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Bipolar spherical harmonics (BiPoSHs) provide a general formalism for quantifying departures
in the cosmic microwave background (CMB) from statistical isotropy (SI) and from Gaussianity.
However, prior work has focused only on BiPoSHs with even parity. Here we show that there is
another set of BiPoSHs with odd parity, and we explore their cosmological applications. We describe
systematic artifacts in a CMB map that could be sought by measurement of these odd-parity BiPoSH
modes. These BiPoSH modes may also be produced cosmologically through lensing by gravitational
waves (GWs), among other sources. We derive expressions for the BiPoSH modes induced by the
weak lensing of both scalar and tensor perturbations. Our estimate of the expected signal-to-noise
with which we could measure the weak lensing of GWs from the correlation of two BiPoSH modes is
respectable, indicating that such a measurement may be merited. We also investigate the possibility
to detect parity-breaking physics, such as chiral GWs, by cross-correlating opposite parity BiPoSH
modes with multipole moments of the CMB polarization. We find that the expected signal-to-noise
of such a detection is modest, with errors dominated by cosmic variance.

I. INTRODUCTION

The detection of anisotropies in the cosmic microwave background (CMB) [I] has revolutionized the precision with
which cosmological measurements can be made. Most of the information that has been obtained from the CMB so
far has come from its power spectrum, the two-point correlation function, under the assumptions of isotropy and
homogeneity. However, in recent years, attention has been paid to effects that go beyond the power spectrum, such as
weak lensing [2], cosmic birefringence [3| [4], and departures from statistical isotropy (SI) [5H7] and from Gaussianity

Bipolar spherical harmonics (BiPoSHs) [ITHI3] provide an elegant and general formalism for quantifying a number
of these physical effects. If the CMB map is Gaussian and statistically isotropic, then its statistics are specified
entirely in terms of the power spectrum Cj, the expectation value of the squared magnitude of the spherical-harmonic
coefficients a;,, for the map, and there are no correlations between different a;,,s. A wide variety of departures from
SI and Gaussianity induce correlations between different a;,,s. The point of the BiPoSH formalism is to parametrize
correlations between two different coefficients, a;,, and a;/p,/, that represent two different “angular-momentum” states,
in terms of total angular momenta L and M. Bipolar spherical harmonics have been used to search for non-standard
cosmic topology [14], anisotropy in primordial power [7, [I5], and model-independent departures from SI [13| [T6H2T].
They have also been used to test for asymmetric beams [22] and/or other systematic artifacts in WMAP [23]. BiPoSHs
for polarization have been proposed to search for position-dependent rotation of the CMB polarization [24H26].

However, there is still more that can be done with bipolar spherical harmonics, and the purpose of this paper is to
enumerate some of them. First and foremost, we point out here that almost all prior work on BiPoSHs has considered
only BiPoSHs with even parity (Sec. . There exists an entire other set of BiPoSHs that have the opposite parity,
and these can provide probes of both cosmological effects and systematic artifacts that would remain elusive with the
even-parity BiPoSHs that have been considered so far. We show, for example, that lensing by gravitational waves
(GWs) can excite odd-parity BiPoSHs, and we describe a pointing error that could also excite these modes. In the
process, we also show how gravitational lensing, by both density perturbations as well as GWs, can be described in
terms of even- and odd-parity BiPoSHs (Sec. . Finally, we discuss how odd-parity BiPoSHs could be used as probes
of parity violation, and consider in particular the cross-correlation of opposite parity CMB lensing and polarization
components (Sec. . We calculate the anticipated spectra and errors for such correlations, and determine that a
large signal-to-noise is not expected for these cross-correlations, given the current upper bounds on a GW background.



II. REVIEW OF BIPOLAR SPHERICAL HARMONICS
A. Statistically Isotropic and Gaussian Maps

A CMB temperature map T'(72), as a function of position 7 on the sky, can be decomposed into spherical-harmonic
coefficients

Al = / d*aT(R) Yy, (7).

If the map is statistically isotropic and Gaussian, then the statistics can be determined entirely in terms of the power
spectrum C, defined by

<alma7/m/> =C( 5ll’ ammH (1)

where the angle brackets denote an average over all realizations, and d;r and d,,,, are Kronecker deltas. Eq.
states that all of the a;, are uncorrelated, and Gaussianity further dictates that the probability distribution function
for any a;,, to take on a particular value is a Gaussian distribution with variance Cj.

The spatial temperature autocorrelation function is defined to be C(7,7n') = (T'(R) T'(7')). Most generally it is a
function of the two directions 7 and 7’. However, if the map is statistically isotropic and Gaussian, then the spatial
correlation function depends only on the angle 8, given by cosf = 7 - 0/, between the two directions. In this case,

where P;(x) are the Legendre polynomials.

B. Departures from Gaussianity/SI

Departures from Gaussianity and/or SI will induce correlations between different a;,,,s. The most general correlation
between any two a;,,s can be written,

(Atm@) = Cobw by + Y (=1)™ (Im ', —m/|LM)AFM, (2)
LM;L>0

where C is the (isotropic) power spectrum, (I'm{’ m/|LM) are Clebsch-Gordan coefficients, and the ALM are BiPoSH
coeflicients. The spatial two-point correlation function is then

C(ﬁ,ﬁ’)zz<2l4+1)clﬂ + > AR {Yi(R) ® Ye ()}, (3)
l LM

where

{Yi(2) @ Yo (A)yoar = ) (Lm ' m'|LM) i () Y (7), (4)

mm/’

are the bipolar spherical harmonics (BipoSHs). These BiPoSHs constitute a complete orthonormal basis for functions
of 7 and 7’ in terms of total-angular-momentum states labeled by quantum numbers L and M composed of angular-
momentum states with Im and I'm’; they are an alternative to the outer product of the {I,m} and {l’,m’} bases.

