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I. Our Universe



Planck 2013



Microwave background is mostly an image of density 
and velocity of primordial plasma in a spherical slice 

through the universe at age 370,000 years

Nearly the boundary of our Hubble volume



Compilation by M. Halpern



We live in a simple universe 



• Statistically isotropic (and homogeneous?) 

• Spatially flat: parallel light rays stay parallel 

• Ingredients: radiation, neutrinos, baryons, dark matter, 
dark energy 

• Initial adiabatic perturbations: same fractional 
perturbation in all components 

• Power law power spectrum: nearly the same potential 
perturbation amplitude (at horizon crossing) on all 
scales 

• Structure grows via gravity alone



Strongly Constrained:
• NO cosmic strings or defects creating observed structure 

• NO explosions creating observed structure 

• NO substantial injections of energy during cosmic evolution 

• NO significant spatial curvature 

• NO nontrivial topology smaller than the Hubble volume 

• NO features in primordial perturbation spectrum 

• NO evidence for primordial nongaussian perturbations 

• NO additional relativistic particles beyond 3 neutrinos



2. Very High Energy Physics



Early-universe inflation is the correct 
effective theory of the observable universe



The Inflation Paradigm
• Exponential expansion during initial 10    seconds 

• Energy scale: 0.01 x Planck energy 

• At least e    expansion factor 

• Quantum fluctuations seed primordial gaussian 
density perturbations 

• Power spectrum P(k) = Ak   ,  n < 1

Did this really happen?
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Polarization: The New Frontier

Geometric decomposition: density perturbations 
make only E-mode



DETECTION OF B-MODES BY BICEP2 9
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FIG. 2.— BICEP2 power spectrum results for signal (black points) and temporal-split jackknife (blue points). The red curves show the lensed-⇤CDM theory
expectations — in the case of BB an r = 0.2 spectrum is also shown. The error bars are the standard deviations of the lensed-⇤CDM+noise simulations. The
probability to exceed (PTE) the observed value of a simple �2 statistic is given (as evaluated against the simulations). Note the very different y-axis scales for the
jackknife spectra (other than BB). See the text for additional discussion of the BB spectrum.
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FIG. 3.— Left: BICEP2 apodized E-mode and B-mode maps filtered to 50 < ⇥ < 120. Right: The equivalent maps for the first of the lensed-⇤CDM+noise
simulations. The color scale displays the E-mode scalar and B-mode pseudoscalar patterns while the lines display the equivalent magnitude and orientation of
linear polarization. Note that excess B-mode is detected over lensing+noise with high signal-to-noise ratio in the map (s/n > 2 per map mode at ⇥� 70). (Also
note that the E-mode and B-mode maps use different color/length scales.)

BICEP2 Collaboration, 2014

1 part in 10^7  
of mean intensity

5 parts in 10^7 
of mean intensity



Planck Collaboration: Dust polarization at high latitudes

Fig. 8: Top: map in orthographic projection of the 150 GHz DBB

` amplitudes at ` = 80, computed from the Planck 353 GHz data,
extrapolated to 150 GHz, and normalized by the CMB expectation for tensor-to-scalar ratio r = 1. The colours represent the
estimated contamination from dust in rd units (see details in Sect. 5.3). The logarithm of the absolute value of rd for a 400 deg2 patch
is presented in the pixel on which the patch is centred. As described in Sect. 3.3.2, the patches overlap and so their properties are not
independent. The northern (southern) Galactic hemisphere is on the left (right). The thick black contour outlines the approximate
BICEP2 deep-field region (see Sect. 6). Bottom: associated uncertainty, �(rd).

their positions, sizes, shapes, and apodizations. In addition, be-
cause we found the amplitudes of the dust DBB

` spectra asso-
ciated with these patches based on a power-law fit, our esti-
mate does not take into account possible features in the power
spectra that might alter the precise value of dust contamination.
Nevertheless, there are clearly some patches that appear to be op-
timal, i.e. cleaner than the others. But it needs to be emphasized

that finding the cleanest areas of the polarized sky for primordial
B-mode searches cannot be accomplished accurately using the
Planck total intensity maps alone.
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Planck Collaboration 2014



The Chase is On for Inflation 
B-mode Polarization

Ground: BICEP3, POLARBEAR, CLASS, ACT, SPT

Balloon: SPIDER,  EBEX

Satellite Proposals: PIXIE (NASA), CORE (ESA), 
LITEBIRD (JAXA)



If tensor signal detected in B-mode polarization, inflation 
predicts it should exist at solar system wavelengths 

Class. Quantum Grav. 28 (2011) 094011 S Kawamura et al

Mirror

FP cavity

Laser

Photo detector

Beam splitter Drag-free spacecraft

Photo detector

Figure 1. Pre-conceptual design of DECIGO.

dark energy, (4) describing the formation mechanism of supermassive black holes in the center
of galaxies, (5) testing alternative theories of gravity, (6) seeking black hole dark matter,
(7) understanding the physics of neutron stars and (8) searching for planets around double
neutron stars.

