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Qutline

3

el @ Motivation
@ D; — z in the Real Universe.
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D, — z relation in the Real Universe.

@ In Standard Cosmology we use the
Friedmann-Lemaitre-Robertson-Walker model.

@ We compute D; (or D4) and z

@ To fit the data we need a p < 0 term.

@ To what extent is justified to use a homogeneous
model?
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A good approximation?

@ Atz > 1 (CMB epoch, for example) tiny density
fluctuations on all observed scales.

@ It is a good approximation
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A good approximation?

@ Atz > 1 (CMB epoch, for example) tiny density
fluctuations on all observed scales.
@ It is a good approximation

@ _but at late times 4 = %’ ~ 1 for all scales
L = O(10)/hAMpe (1% of Hubble radius)

@ Superclusters upto few hundreds of Mpc (10% of
Hubble radius), nonlinear objects

@ Network with sponge-like structure: pancakes
surrounding voids. Typical lenght 100 — 150Mpc/ h.
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Great walls

= Highi ascemsio®
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Beyond FLRW

@ So, considerp =10 _ models.

@ Two moiivations:
@ Can one mimick acceleration (with p = 0)7?

@ In any case can we quanfify deviations from FLEW?

@ Difficult but well-defined guestions
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Qutline

0

@ Motivation

@ Three physical effects
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Three main effects

perturbations affect the background
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Three main effects

perturbations affect the background

Light meets voids and structures. Do they compensate?
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Three main effects

perturbations affect the background

Light meets voids and structures. Do they compensate?

What if we live in a local void?
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Backreaction

@ Typigaily one looks at the average (p(t. x))p at fixed
comoving time ¢

@ And defines & (p(t.x))p = 3320 (p(t. x))p

@ Features:
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Backreaction

@ Typfaily one looks at the average (p(t. x))p at fixed
comoving time ¢

@ And defines % (p(t.x))p = 3320 (p(t. x))p

@ Features:

@ ap(t) does not evolve as in FLBW (Bucher 97 ana o) gravity
is nonlinear + local effects

@ It can accelerate in principle (st me Tmimolo 05, Chusng, Ge
Hwang b, AN EH:.HEHIWTTEEEHFJ‘MEE}
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Backreaction

@ Typfa]ly one looks at the average (p(t. x))p at fixed
comoving time ¢

@ And defines 2 (p(t.x))p = 32748 (o(t. x))p

ﬂ {tj
@ Features:

@ ap(t) does not evolve as in FLBW (suchet 97 ana o) - gravity
is nonlinear + local effects

@ It can accelerate in principle (st s Tsimolo 05, Chusng, G
Hwang T, A ML T, Kol Matsmess Hiotio 1:5}

@ How large is the effect in real world?

@ (11 & Sefak 95 Namanen 04, Kol Makarrese Neban Miclls 05)

102 at second order in PT

@ (masanenve). SUggests large effect at nonlinear order.

(& n 05 KommMatamese Aoite 05) . COTTECTioNns become all of the
same order at z == 1.

@ (Fva& s os): suggest 10 ° with Newtonian arguments.
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Problems with backreaction approach

@ [f there is a sizable effect, it is nonlinear

@ PT is not able to calculate it

@ Not completely clear how to connect ap(t) to
observable quantities
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Light propagation

@ The observable is not ap(t), but D; — z.

@ A cone of light is focused close to structures, defocused
far from them (

@ Each photon is redshifted differently in empty space
and close to structures

@ Do they compensate to give D, — z FLRW?

@ Take into account that nonlinear voids OCCupy more
volume than structures.
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| ocal fluctuations

scoeheration @ Suppose that we live in a peculiar local region
(example: local void)

@ = low z observations may be very different from
average.

“Tomita ‘98, Tomita '00, Celerier 01, Wiltshire '05, Moffatl ‘05, Alnes &t
al. '05, Mansouri '06,.. 2 -
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| ocal fluctuations

0

@ Suppose that we live in a peculiar local region
(example: local void)

@ — low z observations may be very different from
average.

