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Abstract. We give an explicit formula for the probability that the convex hull
of an n-step random walk in R? does not contain the origin, under the assumption
that the distribution of increments of the walk is centrally symmetric and puts no
mass on affine hyperplanes. This extends the formula by Sparre Andersen (Skand
Aktuarietidskr 32:27-36, 1949) for the probability that such random walk in dimen-
sion one stays positive. Our result is distribution-free, that is, the probability does
not depend on the distribution of increments.

This probabilistic problem is shown to be equivalent to either of the two geometric
ones: (1) Find the number of Weyl chambers of type B,, intersected by a generic
linear subspace of R™ of codimension d; (2) Find the conic intrinsic volumes of a
Weyl chamber of type B,,. We solve the first geometric problem using the theory
of hyperplane arrangements. A by-product of our method is a new simple proof of
the general formula by Klivans and Swartz (Discrete Comput Geom 46(3):417-426,
2011) relating the coefficients of the characteristic polynomial of a linear hyper-
plane arrangement to the conic intrinsic volumes of the chambers constituting its
complement.

We obtain analogous distribution-free results for Weyl chambers of type A, 1 (yield-
ing the probability of absorption of the origin by the convex hull of a generic random
walk bridge), type D,,, and direct products of Weyl chambers (yielding the absorp-
tion probability for the joint convex hull of several random walks or bridges). The
simplest case of products of the form B; X --- x By recovers the Wendel formula
(Math Scand 11:109-111, 1962) for the probability that the convex hull of an i.i.d.
multidimensional sample chosen from a centrally symmetric distribution does not
contain the origin.

We also give an asymptotic analysis of the obtained absorption probabilities as
n — 00, in both cases of fixed and increasing dimension d.
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1 Introduction

1.1 The absorption problem for random walks. Let Sy = & + -+ &
be a random walk in R% d > 1, with independent identically distributed (i.i.d.)
increments £1,&s,.... We study the probability that the convex hull of the first n
steps of the walk does not contain the origin. In other words, the trajectory Si,...,S,
belongs to some open linear half-space (with 0 at its boundary). This question is a
natural generalization to higher dimensions of the problem to find the probability
that a one-dimensional random walk does not change its sign by the time n. We
will refer to P[0 € Conv (S, Se,...,S,)] as to the absorption probability and to the
question of its computation as to the absorption problem.

The probability that a one-dimensional random walk stays positive (or negative)
was fully understood by the mid-1950’s. There were no results on the absorption
problem for random walks in higher dimensions until the very recent papers of
Eldan [Eld14], Tikhomirov and Youssef [TY17], Vysotsky and Zaporozhets [VZ17].
This is despite of the fact that convex hulls of multidimensional random walks,
Brownian motions, and other Lévy processes are very popular objects of studies; we
refer to [VZ17] for references, including the general surveys on this broad subject.

Our first result is as follows.

Theorem 1.1. Let Si,...,S, be a random walk in R¢ whose i.i.d. increments

&1,...,&, have a centrally symmetric distribution (i.e., & 4 —&1), and suppose
additionally that P[¢, € H] = 0 for every affine hyperplane H C R?. Then

[d/2]
2
P[0 ¢ Conv(S1, 8, Sn)] = o > B(n,d—2k+1), (1)
T k=1

where B(n, k) are the coefficients of the polynomial
(t+1)(t+3)...(t+2n—1)=> B(n,k)t*.
k=0

It is remarkable that in any dimension, the above absorption probabilities are
distribution-free, i.e., independent of the distribution of increments of the walk. This
fact was conjectured by Vysotsky and Zaporozhets [VZ17], who found an explicit
formula for the absorption probabilities in the planar case d = 2. Specifying to
d = 1 and noticing that B(n,0) = (2n — 1)!!, we recover the famous distribution-free
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result of Sparre Andersen for the probability that a random walk with continuous
symmetric distribution of increments stays positive:

P[Sl>07...,Sn>O]:M:1<2n>. ()

2np) 22n \ n

We will refer to the condition that P[¢; € H| = 0 for every affine hyperplane
H C R as to the general position assumption since it implies that any d random
vectors among S, . . ., S, are linearly independent a.s.; see Proposition 2.5 below. We
will impose this or similar assumptions in most of our results. However, even without
it we can show that the absorption probability for any n-step symmetric random
walk! (for which P[¢; € H] may be positive) is lower-bounded by the right-hand side
in (1); see Proposition 2.12 below.

