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Abstract: | will discuss awide class of models which realise a bounce in a spatially flat Friedmann universe in standard General Relativity. The key
ingredient is a noncanonical, minimally coupled scalar field<br>belonging to the class of theories with Kinetic Gravity Braiding/Galileon-like
self-couplings. In these models, the universe smoothly volves from contraction to expansion, suffering neither from ghosts<br>nor gradient
instabilities around the turning point. The end-point of he evolution can be a standard radiation-domination era or an nflationary phase.<br>The talk
is based on arXiv:1109.1047v2 [hep-th], JCAP11(2011)021.
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Imperfect Dark Energy from Kinetic Gravity Braiding

arXiv:1008.0048, JCAP 1010:026, 2010

The Imperfect Fluid behind Kinetic Gravity Braiding
arXiv:1103.5360, JHEP 1111 (R011) 156

G-Bounce, arXiv:1109.104%7, JCAP 1111:021, 2011
IN COLLABORATION WITH

Ceédric Deffayet, Damien Easson,
Oriol Pujolas, Ignacy Sawicki
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Motivation
General class of models - perfect imperfect fluids
G - Bounce

Open problems
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Was there a beginning of time 1.e. of the quasiclassical
universe? Was there a strong quantum gravity époque in our

past?

[f there was a beginning, was the universe collapsing or

expanding immediately afterwards?

[f the universe experienced an early period of inflation, which
all observations currently perfectly confirm, what happened
before inflation? Indeed, inflation is not past-complete -

Borde, Guth, Vilenkin (2001)

A ettt .t e T —— —————
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NULL ENERGY CONDITION (NEC),

go to imperfect fluids and to even less canonical fields!

(T v = — Eama e

G
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Nicolis, Rattazzi , Trincherini, (2008)

[n current literature: Galileons = scalar-tensor theories with

()

higher derivatives in the action

but with equations of motion which are all of the
second order - NO Ostrogradsky’s ghosts

the most general theory of this type was derived
by Horndeski (1974), and rederived by Deffayet, Gao, Steer, Zahariade (2011)

International Journal of Theoretical Physics, Vol, 10, No, 6 (1974), pp. 363-184

Second-Order Scalar-Tensor Field Equations

in a Four-Dimensional Space

GREGORY WALTER HORNDESKI

Department of Applied Mathematics, University of Waterloo, Waterloo, Ontario,
Canada

Received: 10 July 1973
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International Journal of Theoretical Physies, Yol, 10, No, 6 (1974), pp. 163-384 ‘

Second-Order Scalar-Tensor Field Equations

in a Four-Dimensional Space

GREGORY WALTER HORNDESKI

Department of Applied Mathematics, University of Waterloo, Waterloo, Ontario,
Canada

Received: 10 July 1973

L=K+Goh+
+GR+ G [ (o1)” — ginois] +

. 1 PR =N . : : : e
+ Gz G, — Egé [((/)ﬁj) — 5(/)21(/)2;:(/)3/& + 2(/)&(/);;(/);1
Kobavashi, Yamaguchi, Yokoyama (2011)

where we have 4 free functions!

K (¢,X) and G; (¢, X)

G 0G; 1
LY X = 59"VupVio

R — P R—
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One can stably violate the most basic of the classical energy
conditions-Null Energy Condition (NEC): ﬂl.u’nf‘”’n” > ()
which in cosmology reducesto: p+¢ > 0or H <0

Pandora’s M
box i it
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One can stably violate the most basic of the classical energy
conditions-Null Energy Condition (NEC): T!,,,/nf" i)
which in cosmology reducesto: p+¢ > 0or H <0

Healthy and testable
Phantom Dark Energy,

Deffayet, Pujolas, Smwicki, AV, 2010
gsandbra ’S Bouncing Cosmology
for a spatially flat Friedmann universe
Creminelli, Nicolis, Trincherini 2010,
60 Easson, Sawicki, AV;
-X Taotao Qiu, Evslin, Cai, Li, Zhang 2011

Superinflation with blue spectra of
gravity waves

Kobayashi, Yamaguchi, Yokoyama 2010
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G

The scalar field can model imperfect superfluid and
should not be necessarily considered more fundamental as a
velocity potential or a “phase”

Pujolas, Sawicki, AV zo11

New linear and nonlinear effects in cosmological perturbations -
theoretical laboratory to test DE /A

Similarly to gravity, these theories are highly nonlinear and a
UV completion they can admit should be by the
classicalization or something more exotic - nonlocal, etc..

