LATE TIME COSMIC ACCELERATION:
DARK ENERGY AND ALTERNATIVES

o, S

M. SAMI

Centre for Theoretical Physics
Jamia Millia University New Delhi

6/5/2012 NAGOYA DAIGAKU 2012



Centre for theoretical physics

$(2006)

e —
o

= CTP has a small
library and comp
center.

« It makes research
level books available
to the students and
faculty.

YA DAIGAKU 2012



Centre for theoretical physics , Jamia Millia Islamia

Established in 2006

Faculty: 6

Students: 11

A large number of visitors

Major theme of research: Dark energy and alternatives;
neutrino physics.

6/5/2012 NAGOYA DAIGAKU 2012



COSMIC ACCELERATION: OVERVIEW

Dark Energy:
« Cosmological Constant: historical notes.
 Age crisisin the hot big bang model and its resolution.
 Finetuning problem; Coincidence problem.
« Scalar fields: scaling solutions.
« Scaling solutions and transition to late time acceleration.
« Scalar field models: Trackers (freezing) and

non-trackers (thawing).

« Can we detect the dark energy dynamics?

Quintessential inflation: joining the two ends or reincarnation ?

|\/|Od|fled theories of gravity

« String inspired corrections to gravity: late time exit from scaling
regime to dark energy universe.

 f(R)theories of gravity: Class of generic model.

 Galileon gravity : Relevance to late time acceleration.
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Homogeneous and isotropic universe —

Hubble Law
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NEWTONIAN COSMOLOGY

* (1895- Neumann, 1896-Seeliger)

4G 1 dzCL drG MS, arXiv:
F = —pr(t)r(t) = g@ — —Tﬂb(t) 0904.3445

Co-moving system: I'(t) = a(t)X
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NEWTONIAN COSMOLOGY

Cosmological constant a la Hook’s law

_ (ArGpya® | Aa®
S V(o) = - (T
E:é‘u—z—I—V(a,),E:—E
1d*a  4A7G A V) o c 2
T o (t =
a di? 3 ) T3
87 K A 0
H>=—p(t)— =+ —
o
(K>0) A=A, =4r Gpl()o) Static universe

C. Neumann, Uber das Newtonische Prinzip der
Fernwirkung, Leipzig, 1895.
H. Seeliger, Astron. Nachr. bf 137, 129(1896).
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RALATIVISTIC COSMOLOGY

Einstein’s view on cosmological constant

1 d?a B 47 (s N
adt? 3 Pb
B 7 K

Hz— 3 pb(t)—?—k

After the first paper of Friedmann 1922, Einstein published a brief note
claiming an error in Friedmann's work; when it was pointed out to him that it
was his error, Einstein published a retraction of his comment, with a sentence

that luckily was deleted before publication: "Friedmann's paper while
mathematically correct is of no physical significance'. Einstein wrote
to Weyl in 1923 : “'If there is no quasi-static world, then away with the
cosmological term".

w| ==
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Dark Energy

‘_L RALATIVISTIC COSMOLOGY

I K
H? = t) — —
3 Pb() 2
1 d*a 47TG( 3P =i >0 _P,,< 1
—— = — a w=—< ——
a dt? 3\ ’ O 3
oo+ 3H (pp + 1) =0
A
:—P = —
PA AT S
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AGE CRISIS IN HOT BIG

i BANG

Matter dominated universe:

£\ *? 21 2 1
a(t) = (%) — =2t s =20

H;' =987 'Gyr, 0.64<h <08 —ty=(8—10)Gyr
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‘L AGE CRISIS IN HOT BIG BANG
v = Hr(t)

Let us ignore gravity V= COTLSt
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AGE CRISIS AND ITS

i RESOLUTION WITH A

A -dominated universe

6/5/2012

14F
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Globular clusters-

-

(Age of the universe) x
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OBSERVATIONS IN BRIEF

K po(t)
Qpoi(1) — 1= ———. (1) = NBN
AT e T

Pc(t) _ 3H2 (t)/87TG ) I \\\ \\\
« Universal is nearly critical -- CMB R (] N
 Dark matter contribution is nearly - b “Ji ':‘/”7

30% ---LSS >[I
e The missing component o e
(about 70%) is Dark Energy— ) \
Supernovae observations s i S

T. Padmanabhan, T. Roy Choudhury,

Qior = Q0+ Qpp >~ 1 Mon.Not.Roy.Astron.Soc.344:823-834,2003
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COSMO-ILLOGICAL CONSTANT

THEORETICAL ISSUES

e Cosmological constant as measure of vacuum energy.
<T. >0=Ag,.,, 871G =1)
« Cosmological constant from string theory--|

e Cosmological constant as a free parameter of GR.

