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Cosmological constant potential: A resolution to the Hubble tension via
the cosmological sound horizon
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The cosmological constant term can be seen as a constant potential for a (scalar) field. In this viewpoint,
at late times, the field is stopped rolling and behaves as a cosmological constant (w = —1). While at the
early Universe, its kinetic term can be dominant and behaves as a stiff fluid (w = +1). This new phase
lowers the cosmological sound horizon by increasing the Hubble parameter for very high redshifts.
Consequently, the lower cosmological sound horizon results in the higher Hubble constant at the present
time. This early phase ends before the photon decoupling, so we do not expect any new physics after the
last scattering surface. We checked this model in the presence of (reduced) CMB, BAOs, SNs, and H
datasets and could show the Hubble tension is fully relieved.
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I. INTRODUCTION

The tensions and anomalies can lead us to understand
better and deeper our theoretical models as well as obser-
vations. In recent years the Hubble (H)) tension in cosmol-
ogy made us to think more about the standard model of
cosmology ACDM, which includes the cosmological con-
stant (A) and the cold dark matter (CDM) as main ingre-
dients. The H|, tension shows a discrepancy between the
local direct measurements of H( by distance ladders [1-3]
and the inferred value by the cosmic microwave background
(CMB) [4]. Although, the CMB is an indirect measurement
which means one needs to assume the ACDM to connect
physics of early Universe to the present time observations.
Though H tension seems to be the most severe one but there
are many other reported tensions and anomalies: the Sg
tension [5], the lensing anomaly [4], and the spatial
anomalies [6,7]. However our main focus will be on the
H, tension in this work.

If these tensions are not statistical flukes or systematics
then there is a request to explain them by new theoretical
models, the models beyond the standard ACDM [8]. There
are a vast literature trying to address the H| tension by
modifying different parts of the standard model. The
natural scenarios seem those which are related to the late
time dark energy [8]. But there are some counterarguments
against them [9]. A way to see the problem is to look at
BAOs: BAOs share the same physics with CMB. This
makes solving the H tension by the late time modifications
hard since it seems the late time modifications affect CMB
and BAO differently. Then (based on this argument) there
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are early modification of cosmological constitutes [10-12].
The idea is to modify the sound horizon scale, r, and since the
CMB put constraint on a combination of H and r, then one
can be able to address the Hubble tension indirectly. Again
there is still some arguments against these models [13,14].

In this work, we study (maybe) the simplest possible
model, i.e., the standard ACDM but we change our view-
point on the cosmological constant term. We look at this
constant as a constant potential where its associated (scalar)
field stopped rolling at the late times. The early dynamics of
this field can affect the cosmological expansion and
consequently r, and H, as we will show.

II. MODEL

The model is (almost) exactly the standard ACDM
model with a twist of interpretation on the cosmological
constant, A, which opens a new way to look at. We assume
the A term is a potential of a (scalar) field, i.e., V(¢) = A.
This means we have a very specific case of quintessence
model

L=/=gR -0, —V(d)]. (1)

where as mentioned above V(¢) = A is a constant and we
name the model CCPot (inspired by the cosmological
constant potential). Now the equation of motion for the
scalar field will be

Up+Vy,=0, (2)

which for our scenario reduces to [l¢ =0 with two
solutions (in the case of isotropic and homogeneous
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cosmological background)
¢ = constant, (3)
¢ oxa, (4)

where a is the scale factor for the Friedmann-Robertson-
Walker metric. The first solution gives exactly the standard
ACDM model but the second one has some nontrivial and
interesting properties. However since the equation in linear
in ¢ so the superposition of both is a solution. To go further

let us switch to the perfect fluid prescription for the scalar
fields

Py = 0,P = V() = 0,9 p — A, (6)

where = means in our scenario. So for the case of
background cosmology we will have

pp=aa®+ A, (7)
pp=aa® —A, (8)

where a is an integration constant. The above relation says
for very large as we have the cosmological constant. The «
term is representing nonvanishing initial velocity of the
scalar field ¢ # 0. This nonvanishing initial velocity term is
diluted very rapidly by a~°. The corresponding equation of
state, Wecepors 1S given by

aa®*—A ePf-a°

aa S+ A eP+tad

©)

