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Explicit formulae of the equations in the generalized Galileon models are given. We also develop the
formulation of the reconstruction. By using the formulation, we can explicitly construct an action that
reproduces an arbitrary development of the expansion of the Universe. We show that we can completely
and explicitly separate the action to the part relevant for the expansion and the irrelevant part. The
irrelevant part is related to the stability of the reconstructed solution, and we can further separate that part
to the part relevant for the stability and the part irrelevant for the stability. The conditions showing how the
reconstructed solution becomes stable, and therefore become an attractor solution, are also given. Working
in the static and spherically symmetric space-time, we investigate how the Vainshtein mechanism works in
the generalized Galileon model and how the correction to Newton law becomes small. It is also shown that
any spherically symmetric and static geometry can be realized by properly choosing the form of the
action, which may show that the solution has a fourth hair corresponding to the scalar field. We again
separate the action to the part relevant for the reconstruction for the spherically symmetric and static
geometry and the irrelevant part. We show that by choosing the relevant and irrelevant parts appropriately,
we can obtain an action that admits both the solution corresponding to an arbitrarily given spherically
symmetric and static geometry and the solution corresponding to an arbitrarily given history of the
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I. INTRODUCTION

The observation of the type Ia supernovae at the end of
the last century tells us that the expansion of the present
Universe is accelerating [1-3]. In order for the accelerating
expansion to occur in Einstein gravity, we need cosmo-
logical fluid with negative pressure, and we call that fluid
dark energy (for a review, see [4—6]). The simplest model
of dark energy is the cosmological term in Einstein gravity,
eferred to as the ACDM model (CDM is cold dark matter).
The ACDM model, however, suffers from the so-called
fine-tuning problem and/or coincidence problem. In order
to avoid these problems, many kinds of dynamical models
have been proposed, especially dynamical models using
the scalar field(s) like the quintessence model [7-11],
k-essence models [12—16], or ghost condensation models
[17,18]. Such scalar models, however, generate a large
correction to Newton law in general by the propagation
of the scalar field. In order to make the correction decrease,
the so-called chameleon mechanism has been proposed in
[19,20]. In the chameleon mechanism, the mass of the
scalar field becomes large when the mass density is large
and therefore the force propagated by the scalar field
becomes very short range, so that the correction can be-
come very small so as not to conflict with the observational
or experimental results. Another mechanism to suppress
the contribution from the scalar field is the Vainshtein
mechanism [21], where the scalar field is suppressed by
the nonlinear structure of the scalar field equation.
Originally the Vainshtein mechanism was a mechanism
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for the decoupling of the longitudinal mode in massive
gravity. After that, it was found that a similar mechanism
works [22,23] for the bending mode of the Dvali-
Gabadadze-Porrati model [24-26]. Then scalar field mod-
els where the Vainshtein mechanism works were proposed.
The actions of the original models have a symmetry called
Galileon symmetry and hence the scalar field is called as
the Galileon field [27-29]. The equation of motion for the
Galileon field does not include a derivative higher than
two, which may prevent the existence of the ghost although
the condition is not a necessary nor sufficient condition for
no ghost. We also note that the structure of the equation
does not have a direct relation with the Galileon symmetry.
Until now, there have been a number of activities related to
the Galileon scalar field [30-32].

In generalized models of the Galileon field, the field
equations of motion are very complicated, however, they
could be useful for future research if the explicit forms of
the equations are given. In this paper, we explain how the
field equations of motion do not include derivatives higher
than two. As pointed in [31], the Levi-Civita symbol e#"?“
plays a crucial role in the structure. In [32], it was shown
that the actions obtained in [31] are equivalent to those in
[33]. When we consider the curved space-time, in order to
preserve the structure of the field equation, the correction
terms appear, including the curvatures in the action, which
also guarantee that Einstein equations do not include
derivatives higher than two, either. We also develop the
formulation of the reconstruction, which shows the explicit
form of the action reproducing an arbitrary development of
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the expansion of the Universe. We show the conditions that
explain how the reconstructed solution becomes stable and
thus becomes an attractor solution. We also investigate
how the Vainshtein mechanism works in the curved
space-time for the generalized Galileon model. We also
show that any spherically symmetric and static geometry
can be realized by properly choosing the form of the action,
which may show that the solution has a fourth hair corre-
sponding to the scalar field.

We give explicit forms of the equations as far as we can,
although they look very complicated. We believe explicit
formulae could be necessary for later applications.

In the next section, we provide a general formulation
of the Galileon field and show how derivatives higher
than two do not appear in the field equations and
the Einstein equation. In Sec. III, we consider the
Friedmann-Robertson-Walker (FRW) dynamics and give
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the formulae for the reconstruction. The stability of the
reconstructed solution is also investigated. In Sec. IV, we
examine the spherically symmetric and static space-time
and investigate how the Vainshtein mechanism works for
the generalized Galileon model. We also realize any
spherically symmetric and static geometry in the frame-
work of the Galileon model. The last section is devoted to a
summary and discussion.

II. FORMULATION OF GALILEON SCALAR

In this section, we give a general formulation of the
Galileon models by using the Levi-Civita symbol e*"*“
in the flat space-time and the curved one.

We first consider the flat space-time. We now find the
contributions from the Galileon scalar 7 to the equations of
motion are expressed as [27-29]

2€1rPT 50 ,,

ey

&y = 2l = 3ulluall? + 2ull’} = —2€,A7%€#"77940,70,0,70 50,7,

5 5
Es = —6{(trH)4 — 6(trIT)%trI1? + 8(trID)trIT3 + 3(tr12)*> — 6 trI1*} = —6eaﬁyﬁewaaaaﬂwaﬁaywayapwaaagw.

Here I1#, = 9#9,7 and trll = I1#,. We have also used the following formula:
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Then it is easy to find the corresponding Lagrangian densities as follows:

L, =m, L, = 66#,,,]56“”””65#(907 = otmd,m,
L;= %6#,,756“”"’”67778,)77856077 = 0tmd, mlm — *md"md 0,
Ly= %eﬂﬁvﬁewﬂ”aﬁwaﬂayapwaaagw
= %(aﬂﬂ'af‘w(ﬂﬂ)z — 9, mI* 779, mwIP I, — 204w 7w 0, T + 20" I 7P I, 70 |, 0, TT),
Ls= %eaﬁﬁewwaawaﬂaﬁaywayapwaaagw
= é(aﬂwa#w(mwﬁ — 30, mo* 7070”9 ,wd"d, 7 + 29, mO* w9, mI° I, 7" — 30* 7w 7w, 9, w((O7r)?

+ 30t 7m0’ wd 0,707, mIP Iy + 60" TOF TP, 70,0, mOT — 60" TI* 77D, 7D, 0, TIP I (7). 3)

In the curved space-time, instead of the above Lagrangian densities (3), we may consider the following ones:
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L, = L, = éew,p‘sef’“”p"%wa,ﬂr = otm,m,
Ly = %ewyﬁewaaywapwvgaow = ot md, m0m — I+ wd" 7V ,0,m,
£ = %eﬂﬁyﬁewwaﬂwaywvyapwvaa(,m
= %(GMWG"'JT(D'/T)Z = 9,mI* 7NV, aVP I, — 20¢ 10" 7V 0, w0ar + 207w wVP I, 7wV 0 ,,7),
.Ego) = %eaﬁyﬁeWﬂf’aawa#wvﬂaﬂvyapwvaagm
= é(aﬂwa#w(mwﬁ =30, motadnN"9, 7P, 7 + 20,0 7P, 7N, wNV" I

_ 2
30#7md" 7wV 0, m(07)* + 30* 70" 7V 0,7V, 7VP I ,m + 60" 7w  wVP, 7V 0,707
—60"motaV79,wV 0,7V I ). 4

Here VM is the covariant derivative and the meaning of the suffix “(0)” in £(50) and EE‘O) will be clarified soon. In (4),
€*BY3elvra is defined by

€WBYd guvpo — ga#gﬁvgwg&r — ga#gﬂvgwfgﬁp + ga#gﬁpgyﬂg5v — ga#gﬁpgwg&f + ga#gﬁﬂgwg&)
— grghrgIPg® — givghrg gt + g vghr gV gdy — gavgBTgYR g  gavgBagYP ook
— gVgPrgIPgtT + gt VgPlgT g + g P ghTg kg — gaP BT YV @Ok - P gl oYY g00
— gapgﬁugwgﬁv + ganBVg70g5lL — gapgﬁvgwgﬁv — gatrgﬁugwgép + gavgﬁugwgﬁv
— g7gP g g + g7 ghrgTkgtP — g7 gl gk gtV 4 g7 gfPgYY GOk, (5)
which gives
Eﬂﬁﬂ/ﬁewpff = gﬁvgypgﬁtf — gﬂvgwgﬁp + gﬁpgvogﬁv — gﬂpgwg&r + gBlfgwgép — gBtfgwgSV,
S ehrpT — 6gb0. (6)

6 — 8 6
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Since V,g,,, = 0, we find V,(e*Pr®errp) = (). By the variation of 7, instead of (1), we obtain

3 3
81 =1, 52: —ZV“SM#, 53:EMVy5€MVpU{_Evyap7TV5aO.7T+ZRAgyaap7TaA7T},

5 1
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27 PBYTY
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€0 — ey e 3G o G 0 1V 5 aVid w4 R 9w mV.9 mVsd mtia md mRA . 9 R
s —€ € 6a#7TBV7Typ775(T7T4VQB#W,\WYPW507T4Q7TM7T oy A TR 5,07
1 1
—Eaawaﬂw(VVRApﬁy)a,\ﬂ'Vlsagﬂ'—EGQWBMWRAPBYV,,Gvaga,,W}. (7)
Here we have used the Bianchi identity
0=V)R%,, + VR, +V,R, . (8)
and the definition of the Riemann curvature:
[V,L, V,,]Vp = —R"pWVA- 9

Here V), is a covariant vector. Note that in ggo) and £ (0), the derivatives of the Riemann curvature appear, which include the
third derivatives. By using the Bianchi identity (8), we find
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Then if we consider the following Lagrangian densities:

AL, = V50,70, mors (11)
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by the variation of 7, we have

1
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_ r _ r
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Note that in the expressions in (14), derivatives higher than two do not appear.
In the curved space-time, we may also consider the following Lagrangian densities:

1
Lo=€,Pe""P7d5m0, TR 5,, = —4<R,“, - Eg#,,R>8"77'8”7T,

L, = 6“5756””’”601WGMWVBG,,WRW?/M, =20, ,motadmR — 49, mo* aV"VP 7R, , — 20" wd* 7V 9, TR
+ 89" wdk*wV, 0P wR ,, — 40P mot wdwR ,, + 40P mIF TV " TR 4, p 0 (15)

