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Standard model of cosmology: core assumptions

* Hot relativistic Big Bang

e« Gaussian initial conditions

(adiabatic, Inflation) =) Lk °°5”T‘ﬁF”“¢'?hﬁEés'E i
- global homogeneity and isotropy &&=
(early Universe ok, late-time under scrutiny) S

bl 1 1 1 T 1T T 1 1
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[l = i—H\-dLI._ ..ul‘tlU‘..Ailzi'-t i - T 1T 1T 1T 1T 1T 1 3

‘Dominant Dark I\/Iatter .y

(detected in CMB, physrcal nature unknown)

el 1 | _lad

* GR Is theory of gravity on aII scales

(tested only on Solar System scales and strong-field regime) ~——>
Gravity
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GR - a successful story (of metric)

General Relativity is a metric theory. Einstein field equations can be
derived by varying the Einstein-Hilbert action integral with respect to metric.

1

—_— / dtz/—g

L(g, matter)

16wG

Einstein's cosmological
constant

1 4

metric of space time
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Paving the road to new paradigm

..y In 1859 Urbain Le Verrier showed that slow
precession of Mercury's orbit perihelion could not be
explained by Newton's theory of gravity.

waen A cOnjecture — hypothetical
planet Vulcan as a cause of
the anomaly.

Vulcan was never discovered.

Instead the Newtonian theory was
iImproved to GR

This project has received funding from the European Union’s Horizon 2020 research and ( g,:

innovation programme under the Marie Skiodowska-Curie grant agreement No. 748525. B S —



Testing GR/DE - bold task of XXI century
extra-galactic astronomy

FEed=shift distortions

Shear correlations, IEW

Cluster

Cluste

Galaxy satellites

Stellar Dynamics

Galaxy SL .

Adapted from Jain&Khoury (arXiv:1004.3294)

2.001 0.01 0.1 1 10 100 1000
Mpc

DARK ENERGY
SURVEY

This project has received funding from the European Union’s Horizon 2020 research and ( g,:
innovation programme under the Marie Sktodowska-Curie grant agreement No. 748525.

MARIE CURIE ACTIONS



Charting MG. From GR to the land of dragons

Diagram of Modified Gravity plethora of treasure trove

Einstein-Dilaton-

Gauss-Bonnet Cascading gravity

rentz violtion

-~ Conformal gravi
Horava-Lifschitz Al

i : R
Strings & Br:lnes\ f ( )

f(G)
Randall-Sundruw

Higher

al RyuREY,
R, etc.
Kaluza-Kle

or

;Aeth er .

Generalis
of Se

iigravit
Gauss-Bonnet ,.g/ Y

Lovelock g

MOND
arXiv:
1310.1086
12092117

T T EAT S T TR LR i r:lns:em-t...armn-:n:mma«mnme:

1107.049| : p; b e T S e

1110.3830 - Horndeski theories Torsion theories [ Tessa Baker 2013
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MG is even more non-linear then GR

To model and study the growth of cosmic T=380,000 yrs.
structures we need high-res N-body simulations

This project has received funding from the European Union’s Horizon 2020 research and ( g,:
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Beyond GR - looking for cosmological effects

P(k) = <|5k|2> Power spectrum of density fluctuations

Linear evolution equation for density perturbations. flsVaale) o2 dD "
‘ U da
0?0y, L Qc'z Aoy, M e kA 1nGpy ) 6 . . dln D
; —— = 4 0 k— V. ' dlna
ot? a Ot a? :
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MG predict ehnaced growth of structures

GR —
nDGP ©,,=0.0124

nDGP Q,.=0.434 -----
z=0 dark matter

— —k

) o
(45 -
L T

power spectrum [Mp{:":’h"ﬂj
(]
ha

b . o
0.2 ..
L] | (| O —aeode -

Sl T S——

-0.1 .

AP(K)

FIG. 5. The matter density power spectrum computed at z = 0 for
our fiducial GR model (solid line) and two nDGP flavours (dotted
and dashed-dotted lines). The shaded region illustrate the cosmic
variance error. The bottom panel illustrates the fractional difference
of both MG models w.r.t. the GR case.
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Do not trust baryons, they make up everything
(more complicated!)

__ Puchwein et al. 2013

©
n

O
®

| —— |fro| =107%,107>,107°
== |.E;Q{]| = 107 nonradiative hydro
....... | fro| = 107%,107>,107° estimated AGN

Puchwein & Springel 2013 ACDM, CSF
= Puchwein & Springel 2013, ACDM, CSF, winds, AGN

|
=
b

power spectrum enhancement P / Pxcpm.pm — |
=
o

—04 = = wvan Daalenetal. 2011, ACDM, CSF. winds, AGN —
1 1 L L1 I ] 1 1 L 1 L1 1 I i 1 1 L 1 Ll
10~! 100 10!
k [h /Mpc]
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Do not trust baryons, they make up everything
(more complicated!)

