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It was recently understood that if the swampland conjectures are confronted to experiment they
naturally point to a solution of the cosmological hierarchy problem in which the smallness of the dark
energy is ascribed to an internal (dark) dimension with characteristic length scale in the micron range. It
was later inferred that the universal coupling of the Standard Model fields to the massive spin-2 Kaluza-
Klein (KK) excitations of the graviton in the dark dimension leads to a dark-matter candidate. Since the
partial decay widths of KK gravitons into the visible sector must be relatively small to accommodate
experiment, the model is particularly challenging to probe. We show that the model can accommodate
neutrino masses associated to right-handed neutrinos propagating in the bulk of the dark dimension with
an additional constraint imposed by neutrino oscillation data. After that, we study the impact of the KK
tower in cosmology. We show that the modulation of redshifted 21-cm lines driven by KK → γγ could be
within the reach of next generation experiments (e.g., SKA and FARSIDE). We also show that indirect
dark-matter searches could uncover the KK → γγ signal. These two observations combined have the
potential for model identification. Finally, we explore the global structure of the inflationary phase and
demonstrate that the model parameters required for a successful uniform inflation driven by a five-
dimensional cosmological constant (corresponding to a flat region of the five-dimensional potential)
are natural.
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I. INTRODUCTION

It was recently pointed out that combining the distance
conjectures [1,2] of the Swampland program [3] with the
smallness of the dark energy in Planck units (Λ ∼ 10−120M4

Pl)
and confronting these ideas to experiment [4–6] lead to the
prediction of a compact dark dimension with characteristic
length scale in the micron range [7]. The dark dimension
opens up at the characteristic mass scale of the Kaluza-Klein
(KK) tower,mKK ∼ Λ1=4=λ,where physicsmust bedescribed
by a five-dimensional theory up to the “species scale,”

MUV ∼ λ−1=3Λ1=12 M
2=3
Pl , which can be regarded as the

higher dimensional Planck scale, with 10−1 ≲ λ≲ 10−4.1

The dark dimension model carries with it a rich phenom-
enology [10–14]. In particular, it was observed in [13]
that the universal coupling of the Standard Model (SM)
fields to the massive spin-2 KK excitations of the graviton
in the dark dimension provides a dark-matter candidate.
Complementary to the dark gravitons, it was discussed in
[11] that primordial black holes with Schwarzschild radius
smaller than a micron could also be good dark-matter
candidates, possibly even with an interesting close relation
to the dark gravitons [14].
In the dark dimension graviton (DDG) model the cosmic

evolution of the hidden sector is primarily dominated by
“dark-to-dark” decays, yielding a specific realization of the
dynamical dark-matter framework [15]. The tower of KK
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1Throughout we defined the species scale in terms of the
reduced Planck mass MPl rather than the Planck mass as in [8,9].
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states propagating in the incredible bulk provides a rich
playground for novel cosmological signals. Herein, we
confront DDG predictions to experiment and demonstrate it
may represent a viable alternative to the Λ cold-dark-matter
(CDM) model.
The layout of the paper is as follows. We begin in Sec. II

with a concise summary of neutrino masses, mixing, and
oscillations within the context of bulk-neutrino models
[16–20].2 Using observational bounds on large extra
dimensions we obtain constraints on the parameter space
of the DDG model enriched with bulk right-handed
neutrinos. In Sec. III we develop a two-step test to
unambiguously distinguish DDG predictions from those
of ΛCDM and its extensions. High-redshift postreioniza-
tion cosmology with 21-cm lines allows us to perform a
tomographic study of the dark ages and cosmic dawn. We
show that there is a promising region of the DDG parameter
space in which the modulation of redshifted 21-cm lines
driven by KK → γγ will be within the reach of next
generation experiments. Exploring in the same promising
region of the parameter space, we estimate the evolution of
dark matter over the age of the Universe to pin down the
mass of the dark graviton today. Choosing DDG parameters
from the indicated domain, we demonstrate that the
sensitivity of indirect dark-matter searches targeting dwarf
spheroidal galaxies are extremely competitive to detect the
KK decay products in the local universe. Owing to the
particular evolution of the dark-matter mass, a successful
observation of both low- and high-redshift signals would
allow a well-defined identification of the DDG model. In

Sec. IV we explore the global structure of the inflationary
phase within the context of the dark dimension. We
demonstrate that the model parameters required for a
successful uniform inflation driven by a five-dimensional
cosmological constant (corresponding to a flat region of the
five-dimensional potential) are natural. The paper wraps up
with some conclusions presented in Sec. V.

