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Dark Energy vs
Modified Gravity

Dark Energy
Accelerated Expansion

Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc. ‘

Inflation__ 43" *i&&fﬂﬁﬂﬁg
ME a R
P

1st Stars
about 400 million yrs.

| Big Bang Expansion

Image: NASA WMAP 13.7 billion years
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—nergy Vs
Modified Gravity

Dark Energy
Accelerat d Expansion
Afterglow Light
Pattern Dark Ages Development of
Galaxies, Planets, etc.

e Cosmic acceleration: either vacuum, A, :
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or pvac=0 and new physics fﬁ
¥

e from either side of Einstein’s equation
Guv + GdarkG.HV — 8r1G (Tuv N dearkE)

1st Stars

e Equivalent, MG can be better st i iy |
motivated (Lagrangian) | Big Bang Expansion

Image: NASA WMAP 13.7 billion years
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Dark Energy vs
Modified Gravity

(Metric PerturbationsJ Energy-Momentum
Fluctuations

e Cosmic acceleration: either vacuum, A,
or pvac=0 and new physics

e from either side of Einstein’s equation e ST =
Guv + GdarkG“V = 8nG (Tpv + TpvdarkE) _ t 1 .
Anisotropy Continuity eq.

® EqUivalent, MG Can be better Eulerequation
u . M
motivated (Lagrangian) m

e A gravity theory: must pass all tests GR (Song & Dore 089)
does!

e GR limit in Solar System, no ghosts, Gravity' testable
simple (Occam), Lagrangian . .
relationships between
geometry and energy

e Background expansion

e (Structure formation)
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Playing with gravity...

e Phenomenological models for
cosmology: Cardassian

e Variations of the 4D GR action: f(R),
Gauss-Bonnet, scalar-tensor...

e Extra Dimensions: braneworlds,
DGP models, degravitation,
cascading gravity, ...
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Playing with gravity...

e Phenomenological models for
cosmology: Cardassian

e Variations of the 4D GR action: f(R),
Gauss-Bonnet, scalar-tensor...

e Extra Dimensions: braneworlds,
DGP models, degravitation,
cascading gravity, ...

Theory: from Phenomenology:
egrees of freedom, what can we test”? How to
pagation, interactions distinguish from A"
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Many cosmological
data...

GAHYH'ILJ]!H‘I. et al,, Ap.J. (2010)
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e Supernovae: SNLS, SDSS-II,
HST, ESSENCE [Kessler et al 09]

-
=

e CMB: WMAPS5

1(141)C/2x [1K2)
. § 8888 ¢

e Hubble constant (HST)

-

=

e Weak lensing: CFHTLS 3rd

year release [Fuetal 08): linear
range only (>30’)

* CFHTLS data

e ISW: our combined analysis [1G
et al 08]

e Further probes: peculiar

velocities, cluster counts, ...
\_ y
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The ISW effect
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The ISW effect

e Secondary CMB anisotropies

T =— [@+ a0 -7
e GR, matteronly: & =¥ =0
e Nice probe of DE or MG !
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The ISW effect

e Secondary CMB anisotropies

(n) = — /(<I> e \i')['r, n(rg — 7)|dr

AT
T

e GR, matteronly: & =¥ =0
e Nice probe of DE or MG !

e Only 10% contribution to CMB,
large scales

P
Can be measured cross-
correlating CMB-galaxies

e Real space 2-point function or
power spectra
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I(1+1) C/2x (uK)

— |ISW anisotropy (z<4)
—— Early anisotropy (2>4
— Total

10
| (multipole moment)




ISW measurements

e WMAP - galaxy
correlations: ~2-30

Optical: SDSS (gal, LRG,
QSO), APM [Folsalba et al 2003;

Scranton et al 2003; Padmanabhan et
al 2005; Cabre et al 2006; TG et al
2006; Folsalba Gaztanaga 2004, Xia 09]

Radio: NVSS, FIRST [Boughn

& Crittenden 2004; Nolta et al 2004;
Raccanelli et al 2008, wavelet analyses]

