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m standard model: ACDM (€0 &~ 0.32, Q50 ~ 0.68) homogeneous
m simpler model: EdS (2,0 = 1,940 = 0) homogeneous
= background expands relativistically (Einstein)

+ linear density perturbations  := pngm, 0] <1

+ large-scale structure, galaxy clusters, galaxies 0 > Ay > 1
(Newton)

+ voids —1 50 < 0 (Newton)
m when/where should ACDM, EdS fail?
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m standard model: ACDM (€0 &~ 0.32, Q50 ~ 0.68) homogeneous
m simpler model: EdS (2,0 = 1,940 = 0) homogeneous
= background expands relativistically (Einstein)

+ linear density perturbations  := pngm, 0] <1

+ large-scale structure, galaxy clusters, galaxies 0 > Ay > 1
(Newton)

+ voids —1 50 < 0 (Newton)

m Newton # Einstein = ACDM, EdS should fail at < 3 h=! Gpc
and z < 3
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m what parameter can measure the expected failure of the
homogeneous models?
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m f.i.(2) := fraction of virialised matter (large-scale structure,
clusters, galaxies)
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m f,i.(2) strongly correlates with €25 (2)
Roukema, Ostrowski, Buchert, 2013, JCAP, 10, 043:
Roukema 2013, IJMPD, 22, 1341018:

The baryon acoustic oscillation peak: testing the comoving rigidity hypothesis fvir | m—M|r| ©@1RJS 27/08/2015 - 3


http://arxiv.org/abs/1303.4444
http://arxiv.org/abs/1305.4415

r beyond the homogeneous model 1

2

Newt/E — . — VA - QSif = ds2 - gsff — e | BAO/DR7 — overlap — 7| — As(wyy; conclu
vir R L 1 min

m fi(2) < 1= ACDM, EdS ~ valid
m f.i(z) > 0.01 = ACDM, EdS ~ fail

m f.i.(2) strongly correlates with Q4 (2)
Roukema, Ostrowski, Buchert, 2013, JCAP, 10, 043:
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m Is Qx(z) an artefact of ignoring virialisation?
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m Newton : constant spatial curvature of structures + voids

Friedmann equation:
O+ O + Q) = 1.

m Einstein : hyperbolic voids
Buchert : volume-weighted means
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m Einstein : hyperbolic voids
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generalised Friedmann equation (Hamiltonian constraint):
2

H
QL + QO + Q% +Qf = H—“;, where F € {M, &, D}
D

1
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r EdS + virialisation 1

2

Newt/E — foip — VA— Qf — ds2 — g8ff — ¢ | BAO/DR7 — overlap — r| — As(wmin conclu
vi R L 1 m

m late : V(voids) : V(structures) ~ 1 — foir/Avir & foir/Avir
m define >‘./\/l = fvir/Avir <1

=- voids dominate any volume average

eff D erang
Qm (Z) = Qm(Z) ~ (Heff/Hbg)Q
e com fVir(Z) —
HM(2) =~ H(z) + H3o (O)f-(O)a !
2Uinfall 40_1}
JJcom — ~
pee (O) Dvoid Dvoid

= 36 + 3 km/s/Mpc

= curvature more negative when z drops
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r effective parameters 1

Newt/E — foi, — VA— Qff _ 452 - g¢ff _ o | BAO/DR7 — overlap — | — As(wy; conclu
vir R L € min

Or () =1 - Q5 ()
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r effective parameters 1

Newt/E — foi, — VA — Qi — 4s2 — qSff — o | BAO/DR7 — overlap — | — As(wpmin conclu
vi R L € mir

Or () =1 - Q5 ()

H"(0) = 74.0 £ 1.6km/s/Mpc

(Riess et al. 2011; Freedman et al. 2012)
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r effective parameters 1

Newt/E — foi, — VA — Qi — 4s2 — qSff — o | BAO/DR7 — overlap — | — As(wpmin conclu
vi R L € mir

Or () =1 - Q5 ()

H"(0) = 74.0 £ 1.6km/s/Mpc

(Riess et al. 2011; Freedman et al. 2012)

R 2) = e ) Jor )
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r effective metric 1

