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Currently, the standard cosmological model faces some tensions and discrepancies between observations
at early and late cosmological time. One of them concerns the well-known Hg-tension problem,
i.e., a ~ 4.40-difference between the early-time estimate and late-time measurements of the Hubble
constant, Hy. Another puzzling question rests in the cosmological lithium abundance, where again local
measurements differ from the one predicted by Big Bang Nucleosynthesis (BBN). In this work, we show
that a mechanism of light dark matter production might hold the answer for these questions. If dark
matter particles are sufficiently light and a fraction of them were produced non-thermally in association
with photons, this mechanism has precisely what is needed to destroy Lithium without spoiling other
BBN predictions. Besides, it produces enough radiation that leads to a larger Hg value, reconciling early
and late-time measurements of the Hubble expansion rate without leaving sizable spectral distortions in

the Cosmic Microwave Background spectrum.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The standard A-Cold Dark Matter (ACDM) model provides a
successful description of the structure and evolution of the uni-
verse from its early stages to the present. However, as cosmo-
logical observations increase in number and accuracy - some of
the current constraints on the cosmological parameters can reach
now sub-percent level - tensions and discrepancies between early
and late time cosmic evolution emerged, requiring either a better
understanding of the systematic errors or an extension of the stan-
dard model or the discovery of new physics — we refer the reader
to [1] for a recent review.

One of these tensions concerns the current difference between
the early-time estimates and late-time measurements of the Hub-
ble constant, Ho (= 100h km/s/Mpc). Using distance measure-
ments of galaxies in the local universe calibrated by Cepheid vari-
ables and type Ia Supernovae (SNe Ia), Riess et al. [2] reported
Ho = 74.03 + 1.42 km/s/Mpc, which differs by ~ 4.40 from the
latest Cosmic Microwave Background (CMB) estimate assuming the
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ACDM model, Hp = 67.36 £+ 0.54 km/s/Mpc [3]. Such a discrep-
ancy can reach ~ 5.80 when other late-time measurements of Hy
[4,5] are combined, reinforcing what is known nowadays as the
Ho-tension problem [1].

Another ongoing issue in the standard cosmology concerns a
long-standing problem of the Lithium (”Li) abundance, known as
the Lithium problem [6]. It is well known that during the first
few minutes of the universe lifetime, nuclear reactions took place
and produced light elements such as *He, D, 3He and ’Li. Using
standard calculations one can determine the abundance of these
elements and find good agreement with the observations up to
the baryon-to-photon ratio, 1, which is extracted from CMB mea-
surements [7,8]. Moreover, by fixing 7, no free parameter is left
in the Big Bang Nucleosynthesis (BBN) calculations and the pri-
mordial abundances of these elements are thus affected only by
tamed uncertainties in the nuclear cross-section [9]. It is also re-
markable that the calculated primordial abundances nicely match
the astronomical observations. Albeit, there is a puzzling discrep-
ancy in the 7Li abundance by roughly a factor of three. The pre-
dicted abundance reads “Li/H = 4.68(£0.67) x 1019 [10] while
measurements point to ’Li/H = 1.58(+0.31) x 10710 [7]. This dif-
ference between the calculated and observed Lithium primordial
abundances has been reconciled neither by new observations nor
by nuclear physics. Therefore, the long-standing Lithium problem
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casts doubt either on the success of BBN or on our understanding
of the thermal history of the universe.

In the past few years, several attempts have been put forth
trying to solve individually one of these problems. Some of them
invoked connections to the cosmological dark sector (see e.g. [11]
and references therein). In many cases, they end up altering too
much the abundances of the other light elements or distorting the
CMB power spectrum. It has been noticed that an increase in the
number of relativistic degrees of freedom is a viable solution to
the Ho problem and that late electromagnetic injection may solve
the Lithium problem. Aren’t these two problems connected? Aren’t
they connected to dark matter? Instead of trying to solve these
two problems individually we explore a common origin. Indeed, in
this work we present a possible unified solution to both problems
via the production of light dark matter particles in the early uni-
verse. It is known that the bulk of the dark matter particles cannot
be relativistic at the matter-radiation equality for the sake of struc-
ture formation. However, considering that only a small fraction of
it is relativistic, we show that both Lithium and Hy problems may
be solved.

2. Light dark matter and Hy

In order to understand how the production of light dark matter
can lead to larger values of Hp one needs to go over a few steps.
If dark matter, y, is produced via a two body decay, i.e., x' — x +
v, then energy and momentum conservation implies E, = E, +
myyy and p,» = E, + py. Now, assuming that x’ decays at rest
we obtain yy =m,//2my +my /2m,.. In the radiation-dominated
era, a = (t/tg)'/2, thus the prompt decay of x’ yields

(m3, —m3 )
m2, —m

A VAN (1)
4mf(,m2 t

V() =
X

which represents the boost factor of the dark matter particles as a
function of time in a radiation-dominated universe, and where 7
corresponds to the time at which y’ instantaneously decays. We
emphasize that this equation is strictly valid only in the ultra-
relativistic case, which happens for m,: > m,. Our goal here is
to illustrate the framework. The dark matter number density scales
with a=3, which implies py (@) = pc 2y a~3, whereas the density of
relativistic neutrinos evolves as p,(a) = p. 2,a %N, /3, where N,
is the number of neutrino species. Hence, at the matter-radiation
equality, deq ~ 3 X 104, one neutrino species represents about 16%
of the dark matter density [12]. In other words, if dark matter
particles had a boost of ~ 16% they could mimic the effect of neu-
trino species, increasing the Hubble rate. In this way, the additional
radiation density is given by pextra = f X py (yx — 1), where f ac-
counts for the fraction of the dark matter particles produced via
this mechanism, with ANeft = Nefr — N3 = pextra/ P10, Nojp being
the number of relativistic degrees of freedom in the ACDM model.
Using the relations above we obtain,