@ Since acceleration is inferred comparing low z with high
.

@ Can this mimick acceleration 272

“Tomita ‘98, Tomnita '00, Celerier 01, Wiltshire '05, Moffal ‘05, Alnes &t
al. ‘05, Mansouri '06,.. 2 -
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| ocal fluctuations

1

@ Suppose that we live in a peculiar local region
(example: local void)

@ — low z observations may be very different from
average.

@ Since acceleration is inferred comparing low z with high
o

@ Can this mimick acceleration 272

@ How much contrast ¢ and how large L is needed?

“Tomita ‘98, Tomita '00, Celerier 01, Wiltshire '05, Moffatl ‘05, Alnes et
al. '05, Mansouri '06,.. 2 -
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Qutline

© 1he Onion model
@ Building the model

Page 23/82



| emaiire-Tolman-Bondi metrics

o

d? — —dt® 05 1) dr? + R%(r.t)(d#? + sin® 6d /%)
i 1+ 2k(r)r2 ; =

with comoving coordinates (r. #. ) and proper time §.

@ Spherically symmetric (but one can also put Observer far
from Center).

@ Einstein equations:

1 R3(r.t) GM(r)  k(r)r?

2R2(r.t)  R3(r.t) Rr.t)
M'(r)

R'(r t)RE(r.t)

Azplr.t) =
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L TB metrics

3

g
ds® — —dt® + g i E'i:[':;rg dr® + R7(r. t)(d# +sin® 8d ")

It has the solutions:
@ Forkir) =0 (ki{r)=0),
GM(r)
2|k(r)|r?

GM _
lﬂlk(r];}iﬂfﬂs‘"“[”} u.

[cos h(u) — 1]. (2.1)

ttelr) —

@ ki(r)=0,

9GM(r)
2

Rr.t) = [ ]”3 [t — t(r]5.
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Choosing the functions

@ “Gauge” choice: M(r) = ZM;r®

@ The idea is to describe structure formation
( start with 4(r. &) <= 1 and end up with §(r. ) = 1) 3

*Warning: several previous papers make use of decaying modest
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Choosing the functions

@ “Gauge” choice: M(r) = ZM;r?

@ The idea is to describe structure formation
( start with 4(r. &) < 1 and end up with §(r. t,..) = 1) 3

@ We play with k(r) to describe 4(r. &).

@ k = 0 flat FLBW, k = =1 open/closed FLRW, with
Rr.t) — ra(t).

*Warning: several previous papers make use of decaying modest
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Choosing the functions

£y

@ “Gauge” choice: M(r) = ZM;r®

@ The idea is to describe structure formation
( start with 4(r. &) < 1 and end up with §(r. £, ) = 1) 3

@ We play with k(r) to describe 4(r. 4).

@ k = 0 flat FLBW, k = =1 open/closed FLRW, with
R(r.t) — ra(t).

kn}h}mmﬁ(%)

@ Two parameters, L and kj.

*Warning: several previous papers make use of decaying modest
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Choosing A(r)

,'.Jl:.l". I’} — ﬁ,—{ﬂ;ﬂ]z |-‘i | ,-U[:f}siﬂ fE['r” : EE“] ~ Kgts

: o(t) sin (27
1+€e 14 e(t)sin(ZE)
@ ¢ <= 1 linear growth

A

@ ¢ not small: ¢4 grows rapidly (as in Zel'dovich approx)

@ We work before collapse (in real world there is
virialization).
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Onion profile

I —5x 10" sec

D.0004T s l=10"%6c
00002 - : '
i a f p (1045
00002 | L 3 T
0.0004] o0s) |
0 50 100 150 200 " -
Al l'III- 15{1 L
(r—ro)/f Mpc [r —ro)/h Mpc
_t—10"sec t =47 x 10" sec
04f | i 8 k
i { - !
i) M! I i) 45
I:Il ] 2}
I]_"'E_ i o 1 nl L =
G 5 100 150 200 1] Sy I:ﬂ 200
(r —ro)/h Mpc {F—fr::}f'-" Mpc

