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1 Introduction

The origin and nature of dark matter (DM) are some of the greatest puzzles of physics today.
Observations of the CMB by the Planck satellite allow for a percent-level determination
of the relic abundance Qpyh? = 0.1200 4 0.0012 [1] but experimental evidence for non-
gravitational interactions of DM remain elusive. Given that all evidence for DM to date
relies on gravity it is an interesting possibility that it is the only connection between DM and
the Standard Model (SM). Different mechanisms for the production of particle DM with this
property have been considered, see e.g. [2-6]. Unfortunately, the preferred mass range of the
dark matter and the weak interaction strength make gravitationally produced particle DM
very hard to test and no detectable cosmological or terrestrial signatures have been found
so far. Therefore, it is very interesting to understand if there are alternatives that combine
the conceptual simplicity of exclusively gravitational interactions with more promising
observational signatures. In this work, we investigate one such possibility: extra dimensions
that are open to gravity while matter is restricted to a 4D brane. We focus on a single
extra dimension and consider two simple possibilities: Large Extra Dimensions (LED) [7]
and warped extra dimensions following a construction by Randall and Sundrum [§].
Traditionally, one of the main motivations for extra-dimensional models in particle
phenomenology was their ability to alleviate the hierarchy problem. If the effective scale
of the Randall Sundrum model (RS) is O(TeV) the observed dark matter abundance can
be produced by a thermal freeze-out but the parameter space is strongly constrained by
LHC searches for KK-gravitons [9]. Note, however, that this conclusion can be avoided
if more fields are allowed in the bulk [10-12]. In this work, we take an agnostic stance
and do not impose any restrictions on the effective scale in the 5D theory. We allow for
significantly higher KK-graviton masses in the large extra dimensions model and consider



a higher effective interaction scale in the Randall-Sundrum than conventionally preferred.
This precludes a solution to the hierarchy problems in both of these models but allows for
an alternative dark matter production mechanism: freeze-in [13].

To allow for a successful freeze-in, the interactions of DM with the SM plasma have
to be so small that the production rate is slow on cosmological time scales throughout the
evolution and DM never reaches thermal equilibrium. The slow interactions allow for a
continuous buildup of the relic density; the freeze-in mechanism has attracted significant
attention in recent years in particular since it leads to a drastically different phenomenol-
ogy compared to freeze-out, see e.g. [14-21]. Gravitational freeze-in in extra-dimensional
theories possesses some intriguing differences compared to 4D models. The most important
one is that the full tower of Kaluza-Klein gravitons contributes to the connection between
the DM and the SM. This has to be taken into account in the freeze-in computation to get
a reliable result for the relic density. In addition, in a large part of the parameter space,
the KK-gravitons are long-lived and redshift-like matter for an extended period of time be-
fore decaying to the DM. This implies that the mean momentum of the DM is significantly
higher than the temperature of the SM plasma and one expects warm dark matter that can
have a non-trivial impact on structure formation [22-24]. This motivates us to go beyond
the computation of the total relic abundance and study the velocity distribution of the
DM. Previous work on related questions can be found in [25, 26]. These analyses include
a spurious contribution to the DM yield from an unphysical high energy growth of the KK
scattering cross section [9, 27] and do not consider the effects on cosmological observable.

This paper is organized as follows: in section 2 we review the key aspects of the model
under consideration before discussing the gravitational freeze-in in section 3. We present
theoretical consistency requirements and observational limits including a computation of
the dark matter velocity distribution in section 4. These results are then combined to trace
out the allowed parameter space in the next section. Finally, we present our conclusions
in section 6.

2 The model

We work in the LED model [7] and the RS model with two branes [8].! In the following we
will briefly introduce the basic aspects of the model and some results that we require for our
subsequent computations; a more in-depth introduction can be found in e.g. [29-31]. In the
RS model, the 5D space-time is compactified under an S'/Z? orbifold symmetry yielding
a 1D bulk bounded by two 4-dimensional (4D) branes located at y = 0 and y = 7R where
y indicates the coordinate of the fifth dimension and R its size. Due to the symmetry of
the model, it is convenient sometimes to work with the dimensionless angle ¢ = y/R. The
action of the theories is given by Einstein-Hilbert gravity generalized to five dimensions

S = Spulk + Suv + Sir , (2.1)

!See e.g. [28] for a possible string motivation of this kind of models.
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where G is the determinant of the 5D metric, R the Ricci scalar and M5 the 5D Planck
mass. Ap denotes the vacuum energy of the bulk while Vv and Vig are the vacuum energy
terms on the branes. The 5D LED model can be obtained as a limiting case of this if the
size of the extra dimensions is taken to be large and the vacuum energies vanish. Lig and
Lyy are the Lagrange densities of fields that are localized to the 4D branes while gir /uv
are the 4D metric on the respective branes. For the sake of concreteness, in the following,
we will assume that the SM content of particles is localized on the IR-brane. The DM is
taken to be a Dirac fermion with only gravitational interactions that is localized on the
same brane as the SM fields.

The gravity sector particle content can be found by performing an expansion of the
5D metric around Minkowski. After fixing the gauge appropriately, the relevant degrees of
freedom of the theory are given by a tensor field corresponding to a 5D graviton, iL, and
a massless y-independent scalar field usually called radion, #. The radion is found to be
massless in such models. The existence of a massless boson would imply a fifth long-ranged
force stronger or comparable to gravity which would be in contrast with observations. To
this purpose, we add a mass term m, by hand to the Lagrangian. We remain agnostic
on the precise mechanism that generates such mass; different models have been proposed
for this purpose, see e.g. [32-34]. Typically such mechanisms generate a tower of scalar
massive states of which the radion would be the lightest. Note, that the key features of the
massless limit, such as the cancellations between different diagrams that reduce the energy
growth of scattering amplitudes [27, 35] hold in this case as well [36].

