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Upcoming cosmic microwave background (CMB) data can be used to explore harmonic 3-point
functions that involve the B-mode component of the CMB polarization signal. We focus on bispectra
describing the non-Gaussian correlation of the B-mode field and the CMB temperature anisotropies (7"
and/or E-mode polarization, i.e., (TTB), (EEB), and (TEB). Such bispectra probe violations of the tensor
consistency relation: the model-independent behavior of cosmological correlation functions that involve a
large-wavelength tensor mode (gravitational wave). An observed violation of the tensor consistency
relation would exclude a large number of inflation models. We describe a generalization of the Komatsu-
Spergel-Wandelt (KSW) bispectrum estimator that allows statistical inference on this type of primordial
non-Gaussianity with data of the CMB temperature and polarization anisotropies. The generalized
estimator shares its statistical properties with the existing KSW estimator and retains the favorable
numerical scaling with angular resolution. In this paper, we derive the estimator and present a set of Fisher
forecasts. We show how the forecasts scale with various experimental parameters such as minimum and
maximum multipole moments, relevant for, e.g., the upcoming ground-based Simons Observatory
experiment and proposed LiteBIRD satellite experiment. We comment on possible contaminants due to
secondary cosmological and astrophysical sources.
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I. INTRODUCTION

Inflationary cosmology was proposed [1-3] to solve
several cosmological puzzles: an early period of accelerated
expansion explains the homogeneity, isotropy, and flatness
of the Universe, as well as the lack of relic monopoles. One
of the great successes of the inflationary paradigm is the
production of small density inhomogeneities that grow to
create the large-scale structure of the Universe today [4-8].
In addition, tensor modes produced during inflation lead
to primordial gravitational waves that are potentially
detectable in the polarization of the cosmic microwave
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background (CMB) [9-12]. Observations of the CMB
provide tests of these predictions of inflation and can serve
to distinguish between specific inflationary models.

As yet, CMB observations are consistent with a single
slowly rolling scalar field as the inflaton, the field respon-
sible for inflation [13]. For these single-field slow roll
(SFSR) models, the fluctuations are described by primor-
dial density fluctuations, which are nearly Gaussian,
adiabatic, and nearly scale invariant [2,3]. Gaussianity
implies that the 2-point correlation function of the density
fluctuations uniquely determines all higher even n-point
functions while all odd n-point functions vanish. In
principle, inflation could be described by variants other
than SFSR that introduce significant non-Gaussianity, such
as multifield inflation; models with noncanonical kinetic
terms or non—Bunch-Davies vacua [14]. As yet no evidence
for primordial non-Gaussianity has been found in the
Planck data [15]; hence many of these models have been
ruled out. Conversely, evidence for non-Gaussian statistics
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in upcoming data would imply deviations from SFSR
inflation and would provide an informative probe of the
inflationary dynamics and the associated high-energy
physics [16].

While the usual searches for primordial non-Gaussianity
focus on the n-point statistics of scalar fluctuations, in
this paper we concentrate on the relatively unexplored
observational signatures of non-Gaussian correlations
involving tensor fluctuations, as previously discussed by
[17]. We propose to extend the search for primordial
non-Gaussianity from one that only looks for the “scalar-
scalar-scalar” correlation to one that also searches for
the “scalar-scalar-tensor” correlation [17-23]: the non-
Gaussian correlation between two modes of the primordial
scalar perturbation and a mode of the tensor perturbation
produced during inflation. To enable this goal, we general-
ize the statistical inference framework used for primordial
non-Gaussianity.

The scalar-scalar-tensor correlation is parametrized in
terms of the Fourier coefficients of the curvature (scalar)
perturbation ¢ [24,25] and the two helicity modes *2, that
describe the tensor perturbation [18]:

(G, G, ;) = (21369 (q)*F (K, Ky ks), (1)

with q = k| + k;, + k3. The *2F functions depend on the
inflationary dynamics and can differ between models. Both
i and *2hy are described in the early radiation-dominated
Universe at a time when their comoving wavelength 27z /k
(with k = |k|) is larger than the Universe’s “comoving
Hubble radius” (aH)~! in natural units. H(¢) and a(t) are
the Hubble parameter and the Robinson-Walker scale factor
as a function of cosmic time. Both types of perturbations
are assumed to be “adiabatic,” implying that they do not
evolve on these “superhorizon” scales [26].

Evidence for a nonzero {{h 3-point function would not
only point toward a deviation from SFSR inflation [18] but
also would potentially rule out the majority of currently
formulated models of inflation [21]. The reason for this is a
robust consistency relation for the “squeezed limit™:
|k;| < |k;| % |k,|, of the {{h correlation. In the squeezed
limit, {Ch is completely determined by P,(k) and P, (k),
the power spectra of ¢} and *2h, [18,27]:

CF(ky ko k) (4=ng\ o bot2 (|
P (ki) Py(ks) _< 2 )(k‘) e i) )

The relation is independent from the dynamics of scalar
fields present during inflation and holds as long as modes
of the tensor perturbation become adiabatic directly after
reaching a superhorizon scale during inflation [21]. The
“polarization tensors” e with a,b € {1,2,3} are two
traceless, transverse tensor fields that will be precisely
defined later. n; — 1 parametrizes how much P, (k) deviates
from the scale-invariant form; see Appendix C 1.

The tensor consistency relation in Eq. (2) is powerful
because its predictions are falsified if a significant {Ch
correlation is detected in the squeezed limit [28,29]. An
observed violation of the tensor consistency relation would
indicate that inflation is described by a nonstandard variant.
For example, the relation is violated by inflationary models
with light, nonzero spin fields that do not decay quickly
after leaving the horizon [21]. As a consequence, falsifi-
cation of the tensor consistency relation allows ruling out
models that approximately respect the de Sitter isometries
[30], except for isometry-respecting models with so-called
partially massless spin fields [27,31]. Other inflationary
models that cannot be ruled out by falsification are those
that weakly break some of the de Sitter isometries and
couple the extra spin fields to the resulting preferred spatial
slicing [32-34]. Furthermore, in models where a subset of
the de Sitter isometries is strongly broken, there is no
reason for the consistency relation to hold [22,23]. This
last class includes models in which the tensor perturbations
are produced by additional fields [35,36]. These models
generally also make predictions for large tensor non-
Gaussianity in different forms than just the squeezed
¢Ch type [37].

It should be noted that tests for the consistency relation
of the squeezed scalar-scalar-scalar ({{{) correlation
[38,39], which are similar to the tests for the tensor
consistency relation, are already underway [15]. The
consistency relation for the squeezed {¢{ correlation holds
for single-field inflation models [28].l A detection of a
significant {{{ correlation in the squeezed limit would
experimentally rule out the validity of the consistency
relation and would provide evidence for the presence of
more than one time-evolving scalar field during inflation.
The tensor consistency relation in Eq. (2) is arguably more
general than the {{{ counterpart as it will, in principle, still
hold for models with multiple scalar fields [21,45].

The CMB contains cosmological information both in its
temperature anisotropies (7') and in its linear polarization.
The polarization field can be divided into two components:
the parity-even E-mode and parity-odd B-mode fields [7,8].
Primordial scalar perturbations source 7' and E-mode
polarization, while primordial tensor perturbations source
the 7', E-, and B-mode fields. Observational searches using
T and E constrain both scalar and tensor perturbations.
However, the contributions to 7 and E from scalars are
much larger than those of tensors, and so cosmic variance,
due to the limited number of measurable modes, prohibits
strong constraints on tensor perturbations with 7 and E
data. The inclusion of B-mode data allows for much tighter

"The exception are single-field models that relax the standard
assumption of a Bunch-Davies vacuum state [40,41]. Single-field
nonattractor models [42,43] also do not conform to the consis-
tency relation, but still do not produce an observable ({{C
correlation in the squeezed limit [44].
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constraints on tensor perturbations [46]. Furthermore,
unlike 7, current B-mode observations are not cosmic-
variance limited; hence sensitivity to primordial tensor
perturbations can significantly increase with B-mode
polarization data [47].

For these reasons, this paper focuses on bispectra, the
harmonic equivalent of 3-point correlation functions, that
describe how a single B-mode perturbation is correlated to
perturbations in the E-mode field or the CMB temperature,
i.e., the (TTB), (EEB), and (TEB) bispectra. These
correlations are currently unconstrained, but will be within
reach of observations by currently operating [48-51],
upcoming [52-57], and proposed [47,58] experiments.
Since B-modes are sourced by primordial tensor modes,
these bispectra directly probe the {{h correlation. The use
of the (TTB), (EEB), and (T EB) bispectra avoids much of
the scalar-induced cosmic variance that plagues current
constraints on the {lh correlation.” These constraints are
expected to improve by an order of magnitude with the
inclusion of current B-mode data [17,22,47]. CMB con-
straints on {{{, already close to the cosmic-variance limit,
will not see such improvements.3 Future constraints on {lh
will benefit from the ongoing, unified experimental effort to
collect B-mode data in order to constrain the ratio of the
primordial tensor-to-scalar ratio r:

_ Pulko
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Besides the fact that a detection of a roughly scale-invariant
tensor power spectrum P,(k) would provide a strong
argument against a range of alternatives to inflation
[72-75], constraints on r are used to differentiate between
models of inflation [13]. For slow-roll models, r also
provides the energy scale of inflation V!4 VI/4~
r!/4 % 10'® GeV [76]. The upper limit on r is determined
by the BICEP2/Keck Array and Planck CMB data to be
70002 < 0.064 (at 95% confidence level) [13]. In the case of
a nondetection, upcoming B-mode observations have the

*The only relevant dedicated searches have been for a parity-
violating 3-point tensor-tensor-tensor correlation using the
Planck data in [15] and a search in the WMAP data in [59]
for a {Ch correlation that violates the tensor consistency relation.

*While inference on certain standardized types of (¢¢
non-Gaussianity will only improve by a factor of approximately
two with upcoming CMB data [47], it is possible that more
complicated non-Gaussian features would still be hidden in the
data. This is especially true for models with oscillating or
nonsmooth inflationary potentials (see, e.g., [60—-64]) or models
that predict non-Gaussian n-point correlation functions with
n > 3 [27,65,66]. In terms of improving constraints on (espe-
cially squeezed) {{¢ correlation functions, observables such as
galaxy clustering [67,68], 21 cm tomography [69], the cross-
correlation between CMB lensing and galaxy clustering [70] or
the cross-correlation between the primary CMB anisotropies and
small-scale spectral distortions of the CMB [71] have the
potential to significantly improve constraints in the (far) future.

potential to improve over the current 95% upper limit by
factors of approximately 10 [52,56] and 30 [47,58].

Statistical inference on primordial non-Gaussianity is
generally done using statistical ‘“‘estimators.” Loosely
speaking, an estimator is a rule to transform observed data
into a statistical estimate of a parameter of interest. Here we
concentrate on a CMB bispectrum estimator that transforms
CMB data into an estimate of the amplitude of a given
bispectrum and, simultaneously, the amplitude of the
primordial 3-point function responsible for this bispectrum.
There is a complication associated with the {{h 3-point
function that prohibits a straightforward implementation of
the standard bispectrum estimator, see Eq. (40) [77-81].
Existing bispectrum estimators rely on a summary statistic
of the CMB bispectrum: the so-called reduced bispectrum
by ¢,e,» defined in Sec. III of this paper [82]. Data are
usually compared to a version of the reduced bispectrum
that is separable (factorizable) in 74, £5, and ¢5. For data
with a large harmonic band-limit #,, this separable form
reduces the computational scaling of the estimator from
O(f3x) to O(f3.) [77]. The problem is that the
(ky)(ky)Pe 2 (k3) term that is present in the {{h 3-point
correlation function results in reduced bispectra that are not
separable into 7, £,, and ¢3 [83]. Without a separable form
of the reduced bispectrum, inference on {{# likely becomes
an enormous computational challenge.4

We demonstrate that a numerically efficient estimation of
the amplitude of the {{h 3-point correlation is still possible
by making use of the full bispectrum instead of the reduced
bispectrum, and we propose a generalization of the stan-
dard bispectrum estimator [Eq. (59)]. This generalization,
which can be seen as the main result of this paper, allows
for computationally efficient (and statistically optimal)
estimation for all {{h 3-point functions that include the

(ky)“ (k)P e 2 (k3) term in the following way:
PF(K Ky K3) = flki k. k) (k) (Ro) e (ks). (4)

Here it is assumed that f can be expressed as (a sum of
terms) separable in the three wave numbers k1, k,, and k5. It
is argued how numerical evaluation still scales as O(£73 )
and how the proposed estimator is exact: it does not rely on

*Approximate methods that retain some computational effi-
ciency without relying on a separable form do exist (the binned
bispectrum estimator [84] and the modal estimator [85-87]) and
have been successfully applied in the Planck analysis [15,88,89].
The first constraint on the amplitude of the {{h 3-point function
in [59] was made with a modified [90] version of the modal
estimator. Despite the fact that the binned and modal estimators
are broadly applicable, they are relatively involved, are not
strictly statistically optimal, and have an unnecessary computa-
tional overhead in the case of reduced bispectra that are already in
separable form. For inference on such bispectra the dedicated
estimator developed in Refs. [77-81] provides a simpler and
more efficient solution.
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lossy data compression or on the flat-sky approximation
[17,91].

In Appendix A, it is shown how the estimator can be
adapted to other nonstandard 3-point correlation functions.
We derive an estimator for scalar 3-point functions that are
sensitive to the presence of higher-spin fields during
inflation [65,92,93] and provide estimators for 3-point
functions that involve two or three tensor components.
The 3-point functions with multiple tensor components are
relevant for inflation models with pseudoscalar—gauge field
interactions [37,94-96], models with higher-derivative
terms in the inflationary gravitational sector [97], and
bimetric gravity models [98].

To illustrate the potential of the generalized estimator for
testing the tensor consistency relation we provide a number
of Fisher forecasts that represent idealized experimental
outcomes. These forecasts demonstrate the Z;, and £,
dependence of constraints on the amplitude of the squeezed
{Ch correlation. The forecasts also show the influence of
the lensing B-mode power spectrum, the effects of reioni-
zation, and the advantage of using both temperature and
E-mode data in addition to the B-mode data. We comment
on the expected contamination that is associated with
B-mode data and the high-resolution data needed for
squeezed 3-point functions. In future work the generalized
estimator will be applied to simulated microwave sky data
to evaluate the Fisher forecasts.

The current paper is organized as follows. We first
review the CMB anisotropies, the bispectrum, and the
primordial 3-point correlation function in Sec. II. We then
introduce the generalized bispectrum estimator in Sec. III
and present Fisher forecasts for the tensor-scalar-scalar
bispectrum in Sec. IV. We discuss future work in Sec. V and
conclude in Sec. VI

II. PRELIMINARIES
A. CMB anisotropies

The data we consider are spherical harmonic modes of
the CMB temperature and linear polarization anisotropies
on the celestial sphere. After a brief review of the general
properties of the harmonic modes, we will demonstrate the
linear relation between the CMB anisotropies and the
primordial scalar and tensor perturbations.

The temperature harmonic modes are related to the CMB
temperature 7 measured at position i € S? on the celestial
sphere by

aron= [ AQRTR)Y;, (5), 5)

where dQ(fi) and Y7, are the differential solid angle and a
complex-conjugated spherical harmonic function, respec-
tively. See Appendix B 1 for a summary of our notation.

The symmetric, traceless tensor field that describes the
linearly polarized component of the microwave sky can be

decomposed into two (real) fields: Q(fi) and U(fi). These
fields are coordinate-dependent quantities that transform
among themselves when the local coordinate basis (the
tangent space) on the sphere at i1 is rotated. For that reason,
it is convenient to combine these fields into a complex
“spin-2” field on the sphere, 2P, which is defined as
follows:

#)P(A) = (Q + iU)(h). (6)

Under a right-handed rotation of the local coordinate
system around the point i we then have

E2P(i) > FDP(R)eT2V, (7)

where y is the angle of rotation. The sign of the exponent is
a convention.

Instead of directly using ‘*~/P, we will describe polari-
zation in terms of the harmonic modes of two fields that are
scalars under coordinate rotations around fi: the parity-even
E field and the parity-odd B field. The harmonic modes of
these two fields, the E- and B-modes, are related to the
locally observable field as follows:

(+2)

1
__ - SN (5) DA % (A
aren =5 [ 4R,V @),

seEX2

ap.ym = —% ngn(s) /SZ dQ(h)®P(R),Y, (A).  (8)

===

The spin-weighted spherical harmonics Y., form a
complete and orthonormal basis for spin-s functions on
the sphere, analogous to the regular spherical harmonics.
See Appendix B 1 for a brief overview.

The parity-even E and parity-odd B harmonic modes
transform differently under the parity transformation of the
underlying spherical coordinates. Under parity, the odd
moments of the temperature anisotropies and the E-mode
field gain a minus sign. The opposite behavior holds for the
B-mode field:

arem > (_l)fanmﬂ
agem > (=1) ag o,

apem > (_l)erlanm' (9)

To describe the primordial adiabatic scalar perturbations
that source the CMB anisotropies, we use the gauge
invariant curvature perturbation { [24,25].5 As the initial

>The invariance under the choice of gauge (the choice of
constant-time spacelike hypersurfaces and constant-position
timelike worldlines) of { explains why it can simultaneously
be interpreted as, e.g., the spatial curvature on hypersurfaces with
constant energy density or as the energy density perturbation on
spatially flat hypersurfaces [99].
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adiabatic state is constant on superhorizon scales, we only
need to consider the amplitude of ¢ on some spacelike
hypersurface in the early radiation-dominated era when all
Fourier modes of interest were superhorizon. The Fourier
coefficients of this amplitude at early time ¢; are given by

G = / X, )] i 0. (10)

where 7 =t+ 8t(x,7) parametrizes weakly perturbed
spacelike hypersurfaces relative to comoving coordinates
{x, 1} of the flat Friedmann-Lemaitre-Robertson-Walker
(FLRW) background. Throughout this work, k denotes a
three-dimensional (3D) comoving wave vector.

