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Introduction



WMAP & Inflation
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ol 1 WMAP strongly supports inflation !!




Inflation and scalar field

® An (effective) scalar field is required to cause inflation.

® The standard model of particle physics includes
a unique scalar field, i.e. Higgs field, ‘H = (0,v + ¢)/V2.

‘ V(p) = A (7—(2 — ’1)2)2 & 2qb4j for ¢ > wv.

The Higgs field may play a role of inflaton (Higgs inflation).

} Conflict !

(More precisely, chaotic inflation with quartic potential predicts too large tensor perturbations.)

Collider constraint : ) — O(O‘l)
Cosmological constraint : — 0(10—13)

We need to modify gravitational or kinetic sector to realize Higgs inflation.



Various Higgs inflation models |

M2| 1
L= 2':’ R+X-V(p)+ AL, X= —Egﬂ”aﬁqsam

Modify the gravitational sector :

= = - : : - Bezrukov and Shaposhnikov 2008
® (Orlgmal) nggs |nflat|on . Barvinsky, Kamenshchik, Starobinsky. 2008, and many others

§

Large and negative non-minimal coupling, AL = —EqbzR? § <O0.

The effective Planck scale becomes larger during inflation so that
curvature perturbations are suppressed. (A = O(0.1) can fit the WMAP data.)

® new nggs inflation :  Germani and Kehagias 2008, 2010

Derivative coupling to the Einstein tensor, AL = QJL%GFW@J“@EJU(;&,

‘ This coupling changes the normalization of the Higgs field so that
guantum fluctuations are suppressed.



Various Higgs inflation models |1

M2, 1
YDR + X -V(p)+ AL X= _59,;&1-’3“(;381}&
Modify the kinetic sector :

—

o I"unning kinetic inflation :  Nakayama and Takahashi 2010, 2011

Non-trivial kinetic term, AL = ﬁ;gban.

‘ This coupling changes the normalization of the Higgs field so that
guantum fluctuations are suppressed.

o nggS G-inﬂation - Kamada, Kobayashi, MY, Yokoyama 2011

Higher derivative interaction, AL = %XU@.

‘ This term acts as an additional friction term so that the potential is
effectively smoothened and curvature perturbations are suppressed.



Unification of Higgs inflation models

The following question may arise :

® Can we understand all of the proposed Higgs inflation
models in a unified way ?

We would like to single out the model from the future experimental
and observation data like the LHC experiment and the Planck satellite.

But, without such a unified model, we cannot perform
the model (parameter) selection using the MCMC method.

® s there another type of Higgs inflation ?



Generalized Higgs inflation



Galileon field T e
These Lagrangians are invariant under Galilean shift symmetry in flat space :

Oup — Oup + by,

L1 = ¢
Lo = (9¢)?
{ L3 = (04)°0¢
Lo = (0¢)? [(0)? — (8udue)?|
Ls = (99)?[(09)° = 3(0¢) (9u0.8)* + 2 (9udr9)°

(8,0v0)? = 8,0,p0H0" ¢,
(8,000)° = 8,0,00" 0" pd\H ¢

Lagrangian has higher order derivatives, but EOM Is second order.



Generalized Galileon:
covariantization of Galileon field

Horndeski 1974

( Lz _ K(Cb, X) 1 Deffayet et al. 2009, 2011
£'3 = _p3(¢)1 X)‘D¢?
Lo = [Ga(¢, )R+ Gax [(B¢)2 = (VuVie)?].

D
U1
|

G5 (435-; X)F;WV”V%

N 6

—ZGsx [(00)3 - 3(0¢) (VuVue)? + 2 (V,V06)?]

1
X=- (V¢)?, G;x = 0G;/0X.

This is the most general non-canonical and non-minimally coupled
single-field model which yields second-order equations.
These Lagrangians were found by Horndeski in 1974 and recently
rediscovered by Deffayet et al. in the present form.

NB : @ G4=Mgc2/ 2 yields the Einstein-Hilbert action
® G4 =f( @) yields a non-minimal coupling of the form f(¢ )R



Classification of various Higgs inflation models

Expand the functions in terms of X :

La = K¢, X)),
- IIJ- — _1/ .f / L L3 = —Gslé. X)Op,
K ((-"}' X) ! ((-"}) + K((-“))X + : { £ = GaloXIR+Gay [(B)2 - (VuVu)?]
Gi(ﬁi}- X) — Qi(ﬁ'ﬁ) + h‘f(ﬁ'ﬁ)}{ + -, Ls = Gglté.x]c;,.,,vi'v*’cp
~2Gsx[(09)* = 3(06) (V,uVie)? +2(V,uVi9)?]
\

-

J 93(4)0¢ = 2¢5X + (t.d.), g3=0,
95(9)G"'V Vo = —g5 [XR + (0¢)° — (VuVug)?| + 395X D¢ — 295'X? + (t.d.), - g5 = 0.

