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The Hubble constant troubled
by dark matter in non-standard
cosmologies

J.S. Alcaniz?, J. P. Neto?3*, F. S. Queiroz®*5, D. R. da Silva®* & R. Silva%3

The Standard Cosmological Model has experienced tremendous success at reproducing observational
data by assuming a universe dominated by a cosmological constant and dark matter in a flat
geometry. However, several studies, based on local measurements, indicate that the universe is
expanding too fast, in disagreement with the Cosmic Microwave Background. Taking into account
combined data from CMB, Baryon Acoustic Oscillation, and type la Supernovae, we show that if

the mechanism behind the production of dark matter particles has at least a small non-thermal
origin, one can induce larger values of the Hubble rate Ho, within the ACDM, to alleviate the trouble
with Hp. In the presence of non-standard cosmology, however, we can fully reconcile CMB and local
measurements and reach Hy = 70-74km s~ Mpc_l.

The standard ACDM describes an accelerated expansion of the universe that is currently dominated by dark
matter and a cosmological constant, and from small density perturbations powered by inflation explain the for-
mation of structures in the universe. This simple scenario has experienced a great concordance with cosmological
data'. One of the pillars of the ACDM model is the Cosmic Microwave Background (CMB), which acquired
unprecedented precision with the Planck mission?. The CMB stands for the photons from the early universe that
traveled long distances after their decoupling from the thermal bath carry information from the early universe,
but which is also impacted by late-time universe physics as they propagate to us. The CMB features a near perfect
black-body spectrum. The information encoded in the CMB data from polarization, temperature, and lensing is
typically interpreted in terms of a standard spatially-flat 6-parameter ACDM cosmology. Planck satellite data’
of the Cosmic Microwave Background (CMB) anisotropies, combined with Atacama Cosmology Telescope?,
and South Pole Telescope’ observations have confirmed that the ACDM model offers the best description of the
universe, but at the same time gave rise to hints of physics beyond the ACDM. The most statistically significant
anomaly relies in the Hubble constant H®. The Hubble constant Hy is the present expansion rate defined as
Hy=H(z =0)with H = a_l%, wherea™! =1+ z.

In other words, the Hubble rate problem concerns about the discrepancy between the Hubble rate inferred
from the CMB data and the one obtained from local measurements. In particular, Planck collaboration fits
the CMB data using a 6 parameters model based on the ACDM cosmology, and from this fit infered (model-
dependent) Hubble constant to be Hy = 67.27 & 0.6 km s~* Mpc ™5, whereas local measurements favor larger
values that range from Hy = 71.8 km s~ Mpc~lup to Hy = 77 km s~! Mpc 1, depending on the dataset used’.
We will adopt a more conservative value Hy = 73.2 = 1.3 km s~ Mpc ™" as a reference.

Several proposals have been put forth concerning the Hubble rate problem®!!, but in the realm of particle
physics they typically rely on new interactions involving the Standard Model (SM) neutrinos or decaying dark
matter models'?. In this work, we take a different route, and introduce a non-thermal production mechanism of
dark matter to increase the relativistic degrees of freedom and consequently raise Hy'>'.

The idea consist of invoking a non-thermal dark matter production via the decay x’ — x + v, where x is
stable and reproduces the correct dark matter relic density indicated by Planck collaboration®. We will assume
that m,+ > m,, thus the dark matter particle will be relativistic at first but as the universe expands it cools and
becomes a standard cold relic at the matter-radiation equality for structure formation purposes. If a large frac-
tion of the overall dark matter abundance comes from the decay of x’, the change in the matter power spectrum
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is sufficiently large, in disagreement with Lyman-« observations'. This fact is also important to avoid conflict
with structure formation'®. We will assume throughout that just a fraction of the dark matter abundance stems
from this mechanism. We will carry out study in a model independent way. Because a fraction of dark matter
particles were relativistic, they will mimic the effect of extra dark radiation, i.e relativistic degrees of freedom,
Ng. As the Hubble constant inferred from CMB observations is positively correlated with Neg, an increase in
N, translates into a larger Ho.

In the past years, this relation between Hp and N,z has been explored within the ACDM model. However,
recent studies show that one cannot find sufficiently larger values of Hy in agreement with local measurements
via Neg'2 Physics beyond the ACDM is needed. Having that in mind, we use combined data from Planck, BAO
and Supernovae IA observations to determine what is the region of parameter in which our mechanism can
increase Hy and reconcile CMB and local measurements. It will be clear later on, that x cannot be any particle,
it ought to be a cold dark matter particle that reproduces well the cosmological data. In this way, our solution to
Hy is tied to dark matter, conversely to hidden neutrino interactions. The neutrino appearing in the final state in
the x" — x + v decay is merely a choice, and it does not impact our overall conclusions. One could replace the
neutrino by a photon or any other particle from the Standard Model of particle physics.