1.2 The equivalent geometric problems. Our proof rests on a newly es-
tablished direct connection between the probabilistic problem and an equivalent
geometric problem concerning Weyl chambers. We solve the geometric problem us-
ing the theory of hyperplane arrangements and find the absorption probabilities
explicitly. This method is entirely different from that of [VZ17], and it even requires
a noticeable effort to check that the formulas for the absorption probabilities match
for d = 2 (we will not include the details but wish to thank the anonymous referee
for showing us this derivation).

Let us state the equivalent geometric problem. A Weyl chamber of type B, is
any of the 2™n! convex cones in R" of the form

{(z1,...,2,) eR": 0 < E1T4(1) < E2Tg(2) < 0 < Snxg(n)},

where o(1),...,0(n) is a permutation of 1,...,n and &1,...,e, € {—1,1}. Equiv-
alently, the Weyl chambers are the regions in R” constituting the complement of
the arrangement of n? hyperplanes z; = 0 and z; + x; = 0,7 # j, which form the
hyperfaces of the chambers.

It turns out that under the assumptions of Theorem 1.1, we have

Nn,d

P[0 € Conv(Sy, S2,...,S,)] = onpl’

(3)

where N, 4 is the constant number of Weyl chambers intersected by a generic non-
random linear subspace of R™ of codimension d. The exact meaning of “generic”
will be explained in Sect. 3, where we compute the value of N, 4 using the for-
mulas of Whitney and Zaslavsky from the theory of hyperplane arrangements; see
Theorem 3.4.

! By saying that a random walk is symmetric we always mean the central symmetry of the
distribution of its increments.
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There is other connection between the absorption problem and a problem in
spherical convex geometry: we show that for symmetric random walks whose distri-
bution of increments puts no mass on affine hyperplanes,

[d/2]
2
]P)[O ¢ CODV(Sl, SQ, ceey Sn)] = o] Z Ud—2k+1(Wn)a
T k=1

where W, is a Weyl chamber of type B,, and vy, are the conic intrinsic volumes. Hence
finding the latter quantities solves the probabilistic problem. Conic intrinsic volumes
are the analogues in conic geometry for intrinsic volumes of convex sets in Euclidean
geometry. Intrinsic volumes include such fundamental geometric characteristics of a
convex set as its volume, surface area, and mean width.

The described connections between the geometric problems via the absorption
problem gave us the insight to obtain a new simple proof of the general formula by
Klivans and Swartz [KS11] that relates the coefficients of the characteristic poly-
nomial of a linear hyperplane arrangement to the conic intrinsic volumes of the
chambers constituting its complement; see Theorem 4.1. We used this result to find
the conic intrinsic volumes vi(W,,) of Weyl chambers of type B,,; see Theorem 4.2.
The particular value v;(W,,), which corresponds to the planar absorption probabil-
ity, was found in [VZ17] (the conic hull of the orthoscheme path-simplex considered
there is exactly the standard Weyl chamber). Let us mention the very recent papers
by Amelunxen and Lotz [AL] and Schneider [Sch| that consider further extensions
of the Klivans—Swartz formula [KS11]. Both works appeared after the first version
of the present paper; the approach of [Sch, Theorem 1.2] extends our proof of The-
orem 4.1.

The explicit formula given in Theorem 1.1 allows one to find easily the asymp-
totics of the absorption probability in a fixed dimension d as the number of steps
n tends to infinity; see Theorem 5.1. It also allows us to do asymptotic analysis
as the dimension increases and the number of steps n = n(d) grows accordingly
to make the absorption occur with a non-trivial probability. In this case we prove
that the absorption probabilities follow a central limit theorem; see Theorem 5.2.
In particular, our result shows that the phase transition from the non-absorption
to absorption occurs as the number of steps reaches n ~ e2?. In Theorem 5.5 we
give the sharp asymptotics for the absorption and non-absorption probabilities in
the respective large deviations regions n ~ ¢2¥/¢ and n ~ €24 for any ¢ > 1. This
refines the much less precise bounds for the large deviations regions by Eldan [Eld14]
and by Tikhomirov and Youssef [TY17]; see the discussion in Sect. 5.3. We also ob-
tain a version of this result for simple random walks, which of course do not satisfy
the general position assumption. In this case a one-sided bound for the absorption
probability in large deviation regions is given in Theorem 5.7.