II. CONSTRAINTS FROM NEUTRINO

OSCILLATION EXPERIMENTS

We adopt the working assumption that neutrino masses
originate in three five-dimensional fermion fields
Ψα ≡ ðψαL;ψαRÞ, which are singlets under the SM gauge
symmetries and interact on our brane with the three active
left-handed neutrinos ναL in a way that conserves lepton
number, where the indices α ¼ e, μ, τ denote the generation
[16–20]. From a four-dimensional perspective, each of the
singlet fermion fields can be decomposed as an infinite
tower of KK states, ψ κ

LðRÞ, with κ ¼ 0;�1;…;�∞. The

right-handed bulk states ψ κ
R combine with the left-handed

bulk components ψ κ
L to form Dirac mass terms, which

derive from the quantized internal momenta in the dark
dimension. The bulk states also mix with the active left-
handed neutrinos through Dirac-like mass terms.

Redefining the bulk fields as ν
ð0Þ
αR ≡ ψ

ð0Þ
αR and ν

ðKÞ
αLðRÞ≡

ðψ ðKÞ
αLðRÞ þ ψ

ð−KÞ
αLðRÞÞ=

ffiffiffi

2
p

, after electroweak symmetry break-

ing the mass terms of the Lagrangian take the form

Lmass ¼
X

α;β

mD
αβ

�

ν̄
ð0Þ
αLν

ð0Þ
βR þ

ffiffiffi

2

p X

∞

K¼1

ν̄
ð0Þ
αLν

ðKÞ
βR

�

þ
X

α

X

∞

K¼1

mK ν̄
ðKÞ
αL ν

ðKÞ
αR þ H:c:

¼
X

3

i¼1

N̄iRMiNiL þ H:c:; ð1Þ

where mD
αβ is a Dirac mass matrix, mK ¼ K=R ¼ KmKK,

NiLðRÞ ¼ ðνð0Þi ; ν
ð1Þ
i ; ν

ð2Þ
i ; � � �ÞT

LðRÞ; and Mi ¼

0

B

B

B

B

B

@

mD
i 0 0 0 …

ffiffiffi

2
p

mD
i 1=R 0 0 …

ffiffiffi

2
p

mD
i 0 2=R 0 …

.

.

.
.
.
.

.

.

.
.
.
.

.
.

.

1

C

C

C

C

C

A

; ð2Þ

and where mD
i are the elements of the diagonalized Dirac

mass matrix ¼ diagðmD
1
; mD

2
; mD

3
Þ. Greek indices from the

beginning of the alphabet run over the three active flavors
(α; β ¼ e, μ, τ), Roman lower case indices over the three
SM families (i ¼ 1, 2, 3), and capital Roman indices over

the KK modes (K ¼ 1; 2; 3;…;þ∞). Note that ψ
ð0Þ
αL

decouples from the system. For the configuration at
hand,

2Neutrino masses in relation to the swampland program were
discussed in [21,22].
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mD
i ≈

yihHi
ffiffiffiffiffiffiffiffiffiffiffiffiffi

RMUV
p ; ð3Þ

where yi are the Yukawa couplings and hHi the Higgs
vacuum expectation value.
A quantity of pivotal interest isPðνα → νβÞ, which defines

the probability of finding a neutrino of flavor β in a beam that
was born with flavor α and has traveled a distance L. Armed
with the Lagrangian (1) it is straightforward to parametrize
Pðνα → νβÞ in terms of three mixing angles (θ12, θ13, θ23), a
Dirac CP-violating phase (δ13), and the solar (Δm2

21
) and

atmospheric (Δm2

31
) mass differences [16–20]. Short- and

long-baseline experiments constrain the standard six oscil-
lation parameters and two extra parameters taken to beR and
m0 ≡mD

1ð3Þ for the normal hierarchy m3 > m2 > m1 ¼ m0

and (inverted hierarchy mD
2
> mD

1
> mD

3
¼ m0) [19,23].