The primordial tensor perturbation # is the traceless and
divergenceless linear perturbation to the flat FLRW metric:

ds? = —dP2 + a2(1)[64p + hp(x. H)]dx?dx®,  (11)

with h¢ = 9,h?’ = 0. Instead of using the coordinate basis
to describe the tensor perturbation, we use a basis that sits
perpendicular to the unit wave vector K, spanned by the

A

() unit vectors.® On this new basis, the tensor perturbation

conveniently reduces to two helicity states with Fourier
coefficients given by

L )

(£2)"x — 2 /d3Xhab(X,t)ltzy(x,t’.)e_ik'x. (12)

The polarization tensors e, are two symmetric, traceless,
and transverse tensor fields that transform # from the
comoving coordinate basis to the €., basis. The polari-
zation tensors have the following properties:

(esh)" (k) = ety (K), (13)
et (k)ed (k) =284, (1€ =£2). (14)

The tensor perturbation £ is gauge invariant (in the same
sense as ¢ is) [100]. The helicity components (+2) h are scalars

under coordinate transformations up to a phase factor
depending on the orientation of the basis spanned by é(i).7

°To relate the basis vectors of the comoving coordinates
é(a) to those of the noncoordinate basis, we introduce a set of
“polarization” vectors: {e ., e_, e}, such that &(;) = e,¢(,) with
A € {+,—,0}. Geometrically, the &(4) basis vectors span the
plane perpendicular to the wave vector, while ) points along the
wave vector. The three vectors form a complete orthonormal
basis. We let & describe states of circular polarization; i.e., the
polarization vectors obey (e *)* = eL“

"The polarization tensors are defined in terms of the =+
polarization vectors as ¢4 = v/2e.%¢..?. In the Cartesian basis,
we may define the polarization vector as e, = {1,=4i,0}/+/2 for
a wave vector aligned with the Z direction. The addition of a
complex phase exp(—iy) to this definition amounts to an equally
suitable basis that is simply rotated around the wave vector. The
polarization tensors and helicity components are thus defined up

to exp(—2iy).

Let us categorize the stochastic primordial (superhor-
izon) amplitudes in terms of their helicity A:

i
Y= { D,

Following the notation set by [83], we then write down a
compact expression for the observed CMB modes in terms
of these helicity-dependent superhorizon amplitudes and a
set of rotationally invariant transfer functions 7 ,(k):

forA=0

. 15
for A = £2 (15)

a), = 4a(=i)"> sgn(2)
A

Pk A
X/ (27) DT LYK Y5, (k). (16)

with  Z € {{(scalar), h(tensor)}, sgn(0)=0, 0°=1,
X € {T, E, B}, and helicity and parity determined by

1o 0 for Z=¢ B 0 forX=T,E
2 forZz=h" |1 forXx=B

Note that by defining _,Y7 ~in Eq. (16) on the transverse
basis spanned by &), we ensure that the ay 4, for Z = h
are independent of the orientation of this basis. This
approach is fully analogous to the decomposition of the
spin-2 polarization field in Eq. (8).

The transfer functions 7 4 (k) transform the superhorizon
amplitudes ¢, and Wh, to the CMB radiation and its
polarization seen today [8,101]. In short, once the comov-
ing Hubble radius (growing after inflation has ended)
becomes larger than the comoving wavelengths of
and (l)hk, they “enter the horizon” and start to evolve with
time. The scalar perturbations sourced by ¢ begin to
oscillate under the effects of gravity and photon pressure,
resulting in the acoustic oscillations seen in the CMB
angular power spectra. The helicity components %A start to
propagate through space as the two polarization states of a
gravitational wave, virtually decoupled from the other
components of the Universe, and decay away with the
expansion of space [76,102,103]. As a result, the most
prominent difference between the scalar and tensor transfer
functions is that the latter result in small values for CMB
fluctuations on small (Z > 100) angular scales. Small-scale
tensor perturbations that entered the horizon before recom-
bination decay significantly before leaving their imprint on
the CMB. The transfer functions depend only on the
unperturbed background cosmology and are readily avail-
able through numerical Einstein-Boltzmann solvers such as
CAMB [104,105] or CLASS [106].8 The projection onto the
celestial sphere is also handled by the transfer functions.

¥See hitps://camb.info and http://class-code.net.
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See Appendix C 1 for more details on the transfer functions
used in this work.

With Eq. (16), we have quantified the relation between
the CMB anisotropies and the primordial scalar and tensor
fields. The relation reiterates an important point: the
primordial scalar fluctuations do not source the parity-
odd B-mode field at linear order [8]. Higher-order cosmo-
logical effects, such as weak lensing by matter along the
line of sight [107] or second order time evolution of the
scalar perturbations [108-110], create a B-mode signal
even in the absence of a primordial tensor contribution.
Such effects are not included in the linear transfer functions
so their influence has to be described separately. The same
is true for a signal from astrophysical foregrounds. We will
briefly discuss these contributions in Sec. V but will
consider them in more detail in a future paper.

B. Bispectrum and the primordial 3-point function

In Sec. I B 1, we summarize general properties of the
observable of interest: the CMB bispectrum. As we are
interested in bispectra that include a B-mode component,
we explicitly discuss the inclusion of B-mode polarization.
In Sec. II B 2, we then introduce the concept of a linearly
propagated, or primary, bispectrum: a primordial 3-point
correlation function that is evolved to the CMB bispectrum
today by the linear transfer functions introduced in
Sec. I A. In addition, we describe the primordial {Ch
3-point correlation function in more detail.

1. General properties of the bispectrum

The bispectrum is defined as the isotropic 3-point
correlation function represented in terms of spherical
harmonic coefficients. The bispectrum is proportional to
the multivariate generalization of the skewness of a prob-
ability distribution and thus vanishes for purely Gaussian
coefficients.

We can formulate a bispectrum for every combination of
the temperature and polarization components X, X,, X5 €
{T,E, B}:

£16283 _
mymymy, X X, X3 = <alelml axzfzmzax3f3"13>’ (17)

The ay,,, are defined in Eqs. (5) and (8). Statistical
i1sotropy constrains the azimuthal dependence such that
the bispectrum may always be factored into a Wigner
3-j symbol and a factor independent of m;, m,, and m;,
[111,112]:

Bf|f2f3 _ fl I/ﬂz f3 BX|X2X3 (18)
mymymy X1 X, X5 — m m m O\rts "
1 2 3

We will refer to the left-hand side (lhs) as the bispectrum,
while B on the right-hand side (rhs) is the angle-averaged

TABLE 1.
—n, for bispectra B
zation indices.

Factor gained after a parity transformation P: fi —
16285
mymyms, X X, X3

grouped by X, X,, X5 polari-

P: f -
TTT, TTE, TEE, TBB, EEE, EBB
TTB, TEB, EEB, BBB

(_1)f|+f2+f3
(_1)f1+f2+f3+1

bispectrum. See Appendix B for an overview of the Wigner
3-j symbols.

It is possible to construct a parity-invariant bispectrum
from three fields regardless of the parity behavior of the
individual fields. This means that we can form a parity-
invariant bispectrum for all combinations of 7, E, and B.
This is not the case for the angular power spectrum.9 From
Eq. (9), we see that invariance under parity alone imposes
that ¢ + ¢, +¢3 =even for bispectra with an even
number of B-mode contributions and 7; + ¢, + 5 =
odd otherwise; see Table I [17,113].

Isotropy forces the | + ¢, + 3 = even components of
bispectra to be real while the £ + ¢, 4+ 3 = odd parts are
purely imaginary. This constraint can be deduced from the
condition for isotropy in Eq. (18) and the reality condition
of the harmonic coefficients:

ax em = ax.e-m(=1)", (19)

which holds because the underlying X = {7, E, B} fields
are real valued. The combination of these two conditions
together with the reality of the 3-j symbols then implies

3

)Bf|f2f3(—1) wet

4 4 4
w1626 1 2 3
(B )mllf%zins = (

-y —mp  —hig
which, through the property of the 3-j symbol in Eq. (B11),
means that complex-conjugating the bispectrum results in
the following behavior:

(B*)f1f2f3 :Bflfzfz (_I)Zi:](m,ﬁ»f,,)_

mympmsz mymyms3
Note that the Wigner 3-j symbol vanishes for

m; + my + m3 # 0. Clearly, the above relation also holds
for the angle-averaged bispectrum B, ... We have

°Given the parity transformation rules in Eq. (9), we see that
the 2-point cross correlation function between a B-mode coef-
ficient and a T coefficient transforms under parity as

(aB.eym @ fymy) > (@B.om, a*mm2>(_1)fl+fz+1 .

Taken together with isotropy, which demands that the cross-
correlation is proportional to &z, 4,0, x,» We see that there is no

parity-invariant configuration. The BE power spectrum vanishes
by extension.
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TABLE II. Parity conservation forces the bispectrum to be
purely real, to be purely imaginary, or to vanish, depending on its
¢y, ¢», and £3 multipole indices and its X;, X,, and X3
polarization indices.

Zgzl ¢, = odd 23:1 ¢, = even
TTT, TTE, TEE, TBB, Vanish Real
EEE, EBB
TTB, TEB, EEB, BBB Imaginary Vanish

suppressed the X indices as the above holds for all
combinations of polarization indices. See Table II for an
overview of the geometric constraints on parity-invariant,
isotropic bispectra. The fact that the bispectra of interest
here—(TTB), (TEB), and (EEB)—are purely imaginary
is a consequence of the complex representation of the
spherical harmonics that we use. Expressed in terms of the
Stokes parameters Q and U, the corresponding 3-point
correlations would be real valued and thus observable.

2. Linearly propagated bispectrum and
primordial 3-point correlation function

We start by defining the linearly propagated, or primary,
bispectrum in its most general form. As mentioned before,
the linearly propagated bispectrum is formed by time
evolving a primordial 3-point correlation function to the
CMB bispectrum today using the linear transfer functions
introduced in Sec. I A. We then introduce the standard
scalar-only (£¢{) primordial 3-point correlation function as
well as our main focus: the {{h 3-point correlation
function.

Let us parametrize the superhorizon 3-point correlation
function, the object we are ultimately interested in, as a
helicity-dependent quantity using the amplitudes intro-
duced in Eq. (15):

ullﬂa)B(kl ’ k27 k3) = <(ll)§k1 (22>€k2 uz)£k3>’ (20)

where the helicity 1 is 0 for scalar perturbations and +2 for
tensor perturbations. We can then, using Eq. (16), form the
linearly propagated bispectrum [114]:

3
6H16205(202225) : an Aptx,
Bm]mzmg.X1X2X3 - H4ﬂ(_l) Sgn(ﬂn)
n=1 An

K, B Kk (Z,)
) /W‘ﬁn Y &) T 5 (k)
X (—11—12—13)3(1(1, kz, k3) (21)

Note that the three Z indices of the bispectrum in Eq. (21)
may each be either ¢ or A.

We now consider the symmetries of the primordial
3-point function. The assumed translational invariance of
the process generating the primordial fluctuations implies
momentum conservation in Fourier space:

hibIB(k, ky, k3) = (27)°6%) (k| + K, + k3)
x AL B)F (K, Ky, Ks). (22)

What remains now is to consider certain expressions for the
helicity-dependent (4%24)F(k,, k,,k;) functions. In a
regular analysis, these functions would be given by the
model under consideration. Here we are more interested in
classes of models, and so we use general parametrizations.

For the scalar-only ({¢{) 3-point function, isotropy
demands that F depends only on scalar products of the
three wave vectors: the individual amplitudes and k; - k,,
k, - ks, and k, - k3. F cannot depend on a pseudoscalar
such as k| - (k, x k3) in case of a parity-invariant 3-point
correlation function. For simplicity, we use the following
template:

(00F (K, Ky, k3) = fEO) (ky, ko, k3), (23)

where f is generally referred to as the shape of the
bispectrum. We will make use of this standard {{¢ template
to introduce the reader to existing estimation techniques
later in this paper.

For the {{h case, we use the following parametrization:

02)F (K, Ko, K3) = fEN (ky, ky, k3)
x (k) (ko) ey (ki) (24)

Recall that roman indices denote three-dimensional spatial
comoving coordinates; they are summed over when
repeated. Note that (“0t2)F and (“O-2F correspond to two
independent 3-point functions; by denoting the shape
function f¢¢") independent of helicity, we, however, implic-
itly assume parity invariance.

The class of {{h 3-point functions described by Eq. (24)
include those predicted by SFSR inflation [18]. The
amplitude of the {{h 3-point function will be too small
to be observable with CMB data in the SFSR case. More
importantly, the template in Eq. (24) also applies to the
majority of mentioned models that violate the tensor
consistency relation in Eq. (2) and thus potentially produce
an observable signal [19-23]. We may therefore use
Eq. (24) as the basis for inference on such models.

To gain intuition for the characteristics of the ((h
template, it is useful to realize that the delta function in
Eq. (22) imposes that k; 4+ k, + k3 = 0; i.e., the 3-point
function is defined on triangular configurations of the three
wave vectors. The f¢") (k. k,, k3) part of the {Ch template
thus assigns a weight to each triangle based on the lengths
of the three sides. While these weights completely deter-
mine the 3-point function in the {{{ case, the {{h case
requires that two more aspects are taken into account. First,
the {{h 3-point function is always suppressed in triangular
configurations wherein the wave vector of the hy Fourier
mode is roughly (anti)parallel to the wave vector(s) of one
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or both of the scalar modes. This suppression is not due to
the £(€¢") weight function but is a consequence of the nature
of the polarization tensors. Their transverse property

demands that (k)?e?(k’) vanishes as k becomes equal
to k. We thus see a suppression when ﬁ3 aligns with 122

and/or ﬁl in Eq. (24). Second, the transverse traceless
behavior of the {{h 3-point function is also reflected in its
helicity dependence.

We have demonstrated how the CMB is affected by a
nonzero primordial 3-point correlation function through the
bispectrum. We have also introduced the {{h 3-point
correlation function in Eq. (24). The bulk of this work
will focus on this 3-point function. Note that the estimation
technique that will be presented in the following sections is,
in principle, also applicable to other types of 3-point
functions. For conciseness, the discussion of some other
templates (including the SFSR scalar-tensor-tensor and
tensor-tensor-tensor 3-point functions [18]) is placed in
Appendix A.

III. ESTIMATOR

This section is organized as follows. We first introduce
the general form of the bispectrum estimator in Sec. Il A.
In Sec. III B, we then summarize the existing numerically
efficient implementation of the estimator, and in Sec. III C
we present our new work: the generalization of the fast
implementation to the {{h case.

A. General bispectrum estimation

We summarize the properties of the now standard CMB
bispectrum estimation method [78,82,115]: a parametric
search for the amplitudes of theoretically motivated bis-
pectrum templates using an estimator that consists of a
cubic and a linear statistic. This method has been the basis
for the Planck non-Gaussianity analysis [15]. A derivation
of the estimator and discussion of its properties can be
found in Appendix D.

The estimator yields an estimate of the overall (dimen-
sionless) amplitude fy; € R of a bispectrum. We thus
parametrize the bispectrum of interest as

B(fNL) = fnuBis (25)

where B; = B(fn;, = 1) is a fixed theoretical template with
suppressed £ and m indices.

In searches for primordial non-Gaussianity, the template
B, is given by a normalized version of the linearly
propagated bispectrum in Eq. (21). The linear nature implies
that the f; parameter corresponds to the overall amplitude
of the primordial 3-point correlation function (~41~%2~%)B in
Eq. (21). In principle, the amplitudes of several templates
can be jointly estimated (see Appendix D). Here we only
need the single parameter variant.

The estimator for fy; is given by

. 1 0165t
Sae = 6Z, Z Z (B 1) moms X, 3%,

all£,m all X
B _ _ X
<{l(ca),, (Ca), (CTla)S,
= e (€ exelicl). (20

where X € {T.E,B}. The data, ay,,, only enter in
inverse-covariance-weighted form:

(Cla)k, = > (XX axew.  (27)

X Z'm'

Here C~! is the inverse of the block matrix:

Crr Crg Crp
Comew = | Cer Cep Cgp . (28)
Csr Cge Cgr/ pmerm
Each element is defined as
CXX/,fmf’m’ = <aX,fma§(’f’m’>7 (29)

with X, X’ € {T,E, B}. This covariance matrix includes
both the signal and the noise covariance and is therefore
generally not diagonal. The estimating procedure considers
the covariances as fixed and known a priori.

Intuitively, the first and second lines, the “cubic term,” in
Eq. (26) serve as a matched filter that correlates the
observed bispectrum with the theoretical template Bj.
The terms linear in the data (first times third line) are
usually jointly referred to as the “linear term” and effec-
tively serve to counter the estimator variance induced by
the anisotropic parts of the covariance matrix [78,81]. Only
the cubic part of the estimator is needed in cases where the
covariance matrix in Eq. (28) is rotationally invariant.'
With weakly anisotropic covariance, the linear term can be
neglected for nonsqueezed bispectrum templates and/or
analyses without large-scale (£ < 100) data [91].

The normalization of the estimator is given by the
following (dimensionless) number:

IO = é Z Z (BI)ZII{;?”}X]XZXS

allZ,m all X
—1\ X1 X —1\ X2 X —1\X3X,
x [(C l)fllm?f4m4< l)fzzmzfsms( l)f;m:fﬁmﬁ]
45t
X (BT)rr:r:L5:;16,X4X5X6' (30)

%One can check that the rotational invariance of the bispec-
trum forces the linear term to be proportional to the (unobserv-
able) CMB monopole perturbation when the covariance matrix is
rotationally invariant [115].
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Note that Z,
observed data.

The estimator is often referred to as “optimal.” The word
optimal refers to the fact that, in the appropriate limit, the
estimator yields an unbiased point estimate of fy; with
variance given by the inverse of the model’s Fisher
information on fy;.. It should be noted that this behavior
is strictly true only in the limit where all non-Gaussian
signal vanishes, and this includes fy;, — 0. The expression
in Eq. (30) becomes equal to the Fisher information on fy,
in this limit. In Appendix D, we specify the likelihood
function of the data to make the above statements more
precise.

The estimator in Eq. (26) is well-suited to estimate upper
limits on f; . When a weak non-Gaussian signal is present,
the estimator is still usable, but one has to be wary of biases
and nonoptimal variance [116,117]. This is especially
relevant for B-mode data contaminated by Galactic signal
or high-resolution data with relatively strong non-Gaussian
contributions from, e.g., weak lensing. See the discussion
in Sec. V for more details.