1.3 Extensions to other types of increments. The Coxeter group B,, is the
symmetry group of the regular cube [—1,1]". The 2"n! elements of this group act
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on R™ by permuting the coordinates in arbitrary way and multiplying any number
of coordinates by —1. This is a finite reflection group generated by reflections along
the hyperfaces of any Weyl chamber of type B,. Every Weyl chamber W,, of type By,
is a fundamental region for the action of B,,: this means that the sets gW,,, g € B,
are disjoint and their closures constitute the entire R™. We refer to [GB85] for an
introduction to finite reflection groups.

Our method actually applies to convex hulls of not only random walks with i.i.d.
increments but also of any sequence of partial sums S, =& +---+ &, k=1,...,n,
if their increments &, ...,&, are possibly dependent random vectors in R¢ whose
joint distribution is invariant under the action of B,,, that is

(glv s 75”) = (5150(1)7 S ¢En£z7(n)) (4)

for any permutation o(1),...,0(n) of 1,...,n and any €1,...,&, € {—1,1}. In this
case we say that the tuple (&1,...,&,) is symmetrically exchangeable. There are many
important examples of such tuples with non-i.i.d. entries: say, for d = 1, the tuple
of coordinates of any rotationally invariant non-Gaussian random vector in R" is
so. The exact statement of Theorem 1.1 extended to symmetrically exchangeable
increments is given in Theorem 2.3 of the next section.

It turns out that our approach can be generalized to solve the absorption prob-
lems for partial sums of increments whose joint distribution is invariant under the
action of other finite groups. These are the reflection groups of types A,_1 and D,,,
and direct products of finite reflection groups. Let us explain.

The Coxeter group A,_; is the symmetry group of the regular simplex (defined
as the convex hull of the standard basis vectors in R™). The n! elements of this group
act on R™ by permuting the coordinates. The tuple ({1,...,&,) of random vectors
in R is called exchangeable if its distribution is invariant under the action of A,,_1,
that is

d
(‘517"- 7§n) = (50(1)7' "760(71)) (5)
for any permutation o(1),...,0(n) of 1,...,n. We will use the standard notation
Sym(n) for the symmetric group on {1,...,n} of such permutations.

The action of A,_1 leaves the hyperplane z1 + - - - + x,, = 0 invariant. Restrict-
ing the action of A, to this hyperplane allows us to apply the method described
above in Sect. 1.2 to the convex hulls Conv(Sy,...,S,—1) of partial sums with ex-
changeable increments that satisfy the condition & + --- 4+ &, = 0 a.s. This covers
the absorption problem for random walk bridges under the corresponding general
position assumption. The respective analogue of (3) rests on counting the number
of Weyl chambers of type A,,_1 intersected by a generic subspace of codimension d
of the hyperplane x1 4 - -- 4+ x,, = 0. The exact statement is given in Theorem 2.1.

The Coxeter group D,, is the subgroup of B,, of index two whose action on R™
changes signs of an even number of coordinates. The corresponding Theorem 2.7,
concerning the joint distribution of increments invariant under the action of D,,,
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applies to the convex hulls of symmetric random walks that are allowed to choose
the sign of the last jump; see the discussion in Sect. 2.

Thus, all the results discussed above in Sect. 1.2 are proved for the convex hulls
of partial sums of increments whose joint distribution is invariant under the action
of one of the finite reflection groups A,_1, By, or D,. The corresponding equivalent
geometric statements concern Weyl chambers of the respective types.

Finally, we consider the case when the increments are invariant under the action
of a direct product of reflection groups. We restrict ourselves to direct products of
groups of type B. The corresponding Theorem 2.9 solves the absorption problem
for the joint convex hull of several symmetric random walks with possibly different
number of steps (under the corresponding general position assumption).

In the particular case when all the random walks have the same distribution of
increments and each walk has only one step, Theorem 2.9 implies the well-known
result of Wendel [Wen62]: if &, ..., &, are i.i.d. random vectors in R? with an abso-
lutely continuous centrally symmetric distribution, then

d—1
PO ¢ Convia, )] = s > (M ): ®
k=0

Thus, our approach brings together the classical distribution-free results (2)
and (6) by Sparre Andersen and Wendel, respectively, on symmetrically distributed
random variables.

