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Newton vs Einstein

models — QZA — a¢ — Vir — DT - soft — acpe(t) = 9Qp — Conclu

Universe = space—time
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r FLRW (> ACDM) models 1

models — QZA — a.g — Vir — DT — soft — acrr(t) = Qp — Conclu

B Einsteineq: G=81T+ Ag
B stress—energy tensor:
“dust:” p:=0, T=pu®u
B homogeneity assumption of FLRW

—
iInhomogeneous curvature is ignored,

*
€ evolution of average curvature is ignored;
*

non-linear structure grav. collapse—+virialisation process is
relativistically ignored

Steps towards relativistic cosmology UJ 14/07/2017 - 2



Average on a domain D

QZA -
-
100
50
33 0
.50
-100
0 50 100 150 200
x (Mpc/h)

Steps towards relativistic cosmology UJ 14/07/2017 - 3



r scalar averaging: Raychaudhuri eq 1

models — QZA — ag — Vir— DT — soft — acse(t) — Qp — Conclu

averaged Raychaudhuri eq [RZA2, PRD arXiv:1303.6193, (9)]:

7 4G Mp, a2,
b _ T h ;"+QD+A,

remove a free parameter by setting A := 0
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r scalar averaging: Raychaudhuri eq 1

models — QZA — ag — Vir— DT - soft — acse(t) — Qp — Conclu

averaged Raychaudhuri eq [RZA2, PRD arXiv:1303.6193, (9)]:

ap 4nG Mp, ap,  Qp
ap 3 Vp, al 3

where kinematical backreaction [Newtonian case: BKS,
arXiv:astro-ph /9912347, I1.B., (5)]

2
Qp =2 (I), — §<I>D2 ,
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r scalar averaging: Raychaudhuri eq 1

models — QZA — ag — Vir— DT — soft — acse(t) — Qp — Conclu

with invariants of the peculiar expansion tensor [Newtonian case:
Buchert 94, MNRAS arXiv:astro-ph/9309055]:

I(v};) =

—

r(vz)—v =V-v

»J

1) = 34 [or (03] - e[ (2)°]}
— %( —U v )
= V- ( (V-v)~ (v-V)v)
ITI(v',) = det(v').
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http://arxiv.org/abs/astro-ph/9309055

r scalar averaging: QZA

models — QZA — a.g — Vir - DT — soft — acrr(t) = Qp — Conclu

2 (y1 + Eyp + E23)

%P e, + & (L), + € (),
where

(71 — <Hi>z — % <Ii>%

¢ e =6 (IM), — 2 (IL); (Ii),

s = 2 (), (ITL), — 2 (IL)2

QZA = Op Zel'dovich approximation:

B algebraic structure same in Newtonian and GR cases
B initial invariants conceptually differ

B initial invariants numerically approximated for zero curvature
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r Volume averaging 1

models — QZA — agg — Vir — DT — soft — acse(t) — Qp — Conclu

instead of verbal averaging (FLRW > ACDM): mathematical averaging

> o a%(t))”?’ _ (ZD a%(t))l/?’

Qe () 1= ( S 1 -
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r QZA model 1

models — QZA — aggr — Vir - DT — soft — acrr(t) = Qp — Conclu

B FEinsteineq: G=81T (A:=0)

ap: domain-averaged scale factor and Raychaudhuri equation for ap
(“silent” universe) on a spatial domain D

non-linear scales but no shell-crossing (gravitational collapse)
Raychaudhuri + Qp analytical approximation (QZA)

calculate global average scale factor:  acg(t)

expected result: generate a.g(t) =~ agqs(t) instead of assuming it
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r Biscale example: QZA

models — QZA — agg — Vir — DE - soft — acse(t) — Qp — Conclu

OO P T A S S R
0 5 10 15 20

t (Gyr)
arqs; = 0.005, expanding domain D™:
(Dp-» (I p-, (HI)p-) = (0.005,0,0) (“planar” case)

non-linear ap-, ap+ cancel
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r V = virialisation model 1

models — QZA — a¢ — Vir— DT — soft — acse(t) — Qp — Conclu

Next step: how can we model virialisation?

B Newtonian: virialisation backreaction term: —(II'%/p) ;?
[Al Roumi 2011; (2.20), (2.22), (2.23)]

B GR: P3? [Mourier+2017]
I.e. add local negative effective pressure to T? TODO!