~

‘@ (original) Higgs inflation : ac=-5¢2r DD o)== (+F)

® new Higgs inflation :

1

1 1 1 -
S L ¢ 4 b o— J _,.f”-’ ¥ — Ly 2 . Ly 2 = N
< AL = 225G 00 = —5 0CVuVib =5 [XR+ (06)2 - (VuV.u0)?). ‘ ha(d) 2.2

® running kinetic inflation : AL = xk¢?"X. ‘ K(9) = k¢ (+1).

® Higgs G-inflation : iyl = %X:@_ - h3(¢) = ”4

All of the Higgs inflation models proposed thus far can be understood
as potential driven cases of the Generalized G(alileon)-inflation.

\



Running Einstein Higgs inflation

The case with hs(@ ) # 0 has not yet been considered.

i:gr = f\'{t,.'r. .7{'}.
K6, X) = V(o) +K()X +---, L3 = -Ga($, X)0¢,
. . . < £s = Ga(6.X)R+Gayx [(06)2 - (Vu¥.9)?]
Gi(p,X) = gi(¢d) +hi(p)X +---, L5 = G5 X)GuV Y
~<Gsx[(O9)° — 3(06) (V,i908)? + 2 (VuV,)?]
-

‘ AL = hs(¢)XGu V'V ¢ — %h-f;(f.f-‘) [(Dﬁf))B —3(0¢) (VuVup)? + 2 (T“?’pq}}?’],

This kind of kinetic and derivative coupling to Einstein tensor
should also be discussed as possibility of Higgs inflation.

We name it running Einstein Higgs inflation and investigate
all of the five models (and their arbitrary combination) on equal footing.



Dynamics of generalized Higgs inflation

® Assuming the following slow-roll conditions :

__H —_¢
€= H2<<:1, n = H¢<<1
Qo . i(&il
2= HK Hh,
,
szz
m) - 69
| 3HJ ~ -V'4+12H?¢.

5= «1.

Hg

h;
o 1= <1 (1=23,4,5).

[4=Mc2/2, K =1, hi=0

\

=» standard Friedmann Eq.
standard EOM

J K¢+ 6 (HhsX + H?had + H3hsX).

Which term (K, hi) dominates the dynamics ?



Powerspectrum of primordial fluctuations



Primordial tensor perturbations

Perturbed metric :

i = 0 = hyj5

Kobayashi, MY, Yokoyama 2011

S = i [ d*av=gc
s P T L,

f
Lo = K(¢ X),

~ 1
d32 = —dﬁz -+ n‘lz(t} (5.,;'..,' + hr,n’j + Ehikhkj) L3 = —Gz(4 X)Og,
{ £s = Ga(¢. X)R+ Gax [(06) - (VuVue)?] |

Lg = GE{‘;"‘ .-‘f}GppTHvr'q'J
1 , ,
~¢Gsx[(06)° ~ 3(0¢) (V,uVud)? +2(V,uV,9)?]

\

(L

5 1 , T
s$?) = g__/ dtd3z a3 [(;T}% - —é(wgﬁi,-j)?] |

f

2

-

}_T:
< 91 -

CT:

2[Ga— X ($Gsx + Gsy))

2 (G4 —2XGax — X (HPGsx — Gsy)|.
ﬂ

Gr

For Gax#0 or Gs¢ #0 or Gsx#0,
the sound velocity squared c:2 can deviate from unity.

No ghost & gradient instabilities & Fp > 0, G > 0.



Powerspectrum of tensor perturbations

~ Mode functions : ‘/_«..f—yTH (—kyr)eije
- s (e, y) - = U(,w )ﬁ-k n u.,(.u-;-)ﬁik polarization tensor
T 2T

_ Commutation relations : [ax, c’if{;] = (2m)363) (k - K')

2
ovp | TCvr) |* (1~ e~ s7)? H?
(3/2) 472 Frer

2¢ + 3s7 + g dAe + 3 fr — gr
- nyp =3 —2vp = — + T+ 91 —— + 3 /7 JI'

kyr=-1

1—¢€— sy 2(1 —€— s7)
iy il . Jr — 9r _ C°r

Note that the blue spectrum nr > 0 can be easily obtained
aslongas4é& + 3fr-gr<O0.



Primordial scalar perturbations

" Perturbed metric :

-

52 = / dtd3z a3 [g;,-é? _

f}_ﬁ’ = ld( g:r)

ﬂdf
< Gg = @9T+3QT¢
2 ._ Jfs
c; = —.
\_ g.‘_-?

No ghost & gradient instabilities ¢ Fg > O,

E o= XKx+2X Kyy + 12HIX Gy

Kobayashi, MY, Yokoyama 2011

ds® = —(1 4 2a)dt® + 2a°0;Bdtdz’ + a*(1 + 2¢)dx?
Unitary gauge : ¢ = ¢(t), d¢p = 0.

