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Questions

m Is Dark Energy Equation of State unique?
m Is it observation dependent?
m Is it parametrization (theoretical prior) dependent?

m What can be the possible wayout?



Dark Energy a la observations
Supernova Type la Data
Probe Luminosity distance: D;(z) = Hod(z) via distance modulus

1(z) = 5logyo(Di(2)) + 1o

g

0 QO 2
XSN(WX7 QO HO) Z |:)uobs(zl) /J‘(Z”WX’Qm’HO)i|
Marginalizing over the nuisance parameter py,
Xan(wy, Q) = A—-B?/C
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Union 2.1 compilation of 580 Supernovae at z = 0.015 — 1.4,
considered as standard candles




Baryon Acoustic Oscillation (BAO) data

Used to measure H(z) and angular diameter distance Da(z) via a
combination

Du(2) = [(1+ 2203 sy ]

Confront models via a distance ratio

P rs(z I‘ag)
d: = D,z

rs(Zdrag) = comoving sound horizon at a redshift where
baryon-drag optical depth is unity
Give 6 data points:

m WiggleZ : z=0.44,0.6,0.73

m SDSS DR7 : z =0.35

m SDSS DR9 : z =0.57

m 6DF : z =0.106

Hence calculate X123A0




Hubble Space Telescope Data (HST)

Use nearby Type-la Supernova data with Cepheid calibrations to
constrain the value of Hp directly.
Combine and calculate x? for the analysis of HST data

Hons () —H(zi;w2,Q%, Ho) 12
Nist(wg, 9, Ho) = 37, [ Poeslz) e o o)

Two methods of analysis
m Riess et. al. (2011)
m Efstathiou (2014)




Cosmic Microwave Background (CMB) data

Reflection on Dark Energy

m CMB shift parameter (position of peaks)
m Integrated Sachs-Wolfe effect (low-¢)



Cosmic Microwave Background (CMB) data

Reflection on Dark Energy

m CMB shift parameter (position of peaks)
m Integrated Sachs-Wolfe effect (low-¢)

Shift Parameter
DE < Shift in position of peaks by v/€,,D
D= Angular diameter distance (to LSS) = Shift Parameter

Qh?
R = ﬁx(y)

x(y)=siny(k<0) ; =y(k=0) ; =sinhy(k>0)

y = \/mfozdec dz

VU (142)34+ Qi (1+42)24Qx (1+2)30Fwx)

R(zgee wx,m, Ho)—R ]2

X%MB(WX7QH77 HO) - oR




Integrated Sachs-Wolfe Effect
Some CMB anisotropies may be induced by passing through a time
varying gravitational potential

m linear regime: integrated Sachs-Wolfe effect

m non-linear regime: Rees-Sciama effect

Poisson equation : V2® = 47 Ga?pé

® — constant during matter domination
— time-varying when dark energy comes to dominate
(at large scales / < 20)

N C,:f%PR(k)z(k)
TEW(k)=2[dnexp™™ andi(k(n —no)

But cosmic variance !



Dark Energy Perturbations

Can be important at horizon scales.
Need to cross-correlate large scale CMB with large scale structures.

But cosmic variance!

Incorporated through sound speed squared c52.
For canonical scalar, ¢2 =1



Dark energy parametrizations

m Parametrize the Hubble parameter
m Parametrize the Equation of State (EOS) of Dark Energy
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m Parametrize the Hubble parameter
m Parametrize the Equation of State (EOS) of Dark Energy

Parametrization of Hubble parameter

r(x) = H;(zx) = Q0 x3 + Ay + Arx + Axx?
0
withx=14+2z ; Q +A+A+A =1 ; p2:3Hg

p= pg (AO + Aix + A2x2)

m For Ag #0,A; =0= A, = ACDM
m Either A; # 0 or Ay #% 0 = Dynamical dark energy



Parametrization of EQOS

e CPL Parametrization

Fits a wide range of scalar field dark energy models including the
supergravity-inspired SUGRA dark energy models.

w(a) = wp+ wa(l—a)

V4
= O

PDE X a—3(1+W0+Wa)e—3Wa(1—3)

m Two parameter description: wy = EQS at present , w, = its
variation w.r.t. scale factor (or redshift).

m For wg > —1,w, > 0 : dark energy is non-phantom
throughout

m Otherwise, may show phantom behavior at some point



¢ SS Parametrization

Useful for slow-roll ‘thawing’ class of scalar field models having a
canonical kinetic energy term.

