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Equation of state: ρ∝a-3(1+w)
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w = -1 ?
Does DE density evolve?



Cosmological
constant

Are DE observations
self-consistent within

general relativity?

New form
of energy

New theory
of gravity

YES NO

Does DE density evolve?



Dark energy equation of state parameters:

w0 = -0.9

w0 = -1.1

NOW

w(a) = w0 + wa(1-a)



Dark energy equation of state parameters:

wa = +0.5

wa = -0.5

NOW

w(a) = w0 + wa(1-a)



Does DE density evolve?
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Dark energy observables:
  smooth expansion + growth of structure
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Dark energy observables:
  smooth expansion + growth of structure

relative
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Dark energy observables:
  smooth expansion + growth of structure

cosmic microwave background (CMB)

baryon acoustic oscillations (BAO)

type-Ia supernovae (SN)

weak lensing (WL)

redshift space distortion,
cluster abundances, ...D
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  smooth expansion + growth of structure
Hubble function

distance vs redshift
standard rulers

standard candles
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  smooth expansion + growth of structure
Hubble function

distance vs redshift
standard rulers

standard candles
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  smooth expansion + growth of structure
Hubble function

distance vs redshift
standard candles
standard rulers
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NOW

use type-Ia supernovae as
Lpeak ~ (3-5) x 109 L⦿ standard(izable) candles



  smooth expansion + growth of structure
Hubble function

distance vs redshift
standard candles
standard rulers
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use rs ~ 150 Mpc
standard BAO ruler

(galaxies + Ly-α)



  smooth expansion + growth of structure
growth function
power spectrum

non-linearity
correlation function

Hubble function
distance vs redshift

standard rulers
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  smooth expansion + growth of structure
growth function
power spectrum

non-linearity
correlation function

Hubble function
distance vs redshift
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Baryon Acoustic Oscillations

rs ~150 Mpc

movies @ http://darkmatter.ps.uci.edu/baoviz/

1.6°
at z=2

0.5°
moon

http://darkmatter.ps.uci.edu/baoviz/
http://darkmatter.ps.uci.edu/baoviz/


Baryon Acoustic Oscillations

rs ~150 Mpc



Baryon Acoustic Oscillations

linear superposition

rs ~150 Mpc



(log-intensity scale)

1 arcmin.

1/30 moon diameter

Weak Lensing



Weak Lensing

(log-intensity scale)

1 arcmin.

1/30 moon diameter

5% constant shear applied



average of 400 galaxy shapes is ~round

Weak Lensing



Weak Lensing

average of 400 galaxy shapes is ~round



5% constant shear applied

Weak Lensing

average of 400 galaxy shapes is ~round



~5% constant shear due to instrument & atmosphere

~1% cosmic
shear signal

Weak Lensing

average of 400 galaxy shapes is ~round
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imaging

LSST: 3Gpixels covering 10 sq.deg. with 30 sec. exposures



spectroscopy

DESI: 5000 fibers covering 3 sq. deg. with ~30min. exposures

1+z = λobs / λ



imaging

LSST: “photo-z” redshift estimates using 6 filter bands



Stage IV
Stage III

The dark energy facilities roadmap

2014 2016 2018 2020 2022 2024 2026 2028 2030 2032

BOSS

Dark Energy Survey

HETDEX

Hyper-Suprime

D.E. Spectro. Instr.

EUCLID

Large Synoptic Survey Telescope

WFIRST-AFTA

eBOSS

Prime Focus Spectro.

spectroscopy

imaging



Planck Collaboration: Cosmological parameters
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Fig. 36. 2D marginalized posterior distributions for w0 and
wa, for the data combinations Planck+WP+BAO (grey),
Planck+WP+Union2.1 (red) and Planck+WP+SNLS (blue).
The contours are 68% and 95%, and dashed grey lines show the
cosmological constant solution.

energy abundance (for a flat Universe). Note that the model of
Eq. (95) has dark energy present over a large range of redshifts;
the bounds on ⌦e can be substantially weaker if dark energy is
only present over a limited range of redshifts (Pettorino et al.
2013). The presence or absence of dark energy at the epoch of
last scattering is the dominant e↵ect on the CMB anisotropies
and hence the constraints are insensitive to the addition of low
redshift supplementary data such as BAO.

