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We study the weak convergence (in the high-frequency limit) of the parameter estimators of power spectrum
coefficients associated with Gaussian, spherical and isotropic random fields. In particular, we introduce a
Whittle-type approximate maximum likelihood estimator and we investigate its asympotic weak consis-
tency and Gaussianity, in both parametric and semiparametric cases.

Keywords: high frequency asymptotics; parametric and semiparametric estimates; spherical harmonics;
spherical random fields; Whittle likelihood

1. Introduction

The purpose of this paper is to investigate the asymptotic behavior of a Whittle-like approximate
maximum likelihood procedure for the estimation of the spectral parameters (e.g., the spectral
index) of isotropic Gaussian random fields defined on the unit sphere S%. In our approach, we
consider the expansion of the field into spherical harmonics, that is, we implement a form of
Fourier analysis on the sphere, and we implement approximate maximum likelihood estimates
under both parametric and semiparametric assumptions on the behavior of the angular power
spectrum. We stress that the asymptotic framework we are considering here is rather different
from usual — in particular, we assume we are observing a single realization of an isotropic field,
the asymptotics being with respect to higher and higher resolution data becoming available (i.e.,
higher and higher frequency components being observed). In some sense, then the issues we are
considering are related to the growing area of fixed-domain asymptotics (see, e.g., [1,25]). From
the point of view of the proofs, on the other hand, our arguments are in some cases reminiscent
of those entertained, for instance, by [37], where semiparametric estimates of the long memory
parameter for covariance stationary processes are analyzed; see also [14] for related results in the
setting of anisotropic random fields.

In our assumptions, we do not impose a priori a parametric model on the dependence struc-
ture of the random field we are analyzing; we rather impose various forms of regularly varying
conditions, which only constrain the high-frequency behaviour of the angular power spectrum.
We are able to show consistency under the least restrictive assumptions; a central limit theo-
rem holds under more restrictive conditions, while asymptotic Gaussianity can be established
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under general conditions for a slightly-modified (narrow-band) procedure, entailing a loss of
a logarithmic factor in the rate of convergence. Our analysis is strongly motivated by applica-
tions, especially in a Cosmological framework (see, e.g., [8,9]); in this area, huge datasets on
isotropic, spherical random fields (usually assumed to be Gaussian) are currently being collected
and made publicly available by celebrated satellite missions such as WMAP or Planck (see, e.g.,
http://map.gsfc.nasa.gov/); parameter estimation of the spectral index and other spectral parame-
ters has been considered by many authors (see, e.g., [15] for a review), but no rigorous asymptotic
result has so far been produced, to the best of our knowledge. We thus hope that the consistency
and asymptotic Gaussianity properties we provide for our Whittle-like procedure may provide
a contribution toward further developments. We refer also to [3,4,12,13,27,34,35] for further
theoretical and applied results on angular power spectrum estimation, in a purely nonparamet-
ric setting, and to [11,16-21,23,28] for further results on statistical inference for spherical ran-
dom fields. Fixed-domain asymptotics for the tail behaviour of the spectral density on Euclidean
spaces has been recently considered also by [2,14] and [41]; the issue is of great interest, for
instance, in connection with kriging techniques for geophysical data analysis, see [39] for a text-
book reference.

The plan of the paper is as follows: in Section 2, we will recall briefly some well-known
background material on harmonic analysis for spherical isotropic random fields; in Section 3
we introduce Whittle-like maximum pseudo-likelihood estimators for angular power spectrum
coefficients based on spherical harmonics; Section 4 is devoted to the asymptotic results, while
in Section 5 we investigate narrow-band estimates. The presence of observational noise is con-
sidered in Section 6, while Section 7 provides some numerical evidence to validate the findings
of the paper. Directions for future research are discussed in Section 8, while some auxiliary
technical results are collected in the Appendix.

2. Spherical random fields and angular power spectrum

In this section, we will present some well-known background results concerning harmonic analy-
sis on the sphere. We shall focus on zero-mean, isotropic Gaussian random fields 7' : S* x  — R.
It is well known that such fields can be given a spectral representation such that

I
T) =YY am¥in(x)=)Y Tix), @.1)

1>0 m=—1 120
= [ T@Tin (), 22)
S
where the set of homogenous polynomials {Y},, :] > 0,m = —I[, ..., [} represents an orthonormal

basis for the space L>(S?, dx), the class of functions defined on the unitary sphere which are
square-integrable with respect to the measure dx (see, e.g., [16,28,38], for more details, and [24,
26] for extensions). Note that this equality holds in both L2(S? x ©, dx ®P) and L%(P) senses for
every fixed x € S?. We recall also that a field 7'(-) is isotropic if and only if for every g € SO(3)
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(the special group of rotations in R?) and x € S? (the unit sphere), we have

T(x) £ T(gx),

where the equality holds in the sense of processes.
An explicit form for spherical harmonics is given in spherical coordinates ¢ € [0, nt], ¢ €
[0, 27) by:

20411 —m)!

2 m Py (cos )™ form >0,
T m)!

Yim (9, ) =

Yin (0, ¢) = (=D)"Y; —m(9,¢)  form <0,

P (cos?) denoting the associated Legendre function; for m = 0, we have Pjg(cos?) =
P;(cos 1), the standard set of Legendre polynomials (see again [28,38]). The following orthonor-
mality property holds:

f ¥im () F () i = 5187
S2

For an isotropic Gaussian field, the spherical harmonics coefficients a;,, are Gaussian complex
random variables such that

E(aim) =0,  E(amyaim,) =887 Cy,

1r%my

where of course the angular power spectrum C; fully characterizes the dependence structure
under Gaussianity; here, 82 is the Kronecker delta, taking value one for a = b, zero otherwise.
Further characterizations of the spherical harmonics coefficients are provided, for instance, by
[5,28]; here we simply recall that

2 2
a 2
Gy form=o, MN;(; form ==+1,+2,..., =+,

C Ci

where all these random variables are independent. Given a realization of the random field, an
estimator of the angular power spectrum can be defined as:

Cr=5 +1 Z \aim |, (2.3)

the so-called empirical angular power spectrum. It is immediately seen that

6[ 2
C=C. Vi ——% 0 forl .
Ci= 21+1 Z 1= ar(c,) A1 orl = 400

We shall now focus on some semiparametric models on the angular power spectrum; here,
by semiparametric we mean that we shall assume a parametric form on the asymptotic behavior
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of C;, but we shall refrain from a full characterization over all multipoles /. More precisely, we
formulate the following:

Condition 1. The random field T (x) is Gaussian and isotropic with angular power spectrum
such that:

Ci =G >0, 2.4)

where ag > 2 and foralll = 1,2, ...

0<c1 =G <cp < +o0.

Condition 1 seems very mild, as it is basically requiring only some form of regular variation
on the tail behavior of the angular power spectrum C;. For instance, in the CMB framework the
so-called Sachs—Wolfe power spectrum (i.e., the leading model for fluctuations of the primordial
gravitational potential) takes the form (2.4), the spectral index « capturing the scale invariance
properties of the field itself (« is expected to be close to 2 from theoretical considerations, a pre-
diction so far in good agreement with observations, see, e.g., [9] and [22]). For our asymptotic
results below, we shall need to strengthen it somewhat; as we shall see, Condition 2 will turn out
to be sufficient to establish a rate of convergence for our estimator, under Condition 3 we will be
able to provide a Law of Large Numbers, while under Condition 4 our estimates will be shown to
be asymptotically Gaussian and centered, thus making statistical inference feasible. On the other
hand, in Section 5 we shall be able to provide narrow-band estimates with asymptotically centred
limiting Gaussian law under Condition 2, to the price of a logarithmic term in the rate of con-
vergence. Of course, the conditions below are nested, that is, Condition 4 implies Condition 3,
which trivially implies Condition 2.

Condition 2. Condition 1 holds and moreover, G (1) satisfies the smoothness condition

ao-afpso(})]

Condition 3. Condition 2 holds and moreover, G (1) satisfies

G(l):Go{l + ; +0G)}

Condition 4. Condition 3 holds with k = 0, that is, G(l) satisfies the smoothness condition

oo-afseo))]

A straightforward example that satisfies the previous assumptions is provided by the rational
function
L pl* 4+ pil+po
Ma() — qul*+---+qil+pq’

G(0) (2.5
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where IT; (/) and IT,(I) are positive valued polynomials of order k£ € N, such that:

O<c < J < +00.
() —
Clearly (2.5) satisfies Condition 3 (and hence Condition 2) for
Go:ﬁ I _f]kfl;
qk Pk qk

Pk—1 qk—l

Condition 4 is satisfied when py_1 = gx—1 = 0, or, more generally, for o "

3. A Whittle-like approximation to the likelihood function

Our aim in this section is to discuss heuristically a Whittle-like approximation for the log-
likelihood of isotropic spherical Gaussian fields, and to derive the corresponding estimator. As-
sume that the triangular array {a;,}, m = —[,...,l, 1 =1,2,..., L, is evaluated from the ob-
served field {T (x)}, by means of (2.2). Our motivating rationale is the idea that a set of harmonic
components up to multipole L can be reconstructed without observational noise or numerical
error, whereas the following are simply discarded; this is clearly a simplified picture, but we
believe it provides an accurate approximation to many current experimental set-ups. Of course,
L grows larger when more sophisticated experiments are run (L can be considered in the order
of 500/600 for data collected from WMAP and 1500/2000 for those from Planck). It is readily
seen from (2.3) that

l
~ 1
C=5— alo+22 Mtaim)]’ Z Stam)]’

m=1 m=1

where the variables {a;0, V2R {an}, V23{an}, . .., V2R {an}, v23{ay}} are i.i.d. Gaussian vari-
ables with law A(0, C)), see [5]. The likelihood functlon can then be written down as

o~ o~

— (2l +1)log

—210g£l(9 {alm}m*—l) = const + (21 + C ( ) C (0)

