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Abstract: We study the signal detection problem in high dimensional
noise data (possibly) containing rare and weak signals. Log-likelihood ra-
tio (LLR) tests depend on unknown parameters, but they are needed to
judge the quality of detection tests since they determine the detection re-
gions. The popular Tukey’s higher criticism (HC) test was shown to achieve
the same completely detectable region as the LLR test does for different
(mainly) parametric models. We present a novel technique to prove this
result for very general signal models, including even nonparametric p-value
models. Moreover, we address the following questions which are still pend-
ing since the initial paper of Donoho and Jin: What happens on the border
of the completely detectable region, the so-called detection boundary? Does
HC keep its optimality there? In particular, we give a complete answer for
the heteroscedastic normal mixture model. As a byproduct, we give some
new insights about the LLR test’s behaviour on the detection boundary by
discussing, among others, Pitmans’s asymptotic efficiency as an application
of Le Cam’s theory.
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1. Introduction

Signal detection in huge data sets becomes more and more important in current
research. The number of relevant information is often a quite small part of the
data set and hidden there. In genomics, for example, the assumption is often
used that the major part of the genes in patients affected by some common
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diseases like cancer behaves like white noise and a minor part is differentially
expressed but only slightly ([8, 15, 21]). Consequently, the number of signals as
well as the signal strength is small. This circumstance makes it difficult to decide
whether there are any signals. Other application fields are disease surveillance
([30, 34]), local anomaly detection ([35]), cosmology and astronomy ([7, 27]).
In the last decade Tukey’s higher criticism (HC) test ([37, 38, 39]) modified
by Donoho and Jin [12] became quite popular for these kind of problems. The
reason for HC’s popularity is that the area of complete detection coincide for the
HC test and the log-likelihood ratio (LLR) test under different specific model
assumption ([2, 3, 5, 6, 12, 26]). The LLR test, which achieves the highest
power among all tests, cannot be applied since it requires the knowledge of
the unknown signal strength and proportion. But it serves as an important
benchmark and, in particular, determines which kind of signal alternatives are
completely detectable at all. That the HC test can completely separate every
completely detectable alternative was also shown within sparse linear regression
models and binary regression models ([1, 20, 33]). To overcome the problem of an
unknown noise distribution Delaigle et al. [9] used a bootstrap version of HC.
Moreover, Jager and Wellner [23] suggested a whole family of different tests
sharing HC’s complete detectability behaviour for the heterogeneous normal
mixture model. Recently, Ditzhaus [11] verified that the same is true beyond
this specific model. A lot of related literature about HC’s possibilities, even
beyond signal detection, can be found in the survey paper of Donoho and Jin
[13]. For instance, Hall et al. [18] applied HC for classification.

There are (only) a few results concerning the asymptotic power behaviour of
the LLR test on the detection boundary, which separates the area of complete
detection and the area of no possible detection, see Cai et al. [5] and Ingster
[19] for the heteroscedastic and heterogeneous normal mixture models. Since
Donoho and Jin [12] the following questions is pending: How does HC perform
on the detection boundary? Does it keep its optimality? Donoho and Jin [12]
specially pointed out: " Just at the critical point where r = p,. (1 + o(1)), our
result says nothing; this would be an interesting (but very challenging) area for
future work.”

Our paper’s purpose is twofold. First, we want to fill the theoretical gap
concerning the tests’ power behaviour on the detection boundary and give an
answer to the question mentioned before. We quantify the asymptotic power of
the LLR test by giving the LLR statistic’s limit distribution. On the detection
boundary the LLR test has nontrivial asymptotic power, whereas the HC test
does not. Consequently, HC is not overall powerful. However, our message is
not to scrap the idea of HC. Its power behaviour is still optimal beyond the
detection boundary for a long list of models. The second purpose of our paper
is to add a p-value model with signals coming from a nonparametric alternative
to this list of models.

The paper is organized as follows. In Section 1.1 we introduce the general
model and the detection testing problem. For the readers’ convenience we add
to our paper the illustrative Section 1.2. There, all main results are presented
by discussing our prime example. The asymptotic results about the benchmark
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LLR tests appear in Section 2. The following Section 3 is devoted to the HC
statistic and introduce an "HC complete detection” as well as a ”trivial HC
power” Theorem. Whereas the previous two sections develop the general ma-
chinery, Section 4 contains the applications. We discuss a generalizations of the
illustrative results from Section 1.2 as well as the heteroscedastic normal mix-
ture model. Although the latter was already studied in great detail we can give
some new insights for it. Further examples can be found in Ditzhaus [10, 11].
All proofs are relegated to Appendix B.

1.1. The model

Let {ky, : n € N} C N, where k,, — oo represents the number of observations.
Throughout this paper, if not stated otherwise all limits are meant as n — oo.
Let the following three mutually independent triangular arrays consisting of
rowwise independent random variables are given, where values in different spaces
are allowed:

o (Z,i)i<k, representing the noisy background, where the distribution P, ;
of Z,; is assumed to be known. In the applications we often assume that
P, ; = Py depends neither on ¢ nor on n, and P may stand for a distri-
bution of p-values under the null.

o (X,.,)i<k, representing the signals, where the signal distribution pu, ; of
X,.i is typically unknown.

o (B,.i)i<k, representing the appearance of a signal, where B,, ; is Bernoulli
distributed with typically unknown success probability 0 < e, ; < 1.

Instead of these random variables we observe

Y, = Xns fBp;=1
’ Zn,i lf Bn,i = O

for all 1 < ¢ < k,,. The vector (Yp1,...,Yn x,) represents the noise data con-

taining a random amount Zf;l B, ; of signals. It is easy to check that the
distribution @, ; of Y, ; is given by

Qn,i = (1 - En,i)Pn,i + En,iln,i = Pn,i + En,i(//fn,i - Pn,z) (11)

The additional index 4, for instance, p, ; instead of p,, allows to treat two-
sample or more general kinds of signal alternatives. We are interested whether
there are any signals in the noise data, i.e., whether B,,; = 1 for at least one

t=1,...,k,. To be more specific, we study the testing problem
Hon : €ni =0 foralli versus Hin: €n,i > 0 for at least one 4, (1.2)
where we observe pure noise (Y, 1,...,Ynk,) = (Zn1, .- -, Znk, ) under the null.

We are especially interested in the case of rare signals in the sense that

max &y, — 0. (1.3)
1<i<kn
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f;l 2 ; —0), the classical

(limp 00 Zf;l g7 ; € (0,00)) and the dense signal case ( f;l g2 ; = 00). In the
rowwise identical setting, where all quantities, €, ; = €, etc., are independent
of i the parametrization e, = n~? for 3 € (0,1) is standard. Then 3 < 1/2
and 8 > 1/2 correspond to the dense and sparse case, respectively. We denote
en =n~'/2, or in other words 3 = 1/2, as the classical case since it is the usual
rate of convergence when discussing contiguous alternatives. In the classical
case nontrivial power results can be obtained by choosing a signal distribution
n = i # Py = P,, whereas in the sparse case, where less signals are present,
only asymptotically singular u,, and P, lead to nontrivial power results. At the
same time, asymptotically merging u,, and P, lead to nontrivial results in the
dense case, where, relatively, a lot of signals occur. While our applications focus
on the most interesting sparse case, the technical machinery applies for all three
cases. A huge class of examples for the dense case is examined by Ditzhaus [11].
Another typical assumption in the signal detection literature is

In this setting, we distinguish between the sparse (

pn,i K Py forall 1 <i <k, (1.4)

which we also suppose throughout this paper. In Section 2.4 we discuss what
happens if the assumption of absolute continuity is violated. Following the ideas
of Cai and Wu [6] we explain that every model can be reduced to a model such
that (1.4) is fulfilled.

Convention and Notation: Observe that

% :1+5ni(dun’i —1).

The distributions P, ;, fin, i, @n i and the densities i%"’f opr; shall lie on the same
product space, where the projections pr; on the ith coordinate are suppressed
throughout the paper to improve the readability. Moreover, we introduce the

product measures
kn kn
Q) = Q) Qu.i and Py = X) Pr.i.
i=1 i=1

1.2. Illustration of the results and the main contents

In this illustrative section we give an overview of our results by studying a
special nonparametric p-values model. For simplicity we set k, = n and re-
strict to the rowwise identical case, i.e., p,,; = p, etc. Testing results are of-
ten presented in terms of p-values since they allow a comparison of different
data types on the same platform. In our context, a quantile transformation like
Py = Po((Yn,i,00)) or pn; = Py((—00,Y,]) may be used to get p-values. As
long as the noise distribution P, is continuous the p-values py 1,...,Pn,, fol-
low under the null a uniform distribution Py, say, on the unit interval (0,1).
To benefit from this universal platform without too many or too specific model
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assumptions, we consider in this illustrative section from the beginning that
p-values are present and, in particular, P, = Fj.

Typically, small p-values indicates that the alternative is true, or in our case
that signals are present. Respecting this we suggest signal distributions u,, with
a shrinking support [0, k,,], where

kn=n""ande, =n"" (1.5)

for some r > 0. Clearly, u, and P, are asymptotically singular. Hence, this
setting is an example for the sparse case and we restrict our considerations to
B € (1/2,1). In order to obtain such p, the interval (0, x,,) is blown up to (0, 1)
and a nonparametric shape function h is used. Let h : (0,1) — (0,00) be a
Lebesgue probability density, i.e., we have [hdPy =1, with [ h*dP, € (0,0)
and define the signal distribution by its rescaled Lebesgue density

dpy, 1 x
x:—h(—)1x<m , x €(0,1). 1.6
@) = =h(Z)1e < m) e O] (16)
Since it could be too restrictive in practice to consider only measures with a
shrinking support, in Section 4.1 we add a ”small” perturbation to the densities.
To sum up, we have a nonparametric testing problem which can be expressed
heuristically as

Hon :€n =0 versus Hip : e, >0,k € LZ(PO) with h > 0, /thO =1.

The alternative H; , is composite since, for example in this specific setting, the
signal proportion ¢, and the signal shape function h are unknown. When we
talk about the LLR test below then the LLR test corresponding to the true but
unknown €, true and Agrye is meant. This test is optimal for testing Hg ,, against
the simple alternative ﬁl,n : {en = €n true; B = Rgrue}- In contrast to that, the
HC test is designed for the composite alternative while being asymptotically
as good as the specific LLR test based on the unknown &y, tyye and hgrye. The
heuristic phrase ”being asymptotically as good as” is explained below in more
detail.

The following list of the seven problems I-VII and their solutions regarding
our prime example gives the reader a first impression and overview of the results
which can be obtained be the general machinery developed in Sections 3 and 2.

1. Determination of the detection boundary: Since the paper of Donoho and
Jin [12] the term detection boundary is of great interest for the detection
problem. This boundary splits the r-/3 parametrisation plane into the com-
pletely detectable and the undetectable area. For each pair (r,5) from the
completely detectable area the LLR test, the optimal test, can completely
separate the null and the alternative asymptotically. This means that there
is a sequence (@, )nen of LLR tests with nominal levels Ep,, (on) = ay
such that a, — 0 and the power Eq ,, (¢n) under the alternative tends
to 1. For each (r,) from the undetectable area the null Hy, and the
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Fic 1. Left: Plot of x + dun/dPo(z) for h(z) = (1 —a)z™%, a = 9/20, r = 2/3 and
n € {10, 25,50, 100}, see (1.6). Right: The nonparametric detection boundary is plotted. Above
the boundary is the completely detectable area and underneath is the undetectable area. The
limits of the LLR statistic are Gaussian on the solid line under the null as well as under the
alternative, and they are real-valued but non-Gaussian on the end of the line (solid circle).
The limit under the alternative is equal to co with a positive probability.

IT.

II1.

alternative H; , are asymptotically indistinguishable, i.e. the sum of error
probabilities tends to 1 for each possible sequence of tests. Hence, no test
yields asymptotically better results than a constant test ¢ = « € (0,1).
For the illustrative model we have a nonparametric detection boundary
which is independent of the shape function h and given by

p(B) =28 —1for B e (% 1}. (1.7)

The area where r > p(f5) (r < p(8), resp.) corresponds to the completely
detectable area (undetectable area, respectively), see Figure 1.

