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2.1 Introduction
CMB anisotropies contain information about
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• primordial tensor perturbations
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2.1

Introduction

The small anisotropies in the cosmic microwave background radiation contain invaluable information about
the primordial universe. On the one hand, they encode the properties of the primordial scalar (or density)
perturbations and hence the matter sector of the primordial universe. CMB-S4 will significantly improve
current constraints on primordial observables in the scalar sector, typically by a factor of at least five. On
the other hand, on degree scales a polarization pattern known as B-mode polarization would reveal the
existence of primordial tensor modes or gravitational waves. In the tensor sector, CMB-S4 will improve
current constraints by almost two orders of magnitude. This is especially interesting because it allows this
next generation instrument to reach theoretically well-motivated thresholds for the tensor-to-scalar ratio
(the ratio of power in tensor modes to power in scalar modes), which consequently serves as the primary
inflationary science driver for the design. A detection of primordial gravitational waves in the range accessible
to this instrument would:
• Reveal a new scale of particle physics far above those accessible with terrestrial particle colliders.
• Rule out the only currently developed competitor to inflation (ekpyrotic scenario)
If, in addition, we can conclusively determine that any detected signal is dominated by vacuum fluctuations
then a detection would also
• Identify the energy scale of inflation.
• Provide strong evidence that the complete theory of quantum gravity must accommodate a Planckian
field range for the inflaton.
• Provide strong evidence that gravity is quantized, at least at the linear level.
• Constrain the mass of the graviton
In the absence of a detection CMB-S4 will rule out large classes of inflation models.
In Section 2.2 we review in detail what a detection of primordial gravitational waves would mean and what
follow-up measurements should or could be done to further characterize any signal. Section 2.3 explains
the implications of a robust upper limit of r < 0.001. Section 2.4 lays out what is required to achieve that
goal. The final two sections describe the significant gains CMB-S4 will allow in constraining other aspects of
the primordial universe, both standard and more speculative. These include characterizing the scalar power

2.1 Introduction
To-do list for introduction
Currently focused on gravitational waves
(because they are the inflationary science driver).
• (Where) should we take a step back and mention that
a detection of gravitational waves would provide a
completely new (and quite model-independent) way to
look at the primordial universe?
• Given the high resolution of CMB-S4, should we say
more about constraints on scalar density
perturbations, point out it provides access to an
additional e-fold, etc?
• Should we add implications of high-scale inflation for
other areas?
• How else can we make it stronger?

2.2 Implications of Detection
• General introduction to scalar and tensor
perturbations, power spectra and angular power
spectra
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spectrum, constraining curvature, non-Gaussianity, isocurvature modes, further probes of CMB ‘anomalies’
and test/constraints of cosmic strings.

2.2

Implications of a detection of primordial gravitational waves
with CMB-S4

The overall evolution of the universe is well modeled by a Friedmann-Lemaı̂tre-Robertson-Walker line element
�
�
dr2
2
2
ds2 = −dt2 + a2 (t)
+
r
dΩ
,
(2.1)
1 − kr2

where k = ±1 allows for spatial curvature and the time evolution is specified by the scale factor, a(t). The
Hubble parameter, H = ȧ/a, gives the rate of expansion of the universe.
The existence of primordial Helium and the cosmic microwave background radiation provide strong evidence
for a hot big bang, a period during which the universe was dominated by radiation before it became
dominated by matter and eventually dark energy. In the context of general relativity, observations of the
cosmic microwave background furthermore provide strong evidence for a period preceding the hot big bang
during which the co-moving Hubble radius, (a|H|)−1 , was decreasing with time: the measured average CMB
temperature and the statistics of the measured anisotropies are the same over regions that otherwise share
no causal history.
In an expanding universe a decreasing co-moving Hubble radius requires an era of accelerated expansion,
ä > 0, cosmic inflation. Such a period will drive the spatial curvature close to zero, in good agreement with
current observations. Thus, we will assume spatial flatness and set k = 0 for most of the discussion, but
will return to constraints on the curvature in Section 2.6. Since the period of cosmic inflation must end,
there must exist a clock, or scalar degree of freedom. According to the uncertainty principle this clock must
fluctuate, generating density perturbations that are adiabatic. In the most economic scenarios, these density
perturbations are the seeds that grow into the anisotropies observed in the cosmic microwave background
radiation and the stars and galaxies around us. Other degrees of freedom could, of course, also be present
during this phase and might even be responsible for the generation of density perturbations we observe.
(Mention isocurvature modes here?)
Alternatively, the phase of decreasing co-moving Hubble radius could have occurred during a period of
decelerating contraction which must then be followed by a bounce as in the ekpyrotic or matter bounce
scenarios.
For these early times, the ADM formalism provides a convenient parametrization of the line element
ds2 = −N 2 dt2 + hij (dxi + N i dt)(dxj + N j dt)
hij = a2 (t)[e2ζ δij + γij ] .

(2.2)

The equations of motion for N (the lapse) and N i (the shift) are the Hamiltonian and momentum constraints,
while ζ (= −R of Planck) and γij contain the dynamical scalar and tensor degrees of freedom. In scenarios
with matter sources other than a scalar field there may also be vector perturbations. These rapidly decay
and can be neglected unless they are actively sourced in the post-inflationary universe, e.g. by cosmic strings.

2.2 Implications of a detection of primordial gravitational waves with CMB-S4
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Because the equations of motion are invariant under translations and the perturbations are linear or nearly
so, it is convenient to work with the Fourier transforms
�
� � d3 k
d3 k
�
�k)ei�k·�x + h.c.
ζ(t, �x) =
ζ(t,
and
γ
(t,
�
x
)
=
γ (t, �k)eij (�k, s)eik·�x + h.c. , (2.3)
ij
3) s
(2π 3 )
(2π
s
where eij (�k, s) is the transverse traceless polarization tensor for the graviton. The solutions oscillate when
the modes are deep inside the horizon, k � aH. By definition, the modes exit the horizon when k = aH
and in single-field models approach a constant outside the horizon when k � aH.
The statistical properties of the scalar and tensor fluctuations, ζ and γs , at times suﬃciently late so that
they have frozen out provide the link between the primordial era and the CMB as well as other probes of the
structure of the late universe. For a universe that is statistically homogeneous and isotropic and in which
the primordial fluctuations are Gaussian, the information about the statistical properties is contained in the
two-point correlation functions