Clearly this landscape is overly simplified, for instance, due to numerical errors and aliasing
effects the expected value E|az,|> may not be exactly equal to the population model C;(0);
however in Conditions 1 and following we are allowing the two to differ to various degrees, and
we expect this to cover to some of effect these experimental features that we are neglecting. Also,
rather than a sharp cutoff at L, a smooth transition toward noisier frequencies would represent
more efficiently actual experimental circumstances; we shall address this issue later on in this
paper. Finally, it may be unreasonable to assume that the spherical surface is fully observed;
for most experimental set-ups, either in Cosmology or in Geophysics, only subsets are actually
sampled. This problem can be addressed by focussing on wavelet transforms rather than standard
Fourier analysis; we shall consider this extension in a different work.
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An alternative heuristics for our framework can be introduced considering that for [ =
1,2,..., L, the following Fourier components can be observed on a discrete grid of points
{x1,...,xx}

T ={Titx), .., i), -, Tixi) ).

To simplify our discussion, we shall also pretend that X} := {x1, ..., xg} form a set of approxi-
mate cubature points with constant cubature weights A, = 4n/K (see, e.g., [30,31]), so that we
have

47 —
Z?nml(xk)ylmz(xk):agf forl=1,2,...,L.
k

As discussed also by [4], the number of cubature points must grow at least as quickly as the
square of the highest multipole considered, that is, L? = O(card(Xy)). For instance, for a satellite
experiment such as Planck the pixelization has cardinality of order 5 x 10°, and the highest
multipole that can be analyzed correspond broadly to the order / =2 x 10°. As before, this
landscape is overly simplified; for instance, cubature weights on the sphere are known not to be
constant, but their variation is usually considered numerically negligible.

The frequency components 7; are well known to be independent and we can hence write down
the likelihood function as

L
Lo T):=]]Li6: I,
=1

where

— _ ]—> —
Li(0: Ty = m)~@+hiRg 12 exp{—ET/sz;ITl},

21 +1
{Ql}jk={91(Xj,Xk)= ki ClPl((xjsxk>)}-

The matrix €2; can be (approximately) decomposed as follows:

Yx1) Yip1G) oo Yi(xy)
4 | Yi,—i1(x2) < Y (x)
Q> — ) ) . }
K : : : :
Yii(xx) Yi—i1(xg) - Yi(xg)
Y)Y oo Yig(xg)
KCI 4 | Yi,—141(x1) e Y i (xk)
— X —
X g Gl \/ X : : : :
Yii(x1) Yii(x2) - Yi(xg)

=V x Ci(0) 141 x V.
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In fact
ViVi~Iyy and det{) = CHT(6).
Hence,
—210g £;(0; T)) =~ K + 2L + 1)1og C;(0) + [T}V x C; @) Iyt x Vi Ty}
Now
Y1) Y - Yig(xg)
DT 47 | Yi,—141(x1) o Yy g1 (xk)
VK : : : :
Yi(x1) Yii(x2) - Yi(xk)
Y m @im Yim (x1)
> @im Yim (x2)
X .
Zm i Yim (Xg)
Yy @my 2 Yimy (i)Y 1,1 (xk)
4t | 2y @y Dok Yimy ()Y 1, —141 ()
VK :
L X, @imy g Yim, (i) Y 1.0 (k)
[ ar,—i
K | al,—i+1
- j‘[’ . 9
- al’[
whence
47 |alm|2 a
T/ Vi x — 1211><37T1} =Q2l+1)
{ A SYOT() R Z Ci(0) Ci(9)
As before, we can then conclude heuristically that
—21log £;(0; T;) ~ const + (2 3.1
og L£;(0; T) ~ const + (2 + C(@) (3.1

Again we stress that for a general spherical random field with an infinite-terms expansion such as
(2.1) the relationship (3.1) cannot hold exactly; indeed, precise cubature formulae can be estab-
lished only for finite order spherical harmonics. In general, this may introduce some numerical
error: as mentioned before, however, we pretend in this paper that such correction factors are
covered by Conditions 1-4. In other words, we envisage a situation where data analysis is car-
ried over on multipoles / where numerical errors are of smaller order and the approximation (2.4)
holds for the expected variance of the sample coefficients {a;;,}.
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4. Asymptotic results: Consistency and asymptotic Gaussianity

As motivated in the Introduction, in this paper we shall not assume we have actually available
a fully parametric model for the angular power spectrum. Instead, the idea will be to use an
approximate maximum likelihood estimator, which shall exploit the asymptotic approximation
provided by Condition 1, that is, C; >~ GI~. In view of the discussion in the previous section,
the following Definition seems rather natural:

Definition 1. The Spherical Whittle estimator for the parameters (g, Go) is provided by

L o~ o~

A . C C
,GL) = 21+ 1 — QI+ 11 .
@, Gpr) AL I ZEI{( + )Gl—“ (2l + 1)log Gl—a}

Remark 1. For general parametric models C; = C;(9), the Spherical Whittle estimator for a
parameter ¢ € ® C R” can be obviously defined as

Gi
s

— QI+ 11
o) ( ) log

- & C

V= argﬂmelg;{(2l+l) Cg(l?)}'

Remark 2. To ensure that the estimator exists, as usual we shall assume throughout this paper
that the parameter space for o is a compact subset of R; more precisely we take o € A = [ay, az],
2 <a) <ay<oo,and G € (0, 00). This is little more than a formal requirement that is standard
in the literature on (pseudo-)maximum likelihood estimation. It should be noted that Spherical
Whittle estimates are computationally extremely convenient, while their counterpart in the real
domain is for all practical purposes unfeasible, given the dimension of current datasets.

Remark 3. Under Condition 4, it is readily seen that (2/ + l)a /Gl is asymptotically dis-
tributed as a Gamma random variables of parameters {2/ + 1, 1}, and the Spherical Whittle esti-
mator is asymptotically equivalent to exact maximum likelihood.

We can rewrite in a more transparent form the previous estimator following an argument anal-
ogous to [37], that is, “concentrating out” the parameter G. Indeed, the previous minimization
problem is equivalent to let us consider

@, GL) = argmin Ry (G, a),
o,G
L ~ L

. Cl
RL(G. ) = Z(zz + Dy + l;(zz +1)logG

L

+ ) @+ 1)logl™.
=1
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Simple computations show that the minimization problem can be equivalently reformulated as

@y = argmin Ry (a),
o
(4.1)

L
Ry () = (log a(a) — Z(Zl + 1)10gl).

o
QU+ S

The proof of the following result is quite standard and goes largely along the lines of an analogous
results provided in [37]. As most of the ones to follow, is delayed to the Appendix.

Theorem 1. Under Condition 1, as L — oo we have
arp —pao;
moreover, under Condition 2,

5L —>pG().

Next step is the investigation of the asymptotic distribution. To this aim, we shall exploit some
classical argument on asymptotic Gaussianity for extremum estimates, as recalled, for instance,
by [32], Theorem 3.1.

Theorem 2. Let &; = argmingea Ry () defined as in (4.1).

(a) Under Condition 2 we have that

log L

log L
{E(&L - a0)2}1/2 = O(%) whence (0, — ag) = Op( > as L — oco. (4.2)

(b) Under Condition 3 we have that

TogL (0 —ap) —>p —k. (4.3)

(c) Under Condition 4 we have that

% @1 —a0) 5 N(O, 1). (4.4)
Proof. We note first that under Condition 4, (4.4) is an immediate consequence of (4.3); on the
other hand, the proof of (4.2) follows on exactly the same lines as (4.3), the only difference here
being that the asymptotic bias term cannot be given an analytic expression but only bounded. It
is then sufficient to establish (4.3), as we shall do below.

Following the notation introduced above, for each L there exists &y € (ag — @, ap + @) such
that, with probability one:

~ Si(o)
Qr(@r)’

@ —ao) =
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where Sy (o) is the score function corresponding to Ry (@), given by:

d Gi(a) 1 e
s o) L py = G1@ 20+ 1) log!
() Io (@) C) Zlel(zlJr 1) ;( oe
and
d 2 Gz(a)G(Ot) G%(Ol)
OL@) = -S1(@) =5 R(@) = G2 (a)

L ~ 2
C
(Z@l“) (log?1) = {Z<zz+1>—} - {Z(zzﬂ)(logl)l—g} )

=1 =1

L o~
G
/{Z(zz + 1>l_—a} ,
=1
where G (@) G 1(a), 62 () are, respectively, the estimate of G and its first and second deriva-
tives, as in Lemma 5. By direct substitution, we have immediately:

o~

C
S (e) = Z( + 1)logl{ S 1}.