Let us explain the structure of the paper. Section 2 contains the explicit formulas
for the absorption probabilities under the different types of increments. These results
are proved in Sect. 6. In Sects. 3 and 4 we provide some basic facts from the theory
of hyperplane arrangements and conic convex geometry, and prove our new results
on the geometric problems equivalent to the absorption problem. The asymptotic
analysis of absorption probabilities is given in Sect. 5. We conclude the paper with
the list of open questions.

2 Main results: convex hulls of random walks and bridges

In this section we present the explicit formulas for the absorption probabilities for
the partial sums

Sp=&+ " +&, 1<k<n
with the joint distribution of their increments &1, ...,&, € R? invariant under the

action of the finite reflection groups A,_1, By, Dy, and the analogous result for the
invariance under direct products.
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2.1 Type A,_1: random walk bridges. The Coxeter group A, is the sym-
metric group Sym(n), which acts on R™ by permuting the coordinates. The number
of elements in this group is n!. The action of this group leaves the hyperplane

L={(z1,...,2p) eR": 21 + -+ 2, =0}

invariant. This explains why the subscript n—1 rather than n appears in the standard
notation A,_1. Note that the group A,_1 is the symmetry group of the regular
simplex with n vertices, i.e. the convex hull of the standard basis in R™.

Theorem 2.1. Let (&1, ...,&,) be an exchangeable tuple (see (5)) of random vectors
in R* with partial sums S, ...,S,. Assume that S, = 0 a.s., n > d+ 1, and any d
random vectors among S1,...,S,_1 are linearly independent a.s. Then

P[OeConv(Sl,...,Sn_l)]:Z<[dj_2] + :diJ +> (7)

n

where [k] are the Stirling numbers of the first kind defined by the formula

t(t+1)...(t+n—1)zzn:[z-tk (8)

k=1

with the convention that [}| =0 for k ¢ {1,...,n}.

REMARK 2.2. The sum in (7) is (as well as many other sums of a similar type
appearing below) contains only finitely many non-zero terms. Combining (7) with

the identity !
A e A

(which can be obtained by taking ¢t = £1 in (8)), yields the following formula for
the probability of non-absorption:

P[0 ¢ Conv(Sy, ..., Sn_1)] :j(@ + [dfz] +> (10)

In the one-dimensional case d = 1 we obtain from (10) that the probability that
S1,...,5,-1 do not change their sign is

]P’[Sl,...,Sn_l>00rSl,...,Sn_1<0]:%, (11)
since [] = (n — 1)!. In fact, Sparre Andersen [And53, Corollary 2] showed that the
probability of staying positive and the probability of staying negative are 1/n each.
Theorem 2.1 can be viewed as a multidimensional generalization of this classical
formula.

The number % m turns out to be the kth conic intrinsic volume of the Weyl
chamber of type A,,_1, as shown below in Sect. 4.3. It can be also interpreted as the
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probability of having k records in n i.i.d. observations from a continuous distribu-
tion [Nev00, Lecture 13], or as

;'[Z] — P, + -+ 0y = K],
where 1, . .., 0, are independent random variables (the record indicators) with §; ~
Bernoulli(4).

It is remarkable that Theorem 2.1 (as well as the other similar theorems stated
below) is distribution-free, that is the probability in (7) does not depend on the
distribution of &1, . .., &,. No moment conditions on the random vectors are imposed.

Let us stress that without the general position condition imposed in Theorem 2.1,
the absorption probabilities become distribution-dependent. For example, for the
bridge of a simple random walk Sy on Z (which makes jumps +1 with probability
1/2), it is known that for any even n, it holds

]P)[Sl,...,Sn_l>001"5'1,...,Sn_1<0‘5n:0]:

n—1
which is clearly different from (11).

2.2 Type B,: symmetric random walks.  The Coxeter group B, is the sym-
metry group of the regular cube [—1,1]" (or of its dual, the regular crosspolytope).
The elements of this group act on R” by permuting the coordinates in arbitrary way
and multiplying any number of coordinates by —1. The number of elements of this
group is 2"n!.

Theorem 2.3. Let (&1,...,&,) be a symmetrically exchangeable tuple (see (4)) of
random vectors in R? with partial sums Si,...,S,. Assume that n > d and any d
random vectors among St, ..., S, are linearly independent a.s. Then

P[O S COnV(Sl> 527 ceey Sn)]

= o (Bnd+ 1) + B(n.d+3) + ), (12)

where B(n, k) are the coefficients of the polynomial
(t+1)(t+3)...(t+2n—1)=> B(n,k)t* (13)
k=0
and, by convention, B(n,k) =0 for k ¢ {0,...,n}.

