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Abstract

Intrinsic volumes of convex sets are natural geometric quantities that also play im-
portant roles in applications, such as linear inverse problems with convex constraints,
and constrained statistical inference. It is a well-known fact that, given a closed con-
vex cone C' C R?, its conic intrinsic volumes determine a probability measure on the
finite set {0, 1, ...d}, customarily denoted by £(V¢). The aim of the present paper is to
provide a Berry-Esseen bound for the normal approximation of £(V¢), implying a gen-
eral quantitative central limit theorem (CLT) for sequences of (correctly normalised)
discrete probability measures of the type L£(V¢, ), n > 1. This bound shows that, in
the high-dimensional limit, most conic intrinsic volumes encountered in applications
can be approximated by a suitable Gaussian distribution. Our approach is based on a
variety of techniques, namely: (1) Steiner formulae for closed convex cones, (2) Stein’s
method and second order Poincaré inequality, (3) concentration estimates, and (4)
Fourier analysis. Our results explicitly connect the sharp phase transitions, observed
in many regularised linear inverse problems with convex constraints, with the asymp-
totic Gaussian fluctuations of the intrinsic volumes of the associated descent cones. In
particular, our findings complete and further illuminate the recent breakthrough dis-
coveries by Amelunxen, Lotz, McCoy and Tropp (2014) and McCoy and Tropp (2014)
about the concentration of conic intrinsic volumes and its connection with threshold
phenomena. As an additional outgrowth of our work we develop total variation bounds
for normal approximations of the lengths of projections of Gaussian vectors on closed
convex sets.

1 Introduction

1.1 Overview

Every closed convex cone C' C R? can be associated with a random variable Vi, with
support on {0,...,d} whose distribution £(V) coincides with the so-called conic intrinsic
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volumes of C. The distribution £(V¢) is a natural object that summarizes key information
about the geometry of C'; and is important in applications, ranging from compressed sensing
to constrained statistical inference. In particular, for a closed convex cone C' the mean
d¢ = EVg (which is customarily called the statistical dimension of C') measures in some
sense the ‘effective’ dimension of C', and generalises the classical notion of dimension for linear
subspaces. As proved in the groundbreaking papers Amelunxen, Lotz, McCoy and Tropp
[3] and by McCoy and Tropp [32] (see also Section 1.4 below for a more detailed discussion
of this point), in the case of the so-called descent cones arising in convex optimisation, the
concentration of the distribution of Vi around d¢ explains with striking precision threshold
phenomena exhibited by the probability of success in linear inverse problems with convex
constraints.

Our principal aim in this paper is to produce a Berry-Esseen bound for £(V) leading to
minimal conditions on a sequence of closed convex cones {C), },,>1, ensuring that the sequence

Ve, — EVe,

/Var(V¢,) 7

converges in distribution towards a standard Gaussian A/(0, 1) random variable. The bounds
in our main findings depend only on the mean and the variance of the random variables V¢, ,
and are summarized in Part 2 of Theorem 1.1 below.

n>1

)

As explained in the sections to follow, the strategy for achieving our goals consists in
using the elegant Master Steiner formula from McCoy and Tropp [32], in order to connect
random variables of the type V¢ to objects with the form ||[IIo(g)||?, where g is a standard
Gaussian vector, Il¢ is the metric projection onto C, and || - || stands for the Euclidean norm.
Shifting from V¢ to ||II¢(g)||* allows one to unleash the full power of some recently developed
techniques for normal approximations, based on the interaction between Stein’s method (see
[17]) and variational analysis on a Gaussian space (see [34]). In particular, our main tool will
be the so-called second order Poincaré inequality developed in [14, 35]. In Section 4, we will
also use techniques from Fourier analysis in order to compute explicit Berry-Esseen bounds.

As discussed below, our findings represent a significant extension of the results of [3,
32], where the concentration of £(V¢) around d¢ was first studied by means of tools from
Gaussian analysis, as well as by exploiting the connection between intrinsic volumes and
metric projections. Explicit applications to regularised linear inverse problems are described
in detail in Section 1.4 below.

We will now quickly present some basic facts of conic geometry that are relevant for our
analysis. Our main theoretical contributions are discussed in Section 1.3, whereas connec-
tions with applications are described in Section 1.4 and Section 1.5.

1.2 Elements of conic geometry

The reader is referred to the classical references [36, 37], as well as to [3, 32], for any unex-
plained notion or result related to convex analysis.

Distance from a convex set and metric projections. Fix an integer d > 1. Throughout the
paper, we shall denote by (x,y) and ||x||? = (x,x), respectively, the standard inner product




and squared Euclidean norm in R?. Given a closed convex set C' C R?, we define the distance
between a point x and C' as

d(x,C) = inf [lx —y]|- (1)

By the strict convexity of the mapping x + [|x||?, the infimum is attained at a unique vector,
called the metric projection of x onto C', which we denote by IIx(x).

Conver cones and polar cones. A set C' C R? is a conver cone if ax + by € C whenever x
and y are in C' and a and b are positive reals. The polar cone C° of a cone C' is given by

C'={yeR’: (y,x) <0,vxeC}. (2)

It is easy to verify that the polar cone of a closed convex cone is again a closed convex cone.
By virtue e.g. of [32, formula (7.2)], any vector x € R? may be written as:

x = g(x) + Heo(x)  with e (x) L Teo(x), (3)

where the orthogonality relation is in the sense of the inner product (-,-) on R%. A quick
computation shows also that, for every closed convex cone C' and every x € R?,

MeXx)[| = sup  (x,y). (4)

yeC:lyll<1

Steiner formulae and intrinsic volumes. Letting B¢ and S?! denote, respectively, the unit
ball and unit sphere in R?, the classical Steiner formula for the Euclidean expansion of a
compact convex set K states that

d
VOl(K + ABy) = Y~ AVol(B*9)Y; for all A >0,
5=0

where addition on the left-hand side indicates the Minkowski sum of sets, and the numbers
V;,7 = 0,...,d on the right, called Fuclidean intrinsic volumes, depend only on K. The
Euclidean intrinsic volumes numerically encode key geometric properties of K, for instance,
V; is the volume, 2V, ; the surface area, and V, the Euler characteristic of K. See e.g. [1,
p. 142], [29, Chapter 7] and [43, p. 600] for standard proofs.

An ‘angular’ Steiner formula was developed in [2, 26, 39|, and expresses the size of an
angular expansion of a closed convex cone C' as follows:

d
P{d*(0,0) <A} =) Ba(Nvj, (5)
=0
where 0 is a random variable uniformly distributed on S?!, the coefficients
Bja(A) = P[B(d — j,d) < Al

(where each B(d — j,d) has the Beta distribution with parameters (d — j)/2 and d/2) do
not depend on C, and the conic intrinsic volumes vy, ..., vq are determined by C' only, and

3



can be shown to be nonnegative and sum to one. As a consequence, we may associate to
the conic intrinsic volumes of C' an integer-valued random variable V', whose probability
distribution £(V') is given by

P(V=j)=v;, forj=0,...,d (6)

When the dependence of any quantities on the cone needs to be emphasized, we will write
Ve for V' oand v;(C) for v;, j = 0,...,d. As shown in [32], relation (5) can be seen as a
consequence of a general result, known as Master Steiner formula and stated formally in
Theorem 3.2 below. Such a result implies that, writing g ~ N(0, I) for a standard d-
dimensional Gaussian vector, the squared norms ||TI¢(g)||* and ||IIco(g)||* behave like two
independent chi-squared random variables with a random number V> and d—V, respectively,
of degrees of freedom: in symbols,

(I ()11, ITeo (@) 1%) ~ (Ve Xa-ve.)- (7)

In particular, equation (7) is consistent with the well-known relation v;(C) = v4_;(C°)
(j =0,...,d), that is: the distribution of the random variable Vo, associated with the polar
cone C? via its intrinsic volumes, satisfies the relation

Voo 2 d — Vg, (8)

where, here and in what follows, "2 indicates equality in distribution. To conclude, we
notice that partial versions of (7) (only involving ||TI¢(g)||?) were already known in the
literature prior to [32], in particular in the context of constrained statistical inference — see
e.g. [19, 40, 41], as well as [42, Chapter 3].

Statistical dimensions. As for Euclidean intrinsic volumes, the distribution of Vi encodes key
geometric properties of C'. For instance, the mean ¢ := E[Vo] = E||Ilc(g)||?, generalizes
the notion of dimension. In particular, if L; is a linear subspace of R? of dimension k, and
hence a closed convex cone, then v;(Ly) is one when j = k and zero otherwise, and therefore
d(Lg) = k. The parameter ¢ is often called the statistical dimension of C. We observe that,
in view of (4), the statistical dimension ¢ is tightly related to the so-called Gaussian width

of a convex cone
we:=E| sup (gy)],
yeC:lyl<1

where g ~ N(0, I;). The notion of Gaussian width plays an important role in many key
results of compressed sensing (see e.g. [38]). Standard arguments yield that w? < dc <
wZ+1 (see [3, Proposition 10.2]). One situation where the statistical dimension is particularly
simple to calculate is when C'is self dual, that is, when C'= —C°. In this case, dc = d/2 by
(8). The nonnegative orthant, the second-order cone, and the cone of positive-semidefinite
matrices are all self dual; see [32] for definitions and further explanations.

Polyhedral cones. We recall that a polyhedral cone C' is one that can be expressed as the
intersection of a finite number of halfspaces, that is, one for which there exists an integer N
and vectors uy, ..., uy in R? such that

C= ﬂ{x cR?: (u;,x) >0}

i=1



For polyhedral cones the probabilities v;,j = 0,...,d can be connected to the behavior of
the projection Ilx(g) of a standard Gaussian variable g ~ N(0, I;) onto C. Indeed, in this
case we have the representation

v; = P (Ilo(g) lies in the relative interior of a j-dimensional face of C') 9)

(see e.g. [3, 32]).

1.3 Main theoretical contributions

The main result of the present paper is the following general central limit theorem (CLT), in-
volving the intrinsic volume distributions of a sequence of closed convex cones with increasing
statistical dimensions.

Theorem 1.1 Let {d, : n > 1} be a sequence of non-negative integers and let {C,, C R :
n > 1} be a collection of non-empty closed convexr cones such that éc, — oo, and write
76, = Var(Vg,), n > 1. For every n, let g, ~ N(0,1y,) and write o, = Var(||Il¢, (g,)[?),
n > 1. Then, the following holds.

