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Horndeski theory

In 1974, Horndeski derived the action of the most general scalar-tensor
theories with second-order equations of motion

[G.Horndeski, Second-Order Scalar-Tensor Field Equations in a
Four-Dimensional Space, 1JTP 10, 363 (1974)]

Horndeski Lagrangian:

LH:\/—g(£2+£3+£4+£5) J
Ly=G5(X,®),
L3=G3(X, @) 02,
L4=G4(X,®) R+ 0xGy(X,®) 055 VoV P,
L5=G5(X,8) G, V"'® — 5 9xG5(X,8) 647 VEOVIOV) P,

where X = —1(V¢)?, and G (X, ®) are arbitrary functions,

and &3 = 283,00, 6,07 = 317,005,
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Fab Four subclass of the Horndeski theory

There is a special subclass of the theory, sometimes called Fab Four (F4),
for which the coefficients are chosen such that the Lagrangian becomes

LF4:\/—g(£J+£P+EG+L‘R—2A)

with
L7=V;(®) G, VI OV" ®
‘CP:VP(Q) PMVvaHQVp(I)vVJq) ,
La=Va(®)R,
LR:VR((I)) (RuuaﬂR”VaB - 4RMVR,“/ + R2)

Here the double dual of the Riemann tensor is

1 5
2 wvySs poA nZ " u T
PM = = 0L R g = R g+ 2R 0% — 2RI 00 — ROLOY)

whose contraction is the Einstein tensor, P*%, = G*,.
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Fab Four subclass of the Horndeski theory

Fab Four Lagrangian:

Lea =v/—=9(Ly+ Lp+ Lg + Lg — 2A) J

@ The Fab Four model is distinguished by the screening property — it is
the most general subclass of the Horndeski theory in which flat
space is a solution, despite the presence of the cosmological term A.

@ This property suggests that A is actually irrelevant and hence there
is no need to explain its value.

@ Indeed, however large A is, Minkowski space is always a solution and
so one may hope that a slowly accelerating universe will be a
solution as well.
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The model with nonminimal kinetic coupling

Action of the theory with nonminimal kinetic coupling:

1 ‘
S=3 / (MZ\ R — (@ Gpy + € gu) VFOVY® — 2A) /—gd'z + Sy,

The gravitational equations:
Mgy Gy + Mgy = T + T3 + TS0,
with
o B 1 Apo o B
Tuv=PausV IV ® + 2 gun 6,05 V8V, 8 — XGy
T\ =V,8V,® + Xg,.,
T30 =(p + p)UpuUs + pguv »

The scalar equation

V,.(aG* 4+ eg"” )V, @) =0.
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Cosmological models

The FLRW ansatz for the metric:

A y dr? .
A _ _a® 2 20792 | o2 2
ds® = —dt* + a*(t) L_ r2+T (d¥* + sin” ddyp )], J

a(t) cosmological factor, H = a/a Hubble parameter

Gravitational equations:

. K 1 ; : K
e (2 Bl m 30 (s E) s agp=o,
a2 2 2 a2
— M 2 430 + & —1e¢2—a¢2 a+3m - K op? +A—p=0.
a2 2 2 a2 )

The scalar field equation:

L (o (0 5) )

where ¢ = ®, and ® = ®(¢) is a homogeneous scalar field
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Cosmological models

The first integral of the scalar field equation:

a’ <3a <H2+£§> —6)1[1:0,

where C' is the Noether charge associated with the shift symmetry

Let C' = 0. One finds in this case two different solutions:

s K A+p
ol — 2 _
GR branch: ¢y =0 — H-"+ ol 3L,
K ¢ a(A+p)—e M
2 2 _ Pl
Screening branch: H* + 2= 34 = Y = o (e = 3ak/a?)

NOTICE: The role of the cosmological constant in the screening solution
is played by £/3a while the A-term is screened and makes no
contribution to the universe acceleration.

