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Reading list

* “Dark Energy” Amendola & Tsujikawa, Cambridge University Press
* “Dynamics of Dark Energy” Copeland, Sami & Tsujikawa hep-th/0603057

* “Modified Gravity and Cosmology” Clifton, Ferreira, Padilla and Skordis
arXiv:1106.2476

I”

* Beyond the Cosmological standard model” Joyce, Jain, Khoury and Trodden

arXiv:1407.0059

* “Cosmological Tests of Modified Gravity” KK arXiv:1504.04623
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Basic assumptions

sotropy and homogeneit

* |sotropy
CMB fluctuations

[ e————— W Band

-200 Micro kelvin +200 ESA P | a n C k
A

— ~10"

* Homogeneity
galaxy distribution

2dF galaxy redshift survey



* Friedmann-Robertson-Walker (FRW) metric

2 A2A42 2 |y ]
ds® =—cdt” +a(t)"y; dx'dx
sin? y
ds.? = yijdxidxj =d 2 +1 4 >(d92 +sin? 9d¢2)
sinh? y

J

(3) Rijkl — K(yikyjl _yilyjk) . 3D curvature

el =]



Basic assumption (2)

* General Relativity (GR)

1
G, =R, —ngR =87GT
eometr
. Matter g y matter

T =(p+P)u“u +Po* u“ =(-10,0,0)

* Bianchi identity
V“G, =0 =5 VT =0



Friedman equation

* Einstein equations

2
a 871G K
H (t)* = (_) = P~3
a 3 a

E:_@(p+gp)
a 3

* Energy-momentum conservation

p+3H(p+P)=0, p=> p

* Two of these equations are independent
Three unknown quantities a, p, P
==) we need to specify the equation of state W= P/ o,



Basic assumption (3)

* We introduce dark energy in addition to “known” matter such as
baryons, cold dark matter and radiation and assume that they satisfy
the conservation equation independently

5 +3HA+W)p =0, W =L b o 20
%
* equation of state 1
" :g’ Wy, =0, Wpe =

* Density parameter

87Gp K
Q. = L Q, =— E Q. =1
- 3H° ‘ (aH)’ i




What we measure

e Distance assumption (1)

ds =d z* + f (7)? (d6? +sin*0dg?), f, = . sinh (V=K z )

J-K
t ¢ ., C gz dz' H(2)
=) amy = . E(2) =
| to.a(t ) a,H, jo E(z) | Ho. @ . N
* Luminosity distance and angular diameter distance
- a
dL — fK (Z)(l-l— Z) redshift 1_|_Z:€0
. ' AO

d j—
A (1+2)°



* Age of the universe

dz'

t_j dt = H ‘1j

* The present day Hubble parameter

H, =2.13x107*

E(z)(1+ z)

H,'=9.78x10°h™" years
cH,'=2998 h™ Mpc

h'GeV

e Distance at small redshifts

1
d ~d,=cH;z

ey

T T T L 1 1 T I
Planck

WMAP9

Ceplheids+SNe|o

Carnegie HP

HST Key Project

UGC 3789

RXJ1131—1231

SZ clusters
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Riess et.al.
arxiv:1604.01424
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A new constraint from gravitational waves

e Gravitational sirens (GW170817)

i : — b(Hy | GW170817) Distance to a neutron star merger in NGC4993
1 1 Planck!’
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| | | |
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Theoretical predictions

* Now we use assumption (2) and (3)

E(2)'=Q_,1+2)°+Q,,[1+2)" +Q,,(1+2)°

+Qc exp{Bjo dz T

e LCDM model

,1+WDE(Z')}

Woe =—1, Q... =Q,, (Q,=8x10")

* Distance measurements
Supernovae d,
Cosmic Microwave, d,
Baryon Acoustic Oscillations dA

mag. residual
from empty cosmology

effective mp

| g
?i*f
L . Supernova _
) : i —
% Project
20+ , |
18 L |
¢ Calan/Tololo
-l &CA
16 — |
14l | l ‘ l
1.0 | l ‘ l
0.5 j |
T
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QoﬁﬁT
£ L
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1'0 E | x | L
0.0 0.2 0.4 - N !

redshift z

Qyp Qp
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This is what we found

Supernova Cosmology Project
Suzuki, et al., Ap.J. (2011)

1.4

1.2
Union2.1 SN la
Compilation
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Supernova Cosmology Project
Suzuki, et al., Ap.J. (2011)
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Cosmological constant

* Action jd X\/i R—2A)

166

Einstein equations G, +Ag,, =8zGT
877G K A A
H?=—p-—+ =——-=
I

a 4G A
—=——(p+3P)+—
" 3 (p+3P) 2

cosmological constant does not diminish by the expansion of the universe and the
expansion of the Universe accelerates a > (



Why should we bother?