Zl 1 21+

Now,

C G (o) }

Go 1
S 20 + 1) log! —
L) = G (a0) PRI Z( e { Gol=0 Go

= 205, @)

where

Z(Zl—l—l)logl{ 0 —1}

Si( -
L) = Y QA

and

Go
= =1+0,(1) as L — oo
G(ao) g

in view of Lemma 5. Also

_ 1 (]
ES = 2l + 1)logl -1
L(a) ST 1);( ) log { Gol— }

Z( +1)£J <loiL> :O<loiL) S0

Zl l(21 +1) iz
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and

lim 2L? Var{S; (a)} = 1. 4.5)

L—oo

In fact, we have:

Var{Sp(a0)} = Vi + Vo + V3,

where
= 2 2 a
Vi = 20 + 1) (log)? V:
! {Z, 1(21+1)} ZZ:'( ydlogh ar{Gol‘“O}
L
= (21 + 1) (log1)?;
<Zz 1(2z+1)> ;
VZZ{;F Z(Zl—l—l)logl 2Va<A(a0))'
L QI+1) Go )’
_ -2 C1 G(ap)
Vs = —21(21 - Z(Zl + 1)10glC0V<C1 ) 21(21 Y Z(zl + 1) log!.

Now because

o~

G (o) 1 = ) { C }
Vi = 21 4+ 1)* V:
ar( Go ) {Zle(zz+1)} l;( +hTVan s

) ) | (4.6)
SE@i4+1)
C1 G(ao) 1 L (61 le)
Cov( =, = +1)C
OV<C1 Go ) zﬁ=1<zl/+1>,,§( A e
4.7
J— 2 .
SEo @i+
we have
2 L ?
Var{S; (@g)} = ———— QI +1) @21+ D(logl)? — (21 + 1) logl
510} = 1<2l+1>>*(Z ; (; ))
2 L4_ 1
T 164 212

by using (A.4) and (A.3) with s = 0 to obtain (4.5). In order to establish the central limit theorem,
it is sufficient to perform a careful analysis of fourth-order cumulants (note our statistics belong to
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the second-order Wiener chaos with respect to a Gaussian white noise random measure). Write:

LSy (a) = m Z(Az +B)),
where
A1=(21+1)logl{g—1}, 4.8)
=(21+1)10gl{6%:0)—1}. 4.9)

In the Appendix, we show that

| log* L
— cum{Z(Al. + By, Z(Alz + B,), Z(Al? + Biy), Z(Al“ * Bl“)} - OL< Olg,2 )’

1)

whence the central limit theorem follows easily from results in [33]. Indeed, using recent results
from the latter authors a stronger result follows, that is,

L
dTv(ZXZ;L,Z>=O<%>, ZiN(O, D,
=1

where dtv(W, V) denotes the total variation distance between the random variables W, V, that
is,
drv(W, V) = sup|Pr{W € B} — Pr{V € B} any Borel set B.
X
Also

L
L _ 21+ 1) logl

——ES(ap) = E ( + ) og +0(l) > —« as L — oo.
log L Zl 1(2l+1) =1

Let us now focus on the second order derivative. From consistency, it is sufficient to focus on
| — arp| < 2; here we can apply again Lemma 5, replacing the random quantities G (o) with the
corresponding deterministic G (o) values, to obtain

G2(@)G (o) — G3(a)
G* (@)

Qr(a) = + 0, (1),

uniformly over «. It is convenient to write

Ga()G(@) = Gil@) _ Q)™ (@)
GZ(a) Qien(a) !
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Let us start by studying Q%e“(a). We have, by using (A.3) withs =0 and s = o« — ap:

2
0% (@) 1 1 = Gol =
[2a—ap) — [2@—ag) SL Qi+ 1) Z(2l+ 1y |—a
=1 =1

_ 2 1
- G"((l T @02 OL(1)>'

Consider now Q7" (a), where we have:

07" ()
L2(a—a0)

< GoL (@0 )2
S\ @+

L [~ L
x [(Z(zz + l)z—_a log® z) (Z(zl +1)
=1 =1

L 2
[~ [~
= ) — (;(2z+ 1 = logl) }

L 2
l—Ot()
=1

by using (A.4), s = ¢ — «p. Combining all terms, we find that, uniformly over o

2 —a
Gy
—a

L o L /
= e ;(2[+1)F—alogl §(2l+l)l

_ 2
B G°[4<1 + (@ —ap)/2)*

} +or(l)

G3(1/(4(1 + (a — ap) /2)*) +or(1) 1
Qr(a) = —= 5 = 5
Gi1/(1+ (@ —a0)/22+or (1) 41+ (a—a)/2)

+or(1).

Finally, from the consistency result

_ 2
o — o P P
(H— L2 0) — 1, Or(@L) —

I

and thus, as claimed:

V2L Sp(ao)
- — 2K, 1).
T oy NEVZD 0

In the Appendix we describe in details the results concerning the analysis of fourth-order
cumulants.

Remark 4. In the statement of the previous theorem, we decided to report normalization factors
in the neatest possible form. A careful inspection of the proofs reveals however that the asymp-
totic result in (4.3) and (4.4) can be improved in finite samples introducing a correction factor
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_ 1 L logl
CL—ZZI llogL_)l as L — o0, as follows

— (o — —
410gL><cL(aL %) rk

under Condition 3, and

ViL

(aL—Oto)—>N(0 b,
4xc

under Condition 4. Note that ¢;, < 1 for all finite L, whence the asymptotic bias and vari-
ance are slightly underestimated in Theorem 2. For instance, the correction factors for L =
1000, 2000, 4000 are, respectively, c1ooo == 0.86, c2000 == 0.87, and c4p00 == 0.88.

Remark 5. Under Condition 3, it is possible to implement consistent estimates for the parame-
ter k, with a slower rate of convergence. We leave this issue as a topic for further research.

The previous result provides a sharp rate of convergence for the spherical Whittle estimator.
However in the general case the asymptotic bias term —~/2« is unknown, which makes inference
unfeasible. To address these issues, we shall consider in the next section an alternative narrow-
band estimator (compare [37]) which achieves an unbiased limiting distribution, to the price of
a log factor in the rate of convergence.

5. Narrow-band estimates

In the previous section, we have shown that under Conditions 2, 3, it is possible to establish
a rate of convergence for the spherical Whittle estimates; however, due to the presence of an
asymptotic bias term, statistical inference turned out to be unfeasible. The purpose of this section
is to propose a narrow band estimator allowing for feasible inference under broad circumstances.
We start from the following definition.

Definition 2. The Narrow—Band Spherical Whittle estimator for the parameters ¥ = («, G) is
provided by

L A -~

G
(@L:L,» GL L) = argmlanL {(21 + — (21 +1)log Gl
1

or equivalently

1.0, = argmin Rust, (o 5(@),
5.1

Re.r, (e, 5(06)) = <log 6L;L1 () —

Z Q1+ l)logl>

Zl Ll(21+ D=
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where L1 < L is chosen such that

L
L—-L;— oo, —=1+O< ) as L — oo.

log L

We can write

where

(L)y=g(L; L) =1 L‘—o( ! ) lim (L x g(L)) =
gl =gL:L1)= L logL )’ e e =

Theorem 3. Let &;.;, defined as in (5.1). Then under Condition 3 we have

L/ L)
%(auh — o) -5 N, 1).

Proof. The proof of the consistency for @z.z, can be carried out analogously to the argument
provided in Section 4, and hence is omitted for brevity’s sake. The proof for the central limit
theorem can also be carried along the same lines as done earlier, noting in particular that for the
form (2.4) of C; under Condition 3

! S G Gr1
ESL.1, (@) = ———— Y (2l + D{lo 1}{ _ oL '}
o Y, QL+ I:ZL| E NG Gy
_;i[@m@_w]
Yite, @+ 5 L Y@+
_ log L log Ly
=K L] —|—o< Ll )
_ log L1
= I
and
< log Ly L
L 3(L)E[S,. =0
& WE[SLi1, @) ( L >log3/2L
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On the other hand

Var{S.1, (@)}

= ;Var{ 2(21+ 1){10gl}<
[ZIL=L1(21+1) = Gol—0

2 (Z(21+1)Z(2l+1) log?1} —

[ZIL=L1(2H‘1)]3 I=L, I=L,
2

) mzhgu)(o)

aL;M(“))
Gy

>

Z (21 + {log!l}

I=L,

by using (4.6) and (4.7) and following the notation of Proposition 9 with s = 0.

Proposition 9 leads to:

1Zpey =38 (LY +o(g* (L)LY,

while

=L

By substituting these results in (5.2), we obtain

g(L)

L 3
[Z @+ 1)} = (L* = 1})’ =810 (L) + o, (Lo (1)).

Var{Sy.1, (a0)} =

Rewrite now the term Q1 () as

o L
Li;L (@) = ———,
0¥ (@)
where we have:
G2
O™ (@) = — 07 (),

(CF QL+ 1))2

Qden (Ol) (;)2 i
S @I+ 1)

where s = o — ap.

1202 12L21og(L)’

2
Ql + 1)#‘) ,

)
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(5.2)



44 C. Durastanti, X. Lan and D. Marinucci

From (A.3) and (A.8), we have
GY  LAUTS/D (1 — (1 — g(L))21+s/D)2
(1+45/2)? LA(1 — (1 —g(L))?)?
_ AGJL¥gX(L)
(1= (1 —g(L))?)?

Consider now Q LioL (a), where we have:

0F" (@) = +or(1)

+or(1).

