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Big mystery in cosmology

Acceleration of cosmic expansion

B Inflation: early stage of the Universe

What is an inflaton ?

B Present Acceleration

cosmological constant

A~107m%

+ Dark Energy
+ Modified gravity



google scholar
"modified gravity" & "accelerating universe"

-1995 5
1996-2000 11 Brans-Dicke theory
2001-2005 104 Scalar-tensor theory
2006-2010 479 Einstein-aether theory
2011-2015 1020 TeVeS theory
2 f(R) gravity

Galileon, Horndeski theory
massive gravity, bigravity



How to analyze them

+ Fundamental approach

KLT

Unified theory/quantum correction/natural extension . .
massive gravity

+ Phenomenological approach
PPN approach

Given back ground + possible extension effective theory

+ General relativistic approach

description in the Einstein frame

> present talk



Toward the EH action

a gravitational theory with the action
S — /de\/ _gF(g,LLV, R,LLV7 C'ul/p,o'? ¢)

F(---) Anarbitrary function

v matter fields including scalar fields

It may show some interesting properties of gravity
But it is too complicated to analyze it




Toward the EH action :

If we can find an equivalent gravitational theory only with the EH action
by some transformation, it makes our discussion simpler.

transformation

||~ EH+matter

. ’ well known
Basic equations are

very complicated



1. A scalar-tensor type theory KM (1989)
€
s = [dPav=g|f(@)R - 2(V$)? - V()

Juv = eQ“’gW a conformal transformation

In(2x2|£(¢)])

W =

D -2

= [dPuy/=5 |5 5R@) — 5(V0)? = U ()|

KO = /d¢ [€¢(D —2)f(¢) +2(D — 1)(f’(¢))2] 1/2
2(D = 2)f2(¢)

U(o) = ;2621 F($)[17 P/ Py (4)



Higgs inflation Bezrukov, Shaposhnikov (2008)

Spokoiny (1984); Salopek, Bond,B ardeen (1989);
Futamase, KM (1989); Fakir, Unruh (1990)

Higgs field: +non-minimal coupling (£ < 0)
5= [ dev=g | g R 56R - 199 - V(o)

H conformal transformation g},w = (1 = £ﬁ2¢2)guy

S = fd‘lx\/fg [2—;1?2 - %(%)Q - U((I))]

do 1 U(®) -
dp /(1 €r2¢2)




2. F(R, ¢ ) theory
S = /de\/?g [F(R, b) — %(V@Q] KM (1989)

Jakubiec, Kijowski (1987);
Magnano, Ferraris, Francaviglia, (1987);
Ferraris, Francaviglia, Magnano, (1988)

higher derivarives

Juv = 62“’9“1/ a conformal transformation
1 > OF D—1 [ > OF ]
“ D—zln[% |8R|] "o =0 M2 R

-7 1 1 “‘new degree of freedom”
§=[dPa/=g | 5R@) - 5(V0)?

SOLVIE(94)2 - U s a>}

sw (g ra)

U(p,0) = ep [2/4:2] 5



A simple example KM (1388)
— iz / d*z\/—g [ R4 o RQ} . Starobinski inflation
K
It contains higher derivatives

ﬂ conformal transformation g, = (14 2aR)g,.

/J%VP_LMQV_%V@ﬁ-wH@ﬂ

U(e)
GR + a scalar field with a potential U(®) \ k
KD = \/g In [1 + 2aR] | ‘H
2 | Hx \
1 kD |
U(®) = SQ(y_evﬁ ) \! \

It is easy to judge \g \ A

whether inflation occurs or not




3. F(R ) theory Jakubiec, Kijowski , GRG 19 (1987) 719 ;
HY Magnano, Ferraris, Francaviglia, GRG 19 (1987) 465 ;
Ferraris, Francaviglia, Magnano, CQG. 5 (1988) L95

5= /d%\/ —gF (g™, Ruv)

,ul/_22
v vy 8RW

1
S = @fd%\/—q R(q,0q,0¢%) + 0" (C*pyC% — C¥5,C%)
V=9

_qlﬂ/R/ﬂ/ + ﬁF(Rpl/(Q, q)a gaﬁ)] ‘|‘Smatter(ga57 f‘vb)

Cp,ul/ — %gpa <v,l(LQ)gl/O' _I_ vI(/q)g g <(7q>g I/)

Ry = R/ﬂ/(gaﬁa qué)

The EH gravitational action + spin 2 field (g~V) + other matter fields



new Higgs inflation Germani, Kehagias (2010)

Higgs field: + derivative coupling

e / d%r[ s (R+0G"V,09,6) — 5(Vo)* - V(6)

The EH gravitational action (g+v) + spin 2 field (g~V) + other matter fields
Behavior 7

