Submitted to the Annals of Statistics

ON THE EXISTENCE OF POWERFUL P-VALUES
AND E-VALUES FOR COMPOSITE HYPOTHESES

BY ZHENYUAN ZHANG!?, AADITYA RAMDAS?? AND RUODU WANG?>*©
1Deparlment of Mathematics, Stanford University, *zzy @stanford.edu
2Depls. of Statistics & Data Science, and Machine Learning, Carnegie Mellon Univ., Yaramdas @ cmu.edu

3Department of Statistics and Actuarial Science, University of Waterloo, wang @uwaterloo.ca

Given a composite null P and composite alternative Q, when and how
can we construct a p-value whose distribution is exactly uniform under the
null, and stochastically smaller than uniform under the alternative? Similarly,
when and how can we construct an e-value whose expectation exactly equals
one under the null, but its expected logarithm under the alternative is positive?
We answer these basic questions, and other related ones, when P and Q are
convex polytopes (in the space of probability measures). We prove that such
constructions are possible if and only if Q does not intersect the span of P. If
the p-value is allowed to be stochastically larger than uniform under P € P,
and the e-value can have expectation at most one under P € P, then it is
achievable whenever P and Q are disjoint. More generally, even when P and
Q are not polytopes, we characterize the existence of a bounded nontrivial e-
variable whose expectation exactly equals one under any P € P. The proofs
utilize recently developed techniques in simultaneous optimal transport. A
key role is played by coarsening the filtration: sometimes, no such p-value or
e-value exists in the richest data filtration, but it does exist in some reduced
filtration, and our work provides the first general characterization of this phe-
nomenon. We also provide an iterative construction that explicitly constructs
such processes, and under certain conditions it finds the one that grows fastest
under a specific alternative (). We discuss implications for the construction
of composite nonnegative (super)martingales, and end with some conjectures
and open problems.

1. Introduction. Consider a universe of distributions IT on a sample space (X,F),
where X is a Polish space. The data are generated according to some PP € II. Let P and
Q be disjoint subsets of II. When we say we are testing P, we mean that we are testing the
null hypothesis P € P. When we say we are testing P against Q, we mean additionally that

the alternative hypothesis is P € O.
We ask (and answer) several central questions in this paper. The first one is:

(Q-exact-p). Given a null P and an alternative ©Q, when can we find an exact p-
value for P that has nontrivial power under Q? To elaborate, we would like to find
a [0, 1]-valued random variable 7" that is exactly uniform for every P € P, but is
stochastically smaller than uniform under every Q € Q.

The second central question in this paper is the following:

(Q-exact-e). Given a null P and an alternative O, when does there exist an exact
e-value for P that has nontrivial power under Q? To elaborate, we would like to
find a nonnegative random variable X such that E”[X] = 1 for every P € P, but
ER[log X] > 0 (or E¥[X] > 1) for every Q € Q.
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2 1 INTRODUCTION

We will provide a complete answer to both questions in this paper, when P and Q are convex
polytopes in the space of probability measures on X. The solution is surprisingly clean and

will be explained soon below.
We also answer the non-exact versions of both problems, where we only require the p-
value T’ to be stochastically larger than uniform under any P € P:

(Q-general-p). Given a null P and an alternative Q, when does there exist a p-
value for P that has nontrivial power against Q? (see Terminology below.)

Or, for the e-value, we require that EX[X] < 1 for any P € P:

(Q-general-e). Given a null P and an alternative ©, when does there exist an
e-value for P that has nontrivial “e-power” against Q? (see Terminology below.)

For these non-exact problems, we can still provide a clean characterization of the existence
for both (Q-general-p) and (Q-general-e). An immediate follow-up question is:

(Q-power). Suppose that we know the p-values or e-values in the above questions
do exist. How can we algorithmically construct powerful, or even optimal, ones?

This question is important for the application of our ideas in hypothesis testing.

These appear to be rather fundamental questions, and our answers will be proved using re-
cent techniques in simultaneous optimal transport, combined with classical convex geometric
arguments. A natural motivation for exactness of p-values and e-values comes from the trivial
observation that, in the case of a simple null hypothesis, any non-exact p-value or e-value can
be strictly improved. Although this is not necessarily true for composite hypotheses, the ex-
istence of such exact p-values and e-values, as well as the trade-off between exactness and
power, is useful for the design of tests.

Note that in the characterizations for (Q-exact-p) and (Q-general-p) above, a technical
condition of joint non-atomicity will be assumed, which is essentially equivalent to allowing
for external randomization. Our proofs are constructive and yield a simple iterative construc-
tion addressing (Q-power), called SHINE (Separating Hyperplanes Iteration for Nontrivial
and Exact e/p-variables), that can in principle explicitly build these objects and calculate their

values on a given dataset, but it is only computationally feasible for low-dimensional settings.
Towards the end of the paper, we show how answers to the above two questions help
answer a final related question:

(Q-martingale). Given a null P and an alternative O, can we determine if
there is a nonnegative (super)martingale M for P> that grows to infinity un-
der Q°°? In other words, when can we find a process M that is a nonnegative
(super)martingale under P°° simultaneously for every P € P, but it almost surely
grows to infinity under Q*° for every @) € Q?

Before proceeding, we introduce important terminology used throughout the paper.
Terminology. We define pivotal, exact, and nontrivial e- and p-variables below.

1. A random variable X is pivotal for P if X has the same distribution under all P € P.

2. A nonnegative random variable X is a e-variable for P if EP[X] < 1 for all P € P. An
e-variable X for P is exact if EP[X] =1 for all P € P. We say X is nontrivial for Q
if E?[X] > 1 for all Q € Q. An e-variable X for P is said to have nontrivial e-power
against Q if for each Q € Q, E?[log X] > 0.

3. A nonnegative random variable X is a p-variable for P if P(X < ) < aforalla € (0,1)
and P € P, and a p-variable X is exact if P(X < o) =« foralla € (0,1) and P € P. A
p-variable X for P is nontrivial (or has nontrivial power) against Q if, for each Q € O,
Q(X < a) > afor all a € (0,1) with strict inequality for some « € (0, 1). Without loss
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of generality, p-variables can be restricted to [0, 1] by truncation, without changing their
properties.

Note that an exact p-variable is always pivotal, but not vice versa. An exact e-variable need
not be pivotal, and a pivotal e-variable need not be exact. Since x — 1 > log x, an e-variable
that has nontrivial e-power against Q is also nontrivial for Q. We will often omit P and Q in
our subsequent mentions of p/e-variables when they are clear from the context. Realizations
of e-variables are called e-values. Like many other authors, we do not distinguish these terms
when there is no confusion; the same applies to p-values and p-variables.

REMARK 1.1. For the majority of this paper, we suppress the raw data that is observed
and used to form the p-values or e-values. One may simply assume that we have observed
one data point Z from P. This Z could itself be a random vector of some size n > 1 lying in
(say) R? for some d > 1 (which means P may be ;" for some . on R%), but we leave all this
implicit. Thus our p-values and e-values can be treated as “single-period” statistics calculated
on a batch of data. We return to the multi-period (sequential) case briefly later in the paper.

Summary of contributions. We briefly summarize the main results of this paper below.
With the help of techniques from simultaneous transport, the existence of p/e-values for a
convex polytope P and a simple alternative Q = {Q} is fully characterized in Theorems
3.1 and 3.4: under a natural condition of non-atomicity, we show that pivotal, exact, and
powerful p/e-values exist if and only if () € SpanP; powerful p/e-values exist if and only if
Q ¢ P. Theorems 6.1 and 6.2 extend these earlier results to the case of composite alternatives
that are polytopes: for convex polytopes P and O, similar conclusions as before hold with
the condition ) ¢ SpanP being replaced by SpanP N Q = (), and the condition Q ¢ P
being replaced by P N Q = (). Theorem 6.7 extends these results to the case of general (non-
polytope) infinite P, Q, where the situation is more complicated: we now additionally need
a common reference measure and a closure with respect to the total variation distance.

For the particular case of a simple alternative (Q = {Q}), we can speak of maximizing the
e-power under () among all exact e-variables. The exact e-variable with the largest e-power
is studied in a series of results including Theorems 4.4 and 4.7, and this finally leads to the
SHINE construction, with maximality of the constructed e-variable shown in Theorem 5.3,
providing an answer to (Q-power).

Finally, the above results directly give rise to an answer to (Q-martingale) by obtaining
sufficient conditions for the existence of a powerful e-process (Corollary 7.1).

Related results. The most directly related work is that of Griinwald, de Heide and Koolen
(2024), which focuses primarily on e-values, and in particular (Q-general-e). To paraphrase
one of their main results, consider any P and Q with a common reference measure, whose
convex hulls do not intersect. They show that as long as a particular “worst case prior” exists,
then one can construct an e-value for P which maximizes the worst case e-power for Q. This
is a topic we return to later in the paper, when we provide a more detailed geometric study of
(Q-general-p) and (Q-general-e) together. We need fewer technical conditions to establish
our results, but their additional assumptions allow them to handle general P, Q that are not
polytopes. See also Harremoés, Lardy and Griinwald (2023) for a very recent follow-up work
by the same group, which relaxes some of the original technical conditions.

A second related work is that of Ramdas et al. (2022). Here, the authors work in the
sequential setting and ask when nontrivial nonnegative (super)martingales for P> := { P> :
P € P} exist. We can paraphrase their geometric solution: assuming a common reference
measure, nontrivial nonnegative (super)martingales cannot exist if the “fork-convex hull” of
P> intersects Q.



4 1 INTRODUCTION

The above papers hint at a deeper underlying geometric picture, and our work elaborates
significantly on this theme, completely characterizing the case of convex polytopes. One key
point is that the earlier works did not give a systematic and thorough treatment of what one
can accomplish in reduced filtrations, while this is a central aspect of our paper. Informally,
we will (optimally) transport P to a single measure p, while transporting Q to a single meas-
ure v # u, and this collapse of the null and alternative corresponds exactly to working in a
coarser o-algebra.

The above idea of transport from multiple measures to specified measures is addressed
in the framework of simultaneous transport studied by Wang and Zhang (2023). We borrow
several techniques from their work and build on them significantly to provide answers to our
questions. In particular, our work tightly connects arguably basic testing problems with the
modern theory of optimal transport.

A third classical yet fundamental related work is Kraft’s theorem (Kraft (1955, Theorem
5)), which states that if there is a o-finite reference measure R that dominates every distribu-
tion in P U Q, then for each € > 0 there exists a [0, 1]-valued random variable X with

. Q P
(1) érelfQE [X]>€+Isglél7)>E [X]
if and only if the total variation distance drv(ConvP,ConvQ) > . Kraft’s theorem serves
as a starting point for distinguishing sets of distributions (Hoeffding and Wolfowitz (1958))
and impossible inference (Bertanha and Moreira (2020)). In particular, in Remark 6.3 below
we will see how Kraft’s theorem can answer (Q-general-e) above.

Finally, likelihood ratios play an intimate role throughout our paper, but in rather differ-
ent ways than classical hypothesis testing results. For general composite nulls and altern-
atives, generalized likelihood ratio-based methods require certain regularity conditions in
order for Wilks’ theorem (Wilks, 1938) to apply, which in turn yields an asymptotically ex-
act p-value. An alternative, recent e-value approach is taken by universal inference (Wasser-
man, Ramdas and Balakrishnan, 2020). Our paper takes a very different approach, designing
non-asymptotically exact p-values (Q-exact-p) or non-asymptotically conservative p-values
(Q-general-p), and also doing the same for e-values (Q-exact-e, Q-general-e). We do not
impose the regularity conditions required for Wilks’ theorem to hold (our assumptions are
different and quite mild), and we are interested in when such p-values or e-values exist and
how one can construct them (Q-power). As a rough, but instructive, intuition for how like-
lihood ratios play a role in our work, when deriving exact p-values or e-values, our method
tries to find a transport map that can simultaneously transport the entire composite P into a
single uniform U, while simultaneously transporting the composite Q into some distribution
F # U. Now, having effectively converted the given composite problem into a point null U
and a point alternative F', one can use simple likelihood ratios to design either the p-values
or e-values.

Background on e-values. E-values are an alternative to p-values, and they have recently
been actively studied in statistical testing by Wasserman, Ramdas and Balakrishnan (2020),
Shafer (2021), Vovk and Wang (2021), Griinwald, de Heide and Koolen (2024), and Howard
et al. (2021) under various names. Tests based on e-values are closely related to nonneg-
ative supermartingale techniques for testing and estimation, which date back to work by
Robbins (Darling and Robbins, 1967; Robbins and Siegmund, 1974), and they emphasize
continuous monitoring, optional stopping or continuation of experiments. The notion of e-
processes generalizes that of likelihood ratios to composite hypotheses (Ramdas et al., 2022).
Some advantages of testing with e-values are summarized in Wang and Ramdas (2022, Sec-
tion 2). The idea of testing with e-values is intimately connected to game-theoretic prob-
ability (Shafer and Vovk, 2001, 2019). For a recent review on e-values and game-theoretic



statistics, see Ramdas et al. (2023).

Notation. We collect the notation we use throughout this paper.

1. Topology. For aset A CR?, A° (resp. A, 0A, A°, ConvA) is the interior (resp. closure,
boundary, complement, convex hull) of A and aff A is the smallest affine subspace of R¢
containing A. For an affine subspace S C R%, we denote by ri( A;.S) is the relative interior
of A in S, that is, the interior of A in the relative topology on S.

2. Probability and measure. All measures we consider will be finite and have a finite first
moment, i.e., [ |z|u(dz) < co. For a Polish space X, we let M(X) be the set of all finite
measures on X and II(X) be the set of probability measures on X. For p € M(R?), we
denote its barycenter by bary(u) := [p. @ pu(dz)/pu(R?). For a finite set A of random
variables or probability measures on the same space, we define Conv.A and Span.A in the

usual sense of convex hull and span. We write X ay P M, or simply X e L, if the random
variable X has distribution x under P. We say “a probability measure p is supported on
aset A” if u(A) = 1. This does not imply that A is closed or A = supp p. The product
measure is denoted by P® Q. If P ={Py,...,Pr} and Q = {Q1,...,Qn} are two sets
of probability measures on X, we sometimes denote the tuple (P, ..., Pr,Q1,...,Qu)
by (P, Q). For P,Q € M(X) we write P < @ if P is absolutely continuous with respect
to (@ (sometimes we say () dominates P), and P~ Q if P < Q < P.

3. Stochastic orders. For F,G € II(R), we write F' <4 G if F'((—o0,a]) > G((—o0,a]) for
alla € R. Also, F' < Gif FF <t Gand F' # G.For u,v € M(Rd), we denote by p <y v
if [¢du < [ ¢dv for every convex function ¢, in which case we say p is smaller than

. . law law .
v in convex order.! If ;1, v are probability measures and X ~ p, Y ~ v, we sometimes

abuse notation and write X <.y Y instead of p =<¢x v. We write p < v if u(A) < v(A) for
every Borel set A.

4. Other notation. Bold symbols such as x and o will typically denote vectors. Write 14 =
(1,...,1) eR%, 0, =(0,...,00 R, Ty = {x €RY |zy =--- =24} =R1ly, and I =
{xe€RY|zy=---=1x4>0} =R, 1, When the dimension d is clear, we may omit the
subscript d and write 1,0,Z,Z" instead. We let U; denote the Lebesgue measure on [0, 1].
Denote the Euclidean norm by ||-||.

Outline of the paper. The rest of this paper is organized as follows. Section 2 provides
the necessary mathematical background regarding convex order and simultaneous optimal
transport. The easier case with a simple alternative (| Q| = 1) will be solved first in Section 3.
Under suitable conditions, we solve the maximization problem of the e-power in Section 4
and illustrate the SHINE construction for finding a powerful e-variable in Section 5 for a
simple alternative, thus answering (Q-power). We answer (Q-exact-p), (Q-exact-e), (Q-
general-p) and (Q-general-e) in full in Section 6, where we deal with a general composite
(and even infinite) alternative Q. Finally, an application to composite test (super)martingales
related to (Q-martingale) will be discussed in Section 7, followed by a summary in Section 8.
Appendix A contains a few general results on the existence of p/e-values, followed by proofs
of our main results in Appendices B-E. Appendix F contains a few technical results that are
used in our proofs.

2. Preliminaries on convex order and simultaneous transport. In this section, we
collect results related to convex order and simultaneous transport for future use. We rely on
some results from Shaked and Shanthikumar (2007) and Wang and Zhang (2023).

IThis is sometimes called the Choquet order in the mathematical literature, e.g., Simon (2011).