Dvali et al. 2zo10
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Kinetic Gravity Braiding

kinetic mixing / braiding

()ﬁb f)fj

Sy = [d*z/=g[K (¢, X) + G (¢, X) O¢)]

Armendariz-Picon, Damour, Mukhanov, Steinhardt 1999/2000
Pujolas, Deffayet, Samwicki, AV, 2010

where X = %gl“jv“ﬁbvugb

Minimal coupling to gravity Stot = Sd) I SEH

However, derivatives of the metric are coupled to the

derivatives of the scalar, provided GX # ()

No Galilean symmetry! (‘),,.(/) — ol

R Attt gt 7 e p - e ——— S S O . 7
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‘ 30
Llr!/vﬂv!/(/) _+_ (vwvﬁ(/)) (‘2(1’! v (vﬂlv”(/)) +
+Z — GxGV .oV, 0 =0
Braiding
EOM is of the second order: s Q%W Z
constructed from field and it’s first derivatives
Q”‘ﬁ“"’ is such that EOM is a 4D Lorentzian
generalization of the Monge-Ampere Equation,

always linear in¢

o e — Sry— . pma— - % T ——s A O . £
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[\Y(X) for equation of state, G(X ): transport coefficient

Pirsa: 12030103 Page 15/49



Shift-Charge Noether Current: - interpret as
“particle” current ']H

New Equivalent Lagrangian: ‘D pressure!

{quation of motion is a “conservation law”:

Vud” =P,
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Vo
vV2X

Four velocity: ¢, = gb is an internal clock

projector: J—;u/: Juv — UyUy | )|
Shift-symmetry
d— d+c
. B : d A violates
Time derivative: ( ) = — = u"V) :
dr W= =0

and introduces

arrow of time
Expansion : EJ‘I): VXU;“’ — V/V . )
/

comoving volume
R S - P — e
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Kinetic Gravity Braiding

kinetic mixing / braiding

do  dg

Sy = [d*z/=g[K (¢, X) + G (¢, X) O¢)]

Armendariz-Picon, Damour, Mukhanov, Steinhardt 1999/2000
Pujolas, Deffayet, Sawicki, AV, 2010

where X = %g“"”v,,,gbqub

Minimal coupling to gravity Stot = ng I SEH

However, derivatives of the metric are coupled to the

derivatives of the scalar, provided GX # ()

No Galilean symmetry! 0,,¢ =38, + ¢,

L e - — o8 — 7 - . —————— A iy . 355300
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Shift-Charge Noether Current: - interpret as
“particle” current J/L

New Equivalent Lagrangian: ‘D pressure!

{quation of motion is a “conservation law”:

Vud* =Py
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Shift-Charge Noether Current: - interpret as
“particle” current JH

B= (L - 2G )V 0— GV X

New Equivalent Lagrangian: ‘D pressure!

‘quation of motion is a “conservation law”:

Vud” =Py
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V.o
X

Four velocity: ¢, = gb is an internal clock

projector: J_,W: Juv — Uy Uy (
Shift-symmetry
¢ —>9+c
A olates
V}\ (/) vga_cs/)

and introduces

R : d
l'ime derivative: ( ) — — = 1U
dr

arrow of time
Expansion : @ EJ‘I): Vot = V/V .
/

comoving volume
[ et ——. . e . e ——— R
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V¢
X

Four velocity: ¢, = gb is an internal clock

projector: J_,u/: Juv — Uy Uy (
Shift-symmetry
6 — ¢+c
A 'olates
V)\ (/) Uﬁa_“/)

and introduces

r 1. L] L2 X (1
I'me derivative: ( ) = — =U
dr

arrow oftime]
Expansion : @ EJ‘I): Vo = V/V .
f

comoving volume
P . gt | — et
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V.o
22X

Four velocity: ¢, = gb is an internal clock

projector: J_,W: Juv — Uy Uy (
Shift-symmetry
| b — o+ c
. ( 2 i
Time derivative: ( ) = — = ’(L)\VA violates
dr o — —¢

and introduces

arrow of time
Expansion : EJ‘I): VXU;“’ — V/V .
/

comoving volume
T - S —— P S
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k=2XGx

charge density: n — <]M’Ujlu — T —|— K/Q

“Braiding”
nerev dencity: == ED o
energy density: 5 = uﬂul/ — 50 —+ 9 K
effective mass per shift-charge / chemical potential:

on V.

e . W 8 . P - T ———— S
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K “Diffusion”

\ v
J, = nu, e i Vim

8§ 59, L&L, vol. 6
Gl Is a “diffusivity”/
T 2X GX i
transport coefficient

Particle / charge current is not parallel to energy flow!

