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" A
There have been many attempts for constructing dark energy
models in the framework of scalar-tensor theories.

Spin 0
Many of them belong to the so-called Horndeski theories.
- Y Most general scalar-tensor theories with
o = / d'zv—g L second-order equations of motion
L = Ga(6,X)+Cs(6, X)Op + Ca(é, X)R — 2Cs x(6, X) [(O8)? — "]

+G5(¢p, X)G M + %G5,X(¢, X)[(T¢)° — 3(0¢) by 9 + 26, 97 ¢ ]

Single scalar field ¢ with X = ¢"¥9,,¢0,¢

Horndeski derived this action at the age of 25 (1973).

R and G, are the 4-dimensional Ricci scalar and the Einstein tensors, respectively.

e General Relativity corresponds to G4 = Mgl /2.

e Horndeski theories accommodate a wide variety of gravitational theories

like Brans-Dicke theory, f(R) gravity, and covariant Galileons.



What happens for a vector field instead of a scalar field ?

. . Spin 1
(1) Maxwell field (massless)
Lagrangian: [p = —EFWF“”

There are two transverse polarizations (electric and magnetic fields).

(i1) Proca field (massive)

Lagrangian: |0p = —=F, F* — §m2A AH

Introduction of the mass m of the vector field Au allows The Electric and Magnetic Flelds

the propagation in the longitudinal direction due to the
breaking of U(1) gauge invariance.

2 transverse and 1 longitudinal
= 3 DOFs

Longitudinal
propagation



T
Generalized Proca theories

On general curved backgrounds, it is possible to extend the massive Proca
theories to those containing three DOFs (besides two tensor polarizations).

Heisenberg Lagrangian (2014) See also Tasinato (2014)

£2 - G2(Xa F’ Y) )
L3 =G3(X)V ,A*,
Ly =G4 X)R+ Gy x(X) [(VMA“)2 - V,,AUV”AP] ,

1
Ls = G5(X)G,, V*AY — gGs,X(X)[(VHA“)F’ — 3V, APV, A,V AP + 2V, A,V APV A,)]

—g5(X)F**FB,V ,Ag, } Intrinsic vector
1 ~ -
Lo = Go(X)L"**PV, A,Valp + 5Go.x(X)F*PF* VoAV 5A, mode

where X = —%AMA“, F— _EF“”FW’ Y = AFAYF,°F, o

1 ~ 1
LHeB — Ze“"”eam&Rpm&, FH = ie“mﬂFa/a

The non-minimal derivatives couplings like G4(X )R are required
to keep the equations of motion up to second order.

Taking the scalar limit A* — V#x, the above Lagrangian recovers
a sub-class of Horndeski theories (with Lg vanishing).
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Cosmology in generalized Proca theories |5,

Can we realize a viable cosmology with the late-time acceleration?

Vector field: A* = (¢(¢),0,0,0)  (which does not break spatial isotropy)

Variation of the Heisenberg action with respect to g, on the
flat FLRW background leads to

Gy — Ga x¢* —3G3 x HY® + 6GLH? — 6(2G4 x + Gaxx9°)H?¢* + G5 xx H*¢* + 5G5 x H*¢* = pir
Go — ¢0¢*Gs x + 2G4 (3H? + 2H) — 2G4 x ¢ (3H?¢ 4+ 2H ¢ + 2Hp) — 4G4 x x Hp®
+ G5 xx H?¢¢* + G5 x H$*(2H¢ + 2H ¢ + 3H¢) = — Py .

The matter density pps and the pressure Pys obey the continuity equation
pnt + 3H (par + Par) = 0
Variation of the action with respect to A* leads to
¢ (Ga,x +3G3 xHp + 6GsxH?> + 6Gy xxH*¢* — 3G5 xH’d — G5 xxH?¢?) = 0.