The most recent analysis of neutrino oscillations, combining
data from MINOS=MINOSþ, Daya Bay, and KATRIN,
gives R < 0.4 μm, for the normal hierarchy, and
R < 0.2 μm, for the inverted hierarchy, both upper limits
at 99% C.L. [24].3 This implies that mKK ≳ 2.5 eV, and
therefore λ≲ 10−3. The associated upper limit on the
compactification radius R is 2 orders of magnitude below
the previously predicted maximum size of the dark dimen-
sion. The less restrictive bound is based on null results in the
search for deviations from Newton’s gravitational inverse-
square law in the short length-scale regime [4,5].

III. TWO-STEP TEST OF DYNAMICAL

DARK GRAVITON COSMOLOGY

This section describes an overall framework for DDG
model identification. We show that observations at low and
high redshift from next generation experiments could be
used to unequivocally identify the cosmic evolution of the
incredible bulk [15]. As an illustration, we proceed here
with normalization of the model parameters at high redshift
to establish model predictions for the local Universe; but of
course, this direction can be turned the other way around.

A. Probing the dark dimension

with highly redshifted 21-cm line

During the emission of the cosmic microwave back-
ground (CMB) at redshift zCMB ∼ 1100, matter dominates
the energy density of the Universe. The number density of
baryons is mostly composed of neutral hydrogen atoms
(HI), together with a smaller Helium (He) component,
xHe ¼ nHe=nHI

≃ 1=13, and a small percentage of free
protons and electrons, xe ¼ ne=nHI

¼ np=nHI
, which varies

from about 20% at zCMB to roughly 2 × 10−4 at z ∼ 20 [27].
After the gas thermally decouples from the photon temper-
ature at zdec ∼ 150, most of the hydrogen gas is in its
ground state, whose degeneracy is only broken by the
hyperfine splitting of the spin-0 singlet and spin-1 triplet. In
the rest frame of the gas, the energy gap between these two
spin states is E21 ¼ 5.9 × 10−6 eV ≃ 2π=21 cm, corre-
sponding to a ν21 ¼ 1.4 GHz spectral line. The relative
number density of the two spin levels, n1=n0 ¼ 3e−E21=Ts ,
defines the spin temperature Ts, where the factor of 3
comes from the degeneracy of the triplet excited state.
Because of the 21-cm transitions, for a given redshift
z < zdec, a shell of HI can act as a detector of the
background photons [28]. The observable is the 21-cm
brightness temperature relative to the photon background

T21ðzÞ ≃ 27 mK xHI
ðzÞ

�

0.15

Ωmh
2

�

1=2
�

1þ z

10

�

1=2

×

�

Ωbh
2

0.02

��

1 −
TγðzÞ
TsðzÞ

�

; ð4Þ

where Ωm and Ωb are the present day values of the non-
relativistic matter density and baryon energy density as a
fraction of the critical density, and where h is the Hubble
constant in units of 100 km=s=Mpc [29]. Note that if the
photon temperature exceeds the spin temperature (T21 < 0)
there will be net absorption and in the opposite case
(T21 > 0) net emission. For ΛCDM, Tγ is given by the
CMB thermal radiation, with temperature TCMBðzÞ ¼
2.725 Kð1þ zÞ.
From the dark ages (1100≲ z≲ 30) to cosmic dawn

(30≲ z≲ 15) and the subsequent epoch of reionization, the
evolution of T21 can be schematically described by five
distinctive regimes: (i) For zdec < z < zCMB, the non-
negligible number of free electrons couples the gas to
radiation, Tγ ¼ Tgas ¼ Ts, and there is no 21-cm signal
because T21 ¼ 0. For z < zdec, the gas cools down more
rapidly than CMB radiation, but the gas temperature has a
minimumvalue set by its primordial heating due to Thomson
scattering, and soTgasðzÞ ¼ TCMBðzÞð1þ zÞ=ð1þ zdecÞ. (ii)
For 30≲ z < zdec, gas collisions are efficient enough to
couple the spin and gas temperatures, i.e., Ts ≃ Tgas. This
means T21 < 0, and therefore an absorption signal is
expected during the dark ages. (iii)At z ≃ 30 the gas becomes
so rarified that the collision rate becomes too low to enforce
Ts ≃ Tgas, and the 21-cm signal is again suppressed T21 ≃ 0

because Ts ≃ Tγ . (iv) At cosmic dawn z≲ 30, the first stars
fired up, making the Lyman-α coupling strong, and thereby
the spin temperature is expected to be coupled to the gas
kinetic temperature, i.e.,Tgas ≈ Ts. AgainT21 < 0, implying
an absorption signal. (v)During the epoch of reionization the
gas gets reheated by astrophysical radiation yielding
Ts ≃ Tgas > Tγ , so that T21 turns positive and one has an
emission signal from the regions that are not fully ionized.

