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Cosmic Acceleration: SN-la as Standard Candle
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Accelerating Expansion (1998):
One of the biggest surprises in science!

Acceler;‘m

expansion

/// Farthest
Slowing K supernova
expansion :

Time
(~15 billion years)

-
™ ¥

Expanding universe



2011 Nobel Prize for Physics
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ACCELERATING == ¢ S
UNIVERSE e — el

Breakthrough of the Year

For 1 the b"gest”blunder
in hisylife turns out.to be.so profound!




Possible models of the expanding universe

- Decelerating universe -  Coasting universe Accelerating universe

By determining the rate of expansion of the universe we live in,
astronomers are able to better estimate the age of the cosmos. If
the universe is decelerating, it is likely to be young. Butifit is

N eWtO n ,S CO n Sta nt coasting or accelerating - expanding faster as a repulsive force

pushes galaxies apart - it is probably older.

ne Friedmann eqs.,
— curvature signature

cosmological constant
6

4rG A
3




. . 3H?
* Critical density: p_ =

&rG
» Total and fractional densities Q= p,.., /p.
rradiation: Q =p, /p,
{ matter (baryon & cold): Q _=p_/p.
-cosmology constant: Q. =p, /p.

* Friedmann eq. again: o006 o early times

H” = H{ [Qm(l +2)° + Q- (14 2)* Dominant at late times

+ QT+ 2)2079) 4+ 0, (1 + 2)?]

 Equation of state P = WP For accel. universe, W< —1/3

For cosmological constant, W= -1 W= W, + W, ('] — a)
In general, w can depend on a, e.g., 7



“Extraordinary claims requires
extraordinary evidence.”

To constrain the nature of dark energy we need to
be able to measure the expansion rate of the
Universe and there are three main approaches:

« Standard candles: which measure the
luminosity distance as a function of redshift.

« Standard rulers: which measure the angular
diameter distance and expansion rate as a
function of redshift.

 Growth of fluctuations.



>0 Consistent with
all
observations:
-
1.0
0.0
0.0 0.5 1.0 9
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Combined 1

Combined
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-15¢ At
CMB
15t
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0 0.1 0.2 0.3 0.4 0.5 0.6 14 12 y 08 06 0.4
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Figure 9. Constraints on cosmological parameters from our analysis of current data from three principal probes: SN Ia (JLA [203];
blue), BAO (BOSS DR12 [30]; green), and CMB (Planck 2015 [74]; red). We show constraints on €,, and constant w (left panel)
and on wg and wg in the parametrization from (17), marginalized over €2, (right panel). The contours contain 68.3%, 95.4%, and
99.7% of the likelihood, and we assume a flat universe in both cases.

Huterer-Shafer (2018)
10



Evidence for past deceleration:
Important reality check

I - SN always accelerates -
- BAO

0.5k accelerates now -
- decelerated in the past
> _
E L T
< :

-0.5

always decelerates

0 ' 05 | ]
Redshift z

SUPERCAL, Scolnic et al. (2015); BOSS-DR12, Alam et al. (2016);
D. Huterer, D. Safer, “Dark energy two decades after” (2018).




Rocky Kolb, SSI 2003

), =p, / PCRITICAL

QTOTAL =1

Heavy Elements:
=0.0003 ‘/

Neutrinos (v):
2=0.0047 ‘/

Stars: ‘/

€2=0.005

Cold Dark Matter:
()=0.25 (extra gravity)

Dark Energy (A): 9

2=0.70 (anti-gravity)
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THE Expanping Universe: A GarsuLe HisTory

Cosmic First Stars, Expansion Today
Background Stars Galaxies Accelerates
Afterglow Develop
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What we understand

* Smooth, very elastic, non-particulate (medium)

e Extremely weak interaction with ordinary matter

e |[nsignificant at small scales, important at large scales
e |nsignificant at early times, important at late times

e |sotropic and homogeneous (apparently)

14



Dark Energy is a profound mystery
because it touches so many other
important puzzles

Vacuum energy/cosmological constant

Destiny of the Universe

Related to Dark Matter, Inflation, Neutrino Mass?
Connections to SUSY/Superstrings/Extra dimensions?
Signal of new gravitational physics?

Hole in the Universe?

Connection to the hierarchy problem?

15



Theoretical Attempts

e Assume General Relativity (GR) is correct.
Einstein equation:

Einstein tensor /energy-momentum tensor
N
G, =8&GT, -Ag,

geometry gravity

Introduce (anti-)gravity
- simplest model: cosmological constant
A= 8].’:G:Ova(: W= -1
Commonly associated with vacuum energy.
- dynamical models: rolling scalar field with potential
(quintessence, phantom, etc.) w<-1/3



Theoretical Attempts

e Quintessence
- Accelerating expansion caused by the potential energy
of a scalar field.
- It must be very light (large Compton wavelength) so it
won’t clump or form structures.

