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Issues related to Dark Energy & Modified Gravity

s Dark Radiation (maybe the only surprise in cosmology in recent years)

from dark energy, modified gravity, or others?

s Stability of the GR Limit in Modified Gravity

“ Unification of Scalar Fields
¢ Cosmological Constant Problem

“* New Aspects of Gravity



Dark Radiation

maybe the only surprise in cosmology in recent years



Dark Radiation

(maybe the only surprise in cosmology in recent years)

Extra effective relativistic degrees of freedom, suggested by
e CMB observations, and consistent with
e light element observations compared with BBN prediction.

(conventional fitting formula for background expansion)
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e Energy contents of the universe in Standard Cosmology:
baryons, electrons, photons, neutrinos, cold dark matter, dark energy.

relati\>(istic relativistic (as least at early times)

e Standard Model of particle physics: 3 neutrino species — N_; = 3.046

e Observations suggest: N_, =4.34'2% (68% CL)[WMAP7 & LSS]|

— 1 or 2 extra relativistic d.o.f. !



Observational & Experimental Constraints

** Number of light neutrino species: 2.984 + 0.008 (decay width of Z boson [PDG2010])

“* Number of effective relativistic particle species (d.o.f.):

e astro-ph/0408033 Cyburt: N_«BBN) = 3.2 £ 1.2 (95% CL) Primordial

“He
¢ 0803.3465 Simha & Steigman: N_(BBN) = 2.4 + 0.4 (68% CL) abundance

e 1001.4440 Izotov & Thuan: N_4BBN) = 3.68 +0.80 —-0.70 (20)
Primordial “He abundance: Y, =0.2565 + 0.0010(stat) + 0.0050(syst)

e 1001.5218 Aver, Olive & Skillman: Y = 0.2561 £ 0.0108

¢ 1001.4538 Komatzu et al: N 4Cw™mB) = 4.34 +0.86 —0.88 (68% CL)
WMAP7 + BAO + H, (WMAP: 1st & 3rd peaks)

¢ 1009.0866 Dunkley et al: N_4CMB) =4.56 + 0.75 (68% CL)
ACT + BAO + H, (ACT: 3rd through 7th peaks)

¢ 1109.2767 Archidiacono, Calabrese, & Melchiorri: N4CmB) = 4.08 +0.71 —0.68
WMAP7 + ACBAR + ACT + SPT + SDSS-DR7 + H, (95% CL)

e Planck: oN_((CMB) ~ 0.26



Effects of additional Relativistic d.o.f.

« Make 1-e, 1-p-n decouple earlier (increase T",.)
— increase n,/n,
— change abundance of light element (e.g. more “He)
consistent with (but not required by) data

e Make matter-radiation equality later (zgq decrease)
= enhance early-time integrated Sachs-Wolfe effect

favored by data

o |f NOT coupled to the photon-baryon fluid (i.e. dark)
= free-streaming out of grav. potential wells faster than c,
= phase shift & damping of acoustic peaks

favored by data

e |If coupled to the photon-baryon fluid (i.e. not dark)
= largely change CMB spectrum (dangerous)

NOT favored by data




Effects of additional

« Make 1-e, 1-p-n decouple earlier (increase T",.)
— increase n,/n,

Dark Radiation
e Make matter-radiation equality later (zgq decrease)
= enhance early-time integrated Sachs-Wolfe effect

favored by data

o [f NOT coupled to the photon-baryon fluid (i.e.
= free-streaming out of grav. potential wells faster than c,

= phase shift & damping of acoustic peaks
favored by data

e |If coupled to the photon-baryon fluid (i.e. not dark)
= largely change CMB spectrum (dangerous)

NOT favored by data
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modify late-time expansion
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Dark Radiation

Dark Radiation:
Effective relativistic degrees of freedom, suggested by
e CMB observations, and consistent with
e light element observations compared with BBN prediction.

e sterile neutrino

e carly dark energy ( , while w_,, <-1/3)

e decaying particles

e nonstandard thermal history

¢ higher-dimensional brane-world scenario

e modified gravity, e.g., Horava gravity, scalar d.o.f. from MG
etc.



