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Abstract: With the emergence of the dark sector in cosmology,& nbsp; a variety of modified theories of gravity have come to the fore. | will discuss
aframework which can be used to test gravity on large scales and the observational programmes that might lead to the tightest constraints.
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Spin-down of the Hulse -
laylor binary pulsar
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The Angular Power Spectrum of the CMB
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The Large Scale Structure of the Universe
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1990
A\ from large scale structure
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“The elegant logic of general relativity theory, and its precision tests,
recommend GR as the first choice for a working model for
cosmology. But the Hubble length is fifteen orders of magnitude
larger than the length scale of the precision tests, at the astronomical

unit and smaller, a spectacular extrapolation.”

Jim Peebles, IAU 2000
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Qutline

The panorama of gravitation
Cosmological linear perturbations

How to parametrize the space of theories
How to measure the parameters

The future
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The Rise of the Dark Sector
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Einstein Gravity

Curvature
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Extending Gravity

* Lovelock’s theorem (1971) :
“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.”

* Ways of dodging Lovelock’s theorem:
- Extra degrees of freedom.
- More than 4 dimensions.
- Field equations > 2nd order in derivatives.
- Non-locality.

- (Sacrifice action principle).
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Modified Gravity and Cosmologv!

Abstract
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THE ASTROPHYSICAL JOURNAL, 163:595-610, 1971 February 1

(€) 1971, The University of Chicago All rights reserved Printed in US A

THEORETICAL FRAMEWORKS FOR TESTING RELATIVISTIC
GRAVITY. I. FOUNDATIONS*

Kip S. THORNE AND CLIFFORD M. WiLLT
California Institute of Technology, Pasadena, California
Recetved 1970 August 24

ABSTRACT

This is the first in a series of theoretical papers which will discuss the experimental foundations of
general relativity This paper reviews, modifies, and compares two very different theoretical frameworks,
within which one devises and analyzes tests of gravity, The Dicke framework assumes almost nothing
about the nature of gravity; and it uses a variety of experiments to delineate the gross features of the
gravitational interaction, Two of its tentative conclusions (the presence of a metric, and the “gravitational
response equation,” V.7 = 0, for stressed matter) become the postulates of the Parametrized Posi
N ewtonian framework, The PPN framework encompasses most, if not all, of the theories of gravity that
are currently compatible with experiment. Future papers in this series will develop the PPN framework
in detail, and will use it to analyze a variety of relativistic gravitational effects that should be detectable
in the solar system during the coming decade.
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Lessons from Parametrized Post Newtonian Approach

* Post-Newtonian limit = weak-field, v << c.

* (Nearly?) all gravity theories share a metric structure:
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Lessons from
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Bergmann (1968), Wagoner (1970)
Nordtvedt (1970), Bekenstein (1977)

Brans-Dicke (1961)
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Lessons from PPN

Spin-down of the Hulse -
Taylor binary pulsar

™
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lime delay, light
Cassini tracking
deflection

Nordtvedt effect, Nordtvedt
Perihelion shift effect

Gravimeter
Earth tides
data

Lunar laser
Orbit polarization
ranging

Solar alignment

Spin precession
with ecliptic

Pulsar spin
Self-acceleration
down statistics

Combined PPN

bounds

Binary pulsar
i PSR 1913+16
acceleration
: . Lunar
Newton's 3rd law
acceleration

Usually not
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Page 19/62



Linear Perturbation Theory
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Linear Perturbation Theory

BICEP

CAPMAP

No Gravity Waves yet...
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Chiang et al 2009
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Linear Perturbation Theory
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Linear Perturbation Theory
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Linear Perturbation Theory
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From PPN to PPr

“Parameterised Post Friedmann”

PPN PPF

Parameterise the metric elements Parameterise the field equations

Up to |0 free parameters Up to 20 free functions
(but most zero) (some zero, some simply related)

Restricted to weak-field regime Restricted to the linear regime
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Extending Einstein’s equations
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Extending Einstein’s equations
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The Beyond-Einstein equations

iii) We have a perturbed Bianchi identity for Uyy:

6 (VFGuw) =0=6(VHUu) =0

|

If unmodified or A-like background the Bianchi identity imposes additional constraints
to ensure consistency with the field equations.

iv) We want second-order equations of motion, therefore:

Constraint equations = dUqg, 0Up;  must be first order in time derivatives.