ANefr = f x (Y4 —1)/0.16, (2)

which implies
T \1/2
ANefr~5 x 1073 (—)
eff 105 s
m.y m
x[( x4 X —1>]><f, 3)
sz ZmX/
for t = tcvp. Therefore, if a fraction of the dark matter particles

are non-thermally produced, with m,: > my, they generate ex-
tra relativistic degrees of freedom. Several works have assessed
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Fig. 1. Effect of the dark matter production mechanism on Hy for lifetime 7 =10 s
(green), T =105 s (blue) and T =107 s (red). The contours correspond to 95% CL
constraints from Planck 2015 power spectra excluding high [ polarisation (light col-
ors) and adding CMB lensing and BAO (dark colors) [15].

the impact of Neg > 3 on the CMB power spectrum, as Neg and
Hp are positively correlated [13-17]. We translate this correla-
tion to our framework using Eq. (3) and find the results displayed
in Fig. 1, which is based on the CMB and Baryonic Acoustic Os-
cillation (BAO) data [15]. Clearly, for 150 < fm/X/mX < 350 and
7 =108 s, we may obtain Hy ~ 74 Mpc~'km/s. As mentioned ear-
lier, the fraction of dark matter produced via this mechanism is
expected to be small since the bulk of the dark matter should be
non-relativistic at the matter-radiation equality. Moreover, one can
show that the fraction of dark matter produced via this mechanism
becomes non-relativistic before matter-radiation equality, thus not
constituting an additional relativistic degree of freedom at late
times (see Appendix A).

To illustrate how that works we need to invoke the concept
of free-streaming, which is the scale below which a dark mat-
ter particle do not cluster. Therefore on sufficiently small scales,
the growth of perturbations is suppressed if the dark matter pro-
duction mechanism discussed here were the main one. We can
estimate the free streaming of the dark matter particles, produced
via this mechanism with m,+ > m, to be [18],

T N2/ my, m
Aps~ 1 Mpc( ) X _ X , (4)
1065 2my  2my

which leads to a Aps much larger than a Mpc scale, in complete
disagreement with the Lyman-alpha forest that sets Aps <« 1 Mpc
[19]. We therefore conclude that such a production mechanism
cannot be responsible for the overall dark matter density, as ex-
pected from CMB observations, which completely disqualify a hot
dark matter candidate. In order to have a more quantitative as-
sessment about the fraction f of dark matter particles that can be
produced in this way we need to study the matter power spectrum
[20,21].

In the matter-dominated phase of the universe, the linear fluc-
tuation evolves below the free-steaming length as, § oc al=3/5f [22]
for f « 1. Hence, the suppression that such production mecha-
nism above brings to the matter-power spectrum is quantified by

A= g;—fg = (Geq/a)3//> ~ exp(—4.9f). Considering current mea-
surements of the amplitude of matter clustering, og [23-26], CMB
data [3], the clustering power in the Lyman-alpha forest [19],
and the results of cosmological simulations [27-29] one needs a
nearly pure cold dark matter regime. In other words, we require
A > 0.95, which implies that f < 0.01. Therefore, only a small

fraction of dark matter may be produced via the proposed mecha-
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nism, in order to be consistent with large-scale structure observa-
tions. Interestingly, although small it provides a possible solution
to the Hp-tension problem discussed above. Generally speaking
Negs could be generated via new light thermal relics and new in-
teractions with the active neutrinos, etc [30]. In our work, the
increase in Neg and consequently in Hg are tied to the dark mat-
ter production mechanism. In what follows, we discuss the effect
of this dark matter production on the long-standing ”Li problem.

3. Light dark matter and the lithium problem

The primordial Lithium abundance is derived from low-metal-
licity halo stars observations [6], whereas the theoretical predic-
tion is based on the baryon-to-photon ratio, which is extracted
from CMB observations. These determinations of the ’Li abun-
dance differ by roughly a factor of three [6], and the fact that
nuclear reactions, cosmological modifications, modified statistics,
possible primordial magnetic fields, and exotic decays involving
charged particles all failed to solve the Lithium problem represents
an incomplete success for cosmology, as reviewed in [10]. Some so-
lutions to this problem have been proposed in the past years (see
e.g. [31] and references therein).

In a three-body decay the photon in the final state would have
a continuous spectrum with energy sufficiently large to alter the
abundance of several elements since these photons would induce
numerous nuclear reactions. On the other hand, having an arbi-
trary two-body decay with high energetic photons does not suf-
fice either because secondary nuclear reactions occur. For instance,
taking our scenario as an example, in the two-body decay with
my: > my, photons are emitted with E), >~m,/2, electromagnetic
cascades would be induced by the injection of an energetic y in
a medium comprised of radiation, magnetic fields and matter [32].
Such photon emission could be catastrophic to the abundance of
light elements because these photons may induce nuclear reactions
and alter the BBN predictions, which is precisely the problem with
past proposals.

