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A larger Planck scale during an early epoch leads to a smaller Hubble rate, which is the measure for
efficiency of primordial processes. The resulting slower cosmic tempo can accommodate alternative
cosmological histories. We consider this possibility in the context of extra dimensional theories, which can
provide a natural setting for the scenario. If the fundamental scale of the theory is not too far above the weak
scale, to alleviate the “hierarchy problem,” cosmological constraints imply that thermal relic dark matter
would be at the GeV scale, which may be disfavored by cosmic microwave background measurements. Such
dark matter becomes viable again in our proposal, due to a smaller requisite annihilation cross section, further
motivating ongoing low energy accelerator-based searches. Quantum gravity signatures associated with the
extra dimensional setting can be probed at high energy colliders—up to ~13 TeV at the LHC or ~100 TeV at
FCC-hh. Searches for missing energy signals of dark sector states, with masses 210 GeV, can be pursued at a

future circular lepton collider.
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I. INTRODUCTION

Cosmological observations of light element abundances
have led us to conclude that our understanding of the
cosmos, based on the Standard Model (SM) and general
relativity, can provide a quantitative description of the
Universe when it was a few seconds old [1]. This corre-
sponds to the era of big bang nucleosynthesis (BBN),
dominated by radiation at a temperatures of O(MeV). The
agreement between theory and observation implies that the
rate of the cosmic expansion in this era, given by the Hubble
parameter H, is set by a plasma that cannot have significant
contribution from unknown physics.

At the same time, the study of cosmology has provided us
with some of the starkest clues that our fundamental
understanding of the Universe remains incomplete. Key
examples are the mystery of what constitutes dark matter
(DM) and how visible matter evaded complete annihilation,
i.e., what is the source of the cosmic baryon asymmetry.
There is broad consensus in particle physics and cosmology
that new fundamental ingredients are needed to address
these questions. While a great variety of ideas have been
proposed to explain either problem, none has been shown
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to be a definitive resolution, neither empirically nor via
inescapable theoretical imperatives.

The quantitative understanding of the cosmos back to
the BBN era illustrates that the predicted rate for the
relevant microscopic processes, when compared to the
expansion rate of the Universe at the corresponding epoch,
are generally correct within margins of error. Similarly, the
efficiency of a new physics mechanism that aims to
address a cosmological puzzle is measured against the
expansion rate set by H. In general relativity, the expansion
rate itself is set by the gravitational response of spacetime
to various forms of energy density and (assuming zero
curvature) H « M5!, where Mp~ 1.2 x 10" GeV [1] is
the Planck mass set by Newton’s constant Gy = Mp? (with
the reduced Planck constant 7 and the speed of light ¢ set
to unity: A=c =1).

The above account implies that if gravity had a different
strength at very early times, expectations about the viability
of a cosmological model would change. In particular, if
gravity was much weaker well before the BBN era, certain
processes that are deemed too inefficient may have been
sufficiently fast. A good example is provided by thermal
relic DM with parameters that lead to inefficient annihila-
tion, resulting in its overabundance and conflict with
precision cosmological data. One may address this problem
in various ways, for example by generating additional
entropy later on to dilute the DM density [2]. However,
we will entertain a less explored possibility here, namely
weaker gravity leading to a slower expansion, which allows
a longer time for DM to annihilate before its abundance is
set by freeze-out. To realize this Adagio scenario, we will
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assume that during some early cosmological epoch, the
value of the Planck mass was larger, reducing the strength of
gravitational coupling.

The key feature of our scenario is the time variation
of gravitational coupling in the early stages of cosmology,
which makes the Planck mass a function of time:
Mp = Mp(1). For t < t,, corresponding to temperatures
T > T,, gravity was weaker, i.e., Mp(t) > Mp(t,), and we
will assume that Mp was constant afterwards. In general,
we would like 7, to be early enough that the well-
established features of the early Universe are not perturbed
significantly. As we will illustrate, this can be achieved as
long as ¢, is sufficiently small compared to ~1 s (7, is
sufficiently large compared to ~1 MeV) corresponding to
the onset of BBN, which we will assume to go through
according to the standard theory.