L¥g*(L)K (s)
nm (o) = G2 D).
QLI,L(O‘) 0(1—(1—g(L))2)2 +or(1)
Combining the two results, we obtain:
g2(L)K(s)

Jim Q@) = 5=

Finally, from the consistency results, we have:

- Qr;1(a) 1
S YL L& — .
gx )~ g

The analysis of fourth-order moments is exactly the same as in the previous section, and the
result follows accordingly. ]

Remark 6. 1t should be noted that an asymptotic unbiased estimator is obtained with the loss of
only a logarithmic term to the power 3/2 in the rate of convergence. This result highlights the
fact that for spherical random fields the highest order multipoles have a dominating role in the
estimation procedure. This is a consequence of the peculiar features of Fourier analysis under
isotropy — the number of random spherical harmonic coefficients grows linearly with the order
of the multipoles.

Remark 7. A careful inspection of the proof reveals that, in case it is assumed that the scale
parameter G = Gy is known, a faster rate of convergence results. This is consistent with results
from [41], where stationary Gaussian processes on R? are considered and asymptotic Gaussianity
for the spectral index and the scale parameters are separately established.

6. Estimation with noise

The previous sections have been developed under an overly simplified assumption, that is, the
condition that the random spherical harmonic coefficients {a;;,} can be observed without noise.
Of course, this assumption is untenable under realistic experimental circumstances. The purpose
of the present section is to show how our approach can be extended to cope with noise. More
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precisely, and following earlier work by [13,36] (see also [28]), we shall assume that observations
the observed spherical field takes the form

O®x) :=T(x) + N®x), xeS?,

where N (x) is taken to be a zero-mean, square-integrable, isotropic random field representing
noise, which is Gaussian and independent from the signal 7' (x). The spherical harmonic coeffi-
cients then become

aim = /S2 O Y (x)dx =af, +al),

where the set {a;n, alm} are associated, respectively, to the random field 7' (x), N (x). More pre-
cisely

Condition 5. The random field N (x) is Gaussian and isotropic, independent form T (x) and with
angular power spectrum

Cni=Gpnl7, y>2,Gy>0.

Clearly

el e 3 e 32 ara) |

m=—I m=—I1 m=—I

so that
— —~ 2
E(C))=Cr;+Cnys Var(C)) = 21+1(CT1+CNI)

The naive estimator {6 1} is then biased for the power spectrum of interest {Cr ;}. In the cosmo-
logical literature, this issue is addressed by two alternative methods:

e (A) For most experimental set-ups, it may be reasonable to assume that the angular power
spectrum is known a priori, and hence can be subtracted from the data. This leads to the
so-called auto-power spectrum estimator.

e (B) Most experiments in a CMB framework are actually multi-channel, that is, they provide
a vector of observations, such that the signal aﬁn is constant across all components, while
noise is independent from one component to the other. This leads easily to an unbiased
estimator even without the assumption that the noise angular power spectrum is known in
advance — this estimator is known as the cross-power spectrum.

A detailed comparison among the two estimators and consistent tests on the functional form
of the noise power spectrum are again discussed in [13,36] (see also [28], Chapter 8.3). Here, for
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brevity and notational simplicity we shall focus on case (A), that is, on the unbiased estimator:

l
Z |alm +alm| CIN

l

2l+1 ;

1
|:|ale|2 +lal [P+ 2sﬁ( 3 a,maf};)] —Cw,

m=—I[

where E(a) =Cr, and
C 2 CRa _,CN 1>
Var = 1+ — 4+ 22—
(CTI) 21+ 1< Ci, Cri

2 Gn ;
— 1 |~ (r—ao0) O]~ minQ2(y—ao),(y—a0)) |
(o (&)) o >

Remark 8. There are three asymptotic regimes for the behaviour of Var(a /Cr.1):

1. g <y, where

G 2 (y—ap)
Var(c ) 21+1(1+O(l )

C 2 Gn —1
V. —_— ) = — 14+ — Of! .
ar(CT,z) 21+1<< * Go) +O( )>

G 2 2 7-2( -
\Y/ Gy [72r—@0) 4 (7~ minxo, (¥ +eo))
() o o )

2. apg =7y, where

3. ap >y, so that

In the first case the presence of instrumental noise is asymptotically negligible and the results
of the previous sections will remain unaltered. As before, we define:

5L Z( + l)

Zl 1(21 + 1)z

6.1)
@y = argmin erimse (),
a>2
where
. 1 L C
RI™ (@) =log ————— > A+ )b = —o Z(Zl + 1) logl.

Y@+ 5 DY 1(2l+1)
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The proof of the consistency of the estimator & follows strictly the argument that was pro-
vided above in the noiseless case. Indeed, for «g < y noise is asymptotically negligible, and all
proofs are basically unaltered; for «gp > y + 1 consistency can no longer be established. Finally,
for y < ap < y + 1 the arguments go through with some changes in the convergence rates; details
are provided in the Appendix.

Theorem 4. Let &y defined as in (6.1). Then under Conditions 3 and 5, we have for y > ag — 1

oy — — ), —K.
410gL(aL o) pr

If moreover Condition 4 holds, we have that,

V2L

@ — ) L NGO forag <y

2L
f < + ) (OlL—OlO)—)N(O 1) fOrOl():y;
4 Go
(e V2 Go
1—(ao—y) _
- 4\/W<GN)(% @) -S> NO D fory <ag<y+1,

where

7+ 4u + u?

The rate of convergence and the asymptotic variance of &y, for example, L'~(0~) depend
on the unknown parameters oo, Go. However, these unknown values can be replaced by their
consistent estimates, with no effect on the asymptotic results; indeed it is easily seen that, for
instance,

Llf(aL*V) \/E
4/ H (o —
because (o7, — ap) =0 p(log L), whence the result follows by noting that
Gy Gy L1- @L—y) /H(ozo—
_——, —,
Gr(w) " Go L= JH@L —y)

Analogous extensions to address observational noise can be considered for the narrow-band es-
timators; this case is omitted, however, for brevity’s sake.

G
( 0>(OtL ao)i>/\/(0,1) fory <ag<y+1,

pl as L — oo.

7. Numerical results

In this section, we present some numerical evidence to support the asymptotic results provided
earlier. More precisely, using the statistical software R, for given fixed values of L, o and
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Figure 1. Distribution of normalized (&7, — ag) by varying L and o, under Condition 4.

Gy and the alternative conditions discussed in the previous section, we sample random val-
ues for the angular power spectra 61 and we implement standard and narrow-band estimates.
We start by analyzing the simplest model, that is, the one corresponding to Condition 4. Here
we fixed Go = 2. In Figure 1, we report the distribution of @; — a9 normalized by a factor
V2L /4. In Table 1, we report instead the sample frequencies corresponding to the quantiles
g =0.05,0.25,0.50.0.75, 0.95 for a (0, 1) distribution.

Table 2 provides the results for the classical Shapiro—Wilk Gaussianity test performed on sim-
ulations obtained by varying o and the number of multipoles L. Asymptotic Gaussianity is
clearly supported.

Let us now focus on the more general Condition 3. Figure 2 represents the empirical distri-
bution of (L /4\/5 log L)(@p — o) in case ag = 3, k = 1 and the corresponding narrow-band
estimates, whose results are summarized in Table 3. The improvement in the bias factor with the
latter procedure is immediately evident.
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Table 1. Quantiles of L/4v/2log L(@}, — ag)

Sample frequencies

ag L -19 -1 —0.68 0 0.68 1 1.96
2 2000 4 192 292 48.6 228 14.2 4
3000 45 184 268 51 2333 1436 3.6
4000 44 177 252 49.1 2343 1387 4.8
3 2000 44 192 292 515 2403 1517 3.6
3000 4.3 184 268 489 232 1343 3.8
4000 4.2 179 264 50.8 23.07 1413 3.7
4 2000 4.4 216 302 509 2273 1494 55
3000 4.2 212 298 504 25.07 1587 43
4000 4.2 179  27.1 504 227 1373 42

Once more, asymptotic Gaussianity is strongly supported by the Shapiro—Wilk test, see again
Table 3.
Considering the correction term ¢y from Remark 4, the sample bias is consistent with the
asymptotic value to three decimal digits.
In Figure 3, we report the results obtained on a set of simulations under Condition 2, where
we have:
G(U)=Goy 1 + L]
T e
with Go =2, ap =4, L =4000, L =3750.
We obtain a mean value E(a; — ag) = 0.040 and a normalized variance of 0.9918. Shapiro—
Wilk Gaussianity test gives as result W = 0.9981 with a p-value = 0.8669. Table 4 compares

Table 2. Shapiro—Wilk test under Condition 4

Shapiro—Wilk test

o L w p-value

2 2000 0.9976 0.685
3000 0.9978 0.667
4000 0.9983 0.373

3 2000 0.9976 0.691
3000 0.9980 0.842
4000 0.9985 0.945

4 2000 0.9987 0.670
3000 0.998 0.286

4000 0.9985 0.578
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Full Band Estimates
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Figure 2. Comparison among biased and narrow estimates (« = 1, L = 2000, «g = 3), under Condition 3.

sample variance, bias and mean squared errors obtained for simulations with different values of
L, k and a9 with N = 5000 iterations.

