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Intrinsic volumes of convex sets are natural geometric quantities that also
play important roles in applications, such as linear inverse problems with con-
vex constraints, and constrained statistical inference. It is a well-known fact
that, given a closed convex cone C C Rd, its conic intrinsic volumes deter-
mine a probability measure on the finite set {0, 1,...,d}, customarily de-
noted by L£(V¢). The aim of the present paper is to provide a Berry—Esseen
bound for the normal approximation of £(V¢), implying a general quanti-
tative 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 in-
equality, (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 asymptotic Gaus-
sian fluctuations of the intrinsic volumes of the associated descent cones.
In particular, our findings complete and further illuminate the recent break-
through discoveries by Amelunxen, Lotz, McCoy and Tropp [Inf. Inference 3
(2014) 224-294] and McCoy and Tropp [Discrete Comput. Geom. 51 (2014)
926-963] about the concentration of conic intrinsic volumes and its connec-
tion 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 V¢, with support on {0, ..., d} whose distribution £(V¢) coin-
cides with the so-called conic intrinsic volumes of C. Though the cone C is de-
terministic, the associated probabilistic distribution £(V¢) can be seen to arise by
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probing the faces of the cone through projections of standard Gaussian variables
onto C; see (9). The distribution £(V() is a natural object that summarises 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 §¢ = E V¢ (which is customarily called the sta-
tistical 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 ground-breaking papers by Amelunxen, Lotz, McCoy and Tropp [3] and by
McCoy and Tropp [34] (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 optimi-
sation, the concentration of the distribution of V¢ around §¢ 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 {Cp},>1,
ensuring that the sequence

Ve, — EVe,
v Var(Ve,) ’

converges in distribution toward 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 summarised in Part 2 of Theorem 1.1 below.

As explained in the sections to follow, the strategy for achieving our goals con-
sists in using the elegant Master Steiner formula from McCoy and Tropp [34],
in order to connect random variables of the type V¢ to objects with the form
||1'Ic(g)||2, where g is a standard Gaussian vector, [1¢ is the metric projection
onto C, and || - || stands for the Euclidean norm. Shifting from V¢ to || TT¢(g)|? al-
lows one to unleash the full power of some recently developed techniques for nor-
mal approximations, based on the interaction between Stein’s method (see [18])
and variational analysis on a Gaussian space (see [36]). In particular, our main
tool will be the so-called second-order Poincaré inequality developed in [15, 37].
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, 34], where the concentration of L(V¢) around §¢ 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 connections with applications are described in Sections 1.4 and 1.5.

n>1,
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1.2. Elements of conic geometry. The reader is referred to the classical refer-
ences [38, 39], as well as to [3, 34], for any unexplained 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 con-
vex set C C R?, we define the distance between a point x and C as

(1) d(x, C) := inf [|x —yl|.
yeC

By the strict convexity of the mapping x > |||, the infimum is attained at a
unique vector, called the metric projection of x onto C, which we denote by I1¢ (x).

Convex cones and polar cones. A set C C RY is a convex 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

) Coz{yeRd:(y,x)SO,VxeC}.

It is easy to verify that the polar cone of a closed convex cone is again a closed
convex cone. By virtue, for example, of [34], formula (7.2), any vector x € R may
be written as

3) x = TIlc(x) + [0 (x) with [T (x) L IT-o(x),

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
d
x € R4,

“4) [Te@| = sup (x,y).
yeCillyl<1

Steiner formulae and intrinsic volumes. Letting B¢ and S¢~! denote, respec-
tively, the unit ball and unit sphere in RY, the classical Steiner formula for the
Euclidean expansion of a compact convex set K states that

d
Vol(K +ABg) =Y A/ Vol(B*~7)V;  forall 2 >0,
j=0

where addition on the left-hand side indicates the Minkowski sum of sets, and the
numbers V;, j =0, ..., d on the right, called Euclidean 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, for example, [1], page 142, [31], Chapter 7, and
[42], page 600, for standard proofs.
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An “angular” Steiner formula was developed in [2, 28, 41], and expresses the
size of an angular expansion of a closed convex cone C as follows:

d
(5) P{d*0.C) <A} =" Bja()v;,
j=0

where @ is a random variable uniformly distributed on S?~!, the coefficients
Bj.a(A) = P[B(d — j, ) <]

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

(6) PV =j)=vj, for j =0,...,d.

When the dependence of any quantities on the cone needs to be emphasised, we
will write V¢ for V and v;(C) for vj, j =0,...,d. As shown in [34], relation
(5) can be seen as a consequence of a general result, known as Master Steiner for-
mula 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
ITTc(g)? and || Meo(g) |? behave like two independent chi-squared random vari-
ables with a random number V¢ and d — V¢, respectively, of degrees of freedom:
in symbols,

(7) (IMc@ | Mo @) ~ (X3 %3—ve)-

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

%

) Veo 2d — Ve,

where, here and in what follows, LA indicates equality in distribution. To con-
clude, we notice that partial versions of (7) [only involving ||1'[c(g)||2] were
already known in the literature prior to [34], in particular in the context of
constrained statistical inference; see, for example, [20, 43, 44], as well as [45],
Chapter 3.

Statistical dimensions. As for Euclidean intrinsic volumes, the distribution of
Vc encodes key geometric properties of C. For instance, the mean 6¢ := E[Vc] =
E ||1'[c(g)||2, generalises the notion of dimension. In particular, if Ly is a linear
subspace of R? of dimension k, and hence a closed convex cone, then v i (Li)
is one when j = k and zero otherwise and, therefore, §(L;) = k. The parameter
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Sc 1s often called the statistical dimension of C. We observe that, in view of (4),
the statistical dimension d¢ is tightly related to the so-called Gaussian width of a
convex cone
we = E( sup (g, y)),
yeCillyll=l

where g ~ N (0, I;). The notion of Gaussian width plays an important role in many
key results of compressed sensing (see, e.g., [40]). Standard arguments yield that
w% <déc < w% + 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 = —CO. In this case, ¢ = d/2 by (8). The nonnegative orthant, the second-order
cone, and the cone of positive-semidefinite matrices are all self-dual; see [34] for
definitions and further explanations.

Polyhedral cones. We recall that a polyhedral cone C is one that can be ex-
pressed as the intersection of a finite number of half-spaces, that is, one for which
there exists an integer N and vectors uy, ..., uy in R4 such that

N
C= ﬂ{xeRd : (u;, x) > 0}.
i=1
For polyhedral cones, the probabilities v;, j =0, ...,d can be connected to the
behavior of the projection IT¢(g) of a standard Gaussian variable g ~ N (0, 1)
onto C. Indeed, in this case we have the representation

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

(see, e.g., [3, 34]).

1.3. Main theoretical contributions. The main result of the present paper is
the following general central limit theorem (CLT), involving the intrinsic volume
distributions of a sequence of closed convex cones with increasing statistical di-
mensions.

THEOREM 1.1. Let {d, : n > 1} be a sequence of nonnegative integers and

let {C, C R% :n > 1} be a collection of nonempty closed convex cones such that

d¢c, — 00, and write rgn = Var(Vc,), n > 1. For every n, let g, ~ N (0, 1,) and

write aéﬂ = Var(||T1c, (g,) ||2), n > 1. Then the following holds:

1. One has that 26c, < agn <46c, for every n and, as n — 00, the sequence

ITc, (gl — 8¢,

, n>1
O’Cn

’

converges in distribution to a standard Gaussian random variable N ~

N, 1).
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2. If, in addition, liminf,,_, o tén /8c, >0, then, as n — 00, the sequence

Ve, — dc¢
#’ n Z 1’

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

(10) sup
uelR

Ve, =6
p[ufu}_p[l\]iu]
Tc,

=)

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 V¢ and for any closed convex cone C, in terms of ¢, aé and rg.
In particular, if C is a closed convex cone such that ¢ > 0, then we will prove in
Theorem 5.1 and Remark 5.1 that, writing o := rg /éc, for §¢ > 8,

Ve — 8¢ 48
(1) sup P[—SM}—P[NSM] <h(e) + ,
ueR Tc ,/alog+(a\/§8c)
where
1 (logs\>/?
(12) h(8) = ﬁ(W) .

REMARK 1.1. Observe that, if one considers the sequence {Cy4}4>] consisting
of the non-negative orthants of R? then V¢, follows a binomial distribution with
parameters (1/2,d) (in particular, §c, = 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
0(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 ||I1¢, (g,) > and Ve,
via the Master Steiner formula (7), and then to study the normal approximation of
the squared norm of Il¢, (g,) by means of Stein’s method, as well as of general
variational techniques on a Gaussian space (see [18, 36]). 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 [15, 37].
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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 lim inf,,_, 5 rgn /8¢, > 0, one

has to produce an effective lower bound on the sequence of conic variances rgn,
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 in-
equality (see Theorem A.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 (97) below. In particular, our main findings of Section 4 (see
Theorem 4.1) will indicate that, in many crucial examples, the sequence n — rén
eventually satisfies a relation of the type
2 2 2
cle[Me, @]]" < 7¢, <2|E[Mc, @]
where ¢ € (0, 2) does not depend on n. In view of Jensen’s inequality, this conclu-
sion strictly improves the estimate ‘L’én < 24c, that one can derive, for example,
from [34], Theorem 4.5.

