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The Standard Model of Cosmology

Commercial name: ACDM®

Ingredients

GR + FRW + Inflation + SM + CDM + A

Theory of Gravitation: General Relativity

Ansatz for the metric: Homogeneous + Isotropic

Initial conditions: Inflationary perturbations

Standard particle content: ~y, v's, pT, n, e~

Cold Dark Matter: some new particle species

Cosmological constant: A
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Beyond Homogeneity

Homogeneity + Isotropy — Spherical Symmetry

The Lemaitre-Tolman-Bondi metric

A”(r,1)

ds? = —agg2 + 21
§ 1Tk

dr® 4 A*(r,t) dQ°
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Beyond Homogeneity

Homogeneity + Isotropy — Spherical Symmetry

The Lemaitre-Tolman-Bondi metric

A (r,t) i
ds® = —dt®> + —— "2 dr? + A%(r.t) dQ?
’ EeE g

e Two expansion rates: Hp = A'/A" # AJA = Hy
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Beyond Homogeneity

Homogeneity + Isotropy — Spherical Symmetry

The Lemaitre-Tolman-Bondi metric
A (r,t) .
ds? = —dt?> + —— 2 dr? + A%(r, t) dQ?
’ EEE g
e Two expansion rates: Hp = A'/A" # AJA = Hy
e Matter/curvature profile k(r) = Qps(r)
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Beyond Homogeneity

Homogeneity + Isotropy — Spherical Symmetry

The Lemaitre-Tolman-Bondi metric

A (r,t) .

ds® = —dt* + ——~ dr® + A°(r. 1) dQ?
’ EEE g

e Two expansion rates: Hp = A'/A" # AJA = Hy
e Matter/curvature profile k(r) = Qps(r)

e Expansion rate Hy(r) = time to big-bang tgp(r)

Miguel Zumalacarregui Tension in the Void



A-Void Dark Energy The Standard Cosmological Model
Observational constraints Inhomogeneous Universes

Beyond Homogeneity

Homogeneity + Isotropy — Spherical Symmetry

The Lemaitre-Tolman-Bondi metric

A2 (7.t ;
ds® = —dt* + A%(r.t) dr? + A2(r,t) dQ?
1—k(r)

e Two expansion rates: Hp = A'/A" # AJA = Hy

e Matter/curvature profile k(r) = Qps(r)

e Expansion rate Hy(r) = time to big-bang tgp(r)
Homogeneous Big-Bang: t55(r) =t

e Relates Hy(r) <> Qr(r) up to a constant Hy <+ ¢

e <<« Evolution from very homogeneous state at early times
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Beyond Homogeneity

Homogeneity + Isotropy — Spherical Symmetry

The Lemaitre-Tolman-Bondi metric

A2 (7.t ;
ds® = —dt* + A%(r.t) dr? + A2(r,t) dQ?
1—k(r)

e Two expansion rates: Hp = A'/A" # AJA = Hy

e Matter/curvature profile k(r) = Qps(r)

e Expansion rate Hy(r) = time to big-bang tgp(r)
Homogeneous Big-Bang: t55(r) =t

e Relates Hy(r) <> Qr(r) up to a constant Hy <+ ¢

e <<« Evolution from very homogeneous state at early times

+ pp X pm — growth of an spherical adiabatic perturbation
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Observations in adiabatic LTB universes

T
constant p

constant t(z=0)

Homogeneous state at
early times, large r

t(z=100)
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Observations in adiabatic LTB universes

T
constant p

constant t(z=0)

t(z=100)
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Observations in adiabatic LTB universes

T T
We are here constant p

constant t(z=0)

la SNe z<1.5

t(z=100)
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Observations in adiabatic LTB universes

T
constant p

constant t(z=0)

BAO zs0.8

la SNe z<1.5

t(z=100)
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Observations in adiabatic LTB universes

T T
We are here constant p

constant t(z=0)

Relate to early time
and asymptoticvalue

BAO zs0.8

la SNe z<1.5

t(z=100)

-2
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Baryon acoustic oscillations - Standard Rulers

-Sound waves in the baryon-photon

g - s - .
,’” ; ' Ml plasma travel a finite distance
&"j; 3 ‘ -Initial baryon clumps — more galaxies

-Statistical standard ruler

[ )

Miguel Zumalacarregui Tension in the Void



A-Void Dark Energy The BAO scale in LTB universes
Observational constraints MCMC analysis

