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The Cosmological Constant

The Einstein equations can be extended to include a
cosmological constant
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In a FRW universe filled with a perfect fluid the
resultingFriedmannequation is
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The Acceleratin@yniverse

The deceleration parameter:
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In a flat universe:
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If the cosmological constant contributes sufficiently to
the energy budget of the universe it will accelerate




The Accelerating Universe

If the universe is dominated by a perfect fluid, with
equation of state
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The acceleration equation
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tells us that the expansion of the universe will
accelerate If

w < —1/3



Type la Supernovae

A white dwarf in a binary system accretes material fron
Its companion
A As the mass approaches ~1.4 solar masses it becomes

unstable, and runaway thermouclear reactions result in an
explosion

The Pinwheel Galaxy and SN2011fe. Image Cedliulton 5



Type la Supernovae

A white dwarf in a binary system accretes material fron
Its companion

A As the mass approaches ~1.4 solar masses it becomes
unstable, and runaway thermouclear reactions result in an
explosion

Type 1la&Snaeare standardizableandles

A This allows us to determine their luminosity distance from
the inverse square law
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Supernova Hubble Diagran2014

740 Type la Supernovae
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The Contents of the Univers014
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Is it Really a Cosmological Constant?

Dashed lines = cosmological constant
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Cosmological Constant: Why is the value-zero but
so small
Expected
pee ~ M*

Observed
pa ~ (1072 eV)?

Phase transitions in the early universe induce large
changes in the vacuum energy

Such a large hierarchy is not protected in a quantum
theory
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The Cosmological Constant Problem

Field Theory Prediction:
M*
3H M}
The old cosmological constant problem:
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constant?
The new cosmological constant problem:
Why Is the cosmological constant small but not zero?
The coincidence problem:

Why is the value chosen so that the cosmological
constant dominates today?

Sz;’l —

11



The Cosmological Constant Problem
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Solutions to the Cosmological Constant Probler

There are new types of matter in the universe
A A perfect fluid can cause acceleration if
w < —1/3
A But no matter species that we know of satigfiys

The theory of gravity is wrong

A General relativity is not a good description of gravity over
very large distance scales

A E.g. the graviton could have mass and so there is a maximul
distance (the Compton wavelength) over which gravitational
Information can be sent
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Quintessence

The universe is dominated by a new type of matter
described by a scalar field

V(o) |
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The scalar field evolves according to
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Quintessence

energy density

end of radiation-matter q begins to
inflation transition dominate
redshift
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why the cosmological constant is not huge
A Still have to tune the parameters to match observations

Caldwell. Physics World 2000 15



Degravitation

Sources of size larger than a characteristic scale do nc
source a gravitational field

A Similar to a band pass filter in electromagnetism

The cosmological constant is constant over all of time
and space

A Would be filtered out of the gravitational field

Can be done if the graviton has a mgsaut this is a
difficult thing to include in the theory

Small value protected from quantum effects

Dvali Hoffman, Khoury. 2007 16



Problem: New fields and New Forces

Trying to solve the cosmological constant problem
iIntroduces new scalar fields/particles

These fields will interact with normal matter

As they are scalars (spin 0) this means that there woul
be a new, 5th force in the Universe
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Dark Energy Scalar Fields

The existence of fifth force is excluded to high
degree of precision
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The Chameleon

Scalar field theory
or with non-trivial self
Interactionsand
couplingto matter

The sphericallgymmetric, statiequationof motion Is

1 d AV p(r)

g e = i M - Vet (9)

Chameleon screeningelies on a nodinear potential,

o AP
Vig) = Y

Khoury, Weltman(2004). Image crediNanosanchez 19



Varying Mass
The mass of the chameleon changes with the
environment

Field is governed by an effective potential
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V eff —
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Low density : High density :

Warning Relies on norrenormalisibleoperators,
no protectionfrom quantum corrections



Chameleon Screening

The increased mass makes it hard for the chameleon
field to adjust its value

O gy

“— Chameleon

\ Newtonian
potential
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shallower than for standard light scalar fields
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The ScalaPotential
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The parametek determines how responsive an object
IS to the chameleon field

When m, 1 is small the ratio of the acceleration of a
test particle due to the chameleon and gravity Is:
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Screening mechanisms

Start with a noAinear scalar field theory
ASolve the equations of motion for the background

The Lagrangian for fluctuations (to second order):
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Large Z makes it
hard for the scalar
to propagate
- Galileons

Small makes the
Interaction with

Large m means the =~ matter fields

- Massive gravity scalar only weaker
_Vainshtein propagates over - Symmetron
mechanism shorter distances

- Chameleon 23



The Galileon

On flat spacdime the Lagrangian is

]. . 9 c3 IIRY. C4 _ Ch _
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La(m) = (om)* ([I1]* — [11%)) .

