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Bipolar Harmonic encoding of CMB correlation patterns
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Deviations from statistical isotropy can be modeled in various ways, for instance, anisotropic
cosmological models (Bianchi models), compact topologies and presence of primordial magnetic
field. Signature of anisotropy manifests itself in CMB correlation patterns. Here we explore the
symmetries of the correlation function and its implications on the observable measures constructed
within the Bipolar harmonic formalism for these variety of models. Different quantifiers within the
Bipolar harmonic representation are used to distinguish between plausible models of breakdown of
statistical isotropy and as a spectroscopic tool for discriminating between distinct cosmic topology.
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I. INTRODUCTION

The fluctuations in Cosmic Microwave Background
(CMB) contain an amazing amount of information about
our universe. Detailed measurements of anisotropy in the
CMB reveal global properties, constituents and history of
the universe. In standard cosmology, CMB anisotropy is
assumed to be statistically isotropic and Gaussian. Gaus-
sianity implies that the statistical properties of the tem-
perature field can be completely characterized in terms
of its mean < AT >= 0, and auto-correlation function
C(n1,M2) =< AT (71)AT (R2) >, where 1 = (0, ¢), is a
unit vector on the sphere. The angular brackets < .. >
denote ensemble expectation values, i.e, averages above
are for all possible realizations of the field over a sphere.
Since we have one CMB sky, that is just one out of
all possible realizations, the ensemble expectation value
C(f1,72) can be estimated in terms of sky averages only
to a limited extent, depending on underlying symmetries
in C(fi1,72). Under the usual assumption of Statistical
Isotropy (SI), implying essentially Einstein’s cosmologi-
cal principle for cosmological perturbations, the correla-
tion function is invariant under rotations. It implies the
correlation function C(f1,7s) = C(f1.72) = C(0), can
be readily estimated by averaging over all pairs of sky
directions separated by an angle 6.

Spherical harmonics form a basis of the vector space
of complex functions on a sphere, making them a natural
choice for expanding the temperature anisotropy field,

AT(R) =Y aimYim (7). (1)
lm

Here AT is the temperature fluctuation around some av-
erage temperature 7. The complex quantities a;,, are

*niidhi.joshi@gmail.com
Tsjhingan@iucaa.ernet.in
ftarun@iucaa.ernet.in
$ahajian@princeton.edu

drawn from a Gaussian distribution, related to the Gaus-
sian temperature anisotropy as

Gt = / 42075 (R)AT (7). (2)

The condition for SI now takes the form of a diagonal
covariance matrix,

< aiym, az;mg >= Cl16l1l26m1m2 . (3)

Here C; is the well known angular power spectrum. In
the SI case, the angular power spectrum carries complete
information about the Gaussian field, and the statistical
expectation values of the temperature fluctuations are
preserved under rotations in the sky. This property of
CMB has been under scrutiny since the release of the first
year of WMAP data. Tantalizing evidence for statistical
isotropy violation in the WMAP data using a variety of
statistical measures has also been claimed in recent lit-
erature [1H3]. However, the origin of these ‘deviations’
from SI remains to be modeled adequately. These devia-
tions could be either genuinely cosmological, or statistical
coincidence, or residual foreground contamination, or, a
systematic error in the experiment and the data process-
ing. Hence, it is important to carry out a systematic
study of SI violations using statistical measures within a
unified, mathematically complete, framework. Moreover,
it is important to develop several independent statistical
measures to study SI violations that can capture differ-
ent aspects of any measured violation and provide hints
toward its origin.

While testing a fundamental assumption, such as SI,
is in itself a justifiable end, there are also strong theo-
retical motivation to hunt for SI violations in CMB on
large scales. Topologically compact spaces |[4410] and
anisotropic cosmological models |[11H13], Cosmological
magnetic fields generated during an early epoch of in-
flation [14] can also lead to violation of SI [15], are but a
few examples.

This paper focuses on linking measures of SI viola-
tion to the reduced symmetries of the underlying cor-
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relation patterns' in the CMB map or the correlation
function. While we present illustrative examples of the
symmetries from various mechanisms of SI violation, this
paper does not concern itself with a study of specific
mechanisms. We define, within the framework of Bipo-
lar harmonic representation of CMB sky maps, a num-
ber of observables that can be used to quantitatively test
SI. We present a study of the properties of bipolar mea-
sures as one systematically reduces the rotational symme-
tries of the CMB correlations, as is expected in different
theoretical scenarios. We recapitulate the bipolar har-
monic representation and the definitions of a set of mea-
surable quantities representing SI violation in section [l
In Section [IIl these observable measures are computed
for different levels of residual rotational symmetries of
CMB correlations. This provides a clear understanding
of the underlying symmetries revealed through the differ-
ent bipolar measures. Section [[V] deals with bipolar for-
malism measurables using Bianchi template. Section [V]
summarizing conclusions and discussions is followed by
appendices where details of the calculations leading to
results are presented.

II. BIPOLAR FORMALISM AND THE
OBSERVABLE MEASURES

Any deviations from SI introduces off-diagonal terms
in the covariance matrix Eq. (@), thereby making C; an
inadequate quantity to characterize the statistical prop-
erties of the temperature field [16]. Under such a sit-
uation Bipolar spherical harmonic expansion, proposed
by Hajian and Souradeep [17, [19-23], proves to be the
most general representation of the two point correlation
function, where the angular power spectrum Cj is a sub-
set of Bipolar spherical harmonic coefficients (BipoSH).
Two point correlation function of CMB anisotropies can
be expanded as

Z Alllz {lel nl) ® Y22 (n2)}LM ; (4)
l1,lo, L, M

here Aﬁ]l\f are Bipolar Spherical Harmonic coefficients
(BipOSH), |ll — lQ| S L S (l1 + 12), mi + mg = M,
and {Y, (71) ®Y,, (f2) } Las are Bipolar spherical harmon-
ics [24]. Bipolar spherical harmonics form an orthonor-
mal basis on 82 x §2, with transformation properties un-
der rotations similar to spherical harmonics. The tensor
product in harmonic space can be explicitly written using
Clebsch-Gordan coefficients Cllm1 lyms 355

Y, (") @ Y, (R2) b =
Z C£%1l2m2m1m1 (ﬁl) lezmz (ﬁQ) . (5)

mimsa

1 In this paper, we use the term ‘correlation patterns’ to inter-
changeably refer to SI violation

A. Bipolar spherical harmonic coefficients -
BipoSH

BipoSH can be extracted by inverse transformation
of Eq. (@, i.e., multiplying both sides of this equation
by {Yi; (1) ® Yy, (22)} 75y, and using orthonormality of
Bipolar spherical harmonics. Hence, given a real space
correlation pattern BipoSH coefficients can be found us-
ing

dQﬁldQﬁzc(ﬁla ﬁQ){}/ll (ﬁl) ® }/12 (TALQ)}ZM

Alll -
Since C(n1,72) is symmetric under the exchange of 7y
and 7, this gives rise to following symmetry properties
of BipoSH:

Azlz2 = ( 1)l1+l2 LA211
Azz = Azz

Hence, AlLlM exists for even L and vanishes otherwise. It
was shown in [17] that the Bipolar Spherical Harmonic
(BipoSH) coefficients A} are a linear combination of
elements of the harmonic space covariance matrix includ-
ing the off-diagonal elements that encode SI violation,

l1l2 Z < allmlal2m2 > (_1)m2 llllfjgllzfmz' (7)

mi1ms2

81 2k k=0,1,2,3,....(6)

When SI holds the covariance matrix is diagonal, Eq. (3)
and Clebsch property (HS), therefore

ARM = (1)1 Cy, (201 + 1)Y28,,1,6 .00 M0, (8)

implying that A’ contains all the information on the
diagonal harmonic space covariance matrix given by Cj.

