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Big mystery in cosmology

Acceleration of cosmic expansion

B Inflation: early stage of the Universe

Inflaton ?

B Present Acceleration

cosmological constant

A~107"m%,

+ Dark Energy
+ Modified gravity



Two Comments

[I] Matter couplings

[2] Negative cosmological constant



[I] Matter couplings

When we discuss acceleration by some unknown field
(or modification of gravity), we ignore matter fields.

AN

Matter: (1) Particles in Standard Model
(2) Perfect Fluid with P = wp (w > 0)

= Its energy density will drop when the Universe expands

However, if there exists some couplings between matter and field
(or gravity), dynamics may change.



(1) Coupling yith gauge field
What is an inflaton ¢ ?

<> top-down superstring(or 10D supergravity)

In compactification,
we naturally expect a dilaton or moduli coupling. eXp[_@¢]

This coupling may spoil the inflationary models
unless the moduli is fixed.

Townsend (2003) V = Vjexp[—a¢] (Vo > 0)
Flux compactification o > /6

Hyperbolic compactification /2 < o < v/6
—> No accelerated expansion

Note: power-law inflationary solution if o < /2

. 2
scale factor a =t? with p= -



There exists another natural ingredient in the unified theories : gauge fields
Abelian [U(1)] or non-Abelian [e.g. SU(2)] gauge fields

Heterotic string theory FEs X Ej
Flux compactification  U(1) multiplet

In effective 4D action,

1
moduli coupling may appear: exp[\o|F?

Hull-Townsend (1995) : A = 0,+/2/3,v/2,V6

If VEVs of gauge fields exist, it will change the dynamics of a scalar field.



B U(1) field w=mp Anisotropic Inflation

1
Kanno, Soda, Watanabe (2009), Watanabe, Kanno, Soda (2010) 1 exp [cng} F 3,/

Kanno. Soda, Watabnabe (2010) exp [)\05] F 3,,
B U(1) multiplet with the same gauge-kinetic coupling
E Non-Abelian gauge field

The isotropic inflationary universe is an attractor.
Anisotropic inflation can be possible as a transient state



Inflation with Gauge Fields KM & K. Yamamoto (2013)

1 1
5= [ d'ay=g| g - 3V — Voo - JMEG O

F® =0,A% — 0,A%) + gy preanc AP AL :SU(2) Yang-Mills field

Isotropic and homogeneous universe

FLRW metric  ds® = —dt* + a*(t)dx?
YM potential Aga) = A(t)éfa) A(()a) =0

Scalar field o(t)



Basic equations:

_ . , . A3
B YM equation A4+ HA+ \pA + QQ%M—2 =0
a
. A . A?
electric component [/ := — — magnetic component B = gy j; —
a a
3 3

YM energy density Py v = PE + PB  pe = =e*E? pp = 56)‘¢B2

2

pp =—(4H + \d)pr — 4(A/A)pp

pp = —(4H — A\p)pp + 4(A/A)p5

B scalar field equation
¢+3Hp—aV — A(pg —pB) =0
B Einstein equations

111. . 1. 2
2 _ - |22 H=_|= 2 “
= [2¢ +V+pYM] [ch +3pYM]



U(1) triplet no non-linear coupling

e_A(Qb_QbO)
PE = PEO (a/ag)?

pr=—(AH +X0)pp
pp = —(4H — \p)pp A (b—0)

PB = PBO (a,/a,o)4

L X ] . 8‘/eﬁ'
— e
¢+ 3Ho + 96 0 Veg

Ce#0& X<0
CB%O&)\>O

power-law solution with larger power exponent



power-law solutions

2
a o< tP ¢=alﬂt+¢o
C C
pp =7 exp[-A¢]  pp =7 exp[\d
Inflation
B The case with electric field (E ;)
p:l(l—é) Cg=0 )\<a—é&)\<0 A< —a
2 Q Q
B The case with magnetic field (B, )
pzl(l-l—i) Cp=0 A>—Q+E&A>0 A>
2 Q o)
B The scalar field dominance (S, )
2
p= Cp=Cp=0 Oz—é<)\<—a—|—é a < V2

2
Q o o

E-B duality E,yn, <& B



phase diagram  each phase is an attractor
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conventional power-law inflation

Inflation is possible even for « > v2
V = Voe *?



