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Abstract The Hubble constantinferred from the 6-parameter
fit to the CMB power spectrum conflicts with the value
obtained from direct measurements via type la supernova
and Cepheids observations. We write down effective opera-
tors involving spin-0, spin-1/2, and spin-1 dark matter that
lead to the relativistic production of dark matter particles at
early times, and consequently lead to an increase in the num-
ber of relativistic degrees of freedom. This mechanism which
is amenable to CMB, BBN, and structure formation observ-
ables can sufficiently raise the value of the Hubble constant
derived from CMB and reconcile local and CMB probes of
the Hubble constant. This mechanism alone increases Hy up
to70 km s~ Mpc~!, and with the help of a Phantom-like cos-
mology, reach Hy ~71-73 km s~'Mpc~!. Lastly, we outline
the region of parameter space which reproduces Hy >~ 71-73
kms~! Mpc~! while obeying all relevant constraints.

1 Introduction

The ACDM cosmological model is grounded in the idea that
the universe is nearly spatially flat, with its structures arising
from quantum vacuum fluctuations of cosmological pertur-
bations from a highly homogeneous and isotropic primordial
era. Currently, the universe is dominated by dark energy and
cold dark matter [1,2]. This simple description can nicely
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explain the abundance of light elements [3], the CMB (Comic
Microwave Background) power spectrum [4], the large scale
structure as well as the ongoing accelerated expansion era
[5-8], among others. Nevertheless, an important discrep-
ancy involving the Hubble constant surfaced. Considering
the ACDM model and CMB power spectrum, Planck data
favors Hy = 67.27+0.6kms™! Mpc_1 [4]. However, adopt-
ing ACDM model, quasar time-delay cosmography leads to
Hy = 71.91“%:3 kms™! Mpc_l [9]. Parallax measurements of
Cepheids provide Hy = 73.24=+1.74km s~ Mpc~! [10]. In
summary, early measurements of the Hubble constant favor
Hy < 69 km s~! Mpc~!, whereas local measurements yield
Hy > 71 km s~! Mpc~! [11]. The incompatibility found
in the Hubble constant is known as the Hubble tension, and
its magnitude varies depending on the data set used. Table 1
presents some of these measurements showing a discrepancy
between late and early universe data. Collectively speaking,
it is clear that local measurements do not agree with CMB
inferred values for Hy.

Studies raised systematic issues in the Planck analysis:
One assumes the ACDM model to infer Hy from the CMB
data. One first example is the fact that Planck uses two differ-
ent likelihood pipelines, Plik and CamSpec, which consider
different sky masks and could, in principle, shift by 0.5¢ the
Hj constraints coming from the CMB. More importantly, the
Ajens anomaly [22], which is a nonphysical parameter equal
to the unit if the gravitational lensing effects are the ones
predicted by the ACDM, and null if there is no lensing at all.
Planck collaboration sets Ajens > 1 at two standard devia-
tions. As this lensing anomaly has not been observed in the
Planck trispectrum data, there is still unknown small system-
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Table 1 Early and late universe evaluations of the Hubble constant and
their respective data sets

EARLY UNIVERSE Dataset
Hy=70.0+22kms™ ! Mpc™! WMAP9 [12]
Hy = 67.36 £0.54km s~ ! Mpc~! CMB 2018 [4]

Hy = 67.36 £ 0.54km s~ Mpc~!
Hy = 69.72 4+ 1.63km s~ ! Mpc™!
Hy =679+ 1.1kms™ ! Mpc~!
Hy =69.6+ 1.8kms~! Mpc™!

SPT 2021 [13]
ACT 2019 [14]
BOSS data [15]
eBOSS Collab. [16]

LATE UNIVERSE Dataset

sHy =73.84+2.1kms~! Mpc™!
Hy =754+ 17kms ! Mpc™!
Hy=72.8+19kms ™! Mpc~!
Hy =732+ 1.3kms~! Mpc~!
Hy = 69.842.5kms™! Mpc™!

SN1la 2021 [17]
Pantheon 2019 [18]
Gaia 2020 [19]

Gaia and HST 2020 [20]
Red Giants 2019 [21]

atic error in the CMB data, which could reduce the Hubble
tension.

The late universe measurements of Hy is direct, and come
from measuring the distance-redshift relation, in order words,
the Hubble law. The most often technique is parallax, i.e. use
geometry to calibrate the luminosity of pulsating Cepheid
variables, for instance, which can be seen at great distances
and thus allow measurements of the cosmic expansion. We
highlight that this method treats such stars as standard can-
dles.