This work is structured as follows: We start by reviewing theoretical aspects of the mechanism; later we show
that without non-standard cosmology, one cannot find values of Hy large than 70 km s~! Mpc~'; further we
exhibit the region of parameter in which we can reconcile CMB and local measurements of Ho; lastly take into
account Big Bang Nucleosynthesis and CMB constraints on energy injection episodes and draw our conclusions.

Dark matter particles as the source of dark radiation

We show how this non-thermal dark matter production mechanism can source dark radiation and solve the
Hyj problem. We remind that the radiation density (po44) is determined by the photon’s temperature (T) and the
relativistic degrees of freedom (g;), i.e.,

2
b
=g T (1)
Prad 30 8x
In a radiation-dominated universe phase where only photons and neutrinos are ultrarelativistic the relation
between photons and neutrinos temperature is (4/11)'/3. As photons have two polarization states, and neutrinos
are only left-handed in the standard model (SM); therefore, we write g, in the following way,

4/3
8+ :2+Z(H) Neg 2

where Neg is the effective number of relativistic neutrino species, where in the ACDM is Ny = 3.

In a more general setting there could be new light species contributing to Ng, or some new physics inter-
actions with neutrinos that will alter the neutrino decoupling temperature, or as in our case, some particles
mimicking the effects of neutrinos. As we are trying to raise Ho by increasing N, AN,z tell us how much extra
radiation we are adding to the universe via our mechanism. In other words,

ANe — Pextra ) (3)
Plv

where py, is the radiation density generated by an extra neutrino species.
Hence, in principle, we may reproduce the effect of an extra neutrino species by adding any other kind of

radiation source. Calculating the ratio between one neutrino species density and cold dark matter density at the
matter-radiation equality (f = t.q) we get,

—1
Q Q
Plv _ v,(ipc % D[\i,Opc —0.16. (4)
IODM t:teq 3aeq aeq

where we used 2,9 = 3.65 x 1077, Qpr0 = 0.265and aeq = 3 x 10747,

The above equation tells us that one extra neutrino species represents 16% of the dark matter density at
the matter-radiation equality. Assuming x is produced via two body decays of a mother particle x’, where
x" = x + v.In x' resting frame, the 4-momentum of particles are,

Py = (my0),
Py = (E(P),p),
pv = (lpl.-p).

Therefore, the 4-momentum conservation implies,
E, (7) ' My =m,y () 5

where 7 is the lifetime of the mother particle x’. We highlight that we will adopt the instant decay approximation.
Using this result and the fact that the momentum of a particle is inversely proportional to the scale factor,
we obtain,
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We are considering that the universe is in radiation domination phase, where a(t)/a(t) = /t/t. In this way,
the dark matter Lorentz factor becomes,

(m, — )2
vt = | 2 () ©)

4m§ m, t

In the nonrelativistic regime, m, is the dominant contribution to the energy of a particle. Thus, rewriting the
dark matter energy we find,

Ey = my (yy — 1) +my.

Hence, in the ultrarelativistic regime m, (y, — 1) dominates. Consequently, the total energy of the dark matter
particle can be written as,

EDM = NHDMmX ()/X — 1) +NCDMm)(-

Here, Nypp is the total number of relativistic dark matter particles (hot particles), whereas Ncpy is the total
number of nonrelativistic DM (cold particles). Obviously, Nupyr << Ncpum to be consistent with the cosmological
data. The ratio between relativistic and nonrelativistic dark matter density energy is,

PHDM _ Nupmmy (v — 1) = Fyy—1). @

PCDM Ncepmmy

Consequently, fis the fraction of dark matter particles which are produced via this non-thermal process. As
aforementioned, f ought to be small, but we do not have to assume a precise value for it, but it will be of the order
of 0.01. This fact will be clear further.

Using Egs. (3) and (7), we find that the extra radiation produced via this mechanism is,

T f(Vx - 1)
A =25, ote ®

where we used Eq. (4) and we wrote pcpm = py.
In the regime m, >> m,, we simplify,

(teg) = 1~ yy(teg) ~ 2 |~
Vx (Leq Vx (Leq 2m, teq)

T m
— X
106s f

and Eq. (8) reduces to,

ANgg ~2.5x 107 )

X
my
with teq ~ 50,000 years ~ 1.6 x 10'? s,

From Eq. (9), we conclude that the AN,z ~ 1 implies in a larger ratio f m,/m, for a decay lifetime
T ~ 10* — 108 5. Notice that our overall results rely on two free parameters: (i) the lifetime, 7, and (ii) f m,/m,.

