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scale completely decoupled 
from the SM?

In other words, what is the highest natural scale?

The sole and unavoidable exception to 
this decoupling arises from
gravitational interactions. 
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A phase of accelerated expansion      
causes the comoving Hubble radius  to 
shrink.
This allows distant regions today to have once 
been in causal contact

a(t) ∼ eHt

RH = 1/aH

Points like Q and P on opposite sides of the last 
scattering surface were never in causal contact 
before recombination — yet the CMB is 
remarkably uniform to one part in 105
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R = 12H2 = 4Λ
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V(ϕ) = M2ϕ2

H(t) = ·ρ(t)

Inflation naturally produces tiny 
quantum fluctuations in the field and 
spacetime.
These primordial inhomogeneities seed 
the large-scale structures we observe 
today.
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3
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= 0
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The Higgs as the inflaton (?)
Bezrukov, Shaposhnikov [arXiv:0710.3755]
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Breaking of perturbative unitarity
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PDG 2024, top pole mass from cross-section 
measurements

Critical Higgs 
Inflation
Bezrukov, Shaposhnikov [arXiv:1403.6078]
Hamada, Kawai, Oda, Park [arXiv:1408.4864]







Flattening of the potential at 
large field values thanks to 
the non-minimal coupling



V(ϕ) =
λϕ4

(1 − ξϕ2)2

Pζ(k) = As ( k
k⋆ )

ns−1



USR

Pζ(k) =
H2

8π2M̄2
Plϵ



PBH in Critical Higgs 
Inflation?

NO
Masina [arXiv:1805.02160] 



PBH in Critical Higgs 
Inflation?

NO
Masina [arXiv:1805.02160] 

However….
Cheong, Lee, Park [arXiv:1912.12032]
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Figure 4. The PBH abundance function fPBH computed from (3.2)) for several cases (dashed
lines) along with current observational constraints. (solid lines) [106]. The fPBH peak lies within the
desired MPBH 2 (10�16

, 10�12)M�, with a peak value of O (0.1 � 1).

3 PBH abundance as dark matter

The curvature perturbations exceeding the critical value collapse during horizon re-entry in
the radiation dominated (RD) era [14, 97]. Hence the PBH mass is proportional to the
corresponding horizon mass, MH = (2GH)�1 [98]

MPBH = �MH = 3.2 ⇥ 1013
✓

k

Mpc�1

◆�2

M�, (3.1)

where � denotes the efficiency of collapse and has a typical value of � = 0.2 and the mass is
in solar mass units.

We follow the ‘peaks theory’ method counting the number density of peaks above a given
criterion [98, 99] to compute the PBH mass fraction �MPBH

of the universe and the PBH dark
matter abundance fPBH ⌘ ⌦PBH/⌦DM (see also [98, 100–104]):

�MPBH
(⌫c) =

R
3

H

(2⇡)1/2

✓
hk

2
i (RH)

3

◆�
⌫
2

c � 1
�
exp

✓
�

⌫
2
c

2

◆
,

fPBH (MPBH) = 2.7 ⇥ 108
⇣

�

0.2

⌘ 1

2

✓
10.75

g⇤

◆ 1

4

✓
M�

MPBH

◆ 1

2

�MPBH
, (3.2)

where g⇤ = 106.75 is the effective relativistic degree of freedom in the RD era, � = �⇢/⇢ and
⌫ = �/��. �c values for the RD era range alter with the feature of the inflationary power
spectrum, however conventional values range in �c ⇠ 0.3 � 0.5 [98, 102, 105].

Figure 4 depicts fPBH for several cases, along with current observational constraints
on this quantity.4 The peak itself exhibits an asymmetric form, which corresponds to the

4
For extended mass functions, the constraints become more stringent in general [107], however for our

scenario the bounds do not change significantly. Revisited bounds on fPBH allow the PBH mass range of

3.5⇥ 10�17 < MPBH/M� < 4⇥ 10�12
[108].

– 6 –



PBHs (and other Exotic Compact Objects)
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Neutron Stars

Astrophysical 
Black Holes ●
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The detection of gravitational waves (GWs) from mergers in the lower mass gap or subsolar mass region 
would be an extraordinary and potentially revolutionary discovery in astrophysics and fundamental physics.