Note also that the matter density p is screened in the same sense.
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Cosmological models

Let C # 0, then
C

ad [3a(H2+ &) —¢]’

and the modified Friedmann equation reads

Q,Z)_

K C? e — 3a (3H? +
3ME, <H2 + 2) -l ( )]2 + p-
a 2a5 [e — 3a (H? + )]
Introducing dimensionless values and density parameters
. 2 0 €
szHgya a=aopa, pCr:3Ml§1H6)a C:m7
A K c? Qs Q3
Qo = D= Y= p=por | + —2
7 pa P HZal’ 0= GQaOngcr’p P <a4+a3
gives
the master equation:
Q Q Q Qe [ — 3y+
y=Q+—+ 5+ + [ o
a a ab [C —y+ ]
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Asymptotical behavior: Late time limit a — oo

GR branch:

O Qs Q4 (C—300)
=0 ey By s TR
y 0+a2+a3+a4+(ﬂo—02‘16

Notice: The GR solution is stable (no ghost) if and only if { > Q.

1 .
+O<7>:> H2—>A\/3
a

Screening branches:

QQ X QQQG QG(C — 390) + QgX 1
= — * + -
yr =0+ a? (Q—¢a®  xdd 2(Qp — ¢)%ab +0

= H?>—¢/3a

Notice: The screening solutions are stable (no ghost) if and only if
0 < ¢ < Q.
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Asymptotical behavior: The limit a — 0

Gla branch:
4 3 2464 6 3846 0(1)

Yy=— -
at a3 Qa2 Qua

Notice: The GR solution is unstable

Screening branch:

30 300 5 3002 + 902
= - 2+ T L0
y+ 94 a2 Q?l a 3 C Qi + (a’)7

C 1C2 2 3 4
==+ ——— (Y a”+Q3a a
3 27 Qg ( 4 3 ) +O( )

Notice: Both screening solutions are stable
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Global behavior

L O D6[C-3y+ ]
y=tt et et et 2,17
a® [¢ —y + 3]

8
0.0

Solutions y(a) for Qg = Qs =1, Q2 =0, Q3

25

=Qu=0andfor (=6

Sergey Sushkov The screening Horndeski cosmologies



Global behavior

Lo 9 D[C-3y+ ]
y=tt et et at . 2,17
a® [¢ —y + 3]

B

02 A —

3

1 2

96:1,92:0,93294:0,4-:0-2

Solutions y(a) for Qp =
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Global behavior

L 0 D6[C-3y+ 5]
y=tt et et at . 2,17
a® [¢ —y + 3]

2

Solutions y(a) for Qg = Qg =1, Q5 =5, Q4 =0, ( =0.2. One has Q, = 0.
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Conclusions

@ The theory with nonminimal kinetic coupling admits various
cosmological solutions.

@ Ghost-free solutions exist if « > 0 and € > 0.

@ The no-ghost conditions eliminate many solutions, as for example
the bounces or the “emerging time” solutions.

@ For ¢ > Qg there exists a ghost-free solution. It describes a universe
with the standard late time dynamic dominated by the A-term,
radiation and dust. At early times the matter effects are totally
screened and the universe expands with a constant Hubble rate
determined by £/a. Since it contains two independent parameters ¢
and Qg ~ A in the asymptotics, this solution can have an hierarchy
between the Hubble scales at the early and late times. However, at
late times it is not screening and dominated by A, thus invoking
again the cosmological constant problem.
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Conclusions

@ For 0 < ¢ < Qg there exist two ghost-free solutions, A and B. The
solution A is sourced by the scalar field, with or without the matter,
while the solution B exists only when the matter is present. They
both show the screening because their late time behaviour is
controlled by { ~ e/a and not by A. Therefore, they could in
principle describe the late time acceleration while circumventing the
cosmological constant problem, and one might probably find
arguments justifying that £/« should be small. At the same time,
these solutions cannot describe the early inflationary phase. Indeed,
the near singularity behaviour of the solution B does not correspond
to inflation, while the solution A does show an inflationary phase,
but with essentially the same Hubble rate as at late times, hence
there is no hierarchy between the two Hubble scales.
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