Hence, once those stars are empirically standardized, the
same type has the same luminosity, without invoking any
theoretical aspect. Though direct, this type of measurement
is much more subject to systematic errors than the early uni-
verse measurements. Evidence of this fact is the last mea-
surement presented in Table 1. It uses Red Giants instead
of Cepheids or Supernovae to evaluate the distance-redshift
relation, and the value inferred for Hy is a little bigger but
compatible with the early universe evaluations, with the error
bars. In many cases, the Red Giants and Cepheids used to
obtain the different data sets are located in the same galax-
ies, the discrepancy in the results indicates the presence of a
large systematic error in one or both of these measurements.
New observations using the James Webb telescope may solve
this issue in a couple of years, see a discussion of this conflict
in Ref. [23].

This cosmological problem has triggered several solu-
tions, see for recent reviews [24,25]. One possibility to
increase the Hubble constant inferred from CMB probes is
to add some amount of radiation at early times. A plausi-
ble way to accomplish this is via the introduction of new
light species that were in thermal equilibrium much before
CMB decoupling [26-28]. Such light species will contribute

@ Springer

to the number of degrees of relativistic degrees of freedom,
Neyr, which is positively correlated with the Hubble rate. An
alternative way to increase N,y is to introduce a relativistic
production mechanism of dark matter particles, which in turn
mimic the effect of a neutrino species [29].

It is well known that dark matter cannot be relativistic at
matter-radiation equality for the sake of structure formation,
and in this mechanism, dark matter is not being converted into
dark matter radiation after Big Bang Nucleosynthesis [30].
We are simply assuming that it was produced relativistically,
but later it became non-relativistic much before Big Bang
Nucleosynthesis or CMB decoupling. Therefore, this mech-
anism behaves just like any other standard non-relativistic
dark matter model at late times. If a dark matter particle
is produced relativisticaly it might be safely non-relativistic
depending on when it was produced and its initial kinetic
energy, as we will explain later. Anyway, this solution to the
Hy problem via N,.sy has proven to be insufficient with the
latest data from Planck and new direct measurements of Hy.
Within the ACDM one cannot find Hy > 70km s~ Mpc™!.
Small deviations from the ACDM, however, allow larger val-
ues [11].

In the ACDM, the dark energy equation of state, p = wp,
has w = —1, but in Phantom-like models w < —1 [31-
37]. This deviation in the equation of state allows larger val-
ues of Hy when global fits to the CMB spectrum are per-
formed [11]. It is known that Phantom-like cosmologies,
that experience late times dark energy transitions at red-
shifts z < 0.1 can raise the Hubble constant to values larger
than 73 kms~! Mpc~!, while yielding equally good fit as
ACDM at higher redshift data, in particular from the cos-
mic microwave background and baryon acoustic oscillations.
Although, it faces some problems to raise Hy to large val-
ues when data from SHOES collaboration [38], which con-
sists in using Cepheid variables as intermediate calibrators,
are accounted for [39]. It has to do with the SNIa absolute
magnitude obtained in these data analyses, which disagree
with the absolute magnitude derived from SNIa, BAO and
CMB data [40,41]. Although, if a redshift dependence on
the supernova absolute magnitude is included, the Phantom-
like solution to the Hp problem remains viable [40,41]. As
Phantom-like cosmology still stands as a plausible solution
to the Hy problem, we will consider it as our cosmological
model, allowing us to connect the increase in the Hubble rate
with N.ss in terms of dark radiation.

In this work, the dark radiation arises via the relativistic
production of dark matter that occurs through a decaying pro-
cess, where a heavy particle (x’) decays into a dark matter
particle () plus a photon (y). That decay adds an amount of
hot dark matter which behaves as dark radiation for a while
but later becomes non-relativistic as its energy decreases with
the expansion. Hence, in this way, the production of dark
matter contributes to N.sy and thus increasing Hy. As a side
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remark, note that if the results of Refs. [21,23] discussed
previously are correct, namely, that Hy & 70 km g1 Mpc_l,
this non-thermal production mechanism of dark matter parti-
cles would be sufficient to reconcile CMB and late time mea-
surements of Hy without appealing to any Phantom physics.