Stability in Modified Gravity

GR limit iIn MG: exist? stable?



e Einstein’s GR: G, =8nGy\T, 2nd-order PDE of g,

JVeleIi[To el \IsHl involving higher-order derivatives of g,
(e.g. f(R) gravity)

e Cosmology: require MG ~ GR at early times (CMB, BBN)

= Consider MG models which ~ GR at action level at early times

ivel
[nalvely GR: a good approximation for describing early-time

cosmic evolution and cosmic structure formation
(background expansion) (cosmological perturbations)

Approximate a higher-order PDE with 2nd PDE

We found hints this naive thinking.
for both background and perturbations
Details under To be shown

investigations



( Toy Example)

(?i(g))+b>’<(t)+cx(t):0 £20 , px(t)+cx(t)=0

Solution: X = Ae “Pe ~(c?/0° ) x = Ae /P
+ Be- bt/«? (ignore? Ignorant?)




( Toy Example)

(?i(g))+b>’<(t)+cx(t):0 £20 , px(t)+cx(t)=0

2 /|3
Solution: X = Ae “/Pe ~[c?/b ¥ — Aa /b
+|BePv¢ [(ignore? Ignorant?)

X =Ae'e™ +Be 0\ X =Ae"
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X =Ae'e™ + Be‘t/‘g\.Ok X = Ae!
X = Ae'e? + Bel? X = Ae'
X = Ae'e? + Be'? X = Ae™

Set B to zero by
fine-tuning initial condition?



eX(t)+bx(t)+cx(t)=0
—(Cz/b?’)e‘t

+/BeP"¢|(ignore? Ignorant?)

(¢>0)

Solution:

X = Ae

(Toy Example)

—ct/b

c—>0

x =Ae'e™ +Be ™Y\
x = Ae'e™ + Be

x = Ae'e”

+ Be

ok

ok

t/e

x= Ae"le” + Be'”

Not negligible
when |et| = 1

(i.e. in the long run)

Set B to zero by
fine-tuning initial cc

» bx(t)+cx(t)=0

X — Ae—Ct/b
X = Ae™
X = Ae'
X = Ae'
X = Ae™

ool



( Toy Example)

(f)’i(g))+b>'<(t)+cx(t):0 £20 , px(t)+cx(t)=0

Solution: X = Ae‘Ct/b ‘(Cz/bB)é" X — Ae—Ct/b
+|BePv¢ [(ignore? Ignorant?)

A better approximation, via iteration:

= X, (t)+cx,(t)=0 = X,(t)=Ae ™"
X(t)—Xo(t)+6‘)(1(t) { b)'(1(t)+cx1(t):—5§<°0(t) (525(1 neglected.)

= x(t)=Ae'"[1-(c?/b)t| good when ‘(Cz/b3)gt‘<<1



( Toy Example)

&X(t)+bx(t)+ex(t) =0 —E=22— bx(t)+cx(t)=0
(¢>0)
Solution: X = Ae e —(02/b3)et x = Apct/b
+|BePv¢ [(ignore? Ignorant?)

A better approximation, via iteration:

= X, (t)+cx,(t)=0 = X,(t)=Ae P
X(t)—Xo(t)+6‘)(1(t) { b)'(1(t)+cx1(t):—5§<°0(t) (52561 neglected.)