It should be emphasized that the frequency band of DECIGO, 0.1–10 Hz, is appropriate
to reach a very high sensitivity, since the confusion limiting noise caused by irresolvable
gravitational wave signals from many compact binaries in our galaxy is expected to be very
low above 0.1 Hz [22]. Note also that this frequency band is between that of LISA and ground-
based detectors. Thus DECIGO will be able to play a follow-up role for LISA by observing
inspiral sources that have moved above the LISA band, as well as a predictor for ground-based
detectors by observing inspiral sources that have not yet moved into the ground-based detector
band.

3. Pre-conceptual design

The pre-conceptual design of DECIGO is the following. DECIGO consists of four clusters of
spacecraft; each cluster employs three drag-free spacecraft containing freely-falling mirrors
as shown in figure 1. A change in the distance between the mirrors caused by gravitational
waves is measured by three pairs of differential Fabry–Perot (FP) Michelson interferometers.
The distance between the spacecraft is 1000 km, the diameter of each mirror is 1 m and the
wavelength of the laser is 0.5 µm. This ensures a finesse of 10 in the FP cavities, which is
determined by the diffraction loss of the laser power in the cavity. The mass of each mirror is
100 kg and the laser power is 10 W. DECIGO will be delivered into heliocentric orbits with
two clusters nearly at the same position and the other two at separate positions.

We chose the FP configuration rather than the light transponder configuration because
the FP configuration could provide a better shot-noise-limited sensitivity than the transponder
configuration, since gravitational wave signals can be enhanced by the FP cavity. Note that the
FP configuration requires a relatively short arm length to avoid the optical loss of the diverging
laser light; this makes the requirement of the acceleration noise considerably stringent.

The implementation of the FP cavity using the drag-free spacecraft is feasible. Each
spacecraft follows the motion of the mirror inside each spacecraft as a result of the function of
the drag-free system. Each mirror is, on the other hand, controlled in position in such a way

5

Potentially observable at frequencies above 0.1 Hz ?

DECIGO concept, 
JAXA 

Fabry-Perot 
Michelson interferometer 

Arm length 1000 km



LISA Pathfinder mission: ESA launch 2015



Determine expansion history during inflation ?

J. Caligiuri et al. 2015



No large-angle correlations on the non-Galactic microwave sky 3
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Figure 1. The two-point angular correlation function from the
WMAP 5 year results. Plotted are C(θ) for maps with Doppler
quadrupole subtracted. The V (dashed-dotted-dotted line), W
(dashed-dashed-dotted line), ILC (KQ75, dashed line) have had
the KQ75 mask applied. The full-sky ILC result (solid line) is
also shown. Also plotted are C(θ) from the WMAP maximum
likelihood Cℓ (dotted-dashed line), the WMAP pseudo-Cℓ (dotted
line) and the best-fit ΛCDM Cℓ. The shaded region is the one
sigma cosmic variance bound on the standard ΛCDM theory.

angular-correlation function and its Legendre-transform, the
angular power spectrum. Thus, while our theory may sug-
gest to us that it is easier to analyze the angular power spec-
trum, prudence demands that we also consider the proper-
ties of the angular correlation function, all the more so since
our actual measurements are done in “angle-space” not in
“ℓ-space”.

In order to highlight these differences, we use the cal-
ligraphic symbol, C, for objects operationally defined in
“angle-space” and the symbol, C, for quantities in “ℓ-space”;
e.g. the Legendre transform of the two-point correlation
function (1) is

Cℓ ≡ 2π

∫ 1

−1

Pℓ(cos θ)C(θ)d(cos θ). (5)

Note that Cℓ can be negative — in contrast to the angular
power spectrum Cℓ as defined in (2).

The angular correlation functions in this work have been
calculated using SpICE (Szapudi et al. 2001) at NSIDE=512

for data maps and at NSIDE=64 for the Monte Carlo studies.
The map average has been subtracted in all cases. The re-
sults are shown in Fig. 1 for four different maps — the ILC
map, which covers the full sky, and KQ75 cut-sky versions
of the ILC, the V-band, and the W-band. In the same fig-
ure, we have plotted the Legendre transform of the angular
power spectrum (cf. equation 3) calculated using both the
pseudo-Cℓ method (essentially equation 2) applied by the
WMAP team in their first-year analysis, and the maximum
likelihood estimates of the angular power spectrum as used
by WMAP in the third- and fifth-year analysis. Finally we
have plotted the expected C(θ) for the best-fit ΛCDM, and,
in blue, the one-sigma cosmic-variance band around the best
fit.

Three striking observations should be made about C(θ):

(i) None of the observational angular correlation func-
tions visually match the expectations from the theoretical
model.

(ii) All of the cut-sky map curves are very similar to each
other, and they are also very similar to the Legendre trans-
form of the pseudo-Cℓ estimate of the angular power spec-
trum. Meanwhile the full-sky ILC C(θ) and the Legendre
transform of the MLE of the Cℓ agree well with each other,
but not with any of the others.