Baryon acoustic oscillations - Standard Rulers

-Sound waves in the baryon-photon
plasma travel a finite distance

-Initial baryon clumps — more galaxies

-Statistical standard ruler

[ )

e LTB: Do these clumps/galaxies move? — Geodesics

Miguel Zumalacarregui Tension in the Void



A-Void Dark Energy The BAO scale in LTB universes
Observational constraints MCMC analysis

Baryon acoustic oscillations - Standard Rulers

-Sound waves in the baryon-photon

A Vi plasma travel a finite distance
"“f, 3 ’ -Initial baryon clumps — more galaxies

-Statistical standard ruler

[ )

e LTB: Do these clumps/galaxies move? — Geodesics
L A 5 A/
. v i . 27t.' —
T [2(1—1@ - A’}T gt =0

t > 7 = Constant coordinate separation (zero order)
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Baryon acoustic oscillations - Standard Rulers

-Sound waves in the baryon-photon

,O‘

e <9 \ plasma travel a finite distance
3 e ‘ -Initial baryon clumps — more galaxies

-Statistical standard ruler

[ )

e LTB: Do these clumps/galaxies move? — Geodesics

K A" A
" I R 27-15 —
T+[2(1)+A,}T+Alr 0

t > 7 = Constant coordinate separation (zero order)

e Alonso et al. 1204.3532: N-body = locally ~ FRW w Q,/(r)
February et al. 1206.1602: Linear PT = ~ 1% shift
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The physical BAO scale

e Coordinate BAO scale on lightcone known v/
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The physical BAO scale

e Coordinate BAO scale on lightcone known v/

e Physical distances given by g, = f ,(ﬂ)) geg = A2(r,t)

Miguel Zumalacarregui Tension in the Void



A-Void Dark Energy The BAO scale in LTB universes
Observational constraints MCMC analysis

The physical BAO scale

e Coordinate BAO scale on lightcone known v/
e Physical distances given by g, = %'(,f)) geg = A% (1, 1)

Al(rt /
talrit) = by )= )
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The physical BAO scale

e Coordinate BAO scale on lightcone known v/

e Physical distances given by g, = %'(,f)) geg = A% (1, 1)
A'(r,t) A(r,t)
l t) = %lear ) l ,t) = 7lear
RO = P gy et I8 = et

e LTB: evolving (t), inhomogeneous (r) and anisotropic I # g

FRW — only time evolution!
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The observed BAO scale

Observations — galaxy correlation in angular and redshift space

Geometric mean d = (66%62) 1/3

Ir(z)
Da(z)’

56 = 0z = (14 2)Hgr(2)lr(2)
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The observed BAO scale

Observations — galaxy correlation in angular and redshift space

Geometric mean d = (66%62) 1/3

Different result than FRW

Geom . Average

dLTB(Z> = 5(2’) dFRW(Z) ; N . \ PERATE

Transverse
s(z) = rescallng = (g% SR)1/3 Radial .\\.

rescaling &g S,

rescaling &

Inhomogeneous, anisotropic
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MCMC data and models

-GBH profile: ),
Qoutv Rv ARY HO, fb

- WiggleZ + Carnero et al.

- Union 2 Compilation

- Hy=T738+24
— SNe luminosity prior

la SNe zs1.5

t(2=100)

Adiabatic LTB models: Qg = 1 and open Qg < 1
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Adiabatic GBH, asympt. flat Qu = 1

Filled: SNe+HO0, BAO+CMB, Dashed: BAO , , Supernovae
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Adiabatic GBH, asympt. flat Qu = 1

Filled: SNe+HO0, BAO+CMB, Dashed: BAO , , Supernovae

Depth of the Void:
e SNe — Qi =~ 0.1 (< 0.18)

e BAO — Qi ~ 0.3 (> 0.2)

New: 30 Away!!!

Miguel Zumalacarregui Tension in the Void



A-Void Dark Energy The BAO scale in LTB universes
Observational constraints MCMC analysis

Adiabatic GBH, asympt. flat Qu = 1

Filled: SNe+HO0, BAO+CMB, Dashed: BAO , , Supernovae

Depth of the Void:
e SNe — Qi =~ 0.1 (< 0.18)
e BAO — Qi = 0.3 (> 0.2)
New: 30 Away!!!
Local Expansion Rate:

e SNe+HO0 — hi, = 0.74
e BAO+CMB — hj, = 0.62

0.2

known, worse if full CMB used ’ 0,=0)
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Adiabatic GBH, asympt. flat Qu = 1

Filled: SNe+HO0, BAO+CMB, Dashed: BAO , , Supernovae

Depth of the Void:
e SNe — Qi =~ 0.1 (< 0.18)
e BAO — Qi = 0.3 (> 0.2)
New: 30 Away!!!
Local Expansion Rate:

e SNe+HO0 — hi, = 0.74
e BAO+CMB — hj, = 0.62

0.2

known, worse if full CMB used ’ 0,=0)

Do asymptotically open models work better?
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Adiabatic GBH, asympt. open Qo = 1 Qout < 1
Filled: SNe+HO0, BAO+CMB, Dashed: BAO , , Supernovae

Depth of the Void:
e SNe — O, = 0.1

e BAO — Q= 0.3
Still 30 Away!!!

