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Summary

Modify gravity and Dark energy models are alternative
scenarios for explaining the late-time acceleration of the
Universe.

Provide simple analytical formulae for the equivalent dark
energy effective fluid pressure, density and velocity {for
modify gravity and dark energy models.

Implement the dark energy effective fluid formulae in the
Boltzmann solver code called CLASS.

Derive constraints from the latest cosmological data.
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The Standard Cosmological model (ACDM)

Five pillars

- General Relativity - The Big Bang Nucleosynthesis

- The Cosmological Principle _ The Hubble law

- The Cosmic Microwave Background
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Einstein equations

Friedman - Lemaitre - Robertson - Walker (FLRW) metric
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The Standard Cosmological Model (ACDM)

The Universe is expanding.... but also accelerating!
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ACDM simplest candidate

Fits most data sets. Good phenomenological model



Modified gravity theories

Why we need to go beyond GR ?

/ \

Small scales (UV) Large scales (Infrared)

Not renormalizable Dark ener
(only at first loop) >

Modified gravity theories can be / \

String/quantum gravity inspired
due to corrections expected Add extra scalar field Modified gravity
in higher energies

Quantum fields in curved space. Birrel and Davies 6



Explain the late-time acceleration of the Universe

2 leading approaches

e N

Dark energy Modified gravity
{:;'THH — Hj_l_;y + (" " ) (;;;y T (+ o ) — H'T__:'..E.I.-"
Keep GR introduce new fields and particles Covariant modifications to GR

\ /

Effective Fluid Approach

Departures from GR can be interpreted as an effective fluid contribution

Background Linear perturbations
Variables describin 2 .
. 5 w {-[1] equation of state cg(a, k) sound speed
the fluid
’.'I'I'I[LI, .IEE} anisotropic stress

The linear order perturbations could in principle be distinguishable from
the standard cosmological model



Theoretical framework

Perturbed FRW metric ds* = a® [—(1 4 2W)dr* + (1 — 20)dz*|  scalar

0 _ i= . &

First order of perturbations Iy = (p+ 0p)
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Theoretical framework

Evolution equation for the perturbations

—

< Cady E 2 u=0
VT =0 | S b = —(1+w)(@—3P) 3ﬂ (c Ew) o
6 = —S(1=3w)f— b+ Tk - o+ ET s

Scalar velocity perturbation vV = (1 4+ w)6

: : 3
Anisotropic stress parameter g = > (1+w)o

aH al\ p
pr | —
vr.fT — 1) |:> 4 2 5P )2 2 k2
V':—(]—3w) = —|—(]+w) — VY ———7
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Modified Gravity and Dark energy models

[

Effective fluid approach for specific models:

Toy model: {(R)

Horndeski theory

\ Y
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The effective fluid approach

1 ;
S — ﬂ /d-lI"l.,.-’ _gf(R) —|—/d4'.{.'£_.1,-_f {g#If; ]I'[_-'H)

Field equations G, — % (f(R) — RF) guv + (90 — V, V) F = T

s
F=f'(R)

Eff. Fluid approach ) Gy = K (Tﬁfﬂ + Tﬁfﬂ})

1
KT = (1= F)Gpy + 5 (f(R) = R F)guy — (900 =V,V,) F

VAT(DE) =0
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The effective fluid approach

1

H'T[;DE} — {1 o F}G,mf + E(f(ﬁ) - R F}g,uy — {gpy - ?,u?v) I

pv

Background Egs. -

H? = %ﬂg (pm + PDE)
- H = = ((pm +3Pn) + (705 + 3PpE))

Effective DE density and pressure

kPpp = % —H%)a® —2FH?/a® + HF Ja® — 2H/a® — FH/a® + F /a?
KPDE — —%+3?{2/a.2—3%F/a.2+3F?{/a2
O equation _-ﬂ¥f+2(M%JHWHz—%F+{2+ETH—Iq
of state DE =

a2f — 6(H2 — HF + FH)
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The effective fluid approach

1
KT = (1= F)Gu + 5 (F(R) = R F)guy — (900 = V,V,) F

Effective pressure, density and velocity perturbations

0PpE

PDE

opg = (.)OR+ (.)OR+ (.)U+ (.)D + (..)d
(1+wpr)fpr = ()5B+[)5R+()‘I'—I—()(I} + ()‘I)

= (L)IR+ (L.)OR+ ()R +(.)¥ + (L) + ()P +(...)d

@_@:%m In GR =0!

