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ABSTRACT. An old conjecture states that among all simplices inscribed in
the unit sphere the regular one has the maximal mean width. An equivalent

formulation is that for any centered Gaussian vector (i,...,&n) satisfying
E{%:-u:Ef?L:l one has
[ n
E max{&1,...,&n} < m]Emax{m,...,nn}7
where 11,72,..., are independent standard Gaussian variables. Using this

probabilistic interpretation we derive an asymptotic version of the conjecture.
We also show that the mean width of the regular simplex with 2n vertices
is remarkably close to the mean width of the regular crosspolytope with the
same number of vertices. Interpreted probabilistically, our result states that

1< E max{‘ﬁl|7~--7\77n|} < min 2n , 1+ C ,
E max{ni,...,m2n} 2n—1 n logn

where C' > 0 is an absolute constant. We also compute the higher moments
of the projection length W of the regular cube, simplex and crosspolytope
onto a line with random direction, thus proving several formulas conjectured
by S. Finch. Finally, we prove distributional limit theorems for the length
of random projection as the dimension goes to co. In the case of the n-
dimensional unit cube @, we prove that

/2 -3
Wao,, — o i> N (0, Ul ) s
T Nn—o0 T

whereas for the simplex and the crosspolytope the limiting distributions are
related to the Gumbel double exponential law.

1. CONJECTURE ON THE MEAN WIDTH

1.1. Introduction. The mean width of a compact convex body K C R™ is the
expected length of a projection of this body onto a line with uniformly chosen,
random direction. That is, the mean width equals E [W]|, where

Wk = Sllp<U, t) <U? t>7
teK

— inf
tek
and U is uniformly distributed on the unit sphere S*~! c R™.
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How should n + 1 points be arranged on the (n — 1)-dimensional unit sphere
So as to maximize the mean width of their convex hull? An old conjecture states
(see [15, Section 9.10.2]) that the arrangement must be regular.

The mean width is just a multiple of the first intrinsic volume V;, namely

(=)

(%)

(1) Vi(K) = V7

E [Wk];

see [20, p. 210]. The first intrinsic volume has the advantage of not depending on
the dimension of the surrounding space. Hence the conjecture can be formulated
as follows:
(2) sup Vi(conv(zy,...,2n41)) = Vi(Th),

L1,y Tpp1 €S
where T}, is a regular simplex with n + 1 vertices inscribed in the sphere S* !, and
conv denotes the convex hull.

This question is surprisingly hard. Several authors [14, 3, 4, 22] assumed the
existence of a proof, but the problem is still open. Besides very natural formulation
in Convex Geometry this problem is very important in Information Theory, as it is
closely related to the the long-standing simplex code conjecture [9].

1.2. Probabilistic statement. The conjecture can be reformulated in terms of
Gaussian processes in the following way. Throughout the paper, n = (m1,...,7,)
denotes a standard Gaussian vector in R™. Consider a compact set K C R™. Using
the fact that the norm and the direction of 7 are independent, it is not difficult to
derive Sudakov’s formula

(3) Vi(conv(K)) = V21 E sg}g(n,x)

(see [21] for details and for a generalization to the infinite-dimensional case, or
Theorem 3.1 in the present paper for a more general result). This probabilistic
interpretation of the first intrinsic volume allows to reformulate the conjecture as
follows.

Proposition 1.1. For every integer n > 2 the following two statements are equiv-
alent:

(i) One has
(4) sup Vi(conv(zy,...,zn)) = Vi(Th-1),

and the equality is attained iff x1,...,x, are vertices of a regular simplex.
(ii) For every centered Gaussian vector (&1,...,&,) satisfying

() Ef = =EG =1,

one has

(6) Emax{fl,...,ﬁn}SM%E max{n1,..., M},

and the equality is attained iff E[£;€,] = —1/(n — 1) for all i # j.
Proof. First of all note that

(7) sup Vi(conv(zy,...,2,)) = sup Vi(conv(yi, ..., yn))
Ty, T €S2 Y1y, Yn €SP
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because there is an (n — 1)-dimensional affine subspace (and hence, an (n — 2)-
dimensional sphere of radius at most 1) containing yi,...,y,. Therefore, we can
restate (i) as follows:

(8) sup Vl (COHV(yh cee 7yn)) = Vl (Tn—l)a

Y1yeeeyYn €SP
and the equality is attained iff yq, .. ., y, are vertices of a regular simplex centered at
the origin. Let {e1,...,e,} be a standard orthonormal basis in R”. As a realization
of such a simplex we can take the convex hull of the points

n < el+...+en) )
v; = e; — , t1=1,...,n.
n—1 n

To see this, note that the (n — 1)-dimensional regular simplex

Sp—1:=conv(ey,...,e,)

can be inscribed in an (n — 2)-dimensional sphere of radius /(n — 1)/n centered
at (e1 + ...+ ey)/n. It follows from (3) applied to K = S,,_; that

(9) Vvl(Tn—l):\/nﬁl‘/l(sn—l):\/ﬂ " EmaX{Ul,---Jln}-

n—1

To any points y1, . . ., yn € S"~! we associate a centered Gaussian vector (1, ..., &,)
such that E€? = --- = E£2 =1 via
§1 = <777y1>7 vy n = <777yn>
If we agree to identify two Gaussian vectors if they have the same distribution and
two tuples (y1,...,yn) and (yq,...,yy,) if (i, y;) = (yi, y;) for all i, 5 € {1,...,n},
then this correspondence becomes one-to-one because Cov(&;, &) = (i, y;). It
follows from (3) that

V2r E max{&1,...,&. = Vi(conv(yr, ..., yn))-
The Gaussian vector corresponding to the points vy, ..., v, satisfies
E[&i&j]:<Ui?vj>:_1/(n_1)7 7’7&]
Taken together, the above considerations show the equivalence of (i) and (ii). O

1.3. Asymptotic version of the conjecture. We now show that (2) holds asymp-
totically.

Theorem 1.2. For some absolute constant C > 0 and alln € N,

log 1
Wi(T,) < sup Vi(conv(zy, ..., xne1)) < VA(TY) (1 L ols Ogn> .
Ty €571 logn
Proof. The first inequality is trivial because we can take x1,...,z,41 to be the

vertices of T,,. Replacing n by n — 1 and using (7) we can restate that second
inequality as follows: For all n > 2,

log1
sup  Vifconv(zr,....xn)) < Vi(Too) (1 + (;Ogogn>
T1yeeey Ty €S logn
Fix z1,...,7, € S""!. For k = 1,...,n define Gaussian random variables & :=

(xk,n) and note that & has zero mean and unit variance. It is known (see, e.g., [8,
p. 138]) that

(10) E max{&,...,&,} < +/2logn.
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We provide a proof for the sake of completeness. For ¢t > 0 one has

exp (tE max{&,...,&,}) < E exp (tmax{&,...,&})
= E max{e!®, ... e} < ZEetik = net’/2.
k=1

Letting t = v/2logn yields (10).
On the other hand, it is well-known in the theory of extreme values, see [17,
Theorem 1.5.3 on p. 14] and [19], that

logl
(11) IEmax{m,...,nn}:\/210gn—0(\(;g212%>7 n — oo.

Using (3) and (10), we obtain
Vi(conv(zy,...,x,)) = V21 E max{&,..., &} < v/4nlogn.
Combining this with (9) and (11) gives

n—1 loglogn\\ "
Vi(conv(zy,. .., 2n)) < Vi(Th-1) - n <1_O<igi))

= Vi(Thy) - <1 +0 (bglogrL)) ’
logn

as n — o0o. This proves the claim. ([

2. REGULAR SIMPLEX AND REGULAR CROSSPOLYTOPE

In this section we compare the mean width of the regular simplex 75, _1 to the
mean width of the regular n-dimensional crosspolytope defined by

C,, = conv(tey,...,te,).

Note that both T5,—1 and C,, (which can be considered as a degenerate simplex)
have 2n vertices and can be inscribed in S?"~2. We will show that conjecture (2)
is true in this special case, that is V1 (C,) < V1 (Ten—1). Moreover, we will prove a
lower bound which shows that the mean width of 75, _; is remarkably close to the
mean width of C,,.

