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1 EXECUTIVE SUMMARY

This report presents a concept for implementing a ground-based Cosmic Microwave Background
Stage-4 experiment (CMB-S4) designed to tackle questions about fundamental physics from the
earliest moments in the Universe through to the epoch of dark energy domination. CMB-54 will
search for inflation at one end of the energy scale, and for sub-eV particles at the other, including
neutrinos and as-yet-undiscovered light relics. CMB-S4 data will trace out the behavior of gravity
across cosmological distances and anchor our understanding of how structures form under the
gravitational collapse of dark matter moderated by the influence of baryons. These aims require
CMB measurements with sensitivity, precision, and accuracy far beyond those obtained to date,
roughly two orders of magnitude more sensitive than the summation of all measurements acquired so
far, and an order of magnitude more sensitive than Stage-3 experiments. To address this challenge,
the CMB community has come together to advocate a single comprehensive CMB-S4 experiment,
which has been endorsed by the 2014 report of the Particle Physics Project Prioritization Panel
(P5) Building for Discovery and the 2015 NAS/NRC report A Strategic Vision for NSF Investments
in Antarctic and Southern Ocean Research.

The charge to the Concept Definition Task Force (CDT) included the following tasks: delineating
transformative science goals unique to CMB-S4, along with the instrumental requirements needed
to achieve them; developing a strawperson design concept, including plans for its implementation
and a cost estimate range; evaluating the readiness of the technology and prioritizing development
areas for investment; and developing models for data management and collaboration. This report
presents the response of the CDT to the charge. The concept presented here is supported by work
from a broad community of CMB scientists. The report builds on community efforts as represented
in the first editions of the CMB-S4 Science Book and the CMB-S4 Technology Book. In defining
the concept, the CDT often consulted with experts from the community.

The two key elements of the CDT concept for CMB-S4 are; 1) it requires multiple cameras
and telescopes distributed across two sites; and 2) the experiment will be undertaken by a single
collaboration and run as one project. The magnitude of the increase in science reach and complexity
over existing CMB projects mandates the latter.

The CDT has identified the following transformative science goals for CMB-S4. The first two
translate to requirements that cross clear, critical science thresholds, which cannot be achieved
with the upgrades planned for the current (Stage-3) CMB experiments.

e The first goal and requirement for CMB-5S4 is to measure the imprint of primordial gravita-
tional waves on the CMB polarization anisotropy, quantified by the tensor-to-scalar ratio r.
Specifically, CMB-S4 will be designed to provide a detection of r > 0.003. In the absence of
a signal, CMB-S4 will be designed to constrain r < 0.001 at the 95% confidence level, nearly
two orders of magnitude more stringent than current constraints. This will test many of the
simplest models of inflation, including those based on symmetry principles, that occur at high
energy and large inflaton field range. The r requirements have been translated into measure-
ment requirements consistent with projecting out foregrounds and other contamination as
detailed in Appendix A.

e The second goal and requirement for CMB-S4 is to detect or strongly constrain departures
from the thermal history of the Universe predicted by the standard model of particle physics.
Many well-motivated extensions of the standard model to higher energies predict low-mass
relic particles. Departures from the standard history are conveniently quantified by the con-
tribution of light relic particles to the effective number of relativistic species in the early
Universe, Nog. CMB measurements are sensitive to the contribution of relic particles to the



energy density in the early Universe and therefore only depend on their interaction cross
sections with standard model particles through the temperature at which the light relics de-
couple from the standard model. CMB-S4 will constrain ANgg < 0.06 at the 95% confidence
level allowing detection of, or constraints on, a wide range of light relic particles even if they
are too weakly interacting to be detected by lab-based experiments. CMB-54 will be the most
robust and precise probe of the thermal history of our Universe, and will improve bounds on
the decoupling temperature compared to Stage-3 CMB experiments or planned large scale
structure surveys by a factor of a few for scalars, pushing it above the QCD phase transition,
and two orders of magnitude or more for particles with spin.