_ 1 k2 i
PDETDE = —— (FrOR+ (1 —F)(® —W))

K A
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Sub-horizon approximation

Modes deep in the Hubble radius = ‘;’ a’ > H 2

Neglect time derivatives in the linearized Einstein equations

412 22
oR ~ " (3 " 1
2 F.H
2 11+ 4%?
a” Gery _ Gefr/GN =
2 2 F R
a _ 11 +25—
o = ArGN5QersPmOm Qeff = P
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Growth of matter perturbations

We know that there are matter perturbations...but how do they grow?

- Growth of matter density
Om + 2H by — ATG N ‘ﬂmém — perturbations
I T on sub-horizon scales
Gefy
perturbation
- /
5 — 0P Measure how
n Pm matter clusters

\ background o



Sub-horizon approximation

Anisotropic parameters

n=-g and v = % Departure from GR
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Sub-horizon approximation

1
KT = (1= F)Gu + 5 (F(R) = R F)guy — (900 = V,V,) F

Effective pressure, density and velocity perturbations

0PpE

PDE

opg = (.)OR+ (.)OR+ (.)U+ (.)D + (..)d
(1+wpr)fpr = ()5B+[)5R+()‘I'—I—()(I} + ()‘I)

_ 1 k2 i
PDETDE = —— (FrOR+ (1 —F)(® —W))

K

= (L)IR+ (L.)OR+ ()R +(.)¥ + (L) + ()P +(...)d

F R

Apply repeatedly b — P = 2 R
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Sub-horizon approximation

Effective pressure, density and velocity perturbations

0Ppg _ 1 25% +3(1 + 55%}1‘5‘%_2 Pm 5
PDE 3F 1+ 35% PDE

11-F+502-3nkte ;

A ~ =5,
YT F 143k 2k pDE
F1 _l_ﬁkzﬁ _“.I".I'E
Vbe = (1+wpr)fpr =~ T L
2F 1 + 35 =2 ppE
k* F r -
- EI? Pm
P = - 3k Lz ﬁﬂEﬁm
o ACDM == 0
128 Bn 4 31 4 5k Bryfog—2
2 a2 F a2 F _
.DE = 3 - pp— f(R) = R — 2A
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The Hu & Sawicki (HS) model

, c(R/m?)"
1 + co(R/m?2)n

c1, co are two free parameters, m? ~ Q,,0H3

F(R)=R—m

After some algebraic manipulations

2A
+ (&) lim f(R) = R—2A
‘Small perturbation around ACDM .y ;

b— oo

Background. Analytic approximation b~ [0.001—0.1]

Hps(a)? = Hy(a)*+b6H,(a)®+b° §Hy(a)* +- -
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V=>01+w)6b

DE equation of state

-098—— . -
R (HS)
~099} '_,.4*’ ‘\.\‘ _
N TN
L —-1.00f" R L T —— il
g i *H'h.: __________________________________
— b=0 TS
—101k==mm- b=0.006 T _
R b=0.020
 meeem b=0.050
_1D2 ] ] | ] | ] | ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ]
0.0 0.5 1.0 15 20 25 3.0
z

Hu & Sawicki model ~ Q ~ =0.3

b e [O, 0.05]
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Numerical solution of the evolution equations

-y __10-4 |
0.0005F % fro==10""
0.0004[ % :
&~ 00003F , + e DES -
= A H ]
g N Y e HS
© i Yol i

0.0002F \ % :

i NS 1

: '.'i *s :
0.0001F \ :
0.0000} e e

0.001 0.005 0.010 0.050 0.100 0.500 1

d

Qmo = 0.3, k = 300Hy and fro = —10~*
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Numerical solution of the evolution equations

(HS)

1072+

107

[f(a@)l

1078+

— Op(a)

! — V(@) -
1U—11_ - 5DE(H) _
Voe(a) |

0.001 0.005 0.010 0.050 0.100 0.500 1

d
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Horndeski theories

Most general scalar-tensor theory whose equations of motion contain derivatives up to second order