By the variation 7, we obtain

043006-4



GENERALIZED GALILEON MODEL: COSMOLOGICAL ... PHYSICAL REVIEW D 86, 043006 (2012)
56 = —26M'8756“”p”VB6V7TR

yépo
aBys cuvpo 3 afyd uvpo A (16)
&, = —3e €*"PIN 40, TV 30, TR 5, T € €rrP79, mI TR, R y5 o
Even in the curved space-time, £’s (i = 1,2, - - -, 7) do not include derivatives higher than the second ones.' We should
also note that
1 1
A£4 = _§£66/\7T6A7T, A.ES = _§£7a)\778)\77'. (17)
Now we find that the general Lagrangian has the following form:
R G, (m, X 1 aG X
L=+ Gy(m X) + Ga(m, X) L3 + #LE{” ~ 5Ga(m X)L + %L(O)
1
- §G5(7T, X)L + Go(m) L + G7(m) L7 + Gg() Ls. (18)
Here X = 9, md* and Ly is 4 times the Gauss-Bonnet invariant:
L= e“ﬁy‘se””P"RaﬁwRﬁM = 4(R*> — 4R ,,R*" + R, ,, R*"*7). (19)

We now show that even in the generalized action (18), the higher derivative (higher than second order) do not appear in
the equations given by the variation of 7. In fact, we find
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aG 3 3
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3
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52 )=€”B766'U' P I:—E)a—axz d waﬂwaywvyapwvaaﬂ——axz 0,7V ,0,7V 50 ,m(O7d g+ 207V 0 g 77)

9°Gy 9°G,
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+‘2—(;‘( 2vﬁaywvyapwvéa(,w+gRApﬁyaywamvga(,w—%aﬁwaywmmvpam)
82G4
+2 X 5 (07,0970 g7, TR 5" I\ T+ I“TR oy D)\ T g7, TV 50 5 77)
+2 ;5480{ 7R MAaWanaywvgagwraa;gxa mdgmd, TR, 5 6,\77'—%8%83778 m(V,R ”5)8)\77]
(22)
Only the last term in (22) includes the third derivative of the metric. This term can be canceled by Aé’flc), which is given by

the variation of — %G4 L,

"In addition to the Lagrangian densities in (15), the Brans-Dicke type Lagrangian density Lz, = f(7)R does not generate the field
equation and the Einstein equation with derivatives higher than the second ones. Here f(r) is an arbitrary function of the scalar field 7.
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1. 4G, 1 9G, 190G,
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The third derivative term in (22) is canceled by the fourth term in (23).
We also have
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1 0°G 1 0°G
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Only the last term in (24) includes the third derivative term, and this term is canceled by the seventh term in AE(SG)

1(. G 9G 149G
© _ 5 5 —2
AES = E&,B’}’ée,U«VPU'[A‘. (a/\—a/\’]T + ﬁ[’ﬂ')a 770 Wvlga 7TR’)’590' 2 0x
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1
—GBGSV,,GQWE)MWR
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1
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1 0G5

0o, TV 30, TR ,5,, + e

ta
10G
Za—s domd, w(V,R py) ATV 50 57
140

G; 3
+ 1 W 8,\776 770 WRAyﬁTaTWRySpO' + gGsaMWRaBVTaTWR.ygpa-]. (25)
It is straightforward to see that the equations of motion given by the variation of 7 from G4(7) L4, G;(7) L4, and Gg(77) Ly
do not include a derivative higher than two because G¢(7), G7(77), and Gg(7r) do not contain X.

We also investigate the equation given by the variation of the metric. The equation corresponds to the Einstein equation.
Since

1
6g gg'uvag,u,w BFZ,V = EgK/\(v,u 6gV/\ + vvag,u./\ - v/\ag/uz)r 8R'uy)\o' = V)L(‘)Tﬁy - va'srf\Lw
1
3R,u1/)\a' = E[v/\vu‘ngM - v)\v;tag(ru - v(vatsgA/.L + vovﬂag/\u + 8gprpr)m' - Bgvp ,u,)m'] BR
1
= E[vp(v,u,agup + vuag,u,p) - v26g,u,v - v,uvv(gp/\agp/\)]
1
= E[Vﬂvmgw +V,Vrég,, — Vzﬁgw — VMV,,(gp’\ng)‘) — 2R)‘,,p#8g,\p + Rr,68,, + R ,6¢8,,]
OR = —0g,,R" + ViV g, — Vz(g/“’é‘gw), (26)
we find
1
= 51z (8 R = RE) + (B + (o + (L + O + (O + (e + Gy @)
Here
1 G, (m, X
(Hop =584 Golm, X) - % oo, (28)
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+ 6P 197wV I,V 0,7V m + 607 707wV I, 7V 9, TV I* 7} + 5(—g’“’D7T + 07wt + 9Fwo”

1 dGs(m, X
- g‘”aTﬂ'aT){g 58(7;)(38[,773’177(D77)2 —30,m0? 7V, 7V 0,7 — 6P 1077V ,0 , T
1 0Gs(m, X
+ 63’)7760—7Tv73p77v0.8777)} + V,‘{g %(—38PW6PWDW6”#V“6’\W =30, moPaOmor 7V* or

+ 30, w0 mOmoraV? ot + 30, 7V  aVr I , 0" + 30, 0P VI TV pmr ot T
—30,79P w7 7N 9wt T — %6)‘776"776”7T(D7T)2 + %6"776“778”77V”8,,7TV‘78P7T

+ 3077077V ,0,7TVH I movw + 30° w77V 0, 7V A matw — 30P w7V 0, VY Okt

— 60 7I* 7N ,md" w0y + 60# wdP wd WV yor O — 30° wd° VI, 7wV 00w T
—30P79° 7V 9,7V 0  morr + 3(9P7T807TVV3P7TVO.3'U“7T(9/\7T)} - éG5(7T, X)L;(—20*md” wdaR

+ 404 m0" 7P TR, + 40, I’ TV*I7 TR , + 40, P TV 97 TR , + 204 TP W0 , MR

+20"mdPaVH ,mR — 40+ 7d ,mV" ) ,mRPT — 49" wd ,mVH 0, mRPT — 40P wI* 7V ,0 , TR"”

— 40P md" NV 0, mRI — 40P 7d ,wV 0 TRT” — 40P wd ,mV ;0" TRTF + 4dH mdP wwRY ,

+ 40" 0P mOmR* , — 394 wP 7V ,9,R, ™7 — 30" 7P mV 40, R, M7 — 3P w7 wV ;0L TR, Y,
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—30Pwd"wV ;0" TR > )7 — 20 ,mP w7TR* + 20 w97 7V ,0,, TR*”)

1 1
+ 5(—g“”Dﬂ' + 0Vmor + P oY — g‘“’&Tﬂ'aT){— §G5(7T, X)L;(29,w9? 7R — 46”778"7TRM)}
1
+ VA{— g Gs(m, X)L7(=20,mP wd" wRM — 20 ,,w9P o TR + 20, P mOrwRI — 9A Tt o " wR
+ 48”776,)77'8”7TRM + 28”77'6‘7778”77'Ro“p" + 28”77'8"77'6“7TRU”,)" - 28’)778"77'8)‘7TR(,”F/‘)}

+ (VVV# — ng2){— éGS(’?T, X) L5209 ,w9? 70w — 28”778”77Vp8,,77)}

1 1

+ EV(,V”{— §G5(7T, X)L:(=80,mdP 7V ok 7 + 80P wd” 7wV ,0t 7 + 80P mor 7wV 07 — 88”778“77577’)}
1 1

+ EV‘TVM{_ §G5(7T, X)L;(=80,mdP 7N m + 80P wd’ wV 0" m + 89P md’ wV ,07 7w — 86”77'6”77577')}

1 1
— EVZ{— §G5(7T, X)Ly(—40,mdP TVH " m + 40P mot wV 0" m + 40P md 7wV ,0F T — 43‘“77(")”’7T|:|7T)}

1 1
- Eg"”VTVU{— §G5(7T, X)L,(—40,mdP 7V 07w + 8P wd7 WV 07T — 460776T7T|:|7T)}
1 1
+ ZVPV,,{— §G5(7T, X)£7§(8"77'8”7TV”6P7T + 077w AV P T — 20 wdP wVH OV
—20f 7wV 0P 4+ 0P wdP wV IV + ananV”a#w)} (€2}

1 1
(H#* =3¢ Golm) = AGo(m] = (R#7 "7, 7 + RV 300, ) + 3 Ro¥ 70 | = 49,9 (Gl o)

+ 20(Ge(m)a# " ) + 2V, V ,(Ge(m)gH" 0P w7 m) — 2Go(m)R*" 0 , 0P
+ 2VEVY(Ge(m) 0, P ) — 20(Ge(m)gH" 9, m0P 1), (32)

1
(H)»r =§g’“’G7(7T) + Gy(m) L7(—20*wd" 7R + 40+ wd” mVP 97 WR ,; + 40, 0P TVH 97 TR” ,

+40,m0P TNV 97 TRY ; + 201 P TNV, R + 20" 0P wVH I ;TR — 40K 79 , VY , TRPT
—497md ,mV* 9, mRPT — 43P wd* 7V ,0 ,mR"7 — 40P wd" 7V ,0 ,mR*7 — 43P 79 , TV ,0* TRV
—40°m0,mV,0" TR * +49* woP mOwR” , + 40" woP 7R , —30* wdP 7V 0, R,V
—39"md’wV,9,.R,"*7 =3P md"mV 04 R, ,7 —30°P wd"wV 0" TR M ;7 — 20 ,mdP mAmwRH”

1
+20P w977V ,0, TR*) + 5(—g"“’D7T + 9" mIt + ot wd” — gt 9" mwd NG7(m) L7(20, 0P TR

—49P w7 7R )} + VG () L5(=20 ,,7w0P 9" TR — 20 , 7P wd* RN + 20, 0P I TRMY

— Mot oY wR + 48“778[,77'6”7TR”A + 28”77'6"778”7TR(,MP’\ + 28”778"778“7TR0VP’\ - 28/)77'8"77'8"77R(,”p“)}
+ (VY — g#VVZ){G7(7T)£7(26p7TaP7TD7T —20P 77wV ,0,m)} + %V,,V”{G7(7T)£7(—88p7rap 7V ot
+83Pmo"wV 0t mw+ 8P wot wV ,07 m — 830773’“7T|:|7T)}+%VUV’“{G7(7T)£7(—8('9P7T8’]anayﬂ

+80P w7 wV 0" m+83P md" 7V ;07w — 837 " m )} — %V2{G7(w)£7(—4apwapwwan
+46”776“77Vp8”77+48p778”7TVp8“7T—48“778”77577)}—%g””VTVU{G7(7T)£7(—4ap778’37TV"877T
+80PwdwV 07w — 497 md mm)} + 2VPVU{G7(7T)£7%(8"7T(9”7TV”8"7T + 07w+ aVY 0P T

—20%7dPaVH 0" = 20F7wd " wV o dP m+ OF wdP a7V + 8”778”7TV”6“7T)}, (33)
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(H)» = B(VEV Gy(m)R — 8gH7(V2Gy(m)R — 16(V,VEGy(m)RY — 16(V V" Gy () RMP
+ 16(V2Gy(m)RM + 16847 (V,V,Gy(m)RPT — 16(V Y, Gy () REPV7, (34)

Thus, we have provided the explicit expressions of the field
equations and the equations corresponding to the Einstein
equation for the generalized Galileon scalar models.