The well known power spectrum Cj thus forms a sub-
space of BipoSH [19]. Under SI, the only non-zero Bipo-
lar spherical harmonic coefficient will be A?lo (equivalent
of C}), all the rest must vanish. The violation of SI thus
implies A% are not sufficient to describe the field. Hence,
BipoSH proves to be a better tool to test SI, as non-zero
Aﬁ%, other then L = 0 and M = 0, terms should confirm
its violation.

It is impossible to measure all Aﬁ% from just one CMB
map because of cosmic variance. Thus we need to com-
bine them in different ways to diagnose different aspects
of SI violations.

B. Bipolar power spectrum- BiPS

The Bipolar Power Spectrum (BiPS) is a rotationally
invariant, quadratic measure that can be constructed out
of BipoSH coefficients [17]. BiPS involves averaging over
BipoSH that reduces cosmic variance in comparison to a
single CMB map, however this does not erase all the SI
signatures. BiPS is defined as

k=) ALY ©)

li,la, M



For statistically isotropic models k;, = kgdro, i.e., K =
0 V L > 0. Thus a breakdown of SI will imply non-
zero components of BiPS. In real space, kK can be ex-
pressed as

2L+ 1\2
R = ( + > /dQﬁl/dQﬁ2
81

[ / dRx"(R) C(Rn, Rﬁg)} 2, (10)

where C(Rfi1, Riig) is the correlation function after ro-
tating the coordinate system through an angle w (0 <
w < ), about an axis n(©,®). Rf; and Ry are the
coordinates of the pixels 71 and 72 in the rotated coordi-
nate system. The rotation axis n, is characterized by two
parameters © (0 <O < 7),and ® (0 < ® < 2m). xL, is
the trace of finite rotation matrix in LM -representation
called the characteristic function, and it is invariant un-
der rotation of coordinate system,

XH(R) = Dy (R). (11)

Here dR is the volume element of the three-dimensional
rotation group given by

dR = 4sin® (g) dw sin® dO do. (12)

A simplified expression for BiPS in real space is

KL = %/dﬂﬁl/dﬂﬁgc(ﬁh%)
/deL(R)C(Rﬁl,Rﬁg). (13)

For statistical isotropic model condition k;, = kodro can
be recovered using orthonormality of x*(R),

/ XL(R)XL/(R) sin? 2 dw = K(SLL,.
) 2 2

The BiPS of CMB anisotropy computed from the maps
measured by WMAP are consistent with SI, rulings out
its radical violation [20]. An advantage of BiPS§ is that its
rotational invariance allows for constraints to be placed
on the presence of specific forms of CMB correlation pat-
terns independent of the overall orientation in the sky.

C. Reduced Bipolar coefficients- rBipoSH

In order to extract information on the orientation of SI
violation, or to detect correlation patterns in a specific
direction in the sky, the Reduced Bipolar coefficients |23],
obtained as

e’} L+14

Apy =Y Y ALY (14)

11=01ly=|L—1]

provide another set of measures. The summation of Bi-
poSH over spherical wave-numbers [y and I3, reduces the
cosmic variance rendering these measurable from the sin-
gle CMB sky map available.

Note that the summation involves both the terms
Aﬁ% , and Aé% , that are related via symmetry prop-
erties Eq. (6). Thus for any such combination where
l1 4+ 15 — L is odd, these two terms will cancel each other
leaving no contribution to the summation. The reduced
Bipolar coefficients Ay s, by definition have the following
symmetry

Ara = (~D)M ALy, (15)

which indicates Ay are always real. When SI condition
is valid, the ensemble average of Apj; vanishes for all
non-zero values of L,

< Appm >= 0, v L#O. (16)

These Ay coefficients fluctuate about zero in any given
CMB anisotropy map. Therefore, a statistically signifi-
cant deviation from zero would confirm violation of SI.
Unlike BiPS, reduced Bipolar coefficients are sensitive to
orientation, hence they can assign directions to correla-
tion patterns of the map.

D. Bipolar map

It is possible to visualize correlation patterns using the
Bipolar map constructed from the reduced Bipolar coef-
ficients Ay as [23],

O(n) = Z ArmYrm (). (17)
LM

The Bipolar map from Apjps is computed in the same
way as the temperature anisotropy map from a given
set of spherical harmonic coefficients, a;,,. Bipolar map
can also be represented in terms of Tripolar Spherical
Harmonics of zero angular momentum (see appendix [Bl
for details),

M) = Y [ dQm,dQ%,C(fn,ne)(—1)" /(2L + 1)
L,lq,l2
e {Yr () @ {1, (1) ® Yi,(R2) }atoo- (18)

The tripolar spherical harmonics are expressed as [24]
{Y21 (ﬁl) ® {Y22 (ﬁ2) ® Y23 (ﬁ3)}123}LM =
Z ClLﬂAT{llzsmzs Clljgnn;?:m3 Y21 mi (ﬁl)nzmz (ﬁ2)Y23m3 (ﬁ3)7

where the summation is carried over mq,mo, mg, and
ma3. The transformations under rotations of tripolar
spherical harmonics are identical to spherical harmonics.
In particular, the tripolar scalar harmonics, which are
invariant under rotations, can be expressed as follows,

{V, (7)) ® {1, (A2) ® Y, (A3) }atoo = (1)1 T2ty

i I 1 . . .
Z <m11 T)’L22 m33> }/llml (nl)}/l2m2 (nQ)}/l3m3 (n3)
mimams



Orthogonality and normalization relation is as follows,

///dQﬁldQﬁdeﬁs{ﬁl(ﬁl)®{le(ﬁ2)®Yl3(ﬁ3)}x}LM

{1, () @ {Yy (R2) © Yy (R3) b Yoo
= 01,14 01,1, 0151, OAN O L L O na -

From Eq. (I8) its evident that under SI the Bipolar
map is invariant under the rotations, since tripolar scalar
harmonics are rotationally invariant and C(fq,72) =
C(Rn1, Rns). Hence, the map gets contribution only
from the monopole term Ao,

1 (20+1)
0=:) (-1)/——=C. 19
3 LDy (19)
Also, if the temperature map is rotated by a element
of rotation group, “R” then Bipolar map also rotates
identically (see Appendix [B]). For example, if you rotate
the temperature map about the z-axis by some angle “a”,

AT(R(0,6)) =Y ammYim (0, — a),
lm

the Bipolar map will also be rotated about z-axis through
same angle “a”

O(R(0,9)) = > ALmYim (0,6 — ).

LM

However, the Wigner-D matrices in the two cases will be
different because of different m (or M) values.

