vanishes in the
absence of torsion, o does not vanish when torsion is
absent.

Following the discussion of Appendix B, it is
possible to integrate out the nondynamical compo-
nents of the torsion tensor in Eq. (C1) by putting on
shell the torsion tensor appearing in Eq. (C3). Using
Egs. (B23) and (B29), after integrating by parts while
neglecting total derivatives, the action (C3) can be
written as

2 1
/ d4x\/_{ Pl [5'( )R + & (o) ( 535S =3 T, T +§qyy,,q“">

4. N
+2&"(0)TH0,0 - gﬁSﬂT" - ﬂe"”’”’qywqu] - 11(0)}.

(C5)

Contrary to the metric-affine case considered in Ref. [8], and similarly to standard metric f(R) theories, the Ricci scalar R is
here multiplied by the factor & (o). In order to bring the action (C5) into an Einstein-Hilbert-like form, we perform a
conformal transformation to the Einstein frame, defined as follows:

Juw = Q%g,,, with Q=& (o). (C6)
The action (C5), when expressed in the Einstein frame, takes the form (we drop the symbol ~ from all metric-dependent
functions)
M3 3¢ (a) 2 1
Sp= | d*xy/=g4 9,00'c Lo 2r i logrg gm
E / X { 25,(0) +24 " 3 i +25(6) Qyu;zq
éﬂ(o-> ﬁ . vpo
+2 f( ) TM() EWSﬂT” _ﬂél(a)eﬂ ’ qyyaqyﬂp - V(G) ’ (C7)
_ (o)
where V(o) = Tlo)™
Varying Eq. (C7) with respect to T, §¥, and ¢"*” gives, respectively, S, = %Tﬂ, T, = %?é:)) 0,06 — 5’(ﬁ0) S,, and
g"? = 0. Substituting the on-shell values of $# and T# back into Eq. (C7), we obtain
M2 /! 1
Sy = / dxy/=g PR — o006 | = V(o) (C8)
28000 \ 1+

In the Einstein frame, the action (C8) takes the form of a
metric scalar-tensor theory. The only remark is that the
connection associated with (C8) is the conformally trans-
formed I'™* - Tather than the conformally transformed Levi-
Civita connection, whenever the metric-affine theory fea-
tures dynamical torsion. In the case of the model (C1), the
condition &’ (o) # 0 implies that the action cannot be recast
in the form of Eq. (B34), implying that ¢ is dynamical.
Comparing (C8) with its metric f(R) counterpart in (21),
one can explicitly see that the coefficient of the kinetic term

[
contains the usual metric contribution arising from the
conformal transformation, together with an additional tor-
sional contribution originating from the nondynamical
components of the torsion tensor.

In order to write the action (C8) in a canonical form,
we define

p=2¢(o)

and introduce the field transformation

(C9)
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(C10)

b= MP]\/% {sinh‘1 <%> — sinh™! (45)} .

Using the above field redefinition, we obtain

/d“x\/_[ PlR——dqﬁd”qﬁ V((b)], (C11)

where V(¢) exactly reproduces the scalar potential in
Eq. (B41) proposed in Ref. [8]. This analysis shows that
the inflationary potential (B41) can be reproduced by the
metric-affine counterpart of the Starobinsky model supple-

mented with the purely torsional operator /3 R.

It is important to note that the mass parameter M?
appearing in Eq. (C1) does not correspond to the mass of
the scalaron 6. The coefficient M? multiplying the curva-
ture-squared term coincides with the scalaron mass only in
metric f(R) theories, such as the one in (61). This
distinction originates from the different field redefinitions
required in the metric and metric-affine formulations,
namely, (24) and (C10), respectively, which must be
properly taken into account when computing the second
derivatives of the scalar potential.