3A point worth noting at this juncture is that in the presence of
bulk masses, right-handed neutrinos propagating in the dark
dimension can induce electron-neutrino appearance effects [25].
These effects can help relax the bound on R and have the potential
to address the LSND ν̄μ → ν̄e anomaly [26].
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Eventually all gas gets ionized until the fraction of neutral
hydrogen vanishes and the signal switches off again.
The experiment to detect the global epoch of reionization

signature (EDGES) recorded the first measurement of the
global 21-cm spectrum. The data are consistent with an
absorption profile at z ∼ 15–20, with a minimum at zE ¼
17.2 where T21ðzEÞ ¼ −500

þ200

−500
mK at 99% C.L., includ-

ing estimates of systematic uncertainties [30]. Using (4)
with xHI

≃ 1 the EDGES observation implies Tgas≃

TsðzEÞ < 3.3 K, wherefore in tension with ΛCDM
that predicts the minimum gas temperature to be
TΛCDM
gas ðzEÞ ≃ 6 K.4

The EDGES 21-cm signal severely constrains new
physics processes which are capable of heating up the
intergalactic medium prior to the reionization time, e.g., via
energy injection from annihilation [33] or decaying [34–
36] dark matter. For sub-MeV dark matter, EDGES bounds
on the partial decay width into two photons are stronger
than CMB-based limits [37] by 1 to 2 orders of magnitude.
We now turn to investigate how the EDGES bound

impacts the allowed parameter space of the DDG model.
We begin by considering a tower of equally spaced dark
gravitons, indexed by an integer l, and with mass
ml ¼ l mKK. The partial decay width of KK graviton l
to SM fields is found to be

Γl
SM ¼ λ̃2m3

KK l3

80πM2

Pl

; ð5Þ

where λ̃ takes into account all the available decay channels
and is a function of time [38].
The cosmic evolution of the dark sector is mostly driven

by “dark-to-dark” decay processes, which regulate the
decay of KK gravitons within the dark tower [13]. In
the absence of isometries in the dark dimension, which is
the common expectation, the KK momentum of the dark
tower is not conserved. This means that a dark graviton of
KK quantum n can decay to two other ones, with quantum
numbers n1 and n2. If the KK quantum violation can go up
to δn, the number of available channels is roughly lδn. In
addition, because the decay is almost at threshold, the phase
space factor is roughly the velocity of decay products,

vr:m:s: ∼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

mKKδn=ml

p

. Putting all this together we obtain
the total decay width,

Γl
tot ∼

X

l0<l

X

0<l00<l−l0
Γl
l0l00 ∼ β2

m3

l

M2

Pl

×
ml

mKK
δn

×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

mKKδn

ml

s

∼ β2 δn3=2
m

7=2
l

M2

Plm
1=2
KK

; ð6Þ

where β parametrizes our ignorance of decays in the dark
dimension [13].
We further follow [13] to estimate the time evolution of

the dark-matter mass and assume that for times larger than
1=Γl

tot dark matter which is heavier than the corresponding
ml has already decayed, yielding

ml ∼

�

M4

Pl mKK

β4δn3

�

1=7

t−2=7; ð7Þ

where t indicates the time elapsed since the big bang.
All in all, the recombination history of the Universe

would be modified by dark gravitons decaying into SM
fields, as these visible fields inject energy into the (pre-
recombination) photon-baryon plasma and (postrecombi-
nation) gas and background radiation. The energy injection
would increase the ionization of the gas, the atomic
excitation of the gas, and the plasma/gas heating. These
three processes would therefore increase the residual
ionization fraction (xe) and baryon temperature after recom-
bination. Consistencywith CMB anisotropies requiresΓl

