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Introduction to

* Present cosmic acceleration supported by independent

observational data: SN la, CMB temperature anisotropies, Baryon
Acoustic Oscillations

- Dark energy (DE) responsible for the acceleration has mysterious

origin. Cosmological constant: DE simplest candidates for dark
energy but suffering from the cosmological constant problem.

* DE might be dynamical. The dynamical models can be distinguished

with the evolution of WpDE .

- DE scalar field e.g. quintessence and k-essence predict a wide range

of WDE . Observations can not distinguish scalar field model from
ACDM model. To fit a viable scalar-field model into particle physics
theory is difficult due to mass required by the acceleration is very
tiny, i.e.me < 107 eV



Non-Minimal Derivative Coupling (NMDC) term

NMDC couplingto curvature first proposed by
(Amendola, Phys. Lett. B301, 175 (1993) . The coupling function comes in term of

f((ri’& (lﬁ.,{h ‘i’,p,u, - .)

* required in scalar quantum electrodynamics to satisfy U(1) invariance

* required in models of which the gravitational constant is function of the mass
density

» commonly found as lower energy limits of higher dimensional theories

e Derivative couplingterm as R¢_, ¢ canhostlarger classof inflationary
attractorsand have nearly scaleinvariant spectrum. However it can not be related

toGR by conformaltransformation (Magnano, Ferraris, Francaviglia, Gen. Relativ. Gravit. 19, 465

(2987)).
* Thetheory has Ostorogradskiinstabilities.




NMDC model

(Sushkov: Phys. Rev. D 80, 103505 (2009)) (C. Germaniand A. Kehagias PRL 106, 161302 (2011)

k1R K2RMYd .y

With Kk = k3 = —2Kk|]  Hencecombinedterm become kG p,¢H "

Good dynamicaltheory: the field equations contain terms with
second-orderderivative of metricand the field ¢ at most.
HenceLagrangian containsonly divergence free tensors.
Cosmologically allows transit from de-Sitter phase to other evolutions.

S, = / d*z/—g {R(g) — lsgw + K (Rw (9) — %QWR{Q))

dH Y — QV(t,fﬂ)} + St [gur, V]

Guv(9) = Ruu(g) — 29uR(9)

Found as a special case of the Horndeski action (with G5 = g;{.) without Ostorogradski
instabilities (with at most 2" order derivative: generalized case) (Horndeski : Int. J. Theo.
Phys. 10, (1974) 363.)



NMDC in Palatini Formalism

e Connection and the metric are treated independently
e let 871G =1

*The actioniis:

Spatain = [ A'0v/=G {RD) = 200 + 5190 RT) + 2Ry (T)] 9767 = 2V(6)} + Sulgn, V).

N M D C- (X.Luo, P.Wu and H.Yu, H.: Astrophys. Space. Sci. 350, (2014) 831)
Palatini ,u ﬂ, L

With « =xy = —2«; andlet G, (') =R, (I') - Egm,R(F).

Hence

Spatain = [ 'av/=3 { R(T) = [26,0 + K19, R(D) + Ka By (1)] 676" =2V (8)} + Sl W




The Riccitensoris

};ﬁw{m = ﬁ-iky[rj = SAFAPW — HP}LM + Flahra py r a1 .

The field equations are

NMDC-

~ K = ) M~ , , rr K ~ ,
T = Gﬂb‘(r} + EG{J-!J [P}'ﬁ‘,hd):‘h + ERﬂﬁ(F}gﬂu{ﬁ:&{ﬁﬁ - ERH.}L{F}{I&,{.!.‘:!}‘A + ER[F)QI],;&{EJ.U

Palatini

£

~26R\(T)6,,6™ + 5

gﬂy‘ﬁ:a‘ﬁ’ﬂ — E‘-ﬁ,ﬂ@ﬁ,u + gﬂuv{‘ﬁ} .

