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BISPECTRUM OF SPHERICAL RANDOM FIELDS'

BY DOMENICO MARINUCCI
Universita di Roma “Tor Vergata”

In this paper we study the asymptotic behavior of the angular bispectrum
of spherical random fields. Here, the asymptotic theory is developed in the
framework of fixed-radius fields, which are observed with increasing resolu-
tion as the sample size grows. The results we present are then exploited in a
set of procedures aimed at testing non-Gaussianity; for these statistics, we are
able to show convergence to functionals of standard Brownian motion under
the null hypothesis. Analytic results are also presented on the behavior of the
tests in the presence of a broad class of non-Gaussian alternatives. The issue
of testing for non-Gaussianity on spherical random fields has recently gained
enormous empirical importance, especially in connection with the statistical
analysis of cosmic microwave background radiation.

1. Introduction. Several statistical challenges are now arising in connection
with cosmological data, and more precisely, for the analysis of cosmic microwave
background radiation (CMB). CMB can be viewed as a snapshot of the Universe
approximately 3 x 10° years after the Big Bang; technological progress has made
possible a number of experiments aimed at measuring the properties of this radia-
tion. Pioneering results were released in 1992 by the NASA mission COBE [31],
which was the first to release a full-sky map of CMB fluctuations; the statistical
properties of these fluctuations were then further investigated by several balloon
experiments, starting with BOOMERanG [8] and MAXIMA [14]. A major break-
through is associated with two satellite missions, namely WMAP [4], which re-
leased its first data set in February 2003, with much more detailed data to come
in the next four years, and Planck, which is scheduled to be launched in Spring
2007 and expected to provide maps with much greater resolution. Over the next
ten years, an immense amount of cosmological information is expected from these
huge data sets; statistical efforts needed to extract this information are equally
challenging and impressive.

From the mathematical point of view, CMB can be represented as a random field
T (0, ¢) indexed by the unit sphere S 2 that is, for each azimuth 0 <6 < 7 and

Received March 2004; revised March 2005.
1Supported by MIUR.
AMS 2000 subject classifications. Primary 60G60; secondary 60F17, 62M15, 85A40.
Key words and phrases. Spherical random fields, bispectrum, Gaussianity, cosmic microwave
background radiation.


http://www.imstat.org/aos/
http://dx.doi.org/10.1214/009053605000000903
http://www.imstat.org
http://www.ams.org/msc/

2 D. MARINUCCI

elongation 0 < ¢ < 2w, T (8, @) is a real random variable defined on some proba-
bility space. We shall always assume that 7' (6, ¢) is a zero-mean, finite-variance,
mean-square continuous and isotropic random field, that is, its distribution is in-
variant with respect to the group of rotations. Until very recently, the assumption
of an isotropic Universe has been taken for granted in cosmological physics, as a
consequence of Einstein’s Cosmological Principle that the Universe should “ap-
pear the same” to an observer located anywhere in space. Quite interestingly, the
first release of WMAP has raised some doubts on this condition [10, 15, 27]. Test-
ing for isotropy is a very interesting topic, almost completely open for statistical
research; we consider this issue, however, beyond the purpose of the present work.

If an isotropic field is Gaussian, its dependence structure is completely identi-
fied by the angular correlation function and its harmonic transform, the angular
power spectrum (to be defined in the next section). For non-Gaussian fields, the
dependence structure becomes much richer, and higher-order correlation functions
are of interest; in turn, this leads to the analysis of so-called higher-order angu-
lar power spectra. Because these angular power spectra are identically zero for
Gaussian fields, they also provide natural tools to test for non-Gaussianity: this is
a topic of greatest importance in modern cosmological data analysis. Indeed, on
one hand the validation of the Gaussian assumption is urged by the necessity to
provide a firm basis for statistical inference on cosmological parameters, which is
dominated by likelihood approaches. More importantly, tests for Gaussianity are
needed to discriminate among competing scenarios for the physics of the primor-
dial epochs: here, the currently favored inflationary models predict (very close to)
Gaussian CMB fluctuations, whereas other models yield different observational
consequences [3, 28, 29]. Tests for non-Gaussianity are also powerful tools to de-
tect systematic effects in the outcome of the experiments. For these reasons, many
papers have focused on testing for non-Gaussianity on CMB, some of them by
means of topological properties of Gaussian fields (e.g., [9, 13, 26, 36, 37]), others
through spherical wavelets [2], and still others by harmonic space methods (e.g.,
[16, 20, 21, 24]). A short survey of the literature on testing for non-Gaussianity on
CMB is in [23].

In this paper, we investigate the asymptotic properties for the observed bis-
pectrum of spherical Gaussian fields, and we analyze its use as a probe of non-
Gaussian features. The bispectrum (defined in Section 2) is probably the single
most popular statistic to search for non-Gaussianity in CMB data; on one hand, in
fact, working on harmonic space is extremely convenient, and the bispectrum is
the simplest harmonic space statistic which is sensitive to non-Gaussian features.
On the other hand, it is possible to derive analytically the behavior of the bispec-
trum for non-Gaussian fields of physical interest. In fact, although the procedures
considered in the present work are new (to the best of our knowledge), a number of
insightful and important papers have already considered the bispectrum for CMB
data analysis, for instance, [19-21, 30]. Few analytical results, however, have so far
been produced on the statistical properties of these procedures. The reason for this
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can be partially explained as follows: as described in the next section, the bispec-
trum is a function of some spherical harmonic coefficients ay;,’s; in the presence
of an ideal experiment, the latter are easily derived from a map of CMB fluctu-
ations by a harmonic transform performed on the observed data. However, it is
important to stress that in realistic situations the a;,,’s are observed with error, due
to instrumental noise, gaps in the maps and many other sources (these problems
have been described in [33]). Determining the properties of the procedures in re-
alistic situations that take into account all the features of real life experiments is
extremely difficult; most work in CMB is thus based on comparisons of estimates
based on real data with the expected results of simulations under a particular null
hypothesis. In this paper, we assume that the aj;,,’s are observed without error;
this is a simplifying assumption, which we adopt because it seems important to
narrow the gap between data analysis practice and its mathematical foundations,
at least in an idealized case. Future work, however, should be directed at relaxing
this assumption.

In Section 2 we define the bispectrum, taking particular care to discuss the con-
ditions to ensure that it represents a rotationally invariant statistic. The asymptotic
behavior of its higher-order moments is considered in Section 3: these results are
derived under Gaussianity, but the general technique by which they are established
(which adopts a formalism from graph theory) may have some independent in-
terest under broader assumptions. Section 4 considers the effect of an unknown
angular power spectrum, whereas Section 5 discusses statistical applications, with
asymptotic results in Gaussian and non-Gaussian circumstances. The results we
present in this section suggest that consistent tests of Gaussianity can exist even
for random fields defined on a bounded domain, which is to some extent unex-
pected. Section 6 discusses the rationale behind the approach presented and draws
some conclusions; some technical results are collected in the Appendix.

2. The angular bispectrum. The Fourier transform on the sphere is defined
by the spherical harmonics, which can be written explicitly as

121 4+1 (1 —m)! .
Ylm(e, (p) = ?mplm(COSe) exp(lmgo) for m > 0,

Ylm(e,(p) = (_l)mYlﬂj—m(ev (p) form <Oa
where the asterisk denotes complex conjugation and Py, (cos6) denotes the asso-
ciated Legendre polynomial of degree /, m, that is,
1
201 dxt
m=0,1,...,1,1=1,2,3,....

P (x) = (=1)"(1 —x%mﬂd—";Pz(x), Pi(x) = @1,

dx
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A detailed discussion of the properties of the spherical harmonics can be found in
([34], Chapter 5), or in [35]. For isotropic fields, the following spectral represen-
tation holds in the mean-square sense (see also [1, 22, 38]):

00 l

(1) TO.9)=>_ > amYm®,9),

=1 m=-I

where the triangular array {a;,, } represents a set of random coefficients, which can
be obtained from 7 (0, ¢) through the inversion formula

s b
alm:/ fOT(e,w)Y,;(e,w)sinededgo,
—TT

m=0,£1,...,£,[=1,2,....

2)

These coefficients are complex-valued, zero-mean and uncorrelated; hence, if
T (8, ¢) is Gaussian, they have a complex Gaussian distribution, and they are inde-
pendent over / and m > 0 [although a; _,, = (—1)"a;,, ], with variance E|alm|2 =
C;,m=0,%£1,..., £l The index [ is usually labeled a multipole and in principle
it runs from 1 to infinity; each multipole corresponds approximately to an angu-
lar resolution of 180/[°. In any realistic experiment, however, there is an upper
limit (which we denote by L) on the multipoles we may observe, depending upon
the resolution of the experiment and the presence of noise; L is reckoned to be of
the order of 600/800 for WMAP and 2000/2500 for Planck. Strictly speaking, in
CMB cosmology the spectral representation (1) is really only defined for / > 2;
the so-called dipole / =1 is in fact dominated by kinematic effects and thus it is
removed from the data.

The sequence {C;} denotes the angular power spectrum: we shall always assume
that C; is strictly positive, for all values of /. This condition is very mild; to draw an
analogy with the theory of stationary random fields defined on R, it is equivalent
to the (very common) assumption that their spectral density is strictly positive at all
frequencies. As discussed in Section 5, the condition is met by virtually all models
of cosmological interest. A natural estimator for Cj is

3 m [=1,2,...,
3) Ci = 21+12|1|

which is clearly unbiased; see also [12]. As mentioned in the Introduction, if the
field is Gaussian, the angular power spectrum completely identifies its dependence
structure. For non-Gaussian fields, the dependence structure becomes much richer,
and higher-order moments of the a;,,’s are of interest; this leads to the analysis of
so-called higher-order angular power spectra.