Page 30/82



Qutline

© The Onion model

@ Light propagation
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Redshift

.|.-:-=|.-_.:;:|_: dl" e (1 ‘|‘ 2}-'-?’
dar J14+2E

@ Analytical (small k(r) but large §) and numerical
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Redshift

At -_. dz = (1 + I}ﬁ’

dr J1+2E°
@ Analytical (small k(r) but large §) and numerical
@ The result:

+zfr) ={1 +3F[.]1W{f}]ﬂ'xp[—2q:r“} ( = )-::n:a (E%r)] :

Moe

hOr OCsaneaT At MINETRIM OF MEKETRIM of dematy

@ For - the correction is quite large:

I A 57 1 i

where we have defined or =r — ..

o 1t o [POGUNBHVBIGEGOTEEIH . rocial conoiatod
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Analytical and numerical results for z

."“.’/.{"“.2}. =05

004 +
003
0.0z

001

35 50 75 100 125 150 175 20
(r —ro)/h Mpc

Figure: Redshift (z) along the geodesic of a photon arriving at
r = rg attime t = t5. In this plot rg = 36.5L, fo — 3.3 = 10" sec.
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Numerical and analytical D,

— ) 05

150

Dy ol

5 50 75 100 125 150 175 200
(r —ro)/h Mpc

Figure: Luminosity distance (D) along the geodesic of a photon
arriving at r = rp at time t = tg. In this plot ro = 36.5L,
to = 3.3 x 10" sec.
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Is there backreaction?

SCRIeation,
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No sizeable "overall" effect

L=>54/hAMpc ; /(i) =16
. 1] 01 02 063 04 05
04

02} i
02
Bachon o

Figure: m — Logqol{Dy )
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No sizeable "overall" effect

L ="54/hMpc ; Vi) =16
0.1 0.2 03 04 i.'l"?

Figure: m — Logyo(Dy )

@ |s it because of the specific profile?
@ Is it because of small "curvature” k(r)?
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Swiss-Cheese model

scosterstio @ Carve a spherical patch from FLEW
@ Replace it with LTB

@ We can try also with large curvature k(r) inside

@ Use k'(0) = 0 (No cusp in p at the center)
@ k'(L) = k(L) = 0 (matching conditions with FLRW)

@ Example k(r) — ko [{5)2 = 1]
e @ Void at the center, structure at the boundary
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No sizeable "overall" effect

(i k¥ |=|.-=-l_- by L — ﬂf.hMpc ; 'T{ﬁ :I L 1 rﬁ.
R a a1 02 03 04 05

Figure: m — Logy(D) )

@ |s it because of the specific profile?
@ Is it because of small "curvature” k(r)?
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Swiss-Cheese model

@ Carve a spherical patch from FLRW

@ Replace it with LTB

@ We can try also with large curvature k(r) inside

@ Use k'(0) = 0 (No cusp in p at the center)
@ k'(L) = k(L) = 0 (maiching conditions with FLRW)

o Example k(r) — ko [{5]2 = 1]
— @ Void at the center, structure at the boundary
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No sizeable "overall" effect

rifsd :-::._,_.-.-' il L 54;hMpC v/ '||I'1' = 1 E

BCame s S oo ﬂ ﬂ ] n 2 ﬂ 4‘ n 5
0.4
0.2} 4
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02
e 04
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£

Figure: m — Loguo(Dy)

@ |s it because of the specific profile?
@ Is it because of small "curvature” k(r)?
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Swiss-Cheese model

scosterstio @ Carve a spherical patch from FLRW
@ Replace it with LTB

@ We can try also with large curvature k(r) inside

@ Use k'(0) = 0 (No cusp in p at the center)
@ k'(L) = k(L) = O (maiching conditions with FLRW)