0500 | Vacua.

P Fine tuning problem
- pa ~ 107 GeV*
pA Present epoch
N
>d
6/5/2012 NAGOYA DAIGAKU 2012




6/5/2012 NAGOYA DAIGAKU 2012
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ﬂ It is easier to believe in God!
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FINE TUNING PROBLEM : TWO
DISTANT SCALES TOGETHER

THE BIG AND THE SMALL
PUTTING THEM TOGETHER
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SCALAR FIELD AS DARK ENERGY
Quintessence

; . 1. 1.
G+ 3HG+ =0, po =50+ V($), Py=¢* = V(@)
8¢
H?* = —
2 Po
0 da
po = ppexp ( — [ 3(L+w(d)— | . w(g)=Ps/ps
p¢Na_n, 0<n<6, p¢N1/a6 —— 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

B (s

H? = T(P¢+pb)

Scaling Solution:

Po — C'onst
Pb

V = Voe®p/M,(steep — o > 3(1 + wy))

q = 30w e s
¢ az ~~ ~
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LATE TIME BEHAVIOR

Exit from scaling regime to late time
cceleration.

» Potential gets shallow at late times: Inverse
power law type of potentials.

« Potential acquires a particular power law type
form l

2p '5';"—1'{ 5
N N (V@ N _ pa
1. Iil:_,.-:'j,l — II:I (___1 i'p) ' <1L.-'_|> <m2_|_.||_-|:f,.-_|:|> l||'-'_|_1

—
4

—

6/5/2012 NAGOYA DAIGAKU 2012



Absence of trackers: Thawing

i Models

log(p)

*
.‘
==~ Present epoch
..

|

log(a)
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Trackers and non-trackers

* Trackers (Freezing models): Potentials which mimic steep exponential
at early epochs and become shallow at late times.

Thawing models: Most of the systems belong to this category

S = / —V(¢)\/1 = 0" $d,dr/—gd s

1 log(o)
V(Qb) ~ E , Scaling Pot.

Phantom field: w(¢) < —1

A. Sen, HEP0204:048,2002

N Mazumdar, S. Panda, A. Perez-Lorenzana,

Phys.. B614,101(2001)
E.Copeland, M. Garousi, MS, S. Tsujikawa

PRD71:043003,2005, S. Tsijikawa, MS,

‘e
.
e,
Py

‘s,
*
.

.
.
—— = — ——— ==~ Present epoch
..

PRD71:043003,2005 .
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Scalar Field Models:
tObservatlons

A.Ali, , A. A. Sen, Phys.Rev.D79:123501,2009
S.Sen, A. A. Sen, MS,arXiv: 0907.2814



Trackers and non- trackers

[ dw/dTna ,,)(}*@

0.4

(1+W)

¢.2 thawing

-n-
- -
---

--- -
-

L

- -
. - -

0.2w{1+w)
freezing

0.2

n.1

-0.6 1 o A 1 L. W
1.0 -0.95 -r.9 -0.85 0.8

Caldwell, Eric V. R.R Linder, Phys.Rev.Lett.95:141301,2005
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Quintessential inflation-Model

i Of reincarnation

Brane
“\ Damping

V@) |

"¢
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).

