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On CMB B-Mode Non-Gaussianity
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We study the degree to which the cosmic microwave background (CMB) can be used to constrain
primordial non-Gaussianity involving one tensor and two scalar fluctuations, focusing on the corre-
lation of one polarization B mode with two temperature modes. In the simplest models of inflation,
the tensor-scalar-scalar primordial bispectrum is non-vanishing and is of the same order in slow-roll
parameters as the scalar-scalar-scalar bispectrum. We calculate the (BT'T') correlation arising from
a primordial tensor-scalar-scalar bispectrum, and show that constraints from an experiment like
CMB-Stage IV using this observable are more than an order of magnitude better than those on the
same primordial coupling obtained from temperature measurements alone. We argue that B-mode
non-Gaussianity opens up an as-yet-unexplored window into the early Universe, demonstrating that
significant information on primordial physics remains to be harvested from CMB anisotropies.

I. INTRODUCTION

Observations of the cosmic microwave background
(CMB) and large-scale structure have in recent years
greatly advanced our understanding of the contents and
history of the Universe. Current observational data fit
well with the concordance six-parameter ACDM model
[1]. While the excellent agreement between the model
and the data is undoubtedly a triumph of modern cos-
mology, our understanding of the Universe’s initial con-
ditions remains limited, and it is crucial to explore new
observational probes that can deepen our understanding
of the underlying physics.

Within the concordance model, the initial fluctuations
are fully accounted for by primordial density fluctuations,
which are purely Gaussian, adiabatic, and nearly scale
invariant, and can be described by just two parameters,
the amplitude A; and the scalar spectral index ng. A
very wide class of early-universe models are capable of
accounting for such primordial fluctuations, and there-
fore these two parameters alone are not greatly informa-
tive. A great deal of effort has therefore been devoted
to searching for signatures of deviations from this simple
picture. Even in the absence of a detected deviation from
the concordance model, upper limits on various observ-
ables greatly help to discriminate among early-universe
models. Particularly interesting observables in this re-
gard include non-adiabaticity [2], running of the scalar
spectral index [3H6], primordial tensor fluctuations [7-
[10], and non-Gaussianity [TIHI3].

The CMB contains cosmological information both in
its temperature and linear polarization. The polariza-
tion field can be separated into F-modes and B-modes
which have opposite intrinsic parity. Primordial scalar
fluctuations source temperature fluctuations and F-mode
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polarization, while primordial tensors source T, E, and
B fluctuations [7THIO].

The CMB temperature power spectrum has recently
been measured to cosmic variance limits up to multi-
pole ¢ ~ 2000 using data from the Planck satellite [2].
Due to the diffusion damping of fluctuations on smaller
scales, we do not expect that lower-noise observations
of the CMB will provide significantly more cosmologi-
cal information from temperature fluctuations. There is
some additional information which can be gained from
lower-noise measurements of F-mode polarization of the
CMB, though temperature and E-mode fluctuations are
sourced by nearly the same cosmological modes, and
therefore constraints on observables like non-Gaussianity
and the running of the spectral index will not signifi-
cantly improve on the current status with CMB mea-
surements alone [16]. Alternatively, large-scale-structure
observations can provide additional cosmological infor-
mation which could eventually lead to a detection of non-
Gaussianity or running [I3]. This will require, however,
overcoming significant challenges in the modeling of non-
linearities [13] [17) (18], biasing [19,[20], and complex astro-
physical processes [2IH25]. Another potential avenue for
measurements of primordial non-Gaussianities is the to-
mographic mapping of neutral hydrogen at high redshift
with the 21-cm line [26H28]. This will require overcom-
ing daunting observational challenges [29H31], as well as
a detailed modeling of the intrinsic non-linearities of 21-
cm fluctuations [28]. Finally, spatial fluctuations of CMB
spectral distortions can also be used to probe primordial
non-Gaussianities [32H34].

Until recently, the best constraint on primordial
tensor fluctuations was derived from the measure-
ment of the CMB temperature power spectrum [35]
[36].Unfortunately, on large angular scales where the ten-
sor contribution to the temperature power spectrum is
most significant, the scalar contribution to the temper-
ature power spectrum is much larger, and constraints
on tensor fluctuations from temperature measurements
alone are hindered by the relatively large cosmic variance
of the temperature fluctuations.

Ongoing and future observations of the CMB will dras-
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Full-sky

>, {n = even

S 0, = odd

Flat-sky

left-handed = right-handed |left-handed = (—) right-handed

Non-vanishing
in parity-conserving universe

(TTT), (TEE), (ITE),
(EEE), (BBE), (BBT)

(BTT), (BEE),
(BET), (BBB)

TABLE I: Properties of full-sky and flat-sky three-point functions in a parity-conserving universe. The first column contains
three-point functions studied in the standard analysis. The second column (and in particular (BT'T)) is the focus of this
work. There are additional non-vanishing three-point functions when parity conservation is violated which are studied e.g. in

Refs. |14}, [15].

tically improve the constraints on primordial tensor fluc-
tuations by searching for B-mode polarization on large
angular scales. Several such experiments are currently
underway, with the most recent constraints coming from
the BICEP/Keck experiment [37]. The biggest astro-
physical obstacles in constraining the primordial signal
are the contributions from dust [38] B9] and lensing of E-
modes to B-modes [40]. For the former, we will have to
rely on multi-frequency information to separate the dust
component from the primordial signal. For the latter,
delensing will become crucial for removing lens-induced
fluctuations and requires a high-fidelity lensing map [41].

While the usual searches for non-Gaussianity focus on
the N-point statistics of scalar fluctuations, in this pa-
per we will discuss the relatively unexplored observa-
tional signatures of non-Gaussian correlations involving
tensor fluctuations. Since tensor fluctuations source T,
E, and B fluctuations, observational searches for bispec-
tra constructed from 7" and F fluctuations naturally place
constraints on both scalar and tensor non-Gaussianity.
Just as in the case of the power spectrum, the contri-
butions to T" and E fluctuations from scalars are much
larger than those of tensors, and so constraints on tensor
non-Gaussianity with these bispectra are relatively weak.
On the other hand, bispectra involving primordial B-
mode fluctuations are sourced by tensor non-Gaussianity
but not by scalar non-Gaussianity, and are therefore ca-
pable of providing a much tighter constraint on tensor
non-Gaussianity. Since observations of B-modes are not
presently cosmic variance-limited, there is a great deal of
room for improvement with future observations of the
CMB polarization. This reasoning strongly motivates
searching for bispectra involving primordial B-modes as
a probe of primordial non-Gaussianity. In this paper, we
explore in detail how the (BTT) bispectrum can be used
to constrain tensor non-Gaussianity and thereby give us
insight into the physics of the early universe.

The primordial tensor-scalar-scalar bispectrum is nat-
urally non-vanishing, and in fact is of the same order
in slow-roll parameters as the primordial scalar-scalar-
scalar bispectrum in the simplest models of single-field
slow-roll inflation [42]. In more general models, the shape
and amplitude of the tensor-scalar-scalar bispectrum can
differ quite significantly from those predicted in the sim-
plest models, so observational constraints on this quan-
tity give non-trivial insight into the physics of the early
Universe [43]. The primordial tensor-tensor-scalar and

tensor-tensor-tensor bispectra are also non-vanishing in
single-field slow-roll inflation, as well as in more gen-
eral models [42H44]. Primordial non-Gaussianity involv-
ing tensors provides a set of observables which are dis-
tinct from and complementary to scalar non-Gaussianity.
Also, just as in the case of scalars [16], there is in prin-
ciple much more information in tensor non-Gaussianity
than in the tensor power spectrum alone.