(varying Guv)

Vi (V=ag"f) =0, (varying T')




| . :
Thereisafactor f =1- §H¢:&¢=& relating the two metrics.

huv is the effective metric of the connectionfield

1
h[.!.!.-' = _fgﬂ.!.-' = {] - §E¢’a¢,ﬂ}gﬁy

and we have _\/—— = W/—_g;*f_2
NMDC-

Palatini

Hence the action written in term of effective metric  h,, —@nd s,

Sbalatint = ] d‘i:::v’{—_h{RJEf} - Hg + ﬁﬂa}.«zih)] . ﬂ;’f}} s (h;y ?@)




Cosmology of
NMDC-

Palatini

Ifthe gur metricis FLRW with homogeneous scalarfield:

o Bodede Ko
f0) =1-99 5@ ~ 1+3¢
~1— £¢? 0 0 0
B 0 a*(1+ $¢?) 0 0
s 0 0 a*(1 + 5¢7) 0
0 0 0 a?(1+ £¢?)

* To preserve Lorentzsignature (-,+,+,+) , itrequires —?fq@.-z < K

* Forfast-rollingfield, the couplingis allowed in positive region or in very small
negativeregion. For slowly-rollingfield, the couplingis permitted in
vast negative region.

* The conservation (EoM of the connectionfield effect) is:

VA (V=R = V(39" f) = O



*The connection fieldis written as

1. ., ,
I, (k) = Eh”‘ (Ouhoy + Oyhgy — Oshy,)

e Effective Newton’s constant

Cosmology of G =L = L (14 52’
NMDC-

‘-'jeﬁ Emm,fj Goi /Gor ~ 10/0  (fastroll)

Palatini

Gef (1+ %ﬂf}z} Goi/Geor =~ 2600 (slowroll)




» standard result with conformal transformation (math. valid in our case)

R,y (h) = Rou(g) — [(n — 2)026] + 9oug™”] f{vgv V) + [2(n —2)8268 — (n — 3)g0° ]—(vgf D% f )

Too = Goo(h) — 5Goo(R)¢? + %ﬁm{h}f + SR — (56° +V(9))

e Riccicurvature (FLRW)

Cosmology of
NMDC-

Roolg) = =3(H + H?),  Ril(g)=a*(H +3H?%),  R(g)=6(H+2H?)

: . 3(f sz a?f
w Rﬂu(h):—S(H+HE)——(———E), Rii(h) = Rii(g) + ==
Palatini 2\f f 2f

* Resulting

o = [12f+%—18}+ﬂ2[12f+1?—21] 1—f}(4f Sf—f) 3}0 i£+i,i;—z—£—p¢

| ; o2 : aF ap
pm:H(alf—ﬁ)JrH?(ﬂf—g)—5(1—f)(%—fii)+§—2—§+4—;z 2
With  prot = pm + pg and py = £0%/2 +V(9)
Ptot = Pm + P¢ Ps = Eﬁf’za’lg - V(o)



Cosmology of
NMDC-

Palatini

H =

A=4f -6,

|

e Let B=6f-9,
_ s F 2 F s sf
6
D=12f + — — 18,
T+7
12
E =12 — 21
[+ 7 ;
_ 3 af 8f*  3f _3f  3f* 3/
ey et ap
* hence
Pt AH+BH?4+C
Waff = = :
= ot DH+EH2+F
Modified Friedmann equations:
(C'—F weag ) D F
I:(B — EIL-'EH')HE — FT_L-'EH' — C] Hg o Ptut |: o [Du'.:_.ff—_.-;;pmt o E
Dw.g — A ’ 3

(B—Ewer)D | E
[3{Dwef:m - E]



* standard result with conformal transformation (valid in our case)

b [—E + g (ﬁt(h) _ ﬁtm(h))] — KOV Roo(h) + gqﬁﬁ'gﬁt[h} _3cH—V' =0

1
ViVL6 = VLS~ (5307 + 5067 — gug*®) = (VAVF) (V9)

Cosmology of
NMDC-

Palatini * hence V:Vis = 6 = é/f . Themod. KG equation:

) [ (6H +12H? Foof? - 3(F 2f?
(2 ) (-2 7)
6H+12H?+3(f 2

7 F—E—F)]—aquﬁ—V’zﬂ.

+50V8




*Slow-Roll approximation |¢| < |¢| < |¢|

0~ |fl< [f] < IS

Henceaccelerationeq.:

i 1 7 - 3 .
- ~ _E'ﬂmt [1 + Empz + 3w.g (1 + §m¢2)]

SlOW' I’O|| Acceleration condition: Weg < _% (1 + Qﬁ;qg}?)