III. BIPOLAR REPRESENTATION OF CMB
CORRELATION SYMMETRIES

The homogeneity and isotropy of cosmic mi-
crowave background points to the Friedmann-Robertson-
Walker(FRW) model of universe. Flat FRW model ad-
equately describes the observed local properties of the
universe, but the fact that universe with same local ge-
ometry can admit different global topology has been ap-
preciated since the advent of post GR modern cosmology.
This is because Einstein’s equations describe local prop-
erties of the spacetime and can only constrain, but not
determine, the global topological structure.

Symmetries of the space are preserved in the corre-
lation function and global topology modifies correlation
function. The simply connected (topologically trivial)
hyperbolic 3-space 3, and the flat Euclidean 3-space £3,
are non-compact and have infinite volume. There are nu-
merous theoretical motivations, however, to favor a spa-
tially compact universe [4-7]. Compact topologies (more,
generally, multiply connected space) break the statistical
isotropy of CMB in characteristic patterns and induce
a cutoff in the power spectrum because of finite spatial
size |16, 25-27]. Theoretical possibilities include com-
pact Euclidean and Hyperbolic 3-spaces which require

the space to be multiply connected. The compact hyper-
bolic manifolds are not globally homogeneous and they
turn out to be not of much interest for the class of sym-
metries considered under the scope of this paper.

Simply connected universes are statistically isotropic,
ie. C(n1,ng) = C(h1.72). In contrast, all compact
universe models with Euclidean or hyperbolic geometry
C(n1,n9) are statistically anisotropic. The isotropy of
space is broken in multi-connected models; this break-
ing of symmetry may be apparent through the presence
of some principal directions. In a cylinder, for instance,
which is compact in one dimension and infinite in the
other two, the metric tensor is exactly the same at ev-
ery point hence it preserves local homogeneity. However,
it is not globally isotropic and does not have the maxi-
mal symmetry. It is noteworthy that globally anisotropic
models do not contradict observations, since the homo-
geneity of space and the local isotropy can ensure the
observed isotropy of the CMB, however can influence
the spectrum of density fluctuations. Multiply-connected
models with zero or negative curvature can be compact
in some, or all their dimensions. For instance a toroidal
universe, despite its zero spatial curvature, has a finite
volume which may in principle be measured. It contains
a finite amount of matter. A cylindrical universe (in the
sense that the spatial sections are cylinders), on the other
hand, is noncompact in one dimension only and has an
infinite volume, although with a finite circumference in
the principal direction.

Homogeneity and isotropy are experimentally con-
firmed in the observations of distribution of luminous
red galaxies [28], and the isotropy of CMB back-
ground [29, 130]. Most of the studies in CMB as-
sume statistical isotropy of the universe (FRW model).
However, indications for a preferred direction in CMB,
have motivated the study of departures from statistical
isotropy [1]. These deviations can arise from non-trivial
spatial topologies [4, 15, 8-10], or departures from the
background FRW metric |11, 131]. Alternatively, statis-
tical anisotropies might also arise from coherent mag-
netic fields in the universe [14, 15, 132]. Anisotropic Cos-
mological models have been considered in the past and
they lead to characteristic patterns in the CMB sky [13].
The Bianchi template is an example of SI violation due
to departure from background FRW geometry. Here we
will discuss the signature of anisotropy due to existence
of preferred axis (axes) on BipoSH. Such SI violations
can arise due to non-trivial topologies as well as coherent
magnetic fields.

Since Bipolar formalism is sensitive to structures and
patterns in the underlying two point correlation function,
particularly the real space correlations, it is a novel tool
to characterize statistical anisotropies [17, 19-23]. Ro-
tational symmetry about a preferred axis (say £) is the
simplest way to break SI.

In general, the correlation function may be decom-
posed into isotropic and anisotropic parts [26],

Oy hg) = CD (g ng) + O (A 7). (20)



2041
= E —4 OlB(’ﬂl ’ng)
™

l

and the anisotropic part C'Y) is orthogonal to the Leg-
endre polynomials

/ A, / A, C (g, 7g) Py - Ng) = (22)
This decomposition is useful in our study of the symme-
tries of the CMB correlation patterns/structure that are
explicit in real space.

A. Statistical Isotropy (Rotational symmetry)

Under SI, the correlation function is a function only
of 0, the angle between the two directions, say, n; and
fig. Hence, C(fi1,72) = C(fy - fia) = C(0), and the cor-

monopole and dipole, are usually subtracted out. For SI
the angular power spectrum C) contains all the informa-
tion.

In Bipolar representation, the condition of SI for var-
ious observables, described in the previous section, can
be summarized as follows [11, [23]:

° BlpOSH Al Iy = ( 1)l1011 (2ll+1)1/25l1l25L06M07

e BiPS : R = K/O(SLQ,

e rBipoSH : Ay = Ell(_]‘)llcll (2ll+1)1/25L06M07

) 2l+1) Ol-

™

e Bipolar map: © = 5 LS (=
Therefore, to test a CMB map for statistical isotropy, one
should compute the BipoSH coefficients for the maps and
look for non-zero BipoSH coefficients. Cosmic variance
calculated for BipoSH under statistical isotropy is (see

Appendix [C) ,

relation functlon can be expanded in terms of Legendre USI (Al1l2> Cr, O [L + (—1)L51112] (24)
polynomials
= for rBipoSH is,
=—) (214 1)CiP(cosb), (23) _
i o%r(Arar) =) Ci Ol + (1) F=7F] (25)
l1lo
where C is the angular power spectrum. The summa-
tion starts from [ = 2, since [ = 0 and [ = 1, respectively, and for BiPS [17, [18],
|
(2L +1)? &l
0¥ (kr) = > 4C}[2 T DERL+ 1)+ (1 +2(-D)M)ET+ Y Y 4CCRI2RL+1) + Fly,
1:20> L li lo=|L—14]
L+14 L+14
(2L +1)2 (2L +1)?
+SZT — CEl > CuLP+16(-1)* Z ST Y cia, (26)
I lo=|L—11] 1:21>L lo=|L—11|
[
where invariant under rotations; any breakdown of SI will re-
duce this symmetry group. The simplest way to break SI
LM is to introduce a favored direction in the sky, in such a
Fllle Z Z Z Cll mils—ms Climalsms case the reduced symmetry group is SO(2) or cylindrical

mimo=—1l1 mama=—Ilzg M,M’'=—

’

LM’ LM
XClsmdlmlCls*msll*mz (27)

and L is even. Statistically significant deviations from

zero would mean violation of statistical isotropy.

B. Cylindrical symmetry

The correlation function must satisfy the symmetries
of the underlying theory. In Friedman models the sym-
metry group is SO(3), hence the correlation function is

symmetry. Assuming the favored axis to be z-axis, the
rotational symmetry about z-axis for any arbitrary A¢
will require,

CA (01, 61,09, 2) = CA (01,61 + A, 02, b2 + Ap).

where ny = (01, ¢1) and na = (02, ¢2). The most general
form of the correlation function in such a case is (see

Appendix [D))

C (61, 61,02, 03) = D fu(61,65) cosm(dr — ¢2).(28)

Further, if the correlation function is invariant under the
reflection, i.e., looking at a correlation pattern in the



sky one cannot distinguish whether we are looking up
or down the preferred direction, then

C(m = 01,61, — 02, 02) = C(b1, ¢1, 02, ¢2),

which leads to a condition that l; + l5 is even. BipoSH
in such a case would be, or equivalently the covariance
matrix will be [33],

(29)

5m1m2 Cl1l2

[mal|?