1. One has that 20¢, < o%n < 46¢, for every n and, as n — oo, the sequence

, n>1
oc,

?

converges in distribution to a standard Gaussian random variable N ~ N(0,1).
2. 1If, in addition, liminf,_, Tgn/écn > 0, then, as n — oo, the sequence

Ve, — dc,

Y

n>1

)

Tc,

also converges in distribution to N ~ N(0,1), and moreover one has the Berry-Esseen
estimate

sup
ueR

1
o). o

Part 1 follows from Corollary 3.1. Part 2 is a consequence of Theorem 5.1 below that
provides a Berry-Esseen bound, with small explicit constants, for the normal approximation
of Vi and for any closed convex cone C, in terms of d¢, 0% and 74. In particular, if C' is
a closed convex cone such that 7 > 0, then we will prove in Theorem 5.1 and Remark 5.1
that, writing o := 72 /d¢, for 6c > 8,

P [VC —dc
TC

p[ugul_p“\[gu]

TC,

48

< h(d¢) +
VJalog" (av24c)

, (11)

sup
u€R

g@-ngm

where

1 [logd 5/2



Remark 1.1 Observe that, if one considers the sequence {Cy}q>1 consisting of the non-
negative orthants of R? | then Vg, follows a binomial distribution with parameters (1/2,d)
(in particular, 6, = d/2). It follows that, in this case, the supremum on the left-hand side
of (10) converges to zero at a speed of the order O(d~/?), from which we conclude that the
rate supplied by (10) is, in general, not optimal.

As anticipated, our strategy for proving Theorem 1.1 (exception made for the Berry-
Esseen bound (10)) is to connect the distributions of ||II¢,(g,)||* and V¢, via the Master
Steiner formula (7), and then to study the normal approximation of the squared norm of
IIc, (g,) by means of Stein’s method, as well as of general variational techniques on a Gaus-
sian space (see [17, 34]). As illustrated in the Appendix contained in Section 5 below, Stein’s
method proceeds by manipulating a characterizing equation for a target distribution (in this
case the normal), typically through couplings or integration by parts. Hence, we justify the
title of this work by the heavy use that our application of Stein’s method makes of relation
(7), generalizing the angular Steiner formula (5). As mentioned above, our main tool will be
a form of the second order Poincaré inequalities studied in [14, 35].

Remark 1.2 A crucial point one needs to address when applying Part 2 of Theorem 1.1
is that, in order to check the assumption liminf, . Tén /dc, > 0, one has to produce an
effective lower bound on the sequence of conic variances Tgn, n > 1. This issue is dealt with
in Section 4, where we will prove new upper and lower bounds for conic variances, by using
an improved version of the Poincaré inequality (see Theorem 6.2), as well as a representation
of the covariance of smooth functionals of Gaussian fields in terms of the Ornstein-Uhlenbeck
semigroup, as stated in formula (96) below. In particular, our main findings of Section 4 (see
Theorem 4.1) will indicate that, in many crucial examples, the sequence n — Tgn eventually
satisfies a relation of the type

o E[le, (g)]|I* < 7¢, < 2(|E[Mc, ()],

where ¢ € (0,2) does not depend on n. In view of Jensen inequality, this conclusion strictly
improves the estimate 78 < 2d¢, that one can derive e.g. from [32, Theorem 4.5].

We obtain normal approximation results for random variables that are more general than
ITIc(g)]|?. To this end, fix a closed convex cone C' C R? and p € R? and introduce the
shorthand notation:

F=|p—Te(g+ > —m, with m=E[p-Te(g+ )’ and o®=Var(F). (13)

Then, we prove in Theorem 3.1 that

dry(F,N) < g {1+ 2]} + 3]l + ]} (14)

where N ~ N(0,0?) and dry stand for the total variation distance, defined in (28), between
the distribution of two random variables. In the fundamental case p = 0, Proposition 3.1
shows that the previous estimate implies the simple relation

8

N (15)

drv (Ie(g)l* = de, N) <



where N ~ N(0,0%). Relation (15) reinforces our intuition that the statistical dimension d¢
encodes a crucial amount of information about the distributions of ||IIz(g)||* and, therefore,
about V¢, via (7).

It does not seem possible to directly combine the powerful inequality (15) with (7) in
order to deduce an explicit Berry-Esseen bound such as (10). This estimate is obtained in
Section 5, by means of Fourier theoretical arguments of a completely different nature.

Remark 1.3 We stress that the crucial idea that one can study a random variable of the type
Ve, by applying techniques of Gaussian analysis to the associated squared norm || (g)]|?,
originates from the path-breaking references [3, 32], where this connection is exploited in
order to obtain explicit concentration estimates via the entropy method, see [7] and [30].

As stated in the Introduction, we will now show that our results can be used to exactly
characterise phase transitions in regularised inverse problems with convex constraints.

1.4 Applications to exact recovery of structured unknowns
1.4.1 General framework

In what follows, we give a summary of how the conic intrinsic volume distribution plays a
role in convex optimization for the recovery of structured unknowns and refer the reader e.g.
to the excellent discussions in [3, 10, 13, 32| for more detailed information.

In certain high dimension recovery problems some small number of observations may
be taken on an unknown high dimensional vector or matrix xy, thus determining that the
unknown lies in the feasible set F of all elements consistent with what has been observed.
As F may be large, the recovery of xq is not possible without additional assumptions, such
as that the unknown possesses some additional structure such as being sparse, or of low
rank. As searching F for elements possessing the given structure can be computationally
expensive, one instead may consider a convex optimization problem of finding x € F that
minimizes f(x) for some proper convex function! that promotes the structure desired.

The analysis of such an optimization procedure leads one naturally to the study of the
descent cone D(f,x) of f at the point x, given by

D(f,x) = {y : 37 > 0 such that f(x+ 7y) < f(x)}.

That is, D(f, x) is the conic hull of all directions that do not increase f near x. The proof of
Part 1 of Theorem 1.2 below — included here for completeness — reflects the general result,
that in the case where F is a subspace, the convex optimization just described successfully
recovers the unknown xq if and only if

F N (%0 +D(f,%0)) = {x0} (16)

(see Section 4 of [38] and Proposition 2.1 [13], and Fact 2.8 of [3]).

1
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The work [13] provides a systematic way according to which an appropriate convex
function f may be chosen to promote a given structure. When an unknown vector, or
matrix, is expressed as a linear combination

Xg = c1ay + - - - Crag (17)

for ¢; > 0, a; € A a set of building blocks or atoms of vectors or matrices, and k£ small, then
one minimizes

f(x) =inf{t > 0:x € tconv(A)}, (18)

over the feasible set, where conv(A) is the convex hull of A.

1.4.2 Recovery of sparse vectors via {; norm minimization

We now consider the underdetermined linear inverse problem of recovering a sparse vector
xo € R? from the observation of z = Ax,, where for m < d the known matrix 4 € R™*¢
has independent entries each with the standard normal N(0,1) distribution. We say the
vector Xq is s-sparse if it has exactly s nonzero components; the value of s is typically much
smaller than d. As a sparse vector is a linear combination of a small number of standard
basis vectors, the prescription (18) leads us to find a feasible vector that minimizes the ¢,
norm, denoted by ||-[[;. It is a well-known fact that such a linear inverse problem displays a
sharp phase transition (sometimes called a threshold phenomenon): heuristically, this means
that, for every value of d, there exists a very narrow band [my, ms| (that depends on d and
on the sparsity level of xy) such that the probability of recovering xo exactly is negligible
for m < my, and overwhelming for m > my. Understanding such a phase transition (and,
more generally, threshold phenomena in randomised linear inverse problems) has been the
object of formidable efforts by many researchers during the last decade, ranging from the
seminal contributions by Candes, Romberg and Tao [11, 12], Donoho [20, 21] and Donoho
and Tanner [22], to the works of Rudelson and Vershynin [38] and Ameluxen et al. [3] (see
[10, Section 3|, and the references therein, for a vivid description of the dense history of the
subject). In particular, reference [3] contains the first proof of the fundamental fact that the
above described threshold phenomenon can be explained by the Gaussian concentration of
the intrinsic volumes of the descent cone of the ¢; norm at x around its statistical dimension.
In what follows, we shall further refine such a finding by showing that, for large values of
d, the phase transition for the exact recovery of xy has an almost exact Gaussian nature,
following from the general quantitative CLTs for conic intrinsic volumes stated at Point 2 of
Theorem 1.1.

The next statement provides finite sample estimates, valid in any dimension. Note that
we use the symbol |a| to indicate the integer part of a real number a.

Theorem 1.2 (Finite sample) Let xo € R? and let C be the descent cone of the {1 norm
| - |li at xo. Further, let V' be the random variable defined by (6), set 6 = E[V] to be the
statistical dimension of C, and 7° = Var(V'). Let Ts, be the set of real numbers t such that
the number of observations

my = |0 + t7]



lies between 1 and d. Fizt € T5,. Let A, € R™*? have independent entries, each with the
standard normal N(0,1) distribution and let F; = {x € R? : Ayx = Ayxq}. Consider the
convex program

(CP;): min||x||;y subject tox € F;.

Then, for 6 > 8 one has the estimate

tET(;’.,-

1 [t e
sup |P {xq is the unique solution of (CP;)} — \/_2_7r/ e /Zdu’ (19)
48 1

< h(d) + + ;
\/a log™ (av/26) v2rr?

where o := 72 /8, and h(5) given by (12).

Remark 1.4 1. The estimate (19) implies that, for a fixed d and up to a uniform explicit
error, the mapping

t — P {x is the unique solution of (CP;)},

(expressing the probability of recovery as a function of m;) can be approximated by the
standard Gaussian distribution function ¢ — ®(¢) := \/%7 ffoo e~"*/2du, thus demon-
strating the Gaussian nature of the threshold phenomena described above. To better
understand this point, fix a small a € (0,1), and let y, be such that ®(y,) = 1 — «a.
Then, standard computations imply that (up to the uniform error appearing in (19))
the probability

P {x is the unique solution of (CP,,)}

is bounded from below by 1 — a, whereas P {x; is the unique solution of (CP_, )} is
bounded from above by a. Using the explicit expressions m_,, = [ —y,7] and m,,, =
|0 + yaT|, one therefore sees that the transition from a negligible to an overwhelming
probability of exact reconstruction takes place within a band of approximate length
2T < 2yaV/26, centered at 8. In particular, if § — oo, then the length of such a band
becomes negligible with respect to 9, thus accounting for the sharpness of the phase
transition. Sufficient conditions, ensuring that a = 72/4 is bounded away from zero
when § — oo, are given in Theorem 1.3.

2. Define the mapping ¢ : [0,1] — [0,1] as

¥lp) = inf {p(1+9%) + (1 = P E(IN] = 7)3]} (20)

where N ~ AN(0,1). The following estimate is taken from [3, Proposition 4.5]: under
the notation and assumptions of Theorem 1.2, if xq is s-sparse, then

(s /d) - %_d <% <u(s/a). (21)

Moreover, as shown in [13, Proposition 3.10] one has the upper bound ¢ < 2slog(d/s)+
5s/4, an estimate which is consistent with the classical computations contained in [21].
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Proof of Theorem 1.2. We divide the proof into three steps.