Generally speaking, the angular bispectrum can be viewed as the harmonic
transform of the three-point angular correlation function, much as the angular
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power spectrum is the Legendre transform of the (two-point) angular correlation
function. More precisely, write 2; = (6;, ¢;), fori =1, 2, 3; we have

ET Q)T (£22)T (23)

) . mymymy
= DY B Y (R0) Yim,y (22) Yigmy (R3),

I1,lp,[z=1m1,m2,m3

where the bispectrum Bm';,’;zm is given by

myimoms __
®) Bl]lzl3 = E(a11M1alzm2al3m3)'

Here, and in the sequel, the sums over m; run from —/; to /;, unless otherwise in-
dicated. Both (4) and (5) are clearly equal to zero for zero-mean Gaussian fields.
Moreover, the assumption that the CMB random field is statistically isotropic en-
tails that the right- and left-hand sides of (4) should be left unaltered by a rotation
of the coordinate system. Therefore B;".;*""* must take values ensuring that the
three-point correlation function on the left-hand side of (4) remains unchanged if
the three directions €2, 2> and 23 are rotated by the same angle. Careful choices
of the orientations entail that the angular bispectrum of an isotropic field can be

nonzero only if:

(@) I1,1, and I3 satisfy the triangle rule, [; <[; + [; for all choices of i, j, k =
1,2,3,

(b) 1 + 1 4+ I3 = even and

(¢c) mi +mpy+m3=0.
More generally, Hu [17] shows that a necessary and sufficient condition for
Blrfllz'gzm to represent the angular bispectrum of an isotropic random field is that
there exist a real symmetric function of /1, [, /3, which we denote b;,;,;;, such that
we have the identity
(6) B " =G 0 by
by, 1,15 1s labeled the reduced bispectrum. In (6) we are using the Gaunt integral
9;’1“'"2’"3, defined by

bls

T 2w
Giibr = /0 A Yi,my O, ) Yimy (0, 9)Yigms (6, ) sinf do dO

:<wH4Mh+M%+DY”O hlﬂ(h L h)

47 0O 0 O nmi np msj

where the so-called “Wigner 3 j symbols” appearing on the second line are defined
in the Appendix. It can be shown that the Gaunt integral is identically equal to zero
unless the conditions (a)—(c) are fulfilled. Often the dependence on m, my, m3,
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which does not carry any physical information if the field is isotropic, is eliminated
by focusing on the angular averaged bispectrum, defined by

SN Ny (bbb
B mimoyms
Biyi1, = Z Z Z (m1 s m3> B,

(7) m|=—11 I’I12:—[2 m3:_13
QL+ DL+ DR+ D2 /1, 1L I
- ar 0 0 o0)buen

where we have used (48) (see the Appendix). In practice, of course, the bispec-
trum is not observable; its minimum mean-square error estimator is provided by
Hu [17],

I 123 I3
~ L b I3
By, = Z Z Z (ml mo m3) (@1ym, @iymyGizms) -

my=—Il1 my=—Ilym3=—I3

The statistic §111213 is called the (sample) angle averaged bispectrum; for any real-
ization of the random field 7', it is a real-valued scalar, which does not depend on
the choice of the coordinate axes, and it is invariant with respect to permutation of
its arguments /1, I, [3.

Now note that, under Gaussianity, the distribution of ay,,/C 11/ 2 does not de-
pend on any nuisance parameter. The bispectrum can hence be easily made model-
independent; namely, we can focus on the normalized bispectrum, which we define
by

§l1lzl3
\/C1|C12C[3'

The factor (—1)V1+2+5)/2 ig usually not included in the definition of the normal-
ized bispectrum; it corresponds, however, to the sign of Wigner’s coefficients for
m1 =my =m3 =0, and thus it seems natural to include it to ensure that /;,,;, and
by, 1,1, share the same parity [see (7)].

In practice, of course, Ij,1,, 1s infeasible, and it is thus replaced by the statistic

® Iy 11, = (=) (1F2F1)/2

_ (b2 B

1111213 ~ ~ =
VCi, CLCr,

see [12].

3. Higher-order moments of the angular bispectrum. In this section we
shall investigate the behavior of the higher-order moments for the normalized bis-
pectrum (8), under the assumption of Gaussianity. We assume without loss of gen-
erality /| <l <3, and define

e l l l 1, forly <l <,
Apniy S1+687 482 +38) =12, forli=h<lorly <h=1,
6, f0r11212=l3;
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here and in the sequel, 83 denotes Kronecker’s delta, that is, 82 =1 fora =b, zero
otherwise.

Under Gaussianity, it is obvious that the expectation of all odd powers of 1;,;,1, is
zero. To analyze the behavior of even powers, we first recall that, for a multivariate

zero-mean Gaussian vector (x1, ..., X2x), we have the following diagram formula:
9) E(X] X X3 X -+ X Xp5) = Z(Exilxiz) X +++ X (EXiy_ Xin)s
where the sum is over all the (2k)!/ (k12%) different ways of grouping (x1, ..., X2k)

into pairs (e.g., [1], page 108). Even powers of I;;,;; yield even powers of
the ay;,,’s, which have a complex Gaussian distribution, weighted by Wigner’s 3
coefficients; we shall then need to use some arguments from graph theory, which
is widely used in physics when handling Wigner’s 3 coefficients (see [34], Chap-
ter 11).

Consider the Cartesian product / ® J, where I, J are sets of positive integers
of cardinality #(/) = P, #(J) = Q; itis convenient to visualize these elements in a
P x O matrix with P rows labeled by i and Q columns labeled by j. A diagram y
is any partition of the P x Q elements into pairs like {(i1, j1), (i2, j2)}; these pairs
are called the edges of the diagram. For our purposes, it is enough to consider
diagrams with an even number of rows P; we label I'(Z, J) the family of these

diagrams. It can be checked that, for given 1, J, there exist (P x Q — 1)!! different

diagrams, each of them composed of (P x Q)/2 pairs; we recall that 2p — 1)!! def

Cp—1)x2p—3)x---x1for p=1,2,.... We also note that if we identify
each row iy with a vertex (or node), and view these vertices as linked together by
the edges {(ix, jr), (ix’, jr')} = iriy, then it is possible to associate to each diagram
a graph. As it is well known, a graph is an ordered pair (/, E), where [ is non-
empty (in our case the set of the rows of the diagram), and E is a set of unordered
pairs of vertices (in our case, the pairs of rows that are linked in a diagram). We
consider only graphs which are not directed, that is, (i1i2) and (i»i1) identify the
same edge; however, we do allow for repetitions of edges (two rows may be linked
twice), in which case the term multigraph is more appropriate. In general, a graph
carries less information than a diagram (the information on the “columns,” i.e., the
second element ji, is neglected), but it is much easier to represent pictorially. We
shall use some results on graphs below; with a slight abuse of notation, we denote
the graph y with the same letter as the corresponding diagram.
We say that:

(a) A diagram has a flat edge if there is at least one pair {(i1, j1), (i2, j2)} such
that i; = ip; we write y € I'r (I, J) for a diagram with at least a flat edge, and
y € I'z(I, J) otherwise. A graph corresponding to a diagram with a flat edge in-
cludes an edge irix which arrives in the same vertex where it started; for these
circumstances the term pseudograph is preferred by some authors (e.g., [11]).
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(b) A diagram y € I'z(1, J) is connected if it is not possible to partition the
i’s into two sets A, B such that there are no edges with i; € A and i € B. We
write y € I'c (I, J) for connected diagrams, y € I'z(/, J) otherwise. Obviously a
diagram is connected if and only if the corresponding graph is connected, in the
standard sense.

(c) A diagram y € I'z(1, J) is paired if, considering any two sets of edges
{(i1, j1), (i2, j2)} and {(i3, j3), (i4, ja)}, then i| = i3 implies iy = i4; in words, the
rows are completely coupled two by two. We write y € I'p(/, J) for paired dia-
grams.

It is obvious that for P > 2 a paired diagram cannot be connected. Note that if Q
is odd, paired diagrams cannot have flat edges, so that the assumption y € I'z(1, J)
becomes redundant.

(d) We shall say a diagram has a k-loop if there exists a sequence of k edges

{G1, JD), G2, j2) b s {Gks i) Gty Je+1)} = (1i2),s oo, (kig+1)

such that i} = ix41; we write y € I' ) (I, J) for diagrams with a k-loop and no
loop of order smaller than k.

Note that ' (1, J) =T'r1)({, J) (a flat edge is a 1-loop); also, we write
Ceray(L, J)=Tc, J)NTrgy(, J)

for connected diagrams with k-loops, and I' .775(1, J) for connected diagrams
with no loops of order k£ or smaller. For instance, a connected diagram belongs
to ch(l, J) if there are neither flat edges nor two edges {(i1, j1), (i2, j»)} and
{(i3, j3), (i4, ja)} such that i; = i3 and i, = i4; in words, there are no pairs of rows
which are connected twice.

A graph is Hamiltonian [written y € 'y (I, J)] [11] if it has a spanning cycle,
that is, if there exists a loop which covers all the vertices without touching any
of them (other than the first) twice. Two graphs G| = ({1, E1) and G, = (I3, E»)
are isomorphic if there exists a one-to-one, onto mapping ¢ : I; — I» such that
i1i2 € Ey <= ¢ (i) (ir) € En.