The branch ¢ # 0 gives the solution where ¢ depends on H alone, which
allows the existence of de Sitter solutions with constant ¢ and H.
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Vector Galileons

The Lagrangian of vector Galileons which recover the Galilean symmetry in
the scalar limit (A, — J,m) on the flat space-time is given by

2

M
Go(X) =byX, Gy(X)=b3X, GuX)= Tpl F X%, Gs(X)=bs X2

We substitute these functions into the vector-field equation:

Go.x +3Gs xHp + 6Gy x H*> + 6G4 x x H* > — 3G5 x H>¢p — G5 x x H>¢> = 0

Taking note that X = ¢?/2, the background EOM admits the solution
¢oH = constant.

J

The temporal component ¢ is small in the early cosmological epoch,
but it grows with the decrease of H.

The solution finally approaches the de Sitter attractor characterized by
¢ = constant, = H = constant.
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Phase-space trajectories for vector Galileons
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The de Sitter fixed point (c¢) is always
stable against homogeneous perturbations,
so it corresponds to the late-time attractor.

he dark energy equation of state

wpg 1s —2 during the matter era.

_7

0.0 0.5 1.0
0,

(a) Radiation point: wpg = —7/3
(b) Matter point: wpg = —2
(c) De Sitter point: wpg = —1

L

This case 1s excluded from the joint
data analysis of SN Ia, CMB, and
BAO.



T
Generalizations of vector Galileons

Let us consider the case in which ¢ is related with H according to
¢ oc H* (p >0)

This solution can be realized for

M2
Go(X) =baXP2, G3(X)=b3XP3,  Gu(X) = Tpl F b X, Gs(X) = b XP5
where
] 1 The vector Galileon
ps = §(p+2p2—1) : pPa =p+Dp2, s = 5(3p+2p2—1) .| === corresponds to
pe=p=1.

The dark energy and radiation density parameters obey

. — (1+5)0r(3+ 92 —30pk) There are 3 fixed points:
DE — ,
1 + s QDE ili B
/ Q’I‘[l - Qr -I_ (3 + 4S)QDE] (a) (QDEa Q’r‘) - (O, 1)
o= 1+ sQpg ) (b) (QpE, Q) = (0,0)

(C) (QDE?QT‘) - (170)

where s= ey
p



Dark energy equation of state

3(14s)+ s, (a) wpg = —1 — 4s/3 in the radiation era,
WDE = — 3(1+ 5 Opp) — (b) wpg = —1 — s in the matter era,
b (c) wpg = —1 in the de Sitter era
-0.80 I L T AL L o L T
The vector Galileon corresponds to i . el |
R -~ (i) s=1/5 |

the case po =p =1, 1.e., s =1.

a2 | el e ]

For smaller s = ps/p close to 0, 14 | ]
wpr = —1 — s approaches —1. = R

3 -1.6 - ]

For larger p the field ¢ o 1

evolves more slowly as 20 |
qb X H_l/p, SO WDE

approaches —1.

_ Vector Galileons
22
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1+7z
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Latest observational constraints
A. De Felice. L. Heisenberg, ST, 1703.09573.

The joint data analysis of
SN Ia, CMB shift parameter,
BAO, and HO give the bound

Qo = 0.3027+3-9069

0.0059
h = 0.698179:0059

0.118
s = 0.25475 597 -

(95 %CL)

The model fits the data
better than the LCDM

at the background level.




"
Cosmological perturbations in generalized Proca theories

We need to study perturbations on the flat FLRW background to study

(1) Conditions for avoiding ghosts and instabilities,
(11) Observational signatures for the matter distribution in the Universe.

In doing so, let us consider the perturbed metric in flat gauge:

ds® = —(142a) dt* + 2 (0;x + Vi) dt dx* + a*(t) (65 + hij) dx'dx?
where «, x are scalar perturbations, V; and h;; are the
vector and tensor perturbations, respectively, obeying

0'V; =0,
O'hij =0, h;" =0.
We also consider the perturbations of the vector field, as
A% = ¢(t) + 60,
. 1 ..
A = 50 Oy 4B
where d¢ and xy are scalar perturbations, while E; is
the vector perturbation obeying 87 E; = 0.



