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* Friedmann-Robertson-Walker (FRW) metric
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sin? y
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Basic assumption (2)

* General Relativity (GR)

1
G, =R, —ngR =8zGT,,
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. Matter €OMelry matter

T =(p+p)u“u, +PS" u“ =(-1,0,0,0)

* Bianchi identity
V'G,, =0 =) VT =0



Friedman equation

* Einstein equations

2
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* Energy-momentum conservation

p+3H(p+p)=0, p=2 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

p+3H(A+W)p =0, W=t b o g o)
P
* equation of state 1
Wr = g’ Wm — O, WDE —

* Density parameter

877G p. K
Q. = L Q =- Q =1
©3HT T T (aH)’ 2




What we measure

e Distance assumption (1)

ds,” =d y° + f, (Z)Z(dQZ +5sin’ 6’d¢2), f, = J_lfKSinh(\/j;()
t C , cC ¢z dz' H(z2)
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* Age of the universe AR B~ 7 s IR B
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Theoretical predictions

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

E(2)°=Q,,1+2)°+Q ,[1+2)" +Q,,[1+2)°

+Q e exp{Bjo dz 1,

e LCDM model

,1+WDE(Z')}

=-1 Q. ,=Q,, (Q,,6=8x107)

* Distance measurements
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This is what we found

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

jd XFR 2A)

Einstein equations G, +Ag,, =872GT |

e Action

167zG

H2_87zG _K+A A
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cosmological constant does not diminish by the expansion of the
universe and the expansion of the Universe accelerates a >0



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)
my =G =1.22x10"GeV H, = 2.13x10 h™'GeV
A miA miHS
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Vacuum energy

* Quantum fields have zero-point energy

massive fields (boson and fermion)

ho 1

£ = Ji 7 B E p2 B mz’ Iboson =1, Otermion = -1

vacuum energy

0 :lzgj’w dsp \/pZ_m_Z p2 >>m2
vac 2 I [ 0 (27[)3 1

<3 9t m?p2, 4 Imtin| T
i 167 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
Do = (107°eV)" m<10~ eV
electron P, M, = (0.5 MeV)*

obs

If m= mpl’ pvac = mél :10120101\

 Phase transition

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



S vacuum energy real?

* Casimir energy

H(R) = (X + L), p:(r:j—”, ,, pzj, n=12,3..

. =

zero-point energy per unit area - &
E(d dp,dp, ? Lo [ spzep2
( i Z J (Zyﬁ)p [\/(nd”j +p§+pz}ﬁeg(a) Feg(a) = g

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

Piac = me4 = (05 MEV)4 H ~ me _ (106 km)—l
: : m
* Fine tuning

Ay = Aoy + A - do xyJ-g (R-2A)

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

corrections



Many attempts

* Symmetry
SupersymmEtry
gi m; _
Pvac ¥ i 39 2 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 .un T A istechnically natural as quantum corrections

arise only from non-zero A



Many attempts

 Self-tuning

extra fields absorb large vacuum energy in the matter sector

Weinberg’s no-go theorem

Let’s consider a scalar field and metric with matter fields. We want to achieve

oL oL

= : = Const. — =0, =0
g,uv nluv ¢ 5¢ 5g,uv

- o= [d'Fg (R-240, V(). V() =20,

the last condition is fine-tuning



Many attempts

* Degravitation

Ggl(LZD)GW = 87zTW

source with wavelength larger than L is filtered out and does not gravitate

@
* 6D braneworld model ‘ ‘
Two extra dimensions are compactified as a sphere —>
We are living on a “brane”, which is a point on this '/ '

two sphere O

The cosmological constant on this 4D brane does not gravitate and it only changes the
geometry of extra-dimensions



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
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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

«—_2___ our worldline

FRW metric
If all observers measure isotropic distance-redshift

galaxy ?Uf tpxast
relation, then the spacetime is FRW worldlines ightcone
' iNCi A sutface of
We need the Copernican principle to show the T | v\ surface
i i i P . time
cosmological principle but this is hard to test —— space sphereof

Clarkson 1204.5505



ASS u m pt | O n ( 1 ) Hubble scales ~ 510 Gpe

«—>
* \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
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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.

long-standing debates on the magnitude of the S| RN s |
g N s & E
. . osf | I% < o= =
effect on the expansion of the Universe from small BE <\ LA |
scale inhomogeneity. oo | ; s
@@ || L F |
| AN
04 i o i
It is difficult to explain the acceleration . b
ol | ‘

a

! _
0

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"
g; = 0;(1+2yGU) y=1 . GR

* Bending of lights

M
o=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)x10”




Pulsar timing

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

e Post Keplerian parameter

Mass B (MSun)

Mass A (Mg,,)

assuming GR

Science 314 (2006) 97-102

Fig. 1. The observational constraints upon the
masses M, and Mp. The colored regions are
those which are excluded by the Keplerian
mass functions of the two pulsars. Further con-
straints are shown as pairs of lines enclos-
ing permitted regions as predicted by gen-
eral relativity: (a) the measurement of the ad-
vance of periastron @, giving the total mass
M +Mp=2.588+0.003 M (dashed line); (b)
the measurement of R= M4/ Mp = xp/xq4 =
1.069 +0.006 (solid line); (¢) the measurement
of the gravitational redshift/time dilation pa-
rameter v (dot-dash line); (d) the measurement
of Shapiro parameter r giving Mp = 1.2 £ 0.3
M, (dot-dot-dot-dash line) and (e) Shapiro pa-
rameter s (dotted line). Inset is an enlarged
view of the small square which encompasses
the intersection of the three tightest constraints,
with the scales increased by a factor of 16. The
permitted regions are those between the pairs
of parallel lines and we see that an area exists
which 1s compatible with all constraints, delin-
eated by the solid blue region.



Tests of GR
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LAGEOS Double Binary Pulsar
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Assumption (3)

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

P
=
Woe =
PpE

what are the candidates for dynamical DE w,.(z)

* How to distinguish between DE and modifications of gravity

G, +Gi =87G(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.




* Lecture 2 Models of dark energy/modified gravity
e Lecture 3 Structure formation and observational tests
e Lecture 4 Observational tests and non-linear structure formation



