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Abstract

In this Letter we demonstrate that any interaction of pressureless dark matter with holographic dark energy, whose infrared
cutoff is set by the Hubble scale, implies a constant ratio of the energy densities of both components thus solving the coin-
cidence problem. The equation of state parameter is obtained as a function of the interaction strength. For a variable degree
of saturation of the holographic bound the energy density ratio becomes time dependent which is compatible with a transition
from decelerated to accelerated expansion.

0 2005 Elsevier B.VOpen access under CC BY license.

Nowadays there is a wide consensus among cos-tials [2]. Most of the candidates, however, suffer from
mologists that the Universe has entered a phase of ac-the coincidence problem, namekyhy are the matter
celerated expansidf]. The debate is now centered on and dark energy densities of precisely the same order
when the acceleration did actually begin, whether it is today? [3].
to last forever oritis just a transient episode and, above  Recently, a new dark energy candidate, based not
all, which is the agent behind it. Whatever the agent, in any specific field but on the holographic princi-
usually called dark energy, it must possess a negativeple, was proposef¥—9]. The latter, first formulated
pressure high enough to violate the strong energy con- by 't Hooft [10] and Susskin{iL1], has attracted much
dition. A number of dark energy candidates have been attention as a possible short cut to quantum gravity
put forward, ranging from an incredibly tiny cosmo- and found interesting applications in cosmology—see,
logical constant to a variety of exotic fields (scalar, e.g.,[12]—and black hole growtlil3]. According to
tachyon, k-essence, etc.) with suitably chosen poten- this principle, the number of degrees of freedom of

physical systems scales with their bounding area rather

than with their volume. In this context Cohen et al.
" E-mail addresses: diego pavon@uab.. Pavén), regsoqed .that the dark energy should opey the afore-
zimdahl@thp.uni-koeln.d@V. Zimdahl). said principle and be constrained by the infrared (IR)
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cutoff [14]. In line with this suggestion, Li has ar- This is exactly Li's conclusion. What underlies this
gued that the dark energy density should satisfy the reasoning is the assumption thai andpy evolve in-
bound px < 3M2c?/L?, wherec? is a constant and  dependently. However if one realizes that the ratio of

M2 = (87G)~! [7]. He discusses three choices for the energy densities
the length scaldé. which is supposed to provide an IR
cutoff. The first choice is to identify. with the Hub- r= , Q)

ble radius,H ~1. Applying arguments from Hs{6], Px

Li demonstrates that this leads to a wrong equation of should approach a constant, finite value= ro for
state, namely that for dust. The second option is the the coincidence problem to be solved, a different in-
particle horizon radius. However, this does not work terpretation is possible, which no longer relies on an
either since it is impossible to obtain an accelerated independent evolution of the components. Given the
expansion on this basis. Only the third choice, the unknown nature of both dark matter and dark energy
identification of L with the radius of the future event there is nothing in principle against their mutual in-
horizon gives the desired result, namely a sufficiently teraction (however, in order not to conflict with “fifth
negative equation of state to obtain an accelerated uni-force” experiment§16] we do not consider baryonic
verse. matter) to the point that assuming no interaction at

Here, we point out that Li's conclusions rely on @l is not less arbitrary than assuming a coupling.
the assumption of an independent evolution of the en- IN fact, this possibility is receiving growing atten-
ergy densities of dark energy and matter which, in tion in the literaturef17-19]and appears to be com-
particular, implies a scalingy o a~3 of the matter ~ Patible not only with SNla and CMB dat20] but
energy density,, with the scale factou(r). Any in- even favored over non-interac_:ting cosmologj2s].
teraction between both components will change, how- On the other hand, the coupling should not be seen
ever, this dependence. The target of this Letter is to @ an entirely phenomenological approach as differ-
demonstrate that as soon as an interaction is taken into€nt Lagrangians have been proposed in support of the
account, the first choice, the identification bfwith coupling—se¢22] and references therein. _
H~1, can simultaneously drive accelerated expansion As a consequence of their mutual interaction nei-
and solve the coincidence problem. We believe that ther component conserves separately,
models of late acceleration that do not sqlve the coin- o+ 3Hpy = O, px + 3H (14 w)px = —0,
cidence problem cannot be deemed satisfactory (see, )
however[15]).