Theoretical consistency and observational signatures

® There are 6 theoretically consistent conditions associated with
tensor, vector, and scalar perturbations:

No ghosts: q >0, g, >0, gs >0
See arXiv:1603.05806

No instabilities: ¢? >0, ¢2 >0, ¢ >0 for details.

There exists a wide range of parameter space consistent with these conditions.

® The effective gravitational coupling associated with the growth of
large-scale structures can be smaller than the Newton constant.

The existence of the intrinsic vector mode can lead to

_ See arXiv:1605.05066

for details.
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A

model consistent with no-ghost and stability conditions

2

M
Go(X) = b X,  G3(X)=bsXP,  Gu(X)= "2 4p,XP,  G5X)=0

2
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Provided that 0 < 84 < 1/[6(2p + 1)], there exists the parameter space
in which all the theoretically consistent conditions are satisfied.

c7 > 0,c5 > 0,c5 > 0

gr > 0,9y > 0,Qg >0

1.2
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Cosmic growth in generalized Proca theories

Under the quasi-static approximation on sub-horizon
scales, the matter perturbation obeys

5M —+ 2H(5M — 47TGeﬂf,0M5M ~ ()

where the effective gravitational coupling is

§2 + &3
&1

Geff —

De Felice et al,
PRD (2016)

& = 4nd? (wy + 2HqT)2 ,
2
. . w
52: [H('wg—l—quT)—w1+2w2+pM]¢2_q_‘i’

1

$3= 8H2¢>2qf’§chS

2
- Z—‘S/wz {wep(w2 +2Hqr) — wa (w2 — QH(JT)}] :

> 120% {gs[watin — (wo — 2Hqr)wo] + prrwa[3wa(ws + 2Hgr) — gs]}

£3 is positive under the no-ghost and stability conditions

(which enhances the gravitational attraction).

or smaller gy close to 0, there 1s a tendency that G.g decreases.
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Planck constraints on the effective gravitational coupling
and the gravitational slip parameter Adeet al (2015)

G /G and ® /W are assumed to be constant,

DE-related
| | |

Planck
Planck+BSH B
Planck+WL

Get/G — 1

Planck+WL+BAO/RSD ] Strong
gravity

po — 1

Weak
gravity
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De Felice et al,

Weak gravity in generalized Proca theories 160505066 016)

Gt is modified through the intrinsic vector mode through the quantity gy .

For a massive vector field with Go = F 4+ m?X we have
qv =1 —4gsHo + 2G6H? + 2Gg x H* ¢

Effect of the intrinsic vector mode

or smaller ¢qy, approaching 0, Yo —
[ a) qy=
the effect of the vector field P S b ay=01
: = (0 gy=0.
tends to reduce the : -~ @ay=001 ||
. . . 4 - N | (e) qV=0.0001 i
oravitational attraction. - | Bmaller ¢ '
QO 13 [

eff

It 1s possible to see signatures CO = Py r= 5:/20,,5;2 — 1074
of the intrinsic vector mode L
in redshift-space distortion s
measurements. 10 ”// |
090 L
01 1 o o -



Observational signatures in red-shift space distortions (RSD)

From the R5SD measurement we can constrain the growth rate ot
matter perturbations: f = 9,,/(HJd,,).

K Planck best-fit value

TR =GR ¢ | For smaller gy, the values
0.60 [ qy=0.1 : 1 of fog tend to be smaller.

055 | The present fog data alone

are not sufficient to distinguish
between the models with
different qy .

e (A
0 50 " * o
- . H e,
.

L.
.

. td

.

fog

0.45 ¥

0.40 | The relization of weak gravity

is also limited down to the value

0.35
around G.g ~ 0.95G.