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

F=|p—Tc@g+p|* —m,
(13) 5
withm = E[|i — ¢ (g + w)||”] and 02 = Var(F).

Then we prove in Theorem 3.1 that

16
(14) drv(F,N) < ;{ﬂ(uznuu)ﬁnun% lell},

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

2_ .8
(15) drv(|Tic(@)|” =8¢, N) < N
where N ~ N (0, aé). Relation (15) reinforces our intuition that the statistical di-
mension §¢ encodes a crucial amount of information about the distributions of
ITIc(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.
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REMARK 1.3. We stress that the crucial idea that one can study a random
variable of the type V¢, by applying techniques of Gaussian analysis to the asso-
ciated squared norm ||Hc(g)||2, originates from the path-breaking references [3,
34], where this connection is exploited in order to obtain explicit concentration
estimates via the entropy method; see [8] and [32].

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 re-
covery of structured unknowns and refer the reader, for example, to the excellent
discussions in [3, 11, 14, 34] for more detailed information.

In certain high dimension recovery problems, some small number of observa-
tions may be taken on an unknown high dimensional vector or matrix Xg, 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 X is not possible
without additional assumptions, such as that the unknown possesses some addi-
tional 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 minimises f(x) for
some proper convex function (recall that a proper convex function is a mapping
having at least one finite value and never taking the value —oo) 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: 3t > O such that f(x+ 7y) < f(%)}.

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 JF is a subspace, the convex optimization
just described successfully recovers the unknown xg if and only if

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

(see Section 4 of [40] and Proposition 2.1 [14], and Fact 2.8 of [3]).

The work [14] 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

(17) Xo=c1a] + -+ crag
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for ¢; > 0, a; € A a set of building blocks or atoms of vectors or matrices, and k
small, then one minimises

(18) f(x)=inf{t > 0:x €rconv(A)},

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

1.4.2. Recovery of sparse vectors via £1 norm minimization. We now consider
the underdetermined linear inverse problem of recovering a sparse vector Xo € RY
from the observation of z = Ax(, where for m < d the known matrix A € R”*¢
has independent entries each with the standard normal A (0, 1) distribution. We say
the vector Xg 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 minimises the £; norm, denoted by || - ||1. 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 [m1, m3] (that depends on d and on the sparsity level
of xp) such that the probability of recovering x( exactly is negligible for m < m1,
and overwhelming for m > mj. 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, rang-
ing from the seminal contributions by Candes, Romberg and Tao [12, 13], Donoho
[21, 22] and Donoho and Tanner [23], to the works of Rudelson and Vershynin
[40] and Ameluxen et al. [3] (see [11], Section 3, and the references therein, for a
vivid description of the dense history of the subject). In particular, [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 de-
scent cone of the £1 norm at Xy 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 X 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 xg € R? and let C be the descent cone of
the £1 norm || - ||1 at Xqo. Further, let V be the random variable defined by (6), set
8 = E[V] to be the statistical dimension of C, and 72 = Var(V). Let Ts . be the
set of real numbers t such that the number of observations

my:=1[8+1t]
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lies between 1 and d. Fixt € Ts ;. Let A; € R™ *d have independent entries, each
with the standard normal N'(0, 1) distribution and let F; = {x € R? : A;x = A,;Xo)}.
Consider the convex program

(CP;): min||x|[{ subject to x € F;.

Then, for § > 8 one has the estimate

1 2 2
sup | P{xq is the unique solution of (CP;)} — —— e/ du‘
teTs ¢ { ! } V27T —00
(19)
48 1
<h() +

+ )
Jalogt(@v2s) V2rT?
where o := 1'2/8, 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{xo 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 ¢ > ®(¢) := ﬁ fioo e 12 du, thus

demonstrating the Gaussian nature of the threshold phenomena described above.
To better understand this point, fix a small @ € (0, 1), and let y, be such that
®(yy) =1 — a. Then, standard computations imply that [up to the uniform error
appearing in (19)] the probability

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

is bounded from below by 1 —«, whereas P{xy is the unique solution of (CP_,_ )}
is bounded from above by «. Using the explicit expressions m_y, = [§ — yuT]
and my, = |8 + y,7 |, one therefore sees that the transition from a negligible to
an overwhelming probability of exact reconstruction takes place within a band of
approximate length 2y, < 2y,+/28, centered at 8. In particular, if § — oo, then
the length of such a band becomes negligible with respect to §, thus accounting for
the sharpness of the phase transition. Sufficient conditions, ensuring that = 72/8
is bounded away from zero when § — oo, are given in Theorem 1.3.
2. Define the mapping v : [0, 1] — [0, 1] as

(20) V()= inflp(1+y?) + 1= pE[(N] -y)1)

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

2 )
21) V(s/d) — e, ==Y G/d).
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Moreover, as shown in [14], Proposition 3.10, one has the upper bound § <
2slog(d/s) + 5s/4, an estimate which is consistent with the classical computa-
tions contained in [22].

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
C N Null(A4;) = {0}. Indeed, assume that xq is the unique solution of (CP;) and let
y € C N Null(A;). Since y € C, there exists T > 0 such that x := xg + 7y satisfies
Ix|l1 < |IXoll1- Since y € Null(A) one has x € F;. As x is feasible the inequality
Ix]l1 < ||Xo|l1 would contradict the assumption that xg solves (CP;). On the other
hand, the equality ||x||; = ||Xo||1 would contradict the assumption that xg solves
(CP;) uniquely if x # xg. Hence, y = 0, so C N Null(A;) = {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(A;). Moreover, by
definition of x and that xg € F; one has ||x||; = [|[xo + ¥|l1 < ||Xo|l1, implying in
turn that y € C. Hence, y = 0 and x = X, showing that x¢ is the unique solution
to (CP;).

Step 2. We show that Null(A;) Law Q(Rd_’”’ x {0}) for Q a uniformly random
d x d orthogonal matrix. (This result is well known; we provide a proof for the
sake of completeness.) Both Null(A;) and Q(RI=™: % {0}) belong almost surely
to the Grassmannian G4—, (R%), the set of all (d — m,)-dimensional subspaces
of R?. Defining the distance between two subspaces as the Hausdorff distance
between the unit balls of those subspaces makes G4, (R?) into a compact met-
ric space. The metric is invariant under the action of the orthogonal group O(d),
and the action is transitive on Gy, (RY). Therefore, there exists a unique prob-
ability measure on G4, (R?) that is invariant under the action of the orthogonal
group. The law of the matrix A, having independent standard Gaussian entries,
is orthogonally invariant. Therefore, P (Null(A;) € X) = P(Null(A;) € R(X)) for
any R € O(d) and any measurable subset X C G4, (R?). On the other hand, it is
clear that one also has P(Q(RY™ x {0}) € X) = P(Q(R?™™ x {0}) € R(X)) for
any R € O(d) and any measurable subset X C G4—,, (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(Rd_m’ x {0}) = {0}),

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

P(CNQRI™ x {0}) = {0}) = P(C N Q(RI™™ x {0}) = {0}).

As a result of this subtle point, that follows from the discussion of touching prob-
abilities located in [42], pages 258-259, we may and will assume in the rest of the
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proof that C is closed. By the Crofton formula (see [3], formula (5.10))

P(CNQRI™ % (0}) ={0}) =1 — 2%, 41(C)

(22) .,

where i (C)= Y v;(C).
j=k,j—k even

Combining (22) with the interlacing relation stated in [3], Proposition 5.9, that
states

(23) PV <m;—1) <1 —=2hp4+1(C) < PV <my)
yields
P(V <m; — 1) < P{xo is the unique minimiser of (CP;)} < P(V <my).
But
PV<m—1)=P(V<[§+17t] 1)

V-4 1
zP(V§5+tr—1):P( ft——)
T T

and

P(V<m)=P(V<I[8+1J7))

V-6 1
SP(V§8+tr+1):P( §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)~1/2. 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 ev-
ery n, let X, 0 € R% be s,-sparse, denote by C,, the descent cone of the £, norm
at X0 and write 8, =8¢, = E[Vc,] and t} = r%n = Var(Vc,). For every real

number t, write

1, if 6p +1t1,] <1,
My, = |_8n + tT}’lJv lf|_8n + tTnJ € [17 dn],
dy, if [6p +170] > dy.

