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Cosmological Tests of General Relativity

Outstanding challenges (GR + Quantum Field Theory)
— Singularity Problem
— Cosmological Constant Problem
— Underlying particle physics theory for Inflation

Theory provides in the context of the homogeneous and isotropic Big
Bang model to successfully describe

— Nucleosynthesis (N, <4 , Q,h*=0.023=0.001)
— Cosmic Microwave Background Radiation

— Large Scale Structure

— Gravitational lensing

Missing links:
— Dark Matter
— Dark Energy



Dark Energy

Evidence:
Dimming of type la Supernovae with z > 0.35 .

aa
Accelerated expansion (negative deceleration parameter): 4, = e = —-0.47

[Perimutter et al. 1998; Riess et al. 1998, ...]

Homogeneous and isotropic expanding geometry
Driven by the vacuum energy density @, and matter density Q,

Equation of state: p = wp w =1

1
Friedmann and Raychaudhuri equations imply: ¢, = 5(360 + I)Qm -Q,
q, < 0 suggests an invisible smooth energy distribution

Candidates:
Cosmological constant, quintessence, more complex equations of state,
etc.
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Supernova Legacy Survey (SNLS)

44

42

40

38

36

34

[Astier et al., astro-ph/0510447]
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WMAP 5 Year Results

E. Komatsu et al., 0803.0547 [astro-ph]

SUMMARY OF THE COSMOLOGICAL PARAMETERS OF ACDM MODEL AND THE CORRESPONDING 68% INTERVALS

Class  Parameter WMAP 5-year ML®  WMAP+BAO+SN ML~ WMAP 5-year Mean” WMAP+BAO-+SN Mean

Primary 1000 h? 2.268 2.263 2.273 +0.062 2.265 = 0.059
(ch? 0.1081 0.1136 0.1099 = 0.0062 0.1143 = 0.0034
0) 0.751 0.724 0.742 + 0.030 0.721 £ 0.015
s 0.961 0.961 0963701 0.9607 115
T 0.089 0.080 0.087 40,017 0.084 + 0.016
A% (ko) 241 x 10 2.42 % 1077 (241£011) x 107" (245777 8) x 107"
Derived 0y 0.787 0.811 0.796 = 0.036 0.817 = 0.026
Hy 72.4 km/s/Mpc 70.3 km/s/Mpc Tl‘)ff(. km /s/Mpc 70.1 £ 1.3 km/s/Mpc
Qp 0.0432 0.0458 0.0441 = 0.0030 0.0462 = 0.0015
Q. 0.206 0.230 0.214 = 0.027 0.233 = 0.013
O h? 0.1308 0.1363 0.1326 = 0.0063 0.1369 = 0.0037
Zreion 11.2 10.5 1.0+ 1.4 10.8+ 1.4

to? 13.69 Gyr 13.72 Gyr 13.69 £ 0.13 Gyr 13.73 4+ 0.12 Gyr




SUMMARY OF THE 95% CONFIDENCE LIMITS ON DEVIATIONS FROM THE SIMPLE (FLAT. GAUSSIAN, ADIABATIC,

POWER-LAW ) ACDMN MODEL

Section Name Type WNMNAP 5-year WMAP+BAO4+SN

§ 3.2 Gravitational Wave® No Running Ind. < 0.43% r < 0.20

§ 3.1.3 Running Index No Grav. Wave —0.090 < dng/dInk < 0.019¢ —0.0728 < dng/dInk < 0.0087

§ 3.4 Curvature? —0.063 = Qz =< 0.017¢ —0.0175 < Qz < 0.0085F

Curvature Radius? Positive Curv. Reurv = 12 h—1Gpec Reurv = 23 h—1Gpec

Negative Curv. Reurvy = 23 h_lec Reurvy = 33 h_leC

§ 3.5 Gaussianity Local —9 < f..l\,c-’ial.< 111" N/A
Equilateral —151 < Faimtl < 2530 N/A

§ 3.6 Adiabaticity Axion ag < 0.167 oo < 0.067F
Curvaton oy < 0.011° a1 < 0.0037™

§ 4 Parity Violation Chern-Simons™ —5.9° < Aa < 2.4° N/A

85 Dark Energy Constant w® —1.37 < 1 4+ w < 0.32F —0.11 < 1 +w < 0.14
Evolving w{=z)9 N/A —0.38 < 1 4+ wo < 0.147

6.1 Neutrino MNMassS STy < 1.3 eVE STy < 0.61 eV

5 6.2 Neutrino Species Neg = 2.37 Neg = 4.4 £ 1.5% (689%)