Despite the differing intrinsic parity of temperature
fluctuations and B-modes, the (BT'T') bispectrum is non-
vanishing for particular combinations of multipoles. To
be more specific, under spatial inversion the multipole
coefficients for T', F, and B transform as [45]

a{m - (_1)2(1%7717
a’EEm - (_1)£a‘€Em’

aZBm - (_1)€+1ale.

These properties along with statistical isotropy imply
that (aZ al, ) = (al al ) =0 in a parity-conserving
universe since these quantities change sign under spatial
inversion. On the other hand, we find that under spatial
inversion, the bispectrum of interest transforms as

< T T

B O1+L24L: T T B
aélmlaézmza’ﬁgm3> — (_1) et 3+1<a’ >

l1m a’fzmz a@gmg
which therefore must vanish in a parity-conserving uni-
verse for ) ¢, =even but not for > ¢, =odd (see
Table .

The above remarks straightforwardly generalize to all
forms of non-Gaussianity. In a parity-conserving and sta-
tistically isotropic universe, any connected N-point func-
tion constructed from T', F, and B fluctuations contain-
ing an odd number of B-mode fluctuations vanishes for
>, tn =even but not for ) ¢, =odd, while those con-
taining an even number of B-mode fluctuations vanish
for >~ ¢, =odd but not for ) ¢, =even. The case of
N = 2 is special since statistical isotropy always implies
that ¢, + {5 =even for two-point statistics.

Let us briefly summarize our motivations. Non-
Gaussian CMB statistics involving B-mode fluctuations
are non-vanishing under standard assumptions about the
properties of our Universe. Existing data can be used to
place new constraints on these quantities. Present mea-
surements of B-modes are not cosmic-variance limited, so
upcoming lower-noise CMB polarization data will drasti-
cally improve upon our current capabilities in this regard.



FIG. 1: Two triangles in multipole space that are mirrored
images of one another. The three-point function (ETT) takes
the same value on both configuration, whereas (BTT) changes
sign.

Measurements of these statistics can provide non-trivial
constraints on primordial non-Gaussianity involving ten-
sor fluctuations. Primordial tensor non-Gaussianity is in
general independent of primordial scalar non-Gaussianity
and is therefore a complementary probe of early-universe
physics.

The goal of this paper is to explore the potential of
the (BTT) bispectrum as a probe of the primordial Uni-
verse. In Sec. [[] we discuss the geometric properties of
the (BTT) bispectrum. In Sec. [[II] we review the predic-
tions of single-field slow-roll inflation for the primordial
tensor-scalar-scalar bispectrum and discuss its proper-
ties. We construct the (BT'T) bispectrum in the flat-sky
limit in Sec. [Vl We then forecast constraints this ob-
servable in Sec. [V] for current and future experiments.
We discuss the implications and future extensions of our
work in Sec. [VIl

II. GEOMETRIC PROPERTIES OF THE (BTT)
BISPECTRUM

In this Section we outline the general geometric proper-
ties of the (BTT) correlation function in the flat-sky ap-
proximation. We start by considering properties of cor-
relation functions involving the polarization tensor P?.

A. Correlation functions involving the polarization
tensor P

Let wus first consider the correlation function
(T(x1)P%®(x5)). Statistical homogeneity implies that
this can only be a function of x5 = x; — 5. Since
P is a symmetric, trace-free tensor, so must be this
correlation function, which must therefore take the form

(T(1) P* (13)) = F(z12) [284,27, — 6*], (1)

where I’ only depends on the magnitude of x5 by statis-
tical isotropy. Using this result, we can easily show that

the correlation function in multipole space is of the form
(T() PP (£)) = 6@ (£ + £)G(f) [2@(@ - 5&*)} G)

Similarly, one can show that statistical homogene-
ity and isotropy imply that the three-point function
(T'(£,)T(£2) P (£3)) takes the form

(T(€1)T (€2) P*(£3)) = 6@ (€1 + €2 + £3)

3
X N0 Gilln, b, ) B0+ B — (B 1)6™ ] (3)

i<j=1

where we also used the fact that P is symmetric
and trace-free. The symmetry of the three-point func-
tion under interchange of £; and £ moreover imposes
Gaa(l1,02,03) = Gri(la,l1,03) and Gaz(ly,l2,03) =
G13(la, 01, 03).

We emphasize that an implicit underlying assumption
to derive these general results is that the physics govern-
ing temperature and polarization fluctuations is parity-
conserving, both at the level of initial conditions, and for
their subsequent evolution. Explicitly, this implies that
the antisymmetric Levi-Civita tensor € cannot appear in
any of the above correlation functions.

B. Implications for £ and B-modes

We recall that in the flat-sky limit, the F- and B-
mode decomposition of the polarization tensor field P4
is obtained as follows [40]

V2E = 0,0,P%, (4)
V2B = €,,0°0,P%, (5)

where repeated indices are summed. While FE is a scalar
quantity, B is a pseudo-scalar, or parity-odd observable:
its sign depends on the chosen handedness of the coordi-
nate system. In multipole space, we have

E(€) = [,6,P® (), (6)
B(£) = e€q.l°0,P™(2). (7)

Using these equations into Eq. , we obtain

(TOE®X)) = 5§ (e+£)G(0), (8)
(T(€)B(¢)) = 0, (9)

where the vanishing of the (BT') correlation results from
the antisymmetry of e.

Substituting Eq. into Eq. (3), we see that
(T'(€1)T(€2)E(£3)) only depends on the magnitudes ¢;
and on the scalar products between the three multipoles.
The triangle condition £; + €5 + €3 = 0 implies that the
scalar product of any two multipoles can be rewritten as
a function of the magnitudes only. We therefore obtain

(T(&)T(£2)E(L3)) = G(£1, L2, L3), (10)



0.6
KA/

0.8

1.0

5.6 11.2 16.8 224 28.0

O

ki /K

1.0
. \\
038
0.7
0.6
0 0.2 04 0.6 0.8 1

0.
D 0
K5 /K

[ I I N

0 0.1 0.2 0.3 0.4

FIG. 2: Two unique slices showing the primordial tensor-scalar-scalar bispectrum from single-field slow-roll inflation with ks
representing the wave vector of the tensor. Left: The bispectrum is enhanced when k3 < k1 ~ k2 (top left corner). The
enfolded limit, i.e. ki + k2 = ks (bottom left edge), is suppressed, since then all momenta are aligned. Right: When one or
both scalar momenta ki and k2 are aligned with the tensor momentum k3 (bottom left edge) the spectrum is suppressed as

compared to the equilateral configuration (top right).

where the prime indicates that we divided by 6() (3 £;)
and G is some function of the magnitudes ¢;, symmetric
under exchange of ¢1, 5.

Substituting Eq. @ into Eq. , we see that some of
the terms vanish (e.g. the G3 term), but not all of them.
The final form of the (BTT) correlation function is

(T(£1)T(£2)B(£3)) =

where fAl X fg = eacf%ég.