Step 1. We first show that xq is the unique solution of (CP;) if and only if CNNull(A4;) = {0}.
Indeed, assume that x is the unique solution of (CP;) and let y € CNNull(A4;). Sincey € C,
there exists 7 > 0 such that x := x¢ + 7y satisfies ||x||; < ||xo||1. Since y € Null(A) one
has x € F;. As x is feasible the inequality [|x|[; < ||xo||1 would contradict the assumption
that x¢ solves (CP;). On the other hand, the equality ||x|[; = ||xo||1 would contradict the
assumption that xq solves (CP;) uniquely if x # xq. Hence y = 0, so C' N Null(4;) = {0}.
Now assume that C' N Null(A;) = {0} and let x denote any solution of (CP;) (note that such
an x necessarily exists). Set y = x —xg. Of course, y € Null(4;). Moreover, by definition of
x and that xo € F; one has [|x]|; = [|xo +¥]|l1 < |[Xol]1, implying in turn that y € C. Hence,
y = 0 and x = X, showing that xq is the unique solution to (CP;).

Step 2. We show? that Null(A4,) haw Q(R4=™ x {0}) for @ a uniformly random d x d orthog-
onal matrix. Both Null(A;) and Q(R? ™ x {0}) belong almost surely to the Grassmannian
Ga_m, (R?), the set of all (d — m;)-dimensional subspaces of R%. Defining the distance be-
tween two subspaces as the Hausdorff distance between the unit balls of those subspaces
makes Gy, (R?) into a compact metric space. The metric is invariant under the action
of the orthogonal group O(d), and the action is transitive on Gg_,,, (R?). Therefore, there
exists a unique probability measure on Gy_,,, (R?) that is invariant under the action of the
orthogonal group. The law of the matrix A, having independent standard Gaussian en-
tries, is orthogonaly invariant. Therefore, P(Null(4;) € X) = P(Null(4;) € R(X)) for any
R € O(d) and any measurable subset X C Gy, (R?). On the other hand, it is clear that
one also has P(Q(R?¥™™ x {0}) € X) = P(Q(R*¥ ™ x {0}) € R(X)) for any R € O(d) and
any measurable subset X C Gy_,, (R?). Therefore, the claim follows by uniqueness of the
probability measure on G4_,, (R?) invariant under the action of O(d).

Step 3. Combining Steps 1 and 2 we find
P(x is the unique solution of (CP;)) = P(C' N Q(R¥™ x {0}) = {0}),

where @ is a uniformly random orthogonal matrix. On the other hand, with C' denoting
the closure of C,

P(CNQERT™ x{0}) = {0}) = P(CN QR x {0}) = {0}).

As a result of this subtle point, that follows from the discussion of touching probabilities
located in [43, pp. 258-259], we may and will assume in the rest of the proof that C is
closed. By the Crofton formula (see [3, formula (5.10)])

P(CAQER™ x {0}) = {0}) =1 — 2,1 (C) where hi(C)= > 0,(C). (22)

j=k,j—keven
Combining (22) with the interlacing relation stated in [3, Proposition 5.9], that states

P(V <my—1) < 1—2hy1(C) < P(V < my) (23)

2 This is a well-known result: we provide a proof for the sake of completeness.
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yields
P(V <m; —1) < P{xg is the unique minimizer of (CP;)} < P(V < my).
But,

PV <m—-1) = P(V<|[d+tr]—1)

> P(V§5+tr—1):P<V_5§t_l)

T T

and

PV <m) = P(V<[6+t/7))

— 1
< P(V§5+t7+1):P(V 5§t+—).
T T

The conclusion now follows from (11), as well as from the fact that the standard Gaussian
density on R is bounded by (27)~'/2. O

The next result provides natural sufficient conditions, in order for a sequence of linear
inverse problems to display exact Gaussian fluctuations in the high-dimensional limit.

Theorem 1.3 (Asymptotic Gaussian phase transitions) Let s,, d,, n > 1 be integer-
valued sequences diverging to infinity, and assume that s, < d,,. For everyn, let X, o € R be
Sp-sparse, denote by C,, the descent cone of the {1 norm at X, and write 6,, = é¢,, = E[Ve,,]
and 72 = 17 = Var(Ve, ). For every real number t, write

1, if |6+ tr] < 1
Mpt =1 |0n +1t7],  if |0p + 7] € [1,d,]
d,, if (00 + t70] > do

For every n, let A,; € R™ %% be a random matriz with i.i.d. N'(0,1) entries, let F,; =
{x eR¥™ : A, ,x = A, X0}, and consider the convex program

(CP,): min|x||;y subject tox € Fp;.

Assume that there exists p € (0,1) (independent of n) such that s, = |pd,|. Then, as
n — oo, liminf, 72/4, > 0, and

1 [t e 1
P {xq is the unique solution of (CP,;)} = — e du+ O ,
' V2T J oo Vg,

where the implicit constant in the term O <ﬁ) depends uniquely on p.

Proof. In view of the estimate (19), the conclusion will follow if we can prove the existence
of a finite constant a(p) > 0, uniquely depending on p, such that 72/8, > a(p) for n
sufficiently large. The existence of such a a(p) is a direct consequence of the results stated

in the forthcoming Proposition 4.1.
U

11



1.4.3 Second example: low-rank matrices

Let the inner product of two m x n matrices U and V be given by
(U, V) = tr(UTV),
and recall that, for X € R™*" the Schatten 1 (or nuclear) norm is given by

min(m,n)

=1

where 01(X) > -+ > Omin(m,n)(X) are the singular values of X. Given a matrix A € R™*",
partition A as (Ay,...,A,) into blocks of sizes m x n, and let A be the linear map from
R™*™ to RP given by

A(X> = <<X7 A1>7 R <X7 AP))
Now let Xy € R™*™ be a low rank matrix, and suppose that one observes
Z = .A(X()),

where the components of A are independent with distribution A/(0,1). To recover X, we
consider the convex program

min||X||s, subject to X € F, where F={X:AX)=1z}.

As F is the affine space Xy + Null(A), arguing as in the previous section one can show
that X, is recovered exactly if and only if C'N Null(A) = {0} where C' = D(]| - ||s,, Xo), the
descent cone of the Schatten 1-norm at Xj.

Furthermore, Null(A) is a subspace of R™*" of dimension nm—p, and is rotation invariant
in the sense that for any P C {(7,7) : 1 <i<m,1 < j <n} of size p,

Null(A) = Q(Sp)
where Q is a uniformly random orthogonal transformation on R™*" and
Sp={XeR™":X;; =0 forall (i,j) € P}.

Now considering the natural linear mapping between R™*™ and R™ that preserves inner
product, one may apply the Crofton formula (5.10) and proceed as for the ¢! descent cone as
above in Section 1.4.3 to deduce low rank analogues of Theorems 1.2 and 1.3. In particular,
for the latter we have the following result. As the Schatten 1-norm of a matrix and its
transpose are equal, without loss of generality we assume that all matrices below have at
least as many columns as rows.

Theorem 1.4 For every k € N, let (ng, mg, r) be a triple of nonnegative integers depending
on k. We assume that n, — oo, my/ni, — v € (0,1] and ry/my — p € (0,1) as k — oo,
and that for every k the matriz X(k) € R"™*" has rank ry. Let

Ck = D(H . ||51,X(]€)), 5k = 5<Ck) and T]? = Var(VCk)
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denote the descent cone of the Schatten 1-norm of X(k), its statistical dimension, and the
the variance of its conic intrinsic volume distribution, respectively. For every real number t,
write

1 Zf |_(5k+tTkJ <1
Prt = L(Sk =+ tTkJ Zf Ldk + tTkJ I~ [1, mknk]
MENg ’Lf Lék + tTkJ > MpNg

For every k, let Ay, € R™>™Pkt e q random matriz with i.i.d. N(0,1) entries, let Frs =
{X ' Ao (X) = Ap«(X(k))} and consider the convex program

(CPr+): min||X|ls, subject to X € Fps.

Then, as k — oo, liminf 77/8;, > 0, and
1 [t e 1
P{X(k) is the unique solution of (CP = — e 2du+ O (—) ,
{X®) q f(CP} = T /_Oo Tog o

where the implicit constant in the term O <m> depends uniquely on v and p.

1.5 Connections with constrained statistical inference

Let C C R? be a non-trivial closed convex cone, let g ~ N(0, 1) and fix a vector p € R%.
When p is an element of C' and y = g + p is regarded as a d-dimensional sample of
observations, then the projection Il (g + p) is the least square estimator of p under the
convez constraint C', and the norm ||pu — Ilo(g + p)|| measures the distance between this
estimator and the true value of the parameter p; the expectation F|jp — o(g + p)|? is
often referred to as the L2-risk of the least squares estimator.

Properties of least square estimators and associated risks have been the object of vigorous
study for several decades; see e.g. [5, 9, 15, 16, 44, 45, 46, 47| for a small sample. Although
several results are known about the norm ||p — Ilo(g + p)||* (for instance, concerning con-
centration and moment estimates — see [15, 16] for recent developments), to our knowledge
no normal approximation result is available for such a random variable, yet. We conjecture
that our estimate (14) might represent a significant step in this direction. Note that, in order
to make (14) suitable for applications, one would need explicit lower bounds on the variance
of || —e(g+ p)|* for a general p, and for the moment such estimates seem to be outside
the scope of any available technique: we prefer to think of this problem as a separate issue,
and leave it open for future research.

We conclude by observing that, as explained e.g. in [19, 41] and in [42, Chapter 3],
the likelihood ratio test (LRT) for the hypotheses Hy : p = 0 versus H; : p € C\{0}
rejects Hy when the projection ||TIo(y)||* of the data y on C is large. In this case, our
results, together with the concentration estimates from [3, 32], provide information on the
distribution of the test statistic under the null hypothesis. Similarly, the squared projection
length ||TIco(y)||? onto the polar cone C? is the LRT statistic for the hypotheses Hy : pu € C
versus H; : p € RN\C.

1.6 Plan

The paper is organised as follows. Section 2 deals with normal approximation results for
the squared distance between a Gaussian vector and a general closed convex set. Section

13



3 contains total variation bounds to the normal, and our main CLTs for squared norms of
projections onto closed convex cones, as well as for conic intrinsic volumes. In Section 4,
we derive new upper and lower bounds on the variance of conic intrinsic volumes. Section
5 is devoted to explicit Berry-Esseen bounds for intrinsic volumes distributions, whereas
the Appendix in Section 6 provides a self-contained discussion of Stein’s method, Poincaré
inequalities and associated estimates on a Gaussian space.