REMARK 2.4. By taking ¢t = +1 in (13) we obtain the identity
B(n,1) 4+ B(n,3) 4 --- = B(n,0) + B(n,2) +--- = 2" nl, (14)

It follows that the probability of non-absorption is given by

P[0 ¢ Conv(S1, Sa,...,Sh)] (B(n,d—1)+ B(n,d—3)+---). (15)

= onp)
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The next proposition states a simple sufficient condition for Theorem 2.3 to hold
and yields Theorem 1.1.

PROPOSITION 2.5. If £1,&, ... are iid. random vectors in RY with partial sums
S =& 4+ &, k € N, then the following conditions are equivalent:

(i) for every 1 < iy < --- < iq4, the random vectors S;,,...,S;, are linearly inde-
pendent with probability 1;
(ii) for every affine hyperplane H C RY, we have P[¢; € H] = 0;
(iii) for every hyperplane Hy C R? passing through the origin and every i € N, we
have P[S; € Hy| = 0.

COROLLARY 2.6. If (ii) or (iii) is satisfied, then Theorem 2.3 applies.

Importantly, the probability in (12) does not depend on the distribution of the
increments. This proves the conjecture of Vysotsky and Zaporozhets [VZ17] for
general d. Specifying (15) to d = 1 and noting that B(n,0) = (2n—1)!! we obtain the
probability that a symmetric random walk with continuously distributed increments
stays positive:

2n— 1)1l 1 (2
P[Sl>0,52>0,,,,75n>0]:(”):( n)

2np) 22n \ n

This recovers another classical result of Sparre Andersen [And49]. For a simple
random walk Sk, the formula is different: by the reflection principle,

1 —1
P[Sl>0’52>0""’5">0]:W(F”‘l])
2

The numbers B(n, k) are called the B-analogs of the (signless) Stirling numbers
of the first kind; see the entries A028338 (or A039757 for the signed version) in [Slo].
They satisfy the recurrence relation

B(n,k)=(2n—-1)B(n—1,k)+ B(n—1,k—1)
and are explicitly given by B(n, k) = > 1, 2" (]ZC) [ﬂ These numbers were studied

in detail by Suter [Sut00]. There is a probabilistic representation of B(n, k): it follows
directly from (13) that

B(n, k)
= P[§ s+ 8, = K,
o] (01 + + ]
where 01, ...,9, are independent random variables with §; ~ Bernoulli(%) for 1 <

i < n. Geometrically, B(n,k)/(2"n!) is the kth conic intrinsic volume of the Weyl
chamber of type B,,; see Sect. 4.3.
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2.3 Type D,,. The Coxeter group D,, acts on R by permuting the coordinates
in an arbitrary way and by multiplying any even number of coordinates by —1. It
is a subgroup of B, of index 2 and the number of its elements is 2"~ 'n!. D, is the
symmetry group of the demihypercube constructed from alternation of the regular
cube [—1,1]™.

Theorem 2.7. Let &1, ..., &, be random vectors in R? such that for every permu-
tation o € Sym(n) and every e1,...,e, € {—1,+1} with ey ...g, = +1,

d
(61) s 7£n) = (5160(1)7 R 5n£o'(n))' (16)
Let S, ..., S, denote the partial sums of &1, . . .,&,, and put S;, = Sy,—1—&,. Assume
that n > max{2,d} and any d random vectors from either collection Si,...,S, or
Si,...,8,-1,95) are linearly independent a.s. Then
2
P[0 € Conv(Sy,...,Sh—1,5,5,)] = W(D(n,d+1)+D(n,d+3)+- ), (17)

where D(n, k) are the coefficients of the polynomial
(t+1)(t+3)... (t+2n=3)(t+n—1)=>_ D(n, k)t* (18)
k=0
and, by convention, D(n,k) =0 for k ¢ {0,...,n}.