One may simply postulate that Mp had some temperature
dependence, Mp — Mp(T), that led to its variation over
cosmic time, and the value that we observe today was set
before the BBN epoch. This is not the way we usually think
of gravity, but in fact such a behavior for Mp could be
realized in theories with n > 1 extra dimensions (an early
suggestion for this possibility can be found in Ref. [3]). In
an extra-dimensional framework—which is generally
deemed necessary for a proper formulation of quantum
gravity in string theory—the observed 4-d Mp is a derived
quantity. The true fundamental scale M in (4 4+ n)-d may
be much smaller than Mp if the extra dimensions are
compact, with a typical size R > M7! [4,5], according to

M} ~ MR, (1)

On general grounds, one may expect that the extra
dimensions are initially small, i.e., ~M7%!, but dynamically
grow to become large. This would then translate to a time
variation of 4-d gravitational coupling set by Mp. Given the
above, we will adopt (4 + n)-d theories as our basic
underlying framework. Such models can in principle
alleviate the “hierarchy problem”—i.e., the smallness of
the Higgs mass my =~ 125 GeV compared to the implied
scale of gravity—by lowering M to be not far above my.

As we will discuss in the following, the relative
proximity of My to the TeV scale generally constrains
the maximum reheat temperature of the Universe to <GeV,
which would point to masses for thermal relic DM at the
GeV scale. This regime of masses has garnered significant
attention in recent years, as an alternative to the traditional
weak scale models, characterizing dark sectors that are
potentially accessible to a wide range of laboratory experi-
ments (see, for example, Ref. [6]). Note that large classes of
thermal relic models of DM with a mass <10 GeV are
ruled out by cosmic microwave background (CMB) obser-
vations [7,8], making them less motivated as experimental
targets. However, if DM annihilation cross sections can be

lowered significantly, as in our scenario, those models can
become viable again.

Next, we will describe the main features of our (4 + n)-d
framework and sketch how the early Universe evolution,
leading to variable gravity, unfolds in our scenario. We will
then consider the implications of our model for DM
production and outline some of its phenomenological
consequences. A summary and some concluding remarks
are given at the end of this work.

II. MODELS WITH EXTRA DIMENSIONS

In principle, the scale of compactification of n additional
dimensions could be very high, which would make the
underlying physics inaccessible to low energy measure-
ments. One could assume that the fundamental scale of the
(4 + n)-d theory is not very far from the weak scale
~QO(TeV), potentially addressing its origin. This will be
the main scenario we will consider in what follows, for it
can be motivated as a resolution of the hierarchy problem
and may be probed in future high energy experiments.

We will adopt the general picture described in Ref. [9] as
the starting point of the cosmological evolution. Initially, all
spatial dimensions have a size >M7!. The basic idea is that
one can construct a model of inflation that satisfies key
observational requirements, where the initial inflationary
era leads to rapid expansion along the visible 3-brane
dimensions, while the compact dimensions remain fixed
near the fundamental size >M7!. After this main infla-
tionary era ends, the size of the extra dimensions, governed
by the radion potential, starts to grow. During this time, the
non-compact dimensions shrink and the radiation con-
tained on the visible brane blue-shifts. Once the radiation
on the brane and radion potential have equal sizes, the
contraction of the visible dimensions would stop.

In typical scenarios for which Ref. [9] aims to provide a
cosmological framework, the radion eventually reaches the
minimum of its potential where the extra dimensions attain
their final stabilized size. After this point, the evolution of
Universe will resemble the standard 4-d picture, at low
energies. A generic problem in this scenario is that the
radion ends up as an oscillating modulus which is long-
lived on cosmological timescales and can lead to early
matter domination and possible conflict with cosmological
data. This could be addressed, for example, by a brief
period of secondary inflation, diluting the energy density in
the radion field [9].

We will consider the framework of Ref. [9], outlined
above, but depart from it by adding an interlude to the
evolution of the cosmos before it ends up with stable extra
dimensions. In our modified scenario, the radion potential
initially has a different minimum corresponding to larger
compact dimensions than arrived at eventually. This inter-
vening cosmological era would then be governed by a 4-d
gravitational interaction that could have been significantly
weaker than the one observed today. Below, we will argue
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that the general demands of our proposed scenario do not fit
within the specific model assumed in Ref. [9], where the
radion potential acts as the main source of inflation.
Assuming that the radion potential V4(R) is the source
of inflation along the 3-brane dimensions, corresponding to
the visible world, the primordial density perturbations are

given by [9]
1/2
" e

o 5

p 12n(MFR,>"S[
where R; is the size of the extra dimensions during inflation
and S is a parameter that needs to be O(1073) for a
consistent inflationary scenario. To avoid significant devi-
ations from scale-invariant perturbations, as required by
data, R; should be approximately constant, R; ~ M7,
during inflation.