We end this summary with a practical note on the inverse
covariance matrix C~!. The matrix frequently appears as
part of the matrix-vector product C~'a [see Eq. (27)]. The
C matrix, given by the sum of the signal and noise
covariance matrices, is generally too large and dense to
allow for regular matrix operations, such as matrix inver-
sion. However, by separating C into the signal covariance,
which is diagonal in the harmonic basis, and the noise
covariance, which is typically close to diagonal in the
(pixel) coordinate basis, it is straightforward to apply the C
matrix to a vector. This makes it possible to avoid explicitly
calculating the inverse covariance matrix C~! when com-
puting the matrix-vector product C~'a. Simply put, one
recasts the problem into the linear equation Cx = a and
solves for x using an iterative method. The method
converges to the correct answer as the equation is solved
by x = C~'a. Suitable iterative methods (e.g., the conjugate
gradient method) start with an initial guess for the vector x
and iteratively update this guess until a — Cx falls below a
predetermined threshold. Crucially, these methods only
rely on the capability of applying C, or related matrices, to a
vector. The inverse operation, where C~! is applied to
a vector, is not required. See Appendix A from [118] for a
detailed description of such an iterative approach.

However, there are also cases in which the C~! matrix
does not appear as part of a matrix-vector product. The
linear term and estimator normalization rely on sums over
the elements of the C~! matrix itself; see the third line
of Eq. (26) and the second line of Eq. (30), respectively.
The distinction between the matrix-vector product and the
matrix itself is important. The iterative methods for the
C~'a operation are not suitable for direct computation of
the full C~! matrix. Whenever an isolated C~' matrix
appears, it typically has to be replaced by a Monte Carlo

is completely independent from the

estimate of C~! that is generated using inverse-covariance-
weighted Gaussian ay »,, with the same signal covariance,
noise covariance, masking, etc., as the data, i.e., drawn
from the distribution specified by Eq. (28):

(CXX, | ~((Ca)X (Cah)X ) (31)

MC*

This Monte Carlo average converges to C~!' because
<<C_1a)§m(c_la-}-)i’g’/m/> = (C_l);f;)r(u,f’m” (32)

where ((---)) denotes the ensemble average over the
multivariate N (0,C) distribution. The Monte Carlo
approach allows one to indirectly compute C~! using the
iterative methods used for the matrix-vector product C~'a.
For this reason we will encounter Monte Carlo estimates,
denoted by (- - )y throughout this paper.

B. Fast bispectrum estimation

In this section we motivate the need for an efficient way
to evaluate the estimator in Eq. (26) and review the standard
method to do so: the Komatsu, Spergel, and Wandelt
(KSW) estimator [77]. When used to estimate the ampli-
tude of primordial 3-point functions, the KSW estimator
applies to the {{{ correlation but not to our main interest:
the {Ch correlation. We will introduce the generalized
version of the KSW estimator that can be used for {{h in
Sec. III C.

The number of numerical operations needed to evaluate
the estimator in Eq. (26) quickly grows to enormous sizes
as the resolution of the data, i.e., £, increases. Even
when the costs of computing C~'a are ignored, direct
evaluation of the estimator in Eq. (26) will asymptotically
scale as O(£%,,,). The isotropy of the bispectrum may be
used to reduce this scaling to O(¢3,,,) by, for instance,
fixing m3 = —(m; +m,), but this scaling is still
unmanageable.

To avoid the O(£3,,) scaling, bispectrum estimation
generally focuses on separable bispectrum templates to
reduce the scaling to O(£3,,) (albeit possibly with a
relatively large prefactor). The most straightforward imple-
mentation of this idea is formulated by Komatsu, Spergel,
and Wandelt [77], in what we will refer to as the KSW
estimator. See Ref. [119] for technical details and
Refs. [80,81] for a generalization that uses E-mode data
in addition to T data.

Simply put, the KSW estimator exploits the idea that for
a hypothetical bispectrum template

N
Bmllngzﬁm = Ffl,mlez.mthg,my (33)
the sum in Eq. (26) can be factored into three independent

parts, thereby reducing the scaling to O(£2,,). Of course,
this hypothetical bispectrum template is not suitable, as it is
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not rotationally invariant. The decomposition in Eq. (18)
forbids isotropic templates that are explicitly factored like
this. In reality, the KSW approach therefore uses a slightly
modified version of the above decomposition. The numeri-
cal advantage is largely maintained with the modified
version.

The modification comes in the form of the Gaunt integral
expression. It allows the rotationally invariant part of the
product of three (spin-weighted) spherical harmonics to be
expressed in terms of Wigner 3-j symbols. The general
expression can be found in Eq. (B10). Here we only need
the following version:

£t
( o, / 40
mp mp mj §?

with J9%) . given by

&) [0 (8). (34)

wo \/(2f1 +1)(2¢, + 1)(2¢5 + 1)

010 A7
C, Cy €
x ( b 3). (35)
0o 0 o
Now consider the reduced bispectrum [82]
By s,e,
betre, = —g00 s (36)
£162¢5

where By ¢,¢, is the angle-averaged bispectrum. We have
suppressed the polarization indices for simplicity. Note that
the reduced bispectrum is only defined for £, + £, + £5 =
even.'! By expressing the bispectrum in Eq. (18) in terms of
the reduced bispectrum, we may insert the Gaunt integral as
follows:

2%
Bml"%z:'ls -

ff B e
A A A IEN
mp  nmp mj

/ <H Yem, )bf ot (37)

The crucial insight is that isotropy does not constrain the
reduced bispectrum in any way. Given a reduced bispec-
trum that is separable in Ny, sets of functions as

f1c

beeyey = 6fol ’l 53 + (5 perm), (38)

"Restricting to £, + £, + ¢ = even does not introduce a loss
of generality for the parity-invariant (TTT), (TTE), (TEE), and
(EEE) angle-averaged bispectra that are usually considered (see
Table II), but, as was shown in Sec. Il A, angle-averaged
bispectra can in general be nonzero for £ + ¢, + £3 = odd.

we may thus express the bispectrum as

Ndel
—/dQﬁ ( fol um,

< 0¥ hOY, 0 (5 perm>> @).  (39)

N
By

We will refer to bispectra that can be written as the above
expression as “locally separable.” This name refers to the
fact that the integrand of the angular integral is separable in
(¢1,my), (€2, m,), and (¢35, m3). We conclude that, while
factored bispectra as in Eq. (33) are forbidden, isotropy
allows a locally separable template such as Eq. (39).

It remains to be demonstrated how separable reduced
bispectra actually lead to a reduction in computational cost.
To see this, we insert Eq. (39) into Eq. (26) and write down
the cubic part of the resulting expression:

N 1 .
JNL cubic = 67, AZ dQ(f)

x (Z A[f?)M[g?)M[h?)])(ﬁ)- (40)

i=1

The A functionals yield spin-0 fields on the sphere given by
the inverse covariance-weighted data, weighted by the
factors of the reduced bispectrum [f,, g, and h,, see
Eq. (38)]. For example,

Alfx/](h ZZf”c ta)}, Y en(B).  (41)

Note that we have reintroduced the polarization indices and
assume they only run over X € {T,E} here. The
Monte Carlo expression for the linear term in Eq. (26)
becomes equal to

. 1 Niact )
P = - [ 00 (304

i=1

% (Alg? | AR e + cycnc) (). (42)

The two additional terms denoted by “cyclic” are obtained
by cyclic permutations of f(;), gg), and h?.

Evaluating Eq. (40) does not quite scale as O(¢2,,) as
one might expect but as O(Ngfiax). Simply put, the
scaling is determined by the O(¢},) scaling of the
recursive algorithms needed to compute the spherical
harmonics that have to be recomputed N, times. '

21t should be noted that Ref. [119] describes an alternative,
significantly more efficient O(Np o) algorithm for Eq. (40)
that only runs the expensive Y, recursion once.
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This is still a significant improvement over the general
O(¢3,.) scaling. Evaluation of the linear term scales as
O(N gmNact€max)» where 100 < N, < 1000 iterations are
typically needed for a sufficiently accurate estimate [119].

The estimator normalization Z,, in Eq. (30) is evaluated
by a Monte Carlo estimate. We omit the details of this
aspect of the estimation procedure and mention only the
two methods that are used in practical applications. The
most straightforward estimate of Z ) is given by the variance
of the unnormalized estimator applied to an ensemble of
simulated Gaussian data effectively drawn from the dis-
tribution specified by Eq. (28). A similar but slightly more
involved Monte Carlo procedure is described in [119]. This
second method is shown to converge for smaller ensembles
than the first method.

Up to now, this general discussion has not specified the
origin of the bispectrum; the fast estimation technique
applies to all bispectra that can be described by Eq. (38).
With regards to primordial {£¢ non-Gaussianity, the above
construction is useful only when theoretical bispectrum
templates can be reduced to the form of Eq. (38).
Fortunately, this is the case for a large class of linearly
propagated bispectra sourced by the {{{ correlation. For
such bispectra, the condition in Eq. (38) is met when the
shape of the 3-point function in Eq. (23) is separable in &:

pn m

52

+ (5 perm). (43)

f(CCC (kl’kZ’k:S ()(k3)

The local shape in Eq. (C7) is an example of a separable
shape template. The equilateral and orthogonal shape
templates used in the Planck analysis [15] have been
specifically derived to be separable [78,120].

The KSW estimator is expressed slightly differently for
primordial {{¢ 3-point functions than Eq. (40), but the
difference is notational. The cubic estimator corresponding
to a 3-point function described by Eq. (43) is expressed as
follows:

prim 0
gNglfcublc dQ ll Z/ rzdr
x <A<0,0> FOLAS ) [T ARG B (7). (44)

This expression and related ones will be described in more
detail in Sec. III C and Appendix A. Here, we show that the
above expression conforms to the general case in Eq. (40).
The main difference between the two expressions is the
appearance of the integral over comoving distance r in
Eq. (44). Without going into details at this point, we simply
note that replacing the integral by a finite number of
quadrature points N, allows the integral and sum over
i €{l,....Npim} to be replaced by a single summation

over i € {1, ..., Ny} With Ngey = N, Npyip,. This already
brings Eq. (44) closer to Eq. (40). The second difference is
that the A©) functionals in Eq. (44) directly take the shape
functions f(k), etc., as their argument while the A in
Eq. (40) take the reduced bispectrum factors f, as their
argument. This difference can be understood as follows:
A©), just as A, filters the inverse-covariance weighed data
by f, [see Eq. (41)], but first transforms f(k) to f, using
the radiative transfer functions introduced in Eq. (16). In
the end, applying A©) to a function f(k) yields a scalar
field on the sphere, just as applying A to f, does. See
Appendix A for the precise definition of A

In summary, a primordial {{{ 3-point correlation func-
tion described by a separable shape function will source a
separable reduced bispectrum. We have established that
the separability of the reduced bispectrum allows the use of
the KSW estimator [see Eq. (40)]. Finally, the KSW
estimator is a prescription that alleviates the scaling
of the estimator in Eq. (26) from O(£3,.) to a more
manageable O(N o aax)-

C. Fast scalar-scalar-tensor bispectrum estimation

1. Overview

We now turn to the situation for the {Ch 3-point
correlation function. We explain why the standard KSW
estimator, derived in Sec. III B, does not apply to this type
of correlation. We then come to the main new result of
this paper: we introduce an alternative approach that allows
the construction of an efficient estimator for the ((h
correlation.

Recall that for the {{¢ correlation the necessary con-
dition for a separable reduced bispectrum is given by
Eq. (43): a separable shape function. Unlike the {{¢ 3-point
correlation function, the {{h correlation is not uniquely
specified by a shape function. It turns out that when the
reduced bispectrum for the {{h template in Eq. (24) is
computed, the result is nonseparable in ¢, 5, and £5 [59].
This holds true even when the f(") shape function in
Eq. (24) is separable in k, k,, and k3, which means that the
responsible piece is the angular term

o (ki) (ko) ez (ks). (45)

Despite the angular dependence, this term is a scalar under
spatial coordinate transformations. The term provides a
weight and complex phase to each {k,,k,} configuration
relative to the wave vector of the tensor perturbation but has
no preference for a global orientation of the three wave
vectors. The associated CMB bispectrum is therefore
isotropic and has a trivial dependence on its m,, m,, and
ms azimuthal numbers, given by Eq. (18). With the
azimuthal numbers constrained by isotropy, the geometrical
coupling between the wave vectors in Eq. (45) can then

(G, P )
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only manifest itself in an explicit coupling between the ¢,
¢, and 73 multipole orders, which in turn prevents the
reduced bispectrum to be separable.

Without a separable reduced bispectrum we cannot
construct the KSW estimator for the {{h template by
simply inserting the factors of the reduced bispectrum into
Eq. (40). To derive a generalized KSW estimator for this
template, let us observe that each term in the sum over
spatial indices in Eq. (45) is factored in the three wave
vectors. Of course, unlike the summed expression, the
individual terms are not 3-scalars; the decomposition is
coordinate dependent. By itself, each term can be inter-
preted as a homogeneous but anisotropic 3-point function.
Homogeneity is still preserved by the overall delta function
in Eq. (22). The 3-point functions of this form result in
anisotropic bispectra13 that are locally separable in the
sense of Eq. (39). The anisotropic expressions differ from
the isotropic one in Eq. (39) by the f,, g,, and h, factors;
they gain a dependence on m in addition to 7.

Roughly speaking, we thus exchange isotropy for
separability. The estimates of the amplitudes of the aniso-
tropic terms combine into an estimate of the amplitude of
the original isotropic template. The trade-off is that several
anisotropic templates have to be considered for one
isotropic template. Constructing analogues of the cubic
and linear estimator terms in Egs. (40) and (42) for an
anisotropic template will turn out to be rather straightfor-
ward. The generalizations of the A functionals in Eq. (41)
will transform the data in an anisotropic manner, but note
that this operation does not scale differently than the regular
isotropic transformation. The overall scaling of the esti-
mator with #,, will thus be unchanged. The number of
anisotropic terms needed for 3-point functions of the type
in Eq. (45) turns out to be only five. The amount of extra
computations compared to the ¢ estimator is thus rather
insignificant.

Guided by the rough arguments provided in this section,
we now turn to the actual derivation of the proposed
estimator. We will first derive the expression for the linearly
propagated bispectrum for the {{h 3-point function and
demonstrate how it is indeed given by a sum of anisotropic
bispectra. We will then construct the actual estimator.

2. Full bispectrum for the scalar-scalar-tensor template

In this section, we derive the linearly propagated
bispectrum for the {{h 3-point correlation function. As
mentioned in Sec. C 1, we require an expression for the full
bispectrum instead of the angle-averaged or reduced
bispectrum.

The general expression for the linearly propagated
bispectrum in Eq. (21) is most easily evaluated by

“The bispectrum is isotropic by definition so an anisotropic
bispectrum should be understood as a shorthand for a harmonic
3-point function that does not obey Eq. (18).

separating the integrals over the three wave vectors in
angular and radial integrals. In order to do so we need to
rewrite the delta function that imposes momentum con-
servation in Eq. (22). Additionally, we express all angular
terms of the 3-point function as spin-weighed spherical
harmonics in order to simplify the angular integrals.

We start with the delta function. We make use of the
plane wave expansion in terms of spherical harmonics and
spherical Bessel functions:

e™X = 4xy il (kr)Y;,(K) YLy (R),  (46)
LM

with k = kk and x = rii. The unit vector i represents the
direction of the line of sight from the origin of the
comoving coordinate system (our location). Using this
expansion we decompose the delta function into radial and
angular parts:

3 (k; +ky + k3)

Y Y Y /S dQ(h) (E[l YL,.,M,.(ﬁ))

LM Ly,M, L3,M3
00 3 "
X / r2dr<H iijL,(kir)YZjM,(ki))' (47)
0 i=1

See Appendix B 3 for details. Although the integral over i
is given by the Gaunt integral expression in Eq. (B10), it
will turn out to be important to leave the expression
factorizable in L, L,, and L; so we do not solve the
angular integral.

We then move on to the angular part of the {{h template
in Eq. (24). As discussed, this part is already expressed as a
sum of factorized terms, so we leave it in its uncontracted
form. However, we express the unit vectors and polariza-
tion tensor in terms of spherical harmonics. In a general
coordinate system, not necessarily aligned with k,, k,, or
k3, the two unit vectors in Eq. (24) are decomposed into
dipole (# = 1) moments with a longitudinal (m = 0) and
two solenoidal (m = 41) modes, while the polarization
tensor is decomposed into quadrupole (£ = 2) moments
with longitudinal (m = 0), solenoidal (m = +£1), and trans-
verse (m = +2) modes. To retain the correct transformation
properties, the quadrupole moment is expressed in terms of
spin-+2 spherical harmonics on the plane perpendicular to
ky. As the 45 resulting combinations have to sum to
a 3-scalar, each combination has to be weighted by the
appropriate Wigner 3-j symbol. The resulting expression is
given by [83]

o . 87)3/2 112
(k)" (ko) ey (K3) 6 Z;,(ma m, M

X YTm,,(RI)YTm,,(lE2)¢2Y;M(R3)' (48)
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The selection rules of the 3-j symbol limit the azimuthal modes to only nine combinations:

obey m, +m;, +M = 0.

those that

We may now use Egs. (47) and (48) to decompose the {{h 3-point function in radial and angular parts, resulting in the

following expression:

8 )32
(0=2B(Ky, ky. K3) = (27 g e O Z <

mg . my,, M

3
X dQ(n)
A ﬂz <H LM

i

As is required for the KSW estimator, we assume that the
shape function £ is separable; i.e., it obeys

pnm

52

+ (5 perm).

SR (ky kg k3) = h (ks)

(50)

The Ny, sets of f, g, and & functions depend on the model
under investigation so we leave them unspecified.

Bt,lfzfz(é;gh))( R _ (87[)3/2 ( 1 1
mymym3 X1 X, X3 36 Z m m
mgy,my, M a b

1 2 N .\
YT, (k k k
m, M) lma( 1) lm,( 2) M( 3)

(49)

We have now gathered all ingredients to form the linearly
propagated CMB bispectrum for the {{h 3-point correla-
tion function. We do so by combining Egs. (49) and (50)
and inserting the result into Eq. (21). Because we have
separated the 3-point function in radial and angular parts,
the expression neatly factors into six independent integrals.
We evaluate the angular integrals using the generalized
Gaunt integral relation in Eq. (B10). The resulting con-
tribution to the CMB bispectrum is then as follows:

|
2 pnm 00
) / dQ(h Z / r2dr

' 1oL . i
1+L1J00(|)f1 <m )(Kg()l (i) :|YL M, 11

Y
1Ly, fz Lz :| LzMz
M2 my

% j£3+Ls J—zoz

M

LMy -

+ (5 perm).