e The third goal for CMB-S4 is to provide a unique legacy survey of nearly half the sky at
centimeter to millimeter wavelengths. This powerful survey will complement and enhance
the Large Synoptic Survey Telescope (LSST) optical survey of the same region, as well as
other planned and yet-to-be-imagined surveys and data from both ground- and space-based
instruments. Gravitational interactions with dark matter and electromagnetic interactions
with baryonic matter leave signatures on the CMB as it traverses the expanse of the Universe.
CMB-S4 maps will thus provide highly complementary data for investigations of dark energy,
modifications to general relativity, and neutrino properties. For example, the CMB-54 legacy
survey will enable two independent determinations of the sum of the neutrino masses, using
weak gravitational lensing and the evolution of the number density of galaxy clusters. The
maps will also provide a unique and powerful probe of the influence of baryonic feedback on
the formation of galaxies and clusters of galaxies. This third CMB-54 science goal will have
the broadest benefit to both the cosmological and astronomical communities. The design of
CMB-54 should preserve the ability to provide this legacy science as much as possible without
substantially impacting the project cost or compromising the performance for r and Neg.

The first two science requirements drive the measurement requirements, which also satisfy those
for the last science goal. The science and measurement requirements are given in a Science Trace-
ability Matrix in the report. The main findings for the latter are:

e Deep measurements (noise levels < 1uK-arcmin) over exceptionally low foreground regions
covering 3% to 8% of the sky are required to meet the goals for r. These measurements
must have high fidelity and low contamination over a wide range of angular scales and fre-
quencies. Large-angular-scale measurements with resolution of order 30" at 90 GHz and well
determined beam properties and excellent control of systematic contamination are needed
to image the B-mode polarization signature of the primordial gravitational waves. Small-
angular-scale measurements with resolution of order 1/5 at 150 GHz are needed for removing
the contamination of the degree-scale B modes caused by gravitational lensing of the much
stronger CMB E-mode polarization (“delensing”).

e Multifrequency coverage is required for foreground mitigation. As current measurements have
shown, the rms fluctuation in Galactic foreground emission is an order of magnitude larger
than the predicted B-mode fluctuations for » = 0.001, even in the cleanest regions of sky.
Simulations based on the current best knowledge of the dust and synchrotron foreground
emission indicate CMB-S4 can meet its r goals using nine frequency bands spanning 20 GHz
to 270 GHz for the low-angular-resolution measurements. Fewer bands are needed for the
high-angular-resolution delensing, N.g, and sky survey data.

e High-resolution (< 1'.5) measurements at a noise level of ~1uK-arcmin over a sky coverage
of 40% are required to meet the Nyg goals.



The CDT has defined and costed a strawperson design concept that will meet these measurement
requirements and therefore achieve the CMB-S4 science goals. In the development of the design
concept, the CDT made extensive use of simulations based on our current understanding of the
expected level and complexity of the foreground emission. Noise levels in the simulations are
based on assumptions for the instrumental performance that are directly scaled from existing CMB
instruments. These simulations are described in more detail in Appendix A. The strawperson
design concept is based around two surveys with instrumentation configured as follows:

e An r survey covering 3% to 8% of the sky to be conducted using 1) fourteen 0.5-m aper-
ture cameras, each measuring in two of the eight targeted frequency bands between 30 and
270 GHz; and 2) a 6-m class telescope equipped with detectors distributed over seven bands
from 20 GHz to 270 GHz. Measurements at degree angular scales and larger by cameras with
~ 0.5 m apertures have been demonstrated to deliver high-fidelity, low-contamination polar-
ization measurements at these scales. The combination of small-aperture cameras with the
6-m telescope therefore provides low-resolution B-mode measurements with excellent control
of systematic contamination, as well as the high-resolution measurements required for de-
lensing. Simulations indicate that a four-year survey!'with the above configuration should be
sufficient to achieve the » < 0.001 upper limit requirement or a 50 detection for r > 0.004.
Up to an additional four years are estimated to be required to achieve a 50 detection for
r > 0.003. The total detector count is of order 170,000 for the 0.5-m cameras and 70,000 for
the 6-m telescope, with the bulk of the detectors allocated to the 85 GHz to 270 GHz bands.

e An N survey covering 40% of the sky to be conducted over seven years using two 6-m class
telescopes, each equipped with order 70,000 background-limited detectors distributed over
seven frequency bands spanning 20 GHz to 270 GHz, with the bulk of the detectors allocated
to the 95 GHz and 145 GHz bands.