Newt/E — foir — VA - Q%r ~ ds? - di” — o | BAO/DR7 — overlap — r| — As(wmin) | conclu

eff
ds® = —dt* + a*(t) Ayt + R%Hz sinh? % (d6* 4 cos?® O d¢?)
C
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r effective metric 1

Newt/E — foir — VA - Q%‘f ~ ds? - d/OL/“‘ — o | BAO/DR7 — overlap — r| — As(wmin) | conclu

eff
ds® = —dt* +a*(t) ldxeﬁz + R%Hz (sinh2 %) (d6* 4 cos? 0 d¢2)]
C
C
dy*"(2) := d
X (Z) CL2 Heff(z) a
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r effective metric 1

Newt/E — foir — VA - Q%‘f ~ ds? - d/OL/“‘ — o | BAO/DR7 — overlap — r| — As(wmin) | conclu

ds® = —dt* + a*(t) ldxeﬁz + Reff2 (smh2 ;; ) (d6* 4 cos® 0 do )]
¢
eff C
= d
eff

= (1 + 2)RY Smh%
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EdS 4 virialisation

Newt/E — foir — VA — QS = ds2 — q¢ff = o | BAO/DR7 — overlap — 7| — As(wppi conclu
vil R L 1 min

1 T T T T T

eff
m

04 r .

0.2 .
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r EdS + virialisation 1

Newt/E — foip — VA— QSf — ds2 — g8ff — ¢ | BAO/DR7 — overlap — r| — As(wmin conclu
vi R L 1 mir
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40000

30000

R (Mpc)

20000
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r EdS + virialisation 1

Newt/E — foir — VA — QS = ds2 — q¢ff = o | BAO/DR7 — overlap — 7| — As(wppi conclu
vir R L 1 min

. ' ' ' " LCDM ——
VA ——
VA ——
VA ——
——— EdS ——
0 -
Q
£
S
o
5.
T -05¢}
o
—i
(@)
°
Lo
1t i
_15 1 1 1 1 1
0 0.5 1 1.5 2 2.5 3
zZ
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EdS 4 virialisation

Newt/E — foir — VA — QS = ds2 — q¢ff = o | BAO/DR7 — overlap — 7| — As(wppi conclu
vir R L 1 min

1.2 1 1 T T T

0.8

04 | :

0.2 r .

fraction of (M-M), cpy - (M-M)gys
o
()]
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metric template

Newt/E — foi, — VA - Qff _ qs2 - g¢ff _ o | BAO/DR7 — overlap — | — As(wp; conclu
vir R L 1 min

o fvir(Z) ™~ QA(Z)
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r metric template 1

Newt/E — foi, — VA - Qff _ qs2 - g¢ff _ o | BAO/DR7 — overlap — | — As(wp; conclu
vil R L 1 min

m  expected homogeneous model failure ~ Q4 (z)
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r metric template 1

Newt/E — foi, — VA — QS — ds2 — qSff — o | BAO/DR7 — overlap — | — As(wpmin conclu
vi R L 1 mir

m  expected homogeneous model failure ~ Q4 (z)

m remove free param (€25¢); assume EdS background
(L, = 1,04 =0) at early times (z > 3)
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r metric template 1

Newt/E — foi, — VA — QS — ds2 — q¢ff — o | BAO/DR7 — overlap — | — As(wppin) | conclu
v R L 1

m  expected homogeneous model failure ~ Q4 (z)

m remove free param (€25¢); assume EdS background
(L, = 1,04 =0) at early times (z > 3)

m add GR (scalar averaging): virialisation approximation:
2 obs inputs: H*"(z =0) = 74 4+ 1.6 km/s/Mpc;
H™(z =0) =36 £ 3 km/s/Mpc;

pec
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r

metric template 1

Newt/E — foi, — VA — QS — ds2 — q¢ff — o | BAO/DR7 — overlap — | — As(wppin) | conclu
v R L 1

expected homogeneous model failure ~ Q,(z)

remove free param (£25¢); assume EdS background
(L, = 1,04 =0) at early times (z > 3)

add GR (scalar averaging): virialisation approximation:
2 obs inputs: H*"(z =0) = 74 4+ 1.6 km/s/Mpc;
H™(z =0) =36 £ 3 km/s/Mpc;

pec

background model + virialisation
= void-dominated neg. curvature + inhomogeneous expansion =-