The simulations show that full-band estimators is characterized by a smaller MSE with respect
to the corresponding narrow band estimators obtained on the same data sets, due to the smallest
value of the variance. Hence, full band estimates seem to be more efficient than the narrow band

Table 3. Normalized Narrow bands data, under Condition 3, ¥ = 1, og = 4,

Go=2
Shapiro—Wilk test
L Ly Mean Var w p-value
2000 1550 0.072 0.959 0.9985 0.950
1700 0.018 0.951 0.997 0.495
1850 —0.016 1.004 0.9977 0.739
3000 2400 0.092 1.130 0.9949 0.920
2600 0.072 0.928 0.9951 0.745
2800 —0.02 1.06 0.9965 0.340
4000 3250 0.006 0.985 0.9968 0.443
3500 0.004 1.097 0.998 0.834

3750 0.0007 1.073 0.9982 0.874
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Figure 3. Distribution of normalized (@;, — ) under Condition 2.

ones, although they appear to be more robust. Note that for the sake of the brevity we report only
the data concerning og = 3, because data obtained for oo = 2, 4 lead to very similar results.

In Figure 4, we report results on simulations (iterated N = 5000 times) which take in account
also the presence of the noise, using ap = 3, L = 1000 and by varying the value of y. In these
simulations, we consider four cases. In the cases y =5 and y = 3, the results obtained put

Table 4. Sample Variance, Bias and MSE of estimators &7, and &, ; for different values of L =
1000, 2000, 5000, 10000 and « =1, 2 (a9 = 3)

K Band Var Bias MSE Var Bias MSE

L = 1000 L = 5000

1 Full 7.9.107° 0.004 2.4.1075 3.2.1077 0.0008 9.7-1077
Nar. 1.4.10™4 0.001 1.5-10~% 5.4.107° 0.0003 5.4.107°

2 Full 8.0-107° 0.008 7.1-1073 33-1077 0.002 6.1-107°
Nar. 1.4-10~4 0.002 1.5-10~% 5.3.107° 0.0006 5.4.107°

L =2000 L = 10000

1 Full 1.9-107° 0.002 58.107° 8.1-1078 0.0004 2.4.1077
Nar. 9.6-107° 0.0005 9.6-107° 1.3-107° 9.107° 1.3-107°

2 Full 1.9-107° 0.004 1.8-107° 8.1-1078 0.0008 2.4.1077

Nar. 9.6-107° 0.001 9.6-107° 1.3-107° 0.0002 1.3-107°
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Noise Estimation
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Figure 4. Distribution of normalized @ — o (ag = 3, L = 1000) in presence of noise (y = 1 and 2.5).

in evidence that in the case y > «( the noise does not affect the signal detected (we omit these
results in the figure). If instead y = 2.5, we obtain the convergence of the estimator to g with the
rate of convergence as described in Theorem 4: in this case E(az) = 0.005, while the variance of
the normalized &}, corresponds to 1.22. Shapiro-Wilk normality test provides W = 0.9919 with
p-value = 2.68 - 10716, Finally, if y =1 (and then y < ap — 1) the estimate computed assumes
mainly values close to omax, the highest value which is allowed by the computational point of
view (in the figure amax = 50), hence it seems to diverge.

8. Conclusions

We view this paper as a first contribution in an area which deserves much further research, that is,
the investigation of asymptotic properties for parametric estimators on a single realization of an
isotropic random field on the sphere. As mentioned earlier, an enormous amount of applied pa-
pers have focussed on this issue, especially in a Cosmological framework, but no rigorous results
seem currently available. Our results suggest that consistency and asymptotic Gaussianity are
feasible for spectral index estimators, the rate of convergence being L/ log L; these estimates are
centred on zero in “parametric” circumstances, that is, where the correct model being provided
for C; up to a factor o(%). When the latter assumption fails, alternatively, narrow-band estimates
can be entertained; these estimates ensure convergence to a zero-mean Gaussian distribution,
with a slightly slower convergence rate.

Many questions are left open by these results. The first we mention is the characterization of
a whole class of parameters for which asymptotic Gaussianity and consistency may continue to
hold. More challenging is the possibility to relax the Gaussian assumption and consider more
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general, finite-variance isotropic Gaussian fields. In this respect, results in [27] suggest that the
Gaussianity assumption may indeed play a crucial role, as high-frequency consistency and Gaus-
sianity seem very tightly related, for instance, when considering the asymptotic behavior of the
angular power spectrum. It seems also important to explore the connection between the spherical
estimates we have been considering and fixed-domain asymptotic results for Matern-type covari-
ances, as discussed on RY by [1,25,40,41] and others. Likewise, the high-frequency behaviour of
Bayesian estimates definitely deserves some investigation in this framework, especially consid-
ering the growing interest for Bayesian techniques in the astrophysical community.

For future work, we aim at relaxing some of the assumptions introduced in this paper to make
these techniques more directly applicable on existing datasets. The harmonic estimates we have
been focussing on require the observation of the random field on the full sphere. This condition
often fails in practice: for instance, in a Cosmological framework large regions of the sky are
not observable, because they are masked by Foreground sources such as the Milky Way. In on-
going research (see [10]), we are hence considering a Whittle-type estimator based on spherical
wavelets (needlets, see [3,29,31]), rather than standard Fourier analysis. These estimates have,
however, a larger asymptotic variance than the Fourier methods considered here; in a sense, this
is an instance of the standard trade-off between robustness and efficiency. Thus, the material
in the present paper presents a benchmark for optimal procedures under favourable experimen-
tal circumstances, and the right starting point for further developments under more challenging
experimental set-ups.

Appendix
Consistency results

Proof of Theorem 1. To establish consistency, we shall resort to a technique developed by [7]
and [37]. In particular, let us now write

ARy (a,a0) = Rp(a) — Ry ()

G (o) («

G(@)
=1 - 20 + 1) log!
%6 6@ YL 1(21+1)Z( log
G(a)
+] )
%8 G(ao)
where
1 L Gol—0
Gla)=—————) (2I+1) , G(ag) = Go,

Ga)
1 =lo 1ye=eo
8 G o) {2, L@+ Z( b




54 C. Durastanti, X. Lan and D. Marinucci
so that

ARy (a,a0) = Up(a, ap) — T (e, ),

(o — G(a)
Ur(a, _ 21+ 1)logl +1 A.l
L(a, 0p) = Zz 1(21 5 IEI( )logl +log Gloo)’ (A.1)
G |, G@
Tr (o, ) = log G ao) log @’ (A2)

The proof is then completed with the aid of the auxiliary Lemmas 6, 7 that we shall discuss
below. Indeed

Pr{laL — aol > ¢} < Pr{ inf  ARL(a, ap) < 0}

od—og|>¢€
0

< Pr{ inf  [UL(e, o0) — Tp (e, )] < 0}-

od—og|>¢€
0

For ap — o < 2 the previous probability is bounded by, for any § > 0

§Pr[ inf UL(a,a0)53}+Pr[ sup TL(a,ao)>O]

le—ao|>¢ loe—crp|>¢
and

lim Pr{ sup Tr(a,onp) > O} =0

L—oo la—ag|>e

from Lemma 7, while from Lemma 6 there exist §. = (1 4+¢&/2) —log(1 4+¢&/2) — 1 > 0 such that

lim Pr{ inf Uy (e, ao) 556} —0.

L—o0 le—ag|>€

For op — ¢ = 2 or op — ¢ > 2 the same result is obtained by dividing A Ry, (o, ag) by, respectively,
loglog L or log L and then resorting again to Lemmas 6, 7.
Now note that

L A

G@) -~ Go= Z .

Y@+ 1) 2

Z( Gol “0

Zl 1(2[ +1) iz

L

C[ P
( ) _ _ )
§ QI+ 1)Gol™' %0~ Gy {( N 1) - (1 J(o—aL )}

TyLa+n s
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Clearly:
|G@) — Go| < 7] Z(2I+I)Gol (o= ‘“){(—6’ —1)}
Y+ S Gol=
‘72(2z+1)z (@0-81) _ 1)
S L+ 1)
=1Gal+1Gsl,
so that

Pr(|G@L) — Go| = €) <Pr(|GA| > ) +Pr(|GB| > )

Observe that:

1
Pr{|GA| > %} SPF{[IGAl > %} N |:|a0—&L| < 5“

1
+PI‘{|O{0—5ZL|Z§}

1 G
_Pr{[Li Z(Zl—i—l)G 3= ol -1 ze:” +or(1)

2@+ D

o~

1 1

C
<-— N+ 1)G011/3IE’ 1’ +oz(1)
ey 1(21+1)IZ; Gol=
C 1 L
< ————— Y @+ DG'PIT 2 o (1)
€@+
C Lll/ﬁ

== 1) =o(1).
SZILZI(ZH_D-I-OL() or(1)

As far as the second term is concerned, we have, for a suitably small § > 0:

Pr(|GB|z%>=Pr< |GB|z§ m[logl(ao—&L)]<3>

+ Pr(logl(ag —@f) > §)

- Pr( |Gp| > % N [log(ao —@r)] < 5) +or(1)

55
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and using |[e™ — 1| <x for 0 < x < 1, we obtain

|l*(°‘°*aL) — 1| = |exp(—logl(atg — @) — 1| <logllag — QL |,
Pr<[|GB| > g] N[logl(ao —ar)] < a)

2 + D17 @08 1) > £ A logl(ag — @1)] < 8
<P <Zz 1(2Z+1)Z( + (! )| = 5 N [logl(eo aL>]<>

—

L
Go -
<-E{——— I+ D) logl|ag — o |
e |

=1

c Go og L
—— 22 N"@+1Dlo gl—:o ),
e YL @1+ 1),21: k

where we have used

=<

- - 12 logL
]EIOlo—DtLIS{]Eloto—OtLIZ}/ =0( i >

which under Condition 2 will be established in the proof of Theorem 2. ]

The first auxiliary result we shall need concerns G, G and their kth order derivatives Gy, 6k,
that is,

o~

~ 1 C;
Gr(@) = ———— Y 21+ D(loghl)— k=0,1,2,...,
Y@+ 1)2 i~
1 Gol™*0
Gk(oc)—— Q1+ 1)(logh 1) ———, k=0,1,2,...,
Zl 1(2l Z =«

where ao(a) =G (@) and Go(o) = G () defined as above.