(iii) The most striking feature of the cut-sky (and pseudo-
Cℓ) C(θ), is that all of them are very nearly zero above about
60◦, except for some anti-correlation near 180◦. This is also
true for the full-sky curves, but less so.

In order to be more quantitative about these observa-
tions, we must adopt some statistic that measures large-
angle correlations. This means that we must identify some
norm that measures the difference between two functions
over a range of angles. Different choices of norm, or differ-
ent choices for the angular range, will give slightly different
numerical results for the improbability of the above obser-
vations; however, as we shall see, the observations are so
unlikely that we can be confident that reasonable choices of
the norm lead to similar results.

In their analysis of the first year data, the WMAP team
defined the S1/2 statistic (Spergel et al. 2003)

S1/2 ≡

∫ 1/2

−1

[C(θ)]2 d(cos θ) (6)

While the choice of 1/2 as the upper limit of the integral, and
the particular choice of a square norm were a posteriori, they
are neither optimized nor particularly special. Moreover, the
absence of large-angle correlations was noted by the COBE
team (though without definition of a particular statistical
measure), and the choice of ∼ 60◦ is clearly suggested by
the COBE-DMR4 results (Hinshaw et al. 1996).

The calculation of S1/2 by direct use of (6) is susceptible
to noise in C(θ). To avoid this we calculate S1/2 directly from
Cℓ as

S1/2 =
∑

ℓ,ℓ′

CℓIℓ,ℓ′ (1/2) Cℓ′ . (7)

The calculation of Iℓ,ℓ′(x) is described in Appendix A. The
Cℓ smooth over C(θ) as defined in Eq. (5).

We can use S1/2 to characterize the likelihood of the
observed correlation function. For the COBE-DMR data
(Hinshaw et al. 1996), there are relatively large error bars on
C(θ), which are consistent with a wide range of S1/2 ranging
from under 1000 (µK)4 to approximately 6000 (µK)4. But to
understand the significance of these values, we must compare
them to those obtained from random realizations of the sky
in the concordance ΛCDM model with the best-fit parame-
ters. For this comparison, we generated maps based on the
WMAP five-year ΛCDM MCMC parameter chain. There are
20,401 sets of parameters in this chain. We computed the Cℓ

for these parameter sets using CAMB (Lewis et al. 2000). For
the Cℓ corresponding to each set of parameters, we gener-
ated a number of random maps (i.e. maps with aℓm drawn
from Gaussian distributions with zero mean and variance
Cℓ) based on the weight assigned to each WMAP MCMC
parameter set. This produced a total of 99,997 maps at
NSIDE=64. From the distribution of S1/2 values generated

c⃝ 2008 RAS, MNRAS 000, 1–9

Copi, Huterer, Schwarz  
and Starkman 2009

Lack of correlations in the microwave sky at large angles: 
few parts in 10   chance in standard inflation4



36 Frode K. Hansen, A. J. Banday and Krzysztof M. Górski

Figure 24. The discs show the positions of the hemispheres with the 10 highest (black discs) and 10 lowest (white discs) bin values.
The power spectrum bins considered were ℓ = 2 − 40 (large discs), ℓ = 8 − 40 (second largest discs), ℓ = 5 − 16 (second smallest discs)
and ℓ = 29 − 40 (smallest discs).

Hansen, Banday, and Gorski 2004

Half of the sky has 6% larger fluctuations than the other 
half, between 2 and 3 sigma significance



Polarization sky gives mostly independent sampling 
of primordial perturbations at last scattering

New physics at inflation scale?

A. Yoho, S. Aiola et al. 2015;  
S. Aiola, B. Wang, and A. Kosowsky in preparation 2015



3. Low Energy Physics



Dark Energy from microwave background alone: 
power  spectrum plus gravitational lensing

B. Sherwin et al. 2011 (ACT) 
van Engelen et al. 2012 (SPT) 

Planck XVI 2013  
Planck XIII 2015

What is dark energy? Test with structure growth

Planck Collaboration: Cosmological parameters

Fig. 25. Power spectra drawn from the Planck TT+lowP posterior for the correlated matter isocurvature model, colour-coded by the
value of the isocurvature amplitude parameter ↵, compared to the Planck data points. The left-hand figure shows how the negatively-
correlated modes lower the large-scale temperature spectrum, slightly improving the fit at low multipoles. Including polarization, the
negatively-correlated modes are ruled out, as illustrated at the first acoustic peak in EE on the right-hand plot. Data points at ` < 30
are not shown for polarization, as they are included with both the default temperature and polarization likelihood combinations.
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Fig. 26. Constraints in the ⌦m–⌦⇤ plane from the Planck
TT+lowP data (samples; colour-coded by the value of H0) and
Planck TT,TE,EE+lowP (solid contours). The geometric degen-
eracy between ⌦m and ⌦⇤ is partially broken because of the ef-
fect of lensing on the temperature and polarization power spec-
tra. These limits are improved significantly by the inclusion
of the Planck lensing reconstruction (blue contours) and BAO
(solid red contours). The red contours tightly constrain the ge-
ometry of our Universe to be nearly flat.