Gaussian limits on the detection boundary? For some parametric models
the limit distribution of the log-likelihood ratio test statistic T},, see below,
was determined, e.g. for the heteroscedastic and heterogeneous normal
mixture model, see Cai et al. [5] and Ingster [19]. For our model with
1/2 < 8 <1 and r = p(B) we have

T, =1
4P,

Q) a, [ &~ N(=ZM 62(h))  under Ho.p,
I 2
&~ N( T 62(h))  under Hyp,

where o?(h) = fol h?dPy. Observe that the limits only depend on the
second moment of A and not on its specific structure.

What happens if we choose the wrong h or 3 for the LLR statistic on
the boundary? Let (hy,51) and (hg, 82) represent two specific models of
the illustrative example on the detection boundary, i.e. §; € (1/2,1) and
r; = p(B;) for ¢ = 1,2. Using Le Cam’s LAN theory we can determine
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the asymptotic power of the LLR test ¢, 8,1y, Of the model (hg, 82) of
nominal level o € (0,1) if (hy, 1) is the true, underlying model:

EHl,n(hlyﬁl)(sDnnB27h210‘) — @(ua + 0'2(h1)ARE)7

(Jiy hiha dPy)?

here ARE = —2——
where AR 02(h1)02(h2)

{31 = B2}

is Pitman’s asymptotic relative efficiency, see Héjek et al. [17], ® denotes
the distribution function of a standard normal distribution and wu,, is the
corresponding a-quantile, i.e. ®(u,) = a. This formula quantifies the
loss of power by choosing the wrong 5 or h. In particular, the LLR test
¥n,By,hs,o Cannot separate the null and the alternative asymptotically, i.e
ARE= 0, if the supports of h; and ho are disjunct, or if 5; and By are
unequal.

Beyond Gaussian limits on the detection boundary. Non-Gaussian limits
of T,, may occur ([5, 19]). Here, these limits can be observed if the second

moment assumption on h is violated, i.e., we have fol h?dPy = oo. In
this case the limits are infinitely divisible distributed with nontrivial Lévy
measure. These Lévy measures depend heavily on the special structure of
h, details can be found in Theorem 4.5.

Extension of the detection boundary: We discuss also the case f = 1,
whereas a lot of former research was focused (only) on 8 < 1. The case
B > 1 was of minor interest reason since the probability that at least one
signal is present equals 1 — (1 —¢,)™, which tends to 1 —e~ and 0 if 8 =1
and 8 > 1, respectively. In particular, the pair (5,r) with 8 > 1 and r > 0
always belongs to the undetectable area. Hence, > 1 do not need to be
studied further. But 8 = 1 should be taken into account since a new class
of limits can be observed. To be more specific, for 5 = 1 and r > 1 we
have

d & =-1 under Ho p,
Tn = { o~ete 1+ (1—e e under Hyp,

where €, denotes the Dirac measure centered in a € [—o00, 0], i.e. €,(A) =
1{x € A}. As far as we know such nontrivial limits, where & equals oo
with a positive probability, were not observed for the detection issue until
now.

Optimality of HC. As already known for different mainly parametric mod-
els, we can show also for the illustrative nonparametric p-values model
that the completely detectable regions of the LLR and the HC test coin-
cide. By this we give a further reason why HC is a good candidate for the
signal detection problem.

No power of HC on the boundary. We show that on the detection boundary,
ie. € (1/2,1) and r = p(B), the HC test cannot distinguish between the
null and the alternative alternative, whereas the LLR test has nontrivial
power, compare to II.
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Among others, we apply our results to the model (1.6) in a more general form,
e.g. hy, Kn; and €y, ; may depend on ¢ and n. We want to point out that these
kind of alternatives were already studied in the context of goodness-of-fit testing
by Khmaladze [28]. He used the name spike chimeric alternatives. Finally, we
want to mention that our general model and the upcoming results also include

VIII. discrete models as the Poisson model of Arias-Castro and Wang [2] (Note
that only the results concerning LLR tests apply for discrete models).

IX. the sparse (32F" &2 . — ()) the classical (limy,— oo Zl 162, €(0,00)) and

i=1 n i
kn
the dense case (3" €2 ; = 00).

2. Asymptotic power behaviour of LLR tests

In this section we discuss the asymptotic power behaviour of LLR tests. These
tests depend on the unknown signals and, hence, they are not applicable. But
they serve as an import benchmark and all new suggested tests should be com-
pare with the optimal LLR tests.

It is well known that at least for a subsequence T, converges in distribution
to a random variable with values on the extended real line [—o0, co] under the
null as well as under the alternative, see Lemma 60.6 of Strasser [36]. That is
why we can assume without loss of generality that

k
. dQ” Z d 51 under P(n) (null),
Zl % dPn i )—>{ & under Q) (alternative), (2.1)

where &; and & are random variables on [—oo, oo]. Regarding the phase diagram
on the right side in Figure 1 we are interested in the following three different
regions/cases:

(i) (Completely detectable) The LLR test ¢, = 1{T}, > ¢, } with appropriate
critical values ¢,, € R can completely separate the null and the alternative
asymptotically, i.e. the sum of error probabilities Eyy, , (¢n)+Eu, ,, (1—¢n)
tends to 0. We will see that this corresponds to & = —o0 and & = oo

(ii) (Undetectable) No test sequence (1,)nen can distinguish between the
null and the alternative asymptotically, i.e we always have Ey,  (©n) +
Ey, (1 —¢y) — 1. This case corresponds to {1 = 0 = &s.

(iii) (Detectable) The LLR test ¢, = 1{T;,, > c¢,} with appropriate critical
values ¢, € R can separate the null and the alternative asymptotically
but not completely, i.e. Ey, , (¢n) + B3, , (1 —¢n) = c € (0,1).

In the following we denote the completely detectable and the undetectable case
as the trivial cases since the limits of T}, are degenerated. We start by discussing
these and we present a useful tool to verify these trivial cases/limits of T),. After
that we will see that the same tools can be used to determine the nontrivial limits
in the detectable case. In the last two subsections we consider the asymptotic
relative efficiency, compare to (III) from Section 1.2, and explain what to do
when the condition (1.4) is violated.
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2.1. Trivial limits

In the proofs we work with different distances for probability measure, among
others the Hellinger distance and the variational distance. Using theses dis-
tances we can classify the different detection regions. We refer the reader to
the Appendix B, for further details. Here, we only present our new tool. Let us
introduce for all x > 0 the following two sums

k

n dun7i
In,l,ac = ;:1 En,iln,i (En,i dPnJ' > .’b) (22)
al a 2 @ dfin,i \2 dfin,i 2.3
an 727 P En,z Pn,t (( dPn,z) € > dPn,z — x ( )

Theorem 2.1. Let 7 > 0 be fized.

(a) The completely detectable case is present if and only if I, 1 or I, o - tends
to oo.

(b) We are in the undetectable case if and only if I, 1.+ as well as I, o ; tends
to 0.

2.2. Nontrivial limits

It turns out that only a special class of distributions v, and vs, say, of £&; and &
may occur. The results fit in the more general framework of statistical experi-
ments: all nontrivial weak accumulation points with respect to the weak topology
of statistical experiments are infinitely divisible statistical experiments in the
sense of Le Cam [31], see Le Cam and Yang [32] and [24]. In the following we
explain what this means in our situation. Classical infinitely divisible distribu-
tions on (R, B) play a key role for our setting. That is why we want to recall
that the characteristic function ¢ of an infinitely divisible distribution on (R, B)
is given by the Lévy-Khintchine formula

o?t? itz
= 1 _— 1 — 1 B — R
p(t) exp {ryt 5 + /]R\{O} (exp(ltx) . 2) dn(x)}, teR,

+x

where v € R, 02 € [0,00) and 7 is a Lévy measure, i.e. 7 is a measure on R\ {0}
with [min(z?,1)dny < co. The triple (y,02,7) is called the Lévy-Khintchine
triple and is unique. See Gnedenko and Kolmogorov [16] for more details about
infinitely divisible distributions. The following theorem gives us a characterisa-
tion of all possible limits of T,.

Theorem 2.2. (a) FEither & is real-valued or & = —oo with probability one.
In case of the latter &5 = oo with probability one.

(b) Suppose &1 is real-valued. Then a = P(£&3 € R) > 0 and we can rewrite

vo = ap+ (1 —a)es, where p(A) = a va(ANR) for all A € B([—o0, x]).

Moreover, v1 and p = (Lill/g‘R are infinitely divisible distributions on
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(R,B). Let (y1,02,m1) and (v2,03,12) be the Lévy-Khintchine triplets of
vy and p = a’11/2|R. Then we have:
(i) The Lévy measures m1 and mg are concentrated on (0,00), i.e.
nj(—00,0) = 0. and f(O,oo) e*dm(z) < oo. Moreover, (217721 (x) =
e* for all x > 0.

(ii) The variances of the Gaussian parts of & and & coincide, i.e. o3 =
2
05.

(i) The drift parameters v, and o fulfill the formulas:

2
log(a) =y + 2L —/ (1 et L) dm(z),  (2.4)
(0,00)

2 1+ 22
x
= +02+/ ¥ —1)——dn; (x). 2.5
v =t [ @ (25)

Remark 2.3. If & is real-valued then by Le Cam’s first Lemma the null (product)
measure P, is contiguous with respect to the alternative (product) measure
Qn), 1-e. Qn)(An) — 0 implies P,y (A,) — 0. If additionally &> is real-valued
then P,y and Q,) are mutually contiguous, i.e. Q,)(A,) — 0 if and only if
Py (A,) — 0. Observe that under mutually contiguity a random variable is
asymptotically constant under the null P, if and only if this is the case under
the alternative Q).

According to Theorem 2.2(b) the Lévy-Khintchine triplets of v and p =
a_1V2|R are closely related to each other. This was already observed in the
context of statistical experiments by Janssen et al. [24].

Now, we know the class of all possible limits and, hence, the questions arises
naturally how to determine the distribution of & and &, for a given setting. To
answer this question we first observe that by Theorem 2.2(i) the Lévy measures
1 and ng are uniquely determined by their difference M = 1y — 7;. Combining
this, Theorem 2.2(ii) and Theorem 2.2(iii) yields that M, 02 and a = v5(R) serve
to understand the distribution of & and &; completely. We will see that these
three are determined by the limits of the sums given by (2.2) and (2.3). To give
a first impression why this is the case we explain briefly the impact of I, 1 ..
Since the summands of T,, fulfill the so-called condition of infinite smallness,
i.e. a finite number of summands has no influence of the sum’s convergence
behaviour, well-known limit theorems to infinitely divisible distributed random
variable can be applied, see, for instance, Gnedenko and Kolmogorov [16]. In
the case of real-valued &; we obtain from these theorems

=

n

d n,i T
P (5,” d’l;)n:i >e -1+ 5,1,2-) — n1(x,00) (2.6)

i=1

for all x from a dense subset of (0, 00). If additionally &5 is real valued then the
same holds for 7, when we replace P, ; by @y, ;. Combining these and (1.3) shows
that I, 1 ex—1 tends to M(z,00) = (2 —n1)(z, 00) for all x coming from a dense
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subset of (0,00) if both, & and &5, are real-valued. In the case of a = 15 (R) =
P(& € R) < 1 a similar convergence can be observed, namely I, 1 c=_1 tends to
(m2 —m)(x, 00) + M(00), where the mass M (oo) in the point oo characterizes a
uniquely.

Theorem 2.4. Let I, 1, and I, 25, © > 0, be defined as in (2.2) and (2.3). &
is real-valued if and only if the following (a) and (b) hold:

(a) There is a dense subset D of (0,00) and a measure M on ((0, o], B(0, o0])
such that for all x € D

nh_)rrgo Inies—1 = M(z, ).

(b) For some o € [0,00) we have

lim lim sup

N0 L

2
In,Z,x =0,

i.e. this equation holds for limsup,,_, . and liminf, . simultaneously.