The 5D theory can be reduced to a 4D theory by the so-called Kaluza-Klein decom-
position via an orthonormal basis of functions {¢,(y)}5%,

[e.9]

(2, y) = ,vg%h$9<x>¢%<y>,
n=0 (2.3)

After integrating out the 5th dimension, a massless graviton corresponding to that of GR
and an infinite tower of massive gravitons remain. Their masses and wave functions satisfy

At S

- AW | = mi . (2.4



where Appp(y) = 1 and Ars = eyl with i ~ v/—ApR accounting for the non-zero
curvature of the bulk. In LED the KK-modes of the graviton are equally spaced, i.e.
my, = nmi where m; is the mass of the lightest graviton, and the interaction scale A = Mpy,
where Mp; = (87G)~1/2 ~ 2.4 x 10" GeV is the reduced Planck-Mass. In RS the extra
parameter allows a free choice of A &~ Mp;e ™ the masses are not equally space but rather
given by the zeros of the Bessel function of the first kind. For large KK-numbers their
spacing approaches equality to good precision since m,, = v,/ymi1 ~ w(n + 1/4)/ym mq
for large n, where -, is the n-th zero of the first Bessel J-function Ji(z). In both cases,
the scale A and m; can be used as independent parameters of the model and they can
be related to the fundamental parameters in the action, i.e. the bulk vacuum-energy and
the 5D Planck mass. In the following, we keep A as an independent variable since this is
helpful for generalizing the results to both geometries.

At leading order, the interaction of the massive gravitons and the radion with matter
is given by

1 & 1
U v g, (1)
Lint An§:1T by (z) + \/EATT’ (2.5)

where T"" is the energy-momentum tensor and T = T*"n,,,. If the nth graviton is signifi-
cantly larger than all the SM particles its width into SM final states is [9]

73 md
=——1 2.6
" 2407 A2 (2:6)
If mpy < m; the width of a KK graviton into fermionic DM particles is
- 1 m3
T'(h =——2 2.
(hn = ¥¥) = 20— (2.7)

Neglecting the width into other KK-gravitons and the radion leads to a branching ratio
into DM of B(h,, — 1)) ~ 6/293. The width of the radion into fermions is proportional
to mrmi if the decay is allowed. This leads to a suppression m?p /m2 compared to the
gravitons that is generically quite large. Thus the radion will contribute much less to the
yield than the KK-gravitons and can be neglected. Expressions of the widths including the
full mass dependence can be found in e.g. [9, 37] and are used in our numerical studies.

3 Gravitational freeze-in

In order to allow for a non-thermal production of DM the production rate I'py has to be
small compared to the Hubble rate throughout the evolution of the Universe, i.e. I'py/H <
1 for T' < T, where T, denotes the reheating temperature. The processes of interest happen
during radiation domination such that H = \/87Gp,4q/3 where G is Newton’s constant and
Prad 18 the total energy density of radiation. Since the branching ratio of the KK-gravitons
to DM is O(1072) this can only be guaranteed if the production rate of the KK-gravitons
Il'kx < H. Therefore, we need to require that the gravitons can at most barely reach
thermal equilibrium. We expect that they will be out of equilibrium themselves in the bulk
of the viable parameter space thus leading to a production mechanisms that is similar to
the “sequential freeze-in” discussed by [38].



Since there is no KK-graviton plasma the production of DM has to be initiated by SM
states. Two contributions to the production are possible: a) annihilation of SM particles
into DM with intermediate KK-gravitons and b) production of KK-gravitons in inverse
decay followed by their subsequent decay. Note, however, that considering both processes
leads to double-counting in the DM production rate since the on-shell contribution of the
KK-gravitons to scattering is already taken into account by the (inverse) decays. This
phenomenon is familiar from lepto- and baryogenesis and can be dealt with by real inter-
mediate state subtraction, see e.g. [39-41]. This is not necessary here since our situation
is a bit different. For center of mass energies, Ecpr > mq the cross-section is dominated
by a series of peaks due to the different KK-gravitons in the tower going on shell and the
off-shell part of the amplitude actually goes to zero between the peaks due to destructive
interference. As long as the width of them is small compared to the mass gap Am the rate,
which is obtained by integrating over Ecjs with the appropriate thermal weight factors,
is completely dominated by the on-shell part and the off-shell contribution to scattering is
negligible. Therefore, it is sufficient to consider the production from decays of the frozen-in
KK gravitons that were in turn produced by inverse decays from the SM bath.?

Neglecting the backreaction, the differential yield Y; for the production of the ith KK
gravitons is given by?

dY; i

~
~

dT ~  HsT

(3.1)

where Y = n;/s and s = 272 /45g,,T? is the entropy density expressed in terms of the
effective number of entropy degrees of freedom g,,. After their production the KK-gravitons
remain stable for some time before decaying to all kinematically allowed particles, i.e. DM
and the SM. In this process they transfer a fraction of their number density to the DM and
we find a final contribution to the DM of Y; pm = 2B(h; — Y1p) x Y; where B(h; — ) is
the branching ratio to DM and the factor of 2 accounts for the fact that the KK-graviton
decays into pairs of DM particles. In the equation above ~; denotes the interaction rate
density for the production of the ith KK graviton from inverse decays. It is given by

Ki(mi/T)
Kg(mi/T)

_ 73mITK,(m;/T)

Fi )
96A273

Yi = Negq,i (32)
where K7 and K5 denote the first and second modified Bessel function of the second kind
and neq; = 5mIT Ko (m;/T)/2m? is the equilibrium density of the ith graviton. In this work,
we assume Boltzmann statistics for the KK-gravitons at all temperatures. For T" 2 m;
quantum statistics should be used instead but this would prevent an analytic treatment

while the quantitative correction is expected to be small. Since the right-hand side of

2This logic fails if m; > T, since in this regime the production of the intermediate KK-gravitons is

exponentially suppressed at all temperatures. Then the production is dominated by the off-shell contribution
12

the scale A and the contribution only becomes relevant for rather high values of mi/T;.. We have checked

of the KK-tower to scattering with interaction rate v [25]. This is suppressed by a higher power of
that it does not contribute to the region of parameter space we are interested in.

3For a detailed derivation of the Boltzmann equation and the interaction rate density in a slightly
different context see e.g. the appendix of [41].



eq. (3.1) does not depend on Y we can integrate it directly and obtain the contribution to
the DM yield from KK-graviton ¢