2.1. Mean width and extreme values. It follows from Sudakov’s formula (3),
see also (9), that

(12) Vi(T_1) = V2r %E max{n, ...} = nﬁ Vi(Sa1),
(13) Vi(Cr) = V27 E max{£n,..., 20, } = V27 E max{|m]|,...,|m.|},
where we recall that S,,_1 = conv(ey,...,e,). It is well-known in the theory of

extreme values [17, Theorem 1.5.3 on p. 14] that

_ a7

(14) lim P [max{m,...,nn} SUTL+\/211‘OW:| =e ,

n—oo

T
15 lim P ) < gy 4 —— | = :
5) i Pl < | =
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. . . 2
where u,, is any sequence satisfying v/2mu,e%»/? ~ n, for example!

1loglogn + log(2y/T)
(16) up, = /2logn N .
Note that (15) (together with (14)) expresses the fact that the minimum and the
maximum of 71, ..., n, become asymptotically independent; see [17, Theorem 1.8.3
on p. 28]. Taking the expectation (which is justified by [19]) and noting that the
expectation of the Gumbel distribution on the right-hand side of (14) and (15) is
the Euler constant v, we obtain the large n asymptotics

a7 ViTyr) = Var (u n }%) . n oo,

(18) Vl(Cn) = m (UQn + ?/é%él’rz) y n — oQ.

These formulas are known; see [2], [12, p. 5], [11, p. §].

2.2. Comparing V;(T2,-1) and V;(C,). We are going to show that distance be-
tween Vi (Ta,—1) and V4 (Cy) is in fact much smaller than the bound o(1/4/2logn)
implied by (17) and (18). First we state the corresponding probabilistic result.

Theorem 2.1. Ifny,...,n2, are independent standard Gaussian variables, then

2n
2n—1

The left hand-side inequality immediately follows from Slepian’s lemma [17,
Corollary 4.2.3 on p. 84] because the random vector (n1,...,72,) is uncorrelated,
whereas the off-diagonal correlations of (1, =1, ..., Mn, —1n) are non-positive. The
proof of the second estimate will be given in Section 4. Theorem 2.1 together
with (12) and (13) implies the following

E max{ni,...,m2n}t < E max{|m|,..., |n|} < E max{n,...,Nan}-

Corollary 2.2. For everyn € N,
2n —1
2n

We now provide a bound which is asymptotically sharper. Its proof will be given
in Section 5.

Vi(Ton—1) < Vi(Cr) < Vi(Ton—1).

Theorem 2.3. Let 11,12,..., be independent standard Gaussian variables. Then,
as n — 0o, one has
1+ 0(1)
E o ml=l14=——2) E AN
et = (14 ) B s, en)

Combining Theorem 2.3 with (12) and (13) yields the following
Corollary 2.4. Asn — oo,

Vi(Ch) = Vi(Ton 1) (1 _ L4o)

4n

)e TG =it (14 e ).

8nlogn

It is possible to obtain further asymptotic terms in (17) and (18), (see, e.g.,
[17, Eq. (2.4.8) on p. 39]) but it seems that none of these expansions can correctly
capture the very small difference between the expectations in Theorems 2.1 and 2.3.

la, ~ b, means an/bn — 1 as n — co.
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3. HIGHER MOMENTS AND LIMITING DISTRIBUTION OF THE RANDOM WIDTH

3.1. Sudakov’s formula for higher moments. Given a convex compact set K C
R™ we denote by W the length of the projection of K onto a uniformly chosen
direction, that is

(19) Wk = sup(U,t) —

inf (U, t),
teK teK

where U has uniform distribution on the sphere S*~!. In this section we study the
higher moments of the random variable Wi

Recall that n = (n1,...,n,) denotes a random vector having standard normal
distribution on R™. The isonormal Gaussian process is defined by

E(t) = (n,t), teR™

It is characterized by
(20) E[E(t)]) =0, E[E@1)E(s)] = (t,s), t,seR".
For a compact set K C R" define the range of E over K to be

Range Z(t) = sup =(t) — inf =Z(¢).

tng 0 teII; Q ek ®)
The next theorem generalizes Sudakov’s formula (3) to higher moments.
Theorem 3.1. If the set K C R" is convex and compact, then
r(3) ( )k

—=—FE | [ Range =(¢ .
rzh) [\ =

If, moreover, the set K is symmetric with respect to the origin, then

(21) E[Wk] =273

e T (% g
(22) E[WE] 22F(7(1_2H)€)E [(supE(t)) ] .

teK
Proof. The standard Gaussian vector n in R™ can be written as
n< RU,
where U and R? are such that

(1) U is a random vector with uniform distribution on the unit sphere in R";
(2) R? is a random variable having y2-distribution with n degrees of freedom;
(3) U and R? are independent.