γγ <

5 × 10−25 s−1 between the last scattering surface and reio-
nization [37]. In our calculations we set λ ∼ 10−3 to accom-
modate neutrino masses with three generations of massless
bulk fermions. Taking λ̃ ¼ 1 to set out the decay into photons
we can use (5) to find that the CMB requirement is satisfied
for l≲ 108 at the time tMR ∼ 6 × 104 yr of matter-radiation
equality. In other words, by setting λ̃ ∼ 1 and mlðtMRÞ ≲
1 MeV we find that the evolution of ml with cosmic time
given in (7) is such that at the last scattering surface the
dominant KK state in the dynamical dark-matter ensemble
has the correct decay width to accommodate the CMB
constraints. This is shown in Fig. 1 where we display
Γl
γγðtÞ normalized to mlðtMRÞ ¼ 1 MeV.

FIG. 1. Γl
γγ as a function of the age of the Universe. The curve is

normalized to a dark-matter mass of 1 MeVat the time of matter-
radiation equality. Bounds on the partial decay width of dark
matter decaying into two photons from CMB anisotropies [37],
21-cm absorption line detected by EDGES [35,36], and the bullet
cluster [39] are shown for comparison. The age of the Universe is
taken to be 13 Gyr [40].

4We note in passing that this interpretation has been called into
question in [31], and it is in tension with the SARAS3 data [32].
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As can be seen in Fig. 1, for the selected set of fiducial
parameters, DDG predictions from KK decay into SM
fields saturate current upper limits placed by EDGES data
on Γl

γγ [35,36]. This means that for this particular region of
the parameter space, DDG predictions are within reach of
next generation experiments. In particular, interferometric
experiments like the upcoming square kilometre array
(SKA) will have the sensitivity to make high-resolution
spectra of high-redshift radio sources to probe the 21-cm
signal at Cosmic Dawn [41]. The photon emission from KK
graviton decay could be distinguished from simple X-ray
heating by (i) occurring before the epoch of galaxy
formation and (ii) by depositing energy more uniformly
than would be expected from galaxy clustering [42]. The
lunar FARSIDE array will measure the dark ages global
21-cm signal at redshifts 35 < z < 200, extending the
sensitivity down 2 orders of magnitude below frequency
bands accessible to ground-based radio astronomy [43].
Thus, FARSIDE will provide an important test, both of KK
decays into SM fields and of the ideas discussed in
this paper.
Once the free parameters of the model have been

adjusted to accommodate 21-cm data, we can use (5)
and (7) to make predictions that can be confronted with
observations in the local Universe. For example, for
mlðtMRÞ ∼ 1 MeV, (7) leads to mlðttodayÞ ∼ 50 keV.
Now, we have seen that dark-matter decay gives the
daughter particles a velocity kick. Self-gravitating dark-
matter halos that have a virial velocity smaller than this
velocity kick may be disrupted by these particle decays.
Combined cosmological enlarged simulations of decaying
dark matter with a model of the Milky Way satellite
population rule out nonrelativistic kick speeds ≳10−4 for
a dark-matter lifetime τDM ≲ 29 Gyr at 95% C.L. [44].
However, N-body simulations of isolated dark-matter halos
seem to indicate that if τDM ≳ 60 Gyr and the kick speed
≲10−2 then the halos are essentially unchanged [45].
Setting δn ∼ 1 [46] and taking β ∼ 635 to match our
normalization [l ∼ 108 at tMR; see (7)], we obtain
τmlðtodayÞ ∼ 68 Gyr, and so the kick velocity of the decay

products, vr:m:s: ∼ 5 × 10−3, is consistent with the mass
concentration of self-gravitating dark-matter halos.5

B. Indirect dark-matter searches on dwarf

spheroidals and cluster of galaxies

In line with our stated plan, we now adopt the parameter
space within reach of 21-cm data as a benchmark, and we
confront predictions of the DDG model with null results of
indirect dark-matter searches targeting dwarf spheroidal
and cluster of galaxies. These astrophysical environments

are the best promising targets to search for signals of
decaying dark matter in the local Universe, because they
have a low content of gas and dust, as well as a high mass-
to-light ratio, and they are free of astrophysical photon-
emitting sources. Besides, dwarf spheroidals are also
relatively nearby, and many lie far enough from the
Galactic plane to have low Galactic foreground.
There are restrictive bounds on Γl

γγ from null results of
indirect dark-matter searches targeting dwarf spheroidals and
cluster of galaxies. In particular, null results from searches by
the NuSTAR Collaboration in the direction of the bullet
cluster can be translated into an upper limitΓCDM

γγ < 10−28 s−1

for dark-matter masses in the 10 to 50 keV range [39].
Analyzing the optimal region of the phase space

explored in the previous section, we find that for our
choice of parameters, DDG predictions saturate the bullet
cluster bound (see Fig. 1), suggesting that indirect detection
dark-matter experiments are extremely competitive to
detect the KK decay products in the local Universe.