Local Expansion Rate:
Qout ~ 0.85 <> higher Hj,

to X ]./Hjn — 1y S 12Gyl’

Only better Hy, but Universe too young
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Best fit models

Tension in the Void
e Bad fit to SNe and BAO

e SNe measure distance
BAO: distance+rescaling

complementary probes

e Strongly ruled out

Geom . Average
(2"

Transverse
rescaling &r

Miguel Zumalacarregui

The BAO scale in LTB universes

MCMC analysis

=
i

1

I

Dy - D (A) [Ma

Tension in the Void

AFRW
CGBH
OCGBH
wFRW
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Conclusions

e BAO and SNe alone strongly rule out the GBH model with
homogeneous Big Bang and baryon fraction
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Conclusions

e BAO and SNe alone strongly rule out the GBH model with
homogeneous Big Bang and baryon fraction

e Possible ways to save large void models:
e Change the profile Qs (r)?
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Conclusions

e BAO and SNe alone strongly rule out the GBH model with
homogeneous Big Bang and baryon fraction

e Possible ways to save large void models:
e Change the profile Qs (r)?

e Inhomogeneous Big Bang «> free H
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Conclusions

e BAO and SNe alone strongly rule out the GBH model with
homogeneous Big Bang and baryon fraction

e Possible ways to save large void models:
e Change the profile Qs (r)?

e Inhomogeneous Big Bang «> free H

e Large scale isocurvature p, = f,(7) pm
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Conclusions

e BAO and SNe alone strongly rule out the GBH model with
homogeneous Big Bang and baryon fraction

e Possible ways to save large void models:
e Change the profile Qs (r)?

e Inhomogeneous Big Bang «> free H

e Large scale isocurvature p, = f,(7) pm

e Purely geometrical result, whatever Luminosity & BAO scale
= Standard Rulers vs Standard Candles
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Conclusions

e BAO and SNe alone strongly rule out the GBH model with
homogeneous Big Bang and baryon fraction

e Possible ways to save large void models:
e Change the profile Qs (r)?

e Inhomogeneous Big Bang «> free H

e Large scale isocurvature p, = f,(7) pm

e Purely geometrical result, whatever Luminosity & BAO scale
= Standard Rulers vs Standard Candles

e BAO are a powerful complement to SNe in more general
inhomogeneous models
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Backup Slides
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Supernova la - Standard Candles

e Standar(izable) Candles: ~ Same (corrected) Luminosity

/ Luminosity 1
D =\/————=H, Qp,Q FRW
L(Z) 47_[_ FlUX 0 f(z’ A M) ( )

difficult to model SNe = Intrinsic Luminosity unknown!!

e For any L, comparison of low and high z SNe very useful

Miguel Zumalacarregui Tension in the Void



A-Void Dark Energy The BAO scale in LTB universes
Observational constraints MCMC analysis

Supernova la - Standard Candles

e Standar(izable) Candles: ~ Same (corrected) Luminosity

Luminosity -1
D =\/————=H Qp, FRW
L(2) =\ e = H £ (29, Q1) (FRW)

difficult to model SNe = Intrinsic Luminosity unknown!!

e For any L, comparison of low and high z SNe very useful

e FRW: Luminosity degenerate with Hubble rate
= need L to determine Hj
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Supernova la - Standard Candles

Standar(izable) Candles: ~ Same (corrected) Luminosity

Luminosity -1
D =\/————=H Qp, FRW
L(2) =\ e = H £ (29, Q1) (FRW)

difficult to model SNe = Intrinsic Luminosity unknown!!

For any L, comparison of low and high z SNe very useful

e FRW: Luminosity degenerate with Hubble rate
= need L to determine Hj

e In LTB not quite true = convert constraint

Hy=738+2.4Mpc/Km/s <» L =—-0.120 + 0.071 Mag
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MCMC: FRW-ACDM reference model

Using BAO scale, , Supernovae and Hy+BAO+CMB+SNe

e BAO ~ SNe: Arbitrary
length /luminosity (before
adding CMB/H0)

o CMB constraints much
weaker than usual
1—Q% < 1%

= don't take our CMB constraints too seriously
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