IR: 2MASS [Afshordi et al 2004:

Rassat et al 2007; Francis & Peacock
2009]

¢ X—ray: HEAQO [Boughn &
Crittenden 2004

¢ | ocalised: [Granett et al. 08a,b]
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|SV\/ measurements ® Combined analysis of 6 catalogues:

>40 evidence, including covariances!
[TG, Crittenden, Nichol et al 08, Ho et al 08]

* WMAP - galaxy . q |
correlations: ~2-30

Optical: SDSS (gal, LRG,
QSO), APM [Folsalba et al 2003;

Scranton et al 2003; Padmanabhan et
al 2005; Cabre et al 2006; TG et al
2006; Folsalba Gaztanaga 2004, Xia 09]

Radio: NVSS, FIRST [Boughn

& Crittenden 2004; Nolta et al 2004;
Raccanelli et al 2008, wavelet analyses]

IR: 2MASS [Afshordi et al 2004:

Rassat et al 2007; Francis & Peacock
2009]
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e X-ray: HEAO [Boughn & U (deg)  for WMAP3-5-
Crittenden 2004

e | ocalised: [Granett et al. 08a,b] ( Future: Pan—STARRS, DES ’
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The ISW rotation test
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The ISW rotation test

|
o
o

CCF (0) (uK)

g
S

e Criticism by Sawangwit, Shanks, et al. (2009):

o
n

<
r r—r—

“Rotating the maps, we sometimes
see a comparable signals”

100 200

e True, but how significant? b (deg)

e Expected scatter calculated with
Monte Carlo simulated maps
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The ISW rotation test

e Criticism by Sawangwit, Shanks, et al. (2009):

“Rotating the maps, we sometimes
see a comparable signals”

e True, but how significant?

e Expected scatter calculated with
Monte Carlo simulated maps

e Number of rotated points above a
given threshold:

Is there anything special here?

Friday, 29 October 2010
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A0 R .

he DGP model

(Dvali, Gabadadze & Porrati 00)

e 4D brane in Minkowski 5D bulk

167
I P ¢ 5 4 4, (4 (4 1O
S5 16”]\/[ /da:\/ R MP/d —q [R NI2C ‘

e Background: new Friedmann equation
1 K 2 AN K

H2I—\/H2—|——2 = iﬂ+— -
Te a

3 3 a?

e minus: self-accelerating branch,
acceleration today if rc ~ Ho™': ruled out

already by background (Majerotto & Maartens 08,
Fang et al 08)

e plus: normal branch: needs A (brane
tension) some parameter space
unconstrained by background...
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A =
Constraints on the

DGP model(s)

e Potentials decay different in
each model!

self-accelerating: background
(Majerotto & Maartens 06) + CMB +
ISW: ruled out at 40! Fang et al. 08)

1 lllllll LI lllllll 1 ! lllllll LI} lllll'l

::_ = 0.6 T = 1.0
normal branch: extra dof, from = =

background still viable (1G, Song,
Koyama 08)

o

I.‘lll L1 11
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|
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Ruled out by full CMB +
structure formation tests such

as ISW! (TG, Song, Koyama 08, Lombriser
et al 09)

L (1+1) C™ / (2m) (uK)
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R) theories
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f(R) theories

e Extended gravity action: S= % d*z\/—g [R + + / d*z\/=g Lon[Xi, Gpur]
e New scalar dof, scalaron (fR — df/dR)

H2fp— L —Hfp—1f
e Effective fluid with eq. of state W = —= — 2 [ =5~ Hir—> R]

33 [_HZfR —L—Hfp+ %fRR]

* From expansion history, we solve fg:
a family of models!
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f(R) theories

e Extended gravity action: S= % d*z\/—g [R + + / d*z\/=g Lon[Xi, Gpur]
e New scalar dof, scalaron (fR — df/dR)

[Hsz — L —Hfp— %fn]
[—Hsz —L—Hfp+ %fRR]

o Effective fluid with eq. of state Weg = — %

1
3
* From expansion history, we solve fg:

a family of models!

e Associated wawelength, mass
e Growth of structure can distinguish!