Y; " 9B ¢ ™ Ky (o T 3.3
oM = [ TsT (hi = ) /To s 1(mi/T), (3-3)
where ¢ = 128%1\12[5 L3575 is a coefficient that collects all terms that do not depend (ex-

plicitly) on mass (temperature). Here Mp; = G~'/? is the Planck mass. Note that this
equation should only be used to compute the final yield. Integrating from some interme-
diate temperature Tiy to T, does not give the correct abundance at Tiy since some of the
KK-gravitons may not have decayed yet. We have neglected the contribution of non-SM
final states in the total width here. These can be included and only lead to a minor shift
in the numerical constant if phase space factors can be neglected. If m; = 200 GeV the
effective degrees of freedom do not depend on the temperature in the range that contributes
significantly to the integral and we can pull ¢ out of the integral. Then the temperature

integral can be evaluated analytically for m; < T, and gives

Yi light ~ %mi' (3.4)
However, we need to sum over all KK-gravitons that contribute significantly to get the full
result, i.e. Yiot = >; 2B(h; — Y1p)Y;. Since the exponential suppression from the Bessel
function only becomes fully effective for m; 2 a few x T we need to include modes for
which m; < T,. does not hold. This seems to indicate that a numerical approach is needed.
However, for the lightest KK-graviton somewhat below the reheating temperature we can
approximate the KK-tower as a continuum and replace Y., — [dn = [ ﬁdm where Am
is the mass difference between the KK-modes. For large extra dimensions Am = my. In
warped extra dimensions, the KK-modes are not equally spaced but the mass splitting
approaches a constant for high modes. Therefore, we can use the same approximation but
with Am = myn/v where 7, is the first zero of the first Bessel function J;. We have
checked numerically that the continuum limit leads to an excellent approximation of the
sum in both cases. In addition, the result has a limited UV sensitivity since the Bessel
function suppresses the contribution of modes with m > T} exponentially.* Thus

N c [e'e) T m5
Yiot light ~ m/o dm 0 ar ﬁKl(m/T)- (3.5)

These integrals can be evaluated analytically and we find

s 12
4 Am’

Y;;ot,light ~ (36)

which is one of our mains results for the freeze-in contribution. With this expression it
is possible to directly make a prediction for the dark matter relic density Qh? that has a

“We find numerically that, for a given temperature T, the difference between the full mass integral and
one truncated at m = 15T is O(107?). In the following we, therefore, take 157 as an estimate of the
highest scale that enters in our results.



simple analytic form and only depends on the four quantities mpy;, Am, T, and A. Since
the relic density is measured to percent level precision we can use this to predict one of
them in terms of the other. We find that

Am

mpwm

T, ~9.03 x 10713 A (3.7)
has to be fulfilled if the freeze-in production is to account for all the dark matter in the Uni-
verse. Before going further it is worthwhile to note that the result seems reasonable at first
sight. On the one hand, the very small numerical prefactor indicates that 7} is much smaller
than the scale of the effective theory A unless the hierarchy between mpy and Am, which
is approximately my, is excessive. On the other hand, there is ample space for Am > mpu
which justifies neglecting mpy; everywhere except in Qpyr. In particular, in the large extra
dimensions scenario, a large reheating temperature is preferred since A = Mp; in this case.

The above result only holds if the continuum limit for the sum over the KK gravitons
is justified and the lower limit of the integration is irrelevant, i.e. for m; < T;.. If the first
KK mode has a mass of the order of the reheating temperature we should use the sum
instead. This can be done numerically in this limit since only a limited number of modes
contribute significantly here. However, we need to evaluate this numerical solution many
times in the parameter scans we present in section 5. Therefore an analytic approximation
is useful here too. It can be found as follows: switching to the variable x = m/T, we can
write the integral as

Yipm = cmi/da: Ky (x)z?, (3.8)

L

where x; = m;/T,. For x; > 1 we expand the integrand for large = as K;(z) ~ \/gﬁe_x
which leads to

1
Y heavy = cmi8\/Ze_wi (15v/memertey/a; + 202" + 827" + 30/

1 /= _.
~ Cmi4\/g€ YT (43312 + 10x; + 15) .

The result on the first line is valid even for values of x; ~ 1 with imprecision of O(10%)

(3.9)

while the second line is only correct to O(30%) for such low values. Naturally, the accuracy
of both results improves rapidly as z; increases. The advantage of the approximation in
the second line is that one can now perform the sum over all gravitons analytically. Taking
my, ~ nmjy we find

> cm ) _ . _ . _
Yiot heavy = ZY;,heavy ~~ 41\/2\/:101 <4x%L1_% (e7™) + 10x1L1_g (e + 15L1_% (e xl)) ,
i=1

(3.10)
where Liy(z) is the polylogarithm. For z; > 1 the importance of the heavier gravitons
diminishes and for 21 2 6.8 the lightest KK mode contributes more than 99% of the total
yield. Thus we recover (3.9) which features an overall suppression by e”*! as expected for
particles much heavier than the temperature. To show the effectiveness of eq. (3.10), we
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Figure 1. Comparison of the numerical result obtained summing up the Yields for each KK mode
with the analytic approximation of eq. (3.8) for different values of ;.

compare it to the numerical evaluation obtained summing-up the contributions of eq. (3.8).
As can be see in figure 1 the agreement is & 15% for 1 = 1 and gets better for larger values.

4 Theoretical and observational limits

4.1 Theoretical consistency

Unitarity. Just like general relativity, the theory of extra-dimensional gravity is an ef-
fective theory both in 5D and in 4D. If our results are to be trusted we need to ensure that
the breakdown scale of the 4D EFT is larger than the highest center of mass-energy that
matters in our computation. Conservatively, we take this to the mass of the most massive
KK-mode that is relevant which we have estimated to be muya.x ~ 157, in the previous
section. As has been shown in detail, [27] perturbative unitarity is expected to fail at

w ~ (m1A?)Y/3] see also [42] for a related discussion. Thus we required T}, < l—lg)(mlAQ)l/ 3,

Narrow width. Omne might be concerned that evaluating the mass integrals up to infinity
leads to problems since the width of the resonance will become comparable to the mass
gap at some point. In this case, the scattering amplitude cannot be modelled as a series
of well-separated peaks anymore and the narrow width approximation breaks down. This
invalidates our assumption that the DM production can be treated as a sum over individual
resonances that are produced by inverse decays and subsequently decay to DM. Therefore,
our approximation is justified as long as the width of the resonances up to this mass
is small compared to Am. Again we can use mpax ~ 157, and demand that Tpax <
%Am. This yields a limit on T} in terms of Am and A that is essentially the same we got



from the perturbative unitarity estimate above. Therefore, our approximation holds when
perturbative unitarity is not violated.

Thermalization. In addition, we need to ensure that the simplifying assumptions that
enter our computation of the relic density hold. Concretely, we used the freeze-in approx-
imation and thus neglected the depletion of DM particles due to inverse decays. A simple
criterion for this is that the KK-gravitons should at most barely reach equilibrium which
happens for I';/H|r—,, ~ 1 for modes with m; < T,. The DM production rate is sup-
pressed compared to this due to the branching ratio B = O(1072) and thus the associated
DM production rate is always about two orders of magnitude smaller than the Hubble
rate. All lighter gravitons will fulfill I';/ H|7—,, ~ 1 if it holds for a graviton with m; = T,.
For heavier gravitons, one should compare the width to the highest expansion rate H|r,
instead. However, since their production is suppressed by their mass one might wonder if
restricting their width further is necessary. We have studied this numerically and find that
Li|m,=1, = H|1, is also sufficient to avoid a significant depletion of the DM abundance in
this case and adopt this criterion as our limit on thermalization.

