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For the first time, measurements of the cosmic microwave background radiation (CMB) alone fa-
vor cosmologies with w = −1 dark energy over models without dark energy at a 3.2-sigma level. We
demonstrate this by combining the CMB lensing deflection power spectrum from the Atacama Cos-
mology Telescope with temperature and polarization power spectra from the Wilkinson Microwave
Anisotropy Probe. The lensing data break the geometric degeneracy of different cosmological mod-
els with similar CMB temperature power spectra. Our CMB-only measurement of the dark energy
density ΩΛ confirms other measurements from supernovae, galaxy clusters and baryon acoustic
oscillations, and demonstrates the power of CMB lensing as a new cosmological tool.

Introduction.— Observations made over the past two
decades suggest a standard cosmological model for the
contents and geometry of the universe, as well as for
the initial fluctuations that seeded cosmic structure [1–3].
The data imply that our universe at the present epoch
has a dominant stress-energy component with negative
pressure, known as “dark energy”, and has zero mean
spatial curvature. The cosmic microwave background
(CMB) has played a crucial role in constraining the frac-
tional energy densities in matter, Ωm, and in dark energy
or the cosmological constant, ΩΛ (or equivalently in cur-
vature ΩK = 1 − ΩΛ − Ωm) [e.g., 4]. Throughout this
letter, we restrict our analysis to the simplest dark en-
ergy models with equation of state parameter w = −1.
The existence of dark energy, first directly observed

by supernova measurements [1, 2], is required [3] by the
combination of CMB power spectrum measurements and
any one of the following low redshift observations [5–9]:
measurements of the Hubble constant, measurements of

the galaxy power spectrum, galaxy cluster abundances,
or supernova measurements of the redshift-distance re-
lation. At present, the combination of low-redshift as-
tronomical observations with CMB data can constrain
cosmological parameters in a universe with both vacuum
energy and curvature to better than a few percent [4].
However, from the CMB alone, it has not been possible

to convincingly demonstrate the existence of a dark en-
ergy component, or that the universe is geometrically flat
[3, 4]. This is due to the “geometric degeneracy” which
prevents both the curvature and expansion rate from be-
ing determined simultaneously from the CMB alone [10–
12]. The degeneracy can be understood as follows. The
first peak of the CMB temperature power spectrum mea-
sures the angular size of a known physical scale: the
sound horizon at decoupling, when the CMB was last
scattered by free electrons. However, very different cos-
mologies can project this sound horizon onto the same
degree-scale angle on the sky: from a young universe
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with a large vacuum energy and negative spatial curva-
ture, to the standard spatially flat cosmological model, to
an old universe with no vacuum energy, positive spatial
curvature, and a small Hubble constant [13]. These mod-
els, therefore, cannot be significantly distinguished using
only primordial CMB power spectrum measurements.
By observing the CMB at higher resolution, however,

one can break the geometric degeneracy using the effect
of gravity on the CMB [14]: the deflection of CMB pho-
tons on arcminute scales due to gravitational lensing by
large scale structure. This lensing of the CMB can be de-
scribed by a deflection field d(n) which relates the lensed
and unlensed temperature fluctuations δT, δT̃ in a direc-
tion n as δT (n) = δT̃ (n+d). The lensing signal, first de-
tected at 3.4σ from the cross-correlation of radio sources
with WMAP data [15] and at 4σ from the CMB alone by
the Atacama Cosmology Telescope (ACT) [16], is sen-
sitive to both the growth of structure in recent epochs
and the geometry of the universe [17]. Combining the
low-redshift information from CMB lensing with CMB
power spectrum data gives significant constraints on ΩΛ,
which the power spectrum alone is unable to provide.
The constraining power of the CMB lensing measure-

ments is apparent in a comparison between two models
consistent with the CMB temperature power spectrum
(see Fig. 1): the spatially flat ΛCDMmodel with dark en-
ergy which best fits the WMAP seven-year data [18] and
a model with positive spatial curvature but without dark
energy. The two theory temperature spectra (and the
temperature-polarization cross-correlation spectra) differ
only at the largest scales with multipoles ℓ < 10, where
the cosmic variance errors are large. (The differences are
due to the Integrated Sachs-Wolfe (ISW) effect, a large-
scale CMB distortion induced by decaying gravitational
potentials in the presence of dark energy [19] or, with
the opposite sign, induced by growing potentials in the
presence of positive curvature.) The polarization power
spectra in the two models are also very similar.
However, these two cosmologies predict significantly

different CMB lensing deflection power spectra Cdd
ℓ .

