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We consider the conditions needed to unify the description of dark matter, dark energy, and inflation in
the context of the string landscape. We find that incomplete decay of the inflaton field gives the possibility
that a single field is responsible for all three phenomena. By contrast, unifying dark matter and dark
energy into a single field, separate from the inflaton, appears rather difficult.
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Introduction.—It has become clear recently that poten-
tials of the form V, + 1 m?$?, where V; has the small value
needed to explain the observed dark energy density, are
plausibly motivated by a combination of the string land-
scape picture and the anthropic principle, and are not
necessarily hopelessly fine-tuned as previously thought.
The gist of the argument [1] is that string theory contains
a huge number of possible configurations of differing
vacuum energy, which might be exhaustively explored
throughout the very large scale Universe, for instance via
a self-reproducing inflationary cosmology mechanism [2].
The selection effect that we must live in a region of the
Universe capable of forming stars and galaxies then en-
forces that we live in a region where V| is atypically small,
but nonzero. With some caveats [3], this picture gives an
impressive probabilistic prediction of the order of magni-
tude of the dark energy density [4].

Potentials of the form above are of interest as they offer
the possibility of a unified description of various features
of the Universe for which scalar fields have been invoked,
specifically inflation, dark matter, and dark energy. The
main ingredients to do this are already in the literature,
though they have not been explicitly connected. In their
work on post-inflationary preheating, Kofman et al. [5]
remarked that the inflaton decay might be incomplete,
with the residue having the capability of acting as dark
matter. Separately, Linde has noted [6] that with m =
10~ %mp,, the above potentials unify standard chaotic in-
flation (during which Vj, is utterly negligible) with dark
energy. The precise form of the nonconstant part of the
potential is not of course crucial to this argument; any of
the normal inflationary potentials will achieve the same
once V| is added. (It is not really accurate to associate V,,
with a particular field: the vacuum energy is a property of
the full Lagrangian. Nevertheless, in the landscape picture
it is useful to think of it in these terms.)

In this Letter we wish to consider the possible additional
unification of cold dark matter (CDM) with dark energy
using such potentials. While usual particle dark matter
candidates such as weakly interacting massive particles
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(WIMPs) correspond to incoherent distributions of indi-
vidual particles, it has long been known that an alternative
CDM candidate is a coherently oscillating scalar field, the
archetypal example being axion dark matter. Provided the
potential is of quadratic form about its minimum, such a
field behaves on average like pressureless matter [7], and is
indistinguishable from traditional CDM candidates pro-
vided the oscillation period is much shorter than any other
dynamical scale in the problem (true unless the field is
superlight). Furthermore, it is known that linear perturba-
tions in such a coherent field mimic those of a pressureless
fluid [8], and that nonlinear top-hat collapse proceeds in
the same way. Such coherent scalar fields are therefore a
well-developed alternative to the WIMP paradigm.

We do not aim to make any specific proposals for how
such unified scenarios might arise from fundamental theo-
ries, but rather wish to explore what conditions would have
to be met in order for such scenarios to be compatible with
observations. We explore two types of scenario: (1) unifi-
cation of inflation, dark matter, and dark energy into the
same scalar field ¢; (2) unification of dark matter and dark
energy into a single scalar field ¢, with inflation provided
by a separate scalar field . The main conditions that will
concern us are whether a complete history of the Universe
from inflation onwards can be constructed, with the fields
taking plausible values, and whether perturbations can be
generated that are compatible with the observation that
isocurvature perturbations, if present at all, are subdomi-
nant to adiabatic ones.

There have been many attempts to use scalar fields to
unify combinations of inflation, dark matter, and dark
energy. For instance, Ref. [9] proposed a tachyon-type
scalar-field Lagrangian, in which the scalar fluid can be
broken up into dark matter and dark energy components. A
k-essence unification of dark matter and dark energy was
given in Ref. [10]. Staying instead with the canonical
Lagrangian, Ref. [11] introduced a complex scalar field
with a mixed potential made of quadratic and exponential
terms, which then mimic dark matter and dark energy,
respectively, at the scales of interest. Unification scenarios
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featuring inflation include quintessential inflation (unify-
ing inflation + dark energy) [12], inflaton + dark matter in
the braneworld scenario [13], and braneworld inflaton +
dark matter + cosmological constant from multiple fields
in a type IIB supergravity theory [14]. Our proposal is a
simpler one than any of those listed above, with Ref. [14]
being the closest.