In many cases either I or J (or both) can be simply taken as the set of the first p
or g natural numbers, thatis, I ={1,..., p}, J ={1, ..., g}. Under such circum-
stances, when confusion is possible we shall occasionally write I'(Z, g), I'(p, J)
or I'(p, q) for I'({, J). Some examples of graphs are drawn in Figures 1-6.

We have the following result.

THEOREM 3.1. Forallly <l <lI3 we have
(10) E112,1213 = Al
moreover, for p=2,3,4,

2p P -1
(11 E1111213 =Q2p-— 1)!!A,112,3 + 0 ).
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e

S —

e

F1G. 1. A multigraph for y e T'p (6, 3).

PROOF. Result (10) is known in the physics literature; see, for instance, [19].
For (11), we recall that

(12) Ea (=101 Cly 8, 2

imiyjy Hjyminjy = i)

hence, in view of (9), and because the spherical harmonic coefficients are (com-
plex) Gaussian distributed, the following formula holds, for all 7:

al;m;
(13) {1‘[1‘[ L”}= Y S(yih. 13,
iel j=1 y€l'(,3)

where we define

v L
(14) 6()/’ ll s 12’ 13) = l_[ ( l)mluju mi, ]qu (S[jZ .
{Guju) @ i)Yy

For any diagram y, we can also write
l I3
(15) Dly; ll,lz,zg]_{l‘[l‘[ 3 }1‘[( 2 )w .0 I),
mip  mjz  m;3
iel j=1m;j=—I;
where

i £ )2 o

iel j=1m;j=—I; mi 1 mip3



10 D. MARINUCCI

to be more explicit, there are 3 x P summations to compute: for instance, when
P =2 we get

: 3 L } Iy 153 I3 Iy 153 I3
ielip,in} j=1mij=—l; mi 1=—ly mjp=—l my 3=—l3 myy1=—l1 mi,n=—lpy mj3=—13
Furthermore, we also define
DII'(1,3); 11,2, 13]
Y. Dly:li.h. k]

yel(,3)
{l_ll_[ Z }H( Lot ) > 8k b, b);
iel j=1m;jj=—1;) iel i2. Mi3 yel'(1,3)

in words, D[-; l1, [2, [3] represents the component of the expected value that corre-
sponds to a particular set of diagrams. Notice that

EI*P — { : E A L L L\p Aijmij
= Z Z 1_[ (mil m;o m,g)}ljl\/a

mi1=—li map3=—13 i=1
I I3 2p 2p 3
= Yy - { ( h L I3 >}E{l—[l—[“l_f"1ij}
mij1 mjpp m;
my==ly  map3=-Il3 li=1 il i2 i3 i=1j=1 Cl.i
[ I3 2p
l [ l
-y ) ( 1o b b S (il b
— ' A\mip o mip my3
my=-ly  myp3=—I3 li=1 yel'(2p,3)

=DI[I'2p,3); 11,12, 13].

Now

DII'(2p,3); i, b, 131 = DITp(2p, 3); 11, l2, 13]

+ D[I'(2p,3I)\'p(2p, 3); 1, 1o, 13];

our aim is to show that
(16) DITp@p,3); i, b, il = @p — DIAL,,,
(17) DIT(2p,3\I'p(2p.3); 11, 12, 131 = O(I71).
To establish (16) and (17) we rely on Propositions 3.1 and 3.2, whose proofs are
collected in the Appendix. [

The next lemma relates to the “Gaussian” component of the expected value, that
is, the diagrams that are paired.
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PROPOSITION 3.1.  Forany p € N, and I with cardinality #(1) = 2p, we have

DITp(1,3); 11, b, 5] = 2p = DUAL ..

The proof that (17) = O(l l) requires considerably more work; the next three
lemmas refer to diagrams with loops of order 1, 2 and 3, respectively.

LEMMA 3.1. For diagrams with a flat edge, y € I'r (1, 3), we have
Dly; 1,12, 13]=0.

The next two results show how diagrams belonging to I'cy2) (1, 3), T'cr3)(1, 3)
can be “reduced”’; namely, they show how the corresponding summands in the ex-
pected value can be expressed in terms of smaller-order diagrams. Without loss
of generality we can take #(/) > 4; indeed the case #(/) = 2 has been dealt with
in the proof of Theorem 3.1, while we know that odd moments are identically
equal to zero. Let y € I'cz2)(1,3) be a connected diagram with a 2-loop, and
denote by iy, i» the rows that are linked by two edges; in other words, the dia-
gram includes both the edges [(i1, j1), (i2, jj)1and [(i1, j2), (i2, j5)]; in the sequel,
Jk, Jp takes values in (1,2, 3), for any integer k. Because the diagram is con-
nected, there must exist also edges [(i1, j3), (i3, j3/)] and [(i2, ja), (i4, ji)], where
i3,i4 # i1, 2. We denote by yg(,,i,) the lower-order diagram which is obtained by
deleting [(i1. j1). (i2. j{)] and [(i1. j2). (ia. j3)]. and substituting [(i1. j3). (i3. j5)]
and [(i2, j4), (is, jy)] with [(3, j3), (i4, j;)]. In graphical terms, yg(,.i,) is ob-
tained by cutting the two nodes i1, i and merging together the edges that departed
from them to reach other vertices; yg, i,) can itself belong to I'cy2) (1 — 2, 3) and
the argument can be iterated (Figure 2). We note that these reductions need not be
unique in general; any arbitrary choice of a suitable pair of nodes would not affect
our argument, however.

LEMMA 3.2. Fory e 'cri)(I,3) and yr(,,i,) as defined before, we have

Dly;li, 1, 3] = D[Yry.ip; 11, b, 13].

2, +1

By definitions (14) and (15) D[y; 1, [, 3] can be nonzero only if /;; = l_,-3/ =
lj, =1 jj» 80O there is no notational ambiguity in Lemma 3.2. More explicitly, as-
suming, for instance, that the edges [(1, 1), (2, 1)] and [(1, 2), (2, 2)] are present
in y, then a factor (2/3 + D~ will emerge from the reduction.

We now focus on diagrams with a 3-loop. Let y € I'c(3)(/, 3) be a connected
diagram with a 3-loop, and denote by i1, i2, i3 the rows that are linked by the loop;
in other words, the diagram includes the three edges

[G1, j1), G2, j2)], [(i2, j3), (i3, ja)l, [(i3, j5), (i1, Jo)].
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< %

FIG. 2. y €Tcr)(6,3) and yR(, iy)-

Because the diagram is connected, there must exist also edges

[Gi1, j7), (s, J8)1, [(i2, jo), (is, j10)], [(i3, j11), (6, J12)]

where i4, i5, i # i1, 2, i3. We denote by Yg, i,.i;) the lower-order diagram which
is obtained by replacing i;, i3 with i1 and then deleting all flat edges. More explic-
itly, ¥Rr(,,ip,i3) 15 Obtained by deleting

(G, JD)s G2, j2)], (G2, j3), (3, ja)l, [(3, js), (i1, Je)],
and substituting
(G2, jo), (is, j10)], [(3, j11), (@6, j12)]
with
[G1, jo), (is, j10)], [G1, j11), (6, j12)].
In graphical terms, we are merging three nodes into a single one (see Figure 3);
again, Yg(,.i,,iy) ¢an belong to I'cz3) (I — 2, 3) and the argument can be iterated.
LEMMA 3.3. For y € I'cy3)(1,3) a connected diagram with a 3-loop and
YR(i1.ir,i3) aS defined before, we have

L I 1
Dly;li, 1,131 = {li li li } D[YR(i,.ir.in): 11, 12, 13],

where on the left-hand side we have used Wigner’s 6] coefficient, defined in the
Appendix; hence

Dly;li, b, 131 = O(I3 ' D[yray.in.in): 11 12, 15]).
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N
~

FIG. 3. vy €T¢r3)(6,3) and yR(iy iy, iz)-

The proofs of Lemmas 3.1, 3.2 and 3.3 can be obtained as an application of the
graphical method described, for instance, in ([34], Chapters 11 and 12), and they
are hence omitted for brevity’s sake.

The next proposition exploits the previous results to provide a bound (17) on
the “non-Gaussian” part of the higher-order moments of the angular bispectrum.

PROPOSITION 3.2. For all I such that #(I) =4,6 or 8 and 1 <1, <3, we
have
DIT(I,3\Tp(1,3): 11, 1. 131 = O(;H).

REMARK 3.1. A careful inspection of the proofs of Propositions 3.1 and 3.2
reveals that for /; < [y < [3 we obtain the special case

6 6 6 L b 13}
EI}, , =3
as) hials +211+1+212+1+213+1 {11 Ly I3
L oas
T2 +1 2 n

a result that we shall exploit for statistical applications.

REMARK 3.2. It is natural to conjecture that a result analogous to Proposi-
tion 3.2 will hold for all sets #(/) = 2p, p € N. This conjecture is not simple to
explore, however, because the proofs in the Appendix require some analytic prop-
erties of the summations of (products of) Wigner’s 3 coefficients, which have not
been extended (to the best of our knowledge) to products of arbitrary order.
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4. Unknown angular power spectrum. In this section we focus on the more
realistic case where the angular power spectrum is unknown and estimated from
the data; so we consider E, L1; rather than I;,;,;,. As before, under Gaussianity of
the underlying field 7 (0, ¢)

Ellllzl3 :O, p:1,2,...,
by a simple symmetry argument. Now note that

(Iazol2 2lan |? 2|au|2)
Cl 9 9 9

C C
lago|* 2lan |
I 9 I s Ty
laiol? + Y ey 2lam | laol® + > 1 2lam|?