If (a) and (b) hold then using the notation from Theorem 2.2(b) we obtain
va(R) = exp(—=M({o0})), 0° = 0t = 05 and n2 — m = M)(0,00)-

Remark 2.5. (i) From Theorem 2.2(i) we get for all z > 0

dm () = 1 dns (2) = exp(z)
dMm exp(z) — 1 dM exp(z) — 1

(2.7)

(ii) Consider the rowwise identical case with a noise distribution independent
on n, ie. P,; = Py, fni = pn and ey, = €,. Thus, Y, 1,...,Y, 1, are
identical Py-distributed under the null. By using techniques of extreme
value theory it is sometimes possible to show that

d:un d
122’};{5 ap, )

d“n,i
EniqP, ;

7)} < 7' maxi<i<k, €n,; — 0. Hence, regarding (2.6) we get the following
connection to the Lévy measure 77 of &;:

for a real-valued random variable Y. Note that maxi<i<k, { Pn.i(

P(Y > ¢e” —1) = exp(—ni1(z, 0))

for all 2 coming from a dense subset of (0, 00). This may be useful to get
a first impression how to choose u,, and €, to obtain nontrivial limits.

2.3. Asymptotic relative efficiency

In the case of normal distributed limits we have

T 4 &1 ~ N(—0?/2,0?) under P, (null),
" & ~ N(0?/2,0?%) under Q,,) (alternative),
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for some o € [0,00), where N(0,0) denotes the Dirac measure €y centered in 0.
In the case of ¢ = 0 no test sequence can separate between the null and the al-
ternative asymptotically, see Section 2.1. Observe that both normal distributed
limits depend only on one parameter, namely ¢2. In Appendix A, see Theo-
rem A.1l, we give many different equivalent conditions for normal distributed &;
and &5, even the conditions in Theorem 2.2 can be simplified in this case. Further
equivalent conditions and closely related results can be found in Section A3 and
A4 of Janssen [25]. In this section we restrict ourselves to these kind of limits,
excluding the trivial case ¢ = 0, and discuss the LLR test’s power behaviour
if the ”wrong” signal distributions and/or the ”wrong” signal probabilities are
chosen for the test statistic. To be more specific, we fix the triangular schemes of
noise distributions {P,; : 1 <i <n € N} and consider for j = 1,2 a triangular

scheme of signal distributions p() = {,ugf)l 11 <i<neN} as well as one of
signal probabilities e(¥) = {a(jz :1<i<ne&N} Let 6 = (u(l),s(l)) be the

true, underlying model and 82 = (u(?,e(?)) be the model pre-chosen by the
statistician for the LLR test. Denote by T,,(0;) and ¢, (0;) = 1{T,,(8;) > ¢, ;}
the LLR statistic and the LLR test for the model 85, j = 1,2. Using Pitman’s
asymptotic relative efficiency, see Hajek et al. [17], we quantify the loss in terms

of the asymptotic power if ¢,,(02) instead of the optimal ¢,,(01) is used.

Theorem 2.6 (LLR power under Gaussian limits). Suppose that T,,(05), j €
{1,2}, converges to Gaussian limits, compare to (2.8), with o; > 0. Moreover,
assume that for j,r € {1,2} the limit

En, (7 (r)
. T (]) (r) n,s n,i
7(9]’ 07’) - nlglgo 271: an,lgn,l Coan,i ( dPn,i ’ dPn’z) (29)

exists in R. Suppose that (8;,05) = o7. Let the critical values ¢, ; be chosen

such that both tests v, (01) and ¢, (02) are asymptotically exact of a pre-chosen
size a € (0,1), i.e. By, (0n(01)) = a. Then the asymptotic power of the pre-
chosen LLR test ¢, (02) under the alternative H1,,(01) of the true, underlying
model 07 is given by

7(017 02) + Ua)
7(92, 02)

= ®(sign(1(61,62))v/7(61,6:1)ARE + u, ),

7(61,62)?
7(01,61)7(02,02)

EHl,n(el) (‘pn,ez) - @ (

where ARE =

€ [0,1]

is Pitman’s asymptotic relative efficiency, see Hdjek et al. [17].

Remark 2.7. The assumption v(0;,6;) = O'JQ- is connected to the classical

Lindeberg-condition. It is often but not always fulfilled if (2.8) holds. For exam-
ple, it is violated in the case 8 = 3/4 and r = p(f) for the heterogeneous normal
mixture model, which is discussed in Section 4.2. The good news are that by a
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truncation argument we find for every model 6 = (u, €), for which (2.8) holds,
another @ = (f1, &) such that the limit v(6,8) from (2.9) exists and equals o2
from (2.8), and, moreover, the test’s asymptotic behaviour is not effected by
replacing 6 by 6. The details are carried out in Appendix A, see Lemma A.3.

Note that Theorem 2.6 gives the sharp upper bound of the asymptotic power
for all tests of asymptotic size o € (0,1) if (2.8) holds for the underlying model.
The asymptotic relative efficiency ARE is a good tool to quantify the loss of
power if the wrong LLR test is used. If ARE = 1 there is no loss of power by using
©n(02) and if ARE = 0 the test ¢, (02) cannot distinguish between the null and
the alternative asymptotically. Consider for a moment the rowwise identical
case, i.e. P,; = P,1, MSZ = /4511)1 etc. If ARE € (0,1) then, heuristically,
(1 — ARE) - 100% of the observations are wasted. To be more specific, it can be
shown that ¢, (02) based on all k,, observations (Y, 1,...,Y, ,) achieves the
same power as the optimal test does when only m = [(1— ARE)k,] observations
(Yo, Yom) are used, where [z] is the integer part of x € R.

2.4. Violation of (1.4)

Here, we discuss how to handle a violation of (1.4). This issue was already
discussed by Cai and Wu [6], see their Section III.C, in terms of the Hellinger
distance to determine the detection boundary. Their idea can be used for our
purpose to determine, more generally, the limits of T;,, even on the boundary.
Instead of the original model it is sufficient to analyse a ”closely related” model
for which (1.4) is fulfilled.

By Lebesgues’ decomposition, see Lemma 1.1 of Strasser [36], there exist a
constant A, ; € [0,1], a P, ;-null set N, ; as well as probability measures i, ;
and Un,i bliCh thjtt /’:Zn,i <<~Pn,i7 Vn,i(Nn,i) =1 and Hn,i = (I_An,i)/jn,i_F)\n,iVn,i-
Now, let Qy,i, Q(n) and T}, defined as Qy i, Q) and T}, replacing ji,, ; and €, ;
by fin; and €,; = (1 — Ay i)én,, respectively. Clearly, for this new model (1.4)
is fulfilled and our results can be applied to determine the limits of Tn. When
knowing these we can immediately give the ones of T);:

Corollary 2.8. Suppose that (2.1) is fulfilled for fn, El and 52 Moreover,
assume that Zf;l En,idn,i — ¢ € [0,00]. Then (2.1) holds for T, & = 51 —c
and & = 52 + X, where X is independent osz with P(X = —¢) = e~ ¢ and
P(X = o) =1— e ¢ In particular, & = —o0 and £ = oo if ¢ = oo, or if
glz—oo andggzoo.

We can state the results of Corollary 2.8 also in terms of distributions. Denote
by v; the distribution of ;. Then vy = Vy*e_. and vy = e “Vake_+(1—e %)éno.

3. Power of the higher criticism test

In the previous section we discussed the LLR test which can be used to detect
simple alternatives from the null. An adaptive and applicable test for alterna-
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tives of the whole completely detectable area is Tukey’s HC test modified by
Donoho and Jin [12]. There are different versions of it. To relax the notation,
we decided to use the one dealing with continuously distributed p-values having
a quantile transformation in mind, see also the explanations at the beginning
of Section 1.2. The optimality of HC in a discrete model, namely the Poisson
means model, was shown by Arias-Castro and Wang [2]. Our results about the
LLR statistic in Section 2 are also valid for discrete models but in this section
we only regard continuous ones. The extension to discrete models is a possible
project for the future.
The HC statistic for outcomes p,,; € [0, 1] is defined by

Fo(t) —t
HC, = sup |F, —) =t
" el t(1—1)

)

where I, is the empirical distribution function of the observation vector
(Pn,i)i<k,- For every t € (0,1) we compare the empirical distribution function
and the null/noise distribution function ¢t — F(t) = t. This difference is normal-
ized in the spirit of the central limit theorem. For a fixed ¢ the resulting fraction
is asymptotically standard normal distributed. The interval (0, 1), over which
the supremum is taken, can be replaced by (0, ag), (k;; *, ap) or (k,;*,1—k, 1) for
some tuning parameter ag € (0,1), see Donoho and Jin [12]. The test statistic
can also be defined without taking the absolute value of the fraction. All these
versions of the HC statistic would lead here to the same power results. To im-
prove the readability of this section we give the results only for the HC version
introduced above. By Jaeschke [22], see also Eicker [14], the limit distribution
of HC,, is known under the null. We have

Py (a,HC,, — by, < ) — A(2)? = exp(—2exp(—z)), z € R, (3.1

where A is the distribution function of a standard Gumbel distribution and the
following normalisation constants are used

1 1
an = v/2loglog(k,) and b,, = 2loglog(k,) + 3 logloglog(k,) — 3 log ().

Hence, the test ¢, mo,o = 1{HC,, > ¢, ()} with

en(a) = BCEIB@OD T by _ i oa i (1 + o(1))

Qn

is an asymptotically exact level a € (0, 1) test, i.e. By, (¢n,HC,0) — 0. But we
cannot recommend to use these critical values based on the limiting distribution
since the convergence rate is really slow, see Khmaladze and Shinjikashvili [29].
Since the noise distribution is known, standard Monte-Carlo simulations can be
used to estimate the a-quantile of HC,, for finite sample size. Alternatively, you
can find finite recursion formulas for the exact finite distribution in the paper
of Khmaladze and Shinjikashvili [29].
In the following we present our tool for HC.
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Theorem 3.1 (Completely detectable by HC). Define for all v € (0,1/2)

kn kn
_ | 21:1 €ni(tn,i(0,v] —v)| + | Zi:l En,i(fini(1 —v,1) —v)]
Vk,v '

Let (vn)nen be a sequence in the interval (0,1/2) such that a,'H,(v,) — oo
and liminf, o k,vn, > 0. Then a, HC,, — by, — 00 in Qy)-probability.

Hy(v) (3.2)

Basically, we compare the tails near to 0 and 1 of the signal and the noise
distribution. This verification method for HC’s optimality is an extension of the
ones used by Cai et al. [5] and Donoho and Jin [12]. Under the assumptions
of Theorem 3.1 the sum of HC’s error probabilities tends to 0 for appropriate
critical values. In other words, HC can completely separate the null and the
alternative.

The same H,(v) can be used to show that HC has no power under the
alternative, i.e. the sum of error probabilities tends to 1 independently how the
critical values are chosen.

Theorem 3.2 (Undetectable by HC). Suppose that P, ; = P,, €, = €, and
Uni = Mo do not depend on i. Define Hy(v) as in Theorem 3.1. Moreover,
assume that P,y and Q) are mutually contiguous, compare to Remark 2.5. If

ap, SUp{Hy, (V) : v € [P, 8p) U [tn, un]} — 0, where (3.3)
log(ry) o log(uy,) 0 p log(sn) log(ty,)

1og(kn) og(k) " Tog(kn) Tog(kn)

—re(0,1)  (34)

for some sequences Ty, Sy, tn, un € (0,1) then
Q) (anHC, — by, < 2) = A(z)? = exp(—2exp(—z)), = € R. (3.5)

Remark 3.3. Suppose that a? Zk" €2 . — 0, which is usually fulfilled for sparse

i=1%n,
signals. From Hélder’s inequality (a,/v/kn) Zfﬁl €n,i — 0 follows. Hence, it is
easy to see that the statements of Theorems 3.1 and 3.2 remain true if H,(v)
is replaced by

kn
~ 1

o) = S enilitni(0,0] + i1 =0, 1)), v e (0,2).

