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In the end no matter how unhappy we are with a fined tunec
parameter; if it is the only way to explain the data we have
learn to live with it!




So how good is LCDM doing with data?
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2 A can now explain (almost)
alb@bservations, ranging from the intergalactic neutral
hydrogen to the Cosmic Microwave Background (CMB)




So how good is LCDM doing with data?

B A can now explain (almost)
allebservations, ranging from the intergalactic neutral
hydrogen to the Cosmic Microwave Background (CMB)

Cosmic density power spectrum CMB power spectrum
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precision Cosmology

E-Cosmological parameters are now

with

WMAP 5-vear Cosmological Interpretation
Komatsu, et al. 2008

TABLE 1
SUMMARY OF THE OOSMOLOGCHAL PARAMFTERS OF ACDM WoDEL AND THE CORRESPONDING 6890 INTERVALS

Closss Parameter WMAP S-year ML* WMAP+BAO+SN ML WMAP Syear Mean® WMAP+BAO+SN Mean

Primary 10062 A° 2.268 2262 2373 + 0.062 o=
Q_h? 0.10%1 0.1138 0.1099 + 0.0062 0.1131 + 0.0034
2a 0.751 0.723 0.742 = 0.030 0.726 + 0.015
. 0.961 0.962 0.963+5 12 0.960 + 0.013

- 0,089 0088 0.087 = 0.017 0.084 = 0.016
Az (ko) 241 x 1077 248 « 107" (2.41 +0.11) x 107° (2.445 + 0.096) <« 10~*
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= Structure on small scales

& Structure on large scales

= Cosmic Microwave Background
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= Do we underpredict the # of clusters?

e ACBAR 08
. ACBAR 07
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ENPv-ot, more clumpy than CMB predicts?

Lyman-« forest
(Z= 2-4)
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Fu, et al. 2008: Very weak len:ain__;_-: m the CFHTLS



G ravitational Potential: 2.23+0.60 larger than ACDM
predicts

| SR TN R L S Sample Amplitude (A = o)
h ; 2MASSO 201+ 1141
h | | i 2MASS1 +3.44 £4.47
=i | - 1 2MASS2 +2.86 + 2.87
=] 8= ; el = S 2\ ASS3 +244 +1.73
2 T IS LRGO +1.82 + 1.46
s 1S SHNES il & A2 LRG1 +2.79 + 1.14
3 | e QSO0 +0.26 + 1.69
F=—%§ e e QSO1 +2.59 + 1.87
h f . NVSS +2.92 +1.02
| TS0 T ] All Samples +2.23 £ 0.60
irsa: 09050084 L 0 0.1 = 0.5 1 5666-1-5”';



PDark Bulk F

veloc

B pocal bulk flow within 50 Mpc is 407 + 81 kmy/s
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ESCraviatational Potential: 2.23+0.60 larger than ACDM
predicts

Sample

Amplitude (A £ o)
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PDark Bulk Flow |
velocities at z=0

B pocal bulk flow within 50 Mpc is 407 £+ 81 kmy/s

Watkins, Feldman, & Hudson 08




Dark Bulk Flow II:
velocities at z=0
ERpocal bulk flow within 300 Mpc is ~1000 £ 300

km/s:
Kashlinsky, et al. 08

kinetic SZ from
ROSAT clusters
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CGVIB auto-correlation.

peyond 60 deg’s

Data J /2 PESIJ'E}

Source (uK)*  (per cent
V3 (kpO. DQ) 1288 0.04
— W3 (kp0. DQ) 1322 0.04
———- ILC (KQ75) [LC3 (kp0. DQ) 1026 0.017
— ILC (full) ILC3 (kp0). C(> 60°) =0 0 —
-—-— WMAPS C, ILC3 (full. DQ) 8413 4.9
V5 (KQT75) 1346 0.042
W3 (KQ75) 1330 0.038
5 (KQ75. DQ) 1304 0.037
W5 (KQ75. DQ) 1284 0.034
[LC5 (KQ75) 1146 0.025
ILCS (KQ75. DQ) 1152 0.025
ek s ko ¥ o F & = 5 ¢ 5 E = § 3 ILCE‘&I“DQJ 8583 5.1
0 20 40 60 S0 100 120 140 160 180 ——
0 (degrees) WAIAP3 pseudo-Cy 2093 0.18
WNAMIAP3 MLE 8334 4.2
Theory3 Cy 52857 43
IC(#))* d(cos #) WMAPS C, 8833 1.6
Theorv5 Cy 19096 41
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LIVIB auto-correlation.

peyond 60 deg’s

Dﬂtﬂ SI /2
Source (pK)* ( per cent

V3 (kpl. DQ) 1288 0.04
—— W3 (kp0. DQ) 1322 0.04
—— EC(EQTS ILC3 (kp0. DQ) 1026 0.017
— [LC (full) [LC3 (kp0). C(> 60°) =0 0 —
ILC3 (full. DQ) =413 149
V5 (KQT75) 1346 0.042
W5 (KQ75) 1330 0.038
5 (KQ75. DQ) 1304 0.037
5 (KQ75 ) 1284 00
ILC5 (KQ75) 1146 11,1%3
do. DOQ)) 1152 1N1>
e s .k ¢ - F . _F > 1 = F ILCE:fnll.DQ] 8583 5.1
0 20 40 60 80 100 120 140 160 180 >
8 (degrees) WNAIAP3 pseudo-Cy 2093 0.18
WAIAP3 MLE 8334 4.2
Theorv3 52857 13
EL'{HJ]ztllnr- #) ~ N 333 46
Theorv5 Cyg 49096 41
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= These anomalies could be natural consequences of
breakdown of GR.