For everyn, let A, € R™n.t%dn be g random matrix with i.i.d. N(0, 1) entries, let
Fur=1{xe Rén . Ap. X = A, 1Xn 0}, and consider the convex program

(CP,): min|x| subject to X € Fp ;.
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Assume that there exists p € (0, 1) (independent of n) such that s, = | pd, |. Then,
as n — oo, liminf, t2/8, > 0, and

1 t 2 1
Plxq is the uni luti CP :—/ —u /2 g 0<7>,
{Xo is the unique solution of ( n,,)} 5= ) e u+ 055,

where the implicit constant in the term O ( \/IOIW) 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 «(p) > 0, uniquely depending on p, such
that r,% /6n = a(p) for n sufficiently large. The existence of such a @ (p) is a direct
consequence of the results stated in the forthcoming Proposition 4.1. [

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)

(24) IXlls, = > 0i(X),
i=1
where 01(X) > -+ > Omin(m,n) (X) are the singular values of X. Given a matrix

A € R™*"P partition A as (Ay,...,A)) into blocks of sizes m x n, and let A be
the linear map from R”*" to R” given by

AX) = ((X, A1), ..., (X, Ap)).
Now let Xg € R™*" be a low rank matrix, and suppose that one observes
z=AXo),

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

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

As F is the affine space Xo + Null(.A), arguing as in the previous section one
can show that Xy is recovered exactly if and only if C N Null(A4) = {0} where
C =D( - |ls,» 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 ro-
tation invariant in the sense that for any P C {(i,j): 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;; =0forall (i, j) € P}.
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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 Schat-
ten 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 (ny, mg, ry) be a triple of nonnegative
integers depending on k. We assume that ny — oo, my/ny — v € (0,1] and
re/my — p € (0, 1) as k — oo, and that for every k the matrix X(k) € R "
has rank ry. Let

Ce=D(- s, X(k)), 8 =8(Cr) and tf=Var(V¢,)

denote the descent cone of the Schatten 1-norm of X(k), its statistical dimension,
and the variance of its conic intrinsic volume distribution, respectively. For every
real number t, write

1, if [0+t ] <1,
Pkt =4 L0k + 17kl if [6x +17] € [1, myngl],
mpny, if |8k + 1Tk ] > mygny.

For every k, let Ay ; € R™>*™Pki be a random matrix with i.i.d. N (0, 1) entries,
let Frr ={X: Ax:(X) = Ai+(X(k))} and consider the convex program

(CPy,):  min | X][s, subject to X € Fy 1.
Then, as k — oo, liminft?/8; > 0, and

P{X(k) is the unique solution of (CPx;)}

o )
= e u )
21w J-oc0 log &%

where the implicit constant in the term O(ﬁ) depends uniquely on v and p.

It is a natural to ask what can be said when the “sensing matrix” A appearing in
Sections 1.4.2 and 1.4.3 do not have standard normal entries. A recent result in this
direction is the work [5]. Therein, they prove in a restricted sub-Gaussian model
that a phase transition occurs. But the existence of a CLT in this more general
setting is, for the time being, still largely out of reach.

1.5. Connections with constrained statistical inference. Let C C R¢ be a non-
trivial closed convex cone, let g ~ A (0, 1;) and fix a vector p € R4, When 1S an
element of C and y = g+ u is regarded as a d-dimensional sample of observations,
then the projection I1¢ (g + ) is the least square estimator of p under the convex
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constraint C, and the norm || — [1c (g + p)|| measures the distance between this
estimator and the true value of the parameter u; the expectation E||u — I1c(g +
p)|1? 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, for example, [6, 10, 16, 17, 46—49] for
a small sample. Although several results are known about the norm ||u — I1c (g +
p)|I? (for instance, concerning concentration and moment estimates—see [16,
17] 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
lw—Tlc(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, for example, in [20, 44] and in
[45], Chapter 3, the likelihood ratio test (LRT) for the hypotheses Hp : u = 0 ver-
sus Hy : pu € C\ {0} rejects Hy when the projection ||TI¢(y)||? of the data y on C
is large. In this case, our results, together with the concentration estimates from [3,
34], provide information on the distribution of the test statistic under the null hy-
pothesis. Similarly, the squared projection length || TTo(y)||*> onto the polar cone
€O is the LRT statistic for the hypotheses Hy : u € C versus Hy : p € R?\ C.

1.6. Plan. The paper is organised as follows. Section 2 deals with normal ap-
proximation results for the squared distance between a Gaussian vector and a gen-
eral closed convex set. Section 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
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: Normal approximations and
concentration bounds. Let C C R9 be a closed convex set, let I E R4 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

(25) F=d*g+p,C) - E[d*(g+n O,

where d(x, C) is given by (1). We also set o= Var(dz(g +u, C)) = Var(F). Itis
easy to verify that o is finite for any nonempty closed convex set C, and equals
zero if and only if C = R¥. To exclude trivialities, we call a set C nontrivial if
@ CCCRY,
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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. For a more
general statement concerning proximal mappings and containing Lemma 2.2 as a
special case see, for example, [39], Theorem 2.26.

LEMMA 2.1. Let C be a nonempty closed convex subset of R?, and let TI¢ (X)
the metric projection onto C. Then I1¢c and 1; — ¢ are 1-Lipschitz continuous,
and the Jacobian Jac(T1¢)(x) € R9%4 exists a.e. and satisfies

(26) |(Ia — Jac(TIe)(®) " y| < Iyl forally e RY.

PROOF. Since I¢ is a projection onto a nonempty closed convex set, by [38],
page 340 (see also B.3 of [3]), we have that

[Tic(v) — Tc@)| < [lv—u] forallu,veRY,

that is, I1¢, and hence I; — I1¢, 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. [

LEMMA 2.2. Let C be a nonempty closed convex set C C RY, and let T1¢ (X)
be the metric projection onto C. Then

27) Vd*(x,C) =2(x— ¢c(x)), xeR%

PROOF. Fix an arbitrary xg € R¢, and use the shorthand notation vq := X —
[Tc(xp). Writing ¢(u) := d*(xg +u, C) — d*(xg, C) — 2(vo, u), relation (27) is
equivalent to the statement that the mapping u — ¢(u) is differentiable at u = 0,
and Vg (0) = 0. To prove this statement, we show the following stronger relation:
for every u € R4, one has that lp(u)| < [lu|%. Indeed, the inequality ¢ (u) < [|u|?
follows from the fact that d?(xg 4+ u, C) < |lu + vo||? and d?(xq, C) = ||vol|>. To
obtain the relation ¢(u) > —|/u||?, just observe that u — ¢(u) is a convex map-
ping vanishing at the origin, implying that ¢ (u) > —¢(—u) > —|| —u||®> = —|Ju|)?,
where the second inequality is a consequence of the estimates deduced in the first
part of the proof. This yields the desired conclusion. [

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

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

’

where the supremum runs over all the Borel sets A C R. It is clear from the def-
inition that drv(F, G) is invariant under affine transformations, in the following
sense: for any a, b € R with a # 0, one has dyv(aF + b,aG + b) = dtv(F, G).

. . . TV .
We say that F,, converges to F in total variation (in symbols, F, — F) if
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drv(F,, F) — 0 as n — oo. Note that, if F;, ﬂ) F, then F, Li’; F, where ﬂ
denotes convergence in distribution.

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

THEOREM 2.1. Let C C RY be a nontrivial closed convex set, F and o? as
in (25), and N ~ N (0, 6%). Then for g ~ N(0, I;) and p € R¢,

16,/ Ed%(g, C — )
drv(F,N) < 8 .

o2

PROOF. As the translation of a closed convex set is closed and convex, and
d*(g+p.C)=d*(@g.C—p)

we may replace C by C — u and assume (without loss of generality) that u = 0.
Using Lemma A.2 and Theorem A.1 in the Appendix, we deduce that

(29) dry(F, N) < Ui Var(/ooo e~!(VF(g), E(VF@)))dt),

where

g =e¢'g+1—e%g,

with g an independent copy of g, and the symbols E 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

(30) H(g) =4 f ‘g — Tle(g), E[g — Mc@)])de

We bound the variance of H(g) by the Poincaré inequality (see Theorem A.2 in
the Appendix), which states that

31) Var(H(g)) < E|VH(g)|*.