0O 02 04 06 08 1 12 14 16 18 2
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Observational constraints including the RSD data
A.De Felice, L. Heisenberg, ST, 1703.09573.

The joint analysis including
the RSD data give the bound

0.006
0.006

_ +0.08
8 — Oo 16 0.08 ’

(95 % CL)
The model with s > 0 stills fits

the data better than the LCDM.

However, the case of weak gravity

is not necessarily the best fit.

Best-fit: 2. = 625.6
ACDM: 2. =642.7
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Healthy extension of second-order generalized Proca theories
Heisenberg, Kase, ST, PLB (2016)

The Heisenberg Lagrangian contains the Galileon-like contributions:

Y here
Ga __ Bi-BiYit1Va o ; w

§BLBivitrya “BiYit1Va

B
Q1 QG Yi41 Y4 T Sal"'ai’)’i+1""¥4g

We can consider the generalized Lagrangians like

£4N — f48[31ﬂ23374 A% Ag V2 Ag V* Ag,

1020374

£5N — f5(§ﬂ1ﬂ2ﬂ3[34 A% Ag V2 Ag, V3 Ag, V' Ag,

Q12304

ﬁ In the scalar limit A¥ — V#m, these recover the Lagrangains

of Gleyzes-Langlois-Piazza-Verinizz theories.

(healthy extension of second-order Horndeski theories)

The analysis of linear perturbations on the flat FLRW background
and on the anisotropic cosmological background shows that there
are no additional ghostly DOF even with these new Lagrangians.
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Anisotropic cosmology in beyond-generalized Proca (BGP) theories

Heisenberg, Kase, ST,

Four new Lagrangians :
arXiv/1607.03175

X)5P1B2Bsrs por Ay 722 Ay V2 Ag |

Q12374

Ly = fu(
£5N — f5(X)Sﬂ1ﬁ2ﬂ3ﬂ4 A% Ag V2 Ap V3 Ag V4 Ag,
Ly = fs(

N _

1020304

N—fs X)Sﬂ1ﬁ2ﬂ3ﬂ4 A% Ag V2 A%V 5 Ag V' Ag,

Q120304

LY = fG(X)Sﬂ1ﬁ2ﬂ3ﬁ4 Vs, Ag, V¥ A%V, A%V g, A%

Q1 2CG304

Anisotropic background:

ds? = —N2(t)dt? + ¢22®) [e747Oda? + &2 (dy? + dz?)|

with the vector field A" = (%, e~ 200 y(1),0, 0)

The Hamiltonian constraint is

% — _% —0 ﬁ H — 0 (bounded from below)
No ghost-like Ostrogradski instability
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Observational signatures of beyond-generalized Proca theories

Nakamura, Kase, ST, arXiv: 1702.08610
The relization of weak gravity like the value Geg ~ 0.8G is possible.

TT =TT T T==T=T=T=T=T¥ T I — T L e B . L e B L, L L L L

14 | (@ |] 0.70 | T —— BGP ]

' ' S N GP :

sl 0.65+ . - — - A-CDM| |

' 0.60 | T

12 | 1 il ) ]

o _ Weak / 0.55 | ;
\::: 11 i graVIty = tgo 0.50
o o e ;
N 0.45 |
| 0.40
09 1 0.35 |

-2 -1 0 1 2 0 02040608 1 1.214161.8 2

logyo(1+2) 7

It remains to be seen whether the BGP theories fit the data
better than the LCDM.




Conclusions

1. Generalized Proca theories give rise to interesting cosmological solutions
with a late-time de Sitter attractor.

2. We constructed a class of dark energy models in which all the

stability conditions are satisfied during the cosmic expanssion history.

3. The joint data analysis of SN Ia, CMB, BAO, Hy, and RSD show
that the model in GP theories is favored over the LCDM.

4. The healthy extension of GP theories allows the realization of
weak gravity which should be consistent with both RSD and CMB data.

Let’s see whether future observations show the signature of
vector-tensor theories.