Fig. 1 shows that the universe with ΩΛ = 0 produces
more lensing on all scales. The ACT measurements
shown in Fig. 1 are a better fit to the model with vacuum
energy than to the model without dark energy.
Why is the lensing power spectrum higher in a universe

without dark energy but with the same primordial CMB
spectrum? This can be understood from the expression
for the power spectrum of lensing deflection angles [17]:

ℓ2

4
Cℓ

dd =

∫ η∗

0

dη W 2(η)
︸ ︷︷ ︸

geometry

[D (η) /a(η)]
2

︸ ︷︷ ︸

growth

(1)

where η is conformal lookback distance, η∗ is the con-
formal distance to the CMB last scattering surface, D is
the growth factor of matter perturbations since decou-
pling, a is the scale factor, and W (η) is a geometry and
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FIG. 1. Upper panel: Angular power spectra of CMB temper-
ature fluctuations for two geometrically degenerate cosmolog-
ical models, one the best-fit curved universe with no vacuum
energy (ΩΛ = 0,Ωm = 1.29), and one the best-fit flat ΛCDM
model with ΩΛ = 0.73,Ωm = 0.27. The seven-year WMAP
temperature power spectrum data [18] are also shown; they
do not significantly favor either model.
Lower panel: The CMB lensing deflection power spectra are
shown for the same two models. They are no longer degener-
ate: the ΩΛ = 0 universe would produce a lensing power spec-
trum larger than that measured by ACT [16] (shown above).

projection term given by

W (η) =
3

2
ΩmH2

0

dA(η∗ − η)

dA(η∗)
P 1/2

(

k =
ℓ+ 1/2

dA(η)
, η∗

)

.

where H0 is the Hubble constant, dA is comoving angular
diameter distance, P (k, η∗) is the matter power spectrum
at decoupling and k is the comoving wavenumber.
A plot of the kernel of the lensing integral in this equa-

tion, as well as its constituent “geometry” and “growth”
terms, is shown in Fig. 2 for both ΛCDM and ΩΛ = 0
models. This figure shows that increased lensing in uni-
verses without dark energy is due to three effects: (1)
CMB photons in a universe without dark energy spend
more time at lower redshifts where structure is larger;
(2) structure and potentials grow more in a universe with
ΩΛ = 0 and positive curvature; (3) in a universe without
dark energy, projection effects pick out longer wavelength
fluctuations which are larger for most lensing scales.
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FIG. 2. Different terms in the kernel of the lensing integral
of Eq. 1 as a function of conformal lookback distance for ℓ =
120, for models as in Fig. 1. Upper panel: geometry term.
Middle panel: growth term, scaled to its value at decoupling
for clarity. Bottom panel: total kernel.

As the amplitude of the lensing signal is sensitive to
z < 5 physics, measurements of CMB lensing break the
geometric degeneracy and improve constraints on cosmo-
logical parameters. In this letter, we construct a likeli-
hood function by combining ACT lensing measurements
and WMAP power spectra, and explore the new CMB-
only parameter constraints resulting from the inclusion
of lensing data.
Methodology.— We fit a joint distribution for a set of

cosmological parameters θ to our data D (see, e.g. [18]).
In our analysis, we consider the following cosmological
parameters:

θ = {ΩΛ,ΩK ,Ωbh
2,Ωch

2, ns,∆
2
R, τ, ASZ} (2)

where Ωbh
2 is the baryon density, Ωch

2 is the cold dark
matter (CDM) density, ns is the spectral tilt of the
density fluctuations, ∆2

R
is their amplitude (defined at

pivot scale k0 = 0.002/Mpc), τ is the optical depth to
reionization, and ASZ is the amplitude of the WMAP
V-band SZ template [20]. The Hubble constant, H0 ≡
100 h km/s/Mpc, can be derived from these parame-
ters. The estimated distribution is the product of the
likelihood p(D|Cℓ(θ)) and the prior p(θ). Here Cℓ(θ)
is the set of theoretical angular power spectra (CMB
temperature power spectrum CTT

ℓ , CMB polarization
power spectra CTE

ℓ and CEE
ℓ , and lensing deflection an-

gle power spectrum Cdd
ℓ ) derived from the parameters

θ. Uniform priors are placed on all sampled parameters.
We use data from the WMAP seven-year temperature
and polarization observations [18], which map the CMB
anisotropy over the full sky. These are combined with
the ACT lensing deflection power spectrum described in
[16], obtained from a measurement of the lensing non-
Gaussianity in a 324 deg2 patch of the ACT equatorial
CMB maps. The data were found to be effectively free of
contamination from astrophysical sources or noise, with
errors that were estimated to be Gaussian and uncor-
related. Since the correlation between the datasets is
negligible, the likelihood is the product of the WMAP
likelihood, p(DWMAP|Cℓ