2

2π
�ζ(�k)ζ(�k � )� = (2π)3 δ 3 (�k + �k � ) 3 Pζ (k)
k
2π 2 1
�
3
3
�γs (�k)γs� (�k )� = (2π) δss� δ (�k + �k � ) 3 Pt (k)
k 2
(2.4)
where the factor of 1/2 in the second to last line accounts for the fact that the measured power includes
contributions from each of the two graviton polarizations. In single field slow-roll inflation, the gauge
invariant combination of metric and scalar field fluctuations that is conserved outside the horizon has the
power spectrum
� �2 ��
1
H �
Pζ (k) =
(2.5)
�
2
2�Mp 2π �
k=aH
√
where � = −Ḣ/H 2 is the first slow-roll parameter, and Mp = 1/ 8πG is the reduced Planck mass. As
indicated, the Hubble parameter and � are to be evaluated at horizon exit when the wavenumber k is equal
to the inverse comoving Hubble radius. In the absence of additional sources, the tensor power spectrum
generated by inflation is
� �2 ��
8
H �
Pt (k) = 2
(2.6)
�
Mp 2π �
k=aH

It is convenient to introduce the logarithmic derivatives of these power spectra
ns (k) − 1 ≡

d ln Pζ
d ln k

and

nt (k) ≡

d ln Pt
.
d ln k

(2.7)

If the Hubble rate and slow-roll parameter only weakly depend on time as in slow-roll inflation, these will
be ns (k) ≈ 1 and nt (k) ≈ 0 and can be expanded around a pivot scale k� accessible by the CMB
�
�
dns (k) ��
dnt (k) ��
ns (k) − 1 = ns − 1 +
ln(k/k
)
+
.
.
.
and
n
(k)
=
n
+
ln(k/k� ) + . . . (2.8)
�
t
t
d ln k �k�
d ln k �k�
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In this approximation, the power spectra are
s
� �ns −1+ 12 ddn
ln k |k=k� ln(k/k� )+...
k
Pζ (k) = As
,
k�
t
� �nt + 12 ddn
ln k |k=k� ln(k/k� )+...
k
Pt (k) = At
,
k�

(2.9)

where As , At are the scalar and tensor amplitudes, and ns and nt , are the scalar and tensor spectral index,
respectively, both at the pivot scale. The tensor-to-scalar ratio, r, is the relative power in the two types of
fluctuations at a chosen pivot scale k� accessible by the CMB
r=

At
As

(2.10)

The power spectra of ζ and γs are time-independent as long as the modes are outside the horizon, and only
begin to evolve once the modes of interest re-enter the horizon at late times. In particular, they set the
initial conditions for the system of equations governing the time evolution of the universe from around 109
K when electrons and positrons have annihilated to the present. To exhibit the link between the primordial
perturbations and late time observables explicitly, note that in a spatially flat universe, the contributions
of primordial scalar perturbations to the angular power spectra of temperature or E-mode anisotropies are
given by
�τ
�2
�� 0
�
�
�
�
dk
(S)
(S)
CXX,� =
Pζ (k) �� dτ SX (k, τ )j� (k(τ0 − τ ))�� ,
(2.11)
k
�
�
0

(S)
SX (k, τ )

where
with X = T, E are source functions that encode the physics of recombination and j� is a
spherical Bessel function that encodes the (spatially flat) geometry of the universe. At linear order, scalar
perturbations only contribute to angular power spectra of temperature and E-mode polarization and the
cross-spectrum of temperature and E-mode polarization, while the tensor perturbations in addition generate
B-mode polarization. The primordial contribution of the tensor perturbations to the angular power spectrum
of B-modes is
�τ
�2
�� 0
�
�
�
�
dk
(T
)
CBB,� =
Pt (k) �� dτ SB (k, τ )j� (k(τ0 − τ ))�� .
(2.12)
k
�
�
0

where

(T )
SB (k, τ )

is the appropriate source function.

At present, bounds on the tensor contribution to the temperature and E-mode anisotropies are comparable to
constraints on the tensor-to-scalar ratio from B-mode observations. The former constraints are now cosmic
variance limited. There is no limit on the latter from cosmic variance, and improvements and a potential
detection with CMB-S4 will rely on measurements of B-mode polarization on degree scales.
Constraints on the amplitude of primordial tensor modes already strongly disfavor once popular inflationary
models like minimally coupled chaotic inflation with a quadratic potential. We will discuss in detail what a
detection of primordial gravitational waves would imply for inflation in the next several sections, but it is
also important to note that a detection would rule out contracting universe scenarios. A contracting universe
can also put large scales in causal contact if the scale factor a is nearly constant while the magnitude of the
Hubble parameter increases. This means the spectrum of gravitational wave fluctuations will be very blue
[220]. In addition the Hubble parameter at the end of the contracting phase can be approximately bounded
(minimally, H < Mp , or H ∼ Treheat ) and so the value of H that sets the amplitude of tensor fluctuations on
scales accessible through the CMB must be exponentially smaller. The vacuum fluctuations in a contracting
universe are then far too small to be detected [76].
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where the factor of 1/2 in the second to last line accounts for the fact that the measured power includes
contributions from each of the two graviton polarizations. In single field slow-roll inflation, the gauge
invariant combination of metric and scalar field fluctuations that is conserved outside the horizon has the
power spectrum
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where � = −Ḣ/H 2 is the first slow-roll parameter, and Mp = 1/ 8πG is the reduced Planck mass. As
indicated, the Hubble parameter and � are to be evaluated at horizon exit when the wavenumber k is equal
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The energy scale of inflation

According to the inflationary prediction for the amplitude of primordial gravitational waves, Eq. (2.6), a
detection provides a direct measurement of the Hubble scale during inflation. In single field slow-roll models,
Eq. (2.5), the value of the amplitude of the power spectrum of scalar fluctuations measured by the Planck
satellite together with the Friedmann equation 3H 2 Mp2 ≈ V determine the energy scale of inflation in terms
of r (all at the pivot scale k� = 0.05 Mpc−1 )
V 1/4 = 1.04 × 1016 GeV