As we will discuss below, the largest reheat temperature
~QO(GeV), consistent with cosmological constraints, can
be attained for maximal n, and so we will mostly focus on
the case with n = 6 extra dimensions and My 2 10 TeV,
for general consistency with experimental bounds that we
will discuss later. This implies that in order to have a
suppressed Hubble constant during freeze-out, the radion
potential may only transition to its “late” Universe mini-
mum, corresponding to the present value of Mp, at
T < GeV. This would typically demand that V 4 is
governed by scales SO(GeV). Using Eq. (2), the preceding
considerations imply that 8p/p <7 x 1078, which is well
below the measured value ~(9(10‘5 ) [1]. Note that here,
the spectral index ng is given by [9]

Vrad(RI)
12n(n — 1)M4

1 —n, < n(n+2)0(S). (3)

Since the measured value is n, ~0.97 [8], choosing
S < 1073 is not a viable option for enhancing the density
perturbations in Eq. (2).

Given the above analysis, we then assume that an
appropriate brane-localized potential is present for an
inflaton @, such that it allows for sufficient inflation of
~60 e-folds, or more, to address large scale features of the
cosmos. The density perturbations produced during the
slow roll of @ are given by

% B (@
p @
where

1~y
n n
MF2RY

gives the inflationary Hubble scale and @ is the time
derivative of ®. During inflation, 3H,® ~ —dV(®)/d®,
which is subject to the slow-roll condition

(0} )
av@) Ve .
d® "~ Mp(MgR;)"?
We thus have
5, V(D)2
b, V(@) (7)

p "~ ME(MpR;)"

For MR, ~ 1, choosing V(®)'/? ~ (100 GeV)? can then
easily yield the observed level of density perturbations.

Based on the above discussion, we may then assume that
the radion potential stays at a minimum that yields R > R,
where R, is today’s size of extra dimensions, until after
freeze-out at T < GeV. We note that for

= (8)

the intermediate value of Planck mass would be x"/? times
larger and the corresponding Hubble constant would be
smaller by that amount. This would allow consideration of
thermal relic DM with O(10) times smaller annihilation
cross sections than in the standard picture, for x ~2
and n = 6.

A. Constraints on extra dimensional cosmology

During the period where the compact extra dimensions
are changing size, the (4 + n)-dimensional metric is
approximately described by the Kasner solutions [9],

t 2k t 21
ds* = d* — a? (t_> dx} - b? (;) dyy, )

i i

where a; and b; are the initial scale factors for the 3 large
and n compact dimensions, respectively, and ¢; is the initial
time where the contraction of the compact extra dimen-
sions begins. For the case where the compact dimensions
are contracting, the values of k and / in the exponents are
given by

k:3—|—\/3n(n+2)

3(n+3)

[ A ) V3n(n—|—2) (10)

n(n+3)

Note that these are the solutions with opposite sign from
those considered in Ref. [9]. For n = 6 extra dimensions,
we obtain k =5/9 and [/ = —1/9. This implies that if
the compact dimensions shrink by a factor of «, then the
large dimensions will increase in size by a factor of «°.
Since the temperature cools as the 3-dimensional universe
expands, we require that the anomalous expansion from
the Kasner phase ends before the temperature falls below
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Tgpgny =2 MeV [10,11], to avoid significant deviation
from standard BBN. This means the Kasner phase must
begin before

Tin & Klk/l‘TBBN- (11)

The presence of large extra dimensions allows for
production of light Kaluza Klein (KK) gravitons in the
early Universe which could cause conflict with observa-
tional data. To avoid such problems, one is led to assume
that the Universe did not attain a high reheat temperature,
which limits the scope of cosmological models considered
in this framework. These considerations were revisited in
Ref. [12], and the most stringent constraint, based on
preserving the products of the BBN, was determined to be

n+2
<rTmaX> * s 10—31 , (12)
Mp

where r &~ 6 is a numerical factor, and T, is the maximum
reheat temperature.