We will explain the mechanism in a model independent
way, and later we write down non-renormalizable operators
encompassing spin 0, spin 1 and spin 1/2 dark matter parti-
cles that feature this non-thermal production of dark matter
particles. The important quantities are the masses of the par-
ticles and the energy scale of the effective operator, A. With
this at hand, we delimit the region of parameter space iwhich
offers a solution to the Hy trouble.

This work is structured as follows: in Sect. 2 we explain
how the non-thermal production of dark matter raises Ho;
in Sect. 3, we present effective operators that give rise to
the x’ — xy decay, and derive the corresponding decay
width; in Sect. 4 we discuss the results, before concluding in
Sect. 5.

2 Increase in relativistic energy density produced by
dark matter

We are considering a radiation era where only photons and
neutrinos are relativistic. Therefore, the total energy density
in this stage is,

2

= Prad = 5o 8T* (M
P = Prad = 3Og* )

where T is the temperature of the photons and g, is the total
relativistic degrees of freedom [1]. The factor g, gives,

= +7 N L 4—2+7 4 4/3N (2)
Se=8y sl r) =T i\ v

where g, = 2 indicates that photons have two polarization
states, g, = 1 informs that standard model neutrinos are
only left-handed, 7,/ T, = (4/1 1)1/3 is the ratio between
the neutrinos and photons temperature after the neutrinos
decoupling [1], and N, is the number of neutrino flavors.

In the standard model, there are three neutrinos specie.
Thus we expect N.rr to be close to three, not precisely
three, because of some temperature dependence. However,
in non-standard cosmologies, we generally write Norr =
3 + ANcffr, where AN,¢s refers to the extra number of
relativistic degrees of freedom, which may come in sort of
new light species or other mechanisms that mimic this effect.
Denoting the energy density of a single standard model neu-
trino species as p1,, we define,

:Oextra . (3)

ANerr =7,
v

Notice that the ratio between one neutrino species and cold
dark matter energy density in the matter-radiation equality is,

—1
Q Q
Plv _ v,(ipc CD3M,O —0.16, (4)
PCDM li=,,  3deq az,

where 2,0 = 3.65 x 1073, Qcpm,o = 0.265, and apy =
3 x 1074 [42].!

Consequently, one neutrino density energy is equivalent
to 16% of the cold dark matter energy [44] at the matter-
radiation equality. In other words, if a fraction of dark matter
is relativistic at that time, it can contribute to the energy
density just like a neutrino species. That said, we consider
a heavy particle x” which decays in the radiation era in two
particles, dark matter () and a photon (y). We also assume
thatm s > m, , because we need dark matter to be produced
relativistically so it can mimic the effect of a neutrino species.
We avoid problems with structure formation by assuming that
only a small fraction of dark matter particles are produced
in this way [44]. We will now devote some time explaining
how this decaying process can generate AN,rr # 0.

In the x’ resting frame, the four-momentum of the parti-
cles are,

Py = (my, 0),
Py = (Ex(p), p),
Py.v = (pl, —p).

Imposing four-momentum conservation we obtain,

1 my 2
Py @] =1pl=Zmy |1~ (m—) : 3)
X
Ey (1) =my <—mx’ + ok ) ©)

2my  2my

where 7 is the ' lifetime. Note that the equation above refers
to the energy and momentum at the moment immediately
after the decay. Hence, the Lorentz factor is,

Yy (1) = (ﬂ+ Tx ) )

2my 2m,

where E, (1) = m, yy, (7).
The momentum of the particle is inversely proportional to
the scale factor, thus pi 06 a1—2 which implies in,
) 1

2 2 _ =
ES —m _pXO(a2

2 2 2 2 2 2
- (EX (1) — mx) a2(t) = (EX(t) _ mx)a )
! There are some ways to calculate Geq, here we point two of them:
aeqg = 1/(1 4 zeq), where z,q is the redshit at matter-radiation equality,

and aoq = Q2rad,0/ S2m,0. The values of these constants can be found in
the [43].
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5 1/2
= Ey (1) = m, [1+<%) (y)%(r)—l)} e

From Eq. 10 we can extract the Lorentz factor for the dark
matter particles at a given time ¢. Since we are considering
a phase where the universe is radiation dominated, we can
substitute a(t)/a(t) for /7 /t and find the Lorentz factor [2],