� r �1/4
�
,
0.01

(2.13)

so that a detection of primordial gravitational waves determines the energy scale of inflation to within a few
per cent.
In more general models of inflation the relation can be modified by changing the power in the scalar sector
so that a detection only determines the order of magnitude of the new energy scale. Familiar examples are
models in which the speed of sound of the inflaton quanta diﬀers from unity or multi-field models. The extent
to which the relation can be modified is bounded by constraints on non-Gaussianity. be more specific In
other examples string or particle production events source gravitational waves [105, 318]. To maximize the
production of gravitational waves, the field χ creating and annihilating the quanta should be massless, since
massive particles contribute a smaller quadrupole moment and are a weaker source of gravitational waves [42].
Furthermore, χ should be a stronger source of tensor than of scalar modes, because the properties of the
latter are tightly constrained by current bounds on the bispectrum [43], and in some models by constraints
on the running of ns [265]. Current bounds on an equilateral bispectrum imply that scenarios in which the
inflaton is directly coupled to the additional field sourcing gravitational waves cannot lead to a signal that
is parameterically larger than the vacuum signal [42, 148, 269, 358]. So in this case, a detection remains
a good indicator of the scale of inflation. Improved constraints on non-Gaussianity (see Section 2.5) will
equil
further restrict these scenarios. A bound fNL
<? achievable with CMB-S4 would constrain these scenarios
to contribute at most xx% of any gravitational wave signal.
To evade constraints from scalar non-Gaussianity, the dynamics generating χ should be decoupled from
the inflaton sector [42] (that is, only gravitationally coupled). Together with the considerations above, this
suggests a scenario in which χ is a gauge field whose quanta are created by a parity violating interaction
with a spectator field [105, 42], so that only modes with a definite handedness are produced [25]. The gauge
fields in turn source gravity waves and scalar perturbations. Helicity conservation implies that gravitons
of that same handedness are produced in much larger amount than gravitons of the opposite handedness
[327], and than scalar modes [42]. In such a scenario current constraints on non-Gaussian correlations in the
temperature anisotropies can be evaded if the production of χ quanta occurs only around the time the modes
contributing to the multipoles relevant for the B-mode search leave the horizon [277] because constraints on
non-Gaussianities are dominated by smaller scales. Reference [277] provides a model in which gravitational
waves from gauge field production could be measured at a level of r = 10−1 with a vacuum contribution of
only r = 10−4 . While in that case the determination of the scale of inflation is aﬀected by less than one
order of magnitude, adjusting the parameters of the scenario, it may allow for more dramatic modifications
of Eq. (2.13). However, in a regime in which the relation is strongly modified the B-mode anisotropies would
be highly non-Gaussian. So in the case of a detection even the B-mode bispectrum would become observable
with CMB-S4. In addition, since the signal would be parity violating, the angular bispectrum of B-modes
would be dominated by �1 + �2 + �3 =even, which would vanish in any theory that respects parity. Such
a signal would not be confused with the vacuum fluctuations of the spacetime metric arising in single field
slow-roll inflation. We return to this point in more detail in Section 2.2.4 below.

2.2 Implications of Detection
How much time should be spent on strawman models?
When do they break down?
Additional comments for discussion of energy scale?

2.2 Implications of a Detection:
Planckian field range for Inflaton
Quantum gravity must accommodate this
Caveat: signal consistent with vacuum, not secondary

•

•

Familiar (Lyth) expression

∆Φ
=
Mp

�

N∗
0

dN

� r �1/2
8

r is not constant, but assuming it’s monotonic, at CMB
pivot:
� r �1/2
∆Φ � r∗ �1/2
�
N∗ �
Mp
8
0.01

•

non-monotonic r:

∆Φ � r∗ �1/2
�
Mp
0.3

(N∗ � 30)

1510.06759, (diﬀerent author) 1510.07956?

2.2.2

Planckian field ranges and symmetries

The spectrum of tensor fluctuations depends only on the Hubble parameter H during inflation, while the
scalar power depends on both H and the evolution of the homogeneous field sourcing inflation. As a
consequence, the tensor-to-scalar ratio r determines the inflaton field range in Planck units [245]
� N�
� r �1/2
∆φ
=
dN
,
(2.14)
Mp
8
0
where N� is the number of e-folds between the end of inflation and the moment when the mode with
k� = 0.05 Mpc−1 corresponding to the CMB pivot scale exits the horizon. In many common inflationary
models r is a monotonic function of N so that
� r �1/2
∆φ � r� �1/2
�
N� �
.
(2.15)
Mp
8
0.01
The value of N� is not well constrained and depends on unknown details of reheating, but N� � 30 provides
a conservative lower limit, justifying the second inequality in equation (2.15). Thus, a tensor-to-scalar ratio
r > 10−2 typically corresponds to a trans-Planckian excursion in field space between the end of inflation and
the epoch when the modes we observe in the CMB exit the horizon.

Unless we work in a UV complete theory such as string theory, we rely on an eﬀective field theory description
of the inflationary epoch. General relativity viewed as an eﬀective field theory breaks down as energies
approach the Planck scale because interactions between gravitons become strongly coupled. The same is
true for matter coupled to general relativity, so that the eﬀective field theory governing the inflationary period
will generically have a sub-Planckian cut-oﬀ ΛUV < Mp . In fact, in any weakly coupled UV completion of
general relativity the new degrees of freedom must enter well below the Planck scale to ensure weak coupling
so that ΛUV � Mp .
According to the bound (2.15), a tensor-to-scalar ratio r > 10−2 then requires a displacement in field space
that is larger than the cut-oﬀ of the eﬀective field theory. While this does not invalidate an eﬀective field
theory description, it has important consequences. The eﬀective field theory was obtained by integrating out
all modes parametrically heavier than the cut-oﬀ ΛUV of the single-field model. In the absence of symmetries,
we expect the inflaton φ to couple to heavy degrees of freedom χ, schematically
�
�
�
√
1
1
1
1
1
S = d4 x −g − g µν ∂µ φ∂ν φ − g µν ∂µ χ∂ν χ − m2 φ2 − M 2 χ2 − µφχ2 + . . . .
(2.16)
2
2
2
2
2