To adapt the above bound (12) to our Adagio scenario,
we multiply the left-hand side by a factor /2 to account
for the fact that we assume a value of Mp o R"/? during the
relevant cosmological era that is /2 times larger (to avoid
excessively complicated results, we have only considered
this factor that gives the main effect for general n). An
additional factor of x should also be included to reflect the
growth of the graviton KK mass scale by ~« after the extra
dimensions shrink to their late Universe size; the more
massive the relic that decays, the more stringent the bound
from BBN on its abundance [12]. With these modifications,
we obtain the following relation that applies to our scenario

10—31/(n+2)

Tmax STMF (13)

The above bound could be somewhat alleviated if one
accounts for the nonhadronic decay channels of KK
gravitons [12], but we adopt it to be more conservative.
As can be seen from Eq. (13), the dependence of T',,, on
k < 10 is not very strong. Requiring 7', < Thax 1€ads to

My > rK|k/l\+l/21031/(;1+2)TBBN_ (14)

The temperature where the radion potential readjusts to
its late value will be taken to be well below the freeze-out
temperature which implies 7, << T,,... This allows for a
simpler and more transparent treatment of the cosmic
evolution in our work. Hence, we can assume that the
DM relic abundance is set while the value of Mp is larger
than today’s value, but constant.

III. DEMONSTRATION WITH DARK PHOTON
MEDIATED DARK MATTER

For the purpose of demonstration, we present an
analysis using a concrete dark matter model with fer-
mionic dark matter coupled to a dark photon, associated
with a dark U(1), gauge interaction, which kinetically
mixes with the SM photon. We will assume that the dark
sector is localized on the same brane as the SM content,
making it effectively 4-dimensional. For more general
treatments of dark photon and kinetic mixing in extra
dimensional models see, for example, Refs. [13-15],
where other possible effects may also allow circumvention
of the CMB bounds considered here.

The phenomenologically relevant part of the
Lagrangian is

L=liP=m )t~ Fu P~ SF 4 "2 Al (15)
with dark matter field y, of unit U(1), charge, dark photon
field A, dark photon field strength tensor F,,, and ordinary
photon field strength tensor F**. The covariant derivative
D, = d, + iepA,;, has gauge coupling ep, and “dark fine
structure constant” ap = e3,/(4x).

When 2m, < m,, the annihilation of y is through an off-
shell dark photon to SM charged particles. The s-wave
thermal cross section for this annihilation to some charged
particle with mass m, charge Q, and number of colors 7,. is
given by (see, e.g., Ref. [16] for the general formalism,
Ref. [17] for the treatment applicable to dark photons, and
Ref. [18] for a simplified expression in the limit my < m, )

- _(2) 2 “ g 2" (16)
m; (my — 4mZ)

(ov) = 8raapen, Q?

In the very early universe, this annihilation cross section,
together with the Hubble expansion, sets the relic abun-
dance via thermal freeze-out, and at later times, these same
annihilations will affect the CMB. On the other hand, the
dark photon can be produced on-shell in collisions of SM
particles at colliders, with the dark photon then decaying
invisibly to dark matter almost 100% of the time. This leads
to the search channel of mono-y plus missing energy at
ete™ colliders.

To determine the relic density, the following equations
from Ref. [19] are used:

xp = In[0.038(j + 1)(9/+/9:)Mpm,, 6]
— (/+1/2)In{In[0.038(j + 1)(g/\/9:)Mpm,00]}.
(17)

where x; = m, /T, determines the freeze-out temperature
T g is the internal degrees of freedom of the relic, g,
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Dark Photon Mediated Dark Matter,
ma=3my,ap=0.5,10xMp,n=6
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FIG. 1. Plot of dark matter mass m,, versus kinetic mixing € in a

dark photon mediator model with @ = 0.5 and dark photon mass
my = 3m,,. Constraints from Planck [8] (green), BABAR [20]
mono-y searches (blue), and projected reach from Belle IT [21]
mono-y searches (red dotted) are shown. Curves showing the
parameter space that reproduces the observed relic abundance for
standard cosmology (black, dotted) and for our Adagio cosmol-
ogy with 10 times larger Mp (black, solid) in the early universe.
The constraint on 7', is shown by the vertical orange solid line,
Tmax for Mp = 13 TeV (within LHC reach) corresponds to the
vertical orange dashed line, and T, for My = 50 TeV (within
FCC-hh reach) is the vertical orange dotted line.

counts the relativistic degrees of freedom at freeze-out; for
s-wave annihilation j = 0 and 67 = (ov). The relic energy
density in y is then given by

i+ 1)x/ " Gev!
Q,h? = 1.07 x 10° Ut Dy :
V9:Mpoy

(18)

where h ~ 0.67 [1]. For the thermal freeze-out mechanism
to work, it is required that

Tmin < Tf < Tmax~ (19)

The cold dark matter energy density of the Universe is
observed to be Qcpyh? = 0.12 [1]. In our Adagio scenario,
My at the time of freeze-out is given by

Mp = Mp k"2, (20)

where « is as in Eq. (8) and Mpy~ 1.2 x 10! GeV is the
value of the 4-dimensional effective Planck mass today.
Since both Eq. (17) and Eq. (18) depend on the product
Mo, alower cross section can be exactly compensated by
a larger Planck mass to produce the same relic abundance at
the same freeze-out temperature.