:(21+1)<

2lay|? )
7
laiol? + X i 2laim|?

Er 2+ D&, ... a0 Ll + l)Dir(%, ..., 1);

here 4 denotes equality in distribution and Dir(6y, ..., 6,) a Dirichlet distribution
with parameters (6, ..., 0,). Define

Aim ~ aim
(19) Uy = —, Uy = —, m=0,1,...,1.

We have the following simple result.

THEOREM 4.1. Letl and p be positive integers, and define

P 21 +1
Epy=T11—=2— 1
g p) ]}:[1{21+2k—1}

Now for u and u defined by (19), we have

A A A A A%k Ak A A A% Ak
E{ulo...ulou“ LU ”ll"'ull"'”lk"'ulk”lk"'”lk}
—_— —_—

qotimes  gitimes g/ imes grtimes g/ times

* * * *
:E{ulo...uloull...ullu“...u“...ulk...ulku,k...u,k}
—_———— — ——— )

qo times q times qi times qx times q]i times

xgl;q0+q1+-+qp).
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PROOF. By symmetry arguments, it is easy to see that both sides are zero
unless go = 2po (say) is even and ¢; = g/ = p; (say), fori =1,..., k. The uy,, are
independent over different m’s, and thus we have

E{”lO---”lO”ll---”ll”?] u;kl ---ulk---ulku;kk---”;kk}
—_———— —_—

2pptimes g times q} times qx times q;, times

_ 2P0 1= D1y, % \ Pl Pk ¢, % \ Pk
= Euyy Eupy ()™ -+~ Eupg (upg)

k
@po—DU]]pil,  for po>0,
i=1
I
Hpi!g(l; D), for po =0,
i=1

because
d * 2d
uo=N(0,1) and wuyuu;, = |um|” =-exp(l).

Now write p = po + - - - + pk, and note that ([18], page 233)
2P0 AP A A Dk s A
E{ityg af) @p)?" - i @) )

QLA DP po e
= St L0 ik

_ QI+1)P T{+1/2) T(po+1/2I'(pa+1)---T'(pr+1)
T 2Pt T (L4 p41/2) r'(1/2)
__@po—Dlpil > x py! @1+ 1)7
RI+ 1D x---xQL+2p—1)
k
2po— D[] pite: p).  for po >0,

i=1

k
[[pi'st: p. for po =0,
i=1

as claimed. [

Some special cases are as follows:

2 2
plaol _ plaml™_
C C
2P 2p — D!
E{'aﬁ)' } - Cp=D Q1+ )P,
Cy RI+D)x---xQ@l+2p—1)
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E{|a1m|2}1’_(21+1)1’ rd+1/2) TA/2T(p+1)
G 22 T(+p+1/2) T(1/2)
p!
@I+ D x-exQ4+2p—1)
and for p = p1 + p2, p1,p2>0

E{<|azo|2>m<|an|2)m}_<2l+1)" Fd+1/2) T(pi+1/)T(p2+1)
G G T 22 T(l+p+1/2) r'1/2)
B 2p1— D!'po!
QR+ x---xQ2l4+2p—1)
E{<|6111|2>”‘<|012|2)”2}_(2l+1)1’ L(+1/2)
G G T 22 T(l4+p+1/2)
/2T (p1 + D (p2+ 1)
I'(1/2)
_ pilp2!
QR+ x--xQ2l42p—1)
By Theorem 4.1, it is possible to establish a simple relationship between the nor-

malized bispectrum with known or unknown angular power spectrum. More pre-
cisely, it is immediate to see that for /] <lp <3

Q1+ 1),

QI+ 1P,

Q21+ 1)P.

3
2p 2p .
Ellll213 - Ell|1213 1_[ g(l[, P),

i=1
that is, for instance,
) 2
(20) E1111213 = EIlllzl3 =1

and

an B = (1- 575 ) (- 75) (- 555)
hbly = Zihis 211 +3 2, +3 213+3)

Also, forli =l <lzand | <l =13

22 2 22 2
EL}, =ELT, e(:2p)gUsip),  EL}, =EIL7, gi: p)gls:2p);

finally, forlj =l =53 =1

~ 2
EI”f’ = EIllfg(l; 3p),

so that, for instance,

Y 2 4
2143 2145
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It is interesting to note that

(23) EI*, <EI*’, and lim %ﬁ
hibly = = bl 11— 00 EII?ZQ

for all choices of (1, I, [3) for which the bispectrum is well defined.

S. Some statistical applications. In this section we exploit the previous re-
sults to derive the asymptotic convergence of some functionals of the bispectrum
array. Because the expected bispectrum is identically zero for Gaussian fields,
these functionals arise as natural candidates in the development of statistical tests
for non-Gaussianity.

More precisely, assume that the resolution of the experiment is such that it yields
a maximum observable multipole equal to L. It is, in practice, infeasible to take
into account all available bispectrum ordinates for the implementation of a statis-
tical procedure: indeed, for current experiments these ordinates are of the order of
L3 ~ 108/10°, and the evaluation of all these statistics is beyond the power of the
fastest supercomputers for the near future. It is therefore mandatory to consider
only a subset of bispectrum ordinates for the test. There are, of course, several
possible choices of configurations. We shall restrict our attention to two of them;
precisely, for finite integers [p > 2, K > 0 we shall consider the processes

1 ) 1 X fl u,l,l+u
CH DLk (r) = —— —= ;
ok =TI, !JK P> m_u,l,m}

leven,l=ly+K u=0

25 J (r)= /— [LZF] l Z (Il u,l,l4u AI—MJJ-FM)}
2L;lg, K\

’ L/ leven,I=lp+K LY K+1 \/_Al—u,l,l—i-u

and
| L=l !
26 J37- r)=— S
(26) 3L,k () ‘/Z1=10§<+1{ K1 Z l()+ull+lo+u}
[Lr]f 1 K, Litlgtu — |
@D sk () = —= i DL+l }
VL 5kn WK1 V2

where [-] denotes the integer part of a real number; 0 <r <1 and [y is an (arbitrary
but fixed) value which can be taken equal to 2, for instance, for cosmological
applications (remember the dipole /o = 1 is usually discarded from CMB data, as
it is associated with kinematic effects mainly due to the motion of the Milky Way
and the local group of galaxies). As usual, the sums are taken to be equal to zero
when the index set is empty. K is a fixed pooling parameter: for K = 0 we obtain
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the special cases

1 [Lf I
JiL,(r) = ——= —,
3 L/2 leven,l>l \/6
- I S )
Dorio(r) = ——= o2
m leven,l>l 6ﬁ
and
(Lrl—lo
BLiyr)=—= >_ DL+l
29 ﬁ I=lp+1
() [Lrl=lo f 1

l() LI+ly —

Tar.
4L,lo(r) fl %1 ﬁ

The normalizing factors are chosen to ensure an asymptotic unit variance for all
summands, by means of Theorem 3.1 and (18), (21) and (22). For instance,

Var{fl%,,l,lﬂo — 1}

5 54 ) 2
=Var{lj 1 1100} = Eg 11410 = VE g 10410 )
e (210+1)<21+1>(21+2lo+1)
(30) T b\ o1y 43 )\ 21 +3 )\ 21 4+ 21+ 3

6lp+9 1 {2lo+1 1 }
= o —(14+ 0 —1
(Zlo-i-l +0( )) 210+3( +0( ))

=2+007"h.

The two pairs of processes Ji1.1,, k (r), Jar:1y,k (r) and J31.1, k (), Jar.15, k () can
be viewed as sorts of boundary cases for the possible configurations of multipoles.
Indeed, although none of them has so far been considered in the literature (to the
best of our knowledge), it seems natural to view Ji1.;, k (), J21.:1y, k () as propos-
als very close to much of what has been done so far in CMB data analysis. More
precisely, it has become very common to restrict attention to multipoles close to
or on the “main diagonal” [; = I» = [3 = [, under the unproved conjecture that
the greatest part of the non-Gaussian signal should concentrate in that area. This
same rationale motivates Jiz.;, x (1), J2L:1y,k (r); we shall show below, though,
how such a choice can be very far from optimal in relevant cases. On the other
hand, J31.1y,k (), JaL.1y,k (r) rely on a sort of opposite strategy, that is, for a fixed
lp we aim at maximizing the distance among multipoles, albeit preserving the tri-
angle conditions /; < [; + [;. There are several alternative procedures one may
wish to consider, but those we mentioned lend themselves to a simple analysis,
while highlighting some quite unexpected features of asymptotics for fixed-radius
fields.
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THEOREM 5.1. As L — oo, for any fixed integers lp > 0, K > 0,

G e,k ), Dan:00,k (P, S350,k ()5 Jar:1y,k (1) = W(r), 0<r<l,

where = denotes weak convergence in the Skorohod space D[0, 1] and W (r) de-
notes standard Brownian motion.