Lemma 5. Under Condition 2, for all2 > g — o > ¢ > 0, as L — 00, we have

Gi() ‘
sup|lo =0,(1).
@l S G| "
On the other hand, if g — o > 2,
G ()
sup|lo =0,
aP g Gr(@) (1)
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Proof. Let us first focus on the case where o — g > —2. For clarity of exposition, we start from
a simplified parametric version of Condition 1, that is, we assume that we have exactly

Ci(9) = Ci(Go, ap) = Gol ™.
Let us write first

Gel@) | _ (T @1+ Dogh T/ /(T L+ 1)
Gir(@) (CF 2L+ D(log HEGol=20 /1) /(31 (21 + 1))

Zl L QL+ 1) (log ¥ Gol*=20{C; /(G ol ~0) — 13

Zz 121+ 1) (log kG120
(‘Zl 121+ DGol* = (og D (C1/(Gol~*) ~ 1) >6>
Zl 1(21+1)(10gl)kG0101 ao 2

Fixed0 < 8 < %, we have, for all /:

- Pr(L 5| ey VI F D(log hyk a0

S 2L+ 1) (log hk1e—eo L/S
fPr(SIIAp\/W‘G ll >68Lﬂ),
because
,321 | V@I F Ddogh*1e— :CL’SH/HO‘ “log" L —cLP12 — o)),
S 2L+ 1) (log hk1e—eo L2+a—ao Jogk [,
Now
Pr{s?p\/W‘G ll >88Lﬂ}
§Lm;1xPr{\/W’G ll >85L’3}
and
el VAT 1| ) < EYCTEDICHGI ZIHT_ oy,

uniformly in /, see, for instance, [28], such that M > 1/8. Hence,

Pr{sup\/(Ql +1 ‘

Gol >88L’3} O(L'""MB) =or(1).
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For the general semiparametric case, the only difference is to be found in the expressions for
[EC;, which under Condition 2 becomes

EC; = Gol = (1 4+ 0(171)),
where the bound O(/~!) is uniform over « by assumption. As before, we hence obtain
Grl@)
Gi(a)

Y@L+ D(1ogDRCr /17 — Y1 21+ 1) (log HE Gl =0 /17
S QL+ 1) (log HkGol =0 /1=

_ Y@+ D(ogD* Gol*~*{Cy/(Gol ™) — EC1/(Gol ™))
SF 2L+ 1)(log HkGole—a
S 2L+ D(log kGl “{oa/Dy
S°F @21+ 1)(log HkGola—o

The second summand is immediately observed to be O(%). By the same argument as before, for
0<B< %, we have, for all /:

{ Y1212+ Ddogh* Gol**(C1/(Gol =) —EC1/(Gol~ aoﬁ‘ >3 }
Sl 2L+ D(ogHrkGole—o e

EC, | G
<Pr{sup\/ Q2I+1) d ! >8£Lﬁ}

—L 1
Y Gol 0 |G,

<Pr{sup\/(2T{l+O( )H——l

>88Lﬂ}.

The rest of the proof is analogous to the argument we provided before, and hence omitted.
For the case where g — a > 2, it suffices to note that

Gl (CE QL+ D)(ogh*Cr/1=*)/(CE (21 + 1)

=—7 T with probability 1
Grle) (Y, QL+ D(logHkGol=0 /1=y /(31 2L + 1))

and

Gile) _ (X 2+ Dogh* (Gol =0 /17 {1 +0(1/ D)/ @+ D) _ 0
Gi(e) (XL @1+ D(og*Gol—0 j1=2) /(3L 21 + 1)) - O

We are now in the position to establish the asymptotic behavior of Uy (¢, ) in (A.1), for
which we have the following:
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Lemma 6. Forall 2 > ag — a > ¢ > 0, we have that

) (o — G(a)
1 _— 21+ 1)logl +1
Limoo{ SE 1(2l+1) Z( +Dlogl+log 50 0)}

L
Zthéo[ {Z o Z( e “0} —ﬂZ(Zl—i—l)logl}
=1

Do @+ 1) =1
= (14 (@ — a0)/2) —log(1 + (@ — @) /2) — 1 > 8. > 0.

Moreover, if ag — o =2,

. (o — G(a)
lim 2L+ 1)logl + 1o =1>0
L—oc loglog L { S 1(21 D 121: g £ G (o) }

and for g — o0 > 2,

1 (@ —ap) G(@)
1 — E 214+ 1)logl +1
L% log L { S+ 1:1( Ylogl +log G(ap) }

=oag—a—2>0.

Proof. Consider first the case @« — g > —2

ll(x (e%y)
{Zl 1(2“‘1)2( o }

(I+ (@ —a0)/2)
=1 + 1)1
Og{La a YL ](2z+1)2( ) }

— log(l + (o — ao)/Z) 4+ (¢ —ag)logL,

where

(14 (x—ap)/2)
Le—eo Yk (21 + 1) =

Z( + DI — 1 =or(1),

whence

(I+ (@ —a0)/2)
Lo 3 21+ 1) &

Z( + DI L =or(1).
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Thus,
(a
QI+ — —————— % (21 +1)log!
me Z } ZH@+DZ
=—log(1+(oz—oc0)/2)+(oc—oz0)logL
(a
_ 20+ 1)logl +or(1
EIW+D§3 )logl +or(1)
LZ(zzH)(logL logl)
Zz QU+ 1
(¢ —ap) | (—ap)
-— —log(1 + (& — @0)/2) + oL (D).
Now
(o (o0 — ap)
e 21+ 1)(log L —logl) —
> 1(21+1)Z( (e &) 2
:—Z(a—ao)/ xlogxdx — (a—zoeo) +or(1)=o0r(1),
0
because
1 x?2 ! I'x21 1
/Oxlogxdx:|:710gxi|0—/o T =-7

We have hence proved that

L
Z( + DI “0} - MZ@H 1)log!

{Zz QL+ 2@+ D
= (14 (@ —ap)/2) —log(1 + (@ —0)/2) — 1+ 0(1) > 0

forall | — ag| > &, ¢ — g > —2.
Consider now the case ag — o > 2. We can rewrite:

@—ap) & G(a)
ey S— E 214+ 1) logl + 1
ZILZI(21+ ) l=1( )log og G (o)

= log Z( + DI “O} - LZ(ZHL 1) log!

Zl l(21 Zl 2L+ 1)
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log Yk, 21+ 1i~@= 1oL (214 1)
(o —a)log L (g —a)log L

Z( logl }

= (ao—a)logL|:

Zl 1(21 +1) iz
= (o —a)logL[AL + B+ CL].

For the term Ay :

L L
Z(Zl + )~ @) — ¢ le—@‘o—“) + 0,2 wpo(1) > c> 1,
=1 =1

because Zle ['=(@0=®) 5 a convergent series when the exponent 1 — (ap — ) < —1; for 1 —
(o — ) = —1, we have {ZIL:I [1=(@=) /]og .} — 1 and the argument is analogous. Therefore,

O(loglog L), forapg —a =2,

(@0 —a)jlog L x [AL]Z{O(U, for ag — a > 2.

As far as By, is concerned, we have log Z,L:I (21 +1) =2log L + o(log L), so that:

1 2
m ==
L—oo Br (ap — )

finally, simple manipulations and standard properties of the logarithm (which is a slowly varying
function, compare [6]) yield

L

1 log!

hm CL= 11 e E 2l+1) =1.
|:Zz 12+ logL}

Summing up, we obtain:

. _ o, forag —a =2,
Llim {(ao_a)logL[BL+CL]}_{(ao—a) 2>0, foroag —a > 2,
and the claimed result follows. O

In [37] a related computation was given for approximate Whittle estimates on stationary long
memory processes in dimension d = 1, that is, the limiting lower bound turned out to be (1 +
(@ —ap)) —log(1 + (@ — ap)) — 1 + or (1) > 5. In view of this, we conjecture that for general
d-dimensional spheres the lower bound will take the form

(1 + (“:l—“‘))> —10g<1 + @) —1+4o0r(1) > 6.
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Now we look at 77 (o, ), for which we provide the following lemma.

Lemma 7. Let Ty («, o) defined as in (A.2). Under Condition 2, as L — 0o, we have
sup|TL(ot,<xo)| =o0p,(1) forapg—a <2,
o

sup| T (o, )| = Op(1)  forag —a > 2.
o

Proof. For o — o < 2, consider first

G (o)
—1= 1
G(ao) o l(21+1) Z( " )<

where we have easily, as L — oo,

G (o) Gol~ {1+ 0@~ 1)} )
E —1 1 —1 0,
{G(Olo) } SE 1(zz+1> Z( " )( Gol 2 ~

G (o) 1 5 ( )
V: = I+1)* =0
ar{G(o«))} {z, 1(2z+1)} Z( b

whence by Slutzky’s lemma

Gr(@) P G(a) P
{GL(o«» - 1} - {log G (ao) _’O}'

On the other hand, in view of Lemma 5, we have that:

G(@) ‘
sup log =0,(1),
G| 7
whence the result follows easily. The proof for g — o > 2 is immediate. (|

Some integral approximation results
The following lemma is straightforward.