Scalar fields in quadratic potentials have a generic evo-
lution. Initially, while m << H (where H is the Hubble
parameter), the scalar field is frozen by the friction of the
expanding Universe and remains constant, corresponding
to a constant energy density. If at that time the field is the
dominant energy density in the Universe it will drive
inflation. Once H falls below m the scalar field begins to
oscillate, and its time-averaged evolution has density p
falling as 1/a>, exactly as CDM [7]. The normalization of
the density is determined by the initial amplitude of the
scalar-field oscillations, as follows.

In order to recover the standard dark matter scenario, the
scalar mass should satisfy m > H,,, where H., is the
Hubble parameter at the time of radiation and matter
equality, so the oscillations of the field begin well within
the radiation-dominated era. If we denote by ., the time
at which the scalar mass equals the Hubble parameter,
m = H,, then m> = 8mpg./3m3,, where pg is energy
density of relativistic matter and mp,; is the Planck mass.
The photon density is related to the total radiation density
by pr = (g/2)p,, where g is the total number of relativ-
istic particle degrees of freedom [7].

The averaged scalar-field energy density is given by
ps =im*¢p2al/a® for t>1,; here ¢, is the initial
scalar-field amplitude at f.. We define the scalar-field
dark matter mass per photon as &, = p,/n,. This quan-
tity is constant for z, < f apart from changes in the number
of relativistic species; we assume expansion at constant
entropy implying that £/g¢ remains constant where gg is
the entropic degrees of freedom, usually very similar to g
[7]. Using “0” to indicate present values, the present
scalar-field dark matter mass per photon is then

mpy

gso [ m\\/2 P2
Eam,0 = 71/4< ) 5 Mpy. (1)
g np

The measured value of the current dark matter mass per
photon is &gmo = 2.2 X 10" mp; using values from
WMAP3 [15], which for typical values g, = 100, gso =
3.9 then gives the following constraint

<ﬂ>l/z L ax 107, )

2
Mpj mp,

A lower limit can be placed on m from structure for-
mation. The linearly perturbed scalar-field equation resem-
bles a damped and forced harmonic oscillator. For scales
with a comoving wave number k < a(f)m, where a(z) is the

scale factor, the field perturbation is in resonance with the
force term. In this case, the field’s density contrast grows as
that of CDM [8]. However, for k > a(t)m the perturbed
field is out of phase with the force term, and then the
perturbations are suppressed relative to the standard
CDM case. The largest scale at which suppression occurs
corresponds to the smallest scale factor; in our case that
scale is k., = a,m. Assuming the same conditions that
led to Eq. (1), together with the restriction k, > 1 Mpc’l,
we get the lower bound m/mp >7 X 10732, ie.,
m > 1072 eV. Provided the field is significantly more
massive than this, it will behave indistinguishably from
standard CDM. If instead it more or less saturates this
bound, the Compton wavelength of the particles may be-
come comparable to astrophysical scales with observable
consequences (see Refs. [16,17] and references therein).

Triple unification: inflation, dark matter, and dark en-
ergy from a single field. —In this section, we explore the
conditions needed to unify all three phenomena—dark
matter, dark energy, and inflation—into a single field.
For simplicity we will assume that the quadratic form of
the potential holds for all relevant ¢ values, though other
choices can be made.