Propagation equations = ] . (”;” can be second order.

25
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Adding New Scalars
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What is X ?

* Y isa gauge-invariant scalar perturbation to a degree of freedom (d.o.f.)
introduced by a gravitational theory.

Examples: a scalar field = £

a fluid f'”i‘ /):l - w)b. o P, /J(_l W)

a time-like vector field = V,;a

+ metric parts to ensure gauge-invariance.

* How to evolve {?
- eq. of motion from Bianchi identity?
- In DGP and Eddington-Born-Infeld (EBI) gravity the new d.o.f. are effective
fluids. Could we apply this generally?

(1../\'2\ T (IEI\'\: =+ ."\/_3!\"';" = p,.”*rf‘.”‘
“;n/r'.')\ } “;1/5’\T f '}3{ f ,-\[1»/\'3" — (5/)(-!['
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Adding New Scalars
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1) Scalar-Tensor Theory
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2) Horndeski Theory

K(p, X)
(r"l[l*. \}l )
(;HH. .\‘}Il) T (:'5__\ [| ,4”2 1T”v,.f’](v'ﬂvf".’}_.
Gs(0, X) G, (VIVY0) r Gs.x |(O¢)” — 3(0¢) (V,.V.,0) (VEV 0)
)
F2(VHV o 0) (V*V30) (VPV,0)
and \ ('}'“u(')“u ,_’ ‘
Encompasses scalar-tensor, f(R), covariant Galileons, kinetic gravity braiding,
the Fab Four, plus all scalar dark energy models (quintessence, k-essence...) .

Define useful combinations  Gr. Fr. © in terms of the G, and their derivatives.
30
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2) Horndeski Theory
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and \ f'}'“u(')j,u 2.
Encompasses scalar-tensor, f(R), covariant Galileons, kinetic gravity braiding,
the Fab Four, plus all scalar dark energy models (quintessence, k-essence...) .

Define useful combinations G+. Fp. © in terms of the G, and their derivatives.
30
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2) Horndeski Theory
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where
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Zhang, Liguori, Bean and Dodelson
Caldwell, Cooray and Melchiorm

Alternative Approach

* One only works with 2 field equations to close the system: Bertschinger and Zukin
Amin, Blandford and Wagoner
Pogosian, Sivestry, Koyama and Zhao

Bean and Tangmatitham

) 2
Poisson 87G ya“pA

Slip - =}
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Zhang, Liguori, Bean and Dodelson
Caldwell, Cooray and Melchiorm

Alternative Approach

* One only works with 2 field equations to close the system: Bertschinger and Zukin
Amin, Blandford and Wagoner
Pogosian, Silvestr, Koyama and Zhao

So test for violations of these equations.

Bean and Tangmatitham

Pick F| and F; to be related to LHS by dimensionless functions.

Rearrange.

2 : 2
Poisson —2k“V = 8rGna“pla. k, ¢;...) pA

Slip (l) — ".((I.A'.(,')J;...)lp

o\ /

where ~(a. k., d;...) w(a, k, ¢;...)

7,’_1\_“.!’-‘.!’,”._]
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Zhang, Liguori, Bean and Dodelson

Caldwell, Cooray and Melchiorm

Alternative Approach

* One only works with 2 field equations to close the system: Bertschinger and Zukin
Amin, Blandford and Wagoner
Pogosian, Sivestr, Koyama and Zhao

So test for violations of these equations. Bt 100 Tangmatidhas

Pick F| and F; to be related to LHS by dimensionless functions.

Rearrange.

o) ' 9
Poisson —2k*V = 8nG na“p(a, k, p;...)pA

Slip (l) — ".((I.A'.(,'),'...)lp

o\ /

1 fola. k., o;...)
where ~(a.k.od;...) wa, k,d;...

Vfr_:\_ii.lr-‘.i’,”._] . t L_f.lﬁu.f-'.'*,,..'l

* There are a few variants, e.g,

~k*(® 4+ ¥) = 8rGna’E(a, k, ¢;...)pA

35
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Alternative Approach
b =~(a, k)W

o 2k = 87rGna’pla, k)pA

—k%(® + ¥) = 87Gna*Z(a, k)pA

two

* This is fine if you only want to raise a flag for non-GR behaviour.
* BUT the Poisson equation and slip relation don’t generally look like this.