III. FRW DYNAMICS

In this section, we provide the formulae for the cosmo-
logical reconstruction by considering the FRW dynamics,
and we investigate the stability of the reconstructed solu-
tion. Usually, we start from a theory, which is defined by
the action, and solve the equations of motion to define the
background dynamics. The reconstruction is the inverse
problem, i.e., when an arbitrary development of the expan-
sion of the Universe is given, we construct the explicit form
of the action which reproduces the development. For the
reconstructed action, the solution describing the develop-
ment of the history of the expansion is not always stable. In
this section, we show the conditions necessary for the
solution to become stable or an attractor.

We now take the FRW universe with the flat spatial part,

ds? = —d? + a(t? Y (dx')?, (35)
i=1,2,3

and we assume 7 only depends on the time variable.
Let us denote that the energy density and pressure of the
matter by p and p. Then the first FRW equation is given by

3 8 p
—SHP+ Y (H)w=—5. 36
7 k:2( )00 2 (36)

We also write (H });; as (H });; = H a?8,;. Accordingly,
the second FRW equation is given by

8
2LK2(3H2+2H)+ZH,C=—§. (37
k=2

2k?2

f

If p and p are given by the sums of the contribution of
the matter with a constant equation of state parameter w;,
we find

p= Zpla—3(1+w,), p= Zwlpla—3(1+w,)_ (38)
1 1

Here p;’s are constants.

We now demonstrate the reconstruction of the history of
the expansion of the Universe. That is, for arbitrary devel-
opment of the Hubble rate H(z) or scale factor a(z), we
determine the functions G,(m, X), Gs(m, X), Gu(7, X),
Gs(m, X), G¢(7r), G7(7r), and Gg(7), which gives the de-
velopment. Since the redefinition of the scalar field 7 can

be absorbed into the redefinition of G; (i = 2,3, - - -, 8), we
may choose
T =1 (39)
Then we find
) 0G;(m, X
X=-1, Gi(mX) = 9Gi(m, X) | etc.
dr T=t,X=-1
(40)

We also write G;(7, X) (i = 2, 3, 4, 5) as follows:
G(m X) =Y G (m)(1 + X)". 41)
n=0

In addition, we suppose that the scale factor a(f) can be
given by an appropriate function g(¢) as a(r) = e, which
gives H(t) = (). Thus, the first FRW equation (36) has
the following form:

- = 2600 - &) + {3G§”(t) - gGg‘”(t)}g(z) " {—6G§”(z) —6G2() + %Gf{”(r)}g(r)z

15 . 1
+ {—scg”(z) +2G9(1) + ch‘”(t)}g(zﬁ — 18Go(2(1)* = 30G7(Ng(1)* + 48Gg(Ng (1)’ = =5 3 pje 217 1s00,
1

(42)
On the other hand, the second FRW equation (37) has the following form:
S GH + 20) 4 1690 + 1600 -3 60807 ~ 6080 ~ G020 + 6P g0

+IGPWR0 + 5GP R0 + G007 + SV WR0P + G 0E0ED - 3 GO0 S GV

3 . )
—5G5(02(E(1) = 6Go(Z(1)* = 4G4(1)g(1) = 4Ge(DE (1) + 12G5(03(1)° + 667031 + 12G7(DZ(1E (1)
= 32G5(03(1)° — 16G5(0)3(1)* — 32G5(02(Ng(1) = — %Zwlpze‘““w')g(”- (43)
l
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Then if we choose G(O)(t) G(l)(t) (0)(t) G(l)(t) G(O)(t)

G0, G20, GO0, G0, GO0, Gelr), Gs(r), and
Gyg(1) so that the FRW equations (42) and (43) can be
satisfied, we have the following solution:

PHYSICAL REVIEW D 86, 043006 (2012)

Then we can completely and explicitly separate G, to the
parts relevant for the expansion and the parts that are
irrelevant. We should note, however, that some of the
irrelevant parts are related to the stability of the recon-

structed solution as we see in the following.

H(r) = §(1), Tt (44) For simplicity, we neglect G,(m, X), Gs(m, X), Gg(m),
We should note that G(’)(t) (i=23"-"), G(') () i=  G4(1), and Gg(1) in the rest of this section and consider the
2,3,-+), G4 () (=3,4"--), and G )3(t) (i= examples of the reconstruction and the (in)stability. Then,
3,4, - - -) are irrelevant for the expansion of the Universe. we acquire

3

ZH? =

SH =g ()14 X) + S = 60 + (X = D= 56V + 360 (mg(m) - 56V (g ()]

— (n) no_ (n) n—1 -
ZG (m)(1 + X) 2ZG (Mn(1+X)" 12 + 6 ax

— 9G;(m, X)H 7, (45)

- %(3}12 +2H) = % () (=1 + X) — %g’z(ﬂ') + 6O + (X + 1){— GO(m) + 36V (m)g! ()

—~ gGgO)(ﬂ')g’(ﬂ')} + 3 G (@)1 + X)" — Gy(m, X)ir> — 3Gs(m, X) 4.

n=2

(46)
By combining the equation of motion for 77 with (46), we obtain

F=A"1 [—18 Z G(")(W)n(l + X" 1H2 54 — 6 Z G'(")(W)n(l + X)" ' H#?
n=0 n=0

1 3 2
+ (—6 > 61+ X et 49 Z G (1 + X)”drz){— 8/ (-1 +X) + 5g'Z 5KZGg“”(aT) — %(x +1)

n=0 n=0
(2

(0) g'() )
+27 zocg">(1 + X)"H2# + 9 ZOGg<">(1 + X)"Hi? — 3 ZOG’;")(l + X)"H 7
n= n= n=

2 00 3
GO (m) + 3G g/ (m) — Z GY(1+X)" + - 3 G (1+ Xyt = 5Hz}
n=0

—6{ 58" () — ’<°>( m) + 3Gy (m)g/(m) — G“”( )g' () + ZG(”) )n(l + X)" I}HW

”<°>< 7) + 3G (m)g' () + 3G (m)g" () — ’<°>< m)g'(m) — G“”(w)g“(w)

1
_ 2{ > g'"(a) —
. 2 1
+ E' Glz( )n(l + X)n} _ {_ p g/( 7T)g”( ) — e g///( ) + (K2 g///( ) — G/3/(0) + 3G(31)( i_)g/( )

+ 3G (m)g" () — G(O)(W)g”(w))(l FX)+ G0+ S G+ x)}]
n=2

47)

g1+ X) + S ¢2(m) — 21261 () —

: ot (=160 + 36 (g - 2 g

NI'—‘

A
S

Gy (1 + X)" +

M: 1M8

2 o0
5 2 G+ Xt = Z GY (m)n(1 + X)Lt
n=0 n=0

+
W,
>§

GM(m( + X) 72 — %HZ (48)

3
Il
o

We can eliminate 7 by substituting (47) into (48). Here
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A= (KZ i ng)(ﬂ)n(l + X)n—17'7-4 — %KZ ﬁ Gg”)(w)(l + X)”7'T2)<—6 i ng)(ﬁ)n(l " X)"—17'T4

n=0 n=0

+9 ZOG<">(7T)(1 + X) 2) ) Z()G(")(vr)n(l + X H — 18 ZOG<">(7T)(1 +X) Hr

- 12 Z Gy (mn(n — (1 + X)" 2H#® + %g”(w) - GV(m) + 66y (m)g () — 9G (w)g! ()
n=0

+2 Y G mn(1 +X) =4 Y G (mn(n — 1)1+ X)"72, (49)
= n=2
We now define the variables x and y by x = 7 and y = g/(#r)/H. Then for the reconstructed solution (44), we find x = 1
and y = 1. Since
dx _ ity dy _g'(m , _ ¥ . dm _ yx
dN gm AN Pm) " P(m) | AN )

(50)

we can examine the perturbation from the reconstructed solutionx =y =1land w =tasx =1+ éx,y =1+ 8y, and
7 =t + 67 by using x and y. Equations (47) and (48) are as follows:

d ox ox Mll M12 M13
ﬁ 8)7 =M 6y , M= M21 M22 M23 . (51)
om o M31 M32 M33

Here

My =Ag'g"” l(t)[ncé”(r)g”(t) — 726 ()g”(1) + 246G (0g'(1) = 306 (1)g'(1) + (g"(1) + 3g"(1)
- GG ~ 4260 + 1560 + (=660 + 96 g0 + (5600 + 360 o)
=26V 0g(0) - c'g“)} + 5460 (1) + 4G (08(1) = 1260/ (1) + 186 (0g' () + 2462 (g 1)
~ 65080 = 3GV 00 + 36 g0 - G<°>(r)g'2<z>) + 865

#2580 = 5690 + 3600 + 36 g0 S P00 - 360" 0) | (52

My = Ay ‘g"l(t)[36G§”(t)g’2(t) + 66V (0g'(1) + 3(—6GL (1) + 9GL (1) g™ (1) — 54GL(1)g"(1) — 9GY (1) g (1)

+36(g' (1) + 6g’(t)<%g”(t) GO0 + 36V (0g'(1) - G(O)(t) ’(t))] (53)

M3 =Aalg/-1<r>[ —18GY(1)g"(1) ~ 3661 (1)g'(1)g" (1) — 661 (1)g'(1) 6G§“<r>g“<z>(g"<r> + gg%) —K2GY + gg%))
X (—6G (1) +9GY) + (—6GL (1) +9GL(1))g" (1) + 217G (1) g (1) + 54G (1) g (1) g" (1) + 66 (1)g' (1)

+6G" (g (1)~ 6g/<z>( 806V +36V g0+ 368 (05" ()~ 6V (0g'() - G<°><z>g"(r))
~ 6" (056" (0 360+ 360 (0~ 3600 1) =2 g0 - 5500 + 36 0 )

#6606 (1) + 361 (0" () =56 g/ ()= 9G (g () + -5+ (0"~ 6 | 54

043006-11



SHIRAI et al.

0
8" (1)

36000 - 36V 00 - 60

My,

¢20fe 0 + (5600

- gffl(t)(—KZGg”(t) + %KZGgO)(t))M“, (55)

Mz = —g 208" 3~ g (0 ~GL )

3
+3 K2Gg°>(t))M12, (56)

My; = _g/(t)_l(_Kngl)(t) + %KngO)(t))MIS
+ 3871 (ng" (1) — ¢ 2(1g" (), (57)

where
2
K
Ay = = (665)() = 9G5 () + 426G (g (1)

— 2769 (1g'(1) — 2462 (0g' (1) + %g”(l)
— GO0 + 66V (ng'(1) — 8GP(x), (58)
and

My =g~ '(1), My = g1 (1),

(59)
Ms; = —g'(1)g" ().

