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Big Bang Theory
General Relativity (Weyl form)

1
G, =R, - ERguv +Ag, =8n1GT,
Geometry Matter

Homogeneity and Isotropy (FLRW)
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Spatial 3-Curvature

6K < constant

)

a’(t) < “radius of curvature’

Closed Flat Open




Matter Content

Perfect Fluid (isotropic in rest frame)

= p(D)g,, +(p(0) + p(n) UU
Energy density conservation

DT =0 = p(1)+3= (p(t)+ p(1))=0



Einstein-Friedmann equations
e\ 2
a 3T G K A
— | = | 17 + 00
(a) 3 P a 3 LY :

a 4nG(p+3p)+% [00 ]

Equation of state of matter

p(t)=w p(t) barotropic fluid



Friedmann equation (A=0)

lmézz GMm: mK TV =E
2 a 2
test mass m 4

M = 7,0 a’ = const.

K =0 escape velocity
K >0 recollapse

K <0 expand forever



Einstein-de Sitter model
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Scale of the Universe
Relative to Today's Scale
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Decelerating, then
accelerating universe
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The progenitor of a Type la supernova

) 4
0 H e
®

...which spills gas onto the
Two normal stars The more massive secondary star, causing it to
are in a binary pair. star becomes a giant... expand and become engulfed.

The secondary, lighter star - The common envelope is -
and the core of the giant ejected, while the separation = The remaining core of
star spiral toward within between the core and the the giant collapses and
a common envelope. secondary star decreases. becomes a white dwarf.

The aging companion The white dwar:
star starts swelling, spilling = increases until it reaches a = ...causing the companion
gas onto the white dwarf. critical mass and explodes... star to be ejected away.
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Flux

SDSS SN Photometry

SN 2005ff z=0.09
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Taylor expansion scale factor to higher order

a(t)

A

4o =

—1+H(t—t)—2 H (t—t) + 3 H (t—tO) + .

1

.
—— (1) = EZ(I+ w)Q=-Q, -Q,

1
= EZ(l +3w)2+3w)Q,=Q, +Q,

i

To very good approximation:

(674
dL (Z) — F

0

1 1
1+=(1-q)z——=(1—qy = 3q0 + jo)2* +...

20 2 6 _




Union-2 SNe

1l =

Amanullah et al. (2010)
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NORMAL MATTER

-

d(pV)+ pdV =TdS =0

1022101 p<0 —

VACUUM ENERGY



Cosm. Const. = Vacuum Energy

1
R _ERguv +Ag,, =8nGT,

J13%

pvac guv = A 872“-(;10Vac

Prae = %C? Cy + () +

A
"de ho . (k) = Ay + O(m*A>
Puc=2], ChSh@ (k)= =25 +0(m’N’)

i

Ay =My = p;tllellc =~ 10120(10_36‘/)4 = lolzopsgcs

obs

AUV ~ MEW = p\t/}allc ~ 1065 pvac nggs



We have a complete inventory of the universe.

70% dark energy

25% dark matter

5% ordinary
matter




past
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decelerated
expansion




VWhat Is the acceleration
of the universe today?

At G A
! (p+ 3p)+§ Friedmann

@)
Zloz( 2M :QA)aOHg

=0.5863 a,t,”
=92x10"" ms™




“THE UNIVERSE 1S EXPANDING FASTER THAN EVER AND
| DON'T EVEN FEEL A BREEZE ™



So, what is
Dark

Energy?




There are many alternatives:

* Cosmological constant A (vacuum energy)
 Scalar field (quintessence, tachyon,...)

* Relativistic Ether fluids ( Chaplygin gas, VDE,...)
* Modifications of GR on UV scales ( {(R), GB)

* Weyl gravity, Horava gravity, massive graviton

* Extra dimensions ( DGP, KK, ...)

» Effective interactions ( Chameleon, Galileon,...)

* Inhomogeneous universes ( backreaction,
LTB large Voids,...)



What are the physical quantities?

* Matter content (lensing) Q,,(a)

* Rate of expansion H(a)

* Luminosity distance (SNIa) d,(a)

* Angular diameter distance (BAO) d,(a)

* Number counts (clusters) dN/dQ(a)

* Deceleration parameter q(a)

* Cosmic shear 2(a)

* Density contrast growth function f(a), y(a)
» Jeans length of perturbations ¢ *(a)

* Anisotropic stresses of matter m(a)



What are the observables?