— — P o—— - . R
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Pressure 7) st ID() 2 KZ?’}’Z

Energy Flow No Heat Flux!
= k12 Vam=m 1> J
Qu = L A o LA

Energy Momentum Tensor

TMV — Suuu,,— J—,uu P + QU(MQV)

Solving for 1M, for small gradients or small K one obtains “bulk viscosity”
but change of frame results in a prefect fluid with vorticity up to O (Hz)

- ——— —— — 2 ——— e ———— e
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For incompressible motion 9 =)

equation of motion is:

. ! v
n = _VM DV n| + Qauvun
LT . ,{
where the diffusion constant: = —

c.f. § 59, L&L, vol. 6, p 232 T, TN

4-acceleration: gF =
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Emergy conservauon: v, —0
df = —PdV + mdeif
Euler relation: £ — mmn — PO

Momentum conservation:
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(Lu o O and 9 = 3H

Friedmann Equation:

1
2
H* =rkmH + g (50 T pext)
/
7"_1 — k1N “crossover” scale in DGP

C
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1+ 3H P
If there is shift-symmetry then

Py =0
=3
n x a
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1+ 3H P
If there is shift-symmetry then

Py =0
=8
n X a
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2

Sy = /(13:1: dt A [CZ — —= (0,,;C)2]

a?

| ‘ o X(ZS
where A = (H—’rnh:/Q)zD

D e g?n,_?)HKf i §,.{/2 ' _
m 2 z

Controls “ghosts” [) > () No ghosts!
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e P + 26+ k (4H — km /2) P

s Em — 3k (H — km/2) 7 £

The relation between the equation of state, the
sound speed and the presence of ghosts is very
different from the k-essence & perfect fluid.

A manifestly stable Phantom ( Wx < —1)is possible even
with a single degree of freedom and minimal coupling to
gravity
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(2

Sy = /(13:1; dt A [CZ - — (0,,;C)2]

a?

‘ ‘ e XCLS
where A = (H—’m,h:/Q)zD

D — Em—3Hk I §K/2 ' |
m 2 z

Controls “ghosts” [) > () No ghosts!
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G

Consider matter with constant equation of state - radiation, dust,

spatial curvature etc... Pext — WPext with w = const
Shift-symmetric Lagrangian for the scalar field K (¢ X) and G (& X)
Phase space is two dimensional (’N),, f)oxt)

Go to new coordinates (’NL, H) by solving the Friedmann equation

Integral of motion 1st integral

,”’l—+—'u!
I(m H)=——

f)(‘xt.
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G

Consider matter with constant equation of state - radiation, dust,

spatial curvature etc... Pext — WPext with w = const
Shift-symmetric Lagrangian for the scalar field K () X) and G (x X)
Phase space is two dimensional (7”, f)oxt,)

Go to new coordinates (’NL, H) by solving the Friedmann equation

¢ ; 1 st integr:
Integral of motion 1st integral

n 1 4w
=

f)(‘xt.
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In new coordinates (7”/’ H) at ' — () pose conditions

e TP D S B L8 © S

These conditions are on the range of chemical potential Am and
on the equation of state K (711,) along with the transport

coefficient H(Hl) oron K(X) and G(‘X')

“Healthy” Bounce!
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We Can Do It!

ndael)

-

YES WE CAN

T o T . = e e e B AT

WAR PRODOCTION CO-0RRINATING COmMTTIE
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if K(m) and hi(’m) satisfy the hierarchy:

3

1 1
o TTLKm > 5 (TTLHT)Q o ) " —TTL2Kf,rn,m P _Z (TRH’)Q

2

thenat H — O :

e O B e e

“Healthy” Bounce!

R — s T— A —. . gt - A — s b
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F " picture taken from the G-bounce

Easson, Sawicki, AV (zo11)

G-Bounce: L = X — aX” + »X[¢+ Radiation 0y

TRV — y— . pee— o
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Easson, Sawicki, AV (z011)

k=28X+vX? K=—-A4+X— X% +Radiaton Pr

e

— A — p — — — e — e —
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G-Bounce: L = X — aX” + »X[¢+ Radiation 0y
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m the G-bounce

Easson, Sawicki, AV (zo011)
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S OBX X2 o N XX & Radiation P
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, Dynamically inaccessible !

} ) \ :
4 ‘/ » e® <0 £}/

i ; . g c? <0
a Dynamically inaccessible : =
l ;
0.2 0.0 02 (0.4 0.6 (.8 1.0
WwWrong, “.'-‘,]n sty” sign picture taken from the G-bounce
H Galilean Genesis: Creminelli, Nicolis, Trincherini (zo10)

“Conformal 2 2(/5 ]L; f;
(-‘nfi}t'ml": E — —2f € X —|— A; _|_ A;

r YO ¢ A I /. ' !
where: X = ;;;”"V;,(J-)V,,m and Af are constants
W_-—'—- A —. " —J ——— - - ————— e S

2 Sl
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Strong coupling?

Possible anisotropy? Too strong tachyonic / Jeans instabilities?
Can one arrange a cyclic 1.e. oscillating evolution?

Can one avoid all singularities and troubles for the past?
Perturbations?

Any realistic scenarios? Smooth transition to standard
cosmology?

R e — o7 — 7 ———— - . ———— A S . 3
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Strong coupling?

Possible anisotropy? Too strong tachyonic / Jeans instabilities?
Can one arrange a cyclic 1.e. oscillating evolution?

Can one avoid all singularities and troubles for the past?
Perturbations?

Any realistic scenarios? Smooth transition to standard
cosmology?
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