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Holographic dark energy from acceleration of particle horizon
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Abstract: Following the holographic principle, which suggests that the energy density of dark energy may be in-
versely proportional to the area of the event horizon of the Universe, we propose a new energy density of dark en-
ergy through the acceleration of the particle horizon scaled by the length of this parameter. The proposed model de-
pends only on one free parameter: 8~ 0—1.99. For values of 8 near zero, the deviation between the proposed mod-
el and the A CDM model is significant, while for 8 — 1.99, the suggested model has no conflict with the A CDM
theory. Regardless of the value of 3, the model considers dark energy to behave as matter with positive pressure in
high redshifts, wy = 0.33, while for present and near-future Universe, it is considered to behave similar to that in the
cosmological constant model and phantom field. Comparing the model with the Ricci dark energy model, we show
that our model reduces the errors of the Ricci dark energy model concerning the calculation of the age of old super-
novae and evolution of different cosmic components in high redshifts. Moreover, we calculated matter structure
formation parameters such as the CMB temperature and matter power spectrum of the model to consider the effects
of matter-like dark energy during the matter-dominated era.
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I. INTRODUCTION

Recent celestial observations such as supernovae, the
CMB anisotropic parameter, and galaxy clustering
strongly indicate that our Universe is spatially flat [1-6],
and that there exists an exotic cosmic fluid called dark
energy with negative pressure that constitutes about two-
thirds of the total energy of the whole Universe [7, 8].
This cosmological component is characterized by its
equation of state w, which lies very close to —1, or ac-
cording to some recent data, below —1 [9, 10].

Many candidates, including the cosmological con-
stant, quintessence, phantom, quintom, and holographic
dark energy, have been proposed to explain this mysteri-
ous component and its effects on the expansion of the
Universe. However, scientists do not understand yet what
dark energy is. Ever since the discovery of dark energy,
cosmologists are confronted with two fundamental prob-
lems: (1) the coincidence problem and (2) the fine-tuning
problem [11]. The coincidence problem states that the
density of dark energy and matter evolves differently
while the Universe expands and now they are compar-
able, which is an incredibly remarkable coincidence if
there is no internal connection between them. The fine-
tuning problem traces back to the simplest form of dark
energy model, that is, the cosmological constant model

introduced by Einstein. Although vacuum energy in
quantum field theory has the same property, it is greater
than the observed value by some 123 orders of mag-
nitude. Therefore, we need extreme fine-tuning of the va-
cuum energy. Both of these problems are solved through
different models for dark energy (see e.g. [12-20]).
Studying the black hole theory and string theory
provides new relevant insight to resolve dark energy
problems in a new way called holographic principle,
which may provide some clues about dark energy proper-
ties. It is known that the entropy of a system scales not
with its volume, but with its surface area in quantum
gravity mediums [21-25]. Investigating Einstein's equa-
tion, G, =8rT,, +Ag,,, shows that the cosmological
constant A is the inverse of some length squared, [A] I72.
According to this fact, it is proposed in Refs. [26-28] that
unknown vacuum energy proportional to the Hubble scale
Iy ~ H' could be present. Consequently, the fine-tuning
problem is solved by scaling the dark energy using the
cosmological scale rather than the Planck length, and the
coincidence problem is also alleviated. However, this
model cannot explain the accelerated expansion of the
Universe in late time wherein the effective equation of
state for such vacuum energy is zero and the Universe is
decelerating. Granda and Oliveros proposed another pos-
sibility: the length [ is given by the average radius of the
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term (aH2 +BH>71/2 in which « and B are some con-
stants of the model. Consequently, in their model, the en-
ergy density of dark energy px o« aH?+BH, which im-
plies that the density of dark energy is proportional to the
second Friedmann equation [29]. Different studies on this
model were reported [30—33]. Recently, C. Gao et al. pro-
posed a new version of dark energy that satisfies the
holographic principle. The length [ is given by the aver-
age radius of the Ricci scalar curvature, R~'/2. Thus, one
could obtain the dark energy density px oc R. This model
presents the dark energy model in two terms, one that
evolves like non-relativistic matter a~> and another that
slowly increases with decreasing redshift [34]. This holo-
graphic dark energy model and its interacting versions are
successful in fitting the current observations (see e.g.
[35-38]). However, as shown in Ref. [34], the Ricci holo-
graphic dark energy, as one of the explicit cases of the
Granda-Oliveros dark energy model, has some inconsist-
encies with the ages of some old objects. This problem
was alleviated by considering Ricci dark energy as a vis-
cous field .