2 Gaussian Projections on Closed Convex Sets: nor-
mal approximations and concentration bounds

Let C' C R? be a closed convex set, let u € R? and let g ~ N(0, I;) be a normal vector. In
this section, we obtain a total variation bound to the normal, and a concentration inequality,
for the centered squared distance between g + p and C', that is, for

F=d(g+pC) - Eld(g+pC), (25)

where d(x,C) is given by (1). We also set 6 = Var(d*(g + p,C)) = Var(F). It is easy to
verify that o2 is finite for any non empty closed convex set C, and equals zero if and only if
C =R To exclude trivialities, we call a set C' non-trivial if  C C' C R%.

The following two lemmas are the key to our main result Theorem 2.1: their proofs are
standard, and are provided for the sake of completeness.

Lemma 2.1 Let C be a non empty closed convex subset of RY, and let 1lo(x) the metric
projection onto C. Then, g and I, — g are 1-Lipschitz continuous, and the Jacobian
Jac(llg)(x) € R¥™*? exists a.e. and satisfies

|(Ig — Jac(TIle) (X)) y|| < |lyll  for ally € R, (26)

Proof: Since Tl is a projection onto a non-empty closed convex set, by [36, p. 340] (see also
B.3 of [3]), we have that

|Tle(v) = Tg(u)|| < ||v —u|| for all u,v € R4,

that is, IIo, and hence I; — Il¢, are 1-Lipschitz. Bound (26) now follows by Rademacher’s
theorem and the fact that, on a Hilbert space, the operator norms of a matrix and that of
its transpose are the same. 0

Lemma 2.2 Let C be a non-empty closed convex set C C R?, and let lo(x) be the metric
projection onto C. Then,

Vd*(x,0) = 2(x — Tlp(x)), x¢€R% (27)

Proof: Fix an arbitrary xo € R? and use the shorthand notation vq := xo — ¢ (Xg). Writing
p(u) := d*(xp+u,C) — d*(xq, C') — 2(vp, u), relation (27) is equivalent to the statement that
the mapping u — ¢(u) is differentiable at u = 0, and V¢(0) = 0. To prove this statement,
we show the following stronger relation: for every u € R? one has that |¢(u)| < |jul*.
Indeed, the inequality ¢(u) < |[ul|? follows from the fact that d?(xq+u,C) < ||[u+vol||? and
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d*(xg,C') = ||vo||*>. To obtain the relation p(u) > —||ul|?, just observe that u — p(u) is a

convex mapping vanishing at the origin, implying that p(u) > —p(—u) > —||—ul|* = —||u||?
where the second inequality is a consequence of the estimates deduced in the first part of
the proof. This yields the desired conclusion. 0]

We recall that the total variation distance between the laws of two random variables F'
and G is defined as

drv(F,G) = sup |P(F € A)— P(G € A, (28)

where the supremum runs over all the Borel sets A C R. It is clear from the definition that
dry(F,G) is invariant under affine transformations, in the following sense: for any a,b € R
with a # 0, one has dry(aF + b,aG + b) = dpy (F,G). We say that F,, converges to F in

total variation (in symbols, F), ¢ F)if dpy(F,, F) — 0 as n — oo. Note that, if F, 2 F,

L L e
then F,, =% F, where == denotes convergence in distribution.

The following statement provides a total variation bound for the normal approximation
of the squared distance between a Gaussian vector with arbitrary mean and a closed convex
set.

Theorem 2.1 Let C C R? be a non trivial closed convex set, F and o® as in (25), and
N ~ N(0,0?%). Then for g ~ N(0,1;) and p € RY,

161/ Ed?(g,C — p)

o2

drv(F,N) <

Proof: As the translation of a closed convex set is closed and convex, and

d2(g + H?C) = d2(g7 C - /’l‘)

we may replace C' by C' — p and assume (without loss of generality) that g = 0. Using
Lemma 6.2 and Theorem 6.1 in the Appendix we deduce that

dry (F,N) < ;\/v ( / TV F(g) E(VF@)»dt) , (29)
where

G- g VI

with g an independent copy of g, and the symbols £ and E denote, respectively, expectation
with respect to g and g. Set also E = E® E. Letting H(g) denote the integral inside the
variance in (29), by (27) we have

Hig) =4 [ ¢ (g~ Tele). Elg: ~ Me(@))it (30)
0
We bound the variance of H(g) by the Poincaré inequality (see Theorem 6.2 in the Ap-
pendix), which states that
Var(H(g)) < E||VH(g)||. (31)
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Applying the product rule and differentiating under the integral (justified e.g. by a domi-
nated convergence argument), using (30), (27) and Lemma 2.1 we obtain

VH(g) = 4 / T et (1 - Jac(Tle) () Blg — Te(@))dr (32)
i / BT — Jac(1e) @) (g — Te(g)) d.

The expectation of the squared norm of the first term on the right-hand side of (32) is given
by a factor of 16 multiplying

B| Om e (I — Jac(Tle)(g))" BIg, — Mo (@,))de|”

< E / e ! (I — Jac(l1e) () Blg — e (@) |t

IN

E / B - To(@))|Pdt < E / g — o (@) dt
0 0
- E / g — Te(g) |2t = Ellg — Te(g)| = B4 (g, C),
0

where we have used the triangle inequality, Lemma 2.1, Jensen’s inequality, and the fact
that g; has the same distribution as g for all £. Applying a similar chain of inequalities, it is
immediate to bound the expectation of the squared norm of the second summand in (32) by
the same quantity. Applying (31) together with the inequality ||x + y|* < 2[|x|*> + 2|ly||?,
we therefore deduce that Var(H(g)) is bounded by 64Ed?*(g,C). Substituting this bound
into (29) yields the desired result. O

To conclude the section, we present a concentration bound for random variables of the
type (25).

Theorem 2.2 Let C be a closed convez set, and F given in (25). Then,

2 10 12 _
Eett < exp (25 Edl (_g’QZ’ H)) , forall§ <1/2, (33)
and .
< —Ed? —
P(F>t)_exp< Ed*(g,C — p)h <2Ed2(g,0—u)>> forallt >0 (34)
where

h(u) =14 u— 1+ 2u.

Proof: We reduce to the case p = 0 as in the proof of Theorem 3.1. The arguments used
in the proof of Lemma 4.9 of [32] for convex cones work essentially in the same way for
projections on closed convex sets: we shall therefore provide only a quick sketch of the proof,
and leave the details to the reader. Similarly to [32], for g ~ N(0, I;) we set

H(g) = fZ for Z = d2(g7 C) - EdQ(ga C)a
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and, using (27), we deduce that
IVH(g)||> = 4¢%||g — He(g)||” = 48°d* (g, C) = 46% (Z + Ed*(g, C)) .

Proceeding as in the proof of Lemma 4.9 in [32], with Ed?(g, C) here replacing d¢ there, yields
the bound (33) on the Laplace transform of F. Using the terminology defined in Section 2.4
of [8], we have therefore shown that F' is sub-gamma on the right tail, with variance factor
4Ed?*(g, C) and scale parameter 2. The conclusion now follows by the computations in that
same section of [8]. O

Note that the estimate (34) is equivalent to the following bound: for every ¢ > 0

P(F > \/REd(g,C — )t + 2t> <e.

Remark 2.1 Let C be a closed convex cone. In [32, Lemma 4.9] it is proved that, for every
£<3,

) 262§
BIe®IP=50) < oy (15_ 22) 7 (35)

where g ~ N(0,1;) and (as before) dc = E|[||llc(g)||?]. This estimate can be deduced by
applying the general relation (33) to the polar cone C° in the case where p = 0: indeed, by
virtue of (3) one has that

e (x)[* = d*(x,C7), (36)

so that (35) follows immediately.

3 Steining the Steiner formula: CLTs for conic intrin-
sic volumes

3.1 Metric projections on cones

The goal of our analysis in this subsection is to demonstrate the following variation of
Theorem 2.1.

Theorem 3.1 Let C C R? be a non-trivial closed convex cone and let
F—|lu—To(g+ w2 —m, with m=El|n-Te(g+ ] and o = Var(F).
Then for every p € R?,

16
drv(F.N) < — { VElllc(g + wI? +2v/ml|ull + 3l ull* |

16
< S {vm+20pl) +3llel® + e} -
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Proof: Expanding F' we obtain
F = [pl* + Te(g + w)lI* — 2(u, Te(g + ) —m.
The gradient of the first and last terms above are zero, while
Vet + @)l = 2Me(x+ 1) and  {p, To(x + ) = Jac! (Mo (x + ).

the first equality following from (36) and (27), the second from the definition of the Jacobian,
and Lemma 2.1, showing existence. We apply (94), and hence consider

G = / @_t<VF(g)7 E(VF(/g\t))>dt Where gt — e—tg + mg7
0

with g an independent copy of g. As before, we let E' and E be expectation with respect to
g and g, respectively, and write E = F ® E.
Expanding out the inner product, we obtain

G

— / e (2l o(g + p) — 2Jac (To(g + p)u, E (21e(8; + p) — 2Jact (o8 + p)p))dt
0
- 4(141 - A2 - Ag + A4)

where
A= [Nl + ). B o+ )
Ae = [T Mot + ). B (a (Mo + )
Ae = [ et a ote + ) B (Me(@+ p)hie - and
A= [ et ac Mol + ). B (o M@+ o))

Exploiting (94), as well as the fact that 0 = F[G] = 4E[A; — Ay — A3 + A4, we deduce
that

2
dTv(F,N) S ;E|U2 —4(A1 —A2 —A3—|—A4)|

IA

4

8 8

- E E|A; — EA| S;(Bl+B2+B3+B4)7 (37)
i=1

where
By = +/Var(4,) and B; =2E|A;| forj =234
One has that

1/2 .
B, <28 ([Te(g + wI?) " lull < 2V + [l for j =23 and B, < 2l|ul],
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where we have applied the Cauchy-Schwarz and triangle inequality, as well as Lemma 2.1.
On the other hand, one can write

A = / e g+ p— Ty (g + 1) B (8 + 1 — ey (& + ),
0

and exploit exactly the same arguments used after formula (30) (with g + p and g, +
replacing, respectively, g and g;) to deduce

B} = Var(A;) < 4E[||lg + p — Heo(g + p)|*] = 4E(||Tc(g + )],
thus yielding the first claim of the theorem. The second follows from observing that

VE[Me(g + w2 < vm + |pl,

where we have applied the triangle inequality with respect to the norm on Rvalued random
vectors defined by the mapping X — /F/|| X]||2. O

3.2 Master Steiner formula and Main CLTs

As anticipated in the Introduction, the aim of this section is to obtain CLTs involving the
conic intrinsic volume distributions {£(Ve, ) }n>1 (see Section 1.2) associated with a sequence
{C, }n>1 of closed convex cones. The strategy for achieving this goal will consist in connecting
the intrinsic volume distribution of a closed convex cone C' C R to the squared norm of the
metric projection of g ~ N (0, I;) onto C.