more speculatively, there has been interest recently in “multi-
verse” models, in which topologically-open “pocket universes”
form by bubble nucleation (e.g., Coleman & De Luccia 1980;
Gott 1982) between di↵erent vacua of a “string landscape” (e.g.,
Freivogel et al. 2006; Bousso et al. 2013). Clearly, the detection
of a significant deviation from ⌦K = 0 would have profound
consequences for inflation theory and fundamental physics.

The Planck power spectra give the constraint

⌦K = �0.052+0.049
�0.055 (95%,Planck TT+lowP). (47)

The “geometric degeneracy” (Bond et al. 1997;
Zaldarriaga et al. 1997) allows for the small-scale linear
CMB spectrum to remain almost unchanged if changes in ⌦K
are compensated by changes in H0 to obtain the same angular
diameter distance to last scattering. The Planck constraint is
therefore mainly determined by the (wide) priors on H0, and the
e↵ect of lensing smoothing on the power spectra. As discussed
in Sect. 5.1, the Planck temperature power spectra show a slight
preference for more lensing than expected in the base ⇤CDM
cosmology, and since positive curvature increases the amplitude
of the lensing signal, this preference also drives ⌦K towards
negative values.

Taken at face value, Eq. (47) represents a detection of posi-
tive curvature at just over 2�, largely via the impact of lensing
on the power spectra. One might wonder whether this is mainly
a parameter volume e↵ect, but that is not the case, since the best
fit closed model has ��2 ⇡ 6 relative to base ⇤CDM, and the
fit is improved over almost all the posterior volume, with the
mean chi-squared improving by h��2i ⇡ 5 (very similar to the
phenomenological case of ⇤CDM+AL). Addition of the Planck
polarization spectra shifts ⌦K towards zero by �⌦K ⇡ 0.015:

⌦K = �0.040+0.038
�0.041 (95%,Planck TT,TE,EE+lowP), (48)

but ⌦K remains negative at just over 2�.
However the lensing reconstruction from Planck measures

the lensing amplitude directly and, as discussed in Sect. 5.1, this
does not prefer more lensing than base ⇤CDM. The combined
constraint shows impressive consistency with a flat universe:

⌦K = �0.005+0.016
�0.017 (95%,Planck TT+lowP+lensing). (49)

The dramatic improvement in the error bar is another illustration
of the power of the lensing reconstruction from Planck.

The constraint can be sharpened further by adding external
data that break the main geometric degeneracy. Combining the
Planck data with BAO, we find

⌦K = 0.000 ± 0.005 (95%, Planck TT+lowP+lensing+BAO).
(50)

38



Planck Collaboration: Gravitational lensing by large-scale structures with Planck

Planck at the expected level. In Sect. 3.3, we cross-correlate the
reconstructed lensing potential with the large-angle temperature
anisotropies to measure the CT�

L correlation sourced by the ISW
e↵ect. Finally, the power spectrum of the lensing potential is pre-
sented in Sect. 3.4. We use the associated likelihood alone, and
in combination with that constructed from the Planck temper-
ature and polarization power spectra (Planck Collaboration XI
2015), to constrain cosmological parameters in Sect. 3.5.

3.1. Lensing potential

In Fig. 2 we plot the Wiener-filtered minimum-variance lensing
estimate, given by

�̂WF
LM =

C��, fid
L

C��, fid
L + N��L

�̂MV
LM , (5)

where C��, fid
L is the lensing potential power spectrum in our fidu-

cial model and N��L is the noise power spectrum of the recon-
struction. As we shall discuss in Sect. 4.5, the lensing potential
estimate is unstable for L < 8, and so we have excluded those
modes for all analyses in this paper, as well as in the MV lensing
map.

As a visual illustration of the signal-to-noise level in the lens-
ing potential estimate, in Fig. 3 we plot a simulation of the MV
reconstruction, as well as the input � realization used. The re-
construction and input are clearly correlated, although the recon-
struction has considerable additional power due to noise. As can
be seen in Fig. 1, even the MV reconstruction only has S/N ⇡ 1
for a few modes around L ⇡ 50.

The MV lensing estimate in Fig. 2 forms the basis for a
public lensing map that we provide to the community (Planck
Collaboration I 2015). The raw lensing potential estimate has a
very red power spectrum, with most of its power on large angular
scales. This can cause leakage issues when cutting the map (for
example to cross-correlate with an additional mass tracer over a
small portion of the sky). The lensing convergence  defined by

LM =
L(L + 1)

2
�LM , (6)

has a much whiter power spectrum, particularly on large angular
scales. The reconstruction noise on  is approximately white as
well (Bucher et al. 2012). For this reason, we provide a map
of the estimated lensing convergence  rather than the lensing
potential �.

