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This Lecture

¥ In this lecture series, IOl give a brief overview of some most wid
used tools to test cosmological models against observations

¥ To put things into context, the brst lecture will be an overview of
theoretical possibilities. The idea is to give sufbcient information
people to appreciate the diversity of models, the basic logic of hc
such a huge number of models should be studied, and the need
range of tools/methods/algorithms to study them

¥ It Is not our aim to give a comprehensive review of all models

¥ The next few lectures will be about the tools/methods/algorithms

themselves, and how these can be applied to test models with
observations



Challenge from the Cosmic Acceleration

¥ It is well established that our Universe has been experience a pt
of accelerated Hubble expansion

¥ Although a cosmological constant can explain most data to date
theoretical difbcult to contrive an extremely tiny value that Is
required to match observations

¥ Many alternatives have been proposed, but 20 years on there Is
no commonly agreed preferred model

¥ With observational data to improve vastly in the coming years, it
time to reconsider the whole picture and our position in it, and ec

ourselves with essential tools t@ckle this challenge
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The Previous Cosmological Model

energy momentum tensor
(dark and normal matter)

1
curvatures R, ! §QWR = 8nGT,, Einstein’s equation
a\ % 8
expansion rate a — §7T Gpm
5 A Friedmann equations
acceleration rate o= ! ng(pm + 3Pm)

8 > 0: accelerated expansion
a < O: decelerated expansion



Why does the Previous Model Fail?

energy momentum tensor
(dark and normal matter)

R,UJV ig/WR — SWGTMV
=\ 2
8
(a) = 37om
) A
g = | gWG(pm + 3Pm)
AN
Observations (SNe, ‘Cannot be explained by
BAO, CMB, LSS, etc.): the Friedmann eqn.

S>0 with normal matter



Where could the Previous Model Fail?

modified gravity dark energy
gravity theory 1ncorrect missing matter species
on large scales? ——— m our current model?

" ) mistreatment in applying GR?

(a) NS 8 backreaction
— — —WGpm
a 3

a 4

Observatlons (SNe
| BAO, CMB, LSS, etc.):




Cosmological Constant

¥ ACDM is the current standard cosmological model

¥ he simplest possibility: a mysterious term with constant (in time
and homogeneous (in space) energy density as the Universe ex

¥ But not so simple: quantum Peld theory predicts qguantum
[Suctuations Iin vacuum, which behave like a cosmological consta
macroscopically, but the value is 23Qimes too large!

¥ Commonly assumed that exact cancellation due to some symme
makes this vacuum energy exactly zero, and some other mechai
generates a small value that we observe today

¥ Multiverse & anthropic principle?
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Alternatives?

massive gravity tensor
bimetric gravity (spin-2)

(mo dified source gmw.ty} none new degrees vector teleparallel and f(T) gravity
of freedom (spin-1) Einstein Aether gravity
scalar
(spin-0)
N modified Gauss-Bonnet gravity
(screened unscreened ) > coupled quintessence models
Lextended quintessence models
derivative scalar
coupling type tensor type
¥ constant couplin varying couplin
( DGP braneworld model\C P g> ying coup gD
Galileon gravity c 2
k-Mouflage gravity (f(R) gravity) chameleon models
_ kinetic braiding model ) symmetron models

8 dilaton models




What should We Expect to Learn?

¥ As the previous slide shows, there is a vast number of models, i
of which are phenomenological, despite peopleOs claims that the
motivated by theories of fundamental physics

¥ Cosmological constant (single) vs. alternatives (many)

¥ Observations do not (yet) have sufbcient precisions to reveal the
fundamentanhature of the true model

¥ As such, these models are better to be used as what they really
toy models the constraints on which can tell us how much deviation from
ACDM (in every known direction) is allowed

¥ Conbrmation of no deviation froMCDM will still be useful, as it w
rule out many possibilities and precisely test GR on cosmic scale

9



Should We Study All Models In Detall?