4.2 Cosmological bounds

Warm dark matter. Since the KK-gravitons are long-lived they redshift for an extended
period of time as matter before they decay. The momentum of the DM particles produced
by these decays significantly exceeds the mean momentum of the SM plasma at this point.
Therefore, it is not guaranteed that the DM is cold and we could also face a warm dark
matter scenario which is constrained by observations.

Treating non-standard models of warm dark matter correctly is a subtle problem since
the precise mapping of the dark matter velocity distribution to effects on structure for-
mation is complicated and requires detailed cosmological simulations, see e.g. [43]. These
are not available in our case and performing them goes beyond the scope of this work.
Therefore, we opt for a simplified approach and approximately match our scenario to the
well-studied case of thermal warm dark matter (thWDM). Limits on thWDM are conven-
tionally reported in terms of the mass m..wpu Of a dark matter particle with a thermal
distribution function. Using the assumed velocity distribution this can be translated into
the root-mean-square velocity of the DM today [23, 24]

1/3

Vrms 7 0.04 <0.12 1keV S

Different astrophysical observables can be used to constrain m.wpy. Typically masses
larger than a few keV are required to avoid conflict with the data, see e.g. [44-47]. In the
following, we take the limit mypy > 3.5keV [44] which is based on an analysis of Lyman-«
forest observations. This benchmark leads to the upper bound vy < 7.5m/s. We will
neglect the structure of the velocity distribution and apply this limit directly to the second
moment of the velocity distribution v,;,s as computed in our scenario.



The velocity vy of dark matter today, that is produced by the decay of a heavy, non-
relativistic KK-graviton 4, can be estimated as [22]

(4.2)

Po . M aq m; (90)1/3T0
v, = = =

mpM  2mpMm a0 2mpm \9gd Ty

where a is the scale factor, p the DM momentum, and the subscript d (0) signifies that
the quantity is evaluated at the time when the KK-graviton decays (today). The decays
are modelled as instantaneous and we determine Ty by demanding H |7, = I';. This leads
to vo; o< 1/y/m;. A more refined treatment that includes the full momentum distribution
of the produced DM can for example be found in [48]. Since we do not have a single KK-
graviton but receive contributions from the whole tower we have to sum over all contributing
gravitons to obtain the velocity distribution f(v). In our approximation, each graviton
contributes a d function at v ; that has to be weighted by their fractional abundance. Thus
o
f(v) x Z Yi L(5(1} ) (4.3)

2
i—1 Yiot V0,i

and we normalize f(v) by demanding [ dvv?f(v) = 1. In principle, we ought to continue
numerically from here but we find that a simple analytic approximation works well. As
before we use the continuum limit to replace the sum over the KK gravitons by an integral.
To solve it analytically we approximate Y; = Y] heavy and take the first line of eq. (3.9). This
underestimates the contribution from the light modes but gives quite accurate results for
modes with a mass of the order of the reheating temperature. As the heavy modes have the
largest weight and dominate the sum we expect this approximation to work well. We find

b 4 2
e 7 (300 w1, + 200 v:&TT + 87}8,%) + 15y/mo’erfefvg 1, /v] | (4.4)

where vg 1, is a reference velocity definied as vy evaluated at m = T;. and reads

AT,

mpmyVMp/ T,

A comparison of this velocity distribution with a thermal Maxwell-Boltzmann distribution

V0,1, ~ 2.2 (45)

is shown in figure 2. As can the seen the velocity distribution from freeze-in are qualita-
tively similar. However, it is more peaked than a Maxwellian and has less pronounced tails.
It would be interesting to investigate which impact these differences in shape have on the
astrophysical exclusions.

By taking the second moment of the velocity distribution we find the root-mean-square
velocity vrms

4
Vs = [ dvvtf(0) = Gofr,. (4.6)

This result agrees with our intuition that the velocity distribution should be dominated by
the KK-modes that contribute most to Yio, i.e. gravitons with a mass of the order of 7.
A numerical evaluation that does not use the high mass approximation for the yield leads

~10 -



V/Vims

Figure 2. Velocity distribution predicted from extra-dimensional freeze-in (black, solid) as a
function of velocity normalized to v,ys. For comparison, a thermal Maxwell-Boltzmann distribution
with the same v, is shown (blue, dashed).

to v2

s 2 0.45 Ug,Tr instead. This agrees with the analytic result to about 2%. Expressed

in terms of the parameters of our model the warm dark matter bound thus implies

AT,
— 0 <17x10°8. (4.7)

mpmvMpiL, ™

For my 2 T, the continuum limit is not appropriate and we have to work with the sum

~

instead. Due to the J-function, we can perform the velocity integral straight away and get

v? :i Yi vE ;. (4.8)
rms P Yiot 0,2

Approximating Y; with the second line of eq. (3.9) leads to

1 4ziLi_

( heavy>2 A~ — (e™™1) + 10z Li_
rms ry 423Li_

(e=®1) + 1021 Li_

(e71) + 15Li_
(e=o1) + 15Li_

GOl

(e—on) 0T -

(4.9)

njot | ojw
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For 1 — 0 the prefactor reduces to 2/5 which is within 10% of the one obtained using the
continuum integral.® For x; larger than 1, the prefactor decreases but remains within one
order of magnitude up to z1 ~ 20. In our study of the allowed parameter space, we switch
from eq. (4.6) to eq. (4.9) at z; = 1.

The above computation has to be modified for modes with I' > H|z, since the cri-
terion for the determination of the decay temperature we use leads to a fictional decay
temperature above the reheating temperature or, equivalently, an unphysical scale factor
aq < ar, in this case. Due to the thermalization bound I'y,,—7, < H|p, this situation can

5The difference is due to the treatment of Yi heavy. If we use the less accurate approximation in the
second line of eq. (3.9) in the continuum limit as well the results agree exactly for z; — 0.
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only arise at the edge of the parameter space we consider and we do not analyze it in detail.
Nevertheless, it is interesting to get an estimate for the warm dark matter bound in this
limit. Since most of the yield is due to modes with I' > H|7, in this case we can model
their production and decay as instantaneous and use T, to determine the redshift factor
that enters in eq. (4.2). The rest of the analysis goes through as before. For m; < 57, most
model parameters drops out and we find vy ~ 1073 /mpn[keV]. Thus mpy 2> 6keV is
necessary to avoid the warm dark matter bound in this case.