@ Example k{r) — kg [{5]2 2 1]
R @ Void at the center, structure at the boundary
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Swiss-Cheese model

@ Carve a spherical patch from FLRW
@ Replace it with LTB

@ We can try also with large curvature k(r) inside

@ Use k'(0) = 0 (No cusp in p at the center)
@ k'(L) = k(L) =0 (maiching conditions with FLRW)

@ Example k(r) — ko [{5]2 = 1]
S @ Void at the center, structure at the boundary

@ Consider also nonlinear k
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Swiss-Cheese model

@ Carve a spherical patch from FLBW
@ Replace it with LTB

@ We can try also with large curvature k(r) inside

@ Use k'(0) = 0 (No cusp in p at the center)
@ k'(L) = k(L) = 0 (matiching conditions with FLRW)

o Example k(r) = ka [ ()" — 1]
@ Void at the center, structure at the boundary

@ Consider also nonlinear k

@ |s there any large net effect for a photon travelling
through a patch?

@ Both Observer and Source in the FLRW region
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Net effect? Backreaction?

@ We Jisenmngled different effects making contact with
usual Perturbation Theory (for small k) in Newtonian

gauge
b 2
i xfdrrk{r} x Kg (—)
H

@ Integrated effect is usual Rees-Sciama effect: always
- also for large k (analytical and numerical)
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Net effect? Backreaction?

@ We Jisenmngled different effects making contact with
usual Perturbation Theory (for small k) in Newtonian

gauge
B 2
P x fdrrk{r} x Kg (—)
H

@ Integrated effect is usual Rees-Sciama effect: always
- also for large k (analytical and numerical)

@ And..there is no backreaction on the outside FLERW
region by construction due to spherical symmetry
(Birkhoft's theorem)
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Net effect? Backreaction?

@ We Jisemgled different effects making contact with
usual Perturbation Theory (for small k) in Newtonian

gauge
. 2
tl:xfdrrk[r}:xkn (—)
H

@ Integrated effect is usual Rees-Sciama effect: always
- also for large k (analytical and numerical)
@ And..there is no backreaction on the outside FLERW

region by construction due to spherical symmetry
(Birkhoff's theorem)

@ So, LTB does not seem to give sizeable

packeacion - maybe go o nonsphercal models?
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Swiss-Cheese model: Doppler effect

o

@ Doppler effect (motion of sources) Large effect at small
=

@ It goes like -
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Swiss-Cheese model: Doppler effect

0

@ Doppler effect (motion of sources) Large effect at small
£

@ It goes Iike-

. N @ Basic picture: sources attracted towards the outer
odst dense shells.

@ Inside the Void: collective radial velocity adds to
expansion
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Large void?

Mol Are spheiical models still interesting (at least for
auoslersiiol speculations..)?

@ Use the large (collective Doppler) effect near Observer
@ That's how LTB can mimick Acceleration!
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Large void?

romogensiy NG sphefical models still interesting (at least for
acoslersiiol speculations..)?

@ Use the large (collective Doppler) effect near Observer
@ That's how LTB can mimick Acceleration!
@ Caution: Hubble diagram can be fit by LTB

assuming arbitrary density profile)! The whole point:
w?
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Large void?

Are sphefical models still interesting (at least for
speculations..)?

@ Use the large (collective Doppler) effect near Observer
@ That's how LTB can mimick Acceleration!
@ Caution: Hubble diagram can be fit by LTB

assuming arbitrary density profile)! The whole point:
ﬂ?

@ Our philosophy: Try to make contact with realistic
cosmology

@ What's the 'SmallestLand§ that can possibly work?
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| arge void?

Are sphefical models still interesting (at least for
speculations..)?

@ Use the large (collective Doppler) effect near Observer
@ That's how LTB can mimick Acceleration!
@ Caution: Hubble diagram can be fit by LTB

assuming arbitrary density profile)! The whole point:
ﬂ?