Alternatively, the particle horizon size lpy =a f (t)dt/a
could be used as the length scale [ 39], but as shown in
Refs. [40—41], the equation of state for this dark energy
model is greater than —1/3. Therefore, it cannot describe
the late-time accelerated expansion yet. In this study, we
focused on the particle horizon to show how this paramet-
er yields a new version of holographic dark energy. In
this context, the acceleration of the particle horizon may
be considered as the origin of the accelerated expansion
of the Universe. Observations demonstrate that the Uni-
verse expands with an acceleration phase in late time and
so the acceleration of the particle horizon evolves propor-
tionally to this acceleration rate.

.l;DHZHlpH+H21pH+H. (1)

Checking the acceleration of the particle horizon shows
that [Z'pH] ~I"'. Consequently, rescaling Eq. (1) by the
particle horizon Ipy yields [Z}JH/IPH] ~ 172, Hence, assum-
ing unknown vacuum energy, the energy density of dark
energy could be proportional to Ipy/lpy.

In the next section, we describe this model and its
cosmic equations. Sec. III is devoted to the model's struc-
ture formation and CMB anisotropic parameter. In Sec-
tion IV, we summarize the results of the model.

Throughout this paper, we adopt the Planck units, i.e.,
c=h=G=1.

II. HOLOGRAPHIC DARK ENERGY

In this paper, we assume that the Universe is homo-
genous, isotropic, and described by the Friedmann-
Robertson-Walker metric,

dr?

ds? = —d* +a(1)?
’ R s

+r2d6* + rzsinZHdgoz), 2)

where k=1,0, and —1 describe closed, flat, and open
Universe, respectively. Different independent observa-
tions have confirmed that the observable Universe is spa-
tially flat, i.e., k = 0. Therefore, the first Friedmann equa-
tion is given by [1-6]

81
sz?(Pr'*‘Pm"'Px), 3)

where H = a/a is the Hubble parameter, with the overdot
denoting the derivative with respect to the cosmic time 7,
and p,, pm, and px are the energy density of radiation,
non-relativistic matter, and dark energy, respectively.

Following the holographic principle, we propose a
new dark energy model in which the future event horizon
area is proportional to the inverse of Ipy/lpy. Therefore,
the energy density of dark energy is expressed as

3a lpH
=== 4
ox SK(IPH)’ 4)

where «a is the constant of the model and the factor 3/8x
is used for convenience in the following calculations.

To study a general holographic description, we as-
sume the conventional formula for the Hubble rate [42],

H= T %)

where 8 is a positive constant for an expanding Universe
and [ denotes the cosmological length scale. For this
scale, we use the particle horizon lpy. Thus, from Eq. (5),
we obtain the particle horizon as a function of the Hubble
parameter,

Ipy =pH™". (©)

Note that this is the simplest assumption that we can ap-
ply here. If needed, this model can be expanded without
this assumption. Substituting Eq. (6) into Eq. (4) when
Eq. (1) is used yields

3a

pPx = .

H+(1+1)H2]. (7)
B
Setting x = Ina, we can express Eq. (3) as

H* = 83—ﬂ (ome™ +pre™) +%

d 2
(1+5)H2+§d—i1€}. (8)

035101-2



Holographic dark energy from acceleration of particle horizon

Chin. Phys. C 47, 035101 (2023)

With the scaled Hubble expansion rate & = H/Hy, Eq. (8)
becomes

_ _ a
/’l2 =Q,0e 3x +Q,0e 4x + E

(1 +/3)h2+ﬁh%], ©)
dx

where Q, and Q,, are the relative density of the radiation
and non-relativistic matter in the present Universe, re-
spectively.