 What'’s the problem?

LCDM works well to explain observations

The cosmological constant can be included in Einstein’s GR

* Energy scales (naturalunit 7=c=k; =1)

m, =G™* =1.22x10"GeV H, =2.13x10™ h'GeV

m: A m%H?
Oy = A =~ P 0 210%GeV* ~ (102eV)*
YA 8 87




Vacuum energy

* Quantum fields have zero-point energy

massive fields (boson and fermion)

ho 1
== I 7 B E\/pz T m2, Jboson :1’ Otermion = -1

vacuum energy

0 :EZg_Iw d°p \/p2+m.2 p° >>m°
vac 9 i i ], (272_)3 i

<3 9t imPpt, +min| T
i 1672' 2 pmax

This depends on Ultra-Violet (UV) physics but it is robust that there is a contribution
of order O(m*)




Vacuum energy is huge

* The observed cosmological constant
P = (107°eV)* m<10~ eV
electron P, *M; = (0.5 MeV)*

obs

If m= mpl J pvac — mgl :10120/0/\

 Phase transition

vacuum energy change by phase transitions
electroweak Ap,,, ~ (200 GeV)*
QCD Ap,.. = (0.3 GeV)*



S vacuum energy real?

* Casimir energy

H(X) = (X + LA), r)z(r:j—”, ,, pzj, n=12,3..

. =

zero-point energy per unit area - &
E(d dp,dp, ’ a1 e
( ) ZI (zyﬂ)p [\/(rzrj +py+ pz]Freg(a) Feg (@) =€ 5

total energy E,,(d)=E(L—-d)+ E(d)depend ond and divergesas a — 0 but
the force between the two plates is finite

1 0E,(d) _ hex’

A o 480d*




Old cosmological constant problem

e Zero-point energy is not important in quantum field theory in flat
spacetime (cf. Casimir force is determined by 6E(d)/ad not E(d))

* In GR, matter curves spacetime including vacuum energy.
2

Puac = m: = (05 MEV)4 H ~ me _ (106 km)—l
: : m
* Fine tuning

Ay, = A T A = do xy/-g (R-2A)

vacuum energy is very sensitive to UV physics thus tuning is not stable under radiative

corrections



Many attempts

* Symmetry
SupersymmEtry
Ji m; _
Pvac ¥ i 32 72 mi4 In(@] gboson — _gfermion Pvac = 0

but we know supersymmetry is broken at high energies M, >TeV, p,.. =0(TeV*)

Naturalness

If the theory has an enhanced symmetry with A =0 that is valid at quantum

level, the small A, = A..um T4\ is technically natural as quantum corrections

arise only from non-zero A



New cosmological constant problem

* Assume that the old cosmological constant is solved, we then need to
explain why the expansion of the Universe appears to be accelerating

NOW
: To
1067 L \ | \ ]
10°7 - | -
10 . | |
. & ]822 - . _ Pradiation | _
* Coincidence problem Lo ; -
10°7 . | _
O 10® - o) R | _
~ 19 tt ~ - I 4
why Q ~Q_ > 0 matter : |
107 - ~ | -
('2' 110Q5 . QA _____________ ﬁ ________ i
X 10:117— A
anthropic principle 10 L RN
107 . N,
otherwise we don’t exist el oy

10° 10* 102 10° 10210*10°10°°%107"™ 010108108

T [GeV] Arkani-hamed et.al. astro-ph/0005111



So, we should bother!

We know vacuum energy exists, but it does not gravitate in the way it
should in GR. It is important to know whether the acceleration of the
Universe is caused by the (fine-tuned) cosmological constant or not.

It is important to reconsider all the assumptions:

1. Homogeneity and Isotropy
2. General Relativity
3. Matter content of the Universe



Assumption (1)

1. The Copernican principle: we are not at a special location in the universe

2. The cosmological principle: on large scales, the universe is homogeneous and

isotropic

* FRW metric
If all observers measure isotropic distance-redshift

relation, then the spacetime is FRW

We need the Copernican principle to show the

cosmological principle but this is hard to test

Relativistic Cosmology Ellis, Maartens, MacCallum

— time

«—2___ our worldline

our past

alaxy
s 2 lightcone

worldlines

surface of
constant

sphere of time

—3 space
constant distance

Clarkson 1204.5505



Assumption (1)

e

. Idﬂm ~5—10
* \VVoid models

If we happen to live inside a void with low densities, the expansion of the universe
appears to be accelerating

ex.) Lemaitre-Tolman-Bondi model

o
N

o

2
ds? = —qt? + — (t,r)2 dr*+a, ’(t,r)r’dQ’
1-K(r)r

|
o

A Distance modulus (mag)
o
o

a simple mode is ruled out

|
o
N

low H,, radial velocities of clusters 0.0 0.2 0.4 0.6 0.8

Redshift

(kinetic Sunyaev-Zeldovich effect) Clarkson 1204.5505



Back-reaction

* The Universe becomes inhomogeneous at late time. If the back-reaction of these
imhomogeneities cause the acceleration, we can solve the coincident problem.