= x(t)=Ae~""[1-(c?/b)t| good when J(c2/b3)a\<<1

(criterion)

e Benefits: (1) better approximation to the 1st mode
(2) provide a criterion for assessing the approximation

. (1) still not good when ‘( 2/b3)£t‘ >1 (i.e. in the long run)
(2) still ignore the 2nd mode



» Je-An Gu, Tse-Chun Wang, Yen-Ting Wu, Pisin Chen, and W-Y. Pauchy Hwang

arXiv:1108.3038

Cosmological Perturbations in f(R) Gravity:
Early-time evolution



% Je-An Gu, Tse-Chun Wang, Yen-Ting Wu, Pisin Chen, and W-Y. Pauchy Hwang
arxiv:1108.3038

Motivation

_ _ _ Motivation
gravity theories cosmologically, . : .
: ) : Explain cosmic acceleration
while background cosmic expansion :
cannot do the job alone. i
A A
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gravity modification is tiny.

GR <—=— good approximation.



Je-An Gu, Tse-Chun Wang, Yen-Ting Wu, Pisin Chen, and W-Y. Pauchy Hwang

Motivation

gravity theories cosmologically,
while background cosmic expansion

cannot do the job alone.
A —

arXiv:1108.3038

Motivation

Explain cosmic acceleration
(without dark energy).

A

Cosmological Perturbations in f(R) Gravit§/:

—

Early-time evolution

/
/

¥
In most MG models,
gravity modification is tiny.

GR <—=— good approximation.

We found:
even a tiny deviation from GR may have
non-negligible effect on the evolution of
the cosmological perturbations,

e.g. CMB photon density perturbation.



< “Early-Time Evolution of in f(R) Gravity,”
Je-An Gu, Tse-Chun Wang, Yen-Ting Wu, Pisin Chen, and W-Y. Pauchy Hwang,

arxiv:1108.3038.
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< “Early-Time Evolution of in f(R) Gravity,”
Je-An Gu, Tse-Chun Wang, Yen-Ting Wu, Pisin Chen, and W-Y. Pauchy Hwang,

CIOSIRMAVSREOREY (N merical results obtained by modified CMBFAST.
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CIOSIRMAVSREOREY (N merical results obtained by modified CMBFAST.
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Scalar Fields

Inflaton, Higgs, Quintessence, Scalar DM, ...
(Non is detected yet ...)



Scalar Fields: “grand unification”

Unification of Inflaton, Higgs, Scalar DM, Quintessence (DE)

length scale
. mass/energy Cross ] .
Function . & time period
scale section : .
of its function
V' 1033V
weak

' '_ 1 14 - —
Quint. DE | anti-gravity = p,"4: 10-3eV (dark)
¢y M- 102%V
strong?

.- . ?
Inflaton anti-gravity GUT* (for reheating)

strong

(give¥Ymass)
moderate

Higgs give mass TeV

weak

Scalar DM | extra-gravity >~ TeV (dark)




Scalar Fields: “grand unification”

Unification of Inflaton, Higgs, Scalar DM, Quintessence (DE)

Function length scale & time period of its function
length: only cosmological scale?
: : : h t clust I les?
Qumt. DE anti-gravity | (how abou cus.er&ga axy scales?)
time: only present time?
(how about the time when structures formed?)
Inflaton anti-gravit length: all scales?
J y time: during inflation
: _ length: microscopic (<1 fm ?)
lve mass
Higgs J time: after EW SSB
length: from cluster to galaxy scales
Scalar DM | extra-gravity J gaiaxy

time: all time? (at least from < tc, to now)



Scalar Fields: “grand unification”

Unification of Inflaton, Higgs, Scalar DM, Quintessence (DE)

: mass/energy Cross Iepgth sce_lle
Function . & time period
scale section . :
of its function
_ V7107V weak late-time,
Quint. DE | anti-gravity = p,'4: 10-3eV (dark) cosmological
: : galaxy? cluster?
do: M- 102%V (yos)
, : strong? during inflation,
, ?
Inflaton anti-gravity GUT - (for reheating) _all scales (2)
- : strong after EW SSB,
Higgs give mass TeV (give\éma?s) microscopic
Mmodaerate
weak from <tgq to now,
Scalar DM | extra-gravity >~ TeV from cluster to
(dark) galaxy scales




Scalar Fields: “grand unification”