Applying the product rule and differentiating under the integral (justified, e.g., by
a dominated convergence argument), using (30), (27) and Lemma 2.1 we obtain

VH(g) =4 / (1q — Jac(Te) (@) E[g — Mc@)]dr
(32)

+4 fo e E[(Iy — Jac(TMc)@))" ] (g — M (@) dr
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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

o0 N 2
EH [ e 1 - saenio @) Elg - e @] ds H
<E /0 e~ (1s — Jac(Te) (@) E[& — e @)]| dt
B~ 7112 e 2
5Ef0 e~ |E[g - Me@)] drsEfO & — e @) dr

= E/O e”'|g—Te(@)|*dt = E|g - Te(@)|* = Ed*(g. ),

where we have used Jensen’s inequality (valid due to the fact that e’ is a den-
sity on [0, 0c0)) Lemma 2.1, Jensen’s inequality again, and the fact that g; has
the same distribution as g for all 7. Applying a similar chain of inequalities, it
is immediate to bound the expectation of the squared norm of the second sum-
mand in (32) by the same quantity. Applying (31) together with the inequality
Ix + ylI> < 2|Ix]|I> + 2|lyll%>, we therefore deduce that Var(H (g)) is bounded by
64Ed*(g, C). Substituting this bound into (29) yields the desired result. [

To conclude the section, we present a concentration bound for random variables
of the type (25).
THEOREM 2.2. Let C be a closed convex set, and F given in (25). Then
26°Ed*(g.C — )
1—2¢&

(33) ETF < exp( ) forall € <1/2,

and

(34) P(F>1) < exp(—EdZ(g, Cc— [L)h(

t
1 0
2E (g C — M))> forallt >0,

where

h(u)=14u—~1+2u.

PROOF. We reduce to the case u = 0 as in the proof of Theorem 3.1. The ar-
guments used in the proof of Lemma 4.9 of [34] 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
[34], for g ~ N(0, I;) we set

H(g=£(Z  forZ=d*@g C)— Ed*(g (),
and, using (27), we deduce that
|VH(@)|* =482|g - Mc(g)|* = 45%d*(g. C) = 4£%(Z + Ed*(g, ©)).
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Proceeding as in the proof of Lemma 4.9 in [34], with Ed?(g, C) here replacing 8¢
there, yields the bound (33) on the Laplace transform of F'. Using the terminology
defined in Section 2.4 of [9], we have therefore shown that F is sub-gamma on the
right tail, with variance factor 4 Ed*(g, C) and scale parameter 2. The conclusion
now follows by the computations in that same section of [9]. [

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

P(F > \[8Ed>(g,C —wyt +21) <™.

REMARK 2.1. Let C be aclosed convex cone. In [34], Lemma 4.9, it is proved
that, for every & < %,

2
(35) Ees(IMc @I —8¢) <exp<2€ 8C>
< )

where g ~ N (0, 1) and (as before) §¢ = E[||T1¢(g) [I2]. This estimate can be de-
duced by applying the general relation (33) to the polar cone C in the case where
1 = 0: indeed, by virtue of (3) one has that

(36) Me)|? =d?(x, CY),

so that (35) follows immediately.
3. Steining the Steiner formula: CLTs for conic intrinsic 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 RY be a nontrivial closed convex cone and let
F=|p—Tc@E+p|* —m,
with
m=E[|p—Tc(g+pn) ”2] and o° = Var(F).

Then for every p € R?,

16
mwuaN>s;ﬁJEwnxg+uw2+zﬁMWn+amW}

16
< SV 200) + 30ml® + e}
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PROOF. Expanding F, we obtain
F=|ul?+ |Te@+m|* -2, Te@+p) -
The gradient of the first and last terms above are zero, while
V|[Mex+p)|?=2Mc(x+p) and Vg, Mex+ p)=Jac' (Me(x+ p) .

the first equality following from (36) and (27), the second from the definition of the
Jacobian, and Lemma 2.1, showing existence. We apply (95), and hence consider

G= / “\VF(g), E(VF@)))d:  whereg =e 'g+ mg,

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

G= / 2T (g + ) — 2Jac! (Te (g + w)a

EQMc(g + p) — 2Jac' (Te (8 + w))w))dr
=4(A1 — Ay — A3+ Ay),

where

Al = /() e_t<l_[c(g +u), E(HC(gl + I"))>dt
Ay = /0 e (Mc(g+p), E(Jac' (T (8 + p)p))de

A3 = /0 ~(Jac' (Te (g + w)w, E(Tc @ + w))dt  and

Exploiting (95), as well as the fact that 02 =E[G]=4E[A| — Ay — A3+ A4,
we deduce that

2
drv(F,N) < —Elo? —4(A1 = Ay = A3 + Ay)|
37)
4
8 8
—22 |Ai = EAi| = —(Bi + B2+ B3 + By),

where

By =/ Var(A;) and B; =2E|A|| for j =2,3,4.
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One has that
B; <2E(|Mc(g+m]?)linl
<2(/m+lul)lul  for j=2,3and By <2|ul?,

where we have applied the Cauchy—Schwarz and triangle inequality, as well as
Lemma 2.1. On the other hand, one can write

1/2

00 ~_ ~
A :/0 e"lg+p—Tcy(g+ ), E@ +n — T, @& + p))dr,

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

B} =Var(A)) <4E[|g+ p — Heog+ ) |*] = 4E[| Tc g+ w)[].

thus yielding the first claim of the theorem. The second follows from observing
that

VE[Tc@+m|?] < v + Il

where we have applied the triangle inequality with respect to the norm on

R?-valued random vectors defined by the mapping X — /E||X||2. O

3.2. Master Steiner formula and main CLTs. As anticipated in the Introduc-
tion, the aim of this section is to obtain CLT's involving the conic intrinsic volume
distributions {£(V¢,)}»>1 (see Section 1.2) associated with a sequence {C, },>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, 1) onto C.

Our main tool will be the powerful “Master Steiner formula” of [34], Theo-
rem 3.1 and Corollary 3.2, which can be expressed as in (7), and is stated formally
below in Theorem 3.2. As shown in [34], the angular Steiner formula (5) is a con-
sequence of Theorem 3.2. In particular, one can regard Theorem 3.2 and (7) as
a probabilistic counterpart to the Steiner formulae of spherical integral geometry;
see [27] or [42].

Throughout the following, we use the symbol XJZ to indicate the chi-squared
distribution with j degrees of freedom, j =0, 1,2, ....

THEOREM 3.2 (Master Steiner formula, see [34]). Let C C RY be a nontrivial
closed convex cone, denote by C 0 its polar cone, and write {vj : j =0,...,d} to
indicate the conic intrinsic volumes of C. Then, for every measurable mapping

f:R%r—>]R,

2

’

d
co(g) Hz) = Z E[f(Y;, Yéfj)]vj’

j=0

(38) Ef(|Mc(g)
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where {Y;,Y J/-, j=0,...,d} stands for a collection of independent random vari-
ables such that Y, Y]’. ~ ng’j =0,1...,d.

Observe that, somewhat more compactly, we may also express (38) as the mix-
ture relation
Law

(39) (IMe@|? [Meo@[*) = (Fve, Y7, ,),

where the integer-valued random variable V¢ is independent of {Y;, YJ/-, 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 di-
mension j of the face of C in which lies the projection I1¢(g), the Gaussian vector
g can be written as the sum of two independent 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 nontrivial closed convex cone C C RY. In order to connect the standard-
ised limiting distributions of || T1¢(g) |> and V¢, we use (39) to deduce that

Ve Ve
in:WC+VC, where Wc:Z(Xi - 1),
i=1 i=1

40)  |Me()® 2

and {X;};>1 denotes a collection of i.i.d. X12 random variables, independent of V.
Since EX; = 1, we find E||TI¢c(g)||> = E[Vc], and letting G¢ denote the squared
projection length, we have

1) Ge=|Mc@|* and 8c=E[Gcl.

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

(42) Var(We) =28¢  and o =12 + 25¢,

the latter formula recovering Proposition 4.4 of [34]. Standardizing both sides of
the first equality in (40) we therefore obtain that

Gce —8c raw v/23c We n ¢ Ve —éc

oc oc /26c oc 1C '

The following statement, that is partially a consequence of Theorem 3.1, shows
that a total variation bound to the normal for the standardised projection can be ex-

pressed in terms of the mean 8¢ 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

(44) 12 <25¢ and 28c <ol <45c.
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In addition, with G ¢ and 8¢ as in (41) and N ~ N (0, cr%), one has that

165 _ 8
drv(Ge — 8¢, N) < € <> and, if C is self dual, then
Uc YA
(45)
Sf

drv(F, N

<7

PROOF. Theorem 4.5 of [34] 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 x = 0, and the
remaining claims by the lower bound on crg in(44). O

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 ||l'Ic(g)||2 =d? (g, CY%): the conclusion then follows by
applying Theorem 2.1 to the random variable F = d*(g, C°) — Ed*(g, C°).

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 nonnegative integers and
let {C,, C R% :n > 1} be a collection of nontrivial closed convex cones such that
8¢, — 00. For notational simplicity, write §,, 6, Ty, etc., instead of d¢c,, oc,, TC,»
etc., respectively. Then:

1.
W, ) 20,
46 d —— N | < , oralln>1,
(46) TV( 5 5, S
where N ~ N (0, 1), and
Wi lN(O 1) asn— oo
/_28’1 ’ b .
2. The two random variable «/ﬁ Yo=bu e asymptotically independent in
the following sense: if {ny : k> 1} is a subsequence diverging to infinity and
Vo, — 9
Tny

converges in distribution to some random variable Z, then

< Wnk Vnk_8”k> Law (N Z)
Ty

V200

where N has the N (0, 1) distribution and is stochastically independent of Z.
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3. If
(48) V”T_(S” I N1, asn— oo,
then "
(49) G”G_ On L Ar0. 1), asn— oo
:

and the converse implication holds if liminf,,_, t,% /6 > 0.