Fg 5 - Hamiltonian &
”—2 (VC) Momentum constraints

= = —¢-|-X'G-3_\' - EHGJ. — SH’CG.Q'._
—3”.‘-‘(294_\'_1' + ".‘-E'Gam + Exh‘li-'cdr:a.".'
—H?$ (5XGsx +2X%Gsxx)
+2HX (3Gss + 2XGsyx )

FEHGX Gy — 2XG3s — 2X?Cauy — 6HAG,
+6[H? (TXGax + 16X %Gy x + 4X Gaxxx)
—Hi (Gas + 5XGasy + 2X%Gauxy )]
+30H $X gy + 2EEEIXN2Cg x x

+ai3 X ey vy = BHEX (GG, 15 s¢
+9X Geux + 2X25 ) = —=3 —
. 56X BN X 6 = OH
3 u} o
X
= ‘-+ =3 ”

Gs > 0.



Powerspectrum of scalar perturbations

~ Mode functions : . = ‘/—E\/—y HY (—kys)
< - c(k,ys) = ”ﬁ(*f%)h u’ ;:('th')ﬁf_k

s Ii.]"

_ Commutation relations : [ak, ak;] = (2m)353) (k — k')

=) P = u ’ — »2¢-3| T (Ws) >(1—e—sg)® H? |
F(3/2) 472 2F gcCs kys=—1
) ;-3 2v5— _2¢+3ss+tgs_ _4e+3fs—gs
l—€—sg 2(1 —€—sg)
€= —% fg:= HF;H gg = Hg—g’l, (35 = ;—fg = %(f:i’ - 98))

Note that almost scale invariance requires 2 € + 3ss + gs<< 1,
while each slow-roll parameter can be large.

to- 0 ;- PO ”(g_) 2 jeTses
Tensor-to-scalar ratio : := B (r;) . =162 .



Powerspectrum of perturbations
of Generalized Higgs inflation



Powerspectrum of primordial tensor fluctuations

~—
H2 ~ 1’ K(¢.X) = V() +K()X +--.
Slow-roll EOM : < 69 Gi($X) = gi(d) + hi( )X + -,
3HJ ~ —V'+ 12H?¢ .

- Fp~Gp~2g. (3}2) = éfcltdBmcLE' [QT:}%.- - %(vhfjﬂ )

2

f 4 (H\?2 8 [H\?2 M3
Pr —(—) = 2( ) forg=—"1,
) _ g \2m MZ \2m 2
2 + g7

np = . = (2etgr) (e<1)




Powerspectrum of primordial scalar fluctuations

— .
X > 4pX 2
Fo ~ — (K +6H<} / H<hsg ),
iy 5 h;{? ( + l4) + 6;{){ ( 13 + ?5) ) (S.EF} . fdid3:1.'ﬂ3 [gh{'ﬁ _ f_;(v‘:)ﬂl )
~ 2 2
\gf,- ~ ﬁ(,1<:+r:-3ﬁr ha) + = (hz + H?hs).
® K or h4 term domination @ h3 or h5 term domination
(running Kinetic or new Higgs inflation) (Higgs G or running Einstein inflation)
2
Fg~Gg~g(2e + g7). Jg = g g —f;(Z’F + g971).
-~ -~
2 g2
Cg = 1. Cqg — 3’
m) < : m) < -
o 1 H P 1 3v6H
7 T 9(2e+gp)8n? L7 9(2e+gr) 64n2
326
‘ r = 8(2¢+ gr) = —8nr. ‘ r= 329\/6(25 +97) = - gv/_?ﬂ-'r-

Thus, consistency relations may be useful to discriminate
which Higgs inflation model is realized.



Non-Gaussianity of Generalized Higgs inflation
Bispectrum of curvature perturbations :

(Chy CrCica) = (2m)38(ky + ko + k3) B (1, ko, k3).

(2m)*P?2 { (k1koks)? Cg( nn 1 - 3, 420 2 -
L = 31.31.3 -3 +_ EZI\I!‘F{-}'——ZJ{\I!'FFJ' +C3 ZEF+—ZRERJ—T?ZR;RJ
41..1.‘..2k3 K K i K by ?. K i K =

+% (Z k- 2; ar?ﬁ:f) (1 - % E kikj + 3&-.};?&-3)] - (K=ki1+k2+k3)

¢ = (3—&)(}2—1),

c; = 3(1-3 . 5 (1 2 X
2 #=30g) ) o= (1) (3raed)

Non-Gaussianity of the curvature perturbations
of generalized Higgs inflation cannot be large.



Summary

® \We have presented a unified treatment of all of the Higgs
Inflation models proposed so far in the context of the generalized
G(alileon)-inflation, which is the most general single field
Inflation model with second order equation of motion.

® \We find yet another class of Higgs inflation model,
running Einstein Higgs inflation.

® The general formula for powerspectra of
tensor and scalar perturbations are derived. Non-Gaussianity of
curvature perturbations of generalized Higgs inflation is small.

® For more guantitative analysis, we need to take quantum effects
Into account. But, since generalized Higgs inflation includes
couplings to the Einstein tensor and higher derivative terms,
It is a challenge.
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