S [_{}'HU._, !.’J] — / l’fl L/ —( Z Ei [ghm-_l “] + f".ru, [.q,uu-_' "t.":l:rﬁrfl
: | i=2

-'EQ = K {{!61';{]
Ly = —Gs(dX)0
Ly = Gi(d,X)R+ Gyx (6, X) [(Oh)* — ¢ ]

_ 1 | : | _
‘E'r‘ . Grj ({’6‘}:) GF*’*""E'#F” Ecﬁ}f {m-x}:} [[:Dfxt’:]j! } Em!}rﬂ.ﬁ'rfr #:t ";“Hufﬁ”ymu]

¢ Quint- X = —18,00"¢
\ essence
Scalar field (

Kinetic term

-Branﬁ— ]
\ . Dicke- }

arXiv: 1807.09241 53



Horndeski theories

e f(R) theories

Rfr—1f ¢  _ f.m
= — (s, = ——=  where ¢ = ==
k 2K : 2VK M
e Kinetic gravity braiding
K = K(X) G; = G3(X) Gy = i
e Non-minimal coupling (NMC) model
K = wo)X =V(o) Gy = 1 ﬁ Gz = 0
- -..r.-l:) T () T4 — EFL_ 9 e

2

Higgs inflation w(¢) = 1, V(¢) = A (¢® —v?)" /4.



Horndeski after GW170817

15 . - —16
GRB170817A+GW170817 —3-10 P = ¢fe—1<T7-10
arXiv: 1710.05901
Cqg = | +|!’.“t<= ‘ H;j+{3+ﬂ'ﬂf}|Hﬁi} +|:1+f.¢]kghfj =0
!
tensor speed excess propagation eq. of GW scalar-tensor gravity

sound speed
tensor perturb.

Gux ~ 0, (G5 = constant

ds? = — (14 2U(Z, 1)) dt* + a(t)*(1 4+ 2®(Z, t))dz"

Ly = K(¢p,X)

Ls = —G3(¢,X)0e
Ly = Gi(d, )R+ -Gt it |
E g E E ;Fa F—: :i,:{uf ]':-:1' . '

B | | II'.|!-J!--"'. ﬁ Y 1 ””_
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More on Horndeski theory

A. Background
K — 6 (Gag+ 8Gax ) — (3H? +2H ) (£ —2G4) +2 (6 + 2H0) Gas +20°Cags

Wnpe = ) .
?Kx — K +3¢3HG3x — ¢2Gag +3H? (£ —2G,) — 6H Gy

B. Perturbations

Gravitational Field Equation E gi _ _T{m]'
s L4
9 H

. - .2 UE
(0,0) AP+ Azdod+ A;.;%‘I‘ + AW+ (A{jz_z — .I'i') dgp — ppdy =0

. . . , . . )2 2 - Je2
(5:1)  By® + Bydp + By® + Bybp + BsW + Bg—® + (57 + ay) 5 + (HH—2+H.J) v =0
(' i1

(0,2) O d + b+ C3 0 + Cydp — ap:‘f” =
(i,) i£ ] Ga(V4®)+ Gypdp =0
4 4
Scalar Field Equation vH Z J; _ Z P;
—2 i=2

. . . . }2 k2 2\ k2
Ul'[.t:" + L}Eﬂm—F UH‘I’ -+ U:lfj{.f.?—Fﬂﬁ‘l‘r + (L}TE + JUH) '[D' + (ﬂij— - ﬂfd) l’hf.f.? + (U][p—. -+ Ull) "E["' = []
' a



Gravitational and Scalar Field Equations

k* k=

k? k> k?

BE_E{I) + Bs—?"l" + BT—EL?EP = ﬂ._,
L 0 a

Subhorizon and quasi-static approximation

k?/a® > H?

2

k2 k2 5 k
D;—® + ( Dg— — M? | ¢ + Dyp—5¥ ~ 0
(1 il i1

Geﬂ'

2 | (BsDg — B2) & — BgM?
T/ a

GN  (A2ZBg + B2Dg — 2AB7B;) & — B2M?2

(A¢Bg — BsBr) prmdm

O =
" (A2Bg — 2A44BsB; + BZDy) &, — BIM?