6 2 PRELIMINARIES ON CONVEX ORDER AND SIMULTANEOUS TRANSPORT

In the setting of classical optimal transport theory, one usually starts with two measures
we II(X), v € I1(Q) on Polish spaces X, %), and a typical goal would be optimizing a certain
functional over (X, Y") with respective marginals y, v (such (X, Y") are called couplings). The
set of such couplings is also referred to as transport plans. In certain cases, one is interested
in a special class of transport plans where Y is required to be a function of X . Such couplings
are called transport maps. See Santambrogio (2015) and Villani (2009) for background on
optimal transport.

A coupling (X,Y) on R? x R? is called a martingale coupling if E[Y|X] = X. Given
p,v € II(RY), a martingale transport (plan) from 1 to v is a martingale coupling (X,Y")
such that X la pand Y ta v. We recall from Strassen (1965) that there exists a martingale
transport from p to v if and only if u <.« v (see point 3 in the notation subsection for a
definition). This result is called Strassen’s theorem. The relation <., is a partial order on
II(R%). Given a subset N C TI(RY), we say p is a (Pareto) maximal element in A if there
exists no v € N such that v # p and p =<cx v; we say p is the maximum element in N if
v =cx i for each v € V. These next facts can be found in Shaked and Shanthikumar (2007,
Section 3.A).

LEMMA 2.1. The followings hold for all integrable real-valued random variables:

(i) IfE[X]=E[Y], then X <Y ifand only if E[(X —a)4+] <E[(Y — a)4] forall a € R.
(i) If {Xn} is a sequence of random variables that converge weakly to X and E[| X,,|] —
E[|X]], then X, <ex Y = X <o Y.

The recent work of Wang and Zhang (2023) proposed the notion of simultaneous optimal
transport as an extension of classical optimal transport. As explained above, classical optimal
transport theory concerns a coupling between two measures. In the setting of simultaneous
optimal transport, one starts from two d-tuples of probability measures g = (pu1, ..., ftg) on
X and v = (v1,...,v4) on 9, and requires that the transport plan (or map) sends f; to v;
simultaneously for all 1 < 5 <d. If d = 1, this coincides with the classical optimal transport.

Let us give a formal definition. For d > 1 and two R%-valued measures g, on Polish
spaces X,9) (denoted by g € M(X)? and v € M(2)?) such that p(X) = (), let K, v)
and 7 (u,v) denote the set of all simultaneous transport plans and maps from p to v re-
spectively, i.e., K(u, ) is the set of all stochastic kernels  such that

() = / () () = v (),
and
T(p,v)={T:% =Y |poT ' =v}.

When d = 1, K(p,v) is often represented as the set of all joint distributions on X x %)
whose marginals are p and v respectively, but for d > 1, we prefer the above representation.
The mathematical structure of simultaneous optimal transport is very different from classical
optimal transport, and the existence of simultaneous transport plans (or maps) is a non-trivial
question. To further characterize the existence of simultaneous transport maps and plans, we
need the notion of joint non-atomicity.

DEFINITION 2.2.  Consider a tuple of probability measures gt = (u1, ..., iq) on a Polish
space X. We say that p is jointly atomless if there exists p > Zle w; and a random variable
¢ such that under y, & is atomless and independent of (dp/dpu, ..., dpg/dp).
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As a simple example, (1 X Uy,...,uq X Up) on X x [0,1] is jointly atomless for each
collection (p1, ..., puqg) on X. We refer to Shen et al. (2019) and Wang and Zhang (2023) for
more discussions on this notion.

In statistical terms, the hypothesis { P, ..., Pr} as a tuple being jointly atomless is equi-
valent to allowing for additional randomization, i.e., simulating a uniform random variable in-
dependent of the Radon—Nikodym derivatives (dP; /dP,...,dPr/dP) for some P € II(X).
It suffices if simulating a uniform random variable independent of existing random variables
is always allowed. Such an assumption is common in statistical methods based on resampling
or data splitting.

PROPOSITION 2.3.  Consider p € IL(X)? and v € II())%. Let A € RY satisfy || A, = 1,
and define ju:= X" p, and v := X" v. Assume that p; K poand vy L v for each 1 < j <d.
Then,

(i) The set K(p,v) is non-empty if and only if

dm %‘* dny - dwa
e Gk

where X |p means the distribution of a random variable X under a measure P.
(ii) Assume that p is jointly atomless. The set T (u,v) is non-empty if and only if

di %‘* dn - dw
oo a) L (e

PROOF. Theorem 3.4 of Wang and Zhang (2023) implies that the statements hold with
A=(1/d,...,1/d). The more general case follows from Lemma 3.5 of Shen et al. (2019),
in the direction (iii)=-(ii) there. ]

9
14

v

We briefly describe the intuition behind this result, which is crucial for our paper. In the
sequel, a coupling (X,Y") is backward martingale if E[X|Y] =Y that is, (Y, X) forms a
martingale. It is Monge if Y is a measurable function of X. The key observation is that
the pushforward x4 p mixes the ratios between different coordinates of the (vector-valued)
masses of p at different places of X; see Figure 1. The “ratios” can be recognized as Radon—
Nikodym derivatives. The “mix” effect can be interpreted as a backward martingale trans-
port, because reversing the transport arrows (or equivalently, looking at the transport in the
backward direction) gives rise to a martingale coupling of the Radon—-Nikodym derivatives.
Strassen’s theorem then gives the convex order constraint on the Radon—Nikodym derivat-
ives. In Wang and Zhang (2023), such an observation leads also to the MOT-SOT? parity that
relates the simultaneous transport to the underlying backward martingale transport, which
will be useful for our purpose when constructing explicitly an e/p-variable. We state a weak
form of the MOT-SOT parity below, which can be proved similarly to Corollary 3 of Wang
and Zhang (2023).

PROPOSITION 2.4. Let pu € TI(X) and v € TI(Y)? satisfy p < pg, v <K vq (where we
recall that g is the d-th component of the vector-valued measure ), and K(p,v) non-
empty. Suppose that p is jointly atomless and (dp/dpq)|,, is atomless. Then there exists a
backward martingale coupling between (dp/dpq)|,, and (dv/dvg)|,, that is also Monge.

2Here, MOT stands for martingale optimal transport, and SOT stands for simultaneous optimal transport.



8 3 COMPOSITE NULL AND SIMPLE ALTERNATIVE

K >é<'”
I

Figure 1: A showcase of simultaneous transport: here the input vector p is two-dimensional,
as is the output vector v. The two input distributions are discrete distributions over the
same alphabet of size six and are drawn in different colors in the top row, with the height
of a bar indicating its mass. The two target distributions are binary, indicated on the bot-
tom row. The simultaneous transport requires that the maps that transport from p; to
v1 (left) and from po to vy (right) are identical. This map is achieved by mixing (aver-
aging) the Radon—Nikodym derivatives. Denoting 7 = v + v and i = p1 + p2, we have

i) =1 (d’“ 1)+ din = (3)+ 3 din (4)) and analogously for the other coordinate.

do

Moreover, if we denote by h the map that induces this Monge transport, then there exists a
simultaneous transport map T € T (u,v) satisfying

W @) =n (C‘li:;(x)> , rEX.

In the above proposition, we have picked the d-th entry ug, 4 to evaluate the Radon—
Nikodym derivatives. One could as well use p;,v; for any 1 < j < d, or even fi, 7. When
applying this result, we have in mind that the last entry of p,r will be given by the altern-
ative and the rest by the null, which makes it convenient to evaluate the Radon—Nikodym
derivatives using the d-th entry.

Finally, we recall the following basic fact on Radon—Nikodym derivatives.

LEMMA 2.5. Let d € N and T be a probability measure supported on Ri with mean 1.
Then there exist probability measures F1, ..., F; supported on [0, 1] such that

aF AR
dUl"”’dUl U

PROOF. Since Uj is atomless, 7 (Uy,7) # (0.3 Pick (f1,..., f4) € T(Uy,7), and define
F; by dF;/dU; = f; for 1 < i < d. This is well-defined since f; is nonnegative a.e. and
EY:[f;] =1 foreach 1 <i < d. O

3. Composite null and simple alternative. In this section, we characterize the exist-
ence of exact and pivotal p-variables and e-variables for composite null and simple alternat-
ive (singleton). Although our results in this case are covered by the more general result for
composite alternatives treated in Section 6, studying this setting first helps with building in-
tuition behind our proof techniques. Moreover, the concept of e-power studied in Section 4 is

31t is a standard fact in optimal transport that a Monge transport map from p to v exists if y is atomless.
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defined for a single () in the alternative hypothesis. We fix P = {P;,..., P} and Q ={Q}
in II(X) and will assume that

JA) (P, Q) is jointly atomless,

unless otherwise stated. The main results are Theorems 3.1 and 3.4 below. When
(AC) P,.. . PL<L@

holds, we define the measure v = (AP, /dQ, . ..,dP./dQ)|g on RE.

THEOREM 3.1.  Suppose that we are testing P = {Py,...,Pr} against Q = {Q} and
(JA) holds. The following are equivalent:

(a) there exists an exact (hence pivotal) and nontrivial p-variable;

(b) there exists a pivotal, exact, bounded e-variable that has nontrivial e-power against Q;

(¢) there exists an exact e-variable that is nontrivial against Q;

(d) there exists a random variable X that is pivotal for P but has a different distribution
under @), where the laws of X under both are atomless;

(e) it holds that Q ¢ Span(Px, ..., Pr).
To prove Theorem 3.1 we need the following preparation.

LEMMA 3.2.  Suppose that Q) & Span(Py, ..., Pr) and (AC) holds. There exists a disjoint
collection of closed balls By, ..., By, in RY of positive measure (under ) not containing 1
such that denoting by t; the point of B; closest to 1, we have 1 € Conv({t1,...,t5})°.

PROOF. Since @ & Span(P4,..., Pr), the measure v cannot have support contained in
a hyperplane in R” by definition. In other words, aff suppy = RY. By Lemma FE.1(ii),
1 = bary(vy) € (Convsupp~)°. Therefore, there exist si,...,s; € supp~y such that 1 €
(Conv{si,...,s;})°. Let B; be the ball centered at s; with radius > 0 for 1 < j < k. For
r small enough, these balls will be disjoint from 1, and the closest points ¢y, ..., satisfy
IECOHV<{t1,...,tk})O. ]

PROPOSITION 3.3.  We have QQ & Span(Py,..., Pr) if and only if there exist probability
measures G # I such that

K((P1,...,Pp,Q),(F,...,F,G)) #0.

If moreover (JA) holds, then QQ ¢ Span(Pi,...,Pp) if and only if there exist probability
measures G # I such that

T((Py,...,P,Q),(F,...,F,GQ)) #0.
In addition, in both cases above, we may pick F' = Uy and G atomless.
PROOF. The “if” is clear since Q) € Span(P%, ..., Pr) wouldimply G € Span(F') = {F'}.

For “only if”, let F' = U; and consider first the case where (AC) holds. Then using Proposi-
tion 2.3 with d = L 4+ 1, it suffices to prove that there exists some G > F' such that

P, dP; dQ dF  dF dG
S S e 4 ] S (N e (
Q7 dQ ' dQ ) lo =™ \dG’ 1 dG G ) ¢

Equivalently, we need to show that

dP; dP dF dF
(2) Y= 717"'77[/ ‘ tcx At 1 ‘ .
d@ dQ /1@ dG dG /) la
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We will first consider a special type of density dF'/dG which allows us to construct G
such that (2) holds. Suppose that
1 fo<z<1l—g
=q1l+e ifl-e<z<l-3;
l—e ifl-5<z<1,

dG
@(x)

where € > 0 is a small number. Clearly, G is atomless. Moreover, (dF'/dG)|q is con-
centrated on [(1 4+ €)', (1 — &)7!] and P¢[dF/dG = 1] = 1 — ¢. Therefore, the meas-
ure (dF/dG,...,dF/dG)|g is supported on the line segment {x € RY | z1 = --- =2 €
[(1+&)71 (1 —¢e)7']}, with mean 1 and PE[dF/dG # 1] = . We will find a measure
(dF/dG,...,dF/dG)|q that satisfies the condition above and also (2).

Consider a disjoint collection of closed balls {B;}i1<j<r in R as constructed in
Lemma 3.2. By Lemma F.2, there is § > 0 and a segment {x € RF |z, = --- =2 €
[l —d,1+ 6]} containing 1, such that any measure of total mass ¢ supported on it will
be smaller in extended convex order than some 7 such that 7 < 7|U§_1 B, We choose € > 0

so that (1 —¢)~! < 1+ 6. As a result, the measure G constructed in the above paragraph
jCX a

satisfies
_((4F ARy,
Y= \\ag a6 ) ¢ ) ey

The measure (dF'/dG,...,dF/dG)|¢ — w is concentrated at 1, which is smaller in con-
vex order than any measure with barycenter 1 and the same total mass. Since bary(y) =

bary(y) = 1, we conclude
dr dF
LA T
(dG dG) G

If (AC) does not hold, then we define Q' = Q/2+ (P1 + -+~ + P)/(2L), and repeat the
above arguments, so that there is x sending (P, ..., P, Q") to some (F,...,F,G’) where
G’ # F. By linearity,  also sends (Py,...,Pr,Q) to (F,...,F,G) where G =2G' — F #
F. O

PROOF OF THEOREM 3.1. The direction (a)=-(b) is proved as Proposition A.5, (b)=-(c)
is clear from definition, (c)=-(e) is proved as Proposition A.6, and (¢)=>(d) is Proposition 3.3.
To show (d)=-(a), let X be a random variable that has a common law F' under P € P, and
law G under Q. Let ¢ be given in Lemma F.3. It follows immediately that ¢ o X is an exact
p-variable. O

THEOREM 3.4. Suppose that we are testing P = {Py,..., Pr} against Q = {Q} and
(JA) holds. The following are equivalent:

(a) there exists a nontrivial p-variable;
(b) there exists a bounded e-variable that has nontrivial e-power against Q;
(¢) there exists an e-variable that is nontrivial for Q;

(d) it holds that Q ¢ Conv(Py,..., Pr).

REMARK 3.5. The directions (c)<>(e) in Theorem 3.1 and (c)<>(d) in Theorem 3.4 also
hold without (JA), in view of Proposition A.7.

EXAMPLE 3.6. (i) Let P, 2 Ber(0.1), P52 Ber(0.2), and Q 2 Ber(0.3). It follows
that ) € Span(Py, P,) \ Conv(P;, P;). By Theorems 3.1 and 3.4, a nontrivial e-variable
(or p-variable) exists, but an exact nontrivial e-variable (or p-variable) does not exist.
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(i) Let P, &' N(=1,1), P, ¥ N(1,1), and Q ' N(0,1). By Theorem 3.1, there exists a
pivotal exact nontrivial e-variable (or p-variable).

REMARK 3.7. When the sample space X is finite (say |X| = d) and @ ¢ SpanP, it is
easy to construct nontrivial exact e-variables. We can associate the distributions with their
Radon—Nikodym derivatives, which are just d-dimensional vectors, and one can consider an
e-variable of the form 1 4 Y where Y is proportional to the orthogonal part of () relative to
the span of P (so that Y integrates to zero under any P € P, but has positive expectation
under Q). In case P = { P}, taking P as the reference measure, this construction yields Y =
a(d@/dP — 1) for any « € [0, 1], and the e-variable is precisely d@)/dP when « = 1. For
infinite X, such a direct construction exploiting orthogonality is no longer possible because
the Radon—Nikodym derivatives do not live in a Hilbert space.

Next, Section 4 constructs a powerful exact e-variable by additionally imposing pivotality.

4. Constructing a powerful exact e-variable. We focus on e-variables in this section.
Provided the existence, our next step is to maximize the e-power of an e-variable that is
pivotal and exact. The e-power of an e-variable X can be measured by E?[log X], which
has long been a popular criterion; see for example Kelly (1956); Breiman (1961); Bell and
Cover (1988); Shafer et al. (2011); Griinwald, de Heide and Koolen (2024); Waudby-Smith
and Ramdas (2024).* It has been recently called the e-power of X (Vovk and Wang (2024)),
a term we continue to use for simplicity. In this section, we will fix P = {Py,..., Pr} and
Q ={Q}. Our goal is to solve

3 max E%[log X],
s.t. X : X is a pivotal exact e-variable.

This optimization problem turns out to be a special case of a more general problem that is
illustrated by (8) below. Such a connection will be explained in Section 4.1. We describe an
equivalent condition for the existence of a maximal element for (8) in Section 4.2. A further
sufficient condition in the case L = 2 is illustrated in Section 4.3. Section 4.4 contains a few
discussions regarding batching multiple data points and how it affects the e-power. Finally,
we provide several examples in Section 4.5. In this section, we let

@) - (ig,...,i%)\@.

In particular, ~ is a probability measure on Ri with mean 1.