The previous method may not work

Instead, we may use a disformal transformation

Juv = 5 (9uv + uyuy) u,,: a timelike vector

po_ 2
u,ut = A



disformal transformation Guw = Q2 (guo +upy)  uput = =X°

V=g =212/
1
g;u/ i Q_2 (g,uv L uuuu)

1 — )2
Flljp B Flljp + ’Yﬁp ’Yﬁp = M —|_ wSP
o 1 v 1 o, UV
00 = 5 g = 1_—)\2?11 (i [VP(UIVQLCF) + vO' (U’I/u’p) _ vi'/(,U’PTLo')]
Wiy = 0hVeInQ 405V ,InQ — (g’“’ =7 _1)\2 utu ”) (9p0 + upuy)V, In§2
3 2 — X2 L, . '
- W, Vi
=l {2(1 v AR el
) = Vo, + Y e = 9

1 p & .
E- 1 — \2 uPu (vu’)/ffa - ng}/”pp T f}/u#@%“ - 76@’77 ﬁ"ﬂ




C o By 1

G+ 20 — 32 (g + uuu,,)lu u’ Gagi
A2 S | -

» 4(1 1A )\2) (gm/ + uuuu):faj_ §uuuu£=

i VP7£V N vl/’ypp,u, + ’Yppafygr/ o ’Yap,u’ypcrv
I loNe" o

a8 5(9#’/ + uMuV) |:v0é(gp P)/pO') . Vp7 op -+ g
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2
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Voo

7’8)805 i gp076ap7aﬁa

upua (VQ’Y;IO‘ e vofyaap _I_ ryﬁﬁar}/paa o fyﬁapr}/aﬁa)]



new Higgs inflation

1L
uy = BV, M =20°X X =-2(Ve)
G V" oV ¢
1 S Vv NP
T B204(1 - A2)2 [ (1 - ?>E"ff_c_;ﬁ’:=_ e

+ ut'u” (Vp’)/ﬁ,, I vuﬂ)/gpd + 750751/ o ’ngp)/gv)
)\2

+ ?{(1 e (Va(gp"vﬁa) — V9, + (9775 ) Ve — g”"’yﬁwﬁﬁ)

— uPu’ (Vwﬁ“g ~ Vo¥a + VgaVoe — vﬁpvga) }
disformal transformation

g;u/ = 0° (g;,w T B2Vu¢vl/¢)
2 — \? )

b=

\/7

The EH gravitational action |+ Higgs field ¢ with higher-derivatives




The higher-derivative terms are too complicated

It may be better to analyze it in the original frame

However, if we can ignore the higher-derivative terms,
The analysis in the disformal frame becomes easy

@ Germani, Martucci, Moyassari (2012)
Slow-rolling inflationary phase
—[/(1+aV =
LHiges = —V =9 ( O; ((b)) (Vo) + V(Gﬁ)] o of

higher-derivative terms

— VTG | LV + U(@)] o




The original frame
VS

the disformal frame with trancation

Higgs field
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Observational constraint

Tensor-to-Scalar Ratio (rg.002)
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K.N. Abazajian et al (2014)




Hybrid Higgs Inflation (conventional+new)
Easther, KM, Musoke, Sato (2016)

5= [dov=g [ (R +0G™Y,69,6) ~ 266 R — (Vo)? ~ V()
Kamada et al (2012): generalized Higgs inflation
ﬂ disformal transformation

EH action +
— ER2P?) + aV (¢ V(g
ﬁHiggs:_\/__g ( f—flﬁ'?qﬁg ( ))(ng)2+(1—f(ﬁ]2)q52)2 + .-
— V=3 |5V +U@)] +-

o [YLEl s U= ga



= o=
4 M2ME2>L
A Mg,
o V(o) T e
e
A 4 (0 2a M2 SREL:
— L == N A 2
M (1 i SeXp[ Mot ]* )
UE) a=0.01 a <1
da =k vy . . .
the original Higgs inflation
015 a:1 @
0.10 b - 10 a ~J 0(1)
0.05 | U X 1 = CO(I)_2
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Other models ?

