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87TG = 1‘ Eddington-inspired Born-Infeld Gravity

1 ,
Skipl = - /ddlfff[ \/_‘g;u.u + HZRMU(F)‘ - )‘\/ _‘g,u.u‘ ] + Su (.‘-?a (I))

(Vollick 2004, Banados-Ferreira 2010)

8wy and Fﬁﬁ : independent - Palatini Formalism

:- Matter is in usual way (Not in sqrt)

:- equivalent to bi-metric theory

—|q|
—|g

EOM1: g’ = \g"" — kTHY : Relation b/tgand qvia T

EOM2: Guy = 8u» + KR, :- “Auxiliary Metric”
:- Dynamical Equation

EOM for matter: VﬁTMV = 0 : Energy-Momentum Conservation
- Matter plays
in the background metric




(MERIT 1) One parameter («x) theory

(MERIT 2) EiBI in vacuum or with only CC is the same with GR

- Schwartzchild-(Anti) de Sitter BH

| (3) Poisson Equation

2 )
vio = b — b,

Implies repulsive nature of gravity




| (4) Perfect Fluid > Not Big Bang Singularity
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Banados & Ferreira for w=1/3 (2010)
IC, Kim and Moon for all w (2012)
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a(t) ~ ag + Ae'™,

:- t > -infty : origin of Universe
:- finite size

:- Non-Singular Universe



Chaotic Inflation in GR
N

Action & Metric

1 | | 2
Sm = /ff4~t‘\/|9w lggwa“@a”é - V(O)] . Vi) = %@2 8wG =1

gudatde” = —dt* 4+ a*(t)dx?.

Field Equations & Slow-Roll Conditions
1 1/1: .
H? = (Z) =3P=3 (/+ V) : 15t slow-roll condition
/ﬂr 3SHO+ V() =0 : 2" slow-roll condition

Chaotic \Y
:- large fluctuation — \e oo

Inflation
:- slow roll

\

Inflaton decay :- reheating



Attractor Solution for Slow-Roll Inflation

o(t) = ¢ +/2/3mt, a(t) = a; 167 =0 (O]

: curvature scale

Quantum
Gravity




EiBI Inflation
A 4

Metric guvdatde” = —dt* + a? (1) dx?.
Quvda?de” = =X2(t) df* + V(1) dx*,

EOM1
Puts an upper limit on Pressure p=02/24V and p = ¢2/2 -V

EOM2 : Friedmann Eq.

12

o 1 1 6 N 0?
H=-= - —— A+ VH+ = | V(o —= | X+V —— | x
a (x+1/)2+o4/2{ 2( 2) o) ﬁ( 2)

.\ 3/2 .\ 3/2 : 1/2
. G}Q / . 02 / 1 , C}2 . 9
X—FV—F? ;\—f—I/—? — = 7\—}—{/'4—'? (ji—}—‘/—(j))
K

Matter-Field Eq. A=Ak

b+ 3Hp+V'(d) =0.







In EiBI gravity, there exists an upper limit in 652

- Maximal Pressure Condition (MPC)

%QBQ—V@—)&:O,

pressure

| .

J attractor




H in Phase Space (¢, ¢) for m = 1/4, k = 1/4, and A\ = 1.

Contour gradient :

Quantum
Gravity Regime
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Scalar Perturbation
K 4
Action

For A=1, equivalent to bi-metric theory:
1
R /d4 \/TW[ ] 2K /délx (\/T‘“’lqaﬁgaﬁ - 2\/%) + Swmlg, ¢l

Metric Perturbation

1+ 2¢ Bi
dsgzbz{— T2 4 9P Liy
Lzl vz

ds? = a’ {—(1 + 260)dn? + 2B idndz’ + [(1 WY QEMJ} dar' da }

where @41, @9, U1, 9. E1,E5, By and By are perturbation fields.