1.0 :

/

long-standing debates on the magnitude of the | RN <2
E N : @ 5
. . 0.8F - . =S S
effect on the expansion of the Universe from small : <\ i
scale inhomogeneity. oa] \: :
Q'@ |

0.4}

It is difficult to explain the acceleration although
it is also difficult to prove this rigolously. 0.2:.

T S ——

Velten. et.al. 1410.2509  **



Assumption (2)
* Why we believe in general relativity?

* Observational point of view

GR is tested to very high accuracies by solar system experiments and pulsar
timing measurements  will gr-qc/0510072

* Theoretical point of view

GR is the unique metric theory in 4D that gives second order differential
equations



Solar system tests

actual star observed star

* Post-Newtonian parameter
Uy = —1+2GU U :% y =0: "Newtonian"
9 :é}j(1+27/GU) y=1 : GR

* Bending of lights

M
0-20+y)-2 =L,

0 =(0.99992+0.00023)x1.75"  y—1=(-1.7+£4.5)x10™

e Shapiro time delay
At=(1.00001+0.000]) xAt, 7 —1=(2.1£2.3)x107




Pulsar timing

* Hulse & Taylor binary pulsar
Orbital decay due to gravitational
waves perfectly agrees with GR
prediction

|
o

|
o

||||||1I[I|||Il
|IIII|IIII|IIII

|
)

|

M

O
I[|II

General Relativity prediction /

|
]
o

I

o

-
I]IIIIII||I

Cumulative shift of periastron time (s)

_35 e bvvn b P e 1 0T
1975 1980 1985 1990 1995 2000

Year

directions of gravity waves



Tests of GR

Curvature GM/r’c? (cm™)

o
Moon

1 Rsun o

o
o
I )

Mercury
1AU

Dark Matter

Dark Ener

Grav Probe B ¢
Hulse=Taylor

g

10 kpc

10 Mpc

-15-14-13-12-11-10 9 8 -7 6 -5 -4 -3

Gravitational potential

GM/rc?

-2

-1

0

Psaltis Living Rev. Relativity 11 (2008), 9
Baker et.al. ApJ 802 63 (2015)

curvature
GM
R=—=75
F'C
potential
GM
Y = >
I'C



Hanford, Washington (H1) Livingston, Louisiana (Ll)

05| o
0.0 «J\,f W\, g S\ ,..; \ , [' |"' || A’M‘M UWW\ WW !v\,\,
0.5 ! V I‘ t :
a’.“ -1.0¢ 7 - LL cbsarve
o [— H1cbsarvec ] H cbaarved (Shited, inveted) ¢ -
— L a ,1_
I I I I I - I - T 1 T T
o - Binary Pulsar Shapiro Delay  _| % 1.0+ ' -1 -
&

(s

3 : o1 |
T GW150914/_ gg A \ { 'll | J\/\j\/\A (\ ,‘n
4 | U s ."‘\/\J ‘ | | H\‘('\f A e [ l‘
<L i -0.5 "\/ \'/ VIl (i V \-'
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MRcoraucuc (waveiat) MR Corarucad (waveiet)
A | R u"JJ LCd Muveiate) _ ARccesuded Mermelate)
T LAGEOS Double Binary Pulsar — 0.5F ‘ b 1 &v Y }‘ '\r ; R
°r ‘ ) . 0.0 1 ,.Jv [ M W uw " /\,\f’w W W.u\,« J\me \*ﬂ‘/\“ﬂl AT A
— . -0.5h |
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Lunar Laser Ranging 1 1 I I
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_ . ] -
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3L | E
_ | | | | | | | | Iﬁ | | g
o0 0™ 107 10° 107 10° 100 10" 107 107 10" 10° o
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Assumption (3)

* What is dark energy
In the background, all information is encoded in the equation of state

I:)DE
PoE
what are the candidates for dynamical DE  w__(z)

Wpe =

* How to distinguish between DE and modifications of gravity

G,, +G’ =8zG(T,, +T.F)