Motivation : to look for a unique dark energy evolution for scalar
field models that are constrained to evolve close to A.

w(a) = (1 + wp) X

2
\/]_ + (QBE = 1)3_3 — (QB]]__}; — 1)373 tanhfl 1_;’_(911_1)3—3] X
DE
-2
1 1 -1
&= (& — 1) tenh ™ Vaapg| -1

m One model parameter: wy = EQS at present

m Rest is taken care of by the general cosmological parameter
Qpg = dark energy density today.



e GCG Parametrization

- _c
p - pa
— A . _ _c
w(a) = — 2 A= e
m Two model parameters e.g A and «, with w(0) = —A
m For (14 «) > 0, w(a) behaves like a dust in the past and
evolves towards negative values and becomes w = —1 in the

asymptotic future. = ‘tracker/freezer’ behavior

m For (14 ) <0, w(a) is frozen to w = —1 in the past and it
slowly evolves towards higher values and eventually behaves
like a dust in the future. = ‘thawing’ behavior

m Restricted to 0 < A < 1 only since for A > 1 singularity
appears at finite past = non-phantom only



Dark energy from different datasets

Used all three parametrizations = Analysis is robust

Data ACDM CPL SS GCG
Planck (low-£ 4 high-£) 7789.0 | 7787.4 7788.1 7789.0
WMAP-9 low-£ polarization | 2014.4 | 2014.436 | 2014.455 | 2014.383
BAO : SDSS DR7 0.410 0.073 0.265 0.451
BAO : SDSS DR9 0.826 0.793 0.677 0.777
BAO : 6DF 0.058 0.382 0.210 0.052
BAO : WiggleZ 0.020 0.069 0.033 0.019
SN : Union 2.1 545127 | 546.1 545.675 | 545.131
HST 5.090 2.088 2.997 5.189
[ Total | 10355.0 | 10351.4 [ 10352.4 [ 10355.0 |

Best fit ngf obtained in different model upon comparing against
CMB + non-CMB datasets using the Powell's BOBYQA method
of iterative minimization.



Likelihood functions for CPL parametrization

; CPL model

Planck+WP —

1 CPL model

Planck+WP+non-CMB

Planck+WP —
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Likelihood functions for different parameters of EOS

1 CPL model 1 CPL model , SS model
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Mean value and 1o range for CMB+non-CMB

CPL 8§ GCG
Q,h2 CMB 0.0221 + 0.00028 0.0221 + 0.00026 0.022 -+ 0.00028
CMB + non-CMB 0.022 + 0.00026 0.0221+000026 0.0223 + 0.00024
Non-CMB 00275004 0.02875 000 0.029 4 0.005
Qpph? CMB 0.1196 £ 0.0027 0.1198 + 0.0026 0.1199+0.0026
CMB + non-CMB 0.1209 + 0.0023 0.1192 + 0.0018 0.117 £ 0.0015
Non-CMB 0.12630914 012815814 0.12753512
1008 CMB 1.041 + 0.0006 1.041 + 0.0006 1.041 + 0.0006
CMB + non-CMB 1.041 + 0.0006 1.041 + 0.00056 1.042 + 0.00056
Non-CMB 1.042 + 0.023 1048 + 0.022 1.053953
T CMB 0,095 0.09+2012 0.09+0812
CMB + non-CMB 0.0870012 0091 £ 0.013 0.094 + 0.014
Non-CMB aee cee
wo[—A] CMB —1.134027 —L3 —0. 827,” Phantom prior cut
CMB + non-CMB —~1.0054513 —1.14008 ~0.957 . Mantom pricr cur
Non-CMB _o,ggsﬁ-g -1.02+0.12 —0.9 +Wp'§mm prior cat
wy[a] CMB -1 15;,f’h-gﬂ,,ggad -1 97:“2:? e
CMB + non-CMB —0.48107] 2.0 hounded
Non-CMB -0. 5+1 o nre —1.49524
ng CMB 0.9607 £ 0.007 0.9603 = 0.007 0.9603 = +0.00073
CMB -+ non-CMB 0.9579;?_% D.9619‘_‘§$§ 0. 9669j§mm,_,
Non-CMB
In[10"°A4g] CMB 3. 039*’“023 3. Dsgﬂ‘m 3.09 :k ﬂ 025
CMB + non-CMB 1, ag-;wcm 3.091 £+ 0.025 3.092 + 0.026
Non-CMB e
Q CMB 0.239 :3;333 0275% 0. 344*33;;
CMB + non-CMB 0.2887 0013 0304705
Non-CMB 0.298705% 0.370021
Hy CMB 74.84%° 64. ﬁ+f g,'
CMB + non-CMB 703+ 1.4 67.9402
Non-CMB 72.68 +2.2 72.67 £2.15 7244216