Unification of Inflaton, Higgs, Scalar DM, Quintessence (DE)

. mass/energy Cross Iepgth sce_lle
Function . & time period
scale section . )
of its function
_ V7 10-3%eV weak late-time,
Quint. DE | anti-gravity = p,'4: 10-3eV (dark) cosmological
: : galaxy? cluster?
do- M 102%V (yes)
: : strong? during inflation
_ 2 ’
Inflaton anti-gravity GUT - (for reheating) _all scales (2
- : strong after EW SSB,
Higgs give mass TeV (giveVmass)  microscopic
moderate
from <t-, to now,
Cralar NN avtra_nravityy S~ Tal/ Weak from r‘lll?g’rnr tn

hameleon may shed light



Cosmological Constant

Problem

e Story | : A contribution from quantum fluctuations of vacuum
e Story Il: A change led by SSB phase transition




Cosmological Constant Problem

Against : huge contributions from quantized fields

huge change during SSB phase transition(s)

Pre-Dark-Energy

Post-Dark-Enerqgy

~3x10 eV

,0 dark energy
How to generate such a small A.?:



Story (Quantum) Vacuum Energy

QFT A quantized field can be regarded as
an ensemble of oscillators

each with frequency w(k) (in k-space)

— ‘zero-point energy’

E, = Zk:%h o (k)




Vacuum Energy & Cosmological Constant

vs.  p,~(103eV)}

Even quantum fluctuations at atomic scales can ruin our universe
(or micron scale ~ eV-1)

needless to say the case where A ~ Mg, Mgusy » Mgy

cutoff

= Dark Energy Crisis

Crisis: We cannot exist if [vacuum enerqgy| too large !!



To create a livable universe for human beings,

(naively)

the Creator needs to know in detail
the contributions to vacuum energy from guantized field,

and then

make them cancelled by each other
or

cancelled by the bare cosmological constant
(nearly perfectly).

N Prob+em ” Fme Tu:mng P,roblem ”



SO SsB Phase Transition > A Change

(spontaneous symmetry breaking)

1
L = 2—8p¢ o0"¢p — V. (¢) ( T: temperature )

V; (9)

“Latent heat”

vacuum
energy
change

Ap,.. ~Mis, 9. M., ~300GeV, vs.



SSB Phase Transition - A Change

Even if one obtains a small A before the SSB phase transition
with a delicate device,
during the phase transition

for a certain amount
on the scale of the phase transition,
(e.g. ~300GeV for the electroweak phase transition),

thereby



To create a livable universe for human beings,

[ i.e., to have nearly perfect cancellation after the phase transition(s) ]

the Creator needs to

foresee
and

very details of the A change ,
10-3eV ]
and then

with the energy deficit on the scale V¢ [LRSEEEEEEEY
_ 4
with the precision 10-3eV or better. ~ Méss + (10 39V)

A Prob+em “

......



Cosmological Constant Problem

A(q,I,g,...)_l_

vacuum

how large” how precise

Inflation

—AAp71\SSB Phase Transition

\
\

_AAPTi\ \

\
\

Anow = \

A+ ~ AApns = Alpry = Alpro = oo = Alpry |

=R e R AR e AR |

vacuum

v | Ve I £V
1019 GeV | 1016 GeV 300 GeV

(maybe also RG flow of A)




Cosmological Constant Problem
1,0,
= A(vqacgumJFAAlanrAAPﬂ+AAPT2+ A+ ANpr | = Anow

O1gGeV 1016GeV 300 GeV

p |\/|4 Unit: 10 11 eV4
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Mg,

M. _? # HHHHHHHHE
+ 1g’UT 10100 @\J4  FHHHHHHIHFITE HHHHFHHHT HHFFHHHH A A
10 GeV HHHHHHHHHT HHHHHHHHHT T T

EW

N 46 A\ /4 it
g 10%eVv

HHHHHHHHHT T T T

A
103eV

now [ ><1O_11 eV4 3




Cosmological Constant Problem

stemming from

Tension between
Gravity & Quantum !?