★★★★

Sub-solar mass PBHs?
Allegrini, Del Grosso, Iovino, Urbano [arXiv:2412.14049]
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FIG. 8: Analysis performed for the case A in Tab. I. Top left panel (with magenta borders). Power spectrum of
curvature perturbations as a function of comoving wavenumbers, zoomed in on the region of scales relevant for CMB
measurements. ‹-shaped central panel. On the left, we show the power spectrum of curvature perturbations over
the entire range of scales covered by the inflationary dynamics. We plot the region excluded by CMB anisotropy
measurements, Ref. [26], the FIRAS bound on CMB spectral distortions, Ref. [44] (see also Ref. [7, 45]) and the bound
obtained from Lyman-– forest data [46]. At the top, we show the solution of the background equation during the
inflationary phase. In the center-right, we show the evolution of the inverse comoving Hubble radius during inflation
(center) and in the subsequent phase (right). In the post-inflationary phase, we show di�erent realizations of reheating
(see legend for details). The temperature evolution (top x-axis) refers to the solution with Êreh = 2/3 and Nreh = 15.
Similarly, the three vertical lines—indicating, from left to right, the QCD phase transition, matter-radiation equality,
and recombination—refer to the solution with Êreh = 2/3 and Nreh = 15.

normalization of the curvature power spectrum at the
CMB pivot scale. In terms of the value of the scale factor,
we find aend = kıeNend≠Nı/Hı. Under the assumption of
instantaneous reheating, we can use Eq. (A1) to follow its
subsequent temporal evolution. The latter is completely
nailed down by standard cosmology. Specifically, start-
ing from H at the end of inflation and arriving at the
observed value H0 today completely determines the num-
ber of e-folds of post-inflationary evolution. We remark
that in this part of the analysis we do not normalize the
scale factor in such a way that a0 = 1. In contrast, the
normalization of the scale factor is carried out implicitly
considering the match between the standard cosmological
evolution in Eq. (A1) and the value of aH at the end of

inflation, as discussed above.
We observe how we arrive at a universe at the time of

recombination in which the scales of the CMB are still out-
side the horizon at the time of matter-radiation equality.
Therefore, the dashed black line is clearly incompatible
with the cosmology of our universe.

If we consider a reheating scenario described by a per-
fect fluid phase with Êreh < 1/3 (dotted line in the post-
inflationary evolution of the comoving Hubble radius in
Fig. 8), the situation worsens. To clarify, let us consider
the case with Êreh = 0, corresponding to the situation
where the reheating phase is matter dominated. In a
matter-dominated reheating phase, the comoving Hubble
radius expands slower compared to radiation domination,

Allegrini, Del Grosso, Iovino, Urbano [arXiv:2412.14049]

Sub-solar mass PBHs?



Exotic Compact Objects (ECOs) are theoretical 
alternatives to astrophysical black holes. They 
mimic black holes externally but differ in 
internal structure.

Realistic ECOs are based on well-
defined Lagrangian theories (e.g., 
boson stars) and arise in models of 
dark matter or beyond-Standard-
Model physics.

Speculative ECOs are constructed 
phenomenologically using exotic 
matter or modified spacetime 
geometries (e.g., gravastars, 
wormholes), often without a known 
underlying theory.

They may violate known energy 
conditions, causality, suffer from 
stability issues, or lack a well-
defined formulation.



ℒΦ = − gμν(∂μΦ*)(∂νΦ) − V(Φ*Φ)
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there. Since NTSs are intrinsically non-perturbative states
(see Sec. III), the ground state of the system acquires a
nontrivial scalar profile by means of non-perturbative ef-
fects. We dub this mechanism non-perturbative vacuum
scalarization.

Investigations in a similar spirit were recenly carried
out by Ref. [10] in the context of exotic neutron stars.

The primordial formation for NTSs has been investi-
gated by many authors (see e.g. [11–14]), pointing out
two main formation mechanisms, the solitosynthesis and
the solitogenesis. In the former scenario, NTSs are formed
by the fusion of N free fermions. This implies a non-zero
cosmic asymmetry since it is necessary to accumulate a
net number N of fermions over antifermions in a given
region of space. In the latter scenario, a relic abundance
of NTSs is produced through a first- or second-order cos-
mological phase transition. Recently, Ref. [14] reviewed
these formation mechanisms in detail, showing that in
certain cases NTSs can dominate the dark matter abun-
dance. A further formation channel is provided from the
Yukawa interaction present in Eq. (1), as long as it is
enough long-range. In this case, fermions undergo cluster-
ing and structure formation even in a radiation-dominated
era [15–17].

