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(A BIASED OVERVIEW)

TESSA BAKER, UNIVERSITY OF OXFORD.
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Cosmology: RO
- Cosmo. perturbation theory key results. =«
- Application to observations. s
LAEPOTE
Moditied gravity: vy e

- The panorama of theories.

- One method of testing them.




. COSMOLOGY — THEORY



BACKGROUND VS. PERTURBATIONS

“Background’ = smooth, homogeneous, isotropic universe.

ds® = —c*dt® + a(t)” dz'dx;

Plug into Einstein

B Sl

Al

Gl T

field equation :

= Friedmann + matter conservation equations:

e\ 2
a GG

vV, T'=0 = px = —3Hpx (1 +wx)



BACKGROUND VS. PERTURBATIONS

Cosmological L.PT. = first-order description of inhomogeneity.

Linear deviations from smooth universe, valid on large scales.

Think in Fourier space, i.e. collection of modes labelled by k .

In conformal Newtonian gauge:

ds® = —dt* (1 +2V) +a*(t) (1 — 2P) dz”

Together with a perturbed energy-momentum tensor for matter:

0px = px0x, Vx, 0Px, ox
00 O i i
S7(G

Plug INto: 5G'L”/ — — 1 5T,L“/
C



BACKGROUND VS. PERTURBATIONS

...leads to four equations, from the 00, Oi, ii and ij parts of the tensor.

00 + 3H x O0i equations leads to the Poisson equation:

2V2 — 81Cx prAX
X

where Ax =0x +3H(1 +wx)vx

The ij component is particularly simple:

— ZSWGZ,OXOL 1"’(1])()
X
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BACKGROUND VS. PERTURBATIONS

Careful expansion of 5(VIJLT£L) — () yields:

. . 3
A +2HA — §H2AM — ()

where Ay :5X—|—3H(1—|—UJX)UX



BACKGROUND VS. PERTURBATIONS

A . S CLPT ok when
AM? UM) 9 << 1
Semi-nonlinear <
ime?
Cosmological ~ max. scale for regime:
glolgvdely current gal. surveys Nonlinear regime

= simulations
% k

k~10-4 k~5x10-3 Kni~0.1 [h Mpc-T]



Plot: A. Dempsey.

—— H=64.23+-0.94, q=-0.43+-0.13
- = H=56.98+-0.53
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2.COSMOLOGY — OBSERVATIONS



COSMIC ACCELERATION

2

Temperature fluctuations [ 1t K* ]

0.
Planck Collaboration, 2013. Angular scale




COSMOLOGICAL TOOLBOX

‘Background’ = Ho, wpe Perturbations = &, WU, A,

Cosmic Microwave
Background (CMB) Growth rate

(position of first peak)

CMB lensing + polarisation,

Supernovae Integrated Sachs-Wolfe effect

Baryon Acoustic

Oscillations (BAO) Galaxy weak lensing

Local Hp measurements H1 intensity mapping
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‘Background’ = Ho, wpe

Cosmic Microwave
Background (CMB)

(position of first peak)

Supernovae

Baryon Acoustic
Oscillations (BAQO)

Local Hp measurements

20 100 150
Comoving Separation (h-! Mpc)

Eisenstein et al. (2005)
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GROWTH RATE

"Growth rate’: Oln Ay

Real Space Redshift Space

Linear:

Nonlinear
Collapse:

Observer

Dodelson (2003)

Hawkins et al. (2002)



GROWTH RATE

"Growth rate’:

f(z)os(z)

f(a) — density normalisation

Olna

We measure redshift-space distortions (RSDs) in galaxy surveys.

Real Space Redshift Space

Linear:

Nonlinear
Collapse:

Observer

Dodelson (2003)

Hawkins et al. (2002)



GROWTH RATE

"Growth rate’:

f(a) — density normalisation
Olna

Recall:




GROWTH RATE

"Growth rate’:

f(z)os(z)
 O0InAyy 4 4

a) = density normalisation
f(a) Olna

SDSS MGS
VIPERS

|

6DFGS BOSS CMASS

BOSS LOWZ

Planck Collaboration, 2015.




NASA/ESA

GALAXY WEAK LENSING




GALAXY WEAK LENSING

Intrinsic galaxy Gravitaional lensing
(shape unknown) causes a shear (g)

S.Bridle



S.Dodelson

S.Bridle

GALAXY WEAK L

Source at xb.,

m.,ge at X3

Lensing Plane

Us, today

Intrinsic galaxy Gravitaional lensing
(shape unknown) causes a shear (g)

NS TN G

Tensor relating true and
apparent image positions:

90"

A= B0




GALAXY WEAK LENSING

Source at xf, Tensor relating true and
“_ apparent image positions:
mage at xa .
1
A, — %
Y007

Lensing Plane

S.Dodelson

Us, today

1 X co
Ay =dy =5 [ deoo; @+ ) 900

v

contains cosmological distances
+ number density of galaxies



GALAXY WEAK LENSING




3. MODIFIED GRAVITY
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ISN'T GR SUPER WELL-TESTED?

Yes!

Shapiro time delay: Binary pulsars:

Credit: John Rowe Animation/Australia
Telescope National Facility, CSIRO.

‘Screening mechanisms’ protect the GR limit in modified gravity models.



LOVELOCK'S THEOREM

“The only second-order, local gravitational field equations derivable
from an action containing solely the 4D metric tensor (plus related
tensors) are the Einstein field equations with a cosmological constant.”

Siray = Z/Fd‘* R |

Five options:



LOVELOCK'S THEOREM

“The only second-order, local gravitational field equations derivable
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grav — l/r d4 wgb) (V¢)2 N 2V(¢)}

Five options:
1. Add new field content.
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M2
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3.> 2nd order derivatives in the field equations.
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LOVELOCK'S THEOREM

“The only second-order, local gravitational field equations derivable
from an action containing solely the 4D metric tensor (plus related
tensors) are the Einstein field equations with a cosmological constant.”

Five options:
1. Add new field content.
2. Higher dimensions.

3.> 2nd order derivatives in the field equations.

4. Non-locality.
5. Radically change our action principle (emergence).



Einstein-Dilaton- , , o
Cascading gravity Tessa Baker ... Lorenzviolation _  ~ o ) gravity
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l Coupled Quintessence . Einstein-Cartan-Sciama-Kibble :

cpT Padmanabhan Horndeski theories T Torsion theories

thermo.



MODIFIED PERTURBATIONS

2V2<I> — 81C; prAX
X

O — V=0

These relations change in alternative theories of gravity.



MODIFIED PERTURBATIONS

IV P = SWG[L(CL)Z 0xAx
X

O — V=0

These relations change in alternative theories of gravity.



MODIFIED PERTURBATIONS

IV P = SWG[L(CL)Z 0xAx
X

% (® +T) = ¥(a)d

These relations change in alternative theories of gravity.

Rerun all the previous linear PT. calculations with y & > folded in.



MO

D |

ERTURBATIONS

Simpson et al. (2012)
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Simpson et al. (2012)



GROWTH RATE

"Growth rate’:

f(a) — density normalisation
Olna

Recall:
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Simpson et al. (2012)

QVQ(I) — SWG/L(CL)Z ,OXAX
X
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H, + CMB +
@ RsD

B CFHTLenS

B CFHTLenS + RSD

CFHTLenS + RSD
+ ISW + BAO

Simpson et al. (2012)
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