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Our universe today
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Problems with CDM

* Missing satellites

e Cuspy halos!?

* Tully-Fisher unexplained

* ap unexplained

* Baryon-CDM coincidence

* Voids too empty (Peebles)

* Bullet cluster collision velocity too fast (Lee & Komatsu)

* Tidal dwarf galaxies 10"
ol [ A, s
Not detected yet 2
7 10
\\'mlr? ;\l.-.» (GeVicT) o

Roszkows vRuz de AustiyTrotta 2007, CMSS M Markon
Ellis e1. al Theory regwon post-LEP benchmark pownts
Bal nd Gendolo 003

Saturday, 26 February 2011



Problems with A

|. fine tuning problem :  Pyac.obs ™ 10_122M;L
_ 1 [ dp .
Pvac = 5/ (QW)ng A low energy physics problem
A=Ag+c,m:
threshold l

A=A+ ceméL + c,m?

|74

Ao must cancel A; to 32 decimal places

2. Coincidence problem :

PA ™~ PCDM ™~ Pb today

Saturday, 26 February 2011



}.ﬁ v

(L35

¥ I

a e

"Nothing ye!, .. How about you, Newton?"
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Rewriting Einstein equations:

f(g,0g,0%q, o™, 0™, 02, Ty = 0

v

Gab[g] — SWGTab =+ Uab[ga ¢A7 mat, .. ]

v

effective dark matter/dark energy

Peff = WeffPeff
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Simple parameterizations

. q) — \Ij — Oé(t, k)@ (Bertschinger)

2. — k2D = 47TG€ffa2,0M (5M -+ 37‘[(9]\4)

comoving density perturbation

Two new functions :  «(t, k)

Geff (ta k)

Caveats: e Depends on initial conditions
* Blind to field content
* May be testing outside theory space
* Does not distinguish gravity from fluids
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An example: TeVeS

Bekenstein (2004)

two metrics 9 =€ % (g + AL A)) —e??A A,
AFA, = 1
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Dark fluids or gravity!?

® is fluid

mediates
gravity

f ff ¢ ¢ ¢
EHm \/EH@JM \/EH@JW
f ff ¢ ¢ ¢
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A classification

Type 0: no additional dof

Type |:two additional dof, two additional field equations
e.g. Brans-Dicke, quintessence

Type 2: two additional dof, no additional field equations
e.g. f(R)

Type 3: more than 2 additional dof, more than 2 field equations
e.g. TeVeS, DGP
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Consistent framework 5. 2009

* Specification of the FRW background

* Consistent modification of linearized cosmological equations
- Gauge form-invariance

- Bianchi identity and energy conservation

¢ Field content
- Number of time derivatives

- Dynamical or non-dynamical fields

* Parameters
- Expansion in known functions

* Associate theories with parameters
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Assumption |

SM (+CDM?) matter couples to Jab == Sy, |gab, X

v

Gab[g] — SWGTab[XA7 g] + Uab[g, qu] vaTab — O

—

VaUa’b — O

Nb: coupling
Ua,b[ga ¢A7 XA] vCll]ab — Jb — _vaTab
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Example |: Brans-Dicke

1

5= 167G

/d4x\/?g [gbR — wgf)(vqﬁ)Q] + Sml9]
Gap = 8nGT, + Uy

where |
Uab — (1 — ¢)Gab + Vavb¢ — v2¢gab + g [va¢vb¢ T §(v¢)2gab]

¢
VaUab — Ol

2w dw  w]| (Vo)?
¢ do @] @




Example 2: f(£)
1 / e/ "g[R+ f(R)] + S

" 167G
\/

Gap = 8nGT,, + Uy

S

where

1
Uw = VaVofr — [REab + (§f — V2fR> Gab

\

VoU% =0 forany f(R)




Assumption 2

FRW + linear perturbations is a good approximation
on large scales

ds® = —dt* + a*dl5

\

Gavlg] = 8TGTus[x?, g + Uaslg, &

3K
GOO: 3H? + = =87GY pi+ X
GZ,L' . —QE—HQZSWGZPi—I—Y

\

Bianchi identity gives X + SH(X + Y) — ()
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Linearized equations C.5. (2009)

4 scalar components in Yab :
(5GQ() — —20,2\11 59()@ — —CLQﬁiC 592’]’ = CL2 [—2(13523 -+ DijV]

Gauge form-invariance

2(V2 + 3K)(® — V2) — 6%(@ — 1v2) 622\11 =8 mGa’pd

W+

gauge l transform

2(V2 +3K)(® — V') — 64(d' — 1V2() — 650 = 87Gapd’ + [ﬁ%qg

VAN

—9V?p — a5 = 3rGa’dp 9520 46 - (cb - 311) = 81Ga’p
a

a a
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Example |:
C.S. (2009)