4.1. E-power maximization and convex order. 'We first recall the maximizer of e-power
in the case of a simple null versus a simple alternative, which has an explicit form. This fact
is used frequently in the above literature.

EXAMPLE 4.1. Let us first illustrate an example with simple null P = {P} (L =1) and
simple alternative Q = {Q}. Clearly, any e-variable is pivotal. Thus (3) reduces to

max E%[log X],
&)
st. X: X>0,EP[X]=1.

*In short, it captures the rate of growth of the test martingale under the alternative @; see Section 7.
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By Gibbs’ inequality, the maximum value is attained by the likelihood ratio, i.e., when X =
d@/dP (see Shafer (2021) for this simple setting).

Below we illustrate the solution to (5) using our theory, which sheds light on the composite
null case. For simplicity, we assume (JA) and (AC). Denote by ~y := (dP/dQ)|q. Consider
the set M., of probability measures y such that p < 7:

M’Y = {:u € H(R) CH Sex ’Y}
Using Lemma 2.5, every p € M, (in fact also for u ¢ M,) corresponds to a probab-
ility measure F' such that (dF'/dU;)|y, = p. By Proposition 2.3, there exists a random
variable Y that has law F under P and law U; under (). Next, consider X of the form
X = (dU;/dF)(Y), and we optimize E?[log X] over F satisfying (dF/dUj)|y, € M. It
is clear that the constraint

dU dU
P P 1 F 1
E[X]=E [dF(Y)] E [dF} 1
is satisfied, and the objective in (5) becomes
dU dU dF
Q Q L —_wUs 1 U,
E*[log X] =E [10g<dF( )>]_E [1 dF} E [ 10gdUJ
We have thus arrived at the optimization problem
F
max EY [ log jUJ

(6)

dF
Lt FelllR): F<Up, —
S e II(R) < Uy, a0, lu

The value (6) gives a lower bound on (5). Since the set M., has a maximum element v in
convex order, the problem (6) has a trivial solution EQ[— log(dP /d@)]. This corresponds to
the solution to (5) using Gibbs’ inequality.

The fact that the two values (5) and (6) are the same is not a coincidence and holds more
generally for composite nulls, which we will prove in Theorem 4.2. With a composite null,
the main difficulty arises from solving (6), because the set M., has a complicated structure,
and may not contain a maximum element in convex order.

eM,.

1

As explained in Example 4.1, the first step to solving (3) is to impose the further condition
that X is of the form (dG/dF')(Y’) for some F, G, Y. As a consequence of Gibbs’ inequality,
this does not affect the optimal value of (3), as shown in the following result.

THEOREM 4.2. Assume (JA) and (AC). There exists a maximizer X to (3) of the form
X = (dG/dF)(Y), where F,G € II(R), and Y € T((P1,...,Pr,Q),(F,...,F,Q)).

The fact that the log-optimal pivotal and exact e-variable is a likelihood ratio is quite
aesthetically appealing, a phenomenon that is known to be true without the restrictions of
pivotality and exactness (Griinwald, de Heide and Koolen, 2024; Larsson, Ramdas and Ruf,
2024), but in this more general case F' could be a sub-probability distribution.

Given X = (dG/dF)(Y) where Y € T((Py,...,Pr,Q),(F,...,F,G)), we may rewrite

dG dF
E9flog X] = B2 log (5 2(V) ) | =E¢| ~1og - .
[log X] =E~ | log { = (Y) g 17
As a consequence of Proposition 2.3, the optimization problem (3) is equivalent to finding
dF
B[ toe g )
max 0g o]

(N

t (S S| = (S SR
st. F,Gell(R) (dG’ ’dG) ‘G_ (dQ d@ > ’Q
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More generally, since « — — log « is convex on its domain, we may formulate the problem
of optimizing E®[¢(dF/dG)] for all convex function ¢ : Ry — R. In other words, let y be the
law of (dP;/dQ,...,dPr/dQ) under @ and introduce the set M., of probability measures
supported on I; that is smaller than v in convex order, and our goal is to

max p in <y,
®)
s.t. peM,.
This will be the goal of the present section. The reader should keep in mind that unfortunately,
even if (8) allows a unique maximum element, it does not necessarily solve (3) uniquely when
the logarithm in (3) is replaced by other concave functions. This is because Theorem 4.2
requires Gibbs’ inequality, where the logarithm plays a crucial role.

4.2. Existence of the maximum element in convex order. To ease our presentation, we
will assume further that

N) ~ from (4) does not give positive mass to any hyperplane in R”.

That is, for every half-space H C R”, ~(9H) = 0. This is a technical assumption which
greatly simplifies our proofs (as we will explain in Remarks 4.6 and 4.8), and we expect that
analogous results hold without such an assumption.

PROPOSITION 4.3.  Let vy be a probability measure on Rf_ with mean 1. Consider x > 0.
There exists a closed half-space H, of R* and a measure i, supported on H,, such that

(1) the positive diagonal I; ¢ H,;

(i) —1 € H,;,

(iii) 21 € OH, = H, NHS, where HS, is the closed complement of H,;

(iv) the measure e 2=y — py is supported on HF, and the barycenters of i, and pige both
lieon ™.

In this case, we call OHl,, a separating hyperplane at x. Moreover, if (N) holds, there exists a
unique measure |1, satisfying the above conditions, in which case it also holds that i, = g,

and g =

H -

We remark that if ~ has a strictly positive density on RY, then the above H,, is unique.
Recall from (8) that our goal is to find the maximum element in M., in convex order.

THEOREM 4.4. Assuming (N), the following are equivalent.

(a) There exists a unique maximum element (i in convex order in M., i.e., i 2cx v and for
each v supported on T+ with v = 7, it holds that v = L.

(b) The class of measures { iz }2>0 from Proposition 4.3 is monotone (in the usual order),
ie, forall x <y, pp < fiy.

EXAMPLE 4.5. Suppose that L = 1. It is clear from the proof of Proposition 4.3 that
condition (b) in Theorem 4.4 is always satisfied. Therefore, the maximum element y in M.,
always exists. This agrees with Example 4.1, where the likelihood ratio maximizes the e-
power.

REMARK 4.6. The only place we used our assumption (N) is on the uniqueness of the
measure ji, in Proposition 4.3. When there is no uniqueness, the condition (b) in Theorem 4.4
needs to be replaced by the existence of a monotone selection of measures { /i, }»>0, each of
them satisfying the conditions in Proposition 4.3.
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supp p

suppy

1)

Figure 2: Illustration of Theorem 4.7. The convex set I is enclosed by the red contour 91" on
which ~ (the law of (dP;/dQ,dP»/dQ) under Q) is supported. The measure 1 is supported
on the thick segment on the diagonal Z.

The condition (b) in Theorem 4.4 is in general not easy to check, especially in higher
dimensions.” Later, we supply a sufficient condition in Section 4.3, and a few examples in
Section 4.5.

4.3. A sufficient condition in case |P| =2. When L = 2, we provide a sufficient con-
dition for the class of measures {/i;},>0 to satisfy the monotonicity condition z <y =
Ha < fiy. In view of Theorem 4.4, this condition implies the existence of the maximum ele-
ment p. We keep the same setting as in Section 4.2 and assume (N), with the exception that
L=2.

THEOREM 4.7. Assume (N), JA), (AC). Suppose that there exists a convex set I' C R?
such that v(OT') = 1.° Then there exists a unique maximum element yi in convex order in M,
Moreover, yu is the unique probability measure on the T with 11(]0,z]?) = p1,(R?), where i,
was given in Proposition 4.3 applied with L = 2. In particular, there exist distinct measures
F,G € II(R) such that (AF/dG,dF/dG)|g = u, attaining the maximum in (7).

REMARK 4.8. With essentially the same arguments, we may remove assumption (N)
from Theorem 4.7. With the presence of atoms, selecting any monotone collection {114 } >0
would be enough; see Remark 4.6.

4.4. On multiple observations. Before we proceed, let us discuss the case with multiple
data points. Suppose that instead of one data point, we observe n iid data points 21, ..., Z, in
the space X from the experiment. The e-variable is built based on the n data points together
instead of a single data point. In other words, given P = {Py,..., P} and Q = {Q}, we
build an e-variable for P" := { P[",..., P}'} that is pivotal, exact, and has nontrivial e-power
against Q" := {Q"}. We first see that, as long as Q € P and P is linearly independent,
at most two observations are needed to build a pivotal and exact e-variable based on The-
orem 3.1. Furthermore, without linear independence of P, a finite number of observations
would suffice when the underlying space X is Euclidean.

SIn this paper when we mention “dimension” we typically refer to the dimension of the null, but not the
dimension of the underlying space X.

OThis assumption is far from being necessary, but might be convenient to verify.
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THEOREM 4.9. Suppose that X is an Euclidean space and P, . . ., Py, are distinct prob-
ability measures on X. If Q € II(X) satisfies Q ¢ P ={Pi,...,Pr}, then there exists k > 1
such that Q% & SpanP* (and in particular Q¥ ¢ ConvP*). Moreover, if we also assume that
Q satisfies (AC) and that Py,..., Py, are linearly independent, then either (Q & SpanP or
Q? & SpanP? (or both); in particular, either Q & Conv’P or Q? & ConvP? (or both).

In the last claim above, one can show that neither the linear independence condition nor
(AC) can be removed. The proof of Theorem 4.9 is put in Appendix C, which relies on the
following fundamental fact: If X is an Euclidean space and P, ..., Py, are distinct probability
measures on X, then there exists k > 1 (possibly large) such that PF,..., PF are linearly
independent. This fact may be known, but we are not aware of a proof in the literature, and
we present it as Lemma C.3 in Appendix C. The weaker statement that there exists k for
which Q* ¢ ConvP* also follows from Lemma 2 of Berger (1951).

law

EXAMPLE 4.10.  Suppose that P, % Ber(0.1), P, % Ber(0.2), and Q "2 Ber(0.3).
We explained in Example 3.6 that an exact nontrivial e-variable does not exist. Nevertheless,
Theorem 4.9 implies that Q2 ¢ Span(P?, P$), and hence an exact and nontrivial e-variable
exists for a batch of two data points. An example of such an e-variable X is given by

1.009  for w = (0,0);
X(w)~40.939 forw=(0,1),(1,0);
1.338  forw=(1,1).

Let us denote by /,, the maximum e-power with n data points for P" against Q" using a
pivotal and exact e-variable, similarly as in (3).

PROPOSITION 4.11. In the setting above, suppose that (AC) and (JA) hold, and Q &
P ={Py,...,Pr}. Forany n,m € N, Uy, 1, = Uy, + U, In particular, £, /n converges to a
positive limit less than or equal to minpep E?[log(dQ/dP)].

The above proposition formalizes the straightforward observation that constructing an e-
value using m + n points is potentially more powerful than multiplying two e-values together
that were constructed separately using m and n points respectively.

Is there a loss of e-power caused by imposing exactness or pivotality? The superaddit-
ivity property established in Proposition 4.11 implies in particular that ¢9. /2™ is increasing
in n. The intuitive reason of the increase in the average e-power is partly due to the fact that
the pivotality constraint becomes less restrictive for a higher number of observations. To see
this, imagine laws P € P with a complicated entangled overlapping structure. To achieve
pivotality, we need to send all laws P simultaneously to a single distribution F', the ways
of which may be quite limited due to the overlapping structure.” On the other hand, with
multiple observations, the laws P", P € P have much fewer overlapping parts than P € P
do (for instance, P°°, P € P are mutually singular), meaning that there are more ways to
achieve pivotality.

It remains an open question whether £, /n — minpcp E€[log(d@Q/dP)]. Note that this
conjectural limit can be different from minpcconyp E@[log(dQ/dP)] because the linearity
structure is lost after taking powers. If the above question is answered in the affirmative,

7For instance, if P € P all have disjoint support (no overlap), the transport map can be picked independently
on the disjoint supports to send P to F’, but this is not possible of P € P all have the same support.
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then the loss of e-power vanishes asymptotically, by noting that n minpep E@[log(dQ/dP)]
is an upper bound on the theoretical best e-power for testing P" against Q" (see Ex-
ample 4.1). In Example 4.13, we present a setting of Gaussian distributions in which
Ly /n — minpep E?[log(dQ/dP)] holds true. We conjecture that this limit holds true in
general, but we did not find a proof.®

4.5. Examples. The condition in Theorem 4.7 that v = (dP;/dQ,dP»/dQ)|q is sup-
ported on the boundary of a convex set is not very restrictive. When Py, P», @ € II(R), the
vector of density functions ((dP;/dQ)(x),(dP2/dQ)(z)) forms a parameterized curve in
R? by 2 € R. In certain nice cases, such a curve lies on the boundary of a convex set. We
illustrate with a few examples below.

EXAMPLE 4.12.  Consider P, %' N(—1,1), P,'&'N(1,1), and Q %' N(0, 1). It follows
from a direct computation that

— <‘£ﬁ£> ‘Q _ (6—5—1/2765—1/2)

which is supported on the hyperbola {(z1,22) € R% | z122 = 1/e}, the boundary of the
convex set {(z1,22) € R2 | 2122 > 1/e}. By Theorem 4.7, there exists a unique maximal
element y in M., in convex order.

Using the notation from Proposition 4.3, it is easy to see that H, = {(z1,22) € R? | z1 +
xo < 2z} and p, = y|g,. Moreover, Theorem 4.7 yields that y is the unique probability
measure on Z* with

1
) ©([0, ])—2¢<1og\fx+\/ )—1f0rw > 75

where ® is the Gaussian cumulative density function. It can be directly seen from the
figure below that points =,y € R are shrunk to a single point precisely when the points
(e*=1/2 e=#=1/2) and (e¥~1/2,e=¥~1/2) are symmetric around Z. This happens if and only
if z = —y. In other words, the most powerful pivotal e-variable is a function of |Z \ where Z

§RN(0,1)

is the observed data point. Using Example 4.1 on testing the simple hypothesis | Z \ VAIEST

against | Z| ' |€], this e-variable is given by X = 2¢1/2/(eZ + ¢=%) = e'/2 cosh(Z) !, and
the e-power is E¥ [log X] = 0.125. In the sequential setting where iid observations 71, ..., Z,
are available (treated in the next example), we effectively reduce the filtration generated by
Z1,...,Zy to the one generated by |Z1|,...,|Zy,|. This corresponds to the intuition that tak-
ing absolute value transports P, P> to the same measure but not for (), and indeed this is the
optimal solution to (7).

EXAMPLE 4.13. We consider the setting in Example 4.12 but instead of one data point,
we observe n iid data points 21, . . ., Z,, in the experiment. Here, we build an e-variable based
on the n data points together instead of building an e-variable for each data point; this allows
for more flexibility than Example 4.12. In this setting, P, = N(—1,,1,), P, = N(1,,1,),

8The argument in Example 4.13 is analytical. On the other hand, numerical verification of this conjecture re-
mains a challenging task due to drastic extremal values of the Radon—-Nikodym derivatives (in high dimensions,
almost all mass of (dP™/ dQn)|Qn concentrates near 0 or o), exponential time complexity, and the slow con-
vergence of £n, /n. We leave it as an open problem to design a more efficient iterative algorithm for this problem
(or more generally, computing numerically the best e-power in high dimensions), or to prove that one cannot exist.
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Figure 3: An illustration of Example 4.12:  is supported on the hyperbola z125 = ¢!, the
optimal p is supported on the red ray. Dashed arrows indicate the reduction of filtration.

and Q) = N(0,, I,,), where 1,, = (1,...,1) e R", 0,, = (0,...,0) € R", and [, is the n X n
identity matrix. It follows from a direct computation that

o (igl igz) ‘Q = (et 5n02)

which is very similar to Example 4.12. Using a similar argument as in Example 4.12, the
most powerful pivotal e-variable is given by E,, = ¢™/2cosh(3"}" | Z;)~!. Note that this is
different from the sequential one built in Example 4.12 whichis E = /2 [[7_, cosh(Z;)~".
The contrast between E,, and E is interesting to discuss. On the one hand, E), has better
e-power than E} since I, > E due to the log-convexity of the cosh function. This is intu-
itive, as E effectively tests more null hypotheses such as N(pu, I,,) for p € {—1,1}" than
E,,. On the other hand, n — E is a martingale under both P, and P, but we can check
that n — FE,, is not a martingale under either P} or P». In Section 5, we will compare the
e-power of the two approaches numerically, and in Section 7, we further discuss test martin-
gales. Finally, we note that ¢, /n = E? log E,]/n — 1/2 = min;—; 2 E@Q [log(dQ/dP;)]/n,
and hence the upper bound in Proposition 4.11 is sharp. On the other hand, E[log E]/n =
1/2 — E®[log cosh(Z;)] ~ 0.125.

