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from a measurement of excess antenna temperature and 
interpretation in terms of CMB published in July 1965...

Introduction

Measurements of the CMB have come a long way,



Introduction

... to Planck’s beautiful all sky maps 
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FIG. 3. Comparison of defect model predictions to current
experimental data. All models were COBE normalised at
l = 10.

portance of vector and tensor modes will be described
elsewhere [4].) The large amplitude of vector modes and
the decoherent sum of eigenmodes leads to a suppres-
sion of power at l >

! 100 [8], a very di!erent spectrum to
that expected from adiabatic fluctuations in inflationary
models. We show a comparison between the predictions
of the global field defect theories and the current gener-
ation of CMB experiments in Figure 3. All models are
normalised to COBE at l = 10. They are all systemat-
ically lower than the current degree-scale experimental
points.

The same calculations directly yield the matter power
spectrum shown in Figure 4. Normalised to COBE, our
tests indicate that the results should be reliable to a few
percent. From the power spectra we derive the nor-
malization !8 of the matter fluctuation in 8h!1 Mpc
spheres. Global strings, monopoles, texture and N = 6
non-topological texture give !8 = 0.26, 0.25, 0.23, 0.21,
respectively, for h = 0.5, and scaling approximately as
h. The field normalization for textures is " = 8#2G$2

0 =
1.0 " 10!4, consistent with our previous calculation [3]
of " = 1.1 " 10!4. These normalizations are a factor of
5 lower than the generic prediction of n = 1 inflationary
models where !8 = 1.2 for h = 0.5. Cluster abundances
suggest values of !8 ! 0.5 for a flat universe.

To summarise, the techniques used here enable us
to convert unequal time correlators into temperature
anisotropy and matter fluctuation power spectra within
a few hours on a workstation. For all the defect theo-
ries, vectors contribute approximately half of the total
CMB anisotropy on large scales, leading to a suppression
of acoustic peaks and a low normalization of the matter
power spectrum !8 ! 0.25h50. Current observations of

FIG. 4. Matter power spectra computed from the Boltz-
mann code summed over the eigenmodes. The upper curve
shows the standard cold dark matter (sCDM) power spec-
trum. The defects generally have more power on small scales
than large scales relative to the adiabatic sCDM model. The
data points show the mass power spectrum as inferred from
the galaxy distribution [9].

CMB anisotropies and galaxy clustering do not favor the
models under consideration.
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LCDM

The early universe is remarkably simple and the CMB temperature 
data is in good agreement with the six-parameter LCDM model.

* the sum of the neutrino masses is kept fixed at 0.06 eV

(Ade et al. 2015)



       detection of non-
baryonic dark matter

LCDM

The early universe is remarkably simple and the CMB temperature 
data is in good agreement with the six-parameter LCDM model.

* the sum of the neutrino masses is kept fixed at 0.06 eV

(Ade et al. 2015)
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de et al. 2015)



In addition, LCDM is consistent with all low redshift large-
scale structure* and supernova data

LCDM

(Betoule et al. 2014)(Anderson et al. 2013)

* on small scales baryonic feedback should be understood 
better to assess whether there are departures from LCDM

BAO Supernovae
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LCDM

In the context of LCDM, we can predict the TE and EE angular 
power spectra and compare with the Planck measurements

(systematics remain to be understood) (Ade et al. 2015)



• Overall LCDM is remarkably consistent with CMB, large scale 
structure and supernova data, but there are small tensions.

• The cosmology derived from Planck angular power spectra 
predicts slightly stronger clustering      than observed in low 
redshift data (e.g. tSZ, weak lensing,...).

• The value of the Hubble parameter inferred from CMB data 
is lower than the supernova measurement by around 3  .

• The low redshift measurements are challenging for several 
reasons, and it will take new data to understand if these are 
statistical fluctuations, caused by residual systematics, or first 
hints of new physics.

LCDM

σ8

σ



Current Experiments

ACTPol/
AdvACT

ABS
SPIDERBICEP/Keck

SPTPol/SPT3G

POLARBEAR/
Simons Array

EBEX

Stage III: now-2020

CLASS



Stage III.5: soon-2020

Future Experiments



Stage IV: 2020-2030

Potentially Space Missions

LiteBIRD, PIXIE

Future Experiments



March 2016 Collaboration Workshop
LBNL

September 2016 Collaboration Workshop
University of Chicago

September 2015 Collaboration Workshop
University of Michigan

March 2017 Collaboration Workshop
SLAC

Joint effort of entire US CMB community 

CMB-S4

CMB-S4 Science Book (http://www.cmbs4.org)

http://www.cmbs4.org
http://www.cmbs4.org


•Detect primordial gravitational waves or place an 
upper limit                  at 95%CL 