The advantage of the single-field unified scenario is that
the only perturbations generated during inflation are adia-
batic, as that is the only type that a single field can support.
Obtaining the correct amplitude of scalar primordial per-
turbations requires m/mp; = 1076, and the spectral index is
independent of m and a good fit to WMAP3 data [15].
However, at the end of inflation ¢ is still of order of mp,.
By contrast, Eq. (2) requires an initial amplitude for the
dark matter oscillations of the order of ¢, =~ 10~ *mp,. The
main requirement for a working scenario therefore is a
drastic but incomplete reduction of the amplitude of the
inflaton oscillations during reheating, reducing the energy
density of the inflaton field by a factor of about 10?°. This is
necessary to permit a long radiation-dominated epoch.

Such an incomplete decay indicates that the reheating
mechanism should be via inflaton annihilations, rather than
decays. This is, for instance, guaranteed to be true if the
reflection symmetry of the inflaton potential is not sponta-
neously broken, as then only quadratic interaction terms
are permitted. In such circumstances it is generically true
that there will be some residual inflaton density left over,
because once the density becomes low enough the particles
are no longer able to “find” each other to annihilate [5].
The question is whether a mechanism can be found which
reduces the inflaton density by the amount required by the
considerations above.

The two main paradigms for conversion of the inflaton
into other matter are preheating (coherent multiparticle
decays) and reheating (single-particle decays), which
may happen in sequence. Some mechanisms for the decay
of the inflaton have been proposed in the literature, see, for
instance, Refs. [5,7,18—21] and references therein. The

161301-2



PRL 97, 161301 (2006)

PHYSICAL REVIEW LETTERS

week ending
20 OCTOBER 2006

relevance of (p)reheating to unification scenarios has been
discussed in Ref. [22].

The conventional reheating mechanism, corresponding
to single-particle decays, adds a constant decay width I',,
to the inflaton equation of motion [7,18] in the form

pg+3HP* = —T,¢° 3)

Equation (3) implies the usual exponential decay law for
scalar particles which are linearly coupled to other bosons
and fermions [7,23]. It proceeds once I', > H, and leads
to complete decay of the scalar field. Conventional reheat-
ing can play an important role in reducing the inflaton
energy density as required by the triple unification sce-
nario, but needs modification to prevent the decay being
complete.

By contrast, preheating offers a mechanism for rapid but
incomplete decay of the inflaton field, provided the inflaton
is coupled to another scalar field y through simple four-
legs interactions of the form g2¢2x?, where g is the
coupling constant. That this could make the inflaton field
a dark matter candidate was first noted by Kofman et al.
[5], though they did not evaluate in detail the conditions
needed to realize this. Further analysis of the scenario can
be found in Refs. [19-21,24].

The conclusion of that work is that the decay is indeed
incomplete, with preheating coming to an end once the
amplitude of the inflaton oscillations becomes smaller than
m/g [5,19]. While this does give a large reduction pro-
vided g is not too small, the amplitude required for CDM,
Eq. (2),is ¢. ~ 107" m, and hence we would need g ~ 107.
Such a nonperturbatively large coupling is unattractive,
even if supersymmetry is invoked to cancel radiative cor-
rections [21]. A further problem [20] is that the density of
X particles produced may be less than that of incoherent
inflaton particles, which prevents generation of a satisfac-
tory radiation-dominated era.

The efficiency of preheating is enhanced if one includes
a linear (three-leg) coupling between the inflaton field and
other bosonic and fermionic fields [19,20]. This, however,
makes the inflaton field decay completely [21], contrary to
our aim.

In conclusion, preheating sets the precedent of incom-
plete inflaton decay, but existing models do not satisfy the
conditions needed by the triple unification scenario; qua-
dratic interactions give too little decay and linear ones too
much. It may therefore be necessary to exploit annihila-
tions via perturbative interactions. As a simple toy model,
consider Eq. (3) but with the decay width now allowed to
depend on the scalar-field density; for instance, 1“4, < pg
corresponds to two-body annihilations (“‘decay’” rate pro-
portional to the local density). This alone is insufficient as
the annihilations would be important during inflation; a
viable form would be

P/ Pe

r,=r,—2*c
T+ py/p.

“)

which makes a smooth transition from single-particle de-
cays to two-body annihilations as p, reduces. With suit-
able tuning of the constants I'y and p_. a viable scenario can
be constructed, though this form of the decay width is not
motivated by any fundamental considerations.

