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BRIEF OVER VIEW

« Cosmological constant ala Hook’s law---Static universe
Neumann (1895) and Seeliger (1896)
 Late time inconsistency of hot big bang: Resolution of
age crisis.
*Theoretical issues related cosmological constant (saknharov)
Coincidence ; Fine tuning.
» Quintessence : quintessential inflation; problems.
* Modified theories of gravity:
e Local physics---Screening mechanisms.
Chameleon, Symmetron , Vainshtein mechanism.
Scope of chameleon/symmetron : Self acceleration.

Phenomenological extensions of massive gravity.
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Homogeneous and isotropic universe

» X

Hubble Law
v(r,t) = H(t)r i
r'(t) =r(t) — ry(l) e
vVi=v—v,=Hr :
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NEWTONIAN COSMOLOGY

i (1895- Neumann, 1896-Seeliger)

e 1 dza 47 MS, arXiv:
F = —pr(t)l“(t) = T —Tﬁb(t) 0904.3445

Co-moving system: r(t) = a(t)X
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Cosmological constant or Hook’s law

Static universe
Neumann (1895) and Seeliger(1896)

A 1
F = —WT/O[)I' —|—§Ar

Einstein 1917

MS, arXiv: 0904.3445
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NEWTONIAN COSMOLOGY

i Cosmological constant a la Hook’s law

P 4G 1A P
— ——pbr _|__ r _ T pPpa a
3 3 Vs Vi(a) = ( s TG )
&2 K
Lo _anG oA Peg Vo=
adz 3 M3 i — .
871G K A o
P=""", -2 42
3 ) =5t
At NeB
(K>0) A=A, =4n Gpl()o) Static universe

MS, Curr Sci, V 97, 848 (2009)

If no quasi-static universe then away [arXiv:0904.3445]

with cosmological constant!
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i Inconsistencies of standard model

EARLY TIMES:

Flatness problem
Primordial inhomogeneities INFLATION

Horizon problem

LATE TIMES: Age crisis

3/25/2013 IPMU 2013



AGE CRISIS IN HOT BIG

i BANG ~

Matter dominated universe;

to\”
0
) = ol (2)

2/3
t 21 2 1
0= (1) — H=2tsn=21

Hy'=98h'Gyr, 0.64 <h<0.8—=t)=(8—10)Gyr
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i AGE CRISIS IN HOT BIG BANG

v = Hr(t)

Let us ignore gravity for a moment :
1

v =const - —=H
3
1

Present epoch: — = HO

Lo
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i AGE CRISIS AND ITS RESOLUTION WITH A

Open universe (K<0) Qgg) — pf,g)/pcr
2

Repulsive effect A

t_i/m dz
" Ho )y (14 2)4/Q0 (1 +2)3 +Qy

2 1 1+ QY2
toHo = 3 1/2 In +1/2A
3L QL
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AGE CRISIS AND ITS
i RESOLUTION WITH A

Globular clusters-

) ] . 1 . 1 .

(o=}
e o] o < N ()
] —

(149) (z2/°H) X (es10ATUN oY) Jo 98Y))

IPMU 2013
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i ENERGY OF VACUUM

SAKHAROV 1968

< 0[]0 >= —=puiuw
< 0[140 |0 >= =pugpu ;
< 0|T,,|0 >= =V (0min)Gu — Scalar field ¢
< 0[1,,|0 >= —pug,, = Vacuum fluctuations
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iThe effective Cosmological constant

Rul/ — —ng/ —I—QWAB — Tm—|— < 0‘ ‘O >
Aeff — AB =+ P

Py =< 0[p|0 >
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COSMOLOGICAL CONSTANT

+

1 [ 4wk?dk
< T,uy >= —Polur s Py = _/ il \/If2 + m?
) 2 Jo (2m)?
po ~ Mp

qu —+ Q,gg) ~ 1] — Aeff Per (2= p/per)

Old cosmological

Aeff ~ 10_120M£ (Aeff = Ap + )Ov) constant problem

/Ov ~ pgg) New cosmological constant problem
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i The correct level of fine tuning

m? | m?
. n| —
P 6472 (12

mpyg ~ 125GeV; my ~ 171GeV, m.,, ~ 100GeV

peVEE B~ Hy ~ 1070 GeV: A ~ 500nm
4
L~ 105GV = py =~ 10°GeV
Aeff ~ 10_48G6V4 . 1056
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i CINCIDENCE PROBLEM ?
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i WHERE IS THE COINSIDENCE ?