YM field

Both electric and magnetic components exist »
Non-linear coupling

complicated

There exist the corresponding inflationary phases

E The case with dominant electric component (E vy -) If
pZ%(l—g) )\<a—%&)\<—a pB K PE
B The case with dominant magnetic component (B,,-l)
pz%(“rg) )\>—oe—|—§&)\>oz PE > PR
B The scalar field dominance (S,,, -I)
2 4

4
p = a—— <A< —a+—&a<Vv2 PB,PE K Pg
o o

o2




phase diagram

Stahle fixed points e
A | NA,
_Loepe P Smel N o 1/3<p<1/2 14
4 [ - + /P—
S [ T
| O_  1/2<p<
2T Sym- I / . : P
- +YMoscillaion | TTeel
L/ | Ew-1 e NVA

| [

Infationary spacetime  psympotic spacetime +YM oscillations
+YM oscillations

V = Voe—a¢



B The power-law inflation with the gauge field is

possible even for a steep potential such as o > /2

which is expected in the higher-dimensional
unified theories.



(2) Coupling with perfect fluid KM, Y. Fujii (09)

Modified gravity (e.g. scalar tensor theory)

WODEL S, = / d%r{ #R(g) — 5(V$)? = V()

AN

+/d4ijng(¢, 9)

conformal transformation

Il 8= gexp(2ixo) £ = VE/(e+6E)

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

Dynamics without matter is well-known

But, coupling with matter is important



V = Vj (constant)

ko k2[1 /do\?
H2 _—__(_) U
+a,2 3 [2 dt + —|—p]
d?o do 00U
dp

do
— + 3vHp =|—(r(4 — 37)50

No attractor

2

4

8C

=

2

Two fixed points

FP1 Scalar field dominant

1
1
a o< 1862 ﬁ:azz—lnt—l—const

FP? Scaling solution

pY . 2(42-1)
(V)Q 2 -y —2(4 - 37)¢? const

1 1
a x t2 K,O':2—|nt-|-C0nSt

Minkowski in Jordan frame

power exponent

P | of attractor sol.
| Fp1

\ FP2

|
0.5 1




power-law potential V = (k¢)® Vp
y=1(dust) v=4/3(radiation) v=2 (stiff)

FP1
FP2 FP1 FP2

6

FP2-1 <
S 1 ! FP1-1
FP1-1
2
2 FP1 FP1 FP2
no attractor 0
0 — P2 0 1 ¢ 2
0 L 2 s G New type
Power-law inflation Inflation with a steep potential
& | oa=35
power exponent  FPY
of attractor sol. ) FP2 5
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[2] Negative cosmological constant

Supergravity (Superstring)
|:> cosmological constant < 0

J

Accelerating universe

effective cosmological constant > 0

(1) Quantum corrections

(2) KKLT compactification



Heterotic superstring theory

Quantum corrections R.R. Metsaev A.A. Tseytlin,
(’87)
1 B ; o
S = 9,2 d”ryv—ge” [R+4(V(/5) +Q‘2RABCD] a2 =g
D
ﬂ ghosts

Ricp) = Rupe "7 — 4R R" + R?