3.2. Lensing B-mode power spectrum

The odd-parity B-mode component of the CMB polarization is
of great importance for early-universe cosmology. At first order
in perturbation theory it is not sourced by the scalar fluctuations
that dominate the temperature and polarization anisotropies, and
so the observation of primordial B-modes can be used as a
uniquely powerful probe of tensor (gravitational wave) or vec-
tor perturbations in the early Universe. A detection of B-mode
fluctuations on degree angular scales, where the signal from
gravitational waves is expected to peak, has recently been re-
ported at 150 GHz by the BICEP2 collaboration (Ade et al.
2014). Following the joint analysis of BICEP2 and Keck Array
data (also at 150 GHz) and the Planck polarization data, primar-
ily at 353 GHz (BICEP2/Keck Array and Planck Collaborations
2015), it is now understood that the B-mode signal detected
by BICEP2 is dominated by Galactic dust emission. The joint

�̂WF (Data)

Fig. 2 Lensing potential estimated from the SMICA full-mission
CMB maps using the MV estimator. The power spectrum of
this map forms the basis of our lensing likelihood. The estimate
has been Wiener filtered following Eq. (5), and band-limited to
8  L  2048.

�̂WF (Sim.)

Input � (Sim.)

Fig. 3 Simulation of a Wiener-filtered MV lensing reconstruc-
tion (upper) and the input � realization (lower), filtered in the
same way as the MV lensing estimate. The reconstruction and
input are clearly correlated, although the reconstruction has con-
siderable additional power due to noise.

analysis gives no statistically-significant evidence for primor-
dial gravitational waves, and establishes a 95 % upper limit
r0.05 < 0.12. This still represents an important milestone for
B-mode measurements, since the direct constraint from the B-
mode power spectrum is now as constraining as indirect, and
model-dependent, constraints from the TT spectrum (Planck
Collaboration XIII 2015).

In addition to primordial sources, the e↵ect of gravitational
lensing also generates B-mode polarization. The displacement of
lensing mixes E-mode polarization into B-mode as (Smith et al.

4

Planck Collaboration: Gravitational lensing by large-scale structures with Planck
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Fig. 6 Planck 2015 full-mission MV lensing potential power spectrum measurement, as well as earlier measurements using the
Planck 2013 nominal-mission temperature data (Planck Collaboration XVII 2014), the South Pole Telescope (SPT, van Engelen
et al. 2012), and the Atacama Cosmology Telescope (ACT, Das et al. 2014). The fiducial ⇤CDM theory power spectrum based on
the parameters given in Sect. 2 is plotted as the black solid line.

In addition to the priors above, we adopt the same sampling
priors and methodology as Planck Collaboration XIII (2015),†
using CosmoMC and camb for sampling and theoretical predic-
tions (Lewis & Bridle 2002; Lewis et al. 2000). In the ⇤CDM
model, as well as ⌦bh2 and ns, we sample As, ⌦ch2, and the
(approximate) acoustic-scale parameter ✓MC. Alternatively, we
can think of our lensing-only results as constraining the sub-
space of ⌦m, H0, and �8. Figure 7 shows the corresponding
constraints from CMB lensing, along with tighter constraints
from combining with additional external baryon acoustic oscil-
lation (BAO) data, compared to the constraints from the Planck
CMB power spectra. The contours overlap in a region of accept-
able Hubble constant values, and hence are compatible. To show
the multi-dimensional overlap region more clearly, the red con-
tours show the lensing constraint when restricted to a reduced-
dimensionality space with ✓MC fixed to the value accurately mea-
sured by the CMB power spectra; the intersection of the red and
black contours gives a clearer visual indication of the consis-
tency region in the ⌦m–�8 plane.

The lensing-only constraint defines a band in the ⌦m–�8
plane, with the well-constrained direction corresponding ap-
proximately to the constraint

�8⌦
0.25
m = 0.591 ± 0.021 (lensing only; 68 %). (13)

This parameter combination is measured with approximately
3.5% precision.

The dependence of the lensing potential power spectrum on
the parameters of the ⇤CDM model is discussed in detail in
† For example, we split the neutrino component into approximately

two massless neutrinos and one with
P

m⌫ = 0.06 eV, by default.