The surveys will be conducted from both the Chilean and South Pole sites. The South Pole
site provides superior atmospheric stability, and its unique geographical location enables continuous
observation of a small low-foreground patch of the sky but restricts the total sky coverage available.
The Chilean site is also exceptional for mm-wave observations and provides access to the 40% sky
coverage required to meet the N.g and legacy science goals. The optimal distribution of the 6-m
and small-aperture cameras between the two sites has not been determined and has little effect on
cost.

The CDT developed a comprehensive cost-estimating tool to capture all aspects of the experi-
ment, with fidelity appropriate for a concept design, taking care not to miss any scope that might
drive the cost. The CDT costing exercise included an optimization of cost versus experiment con-
figuration, identified the major cost drivers, and is informative for the planning of pre-construction
technology development. A preliminary estimate of the operations cost was also developed. A panel
of DOE experts reviewed the CDT costing approach on 12 September 2017 and recommendations
from that review have been included in the cost estimate.

The total project cost for the CDT design concept is $412 M in 2017 dollars, including 45%
contingency. The construction project effort is 21%, 32%, and 10% of the total project cost for
scientists (non-DOE lab), engineers, and technicians, respectively. The top-level management effort,
which includes the project manager, project controls, agency reviews, safety, quality assurance, and
outreach, is estimated at 10% of the total project cost, with 10% contingency. The cost assumptions

'Here and throughout this report, observing times are given in “wall-clock” years. All overheads, inefficiencies, site,
and instrumental factors are included in the calculations of data quality that would be achieved. See the right-hand
column of Table 1 and Appendix A for details.



do not include potential savings from the use of legacy instrumentation that may be available at
each site.

The CDT finds that CMB-S4 can be developed based on existing technology and computation
and data-management models used in Stage-3 experiments. Pre-project investments in technology
development will reduce risks in cost, schedule, and performance. The CDT recommends invest-
ments to improve the reliability and production throughput of detector and readout components,
and the continued development of a simulation framework to evaluate instrument designs and
systematics.

The CDT finds that the project timeline also benefits from the prior experience with designing
and deploying CMB experiments. The project schedule to deliver the strawperson concept allows
two years for design and development, four years for construction, and two years for commissioning.
Allowing for some overlap of these phases, the CDT baselines seven years to deliver the project for
the start of operations.

The design concept is highly modular and thus allows flexibility in staging the project imple-
mentation. Funding considerations and the specific prioritization requirements for the agencies
will impact the timeline, however, with DOE and NSF having different constraints. It is therefore
advantageous to work with DOE and NSF to develop a staged implementation plan that leads to
the full CMB-S4 program, and the report gives one such example.

Lastly the report offers suggestions for establishing the CMB-S4 collaboration and its relation-
ship to the CMB-54 project. The CDT notes that the informal grass-roots CMB-S4 collaboration
has been highly effective, and is pleased to report that the collaboration is taking steps to establish
the formal collaboration over the next several months.



2 SCIENCE JUSTIFICATION AND GOALS

2.1 Overview

Since the first detection of the cosmic microwave background (CMB) over 50 years ago, CMB
measurements have continuously transformed our understanding of the early Universe. Measure-
ments of the CMB using ground-based, balloon, and satellite experiments have provided conclusive
evidence that our Universe evolved into its present state from an early hot, dense state; have de-
termined the age and the composition of our Universe at the percent level; and have provided the
strongest evidence that dark matter cannot consist of non-luminous baryonic matter. Furthermore,
observations of the polarization of the CMB have demonstrated in a model-independent way that
the observed fluctuations in CMB intensity were already present around the time of recombination
and, according to Einstein’s theory of general relativity, must have been generated by some pro-
cess long before the moment when our Universe became filled with a hot and dense plasma (i.e.,
the “hot big bang”). As a consequence, measurements of the CMB provide us with a remarkable
opportunity to study the earliest moments of our Universe.

Observations have nearly exhausted the information accessible in primary temperature
anisotropies, and Stage-3 experiments have just begun to make precise measurements of the po-
larization of the CMB as well as measurements of secondary effects such as the weak gravitational
lensing of the CMB by large-scale structure and the thermal and kinetic Sunyaev-Zel’dovich effects
(tSZ and kSZ). CMB-54 is the natural next step for the CMB program. It will exploit the enormous
potential of CMB measurements to once again transform our understanding of the early Universe
and particle physics, fulfilling the goals set out in the 2010 Astronomy and Astrophysics Decadal
Survey and the 2014 report of the Particle Physics Project Prioritization Panel to search for pri-
mordial gravitational waves as well as light relic particles. In doing so, CMB-S4 will also constrain
neutrino properties and provide critical measurements of the evolution of cosmic structure from
the early universe to the present day, advancing a key goal of the 2010 Decadal Survey.