The eigenvalue equation for the matrix M in (51) has the
following form:

M+ arr+ Br+y=0, (60)
where

a=—M; — My + g 28" (1), (61)

B=—(My + My)g' 2(1)g"(t) — (M3 + My3)g'~ (1)
+ M My, — M,My,, (62)

y = (M 1My, — M ;M) g 2(1)g" (1) + (M, M3

— M3My; — M;My; + Mi3My)g'~ (1) (63)
When all the eigenvalues A are negative, the reconstructed
solution becomes stable. The Hurwitz theorem shows

the condition that all the eigenvalues are negative and is
given by
(i)a >0, (ii) aB > v, (iii) aBy > v (64)

For simplicity, we further put Ggo)(t) = G(;)(t) = 0. Thus,
we find

PHYSICAL REVIEW D 86, 043006 (2012)
My, = Aa’g'*'(r){na?(z)g'za) +24G9(1g (1)
+24GP (g"(r) + 3g"(1)) + 24GP(1)g' (1)
— 24080 + 868 + ¢,
M = 645" (0,
M3 = _2A518/_1(f)%g”"(f)y M, =0,

My, = —g'2(1)g"(r) — 3,
My =3¢ 1(1)g"(1) — g'2(1)g"(v),
My = Mz = g7 1(1), M3 = —g'?(0g"(n).  (65)

Here Ay has the following form:
2
Ay = —24GP(1g'(1) + S ¢"(1) — 8G.  (66)
; K
The eigenvalue equation becomes

(M — M{A? = (M + Ma3)A + My M3z — M 3M3,} = 0.
(67)

Therefore, we obtain

/\ = M22,

1
EI:M“ + My * \/(Mll + Ms3)* — 4(M M3 _M13M31)]-

(68)

Consequently, the condition of the stability is given by

(i) My, <0,
(i) My, + M33 <0, (69)
(iii) M1 M33 — M3M3; > 0.
From the first condition (i) in (69), we find
0>—g2(0g"(n) -3, (70)

and from the second condition (ii),
0> Ag‘{— g 208" (DA, + 144G (g (1) + 246 (1)
6
+ 2465 (08 (08"(1) + 224Gy (1) — 52" (1)
~(2) -1 3 1 -1
+8G, (Ng'" (1) + 28 (g (D} (71)

The third condition (iii) in (69) presents
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0< 45" (0] ~¢' 208" O]726 (0871 + 246 () + 246 ("(0) + 3¢°(1)
+ 2146200~ ¢ (08"(0) + 8620 + %g'%r)} + 2g’*1(r)%g""<r>]. (72)

Before going to the nontrivial case, in order to check whether the above formulation could work, we consider the
de Sitter space-time, where g'(¢) is constant. Then we find

M, 0 0 5 0) @ @
144G (1)g" () + 24G (1)g'(r) +24G57(1)g'(t) + 8G
MEL S O M T T e + A 0g - 6P g
g”l(t) g”l(t) 0 3 8 28 2 \D)g
Then by solving the eigenvalue equation (67), we find the eigenvalues:
A= 3 o 144G? (g™ (1) + 24GP(1)g'(1) + 24GP ()g'(r) + 8GY )
o —24GY (08" (1) + 2 ¢'(1g"(1) — 8GY (1 (1)
|

Note that the eigenvector corresponding to the eigenvalue 0 3
L > -3 (80)
is given by 2cosh?(bt)

ox 0
dy |=s|0] (75)
o 1

which shows that the eigenvector with the eigenvalue 0
corresponds to the shift of 7 or the origin of time and
therefore the eigenvalue 0 does not correspond to
ang instability. Especially if we consider the case that

)(t) =0, the condition that the last eigenvalue in (74)
is glven by

_GPg (1)

—3<0, (76)
G2 )

can be satisfied if

G2() = Dexp(—f(1)), (77)

where D is a constant and f(¢) is an arbitrary function
satisfying the condition 0 < f/(r) < 3g'(z). We should
also note that Eq. (77) can be satisfied if G (t) is a
constant.

As a somewhat nontrivial example, we study the case
that g/(¢) is a solution of the ACDM model:

a(t) = Asinh?3(bt), (78)
where A and b are positive constants. Equation (78) gives

2b?

") = — ———.
g"(0) 3sinh2(b1)

g'(t) = %b coth(bt), (79)

Then the first condition (i) in (69) gives

which is trivially satisfied, and the second condition (ii)
presents

48b @)

> A4 - — =
0 0 { o cosh(bt) sinh(bt)

12 12 .
+ (24 — —5——)GP (1) + = tanh(b1) G
< coshz(bt)> 7 () p " (b1)G3
b? 8 2
+ — - . 81
K2 (sinhz(bt) coshz(bt)sinhz(bt)>} 1)
Here

4p? 1

Ag=—16G beoth(br) — - —
coth(br) 3&2 sinh2(bt)

—-8GY.  (82)
By using the third condition (iii) in (69), we find

0<A;! {64b2coth2(bt)G§2) + 16b coth(b)GY

165*

~ sinh2(br)
b3 (16

G? + 16b coth(br)GY + 8GY

8 cosh(bt))}. (83)

3sinh3(b1)

Although the above expressions (81) and (82) are very
complicated, these conditions can be satisfied. The sim-
plest example is given by

Pm=c  GPm=o (84)
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Here C is a constant. By substituting (84) into (81)—(83),
we find

4p? 1
Ay = —— ————— 8C, 85
0 32 sinh?(b1) (85)
0 >A‘1{(24 — L)C
0 cosh?(bt)
b? 8 2
_2< ) - 2 ) )} (86)
k*\sinh?(bt) cosh?(bt)sinh?(bt)
b? 8b3 cosh(bt)
0<A‘1{16b<c——) th(bt —7}. 87
0 32) o) =3 ) 7

If C >0, we find Ap <0 in (85) and the inequality (86) is
satisfied. The inequality (87) is also satisfied if

b2
O<C<W' (88)

Then stability can be realized. Note that even for the
de Sitter space-time, if Géz)(t) and ng)(t) are given by
(84), the stability is realized as discussed after (77).

1 84/_gG2(7T, X) n 1 8,/_gG3(7T,X)£3 + 1

PHYSICAL REVIEW D 86, 043006 (2012)

As a result, in this section, by exploring the FRW
dynamics, we have given the explicit formulae for the
reconstruction and we have investigated the condition of
the stability for the reconstructed solution.

IV. VAINSHTEIN MECHANISM

In this section, in order to investigate whether the
Vainshtein mechanism could work, we consider the
behavior of the Galileon scalar field 7 in the spherically
symmetric space-time, especially in the Schwarzschild
background.

The Schwarzschild space-time has a spherically sym-
metric and static metric. The general spherically symmet-
ric and static space-time has the metric of the following
form:

ds? = —e2®ds® + M dr? + r2(d6® + sin20d¢?), (89)

where @ and A only depend on the radial coordinate r. In
the Schwarzschild background, the equation derived by the
variation of the Galileon scalar field 7 is given by

5 TR [0 | 5

J-g o J—8 o
9Gs(mX) (0)
LA T e I

J7E
1 8\/__gG5(7T, X)£7 n 1 5\/__gG6(7T)£6 n 1 5\/__gG7(7T)£7

Sm 8 /8 —8G4(m X)L, om

_l’_
J—g o
1 0/~8Gy(m Ly _ 0
J—g o ’
SA — 9A _

s SA — 0A 9A
where we have used the notation 52 = 2 — 9, 55,7

We also note that the Einstein tensor is given by

J—g o

+

1 d _
G, = _26211)5["(1 —¢ 2A)],

L) dd\2
— —2A
G(;g—rze 2 [dr2 +(dr> +

The Einstein equation (27) shows that in order for the
modification of the Schwarzschild geometry due to the
Galileon scalar to be small, we find

rdr

8
S (H, ~0. (92)
i=2

We now investigate how the Vainshtein mechanism
works for the generalized Galileon scalar model. In the
limit of r > GM, the Schwarzschild metric

J—g o

Nari S
(90)

. The explicit forms of &, and also (H ;) ,, are given in Appendix B.

1 2dd
— _ _ a2A _ a—2A + =
Grr r2 € (1 € ) r d}" ’
1dd dddA 1dA .
_ _ - = gj . 1
dr dr r dr ]’ Gy = sin"0Goy On
[
2GM dr?
ds* = —(1 - )dr2+ . _};GM+ r*(d6* + sin’0d ¢?),
(93)

for general spherically symmetric and static space-time
in (89) behaves as

GM

GM

If the Vainshtein mechanism works, the gravity with the
Galileon scalar behaves as the usual Einstein gravity in the
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short distance compared with the cosmological scale, and
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™ (r)

®(r) and A(r) in (89) behave as those in (94). 7'(r) = f(7(r), 7'(r)) o7
Before examining the Vainshtein mechanism in the co-
variant and generalized Galileon model, we review how the when r < ry, we find
Vainshtein mechanism works when we only include £, in
(3). In this case, the energy momentum tensors of the , , r fla(r), 7'(r)) , eF
Galileon scalar behave as 7(r)=m (rv)exp(fr /7 dr ) =7 (rv)eF(rv)’
N3 11 4
e TP (98)
r
1y4 here
T = —5¢, (772) S ©5
r
_ [ fa(r), @' (r))
If we write ¢, = QZ—‘E‘, we find ¢, ~ O(1). F(r) = [ /7 dr 99)
0

We now study the generalized Galileon model in (18)
but for simplicity, we only include £, and L5:
1
L T ECZX + G3(7T, X)£3 (96)
We may assume that the first term in (96) dominates
in the short distance and that the second term does
in the long distance. Since the field equation has a
form like

If we provide 7'(ry) ~ ®}(ry), 7'(r) becomes small when
we choose f(ar(r), #'(r)) so that we can have F(r) <
F(ry). If #'(r) < 7'(ry) as required so that the
Vainshtein mechanism can work, we may find 7(r) <
a(ry). Then if we can choose Gs(7, X) so that
f(m(r), @ (r)) >0 when «'(r)<a'(ry) and @(r) <
7(ry), we may surely obtain 7/(r) << 7'(ry), consistently.
We now have

, —2r2 — 2%(77”)%2 = 3Gy7'r — ZBG3 (7')3r 2;776;( (')*r?
flar(r), #'(r)) = : / G (i 1 425 () (100)
r* 4 6Gyw'r + 1458 (7'’ r + 455 (') r

It is easy to find that G;(77, X) exists, which satisfies the condition that f (7 (r),

ar(ry) but G5(r, X) cannot be uniquely determined.