Analysis: value of Hy

CPL model GCG model SS model
76 761
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i [1 2
CPL model GCG model S8 model
76
74 74
72 72
° °
70 70
68 68
66 66 —_
-16 1.4 12 A1 -08 -0.6 -1 -095 -09 -0.85 -0.8 -0.75 -0.7 -14 13 12 -11 -1 -09
Wo Wo Wo




<

=)

=

Q>



m If phantom is forbidden by theoretical prior (GCG):

m The parameters stay close to the values obtained in ACDM
model analysis.

m Hy is not that degenerate with dark energy equation of state
for CMB.



m If phantom is forbidden by theoretical prior (GCG):

m The parameters stay close to the values obtained in ACDM
model analysis.

m Hy is not that degenerate with dark energy equation of state
for CMB.

m If phantom is not forbidden by theoretical prior (CPL+SS):

m Better fit to the CMB data comes with a large value of Hy
= agrees better with the HST data (better total x?)

m But background cosmological parameter space (e.g., Qm — Ho)
is dragged s.t. best-fit base model and that from Planck
becomes 20 away.

m Hy becomes highly degenerate with dark energy EOS for CMB
only measurements.



Comparison with Planck 2015

Planck Collaboratica: Planck 2015 sesults.

ple’ are discessed by Betoede ot al, (‘Dldl.-nﬂunenu&dm
Planck Collsboration X111 (2015) the

Difference in analysis of HST data : Riess vs Efstathiou

XIV. Dark energy and modified gravity
waeo.hmkuhld-mmdu‘-llnm-ﬂ-umnm
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4.2.3. The Hubble constant

The CMB measunes mostly physics at the epoch of recombina-
tion, and so provides only weak disect constraints about low-
redshift quantities through the integrated Sachs.Wolfe cffect and
CMB lensing. The CMB-inferred constraints on the local ex-
pamion rate Hy are mlll.\.pusl-.lnllhnnulalhum
parison 1o direct since any

could be evidence of new physics.

Here, we rely on the re-analysis of the Riess et al (2011)
(hereafter R11) Cepheid data made by Efstathiou (2014) (here-
afier EI4). By using a revised goometric maser distance to NGC
4258 from Humphreys et al. (2013), E14 obtains the following
value for the Hubble constant:

Hy = (106 £ 3.3)kms " Mpc ', o)
which is within 1 o of the Planct TT+lowP estimate. In this pa-
per we use Eq. (10) as a conservative Hy prior. We note that
the 2015 Planck TT+lowP vabse is perfectly coasistent with
the 2013 Planck value (Planck Collabosation XVI 2014) and
50 the kension with the RI1 Hy determimation is still present