B. Zwiebach (’85)

Ambiguity in the effective action due to field redefinition

§= 1 f d0z\/—ge2? lR +4(V)? + as (R(GB) 6(%)4)]

22

20



Negative cosmological constant + higher-curvature terms KM & Onta (14)

D
S — % d LN — |: — 2A - OZQR(GB):|

dsg, = —dt* + €2u1d8129 + eQuzdsg D=1+p+q

Accelerating universe  1©1 = Ht, w9 = constant

EH action H = |~
" p(p+q—1)

—2’(1,2 —

2A
(¢—1p+q—-1)

A>0, 04>0 L[> unstable

Aq = 04€



fﬂ:7%{_pu—2@—iﬂp—q+UAd+
[p2[1 —2(q = 1)(p— g+ 1)Ag]* + 8pa(q — 1) Ag[1 +2(q - 2)314@@ /2}
p2:=plp—1)(p—2)

two branches:

A, >0 oy >0 g-sphere

. 1
T 2(g-2)(g-3)

o4 <0 g-hyperbolic space
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Branch (2) Branch (1)
A: negative  A: positive

stable unstable

de Sitter solution with GB term is
stable if A is negative.




(2) KKLT compactification  fixing moduli

ds 6d32(az + S%d5%(y)  CY compactification:

ol

Vy(dg) = Iy em2V/2/30, exp[—a 6\/_%] [ + %exp[ a 6‘/_%] (3-|—0; e‘/_d)g)]

2

6.x 10713

a = 0.1 ) A — 1 s W == _0.0001 3. 10715
4.x107183}
! |'
15 r L1071
2.x107% ¢
s = 300 o 500
/

LI L
~2.x 10787 SN
EE ™
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E Two types of strings
g-string & f-string =——>  bigravity theory in 10-dim

two metrics & twin matter fluid

g, f

Interactions ?
A

# similar interactions to ghost-free bigravity ¥ = [ 9‘1f} 5

b
St = =z /dDX\/_[—EAB CEAB ¢4 . TEAB-. CEPB'“C’_)/AP—}—"'

(D —1)!
bi.
B1By-BrAgt1-Ap A1 A2 Ak
+k'(D — k)!EAlAQ---AkAkH-.-ADE Y8, VB, VB, T
bD
BiBs--Bp <A1 ~Ao _Ap
D|€A1A2 -Ap€ 7 B17 Bs -’ Y Bp

bo, - -+, bp : coupling constants



Not need to introduce anti-branes

2
Vi=Be V3  B=""(B,+4B, + 6By +4Bs + B,)

2
K
By = by, + 6bi11 + 15bg1 0 + 200113 + 15bg 14
+6b15 + brrg (k =0 — 4)

a\ )
Lo 1038 , /
\ Vi
FE [ \ f.-’
B 1019 | \\ J:'J
\ f /
/
w19 \\\ d i
.
. yd
S o
114.10 114.15 114,20 10425 114,30

a=01,A=1,W = —0.0001, B = 4.853 x 1012



# Interactions between three forms

CY = VEVof three forms H,,., Fa;

10 [ == —b1b2b3b4b5bsb7bgbgb
Eﬁ — g&ﬂtu/PCi )( '_I?Eala2a3a4CQg16a7a8aga¢0E SRR A

H(Q) G5GGG7F(9) a809a10H(f) F(f)

Na1doas3ad
XF1234

b1b2b3b4 b5b6b7 bgbgblo
fala2a304 _ b_05a1 50:2 503 6(14 _|_ ﬁ—al 6(12 60»3 5064
b1b2bsby — Al b1 bo b3 b4 3|7 b1 b2 b3 by
_|_b_2—a1 5@z, §as, a4 4 Y3 a1 zas zas 5@
g 0T b0 b0 by T Y Y Y s 0 b

b4
+E’Y“1 b1 Y b2 Y P s Y ba

3
‘/I — )\eXp [\/;gbg

A= gintHgFngFf (bo + b1 + by + b3 + b4)

the same as the previous interaction term

Does this explain smallness of the “graviton mass” ?



[I] Matter couplings

Matter coupling may change the dynamics

[2] Negative cosmological constant

Two examples to find de Sitter solution



Thank you for your attention