(30)

< allmlaj‘zmz >=
where diagonal terms C! of C‘l;ffl are called the cylindri-
cal power spectrum, and |m| > 0 modes are the allowed
frequencies for scale I. There may be correlations be-
tween various scales called connectivity of fluctuations.

The expression for C 112 1n terms of the correlation func-
tion is

Ohlz _ =

lmal ™ 87 (ll—i-ml)!(lg—i-ml)!

/ Py, (€0801) Py, (€08 02) fin, (61, 02)d(cos 071 )d(cos 02) .
0

Using Eq. (DII)) in the appendix, we obtain

AR = L+ ()T Y (RO, —baro.

|m|
m

When m is even, the functions P/” will be odd or even
functions of their arguments, depending on whether [ is
odd or even respectively. Similarly, for the odd m’s. In
both the cases when only one of [y and ls is odd, the
integral vanishes. Therefore we have to consider cases
when both of them are either odd or even. In such a case
l1 + l5 is even and hence Aﬁ% vanishes for L = odd,

ARl

= A6 26000, where k=0,1,2,3,.... (31)

Aﬁ]l\g Aﬁ]l\g(SLo(sMo(sllb + Aﬁ][\g(SMO (32)
Therefore, the BipoSH present under cylindrical symme-
try are AOO and A 11, With even L. Using symmetry prop-
erty of BlpOSH (]EI) under cylindrical symmetry we have
Aﬁ]l\f AIL?/[, i.e., the BipoSH are symmetric under the
exchange of Iy and ly. There is another possibility that
a;m’s have a gaussian distribution with different variance
for each m mode corresponding to a particular [. This
implies breakdown of SI as power in each m mode is dif-
ferent, Ohlnz\ and the corresponding Bipolar
coefficients are,

= 51112 \m |’

Alllg Alllg 5L05M0611l2 + Alllg 5M05l1l2 (33)
In such a case non-zero BipoSH are A’ and ALY where
multipole moment is even and (L > 2). Furthermore, it

may happen that a given model displays the degeneracy

(2[1 + 1)(212 + 1)([1 — ml)'(lg — ml)' %

C‘ljml = (, and the rotational symmetry SO(3) of co-
variance matrix is restored. The rBipoSH for cylindrical
symmetry are,

ZAlllQ = ALM6L,2195M0 where k = 0, 1,2,3,
l1l2

Ary =

(34)
Hence the Bipolar map for such a symmetry will be,

o(n ZALMYLM ZAL05L 26 Y10(7)

20+ 1
= Z 4—AL05L72]€PL(COS 9)
T ™

Thus the map here looks like a sphere which is divided
into latitude bands, or zones, without any longitudinal
variation.

A realistic example of cylindrical symmetry is a pri-
mordial homogeneous magnetic field which breaks sta-
tistical isotropy by inducing a preferred direction (e).
Therefore, the correlation function between two points
(n and n’) depends not only on the angular separation
between two points (n.n’) but also on their orientation
with respect to the magnetic field. This dependence of
correlation function on angles between n and e (as well as
n’ and e) leads to correlation between [ and I + 2 modes
[15]. The vector nature of the magnetic field induces off-
diagonal correlations|15]

Dy(m) (36)

Here D, is the power spectrum of the off-diagonal ele-
ments of the covariance matrix, and the correlation func-
tion shows up as,

(35)

=< 0] _ 1 Ql41m >=< Q) 10— 1m > -

5m1m25l1l20l1 + (37)
67”17712 (6114‘1,12—1 + 6l1—1712+1)D11 .

The BipoSH corresponding to this covariance matrix are
18],

k
< Qlymy Ay, > =

AR = (=) (20 +1)2C), 81,1,6 L0000
+ Di6i,+2000 Y (—1)"CEY,

(38)

The non-zero BipoSH in this case are AYY and ALY L.
The reduced Bipolar spherical harmonic coefficients
(rBipoSH) for this case are

Ay =Y 0aodro(21+1)°C
I

+2) (-
ilm

These coefficients are non-zero only for I +13— L = even,
thus L can take only even values. Finally, the Bipolar
map is,

o(h) =

1)leCl€01ml+lm6M0' (39)

> ArobrawYro(n),  k=0,1,2,3
L

AOQ+ZAL06L72,1PL(COS6‘), a=1,2.
L

1
2/



where Agy and Arg are given by Eq.([39).

C. n-fold discrete Cylindrical symmetry

Violation of SI also manifests itself in compact uni-
verses with flat universal cover, which exhibits a n-fold
rotational symmetry about an axis. There are six pos-
sible compact models of the universe having a flat uni-
versal cover (UC) [5]. These are visualized by identifying
opposite sides of the fundamental polyhedra. The fun-
damental polyhedron (FP) may be a parallelepiped. The
possible identifications then are (figure [I])

1)EFGH <> EFGH
EFFE <> HGGH
F G EHHE <> FGGF
e " QEFGH <> GHEF
X EFFE <> HGGH
i EHHE <> FGGF
JF-, -------------- b---) g
Pt 3)EFGH <>» FGHE
‘ 4 EFFE «» HGGH
E EHHE <> FGGF
HEFGH <> GHEF
EFFE <«» HEEH
FGGF <> GHHG
FIG. 1: The locally Euclidean, closed, oriented 3-spaces.

1) - opposite faces by translations.

3

)
2) - opposite faces, one pair being rotated by angle 7.
) - opposite faces, one pair being rotated by /2.

)

4) - opposite faces, all three pairs being rotated by .

The fundamental polyhedron can also be the interior of
an hexagonal prism, with two possible identifications (fig-

ure [2)) :

F G
) 1)EFGH|J<—>G'H'|VJ'E'F'
£ ' NH EEJJ <> GGHH
AR, -1 ITHH <> EEFF
LT T 2)EFGHIJ <> FGHIJE
E H EEJJ <> GGHH

I"H'H <> EE'FF

FIG. 2: The locally Fuclidean, closed, oriented 3-spaces.

1) - opposite faces, the top face being rotated by an
angle 27/3 with respect to the bottom face.

2) - opposite faces, the top face being rotated by an
angle /3 with respect to the bottom face.

Correlation function having a n-fold rotational symmetry
about z-axis can be written as

2
(01, 61 + 05,60+ —).
n n
(40)
This symmetry enforces my + my = nk, where n can
be odd or even, depending upon the symmetry of the
compact universe and k = 0,1,2,3... . Thus the general
form of correlation function is (see Appendix [E),

CN 0y, 1,09, p2) =

CA (01, 61,02,02) = D frny.ms(01,02) X

mi,mz
elmiditmada)s ok k=0,£1,42... (41)

Corresponding Bipolar spherical harmonic coeflicients
under the symmetry eq.(dQ) are,

lll? 47r Z

my1ms2

ll + ml) (12 + mg)
C(61, 01,02, P2)e

All possible Euclidean models of compact universe ex-
hibit reflection symmetry about the xy-plane. The cor-
relation function under reflection symmetry is,

0(917¢17927 ¢2) = C(ﬂ- - 917 ¢177T - 927 ¢2)7

also under reflection of the coordinate system about x-y
plane the spherical harmonics transform as,

lem(ﬂ - 97 (b) = (_1)l+mY2m(97 ¢) :

(43)

(44)

—ilmagitmad2) P (oS 61) Plym, (cos B2)d(cos 01 )d(cos 0 )doy dps.