¥ Unlike simpleACDM, many of the non-standard models are very
complicatedimpracticalto study them all in great detall

¥ Many of them share similarities in their cosmological behaviours
unnecessarto study them all in great detall

¥ A more efbcient way is tabstract the most representative models
and their propertiescgategorise them andparameterise them, in the
hope that studies of such models/parameterisations could lead t
generic conclusions?
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Examples of Parameterisations (1)

¥ The simplest and most well-known parameterisation is one that
works for the dark energy equation of state w sdppe

¥ For example: w(a) = w+ wi(1-a)

¥ The parameterisation can be used to study cosmology (e.g., the
background expansion history) without knowing a specibc mode

¥ In appropriate limit, e.g.,av -1, w! 0, the parameterisation gives
the ACDM model as a special case. Therefore, constraints on the

parameters wand w can tell how much deviation frodMCDM is
allowed by observations.
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Examples of Parameterisations (2)

¥ Another often used example Is the parameterisation of the Newt
constant, which often gets modibPed and becomes a function of ¢
and time in non-standard models

¥ For example: G(k, a) in Fourier space

4a°k? + 3 m?
Glk,a) = 3aZk? + SmZGN

¥ Again, this goes back to G(k,a)s@he standard value of NewtonC
constant) at early times (a0) and/or on large scales!(k0).The
parameterisation is controlled by a parameterwhich can be
constrained by observations
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Examples of Parameterisations (3)

¥ At perturbative level, there exists a theoretical framework accord
to which, If certain (reasonable) assumptions are made, then the
equations governing the evolution of large-scale structure have
unambiguously Pxed forms. Such assumptions include:

¥ the model respects general covariance (is a basic property of GR);

¥ the field equations are coupled differential equations not containing higher
than second-order derivatives;

® the basic content of the new physics is known, e.g., it is scalar field;
® the background evolution in the model is fixed.

¥ Will not discuss further here: interested people check literature
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Drawbacks of Parameterisations

¥ |t is a tradeoff between beingfficiently generic and beingeasonably
faithful. For example, Iif a parameterisation only works for one specibt

model, there is no advantage at all; but If it is designed to capture on
or two properties of many models, it will fail to capture all properties
of individual models given the rich diversity of models.

¥ There Is still a degree of guesswork as to what the parameterisation
should look like: it cannot be arbitrary, because otherwise it may not

represent any known model.
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Categorisation + Parameterisation

~Todel A,
| modelB )

parameterisation I

> parameterisation II

| model H

) ——————— parameterisation III
Ngodel 7

Group similar models together before parameterisation
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Halo mass function diff from GR
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By varying the parameter used in the parameterisation, one can
get a range of qualitatively different behaviours seen in many
other models. A representative model that can be a good testbed.
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Scalar Flelds

¥ Scalar belds are the most popular candidates of nonstandard mode
explain the cosmic acceleration, and will be focus of this lecture seri

¥ So what is a scalar beld?

¥ 1tOs a beld that permeates space and exists everywhere, like the far
electromagnetic (EM) Peld. The difference is that an EM Peld is a ve
peld (e.g., the electric Peld as 3 components), while a scalar Peld Is
scalar (I.e., it has one value at each space point)

¥ The beld quanta of the EM beld is photon (spin-1); the Peld quanta
scalar beld is a spin-0 particle, e.g., Higgs boson.

¥ But in cosmology we are primarily interested in classical scalar Peld
(not quantised particles)
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Scalar Fields: Analogy to EM Flelds

vector ﬁeld scalar ﬁeld
examples the EM field the nggs ﬁeld
symbol E,B ¢
energy &° pressure yes yes 3
self mtera,etlon E with M usually yes 3
other 1ntera,et10n | ' charged pa,rtieles eha,rged’ pa,rtleles

dyna,mlea,l eqn.

Maxwell eqn.
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Quintessence Scalar Field

kineti | potential EM analogy

energy density  2(®) = ( 58+ (V () 1, )
pressure P(o) = Egﬁ? 1V (y) y
s V-B = 0 |

V-E = »p

dynamical eqn. O$ + veE+ B -

self interaction vep_ B _ ;5
| ot )

interaction with ] -

other matter
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Scalar Field Dynamics

scalar field in a point mass in
Minkowski space a conservative
dV($) potential

% + = 0

$* s

Y
d
G+ dV($) -0 < S - V(z) _ 0

d$ | | dx
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Scalar Field Dynamics

For understanding its

dynamics, a scalar

field can often be \
thought of as a ball |
rolling down a hill

with a slope
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Scalar Field Dynamics

X + = 0 in expanding universe:

For understanding its

dynamics, a scalar Rx
field can often be \
thought of as a ball

rolling down a hill

with a slope
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Dynamics of a Quintessence Field

If the potential is . . |
sufficiently ‘flat’, the in expanding universe:
scalar field would iy AV (o)
‘slowly’ roll down the
potential hill.

#$) = %$2+V($) ~ const.

P($) = 582 V($) ~ const .