Wccepot =

where e” = a/A. This means we are dealing with a fluid
which transits from a stiff matter era (w = +1) at the very
early times (a — 0) to the cosmological constant (w = —1)
for the late times (@ — 1). The equation of state of the stiff
matter, w = +1, is at the border of satisfying the causality.
For w > 1 the speed of sound exceeds the speed of light
which is not acceptable though there are some arguments
[15]. The cosmology of stiff matter is studied in [16] for a
specific scenario and earlier in [17]. The same behavior can
also happen in the ultra slow roll inflation [18] where we
will make a comment on it later.

ITII. THE HUBBLE TENSION
AND/OR THE r; TENSION

The Hubble tension states the local direct measurement
of the Hubble constant is not consistent with the derived
one from the CMB measurements. In this direction, we
would like to focus on the derived H{ value from the
cosmological datasets. The CMB alone constrain the H, in
the ACDM model very tightly Hy = 67.27 £ 0.60 [4],
which is in ~4 —¢ tension with local measurements

Hy =73.30£1.04 [3]. Usually this discrepancy can be
solved by adding a new degree of freedom to ACDM model
which can make the likelihoods big enough to have higher
values for the H, e.g., [19]. But then adding the BAO to the
CMB restore the tension by preferring the lower value for
H,. The BAO which shares physics with CMB as a probe
cannot constrain the H(, alone due to its anticorrelation with
the r, [11,13]. It is the reason that the r, tension is also
studied directly [20].

So this degeneracy in the BAO measurement suggests a
solution for the H, tension: instead of increasing Hy, try to
decrease r,. This is the main idea behind the early
modifications of ACDM model including. This effectively
means the last scattering surface is closer to the big bang.
This distance is given by

= /:’ cs<z>ﬁdz, (10)

where c; is the speed of sound of the photon-baryon fluid
and z, is the redshift of the CMB last scattering. So what
we can do alongside reducing r, is to play with the Hubble
parameter H(z) and the speed of sound ¢,(z) at early times
(i.e., z > z,). For the case of modification on c,(z) there
are many examples including [21,22]. The modification of
H(z) at early times is the main idea behind different
approaches of early dark energy [10].

IV. THE H, TENSION IN THE CCPOT MODEL

In the CCPot model, the stiff matter era makes the early
cosmological evolution modified. Consequently, it shows
its effects on the sound horizon, ry. The effect is in the
reduction of r} as it could be guessed due to larger H(z) for
very high redshifts. This may give a chance to have higher
H, values and address the Hubble tension.