Big Bang nucleosynthesis. As discussed previously the KK-gravitons are expected to
be rather long-lived in the early Universe. If their lifetime 7 exceeds about ten seconds
they decay during Big Bang Nucleosynthesis (BBN) and can influence the production of
the primordial nuclei, see e.g. [49-53]. The impact of the decays depends on the amount
of energy that is injected into the SM plasma, the time at which the decays happen and
the decay mode. The limits on the different hadronic channels are very similar and much
stronger than those on leptonic ones. As KK-gravitons have an O(1) branching ratio to
hadronic final states we consider the limits on hadronic decays and neglect the energy that
is lost to other channels. Very roughly speaking the limits are strong for 7 > 10s [53].
Thus, we can obtain a conservative limit by demanding that all KK-gravitons have a
lifetime 7 = A/I" < 10 s. Plugging in the expression for the width leads to m;/GeV 2
8.7 x 1079(A/GeV)?/3. For the LED models this implies m; > 46 TeV while the value is
lower in the RS model. One might wonder if the yield of the KK gravitons is large enough to
have an impact on BBN. For the RS model, i.e. A < Mp;, we find that the ratio of the energy
density to entropy density m1Y; of a KK graviton with a lifetime of 10 seconds is well in
excess of 10714 GeV, which is the rough value a relic with dominantly hadronic decays needs
to have in order to have an impact on BBN [53]. For LED m1Y; approaches 1074 GeV but
is still a factor of a few larger. Therefore, we adopt 71 < 10 s as our bound in the following.

5 Results

We now put all our previous results together. In general, we have four independent param-
eters. Three of these come from the particle physics model and can be chosen to be mpy,
A and mq,” while the fourth is the reheating temperature which is set by the cosmological
history of our Universe. Qpyh? is known to percent-level precision and, therefore, we can
remove one of these parameters in favour of the others by demanding that the DM abun-
dance produced by freeze-in matches the observations. We decided to fix the reheating
temperature and keep the particle physics parameters free.

In figure 3 we show the mpyi, m1 parameter space for four representative choices of
A. The parameter region that allows for successful production of the total relic density is
shown in white whereas the coloured regions are in conflict with observational bounds or

SFor larger values of m; the other model parameters have an impact and there is an approximately linear
increase of the velocity with mq /7.

"Recall that the LED model with A = Mp; and the Randall Sundrum model with A < Mp; have a
different relation between mi and m.,.
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the consistency conditions of our calculation. Starting from the top, the orange region is
excluded as it would imply thermalization of the gravitons. The unitarity bounds (grey)
show up in a similar region and can be weaker or stronger than the thermalization limit
depending on the scale A. The red area on the left is excluded by the warm DM bounds. As
we approach the thermalization limit the assumption that all KK gravitons are long-lived
starts to fail and this result needs to be corrected. To illustrate this we cut the warm dark
matter bound at T',,—p, = 107 2H |1, and show the estimate for the bound on the boundary
in a meshed shading of the same color. We expect that the true result here will be a smooth
transition between the two. At the bottom, there is a bound from BBN (73 < 10's). Finally,
the meshed blue area on the right shows the region where the relic density becomes very
sensitive to the reheating temperature which we define as a = 100% variation in the DM
yield for a 10% increase of T,.. Since details of the reheating process could have a significant
impact on the relic density in this region the results are not reliable here and we do not
consider them further. In this region, the gravitons are heavier than 7). and hence it is
characterized by an exponential dependence of the yield on 7T;.. For lower scales, this is
already excluded by the thermalization limit. All considered, there is ample open parameter
space for A > 107 TeV up to A = Mp;. A significant part of this is excluded by the
warm dark matter bound and BBN. New astrophysical and cosmological observations are
expected to strengthen the bounds. However, given the huge range of allowed parameters
testing this mechanism fully seems out of reach unless novel observations come into play
that could, for instance, allow the determination of the reheating temperature.

6 Conclusions

In this work, we investigated extra dimensions that are open to gravity while the matter
content of the SM and the DM are restricted to a 4D brane. We focused on a single extra di-
mension and consider two simple possibilities: Large Extra Dimensions (LED) and warped
extra dimensions in the Randall Sundrum (RS) model. A notable difference compared with
gravitational interactions in 4D is the presence of a tower of Kaluza-Klein gravitons that
provide a new connection between the DM and the SM. If the 5D Planck mass is sufficiently
high compared to the reheating temperature of the universe the KK-gravitons do not reach
thermal equilibrium and are produced by a freeze-in process. Their subsequent decays to
DM lead to a cosmological slow buildup of DM abundance. We sum the contribution from
the whole tower and find simple analytic expressions for the expected DM yield. We find
that a large range of DM and KK graviton masses allows accommodating the observed
relic density. Due to the relatively high scales preferred by the relic density, testing this
idea with terrestrial experiments seems very challenging. However, there are interesting
consequences for cosmology that can be used to constrain the allowed parameter space.
The most important one is the prediction of warm dark matter. Since the KK gravitons
are comparatively long-lived they redshift for an extended period of time before they decay
and produce DM particles with a momentum that significantly exceeds the characteristic
momentum of the SM plasma. The ensuing velocity distribution of the DM is non-thermal
and does not follow a Maxwell-Boltzmann distribution at late times. It would be inter-
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esting to investigate how the non-thermal shape of the distribution affects the structure
formation process but a detailed study of this goes beyond the scope of this work. There-
fore, we employed a simple estimate to translate the limits on thermal warm dark matter
in the literature to our scenario by comparing the root mean square velocity predicted
from our model to the limit for thermal warm dark matter. We find that DM masses up
to O(1) GeV can be excluded by existing bounds. The search for the impact of non-cold
DM on the formation of structure at small scales is expected to make significant progress
in the next years and, therefore, further parts of the parameter space will be probed soon.
However, a complete test of the allowed parameter space seems very challenging at present.

Acknowledgments

This project has received funding /support from the European Union’s Horizon 2020
research and innovation programme under the Marie Sklodowska-Curie grant agree-
ment No 860881-HIDDeN. SV acknowledges support by the DFG under project number
496940663.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited. SCOAP? supports
the goals of the International Year of Basic Sciences for Sustainable Development.

References

[1] PLANCK collaboration, Planck 2018 results. VI. Cosmological parameters, Astron. Astrophys.
641 (2020) A6 [Erratum ibid. 652 (2021) C4] [arXiv:1807.06209] [INSPIRE].