6/5/2012 NAGOYA DAIGAKU 2012

H2

_ 3G P
T 3 2\ B

| 1+ V/Ag
LY V20 )

= nrrw (1 +V/2Ag :;.—1

€ >~ 4€FRW (V/)\B)_l

N~ 2NFRW (V/)\B)_l



i TRACKER POTENTIAL

V(9) = Vo | cosh(dg/Mp) - 1}1’, 0<p<1/2

| VAR
V($) = 5, alp/Mp >> 1

Vo a p
V(g) = 2;) [;}gir . alo/Mp <<1
a = Qap
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‘L Quintessential Inflation

Qr —=,
08
Q-
Kinetic Radiative :"‘.\ ;':I Matter IE=.
c 08 l'.\‘ .::"Dor'ninated :5.
04 |
V. Sahni, MS, T Souradeep,
02| { PRD 65, 023518 (2002).
0 . . .
0 5 10 15

Logsa(a/asn)
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Quintessential Inflation (gravitational particle production)

Log 1ol pMp)
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Quintessential Inflation (instant preheating)

Logsa{ p/ Mp* )

'l
o L] 10

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

A

n —_ —_— —

S N
24

r=—
N
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GAUSS BONNET IN THE BULK—efforts to rescue the model

p>> ML, = H?~p*® (GB)

Mig>>p>> ) = H>~p> (RS)

p<< )\ =H ~p (GR)

J-F. Dufaux, J. Lidsey,
Roy Maartens, MS,
PR D70 (2004) 083525
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Gauss-Bonnet term in the bulk

J-F. Dufaux, J. Lidsey,
Roy Maartens, MS,

PR D70 (2004) 083525
S. Tsujikawa, MS,

Roy Maartens, Y
PRD70 (2004) 063525

0.5

04r

0.3

0.2r

0.1

0 1 1 1 1 1
09 0.95 1 1.05 1.1

MS, V. Shani, Phys. Rev. D 70, 083513 (2004 )
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MODIFIED THEORIES OF GRAVITY
String curvature corrections to GR

= Higher order curvature corrections to GR with fixed
dilaton.

= S. Nojiri, S. Odintsov, M. Sasaki, hep-th/0504052.
= MS, A. Toporensky, Peter V. Tretjakov, Shinji Tsujikawa

Phys.Lett. B619:193,2005; G. Calcagni, Shinji Tsujikawa,
MS, Class.Quant.Grav.22:3977-4006,2005 ; Sergei D.
Odintsov, MS, Phys. Rev.D74:046004,2006

= Curvature corrections to GR with dynamical dilaton.

E. Elizalde, S. Jhingan, S. Nojiri, S. D. Odintsov, MS, 1.
Thongkool,

Eur. Phys.].C53:447-457,2008
= Gauss-Bonnet correction : Tracker solution.
S. Tsujikawa, MS, JCAP0701:006,2007
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‘L String inspired dark energy

1
S = /d4:c\/—_g[§R — (1/2)g" 0,0 0,0 — V (¢p) — f(qb)RéB} + S
RZ 5% — 4R, R™ + Rop, RO

ps/pp = C —  scaling solution

V(g) ~ e f(¢) ~e " a=p
o # i — de — Sitter solution
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String Inspired dark energy

Q

0.80 \‘\\ .'
S. Tsujikawa, MS,

R JCAP0701:006,2007;
oo L T.Koivisto, D. Mota, PLB644,

104(07)

i |
-0.40 T s

| o
-0.80 \\

A S
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f(R) GRAVITY- REFERENCES

S. Capozziello, S. Carloni and A. Troisi, Recent Res. Dev. Astron. Astrophys.
1, 625 (2003) [arXiv:.astro-ph/0303041].

S. M. Carroll, V. Duvvuri, M. Trodden and M. S. Turner, Phys. Rev. D
70, 043528 (2004) .

A.~D.~Dolgov and M.~Kawasaki, Phys.Lett.B {573}, 1 (2003) .
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i f(R) theories of gravity
S:/d%\/TQ {f(R) | £m}

160G

/ / / 1
f RL”/ — VNVVf + (Df — §f> gw/ p— 87TGTNV

(€ a e
2 __
e = et AP

I — : . 1 _
pR:Rf2 f—3HRf”; PR:QHRf,,+Rf’,+i(f—f,R)‘FmeQ

J0 e =l = S = T S 1)
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f(R) theories

(2f — frR)+ ST

Of = 3

1
3
p=fr(R)= Op=——T+—
V. dVdp 1

R= s an =3~ LeR) S

de Sitter solution: R=Const frRR—2f(R)=0
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i f(R) Gravity as scalar tensor theory

S =5z [ V=3[ 00+ L (B=x0 | + [ d'av/=gLa(gu)

faoxX)(R=x)=0 = f(R) action

1
0= fy: S = 53 d%f[ng Uy ] /d‘la?\/—ig[/m(gw,)

U=x(p)e—flx(p)

g— 1 d*r\/—g [ R— ZBD (ALY U(ap] + / d* /=g L ()

252 2
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Local gravity constraints: Screening Mechanism

S =5 [ dav=gler - U] + [ doy=gLa(g..)