Solving Eq. (5), one obtains

_ a-bpra)

h2 =Qmoe_3“‘ + Q,oe_4x +coe b

_ a(ﬁ_z)QmO e_3x_ (Z(ﬁ— I)Q”Oe—4x
(+2)B-2a (a+1)B-a

, (10)

where ¢y is an integration constant.
Equation (10) shows that we can consider the last
three terms as the energy density of dark energy,

_ a(ﬁ_z)QmO
(a+2)ﬂ—2ae

_ 2=+
af x

—3x _ a(ﬁ_ I)Qfo ef4x
(a+1D)B-a

px = coe

i

(11)

thus, the dark energy includes three terms; one of them
slowly increases with decreasing redshift for

O<a<i

1+p° (12)

while another is proportional to the evolution of non-re-
lativistic matter e>* and radiation e™**. Observations

¢ &*BB- 1) Qe ™ +fécoe™ » *

have confirmed that the energy density of the dark en-
ergy grows with time, which implies that ¢ # 0.

Equation (12) indicates that both constants ¢ and B
are positive while the second one is a necessary condi-
tion to have an expanded Universe.

For conserved energy current, we obtain the pressure
of dark energy as

a (ﬂ_ 1)-QrO

_ _ —_ - A0 —4x
X=X T 3y T T3 @ )p—a
_ [(a’+2)ﬁ_20] [&0] e—iﬂ(":zﬁﬂnx' (13)
3af

To have a more compact and convenient mathematical
framework, Eqs. (12) and (13) can be expressed as

—zwf;fiox_ a/(,B—2)Qmoe_3x_ a(ﬂ— 1)Qroe_4X
bl

px = coe 7 z

(14)

Px = _—a(ﬁ;;)ﬁro e - %e_%ﬁ“)x, (15)
where we define

{=(a+2)B-2a, (16)

E=(a+1)p-a. (17

The equation of state wy = px/px of dark energy is given
by

2AaptE-

a)X:—l

There are three constants, namelya, 8, and ¢, in the ex-
pressions of py and px. With the aid of current observa-
tional data, the values of these constants can be found.
For example, we set wxg~ -1, Hy=67.4, Q,0~0.315,
and Q0 ~ 8.1x107> [43]. Thus, according to Eq. (9), in
the current Universe, x = 0, and we have

o? (B2 -3p+2) , 2370 +137)82~3.37ap
43 43 .

(19)

co =

Furthermore, substituting Eq. (19) into Eq. (18) yields «
expressed as

1.378

~ 2P 2
C¥1058+2 20)

+_
3B | ag (B-2)Quoe=3* +ad (B~ 1) Qe+ — {Ecoe™

(18)

YR .
_ Aapred) o

Moreover, using Eq. (12), we obtain

0<pB<1.99. 21

Figure 1 shows the general behavior of the equation
of state of dark energy in our model. Note that the evolu-
tion of the equation of state depends only on the value of
B; for values of B near zero and less than 1, the dark en-
ergy evolves faster than for 8> 1 and g — 2. However,
regardless of the value of 3, the dark energy in our mod-
el behaves as a phantom field in the near future and ap-
proaches wy ~ —1 in the present time, while behaving
nearly like matter for wy ~ 0.33.

To find and constrain B8 by observational data, plaus-
ible approaches to follow include the use of different sets
of Supernovae Ia data and methods such as the Monte
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Fig. 1.

Evolution of the equation of state versus redshift for
B=0.5 (solid curve), =1 (dashed curve), g=1.5 (dash-dot-
ted curve), and g = 1.99 (dotted curve).

Carlo Markov chain algorithm [44]. In this study, we
used the results of the joint analysis of SNe+CMB data
and the ACDM model, which suggests that the transition
point occurs at zz = 0.52-0.73 [45].

Hence, the set of constants {a,8} is given by

a ~0.50-0.66, (22)

B~1315-1.99, (23)

where Eq. (20) is used. Note that setting =1 and 2 in
Eq. (11) can cancel out the third and second terms, re-
spectively. However, according to Egs. (21) and (23), one
finds the energy density of the dark energy in this model,
which depends on matter and radiation. Thus, =1 or 2
yields no valuable models.

Figure 2 shows the evolution of the deceleration para-
meter of our model for 8 =1.315, 1.657, and 1.99.