Appendix E; see also Pan et al. (2014). Here, we aim to use
simple physical arguments to understand the parameter degen-
eracies of the lensing-only constraints. In the flat ⇤CDM model,
the bulk of the lensing signal comes from high redshift (z > 0.5)
where the Universe is mostly matter-dominated (so potentials are
nearly constant), and from lenses that are still nearly linear. For
fixed CMB (monopole) temperature, baryon density, and ns, in
the ⇤CDM model the broad shape of the matter power spectrum
is determined mostly by one parameter, keq ⌘ aeqHeq / ⌦mh2.
The matter power spectrum also scales with the primordial am-
plitude As; keeping As fixed, but increasing keq, means that the
entire spectrum shifts sideways so that lenses of the same typ-
ical potential depth  lens become smaller. Theoretical ⇤CDM
models that keep `eq ⌘ keq �⇤ fixed will therefore have the same
number (proportional to keq �⇤) of lenses of each depth along
the line of sight, and distant lenses of the same depth will also
maintain the same angular correlation on the sky, so that the
shape of the spectrum remains roughly constant. There is there-
fore a shape and amplitude degeneracy where `eq ⇡ constant,
As ⇡ constant, up to corrections from sub-dominant changes in
the detailed lensing geometry, changes from late-time potential
decay once dark energy becomes important, and nonlinear ef-
fects. In terms of standard ⇤CDM parameters around the best-fit
model, `eq / ⌦0.6

m h, with the power-law dependence on ⌦m only
varying slowly with ⌦m; the constraint `eq / ⌦0.6

m h = constant
defines the main dependence of H0 on ⌦m seen in Fig. 7.

The argument above for the parameter dependence of the
lensing power spectrum ignores the e↵ect of baryon suppres-
sion on the small-scale amplitude of the matter power spectrum
(e.g., Eisenstein & Hu 1998). As discussed in Appendix E, this

8

Gravitational lensing 
probes growth of  

gravitational potential

Planck XV 2015





Galaxy Cluster Growth: tSZACT: SZ Selected Galaxy Clusters 7

Figure 3. Section of the 148GHz map (covering 18.7 deg2) match-filtered with a GNFW profile of scale θ500 = 5.′9. Point sources are
removed prior to filtering. Three optically confirmed clusters with S/N > 4.9 are highlighted (see Table 7). Within this area, there are an
additional 11 candidates (4 < S/N < 4.9) which are not confirmed as clusters in the SDSS data (and thus may be spurious detections or
high-redshift clusters).

Figure 4. Central decrement and signal to noise ratio as a func-
tion of filter scale for the 20 clusters in S82 detected with peak
S/N > 5. Top panel : Although the central decrement is a model-
dependent quantity, the value tends to be stable for filter scales
of θ500 > 3′. Bottom panel : On each curve, the circular point
identifies the filter scale at which the peak S/N was observed. The
vertical dashed line shows the angular scale chosen for cluster prop-
erty and cosmology analysis, θ500 = 5.′9. Despite the apparent gap
near S/N ≈ 6, the clusters shown represent a single population.

In this section we develop a relationship between clus-
ter mass and the expected signal in the ACT filtered
maps. The form of the scaling relationship between the
SZ observable and the cluster mass is based on the UPP,
and parameters of that relationship are studied using
models of cluster physics and dynamical mass measure-
ments. We obtain masses for the ACT Equatorial clus-
ters assuming a representative set of parameters.

3.1. Profile Based Amplitude Analysis

Scaling relations between cluster mass and cluster SZ
signal strength are often expressed in terms of bulk in-
tegrated Compton quantities, such as Y500, which are
expected to be correlated to mass with low intrinsic scat-
ter (e.g., Motl et al. 2005; Reid & Spergel 2006). Due to
projection effects, and the current levels of telescope res-
olution and survey depth, measurements of Y500 for in-
dividual clusters can be obtained only by comparing the
microwave data to a simple, parametrized model for the
cluster pressure profile. Such fits may be done directly, or
indirectly as part of the cluster detection process through
the application of one or more matched filters (where the
filters are “matched” in the sense of being tuned to a par-
ticular angular scale). In such comparisons, the inferred
values of Y500 are very sensitive to the assumed cluster
scale (i.e., θ5001), and this scale is poorly constrained by
microwave data alone.
Recent microwave survey instruments make use of spa-

tial filters to both detect and characterize their clus-
ter samples, coping with θ500 uncertainty in different
ways. For example, the Planck team uses X-ray lu-
minosity based masses (Planck Collaboration 2011a) as

1 M500c = (4π/3) × 500ρc(z)R3
500; θ500 = R500/DA(z).

Hasselfield et al. 2013

SPT: Bleem et al. 2015: 409 clusters with S/N > 5 
Planck XXIV 2015: 439 clusters with S/N > 6
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FIG. 1: Left: The azimuthally averaged signal from stacked reconstructed convergence maps centered on CMASS galaxy
positions for all three ACTPol deep fields combined. The green dashed curve shows the best-fit NFW profile. Right: The
reconstructed convergence stack in the two-dimensional plane, where the horizontal and vertical scales are in arcminutes. The
detection significance above null is 3.8� within 10 arcminutes, and the best-fit curve is preferred over null with a significance
of 3.2� within 10 arcminutes.