2k2

1 w
S =53 [ d'ov=g[eR - AP - Ule] + [ d'av/=gLulg..)
f(R) = wgp =0
1 +wpp

24 wpp

@ —light (m, << may > myrav << 1) = 7

Observation : |y — 1| ~ 1077

1 —e™/(2wpp + 3)
1+e ™ /(2wpp + 3)

¢ — Quintessence = m, ~ Hy => Chameleon Field
6/5/2012 NAGOYA DAIGAKU 2012

rau =~ 10%km, May ~ 1072GeV

Y ;o My >> May, =7 — 1



i Chameleon Screening

Conformal Transformation: gu,, — ©Yuv b = A /3/211190

o1
Se = [ diav=g[5 = 3(VeF - V()] + [ dov=gLa (@5,
_JrR—J __1
o 2dd _dVers _ 0 Vi = V() + e

dr?  rdr do
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Chameleon Screening

Inside body: min = da; My = Verros(da)

B
Outside:  Pmin = @B; m2B — Veff,qﬁé(gbB)
6 G M.
(1) >~ ¢ — fer e~ e >> 1
K r
Ar HZ(@B — ¢A) L+ 6/826th < -5
=S T T e, 0 L 6Pen(l—rjr) "

Ar  r.—r
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i VIABLE f(R) MODELS

G , G f"

eff:f,a eff:_f!2 )
RO p M~ fr/(3frR)

Stability conditions: (>

r=R(0)

Stable de Sitter:  Rfr=2f : O0< Rfgrr/fr<1

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

R
A = aR. [14—@] —1); a,R.,n>0
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Starobinsky Model

f(R) =R+ A(R)

2na R
Ro(1 + %)HHJ

o —1, R— o0

A.Starobinsky, JETP Lett.86,157(2007); W. Hu, |. Sawicki, PRD76,64004(07);
S.A. Appleby, R.A., Battye, PLB654,7(2007);
A. Dev, D. Jain, S. Jhingan, S. Nojiri, M.S, |. Thongkool,
Phys.Rev.D78:083515,2008
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LCAL GRAVITY CONSTRAINTS

=1+ A(R)
2n+1
R
A,R >~ an — 5 10_15
R
n > 1 (pe =107 g/em®,  p, ~10"**g/em?)
Capozziello,S.Tsujikawa,
Local gravity constraints are violated PRD 77, (2008) 107501;
Model is not distinguished from |. Thongkool, MS.

cosmological constant R. Gannouji, S. Jhingan

PR.D80:043523,2009
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i Observational signatures

5m+2H5m—47rGeffpm6m =0 k/(aH)>>1
G 1+ 4mk*/(a*R)
fr1+4mk?/(a®>R)
During matter era: 2z < 25, Gepr >~ G, O ~ #2/3
2> 2k, Gepr~=4G/3, 0y ~ (V33-1)/6

V33 =95

Gefp =

0N, = <0.05 — > 2
A TETEID "
Growth index:; (5-
= Q)7 04 <~ <0.55
Hs (fR ) ~ TS
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‘L Curvature Singularity

RA R_A A.V. Frolov,

5 Phys.Rev.Lett.101:061103,2008

2(1+A R) 2nAR

@(R) =1- R2 1
Ro(l + R_%)n—I-

— 1.35

V =

, o —>1, R > o0

n=2R,/R-=4
— B =1,]Az|=7.03e-17

—1.3

— 1.25
1.2
E 5
- &
_—1.15

— 1.1

— 1.05

1 I 1 I I I I I I I I I I I 1 1 I 1 1 1 1 - 1
0.6 0.7 0.8 09 1 2012



‘L Extended Starobinsky Model

A = iR, ({1 4 (%)n}—l/ﬁ B 1)

sz’n/R%f ~ O(1) at R~ R4 V.Miranda et al
L af _
Hpb— 5 PRL.102:221101,2009
2/6 21 — -5 |. Thongkool, MS.
de-Siter minimum —@— ‘zz R. Gannouji, S. Jhingan
e sl "% PR.D80:043523,2009
e B =10, |An|=4.316-7 e
—— B =1000, |A4|=5.156-6 522
g
/;Zeo =
-8
-7
6
—5
J _4
S — e Z?
T l | 05571 R L I | IS L B I | 1SS AL PR I | G55 D91 | I | S L1 | I LR LIS ] I T 0
04 0.5 0.6 0.7 0.8 0.9 1