7'(r)) > 0 when 7/(r) < 7/(ry) and 7(r) <

Finally, we show that any spherically symmetric and static geometry given by arbitrary ®(r) and A(r) can be realized by
properly choosing G;’s. Since the redefinition of the scalar field can be absorbed into the redefinition of G;’s, here we can
identify the Galileon scalar field with the radial coordinate, 77 = r. Then we find

1 d 1 20—-2A d aGa(r, —2A dA 20—6A
T 022 M’d*[’”(l —e M) - Eez(bGz(r, e M) + ¢ 3 df((;3(r, e 2M)e"20) — 5 4(3’; ) 2 €
K°r r r ror
N i(6G4(r’ eZA)) e2®@—6A N l 6G4(I‘, e*ZA) 62(1)76/\ B EG (r 672/\) dA e2®- 4A 1 dG4(}’, 672A) e2(I>74A
dr X r 2 X r? 4 dr r 2 dr r
n 1G (re ZA) e2m—4A N lG " eizA)e—4<I>—2A 1 d (8G5(r e 2A)> e2@—8A 7 IGs(r, e 2M) % e2P—8A
44 40" = 2 dr 0X = 2 0X dr 12
36 ( _ZA)dA 204 5. ( _2A)dA e?®7 0N 1 dGs(r,e M) 20740 N dGs(r, e~2A) e2®-6A
rt r? e T T T dr r? 4 dr r?
dA ezcb 4A dGg(r) e2P—4A e2P—4A e 4027 dA e2®—4A
+12Gg(r) - ———— 4 dﬁ,» —- 2G4(r) S - zcﬁ(r)i = 6Gy(n) 7 ——
dA 20—6A dG 20—4A dG 2<I> 6A dG 20-2A dd
+3()G7(r)_e: i ,(r) e Z s 7(r)e AT g(r) e o
dr r dr r dr r dr rr dr
4 1649Gs(0) P2 dA | 6d2G8(r) e?® 20 g 4Gs(r) P74 gA b 6d2Gg(r) e?P A (aon
dr 2 dr dr? r? dr P> dr dr? o
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1 1 2dP)] 1 9 20 —3A A
0= s~ e -+ 2L Ty e < PRI oy e (S (e ) e O
r r r

2k2 dr] 2 0X r? dr

0G;(r,e M) e 3 1 d B L dA B e PArg B L dA
G ) a T o (S (L)) A )

1/ e ®Ara d 1 d dGy(r,e™ M) dd e A
+ (- (2. D—A )+_) G —2A\a—2A) _ " .-2A G —2A -5 4\7 el

2( r? (dr(r ") dr (G3(r.e™)e™™) 2° dr( 3(ne™™) 0X dr r
B § 6G4(r,e’2A) 674/\ B 262(}4(1‘, esz)@efsA B 82G4(r,672A) eféA B éG ( esz)@eizA

2 0X r2 X3 dr r X2 2 2t " dr r

3 o€ A 1(Gy(re™®) G, (re ) dde N 190G (re M) e 109G, (re” e A
—>Gy(r,e M) +- - — +— —=

4 r? 4 r2 X dr r 2 0X r? 2 0X r?
7 0Gs(r,e 2 ) e 0A o 02Gs(r,e™*M) e 80 dd 3 dde2A 15 dde A

—2A _ —2A
ar Ao g O

2 0X rr dr 9X? rr dr r
10Gs(r,e M) dde ™ 30Gs(r,e V) dde dde 20 e 2N 2G(r)
+2 e 2 126N S—+6G ~
2 0X dr r* 2 0X dr r? o(r) dr r o(r) r? r?
dPe A dPe A dGg(r) 1 d® dGg(r) 1 d®
—6G(r)———5—+30G(r)—— +16 ————48 ———e 24, 102
7() dr r? 7(r) dr r? dr r*dr dr 2dre (102)
As in (41), if we wrote
Go(m, X) = 3 G (m)(1 — A=)y, (103)
n=0

we find

3G, (r,e” )

Ga(r, e ) = GV(r), X =G(r). (104)
Then Eqgs. (101) and (102) can be rewritten as
GY(r) = FO(r)
1 d e2®2A ¢ G4(r, e 1) dA &2 0A
=9 72(1)[ 20 Z 1] — e 2A = (GA(r, “20)e—20) _ 5 4\ “@n
¢ 2:22° dr[r( el 2 dr( s(r e )e™™) 0X dr r
—2A)\ 2P-6A | —2AY 220—6A A e20—4A —2AY 220—4A
N i<aG4(r, e ))e 1 0G(r,e M) e B §G4(r, e—2A)d_ e 1 dGy(r,e V) e
dr X r 2 0X r? 2 dr r 2 dr r
27 —4A —4d—2A —2A\\ a2b—8A —2A 20—8A
+ 16 e ™ LG e li(aGS(r’ . ))e -t Jdie
4 r 4 r 2dr 0X r 2 X dr r
2h—4A 20 —6A —2AY 220—4A —2A) 220—6A
+§G5(r, esz)%e 5 _EGS(r’ esz)%e 5 _ldG5(r’e ) © 5 +§dG5(r,e ) © 5
4 dr r 4 dr r 4 dr r 4 dr r
dA 2P—4A dGe(r) 244 Q20 —4A o —4P—2A dA e2P—4A
+ 12G6(}’)W . -4 dr - 2G6(}’) r2 - 2G6(}’) rz - 6G7(7‘)E r2
dA 20—-6A dG 20—4A 4G 20—-6A dG 20-2A dd
+30G(r) = S+ 2 (1) e =6 (1) e =192 s(r) e —
dr r dr r dr r dr r dr
d 20 -2A dA d2 20-2A d 2h—4A dA dZ 20 —4A
T 1640t e — 516 Gy(r) e S — 48 Gylr) e — o416 ng(r) S ] (105)
dr r dr dr r dr r dr dr r
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G(r) = FO(r)
1, 1 I 5, oy, 2dDY 1, oanfe M rd o _ap dA
=§ez F'(O)(r)-i_z—Kz{_ﬁe2 (1_ 2 )+_E}+§ez G3(r,e 2 )<T<E(l’ze A))+e 4 E)
aGs(r,e™®) e rd oy _ap dA B e P A g B L dA
_9G: a ‘e Gt e (o (Liper)) + 2 42 )
X < r (dr(r © )) dr) e r? \dr (e "
1 e ®rrd 1 d 3G, (r,e” ) dP e=*A
+ (= 2cI>A) )G “20)e=2A) _ _a 20 ° (G ’—2A —5 4\5 @
2( r? (dr( ) dr (G e™)e™) 2° dr( 3(r. e X dr r
5 0Gy(r,e ) ™40 262G4(r, e M) dd e N 92G,(r, e ?A) e70A 3G ( _ZA)dCD e
- - — - — = Gylr,e
2 aX r oX>  dr r x> r ! r
3 o € 1 Gy(re™®) 3Gy (r,e” ) dd e 1 9G,(re” 2A) e 20 1 9G,(r,e 2 e72A
— = Gy(r,e™h) + - - — + = - =
4 4 r? X dr r 2 0X r? 2 0X r?
7 9Gs(r,e™ ) e % dd  9°Gs(r,e™) e dd 3 dd 15 dd
_79Gs(r,e )62 ao 5(r§, )62 e 3 G5(r —ZA)_62 G5(re_2A)—ez
2 0X re dr 0X re dr r dr r
1 9Gs(r,e™?)) dP e *N 3 9Gs(r,e”?)) dD —2A A 26
L L9Gs(re™™) dbe -2 s(r,e) db et 12660 I 66 - f’z(r)
2 oX dr r 2 0X dr r dr r
dd e A dd e A dGg(r) 1 dd dGg(r) 1 dd
- 6G ——— +30G;(r)— 16 — 43 — —e A 106
1 dr 7(r) r? dr r* dr dr 2 dr’ (106)
Then an arbitrary geometry is given by CI)(r) and A(r) can L S - -
be realized for arbltrary functlons G, (i= -, 8) by Gi(m X) = Z Z Gg )(77)an(1 +e 2@k
choosing G )(r) and G )(r) as in (105) and (106) This n=0k=0
may also show that the spherlcal symmetric solution has a X (—1)ke ZkAD) (1 — 20 x)k
fourth hair corresponding to the scalar field, in addition to
the usual three hairs corresponding to the mass an ular = Z(—l)” —2nA () Z G(k)(w)k
momentum, and electric charge. Then only G2 and G2 in n=0
G, (7, X) are relevant for the reconstruction of the spheri- X (1 + e 2M@))k=n(] — g2A() x)n, (108)

cally symmetrlc and static solution and G 7), n=
2,3,4,--- are irrelevant for the reconstructlon although
they may be related to the stability of the reconstructed
solution.

As we have succeeded in the reconstruction of
arbitrary spherically symmetric and static geometry, we
may show the reconstruction is compatible with the cos-
mological reconstruction in the last section. Let us assume
G, n=0,1,-
logical reconstruction and G("), n=N;+1,N;,+2,---

, N; in (41) are relevant for the cosmo-

are irrelevant. We also assume GE n=01,-" -+ N; as
in (103)
G(m X) = Y G (m)(1 — M) (107)

n=0

are relevant for the reconstruction of spherically symmetric
and static geometry and Gg") ,n=N;+1,N;+2, - are
irrelevant. By expanding (41) as a power series of
1 —e?MPX by using 1 — X =1+ e 2A&) — ¢72A8)x
(1 — e2MD)X), we find

By comparing the expression in (107) and (108), we find

G (m) = (—1)re MDY €, (1 + e M)k (7).
k=n
(109)

Then when n < N;, we find

N
(_l)ne—ZnA(d)) Z kcn(l + e—2A(¢))k—nGl(k)(7T)
k=

= (~1ye a8 Y

k=N;+1

Gﬁ”) () —

(Co(1 + e 2ADY=n G (),
(110)

and when n = N;

G~§n)(77) = (—1)re"2nA@) Z LCo(1+ C_ZA(d’))k_"ng)(W).
k=N, +1

(111)
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For a set given by ng)(ﬁ), n=20,1,---N,; and G~§")(7T),
n=01---N;, we can always choose Gf-")(ﬂ'),
n=N,N;+1,---,N;,+N; to satisfy (109) (we
may set GE")(ﬂ') =0,n=N;,+N,N;,+N,;+1,--- and
GE")(W) =0, n=N;+1,N;+2---). Therefore,
we can obtain an action generating both an arbitrary
spherically symmetric and static geometry and an
arbitrary history of the expansion of the Universe,
simultaneously.

V. SUMMARY

In this paper, we gave explicit formulae of the equa-
tions in the generalized Galileon models. Even in gen-
eralized Galileon models, derivatives higher than two do
not appear in the field equation of motion nor in the
Einstein equation. These structures are clearly given by
using the Levi-Civita symbol e€**??. We have also de-
veloped the formulation of the reconstruction. As a
consequence, we can construct an explicit action, which
reproduces an arbitrary development of the expansion of
the Universe. We should note that the functions G,,’s can
be completely and explicitly separate from the parts
relevant for the expansion and the irrelevant parts.
Some of the irrelevant parts are related to the stability
of the reconstructed solution, and we can also identify
which parts in G,’s are relevant for the stability. Then
we have succeeded in showing the conditions necessary
for the reconstructed solution to become stable and
therefore become an attractor solution. Working in the
spherically symmetric and static space-time, we have
investigated how the Vainshtein mechanism works. It
has been also shown that arbitrary spherically symmetric
and static geometry can be realized by properly choosing
G;’s, which may show that the solution has a fourth hair
corresponding to the scalar field. We again identified the
parts in G,(, X) relevant for the reconstruction. We
should note that by choosing G;(7, X) appropriately,
we can obtain an action that has both the solution
corresponding to an arbitrarily given spherically sym-
metric and static geometry and the solution correspond-
ing to an arbitrarily given history of the expansion of the
Universe.