Relation between Hubble constant and dark radiation
Case 1: Within the ACDM. Planck collaboration has reported that Nz and Hy are positively correlated”.
This correlation was explored in® via likelihood functions. Theoretically speaking, the connection between our
mechanism and Hy occurs through Eq. (9). For a set of parameters f m,/m, and lifetime,r, we determine
AN,g. Using the correlation between ANgs and Hy obtained in®, we exhibit the region of parameter space in
terms of f m,//m, and Hy for a given lifetime. We do this exercise for two cases. One assuming Planck data
only (Fig. 1a), other combining Planck with BAO, and type Ia supernovae data (Fig. 1b). In these two plots the A
CDM model was assumed, the cosmological (Planck and BAO) and astrophysical (Ia supernovae) data are taken
from®. Thus we solidly conclude that we cannot obtain Hy > 71km s~! Mpc~! adopting the ACDM as a prior.
One needs to go beyond the ACDM model to find values of Hy consistent with local measurements.

An important observation is that in Fig. 1 we do not contemplate a non-flat universe, because the curvature
does not ameliorate Hubble tension'®.

As expected from Eq. (9), the larger the lifetime the smaller the ratio f m,/my to keep the same ANy
Obviously, this linear relation is a bit lost with Hy, when we factor in the positive correlation between Neg and
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Figure 1. Non-thermal production of a fraction, f, of dark matter particles via the x’ — x + v mechanism.
Within the ACDM model we plot the region of parameter space in terms of fin,/m, and Hy for different decay
lifetimes, either considering Planck data only (a) or combmmg it with BAO and Supernova observations (b).
The contours correspond to cases where x’ lifetime is 10° s,10° s, or 107 s. The bigger contour corresponds to
99% of CL, while the smaller is related to 68% of CL.

Hj which is not linear. As we cannot reconcile CMB and local measurements of Hy within the ACDM we will
work on a non-standard cosmological background further.

Case 2: Phantom-like cosmology. We will assume from now on that our cosmological background is a
quintessence model. Quintessence is an alternative way to explain the accelerated expansion rate of the universe.
It is built on the existence of a scalar field that obeys the equation of state P = wp, where P is the pressure, p is
the energy density of quintessence fluid, and w is a real number’. The class of models with w < —1 are called
phantom energy models?*~*2. Within this framework, we will assume two scenarios: (i) null curvature k = 0 and
equation of state P = —1. 004+0 8?3 X p; (ii) non-zero curvature k > 0 and equation of state —1.06p < P < —p.
Our reasoning behind these assumptions is the need to change the equation of state of the dark energy fluid to
allow larger values for Hy in the fit of the CMB data. The likelihood analyses of these two setups have been car-
ried out and are labeled as P; and P4 in®. We have checked that these two realizations do not appreciably alter the
matter-radiation equality. Thus, Eq. (4) is still valid as well as our connection between AN,z and Hy.

Similarly, we display the correlation between the parameters of our mechanism and Hy taking k = 0 (null cur-
vature) in Fig. 2a, and k # 0 (non-zero curvature) in Fig. 2b. We plot them in a similar vein to the previous case:
first we use the correlation between N,z and Hy expressed in®% then we apply this data inEq. (9) for fixed values
of ' lifetime to relate fin,/m, with Hy. It is clear that we easily find Hy > 71km s~ Mpc~for f " /my > 100
and t ~ 10° s. The difference between null curvature to non-zero curvature is mild. Comparing both plots, we
can see that larger values of f m,//m, are allowed when we go from null curvature to non-zero curvature. This
is expected because with k # 0 the Hubble rate grows a bit faster. Therefore, the same amount of dark radiation
the k # 0 solution leads to a larger H,.

Now we have shown the region of parameter space in which our mechanism yield a Hy sufficiently large to
reconcile CMB and local measurements, we discuss the most important constraints.
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Figure 2. Connection between our model and the value of Hubble constant in phantom-like cases. (a) The
contours correspond to cases where x lifetime is 10° s, 106 s, or 107 s. The bigger contour corresponds to 99% of
CL, while the smaller is related to 68% of CL. It considers a universe with phantom-like quintessence and AN,
in cosmology with null curvature. The bounds were built using Planck 2018 CMB data, BAO, and type Ia data
from the Pantheon sample. (b) This case also considers a universe with phantom-like quintessence and AN,
but in this case, a small curvature is added.