It follows that we have the distributional equality

(23) Range =(t) = sup(n,t) — inf (n,t) < sup(RU,t) — inf (RU,t) = RWk.
teK teK teK teK teK

Taking k-th moments of both parts and noting that R and Wx are independent,

we obtain that
k
<Range E(t))
teK

E = E[RF]E[WE].

The moments E[R¥] of the x2-distribution are known. Inserting the value of the mo-
ment, we obtain (21) (which holds without the symmetry assumption on K). If the
set K is symmetric with respect to the origin, then Range, . =(t) = 2sup, ¢ Z(t)
and we obtain (22).
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Remark 3.2. In particular, taking K = 1 in Theorem 3.1 and noting that the first
intrinsic volume is related to the mean width E [Wk]| by (1), we recover from (21)
Sudakov’s [21] formula

(24) Vi(K) =/ ZE {Range E(t)] = V2rE {Sup E(t)} .

2 teK teK
Note that the symmetry assumption on K is not needed in the derivation of (24)
because in the last equality we used only that sup,c ; =(t) has the same distribution
as —infe g Z(t).

3.2. Applications to regular polytopes. Theorem 3.1 can be used to prove
several conjectures on projections of regular polytopes which are due to Finch [11,
12, 13].

Example 3.3. Let Q,, = [f% +

,+3]™ be the n-dimensional cube of unit volume. It
is easy to see that Range,c Z(t) =

>, Inil. Therefore, by (21),

vwh—t

(25) EWE =275 2

In particular, taking k = 1 and noting that E|n;| = \/g we obtain that the mean

width is
EVa.] = 5 by "Bl = S

or, equivalently, V1(Q,) = n, which is well known. The second moment of the
projection length is given by

1 2
B3, = E [(hn] + -+ Inal)?] = Blod] + (0 — DEluma| = 1+ 2(n ~ 1),
where we have used that E|nf| = 1 and E|mne| = (E[m|)? = 2. This formula
has been conjectured by Finch [12, p. 9] who established it for n = 2,3 by purely
geometric arguments [13]. Using (25) it is possible to compute more moments of
Wq.,,, for example

]E[WB]—& “in (2n*+ (3m —6)n+4 —m)
Qnl — or (n; ) )
E[Wg,] = ! (4n® + (127 — 24)n” + (44 — 207 + 37°)n + 87 — 24)

(n+ 2)m2

where we have used that E|n;| = \/E, Eln?| =1, Eln}| =24/ 2, Eln{| = 3.

us

Example 3.4. For the regular crosspolytope C,, = conv(+ey,...,+e,) we have
SUpyec, =(t) = max{|nil,...,|n.|} and therefore Theorem 3.1 yields

E[W’“]:QgﬁE max||k keN
G eS| |

For k = 2, this formula was conjectured by Finch in [11, p. 3]; see also [12].
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Example 3.5. For the regular (n—1)-dimensional simplex S,,_1 = conv(ey,...,e,) C
R™, Theorem 3.1 yields
. I(2) ¥
k _ ok 2 i _
E[Wsnfl] =2 T (nT_;,_k) E l(fg?gn i 1r§nz'1£n 771) .

Note that in this formula, S,,_; is projected onto a random direction in R™, even
though S,,_; is (n — 1)-dimensional.