REMARK 3.2. Proposition 3.1 shows that, if §, — oo, then (49) holds and,
provided
liminfz2/8, > 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, corre-
sponds 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 gen-
eral mixtures of independent 2 random variables) can be found in Dykstra [26].

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 [33], a variable X with a I'(«, A) distribution satisfies
(50) E[Xf'(X) + (@ = 2X) f(X)] =0
for all locally absolutely continuous functions f for which these expectations exist.

By (40), we have (W 4 V)/v/26 @ I'(V/2,/6/2) conditionally on V. It fol-
lows from the characterization (50) that, for every Lipschitz mapping ¢ : R — R,
we have, by first conditioning on V and then taking expectation,

e O )= )]

Since when conditioning, one may as well consider the mapping x +— ¢(x —
V /A/28), by the same reasoning we obtain

W+V W\ W w
"5 ¢ (75)] = 7(5%))
which upon rearrangement can be written as
1 a4 w W
el ve( )] -2 ()

Stein’s inequality (90) in the Appendix therefore yields that

w 2 2 20 4
d —— N |)<-E|W+V —-§|<=y28 2" < 0
TV<m )‘8 |W + |_8\/ +1 3_\/§—>

using (44) together with the fact that § — oo by assumption.
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(Point 2) Let n, & be arbitrary real numbers. Using that the conditional distri-
bution L(W|V) corresponds to a centered chi-squared distribution with V' degrees
of freedom, we have

e—inV
T (1—2inV72

Conditioning on V, we obtain the following expression for the joint characteristic
function of W/+/26 and (V —§)/t:

E[¢"V] =exp(=V(in + (1/2)log(1 — 2in))).

V(. E) = E[ein%ﬂs@] _ E[e—V(in/mHl/z) log(1—2i1/+/28)) +ik V;‘*]

(51) — Al=in/V25—3l0g(1-2in/3/28)]

« E[e V;‘S(ié—inr/m—%log(l—ZiU/m))]‘
As § — oo, one has clearly that
1
5[—1';7/«/2 — 5 log(1 - 2in/\/25)} — —n?)2.

Moreover, since t/3 < +/2/5§ — 0 by (44), we obtain as well that
iE —int/~v286 —t/2log(1 —2in/v28) — i&.

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

Y. &) > e TP (),

thus yielding the desired conclusion.

(Point 3) For both implications, it is sufficient to show that, for every subse-
quence ng, k > 1,0f 1,2,3, ..., there exists a further subsequence ny,, [ > 1, along
which the claimed distributional convergence holds. By (44), 0 < liminf 72 /6 <
lim sup 72 /8 <2, so for every ny, k > 0O there exists a further subsequence ny,, [ >
1, along which 12/8 converges to a limit, say r, in [0, 2]. Hence, along ny,, [ > 1,
we obtain

\/ﬁ/o:,/ZS/(ZS—I—rz)—MI% and t/o — /2:—r'

Assume first that (48) is satisfied. Then, according to (43) and Point 2 in the

statement, one has that GT_‘S converges in distribution along ny,, [ > 1, to %N +
.

3 Z, where 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,, o rnz/cSn > 0; in this case, we may assume that t2/8 converges to r €
(0, 2] along ny,. Observe that, by virtue of boundedness in L2, the family {VT_‘S}
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TABLE 1
Some common cones

Cone Ambient 8 72

Orthant R4 %d }T d

Real Positive Semi-Definite Cone ]R”z %n(n +1) ~ (% — %)n2
Circy R? dsin’ o L —2)sin?2a)
Ca R4 Y4 k! YO kT —kh
R N S Y e T

is tight. Consider now a further subsequence of 7y, along which @ 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 ,/%N + /552
is normal. By Cramér’s theorem, we conclude that both N and Z are normally

distributed, yielding the desired conclusion. [

As Table 1 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, re-
spectively. For further definitions and properties see, for example, [3, 34] and the
references therein.

REMARK 3.3. The first three lines of Table 1 are taken from Table 6.1 of
[34]. The means for the permutathedron and signed permutahedron are from Sec-
tion D.4. of [3]. The expressions for the variances 2 associated with the permu-
tathedron and signed permutahedron can be deduced as follows. Let

d
q(s) =Y us",
k=0

be the probability generating function of the distribution of V' = V¢,. We have
¢g(1)=EV and ¢"(1)=EV(V-1)
s0 in particular,
Var(V) =q'(1) + q"(1) — ¢'(1)> = q' (1) + log g (s)"|s=1.

For the permutahedron, one can use Theorem 3 of [24], Theorem 3 (see also the
first line of Table 10 of [19]) to deduce that

d

1 4
q(s) = akljl(s +k—-1) so that logg(s) = —logd! +I§10g(s +k—1).
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Hence,

d d
1
EV:q/(l)legq(s)/ |s:1: (Z 1) :Zz’
s=1

k=1 k=1

and

d
Var(V) = q'(1) +logq(s)" |s=1=¢'(1) — (Z

£-4)

The calculation for the signed permutahedron is the analogous, but now one has
to use [7], formula (3); see also the second line of Table 10 of [19].

We conclude the section with a statement showing that the rate of convergence
appearing in (46) is often optimal. Also, by suitably adapting the techniques in-
troduced in [35], one can deduce precise information about the local asymptotic
behaviour of the difference P[W,/+/28, < x] — P[N < x], where x € R and
N ~N(0,1).

+k—1)2>

PROPOSITION 3.2. Let the notation and assumptions of Theorem 3.3 prevail,
and assume further that t,% /8y — r for some r >0, as n — oo. Then, for every
x € R one has that, as n — oo,

(52) 6_71(})[ Wn <x] _ P[N <x]> s #(xz _ 1)e—x2/2
on\ L28, ~ - V18 4-9r Vo

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

" W, W,
(53) il deol(—,N) sdTv(—,N).
on 26, 265

PROOF. Fix x € R. It suffices to show that, for every sequence ng, k > 1 di-
verging to infinity, there exists a subsequence ny,,! > 1 along which the conver-
gence (52) takes place. Let then ny — oo be an arbitrary divergent sequence. By

L2- boundedness, the collection of the laws of the random variables Vi T Sk >
N

-4 %

L converges
I‘lkl

in distribution to some random variable Z. Exploiting again L2-boundedness,
which additionally implies uniform integrability, one sees immediately that Z is

is tight and, therefore, there exists a subsequence ny, such that
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necessarily centered. Now let ¢, = ¢, denote the solution (91) to the Stein equa-
tion (89) for the indicator test function 4 = 1(_s x]. By (2.8) of [18], ¢, is Lips-
chitz, so as in part 1 of the proof of Theorem (3.3), we have

St a ) | = 5 Bl Wa + Vs (5
el e ()| = el oo (5]
Hence, by (89), we obtain
Pl =] - r=a=elon () - e ()]
- o]

Dividing both sides by o,,/§,,, one obtains

8—n<P[ﬂ §x] — P[N §x]>
on \ Lv/28,
-l () (0 - )

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

S”PW”< P[N < 2E’NN
R [m—x}_ : —x])*‘\/m [#x(VON],

where N ~ N (0, 1). We can now use, for example, [35], formula (2.20), to deduce
that, for every real x,

(2—1) e ¥/
X )
3 V2

from which the desired conclusion follows at once. [l

E[¢.(N)N]=

In the next section, we shall prove general upper and lower bounds for the vari-
ance of conic intrinsic volumes. In particular, these results will apply to two fun-
damental 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. Fixd > 1,let C C R? be a closed convex cone,

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

THEOREM 4.1. Define

(54) vi=|E[c@®]|* and b:=/dsc/2,

where 8¢ is the statistical dimension of C. Then one has the following estimates:

v2

(55 5 = Var(V¢) < 2v.
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

(56) v=—(E[Tlc(2)], E[Tlco(g)]) = | E[TTco(g)]

where CY is the polar of C. Moreover, since the mapping x > min(x2, 4b?) is in-
creasing on R, one has also that Var(V¢) > min(x2, 4b?) /b, forevery 0 <x < v.

(b) An elementary consequence of (55) 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 I1¢(g) is a centered
random vector.