Geometrically, this can be understood as follows. Con-
sider two triangles in multipole space that are mirrored
images of one another in the way shown in Fig. The
magnitudes of all wavenumbers are identical (hence the
scalar products between any two of them). However, the
cross products 01 x 03 and 05 x 05 take on opposite signs
on the two triangles. This implies that the values of the
tree-point function (ETT) is identical on both triangles,
whereas (BT'T') has the same absolute value but takes a
different sign on the two mirrored triangles. A violation
of these symmetry properties would be an indicator for
parity-violating physics [47].

Finally, we note an analogy with gravitational lens-
ing reconstruction. One could use a cross product of the
CMB temperature gradient with itself, (VT) x (VT), to
reconstruct the “curl” portion of deflection of CMB pho-
tons that would arise, e.g., from tensor fluctuations out
to the recombination surface [70]. This map would be an
estimate of a field with odd parity, and could be cross-
correlated with a map of B-mode polarization, which also
has odd parity, giving a nonzero result for a universe con-
taining primordial tensors.

III. PRIMORDIAL BISPECTRUM

In this section, we will discuss the properties of the
primordial tensor-scalar-scalar bispectrum predicted in
single-field slow-roll inflation, which were first obtained in
Ref. [42]. This model provides an example of tensor non-
Gaussianity in the simplest of inflationary models, which
we will use to motivate a template to compute the (BTT)
bispectrum. For more general models, the primordial
bispectrum will differ from the results presented here,
and modifications should be made to the template to
address these changes.

Following the work by Maldacena [42], for inflation
driven by a single slowly-rolling scalar field, the primor-
dial bispectrum of two scalar fluctuations and one tensor
fluctuation is given by

(C(k1)C(R2)h™ (ks)) = (2m)3FO%2(ky, ko, ks)

x6®) (ky + ko + k3), (12)

where we have defined

4

H,
F00i2 (kla k27 k3) =

ai.b
= %I(/ﬁvkz, ks)el, (ks)kiks,(13)

where H, and e, are, respectively, the Hubble rate and
first slow-roll parameter during inflation, and

1
I(ki, ko, ks) = —553
ki kK3
kiko + koks + kiks | kikok
x(—kt—i- e 3) (14)
t t

Let us now examine the transverse traceless polariza-
tion tensor effb more closely. It is defined such that

e (k)ed,(=k) = 26xn, and when k points in the z-



direction, it is given by

. 1 1 4+7 0
et(2)=—[+i -1 0]. (15)
‘ v2\o 0 o

We write k; = (sin ©; cos ¢;, sin O; sin ¢;, cos ©;) for

1=1,2, with 0 < 0; <mand 0 < ¢; < 27. The triangle
constraint ki + ko + k3 = 0 imposes ¢1 = @2 = ¢, while
©7 and O5 are related through

k
sin ©y = —k—; sin ©1. (16)
We then find
Dyl = —2O1InO2 raig

V2
k1 (sin 01)?
ks V2

We show FO9t2(ky, ko, k3)k?k3k? for ¢ = 0 in Fig.
The tensor-scalar-scalar bispectrum has two different
squeezed limits: one in which the wavenumber of the
tensor is much smaller than those of the scalars (k, <
k¢, ~ k¢,), and another in which the wavenumber of one
of the two scalars is much smaller than those of the other
scalar and of the tensor (k¢, < kp ~ k¢, ). In the former
case, if the scalar wavenumbers are perpendicular to the
tensor wavenumber the bispectrum is enhanced. Con-
versely, the enfolded limit, when both scalar wavenum-
bers are roughly aligned with the tensor wavenumber the
bispectrum is suppressed by the polarization sum.

We propose a reference definition of the primordial
tensor-scalar-scalar bispectrum of the form

eF2e.(17)

3
(GG (o) (k) = (2m)*16m* A2V A5 (Z k>

xZI(ky, ko, ks)el, (ks)kiky, — (18)

with Z(k,k, k) o< k78 in a scale-invariant universe. For
single-field slow-roll inflation, Z(k1, ko, ks) = I(k1, ka, k3)
and fﬁff = /7/16, but these quantities will differ in more
general models.

In the squeezed limit where the tensor wavenumber is
much smaller than the wavenumbers of the scalars, the
properties of the bispectrum in single-field slow-roll in-
flation are entirely determined by the fact that the long-
wavelength tensor fluctuation is locally equivalent to an
anisotropic rescaling of coordinates [42]. Similar to the
case of scalar non-Gaussianity, this implies that there
exists no locally observable mode coupling between long-
wavelength tensors and short-wavelength scalar fluctua-
tions in single-field inflation [48], [49]. This tensor consis-
tency condition applies more broadly than the more fa-
miliar scalar consistency condition, since the same logic
will apply to any scalar field minimally coupled to grav-
ity, whether or not its energy density drives inflation [43].

For this reason, if single-field slow-roll inflation or some-
thing similar is responsible for the primordial fluctuations
we observe, we are unlikely to gain much insight into
the physics from the squeezed limit of the tensor-scalar-
scalar bispectrum, but it remains interesting to search
for deviations from the predictions of the simplest mod-
els. Despite these subtleties regarding the squeezed limit,
in what follows we will take Eq. as our primordial
template.

A. On the normalization of fﬁic

In the above we define fas¢ ~ (h(C)/(CC)3/2(hh)Y/2.
Other choices can be found in the literature, but can
all be related to one another via a simple calculation.
Our reasoning for the definition above is two-fold. First,
from a primordial perspective, naively we would expect
the amplitude of the non-Gaussian signal to be propor-
tional to 4/r given the presence of a single h. Secondly,
in this way the measured bispectrum and it amplitude
will behave similar to the amplitude of the tensor power
spectrum when measured in the cosmic variance limit.
Using (BTT) as our measure, the variance oprr o /7
in this limit. Therefore o( I}\;ic) will be constant in the
cosmic variance limit and only change as a function of
limax, the maximum number of observed modes on the
sky.

IV. (BTT) IN THE FLAT-SKY LIMIT

The full-sky CMB (BT'T') bispectrum has been worked
out before in Ref. [50H52] and using total angular mo-
mentum spherical harmonics in Ref. [53]. However, both
results lead to expressions that are not very transpar-
ent regarding the symmetries of this correlation function.
Here instead, we derive the spectrum in the flat-sky ap-
proximation were these symmetries, which we derived in
Sec. [} are immediately apparent. The results presented
here are accurate as long as we restrict ourselves to scales
¢ 2 10. For the computation of the signal-to-noise ratio
in the next section, we will use this approximate form,
which should provide reasonably accurate results since
our forecasts focus on experiments that will most likely
not be able to map out the lowest multipoles. The flat-
sky definition of the bispectrum takes the form [54]

(ar(2)ar (&2)ag (£)) = (2n)°8P (Y €)Byogy,- (19)
In the flat-sky approximation the temperature fluctua-

tion arising from primordial scalar perturbations is given
by [B0H52]

¢ _ TO ddik e~ k"D
ap(€) = /0 dT/(er)?’C(k)
% S% (k, 7) (2m) 26 (k“D - e) . (20)
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FIG. 3: The (BTT) bispectrum in the fly-sky limit computed from Eq. normalized using the analytical form of the local
(T'TT) bispectrum. We see explicitly that the (BT'T) bispectrum changes sign under the interchange of of the two T multipoles
¢1 and ¢2 and vanishes when ¢; = ¢3. The overall amplitude of (BTT) for our chosen template is almost three orders of
magnitude smaller than the local template (T'T'T") bispectrum from scalars.

where 7 is the conformal time, 7y is its value today, D =
70—, kll is the component of k parallel to the plane of the
sky, k* its projection along the line of sight, and S%(k, T)
is the scalar temperature source function. The B-mode
fluctuation arising from primordial tensor perturbations
is given by [(0H52]

alb(e) = /OTO dT/

xzi%sg(k, #)(2n)?? (k1D —£) . (21)

4>k
(2m)?