To end this section, we note that it is by no means
essential for the potential to take the form V, + m?¢?
all the way up to the ¢ values responsible for inflation; see,
for instance, Refs. [16,25]. The unification of dark matter
and dark energy only requires that it is of this form for very
small ¢. Indeed, in the context of the string landscape, and
bearing in mind the spectral index measurements from
WMAP3 [15], it may be more natural that inflation takes
place near a maximum of the potential [26], perhaps with
initial conditions fixed by the topological inflation mecha-
nism [27]. Clearly it would be interesting to explore in-
complete decay mechanisms for a range of inflationary
potentials.

Unification of dark matter and dark energy into a single
field. —In this section we consider what appears to be a less
ambitious scenario, where only dark matter and dark en-
ergy are unified by the ¢ field, with some other field
responsible for inflation. This has some similarities to the
curvaton scenario, but is more restrictive since the ¢ field
is the dark matter, rather than decaying into the dark
matter. The mass of the field is now not directly determined
by the perturbation normalization, and instead should have
a sufficiently small value to avoid interfering with the
inflaton, m*¢? << m3 H>. In fact, this scenario proves
rather hard to achieve.

The first problem encountered by such scenarios would
be to explain the small value of ¢, required by Eq. (2),
since there appears no reason why the field should be so
close to its minimum. Furthermore, this initial condition
must not be spoiled by quantum fluctuations induced in ¢
during inflation, which are of order H/2 per e-folding.
Indeed these fluctuations must be small enough that the
primordial CDM perturbation does not exceed the ob-
served 107> value. This imposes the tight condition

8¢ H
. 27

Inflation generates the correct amplitude of perturba-
tions provided H/mp =~ 10"*€'/2, where € <1 is the
slow-roll parameter for the inflaton. Since the observable
perturbations may come from ¢ rather than the inflaton,
this is an upper limit on H. The combination of these
constraints with Eq. (2) gives the powerful limit
m = € 2X5X 1073 eV. For a viable scenario satisfying
the lower mass limit from structure formation quoted ear-
lier, this forces €, and hence the inflationary energy scale,
to be very low, and even then the scalar mass is forced to be

=107, (5)
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extremely light. Additionally, the appropriate initial value
of ¢. must arise by accident (this is also a feature of the
curvaton scenario).

Even if these circumstances are satisfied, there is a
further problem that perturbations in the CDM arise from
separate fluctuations to those in the baryon-photon fluid.
They are therefore of isocurvature form, which is highly
disfavored by data if the adiabatic perturbations are negli-
gible. This issue has typically been ignored in previous
attempts to unify dark matter and dark energy. Perhaps the
scenario can be saved by allowing the inflaton perturba-
tions to be non-negligible, thus giving a mixture of adia-
batic and (partially correlated) isocurvature perturbations,
but previous studies are not encouraging [28]. Another
possible escape would be if the ¢ field is at least partly
excited by the inflaton decay, giving it an adiabatic pertur-
bation (cf. the mention of trace decoupled CDM in curva-
ton decays in Ref. [29]). Note this must be a coherent
excitation generating a universal mean value ¢, about
which small perturbations are superimposed via the adia-
batic perturbations, requiring a breaking of the potential’s
reflection symmetry in the interactions between the infla-
ton and ¢.

Conclusions.—We have examined the possibility that
ideas coming from the string landscape can unify various
key aspects of cosmology into a single field, specifically
inflation, dark matter, and dark energy. We have not been
able to be very specific in terms of particle physics models,
but we have investigated the general conditions necessary
to bring about such a unification. Curiously, scenarios
unifying all three phenomena appear to be easier to realize
than those which keep a separate inflaton. The key ingre-
dient required to make such scenarios a reality is partial,
nearly complete, decay of the inflaton into the baryon-
radiation fluid, so that the residual decoupled component
can survive as dark matter and dark energy. Preheating
scenarios may offer such a possibility [5].
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