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Testing inflation models by primordial black holes,

gravitational wave and the Swampland conjectures
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7 CRE H : Testing inflation models by primordial black holes, gravitational wave and

the Swampland conjectures

In the past, the standard Big Bang theory described by the cosmological
principle and general relativity, had long been believed to provide a theory
explaining the origin and evolution of the Universe. However, the standard Big
Bang theory suffers from several problems, among which representative
examples include the horizon problem, the flatness problem, the monopole
problem, and the origin of primordial density perturbations. For instance, taking
the flatness problem as an example, in the standard Big Bang theory the Hubble
horizon increases monotonically, and hence in the early Universe the ()
parameter of curvature must be fine-tuned to an extremely small value. The
origin of these difficulties lies in the fact that the cosmic expansion caused by
radiation or matter is decelerated. To address these several fundamental
problems in standard Big Bang cosmology, inflation that is accelerated expansion
provides elegant resolutions. At present, it is widely accepted as a theory that

explains the present Universe from more general initial conditions.

However, revealing the underlying mechanism responsible for inflation still
remains one of the most urgent and central issues in modern cosmology. In
addition, despite its theoretical successes, the precise nature of the scalar field ¢,
commonly referred to as the inflaton field, has not yet been established.
Furthermore, neither the energy scale at which inflation occurred nor its precise
epoch in cosmic history has been directly probed by current observational data.
Although many inflationary models consistent with observational date, have been
proposed, no model has been uniquely identified. Therefore, in order to constrain
the precise nature of the inflaton field and, ultimately, to identify a specific
inflation model, we impose constraints from both a bottom-up perspective based
on observations and a top-down perspective based on UV-complete theories at

high energy scales.

We first consider the bottom-up perspective, which is provided by observations
of the cosmic microwave background (CMB). Inflation can explain the origin of
quantum perturbations. This means inflation generates curvature perturbations,
and spatial variations of these curvature perturbations lead to temperature



anisotropies in the CMB. Therefore, comparing the physical quantities
theoretically predicted by inflation with current CMB observations provides a
means to test inflation. In particular, its temperature anisotropies and
polarization patterns have so far yielded only an upper bound on the energy scale
of inflation, constraining it to be below approximately 10'® GeV. This constraint
is rewritten in terms of the tensor-to-scalar ratio r, and the most stringent
current bound is r < 0.036.

On the other hand, from a top-down perspective, there exist complementary
efforts to constrain the energy scale of inflation based on internal consistency
relations derived from purely theoretical considerations. One such relation is the
Lyth bound, which applies to slow-roll models with super-Planckian field
excursions and provides a model-independent lower bound on r. However, even
when both the observational bounds and the theoretical lower bounds discussed
above are taken into account, substantial uncertainties remain regarding the
model-dependent functional form of the inflaton potential V(¢) and the total
field excursion A¢ during inflation.

Furthermore, recent developments in quantum gravity, particularly in string
theory, have motivated theoretical constraints on effective field theories through
what are known as the Swampland Conjectures. The Swampland Distance
Conjecture proposes that effective field theories with trans-Planckian field
excursions are incompatible with a consistent UV completion in quantum gravity,
and that, in order to remain within the Landscape, which is the regime of EFT
control, the Hubble scale H must decrease accordingly. At present, among the
Swampland Conjectures, the Swampland Distance Conjecture is supported by a
substantial amount of evidence comparing with other conjectures, and if it is
valid, it would impose nontrivial theoretical constraints and yield new exclusions
that could not be obtained from previous observations. In this paper, unlike
previous studies, we successfully impose constraints on the parameter space of
the inflationary potential by applying these constraints to concrete inflationary
models. The new results obtained from this theoretical perspective are more
restrictive than those from Planck2018, and as we will see in the following, they

provide a stepping stone toward identifying a inflation model.

In addition to the above constraints on general inflationary models, theoretical
models beyond the standard model such as supergravity or superstring theory,
generically predict many light scalar fields. Therefore, it is more natural to
consider multi-field inflation, in which multiple scalar fields contribute to the
inflaton dynamics, rather than single-field inflation. Within such multi-field
inflationary scenarios, there exist possibilities that observational signatures



arising during inflation or from transitions may provide specific clues for model
discrimination. In several multi-field inflationary scenarios, the Universe
undergoes multiple-field transitions during inflation, analogous to phase
transitions. Identifying the role of these transitions through observations could
provide decisive information about the ultimate theory to describe the early
Universe.