9In the form of the tensor-to-scalar ratio, », at &k = 0.002 I\-‘Ipc‘_1

"Dunkley et al. (2008)

“Dunkley et al. (2008)

d(Constant) dark energy equation of state allowed to vary (w == —1)

“With the HST prior, Hgp = 72 £ 8 km/s/Mpc. For w = —1, —0.052 = € < 0.013 (957, CL)
TFor w = —1, —0.0181 < Q. < 0.0071 (95% CL)

9Rcurv = (¢/Ho) /|| = 3/ || h—1Gpc

hCleaned V4+W map with ljpax = 500 and the K Q75 mask, after the point source correction
iCleaned V4W map with limax = 700 and the K Q75 mask, after the point source correction
iDunkley et al. (2008)

In terms of the adiabaticity deviation parameter, 5((13;') = va/3 (Eq. [39]). the axion-like dark matter and photons
are found to obey the adiabatic relation (Eq. [36]) to 8.6%.
"Dunkley et al. (2008)

™In terms of the adiabaticity deviation parameter, 5((13’;") = Va/3 (Eq. [39]), the curvaton-like dark matter and photons
are found to obey the adiabatic relation {Eq. [36]) to 2.0%.
"For an interaction of the form given by (&/M)FagF ®?, the polarization rotation angle is Aav = M 1 | %d)

“For spatially curved universes {2z = 0)

P\With the HST prior, Hop = 72 £ 8 km/s/NMpc

For a flat universe (2 = 0)

Two = w(z = 0)

SST i, = 94(Q, k%) eV

‘Dunkley et al. (2008)

“For w = —1. For w & —1, > m, < 0.66 eV (959 CL)

YDunkley et al. (2008)

“With the HST prior, Hg = 72 £ 8 km/s/Mpc. The 95% limit is 1.9 <= Ngg < 7.8



Large Dark Energy Surveys

SNAP, DUNE...

Standard Candles
Luminosity Distance

SCALED MAGNITUDE

Standard ruler
Angular diameter distance




SNLS - SDSS

SNLS 1% Year

[Riess et al. 2004]

[Astier et al. 2005]

Ry

Q =0.271x0.021(stat) =0.007(syst?)




Dark Energy -- Dark Matter

“Quintessential Inflation”
[Peebles, Vilenkin 99; Dimopoulos, Valle 02; Rosenfeld, Frieman 05, O.B., Duvvuri 06, ...]

/\

Inflation «———— Dynamics

S~

Dark Energy — Dark Matter interaction
[Amendola 2000, ..., O.B., Gil Pedro, Le Delliou 2007]

Dark Energy — Dark Matter Unification
[Kamenschik, Moschella, Pasquier 2001]
[Bilic, Tupper, Viollier 2002; Bento, O.B., Sen 2002]
[O.B., Rosenfeld 2007]



Dark Matter

« Evidence:

Flatness of the rotation curve of galaxies

Large scale structure

Gravitational lensing

N-body simulations and comparison with observations
Merging galaxy cluster 1E 0657-56

Massive Clusters Collision Cl 0024+17

Dark core of the cluster A520

« Cold Dark Matter (CDM) Model

Weakly interacting non-relativistic massive particle at decoupling

« Candidates:

Neutralinos (SUSY WIMPS - LHC), axions, scalar fields, self-interacting scalar
particles (adamastores), efc.



Merging Galaxy Cluster 1E 0657-56
[Clowe et al., astro-ph/0608407]

“Bullet” Cluster



Massive Clusters Collision Cl 0024+17
[Jee et al., astro-ph/0705.2171]

Ring-like dark matter structure



Dark core of the Abell 520

Collisional dark matter ?



Generalized Chaplygin gas model

« Unified model for Dark Energy and Dark Matter

Generalized d-brane

L=—AT (1-(g"0,0,) 7

o =1 : d-brane

.

e
) a1

- ———

Generalized Chaplygin gas

A
P=——
P

« = 1: Chaplygin gas

!

}

rLp | | p=«ap JP=—r
Dust a = 1; stiff matter De Sitter
[Bento, O.B., Sen 2002] 3 \\@ '




Generalized Chaplygin Gas Model

- CMBR [Bento, O. B., Sen 2003, 2004; Amendola et al. 2004, Barreiro, O.B., Torres 2008]
- SNela [O. B., Sen, Sen, Silva 2004; Bento, O.B., Santos, Sen 2005]
- Gravitational Lensing [Silva, O. B. 2003]

— Structure Formation *

[Sandvik, Tegmark, Zaldarriaga, Waga 2004; Bento, O. B., Sen 2004; Bilic, Tupper, Viollier 2005; ...]