100 1 I LI ll I L] L I I . | | LI ll I I L || I | I B
I P(k) —— Poolk) —— Hellwing et al. 2016 -
L Po) — f Paolk) —— 1

L VD11 AGN —— =TT | Polk) ——

. f b Pomo<Pi ——

vvvvvv

< 1 IJ’ I’
>P; //‘ ! K
II '1
T 7 7 ,,v,’- 7 T f/"//f/,
/ //”’ o

o

/’ /{4 j / s /

0 0.1

o
1

[ 17 idlths (44 1A i
0.1 1 k [h/Mpc]

' 4 accelerating business
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RSD and the conspiracy of the damping tail

P,(k, i) = D(kpuay) Py (k, ju, b). (24)
where
Do) = {exp[ (ko )]

/(1 + (kpoy)*)
and
Py(k, 1, b) =
¢ bA(k) Pys(k) + 202 fbk) Pss(k) + i f2Pg (k) (mod. A)
b(&)Pﬁa +2,u fb(k)Pss(k) -t-;.t“"f"Pm;{k) (mod. B)
b*(k) Pys(k) + 2u* £ (k) Psg(k) + 1 £ Pag (k)
\+Calk, s fob)+ Cplk, s f, b) (mod. C)

by
bk) =
bLbxi(k)
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RSD and the conspiracy of the damping tail
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Signhal modeling is degenerated with assumed gravity!

P,(k, i) = D(kuoy) Py (k, 1. b), (24)
where
D(kum):{ﬂpl (kpay) 4]

1/[1 + (kpoy)]
and
Py(k, i, b) =
¢ b b(k) Ps(k) )4 2u° S blk) k) + n? f Py(k)  (mod. A)
b(R)P () + 21 _ﬁb Jﬁ{k + _L"Pm; (mod. B)
bA(k) Pyg(k) + 2> £ b(k) Pyg (k) + p1* £* Pag (k)

A+ Calk, s f,0)+ Calk, s f,b) (mod. C)
| b
b(k) =
by by (k)
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RSD and the conspiracy of the damping tail
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Gravity agnostic modeling leads to theoretical bias

0.98 — . . : : .
= +$1:84 MG
+$1:81 GR
0.96 | T
Ben Bose
* ®
0.94 |
'-‘--l-.._t T
0.92 L L
=] I E
0.90 | J. -
Ben Bose

.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22
‘lﬁrrm..r [ll/h’IpC]

Bose, Koyama, WAH, Zhao, Winther 2017
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What about direct velocity data?

10 + HOD LRGs galaxies G112 —&— ~
Hellwing et al. (PRL, 2014) -0.5v,; —
lllustrative error: c""5"""H ub

1o in z ~60-80 km/s (like
In 2DFGRS and SDSS)

-
-

.. = - -

velocity [x100 km/s]
n

separation [Mpc/h]
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What about direct velocities data?
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Signal is model independent but there are big systematics

] { RNDO (Copernican) SN -
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Cosmo gravity probes list of bad deeds

Theoretical bias prone
* Weak lensing statistics
* RSD clustering probes
 Cluster mass comparison

Solution?

- Look for model independent

observable.. or/and

- Study galaxy formation in acles

MG regime. Istics
LSS clustering probes
Cluster mass comparison
Galaxy satellite dynamics
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Cosmic density field: A Gaussian random field

Planck sat Wick's theorem for Gaussian fields

R

(6(ky) . ..d(kgpy1)) =0
(0(ky)...0(kyp)) = X, I (00ki)dk;))

all pair associations p pairs (i.j)

Primordial fluctuations:
Very close to Gaussian

Final galaxy distribution: i
significantly non-Gaussian |
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Non-standard GR tests: clustering amplitudes

Skewed Left Symmetric Normal Skewed Right
Long tail points left Tails are balanced Long tail points right

‘\\ Pl e
d /

Mean < Median < Mode Mean = Median = Mode

Figure 1. Sketches sh . me

1an < Mean

a population.

Baseline: Kurtosis value of 0 Positive kurtosis
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Non-standard GR tests: clustering amplitudes
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Non-standard GR tests: clustering amplitudes
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RSD mild for clustering amplitudes!

i (LG A L L B I N B AL _
5 — Top-Hat smoothing —| SKEWNess in real space
: e () = 1.0, redshift space:
B i 7] 34 6 -2/63
w - o 01 = 0.1, redshift space | S3 = — +=(£2 /63 _ 1)—(n+3).
"“A 4 — {1 = 1.0, real space * 7 7
© = 25 M
‘}:\ - 0 . real space - ] ]
o - 1 Skewness In redshift space
k4 3= == 35.2
I £ 1 O - 1.15(n + 3).
A = B
> -
- Hivon et al. 1995 4
[ | § | P | [ |l [P oy} ! il

Both terms affected by RSD
by similar amount

(in mildly non-linear regime).
Overall RSD effect largely
cancels out!
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Take home messages

 Crucial to test GR on cosmological and
Intergalactic distances.

 Clean test (both for GR and MG) are hard to achieve:
degeneracies leading to systematics effects.

« Outlook for difficult but cleaner methods (i.e. velocities,
hierarchical clustering in RSD)

» Really need MG-hydro galaxy formation run to test most
of the methods against baryonic effects (happened for
f(R) — see Christian Arnold's work/talk!
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