The generalized Galileon model contains many
functions denoted by G;, which cannot be determined
by the history of the expansion of the Universe, the
stability of the reconstructed solution, nor the condi-
tion that the Vainshtein mechanism works. These
functions could be restricted if we consider the devel-
opment of the several kinds of fluctuations by density
perturbation, etc. The analysis by the perturbation
could be very complicated in the models but it might
become possible with the development of the necessary
technologies.
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APPENDIX A: EXPLICIT FORMS OF &, AND
(H )y IN THE FRW UNIVERSE

In this appendix, by assuming the FRW universe (35),
we give explicit forms of &, in (7), (14), and (16), and
(j-[k),u,u in (28)

In the FRW universe (35), we have

_ 2 i _Ti _pysi
F;J—a H6U, th_rtj_Haj’
Rijy=—(H+H*a*8;;, Riuy=a*H*(5;8,— 8,0y
(A1)
Then we find
glzl, 52=27T+6H7T,

&y = —18Hr i —27H?#* — 9H7?,
£V = 36H2 724 + 36H3 4 + 30HH 7
+ (third derivative terms),

AE, = 18H* 7% i + 18H3 7 + 6HH 7

+ (third derivative terms),

ED = —20H3734 — 15HY* — 21H*Hi*  (A2)
+ (third derivative terms),
45 33 .
AEs = —30H3 734 — 7H“fr“ — 7hﬂ}ﬁnr“
+ (third derivative terms),
E¢ = 24H?i + T2H7r + 48HH 17,
&, = —T2H37 i+ —108H*7> — 108H*H 7.
We also obtain
1 G, (m, X)
H g = — =Gy, X) — —2 24,
( 2)00 2 2(7, X) X m
1 (A3)
(H,),;; = §G2(7T, X)a*s;;,
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0G5(m, X 9 1 dGs(m, X 3
(H o =378 s SGmXHT,  (Hy)y = [ LdGy(m X) s S Gy(m x)# w] 25, (A4)
X 2 dt
8G4(7T, X) 3264(7 X) 9
= —6— L HMt -3 — {0 + X)H?#2,
(H 1)oo e ox2 4G4(7T )
3 0Gy(m X d (0G4(m X G4 (m, X) . 0G,(m, X 3
(3{4)1‘]‘ — [__ 4(7T )H27.T4 _ _( 4(77 ))H7T4 _ 4(77 )H ] 4(77 ) i+ = G (7T X)H2 2
29X dr\  9X X X
1 dGy(m, X)
+3 #H 4= G4(7T X)Hi? + G,(m, X)Hir 7T:|a 8 (AS)
aGs(’?T, X) . 62G5(7T, X) . 15 .
(5'[5)00 = _58—XH37T5 + THS,HJ + ZG5(7T, X)H37T3,
0Gs(m X) . . 1 d (0Gs(m, X) . aGs(m, X) . . 5 9Gs(, X) .3 .
H ~=[75 H? 5+——(—5 )H2 S+ 2 HH + - 2 H i — 2 Gs(m, X)H i
(Fs) 9X T T\ ax 7 9X T T X w5 Gslm O
3 dGs(, X) 3 9
446
(H oo = — 18G(mH2 7, (H 6)l-j=|:—6G6(7T)H27'72 ;E”) CAG(mH —8G6(7T)H7T7T:| 25, (A7)

(H 7)o =—30G,(mH37>,  (H,);= [12G7(7T)H3 i + 6dcd;f77)1127'73 +12G,(m)HH 7> + 18G7(W)H2#2#]a25ij,
(A8)

dGs(w) dGs(W) d*Gg(m) ., dGs(W)
(Hg)go = 48—— 7 (Hy); [ 16 g H o R— ]3 (A9)

APPENDIX B: EXPLICIT FORMS OF &, AND (H ;) ur IN THE STATIC AND SPHERICALLY
SYMMETRIC SPACE-TIME

In this appendix, we give explicit forms of £, and (JH ;) wv i0 the static and spherically symmetric space-time, especially
in the Schwarzschild space-time.
In the static and spherically symmetric space-time in (89), we find

N4a—8A 2 14a—8A 2 14a—8A 14 a—6A N3 (N a—8A
g0 _ (TN PO (e (42) @ AN Y (@)t dd (et d
r dr r dr r dr dr r dr r dr
/4 8A dd
— 4% = + (third derivative terms), (B1)
r
gio) _ 10(77./)3676/& dz + g (77./)3 —6A (d‘b) oy (77./)3676A %@ oy (77')2(77”)6 6A dd 10(77./)3676A @
r dr? r dr r dr dr r dr r? dr
N3 .—6A dA N3 a—4A N2 (N> —6A N3 .—6A
—ppmre T dA |y T e T e T (third derivative terms), (B2)
r dr r r r
d*® dd dA d® (m')2e %N dd dd
= 2(7/ 2.—4A + 2(4 2 —4A( ) — 8(7 2.—4A + 12 + 6(7) (7" —4A "7
£ = 2mPe N g 2w Pe N (SE) — B(a e M TR 0 = Sl (e
B 16(77./)26—4A % N 12(77./)(77.//)6— 4A . 6(77/)26— B3)
r dr r 2’
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dd dA e 2A
Ey==2(a")e N = 2(w)e A — 4+ 2(7)e A — — 47(77 Je , (B4)
dr dr r
Ne=4A 22 Ne=4A 1dD\2 Ne 4N dA dD Ne 2A 4 Ne=4N 4P
£o= 162 Pl <—) pagmle AN dD | g(me T dd (e T dP
r dr r dr r dr dr r dr r dr
(7T')674A dd (77’)672[\ dA (77./)674A dA (ﬂ.//)esz (77")674/\
S e =R i R = (B>
e — 1o (71)2674/\ P 36 (,n_/)zefﬁA 2P L D (7T')2€74A (@)2 Y (,n_/)zefﬁA (@)2 36 (77/)2674/& % @
! r? dr? r? dr? r? dr r? dr r? dr dr
(7')2e %N dA dd (7) (7" )e N dd (7) (7" )e =N dd
+180—in—mn— —+24—" - — -
r? dr dr r? dr r? dr
(B6)
dm d*mw ) . .
Here 7' = o and 7' = pra Especially for the Schwarzschild metric (93), we have
r r
o _ 16(7)*GM(Q2GM — r)*(3GM —r) 20(7')*GM(Q2GM — r)*Qa"rGM — @'GM — @' r?)
& = /8 - /8
+ (third derivative terms), (B7)
AS. — — 96(7' )3 7" G*M* N 138(7)*G*M* N 200(7")3 7' G M> B 182(7)*G*M? B 116(7") 7" G*M?
5 P 8 /6 Y S
117(7)*G*M?*  20(7)#'GM  4(7)*GM
+ (7) 7 + () 477- _ )5 + (third derivative terms), (BY)
2x r r
2887 7"'G*M? | 576(7')*GPMP | 2407 w'GPM? 360(7')’G*M?  487'w'GM | 48(w')>GM
E,=— ;- + 5 + 5 - 5 St (B9
o _ 12(7)QGM — Q7' G*M? + 27" r*GM — 27'rGM — «"'r?)  8(7')*GMQ2GM — r)(3GM — r)
&y = /6 a /6
+ (third derivative terms), (B10)
A&, = 0 + (third derivative terms), (B11)
£¢=0, (B12)
36 ! //G2M2 18 / 2G2M2 42 ! //GM ! 1! 6 12
g, = 0TTEM_ 8Ty GM_R2mwIGM |y ma 6m) (B13)
r r r r r
GM 4
E,= —2(1 - 2—)77” + 5 (GM — 7. (B14)
r r
Since
AS, — 2(7')3e 0N 42 . 4(7r')3e~0A (ddD)Z B 16(7')3e =N dA dd B 2(77’)36_4A dd . 12(7)2 (7" )e =N dd
4 r dr? r dr r dr dr r? dr r dr
N 8(77/)36_6A @ N 6(77/)36_4A ﬂ B 8(77')36_6A % B 6(7T/)2(7T//)e—4A 3 2(7')36_4A N 6(77/)2(77”)6_6[\
r? dr r2 dr r? dr r? r r?
+ (third derivative terms), (B15)
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7 (w)*e 5N 2@

AS.— — L9 19 (7 )*e A 2D 7 (w')%e A (dq)) 27 27 (7')*e 87 (d(I)) N 6(7)*e 4N dA dD
> 4 7 arr 4 r? a4 72 dr 4 r? dr r? dr dr
_@(77’)4676/& %@_@(W’)%’SA %E_ 6(#’)3(77")674/& @ N 14(77./)3(77.//)676A @_ 2(77./)4676A @
4 r? dr dr 4 r? dr dr r? dr r? dr r dr
12(7 3( Na—8A dd 47 4,—8A dd
+ (7) (;T Je —+ () —— + (third derivative terms), . (B16)
r dr r dr
we acquire

£ = _ 7 (7')*e N 2@ N 47 (7)*e 3N 2P
> 4 r? drr 4 2

AN (d(b) 47 ()t 80 (d(b) L 6()te ™ dA dD
r drr 4 r? dr 4 r? dr r? dr dr
B Q (77/)46_6A 3 @ (77./)46—8/\ % @ B 6(77/)3(7")6 4A @ N 14(77/)3(7”)6 6A @ N 32(77/)3(7”)6 8A @
4 r? 4 r? dr dr r? dr r dr r? dr’
B17)
£, = 12(7TI)3676A dZ(I) N 12(7T/)3676A (@)2 B 60(,”_/)3676/\ % @ B 2(7T/)3674A B N 36(’/7/)2(77”)676[& @
4 r dr? r dr r dr dr r? dr r dr
18(77")3 oA 4P 6(77")3 —4A gA 30(77")36_6A dA B 6(7')?(mr")e 4N 4 18(7')2 (7" )e ~oA (B1S)
r? dr r? dr r? dr r2 r2 '
Thus, we obtain
8(2(;) _ 8G2(7T, X) 22 (@ dA)an(W X) 4 e 2A 6G2(7T; X) al — ze_zAi<aG2(7T:X))ﬂ_, . 26—2A8G2(7T’ X) "y
o dr dr X r 0X dr X X
(B19)

0G5(m, X dd 2 dd dA\fdD 2 —4A dd 2
9 = 1T canp (W1 2) 36, e (B 3 DY DY 66,0 € (B4 2)
am r dr dr )\ dr r r dr r
dd 2 e 2 d X dd L2
- 6Gy(m e ' (4] —)—3G3(7T e a3 ——2)—3—G3(’T s /)2( )
dr r r dr dr r
_pG(mX) o ,)4(d<1> SdA)(dtl) z> 4 9G3(m, X) e_6A( ,)4(de> 2) g 9G3(7, X)
X dr dr)\dr r 0X r dr r X
- dd 2 G (w,x) ) d (0G5(m, X)\ _ dd 2
X e~ OA( )3 ! 3 —6A /4( )_ _( 3 ) 6A /4(
() (d r) 270X "Gz 7)Y e ()