Similar to cosmological
constant!
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Quick Exercises

¥ Convince yourself that the above analogy of the evolution of a scala
Peld to the rolling of a ball in a potential works (we will use it below)

¥ Assuming that d\{{)/dy Is small and therefore can be neglected, solve
the remaining part of the scalar bPeld dynamical equation and explail
why the brst time derivative af will be small
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Dynamics of a Quintessence Field

¥ Small spatial perturbations of the scalar Peld, writtep@&st) = ¢(t) +
op(X,t), satisfy the following linearised equation:

+(V,u (@)dp # 20@# 4 <<19'+ d—ucb)
o a

I
-

green: standard wave equation
blue: damping/friction term
red: external driving force
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Dynamics of a Quintessence Field

¥ Small spatial perturbations of the scalar Peld, writtep@&st) = ¢(t) +
op(X,t), satisfy the following linearised equation:

I
-

If the potential is sufficiently ‘flat’, V o, = A5V (p)/de* is
negligible, and so as the other terms in the red box. The wave
is damped with no driving force; and op decreases in time.

This means that any small perturbation in the scalar field
dies off, and the field becomes increasingly homogeneous.
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Rich Phenomenology of Scalar Fields

¥ The quintessence model described above is perhaps the simplest s
Peld model that is of interest in cosmology

¥ In It, a single scalar bPeld has a self-interaction described by a potent
V(p), and has no interaction with anything else

¥ In practice, however, the lack of clue about the fundamental origin of
the cosmic acceleration means that we cannot simply rule out other,

maore Coim

¥ These inc

nlicated

ude: mu

nossibilities

tiple scalar belds, scalar beld self-interaction

described by a non-standard kinetic energy, scalar Peld interacting v
normal and/or dark matter, scalar Peld interacting with space-time

curvature,

etc.
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Coupled Scalar Field Models

¥ Most scalar Peld models involve some sort of interaction with the re;
of the Universe: normal matter, dark matter, curvature, etc.

¥ Here we consider the most widely studied form of such interaction:

(’ N (' )
N A O
L ~ interaction with
AV (o | other matter
U + d( | C(#)pm |
Ay |
\ Y, ~ _

sélf intera,ction
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Coupled Scalar Field Models

¥ The interaction between the scalar beld and matter will naturally:

¥ change the dynamics of the scalar beld, which can be seen from the
dynamical equation directly

dV (e
oy V)

interaction with

= 0
yad
(dV - other matter
O +( dff)] = (C (s&)pmj

|
A\
N

self interaction
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Coupled Scalar Field Models

¥ The interaction between the scalar beld and matter will naturally:

¥ change the dynamics of matter particles. This change can be written
either in the form of a new force on particle acceleration equations, ¢
as an additional term in the Poisson eqguation (we use the latter here

ﬁ = 4$G! m}ﬁ%{#)! Qﬂ

standard Poisson additional term arising from

equation the interaction with scalar field.
This actually is a nuisance, as

such an extra term is likely to
violate local gravity constraints
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Screening Mechanisms

¥ A great effort in recently studies of scalar beld cosmology has been
devoted to models with Oscreening mechanismsO

¥ These are inherent dynamical properties of the theories, which ensu
that the extra term in the modiPed Poisson egn becomes negligible |
environments resembling those where local gravity tests have been
carried out [this will be calleaew forcelater]

P
o S
7 S

) 292

43G!

C#)! m
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Screening Mechanisms

# — 0 chameleon mechanism
%WH#) — O symmetron mechanism
V# . . :
— 0 Vainshtein mechanism
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Screening Mechanisms

| 2"

o TE
o a#

g # 1> 0
%#) | — 0
Vi

asel, |0

chameleon mechanism
symmetron mechanism

Vainshtein mechanism

To achieve these in dense regions require intelligent design of
the scalar field’s self interaction and interaction with matter
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Vip)

10
|

Chameleon Mechanism & Models

|
¢! Oindense
regions to pass
local gravity tests

e — - -

V(o)

34

¢ away from O in
less dense regions

= 43$G! m + UH#)VH#
= C#)'m




Vip)

10
|

Chameleon Mechanism & Models

S — - - - - - = - - - - = — -

+ Pm

dC(¢p)

de

J

simpliﬁed egn near minimum

[0(7“) % ;exp(# mrﬂ

an extra, force of

Vp =

AV (#)
| # —
T

Yukawa type!