Dark Energy Experiments: 2013 - 2031

2013 2015 2017 2019 2021 2023 2025 2027 2029
2031
Dark Energy Survey (DES)>

HETDEX >

HSC imaging >l PFS spectroscopy >

Extended BOSS (eBOSS) ) Stage Il 1
Dark Energy Spec. Stage IV ¢
Instrument (DESI)
Large Synoptic Survey Telescope (LSST) >

Blue = imaging
Red = spectroscopy m

Abazajian et.al. Dark Energy and CMB




E U Cl | d ( 2 O 2 O—) http://sci.esa.int/euclid/

R-LO

The Euclid Mission will by itself allow us to
* understand the nature of the apparent acceleration of the Universe and
* test gravity on cosmological scales

from the measurement of the cosmic expansion history and the growth rate of structures.

R-L0.1

To determine the nature of the apparent acceleration, Euclid will distinguish effects
produced by a cosmological constant from those produced by a dynamical dark energy. This
must be done by achieving a minimum FoM>400 from Euclid data alone.

R-L0.2

To experience effects of gravity on cosmological scales, Euclid will probe the growth of
structure and will separately constrain the two relativistic potentials, ¥ and ®. This can be
done by achieving an absolute 1o precision of 0.02 on the growth index, y, from Euclid data
alone.




Models of dark energy and
modified gravity
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Quintessence

e Scalar field

We now know a scale field exists (i.e. Higgs)

1 4
:de XyJ-gR+S,
Sy = Jd“{—%g‘” (8ﬂ¢)(av¢)—v(¢)}

energy momentum tensor

. L 5(J-9L,)
T, =(0.4)(0.6)-0,. [—9 7(0,4)(0,¢ +V(¢)} 76 =__2
(0,9) 297 (2,9)(2,9) e

scalar field equation

oo yuy $p-V'(#)=0 ¢mmp VT’ =0
5¢ JZ uv



Background v

V:Em¢
* Energy density and pressure
1 .
py=-Ty =58 +V(g)  $=40)
1., 1.
P =T =2¢4*-V
¢ 3 I 2¢ (¢)
* Scalar field equation M, ¢
$+3Hp+V'(¢)=0 @@= p +3H(p,+P,)=0
friction
to realise the acceleration, the scalar filed needs to slow-roll the potential

. B
¢° <<V (9) W, R
Py



Equation of state

e Equation of state \/
, .2 .
g v L0, =9

1+W¢: — > > —_
p, 9H A+S,) p, 3H¢
For w, ~-1 ¢ <<1, p, =V 2
¢ LY Py K
HZ:?(pgj_'_/Om)
2 1 (V'Y p 1
1+w, ~=—£,Q . (a) ¢, = , Q =—7 2 _ 871G =
¢~ g% ¢() y ZKZ(VJ ¢ £, + P k- =8rxG I\/I;

Analogous to slow-roll approximations for inflation but the scalar field does not
completely dominate the energy density



Quintessence potentials

* Freezing models
V(¢):M4+n¢_n

The scalar field dynamics freezes at late time and
approaches W, -1

* Thawing models

e

The scalar field is initially in the regions of W, = -1
and later starts to roll down the potential

0-61 dw/dTna

0.4
0.2

0.0 &=

-0.2

-1.0 -0.95 -0.9 -0.85 -0.8

Linder & Caldwell astro-ph/0505494



Scaling solution

* Tracker solution
For some potentials, the energy density of the
scalar field tracks that of matter/radiation

2

<
V(4)=V, e, k?=81G=— 8

if A°>31+w,)
there is an attractor where

3(1+w
W¢:WM, Q¢= (ZZM)
The late time solution is insensitive to the initial Barreiro et.al. astro-ph/9910214

density of the scalar field (however we need 1° < 2 to have an accelerating solution)



Fundamental issues

e Consider a massive scalar field
1 (V'
2k°\ V

2
V(¢):%m2¢2 €, j<<1 - ¢>M  =10"GeV
.

V(d) = poe =10%GeV* — m:(pDEj =10GeV ~ H,

2

Correction to the potential

V(4) = %M“ <ppe = A<10W

these small numbers are very difficult to protect against quantum corrections



Modified Gravity

e Lovelock theorem

4D theory of metric and the equations of motion is given by
.2
Syv(g) =K T,uv

we require S,,(9) is
1. atensor made from the metric and its first and second derivatives
2. symmetric
3. divergence free

—> Sw(g):aGW+b d,,



Beyond Einstein

* Lovelock theorem indicates that if you modify Einstein theory then
you must do one or more of the following

Consider other fields (scalars, vectors, etc)

Accept higher derivatives

Work in a space with more than four dimensions

Non-local gravity, metric-affine gravity, ...