However, if the energy of the photon injected is small enough,
between 1.59 — 2.22 MeV the electromagnetic cascades develop
differently, allowing to destroy enough ’Li without affecting the
abundance of other elements. This energy window has to do with
the Beryllium nucleus that has a photon dissociation threshold of
1.59 MeV and Deuterium whose threshold is 2.22 MeV. Taking into
account the fact that MeV photons induce non-thermal nucleosyn-
thesis processes where the final spectrum of the photons is signif-
icantly different from the injected one it has been shown that one
could successfully solve the Lithium problem via electromagnetic
injection [33]. Now, knowing that the total electromagnetic energy
released is {em = Ey Yy, where Y, is the ratio of the number den-
sity of photons produced in the decay to the number density of
CMB photons, which yields,

fem~1.5X‘10_8MeV<M—mx>< ! >, (5)

my  my ) \0.01

we can obtain the region in the parameter space, lifetime vs ¢em,
in which the Lithium abundance is reduced from 20% up to 80%
for instance. Using Eq. (5) we may display this region in terms
of fm,/my vs lifetime. Considering the region of the parameter
space favored in Fig. 1, which fix fm, /m,, we assess whether
is possible to reconcile both the Hy and the Lithium problems, as
fmy:/my governs the overall energy injection as well. In Fig. 2
we show in green the region of parameter space in which the
7Li abundance is diluted in 20%-80%.! As mentioned earlier, the

1 Compared to Ref. [33], here a bigger range was used. The results were rescaled
using the fact that dilution due to entropy injection scales linearly.
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Fig. 2. Region of parameter space in which the Lithium abundance is diluted by 20-
80% from BBN original prediction (green), and where Ho = 71 Mpc~'km/s (light
red) or Hy = 74 Mpc~'km/s (dark red). The blue curves correspond to current
(dashed) and projected (dotted) CMB spectral distortion bounds. We also display the
AS/S; contours to show that our region of interest yields a small entropy change.
For T ~2 x 10* s one can simultaneously accommodate the Lithium and Hy prob-
lems with light dark matter. Notice if one assumes f <« 1, sub-keV dark matter
arises. See text for details.

photon should be emitted with an energy of about 2 MeV. As
our reasoning is built under the assumption that my, > my, thus
m,, =4 MeV throughout. One can easily fix the fraction of dark
matter produced in this mechanism, f, to extract the dark matter
mass. For instance, with fm,/m, =103, we get m, = 0.04 keV
for f =0.01.

In Fig. 2 the dashed (dotted) blue curves correspond to the
limits based on the CMB spectral distortion. An additional energy
injection in the form of photons brings distortions to the CMB
black-body spectrum. For T < 103 s, these photons produced in
the decay quickly thermalize via processes such as Compton scat-
tering ey — ey and double Compton scattering ey — eyy [34].
Although, for larger lifetimes these processes are not sufficiently
efficient and end up altering the photon spectrum of the CMB
to a Bose-Einstein distribution with a chemical potential (u # 0).
Therefore, constraints on a chemical potential, & < 9 x 107>, lead
to bounds on the total energy injection [35] which is related to
my/my, as displayed in Fig. 2. The dotted blue curve represents
a projection using the PIXIE setup corresponding to u <5 x 10~8
[36]. These CMB spectral distortion bounds exclude the region at
the right of the curves and are the strongest constraints on such
early time energy injection episodes [37-41].

Besides these bounds, one could imagine that the energetic
photons produced in the proposed mechanism lead to a large
entropy injection. However, such photons yield a small entropy
change which is quantified by (see Appendix B),

AS B Cem T \1/2
—~ ~10* . 6
Si (1076 Mev> (106 s) (6)

The contours of AS/S; are exhibited in Fig. 2. One may con-
clude that the entropy change of our mechanism is small and fully
consistent baryometer tests (see Appendix B).

4. Discussion

Fig. 2 also shows that there is a region of the parameter space
corresponding to T ~2 x 10* s and fm, /my ~2 x 10° which
is capable of diluting the Lithium abundance while simultane-
ously reproducing Hgp ~ 74 Mpc'km/s, as indicated by recent
local measurements - while being consistent structure formation
and CMB constraints. These results rely on the existence of very



J. Alcaniz, N. Bernal, A. Masiero et al.

light dark matter with sub-keV mass, with a small fraction of them
being produced in association with photons. In other words, the
production of sub-keV dark matter seems to provide a possible
solution to current problems in the standard cosmology. We em-
phasize that our results do depend on the dark matter abundance.
Thus, in order to solve both problems dark matter must appear in
the final state of the decay channel proposed. It could not have
been any particle, as the abundance of dark matter determines the
amount of extra radiation in the early universe which is directly
associated with the increase in Hg. Notice that in the deduction
of Eq. (2) we used pextra, Which is related to the dark matter den-
sity. Consequently our findings concerning Hg are tied to the dark
matter density. Therefore, if new independent measurements of Hg
converge increasing the need for new physics, sub-keV dark mat-
ter stands as a viable possibility, strengthening the need for new
detectors sensitive to very light dark matter [42].

Finally, sub-keV dark matter could have been produced non-
thermally in the early universe via the freeze-in mechanism [43].
In fact, if the production channel has a small available phase-space,
the dark matter free-streaming length is suppressed and therefore
the Lyman-alpha constraint can be avoided [44,45]. A very light
dark matter could also be produced via the misalignment mecha-
nism typical of axion dark matter models [46]. It is also important
to mention that the Fermi-Dirac statistics limits dark matter mass
to be higher of few hundreds of eV, independent of the produc-
tion mechanism [47,48]. Therefore, a sub-keV dark matter model
is perfectly conceivable once we invoke non-thermal processes.
Moreover, as a small fraction of dark matter may be produced via
this mechanism larger-scale structures are not affected [49].