—+ ), (B20
r X dr r) ( )
—6A 2 —6A 2
5E;GO) _ °Gy(mX)e (77/)4(2@_'_1) N (22_%)(48G4(7,X)e (')} +26 G4(7;' X)e 8 ( ,)5)
0moX r r dr r X r X
—6A —6A
n (2@+1>[48G4(7T X)e /)3 n 126G4(7T,X)e ( l)2 g4 (8G4(7T X)) ( l)3 +48G4(7T,X)
dr r X r? X r dr X r X
e oA d® _dA d® 1\[.9°Gy(m X)e 3N 02Gy(m X)e 8
< N3 g4 ]+<2_+_)[2 4\ ns + 4 N4 1
r () (dr > dr) dr r é)X2 r2 () +10 9X? (77) 7
2 —8A 92
+2i(6 G4(7T,X)>e (77/)5 +9 G4(7T X)@ ( /)5<dq) dA)]
dr X2 r 0X? dr dr

(B21)
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5(5G’0)=_azgjr(;;’(X)e;A(W/)S@ 3658(; X)e ® o ( /)4(@_7%)%+208G58(; X)e® L ( )3 //‘Z’I?
N 1282G§)(;27’X)e rlz ()5 Hcicf 262G;}(;2T’X)e r‘2 (77,)6 L +2di(82635;(;27’X))erIzOA(W’)GLZi:, )
s - A (L S 08y
B e )
+ Gy, X)ﬂ”], (B23)
AS{SG) - aGSa(: X) %(64/\ _ 3676A)§ — 37 Gs(mm, X) (e 4N — 76A)d(f 3( )2 dGS(”' X)( —4A _ 3676A)%
—%(W')ZGS(W,X)I: —M(”f 3‘2?) 3e—6A<‘§f 5‘2—/:)]‘23 3(7#)2(;5(77 X)(e -6A)d2q)
B S

5(0):8666(77)(7')2(64Adq> le_2A+le_4A)_l6|: e N dP e—“A(@ dA)a'cD e_4Ad2_d>
6 dar r dr 2 r 2 r 2 dr r \dr dr) dr rodr*

le 22 d®  dA\ e *Mdd  dA e gD 1e M e *M/dG
¢ ( )+ ¢ ( 342 )]66(7)7—16[ 28 ot ]( 6(77)77’+G6(7T)7T”),
r

2 2 \dr ar 2 2 \dr dr dr 2 2 r dr
(B25)
0 = 86(27(7T) <§§ (e™4h —3e70N) q)+2477’77”G7(7T)(e 4N —3¢61) q’+12(#)27‘1(3(”)(6:-“—3e-6A)@
™ r
_aafdP dA _afdD dA\1dd AP
+ 12(77’)2G7(7T)[e 4A<W_3$) 3e 6A(W_5W)i|d_+ 12(77’)2G7(7T)(C 4A —3e 6A) dr 5 (B26)

32e74A 9Gg(m) &Ed &P dd\2  (dD\2 dA d® | dA dP
Pod C—— 8 [2/\ _ + 2A<_) _(_) — AT ]
8 r? o ¢ dr? dr? ¢ dr dr ¢ dr dr Sar dr dr (B27)
In the static and spherically symmetric space-time in (89), we obtain
1
(5{2)[[ == z eZ(I)GZ(”T’ X)) (B28)
1 IG,(m, X)
(32), = 5 4Gy(m X) = =2 2= ('), (B29)
1 —4N (N2 dA / 12<I>ZA/ 2A ()2
(H )y = 3 Gam, X NP = o) 4 220! 2 (Gl X)e M ()2), (B30)
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(o 3>r,=§e2AG3<w,X)(e_3A (et e (-G - %( i s
—e M@ (= o)) = G 0 (7 - A(jr<r2e¢-Aw'>))—2e-4A<w/>2(7r"—%ﬂ))
+ %(— ef;A (%(rzeq’_Aw’)) + 77'5)(@(77, X)e M (7)) — %e-zA%(Gm, X)()?), (B31)

(Hy), = M(W’)“d/X 20-6A 4 4 (M)(W’)“ b6A 46G4(7T X) (') 7r //e ooen
" dr

aX r dr 0X r X r
160G, (m,X) (7)* Lo on ( /)ZdA 1dGy(m,X) (')
+_7— G X 2<I) 4A - 2(1) 4A+G X 2(1) 4A
2 > = A S (w0
+o G4( X)(W) omth 4 L ;G X)(W) e (B32)

8G4(7T X) (77")4 do adh 5 0G4 (m, X) (7')* edh 262G4(7T, X) (70 @e_GA B 02Gy(m, X) (7')° a—6A
aX rodr© 2 X ax? roodr ax*
3 (7)? dD (77’) (7T’)2 0G,(m, X) (7')* dD
_ - X el —4A
2G4(7T’ ) dr 0X rodr
190G, (m X) (w)* _,, 1 6G4(7T, X) (77’)4 _oA
b A T e
20X r? 29X r?

(j-[4)rr

e 2A — G4(7TX) —2A+ G4( . X)

) (B33)

H
(FHs)n = 2dr\  0X 2 T ax 2 27 ox P~ dr’

3 (77’)3 dA 15 (77")3 dA 1dGs(m, X) (77")3
+= X 2‘1’ 4N _ X 2(13 6A __ S\ 20 —4A
GS( L dr GS( ) dr 4 dr r? ©

3 (77’) 3dG5(7T X) (77')3 ( ’) o'
—2G(mX Q20—4A 4 2 ’ 2067
4G5( )7 4 dr 2

1 d<6G5(7T X))(77")5 2D8A 58G5(7T X) (7 ’)4(77”)62(1)78[& 78G5(7T X) (7)Y dA 20-8A

e 47 1 Gs(mX) =5~ (B34)

X 1) ()] 2 X 17 d N3 4P
(Hs),, = T 3Gs(m X) ()’ e-or P _ 0 Gs(m, X) (') TN 3G5(77' X) (77) cil
,

29X r? dr X2 r? dr
15 (77")3 aov _,, N 1 0Gs(m, X) (@) dd _,, 3 0Gs(, X) (77")5 ao

s(m, X) dar D G 27 ox P~ dr

—2A

e oA, (B35)

(3{6)” 12G6( )

(77/)2 dA Q20-4A _ dG6(7r) (7')? 20-4A _ 8G6(7T)7T—7T” Q2P—4A _ 2G6(W)¢ Q2P —4A
dr dr r r r

N2
(77'2) 674(1)72A’ (B36)
I

(7T’)2

( /)z e N = 2Gg(m) —5- (B37)

()2 dP
dr

(Hs),r = 12G(m) e A + 6Gg(m) ——

224\ 1 6 ( )(77/)2 7" Q2P—4A

(H)u= —6G7(7T)(7T,)q dA e2®~4A 130G, (1)
r? dr

dGy(m) (@)’
dr 1

(77'/) dA Q20 —6A 2dG7(7T)( )
dr dr 1

12
-6 e2‘1>—6A 18G (77) (ﬂ- ) 2<IJ—6A) (B38)

( )d‘p _aA
dar S

(77’)3 ao
,

(H),, = —6G;(m) e 2 + 30G7(7T) (B39)
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dG8(7T) 62®_2A dd
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dZ Gg(’?T) eZ®—2A

— —19p28 —+16 16
(H o) ? dr 2 dr dr P dr dr? r
dGg(m) P N dN  d*Gg(m)e?® 4
—48 —+16—— : B40
dr 2 dr dr? r? (B40)
1 do 1 do
3Ly, — 16208M L AP _ 0 dGs(m) 1 dP (B41)

dr r* dr

dr r* dr

S. Perlmutter er al. (Supernova Cosmology Project [27]
Collaboration), Astrophys. J. 517, 565 (1999).

S. Perlmutter et al. (Supernova Cosmology Project
Collaboration), Nature (London) 391, 51 (1998).

A.G. Riess et al. (Supernova Search Team Collaboration),
Astron. J. 116, 1009 (1998).

A. Silvestri and M. Trodden, Rep. Prog. Phys. 72, 096901
(2009).

M. Li, X.-D. Li, S. Wang, and Y. Wang, Commun. Theor.
Phys. 56, 525 (2011).

R.R. Caldwell and M. Kamionkowski, Annu. Rev. Nucl.
Part. Sci. 59, 397 (2009).

P.J. E. Peebles and B. Ratra, Astrophys. J. 325, 1.17 (1988).
B. Ratra and P.J. E. Peebles, Phys. Rev. D 37, 3406 (1988).
T. Chiba, N. Sugiyama, and T. Nakamura, Mon. Not. R.
Astron. Soc. 289, L5 (1997).

I. Zlatev, L. M. Wang, and P.J. Steinhardt, Phys. Rev. Lett.
82, 896 (1999).

P.J.E. Peebles and A. Vilenkin, Phys. Rev. D 59, 063505
(1999).

T. Chiba, T. Okabe, and M. Yamaguchi, Phys. Rev. D 62,
023511 (2000).

(28]
[29]

(30]

C. Armendariz-Picon, V.F. Mukhanov, and P.J.
Steinhardt, Phys. Rev. Lett. 85, 4438 (2000).
C. Armendariz-Picon, V.F. Mukhanov, and P.J.

Steinhardt, Phys. Rev. D 63, 103510 (2001).

J. Matsumoto and S.’i. Nojiri, Phys. Lett. B 687, 236
(2010).

R. Saitou and S.’i. Nojiri, Eur. Phys. J. C71, 1712 (2011).
N. Arkani-Hamed, H.C. Cheng, M.A. Luty, and S.
Mukohyama, J. High Energy Phys. 05 (2004) 074.

N. Arkani-Hamed, P. Creminelli, S. Mukohyama, and M.
Zaldarriaga, J. Cosmol. Astropart. Phys. 04 (2004) 001.
J. Khoury and A. Weltman, Phys. Rev. Lett. 93, 171104
(2004).

J. Khoury and A. Weltman, Phys. Rev. D 69, 044026 (2004).
A.1 Vainshtein, Phys. Lett. B 39, 393 (1972).

M. A. Luty, M. Porrati, and R. Rattazzi, J. High Energy
Phys. 09 (2003) 029.

A. Nicolis and R. Rattazzi, J. High Energy Phys. 06
(2004) 059.

G.R. Dvali, G. Gabadadze, and M. Porrati, Phys. Lett. B
485, 208 (2000).