PROOF. The proofs for the processes Ju1..1y,kx(r), a =1,...,4, are very sim-
ilar; we give the details only for the most difficult case, namely Ja;.;) k (7). Here
the proof is made harder by the complicated structure of dependence; note indeed
that the set of random coefficients {a;;,, : [ =1y, ..., lo+ K, m = —I, ..., 1} belongs
to each summand in (29). Denote by 3J; the filtration generated by the triangular
array {a; —y, ..., q, 1} [=1,2,..., and define

1 Butiviorn — 1
XL = " 0 , I=lpy+K+1,lp0+K+2,...,
VK11 MX;) V2L

that is,
[Lrl—lo—K

ek (=Y. XL
I=lg+K+1

Now we note first that

E{Il 1,I+1 |S1—m} —
E{XLIS-m} = ot o

(32) T ¢K+ 2: V2L

=0, m>1,

because forall0 </} <[l <l <3,

2 ial L L I3 L b I
Elliinn, 131} = Z Z (ml my m3> <m/1 m mé)
2

mi,mj, m3m m

E { Alymy Ay Aama Ayl Azms Ay
X

C,CLC

Y

= ¥ 3 L L I3 L L I
\myp my m3 ) \m\ my m

mip,mp,m3 m’1 ,m/z,m3

Alymy Ay, E{ Alyma Alym)y Azms3 Aizm’, }
Cl Clz Cl3

_ Z Z ( L Iz )(11 I I3 )ahmlallm’l
= my m3 m/l —my —m3 611

mi, m/ mj,m3

_ Z 1 |allm1| -1
m 20+ 1 Cll
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Equation (32) does not imply that the triangular array {X; 1 };=2 3 ... obeys a mar-
tingale difference property, because the sequence X; ; is not adapted to the filtra-
tion J;. However, (32) proves that the pair sequences {X; 1, 3;}/=2,3,... do satisfy
a mixingale property [7, 25], that is,

(33) EEXLSmD P <eiZe form=1,
NG

—¢
m
(34) wwu—Emummmﬁmsq;T form > 1,

(35) for some ¢y, ¢3, ¢ > 0.

Actually the left-hand sides of (33) and (34) are identically zero for m larger than
lo+ K, so that, for suitable choices of the constants cy, ¢», the bounds on the right-
hand sides hold for an arbitrarily large ¢. Note that {Xl% 2 l=12,...,L, L=

1,2, ...} is a uniformly integrable set, because f1211213 has finite fourth-order mo-
ments which are uniformly bounded [Theorem 3.1 and (23)]. Also, it is readily
seen that

L
[ ] EX
. =[Lr] I,L
sup hmsup — <X, lim max EXl L= =0.
O<ri<r=<l L—oo rp—r L—ool=1,...,

We have thus established conditions (2.2), (2.3) and (2.5) in [25] for the functional
central limit theorem to hold. To complete the proof, we only need to show that

[L1] 2
E{( > Xl,L) ’S[Lr]} — (@ —ys)

I=[Ls]

lim E

=0 foranyr <s <t.
L—oo

For notational simplicity and without loss of generality, we consider the special
case K =0. We have
3@&}

[L?] 2
I=[Ls]

[L1] [L]  [Lf]

= Y E{X7 Bwa}+2 Y. > E{XioXr S}

I=[Ls] I=[Ls]l'=I+1

Now for [,1’ > [Lr] we have

E{X:;,. Xy LIS}
1 . “
= EE{([I%)J,I—HO - 1)([1%,1',l’+lo — DI3}

1 r2 72 ~
(36) = i[E{Ilo,l,l+lollo,l’,l/+lo|\“9[Lr]}
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— E{I2 181} — E{I} 1811} + 1]
lo,1,1+1p 1> [Lr] Lo,/ 1"+l 1™ [Lr]

1 “
= i[E{Iz%,z,HzOTl%,l/,z%|‘*‘[Lr]} —1].

There are now two possible cases, namely [ + lo =1" and [ + [y # [’; in the latter
72 72
E{Tjg 1 1410 g 17120151201}

. lo [ I+
N 2 2 ( mi my )

m mol
01,/M02,M03,M04 M11,M12,M21,M22

y ( ly l l+ lo)
mo2 —mip —m2j

37 o < ly A —}—lo) < lo ! I +lo>

mo3  mi2 maz32 mo4 —mi2  —m22

% Aloymo1 Aomoa Homoz Uomoy

~2
Clo
—mgy g —Mo4
_ Z Smor Omoz  Alomoy Uomoy Aomosz Uomos —1
= 2 =2 =5
mo1,mo,mo3,mo4 (210 + 1) Clo

the second to last step following from (49) in the Appendix. Otherwise, for
l+1h=T,

72 72 ~
E{Lis 1150 Lig 11410151201}

- ¥ DR (R

mo1
mo1,Mmoe2,mo3,mo4 mi1,mi2,ma1,ma2

X< ly l ! )( ly ! l/+lo>
mo2 —mjpp  —myj mo3z mjp2 ma3

« ( lo ' '+ ZO) Aloymo; Aomep Uogmoz Homos
mog —miy  —ma) Ch

) Z Z ( lo [ U )
mip  ma)

mo1
mo1,M02,7M03,1M04 M11,M12,M21,1M22

X( lo l ! )( lo 4 l/-i-l())
no2 miz2 —mjzp mo3z —nmijj nmja

% ( lo I I +lo> Aloymo; Ugmer Homoz Uomos
mos —miy  —m Clz0

(38)

=1+4+2B,
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where

/ /
B= Y 3 < o 11 )( o 11 )
mop mjpp mz mo2 mjp2  —my]

mo1,Mmo2,mo3,mo4 mi1,Mm2,may,ma2

x ( lo l/ l, + l()) ( l() l/ l/ + lo) al()m()lalomozalomo3alom()4
moz  —mi myp ) \mes —mip —mn C?

L U (Lo U'+1y U
S fals L

—0o=—s lo} o lo

lo lo s lo lp s
) Z <m01 nmo2 0)(71103 mo4 a)

mo1,mo2,Mmo3,Mmo4

« Aloymo; Aomer Homoz Uomoy

2
Cl

0

’

in view of (54) in the Appendix. Now the triangle conditions entail that the sum-
mands are nonzero only for s < 2ly; from (50) and (55) below we learn that

5%

‘(mm mo m03 m04 o)~ V2o +1°
o | U o '+ l/ 1 1
lo s o)l

lo s J2l’+1 \/21—1—1
whereas it is also trivial to note that

2
HomorGlomea | 1o |alom| = (2lp + 1) max 0|alom| <2+ 1.
Ciy n lo Zk:—lo |alok|
Hence
QCh+1)
Bl<Y Y ST 3 = +1><(2lo+1)2
(39) §<2lp |o|<2s + mo1.mo2.mo3.mo4 <0

- @ly+ DRl + 1)’
- 21+ 1

Combining (36), (37), (38) and (39), we have

1 (4l +1DQlo+ 17

\E{X1,0Xr LIS11n}] <

L 20+ 1 I+lo?
[Lt] [Lt] 7

log L (4l + 1)(2lp + 1)
> E{XiiXeSunl| < 7 T

I=[Ls]l'=1+1
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The remaining part of the proof is similar. More precisely, we have

E{X} |3}

!
= 5 E{ig 021 = 1R1n s

~ ~
E{Il(),l,l—l—l() |“S[Lr]}

_3 Z Z (lo ) l—Ho)

mop  mi maj
mo1,Mm02,1M03,M04 M11,M12,M21,M22

% ( ly l [+ >
mo2 —mjip —myi

X(lo l l+lo>(lo [ l+lo)
mo3z mij2 ma3 mos —mji2 —m32
% Alymo; Uogmor Uomoz Homos

2
G,

16 Z Z (lo l l+lo)

m m m
mo1,n02,Mmo3,Mo4 M11,112,M21,Mm22 o1 1 21
% ( lo l l+l())
mo2 —nmijg m32

X(lo l l+lo)(lo l l+l()>
mo3 mj2 —myj mo4

—mj2 —m22

» Aloymo; Aomor Uomoz Uomoy

~2
Clo
=3A+6B.
As before,
A= Z 5’;(’)7?02 5;1(?;04 Alymoy Uomor Uomoz Homoy
= . 22
mo1,mo2,mo3,mo4 (210 + 1) Clo
= Z 1 |alom01 |2|al()m()3|2 —1
= E = _
mo;,mo3 2lo+1) Clo
and [see (54)]

Z ( lo [ l—I—lo)( lo [ l+lo>

m m m m —m m
miymieanaymyy NTHOL M 21 02 11 22

X(l() [ l—I—l())(l() l l+lo)
mo3 miz2 —myj nmo4 —miz2 —m32

23
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S Faen|l 10 )

§s<2lyo=—s
o ( lo lp s ) ( lo lo s)
mo1 moy o) \mo3 mos o)’

_ W+ D@+ 1)’
- 21+1 ’
as in (39). We have thus shown that, for some C > 0,

[Lt] 2
I=[Ls]

whence

S[Lr]} —(—s)

[Lt] [Lt] [Lt]

2

<| Y (E{XPSuwa=D][+2] Y. > E{XiiXr 03] +

I=[Ls] I=[Ls)I'=I+1

C : e @4ly + 1) }
<—{| >, ———|+logL+1

L 121Ls] 21+ 1

glogL g

<C@l+1 -0 as L — oo.