£RN(0,n)

EXAMPLE 4.14. Let us examine some further sufficient conditions with L = 2. Consider
Pi,Py,Q € TI(R) such that P;, P, < Q and dP;/dQ € C?(R) for i = 1,2. Recall that a
simple C? parameterized curve (z(t),y(t)) in R? lies on the boundary of a convex set if and
only if its curvature

_ :L'/y// _ y/ 2
(@) + PP
is always nonnegative or always nonpositive (Theorem 2.31 of Kiihnel (2015)). Therefore,
(dP,/dQ,dP,/dQ) lies on the boundary of a convex set if

(@)’(@)” _ <@>”<@)’
d@/ \dQ d@ d@
remains of a constant sign. As a simple example, this is the case if P;, Py, are Gaussian

distributions on R with different means but the same variance, or with the same mean but
different variances. In particular, this recovers Example 4.12.
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More generally, suppose that Py, P>, Q) have densities p1, p2,q € C?(R) where q is strictly
positive, and denote by W ( f1,. .., f) the Wronskian of f1,..., f,,. Then we have the further
sufficient condition that

W ((p1/q)’, (p2/q)") # 0 everywhere,

or equivalently, W (p1,p2,q)(z) # 0 for all x € R. By the Abel-Liouville identity (Teschl
(2012)), this is the case if p1, p2, ¢ form a fundamental system of solutions of the ODE

y® = as(x)y® + a1 (2)y® + ao(2)y

for some continuous functions a; : R — R, 0 <7 < 2.

In higher dimensions with more than two nulls, Theorem 4.7 is often not applicable. Nev-
ertheless, given enough symmetry, we may directly compute {y,} from Theorem 4.4 and
prove that they are monotone. Surprisingly, many intuitively straightforward tests are subop-
timal.

law

EXAMPLE 4.15. Consider probability measures P; fay N((0,1),I), P ~
N((—v/3/2,-1/2),1), Py ¥ N((v3/2,-1/2),1), and Q "% N((0,0),]). Note that
Theorem 4.7 is not directly applicable here. It is natural to guess from Example 4.12 that the
optimal solution is the Euclidean norm, i.e., the distance from 0 in R?. On the contrary, we
show this is not the case. A routine computation gives that
"T\a@ 4@ 4@ ) le
_ (651—1/2,eesﬁﬁsrn/z’eesﬁﬁsz—l)/z)

{hlewN((0,0)J) independent'

Note that this forms an exchangeable random vector and that the support of ~ is con-
tained in {(z,y,2) € R | 2yz = e~3/2}. By symmetry and exchangeability, the unique
optimal solution shrinks the set R, := {(x,v,2) | z + y + 2z = a,zyz = e %/} into a
single point in R? for every a > 0. For (&1,&) € R?, the Radon-Nikodym derivative
(dP1/dQ,dP,/dQ,dP3/dQ)(&1,&2) € R, if and only if

(10) h(€17§2) = + 6(7517\/552)/2 + e(*{lJr\/gfz)/Q _ \/Ea.

In other words, we reduce the filtration generated by the sequence of observations 21, ..., Z,
to the one generated by h(Z1),...,h(Z,). It is clear that (10) does not agree with &7 +
¢2 = a’ for any a’ € R, so taking the Euclidean distance from 0 instead of h is suboptimal.
Using a general technique of constructing the most powerful e-variable in Section 5.2 below,
one can show that the e-variable takes the form X = 3(62(1)*1/2 + e(Z2V=V3Z®-1)/2 4
e(_Z(1)+‘/§Z(2>_1)/2)_1 = 3y/eh(Z)~', where Z = (Z1), Z()) forms a single observation.
This example also generalizes to more than three nulls (Gaussian with the same variance)
whose means form a regular polygon centered at 0.

Finally, we supply the following two examples illustrating an explicit calculation of
{12 }2>0 with the presence of atoms in . The following example also shows that without
pivotality, the maximum value of (3) increases.

EXAMPLE 4.16. Leta,b,c,d € (0,1) such that max(a+c,b+d) < 1. On the probability
space 2 = [0, 3], we define measures P, P5, () where

(i) Py has density aljg 1)+ cljj g+ (1 —a—c)ljg3;
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(ii) P, has density bljg 1) +dl[ 9 + (1 —b—d)Lj3;
(iii) @ is uniformly distributed.

It is clear that P;, P, < @ and (P;,P,,Q) is jointly atomless. The measure v =
(dP1/dQ,dP,/dQ)|q has the form

1
T=3 (8(3a,30) + 0(3¢,3d) T 0(3(1—a—c) 3(1—b—a))) -

Note that assumption (N) is not satisfied. In the following, we specify the choices
of a =02, b=03, ¢c= 05 d= 0.6. The triangle connecting the points
(0.6,0.9),(1.5,1.8),(0.9,0.3) intersects with Z* at the points (0.7,0.7) and (1.3,1.3). Note
that the measures

1 1 1 1
*5(3(1,31))+65(3(1—a—0)73(1—b—d)) and 55(3c,3d)+66(3(1—a—c),3(1—b—d))

3
have barycenters equal to (0.7,0.7) and (1.3, 1.3) respectively. In particular, we may pick
0 for x < 0.7;
fr = § $0(3a,3) + §0(3(1-a—)3(1—b-a)) for 0.7<z < 1.3;
Y otherwise.

so that {15 } >0 is monotone and satisfies the four conditions in Proposition 4.3.

In view of Theorem 4.7 and Remark 4.8, the maximum is attained in (7) and hence in
(3), by the choice X(w) = (10/7)1{w6[0,1]u[2,2.5}} -+ (10/13)H{w€[1,2]u[2.5,3]}-9 The optimal
value is = 0.047. On the other hand, if we remove the constraint that X is pivotal, then
with X ~ 1.636)9,1) + 0.66d]; o) + 1.15d[9 3], we have E®[log X] =~ 0.07, showing that the
maximum in (3) increases.

In the case where 7 is not supported on the boundary of a convex set in R?, the following
example shows that the conclusion of Theorem 4.7 may not hold.

EXAMPLE 4.17.  Let y be a probability measure on R? centered at 1 that is supported on
{(z,y) |z +y <1V U{(z,y) |z <y, = <wo}U[L,00)°

where xg ~ 0.903 is the unique real solution to 87% = 622 + 1. Assume that dvy/d(U; ®
Ui) =1onthe set {(z,y) |z +y <1} U{(z,y) |z <y, = <x0}. A routine computation
shows that the separating hyperplanes at = = 1/2,zg are H, o = {(z,y) |y =1 — =} and
H,, = {(%,y) | * = zo}. In particular, 1, /5 < j1z, does not hold. Theorem 4.4 then implies
that there is no maximum element ;. in convex order in M.,.

5. The SHINE construction. The current section develops the SHINE construction
(Separating Hyperplanes Iteration for Nontrivial and Exact e/p-variables), that effectively
produces a pivotal nontrivial exact e/p-variable via separating hyperplanes (see Proposi-
tion 4.3, which is the key to our construction). Unless otherwise stated, we follow the setup
of Section 4.

The first goal of the SHINE construction is to solve the optimization problem (8). In the
case where the condition in Theorem 4.4 is satisfied, the construction outputs the maximum
element. When the maximum element ;4 does not exist or when the condition (b) in The-
orem 4.4 is hard to check, we provide a reasonable maximal element p in convex order. In
the second part of the SHINE construction, we recover the corresponding e/p-variable from
the output p in the first part. The two parts are respectively illustrated in Sections 5.1 and 5.2.
We end this section by providing examples and simulation results in Section 5.4.

9The way that X is obtained will be explained in detail in Section 5.2 below.
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5.1. Description of the SHINE construction. Start with u( ) = 51, l‘go) =1, and ,ugo) =7

from (4). At step s > 0, we are given (%) {a:k H<kso:, and {,uk, H<kso:. For each k, we
apply Proposition 4.3 to the sub-probability measure u,(C) at the point a:,(c ). This yields a
unique decomposition of ,u,(f) into two measures, each having a barycenter on Z*. Denote
them by pStY and p{S™). For 1 < k < 2+, define 2™ = bary(1"""). Finally, let

1511 be the probablllty measure having mass ,u(s+ )(RL) on a:é St for every k, i.e.,

25+1
(11) pls+D) . ZNJ(:H)(RL)‘S:E,S“)'
k=1

The output of the SHINE construction at step s is the measure ().

It is easy to see that each 11(%) is centered at 1 and supported on Z+. Moreover, p(%) <., ~
by Strassen’s theorem because u(s) is the aggregation of barycenters of different components
in the decomposition of v. By Markov’s inequality, the sequence { ,u,(s)} is tight and allows a
weak limit. In fact, an even stronger assertion can be made. Define { X} as the coupling of
the first coordinate of {u(s)} such that Xy = 1 and at each s > 0, for j =2k — 1, 2k,

(s+1) /L
(12) P|Xo1=20" | X =2l | = J
[ + Tk ;jll)(RL) 4 uST(REY

By construction,

eSSV RE) 4+ 2SS Y (RE) = 2 (RE) = & (ST (RE) + uHY (RE)).
(s)

It can thus be checked by direct calculation that E[ X1 | Xs = :):g)] =z, ’, meaning that

{X;} forms a nonnegative martingale, and hence converges a.s. to some X, by the martin-
gale convergence theorem. We call { X} the SHINE martingale (associated with ). Denote
by u the law of X1 = (X0, ..., Xoo). Then p <cx v by Lemma 2.1(ii).

REMARK 5.1. The first step of the construction, i.e., after finishing step s = 0, already
contains a proof of Proposition 3.3, because d1 # 1) <., 7. Nevertheless, the ideas behind
the original proof of Proposition 3.3 extend to the composite alternative scenario.

EXAMPLE 5.2. Suppose that L = 1, i.e., we have simple null P versus simple alternative
Q, where P = (). In this case, Proposition 4.3 applies trivially: foreach s > 0 and 1 < k < 25,

the measure u,(f) is decomposed into

i = )+ 1 = 1 oy i) ary (a0
As in (11), this results in a sequence of laws { u(s)}s>g on R that are increasing and smaller
than ~ in convex order. This is closely related to a martingale decomposition theorem by
Simons (1970): if we denote by {Z;}s>0 the natural martingale coupling of {u(s)} s>0, then
Zs — Z a.s. for some Z that has law ~. In other words, the e-variable obtained from the
SHINE construction converges to d@)/d P a.s. under both P and Q).

THEOREM 5.3. Assume (JA) and (AC). For any s, we have ,u(s) =ex M(sﬂ), and if
p®) £ 15+ then the inequality is strict, meaning that the above SHINE construction makes
progress at each step. Further, assuming (N), it produces a sequence of measures that con-
verges almost surely to a maximal element |1 in convex order in M.,. In this case, if there
exists a maximum element L1, then the output of our SHINE construction converges to [ig.
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2
ug Lo

Figure 4: An illustration of the SHINE construction in dimension L = 2. Suppose that the
measure -y is supported on the region enclosed by the red contour, where bary(v) = (1,1). In
the first step of the SHINE construction, we use Proposition 4.3 to find a line ¢; through (1, 1)

that partitions -y into two parts ugl) and ,u,;l), each of whose barycenters lies on the diagonal.

(1) (1) (1)
1

In the second step, we find a line ¢ through z;’ = bary(u; ’) that partitions p; ~ into two

measures ,ugg) and ,uéZ), each of whose barycenters lies on the diagonal, and similarly a line

£3. We then proceed iteratively.

When we apply the construction in practice, we need to stop at finitely many steps, so we
will not always obtain an exactly maximal element. Later in Section 5.3, we show that the
e-power from the k-th step in SHINE converges exponentially to the optimal value produced
by SHINE, with a rate that can be made explicit given mild moment conditions.

We note in particular that Lemma D.2 together with Theorem 5.3 yield that the construc-
tion always gives an atomless measure ;. in the limit.

With the presence of atoms, the decomposition given by Proposition 4.3 is not necessarily
unique when applied to our construction. The degree of freedom of each p, is the measure
on the hyperplane OH,,. To describe a well-defined construction, we need to specify jiz|am,
uniquely for each x. Analyzing the maximality of the output remains a technical task, which
we do not discuss in this paper.

5.2. Recovering explicitly an e/p-variable. We aim first to recover our e-variable
X, which we recall from Theorem 4.2 is of the form X = (dG/dF)(Y), where Y €
T((P,...,P,Q),(F,...,F,G)) and F,G come from our SHINE construction. We have
seen from (11) and (12) that at the s-th step, our construction leads to a canonical martin-
gale coupling of 1(*) and ~ that couples the mass ul(:ﬂ) (RL)éx(ksH) with ,u,(:H). We denote
the martingale coupling by (Ag,I's), which is a random vector of dimension 2L. Under as-
sumption (N), we know further that the measures { ,u,(:)}lg k<2s are mutually singular, and
hence (Ag,T's) is backward Monge, i.e., in the backward direction we have A, = h(T') for
some h. Since (P,..., Pr,Q) is jointly atomless, we may apply Proposition 2.4 to find a
simultaneous transport map Y € T ((P,...,Pr,Q),(F,...,F,G)) such that for each x € X,

dF dp dP
MﬁY@Dxl—h<m5@anw5@O-

This leads to
dP;

4P 4P
dQ

(x),...,dQ

(X@»*x1:h( mﬁ,xex
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For example, the s-th step of the construction gives explicitly

dP, dP,
d—Ql(x), - dQL(x)> € suppu,(fﬂ), xeX.

Note that the measures ', G can meanwhile be reconstructed from Lemma 2.5, and further
Lemma F.4(i) if one requires I’ = Uj. In this case, Y is the valid p-variable as desired, which
can be effectively described by the MOT-SOT parity of Wang and Zhang (2023).

13)  (X(z))" x 1=h("Y) i <

law

EXAMPLE 5.4. Suppose that we are in the setting of Example 4.12, with P ~
N(—1,1), P, ¥ N(1,1), and Q 2 N(0,1). Recall that

y= (igl’ (SS) ‘Q _ (6—2—1/2’62—1/2)

By symmetry of v, it is clear that the separating hyperplanes H, in the SHINE construction
are given by H, = {(a,b) : a + b < 2z}. In the first step of the construction, we locate the
barycenters of the measures (i, and 7|ge. By direct calculation, we obtain bary(y[m, ) ~
0.713 x 1 and bary (7|me ) = 1.743 x 1. Using (13), the corresponding e-variable has the form

X(2) 1.403 if |z] <log(ve++ve—1);
€Tr) =
0.574 if |x| > log(y/e + Ve —1).
The resulting e-power E? [log X is approximately 0.089. (One may compare this to the max-

imum e-power 0.12543, which can be directly computed from (9).) In general, we may con-
struct X in multiple steps.

ZN(0,1)

5.3. Convergence rate of SHINE. We complement Theorem 5.3 with the following result
on the convergence rate of the e-power given by the SHINE construction. Recall from (7) that
the e-power is given by E?[— log X}], where { X} } is the SHINE martingale.

THEOREM 5.5. Assume the same conditions as in Theorem 5.3. Suppose that there exists
€ > 0 such that

(14) E® K((iigj)%j <00, forsome j,
and
(15) E@ [(ijg>_2] < oo, forsomej'.

Consider the e-power EP}, := EQ[—log X}| where {X},} is the SHINE martingale. Then
there exist r € (0,1) and C > 0 such that

EP., — EP, < CrF,
where EP o, = E[—log X | and X, — X a.s.

Our result relies on a particular feature of the SHINE martingale { X} produced by (12).
Intuitively, the martingale { X} has a binary tree representation, and the legs in the tree
never intersect with other legs at all levels. In this way, one gains control of the fluctuations
of the martingale from its values at previous times. The key step to proving Theorem 5.5
is the following convergence rate of the L? Wasserstein distance. In particular, this expo-
nential convergence applies to the Simons martingale introduced by Simons (1970); see also
Example 5.2.
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LEMMA 5.6. Suppose that the SHINE martingale { Xy }r>o satisfies E[| Xoo|*T¢] < 0
for some £ > 0 where X}, — X a.s. Then there exist r =1r(g) < 1 and a constant C > 0
(where C may depend on ¢, the law of | Xo — X1|, and E[| Xoo|?*¢]) such that

E[(Xy — Xo0)?] < CTP.
If X is uniformly bounded, one can pick r < 0.827.

Lemma 5.6 immediately implies EPo, — EP;, < Cr* for some r < 0.827 if dP;/dQ for
each j is bounded above and bounded away from 0. The proofs of Theorem 5.5 and Lemma
5.6 are collected in Appendix D.