The most precise bounds on EDE arise from the analysis
of CMB anisotropies (Doran et al. 2001; Caldwell et al. 2003;
Calabrese et al. 2011; Reichardt et al. 2012; Sievers et al.
2013; Hou et al. 2012; Pettorino et al. 2013). Using
Planck+WP+highL, we find

⌦e < 0.009 (95%; Planck+WP+highL). (96)

(The limit for Planck+WP is very similar: ⌦e < 0.010.) These
bounds are consistent with and improve the recent ones of
Hou et al. (2012), who give ⌦e < 0.013 at 95% CL, and
Sievers et al. (2013), who find ⌦e < 0.025 at 95% CL.

In summary, the results on dynamical dark energy (except for
those on early dark energy discussed above) are dependent on
exactly what supplementary data are used in conjunction with
the CMB data. (Planck lensing does not significantly improve
the constraints on the models discussed here.) Using the direct
measurement of H0, or the SNLS SNe sample, together with
Planck we see preferences for dynamical dark energy at about
the 2� level reflecting the tensions between these data sets and
Planck in the⇤CDM model. In contrast, the BAO measurements
together with Planck give tight constraints which are consistent
with a cosmological constant. Our inclination is to give greater
weight to the BAO measurements and to conclude that there is
no strong evidence that the dark energy is anything other than a
cosmological constant.

6.6. Dark matter annihilation

Energy injection from dark matter (DM) annihilation can
change the recombination history and a↵ect the shape of
the angular CMB spectra (Chen & Kamionkowski 2004;

Padmanabhan & Finkbeiner 2005; Zhang et al. 2006;
Mapelli et al. 2006). As recently shown in several papers
(see e.g., Galli et al. 2009, 2011; Giesen et al. 2012; Hutsi et al.
2011; Natarajan 2012) CMB anisotropies o↵er an opportunity
to constrain DM annihilation models.

High-energy particles injected in the high-redshift thermal
gas by DM annihilation are typically cooled down to the keV
scale by high energy processes; once the shower has reached
this energy scale, the secondary particles produced can ion-
ize, excite or heat the thermal gas (Shull & van Steenberg 1985;
Valdes et al. 2010); the first two processes modify the evolution
of the free electron fraction xe, while the third a↵ects the tem-
perature of the baryons.

The rate of energy release, dE/dt, per unit volume by a relic
annihilating DM particle is given by

dE
dt

(z) = 2 g ⇢2
cc2⌦2

c(1 + z)6 pann(z), (97)

where pann is, in principle, a function of redshift z, defined as

pann(z) ⌘ f (z)
h�vi
m�
, (98)

where h�vi is the thermally averaged annihilation cross-section,
m� is the mass of the DM particle, ⇢c is the critical density of
the Universe today, g is a degeneracy factor equal to 1/2 for
Majorana particles and 1/4 for Dirac particles (in the following,
constraints will refer to Majorana particles), and the parameter
f (z) indicates the fraction of energy which is absorbed overall
by the gas at redshift z. We note that the presence of the brackets
in h�vi denote a thermal average over the velocity distribution
of particles.

In Eq. (98), the factor f (z) depends on the details of the
annihilation process, such as the mass of the DM particle and
the annihilation channel (see e.g., Slatyer et al. 2009). The func-
tional shape of f (z) can be taken into account using gen-
eralized parameterizations (Finkbeiner et al. 2012; Hutsi et al.
2011). However, as shown in Galli et al. (2011), Giesen et al.
(2012), and Finkbeiner et al. (2012) it is possible to neglect the
redshift dependence of f (z) to first approximation, since current
data shows very little sensitivity to variations of this function.
The e↵ects of DM annihilation can therefore be well parameter-
ized by a single constant parameter, pann, that encodes the de-
pendence on the properties of the DM particles.