— Gamma-ray bursts [O. B., Silva 2006]
— Cosmic topology [Bento, O. B., Rebougas, Silva 2006]
— Inflation [0.B., Duvvuri 2006]
— Coupling with electromagnetism [Bento, O.B., Torres 2007]
— Coupling with neutrinos [Bernardini, O.B. 2008]
A
Background tests: a=<0.3, 0.7=4 =<0.99 AS = plm
Ch0

Structure formation and BAO: o <0.2



Dark Energy — Dark Matter Interaction ()

[O.B., Gil Pedro, Le Delliou, Phys. Lett. B654 (2007); 07053118 (astro-ph)]

H = j / 3H ] p— ‘-H 7
Evolution equations: ppr +3Hppyn = CHppar

( PDE = WDEPDE ) ppE +3Hppr(l4+wpr) = —CHppm

- (n+3wpE)pE,
Ope, + Qprv,a™"

IDE OpE,
/ - —a' ¢ =

For ,opyv Qpas

) — a3, ¢
_ P DM @ PDMy€ |
From which follows: _3 ) 0 _(nt3epp)
— @ PDMg [SZDED(I‘ + SZDA[G] !
n—3 [ rda
PpDE = a'"""ppp,eh ¢
n—3 ) . B _ m+3wppE)
= a""ppE, [2pE.a" + QD] "
0O O (n+3wp E)
_ ) 'DEa" + Ypy B
Bias parameter: R — . -
PDM Qpe, + b,

GCG: 1 = 3(1 + a)



Cosmic Virial Theorem and the Abell cluster A586
[O.B., Gil Pedro, Le Delliou, Phys. Lett. B654 (2007)]

 Generalized Cosmic Virial Theorem (Layzer-Irvine eq.):

()} + ‘39°DE)H
14+ Qpa, /QpE,a"

PDM +H (2/)}( + pw ) PW

where

pw = MdW/dV = d(MW)/dV ~ as 1
W = —2,7(;‘(12/_) DM / dré&(r)r (‘£(r) - auto-correlation function)

« Abell cluster A586 — spherical and close to stationary equilibrium:

20K + pw = Cpw

1 [' 9 \[ uster
pr = M—K ~ M— ~ — _Zluster ;2
 Moreover: dv v 87 R( luster
d W_ 3 G M.,

o= Me— W~ M— ~ —
o av 4 < R > R(g-lustel



. Estimates
' | ‘ [0.B., Gil Pedro, Le Delliou, Phys. Lett. B654 (2007)]

. x-'r"ay,' Ve'I6C|ty dispersion and weak gravitational lensing (WGL):

Mciuster = (4.34£0.7) x 10" My 0, = (1243 £ 58) kms~!

[Cypriano, Neto, Sodré, Kneib 2005]

 WGL concerns a spherical region with 422 kpc radius and Ng,=25 galaxies
(within a 570h,,' kpc region with 31 galaxies); hence with the known coords.:

N al 1
9 9
< Roe 2 o
*'\"( al (A\ al — J—) Z Z Y ) 0.5524 |
g g i=1 j=1
and therefore: | - 5
pre = (2,14 + 0.55) x 10~ T~
B N 10 | _3 S 0.5518 |
PW — (—28._)) + 092) % 10 Jm.» 0.5516 |
_ PE 1012 S T
. From Wh|ch we get; ~ —0.76 =0.14 1.9728l.9'?3l.97321.973:;.?::;)1.9?381.9741.9742

PwW



Dark Energy — Dark Matter Interaction (ll)

[O.B., Gil Pedro, Le Delliou, Phys. Lett. B654 (2007)]

Interaction requires: N # —3WDE
For wpe = —1, Qpg, = 0.72, Qpy, = 0.24, z = 0.1708
; ¢ oL —+-05

R +0.17
GCG: a = 027117

Data is consistent with interaction !