REMARK 2.8. The probability of non-absorption is given by

2
IFD[O ¢ COHV(Sl, ey Sn_17 Sn, S;kl)] = W(D(n, d— 1) +D(n, d—3> =+ ) (19)
For example, Theorem 2.7 can be applied when &1, . . ., &, arei.i.d. random vectors

as in Proposition 2.5. It is easy to show (see (55) below) that for any n > 2,
CODV(Sl, e, Sn_1,Sh, S:L) = COHV(Sl, e, Sno, Sn) U CODV(Sl, ey Sht, S:L),

hence the probabilistic problem corresponding to the symmetry group D,, concerns
the convex hull of a symmetric random walk allowed to “choose” the sign of its last
jump in order to absorb the origin.

The numbers

D(n,k)=(n—-1)B(n—1,k)+ B(n—1,k—1)

are called the D-analogs of the (signless) Stirling numbers of the first kind; see the
entry A039762 in [Slo] for the signed version. It will be shown in Sect. 4.3 that
D(n,k)/(2"'n!) is the kth conic intrinsic volume of the Weyl chamber of type D,,.
Moreover, we have

D(n, k)
gt = L1014 0 = K],
where 01,...,9, are independent random variables with §; ~ Bernoulli(%i) for1 <

i <n—1and J, ~ Bernoulli(+).

1
n
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2.4 Direct products of reflection groups. So far we considered probabilistic
problems related to irreducible reflection groups. It is known that a general reflection
group can be represented as direct sum of irreducible ones. In this section we study
the absorption problem for the joint convex hull of several random walks and/or
random walk bridges. The corresponding symmetry groups are the direct products
of finite reflection groups.

To be specific, we restrict ourselves to direct products of the form B,,, x---x B,
containing only groups of the same type, namely B. Here r € N corresponds to the
number of random walks and n;, where 1 < ¢ < r, stands for the number of steps
in the ¢th walk. It is straightforward to extend our results to products of the form
Ap, X -+ X Ay, , which corresponds to joint convex hulls of several random walk
bridges, and even to mixed direct products containing groups of all 3 types A, B, D.
We omit such extension because it requires more complicated notation.

Theorem 2.9. Let él), ceey 7(111), ceey Y), . ,57({;) be random vectors in R¢ such that
for every permutations o) € Sym(n,),...,c € Sym(n,) and every signs 5%1), e
5%11), ...,5@, . ,5,({;) € {—1,+1}, we have

(3 RO SIS N 1 0}
d 1) (1 1 ) (7 r) (7
L, D A e ) )
Let S,ii) = 59 + -+ 5,9, 1 <i<r 1<k < n; denote the partial sums.

Assuming that n1 + -+ + n, > d and any d random vectors from the collection
SP, . ,57(111), cen SY), cee Sq(q,i) are linearly independent a.s., we have

Pld+1)+P(d+3)+--)
2niny !, .. 2nrn,!

P[0 € Conv(S®,..., S, .. 80 . g0y = X L (2D
where the P(k)’s (which also depend on r,ni,...,n,) are the coefficients of the
polynomial

r ni+--+n,

[[(t+DE+3) .. t+2m—1)= > Pkt (22)

1=1 k=0
and P(k) =0 for k ¢ {0,...,n1 4+ -+ n,}.

Since the proof of Theorem 2.9 is based on the same ideas as the proofs in the
irreducible cases, but requires complicated notation, it will be presented elsewhere.

ExamMpLE 2.10 (Type Bj: The Wendel formula). Let us consider the particular case
ny = --- = n, = 1 that all random walks make just one step. This corresponds to
the direct product of r groups Z/27Z, where each factor acts on R by multiplication
by +1.
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The random vectors &) := 5%1), 60 = fy) with values in R? are required

to satisfy
(60,6 £ (el x¢]) (23)
for all 2" choices of the signs. Additionally, we assume that any d of these r random

vectors are linearly independent a.s. Then (22), which defines P(k)’s, takes the form
(t+1)" =35 _ P(k)t" so that P(k) = (}). Theorem 2.9 asserts that

MO%CMN@O%””50”22:1((di1>+<di3>+'”>'

Using the recursive property of the Pascal triangle, we obtain

(1) oy L N (-1
P[0 ¢ Conv(eW, ... ¢ ﬂ_2F4§: L)
k=0

This formula is due to Wendel [Wen62], whose proof is essentially based on Schlafli’s
formula (44) presented below; see [SWO08, Section 8.2.1].

The same result can be obtained if one considers the symmetry group Aj since
its action on R?" is isomorphic to the action of Bi on R".