We compute here the theoretical angular power in the pres-
ence of DM annihilations, by modifying the RECFAST routine
in the camb code as in Galli et al. (2011) and by making use
of the package CosmoMC for Monte Carlo parameter estimation.
We checked that we obtain the same results by using the CLASS
Boltzmann code (Lesgourgues 2011a) and the Monte Python
package (Audren et al. 2012), with DM annihilation e↵ects cal-
culated either by RECFAST or HyRec (Ali-Haimoud & Hirata
2011), as detailed in Giesen et al. (2012). Besides pann, we sam-
ple the parameters of the base ⇤CDM model and the fore-
ground/nuisance parameters described in Sect. 4.

From Planck+WP we find

pann < 5.4 ⇥ 10�6 m3 s�1 kg�1 (95; Planck+WP). (99)

This constraint is weaker than that found from the full
WMAP9 temperature and polarization likelihood, pann < 1.2 ⇥
10�6 m3s�1kg�1 because the Planck likelihood does not yet in-
clude polarization information at intermediate and high multi-
poles. In fact, the damping e↵ect of DM annihilation on the
CMB temperature power spectrum is highly degenerate with
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w(a) = w0 + wa(1-a)
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Dark Energy Survey officially started Aug 31! 

Tesla Jeltema will present first results Tue 2-4pm

http://darkenergydetectives.org/2013/04/29/welcome-to-the-darkness/

http://darkenergydetectives.org/2013/04/29/welcome-to-the-darkness/
http://darkenergydetectives.org/2013/04/29/welcome-to-the-darkness/


Stage IV projected
dark energy constraints

Figure 37 Same as Fig. 36, but varying BAO errors from fiducial×4 (red) to fiducial/2 (black).

Figure 38 Same as Fig. 36, but varying WL errors from fiducial×4 (red) to fiducial/2 (black). Lower
panels assume the optimistic WL forecasts.

on the growth parameters weaken (dashed curves) if one allows the 36 binned wi values to vary
independently instead of assuming that they conform to the w0–wa model. While ∆γ forecasts are
only mildly affected by the choice of dark energy modeling, constraints on the z = 9 normalization
parameter G9 depend strongly on the form of w(z). This dependence follows from the absence of
data probing redshifts 3 ! z < 9 in the fiducial Stage IV program. In the w0–wa model, dark

195

Figure 37 Same as Fig. 36, but varying BAO errors from fiducial×4 (red) to fiducial/2 (black).

Figure 38 Same as Fig. 36, but varying WL errors from fiducial×4 (red) to fiducial/2 (black). Lower
panels assume the optimistic WL forecasts.

on the growth parameters weaken (dashed curves) if one allows the 36 binned wi values to vary
independently instead of assuming that they conform to the w0–wa model. While ∆γ forecasts are
only mildly affected by the choice of dark energy modeling, constraints on the z = 9 normalization
parameter G9 depend strongly on the form of w(z). This dependence follows from the absence of
data probing redshifts 3 ! z < 9 in the fiducial Stage IV program. In the w0–wa model, dark
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Figure 35 FoM scaling with BAO errors (left) and WL errors (right) including changes in the error
on ∆γ, normalized to the forecast uncertainty for the fiducial program, σfid∆γ = 0.034. The fiducial

Stage IV forecast is marked by an open circle. For the Stage III forecast, FoM×(σfid∆γ/σ∆γ) = 30.

Figure 36 Forecast constraints (68% confidence levels) for dark energy and growth parameters,
varying errors on SN data: fiducial×4 (red), ×2 (green), ×1 (blue), and /2 (black). In all cases, the
fiducial forecasts are used for the other probes (BAO, WL, CMB). Contours in the left panel use
the value of the equation of state at z = 0.5 (close to the typical pivot redshift), w0.5 = w0 +wa/3.
Dashed contours in the right panel show the errors on growth parameters for the binned w(z)
parameterization, with the default priors corresponding to deviations of ! 10 in the average value
of w. Solid contours assume a w0–wa parameterization. In both cases, the G9 and ∆γ constraints
are essentially independent of the SN errors.

ical parameters are partially degenerate with the dark energy evolution, assumptions about the
functional form of w(z) can strongly affect the precision of constraints on other parameters. As
an example of this model dependence, the right panels of Figures 36–38 show how the constraints
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Weinberg++ 2013 arXiv:1201.2434

vary BAO

combined results: SN+BAO+WL+CMB

/2, nominal errors, x2, x4
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