2
9

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 convex
cone C,

Var(Ve) = — Cov([ (@], Mo (@) %)

PROOF. From the Master Steiner formula (38), we deduce that

2

’

d
Neo@|*) = Y E[Y;¥;_ ) — c(d - 8c)
j=0

Cov([TTc(g)

d
=Y jd— j)v;—8c(d—5c),
j=0
and the conclusion follows from straightforward simplifications. [
PROOF OF THEOREM 4.1.  (Upper bound) Using (42), one has that Var(V¢) =
Var(||TIc(g)]1?) — 28¢. Now we apply Lemma A.2 and Theorem A.2 in the Ap-
pendix to the mapping F(g) = || TI¢(g)||> = d*(g, CY), to obtain that

1 1
Var(|Te(g)]) < SENVF® 1’1+ EHE[VF(g)]H2 =28¢ +2v,
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where we have used the fact that V||l'[c(g)||2 = 2I1¢(g), following from (36)
and (27).

(Lower bound) For every t > 0, define g, = e~ 'g + +/1 — e~2g, where g is an
independent copy of g. The crucial step is to apply relation (97) in the Appendix
to the random variables F(g) = ||[[1¢(g) ||2 and G(g) = [[TTo(g) ||2, obtaining that,
for any a > 0,

Cov(|

—4E / “(Me(g). Moo @) dr

<4E f “!Me(g), Moo @) dr

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

(57) (Mc(g). Neo@)) = (Mc(g), Heo@) + (M (@), Teo@) — Mo (@).

For the second term, using the fact that the projection IT-o(x) is 1-Lipschitz,
[E(TTc(g), Meo@) — Meo(@))]
<E(|Tc@|[Meo@) — Meo@])

<E(|Mc@ |18 —8l) < /8(OEIZ — 812 < v2d8(C)e ™ = 2be ™,

as

EIg — 817 =E|e g+ (/1 -2 — g  =2(1 - 1 - e ¥)a <207 ¥4,

Now use Lemma 4.1: multiplying (57) by e, integrating over [a, 00) and taking
expectation yields

—Var(Vc) < 4E/ “Me(g), Meo(@))dr <de™(—v+be™),
showing that, for every y € [0, 1],
Var(Vc) > 4y(v — by).
As 8¢ = E[||TIc(g)|1?] < E|lgl|> = d, applying Jensen’s inequality we obtain

v=|ENc(9)|* < E|Mc(@)|? =8¢ < Vdde < 2dsc =2b

The claim now follows by maximizing the mapping y — 4y(v—by) aty =v/2b €
[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.
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4.2. The descent cone of the £1 norm at a sparse vector. The next result pro-
vides 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 — oo.

PROPOSITION 4.1. Let the assumptions and notation of Theorem 1.3 prevail
(in particular, s, = | pd, | for a fixed p € (0, 1)). Then

T2 (o] 1 pPre)?
(58) lm}lmfazﬁmm{Z W;W}>O,

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

Stationary equation
|2 f“(ﬁ _ 1>e_”2/2du __r
TJy \VY L—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 (xp,1,...,%ns,,0,...,0), x,,j > 0. Also, by virtue of the estimate (21), one
has that §,, =~ s, ¥ (p)/p. Now write

vn = | E[Tc, @] = | E[Mco(gn)]

where we have used (56), and: (i) C, is the descent cone of the £1 norm at X, o, (ii)
C ,(l) is the polar cone of C,, and (iii) g, = (g1, - . ., &4,) stands for a d,-dimensional
standard centered Gaussian vector.

Using the lower bound in (55) together with some routine simplifications, it is
easily seen that relation (58) is established if one can show that

2

n>1,

(59) liminf 22 > y(p)2.

n S
To accomplish this task, we first reason as in [3], Section B.1, to deduce that,
for every n, the polar cone C,? has the form Uyzoy - 0|1Xxp,0ll1, where 9/x,.0(l1

denotes the sub-differential of the ¢! norm at X,,0, that collection of vectors z =
(21,...,24,) € R4 such that z; = - - =25, =l and |zj| <1, for every j =s, +
1,...,d,. As a consequence, for every n, the projection HC,? (g,) has the form

HC’(l)(g) - (V,o,n, ey V,o,ny *7 ceey *)’

where the symbol “x” stands for entries whose exact values are immaterial for our

discussion, and y, , > 0 is defined as the unique random point minimising the

1 n dn .
mapping ¥ = Fo () = Xim (& — v)* + X2, (g — y)3 over Ry. This

shows that v, > s, E [yp’n]zz as a consequence, in order to prove that (59) holds it
suffices to check that

(60) liminf E[y, ] >y (0).
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The key point is now that y, , is (trivially) the unique minimiser of the normalised
mapping y +— dln Fy. (), and also that, in view of the strong law of large numbers,
for every y > 0,

1 2
—Fup () — Ho(y):={p(1+7%) + (1 = ) E[(IN] = v) ]}
©n
asn — 090,
with probability 1.
The function y — H,(y) is minimised at the unique point y =y (p) > 0 given
in the statement, and F), ,(y) is convex by (1) of Lemma C.1 of [3]. Fix w € Q2
and 0 < ¢ < y(p), and set

De = ug}iinl}[Hp(V(P) +eu) — Hy(y(0))]-

Since y (p) is the unique minimiser of H,, one has D, > 0. From (61), we deduce
the existence of ng(w) large enough such that n > ng(w) implies

1
2, Dax %Fn,p(y(p) +eu) — Hy(y(p) + eu)| < D,

implying in turn, by Lemma A.3, that
Vo —v ()| <e.
That is, with probability 1,
Yoon —> vV (p) as n — o0o.

Relation (60) now follows from a standard application of Fatou’s lemma, and
the proof of (58) is therefore achieved. [J

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 — oo, m/n — v € (0, 1]
andr/m — p € (0, 1) as k — oo, and that for every k the matrix X(k) € R™*" has
rank r. Let

Ce=D(Il - lls;, X(k)), 8k =8(Ct) and 7 = Var(Vc,)

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

)
(62) lim — =Y (p,v),

k—oco nm



GAUSSIAN PHASE TRANSITIONS AND CONIC INTRINSIC VOLUMES 33
where i : [0, 112 = [0, 1] is given by

V(p,v) = inf n(y)
>0
63) "
with 1) = {pv + (1= pw) [ p(1 4+ 7))+ (1= p) [ =gy au |

andy = —pv)/(1 —pv),ax =1=x/y, and

dy(u) = %yu\/(uz —a*)(a} —u?) foruela_,a;l.

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

/a+ <1—1)¢y(u)du=L
a_vy \Y l—p

It is not difficult to verify that y (v, p) > O forall v € (0, 1], p € (0, 1).

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

2 _ 2 3/2
T . (V2p(1=vp)y (v, p)] 2 >
(64) lkn_l)loréf " Zmln( TPRSEE o)

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

I, 0
(©9) oIxols, =g w|eR " mon 1],
and it generates the polar C” of the descent cone, see Corollary 23.7.1 of [38].
Closely following the proof of Proposition 4.7 of [3], and in particular the applica-
tion of the Hoffman—Wielandt theorem (see [30], Corollary 7.3.8, for the second
equality below), taking G to be an m x n matrix with independent AV (0, 1) entries,

we have

. Gu-ylL Gnl|*, .
dist(G, y - 3| X (k) | 51)2 = H[ 11G21y 012} . + UI(IVI‘IL1 1G22 — yWIi%
(66) ——

G —=vi G2
B Gy 0

2
+ ) (0i(G) — v)7.
Fooiz
with || - || r denoting the Frobenius norm and where G is partitioned into the 2 x 2
block matrix (G;j)1<;, j<2 formed by grouping successive rows of sizes r and m —
r, and successive columns of sizes r and n — r. Hence, we obtain

_ Vklr 0
(67) ncg(G>—[ ‘ ykw*}
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for some matrix W* with largest singular value at most 1, and y; the minimiser of
the map y — dist(G, y - 9|1 X (k)| s, )? given by (66). As the sub-differential (65)
is a nonempty, compact, 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,

|
%chstz(c, yNn—r-0|Xlls,) = as. 1(¥),

where n(y) is given in (63). Reasoning as in Section 4.2 (that is, using Lemma A.3
followed by Fatou’s lemma), we obtain

\/:kTr = argmin(distz(G, y~/n—r-9|X|s,)) —as. (v, p) and
(68) Elyi]
liminf Yk >y (v, p).

k—00 n—r
We now invoke Theorem 4.1, and make use of (b) of Remark 4.1, to compute a
variance lower bound in terms of
2
Uk = ”E[HC,?(G)] ||F

The two terms in the minimum in (55) give rise to the corresponding terms in (64).
By (67),

1Mo (G| p = Vrv.