BBN constraints

The Big Bang Nucleosynthesis is one of the landmarks of early universe cosmology. Any energy injection epi-
sode that happens around BBN times may alter the BBN predictions which are consistent with astronomical
observations. The decay x’ — x + v can generate a photon cascade as pointed in****. These new photons add
electromagnetic energy to the cosmological fluid which can result in the depletion of Helium, Deuterium, etc.
Before showing the final results, we review how these bounds are derived. Before x’ decay, the universe has a
background of photons. Therefore, the energy of photons detected in the CMB is the addition of the energy of
this photon background and the energy of new photons generated from our mechanism. For that reason, we
write the mean energy of CMB photons as,

#BG
CMB __ :BG ny
E/" =E, < CMB) +Ey (nCMB)’ (10)
ny Y

where EfG is the mean energy of background photons, E, the mean energy of photons due to the x decay,
the number density of background photons, ny B the number density of CMB photons, and n,, the number
density of photons generated by our formalism.

This relation motivates us to define the electromagnetic energy released by x’ decay as,

CEM EEyYy- (11)

whereY, = ny/ngMB

This equatlon provides us with a way to calculate the electromagnetic energy introduced by the x’ decay.
Kinematics gives us E,, and cosmology the Y,, factor.
Defining the ratio between the dark matter number density and the CMB photons as,
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Yoo = ['PM__ cDM + nHDM
DM = " CMB 1CMB
¥ ¥

ncpm
= ,CMB (1 +f)'
%

we conclude that is natural to define,

_ ncom
Y=o %S (12)
v

Using the definition of critical density (o, = 3H /(87 G)), the definition of density parameter (2 = p/p,), the cold

particle energy density (0 = nm), and the time evolution of number density of CMB photons (nSMB = ng%w /a%)

5, we write Yy as,

ncoM f 3
Y, = X f = X Qecpma’ pe.
X = B f m nCHE Pe (13)

AsQcpm = Qepmo(Ho/H)? /a’, with pe/ peo = (H/Hp)*, we get,

Qcoma pe = QCpM0Pe05 (14)

and consequently,

f

Y, = — =5 X QepmoPc0- 15
CMB 0Pc,
m nCH (15)
With p.g & 1.05 x 107h? GeV/cm3, ng{\gB =411 cm™3, and Q¢ppr0h? = 0.12 we obtain,
GeV
Y, =3.01 x 10—9(—) x f. (16)
my

The decay x’ — x + vimplies thatn,, = n, = n,, where n, is not the total neutrinos number density, it is the
number density of neutrinos included in the universe due to the x’ decay. The x’ decay generates neutrinos that
can interact with particles in the background resulting into high-energy photons which induce nuclear reactions
and consequently alter the BBN predictions. We will adopt ,, & n,,, which gives in Y,, & Y,. Conservation of

momentum (p,’ — p, = p, ) implies,
my \ my \
1+ - . (17)
mX/ mX/

Hence, in the limit where m, > m,, we get E, = m,/2. Assuming that all neutrino energy converts into
electromagnetic radiation, we obtain E,, ~ E,. Thus,

m.
o=

-9 my’
tem = EvYy = 1.5x 10 GeV x (fmi) (18)

X
Knowing how the energetic photons can destroy the light element abundances as derived in the BBN code
presented in?, we can take this result in terms of energy injection and translate it to our framework as we know
from Eq. (18) the amount of radiation injected in our non-thermal production mechanism. We overlay these
bounds on our findings in Fig. 3. The shaded regions are excluded for either destroying Helium-4, Lithium-7
and Deuterium or inducing a nuclear reaction that saturates the production of Deuterium is dissagreement with

astronomical observations® .

CMB bounds

The injection of electromagnetic energy may also distort the frequency dependence of the CMB spectrum.
Double Compton scattering (ye~ — yye™), and bremsstrahlung (e”X — e~ Xy) are not very efficient at the
lifetime we interested in T > 10*s. The CMB spectrum as a result relaxes a Bose-Einstein distribution function
with chemical potential different from zero. The change in the chemical potential is linked to the lifetime and
electromagnetic energy released in the decay process. Therefore, we plot in the plane fm,:/m, x t the CMB
bound. The limit is delimited by a dashed line in Fig. 3.