C. 0Odd-Parity Bipolar Spherical Harmonics

It is instructive to decompose A5M into its odd and even parity parts,

LM [1 + (_1)l+l'+L]

1— (=1 I+U'+L
AEM = A%, Nyl el ol

2 ey



where A@”, (Aell, ) are zero for the sum ! + !’ + L being odd (even). It follows from the symmetry C(7, fL’) =

C(7',7) that A@ZLI,M (Aell, ) are (anti) symmetric in [ and I’. We also infer that [A@ﬁlM} = (- )MA@”, and

[Aeﬁ,M } = (=1)M+149] "M Thus, odd-parity BiPoSHs vanish for [ = I’. Prior literature has considered physical

effects (e.g., nontrivial topologies [27], ST violation [I3] 28]) that produce only A® ”, , the even-parity BiPoSHs, and
measurements have been carrled out with WMAP data only for the AepM w16l 29]. In this paper, we consider also

the odd-parity BiPoSHs A® ”,
Estimators for the BiPoSH coefficients (both the @ and © modes) can be constructed from a map of the CMB
temperature field T'(72), as follows:

Aoy

AEM — ZW YWt aep e ()™ (Im ', —m!|LM), (6)

and this estimator has a variance, under the null hypothesis (a SI Gaussian map),

<Aﬁ,MAlLlfM' > = 0 Sunar [Sbp + (~ ) Egpon | P CRT W W, (7)
where aln;j Wi apm + a“ollse and C}" = VVl2 C; + N are the temperature spherical-harmonic coefficients and

power spectrum corrected for detector noise and finite resolution. The Gaussian detector window function, which
encapsulates the effects of finite detector resolution, is given by W; = exp [ 1262 Fwmn/ (16 In 2)], where Opwin is the
full width at half maximum of the detector. The instrumental noise contribution to the temperature power spectrum
is given by
47 bky(NET)
l = -,
tobs

where f ky is the fraction of the sky observed, NET is the noise equivalent temperature of the detector, and t,ns is
the length of time over which the CMB was observed by a particular survey. We notice that the variance in Eq. @
vanishes for odd parity and [ = I’ = = I/, which is expected given that odd-parity BiPoSHs with [ = I’ vanish.

The noise in any individual ALZM is large, and so a search for a statistically significant departure from zero in one
or a handful of AlLl,M s will probably not be too effective. It is better to consider specific models and/or parame-
terizations for departures from SI/Gaussianity and then combine the AZMs into a minimum-variance estimator for
the SI/Gaussianity-violating parameters of those models. For example, Ref. [I1] [I2] considered the bipolar power
spectrum kr, = >, |[A5M|? as a parameterization for departures from SI. As another example, Ref. [I5] combined
Aﬁ,M s with L =2 and I’ = [,1 + 2 to derive minimum-variance estimators for the amplitude of an inflation-induced
primordial-power quadrupole of the type considered in Ref. [30].

IIT. GRAVITATIONAL LENSING
A. Gradient and Curl-Type Deflections

Consider a statistically isotropic and homogeneous Gaussian temperature map T, (7) on the sphere, where 7 is a
position on the sky. Now suppose that each point on the sky 71 has been deflected from an original direction 7 4+ A(7)
so that the observed temperature is T'(7) = T, (7 + A) ~ T,(7) + A - V*T g(7). This deflection might come about

cosmologically through weak gravitational lensmg or may arise as an 1nstrumental /measurement artifact (for example,
if there are pointing errors).

The most general deflection field A can be written in vector notation as
A =Vg¢(h)+ Vzx Qn), (8)
or in component notation, A; = (V). ¢(R) + € (Vg)j Q(n),! in terms of two scalar functions ¢(7) and Q(7) on the

sphere, where 65 is the angular covariant derivative on the unit sphere. In other words, the most general vector field

1 Here, the Levi-Civita symbol on the unit sphere can be defined in terms of its three-dimensional equivalent as €ij = —€ijkTk- The
choice of sign here can be understood as the choice to have the spherical polar coordinates (6, ¢) form a right-handed coordinate system
on the sky, since it will ensure that the basis vectors satisfy &g x &3 = 1.



4

on a two-sphere can be written as the gradient of some scalar field ¢(71) plus the curl of some other field (7). Weak
gravitational lensing by density perturbations gives rise, at linear order in the lensing potential, only to the gradient
component. A curl component can arise cosmologically from second-order terms in the deflection field or from lensing

by GWs. Systematic measurement effects may conceivably give rise to both types of deflections.

We now show that the A@ﬁ,k " and AelLl,]V ! BiPoSH coefficients are induced, respectively, by the gradient and curl

components of the deflection field. The change in the temperature moments induced by lensing is (at first order in ¢
and ),

Sam = / @Y, (1) { [V 0] [%T(ﬁ)} + [V 0m)] x [V}
= Z al'm, /d ”Ylm ¢LM [69—* YLM(TAZ)} : [65 Yime (TAZ)} +Qrm [65 YLM(TAL)} X [69“Y’m’ (ﬁ)} }7
LM; L>O U'm/

where in the second line we have decomposed

Z Z Yrnm(n) érar, (9)

L=1M=

and similarly for Q(7). We do not consider L = 0 modes of ¢ and € since they would not cause a deflection. In the
notation of Ref. [31],

ﬁg*yim = i ; D (1Yo gy — 1Y ],
where 1Y}, and _1Y},, are spin-weighted spherical harmonics, the null coordinates 1y = (ég Fiéy)/ \/5, and the only
non-trivial products of the null coordinates are m4 - m_ =1, and m4 x m_ = i. Thus, it is obtained that
(%’YLM) : <§§Yl'm’) _ VI ;)l/(l/ 1) ((1Yzar) (<1Yime) + (—1Yem) (1 Yme)]
(95 Viar) x (F5Yims) = ~VEEEDICOED (s ) (Vi) = (Ca¥ian) (Yoo

Using the triple integral [31] of spin-weighted spherical harmonics, the da;,, for the gradient and curl terms are
obtained as

DY Gl [ 1D (1]
Sam =Y Z Ll IO Y, — QL Aml, —m/|LM),
LM;L>0 U'm 'V2L+1 (I+1) 2 2

where

\/L(L + DI+ DI +1)20+1)20 + 1

) o
- (101 1|L1).

G”/ =

Up to linear order in the deflection coefficients ¢, and €157, the even- and odd-parity BipoSH coefficients are then,

dLMm C'ZG/ CyGE,
ASLM Ul u = Q%L ; 10
u VL1 | I +T) | iaen| o (10)
A@ﬁ/M _ iQrnn Cle _ CvGE, — QSO (11)
V2L +1 | I +1)  JIl+1) " ’
where we have defined the quantities
YOUNRLFL | I+ IT+D)
YOVRLHL | I +1) I+ 1)
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Clearly, the gradient part contributes only to A@ILZ,M and the curl part only to AGILZ,M . Further, it is explicit that the
gradient and curl parts of the deflection correspond, respectively, to the symmetric and antisymmetric (in {lI'}) parts
of the total ALM.