It is more natural to state the corresponding formula for T,,_; (which is a reg-
ular simplex with n vertices inscribed in S"=2 C R"~!) projected onto a random
direction in R?~!. As a realization of T,,_; we take the points

[ n ( el—l—...—l—en) .
vV 1= e; — , 1=1,...,n,
n—1 n

in the hyperplane L := {1 + ... + 2, = 0} C R™ (which can be identified with
R"~1). By (20), the isonormal process = on L satisfies

= d n + it
(E(v3))i=1,..n = (m _ 77177) 7
=1 n

n—1

.....

so that for its range on T,,_1 we have

_ d n .
Range Z(t) = max 7; — min 7; | .
teT) 1 n—1 \1<i<n 1<i<n

Therefore, for the projection length of T,,_; onto a uniformly chosen random direc-
tion in the hyperplane L we obtain

1—‘("—_1) n k/2 k
k _ o—k 2 .
EWz, ] =2 QF(”*TW“) (n_l) E (1?%Xn”i_121£nni> :

For k = 2, this formula was conjectured by Finch [12, p. 4] who verified it for small
values of n.

3.3. Limit distribution for the random width. What is the asymptotic dis-
tribution of the projection length of a high-dimensional regular polytope onto a
random line? The next two theorems answer this question. The proofs are post-
poned to Section 6.

Theorem 3.6. The random width of the cube Q,, = [f%, %]” satisfies the following

central limit theorem:
2 -3
Wo, — 1/ — i>/\/(o,” )
T n—oo T

Theorem 3.7. For the random width of the simplex S,_1 = conv(ey,...,e,) and
the crosspolytope C,, = conv(=*ey,...,te,) we have

2un
(26) Vv 2nlogn (Wsn_1 - \;%) n&; G1 + Go,

2ugy
(27) V/2nlogn (ch - ;% > 5 26,

where G1, Gy are independent random variables with the Gumbel double exponential
distribution PGy < 2] =P[Gy < z] =e™* ", z €R.
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Remark 3.8. Tt is easy to check that the density of G + G2 equals 2e™* K(2e I/Q)
x € R, where
Ko(z) = / e Feoshigqr 2 >0,
0

is the modified Bessel function of the second kind.

4. PROOF OF THEOREM 2.1

As already mentioned, the first estimate in Theorem 2.1 is a consequence of the
Slepian lemma. Therefore, we concentrate on proving the inequality

[ 2n
Emax{|n1‘77|nn|}g 2n_1EmaX{7717"~77]2n}'

The idea of the proof of goes back to the work of Chatterjee (see [7] or [1, p. 50]).
For t € [0,1] consider a centered Gaussian vector

§(t> = (£1<t)’ ce 7€2n(t))

with correlations defined by

2
W) = g =L,
2
E [£2i-1(t)&2:i(t)] = _H—Q%’ i=1,...,n,

and E [¢(¢)€;(t)] = 0 otherwise. We have

d 2n
O=ye -1

Hence it is sufficient to show that the function

Qo(t) =E max{gl(t)v ce 7£2n(t)}

is non-increasing on [0, 1]. Consider the function

2n
1 .
Fﬁ(ml’ cee 7x2n) = B log <Zeﬂ$z> )
i=1

d
(7717 e 777277,)7 5(1) = (7717 —M,n2, =N2,- -, Mn, _nn)

It is immediate that
log 2n

B

Therefore we only need to show that for any 5 > 0 the function
wp(t) == E Fa(¢(t))

max{zy,..., %o} < Fg(x1,...,2T0,) < + max{x1,...,Ton}.

is non-increasing on [0, 1].
In what follows, x stands for (z1,...,%2,). Set 0;;(t) := E[&(¢)€;(t)] and let
us denote by f(t,x) the probability density function of £(¢). It is a well-known
property of f that
of  10*f of  0*f
00ii o 2 81'?7 802-3- - 8%1'856]'7

i j.

Therefore,

s _ of / S 5%
at /R Fogpx)dx= | Z 00” dx
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We have
80'”‘ 2n .
= =1,...
ot (t+2n—1)2’ i=1....2n,
(90'27;_1,21' 2n(2n — 1)
= - ’ = 1a » 1,
ot (t+2n—1)2
and 0o;; /0t = 0 otherwise. Thus we obtain
Ops 4in - 0% f 0% f
= Fa( 2n —1
ot (t + 2n — 1 R2n 5 ; [ 21 1 ( " )81722‘_181’2@ (X) + 856%2
0 Fg 0?Fp 0?Fp
= 2(2n —1
Hzn QZ/R% [ Faz - (%) + 20— g () + g (x
0? Fg 0?Fp 0?Fg
= 2(2n _ .
(t + 2n — 1 2 Z [8 %z 1 + ( )81'22',181'21' (X) + 83631 (X)