2[1 + 1 212 =+ 1)([1 — ml) (12 — m2) 5 kc /271' /27r/ /
myi+ma,n limylame

(42)

Therefore, reflection symmetry demands,

P/ (costy) = P (cos(m — 01)) = P (—cos). (45)

This implies 1 + m1 is even and similarly I + mso. Here
we have used the symmetry property of Legendre poly-
nomials, P, (—z) = (=1)"*" Py, (). Interestingly, from
symmetries of spherical harmonics, one can show that n-
fold symmetries are ruled out for odd n (see Appendix

[E).



Topologically compact universes exhibits even fold
symmetry, but the emergence of this fact from the sym-
metry of two-point correlation pattern itself is neverthe-
less instructive. Therefore, we need to look at the cases
when n is even.

D. Even-fold Cylindrical symmetry

Even fold symmetry refers to the case when n is even.
For compact topologies this is always the case, for in-
stance, Dirichlet domain (DD) of a T? toroidal universe
[34], and a T3 have a 4-fold symmetry, that of a hexago-
nal prism has a 6-fold symmetry and a squeezed torus has

2 fold symmetry. This symmetry puts another restriction
on correlation function,

C (01, ¢1,02, ¢2) = C(01, —¢1,02, —¢2). (46)

Hence most general correlation function under even-fold
symmetry is (see Appendix [El),

CA (01, ¢1,02,02) = D Frnwma (01,02)0m, ms b

mi,m2

cos(mi¢1 + mads).

Therefore Bipolar spherical harmonic coefficients are,

211 +1)(2l + 1)(11 — ml)!(lg — ma)!

Alll2

[1 +( l1+l2 Z

my1ms2

ll + ml)'(lg + mg)'

Cllmllgmg 5m1+m2,nk

27 27
/ / / / (01, 1,02, p2) cos(mipr + maga) P (cos 91)Pm2 (cos O2)dg1dpad(cos 01 )d(cos 02). (47)

Reflection symmetry allows AlLl?g only for even values of

L. For odd indices coefficients vanish

A1112 = 11125Mnk5L2a, k=0,1,2..., a=0,1,2,3..(48)

Here nk is even, therefore for an even-fold symmetry i.e.,
(n=2,4,6,8...) M is even and multipole moment L > 2
picks up only even values. Example: for a 2 fold sym-
metry possible values of M = 2,4,6,8...., similarly for
4-fold symmetry M = 4,8,12,16... and so on. Another
symmetry property of BipoSH is Eq. (@), so under even-
fold rotational symmetry Iy + I3 +m1 +ms = even which
implies {1 415 is even hence ALM ALM i.e., BipoSH are
symmetric under the exchange of l1 and ls. Note that for
all possible compact flat spaces BipoSH vanish for odd
indices, and the fact that two-point correlation function
is invariant under reflection about xy-plane plays a piv-
otal role in restricting non-zero BipoSH only to even L’s.
The rBiposh for even universe with even fold symmetry
are,

Arm = ArmOnnkdraa. (49)

Bipolar map will be,

(n) = Z Arnm Yo ()0rmkdr2q, (50)
[AY;

L will take only even values and M will run from —L to
L, subsequently picking up even values.

IV. BIPOLAR MAP: EXAMPLE OF THE
BIANCHI TEMPLATE

Now we will consider a Bianchi template as an exam-
ple to show how a Bipolar map looks like for a given
temperature map. The choice of Friedmann-Robertson-
Walker (FRW) model as a model of our universe was
initially due to its simplicity, and later because of ob-
servational evidence which strongly suggests universe to
be homogeneous and isotropic at large scales. However,
the presently observed isotropy may not necessarily hold
in the past and the universe may have been anisotropic
in its early stages and tends to FRW only later as it
evolves. Bianchi models are the simplest examples which
have the property to isotropise as they evolve in future.
Bianchi classification contains 10 equivalent classes giv-
ing generic description of a homogeneous and anisotropic
cosmology [12]. The most general Bianchi type which ad-
mits FRW at late time are VII;, and 1X. However, the
type I X re-collapses after a finite time hence do not come
arbitrarily close to isotropy. Spiral pattern are charac-
teristic signatures of VIIy and VII;, models [12, 135, [36].
Jaffe et. al. proposed Bianchi VII; models as an ex-
planation of WMAP anomalies. Since class VI, models
resembles a universe with vorticity and hence can lead to
bounds on the universal rotation in cosmological (CMB)
data |37]. They proposed correction for some anomalies
in the first year maps from WMAP, however, introduc-
ing such corrections induces other features like preferred
direction and violation of SI. Pontzen et al. calculated
various temperature and polarisation anisotropy patterns
which may be formed in Bianchi cosmologies [38]. Ghosh



et. al. analyzed the temperature map for Bianchi VIIj,
template [13]. Given the temperature map for Bianchi
VII, template, here we see how a Bipolar map actually
looks like.

The temperature map for Bianchi V11, template is of
the form

ATP(0,0) =

f1(0)sin @ + f2(0) cos ¢, (51)

BipoSH for Bianchi template are,

where super-script B signifies Bianchi, and f;(6) and
f2(0) are parameters of the model which should be cal-
culated numerically [12].

lli?g / / {m112(91702)cl1 1l215M0+X1112(91702)Cl1 1lo— 15M 2+

Yiu1, (01, 02) LA, 1000 + Zuy1, (01, 02)CLAL, 1 60r2 bd(cos 61 )d(cos ). (52)
Therefore, rBiposh are,
Arm = Z/ / { Wi1, (01, 02)CEM, 1 6an0 + Xiy1, (01, 02)CEMy 10002 +
lilo
Yist, (01, 02)CEAL 10010 + Ziyiy (01, 02)CEAL 1 6ar2 }d(cos 61)d(cos ), (53)
where
e = 7T2\/(211 +(i)7£)21§lj_1)1()11(;’2_ i) 1()12 = {1(01) f1(02) + i(f1(01) f2(02) — fa(61) f1(62)) +
f2(01) f2(02)} B (cos 61) Pyl (cos Ba),
Yo, = w2\/ (ot DB+ DG DG DLy 00 u(6) + i 0016 + (01 (02 +
f2(01) f2(02)} By (cos 61) Py (cos Ba),
Vit = w2\/ e ot A O 1162 (= A0 2(62) + F(61)(62) +
f2(01) f2(02)} P, (cos 61) Py, (cos 0a),
Ty = 772\/ e et L A0 71(62) ~ (A0 (62) + F(6)(62) +
f2(61) f2(02)} P, (cos 61) Py, (cos fa).
Hence,

Apn = Apdprr k=042 (54)

Possible values of M are 0,+2. Note that Ay exists
only for 1 +1o— L = even, and vanishes otherwise. Keep-
ing in mind the reality of two-point correlation function,
ie., Apy = (—1)MAZ_M, here we have Ao = A} _,.
Since Ay coefficients are complex numbers we can de-
ﬁne, XL]W = éR(ALM) and ZL]W = %(ALM) Therefore,

Bipolar map for a Bianchi template looks like (see ap-
pendix [Gl),

h) = ZALOYLO(9 )

— 2ZZL 2GL

+2 ZXL—2GL(9) cos 2¢

) sin 2, (55)
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~56408 m—

— 56408

FIG. 3: Temperature map for Bianchi VIIj,.

where
1 (L-1)L(L+1)(L+2)
G = oz \/ (2L + 1) (56)
2(2L + 1)Pr(cosf)  Pria(cosb)

[PL,Q(COS 0)

2L -1 2L +3

(2L —1)(2L +3)

FIG. 4: Bipolar map for Bianchi VII},.