5.4. Simulation results. We first consider the setting of Example 4.12, where we recall
law law law

that P, ~ N(—1,1), P> ~ N(1,1), and Q ~ N(0,1). In Figure 5, we provide two figures
illustrating the e-power at each step in the SHINE construction and the corresponding laws
of the e-variable under P;, P, and Q. In the left panel, we compute the e-power in two
ways: from the analytic expression (9) and by Monte Carlo simulations. In the Monte Carlo
simulations, we simulate an empirical measure Q™) of Q and approximate the law ~ by
A(N) = (dP1/dQ,dP2/dQ)|qw) . After this, we perform the SHINE construction on AN,
The e-powers are reasonably close with only N = 2 x 10 samples and converge quickly to
their limits, where it is straightforward to compute from (9) that the theoretical maximum
e-power is approximately 0.12543. In the right panel, we show the distributions of the e-
variable under P;, P», and () at step s = 5 of the SHINE construction, again by simulating
2 x 10* samples of each distribution. The pivotality of the e-variable implies that the laws
of X under P, and P, are the same, while the marginal errors shown by the figure are due
to our Monte Carlo simulation. Note that within finitely many steps, the SHINE construction
always yields a discrete e-variable. With Monte Carlo, our e-variable is approximately pivotal
since the measure +y is atomic thus violating Assumption (N).
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(a) growth of the e-power (b) laws of the e-variable X under P;, P>, )

Figure 5: The SHINE construction for Example 4.12.

In Figure 6, we complement the discussions in Example 4.13 regarding multiple data
points. Recall that P, = N(—1,,1,), P, = N(1,,1I,), and Q = N(0,, I,,), where n € N.
Panel (a) computes the theoretical e-power developed after a number of steps with two data
points (n = 2), which is approximately 0.35775, significantly higher than 0.25086, which
is twice the e-power with a single data point. Panel (b) plots the theoretical e-power at the
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step s = 7 of the SHINE construction, for various numbers of observations n. Observe that
the curve is convex and tends to be linear, reflecting the fact that taking multiple data points
increases the average e-power, while the normalized e-power ¢,,/n converges as shown in
Proposition 4.11.
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number of steps in the SHINE construction number of obervations
(a) growth of e-power with two data points (b) e-power versus number of observations n

Figure 6: Maximum e-power with multiple data points for Example 4.13.

The implementation of the SHINE construction in dimensions greater than two has the
obstacle that it is difficult in general to find the separating hyperplanes. We leave this to
future work, as well as generalizations of the SHINE construction when (N) does not hold.

6. Composite null and composite alternative. Our goal in this section is to extend
Theorems 3.1 and 3.4 to composite alternative, i.e., when |P|,|Q| > 1. A full characterization
of the existence of (exact and pivotal) nontrivial p/e-variables is provided in the case where
both P and Q are finite. We also discuss the general case where P, Q are infinite, including
a few open problems.

6.1. Existence of an exact and pivotal p/e-variable for the finite case. We start with the
case where P, Q are both finite. That is, given P = {Py,...,Pr} and Q = {Q1,...,Qn}
such that (JA) holds, we characterize equivalent conditions for the existence of an (exact and)
nontrivial e-variable (or p-variable).

THEOREM 6.1.  Assume (JA). Suppose that we are testing P = {P,...,Pp} against
Q={Q1,...,Qur} The following are equivalent:

(a) there exists an exact (hence pivotal) and nontrivial p-variable;

(b) there exists a pivotal, exact, bounded e-variable that has nontrivial e-power against Q;

(¢c) there exists an exact e-variable that is nontrivial for Q;

(d) there exists a random variable X that is pivotal for P and satisfies F &
Conv(Gh,...,Gum), where F is the law of X under every P € P and G; is the law
of X under Qj for 1 <j < M;

(e) it holds that Span(Py,...,Pr) N Conv(Q1,...,Qn) = 0.

Furthermore, the equivalence of (c) and (e) does not require (JA).

THEOREM 6.2.  Assume (JA). Suppose that we are testing P = {Py,...,PL} against
Q={Q1,...,Qn} The following are equivalent:
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(a) there exists a nontrivial p-variable;
(b) there exists a bounded e-variable that has nontrivial e-power against Q;
(¢c) there exists an e-variable that is nontrivial for Q;

(d) it holds that Conv(Py, ..., Pr) N Conv(Q1,...,Qr) = 0.

Furthermore, the equivalence of (¢) and (d) does not require (JA) or finiteness of P and Q.

REMARK 6.3. The equivalence of (¢) and (d) in Theorem 6.2 is a special case of Kraft’s
theorem, which we recall from (1). Note that here we do not require that P and Q are fi-
nite, but only the existence of a reference measure R dominating P U Q. To see that Kraft’s
theorem implies the equivalence of (¢) and (d) in Theorem 6.2 in case P or Q is infinite,
suppose that (c) holds. It follows that E?[X] > 1 > EP[X] forall P € P and Q € Q. Kraft’s
theorem implies the existence of some € > 0 such that dpv(ConvP,ConvQ) > ¢, and in
particular, (d) holds. On the other hand, if (d) is true, then Kraft’s theorem yields € > 0 and
X satisfying (1). A suitable linear transformation Y of X then satisfies E?[Y] > 1 > EF[Y]
forall P € P and Q € Q (we may assume Y is positive since X is bounded by construction),
and the rest follows from Proposition A.2.

COROLLARY 6.4. Suppose that we are testing P against Q, where P and Q are convex
polytopes in I1. Denote by { Py, ..., Pr} (resp. {Q1,...,Qur}) the vertices of the polytope P
(resp. Q) and assume that (Py,...,Pp,Q1,...,Q) is jointly atomless. Precisely the same
conclusions in Theorems 6.1 and 6.2 hold.

PROOF. This follows immediately from Proposition A.1. O

COROLLARY 6.5. There exists a (pivotal and exact) e-variable nontrivial for Q if and
only if there exists a (pivotal and exact) e-variable that has nontrivial e-power against Q.

PROOF. This is a direct consequence of Theorems 6.1 and 6.2, and Proposition A.5. [

EXAMPLE 6.6. Fix 0 < ¢1 < g2 <1 and let P = {Ber(q1)} and Q = {Ber(p) | g2 <
p < 1}. Corollary 6.4 then provides an exact nontrivial e-variable (or p-variable). Neverthe-
less, such an exact nontrivial e-variable (or p-variable) would not exist if we replace P by

{Ber(p) |0<p<qi}.

Due to the complication of convex order in higher dimensions, it remains a challenging
task how to generalize Theorem 4.7 and the SHINE construction to the composite alternative
case.

6.2. Infinite null and alternative. We first state a weaker version of Theorem 6.1 when
both P and Q may be infinite but allow a common reference measure.

THEOREM 6.7. Assume that there exists a common reference measure R € I1(X) such
that P < R for P € P and QQ < R for Q € Q. There exists an exact bounded e-variable X
for P against Q satisfying inf e o EQ[log X| > 0 if and only if 0 ¢ SpanP + Conv Q, where
the closure is taken with respect to the total variation distance. If Q is tight, then we have the
further equivalence to SpanP N ConvQ = (.

Note that we have put a stronger assumption on the e-variable X (infgeo E?[log X] > 0)
than having nontrivial e-power against Q (for all Q € Q, E®[log X] > 0). Theorem 6.7 can
thus be seen as a sufficient condition for the existence of an exact e-variable that has nontrivial
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e-power against Q. Dealing with pivotal p-variables appears beyond the techniques of this
paper.

We pose the open problem of characterizing the existence of pivotal, exact, and nontrivial
p/e-variables with P, Q infinite. For instance, in a very close direction, we pose the following
conjecture, strengthening Theorem 6.7. We expect that the theory of simultaneous transport
between infinite collections of measures will be helpful.

CONJECTURE 6.8. Suppose that P and Q are collections of probability measures on
X with a common reference measure. Assume also that (P, Q) is jointly atomless.'® There
exists a pivotal and exact e-variable X satisfying infgco E®[log X] > 0 if and only if 0 ¢

SpanP + Conv@Q, where the closure is taken with respect to the total variation distance.

Our next result shows that surprisingly, even in simple settings where P and Q are seem-
ingly distant, an exact e-variable may not exist.

PROPOSITION 6.9. Let P be an infinitely divisible distribution on R¢ with a density p.
Consider P := { Py }gcra that are the shifts of the measure P, where Py has density p(x —0).
Let Q be any distribution on R¢ with a density q. Then for each Q that contains Q, there
exists no exact e-variable for ‘P that is nontrivial for Q.

Note that here we have reached a slightly stronger conclusion than the forward direction
of Theorem 6.7, that even an unbounded e-variable would not exist. The absolute continuity
of ) cannot be removed. For instance, if () has a mass at z € R%, X =1 + 6, would be an
exact e-variable that is nontrivial for {Q}.

A particular instance of interest is when () is Gaussian. In this case, Gangrade, Rinaldo
and Ramdas (2023) proved that for the set of all Gaussians (of all means and all covariances),
there does not exist an e-variable with nontrivial e-power, even non-exact. Thus, our result
is stronger in that it allows for a much smaller P that just includes all translations of any
single Gaussian, but it is weaker in that it only shows that an exact e-variable with nontrivial
e-power does not exist.

We conclude this section with the following example that shows pivotal and exact p/e-
values exist for a classic statistical problem. Technically, the construction below does not
require any of our previous results, but it leads to a SOT of infinite dimensions.

EXAMPLE 6.10. Let P be the class of all symmetric distributions on R with no mass
at 0, and Q the class of distributions @ on R satisfying Q(R;) > 1/2. A typical case in
applications is to test whether the difference ¥ — X of pre-treatment measurement X and
post-treatment measurement Y is symmetric about 0. Many possible pivotal e-values for n
observations can be built based on the signs, the ranks, and the sizes of the data; see Ramdas
et al. (2020); Vovk and Wang (2024). For instance, with one observation, a simple e-value is

X (w) 3/2 ifw>0;
w) =
1/2 ifw<0,

which is exact. Note that X is also pivotal since X simultaneously maps P to the uniform
distribution on {1/2,3/2}. If one allows for additional randomization using a uniform distri-
bution on [0, 1], then

X(w,u):{

is a nontrivial exact p-value.

u/2 if w > 0;

e [0,1],
w12 ifw<o, SO

1074 ‘P or Q is infinite, this can be defined in a natural way as in Definition 2.2.
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7. On the existence of nontrivial test (super)martingales. From here on, for ¢ €
{1,2,...}, let Z* denote (Z1,...,Z;), which represents data on X*, and let F by default
represent the data filtration, meaning that F; = o(Z?).

A sequence of random variables Y = (Y3);>0 is called a process if it is adapted to F, that
is, if Y; is measurable with respect to JF; for every t. However, Y may also be adapted to a
coarser filtration G; for example, O’(Yt) could be strictly smaller than F;. Such situations
will be of special interest to us. Henceforth, F will always denote the data filtration, and
G will denote a generic subfiltration (which could equal F, or be coarser). An F-stopping
time 7 is a nonnegative integer-valued random variable such that {7 < ¢t} € F; for each
t > 0. Denote by T r the set of all F-stopping times, excluding the constant 0 and including
ones that may never stop. Note that if G C F, then Tg C Tx. In this section, P is a set of
measures on the sample space X*°.

Test (super)martingales. An integrable process M is a martingale for P with respect to
G if
(16) EX[M; | Gi1] = My

2

for all t > 1. M is a supermartingale for P if it satisfies (16) with “=" relaxed to “<”.
A (super)martingale is called a fest (super)martingale if it is nonnegative and My =1. A
process M is called a test (super)martingale for P if it is a test (super)martingale for every
P €P. The process M is then called a composite test (super)martingale. We say that M has
power one against Q if EQ[log M;] — oo under all Q € Q.

It is easy to construct test martingales for singletons P = { P}: we can pick any Q <
P, and then the likelihood ratio process (dQ/dP)(X?) is a test martingale for P (and its
reciprocal is a test martingale for ()). In fact, every test martingale for P takes the same
form, for some Q).

Composite test martingales M are simultaneous likelihood ratios, meaning that they take
the form of a likelihood ratio simultaneously for every element of P. Formally, for every
P € P, there exists a distribution Q¥ < P and satisfies M; = (dQ* /dP)(X?). Trivially,
the constant process My = 1 is a test martingale for each P, and any decreasing process
taking values in [0, 1] is a test supermartingale for each P. We call a test (super)martingale
nondegenerate if it is not always a constant (or decreasing) process. Nondegenerate test
supermartingales do not always exist: their existence depends on the richness of P.

On the existence of nondegenerate test (super)martingales. If P is too large, there
may be no nondegenerate test martingales with respect to . To explain the situation, sup-
pose that P contains only measures of iid sequences with marginal distributions in a set
prar C I1(X). Examples of the non-existence phenomenon include the case when P™?" is
the set of all mean-zero subGaussian distributions (Ramdas et al., 2020), all log-concave
distributions (Gangrade, Rinaldo and Ramdas, 2023), or all Bernoulli distributions (Ramdas
et al., 2022). In all these cases, nondegenerate test martingales have been proven to not exist,
at least in the original filtration F. Sometimes, nondegenerate test supermartingales may still
exist, as in the subGaussian case. But if P™?" is too large or rich (as in the exchangeable and
log-concave cases), even nondegenerate test supermartingales do not exist.

However, the situation is subtle: in the above situations, there could still exist nondegen-
erate (or power one) test (super)martingales in some G C F. Indeed, for the exchangeable
setting described above, Vovk (2021) constructs exactly such a test martingale in a reduced
filtration. It is a priori not obvious exactly when shrinking the filtration allows for nontrivial
test (super)martingales to emerge, and how exactly one should shrink F (the relevant filtra-
tion G is not evident at the outset).



28 8 SUMMARY

Our results for (exact) e-variables have direct implications for the existence of test (su-

per)martingales. For simplicity, consider the iid case, where each Z; 2 P for some P €
Pmaror P e QM thatis, P = {P> | P € P™*} and Q = {P> | P € Q™a'}.

COROLLARY 7.1.  Let P™ and Q™" be subsets of I1(X) allowing for a common ref-
erence measure R € TI(X). If ConvP™ N ConvQ™?" = (), then there exists a test super-

martingale for P that has power one against Q. If 0 & (SpanP™ar + Conv Q™ar), then there
exists a test martingale for P that has power one against Q.

The proof is immediate from Kraft’s theorem (see Remark 6.3) and Theorem 6.7, and does
not require the joint non-atomicity condition (JA). The conditions on P and Q imply that an
(exact) e-variable (based on ¢ sample points for any t) exists for P that is powerful against Q
by Corollary 6.4. We can form our (super)martingale by simply multiplying these e-values
for ¢ = 1 (thus constructively proving the corollary).

We conjecture that the converse direction in the above corollary also holds, perhaps with
some additional conditions; in other words, we conjecture that if a test martingale for P
has power one against Q, then the span of P™#" does not intersect Q™. (To explain why
we cannot directly invoke the reverse directions of our theorems, it is possible that the con-
struction of the e-variable at step ¢ can use information about the distribution gained in the
first ¢ — 1 steps. In short, there (of course) exist test (super)martingales that are not simply
the products of independent e-values, and ruling those out requires further arguments, for
example, presented in the subGaussian setting by Ramdas et al. (2020).)

The first (supermartingale) part of Corollary 7.1 is closely related to the main result
by Griinwald, de Heide and Koolen (2024), albeit they require some extra technical condi-
tions in their theorem statement while relaxing the polytope requirement. The second (mar-
tingale) part is new to the best of our knowledge, and is a key addition to the emerging
literature on game-theoretic statistics (Ramdas et al., 2023).

REMARK 7.2. Let P™* = Conv({P,...,Pr}) with L finite and suppose () €
SpanP™ but ) ¢ P™?*. By Theorem 3.1, there does not exist a nontrivial test martingale
for P against {Q°°} with respect to the original filtration. On the other hand, if (AC) holds,
then by Theorem 4.9, there exists a reduced filtration — in particular, formed by combining
data points — with respect to which a nontrivial test martingale exists.

8. Summary. This paper uses tools from convex geometry and simultaneous optimal
transport to shed light on some fundamental questions in statistics: when can one construct
an exact p/e-value for a composite null, which is nontrivially powerful against a composite
alternative? The answer, in the case where the null and alternative hypotheses are convex
polytopes in the space of probability measures, is cleanly characterized by convex hulls and
spans of the null and alternative sets of distributions. Several other related properties, like
pivotality under the null, end up being central. For general null and alternative hypotheses
(which are not polytopes) that allow a common reference measure, we provide a further
characterization of the existence of an exact bounded e-variable that has a uniformly positive
e-power.