Let us reconsider the argument Li used to discard
the identification of the IR cutoff with Hubble’s radius.
Setting L = H~! in the above bound and working
with the equality (i.e., assuming that the holographic
bound is saturated) it becomeg = 3c2M?2 H2. Com-
bining the last expression with Friedmann’s equation
for a spatially flat universe, B2 H? = px + pu, re- pm +3Hpy = Ipx (3
sults in py = 3(1 — c?)M% H2. Now, the argument  and
runs as follows: the energy densiby; varies asH?, .
which coincides with the dependence pf on H. px +3H(1+w)px =—Ipx. )
The energy density of cold matter is known to scale Consequently, the evolution efis governed by
aspy o<a~3. This corresponds to an equation of state 14r I
pm < pu, i.€., dust. Consequently, this should be the 7 =3Hr [w + _} (5)
equation of state for the dark energy as well. Thus, the r 3H
dark energy behaves as pressureless matter. Obviouslyln the non-interacting case”(= 0) and for a con-
pressureless matter cannot generate accelerated exparstant equation of state parameterthis ratio scales
sion, which seems to rule out the choite= H~1. asr oca®. If we now assumey = 3c2M3 H?, this

o 1—c?

c2

though the total energy density,= oy + px, does.
Here Q denotes the interaction term, andthe equa-
tion of state parameter of the dark energy. Without loss
of generality we shall describe the interaction as a de-
cay process withD = I'px whereI” is an arbitrary
(generally variable) decay rate. Then we may write
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definition implies
w
1+r])

where we have employed Einstein’s equatiin=
—3H?[1+ {2]. Inserting(6) in the left-hand side
of the balance equatiof#) yields a relation between
the equation of state parameterand the interaction
rateI”, namely,

w=—<1+ 1)

-
The interaction paramet%% together with the ratio

px = —9c2M§,H3[1+ (6)

r

I (7)
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ratio between the energy densities but requires it. In
a sense, the holographic dark energy with= H 1
together with the observational fact of an accelerated
expansion almost calls for an interacting model. Note
that the interaction is essential to simultaneously solve
the coincidence problem and have late acceleration.
There is no non-interacting limit, since in the absence
of interaction, i.e.,Q = I' = 0, there is no accelera-
tion.

Obviously, a change ofy demands a correspond-
ing change of-2. Within the framework discussed so
far, a dynamical evolution of the energy density ratio is
impossible. As a way out it has been suggested again

r determine the equation of state. In the absence of {0 replace the Hubble scale by the future event hori-

interaction, i.e., forl’ =0, we havew =0, i.e., Li's

zon[23]. Here we shall follow a different strategy to

result is recovered as a special case. For the choice2dmit a dynamical energy density ratio. Motivated by

px = 3c2M3H? an interaction is the only way to
have an equation of state different from that for dust.
Any decay of the dark energy componert & 0)

the relation(8) in the stationary case = ro = const,
we retain the expressigry = 3c2M2 H? for the dark
energy but allow the so far constant parameteto

. . . . ; 2 2 . .
into pressureless matter is necessarily accompaniedvary, i.e.,c“ = c“(¢). Since the precise value of

by an equation of state < 0. The existence of an

interaction has another interesting consequence. Us-

ing the expressiol{7) for I in (5) provides us with

7 =0, i.e.,r =rg = const. Therefore, if the dark en-
ergy is given bypy = 3¢2M2 H? and if an interaction
with a pressureless component is admitted, the ratio
r = pym/px is necessarily constant, irrespective of the
specific structure of the interaction. Under this condi-
tion we have [cf(1)]