@ Our philosophy: Try to make contact with realistic
cosmology

@ What's the SmallestLand§ that can possibly work?

@ Also: estimate mmgnrrecﬁﬂn to SN
observations (See also All Vanderveld's talk)
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Qutline

sl &) [ arge Underdensity
@ Large local effect
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High and low z

TR ETRELY 2

SEre i @ Evidence for acceleration comes from _ between:

@ measurements at low redshift (0.03 < z < 0.07)
@ high-z SN (roughly 0.4 = z = 1)

@ We choose large L (up to Z = 0.07)

@ — The local Bubble is different from the average ("Hubble
Bubble").

@ In the region (z = 0.3):

Detpw == . it Y12
Hour
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T ;;.__='-_-'=-.-:'.- = 'i“!"l'e uﬁée ﬁl‘[_ﬂ_l —~ G.E '

@ We need larger local H;, due to inhomogeneities

@ We need a local paich, that at least extends up to z = 0.07
to have a linear Hubble diagram in 0.03 < z < 0.07.
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® Weuse  hour =~ 0.5.

@ We need larger local Hy,; due to inhomogeneities

@ We need a local paich, that at least extends up to z = 0.07
to have a linear Hubble diagram in 0.03 < z < 0.07.

@ Therefore: L = 400,/ Mpc (diameter)

@ Put Observer in a void
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Hubble Diagrams
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£

L — 450/hAMpc ; \/(62) — 0.34

T

Figure: The blue solid line is our numencal solution, the black
dotted line is the CDM model ({1, — 1), and the green
long-dashed line is the ACDM result (with 2, — 0.73). WE have
superimposed SN gold data set Riessetal :
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Individual contributions to \?

025 05 075 I 1.25 1.5 1.75

Figure: We show here the contribution to the +* for each data
point (gold data set of Riess et al.) Our model (blue boxes) is
compared with ACDM with £2, — 0.73 (green triangles). _
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v° comparison

=

Table: Comparison with data (gold data set of Riess et al.)

Model

ACDM (with Qy = 0.27.Qp = 0.73)
EdS (with Q4 = 1.00. Q4 = 0.00)

Onion (/752) = 0.34 on L = 450/ hMpc)

2 (157 d.of)
178
32D
212

Table: Comparison with data (full data set of Riess et al )
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Model = (186 d.of)
ACDM (with @,y — 0.27.0, — 0.73) 233
EdS (with 2y = 1.00. 2, — 0.00) 403
Onion (4/(#2) = 0.34 on L = 450,/ hMpc) 273




First acoustic peak in CMB

£y

@ We do not introduce curvature. But global H is low.
@ Our model reduces to EdS model, already by z ~ 0.2

@ For instance:
Omovr =09 . gy =0.58.

+ standard baryon-to-matter ratio,
Qg our/Sm.our = 013,
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Assessment of the "Local Void" scenario

£

@ Require & quite large (— 0.3) on L ~ 400/h Mpc.
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Assessment of the "Local Void" scenario

o

scosterctor @ Require & quite large (~ 0.3) on L ~ 400/h Mpc.

@ Expected value (4 ~ 0.02 — 0.05).
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Assessment of the "Local Void" scenario

ot

@ Require 4 quite large (~ 0.3) on L -~ 400/h Mpc.

@ Expected value (4 ~ 0.02 — 0.05).

@ Observer has to sit near center to avoid too large
anisofropy

@ In general we expect some anisotropy in D; — z.
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Assessment of the "Local Void" scenario

=

@ Require & quite large (— 0.3) on L -~ 400/h Mpc.

@ Expected value (4 ~ 0.02 — 0.05).

@ Observer has to sit near center to avoid too large
anisotropy

@ In general we expect some anisotropy in D; — z.

@ Full CMB spectrum?
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Similar Voids in the CMB?