Our proofs are constructive when the alternative is simple, and in simple cases, we provide
corroborating empirical evidence of the correctness of our theory. A key role is played by the
shrinking of the data filtration (accomplished by the transport map which maps the composite
null to a single uniform). Implications for the existence of composite test (super)martingales
are also briefly discussed.

We mention some open problems along the way (see Conjecture 6.8 and Sections 4.4 and
7). For instance, it is of great interest to extend the SHINE construction to the composite
alternative setting.
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APPENDIX A: GENERAL RELATIONS ON THE EXISTENCE OF P- AND
E-VARIABLES

__ For convex polytopes P and Q in II, we may write P = ConvP and Q = ConvQ where
P and Q are finite. The following result helps us to reduce the problems to the case where P
and Q are finite.

PROPOSITION A.1. Suppose that P = Conv’P and Q= Convé.

(i) There exists an (exact) nontrivial p-variable for P and Q if and only if the same exists for
P and Q.M

(ii) There exists a (pivotal, exact, bounded) e-variable that is nontrivial for (or has nontrivial
e-power against) Q for P and Q if and only if the same exists for P and Q.

PROOF. This is clear from definitions of p/e-variables. O

As a result of the above proposition, in what follows, we can concern ourselves, without
loss of generality, with the case where P and Q are finite subsets of II(X) (except for Sec-
tion 6.2). Recall again from Section 1 the difference between a nontrivial e-variable, and one
with nontrivial e-power.

PROPOSITION A.2. Suppose that P and Q are both finite. Let X be a (pivotal and exact)
bounded e-variable for P that is nontrivial for Q. Then there exists a (pivotal and exact)
bounded e-variable for P that has nontrivial e-power against Q.

PROOF. The following fact is crucial: by the Taylor expansion of the log function, for
every € > 0, there exists 6 > 0, such that foreach x € [1 — 9,14 4], (1 —¢)(x — 1) <logz <
(I +¢)(x —1). Note that each Y = (1 — b) + bX with b > 0 is clearly an e-variable. On
the other hand, since X is bounded, the range of Y can be chosen arbitrarily close to 1 by
picking b small enough. Using mingeg E?[X] > 1 we see that with b small enough, Y is
an e-variable that has nontrivial e-power against Q. Note that pivotality and exactness are
preserved under this transformation. 0

REMARK A.3. Assuming (P, Q) is jointly atomless, Proposition A.2 also holds true
without the boundedness assumption on X; see Corollary 6.5 below. However, we are not
aware of a simpler proof of this fact.

In the sequel, when the equivalence of the existences is clear, we may write “there ex-
ists a nontrivial e-variable” instead. When Q is infinite, these two definitions are in general
different, as shown by the following example.

EXAMPLE A4. Let Z, denote the law N(y,1) for 1 € R, and consider P = {Zy} and
Q={Z,|p>0}. Clearly, X(w) = 1/2 + I{,>0 is a bounded e-variable that is nontrivial
for Q. Suppose for contradiction that Y is a bounded e-variable that has nontrivial e-power
against Q. Since Y cannot be a constant, E?°[log Y] < EZ°[Y] — 1 = 0. Since Z,, — Z in
total variation as ; — 0, we have for x> 0 small enough that E#+[log Y] < 0, contradicting
E®[logY] >0 forall Q € Q.

UHere and later, we mean that the statement holds regardless of whether the bracketed constraint exists, i.e.,
the current sentence contains two (different) statements.
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The following calibration result is in place to help us construct an e-variable based on a
p-variable.

PROPOSITION A.5. Suppose that Q is finite.

(1) If there exists an exact (hence pivotal) and nontrivial p-variable, then there exists a
pivotal, exact, and bounded e-variable with nontrivial e-power against Q.

(ii) If there exists a nontrivial p-variable, then there exists a bounded e-variable with non-
trivial e-power against Q.

PROOF. (i) Suppose that X is an exact nontrivial p-variable. It follows that £/ :=2 — 2X
is a pivotal, exact, and bounded e-variable, and E?[E] > 1 for each Q € Q. Proposition A.2
then finishes the proof. (ii) is similar, where we recall that without loss of generality, a p-
variable takes values in [0, 1]. O

Our next simple result provides general necessary conditions for the existence of p/e-
variables, hence answering the trivial parts of (Q-existence).

PROPOSITION A.6.  Suppose that P and Q are arbitrary subsets of T1(X).

(i) If there exists a nontrivial e-variable for Q, then ConvP N ConvQ = ().
(ii) If there exists an exact and nontrivial e-variable for Q, then Span’P N ConvQ = (.

PROOF. For (i), suppose that R € ConvP N ConvQ, then since EX[X] < 1 forall P € P,
we have EF[X] < 1. But E?[X] > 1 for all Q € Q implies Ef[X] > 1, yielding a contradic-
tion. For (ii), suppose that R € SpanP N ConvQ, then EF'[X] =1 for all P € P gives that
ER[X]=1. But E?[X] > 1 forall Q € Q gives Ef[X] > 1, yielding a contradiction. O

Let us end this section by incorporating the following important result, which sometimes
helps us remove the jointly atomless condition when pivotality is not involved.

PROPOSITION A.7. Fix P and Q. If there exists an (exact) e-variable (defined on (X x
[0,1], F ®B([0,1]))) that is nontrivial for {Q x Uy }geg with null { P x Uy} pep, then there
exists an (exact) e-variable that is nontrivial for Q with null P.

PROOF. Let Y be an exact e-variable that is nontrivial for {Q x Uy }gego with null {P X
Ui} pep. Define X = EV1[Y] by taking the expectation of Y over the second coordinate.
Then B [X] = EPXVi[Y] =1 and EQ/[X] = E?*U1[Y] > 1, meaning that X is an exact
e-variable nontrivial for Q. The non-exact case is similar. O

APPENDIX B: PROOF OF RESULTS FROM SECTION 3

PROOF OF THEOREM 3.4. That (a)=-(b) is precisely Proposition A.5; (b)=-(c) is clear,
and (¢)=-(d) is immediate from Proposition A.6. For (d)=-(a), we define the set D = Dy =
(—o0, 1)U (1,00)F U {1}. We claim that it suffices to find a measure 1 <, 7 that is suppor-
ted on D and not equal to 1. Given such p, we apply Lemma 2.5 with d = L to find meas-
ures Fy,..., F such that (dF}/dUy,...,dF/dU;)|y, = p. Since p is supported on D, we
may without loss assume that there is a threshold 8 € (0,1) such that for each 1 < ¢ < L,
dF;/dU; <1on [0,53) and dF;/dU; > 1 on (S, 1]. In particular, F; =4 U;. Proposition 2.3
then yields a random variable X € 7((Py,...,Pr,Q), (F1,...,Fr,Uy)). Let ¥ be as given
in Lemma F.4(ii). By definition, ¥ o X is a nontrivial p-variable.
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To find a measure p < v that is supported on D and not equal to 7, for simplicity we
translate D by 1, and from now on D = (—o00,0)* U (0,00) U {0} and ~ has mean 0. Our
goal is to find a measure i supported on D such that p <. v and u # dg. We apply induction
on L. Suppose that L = 2. Then since Q) ¢ Conv(P;, P»), the measure -y is not supported on
any line that has a negative slope and contains 0. There are two cases.

* If v is not supported on any line (hyperplane in R?), then Q ¢ Span(P;, P). By The-
orem 3.1, a nontrivial p-variable exists.

* If ~ is supported on a line, then such a line must contain 0 and have a positive slope, and
hence is contained in D.

Now suppose that L > 2. We say a set K C R” is a linear cone if it is the union of a convex
cone and its symmetric image around 0 in R”. Clearly, D is a linear cone, and

(i) the intersection of a subspace and a linear cone is a linear cone;
(ii) if S is a subspace of R” and K is a linear cone, then {0} C S N K if and only if there
exists a one-dimensional subspace 1" of S such that 7' C K.

Since Q & Conv (P4, ..., Pr), the measure - is not supported on any hyperplane that is con-
tained in D¢ U {0} and contains 0. If v is not supported on any hyperplane, then using
Theorem 3.1, a nontrivial p-variable exists. Thus we may assume that -y is supported on some
hyperplane S such that {0} C S N D. We then lower the dimension by one and identify
S =RE~1. There are two cases.

« If v is not supported on any hyperplane in S, then there exist points x1,...,27_1 € supp~y
such that riaff{z1,...,2p_1} = S. Let T be a one-dimensional subspace of S such that
T C D. Then T N Conv{zy,...,xr—1} is nonempty. Using Lemma F.2, we may find a
measure 4 supported on the bounded set 7N Conv{z1,...,z_1} (and thus supported on
D) such that p <.« v and p # dg. It follows that a nontrivial p-variable exists.

* If ~y is supported on a hyperplane S’ of S, then by Mazur’s separation theorem (Conway
(1990, Corollary 3.4)) and since -y is not supported on any hyperplane that intersects with
D only at 0, we must have {0} € S" N D. In this case, we have reduced the dimension by
one. Thus induction works for this case.

By reducing the problem iteratively in the above manner, we eventually arrive at the problem
with L = 2, which we already showed above. O

APPENDIX C: PROOF OF RESULTS FROM SECTION 4

PROOF OF THEOREM 4.2. Suppose that Z is a maximizer to (3). Since Z is a pivotal e-
variable, we denote by F’ as the~ common distribution of Z under P;, 1 <i< L, and~G’ the
distribution of Z under Q. Let Z be the identity random variable on R, we have Ef"[Z] = 1.
By Gibbs’ inequality,

E%[log Z] = E [log Z] < E¢’ [1og jg] e [1og (jg: (Z))} .

Thus, X = (dG’/dF")(Z) must also be a maximizer to (5). O

PROOF OF PROPOSITION 4.3. We induct on L. The base case is L = 1, where the claims
follow simply by picking H, = (—o0, z].

Fix an arbitrary L > 2 and = > 0. Consider the plane P;, = {x € R | 21 = 25} C R,
so that Z+ C Py. The collection of lines in Py, through x1 will be denoted by Ly, 6 €
[0,27), where Zt C L. For each Ly, consider the projection of v on the hyperplane Py to
which Ly is normal. It follows from our induction hypothesis that there is some half-space
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Hg o of RZ on which some measure Lo,z < 7 is supported, such that bary(up ) € Pr, and
bary(y — po») € Pr,as well as Ly C 0Hp .

Suppose that (i) does not hold. Then ~ is supported on a hyperplane S in R” containing
7. By the induction hypothesis, we may find a closed half-space H/, of S satisfying the
conditions (i)-(iv). Clearly, any closed half-space H, of RL containing H, also satisfies the
same conditions.

Therefore, we may assume (i) and that ~ is not supported on any hyperplane in R”. In
particular, y ., and jir . are non-zero. In this case, bary(uo ) and bary(fix ) lie in the two
different half-planes in Py, separated by Z+. By continuity of the measure, there exists some
6, such that bary(ug, ) € ZT. This establishes (iii) and (iv). Finally, by replacing H, by
H¢, we may assume that (ii) holds as well.

Suppose that (N) holds and p,, v, are distinct measures satisfying the above conditions.
Then pi, — v, is a nontrivial signed measure supported on a hyperplane in R”, contradicting
(N). O

The proof of Theorem Theorem 4.4 requires the following lemma.

LEMMA C.1. Let v be a probability measure on Izr such that v <cx y. For Hy and p,
defined in Proposition 4.3, denote by b, 1 the barycenter of (1, and £ distributed as the first
marginal of v. Then E[(¢ — z)_] < (z — by) e (RY) for all & > 0. Moreover, equality holds
for x if and only if for every martingale coupling (X,Y") such that X 2y and V' 7y, it

holds (Y | X < 2)"& p1y/ pio (RE).

PROOF. Let v, be a unit normal vector to OH,;, such that the angle 6,, between the vectors
v, and 1 satisfies 0 < 0, < 7/2. For y € RY we write a, = (y,v,) with Euclidean inner
product. Define ¢, : RY — R by

_Jay/cost, ifa, <0;
Pa(y) := {0 if a, > 0.

Since ¢, is concave and v =y 7, it follows that

(s = Dn(®) = [ oty < [ ud = —El(e )]
This completes the proof. The rest is clear. O

PROOF OF THEOREM 4.4. We first prove (b)=-(a). We first characterize the measure p
by the cumulative density function of its first marginal (recall that p is supported on the
nonnegative diagonal Z). For = > 0, pick s, as in Proposition 4.3. Note that z > y, (RF)
is nondecreasing in x and continuous by (b). Define u by the unique probability measure on
T+ such that u([0, 2]%) = p. (RE).

We next show that ;1 <.« . By Strassen’s theorem, it suffices to find a martingale coupling

s such that ~ an ~ . Letus fix ~ and let
(X,Y) such that X & prand Y '2 . Let us fix X 2y and 1

Y J}<X<.’I}/ l?'\‘y ,u’a:/—uw ’
( | h ) UZ”(RL)_UZ’(RL)

where we identify the random variable X supported on Z with its first coordinate. This defines
a coupling (X,Y) since z < ' = p, < pyr. Let a > 0 be arbitrary. On the event {X <
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a}, Y is distributed as 11q/p1a(RY). By Proposition 4.3, we have E[Y 1{x <] x 1€Z7. In
addition,

E[Xl{xgq] x1= (/Oaxd(ux(RL))) x 1,

which is exactly bary(u,) projected to Z. Therefore, we must have E[X1{xq] =
E[Y1{x<a}), so that (X,Y) is indeed a martingale. Thus y <cx 7.

Now by Lemma 2.1(i), it suffices to show that for each v <.« v and &,,§, denoting the
first marginals of v, y, it holds that E[(§, — ) -] < E[({, — )] for all x > 0. This is indeed
a consequence of Lemma C.1, since

E[(€ — x)_] = 2 (RY) - / 2d (1 (RY)) = (2 — ba)pia(RE).

We next show (a)=-(b). Suppose that x < y but p,; £ 1. In particular, supp pt, € supp fiy.
We may assume that s, (R%) and p,(RL) are positive. Suppose for contradiction that (a)
holds with a maximum element . We define the measures

Vy = :U'JU(]RL)(Sbary(,uz) + (1 - MI(RL))(Sbary('y—,uz)

and similarly v,. Then with the usual notation,

(17) E[(& —2)-] 2 E[(&, —2)-] = (2 — bs) s (RY)

and

(18) E[(¢u —y)-] 2 El(&, = y)-]= (y — by)uy (R").

By Lemma C.1, equalities hold for (17) and (18), and for every martingale coupling (X, Y")

law

such that X "2 1 and ¥ &' ~, it holds (Y | X < #) "% iy /pe(RE) and (V | X < y) 2
[ v i/ 11
fy/ 11y (RL). This contradicts supp g, Z supp gy, O

The following supporting lemma will prove useful in proving Theorem 4.7.

LEMMA C.2. Suppose that (N) holds and there exists a convex set I' C R? such that ~
is supported on OU'. For x > 0, let H, and u, be defined as in Proposition 4.3. Then for
0<z <, g < plar

PROOF. Fix 0 < z < . Define Cy = H, \ HJ, and Cy = H, \ HY. It follows that the
positive part of p1,, — gz is supported on C7. Let us define

S =R1+ 0H, NOH, .

The line S separates R? into two (closed) half-spaces, and we denote by H' the one that
does not contain C. Since the barycenters of y, and ji, lie on Z7, it suffices to show that
v(Cs \ (C; UH')) = 0. Suppose not. Then there exist z; € OI' N1 Cy and z2 € OT' N Cy \
(Cy UH). Since T is convex, it cannot hold that both 21 and 2’1 belong to I'°. Suppose that
x1 ¢ I'°. Then by convexity of I' and our assumption (N), we have p,; = 0, thus p; < g
holds trivially. The case 2’1 & I'° is similar. O

PROOF OF THEOREM 4.7. The first claim follows from Theorem 4.4 and Lemma C.2.
The existence of I, G follows from Lemma 2.5 with d = L, by setting G = Uj. O

For the proof of Theorem 4.9, we need the following lemma on independence of powers
of probability measures.
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LEMMA C.3. For distinct measures Py, ..., P, on an Euclidean space X, there exists
k > 1 such that Plk, .. ,Pf are linearly independent probability measures on X,

PROOF. For notational brevity, we assume X = R, where the general case of higher-
dimensional spaces follows from essentially the same argument. By assumption, the char-
acteristic functions of the probability laws Pi,..., Py, are distinct, and hence there exists
A= (A1,...,A_1) € RE7L such that the expectations of the 2(L — 1)-dimensional random
vector

(A, X) := (cos(M X),sin(A1 X),...,cos(Ap—1X),sin(A—1X))

are distinct under the laws X law Py, 1 <4< L." Let us consider a number k > 1 that will
be eventually picked large enough. Define the following (simultaneous) transport map

T:RFE 5 R2EDE (g ) = (WA, 21), -, 0(A, 28),

and denote by (), the pushforward of (Pg)k under T, for 1 < ¢ < L." Note that each @ is a
law on R~V whose coordinates are denoted by x = (2 ;)1<i<2(1-1),1<j<k- BY law of
large numbers, the law of () is concentrated near the set

1< 1<
e {x: (i s )

= (E™[cos(A; X)], E [sin(\; X)]), V1 <i< L — 1}.

