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Motivation

= The composition of the universe

Other

nonlummr:ntys

components
Dark Energy Dark Matter .ntergglactic as 3.6%
~ 3% ~ 23% neutrines 0.1%

supermassive BHs 0.04%

Luminous matter
stars and luminous gas 0.4%
radiation 0.005%

= Supernovae as a standard candle

Let’s see the sky!
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Motivation

= QObservational evidences on Dark Energy
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Figure 1: There is strong evidence for the existence of dark energy. Plotted are
Qp, -Qp (left panel) and Q,,, - w (right panel) confidence regions constrained
from the observations of SN la, CMB and BAO. From Ref. Astrophys.J). 686 (2008)
749{778, [arXiv:0804.4142]

r . . -
S W= ; accelerated expansion of the Universe, when —1 = w < —%




Motivation

= Cosmological constant

= Einstein’s biggest blunder?!

= vacuum energy?
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Motivation

= Cosmological constant problem

Fine-tuning
problem Theoretical expectation: p. ~ (10%GeV)* ~ 2 x 10 erg /e

Observation: ot < (10712GeV)! ~ 2 x 10 Yerg fem®
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“The worst theoretical prediction in the history of physics
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discrepancy

Why small?

Why now?




Modify Matter vs. Modify Gravity

Gy = 8nG 1),
1 1

Gravity Matter

1
X GMV = RMV — EgMVR describes geometry of spacetime




Modified Matter model

Gyy = 8NG| Ty,

=  Quintessence
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= K-essence

The full action including a k-essence term is given by

5= [ a5 ] g0 4 s, @

where X is the canonical kinetic energy of the field, feround
1
X =5(@af, (25) @
m) or k-
and the Lagrangian p(¢, X) plays a role of the pressure pg. Here we consider a model  [sidering
with
prc =Pl X) = BX) /6%, (26)
which has the desired property for dark energy. @2
For small X, 5(X) could be expanded as p(X) = const. + X + O(X?). If we ignore
the non-linear term @(X?) and take an additional potential, then we come back to the P enerey
quintessence model. The sealar field for which these higher order kinetic energy terms (33
play an essential role is k-essence
The energy density of the k-field is
. . oy )
P = (2Xix )8 = 6 e | S
) and the
so that the equation of state parameter for the k-field is
e _ P i (35)
wp="E oo 28)
] 2Xpx —p ¢
where x means derivative with respect to X. If the Lagrangian p satisfies the condition (36)
Xpx < p for some range of X and &, then the equation of state is p a —p so that we
have an accelerated expansion solution. We shell find the form of §(X) to satisfy this
requirment. (@7)
The effective speed of sound ¢; of k-essence is defined by [I07]
a-Px_P (20)
Px Px (38)
From observations we know that our Universe is almost flat, so we ignore the curvature
term in the Friedmann equation : (39)
87
= Sl + ), (30) e i
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“"”’I\/Iodified Matter model

Gyy = 8NG| Ty,

= Coupled dark energy and matter

modified energy conservation equations

P+ 3H(py + pg) = 0,

finding an appropriate form of the coupling 6

8§ = KQpmo,
& = aH(pm + ps),

Chameleon mechanism
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WModified Matter model

AR

Gyy = 8NG| Ty,

= Unified dark energy and matter

Chaplygin gas

1
E: T
plt) = [-"1 + W]

In the early epoch, a < 1, the Chaplygin gas energy density behaves as p oc a= which
corresponds to the matter dominated Universe. In the late epoch, a 3 1, the energy
density behaves as p == AY(@+2) — eonst. which corresponds to the de Sitter Universe.

Thus the Chaplygin gas behaves as dark matter in the early epoch and dark energy in the later epoch.
m) It explains both dark sectors in terms of a single component.
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Modified Gravity model

G| = 81G Ty,

= f(R) gravity
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Modified Gravity model

G,y|= 8nG Ty,
= DGP model
5D 4D
M3 3
’9 5= — ':5]-[115'{\‘/_3 i” /dar\,a'{_ﬁ+-/d'imv.-'_ﬂ
Ao
live ) ) -
Weh'-(e k"lc l@rk GAH = ‘H}AH — Eﬁ'_g}”} =1 5D

1 _

k P 1 £ :
H? 4 = — e
/ + ( 31f;+4 +2rr) aD




Non Dark Energy model

= |nhomogeneous LTB model

T

We are living in large underdense void!

(homogeneous and isotropic universe)

d-‘s“z = g_m.ldj‘ﬁdr” = d-t-z — ﬂz{tl:l |:

Throw away the Friedmann-Lemaitre-Robertson-Walker (FLRW) metric !!

dr?

W + ri{iﬂi]

Metric for a spherically symmetric inhomogeneous Universe

de® = di* — X*(r, t)dr® — B*(r, t)d?*

Einstein equations for the dust dominated LTB Universe

i a
H? +2H H, — — — —— = 8&7(p,
) I Y T v
R I} ¥
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= Dark Energy projects

e

What to do?

Probes | 5N Ia CMB BAO WL
Stage I | Higher-Z Team [10l [33], | COBE  [532], | 2dFGRS [56, | CFHTLS [&0
SNLS [33 @5 6, | TOCO |53, |sSpss |57, |6

ESSENCE [37, [38], | BOOMERang | 6dFGRS ]ﬂ
NSF B0, CSP HO, 410, | [54], Maxima | WiggleZ [50]

LOSS [@2 @3 @, |55, WMAP
SDSS W, H&, SCP | [l 15,08, 07
P, @7 @8, CiA

A9, U, Palomar

QUEST Survey |51l

Stage IT | Pan-STARRSI [62], | Planck J65,[66l | SDSS II [T1], | Pan-

HST B3], KAIT |64 B7l, SPT |68 | SDSS IIT | STARRS1,
B9, ACT |70l | |72, BOSS | DLS |77, [78,
3 i, | KIDS [7]
LAMOST
[75], WEAVE
[E]

Stage I11 | DES IS, Pan- | ALPACA, DES, HET- | DES, Pan-
STARRS4, CCAT [33] DEX B4, | STARRSA,
ALPACAJET].ODI BigBOSS ALPACA
7] [E5,  AL-|ODI

PACA,
SuMIRe [3E]

Stage IV | LSST [§7], WFIRST | EPIC |89 @0, | LSST, LSST, SKA,

8| LiteBIRD [01l | SKA [0, | WFIRST,
021, B-Pol 03] | WFIRST, Euelid
Euclid [95]

Table 1: Dark energy projects. Classification is taken from
ref. Report of the Dark Energy Task Force, astro-ph
/0609591.

Stage I: completed projects that already released data
Stage Il: on-going projects

Stage lll: intermediate-scale, near-future projects

Stage IV: large-scale, longer-term future projects



What to do?

= Effective Newton's constant Gsr satellite measurement

= EOtvOs parameter n

From Einstein's biggest blunder to the Nobel Prize in Physics 2011

- Now we are ready to meet the most mysterious
cosmological discoveries!
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