* Poisson: kZW_ 1 1+45m 22 5=
a2 14+fg 1+ Xm 2MZ -

® Anisotropy (zhao et al 08):

) 1+
_ — =MNl(a. k

m
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Constraints on f(R)

[TG, Martinelli, Silvestri, Melchiorri O9]
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Constraints on f(R)

[TG, Martinelli, Silvestri, Melchiorri O9]

e Background identical to LCDM

e Structure formation different!

e MCMC with CMB + SN + ISW

e One parameter: wavelength today

in H units:@ — 2,7;;’:0
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2 02 [EF SEEEE e =3
Constraints on f(R) = °f L HHE =
[TG, Martinelli, Silvestri, Melchiorri 09] w02 : o
&) - ~/
0—0.4 | = -
EEREER :
N = 04 L NVSS TS
e Background identical to LCDM % “* -
0.2 -
e Structure formation different! o 0t .
L)—0.4'_T.lllIlllllll_l-'_l.llllIIlllIlI—.-illllllllllll—'
e MCMC with CMB + SN + ISW 0 5 10 0 5 10 0 5 10
¥ (deg) ¥ (deg) ¥ (deg)
e One parameter: wavelength today — B, =0 ———. B, = 0.1
- : ( _ 2mHg ___ B,=05  ._._ _ B, = 15
INn H units:| By = mc_j B
e INnGR: Bo=0
. 0.3
e CMB only: Bo <1 (Song, Peiris, Hu 07) ‘
e \With ISW(Bo <04 @ 95%] of 0.25}
Adding non-linear scales (clusters) 0
even tighter (viniinkin, Hu et al 09, Lombriser et al '
10)
0.15 :
i 0 %(? 1
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MOd |f|ed G raVIty [Zhao et al 08, Cooray et al, Daniel et al 10]
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General parametrisation of
MOdlfled Gra\/lty [Zhao et al 08, Cooray et al, Daniel et al 10]

* So many MG theories, Test of general departures from
e So few theoretical motivations! ™| GR and PCA! [Zhao, TG et al. et al 10]
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General parametrisation of
MOdlfled Gra\/lty [Zhao et al 08, Cooray et al, Daniel et al 10]

* So many MG theories, Test of general departures from
e So few theoretical motivations! ™| GR and PCA! [Zhao, TG et al. et al 10]

e Poisson equation (sub-horizon),

e Anisotropy equation:
U = —dnGa’pla, k)pA S(a k)= T +D) _ p+m)
’ 8TGpa?A 2
n(a, k) e 3 better than n for WL, ISW
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General parametrisation of
MOdlfled Gra\/lty [Zhao et al 08, Cooray et al, Daniel et al 10]

* So many MG theories, Test of general departures from
e So few theoretical motivations! ™} GR and PCA! [Zhao, TG et al. et al 10]

e Poisson equation (sub-horizon),

e Anisotropy equation:

U = —4nGa®u(a, k)pA S(a k)= T +D) _ p+m)

8TGpalA 2
n(a, k) * 3 better than n for WL, ISW

-

Pixellate g, n and look for departures from GR!

[Zhao, TG et al. et al 10]
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P SN
1. single high-z
transition to MG

e No reason for scale-independency
e Only done for simplicity

e Transition from GR to MG with (no, Ho),
or (2o, Ho)

e WL, ISW very sensitive to 2o

¢ Transition: tanh, of width Azatz =1 or
2

[uK]’

e \Width Az: fixed to 0.05, or free and
marginalised

TT
2

e MCMC with CMB, ISW, WL, SN

(t+1)/2n C

Friday, 29 October 2010
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AL
1. Single z transition:

Lensi CMB shift
FGSU‘J[S [Zhao, TG et al. et al 10] ensing + SNl

+ full WMAP

e MCMC with CMB, ISW, WL, SN 2.0

e \With different combinations of 1.5-_
data

1.0

e > parametrisation better (less

degenerate) g'g i

e MG from high z: more
constrained (accumulation

effect) 10k ‘

e Marginalisation of Az or fixed: 0_5:
no big difference at z=2

1.5}

00 05 10 15
e |[SW alone stronger than WL! Y
0

l All consistent with GR ’
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Pixellation +
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2. 2x2 Pixellation +
PCA

redshift z

e Scale dependence IS expected in
most MG theories

e Parameter pixels in redshift AND
scale!

e 2x2 is enough for current data [zhao et
al 09

e p=(2i, W), i =1, ..., 4 : 8 extra
parameters

e MCMC again with all data

e Transitions Az = 0.05 (converge)
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Pixellation +

redshift z

e Scale dependence IS expected in
most MG theories

e Parameter pixels in redshift AND
scale! [Covariance

diagonalised

parameters q.

(Covariance of\
of p J

e 2x2 is enough for current data [zhao et

al 09] ( C( N 2] @@WT

e p=(2i, W), i =1, ..., 4 : 8 extra
parameters ( Princ. Components)

e MCMC again with all data

e Transitions Az = 0.05 (converge)
e p‘s Higly correlated... ' Z M/ijpj/ Z Wij
J J

e PCA: de-correlating the variables: g

16
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Pxellation:

FGSU‘J[S [Zhao, TG et al. et al 10]
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2. 2x2 Pixellation:
FGSU‘J[S [Zhao, TG et al. et al 10]

redshift z

e MCMC again with all data (4 pixels)

e PCA: de-correlating the variables

0.5 1.0
Original pixels p

PARS A A" .
Uncorrelated linear combinations q
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2. 2x2 Pixellation:
FGSU‘J[S [Zhao, TG et al. et al 10]

redshift z

e MCMC again with all data (4 pixels)

e PCA: de-correlating the variables

[ Here a hint of deviation (20)!

e A-posteriori model with ONLY 23
would be favoured (Ax?=2.2)

0.0
Uncorrelated linear combinations q
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P SN -

2. 2x2 Pixellation: )

(A)
reSUH:S [Zhao, TG et al. et al 10] N ] z:1’ L’l1 24, l'L4
g
=
5
L . S o Z,pu @, )
e MCMC again with all data (4 pixels) . 22 3
0.0 0.1 0.2
e PCA: de-correlating the variables | k h/Mpc
Here a NiiiEsfeeation (20)!
e A-posteriori model with ONLY 23 B T _I; 3312232 ﬁl‘;i;eﬁofl‘:a‘:
would be favoured (Ax2=2.2) s [EN ’ :
10° & ~~—GR
-----GR, Q =0.3
| o > m
*BUT N/\% | sl ¥ CFHTLS data
e Caused by CFHTLS “bump” S | Wy e

Ll B ]
e Known systematic (field of view N [ Sy ‘% ...... ~
size) [CFHTLS private communication] L

e No deviations without WL 0o 60 1§o | 1é0“‘ 240

7 0 [arcmin]
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Conclusions

e Combined tests of structure formation crucial in distinguishing MG

¢ In the absence of well-motivated theories, PCA can detect general departures
from GR

e So far NO evidence for MG

e Future data: MUCH better PCA tests (humber of constrained modes)

e For now, ISW is crucial in constraining the potential history

e Future work: including peculiar velocities, clustering, studying degeneracy
with other effects (neutrinos?)
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Fourth TRR33 Winter School on Cosmology

Theory for observers
Observations for theorists

5-10 December 2010 Deadline for registration: November 15"
Passo del Tonale, Italy Deadline for financial support: November 1*
http: rkuniverse.uni-hd.de/winterschool

Overview lecture Andy Taylor, Royal Observatory, Edinburgh
Inflation and non-Gaussianity Paul Shellard, DAMTP, Cambridge
LHC physics Christophe Grojean, CERN, Geneva
Large-scale Structures Raul Jimenez, University of Barcelona
Weak Lensing David Bacon, ICG, Portsmouth

Organizing Committee:

Marco Baldi Francesco Pace

Riccardo Catena Valeria Pettorino

Tommaso Giannantonio Eduard Thommes
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