5 o . . I, = d,0,m.
L5(m) = (0n)* ([T]? — 3[I][IT%] + 2[11%]) . ‘ ;

The Lagrangian respects (up to total derivatives) the

symmetry

m(r) = m(x) + bzt +c,

Nicolis Rattazzi Trincherini2009



The Galileon

The equations of motion are

There are never more than two derivatives on a field
This avoids Ostrogradski ghosts



Fifth forces & the Vainshtein effect

Spherically symmetric, static equations of motion, nea
an object of mass M
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The force can be made substantially weaker than

gravity If nonlinearities become important
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Observational constraints
Matching the cosmological background expansion car
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This is potentially in conflict with

I Lunar laser ranging observations
I The history of structure formation

Initial conditions which lead to small changes in G leac
to large evolutions in the equation of state of the scalar
field in the recent universe

This leads to a significant tension with observations

BabicheyDeffayet EspositeFarese2011. Appleby, Linde2011,2012



Observationg What do we need?

Better understanding of the expansion history of the
universe

Other ways to test whether gravity works as expected
on large distance scales

Direct ways to look for new fields in the laboratory

28



The ExpansioHiistory of the Universe

The cosmic microwave background light has travelled
through (almost) the whole history of the universe

92
88

- 84

16 |

0.8
-1 80

Wa
°H

- 76
0.0

o 72

—0.8

~1.6 e
-20 -16 -12 -08 —04

Wo

CMB only constraints, no supernova data

Planck2013 results XVI. Cosmological Parameters. 29



Near Future for Supernovae Observations

Dark Energy Survey, (Blanco Telescope, Chile)

A Will measure around 4,000 type la supernovae out to
redshift ~ 1

A Five year mission. First year of data being analysed now

dw /da

Wa:
I

Dark Energy Survey Science Program 30



Gravitational Lensing

Herschel: SDP 130

Keck & SMA:

LENSED IMAGES OF
DISTANT GALAXY

FOREGROUND
GALAXY

Image credit: NASA/Jaltech/T. Pyle



Weak Lensing

Most galaxies we see are lensed by about 1%

A No useful physics from looking at one galaxy (especially a:
not all galaxies have the same shape)

Look for alignments:

Galaxies randomly
distributed

Slight alignment

Image credit: Esrocutt IfA, Edinburgh 32



Weak Lensing

Weak lensing tells us about:
A The distribution of dark matter in the universe

A The background evolution of the universe (does lensing

change with time?)
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Redshift SpacBistortions

Does gravity affect matter and light in the same way?
A Anisotropic stress / slip:

ds® = —(1 4+ 2U)dt* + a(t)*(1 + 2d)di*
n(k.a) = —g
The gravitational attraction between a cluster and
surrounding galaxies causes them to fall towards the
cluster (peculiar velocities)

A This changes their apparent redshift, but only for motion
along the line of sight
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Redshift Space Distortions

miialhng virialived coherent
galaxies E— \ flows
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Image credit: David Parkinson
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Constraints on Modified Gravity

Combining weak lensing and redshift space distortions
VU(k,a) =[1+ p(k,a)| Yar(k, a)
(U (k,a) + ®(k,a)] = [1 + Z(k.a)] [Tar(k,a) + Per(k, a)]

Ho + CMB +

25¢ @ RsD
2t B crHTLens
15h B crHTLens + RSD |
__| CFHTLenS + RSD

1t +ISW+BAO T

0.5¢
Ho
0

-0.5}
At
1.5t
2t
-2.51

-3 2 1 0 1 2 3

Simpson et ak013 36



The Future of Cosmological Observations

Euclid satelliteg launch planned for 2020
Will use all of these techniques (and more)
. SUUSN) aSyaarAuA@gAaue |yR F
atmosphere

Image Credit: Euclid Consortium 37