It is easy to check that

O*F, O*F,
gz 09 =B —pi(x),  grm(e) = —pips(), i 4
where
)= oy - 27
pilX) = oz X 21221 Bz
Thus,
(t+2n—1)% dpp
(28) - 4np ot
= ZE[P ZE 7 (€()] —2(2n = 1) > E [pai—1(£(1))p2i (€(1))]
i=1
=1- ZE pi(E(H)] = 2(2n — 1) ZE pai-1(&()p2i(€(1)))-
=1
For i = 1,...,n the random variables &»;_1(t) and &;(t) are non-positively cor-

related. Therefore it follows from [16] that they are negatively associated (see [6]
for more details), which implies

E [p2i—1(£(8))p2:(§(1))] < E[pi(§(0)] E [p; (£())]-

Hence for all k # | we have

E [pai—1(£(0)p2i(€(1))] < E [p(§(8))] E [p1(£(2))]-
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We thus get

Z (P31 (E(0)] + E [p3;(£(1))] + 2(2n — 1)E [p2i—1(£(1))p2i (£(1))])

=1

<> | Ep3 i + > Epai i EONER; EO+ Y Elpail€(0))E [p; (£(1)]
i=1 ]#2% 1 ]7521 1
2n 2
= (E Zpi(ﬁ(t))b =1L
i=1
Combining this with (28) yields d¢g/0t < 0, which completes the proof. O

5. PROOF OF THEOREM 2.3

Recall that both A,, := E maxi<;<y || and B,, := E maxj<;<a, 1; are asymp-
totically equivalent to y/2logn. Therefore, in order to prove the theorem, we need
to show that

(29) lim 4n+/2logn (E lrgax |7:] —E max 771) =1.

n— o0 1<i<2n

Denote the tail function of the standard normal distribution by

— o0 2 dS
d(t) = 2
0= [ e

It is well known [1, p. 9] or [8, p. 137] that for ¢ > 0 one has

1 /1 1 ) _ 1 )
30 (- ) e <dt) < — /2
(30) V2 <t t3> s o) < Vort

The distribution functions of the maxima we are interested in are given by

(31) Fo(t):=P [max Ini| < t} (/t es/2 ds>n =(1-28(t)", t>0,

1<i< ¢ V2
t ds 2n
— . — —s%/2 s — & 2n
(32) Gn(t):=P ngnm < t} (/_ e m) (I-2@)", teR.

It follows that

A, =E lrg%xn Ini| = /0 (1= F,(t))dt,

1<i<2n

B, =E max m/000(1Gn(t))dt/ooo(é(t))%dt.

To prove the second equality, note that for M := max;<;<2,1n; we have M =
My — M_ with My = max(M,0), M_ = max(—M,0), and

PMy >t]=1-G,(t), t>0,
PM_>t]=P[M < —t] = (1 - ®(—1t))*" = (®(t))*", t>0.
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In fact, the second integral in the formula for B, is negligible. Indeed, noting
that ®(0) = 1/2 and using (30) we obtain

/0 (@®(1)2" dt < (3(0)) u/l (B(1)2m dt < 2- u/l (2m) " 1~ 2ne— gy
<27 4 (2me) M <27

In view of the above considerations, in order to prove (29) it suffices to show
that

lim 4n\/210gn/ (Gn(t) — Fu(t))dt = 1.
n—oo 0

After a change of variable ¢ := ¢, + {~, a € R, where ¢, ~ y/2logn is the solution
to the equation

(33) (I)(tn) = 5

our task reduces to proving that

(34) lim 4dn (Gn (tn + a) - F, (tn + a)) da = 1.
n—oo J_42 tn tn

First we prove the pointwise convergence of the function under the integral sign.
If a € R is fixed and n — oo, then by (30) and (33),

= a 1 1 a )2 1 142 e
35 T =@ (th+— | ~ e 3(tatis)" o e 3the™® ~ )
(3) < tn) V2rt, V2rty, 2n
Recalling the formulas for F,, and G, see (31), (32), we can write