C. Recapitulation

We presented a two-step test of the DDGmodel. We have
shown that for λ̃ ∼ 1, δn ∼ 1, β ∼ 635, and mlðtMRÞ ∼
1 MeV the cosmic evolution of the dynamical KK ensem-
ble predicts via (7) a dominant particle mass of ∼900 keV
at CMB, of ∼500 keV in the dark ages, of ∼150 keV at
cosmic dawn, and of ∼50 keV in the local Universe. This is
in sharp contrast to typical dark-matter decay scenarios
with one unstable particle (such as sterile neutrinos [47]).
For our fiducial parameters, the corresponding decay
widths of KK → γγ will be within reach of next generation
experiments probing the low- and high-redshift Universe.
Thus, a combination of positive results in future observa-
tional campaigns can be used to pinpoint the DDG model.

IV. HIGUCHI BOUND AND

THE SHAPE OF INFLATION

In de Sitter (dS) spacetime (of radius 1=H) there exists an
absolute minimum for a field of spin-2 and mass m2 set by
the Higuchi bound

m2

2
≥ 2H2; ð8Þ

where H ¼ Λ2=MPl ∼ 10−34 eV is the Hubble parameter
[48]. If the bound is violated the massive spin-2 field
contains helicity modes with negative norm, which are in
conflict with unitarity. Hence, if we define the “size” of the
extra dimensions by the inverse mass of the lightest KK
excitation of the graviton, the Higuchi bound forbids any
compactification in which the extra dimensions are larger
than and Oð1Þ factor times 1=H [49].
Now, since H ≪ mKK ∼ Λ1=4=λ, the Higuchi bound is

inordinately satisfied by the DDG construct today.
However, the Higuchi bound forbids the presence of the

5Since the model is a realization of dynamical dark matter [15],
a dedicated simulation should be done to ensure full compatibility
with the evolution of structure formation.
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DDG tower over a dS background within the mass range
0 ≤ m2

l ≤ 2H2
I , which would imply that KK excitations

could not be excited during inflation. Indeed, the inflation

scale is given by MI ¼ Λ
1=4
I ¼ 31=4

ffiffiffiffiffiffiffiffiffiffiffiffi

MI
�HI

p

, where MI
� ¼

MPl=
ffiffiffiffiffiffi

NI

p
is the strength of gravity at the inflation scale, with

NI ¼ MI
�=mKK the number of specieswithmasses below the

inflation scale. Now, using the standard formulas from slow
roll single field inflation and input from the experiment for
the amplitude of density perturbations, the Hubble factor
during inflation is found to be HI ∼ 10−4

ffiffiffi

r
p

MI
�, with r the

tensor to scalar ratio of primordial gravitational waves [50].6

If the radion is fixed during inflation (in 4 dimensions)
the Higuchi bound gives HI ≲mKK ≲ eV, implying
MI ≲ 100 GeV. To confront this obstacle we adopt the
working assumption that the Universe undergoes a period
of inflation in which the radius of the dark dimension
expanded exponentially fast, from the species length up to
the micron scale.7

The core idea behind the inflationary phase takes after
the procedure adopted in string theories with large internal
dimensions and TeV-scale gravity [53–55]. The higher-
dimensional metric is given by

ds2
5
¼ a2

5
ð−dη2 þ dx⃗2 þ r2

0
dy2Þ; ð9Þ

where η is the conformal time, a5 ¼ −1=ðHηÞ, x⃗ denotes
the three uncompactified dimensions, and r0 ∼ 1=MUV is
the radius of the dark dimension y at the beginning of the
inflationary phase. The four-dimensional decomposition in
the Einstein frame is found to be