2.2 Gravitational Waves and Inflation

CMB-54 will be exquisitely sensitive to the imprint of primordial gravitational waves left on the
CMB. According to Einstein’s general theory of relativity, any gravitational waves present at re-
combination with wavelengths observable by CMB-S4 must have been generated before the hot big
bang, and are pristine relics from the primordial Universe. Because these gravitational waves are
fluctuations in the metric of spacetime itself rather than fluctuations in the density, a detection
would open a new window into the early Universe and would transform our understanding of several
aspects of fundamental physics. For the foreseeable future, precision measurements of the CMB
polarization are our only way to detect primordial gravitational waves.

Inflation, a period of accelerated expansion of the early Universe, is the leading paradigm for ex-
plaining the origin of the primordial density perturbations that grew into the CMB anisotropies and
eventually into the stars and galaxies we see around us. The majority of inflationary models predict
that the primordial density perturbations are adiabatic, Gaussian, and nearly scale-invariant, in
agreement with existing observations.

In addition to creating primordial density perturbations, the rapid expansion of spacetime cre-
ates primordial gravitational waves that imprint a characteristic polarization pattern onto the CMB.
Many models of inflation predict a signal large enough to be detected with CMB-S4. Because the
polarization pattern is due to quantum fluctuations in the metric of spacetime generated during
inflation, it would provide insights into the quantum nature of gravity. The strength of the signal is
encoded in the tensor-to-scalar ratio r, the ratio of the power stored in gravitational waves relative



to that in the already measured density perturbations. Its value provides a measurement of the
expansion rate of the Universe during inflation. The Friedmann equation would then provide us
with the inflationary energy scale. CMB-S4 will be able to detect primordial gravitational waves
for r > 0.003, and a detection would point to inflationary physics near the energy scale associated
with grand unified theories. As a consequence, a detection would provide additional evidence in
favor of the idea of the unification of forces, and would probe energy scales far beyond the reach
of the LHC or any conceivable collider experiment. The knowledge of the energy scale of inflation
would have broad implications for many other aspects of fundamental physics, including ubiquitous
ingredients of string theory like axions and moduli, fields that control the shapes and sizes of the
compact dimensions.

In the absence of a detection, the upper limit of » < 0.001 at 95% CL achievable by CMB-S4 is
nearly two orders of magnitude stronger than current limits, and an order of magnitude stronger
than projected limits for Stage-3 experiments. The CMB-S4 measurement would significantly
advance our understanding of inflation. It would rule out large classes of inflationary models and
dramatically impact how we think about the theory. To some, the remaining class of models would
be contrived enough to give up on inflation altogether.

Furthermore, CMB-54 is in a unique position to probe the statistical properties of primordial
density perturbations through measurements of primary anisotropies in the temperature and polar-
ization of the CMB on small angular scales with unprecedented precision. The Planck satellite has
recently detected the departure from scale-invariance of the power spectrum of primordial density
perturbations, assuming that a power law characterized by a spectral index ng. CMB-S4 would
decrease the uncertainty on the spectral index of density perturbations by more than a factor of
two, would similarly improve existing constraints on the so-called running, the scale-dependence of
the spectral index, by a factor of two to three, and would tighten departures from adiabaticity by
as much as a factor of five.

The degree of Gaussianity of the perturbations provides a direct probe of the couplings and field
content of inflation. Planck has recently placed tight constraints on departures from Gaussianity.
CMB-54 alone will tighten constraints on all types of non-Gaussianity by factors of two to three. By
itself it is not able to improve the current constraints on local non-Gaussianity of fll\?fal =0.8+5to
the levels predicted by many models. However, the combination of the mass map made by CMB-54
using gravitational lensing of the CMB with data from wide area, photometric galaxy surveys has
the potential to improve the constraints on local non-Gaussianity by an order of magnitude or more.
A discovery of fii¢® > 1 would rule out all inflation models with only a single “clock”, and shed
light on models where light degrees of freedom other than the inflaton contribute to the observed
fluctuations. Many alternative models predict fll\?fal ~ O(1), while the most popular models predict
e