H? ~ —p.
Prot | "BD _EA 3

1 IS(DWEH_A)] — Ptot
3 ~

[1 + %n:qiaz(l + wEE}]

+ V' ~0

Ok 5 3k o BT 4 E . _H—q'ﬁi
m{s—?H(l—ﬁtp)—?H (5—6&@)}+3H¢[E (H+4H)ﬁ:(1 5




e Further slow-rollapprox.: |H| < |HH| < |H?|

. V'(9) g Vo V3V
P = T3H(=—4xH) ~ GHMZ ~ 6/VMp
2 ., P 3 o Ps - }V(ff’}
gy |1+ 9o (1452 = 35
Slow-roll
(V'(¢)?

L

18H2MZ(s — 4k H)

» Slow-roll parameters

H M2 (V’)E

Ev

TH? T 20c —4x H) \ 'V




s= 0 VO V@OH _ 4HV'()
H ~ 3H2(e—4rH) 3H(=—4xH)) 3MEH*(s—4xH)%)
RHS first term is MZ V() V" (o)

= e anH) V(9)  3H( — 4nH)

RHS lastterm is

AkH AkHV! Ak Vrvn: o v
Slow-roll = RH wHV(9) E (V)2 ]
HM3(s — 4kH) 3H2MZ(s —4kH)2p  M3(s —4xH)* | 18V 36V

Parameters

As a whole, thisis o = — T —+ €, + Mk

* Slow-rollcondition |§| << 1 hence |7 | < 1and & <1

* Spectral index n.— 1= —4e, — 24 ishence

ns — 1 = —be, + 21, — 21,



* e-foldingnumber (estimatingthat I is constantduring inflation)
c—4kH) [* V(9) ., . [" 1 d¢
———do = (¢ —4xH '
ME =4l | e on My

.
N= Vig)
where e, ap = (M3/2)(V'/V)?.  Needto know potential form.

Ps

Consider only non-phantomcase = = 1, slow-roll (hence H<0)

Amount of

Inﬂat|0n * Kk < () casereducesthe amount of inflationfrom that of the GR case.

* k >0 caseincreasethe amount of inflation fromthat of the GR case.

NMDC metric: increasesthe amount of inflation fromthat of the GR case.
Ko< l:l [S.Tsujikawa PRD 85, 083518(2012)]




Chaotic

Inflation

* Potential

Vi(g) = Voo™ Vo = A(MA/ME)
€. — n’ fbfl% N = ﬂ.{ﬂ—]_) .ﬂ.’f% ne — na{n—i‘] ; 2¢.2n—4
T2 -4kH) ¢° T T (1—4kH) 0T 7 9(1—4xH)? " M
n_ 1 _Mrg n(n+2)] B 2kVE [n2(n—2)] . .

(1—4xH) ° OMZ(1— 4rH)?

GRcase, m > /2 issuper-Planckianto satisfy slow-roll condition.

NMDCMetriccase, & < 00 , @ issmaller thanthatof GR (for n = 2 )
[S.Tsujikawa PRD 85, 083518(2012)]

NMDC Palatinicase, [|n|/(vV2V1—4kH)|Mp < ¢
k >0  super-Planckianavoidance for k < —(n* —2)/(8H)

k<0 more super-Planckian




2nMp

2 _ 42 TV
# = G N H) = e

Nar = ¢?/(2nM3) N = Ngr(l — 4kH)

Therefore N > Ncr for & >0,

ChaOtIC n ( 1 ) 1 n—1 ( 1 ) | . KV2on-2 =6

E‘v’ — . i .= . . n — 2 ﬂ.ﬂ+1N‘J‘I—E
4Ncr \1-4kH "= oNer \1—4xH 9(1 — 4kH)? (n=2) R