QEH —

2| (AsBr — BsDa) & + BsM? |

(A2Bg + B2Dg — 244B:Bg) & — B2 M2
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The Effective Fluid Approach

Gy adding and substracting the Einstein tensor on the LHS of\

Eq. (1) and moving everything to the RHS we can rewrite the
EOM as the usual Einstein equations plus an effective DE fluid

Qlong with the usual matter fields. .

4
Gravitational Field Equation Eq.(1) E g:w — lTFET]'
2
=2

4
_{(m (DE ]
G = 1 (T +TED) ) 0P = C.-2%Y G,
=2

= ()0 + ()0 + ()00 + (L)W 4+ LIV 4 (L) + (L) + (L)

()0 + ()0 + (LU + (L) + ()D
Ve = (1 4+wpe)fpe = ()00 + ()6 + (L)W 4+ (L) + (.)d

=

=

s
I
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The Etfective Fluid Approach

5;:’: = (0804 (8D 4 ()B4 ()T ()T + ()4 ()D+ ()b
dpe = (=)o + (L)de+ (L) + (L)D + (..)D
Vbe = (1+wpe)pe = (...)0¢ + (..)d0 + ()0 + (L.)d + (...)d

Subhorizon and Quasistatic approximation

Horndeski models with DE anisotropic stress Horndeski models with NON DE anisotropic stress
(744 L(@+1)  kEF2p {B —A)

— I = — — — m = (

e+¥ Gf; EE{I} e K PDE .?:7 -|- j:a + .7:9 {I} 1];[ DE
. L2 - B

. 1 2 dPpE 1 —gﬁz + 3

dPpE 1 E—;r}—l + %"{FE + 3 pm — ~ H pm &

— = f4 L2 — "jm .IGDE 3 FI- + —I;FFE] PDE

PDE 3Fs  SFs+ —=Fs  PDE

, f—|— Fs+Fg p
S-F?-F%;Fa—l-fg Pm E:I' 7 a?- 8 9 _Pm

dpE = —0 MFE+5F  Ppe
%Fﬂ"‘ié‘;ﬂ PDE " a?v 6

Orm

=
=
=
¢

k , cFro+F
y R%EFIU‘F»FII . 5 Vpg ~ a—f ;ﬂ j:ll Pﬁ'm .
DE = — 5 DE
§F5+Fﬁ poE T
3 A A
- . 2 ER+F
2 _ 0PpEg l oo f1+ =zF2+Fs G SHR S SR )
sDE = 75 - 3E 12 - -
PDE FFT + EE'FE + Fo Quintessence, K-essence

Kinetic Gravity Braiding
f(R) Designer Model (HDES)
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Designer model (HDES)

Background exactly equal to that of ACDM model but perturbations given by the Horndeski theory

Modified Friedmann Equation Scalar Field Conservation Equation
K(X) o 2
—H (a)* - {3 + HiQm(a) + 2V2X°?H(a)Gax +3XKx = 0 iE —6XH(a)Csx —vV2VX Ky =0
(
Q= Q+c

(Gax(X),K(X),H(a)) » H=H(X) and solve the system

Family of Designer Models

JN2XH(X)?  J/2XQ%0 C __2J.H'(X)
_ 2 c v A, 3% X)) = —
K(X) 3HE 0 + =g — o ax (X) 320,00
|HDES |
. 3. X5 % 2J,co/ " X Mm
X _ C _ \/EJCED X _ 2 _ ﬁ-}c\/}_(ﬂh.ﬂ ‘ _ ctn
H(a) K(X) H20,,  Hofo O Ga(X) 3SHZO, 0
n=1 - - a=1 |
{].5:- 05 D.E;

< o0l ] < ool l = o
_{]_5'_ ] _osk i 05/

10 05 10 15 20 25 3 30

'1'8.-3' '

_1_ 1 11 1 11 | 1 L1 1 L1 1 1 11
3.[] 0.2 0.4 0.6 0.8 1.0



Numerical solution

A) Full-DES. Numerical solution of the full system of equations.
B) Eff. Fluid. Numerical solution of the effective fluid approach.
C) ODE_Geff. Numerical solution of the growth factor equation.