Higher derivative theories

e Ostrogradski ghost
Theories with higher derivatives (g, g, §)

d* (oL d (oL oL
| = |~ = || == |=0
dtlaog ) dt\og g
We treat g as a new variable and ¢ as a new velocity (we need four initial conditions)

If the velocity § can be expressed in terms of momenta oL/ 6§

(non-degeneracy condition), it can be shown that the Hamiltonian is not

bounded from below  Woodard astro-ph/0601672



f(R) gravity
* Generalise the Einstein-Hilbert action
S =[d*xJ-gF(R)+S,[g], F(R)=R+f(R)
* The equations of motion is fourth order
. 1 .
F'(R)R,, -5 F(R)g,, —(V,V,+9,,0)F'(R)=«7T,

but this theory violates the assumption of Ostrogradski theorem (i.e. non-degeneracy)
In fact the theory can be rewritten as scalar-tensor gravity

S = [d*xy-g (F(¢)+(R-9)F () %=(R—¢)F"(¢)=0 = ¢=R (F'(R)=0)

S=[d'x(yR-V(y)) w=F'($), V=RF'-F




Brans-Dicke gravity

* Brans-Dicke (BD) gravity (Jordon frame)

S = Id“xﬁ(wR — “’;D (V) +V(t//)j+ Sulg,.]
f(R) gravity w,, =0

. - 2y 0, 1
Conformal transformation ¢ 9. =

M

e Einstein frame
In(
20

2l// 2
— C2W..+3=1/2
HY |\/|§I |v|§|j 5D “

pl

S= jde_(

the scalar field is coupled to matter

' R-(V9) \7(¢)j+sM[A2(¢>qW] A(¢):exp[&_¢J

pl



Horndeski theory

* The most general scalar tensor theory with 2" order equations of
motion

Hg — / d*z V=0 (H[:g + Hﬁg + H£4 + H£5)

Hr, = K(¢,X),
Hry = Gu(o, X)R —2Gux (0, X) [(O¢)? — ™)

1

H[-"r) — GV)(() X)Gw/(_.ﬁ,u.u + §G5)\V((:): X) [(DU)E — 3 ‘:l(:) @'T},Lw (_.i“)#y + 2 O,ur/()ypog]

X = 8# (*) o () (rbh.r/ = vﬁtvu(j}



Dvali-Gadadze-Porrati (DGP) braneworld model

* 5D braneworld model
Standard model particles are confined to a 4D brane in a 5D bulk spacetime

1 1
S = et [d°x =0 Res +%jd4x\/§R+jd4x\/§Lm

cross over scale I

iﬂ:Hz—SﬂGp
r 3

C

in the + branch, the expansion of the universe Infinite extra-dimension
accelerates without the cosmological constant

(self-accelerating solution)
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VIII.

IX.

. Scalar-field models of dark energy
A.
B.
C.
D.
E.
F.

Quintessence
K-essence

Tachyon field
Phantom (ghost) field
Dilatonic dark energy
Chaplygin gas

Cosmological dynamics of scalar fields in the presence of a barotropic perfect fluid

A.

E.

Autonomous system of scalar-field dark energy models
1. Fixed or eritical points
2. Stability around the fixed points

. Quintessence

1. Constant A
2. Dynamically changing A

. Phantom fields
. Tachyon fields

1. Constant A
2. Dynamically changing A
Dilatonic ghost condensate

Scaling solutions in a general Cosmological background

A
B.
C.

D.

reneral Lagrangian for the existence of scaling solution
seneral properties of scaling solutions

Effective potential corresponding to scaling solutions

1. Ordinary scalar fields

2. Tachyon

3. Dilatonic ghost condensate

Autonomous system in Einstein gravity

The details of quintessence

E.

. Nucleosynthesis constraint

. Exit from a scaling regime

. Assisted quintessence

. Particle physics models of Quintessence

1. Supergravity inspired models
2. Pseudo-Nambu-Goldstone models
Quintessential inflation

Coupled dark energy

A
B.

C.
D.
E.
F.

Critical points for coupled Quintessence
Stability of critical points
1. Ordinary field (e = +1)
2. Phantom field (e = —1)
seneral properties of fixed points
Can we have two scaling regimes 7
Varying mass neutrino scenario
Dark energy through brane-bulk energy exchange

. Dark energy and varying alpha
A
B.