* Matter power spectrum P(k,z)

* SN distance modulus p(a)

* BAO scale 0;,,(a)

* Cluster number counts dN/dCQ(a)

* Galaxy mass function dn/dM(<M)

* Lensing magnification and convergence L, K
* Redshift Space Distortions [(z), b(z)

* CMB anmisotropies  C,(TT, TE, EE, BB)

* Integrated Sachs-Wolfe, Sunyaev-Zeldovich
* Fractal dimension of space time n(r)



What can the different groups
contribute with for a joint etfort?

* LSS : Pgi(k,z), O8a0(Z), Qm(z), frsp(z)

* SN : dL(z), H(z), w(z)

* Lensing : Cli(z), bias(z), X(z)

* Cluster : dN/d€(a), n(<M)

* Photo-z : systematics, covariances

* Simulation : validation

* Spectroscopy : consistencies

* Galaxy evolution : constraints, systematics



There is a limit to what we can say
about the physics responsible for
acceleration from observations.

* How many parameters can we constrain?
* What 1s the optimal parametrization of the
linear perturbation equations (¥, @) ?
* How much can we extract from nonlinear regime?

* Can we 1nterpolate between super-horizon scales,
sub-horizon mildly-nonlinear, and full NL scales?

* Can we parametrize wide classes of models?
* What 1s the role of systematics on uncertainties?






Basic notions of geometry
signature metric: g, = diag(—=.+.,+.+)

‘Ll, dxu [ ] n ‘LL
u” =——, normalization: u,u" =-—1
dt

Dt dut geodesic eq.
dtr  drt

\M /
. " " V,u
geodesic deviation N e

DV

=R* uu” V* tidal forces / |
de VAP



©® expansion of congruence o, shearof congruence

-8 e-

w,, vorticity of congruence

O = Duu“

1 —
Oy = Oy~ 56 By

@y, =)



The evolution of the congruence
D
—O0,, =u'D,D,u,=u’D,D, u +uGR’Lm
dt

=-0° 0, —R u*

v ~uc l,uav
trace:

Raychaudhuri Eq. (pure geometry)

do |
_ uv uv w v
d—T——EG‘) _O-,uVG +0)qu —Rﬂvu u

uv uv .
0,0 20, 0,0 20, spatialtensors



For an Expanding Universe

1 1
H(t,x)= ge) = ED“ u"  Hubble parameter

g=-1+u"D,H" deceleration parameter

Raych.= ¢H”’ —(/ “v)+ R Cutu

Elnsteln Egs. Perfect F|UId
R, Lu” 87TG(T _EguvT)u 471'G(p+ 3p)
a 4rG

gH” = = T(p+ 3p) Homogeneous Universe




Conditions for acceleration (q<0)

One of the following must be violated:

1. The Strong Energy Condition:
1 . .
(7, —EguvT)u“uv >0, u" timelike

2. Gravity is described by General Relativity:

|
Ruv =3n G (T,uv _EguvT)

3. The universe is homogeneous and isotropic:

T = p(H)g™ +[p(t) + p(t)] u"u’



Conditions for acceleration
Usually one drops assumptions 1. or 2.

1. Strong EC for a homogeneous universe:

(7, —%guvT)u“uV =p+3p=0

Dark Energy violates SEC: p=—p = p+3p<0
2. Modified Gravity on large scales (e.g. DGP)

R, u'u = f(R G D ®)u"u" <0

uv? uV’ uV’

Both unsatisfactory (ad hoc new physics)
No other experimental evidences in favour

Assumption 3. is only approx. valid in our Universe,
and deviations are small on large scales



SDSS
Large Voids




Voids and Superclusters in SDSS

Granett et al. (2008)

Clusters
-




Stochastic Inflation

SPACE-TIME FOAM

HEATING
OF UNIVERSE

<

SCALAR FIELD



Eternal stochastic inflation
V S s _

max

non-perturpative jump

Supervoids

diffusion + drift

CMB anisotropies ¢

Linde & Mezhlumian (1995)



Infloid = Lemaitre-Tolman-Bondi Model

uuuuuuuuuuuuuuuuuuuuuuuuuu (1995)
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Could the Cold Spot in CMB be an “infloid” ?

