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Measurements of the Cosmic Microwave Background (CMB) have provided an increasingly pre-
cise characterization of the Universe and its constituents: matter, radiation, dark matter, and dark
energy. These measurements, in conjunction with other cosmological probes including observa-
tions of supernova, galaxy surveys, and additional local measurements of the Hubble constant,
have contributed crucial evidence for the cosmological model known as ΛCDM. Upcoming gen-
erations of CMB instruments are poised to constrain additional models that describe the properties
of the Universe when it was < 10−34 seconds old and improve our understanding of large scale
structure formation. In this proceedings I will describe the CMB and discuss the status of current
measurements and prospects for the future.
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1. Introduction

Evidence from a variety of cosmological probes and astronomical measurements support that
the Universe today is composed of ∼4% standard model particles, ∼25% dark matter, and ∼70%
dark energy [18]. This cosmological model is known as ΛCDM and consists of 6 total standard
parameters. Measurements from the CMB have been critical both in verifying this model and in
providing the most precise constraints on its parameters. Next generation measurements of the
CMB go beyond ΛCDM to probe the very earliest Universe, potentially inform particle physics
models, and help enrich our understanding of the formation of the cosmic web. In Section 2 I
will give a brief description of the anisotropies in CMB and what we can learn from them, in
Section 3 I will describe the current status of CMB measurements and cosmological constraints,
and in Section 4 I will describe the motivations for future CMB measurements. I will not be able to
do justice to this large and complicated topic, but the textbook [5] is a particularly good reference
for this material.

2. The Cosmic Microwave Background Anisotropies

2.1 The Formation of the CMB

The CMB was first measured to be uniform background radiation with constant intensity [17].
Its uniformity was evidence that the Universe had been much smaller in the past, but also signaled
that something extreme must have occurred in the very early Universe. For the Universe to be
so uniform requires that it rapidly expanded, by nearly 30 orders of magnitude in a fraction of a
second, to ensure that regions that began in causal contact prior to this expansion did not have an
opportunity to re-thermalize. The most popular and simplest explanation is provided by the as-yet
unproven theory of inflation (for more information, the textbook [12] has a thorough treatment).
The frequency spectrum of the CMB was also measured [13] and found to adhere strictly to a black
body spectrum, confirming that at one point the Universe had been in thermal equilibrium.

Whether inflation is the proper mechanism to generate this extreme expansion, the uniformity
of the CMB proves that the Universe began as a hot, dense, quantum-scale object which underwent
a period of expansion. After this expansion but prior to the formation of the CMB, the Universe
was primarily photons, neutrons, protons, and electrons. At this time the density and temperature
of the Universe was high enough that the photons and electrons had a large scattering cross section
such that the mean free path of the photons was small. As the Universe expanded it also cooled and
when its temperature was ∼ 1

4 eV [5], protons and electrons combined to form neutral hydrogen
(this is known as ‘recombination’). The scattering cross section of photons and electrons dropped,
and the photons were able to freely stream. This moment of recombination occurred ∼400,000
years after the Big Bang and the relic light from this time constitutes the CMB. As the Universe
continued to expand, the wavelength of this light was stretched such that today it is at microwave
wavelengths.

2.2 Anisotropies in the CMB

There are temperature deviations in the CMB of ∼one part in the 105 (Figure 1). These
anisotropies arise from quantum mechanical fluctuations present in the very early Universe which
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were expanded to large scales as the Universe expanded. The fluctuations became potential wells
which created large scale structure: the clusters, super-clusters, filaments, and voids observed by
astronomers.

Figure 1: Planck map of the CMB anisotropies, all frequencies with foregrounds removed, credit ESA and
the Planck Collaboration

The temperature fluctuations are encoded in the CMB thus: prior to recombination, photons
and electrons were tightly coupled in what is typically termed a photon-baryon fluid. As matter fell
into the potential wells formed by the early Universe quantum fluctuations, photons were dragged
with it. Oscillations in the photon-baryon fluid were created at these potential wells between the
competing forces of gravitation and outwards photon pressure. At the moment of recombination
when the photons are free to propagate, most temperature fluctuations from most oscillatory phases
averaged away except for photons propagating from a peak in the oscillatory phase. A power spec-
trum of CMB maps (like a two-dimensional spatial Fourier transform which will have peaks at
angular distances ∆θ ∼ 180

` with significant statistical power in the maps, where ` is the multi-
pole in CMB power spectrum) will show that the largest oscillatory mode, which just had time to
compress, corresponds to the largest peak at the largest scale in the power spectrum. A smaller
∆θ corresponding to a mode that has both compressed and rarefied will be the second peak, etc.
Thus the power spectrum of a CMB map contains information about the photon-baryon fluid at the
moment of recombination.