B GR initial approximation: assume standard EdS virialisation
overdensity:

ap(t > teon) := agas(teon) /(187T2)1/3

B /s this GR? It violates T = pu ® u, but not G = 87T

B /s this Newtonian? a.g(t) will not be agqs(t).
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r initial conds: ACDM proxy 1

— soft — (t) — — Conclu

obsvns = HEl FES i L 677437747 53 km /s /Mpc
( arXiv:1608.06004 Roukema-+2016)

L4p— B 5 .
1.2} § dope HE' T
s |8 e AR T
00.8 | : EdS +
©0.6 RZA(P:) =
S ~ ACDM ?
0.4 |

2 4 6 8 10 12 14 16 18
t (Gyr)
RZA = relativistic Zel'dovich approximation (PRD arXiv:1303.6193)
TCfA4+CRAL sims N-body + RZA : work in progress. ..
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r VQZA model 1

models — QZA - acg — Vir— DT — soft — acrr(t) = Qp — Conclu

B FEinsteineq: G=81T (A:=0)

B ap: domain-averaged scale factor and Raychaudhuri equation for ap
(“silent” universe) on a spatial domain D

B non-collapsed domains: Raychaudhuri + Qp analytical
approximation (QZA)

grav. collapsed/virialised domains:

assume stable clustering (V)

[implicitly: introduce local negative effective pressure pi® into T
virialisation statistically halts gravitational collapse

V+QZA implicitly represents including p¥* in Einstein eq RHS

calculate global average scale factor:  aeg(t)
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r Biscale example: global evolution

models — QZA — aggr — Vir— DT = soft — agge(t) — Qp — Conclu

1.5 ——
e iﬂ

S spherical
— planar

0902 4 6 ¢ 10 12 17 16 18
t (Gyr)
arqs; = 0.005, expanding domain D:
(<I>D; , (II)Di_ : <HI)Di_) = (0.01,0,0) (“planar” case);
(0.01,107%/3,1075/27) (“spherical” D~ case); (0.01,107%,0);
(0.01,0,1079);
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r Biscale example: ap- 1

models — QZA — aggr — Vir— DT = soft — agge(t) — Qp — Conclu

1.9

e I
1.8 | <<%§)1;i,<<11§1’;§o i+
17 + spﬁerlcal _|_+ _
16 + planar _|_+ .

v 4

2151 4+t ++++ .

S 14| 4T :|:+iii++++ .
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S — ¥
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1.1 t 42
1
0 2 4 6 8 10 12 14 16 18
t (Gyr)
— FLRW; + QZA
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r Biscale example: D~ curvature

models — QZA — aggr — Vir— DT = soft — agge(t) — Qp — Conclu

3.5

= - T TITZ0
= 3] L2 0
= + spherical
T 25 + planar
2y b
ﬁ 1.5} +_|_.|.+
g 1 ks T +++++++++++++ |
i 0.5} ; H[++++++++++++ |
%(2 0

-0.5

0 2 4 6 8 10 12 14 16 18
t (Gyr)
Hamiltonian constraint interpretation
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r software 1

models — QZA — aggr — Vir— DT — soft — agge(t) — Qp — Conclu

MPGRAFIC — initial conditions (GPL, f90)
DTFE — measure I, II, III (GPL, C++)

INHOMOG — evolve QZA,; stabilise virialised domains (GPL, C)

RAMSES-SCALAV — extension of RAMSES as front end to the above
(Cecill, f90)

B start at http://bitbucket.org/broukema/ramses-scalav

Steps towards relativistic cosmology UJ 14/07/2017 — 15


http://bitbucket.org/broukema/ramses-scalav

r- VQZA a.q(t) -

models — QZA — agg — Vir — DE — soft - acer(t) — Op — Conclu

1.8

. E

16} = 025 Wec/?