&3H(§¢+d_\/= ;P¢=<§‘/2+ Vi)
ap | p, = /2- V(p)

1+ Z

HE = HE[ @1+ 2+ 2,1+ 2+, (311 w(2)] o )|

17




Theoretical Attempts

* Assume General Relativity (GR) is correct.
Einstein equation:

Einstein tensor _energy-momentum tensor
N
G, =8GT -Ag,

e ——
geometry gravity

Special place in the universe
- Anti-Copernican Principle: “We are specia
- No need for A

III

18



A Special Place for Us

In Fie Hitchhikec’s Guie o the Galeay st o nueds, Dauglas Adams unscatyad whenit sums nut e the Lriverse coes, in fcl ieuhe soune
imagines a sarure dmire that dives pecpleinsane by shadng trem the uter — him, In A c=seof e imitatrg art, maey casmulugists are Pnestoeting whet-
s on ficane of sher plare i the anfeerse e wuuld-be victn 21 ges eroaeretindend has o spedal plaoe withs e grare schesre of things.

HOMOGENEQUS UNIVERSE: QUR LOCATION IS TYPICAL INHOMOGENEGUS UNIVERSE: OUR LOCATION 15 SPECIAL

19



Theoretical Attempts

* General Relativity (GR) is the problem
- Modify Einstein-Hilbert action Ricci Scalar

1
SEH = %fd“x\/?;R

to something more general:

1
Sve = 5= [d'xJ-g[R+ f(R)].

- DGP model

string-theory-inspired IR modification of GR
- Emergent gravity

GR as an effective theory emerging from

guantum theory of gravity
20



Some Challenges

Cosmological constant: simple and natural. But
what makes it so small?

Quintessence: Who ordered it? Renormalized
scalar field often acquires large mass.

“Anti-Copernican Principle™. hard to modify enough
to accommodate cosmic acceleration and satisfy
other constraints (importance of dynamical tests)

Modified GR: hard to satisfy short-distance
constraints while providing significant departure at
large distance.

21



Observations show that w= -1
— Dark Energy = CC?

- [l WMAP+H,+SN
- [l WMAP+BAO+H+SN

§P=Wp

......................................... i w=wy+w,(1- a)

_ 2009 data:
+0.12
- 0973
0.26
, - 008

WMAP+BAO+H;+D,+SN
.................
-1.2 -1.0 -0.8 -0.6 -0.4
Wo 22



The Cosmological Constant Problem

e Cosmological constant has long been a problem in
theoretical physics during most of the 20" century.

e Since 1998, it has further become one of the most
challenging issues in astrophysics in the new century.

e Several excellent review articles:
S. Weinberg (1989), Carroll (2000), Sahni & Starobinsky
(2000, 2006), Peebles & Ratra (2002), Padmanabhan
(2003)...

More than 1000 papers in arXiv that has ‘cosmological
constant’ in the title. Can’t possibly cover all ideas.

23



What is the Problem?

* History
After completing his formulation of general relativity (GR),
Einstein (1917) introduced a cosmological constant (CC)

to his eq. for the universe to be static:
1

R, - EgWR— Ag,, =-8nGT,,.
As is well-known, he gave up this term after Hubble’s
discovery of cosmic expansion.

Unfortunately, not so easy to drop it.

In GR, anything that contributes to the energy density

of the vacuum acts like a CC.

24



The Old CC Problem

The old (< 1998):

e Lorentz invariance, upon which QFT is based, tells us
that in the vacuum the energy-momentum tensor must
take the form

<7;v> = _<p>guv'
This is equivalent to adding a term to CC:

Agn=A+81G{p). @ p, =(p)+A/81G=A_ /87G.

e Quantum vacuum (zero point) energies with cutoff at
Planck scale gives

o, ~ M7 ~10"eV?,

25



What is Quantum vacuum Energy?

* Heisenberg Uncertainty Principle:

h h
> ATAE = —
AXAP = > ) >

> :

|

Vacuum is not empty, but filled with fluctuating energies.




