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1. Introduction

Dynamical dark matter (DDM) [1, 2] is a new framework for darlatter physics in which
the dark sector comprises an ensemble of individual camstitfields, and in which the usual re-
quirement of dark-matter stability is replaced by a balagdbetween constituent lifetimes and
cosmological abundances across the ensemble as a wholeD®Wd ensembles have highly non-
trivial cosmological consequences, including a consgagiblving composition of the dark-matter
relic abundance and a time-dependent dark-matter equatistate [1]. This article will review
these theoretical features of the DDM framework while namhg as much generality as possi-
ble. However, despite the general theoretical nature adligmussion presented here, it is important
to emphasize that there do exist explicit realizations ef DM frameowrk in terms of concrete
models [2, 3] which satisfy all known collider, astrophyaicand cosmological constraints on dark
matter. Moreover, DDM ensembles also give rise to charstiephenomenological signatures
which can differ significantly from those associated withrentvaditional dark-matter candidates.
This is true not only at the LHC [4] but also at the next generabf direct-detection experi-
ments [5]. Thus dynamical dark matter truly represents a wey of thinking about the overall
dark-matter question.

2. Overview of the DDM framework

Many theoretical proposals for physics beyond the SM gisee 1o suitable dark-matter candi-
dates. In most of these cases, the ability of these canditiatserve as dark matter rests squarely
on their stability. This in turn is usually the consequen€a stabilizing symmetry. Indeed, any
particle which decays too rapidly into SM states is likelyumset big-bang nucleosynthesis (BBN)
and light-element abundances, and also leave undesiraphinis in the cosmic microwave back-
ground (CMB) and diffuse X-ray/gamma-ray backgrounds.

There is, of course, one important exception to this argum&mgiven dark-matter candidate
need not be stable if its abundance at the time of its decayffisiently small. A sufficiently small
abundance assures that the disruptive effects of the ddacaych a particle will be minimal, and
that all constraints from BBN, CMBztc. will continue to be satisfied.

Dynamical dark matter [1, 2, 3] is a new framework for darktteephysics which takes advan-
tage of this possibility. First, we assume that dark matbengrises a vast ensemble of interacting
fields with varying masses, mixings, and abundances. Secatheér than impose stability for each
field individually (or even for the collection of fields as a @), we ensure the phenomenological
viability of this scenario by requiring that states withdar masses and SM decay widths have
correspondingly smaller abundances, and vice versa. br atbrds, stability is not an absolute re-
guirement in such a scenario: stability is balanced agaimsbdance! As we shall see, this leads to
a highly dynamical scenario in which cosmological quagsittuch a®cpy experience non-trivial
time-dependences beyond those normally associated veitbxibansion of the universe.

Thus, in the DDM framework, the dark-matter “candidate” ¢sually anensemble of individ-
ual dark component states whose lifetimes are balancedsigheir abundances. We emphasize
that such a balancing is highly non-trivial: while lifetisiare determined by the masses and cou-
plings in the underlying particle-physics Lagrangian,roofogical abundances are determined by
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the interplay between the Lagrangian parameters and a specific cosmaldustory. This bal-
ancing is ultimately the core feature which underlies theNDiBamework and which gives rise to
distinctive astrophysical, cosmological, and collidgrsitures that transcend those usually associ-
ated with dark matter.

Because of its non-trivial structure, the DDM ensemble —kenost traditional dark-matter
candidates — cannot be characterized in terms of a single,rdasay width, or set of scattering
amplitudes. The DDM ensemble must therefore be charaeteiizterms of parameters.g., scal-
ing relations or other internal correlations or constralirtescribing the behavior of its constituents
as a whole. As a consequence, phenomenological bounds d@Dikkedark sector must be ex-
pressed and analyzed in terms of a new set of variables wistrithe the behavior of the entire
DDM ensemble as a collective entity with its own internalistures and/or symmetries.

It turns out that theories of large extra dimensions — andxXbgresion, certain limits of string
theory — can naturally give rise to dynamical dark matter Mpreover, as we shall demonstrate,
DDM ensembles also generically give rise to a rich set ofidetland astrophysical pheonomena
which transcend those usually associated with dark mattdeed, many new and unique signature
patterns are possible. Thus, by studying DDM and its phenotogical viability, we are not only
exploring a new candidate for dark matter but also providiegy phenomenological constraints on
large extra dimensions and certain limits of string theory.