•Measure       with a precision of 

•Determine the sum of neutrino masses at          
even for the minimum value allowed for the normal 
hierarchy (58 meV) 

CMB-S4

The science goals most relevant to the high energy 
community are

r < 0.001

≥ 2σ

σ(Neff) ≈ 0.03Neff

r =
∆2

h

∆2
R

on the tensor-to-scalar ratio



•  cover a large fraction of the sky (>70%)

•  have                     resolution

•  have a noise level of 

These science goals roughly imply it will

CMB-S4

Such an experiment will also place tight constraints 
on

• light thermal dark matter

• axions

• cosmic strings, primordial magnetic fields, ...

1− 3arcmin

1− 3µKarcmin



Primordial B-modes

In the context of inflation it would measure the 
Hubble rate and via the Friedmann equation

V 1/4
inf = 1.04× 1016 GeV

� r

0.01

�1/4

• At linear order scalar perturbations do not 
generate B-modes.

• At higher order weak gravitational lensing of the 
CMB by intervening matter converts E- to B-modes

• The lensing contribution is well understood and 
can be removed (at least partially).

• Detection of excess B-modes would provide a new 
window on the early universe 



!

0.955 0.960 0.965 0.970 0.975 0.980 0.985 0.990 0.995 1.00
3 10-4

0.001

0.003

0.01

0.03

0.1

s

m 2 2

 3
47< N  < 57  *

     V  (    

CMB-S4 

r

 4
 0

     V  tanh    2
 0

N  = 50  *

N  = 57  *
R 2

Higgs 

   P

   P

   P

   P

 

47< N  < 57  *
10/3 2/3 47< N  < 57  * 

Primordial B-modes

CMB-S4 could detect r=0.01 at high significance
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Primordial B-modes

Even an upper limit from CMB-S4 is interesting

V (φ) = µ4−2pφ2p

V (φ) = V0 exp

�
−
�
φ

Λ

� 2p
p−1

�

If the inflationary model naturally explains the 
observed value of the spectral index, i.e.

ns(N )− 1 = −p+ 1

N
then the inflationary part of the potential is either

or

The characteristic scale in latter case is M = Λ
|1− p|

p

(p �= 1)



An upper limit with CMB-S4 would disfavor all models 
of inflation that naturally explain    with super-Planckian 
characteristic scale  

p
BK14/Planck 

CMB-S4 
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The challenge is to use maps with auto-spectra shown 
below to tell the difference between...

lensing/10
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220 GHz
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145 GHz155 GHz

Primordial B-modes
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Primordial B-modes

Foreground cleaned spectrum and foreground residuals 
based on simulation for representative configuration
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Light Relic

Particle that is stable on cosmological time scales 
and light enough to be relativistic at recombination

Light Relics

with                      in the Standard Model 

ρrad =
π2k4B
15�3c3

�
1 +

7

8

�
4

11

�4/3

Neff

�
T 4
γ

Contribute to the energy density in radiation

Neff = 3.046



A detection of                                        would ∆Neff = Neff − 3.046 �= 0

indicate physics beyond the Standard Model or a non-

standard cosmology.

• the damping tail

• and phase of accoustic oscillations

The CMB is predominantly sensitive to       throughNeff

Light Relics

See Daniel Green’s talk for details
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Neutrino Mass

The CMB is predominantly sensitive to neutrino mass 
through the early integrated Sachs-Wolfe effect and 
through weak lensing lensing of the CMB

3.3 Cosmological Measurements of Neutrino Mass 53
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Figure 2–3: Visualizing the impact on cosmological power spectra of varying the
total neutrino mass. Each curve represents a change in the total neutrino mass of
0.1 eV. At top left, the impact on the matter power spectrum is shown, with the
top-right panel showing the relative change, in comparison to the no-mass case. The
massive neutrinos wash out structure on scales k > 0.01hMpc−1. Similar behavior is
seen in the two-dimensional CMB lensing power spectra (middle row). The bottom
row shows the impact on the CMB temperature power spectrum.

20

Figure 14. The effect of massive neutrinos on the matter power spectrum and CMB lensing power
spectrum. Top Left: The effect of neutrino mass on the matter power spectrum. Top Right: The change to
the matter power spectrum relative to the case with massless neutrinos. Bottom Left: The projected matter
power spectrum observed through CMB lensing shows the same suppression with neutrino mass. Bottom
Right: The relative change to the lensing potential power spectrum.