5. Final remarks

Recently, several proposals have surfaced trying to induce a
larger expansion rate via an increase on Negr, such as dark matter
interactions with active neutrinos or via the introduction of new
light species. Moreover, numerous attempts to solve the Lithium
have been put forth in the context of late particle decays involv-
ing particles with an electric charge, neutral particles and even
decays having dark matter-like particles in the final state. Often
times dark matter in these works refer to neutral particles which
are stable and interact weakly. However, being stable and a weakly
interacting massive particle does not warrant a particle the role of
dark matter in our universe.

In this work, we go beyond that and propose a possible, unified
solution to the Lithium and Hg-tension problems which is con-
nected to the production of dark matter. Such result is obtained
through a mechanism of light (sub-keV) dark matter production in
which a fraction of the dark matter particles are produced non-
thermally in association with photons. We highlight that in this
case the increase in Neg, and consequently in Ho, is tied to the
dark matter production mechanism. We have discussed the obser-
vational viability of this framework in light of the current large-
scale structure and CMB data and shown that for an interval of
the parameter values the Lithium abundance may be significantly
reduced without altering other elements abundance, while simul-
taneously increasing the current expansion rate in agreement with
current local measurements.

As is well known, light dark matter has gained attention re-
cently as the still popular WIMPs (Weakly Interacting Massive
Particles) subject to intense experimental searches have not been
observed. We believe that the results discussed in this paper
further motivate experimental searches for sub-keV dark matter.
Finally, we want to notice that even if we expect the analytical
approximations used in this analysis to be valid, a full numerical
analysis could be done.
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Appendix A

In this appendix we are going to show that a 40 eV dark matter
particle, x is non-relativistic at the matter-radiation equality when
it is produced via the x’ — x + Y mechanism. As this decay hap-
pens in the radiation-dominated era, the dark matter temperature
is governed by

a
T=T,—. (A1)
a
Moreover, the scale factor a evolves as
1/2
a t
a_ (_) . (A2)
ap to
In this way,
1/2
T
ar = =—=—5— , (A3)
13.7 x 10% yr

which implies that a; = 1.52 x 107, for T ~ 10* s, which is our
the benchmark value. We used 1 yr =4.3 x 108 s.

As T = Tp/a, Ty = 1500 eV. With these results at hand we
can now determine the temperature of x at the matter-radiation
equality, i.e. for deq =3 x 1074, As

ar
Teq =T;—

(A4)

we get, Teq ~ 0.76 eV which is smaller than m, =40 eV. There-
fore, x is certainly non-relativistic at the matter-radiation equality.

A further note concerning our mechanism is related to BAO.
We may use again Eq. (A.1) to find that during BAO times (a ~
4 % 1073), T ~ 5.7 eV. Therefore, our mechanism behaves like the
standard cold dark matter paradigm.
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Appendix B

In this appendix we will show why the energetic photon pro-
duced in the proposed mechanism does not imply a large entropy
injection. We will arrive at this conclusion step by step.

As we know there is no fundamental reason for the baryometer
n =np/n, inferred from BBN and CMB inputs to be the same as
they refer to different epochs of the universe evolution. Knowing
that number of baryon is

2
Np=nga’=nnya =77?T3a3 (B.1)

and that the entropy S is proportional to T2 a3, we get

nr_ 3t (B2)
niSi
where “f” and
times ty and t;.

As we know the abundance of light elements restrict the value
for n, which is in agreement with CMB measurement. Therefore,
it prevents any significant entropy production between BBN and
CMB decoupling. Our scenario advocates x’ decays precisely be-
tween BBN and CMB decoupling, but we will show that for the
region of interest, there is no significant entropy injection. To as-
sess the amount of entropy injected between t; and t; due to the
x’ decay with number density n,/, we need to compute the dif-
ferential change in entropy in a comoving volume at temperature
T,

uiu

indices indicate the values of these quantities at

d dt
ds = TQ’ with  dQ = Cemny @ (B3)
Using the entropy relation with the scale factor,
2m?
=85 T3a’ (B.4)
we can rewrite Eq. (B.3) to obtain,
ty

S 45 dt

— =eX — B.5
Si P /zem 2m2g, T4 X 1 (B.5)

As x' decays its number density falls exponentially, therefore

3 3
a; t g T°S; t
Ny =n, —exp|——|=n,Z"——exp|—— B.6
T g3 p[ f} K gl 13s P (56
which can use it to substitute into Eq. (B.5) to find,
ty
St Cex /; 45 N gs+T3S; ox t7\ dt
S p Mom2g, T4\ i gé*T?S P -
ti
(B.7)
which simplifies to,
45 i
S n,: [ T;S; t dt
— =—ex — exp|— || — B.8
s; p {emZTL’zg;*T? TS p - - (B.8)

£

Notice that we have not made any strong assumption up until
now. We need to solve Eq. (B.8) and to do so we have to carry
out the integral. We will write the temperature as function of the
time, and for that we will use some known relations. First, having
in mind that x’ decays during the radiation-dominated era,
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/ 60¢(3
Py —myY, ¢(3)
PR w2g, T4

<1 (B.9)

2
where we used pg = 35 g.T*.
Solving the Friedmann equations for a radiation-dominated uni-
verse we get,
1
T 2H’

_ 8w
~ 3Mp

t where H? PR - (B.10)
Now with these relations we may write the temperature as a
function of the time and compute the integral in Eq. (B.8). Assum-

ing g, to be constant throughout (g, = 3.36) we get [50],

AS S T \1/2
22 jn2L ~ o4 fem ( ) (B.11)
Si Si 106 MeV 106 s
Finally, using Eqgs. (3) and (5) we obtain,
AS
< 0.06 A Neg (B.12)

1
in the limit m,/ > my.