The action in Eq. (C1) reproduces, in the Einstein frame,
the scalar potential (B4 1) and, thus, describes the following
scalaron mass:

M (1 + 16p)
48¢ ’

M? = (C12)

Substituting the on-shell values of the irreducible torsion
components 7# and $* into Eq. (B9), it is possible to write
the on-shell expression of the torsion tensor

1 &(0)¢(0)
Hvp 25/(6)2 + 1652
4

£ (o) + 1652 "

(gpy avo- - gyﬂapg)
0. (C13)

As for the metric-affine model discussed in Appendix B,
the above expression shows that the scalaron ¢ does not
merely play the role of an additional degree of freedom, but
it also acts as a source of torsion generating a deviation
from Levi-Civita connection of torsional origin.

It is meaningful to investigate the torsionless limit
associated with the large-|| regime of the model in
Eq. (C1). In a framework where i)’ and c are treated as
independent parameters, || — co implies M — oo and,
thus, &’(6) — 0. In this case, the limit should be taken
directly at the level of the action (Cl). One then finds

i 3 o
S ~ @fd“x‘ /=g(R + 2B R’), which can be casted in the
form (B34), implying that the torsion is nondynamical and
the resulting theory is metric. More precisely, integrating

out the nondynamical torsion yields the Einstein-Hilbert
action. In the inflationary scenario, instead, the ratio ¢/
is fixed to a large value in order to reproduce the observed
scalar power spectrum, keeping M ~M < O(107)Mp,
and, thus, ensuring £’(o) # 0. It is then possible to use
the action in the form (C3), where the auxiliary scalaron ¢
can be introduced. It then follows directly from Eq. (C13)
that the torsion tensor vanishes in the limit |f| — co.
Hence, one finds

Bl > 0=R—>R and T, — {}g‘w (C14)

Furthermore, in the same limit, the relevant mixed tor-
sional component S, T# of the purely torsional operator

Vi R appearing in Eq. (C3) also vanishes. Consequently,
the action (C3), or, equivalently, its dynamical equivalent
form (C1), reduces to the metric Starobinsky model with
the scalaron mass fixed at the inflationary scale, yielding

7 My [ R?
|[J’|—>oo=>S=T d*x\/=g R—i—m. (C15)

In the large-|f| regime, as evident from (C15), M is

promoted to be the mass of the scalaron. Indeed, we have
N ﬂz
Bl = 00 = M* = M5 - [1+ O(5™)

ZMZ[ +0(ﬁ 2l (C16)
which coincides with the mass (C12) introduced in
Ref. [8] in the large-|$| limit, i.e., in the torsionless
regime.

It is important to stress that, contrary to the case of the
pseudoscalaron treated in Appendix B, a dynamical ¢ can,
in general, be a manifestation of both dynamical torsion
and the additional dynamical scalar associated with the
metric. Taking the torsionless limit with M — oo sup-
presses the propagation of o, thereby eliminating both
manifestations simultaneously. By contrast, unlike the
pseudoscalaron which cannot be dynamical in a torsionless
limit, one can also consider a torsionless limit in which o
remains dynamical. Indeed, for |3| — co with M kept finite,
it is evident from the action (C8) that only the torsional
contribution to the coefficient of the kinetic term of ¢
vanishes, while the standard metric contribution arising
from the conformal transformation survives, allowing o to
remain dynamical and drive inflation. Therefore, the large-
|B| limit at fixed M removes only the purely torsional
contribution to the dynamics of ¢, while leaving intact its
metric degree of freedom.

This analysis clarifies the physical origin of the non-
trivial exact convergence between the inflationary potential
associated with the model proposed in Ref. [8] and the
Starobinsky potential, thereby also explaining the specific
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structure of the metric f(R) in Eq. (61) and its inflationary
predictions in the (ng,r) plane in Fig. 5, presented in
Sec. IIID. Indeed, the metric-affine model of Ref. [8]
reproduces the same inflationary potential as the theory in

Eq. (Cl), which is the metric-affine counterpart of
Starobinsky supplemented with an additional purely tor-
sional operator. As a consequence, when the torsion tensor is
switched off, the theory manifestly reduces to Starobinsky.
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