Cruz et al. (2006)
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The Lemaitre-Tolman-Bondi Model

Celerier (1999), Tomita(2000), Moffat (2005), Alnes et al. (2005)

.Describes a space-time which has spherical symmetry

In the spatial dimensions, but with time and radial
dependence:

ds® = —di* + X3(r,t) dr® + A%(r, t) dO)?
-From the O-r part of the Einstein-Equations we get:
X(r.t) = A(r,t)/\/1—k(r)

.One can recover the FRW model setting:

A(r.t) = alt)r k(r) = k1



The Lemaitre-Tolman-Bondi Model

. Matter content:

TY = —pa(r.t) 64 0,

vV

. The other Einstein equations give:

A%+ k AA - K(r)

I — ,
R VTRV e
A+ 2AA + k(r) =0
. Integrating the last equation: Enqvist & Mattsson(2006)

A2 F(r)  k(r)

A2 A3 A2




The Lemaitre-Tolman-Bondi Model

-All we need to specify:

F(r) = Hy(r) Qu(r) Ay(r)

k(r) = H3(r)(Qar(r) = 1) A3(r)

. Then the Hubble rate can be integrated to give A(r,t):

H*(r,t) = H3(r)

) (

Ap(r)

A(r,t)

Garcia-Bellido & Haugbglle (2008)

>3 + (1= (1)) (f{of’;))

>2-




Density profile




Light Ray Propagation

By looking at the geodesic equation, we can find the
equation of motion for light rays:
dt Al(r,t) dr /1 —k(r)

dN Al(r,t) AN A(rt)

where N = In(1+z) are the # e-folds before present time.
The various distances as a function of redshift are:

dr(z) = (14 2)*A[r(2), t(2)]
do(2) = (14 2) A[r(2),t(2)]
da(z) = Alr(2),t(2)]



The LTB-GBH model

da(tss) [Gpc]

(

1 — tanh{(r -{ro)/2Ar]
1 + tanh{r /2Ar]

1 — taath|[(r — 'rO)/QA-r]>
1 + tanh[rq/2A7]

. If we assume asymptotic
flatness, then the model
has 5 parameters

. If we require a
homogeneous Big Bang
then the model has 4
parameters

Garcia-Bellido & Haugbglle (2008)



The LTB-GBH model

) (“ T a3 )

) (S5 i 59 )

—
T g LT E A N ety
e e A L LT TIITTIT TN

- If we assume asymptotic
flatness, then the model
has 5 parameters

— . If we require a

L R T : homogeneous Big Bang
: ’ then the model has 4
parameters

10 ) _
da(tes) [Gpc] Garcia-Bellido & Haugbgalle (2008)



A new observable: cosmic shear

Garcia-Bellido & Haugbglle (2009)

d© 1

dr 3

c = \/§Z _ Hr= AL ormalized shear
20 H;y +2Hp

(2) = 1 — Hp(2)|(1+2)da(2)|
3HL(2)da(2) +2 = 2Hp (2)[(1 + 2) da(2)]

FRW: Hy, = Hpr = H  shearless
(1+2)ds = [dz/H(z) ¢€(2)=0
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Alonso, JGB, Haugbglle, Vicente, PRD 82 (2010) 123530




Constraining Cosmological Data

Type la Supernovae: 307 SNla Union Supernovae

Simple to do since we just fit against
Acoustic peak in the CMB: sound h/Lrizon r(z)
\

3 distances
Baryon Acoustic Oscillations:

1/3
Sound horizon ‘ | ooz 1V
‘ HL(':)

Other constraints:
1:gas = Pob / Pm = Wy / (Qm h2)
HST+Cepheids (Riess): H, = 74+£3 km/s/Mpc (10)
Globular cluster lifetimes (tgg > 11.2 Gyr)
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CGBH OCGBH ACDM wCDM

Union SNe 539.94 539.06 530.70 530.40
Hubble g 6.97 0.38 2.17 0.14
6dF 5.35 4.73 0.35 0.09
SDSS 0.73 0.04 1.29 1.24
WiggleZ 0.65 1.2 0.93 0.63
Carnero et al. 0.78 0.12 0.61 0.34
Total BAO 7.51 6.09 3.18 2.30
Peak positions 0.87 0.3 0.96 0.07
Peak heights 1.13 0.11 0.24 0.04
Total CMB 2.00 0.41 0.50 0.06
Total y? 556.45 545.96 536.56 532.94
x?/d.o.f. 0.985 0.968 0.948  0.943
Akaike I1C 568.6 560.1 546.6 545.0
Bayesian 1C 594.5 584.0 568.3 571.0