As our region of interest yields 0.1 < ANegg < 0.7, through
Eq. (B.12) we find that it leads to a small entropy change. Re-
cent results point to 0.021 < Qp = 0.022 [3,51,52], where Q; =
Pb/Pc, Where pc is the critical density. Knowing that @, = n x
10'°h=2/(274) = (0.021 — 0.024)h—2, we conclude that 5.8 < <
6.6 [53]. Hence, our mechanism is in agreement baryometer tests.
This fact can be easily observed by looking at Fig. 2.

References

[1] L. Verde, T. Treu, A.G. Riess, Tensions between the early and the late universe,
in: Nature Astronomy 2019, 2019, arXiv:1907.10625.

[2] A.G. Riess, S. Casertano, W. Yuan, L.M. Macri, D. Scolnic, Large magellanic cloud
cepheid standards provide a 1% foundation for the determination of the Hubble
constant and stronger evidence for physics beyond ACDM, Astrophys. J. 876 (1)
(2019) 85, arXiv:1903.07603.

[3] Planck Collaboration, N. Aghanim, et al., Planck 2018 results. VI. Cosmological
parameters, arXiv:1807.06209.

[4] K.C. Wong, et al., HOLICOW XIII. A 2.4% measurement of Ho from lensed
quasars: 5.30 tension between early and late-Universe probes, arXiv:1907.
04869.

[5] W.L. Freedman, B.F. Madore, D. Hatt, T.J. Hoyt, LS. Jang, R.L. Beaton, C.R. Burns,
M.G. Lee, AJ. Monson, J.R. Neeley, M.M. Phillips, J.A. Rich, M. Seibert, The
Carnegie-Chicago Hubble program. VIII. An independent determination of the
Hubble constant based on the tip of the red giant branch, Astrophys. J. 882
(Sep 2019) 34, arXiv:1907.05922.

[6] L. Sbordone, et al., The metal-poor end of the Spite plateau. 1: stellar parame-
ters, metallicities and lithium abundances, Astron. Astrophys. 522 (2010) A26,
arXiv:1003.4510.

[7] A. Coc, E. Vangioni, Primordial nucleosynthesis, Int. ]. Mod. Phys. E 26 (08)
(2017) 1741002, arXiv:1707.01004.

[8] V. Singh, ]J. Lahiri, D. Bhowmick, D.N. Basu, Big-bang nucleosynthesis and
primordial lithium abundance problem, J. Exp. Theor. Phys. 128 (5) (2019)
707-712, arXiv:1708.05567, J. Exp. Theor. Phys. 155 (5) (2019) 832.

[9] ny OF Collaboration, L. Damone, et al., ’ Be(n, p)”Li reaction and the cosmolog-
ical lithium problem: measurement of the cross section in a wide energy range
at ny OF at CERN, Phys. Rev. Lett. 121 (4) (2018) 042701, arXiv:1803.05701.

[10] R.H. Cyburt, B.D. Fields, K.A. Olive, T.-H. Yeh, Big Bang nucleosynthesis: 2015,
Rev. Mod. Phys. 88 (2016) 015004, arXiv:1505.01076.

[11] K. Vattis, S.M. Koushiappas, A. Loeb, Dark matter decaying in the late Universe
can relieve the Ho tension, Phys. Rev. D 99 (12) (2019) 121302, arXiv:1903.
06220.

[12] D. Hooper, ES. Queiroz, N.Y. Gnedin, Non-thermal dark matter mimicking an
additional neutrino species in the early Universe, Phys. Rev. D 85 (2012)
063513, arXiv:1111.6599.

[13] Planck Collaboration, P.A.R. Ade, et al., Planck 2013 results. XVI. Cosmological
parameters, Astron. Astrophys. 571 (2014) A16, arXiv:1303.5076.

[14] T. Karwal, M. Kamionkowski, Dark energy at early times, the Hubble parameter,
and the string axiverse, Phys. Rev. D 94 (10) (2016) 103523, arXiv:1608.01309.

[15] J.L. Bernal, L. Verde, A.G. Riess, The trouble with Hp, ]J. Cosmol. Astropart. Phys.
1610 (10) (2016) 019, arXiv:1607.05617.

[16] L.L. Graef, M. Benetti, ].S. Alcaniz, Primordial gravitational waves and the HO-
tension problem, Phys. Rev. D 99 (4) (2019) 043519, arXiv:1809.04501.