4. Application to practical detection models
4.1. Nonparametric alternatives for p-values

Here, we discuss a generalisation of the p-values model (1.6). In particular,
we suppose P, ; = Py = Mg,1)- In contrast to Section 1.2, we now consider
that the shape function A, ;, the shrinking parameter «,; > 0 and the signal
probability €, ; may depend on ¢. The assumption that the signal distribution
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has a shrinking support can be too restrictive for practice. But the approach
allows an extension of the model in the way that we add a perturbation r, ;.
Throughout this section we consider signal distributions ., ; given by

dfin,i 1 u !
s — . . > . = .
a5 (u) —lin,z' hm( nl) + 7y i(uw) > 0 with /0 i dPy =0, (4.1)

where hy, ; is close to some h € L'(P) and the perturbation 7, ; is "small” in
the sense that

3 1
Z 53”/ r2 ;dPy — 0. (4.2)
. 0

Instead of (1.5) we suppose that

max (€ + kny) = 0.
1<i<kn

Since we already presented the results concerning this model for the rowwise
identical case (i, = ptn, and €, ; = €, in Section 1.2, the theorems are stated
only in their general versions here.

Theorem 4.1. Suppose that

kn .2 1
Z 5 K € [0,00] and max / (hpi —h)*dPy — 0 (4.3)
— i 1<i<kn Jq

for some h, h,,; € L*(Py). Without loss of generality we can suppose that

€n,1 €n,2 €
nl o In? o Tk

Rn,1 Rn,2 - B R,k

(a) (Undetectable case) If K = 0 then the undetectable case is present.
(b) (Completely detectable case) If K = oo,

: ey
Eni — 00 and L 0 4.4
2 e 2 (44
1=Tpn =1
for some r, € {1,...,k,} then we are in the completely detectable case.

(¢) If sup,, ey 2521 Eni < 00 or K < oo then every accumulation point &
(in the sense of convergence in distribution) of T, compare to (2.1), is
real-valued under the null. In particular, if K € [0,00) and

En,i En,ky
max =
1<i<kn, Kn,i Kn,k,

-0 (4.5)

then the limits of T,, are Gaussian and (2.8) holds for o® = o*(h) =
K [} h?dP.
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(d) In the spirit of Section 2.3, let 0; = {(h(]) () 8(]))l<k :n € N} denote

mn,1? 7117 mn,

a model for j = 1,2 such that (4.3) and (4.5) hold for some K1) € (0, 00)
and hU) € L?(Py). Then all assumptions of Theorem 2.6 are satisfied with

kn (1) (2) nnn{fc K (2)}
. n A n A i, 1) 2) 2)
7(61,02) = nh_{rolo E 1: (1) - ) /0 h( (x/’f )h( (55/”( i) da

if this limit exists.

The detection boundary introduced in (1.7) follows immediately from The-
orem 4.1(a) and (b). The asymptotic behaviour on this boundary, discussed in
II, can be deduced from Theorem 4.1(c). As stated in V, the case § = 1 is of
special interest. If 5 =1 and r < 1 then the pair (8,7) = (1,7) belongs to the
undetectable area by Theorem 4.1(a). But, if in addition to § = 1 we have either
r =1or r > 1 then we obtain non-Gaussian limits & and &3, note that (4.5)
is not fulfilled anymore. Details about the actual limits’ distributions are pre-
sented in the subsequent Theorem 4.3 and Remark 4.4. Using Theorem 4.1(d)
we can calculate the asymptotic relative efficiency ARE if the LLR test ¢, (02) is
used although 6 is the underlying model, see III and the following Remark 4.2.
In addition to the rowwise identical scenario, the general formulation of Theo-
rem 4.1 allows also a discussion, for instance, of a two-sample alternative with
mainly €, ; = 0 and only sparse positive €, ; > 0.

Remark 4.2. Suppose the conditions of Theorem 4.1(d) are fulfilled.

(i) (No power under different shrinking) Assume that /igllz(ngz)’l converges

uniformly for ¢ € {1,...,k,} to 0 or to co. From Cauchy Schwartz’s in-
equality we get v(61,602) = 0 and, hence, ARE = 0.
(i) If 5(1) = 5(22 and m(l) = /1(22 in Theorem 4.1(d) then ~(01,602) can be
expressed in terms of K(l) = K®_ hM and h®. In particular, we obtain
< hW p2) 52

1
ARE = < h(l)vh(l) > h(2)7h(2) > where < fag >:/0 fgdPO

If £,; = €, and ky; = Ky, does not depend on i = 1,...,k, then (4.4) is
fulfilled for r,, = [k, /2] if and only if K = oo and ke, — co. Combining this
and Theorem 4.1 yields the detection boundary presented in I from Section 1.2
and the Gaussian limits introduced in IT on this boundary if 5 < 1. Next, we
give the generalisation of the result stated in IV from Section 1.2 concerning
the case 8 = 1.

Theorem 4.3 (Extreme case 8 =1). Lett,,; = k", 7 >0, ande,; =k, *. Let
D be a dense subset of (0,00) and M be a measure on (0, 00] with M({co}) =0
such that M (x,00) < oo for all x € D and

max
1<i<n

1
/ hnyll{hnﬂ > e’ — ].}dPO — M(SL’, OO) — 0. (46)
0

Then (2.1) holds for & and & given as follows:



Detectability of nonparametric signals 4111

(a) (Undetectable case) If r < 1 then & = & = 0.

(b) If r = 1 then &;, j € {1,2}, is infinitely divisible with Lévy-Khintchine
triplet (v;,0,n;), where v; and n; are given by (2.4), (2.5) and (2.7).

(c) Ifr>1then & =—1and & ~e tey + (1 —e Hewo.

Remark 4.4. Let h € L'(P,). Suppose that h,; = hy, fol |hy — h|dPy — 0
and Py(u € (0,1) : h(u) = x) = 0 for all z > 0. Note that the latter is always
fulfilled for strictly monotone h. Then (4.6) holds for M given by M (z,00) =
fol h1{h > e* — 1} dPy. Consequently, if » = 1 then 1 = L(log(h + 1)|P),
or in other words 7, equals the distribution of log(h(U) + 1) for a uniformly
distributed U on (0, 1).

Note that we need for the statements in Theorem 4.3 and Remark 4.4 only
h € L'(P), and not h € L?(Py) as in Theorem 4.1. It is also possible to
determine the detection boundary if h ¢ L?(P,). In this case we get nontrivial
Lévy measures on the whole detection boundary depending heavily on the shape

of h comparable to the situation in Theorem 4.3(b). In the following we discuss
an example for h € LY(Py) \ L?(P).

Theorem 4.5. Let hy, ;(z) = h(z) = (1 — a)xz™* for all z € (0,1) and some
a € [1/2,1). Moreover, let k, =n, e, =n ", B € (1/2,1), and kp; = n",
r > 0. Then the detection boundary is given by

# — i B— a) 4
p#(8,) = min(0,7—=). (4.7)
In detail, v < p?(B,a) (resp. v > p¥(B,a)) leads to the undetectable case
(resp. completely detectable case). If r = p? (B, ) then T,, converges to infinitely
divisible &;, j € {1,2}, with Lévy-Khintchine triplet (v;,0,n;) under Ho,n and
H1,n, Tespectively. v; and n; are uniquely determined by (2.4), (2.5) and

1
%(x) = %er(em - 1)_§_1, x>0,

The limit in Theorem 4.5 for 7 = p# (3, a) does not coincide with the one for
B =1 from Theorem 4.3(b) with h,, ;(z) = (1 — a)z~*. Moreover, note that the
case @ < 1/2 is included in Theorem 4.1, see also Figure 1 as well as I and II in
the introduction.

Let us now consider the HC test. Since the given model is one for p-values
the observations do not need to be transformed. Hence, the HC test is based on

DPn,i = Yn,i-
Theorem 4.6 (Higher criticism). Consider the model

(i) from Section 1.2, where h € L**°(Py) for some & € (0,1), or
(i) from Theorem 4.5.

Then the areas of complete detection of the HC and the LLR test coincide. HC
cannot distinguish between the null and the alternative asymptotically if r < 1
and r = p(B) orr = p#(B,a), respectively, i.e. on the detection boundary.
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Moreover, under the model assumptions of Theorem 4.3 with hy,; = h, HC
cannot distinguish between the null and the alternative asymptotically if p =
r=1.

4.2. Heteroscedastic normal mixtures

The heteroscedastic normal mixture model was already studied essentially in the
literature (e.g., [5, 12, 19]). Nevertheless, we can give, as a further application of
our results, some new insights about it concerning the extension of the detection
boundary and the asymptotic power of the HC test on the boundary. But we
first introduce the model. Let k, = n, P,; = Py = N(0,1) and p,; = ptn, =
N(9,,08), o9 > 0, where the parametrisation Eni = Ep = n=? and 9, =
V2rlogn with 8 € (1/2,1) and r > 0 is used. The detection boundary given by

2-0d)(B-13) HE<B<1-% 00<v2 (I

) e/ T=B) it1-D < B<1, 00 <V2, (1)

P8, 00) = if§<f<1-2,002v2 (I
( (

1—o0oyT=7)" if1- 5 <f<log>v2 (IV)

(4.8)

and the limits of T}, on it were already determined by Cai et al. [5] and Ingster
[19]. The detection boundary is plotted for different oy in Figure 2. Moreover,
it was shown that the completely detectable areas of the LLR and HC tests
coincide, see Cai et al. [5], Donoho and Jin [12]. All these results can be proven
by using our methods, see Ditzhaus [10]. Note that the HC test is applied to the
vector (pn.qi)i<k, of p-values, which we get by transforming each observations
Yoitopn:=1—o(Y,,).

Proposition 4.7 (see Theorems 5 and 6 of [5]). (a) If r < p(B,00) then we
are in the undetectable case, i.e. no test can distinguish between the null
Ho,n and the alternative H,, 1 asymptotically.
(b) Ifr > p(B,00) then the LLR as well as the HC test can completely separate
the null and the alternative asymptotically.
(¢) Suppose that r = p(B8,00). Moreover, add a logarithmic term in the
parametrisation of €, as follows:

en =n"" (log(n)) ") with E(8,00) = {? =3 on (1) (4.9)

else.

(V)

20’0

In the following we discuss the different parts (I), (II) and (IV) of the
detection boundary.

(i) (Gaussian limits) Consider part (I). Then (2.8) holds for

= (i) (131 -1-B)).
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(ii) Consider the parts (II) and (IV). Then (2.1) holds for infinitely divis-
ible &1 and & with Lévy-Khintchine triplets (y1,0,m1) and (y2,0,72),
respectively, where 11, Ny are given by

dny 1 dns

Th (x) = o (e®* — 1) ¢* and ﬁ(z) =" %(x), x>0,

with ¢; = 270§ cy, ca = cg (09 —2/T = B), c3 = ¢y o0 — V1 — B
and ¢4 = o9 — /1=, and v1 and v fulfill (2.4) and (2.5) with
0% =0.

Remark 4.8. By carefully reading the proof of Cai et al. [5], see in particular
the top of page 658, there must be an additional factor 1/2 in the exponent of
the logarithmic term in their definition of €, as in our (4.9).

Applying our Theorem 3.2 we can show, as already postulated, that HC has
no asymptotic power on the boundary.

Theorem 4.9 (HC on the boundary). Let r = p(B,00) > 0, f € (1/2,1).
Moreover, reparametrize €, on the quadratic part of the boundary as we did in
(4.9). Then the HC test has no (asymptotic) power, whereas the LLR does so.

In (4.8) the detection boundary is (only) defined for 8 < 1. As we already
did in the previous section, we can extend this boundary for 5 = 1 by a infinite
vertical line starting in (r, ) = (1, 1), see Figure 2. Again, we observe on this
line unusual limits of T5,.

Theorem 4.10 (Detection boundary extension). Let § = 1. In this case we
use the original/non-reparametrized definition of €,, i.e., €, =mn~1.

(i) If r <1 then the pair (8,r) = (1,r) belongs to the undetectable region.
(ii) If B=1andr =1 then & = —1/2 and & ~ e V%e_1 ;o + (1 — e/ ?)en.
(iii) If B=1andr > 1 then &, = —1 and &3 ~ e te 1 + (1 — e Hew.

