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Planck Collaboration: Planck 2015 results. XIV. Dark energy and modified gravity

Fig. 3. Parameterization {w0,wa} (see Sect. 5.1.1). Marginalized posterior distributions for w0, wa, H0 and �8 for various data combi-
nations. The tightest constraints come from the Planck TT+lowP+BSH combination, which indeed tests background observations,
and is compatible with ⇤CDM.

�2 �1 0 1
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�3

�2

�1
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1

2

w
a

Planck+BSH

Planck+WL

Planck+BAO/RSD

Planck+WL+BAO/RSD

Fig. 4. Marginalized posterior distributions of the (w0,wa) parameterization (see Sect. 5.1.1) for various data combinations. The best
constraints come from the priority combination and are compatible with ⇤CDM. The dashed lines indicate the point in parameter
space (�1, 0) corresponding to the ⇤CDM model. CMB lensing and polarization do not significantly change the constraints. Here
Planck indicates Planck TT+lowP.

these probes are weaker, since we are considering a smooth dark
energy model where the perturbations are suppressed on small
scales. While the WL data appear to be in slight tension with
⇤CDM, according to the green contours shown in Fig. 4, the
di↵erence in total �2 between the best-fit in the {w0,wa} model
and in ⇤CDM for Planck TT+lowP+WL is ��2 = �5.6, which
is not very significant for 2 extra parameters (for normal er-
rors a 2� deviation corresponds to a �2 absolute di↵erence of
6.2). The WL contributes a ��2 of �2.0 and the ��2

CMB = �3.3
(virtually the same as when using Planck TT+lowP alone, for
which ��2

CMB = �3.2, which seems to indicate that WL is not
in tension with Planck TT+lowP within a (w0,wa) cosmology).
However, as also discussed in Planck Collaboration XIII (2015),
these data combinations prefer very high values of H0, which is
visible also in the third panel of Fig. 3. The combination Planck
TT+lowP+BSH, on the other hand, is closer to ⇤CDM, with a
total �2 di↵erence between (w0,wa) and ⇤CDM of only �0.8.
We also show in Fig. 5 the equation of state reconstructed as a
function of redshift from the linear expansion in the scale factor
a for di↵erent combinations of data.

One might wonder whether it is reasonable to stop at first
order in w(a). We have therefore tested a generic expansion in

powers of the scale factor up to order N:

w(a) = w0 +

NX

i=1

(1 � a)iwi . (19)

We find that all parameters are very stable when allowing higher
order polynomials; the wi parameters are weakly constrained and
going from N = 1 (the linear case) to N = 2 (quadratic case) to
N = 3 (cubic expansion) does not improve the goodness of fit
and stays compatible with ⇤CDM, which indicates that a linear
parameterization is su�cient.

5.1.2. 1-parameter varying w

A simple example of a varying w model that can be written in
terms of one extra parameter only (instead of w0,wa) was pro-
posed in Gott & Slepian (2011), motivated in connection to a
DE minimally-coupled scalar field, slowly rolling down a po-
tential 1

2 m2�2, analogous to the one predicted in chaotic in-
flation (Linde 1983). More generally, one can fully characte-
rize the background by expanding a varying equation of state

11
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Dark matter searches

Comparison direct/indirect detection
! indirect detection tests the thermally averaged self-annihilation

Comparison direct/collider searches:
! in effective field theory or simplified models
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