Quantization of Spacetime

Planck scale:
p=\/27rc3 z1.6>< O-3Sm
p = 27-(_6 = 12X 019
| [GeV /]

Ultimate vacuum energy:

. E;: (10°GeVvy*
- 10112[6\/]4 27



* Astrophysics, however, demands that it must be smaller
than the critical density of the universe:

o, = p, ~10"%eV*,

This is 124 orders of magnitude in discrepancy!

e Evidently QVE should not gravitate. Otherwise our
universe would not have survived until now.

e This conflict between GR and quantum theory is the
essence of the longstanding CC problem, which
clearly requires a resolution. In short,

Why doesn’t quantum vacuum energy gravitate?

We shall call this the “old” CC problem.

2828



The New CC Problem, or the
Dark Energy Puzzle

The new (>1998)

e The dramatic discovery of the accelerating expansion
of the universe ushers in a new chapter of the CC
problem.

e The substance responsible for it is referred to as the
dark energy (DE), described by its equation of state

P= Wpo, p: pressure, p: density

e According to GR, accelerating expansion can happen
if w< —1/3. Einstein’s CC correspondsto w=-1.



e DE=CC remains the simplest and most likely answer.

e New challenge: after finding a way, hopefully, to
cancel the CC to 124 decimal points, how do we
reinstate 1 to the last digit and keep it tiny? That is,

Why is CC nonzero but tiny?

e We shall call this the “new” CC problem, or the DE
puzzle.

30



Attempt 1.:
Casimir Energy in Extra-Dimensions

(If dark energy never changes in space and time,

then it must be associated with the fundamental
properties of spacetime!

. J
Observations —» Mcc ; pgg : 10°eV
Why much smaller than standard model scale?
:02)/1? : 10—15|
M g
PC, Nucl. Phys. Proc. Suppl.173, 137 (2007). 31

PC and J-A. Gu, Mod. Phys. Lett. A22, 1995 (2007); arXiv:0712.2441



0“' cent“rv Standard Model of
FUNDAMENTAL PARTICLES AND INTERACTIONS

The Standard Model summarizes the current knowledge in Particle Physics. It is the quantum theory that includes the theory of strong interactions (quantum chromodynamics or QCD) and the unified
theory of weak and electromagnetic interactions (electroweak). Gravity is included on this chart because it is one of the fundamental interactions even though not part of the “Standard Model.”

BOSONS

Unified Electroweak spin =

force carriers

matter constituents
spin =0, 1, 2,

spin = 1/2, 3/2, 5/2,

FERMIONS

Leptons spin =172 Strong (color) spin =

cture w

the Atom N Mass
ame GeV/c?

Quarks spin = 122
Approx.
Mass
GeV/c2

Electric
charge

Electric Mass

Electric charge Name GeV/c?

charge

Electric
charge

Mass

GeV/c2 Flavor

Flavor

Quark

Size < 1019m

Color Charge

Each quark carries one of three types of

“strong charge,” also called “color charge.”

These charges have nothing to do with the

colors of visible light. There are eight possible

types of color charge for gluons. Just as electri
cally-charged particles interact by exchanging photons, in strong interactions color-charged par
ticles interact by exchanging gluons. Leptons, photons, and W and Z bosons have no strong
interactions and hence no color charge

Nucleus

muon ize ~ 1074 m

M neutrino S900¢

M muon 0.106 €

tau <0.02

U up 0.003
d down 0.006
tto
T neutrino =
T tau 1.7771 b bottom -1/3 ed in Mesons and Bggyons
t isojite quarks and gluons; they[lire confined in color-neutral particles called

i 0 @ rQuitir Al(%‘(’ exchanges of gluons among the
Spin is the intrinsic angular momentunjof part wh |(h | y L edpd&ticley (quarks and gluons) move apart, the ener-
quantum unit of angular momentuSmsfihere h 4 Ath v asp - Atr WP i Sie drewel <Y C - a hi@nergy eventually is converted into addi-

then the quarks and electrons would be less than 0.1 mm tional quark-antiquark pairs (see figure below). The qudrks and antiquarks then combine into
size and the entire atom would be about 10 km across.
hadrons; these are the particles seen to emerge. Two types of hadrons have been observed in

nature: mesons ggand baryons qqq
IGIVE] ’
' Tlge stron@bindin ( oton neutroMiygoform, r to residyal
, Ng ir, ctior nsti luaigelec-

m(al interaction that binds electrically neutld\ atoms to folm mo\e(u\es It can also be
PROPERTIES OF THE INTERACTIONS

viewed as the exchange of mesons between the hadrons
Interaction

Electric charges are given in units of the proton’s charge. In Sl units the electric charge of

the proton is 1£0x107 "% (oulombs.
n¥gy] bhysiclllis ghetlectr agffiv or
ron ing le differe ne VO en eV Pme T
E =m 2) he. 0%eV = tor Gey/c?