[2] M. Garny, M.C. Sandora and M.S. Sloth, Planckian interacting massive particles as dark
matter, Phys. Rev. Lett. 116 (2016) 101302 [arXiv:1511.03278] [INSPIRE].

[3] M. Garny, A. Palessandro, M.C. Sandora and M.S. Sloth, Theory and phenomenology of
Planckian interacting massive particles as dark matter, JCAP 02 (2018) 027
[arXiv:1709.09688] [INSPIRE].

[4] L.H. Ford, Gravitational particle creation and inflation, Phys. Rev. D 35 (1987) 2955
[INSPIRE].

[5] Y. Tang and Y.-L. Wu, On thermal gravitational contribution to particle production and dark
matter, Phys. Lett. B 774 (2017) 676 [arXiv:1708.05138] [INSPIRE].

[6] Y. Ema, K. Nakayama and Y. Tang, Production of purely gravitational dark matter, JHEP
09 (2018) 135 [arXiv:1804.07471] INSPIRE].

[7] N. Arkani-Hamed, S. Dimopoulos and G.R. Dvali, The hierarchy problem and new
dimensions at a millimeter, Phys. Lett. B 429 (1998) 263 [hep-ph/9803315] [INSPIRE].

[8] L. Randall and R. Sundrum, A large mass hierarchy from a small extra dimension, Phys.
Rev. Lett. 83 (1999) 3370 [hep-ph/9905221] [INSPIRE].

[9] A. de Giorgi and S. Vogl, Dark matter interacting via a massive spin-2 mediator in warped
extra-dimensions, JHEP 11 (2021) 036 [arXiv:2105.06794] INSPIRE].

~15 —


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://arxiv.org/abs/1807.06209
https://inspirehep.net/literature/1682902
https://doi.org/10.1103/PhysRevLett.116.101302
https://arxiv.org/abs/1511.03278
https://inspirehep.net/literature/1403955
https://doi.org/10.1088/1475-7516/2018/02/027
https://arxiv.org/abs/1709.09688
https://inspirehep.net/literature/1627624
https://doi.org/10.1103/PhysRevD.35.2955
https://inspirehep.net/literature/230707
https://doi.org/10.1016/j.physletb.2017.10.034
https://arxiv.org/abs/1708.05138
https://inspirehep.net/literature/1616480
https://doi.org/10.1007/JHEP09(2018)135
https://doi.org/10.1007/JHEP09(2018)135
https://arxiv.org/abs/1804.07471
https://inspirehep.net/literature/1669302
https://doi.org/10.1016/S0370-2693(98)00466-3
https://arxiv.org/abs/hep-ph/9803315
https://inspirehep.net/literature/468052
https://doi.org/10.1103/PhysRevLett.83.3370
https://doi.org/10.1103/PhysRevLett.83.3370
https://arxiv.org/abs/hep-ph/9905221
https://inspirehep.net/literature/499284
https://doi.org/10.1007/JHEP11(2021)036
https://arxiv.org/abs/2105.06794
https://inspirehep.net/literature/1863345

[10] T.D. Rueter, T.G. Rizzo and J.A.L. Hewett, Gravity-mediated dark matter annihilation in
the Randall-Sundrum model, JHEP 10 (2017) 094 [arXiv:1706.07540] INSPIRE].

[11] A. Carmona, J. Castellano Ruiz and M. Neubert, A warped scalar portal to fermionic dark
matter, Eur. Phys. J. C' 81 (2021) 58 [arXiv:2011.09492] [INSPIRE].

[12] S. Girmohanta and R. Shrock, Extra-dimensional model of dark matter, Phys. Rev. D 104
(2021) 115021 [arXiv:2109.02670] [NSPIRE].

[13] L.J. Hall, K. Jedamzik, J. March-Russell and S.M. West, Freeze-in production of FIMP dark
matter, JHEP 03 (2010) 080 [arXiv:0911.1120] INSPIRE].

[14] X. Chu, T. Hambye and M.H.G. Tytgat, The four basic ways of creating dark matter through
a portal, JCAP 05 (2012) 034 [arXiv:1112.0493] [INSPIRE].

[15] A. Merle, V. Niro and D. Schmidt, New production mechanism for keV sterile neutrino dark
matter by decays of frozen-in scalars, JCAP 03 (2014) 028 [arXiv:1306.3996] INSPIRE].

[16] M. Blennow, E. Fernandez-Martinez and B. Zaldivar, Freeze-in through portals, JCAP 01
(2014) 003 [arXiv:1309.7348] [INSPIRE].

[17] R.T. Co, F. D’Eramo, L.J. Hall and D. Pappadopulo, Freeze-in dark matter with displaced
signatures at colliders, JCAP 12 (2015) 024 [arXiv:1506.07532] [INSPIRE].

[18] A.G. Hessler, A. Ibarra, E. Molinaro and S. Vogl, Probing the scotogenic FIMP at the LHC,
JHEP 01 (2017) 100 [arXiv:1611.09540] INSPIRE].

[19] N. Bernal et al., The dawn of FIMP dark matter: a review of models and constraints, Int. J.
Mod. Phys. A 32 (2017) 1730023 [arXiv:1706.07442] [INSPIRE].

[20] G. Bélanger et al., micrOMEGASs5.0: freeze-in, Comput. Phys. Commun. 231 (2018) 173
[arXiv:1801.03509] [INSPIRE].

[21] G. Bélanger et al., LHC-friendly minimal freeze-in models, JHEP 02 (2019) 186
[arXiv:1811.05478] [INSPIRE].

[22] K. Jedamzik, M. Lemoine and G. Moultaka, Gravitino, azino, Kaluza-Klein graviton warm
and mized dark matter and reionisation, JCAP 07 (2006) 010 [astro-ph/0508141]
[INSPIRE].

[23] P. Bode, J.P. Ostriker and N. Turok, Halo formation in warm dark matter models,
Astrophys. J. 556 (2001) 93 [astro-ph/0010389] [INSPIRE].

[24] R. Barkana, Z. Haiman and J.P. Ostriker, Constraints on warm dark matter from
cosmological reionization, Astrophys. J. 558 (2001) 482 [astro-ph/0102304] [INSPIRE].

[25] N. Bernal, A. Donini, M.G. Folgado and N. Rius, Kaluza-Klein FIMP dark matter in warped
extra-dimensions, JHEP 09 (2020) 142 [arXiv:2004.14403] [INSPIRE].