A (final) fundamental framework reconciling gravity with guantum
should give a satisfactory solution to the CC problem.



New Aspects of Gravity



New Aspects of Gravity

References

T. Padmanabhan (IUCAA, Pune)
arXiv:0911.5004 “Thermodynamical Aspects of Gravity: New insights”
arXiv:1012.4476 “Lessons from Classical Gravity about the Quantum Structure of Spacetime”

L.D. Faddeev (Steklov Math. Inst., St. Petersburg)
arXiv:0906.4639 “New action for the Hilbert-Einstein equations”
arXiv:0911.0282 “New variables for the Einstein theory of gravitation”



Gravity vs. Quantum

Geometrical formulation

stress
curvature Geometry < . Matter energy : T,
R Matter tells spacetime to curve.  Energy tensor =~

uv

metric Curved R Particle Eqgn. of motion
gﬂv Space-Time Spacetime makes matter move. |\otion geodesic eqn.

- e.g. ADM (perturbatively, not renormalizable)

Hamiltonian formulation  _ iy for quantizing gravity

e Self-consistent Quantum Gravity (QG):
- Loop QG (calculations very difficult, no evidence)
- String theory (many theories, no evidence)

So far, not satisfactory, still a puzzle, an open question.

% Conjectures about Einstein’s GR (for the solution about QG):
- GR: effective theory, need a fundamental theory.
- g, : ho good, need to choose other fundamental variables. [Faddeev]
- GR: macroscopic description, need microscopic description. [Padmanabhan]



L. D. Faddeev: new variable, new action

- arXiv:0906.4639 “New action for the Hilbert-Einstein equations”
- arXiv:0911.0282 “New variables for the Einstein theory of gravitation”

1970s
% Embedding approach: 4D space-time M* as a hypersurface in 10D space R0
-fA, A =1,...,10: coordinates of R?
-x#, u=1,...,4: coordinates of M*
- on M4, fA = fA(x): functions of x*
- induced metricon M* g, (x)=0,f(x)0,fA(x)=f ", f'=0f%x)
- choose fA(x) as the dynamical variables

= 5J\/§Rd4x = 2j\/§8ﬂ(G”VfVA)éTAd4x < extra derivative

Faddeev : choose 0 fA(x) as the dynamical variables = Einstein equations



L. D. Faddeev: new variable, new action

- arXiv:0906.4639 “New action for the Hilbert-Einstein equations”
- arXiv:0911.0282 “New variables for the Einstein theory of gravitation”

[past] Embedding approach: 4D space-time M* as a hypersurface in 10D space R0

-fA, A =1,...,10: coordinates of R?

-x#, u=1,...,4: coordinates of M*

- on M4, fA = fA(x): functions of x*

- induced metricon M* g, (x)=0,f(x)0,fA(x)=f ", f'=0[f%x)
- choose fA(x) as the dynamical variables

= 5J\/§Rd4x = 2j\/§8ﬂ(G”VfVA)éTAd4x < extra derivative

=0 |IG* —xT* )f =0
“ [( ) ' ] ~ Cook’s gravity ?
Einstein equations as a solution. Solve CC problem?

Faddeev : choose 0 fA(x) as the dynamical variables = Einstein equations




T. Padmanabhan: new aspects of gravity

- arXiv:0911.5004 “Thermodynamical Aspects of Gravity: New insights”
- arXiv:1012.4476 “Lessons from Classical Gravity about the Quantum Structure of Spacetime”

e Einstein’s GR: macroscopic description of space-time
e Need microscopic description:
- “atoms” of space-time and the physical law of “atoms”

¢ Hints of QG: (something involving both quantum and gravity)

- Black Hole (BH) thermodynamics (Bekenstein, Hawking, ...):
temperature T and entropy S on BH horizon: T=«x/27, S=A/4