141 —— 1.0 Mpc/h
3o | TEp=2 Mol
s 1.2 P AEDM ]
£ 11 =, |
= 081} T
o :
30.6 7=

0.4} prd

0.2} -

002 4 6 6 10 12 17 16

t (Gyr)
Lyox = 8Lp = 2Lptrg = 16Ly
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r- VQZA a.q(t) -

models — QZA — agg — Vir — DE — soft - acer(t) — Op — Conclu

1.8

. E
5 M
16| = $3Me
141 — 2.0Mpc/h
< 4.0 Mpc/h
121 — 80 Mgc/h
o) + ACDM

1}
0.8|
0.6 |
704
0.2

0

le fact

2 4 6 8 10 12 14 16
t (Gyr)
Lyox = 8Lp = 4Lptrg = 8L N
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r- VQZA a.q(t) -

models — QZA — agg — Vir — DE — soft - acer(t) — Op — Conclu

1.8

. E
. 1.0 Mpc 72
Lo 353 MBCZh
141 4.0 Mpc/h
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S 19| —— 16.0 Mpc/h
s 1217 ACDM
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le fact
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t (Gyr)
Lyox = 8Lp = 8Lptrg = 4L N
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r- VQZA a.q(t) -

models — QZA — agg — Vir — DE — soft - acer(t) — Op — Conclu

1.8
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Sq1o|ll— 8.0|\/|8c/h
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Lyox = 64Lp = 2Lprrg = 2Ly

Steps towards relativistic cosmology UJ 14/07/2017 - 19



r Qp =10

models — QZA — agg — Vir — DE — soft - acer(t) — Op — Conclu

1.8

. E

16| — 93 eel

141 — 2.0Mpc/h
< 4.0 Mpc/h

121l — 380 Mgc/h |
o) + ACDM
£ 11 .
S T, 0
i)0.8- s d
§0.6 - ‘

0.2+t A#

0

0 2 4 6 8 10 12 14 16

t (Gyr)
iIf ignoring kinematical backreaction: Op :=0
~ cf Racz+2017

Lyox = 8Lp = 4Lptrg = 8L N

Steps towards relativistic cosmology UJ 14/07/2017 — 20



r Qp evolution

models — QZA — a¢ — Vir — DE — soft - acsr(t) — Q@p — Conclu

102

10t } ;
100 ‘h ! ' i I \( ¥ /.
%610—1 ‘/ gt
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104 , , , _ | —— 8.0 Mpc/h
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t (Gyr)
mean kinematical backreaction
VQZA Lyox = 8Lp = 4Lprrr = SLy

Steps towards relativistic cosmology

UJ 14/07/2017 — 21



r Qp evolution 1

models — QZA — a¢ — Vir — DT - soft — acsr(t) — Q@p — Conclu

0.1 —
~—— 55 Mpc/T
— RN
—— 2.0 Mpc
0.08 } 4.0 Mpc/h
—— &I MBS

OO 2 4 6 8 10 12 14 16
t (Gyr)
median kinematical backreaction
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r mean curvature evolution

models — QZA — ag — Vir — DT - soft — acsr(t) — Q@p — Conclu

=1

ol 20 Mpe/h |
4.0 Mpc/h
25 . = 8.0Mpc/h
0 2 4 6 8 10 12 14 16

t (Gyr)

mean scalar curvature

Steps towards relativistic cosmology UJ 14/07/2017 — 23



r mean curvature evolution

models — QZA — a¢ — Vir — DT - soft — acsr(t) — Q@p — Conclu
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r super-EdS growth vs f,;

models — QZA — ag — Vir — DT - soft — acsr(t) — Q@p — Conclu
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100 VQZA simulations with Lp = 2 Mpc/h®" and
Lyox = 8Lp = 4LpTre = 8Ly
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r Conclusion 1

models — QZA - a.gr — Vir - DT — soft — acpe(t) = 9Qp — Conclu

B assume EdS initial conditions, matched to ACDM obs proxy
B evolve Lagrangian domains (QZA) [silent universe approximation]

B biscale no-virialisation (QZA): |aeg(t) — agqs(t)] < 1
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r Conclusion 1

models — QZA — a.¢f — Vir — Dt _ soft — a.er(t) — O — Conclu
eff eff D

assume EdS initial conditions, matched to ACDM obs proxy

evolve Lagrangian domains (QZA) [silent universe approximation]
biscale no-virialisation (QZA): |acg(t) — agas(t)] < 1

assume stable clustering [implicitly: local statistical acceleration] (V)

2000 VQZA simulations at resolution 2563
Lisg = 2.5701 Mpc/h°t = a.4(13.8 Gyr) ~ 1 (16% above EdS)

B 'DE" provided at order unity level from typical non-linear structure
scale with this virialisation model

Can better GR virialisation models avoid this?

Roukema arXiv:1706.06179, submitted A&A
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