+ perturbation of matter field ¢

From background EOM, we get _ 1+ rpo
1 — kpy

=3

: plays key role




Action in 2" order | (Lagos, Banados, Ferreira, Garcia-Saenz 2014)

| 1 b2 | ; | . .
S1(¢1, Br, ¢, Br) = 5 /ddu"f {E [421’1%&';15'1,1'5 — 620" — 122h(dy + 1)) — 2001 52015 — 1)
— 4hn ;B1 i + 62h%(p1 + 1) Eq i — 4/zh(d1 +01)(B1 — VzEY) i
— 4z (B1 — VZEY) ii — 4V/zhE1 :i(B1 — VzE}) j; + 4VzhE1 i By jj

+320°Ey ;i By jj + 32h* By By ; —92h% (61 + 1)’ ]

2 1302 3o+ 1B B, BB, - B (61 — 1)
H—\/E 9 M o1 D) 11,2 D) 12081,97 — 5@1 + 1,i:\P1 — U1 s
. 1 4 a’b? .- | |
S2|k, B U, Bx] = 5 [ d'x P P\/EBl,iBz,f +¢1[(z — 1) (3¢1 — E1 i) — 6 + 2B i; — 224

. _ 1
+ 1 [69 — (2 — 1)Eq i — 2E3 i — 62¢2] — 5(2 — 1)(ErFhj; + Bi.iBia)

3 . . .
T3 (61 +¥1) (2 — 1) = 2E15i (Y2 — 262 + EQ._ii)}

2¢1 [3 1 1 1 . .
- li’ip% - 5@% — 532,132; — §E2,z’iE2._jj + (¢2 — Y2)Ea4i — 3&52%&'2] }

. , 1
Sa[p2, Ba, 2, Fa, x| = 3 /d411? ﬁz{cﬁﬁz (4¢3 — B2:B2 ;)
. 1, . . o .
+ (05 — 2Vpa®) [5 (303 — ¢35 + B2,iB2; — E2iiFai) — 3b2tbe + (2 — ﬂ’z)EZ,ii}

—2¢gx i Ba; — 4dx b + X"+ 2(¢2 — 3tby + Eo i) (X g — Via® — ¢y07) — X,iX,i — QVQGQ}



Gauge (Lagos, Banados, Ferreira, Garcia-Saenz 2014)

Freedom to set to 0 : (U1, 19, X) + (Eq, E5)

//1,1»*2 X) }*f Ey)

- Matter Field Action containing only background fields:

Matter Action

Sslx] =

1 /d kdn [fl(?} E)x'* — fg(f?,k)}:z]a

in Fourier space



20%(z — 1)?X? [a*(z — 3) — 6kh*z]

_ g2
fi(n, k) = a” + kVz(z +1)(32 — 1)

p
n k)= :
f?(n: ) Sﬁghgzgfg(z_i_l)g
1 o0 —
B=g2| L 4 "2 q ay/po + Po po + Po
| 3z—1  (3z—-1)2|"

Bi=(z+1) {8;{3.’1222(32 —1) [kQ\/E C12R2V22 4 K222 4 04n2)%2 1920228 322 A% (2 — 1)2(= + 1)

+aX%(z—3)(z — 1)%(32° — 22 + 3) + 4ka’hXz(z — 1)* ['y(z —3)%(32—1) — 3hXz(322 — 62— 1)

+ 4k%a%h%2(32 — 1) [ —6hXYV(z —3)(z — 1)%2 + X%(z — 1)%(z + D[(K* + 9h?)z — 3K

+4V%2(z — 3)(z — 1)2 + 26m?2%2 (2 + 1)] },

By = (z—1) [az (-—3)— 6&}124 {adﬁ’g(z S22+ 1)(32 — 1)(322 — 22 + 3)

4 4k2R22(32 — 1)? [Qz(z D)z DR H)XY (XY ]+ XV (22 62+ 1)z’]

+ %ka2hX [z(z )2 4+ 1)(32 — 1)(322 — 22 + 3)[(h + 4H)X + 2]

4 X925 + 9121 —342% £ 3022 492 — 3)2’] }




Canonical Field Q=wy dr= (:,u:z/fﬂd?}

Matter Field Eq. becomes

G+ (1 -5)e-0 s = 12

e
b

Vacuum : assume Bunch-Davies vacuum for short wave-length mode

2

hm o, — 1

k— 00
Then, w is determined as

1 a’