Our main tool will be the powerful “Master Steiner Formula” stated in [32, Theorem
3.1 and Corollary 3.2]. Throughout the following, we use the symbol ng to indicate the
chi-squared distribution with j degrees of freedom, j =0,1,2,....

Theorem 3.2 (Master Steiner Formula, see [32]) Let C C R? be a non-trivial closed
convex cone, denote by C° its polar cone, and write {v; : j = 0,...,d} to indicate the conic
intrinsic volumes of C. Then, for every measurable mapping f : R% — R,

d
Ef([Te(@)lP IMeo()1?) = > ELF (Y, Yi_ )]s, (38)
=0
where {Y},Y],j =0,...,d} stands for a collection of independent random variables such that

Y}-,Yj’wxi,jzo,l...,d.
Observe that, somewhat more compactly, we may also express (38) as the mixture relation

(ITe(8)I?, Moo (8)17) 2" (Yie, Y7,,) (39)

where the integer-valued random variable V¢ is independent of {Y},Y},j = 0,...,d}, and
Voo = d — V. Once combined with (3) and (9), in the case of a polyhedral cone C' C R,
relation (39) reinforces the intuition that, given the dimension j of the face of C' in which lies

the projection Il (g), the Gaussian vector g can be written as the sum of two independent
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Gaussian elements, with dimension j and d — j respectively, whose squared lengths follow
the chi-squared distribution with the same respective degrees of freedom.

Fix a non-trivial closed convex cone C' C R 1In order to connect the standardized
limiting distributions of ||TI¢(g)||* and Vi, we use (39) to deduce that

VC VC
ITe(g)l? =" > X, =We + Ve, where We =Y (X;—1), (40)

i=1 =1

and {X;};>1 denotes a collection of i.i.d. x? random variables, independent of V. Since
EX; =1, we find F|Ilc(g)||* = E[V¢], and letting G¢ denote the squared projection length,
we have

Go = le(g)|]* and dc = E[Gel. (41)

Similarly, applying the conditional (on Vi) variance formula in (40) yields, with 72 :=
Var(V¢) and o2 := Var(G¢), that

Var(W¢) = 20¢  and o2 = 74 + 20¢, (42)

the latter formula recovering Proposition 4.4 of [32]. Standardizing both sides of the first
equality in (40) we therefore obtain that

Geo — dc Law V20c We +T_CVC_5C
oc oc V20 oc To

The following statement, that is partially a consequence of Theorem 3.1, shows that a
total variation bound to the normal for the standardized projection can be expressed in
terms of the mean d¢ only. We recall that C is self dual when C° = —C, and that in this
case ¢ = d/2 by (8).

(43)

Proposition 3.1 We have that
76 < 25¢ and 25¢ < op < 4éc. (44)
In addition, with Go and dc as in (41) and N ~ N(0,02), one has that

164/ 2
0 250 < s and, if C is self dual, then dpy(F,N) < % (45)

Vd

Proof: Theorem 4.5 of [32] yields the first bound in (44). The second bound in (44) now
follows from the second relation stated in (42). The first inequality in (45) follows from the

first inequality of Theorem 3.1 by setting u = 0, and the remaining claims by the lower
bound on ¢ in (44). O

dry(Ge — 60, N) <

Remark 3.1 The first estimate in (45) can also be directly obtained from Theorem 2.1 by
specializing it to the case g = 0. Indeed, writing C° for the dual cone of C, one has that
1Tl (g)]|* = d*(g, C°): the conclusion then follows by applying Theorem 2.1 to the random
variable F' = d*(g, C°) — Ed?*(g, C?).
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We now consider normal limits for the conic intrinsic volumes. Explicit Berry-Esseen
bounds will be presented in Theorem 5.1.

Theorem 3.3 Let {d, : n > 1} be a sequence of non-negative integers and let {C,, C R :
n > 1} be a collection of non-trivial closed convex cones such that d¢c,, — oo. For notational
simplicity, write 0y, 0y, Tn, etc., instead of o¢, , oc,, Tc, , etc., respectively. Then,

1
n 2'I’L
(hv(j%;AOfgéi, for alln > 1, (46)

where N ~ N(0,1), and

W,
L N(0,1),  asn — .
20,

2. The two random wvariables

NG and === are asymptotically independent in the fol-

lowing sense: if {ny : k > 1} is a subsequence diverging to infinity and

Vo — Ony

Tn

L k>, (47)

k

converges in distribution to some random variable Z, then

(m%L%_%>E$wJ%
Ty

/20,

where N has the N'(0,1) distribution and is stochastically independent of Z.

3. If
VnT_én B N(0,1), asn — oo, (48)
then
@ﬂ)/\/’(&l), asn — 0o, (49)

and the converse implication holds if liminf, ., 72/8, > 0.
Remark 3.2 Proposition 3.1 shows that, if 6, — oo, then (49) holds and, provided
liminf 72/6,, > 0,

relation (48) also takes place by virtue of Part 3 of Theorem 3.3. This chain of implications,
which is one of the main achievements of the present paper, corresponds to the statement
of Theorem 1.1 in the Introduction (exception made for the Berry-Esseen bound). Results
analogous to Part 3 of Theorem 3.3 (involving general mixtures of independent x? random
variables) can be found in Dykstra [25].
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Proof of Theorem 3.3 Throughout the proof, and when there is no risk of confusion, we
drop the subscript n for readability.
(Point 1) By [31], a variable X with a I'(«, \) distribution satisfies

EIX[(X)+ (= AX)f(X)] =0

for all locally absolutely continuous functions f for which these expectations exist. Hence,
since conditionally on V', W has a centered chi-squared distribution with V' degrees of free-
dom, one verifies immediately that, for every Lipschitz mapping ¢ : R — R,

o[t (3]l o ()

Stein’s inequality (89) in the Appendix therefore yields that

w 2 2 20
d — N | <=-EW+V =6 <=V2 2=—<
TV <\/%7 ) =5 ‘ + | =35 + 7 5 =
using (44) together with the fact that § — oo by assumption.
(Point 2) Let n, £ be arbitrary real numbers. Using that the conditional distribution £L(W|V')
corresponds to a centered chi-squared distribution with V' degrees of freedom, we have

4
— — 0
Vo

6*177‘/

inW —
Bl V] (1— 2in)V7

= exp(—V(in + (1/2) log(1 — 2in)).

Conditioning on V', we obtain the following expression for the joint characteristic function

of W/v/26 and (V —6)/7:

V-¢

W(n,€) = E [ein\/%—&-ié = } _ E[e—V(in/\/%Jru/z)1og(1—2m/m»+i§@]

T

_ 65[_in/\/ﬁ—%log(1—2in/\/ﬁ)] < E |:€V_5 (ig—im'/\/?_%105(1_2“7/\/%))] . (50)

As 6 — 00, one has clearly that
1
5 [—m/\/f(s - dhog1 - zm/@} S

Moreover, since 7/6 < 1/2/6 — 0 by (44), we obtain as well that
i€ —inT V26 — 7/21log(1 — 2in/V/26) — i€.

Hence, letting 17 be the characteristic function of the limiting distribution Z of the sequence
in (47), we infer that

_ 2
w(na 5) — e /QwZ(€)>
thus yielding the desired conclusion.
(Point 3) For both implications it is sufficient to show that, for every subsequence ny, k > 1,

of 1,2,3,..., there exists a further subsequence ny,, ! > 1, along which the claimed distribu-
tional convergence holds. By (44), 0 < liminf 72/6 < limsup 72/§ < 2, so for every ng, k > 0
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there exists a further subsequence ny,, [ > 1, along which 72/§ converges to a limit, say r, in
0,2]. Hence, along ny,,! > 1, we obtain

2 r
= 2 —_— .
V2/o \/25/(2(5+7)—M/2+r and T/0 — oy

Assume first that (48) is satisfied. Then, according to (43) and Point 2 in the statement,
one has that =2 converges in distribution along ng, L > 1, to ,/Q—_QHN + Va4, where

o

N and Z are two independent N(0,1) random variables, and we conclude that (49) holds
along ny,, [ > 1. Now assume that (49) is satisfied and that liminf, ., 72/d, > 0; in this
case, we may assume that 72/§ converges to r € (0,2] along ny,. Observe that, by virtue
of boundedness in L?, the family {VT"S} is tight. Consider now a further subsequence of ny,
along which VT_‘s converges in distribution to, say, Z. According to Point 2 we know that the

elements of the limiting pair (N, Z) are independent, and by (49) the sum , / Q%N +vV 52

is normal. By Cramér’s theorem we conclude that both N and Z are normally distributed,

yielding the desired conclusion.
OJ

As Table 1 below shows, Theorem 1.1 yields a central limit theorem for G,, and V,, for
the most common examples of convex cones that appear in practice. The last two rows refer
to C4 and Cpc, chambers of finite reflection groups acting on R?, which are the normal
cones to the permutahedon, and signed permutahedron, respectively. For further definitions
and properties, see e.g. [3, 32] and the references therein.

Cone Ambient 9§ 72

Orthant R? 5d xd

Real Positive Semi-Definite Cone R™ mn+1) ~(5-1)n?

Circ, R? dsin® o 1(d — 2)sin*(2a

Ca R¢ DAY D Dy S
Cae RO S S g

Table 1: Some common cones

Remark 3.3 The first three lines of Table 1 are taken from Table 6.1 of [32]. The means for
the permutathedron and signed permutahedron are from Section D.4. of [3]. The expressions
for the variances 72 associated with the permutathedron and signed permutahedron can be
deduced as follows. Let

q(s) = Z vgs”,

k=0

be the probability generating function of the distribution of V' = V,. We have

¢(1)=EV and ¢"'(1)=EV(V -1)
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so in particular,

Var(V) = ¢'(1) + ¢"(1) = ¢'(1)* = ¢'(1) + log q(s)"|s=1-

For the permutahedron, one can use Theorem 3 of [23, Theorem 3] (see also the first line of
Table 10 of [18]) to deduce that

d d
1
q(s) = EH(S +k—1) sothat logq(s)=—logd! + Z]Og(s +k—1).
k=1

k=1
Hence,
d 1 d 1
EV =q'(1) =logq(s)'|s=1 = (Z —) =5
kzls—i—k—l - k:lk
and
/ " / a 1 d 1 1
Var(V) = ¢/(1) + logq(s)"|s=1 = ¢'(1) — Z—(S+k_1)2 => (s =)
k=1 s=1 k=1

The calculation for the signed permutahedron is the analogous, but now one has to use [6,
formula (3)]; see also the second line of Table 10 of [18].