Here we have, as a shorthand, defined the following set of
functionals for all Z € {{,h}, X € {T,E, B}:

Ko =2 [T R OTO Wi k). (52

The 7 (k) transfer functions were introduced in Eq. (16).
To evaluate the sum over the tensor helicities we have made
use of the following relation:

Jytxy ;=404
E sgn ;)0
JheL2

= S0 14 (=1)ethatra),

which reflects that the f(¢¢") shape function in Eq. (49) is
helicity independent. Recall that x; € {0,1} indicates

« Z [ f2+L2J000 L L, & (,CC
m (X,
L,.M, b

2 3 3 .
%U+GUW“%( b ‘)w&wwmhm}¢%®

M M3 ms
(51)

whether the X; CMB field is parity even or parity odd.
The J symbols are defined in Eq. (B9).

The expression for the bispectrum in Eq. (51) is a bit
verbose, but this expanded form will make it easier to
construct the estimator in Sec. IIIC3. The expression
shows how the bispectrum can be separated into factors
that only depend on 7, ¢,, or 5. Of course, the expres-
sion, taken as a whole, ought to be isotropic. This may
be checked by summing over all azimuthal dummy in-
dices (m,, my,, M, M, M,, M3).14 As expected, the

"“First express the angularintegral over Yy, Y p,-and Yy,
in terms of the Gaunt integral and then sum over the five 3-j
symbols that depend on azimuthal numbers using Eq. (B17) [83].
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resulting expression reduces to the isotropic form in
Eq. (18) but yields a nonseparable angle-averaged/reduced
bispectrum.

Each term in the sum over m,, m;, and M in Eq. (51)
describes an anisotropic bispectrum. Each of these bispec-
tra is “locally” separable in the sense of Eq. (39). The
integral over the comoving radial coordinate » in Eq. (51)
may be replaced with a weighted sum over N, integra-
tion points. Combined with the N, terms in the primor-
dial shape function there will then be Ng,oq = NprimN quad
locally separable terms.

The allowed combinations of L;, L,, and L3 per
(¢1,¢,,¢3) triplet in Eq. (51) are quite limited; depending
on the polarization indices of the bispectrum only 8 or 12
combinations are allowed [83]. Recall that the capital L’s
arise from the expansion of the delta function in Eq. (47).
The specific values can be found by systematically going
over the 3-j symbols, including the ones hidden in the J
symbols [see Eq. (B9)]. First, note that J9)°, and JO°,
require L; + ¢ and L, + ¢, to be odd. The triangle
conditions of the 3-j symbols in the second and third lines
then enforce L = || £ 1| and L, = |£, % 1|. The term in
square brackets in the fourth line forces L3 + #5 to be even
when x3 = 0 or odd when x3 = 1. The triangle condition of
the 3-j symbol in the fourth line then requires L; =
{3,163 £2|} for x3=0 and L;={|/3+1|} for
x3 = 1. Finally, when the angular integral over Y, .,
Y1, m,>and Y . is performed using Eq. (B10), it becomes
clear how L; + L, + L3 = even is (again) imposed as well
as |L1 —L2| S L3 S Ll +L2

We have derived the linearly propagated bispectrum for
the {{h 3-point correlation function: a crucial ingredient for
the derivation of the estimator. The resulting bispectrum is
given in Eq. (5§1). We have showed that the bispectrum
can be viewed as a sum of anisotropic bispectra. As a
sanity check of the derivation one may verify that the
bispectrum holds up to the general constraints due to parity
invariance that were formulated in Sec. II B 1. For polari-
zation triplets X, X,, X5 with even parity, i.e., X3 # B, the
bispectrum is real and nonzero when ¢, + £, + £3 = even.
On the other hand, when X3 = B (so x3 = 1), the bispec-
trum becomes purely imaginary and nonzero only for
f1+f2+f3 = odd.

3. K functionals

Before constructing the estimator it is instructive to take
a more detailed look at the K, ; functionals defined in
Eq. (52). They will become an important part of the
estimator. We thus have a brief digression in which we
illustrate the role of the functionals in Eq. (51). Readers
who are more interested in the actual estimator may skip
this section.

The K’s are a straightforward generalization of the a,(r)
and f3,(r) functions introduced in the KSW description for

the local model [77]."° In the original KSW description the
K’s serve to transform the factors of the 3-point function to
the factors of the reduced bispectrum, i.e., f(k)
K[f] = f,. For the {{h estimator, the K’s still serve to
transform factors of the 3-point function into factors of the
bispectrum. The difference is that, as can be seen in
Eq. (51), the factors of the 3-point function now each
require multiple transformations to account for their non-
scalar nature.

Let us first focus on the K functionals that are relevant
for regular {{¢ non-Gaussianity estimation: the X’s with
L = ¢ and transfer functions for Z = £. It is convenient to
consider a constant input function f(k) =1, and the
resulting functions are equal to the aX(r) functions defined
in Ref. [80],

(K)o (r) = af(r)
2

-z / " 1RdkT (k) jp(kr),  (53)
7 Jo ’

where X € {T, E} because of the ¢ transfer function. The
aX (r) functions have a special interpretation: they serve as
the transfer functions in coordinate space instead of Fourier
space. Equation (53) is an inverse Fourier transform (i.e.,
inverse spherical Hankel transform) of the transfer function
7T ,(k), and it is true that the observable CMB harmonic
modes sourced by { may be expressed as follows [79]:

al),, = /) P2Ar o ()X (1), (54)

for X € {T,E}. Here {,,,(r) are the spherical harmonic
coefficients of the same initial amplitude of the curvature
perturbation as in Eq. (10) but now decomposed on
spherical shells around the origin of the comoving coor-
dinate system:

Con(r) = [ 4O e Vi ). (59)

Recall that 7(x, ¢;) denotes a spacelike hypersurface in the
early radiation-dominated era.

The solid lines in Fig. 1 show af(r) for X =T and
X = FE as a function of the comoving radius on the initial
spatial hypersurface. The lines show how ¢, () contrib-
utes to ay z, for £ = 60 over a range of comoving radii
around 14000 Mpc. In terms of the conformal time along

The functions a,(r) and f,(r) from Ref. [77] are given by
(ICE%U])M and (ICE%[Pq,])N respectively. Pg is the power
spectrum of the gauge-invariant @, Bardeen potential [100]
instead of the curvature perturbation { we use; the two gauge-
invariant quantities are related as { = —3®y /2 and { = —-5®/3
for superhorizon adiabatic perturbations in the radiation and
matter dominated eras respectively [99].
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FIG. 1. Radial transfer functions (solid lines) demonstrating the

response of the £ = 60 temperature (top) and E-mode (bottom)
CMB anisotropies to the curvature perturbation at comoving
radial distance r. The response shown here corresponds to the
epoch of recombination. The dashed and dot-dashed lines show
the radial parts of the functions used to project a dipole moment
constructed from the curvature perturbation to the (Z = 60) CMB
harmonic modes. For low multipole orders, such as the one
depicted here, these functions are significantly less localized in r
than the transfer function and thus require a wider range of
integration points.

the path of a radially traveling photon (At = r/c), this range
of ris roughly centered around the epoch of recombination.
Another response at r = 9000 Mpc corresponds to the
rescattering of CMB photons at reionization. Finally, at r <
3000 Mpc there is a slowly rising response as r approaches
zerofor X = T and Z < 150 that corresponds to the late-time
integrated Sachs-Wolfe (ISW) effect.

The fact that X(©)[1] yields the radial transfer functions
provides a physical reason why the K functionals result in
functions that are highly localized in r. During bispectrum
estimation the integral over r has to be evaluated as
efficiently as possible; the localized nature of the radial
functions is thus highly beneficial. We will now see how
and why the radial functions used for the {{h bispectrum
differ from the ones used for regular scalar-sourced
bispectra. These new functions will turn out to be slightly
less localized in r, but the difference is minor.

Equation (54) must hold because the harmonic modes of
the curvature perturbation on spherical shells ¢z, (r) in
Eq. (55) are related to the harmonic modes of the Fourier
representation of { through the following simple relation:

Lom(k) = dn(~i)f / ® 2dre(Njskr). (56)

Here the (., (k) are the coefficients of the spherical
harmonic decomposition of the angular part of ) in
Eq. (10):

k= ngm(k>yfm<lg) (57)

One can check that Eq. (54) holds by inserting Eqgs. (57)
and (56) into Eq. (16) and making use of the orthonormality
of the spherical harmonics.

In turn, Eq. (56) is valid because ¢ is a 3-scalar, and it has
no intrinsic angular dependence. The projection from the
Fourier basis to a basis of spherical shells at comoving radii
r is thus completely determined by the “orbital” angular
momentum of the field; i.e., the projection is determined by
the plane wave decomposition of the 3D Fourier basis
functions in Eq. (46). Simply put: projecting a Fourier
mode of a 3-scalar to an angular mode with multipole order
¢ and azimuthal mode m sitting on a shell at radius » only
requires transformations involving j, and Y,,. Inserting
Eq. (56) into Eq. (57) demonstrates this behavior.

For fields that are not 3-scalars, a relation such as
Eq. (56) will not hold. In these cases, the coupling between
the intrinsic angular dependence of the field and that of the
plane wave contributes to the projection. The exact
expressions for these “total angular momentum” projection
operators may be found in Refs. [121-123]. We will use the
general properties of these operators to gain a better
understanding of the role of the second multipole index
of the K, functionals.

In the above we argued that the projection of a single
Fourier mode, i.e., a plane wave, to an angular mode with
multipole order # and azimuthal mode m sitting on a shell
at radius r will only involve j, and Y,,. The same
projection for an intrinsically dipolelike (7' = 1) field that
is modulated by a plane wave will involve operators
constructed out of j,;; and Y, ,,. Two distinct projections
exist in this case: one for the longitudinal (m' = 0)
component of the dipolelike field and one for the solenoidal
(m' = 1) components [121]. Similarly, the projection of
an intrinsically quadrupolelike (7' = 2) field modulated by
a plane wave will involve j,, Y5 jet1s Yerims and jeio,
Y,45,,- Again, there are distinct projections for the longi-
tudinal (m’ = 0), solenoidal (m’ = #1), and transverse
(m' = £2) components of the field. This time, a projection
using £ and £ +2 only contributes to the parity-even
component of the resulting field; the # £ 1 projections only
contribute to the parity-odd component [121].

Having gained this intuition, it is now understood
why only the terms with L, =|¢,+1| and L, = |/, £ 1
contribute in the second and third lines of Eq. (51),
respectively. Each of the two lines describes how a dipole
moment constructed out of one of the two unit wave vectors
in the 3-point function template in Eq. (45) is projected to a
set of angular modes on spherical shells at radius r. The
prefactor given to K, ; Y, in the second and third lines of
Eq. (51) will change depending on whether the longitudinal
mode (e.g., m, =0) or the solenoidal modes (e.g.,
m, = *£1) are projected.
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The K functionals with L = # 4+ 1 differ substantially
from the L = ¢ variants used in the {{{ KSW estimator.
This is especially true for low (¢ < 500) multipole orders.
We plot the KC[1], ., functions next to the regular radial
transfer functions in Fig. 1 to illustrate this. Note that for
¢ 2 500 the functions with L =7¢ £ 1 converge to the
shape of those with L = ¢ although there remains a small
phase shift in » regardless of 7.

In a similar way, the fourth line of Eq. (51) describes the
projection of the quadrupole moment constructed out of the
polarization tensor in Eq. (45). As we established before,
the L = £ 4 1 components are needed for the B-mode field
while the L = ¢, £ & 2 components are used for the parity-
even T and E fields. The prefactor of Ky, ; Y}y, is now
dependent on M, which denotes whether the longitudinal
(M = 0), solenoidal (M = +1), or transverse (M = 1+2)
components of the quadrupole are taken into account. To
illustrate how the IC,; functionals change when the Z = h
transfer functions are used instead of the Z = { transfer
functions we considered before, we plot K, ; [1] for Z = h
and L = 7, ¢ £ 2in Fig. 2. The plotted range again roughly
corresponds to the recombination era. Not shown is another
small response that corresponds to the reionization era.
There is no equivalent for the late-time ISW effect. In Fig. 3
we plot the same functions but for L = {# 4+ 1}. These
functions are used to project the quadrupole moment of the
3-point function to the CMB B-mode field.

The small aliasing effects seen in Figs. 2 and 3 are purely
numerical; both j; and 7, in Eq. (52) oscillate rapidly with
k. The integral thus requires a large number of k integration
points to completely converge for each value of r. It should
be noted that the integral is a candidate for the FFTLog
algorithm described in Appendix B of Ref. [124]. This

1x103 Z=h
L —{ (£=60)
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T — 0

2, —= 42

= 00F
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1k “ i

13000 13250 13500 13750 14000 14250 14500
Comoving radial distance r [Mpc]

FIG. 2. The three radial functions needed to compute the
response of the £ = 60 temperature (top) and E-mode (bottom)
CMB anisotropies to a quadrupole moment constructed from the
3-tensor metric perturbation at comoving radial distance r.
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3 \\/\ a — \ I
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FIG. 3. Similar to Fig. 2 but instead showing the two radial

functions needed to compute the response of the £ = 60 B-mode
CMB anisotropies to a quadrupole moment constructed from the
3-tensor metric perturbation at comoving radial distance r.

algorithm, which uses the fast Fourier transform to speed
up Hankel transforms such as Eq (52), would significantly
lower the evaluation cost of the integral and would likely
increase the accuracy of the result. The increased speed
would be particularly useful for analyses that recompute the
transfer functions often in order to marginalize over
uncertainties in the ACDM parameters. We have not used
the FFTLog algorithm in this work, but we have verified
that the bispectrum and the results in Sec. IV are not
sensitive to the numerical artifacts seen in the figures.

The point of this section was to explain the role of the
KCs 1, functionals present in the {(h bispectrum in Eq. (51).
As illustrated in the figures, the functionals with £ # L, i.e.,
the ones needed for the {{h bispectrum, differ substantially
from the # = L functionals that are used for the standard
¢¢¢ bispectrum.

4. Estimator

Using Eq. (51), the expression for the {{h bispectrum,
we now write down the estimator for the amplitude of this
bispectrum template. For simplicity we start by neglecting
the linear term in the estimator in Eq. (26) and focus on the
cubic term.

The expression for the bispectrum in Eq. (51) is sourced
by the {¢h template. The order matters, the observed CMB
bispectrum is also sourced by the 3-point functions with
permuted ¢ and & indices. However, it will be convenient to
keep ignoring the {h{ and h{{ contributions for now and
start by constructing the estimator for the {{h template
only. We thus divide the (cubic part of) the estimator in
three parts,

Jtot _ yCCh ries rhi
NL,cubic — J NL.cubic + fNL,cubic + fNL,cubic’ (58)

and start with the first term on the rhs.

We reap the benefits of our work in the previous sections;
the cubic estimator is simply constructed by inserting the
expression for the bispectrum, Eq. (51), into the general
expression for the estimator in Eq. (26) and keeping the
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terms cubic in the data. Let us again stress that this result is
only achieved through the use of the full bispectrum as
opposed to the angle-averaged or reduced bispectrum. The
resulting expression for the cubic part of the estimator, and
the main result of this paper, is given by

s _ V2 11 2/dQA
NL,cubic 54IO ma,Zmb. ( m, m, M o (n)

Nprim 0
3 [ A 1A
x AL ) (7 1) + (2 eyelic). (59)

We have again made use of the shape template in Eq. (50).
The two extra terms are cyclic permutations of (), ¢(0),
h"). The six permutations of the shape function in Eq. (51)
thus reduce to three. This is possible due to the invariance
under a simultaneous interchange of £\, ¢') and m,, m, in
Eq. (59) or, more physically, the indistinguishability of the
two scalar components of the 3-point function.

The similarity of Eq. (59) to the standard {{{ KSW
estimator in Eq. (44) is evident. The most important
difference between the expressions is the anisotropy in
the dependence on m,, m,, and M in Eq. (59); as a
reminder, in order to construct the equivalent of a KSW
estimator for the {{h template, we needed to construct
pieces of the bispectrum separable in 7, >, and ¢5, and
this could only be done at the expense of introducing
several anisotropic templates. As discussed previously, the
estimates of the amplitudes of the anisotropic terms
combine into an estimate of the amplitude of the original
isotropic template. The anisotropy appears in the Wigner
3-j symbol and the m,, m;, and M indices of the

|

megicssagn
‘.m n

Z.m m

Note that for the Z = { case, the sum over X only runs over
{T, E}, while for Z = h it runs over {T, E, B}. The parity
behavior associated with a given polarization index X is
denoted by x. The K functionals are defined in Eq. (52).
The data are filtered by the different C functionals in an
anisotropic manner depending on the value of n. For
example, the (A(s));y modes are sourced by the m =
—(M +2) modes of the data.

The inverse spherical harmonic transformation needed to
evaluate Eq. (60) scales as O(¢3,,) and will in reality
determine the overall scaling of the estimator evaluation.

S L ¢
M m

) S L ¢
(4];)1/22/“]52(}2 ( )
n M

generalized A functionals in Eq. (59). We will discuss
the meaning of the m,, m;, and M indices and the 3-j
symbol in more detail in the remainder of this section, but
in short each (m,, m;, M) triplet corresponds to a combi-
nation of the longitudinal, solenoidal, and/or transverse
angular modes of the contracted angular term [see Eq. (45)]
that is present in the {{h 3-point function. For a given
(m,, my, M) triplet, Eq. (59) estimates the contribution
from the corresponding combination of angular modes to
the data; the 3-j symbols then provide a relative weight to

each contribution when all are summed into the final

. ~ECh
estimate f%L cubic*

Before coming to the computational scaling of the
estimator, let us focus our attention to the generalized A
functionals in Eq. (59). For a given input function f(k),

AE?M [f] returns a scalar field on a spherical shell at

comoving radial coordinate r. The S index denotes whether
the associated factor of the 3-point function is a monopole
(S = 0), dipole (S = 1), or quadrupole (S = 2) source. The
n index tells us whether we are considering the longitudinal
(n = 0), solenoidal (n = *1), or transverse (n = £2) part
of the source. From Eq. (59) we see that for the {(h
bispectrum we only need the S = 1 functionals for the Z =
¢ part and the S = 2 functionals for the Z = h part.