The results concerning ARE can also be applied for the heteroscedastic mod-
els. Fix the variance parameter og > 0. Let 6; = (f81,71) and O3 = (52,72)
represent two models from the linear part (I) of the detection boundary leading
to Gaussian limits of T,,. Suppose that the models are different, i.e. 51 # (5.
By applying Theorem 2.6 and simple calculations, which are omitted to the
reader, ARE = 0 can be shown. That means that the LLR test ¢, (02) can not
distinguish between the null and the alternative asymptotically when 6, is the
true, underlying model. As already mentioned (6;,0;) = O'JQ- does not hold if
B; =1 — 0/4. In this case make use of the truncation Lemma A.3.

Cai et al. [5] already considered the dense case 8 < 1/2. In this case o3 # 1
always leads to the completely detectable case independently of how the sig-
nal strength 1, is chosen. Thus, only the heterogeneous case o3 = 1 is of real
interest. In this case the parametrisation 9,, = n” is used for » > 0. The cor-
responding detection boundary is given by p(8) = 1/2 — 8 and is plotted in
Figure 2. The HC test achieves the same region of complete detection, see Cai
et al. [5]. Our results concerning the tests’ power behaviour on the detection
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F1G 2. Detection boundaries for the heteroscedastic normal mizture model. Left: (Sparse case
for op € {0.4,0.8,1,1.2, V2, 2,4}) Above the boundary is the completely detectable area and
underneath is the undetectable area for both tests (LLR and HC). The limits &1 and &2 are
Gaussian on the linear part (solid) and non-Gaussian on the quadratic part (dashed). In both
cases the HC test has no asymptotic power. On the vertical dotted line P(£2 € R) € (0,1).
Right: (dense case for 03 = 1) Above the boundary is the undetectable area and underneath
is the completely detectable area for both tests. On the boundary the limits & and &2 are
Gaussian and the HC test has no power.

boundary can also be applied. In short, on the detection boundary (2.8) holds
for some ¢ > 0 and the HC test has no asymptotic power there. This is even
possible to a general class of one-parametric exponential families including the
dense heterogeneous normal mixtures. Further details concerning the dense case
can be found in Ditzhaus [10, 11].

Appendix A: Gaussian limits

Gaussian limits & and &, compare to (2.8), are of special interest, for example
regarding Theorem 2.6. Recall that the degenerate case is included as ¢ = 0. In
the following we give several equivalent conditions for Gaussian limits.

Theorem A.1 (Gaussian limits). The conditions (a)-(i) are equivalent:

(a) & and & are Gaussian or & = £ = 0 with probability one.

(b) & ~ N(—";,a2) for some o? € [0, 00).

(c) & ~ N(";,oz) for some 02 € [0,00).

(d) & is real-valued and & ~ N(a,0?) for some a € R, 0% € [0, 00).

(e) & ~ N(a,0?) for some a € R, 02 € [0,00).

(f) Zn given by (A.1) converges in distribution under P,y to some normal
distributed Z ~ N(0,02) for some % € [0,00):

Zn = an,i(d"”’f - 1) 4z (A1)
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(g) & is real-valued and maxi<;<g, d?j — 1 in P,-probability.

2 is real-valued and maxi<i<g, €niaps — 0 in P,)-probabilit

h l-valued and i 0 in Py -probability.

i) For some T € (0,00) and all x > 0 we have I,, 1, — 0 and I, 5 — 0° €

(i) F. (0,00) and all x> 0 we have In1o — 0 and Iz, — o2
[0, 00).

If one of the conditions (b)—(f) or (i) is fulfilled for some 0% € [0,00) then the

others do so for the same 0.

Remark A.2. Theorem A.1(i) holds for some 7 > 0 if and only if it does for all.

To apply Theorem 2.6 v(6,0) = o2 is needed, where o2 comes from the

previous section and 6 denotes the underlying model, compare to the notation
in Section 2.3. As already mentioned there are examples, for which this equation
fails although &; and &, are normal distributed. But by truncation we can always
ensure the equality without changing the asymptotic results.

Lemma A.3 (Truncation). Let the assumptions of Theorem A.1 and one of its
equivalent conditions (a)-(i) be fulfilled. In order to use a truncation argument
define

En '—57”#7”(67” 7') for some T >0

d/"w Ji

and let fin; be given as follows: if €,; = 0 then =1, and otherwise

— = - 1{ n,i = < } |: n,i ( n,i — < )] .
AP,  dP,, \"™ap,, = TSFmi\Trigp =T

All our asymptotic results in this paper remain the same if we replace p, ; and
Eni bY fn,i and €, ;.

Appendix B: Proofs

In the following we give all the proofs. These are not given in the order of their
appearance since we apply, for example, Theorem 2.4 to verify Theorem 2.2. Be-
fore giving the proofs we introduce some useful properties of binary experiments
and generalise limit theorems of Gnedenko and Kolmogorov [16] to infinitely di-
visible distributions.

B.1. Binary experiments and distances for probability measures

Binary experiments classify different types of signal detectability. This gives us
a first rough insight in the different detection regions for our signal detection
problem. This standard approach is recalled for a sequence of binary experiments
{P(n),Q(n)}, n € N U {0}, where the underlying measurable spaces (£2,,.4;,)
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may change with n. Recall the equivalence of the weak convergences in (B.1)
and (B.2) on [—o0, o0]:

C(log ZC;E:; P(n)) - C(log 16?152; ‘]5(0)> =14 (say), (B.1)
£(log di:) Q) > £ (10 Z%Ez; Qo) =w Gay). (B2)

Following Le Cam we say that {ﬁ(n), @(n)} converges weakly to {v1, 12} ({ﬁ(o),
~(o)}, respectively) if and only if (B.1) or (B.2) is fulfilled. Note that every
sequence of binary experiments has at least one accumulation point in the sense
of weak convergence, see Lemma 60.6 of Strasser [36]. In general v; is a measure
on RU{—o0} and v is one on RU {co} connected by

dl/2|]R

() =€” and vp({—0}) =1 — /e” dvy (). (B.3)

dV1|]R

Using the terminology of weak convergence of binary experiments we can express
the different types of (asymptotic) detectability as follows:

o completely detectable: {P(,),Q )} converges weakly to the so called full
informative experiment {v1,v2} = {€_o0, €00 }-

e undetectable: { Py, Qn)} converges weakly to the so called uninformative
experiment {v1,1v2} = {€o, €0}

e detectable: None (weak) accumulation point of { P(,), Qn)} is the uninfor-
mative experiment {1, v} = {€g, €0}

The variational distance of probability measures P and @ on a common measure
space (2,.4) is given by

1P - Q| = sup{Ep(p) — Eg(p) : measurable ¢ : Q — [0,1]}, (B.4)
see Lemma 2.3 of Strasser [36]. It is easy to show that weak convergence of

{P(n)7Q(n)} to {P(O Q(O} implies convergence of the variational distance
||P(n |l — ||P(0 (|- Our three cases can be reformulated to:

o completely detectable: HP(n) — Q(nyl| tends to 1.
e undetectable: ||P;,) — Q)| tends to 0.
e detectable: We have liminf,, . || P) — Qm)ll > 0.

For product measures the Hellinger distance d is useful:

#20=5 [((5) - () =1 [(F5) e @
where P, Q < v. Since d?(P,Q) < ||P — Q|| < v2d(P,Q), see Lemma 2.15 of

Strasser [36], we obtain from (1.1) and (1.3) that

) Ilnax dQ(Pn,iv Qn.i) < 1211%)12” ||Pn,i - Qn,ZH < 12}%}]; €n,i = 0. (B.6)

1=1,..,kn
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Consequently, d*(P,), Q(n)) =1 — Hl (1 —=d?(P,;,Qn,i)) tends to b € [0,1] if
and only if —log(1 — b) is the limit of

71 - Zd n, Z)QTLZ (B7)

To sum up, we get the following characterisation of the trivial detection regions.

Lemma B.1. (a) We are in the undetectable case if and only if D, — 0.
(b) We are in completely detectable case if and only if D, — oo.

Note that from the connection between the variational distance and the
Hellinger distance we obtain

x>~

: kn
1 n
5 nz||PnZ an|‘2<D <25n1”Pnz Hoan,i |- (B.8)
1

i=1

\V]

1=

B.2. Limait theorems

For the readers’ convenience let us recall well known convergence results of Gne-
denko and Kolmogorov [16] which we use rapidly. Let (Y;,;)1<i<k, be a trian-
gular array of row-wise independent, infinitesimal, real-valued random variables
on some probability space (2, A, P). In our case we have

kn

> P(Yni<a)=0 (B.9)

=1

for all fixed x < 0 if n > N, is sufficiently large. Combining this with (9)
of Chap. 3.18, Theorem 4.25.4 and the subsequent remark of Gnedenko and
Kolmogorov [16] yields:

Theorem B.2. We have distributional convergence

kn
S Vi -5 Y

i=1

to some real-valued Y on (Q, A, P) if and only if the following conditions (i)-(iii)
hold.

(i) There is a Lévy measure n on R\ {0} such that n(—oc0,0) =0 and

kn
ZP<Ykn,i > ) = n(zr,00) €R asn — oo
i=1

for all x € Cy(n), i.e. for all continuity points of t — n(t,00), t > 0.
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(ii) There exists some constant o2 € [0,00) such that

kn kn 2 ’
2 : lim su Y 2 I g
2 iy limup / ap— / Yi,.id .
N0 lim inf Z (Vi il<e} ko ( {1V, i1<e} >

n=oo =1 i=1
(11i) There is some constant v € R and 19 € C1(n) such that

kn,
nlgr;OZ/Ykmi1{\Ykmi| <7o}dP

i=1

=+ | Poaw - [ aw)
(—romo)\f0} 1+ 22 R\[—0,70] 1 + & '

Under (i)-(iii) Y is infinitely divisible with Lévy-Khintchine triplet (v, 02, ).
As stated in Theorem 2.4, we have to deal also with positive weights in oo

for the limits since v = p + (1 — a)e_oo, where a < 1 may occur.

Theorem B.3. Suppose that the conditions (ii) and (iii) of Theorem B.2 hold
for some 19 € C(My). Assume that the following (a) and (b) hold.
(a) There is a dense subset D of (0,00) and a measure My on (0, 00] with

kn
ZP(Y;C"J >x) = My(zx,00] € R for all x € D.
i=1

(b) There exists some 71 > 0 such that

kn
limsupZ/{ly - }Y,fmidP < o0.
kil <T1

n—oo
i=1

Then,
kn
C(Z Y, l) Wy emMol{ood)y, 4 (1— 6—1‘/10({00}))6007
i=1

where v is a infinitely divisible measure on R with Lévy-Khintchine triplet
(v,02,m) and Lévy measure n = Mo)(0,00) -

Proof. Put n = Mj|(,o0). Let the sequence (Mp)nen consists of measures on
(0, 0] given by M, (x,00] = Zf;l P(Y,; > z), z > 0. Clearly, My|(0,00) — 7
and limsup,,_, . f(o ) t2dM,,(t) < co. Thus, we obtain [ min(¢?,1)dn(t) < oo,
which proves that 7 is a Lévy measure. Define Z,, ,, = ngl Y, {Y,; < u}
for all w € D, u > 79. By Theorem B.2 Z, , converges in distribution to X,
where X, is infinitely divisible with Lévy-Khintchine triplet (v, 02, 14.), Lévy
measure 7, = 7)) and shift term

X
u: _— - d .
Yu =Y /(u,oo) a2 n(x)
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Since 7 is Lévy measure it is easy to verify ~,, — v as D 5 u — oco. By this and
Theorem 3.19.2 of Gnedenko and Kolmogorov [16] X, converges in distribution
to X as D 3 u — oo, where X ~ v. Now, let (u,)nen be a sequence in D which
tends to oo slowly enough such that Zfﬁl P (Y, i > un) — My({oo}). Stan-
dard arguments, see Theorem 3.2 of Billingsley [4], imply that Z, ,,, converges
in distribution to X since for all 6 > 0

lim sup P(‘Zn,u — Zn,

n—oo

Zé)SMo(u,oo)%OasDSU—H)o.