We conclude the section with a statement showing that the rate of convergence appear-
ing in (46) is often optimal. Also, by suitably adapting the techniques introduced in [33],
one can deduce precise information about the local asymptotic behaviour of the difference
P[W,/v/26, < x] — PN < z], where z € R and N ~ N(0,1).

Proposition 3.2 Let the notation and assumptions of Theorem 3.3 prevail, and assume
further that 72/6, — r for some r >0, as n — oo. Then, for every x € R one has that, as

o i—z(P L/MQ% Sx] —P[Ngx}) — —,/18i9r(x2—1)6\_/j_/2. (51)

As a consequence, there exists a constant ¢ € (0,1) (independent of n) such that, for all n
sufficiently large,

o w. W,
c— <dgo | —=,N | <d —2 N . 52
< o (i) = () .
Proof. Fix x € R. It suffices to show that, for every sequence ny, k > 1 diverging to infinity,

there exists a subsequence ny,,l > 1 along which the convergence (51) takes place. Let then

ny — 00 be an arbitrary divergent sequence. By L2-boundedness, the collection of the laws
nk_67lk

Tnk:

of the random variables , k > 1is tight, and therefore there exists a subsequence ny,

Vi, —0n
such that ——" converges in distribution to some random variable Z. Exploiting again
L?-boundedness, which additionally implies uniform integrability, one sees immediately that

Z is necessarily centered. Now let ¢, = ¢, denote the solution (90) to the Stein equation
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(88) for the indicator test function h = 1(_u 4. By (2.8) of [17], ¢, is Lipschitz, so as in part
1 of the proof of Theorem (3.3), we have

[l ()] - oo ()]

Hence, by (88), we obtain

Pl =+ mrvea = el (Gx) - e (G|

Dividing both sides by o,,/d,, one obtains
o (p UESp —P[N<a]|=F |4, Wo \(_maVa—0n V20, Wa \|
on 20n \/m On  Tn On, \/m

In view of Parts 1 and 2 of Theorem 3.3, of formula (42), and of the fact that Z is
centered, one has, along the subsequence ny,, that

2 (p| e o] - IV <)) o -3 BN

where N ~ N(0,1). We can now use e.g. [33, formula (2.20)] to deduce that, for every real
‘/L"

72 — €—x2/2
BloL N = 5 < S

from which the desired conclusion follows at once.

O

In the next section, we shall prove general upper and lower bounds for the variance of

conic intrinsic volumes. In particular, these results will apply to two fundamental examples

that are not covered by the estimates contained in Table 1, and that are key in convex

recovery of sparse vectors and low rank matrices: the descent cone of the ¢; norm, and of
the Schatten 1-norm.

4 Bounds on the variance of conic intrinsic volumes

4.1 Upper and lower bounds

Fix d > 1, let C C R? be a closed convex cone, and let V' = V- be the integer-valued random
variable associated with C' via relation (6). As before, we will denote by g ~ N(0,1;) a
d-dimensional standard Gaussian random vector. The following statement provides useful
new upper and lower bounds on the variance of V.

Theorem 4.1 Define
vi=||E[Mlc(g)]|* and b:=+/déc/2, (53)
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where ¢ s the statistical dimension of C. Then, one has the following estimates:

min(v?, 4b?)

; < Var(Vp) < 2v. (54)

Remark 4.1 (a) In view of the orthogonal decomposition (3) and of the fact that g is a
centered Gaussian vector, one has that

v=—(E[lc(g)], E[leo(g)]) = [ E[Meo (g)]]|7, (55)

where C? is the polar of C'. Moreover, since the mapping x — min(z?, 4b?) is increasing
on R, , one has also that Var(Vy) > min(z?,4b%) /b, for every 0 < x < v.

(b) An elementary consequence of (54) is the intuitive fact that a closed convex cone C
is a subspace if and only if v = 0, that is, if and only if IIo(g) is a centered random
vector.

In order to prove Theorem 4.1, we need the following auxiliary result.
Lemma 4.1 (Steiner form of the conic variance) For any closed convez cone C,

Var(Ve) = —Cov(||To(g)[, [Teo (g)[1%)-

Proof: From the Master Steiner Formula (38), we deduce that

d d
Cov(|[Ue(g)|* Moo (g)?) = D EN;Yi oy = do(d = d0) = Y j(d = j)v; — be(d = 8c),
j=0 =0
and the conclusion follows from straightforward simplifications. O

Proof of Theorem 4.1. (Upper bound) Using (42), one has that Var(Vy) = Var(||llc(g)[]?) —
20¢. Now we apply Lemma 6.2 and Theorem 6.2 in the Appendix to the mapping F(g) =
1Tl (g)])? = d*(g, C°), to obtain that

Var([Te(g)|) < s EIIVF @] + 5| EIVF(@)I? = 200 + 20,

where we have used the fact that V||Tl¢(g)||* = 211 (g), following from (36) and (27).

(Lower bound) For every ¢t > 0, define g; = e~ 'g + /1 — e~2!g, where g is an independent
copy of g. The crucial step is to apply relation (96) in the Appendix to the random variables
F(g) = |[Tic(g)]]* and G(g) = ||TIco(g)||?, obtaining that, for any a > 0,

o0

COV(IIHc(g)H27IIHCO(g)|\2)=4E/OOO 6t<Hc(g),H00(§t)>dt§4E/ e ' (Tlc(g), Moo (8))dt,

a

where we have used the definition of the polar cone C° as that set that has non-positive
inner product with all elements of C', and E indicates expectation over g and g. Now write

(e (g), oo (81)) = (He(g), Heo(g)) + (Ho(g), oo (8) — oo (8))- (56)
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For the second term, using the fact that the projection IIgo(x) is 1-Lipschitz,

[E(Tlo(g), Heo(8:) — eo(8))] < E ([[e ()] [Teo (8:) — Teo(g)]])
<E(|[Lc(g)ll& —&l) < VO(O)Elg: —glI* < v/2d5(C)e™" = 20e™",

as
Bl —&° = Ble s+ (VI—e @~ Dg|P =2 (1- VI ¥)d< 2

t

Now use Lemma 4.1: multiplying (56) by e~, integrating over [a, o) and taking expectation

yields
—Var(Vp) < 4E/ e {e(g), Heo(gy))dt < de™*(—v + be™),

showing that, for every y € [0, 1],
Var(Ve) > 4y(v — by).

The claim now follows by maximizing the mapping y — 4y(v — by) on [0, 1]. O

In the next two sections, we shall apply the variance bounds of Theorem (4.1) to the
descent cones of the ¢; and Schatten-1 norms.

4.2 The descent cone of the /; norm at a sparse vector

The next result provides the key for completing the proof of Theorem 1.3. In the body of
the proofs in this subsection and the next, given two positive sequences a,,b,, n > 1, we
shall use the notation a,, = b, to indicate that a,/b, — 1, as n — 0.

Proposition 4.1 Let the assumptions and notation of Theorem 1.3 prevail (in particular,
Sp = |pdn| for a fized p € (0,1)). Then,

linzinf:;—’% > v/2min {2 1/1(1,0) ; ry(p)t } > 0, (57)

n

where ¥ (p) is defined in (20) and v = ~(p) > 0 is the unique solution to the stationary

equation
\/?/00 (E — 1) e 2y = P
™ 5 Y I P

Proof. Since the ¢; norm is invariant with respect to signed permutations, we can assume —
without loss of generality — that the sparse vector x,¢ has the form (x,1, ..., 25,0, ..., 0),
xn; > 0. Also, by virtue of the estimate (21), one has that 6, = s,%(p)/p. Now write

v = [|E[e, (ga)]II* = | E[Mey (ga)]lI°, n>1

where we have used (55), and: (i) C), is the descent cone of the ¢; norm at x,,, (ii) C? is the
polar cone of C,, and (iii) g, = (g1, ..., g4, ) stands for a d,-dimensional standard centered
Gaussian vector.
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Using the lower bound in (54) together with some routine simplifications, it is easily seen
that relation (57) is established if one can show that

liminf =% > y(p)®. (58)

n 877,

To accomplish this task, we first reason as in [3, Section B.1] to deduce that, for every n, the
polar cone Cy) has the form |, . 7-0%n0ll1, where 0|[x, 0|1 denotes the subdifferential of the

¢! norm at Xp,0, that collection of vectors z = (21, ..., z4,) € R% such that 2y = --- =2, =1

n

and |z;| < 1, for every j = s, + 1,...,d,. As a consequence, for every n, the projection
o (gn) has the form

HC’PL(g) = (P)/p,na cs Yoy Kyeeny *)7

where the symbol ‘x” stands for entries whose exact values are immaterial for our dis-
cussion, and 7,, > 0 is defined as the unique random point minimising the mapping

v Fo () =0 (g —7)2+Z?25n+1(|9i| —~)3 over Ry. This shows that v, > s, E[y,.]*
as a consequence, in order to prove that (58) holds it suffices to check that

lim inf Efy,,] > 7(p)- (59)

The key point is now that 7, is (trivially) the unique minimiser of the normalised mapping
v = %Fmp(’y), and also that, in view of the strong law of large numbers, for every v > 0,

%EWW%—H%W%—hﬂ+7§+ﬂ—mEMM—wﬁH,amw%m, (60)

with probability 1.

The function v — H,(7) is minimised at the unique point v = y(p) > 0 given in the
statement, and £}, ,(y) is convex by (1) of Lemma C.1 of [3]. Fix w € Q and 0 < € < v(p),
and set

D. = min [H,(v(p) + cu) — Hy(7(p))]-

ue{£1}

Since y(p) is the unique minimizer of H,, one has D. > 0. From (60) we deduce the existence
of ng(w) large enough such that n > ng(w) implies

1
agg}amww»mm—mW@+w><m,

implying in turn, by Lemma 6.3, that

Yo —¥(p)| < e

That is, with probability 1,
Yo —> Y(p) asn — oo.

Relation (59) now follows from a standard application of Fatou’s Lemma, and the proof
of (57) is therefore achieved. O
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4.3 The descent cone of the Schatten 1-norm at a low rank matrix

In this section we provide lower bounds on the conic variances of the descent cones of the
Schatten 1-norm (see definition (24)) for a sequence of low rank matrices.