Thus, a spiral pattern in temperature map will show
up as double spiral pattern in Bipolar map.

V. CONCLUSION AND DISCUSSION

Representation of correlation function of CMB
anisotropy in terms of Bipolar spherical harmonics pro-
vides a novel approach to study violations of SI. Very re-
cently the Bipolar representation has been used to quan-
tify anomalies in the analysis of WMAP seven - year
data m] These anisotropies can arise due to departure
from FRW metric (eg. Bianchi models), non-trivial spa-
tial topologies (compact spaces) or from primordial mag-
netic fields, among others. Here we have studied various
measurable quantities of Bipolar formalism to quantify
breakdown of SI.

We studied anisotropic homogeneous cosmologies
which leave a characteristic pattern on CMB. Like
Bianchi V11 temperature map which has a spiral pat-
tern of a pair of cold and hot spots with a dipole in
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azimuthal space. We found that the corresponding pat-
tern in Bipolar space becomes a double spiral having a
quadrupole in azimuthal space of the Bipolar map.

Another application is in case of homogeneous isotropic
models where an anisotropic topological identification
has been imposed. As an example, if the space is com-
pact in one (or more) direction(s), the statistical isotropy
is broken due to introduction of preferred direction(s).

We calculate BipoSH when this preferred direction is
introduced. We have shown here that for compact topolo-
gies, symmetry requirements can restrict BipoSH to even
multipole moments, i.e., BipoSH vanish for odd indices
for all kind of physically plausible models of flat multi-
connected universe. Hyperbolic manifolds do not have
the desired symmetry and hence we expect odd multi-
poles to be non-zero in these manifolds. Hence, we have
a tool to distinguish different topologies. In case of ho-
mogeneous magnetic fields we have shown that BipoSH’s
are restricted to even L and M = 0.

A new representation of Bipolar map has been pro-
posed. Further work needs to be done in this direction
to extract new information from this representation.

This technique can be applied to polarization maps
and it may prove to be a powerful method to decipher
the topology of the universe, something on which general
relativity is completely silent. The Bipolar formalism
can also be applied to various anisotropic universes and
can be used as a tool to distinguish various types of SI
breakdown.
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Appendix A: A review of topologically compact
spaces

Topologically compact spaces break the statistical
isotropy, thereby introducing signatures in CMB corre-
lation patterns. A compact cosmological model, M, is
a Quotient space, constructed by identifying points of
standard FRW space under the action of suitable dis-
crete subgroup of motions I', of the full isometry group
G of the FRW space. The isometry group G is the group
of motions which preserves the distance between points.
The simply connected infinite FRW spatial hypersurface
with same constant curvature geometry is the universal
cover (UC), M™, tiled by the copies of the compact space,



M. Tt can be spherical (§?), Euclidean (£2) or hyper-
bolic (H?). The compact space for a given location of
observer is represented as Dirichlet domain (DD), with
the observer at its basepoint. Any point x of the com-
pact space has an image, x;= 7;X, in each copy of DD
on the universal cover, where ; ¢ I'. By construction
DD represents the compact space as a convex polyhedron
with even number of faces identified pairwise under I". In
cosmology, DD around the observer represents the uni-
verse as seen by the observer and the symmetries of the
correlation function are nothing but the symmetries of
the corresponding DD.

Correlation function of a scalar field, &, on a compact
manifold, M, can be expressed as [40)],

€5 (x,x) ZZPqB

where

(x) W3 (x"), (A1)

(V2 4+ k)W, = 0. (A2)
U, are orthonormal set of eigenfunctions of Laplacian
on the hypersurface, having positive and discrete set of
cigenvalues {k?} (k2 =0 and k? < k2, ;) with multiplic-
ities m;. On a compact mamfold M, the set of eigen-
functions and eigenvalues are not always easy to obtain
in closed form (even numerically, for compact hyperbolic
spaces). On the other hand, eigenfunctions W¥(k,x) of
the universal cover (UC), M, of a compact manifold
usually known because of their simplicity (e.g., H3, S3
and £3), hence they can be used to compute the corre-
lation functions £§ (x,x’) on the UC. For flat and hy-
perbolic UC’s the set of eigenvalues are continuous. The
function Pg(k;) is the rms amplitude of the eigenmode
expansion of the field &, whose information lies in the
physical mechanism responsible for the generation of @.
The regularized method of images [25], describes how cor-
relation function on the compact manifold can be calcu-
lated once the correlation function on the universal cover
is known [16, 125, 26], which is expressed as,

Z§¢Xx

~yel’

(A3)

&6 (x,x')

This implies that correlation function on a compact
space, M, can be expressed as sum over the correlation
function on its universal covering space, MY, calculated
between x and the images vx'(v ¢ I') of x’. The local
homogeneity and isotropy demands that the correlation
function on the UC is only a function of the distance
between two points x and x’ i.e r = d(x,x’). The corre-
lation function on a compact universe with flat UC is,

sm kd

) Z/dk |

Here, Pg(k) can be determined from the early universe
physical mechanism and d; is the distance between the

(A4)
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images of x and x'(dy is the distance between original
points). Summation implies summing over all images.
Hence, correlation function depends not only on the dis-
tance between two points and the distance of their im-
ages but symmetry defines both the pair to have identical
distance from their images i.e., take any two points on
the last scattering surface and their corresponding images
about xy-plane, correlation function will turn out to be
invariant under this reflection. Figure ({) illustrates this

FIG. 5: Images of two-pairs of point which are mirror images
of each other about the XY plane in a T? space (one dimension
suppressed,).

point for a T3 universe. The DD of a squeezed torus is
shown in figure (6). The choice of the axes here is a little
bit more non-trivial. The xy-plane is not parallel to any
of the faces of the DD or the FP, but still it would cut the
LSS into two halves in such a way that there will be sym-
metry under reflection about the xy-plane and on the xy-
plane there will be 2-fold rotational symmetry. However,

Z axis

FIG. 6: Dirichlet domain of a squeezed torus.

here we point out that reflection symmetry does not hold



good for the compact spaces for which the opposite faces
are glued together with a twist [39].