At each radial coordinate » we may decompose the .4
functionals in terms of spherical harmonics:

A 1 R) =S (AG D), (DY (). (60)

LM

The resulting harmonic modes are given by linear trans-
formations of the inverse-covariance-weighted data. Based
on the primordial index Z, we identify two cases:

)zuc@ DX, ((Ca), z-¢.
) (61)

S+ ()FHARWDE L(N(C ), Z=h.

|
One might worry that the sums over ¢ and m needed to
construct the harmonic coefficients in Eq. (61) will con-
tribute significantly to the computational scaling. This is
not the case, as the selection rules of the Wigner 3-j
symbols forbid most values of £ and m. Only £ € L 1
and m = —(M + n) are needed to compute A(Lg,fl while for
AM only £ € {L.L £1,L+2} and m = —(M + n) are
required.

To compute the angular integral in Eq. (59), the
pixelization scheme used for the A[f] fields (or “maps”)
must support harmonic band limits given by the sum of the
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band limits of the three individual maps [see Eq. (BS)]. In
reality, the A®) maps will likely be bandlimited by the
instrumental beam or noise covariance. On the other hand,
the A" maps only contain information on large (7 < 200)
scales; the tensor transfer functions suppress all information
in the data on smaller scales. Small-scale tensor perturbations
produced by an approximately scale-invariant process are
inaccessible through the primary anisotropies. Unlike scalar
perturbations, small-scale tensor perturbations decay away
with cosmic expansion before recombination.

It is instructive to take a closer look at how the
symmetries of the spherical harmonics and the 3-j symbols
relate the harmonic coefficients of the A functionals with
(S,n) to those with (S, —n). This relation can be used to
approximately half the number of inverse harmonic trans-
formations needed to evaluate Eq. (59). Assuming that the
input function f (k) is real valued, the coefficients transform
as follows under complex conjugation:

(AL Ui = (AG D (=145, (62)

It follows that the functionals in Eq. (60) map input
functions to complex fields on the sphere that obey

(AG ) (B) = (AL D @) (=15 (63)

Going back to the estimator in Eq. (59), we see that only
five out of the nine allowed combinations of m,, m,;,, and M
need to be considered: the remaining terms may be found
with the use of Eq. (63). We may, for example, use the
following five combinations:

(mg, my, M) € {(1,1,=2),(1,0,=1), (0,1, 1),
(1,-1,0),(0,0,0)}. (64)

The m, =m;, = M =0 case is unique, the other four
combinations in Eq. (64) are related to the remaining four
combinations by a factor of (—1). The 3-j symbol in
Eq. (59) does not change if this minus sign is added to its
lower indices. For the A maps, Eq. (63) tells us that the
addition of a minus sign to the n index is equivalent to
complex conjugation. For the products of A maps the
following thus holds:

© 40 40 © 40 LW
A A A T AT ) A —m) Am)

_ O 4© 4

= 2Re(A L) ALy Al (65)

Note that we have suppressed the £, g, and 2 input
functions to the A’s. Equation (65) implies that, instead of
computing nine products, one can only calculate five
products of complex A maps and discard the imaginary
parts to evaluate Eq. (59). The fact that only five out of nine
terms are needed can be understood from the original

expression for the angular term. Starting with the nine
terms in the sum over a and b in Eq. (45), the symmetry
under the simultaneous exchange of a, b and {y,, ly,
removes 3 degrees of freedom. The vanishing trace of the
polarization tensor removes the fourth.

It is easy to see that the two additional estimator terms
with permuted indices in Eq. (58) are constructed by
permuting the columns of the 3-j symbol together with
the (my,C), (my, ¢), and (M, h) index pairs of the three A
functionals in Eq. (59). The 3-j symbol is invariant under
such permutations. The product of .A maps is also invariant
under such permutations because of the symmetrized form
of the shape function in Eq. (50). The total cubic term of the
estimator is therefore simply given by

2t _ 2 ptCh
I\(I)i,cubic - 3fNL,cubic‘ (66)

After deriving the cubic part of the estimator, the linear
term is obtained in an analogous way. It can be found by
inserting the bispectrum in Eq. (51) into Eq. (26) and
keeping the terms linear in the data:

Nrim
o V2 1 lz/dgw’/wzd
x (A FOTAS 10 c Al (1)
+8perm)(r,0). (67)

We again assume an input shape function parametrized by
Eq. (50). The eight additional permutations in Eq. (67) are
those constructed by cyclic permutations of f(), () a0
and by varying which pair of A’s sits in the ()¢ brackets.

Similar to the total cubic term, it may be checked that
including the two cyclic permutations of {{h simply
amounts to

7 PCCh
{\(IJi.lin = 3f1€1§L,1in~ (68)

Finally, the normalization of the estimator Z, may be
estimated by simply applying the unnormalized estimator
to an ensemble of simulated data. Given the expressions for
the cubic and linear terms presented here, the efficient
algorithm from Ref. [119] for the estimation of the
normalization can also be used for this type of bispectrum.
We omit the details of this implementation.

This concludes the derivation of the estimator for the {{h
3-point function. The resulting expression is given in
Eq. (59). In Appendix A, we show how one would repeat
this effort for several more involved 3-point functions.

IV. FISHER FORECASTS

We forecast the expected uncertainty on an upper limit
on the amplitude of a squeezed {(h 3-point correlation
function. We illustrate the constraining power of current
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and upcoming CMB experiments, and demonstrate how the
upper limit depends on certain instrumental effects. We
expand on previous forecasts in Refs. [17,22] by taking into
account the dependence on the lower harmonic band limit
of the data, the addition of E-mode data and the extra
variance induced by weak lensing. In a future paper,
we apply the derived estimator to a set of map-based
simulations to better judge the effects of foreground
contamination, nontrivial noise covariances, and secondary
non-Gaussian contamination. In this light, the forecasts
presented here should be considered as a baseline for more
realistic forecasts.

A. Procedure

Before presenting the results from the Fisher forecasts,
this section specifies the exact parametrization of the {Ch
3-point function. We also explain the assumed experimen-
tal setup and the numerical implementation of forecast
calculation.

We parametrize the k-dependent part of the {{h template
in Eq. (24) as follows:

f<CCh)(kl’ k2’ k3> = 16”4A%f1‘\(1)if(k17 k2, k3) (69)

A, represents the amplitude of the curvature perturbation
(see Appendix C 1). We imagine an analysis that looks for a
deviation from the tensor consistency relation by placing an
upper limit on the amplitude of the squeezed 3-point
function; we thus use the standard local shape of the
f(ky, ko, k3) template as a generic squeezed shape template.
See Eq. (C7) for the precise expression. The local shape
differs slightly from the SFSR shape template [18] used in
Refs. [17,22,59]. However, the two templates give almost
equal weight to squeezed configurations with a large-
wavelength tensor perturbation. Given that the tensor
perturbation only sources CMB anisotropies on large
angular scales, we may, for all practical purposes, consider
the shapes as equal here. This is reflected in the results we
obtain: our forecasts agree with those in Refs. [17,22] when
parameters overlap.16

For simplicity, we only consider the (TTB), (EEB), and
(TEB) bispectra in the forecasts. We thus do not take into
account the information contained in the (T7TT), (TTE),
(TEE), and (EEE) bispectra. The main justification for this
choice is the associated extra cosmic variance due to the
lack of a B-mode component. Additionally, it should be
noted that the squeezed (TTT) bispectrum is expected to be
relatively strongly contaminated by a secondary non-
Gaussian signal [125]. It is expected to be of limited use
for our purpose; see the discussion in Sec. V.

"The definition in Eq. (69) differs from the one used in
Refs. [17,31] by a factor of \/r: fhee = \/rfhere where r is the
tensor-to-scalar ratio. To compare our results to those in Ref. [22],
use fklilelie = (Asste)there-

We use the inverse Fisher information 7, as an estimate
for the estimator variance. The 1o upper limits that we will
quote are simply given by 1/+/Z,. We calculate the Fisher
information in the limit of no non-Gaussian signal con-
tribution; i.e., we use Eq. (30). We further simplify the
situation by assuming isotropic signal and noise covarian-
ces. The resulting diagonal covariance matrices, together
with the orthonormality relation of the Wigner 3-j symbols
in Eq. (B14) allow the Fisher information to be expressed in
terms of angle-averaged bispectra. The effects from incom-
plete sky coverage are treated in a simplified manner by
taking into account an increase in estimator variance
proportional to the observed fraction of the sky (fgy)-
Given this trivial scaling, we assume fg, = 1 in all of the
following. Finally, we use the lensed version of the CMB
power spectra, but neglect the non-Gaussian aspects of
CMB lensing. See the discussion in Sec. V D.

The resulting simplified expression for the Fisher infor-
mation Z, is given by

1
To=Ffay D 3. (B )yt

£1<t,<t5 allX Aflf’zfs
CINX1 X e 1\ X2 X5 [ e 1K X, \ XaX5X,
x[(C 1){11 Y(c l)fzz (€ 1)/; 6](31);,”;‘/25536’ (70)

with (B})J 020 = (B)); 120 (—=1)71+%+% and with total

angle-averaged bispectrum given by

X\ XX X, X X5 (CCh X1 XoXa(ChE
(Bi)z\ese, = (B l)fllf22f33( '+ (B I)f,lf;f;( )

X, X, X5 (h
+ (Bl)fllf;f;( ©. (71)

The factor of A, ¢, in Eq. (70) simply results from using
(1/6) Xv, tr0, = 2ovi<tr<ey 1/ Brye, Where Agpp is
defined to equal 6 for identical # indices, 1 for unequal
indices, and 2 otherwise. This simplification is possible
because the bispectrum is invariant under all six permu-
tations of its (Z,m) index pairs."” Written as such,
permutations of {X,X,, X3}, {X4,Xs,Xs}, and {{, h}
become distinct and have to be explicitly summed over.
As explained in Sec. III C 2, we may obtain the angle-
averaged version of the {{h bispectrum by summing over
the m,, my,, M, M|, M,, and M5 indices in Eq. (51) and
inserting the resulting bispectrum into Eq. (18). This will
yield the expression first derived in Ref. [83]. The first term
in Eq. (71) for the primordial shape in Eq. (50) is given by

"Note that the angle-averaged bispectrum used in Eq. (70) is
only invariant under cyclic permutations of ¢, £,, and ¢3. For
odd permutations, it picks up a factor of (—1)717%2%%_ Although
we consider the 7| + ¢, + £3 = odd case here, the factors of
(—1) cancel in the expression for the Fisher information, so we
may still use the 1/A; 4, ., simplification.
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The other two terms in Eq. (71) are obtained by permuting
the ¢ and 4 indices. The five permuted terms in Eq. (72)
refer to permutations of the £, ¢\, and h()) functions. The
K functionals were introduced in Eq. (52).

The evaluation of Eq. (70) has an overall O(¢3,)
scaling. The computation is feasible because the C func-
tionals in Eq. (72) can be precomputed. However, for high
band limits (e.g., £ = 5000 used below) the procedure is
unwieldy. This is especially true when multiple choices for
the inverse signal + noise covariance matrix C~! are to be
explored. The computation of multiple Wigner 9-j symbols
at every valid (¢}, %,, ¢3) triplet exacerbates the situation
compared to the Fisher information for a {{¢ bispectrum.

To get around the computational complexity of Eq. (70),
we split the problem into two parts: We first store a sparsely
sampled representation of Eq. (72). We then interpolate this
representation over all multipole orders when the sums over
?\, ¢, and 5 are performed. This approach results in an
insignificant reduction in accuracy but reduces evaluation
time significantly. Computing Z,, with ¢, = 5000 takes
roughly 30 CPU minutes. The method is effective because
the smoothness of the primordial templates and transfer
functions (in k and 7, respectively) translate into an angle-
averaged bispectrum that is rather smooth with 7|, ©»,
and 53.18

The sparse sampling is determined by the following
binning scheme: A =1 for £<50, A =4 for
50 < £ <200, A =12 for 200 < <500, AZ =24
for 500 < ¢ <2000, and finally AZ = 40 for £ > 2000.
This binning scheme is used for the ¢, ¢, and ¢3
dimensions. In each resulting three-dimensional bin, a
single valid sample (depending on the parity and triangle
constraints) is selected. The angle-averaged bispectrum for
each (X, X,, X3) polarization tuple is then calculated over
all selected samples. The integral over r in Eq. (72) is
evaluated using the trapezoidal rule with 500 integration
points that span 0 < r < 18000. Most points are placed
around regions corresponding to the reionization and
recombination eras. With some effort, we expect that the
number of r samples can be reduced by a factor of 10. The
resulting sparse, angle-averaged bispectra are compact
enough to be saved to disk. Finally, to evaluate Eq. (70)

"®This is only true when the factor of (—i)?1*>**: in Eq. (72)
is ignored. If required (for the cross-correlation of two different
templates), this phase can be included after the interpolation step.

Oy € s

000 7000  720-2
L,L2L3Jf,L|1]f2L21]f3L32 Ly L, Lj

<f[(_l-)f,.—L,.>]ooo

1 1 2

the sparse representations are interpolated over all valid
multipole combinations using a three-dimensional linear
interpolation scheme. The result is weighed by the
(unbinned) inverse covariance matrices in Eq. (70).

The above algorithm is implemented in a publicly
available Python code library.19 The code makes heavy
use of the scientific Scipy and NumPy libraries.”
Performance-critical steps are compiled to optimized
machine code at runtime by Numba: a just-in-time Python
compiler [126]. The Wigner symbols are evaluated using
the WIGXJPF library [127]. The radiation transfer functions
and CMB power spectra are computed using CAMB. Finally,
every step of the code has been written with the message
passing interface (MPI) standard in mind; computing in
parallel on distributed memory systems is therefore pos-
sible. The code should be relatively easily adaptable to
other (smooth) bispectrum templates. The repository also
contains the necessary scripts to reproduce the results in the
following section.

In summary, we use the Fisher information to forecast
the expected upper limits on the amplitude of the squeezed
{¢h 3-point function. The exact form of the {{h correlation
is specified in Eqgs. (24) and (69) with the standard local
shape template for f(ky, k,, k3).

B. Results

The results presented in this section fall into three
categories. We first study how the expected upper limits
on the {{h amplitude vary as functions of minimum and
maximum multipole moments. Second, we explore how
advantageous it is to use both 7- and E-mode data together
with the B-mode data. Finally, we investigate the deterio-
ration of the upper limits due to gravitational lensing. We
emphasize that by using the Fisher information, Eq. (70), to
determine the best-achievable upper limits we are effec-
tively investigating how well a finite number of purely
Gaussian distributed data points can constrain the {Ch
amplitude to be zero.

We start by exploring how the minimum multipole
moment of the B-mode data affects the constraining power.
The flat-sky forecasts in Ref. [17] did not probe this regime.
The lowest achievable lower band limit #2. is one of the

19https:// github.com/adrijd/cmb_sst_ksw.
2Ohttps://www.scipy.org.
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main distinctions between ground-based and satellite CMB
experiments. The atmosphere prohibits measurements over
large angular scales. Current B-mode data from ground-
based observatories reach #5. =~ 50. Polarization modula-
tion techniques, such as spinning half-wave plates, might
allow future efforts to reach an effective #5. ~ 30 [52].
Without atmospheric contamination satellite missions can
in principle reach #3. = 2. In reality, it remains to be seen
if uncertainty on systematic instrumental effects and
Galactic foregrounds will allow such a challenging meas-
urement to be made. A more conservative estimate for a
satellite (or balloon-borne) experiment would be #5. =~ 20.

In Fig. 4 we show the achievable 16 upper limits on f}
as a function of overall band-limit ¢, and lower band-
limit #3, . There is no contribution from instrumental
noise, and the only source of uncertainty is the cosmic

variance induced by the Gaussian components of { and 4.

Cosmlc variance only, APB = O 1
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FIG. 4. Achievable 1o upper limits on £ , i.e., the unavoidable
errors solely caused by cosmic variance, as a function of
maximum harmonic band limit #,,,,. Here, the f¥| parameter
is the amplitude of the {{h 3-point function with a local shape
function. The lines in each panel correspond to lower band limits
¢B. of the B-mode data. The vast improvement due to low-
multipole B-mode data seen in the upper-left panel is caused by
the contribution from reionization to the bispectrum. When the
tensor power is increased (the other three panels) the scaling with
¢B. becomes more regular: the contribution from reionization
gets suppressed by the B-mode power spectrum. Still, the low
multipole orders contain a significant amount of information on
the 3-point function. These results take into account the Fisher
information in the (TTB), (TEB), and (EEB) CMB bispectra.
The lensing contribution to the B-mode power spectrum is
assumed to be “delensed” to only 10% of the ACDM amplitude

(ABB = 0.1).

lens

The lensing contribution to the B power spectrum is
assumed to be “delensed” to only 10% of the ACDM
amplitude (ABB =0.1). It is clear that as long as the
Gaussian contribution to 4 is neglected, i.e., r =0, the
upper limits strongly benefit from a low #2. . Scattering at
reionization significantly contributes to the £ < 20 B-mode
components of the bispectrum for » < 0.001. The lensing
contribution to B is essentially negligible at such large
angular scales, so the low-ZB-mode data become a highly
sensitive probe of the squeezed bispectrum. When r # 0,
the additional cosmic variance induced by & quickly closes
this window, even though there still remains a significant
dependence on £2, for r # 0. We find that for r > 10~ 2,
the 1o wupper limits conform rather well to the
max (10g(£8,4 /€5 ))'/? scaling conjectured in Ref. [21].
Here 7, refers to the band limit of the 7- and E-mode
data, while #2,, refers to the band limit of the B-mode data.
The scaling fits well when #2,, ~ 150: roughly the maxi-
mum multipole order that contains usable information on
the primordial tensor perturbation for a 90% delensed B-
mode power spectrum. The curves in the two panels in
Fig. 4 that have r < 1072 do not fit the scaling: the
relatively strong contributions from reionization and lens-
ing are not captured by the analytic relation. Finally, the
observation that a lower r will tighten the upper limit on the
{¢h amplitude should not be mistaken with the idea that a
lower r will increase the potential of detecting the {Ch
correlation. Letting » — 0O increases the potential of ruling
out a nonzero [N because of lower cosmic variance, but
for a detection of fi, r has to be nonzero. The precise
relation between fY| and r is model dependent. Our choice
to parametrize the {{h amplitude in a model-independent
way hides this subtlety; see Footnote 16.