M

sy @ Surprising coincidence with work by Inoue and Silk 06
for CMB

@ alignment in low multipoles
@ non-gaussian circular cold spot

@ They need 2 voids L = 350/h Mpc and 4 = —0.3 to
explain low-/ anomalies

@ And a third one at z = 1 for the cold spot.

Page 69/82



Similar Voids in the CMB?

3

@ Surprising coincidence with work by Inoue and Silk 06
for CMB
@ alignment in low multipoles
@ non-gaussian circular cold spot

@ They need 2 voids | == 350/h Mpc and 4 = —0.3 1o
explain low-/ anomalies

@ And a third one at z = 1 for the cold spot.

@ In fact, the cubic integrated (L /ry)® effect gives a 10—
effect on CMB
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Voids in the CMB?

(Inoue and Silk '05)
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Can such voids exist??

o

@ The real question: How unlikely is the existence of such
Voids? Nonlinear percolation of small voids (e s si)?

@ Does it require non-standard Structure Formation or
non-standard Primordial features or nongaussianity?

l1"||'||I'|:i.1:'r-.|.l Frfh, M Medmlie, T Shanks {Purham U ) 2505 MERAS asho ph/OSEETS Whikam .| Frifls

(5.5 Busssmll, A Fong, N Metcalte, T Shanks (Durham U ) 2003 MNALS . astro-phiB02 305
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Can such voids exist??

@ The real question: How unlikely is the existence of such
Voids? Nonlinear percolation of small voids (isue s sa)?

@ Does it require non-standard Structure Formation or
non-standard Primordial features or nongaussianity?

@ Simulations agree with real data?

@ J. Einasio 06 claims fraction of superclusters in real
data (SDSS and 2dFGRS) 5 times larger than
simulations (Millennium Run)

@ L=150 Mpc/h, 25% local underdensity in the Southern
Galactic Cap (2MASS) ?*

l1"||'A"t|.|'r:.l Frifh M Medmalie, T Shank= {Pudam U ) 23005 MERAS. asko ph/AOSEETS Wilkam.| Friil

G 5. Busswall, B Fong, N Meicalte, T Shanks (Durham U ) 2003 MNAAS . astro-phE02 s z
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Observations?

@ Observers can hopefully answer (maybe already with
present data?)
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Observations?

£y

@ Observers can hopefully answer (maybe already with
present data?)

@ Also: we have a sharp transition in the Hubble diagram
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Observations?

@ Observers can hopefully answer (maybe already with
present data?)

@ Also: we have a sharp transition in the Hubble diagram

L=450/AMpc ; +/ (0%} =10.34

@ SDSS |l is definitely going to discriminate this
hypothesis (L — 400/h and 4 — —0.3): lots of daia at
intermediate redshift (40 SN)...very soon.
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Observations?

0

@ How unlikely is that we live near the Center of such a
Void?

@ We need to be at most at 1UMPE from the center (CME
dipole)

@ Anisotropy in Hubble rate>?

@ ISW? Maybe it is due to large Voids?

SM.L.McClure, C.C. Dyer, astro-ph/0703556
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Qutline

© Large Underdensity

@ Systematics in SN observations
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With lower value of &

04
0.2 _ ~ o
0 : =

M Mg
04
-6
03

02 04 0.6 0.8 1
Z

Figure: Magnitude residual from empty FLRW (Am) vs. redshift
(z). We have supenmposed the red thin dashed line (density
contrast seen by the photon).

Typical systematics 4 = 0.025 — Am = 0.05
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Conclusions

Ty

@ We constructed nonlinear exampiles of structure
formation (Onion and LTB Swiss-Cheese), and
computed light propagation (D; and z).

@ Integrated effect/ backreaction negligible for
acceleration. Spherical symmetry?

@ We have shown how a Large Local Fluctuation can
roughly mimick acceleration (Radius = 200/hMpc,
d = 0.3)

@ In any case we have found a typical systematic of
Am ~ 0,05 (and a similar anisotropy).
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