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CMB-S4: Primordial Graviational Waves and Inflation
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Abstract:

Detecting gravitational waves and constraining early-universe models are keys goals of CMB-S4. This LOI
provides an overview of what CMB-S4 is projected to achieve, and through this Snowmass process we
emphasize the benefits of coordinated development of cosmological simulations and analyses, including
sky simulations that can be used jointly with large-scale structure probes. We also highlight the need for
simulations of polarized foreground emission from the Milky Way.

Cosmologists widely regard inflation as the most compelling paradigm for the very early Universe.
Many of the predictions of the simplest models of inflation have been verified, such as the departure from
scale invariance. This departure implies that gravitational wave constraints from CMB-S4 will confirm or
rule out many inflation models. In addition, CMB-S4 will provide unprecedented constraints on the primor-
dial “isocurvature” fluctuations and non-Gaussianties that are predicted by inflationary models beyond the
simplest forms. Discovery of such non-Gaussianities would present a breakthrough on par with a detection
of primordial gravitational waves. To enable cross-checks and complementarity in the constraints on these
signals, joint simulations of large-scale structures and robust simulations of Galactic foregrounds are crucial.
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We have a historic opportunity to open up a window to the primordial Universe. If the predictions of
some of the leading models for the origin of the hot big bang are borne out, CMB-S4 will detect primordial
gravitational waves. This detection would provide the first evidence for the quantization of gravity, reveal
new physics at the energy scale of grand unified theories, and yield insight into the symmetries of nature
and possibly into the properties of quantum gravity. Conversely, a null result would rule out large classes
of models and put significant strain on the leading paradigm for early-Universe cosmology, the theory of
cosmic inflation.

Cosmic inflation refers to a period of accelerated expansion prior to the hot big bang. During this
epoch, quantum fluctuations were imprinted on all spatial scales in the cosmos. These fluctuations seeded
the density perturbations that developed into all the structure in the Universe today. While we cannot yet
claim with high confidence that the Universe underwent cosmic inflation, the simplest models of inflation
are exceptionally successful at matching the data. Specifically, these predictions include small mean spatial
curvature and initial density perturbations drawn from a nearly Gaussian distribution with a variance that
is slightly larger on large scales than on small scales. Each of these predictions has been verified to high
precision.
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Figure 1: Forecast of CMB-S4 constraints in the ns—r plane for a fiducial model with r = 0.003. Also shown are the current best
constraints from a combination of the BICEP2/Keck Array experiments and Planck”. Models that naturally explain the observed
departure from scale invariance separate into two viable classes: monomial and plateau. The monomial models (V (¢) = u*"P¢F)
are shown for three values of p as blue lines for 47 < N, < 57 (with the spread in N, reflecting uncertainties in reheating, and
smaller N, predicting lower values of ns). This class is not completely ruled out by the data, but is disfavored. The plateau models
divide into those with plateaus near the scalar field origin, for which we include the quartic hilltop (green band) as an example,
and those with plateaus away from the origin, for which we include the tanh form (gray band) as an example, as this form arises
in a sub-class of a-attractor models®. Some particular realizations of physical models in the plateau class are also shown: the
Starobinsky model® and Higgs inflation® (small and large orange filled circles, respectively) and fibre inflation* (purple line). The
differing choices of V. for Higgs and Starobinsky reflect differing expectations for reheating efficiency.

The observed (weak) scale-dependence of the amplitude of density perturbations has quantitative impli-
cations for the detection of primordial gravitational waves. In the simplest class of models, the amplitude of
primordial gravitational waves is comparable to the deviation from scale invariance, quantified by ng — 1.
However, all inflation models that naturally explain the observed n; — 1 value, and that also have a
characteristic scale larger than the Planck mass, generate primordial gravitational waves above the
95% confidence upper limit that CMB-S4 can set (see Fig. 1 for example models). A well-motivated



sub-class within this set of models is detectable by CMB-S4 at 5¢.

Because the Universe has expanded by a tremendous amount since the time when primordial perturba-
tions were imprinted, CMB observations can probe physics at extraordinarily small length scales, up to 10'°
times smaller than those probed in terrestrial particle colliders. The CMB provides a unique window to test
new phenomena at these length scales. The observation and analysis requirements are also clear: we
must measure the polarization to high precision on angular scales from several arcminutes to degrees,
with exquisite control of astrophysical and instrumental systematics.

The CMB-S4 reference design has sufficient sensitivity to detect or tightly constrain the degree-scale B
modes generated by gravitational waves in many models, and to measure the amount of gravitational waves
(tensor perturbations), detecting or setting an upper limit on the tensor-to-scalar ratio . With an order of
magnitude more detectors than precursor observations, and exquisite control of systematic errors, we will
improve upon limits from previous observations by a factor of 5, allowing us to either detect primordial
gravitational waves or rule out a broad class of models with a super-Planckian characteristic scale.

Complementary to the search for gravitational waves, CMB-S4 will provide exquisite measurements of
primordial density fluctuations via E modes. The polarization sensitivity will surpass current measurements
of E-mode polarization, which are far from being sample-variance-limited. Because polarization has lower
Galactic foregrounds than temperature, we will improve measurements across the angular scales already
observed in temperature, and push to yet smaller angular scales. These polarization measurements will sig-
nificantly extend and enhance searches for non-power-law features in the primordial power spectrum, small
variations in the equation of state, and small departures from Gaussianity. All of these enables the broader
understanding and modelling of the mechanisms through which inflation (or similar models) happened.

The CMB is the most robust observable for non-Gaussianities to date and CMB-S4 will provide the
tightest constraints on the most compelling signatures, improving the constraints from the Planck satellite
by a factor of 2 for the local and orthogonal shapes. Additionally, non-Gaussianities can arise in models with
undetectably small gravitational wave production, and provide an independent handle on the early Universe.
To further tighten the constraints on non-Gaussianities, we can include information from galaxy surveys for
cross-correlation. When combined with Rubin-LSST, CMB-S4 is projected to constrain the local type
of non-Gaussianity fio° to o( i) < 1, a measurement that has the potential to rule out a large
class of inflationary models.

In any of these analyses, simulations play central roles in the modeling of the measurement uncertainties,
providing physically motivated bounds for potential biases from scales below the experiments’ sensitivities,
and the testing of pipelines. For constraining r, we need to remove two sources of astrophysical contami-
nants to the primordial B-mode measurement with high confidence. They are (1) polarized dust emission
and synchrotron radiation from the Milky Way galaxy and (2) gravitational lensing generated B-modes.
Having high fidelity simulations of the Galactic interstellar medium and magnetic field aids in predicting
the polarized dust emission and synchrotron radiation across the mm-wave bands, which enables confidence-
building in both constraining Galactic foregrounds and its impacts on estimating the lensing B-modes. For
the joint analysis with optical surveys, simulations with the same underlying density fluctuations will be
required to capture the covariance between each probe.
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