C. Deffayet, Phys. Lett. B 502, 199 (2001).

C. Deffayet, G.R. Dvali, and G. Gabadadze, Phys. Rev. D
65, 044023 (2002).

043006-24

A. Nicolis, R. Rattazzi, and E. Trincherini, Phys. Rev. D
79, 064036 (2009).

C. Deffayet, S. Deser, and G. Esposito-Farese, Phys. Rev.
D 80, 064015 (2009).

C. Deffayet, S. Deser, and G. Esposito-Farese, Phys. Rev.
D 82, 061501 (2010).

C. Deffayet, G.R. Dvali, G. Gabadadze, and A.L
Vainshtein, Phys. Rev. D 65, 044026 (2002); A. De
Felice, R. Kase, and S. Tsujikawa, Phys. Rev. D 8§,
044059 (2012); C. Charmousis, E.J. Copeland, A.
Padilla, and P.M. Saffin, Phys. Rev. Lett. 108, 051101
(2012); A. De Felice and S. Tsujikawa, J. Cosmol.
Astropart. Phys. 07 (2010) 024; A. De Felice, S.
Mukohyama, and S. Tsujikawa, Phys. Rev. D 82,
023524 (2010); D.F. Mota, M. Sandstad, and T. Zlosnik,
J. High Energy Phys. 12 (2010) 051; C. Deffayet, O.
Pujolas, I. Sawicki, and A. Vikman, J. Cosmol.
Astropart. Phys. 10 (2010) 026; D.A. Easson, I
Sawicki, and A. Vikman, J. Cosmol. Astropart. Phys. 11
(2011) 021; O. Pujolas, I. Sawicki, and A. Vikman, J. High
Energy Phys. 11 (2011) 156; A. De Felice, T. Kobayashi,
and S. Tsujikawa, Phys. Lett. B 706, 123 (2011); K.
Hinterbichler, M. Trodden, and D. Wesley, Phys. Rev. D
82, 124018 (2010); M. Andrews, K. Hinterbichler, J.
Khoury, and M. Trodden, Phys. Rev. D 83, 044042
(2011); G.L. Goon, K. Hinterbichler, and M. Trodden,
Phys. Rev. D 83, 085015 (2011); A. Padilla, P. M. Saffin,
and S.-Y. Zhou, J. High Energy Phys. 12 (2010) 031; 01
(2011) 099; 83, 045009 (2011); C.de Rham and A.J.
Tolley, J. Cosmol. Astropart. Phys. 05 (2010) 015; C.de
Rham and G. Gabadadze, Phys. Rev. D 82, 044020 (2010);
C. Burrage, C.de Rham, and L. Heisenberg, J. Cosmol.
Astropart. Phys. 05 (2011) 025; C. Burrage, C.de Rham,
D. Seery, and A.J. Tolley, J. Cosmol. Astropart. Phys. 01
(2011) 014; F.P. Silva and K. Koyama, Phys. Rev. D 80,
121301 (2009); S. Mizuno and K. Koyama, Phys. Rev. D
82, 103518 (2010); T. Kobayashi, Phys. Rev. D 81, 103533
(2010); A. De Felice and S. Tsujikawa, Phys. Rev. D 84,
124029 (2011); A. De Felice, R. Kase, and S. Tsujikawa,
Phys. Rev. D 83, 043515 (2011); S. Nesseris, A. De Felice,
and S. Tsujikawa, Phys. Rev. D 82, 124054 (2010); A.De
Felice and S. Tsujikawa, Phys. Rev. Lett. 105, 111301
(2010); A. Ali, R. Gannouji, and M. Sami, Phys. Rev. D
82, 103015 (2010); N. Chow and J. Khoury, Phys. Rev. D
80, 024037 (2009); X. Gao, T. Kobayashi, M. Yamaguchi,
and J. Yokoyama, Phys. Rev. Lett. 107, 211301 (2011);


http://dx.doi.org/10.1086/307221
http://dx.doi.org/10.1038/34124
http://dx.doi.org/10.1086/300499
http://dx.doi.org/10.1088/0034-4885/72/9/096901
http://dx.doi.org/10.1088/0034-4885/72/9/096901
http://dx.doi.org/10.1088/0253-6102/56/3/24
http://dx.doi.org/10.1088/0253-6102/56/3/24
http://dx.doi.org/10.1146/annurev-nucl-010709-151330
http://dx.doi.org/10.1146/annurev-nucl-010709-151330
http://dx.doi.org/10.1086/185100
http://dx.doi.org/10.1103/PhysRevD.37.3406
http://dx.doi.org/10.1103/PhysRevLett.82.896
http://dx.doi.org/10.1103/PhysRevLett.82.896
http://dx.doi.org/10.1103/PhysRevD.59.063505
http://dx.doi.org/10.1103/PhysRevD.59.063505
http://dx.doi.org/10.1103/PhysRevD.62.023511
http://dx.doi.org/10.1103/PhysRevD.62.023511
http://dx.doi.org/10.1103/PhysRevLett.85.4438
http://dx.doi.org/10.1103/PhysRevD.63.103510
http://dx.doi.org/10.1016/j.physletb.2010.03.030
http://dx.doi.org/10.1016/j.physletb.2010.03.030
http://dx.doi.org/10.1140/epjc/s10052-011-1712-4
http://dx.doi.org/10.1088/1126-6708/2004/05/074
http://dx.doi.org/10.1088/1475-7516/2004/04/001
http://dx.doi.org/10.1103/PhysRevLett.93.171104
http://dx.doi.org/10.1103/PhysRevLett.93.171104
http://dx.doi.org/10.1103/PhysRevD.69.044026
http://dx.doi.org/10.1016/0370-2693(72)90147-5
http://dx.doi.org/10.1088/1126-6708/2003/09/029
http://dx.doi.org/10.1088/1126-6708/2003/09/029
http://dx.doi.org/10.1088/1126-6708/2004/06/059
http://dx.doi.org/10.1088/1126-6708/2004/06/059
http://dx.doi.org/10.1016/S0370-2693(00)00669-9
http://dx.doi.org/10.1016/S0370-2693(00)00669-9
http://dx.doi.org/10.1016/S0370-2693(01)00160-5
http://dx.doi.org/10.1103/PhysRevD.65.044023
http://dx.doi.org/10.1103/PhysRevD.65.044023
http://dx.doi.org/10.1103/PhysRevD.79.064036
http://dx.doi.org/10.1103/PhysRevD.79.064036
http://dx.doi.org/10.1103/PhysRevD.80.064015
http://dx.doi.org/10.1103/PhysRevD.80.064015
http://dx.doi.org/10.1103/PhysRevD.82.061501
http://dx.doi.org/10.1103/PhysRevD.82.061501
http://dx.doi.org/10.1103/PhysRevD.65.044026
http://dx.doi.org/10.1103/PhysRevD.85.044059
http://dx.doi.org/10.1103/PhysRevD.85.044059
http://dx.doi.org/10.1103/PhysRevLett.108.051101
http://dx.doi.org/10.1103/PhysRevLett.108.051101
http://dx.doi.org/10.1088/1475-7516/2010/07/024
http://dx.doi.org/10.1088/1475-7516/2010/07/024
http://dx.doi.org/10.1103/PhysRevD.82.023524
http://dx.doi.org/10.1103/PhysRevD.82.023524
http://dx.doi.org/10.1007/JHEP12(2010)051
http://dx.doi.org/10.1088/1475-7516/2010/10/026
http://dx.doi.org/10.1088/1475-7516/2010/10/026
http://dx.doi.org/10.1088/1475-7516/2011/11/021
http://dx.doi.org/10.1088/1475-7516/2011/11/021
http://dx.doi.org/10.1007/JHEP11(2011)156
http://dx.doi.org/10.1007/JHEP11(2011)156
http://dx.doi.org/10.1016/j.physletb.2011.11.028
http://dx.doi.org/10.1103/PhysRevD.82.124018
http://dx.doi.org/10.1103/PhysRevD.82.124018
http://dx.doi.org/10.1103/PhysRevD.83.044042
http://dx.doi.org/10.1103/PhysRevD.83.044042
http://dx.doi.org/10.1103/PhysRevD.83.085015
http://dx.doi.org/10.1007/JHEP12(2010)031
http://dx.doi.org/10.1007/JHEP01(2011)099
http://dx.doi.org/10.1007/JHEP01(2011)099
http://dx.doi.org/10.1103/PhysRevD.83.045009
http://dx.doi.org/10.1088/1475-7516/2010/05/015
http://dx.doi.org/10.1103/PhysRevD.82.044020
http://dx.doi.org/10.1088/1475-7516/2011/05/025
http://dx.doi.org/10.1088/1475-7516/2011/05/025
http://dx.doi.org/10.1088/1475-7516/2011/01/014
http://dx.doi.org/10.1088/1475-7516/2011/01/014
http://dx.doi.org/10.1103/PhysRevD.80.121301
http://dx.doi.org/10.1103/PhysRevD.80.121301
http://dx.doi.org/10.1103/PhysRevD.82.103518
http://dx.doi.org/10.1103/PhysRevD.82.103518
http://dx.doi.org/10.1103/PhysRevD.81.103533
http://dx.doi.org/10.1103/PhysRevD.81.103533
http://dx.doi.org/10.1103/PhysRevD.84.124029
http://dx.doi.org/10.1103/PhysRevD.84.124029
http://dx.doi.org/10.1103/PhysRevD.83.043515
http://dx.doi.org/10.1103/PhysRevD.82.124054
http://dx.doi.org/10.1103/PhysRevLett.105.111301
http://dx.doi.org/10.1103/PhysRevLett.105.111301
http://dx.doi.org/10.1103/PhysRevD.82.103015
http://dx.doi.org/10.1103/PhysRevD.82.103015
http://dx.doi.org/10.1103/PhysRevD.80.024037
http://dx.doi.org/10.1103/PhysRevD.80.024037
http://dx.doi.org/10.1103/PhysRevLett.107.211301

GENERALIZED GALILEON MODEL: COSMOLOGICAL ...

T. Kobayashi, M. Yamaguchi, and J. Yokoyama, Phys.
Rev. D 83, 103524 (2011); K. Kamada, T. Kobayashi, M.
Yamaguchi, and J. Yokoyama, Phys. Rev. D 83, 083515
(2011); T. Kobayashi, M. Yamaguchi, and J. Yokoyama,
Phys. Rev. Lett. 105, 231302 (2010); Z. G. Liu, J. Zhang,
and Y.S. Piao, Phys. Rev. D 84, 063508 (2011); Phys.
Lett. B 707, 11 (2012).

PHYSICAL REVIEW D 86, 043006 (2012)

[31] C. Deffayet, X. Gao, D.A. Steer, and G. Zahariade,
Phys. Rev. D 84, 064039 (2011); R. Kimura, T.
Kobayashi, and K. Yamamoto, Phys. Rev. D 85, 024023
(2012).

[32] T. Kobayashi, M. Yamaguchi, and J. Yokoyama, Prog.
Theor. Phys. 126, 511 (2011).

[33] G.W. Horndeski, Int. J. Theor. Phys. 10, 363 (1974).

043006-25


http://dx.doi.org/10.1103/PhysRevD.83.103524
http://dx.doi.org/10.1103/PhysRevD.83.103524
http://dx.doi.org/10.1103/PhysRevD.83.083515
http://dx.doi.org/10.1103/PhysRevD.83.083515
http://dx.doi.org/10.1103/PhysRevLett.105.231302
http://dx.doi.org/10.1103/PhysRevD.84.063508
http://dx.doi.org/10.1016/j.physletb.2011.12.016
http://dx.doi.org/10.1016/j.physletb.2011.12.016
http://dx.doi.org/10.1103/PhysRevD.84.064039
http://dx.doi.org/10.1103/PhysRevD.85.024023
http://dx.doi.org/10.1103/PhysRevD.85.024023
http://dx.doi.org/10.1143/PTP.126.511
http://dx.doi.org/10.1143/PTP.126.511
http://dx.doi.org/10.1007/BF01807638