[26] N. Bernal, A. Donini, M.G. Folgado and N. Rius, FIMP dark matter in clockwork/linear
dilaton extra-dimensions, JHEP 04 (2021) 061 [arXiv:2012.10453] [INSPIRE].

[27] A. de Giorgi and S. Vogl, Unitarity in KK-graviton production: a case study in warped
extra-dimensions, JHEP 04 (2021) 143 [arXiv:2012.09672] [nSPIRE].

[28] I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G.R. Dvali, New dimensions at a
millimeter to a Fermi and superstrings at a TeV, Phys. Lett. B 436 (1998) 257
[hep-ph/9804398] [INSPIRE].

~16 —


https://doi.org/10.1007/JHEP10(2017)094
https://arxiv.org/abs/1706.07540
https://inspirehep.net/literature/1607260
https://doi.org/10.1140/epjc/s10052-021-08851-0
https://arxiv.org/abs/2011.09492
https://inspirehep.net/literature/1831376
https://doi.org/10.1103/PhysRevD.104.115021
https://doi.org/10.1103/PhysRevD.104.115021
https://arxiv.org/abs/2109.02670
https://inspirehep.net/literature/1918103
https://doi.org/10.1007/JHEP03(2010)080
https://arxiv.org/abs/0911.1120
https://inspirehep.net/literature/836205
https://doi.org/10.1088/1475-7516/2012/05/034
https://arxiv.org/abs/1112.0493
https://inspirehep.net/literature/1079777
https://doi.org/10.1088/1475-7516/2014/03/028
https://arxiv.org/abs/1306.3996
https://inspirehep.net/literature/1238948
https://doi.org/10.1088/1475-7516/2014/01/003
https://doi.org/10.1088/1475-7516/2014/01/003
https://arxiv.org/abs/1309.7348
https://inspirehep.net/literature/1256043
https://doi.org/10.1088/1475-7516/2015/12/024
https://arxiv.org/abs/1506.07532
https://inspirehep.net/literature/1377963
https://doi.org/10.1007/JHEP01(2017)100
https://arxiv.org/abs/1611.09540
https://inspirehep.net/literature/1500708
https://doi.org/10.1142/S0217751X1730023X
https://doi.org/10.1142/S0217751X1730023X
https://arxiv.org/abs/1706.07442
https://inspirehep.net/literature/1607216
https://doi.org/10.1016/j.cpc.2018.04.027
https://arxiv.org/abs/1801.03509
https://inspirehep.net/literature/1647573
https://doi.org/10.1007/JHEP02(2019)186
https://arxiv.org/abs/1811.05478
https://inspirehep.net/literature/1703652
https://doi.org/10.1088/1475-7516/2006/07/010
https://arxiv.org/abs/astro-ph/0508141
https://inspirehep.net/literature/689070
https://doi.org/10.1086/321541
https://arxiv.org/abs/astro-ph/0010389
https://inspirehep.net/literature/543545
https://doi.org/10.1086/322393
https://arxiv.org/abs/astro-ph/0102304
https://inspirehep.net/literature/570972
https://doi.org/10.1007/JHEP09(2020)142
https://arxiv.org/abs/2004.14403
https://inspirehep.net/literature/1793650
https://doi.org/10.1007/JHEP04(2021)061
https://arxiv.org/abs/2012.10453
https://inspirehep.net/literature/1837724
https://doi.org/10.1007/JHEP04(2021)143
https://arxiv.org/abs/2012.09672
https://inspirehep.net/literature/1837140
https://doi.org/10.1016/S0370-2693(98)00860-0
https://arxiv.org/abs/hep-ph/9804398
https://inspirehep.net/literature/469596

[29]

[30]

[31]

[32]

[33]

[34]

R. Rattazzi, Cargese lectures on extra-dimensions, in the proceedings of Cargese school of
particle physics and cosmology: the interface, (2003), p. 461 [hep-ph/0607055] [INSPIRE].

S. Raychaudhuri and K. Sridhar, Particle physics of brane worlds and extra dimensions,
Cambridge University Press, Cambridge, U.K. (2016) [inSPIRE].

G.D. Kribs, TASI 2004 lectures on the phenomenology of extra dimensions, in the
proceedings of Theoretical Advanced Study Institute in Elementary Particle Physics: physics
in D >4, (2006), p. 633 [hep-ph/0605325] [INSPIRE].

W.D. Goldberger and M.B. Wise, Modulus stabilization with bulk fields, Phys. Rev. Lett. 83
(1999) 4922 [hep-ph/9907447] INSPIRE].

M.A. Luty and R. Sundrum, Radius stabilization and anomaly mediated supersymmetry
breaking, Phys. Rev. D 62 (2000) 035008 [hep-th/9910202] INSPIRE].

E. Ponton and E. Poppitz, Casimir energy and radius stabilization in five-dimensional
orbifolds and siz-dimensional orbifolds, JHEP 06 (2001) 019 [hep-ph/0105021] [INSPIRE].

R.S. Chivukula et al., Massive spin-2 scattering amplitudes in extra-dimensional theories,
Phys. Rev. D 101 (2020) 075013 [arXiv:2002.12458] [INSPIRE].

R.S. Chivukula et al., Spin-2 Kaluza-Klein scattering in a stabilized warped background,
Phys. Rev. D 107 (2023) 035015 [arXiv:2206.10628] [INSPIRE].

T. Han, J.D. Lykken and R.-J. Zhang, On Kaluza-Klein states from large extra dimensions,
Phys. Rev. D 59 (1999) 105006 [hep-ph/9811350] [INSPIRE].

T. Hambye, M.H.G. Tytgat, J. Vandecasteele and L. Vanderheyden, Dark matter from dark
photons: a tazonomy of dark matter production, Phys. Rev. D 100 (2019) 095018
[arXiv:1908.09864] [INSPIRE].

E.W. Kolb and S. Wolfram, Baryon number generation in the early universe, Nucl. Phys. B
172 (1980) 224 [Erratum ibid. 195 (1982) 542] [INSPIRE].

M. Plumacher, Baryogenesis and lepton number violation, Z. Phys. C 74 (1997) 549
[hep-ph/9604229] [INSPIRE].

G.F. Giudice et al., Towards a complete theory of thermal leptogenesis in the SM and MSSM,
Nucl. Phys. B 685 (2004) 89 [hep-ph/0310123] [INSPIRE].

M.D. Schwartz, Constructing gravitational dimensions, Phys. Rev. D 68 (2003) 024029
[hep-th/0303114] [INSPIRE].

R. Murgia et al., “Non-cold” dark matter at small scales: a general approach, JCAP 11
(2017) 046 [arXiv:1704.07838] [INSPIRE].