2 _ 22
(m X m X /) T
Yy () = 22\ + 1. 9)
mym,
A particle in the non-relativistic regime has its mass as the
mean contribution of the total energy. Hence, the dark matter

energy can be written as,
Ey =my(yy — 1) +my. (10)

This equation provides a direct interpretation of m, (y, — 1)
as the mean contribution part of the particle energy in the
ultrarelativistic regime. Therefore, the total energy of dark
matter particles is given by the energy of the cold dark matter
plus the energy of the relativistically produced dark matter
component,

EDMZNHDMmX(VX_1)+NCDMmXa (11)

where Ny par and N¢ py are the number of hot and cold dark
matter particles, respectively. To avoid conflicts with results
from standard cosmology, we enforce Nypy < Ncpw, as
will explain further.

The ratio between the hot and cold dark matter energy
density is

npmmy (vy — 1)
ncpmny

PHDM
pcDM

= flyy—1), (12)
where ny py and nepy are the number density of relativis-
tic and nonrelativistic produced dark matter particles, respec-
tively. The factor f is the ratio between these two number
densities and it must be small. Here, we consider f = 0.01,
which is an upper limit obtained from structure formation
[45]. Note that this relativistically produced dark matter will
be eventually cold, i.e. with E, ~ m, shortly after structure
formation begins.

We assume that the extra source of radiation in (3) is the
dark matter particles in a hot stage. Using Eq. 3, we get,

-1
ANy = PHDM _ pcomflyy — 1 (13)

Plv Plv

Our next step is to calculate this expression at matter-
radiation equality, where pcpuy/p1y = 1/0.16,

f()’x_l).

ANesr = lim 0.16

1—>leg

(14)
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In the limit m,+ > m,, we can simplify Eq. (14) to,

Valteg) = 1~ yylteg) ~ 32 [ (15)
X eq
which leads to,
ANejy ~ 2.5 x 107 1016 x fox (16)
S mX

where we used 7., ~ 50,000 years ~ 1.6 x 10'2 5 [46].

The AN,y is afunction of four parameters: (i) the lifetime
and (ii) the mass of yx’; (iii) the mass of x; (iv) the fraction
of hot dark matter particles (f), that we assume to be 0.01.
We will address this assumption in the next section.

As aforementioned, Planck collaboration has reported that
Ne.yr and Hy are positively correlated. Therefore, we can use
Eq. (16) to connect Hy with fm,:/m, for a given lifetime.

Assuming that the Hubble constant measured locally
should indeed be larger than 70 kms~! Mpc ™!, one can con-
clude that the AC DM model does not suffice [11]. It is nec-
essary to consider non-standard cosmological scenarios [11].
Here we will consider Phantom-like models [47]. We use the
positive correlation between Hp and N, s found in [11], and
derive the allowed values of Hy for choices of the product
fmy/m,y fort = 10%s,10% s, and 10% s.

Phantom-like cosmologies alone allow Hj values larger
than 70 km s~ Mpc~!, and consequently can solve the Hy
trouble. This explains why in Fig.1 fm, /m, can go to
zero. However, if we adopted local measurements point-
ing to Hy < 70kms~!Mpc™!, there would be no need
for a Phantom-like cosmology because our mechanism of
non-thermal production of dark matter particles can yield
Neyr = 3.3 and, consequently, Hy = 70 km sl Mpcfl [11].
In the middle panel of Fig. 1 we assumed null curvature and
in the bottom a non-zero curvature. The difference in the
parameter space is mild. Thus, we can safely say that with or
without curvature our work can solve the Hy trouble.

We stress that the advantage of our mechanism is the inter-
play between particle physics and cosmology. Instead of rely-
ing simply on a cosmological model such as Phantom-like
cosmology, our idea invokes a connection to the dark mat-
ter density and to the production mechanism of dark matter
particles. As far as typical direct detection searches go [48],
dark matter particles with a non-thermal origin in the early
universe produce no effect on the scattering rate observed
today. However, if dark matter particles experienced in the
early universe a non-thermal production, the parameter space
probed by direct detection experiments, in terms of mass and
coupling of given model, changes. Hence, If only a small frac-
tion of dark matter is produced non-thermally, this brings no
impact to the typical direct detection or accelerator searches
for dark matter particles [49]. Be that as it may, this small
fraction might serve an interesting purpose in cosmology,
a solution to the Hp problem. We will now address some
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©

Fig. 1 Allowed regions of parameters that connect our mechanism and
the value of Hubble constant in phantom-like cases. The first row cor-
responds to the ACDM model, and in the second and third rows a
phantom-like quintessence is introduced, first in a spatially flat model,
then with non-null spatial curvature. The second column presents the
cases corresponding to a non-zero AN,yy. The data set that connects

igig ACDM

66.5 67.0 67.5 68.0 68.5 69.0 69.5 70.0 70.5
Hy [Kms™ Mpc™!]

