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ABSTRACT

We study systematically which features in the cosmic mienbackground (CMB) and large-scale structure
(LSS) probe various inhomogeneous properties of the dartorse(including neutrinos, dark matter, and dark
energy). We stress, and quantify by simple formulas, thaptimary CMB anisotropies are very susceptible to
the gravitational potentials during horizon entry, lessegombination. The CMB thus allows us to schr ¥
and the underlying dark kinetics for all redshifts- 1-10°. LSS, on the other hand, responds stronges to
at low redshifts. Dark perturbations are often parametérlzy the anisotropic stress and effective sound speed
(stiffness). We find that the dark anisotropic stress afffthetis influence the visible species at the correspondingly
early and late stages of horizon entry, and affect stroregactively the CMB and LSS. The CMB yet remains
essential to probing the stiff perturbations of light nends and dark energy, detectable only during horizon entry.

The clustering of dark species and large propagation sgfebdioinhomogeneities also map to distinctive features

inthe CMB and LSS. Any parameterization of the signaturedaok kinetics that assumes general relativity can 4

effectively accommodate any modified gravity (MG) that iksathe equivalence principle for the visible sectors.

This implies that formally the nonstandard structure ghoert® /W ratio, while indicative, are not definitive MG

signature S or 8
, its superluminality, and the nonstangaehomenology of gravitational waves.

Subject headingosmology: theory — cosmic microwave background — largiesstructure of universe —
dark energy — modified gravity

1. INTRODUCTION proposed whose inhomogeneous kinetics, and hence cosmo-
logical signaturescannot be mimicked by quintessence with
any backgroundequation of statev(z). (For a comprehensive
review of dark energy models see, e.g., Copelandi et al. 2006)
Fortunately, cosmological observations themselves csin te
these assumptions by revealing not only the dark speciesime
density and pressure but also the kinetics of their inhomo-
geneities. The goal of this paper is to map various inhomo-
geneous kinetic properties of the dark sectors (or deviatio
from Einstein gravity) to the observable characteristfacSdB
sume the minimal neutrino sector, non-interacting colckdar and cosmic structure. Dark species influence the visible mat
ter by affecting both the background expansion and metric pe

matter (CDM), and dark energy represented by a canoni- ; : . ;
cal scalar field (quintessence). These assumptions are regturbations. Of the two mechanisms, the perturbations,italbe

sonable for interpreting the available data, yet none ofthe dmeon::%ddlggebr?dtfr:tsglitcla?gsgaz %See;lgrﬁ%ﬁ\tlrggésé egg:d_ny
can be taken for granted. For example, new light weakly P y erg

; : - L " information at every spatial scale KThe following three ex-
g}tseracmngogr)naemﬂ%%;gmngc;r:ytﬁep psiggégrglgnhejt?ﬁ]rgg rn;ggu_amples show the i_mportance of this information, absentén th
ple to each other or to additional light fields_(Chacko ét al. background equation of stan(z).

2004,/ 2005, Beacom etlal. 2004; Qkui 2005; Grossman et al.
2005) at redshifts at which the decoupled component of ra-
diation gravitationally affects the CMB and cosmic struetu Nature of dark energy

(Hu & SugiyamAa 1996, Bashinsky & Seljak 2004, Hannestad The first example is the most challenging problem in today’s
2005; Bell et all 2006). Various alternatives to cold dark-ma cosmology—th% nature of dark energ;/g. T%]g constraints on){he
ter have been suggesj[ed as y)\{ell. . These mclud(e warm daﬂﬁark energy background equation of State: pge/ pae are tight-
matter _(Blumenthal etal 1982 Olive & T_urner .1‘932)' :self- ening around the valu€l, consistent with a cosmological con-
Interacting da(k matter (Carlson eflal. 1.9.92’ de L".’"X (:’tm‘l stant. Analyses that combine the current data from the CMB,
Spergel & Steln_hard‘t 2000), or modified_gravity (Mllgr_(_)m large scale structure (LSS), Lymanforest, and supernovae
1983 Bekenstein 2004; Skordis el al. 2006; Dodelson & Lijjuo already constrain the deviation @f from -1 for flat mod-
2006). The viability of such scenarios remains an intrigu- o\s'hetter than to 109% (Spergel et/al. 2006; Seljak ét al.|2006
ing question. Quintessence models are convenient for qUansr. A a6 2006, and others.) Whether or not future ebser
t'tat'vely constraining d"’.“k energy parameters by dgta.t e vations continue to converge am= -1, the dynamics of per-
quintessence Is not readlly_motlvated by_ particle physitre turbations will be crucial in elucidating the nature of casm

it is difficult to naturally achieve the required shallowae$the acceleration

field potential. On the other hand, many alternatives haea be Even if w(z) = -1 at low redshifts, this does not neces-
1

Galactic and cluster dynamics, cosmic structure, type da su
pernovae, the cosmic microwave background (CMB), and the
primordial abundances of light elements provide solid enizk
that dark sectors constitute a significant energy fractiothe
universe at any accessible redshiff 10'°. At all correspond-
ing cosmological epochs the nature of abundant dark species
coupled to photons and baryons only by gravitation, is paitl
entirely uncertain.