Phenomenological imprints of NTSs could be found
through gravitational waves [18, 19] and lensing obser-
vations. Besides being natural non-particle dark matter
candidates, these solutions are also well-motivated exam-
ples of exotic compact objects [20] and might share similar
phenomenology with ordinary compact objects such as
black holes and neutron stars [21].

II. MODEL FOR RELATIVISTIC NTSS

Our starting point is the following theory, in which a
(real) scalar boson h and a Dirac fermion Â are minimally
coupled to Einstein gravity2,

L = R

16fiG
≠ 1

2ˆµhˆµh ≠ Â̄“µDµÂ ≠ U(h) ≠ fÔ
2

h Â̄Â,

(1)

where the scalar potential is (see Fig. 2 for ÷ = 0)

U(h) = ⁄

16

1
h2 ≠ v2

22
. (2)

Performing spontaneous symmetry breaking h æ h + v
in the Lagrangian (1) gives rise to a well-defined scalar

2 We use the signature (≠, +, +, +) for the metric and adopt natural
units (~ = c = 1). With the normalization used for the fermionic
kinetic term, the Dirac matrices have an extra ≠i factor with
respect to the usual ones but satisfy the usual relation {“

µ
, “

µ} =
2g

µ‹ . The covariant derivative Dµ takes into account the spin
connection of the fermionic field. We are neglecting interactions
with gauge fields, but it is straightforward to generalize our model
including them.

FIG. 2: E�ective scalar potential (see Eq. (19)) normal-
ized with respect to U0 = ⁄v4/16 as a function of h/v
for various values of ÷ in the Newtonian regime. In this
regime, the zeros of the Fermi momentum are h/v = ±ỄF
(for |h|/v > ỄF the fermions are removed from the theory).
We fixed a representative value ỄF = 0.5. We notice that
when ÷ & 1 the e�ective potential develops a local mini-
mum in h = 0. The shape of the potential is qualitatively
the same also in the fully relativistic regime.

mass term,

m2
h = ⁄v2

2 . (3)

However, for clarity of exposition, we prefer to work
directly with (1), which has a simper analytical expression.
The Yukawa interaction is controlled by the coupling f ,
giving an e�ective mass to the fermion,

me� = fÔ
2

h. (4)

It is also useful to define

mf = me�(h = v) = fÔ
2

v, (5)

which is the e�ective fermion mass when the scalar sits
on the minimum v > 0.

The fermionic field has a U(1) global symmetry which
ensures the conservation of the fermion number N (the
Noether charge).

Our setup is similar to that of our previous work [22, 23].
An important di�erence is that here we relax the fine-
tuning of the Yukawa coupling f imposed in [22, 23],
which allows us to explore connections with more realistic
particle-physics content, as later discussed.

We will consider spherically symmetric equilibrium con-
figurations, whose background metric can be expressed
as

ds2 = ≠e2u(fl)dt2 + e2v(fl)dfl2 + fl2(d◊2 + sin2 ◊dÏ2), (6)

in terms of two real metric functions u(fl) and v(fl).
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Thus, for fixed � π 1, the dimensionless binding energy
is a linear decreasing function of ÷. Consequently, the
bigger ÷ the more bound the configurations5, with ÷ ¥ 1
marking the transition from bound to unbound states. As
we will discuss in detail later, for ÷ . 1 the false vacuum
pockets indeed disappear, and so does the nontrivial scalar
profile of the ground state. Heuristically, this happens
because the system has no benefit in investing some of its
energy to build a false vacuum pocket to trap fermions
that have a small mass gap between the two vacua of the
scalar field. On the other hand, when ÷ & 1 the mass gap
is big enough that it becomes energetically convenient to
confine fermions in false vacuum pockets. For this reason,
we will call the region

÷ & 1 , (18)

confining regime6 (in analogy to Refs. [22, 23]). Moreover,
the latter condition ensures that the point h = 0 in Eq. (2)
becomes a local minimum. Indeed, the e�ective scalar
potential arising from Eq. (1) is