A. Datasets

In this work, we use the CMB, BAO, and local H,
datasets to constrain our model. It is important to mention
that for the CMB we have not used the full dataset but the
reduced. It has been shown that the reduced CMB dataset
captures the main information in the CMB and is useful to
check the models beyond the ACDM [23,24]. It is
important to emphasize that the reduced CMB dataset is
useful to constrain the late time modifications of the
ACDM model. But here we employed this dataset while
our modification occur at the early times. This work should
be seen as an introduction for the CCPot model and more
accurate parameter estimation will remain for the future
works. The reduced CMB dataset includes the angular scale
of the sound horizon at the last scattering surface 6, the
CMB shift parameter R = \/Q,, H3D);(z*) and the baryon
density and the spectral index. Since our model does not
affect the spectral index and the baryonic physics, we do
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not expect any modification in these two parameters and we
fix them same as their best values from Planck [4]. We also
do not use the CMB shift parameter to constrain our model
but will show that our final prediction for it is compatible
with its value from Planck R = 1.7478 £ 0.0046 [24].
So from the CMB, we use the acoustic angular angle
6, =1.04090 £0.00031 which is very well constrained [4].
To have more information about the sound horizon, we also
use the late time BAO observations. For our purposes, the
BAOs are very crucial. Their main physics is exactly the
CMB physics but they are far from the last scattering
surface. This property is one of the reasons that makes late
time solution to the Hubble tension very hard. Since any
late time modification in the cosmological distances may
affect the CMB distance (and consequently the H, deduced
from CMB) but cannot change the distances given by the
BAOs. Because of this reason we have used some inde-
pendent BAO datasets: r;/Dy = 0.336 £0.015 [25];
D,/(1.81r;) =10.75+0.43 [26]; Dy/r,=4.466+0.168
[27]; Dy/ry = 11.548 +0.559, Dy /r, = 14.946+0.68 +
0.559, Dy /r, = 16931 £ 0.579 [28]; Dy /r, = 16.085 +
0.406 [29]; Dy /ry = 36.6 £ 1.35, Dy /r, = 8.94 +0.225
[30]; Dy/r, =9.07 £.031 [31]; Dy /r, = 9.995 £ 0.108,
Dy/r, =12.701 £0.129, Dy /r, = 14.481 £+ 0.149 [32];
rqH = 25500 + 1800, Dy,/(2.25r,) = 12.58 £ 0.70 [33].
Note that the measurements are at different redshifts.
For the direct local measurement of the H, we use
Hgy = 73.30 4+ 1.04 [3]. First we check the CCPot model’s
parameters against 8 + BAO (i.e., reduced CMB and all the
BAOs). Then if the model was compatible with higher
values of H,, we are allowed to add the local H,
measurement. Though our focus is on the r; and con-
sequently, BAO and H, but we have also added the
Pantheon supernovae sample [34] to check their impacts
on the final results.

B. Results

In the CCPot model, we have an additional  parameter
as it appeared in (9). In addition to this parameter, we allow
the dark matter density (€2.) and the Hubble constant (H)
to be free parameters. We do not assume the other
parameters as baryon density (€,), spectral index ()
and etc. to be free parameters as we mentioned above. We
also impose spatial flatness that results in

H* = H3[Q,(1 +2)* + Q,(1 + 2)°

+(1-9,-9,)((1+e?(1+2)%/(1+e#))]
as the Friedmann where
and Q,, = Q, + Q..

The Fig. 1 shows the 1o posterior on our free parameters
when the CCPot is constrained by all the datasets € + BAO
and late H, measurement. The result is very consistent with
the higher value of the late H, measurements which means

equation Q =Q,+Q,
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FIG. 1. This plot shows the 1o contour in the Hy — Q,, plane

while the color dots (bar) is representing the f parameter. In the
above plot the & + BAO and H,, datasets are used and SNs are
added for the bottom one. It is obvious that for a fixed f value
(a fixed color), Hy and Q,, are anticorrelated as expected.

there is no Hubble tension in our model. However, it should
be emphasized that before allowing to add datasets together
we had to check their consistencies. In Fig. 2 we have
checked the CCPot against 8 + BAO without H, dataset.
The figure shows that the posterior for the CCPot is big
enough to contain higher value of H,. Note that it is not just
because of larger variance but also is due to higher value for
the mean value of H. The ACDM as a limit of the CCPot
(for p — 0) is at the border of 16 region. Back to Fig. 1, we
can see that for a fixed value of 3, we can see the expected
anticorrelation of H, and Q,,. The best values and their 1o
variances are reported in Table I. As an independent check,
we checked the CCPot results against the CMB shift
parameter, which is almost model independent [23,24] as
we already mentioned. The CCPot prediction (when we use
the best fit parameters) is R = 1.7462 which is in lo
prediction by Planck results R = 1.7478 4 0.0046.
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FIG. 2. The blue region is 1o likelihood for the CCPot model
which is constrained by only # + BAO dataset. Obviously, it is
compatible with the higher local values of H), which allows us to
constrain the CCPot model with 6 + BAO + H, dataset. For this
case, the green region is the 1o likelihood for the CCPot model.
The orange region is the standard ACDM model which is
constrained by € + BAO that shows inconsistency with the local
H, value. The ACDM is compatible with the CCPot as we could
expect (because it is the f — oo limit of the CCPot). But in
general the CCPot prefers higher values for the H(). This means
not also the variance but the mean of the Hy increases. The green

region, is plotted in Fig. 1 in more details.