Inflation

Where €y GR = ﬂ/(wﬂR} and 17, gr = (n— 1)f(WGR)

Spectral index:

n+ 2 ( 1 ) - kVEME"°

- . : — " FINGR?
2Ncr \1—-4kH 9(1 —4kH)3 (n=2)n o

Mg =




GR Case

sFor 1 =2 and Nop = 60

: r == lbey gr =~ 0.13 ne =~ 0.967
Chaotic
Inﬂation eFor n=4 and Nar =60
r =~ 0.27 n. = 0.95

Disfavored by Planck 2015 results: r < 0.12 and 7. = 0.968 = 0.006




NMDC Metric Formalism Case (large negative coupling x<0)
[S. Tsujikawa PRD 85, 083518(2012)]

eFor =2 and N =60

: r = 0.066 ng = 0.975
Chaotic
Inﬂat|0n eFor =4 and N = 60
r — 0.0%8 ne = 0.972

Favored by Planck 2015 results: r < 0.12 and ns = 0.968 = 0.006




NMDC Palatini Formalism Case

Using approximation:

Vg VBV'9 ' V@mmﬁ{n—zwzi

~_ 7 —> He~
6H M3 6V Mp 6 Mp

H ~

Planck201gresults: r < 0.12 and n. = 0.968 = 0.006

Chaotic

sFor n=2 therange xH < —0.027 satisfiesPlanckdata 7 < 0.12

|nﬂati0n Hence x = U is favored

The range below satisfies the Planck constraint 7. = 0.968 = 0.006

0071 = k|H| 2 0027 — ; b g .,D'UE'G
@|(m/Mp) |¢l(m/Mp)
V

0.213/m? > k > 0.081/m?

where V =V;¢? and Vy = (1/2)m? = AM3



Chaotic

Inflation

For n=4 therange xH < —0.306 satisfy Planckdata
Correspondingto K = () and

kS 0.264/[VX|¢|(¢/Mp)]

However, spectralindex needs to be much fine tuned, i.e.

3 16384 kVIM3
Ner(l — 4kH) 9 (1-4kH)3

GR

r < 0.12



|

NMDC-Palatini effectenlarges acceleration region with new saddle points

P 1 30k2Vy

2

NMDC Palatini
16V M
(e6?)

1+

< wz{

-metric
e¢?

NMDC
palatini

R

G
Acc. Conditionforthe NMDC

Vp)
4
O
al
Q
(V)
(0]
-
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Conclusions

 NMDC (Horndeskisubclasss)— Palatiniapproach

e Chaotic Potential |7 — VG@E passes the CMB constraintin some
range of parameters with

k>0

*This allows superluminal effective metric, stronger gravitational
constant(less BH Ap. Hor. entropy)

* more e-folding number, avoidanec of the Super-Planckianfieldinitial
value.

* NMDC-Palatinienlarges acceleration region with new saddle points

* Further investigation compared with metric approach (which favors
negative coupling), other potentials
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Capozziello, Lambiase and Schmidt’s result
(Capozziello, Lambiase, Schmidt: Annalen Phys. 9, 39 (2000))

All other possible coupling Lagrangian terms are not necessary in scalar-curvature coupling
theory, leaving only R¢ , ¢ and R ¢ .,

*Two new terms modulates gravitational strength with

a free canonical kinetic term without either scalarfield potential

or cosmological constant. Henceresulting in effective cosmological
constantgiving de-Sitter expansion.

* model is tightly constrained in weakly coupling regime (local gravity-solar system
test) (Daniel, Caldwell: Class. Quant. Grav. 24, 5573 (2007))




Granda’s two coupling constant model
(Granda: JCAP 1007, 006 (2010))

—(1/2)kRp™guvptp” —(1/2)n¢ 2 Ryvd™ "

e Dynamicsisrescaled by inversefield square.

e Two coupling constants

* NMDC playsrole of DM at early time but to have late acceleration,
the potentialis needed.
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