=1.67x10%7 kg

Mesons qq

Mesons are bosonic hadrons.
There are about 140 types of mesons.

Baryons qqq and Antibaryons qqq

Baryons are fermionic hadrons.
There are about 120 types of baryons.

Strong
Fundamental Residual
Quark Electric  Mass

See Residual Strong
Electric Charge Color Charge content]| [ cisgall [Gevicd
* g —mm
=

Strength relative to electromag | 108 m 10-41 0.8 25 Not applicable -
for two u quarks at:
° E 3x10-17 10-41 10-4 to quarks ud

for two protons in nucleus 10-36 107

Property Gravitational

Quark Electric Mass

content charge GeV/c? Spin

Symbol Name Acts on: Symbol Name

Particles experiencing:

Particles mediating:

60
Not applicable

to hadrons 20

070 +
Pp— (474 e e The Particle Adventure

Visit the award-winning web feature The Particle Adventure at
http://ParticleAdventure.org

Matter and Antimatter

For every particle type there is a corresponding antiparticle type, denot-

ed by a bar over the particle symbol (unless + or - charge is shown)

Particle and antiparticle have identical mass and spm but opposite

(harqes Some electrically neutral bosons (e.g., Z% v, and n_ = cc, but not
= ds) are their own antiparticles

This chart has been made possible by the generous support of:
U.S. Department of Energy

U.S. National Science Foundation

Lawrence Berkeley National Laboratory

Stanford Linear Accelerator Center

American Physical Society, Division of Particles and Fields

BURLE INDUSTRIES, INC

Figures

These diagrams are an artist’s conception of physical processes. They are
not exact and have no meaningful scale. Green shaded areas represent
the cloud of gluons or the gluon field, and red lines the quark paths

Two protons colliding at high energy can ©2000 Contemporary Physics Education Project. CPFP is a non-profit organiza

A neutron decays to a proton, an electron,
and an antineutrino via a virtual (mediating)
is neutron B decay.

An electron and positron

(antielectron) colliding at high energy can
annihilate to produce B? and B° mesons
via a virtual Z boson or a virtual photon.

produce various hadrons plus very high mass
particles such as Z bosons. Events such as this
one are rare but can yield vital clues to the
structure of matter.

tion of teachers, physicists, and educators. Send mail ¢o: C_PEP, MS 50-308, Lawrence
Berkeley National Laboratory, Berkeley, CA, 94720. For information on charts, text
materials, hands-on classroom activities, and workshops, see:

http://CPEPweb.org




A Numerical Coincidence

* A remarkable numerical coincidence, a ‘gravity fine
structure constant’:

Mcc  Mswm
Msm  Mp

* Perhaps not accidental but implies a deeper
connection:

= Qg

Msm
My

Msm

Moo ~
CC Mo,

Msvm = ( )szl = ag Mp.

« Caution: Unlike the 15t hierarchy that links 4
fundamental interaction strengths, DE must be a
secondary, derived quantity. >



Analogy in Atomic Physics

 Bohr atom  Dark energy

 Fundamental  Fundamental
energy scale in energy scale in
Schrodinger quantum gravity:
equation: m, Mo,

* Ground state * Dark energy

energy suppressed suppressed by 2

by 2 powers of fine powers of “gravity

structure constant fine structure
constant” "



Randall-Sundrum Model to bridge the
hierarchy between SM and gravity scales

Island Universes in Warped Space-Time
According to string theory,

our universe might consist of Fifth dimension
a three-dimensional “brane.” Space is wgrped by energy throughout = T o
embedded in higher five-dimensional space-time. As a result, e enas o
dimensions. In the model gravity is much weaker on our brane. ez :’2"0299'""99’
developed by Lisa R Sy
Randall and Raman Ny N ositlille:tlons 3“3
Sundrum, gravity is much > ) %?clei%ihaer:
weaker on our brane : O s B ik
than on another brane, B |- st%ck i
separated from us by a A e
fifth dimension. (Time is 5. '
the unseen fourth —
dimension.) \
o)
0NN
0 3 BRANE
X e : (our universe)
GRAVITY BRANE & o ! £ :
(where gravity is 2 ;
concentrated) gg o0 . Gravlt_lons. _ Warped space-ﬂme
which transmit gravity, are Because space-time is warped,
Oo = closed strings, which are not  things are exponentially bigger and
confined to either brane. lighter closer to our brane,
SM — kR ‘IO— 16
= @ ~
35
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Casmir Energy:
Evidence of vacuum fluctuations

P

VACUUM
FLUCTUATION

CASIMIR PLATES

Casimir energy induced by fields in the RS bulk on the TeV
brane gives rise to DE as we set out to look for:

M Casimir 5 @M p 5 1076V M.