Squaring, taking expectation, and applying (68), we find

2

(69) liminf —X > liminf 2 = p(1 = vp)y (v, p).
k—oo nm k—oo nm

Letting by = +/8xnm /2, since (62) provides that §; ~ nmy(p, v), we obtain
v2 «/zv,%

liminf —%— = liminf .
k—oo Spby  k—oo (nm)2y(p, v)3/2

Applying (69) now yields the first term in (64). Next, as

4b
liminf ~2% = Liminf23/2 |2
k—oo 8  k—oo Ok

applying (62) now yields the second term in (64), completing the proof. [

5. Bound to the normal for V¢. Fix a nontrivial convex cone C C R<, and
denote by §¢ and t¢, 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

(70) 17=IIF—q)IIm:Su%IF(u)—@(u)I
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of the difference between the distribution function F(u) of (V¢ — §¢)/tc and
®(u) = P[N <u], where N ~ N (0, 1).

Theorem 2.1 yields a total variation bound to the normal for G¢ = || T1¢(g) 1% by
Stein’s method. In particular, as G¢ is a function of a standard Gaussian vector g,
Theorem A.1 may be invoked. On the other hand, as V¢ determines the number of
degrees of freedom in the conditional chi-squared distribution of G ¢, no such rep-
resentation for V¢ is available. Moreover, coupling constructions as typically ap-
plied in Stein’s method also appear to be out of reach, making a Fourier argument
more natural. Taking this path leads to exploiting the relationship (80) between the
characteristic functions of V¢ and G ¢, and then applying the total variation bound
for G¢ provided by Theorem 2.1 to control the term (88).

In the following, we set log* x = max(log x, 0).

LEMMA 5.1. Let Y (t) and yg(t) denote the characteristic functions of
a mean-zero distribution with variance 1 and the standard normal distribution
N (0, 1), respectively. If

(71) ‘SluPLWF(t)—IﬂG(t)! <B
)<

for some positive real numbers L and B, then

N 4
(72) 1< Blog" (L) + .

PROOF. The result holds trivially for L < 1, so assume L > 1. Let iy (x) be
the “smoothing” density function
1 —cosLx
7 Lx?

corresponding to the distribution function Hy (x), let A(x) = F(x) — G(x), and
let

k)

hi(x) =

AL =AxHp and np=sup|Ap(x)|.
By Lemma 3.4.10 and the proof of Lemma 3.4.11 of [25], we have
U%nf%ﬁ—ﬁL—mdmiif MM—wm@.
V2321 27 Jir=L It

As Y¥r(¢) is a characteristic function of a mean-zero distribution with variance 1,
it is straightforward to prove that

2
Wr() — 1] < %

SO

[Wr(®) —Ye®] = |(Wr@) — 1) — (Yo @t) — 1)] <%
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Hence, for all € € (0, L]

4 —~ =’
(74) fm Wr () ‘”G(”||t|—/,|6"' ’
By (71),

(75) / - |wF<r>—wc<z>|ﬁszBlog(L/o

Hence, by (74), (75) and (73),

<1(2+2Blo (L/€) + 24 )
—\| € € — ).
n_ﬁ g V2L

1/2 The conclusion now follows. [

As L > 1 we may choose € = L™

LEMMA 5.2. Lett > 0and § > 0 satisfy > < 28. Then the quantity

(76) \/m log* ) satisfies L < t/8.

PROOF. Consider the function on [0, co) given by

9x2

2 9
f(x)=2v2x —e T, with derivative f'(x) = 2+/2 — %eT,

Clearly, f’(x) is positive at zero and decreases strictly to —oo as x — oco. Hence,
f(x) has a global maximum value on [0, co) achieved at the unique solution xq to
the equation

0?2 442
xe ¥ =——.
9
Note that
o 242 9 9xg
22 _T=—<92—— T): ,
f(x0) =2v2xp—e org X 5 ﬁXOe g(x0)
where
22,
=—(9x°“ =2
g(x) o (9x )
and that
2 2
f/(é) _ %(4 —3./e) <0.

Hence, xg < ﬁ/3, and since g(x) is increasing in [0, 00), we have f(xg) =
g(xg) < g(\/z/B) = 0. As f(xp) is the global maximum of f(x) on [0, c0), we
conclude that

X2
77) 2W2x <ew .
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Using 72 <28 and (77), we obtain

I\ 96
3 <2V28%% < st implying log<%> < 7
The final inequality holds with log replaced by log™ since the right-hand side is

always nonnegative. The inequality so obtained provides an upper bound on L in
(76) that verifies the claim. [

In the following theorem, for notational simplicity we will write §, T and o
instead of §¢, ¢ and o¢ respectively, and also set a vV b = max{a, b}.

THEOREM 5.1. The L* norm n given in (70) satisfies
3 3
1 [/t 1 \16 3\ 2 72 3
"= 108(63 38/3> (Og 5)) %% \1aas °% s
+48 5
—.
w2 log* ()

REMARK 5.1. The estimate (11) follows immediately from (78) and the fol-
lowing inequalities, valid for § > 8:

(78)

Sl

T 1 ﬁ
5_3\/52% = §15/32”

3 3
<10g+(%)> " < (log2v/28)32 < (log 8)*2,

1444 8
The above relations all follow from the bound 7 < /2§ stated in (44).

72 3
log™ (— log™ <—)) <log(logé) <logs.

REMARK 5.2.  When considering a sequence of cones such that liminf2/§ >
0, the right-hand side of the bound (78) behaves like O (1/4/logd), thus yielding
the Berry—Esseen estimate stated in Part 2 of Theorem 1.1. However, one should
note that the bound (78) covers in principle a larger spectrum of asymptotic be-
haviours in the parameters 72 and 8: in particular, in order for the right-hand side
of (78) to converge to zero, it is not necessary that the ratio 72/8 is bounded away
from zero.

PROOF OF THEOREM 5.1. We show Lemma 5.1 may be applied with L as in
(76) and

925 §
(79) B =32L% 22 -
T
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Let t € R satisty |¢| < L. As was done in [34] for the Laplace transform, the impli-
cation (40) of the Steiner formula (39) can be applied to show that the relationship

) 1
(80) Ee"V = Ee5tC  with§ = 5(1 —e )

holds between the characteristic functions of V = V¢ and G = |[I1¢(g) 2. Replac-
ing ¢ by ¢/t and multiplying by e~/ in (80) yields the following expression for
the standardised characteristic function of V':

(81) Eei’(VTﬂS) :Ees”/’Ge_g.

Comparing the characteristic function of the standardised V to that of the standard
normal, identity (81) and the triangle inequality yield

|Eeit(V;‘3) _ e—t2/2|

= |EefitOe=F — ')
(82)

it$
T

< ‘Eeg,-,/rc(e—— _e(%_sit/r)s)’ —|—e%§\Ee5"'/T(G_5> _ Eeiz/r(G—S)}
+etr275|Eeit/r(G—6) _ 6—02t2/212|.

For the final term we have used (42), which shows that 28 — 02 = —72. For the
first two terms, we will make use of the inequality

(83) |e@TPD8 _ oCi8| < (1b —c| + |al)e!$|g],

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

ea+bi _ eci| — |ea+bi _ ea+ci + ea—l—ci ci|

—e
<elb—cl+ e —1]
<elb—c|+e -1
< eU(lb — c| + lal).
Now using (80), implying |EébitnG| = |Eeli/DV| < 1, we bound the first term
in (82) by

T i

’

G _ité (ﬁ_g. )8 _itd (ﬁ—%" )8 . bi
|Ee‘§zt/r ||€ —e 12 it/t {§|e T — e 12 it/t | |ecz_ea+t

where we have set

= i 1(1 (2t/1))8 b= L (2t/7)8 d c= i
a=_7-3 cos(2t/7))é, =—5sin(2t/7)8, and c=-—,
which satisfy

201138 20138
< and |b—c| < T
3t
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By (44) of Corollary 3.1, we have 72 < 28, and in particular we may apply
Lemma 5.2 to yield |f| < L < t/8. Now (83) with g = 1 shows that the first term
is bounded by

41138 2%
84 e,
(84) 373
Now we write the second term as
2 2
(85) o' E| 5G9 _ fit/?(G=0)| _ '3 Eplatbids _

where
1 1.
=5(1—cos(2t/r)), b=§sm(2t/t), c=t/t and g=G -6,
for which

| | t2 t2
|a| < min{ — v =3 and |b—c|§—2.
T T T

Applying (83) and the Cauchy—Schwarz inequality, we may bound (85) as

25 21 2012 %
(86) & pHIo g gy < 200 JE 2631
T T

Recalling that ||IT¢c(x)||> = d?(x, C°), invoking Theorem 2.2 for the polar cone
C%and . =0, for 0 < £ < 1/2 inequality (33) yields

ESIG= — EFC-D1(G —8>0) + Ee5C—91(G — 5 < 0)
< Eef(G=9) | po—£(G-9)

< exp( 2 255 > exp( 12_?_2285 ) <2 exp( 1252285 ) .