http://refhub.elsevier.com/S0370-2693(20)30811-X/bibE5A504C5D05B712EEB2CAC4DBFD3205As1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibE5A504C5D05B712EEB2CAC4DBFD3205As1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib8DB9D67FB3BCCD2FBD07F4ACF9D586A5s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib8DB9D67FB3BCCD2FBD07F4ACF9D586A5s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib8DB9D67FB3BCCD2FBD07F4ACF9D586A5s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib8DB9D67FB3BCCD2FBD07F4ACF9D586A5s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib30B9B72CD5039DCB195373EE3DEF3DF0s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib30B9B72CD5039DCB195373EE3DEF3DF0s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib974B0D525846F8E11B60F74E68545531s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib974B0D525846F8E11B60F74E68545531s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib974B0D525846F8E11B60F74E68545531s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibE245867C795270380A1C9C02C8C19450s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibE245867C795270380A1C9C02C8C19450s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibE245867C795270380A1C9C02C8C19450s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibE245867C795270380A1C9C02C8C19450s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibE245867C795270380A1C9C02C8C19450s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibCE493D9A04AF5F667FE27AA7ED45EAF5s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibCE493D9A04AF5F667FE27AA7ED45EAF5s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibCE493D9A04AF5F667FE27AA7ED45EAF5s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibFC8E490408F56878B59207E89F23D085s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibFC8E490408F56878B59207E89F23D085s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibF137EDDDD210769254346AFB04EA875Bs1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibF137EDDDD210769254346AFB04EA875Bs1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibF137EDDDD210769254346AFB04EA875Bs1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibF86FCCFADBA14C7E46B64F3B232E6ACCs1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibF86FCCFADBA14C7E46B64F3B232E6ACCs1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibF86FCCFADBA14C7E46B64F3B232E6ACCs1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib0687E57F60CDA2D66BA396386B81F4F1s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib0687E57F60CDA2D66BA396386B81F4F1s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib7D30C56C3E31A7A188C192368C9E5D35s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib7D30C56C3E31A7A188C192368C9E5D35s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib7D30C56C3E31A7A188C192368C9E5D35s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib65B3928A5BFA37ED299C3DAACBC65DF8s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib65B3928A5BFA37ED299C3DAACBC65DF8s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib65B3928A5BFA37ED299C3DAACBC65DF8s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibA06654EE905CD9FAB1E6E2DEA842E82As1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibA06654EE905CD9FAB1E6E2DEA842E82As1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibF89B58A8EB0220B276041F86F45CF307s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibF89B58A8EB0220B276041F86F45CF307s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibD105A8352A337DBD913E42B0C7A011FCs1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibD105A8352A337DBD913E42B0C7A011FCs1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibF9502543FF9DA5429F6A1E35604ED7EEs1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibF9502543FF9DA5429F6A1E35604ED7EEs1

J. Alcaniz, N. Bernal, A. Masiero et al.

[17] V. Poulin, T.L. Smith, T. Karwal, M. Kamionkowski, Early dark energy can resolve
the Hubble tension, Phys. Rev. Lett. 122 (22) (2019) 221301, arXiv:1811.04083.

[18] JAR. Cembranos, J.L. Feng, A. Rajaraman, F. Takayama, SuperWIMP solutions
to small scale structure problems, Phys. Rev. Lett. 95 (2005) 181301, arXiv:
hep-ph/0507150.

[19] M. Viel, M.G. Haehnelt, V. Springel, The effect of neutrinos on the matter distri-
bution as probed by the intergalactic medium, J. Cosmol. Astropart. Phys. 1006
(2010) 015, arXiv:1003.2422.

[20] C.C. Smith, A. Klypin, M.AAK. Gross, J.R. Primack, J. Holtzman, Linearizing the
observed power spectrum, Mon. Not. R. Astron. Soc. 297 (1998) 910, arXiv:
astro-ph/9702099.

[21] DJ. Eisenstein, W. Hu, Power spectra for cold dark matter and its variants, As-
trophys. J. 511 (1997) 5, arXiv:astro-ph/9710252.

[22] C.-P. Ma, Linear power spectra in cold + hot dark matter models: analytical
approximations and applications, Astrophys. J. 471 (1996) 13-23, arXiv:astro-
ph/9605198.

[23] DES Collaboration, TM.C. Abbott, et al., Dark energy survey year 1 results: cos-
mological constraints from galaxy clustering and weak lensing, Phys. Rev. D
98 (4) (2018) 043526, arXiv:1708.01530.

[24] M. Zennaro, J. Bel, J. Dossett, C. Carbone, L. Guzzo, Cosmological constraints
from galaxy clustering in the presence of massive neutrinos, Mon. Not. R. As-
tron. Soc. 477 (1) (2018) 491-506, arXiv:1712.02886.

[25] G. Parimbelli, M. Viel, E. Sefusatti, On the degeneracy between baryon feed-
back and massive neutrinos as probed by matter clustering and weak lensing,
J. Cosmol. Astropart. Phys. 1901 (01) (2019) 010, arXiv:1809.06634.

[26] E. Giusarma, S. Vagnozzi, S. Ho, S. Ferraro, K. Freese, R. Kamen-Rubio, K.-B. Luk,
Scale-dependent galaxy bias, CMB lensing-galaxy cross-correlation, and neu-
trino masses, Phys. Rev. D 98 (12) (2018) 123526, arXiv:1802.08694.

[27] J. Liu, S. Bird, J.M.Z. Matilla, J.C. Hill, Z. Haiman, M.S. Madhavacheril, A. Petri,
D.N. Spergel, MassiveNuS: cosmological massive neutrino simulations, ]. Cos-
mol. Astropart. Phys. 1803 (03) (2018) 049, arXiv:1711.10524.

[28] C. Fidler, A. Kleinjohann, T. Tram, C. Rampf, K. Koyama, A new approach to
cosmological structure formation with massive neutrinos, J. Cosmol. Astropart.
Phys. 1901 (01) (2019) 025, arXiv:1807.03701.

[29] M. Zennaro, R.E. Angulo, G. Arico, S. Contreras, M. Pellejero-Ibafiez, How to add
massive neutrinos to your ACDM simulation - extending cosmology rescaling
algorithms, arXiv:1905.08696.

[30] L.A. Anchordoqui, H. Goldberg, Neutrino cosmology after WMAP 7-year data
and LHC first Z' bounds, Phys. Rev. Lett. 108 (2012) 081805, arXiv:1111.7264.

[31] A. Goudelis, M. Pospelov, ]. Pradler, Light particle solution to the cosmic lithium
problem, Phys. Rev. Lett. 116 (21) (2016) 211303, arXiv:1510.08858.

[32] F. locco, G. Mangano, G. Miele, O. Pisanti, P.D. Serpico, Primordial nucleosynthe-
sis: from precision cosmology to fundamental physics, Phys. Rep. 472 (2009)
1-76, arXiv:0809.0631.