Suppose the Aﬁ,M s have been measured using the estimators in Eq. @ If we then assume that lensing is the
dominant source of BiPoSHs we can use Egs. @, , and to construct maximume-likelihood estimators for the
gradient and curl components of the deflection field,

Lx LM 201 —2
DLx* — — map ~map
- = _ le’ Qll’ A@”/ (VVZ Wl’ C(l Cl’ )

LM — 2 — — ma ma ) (12)
2w {QZEI?'L /(VVZ ZWN 201 POy p)
Lx /ﬁ/[ - — ma ma
Q= 2w ﬁ' ASy /(Wl 2VV!’ 201 "Cy p) (13)
2 _ — m. m ’
> l@l/L /(VVI QWV 201 e ap)
The variance of these estimators is given by
-1
— % 2 2 — —2 ~map yma
(bra drmr ) =0Lr O (Ui) =20r O [Z }Qﬁ/@ /(W 2w, 2Crercy, p)} , (14)
w
-1
— % 2 2 — — m. m.
(Qa Qe Y =000 S (02) =260 S [Z |QIP|™ ) (W 2W 2 CrerCpner) (15)
w

B. Deflection Field from Metric Perturbations

Cosmic shear, weak gravitational lensing due to density perturbations or GWs along the line of sight to the CMB,
will produce displacements like those in Eq. . Our goal here will be to calculate the displacement spherical-harmonic
coefficients ¢ and 15, that arise from gravitational lensing due to density perturbations and GWs. There is a vast
literature on lensing by density perturbations and also specifically on lensing of the CMB by density perturbations
[2]. Our density-perturbation results follow most closely those of Refs. [31, 32]. Lensing by GWs has been considered
in Ref. [33]. We follow primarily the approach of Refs. [34] B5], who calculated Q5 due to GWs, but extend their
results to include ¢r,ps from GWs, reproducing the results of Ref. [36]. We make use in this Section of relevant work
on lensing and/or differential analysis on the celestial sphere in Refs. [311 [32] 37, [38].

We write the metric for the perturbed spacetime as

d82 = a2(77) [—dn2 + (5” =+ h”) d(Ezd{E]] y

where h;; is the metric perturbation in the synchronous gauge, and 7 is the conformal time. Now consider a photon
that we observe to come from the direction 7 on the sky. In the absence of perturbations, this photon travels along a
path Z(n) = (9o —n) 1 as a function of conformal time 7, where 79 is the conformal time today. Metric perturbations
will induce perturbations in this trajectory, which we can calculate by integrating the geodesic equation back over
the photon path to find the direction of propagation of the photon when it was emitted at a conformal time 7. To
first order in the metric perturbation h, we find the original direction of propagation of the photon on the sky to be
f+ A, where [39]

i A P’Lm K ~ 1 A A
Al(n) = — / dn/ [hmjnj — 5(’/]/ — n)nknl(f?mhkl . (16)
N0 =N Jn [0, (no—n")7)

Here, we have ignored the observer terms h;;(no), and we have defined the projection tensor P, = 6im — 17y, Onto
the space perpendicular to the unit vector n. The subscript indicates that the quantities in the integral are evaluated
at time and space coordinates (n,Z) = (1, (no — n')1); i.e. they are evaluated along the unperturbed path of the



photon. In our case, the source is the CMB, and 1 = 745 is the conformal time at the surface of last scatter. However,
the calculation could also be applied to the lensing of galaxies in which case the relevant conformal time would be
that corresponding to redshifts z ~ 1.

The functions ¢(7n) and Q(7) in the decomposition in Eq. can be obtained from

Vig(h) =Vz-A(R),  V2Q(h) = —Vzx A(n), (17)

where as before 65 is the angular covariant derivative on the unit sphere. As Ref. [25] notes, the standard lensing
convergence is k = —(1/2)V; ¢ and the lensing rotation is w = (1/2)V§ Q.
The gradient component is obtained from

1
o — 1

V2 ¢(h) =V A =—

1o . 1
3 { / dnf(no =) Sk — frsine) | =0 (hiyn?) + 5 (0 — n)aﬁk(hzmﬁzﬁm)}
n

[, (no—n’)n]

0
+ / d’r)/ [3’ﬁ,iﬁjhij — hii + (77/ — 7]) (ﬁj@ihij -2 ﬁi’fljflkakhij)][n,ﬂ (10—n")A] }, (18)
n

where we have used the fact that 65, which acts on the unit vector 7, behaves as Vé = (no — ') (8;x — NiTig ) O inside
the integral due to the dependence of Z on 7 as defined in the integrand subscript.
Let us now consider the curl component. For this calculation we must use VgQ = —V7x A and then note that, as

before, V% = (no — n')(d;x — Ny )0k inside the integrand. Applying this to Eq. , we have [34]

To

V2Q(n) = — dn’ (no — n') (nini€ijr0ihu) iy a(mo—nr)) - (19)

Mo —"1Jy

C. Lensing by Density (Scalar Metric) Perturbations

Let us first consider scalar perturbations. In the conformal-Newtonian gauge in the absence of anisotropic stresses,
the metric is given by

ds* = a®(n) [—(1 — 2®@)dn* + (1 4 2®)6;;dz’ da’] .
Noting that a conformal transformation preserves null geodesics, our calculations of the photon path will be unaffected
if we work in a synchronous metric obtained from the conformal-Newtonian form through multiplication by (1 + 2®).
Assuming that @ is small and keeping terms only to linear order, we find the conformally related metric,
ds® = a®(n) [—dn® + (1 + 4®)J;;dx’da’] .

Using this metric perturbation h;; = 4®4;; in Eq. above, we find that the first, third, and fourth terms vanish,
giving for the gradient-type lensing caused by scalar perturbations,

2
o —1

o
V2 gea() = — / ' (f — )| (8 — i) (o — )05y — 20; 0, .
n

For small-scale fluctuations, the second term will be negligible compared with the first, so it can be dropped. We can
rewrite the spatial derivatives in terms of V to find

v% ¢Sca(ﬁ) _ 2 /770 d?]l '17/ —-n v% (I)(n/ (770 o n/)ﬁ)
0 o —1J, m—n ¢ ’ ’

and we can remove the angular derivatives to obtain the usual expression for the projected potential



sca/s\ o / 77/_77 / *ITAL
FER) = 2/7 i (no—n)(no—n’)(b(n’(no ).