By assumption, the mass of the heavy degrees of freedom to be integrated out is M � ΛUV , and the dots
represent various other interaction terms. Generically the dimensionful coupling µ is also expected to be
of order the cut-oﬀ, µ ∼ ΛU V . From the last two terms in equation (2.16), we see that displacements
of φ by a distance comparable to the cut-oﬀ may lead to cancellations in the eﬀective mass of the heavy
degrees of freedom, and heavy states, in this case χ, may become light if φ is displaced by a distance large
compared to the cut-oﬀ. In particular, since ΛUV < Mp we should not expect potentials that are smooth
over super-Planckian distances in a generic low energy eﬀective field theory with cut-oﬀ ΛUV < Mp .
CMB-S4 Science Book
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We can only expect potentials suitable for large-field inflation if some mass scales, in the example m and µ
are well below the cut-oﬀ, or if dimensionless couplings are small. This occurs naturally if the UV theory
respects a weakly broken shift symmetry φ → φ + c that ensures that quantum corrections from the inflaton
and graviton will not introduce large corrections to the inflationary Lagrangian [240, 209, 113, 214, 96]. At
the level of an eﬀective field theory we can simply postulate such an approximate shift symmetry, but one
should keep in mind that we ultimately require the existence of such a symmetry in quantum gravity.
As the best developed theory of quantum gravity, string theory is a useful framework for exploring mechanisms that allow large-field inflation to be realized even in the presence of heavy degrees of freedom. Axions
are ubiquitous in string theory and provide natural candidates for the inflaton because they enjoy a shift symmetry that is weakly broken by instanton eﬀects as well as the presence of branes or fluxes [349]. Early field
theory models relied on the familiar periodic contributions to the potential generated by instantons to drive
inflation [157, 9]. In string theory the periods are expected to be sub-Planckian [41, 30], while constraints on
the scalar spectral index require super-Planckian axion periods so that a UV completion of these models does
not currently exist. The claimed detection of primordial B-modes by Bicep2 has led to renewed interest in
models in which the inflaton is an axion with a potential that is entirely due to instanton eﬀects, and has
intensified the discussion to what extent some means to achieve large field inflation via multiple axions may
be incompatible with basic principles of quantum gravity [221, 311, 124, 310, 80, 38, 81, 184, 183, 227].
In addition to the familiar non-perturbative contributions that break the continuous shift symmetry to a
discrete one, the presence of fluxes and branes lead to contributions to the axion potentials that break the
discrete shift-symmetry as well. As the axion is displaced by one period, one unit of charge is induced, so
that the axion field space becomes non-compact. As a consequence, super-Planckian decay constants are not
required for super-Planckian excursions in these monodromy models [322, 259, 210, 56, 287, 260, 255, 66, 182].
Generically both contributions to the potential are present and these models predict periodic eﬀects at some
level, either directly from the periodic features in the potential or from periodic bursts of string or particle
production. Unfortunately, the strength of the signal is very model dependent, and a detection of these
eﬀects with CMB-S4 is not guaranteed.
In writing (2.15), we have assumed that r is monotonic, or at least of the same order of magnitude throughout
the inflationary period. One can easily construct models in which r is non-monotonic to weaken the bound [54,
194, 93]. In the case of a detection with CMB-S4 of a spectrum that is at least approximately scale-invariant,
we can write the weaker bound
∆φ � r �1/2
�
,
(2.17)
Mp
0.3

which bounds the distance in field space traveled during the time the modes we observe in the CMB exited
the horizon. This inequality implies that even if the distance in field space traveled during this period is
sub-Planckian, it is not parameterically smaller than Mp . Because general relativity is not UV complete
and becomes strongly coupled at Mp , any weakly coupled UV completion will come with a scale of new
physics M , e.g. the string scale, that must be parameterically smaller than the Planck scale to ensure weak
coupling. This implies that we cannot avoid the question of the embedding of the inflation model into
quantum gravity for r = 0.01 or even for r = 0.005 unless we assume the UV completion of general relativity
is strongly coupled.
In deriving the primordial power spectra and equation (2.14), we have assumed the Bunch-Davies state.
The relation between r and the scale of inflation is modified if we assume that the tensor modes (and the
scalar modes) either do not start in the Bunch-Davies state [34, 102], or that the evolution during inflation
will lead to departures from it. The first option generically introduces a stronger scale-dependence into the
tensor spectrum [26, 152] (and additional non-Gaussianity). In addition, this way of achieving observable
primordial B-modes from a low-scale model has a similar feature to large-field models: one should show
that the initial state is not only acceptable from the point of view of low energy considerations, but can
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be generated by pre-inflationary physics. The second option, discussed in section 2.2.1, leads to non-trivial
higher n-point functions that are in principle measurable.
In summary, a conclusive detection of primordial B-modes with CMB-S4 would provide evidence that the
theory of quantum gravity must accommodate a Planckian field range for the inflaton. Conversely, the
absence of a detection of B-modes with CMB-S4 will mean that a large field range is not required.
A detection of r, together with high confidence that the gravitational waves are predominantly due to vacuum
fluctuations, would provide the only data point for the foreseeable future that weighs in on quantum gravity.

2.2.3

Constraints on the graviton mass

Theories of massive gravity come in many flavors (see e.g. [132, 187]), and their predictions in the scalar
sector diﬀer significantly. However, by definition, the dispersion relation for the graviton in all of them is
ω 2 = p2 + m2g ,

(2.18)

where p is the physical momentum and mg the possibly time-dependent graviton mass. As a consequence,
gravitational waves necessarily have frequencies ω > mg . A detection of primordial B-mode polarization
on angular degree scales may be considered as a detection of gravitational waves with frequencies ω ∼ Hrec
through the quadrupole they produce in the primordial plasma, where Hrec ≈ 3 × 10−29 eV is the Hubble
parameter at recombination. A detection then implies a model-independent bound mg < Hrec or

Comments for discussion of field ranges?
mg < 3 × 10−29 eV .

(2.19)

If the graviton mass is time-dependent, this should be interpreted as a constraint on the graviton mass
around the time of recombination.
Because the perturbations in the primordial plasma before and around recombination are linear, the eﬀect of
the graviton mass is straightforward to incorporate by a simple modification of the field equation for tensor
metric perturbations so that the above argument can be made more quantitative. The equation of motion
for the transverse traceless metric perturbation γ takes the same form as for a minimally coupled massive
scalar field,
ȧ
γ̈k (τ ) + 2 γ̇k (τ ) + (k 2 + m2g a2 )γk (τ ) = 0 .
(2.20)
a
Here k is the comoving momentum of the metric perturbation, and we work in the conformal coordinates so
that the background cosmological metric is
ds2 = a2 (τ )(dτ 2 − dx2 ) .

(2.21)

The consequences of this modification are discussed in detail in [133]. The most important consequence
is that superhorizon modes start to oscillate around the time τm when H(τm ) = mg , and their amplitude
subsequently redshifts as a−3/2 . In contrast, in the massless case all modes remain frozen until they enter
the horizon. This results in a suppression of the amplitude primordial B-mode for mg � Hrec , and a
detection of B-modes would rule out this possibility. For masses around Hrec , there is no suppression, but
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where p is the physical momentum and mg the possibly time-dependent graviton mass. As a consequence,
gravitational waves necessarily have frequencies ω > mg . A detection of primordial B-mode polarization
on angular degree scales may be considered as a detection of gravitational waves with frequencies ω ∼ Hrec
through the quadrupole they produce in the primordial plasma, where Hrec ≈ 3 × 10−29 eV is the Hubble
parameter at recombination. A detection then implies a model-independent bound mg < Hrec or
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If the graviton mass is time-dependent, this should be interpreted as a constraint on the graviton mass
around the time of recombination.
Because the perturbations in the primordial plasma before and around recombination are linear, the eﬀect of
the graviton mass is straightforward to incorporate by a simple modification of the field equation for tensor
metric perturbations so that the above argument can be made more quantitative. The equation of motion
for the transverse traceless metric perturbation γ takes the same form as for a minimally coupled massive
scalar field,
ȧ
γ̈k (τ ) + 2 γ̇k (τ ) + (k 2 + m2g a2 )γk (τ ) = 0 .
(2.20)
a
Here k is the comoving momentum of the metric perturbation, and we work in the conformal coordinates so
that the background cosmological metric is
ds2 = a2 (τ )(dτ 2 − dx2 ) .