* Y, M and 2 will be complicated functions of initial conditions and environmental

dependence.
Hopati et al. 2011

DES+SNe+CMB
= Each function must be

constrained on a grid of (a,k)
using Principal Component
Analysis .

Z yiqspay

Pirsa: 12050001 Page 41/62



Pirsa: 12050001

Light vs. Matter

* For a perturbed line element of the form:

(1 4+ 2w }H’T3 (1 '_"l’)“,_,r/.r"rf.r"

the equations of motion are:

| d(av)
AVA!/ (non-relativistic particles)

(l rfT
dv

/ Vi(P+ V) (relativistic particles)
aT

* These expressions are independent of the underlying gravity theory.

* Hence we need both CDM/baryons and photons to test for the equality of the
potentials.

Growth of structure, ISW

RSDs and PVs. Lensing (CMB, weak)
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The Large Scale Structure of the Universe
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Growth of Structure

* Evolution of CDM energy density perturbations:

Oar + Honr — 30 — 3HD + k20 =0

* The growth rate of
structure is quantified via

&
dIndy (k. a)

k. a)

A d Ina

* In GR dun = a during matter
domination, so f =|
(independent of k for linear
scales).

Pirsa: 12050001 Page 44/62



Growth of Structure

* Evolution of CDM energy density perturbations:

5,\1 } ‘Hf;.\f 30 — 3HD + k20 =0

Relation to Om has changed

* The growth rate of
structure is quantified via

i
dIndy (k. a)

(k. a

A ) d Ina

* In GR dum = a during matter
domination, so f =|
(independent of k for linear
scales).
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Growth of Structure

* Evolution of CDM energy density perturbations:

Onr + Honp — 30 — 3HD + k¥ = 0

Relation to Om has changed Relation to @ has ch

* The growth rate of
structure is quantified via

&
d In (“_\‘r(/a'. a)

k. a)

A d Ina

* In GR dum ~ a during matter
domination, so f =|
(independent of k for linear
scales).
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The ISWV Effect

Late-time modifications affect the ISW plateau via

OO0
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1000

Zuntz et al. 2011
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The ISWV Effect

Late-time modifications affect the ISW plateau via

OO

00

LOO)

o0

2000)

1O00)

Zuntz et al. 2011
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CMB Lensing

— Power spectrum

1.0, D, of the CMB

— 0.0, D

i 0.4

lensing potential

0.5. D ().2

ACT data

Lensing probes
both potentials via:

/(«b - W) W (x)dx

I

geometry

Planck forecast errors

= Essentially no constraints at the moment.

42

Pirsa: 12050001 Page 50/62



Pirsa: 12050001

Ultra-large

scale surveys

k (h Mpe™!)

Systematic effect

due to stellar Ross et al (BOSS) 2012

densities
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Ultra-large

scale surveys

k (h Mpe™!)

Systematic effect

due to stellar Ross et al (BOSS) 2012

densities
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Radio surveys and total intensity mapping
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Redshift Space Distortions

Redshaft space

Real space I
Lanear vegune

Tuwnaround

pal!

Guzzo et al 2008
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Weak Lensing: state of play

1.65x10-4
®
10-4
5%10-8
0

6l arcmin |

COSMOS: Schrabback et al 2010

Pirsa: 12050001 Page 56/62



Cross correlating data sets

LA B AR | L

GR + ACDM

fiR)
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2 4 6 810 20 40
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Reyes et al 2010
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The State of Play
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The Future

Soon: ground-based galaxy
weak lensing.

Soon-ish (2018): Euclid mission.
Space-based weak lensing and
redshift-space distortions.

The future? The Square Kilometer Array (2020
onwards).An almighty survey of radio galaxies
to high z = RSDs,

peculiar velocities, BAO; also
continuum mapping.
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The Future

Redshft
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Summary

The large scale structure of the Universe can be used to test gravity.

There is a immense landscape of gravitational theories.

We need a unified framework- “PPF"- for constraining such theories.

We need to focus on linear scales (for now).
Signatures on large scales and growth rate.

There are a plethora of new experiments to look forward to.
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