(one motivation: solving information loss problem) x: surface gravity, A: area

- Unruh temperature/radiation for an accelerating observer:
with constant acceleration «, temperature T = x/ 27

- Boltzmann: T,S — microstructures
- Padmanabhan: — microstructures of space-time



T. Padmanabhan: new aspects of gravity

- arXiv:0911.5004 “Thermodynamical Aspects of Gravity: New insights”
- arXiv:1012.4476 “Lessons from Classical Gravity about the Quantum Structure of Spacetime”

e Einstein’s GR: macroscopic description of space-time
e Need microscopic description:
- “atoms” of space-time and the physical law of “atoms”

** Hints of QG: (something involving both quantum and gravity)

“Entropic Force”:
require maximal free energy (e.g. entropy) on the horizon
—> gravitational field equations (Einstein egns.)

- (original) for only BH horizon



T. Padmanabhan: new aspects of gravity

- arXiv:0911.5004 “Thermodynamical Aspects of Gravity: New insights”
- arXiv:1012.4476 “Lessons from Classical Gravity about the Quantum Structure of Spacetime”

e Einstein’s GR: macroscopic description of space-time
e Need microscopic description:
- “atoms” of space-time and the physical law of “atoms”

** Hints of QG: (something involving both quantum and gravity)
“Emergent gravity” :
require maximal free energy (e.g. entropy) on the horizon
—> gravitational field equations (Einstein egns.)

- (original) for only BH horizon

- (extended) for all local Rindler frames (accelerating frames)
— gravitational field equations as a derived constraint
(instead of dynamical equations)



T. Padmanabhan: new aspects of gravity

- arXiv:0911.5004 “Thermodynamical Aspects of Gravity: New insights”
- arXiv:1012.4476 “Lessons from Classical Gravity about the Quantum Structure of Spacetime”

e Einstein’s GR: macroscopic description of space-time
e Need microscopic description:
- “atoms” of space-time and the physical law of “atoms”

» Analogy

“atoms” of Space-Time

[microscopic] Statistical Mechanics & physical laws of “atoms”
| |
maximizing maximizing
free energy free energy

\/ \/
[macroscopic] Thermodynamics Gravitational field equations

e.g. ideal gas: PV = nRT e.g. Einstein: GW= 87zGTW



T. Padmanabhan: new aspects of gravity

- arXiv:0911.5004 “Thermodynamical Aspects of Gravity: New insights”
- arXiv:1012.4476 “Lessons from Classical Gravity about the Quantum Structure of Spacetime”

e Einstein’s GR: macroscopic description of space-time
e Need microscopic description:
- “atoms” of space-time and the physical law of “atoms”

» Analogy

“atoms” of Space-Time

[microscopic] Statistical Mechanics & physical laws of “atoms”
| |

maximizing

free energy

\/ \/
[macroscopic] Thermodynamics Gravitational field equations

e.g. ideal gas: PV = nRT e.g. Einstein: GW= 87zGTW

maximizing

even without full knowledge of atoms
free energy

Thus, for QG, should quantize “atoms” of space-time
instead of quantizing d,,, (a macroscopic quantity)






related to Dark Energy & Modified Gravity

from dark energy / modified gravity ?
(worth further investigations)

X In Modified Gravity (whose action ~ GR at early times)
GR: good approximation at early times ?
and in the solar system ?

(require careful examination)

X of scalar fields™” (Inflaton, Higgs, DE, DM)
Mission difficult, but not impossible. Chameleon may shed light.



related to Dark Energy & Modified Gravity

% Cosmological constant problem,

A (final) fundamental framework encompassing gravity & quantum
should give a satisfactory solution to the CC problem.

“* [new aspects] (Jacobson, Padmanabhan, ...)

Statistical derivation of gravitational field equations
—?— GR is a macroscopic description of space-time.

In this regard,

e Need to explore the “atoms” of space-time.

e To quantize gravity,
one should quantize the physics of space-time atoms,
instead of quantizing GR (g, ).



Thank you.
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