=ERPe-oravitation inspired phenomenological models
can do better with these anomalies.



GIVIB auto-correlation.

peyond 60 deg’s

Dﬂtﬂ P{SII‘E}

Source (pK)* ( per cent
1000
[ V3 (kp0. DQ) 1288 0.04
800 - W3 (kp0. DQ) 1322 0.04
- — IC (TS [LC3 (kp0. DQ) 1026 0.017
600 — [LC (full) ILC3 (kp0). C(> 60°) =0 0 =
™ —— WMAPS C, ILC3 (full. DQ) 8413 4.9
" 5 (KQT735) 1346 0.042
i W35 (KQT75) 1330 0.038
= 5 (KQT75. DQ) 1304 0.037
i W3 (KQT75. DQ) 1284 0.034
-2004 ILC5 (KQT75) 1146 0.025
: ILCS (KQ75. DQ) 1152 0.025
G =k 5k . ¥ ok ek s F 2 ¥ ¥ 3 [LCS (full. DQ] 8583 5.1
0 20 40 60 30 100 120 140 160 180 =
0 (degrees) WMAP3 pseudo-(7 2003 0.18
WMAP3 MLE 8334 4.2
- Theory3 Cg 52857 13
“-';Ia'l = -/ EL'{H}]:!“{"I:}H &) WNMNIAPS Ce 2833 4.6
-1 Theory5 Cg 19006 41
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GIVIB auto-correlation.

peyond 60 deg’s

==
M—

=== [LC (KQ75)
— [LC (full)
-—-— WMAPS C,

I. e L ' I. ' I. A t. i I. e 1 - I.

0 20 40 60 S0 100 120 140 160 180

6 (degrees)

C(8)]* d(cos #)

Data S1/2

P(Sy2)

Source (pK)* ( per cent
V3 (kp0. DQ) 1288 0.04
W3 (kpl. DQ) 1322 0.04
[LC3 (kp0. DQ) 1026 0.017
ILC3 (kp0). C(> 60°) =0 0 —
ILC3 (full, DQ) 8413 49
V5 (KQT75) 1346 0.042
W3 (KQ75) 1330 0.038
5 (KQT75. DQ) 1304 0.037
S (KQT5 ) 1284 0.0
ILC5 (KQT75) 1146 n,u'-%
ro. DQ) 152 0.02
ILCS (full. DQ) S583 5.1
WMAP3 pseudo-(7 2093 0.18
WMAP3 MLE C, =334 4.2
Theorv3 Cy 52857 43
2 SN2 406
Theory5 Cy 49096 41
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= These anomalies could be natural consequences of
breakdown of GR.

ERPe-oravitation inspired phenomenological models
can do better with these anomalies.



OSMological degravitation

Around Minkowski space:
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EAImiIng at solving the cosmological constant problem

= Due to the higher-dimensional nature of these
constructions, extracting cosmological predictions

presents a daunting technical challenge.







The meodifications to Friedmann Equation in cascading
gsravatwsaeeest slow varying function of Hr. equation
and i analogy with a=1/2, Dvali, Gabadadze, Porati model we
assume:

y 76 A H
[.{_ — TJ"‘}”" -1

e
L
——

efor arbitrary «v:

Note: &« = () has identical expansion history as LCDM!



Flae =

ating FRW

2
§ing

- o == - - e s W o E w wE w e . - e -

lower limit on r (Mpe

lunar laser ran

1

Page 30/47




pegravitating FRW

= FRWwitha 2> 0
indistinguishable
from ACDM
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=S Couldlead to larger growth on intermediate scales:

B barge Scale modifications provide a new possible way to
explain large scale anomaly of CMB:




ds® = —(1 + 2¥)dt* + a*(1 + 2®)dz?

& Y =_0 in ACDM+General Relativity
B Non-relativistic matter follows -¥
EnPhotons (Lensing and ISW) see ® = (®-Y) /2

(=]




HoWawe deal with perturbations

(=]
(Flu & Sawicki 2007): S ol
I v
B Analogy with DGP model for « =1/2
=
. at early times or large densities
(=]
E on sub-horizon scales at late times
(=]
K on super-horizon scales

at late times




HOWawe deal with perturbations
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Density Perturbations:
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Potential dransfer Function in
. the matter era

= Plenty of excess power on small scales

@ Lensing potential is much less affected







power spectrum and Integrated Sachs-Wolfe Cross

Correlation
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'-C_éjc Hing ISW against Sachs-Wolfe
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pessorrelating CMB on large angles
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peseorrelating CMB on large angles
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4 he Moral

& Several observations point to
(relative to ACMB) on small scales at
= Massive gravity can (potentially):

B Our phenomenological model can roughly
explain observations if the r. ~ 600 Mpc