sity also contains ge-
ometric information from the Alcock-Paczynski (AP) cf-
fect (Alcock & Paczymski 1979), which is sensitive to
Farl2) = (1 + DD(2H(2) a2
In addition, fits which constrain RSD frequently also lnu-
surc the BAO scale, Dy(2)/r,, where r, is the comoving sound
horizon at the drag cpoch, and Dy is in Eq. (). As
in Planck Coltaboration X1 (2015) we consider caly analyses
wh:h solve simultancously for the acoussic scale, Fyp s fory.
Baynn Oscillation Spectroscops: Sunvey (BOSS) col-
power f their CMASS
r (Bemlerelal W14) in B range k = 001-
Xhm Samushia ct al. (2014) have estimated the mul-
tipole moments of the redshift-space correlation function of
CMASS;M:sonscalcs> pal 'y 'Mpc Both papers provide
tight constraints on the guuanl . and the constraimts are
consisteat. The %mmhna al. (20!4) result was shown (o be-
have marginally betier in terms of small-scale biss compared
to mock simalations, so we choose to adopt this as our base.
line result. Note that when we use the data of Samushia et al,
(2014), we exclude the measurement of the BAO scale, Dy/r,,
from Anderson et al. (2013), to avoid double counting.
The Samushis et al. (2014) results are expressed asa 3x 3

o about 24¢. We refer 1o the * paper

matrix for the throe paranters Dy /r,, Fap and

Planck Collaboration X111 (2015) fora more
cussion of the different values of Ho prescnt in the literature.

Sory.  an effective redshift of 7 = 057, Since
Samushia ct al. (2014) do not apply a demsity ficld reconstrac-
tion in their analysis, the BAO constraints arc slightly weaker
than. though consistent with. those of Anderson et al. (2014).



Analysis: Equation of State

CPL model GCG model
1 x Always non-phantom; 0 Freezing/racking
0 -1
5 s
2 Thawing
2
-3 L L L L 3 n L .
1.6 14 12 08 -06 -1 0.9 08 0.7
o A g



—0.92

Top: CPL,

0.0 0.5 L0 L5



m If phantom is forbidden by theoretical prior (GCG):

m Show consistency between CMB and non-CMB data

m But they have marginally worse likelihood than other
parametrizations.

m CMB and non-CMB observations are separately sensitive to
the two model parameters but the joint constraint is consistent
with w = —1.



m If phantom is forbidden by theoretical prior (GCG):

m Show consistency between CMB and non-CMB data

m But they have marginally worse likelihood than other
parametrizations.

m CMB and non-CMB observations are separately sensitive to
the two model parameters but the joint constraint is consistent
with w = —1.

m If phantom is not forbidden by theoretical prior (CPL+SS):

m CMB data: the non-phantom equation of states stays at the
edge of 20 region.

m Non-CMB data: non-phantom behavior favored for every
parametrization considered.



Combined CMB + non-CMB data
Mean w and error bar depends on the parametrization.
m SS and GCG parametrization: the nature of dark energy is
best constrained at high redshifts

m CPL parametrization: the best constraints come in the
redshift range of ~ 0.2 — 0.3

Just as aside...

m Similar results by Novosyadlyj et.al. (JCAP): for dataset
Planck+HST+BAO+SNLS3 ACDM is outside 20 confidence
regime, for dataset WMAP-94+HST+BAO+SNLS3 ACDM is
1o away from best fit.

m PAN-STARRSI shows tension with ACDM at 2.40 with a
constant EOS (Rest et.al., 1310.3828)



So, what next?

m Constraints on w and hence the nature of dark energy that we
infer from cosmological observation depends crucially on the
choice of the underlying parametrization of the EQS.
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So, what next?

m Constraints on w and hence the nature of dark energy that we
infer from cosmological observation depends crucially on the
choice of the underlying parametrization of the EQS.

m Can the apparent tension between CMB and non-CMB data
be attributed to unknown systematics?
Unlikely!
m Can it be due to different analysis of HST data (Riess vs
Efsthathiou)?
Maybe

m Can it be due to lack of a better theory/parametrization of
the dark energy equation of state?
Most likely yes

m Can a non-parametric reconstruction of w for the total
dataset help to infer about the correct nature of dark energy
(or, A) without any priors on the form of w?
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