The mainstream analyses of cosmological data usually as-

1.1. Examples of the value of dark perturbations
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While the detection of such phenomena as non-standardample, for a popular DGP gravity model (Dvali etlal. 2000%thi
growth of cosmic structure or anomalous lensing may indicat was demonstrated explicitly by Kunz & Sapohe (2007).
MG, we will see that without any restrictions on the dark dy-  With this discouraging general conclusi
namics, the identical effects could always be generated by
non-minimal dark sector that influences the visible matter a
cording to the standard Einstein equatiBhsFurther in this
section we will argue that other features should yet allow to
discriminate MG observationally. ativity:

We will assume that even if full Einstein gravity fails on eos
mological scales, the Einstein principle of equivalenceais
valid for the visible species. This assumption is common to

many existing MG models. It is motivated by the relatively B. The gravitational action may not be given entirely by 1 7

strong terrestrial and solar-system constraints on thévaqu Hilbert-Einstein ternSyray = (167G) ™ [ d*x,/~gR
lence principle.

Thus we suppose that the regular matter couples covariantlF \
to a certain matter-frame “physical” metry,,. However, we :
now neither take for granted that all dark fields also couple c 1. The effective dark dynamics, which is observations

variantly to the same metrig;,,,, nor assume that the dynamics inferred by assuming the Einstein equations, violz

of g, itself is governed by the Einstein equations. o the equivalence principle (EP). The EP violation can
Under the weaker assumption of the equivalence principle seen, e.q., as

for only the visible matter, all observable signatures ofvne
physics can still be quantified any of the three parameter-
ization schemesf Sec[4. Indeed, thg,,, background can still

be described by a single number for its present spatial tunea

G from general’ ..

A. Some dark degrees of freedom may not couple cov
antly to the matter metrig,,...

00}

r, when
cannot be explained by non-gravitational dark—

and by its uniform redshift-dependent expansion té{8. The visible coupling allowed by particle experiments.
potentials® and ¥, defined by eq[(3) to parameterize the in- ii. Superluminality of the inferred dark dynamics.
homogeneities of the physical metgg,, will play their usual
role in the evolution of light and baryons. Moreover, thdgef 2. The dynamics of gravitational waves (tensor modes) de-
tive dark) energy and momentum densities assigned to the mis viates from the predictions of the Einstein equations, as-
ing sources of curvature by the naive application of the t€ins suming that both the visible and inferred dark species
equations will evolve in agreement with the usual local epns contribute to the energy-momentum tensor in the sim-
vation laws, which is easily seen as follows. plest way.

Let by definition

Most of these signatures have already been utilized for fal-
T = 1 G - Z T (46) sifying MG models with existing or suggested observations,
efraak— 8rG g (Clowe et al. 2006; Bradac etlal. 2006) and (Kahya & Woadard

. S . . 12007); we comment additionally on them next.
where the last sum is over the known regular particles. Their
energy-momentum tensor [constructed unambiguously from 6.1. EP violation for the inferred dark dynamics

H ’ 1 MY — — i -
?netljpcegrlgzr\?ggot% ?r?e-raassu(ri/e Vd g())\(/s?;i/aigc#ey ]fésr Ctﬂ\éarrlegular The violation of the first condition can be illustrated by an
species. The matter-frame Einstein tengqr, = R,., - %QWR extreme toy theory in which the regular matter (*baryonsr” f

whereR,,, is the Ricci tensor of the physical metric, is also short) constitute all independent degrees of freedom. het t

covariantly conserved by the Bianchi identities. Thus thtre metric in this theory be specified by baryon distribution via

L . i )
expression(46) is covariantly conserved: some deterministic relation (e.g., 68" = A" T4, follow

ing from an actionS = Soaryon—fd"'x\/—_gA with A being a

v =

_ . _ Te_ff darky ~ 0, . (47) constant). Even in such a contrived theory, by the above ar-
with all covariant derivatives being taken relative to thggical guments, the effective missing energy and momentum densi-
metric. ties [46) would appear to evolve and gravitate in agreemitht w

Since T 4 IS COvariantly conserved, the background and energy-momentum conservation and the Einstein equations.
perturbations of the missing energy and momentum evolve ac-this example, however, the effective dark density and ses
cording to equation§ (16) £([19), derived from the identiwal- uniquely determined by the distribution of the visible reatt
servation law. Thus if all our probes of the invisible degreé  This does not occur for truly independent dark degrees ef fre
freedom are based solely on their gravitational impact gimt )i dom.
baryons, and other regular particles (neutrinos, WIMP'&wh In more realistic MG theories we should not expect a deter-

probing dark energy, etc.) then phenomenologicallipbserv- ministic relation between the visible and effective darktid
able signaturef a considered MG model can be mimicked putions. Still

by an effective GR-coupled dark sector. Specifically, we can
find the corresponding effectiwg(z) to reproduce the missing
energy background, and the effective anisotropic str€ak)