For every k € N, let (n,m,r) be a triple of nonnegative integers depending on k. We
drop explicit dependence of n, m and r on k for notational ease, and continue to take m <n
without loss of generality. We assume that n — oco,m/n — v € (0,1} and r/m — p € (0,1)
as k — oo, and that for every k the matrix X (k) € R™*" has rank r. Let

Ck = D(H . ||51,X(l€)), 5k = (S(Ck) and 7']3 = Var(VCk)

denote the descent cone of the Schatten 1-norm of X(k), its statistical dimension, and the
the variance of its conic intrinsic volume distribution, respectively. Proposition 4.7 of [3]
provides that

where ¢ : [0,1]* — [0,1] is given by
Y(p,v) = nfn(y)  with
720

o) ={o =) o2+ =0 [ awal foe

and y = (v — pv)/(1 = pv), ax =1 £ /y, and

by(u) = W_;U (u? —a%)(a% —u?) foru € [a_,a].

The infimum of n(y) over [0, 00) is attained at the solution (v, p) to

- — du = ——.
/aV'y (7 1) Py(w)du L—p

It is not difficult to verify that v(v, p) > 0 for all v € (0,1],p € (0,1).

Proposition 4.2 For the sequence of matrices X(k), k € N,

2 (x/ﬁ[/)(l —vphywp)? 22 ) . (63)

lim inf Tk > min
k—oo Of Y(p,v)3/? ’ U(p,v)

Proof. By (D.8) of [3], the subdifferential of the Schatten 1-norm at X(k) is given by

oxhls = { | & | eRmroom <1, (64

and it generates the polar C° of the descent cone, see Corollary 23.7.1 of [36]. Closely
following the proof of Proposition 4.7 of [3], and in particular the application of the Hoffman-
Wielandt Theorem, see [28], Corollary 7.3.8] for the second equality below, taking G to be
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an m X n matrix with independent A (0, 1) entries, we have
2

+ inf |G —YW|%

G —I Gy
o1(W)<1

: _ 2 _
dist(G, - 9| X (k)| s, ) [ Gy 0

G —I, Gy
N GQl 0

with || - || denoting the Frobenius norm and where G is partltloned into the 2 x 2 block

matrix (Gi;)i<i <2 formed by grouping successive rows of sizes r and m — r, and successive
columns of sizes r and n — r. Hence, we obtain

+ Z O'Z G22 +, (65)
=1

fep@) = | 5 0] (66)
for some matrix W* with largest singular value at most 1, and 7y, the minimizer of the map
v — dist(G, v - 9| X(k)]|s,)? given by (65). As the subdifferential (64) is a nonempty, com-
pact, convex subset of R™*™ that does not contain the origin, Lemma C.1 of [3] guarantees
that the map is convex.

By [4], Theorem 3.6,

1 ..
%dlst2(G,’}/\/n — -0 X|lsy) =as 1(7)s

where 7() is given in (62). Reasoning as in Section 4.2 (that is, using Lemma 6.3 followed
by Fatou’s lemma), we obtain

\/% = argmin (dist2(G, YvVn —r- 8||X||51)) —as YV, p)

and liminf M
k—o0 n-—r

>v(v,p). (67)

We now invoke Theorem 4.1, and make use of b) of Remark 4.1, to compute a variance
lower bound in terms of

vp = [ E[Meo(G)] |7
The two terms in the minimum in (54) give rise to the corresponding terms in (63). By (66),
Mo (GlF = Ve
Squaring, taking expectation, and applying (67), we find
2
.. Vg .. oY
= > Tk _ — )
liminf —= > liminf — = p(1 —vp)y(v, p) (68)

Letting by, = \/dxnm/2, since (61) provides that d; ~ nm(p,v), we obtain

i b — it Y20
minf —— = limin .
k—oo 5kbk k—o0 (nm)%vb(pv V)3/2

Applying (68) now yields the first term in (63). Next, as

4by,
liminf — = lim inf 2%/2 m,
applying (61) now yields the second term in (63), completing the proof. O
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5 Bound to the normal for V

Fix a non-trivial convex cone C' C R?, and denote by é¢ and 7¢, respectively, the mean and
variance of its intrinsic conic distribution. The main result of the present section is Theorem
5.1, providing a bound on the L* norm

N = 1F = @l = sup |F(u) — @ (u)] (69)
of the difference between the distribution function F'(u) of (Vo —d¢)/7¢ and ®(u) = P[N <
u], where N ~ A(0,1). In the following, we set log™ # = max (log z, 0).

Lemma 5.1 Let ¢p(t) and ¥c(t) denote the characteristic functions of a mean-zero distri-
bution with variance 1 and the standard normal distribution N'(0,1), respectively. If

sup [Vp(t) —va(t)] < B (70)

[t|<L
for some positive real numbers L and B, then
n 4
n < Blog™ (L) + T (71)
Proof: The result holds trivially for L < 1, so assume L > 1. Let hz(z) be the ‘smoothing’

density function

1 —cos Lz
helr) = e

corresponding to the distribution function Hy(z), let A(z) = F(z) — G(x), and let
AL =AxH, and n,=sup|AL(x)l.

By Lemma 3.4.10 and the proof of Lemma 3.4.11 of [24] we have

and mp <o [ [e() —valt) (72)

<o 4 24 1 ’dt
== V232 21 Jy<r |

As Yp(t) is a characteristic function of a mean-zero distribution with variance 1, it is straight-
forward to prove that

2
wr(t) —11< 5,

SO

[Yr(t) — Ya(t)] = [(Wr(t) — 1) = (Ya(t) — 1) < ¢
Hence for all € € (0, L]

/tlse [Vr(t) — wG(mm < ASE It| = €2. )



By (70),

dt

i < 2Blog(L/e). (74)

/ CICRC

Hence, by (73), (74) and (72),

1 24
< = | +2Blog(L/e) + )
n_ﬂ< g(L/e) oL

~1/2 " The conclusion now follows. O

As L > 1 we may choose € = L

Lemma 5.2 Let 7 > 0 and § > 0 satisfy 72> < 25. Then, the quantity

L= togt (T tisfies L <T/8 (75)
= 1445 og (5 Satisfies < 7/0.

Proof: Consider the function on [0, 00) given by

f(x) =2v2x — €T, with derivative f'(z) = 2v2 — e

Clearly, f'(x) is positive at zero and decreases strictly to —oco as & — oco. Hence f(z) has a
global maximum value on [0, c0) achieved at the unique solution zy to the equation

xe
9
Note that
w22 9 e 2V/2
flzo) = 2V22g —ed = oo <9x8 — ﬁxoe 40) = g(xy) where g(z)= Y (92° — 2)
and that

Hence 2y < v/2/3, and since g(z) is increasing in [0, 00), we have f(20) = g(z0) < 9(v/2/3) =
0. As f(xg) is the global maximum of f(x) on [0,00) we conclude that
22
2v/2z < et (76)

Using 72 < 2§ and (76) we obtain
3 96
< 2V26%% < et implying log (%) < 1
The final inequality holds with log replaced by log™ since the right hand side is always non

negative. The inequality so obtained provides an upper bound on L in (75) that verifies the
claim. O

In the following theorem, for notational simplicity we will write d, 7 and ¢ instead of J¢,
T¢ and o¢ respectively, and also set a V b = max{a, b}.
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Theorem 5.1 The L*™ norm n given in (69) satisfies

1 T 1 16 73 2 72 73 )
<= (Zv—=) (1ogt(Z)) log" [ -—1log" [ = 48, [ — .
=108 (63v58/3> (Og <5)) o (1445 o (5)>+ ° 2log" (%) o

Remark 5.1 The estimate (11) follows immediately from (77) and the following inequalities,

valid for 6 > 8:
T 1\ V2
(ﬁ v (SST) < 515/32”
3
3 2
<logJr (T—)> < (log2\/%)3/2 < (10g5)3/2,

log™ 7_210g+ T—3 < log(logd) < logé.
1446 o - -

The above relations all follow from the bound 7 < /24 stated in (44).

Remark 5.2 When considering a sequence of cones such that liminf 72/ > 0, the right-
hand side of the bound (77) behaves like O (1/y/logé), thus yielding the Berry-Esseen es-
timate stated in Part 2 of Theorem 1.1. However, one should note that the bound (77)
covers in principle a larger spectrum of asymptotic behaviors in the parameters 72 and §:
in particular, in order for the right-hand side of (77) to converge to zero, it is not necessary
that the ratio 72/¢ is bounded away from zero.

Proof: We show Lemma 5.1 may be applied with L as in (75) and

9125 0

B =32L% -2 = (78)

Let t € R satisfy |t| < L. As was done in [32] for the Laplace transform, the implication
(40) of the Steiner formula (39) can be applied to show that the relationship

. 1
Ee™ = Eet*¢  with & = 3 (1—e*) (79)

holds between the characteristic functions of V' = V¢ and G = ||Tl¢(g)||?>. Replacing ¢ by
t/7 and multiplying by e~#/7 in (79) yields the following expression for the standardized

characteristic function of V,

itd

) = Befis G (80)

V-4
T

Eeit(

Comparing the characteristic function of the standardized V' to that of the standard normal,
identity (80) and the triangle inequality yield

| ("F7) — e7/2| = |BefitGe T — o2

< |EebitC (e‘ifs — e(i_g“”)(s) | + ef%|Ee€“/*(G_§) — Bet/m(G-9)]

+ 65—2‘5|Eeit/7—((}’76) . 6702t2/27—2‘. (81)
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For the final term we have used (42), which shows that 2§ — 0> = —72. For the first two
terms we will make use of the inequality

el — 0| < (b — ¢] + |a]) o), (82)

valid for all a, b, ¢, g € R, which follows immediately by substitution from

|ea+bi . eci| |€a+bi . ea—l—ci + €a+ci . €Ci|

e’lb —c| + |e* — 1]
eb—c| + el —1
el (|b—c| + lal).