Thus, applying this bound with & = 2|¢|/t, where £ < 1/2 by virtue of |t| < 1/8
we obtain a bound on (86), and hence on the second term of (82), of the form

2012 2 8128 2 9128
87 12 2 _— —_— r .
®7 2 ¢ \/e"p<r2(1—4|r|/r>> f 2°¢

For the final term, as the function ¢///* has modulus 1, Theorem 2.1 yields

e 0 t2/2r | <16 v 8Cet_2

2
(88) e 2 }Eell‘/T(G—ﬁ)

Combining the three terms (84), (87) and (88), for || < L we obtain

41¢138 228 ot? 92s /S5~ 125
|3 |3 e’ 2\f2—e 2 4 16—C 2
T
- 4L35 0L2 «/(SC 9L§s
- < 3r3 T
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From the bounds (44) in Corollary 3.1, we have

3 2 3
4L 5+2ﬁL o, 16&5(£+8L2+16\/§)£.
373 72 o2 3 3
As the bound (72) holds for L < 1, we may assume L > 1, in which case B as in
(79) satisfies (71) when {r and ¥ are the characteristic functions of (V —§)/t
and the standard normal, respectively. Invoking Lemma 5.1, the proof is completed

by specializing (72) to yield (78) for the given values of L and B. [

APPENDIX

A.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 [36]), involving the solution ¢, to the Stein equation

(89) ¢, (x) — x¢n(x) = h(x) — E[h(N)]
for N ~ N (0, 1) and a given test functions 4.

LEMMA A.l. IfE[F1=0and E[F?*| =1, then
(90) drv(F, N) SSEP|E[¢/(F)] — E[F¢(F)]

El

where N ~ N(0, 1) and the supremum runs over all C' functions ¢ : R — R with
¢ lloc < 2.

PROOF. For a given / € C° taking values in [0, 1] by, for example, (2.5) of

[18], the unique bounded solution ¢y (x) to the Stein equation (89) is given by
X
on(x) = e* 12 f e_uz/z(h(u) — E[h(N)])du

—0oQ

O 2 o 2
=—¢ /Zf e /2 (h(u) — E[R(N)]) du,

where the second equality holds since
/ e 2 (h(u) — E[h(N)]) du = V21 E[h(N) — E[h(N)]] =0.
R

One can easily check that ¢, is C'. Using the first equality in (91) for x < 0,
and the second one for x > 0 one obtains that |x¢y (x)| < */2 Il ue="’12 =1,

We deduce that |d);l loo < 2. Recall that the total variation distance dty (F, G) [as
defined in (28)] may also be represented as the supremum over all measurable
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functions £ taking values in [0, 1]. Using this fact, together with Lusin’s theorem,
relation (89) and the properties of the solution ¢, we infer that
drv(F,N)= sup |E[h(F)] — E[h(N)]|
h:R—[0,1]

= sup |E[h(F)] = E[h(N)]]|
h:R—[0,1],heCO

< sgpIE[W(F)] — E[Fé(F)]|,
as claimed. [

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 [15].

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 norm

o= [, peray@) ([ 1vpeolare)

where y 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 sub-exponential growth at infinity. We stress
that, in general, when f is in D"2 the symbol V f has to be interpreted in a weak
sense. See, for example, [36], Chapters 1 and 2, for details on these concepts.

THEOREM A.l. Let H :R? — R be an element of D'2. Let g ~ N(0, I;)
be a standard Gaussian random vector in R%. Let F = H (g) and set m = E[F]
and o = Var(F). Further, for t > 0, set 8; = e 'g + /1 — e, where 8 is an
independent copy of g. Write E to indicate expectation with respect to g. Then,
with N ~ N(m, o?),

92 d FN<2 V: Y e-1(VH(e). E(VH®E)))d
92) r(F,N) < = ar(/o e (VH(g), E(VH@E))) t).

PROOF. Without loss of generality, assume that m = 0 and o> = 1. The ran-
dom vector

g =\1—e2g—e'g is an independent copy of g;, and

g=e g+ 1 —e2g.

By a standard approximation argument, it is sufficient to show the result for H €
C!, with H and its derivatives having sub-exponential growth at infinity. Let E =

93)
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EQE.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

%
E[Fo(F)] = E[(H() - H@)o(H@)] = - [~ E[H@)¢(H(@)]ds

- / E(VH®@), go(H(®)dt

o 2
_ fo ———=E(VH@).g)¢(H () d1

1—e™
o0 —t
(94) - [ ﬁmwf@), g)o(H(e '8 +1/1 - e2g,))ds
= [T EVHG). VH(E g 41— e g)
x @ (H(e g ++1—e2g))dt

_E / “\VH(g), E(VH®@)))¢'(H(®) dt
Applying identity (94) to (90) yields
(95) drv(F,N) < ZE‘I — /000 e_t(VH(g), E(VH(@;)))dt ,
and for ¢(x) = x yields
(96) Var(F) = E / ~(VH(g)., E(VH®)))d1

As Var(F) = 1, the conclusion (92), with 62 = 1, now follows by applying the
Cauchy—Schwarz inequality in (95). U

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

LEMMA A.2. Let C be a closed convex subset of R%. Then the mapping
X > d? x,C)
is an element of D12,
PROOF. It is sufficient to show that d2(-,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) <
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2d%(0, C) + 2||x||%. To conclude, use (27) in order to deduce that
|Vd?(x, C)| =2d(x, C) <2d(0, C) + 2||x|. O

A variation of the arguments leading to the proof of (94) (whose details are left
to the reader) yield also the following useful result.

PROPOSITION A.1. Let F, G € D'2, and let the notation adopted in the state-
ment and proof of Theorem A.1 prevail. Then

o7 Cov[F(g)G(g)] Ef “'(VF(g), VG@))dt

A.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 A.2 (Improved Poincaré inequality). Fixd > 1, let F € D2, and

Var(F(g)) < ENVFQWﬂ+%MEU”WQMZSENVFQWﬂ-

2

PROOF. The quickest way to show the estimate Var(F(g)) < %E [IVF(g) 121+
%HE [VF(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, for ex-
ample, in [36], Chapter 2. Recall that, for k =0, 1,2,..., the kth Wiener chaos
associated with g, written Cy, is the subspace spanned by all random variables of
the form [/, Hy, (gj;), where {Hy : k =0, 1, ...} denotes the collection of Her-
mite polynomials on the real line, k1 + - - - 4+ k,;, = k, and the indices ji, ..., jj, 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) = Y 72 Fr(g).
where the series converges in L2(§2) and where, for every k, Fi(g) denotes the
projection of F(g) on Cy (in particular, Fo(g) = E[F(g)]). This decomposition
yields in particular that

o0
Var(F(g) = ) E[F{(®)]-
k=1
The key point is now that, if ¥ € D!2, then one has the additional relations

E[|[VF(@®|*]= Y kE[F} (@]

(see, e.g., [36], exercise 2.7.9) and
E[F{@]=|E[VF®]|’
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the last identity being justified as follows: if F' is a smooth mapping, then the
projection of F(g) on Cj is given by

d aF
F@=Y E[F@sls=Y E[—(g)}gi,
i=1 [

= ax,-

and the result for a general F € D2 is deduced by an approximation argument.
The previous relations imply therefore that

oo oo k
Var(F(g)) = 3 E[F{ (@] < E[F{®] + ) S E[F{(®)]
k=1 k=2

1 1
=S |E[VF@II” + E[IVF@ ).

The proof is concluded by observing that, in view of Jensen’s inequality,
IEIVF@II* < EIIVF @Il O

A.3. A bound on the distance to the minimiser of a convex function. Fol-
lowing an idea introduced by Hjort and Pollard [29], one has the following lemma,
providing a bound on the distance to the minimiser of a convex function in terms
of another, not necessarily convex, function.

LEMMA A.3. Suppose f :[0,00) — R is a convex function, and let g :
[0, 00) = R be any function. If xg is a minimiser of f, yo € (0, 00) and ¢ € (0, yp),
then

(98) 2v€r{r(1)§>i<l}\g(yo +ev) = f(yo +ev)| < Mg&nl}[g(yo + eu) — g(y0)]
implies |xo — yo| < €.
PROOF. Suppose a := |xg — yo| > & > 0. Set u = a l(xg — vo). Then u €
{£1}, xo = yo + au and the convexity of f implies
(1 —e¢/a) f(yo) + (e/a) f (x0) = f(yo+eu).
Hence,
g
;(f(XO) — f(0))
> f(yo +eu) — f(y0)
= g(yo+eu) — g(yo) + [f o + eu) — g(vo + eu)] + [ (o) — £ (0)]

> i _ ) _ .
> min [g0o+eu) —gO0)] =2 max [g(y0+ev) = f (o +ev)]

If (98) is satisfied, then f;(f(xo) — f(y0)) > 0. But this contradicts that xq is a
minimiser of f. Hence, |xo — yo| > ¢ is impossible. [
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