Varying alpha from quintessence
Varying alpha from tachyon fields

N oo

=

[ SR S SR SR ST R )
ot w

(=2 I =]

W oW [ SR SR SR SR ()
(=R RN R TREN BN BEN

J o

o
(==}

W= =

34
34
35
36
36
36
36
37

38
38
39
39
42
43

Dynamics of dark energy
hep-th/0603057
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Summary

* DE/MG models

There are many models but we still do not

have a compelling alternative to LCDM

Observation may give us a clue:

Is it the cosmological constant or a light
degree of freedom?

Does it cluster or couple to matter?

cf. CMB (before WMAP)
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GW170817 with GRB170817A

* Almost simultaneous detections of GWs and gamma ray bursts from a
neutron star merger put a strong constraint

C
ZOW _1<107
C
e implications for Horndeski theories
without fine-tuning Heo — K(p, X)),

Gix = Gsx = G5 =0 Hey = Ga(o, X)06,

H I Jat 2 | N
Ly = Gyu(o,2%)R —2G7 (o) [(D(u) S " }

Hpe (A XNGHMY 1 1(*- (A X (M43 2 N VRN 11 ZA N » W R 2 (N V!
dfe——Ir & \_f?;): = T ‘7:”'_1-!./ \ § =K L) L\n_n,_;/ SR I (= l;/}:_”/l?{} ’ (?}p



Fundamental issues

* Theoretical consistency

modified gravity models often suffer from instabilities

(cf. the self-accelerating solution in DGP model suffers from ghost instabilities)

* Small numbers

cf. viable f(R) models
Rn+1
0

F(R)=R-2A, - U A g zROzHg

DGP models I, ~ H"



Ultra-light scalar field

* In most of DE/MG models, there exists a scalar field with tiny mass

S :jd“x[— 1(8ﬂ¢)(8”¢)—%m2¢2}—mimjd4x¢p

2 rg(r)
static source
@ a M
Viemi)p=—2—p, ~———=— exp(-mr)
( =4 IR VI PP VES K,
¢ = - 2 M , < m~ r
|:> 3 4xM o) T
40, r>m m~* : Compton wavelength

if m'=~ Ho_1 the scalar field mediates a long range force



Fifth force

* Due to the coupling between the scalar and matter, the geodesic equation is
modified as

éz—V\P—MLV¢: F.+F,

pl Fifth force
2
F = 20> M for rem™
8zM f), r’
1 M
F. =
© 87ZM§, r?

Fifth force is strongly constrained in the solar system

a? <107, w,, >40,000 (3+2w, )=1/2a>



Way out

* Quintessence

the coupling to matter is assumed to be zero a’=0

* Violation of weak equivalence principle
the solar system constraints come from coupling to baryons alfaryon =107
the coupling to cold dark matter can be large «’, =O(1)

interacting dark energy

S = jd Xr( P ﬁ__(v¢) \7(¢)j+Scdm[A2(¢)gyv]+Sbaryon[gyv]



Screening mechanism

* The coupling constant or mass need to be scale dependent

m‘cosmo - O(HO) m‘local > HO
| oome =O@) a’

04
cosmo

-0

local

* Two representative mechanisms

1. Chameleon mechanism
2. Vainshtein mechanism



Screening mechanism

Kazuya Koyama

University of Portsmouth



Screening mechanism

* The coupling constant or mass need to be scale dependent

m‘cosmo - O(HO) m‘local > HO
| oome =O@) a’

04
cosmo

-0

local

* Two representative mechanisms

1. Chameleon mechanism
2. Vainshtein mechanism



C h dame | eoNnN Mmec h an |S M Khoury & Weltman astro-ph/0309300

S = Id XF[ "'R—— (Vo) -V (9) |+S.[A (#)g,,] A(¢)=exp(aMi}

\

a l
Vi =0,V + M, o Vers(9) =V + ped/Me

p+€a¢/Mpl




Analytic solution

* Analytic solution - spherically symmetric case
2 . 9.
¢5H‘|‘;¢,: e () ¢+ E@Z_Vc;ff(gb)

Analogy - a ball rolling on upside down potential

Low density

High densi



Thin shell condition

* If the thin shell condition is satisfied, only the shell of the size AR
contributes to the fifth force Khoury & Weltman astro-ph/0309411

_ ap/M
Vers(8) =V + peot/M « (3R, \Mexp(-m.(r-R)
#(r) =— + 9,
4zM R. r
P,
7 ARC (¢oo_¢C)/Mp| N7} _GM
0 = <<1 =R
- Rc 6(Z\PC c
250 S0P 3"
200{ | ao00} - Screening is determined by
150 | 3000} ; the gravitational potential
100t 1 20007 ] of the object
0o 1 2 3 :f-"Ri 6 7 8 9 10 0o 1 2 3 4 ﬁr f 1% 708 9 10