D) The ACDM model.

- - 2 2
(0,0) A;®+ Axdo+ AH%@ + A0+ (‘4"'2—2 — ;1-) 0 — prdy =0

A . . - . - : k2 k* . k*
_) {3:'3} Hl'@—l—ﬂdﬁtﬁl-l—Bi®+ﬁ4ﬁ$+ﬁﬁw+ﬁh—2¢+ (H?_E —|—3Lﬂ') ﬁi.’I:"—F (BH—J+B.3)1H:H
i) i1 (1

A ]"’{-n

(0,1) b+ Cuddp+ C3U + Cydp — —z

(i,7) i £ 7 Ga(V+P)+ Gapddp =0

=0

vV 3/6P
| 8 = —314+w)d — ——= - — —wd
B[ V., T" =0 =) a’H a\ p
| V k2 5P k> 2 k2
V= —(1-3w)— — +(l+w) ==V — S ——
( w)a +32H Iz + w)azH 3a2H

H' of ﬂm Ge GJF .
C) @+ (g + ) = s e @ =

2)_ 5(a) = aoF [_i‘!l_i 1= (1=
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Growth of matter perturbations

d log o,

Define growth rate f(a):  f(a) = T
log a

However, the measurable quantity is fo8=f(a)* o 8(a)

‘5:'?':{"-1 -
fﬂ',{-; (-ﬂj = ﬂlém{(l T80 where JE,[:H.} = jmiliﬂ'gau R = 8h~!'Mpc

Redshift dependent rms fluctuation of the linear
density field with spheres of radius R.

J.=J./Ho and & = co/H} ™ =1

Qo = 0.3, k = 300Hy and 059 = 08 n=2J.=5-10""

32



fos(z)

Growth of matter perturbations

0.6}

 ACDM
----- - Eff. Fluid
—--—- Full-DES
f " i ODEges |

021

0.0 0.5 1.0 1.5 2.0
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Numerical solution of the evolution equations

0.60

' (HS) _ Fullf(R) |
0.55} — Eff. Fluid -
0 el — ACDM
N7 B (N I e O I R SR Qe ODE e
. 0457
o 045!
o
“ 0.40}

0.0 0.5 1.0 1.5 2.0

Z

Future surveys: Euclid and LSST mmmm) Constrain with higher accuracy
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HDES: Modifications to CLASS

V., k> 6P ? 2 k2
V' = 1 -3 1+ w || 7
EFCLASS = — u) a?H p P A m}ﬂ.zH 3a2H
TpE =0
Using oPpr 1 SFQ +F3  fm
PDE 3 i—*‘ﬂ 1+ %;FE. pDE

T - 2
jﬂ = .}Ca.-'JH:] 1’-1.111:1 — E{}f.-'JH[Tﬁ_ =1

M? =1
- s a | 2
Kineticity ag ay = din M, _ 0
. ' dlna
Sraiding ap o _ A2 al(n-2)H(a)#
M, running o)y T H2n2Q,, o
Tensor speed ar N 4v/2\/coJ.H(a)™ %
B = SH[% il ﬂm 0
ar = 0

hi_class implements Horndeski’s theory in the modern Cosmic Linear Anisotropy Solving
System. [t can be used to compute any linear observable in seconds, including cosmological
distances, CMB, matter power and number counts spectra.
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low-1 multipoles TT CMB spectrum

" ACDM
_ EFCLASS
_ HICLASS

100-AC,"/Cypi cLass '

| (En,jc,n}={1,2-1ﬂ‘3,1}3

20

|

= [ o |

— [ | —
—TT—T—T—T T T

I
=
[

03—

0.2

10

50

11|
100

Qo =03, n, =1, A, =23.107° ,h = 0.7 and (&, J..n) = (1,2 - 1072, 1)
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Data for the MCMC

Liot = Lsnia X Lao X Lu) X Loevme X Larowth
2 2 2 2 2 2
Xtot = XSnla T XBAO T XH[E]- + Xemb T Xgmwth

1048 data points from Pantheon, 3 from the CMB shift parameters,
10 from the BAO measurements, 22 from the growth and 36 H(z) points
Total: N=1118.