We can once again decompose ¢(71) in terms of its spherical-harmonic coefficients as in Eq. (@ We then find
= [ @iy @)

_ oo, n—n 25 V(R ’ —_ i
- 2/7; d77 (770777)(770777/)/d YL]W( )(I)(nv(no 77) ) (20)

Thus, lensing by density perturbations with a given projected potential is characterized by nonzero even bipolar

spherical harmonics AeBﬁ,M given by Eq. with ¢ra given by @5, above. Scalar perturbations cause no curl-
type lensing, which we can see in several ways. For scalar perturbations, h;; o< ® d;;, and so the left-hand side of
Eq. vanishes. Then, by taking a Laplacian of the mode expansion Qpy = [ d?aQ(7)Y},,(7), and noting that
the spherical harmonics are eigenfunctions of the Laplacian with eigenvalue L(L + 1), we can write

Qry = ﬁ /dZﬁYfM(ﬁ)ngl(ﬁ)- (21)

Thus, we find that all of the Q5%;, except possibly for the unphysical L = 0 mode, vanish. Equivalently, an argument

can be made that scalar perturbations have no preferred direction, and so could not generate curl-modes, which do
have a preferred direction. Thus, scalar modes produce no odd bipolar spherical harmonics A@ﬁ,M .

We can go on to find the autocorrelation power spectrum of the ¢3°5,. Starting from Eq. , we use the fact that

- -

the potential perturbations ®(n, k) today are related to their primordial values ®p(k) by

200, ) = 150 p(H) T (F)

Dy (n)
a(n)

where a(n) is the scale factor, T5°(k) is the scalar transfer function that describes the evolution of scalar modes
through the epochs of horizon crossing and matter-radiation equality, and D;(n) is the growth function that captures
the scale-independent evolution of scalar modes at later times [40]. The transfer function can be approximated using
the fitting form of Ref. [41],

)

In(1+0.17z)
0.171z

where keq is the wavenumber of the mode that crossed the horizon at matter-radiation equality, defined as

T (3 = b/ keq) =

)

[140.2842 + (1.182)2 + (0.399 2)* + (0.490 2)*] ~"*°

keq = Geq H(Geq) = V2 H, ae_ql/ 2 We can write the growth function, under the assumption of cosmological-
constant dark energy, as

_5Qm H(p) [ da’
Di(n) = 2 H, A (a/ H(a') /H(])B'

We also write the autocorrelation of the primordial scalar fluctuations (@ p (k) @}(E’)) = (2n)3 (53(I;— l_c")P@(k), where
the primordial power spectrum is given by

50m [k \™ Qn \°
r0 =3 (7) % (owss)

With these ingredients, and after using the partial-wave decomposition,

eik(no—n’)COSQ _ Z iL(2L + 1)jL (k("]O . n/)) PL(COS ‘9)7 (22)
L=0
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FIG. 1: Here we plot the autocorrelation power spectrum C’f¢ of the gradient-type ¢ modes of cosmic shear. In green squares
we show the autocorrelation of the ¢ modes from lensing by scalar perturbations, and in blue circles that of the ¢ modes induced
by tensor perturbations. We use the WMAP-7 cosmological parameters, and assume the maximum allowable tensor-to-scalar
ratio r = 0.24 from the WMAP-7 data combined with BAO and the Hy measurement [42], to calculate the tensor contribution.
The error with which these power spectra could be measured using the parameters of the Planck satellite is shown as red +s.

we find the autocorrelation power spectrum to be

ppsca _ 2 9 ’ 2 sca 2 " ! (77/_77) Dl(ﬂ/) . o ?
A [sm—noJ J ik Pt T {/ M T =) aly) 2410 ”)“} - ®

To calculate the magnitude and shape of this autocorrelation function, we employ the WMAP 7-year cosmological
parameters of Ref. [42]. We plot the result of our calculation in green squares in Fig.

D. Lensing by GWs (Tensor Metric Perturbations)

If the metric perturbation h;; is caused by GWs, we can decompose it into plane waves,

3 - . -
iy (7) = / %’“ T 3 10 G0 (24)

-,

where we sum over the two GW polarizations + and X, the plane-wave amplitudes are h*(k), and €;; are the polar-
ization tensors, which are transverse, traceless matrices. Here, T'(k,n) is the GW transfer function, which gives the
conformal-time evolution of the mode; Ref. [34] notes that it is well approximated by T'(k,n) = 3j1(kn)/(kn).

Now consider a single GW mode propagating in the 2 direction with wavenumber k and 4+ polarization. In this

case the polarization tensor is
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FIG. 2: Here we plot the autocorrelation power spectrum C of the curl-type Q modes of the weak lensing of the CMB
temperature field. These modes can only be induced by tensor perturbations. We show the signal in blue circles and the error
with which they could be measured using the parameters of the Planck satellite as red +s.

1 0 0
eh(kz)=1[0 -1 0
0 0 0
The only non-zero metric-perturbation components are then hy, = —hy, = hH(E) e** T(k,n). The unit vector

7 = (sin  cos ¢, sin @ sin p, cos §). The curl component of lensing of the CMB by tensor perturbations is then

- o —y . ’
V2O (7)) = ikh (k) sin® 0 sin 2@/ dn %T(k, 7 )etkmo—m)cost, (25)
n 0~

A GW with the x polarization is the same as that with the + polarization, but rotated by 45° to the right. The

Q' () pattern is therefore the same, but with sin 2y replaced by — cos2p. We thus see that lensing by GWs will
give rise to nonvanishing AelLl,M

The gradient component of cosmic shear due to tensor perturbations is a bit more complicated; it is

ht(k

Tlo

sin? 6 cos 2¢ /

dn' T(k, n'){?) — 2ik(n’ —n) cos 6
n

2
+ (o —1') [zk cosf — %(n’ — 1) sin? 9} } etk(mo=n")cost (o6)

This can be further simplified by noting that
0

— €

on'

ik(no—mn')cos 6 __ ik(no—mn") cos 0
- )

— 1k cos fe
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which then leads to

2 ten h+(];) 2 0 / / 0
V5 ¢ (7) = ————sin” B cos 2p dn' T(k,n')43+2(n" —n)55
Mo —"n n on'

0? - /
770 _ |: ) <k2 + a,'7/2>:| }ezk(non )cosG'

(27)

For the x polarization, we replace cos2¢ by sin 2¢.
Note that the expressions for V; ¢** and Vg Qten differ only in two ways: (1) The curl mode has a sin2¢p

dependence on the azimuthal angle ¢, while the scalar mode has a cos2¢ dependence (for the + polarization). (2)
The 1’ dependences of the two integrands differ.