[33] V. Poulin, P.D. Serpico, Loophole to the universal photon spectrum in electro-
magnetic cascades and application to the cosmological lithium problem, Phys.
Rev. Lett. 114 (9) (2015) 091101, arXiv:1502.01250.

[34] ]J.L. Feng, A. Rajaraman, F. Takayama, Superweakly interacting massive particles,
Phys. Rev. Lett. 91 (2003) 011302, arXiv:hep-ph/0302215.

Physics Letters B 812 (2021) 136008

[35] J. Chluba, R.A. Sunyaev, The evolution of CMB spectral distortions in the early
Universe, Mon. Not. R. Astron. Soc. 419 (2012) 1294-1314, arXiv:1109.6552.

[36] A. Kogut, et al., The primordial inflation explorer (PIXIE): a nulling polarime-
ter for cosmic microwave background observations, J. Cosmol. Astropart. Phys.
1107 (2011) 025, arXiv:1105.2044.

[37] W. Hu, ]. Silk, Thermalization constraints and spectral distortions for massive
unstable relic particles, Phys. Rev. Lett. 70 (1993) 2661-2664.

[38] D.P. Finkbeiner, S. Galli, T. Lin, T.R. Slatyer, Searching for dark matter in the
CMB: a compact parameterization of energy injection from new physics, Phys.
Rev. D 85 (2012) 043522, arXiv:1109.6322.

[39] .M. Oldengott, D. Boriero, D.]. Schwarz, Reionization and dark matter decay, J.
Cosmol. Astropart. Phys. 1608 (2016) 054, arXiv:1605.03928.

[40] V. Poulin, J. Lesgourgues, P.D. Serpico, Cosmological constraints on exotic in-
jection of electromagnetic energy, J. Cosmol. Astropart. Phys. 1703 (2017) 043,
arXiv:1610.10051.

[41] M. Lucca, N. Schoneberg, D.C. Hooper, J. Lesgourgues, J. Chluba, The synergy
between CMB spectral distortions and anisotropies, ]. Cosmol. Astropart. Phys.
2002 (02) (2020) 026, arXiv:1910.04619.

[42] M. Battaglieri, et al., US cosmic visions: new ideas in dark matter 2017: com-
munity report, in U.S. cosmic visions: new ideas in dark matter, in: U.S. Cosmic
Visions: New Ideas in Dark Matter College Park, MD, USA, March 23-25, 2017,
2017, arXiv:1707.04591.

[43] N. Bernal, M. Heikinheimo, T. Tenkanen, K. Tuominen, V. Vaskonen, The dawn
of FIMP dark matter: a review of models and constraints, Int. ]. Mod. Phys. A
32 (27) (2017) 1730023, arXiv:1706.07442.

[44] J. Heeck, D. Teresi, Cold keV dark matter from decays and scatterings, Phys.
Rev. D 96 (3) (2017) 035018, arXiv:1706.099009.

[45] S. Boulebnane, J. Heeck, A. Nguyen, D. Teresi, Cold light dark matter in ex-
tended seesaw models, J. Cosmol. Astropart. Phys. 1804 (04) (2018) 006, arXiv:
1709.07283.

[46] DJ.E. Marsh, Axion cosmology, Phys. Rep. 643 (2016) 1-79, arXiv:1510.07633.

[47] S. Tremaine, J. Gunn, Dynamical role of light neutral leptons in cosmology,
Phys. Rev. Lett. 42 (1979) 407-410.

[48] A. Boyarsky, O. Ruchayskiy, D. lakubovskyi, A lower bound on the mass of dark
matter particles, J. Cosmol. Astropart. Phys. 0903 (2009) 005, arXiv:0808.3902.

[49] T. Bringmann, F. Kahlhoefer, K. Schmidt-Hoberg, P. Walia, Converting nonrel-
ativistic dark matter to radiation, Phys. Rev. D 98 (2) (2018) 023543, arXiv:
1803.03644.

[50] ]J.L. Feng, A. Rajaraman, F. Takayama, SuperWIMP dark matter signals from the
early universe, Phys. Rev. D 68 (2003) 063504, arXiv:hep-ph/0306024.

[51] O. Lahav, A.R. Liddle, The cosmological parameters, arXiv:1912.03687, 2019.

[52] M.M. Ivanov, M. Simonovi¢, M. Zaldarriaga, Cosmological parameters and neu-
trino masses from the final Planck and full-shape BOSS data, Phys. Rev. D
101 (8) (2020) 083504, arXiv:1912.08208.

[53] Particle Data Group Collaboration, M. Tanabashi, et al., Review of particle
physics, Phys. Rev. D 98 (3) (2018) 030001.