The relative importance of the low-£B-mode data also
grows when the lensing contribution to the B power
spectrum is increased. This behavior is depicted in Fig. 5.
As we move from no lensing BB contribution to the full
ACDM amplitude, the low-£B-mode data become more
relevant. This is a simple consequence of the shape of the
lensing contribution relative to the bispectrum. The domi-
nant lensing contribution to the estimator variance, i.e., the B
lensing power spectrum, is roughly constant with # on large
scales while the (TTB), (EEB), and (T EB) bispectra peak at
configurations with large-scale B-mode components.

Note that the lower band limit used for the 7 and E data
is set at £ = 2 for all results presented in this section. The
rationale behind this choice is that the WMAP and Planck
data already provide cosmic-variance limited data for 7" and
E on large angular scales. Note that this is not strictly true
for the E-mode data. Current #Z <30 E-mode data are
systematic limited [128,129]. We have checked that by
conservatively removing the ¢ <30 E-mode data the
curves do not visibly change.

We now focus on the individual and combined contri-
bution of the (7TB), (TEB), and (EEB) bispectra.
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Cosmic variance only, r = 0.001
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FIG. 5. Cosmic variance limited lo upper limits on fi§ as a

function of maximum harmonic band limit . Here, the fi
parameter is the amplitude of the {{h 3-point function with a
local shape function. The lines in each panel correspond to lower
band limits #3. of the B-mode data. As the lensing contribution
to the B-mode power spectrum AZB_ is increased from the upper-
left panel to the lower-right panel, upper limits worsen and
become more dependent on the low-multipole B-mode data.
These limits take into account the Fisher information in the
(TTB), (TEB), and (EEB) CMB bispectra. The tensor contri-
bution to the CMB power spectra is sourced by an r = 0.001

primordial tensor power spectrum.

In Ref. [17] only the (TTB) bispectrum was taken into
account. Reference [22] additionally calculated the Fisher
information associated with the (EEB) bispectrum. In
Fig. 6 we demonstrate how combining the information
in T and E (in addition to B) yields much better results than
the Fisher information of the individual cases would
suggest. This effect is also seen in the {{{ non-
Gaussianity estimation and can be traced back to the fact
that the 7 and E transfer functions for ¢ are out of phase
[79]. The same is true for the radial transfer functions we
use; see Fig. 1. This effect holds up under slightly more
realistic circumstances: by adding 4 uK-arcmin white noise

to the 7 harmonic modes and 4\/§ uK-arcmin to the E and
B harmonic modes, we see the same behavior.

Finally, we investigate the relation between the lensing
amplitude and the instrumental noise level. As mentioned
before, the lensing signal serves as a cosmic variance
contribution to the estimator variance. The lensing con-
tribution to the 7- and E-mode power spectra provides a
relatively minor contribution, while the contribution from
the lensed B power spectrum is significant. Fortunately, the
lensing contribution to the B-mode field is not entirely
irreducible: with knowledge of the lensing potential, the

lens
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FIG. 6. How the expected upper limits (1) on the amplitude

Ni of the {¢h 3-point function change when E-mode data are
excluded (dashed lines) or when T data are excluded (dot-dashed
lines). Combined constraints (i.e., from the Fisher information in
the (TTB), (TEB), and (EEB) bispectra) (solid lines) are
significantly stronger than those obtained from a naive addition
of the B+ T and B + E Fisher information. This effect holds
when (white) noise is added to the data; the left panel shows the
noiseless case, while in the right panel 4 (4\/5) uK-arcmin noise
is added to the 7 (E, B) harmonic modes. For these noise levels,
the T (E) data are cosmic-variance limited up to £ ~ 4000 (2500).
For data with higher band limits (¢,,;) the constraints saturate
due to the noise. The addition of white noise to the B-mode data is
responsible for the overall upward shift of the curves in the right
panel. Note that the lower harmonic band limit of the B-mode
data is set to £ = 2 for this figure.

lensing contribution can be reduced, or delensed [130]. In
Fig. 7 we show upper limits as a function of instrumental B-
mode noise for the case of only 10% lensing contribution to
the B-mode power spectrum (A = 0.1) and for the full
lensing contribution. The instrumental B-mode noise
ranges from 50 to 0.3 yK-arcmin. To put this in context:
the upper value roughly corresponds to the noise level in
the Planck data. The Simons Observatory [52] and
LiteBIRD [58] experiments aim to achieve a B-mode noise
level of approximately 3 yK-arcmin, while the CMB-S4
proposal [47] aims for approximately 1 yK-arcmin. From
Fig. 7 it becomes clear that the lensing BB contribution
starts to dominate over the instrumental noise for noise
amplitudes below 5 pK-arcmin. This is unsurprising given
that the large-scale B-mode lensing contribution is well
approximated by 5 yK-arcmin white noise [131]. We can
thus infer that for the Simons Observatory or LiteBIRD
experiments the gain from B-mode delensing would be
noticeable but relatively minor, while an experiment such
as CMB-S4 would need at least a factor of 10 of delensing
in the B-mode power to make use of the potential of the
instrumental sensitivity.

In summary, the forecasts demonstrate that the statistical
improvement with minimum and maximum multipole
moments roughly follows the expected behavior for a
squeezed 3-point function, with the exception that a low
€ min for the B-mode data is more advantageous than one
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FIG. 7. Expected upper limits (1o) on the amplitude £ of the
¢¢h 3-point function as a function of the (white) noise amplitude of
the B harmonic modes. It can be seen how decreasing the B-mode
noise is useful only up to a certain limit given by the amplitude of
the lensing BB contribution. For the B-mode data that are delensed
to only 10% of the ACDM amplitude (AEB. = 0.1) (left panel), the
constraining power saturates roughly below 1 uK-arcmin. Without
delensing, the constraints already start to saturate below
5 pK-arcmin. This behavior is essentially independent of the
noise level of the T and E data: the same curve is seen regardless of
whether 1 (v/2) (solid lines) or 10 (10/2) (dotted lines) uK-arcmin
noise is added to the 7' (E) data. Note that the harmonic band limit
of the data is set to £, = 5000.

would naively expect. Constraints benefit significantly
from the simultaneous use of 7- and E-mode data. Last,
future experiments will need to delens their B-mode data
significantly to keep improving upper limits. It should be
noted that these conclusions will likely differ for shapes
that are not squeezed.

V. DISCUSSION

Generally, we expect two effects that will influence our
ability to measure primordial non-Gaussianity. The first
effect is a bias in the estimated amplitude of the primordial
signal, i.e., a mismatch between the true amplitude and the
expectation value of the estimate, due to other non-Gaussian
signals that mimic the primordial signal. The nonprimordial,
non-Gaussian signal is, for example, caused by secondary
extragalactic sources and Galactic foregrounds. In some
cases, these biases may be subtracted from the estimate or
captured by a joint estimate; see, e.g., the lensing-ISW bias
in the Planck analysis [15]. A second, more irreducible
effect comes from the fact that the non-Gaussian signal,
primordial or secondary, will contribute to the estimator
variance. When this contribution exceeds the contribution
from (cosmic) variance from the Gaussian CMB component
and detector noise, simulations of the responsible non-
Gaussian signal are needed to accurately characterize the
estimator variance. While we will leave a detailed discussion
of both effects to a future publication, here we provide a brief
discussion. We focus on contaminants for squeezed

bispectra with one large-scale B-mode component, as such
bispectra will provide the largest constraining power for the
primordial {{h 3-point function.

A. Polarized Galactic foregrounds

The large-scale polarization B- and (to a lesser extent) E-
mode fields are dominated by Galactic emission: at low
frequencies by synchrotron radiation and at higher frequen-
cies by polarized dust emission [132]. Because the pri-
mordial B-mode signature is expected at large angular
scales (£ < 100), inference on the tensor-to-scalar ratio r
relies heavily on multifrequency data to break the degen-
eracy between foreground and CMB power. Similarly,
inference on the bispectra we are interested in would
require uncontaminated large-scale B-mode data.

One would naively expect that component-separated B-
mode data suitable for constraints on r are also suitable for
constraints on bispectra with B-mode components. However,
there is an extra complication for bispectrum inference:
residual anisotropic or non-Gaussian correlations between
foreground B and foreground 7 or E signals. Residual
correlations of this type might not be important for a power
spectrum analysis but will bias a bispectrum analysis.
Unfortunately, it is quite natural to expect a Galactic signal
to source a squeezed bispectrum: small-wavelength fore-
ground power in a given direction is likely not independent
from the foreground signal on larger wavelengths in the same
direction. The question is thus whether multifrequency
cleaning of the data will suppress such correlations enough.

Characterization of the non-Gaussian aspects of the
polarized Galactic signal is relatively unexplored at this
point. Early results obtained from the Planck data in
Ref. [133] suggest that there are indeed significant
squeezed (TTB), (TEB), and (EEB) bispectra on large
angular scales in the thermal dust component of the
Galactic signal. No significant bispectrum is found in
the synchrotron emission. Reference [133] does not find
a significant non-Gaussian correlation when foreground-
cleaned Planck B-mode data are correlated with the T and/
or E components of the Galactic dust. Although this
analysis omits the very large angular scales (¢ < 40), it
does suggests that the standard component separation
methods sufficiently suppress Galactic foregrounds given
the Planck noise level. It should also be noted that in a
related study no evidence was found for a dust bispectrum
template in the foreground-cleaned Planck temperature
data [134]. More investigation is clearly still needed; just
as it seems to be the case for inference on r, one would
expect foreground uncertainty to be the limiting factor for
inference on the {{h 3-point correlation function.

B. Secondaries sourced by ¢

We now consider non-Galactic secondary non-Gaussian
signals that are sourced by the curvature perturbation { (as
opposed to &). We again focus on squeezed bispectra with a
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large wavelength B-mode, as such bispectra may bias the
inference on the primordial signal.

The most well-studied secondary signal is sourced by the
correlation between the late-time ISW effect and the lensing
potential [135]. A similar correlation exists between the
quadrupole perturbation that sources the polarized reion-
zation signal and the lensing potential [136]. The ISW
effect and the polarization generated at reionization only
affect the CMB over large angular scales. On the other
hand, the lensing potential modulates small-scale power.
The associated bispectra are thus of the squeezed type. The
ISW effect only affects the temperature anisotropies, and
the polarized reionization signal is purely E. This means
that although (TTB), (TEB), (EEB) bispectra are pro-
duced [136,137], the only significant configurations will
have large-scale 7- or E-mode components instead of a
B-mode component.

In general, the requirement of a squeezed bispectrum
with a large-scale B-mode contribution is highly con-
straining. There are no obvious (non-Galactic) candidates
that preferentially source a B-mode signal on large angular
scales. Nonlinear effects other than lensing that produce the
B-mode signal, such as patchy reionization [138] and the
polarized Sunyaev Zel’dovich (PSZ) effect [139,140], do so
only at relatively small angular scales. Unclustered, extra-
galactic point sources may be weakly polarized and have a
reduced bispectrum that is approximately constant with
multipole order [141]. They thus contaminate all bispectra,
regardless of shape. However, especially for squeezed
models, the point-source bias is found to be negligible:
the two types of bispectra can be estimated independently
[15,141].

C. Secondaries sourced by &

The {¢h 3-point correlation function is contingent upon
the existence of the primordial tensor perturbation /. For
completeness, we thus briefly discuss a possible secondary
non-Gaussian signal sourced by a purely Gaussian tensor
perturbation h.

In this case, the most obvious single-B-mode bispectrum
candidate will be due to the interplay between two effects:
(1) the standard correlation between the lensing potential ¢
and the ISW and polarized reionization signal, together
with (2) the fact that lensing will now convert some of the
(Gaussian) primordial B-mode signal to E-mode polariza-
tion [142]. In the resulting (BEX) bispectrum, B is the
standard primordial B-mode signal, E is the primordial
B-mode signal lensed to an E-mode signal, and X is
the standard scalar-induced T or E signal. To first order
in the lensing potential, the bispectrum should be given by
the triangular configurations of CE2C?%". The suppression
by r, due to the presence of the primordial B-mode power
spectrum, makes this bispectrum lower in amplitude than
the standard lensing-ISW bispectrum discussed in Sec. V
B. More importantly however, the fact that the lensing-ISW

and lensing-reionization correlation C?X is only nonzero
for £ £ 100 [136] means that there will be no significant
bispectrum configurations with a large-scale B-mode com-
ponent and two small-scale (£ > 100) T and/or E compo-
nents: the relevant configuration for a bias.

Analogous to the E-mode-lensing correlation in Sec. V B,
the B-mode signal from reionization, present when r # 0, is
also correlated to small-scale power through a correlation
with the lensed signal. The difference is that isotropy and
parity invariance forbid a correlation between B and the
regular gradient-type lensing potential. Instead the B-mode
signal is correlated to the curl-type lensing potential sourced
by the & perturbation [143,144]. Unlike the {{{ case, there
will now exist (BXX') bispectra, where B is the unlensed B-
mode field and X the curl-lensed T- or E-mode field (and
X' € {T, E}). To leading order we expect such bispectra to

be proportional to the triangular configurations of CZ*CXX',

where C2” is the cross-correlation between the curl compo-
nent of the lensing deflection angle and the reionization B
signal. The power spectrum of the tensor-induced w, i.e.,

9, is strongly suppressed compared to scalar-induced
lensing and decays rapidly for £ > 2 [143,144]. One would
expect similar behavior for the amplitude of Cfﬁ‘” and thus
expect that CE*CXY is negligible. Still, the associated
bispectra are maximized in the squeezed limit with a
large-scale B-mode, so they should be considered as a
potential bias to a primordial signal.

The tensor-induced temperature quadrupole on the last-
scattering surface seen by galaxy clusters will source the
PSZ effect [145,146]. The resulting small-scale power will
be correlated with the primary B-mode field from reioni-
zation and will thus source a squeezed (BEE) bispectrum
(among others). The B-mode component is on large angular
scales, which means that the bispectrum has the right shape
to be a potentially relevant contaminant of the primordial
bispectrum.

Finally, second-order perturbation theory predicts that a
correlation between short-wavelength scalar modes and
primordial tensor modes emerges as the latter reenter the
horizon during matter domination. This occurs regardless
of any primordial {{h correlation [147]. The correlation is
usually studied as a quadrupole asymmetry in the matter/
galaxy power spectrum, but can be understood as a
squeezed {{h 3-point correlation. Consequently, this sec-
ond order effect is, in principle, imprinted in the CMB
bispectra that we are interested in, but the imprint is likely
too small to be observable.

D. Contributions to the covariance

In the previous three sections, we focused on possible
biases to the estimator. All discussed effects will also
contribute to the covariance of the estimate. Fortunately, in
most cases these effects are subdominant to the Gaussian
contribution to the covariance, given by the inverse of
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Eq. (30). However, as we illustrate in Appendix D, the
covariance of the estimator receives additional contribu-
tions from any connected 4- and 6-point correlation
function present in the data. For example, for the {(C,
temperature-only bispectrum, the connected moments due
to lensing will introduce significant additional covariance
on small angular scales. The variance due to the connected
4-point function alone is expected to dominate the cosmic-
variance induced estimator variance for local-type non-
Gaussianity for £, 2 3500 [148] (and hence will be a
concern for experiments such as Simons Observatory and
CMB-S4). The total effect on the estimator covariance will
depend on the shape of the primordial bispectra that are
estimated: local, or squeezed, shapes will likely be affected
the most.

We focus primarily on bispectra with a single B-mode
component; in the previous sections, we argued that such
bispectra are less susceptible to secondary biases. However,
this argument does not hold for the variance of the
estimator: when lensing is introduced, it is expected that
the estimator covariance is affected in a way that is rather
similar to the temperature-only case mentioned above. For
example, consider the (7T B) bispectrum; the variance of its
estimate will be approximately proportional to the
(TTTTBB) 6-point function. In the noiseless Gaussian
case, this 6-point function reduces to terms proportional to
CITCITCBE. When lensing is introduced, the power
spectra are replaced by their lensed versions (which has
a large effect on C25). However, there should also be a
contribution proportional to the connected (TTTT) 4-point
function from lensing. One would expect this contribution
to saturate the constraining power for £,,,, 2 3500, just as it
does for the temperature-only case mentioned above. For
the variance on estimates using the (EEB) or (TEB)
bispectra a similar argument applies [131]. In other words,
we expect that an estimate of the {{/ 3-point function using
high-resolution data will have large non-Gaussian contri-
butions to its (co)variance, at least for squeezed bispectrum
shapes with a B-mode contribution on large angular
scales.”! Note that this non-Gaussian contribution to the
variance is not included in the Fisher forecasts presented
in Sec. IV.

In a future study we hope to identify all these contri-
butions to the covariance and estimate their effects on our
ability to extract the primordial signal. We note that, in
principle, secondary biases and non-Gaussian contributions
to the covariance from lensing can likely be reduced
significantly by delensing [149]. As some of the contri-
butions to the covariance might be hard to compute

'Because the effect should only become dominant for
¢ Z 3500, there should be a negligible effect on primordial
bispectra with more than one B-mode component and/or shapes
that are more equilateral. In these cases, the signal drops sharply
for £ = 200.

analytically, applying the developed estimator on a suite
of realistically lensed simulations would be an important
aspect of such a study.

VI. CONCLUSIONS

The CMB bispectrum sourced by primordial scalar-
tensor interactions is a well-defined observable that can
be probed effectively with upcoming CMB polarization
data. Inference on these types of primordial interactions
probes nonstandard early-Universe models that are essen-
tially unconstrained by current studies. In addition, infer-
ence on the squeezed {(h 3-point function provides a
powerful consistency test of the standard inflationary
paradigm.

In this work, we derived a numerically efficient and
optimal estimator for the amplitude of CMB bispectra
sourced by primordial {{h 3-point correlation functions.
We demonstrated that despite the intrinsic geometrical
complexity of the bispectrum, an efficient estimator can
be formulated; see Eq. (59). There is a limited computa-
tional overhead compared to standard {{{ bispectrum
estimation [see Eq. (44)], but the same asymptotic scaling
with data resolution is reached. The derived estimator
provides complementarity to the more general modal and
binned bispectrum estimators [84-87,90] and should, due
to its numerical advantage, be the preferred method for
high-resolution data.