Encoded in this plasma at the time of recombination is a treasure trove of information about
the constituents of the early Universe. With a prior on the Hubble constant from galaxy surveys or
other measurements, the angular diameter of the first peak encodes the geometry of the universe.
The ratio of the heights of the first and second peaks provides a measurement of the relative energy
densities of dark matter and baryonic matter at recombination. Smaller scales encode the physics
at recombination, including the total energy contribution from relativistic particles, the sum of the
neutrino masses, and the neutral hydrogen fraction. Measurements of the tilt of the spectrum from
large to small scales could constrain simple models of inflation.

Linear polarization is generated in the CMB when photons Thomson scatter off of free elec-
trons located in a quadrupolar temperature distribution (hotter or colder on opposite sides). These
quadrupolar moments are set up by motion in the plasma (as opposed to the temperature anisotropies,
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Figure 2: Planck power spectrum of temperature anisotropies, credit ESA and the Planck Collaboration

which are generated when motion in minimal: totally compressed or totally rarefied photon-baryon
fluid). There are two methods of generating the appropriate distributions. First, as the plasma ac-
celerates into potential wells, a free falling electron will see red-shifted photons both towards and
away from the center of the potential well, since in general the plasma is moving faster the nearer
it is to the potential well center. As with the temperature anisotropies, we measure the signal when
it is maximal, in this case in the middle of the fall where its velocity is highest. The second way
to generate a quadrupolar temperature pattern is with inflationary gravitational waves: as a wave
propagates it alternately squeezes and stretches space in the directions perpendicular to its motion.
This forms a pattern of red- and blue-shifted light according to an electron at rest in the center that
is quadrupolar (and higher order poles at less significance) in nature.

3. Current Measurements and Cosmological Constraints

3.1 Temperature Anisotropy Power Spectrum

Measurements of the CMB have a long history beginning with the discovery of the background
radiation by Penzias and Wilson in 1964 [17]. Many experiments contributed to our understand-
ing of the temperature anisotropy spectrum at many different scales, but for brevity I will focus
on recent results. CMB experiments are typically either small-dish telescopes with resolution ap-
propriate for the larger CMB scales (1◦–15′) and large-dish telescopes which target small scales
(∼ 1′–10′). The temperature anisotropy spectrum was definitively measured by the Planck col-
laboration [19], confirming measurements from a combination of large-scale measurements from
the WMAP satellite [2] or small-scale measurements from large-dish, high-resolution experiments
like the Atacama Cosmology Telescope (ACT) [24] and the South Pole Telescope (SPT) [9]. The
resulting constraints on cosmological parameters are cosmic-variance limited and yield 1% or bet-
ter precision on the ΛCDM parameters and certain extensions. The constraints from WMAP and
Planck are consistent with each other, although there is some tension particularly in the amplitude
of the spectrum, and work is on-going to understand the root of that tension [19]. The Planck map
and power spectrum from which the constraints are derived is shown in Figures 1 and 2.
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As the CMB photons traverse the Universe, they can be lensed by large scale structure. Unlike
galaxy or cluster lensing, CMB lensing is measured as statistical deviations in the maps. The
power spectrum of these deviations encodes the gravitational interactions along the line of sight,
and therefore the summed mass distribution over the age of the Universe, with a peak in the lensing
at scales appropriate for the size of clusters at z∼2, or around 10′. This signature was first detected
in 2011 [4] and was used to provide the first CMB-only evidence for dark energy [23]. This result
has been confirmed and measured with greater precision [25].

3.2 Cluster Measurements

The rate of structure formation is dependent on a variety of cosmological parameters, including
the sum of the neutrino masses and the equation of state of dark energy, parametrized by w 1. The
number of clusters at a given redshift ( dN

dz ) as a function of mass depends exponentially on the dark
energy and dark matter densities, and thus a sensitive measurement of this function will inform
our understanding of the evolution of dark energy. This cosmological analysis has been performed
previously with X-ray selected clusters which, in combination with other cosmological probes,
constrained w =−0.991±0.045(stat)±0.039(sys) [26] (w =−1 with no time dependence if it is
Einstein’s cosmological constant).

The CMB provides a method of creating nearly red-shift independent cluster surveys, and
hence a path towards understanding structure formation. As CMB photons travel through the Uni-
verse, they can Compton scatter off of the hot (> 107 K) electrons in the inter-cluster medium. The
resultant distortion of the CMB spectrum is known as the thermal Sunyaev-Zel’dovich effect (tSZ),
which is proportional to electron pressure integrated along the line of sight and is nearly redshift
independent. In simple hydrostatically supported clusters, this distortion provides a straightforward
estimate of the cluster mass. Because X-ray emission also traces the gas, the tSZ signal provides
a complementary probe to X-ray observations of clusters. However, the estimates of cluster mass
from tSZ flux are discrepant from X-ray estimates for the same clusters [14]. The uncertainty in
the scaling relation between the tSZ flux and the cluster mass is the primary limiting factor in
extracting cosmology from tSZ cluster samples. As a result, the emphasis has changed recently
from merely making surveys of clusters with CMB experiments to fielding high-resolution (< 1′)
instruments capable of probing the gas physics in clusters to better understand this discrepancy.