z H(z) ou Rel. =z H(z) on Rel z  fos(z) o5ee(z) 5,
0.07 69.0 10.6 [110] 0.48 07.0 62.0 [111] 0.02 0.428 0.0465 023
0.09  69.0 12.0 0.57 06.8 3.4 [91] 0.02 0.308 0.065 0.2
0.12 68.6 26.2 0.503 104.0 13.0 . , , .
0.17 83.0 8.0 0.60 87.9 6.1 [03] 0.02 0314 0048 0.266 11
0179 75.0 4.0 0.68 02.0 8.0 0.10 0.370 0.130 0.3
0.199 75.0 5.0 0.73 97.3 7.0 [03] 0.15 0490 0.145  0.31
0.2 72.9 206 0.781 105.0 12.0 0.17 0.510 0.060 0.3
0.27 77.0 14.0 0.875 125.0 17.0 0.18 0.360 0.090 0.27
0.28 88.8 36.6 0.88 950.0 40.0 0.9% 0440 0.060 0.27

0.35 82.7 84 0.9 117.0 23.0 [111]

0.352 83.0 14.0 1.037 154.0 20.0 0.25 0.3512°0.0583  0.25

0.3802 83.0 13.5 1.3 168.0 17.0 0.37 0.4602 0.0378  0.25
04 950 17.0 [I11] 1.363 160.0 33.6 [114] 0.32 0.334 0.095  0.274
0.4004 77.0 10.2 [108] 1.43 177.0 18.0 [111] 0.50 0.488 0.060 0.307115
0.4247 87.1 11.2 [108] 1.53 140.0 14.0 [111] 0.44 0413 0080 027
0.44 826 7.8 [03 1.75 202.0 40.0 [111] 0.60 0.300 0.063 0.97

0.44497 02.8 12.9 [108] 1.965 186.5 50.4 [I114]

0.4783 80.0 9.0 [I08] 2.34 222.0 7.0 [1I5] 0.73 0437 0072  0.27

0.60 0.550 0.120 0.3

0.86 0.400 0.110 0.3
1.40 0482 0.116 0.27
0.978 0.379 0.176 0.31
1.23 0.385 0.099 0.31
1.526 0.342 0.070 0.31
1.944 0.364 0.106 0.31

EEEEEEEEEEEEEEEEEEE%E%E




HDES MCMC

Model Qo 100€2,h° J. h o8
Best-fit values
ACDM 0.311 £ 0.006 2.243 4+ 0.014 0 0.680 £ 0.004 0.758 &= 0.025
HDES 0.313 = 0.006 2.240 4+ 0.014 —0.309 4+ 0.244 0.678 =0.004 0.911 = 0.0658
23 Model X AIC  AAIC  Axaike Information Criterion (AIC)
& ACDM 1087.64 1095.68 0
E 2.25 Q HDES 1086.30 1096.35 0.678
S 22
218 —_ AAIC < 2
0. statistically equivalent
= -0.5
-1,
0.7 :
MCMC codes
~ 0.68
https://members.ift.uam-csic.es/savvas.nesseris/
0.66
1.
ﬂ
alleviates"E 0.8
tension
0.6

0.3 0.32 0315 22 225 23 -1. -05 0. 066 068 0716 0.8 1. 38
O 100+, H° Je h o



Conclusions

Theoretical expressions for the effective dark energy pressure,
velocity and sound speed (Effective Fluid Approach).

Presented Designer Horndeski models (HDES).

Numerical solutions for HDES in Good agreement with fo8 data.

Our EFCLASS modification is accurate to the level of ~0.1%.

MCMC on our HDES model. Both models are statistically
consistent.
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Thank you for your attention!

farXiv:lSl 1.02469 R.Arjona, W.Cardona, S.Nesseris\

arXiv:1904.06294 R.Arjona, W.Cardona, S.Nesseris
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Back-up slides



Numerical solution of the evolution equations

(HS)

1072+

107

[f(a@)l
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— Op(a)

! — V(@) -
1U—11_ - 5DE(H) _
Voe(a) |
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d
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Why GR is not renomalizable (only at first loop)

=i () = () X

Primitive degree Coupling dimension
of divergence

P

[Au] >0 Super-renormalizable
— [Ay] =10 Renormalizable
[Au] < 0 Non-renormalizable

