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®» Introduction : Dark Energy

# Observational Evidence
$» The Cosmological Constant

® Other Dark Energy Models

» Non-parametric reconstruction of Dark Energy parameters
$» Gaussian Process modeling
® Current and future constraints

® Constraints from perturbative measurements

® Perturbations from distance measures
# Non-standard Dark Energy Models : Early Dark Energy

®» Conclusion
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. Energy Content of the Universe [ & %
Other
nonluminous

components

Dark Energy Dark Matter intergalactic gas 3.6%
~ 73% ~ 239, neutrinos 0.1%

supermassive BHs 0.04%

Luminous matter
stars and luminous gas 0.4%
radiation 0.005%
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Dark Energy
Accelerated Expansion

Afterglow Light about 10 billion years

Pattern Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.

Inflation_

1st Stars
about 400 million yrs.

Big Bang Expansion

about 13.7 billion years

NASA/WNAP Science Team
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Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
z~1100 Galaxies, Planets, etc.
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SNe la = Thermonuclear explosion in C+O white dwarf
Strong correlation between peak magnitude & light curve shape
— calibrated candles

ABSOLUTE MAGNITUDE
(BRIGHTNESS)

SCALED MAGNITUDE
(BRIGHTNESS)
F

0 20 40 60
L DAYS J
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SNe la = Thermonuclear explosion in C+O white dwarf

Strong correlation between peak magnitude & light curve shape

— calibrated candles

High z SNe dimmer than expected ( 1997-98)

= Expansion of Universe accelerating
= Dominant energy component of Universe has negative pressure

— Dark Energy !!
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Cosmological Constant : R, — %gikR — EZT—LLGTZ-;{; + Ag;k
— Einstein (1917)
w = —1 < May explain accelerated expansion of Universe

Theoretical explanation :
Zero point vacuum fluctuation < T;,. >= Ag;x
— Zeldovich (1968)
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f Theoretlcal Models of Dark Energy : Cosmologlcal Constant

Cosmological Constant : Ry, — £g;x R = 52Ty, + Aga
— Einstein (1917)
w = —1 < May explain accelerated expansion of Universe

Theoretical explanation :
Zero point vacuum fluctuation < T;,. >= Ag;x

— Zeldovich (1968)
Problems :

®» Coincidence Problem : Why now

® Divergence problem : A/87G =< Tyo >vac x [~ k*Vk? + m2dk

Planck scale cut-off — < Tyg >vac ~ 1076Gev?
QCD scale cut-off » < Tpo >vac ~ 107 3Gev?
Observed value — pa =~ 10747 Gev?
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Other Candldatesfor Dark Energy

Quiessence : —1 < w =constant < —1/3
Quintessence : £ = £9a¢ 8%¢ — V()
V =Vy/o™
V = Voexp(A¢?) /¢
V = Vp(coshAp — 1)P
Phantom fields with w < —1, Early Dark Energy Models

k-essence: L = —V(¢p)v/1 — Oap 0%¢
(Chaplygingas: P = —A/p%)

Modified gravity models : f(r) theories, braneworld models....
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Distance Measures

Perturbation Measures

SNe Type la, BAO, Weak Lensing, GRB
Measures expansion history of Universe

Measurements at low z sensitive to Dark Energy

Degenerate between various Dark Energy models

Model-independent analysis easy

Galaxy Clusters, CMB, Weak Lensing
Measures growth of perturbations

Some high z measurements
not so sensitive

Complementary to distance measures,
may break degeneracy

Analysis must include assumptions
on growth of perturbations
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Constraints on theoretical models from complementary observations
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dz

r(z) = /O

h(2) / \/ (14 2)* 4+ Qom (1 4+ 2)3 + Qpexp [f 3(”{“1(5)”“
pp(z) = M+ 5logigl(1+ 2)r(2)] < SNe
da(z) B C r(z) R
o) Ho U d oy HErs(z) < BAO
R(zemB) =  VQomr(zcMmB) < CMB
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dz

r(z) = /O

h(z) / \/ (14 2)2 + Qom (1 4 2)3 + Qpexp [f 3(1+f04r(z))du
up(z) = M+ 5log[(1+ 2)r(2)] « SNe
dalz)  _ ¢ "2 H()ri(z) BAO
rs(2x) Ho (14 2)rs(zx)
R(zemB) = V/Qomr(2cmB) < CMB
5. =
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dz

r(z) = /O

h(z) / \/ (14 2)2 + Qom (1 4 2)3 + Qpexp [f 3(1+f04r(z))du
up(z) = M+ 5log[(1+ 2)r(2)] « SNe
dalz)  _ ¢ "2 H()ri(z) BAO
rs(2x) Ho (14 2)rs(zx)
R(zemB) = V/Qomr(2cmB) < CMB
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f Reconstructlon of Dark Energy Par ameters