Z :thi(k)e—ikzD
+

where S%(k, ) is the tensor polarization source function

After some algebra, using Eq. , Eq. and
Eq. (21) and using the primordial input spectrum
Eq. (18) and applying the thin-shell approximation [54]
we obtain (see Appendix |A))

BTTB

L, = 16m2 A2/ fis (61 x £3)

X / dkidk; T (k{f, k3, k&)

X NG (K7, 00) AT (K3, 6) Al (K3, £)
V3K

“ ke

(R (€2 - £3) — k5 (€1 - £3)] (22)

where the integrals over k7,k5 run from —oo to +o0,
ki = —(ki + k3), and k[ = \/(k})? + (6:/Dr)?, with
Dgr To — Tr, where 7 is the conformal time at the
peak of the CMB visibility function, and, for X = T, P
and s = (, h,

odr Ry, —ik'D
) ﬁsx(ki)e =7,

Ak (K7, )

(23)

with D = 7 — 75. Eq. clearly takes the general
form Eq. , and as a consequence has the symmetry
properties discussed in Sec. [[}

We show By 5 for several slices in Fig. |3, While we
have chosen a particular template for the presentation
here, we emphasize that in principle forecasted bounds

on fﬁff can be obtained for any model that predicts the
coupling of two scalars and a tensor by using the appro-
priate k-dependent shape Z(kq, ko, k3). In this paper we
will use the shape of Eq. as an example, but will
¢¢
L

not assume a specific amplitude for fﬁ unless stated

otherwise.

V. CMB FORECASTS

In this section, we forecast the CMB constraints on pri-
mordial tensor-scalar-scalar non-Gaussianity which can
be obtained from the (BTT) bispectrum. Our analysis
does not include possible contributions to the observed
(BTT) bispectrum from lensing, foregrounds, or system-
atic effects. We also neglect late-time effects, analagous
to those that are known to produce (T'T'T) correlations
at the level of fnxr, ~ 1 even for purely Gaussian initial
conditions [48] 49, 57| [58]. We leave the computation of
these contributions to future work.

A. Qualitative considerations

Before we compute the signal-to-noise ratio, let us
make some qualitative estimates. The temperature fluc-
tuation is mostly sourced by primordial scalar fluctua-
tions, while the B-mode polarization is sourced by pri-
mordial tensor fluctuations:

T ~ Sr¢,

B ~ Sph.

The (BTT) and (I'TT) three-point functions therefore
have the following ratio:

(BTT) _ Sp (h(C)

(TTT) ~ Sr (CC0)

We assume that the temperature fluctuation is measured
up to cosmic variance, implying 0% = 07, ., ~ 57.(C?). In

(26)
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FIG. 4: Top: the B-mode power spectrum computed on the full sky and in the flat-sky, thin-shell, approximation. The flat-sky
approximation holds all the way down to ¢ ~ 10. Bottom: the local-type temperature bispectrum in the full sky and flat sky
(thin-shell) for ¢; = ¢ = ¢3. There are some differences on large scales, but for computing the signal-to-noise ratio we do not
expect these to lead to significant deviations. Note that for purposes of presentation, the total spectrum is divided by the large

scale analytical limit of the local bispectrum. [55| [56].

contrast, accounting for instrumental noise, the variance
of the B-mode fluctuation is

UB ,CV

3~ S3(h?) (1 4 7B ) : (27)

where 0% ., ~ S%(h?) is the cosmic variance of the pri-
mordial B-modes and U%’inst is the instrumental noise
(and in practice also contains residual B-modes from
lensing and foregrounds). As a consequence, the ratio

of the variance of the (BTT) estimator to that of the
(TTT) estimator is

GQBTT UB(U?F)Q -~ @
U%TT (U%)?’ U%
0B inst | S%
~ (1 B EE (28)
JB cv S

where r = (h?)/(¢?) is the tensor-to-scalar ratio. The
ratio of the signal-to-noise ratio for the (BTT) estimator
to that of the (T'T'T) estimator is therefore

(S/N)Err - 1 0123,cv (<hC§>>2 (29)
(S/N)%TT r UzB,cv + J2B,inst <CC<> .

Now, while (h?)/(¢?) = r < 1, the ratio of the three-
point functions (h(¢)/(¢¢C) is of order O(e%) in single-
field slow-roll inflation (and not of order 1/ as one might
naively expect). We therefore see that in the limit that
the instrumental noise for B is subdominant to cosmic
variance (0%, < 0% ..,), the expected signal-to-noise
ratio of (BTT) is larger than that of (T'TT) by a factor

1/y/r > 1. In the other limit 0% ;. > 0% ., this ratio
saturates to a value independent of r (since 01237“, x 7).

Similarly, the advantage of using (BT'T") over (T'T'T) to
constrain (h(¢) is immediately apparent from Eq. by
replacing (h(¢¢)/{(¢(¢) — 1, showing that for sufficiently
low values of r, (BT'T) will always provide a better con-
straint than (TTT) on (h(() independent of the model.

Therefore, we see that while lower noise measurements
of temperature fluctuations will not lead to significant
further improvement of the measurement of primordial
non-Gaussianity from (TTT), there is a great deal of
room for improvement with (BTT) as a probe of pri-
mordial physics.

B. Quantitative calculation

In the flat-sky approximation the signal-to-noise ratio
is given by the following integral over multipoles (rather
than a discrete sum in the full-sky case) [59]:

2
S\ fa By ) 0t
( > y/dQEQ/dQE?, TT2 SCZ 3) , (30)
3

where Cp = Cy + Ny with Cy is the angular power spec-
trum, N, the noise, and we integrated out the £; direc-
tion.

To compute the signal-to-noise ratio, we modified
CAMB [60] 61] and CLASS [62] to extract the scalar and
polarization source functions We then computed the
bispectrum using Eq. ( and the signal-to-noise ratio
using Eq. . For consmtency we also used the flat-sky
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FIG. 5: Density plot showing the CMB modes to be measured
in order to obtain a detection of the (BT'T") bispectrum, show-
ing the contributions to the inverse noise or Fisher matrix el-
ement. The color map on the bottom left, which uses a linear
scale, shows the contribution as a function of the B multipole
and one of the two T multipoles for the CMB-S4 case. The
other panels show the collapsed one-dimensional distributions
for CMB-S4 as well as three other cases. The signal is con-
centrated in slices with small /5 and a wide range of values of
7. We show constraints from several experiments, assuming
no sample variance in the B modes, as well as with the cosmic
variance limit for » = 0.01.