FIG. 2: Shown are reconstructed convergence profiles cen-
tered on CMASS galaxy positions for each ACTPol deep field
separately. The significance with respect to null within 10 ar-
cminutes is 3.7�, 3.9�, and 1.8� for ACTPol Deep 1, 5, and 6
respectively. The green dashed curve is the best-fit NFW pro-
file from all the Deep fields combined, and the black dashed
curve is the best-fit NFW profile from a subset of the CMASS
galaxies measured via optical weak lensing [35].

inverse-variance weighting, in annuli that are four-pixels
(2 arcminutes) wide so that correlations between neigh-
boring bins do not exceed 50%. The significance of this
detection above the null hypothesis, including measured
points within 10 arcminutes of the profile center is 3.8�.
This is calculated using the combined-patch covariance
matrix where

⇣ S

N

⌘2
= ��2

null =
X

✓1,✓2100

(✓1)C
�1(✓2). (11)

Restricting this to 4 arcminutes from the profile center
gives a detection significance above null of 3.6�.

Fitting the data points within 10 arcminutes from the
center with an NFW profile, a best-fit profile is obtained
with mass of M200⇢̄0 = 6.3 ⇥ h�11012M� and concen-
tration c200⇢̄ = 0.4. This best-fit curve gives a reduced
chi-square of �2/⌫ = 2.1 for ⌫ = 2 degrees of freedom.
[Give errors on best-fit values] The best-fit curve is thus
favored over the null line ( = 0) at a significance of 3.2�
within 10 arcminutes, where we calculate this significance

using
q

�2
null � �2

best�fit. Restricting to within 4 arcmin-

utes, the model is favored over null with a significance of
2.9�.

The profile of the reconstructed lensing stack for each
ACTPol patch is shown in Figure 2. An excess above
null is seen in all three patches with a significance of
3.7�, 3.9�, and 1.8� within 10 arcminutes for D1, D5,
and D6 respectively. The black-dashed curve in Figure 2
is an NFW profile with the best-fit mass and concentra-
tion found from optical weak lensing of a subset of the
CMASS galaxy sample [35]. This best-fit mass and con-
centration for this subset is M200⇢̄0 = 2.3 ⇥ 1013h�1M�
and c200⇢̄0 = 3.2, where the latter is from the best-fit
concentration-mass relation given in [35], calculated at
the mean redshift of the sample (z = 0.55).

Mean Cluster Masses from Gravitational Lensing

Madhavacheril et al. 2015 (ACT) 
Baxter et al. 2015 (SPT)
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that our galaxy luminosity cut corresponds to a cluster
halo mass limit of roughly M200 ⇥ 4.1 � 1013 M⇥ and a
mean cluster halo mass of M200 = 6.5� 1013 M⇥. Error
bars are estimated via bootstrap resampling. Neighbor-
ing bins have a mean correlation of 0.25 and we include
smaller mean correlations out to a 5-bin separation, as
determined using independent simulation volumes.

The measured points largely fall below zero and have
��2 = 23 for 15 degrees of freedom, compared to the
best-fit model. The model is a good fit to the data: 13%
of random data realizations with the same normal er-
rors and correlations have larger ��2. The measured
points have ��2 = 43 for 15 degrees of freedom, com-
pared to a null signal; the probability of random noise
having ��2 at least this large is 2.0 � 10�3 including
correlations. The measured points approach zero signal
as the comoving pair separation increases, which demon-
strates that the signal depends on spatial separation, not
redshift separation.

Null tests are simple, as the statistic is essentially a
sum of pixel temperatures, half with positive and half
with negative signs, with weights corresponding to rel-
ative galaxy positions. Figure 1 also displays the null
test corresponding to using the same weights but random
pair positions compared to the signal plot (��2 = 11.6
for 15 degrees of freedom). Success of this null test veri-
fies that the function T (z) correctly models any redshift-
dependent contributions to the microwave signal. Chang-
ing the sign in the second term of Eq. (4) from negative to
positive also gives a null signal (��2 = 9.9 for 15 degrees
of freedom).

Discussion and Prospects. The signal in Fig. 1 repre-
sents the first measurement of the cosmic velocity field
made directly with respect to the rest frame of the uni-
verse. It is consistent with simulations based on the stan-
dard cosmological model. This signal is also the first
clear evidence for the kinematic Sunyaev-Zel’dovich ef-
fect. A recent attempt by Kashlinsky et al. to measure
the large-scale bulk flow via the galaxy cluster kSZ sig-
nal uses galaxy clusters from X-ray surveys and searches
for an overall dipole dependence of the microwave tem-
perature in the WMAP data at these locations [36, 37].
However, Keisler [38] found the first reported detection
was not statistically significant. Osborne et al. [39] rean-
alyzed the most recent results including both a monopole
and dipole term, obtaining limits on a bulk flow a factor
of three below the reported detection of Ref. [37]. Mody
and Hajian [40] also fail to reproduce the bulk flow re-
sult using Planck and ROSAT galaxy clusters. Planck
will soon make a more precise test of this reported large
scale flow [41]. The statistic used in this paper is di⇥er-
ential, which mitigates many of the potential systematic
errors a⇥ecting bulk flow measurements, but also is not
sensitive to an overall bulk flow.