Figure 1 shows how the Adagio cosmology modifies the
parameter space that leads to thermal relic dark matter, along
with the relevant constraints from CMB measurements from

Dark Photon Mediated Dark Matter,
ma=2.5my,ap=0.5,10xMp,n=6

0.005[

0.001 ¢

5x107*F

1x1074F Q,,h?, Adagio
B - Qn?, Standard

5x10 / Planck 2018 ]

BABAR 2017

-------- Belle 1l 50ab™" proj.
1x10°5 L H L L : L
1 2 5 10 20
my[GeV]

FIG. 2. Same as in Fig. 1 except with parameters ap = 0.5 and
dark photon mass my = 2.5m,,.

Planck [8], mono-y searches from BABAR [20], and pro-
jections for mono-y searches at Belle II [21] for the choice
of model parameters ap, = 0.5 and my = 3m,. Figure 2
shows the same curves for the choice of model parameters
ap = 0.5 and my = 2.5m,,. Figure 3 also shows similarly
for the choice of model parameters a, =0.2 and my =3m,,.
Based on the allowed temperature range from Eq. (19), m,
could be as large as x;Tp,, which for typical values
of x;~20 and Ty, ~1 GeV (for My = 50 TeV) leads
to m, < 20 GeV.

IV. POSSIBLE SIGNALS

The main motivation for large extra dimensions is to
solve the hierarchy problem by placing the electroweak
scale close to the fundamental scale of gravity M. In this
case, quantum gravity effects can be searched for at
colliders. A variety of ATLAS [22,23] and CMS [24,25]
searches have constrained the fundamental scale to be well

Dark Photon Mediated Dark Matter,
mp=3my,ap=0.2,10xMp,n=6

0.005f

0.001f

5x107F

Q,,h?, Adagio

1x107E b s Qnh?, Standard 1

sx105F | Planck 2018 B
3 BABAR 2017
3 ........ Belle Il 50ab™" proj.
| :

1x107 . H . p —

b > 5 10 20
my[GeV]
FIG. 3. Same as in Fig. 1 except with parameters aj = 0.2 and

dark photon mass my = 3m,,.
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above the TeV scale, with the strongest limits requiring
Mg 2 9.2 TeV [24]. The ultimate LHC reach for the
fundamental scale is at My = 13 TeV [23]. As center of
mass energy is critical for reaching much larger values
of My, we expect that a future hadron collider with center
of mass energy of 100 TeV [26] would be able to access
My <100 TeV.

The large extra dimension framework naturally points to
thermal relic DM around the GeV scale, which can be
made compatible with the CMB constraints in the Adagio
scenario. The dark photon mediator can be searched for
experimentally. While there are many collider searches for
dark photons, in this scenario, the dark photon decays to
dark matter instead of to SM final states. Searches for
mono-y at Belle I [21] can, in principle, probe some of the
relevant parameter space in our scenario, as seen in
Figs. 1-3, but that region of parameters is disfavored by
the Planck limits.

Most of the mass region in our dark photon mediated
realization of the Adagio scenario will require higher
energy, with comparable integrated luminosity to that of
Belle II of 50 ab~!. A future lepton collider with high
luminosity, such as FCC-ee or CEPC, could search for dark
photons beyond the mass reach of Belle II [27]. We note
that the cross section for ete™ — yA’, in the limit mi, < s,
scales as 1/s [28], where s is the center of mass energy. For
a lepton collider with s = m%, where m; = 91.2 GeV is
the Z vector boson mass, integrated luminosities of
O(100 ab~!) have been envisioned [27]. Since the cross
section for A’ production at such a facility would be ~100
times smaller, compared to that at Belle II, we then expect a
sensitivity to e that is ~10 times worse. Hence, for a future
circular lepton collider operating at the Z pole, we expect a
sensitivity to € ~ 5 x 1074, for m, = 10 GeV, correspond-
ing to m, 2 3 GeV in Fig. 1.