Since EX¢[1)(\, X)] are distinct for 1 < ¢ < L, the sets Ry are disjoint. More precisely, using
a quantitative version of the central limit theorem (e.g., Theorem 1.3 of Talagrand (1996)),
we know that for any ¢ > 0, there exists C' = C(e,P) > 0 such that for k > C, there are
disjoint sets {A;}1<¢<z, (each A, contains ();) such that each )y is concentrated in Ay, in
the sense that

o foreach ¢, Qy(Ay) > 1/2;
o foreach /' £ ¢, Qu(Ap) <e.

For example, we may take

Ay ::{ ( Z@z—w’ L 25321,]) EPZ [cos(Xi X)) — k™2 B [cos(A; X)]

+E3) x (Epe [sin(AX)] — kY3 EP [sin(\X)] + k—1/3) L VI<i<L— 1}.

We next show that the probability measures {(Q)/}1<¢<z, are linearly independent for ¢ =
1/(2L). Indeed, suppose that a1Q1 + --- + @ = 0. Then for each 1 < i < L, by the
triangle inequality,

1
2raiy<\ai\Qi<Ai>—\gaeQe<Az <2 ledQeta <sZ!ae|

2Here, we are using the elementary principle that for L distinct functions on a common domain, there exist
L — 1 points in the domain such that no two functions agree on all of the L — 1 points. This can be proved using
induction.

130ur notation omits the dependence of T" and Qy on k.
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Summing the above terms over 1 < ¢ < L yields 2Le > 1, a contradiction. In conclusion,
with € = 1/(2L) we found k£ > 1 such that @)1, ..., @y, are linearly independent. Since each
Qy is the pushforward of (P,)* under T, the probability measures (Py)¥, ..., (Pr)* must be
linearly independent as well. O

PROOF OF THEOREM 4.9. The first claim follows immediately from Lemma C.3 applied
to the distinct measures P, ..., Py, (). Next, we focus on the case where () satisfies (AC) and
P ={P1,...,Pr} consists of independent probability measures. Suppose that () € SpanP
and Q* € SpanP?. Denote by f; = dP;/dQ, so that by our assumption, fi,..., f1, are lin-
early independent as functions in L!(Q). By construction, there exists a unique tuple of
nonzero numbers (ay,...,ar,) such that Zle a; P; = Q. In particular, ZL a; =1 and

j=1
(19) l=a1f1i+ - -+arfr Q-ae.

Since Q% € SpanP?, there exist by, . .., by, such that for any set A € F,

L
/A 1)) - /A XA;bjfj(w)fj(y)Q(dw)Q(dy)-

By symmetry of the integrand with respect to x, y, we must have for any A, B € F,

L
/A 1Q(n)Q(y) - /A XBjZlbjfxx)fj(y)Q(dx)@(dy).

By Carathéodory’s extension theorem, it holds
L
(20) D bifi@)fily) =1 Q-ae.
j=1

By considering the a.e. set y € X where (20) holds and comparing (19) and (20), we have for
any 1 <j <L, f;is Q-a.e. constant. This implies P; = Q. Therefore, ) € P. O

PROOF OF PROPOSITION 4.11. We first show that for any n,m € N, £, 1. = £y + £ps.
Suppose that X (™) attains the maximum e-power among pivotal and exact e-variables against
Q™ for P, and X (™ against Q™ for P™. Define X ("+m) (w1,w2) = X @) (wl)X(m) (wa),
where w; € X" and wy € X™. Clearly, X("*™) is pivotal and exact against Q"™ for
Pt Tts e-power is B¢ [log X ("t7)] = EQ" [log X (] + EQ™ [log X ™), thus by con-
struction of X (™ and X (™), lntm = €y + £, holds. It then follows from Fekete’s lemma
that £, /n converges to some limit in R U {oo}. Since this e-power is bounded from
above by the e-power for {P['} against {Q"}, we have for all 1 < ¢ < L that ¢,,/n <
EQ" [log(dQ"/dP!)]/n = E?[log(dQ/dP;)] as we see in Example 4.1. To see that the limit
is positive, it suffices to prove £ > 0 for some k > 0 using the property £y, 1 = £y + Cp,.
Nevertheless, that £ > 0 follows directly from Theorem 4.9 and Theorem 3.1. U

APPENDIX D: PROOF OF RESULTS FROM SECTION 5
We start the proof of Theorem 5.3 with a few simple observations.
LEMMA D.1. Suppose that p is a finite measure on R, and I is a nonempty bounded

open interval. Assume that there exists a sequence of decreasing intervals I, | I, such that
bary(p|1,) € I for every n where the barycenter is well-defined. Then I C (supp p)°©.
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PROOF. This is a direct consequence of continuity of measure. We omit the details.  [J
LEMMA D.2.  Assuming (N), any maximal element v in M is atomless.

PROOF. Suppose that v has an atom at xy1. Then a martingale coupling of v and ~ trans-
ports the mass at o1 to some measure 4’ on R”. In particular, bary(y') = z1 and 7/ < 7.
By assumption (N), supp~’ is not contained in any hyperplane. Using a similar argument in
the proof of Proposition 3.3, we conclude that there exists a measure v’ <., 7/ supported on
T+ satisfying v/ # +'(R¥)6,,. The new measure v — ' (R¥)d,, + v/ is then larger than v in
convex order, contradicting the maximality of v. O

PROOF OF THEOREM 5.3. Suppose that 1 is the measure from the construction, p <« v,
and v <cx v with v supported on Z*. Our goal is to show p = v. Let ,, &, denote the first

coordinate of u,r. Consider the collection X of the first coordinates of all points x,(:), s =
0, 1 < k < 2% defined in the middle of the construction. We first show that for each z € X,

e2y) Pl¢p =] =Pl& 2a] and  E[, [§, 2 2] =E[5 | & > a].

Note that given the first equality, the second equality in (21) is equivalent to E[({, — x)4] =
E[(&, — x)4]. The proof is similar to the “=" direction of Theorem 4.4. Let 7, be any
martingale coupling of (u,~y) and 7, be any martingale coupling of (v,~). For x = xgo) =1,
by (a symmetric version of) Lemma C.1, &, attains the maximum value of E[({, — )], and

thus E[(¢, — z)+] = E[(¢, — 2)+]. Lemma C.1 further implies that'*
mu([0,2) x Hy) =7, ([0,2) x Hy) =1 —7mu([z,00) x Hy) =1 — 7, ([z, 00) x HE).

In particular, P[§, > x| = P[§, > z], proving (21). In the general case, consider x =

x,(j). There exists an interval J whose endpoints are the two neighbor points of 1:,(;) in

{$]§m)}m<571<k<2m+1 U {0,00}. By definition, v maximizes E[({, — x)4], and p maxim-
izes E[(§, — 7)+1{¢,esy)- Our induction hypothesis (21) applied to the right endpoint of
J meanwhile implies that the two optimization problems are the same. Thus, there exists a
similar block decomposition of the supports of 7, m, where the total masses coincide on the

blocks, and (21) holds for = = m,(f). We leave the details to the reader.

We now finish the proof given (21). We claim that the set X" is dense in supp v. Indeed,
suppose that [ is an open connected component of the open set R \ X. By construction and
(21), each :Ul(:) is the barycenter of v restricted to the interval formed by two neighbor points
of x,(:) in {m](gm) }m<s, 1<k<om+1. In particular, there exist intervals I, | I where the endpoints
of each I belong to X' and bary(v|;.) € I. By Lemma D.1, I C (suppv)¢, establishing the
claim.

Therefore, the distribution functions of  and v coincide on a dense subset X of the support
of the atomless measure v. This implies y = v. O

We next prepare for the proof of Theorem 5.5. We say that a martingale { X}, } > satisfies
the separated tree condition if

(i) there exists an array of real numbers {$;(€S)}s>0, 1<k<2s such that for each s > 1,

(22) xgs) < l‘gs) <...< xgs) and xésil) € [:pg‘?_l,xgz)], 1<0<257 L

14By our assumption on 7y, x cannot have an atom at x.
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and if As denotes the multi-set consisting of values of {:1:,(:)}0@,< 5, 1<k<2rs

(k+1)/2°

(s—1)

o) >max{z e A |z <ol V) a#al ) )i Kisodd;
xf) <min{z € As |z > Tppg T F xff/gl)} if kiseven;

(i1) Xy is a constant, and for s > 1,

supp (X | Xs5-1 = m;isfl)) = 565813_1’565?}-

In particular, if a martingale satisfies the separated tree condition and the inequalities in (22)
are strict (i.e., xgs) < :Egs) << :cgs) for all s > 1), the martingale is backward determin-
istic, meaning that {X;}_, is o(Xy)-measurable for all n € N (Section 3.2 of Nutz, Wang
and Zhang (2022)).

Intuitively, the separated tree condition asserts that the martingale can be represented using
a binary tree on R (with & corresponding to the depth of the tree), and the branches from
all different levels, when projected to the real line as intervals, are either disjoint or have

containment relationship.

EXAMPLE D.3. The Simons martingale introduced by Simons (1970) satisfies the separ-
ated tree condition; see Example 5.2. More generally, the SHINE martingale defined by (12)
also satisfies the separated tree condition.

PROOF OF LEMMA 5.6. The martingale property implies

(23)  E[(Xeo — Xi)’] =E[XZ - Xi] =Y E[X}, — Xj] =) E[(Xj41 — X)),
j=k j=k

and it suffices to bound E[( X}, — X 11)?] for each k. By conditioning on X}, we have

2k+1

(24) E[(Xp — Xp41)?] <D pid3,
j=1

where the index j refers to the 271! legs from the support of X}, to the support of X} 1, and
pj,d; are the probability and the displacement (in absolute value) carried by the leg j.

The next key step is to discover an upper bound for each p;, possibly in terms of d;,
using the following Lemma D.4. The probability p; can be written naturally as a product of
conditional probabilities along a spine (or a directed path from the root of the binary tree) in
the binary tree representation of { X, },>0. We label the (absolute value of the) displacement
along the spine from level £ — 1 to k& by by, and (absolute value of) the other displacement
by ay. In other words, if {z}}r>0 denotes the nodes (values) on the spine and each xj, has
descendants 2y 1 and z_ |, then b, = ;1 — x%| and ay, = [2}_1 — x},|. By the martingale
property, the total probability on the spine {xy }1>0 until level n is given by [ [ ax/(ax +
br.).

Suppose that the martingale is uniformly bounded by M. By the separated tree condi-
tion, > j d; < 2M. Next, it is elementary to check that by the separated tree condition,
br—o = min{ay,ax_1} and by_1 > min{ay, by }. By Lemma D.4 applied with n =k + 1,
we conclude that p; < 4 /2M/dj rk=1 where r < 0.827. Therefore,

2k+1 2k+1

(25) S pid? <P VMY dY < ami
i=1 j=1
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Combining (23), (24) and (25), we get
E[(Xg — Xoo)?] < CM?rF,

as desired.

Let us now consider the general case where X is not uniformly bounded. Take M > | Xj|.
Let 7/ be the first hitting time to {z : || > M} of { X} }x>0. We use the same notation as in
(24) for a fixed k. Let Jys C {1,...,2""1} be the collection of all indices of possible paths
(up to time k) with 75, = co. Note that

E[H{TJWZOO} (Xlg—&-l - Xlg)] = Z pjd?'
jedu
Moreover, » i€ dur d; < 2M. The same argument as in (25) gives
Z pjd? < AMPrRETL
jedu

This implies E[L(,,, —y (X2, — X}7)] < C M?r* for some C > 0. Hence,

E[(Xeo — Xi)?] =E[X3, — X7]
=E[1{r,, <00} (X3 = XD+ E[L{7,,—o0} (X2 — X7)]
< E[:H'{TJW<OO}X§O] + CM>r*.

Let 75, be the first hitting time to {z : # > M} and 7, be the first hitting time to {z : 2 <
— M }. Note that by the separated tree condition, if M > X, then T]\—Z < oo implies X > X
for all £ > 0 and X7 > X|. Therefore, conditional on the event TA’} < 00, X is a martingale
that is bounded from below by Xg. By Ville’s inequality, for M > X,

P(ry; < o0) < P(13; < 00| X1 > Xo)

—o(M™Y).

M — Xy

E[X. | X) > Xo| - X
:P(supXk>M]X1>XO>< Koo | X1 > Xo = Xo
k>0

Similarly, the same analysis holds for 7,,. Hence, we can conclude P(7y; < o0) = O(M~1).
Since X € L**¢ for e > 0, E[1(;,, <00} X2 ] = O(M~?") for some &’ > 0 by Hélder’s
inequality. Taking M = r—*/(2+9") and ¢ = r9'/(2+%) € (0,1) yields that for some C' > 0
(that may vary from line to line),
E[(Xoo — Xp)?] <C(M™ + M**) < Cq".

This completes the proof in the general case. O

LEMMA D.4. Suppose that non-negative numbers a,...,ay,b1,..., by satisfy:

* by_o > min{ay,ar_1};
* bp—1 = min{ag, by }.

Then there exists r < 0.827 such that"

n

b
(26) [1—= <y

oy Ok + b, = bn,

Swe set 0/0=0.
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PROOF. Consider a number K > 0 to be determined. Define

[ ag % b
27 k= <ak + bk) br_1

For k£ > 2, we consider the following four different cases.

(1) If by > by_1, then ap, < b1 < b, so that

WU br—1 < 1 Jbg— '
ag +br " bpt+br1 2V by
In this case, ¢, < 1/4.

(ii) If by, < bi_1 and by_1 > by_o, then similarly as in case (i),

o N b2 < 1 bk:72’
ag—1+br—1 bg1+br2o "2\ b1

so that ¢, _1 < 1/4. On the other hand, ¢j < 1. Therefore, cicp_1 < 1/4.
(iii) If by <bp_1 <bp_o,and ap_; < Kbj_1 or ap < Kby, theneither ¢, < K2/(1+ K)?
and ¢ < 1,0rcp_1 < 1and ¢ < K?/(1+ K)2. In this case, cpep1 < K?2/(1+ K)2.
@v) If by <bp_1 <bp_o,arp_1 > Kby_q1, and ap, > Kby, then
br—o > min{ag, ax_1} = K min{bg, b1} > Kb.

In this case, cxcp—1 < 1/K.

Upon decomposing the sequence {b;} into increasing and decreasing parts, the above four
cases together yield that

n
1 K 1 yn—2
28 < {*,777} .
(28) kl_IQCk max PI+R VK

To optimize our bound, we consider the quantity

inf ma {1 K 1 }
X<, = (-
K>0 2’1+ K VK

The minimax value is denoted by 72 < 0.683. By (27) and (28), we obtain

by T- k. \? _ o(m—2)
— | | < .
by Pl (ak+bk> "

Rearranging gives (26). O

Next, we apply Lemma 5.6 to deduce the exponential convergence of the e-power. Suppose
f € C?(R) has sup |f”| < co. Then it would follow from Taylor’s theorem and Lemma 5.6
that

IE[f(X)] — E[f(Xo0)]| < C'sup |f|r.

However, in our case of main interest (see e.g., (7)), f(z) = —logx. To overcome the dif-
ficulty arising from sup | f (2)] = oo, we will assume an anti-concentration bound of X, at
0.