We studied the bispectrum sourced by a squeezed {Ch
3-point function in more detail. We presented a set of
Fisher forecasts that form a baseline to which more realistic
forecasts will be compared in future work. The presented
forecasts demonstrate a relatively strong dependence on the
size of the largest angular scale accessible in the data. We
also demonstrated how constraints from the combination of
temperature, E- and B-mode data are significantly better
than those only from temperature and B-mode data or only
from E- and B-mode data. Finally, we found that the
lensing contribution to the B-mode data starts to signifi-
cantly impact the constraints from experiments such as the
Simons Observatory and LiteBIRD. For a more futuristic
experiment like CMB-S4, delensing of the large-scale
B-mode data will be crucial.

Although the Fisher forecasts provide us with a good
indication of the ultimate constraining power of future
CMB experiments, future forecasts will need to include
more realism. This requires applying the estimator directly
to simulated sky maps. Besides allowing the characteriza-
tion of standard complications such as nontrivial noise
properties and sky cuts, this approach is the appropriate
way to study effects that are more specific to, e.g., the {{h
bispectrum. Examples of such effects include the incom-
plete removal of Galactic B-mode signal or non-Gaussian
polarized secondary sources. Lensed sky simulations will
also allow one to quantify the expected extra estimator
variance due to non-Gaussian 4- and 6-point correlation
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functions in the lensed CMB fields, as well as the effects of
delensing these fields. Although current data are incon-
clusive, it seems likely that the eventual limit on future
constraints will be from foreground uncertainty on large
angular scales and the non-Gaussian lensing contribution
on small scales. Before this point is reached, however, the
data will contain a large amount of unexplored cosmo-
logical information. With an efficient estimator in hand, we
should now turn towards map-based simulations to predict
the exact amount of information.

In the next decade, we will significantly improve our
measurements of the CMB polarization field. With this in
mind, we should consider interesting science targets
beyond the tensor-to-scalar ratio that can provide insight
into the early Universe. One of these targets is probing the
primordial interactions between scalars and tensors as well
as tensor self-interactions. Currently, the most sensitive
probe of these interactions comes from including the B-
mode field into CMB bispectrum inference. The work
presented here is a contribution toward the development of
a complete framework to constrain these interactions with
upcoming CMB data.
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APPENDIX A: ESTIMATOR FOR
OTHER ANGULAR TERMS

In this appendix, we show how the fNL estimator for
3-point functions with other angular terms. Besides provid-
ing a few useful examples, it can be seen how each
estimator still asymptotically scales as O(£3,y). For each
template we show the expression for the bispectrum and the
cubic part of the estimator. As demonstrated in Sec. I1I C 4,
it is straightforward to derive the linear term of the
estimator given the cubic term.

1. Scalar-scalar-scalar
a. Standard scalar-only template

For comparison and completeness, we first treat the
standard {{{ template, i.e., a template with no contracted
angular term. Assuming a shape template such as Eq. (43),
the expression for the bispectrum in Eq. (21) simplifies to

E?I)[f(i)])flvf] (r>]Ybﬂ1m1 (ﬁ)

(5 perm). (Al)

C3,m3

Note that the five extra terms are permutations of the input functions f, g, and 4. With this bispectrum, the cubic term of the

estimator becomes

NL,cubic

prim
2e¢t ® 2 ©)
y _610 | dam) Z/ r2dr(A

(A2)

which is the standard result [80], but rephrased in our notation. See Eqs. (60) and (61) for the definition of the .A( )

functionals. In the (S, n) =
delta function which simplifies the expression to

A LA ) =

DD Y (KOUDEAN(CTa), Yon(B).

‘.m Xe{T.E}

(0,0) case used here, the functionals are much less complicated: the 3-j symbols reduce to a

(A3)

Note that the (—1)7 factors are not present in the original expression [80]. They do not change the estimator, as only
configurations with £; + £, + £3 = even contribute. The K functionals are defined in Eq. (52).
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b. Scalar-only template with angular dependence of massive spinning particles

The second {¢{ template is inspired by the three-point function template derived in Ref. [31]. The template captures the
imprint of a massive spin-s field during inflation. Although the template only involves the curvature perturbation, it does
include a contracted angular term

1 PN
OO (k) Ky, ) = = 0 (k. K ks Py - ) + (5 perm). (A4)
lerim
=22 00a)g" (ko) h) (ks )P (s - k3) + (5 perm). (AS)

i=1

P, is a Legendre polynomial of degree s. The five additional permutations are permutations of the three wave vectors.
In order to write down the corresponding bispectrum, we expand the Legendre polynomial in terms of spherical
harmonics:

Pk k') = YRy (K, A
(6 K) =575 3 VB, () (A6)
The bispectrum for a spin-s template then becomes
s Nprim
netsice)  _Ar m - ® a1 ® e -
Bm1m2m3X1X2X3 - 6(2S + 1) m;S(_l) / dQ(n) ; A r dr[(K(xl)[f< >sz’1,z,’1 (r)}Yflml (n)
Sl (0 O 0| Vo
Ly.M, my
DA . )(/cﬁfzﬁ[h“n)fs,h(rﬂ Vo ()
L3.M5
+ (5 perm). (A7)

The five additional terms are obtained by simultaneously permuting f (@), g(i), and 49 with the 1, 2, and 3 indices. The cubic
term of the estimator for this bispectrum is given by

R 1 4” N pnm ) . . .
444 _ N 2 @) i) 4©) () A4© (i) -
NL.cubic ]81—0 2s + 1 m;s'( / dQ n Z / r dr(A(O,O) [f ]A(.\',—m’) [g ]A(y,m’) [h ])(I", n)
+ (2 cyclic). (A8)
The two extra terms are cyclic permutations of f(), ¢! and A(.

2. Scalar-tensor-tensor

To illustrate the situation for a scalar-tensor-tensor 3-point function, we use a template inspired by the SFSR result [18]:

OLb)F (K, Ky, k3) = f(ghh)(klskbks) (kz)%2 (ks) (A9)

= fO(ky) g (k)1 (k3) e 5 (k) ed? (ks). (A10)

The polarization tensors e*? are defined in Egs. (13) and (14), the a and b indices run over the three spatial dimensions. We
use the Einstein summation convention. Using the notation from Ref. [83], we may expand the polarization tensors as:
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2 1 1
=— Y3, "amb( ) (All)
ab 5 2
‘o M;an: o M mg myp
The a coefficients obey the following orthogonality relation:
m b 4x m s—m’
aja), = ?(—1) Sy (A12)

Using this relation together with the orthogonality relation of the Wigner 3-; symbols in Eq. (B13), the contraction of two
polarization tensors can be expressed as follows:

& (R)eP () = 523 (<1y7 vy (R)_ 5 (). (A13)

The bispectrum corresponding to the template in Eq. (A10) thus becomes

pn m

2
btscnn) 8w o ’ .
Bt =5 3 1 [ 0@) Y [T Rar(E [ (1, ()

m==2
. _ x 2 LZ l’ﬂz h i A
x 3 |tz + (e DO 0,0 e )

—m’ M2 my

LM,
2 L 53 h .
X fz+Lz]—202 1 4 (=1)5+Ls+ts ( 3 > K( ) B0 :|Y a Al
Lzzf\;z[ = } m My ms ( (X3>[ Degry(r)| Y i, () (A14)

The cubic part of the estimator is given by

R 4]_[ 2 R pnm o0 . " ; h ; R
é‘Nlih.CubiC = ISIO Zz( / dg n Z / rzdr(AEg?O) [f( )]AEZ,)—m/) [g( >]A22)m/) [h( )])(r7 n) (AIS)

m'=—

The expressions for the hlh and hh{ parts are derived in an analogous way.

3. Tensor-tensor-tensor

Finally, we derive the estimator for a tensor-tensor-tensor 3-point function. We again take the SFSR prediction [18] as
inspiration for our template:

WLBIF (K, Ky, K3) = fO) (ki Ky, ks)
x [ksRE ey, (K )esd (ko )ers (k) — 2€, (Ko )e (Ka)el (ky)RSRS] + (2 cyclic)  (Al6)

pnm

—Zf (k1)g h (k)
x[kzk‘zei',,(kl) 4Ry )ely(K3) — 2e0 (K )l (Ky) el (R3)R5RS] + (2 cyclic).  (A17)

The two extra terms are cyclic permutations of the three wave vectors.
To derive the bispectrum, we need to expand the unit wave vectors in spherical harmonics [83]:

) (A18)

The a coefficients obey the relation in Eq. (A12). Together with Egs. (A11), (B8), and (B13) we then expand the first
angular term in Eq. (A17) as follows:
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o . 6472 2 2 L
A 0—A,2
igitely ket (Ro)elytl) =55 S0 () b R Y ) Ty k) (19

LMM M

The J symbols are defined in Eq. (B9). The second angular term in Eq. (A17) is expressed in terms of Wigner 6-j symbols
by making use of the relation in Eq. (B16), see also Ref. [150]. The resulting expression is:

Ad_(gﬂ')s/z L+1 7404, 7430-4 J L 2 J L 2 127
(kl) (kz) (k3)kk 6 Z( DM 25 M M M 1 1 2 1 2 1

LJ
mm m"

X—AIY;M(RI)—/IZ LM’(kz)—/’l; _]M//(k3) (Azo)

It is convenient to separate the corresponding bispectrum into a part sourced by the first angular term and a part sourced by
the second term. The first part is given by

BOCa (k) :64n2 Z <2 2 L > / mm /
1MmymzA1A3A43 75 LA M M M// M/ &
i 2 L] fl )/ .
x iS22 [1 + (= 1)nthth ( > M 140 r}Y fi
D A | (VI L T R L)
- L L2 f2 h ; ~
x Z fz—#—szgzg?,Jg%LZ[l +(—1)x2+L2+fz+L]< , )UCEX,)[Q(’)D ()| Vi, (8)
My - M M2 nmy 2
- 2 Ly & .
iO3+Ls 7=202 _1)5tLstts () 13 ) .
X A -l 3 3]2L3f3[1 + ( l) 3 ](M// M3 ms > (’C(X3>[h })53’143(}’)] YL3M3 (n)
+ (2 cyclic). (A21)

The two extra terms are given by cyclic permutations of the f(), ¢!}, and 1) input functions together with the 1, 2, and 3
indices. The second part is given by:

eiatsun) - _ (8) S JoL 2\[J L 2\(1 2 J / A Em / o
B 10263 _ _1 + dQ d
ity Ty CEO N o w1 200 2 (8) rdr

L.J
mm' M
[ 2 L, ¢
701 +Ly 7=202 _1\a+L 4+ 1 1 (h) 1 (i) .
XLIM1 -z 1 1J2L1f][1+( 1)xth 1]<M M, ml>(IC<X‘)[f ]>L’1~L1(r):| Yy, (R)
i hy hy X L L2 fz h i .
x 2 i 2% iR+ (-1) 2+Lz+fz+L+]]<M/ ", m2><KEX)2)[g()Df2‘L2(r) Y1, ()
3 it SR () 0,1, ()] o )
L3.M; & ’ M’ M; my (X3) 3:L3 3M;
+ (2 cyclic). (A22)

The cubic estimator is also most easily expressed in two parts. The part corresponding to the first bispectrum, Eq. (A21),
is given by

hhh,1 o 02 2 2
NL,cubic — 2251, . MZM;M” (M M M/> 22L / d'Q n) Z / redr

X (A FOIBE o [991AL o [BO)) (7 0) + (2 cycllic). (A23)
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The two extra terms are cyclic permutations of £,

Yhhh2 (8”)5/2 Z L+1 J L
L. = —1 +
NL.cubic = 187 (=) M M

LJ
MM M

pnm
X / / 2dr

2

J L 2Y(1 2 J
J—202 Jz —-202
M)zm 2 {1 1 2}{1 2 1}

¢\, and h"Y). The second part, corresponding to Eq. (A21), is given by

+ (2 cyclic). (A24)

We have introduced the B and C functionals. They are completely analogous to the .4 functionals, defined in Egs. (60) and
(61), but slightly differ in their spherical harmonic coefficients:

(BN, () =

<4ﬂ>1/ZZiK+LJ§£(}2 ( i

Z.m

(Cle D), (1) =

‘.m

Computing the combination of Eqgs. (A23) and (A24) will
still asymptotically scale as O3, ). Although more terms
have to be computed compared to the previous templates,
this computational overhead is easily outweighed by the
fact that the A transfer functions impose £, =~ 200.

APPENDIX B: USEFUL MATHEMATICAL
IDENTITIES

1. Spin-weighted spherical harmonics

The spin-weighted spherical harmonics (SWSHs) (Y,
are generalizations of the standard spherical harmonics
Y ,,,. Both types of spherical harmonics are functions on the
sphere S°. Indeed, one may relate

oYom = Yem: (B1)
The relation between the two sets of functions for nonzero s
can be found in the literature [151,152].

The SWSHs are conveniently defined on the standard
spherical coordinate system by taking the Wigner D-
matrices (irreps of the three-dimensional rotation group)
parametrized in terms of the Euler angles and fixing the
polar axis as follows:

2L”+1

szm(a? ¢) = (_1)m ar

DZ,(#.0.y) (B2)

=0

With a slight abuse of notation, we use 1 in the arguments
of the spherical harmonics to refer to the € and ¢ angles
that describe the spherical decomposition of the 3D unit
vector, i.e., i = (sin @ cos ¢, sin @ sin ¢, cos P). Similarly,

S L ¢
M m

S L ¢
4 1/2 E l'f+LJ—202< >
( ) SL¢ n M m

)Zu + (<L) DX (1) (Ca)k,.  (A25)
ST+ (=LY (1) (Ca)k,. (A26)

we denote the differential solid angle with dQ(i),
ie., [dQ(R) = [} d¢ [FdOsind.

The functions form an orthonormal and complete system
for each integer22 spin weight s:

/52 dQ(ﬁ)SYfm(ﬁ)SY;’m’(ﬁ) = éff’émm’v (B3)

S Y (8),Y7,, (1) = 8(cos0 — cos@)3(g = ). (B4)
£.m

This leads to the following forward and inverse trans-
formations for (square-integrable) spin-weighted functions
on the sphere:

Fen= [ AR @),V (8) V£ € (1]l
Vme{-¢,¢},

mdx

Z Z sffmszm ﬁ

t=|s|m==¢

VhAeES. (BS)

We include the Condon-Shortley phase convention in
our definition of the SWSHs. Under complex conjugation
and parity [(6,¢) — (z — 6, ¢ + =)] the functions there-
fore obey

Yon(B) = (1) Y,y (), (B6)

“Throughout this work we only describe (representation of)
three-dimensional (3D) rotations so we limit ourselves to (non-
negative) integer multipole order () and integer magnetic or
“azimuthal” numbers (m and s).
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) - (_l)f—syfm<ﬁ>'

In particular, this implies that (f} = _ f, (-
holds for two spin-weighted functions (*)f that obey
()f)* = (=9)f. For s = 0 this simply means that f is a
real-valued function.

A tensor product of SWSHs may be decomposed into a
direct sum by making use of the Wigner 3-j symbols (see
next section):

sYem <_ﬁ <B7)

1)m+s

C1+ ‘3 ‘s
SIYflml(ﬁ)SZ fzmz Z Z ?;sblﬂz_;j_s
O3=|01=t|my=—C353=—C3
‘6, C
(‘ ’ 3)S3Y;zm<ﬁ>, (B8)
my nyp niy 373
with
E\/(Ml+1)(2f2+1)(2f3+1)<f1 £ f3>
01205 ir o s o)

(B9)

Note that the upper limit on the first sum in Eq. (B8)
implies that the harmonic band limit of a product of
functions on the sphere is given by the sum of their
individual band limits. Equation (B8) also shows that the
integral over a product of three SWSHs is given by

/S AT, (8).Y o (8), . ()

(fl £ fg)

my  mp mj
Note though that this only holds for the s; + s, + 53 =0
case. For the s; = s, = 53 = 0 case this integral is referred
to as the Gaunt integral.

—8=82783

Nz (B10)

2. Wigner 3-j, 6-j, and 9-j symbols

The Wigner 3-j symbols are real valued and serve to
describe the decomposition of tensor products of SWSHs
into direct sums of SWSHs [see Eq. (B8)] (this also holds,
in more generality, for irreps of the rotation group such as
the Wigner-D matrices). The 3-j symbols are closely

SeL+ 1)(_1)f1+f3+m1+m4{ SENE
L f3 KS
B <£1 ly > ( l5

N my ny —mp ms  —niy

related to the Clebsch-Gordan coefficients but are normal-
ized such that they are the exact coefficients needed to form
a rotationally invariant product of three SWSH coefficients
[recall the definition of the angle-averaged bispectrum in
Eq. (18)]. In the following, we list a limited number of
symbol properties; see Ref. [153] for an exhaustive
description.

The 3-j symbols pick up a (real) phase factor when the
sign of the three “magnetic” indices is simultaneously
changed,

(Lﬂl %2 f3> - (_1)f1+fz+fz< AN )
nmy my  my —ny —m, —ms
(B11)

The symbols are invariant under cyclic permutations of m,
m,, and ms but pick up a factor of (—1)1+%% for
anticyclic permutations. The symbols are only nonzero
for my+my+my =0, |6, =62 <3< +7¢,, and
|m;| <¢;Vie{l,2,3}. There are two orthogonality

relations:
¢y ¢, L ¢ ¢, L
Z(ZL—H)( b )( L >—6m,m Syt
LM my my M) \my m; M
(B12)
£y ¢, L ¢ ¢, L Sy 10w
Z<1 2 )(1 2 />:LL MM‘ (B13)
oy m; mp M nmp; mp M 2L+1
In particular, in the case of equal symbols one has
&) 4 7 % £a\ 2
)SID VD Sl CARRAENAN ISTRCIE)
my=—=¢1 my=—=6, my=—¢3 s

As mentioned, the Wigner 3-j symbols are used to
couple two SWSHs or, equivalently, find the third angular
state that combines two SWSHs into a rotationally invariant
quantity. In general, there is no unique way to couple three
SWSHs; there are two distinct sequences of applying
Eq. (B8) to the product. The Wigner 6-j symbol is used
to transform between these two possible final angular
states [153]:

f4}<f1 L f5)<f3 L f2>
L my M ms —msy M my
Zs
. (B15)
—ms

By using one of the orthogonality relations of the 3-j symbols, the 6-j symbol may equivalently be expressed as
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{?ﬂ 23 f3}<bﬂ1 2 f3>: Z (_1)2‘_’4f,+m,<f1 s f6>(f4 ‘> fs)
Cy Cs g my; mp ms m; ms —mg —my My Mg

my,ms,Me

x<£4 & f3>. (B16)

my —ms ms

The 6-j symbols are invariant under all permutations of their columns and under the simultaneous permutation of upper and
lower arguments in two columns. The symbols also obey several triangle conditions that can be deduced from the top rows
of each of the 3-j symbols in the above expression. There also exist an orthogonality relation for the 6-;j symbols [153].