Structure formation

Now we will justify why the fraction of dark matter particles produces via this non-thermal mechanism should
be small using input from structure formation. The scaling of the free-streaming distance of a given particle is
understood in terms of the Jeans wavenumber,

3 aH(a)
ke = \/j > (19)
2 Ved(a)
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Small curvature phantom-like model with E, ~ E, Null curvature phantom-like model with E, ~ F,

107!

frmy/my

Figure 3. BBN bounds based on light element abundances, and CMB constraint stemming from spectral
distortion of the CMB are presented. We overlay the theoretical prediction for Hy using our non-thermal dark
matter production mechanism. In (a) we display the results for E, = E, and k # 0, where E, is the energy of the
gamma-rays produced after the x’ — x + v decay. In (b) we show the results for E,, = E,, but with k = 0. See
text for details.

where for k > kg, the density perturbation is damped The correlatlon of the galaxy distribution probes the
matter power spectrum on scales of 0.02h Mpc™! < k < 0.2h Mpc™!at z ~ 0°%. There are other probes such
as the Lyman-a spectrum that covers smaller scales®. Using galaxy clustering observations one can assess the
maximum amount of hot dark matter in the universe. This hot dark matter component is interpreted in terms
of massive neutrinos whose is Q,h% = > m, / 94 eV. The limit is often quoted as ) m, < 0.1, which implies
Qupm/ Qcpm < 0.01, where we used Qcparh? = 0.11. In other words, f < 0.01to be consistent with structure
formation studies. In more complex dark sector constructions, the presence of non-thermal production mecha-
nism of dark matter is natural. Notice that even if this non-thermal production be insignificant for overall dark
matter energy density, it can give rise to interesting cosmological implications, such as increase H.

Discussions

Looking at the Fig. 3 we conclude that our mechanism can increase the Hy inferred from CMB, and thus reconcile
its value with local measurements. We highlight this was only possible assuming phantom-like cosmologies,
because within the ACDM model, one cannot solve the Hy problem via Neg. As this mechanism represents an
energy injection episode, there are restrictive BBN and CMB bounds arise, with BBN being much more severe
though. Those constraints left us with a region of parameter where the x’ — x + v decay process happens
between10?s < 7 < 10*s, for fm,/m, ~ 10° — 10* Concerning our choice for the x’ — x + v decay process,
it is motivated by model building constructions in the context of supersymmetry and extended gauge sectors,
where this decay process is present®®*.

We would like to stress that there are alternative explanations for the Ho tension based on different dark energy
models. For instance, in*, the authors consider the dark energy density as dynamical, appearing as a power series
expansion of the Hubble rate. The idea does not completely solve the Hy problem though, but it alleviates the
tension. In*, the authors comprehensively compare different types of dynamical dark energy models that can
reduce the Hy discrepancy. Despite the interesting aspects of these papers, our approach is rather orthogonal.
We do rely on a dark energy component different from the ACDM. Conversely to the previous references, and
others therein, our findings are tied to the dark matter density, and to the production mechanism of dark matter
particles, rendering our idea novel in that regard. Hence, we advocate that our solution to the Hy trouble is more
appealing because it lies at the interface between particle physics and cosmology, giving rise to a rich phenom-
enology, and it shows that going beyond the standard thermal production of dark matter leads to a new road into
the cosmos, particularly the expansion rate of the universe. We highlight that in the dark matter literature there
is an ongoing discussion about new production mechanisms of dark matter particles. Our work goes precisely
in that direction, but with the benefit of solving the Hy tension.

Conclusions

We explored the interplay between particle physics and phantom-like cosmologies to solve the Hy problem via
a non-thermal production mechanism of dark matter. If only a fraction of dark matter,y, is produced via the
x' — x + v decay process, its non-thermal production can mimic the effect of an extra neutrino species, i.e., a
dark radiation. The neutrino species appearing in the final state is a mere choice and does not impact our overal
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conclusions. If the ' particle is sufficiently longed lived, for T = 10? — 10% s, this framework can increase Hy,
but only with the help from phantom-like cosmologies it reaches Hy ~ 72 — 74 km s ' Mpc~! in agreement
with local measurements. Our work, shows that the Hy can be troubled by dark matter particles, and it offers us
an opportunity to probe the production mechanism of dark matter particles.

Data availability

The data that connect the Hubble constant (Hy) and the effective number of relativistic particles (N,g) analysed
during this study are included in reference®. There, the authors use Planck 2018, BAO and type Ia supernovae
data to derive the allowed parameter space in many cosmological cases. In this reference, the ACDM model with
Ny is labeled as P case, the phantom-like cosmology with null-curvature is called 7, and the phantom-like
model with small curvature is denoted P;s. The data that provides bounds from BBN and CMB used during
this study are included in reference®.
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