ds2
5
¼ 1

R
ds2

4
þ R2dy2; ð10Þ

where ds2
4
¼ a2

4
ð−dη2 þ d2x⃗Þ. Comparing (9) and (10) we

arrive at a4=
ffiffiffiffi

R
p

¼ R. After inflation ofN e-folds, where the
scale factor was expanded by a5 ¼ eN, the radius becomes
R ¼ eN . Wewant r0 to grow fast up to the micron scale. This
requires 42 e-folds. Now, if R expands N e-folds, then the
four-dimensional space would expand 3N=2 e-folds as a
result of a uniform five-dimensional inflation. Hence, 42 e-
folds in R implies 63 e-folds in the noncompact space to
successfully address the horizon problem [56,57]. We can
now obtain an upper limit on the scale of inflation by noting
that for mKK ∼ 1 eV, we have MI

� ∼ 2 × 109 GeV, and
so MI ¼ 10−2MI

�r
1=4 ≲ 8 × 106 GeV.

The inflaton mass mϕ is model dependent, and we will
take it as a free parameter. To produce matter on the brane it
is sufficient to introduce a Yukawa-like coupling y of the
inflaton to brane fermions, and so the decay width is

Γ
ϕ

ff̄
∼ y2mϕ

mKK

MUV
; ð11Þ

where the last factor mKK=MUV comes from the volume
suppression. This suppression is similar to the one in (3) for
the case of bulk right-handed neutrinos. The decay width
into gravitons is Planck suppressed, and we have to carry
out only one sum up to l because δn ∼ 1. By dimensional
analysis,

Γ
ϕ
grav ∼

m3

ϕ

M2

Pl

×
mϕ

mKK
× δn ∼

m4

ϕ

M3

UV

: ð12Þ

Comparing the decay rate of SM fields (11) to that of
gravitons (12) we impose

�

Γ
ϕ

ff̄
∼
mKK

MUV
mϕ

�

>

�

Γ
ϕ
grav ∼

m4

ϕ

M3

UV

�

; ð13Þ

where we have taken y ∼ 1. All in all, (13) gives a bound for
the mass of the inflatonmϕ < 1 TeV. The suppressed decay
into gravitons ensures that the upper limit on the number of
“equivalent” light neutrino species (ΔNeff < 0.214 at
95% C.L. [40]) present in the era before recombination is
satisfied [58]. The KK decomposition of the five-dimen-
sional metric gives rise to a tower of massive physical states
of spin two, while the radion is reduced only to the four-
dimensional zeromode.This is to be contrastedwith theTeV-
scale model advocated in [59], in which the inflaton is a field
localized on the brane. However, in both cases the inflaton
decays reheat predominantly brane states while not produc-
ing significant numbers of gravitons.

V. CONCLUSIONS

In the first part of this paper we generalized studies of
large-extra-dimension models originally set up to interpret
the smallness of neutrino masses by postulating that right-
handed neutrinos, unlike SM fields, do propagate in the bulk
[16–20]. We showed that when interpreted in the context of
the dark dimension, neutrino oscillation data constrain the
characteristic mass scale of the KK tower:mKK > 2.5 eV at
the 99% C.L. This constraint represents a 2 order of
magnitude improvement over the bound on short-range
deviations from Newton’s gravitational law [4,5].
In the second part of the paper we proposed a method to

test a particular realization of the incredible bulk of
dynamical dark matter [15] in which the ensemble of
KK modes originates in a compact (dark) dimension with
characteristic length scale in the micron range [7,13]. Since
the cosmic evolution of the dark sector is driven by dark-to-
dark intraensemble decays, the model is particularly
challenging to probe. We developed a two-step process
test to unambiguously distinguish predictions of the dark
dimension gravitons from those of the ΛCDM model.

6The latest CMB observations of BICEP/Keck, combined with
those of WMAP and the Planck mission, place a strong upper
bound r ≤ 0.036 (at 95% C.L.) [51].