We now find the spherical-harmonic coefficients ¢y, = [ d?i ¢*" ()Y ), (7) and QY = [ d2AQ*(A)Y /), (7).
Taking the angular derivatives of this decomp051t10n of the curl component, we find the result Eq. (21). We also

expand these coefficients in terms of their polarization and k modes,
ten &’k ten a7,
Qpy = 7(2703 Z Qra (k). (28)
a=-+,X

If we consider just one mode, with o = + and k= kZz, and use Eq. , its amplitude simplifies into an angular and
a conformal time integral:

ik ht(k) [™ L
QL (k) = —2@3/ i Zzo JZ; £tk / d*1 Y[y () sin6 sin(2g) et (=) 050,

The azimuthal integral is easily taken once the spherical harmonic is decomposed as

o oL +1(L— M) _,
Yiu(n) = \/MELJFW e "M% Prar(cos ),

and yields the result that only M = 4+2 modes remain. The polar integral can then be taken by using the partial-wave
decomposition Eq. and by converting associated Legendre polynomials into regular Legendre polynomials and
using their orthogonality. The final result that we obtain for the spherical-harmonic coefficients of the curl mode is

2L +1

= R, (29)

Qbent(kz) = " (k) (a2 — Oar,—2)

where

F (k) =

or(L+2)! 1 Mo kg — w jr(kno — w)
)/ T(w) (30)

(L—2)! L(L+1 ko —n) " Gono — w)?

is a transfer function for 2. Note that in writing Eq. we have assumed that T'(k,n) = T'(kn), and that for the x
polarization the sin 2 dependence of Q(7) is replaced by — cos2¢, so that the factor (das,2 — dar,—2) is replaced by

—i(0n,2 + Ons,—2).
Likewise, noting the similarities between Egs. and (27), and decomposing ¢'}; into modes as in Eq.

ten __ dsk ten o E
LM — (271_)3 Z LM ( )’ (31)
a=-+,X
the result for the amplitude of the gradient mode with @ = + and k=k3is

2L +1
2

o (k2) = "B (k) (Oar2 + Oar,—2) FP(k), (32)
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where

B 27 (L + 2)! 1 ko kng —w o 1 0? Jr(kno — w)
0=t mrrn L, i [pe 2t ()| e @

Again, the factor (das,2 + dar,—2) is replaced by —i(dar,2 — dar,—2) for the x polarization.

The contributions from this Fourier mode to the ¢%*" and Q%" power spectra are Cf‘j) ks, =
S o) /(2L + 1) and CPten(k2), = 30, (|94 ]?) /(2L + 1). Note that it is only the M = £2 modes
that contribute. By rotational invariance, the contribution from the x polarization is the same, as is the contribution
from any other mode with the same wavenumber £ but pointing in a different direction. If the gravitational waves
have power spectrum Pr(k), defined by

(WL ) = s (F — F)s Pr(h), 4

(with {i,7} = {x,+}), then the ¢ and Q2 power spectra are

C[)/(Xten _ 2/ dgk

) [FE (k)] (35)

for X = {¢,Q}.
We calculate the variance in the measurement of these autocorrelation functions from an observed CMB temperature
map, and obtain an expression in terms of the variance of the ¢ and 2 estimators, Eqgs. and

2 2
PP\ _ ¢4
(ACL ) Ton417t (36)
Q0 2 2 Q4
(ACL ) = 2L+10L . (37)

We note that this value of (ACS¢)2 is a lower limit for the error with which we could measure the tensor contribution
to the ¢ autocorrelation, since it implies that we completely understand the scalar contribution and could subtract it
off exactly from the total C}iw.

To calculate these autocorrelation functions and their variances, we use the WMAP 7-year cosmological parameters
of Ref. [42]. We plot the results of our calculations in Figs. [1| and 2| where lensing from scalar perturbations is
plotted in green squares (absent for C?Q since there are no scalar contributions to the curl modes), lensing from
tensor perturbations is plotted in blue circles, and the variance of these measurements is shown in red +s. We use the
parameters of the Planck satellite, NET = 62 K /2, tops = 2 y1, Opwam = 2.0635 x 1073 rad, and fyy, ~ 1. We
can see that the scalar ¢ signal is several orders of magnitude greater than the tensor signal, and that the variance
with which both the ¢-¢ and the Q- power spectra could be measured with Planck is larger than the tensor signal
over all but the lowest multipoles.

We now calculate the signal-to-noise with which we could detect the contribution to cosmic shear from a GW
background using the ¢-¢ and Q-2 power spectra. We write the power spectra,

Cfd) ten — f Oiqﬁ ten

max

CQQ ten __ f CQQ ten
L —_— .

L max

as their values in Figs. |1 and |2} called Ci(ﬁat;“, times an amplitude f = r/0.24, where r is the actual tensor-to-
scalar ratio, and 0.24 is the maximal value that we have used to produce these figures. If we assume that the noise
contribution to the observed values of these power spectra are Gaussian random variables with variances given by

Egs. and (37)), we can use the method of Sec. below to calculate the maximum signal-to-noise

1/2

(3 - & et acm|

max L
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with which the measurement of these power spectra could determine the value of f and similarly for the ¢-¢ autocor-
relation. Calculating this maximum signal-to-noise for the Planck satellite and the values shown in Fig.[I] we find that
we could get a signal-to-noise of 1.5 with the ¢-¢ autocorrelation, and 2.7 with Q-Q. Also calculating the maximum
signal-to-noise in the case of the ideal CMB experiment, with no instrumental noise and infinite resolution, we find
values of 7 and 11, respectively. Note that better constraints can be obtained from the - autocorrelation since it
does not have an additional scalar contribution, leading to lower cosmic-variance errors. We see that a reasonable
signal-to-noise can be obtained, in the best-case scenario, with these autocorrelations, and so a measurement of these
quantities may be warranted. Since great improvements can still be made in this measurement, we see that the
signal-to-noise of these measurements with Planck is still dominated by instrumental issues, and they have not yet
reached their cosmic-variance limits.