(2.21)

The consequences of this modification are discussed in detail in [133]. The most important consequence
is that superhorizon modes start to oscillate around the time τm when H(τm ) = mg , and their amplitude
subsequently redshifts as a−3/2 . In contrast, in the massless case all modes remain frozen until they enter
the horizon. This results in a suppression of the amplitude primordial B-mode for mg � Hrec , and a
detection of B-modes would rule out this possibility. For masses around Hrec , there is no suppression, but
the angular power spectra are modified by the presence of a graviton mass, and a detection of primordial
B-mode polarization would allow to measure the graviton mass. A detection of primordial gravitational
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For comparison, the current model-independent bounds on the graviton mass arise from the indirect detection
of ∼ 3 × 10−5 Hz gravitational waves through the timing of the Hulse-Taylor binary pulsar [150], and the
CMB-S4
Science
Book
bound on the
diﬀerence
in arrival times for gravitational waves with diﬀerent frequencies in the recent direct
detection of astrophysical gravitational waves with LIGO [6]. The resulting bounds are mg � 10−19 eV and
mg � 10−22 eV, respectively.
A detection of B-mode polarization on angular degree scales consistent with the expectation in the context
of general relativity would improve current bounds on the mass of the graviton by nearly seven orders of
magnitude.
Measurements of B-mode polarization on the largest angular scales, possible only with a satellite, would
further strengthen the bound.

2.2 Implications of Detection

To-do for 2.3 Graviton mass
The motivation to have this in the inflation section was that a
detection of an inflationary signal is needed for this constraint.
Should this be moved?
Comments on discussion of graviton mass?

2.2.4 Following up on a Detection:
Distinguishing vacuum from secondaries
•
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Distinguishing production via hidden pseudo-scalar/gauge field
production:
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Constrain B-mode spectral index, running

•

B-mode spectrum is completely non-Gaussian (and parity violating)

•

(probably smaller S/N: EB/TB)

Distinguishing sources via defects (cosmic strings)
•

•

fit the cosmic string spectrum as a component

Distinguishing post-inflationary phase transitions
•

check for super-horizon correlations at recombination (doable??)

2.2.4 Following up on a Detection:
Testing inflationary particle physics, gravity, and
matter/gravity coupling

•

Spectral index: red or blue? (confidence of nt < 0? )

••
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field consistency relation:
Test forsingle
scale-invariance
nt = −r/8

of general relativity would improve current bounds on the mass of the graviton by nearly seven orders of
magnitude.
Measurements of B-mode polarization on the largest angular scales, possible only with a satellite, would
further strengthen the bound.

2.2.4

Following up on a detection

Once a detection has been made, it becomes necessary to understand the source of the signal. In slowroll inflation, we expect a nearly scale invariant power spectrum and a nearly Gaussian signal so that
the spectral index and the bispectrum provide observables that can strengthen the interpretation of the
signal. More generally, the scale-dependence of the B-mode spectrum and higher order correlations probe
the contributions of sources other than vacuum fluctuations, and possible physics beyond Einstein gravity
and/or minimal coupling of the inflationary matter fields to gravity. Although we do not find that these
considerations aﬀect the optimal design of CMB-S4, they are be important in order to distinguish vacuum
fluctuations from secondary sources of B-modes, and because of the complementarity with other future direct
detection instruments.
2.2.4.1

Distinguishing vacuum fluctuations from other particle physics sources of B-modes

As mentioned in section 2.2.1, string of particle production may generate gravitational waves that can
compete with the vacuum fluctuations in the spacetime metric. In a regime in which the relation between
the amplitude of tensor modes and the scale of inflation is strongly modified the B-mode anisotropies are
generally highly non-Gaussian and in some cases parity violating. Such a signal is distinguishable from
vacuum fluctuations with CMB-S4 provided... Can we add a figure/some numbers?
Scenarios in which non-Abelian gauge fields play a significant role in the inflationary dynamic are closely
related. In chromo-natural inflation and gauge-flation scenarios [252, 19, 20, 17, 18, 129, 130], the central
piece is a homogeneous and isotropic, flavor-space locked gauge field that helps slow the roll of the inflaton
or else is the inflaton itself. For a non-Abelian field with SU(2) symmetry, this means the three flavor gauge
vector potentials are mutually orthogonal in space. The stress-energy of this configuration could leave a
unique imprint on a spectrum of primordial gravitational waves, which would be transferred to the B-mode
spectrum in the CMB. The non-Abelian nature of the field introduces a preferred handedness onto this
medium leading to an enhancement of left (or right) circularly polarized gravitational waves. Again this
would lead to parity-violating EB and TB correlations [244, 169] or parity violating higher n-pt functions.
If this process takes place in the post-inflationary environment, the gauge field could further impress a
periodic modulation on the gravitational wave spectrum [62, 63]. Although the basic chromo-natural and
gauge-flation models have been ruled out [276], these unique features are expected to be generic to any viable
variations on these scenarios.
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Multi-field inflationary scenarios that end with phase transitions [185, 343, 225, 338, 202, 203, 308] and
models of brane-inflation in string theory [313, 205, 107] generically predict some level of vector and tensor
modes actively sourced by topological defects. In particular, either a breaking of a U (1) symmetry or
the production of fundamental strings at the end of inflation can lead to “cosmic strings” whose B-mode
spectrum is primarily generated by vector modes and peaks on small scales (� ∼ 600 − 1000) and is more
similar in shape to the E to B lensing signal than to the vacuum spectrum. CMB-S4 should be able to
distinguish even a small contribution from such sources [341], but the precise bounds from non-detection are
related to the precision with which the lensing signal can be removed. Estimates made in reference [317, 37]
indicate that CMB-S4 should be able to improve the limit on cosmic string tension by at least an order of
magnitude beyond the current bounds from the CMB (Gµ ∼ 10−7 [14, 12]) and may be competitive with
direct detection limits from the stochastic gravitational wave background (Gµ ∼ 10−11 or 10−8 depending on
the model assumed for string loops [33]). In addition, the spectra of diﬀerent types of defects have diﬀerent
shapes, and should be distinguishable [340, 37]. Measuring the location of the main peak would provide
valuable insights into fundamental physics. For example, in the case of cosmic superstrings the position of
the peak of the B-mode spectrum constrains the value of the fundamental string coupling gs in string theory
[37].
Post-inflationary phase transitions themselves have also been proposed as a source of nearly scale-invariant
gravitational waves detectable through CMB polarization (and direct detection) [230, 206]. Even for a
spectrum that matches the inflationary result on small scales, any such signal can in principle be distinguished
from the inflationary signal by the presence of super-horizon correlations at the time of recombination. A
framework to extract specifically this bit of the signal was proposed in [50] and could be applied to robustly
extract the part of any signal that must come from physics outside of the hot big bang paradigm. (Can
this be achieved with CMB-S4?)
2.2.4.2