Cy for our variance estimate. We compared our Cy to the
full-sky results and found good agreement for ¢ 2> 10 as
can be seen in the top panel of Fig. 4l We also show the
diagonal of the (T'TT) flat sky bispectrum versus the full-
sky version in the bottom panel of Fig[d] Unlike Ref. [55],
we find good agreement all the way down to ¢ ~ 10 — 20.
For purposes of computing the signal-to-noise ratio of the
(BTT) bispectrum, the small amplitude differences are
not a concern. That being said, there is potentially a
significant contribution to the signal-to-noise ratio in the
lowest-¢ B-modes, given the presence of the reionization
bump at low ¢ which is not included due to the approx-
imations we have made here. We will leave the full-sky
computation including these modes for a future study.
All results are obtained using a Planck fiducial cos-
mology, kmax = 0.64 Mpc~! for scalars and kpyayx = 0.17
Mpc~! for tensors. We performed calculations to max-
imal multipoles of ¢7max = 4500 for the T' modes
and to £ max = 500 for the B modes. On small
scales in the temperature, foreground fluctuations such
as the emission from dusty, star-forming galaxies and
the thermal Sunyaev-Zel’dovich effect will reduce the
effective maximal temperature multipole for primordial

studies to about 3000-4000. Given multifrequency data,
these could in principle be removed, leaving the kinetic
Sunyaev-Zel’dovich effect as the dominant foreground on
small scales. Depending on the amplitude of this sig-
nal, this could make the maximal multipole as large as
07 max ~ 4500 [63].

The bispectra are computed on a grid with A¢ =1 for
£ < 100, A¢ = 10 for 100 < £ < 500 and A¢ = 20 for
all values above ¢ = 500. We use linear interpolation to
obtain the curves shown in Fig. [f] and [6]

We assume that the noise power spectra in the 7" and
B measurements are given by

N@YY = (wé/)2 exp(€2af), (31)

for Y € {T, B}, and where the noise levels wy and beam-
sizes oy, are given in Table[[]

In order to better understand which modes contribute
to the signal, in Fig. [5| we show the inverse-variance den-
sity, defined using the free parameters in our parame-
terization, as d2[o2(/7 fL9)]/dlrdlp. This is equiva-
lent to the signal-to-noise ratio, Eq. for a model with
T fﬁff = 1. As expected, the signal is concentrated on
slices with ¢g < f7, and T modes contribute down to
very small scales ({7 ~ several thousand). For compar-
ison, we show a similar plot for the (T'TT) bispectrum
resulting from local-type primordial non-Gaussianity in
Fig.[§

In Fig. [6]and Fig. [7] we show the forecasts for an analy-
sis with publicly-available data, B(Planck)xTT(Planck);
currently-taken data, B(BICEP/Keck)xTT(SPTpol);
and futuristic ~ data, B(CMB-S4)xTT(CMB-
S4). Although not shown, a measurement from
B(SPIDER)xTT(SPT) [64] would be similar to that
from BICEP/Keck and SPTpol: the noise levels are
lower, but that is offset by the relatively small sky
coverage of BICEP/Keck-SPTpol. We consider two
distinct scenarios, represented by the limiting cases of
Eq. : first, the case that there is no signal from
primordial tensors where we set CéBB = NZBB ; second,
the B-mode cosmic variance limit for various values of
the tensor-to-scalar ratio r. All bounds are shown as
functions of f7max; Fig. [p| shows that multipoles with
£p 2 100 hardly contribute to the final bounds.

In single-field slow-roll inflation, it is predicted that

gff = /r/16, and so in the event that cosmological
B-modes are detected, this will provide a consistency
check on the model. As can be seen from Fig. [7] sample
variance prevents us from detecting fﬁic from (BTT) if
single-field slow-roll inflation is the source of the fluctu-
ations we observe. A detection of fﬁff would therefore
imply that single-field slow-roll inflation is not solely re-
sponsible for the observed fluctuations.

With an experiment like CMB-Stage IV [65] we an-

ticipate that we can constrain \/ffl}\léc ~ O(O.l)fsii/Q.
It is remarkable that the potential constraint on primor-
dial non-Gaussianity using (BT'T"), which, given a similar
shape and normalization of the tensor-scalar-scalar bis-

pectrum and the scalar-scalar-scalar bispectrum, lies an



B expt. B noise (uK-’) B beam (') £, ||T expt. T noise (uK-") T beam (’) £, ||area (sq. deg.)
Planck 60 5 1600 || Planck 30 5 1600 33,000
BICEP /Keck 3 60 130 ||SPTpol 5 1 8100 625
CMB-54 V2 1 8100 ||CMB-54 1 1 8100 33,000

TABLE II: Assumed experimental parameters for forecasts. Beamsizes in arcmin are quoted as FWHM, related to o3 in Eq.

by a factor of 2v/21n2. For reference we also show £, = 1/0%.
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FIG. 6: Forecasts for o(y/r f25¢) for various CMB experiments
as a function of £max. The colored lines present constraints
when cosmic variance is negligible. The figure shows that
cosmic variance would be subdominant for current and near
future experiments if » = 0.01. For an experiment like CMB-
Stage IV the total variance would be dominated by cosmic
variance and not by instrumental noise unless r < 0.001 (with
LT . = 4500).

order of magnitude below the optimal CMB constraint on

the local-type scalar non-Gaussianity flgic Furthermore,
it was shown in Ref. [50] that the (TTT) bispectrum
could provide constraints on /7 fﬁic ~ 0O(10) fS;}l,/ ?. The
forecasts presented in this paper show that using (BT'T)
has the potential to improve that constraint by nearly
two orders of magnitude. In order to fully exploit the
power of (BTT) one should consider more general mod-
els of the early Universe that could potentially violate
this bound. We will leave this to future work.

100

CMB-S4xCMB-S4
BICEP-KECKxSPTpol
...... PlanckxPlanck

= === Cosmic Variance

= 3400)
AY

T
max
\

> R
—~ .
NS .
A g
~ R
~ e
PRe
z Lo
.
,
z’,
R
//
Re
R
R
z
%
JRe
e
R
JRe
.
0.1
I I
0.001 0.01 0.1 1

r

FIG. 7: Forecasts for o(y/7fl¢¢) for various CMB experi-
ments. This figure illustrates that current experiments are
all noise dominated for allowed values of r. CMB-Stage
IV is comic variance dominated unless r < 0.005 (with

LT . = 3400). Cosmic variance limit can only be reduced
if we consider more modes, i.e. by increasing L ,.).

VI. DISCUSSION AND CONCLUSION

We have explored the potential of the (BTT) bispec-
trum as probe of the early universe. The odd intrinsic
parity of B-modes gives this bispectrum some properties
which differ from that of the (T'T'T) bispectrum, but both
are generically non-vanishing in a parity-conserving uni-
verse, and are sourced by primordial bispectra which are
predicted to be of the same order in slow-roll parameters
in single-field slow-roll inflation.

One advantage of the (BT'T) bispectrum is that the
signal suffers less from cosmic variance than its (T'TT)
counterpart for constraining the tensor-scalar-scalar bis-



pectrum. Our analysis shows that with this observ-
able it should be possible to constrain the level of non-
Gaussianity to J(\/Ffﬁic) ~ O(O.l)f;(}l,/z. For compar-
ison, the CMB can only measure the local-type scalar
bispectrum down to o féf) ~ O(1) [12,66] and with up-
coming large-scale-structure surveys aimed at constrain-
ing non-Gaussianity using galaxies, o( liic) ~ 0.2 [13].