(b)

25000
0’s  Phantom-like model + null curvature
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frmy/my
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25000 mm - —102s Phantom-like model + small curvature
o =10%s
Bl =10%s
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£ 15000
=
EX
g 10000 4
5000 4

Hy [Kms™' Mpc™]
®

AN,sr and Hy showed in a, ¢, e is taken from [11]. In all figures, the
lighter regions correspond to 99% of CL, while the darkest regions cor-
respond to 68% of CL. In b, d, f the orange, blue and gray regions
correspond to the cases where x’ lifetime is 10% s, 10% s and 10* s
respectively. The bounds use Planck 2018 CMB data, BAO, and type
Ia data from the Pantheon sample
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important cosmological aspects of this non-thermal produc-
tion mechanism in the early universe. We start discussing
structure formation and Big Bang Nucleosynthesis.

3 Relevant bounds
3.1 Big bang nucleosynthesis

When electromagnetic energy is injected in to the universe
through non-thermal processes as the one we are consid-
ering Double Compton scattering (ye~ — yye ), and
bremsstrahlung (e~ X — e~ Xy) may alter the CMB spec-
trum [50,51], relaxing it to a Bose-Einstein distribution func-
tion with chemical potential different from zero. Given the
existing upper limit on the chemical potential, we can limit
the energy injection at a given time. The bounds are rather
stringent, but for 7 > 10* s. In our work, we will focus on
the region of parameter space in which 7 < 10% s, to avoid
conflicts with BBN [29,52].

3.2 Structure formation

Galaxy cluster observations restrict the amount of hot dark
matter in the universe. Hot dark matter is typically treated as
massive neutrinos. Those studies limit the fraction of hot dark
matter in the universe, Qypy/2cpum to be less than 0.01.
For this reason, we will consider f = 0.01. Notice that we
are being very conservative by taking this bound at face value,
because the dark matter particles can be heavy, conversely to
neutrinos. Therefore, its free-streaming evolves differently.
A more robust calculation would have to be derive a more
precise constraint.

3.3 Energy evolution of dark matter

In our formalism, a fraction of dark matter particles are cre-
ated in a hot stage. But it is important that at matter-radiation
equality time their kinetic energy had been lost, due to the
expansion of the universe. The evolution of the dark mat-
ter particles are computed using Eq. (10). Therefore, we can
assess whether the dark matter particles produced this way
are non-relativistic, i.e, E, ~ my, at the matter-radiation
equality. Focusing only on the region of parameter space
which solves the Hy we compute the dark matter energy at
the matter-radiation equality.

Taking v ~ 10?-10% s and m,//m, ~ 10* — 10°, which
is within the region of interest to solve the Hy problem, we
show in Fig.2a that the dark matter particles become non-
relativistic at matter-radiation equality for m,/m, = 10%.
In Fig.2b it is shown that for m,/m, = 10° dark mat-
ter particles are still relativistic at matter-radiation equality.
Enforcing the dark matter particles to be cold at 7., we find

@ Springer

T =10%s
T =10%s
T =10%

10" 10" 108 107

108 100 107 10
t [s]

(2)

. T =10%s
10° 7= 1035
10%4 T =10%
EX
\X 103-
Lﬂ 102.
o1 my/m, = 10°
100_ ..................................................................

108 10 107 10° 10 108 10 107

Fig. 2 Time evolution of dark matter energy. We consider situations
where dark matter mother lifetime is T = {10%s, 10? s, 10* s} and the
ratio between dark matter mother and dark matter mass is m,//m, =
{10%, 10°}. In all situations of a dark matter is cold at matter-radiation
equality (7.4), while in b dark matter is hot in all scenarios