Q2 =0) ~ 0.3
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r metric template 1

Newt/E — fyir — VA - Q%r — ds? - dCL/” — o | BAO/DR7 — overlap — r| — As(wmin) | conclu

m  expected homogeneous model failure ~ Q4 (z)

m remove free param (€25¢); assume EdS background
(L, = 1,04 =0) at early times (z > 3)

m add GR (scalar averaging): virialisation approximation:
2 obs inputs: H*"(z =0) = 74 4+ 1.6 km/s/Mpc;
H™(z =0) =36 £ 3 km/s/Mpc;

pec

m background model + virialisation
= void-dominated neg. curvature + inhomogeneous expansion =-
Q2 =0) ~ 0.3
distance modulus m — M vs z : EAS+VA ~ ACDM
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r metric template 1

Newt/E — fyir — VA - Q%r — ds? - dCL/” — o | BAO/DR7 — overlap — r| — As(wmin) | conclu

m  expected homogeneous model failure ~ Q4 (z)

m remove free param (€25¢); assume EdS background
(L, = 1,04 =0) at early times (z > 3)

m add GR (scalar averaging): virialisation approximation:
2 obs inputs: H*"(z =0) = 74 4+ 1.6 km/s/Mpc;
H™(z =0) =36 £ 3 km/s/Mpc;

pec

m background model + virialisation
= void-dominated neg. curvature + inhomogeneous expansion =-

Q2 =0) ~ 0.3
distance modulus m — M vs z : EAS+VA ~ ACDM

m dark energy ~ virialisation-epoch negative curvature
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r

metric template 1

Newt/E — foir — VA - Q%f ~ ds? - d/OL/“‘ — o | BAO/DR7 — overlap — r| — As(wmin) | conclu

expected homogeneous model failure ~ Q,(z)

remove free param (£25¢); assume EdS background
(L, = 1,04 =0) at early times (z > 3)

add GR (scalar averaging): virialisation approximation:
2 obs inputs: H*"(z =0) = 74 4+ 1.6 km/s/Mpc;
H™(z =0) =36 £ 3 km/s/Mpc;

pec

background model + virialisation
= void-dominated neg. curvature + inhomogeneous expansion =-

Q2 =0) ~ 0.3
distance modulus m — M vs z : EAS+VA ~ ACDM

dark energy ~ virialisation-epoch negative curvature
Roukema, Ostrowski, Buchert 2013 JCAP, 10, 043 (arXiv:1303.4444);

Roukema 2013, IJMPD, 22, 1341018 (arXiv:1305.4415)
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r

metric template 1

Newt/E — foir — VA - Q%f ~ ds? - d/OL/“‘ — o | BAO/DR7 — overlap — r| — As(wmin) | conclu

expected homogeneous model failure ~ Q,(z)

remove free param (£25¢); assume EdS background
(L, = 1,04 =0) at early times (z > 3)

add GR (scalar averaging): virialisation approximation:
2 obs inputs: H*"(z =0) = 74 4+ 1.6 km/s/Mpc;
H™(z =0) =36 £ 3 km/s/Mpc;

pec

background model + virialisation
= void-dominated neg. curvature + inhomogeneous expansion =-

Q2 =0) ~ 0.3
distance modulus m — M vs z : EAS+VA ~ ACDM

dark energy ~ virialisation-epoch negative curvature
Roukema, Ostrowski, Buchert 2013 JCAP, 10, 043 (arXiv:1303.4444);

Roukema 2013, IJMPD, 22, 1341018 (arXiv:1305.4415)
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r BAO peak—SDSS DRY 1

Newt/E — foip — VA - QSf — 452 — g — ¢ | BAO/DR7 — overlap — 7| — As(wmin conclu
vi R L L

subset D R ref
LRGs:
dim 61899 3082871 Kazin2010 arXiv:0908.2598
bright 30272 1521736 Kazin2010
superclusters:
dim + bright 235 NH2013 arXiv:1310.2791
2z < 0.6 2701 Lilvamagi arXiv:1012.1989
voids:
dim + bright 83 NH2013
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r BAO peak—SDSS DRY 1