L

B L/Z dZ,
Ho Jo (1+2)/Q0 (1+2/)3 + Qy
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SCALAR FIELD AS DARK ENERGY
Quintessence

1. 1.
bsHi+ S =0, po =30 +V(9), Po= 58" = V(9)
dg
87l
H? = ——
3 P
0 da
Py = Py €XP | — 3(1+w(¢))z ; w(gb)=P¢/p¢
p¢NCL—n, 0<n<6 , Py ~ 1/&6 —— for steep pot.

Predictive power of scalar fields

For a priori given cosmic history, it is always possible to construct a field potential
such that it gives rise to the desired result. Thus the scalar field models should be judged
by their generic features.
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Scalar Field Dynamics in presence of background
matter . Tracker or Freezing Models

T E

H* = ——(ps + m)

Scaling Solution:

Po — C'onst
Pb

V = Vpe®®Mr (steep — o > 3(1 4+ wy))

q = S0tw) e S
@ 2 ~ ~
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MS, Curr Sci, V 97, 848 (2009) [arXiv:0904.3445]



Absence of trackers: Thawing

‘L Models

log(p)

%o
S
.

.0
=== Present epoch
’.

log(a)
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Scalar Field Dynamics in presence of background
matter . Tracker or Freezing Models

T E

H* = ——(ps + m)

Scaling Solution:

Po — C'onst
Pb

MS, Curr Sci, V 97, 848 (2009) [arXiv:0904.3445]
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Quintessential inflation-Model
‘L Of reincarnation

. Brane
V(¢) Damping

: b,_n{/-'r‘ p
H? = 1
3 ’”'5( +i’3-5)

(14 V/2Ap)?

1 =nrew(1+V/2\g)™"

€ = EFRW

P.J.E. Peebles, A.Vilenkin, PRD59,06350(1999)
MS, V. Sahni, Phys. Rev. D 70, 083513 (2004);
Phys. Rev. D 65, 023518 (2002); MS, N. Dadhich,
T.Shiromizu, PLB568, 118(2003).
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i TRACKER POTENTIAL

V() = Vo cosh(ag/Mp) - 1]p, 0<p<1/2

Vo -
V(g) = —etP/Mr - Glg/Mp >> 1

2P
Voragpq2r p—1
V(¢):2§[MP] . alp/Mp << 1; <’w>=m

o= Qap
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Quintessential Inflation (gravitational particle production)
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i Quintessential Inflation (instant preheating)

Logua{ p/ Mp* )

'l
o L] 10

15 =m ;.5
Logyp(ala)
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i OBSERVATIONAL CONSTRAINTS

N=70, ng=094, r=0.34
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i Quintessence problem
M; (V//V)Q << 1 C. Kolda and D Lyth,

hep-th/9811375
2y 71
MIV'"V << 1

2 A2
2 N |4 HO Mp —33 2
p p
Unstable under radiative corrections when coupled to
other fields unless severely fine tuned.
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i MODIFIED THEORIES OF GRAVITY

LARGE SCALE MODIFICATION

- Chameleon theories.
 Galileon modified theories

« Massive gravity
Scalar degree(s) of freedom

Requirements

* Local physics be intact
e Cosmic acceleration

3/25/2013 IPMU 2013



i SCALARON: Requirements

DE:

my =V, (p) ~ Hy ~ 107>V
Solar Physics:

my >> May
(T‘AU ~ 10°Km, may ~ 10_27G€V)