Silvestri 1103.4013



Solar system constraints

* Solar system constraints
P, ~10gcm™
P ~10gcm™

ARC . ¢gal T ¢@ . ¢gal

< " ¢
= 925,000,000,000,000,000 km
R 6aM p|LP® 6aM p|qj@ The Milky Way

c

The sun has a potential ¥, ~10™
The thin shell suppression eases the constraints o =0(1)

ARRC <10° m s

C pl

<5x107™

This is a model (potential) independent constraint



From galaxy to cosmology

e Example ) 24 _3
P 4 . b [ M Pga ~10gcm
V=V,-M*(g/ M) M, | o

pl

pcrit - 10_29g Cm_g

Solar system constraints
¢gal

pl

4 \2
<10 ¢—m:£ M j 100 e <90 M =10"eV
M pl apcrit M pl

ARC _ ¢cosmo ~ Pgal ¢cosmo
Galaxy R TGaM ¥, 6aM ‘¥,

C

The Milky way galaxy ¥,;, ~107

in order to screen the Milky way, we need fessmo <10

pl



From solar system to cosmology
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Vainshtein mechanism

* VVainshtein mechanism

originally discussed in massive gravity

rediscovered in DGP brane world model

linear theory @y, =0

3V°p =-872Gp

1

VW = 47Gp — Evzgp ds® = —(1+2¥)dt* +a(t)*(1-2®)dx* w =y, +¢

even if gravity is weak, the scalar can be non-linear r ~ m* ~ HO‘1

V20 + 1 {(Vzgo)z ~00.p a‘ajgp} —87Ga’p



Vainshtein radius

* Spherically symmetric solution for the scalar

1

dop 2( ¢ Y 0\ BI. ™, |° 2GM
dr r? () () S(r\,j +(rj v 9 J

Screening is

o K I determined by the
curvature of the
4D Einstein 4D BD object
r rr (2
DO =_9 iy d=-"|=1 -3/2 —3/2
r |2 Zr(sj (&j OC(G'V' rzj
3 Cc
r rr I (4j r r
\P:_ g + g —_ 2 |
2r \[2r’ 2r\ 3

2.95km 0.1 kpc 3000Mpc for the Sun



Solar system constraints

* The fractional change in the gravitational potential g:%
The anomalous perihelion precession

The vainshtein radius is shorter for a smaller object ‘
Lunar laser ranging: the Erath-moon distance I ,, =4.1x10°km e

37

0P 2

N
(ZéEMM rzj <24x10™" mmp 1 >H;
@cC



Screening mechanisms

* They look contrived but some theories naturally have these mechanisms
f(R) gravity

n+1
I:20

n

F(R)=R-2A,, -

we expect to recover GR in the limit R/ R, >1
In fact, in Einstein frame this is nothing but chameleon with Vv =V, - M"* (¢/ M, )1/2
DGP gravity

1 1
S = 32461 jd5x ~0s Res) +%Id4x\/§R+Id4x\/§Lm

we expect to recover GR in the limit r/r, >1and this is realised by Vainshtein




Observational tests



Background expansion history

* Background expansion is determined by the equation of state

Parametrisation 0
7 - — SUGRA
- — INVPOW
Woe =W, +W, (1-a)=w, +w, — - 2ExP
1_|_ 7 -0.2 - —AS .
’ - - wetw(l-a)/
Planeh TT,TE EE-HowE-iensing [ WetwZ LT
~0.4 ~
1 - +BAO/RSD+WL N
. [to}
Y
~0.6 —
-0.8 /,’ B

0 -0.2 -0.4 -0.6 -0.8 -1
log a

Linder astro-ph/0311403

Wo

Planck collaboration 1807.06209



Model independent approach

* Principal component analysis

Approximate W, (z) with many stepwise constant values
N
1+ wpe (2) = Zwiei (2)
=1

Errors on W, are highly correlated. We diagonalise the covariant matrix

Cij :<(Wi _V—Vi)(Wj _V—Vj)> C=W A_1WT’ W = (§1’§2""1)’ Aij :ﬂié}j

L Woe (2) = Y. 8, (2)