Figure 3 shows the age of the Universe as a function
of redshift for 8 = 1.657.

1 = dx
t=— —. 24
Hofo h @9

Note that the age of the Universe is ~ 13.8 Gyr, which
satisfies recent observations [43].

The three circles denote the ages of three old super-
novae, LBDS 53W091 (z =1.55, r=3.5 Gyr) [46], LBDS
53W069 (z=143, t=4.0 Gyr) [47], and APM 08279+
5255 (z=3.91, t =2.1 Gyr) [48]. It shows that our model
reduces errors in the age of these old supernovae under
the Ricci holographic dark energy.

Note also that our model yields a valuable equation of
the state, deceleration parameter, and age of the Universe.
Next, we compare our model with the Ricci holographic
dark energy. From Egs. (11) and (13), we can express the

T T T T
0 1 2 3 4 5

Fig. 2. Deceleration parameter as a function of redshift for
B=1315 (solid curve), 8=1.657 (dashed curve), and g=1.99
(dash-dotted curve).

2 <]

1 2 H 4 5

Fig. 3. Age of the Universe versus redshift for g =1.657.

energy density and pressure of the dark energy in our
model as

px ~ =15x 107%™ +0.021e7* +0.66e" 9%, (25)

px ~=5.2x 107%™+ - 0.68¢0%, (26)

while the corresponding parameters in the Ricci dark en-
ergy are

pxg ~0.080e™ +0.65¢0348, @7

pxg ~ —0.73e0348%, (28)

where we have made use of the Planck data [43].

The general behavior of the energy density and pres-
sure in our model and their corresponding parameters in
the Ricci dark energy are illustrated in Figs. 4 and 5. As
shown in Fig. 4, the energy density of the Ricci dark en-
ergy is always larger than the energy density in our mod-
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Fig. 4. Energy density of our model (solid curve) compared
with the corresponding parameter in the Ricci dark energy
(dashed curve). We set 8 =1.657 in our model.
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Fig. 5. Pressure of the dark energy in our model (solid

curve) compared with the pressure in the Ricci dark energy
(dashed curve) for g =1.657.

el; in the current Universe, they present a minimum devi-
ation from each other, Ap ~0.004. The pressure in the
Ricci scalar model goes to zero at infinity while this para-
meter in our model goes to negative infinity in high red-
shift. Therefore, this pressure can cancel the effects of the
energy density of the dark energy in the past. The pres-
sure of our dark energy coincides with the corresponding
parameter in the Ricci dark energy at z ~ 0.02, while their
mutual deviation is approximately 0.005 in the present
Universe.

In a final comparison between our model and Ricci
dark energy, we investigated the evolution of different
components using modifying COLOSSUS code [49]. Al-
though both models coincide with observational data in
the current Universe, our model makes smaller errors
compared with the ACDM theory in high redshifts (ap-
proximately 9%). However, further consideration demon-
strates that, for 8 — 1.99, the error in our model com-
pared with the ACDM theory is less than 1%. This error
in the Ricci dark energy model is approximately 23%.

So far, we have analyzed our model and compared its

1.04

0.8

0.6 4

0.4

0.2 4

0.0 1

Fig. 6. (color online) Evolution of different cosmic compon-
ents in our model for g=1.657 (dash-dotted curves), g=1.99
(dashed curves), and Ricci dark energy (dotted curves) com-
pared with the ACDM model (solid curves). Blue curves rep-
resent matter evolution in our model and Ricci dark energy,
while orange curves represent dark energy evolution in these
models.

results with the Ricci dark energy model. In the next sec-
tion, we study the structure formation in our model and a
modified version of the CAMB code [50].

I1II. STRUCTURE FORMATION

Our model, similar to the Ricci dark energy model,
represents dark energy that behaves as matter in the past
with a positive equation of state and positive pressure.
Hence, our dark energy behaves like matter during most
of the matter epoch. Therefore, in the early matter epoch,
the matter component is greater than the corresponding
component in the ACDM model. Given that dark energy
in our model is described as a matter component with
wx ~0.33 during matter domination, the difference in
matter component between our model and the ACDM the-
ory can be as large as approximately 33%. Therefore, it is
necessary to consider structure formation during the mat-
ter-dominated epoch and explore how dark energy af-
fects usual structure formation in our model .