To be more specific, let us suppose that the dark matter d¢eridN states, withN > 1.
Because of the multitude of dark-matter states, no statgiduglly needs to carry the full dark-
matter abundanc@cpy observed by WMAP so long as the sum of their abundances nsatche
Qcpm. In particular, each state can have a very small abundanteou®se, if all of these states
have the same lifetime, they must continue to be hyperstaldaler to evade problems with BBN,
CMB data,etc. However, the states can carry different lifetimes. As lasgthose with larger
abundances have larger lifetimes, phenomenological i@nt can be satisfied. Seen from this
perspective, the usual dark-matter scenarios are justiingrN = 1 case of this more general
framework. However, takingN > 1 leaves room for our states to exhibit a whole spectrum of
decay widths/lifetimes without running afoul of phenomiegical and cosmological constraints.

We can outline the salient features of this scenario moratifatively as follows. In general,
let us assume for simplicity that the universe can be modelkea Friedman-Robertson-Walker
(FRW) universe which progresses through four distinct peasnflation; reheating [which is a
matter-dominated (MD) phase, where the matter comprisbsreat oscillations of the inflaton
field]; a radiation-dominated (RD) phase; and the final matteninated phase (which represents
the current epoch). Moreover, let us recall that “stuff” véquation of state = wp (wherepis
the pressurep the energy density) will have an abundaifize= p/pcit which scales with time as

t(1-3w)/2 RD era
Q ~ {t~2w RH/MD eras (2.1)
exp—3H(1+w)t] inflationary era,

wherepgit = C%M,%H2 with Mp the reduced Planck mass ard- 1/t the Hubble parameter. Recall
thatw = 0 for matter, whilew = —1 for vacuum energy (cosmological constant). For concesten
we shall further assume that the individual dark-matter ponents in our scenario are described
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by scalargg (i = 1, ...,N) with massesn, and decay width§; describing decays into SM states. If
we assume that both the spatial variations ingh&nd the self-interactions among these fields can
be safely neglected, the time-evolution of each of thesddifllows

@-+[BH()+Tilg+mP@ = 0, (2.2)

which is simply a harmonic-oscillator equation with a timependent damping term. At early
times for which 3 (t) +I'; > 2m;, the fieldg does not oscillate, and consequently its energy density
scales with time like vacuum energy. By contrast, at latees for which 81 (t) + i < 2m;, the
field is underdamped and therefore oscillates; at such fiitsesnergy density scales like massive
matter. The condition3(t) + I; = 2m; thus determines the “turn-on” time at which each of the
@ transitions from acting as dark energy to acting as darkenatinceH (t) ~ 1/t in all non-
inflationary epochs, and since we typically h&ye< H (t) whenH (t) ~ m;, we see that the turn-on
time for each fieldg generally scales @s~ 1/m;. Thus heavier states in the DDM ensemble “turn
on” first, and lighter states turn on later. Indeed, at thestigrat which the abundances are initially
established, those heavy modes with2> H(to) all “turn on” simultaneously, while those with
m < H(to) experience a sequential, “staggered” turn on. Given thbserwations, we find that the
abundance®; associated with our DDM ensemble generically behave aslsgétin Fig. 1.
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Figure 1: A sketch of the evolution of dark-matter abundances in thévDitamework. For concreteness,
we have assumed that the abundances of the DDM constitgearesinitially established at a common time
(chosen here during the inflationary epoch), with valuedirsganversely with constituent mass. In this
example, the energy density stored in each constituentdidtes with time like vacuum energy until the
time at which 3(t) ~ 2m;, after which it scales like massive matter. Open circlescaig points at which
the corresponding constituent energy densities are idflateay, while closed circles indicate the points
at which the corresponding energy densities begin falliqgoeentially due to decays. The balancing of
lifetimes against abundances — the hallmark of the DDM frnaor& — is manifest in the upward-sloping
trend among the closed circles. The dynamical nature of A& Dramework — and thus its non-trivial
equation of state — reflects the fact that the compositionpaagerties of the dark-matter sector experience
a non-trivial time evolution prior to, during, and even aftiee current epoch.
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3. The DDM equation of state

In order to characterize a particular DDM configuration ag amoment in time — and ulti-
mately the equation of state for DDM as a whole — we introdiiced complementary parameters.
First, we define the contribution of the DDM ensemble to thaltdark-matter relic abundance.
This is simply a sum of the contributiori®; of the individual DDM constituents:

Qtot(t) = ZQ|(t) . (31)

In principle, this sum should include the contributions nlathose constituents which have already
“turned on.” By contrast, another important charactezisti a given DDM ensemble is the degree
to which this total abundance dstributed among the DDM constituents. For example, one may
ask how significantlyQ is shared between a dominant component and all others. dewiais
end we can define

Qo

nt) = 1—®, (3.2)

whereQq = max{Q;} denotes the largest individual contribution. Thgsjuantifies the degree to
which our DDM framework departs from standard dark-mattamarios: a valug < 1 indicates
that a single particle species contributes essentiallgthieety of the dark-matter relic abundance,
as in traditional dark-matter models, white~ (1) signifies that the entire DDM ensemble con-
tributes non-trivially toQqq.

Finally, we may also define an effective equation-of-stateametems(t) which applies to
the DDM ensemble as a whole +e., as a single collective entity. This can be defined via the
relationwef(t) = p/prot(t), wherepior = Perit Qtot IS the total ensemble energy density and where
p is the corresponding pressure. Following standard déomwat(seeg.g., Ref. [1]), we find that
during any matter-dominated (MD) or radiation-dominatB@d] cosmological epoch, this effective
equation-of-state parameter may be expressed in terme ¢iftle-derivatives 0€;:

1 <%> for RH/MD eras
1 dlog 2\ dlogt
Wer(t) = — (ﬁ qt +1> = (3.3)
2 <%> +} for RD era.
3\ dlogt 3

It is straightforward to evaluate the quantiti€Q, n,West} as functions of time. For con-
creteness, let us focus on the evolution of the DDM ensemintimgl the final MD era, within
which bothp; and pgrir scale with time in the same way. In the approximation thatdibeay of
eachq can be treated as occurring instantaneousty=at; = I';” ! the abundances during this era
are given byQ;(t) =~ Q;O(1; —t), where®(x) denotes the Heaviside function. Moreover, from a
DDM perspective, we are principally interested in the regiim which the number of ensemble
constituents is large and the spectrum of lifetimes acrosshsemble approaches a continuum.
We therefore find that

dQot

D L LIRS —/dTQ(T)nT(T)é(T—t) — —oMn(t),  (3.4)
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where the functioi(1) describes the abundance of those DDM constituents withydeicth 72
and where; denotes the density of DDM states per unécross the ensemble.

To proceed further, it is necessary to specify functionai®for Q(7) andn; (7). Itis in this
way that we are implicitly endowing our DDM ensemble with aternal structure. Towards this
end, let us assume th@t 1) andn; (1) can be parameterized through power laws of the form

Q) ~ Are . n-(F) ~ Bré, (3.5)

wherenr is the density of states per urdit= 1! and whereA, B, a, and are general scaling
coefficients and exponents. Note that such functional fdon&(I") andnr(I") are particularly
relevant, emerging naturally in many realistic, theoi@ticmotivated DDM models [2, 3]. Given
these parameterizations f(I") andnr ('), we then find thatlQuo/dt = —ABt~2~#~2, We thus
see that the collective dynamics of the ensemble as a whgleverned by theum x = a + 3 of
the scaling exponents rather than by either exponent ishgially. It then follows from Eq. (3.3)
that the effective equation-of-state parameter for the D&idemble takes the general form
(14 x)w,
W (L x—2w) [ X7 7L

Weit(t) = (3.6)
W,

1— 2w, log(t/thow)
wherew, = We(thow) = AB/(2QcpmtisX).

Xx=-1

4. Cosmological implications

If the DDM ensemble under study is to be in rough agreemetht @gsmological observations,
we expect thatv, today should be small (since traditional dark “matter” fias 0). Furthermore, a
variety of astrophysical considerations (including lisset by CMB data) also stipulate thed(t)
should not have experienced strong variations in the rguastt The results in Eq. (3.6) therefore
imply that the DDM ensembles which are likely to be phenontegioally preferred are those for
which

—2<xs —1. (4.1)

However, depending on the detailed properties of the paatiid DM ensemble under study, values
of x which lie slightly above-1 may also be acceptable. Remarkably, there exist broasedax
DDM models in which this constraint is automatically saéidfifl]. Further cosmological im-
plications of the decays leading to such a non-trivial DDMiatpn of state are discussed in
Refs. [1, 2, 3].
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