Lemma 8. Let L| < L, then we have

/L 251 dx = 1 (L2(1+S/2) _ L2(1+S/2)). (A.3)
Ly (I+s/2) : 7
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L 120+s/2) _ p20+45/2) 7 2(14s/2) log L — 721+s/2) log L

/ 2x 5 logxdx = — L 5 + L :

L 2(1+s/2) (1+s/2)

L 12(+s/2) _ L2(1+s/2) 12045/ 100 L — L2(1+S/2) log L
/ 2x1+510g2xdx: lg _ g ]2 g L

L 2(1 +5/2)° (1+s/2)

2(14s/2
1,2(1+s/2) logzL _ Ll( +s/ )10g2 L
(1+s5/2)

The next result is more delicate; for the sake of brevity, we prove only (A.6); (A.4) can be
viewed as a simpler special case with L1 = 1.

Proposition 9. Let

L L L 2
Z1(s) = |:Z(21 + 1 Z(zl + DI (logl)? — (Z(zz + s 10gl> }

=1 =1 =1

Then, for s € R:

1
4(1+s/2)%

Moreover, let Ly =14+ L - (1 — g(L)), where 0 < g(L) < 1 is such that limy _,», g(L) =0. If

: 1

L L
Zigwy(s) = Y QI+ DI Y @1+ DI (log?l)

=L, I=L,
(A.S5)
L 2
— (ZQH— DI+s logl> ,
=L,
we have
. 1
Ll;mmeL;g(L)(S) = K(S), (A6)
where

KGs) 1 I, 1 +l
S)=——| —s"— =5+ - ).
(14+s5/2)2\12 8 3

Note that for s =0,

Ko=K(5)ls=0 = 3. (A7)
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Proof of Proposition 9. We start by observing that

L L
(Z Q21 + 1I* log? l) (Z Q1+ 1)15>

I=L, =L,
2(14s/2)
:(L2(1+s/2)—L1 S22 1 4 _logL gL
(1+5/2) 2(1+5/2)2 " (1+s5/2)
(L20+s/2) _ L?(us/z))L?(m/z)

+ log(1 — g(L))

(1+s/2)3

1 ) |
* (m —2log L —log*(1 - g(L))) +or(1);

L 2
(Z‘ @+ D logl>

=L
=(L2(1+S/2)—Lf(1+s/2))2 1 3 logL +log2L
(15272 40 +s/22 (1+5/2)
(L2(1+S/2) _ L?(l"ﬁ“/z)) 2(14s5/2) !
12045/ 100 01— o [ 2 loe L
M TEYE v log(l — g\ 7y 2l
L?(m/z) log*(1 — g(L)) +or(1)
(1+45/2)2 e

so we obtain
' 2(1+s/2
(L2(1+3/2) _ Ll( +s/ ))2
41 +5/2)*
L2(l+s/2)L%(1+S/2) 10g2(1 _ g(L))
- 5 +or(1)
(1+s/2)
_ LA - (1 g @) T2
a 4(1 +5/2)*
B L4(1+S/2)(1 _ g(L))Z(H—S/Z) 10g2(1 _ g(L)) N
(1+s/2)2

Zp.g)(s) =

(6] 5 ( 1 ) .
Observe that

log?(1 — g(L)) = (—g(L) — 1g*(L) — 1g* (L) + 0(g* (1))’
=g (L) + g (L) + (H)g*(@) +o(g* (D)),
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while
(1 — g(L))>H+/2 1 ( ( s) ) 2
= —2g(L 211+ =) —1 L
(1+5/2) Ut B8O ) (L) s
2(1 2) — 121 2)—2 '
_@d+s/2) )3( (1+s/2) )g3(L)+o(g3(L)).
Thus
L4(l+s/2)((1 -(1- g(L))2(1+s/2)))2
4(1+s5/2)*
L4(1+S/2) 2 L
=(1+—s/g2)§)[ +(s+Dg(L) + s+ D(Zs +1)g*(L)] +o(L*g* (L)),
while simple calculations lead to
LA (1 — g(L)* /) log*(1 — g(L))
(145/2)?
LAU+s/2) 621 ) 5?2023 1
+o(L*g*(L)).
By using (A.6), we have
B L4(l+s/2)g4(L) 44
ZLgy(s) = WK(S)+O(L g (L))
as claimed. (]

Asymptotic Gaussianity
In this subsection, we present the analysis of the fourth-order cumulants.
Lemma 10. Let A; and B be defined as in (4.8) and (4.9). As L — o0,
1 log* L
— cum Z(All + B, ) (A + B), Y (A + Br). ) (A + Bu) p =0u( —5— ).
) I3 In
Proof. It is readily checked that

¢, C C G
cum il il :O(l_3),
CC GG
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{GL(OlO) GL(Olo) G () GL(OlO)}
cum s
Gy Go Gy Go

C Cl a Ci _6
20+ D* O(L™9).
SZ( ) eum {C [ Cz} (L)

The proof can be divided into 5 cases:

1.

% curn{X:Al1 , ZAI2’ ZA13, ZAM}
I I I3

C; Cl 6] 61
21 4+ 1)"{log™ 1
42( + D*{log* }cum{cl oo Cl}

1 2, 4 log4L ]
:O<FZ(2Z+D log z) =o< 7 );
1

m{ZBll, ZBIZ’ ZBL;, ZBZ4}
I I I3 In

1 4 Gr(ao) Gr(a) Grlao) Gplap)
= — 2[ l 1 l ) £ 2
L4{2,:( +1log } Cum{ Go Go Go Go }

1 41 log* L
= F{Xl:(zz + l)logl} 75 =0(7>;

% cum{X:Az1 , 2312, 2313, 2314}
A %) I3 Iy
| 3
= F{Z(zzl + l)logll}
Iy

X Z(le + D{logl} cum

153

3
{Zah + 1)logzl} > @b+ Dlogh

L 153

Clz G 1.(a0) GL(Oto) G 1(c0)
C2 Go = Go Go

1
:m
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xcum{ 2(213+1) Z(Zl4~|—1) 2(215+1) }

log

2(214—1) {logl}cum{ Cl Cl C[ Cl}

C; Cl C] C;

log L log* L
=o( g Z(2l+1)logl) o( iz );

%cum{zml, ZA12, 2313,2314}
1 123 I3

L(Olo)

¢, C
oI Z(zz+ 1)?1log? lcum{ 2(213 + 1) logls3——=

> (2 + 1)logly

GL(O!O)}
A Go

1 2
= F{Z(zwr l)logl}

XZ(2[+1) log l}cum{c o Z(Zl3+1)— Z(zl4+1)%}

C C] C1 C;
20+ 1) log! 20 + 1)*{log?1
{Z( - )Og} Z( +DH{log? }Cum{a ac Cl}

K 2 log* L
:E{Z(%—i-l)logl} Z(Zl+1)log21=0< =2 >;
1

l

—cum{ZAll,ZAlz,ZAZ;,ZBM}

C Az
Z(21+1) {log? l}cum{c oo Z(leJrl)l ogl

G (o) }
Go

o~

1 ¢ C C Ci,
ZE{Z(ZA +1)10gll}2(21~|—1) {log l}cum{E oG ;(2zz+1)c—lz}
2

I [
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G C, a G
201 + D log! 20 + 1)*{log31
{Z( 1+ )ogl}Z( + H*{log? }cum{cl Aot Cl}

I

4
_ %{Z(zzl +1)logly } Z(Zl + Dlog 1_0<1°i2L).

14

O

Estimation with noise

Lemma 11. Under Conditions 2 and 5, with 0 <ag —y < 1, forall 2 > ag —a > ¢ > 0, as
L — 00, we have

G() ‘
sup|lo =o0,(1).
P8 Gy | =P
On the other hand, if g — o > 2,
Gi() ‘
sup|lo =0,(1).
L1 G|~ O

Proof. For the sake of brevity, we report only the proof of the case where o — ¢¢p > —2, using
simplified parametric version of Condition 1, that is, we assume that we have exactly

Ci(¥) = Ci(Go, ap) = Gol ™.
As for Gi(a),

Gi(@) 1= Z; 121+ D (logh 1) Gol*~ 0 (Cy/(Gol~ “0)—1}
Gk (o) S°F 21+ 1)(logk 1) Gola—o

Fixed max((oo —y) — 1/2,0) < B < %, we have, for all /:

(‘Zz 1 2L+ 1D)Gol*™ otO(]()g l){Cl/(Gol @) _ 1 5)
Zl 1(2l+1)(10g DGola—% 3

C
Gy Gol—

<pr(sup,/(2l+1z (@o—r)|_—_

-1 >88L’3),

because

kj( )
ﬂZl |V QI+ D(logh<1'—Y — CLA=1/2+@0=v) — o(1).
Sy 2+ D) (log ke
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Now
5
C
<LmaxPr{,/(2l+1 o)=L G -1 >86L’3}
0
and
C
Pl /2l + i~ | =L 4|55 LP
Gol—20
Var[«/—(Zl F 1)~ @=)(C1/(Gol ™) — 1))
52128
=0(L™%),
uniformly in /. Hence,
Pr{sup,/(zlﬂ)‘G zl >88Lﬂ} =O(L™P) =or ().
I
Lemma 12. Under Conditions 2 and 5, with 0 < o — vy < 1, as L — 00, we have
sup!TL(oz,oeo)| =0,(1) forapg —a <2,
o
sup!TL(oz,oeo)| =0,(1) forapg —a > 2.
o
Proof. For ag — o < 2, consider first
G (cr0)
—-1= 2l + 1)( )
G (@) > 1(zz Z
where we have easily, as L — oo,
G Gol~ {14+ 0("!
E{ (060)_1} Z( +1)< ol ~*{1 4 O( )}_1>_>0’
G (a) > ](21 1) 5 Gol 0
~ L
G(ao)} { 1 }2 5 2o i
Var = 2G Q21 + 1) (12@0=Y) 4 O (1~ minGeo.(y+e0))
{G(ao) YL, QI+ 1) N,; ( ( )

1, 1
—of = p20+@=y
B O<L4L >O(L2(1—(0lo—y)))’

69
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whence by Slutzky’s lemma

Glap) P G(ap) P
{G(ao> - 1} - {k’g Glao) O}'

On the other hand, in view of Lemma 5, we have that:

log 20 G (o)

sup G ( )

Op(1)7

whence the result follows easily. The progf for ¢y — a > 2 is immediate.
It remains to prove the consistency of G (& ). Observe that

Z( G()l @0

G@.) —Go=
(@p) —Go = S 1(21+1)Z(

L

y ol y
—(o=ar) _ _ (@0—=ar)
> @21+ 1)Gol =00 {(Gol_% 1)+(1 [leo=er )}.

DS N e

l*aL yE 1(21+1)

Clearly

G(@L) — Go| <

C
(@o—ar) _
E QL+ 1)Gol ™%~ {(Gol_o‘o 1) ”

YE e+ &

L

D@1+ 1)(1 =107y

0
e = Gal+1Gsl,
YL@+ S

so that

Pr(|G@1) — Go| = ¢) <Pr<|GA| > ) +Pr<|GB| > 2)

i|ﬂ|:|0[0—&L|< %i|}+Pr{|ao—&L|Z%}
Z€:|}+0L(l)

— 1) +or(1)

Observe that:

Pr{|GA|z§} sPr{[|GA|z

| ™

Ci
Gol—

< Pr{ [; Z(zl + )Gl ——

-1
YL Qi+ 5

1 1
=2 QL+ 1)) &

L8/3+2((x0—y)

212/3 !
Z( I+ 1)*G3i*3 Var (Goz—ao
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As far as the second term is concerned, we have, for a suitably small § > 0:
Pr<|GB| > %) = Pr<|:|GB| > §:| N[logl(ao —ar)] < 8) + Pr(logl(atg — 1) > §)

- Pr<[|GB| > ﬂ N [logl(ap — &1)] < 3) +or(1)

and using |e™ — 1] < x for 0 < x < 1, we obtain

|l_(°‘°_&“ - 1| = |exp(—logl(a0 - EL)) - 1| <logllag —ayl,

Pr<[|GB| > ﬂ N [logl(ctg — &1)] < 5)

Gy
=P\ = f———— 21+1) l (wo—ar) _ >_ loa ] (o — 5
(Zl 121+1) ;( | > N [logl(ao —&r)] < )

L
1 Go ~
58—2Var{L7 E (21+1)10gl|0{0—0{L|}

2im @+

1
=O<FL210gL =or(l),

1
L2—2(~y) )
where we have used

~ 1
Var(ao - OlL) = O<m),

which under Condition 2 will be established in the proof of Theorem 4. (]

Finally, we provide the proof of the central limit theorem in the presence of observational
noise.

Proof of Theorem 4. The main difference with the argument in the noiseless case concerns the
variance of the score Sy (ap); we just sketch the main steps and leave the details to the reader.
Indeed, we can split Var{Sy («g)} as

Var{Sz(x0)} = Vi + V2 + V3,

where

1% {71 }zi(zzﬂ) (o 1)2Var{ G }
CsE @+ y Gol =0 |

1 2 G(Olo))
A B — 2+ logl ) Vi ,
2T {Z, l(21+1)} (Z( - )Og> ar( Go
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L L 55
vy = Z22i G+ Dlogh) e+ l)logl}COV<%, G(“O)).

Cl@+10)? o " Go
Here
G 2
Var( (Olo)) —
Go SELQI+1)
<1+ (@)szzl @1+ 120~
Go Sr QL+ 1) A9
+ (ﬂ) Y@+ 1)1_(V_“°))
Go S QL)
+ 0L~ min(y—a0).(y—a0)-2),
C; G(ao) 2
Cov —7> =
¢’ Go SELQI+1)
G 2
x <1 + (—N) [~ 2y —e0) (A.10)
Gy
GN - (y—ap) — min(2(y —ao). (y —a0))
0
hence

1 2
Vi=| —m7M8M—
: (Zle(ﬂ + 1))

L 2
OGN\ 2y
X2Z<2I+1)aogz>2(1+<G—Z) J=20=e0)

=1
Gy

42— (rteo) O(l—min(Z(V—ao),(V—ao)))).
Go ’

1 3 (L 2
Vo=— ) 2( S @+ 1)logl
? <zle<2l+1>> (; )

) <1+(@>ZZIL:1(21+1)12(V&0) +(G_N> Zf=1(21+1)1<ya0>>
Go YL@+ 1) Go/ Y@+
+ O(Lfmin(2(yfa0),(y*a0)))

’
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73
—4E 21+ D logl) &
vy = 2R @ EDIED Sy g
Q@+ o
1 72— @) y o =N l(}/-‘rao)
( +<Go> * Go
+ O~ min@(y—00).(v —ao»)>_
For y > ap, we have hence
. Gy y 2 2 <
ngr;oz 1+G—050[0 L*Var{Sy(a0)} =1. (A.11)

In fact, for oy < v, we obtain

1 2 L
Vi=(=p——) 2D @+ Ddog)*(1+0(1~7~));
l(zgm+n>§: ogh”(1+0( )

=1

1 3 L 2
Vas = 2 20+ Dlogl ) +O(L™7~0)=2);
’ {Zf=1(zz+1)} (Z( )Og) ( )

=1

1 3 g
Vi= -4l ————1 [ D @ +Dlogl) +0(L"r"02),
! {Elm+n}< )%) ( )

so that

Var{Sy () }

L 2
m (Z(zz +1 Z(Zl + D (logl)? — (Z(Zl + 1)10gl> )
=1

=1 =1
+O(L*(V*010)*2)

2 L_4 + O(L*(V*Dto)*Z) -

T 164 2zt O(L=re™)

by using (A.4) and (A.3) with s = 0 to obtain (A.11). Similarly, if «g = y, we have

_ 5 5
Var<G(a0)) =— <1 + GN) +0O(L~re0=2);
Go Yo 2L+ Go

¢ G 2 Gy \?
COV( L (“°)> = — (1 + N) +O(L~ 02,
cl’ Go YL @+1D\ " Go
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Simple calculations lead then to (A.11). For y < ap < y + 1, we have

2L
2Gn/G0)? [« 2 (20— 2o
=22 § Ql+1) § Q21 + 1) (log1)? (12@0=7) 4 o(1?@0=7)
C ke ) (1=1 ) = ( S

_ 2(GN/G())2 L6+2<D‘0*V)
SR @+ ) T+ (@ —y)

X (log2 L —

log L 1,20+(0—y))
_l’_
(I+(@—y) A+ (@—y)?

+0(1));

2L
Z(GN/GO)2 L ) 2(ep— 2(op—
=Y § Q1+ 1)logl § (21 + 1) (12@0=Y) 4 o([>@0=V)
SO S ANCT RS (121 = ( =)

_ 2(Gn/Gp)*  LSTA@y)
CCh@ )t o —y)

_ M( o 1)) (zaz + mogz)
=1

T el )y v

L 2
X (Z(zl +1) 1ogz<g—];’> (120 4 0(12<ao—y>)))

=1

1
(10g2L —logL + 1 —I—o(l));

_ —4(Gn/Go)*  LS2@0)
SR @+ ) T+ (@ —y)

x (10 27+ ! _ 10gL<1+ ! )—i—o(l))
S 0+ @—y) 2 (I + (@ — )

by using (A.4) and (A.3) with s = 2(«¢¢ — y). Hence, we obtain

_ GnN 2
lim L2~ 2(@0—v) v =2 — ) H(ag —
Lgnoo al‘{SL(OC())} Go (ap — ),

so that the asymptotic behaviour of the variance is fully understood.
To conclude the proof of the central limit theorem, let us focus on y < a9 < y + 1 and write

1
L1+@—=y) 4 O(L!+(@0-r))

L' 8 (o) = > (A1 + By,

1

where

~

C G
A1=(Zl+1)logl{—l—1}, B,=(21+1)1ogl{ﬂ—1}.
Cr. Go
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The analysis of fourth-order cumulants

1
@) Cum{Z(Az. +B1y), Y (An+ Br), Y (A + Bry), Y (A, + 314)}

Iy 1%} I3 In

_0 log* L
= UL\ 2F o)

is entirely analogous to the noiseless case. (|
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