2.3 Light Relics

Light particles that are stable on cosmological time scales appear in many attempts to understand
both the observed laws of physics and their extensions to higher energies. These light particles
are often deeply tied to the underlying symmetries of nature and can play crucial roles in un-
derstanding some of the major outstanding problems in physics. In most cases, these particles
interact too weakly to be produced at an appreciable level in Earth-based experiments, making
them experimentally elusive. At the very high temperatures believed to be present in the early
Universe, however, even extremely weakly coupled particles can be produced prolifically and can
reach thermal equilibrium with the Standard Model particles. Light particles (masses less than 0.1
eV) produced at early times survive until the time when the CMB decoupled from the baryons



and observations become possible. Neutrinos are one example of such a relic found in the Stan-
dard Model. Extensions of the Standard Model also include a wide variety of possible light relics
including axions, sterile neutrinos, hidden photons, and gravitinos. As a result, the search for light
relics from the early Universe with CMB-S4 can shed light on some of the most important questions
in fundamental physics, complementing existing collider searches and efforts to detect these light
particles in the lab.

Light relics contribute to the total energy density in radiation in the Universe and significantly
alter the power spectrum of the CMB at small angular scales (high multipole number ¢). The
energy density in radiation controls both the expansion rate of the Universe at that time and the
fluctuations in the gravitational potential in which the baryons and photons evolve. Through these
effects, CMB-S4 can provide an exquisite measurement of the total energy density in light, weakly
coupled particles.

The contribution to the energy density from relativistic particles is conventionally parametrized
by the quantity N.g, defined so that a species of light relics that was in equilibrium with the standard
model particles and decoupled just before electrons and positrons annihilate contributes AN.g = 1.
In this convention, the contribution from each family of active neutrinos is AN.g =~ 1.015, just
above unity both because of QED corrections and because neutrinos have not quite decoupled
when electron-positron freeze-out begins.

After a species of light relics decouples from the standard model, its temperature redshifts
like the inverse of the scale factor. The weaker their interactions with the standard model, the
earlier light relics will decouple. The earlier decoupling occurs, the more species of standard model
particles will freeze out after the light relic decouples, heating the remaining species of standard
model particles relative to the light relics. As a consequence, the more weakly a particle couples
to the standard model, the higher its decoupling temperature and the smaller its contribution to
Neg. Thus, precise measurements of Neg provide an opportunity to detect light relic particles, or
to constrain their properties.

Data from the Planck satellite provide constraints of AN.g < 0.4 at 95% CL and imply that no
light relic can interact with the standard model strongly enough to remain in equilibrium below 40
MeV. Future large scale structure surveys and Stage-3 CMB experiments are expected to improve
this constraint to ANeg < 0.13 at 95% CL and will exclude light relics that are in equilibrium
with the standard model at temperatures below ~ 170 MeV. With the ability to constrain the
contribution from light relics to ANgg < 0.06 at 95% CL, CMB-S4 will provide the most precise
and robust constraints and will extend our knowledge to temperatures beyond the QCD phase
transition and exclude any light relics that decouple below 400 MeV. Particles with spin are more
strongly constrained and the improvements are more dramatic. Whereas Stage-3 experiments would
exclude particles with spin that decouple below 260 MeV, CMB-S4 will improve this constraint by
over two orders of magnitude and exclude spin-1/2 particles below 30 GeV and has the potential
to disfavor light relics of spin 1 entirely.

In general, these constraints are model-dependent and could be altered if there were degrees of
freedom beyond the standard model that annihilate or decay into standard model particles after the
light relics decouple. States that annihilate into standard model particles at temperatures below
the electroweak scale are strongly constrained by the LHC, so that the limits on spin-0 and spin-1/2
particles are robust. CMB-5S4 in combination with data from the LHC has the capability to exclude
light relics of spin-1 that decouple after the electroweak phase transition even if they interact too
weakly to be detected at the LHC. Late-decaying particles are less constrained and could dilute the
effect of a relic particle if they exclusively decayed into standard model particles. However, in many
models including models inspired by string theory in which the late-decaying particles are moduli,
the effect is to increase Neg, so that CMB-S4 will place tight constraints on any such model. More



generally, CMB-S4 will tightly constrain any departure from the thermal history expected in the
standard model, providing order-of-magnitude improvements on the decoupling temperature over
Stage-3 CMB experiments as well as current and planned large-scale structure surveys.