B 2k22%2(z +1)(3z — 1)

:‘;L:I

{a.gﬂfg(z —3)(z—1)2 — 2r2 [3R2X2(z — 1)2 — \/E} }

x {Qa.gﬂr'g(z —3)(z—1)2 — kvz 1202022 (2 —1)2 — 322 — 22 ¢ 1} }



Using EOM1 and EOM2, we get simply

w(a, z) =

a*(32%2 — 22+ 3)

2(z+1)(3z —-1)

fila,z) =

a®(32%2 — 22+ 3)

(z+1)(32—-1)
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(2) Otherwise, we need to
consider complementary
Inflationary Expansion
At Near-MPS Stage

attractor

(1) If ATTRactor Stage provides
60 e-foldings,
Perturbation at ATTR STG
is enough to explain cosmology

arctaneg




1) Attractor Stage 5
po(t) = p; + -\/;m-t a(t) =~ a_i(;—wfm-t;\/ﬁ‘

N 4
EiBI Correction

L +rpo _ 2

2z = e~ ~ 1+ gﬁ-??‘?- . Consider the limit of xm” < 1.

Resulting Approximations

wt ~ a? (1 — §HTH-2)
fi = a’ (1 — 3”?”‘2)
3
2
fa = a? {kz (1 — §H-'H1-2) — m? [1 + 2km” ( 12 1)]}

dr = (W*/ f1)dn = dn



2

() + ngg —— 1 Q=Q+ {kﬂ _ e [1 +— + 6rem? (1 — 5 @)
W 3 O 33

E—ik{T—TD]

) 1 — !
CN [ A:(T—TGJ




2) Near-MPS Stage

MPS Background

wo(t) =

HTHE

sinh(mt).

5 2 dgo\ .,
= U~ f3 tft
37V 3k dU)

Near-MPS Approximation : z>>1

—

1+ Kpo
1 — kpg

1

(2

(

14 9b +2/2
U+ /)}}1

14 /2




Resulting Approximations

2
fa(a,z) ~ a® (k— + mzag)

Z

2 2 = 0
dr = idﬁ = dt~ di ~ L PAVEIETY _ 3% eV 2/3nt
fi a fi a\/z aop 2a2

o’k ~ k* + m*a?

k4

Q(r) = /7 [.«:1 Jo(kr) + CQYG(R‘T)} .




Perturbation Produced at 7. due to quantum fluctuation of gb

Production when A, = 24 > » S am (k) |3 [V
phys =~ X 'p * & Pl 203 |ag(2K)1/3
.
2, J
K
arctang
o ~ O(H).
SQS — @(Hz) attractor
QG Ir/// /_‘_-__ .
: large at QG — \\H@%ﬂ — 7]
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Solution Matching

Adiabatic Period
(WKB Solution)

Near-MPS Stage  Intermediate Stage Attractor Stage

>
v v
T4: 18t Matching T,: 2" Matching
4
T« Perturbation Production T;: Beginning of Inflation

v

T=0: Beginning of Universe




1) Initial Perturbation produced at Near-MPS Stage

Qmps(T) = \/’F[Cljﬂ(kf) + CQYD(kT)]a

c; = clt® +icl™ =c, co = ci® +ick® =|R —i—,

Initial Condition : Minimizing Energy

1 o Y242 - T JY + J,Ys
C = = J—
NA v — oy | 172

4 |JY — Y|

where J = (Jo — 2kr.J1)/\/1+4k272, Y = (Yo — 2k Y1) /\/1 + 4k272,
Jo1 = Joa(kr), and Yy 1 = Yo 1(kTs).