Topology of the universe leaves characteristic signa-
tures on CMB. If the universe is finite and smaller than
the distance to the last scattering surface(LSS), then the
signature of the topology of the universe is imprinted on
the CMB. For such a small universe LSS can wrap around
the universe and will self-intersect. The intersection of
the LSS, which is a 2-sphere with itself is a circle that
will appear twice in the cosmic microwave background.
Hence, there might exist pairs of circles which share cor-
related patterns of temperature fluctuations. This circles
in the sky [41] method is a powerful and direct probe
for detecting non-trivial spatial topology. The correlated
patterns would be matching perfectly if the temperature
fluctuation did not depend on the direction of observation
and if the patterns were not distorted. However, the ob-
served temperature fluctuations has direction dependent
components, i.e. the Doppler effect and the integrated
Sachs-Wolfe effect. Also observationally, galaxy cut and
foreground removals can also distort the matching. How-
ever, one can search for such patterns in CMB correlation
function statistically. In a multi-connected space, there
exist preferred direction(s) so that global isotropy is bro-
ken. The angular correlation will then depend on two
directions of observations and can also depend on the po-
sition of the observer. This induces correlations between
aym’s of different [ and m. Thus, another indirect probe
is to search such patterns or signatures in the statistics
of CMB temperature fluctuations.

Appendix B: Bipolar map representation in terms of
tripolar spherical harmonics

Bipolar map is defined as

i) =" ApuYium(n), (B1)
LM
where Ar = leb AILI%I, therefore
=3 > ALYLm(h (B2)

LM lils

Now using the expansion of AlLljl‘g we get

ZZ/din/deC A1, fz) X

LM l1l
{Y1, (1) © Yo, (2) L ar Yona (72)

tripolar scalar spherical harmonics are defined as

{Y, (1) @ {Y1(7) ® Vi, (R2) }aoo = (=1)" 7= (B3)

i L 1
S 3 (o 2 ) Vi (0) Vi ()i )
mlsz

12

lh L s
mia M mo
lated to Clebsch Gordan coeflicients in the following way,

— (_1)l1flz+m3 25 + 1 (ll la l3 >

mp mz —ms3

where are Wigner-3j symbols and are re-

l3m'g
Cl1m1l2m2

Hence Bipolar map can be represented in terms of tripo-
lar scalar spherical harmonics,

= > /dedanc A1, ) (—1)T220 +1

L,ly,l2

A AYs, (M) @ {YL(7) ® Vi, (f2)}atoo  (B4)

The representation of the Bipolar map in terms of tripo-
lar harmonic function makes the transformation proper-
ties of the bipolar map under rotations explicit.

In a rotated sky map,

- [l X ARS Dhn®)

LMlqla 1,15, L, M’ M
(Vi (1) © Vi () broaee] x
{}/ll (ﬁ1> ® }/12 (ﬁQ)}ZJWYLM (ﬁ)dQﬁldQﬁz (B5)

Using orthogonality of Bipolar spherical harmonics

Om) =Y > AR>S Dipan(R

LMIyls U]l L', M/ M
YLm01,1, 01,1501 60 (B6)
= Apw Z DX (R)YL () = ©(Ri)(BT)

LM’

Thus when correlation pattern is rotated by “R”, Bipolar
map also rotates by “R”.

Appendix C: Cosmic Variance of Bipolar Quantities

Cosmic variance is defined as the variance of estimator
of an observable constructed from a single sky map. In
particular for BipoSH

o* (ALY =

Using Gaussianity of AT, one can analytically compute

2

(Azlz2) > <Azlz2 (C1)

the variance of AILI%
ALM _ 2 : mao ~LM
l1l2 a’llml alzmg 1) limila—mo (02)
mimsa
therefore
FLM F+LM _ ¥ .
<AL AL > = E E < Qiymy Ay, Clymf, Glamly >

mimz mim}

( 1)m2+m2cl1m1l2 mgOllm I log— m(cg)



Considering temperature field to be a Gaussian random
field, one can expand the four-point correlation function
in terms of two-point correlation function. Further, con-
sidering the fact that under statistical isotropy the covari-
ance matrix is diagonal eq.(B]) the above equation reduces
to

< ALMAZZI[QM > = 0110126[112 (2[1 + 1)5L06M0

l1l2

+ CLOL+ (-D)F6,,,]  (C4)
Also, we have
< Allz2 = (20, + 1)Y2Cy,61,1,6 100 010 (C5)
Hence the cosmic variance is
g1 (ALY) = CuCiy[L+ (=1)"01,1,] (C6)
Similarly for rBipoSH,
od1(An) = ClLCL[1 + (—1)hFH] (C7)

U112

Appendix D: Correlation function for Cylindrical
symmetry

Expansion of correlation function in terms of Bipolar
spherical harmonics is,

Z Alllg Z Cl1m1l2m2

l1,lo, LM mimse
}/llml (ﬁl) lezmz (ﬁQ)

Y (h

(D1)

Now rotational symmetry about z-axis for any arbitrary
A¢ implies,

CA 0y, ¢1,09, 62) = CA(01, ¢1 + A, 0o, p2 + Ap)D2)

Therefore

> AR | Yiim, (01, 61) Yigms (02, 62)

l1,l2,L,M,m1,m2

-y

l1,l2,L,M,m1,m2

lllg Cllmllgmg }/llml (917 ¢1 + A(b)

}/127712 (925 ¢2 + A(b)
which means
ellmitma)d — (D3)
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therefore

2km

- k=0,41,42.... D4
A¢7 O’ Y ( )

m1—|—m2:

for zero fold symmetry m; + mo = 0 which means m; =
—msg, hence

O(A)(ﬁlﬁz) — Z

l1,l2,L,M,m1,m2

Al1l2 Cl1m1l27712}/llm1 (nl)

lemz (n2) TV(2D5)
using the expansion of spherical harmonics in terms of
associated Legendre polynomials,

@2l4+ 1) —m)!

Yim (0, ¢) = €™ ol + )] ) P"(cosf) (D6)

therefore correlation function will be,

O (hy fg) = Z Fn (61, 02)e™™(#192) (D7)
where
f 917 92 Z Al1l2 l1ml2 m5M0
L
(20 + 1)(2[2 + 1)(l; —m)! (12 +m)!
l1 +m)l(la — m)!
P (cos 01) P, ™ (cos 02) (D8)
Symmetry ensures,
CW(01,01,02,02) = CA (01, 1,02, ~¢2) (DI

Imposing this symmetry we get,

CA (01, ¢1,02,62) = fin(01,02) cosm(¢1 — ¢D10)

This is the most general correlation function under zero
fold rotational symmetry. Using

ARM = / 0%, 2, C1, 712) (Vi (1) © iy (R2) Y ar

and eq.(DI0) we get,

m \/(211 +1)(2l2 +1)(l1 —

m)!(l — m)!OLM

AR =L+ (1) Ry (-

m

//Pllm(cos91)Pl2m(cos6‘2)fm(6‘1,Hg)d(cosﬁl)d(cos%).
o Jo

(4#)2(11 + m)'(lg + m)'

llmlg—m5M0

(D11)



Appendix E: n-fold cylindrical symmetry

Correlation function in such a case is,

2 2
CA 0y, ¢1 + 1,927@52 + —W)
n n

(E1)

CN 0y, 1,09, 62) =

This implies,

>

lllgmlmng\{[

>

lllzmlmgLM

Al1l2 Cl1m1l2m2 }/llml (917 ¢1) l2m2 (927 ¢2)

27
LM ~LM
Alllg Cllmllzmgmlml (917 (bl +

where
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Hence, e!(mi+m2)5F — 1 which implies mq + mg =
nk, k—() +1,4+2,£3......