2.4 Neutrino Masses

Neutrinos are the least explored corner of the Standard Model of particle physics. The 2015 No-
bel Prize recognized the discovery of neutrino oscillations, which shows that neutrinos have mass.
However, the overall scale of the masses and the full suite of mixing parameters are still not mea-
sured. A major effort is underway to study their properties in short- and long- baseline as well as
neutrinoless double beta decay experiments. Short- and long- baseline experiments probe different
mass-square differences, while neutrinoless double beta decay experiments probe a specific combi-
nation of the entries of the neutrino mass matrix. Cosmology offers a unique and complementary
view of neutrinos, because they were produced in large numbers in the high temperatures of the
early Universe and left a distinctive imprint in the CMB and the large-scale structure of the Uni-
verse. Cosmological probes are sensitive to the sum of the neutrino masses. Therefore, CMB-54
and large-scale-structure surveys together will have the power to detect properties of neutrinos
that supplement those probed by terrestrial experiments. In the simplest model with three active
neutrinos, CMB-S4’s lensing measurements are redundant and allow for interesting consistency
checks. In models that contain additional sterile neutrinos, the measurements provide completely
complementary information and can potentially distinguish between different models.

Baryon Acoustic Oscillation (BAO) surveys such as DESI, PFS, Euclid, and WFIRST comple-
ment CMB-54’s lensing measurements by breaking the degeneracy of the sum of neutrino masses
with €,,. The precision of CMB-54 is approximately a factor of two greater than that for Stage-3
experiments (with current BAO data) and will allow for a measurement of the sum of neutrino
masses through weak gravitational lensing of the CMB even for the minimum mass in the normal
mass hierarchy. The measurement will be limited by our knowledge of the optical depth to re-
combination 7, so that more precise measurements of 7 by experiments like CLASS or LiteBIRD
would further increase the sensitivity to the sum of neutrino masses through weak lensing. In
addition, CMB-54 will independently measure the sum of neutrino masses through cluster counts,
with comparable sensitivity.

2.5 Evolution of Cosmic Structure

CMB-54 is a unique and powerful tool to study the evolution of cosmic structure because of two
key capabilities. It will be able to trace, with unprecedented precision, the distribution of normal,
baryonic matter in its dominant, ionized phase, using the tSZ effect, and it will be able to map the
total mass distribution (dominated by dark matter) through the lensing of CMB anisotropies.
Utilizing the redshift independence of tSZ measurements, CMB-S4 will trace the evolution of
massive galaxy clusters, from the first objects formed at z ~ 3 to the present day. The abundance
of massive clusters is very sensitive to the amplitude of matter perturbations as a function of cosmic
time, og(z), and through this to a broad range of cosmological parameters, such as those describing
the mean matter and dark energy densities, the dark energy equation of state, modifications to
gravity, and the species-summed neutrino mass. Key to using clusters as cosmological probes is
accurate mass calibration. Using CMB lensing, CMB-S4 will provide percent-level mass calibration,
extending (and cross-checking) the work of LSST at z < 1 out to the highest redshifts at which
clusters exist, thereby opening up the full redshift lever arm of clusters for cosmological work.
CMB-5S4 will also constrain cosmological parameters by measuring the power spectrum of matter
perturbations through CMB lensing. While CMB lensing alone provides an integrated measure of



the matter power spectrum, cross-correlation with other astrophysical tracers, such as the galaxy
catalogs from LSST, WFIRST and Euclid, can yield both higher signal-to-noise ratios and enable
reconstruction as a function of redshift. In this way, CMB-S4 will extend power spectrum mea-
surements from cosmic shear lensing surveys to much higher redshifts, potentially to z ~ 7 with
appropriate astrophysical tracers.