Our analysis was done in the flat-sky limit, valid for
multipoles ¢ 2 10, which suffices for ground-based detec-
tors. It will be important to extend this analysis to the
full sky since there is potentially significant signal in the
lowest £ modes, given the presence of the relatively large
B fluctuation from scattering at reionization. This sig-
nal can most likely only be mapped out by a dedicated
satellite, such as the proposed LiteBIRD [67], PIXIE [68]
or COrE [69] experiments.

We focused in this work on a template for the (BTT)
bispectrum motivated by single-field slow-roll inflation,
which maximizes when large-scale B modes are corre-
lated with small-scale T" modes. This shape has some
experimental advantages, since a search for such a bis-
pectrum could be performed, for instance, by cross-
correlating a map of B-modes on large scales from a cur-
rent or upcoming ground-based CMB experiment with
small-scale T' fluctuations, such as those measured with
the Planck satellite. On the other hand, it would be use-
ful to consider other shapes for the (BT'T) bispectrum,
perhaps motivated by specific early-universe models.

In this work we have not considered contamination
from dust, systematics, or lensing. Dust is a well-known
contaminant in estimates of the (B B) power spectrum on
large scales at the frequencies probed with ground-based
experiments. Estimates of the (BT'T) bispectrum will in
principle be sensitive to correlations between large-scale
dust polarization and small-scale dust intensity; while
this may be less of an issue than in the power spectrum
measure, this needs to be investigated in future work.
Similarly, instrumental systematics which affect the mea-
sure of B on large scales should be decoupled from those
that affect T on small scales, making this analysis less
sensitive to systematics than the (BB) power spectrum.
Finally, lensing converts E-mode polarization to B-mode
polarization. As with measurements of the (BB) power
spectrum, delensing to reduce effective noise from lens-
ing needs to be performed when measuring the (BTT)
bispectrum. In a universe with primordial gravitational
waves, the (BTT) bispectrum will also contain a non-
primordial signal on very large scales arising from corre-
lations between B-modes from Thomson scattering after
reionization and the curl mode of CMB lensing, which af-
fects pairs of temperature modes [70]. This is analogous
to the scattered F-mode-lensing correlation induced by
scalars in estimates of the (ETT) bispectrum [71].

We have focused on the (BTT) correlation function.
However, other combinations sensitive to the coupling
between scalars and tensors will add to the total signal-
to-noise ratio. In particular, (BEFE) and (BTE) are ex-
pected to have similar constraining power. In addition,
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FIG. 8: Same as |5, but for the local-type TTT bispectrum,
sourced by scalars. The signal is concentrated at very low {1
and along the diagonal, where both {7 are equal.

similar to the use of E-modes for the scalar bispectrum
[66], the B and E modes are projected through functions
that have different nulls, which improves the mapping
from the primordial space. In summary, the (BTT) bis-
pectrum and other non-Gaussian correlations involving
B-modes open up a new window into the early Universe.
Ongoing and future CMB experiments will naturally
make observations which allow us to carry out searches
for and place non-trivial constraints on primordial tensor
non-Gaussianity. While more theoretical work remains to
discover the full value of B-mode non-Gaussianity, this
new set of observables has the potential to be a very rich
set of tools for probing primordial physics.
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Appendix A: The flat-sky (BT'T) bispectrum

In this appendix, we work out the form of the three-point function (BTT) in the flat-sky approximation. Our
derivation follows closely that of the Appendix of Ref. [54].

We start by rewriting D = Dg + D where D =79 — 7 and D = 75 — T, in the exponential factors of Egs.
and . The Dirac delta function in the primordial three-point function ensures that the Dgr dependence drops of
the exponential factors. Using Egs. ) and (| ., we then get the following three-point function

dk

dr,

(afe0)as E:)als(e) [

o—ikiDn n(2m)26®3 (anl‘l +£n)}
2ik3
X S%(kl,Tl)S (kg,TQ)LSP k3,7'3 Zi kg) hi (’{23)> (Al)

We now define
szg Zi C (ko) h*E (K3)) = (21)3 F (K1, ko, k3)8 <Z k:n> . (A2)

Assuming the kernel F' does not vary significantly across the width of the last-scattering surface (i.e. specifically, that
it does not change much as k; varies by a fractional amount Atr/7r ~ 1072 [54]), we can take it out of the time

integrals, by setting ku ~ £, /Dpg inside F. Using Kkl = £,/ D, the Dirac function in Eq. (A2)) simplifies to

6 (Z kn> =M (Z k;) x D%6®? (an +)° ?%) ~ D35 (Z k;) 52 <Z £n> : (A3)
n n n n R n n

Because the last equality is only approximate, the bispectrum does not exactly vanish for modes that do not form a
closed triangle; however, it is exponentially suppressed on these configurations [72].

These approximations allow to factorize the expression for the bispectrum. Defining A% (k7,¢;) as in Eq. , we
arrive at

(af(€1)a5 (2)aly (€3) ) ~ 62 (€1 + €3 + £3) / AR ARG AG (K7, 0)AS (K, £) Al (3, £3) F (R ko, kig), (Ad)

where the integrand is to be evaluated at k5 = —(k{ + k5) and Kl = £,/Dpg inside F.
The last step is to derive an explicit expression for F'. Using Eq. and our definition (A2 we get

Py, o, k) = 165 A2 LT (b, o, b2 5 Gk B ), (A5)
3
where we have defined
7
Gy, ks, ks) = Dgﬁ > kel (ks)kTES. (A6)
+

Using Eq. , we have, in a basis whose third axis is along ks,

> ef (ks) = —iv2 (A7)
+

o = O
o O =
o O O

We can find the polarization tensor for an arbitrary direction by performing a standard rotation on each axis of the
polarization tensor. For 7t = (sin 6 cos ¢, sin 8 sin ¢, cos 6), the standard rotation matrix S(7) is given by [45]

cosfcos¢p —sing sinf cos ¢
Sap(f) = | cosfsing cos¢ sinfsing | . (A8)
—sind 0 cosf
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The polarization sum for k3 = k3(sin 6 cos ¢, sin 8 sin ¢, cos ) in an arbitrary direction is such that

1

D2 G(kla k27 k3)

sin [— (kkY + kVkZ) cos & + (kikE + k2kZ) sin @]

+cos O [(kV kS + kTKY) cos(2¢) + (—kTES + kVkY) sin(2¢)] . (A9)
Due to rotational invariance, we can, without loss of generality, choose k3 to have vanishing y-component. Once we
compute the bispectrum for this choice of kg, all bispectra with general k3 can be obtained by rotation about the
z-axis. For ks in the xz-plane, the polarization sum gives

1 2 kg kY

D2 G(k1, ko, k3) = (VK5 + kxky) — (kYkS + k:zk:y) (k:2 kS — k5KS) + (1 + 2). (A10)
ks
Using the triangle condition, and substituting ky = (k¥,kY) by £;/Dp, we rewrite this expression as
ezll z px zpx gl z px zZpx
G(ky, ko, ks) = k—B(k2€'1 -k +(1+2) = 2 (k‘2£ — kje3), (A11)
where the last equality arises from the fact that we chose ks in the zz-plane, implying that £§ = 0 = ¢4 + .
Finally, we may rewrite £} = {3 x £; and ¢ = {5 - €1, arriving at
G(ky, ko, k3) = - ZQ (b1 x £3) [k7 (Lo - €3) — k5(L1 - £3)], (A12)
3
an expression which is symmetric under exchange of (1 <> 2) since €2 x £3 = —£€; X £3. The scalar products can be

expressed in terms of magnitudes through 20y - 43 = (3 — €2 — 62

Inserting this expression into Eq. ( and then into Eq. (| gives the final expression for the flat-sky bispectrum,
Eq. (22). Using the property Aé ( kz) A% (kF)*, and the fact that F(k1, ko, k3) o< k3k%, k3K, one can easily show
that the three-point function is real, as it should Finally, we also see that it has the same form as that derived
in Eq. from symmetry considerations.