Most general form of correlation function will be,

C(A)(91,¢1,927¢2) =

Z fmﬂng 917

mima2

et m1¢71+m2¢72)5 gk
2,

27

) 1oms (02, P2 + —)

211 + 1 2[2 + 1)(11 — ml)'(lg

fm1m2 (017 92

=

l1l2LM

Demanding explicitly the two fold symmetry that holds
for all even-fold symmetry,

C(01, 1,02, ¢2) = C(01, — 1,02, —p2)

this symmetry rules out the presence of sine terms in
correlation function. Hence for even-fold symmetry cor-
relation function reduces to,

CA 0y, ¢1, 09, 2) =

(E2)

> fomrms (01,602)

miy,m2

6m1+m2,nk COS(ml(bl + m2¢2) (E'?))

Appendix F: Absence of odd-fold symmetries for
compact spaces

Let us take a compact space with reflection symmetry.
It would demand that
C(ﬂ- - 917 ¢177T - 927 ¢2) -

It can be shown that

C(b1,01,02,02) =

C(b1,¢1,02,62).  (F1)

>

lllzmlﬂ’L2LM
Cl1m1l2 mao {}/ll (ﬁl) ® }/l2 (ﬁQ)}LM * (F2)

The symmetry of spherical harmonics would ensure that

{Y21 (W - 917 ¢1) & va (7T - 927 ¢2)}LM
= (=1)™F"2{Y}, (61, 61) © Yi, (02, d2) }oas - (F3)

This put together with equations (1)) and (E2]) indicates
that m; must be an even number. Since they are dummy
indices, mo would be even too. Now let us consider such
a space with n fold symmetry. Evidently

2 2
C01, 1+ =05,y + —) =
n n

(-1)™ < allmlcﬁ;m2 > X

C(01,¢1,02,02) (F4)

ll + ml)'(lg + mg)'

ma)! ARM P/ (cos 61) P (cos 02)

Cl1m1l2m2

since we know

2T 27
1Y, (01,1 + 7) ® Y, (02, 02 + ;)}LM =

xp(ZUE ) (01, 61) @ Vi (02, 60) s - (F5)

For Eq. (E4) to hold (mj + ms2)/n must be even. Since
my and my are even, n has to be even too.

Appendix G: Bianchi template

The temperature map for Bianchi template is written
as

AT(0,¢) = f1(0)sin ¢ + f2(6) cos . (G1)
Bipolar map can be expressed as,
=3 > > /dQﬁldQﬁz < AT (7)) AT (fg) >

LM lilo mimo
LM * ~ ~ N
Cllmllgmg }/llm1 (nl)}/l:mg (nQ)YLM (n) .
The integrals over ¢ contribute only for m = £1 other-
wise it vanishes. Constraint on the values of m; = +1

and mo = +1, admits only M = 0, £2. Reduced Bipolar
coefficient is then

A=Y % |

l1l2 mima

dQﬁl dQﬁz < AT(’le)AT(’fLQ) >

( 1)m1+m20l1m1l277l2}/ll_m1 (ﬁl)l/YlQ_WQ (ﬁ2) .

Apn exists only for I; + ls — L = even, and vanishes
otherwise and the reality condition demands Apyy, i.e.,
Ay = (=1)M A% .. Now Bipolar map is

i) =Y Ay Yiu(n)

LM

(G2)



but for Bianchi template it will be

Z ALoYro(h) + Y | AraYra()

L>2
+ Z Ap_oY7_o(R)
L>2

which can be written as

ZALOYLO +ZAL 2 Y7 ()

L>2

+ Z Ap oY _o(n)

L>2

(G3)

Since A’ ;s are complex numbers, we define
ALM = XLM + iZLM and AEM = XLM - iZLM (G4)
and the Bipolar map (G3]) can then be written as

ZALOYLO ZXL 2 (Y[ _o(R) + Yr-2(7))

+ ZZZL_Q YL_Q(TL) - Yfiz(ﬁ))
L

Defining,
1 (L-1)L(L+1)(L+2)
GL(®) = (sin 6)2 \/ Am(2L + 1)
[PL,Q(COS ) 2(2L+1)Pr(cos)  Prio(cos 9)}
9L — 1 2L — 1)(2L + 3) 2L +3

the Bipolar map is represented as

ZALOYLO +ZXL 2G 1 (0)2 cos 2¢
—ZZL,QGL 0)2 sin 2¢G5)
L

where we have used expansion of spherical harmonics in
terms of associated Legendre polynomials

Yim (0, ¢) = €™ %mﬂm (cos®)
and
e (L-1)L(L+1)(L+2)
Yieo (0 ¢) = (sin 0)2 \/ Ar(2L + 1)
Pr_o(cos@) 2(2L+ 1)Pr(cos®)  Pria(cos)
[ 2L—1  (2L—1)(2L +3) 2L +3

Appendix H: Useful Mathematical Relations

Orthonormality of spherical harmonics

d€dy, Y21m1 (ﬁ)yvl:mg (ﬁ) = 6111267”17712 (Hl)
Symmetry property of spherical harmonics
Y () = (=1)™Ym (7). (H2)
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Spherical harmonic expansion of Legendre polynomials

Py(a- ) 2z+1 Z ()Y (R').  (H3)
Property of legendre polynomial
_ (I —m)!
P =(-1" P™. H4

Symmetry properties of Clebsch-Gordan coefficients
Comps = (F1)7°Ci,, (H5)
Cslbﬁ = ( 1)a+b COZ Zzb B

Summation rules of Clebsch-Gordan coefficients

SO0y = becrbyy {abe{abe'}
apf
c c 2c+1
Y ConpCavs = 5 557 oo Ispr {abe}{ab'c)
ay
Z CZileCZlfbﬁ/ = daa’ 5ﬁ6'{abc}
cy
Z( )a bcaba b — H 500 (HG)
b a
where
II =l@a+1)@b+1)...2c+ 1)/ (H7)
abe.....
and where {abc} is defined by
|1 ifa+b+cis an integer
{abe} = { 0 otherwise (H8)

and where a,b and c satisfy triangle inequality |a — b| <
c< (a+0).

Tripolar spherical harmonics are expressed as,

{Y21 (ﬁl) ® {Y22 (ﬁ2) ® Y23 (ﬁ3)}123}LM =

1 ~ ~ N
Z Ollmllggng Cls:‘n’rz?;mg}/llml (nl)}/bmz (nQ)}/l3m3 (n3)

m1m2ms3mas

Tripolar scalar spherical harmonics are defined as
{Yi, (1) © {Y(7) ® Y3, (R2) }a}oo = (=1)"H2+E (HY)

li L Iy
S 5 (0 2 ) i () ¥ias ()i ).

mlmgM

i L I
mia M mao
Orthogonality of tripolar spherical harmonics, is given as

/1]

where > are Wigner-3j symbols.
dQﬁl dem dQﬁ% {}/ll (ﬁl) ® {}/lz (ﬁQ) @Yy, (ﬁ3)}>\}LM

{Yi (1) @ {Yiy (2) @ Yy (R3) o b oo
= 01,14, 01,1, 0151, OANN OL L’ O M M -
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