CMB-54 will probe the relation between baryons and dark matter in the cosmic web. Cross-
correlations of CMB lensing with galaxy catalogs will also determine the galaxy-mass cross power
spectrum, establishing constraints on galaxy bias and informing galaxy formation models. By
stacking observations of the tSZ and kSZ on objects found in other wide-field surveys (e.g., LSST,
WFIRST, and Euclid), CMB-S4 will measure the thermal content and spatial distribution of the
circumgalactic medium for galaxies, groups, and clusters as a function of redshift, out to redshifts
extending beyond the peak of cosmic star formation (z > 2). CMB-S4 will quantify dust produc-
tion and star-formation activity, linking such measurements to host dark matter halo mass and
the local dark matter environment through CMB lensing measurements. As a result, CMB-S4
will provide unique information on astrophysical feedback mechanisms, the largest uncertainty in
models of galaxy formation. These measurements are complementary to future X-ray observato-
ries such as Athena and eROSITA. While X-ray observations will provide detailed thermodynamic
measurements in the inner regions of individual groups and clusters, CMB-54 will trace the mean
properties of these systems out to many virial radii. Astrophysical feedback is also the largest
source of theoretical systematic uncertainty for all Stage-4 weak lensing surveys, including LSST,
Euclid, and WFIRST. Feedback effects can alter the matter power spectrum by 20-30% over the
range of scales and redshifts that weak lensing surveys will study with (galaxy) lensing. CMB-S4
can help to resolve this issue by directly measuring the baryon profiles of the halos that dominate
the signal, which are group-size and larger (M > 10125Mg,/h).

Precise measurements of the kSZ effect will additionally enable us to map the momentum field
of large-scale structure, providing independent constraints on cosmological parameters that are
complementary to those from density fluctuation measurements such as cluster counts. The mean
pairwise velocity of galaxy clusters, for example, will provide a precise probe of gravity on large
scales, while the kSZ power spectrum will constrain the time and duration of reionization.

Finally, the CMB-S4 catalogs of galaxy clusters and high-redshift galaxies will provide the defini-
tive target list for a broad range of astrophysics at other wavelengths, providing strong, natural
synergies with leading contemporary observatories such as Athena, CHIME, DESI, eROSITA Eu-
clid, LSST, PFS, SKA, and WFIRST. Here the value of the cluster catalog will be primarily driven
by the clusters at the highest redshifts. CMB-S4 will further push millimeter galaxy counts to flux
densities below 10 mJy to reveal and study the unlensed population. With sufficient angular reso-
lution and sensitivity, CMB-S4 will also make the first detection of the polarized SZ signal sourced
by the scattering of the remote CMB quadrupole off the free electrons located in galaxy clusters.
This signal holds great promise for both future astrophysical applications (e.g., probing the ionized
gas distribution in halos as a function of mass and redshift) and cosmological constraints (e.g.,
measuring the optical depth 7 with an uncertainty smaller than the primary CMB cosmic variance
limit via reconstruction of the E-mode power spectrum using the remote quadrupole information
from the polarized SZ).



3 SCIENCE AND MEASUREMENT REQUIREMENTS

3.1 Measurement Challenges

The ambitious science goals laid out in the previous section will require significant advances, not
only in raw sensitivity but also in control of foregrounds and instrumental systematics. As discussed
in detail in the CMB-S4 Science Book (Abazajian et al. 2016) and in previous publications (Abaza-
jlan et al. 2015a,b), attaining the desired levels of sensitivity to the signatures of gravitational
waves and light relics in the CMB necessitates first and foremost at least an order-of-magnitude
increase in the raw number of detectors on the sky compared to Stage-3 experiments. These works
also noted that foreground mitigation will be crucial for CMB-S4, particularly in the pursuit of the
gravitational-wave signal. To minimize contamination from Galactic foregrounds, it is clear that
multiple frequency channels are required. It is known from analysis of BICEP /Keck and Planck
data (BICEP2, Keck Array and Planck Collaborations 2015) that, if unsubtracted and unmod-
eled, Galactic dust imparts a bias to the measurement of the tensor-to-scalar ratio r at 150 GHz
at a level two orders of magnitude above the target o(r) for CMB-S4. Synchrotron emission is
expected to impart a similar bias at lower frequencies. At least one frequency channel is required
to remove each of these contaminants, and multiple channels will be needed for each component if
the behavior of these foregrounds is not perfectly uniform across the survey. Galactic foregrounds
are also reduced by observing a patch or patches of sky with as low as possible column density of
Galactic material. This consideration—and optimizations of raw sensitivity—drive a survey for the
degree-scale gravitational-wave signal to small patches of sky (<10%).

The other major foreground to gravitational-wave searches, one which cannot be mitigated
with frequency coverage, is the signal from gravitational lensing. Scalar density perturbations
in the early Universe produce only even-parity (“E-mode”) patterns in the CMB polarization to
first order, while gravitational-wave perturbations also produce o