Newt/E — fuir — VA - QST — ds? — d$ — o | BAO/DR7 — overlap — 7| — As(wmin) | conclu
subset D R ref

LRGs:

dim 61899 3082871 Kazin2010 arXiv:0908.2598

bright 30272 1521736 Kazin2010

superclusters:

dim + bright 235 NH2013 arXiv:1310.2791
2z < 0.6 2701 Lilvamagi arXiv:1012.1989

voids:

dim + bright 83 NH2013

- DD(s)/Npp — 2DR(s)/Npr + RR(s)/Nrr
Sls) = RR(s)/Nan
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r BAO peak—SDSS DR7

Newt/E — fyir — VA - Q%F — ds? - d%” — o | BAO/DR7 — overlap — r | — As(wyin) | conclu

0-04 Ll Ll | | |

0.035

0.03

0.025

0.02

0.015

0.01

0.005 |

0

_0005 1 1 1 1 1

40 60 80 100 120 140
s (Mpc/h)

160 180

1

full br/dim
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r BAO peak—SDSS DRY 1

Newt/E — foip — VA - QSf — 452 — g — ¢ | BAO/DR7 — overlap — 7| — As(wmin conclu
vi R L
0-04 I I I I I 1

0.035 .

0.03 -

0.025 .

0.02 .

0.015 .

0.01 .

0.005 | .

0

_0005 1 1 1 1 1 1
40 60 80 100 120 140 160 180

s (Mpc/h) full br/dim
peak better defined in bright (bigger scale) sample
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r BAO peak—environment 1

Newt/E — fuir — VA - QST — ds? — d$f — o | BAO/DR7 — overlap— 7| — As(wmin) | conclu

overlap defn
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r BAO peak—environment 1

Newt/E — fuir — VA - QST — ds? — d$f — o | BAO/DR7 — overlap— 7| — As(wmin) | conclu

0.04

0.03 -

0.02 | -

W 0.01

-0.01

-0.02

40 60 80 100 120 140 160 180
s (Mpc/h) sc NH
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r BAO peak—environment 1

Newt/E — fuir — VA - QST — ds? — d$f — o | BAO/DR7 — overlap— 7| — As(wmin) | conclu

0.04 - - - . . .

0.03 \ ]

N |
A

-0.01

-0.02 - - - - - -
40 60 80 100 120 140 160 180

s (Mpc/h) void NH
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r BAO peak—environment 1

Newt/E — fuir — VA - QST — ds? — d$f — o | BAO/DR7 — overlap— 7| — As(wmin) | conclu

02 [ T T T T T T T
0.15 V -

O

o

ol
I

=

=

o1
1

0.2 - - - - - - -
20 40 60 80 100 120 140 160 180

s (Mpc/h) sc Liiva
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r BAO peak: NH superclusters 1

Newt/E — foir — VA - Q%f ~ ds? - d%” — o | BAO/DR7 — overlap — 7] — As(wmin) | conclu
0-04 I I I T T

0.03 f

0.02

& or &

0.01

_001 1 1 1 1 1 1
40 60 80 100 120 140 160 180

s (Mpc/h)
cubical fit (< 70h~" Mpc) U (> 130h~! Mpc)
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Illl

BAO peak: NH superclusters 1

Newt/E — foir — VA - Q%F — ds? - d%” — o | BAO/DR7 — overlap — r| — As(wmin) | conclu

0.04
0.03 |
Y002 |
S
£ 001}
3
0
-0.01

60 80 100 120 140 160
separation (Mpc/h) full
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1

BAO peak: NH superclusters 1

Newt/E — foir — VA - Q%r — ds? - dCL/” — o | BAO/DR7 — overlap — 7] — As(wmin) | conclu

0.04 . . o
complementary pairs
0.03 |
Y002 |
S
g 001 |
S
0
0.01

60 80 100 120 140 160
separation (Mpc/h)

subset: LRG pairs that do not overlap with superclusters
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1