—log E 2022 2882 (2822) 284.8




Background and
perturbations




Euclid Consortium
Theory WG

Review Doc
arXiv:1200.1225




The background equations
—3(14w) () =

p
w@ =" plo) = poo
HZ(a) — Hg [Qm,O a > -+ (1 — Qmp) a

1— O N\
Om(a) = (1+ 0 O’Oa_3w>

The perturbation equations
ds® = a*(7) [— (1 +2¥) dr* + (1 — 2®) dz;da’] b =V

U8
~~
—
_|_
S
~—
| I—|

3aH : Vin
k°® = —4nGa®pm <5m | Z2 Vm> Om = — 73

e(a) = —dlog H(a)/dloga Vin = —— +

025" (a) + (3 — e(a))ad, (a) — gam(a)(sm(a) — 0




Five main classes of models

Model (and representative):
* Fiducial ( ACDM )
 Scalar field ( wCDM )

* Modified Gravity ( f(R) )
e Extra dimensions ( DGP )
* Inhomogeneous universes ( LTB - large Voids )

Their background evolution does not
differ much but their perturbations do!



Oy (z)

) Matter




H(z) [100 km/s/Mpc]

H(z)




wACDM growth tactor y(a)




w(a)CDM growth factor y(a)

w(a) = wy + wy (1 —a)

4.
QO (a) = (1 | Qd ’sa—f’)(wo—wa) eSwa<a—1>>

5/6w(a)+wqa/6w?(a) |
1/6w(a)

5/6w(a)+wqa/6w?(a) :
P—l/Gw(a)

fla) = Q/%(a)

- 55/6w(a)twqa/6w?(a) [~—1/2,
P1/6w(a) {2 (CL)

5/6w(a waaGwQa:—12 :
In Qm(a) _P—/1/6”LE)()CL—; / (a) _Q / (a)




DGP growth factor y(a)

H(a) = Hy { Q. + \/ Q. + Qmo a—3}

Y, =1/(4r;H) = (1 —Qm,)?/4

&

1 )2
Geog = G(l——> g =1 3%31

30
- Mo 112
1 1+ a3(1—9£,0)2_ —1
Qm(a)zl—H = = 173
Tc 1 _|_ 4Qm,0 + 1
i a3(1—Qm,0)2

Hr, —1

W) = T T T 0, (a)

(a) = 7+ 5Qn(a) +7Q2 (a) + 3 (a)
MY =701 02 (@)A1 + 5Q(a))




Starobinsky - f(R) growth factor y(a)
1
S = 2—/{2 /_d4x\/jgf(R) _|_" Sm(g,uz/a \Ijm)

R\

Rg
P R
NETgre o T TRz T emz AT
~ x4(a) - 1—-2x3(a) _

Qm(a) = F(a)(1 — z1(a) — z2(a) — z3(a))

k2] -
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4
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LTB growth factor y(a)
ds* = —(1 4 2®)dt* + (1 — 20)~y,;dz"dz’ b =0

vi; = diag{X?*(r,t), A%(r,t), A*(r,t) sin? 0} X(r,t) = A'(r,t)/+/1 —k(r)

G+ 4Hr® + (4H7 +6H7)® =0  Hyp(r,t) = A/A

exact solution:




w(a) and y(a) parametrization

w(a) = wo + wq (1 —a)

Qd@ﬁ —3(wo—wq) ,3weq(a—1) -
Qm(a)zliﬂoa @) e”ta
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New observational probes

* We have a whole array of tools at our disposal for studying the
Universe with increasing detalil.

* |t allows us to disentangle the astrophysics from the cosmology
and from fundamental physics.

* We are now learning how to deal with systematic errors
iInherent to observations.

Four main observational probes:
 Gravitational lensing

» Supernovae

* Clusters of galaxies

« Baryon Acoustic Oscillations




Gravitational lensing

-

Purely geometric
phenomenon,

only depends on the
distribution of matter
between the source
and us.

Allows us to model the
mass distributions and
measure their content.

It is a clean and reliable
probe.




Supernovae

Supernova Cosmology Project
16 Amanullah, et al., Ap.J. (2010)

w =—0.997" 02 (stat) o (stat + syst)

= Energia Oscura= A

I
. &%ﬁé%?i}:tgiij}iZZZZEZZZ

-




Clusters of galaxies

The largest virialized -
structures in the Something makes gaIaX|es

Universe. \ \escape.from each other |

Their X-ray emission
allow us to estimate
their mass.