This may solve the New CC Problem.
It, however, still does not address the Old CC Problem ..



Attempt 2:
Boundary Condition of the Universe

- “Gauge Theory of Gravity with de Sitter Symmetry”

(PC, MPLA (2009) [arXiv:1002.4275])
1.In GR Einstein equation is a 2" order differential eq. and
thus the nature of CC is undetermined:

1 8J'L’G

RM o E guv + Aguv C uv

1.If the field eq. is higher (e.g., 3) order instead, then the
CC term is not allowed. To recover the well tested GR, one
should integrate it once. Then CC is recovered through the
constant of integration determined by the boundary

condition of the universe.

37



* Motivations for Gauge theory of gravity (GG)

- To reformulate gravity as a gauge theory

- To hopefully quantize gravity theory

- To substantiate the ‘constant of integration” approach
as a means to solve the CC problem.

C. N. Yang (1983): “In [ ] | proposed that the gravitational
equation should be changed to a third order equation. |
believe today, even more than 1974, that this is a
promising idea, because the third order equation is more
natural than the second order one and because
guantization of Einstein’s theory leads to difficulties.”

3838



Here’s how it goes

* In GG, the gauge potential (affine connection) is the
dynamical variable, which determines the curvature
tensor

R: =0TI% -0 I +T2T, +T2T"

puv u- pv V> pu e pv v pu”

* In close analogy with Maxwell theory, the action for
gravity reads (Cook 09)

u

where the “gravitational current” (v_= covariant deriv.)

2Gr_ =u —u
Jgﬁ=?[vaTﬁ—vﬁTa],
and T, - T —%5ZT, T=T:.

3939



Field Equations

* VaryingS. againstT'” , we arrive at the field eq.
VR =-4nJ.,.
This and the Bianchi identity,
VR + VR + VR = 0

apuv v TaffAu
together determine the curvature tensor.

e Now we recall that T = 1 [avgau +0,9, ~ aaguv]’
and that covariant diverge%ce of g, is identically 0.
Therefore the field eq. of GG removes the CC term
by construction.

* Integrating this eq. once, we recover the Einstein eq.
with a constant of integration which is associated with
the boundary condition of the universe.

4040



de Sitter Universe as Asymptotic
Limit of Hubble Expansion

e Now we invoke our second assumption, that the universe
is inherently de Sitter, where the 4-spacetime is a
hyperboloid of a 5-d Minkowski space with the constraint

X+ XX X+ X = I

where | . is the radius of curvature of dS.

o
E

e dS universe as asymptotic limit of Hubble
expansion.

* Observation gives Q = p,. /p.. ; Q.75
sowe find | .; 1.33H, ~1.5x 10 cm
141

But why did our universe choose such a geometry?!
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Back to experiment:
Is DE dynamical or a CC?
A: Dynamical DE would induce
anisotropy in cosmic expansion.

C.-T. Chen, P. Chen, “Dark energy induced anisotropy in cosmic expansion”, EPJC (2019)

Assumption:

e Dynamical DE, e.g., quintessence, already exists prior to
the inflation. (A reasonable assumption.)

Consequence:

e Quantum fluctuations of DE during inflation would leave
some footprints in the anisotropy of the late-time
accelerated expansion. 23



C:acom — Cracom

Fig. 5

Top: luminosity distance power spectrum C, at z = 0.05 with integration ranging from
k = 10~* to 0.1 Mpc~'h for each # = 2 to 10. Bottom: residue of the luminosity distance
power spectrum between QCDM and ACDM
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Fig. 6

Top: luminosity distance power spectrum C, at z = 0.1 with integration ranging from

k = 10~ to 0.1 Mpc~'h for each # = 2 to 10. Bottom: residue of the luminosity distance
power spectrum between QCDM and ACDM



/ DAections and th&\

At the turr]_ef _the 20t century, s clouds” in
‘)hysms (a la LordsKelvin): the Michelson- Morley
> experiment.and the blaekbody radiation,-had later
’developed into, revqutlonary storms of Relat|V|ty and .
’ -+ Quantum Mechanics.: 3
At the turn of the'21st oentur,y a new dark cloud —the
- dark energy, appears above the horizen. Will the hrstor
repeat itself an.d turn this. lnto another revqut|onary

- storm in physros a storm that would. clean up the conflic
between QI\/I and GR’? \ e

Ihareen [ 3
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