Probing matter and gravitational interactions at the inflationary scale

The tensor tilt as a probe of the potential and non-minimal coupling: If the amplitude of primordial B-modes
is large enough to be measured, we can begin to constrain the shape of the spectrum. The simplest inflation
scenarios all predict a red spectrum for gravitational waves, and the canonical single field consistency relation
fixes nt = −r/8. For a single field with a sound speed less than one, or multiple fields, nt /r < −1/8 instead
[302]. However, allowing the inflaton to couple to higher curvature terms can produce a blue tilt [49]. A
detection of primordial gravitational waves on CMB scales would allow precise predictions, especially relevant
for a blue index, for the amplitude expected on the much smaller scales accessible to direct detection. The
recent detection of gravitational waves by LIGO, as well as the beginning of operation of the LISA pathfinder
instrument, open an exciting new era of gravitational wave science. If CMB-S4 also sees a signal, LIGO
and future instruments may be particle physics detectors as well as astrophysical observatories. A recent
analysis in [231] shows the complementarity between observations over a wide range of scales in constraining
the spectrum (although one must assume a constant tilt nt over many orders of magnitude).
The tensor amplitude and field content that modifies the scalar power: Since non-minimal inflation models
with multiple fields or a small sound speed for a single degree of freedom predict a tensor-to-scalar ratio that
is suppressed, a detection of gravitational waves of can be used to constrain the physics that produces the
suppression in these scenarios. For single clock scenarios, this link is relatively straightforward [48] and a
detection of r can provide an upper limit on the speed of sound (and so a limit on non-Gaussianities). For
multi-field scenarios many more details of the model must be specified [307], but r together with bounds on
isocurvature and local type non-Gaussianities may aid in model discrimination.

2.3 Lessons from upper limits
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Other signatures of a modified gravitational sector: Coupling the inflaton to higher curvature terms can also
introduce parity violation in the spectrum of primordial gravitational waves [243, 22, 104, 334]. Reference
[334] contains some example amplitudes of the coupling that would be detectable for a detection of r =
0.05; reference [167] discusses distinguishability of chiral gravity waves from other possible sources of parity
violation, such as uniform cosmic birefringence. In addition, the momentum structure of the three-point
function of gravitational waves would also be a sensitive probe of possible extensions of Einstein gravity [250].
However, the amplitude of the three point correlations between tensors alone in both standard inflation and
tensor
extensions is small, at most fNL
� 1 [251, 250]. So while any constraint on the gravitational three-point
function would be a useful data point for secondary sources, it is unlikely to be significant for vacuum
fluctuations. Finally, it is worth noting that, if primordial gravitational waves were indeed chiral, they
may present themselves first through a non-vanishing cross-correlation of B-modes with temperature, as
demonstrated in Ref. [104].

2.3

Lessons from upper limits

A detection of primordial gravitational waves has profound implications. Even excluding the presence of
gravitational waves at a level observable by CMB-S4 has important consequences for the theory of inflation.
Current constraints already strongly disfavor models that were plausible candidates such as chaotic inflation
with a quadratic potential [61]. Upper limits from CMB-S4 would rule out entire classes of inflationary
models.
We first present a version of an argument developed in [274, 309, 109] that does not rely on microscopic
details of inflationary models. In the limit � � 1, equations (2.5) and (2.7) lead to a diﬀerential equation
d ln �
− (ns (N ) − 1) − 2� = 0 ,
dN

(2.22)

where N is the number of e-folds until the end of inflation, and ns (N )−1 denotes the spectral index evaluated
for the mode which exits the horizon N e-folds before the end of inflation. Note that � is small (but positive)
during inflation and � ∼ 1 when inflation ends. If � is a monotonic function of N this implies ns (N ) − 1 ≤ 0
in agreement with observations.
Denoting the number of e-folds before the end of inflation at which the CMB pivot scale exits the horizon as
N� , the departure from a scale invariant spectrum observed by the Planck satellite is O(1/N� ). While this
could be a coincidence, it would find a natural explanation if
ns (N ) − 1 = −

p+1
,
N

(2.23)

up to subleading corrections in an expansion in large N for some real p. Under this assumption, the general
solution to equation (2.22) is
p
1
�(N ) =
,
(2.24)
2N 1 ± (N /Neq )p

where we have chosen to parameterize the integration constant by Neq so that the magnitudes of the first
and second term in the denominator become equal when N = Neq . We take Neq > 0 and indicate the
choice of sign for the integration constant by ‘±’.
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However, the amplitude of the three point correlations between tensors alone in both standard inflation and
tensor
extensions is small, at most fNL
� 1 [251, 250]. So while any constraint on the gravitational three-point
function would be a useful data point for secondary sources, it is unlikely to be significant for vacuum
fluctuations. Finally, it is worth noting that, if primordial gravitational waves were indeed chiral, they
may present themselves first through a non-vanishing cross-correlation of B-modes with temperature, as
demonstrated in Ref. [104].