4$G! i + UH)VH#
C#)!'m
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Chameleon Mechanism & Models

GR force (1 particle)

>

many particles

@
O
® o

the new force (1 particle)

many particles

>

Yukawa force:
larger m, shorter range

[p(r) % %exp(# mrﬂ




Chameleon Mechanism & Models

thin shell

dashed circles: regions affected only mass in this thin shell contributes
by the deviation from GR. to new force felt by external particles

The new force produced by
inner particles too short ranged
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Symmetron Mechanism & Models

V(o)

symmetry
broken in low

density regions |

p(p)#0

VO = 4$G! ., + %#)VH#

!#+d\(/i;#) = CH#)'m
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Symmetron Mechanism & Models

GR force (1 particle)

>

the new force (1 particle)

>

B(p) decreases
as the density
increases




Vainshtein Mechanism & Models

¥ Both chameleon and symmetron (as well as dilaton models, which a
similar to symmetron in spirit and so will not be discussed here) type
of modelsrely on some sort of nonlinear self-interaction potential V() to
dynamically drive the scalar field to a state that minimises the new force in
high-density regions.

¥ Though the new force can be as strong as standard gravity in low
density regions, so there is still a cosmological effect.

24 vanishes in dense regions;
large in low density regions
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Vainshtein Mechanism & Models

¥ But a self-interaction potentid(y), which is a nonlinear algebraic
function of the scalar belg, is not the only way a scalar Peld could
Interact with itself.

¥ There can also be what people cadlrivative interactionsvhich
iInvolve nonlinear powers of the scalar peld derivatives in the equatic

| 2H4 | 24 = C#)
| ’illj#! gt
20
LT Ryl L
L2400 I
! #|?
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Vainshtein Mechanism & Models

| 2H4 | 2% = CH#)'m
| %‘!IJ'#! L
20
LTl L R
s AN N E I
! # |

| 20 = 47Gpm + B(p)! o

dense regions: V<¢ small, higher order terms even smaller, V=g
~ C(p)om. New force comparable to standard Newtonian force.

underdense regions: V=g big, higher order terms even bigger,

V=g << C(p)om. New force much smaller than standard
Newtonian force and therefore negligible. Screening works.
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Vainshtein Mechanism & Models

GR force (1 particle) the new force (1 particle)
© > ® >
many particles many particles
o. ® o. ®
.._O. > .._.. )
® o
0o’ 20 S A L >
® 00 ® 00
‘.‘0 '0.0
o o
o ® ® ® o ®
00’ 20 S o’ e s® >
oo o© R X
® o‘o‘o ® o.o.o



Vainshtein Mechanism & Models

Vainshtein radius

dashed circles:
regions unaffected
by the deviation
from GR were the
particle isolated
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Object R | Ts T
Universe |~ 1.2 x 10°° | ~ 4.5 x 10 | ~ 8.6 x 10°°|
Milky Way [~ 0.9 x 10%* | ~ 2 x 10® | ~ 3 x 10% |
~0.7x10° | ~3x10%® | ~35x10%
~6x10° | ~9x107% | ~5x10%
~5x 1071 v 1.8 x 107 ~3x 1071 ]

Sun
Earth
NAtom

solid circle: Vainshtein radius
of the spherical body below which
standard gravity is recovered




GR force (single particle)

deviation from GR (single particle)

deviation from GR (single particle)

deviation from GR (single particle)
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¢°s® Vainshtein mechanism

many particles
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®°e® chameleon mechanism

many particles

symmetron mechanism



Environmental Dependence (Chameleon)

large-scale environment:
super-cluster or super-void

dark matter halo

/ -

star
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Environmental Dependence (Chameleon)

large-scale environment:
super-cluster or super-void

dark matter halo

/

star

galaxy
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Environmental Dependence (Chameleon)

does the Earth have enough particles to
make the range shorter than ~0./mm?

!

J theory passes
are there enough patrticles in the solar J

local tests

system to achieve this?

[ Way Galaxy to achieve this?

are there enough particles in the Milky

are there enough particles in the Milky theory fails
Way Galaxy’s halo to achieve this? local tests
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Environmental Dependence (Chameleon)

does the Earth have enough particles to theory passes
make the range shorter than 0.1 mm? local tests

!

( are there enough patrticles in the solar ]

o~ sk Anaa A flf’/\:f\l'n J-’/\:A‘)

Behaviour of the scalar field on small length scales can be
affected by its behaviour on very large length scales.

This environmental dependence means that one has to solve
the behaviour of the scalar field in the whole system, even if
the aim is to study it on small scales.

The complexity of matter distribution means that numerical
simulations is the only way to make accurate predictions.
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