In some of these models, interactions between fields can cause resonant field
excitations during inflation. A classical example is the so called "Trapped
Inflation”. But resonances during inflation and their impact on the primordial
perturbation had been studied even earlier. Many of the works are based on the
mechanism suggested, where moduli fields of string theory are stabilised by the
backreaction of resonantly produced particles. As moduli field(s) pass through or
close to (in the case of multi-field inflation) a critical point in field space, some
real scalar field y is rendered massless. Thus, this point was naturally denoted
by the name "Enhanced Symmetry Point" (ESP). Around ESP the effective mass of
X is changing non-adiabatically, which induces resonant excitations. The
excitations backreact onto the motion of the inflaton, modifying its dynamics.

In this work we consider a somewhat modified scenario. Instead of the field y
becoming massless at the critical point, we allow it to become tachyonic, i.e. it’s
mass squared to become negative. Hence, for some parameter values the
resonance resembles the one studied, which they called "Tachyonic Resonance".
To emphasize this difference, we name the critical point as the "Symmetry
Breaking Point" (SBP). The idea for such a scenario is inspired by the tachyonic
trap mechanism, employed to provide an alternative method of reheating for non-
oscillatory potentials and to prevent the scalar field of the quintessential inflation

scenario from reaching superplanckian values.

The current scenario is explored in the context of the supersymmetry-inspired
multi- field running-mass model. Augmenting the running-mass-inflation (RMI)
with the tachyonic trap mechanism provides a concrete scenario by which
inflation can end in a form similar to hybrid inflation. The current treatment,
however, differs from the usual considerations of hybrid inflation. First, we take
the waterfall phase, i.e. the evolution in the y direction in field space, to last
more than 10 e-folds, which requires a very flat potential. In such a setup, the
tachyonic trap becomes essential to redirect the field evolution from the RMI
direction into the waterfall one, at least for parameter ranges considered in this

work.



The tachyonic resonance at SBP has another important effect: it generates a
sharp peak in the spectrum of the primordial perturbation P; at small scales. The
amplitude of that peak can be enhanced by several orders of magnitude relative
to the slow-roll result on large scales. Combined with the large spectral running
of RMI, the spectrum can reach as high values as P; ~ 107°. The resulting large
curvature perturbation at the small scales has distinct observational

consequences.

Later, upon horizon reentry in the early Universe, the large curvature
perturbation can trigger gravitational collapse, leading to the formation of the
primordial black holes (PBHs). PBHs with masses in the range 107 g - 10?3 g can
serve as dark matter candidates. This scenario can be constrained or confirmed
by future gamma-ray observations and related astrophysical probes. After that,
we can see that this multi-field Trapped inflation consistent with observations
generates enough amount of PBHs as DM candidates to explain almost DM.

Second, the same perturbations generate stochastic induced gravitational waves
(SIGWs) through nonlinear second-order effects. These SIGWs, peaking in the
deci-Hz band, provide promising targets for future gravitational-wave detectors
such as LISA, DECIGO, and BBO. In the current analysis, we incorporate recent
refinements accounting for the dissipation of small-scale fluctuations, yielding
state-of-the-art predictions for the SIGW spectrum.

Third, PBHs formed in the early Universe can assemble into binaries through
many- body gravitational interactions. The mergers of these binaries also
generate a stochastic background of gravitational waves. Remarkably, such
merger signals may be detectable not only by DECIGO and BBO but also through
resonant cavity experiments exploiting the inverse Gertsenshtein effect,
originally proposed in the context of axion searches. In general, in conventional
studies of gravitational waves (GWs) generated from binaries, the abundance of
PBHs has often been assumed to be nearly 100%. In contrast, in this paper we
compute not only the GW spectra generated from PBH binaries arising from
generic PBH mass distributions, but also the GW spectra predicted within the
specific inflationary model considered here. As mentioned above, these signals
may be detectable by future observations, and moreover, since different
inflationary models generate distinct GW spectra, they can serve as a means to

distinguish inflationary models.
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