Thus the proof is complete. U

Theorem 5.1 can be immediately applied to derive the asymptotic distribution
under the null of several non-Gaussianity tests. For instance, we might focus on
supg<,<1 JaL:ly,k (r); by the continuous mapping theorem we obtain

lim P{ sup JaL;lO,K(r)fx}:P{ sup W(r)gx}
(40) L= lo<r<i 0<r<l

—20(x)—1, x>0,a=1,23,4,

where ®(-) denotes the cumulative distribution function of a standard Gaussian
variable (for the last equality, see, e.g., [5]). We shall now discuss the behavior
of these procedures under some examples of non-Gaussian spherical fields. The
behavior of higher-order angular power spectra under non-Gaussian alternatives is
an extremely important research topic in modern cosmology, and still almost com-
pletely open for mathematical research. Very few analytic results are available,
whereas the cosmological debate is still open on the nature of the non-Gaussianity
to be expected. A simple and popular model for non-Gaussian temperature fluctu-
ations reads

(41) TNG(0, 9) =T 6, 9) + ANLIT? O, 9) — ET?*(0, 9)};
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as before, we take 7' (6, ¢) to be an isotropic Gaussian field with zero mean. For
“small” values of the nonlinearity parameter fnr., (41) can be viewed as a gen-
eral approximation for random fields with minor departures from Gaussianity: the
quadratic term can be regarded as the leading factor in a Taylor expansion of a gen-
eral field g(7' (6, ¢)), for a suitably regular function g(-). Equivalently, the terms
on the left-hand side can be considered to be the first two elements of expansion of
g(T (0, p)) into a series of orthogonal Hermite polynomials H,(T), g =1,2,....
For these reasons, (41) is very widely adopted to represent the primordial field of
temperature fluctuations in cosmological models of inflations, which stand now as
the leading models for the dynamics in the primordial epochs around the Big Bang
[3, 19, 28]. It is known in the physics literature [19] that the bispectrum of (41) can
be approximated by

L L I
(42) By, = GNLhu 11 (6 é 8) {C,C1, + C1,Cy + €, CLs ),

where G is a positive constant,

QL+ 1DQ2L + 1)l + 1)\ /2
hiyihi; = ( - ) ,

and lower-order terms are neglected. Expression (42) is known as the Sachs—Wolfe
bispectrum; we shall take (42) as a benchmark model for our discussion of non-
Gaussianity. We introduce a very mild regularity condition on the angular power
spectrum, that is, we shall assume that C; is such that, for fixed lp > O,

(43) Citiy x Cy,

where o< denotes that the ratio of the right- and left-hand sides tends to a positive
constant, as [ — 0o. The assumption described by (43) is not unreasonable: in-
deed, C; o« [ (for some positive constant «) for many, if not most, cosmological
models.

For simplicity, let us assume that the normalizing angular power spectrum is
nonrandom, that is, known a priori; without loss of generality we take K = 0.
Recall that ([34], equations 8.1.2.12 and 8.5.2.32)

(11 I 13) (=D GFABD2[1y 4+ 1, + 13) /2]

0 0 0)7 [U+—1)/201 — b+ 13)/2N(~11 + 12 + 13)/2]!

th+h—hwh—h+hw—h+h+hﬂr”
h+hL++1)! ’

Thus, for fixed [y > 2,

lo I I+ (=DM 4l) > xd+1)
0 0 0 - lp!

o Vv 2ly)!
JATDx - xQ+2+ 1)
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(=Dt 1

for some C > 0 which depends on [y but not on /. Then we have easily that

EhLvﬂxﬁﬂigf Qlo 4+ 1)L+ 1)L 42l + 1)
VL A i
(44) XL \/CIOCI+\/C10Cl+lo+\/clcl+lo
Vi Citiy G Ciy

[Lr] [Lr]
NL C,Cr INL
X —= E \ﬁ X —= E \/Z x fNLL.
VL 1=ly+1 Citiy VL I=ly+1

Likewise

[Lr] [Lr]

1 2
EJyr(ryoc —= Y AEL 100 — 11 = —= Y {(Eligr41,)” — 1)
VL S T VL 5

45) (L]

fR 2 13/2
e — Z o fi L3
\/z1=10+1

Of course, both (44) and (45) diverge as the number of observed multipoles in-
creases (L — 00), that is, as the resolution of the experiment improves. The
constants of proportionality are typically small; for the model we adopt in the
simulations below, they are of the order 10~ for (44) and 10~ for (45).

On the other hand, for [} =1, =13 =1,

(l l l) N (_1)31/2 [31/2]! { [l']3 }1/2
00 0)7 (/2T | Gl + D!

. 312 [3[](314-1)/2 3372 1/2 (_1)31/2
S EYFI/ESY {(3])3(l+1/2)} X

where we have used Stirling’s formula n!/(\/2nn”+1/ze_”) =14 012n"h.
Now recall that

o0
QL+ 1)

ET?@©,¢) =
(<p)l§4n

C; < o0,
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which implies /C; = o(I~") (in realistic experiments, a weighting factor G; should
be included to account for the beam pattern of the antenna). Hence we have

[Lr]

B (2l+1)3 I 1\ C;
Flo k(1) =0 (ﬁIEK (0 0 o) @)

1 [Lr]
F)—o(l) as L — oo.
(7,2,

A similar heuristic argument can be used for Jy7.;, x (r), suggesting that these
statistics may have very little, if any, power against alternatives of the form (42).

To validate the previous heuristics, we present a small Monte Carlo study on
the power of these testing procedures. To this aim, we generated 200 spherical
Gaussian fields according to the currently favored scenario for CMB fluctuations,
the so-called ACDM model; we omit the details, which can be found, for instance,
in [6]. Nonlinearities were then introduced by means of (41), which represents the
simplest non-Gaussian model, as argued earlier. To ease comparisons with existing
procedures, we follow the standard parametrization used in the astrophysical liter-
ature, yielding a variance for T of the order of Var(T) = ET? ~ 10~8. We can then
present a rough relationship between the value of the nonlinearity parameter fnr
and the relative amount of the non-Gaussian signal, namely

(46)

\/ Var T2}
47) \/\Ef% = V2 far/Var(T} ~ fur, x 1074,

We consider fnxp. = 0,100,300,1000 and we focus on the statistics
SUPg<,<1 J3L:16. K (), SUPg<, <1 JaL;1y,k (r) for lp =2 and K = 0,2, 4; see (40).
We omit reporting results for supy., 1 Jir:19,k (*), SUPg<, <1 J21:1,,k () because
the power related to these procedures turned out to be negligible, as expected
from (46). Other types of statistics may be considered without altering the main
conclusions we are going to draw here. We start from the empirical sizes (type I
errors), which are reported in Table 1; we write S, ; for supg<, <y Ja.L:2.x(F),
a =3,4. We take L = 250, 500; these values are conservative: we recall that L
is reckoned to be of the order of 600/800 for WMAP and 2000/2500 for Planck.
Note that all values in Table 1 and those in Tables 3-5 are expressed as percent-
ages (%).

Results in Table 1 suggest that the asymptotic theory presented in Theorem 5.1
provides a good approximation for the finite-sample behavior in the case of J3 1 ;
the approximation is slightly less satisfactory for J4 r, but the results improve
markedly with L, which is reassuring. Because the test statistics are free of nui-
sance parameters, it is also possible to derive directly threshold values under the
null of Gaussianity by Monte Carlo replications. We adopt both approaches to de-
rive the power properties reported in Tables 3-5; the Monte Carlo critical values
are reported in Table 2.
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TABLE 1
Empirical sizes (fnL =0), « =10% (5%)

S3250 95(45) 9.0(40) 8.0(2.5)
S3500 105(45) 95(45) 95(4.0)
Spz50  55(35) 3.0(L5) 1.0(0.5)
Sps00 65(45) 80(40) 6.0(2.0)

TABLE 2
Monte Carlo critical values, o« = 10% (5%)

K=0 K=2 K=4

S3250 1.61(1.81) 155(1.83) 1.61(1.72)
S3500 1.69(1.90) 1.63(1.92) 1.61(1.80)
Spas0  144(1.71) 127(151)  1.06(1.35)
Siso0  1.56(1.88) 1.52(1.85) 1.38(1.67)

TABLE 3
Rejection rates for fNL = 100, @ = 10% (5%)

K=0(T) K=2(T) K=4(T) K=0(A) K=2(A) K=4()
S3250 18.0(10.5)  20.0 (12.0) 18.5 (17.5) 17.5 (7.0) 16.5 (9.5) 17.5 (11.0)
S3.500 20.5(13.5)  30.5(20.0) 39.5(33.0)0 20.5(12.5) 30.5(20.0) 38.5(26.0)
S4,250 9.0 (5.0) 10.5 (4.5) 10.0 (4.5) 5.53.0) 3.0 (1.5) 1.0 (1.0)
S4500 10.0(5.0) 10.0 (6.0) 10.0 (6.0) 7.0 (4.0) 7.0 (4.0) 6.0 (2.0)
TABLE 4
Rejection rates for fni, =300, o = 10% (5%)
K=0(T) K=2(T) K=4(T) K=0(A) K=2(A) K=4(A)
S3250 31.0(26.0) 47.5 (38.5) 56.5 (51.5) 31.0 (21.5) 43.0 (33.0) 56.0 (41.5)
S3500 47.5(43.0) 88.5 (69.0) 88.5(86.5)  48.5 (40) 88.5 (68.5) 88.5 (79.0)
S4250 10.5(5.0) 11.5 (5.0) 9.0 (5.5 6.0 (3.0) 3.5(1.5) 2.0 (0.5)
S4500 12.0(6.0) 11.5(7.5) 11.5 (7.0) 9.0 (4.0) 9.5 (6.0) 7.5 (2.5)
TABLE 5
Rejection rates for fnp = 1000, a = 10% (5%)
K=0(T) K=2(T) K=4(T) K=0(A) K=2(A) K=4()
$3,250 80.0 (73.0) 99.5(99.5) 100 (100) 80.0 (70.5) 99.5(99.5) 100 (99.5)
83,500 98.0 (98.0) 100 (100) 100 (100) 98.0 (97.5) 100 (100) 100 (100)
S4,250 15.5 (10.5) 26.0 (18.5) 32.5(18.5) 12.0 (7.5) 10.5 (5.5) 8.5(3.5)
S4.,500 37.5(29.0) 57.5 (50.5) 71.5 (58.5) 34.0 (24.0) 54.0 (47.0) 60.5 (47.5)
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Note how the tabulated values approach the asymptotic results [i.e., 1.645, 1.96
—see (40)] when L increases. To analyze the power of the test, we consider fnp. =
100, 300, 1000; from (47) we can argue heuristically that these values correspond
approximately to 1%, 3% and 10% of non-Gaussianity in the maps, respectively.
In Tables 3-5, T and A denote the power with respect to tabulated and asymptotic
critical values, respectively.