(

[1] P. A. R. Ade et al. (Planck) (2015), 1502.01589.

[2] Planck Collaboration, P. A. R. Ade, N. Aghanim, M. Ar-
naud, F. Arroja, M. Ashdown, J. Aumont, C. Bacci-
galupi, M. Ballardini, A. J. Banday, et al., ArXiv e-prints
(2015), 1502.02114.

[3] D. J. Chung, G. Shiu, and M. Trodden, Phys. Rev. D
68, 063501 (2003), astro-ph/0305193.

[4] M. Biagetti, A. Kehagias, and A. Riotto, Phys. Rev. D
91, 103527 (2015), 1502.02289.

[5] J.-O. Gong, J. Cosm. Astropart. Phys. 5, 041 (2015),
1409.8151.

[6] G. Cabass, A. Melchiorri, and E. Pajer, ArXiv e-prints
(2016), 1602.05578.

[7] M. Kamionkowski, A. Kosowsky, and A. Stebbins, Phys.
Rev. Lett. 78, 2058 (1997), astro-ph/9609132.

[8] U. Seljak and M. Zaldarriaga, Phys. Rev. Lett. 78, 2054
(1997), astro-ph/9609169.

[9] M. Zaldarriaga and U. Seljak, Phys. Rev. D55, 1830
(1997), astro-ph/9609170.

[10] M. Kamionkowski, A. Kosowsky, and A. Stebbins, Phys.
Rev. D55, 7368 (1997), astro-ph/9611125.

[11] E. Komatsu, Classical and Quantum Gravity 27, 124010
(2010), 1003.6097.

[12] Planck Collaboration, P. A. R. Ade, N. Aghanim, M. Ar-
naud, F. Arroja, M. Ashdown, J. Aumont, C. Bacci-

galupi, M. Ballardini, A. J. Banday, et al., ArXiv e-prints
(2015), 1502.01592.

[13] M. Alvarez, T. Baldauf, J. R. Bond, N. Dalal, R. de Put-
ter, O. Doré, D. Green, C. Hirata, Z. Huang, D. Huterer,
et al., ArXiv e-prints (2014), 1412.4671.

[14] M. Shiraishi, M. Liguori, and J. R. Fergusson, J. Cosm.
Astropart. Phys. 5, 008 (2014), 1403.4222.

[15] M. Shiraishi, M. Liguori, and J. R. Fergusson, J. Cosm.
Astropart. Phys. 1, 007 (2015), 1409.0265.

[16] E. Komatsu, Ph.D. thesis, Tohoku U., As-
tron.  Imst.  (2001), astro-ph/0206039, URL
http://inspirehep.net/record/591084/files/arXiv:
astro-ph_0206039.pdf.

[17] J. A. Peacock and S. J. Dodds, Mon. Not. R. Astron.
Soc. 280, L19 (1996), astro-ph/9603031.

[18] A. Cooray and R. Sheth, Phys. Rep. 372, 1 (2002), astro-
ph/0206508.

[19] R. K. Sheth and G. Tormen, Mon. Not. R. Astron. Soc.
308, 119 (1999), astro-ph/9901122.

[20] J. L. Tinker, B. E. Robertson, A. V. Kravtsov, A. Klypin,
M. S. Warren, G. Yepes, and S. Gottlober, Astrophys. J.
724, 878 (2010), 1001.3162.

[21] D. H. Weinberg, R. Davé, N. Katz, and J. A. Kollmeier,
in The Emergence of Cosmic Structure, edited by S. H.
Holt and C. S. Reynolds (2003), vol. 666 of American In-


http://inspirehep.net/record/591084/files/arXiv:astro-ph_0206039.pdf
http://inspirehep.net/record/591084/files/arXiv:astro-ph_0206039.pdf

stitute of Physics Conference Series, pp. 157-169, astro-
ph/0301186.

[22] C. Scannapieco, M. Wadepuhl, O. H. Parry, J. F.
Navarro, A. Jenkins, V. Springel, R. Teyssier, E. Carl-
son, H. M. P. Couchman, R. A. Crain, et al., Mon. Not.
R. Astron. Soc. 423, 1726 (2012), 1112.0315.

[23] M. Vogelsberger, S. Genel, V. Springel, P. Torrey, D. Si-
jacki, D. Xu, G. F. Snyder, D. Nelson, and L. Hernquist,
Mon. Not. Roy. Astron. Soc. 444, 1518 (2014), 1405.2921.

[24] M. Vogelsberger, S. Genel, D. Sijacki, P. Torrey,
V. Springel, and L. Hernquist, Mon. Not. Roy. Astron.
Soc. 436, 3031 (2013), 1305.2913.

[25] J. Schaye et al., Mon. Not. Roy. Astron. Soc. 446, 521
(2015), 1407.7040.

[26] A. Cooray, Physical Review Letters 97, 261301 (2006),
astro-ph/0610257.

[27] A. Pillepich, C. Porciani, and S. Matarrese, Astrophys.
J. 662, 1 (2007), astro-ph/0611126.

[28] J. B. Muiioz, Y. Ali-Haimoud, and M. Kamionkowski,
Phys. Rev. D 92, 083508 (2015), 1506.04152.

[29] J. R. Pritchard and A. Loeb, Reports on Progress in
Physics 75, 086901 (2012), 1109.6012.

[30] S. R. Furlanetto et al., in astro2010: The Astronomy and
Astrophysics Decadal Survey (2009), vol. 2010 of ArXiv
Astrophysics e-prints, p. 82, 0902.3259.

[31] Y. Mao, M. Tegmark, M. McQuinn, M. Zaldarriaga, and
O. Zahn, Phys.Rev. D78, 023529 (2008), 0802.1710.

[32] E. Pajer and M. Zaldarriaga, Physical Review Letters
109, 021302 (2012), 1201.5375.

[33] R. Emami, E. Dimastrogiovanni, J. Chluba, and
M. Kamionkowski, Phys. Rev. D 91, 123531 (2015),
1504.00675.

[34] R. Khatri and R. Sunyaev, J. Cosm. Astropart. Phys. 9,
026 (2015), 1507.05615.

[35] G. Hinshaw, D. Larson, E. Komatsu, D. N. Spergel, C. L.
Bennett, J. Dunkley, M. R. Nolta, M. Halpern, R. S.
Hill, N. Odegard, et al., Astrophys. J. Suppl. Ser. 208,
19 (2013), 1212.5226.