Problems of f(R)

Scalaron Mass: (="
VR,  Ho 2132074« 10 %GV o
M, M,  122.1009GeV 1202 > 107,
p 2n+1
p/pe ~ 10% ¢ffP—(;)

(1-0(107") n=1,

1-0(107) n=2

6/5/2012 NAGOYA DAIGAKU 2012



‘L Fine tuning problem

sinh (1my7y)

0p(r+) = d¢0)

m¢r*
n+1/2
MgTls = Ta A ~ <£> ~ 1043 F1/2)
Pa

exp[10%°]
1063

, Mmgry ~ 10%°, n =1

0¢(rs) = 6¢(0)

Thongkool, MS, S. Rai Choudhury,
arxiv:0908.1663
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‘L CURING THE SINGULARITY ?

Countering Term: iR2

R,

1 R.

mi ~ g (A,RR) — a
sinh(mgr,
(1) = debo ngbrj )

Mels ~ 1 = [ 10~*

Inflation: Mg = 107°Mp

6/5/2012

Thongkool, MS, S. Rai Choudhury,
arXiv:0908.1663

Thongkool, MS, R. Gannouji, S. Jhingan,
Phys.Rev.D80:043523,2009 ;

S A. Appleby,R. A. Battye, A. Starobinsky,
arXiv:0909.1737
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i Classicality of scalarons

Arciun() = g (M)

Bp 1/3 ) 1/3
me(p) < 0.0073 ( 22} =o0.0542 [ L=
? P P
lab lab

m(p) ~ v/ Re (]ijc) "
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MODIFIED GRAVITY- a la Galileon

S = /d4xv (JQ% + e LY ) + S [thm, €7 g,0]
L) — o

1
L(2) = —§(V7T)2 — —57'[';”7('“
1
L® = —§(V7T)2|:|7T
LW = —%(Vw)2 (O7) = Ty + 7G| + (On)m,m, o — 1, ot mw, ,mr
L®) = —E(V’/’TV (D’]T)3 —3(0On) (7 ©) + 2 Yt ) = 3 (T Ty Tope BEPYT) | A+
gt P

m(x) = m(x) + b,2" + ¢

G =T + ;T - o
A. Nicolis,R. Rattazi, E. Trincherini, hep-th/0811.2197
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Vainstein Effect- dynamical suppression of fifth force

L L3 [ea' /1) + 265w /1)) = BMS(r)

r2 dr

. (W’ir)) + o (ﬂf))Q _ :_3

T = — M6 (r):

1/2
Short distances: -/ — s[5 1
2(33 7"1/2
I r\ 7 2C3rg 1/3
Fgrav ry 6

' / TSB 1 Fﬂ' 5
Large distances: 7 = —— = 7 ~ —
C2 r? grav Co
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COSMOLOGICAL DYNAMICS- Background evolution

45
3H? = pyy + py + 2 = Ses Hit* + ey H*

- 1 3 .
2H +3H" = 3P %27%2 — CyT i+ 5(:47%3 (3H27'r +2H7 + 8H7’%)

Bpm = —c> (3HT + ) + Begit (3H + Hi + 2H )
8¢, HA? (3H27'T +2H7 + 3H7‘%) |

Self accelerating solution:
2
c§ — 8cycy >0, A >0 ; A= (03 — 12¢3¢4 = Cs\/cg - 80264> /¢

Stability: (62, Cyq, /B) >0, c3>8cxy
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COSMOLOGICAL DYNAMICS-Attractor solution
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48 &+ /32 — 8oty x=/H, y=H/H;
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BEST MODEL OF INFLATION AND DARK ENERGY?

i

6/5/2012 NAGOYA DAIGAKU 2012



i NATURE OF DARK ENERGY

IT COULD BE ANYTHING

OR

IT COULD BE NOTHING
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