2.3

Lessons from upper limits

A detection of primordial gravitational waves has profound implications. Even excluding the presence of
gravitational waves at a level observable by CMB-S4 has important consequences for the theory of inflation.
Current constraints already strongly disfavor models that were plausible candidates such as chaotic inflation
with a quadratic potential [61]. Upper limits from CMB-S4 would rule out entire classes of inflationary
models.
We first present a version of an argument developed in [274, 309, 109] that does not rely on microscopic
details of inflationary models. In the limit � � 1, equations (2.5) and (2.7) lead to a diﬀerential equation
d ln �
− (ns (N ) − 1) − 2� = 0 ,
dN

(2.22)

where N is the number of e-folds until the end of inflation, and ns (N )−1 denotes the spectral index evaluated
for the mode which exits the horizon N e-folds before the end of inflation. Note that � is small (but positive)
during inflation and � ∼ 1 when inflation ends. If � is a monotonic function of N this implies ns (N ) − 1 ≤ 0
in agreement with observations.
Denoting the number of e-folds before the end of inflation at which the CMB pivot scale exits the horizon as
N� , the departure from a scale invariant spectrum observed by the Planck satellite is O(1/N� ). While this
could be a coincidence, it would find a natural explanation if
ns (N ) − 1 = −

p+1
,
N

(2.23)

up to subleading corrections in an expansion in large N for some real p. Under this assumption, the general
solution to equation (2.22) is
p
1
�(N ) =
,
(2.24)
2N 1 ± (N /Neq )p

where we have chosen to parameterize the integration constant by Neq so that the magnitudes of the first
and second term in the denominator become equal when N = Neq . We take Neq > 0 and indicate the
choice of sign for the integration constant by ‘±’.
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Assuming the epoch during which the modes we observe in the CMB exit is not special so that N� � Neq
or N� � Neq , equation (2.22) leads to four classes of solutions
p
,
2N �
�p
p
Neq
II. �(N ) =
2N
N
�
�|p|
|p|
N
III. �(N ) =
2N Neq
1
p
+
+ ...
IV. �(N ) =
2N ln Neq /N
4N
I. �(N ) =

(2.25)
with

p>0

and

Neq � N� , (2.26)

with

p<0

and

Neq � N� , (2.27)

and

Neq � N� . (2.28)

with

|p| �

1
ln Neq /N�

As we explain in what follows, if CMB-S4 does not detect primordial B-modes, only class II with Neq � 1
will remain viable, the rest will be disfavored or excluded.
The value of N� depends on the post-inflationary history of the universe. Equation (2.23) implies that a
measurement of the spectral index and its running would determine p and hence N� , but unfortunately a
measurement of the running at a level of (ns − 1)2 is out of reach for CMB-S4. A given reheating scenario
predicts N� , but the space of reheating scenarios is large. Instantaneous reheating leads to N� ≈ 57 for
k� = 0.05Mpc−1 , smaller values correspond to less eﬃcient reheating. We will assume 47 < N� < 57 for the
following discussion.
Current constraints on ns and r from [61] disfavor class III at just over 2σ relative to class II. Furthermore,
the best-fit of class III occurs for p ≈ 0 where classes I, II, and III degenerate so that class III need not
be discussed seperately. Class IV is disfavored at 2 − 3σ relative to class II. As a consequence we focus on
classes I and II in what follows.
For class I, constraints from the Planck satellite and the Bicep2 and Keck Array experiments [61] translate
into p = 0.32 ± 0.16 at 1 σ, and favor models with ineﬃcient reheating. At the best-fit point in this class,
r = 0.044 and ns = 0.973, which is currently disfavored relative to class II at 1 − 2 σ. Upper limits on r
directly translate into constraints on p. A 1 σ upper limit on the amount of primordial gravitational waves
from CMB-S4 at a level of r < 0.001 would imply p < 0.013 and eﬀectively rule out this class as it degenerates
into class II in this limit.
For class II the tensor-to-scalar ratio is naturally smaller than in class I as long as p is of order unity because
N� � Neq . Under the additional assumption that the scaling (2.26) should be valid until the end of inflation
we have Neq � 1. In this case, current data from [61] imply p = 0.67 ± 0.24 after marginalization over N� .
The best-fit occurs for p = 0.83 and for instantaneous reheating so that in this class the data favors models
with eﬃcient reheating. At the best-fit point, r = 0.004 and ns = 0.968. An upper limit of r < 0.001 would
disfavor this scenario relative to scenarios with Neq � 1 at approximately 2 σ. The precise significance
depends slightly on the true value of the spectral index. Similarly, for an upper limit of r < 0.001, the
regime with p � 1 and equivalently class I would be disfavored relative to class II with Neq � 1 at 3 σ. To
disfavor the scenario with Neq � 1 at approximately 3 σ relative to Neq � 1 would require an upper limit of
r � 5 × 10−4 .
In summary, in the absence of a detection of primordial gravitational waves, CMB-S4 would place constraints
on ns and r that are strong enough to rule out or disfavor all models that naturally explain the observed
value of the scalar spectral index in the sense that ns (N ) − 1 ∝ 1/N and in which the behavior (2.25)-(2.28)
provides a good approximation until the end of inflation.

2.3 Lessons from upper limits
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To understand the implications better, let us discuss the models that underlie the classes favored by current
data, classes I and II. The potentials can be obtained from
dφ
V�
= Mp2
dN
V

and

�

dφ
dN

�2

= 2�Mp2 ,

(2.29)

where Mp is the reduced Planck mass.
Class I corresponds to models of chaotic inflation with monomial potentials V (φ) = µ4−2p φ2p already
considered in [239]. The most commonly studied examples were p = 1, 2, both of which are now ruled
out or strongly constrained [61]. Models with fractional powers 1/3 < p < 1 that are still viable candidates
have naturally appeared in in the study of large-field models of inflation in string theory [322, 259, 153]. If
gravitational waves are not observed with CMB-S4, these would be ruled out.
Provided p �= 1, class II corresponds to potentials of the form
� � � 2p �
φ p−1
V (φ) = V0 exp −
,
M

(2.30)

�
with M = α(p)Neq Mp where α(p) is of order unity for the range of p of interest. For p > 1 inflation
n
occurs when φ � M . In this regime, the potential behaves like a hilltop model V (φ) ≈ V0 (1 − (φ/M ) ) with
n
n = 2p/(p − 1). For 0 < p < 1 inflation occurs for φ � M and V (φ) ≈ V0 (1 − (M/φ) ) with n = 2p/(1 − p).
In the limit p → 0 in which classes I, II, III become degenerate, the φ-dependence becomes logarithmic.
For the special case p = 1 the dependence on the inflaton in (2.30) becomes exponential and
� in the inflationary
regime the potential is well approximated by V (φ) ≈ V0 (1 − exp (−φ/M )) with M = Neq Mp . There are
many examples of models with a potential with this asymptotic behavior for φ � M . Some of them are
the Starobinsky model [328], Higgs inflation [312, 58], an early example of chaotic inflation [172], and the
T-model [208].
If only the asymptotic forms of the potentials agree with (2.30), equation (2.23) will not be exact and the
departures from (2.30) will be encoded in the subleading terms that vanish more rapidly than 1/N in the
limit N → ∞. Unfortunately, just like the running of the scalar spectral index, the subleading contributions
are typically too small to be detected.
Note that Neq sets the characteristic scale in field space. For Neq of order unity, the variation of the inflaton
is naturally given in units of the reduced Planck mass while for Neq � 1 the characteristic scale in field
space is sub-Planckian.
This allows us to rephrase the lesson we can draw from an upper limit on r from CMB-S4.
In the absence of a detection, CMB-S4 would rule out or disfavor all models that naturally explain the observed
value of the scalar spectral index and in which the characteristic scale in field space equals or exceeds the
Planck scale.
�
Unfortunately, because of the scaling M ∝ Neq it will only be possible to obtain constraints M � Mp
but not M � Mp . It should also be kept in mind that a natural explanation of the value of the scalar
spectral index is not guaranteed and its value could be an accident. That a natural explanation is possible
is, however, encouraging.