The lower limit on Ωνh2 is a reflection of the lower limit on the sum of the masses,
�

mν � 58meV, that
is determined from neutrino oscillation experiments [277]. This sets a clear observational target for future
observations.

Any probe of Pmm at late times is, in principle, sensitive to the sum of the neutrino masses. The question
we will be most interested in is whether a given probe is sensitive to the lower limit,

�
mν = 58meV (or

Ωνh2 = 0.0006) under realistic circumstances. In this subsection, we will discuss the two methods through
which CMB-S4 can directly constrain the neutrino mass, CMB lensing and SZ cluster abundances. We will
also compare these observables to other cosmological probes of the neutrino mass from upcoming large scale
structure surveys such as DESI and LSST.

CMB-S4 Science Book
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spectrum. Top Left: The effect of neutrino mass on the matter power spectrum. Top Right: The change to
the matter power spectrum relative to the case with massless neutrinos. Bottom Left: The projected matter
power spectrum observed through CMB lensing shows the same suppression with neutrino mass. Bottom
Right: The relative change to the lensing potential power spectrum.

The lower limit on Ωνh2 is a reflection of the lower limit on the sum of the masses,
�

mν � 58meV, that
is determined from neutrino oscillation experiments [277]. This sets a clear observational target for future
observations.

Any probe of Pmm at late times is, in principle, sensitive to the sum of the neutrino masses. The question
we will be most interested in is whether a given probe is sensitive to the lower limit,

�
mν = 58meV (or

Ωνh2 = 0.0006) under realistic circumstances. In this subsection, we will discuss the two methods through
which CMB-S4 can directly constrain the neutrino mass, CMB lensing and SZ cluster abundances. We will
also compare these observables to other cosmological probes of the neutrino mass from upcoming large scale
structure surveys such as DESI and LSST.
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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 CTφ
L correlation sourced by the ISW

effect. 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

φ̂WF

LM =
Cφφ, fid

L

Cφφ, fid

L + NφφL

φ̂MV

LM , (5)

where Cφφ, fid

L is the lensing potential power spectrum in our fidu-

cial model and NφφL 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 φ 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 κ defined by

κLM =
L(L + 1)

2
φLM , (6)

has a much whiter power spectrum, particularly on large angular

scales. The reconstruction noise on κ is approximately white as

well (Bucher et al. 2012). For this reason, we provide a map

of the estimated lensing convergence κ rather than the lensing

potential φ.

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

φ̂WF
(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.

φ̂WF
(Sim.)

Input φ (Sim.)

Fig. 3 Simulation of a Wiener-filtered MV lensing reconstruc-

tion (upper) and the input φ 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 effect 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

−0.5

0

0.5

1

1.5

2

1 10 100 500 1000 2000

[L
(L

+
1)
]2
C

φ
φ

L
/2
π
[×

10
7
]

L

Planck (2015)
Planck (2013)

SPT
ACT

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 ΛCDM 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 ΛCDM
model, as well as Ωbh

2 and ns, we sample As, Ωch
2, and the

(approximate) acoustic-scale parameter θMC. Alternatively, we
can think of our lensing-only results as constraining the sub-
space of Ωm, H0, and σ8. 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 θMC 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 Ωm–σ8 plane.

The lensing-only constraint defines a band in the Ωm–σ8
plane, with the well-constrained direction corresponding ap-
proximately to the constraint

σ8Ω
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 ΛCDM model is discussed in detail in
† For example, we split the neutrino component into approximately

two massless neutrinos and one with
�

mν = 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 ΛCDM 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 ΛCDM model the broad shape of the matter power spectrum
is determined mostly by one parameter, keq ≡ aeqHeq ∝ Ωmh

2.
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 Ψlens become smaller. Theoretical ΛCDM
models that keep �eq ≡ keq χ∗ fixed will therefore have the same
number (proportional to keq χ∗) 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 ΛCDM parameters around the best-fit
model, �eq ∝ Ω0.6

m h, with the power-law dependence on Ωm only
varying slowly with Ωm; the constraint �eq ∝ Ω0.6

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

The argument above for the parameter dependence of the
lensing power spectrum ignores the effect 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
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Conclusions

• Our understanding of the early universe has 
improved significantly over the past two decades

• Although there are small tensions, all data remains 
consistent with the simple LCDM model 

• Many experiments are already taking data, many will 
soon come online and will constrain light relics, 
neutrinos, dark matter, ...

• The next decade will be eventful and we should 
continue to learn a lot about the early universe and 
particle physics from CMB (as well as other 
cosmological) experiments



Thank you
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