a upper limit on the mass ration m,//m,. We emphasize
that this result is independent of f. We highlight that the
choices for the parameter in the figures solve the Hy discrep-
ancy. Despite the energy of dark mater being independent
of f, we needed to assume f to be small to reproduce the
correct value of Hy. Therefore, changing f means changing
the lifetime and mass ratio that yields the correct Hy. That
would consequently change the curves in Fig.2a at matter-
radiation equality for m, /m, = 10*. Anyway, in Fig.2b,
our mechanism goes in the direction of a mixed cold+hot dark
matter scenario, which may solve some small scale problems
appearing in purely cold dark matter simulations [53-57].
In summary, our mechanism does not alter the CMB, BBN
or structure formation prediction for the region of interest.
We now move to a more particle physics-oriented section.
Having in mind that this decay x’ — x + y can solve the
Hj problem, we write down effective operators that feature
this decay to determine the energy scale A at which the Hy
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(a) (b)

(©

Fig. 3 Diagrammatic representation of a heavy particle (x’) that decay
in hot dark matter () and photon (y). Three cases are considered: a x’
is spin-1 and y is a spin-0 particle; b x’ and x are spin-1/2 particles; ¢
x’ is spin-0 and y is a spin-1 particle

can be solved through non-thermal production of dark matter
particles.

4 Effective theory of dark matter

As the nature of dark matter is unknown, we will consider
three effective operators of dimension five covering spin-
0, spin-1 and spin-1/2 dark matter particles for the decay
process x' — x+v.The corresponding Feynmann diagrams
are displayed in Fig. 3.

A two-body decaying rate is given by [58],

|p, (D]

8nmi,

T > x+y = IM%, (17)

where M is the invariant amplitude. After plugging in the
kinematics given in Eq. 5, we get,

2
r—_ L {1 - (m—x) ] M. (18)
167'rmx/ mX/

We will use this general expression to calculate the life-
time T = 1/T for three different effective operators pre-
sented below.

4.1 Decay in spin-0 dark matter and photon

In the first case we assume that x’ is a spin-1, x is a spin-0
particle, and the effective Lagrangian describing this decay

x = x +vis,
1
Lepr = 3 0x Xy B (19)

where A is an energy scale to be determined later.” Note that
Xjww = 9uXy, — dvx,,- The Feynman diagram for this process
is shown in Fig. 3a, which results in,

2m4/ m 2 2
MP= L1 (=) |. 20
M = 2 [ <mx, (20
Substituting this result in Eq. 18 we obtain,

3 273 3

m:, m_,
r—_—x [1_("« A X . 1)
247 A? my 247 A?

Therefore, the lifetime is set by A and m, . We exhibit
this relation in Fig. 4a for r = 10%s, 103 s, 10%s. As AN,ff
is now a function of m,:, m, and A, we can play with
those quantities to outline the region of parameter space that
solves the Hy trouble exploiting its correlation with AN,s.
In Fig. 4b we set m,/m, = 10* and show the values of
A which yield AN,y = 0.1 — 0.6 and lead to Hy ~
7072 kms~! Mpc~! according to Fig. 1b. We would like
to stress once more that if local measurement converge to
Hy ~ 70kms~'Mpc~!, our mechanism alone is sufficient to
solve the discrepancy on Hy, as can be seen in Fig. la.

4.2 Decay in spin-1/2 dark matter and photon

In the second possibility, we consider that x’ and x are spin-
1/2 fermions, and the effective theory to describe the decay
x = x+yis

1 -
Lefr = Xlﬁxdlwlpx/ﬂw + h.c., (22)

where o/’ = %[y“, y']. The corresponding Feynman
amplitude is,

8m*, ma \ 2 2
M= [p(#” . 23)
X/
Using Eq. 18 we find,
3 273 3
AR G R (03 W P (24)
2w A? "y 27 A?

In a similar vein, we use Eq. (24) to plot the relation
between A and m, for v = 10%s,10%s, 10%s in Fig. 5a.

2 Throughout the text, we use many Lagrangians. Therefore, it is a
good moment to explain our notation. When A is a spin-0 particle, it is
described by a scalar field ¢ 4. If A is a spin-1/2 particle, it is described
by a spinor field {4. Whether A is a spin-1 particle, it is described by
a vector field A,.
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Fig. 4 Plotof A as afunction of the x and x’ masses for the case where
x'is a spin-1, x is a spin-0 particle. a A x m, curves built from Eq.
(21),using 7 = 102,103 and 10%s. b A x m,y curves constructed from
Egs. (16) and (21). We consider the cases where AN, s =0.1-0.6, with
f =0.01and m, /my, = 10*

Moreover, we derive the energy scale A that reproduces
A.f = 0.1-0.6 and can lead to a solution to the Hy trouble
in Fig. 5b, assuming m,//m, = 104, and f =0.01.