¥

SRS

GR ) ‘—{_T'l.,

[GN] = —

I

1
Jnrfﬁ' ..'

Fermi Th. === . [Gr] = —
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Renormalizing GR to first loop order for Ricci scalar

R — H-G{EF#;;)R —I_ ﬂl(g.l‘iw) _|_ E'Q(g,l'-l'-lf")

Hﬂ(ﬂ#v:‘ =1

1
a1(gu) = (E — E) R —  Conformal coupling and Gauss Bonnet term

1 s 1 1 /1 1 /1 .
ﬂ-ﬂ{ﬂw) — mRmﬁ;ER — mﬂa R&.S — g (E — 5) LR + § (E — ‘E) R

| /
f

Higher order corrections to GR

Quantum fields in curved space. Birrel and Davies.
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RMS

O (a)
og(a) = OR,0
Orm (1)
2R, %) = / CW2(RR)A2 (. )i—k
’ .
. -, (sin(kR)  cos(kR)
WkR) = '3( (kR)? (kR)2 )
A*(kz) = 4xk’Ps(k, 2)
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CLASS

the Cosmic Linear Anisotropy Solving System

The purpose of CLASS is to simulate the evolution of
linear perturbations in the universe and to compute
CMB and large scale structure observables.
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Akaike Information Criterion (AIC)

Assuming Gaussian errors the AIC estimator 1s given by

2k, (ky + 1)
Naat — kp — 1

AIC = —21In Lanax + 2kp +

k

p number of free parameters

smaller value implies a better fit to the data

AAIC = AIC 0401 — AICHin To compare different models

4 < AAIC < 7 Positive evidence against the model with higher value

47

AAIC > 10 Strong evidence

AAIC <2 Consistency of the two models



Gy — XGsy — XGsx o

G —2XGyx — X (GH.;;EH _ G5¢)

5 e — [ -
~3.10 P <efe—1<T7-10

cg = 1+ ay
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General Relativity quartic/quintic Galileons [13, 14|

quintessence/k-essence [47]

Fab Four [15]
de Sitter Horndeski [50]
Guvd”¢” [5], f(¢)-Gauss-Bonnet [53]

Brans-Dicke/ f(R) [48, 49
Kinetic Gravity Braiding [51)

Horndeski

Derivative Conformal (19) [17] quartic/quintic GLPV [18]

Disformal Tuning (21) quadratic DHOST [20] with 4, # 0
quadratic DHOST with 4; =0 cubic DHOST |23

Viable after GWI1TOB1T Non-viable after GW1T0817

beyond H.

Ezquiaga et al. 1710.05901




Growth rate data

Surveys can provide measurements of the perturbations in terms of the
galaxy density 6g:

matter perturbations

/

5, =bs,
N

bias parameter

Early measurements: ﬁ:% b e []?3] Unreliable datasets of B(z)

fogla) = ggmﬁicraﬂ ‘ Independent of the bias

Nesseris et al. 1703.10538



Future surveys

Euclid Consortium

A space mission to map the Dark
Universe

Launch is planned for 2021

Science operations
starts in 2023

Opening a Window of Discovery on the Dynamic Universe



https://www.euclid-ec.org/

Weak Gravitational Lensing

a »
D'
. .
vs ‘ - >
" » - »

strong: “angles” weak: “distortion”

* weak lensing

* lensing via large-scale structure

(— weak distortion and magnification)



Redshift space distortions

linear flow non-linear
l T structu re
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Redshift-space distortions are an effect in observational cosmology where the
spatial distribution of galaxies appears squashed and distorted when their
positions are plotted in redshift-space (i.e. as a function of their redshift)
rather than in real-space (as a function of their actual distance).

The effect is due to the peculiar velocities of the galaxies causing a Doppler shift
in addition to the redshift caused by the cosmological expansion.



https://en.wikipedia.org/wiki/Observational_cosmology
https://en.wikipedia.org/wiki/Redshift
https://en.wikipedia.org/wiki/Peculiar_velocity
https://en.wikipedia.org/wiki/Doppler_shift
https://en.wikipedia.org/wiki/Expansion_of_space