Thus, a stochastic background of GWs with power spectrum Pr(k) predicts a spectrum of nonzero even and odd
BiPoSHs given by Egs. and , with values of ¢ and Qpas selected from Gaussian distributions with the

variances C’f‘bten and C$2ten given by Eq. .

E. BiPoSHs from Pointing Errors

A telescope pointing error can be described as a process that causes the positions of points on the sky to be
mislabeled. This then causes an effective deflection of the points on the sky fiohs = 7t + 5(1%), where M is the
direction that the telescope believes it is pointed in and 7 is its actual pointing direction. As we saw in Sec. [ITA]
we can decompose this deflection field &(ﬁ) into gradient and curl components, which source even- and odd-parity
BiPoSHs, respectively. Thus, from Eq. we can see that any pointing error that has a nonzero curl component
65 x A(n) will excite odd-parity BiPoSHs.

Imagine, for example, that a satellite such as Planck misestimates the rate with which it is precessing. Since it is
this precession that builds up observations of subsequent rings of the sky, such a misestimation would cause a shearing
of each ring relative to its neighbors. This type of a deflection has a nonzero curl component, and thus would excite
odd-parity BiPoSHs. Measurement of these BiPoSHs, and in particular the odd-parity BiPoSHs, can therefore provide
a useful check for such pointing errors.

IV. BIPOSHS AS PROBES OF PARITY VIOLATION

A. Correlation of Opposite-Parity Lensing Components

Since the A@lLl,M and A° ﬁ,M have opposite parity for the same L and M, a cross-correlation between the two can arise
only if there is some parity-breaking in the physics responsible for producing the departures from SI/Gaussianity. Here
we mention, by way of example, chiral GWs as a mechanism to produce such a parity-violating correlation [43H45].

The contribution to the cross-correlation power spectrum from a single Fourier mode in the Z direction with +
polarization is Cfg(ké) => b Q1) /(2L 4 1) = 05 it vanishes as the contribution from M = 2 is canceled by
that from M = —2. And if this is true, then by rotational invariance it is true for any other linearly-polarized GW.
We thus conclude that a stochastic GW background predicts C’zm = 0. In other words, there is no cross-correlation

between ¢ and , and thus no cross-correlation between the even and odd BiPoSHs, A® ;" and A9}

Following Ref. [44], however, consider a right-circularly polarized GW: hg = hy +ihy (i.e., we sum a + polarization
wave with a x polarization wave out of phase by 90°). The azimuthal-angle dependence for the wave is then 2%,
and Qp s and ¢ have contributions only from M = 2. There is thus a nonzero cross-correlation between ¢ and €.
Similarly for a left-circularly polarized GW hy = h, — ihy, the ¢ dependence is e~2*, and only M = —2 modes are
excited. There is again a cross-correlation between ¢ and €2, but this time with the opposite sign.

In the standard inflationary scenario, there are equal numbers of right- and left-circularly polarized GWs, and the
cross-correlation between ¢ and 2 therefore vanishes. But if for some reason there is an asymmetry between the

number of right- and left-circularly polarized GWs [43H46], a manifestation of parity breaking, then there may be a

parity-violating cross-correlation between ¢ and €, and thus between A%}, and 42/

The chirality of the GW background can be parametrized by an amplitude A which can take values between —1
and 1, where A = 41 denotes that all of the GWs are right-circularly polarized, and A = —1 denotes that they are
all left-circularly polarized. But we have seen that a right-handed GW contributes only to M = 2 modes, while a
left-handed one contributes only to M = —2. We can denote this by weighting M = 2 components by (A 4 1)/2 and
M = —2 components by (4 —1)/2, so that our version of Eq. , for example, that is appropriate to the case of a
chiral GW background will be
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e [+ A 1-A 2L +1

QtLMJr(kZ) = ZLh+(k) (T) (SM’Q - ( ) 5M,2:| 9 Fg(k), (38)
and similarly for Eq. (32)). In this way a fully right circularly-polarized GW background will have only contributions
from M = 2, a fully left-circularly polarized background will have only contributions from M = —2, and if the amount
of left and right-circularly polarized waves is equal, that is if the GW background is non-chiral, the contributions from

M =2 and M = —2 cancel. The ¢-{2 cross-correlation power spectrum is given by

60 _ &k 61y 9

i =4 E Pr(k)FP(k)F;(K). (39)

Refs. [34] [36], [47] have shown that the amplitude of the stochastic gravitational-wave background is probably too
small, even with the most optimistic assumptions, to produce a detectable gravitational-lensing signal in the CMB.
The example of a chiral gravitational-wave background as a possible source of a detectable parity-breaking BiPoSH
correlation is principally of academic interest. Still, Ref. [35] has recently argued that weak lensing of the CMB by GWs
may be detectable in its cross-correlation with the CMB-polarization pattern induced by these GWs [37] 38| A8H50].
We thus surmise that a chiral gravitational-wave background may still be able produce a detectable parity-breaking
signal in BiPoSHs in cross-correlation with the CMB polarization, an idea we explore in the next section.

B. Large-Angle CMB Polarization Spectra

We follow the work of Ref. [35], finding the multipole moments of the CMB E- and B-type polarization spectra for
large angular scales by considering only those modes that are produced after reionization. The spherical-harmonic
coeflicients of B-type polarization modes can be decomposed as

3 -
B = [ G 3 Bl (40)

a=+4,X

where Blo;n(lg) is the amplitude of polarization B modes multipole moment Im in the direction k. The general form of
this amplitude is quite complicated, but we can simplify it if, as in Sec. [[IID] we consider only a single, +-polarized

GW traveling in the Z direction with wavenumber k. In this case, the B-mode amplitude can be written

B (k2) =i h(k) (3,2 — G, —2) QZT“ FB(k), (41)
o M1 3y () jolkn —
PO = gy 5 [ #0042l — ) = = Vit — )y [ a2 =),
re Mss (42)

-

where the h%(k) are the amplitudes of GW modes as defined in Eq. , 7(n) is the scattering rate
7(n) = mne(n) or a(n), with n, the electron density, or the Thompson scattering cross-section, and a the scale
factor, and 7, and 79 are the conformal times at reionization and today, respectively. Since we are only interested in
small scales, we find the approximation 7 = 0 is sufficient for our purposes, making the last integral significantly
faster to evaluate. The result above agrees with the results of Ref. [35], whose method we followed in its derivation,
up to a factor of i.