7Other aspects of inflation and higher spin states in relation to
the Higuchi bound were discussed in [52].
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Measurements of redshifted 21-cm lines allow us to
perform a tomographic study of the dark ages and cosmic
dawn to search for the photon emission from KK graviton
decay. We showed that the changes induced by KK → γγ

on the 21-cm signal could be within the reach of next
generation experiments and can be used to make the model
fully predictable. In particular, we can estimate the evolu-
tion of the dark graviton mass over the age of the Universe
to pin down its value today. We demonstrated that the
sensitivity of indirect dark matter searches targeting dwarf
spheroidals and cluster of galaxies is extremely competitive
to detect the KK decay products in the local Universe.
In the last part of this paper we examined the global

structure of the inflationary phase within the context of the
dark dimension. We have shown that the model parameters
required for a successful uniform inflation driven by a five-
dimensional cosmological constant (corresponding to a flat
region of the five-dimensional potential) are natural.
In closing, we comment on how to make use of the DDG

model to try resolving an emerging tension between high-
and low-redshift observations. The growth of cosmic
structure is parametrized by

S8 ¼ σ8

�

Ωm

0.3

�

0.5

; ð14Þ

where σ8 measures the r.m.s. amplitude of the clustering of
matter; more accurately,

σ2
8
¼ 1

2π2

Z

dk

k
W2ðkRÞk3PðkÞ; ð15Þ

where PðkÞ is the linear matter power spectrum at z ¼ 0

and WðkRÞ is a top-hat filter describing a sphere (in
Fourier space) with a (historically chosen [60]) radius
R ¼ 8 Mpc=h, and where h is the dimensionless Hubble
constant. Over the past few years, a tension has emerged
between S8 as inferred by constraining ΛCDM parameters
with CMB data (S8 ¼ 0.834� 0.017) [40] and as measured
from late-Universe datasets; e.g., KIDS weak lensing
surveys (S8 ¼ 0.759� 0.024) [61] and DES combined
analysis of the clustering of foreground galaxies and
lensing of background galaxies (S8 ¼ 0.776� 0.017) [62].
It was first proposed in [63] that the S8 tension can be

relaxed if a fraction of CDM is unstable and decays into
invisible massless particles. These invisible particles, which
interact only via gravity with the visible SM sector, are
generally referred to as dark radiation (DR). It is evident
that a reduction of Ωm in (14) can help accommodate the
observed discrepancy in S8. However, as the decay into DR
increases depleting the abundance of CDM at late times, the
gravitational lensing effect due to the evolving large-scale
structure is reduced. To accommodate the S8 mismatch a

high decay rate of CDM → DR is required and therefore
the lensing effect is markedly suppressed. This in turn
implies that there is less transfer of power on the CMB
spectra with respect to the reference ΛCDM. The decay
CDM → DR is well-constrained by high-lCMB data
because of the reduced small-scale anisotropies from the
massless decay products. In particular, data from the Planck
mission lead to an upper bound on the decay rate, ΓCDM

DR <

10−19 s−1 at 95% C.L. [64,65], which is insufficient to
accommodate the S8 tension.
Resolving the S8 tension requires decreasing the ampli-

tude of matter fluctuations on scales k ∼ 0.5 h=Mpc [66].
This can be achieved with decaying CDM into one massive
warm dark matter (WDM) particle and one massless
particle, both interacting only through gravitation with
SM fields. A critical difference from the previous scenario
is that the massive daughter particle could be born
relativistic at zdecay, when the expansion rate is given by
HðzdecayÞ, but behave like CDM as the Universe evolves.
The relativistic massive decay product would suppress the
formation of cosmic structure, because at production it free
streams with finite kick velocity and can escape from the
gravitational potential wells surrounding matter over den-
sities. The decay of CDM → DRþWDM produces a
change in both σ8 and Ωm and can accommodate the S8
tension if ΓCDM

DRþWDM ∼ 6 × 10−19 s−1 [66]. This is because
the WDM component partially contributes to the matter
energy density slowing down the lensing suppression of the
CMB [64]. Note that such a decay width corresponds to a
lifetime τDM ∼ 53 Gyr.More recent analyses suggest that the
parameter space that can accommodate the S8 tension
favored by current data points to τDM ∼ 100 Gyr andvr:m:s: ∼

10−3 [67–69]. While the fiducial values entertained in the
previous section (τmlðtodayÞ ∼ 68 Gyr and vr:m:s: ∼ 5 × 10−3)
are in the ballpark and it is tempting to investigatewhether the
DDG model can resolve the S8, we note that any scan of the
DDG parameter space to try to accomodate the S8 require-
ments would be in need of a full-scale numerical simulation
considering the evolution of the intraensemble KK decays
throughout the history of the Universe. Such an interesting
task is beyond the scope of the present study.
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