2) WKB Solution in Adiabatic Period Q+ Q2 (7)Q =0

Qwip(T) = \/;T]LW exp [;‘ /T Q;f(’r')d'r‘} + b—z(’r) exp [—1' /T Q;f('r')d*r’}




3) Solution at Attractor Stage

Qarr(T) = A4

cosk(t —71p) — sin k(r — 7o) + As |sink(r — 1) + cosk(r — o)
k(T — 10) k(T — 7o)

) ( : 1 -

| Jik{T—T{]} Al ——— —!IL'{T—T{;}H

) T |

Solution Matching - Determine Coefficients

C1 + ic2 ti(kTi—m/4)
bio & , ! .
1.2 ﬁ e :
, E:Fik(Tz—Tu} 1 )
Al:.z ~ 5 {QWKB(T%E}L 52) + EQWI{B(TQ;E?LEJ;;] .
- Qarr|* ~ A7 — A5 _ ? + R* + 7% /16
k2(1 — 10)2 wk3(t —10)%




Power Spectrum

Pr

&

I k3
— R~
I Rr2

E(CQ+R2‘|—

m

- (1 —km®)*p?

11-2

16¢2

D, x E% x PSR

)

H 1 — km?
R = _ N — 5 PiXATT
Yo 2
2
QATT
WATT
(1 - Hmﬂ)ﬂ m ‘Pt
x

(1 —4km?2/3)1/2 9672

20

18+

14+

1.0

0.8

ap = —vp =01, A=1,m=10"° k = 10°%, and ., = 1.




Guvdatde” = —a2d7}2 L g2 (04 ) d:{:id;t:j,
Qudatds” = —X2dn? + Y2 (6 + datda?,

— E [—d:rQ -+ ((51'3- + %-j) dmidwj} . Ia, Y : scale factors

From EOM 1, one gets|h;; = ;.

From EOM 2,

kY2 . kY2 /Y X'\, kE®
S CACL D U T




ical Fiel .
Canonical Field | f[,’t;—fi dr = (X/Y)dn = (X/aY)dt,
) , Y : Perturbation is governed
N T k‘—? Uy =
by Y NOT by a




1) Attractor Stage

Same with
Ordinary Inflation

Hlfz(;ﬂ )1;’4(;‘4_’:})1/4&

4 1 | T — T,
~~ Huz\/% — 3-?11.2@-*}? + 2m? log ( -+ l) a 5 Yya.

Ti — 70

|

S | 0 B A Ea 3 |




2) Near-MPS Stage (Background: MPS sol + Global Perturbation)
N 4

Scale Factors

ﬂ-(’i") ‘37-’”1 mﬁ‘zﬁ:fB

2??1

1/4,.3/2

K (1
ViE & 2= p) (3 +p) e x —m=—VT Y VT

u(7) = VrlerJo(kt) + e Yo (k7))




Solution Matching :

Exactly the SAME
with Scalar Perturbation

Power Spectrum

2k | AT |2
Pr= T2 ‘ Y ‘
2 [ 4 , T2 | m?2p?
~—[(c*+ R+ X X It
s ( 1602) 1 + km2p? /2 g

EDkxEExPTGR



Tensor-to-Scalar Ratio
N

2,11,3 9
Pr— ‘ﬁATT)
2 w2 1 m? ”2
~Z 24+ R?
T ( T 162) " 1+ km2p /2 G2
= ﬁ X E‘E X PER
®
®
2
)i'f,a? QA.TT
* | waTT
(1 — km?)? m??

“ A —4rm2/3)12 " 0612

B

Pr _ Ef x P§% (L—drm?/3)12 g |1+4em?/3| g
Pr ~ ES x PSR (1 — rm?)2(1 + km2p2/2) T+ km2p 2/2




1+ 4km?/3
1+ km?p? /2

rGR

U

rCR ~ 0.131 for 60 e-foldings.

rm? < O(107%)

rmier ~ O(1) | = ©w; ~ O(10)

Therefore, I' can be significantly lowered.
PLANCK predicts I' <0.09.



Conclusions
A 4

1. EiBI gravity provides

Non-Singular, Non-Quantum Gravitational, Natural
pre-Inflationary Stage

2. Density Perturbation :
may leave a peculiar signature in CMB
3. Tenor-to-Scalar ratio :

can be significantly LOWERED.