We find that the corresponding E-type polarization multipoles from tensor perturbations take the same form as
By, above, except for the opposite sign in front of d,, —» and a different factor in the curly brackets in Eq. .
From Ref. [49] we find this alternative form to be (20 4+ 1)/2{—ji(z) + j;'(z) + 2ji(z)/2? + 4j](z) /x }, where here
x = [k(ng — n)], and derivatives are with respect to z. Employing spherical Bessel function identities, we can then
write the E-type polarization multipoles as
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FIG. 3: Here we plot the cross-correlation C’fB between the gradient ¢ modes of the weak lensing of cosmic shear with the
curl-type B modes of the CMB polarization in blue circles, and the noise on this measurement due to cosmic variance and
Planck satellite instrumental noise in red +s. Since these quantities are of opposite parity, in the absence of parity-breaking
physics we expect this cross-correlation to vanish. However, if we assume for example that the entire allowable GW background
is right-circularly polarized, such a cross-correlation could occur. The cross-correlation is linearly proportional to the chirality
parameter A, defined such that A = 1 denotes a completely right-circularly polarized GW background, A = —1 denotes
completely left-circularly polarized, and A = 0 denotes an unpolarized background. Here we assume the maximum allowable
tensor-to-scalar ratio r = 0.24, the limit from WMAP-7 data combined with BAO and the Ho measurement [42]. Cusps in the
absolute value of the correlation function correspond to sign changes of the correlation function.

3 —
Bin = / % RG] (43)

a=+,X

B (1) =i BOE) (s 00 2) || a L FE ), (14)
0 =g T [ { 2Dt ) - G, )

T2+1 o — )2 (20— 1)(20 + 3)
- ko _3y(x) 5 —x
+ ;((él—’—_?)l))jz2[k(77() -]+ Wilﬂ[’f(no - 77)]} /k dx 3];( ) J(Qk(:;n_ x)z)a (45)

where the terms are defined as they were above for the By, amplitudes.

C. Parity-Violating Correlations from Chiral GWs

We now want to calculate the expected cross-correlation between CMB-polarization multipole coefficients and weak-
lensing-induced BiPoSHs of opposite parity. Note that these cross-correlations are directly related to the parity-odd
three-point correlations discussed in Ref. [51]. As we mentioned above, if there is no parity-violating physics, then
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FIG. 4: Here we plot the cross-correlation CYF between the curl-type Q modes of cosmic shear with the gradient-type E-
modes of the CMB polarization in blue circles, and the noise on this measurement due to cosmic variance and Planck satellite
instrumental noise in red +s. As with the ¢ — B correlation, we assume a completely right-circularly polarized GW background,
with the maximum currently permitted tensor-to-scalar ratio.

in the cross-correlation of a parity-even and a parity-odd observable, M = 2 terms and M = —2 terms will cancel
each other, giving a net zero cross-correlation. However, if for example the GW background is chiral, then parity is
broken and we can get a non-zero cross-correlation between opposite parity observables. As we saw in Sec. [VA] a
right-handed GW contributes only to M = 2 modes, while a left-handed one contributes only to M = —2. If we carry
out a similar procedure for Eqs. (1), and as we did in Eq. (38)), weighting M = 2 components by (A+1)/2 and
M = —2 components by (A — 1)/2, we can calculate parity-violating correlations between polarization and lensing
components while accounting for the amplitude and handedness of a chiral GW background.

First considering the cross-correlation between B-modes of the CMB polarization and gradient-type modes of cosmic
shear, we write

1

¢B __ *

CL =311 > (éLmBiar)-
M

As before, by rotational invariance we know that both 4+ and x polarizations will contribute equally to C’fB, as will

modes with any wavenumber k whose magnitude % is the same. We can see that only ¢'¥, will contribute to this
correlation, and not (;5““ as the scalar perturbatlon field is not correlated, on average, Wlth the tensor perturbation

field. Then using Egs. , . ., and ., we can write this cross-correlation as

3
CfP = A [ 5o o) FEE) FEGh), (46)

Similarly, we can write the cross-correlation between FE-type polarization modes and curl-type modes of cosmic

shear, using Egs. , , , , and , as
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3
CP7 = A [ 5 Polh) FE) FEGh), (47)

where the GW power spectrum is given by

7T2 T A%(ko)

Pr(k) = =75

We want to calculate the magnitude and shape of such correlations, to determine whether such a signal is observable.
We use the WMAP 7-year cosmological parameters and assume the maximum allowable level of GWs from early
universe physics, with a tensor-to-scalar ratio r = 0.24, the limit from the WMAP-7 data combined with BAO and
the Hy measurement [42]. We also assume that the GW background is entirely right-circularly polarized. As a first
estimate, we calculate the level of such correlations while making several assumptions. We use the approximate form
of the GW transfer function T'(k,n) ~ 3j1(kn)/(kn), assume that reionization happened instantaneously so that the
electron density n. is equal to a step function, and neglect contributions to the polarization modes that came from
last scattering. The two last assumptions affect mostly the higher-L multipoles, which in this cross-correlation are
suppressed since we see that ¢t} and Q' fall off very fast with L.

With these assumptions, we have calculated the correlation functions CfB and C?E , and show them as the blue
circles in Figs. [3]and [} Note that the absolute value of the correlation functions are plotted, and that the cusps in the
profiles result from sign changes. Note also that both correlation functions are linearly proportional to the chirality
parameter A, so that they would flip in sign if the GW background were left instead of right-circularly polarized. We
are only interested in low multipoles, since our assumptions break down for larger L, and such multipoles are strongly
suppressed in correlation with the weak-lensing modes.