At first sight, the results reported seem quite encouraging, as compared, for in-
stance, to existing methods such as the empirical process, wavelets and local cur-
vature: see, for instance, [6] for numerical simulations on the performance of these
procedures. We stress once again, however, that this comparison could be to some
extent misleading, insofar as in this paper we are sticking to some simplifying as-
sumptions that are unrealistic for CMB experiments (namely, the absence of gaps
and noise in the observed maps). The results we report, however, certainly suggest
that further investigation of these procedures under more realistic circumstances is
worth pursuing. We also note that the statistics based on J31.j,, k () substantially
outperform those based on J41..5, k (r) for this range of parameter values; indeed,
for the latter the power is nonnegligible only when fnp = 1000, that is, when the
level of non-Gaussianity in the map is approximately 10%. However, a compar-
ison of (44) and (45) suggests that the power for Jy;.;,, k (r) may improve more
rapidly as the resolution of the experiments grows; this is an important factor to
keep in mind, as it is expected that the satellite Planck will achieve observations
with L of the order of 2500. Also, because Jay .1, k () does not depend on the sign
of the sample bispectrum, it can be expected to be more robust against other types
of non-Gaussian behavior. It is also worth noting that the power of the tests grows
with the pooling parameter K; for values larger than 6-8, however, the effect is
nearly negligible and the computational cost becomes prohibitive.

In our opinion, there are two remarkable features that emerge from this sec-
tion. Equations (44) and (45) suggest that a testing procedure in harmonic space
can yield consistent tests of Gaussianity even for fixed-radius, nonergodic fields,
at least under the simplifying assumption of this paper. This is to some extent an
unexpected result. The second remarkable fact is the huge impact of the choice of
combined angular scales on the expected power under non-Gaussian alternatives.
It is noteworthy that the common choice of a (close to) “main diagonal” configu-
ration can yield negligible power, the expected value of the non-Gaussian signal
decreasing to zero as the resolution of the experiment improves. The determination
of the triples of angular scales (1, /2, [3) where the largest part of the non-Gaussian
signal is to be expected, for a given class of models, represents an issue of great
importance for future cosmological data analysis.

6. Comments and conclusion. It is important to make clear that the asymp-
totic theory presented in this paper is of a rather different nature with respect to
what is usually undertaken for random processes or fields. More precisely, we are
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not assuming that the information grows in the sense that a larger interval or re-
gion of observations becomes available, but rather we assume that the same region
(spherical surface, in our case) is observed with greater and greater resolution. We
labeled this framework high-resolution asymptotics, whereas the more standard
case where the observed volume grows can be termed, as usual, large-sample as-
ymptotics. The idea that some consistent inference can be drawn from a process
observed on a fixed finite region is certainly not new; see, for instance, [32] for
a fixed-domain asymptotics approach to study optimal linear prediction of spatial
processes (kriging). The term infill asymptotics is also used in the statistical litera-
ture with the same meaning. We believe that this paradigm will become more and
more fruitful in the years to come, with many possible contexts of applications.
In the case of cosmological research, a proper understanding of the nature of the
asymptotic theory involved is likely to be quite relevant from both the theoretical
and the practical point of view. In fact, note that sequential experiments to measure
CMB radiation result in exactly the same last scattering surface being measured,
while the resolution improves steadily over time. For instance, the above men-
tioned NASA satellite WMAP, launched in 2001, is observing the same surface
as the ESA mission Planck, due to be launched in 2007: in terms of the standard
large-sample asymptotics, no improvement should be expected. On the other hand,
for statistical properties that can be consistently investigated as the resolution of
the experiment grows, Planck does offer substantial new information, its expected
resolution outperforming WMAP by a factor 3 or 4 (in any case, Planck will of-
fer other improvements besides better angular resolution, e.g., better polarization
measurements). It seems therefore quite relevant to suggest, as we did in this paper,
that Gaussianity tests may exist that are high-resolution consistent, at least under
some simplifying assumptions. The fact that consistent inferences can be drawn
from nonergodic random fields defined on a bounded domain has other important
consequences if we focus on epistemological issues. The status of cosmology as
a science is occasionally questioned, on the grounds that it is, in a sense, a disci-
pline based by definition on a single observation (our Universe). The possibility
to draw consistent inferences for fixed-radius random fields provides, in our view,
a strong argument to consider the corresponding physical properties fully within
the domain of scientific investigation. It is a challenging task to characterize, un-
der general conditions, the complete set of properties on which high-resolution
consistent inferences can be drawn.

APPENDIX

A.1. The properties of Wigner’s coefficients. In this paper, we make ex-
tensive use of Wigner’s 3 coefficients, which are a very powerful tool to repre-
sent properties of random fields which are invariant to rotations. These coefficients
were introduced in the framework of the quantum theory of angular momenta; they
are also widely used in algebra in the framework of representation theory. In this
section we shall recall some of their properties for convenience.
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Wigner’s coefficients are defined implicitly by

T P2
/0 [ Y11 (0.0 Yima 0. 0) Y1y, 0. 9)5in6 dip

_(@h+ D@L+ D@+ DN B (L L L
( ) (65 0) i )

41 0 0 0/)\m my m3

Many explicit representations are also available, but for general values of [;, m;
they are lengthy and hardly informative. For instance, it can be shown that ([34],
expression 8.2.1.5)

L L Ik
mp mp ms3

om0~ =191
L +hL+15+1)!

5 [ (I3 +m3)\(l3 — m3)! ]‘/2
(L +m))! s —m)(l +m2) (I —my)!
(=D +lz3+my — )Wy —my +2)!
Z Z

Z b+l -1 =) U3 +m3—2)!(; —lh —m3+2)!

where the summation runs over all z’s such that the factorials are nonnegative.
We list here some important properties, and refer to [34] for proofs and further
discussion:

(a) Wigner’s 3 coefficients are real valued;
(b) they are different from zero only if m| + my + m3 =0;
(c) (parity) for any triple Iy, I>, I3

L b I _ (= 1yl l L Iz \.
mp mp m3 —-m; —my —m3)’

(d) (symmetry) for any triple 1, [, [3

L L L\ _ (L Iz L\_ (I L Db
mpy mp m3z) \mpy m3z my) \mz m mm

— (_1)ll+lz+l3 < l3 12 ll )

m3 mz mj

— (—1)h s ( L iz I )

mp m3 mj

— (= Dyl ( L LI I3 )

my; mp mj3
(e) (orthonormality) for any triple /1, [>, I3

i 1) I3 I L I 2
@ ISP IEDD (ml my m) =!

my=—Il1 my=—Ily m3=—I3



32 D. MARINUCCI

and
ll 12 L/ M/
L b L)<11 I L/) R,
49 = :
“ m]gll nglz <m1 my M) \miomy M') 2L+ 1
(f) (upper bound) for any [y, I, [3
[ l [ _
(50) (mll - m33) = O(tmax{h, b, l317'/?);
(gl) (sum of coefficients, I) for any positive integers a, b
_ a a b _ 0¢0.
(51 Xa:(—l) “ (a Yy ) = (—1)V2a + 18,)85;

(g2) (sums of coefficients, II) for any positive integers a, b, ¢, d, e and f

(e G

a,Byed,¢

) e )G s e)

_Ja b e].
e 4 f)°
(g3) (sums of coefficients, III) for any positive integers a, b, ¢, d, e and f (see
[34], 8.7.3.12)

Z(—nm(_aa o ;)(Z , _da)(_eg . _d(s)

(53) P
S AR v}

(g4) (sums of coefficients, IV) for any positive integers a, b, ¢, d, e and f (see
[34], 8.7.4.20)

MXE:w(Z —bﬂ —if)(gl —fw fe)(;g; Z z)(lJA £ JC/>
(54) _ (_1)a—b+c+d+e—f

a s j g s d b ¢ allb e g
X;(a o —u)(n o —5>{j s f”d s f}'
Equation (52) can be used as the definition of Wigner’s 6j coefficient, which ap-
pears on the right-hand side (with curly brackets). We refer again to ([34], Chap-
ter 9) for some (extremely complicated) explicit expression for these coefficients

and many of their properties. For our purposes it is sufficient to recall the follow-
ing:
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(h) for any positive integers a, b, ¢, d, e and f

52 sHeml e 1
55) d e f||— Ve DR+ JQ2a+1DQ2d+1)

1
«/(2b+1)(2e+1))’

(i) the 6; coefficient is invariant under any permutation of its columns.
A.2. Proofs of technical lemmas.