2 (62 + BK) (CID — ﬁQV) — 6H <<I> — %6%) — 6H* T = SWGaQE”)(t, 62}5,0

gauge transform

\

O=1

General invariance fixes ALL gauge-variant terms with the
FRWV background

Parameterization freedom is ONLY contained
In gauge-invariant terms
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Example 2

Background : ACDM C.S. (2009)

No higher than 2 time derivatives
No additional fields

0Gap = STGOITACPM 15U,

oU®,  must be gauge-invariant
a

\IJG[ =V —p — C — —(D -+ C) contains 2nd derivatives
a

1 > ;
Oy =D + §V2V -+ g(D + C) contains |st derivatives
a
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Parameterize Einstein equations

C.S. (2009)
Constraints: | st derivatives

Propagation: 2nd derivatives

U, = C1®ar + Co®Par + C3VUq;
; 1

SU" —

U".6'; = D', [qu)GI + Dady + DS\IJGI}
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Use Bianchi identity

C.S.(2009)
V,U% =
[](I)G]—F[](I)G]—F[]\PGIZO X2
a 1 2 [/ =
ngDgz() A:_ECQ B:§CQ—|—§(VZ‘|—3K)D2

A+9A—§2B—I—EC1:O
a a

a1, 2 e,
B+258—§Cl—§(v +3K)D1—O
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A simple solution (C.S 2009)

new parameter: 3

B=C =D, =0
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Generalization

(P. Ferreira & C.S 2010)

ACDM — wCDM + perturbations

0Gap = 8TG (TN + 0TE) + 6Uy,,

D — Dl
All operators in Uy solved in terms of
dp — k’DQ
—k*® =4 7G.rpa”p(6 A 3d9) Gepp = . g
eff a 1 —HE

@-@:@@:%@
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Current constraints

T. Baker, P. Ferreira, C.S., . Zunz (in preparation)

6000 S
| = ((2) =—1.5Q, (2)
| — =10
5000 - C( Z) A (Z) .................................................................
| = ((2) =0
— C(z)=+lQ‘\(z)
= 4000 + S PP SO
N
B
S
,Q( 1] 0] 1] SRR SRR B R NP ——
i
+
Y
p —
=0 2000 F oS R
1000 }- _
0 | 1
10" 10* 10° 10°

Saturday, 26 February 2011



Results: (preliminary)

¢ (Gravitational Slip)

G/ Gy

CMB+MPK+SN G, Constraints

0.0

0.5 1.0 1.5 2.0 2.5 3.0 l T llllIICM;BITM[PISTISIIIVICIOII‘IISxtIraLr}tISI laltxz =r|()| ™ T T
OL -
1E =
o f .
I 2k =
(NN - o
3 =
4 F =
| L aaald gl s by il 111111 LAl 1]
0.5 1.0 1.5 2.0 2.5 3.0 :b4 0.6 0.8 1.0 1.2 1.4 :
z o o . . o . .
Gegt/ Gn(z = 0)

T. Baker, P. Ferreira, C.S., |. Zunz (in preparation)

-
o)

Saturday, 26 February 2011



Results: other data’

1.2

1.0+

0.0 0.2 T 0.4 06 0.8 1.0

T. Baker, P. Ferreira, C.S,, J. Zunz (in preparation)
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Dynamical fields

e.g. A,LLAM — 1 (Baker, Ferreira, C.S., Zuntz)
FRW X = X(a,a) Scalar mode 4; = V;a
agr = a— —(x— k) Bar = &+ =+ 1(X—/€2V)
! 6

1
Uap: Ua = —§CL2(X +Y)(x — k*v) + A1 ®qr + Asagr + AsBar

Bianchi leads to field equations

O%i)('i(;] + Ogi)d(;] -+ O:(gi)oz(;[ -+ Oii)q)(;[ -+ Oéi)(i)G[ -+ Oéi)\IfGI — ()
1 =1...2
O =094, B;,C,D;]  + constraints
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N time derivatives

(Baker, Ferreira, C.S., Zuntz)
N-2

; d d’
Ur=» AP (t )d Doy + Z A(qj) dtz\Ile
i=0

d’
Ueg = Z B(CI)) (I)GI + Z B(\P) dtz\PGl
1=0

dZ
Up = Z (1) <I>G1 + Z e () =W,

dtz
N1 N—2 Ji
Us = >_ D" (1) gz ®ar + 3 G ) g e
1=0 1=0

e.g f(R)

9 ) . . i B
Us = fR(\IfG[ — (IDG]) — ?fRR [3@@] -+ 37’((\11(;] + 3@(;1) + 65\11(;] — V2(2(I>G[ — \I/G])
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Outlook

® GR + visible matter fails to explain cosmological
observations

- Dark matter, Dark energy?
- Or gravity!
® Reconstruct the field content
- consistent framework: gauge form-invariance
- test theory space
- observations

® Extend to non-linear scales
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