Finally, the Wigner 9-; symbols are defined to describe the transformation between different couplings of four SWSHs.
The symbols may be expressed in terms of either 6-;j or 3-j symbols [153]. The latter expression is given by

Oy s

. (fl ‘s 53): Z <f4 ‘s f6><f7 A f9>(f4 ‘7 51>
! ° ‘ myp  mp Mz mame N4 N5 Mg m7  mg My my  mg Ny
7 g Cq ¢ ?

‘s €y O e €9
8 ( s s ) ) ( 6 Lo O ) (B17)
ms mg Ny meg Mg Ny

The 9-j symbols are invariant under reflections of their arguments along either diagonal and even permutations of rows or

columns; odd permutations result in a factor of (_1)2?:1 %i_ Elements of each row and column are constrained by the
triangle conditions of the 3-j symbols in the above expression. There also exists an orthogonality relation for the 9-j
symbols; details can be found in Ref. [153].

3. Delta function

The delta function is expanded as

1 .
Sk, +k; +k3) = 3/d3xe’<kl+k2+k3)"‘. (B18)
(27)

By making use of the Rayleigh equation

e™x =N i (26 4 1)j(kr)Py(k - ) (B19)
4
=4y i (kr)Y}, (K)Y 4, (), (B20)
[

we produce two equivalent expressions for the delta function,

50 (ky + ko + ky) = 8/ DI (HU (ki)Y (R )) A 4Q(h) (ﬁ Yfi‘m[_(ﬁ)> (B21)

C1.my Cymy €3,m3 N

3

. ¢y O s

:8/ Pdry oYy <H i1 ji (kir) Yfm(k,-))Jgng&(m ) (B22)
£1.my Eymy C3my Ni=1 1 2 3

Note that x = rit and k = kk. We have used Eq. (B10) to arrive at the second expression. The J symbol is defined in

Eq. (B9). See Ref. [154] for these and alternative expressions.
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APPENDIX C: COSMOLOGY CONVENTIONS

1. Power spectra

Because of the assumed statistical homogeneity of the
superhorizon 2-point correlation functions of the ampli-
tudes of both the spatial components of ¢ and Wh, these
correlations are represented as diagonal in the 3D Fourier
basis. Statistical isotropy limits the diagonal to only depend
on the wave number k. We use the following conventions
for the correlation functions:

(Ckly) = (2m)368) (k — K') Py (k), (C1)
P
(D @ty = (2269 (k — kN6, 1K) (2
The power spectra are parametrized as follows:
A, (ko) [k ko)1
Pe(k) =2m> > | — , C3
f =222 () (©)
rgAsko) (k)
P, (k) = 27> = , C4
0 o (o) (4

with tensor-to-scalar ratio Tk (i.e., theratio at the pivot scale),
scalar amplitude A,, pivot scale kj, and scalar (tensor)
spectral tilt n; (n,). We have used fixed values for some

of these parameters: {A,(ky) = 2.1056 x 107, kg =
0.05 Mpc!, ny(kg) = 0.9665, n,(ky) = 0}. The remaining
cosmological parameters that govern the radiation

transfer functions are set to {Tcyg = 2.7255 K, Hy =
67.66 kms™! Mpc™!, Qh* = 0.02242, Q.h?* = 0.11933,
7 = 0.0561}, and the camB defaults of December 2018.

We extract the radiation transfer functions from CAMB.
We normalize the default output from cAMB such that the
CMB power/cross spectra are related to the primordial
power spectra defined above as

<a(z) (Z2)*

VA
X,fmaY,f’m’> = 5ff’5mm’cg()2f (CS)

2 oo
= 5//’5mm’ ;/) kzdkPZ<k)T§(Z,2"(k)T§’Z,}(k)7
(Co)

with Z € {{.h} and XY € {TT., EE.TE.ET, BB}.

2. Local 3-point correlation function

The local shape template used in Sec. IV is given by [89]

flocal (k) ky ky) =2 [(m) +2 perm]. (C7)

The template is symmetric under permutations of the
three wave numbers and is perfectly scale invariant

(i.e., proportional to k= for k; = k, = k3). If desired,
including the scalar or tensor spectral tilt simply amounts to
the replacement ki k(ko/k)"s=V/3 or k> k(ko/k)"/3,
where k( is some fiducial pivot scale.

APPENDIX D: ESTIMATOR DERIVATION

We review the derivation of the estimator in Eq. (26) and
its behavior in the presence of the non-Gaussian signal.

1. Estimation theory

The statistical estimate of a parameter produced by an
unbiased estimator has an expectation value that is equal to
the true value of the parameter. If such an unbiased
estimator saturates the Cramér-Rao bound, it achieves
the lowest possible variance (or covariance for multiple
parameters) on the estimate, independent from the true
value(s) of the parameter(s). We will briefly introduce the
Cramér-Rao bound.

Consider a dataset x = {x, x,, ..., x,} drawn from the
likelihood Pr(x|@): a probability density function (PDF)
with unknown fixed parameters 6 = {0,,0,,...,0,}.
Under the assumption that the PDF satisfies the following
regularity condition:

/dnxalogPr(xW)

20, Pr(x|0)=0, Vie{l,...,d}, (DI)

it can be shown that the covariance matrix C, of an
unbiased estimate of the parameters € is bounded by the
inverse of the Fisher information matrix:
—1
Cy>77'(0). (D2)
This bound is the Cramér-Rao bound. In the matrix
notation used here, the inequality refers to the positive
definiteness of the Cj —Z —! matrix. The elements of the
information matrix are directly obtained from the PDF:

7,(0) = / i <8log8Peri(x|9)) <alog81;rgx|9)) Pe(xif).

(D3)

The Fisher information does not depend on the observed
data; it only depends on the parameter vector.

It can be shown that an unbiased estimator 6 =
{91, 92, ...,9d} that saturates the bound for all values of
the parameters € must satisfy

=2 Tl

Although it is generally nontrivial to construct an estimator
that fulfills this relation for all possible values of 6, the

810gPr x|9

)(@;-6)) (D4)
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relation suggests a simple recipe for the construction of an

estimator 6 that fulfills the Cramér-Rao bound in the case
where 6 is known,

N Olog Pr(x|0
0, => 1;'(0) gaig.“) + 0, (D5)
J

J

where Z~! is the inverse of the Fisher matrix. In reality, 6 is
unknown. However, an estimator constructed in this way
may still be useful for estimates of € that are close to the
assumed value. This is the approach we will take.

2. CMB bispectrum estimation

We now construct the bispectrum estimator and provide
a brief discussion of its statistical properties. We will see
that the estimator is unbiased and becomes statistically
optimal (saturates the Cramér-Rao bound) in the limit of
vanishing non-Gaussianity.

a. Probability density function

It is clear from the previous section that a closed-form
expression for the likelihood of the data is required to
|

<af1m, afzmzaf3m3af4m4>

construct the estimator. However, there exists no such
expression when the condition of Gaussian initial pertur-
bations is relaxed. Without a closed-form expression, we
thus construct an approximation to the full non-Gaussian
likelihood by perturbing around the Gaussian form. The
specifics of this perturbation are determined by the con-
nected moments, or cumulants, predicted by the model.

Given a characteristic function and its associated prob-
ability distribution, one can distinguish between the
moments about the origin of the distribution (the n-point
correlation functions) and the connected moments about
the origin (the cumulants). The connected moments are
proportional to the MacLaurin coefficients of the natural
logarithm of the characteristic function. The connected
moments about the origin are proportional to the
MacLaurin coefficients of the characteristic function itself
(i.e., without the logarithm). In more practical terms the
moments about the origin, the n-point correlation func-
tions, may be expanded in terms of the connected moments
with the help of Wick’s theorem [155]. For the mean-zero
distributions we are interested in, the first moments of a
random field, expressed as a set of spherical harmonic
modes {a,,,}, are expanded as follows:

<af1 my At ymy At smy At ymy Aesms afﬁm6> = <af1 my At ymy At smy At ymy Aesms afﬁmﬁ>c

<af1m1af2m2> = <azf’1m1af2m2>c7 (D6)
<af1m1af2m2af3m3> - <af1m]at’2m2afgln3>c’ (D7)
<af]m|af2m2af3m3af4m4>c + <af|m1at’2m2>c<af3m3 af4m4>c
+ <af,m1azf’3m3>c<afzmzat’4m4>c + <af1m,af4m4>c<azf’2m2af3m3>c7 (DS)
<af1m1afznlzaf3m3af4m4af5m5> = <af1m1afzmzaf3m3af4nl4af5m5>cv (D9)
+ <af1mlafzmzaf3m3af4m4>c<af5m50bpﬁms>c + 14 perm
+ <af1m]afzmzaf3m3>c<azf4m4af5m50)f’6m6>c + 9 perm
+ <af1m]af2m2>c<af3m3af4m4>c<az,’5m5af6m6>c + 14 perm. (DIO)

The quantities on the lhs represent the moments and
the quantities on the rhs are the connected moments
(denoted by (---),). For a distribution with a vanishing
mean, there is no distinction between the moments and
connected moments for n =2 and n = 3. For n = 4 and
higher, we see a distinction. A Gaussian distribution is a
distribution for which all connected moments with n > 2
vanish.

The approximation to the likelihood of the data we will
use is known as the Edgeworth series. More specifically, it
is an Edgeworth expansion around a mean zero multivariate
Gaussian distribution. We truncate the series such that the
only relevant cumulants are the 2- and 3-point functions.

|

A detailed derivation of this procedure can be found in
Ref. [156]. In short, one Taylor expands the non-Gaussian
part of a general characteristic function to first order and
discards all terms except the third-order moments. Fourier
transforming this truncated series together with the
unmodified Gaussian part yields the PDF. Although the
Edgeworth expansion is an asymptotic series, truncating it
to third order does not guarantee a well-defined (i.e.,
positive and normalized) PDF [157]. However, as long
as we are only interested in the weakly non-Gaussian
regime, where the third-order moment is subdominant to
the second, we assume that these subtleties can be safely
ignored.
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Representing the likelihood for a measured set of n spherical harmonic modes a = {ay 4, } as the truncated Edgeworth

series yields [78,115]

Pr(a|C,B) = (1 +é > B

£1.69.83
my my.m3

016,85

_[C)EE, (), +cychc1})

where C and B denote the 2- and 3-point correlation
functions of a. The notational shorthand C~'a is defined in
Eq. (27). The above expression is that of a nested model:
when B vanishes, we recover the mean zero Gaussian
model. The extra terms denoted by “cyclic” are given by the
two cyclic permutations of the three (£, m, X) triplets.

It is straightforward to incorporate harmonic modes
sourced by a combination of primordial scalar and tensor
perturbations in the above description. Consider the fol-
lowing decomposition:

¢ h
aX,fm = ag(,)fm + ag(,)fm + ny ¢m-

(D12)
Since the noise ny 4, is independent from the primordial
fields and since all components have zero mean, the most
general bispectrum then is expressed as

B = B0 1 3p&h) 1 3p(Ehh) 4 plhhh) (D13)
Inserting Eq. (D13) into Eq. (D11) produces a likelihood
for a that takes into account the non-Gaussian correlation
between the primordial scalar and tensor fields.

b. Estimator

The condition in Eq. (D4) implies that an unbiased esti-
mator of a vector of parameters fy; ={fkp. /s qL}
constructed as follows saturates the Cramér-Rao bound in
the limit where the parameter vector goes to the null vector,

i.e., fNL - 0:

OlogPr(alfy.)

D14
s (D14)

Jae = ZII_; (/NL)
7

The I and J indices run over the dimensions of the
parameter vector space. Note that ]ACNL and fyp can be
understood either as scalars or as vectors; in the latter case,
the Z~! is the inverse of the d x d Fisher matrix instead of
the scalar Fisher information. To identify Pr(a|C,B) in
Eq. (D11) with Pr(a|fyi), we treat the bispectrum as fixed
up to a scaling fy; € R? and consider the shape of the
bispectrum and the covariance as fixed. More specifically,
we assume

mymymsz,X X, X3

{[(C"'a )f]ml(C_ )fzmz(c_ )fgm;]

e—%th'la
S (D11)
27)" det C
|
B(fx1) = fau - Bis (D15)

where the inner product is defined in the parameter vector
space. This expression is a generalization of Eq. (25) that
allows the bispectrum to consist of a sum of bispectra each
with its own fy; parameter. To construct the estimator we
now simply insert Eq. (D15) into the expression for the
PDF in Eq. (D11) and insert the result into Eq. (D14). We
may expand the logarithm in a power series and neglect all
terms but the one that is O(B). This is a valid approach
because the second term in the brackets in Eq. (D11) must
be < 1 in the weak non-Gaussian regime. This yields the
estimator constructed by Ref. [78] (which is a refinement to
the cubic expression originally introduced in Ref. [82]):

_ INAN2
fNL - ZIO 1y Z Z B )m1m2m3,X|X2X3

allZ,m all X

2 {[<C_ )t’]ml (C_ >f2m2<C_ )f;mJ
— (X (! a)t’3m3 + cyclic]}.

£1myErmy

(D16)

Note the use of Z;' = Z71(0) instead of Z=!(fyy): strictly
speaking, the inverse of the Fisher matrix will depend on
the parameter vector. This reflects the fact that a true
optimal estimator should vary between datasets based on
the value of fy; . Of course, such optimality is not possible
with the point estimator we use here: fyp is unknown. A
true optimal weighting would be achieved with a Bayesian
approach in which the likelihood of the data is calculated
for each value of fy. In reality, this reweighting of the
estimator is not important for values of fy; that are of
interest [158]. For fy;, = 0 the estimator is optimal by
construction and the Fisher matrix has a simple analytic
solution:

f 1212
z.0 = Z Z( m,niZ:n; X1 X,X5
allfm allx
—1\ X1 X —1\XoX —1\X3X
X [(C )fllm?ﬁnu( l)fzzmjf5m5( l)f;mif(,mﬁ]
405t
(BJ*)mtrrngz;(, X4 X5Xe* (D17)
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c. Statistical properties estimator

The estimator j‘NL is a function, or “statistic,” of the data
a, so the statistical properties of the estimator may be
derived from the likelihood of the data. Here we present a
heuristic overview of the statistical properties, given differ-
ent models for the data. It should be understood that an
analytic approach such as the one presented here is mainly
useful to gain intuition; characterization of the estimator
applied to a real dataset requires the use of simulations.

To derive the bias, covariance, and higher-order
moments of the estimate, we first define what we mean
by the pth moment of the estimate,

(ff) =B (D18)
— [ Dajty Prialivn) (D19)
where
/Da = H / day,,. (D20)
‘.m

and where ]A‘I’\’IL denotes the pth power of the estimate. This
notation is understood to generalize to the multivariate case
as, e.g., (fi) = (Ffie), () = (FAfafRe). It is
then convenient to note that the expression for Pr(a|fy; ) in
Eq. (D11) consists of two parts: a regular Gaussian PDF
and a second part that consists of a Gaussian PDF times
terms cubic and linear in a. This means that we can divide
the integral in Eq. (D19) into a purely Gaussian integral
({--+)¢) and another Gaussian integral ({---);) with an
integrand that is multiplied with these cubic and linear
terms. Since the estimator in Eq. (D16) is an odd function
of a, the (- - -); integral will always vanish for p = odd. On
the other hand, the (---), part will always vanish for a
moment with p = even.

With this knowledge and the likelihood of the data in
Eq. (D11), deriving the bias of the estimator comes down to
evaluating Eq. (D19) for p = 1. This is an odd moment, so
only the (---) integral has to be evaluated. The result is
that (fn) = fxu: i.e., the estimate is unbiased regardless
of the value of fy; . For the (co)variance of the estimate,
ie., Var(fy) = (f) — (fa)% we need to additionally
evaluate Eq. (D19) for p =2. Doing so, we find
Var(fx) = Z;' — f¥., which is equal to the optimal
value Z7!(fx1) only when fy = 0. So we establish that

in the limit of fy; — 0, the estimator is unbiased and
optimal. In cases where fy; # 0, the estimator is still
unbiased” but suffers from nonoptimal (co)variance
[116,117]. This is expected, as the situation does not
conform to Eq. (D4) anymore. Finally, note that for
fnL #0, the estimate itself becomes (weakly) non-
Gaussian. For instance, there will be a nonzero (]A‘?\IL>
moment with an O(fx B{C9Z;%) amplitude.

In the above we assumed that the likelihood for the data
is described by Eq. (D11). When an additional 3-point
function, not parametrized by an fy; parameter, is intro-
duced in the likelihood, the estimator becomes biased. The
exact bias depends on the shape of the added 3-point
function; see the discussion in Sec. V.

An interesting situation arises when the data are drawn
from a distribution with nonzero higher-order connected
moments. This situation is not only hypothetical: lensing
introduces a significant connected 4-point function, as well
as smaller connected 6-, 8-, etc., point functions [131]. To
describe the statistical properties of the estimator in the
presence of lensing, we thus need to update the likelihood
of the data in Eq. (D11) with these nonzero higher-order
connected moments. Let us focus on the connected 4-point
function, denoted by 7. The Edgeworth expansion will now
include O(Ta*/C*), O(Ta*/C?), and O(T/C?) terms in
addition to the O(1), O(B,a’/C?), and O(B,a/C?) terms
already present in Eq. (D11). With these additions, the bias
of the estimator does not change, but the variance of the
estimator receives an O(BITC~>Z;?) contribution. By
extension, the addition of connected 6-, 8-, or higher-point
functions to the likelihood will also contribute to the
estimator variance. The estimate itself will also become
non-Gaussian with these additions. For instance, there is an
O(BITC3T;*) connected 4-point function of fy; when a
connected 4-point function 7 is added to the likelihood.
Computing a semianalytic estimate of the additional
estimator variance is highly challenging due to the number
of elements that make up the higher-order connected
moments. See Refs. [91,159] for details on a semianalytic
approach in the flat-sky approximation. We briefly discuss
the expected additional lensing-induced estimator variance
in Sec. VD.

Z0Of course, any statements about unbiasedness rely on the
assumed validity of the truncated Edgeworth expansion, which,
as mentioned, should be reconsidered in cases of large deviations
from Gaussianity.
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