PROOF OF PROPOSITION 3.1. Let {Iy,..., I,} be a partition of / into 2 x 3
matrices made up with two of its rows; write { for the class of these partitions,
which has cardinality (2p — 1)!! (the number of combinations by which we can
match 2 p rows two by two to form p pairs). It suffices to notice that

p
DITp(1.3): 1, .ls1= > []DICpUi.3): 0, 1. 5]

For any I;, D[I"p(1;,3); 11,12, 13] is easily seen to include Aj;,;; nonzero sum-
mands, each of them of the same form, up to a relabeling of the indexes; more
precisely,

DITp(1;,3); 11, o, 5]
=Aubi ) (—1)mf1+mf2+mfs(ll 2 13>

mi1 mjy m;
mj1,m;3,m;3 il i2 i3

X( Iy I I3 )
—mjy  —mjz  —m;3

A y (b bk N
— Thbk mit mp mgy) kb

mi1,m;3,m;3

Thus

14
DITp(1,3); 11,0, 51= D> []Anns=QCp—DUAL, .,
{,...Ip}eli=1
as claimed. O

PROOF OF PROPOSITION 3.2. (a) The case #(/) = 4. This result can be es-
tablished as a straightforward application of Lemmas 3.1-3.3.
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(b) The case #(I) = 6. Without loss of generality we can take I = {1, 2, ..., 6},
and show that
Sy ﬁ(h N
mip  mj nm;3

mi1=—I mez=—Il3i=1 i2

Y. ihib ) =00,
y€l(6,3\I"p (6,3)

It is sufficient to consider only the diagrams with no flat edges; it is readily seen
that the latter can be partitioned into (a) the unconnected (unpaired) diagrams and
(b) the connected diagrams. Now for (a) we note that, because there cannot be
any flat edge, if the diagram is unconnected but not paired the set of rows must
necessarily be partitioned into a group of two and a group of four; in other words,
after some rearrangement of indices it must be possible to write any diagram y
belonging to (a) as ¥ = y1 U y», where y1 € ['p(2,3) and y» € I'c(4, 3). Thus,
exactly as shown above, we obtain that the corresponding terms are bounded by
C (211 4+ 1)~ It suffices then to look at the connected diagrams. Consider first y €
I'cr2)(6, 3); from Lemma 3.2 and simple manipulations we obtain immediately

(56) D[Tcr)(6,3)] = O(ZI_ID[FC(4, 3] = 0(11_2).

In case y € ch(@ 3), it can be readily shown that we must have y €
{Tcrz)(6,3) UTcr@4)(6,3)}; in other words, these diagrams have at least a loop
of order either 3 or 4 [I" ;7 7;(6, 3) is empty]. The latter claim can be established
as follows. We have a graph with six vertices, each of which is of degree 3. Hence
we can argue as in ([11], page 48) to show that the closure of the graph is com-
plete (it is a clique). Then, from Theorem 4.5 of ([11], page 48) it follows that
the graph is Hamiltonian, that is, it contains a spanning cycle. With a permuta-
tion of the indices, we can then take the vertices to be at the corners of a regular
hexagon, and we are left with an edge free for each of them. These edges will con-
nect different vertices to form loops of order 3 or 4. The graphs corresponding to
Y € I'cr3)(6, 3) with at least a loop of order 3 are labeled type A; those with all
loops of order at least 4 [y € I'cr4)(6, 3)] are labeled type B (see Figure 4).

Let y correspond to a type A graph; by Lemma 3.3 we easily have (see Figure 3)

. ho b I3 ,
oyt il =o({(} P ) Plrem@ 3in.nn))

_ hoh B*Y_ -
=o({i & nf)=0u
For type B, again up to a permutation of the indices we can take, with no loss of
generality,
mi = —mayi, miy = —m4y, mi3 = —me3,

mjz3 = —m3y, mz3 = —ms3, m31 = —mel,

m33 = —n43, my) = —msy, msp = —me3.
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FIG. 4. y €Tcr3)(6,3), ¥ € cr4)(6,3).

The corresponding expected value is premultiplied by the factor

(_l)ml1+m12+m13+m31+m32+m33+m51+m52+m53 =1

whence we have

| TSy o )

i=1,3,5
X( I I I3 )( I I I3 )
—mi1 —m32 —NMs53 m3yp m3z m33

(57) X( h I I3 )( Lh b I )
—ms; —miy —m33) \ms; msy ms3

X( I I I3

—m3;  —msy —mi3

N a2 L L B|h L B|h b B3
_Zx:< b (2x+1){13 Is x}{lz X lg}{x I 11}’

where we have used ([34], equation 10.2.3.17, page 339, and equation 10.2.4.20,
page 340). In view of (55) we easily obtain

(57) < \/”_ Z = o1, P P logls) = oY,
142
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(c) The case #(/) = 8. Again, we can take I = {1,2, ..., 8} and show that
Iy

b, 8 0y L I3
Z Z n(mil mis mi3>

my=—li  mg=—l3i=I

X Yo Syl b, ) =00,
yE{T'(8,3)\I'p(8,3)}

As before, it is readily seen that the diagrams with no flat edges can be partitioned
into (a) the unconnected unpaired diagrams and (b) the connected diagrams. Now
for (a) we note that

y € {T'e8,3\I'p(8,3)} NT'E(8, 3)]
=y el{lc(1,3)®@Tc(l2,3)}U{l'c(I3,3) @ Tc(ly, 3)}
U{lc(Is,3) ® I'c(ls, 3) @ T'c (17, 3)}],

where (11, I»), (13, 11), (Is, Is, I7) are partitions of {1,2,..., 8} into disjoint sets
such that

#(11) =6, #(Ir) =2,
#(I3) =4, #(1y) =4,
#(I5) =4, #(Ile) =2, #(I7) =2;

by I'l ® 'y, we denote the set of all diagrams of the form y = y; U y», for
y1 € I'1 and y» € I'>. For any two families of diagrams I'y (11, 3), ['2(12, 3) such
that /1 N I, = &, it is readily checked that

D' @2 1y, 1, 3] = O(D[I'y; 11, 2, 3] x D[T2; [y, Iz, 13]),
D' U2 11, I, 131 = O(D[T'y; Iy, b, 3] + D2y L D, 13]);
thus
D[I'&(8,3)\I'p(8,3); 11,2, 3]
= O0(D[lc(6,3) ®Tc(2,3); 11,12, 13])
+ O(D[FC(4, 3HRTc@,3);11,1, 13])
+ O(D[FC(4, IR c2,3)®Tc(2,3);11, 12, 13])
= 0(D[Tc(6,3); 11,12, 13])
+ O(D?[Tc(4,3); 11, o, 13]) + O(D[Tc(4,3): 11, I, 13])
=o',

as shown previously. It suffices then to look at the connected diagrams. Diagrams
with a 2-loop can be handled by Lemma 3.2, and then by using results on lower-
order diagrams. So we just have to consider y € I' ;77;(8, 3); these diagrams must



ASYMPTOTICS FOR THE ANGULAR BISPECTRUM 37

F1G. 5. Isomorphic type C graphs.

have at least a loop of order 3 or 4 [in other words, I -77y(8, 3) is empty]. The latter
claim can be established in the same manner as before; we repeat the argument for
completeness. We have a graph with eight vertices, each of which is of degree 3.
Hence we can argue as in ([11], page 48) to show that the closure of the graph is
complete. Then, from Theorem 4.5 of [11] it follows that the graph is Hamiltonian,
that is, it contains a spanning cycle. With a permutation of the indices, we can then
take the vertices to be at the corners of a regular octagon, and we are left with
an edge free for each of them. These edges will connect different vertices to form
loops of order 3, 4 or 5. Graphs with loops of order 3 can be dealt with as before
through Lemma 3.3. If all loops are of even order, then the graph is bipartite ([11],
Theorem 2.4, page 23); we label it a type C graph, for which we provide two
isomorphic representations in Figure 5.

If there is at least a loop of order 5, we label it a type D graph, for which two
isomorphic representations are provided in Figure 6.

To analyze the behavior of the components DIy, (1,3, [3] corresponding to
type C graphs, we can take with no loss of generality

mipp = —mayjy, miz = —m43, mi3 = —mg3, M3 = —myy,
m3) = —m4j, m33 = —me3, ms) = —me1, M52 = —mMg2,

ms3 = —Mm43, m71 = —masy, miy = —me2, M73 = —MmM33,
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FI1G. 6. Isomorphic type D graphs.

which leads to

0 13[2(11 I 13)<11 L 13)
mii mi2 nmi3 —mii —ms3p —m73

i=1,3,5,7 j=1mjj
X(h L I )( Iy I I3 )
m3; m3y m33 )\ —m3; —mpy —ms3
« ( l I I3 )
msy  msy ms3
(58) X( I I I3 )( Iy L I )
—msy  —m7y —m33) \m71 m7p2 m73
X( A I I3 )
—m71  —msy  —mi3

— (_y1—B—li+s L h x|k L x
= gesen g A

1) I3

« Iz Iz x Is 1 x
L L Lfl|lbL L B}’
where we have used ([34], equations 10.13.3.23 and 10.13.3.25, page 367); the

sum runs over all positive integers x which satisfy the triangle inequalities [, — /] <
x <y + 1. By using (55), we obtain

) L 1 x L 11 «x I3 I3 x I3 1 x
(58) =C@+1) mﬁ"‘{g Is 12}{13 I 13H12 X l]}{lz I 13}

— 0.
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In view of ([34], equations 10.13.1.1 and 10.13.1.3, page 361) the proof can be
completed by an analogous argument for components corresponding to type D
graphs. [
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