Same methodology used for 33 relaxed galaxy clusters (optical, X-ray,

gravitational lensing) suggests evidence for the interaction of DE and DM

[Abdalla, Abramo, Sodré, Wang, arXiv: 0710.1198(astro-ph)]



Dark Energy — Dark Matter Interaction and the
Equivalence Principle (EP)

[O.B., Gil Pedro, Le Delliou, Phys. Lett. B654 (2007)]

® Bias parameter evolution indicates a possible violation of the EP




Dark energy-gauge field interaction: variation of the fine structure “constant”

/ d_l"l \ — [—_R + Eb + EQ + Ec m

1 1 |
Lo = —()‘ 00,0 + - ()“L 0, — V(h, 1)

V(. ¥) = e P(¢,1))
P(o,v) = A + (¢ — ())2 + B (¢ — L’,)Z
+C o — )%+ D W(p— b.)?
1 / /LI/
Lem = _IBF (C)n L’)Ful/F
Br(o,0) =1-= (¢ — o) = C2(¢ — o)

[Olive, Pospelov 2002; Gardner 2003; ...]
[O.B., Lehnert, Potting, Ribeiro 2004; Bento, O.B., Santos 2004, Bento, O.B., Torres 2007]
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Dark Energy — Neutrino Interaction:

mass varying neutrinos
[Bernardini, O.B., Phys. Lett. B662 (2008); Phys. Rev. D77 (2008)]

« Consider the coupling to the GCG scalar field for a single neutrino flavour:

L = mprvrvg + M(¢)Urvr + h.c.

(1 _AS) —a/(14a)
[‘49 + q3(1+a) ’

and assuming a flat evolving universe described by the Friedmann equation H? = p,

(1—A ):| 1/(14a)
« GCG relevant egs.:

H in units of H, and p, in units of pe,, = 3HZ2/87G ), one obtains

___ln V1—A(1—a¥) - V1A,
\/1—4 (1—a®)+VI—A,|

V(g) = %AT 0o {[cosh (B6)]5+T + [cosh (,,..3(,‘,;))]—:’—;:1} |



Taking the time-derivative of D, = — /q dq dQe fo(q),

dlnm, -,

pv +3H (py +pu) = ¢ (py — 3py) -

do

We describe the Dark Energy sector
using a scalar field with potential R
From the energy-momentum tensor for

we obtain the energy and the pressure
of the scalar field

Defining w = Ppy/ppr to be the equation of state of the coupled dark energy fluid,
where Ppp = P, + P, denotes its pressure and ppgp = p, + p. its energy density. and the

requirement of energy conservation gives,

Taking into account the energy conservation of the coupled MaVaN - DE
system, we find that the evolution of the scalar field is described by the
modified Klein-Gordon equation,

5 dV e 5dInm, .
= —a"——— (py — 3pv)

do do

()—I— )H()—I—a

This equation contains an extra source term with respect
to the uncoupled case, which accounts for the energy ex-
change between the neutrinos and the scalar field.




In the non-relativistic limit L

MaVaN models can potentially become unstable for the following reason: the attractive
force mediated by the scalar field (which can be much stronger than gravity) acts as
a driving force for the instabilities. But as long as the neutrinos are still relativistic,
the evolution of the density perturbations will be dominated by pressure which inhibits

their growth. as the strength of the coupling is suppressed when p, = 3P,.
‘ = Pv + "u = myn, + ‘:'

Assuming the curvature scale of the potential and thus the mass of the scalar field
. to be much larcer than the expansion rate of the Universe.

Vi=n (’i, T "32) F V= md s [2, —

the adiabatic solution to the equation of motion of the scalar field




Quintessence
Potentials!

n order to specify good candidate potentials V(@) for a viable MaVaN model of
dark energy, we must demand that the equation of state parameter w of the coupled
scalar-neutrino fluid today roughly satisfies w ~ —1 as suggested by observations [66].
By noting that for constant w at late times,

ppE ~ V X q 30+

and by requiring energy (-(nlsc\r\'nri(nlI/’)DE + 3Hppp(l +w) = O.Imv arrives at

1 dlog V

L+w= _§m Iir has been used that V' =0

In the non-relativistic limit m,, = T,, this is (‘(1111\(1 lent t()/ )
a on,, (‘)m,_ ' m,, My Ve noa’

l4v=—-—-—|m,—+n,
3V Ja da
for an equation of state close to w ~ —1 today one can conclude that either the scalar
potential V, has to be fairlv flat or the dependence of the neutrino mass on the scalar
leld has to be verv steep.
field has to | teey

Good candidate potentials grow as small fractional
powers or logarithms of the neutrino massl!




It is apparently consistent | But ...

dVi¢)y  dm, Op,
do — do Om,’

Equation of State

In fact. once one assumes that p, = —p,. the neutrino mass evolution and the form of the
potential become automatically entangled by the stationary condition. Thus, 1t should be
realized that the stationary constraint Eq. (8) is quite dependent on the potential of the

scalar field.