Galileon

disformal EH action

eneralized Galileon . : :
g transformation,” | with some potential

- Analysis is simple

“Equivalence” between two theories
when we ignore the higher-derivative terms



Some remarks on disformal transformation

» causal structure
conformal transformation : null — null

disformal transformation : null -4 null

A causal structure is changed

» coupling to matter fields



Black Holes in Horava-Lifshitz gravity (or Einstein-aether theory)

) , Misonoh, KM(2015)
Non-projectable HL gravity

Sa, — /dtd?’LUN\/% (EK + ﬁp)

EK = (]CZJ/CZJ s )\/C2)
Lp=—(V.=1+V.—2+V.—3) 2 :scaling parameter
V.1 :=7%R + 71 9;®’

VZZQ — ’}/3((1),,;(1)7:)2 -+ .-+ 76((1)7(1)1)72 + -+ 710722
V.—3 = 111(®;®")° + - - - + 136 RYD;D,;R

z= 2,3 : higher spatial derivative terms

(I)i .= ’DZ In N
Rij» R =R,



Einstein-aether theory

1
S :167rG /d4il? —g Ly u'““: aether field
" o u,u’t = —1
Lo=R—M" ;(V,u®) (V) p

Mlu;ﬁ = 6135M65Ua + 625’351/5 — Cl4uuuyga,8

C13 := C1 +C3,C14 := C1 + C4

IR limit (z=1) <——> Einstein-aether theory
(hypersurface orthogonal)

V.,
V—(V20)(Vap)

Relation between the coupling constants in two theory

UN =

1—013 1—(32

167G ’ N 1 — C13 ’
Yo 1 T C14

8% 1—(313j 8 1—(313




1

8384_2:2 :m d4ZL‘\/ —( [Eag ‘|‘ ﬁzzg]

L.—o =—Mpi (610" + B2t°R + g2R?) z=2 terms

Two propagating modes
graviton (helicity 2)

scalar-graviton (helicity 0)

dispersion relations

1l
2 2
= k
T C13
w2 = (c13 +¢2)(2 — c14) k2 + 8(c13 + c2)g2 ( k> )2
® 141 —c13)(2 + c13 + 3¢2) 2+ c13 + 3ca \ Mpr,

The propagation velocities are different



The invariance in the above model
under the following disformal transformation

-—1/2

e — g9, (1 —ou,u,, ¥ = ut

O Is a positive constant
;7’/#’/ — Ypv utt = 0_1/2711” Ypv = Guv iy Uy Uy

The three metric is invariant
The aether field is scaled

—_

The propagating speeds in IR limit are scaled as ol

that of the scalar-graviton in UV limit is unchanged.



Black Hole ?

The metric horizon (null surface) is not an event horizon

IR limit (for low energy particles)

5 1 5 (c13 + ¢2)(2 — c14)
CG ~ —’ CS ~J
1 —ecy3 c14(1 — ¢13)(2 4 c13 + 3¢2)
52@ = a_lcé, é% = O'_lc% cao=1o cg=1

UV limit (for high energy particles)
2 1 s 8(ciz+c2)90 k)’
CG 1—613’ CS 2—|—613—|—362 (MPL) i
The ultimately excited scalar-graviton should propagate along
the three dimensional spacelike hypersurface
universal horizon

The hypersurface X parallel to the timelike Killing vector &
u-£E=0




BH in the Einstein-aether theory
ds® = —T(r)dv? + 2B(r)dvdr + r*dQ?

e (a(r),b(r),(),()) b(r) = a(gi(g(;)(f) :

r = 0 : singularity it




BH in HL gravity (z=2)
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Coupling with perfect fluid KM, Y. Fujii (09)

Modified gravity (e.g. scalar tensor theory)

MODEL S; = / d*z/—¢g { 2R(g)——(qu)2 V(e)

VAN

+ / d4$\/ngm(¢a g)

conformal transformation

Il g8~—gexp(2ixo) £ = VE/(e+6E)

Einstein gravity (g) t+ scalar field = U=V exp (—4ko)

Dynamics without matter is well-known

But, coupling with matter is important



V = V5 (constant)

H? +

k K2

a2 3

2\ dt

HEIR

=|¢r(p — 3P)

do
k(4 — 3~)—
Cr( v) i

P=(y-1)p

FP1

FP2

No attractor

2 9

8C

=

2

Two fixed points

FP1 Scalar field dominant

1
1
a o< 1862 ﬁ:azz—lnt—l—const

FP7 Scaling solution

Py _ 2(4¢C-1)
(V)g T2, 2043y Ot

1 1
axt2 ko= —Int+ const
2¢

Minkowski in Jordan frame

power exponent

P of attractor sol.
| Fp1

\ FP2

|
|
0.5 1




power-law potential Vo — (k¢)* Vo

attractor sols. a o< tP
y=1(dust)
o ;
8 p+ o=5
6 FP )
P2
S 4 N e | R
New type
2 FPl 1 b 2 4
no attractor 'Y — 1 C
0 FP2

0 1I 2.; BC

Power-law inflation

acceleration with a steep potential



How about disformal transformation?

Some discussions about Kaloper(2004),
disformal inflation van de Bruck, Koivisto, Longden (2016)
(or disformal dark energy) Zumalacarregui et al (2010)

disformal metric coupled to matter fluid

——— | acceleration of the Universe

The so-called coincidence problem could be solved




Thank you for your attention