V. POTENTIAL ALTERNATIVE UTILITY

Here, we will examine “freeze-in” [29] as a possible
alternative mechanism for the production of DM. In this
framework, DM and its associated interactions are never in
thermal equilibrium. This points to very feeble interactions
between the visible components of the cosmic energy
density and the dark sector. It is interesting that such a
connection between the two sectors could actually be
motivated by astrophysical data that seem to favor non-
standard cooling mechanisms for stellar objects [30]. This
could be realized through the coupling of electrons, for
example, to a light boson.

Let us, for simplicity, assume that a light scalar ¢, in the
keV regime, couples to electrons with strength y,. One can
roughly take y, ~ 10~!% [31] to be in the regime of interest
for a possible explanation of anomalous stellar cooling
hints. A rough estimate of the freeze-in abundance Y, =
n,/s produced via the light mediator ¢, where n,, is the DM

number density and s ~ g, 7" is the entropy density, can be
obtained from

Mp
Y, ~Wyeyy 5 (21)
g:"’m,

with w a numerical factor of O(z7°) [29] and y, the
coupling of ¢ to DM y. For m, ~ 0.1 GeV, as an example,
DM self-interaction limits require y, < 1073 [31]. For
gx ~ 10, using m, ~ 0.1 GeV, for example, we see that
Y, is much smaller than the ~107 required.

How about an interaction with muons? Let us assume
the coupling y,¢jiu. One can estimate the rate for urum -
y¢ as ~ay/%T. Requiring this process to be out of
equilibrium (for a freeze-in scenario and to avoid over-
producing ¢, which could act as extra radiation and cause
tension with BBN), would yield y, < 10~ and hence we
may adopt y, ~ 107'%. Using Eq. (21) with y, — y,, we
find ¥, ~ 107'%, which is about O(10) too low. However,
in an Adagio scenario with Mp — O(10)Mp, one may
accommodate a freeze-in mechanism using muon initial
states. At the same time, the coupling of ¢ to electrons
may provide an explanation of anomalous stellar cooling,
mentioned above.

Here, we also note that for mXNO.l GeV we may
assume that the reheat temperature is ~0.1 GeV. In that
case, since the mass of the tau lepton m, ~ 1.8 GeV there
would be a suppressed thermal 7 population. Thus, one may
assume that its coupling to ¢ is larger than that to muons,
g. ~ 1078, without overproducing ¢. A 2-loop diagram can
induce [32]

gfaz

~ 1622 (m,/mg), (22)

09,

where ¢ = u, 7. Here, a roughly m% scaling of lepton
couplings to ¢ has been assumed, as a possibility.

For g,(g.) ~107'°(107%), we then find &g~
10718(10-17), which does not exceed g, required by the
stellar cooling hints [31]. Therefore, the above can represent
phenomenologically consistent choices of parameters.

More detailed calculations are needed for more reliable
estimates and the preceding discussion is only meant to
elucidate another potential application of our Adagio
cosmological scenario.

VI. CONCLUDING REMARKS

We have shown how extra-dimensional models can
realize a changing Mp, slowing the timescales of early
universe cosmology. Using this Adagio mechanism to
reduce the Hubble expansion in the early universe, GeV-
scale thermal relic dark matter, disfavored by CMB con-
straints, becomes viable again. Naturalness arguments that
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the electroweak scale should not be too separated from the
fundamental scale of gravity also point to the GeV scale for
thermal relics in this scenario. In such a case, the LHC or
future hadron colliders can directly look for quantum
gravity effects. This new avenue for producing thermal
relics with the correct abundance provides a new motivation
for GeV-scale dark sector searches.

Though we focused on low mass thermal relic DM
production, an Adagio scenario can, in principle, be
implemented in other contexts as well. This could poten-
tially affect what is often called the unitarity bound on the
thermal relic DM mass, which requires it to be below
~100 TeV [33]. If the minimum requisite annihilation
cross section can be lowered below the canonical values,
one could entertain DM masses above this bound.
However, this scenario would require My to be much
larger than that considered in this work to allow reheating
to much higher temperatures.

Another potential consequence of a smaller Hubble rate,
corresponding to larger causally connected volumes, could

be in the relation between the temperature at which
primordial black holes may form in the early Universe
and their typical masses. In the presence of an Adagio
interlude, one would generally expect larger masses for
such black holes, given the larger collapsing Hubble
volume, at a given temperature.

Of course, one may also entertain the opposite Allegro
scenario, where the Hubble rate is larger than the standard
value as a function of temperature (or energy density, in
general). This could, for example, allow larger cross
sections for thermal relics than the typical expectation,
providing other alternatives for viable DM models.
However, we will not discuss this possibility further here
and leave it for future work.
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