1
Cz= .
1+

At variance with[7,9], the fact that? is lower than
unity does not prompt any conflict with thermodynam-

(8)

is unknown, some time dependence of this parameter
cannot be excluded. Then this definitionagf implies

wr}

)

+_ 9
C2 1.4

1+

which generalizes Ed6). Using now the expression
(10) for px on the left-hand side of the balance equa-
tion (4), leads to

s

A vanishing left-hand side, i.e¢? = const, consis-
tently reproduce$7). Comparing the right-hand sides

px = —9c2M?3 H?’[l + (10)

r

1+r

(c?y

c2

1+r I’

+r3H

=-3H

(11)

ics. For the case of a constant interaction parameterof Eqgs. (11) and (5)yields (¢2) /c2 = —F /(1 + r),

4= = v = const, it follows that

w

1+r0_

P, P, px A" (m =1+
9)

while the scale factor obeyso " with n = 2/(3m).

whose solution is
AA+r) =1 (12)

The constant has been chosen to have the correct be-
havior (8) for the limit »r = rg = const. We conclude

Consequently, the condition for accelerated expansion that if the dark energy is given yx = 3c?M2 H? and

isw/(1+rg) <-—1/3,i.e.,v >rp/3.

Accordingly, the expression for the holographic
dark energy with the identificatioh = H 1 fits well
into the interacting dark energy concept. The Hubble
radius is not only the most obvious but also the sim-
plest choice. It is not only compatible with a constant

¢? is allowed to be time dependent, this time depen-
dence must necessarily preserve the quactity+r).
The time dependence ef thus fixes the dynamics
of r (and vice versa). Sinceis expected to decrease
in the course of cosmic expansiohx 0, this is ac-
companied by an increased, i.e., (¢?)’ > 0.
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Solving (11) for the equation of state parameter

we find
)+ 5]

w=_< 3H ' 3Hc2

For (¢?)’ = 0 one recovers expressidi). It is ob-
vious, that both a decreasingand an increasing?
in (13) tend to makev more negative compared with
w=—(1+ %)% from (7). A variation of thec? para-
meter can be responsible for a change in the equation
of state parametar. Such a change to (more) negative
values is required for the transition from decelerated to
accelerated expansion. For a specific dynamic model
assumptions about the interaction have to be intro-
duced. This may be done, e.g., along the linegEL8f
19]. However, as is well known, the holographic en-
ergy must fulfill the dominant energy conditi¢@4]
whereby it is not compatible with a phantom equation
of state (¥ < —1). This automatically sets a constraint
on I andc?.

It is noteworthy that in allowing? to vary, contrary
to what one may think, the infrared cutoff does not
necessarily change. This may be seen as follows. The
holographic bound can be written ag < 3¢c?M2/L?

with L = H~1. Now, Li and Huand7-9}—as well as
ourselves—assume that the holographic bound is sat-
urated (i.e., the equality sign is assumed in the above
expression). Since the saturation of the bound is not at
all compelling, and the “constant(r) increases with
expansion (as decreases) up to reaching the constant
value (1+ ro) ™%, the expressiomy = 3c2(t)M3H?,

in reality, does not imply a modification of the infrared
cutoff, which is still L = H~1. What happens is that,
asc?(r) grows, the bound gets progressively saturated
up to full saturation when, asymptotically? becomes

a constant. In other words, the infrared cutoff always
remainsL = H 1, what changes is the degree of satu-
ration of the holographic bound.

In this Letter we have shown thany interac-
tion of a dark energy component with densjy =
3c2M% H? (and ¢? = const) with a pressureless dark
matter component necessarily implies a constant ra-
tio of the energy densities of both components. The
equation of state parametar is determined by the
interaction strength. A time evolution of the energy
density ratio is uniquely related to a time variation of
thec? parameter. Under this condition a decreasing ra-
tio ppr/px sendsw to lower values.

1
14 =
p

(13)
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