D. Variance of ¢-B and Q2-E Correlations

It is useful to know the variance with which we could measure such parity-violating cross-correlations. From Ref. [37]
we see that the variance with which we could measure the cross-correlation C3XY of two distinct Gaussian random
variables X and Y is given by

(acymy = (a7 - c)').

where CFXY = 1/(2L + 1) ,; XmY}y, is the estimator for the cross-correlation, and CXY is its theoretical value
under the null hypothesis. Ref. [37] then evaluates this variance, assuming distinct X and Y, to be

1 ma; ma;
(ACKY)" = o () + o e, (48)

where, as before, C} X ™ = W2C, + N¥X, with Wy, the window function defined in Sec. and N;i*X the noise
in the measurement of C¥~.

In our case, the null hypothesis is that there is a GW background with the maximal tensor-to-scalar ratio, but it
contains equal numbers of right- and left-circularly polarized GWs, i.e., it is not chiral. In this case, the theoretical
value of parity-violating cross-correlations is zero, so that the first term in Eq. vanishes. Then, assuming that

¢rnv and Qp s are Gaussian random variables, a reasonable assumption since many uncorrelated noise processes are
likely to contribute to this measured value, we find for the variances,

2 1
¢B _ ¢¢ map ,~BB map
(AOL ) =501 Cr L (49)
2 1 ma ma
(AC?E> =i O map BB map, (50)

To calculate these errors, we know that the instrumental errors on the polarization power spectra are given by
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873, (NET)?

EE BB
NL NL tobs
We use the Planck-satellite parameters, as in Sec.[[ITD} We also use the CMB anisotropy calculator CAMB to calculate
the temperature and polarization power spectra including effects at the surface of last scatter [52]. The resulting errors
are shown as red +s in Figs. [3| and This noise, which combines instrumental and cosmic-variance sources, is at
least an order of magnitude above the corresponding maximum signal level at low multipoles, and drops less rapidly
with [ so that the low multipoles yield the highest signal-to-noise.

E. Signal-to-Noise Ratio of Chiral GW Background Detection

We finally wish to calculate the achievable signal-to-noise of a measurement of the magnitude of such cross-
correlations given our calculations of their shapes and variances. Such a measurement would tell us about the
presence or absence of a chiral GW background, or of parity violation in the processes that caused departures from
Gaussianity/SI in general. We can phrase the aim of this calculation as finding the error with which we could measure
the chirality parameter A, which sets the amplitude of the cross-correlations relative to their maximum values in the
case of a completely circularly polarized GW background, as in Eqgs. and . Let us calculate this for the case
of the ¢-B cross-correlation; the (2-F case will be similar.

We define a new quantity C?B  defined such that

L max’

CcyP =Acys

L max*

—

If we assume that the instrumental noise on CfB is Gaussian, so that CfB =W, 2 C’fB is a random variable drawn

B

T maxs We can find the maximum-

2
from a Gaussian probability distribution with variance (AC’?B) and mean A C
likelihood estimator for A to be

= G it (act?)

L max
s (0,) (ac?) ™

Then, assuming that the instrumental noise is uncorrelated between different multipoles, the variance of this estimator
is given by

A=

-1
N 2 )
() - [Z (c22..)" (acs?) ] .
L
The maximum signal-to-noise with which we can measure this amplitude is given by
—~ 1/2
S\ % Ao 5 \2 2
(V)om = [ ) (o)) o
max <A2> L
The same method can be used to calculate the obtainable signal-to-noise from the Q-FE cross correlation, giving

(5)" - [Z ()’ (ACL“EV] N (52)

max L

Using the values of the cross-correlations and their errors calculated above, we find that the obtainable signal-to-
noise from measurement of these cross-correlations is 0.09 for C$!¥ and 0.02 for CfB. We can understand the larger
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predictive power of the Q-F cross correlation from the fact that there is no scalar contribution to C$? only a tensor
contribution, and this effect far outweighs the higher signal of CEF relative to CBB, causing C$}¥ to have smaller
cosmic-variance errors. However, these numbers are too small for us to have any reasonable expectation of detection
using the Planck satellite. Recalculating the above errors assuming an ideal CMB experiment, with no instrumental
noise and infinite resolution, the values of the signal-to-noise only change at the percent level, indicating that cosmic
variance is the main obstacle to detecting a chiral GW background using this method.

V. CONCLUSIONS

BiPoSHs are a formalism to describe correlations between two different spherical-harmonic coefficients of the CMB
temperature field, which can occur if the CMB temperature field is not exactly Gaussian or statistically isotropic.
This paper introduces odd-parity BiPoSHs, a set of BiPoSHs that has not yet been studied, and details how they can
be estimated from knowledge of the CMB temperature fluctuations.

We calculate the even- and odd-parity BiPoSHs that are sourced by gradient- and curl-type deflections of the CMB,
respectively, and from this we obtain estimators for these deflections in terms of the BiPoSH coefficients. We show
that lensing by scalar metric perturbations causes only gradient-type deflections, and thus only sources even-parity
BiPoSHs. However, lensing by GWs produces both gradient- and curl-type deflections and thus sources both even- and
odd-parity BiPoSHs. We calculate the expected power spectra of deflections due to scalar and tensor perturbations
and their errors, and conclude that it may be possible to obtain a reasonable signal-to-noise measurement of the
amplitude of the GW background with Planck data from these autocorrelations, and thus from autocorrelations of
the BiPoSH coefficients.

Although lensing by GWs produces both even- and odd-parity BiPoSHs, their opposite parity implies that they
could not be correlated. However, in the presence of parity-violating physics, such as a chiral GW background, this
parity argument breaks down and we might expect a correlation. We consider such a cross-correlation, and encourage
its measurement even though the likelihood of observing a cosmological signal is low.

A GW background also produces signals in the E- and B-type CMB polarization spectra, which are of even and
odd parity, respectively. We consider the possibility that a chiral GW background would produce cross-correlations
between opposite-parity components of lensing and polarization, and calculate the expected magnitude and errors of
such cross-correlations. Although we find that the likelihood of observing a cosmological signal is low, we encourage
the measurement of these cross-correlations since such a detection would provide evidence of important systematic
errors or even new parity-breaking physics.

Here we have discussed BiPoSHs constructed from temperature multipole moments only, but the formalism can
be generalized to include the polarization as well. It may also be that inclusion of the polarization improves the
sensitivity to these parity-breaking, and other, signals. We plan to pursue this analysis in future work.

Finally, we note that weak-lensing distortions of distant galaxies can also be decomposed into curl and gradient
components [32], 53]. Similar tests for parity violation can thus also be carried out with weak lensing of galaxies.
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