The basic idea to determine the limit distribution of Zf;l Y,,; is to condition
on C,, = {maxi<;<k, Yn: < u,}. Note that for all t € R

P<§ Vi < 1) = P(Zy, <1CP(C,) +P(Z Voi St max Yo > un),

i=1

where the latter summand tends to 0. Moreover, observe that

kn

1- P(C,) = H(1 — PV > un)) —y e~ Mo({oo}),

i=1
It is remains to show that Z, ,, tends to X conditioned on C,,. Conditioned
on C,, we have Z,, = Zf;l Yo il{Yn: < up} and (Y, 1{Yyh,: < un})i<k,
is a rowwise independent and infinitesimal triangular array. Hence, we can ap-
ply Theorem B.2 to Z, ,, conditioned on C,. Finally, by basic calculations

Theorem B.2(i)-(iii) are fulfilled for the same 7, 02 and 7 given by the Lévy-
Khintchine triplet of the limit X of Z, ,,, , e.g. we have for all z € D

kan n

P(Y,,>z)—P(Y,; > u,
ZP(Yn,il{Yn,i < un} > I|Cn> = Z Y <(’LL ) ) — 77(17700)
=1 i=1 n,i mn
since miny<;<x, P(Yni <wup) > 1 —maxi<i<k, P(Yn:>1) — 1 O

B.3. Proofs of Section 2 and Appendir A
B.3.1. Proof of Theorem 2.1

The statement of Theorem 2.1 follows immediately from the following lemma.

Lemma B.4. Let I, 1, and I, 2., * > 0, be defined as in in (2.2) and (2.3),
respectively. Let D,, be defined as in (B.7). Then for all 7 > 0 there exists a
constant C; > 0 such that

1
Dn S (7 + max e, 7)In 1,7 +In27'7 (B]'O)
2 1<i<ky ) Ly 25

2
D, > C- maX{In,l,ﬁIn,Q,T - TIn 1,7 1211%}]2 En z} (B-ll)
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Remark B.5. The idea and the proof of the upper bound of D, in (B.10) is
based on the argumentation of Cai et al. [5] on pp. 21f.

Proof of Lemma B./4. To shorten the notation, we define

dptn,i
Ap iz {5n i APyt x} for all z > 0. (B.12)

We can deduce from (B.5) that

k
= d n,t
< > Ep,, <1 - \/1 — En,i T Eni d/;,’ 1(142,2',7)) : (B.13)
i=1 n,i

Note that 1 —+/1+¢ < —t/2+ 2 for all t > —1. Applying this (pointwisely) to
the integrand in (B.13) with t = &, ;(§p~ e “1(A7 ;) — 1) yields (B.10).

We split the proof of (B.11) into two steps. Flrst, define for all z > 0
d,u 2
2 n,i
Tooa — 1) dP, ;. B.14
Lo Z/C (g , (B.14)
For e™ = maxi<;<g, €n,; We can deduce from e'** > (e max)2 and
En En 1
;Pnz Ynz>~73 Sz:: nzez 1) < ea:_]_I"vl’ez_l (B15)
max
that — In,l,x S In,2,z - In,2,:r S 2Efnnax n,l,z (B16)

for all > 0. Since d@y, ;/dP,; is bounded from above by 1 + 7 on A5 ;
obtain

2D">Z/ (1-552) (¢ () ) Tz ars

InQT
(1+\/1+T)

Combining this and (B.16) gives us the first bound in (B.14) for appropriate
C;. Second, set C' =1/(1/7/2+1+1) < 1/2. Note that on A, ; ,

(192" 1 (M) (1)) (1),

Consequently,

kn
puz3obn (G 1 -2(() ) enen)

k’”.
> (]. — 20) (1 - M) Zgn,iﬂn,i (An,i,T) :

T :
=1
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B.3.2. Proof of Theorem 2.2(b)

The statements follows from Remark (8.6) and Lemma (8.7) of Janssen et al.
[24] as we explain in the following. Let C?, (R) be set of all bounded functions
f + R — R that are twice differentiable with continuous derivatives in some
neighbourhood of 0. Denote by f*)(0) the kth derivative of f at 0. The Lévy-
Khintchine triplet of a infinitely divisible measure v is equal to (v, 02,7) if and
only if the generating functional A : C?,(R) — R admits the Lévy-Khintchine
representation

W (0)a
A ) ant)

A = 1)y + 2P0 + [ —

(£@@) - £(0)
R\{0}

for all f € C?,(R). For the actual definition of A and more details about it we
refer the reader to Janssen et al. [24], in particular to (8.1)-(8.4).

Lemma B.6. Let {V1,02} be some binary experiment in its standard form,
compare to (B.1) and (B.2), such that U1(R) = 7o(R) = 1 and 1 is infinitely
divisible with Lévy-Khintchine triplet (7,02, n). Then vy is also infinitely di-
visible with Lévy-Khintchine triplet (v2,03,m2), where o = 03, 12 < 01 with
Radon-Nikodym derivative x — dng/dni(z) = e* and

2

v+ 5 /(1 e’ + o 1) dni(z) =0, (B.17)
. x

T2 =M +Uf+/(€ *Umdm(x)- (B.18)

Remark B.7. Since [z21(|z] < 1)dm(z), [€*1(|z] > 1)dm(z) < oo, see
Lemma (8.7)(a) of Janssen et al. [24], the integrals in (B.17) and (B.18) are
finite.

Proof of Lemma B.6. Let A be the generating functional of 7;. Combining
[exp dy = D2(R) = 1 and Lemma (8.7)(b) and (c) from Janssen et al. [24]
we deduce that A(exp) = 0 and C?,(R) > f — A(exp f) is the generating
functional of 75 and, in particular, 75 is infinitely divisible. Using the Lévy-
Khintchine representation of A immediately yields that A(exp) is equal to the
left side of (B.17), which proves (B.17). From f(0)A(exp) = 0 we get for all
f € CBy(®)

1 2 x r
Afexp) = FOO) (1 + 07+ /(e “ g dm(@)
2 1)
2 (0) %L _ )~ 120y
+100% + [ (1@ - £0) - 00 )erdno)
Consequently, the statements about (v, 03, 72) follow. O

Now, we prove Theorem 2.2(b). Since % > 1—maxi<i<k, €ni — 1 (B.9)
is fulfilled and by Theorem B.2 7; is concentrated on (0,00). Now, consider
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{71, 72} = {v1 * €_10g(a)> (a7 WoR) * €_10g(a) }- This binary experiment is in its
standard from since

dgg 1 dl/g

@) =a "2z +1 = R.
d;1(@ dyl(er og(a)) = exp(z), x €

Clearly, 7 is infinitely divisible with Lévy characteristic (y; —log(a), 0%, ;) and
71 (R) = 75(R) = 1. Applying Lemma B.6 proves that 7 is infinitely divisible
and so is p = ailug‘R. Moreover, is easy to check that we obtain all statements
about the Lévy-Khintchine triplets.

B.3.3. Proof of Theorem 2./

We carried out two different proofs for Theorem 2.4. The first one relies on in-
finitely divisible statistical experiments and accompanying Poisson experiments,
and arguments from Chap. 4, 5, 9, 10 of Janssen et al. [24] are used. The sec-
ond one is based on traditional limit theorems for real-valued random variables.
Since, probably, the second one is easier to follow for the readers who are not
experts in the field of statistical experiments we decided to present only the
second proof.
At the end of the proof we will verify the following lemma.

Lemma B.8. Suppose that (a) and (b) hold. Then the sums in Theorem B.2
(if) and (iii) and in Theorem B.3(a) and (b) forY, ; defined by

(B.19)

are upper bounded for every x > 0 and all sufficiently small 79,71 € D, re-
spectively, under P,y as well as under Q. In particular, Theorem B.2(ii) is
fulfilled for o2 under Pryy.

Let us first assume that (a) and (b) are fulfilled. Define Y, ; as in (B.19).
Regarding Lemma B.8 and using typical sub-subsequence arguments we can
assume without loss of generality that Theorem B.2(i) and (ii) as well as The-
orem B.3(a) and (b) hold for a measure M (resp. Mz), o1 > 0 (02 > 0, resp.)
and 71 € R (72 € R, resp.) under P,y (Q(n), resp.). In particular, by Lemma
B.8 0} = o2 Note that n; = j1(0,00) 18 a Lévy measure. From (B.15) we
obtain Mi({oco}) = 0 and so &, the limit of T,, under P,), is real-valued.
Moreover, since maxi<i<k, €n,i — 0 and ey iftn i(Anier—14e,.,) = Qni(Yni >
r) — (1 = €n,i)Ppi(Yni > x) we can deduce that M|y = 72 — m and
My({oo}) = M({occ}). Finally, the proof for the first assertion is completed
by Theorem 2.2(b).

Now, let &; be not equal to —oo with probability one. By Theorem 2.1(a) we
have sup,, ¢y In,1,r +In,2,r < oo for all 7 > 0. Hence, for each subsequence there
is a subsequence such that (a) for some measure M and (b) for some o2 are
fulfilled. From Theorem 2.2(b) and the first assertion proved above we obtain:
&1 is real-valued, and M and o2 are uniquely determined by the distribution of
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&1 and so do not depend on the special choice of the subsequence, which proves
the second assertion (and Theorem 2.2(a)).

Proof of Lemma B.8. First, observe that by (B.15) the sum in Theorem B.3(a)
is upper bounded under F(,) as well as under Q(n) for all 7 > 0. By (1.3)

an‘r—{|Ynz|<T}— (BQO)

N1t (T)

if n > N is sufficiently large, where ¢, ;(7) = €™ —1+4¢,,; € [e” — 1,€"]. Define
I, 2, asin (B.14). By Taylor’s formula there exists some random variable R,, ; -
with R, ;- =0 on By, such that we have on By, ; -

dﬂm‘ 2 dpin,i 21
Yni: nz( ’ _1)_ ( ’ _1> (_ Rnl‘r) B.21
) € s dPn,z 611,1 dPnﬁz 2 + ) ( )

and maxi<;<g, |Rnir| < C, for some constant C, € (0,00) with C; — 0 as
7\ 0. Combining this and (B.15) yields

S () (b0

where by (B.16) the upper bound is bounded itself for all sufficiently small

7> 0. Since Qs = (1 —€p,i) P i + €n,ifin, and “” L < €7 on By, . we obtain
similarly the following upper bound of | Zi:l fB _ Y,L,z dQn,il:

Vi, T

‘Z/ YnzdPnz +Inle" 1+(1+( +C) )~n2e7'

which itself is bounded for all small 7 > 0, see also (B.16). In the last step we dis-
cuss the sum in Theorem B.2(ii). On B, ; » we obtain the following inequalities
from (B.21) for all sufficiently small 7 > 0 such that C; < 1:

dﬂn,i
dP,

dpen,i
dP’!L i

- 1‘ (2= € = 2e04) < |Vl < s

- 1’ (eT +2ep,) -

E’ﬂl

. dQn i
From this, (B.16) and % < e" +maxj<;<k, En,; O0 By ; » we conclude

n
li lim sup E lim sup E 2 2
\0 lim inf / dQn i S h\"n’lo lim inf Yn,z dPnﬂ =0 .
n—o00 ;—1 Y Bn,i,r n—00 ;—1 Y Bn,i,r

Since (a + b)? < 4a? + 4b* we have for all sufficiently small 7 > 0 that

1 (/
n Yn 7 dPn z)
4 =1 n,i, T
k
ki d d . 2 2
<o [ gpam) () Au(Gp ) an)
i=1 n,i,T e n,i,r n,?

< n,t 1 In e’ — fn e’ -1 n7,2~
< ((max ns) (14 e+ Tuzer (€7 14 max &)
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Hence, by (B.16) lim o lim supn_,oo(an Yo dP, ;)? = 0 and, consequently,
Theorem B.2(ii) is fulfilled for o2 under P,). O

B.3.4. Proof of Theorem 2.2(a)

We verified Theorem 2.2(a) while proving the second assertion of Theorem 2.4.

B.3.5. Proof of Theorem A.1

The equivalence of (a)-(e) follows from (B.3) and is standard for binary exper-
iments, see Strasser [36]. The equivalence of (g) and (h) follows from (1.1) and
(1.3). Define A,, ; , as in (B.12).