Most previous work on peculiar velocities using opti-
cal observations has measured the properties of the local

FIG. 1: The upper panel shows the mean pairwise momentum
estimator, Eq. (4), for the 5000 most luminous BOSS DR9
galaxies within the ACT sky region (red points), with boot-
strap errors. The solid line is derived from numerical kSZ sim-
ulations [34] using a halo mass cuto� of M200 = 4.1�1013 M⇥.
The probability of the data given a null signal is 2.0 � 10�3

including bin covariances. The lower panel displays the same
sum but with randomized map positions, and is consistent
with a null signal.

bulk flow, but has not been able to extend measurements
to cosmologically interesting distances. The traditional
method of measuring velocities – a Doppler shift of an
object’s radiation spectrum – is very challenging at cos-
mological distances because the spectrum of an object is
redshifted due to the expansion of the universe, and this
cosmological redshift is typically large compared to the
velocity frequency shift. Precise distance measurements
are required, a di⇤cult observational problem. Recent
optical work [42] extends to around 100 Mpc, a redshift
of z = 0.02, while this paper uses galaxy cluster velocities
out to z = 0.8. Future large optical surveys such as the
LSST may enable competitive cosmological velocity sur-
veys using large catalogs of standard candles for distance
measurements [43].
The evidence for a non-zero mean pairwise momen-

tum from a kSZ signal presented here can also be inter-
preted as a measure of baryons on cluster length scales;
a deficit of observed baryons has long been a cosmologi-
cal puzzle [44]. Our signal is roughly consistent with the
standard baryon fraction based on primordial nucleosyn-
thesis, given independent halo mass estimates based on
clustering of our luminous galaxy sample. This issue will
be addressed in a future paper.

N. Hand et al. 2013

Evidence for Galaxy Cluster Motions: kSZ



Upcoming microwave background experiments will have 
increasing sensitivity, multiple frequency bands, and 

overlap with other surveys

Advanced ACT:  5 frequency bands, half sky coverage 
(2016 to 2018)
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Figure 3: AdvACT will measure the growth rate of the density field through cluster counts, the growth
rate of the velocity field through kSZ, the growth rate of the gravitational potential through lensing, and the
geometry of the universe through the Alcock-Paczynski e⌅ect. Left. Anticipated measurements of the linear
growth function, D(z), from lensing measurements, and from cluster counts calibrated by optical lensing.
Center. Measurements of the growth rate of structure, based on kSZ data. Right. Measurements of the
Alcock-Pacyznski e⌅ect, the ratio of the angular diameter distance dA to the radial distance, z/H, through a
combination of kSZ data and spectroscopic redshift surveys. In the context of the ⇥CDM model, parameters
determined from AdvACT+Planck data will lead to the curves and error bands shown. Any discrepancy
between these shaded bands (background model) and the data points (growth) would reveal either time-
dependent dark energy and/or the breakdown of GR. Examples of models with w ⌥= �1 and an extension to
GR[10] are shown. AdvACT is the instrument that can best complement the LSST, HSC, PFS, DES, DESI
and SDSS-III ground-based measurements of dark energy with its lensing, kSZ and cluster measurements.
The figure shows only a subset of the cross-correlations possible between these data sets and AdvACT,

thermal SZ (tSZ) signatures. To first order, the tSZ e⌅ect depends on mass and not redshift,
making the half-sky AdvACT catalog an excellent complement to the full-sky eROSITA X-ray
survey, SDSS-III, DES, and LSST. AdvACT’s clusters impact dark energy science in two ways:

1. First, Takada and Spergel[118] showed that measuring cluster number counts (for M >
2 ⇥ 1014M⇤) and the weak lensing spectrum in the same area will double the signal-to-
noise in LSST’s lensing power spectrum.

2. Second, the AdvACT clusters trace f(z) directly, given redshift and mass estimates from op-
tical surveys such as SDSS-III, HSC, DES and LSST. LSST weak lensing measurements[72]
will provide 10% mass measurements for each of the AdvACT clusters, so that AdvACT
will achieve a 0.1% measurement of ⇥8, the matter fluctuation amplitude. (Using instead
the 1400 deg2 HSC[83] mass calibration gives ⇥8 to better than 0.5%.)

• AdvACT will also probe dark energy through measurement of the kSZ e⌅ect with a technique
pioneered by the ACT team[51]. By comparing the galaxy momentum field traced by kSZ to
the density field, including the e⌅ects of redshift space distortions, the combination of AdvACT
and spectroscopic surveys will make determinations of the growth rate of structure and of the
Alcock-Paczynski e⌅ect that are not limited by cosmic variance.
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Probes of gravity from gravitational lensing and thermal and 
kinematic Sunyaev-Zeldovich effects

Advanced ACT proposal to NSF, 2014 
Hlozek et al. in preparation 2015



The past 25 years have been remarkable

The microwave background will continue to probe 
fundamental physics in novel ways for the next 10 years