There is an additional signature from the motion of clusters relative to the background CMB.
This creates a doppler shift as CMB photons interact with the moving cluster gas creating a signal
known as the kinetic SZ effect (kSZ). The kSZ has a different spectral signature than the tSZ
and is capable of probing relative motion and hence underlying mass distributions. The kSZ has
been measured statistically in CMB maps [7] and has been detected for single clusters as well
(e.g.[22]. While the current detections are not yet at high enough signal to noise to probe structure,
the kSZ will provide an interesting method to look for the so-called ‘missing baryons’ in future
measurements.

3.3 Polarization Anisotropy Spectrum

The polarization is measured as Stokes Q and U and the resulting polarization maps are de-

1 p = wρ , where p and ρ are the pressure and density of dark energy
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Figure 3: Current E-mode CMB polarization anisotropy spectrum (top) and constraints on B-mode power
from inflationary gravity waves (bottom). Figure from [3].

composed into orthogonal E and B modes. E-modes are curl-free and are generated primarily by
the motion of plasma in potential wells discussed in Section 2.2. B-modes are divergence free, and
are generated from two sources: inflationary gravity waves (also discussed in Section 2.2) which
have a peak at angular scales corresponding to ∼ 2◦ on the sky, and from lensing of E-modes as
the CMB photons pass through large-scale structure like clusters, which peaks at the same scale as
the temperature lensing spectrum. The magnitude of the signal from inflationary gravity waves is
unconstrained and such a measurement would not only be evidence for inflation but also yield its
energy scale for a certain class of inflationary models. A measurement of B-modes from lensing
is constrained by the known magnitudes of the E-mode signal and measurements of large scale
structure, and forms a probe of large scale structure and things which impact it (e.g. neutrinos,
dark energy).

The E-mode spectrum is ∼5 orders of magnitude smaller than the temperature anisotropies.
Because it requires detectors suitable for polarized measurements and far better sensitivity, the
first detection of polarization in the CMB was made in 2001 by DASI [11]. The current best
measurement of the E-mode spectrum is shown in Figure 3; the E-mode signature is measured to
be non-zeros at 15σ [3] and is consistent with the current ΛCDM model. Although the temperature
anisotropy spectrum is limited by cosmic variance (how many modes can be probed on the sky)
by Planck, the E-mode spectrum is still limited by instrument noise, and so constraints from the
E-mode spectrum will continue to improve as we advance instrumentation noise and systematics.

A non-zero B-mode signal from lensing was first detected by SPT in 2013 as a cross-correlation
between a lensing map and a measurement of structure from Herschel [8]. The first measurement
of the B-mode auto-correlation spectrum (measured alone, with no input from other instruments)
from lensing was detected by Polarbear also in 2013 [20]. This 4.2σ detection is a significant
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achievement for CMB polarization measurements, although there is much more work to be done
before it too can be used for precision constraints.

The magnitude of inflationary gravity waves has typically been expressed by the ratio of scalar
perturbations to tensor perturbations in the metric, r. The current best constraints on this value
come from temperature anisotropy measurements: r < 0.11 [18], and the best constraint from po-
larization measurements lags behind at r < 0.7 [3]. We have reached the limits of the constraining
power from the temperature anisotropies on r, and so the only means we have of ruling out or ver-
ifying inflationary scenarios will have to come from polarization measurements. Instruments with
improved sensitivity and systematic error removal will be required to make this a reality.

4. Upcoming and Future Measurements

There are at least three clear goals for the future of CMB measurements, each at different
scales.

• At large scales, we should be able to constrain or measure the signature from inflationary
gravity waves in the B-mode polarization spectrum. This is currently unconstrained and a
constraint of r < 0.01 will be an interesting turning point for models of inflation. Constraints
from polarization instruments are not yet near this goal, but a variety of instruments are
poised to achieve the sensitivity required for this constraint in the next ∼5 years, including
Polarbear[10], Keck[16], EBEX[21], and Spider[6].

• At intermediate scales, we will use lensing measurements in both polarization and temper-
ature maps to map cosmic structure. Currently lensing has been detected in both tempera-
ture and polarization maps, but far more sensitive detections are required to actually use the
data to probe dark energy, neutrino masses, and structure formation. Experiments including
ACTPol[15], SPTPol[1], and Polarbear[10] should begin that process.

• Measurements at smaller scales will contribute to understanding structure through tSZ, kSZ,
and lensing measurements. If survey regions are appropriately selected, these measurements
will join other instruments to begin large-survey field multi-wavelength cosmology. These
measurements require high resolution and a good location in the southern hemisphere to
overlap with a variety of surveys, of which ACTPol [15] is the only suitable CMB candidate.

Measurements of the CMB join other cosmological probes to support the concordance model
of cosmology ΛCDM, and have placed the most precise constraints on its parameters. There is still
much to be learned, and future instruments have the potential to verify the theory of inflation, con-
strain the total mass of neutrinos, and join other instruments to begin a new era of multi-wavelength
astronomy surveys.
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