IN A IA

Now using (79), implying |Eett/~¢| = |Eel®/™V| < 1, we bound the first term in (81) by
itd

) 2
|Ee§it/rG| |6_# _ 6<:7_§it/T) | < |€—7 _ e(*—ﬁzt/r) | _ |ecz‘ _ ea+bi|’

where we have set

20 1 1 to
a=— -3 (1 —cos(2t/7))d, b= —5 sin(2t/7), and c= —
which satisfy
2|t |3 2|t 3
la| < Uiit) and |b—c| < i 5.
3 373

By (44) of Corollary 3.1 we have 72 < 24, and in particular we may apply Lemma 5.2 to
yield |t] < L < 7/8. Now (82) with g = 1 shows that the first term is bounded by

4’t|35 2t25 5
83
37'3 (83)
Now we write the second term as
25 ‘ - . B 25 . 4
e 2 B|eSitr(G=0) _ git/m(G=0)| — o°3 pelatbily _ ceig| (84)
where
1 1.
5(1—cos(2t/7)) b= §sm(2t/7), c=t/T and ¢g=G -,
for which

! \ t*
la| < min and |b—c| < .
T

Applying (82) and the Cauchy Schwarz inequality we may bound (84) as

12 1t] 20t% 25 20
E( Hie-d|G — 5;) e B, (85)

T

25
€2
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Recalling that ||TI¢(x)||? = d?(x, C?), invoking Theorem 2.2 for the polar cone C° and pu = 0,
for 0 < ¢ < 1/2 inequality (33) yields

Bt = EefG-91(G -6 > 0) 4+ Ee SE91(G - § < 0)
FeEG—0) | po-€G-)

25 25 25
o () + oo () <200 ()

Thus, applying this bound with & = 2|t|/7, where £ < 1/2 by virtue of |[t| < 7/8 we obtain
a bound on (85), and hence on the second term of (81), of the form

IN

IA

20t% 125 8t20 9t2
2y 2 _ 2 . 86
= \/ oo () <205 (%0
For the final term, as the function e**/” has modulus 1, Theorem 2.1 yields
2 . A0 2
e |Eett/m(E0) _ = 206725. (87)
o

Combining the three terms (83), (86) and (87), for |t| < L we obtain
4’t|35 2% +2\/§U_t22 9t2s \/(50 25 < (4[/35 UL2 \/5C’> 9126

= 116 = =y
37'3 T ¢ + 02 373

From the bounds (44) in Corollary 3.1, we have

AL35  2V2L% 16
+ V2 \/__< ; +8L2+16\/_>

373 T2 o2

As the bound (71) holds for L < 1, we may assume L > 1, in which case B as in (78) satisfies
(70) when ¢z and ¢ are the characteristic functions of (V' —§)/7 and the standard normal,
respectively. Invoking Lemma 5.1, the proof is completed by specializing (71) to yield (77)
for the given values of L and B. 0

6 Appendix

6.1 A total variation bound

Here, we prove the total variation bound (29) used in the proof of Theorem 2.1. We begin
with a standard lemma based on Stein’s method (see [34]), involving the solution ¢, to the
Stein equation

On(x) — xdn(x) = h(z) — E[A(N)] (88)
for N ~ N(0,1) and a given test functions h.
Lemma 6.1 If E[F] =0 and E[F? =1, then
dry (F,N) < Sup |E[¢'(F)] — E[Fo(F)]], (89)

where N ~ N(0,1) and the supremum runs over all C* functions ¢ : R — R with ||¢/||s < 2.
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Proof: For a given h € C° taking values in [0, 1], by e.g. (2.5) of [17], the unique bounded
solution ¢y (z) to the Stein equation (88) is given by

T

on(w) = [ ) — EIDV)du =~ [ e () ~ EIR(N))du, (90

—0o0

where the second equality holds since
/ 2(h(u) — E[h(N)))du = VITE[R(N) — E[R(N)]] = 0.
R

One can easily check that ¢, is C'. Using the first equality in (90) for z < 0, and the
second one for > 0 one obtains that |z¢,(x)] < e*/2 f;? ue /2 = 1. We deduce that
|9, |00 < 2. Recall that the total variation distance dry (F, G) (as defined in (28)) may also
be represented as the supremum over all measurable functions h taking values in [0, 1]. Using
this fact, together with Lusin’s theorem, relation (88) and the properties of the solution ¢y,
we infer that

dry(F,N) = sup [E[h(F)] = E[h(N)]|

h:R—[0,1]

= sup |E[R(F)] = E[R(N)]| <sup |E[¢'(F)] — E[Fo(F)]],
h:R—[0,1], h€CO ¢

as claimed. 0

To make the paper as self-contained as possible, we will also prove the total variation
bound (29) that was applied in the proof of Theorem 2.1; this result is given, at a slightly
lesser level of generality, as Lemma 5.3 in [14].

Given d > 1, we use the symbol D%? to denote the Sobolev class of all mappings f :
R? — R that are in the closure of the set of polynomials p : R? — R with respect to the

o o= ([ s+ ([ 1mpram)

where 7 stands for the standard Gaussian measure on R?. It is not difficult to show that a
sufficient condition in order for f to be a member of D%? is that f is of class C!, with f and
its derivatives having subexponential growth at infinity. We stress that, in general, when f
is in D12 the symbol V f has to be interpreted in a weak sense. See e.g. [34, Chapters 1 and
2] for details on these concepts.

Theorem 6.1 Let H : R — R be an element of D¥2. Let g ~ N(0,1;) be a standard
Gaussian random vector in R?. Let F = H(g) and set m = E[F] and 0?> = Var(F).
Further, fort >0, set g = e~'g + V1 — e~2'g, where g is an independent copy of g. Write
E to indicate expectation with respect to g. Then, with N ~ N(m,o?),

dry(F,N) < %\/ Var < /0 h e t(VH(g), E(VH(gt)»dt). (91)
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Proof: Without loss of generality, assume that m = 0 and ¢ = 1. The random vector
g =V1—e2g—ec'g isan independent copy of g;, and g =e g + V1 — e g, (92)

By a standard approximation argument, it is sufficient to show the result for H € ct,
with H and its derivatives having subexponential growth at infinity. Let E = F ® E. If
¢ : R — Ris C!, then using the growth conditions imposed on H to carry out the interchange
of expectation and integration and the integration-by-parts, one has

BIFp(F) = El((e) ~ H@) ol(e)] = — [ CBU@)o(H ()
- /Owe (V@) o)~ [ BVHE). g (H ()

[e.e]

= \/17 <VH</g\t)7 gt>§0(H<€_t/g\t +vI1— 6_2tgt))dt

TE(VH(g:), VH(e '8 + V1 —e72gy)) o/ (H(e '8 + V1 — e 2gy))dl

[e.e]

Il
No
aQ

= E/ “(VH(g), E(VH()))¢'(H(g))dt. (93)
Applying identity (93) to (89) yields
dry (F,N) < 2E '1 - /0 h e Y (VH(g), E(VH(g,)))dt|, (94)
and for p(z) = = yields
Var(F) = E /0 h e Y (VH(g), E(VH(g)))dt. (95)
As Var(F) = 1 the conclusion (91), with o2 = 1, now follows by applying the Cauchy Schwarz
inequality in (94). O

We now prove the following useful fact that was applied in the proofs of Theorem 2.1
and Lemma 4.1.

Lemma 6.2 Let C be a closed convex subset of R, Then, the mapping
x — d*(x,C)
is an element of DY2.

Proof: Tt is sufficient to show that d?(-,C') and its derivative have sub-exponential growth at
infinity. To prove this, observe that Lemma 2.1 together with the triangle inequality imply
that d(-,C) is 1-Lipschitz, so that d?(x,C) < 2d*(0,C) + 2||x||>. To conclude, use (27) in
order to deduce that

IVd*(x, O)|| = 2d(x,C) < 2d(0,C) + 2[|x|.

O
A variation of the arguments leading to the proof of (93) (whose details are left to the
reader) yield also the following useful result.
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Proposition 6.1 Let F,G € DY2, and let the notation adopted in the statement and proof
of Theorem 6.1 prevail. Then,

Cov[F(g)C(g)] = E / T NV F(g), VO(E)) (96)

6.2 An improved Poincaré inequality

The next result refines the classical Poincaré inequality, and plays a pivotal role in Theorems
2.1 and 4.1.

Theorem 6.2 (Improved Poincaré inequality) Fiz d > 1, let F € D2 gnd g =
(915 -y ga) ~ N(0,1;). Then,

Var(F(g)) < S E[|VF(g)|*] + %IIE[VF(g)]II2 < E[|IVF(g)I].

l\')lr—l

Proof: The quickest way to show the estimate Var(F(g)) < 1 E[|VF(g)|*] + | E[VEF(g)]|?
is to adopt a spectral approach. To accomplish this task, we shall use some basic results
of Gaussian analysis, whose proofs can be found e.g. in [34, Chapter 2|. Recall that, for
k=0,1,2,..., the k" Wiener chaos associated with g, written Cj, is the subspace spanned
by all random variables of the form []", Hy,(g;,), where {Hy : k = 0,1, ...} denotes the
collection of Hermite polynomials on the real line, k; + --- + k,, = k, and the indices
ky,--- , ky,, are pairwise distinct. It is easily checked that Wiener chaoses of different orders
are orthogonal in L%(€2), and also that every square-integrable random variable of the type
F(g) can be decomposed as an infinite sum of the type F'(g) = > -, Fi(g), where the series
converges in L*(Q) and where, for every k, Fy(g) denotes the projection of F(g) on Cy (in
particular, Fy(g) = E[F(g)]). This decomposition yields in particular that

Var(F(g)) = Y E[F(g)]

k=1

The key point is now that, if ' € DY2, then one has the additional relations
E[|VF(g Z kE[F2(g

(see e.g. [34, Exercice 2.7.9]) and
E[F(g)] = |EIVF(g)]]*,

the last identity being justified as follows: if F'is a smooth mapping, then the projection of
F(g) on (Y is given by

d 0= Bﬁ;(g)] 9is
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and the result for a general F' € D2 is deduced by an approximation argument. The previous
relations imply therefore that

G 1
Var(F E[F;(g)] < E[FY(g +Z SEF(g =—||E[VF( P+ SENIVE()]):
k=1
The proof is concluded by observing that, in view of Jensen inequality, ||E[VF(g)]||* <
E[IVE(g)]?. m

6.3 A bound on the distance to the minimizer of a convex func-
tion.

Following an idea introduced by Hjort and Pollard [27], one has the following lemma, pro-
viding a bound on the distance to the minimizer of a convex function in terms of another,
not necessarily convex, function.

Lemma 6.3 Suppose f :[0,00) — R is a convez function, and let g : [0,00) — R be any
function. If x¢ is a minimizer of f, yo € (0,00) and ¢ € (0,yo), then

9 — _ 97
ve%éfl}w(yo%v) f(yo +ev)| < ng}[g(yo +eu) — g(vo)] (97)

implies |xg — yo| < €.

Proof. Suppose a := |xg — yo| > & > 0. Set u = a '(xg — yo). Then u € {+1}, 2o = yo + au
and the convexity of f implies

(1 —¢/a)f(yo) + (e/a)f(wo) = f(yo + cu).

Hence
€

a(f(SUO) — f(yo)) = f(yo +eu) — f(yo)

= g(yo +eu) — g(yo) + [f (yo + eu) — g(yo + eu)] + [9(y0) — f(v0)]
> ug{liir;}[g(yo +cu) — g(yo)] — 2 hax 19(yo + €v) — f(yo + ev)|.

If (97) is satisfied, then £(f(x) — f(y0)) > 0. But this contradicts that z¢ is a minimizer of
f. Hence, |zg — yo| > ¢ is impossible. O

Acknowledgments: The authors would like to thank John Pike for his assistance with the
final two rows of Table 1, and the associated computations.
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