3/25/2013 IPMU 2013



Chameleon Field
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| MASS SCREENING OR FIFTH FORCE SUPPRESSION

(Basic Idea)
1 o
L = —(0 2 -2 2 T
(0p)" = 5m7y o f

Localized source: =0, T =—-M5(r)

aM e ™" v e~ mr

— A= 2

i M, 4nr Mp 200G M n

(m, og) — m(p), a(p) Chameleon or Symmetron

Kinetic Suppression Galileon
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i Kinetic suppression
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| Chameleon versus Galileon(Vainshtein )

A Chameleon
V(p)

Vops = V(p) + — °
eff ¥ Mp PmP Epmgo
>

L
1 Galileon
Or + —[(O7)* — 9"9" 70,0, = —pm

2
Jr
Small distances: 7r(rr) ~

Large distances: 71-(7~) ~ T
3/25/2013 IPMU 2013



Chameleon at work
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.

Vainstein Effect- dynamical suppression of fifth force

T = _aasry: o (7|0 + 2| ) = abtsn
1

(1) ()

| ., ov1/2 1
Short distances: 7w = (7"5047’7’?» ) r1/2
Fgrav rv moa
Large dist ’ ! = “
arge distances: 7' =roa— = ~
S ?”2 Fgrav
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Vainshtein at work

GM, M,
T m?2  HZM?

~ 100pc
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Symmetron: Dark energy

1 1
Vi = 5 (g = #2) 6 + 0% megy = (5

Veszidh)
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Symmetron: Dark energy

HoM

— IJ2pg2 ~ p
Symmetry should break: P~ Per = HO Mp — Ms = M

Kurt Hinterbichler, Justin Khoury: arxiV:1001.4525

M < 107*M, — m, ~ 10*Hy

Local gravity constraints

arXiv: 1211.2289: K. Bamba, R.
Gannouji, MS
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i Scalar tensor theories

S= [ doy=g | SRR - 3002 - V()| + 8o [AE)gnr 0]

-Einstein frame

o~

5= [ doy=g [“Bor - 2D @ - 2V(6)] + Sl 0]

2¢
¢ = A"(p) -Jordon frame
2wep + 3 = L o= MpdlnA(c'O)
2002 dop
Gepr = GoA? (1 + 2a7)
f(R) :(,uBD:O—H)e:L
V6
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Local gravity constraints: Screening Mechanism

5= [ dey g [@R U(} f d* 2/ =g L ()

- 2K?
S=— [ duy=g [ng—@(Acp) U(so} + / d* 1 /=g L (i)

2K 2

f(R) = U)BD:0 1—|_wBD

2+ wpp

@ —light (m, << may > myray << 1) = T

Observation : |y — 1| ~107°
1 —e ™" /(2wpp + 3)
1+e ™ /(2wpp + 3)
¢ — Quintessence = m, ~ Hy = Chameleon Field

v = my >> may, =7 — 1
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‘L VIABLE f(R) MODELS

& fll G

Stability conditions: G.rf = — r_
’ I fr Gepr = fr27

RO p: M? =~ fr/(3frr)

stablede Sitter:  Rfr=2f : 0< Rfgrr/fr <1

R=R(0)

Local gravity constraints: f(R) = R —2A for R >> R,

R217"
A = aR. [1+@] —1); @, Ron>0
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‘L Problems of f(R): scalaron mass

n+1
my, ~ /R (Rﬂ) (n>1)

VB,  Ho 213 2074 < 107206V

o

— 1.202 « 105
M, M, .22~ 1019GeV .

43 Thongkool, MS, R. Gannouji, S.Jhingan,
P / Pe = 10 Phys.Rev.D80:043523,2000 ;
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i CURING THE SINGULARITY ?