In Fig. 3, the fraction of each energy content is plotted
against redshift. As we expected the new fluid is dominant
before z ~ 10° and after z ~ 0.3. The former phase is the
one which makes the r, less than the standard scenario.
This phase by predicting higher values for the Hubble
parameter in redshifts above 10*-10° makes the sound
horizon smaller which helps to address the H, tension. It is
important to note that for very high redshifts (higher than
z ~ 10° the main contribution in energy budget comes from
a stifflike fluid part. This may affect the physics before the
photon decoupling but not afterwards. However, the
interaction rates I' are coming from the independent
physics of particles so we expect them to be the same as
the standard cosmology. In conclusion, we expect the
particles be out of the equilibrium sooner with respect to
the standard ACDM. As we mentioned, this is not true for
the photon decoupling since the cosmological modifica-
tions due to the CCPot are very small at the decoupling

TABLE I. The best fit values of our free parameters as well as
their 1o variances, after marginalization over the other param-
eters, are reported. In the first row, the parameters are constrained
by using the datasets: @ + BAO and H; and the SN's are added in
the second row.

HO Qm ﬁ
0+ BAO + H, 72.891001 0.30170508 30.961 03
+SN 7281742 0.300°3%0% 3104503

-~

scale factor
1075 10 0.001 0.010 0.100

FIG. 3. In this plot, the fractional density of CCPot, radiation,
and matter fluids are shown in solid, dashed, and dotted lines,
respectively. The CCPot, at the late time is the standard
cosmological constant (w = —1) and becomes dominant. The
same fluid is dominant in the very early Universe due to its
similarities to the stiff matter (w = +-1). The figure is plotted for
the best values of parameters reported in Table 1.

w(z)

1.0[

L Il L L L L Il
400 500

FIG. 4. The (effective) equation of state for the CCPot fluid is
plotted for the best fit parameters. The transition between the stiff
matter (w = +1) and the cosmological constant (w = —1) is
obvious.

redshift and so the last scattering surface distance from us
should be the same as the standard one. However, we have
to say that the physics before the last scattering surface in
our model needs more consideration which remains for the
future works. In Fig. 4, we can see the effective equation of
state w(z). The transition redshift between w = +1 and
w=—1 is around z~ 150 for the best fit parameters’
values. It seems hard to make observational constraint in
these redshifts. To go further in this direction, we need to
use full CMB dataset to look for more details of the CCPot
model in early/intermediate/late times, which remains for
the future.

V. CONCLUDING REMARKS

The cosmological constant, which is a constant in the
Lagrangian, can explain the late time acceleration perfectly.
But by another view, this constant is the remnant of the field
rolling on a constant potential. In this viewpoint at the early
times, the field (which is assumed to be scalar) behaves as a
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stiff fluid with w = +1 while it stops rolling due to the
Hubble friction and results in a fluid with w = —1. We
studied this model and could show that it can resolve the
Hubble tension by reducing the sound horizon at the early
times. We checked our model against the (reduced) CMB as
well as BAO and they are consistent with each other and the
late time measurements of the Hubble constant. However
for the future works we would like to check the full model
against the full CMB dataset.

In the theoretical side, the cosmological constant poten-
tial can be seen as the leftover of the early inflation. The
inflaton field is rolling down the potential to give the
inflationary phase and at the end it reaches a constant
potential. The initial conditions of the CCPot part is the
final conditions of the inflationary phase. This scenario
needs more consideration and can be interesting if it can be
related to the PBH production at the end of inflation. This

idea seems natural to come to mind since the PBH
production can be efficient if there is an ultra slow roll
regime which has effectively w = +1. It should be men-
tioned that there is an early dark energy model [35] based
on the a-attractor model [36] and in an stringy setup [37]
which shares some similarities (by having a kination phase)
with our idea but are totally different conceptually and
mathematically.
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