Errors on new parameters «, = > W, (w, -W,) are uncorrelated and given by\/II
j



Reconstructed equation of state

e Latest results (2016) zhaoet.al. arXiv:1701.08165

_ —e—prior § 0.0

1022 —e— data+prior

| |ALL16, AINE=0

1002_ 3 -0.5
107 I N
1 10 N 1o g5/ .. pp—— p—
Principle Component Number =
-15F
——ALL12, Zhao et al. (201
-l ALL16
polmmPEI, L . ..
0 1 2

redshift z

redshift z+1



Model based parametrisation

* Parametrisation 1.2 g . . |
Planck+WL+BAO/RSD
2 lol + cos5¢
1+W¢ ~ §g¢Q¢ (a) 0.8 ;e_2q1, Planck+BSH 7
N\ 2 De—ﬁf)
_ 1 (v O = Py 0.4 | ® 41 _
“To\v ) T . i oi?/2 Dred
K ,0¢ +pm W ® .¢—1/4 ‘
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ACDM
& :g¢(/0m :,ODE)
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€oo

Planck 1502.01590



Expansion history v structure growth

 LCDM/Smooth DE

There is a one-to-one correspondence between background expansion history and

growth of structure

th DE

Linder astro-ph/0507263




Expansion history v structure growth

* Modified gravity

Structure growth is controlled also by a modified gravitational force

Even if it has the same expansion history as smooth DE, structure growth is different

rz)*

Modiifed gravity
Smooth DE

1.5 2

Z

\th DE

Linder astro-ph/0507263




Consistency test

Assume that the Universe is described by a modified gravity model but we still try to
fit the date using smooth DE

W(z) =w, +w,z,

0.8 T T i SN + CMB (1,2 sigma) - SNe+CMB
WL + CMB (1,2 sigma) ===s==-
T SNe+weak lensing
o8 SN+CMB
04
Wi
0.2 F ” .
WL+CMB Inconsistent!
il TR
Ishak et.al. astro-ph/0507184

= 1.1 1 )lo -L‘iB le7 olo



Parametrisation

* Parametrisation of Einstein equations

kK'Y =—-47zGa’u(k,a)p, A, ds® =a’(n) [—(1+ 2¥)dn® +(1- Zq))é}jdxidxj}
O =n(k,a)¥

equivalently, we can also parametrise the lensing potential

kY = -47zGa’u(k,a)p, A,

(Y+0)

K = —47Ga’S(k,a)p. A, = “(1; )

u=n=2x=1 for smooth DE



po — 1

Planck constraints

1.0

0.5

0.0

—0.5

—1.0

Planck TT,TE,EE+lowE+BAO/RSD

—— Planck TT,TE,EE+lowE-+BAO/RSD(2015)

Planck TT,TE,EE+lowE (2015)4+BAO/RSD(2015)

O e

Planck collaboration 1807.06209

1.0

with CMB lensing

Planck TT, TE,EE+lowE+lensing (2015)
Planck TT, TE,EE+lowE+lensing

+BAO/RSD+WL




Predictions in Horndeski theory

* Models with ¢, =1 Peirone et.al. arXiv:1712.00444

stability

s 0 1 2 | 0 1 2
Z—l/ \ 51

Stability condition removes this part Observational condition removes this part




Dark Energy Experiments: 2013 - 2031

2013 2015 2017 2019 2021 2023 2025 2027 2029
BOSS
2031
Dark Energy Survey (DES))
HETDEX >
HSC imaging >{ PFS spectroscopy >
Extended BOSS (eBOSS) > Stage Il 1
Dark Energy Spec. Stage IV ¢
Instrument (DESI)
Large Synoptic Survey Telescope (LSST) >

Blue = imaging weak lensing M
Red = spectroscopy Red-shift distortions

Abazajian et.al. Dark Energy and CMB




Future forecasts

current constraints

Planck TT,TE,EE+lowE+lensing

1% +BAO/RSD+WL

Wo

0.4

0.2

next 10 years

[ SKM-PIJID B1 (IM}
SKA1-5UR B1 (IM}

m SKAZ (gal.}

. Euclid (gal.}




Future forecasts

Next few years Next 10 years
1000
=
. 100 |
=
o) |a o
0.1 - .v_.‘/ g 1 E
o—*° 0.1
& WMAP+SDSS 11
—&— Planck+DES ] 0.01 |
—&— Planck+DES+eBOSS
0.01; + s “""]1() 2 > “‘.‘i(')('l O()_001 —++ T ——————— e T =i
A ’ _ = 10}
rincipal Component Numbet = " i R --.“ﬁ
o
Zhao et.al. 1510.08216 T =
DES (—2019) Imaglng Principal Component Number Asaba et.al. 1306.2546

eBOSS (-2019) spectroscopic

Euclid (2021-)
Several parameters at the 5-10% level

10 parameters at the 1% level



From theory to observations

fluid approach K S (k CZJJ (Z)
Effective Field Theory ‘ ulki,z), 2k, ) - galaxy count
Lensing
many free functions ISW

systematics
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