Countering Term: P p2

RC Thongkool, MS, S. Rai Choudhury,
arXiv:0908.1663
2 1 RC ua .
mcb ~ — (A,RR) = — Thongkool, MS, R. Gannouji, S. Jhingan,
3 7 Phys.Rev.D80:043523,2009 ;

S A. Appleby,R. A. Battye, A. Starobinsky,
arXiv:0909.1737
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i SELF ACCELERATION:SCOPE OF CHAMELEON THEORIES

S= [ doy=g [FBR- 3007 - Vo) + S0 [420)g0 02

o’ (t7) = A(p)a®(t7), dt” = A(¢)dt™;  dt = a(t)dn

AN\

~J J  oE E: .

a’a a”a (—A),
AA

Self acceleration: FqF < 0; i’al >0 — > l; AA = (i%)

i 1
Ve ((po + 3P4) + BspA(9))

A H7 dt’
Screening: AA << 1, z2=1—2=0
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Chameleon/Symmetron theories-

No scope for self acceleration

arXiv:1284612: J. Wang, L. Hui and J. Khoury

arXiv: 1211.2289: K. Bamba, R.
Gannouji, MS
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i Massive gravity: possible extensions

hNV . (helicity 2 object) + (helicity 1 object)+ (helicity zero object)

Universally couples to all fields

1

L = Lo[(9h)’] = 5 ?,Wﬁw - Q

a b

y(DW

2

a—b

Stuckelberging
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Massive gravity: possible extensions

"
4 MI% ]‘ v ’
= /d L/ —( [TR — 59” 8“0'81/0' — V(U) — Ema35:|
/d4x\/ gL, g,w
mﬁMIQD 4
ﬁm — 1 A (—4Z/{2 (]C) + 043Z/{3 (K:) + 0542/{4(]C))

1
N 9 . Uy = — 6" eqp KLKS

Juw = A (U)gw Az(g) — 280 /M p 2!
Us = _ieum’-ew%_}(jﬁlcglcg

1!

Ky =0l — \/9‘u 00 00y, PNt Uy = P KKK

0!
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i Massive gravity: possible extensions

2
/d%«/ [ PR\I! - ]V‘;P “’gp)gw (0,90,V¥) — UV ()
2M2 N _
Lo ; ( AUy (K) + slhs (K) + a4L{4(/C))

KE = 6" — A(0)\/ gH0ad0, ¢Pngy 1 ¥ = A2

3/25/2013 IPMU 2013
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Massive gravity: possible extensions

L cuvap Lo D s, D )

L, = §hw,5 B — 56’ 00,0 + 3rlmr — A_gn TX ) + A—gé’uwa,,wXW
Us (1T) Us (1T) Uy, (1T) 1 1 D 5

—50‘ [—4 Ag — 4014 A% + g Ag + M—P’]TT + M—PA—gau’ﬂ'ayﬂ'T”

D
hoyw — Ry + T, + e o, D = —(Bayg +1); 3= —4day
3

35 | 1/5 I3 N\ 12/
A\~ — (—”) — = — LT << Ty
r (1926%@) Fy > (fr})) : "

1/3
3 3 M
ANe =7 [A3r, N = 0 [ A5y r, = ( : )
Mzm?
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i Massive gravity: possible extensions
S = Sen + Snmass + So + S
SEH:/d4QZ\/—gF1(J)R

Smass = /d4$\/ —gFQ(O') |: — 4U2 + OégUg + Oé4U4

= 88— F3(0)1/ 970001
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i Massive gravity: possible extensions
d82 = —Nz(t)dtz + CL2 (t)éwd:cldxj
' =f(t), ¢ =u

Spn = /dt[ - 6%%(@]71)}
Snass = 6/dt [NGl(a,a) — j;Gg(a,a)}

3
g2 _Pn—6G/a”+V Gola, o) = C
6F, + 6al| — a20'? /2’
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0.0 |

—02"F

—0.4
—0.6

-08 {
—1.0 F—=—r—"

Log,, [1+2]
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BEST MODEL OF
INFLATION AND DARK
ENERGY?
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BEST MODEL OF INFLATION AND DARK ENERGY?

i
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i NATURE OF DARK ENERGY

IT COULD BE ANYTHING

OR

IT COULD BE NOTHING
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