V. Irsi¢ et al., New constraints on the free-streaming of warm dark matter from intermediate
and small scale Lyman-« forest data, Phys. Rev. D 96 (2017) 023522 [arXiv:1702.01764]
[INSPIRE].

A. Dekker, S. Ando, C.A. Correa and K.C.Y. Ng, Warm dark matter constraints using
Milky Way satellite observations and subhalo evolution modeling, Phys. Rev. D 106 (2022)
123026 [arXiv:2111.13137] [INSPIRE].

J.-W. Hsueh et al., SHARP — VII. New constraints on the dark matter free-streaming
properties and substructure abundance from gravitationally lensed quasars, Mon. Not. Roy.
Astron. Soc. 492 (2020) 3047 [arXiv:1905.04182] [INSPIRE].

17 -


https://arxiv.org/abs/hep-ph/0607055
https://inspirehep.net/literature/639732
https://doi.org/10.1017/cbo9781139045650
https://inspirehep.net/literature/1419790
https://arxiv.org/abs/hep-ph/0605325
https://inspirehep.net/literature/717962
https://doi.org/10.1103/PhysRevLett.83.4922
https://doi.org/10.1103/PhysRevLett.83.4922
https://arxiv.org/abs/hep-ph/9907447
https://inspirehep.net/literature/504196
https://doi.org/10.1103/PhysRevD.62.035008
https://arxiv.org/abs/hep-th/9910202
https://inspirehep.net/literature/509123
https://doi.org/10.1088/1126-6708/2001/06/019
https://arxiv.org/abs/hep-ph/0105021
https://inspirehep.net/literature/556142
https://doi.org/10.1103/PhysRevD.101.075013
https://arxiv.org/abs/2002.12458
https://inspirehep.net/literature/1782979
https://doi.org/10.1103/PhysRevD.107.035015
https://arxiv.org/abs/2206.10628
https://inspirehep.net/literature/2099432
https://doi.org/10.1103/PhysRevD.59.105006
https://arxiv.org/abs/hep-ph/9811350
https://inspirehep.net/literature/479359
https://doi.org/10.1103/PhysRevD.100.095018
https://arxiv.org/abs/1908.09864
https://inspirehep.net/literature/1751319
https://doi.org/10.1016/0550-3213(80)90167-4
https://doi.org/10.1016/0550-3213(80)90167-4
https://inspirehep.net/literature/8589
https://doi.org/10.1007/s002880050418
https://arxiv.org/abs/hep-ph/9604229
https://inspirehep.net/literature/417361
https://doi.org/10.1016/j.nuclphysb.2004.02.019
https://arxiv.org/abs/hep-ph/0310123
https://inspirehep.net/literature/630336
https://doi.org/10.1103/PhysRevD.68.024029
https://arxiv.org/abs/hep-th/0303114
https://inspirehep.net/literature/615095
https://doi.org/10.1088/1475-7516/2017/11/046
https://doi.org/10.1088/1475-7516/2017/11/046
https://arxiv.org/abs/1704.07838
https://inspirehep.net/literature/1596858
https://doi.org/10.1103/PhysRevD.96.023522
https://arxiv.org/abs/1702.01764
https://inspirehep.net/literature/1512396
https://doi.org/10.1103/PhysRevD.106.123026
https://doi.org/10.1103/PhysRevD.106.123026
https://arxiv.org/abs/2111.13137
https://inspirehep.net/literature/1976992
https://doi.org/10.1093/mnras/stz3177
https://doi.org/10.1093/mnras/stz3177
https://arxiv.org/abs/1905.04182
https://inspirehep.net/literature/1734275

[47] D. Gilman et al., Warm dark matter chills out: constraints on the halo mass function and
the free-streaming length of dark matter with eight quadruple-image strong gravitational
lenses, Mon. Not. Roy. Astron. Soc. 491 (2020) 6077 [arXiv:1908.06983] InSPIRE].

[48] J. Heeck and D. Teresi, Cold keV dark matter from decays and scatterings, Phys. Rev. D 96
(2017) 035018 [arXiv:1706.09909] [INSPIRE].

[49] M.H. Reno and D. Seckel, Primordial nucleosynthesis: the effects of injecting hadrons, Phys.
Rev. D 37 (1988) 3441 [nSPIRE].

[50] R.H. Cyburt, J.R. Ellis, B.D. Fields and K.A. Olive, Updated nucleosynthesis constraints on
unstable relic particles, Phys. Rev. D 67 (2003) 103521 [astro-ph/0211258] [INSPIRE].

[61] K. Jedamzik, Big bang nucleosynthesis constraints on hadronically and electromagnetically
decaying relic neutral particles, Phys. Rev. D 74 (2006) 103509 [hep-ph/0604251] [INSPIRE].

[62] M. Kawasaki, K. Kohri and T. Moroi, Hadronic decay of late-decaying particles and big-bang
nucleosynthesis, Phys. Lett. B 625 (2005) 7 [astro-ph/0402490] [INSPIRE].

[63] M. Kawasaki, K. Kohri, T. Moroi and Y. Takaesu, Revisiting big-bang nucleosynthesis
constraints on long-lived decaying particles, Phys. Rev. D 97 (2018) 023502
[arXiv:1709.01211] [inSPIRE].

~ 18 —


https://doi.org/10.1093/mnras/stz3480
https://arxiv.org/abs/1908.06983
https://inspirehep.net/literature/1750371
https://doi.org/10.1103/PhysRevD.96.035018
https://doi.org/10.1103/PhysRevD.96.035018
https://arxiv.org/abs/1706.09909
https://inspirehep.net/literature/1608142
https://doi.org/10.1103/PhysRevD.37.3441
https://doi.org/10.1103/PhysRevD.37.3441
https://inspirehep.net/literature/248053
https://doi.org/10.1103/PhysRevD.67.103521
https://arxiv.org/abs/astro-ph/0211258
https://inspirehep.net/literature/601813
https://doi.org/10.1103/PhysRevD.74.103509
https://arxiv.org/abs/hep-ph/0604251
https://inspirehep.net/literature/715453
https://doi.org/10.1016/j.physletb.2005.08.045
https://arxiv.org/abs/astro-ph/0402490
https://inspirehep.net/literature/644815
https://doi.org/10.1103/PhysRevD.97.023502
https://arxiv.org/abs/1709.01211
https://inspirehep.net/literature/1621564

	Introduction
	The model
	Gravitational freeze-in
	Theoretical and observational limits
	Theoretical consistency
	Cosmological bounds

	Results
	Conclusions