F, (tn + :) = (1 —2r,)" = emlos(1=2rn),

n

n

Using (35) and the Taylor series for the logarithm and the exponent, we obtain

1 1
Fy (tn + i) = €Xp {n (2Tn + 2T72L +o <n2>) } = e (1 — 2717’2 +o0 (n>) )
2 1 1
G (tn+—) =expq—2n{ra+ 2 +0(— =e " (1—nrit+o(=)]).
tn 2 n?2 n

Subtracting both expansions and using (35) twice, we obtain

. 1 —a
4n (Gn (tn + a) - F, (tn + a)) = 4pe 2" (nri +o0 ()) — e7¢ "e720,
tn tn n n—00

If we allow for a moment interchanging the limit and the integral, the limit in (34)

equals
—+oo

LHS of (34) = /

—0o0

o0
e ¢ "e 2 da = / e Yydy =1,
0

where we used the change of variable y = e,

To complete the proof we need to justify the use of the Lebesgue dominated
convergence theorem. It suffices to show that for some integrable function g(a),

1
(36) 0<n (Gn <t" + ta> ~F, <tn + :)) <gla), a>-7t), nel,

n n
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and

—t5 /4 a a
(37) lim n/ (Gn <tn + > - F, <tn + >) da = 0.
n—00 2 tn tn

The non-negativity of G, — F;, is a consequence of the inequality (1—2)? > 1—2z;
see (31), (32). Now we prove the upper bound in (36). Using the inequality

n—1

y" —a" <ny—ax)y
for 0 < z <y, we obtain that
(38) Gn(t) — Fu(t) = (1 —2&(t) + @%(t))" — (1 — 20(t))™ < n®?(t)(1 — (¢))*" 2.
In the following, C,C1,... > 0 denote absolute constants. Let first a > _iti SO
that ¢, + 2~ > gtn. By (30) and (33),

(39) (¢, + G e “3(tntes)’ Sﬁe_%tie_”’gﬁe_“.
t + 3ty n

On the other hand, if a € [—it%, 0], then again using (30) and (33) we obtain

/ o2 /
(40) o(t, + > G e—%(t,ﬁﬁ)? > & o sthe—ae 262 > %e—ga7
t + tn n
where in the last estimate we used that —% > %a.
Note that because of —a < %t2 ~ Llogn, the right hand-side of (39) can be

estimated above by Cn~1/4. Using the inequality 1 — = < e 3" (which is valid for

sufficiently small 2 > 0) together with (40), we obtain that for a € [—1¢2,0],

2n—2 ,
(1 - (tn + a)) ! < e—(n—l)%e—%a < e_c/e_ga'
tn - -

It follows from this and (38), (39) that for all a > —21¢2

2>

2n—2
n(G, — Fy) (tn + :) < n2? (tn + :) (1 - (tn + :))

1" —2a —C'cfga
< (C"e™ "%

)

where in the case a > 0 we used the trivial estimate 1 — ®(¢) < 1. The function on
the right-hand side is integrable in a, thus completing the proof of (36).

We turn now to (37). Using again (38), the trivial estimate ®(¢) < 1, and the
increasing property of 1 — ®(#), we obtain that

_ti/4 a B 3 2n—2
I, = n/ (G, — F,) (tn + > da < n?t? (1 ) (ti)) )
—t% tn 4

Recall now that t2 ~ 2logn and use (40) which implies that for some € € (0, 1),

- (3
P (ti) >Cn~¢, but lim & ( ) =0.
4 n— 00

Again using inequality 1 — z < e~2% (valid for small z > 0), we obtain

I, < Cn?(logn)e=Cm "("=1

n—oo

thus proving (37). O
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6. PROOFS OF THEOREMS 3.6 AND 3.7

Both proofs rely on the observation that a random vector U distributed uniformly
on S"~! can be represented as

(41)

d n "n
U= > =0 = |-
VA /i R o 1 4 Vit ...+

Proof of Theorem 3.6. It follows from the definition of Wy, , see (19), and from the
central symmetry of the cube that