4.3 Decay in spin-1 dark matter and photon

Lastly, we take x’ to be a spin-0 particle, x is a spin-1/2
fermion, which is described by the effective operator,

1
Eeff = qu)(’X/wFlwv (25)
where x,, = 0, Xy — 9y Xy, Which yields,

2m4/ m 2 2
2 — X 1 — X 2
MP = = [ (—mx/)} , 6)
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Fig. 5 Plot of A as a function of the x and x’ masses for the case
where x’ and y are spin-1/2 particles. a A x m, curves built from Eq.

(24),using T = 102, 10° and 10*s. b A x m, curves constructed from
Egs. (16) and (24). We consider the cases where AN, sy = 0.1-0.6, with
f =0.01and m, /m, = 10*

and,

3 273 3
m-, m_,
r=—2_ - (2e) | ~ 2. 27)
87 A2 my 87 A2
The region of parameter that results in 7 = 102, 10°, 10*s
are is shown in Fig. 6a, and the parameter space that may

present a solution to the Hy problem is displayed in Fig. 6b,
setting m,/ /my = 10%, and f = 0.01.

5 Results and discussions

All the effective theories considered here feature 7 o
A%/ mi/. Hence, the larger the mass of the mother particle
the shorter the lifetime. This outcome is not new. Indeed,
searches for gamma-rays and x-rays resulted from long-lived
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Fig. 6 Plotof A asafunction of the x and x’ masses for the case where
x' has spin-0 and x is a spin-1 particle. a A X m,- curves built from Eq.
(27), using T = 102, 10° and 10*s. b A x m, curves constructed from
Egs. (16) and (27). We consider the cases where AN,y =0.1-0.6, with
f =0.01and m, /m, = 10*

particles have been conducted exploiting [59]. It allows us
to place a lower mass limit on its mass. To warrant a long-
lived x’, we need to invoke a large A. This explains the large
energy scale, A, as shown in the Figs. 4, 5 and 6. It does not
come as a surprise, because long-lived particles are related to
some suppression mechanism, either present in the coupling
constant or the energy scale. In our work, it is the latter [60].

Noticed that the larger the effective energy scale, A the
longer the lifetime. Consequently, larger values of AN,ss
are found. Moreover, the larger m, the smaller the lifetime.
However, the larger m, the larger AN,rr. Hence, there are
two competing effects happening as we change m, . Anyway,
notice that regardless of the spin of the particles involved,
non-thermally produced dark matter particles with masses at
the electroweak scale can solve the Hy discrepancy in agree-
ment with BBN, CMB, and structure formation constraints.

Interestingly, these late-decaying particles producing dark
matter appear in UV complete models [50,51,61-63]. An
exciting outcome of our work is the correlation between par-
ticle physics, early, and late-time cosmology.

6 Conclusions

In this work, we constructed non-renomalizable operators
involving spin-0, 1/2, and 1 dark matter particles produced
non-thermally via the decay of a heavy companion through
the process x’ — x + y. These dark matter particles are
produced relativistically at the decay time. However, their
energy decreases with the redshift, and they become essen-
tially non-relativistic at matter-radiation equality for the sake
of structure formation. This relativistic behavior of dark mat-
ter particles early on mimics the effect of an extra degree of
freedom that helps reconcile early and late measurements of
the Hubble constant. Depending on the local value adopted
for the Hy, our mechanism might solve the Hy trouble within
the ACDM model, without evoking new dark energy densi-
ties. If Hy turns out to be larger than 70 km s~! Mpc ™!, then
indeed a new equation of state for the dark energy component
is needed. Assuming that Hy > 70 km g Mpc_l, under a
Phantom-like cosmology, we showed that the typical energy
scale governing the decay x' — x + y should range from
10'7 to 10%> GeV depending on the spin nature of the dark
matter particle and the mass ratio m s /m . Such large energy
scales are natural, as one needs to invoke a large suppres-
sion mechanism to have a long-lived particle with a lifetime
larger than 10% s. Our work shows that perhaps the solution
to the Hy trouble might reside in the production mechanism
of dark matter particles or a combination of both dark energy
and dark matter components amenable to BBN, CMB, and
structure formation observables.
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