Lessons from upper limits

To-do for Lessons from upper limits
Streamline the discussion
Other comments?

Data products and simulations
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2.4

CMB data products and simulations required to achieve goals
for PGW

Figure 4 is a place-holder forecast done by Victor Buza with Colin Bischoﬀ and John Kovac.

Figure 4. Forecasted uncertainty on r, assuming r = 0 (left panel) and r = 0.01 (right panel). The
forecasting procedure assumes an amount of delensing achieved, so we show several cases from complete
delensing (AL = 0) to no delensing (AL = 1). The cases AL = 0.05 to 0.2 are highlighted as we expect what
is achieved will be in this range.

Improved constraints
on density perturbations
High resolution and low noise leads to unprecedented
constraints on scalar power spectrum
• scalar spectral index, running, features
Similarly for the higher order correlations

Improved constraints
on density perturbations
To-do list
Realistic forecasts for spectral index, running
Add text on isocurvature
Forecasts for bi- and trispectra
Add text beyond bispectra
Comments?

Isocurvature
Constraints
on spatial curvature,...

2.5.3

To be added

2.6

2.6.1

Constraints on spatial curvature, birefringence, cosmic strings,
axions. . .
Spatial Curvature

Despite the fact that inflation drives the spatial curvature to zero at the level of the background evolution,
it predicts small, but non-zero curvature for a typical observer. The curvature measured in a Hubble
2.7 Summary
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patch receives contributions from long wavelength perturbations and is expected to be |Ωk | < 10−4 . A
measurements of Ωk exceeding this expectation would contain important information about the process

responsible for inflation. In particular, if |Ωk | is found to be considerably larger than this value, it would tell
us that theScience
inflaton Book
was not slowly rolling when scales slightly larger than our observable horizon exited the
CMB-S4
horizon. Furthermore, observations of large negative Ωk would falsify eternal inflation, while observation of
positive and large Ωk would be consistent with false vacuum eternal inflation [179, 222].
Current constraints on this parameter from the CMB alone are Ωk = 0.005+0.016
−0.017 . Including baryon acoustic
oscillation (BAO) data tightens the bound to Ωk = 0.000 ± 0.005. CMB-S4 is expected to constrain spatial
curvature at a level of σ(Ωk ) ≈ 10−3 . A detection at this level would have profound implications for the
inflationary paradigm.

2.6.2

Cosmic Birefringence

The simplest dynamical way to model the accelerated expansion of the universe is to invoke a new slowly
evolving scalar field that dominates its energy budget (the quintessence models for DE). Such a field
generically couples to photons through the Chern-Simons term in the electromagnetic Lagrangian, causing
linear polarization of photons propagating cosmological distances to rotate—the eﬀect known as cosmic
birefringence [90]. In the case of the CMB, such rotation converts the primordial E mode into B mode,
producing characteristic TB and EB cross-correlations in the CMB maps [211, 168]. Even though there is no
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2.6.2

Cosmic Birefringence

The simplest dynamical way to model the accelerated expansion of the universe is to invoke a new slowly
evolving scalar field that dominates its energy budget (the quintessence models for DE). Such a field
generically couples to photons through the Chern-Simons term in the electromagnetic Lagrangian, causing
linear polarization of photons propagating cosmological distances to rotate—the eﬀect known as cosmic
birefringence [90]. In the case of the CMB, such rotation converts the primordial E mode into B mode,
producing characteristic TB and EB cross-correlations in the CMB maps [211, 168]. Even though there is no
firm theoretical prediction for the size of this eﬀect, if observed, it would be a clear smoking-gun evidence for
physics beyond the standard model. Previous studies have used quadratic estimator formalism to constrain
this eﬀect [166], with the best current limit coming from sub-degree scale polarization measurements with
POLARBEAR [16] (< 0.33 deg2 for the amplitude of a scale-invariant rotation-angle power spectrum). A
promising way to pursue search for cosmic birefringence in the future is measurement of the oﬀ-diagonal EB
cross correlations on small angular scales. Put in more specific predictions for S4?

2.6.3

Cosmic Strings

Cosmic strings can at most contribute O(1%) to the total CMB temperature anisotropy [12, 241, 232],
however, they can still generate observable B-modes. As shown in [271], the bounds on cosmic strings
obtained solely from the POLARBEAR [10] and BICEP2 [11] B-mode spectra are comparable to those from
temperature spectra. CMB-S4 polawill be able to reveal the presence of cosmic strings through their B-mode
signature even if strings contribute as little as 0.1% to the CMB temperature anisotropy [37].

2.6.4

Anomalies

Expect text from Glenn Starkman, Dominik Schwarz, ....
Add connections to axion physics. eg 1601.03049

2.7

Summary

CMB-S4 is an ideal tool to test the inflationary paradigm and competing theories of the early universe. On
the one hand, its exquisite sensitivity will allow a detection of degree scale B-modes in the CMB or achieve

Constraints on spatial curvature,...
To-do list
Add bubble collisions?
Additional additions?
Merge cosmic strings with previous discussion?
Merge discussion of birefringence of
discussion in other chapters of the draft, and
mention benefits of absolute polarization
angle measurements there
Comments?

Summary
•

•

To do:
•

Converge on contents of Section 2.4 (data, simulation
requirements)

•

minor text additions needed: isocurvature, NG beyond
bispectrum, anomalies…

•

Any major changes…?

•

decide whether to move some topics

•

sharpen text in intro and summary

Anything we’re missing?

BTT
Does not vanish because of parity:
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→
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BTT
We can define (similar to local NGs):
�ζ(k1 )ζ(k2 )h± (k3 )� =

hζζ
(2π)3 16π 4 A2s fNL
δ

In SFSR for example:
1
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Compare to the same coupling with
hζζ
∆f
<TTT>:
NL ∼ O(10)

Take-Away:
As of yet unconstrained observable
Measure of both NGs and tensors
Can be used as consistency condition
Cross-correlations possible between different
instruments, lowering systematics
Possibly less sensitive to dust contamination
CMBS4 lowers cv (TTT) limited constraints by
2-order of magnitude