(42) WQn:2sup(t,U>i—|m|+”'+|nn|

teQn N EE

Consider a random vector (X,,,Y;) with

_ml A+ A fa] =g Mty —n

4 Xn : ) Yn = )
(43) o\vn vy/n
where
(44) = Elm| =2/,
(45) o? = Var|m| = E[n}] — (Elm|)* = (w — 2)/m,
(46) v? = Var(n}) = E[ni] - (E[n7))* = 2.
Note that EX,, = EY,, =0 and Var X,, = VarY,, = 1, while
2
(47) ri= Cov(X,,v,) = nCovmlng) _ 1

oun VT =2
where we used that E[nj| = 24/2/7. By the bivariate central limit theorem,
(48) (Xn:Ya) =5 (X,Y),

where (X,Y) is a bivariate Gaussian vector with standard margins and covariance
r. It follows from (43) that

o Xy
dml+. A lg| _ pntoyvnX, _/m(1+wﬁ)

B A RO OV (e

Letting n — oo, expanding into a Taylor series around 0 and noting that X, =
OP(1)> Y, = OP(1)7 we get

ot I (oXn, oYy 1
M:u\/ﬁ(1+<a _U>+OP< )), n — o0.
iz

n

Wq

ni4 ... +n2 vn 2
It follows that
1 1
M—M\/ﬁzaxn—*/ﬂfﬁﬂ-()zﬁ <), 1 — 0o,
FB—— 2 NG

Note that by the bivariate central limit theorem (48), the sequence o X,, — % oYy,
has limiting normal distribution with mean zero and variance

1 1 -3
Var |:O’Xn — Q;an] =0’ + Zuzvz —ouvr = T ,

™
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where we used (44), (45), (46), (47). Recalling (42) we obtain
2 . n -3
Wo, [2n 4 |m|+ +’7|—M\/ﬁi>/\/<o,7r )
™ ’/T

R neo

which proves the claim. ([l

Remark 6.1. Self-normalized or studentized sums of the form

pooo Gt 4o T . G4 .+
n 2—2 Or n +— — 2 — 27
VG VG =G+ + (G —Ca)
where (1, (s, ... are i.i.d. random variables and (, = %(Cl + ...+ (n), have been

extensively studied in the literature; see, e.g., [10], with main emphasis on the
central case E[(;] = 0. The non-central case E[(;] # 0 has been analyzed by Bentkus
et al. [5] (who studied T},) and by Omey and Van Gulck [18] (who studied 1/R2
and related quantities). After some calculations, our central limit theorem for W, ,
could be deduced from [18, Theorem 3.1(v)], but since these authors studied 1/R2
instead of R,, it was easier to provide a direct proof.

Proof of Theorem 3.7. We prove (26). Using representation (41), we obtain
4 MaXi<i<n i — MM <i<n i

N

It is known from extreme-value theory that the range of the standard normal sample
satisfies

(49) WSW,—l

. d

(50) Zn = uy, (fél%xn 7 min ;= 2un) 2 Gt Gy,
where u, ~ /2logn is as in (16). In fact, this follows from the asymptotic in-
dependence [17, Theorem 1.8.3 on p. 28] of maxi<ij<, 7, and — min;<;<y 1; which
both have limiting Gumbel distribution as in (14). Define Y,, as in (43) and observe
that Y, has limiting standard normal distribution by the central limit theorem. We
have

. Z Zn
maxi<i<n 7 — MiN1<i<n 7 2up + 2 2uy, 1+ 5

N vn+v2nY, vn 1+ /Q/nyn.

Noting that both Z, and Y,, are Op(1) and expanding into a Taylor series, we

obtain
MaxX|<;<p N — MiNj<;<n 7 2y, Zn, 1
x1§§277 1<<77:(1++OP<4>)’
\/771++77721 \/ﬁ n Up,
where we have used that u, ~ v/2logn and hence, the term with Y,, is negligible.
It follows from (50) that

maxi<i<n 7 — MiNj<i<n M 2u d
’U,n\/ﬁ ( <i<n i <i<n i _ n) Gl + GQ,

] Vi ) noee

which, in view of (49), implies (26).
The proof of (27) is analogous but instead of (42) it uses the representation

(51) W 4 2maxi<i<n |7
Cn = 2 2
nm+...+ny
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together with the limit relation

(52)

d
7! =y | max |n;] —u — G
" " 1<i<n |Th| n n—o0 !

following from the asymptotic independence of the maximum and the minimum. [J
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