(B

p(a|Xa ?J) = p(yf&c;g)(a) < a = Qom;WpDE Or PDE
1 1

PiXo0) = e |~ (= f(wa)

pylX) = / p(y|X, a)p(a)da

Fitting functions : ppge(2) = po +p1(1+2) +p2(1+2)%;wpEe(2) = wo +wez/(1+ 2)
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® w(u) ~ GP(—1,r2plu—1%)
_. y(s) ~ gP (- ln(l —|— 8)7 K2 fOS fOS (plu—;ulld)(ciqfl—duv;)>

» Joint GP for y(s) and w(u):

» Mean for y(s) given w(u) :
y(s)lw(u) = —In(1 +5) + B1285, (w(u) — (~1))

» Obtain 2nd integral numerically, compute likelihood
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SNe Union2 compilation — 557 SNe, 0., 5 ~ 0.15
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L Barris et al. (2003) B
SCP: Knop et al. (2003)
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30 \ \ L

Supernova Cosmology Project

Kowalski, et al., Ap.J. (2008)
I

Redshift

BAO SDSS = rs(zx)(H(2)/(1 + 2)2d%c2)!/3 = 0.19 4 0.0061(z = 0.2)
= 0.11 £ 0.0036(z = 0.35)

CMB WMAP7 = R =1.719 £ 0.019
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SNe data alone— degeneracy between 20, and wp g
Combination of SNe, BAO, CMB consistent with ACDM

As data quality improves, parametric methods inadequate to find subtle differences
in WDE

Gaussian process modeling provides non-parametric, unbiased estimation of wp g

GP may provide effective importance of different datasets

oo 00 b

Next step : Effect of systematics on results
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= Perturbatlonsfrom Dlstance measures S

Z dz
r(z) = Hp ; H(21)<:M(Z)O<510g107"(z)
ds* = a®(n) [(1+2¥(x,n))dn* — (1 + 28(x,n))d;;da’ do’ ]

(5;;@ + 2H5}n — A7Gpmdm =0

L -

Ujjaini Alam, LANL (IAP, Paris, Sept 5, 2011)




i --'111‘ S

; Perturbatlonsfrom Dlstance measures .

:
) = Ho | H(’jl) < p(z) o< Slogy 7 (2)
ds* = a*(n) [(1+ 2W(x,n))dn? — (1 + 2&(x, 77))5Z-jda:ida:j}
(5;;@ + 2H5}n — A7Gpmdm =0
J
Sm(r) = 146 /Tu + 2(r1)]dr1 + %QOm /ru + 2(r1)] /rl S (1) drodr
0 0 0
nlr) = SylL+ 2] + SQomlL+ 2] [ Blra)dry
0
2
f2) = Hiem
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Toy Model : DGP with f(z) = 9.68
SNe data : WFIRST, Cluster data : Euclid

f(2)
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(Alam, Sahni, Starobinsky, 2009)
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ds? = a?(n) [(1 4 2¥(x,n))dn? — (1 + 2®(x, )8 dx’ da? |

Linearized Einstein equations for gauge-invariant perturbations of non-interacting

components :
/ 2 97_[2 2 2 /
0 =—=3H(c5,; —wi)oi — | —— (€50 = Cai) +R| (14 wi)vi —3(1 +wi)h
/ 2 2 5@'
’ 14+ w;
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w'L — B Cg 7 — 9 Cg, 7 — .
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Cosmological Constant: w = —1

Quiessence : —1 < w =constant < —1/3
Quintessence : £ = £9a¢ 8%¢ — V()
V =Vy/op*
V = Voexp(A¢?)/¢*
V = Vp(coshA¢p — 1)P
Phantom fields with w < —1, Early Dark Energy Models

k-essence: L = —V(¢)v/1 — Oap 0%¢
(Chaplygingas: P = —A/p%)

Modified gravity models : f(r) theories, braneworld models....
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Dark Energy perturbations change rapidly
Matter perturbations lower than ACDM
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batios -'

Dark Energy perturbations change slowly
Matter perturbations slightly higher than in low-k case
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At 95% CL :

equation of state today wg < —0.9,
redshift of transition z; > 4,

L width of transition A; < 0.2
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(Alam, 2010)
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LCDM ——
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At 95% confidence level :
equation of state today, wg < —0.77

redshift of transition, z; < 1.8
width of transition, A; < 0.35
—0.014 < curvature of universe, {2, < 0.031
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& Future SZ Data |
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L (Alam, Lukic, Bhattacharya, 2011) J
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Cluster Counts

SZ data
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Dark Energy perturbations have significant effect in certain Dark Energy models
Current data already rules out a large portion of these early dark energy models
Future galaxy surveys may put stronger constraints on these models

Next step : effect on non-linear perturbations
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(L ckeaway message B

A lot of data will be available in the future for Dark Energy

Distance measures and perturbative measures are complementary and break the
degeneracy in Dark Energy models

More sophisticated statistical methods will be required to extract information from
future data

Biggest roadblock : Systematics in the observations
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