BAO peak: NH superclusters 1

Newt/E — foir — VA - Q%r — ds? - dCL/” — o | BAO/DR7 — overlap — 7] — As(wmin) | conclu

0.0 - - ——
supercluster-overlap pairs
0.03
Y002 |
S
g 0.01 ¢
3
0
-0.01

60 80 100 120 140 160
separation (Mpc/h)

subset: LRG pairs that overlap with superclusters
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r BAO peak: NH superclusters 1

Newt/E — foir — VA - Q%f ~ ds? - d%” — o | BAO/DR7 — overlap — 7] — As(wmin) | conclu
1 I I I I

08 -

0.6 .

cdf

04 .

0.2 -

90 95 100 105 110 115
s (Mpc/h)
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r BAO peak: NH superclusters 1

2

Newt/E — foir — VA- QST — ds
1

— d“Lff — o | BAO/DR7 — overlap— r; — As(wmin) | conclu

08 |

0.6

cdf

04t

0.2

0

90 95 100 105 110 115

s (Mpc/h) prs = Hx 1071
environment-dependent BAO peak shift: 6% for SDSS DR7 LRGs
Roukema, Buchert, Ostrowski & France 2015 MNRAS, 448, 1660
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BAO peak: NH voids

1

Newt/E — foir — VA -

0.04

0.03
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0.01

correlation & - €. pic

-0.01
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separation (Mpc/h)
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1

Q%F ~ ds? - d%” — o | BAO/DR7 — overlap — r| — As(wmin) | conclu
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BAO peak: NH voids 1

Newt/E — foir — VA— Qf — ds2 — g8ff — ¢ | BAO/DR7 — overlap — r| — As(wmin conclu
vi R L 1 mir
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BAO peak: NH voids

Newt/E — foir — VA— Qf — ds2 — g8ff — ¢ | BAO/DR7 — overlap — r| — As(wmin conclu
vi R L 1 mir
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r BAO peak: NH voids 1

Newt/E — fuir — VA— QSf — ds? - a$ff — e | BAO/DR7 — overlap — 7| — As(wmin conclu
vir R L L
1 - .

cdf

90 95 100 105 110 115
s (Mpc/h) prs = 0.3
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BAO peak: Liivamagi sc’s 1

Newt/E — foir — VA - Q%F — ds? - d%” — o | BAO/DR7 — overlap — r| — As(wmin) | conclu
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r BAO peak: Liivamagi sc’s 1

Newt/E — foir — VA - Q%f — ds? - dOL/” — o | BAO/DR7 — overlap — r| — As(wmin) | conclu
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BAQO peak: Liivamagi sc’s

Newt/E — foir — VA - Q%f — ds? - dOL/” — o | BAO/DR7 — overlap — r| — As(wmin) | conclu
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r BAO peak: Liivamagi sc’s 1

Newt/E — foir — VA - Q%f ~ ds? - d%” — o | BAO/DR7 — overlap — 7] — As(wmin) | conclu

1 Ll I I T
|

08 -
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cdf
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Prs = 3 X 10™°
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r As(wmin) relation 1

Newt/E — foi, — VA - Qff _ qs2 - gff _ o | BAO/DR7 — overlap — | — As(w in conclu
vir R L 1 mi

20 1 1 1 1 1
=
S 15 .
o
2
V)
‘S 10 | \ -
Y4
© ]
S —
O —
< 5} ] 4
(2

O 1 1 1 1 1
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Minimum overlap w,,;, (Mpc/h)

Roukema, Buchert, Fujii & Ostrowski 2015
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r Summary 1

Newt/E — fuir — VA - QS — ds? — d$ — e | BAO/DR7 — overlap — 7| — As(wmin) | conclu

0 non—sc 0 void non—void void

catalogue 1y —7r%¥ 7Y —r ] =y T — Y

N&H 43+16 66*+28 —-02=x4.0 —1.1£5.5
LTS 3.7£29 6.3+26 all in A= Mpc
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r Summary 1

Newt/E — fuir — VA - QS — ds? — d$ — e | BAO/DR7 — overlap — 7| — As(wmin) | conclu
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