Equivalence of (b) and (i): By Theorem 2.4 I, ; , — 0 for all > 0 holds also
under (b). Hence, we can suppose that this convergence is fulfilled subsequently.
Fix 7 > 0. Then

dpen,i \2, [ dptni
0 < EPnyi (53171'( d/:;;):,z) 1{%’:’2 S (33,7']}) < Tfn,i”n,i(An,i,x)

holds for all = € (0,7] and so I, 2 » — In,2. - — 0 does. Consequently, (i) holds if
and only if Theorem 2.4(a) and (b) do so for the same o2 € [0,00) and M = 0.
Hence, the equivalence of (b) and (i) follows from Theorem 2.4.

Equivalence of (f) and (i): Define Y,,; as in (B.19) and set ffm = f(Y,) for
f(z) = exp(z) — 1, 2 € R. Note that f(0) = 0 and f/(0) = f”(0) = 1. From
this, a Taylor expansion, compare to (B.21), and Theorem B.2 we obtain that
Zf;l Y,.; converges in distribution to X with Lévy-Khintchine triplet (0,02,0)
if and only if Zf;l Y. does so to X with Lévy-Khintchine triplet (—o2/2, 62, 0).
Equivalence of (d) and (h): Throughout this proof step we can assume that &,
is real-valued and so is &1, see Theorem 2.2(a). By the first Lemma of Le Cam
Pny and Q(y,) are mutually contiguous, see also Remark 2.3. Hence, (h) is true
if and only if for all > 0

o

n

0« Q(n (1<z<k Ens jl;:,’: ” x) =1 H(l - Qn Z( ! Z’m))

i=1

Combining this and (B.15) yields that (h) is fulfilled if and only if I,, ; , — 0 for
all z > 0. Finally, note that & is normal distributed if and only if it has trivial
Lévy measure 1, = 0, which by Theorem 2.4 is true if and only if 1,, 1 » — 0 for
all z > 0.

B.3.6. Proof of Lemma A.3

Let @nl and Q(n) be defined as @, ; and Q(n) replacing pi, ; and €, ; by fin ; and
En,i- For the statement in Lemma A.3 it is sufficient to show that {Q,), Qn i)
tend weakly to the uninformative experlment {€0, €0}. The main task for this
purpose is to verify ZZ 1 11@n,i(0) — Qi (0 0)|| — 0, which is left to the reader.
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B.3.7. Proof of Theorem 2.6

Denote by Z,(01) and Z,(02) the statistic introduced in (A.1) for the model
0, and 05, respectively. Since these statistics are linear, the multivariate cen-

tral limit theorem implies distributional convergence (Z,(01), Z,(02)) 47~
N((0,0),(v(04,0;))1<i,j<2) under P,). In the next step we verify for j = 1,2

0.0,
7,(0;) = z(0;) - 2% g, (B.22)
where R, ; converges in P,)-probability to 0. Let j € {1,2} be fixed. Define
Y(j) = z—:(j)( (J)/dP(]) 1). Note that by Taylor’s Theorem log(l + z) =
r— 2 + (2/3)23(1 + y,) 2 for |y.| < z. Since max;<;<y, Yn(,ji) — 0 in P,-
probablh‘cy7 see Theorem A.1, it remains to shown that ngl (Yn(’ji))2 — v(0;,0;)
in P(,,)-probability. It is well know that this follows immediately if the Lindeberg
condition is fulfilled for the triangular array (Yn( 2)1<k under P(n Observe that
combining Theorem A.1(f) and the assumption 7(0 0;) = 0‘] yields the desired
Lindeberg condition and, finally, (B.22).

From (B.22) and the asymptotic normality of the vector (Z,(01), Z,(02))
we obtain (T,(61), Tn(02)) ~ Z ~ N((=7(6;,6;)/2)j-1.2, (7(63,0;)) 1< j<2)-
Consequently, by the third lemma of Le Cam we get under Q) (61)

(03"0')

(T3(61), T(02)) <= Z ~ N (52 +7(01,67) . (165,60)1022)

7j=1,2

Finally, the desired statement can be concluded.

B.3.8. Proof of Corollary 2.8

Define

6* _ 6”71(1 - An7i)
e 1- En,i)\n,z .

Now, let @7, ;, Q’(kn) and T} defined as @m, @(n) and Tn replacing &,,; by €}, ;
Since &, = 5%(1 + ap,;) with maxi<i<g, |an,:| — 0 it can easily be seen by
Theorems 2.2 and 2.4 that (2.1) also holds for T with the same limits £, and
52. Note that

, dO*
9Qni _ (1 o))

1 1{\,; >0
dpnl-‘rOO N { > }

Since ®f;1 Ny is a Pg,)-null set we obtain that P,)-almost surely

lo g(iin)) log((iii(n)) —&—glog (1= Ani€ni)-
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Combining this and Z§21 log(1 — Ay i€n,;) = —c yields that T, 4, &1—c=¢&
under P,). By Section B.1 we obtain that T}, converges in distribution to some
&2 under Q(,,) and by (B.3) we get the desired representation vo = e™ vy xe_. +
(1 — e %)e of &o's distribution.

B.4. Proofs of Section 3

To shorten the notation we define

Zo(t) = v %, te (1),
Then,

HC, = sup |Z,(t)|.
te(0,1)

B.4.1. Proof of Theorem 3.1

First, note that

a,HC,, — b, = V2 loglog (k) | ——2—
glos )< log log(kn)

HCx —V2+ 0(1)) .

That is why it sufficient to show that for some v > 0

‘Zn(vn”
Q(n)(m < \/§+’Y) — 0 (B.23)

|Zn (1 — vn)|
o Q(n)( Vloglog k,,

To verify this we apply Chebyshev’s inequality. Note that for every real-valued
random variable Z on some probability space (2, .4, P) with finite expectation
we have

<V2+ 'y) 0. (B.24)

E(2) BON) < YD) o

P(|Z|<T>:P(|Z—E(Z)|> ) S Tze

Consequently, we need to determine first the expectation and variance for Z,, (v)
for v € {vp,1 — v, }:
i T Qua(0, 0] — v eni (pni (0,0] — )
E Zn v = kn n i=1 L ’ = i=1"n,t n,t ? R
Q(n)( ( )) \/m kn v(l 71})
1 Quil0,0] (1= Qui(0,0))

Varg,, (Zn(v)) =

kn, v(l —v)
. 2121 Qn,i(ov v] Zfil(l - Qn,i(oa v])
= mln{ kpo(l—wv) 7 knv(l —wv) }

1=v ' Jkpo(l—v) v  E,o(l—0)

B min{ 1 EQ(n) [Zn (v)] 1 EQ(n) (Zn (v)] }
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By assumption we have

En , _ _
| 2202 Eni(pni (0 va] —wn)| (B.26)
knvp, loglog(ky,)
k
- n,i ni]-* nali n
or I En it = v, D) —wa)| (B.27)
knvn loglog ky,

Suppose that (B.26) holds. Then

EQ(n) (Zn(vn))
log log(kn)

Var Zn(vy,
— oo and M — 0.

EQ(n) (Zn (vn))2

Combining this and (B.25) yields that (B.23) is fulfilled for all v > 0. Analo-
gously, if (B.27) is true then (B.24) holds for all v > 0.

B.4.2. Proof of Theorem 3.2

Let G,, be the distribution function of @y, 1, i.e. Gy, (v) = Qyn,1([0,v]), v € (0, 1).
Let Uy, Us, . . . be a sequence of independent, uniformly on (0, 1) distributed ran-
dom variables on the same probability space (2,4, P). Note (Uy,...,Uy,) ~
Py and (G H(UY), ..., G (Uk,)) ~ Q(n), where G' denotes the left contin-
uous quantile function of @y, 1. Moreover, denote the interval (r,,, sp) U (t, un)
by Jp1 and [1 —uy, 1 —t,] U [l — s,,1 — 1] by Jp 2. By (3.3) it is easy to see
that we can replace r,, by any r/, > r, such that log(r},) = (=1 4 o(1)) log(n).
In particular, we can assume without loss of generality that k,r, > 1 and, anal-
ogously, u, < 1/2. From Corollaries 2 and 3 as well as (1) and (2) of Theorem
of Jaeschke [22], which also hold for the statistics W, ‘7n, Wn introduced at the
beginning of subsection 2 therein, we can deduce that

k
e (U{U; < v) —
a sup {‘lel( {U; < v} “)’}—bni—oo (B.25)
vE(0,1)\(Jn,1UJn2) knv(l — o)
k
o (11U, < v} —
and a, sup { ‘lel( (Ui s v} —v) }— by -5 Y, (B.29)

vE(0,1) knv(1 —v)
where the distribution function of Y equals A%, see (3.1). By (B.28), the mutually
contiguity of P,y and Q(,) and the equivalence "G, (v) > u < v > G, ' (u)” it
is sufficient for (3.5) to verify

Y (1{Ui < Ga(v)} = v)} b Yy, (B.30)

a, su
b { knv(l —0)

VEJp,1UJp 2
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For this purpose we define

i (1{U; <G ( >} G ().
\/nG

[Gn( 1-G G(v)fv
n2 n3 n4 k .
v 1—U v(l — )

Clearly,

S (U < Gu(v)} — o)
knv(l—v)

An 1(’()) =

= Ap1(v)Ap2(v)A 3(V) + Ap a(v).

Hence, the proof of (B.30) falls naturally into the following steps:

sup  |A,;(v) —1| =0 for j € {2,3}, (B.31)

VEJn 1UJn 2

ap sup |Apa(v)] =0, (B.32)
vEJpn,1UJn 2

an  sup {|Anai(v)[} — b, -5 Y- (B.33)
veEJp,1UJn 2

First, observe that (1 —e,)v < Gy, (v) < v +e,(1 —v) for all v € (0,1). Hence,
we have for all v; € (0,1/2] and vy € [1/2,1) that

1-— Gn<’l)1) Gn(vg)

17’[11 ’ V2

eE(l—en,1+ep).

Moreover, we have for all v; € J,,; and all vy € J,, 2 that

’Gn (v1) B 1‘ _ Enlitn(0,v1] — v1] < Hy(v1) < anH,(v1), (B.34)
n U1 Vknrn
1— 1) —(1-—
e R L L
1— vy 1—wv

Consequently, (B.31) follows. Similarly to the above, we obtain

|An,a(v1)] < \l/q% \}iHnm) and |A, 4(v2)] < %Hn(l — ).

for all v; € J, 1 and vy € Jp, 2. From this we obtain (B.32). Clearly,

({U; <v}—w
sup |An71(v)|: sup ’Z’L 1 { } )’7
VEJpn,1UJn 2 VETp 1UJn 2 nv(l - U)
Where Jnl = [rn, ] [t ,un] by Jng = (1—ﬂn,1—fn)u(1—§n,1—?n) with

§n . Gn(l — sn), An 2o Gn(l —t,) and U, = 1 — Gp(1 — uy,). From
(B.34), (B.35) and (3.3) we deduce that (7,5p,tn,tn) and (Fn,8n,bn,0y,) fulfil
(3.4). Finally, (B.33) follows from (B.28) and (B.29) (with the new parameters).
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B.5. Proofs of Section 4.1

Before we prove the theorems stated in Section 4.1 we want to point out the
following: We can always assume that there is no perturbation, i.e. r, ; = 0 for
all 4,n, see Lemma B.9. Note that we will assume this in all upcoming proofs
concerning Section 4.1 without recalling it every time.

Lemma B.9 (Perturbation). Let us consider the situation in Section 4.1. Let
o, is @1, ; and Qz‘n) be defined as fin i, Qni and Q) setting v, ; =0 for alli,n.
Then (4.2) is a sufficient that {Q(y), Q?n)} converges weakly to the uninforma-
tive experiment {eg, €0 }. In other words, if (4.2) is fulfilled then the perturbation
by (rn.i)i<k, does not affect the asymptotic results.