COROLLARY D.5. Suppose that {X}i>0 is a Ry-valued martingale satisfying the
separated tree condition with Xj, — Xo a.s. and E[X2%¥] < co for some ¢ > 0 and
E[X 2] < co. Then there exist < 1 and a constant C' > 0 such that

IE[log X1] — Eflog Xo0]| < CrF.
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PROOF. For each k € N, by the mean-value theorem and Holder’s inequality,
E[log(X)] — Eflog(Xeo)]| S E [|Xoo — Xg| max { X1, X '}]

<E [(Xoo — X0)2]"°E [max { X2, X2}/

Note that E[(Xo, — X3)?] < cq™* for some ¢ € (0,1) and ¢ > 0, as implied by Lemma 5.6.
Moreover, (Xj)x>0 is a nonnegative martingale, which implies E[X, %] < E[X2]. Hence,
E [max {X;?, X ?}] <E[X; >+ X 7] <2E[X 7] < o0.
Therefore, we get |E[log(X})] — E[log(Xso)]| < Cr—* for some C' > 0 and r = ¢*/2 € (0,1).
O

PROOF OF THEOREM 5.5. By property of the SHINE construction (Theorem 5.3),
in )
QA0 ) o

Therefore, for each j € {1,...,L}, we have by linearity of the coordinate map that
(dP;j/dQ)|@ =cx Xoo- In particular, using the definition of the convex order we have

Xool jCX (

EQ [(‘ig)%a} <o = E[XZ]<oo
and

E? [(%)2} <o = E[X< o
These verify the assumptions in Corollary D.5. The conclusion of Theorem 5.5 then follows
directly from that of Corollary D.5. O

EXAMPLE D.6. Suppose that P; ~N(mj;, 1), 1<j <L, and @ ~ N(myg, 1) are nonde-
generate Gaussian distributions. The laws of the Radon—Nikodym derivatives are

AB5 | em,—ma)+ 2 (Imo >~ lm, ) '
law
dQ leQ EXN(mq,1)
Since the moment generating function of a nondegenerate multivariate Gaussian distribu-
tion is well-defined everywhere, the conditions (14) and (15) are satisfied. Therefore, Corol-
lary 5.5 implies that the SHINE construction enjoys exponential convergence when testing
Py, ..., P, against Q.

APPENDIX E: PROOF OF RESULTS FROM SECTION 6

To prove Theorems 6.1 and 6.2, we build upon the ideas from Proposition 3.3.

LEMMA E.1. Let V C R? be a subspace containing 1 € R? and . be a collection of
affine hyperplanes in R? containing 1 such that whenever S € . and an affine subspace T
satisfies TNV C S, it holds T C S’ for some S' € .. Then for each measure y centered at
1 whose support is not a subset of S for any S € .7, there exists a measure v on 'V such that
v S¢x 14 and the support of v is not a subset of S for any S € ..

PROOF. The proof is similar to the proof of Proposition 3.3. Define T" = aff supp . By
Lemma F.2, it suffices to find points s, ..., s; € supp u such that ri(Conv{si,...,s;};T)
contains 1 and intersects with V' not on a single S € ..
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Suppose that the contrary holds. That is, any sp,...,s; € suppp satisfies 1 ¢
ri(Conv{sy,...,sp;T) or ri(Conv{sy,...,sp;7) NV C S for some S € .. By
Lemma F.1(i), any ri(Conv{si,...,sx};T") is contained in ri(Conv{si,...,sx};T) for
some k < K and s1,...,Sx € supp i such that 1 € ri(Conv{si,...,sx};T). This implies
for all sq,...,s; € supp u that ri(Conv{si,...,sx};T) NV C S for some S € .7. Con-
sequently, there exists S € . such that ri(Convsupp ;7)) NV C S. By Lemma F.1(ii),
T C aff ri(Conv supp p; T'). Since V, S are affine spaces, it holds that 7'N'V C S. Moreover,
suppu C T C S’ for some S’ € . by our assumption. Hence, the support of y is contained
in S’, contradicting our assumption. O

PROPOSITION E.2.  Let L,M € N and (Pi,...,Pp,Q1,...,Qu) be a jointly atomless
tuple of probability measures on X such that Span(P,..., Py) N Conv(Q1,...,Qn) =
Then there exist probability measures F,G1,...,Gpr on R such that F ¢ Conv(Gy,...,Gyr)
and

T((Pr,y...,Pr,Q1,...,Qum),(F,...,F,G1,...,Gp)) #0.

PROOF. Let i be a dominating measure for (Py,...,Pr,Q1,...,Qn), say p =
(Pl + -4+ P, +Q1+ -+ QM)/(L + M), and v = U;. Then Span(Pl,...,PL) N
Conv(Q1,...,Qn) # 0 is equivalent to the existence of {c;}1<i<z and {f;}1<j<amr such
that

L dQ L M
Z Zﬁj i biz 0, =Y Bi=1
i=1 i=1 j=1

Similarly, F' € Conv(Gy,...,G M) is equivalent to the existence of {\;}1<j<as such that

M M

dF dG;

i E /\j—dy , A =0, E Aj =1
J=1 J=1

To this end, we define

L M
S =108ap|820,) =) Bi=1p¢,
i=1 j=1

where

L M
SaﬁI: (ml,...,xp,yl,...,yq)]Zaixi:ZBjyj
= =1

We now claim that for each measure  such that supp~y is not a subset of some S € .,
there exists 7 =cx v such that 7 is supported on V := {(x,y) € RF*M | 2y = ... =2/} but
not concentrated on a single Vy := {(x,y) e RITM | gy = ... = 2] = Z]Ai1 Ajy;} for all
Aj =0, Z;‘i 1 Aj = 1. Provided the claim is true, we construct using Lemma 2.5 applied with
d= L + M the measures I',GG1, ..., Gy such that
dF dF 4Gy dGy
dv’ U dv dv T dr

=T.
v

Since v < v and 7 is supported on the hyperplane {(x,y) | 325, z; + Z]Nil Yj =
L + M}, our measure v will be supported on the same hyperplane, thus v = (LF +
Zj]\il G;)/(L 4+ M). In other words, j, v allow the same linear combination of the measure
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tuples (Py,...,Pr,Q1,...,Qn) and (F,...,F,Gy,...,Gyr). By Proposition 2.3 applied
withd=L+ M,

T((Pl,-..,PL,Ql,...,QM),(F,...,F,Gl,...,GM))#@

holds as desired.

To prove the above claim, we apply Lemma E.1 withd=L+ M, u=~,v=7,and V,.¥
defined as above. Note that if the support of 7 is contained in V' but not in a certain S, then
it cannot be contained in a certain V3. Thus the conclusion of Lemma E.1 suffices for our
purpose.

It then suffices to check the condition in Lemma E.1 that whenever S € . and an affine
subspace T satisfies TNV C S, it holds 7' C S’ for some S’ € .. To this end, we con-
sider Sq g € . and first assume 7' is a hyperplane containing S g NV = {(x,y) | 21 =

e=xp = Z]Ai 1 Bjy;}. In this case, a normal vector to 7" (which is unique up to a mul-
tiplicative constant) must also be a normal vector of S, g MV, and hence must be of the

form (t1,...,tr,—01 ZiLzl tis...,—Bm ZiLzl t;) for some t1,...,t; € R. If Zle ti=20,
then 7' O V/, and thus V' C S, g, which is impossible. Thus Zle t; # 0. It follows that for
some t1,...,tr with Z{;l t; #0,

L L M
T = (1"177xL7y17)yM)’Ztle:ZtlZ/Bjy]
i=1

i=1  j=1

Therefore, T' € .. More precisely, T'= S, /S

Next, we prove the general case of an affine subspace 7" that satisfies I'N'V C S, 3. Note
that V' S g for each S, g € .7, and that V' is of dimension M + 1. Thus So g NV is of
dimension M. Let 7" =T + (Sq 3N V) + V1. Then T is a hyperplane, 7' C T, and

T'NVC(TH (SapnNV)NV=(TNV)+ (SasnV)C Segs.
This completes the proof. O

PROOF OF THEOREM 6.1. The direction (a)=-(b) is Proposition A.5, (b)=-(c) is clear,
(c)=-(e) being precisely Proposition A.6, and (e)=>(d) is Proposition E.2. To show (d)=-(a),
we let ¢ be a nontrivial p-variable with null {G1,..., G/} and alternative {F'}, whose ex-
istence is guaranteed by Theorem 3.4. Then by definition, ¢ o X has a common law that is
<t U1 under each P;, and has a law that is = U; under each ;. Applying Lemma F.4(i)
then yields a random variable W such that ¥ o ¢ o X is an exact and nontrivial p-variable
as desired. Finally, by Proposition A.7, the direction (c)<>(e) also holds without condition
JA). O

PROOF OF THEOREM 6.2. The proofs are similar to Theorem 3.4, where in the direction
(d)=>(a) we replace the linear cone (—o0,0)" U (0, 00)” U {0} by the linear cone (—o0,0)% x
(0,00)M U (0,00)* x (—o0,0)M U {0}. The last statement is verified by Proposition A.7 and
Remark 6.3. O

PROOF OF THEOREM 6.7. We first show the “only if” direction. Suppose that 0 €
SpanP + ConvQ and X is an exact and bounded e-variable satisfying inf e o E?[log X| >
0. In particular, since X is bounded, for a sequence of distributions converging in total
variation, the expectations of X also converge. Let P(™ & SpanP and Q™) e ConvQ be
such that P(™) + Q(™ — 0 in total variation. It follows that EF”[X] = 1 and EQ"[X] >
infoeo EQ[X] > 1. But then liminf EF " +@™[X] > infoeg EQ[X] — 1 > 0, a contradic-
tion.
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Next, we show the “if” direction. Let R € II(X) be as given. We may abuse notation and
identify each P € P and ) € Q with its density with respect to R. Clearly, convergence
in total variation is equivalent to convergence in L'(R). Thus, S := Span{P | P € P} is
a closed subspace of L!(R). By assumption, the set C' := Conv{Q | Q € Q} satisfies that
C + S is closed, convex, and disjoint from 0 in the quotient space L'(R)/S. By the Hahn-
Banach separation theorem, there is & : L*(R)/S — R such that h|z7g > & > 0. Composing
with the quotient map we obtain a linear functional h : L'(R) — R, and it is easy to check
that A vanishes on S and h|c > . By duality, we may recognize h € L*°(R). It follows that
the bounded random variable X = h + 1 satisfies EX'[X] =1+ EP[h] =1+ [hPdR =1
for each P € P and E¥[X] =1+ [hQdAR > 1 + ¢ for each Q € Q. Proposition A.2 then
concludes the proof.

Suppose that Q is tight and that there exist P(™) € SpanP and Q™ e ConvQ such that
P™ 4+ Q™ — 0. By Prokhorov’s theorem, ConvQ is weakly compact. This implies for
some subsequence {ny}, Q™) is convergent. The limit then belongs to Span N Conv Q.
The other direction is obvious. O

PROOF OF PROPOSITION 6.9. By Sato (1999, Lemma 7.5), the Fourier transform of the
density p of an infinitely divisible distribution has no real zeros. By Wiener’s Tauberian the-
orem (Theorem 8 of Wiener (1933)), the linear span of the set of translates {p(- — 0) }per
is dense in L'(R). Therefore, there is P € Span{Py : § € R} with density p such that
drv(P,Q) = ([ [p(z) — ¢q(x)|dx)/2 < e. In other words, Q € Span{Fy : 0 € R}, say we
have Q = limj,_,oo P**), where P(*) € Span{P;: 6 € R}.

Suppose that X is an exact e-variable that is nontrivial for {@Q}. Then there exists a large
number K > 0 such that X := X Ix <K satisfies E@[X] > 1. Since X is bounded, we have

1 <E9[X] = lim EP"[X] <limsupE"" [X] =1.

k—o0 k—oo

This leads to a contradiction. O

APPENDIX F: SOME TECHNICAL RESULTS

F.1. Useful results from convex analysis. We start with a few well-known results from
convex analysis. We refer the readers to Rockafellar (1970) and Simon (2011) for more back-
ground.

LEMMA F1. Let A CR? be a closed set, and i € M(R?) with supp u = A. Then the
following statements hold:

(i) aff A=affri(ConvA;aff A);
(ii) bary(p) € ri(ConvA;aff A).

PROOF. (i) The D direction is obvious. To prove C, we may replace A by ConvA and
without loss of generality assume A is also convex. Let a € A and b € ri(A;aff A), then
elementary geometric arguments show that (a + b)/2 € ri(A;aff A); see Theorem 6.1 of
Rockafellar (1970). Thus A € aff ri(A;aff A).

(ii) We may without loss of generality assume aff A = R? and replace the relative in-
terior by interior. An application of the Hahn-Banach separation theorem yields bary(u) €
ConvA. Suppose bary(u) & ri(ConvA;aff A) = (ConvA)°, then the Hahn-Banach separa-
tion theorem implies the existence of a closed hyperplane H C R? such that bary(u) € H
and (ConvA)°® C R4 \ H; see Theorem 11.2 of Rockafellar (1970). Therefore, A C JH,
contradicting aff A = R?. By Theorem 6.3 of Rockafellar (1970), ri(ConvA;aff A) =
ri(ConvA;aff A). This completes the proof. O
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We also prove the following variant of the Choquet-Meyer theorem.

LEMMA E2. Suppose that i is a finite measure on R, x1,...,x;, € supp u, and x €
ri(Conv{zy,...,xy};aff supp ). Then there exists § > 0 such that any measure ~y with total
mass y(R?) < 6, supported on B(x; ) N (aff supp p), satisfies v <cx i for some fi < fu.

PROOF. First, we may assume without loss of generality that aff supp 1 = R, and replace

the relative interior by interior. In this case, we must have aff {z1, ..., x;} = aff supp u = R,
otherwise (Conv{zy,...,zx})° = () and the statement is vacuously true.
Since x € (Conv{xy,...,xx})°, there exists € > 0 such that the distance of z from

0Conv{xy,...,x} is larger than €. Let uy for N € N be the conditional distribution of 4
given the o-field generated by cubes with coordinates in Z¢/N. The smallest cubes have size
(1/N)4. Foreach j =1,...,k, pick a cube Dj-v of size (1/N)? in RY containing z; (possibly
on its boundary) that has a positive y-measure, which is possible since ;1:] is in the support of
. Let yJ =bary(u|py). It is then clear that ;LN({y] }) >0 and ;LN({y] 16y Zex ptlpy-

For N > d3/2/e, lyY -zl < e/d Therefore, r €
ri(Conv{yd, ...,y };aff{y,...,yN}). Fix N > d%/? /¢ such that the boxes {Dév}lgjgk
are disjoint. Write (y1,...,yx) = (yY,...,yY) and D; = Dj-v. Note that the distance
between x and OConv{yi,...,yr} is positive by the triangle inequality, and hence
aff{y1,...,yx} = RY, so that z € (Conv{yi, ...,y })°.

Pick § > 0 small enough such that B(z;0) C (Conv{yi,...,yr})° and that § <
min{un({y1}),...,un({yx})}. By Choquet’s theorem (Theorem 10.7(ii) of Simon (2011)),
for each y € B(x;0), there exists a probability measure -y, supported on {yi,...,yx} such
that bary(y,) = y, and ~, is continuous in y.

Consider an arbitrary measure « with total mass v(R?) < & and supported on B(z; ).

Define
y= / Yyy(dy).

Observe that v <. 7y and 7 is supported on {y1, ..., yx} with

Ty} = /Vy({yg})v(dy) <YRY) << punv({ys}), 1<j <k

zk: ( 7)) ) K p;-

= N ({y;})

Define

It follows that

¥ ZexF = Z( {fé}> ({y;} 5%5@(2( i) )u\Djzﬁ.

= \nv({ys})

Since {D;}1<j<k are disjoint,

k
A<y plp, <p,
j=1

as desired. O
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F.2. Useful results about the stochastic order <g;. We next state and prove a few
well-known results regarding the stochastic order <. These are useful when proving the
existence of p-variables.

LEMMA E3. Suppose that F,G € II(R) are atomless and F # G. Then there exists a
bounded random variable ¢ on R such that its law under F is Uy and its law under G is
=st Uy but distinct from Uj.

PROOF. We pick a random variable ¢ that has law U; and is comonotone with dG/dF
under the law F'. In particular, ¢ and dG/dF are positively associated. Therefore, for « €
[0,1],

Since dG/dF is not a constant under F, there exists « € (0,1) such that the inequality is
strict. O

LEMMA F4. Suppose that Fy, ..., Fr,G are atomless probability measures on |0, 1].

(i) If F; =5 Uy forall i and G <4 Uy, then there exists a random variable ¥ : [0,1] — [0, 1]
such that V|g, =g Uy forall i and ¥|g = Uj.

(ii) If there exists 5 € (0,1) such that dF;/dU; <1 on [0,3) and dF;/dU; > 1 on (B,1],
and F; =« Uy for all i and G = Uy, then there exists a random variable VU : [0,1] — [0, 1]
such that V|, = Uy forall i and V|g < Us.

PROOF. (i) Let F' = max F; and Id be the identity on [0, 1]. Let F, G and F} be the

corresponding cdfs. G>Id>F>F, and 1?’1\ F st Id|F, law U, for each i. Hence G follows
U; under G and it stochastically dominates U, under each F; by Theorem 1.A.3.(a) of Shaked
and Shanthikumar (2007).

(ii) Denote by a = min{ — F;(]0,3))} > 0. Pick 7 such that max F;([3, 5 + 27)) <
Define

xz — 7 otherwise.

{x ifz€[0,8+7]U[B+27,1];

By construction, it is then easy to check that ¥|y, < U; and ¥|g, = Us. O
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