In Fig. 7, we compare the theoretical angular spec-
trum of CMB temperature anisotropy in our model with
that of the ACDM model. To have a better insight, we
calculated CMB TT, EE, and TE in Fig. 7. Note that they
mostly differ from the standard model of cosmology at
small scales; the experimental error bars are very large
and thus the model is not in conflict with current CMB
observations. The largest errors are approximately 7% for
CMB TT , approximately 14% for CMB EE, and approx-
imately 40% for CMB TE when we set 8=1.657. The
corresponding errors are less than 1% when 8 — 1.99.
This demonstrates that the model agrees with the ACDM
model for the upper bound of constant 3.

We also studied the matter power spectrum of our
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Fig. 7. Theoretical CMB TT (top panel), EE (middle panel),

and TE (bottom panel) for our model (dashed curves) com-
pared with the corresponding parameters in the ACDM model.
In this case, we set 8 =1.657.

model for 8= 1.657; it is shown in Fig. 8. As expected,
the radiation term in the energy density of the dark en-
ergy alleviates dust-like component effects. Therefore,
the matter-radiation equality occurred at the same a., in
the ACDM model. By decreasing redshifts, the deviation
between our model and the ACDM model grows.
However, these errors are not too large: at k= 107!, for
z=0, the error is less than 6%; at z=15, 10 , and 20, the
corresponding errors are less than 2%, 0.06%, and
0.006%, respectively. However, we expect that these er-
rors will not be larger than 0.001% for 8 — 1.99.

The gravitational lensing of the CMB generates an
observed polarization pattern. At the end of this study, we
explored the lensing B-mode. This signal provides a
measure of the projected mass distribution over the entire
observable Universe and is considered a relevant instru-
ment for the measurement of primordial gravity wave
signals [51-52]. The largest difference between our mod-
el and the ACDM model is approximately 4% around
multipoles [ ~ 880 for default accuracy. This deviation for
other lens-potential accuracies is approximately 7%

(Fig. 9).

IV. REMARKS

Dark energy as a dominant component in the late-
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Fig. 8. Matter power spectra for different redshifts of our
model (dashed curves) compared to the ACDM model (solid
lines). We set 8= 1.657.
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Fig. 9. (color online) The B-mode of our model (dashed

curves) compared with the ACDM model (solid curves) for
three lens-potential accuracies.

time Universe is one of the robust unsolved problems in
modern physics. The holographic principle proposes a set
of dark energy models in which the dark energy density is
inversely proportional to the area of the event horizon of
the Universe. In this study, we reconsidered holographic
dark energy such that the energy density of dark energy
comes from the acceleration of the particle horizon. This
model is similar to the Ricci dark energy model with dif-
ferent constants. Ricci dark energy presents two signific-
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ant deviations compared with the ACDM model: in de-
scribing the age of old supernovae (Fig. 4 in Ref. [34])
and in the value of cosmic components in high redshifts
(Fig. 6 in this study). These inconsistencies are alleviated
in our model by fixing constant 8. For 8 — 1.99, the be-
havior of most parameters, such as the evolution of com-
ponents in high redshifts, matter power spectrum, and
theoretical angular spectrum of CMB temperature aniso-
tropy, coincides with the ACDM theory with errors less
than 0.1%.

Constants in the model alleviate problems of the Ricci
dark energy. Furthermore, consideration of structure
formation parameters such as the angular spectrum of
CMB temperature anisotropy and linear matter power
spectrum demonstrates that our model agrees with obser-
vational data with small errors.

Similar to the Ricci dark energy model, the causality,

fine-tuning, and coincidence problems are solved in our
model. Given that our dark energy is determined by the
locally observational particle horizon rather than by the
future event horizon, the causality problem is solved. Fur-
thermore, given that the energy density of dark energy in
the current study is not associated with high-energy phys-
ics scales such as the Planck scale, the fine-tuning prob-
lem is solved. During the matter-dominated era, the en-
ergy density of dark energy becomes comparable to the
Hubble parameter and to the size of the non-relativities
matter. Thus, the coincidence problem in the late-time
Universe is alleviated.
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