Proof. Tt is sufficient to show that Zf;l d*(Qn.is in(g)) — 0 under (4.2). This

convergence follows immediately from the first representation of the Hellinger
distance in (B.5) and the third binomial formula:

2d*(Qn.i, Qn.i(6))

_ / 1 ensni) A
0 (\/(1 - gn,i) + En,ihn,i + \/(1 - gn,i) + En,ihn,i + sn,irn,i)Z
2 1
Eni 2
< 7/ ry AN U
]. - €n77; 0 ’
B.5.1. Proof of Theorem 4.1
First, observe that
i = Z%i/ i 1{ 2 b >} (B.36)
i=1 0 Fn,i
kn o2 0 el e K
Lo = Z(—/ n2, 1{ s < :c} d)k) -3 (B.37)
iz fnii Jo Fin,i i=1
Moreover, note that
1 krn e2 e
Inio <~ ﬂ/hz’i{ "Ly > 2} dA B.38
1 kn 2
< —1 ( 2 ) ) n,t
In,l,z + In,?,:r = max{l,:v } 12‘2)12”/0 hn,z dA ; Foni

By these and Theorem 2.1 K = 0 corresponds to the undetectable case and
no accumulation point of {P(,), Q) } is full informative if K € (0,00). By
Lemma B.1(b) and (B.8) the latter is also valid if limsup,,_, . Zf;l Eni <
oo. Consequently, (a) and the first statement in (c) are verified. Now, let us
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suppose that K € (0,00) and (4.5) holds. Clearly, f;l e2, — 0. By (B.37)
and (B.38) I,1, — 0 and I,2, — K [h?dPy = ¢? for all z > 0. Hence,
applying Theorem 2.4 completes the proof of (c).

Now, let the assumptions of (b) hold. Without loss of generality we can

assume that ngl e ;= C1 <ooand ey, [fin,r, = C € [0, 00] since otherwise
we use standard sub-subsequence arguments and make use of (B.8). If C' > 1

then for all sufficiently large n € N

kn

1

1
> n,i i nil{_ n,i }
_(E E’)lériugrkn/oh’ 2h’>nc dA

and so by (4.3) 1,1, — oo for all sufficiently small x > 0. If C < 1 then
T 52 ) 1
> n,i . 2 < .
ez (L 0) iy, [, Pt {2hes e} an-cy

Py
i=1 Tt

and so by (4.3) I, 2, — oo for all sufficiently large > 0. Hence, applying
Theorem 2.1 verifies (b). Finally, note that K < oo implies S &2 . — 0.

i=1%n,i

Keeping this in mind the proof of (d) is trivial (and omitted to the reader).

B.5.2. Proof of Theorem 4.3

By (B.37)

kn 1
1 x
- =<1, z<—§ By 1{ET  hy, s <2zVdA <
k’ni ,2, kni_l/or , {n ) —x} =T

: lim sup _
and so lim MW [, 5, = 0.
n—oo

Combining (B.36) and (4.6) yields for all z € D that I,, 1 ¢-—1 equals
kn 01
1 r—1 T
kn Z/o T i 1{kn hn,i > e" — 1} dN = 1{r > 1} + M (z,00)1{r = 1}.
=1
Consequently, applying Theorem 2.4 and Theorem 2.1 completes the proof.

B.5.3. Proof of Theorem 4.5

It is easy to verify that by (B.36) and (B.37)

1—1
-«
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Note that 1 — 28 +r < 0 if r < p*(B,«), or if r = p*(B,a) and a > 1/2.
Moreover, in the case of a =1/2, r = p*(8,a) = 28 — 1 we have

1
Iy = 5 log(anI*B) —n'728 0.

Combining these, Theorem 2.4, Theorem 2.1 and (2.7) completes the proof.

B.5.4. Proof of Theorem 4.6

To shorten the notation, set p, = fin,1, kn = Kpn,; and €, = &,,;. Since the
support of i, is (0, k,,) with s, — 0 and, clearly, a,kne2 = a,k.=2% — 0 we
deduce from Remark 3.3 that we can replace H,(v) in Theorems 3.1 and 3.2 by

min{vk, 1}
/ hdA.
0

We give the proof for the model (i) and the one from Theorem 4.3 in the case
of 7 = 1. The model (ii) is much simpler and left to the reader.

First, consider 3 = r = 1. Let r, = ka2, s, = t,, and u,, = (logk,)" .
Clearly, (3.4) holds. Moreover,

Nl

H,(v) = kéfﬁvfé,un(O,v) = kéfﬁvf

~ 1.5 _1
an SUp{Hy, (v) : v € [rn,un]} < ank? Brn 2 0.

Hence, by Theorem 3.2 the HC test has no power asymptotically.

Now, consider the model from Section 1.2 with h € L**°(P,) for some § €
(0,1). In particular, we have k, = n. First, let » > p(8) = 1—26 and 8 < 1.
Set v, = n~™{Lr} Clearly, n"v, > 1 and

a»;lﬁn(/un) _ a;lnl/Z—,B—i-min{l,r}/Z = 0.

By this, Theorems 3.1 and 4.1 the areas of complete detection (r > p(3)) co-

incide for the HC and the LLR test. It remains to discuss r = p(f) = 26 —1

and B <1.Setr, =n"1, s, = n_T'a;l(Hz/é), t, =n""a} and u, = (logn)~!.

Clearly, (3.4) holds. By Hoélder’s inequality there is some ¢y > 0 such that

1 1/(2+49) on” 1-1/(2+9)
11 (0, 0] < ( / h?te d») ( / d») < ¢o (vn") 1L/ (249)
0 0

for all v € (0,1). Hence, we obtain

an\/ne,  SUp {M} < ap nt/ P Pegst /271 @Oy r=r/(240) < g gt 5 ().

VE([rn,Sn] \ﬁ

Moreover,

un(O,v]} 1/2—8 ;—1/2 -1
an\/nE,  SUp { < apn t = a, —0.
V€ [tn,un] Vv " "

Finally, by Theorem 3.2 the HC test has no power asymptotically.
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B.6. Proofs for Section 4.2
B.6.1. Proof of Theorem 4.9

First, remind that we apply the HC statistic to p,; = 1 — ®(Y,, ;). Hence,
without loss of generality we can write j,, = N(9,,,03)1~®. Note that

o)+ 9,

00

fin(0,0] = 1 — <1>(— ) ve(0,1). (B.39)

Moreover, we have for all v € (0,1/2)

o t(v)+ 9,

Mn(l—v,1]:1—q>(
a0

) < 1 (0, 0. (B.40)
Observe that by Remark 2.3 and Proposition 4.7 P,y and Q(,) are mutually
contiguous. Clearly, this is not affected by the transformation to p-values. Con-
sequently, by (B.40), Theorem 3.2 and Remark 3.3 it is sufficient to show that

2
an\/nen sup (0, 0] — 0 with A\, = (loglog(n))”
vE(n—1+An 1/2] Vo log(n)

ie. r, =n"M s =t, and u, = 1/2. Let § > 0 be sufficiently small that
20 <1—rand 26 < —1/2—1r/2, where 28 — 1 — r is positive. Then

n (0, -
anv/ney sup {M} < ay,(log(n))EBo0pl/2=A+r/246 _, )
vE(n—"r=261/2] \/17

Consequently, by Theorem 3.2 it remains to show that

ann/?78 (log(n))F#:o0) sup n™ 211, (0,n~"] — 0.
KE[r+28,1—Ap]

For this purpose, a fine analysis of the tail behaviour of ® is required.

Lemma B.10. We have

m eXP(—%x2) <1-9(x) < \/;_Fm eXp(—%x2> (B.41)

for all x > 0. Moreover, there is some U > 0 such that for all u € (0,U)

-1 —1 = 7+ loglog(u™")
o () = 31 —w) > /2log(u )(1 - W)' (B.42)

Proof. From integration by parts we obtain for all z > 0

* 11 2 1 2 > 1 2
1—®(x)= —— — tet /th:—efm/Q—/ — e/t
() /x Vort /27 « 12V2m
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Hence, the upper bound in (B.41) follows. Since the integral on the right-hand
side is smaller than 72(1 — ®(z)) also the lower bound follows. Clearly, ®~ 1 is
increasing and ®~!(1 —u) — oo as u N\, 0. Let U > 0 such that ®~}(1-U) > 1.
By applying (B.41) for z = ®~(1 — u) with u € (0,U)

11 —u) < \/—2log(u V2r®—1(1 — u)) < \/—2log(u). (B.43)

Obviously, by (B.41) we have (1/6z)exp(—22/2) <1 — ®(z) for all x > 1. By
setting again * = ® (1 — u) for u € (0,U) we obtain from this, (B.43) and
VI—y>1-y/2—y? forally € (0,1) that

(1 —w) > m\/l _ log(6) +log(2)/2 + loglog(u—1)/2

log(u=1)
3 + loglog(u=1)/2 3+ loglog(u=1)/2\2
> /21 “Hl1- - .
- og(u )( 2log(u=1) ( log(u—1) ) )
Finally, by choosing U > 0 sufficiently small we get (B.42). |

From now on, let n € N be sufficiently large such that n='** < U and so
(B.42) holds for all u =n=", k <1 — \,. We obtain for all k € [r+ 25,1 — \,;]

1og<ﬁ>—+10g1°g<”)*‘7) = W (k)
4/ log(n) S

Hence, by (B.39) and (B.41) there is ¢ > 0 such that for all x € [r +2§,1 — A,]

07N (1)~ P > /2log(n) (VA — Vi -

le —K le Wp (K 1, O 1
n2p, (0,0 ") < n3 (1—@(%)) <n? wn?/i) cxp(—ﬂwn(/@)z)

1 1 —
< enP () (log(n)) P2(%) with Ey(k) = = + 5\/—2—\/\_/F
oVK

1
and Eq(k) = 2k + 0y 2(2VKr — K — 7).

Since we are interested in the supremum of all k € [r + 24,1 — \,,] we need
to find the (uniquely) point s} € [r + 24,1 — A, ] attaining the maximum of
[r+ 25,1 — \,] @ k — E1(k). For this purpose we need to discuss two cases.

First, let 09 < v/2 and r < (2 — 02)?/4 (or equivalently 8 < 1 — 02/4). Then
E(B,00) =0, e, =nP and r = (2 — 02)(B — 1/2). Without loss of generality
we assume that 7 + 26 < 47(2 — 02)72 < (1 —4)? and 6(2 — 03)/(403) < 1/8.
Then it is easy to verify that k7 = k* = 4r/(2 — 02)? and Ey(k}) = /(2 — 0}).
Since Fs is increasing we have for all sufficiently large n € N that

an\/ﬁf‘:n sup nﬁ/Qﬂn(Ovn_H] = an sup nn/2+1/2_ﬁﬂn(07n_ﬁ]
KE[r+28,1—X,] KE[r+28,* (1—6) 2]

< ancnEl(n*)+1/2—ﬁ(log(n))Ez(ﬁ*(l—é)’ﬂ

< ayc (log(n))~Y® = 0.
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Second, let (3,0¢) € (1—1/02,1) x (v/2,00) or (B,00) € [1—02/4,1)x(0,1/2).
Clearly, F; and E» are increasing in [r + 24, 1]. Hence, k) =1 — A,. Since r =

(1—oovT—PB)2,1/2—1/02+2\/r/02 —r/02 = B—1/2 and /T — A, < 1—\,./2

we obtain that

Bi(1=A) ==+ 0(55 - 5) + VAV A - )

1
<pB- 5 K(B,crg))\n, where

1 1 =0 ifB=1-13102 o0 < V2
K(@GS)UOM{ g 470, 70

>0 else.
Moreover, F5(1) = —% <0if 3=1—02/4, 0 < /2. Consequently,
an\/nen sup n“/z,un(O, n="

RE[r+26,1—\,]
< ancnEl(1*>\n)+1/2*5(log(n))Ez(1)+E(ﬁ,a§)

< anc(log(n))F2(W+EB.05)~K(B.05) loglog(n) _, o

B.6.2. Proof of Theorem 4.10

By careful calculations we obtain

1 duy,
n dPO

1 1
(r+9,) = — exp(go—zgzz2 +ay/2rlogn+ (r—1) logn>.
oo 208

Define C,, » = {x € R : nil%(x +9,) > 7}, 7 > 0. It is easy to see that

1{zx e Cy,} = 1{r=1,2>0}+1{r > 1} for  # 0. From this and Lebesgue’s
dominated convergence theorem we deduce that

Ing = /l{x € C, - }dAN(0,1)(z) — 1{r > 1} — %1{r =1}

Moreover,

A . (1 dpin
“1{ p

In T S -
2 T dPO n dPo

< T} dPy <.

Finally, combining Theorem 2.4 and Theorem 2.1 yields the statement.
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