Perturbative Approach — Our proposal

We depart from na equation of motion for an unperturbed scalar field

and we assume that the effect of the coupling of the neutrino fluid to
the scalar field fluid is quantified by a linear perturbation

It then follows the novel equation for the energy conservation

o dVie dm,, Op,

dy de Om,,




The explicit dependence of ¢ on ¢ is easy to quantify. Indeed, after a simple manipulation

one finds

dV (¢) LAV (p)
de (1+¢€) do
d | dV (e
= (1497 |V + (e
dV (¢) d*V(¢)

The substitution of the Eqgs. (10) and (12) into the Eq. (11) and use of Eq. (9), lead to

——n,(a) (13)

dA*V(e)y  dVie) dm, Op, dm,,
€ ) — ~ ~
v dp Om,, do

do? do

where the perturbative character of the neutrino mass term is assumed when we set the last

approximation in the above equation. Finally, we can obtain for the value of the coefficient

of the perturbation dmy, Opy 1, v
T dd Omy Pur = 3¢) + Ve,
€ = , -

dV(o) | d my Opy

[ 2 ( 1 dV ()

J 3 e f AVEF
Vg In terms of o =

d(j) dO (1')'771 v




Solutions
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FIG. 7: Present-day values of the neutrino mass m, and the corresponding values of ay for which
the transition between the NR and UR regimes takes place in a GCG phenomenological scenario
with A, = 0.7 and o = 1, 1/2, 1/3, 10-*. The choice of the model for mass generation plays a
relevant role in determining the starting point a,p of the coupling effectiveness. This is a section

of graphs of Fig. 3 for A, = 0.7.



Dark Energy and the Higgs Portal (I)
[O.B., Rosenfeld, arXiv:0708.1784 [hep-ph]]

Higgs Portal: mixing of a singlet with the Higgs boson -
Invisible decay of the Higgs into two singlet bosons

[Binoth, van der Bij 1997, ...; Schabinger, Wells 2005; Patt, Wilczek 2006]

Self-interacting dark matter coupled with the Higgs
[Bento, O.B., Rosenfeld, Teodoro 2000; Bento, O.B., Rosenfeld 2001]

A singlet complex scalar field:
V(®, H) = —mf|H|*~mg| @[>+ H|*+p|®|*+n| H|*|®|*
(H[?) = v?/2 (|2]%) = £2/2
h=H-v/V2 ¢=—t/V2

Mixing angle with a light scalar induces long range Yukawa type interactions:
ULUS
(€2 — Xv?) + 1/ (p€% — Mv?)? + n2o2¢?

tanw =



Dark Energy and the Higgs Portal (ll)

[O.B., Rosenfeld, arXiv:0708.1784 [hep-ph]]

* A non-relativistic particle in a gravitational field: a = a4 + a¢

Mg w? |

- Ay = —=
o = 0z 2 ° T My
+ g2NEN?]

N NNNL + gnge(NENL + NENY)

« Test bodies with distinct composition will experience different accelerations:

a1 —a
€=2| 1 — ag)
la1 + az|
1 2
€_Mle2 Af Afp= Nzg) 3 Ngg)
- M gN ge p N§1)+N7§,1) Nz()2)+Nfr(z2)

 From the observational limit: € < (’)(10_13) > w< 0(10_20)

[Dvali, Zaldarriaga 2002]



Dark Energy and the Higgs Portal (lll)

[O.B., Rosenfeld, arXiv:0708.1784 [hep-ph]]

» Coupling of the Higgs with quintessence ?

2

2
V(®, H) = U(®) + A (|H|2 _ %) + MO H| — v/V/2)?

U (®)- quitessence potential
Viable only if A1 = O(v?/ME)!

Higgs portal is virtually closed for DE ...



Conclusions

- Experiments in space to observe SNe (SNe “factories”), gamma-ray bursts,
gravitational lensing, cosmic shear, etc, should be vigorously pursued in order to
characterize the properties of DE and DM

* DE interaction with other fields might open new obervational windows:

- DE-DM interaction seems to imply deviation from the virial equilibrium of
the A586 cluster

- DE interaction to the electromagnetic field imply the variation of the fine
structure “constant”

- Interaction of DE to neutrinos in the context of the Chaplygin gas model is
free from difficulties associated with the so-called stationary condition and can be made
consistent with all phenomenological constraints

- Interaction of DE to the Higgs is unlikely to be experimentally accessible at

accelerators