[36] Planck Collaboration, P. A. R. Ade, N. Aghanim,
C. Armitage-Caplan, M. Arnaud, M. Ashdown, F. Atrio-
Barandela, J. Aumont, C. Baccigalupi, A. J. Banday,
et al., Astron. Astrophys. 571, A22 (2014), 1303.5082.

[37] K. Array, BICEP2 Collaborations, :, P. A. R. Ade,
Z. Ahmed, R. W. Aikin, K. D. Alexander, D. Barkats,
S. J. Benton, C. A. Bischoff, et al., ArXiv e-prints (2015),
1510.09217.

[38] R. Flauger, J. C. Hill, and D. N. Spergel, J. Cosm. As-
tropart. Phys. 8, 039 (2014), 1405.7351.

[39] Planck Collaboration, R. Adam, P. A. R. Ade,
N. Aghanim, M. Arnaud, J. Aumont, C. Baccigalupi,
A. J. Banday, R. B. Barreiro, J. G. Bartlett, et al., ArXiv
e-prints (2014), 1409.5738.

[40] U. Seljak and C. M. Hirata, Phys. Rev. D 69, 043005
(2004), astro-ph/0310163.

[41] U. Seljak and C. M. Hirata, Phys. Rev. D69, 043005
(2004), astro-ph/0310163.

[42] J. Maldacena, Journal of High Energy Physics 5, 013
(2003), astro-ph/0210603.

[43] X. Gao, T. Kobayashi, M. Shiraishi, M. Yamaguchi,
J. Yokoyama, and S. Yokoyama, PTEP 2013, 053E03
(2013), 1207.0588.

[44] J. M. Maldacena and G. L. Pimentel, JHEP 09, 045
(2011), 1104.2846.

[45] S. Weinberg, Cosmology, Cosmology (OUP Oxford,

13

2008), ISBN 9780191523601.

[46] M. Kamionkowski and E. D. Kovetz, ArXiv e-prints
(2015), 1510.06042.

[47] M. Kamionkowski and T. Souradeep, Phys. Rev. D 83,
027301 (2011), 1010.4304.

[48] P. Creminelli and M. Zaldarriaga, Phys. Rev. D70,
083532 (2004), astro-ph/0405428.

[49] E. Pajer, F. Schmidt, and M. Zaldarriaga, Phys. Rev.
D88, 083502 (2013), 1305.0824.

[60] M. Shiraishi, Probing the Early Universe with the CMB
Scalar, Vector and Tensor Bispectrum (2013).

[61] M. Shiraishi, S. Yokoyama, K. Ichiki, and K. Takahashi,
Phys. Rev. D82, 103505 (2010), 1003.2096.

[62] M. Shiraishi, D. Nitta, S. Yokoyama, K. Ichiki, and
K. Takahashi, Prog. Theor. Phys. 125, 795 (2011),
1012.1079.

[63] L. Dai, M. Kamionkowski, and D. Jeong, Phys. Rev. D
86, 125013 (2012), 1209.0761.

[54] D. Babich, P. Creminelli, and M. Zaldarriaga, J. Cosm.
Astropart. Phys. 8, 009 (2004), astro-ph/0405356.

[55] J. R. Fergusson and E. P. S. Shellard, Phys. Rev. D 80,
043510 (2009), 0812.3413.

[66] M. Miinchmeyer, P. D. Meerburg, and B. D. Wandelt,
Phys. Rev. D 91, 043534 (2015), 1412.3461.

[57] A. Lewis, JCAP 1206, 023 (2012), 1204.5018.

[58] G. W. Pettinari, C. Fidler, R. Crittenden, K. Koyama,
A. Lewis, and D. Wands, Phys. Rev. D90, 103010 (2014),
1406.2981.

[59] W. Hu, Phys. Rev. D 62, 043007 (2000), URL http:
//1link.aps.org/doi/10.1103/PhysRevD.62.043007.

[60] A. Lewis, A. Challinor, and A. Lasenby, Astrophys. J.
538, 473 (2000), astro-ph/9911177.

[61] A. Lewis, Phys. Rev. D87, 103529 (2013), 1304.4473.

[62] J. Lesgourgues, ArXiv e-prints (2011), 1104.2932.

[63] E. M. George, C. L. Reichardt, K. A. Aird, B. A. Benson,
L. E. Bleem, J. E. Carlstrom, C. L. Chang, H.-M. Cho,
T. M. Crawford, A. T. Crites, et al., Astrophys. J. 799,
177 (2015), 1408.3161.

[64] B. P. Crill, P. A. R. Ade, E. S. Battistelli, S. Benton,
R. Bihary, J. J. Bock, J. R. Bond, J. Brevik, S. Bryan,
C. R. Contaldi, et al., in Space Telescopes and Instrumen-
tation 2008: Optical, Infrared, and Millimeter (2008),
vol. 7010 of Proceedings of the International Society for
Optical Engineering, p. 70102P, 0807.1548.

[65] K. N. Abazajian et al. (Topical Conveners: K.N. Abaza-
jian, J.E. Carlstrom, A.T. Lee), Astropart. Phys. 63, 66
(2015), 1309.5383.

[66] A. P. S. Yadav, E. Komatsu, and B. D. Wandelt, Astro-
phys. J. 664, 680 (2007), astro-ph/0701921.

[67] T. Matsumura, Y. Akiba, J. Borrill, Y. Chinone,
M. Dobbs, H. Fuke, A. Ghribi, M. Hasegawa, K. Hattori,
M. Hattori, et al., Journal of Low Temperature Physics
176, 733 (2014), 1311.2847.

[68] A. Kogut, D. J. Fixsen, D. T. Chuss, J. Dotson, E. Dwek,
M. Halpern, G. F. Hinshaw, S. M. Meyer, S. H. Moseley,
M. D. Seiffert, et al., J. Cosm. Astropart. Phys. 7, 025
(2011), 1105.2044.

[69] The COrE Collaboration, C. Armitage-Caplan,
M. Avillez, D. Barbosa, A. Banday, N. Bartolo,
R. Battye, J. Bernard, P. de Bernardis, S. Basak, et al.,
ArXiv e-prints (2011), 1102.2181.

[70] A. Cooray, M. Kamionkowski, and R. R. Caldwell, Phys.
Rev. D 71, 123527 (2005), astro-ph/0503002.

[71] A. Lewis, A. Challinor, and D. Hanson, J. Cosm. As-


http://link.aps.org/doi/10.1103/PhysRevD.62.043007
http://link.aps.org/doi/10.1103/PhysRevD.62.043007

tropart. Phys. 3, 018 (2011), 1101.2234.
[72] L. Boubekeur, P. Creminelli, G. D’Amico, J. Norena, and

F. Vernizzi, JCAP 0908, 029 (2009), 0906.0980.

14



	I Introduction
	II Geometric properties of the "426830A BTT "526930B  bispectrum
	A Correlation functions involving the polarization tensor Pab
	B Implications for E and B-modes

	III Primordial Bispectrum
	A On the normalization of fh NL

	IV "426830A BTT "526930B  in the flat-sky limit
	V CMB forecasts
	A Qualitative considerations
	B Quantitative calculation

	VI Discussion and conclusion
	 Acknowledgments
	A The flat-sky "426830A BTT "526930B  bispectrum
	 References