http://refhub.elsevier.com/S0370-2693(20)30811-X/bib82F165B95BC4EBB0DF5B2555C1FA49D1s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib82F165B95BC4EBB0DF5B2555C1FA49D1s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibAA71383AB28283747B0F8314B8016A6Bs1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibAA71383AB28283747B0F8314B8016A6Bs1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibAA71383AB28283747B0F8314B8016A6Bs1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib73DDD1BA8A063D7DB6C8BB82B4364810s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib73DDD1BA8A063D7DB6C8BB82B4364810s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib73DDD1BA8A063D7DB6C8BB82B4364810s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib28F83C4DBF8912D5F34C199BE57E7386s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib28F83C4DBF8912D5F34C199BE57E7386s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib28F83C4DBF8912D5F34C199BE57E7386s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib15528E59B26B17A6D04E6B4D1C481C52s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib15528E59B26B17A6D04E6B4D1C481C52s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib9EDEFECF0AF724435A52E595A83A2413s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib9EDEFECF0AF724435A52E595A83A2413s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib9EDEFECF0AF724435A52E595A83A2413s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibCEA1C05207D2FADF0682FB9D54C98284s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibCEA1C05207D2FADF0682FB9D54C98284s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibCEA1C05207D2FADF0682FB9D54C98284s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib917B1AA38E425D7E2D35F4B7FF474D9Bs1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib917B1AA38E425D7E2D35F4B7FF474D9Bs1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib917B1AA38E425D7E2D35F4B7FF474D9Bs1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib1FF175A9BF1D180F4B19DCA912660356s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib1FF175A9BF1D180F4B19DCA912660356s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib1FF175A9BF1D180F4B19DCA912660356s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibCA65F2F7697E2C2E0CA584300FC0837Es1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibCA65F2F7697E2C2E0CA584300FC0837Es1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibCA65F2F7697E2C2E0CA584300FC0837Es1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib1252F3D20656266AFCCF5EA167AD8923s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib1252F3D20656266AFCCF5EA167AD8923s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib1252F3D20656266AFCCF5EA167AD8923s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib918197233584088424D5D630CE449497s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib918197233584088424D5D630CE449497s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib918197233584088424D5D630CE449497s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibEB483AD323494F13AD8901BDD77D7DF4s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibEB483AD323494F13AD8901BDD77D7DF4s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibEB483AD323494F13AD8901BDD77D7DF4s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib4B5BA23EA18124B71DEC5A979C489509s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib4B5BA23EA18124B71DEC5A979C489509s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib7CBA223A821EA0878D029E80B897E179s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib7CBA223A821EA0878D029E80B897E179s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib18B14152038576B0E89F855D781A59AAs1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib18B14152038576B0E89F855D781A59AAs1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib18B14152038576B0E89F855D781A59AAs1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib37574B47EB5E151A03A93600F46485EBs1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib37574B47EB5E151A03A93600F46485EBs1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib37574B47EB5E151A03A93600F46485EBs1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibB1C09D413728BCE00F93519095F2A460s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibB1C09D413728BCE00F93519095F2A460s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib1A072116EC635208FC95347C3680BD0Bs1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib1A072116EC635208FC95347C3680BD0Bs1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib5D7F5D13667B652F2E97BD10862D1503s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib5D7F5D13667B652F2E97BD10862D1503s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib5D7F5D13667B652F2E97BD10862D1503s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib18304D8F9122CF8FF6A4987ED179646Bs1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib18304D8F9122CF8FF6A4987ED179646Bs1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibE3ACACE91F7ED9AB73CC14452744DB34s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibE3ACACE91F7ED9AB73CC14452744DB34s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibE3ACACE91F7ED9AB73CC14452744DB34s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib9B8CDAB2A9140D7C77DD6DBBD23A1204s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib9B8CDAB2A9140D7C77DD6DBBD23A1204s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibB7956246975CA1E320F74FE3D4E0E51Bs1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibB7956246975CA1E320F74FE3D4E0E51Bs1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibB7956246975CA1E320F74FE3D4E0E51Bs1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib55E3F79723B2C9BE35A365C34148DA32s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib55E3F79723B2C9BE35A365C34148DA32s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib55E3F79723B2C9BE35A365C34148DA32s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib40B8EA52B691E79787FA95EA5AB4CBFAs1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib40B8EA52B691E79787FA95EA5AB4CBFAs1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib40B8EA52B691E79787FA95EA5AB4CBFAs1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib40B8EA52B691E79787FA95EA5AB4CBFAs1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib88EF3B9C770EE0274E4D9BCFEC5D4553s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib88EF3B9C770EE0274E4D9BCFEC5D4553s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib88EF3B9C770EE0274E4D9BCFEC5D4553s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib8009E802FC98A5417C305B84BCCE8057s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib8009E802FC98A5417C305B84BCCE8057s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibEE02A130B986FBB29852B61A481EFD71s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibEE02A130B986FBB29852B61A481EFD71s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibEE02A130B986FBB29852B61A481EFD71s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibEF5DDCDAD9F16990839BD4D69323D699s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib61FDD90E460E2916AAB9D937285C0C86s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib61FDD90E460E2916AAB9D937285C0C86s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib84925A51575D6F63085AC3040196406Es1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib84925A51575D6F63085AC3040196406Es1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib6D87B37A110E773A8A9E9DF51310079Ds1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib6D87B37A110E773A8A9E9DF51310079Ds1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib6D87B37A110E773A8A9E9DF51310079Ds1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibCD41DB5DC49300764654EC7A5B7F7A53s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bibCD41DB5DC49300764654EC7A5B7F7A53s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib1A35BF3ED680184ADE2F2AC7D6884079s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib1737D8317DD0569B3711F91D6393AA26s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib1737D8317DD0569B3711F91D6393AA26s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib1737D8317DD0569B3711F91D6393AA26s1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib296D9A4C8D19E9EAF3CD9DD482D473AEs1
http://refhub.elsevier.com/S0370-2693(20)30811-X/bib296D9A4C8D19E9EAF3CD9DD482D473AEs1

	Light dark matter: A common solution to the lithium and H0 problems
	1 Introduction
	2 Light dark matter and H0
	3 Light dark matter and the lithium problem
	4 Discussion
	5 Final remarks
	Declaration of competing interest
	Acknowledgements
	References