TT,TE,EE(θ)), described in [18],
and the ACT lensing likelihood, p(DACT|Cℓ

dd(θ)) [16].
Theoretical CMB temperature and lensing power spec-

tra are computed using the CAMB code [21]. We follow
the same approach as [13, 18] to map out the posterior
distribution of the parameters.
Results.— The two-dimensional marginalized distribu-

tion for ΩΛ and Ωm = 1 − ΩK − ΩΛ is shown in Fig. 3,
with 68% and 95% confidence levels, indicating the effect
of adding the ACT lensing data.
The distribution for WMAP alone is limited by the

ISW effect in both the TE and TT power, but is still un-
bounded at ΩΛ = 0. It is truncated with the addition of
the lensing data, resulting in a two-dimensional 95% con-
fidence level that excludes ΩΛ = 0. The one-dimensional
probability density for ΩΛ, also shown in Fig. 3, fur-
ther demonstrates how the CMB lensing data reduce the
low-ΩΛ tail of the probability distribution and break the
geometric degeneracy. A universe without dark energy
would give too large a lensing signal to be consistent with
the data. With lensing data, the new confidence inter-
vals for ΩΛ are 0.61+0.14

−0.06 at 1σ (68% C.L.), 0.61+0.23
−0.29 at

2σ (95% C.L.) and 0.61+0.25
−0.53 at 3σ (99.7% C.L.), favor-

ing a model with dark energy. Comparing the likelihood
value for the best-fit ΛCDM model with the likelihood
for the best-fit ΩΛ = 0 model, we find that ΩΛ = 0 is dis-
favored at 3.2σ (∆χ2 ≈ 11, of which ∆χ2 ≈ 5 arises from
the WMAP spectra, mainly due to differences in the TE
and TT power spectra for ℓ < 10). The parameters of
the best-fit ΛCDM model are consistent with constraints
from other datasets such as the WMAP+BAO+H0 con-
straints of [4]. The effect of massive neutrinos on the
lensing spectrum is different from the effect of ΩΛ; neu-
trino masses within the current bounds can only modify
the shape of the spectrum by < 5% [22], whereas the re-
duction in ΩΛ considered here increases the spectrum on
all scales by a much larger amount.
Conclusions.— We find that a dark energy component

ΩΛ is required at a 3.2σ level from CMB data alone.
This constraint is due to the inclusion of CMB lensing
power spectrum data, which probe structure formation
and geometry long after decoupling and so break the
CMB geometric degeneracy. Our analysis provides the
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FIG. 3. Upper panel: Two-dimensional marginalized poste-
rior probability for Ωm and ΩΛ (68% and 95% C.L.s shown).
Colored contours are for WMAP + ACT Lensing, black lines
are for WMAP only. Using WMAP data alone, universes with
ΩΛ = 0 lie within the 95% C.L. The addition of lensing data
breaks the degeneracy, favoring models with dark energy.
Lower panel: One-dimensional marginalized posterior proba-
bility for ΩΛ (not normalized). An energy density of ΩΛ ≃ 0.7
is preferred even from WMAP alone, but when lensing data
are included, an ΩΛ = 0 universe is strongly disfavoured.

first demonstration of the ability of the CMB lensing
power spectrum to constrain cosmological parameters.
It provides a clean verification of other measurements
of dark energy. In future work, our analysis can be easily
extended to give constraints on more complex forms of

dark energy with w 6= −1. With much more accurate
measurements of CMB lensing expected from ACT, SPT
[23], Planck [24], and upcoming polarization experiments
including ACTPol [25], lensing reconstruction promises
to further elucidate the properties of dark energy and
dark matter [26].
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043510 (2007).
[16] S. Das et al., PRL submitted, arXiv:1103.2124 (2011).
[17] A. Lewis and A. Challinor, Phys. Rep., 429, 1 (2006).
[18] D. Larson et al., arXiv:1001.4635 (2010).
[19] S. P. Boughn, R. G. Crittenden, and N. G. Turok, New

Astronomy, 3, 275 (1998).
[20] E. Komatsu and U. Seljak, MNRAS, 336, 1256 (2002).
[21] A. Lewis, A. Challinor, and A. Lasenby, ApJ, 538, 473

(2000).
[22] J. Lesgourgues, L. Perotto, S. Pastor, and M. Piat,

Phys. Rev. D, 73, 045021 (2006).
[23] J. E. Carlstrom et al., (2009), 0907.4445 [astro-ph.IM].



5

[24] L. Perotto et al., A&A, 519, A4+ (2010). [25] M. D. Niemack et al., Proc. SPIE, 7741 (2010).
[26] S. Galli et al., Phys. Rev. D, 82, 123504 (2010).