and stiffnes<24(z k) to describe scalar perturbations. For ex-

Detection of such dependencies would be particularly feasi
18 \We stress that these features remain useful hints of MGeSiay are even ble for the dark matter, for which there are plentlful observ

more ubiquitous than the scenarios of modified gravity angt reaeal other able regions with varying environment: varying in both visi
new physics, they are well worth searching for. ble matter density and in its ratio to dark density. In additi
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TABLE 1
Quantified Important Effect on Effect on
Property by for the CMB Matter
Early Amplitude Minor on power
Anisotropic o, eq.[I3) stage of (Suppressed (Enhanced
Stress [®-7, eq.[I4)] horizon by from by o from
entry streaming) streaming)
Late Amplitude Medium on powef
; 2 stage of (Enhanced (Suppressed
Stiffness Cerr €9 [I5) horizon by tracking by tracking
entry quintessence) quintessence)
Velocity of Features Phase of Phase of
a perturbation Cp, Sec[5.B local in the acoustic baryonic
front real space peaks oscillations
Horizon Significant Primary
3 : D, O+ entry (CMB) suppression driving of
Self-clustering eq. [3) and subhorizon  of the the structure
evolution (LSS) amplitude growth

NoTe.—Summary of the discussed properties of the dark sectwsepiochs of their observational relevance, and theirtsffacthe CMB power spectra and on
large-scale structure.

inhomogeneities of radiation before equality. minimal physics and therefore should be considered forrexpe
The suppression of, for ¢ < 100 severely restricts the imental constraints whenever possible. Sec 6
alternatives to CDM and the models of dark energy which (ElSiiaBIEIBYIGtRENEIiee:s; in particular, by the violatiof the

reduce metric perturbations at any redshift in the matter equivalence principle by apparent dark dyna \
era. Examples of such mechanisms are contribution of
quintessence to the density in the matter era, interactionie 1), and in the signatures of t¥fec

fication of dark matter and dark energy (e.g., Wetterich 1988 or real superluminal dark flows (e.g., Secl6.2). GR can adso b
Perrotta & Baccigalupi 2002; G. R. Farrar, P. J. Peebles 2004 falsified by nonstandard phenomenology of gravitationalega
Catena et al. 2004; Scherrer 2004), or MOND-inspired afiern  (e.g.Kahya & Woodard 2007, and Sdcsl 6.2[and 6.3).

tives to dark-matter (Milgrorn 1983; Bekenstein 2004).

7.4. Modified gravity

Many authors have suggested that modification of gen-
eral relativity on cosmological scales is the cause of te co | am grateful to Salman Habib and Katrin Heitmann for
mic acceleration (for recent reviews see Copeland|ét alg200 valuable discussions, suggestions, and comments on the
Nojiri & Odintsovl2007) or even of the apparent manifestasio ~ manuscript. | thank Daniel Holz and Gerry Jungman for stim-
of dark matter (Milgrom 1983; Bekenstzin 2004). In Séc. 6 we ulating talks and useful suggestions. This work was supglort
consider the phenomenology of typical models of modified by the US Department of Energy via the LDRD program of Los
gravity (MG) that retain the equivalence principle for ths-v Alamos.
ible sectors.. We show that in these models all gravitational

ACKNOWLEDGMENTS

impact of the hidden physics can be described within the same APPENDIX

parameterization sc_:hemes of Jelc. 4, developed to quahéfy t CMB SENSITIVITY TO §® ON SMALL SCALES
observable properties of dark sectors that are coupled by ge . e o

eral relativity (GR). Indeed, these schemes were restriotdy We quantify the CMB sensitivity to the metric inhomo-

by the covariance of the visible dynamics, the assumption of geneities on subhorizon scales and at late times using the Li
the Einstein equations, and the local conservation of thke da 0er approximationi(Limber 1954), applied to the CMB by
energy and momentum. However, for any covariant visible Kaiser (1984, 1992) and Hu & White (1996). The Limber
dynamics, the formal dark energy-momentum tenSor (46) that@PProximation for the CMB power spectruh assumes that
is missing in the Einstein equations is covariantly consgry the change of the sourcin the line-of-sight integral(31) is
automatically (Sed.]6). Thus all observable signatures 6f M nlig"Q'b'e over the wavelength of a typical contributingdeo
can be mimicked by effective dark energy and momentum thatK ™ ~ r/£. If 67 is a temporal scale over which the source
influence the visible species according to the Einsteintigps.~~ changes by an order of unity then the above condition is eguiv
and during evolution are conserved locally. lenttokdor > 1. In the Limber I|m|t,C|_ is prlmarlly contrlbute_d
Particularly, the nonstandard structure growthbotl ratio by the modes withk - n[é7 < 1, while positive and negative
that are predicted bgny MG model of the considered broad ~contributions taAT /T from the peaks and troughs of the other
class can in principle be reproduced without violation af th Modes cancel (Hu & White 1996). _
Einstein equations by sufficiently peculiar dark dynambdsv- The ISW contribution to the anisotropy sourCel(32) is
ertheless, first, such signatures would still signal some- no Ssw =g(®+ ). (A1)
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