Ue�
U0

=
!
y2 ≠ 12"2 + 8 ÷4S̃ y , (19)

where U0 = ⁄v4/16. In order to analyze the behavior of
the potential around the origin y = 0, we compute

1Ue�
U0

2ÕÕ
(y = 0) = 8÷4Ễ2

F
fi2 ≠ 4 . (20)

Thus, the point y = 0 will be a local minimum of the
potential only if

1Ue�
U0

2ÕÕ
(y = 0) > 0 , (21)

which in turn yields

ỄF >
fiÔ
2 ÷2 . (22)

Using the fact that ỄF ≥ 1/÷, one gets again Eq. (18).
In Fig. 2 we explicitly show the behavior of the e�ec-
tive potential for di�erent values of ÷ in the Newtonian
regime, where the fermion scalar density S is analytically
expressed as a function of y only.

It is important to stress that the NTSs discussed here
are genuinely non-perturbative states. Indeed, in the
limit in which one of the relevant couplings (⁄ or f) is
sent to zero, the energy diverges. When ⁄ æ 0, this
happens because ÷ æ Œ. When f æ 0, instead, the
fermion mass vanishes (and so does the mass gap) and

5 This behavior could be modified by quantum corrections (see [26,
27] for investigations along this line in the absence of gravity).

6 In units such that c = 1, ~ ”= 1, the perturbativity bound is
~1/4

÷ .
Ô

4fi ≥ O(1). Restoring natural units, the condition (18)
corresponds to a strongly-coupled theory.

consequently the hydrostatic equilibrium implies h æ v
(see Sec. III A), as already anticipated from the previ-
ous heuristic argument. Therefore, NTSs arising from
Eq. (1) actually become standard fermion stars [28] made
of nearly massless fermions. In the zero-mass limit, the
configuration does not have a finite radius and its energy
diverges. In both cases, it is impossible to describe these
solutions perturbatively around f ¥ 0 or ⁄ ¥ 0.

Notice that if the two vacuum states are degenerate,
whenever � π 1 there is no need for a strongly coupled
fermion since the confining regime is achieved as long as
÷ & �1/2 (see Ref. [22]), so ÷ can also be small. Indeed,
in the latter case, the volume density of the scalar is zero,
and the system needs much less energy to form a false
vacuum pocket.

Finally, we highlight that our semi-classical approach,
in which the scalar field is described as a classical solu-
tion (while quantum e�ects are taken into account for
fermions), is valid whenever the scalar self-interactions
are weak, i.e. ⁄ . (4fi)2.

A. Numerical results

In Fig. 3 we show an example of a solution with the
radial profiles for the metric, scalar field, and fermion
pressure.

In Fig. 4 we present the mass-radius and compactness-
mass diagrams for various values of ÷ in the confining
regime ÷ & 1. As anticipated, we observe that the mass-
radius diagram is very weakly dependent on ÷. Moreover,
the compactness becomes arbitrarily small along the tail
of mass-radius diagram, giving rise to a Newtonian regime.

In Fig. 5 (left panel), we show the rescaled mass M�
and rescaled radius R�, confirming the expected scaling
in the � π 1 limit. Overall, the mass-radius diagram is
qualitatively similar to that of strange (quark) stars [29,
30].

It is straightforward to identify a critical mass Mc (and
corresponding radius Rc) as the point of maximum mass
in the M -R diagram. As confirmed in Fig. 5, for � . 0.1
those quantities behaves according to

mhMc

m2
p

= A(÷) 1
� , mhRc = B(÷) 1

� . (23)

As shown in Fig. 4, in the confining regime the dependence
of the critical quantities on ÷ is very weak. Thus, A and
B are approximately constant, and numerical fits show
that A ¥ 0.36 and B ¥ 1.35. We therefore obtain

Mc ¥ M§

10.34 GeV
q

22
, Rc ¥ 5.5 km

10.34 GeV
q

22
,

(24)

where q = (mhv)1/2, in terms of which the condition (18)
can be written as

mf & q. (25)

Compelling candidates for non-
particle dark matter and exotic 
compact objects
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    in the case of Black HolesΛ = 0
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I only scratched the surface of a rich and extensive subject

The Higgs field can play a variety of roles in the early 
universe, and cosmological constraints and observables 
have the potential to teach us a great deal about its 
dynamics
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