Help determine the
Halo Mass Function

Their number
density in the
Universe is very
sensitive to
cosmological
parameters.




Baryon Acoustic Oscillations

The plasma before photon
decoupling has fluctuations
that propagate like sound
waves.

At decoupling there is a
characteristic scale, the
sonic horizon, that can be
used as a standard ruler.

Its evolution with redshift
since then is an excellent
cosmic probe.




’ Telescopio 4m Dark Energy Survey
Blanco

DARK ENERGY Cerro Tololo 500 million galaxies

SURVEY ‘ 5000 deg sq.
Chile AZp00 = 0.05 (1+42)
20 bins z range [0.2,1.5]

Coste: 100M$

5 ;;
i ]




PAU photometric survey

100 million galaxies

200 — 1000 deg sq.
Az o = 0.0035 (1+2)
100 bins z range [0.2,1.5]
“Tomography”

Coste: 10M$

Throughput

o

4000 5000 6000 7000 8000
» (A)
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EUCLID

Spectroscopic survey

100 million galaxies
15,000 sq. deg
Az, ..=0.001 (1+z)

spec

8 bins z range [0.5,2.1]

(-
N

".. . _ Coste: 1BS
FARERWY ooz o

‘. ‘v‘ 1000 million galaxies

| 15,000 deg sq.
L; AZphoto =0.05 (1 +Z)
L T o \o N




Forecasts using Fisher Matrix approach

Matter power spectrum (normalized w.r.t. a ref. model)
D3, (2)H(2)
D7 (z)Hr ()

Growth factor Bias RSD shot noise

Pobs (Z; k) :u) — GQ(Z)b(Z)2 (1 T 6”2)2 PO?“(k) T Pshot(z)

B(z) = 2] _ 12) w=rk-r/k

Assuming a Gaussian likelithood function

kmax 9 log P (k) Olog P (k) k2
F: =2 Vg - — - dk
A /k 00); 99, f

873
nP(kp) \°
— ‘/surve
Vel (ﬁP(k,qu) ’

min




Fiducial model: our fiducial model corresponds to the ACDM WMAP-7yr [6]:
Qmoh? = 0.134, Qph? = 0.022, ns = 0.96, 7 = 0.085, h = 0.7, Q0 = 0.275 and Qg = 0.

For the dark energy parameters we choose wg = —1 and w, = 0.
Parameters P (k) BAO WL
1 total matter density Qo h? Qo h? Qo h?
2 total baryon density Qy, h? Qp, h? Qy, h?
3 optical thickness T T T
4 spectral index Ng Ng Ng
5 matter density today Qg Qe Qg
6 | equation of state parameter wo wo
7 | equation of state parameter w1 w1
8 rms fluctuations os
For each redshift bin
9 growth index v(2) or {10,7} | ¥(z) or {70, M} | ¥(2) or Yo
10 Hubble parameter log H(z)
11 | Angular diameter distance log Da(z)
12 Growth factor log G(z)
13 z-distortion log B(2)
14 shot noise P, P,




Forecast results for Euclid-like survey

1 — o errors for wq, wy, Yo and v,

P (k) BAO WL
real. | opt. | real. | opt.
ow, | 0.021 | 0.018 | 0.076 | 0.068 | 0.122
ow, | 0.051 | 0.041 | 0.375 | 0.324 | 0.524
O~ | 0.022 | 0.020 | 0.102 | 0.092 | 0.075
0~, | 0.120 | 0.116 | 0.339 | 0.296




DGP

Euclid
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Forecast

Y(2)
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Towards
the

FUTURE



One puzzle: all matter dilutes away,
but dark energy remains constant.
So why are they (very roughly)
comparable today?

expansion

| of the universe
size = %2
size = Ya ,

» The past was dommnated by matter,
the future will be dominated by dark energy.
What makes the present day so special?




RADIATION ORDINARY QUINTESSENCE QUINTESSENCE
MATTER (MODERATELY NEGATIVE PRESSURE) (HIGHLY NEGATIVE PRESSURE)
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The fate of the universe:

Three scenarios

BIG RIP

CONSTANT

Strengthening dark energy DARK ENERGY

speeds up the Universe,

causing it to break apart | The Universe expands
Gradually, in balance

With gravity

Bi1G CRUNCH

Dark energy weakens
and matter causes the
Universe to collapse

PRESENT

TIME
