REMARK 2.11. Although some of our arguments can be extended to other group
representations, such extensions do not seem to have a natural probabilistic inter-
pretation. Here is the most meaningful example: by considering the direct product of
r dihedral groups, it is possible to find the probability of absorption of the origin by
the convex hull of r sides chosen uniformly at random in r regular polygons centred
at the origin. We prefer to omit such results here.

2.5 Removing the general position assumptions. As explained above, the
general position assumption is essential in our results. Without this assumption, it
is still possible to obtain a one-sided bound for the absorption probabilities.

Let (£1,...,&,) be a tuple of random vectors in R that satisfies all the assump-
tions of any of Theorems 2.1, 2.3, or 2.7. Denote by H,, 4 the convex hull considered
in the respective theorem. Let (&],...,&),) be any tuple of random vectors in R4
that satisfies all the assumptions of the corresponding theorem except the general
position one. Put S}, = & + -+ &,1 <k <n,and (S) =& +---+&,_1 — &,
and denote by H] , the convex hull of the respective type.

Note that both H], ; and H, 4 are closed, and denote by Int(H), ;) the interior of

/
n,d*

PRrROPOSITION 2.12. For any of the cases A,,_1, By, D,,, we have
P[0 € Int( 7/17d)] <P0e H,q4 <P0€ H,’hd]. (24)

In particular, this result covers simple random walks on Z%, where &y, &, are
Li.d. and P[¢] = e;] = P[] = —¢;] = 2%1 for i = 1,...,d, with ey,...,eq being the
standard basis in R%.
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Proof. Since the absorption probability is distribution-free under the respective gen-
eral position assumption, we can assume without loss of generality that & = &/ +£d;,
where £ # 0 and 41, . .., d, are random vectors in R? independent of ¢/,. .., ¢/, with
the following distribution. In the B,, and D, cases, 1,...,d, are i.i.d. standard nor-
mal vectors in R?, whereas in the A,,_; case, they are i.i.d. standard normal vectors
in R? conditioned on &; + --- 4 0, = 0. The tuple (&,...,&,) defined in this way
satisfies the assumptions of the respective Theorem 2.1, 2.3, or 2.7.

Note that the convex hull H,, 4 is obtained from H{l 4 by a small random distor-
tion. We have 7

P[0 € Hyq] <P[0 € Hy, 4] + P[0 € Hyg,0 ¢ H, 4], (25)
P[0 € Hyg] > P[0 € Int(H,, 4)] — P[0 € Int(H], 4),0 ¢ Hyal, (26)

where P[0 € H,, 4] does not depend on €, whereas

lim P[0 € Hya,0 ¢ Hj, 4] = lim P[0 € Int(H], ;),0 ¢ Hyg] = 0
e— e—s

since H) ,is a closed set and Int(H], ;) is an open set. Letting ¢ — 0 in (25) and (26)
proves (24). Note that the difference in probabilities in (24) can occur because if 0
is on the boundary of H) ,, then even a small distortion possibly gets H, 4 aside of
0. O

In Sect. 6.3 we will present another proof of Proposition 2.12 which follows our
geometric interpretation in terms of intersections of Weyl chambers. It is easy to
extend Proposition 2.12 to direct products of reflection groups.

3 Hyperplane arrangements

3.1 The main formula for the number of regions. A linear hyperplane
arrangement (or simply “arrangement”) A is a finite set of distinct hyperplanes in
R™ that pass through the origin. The literature on hyperplane arrangements [OT92],
[Sta07] considers the more general concept of affine hyperplane arrangements (the
hyperplanes are not required to pass through the origin) but in the present work we
study only the linear case.

The rank of an arrangement A, denoted by rank(A), is the dimension of the
linear subspace spanned by the normals to the hyperplanes in A. Equivalently, the
rank is the codimension of the intersection of all hyperplanes in the arrangement:

rank(A) = n — dim ( ﬂ H) :

HeA
The characteristic polynomial x 4(t) of the arrangement A is defined by

xa(t) =Y (=1)#Bgrrank®), (27)
BCA
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where the sum is over all subsets B of A, # denotes the number of elements, and
rank(@) = 0 under convention that the intersection over the empty set of hyper-
planes is R™. The original definition of the characteristic polynomial is much more
complicated and uses the notions of the intersection poset of A and the Mo&bius
function on it; see [Sta07, Section 1.3]. For our purposes we need only the above
equivalent definition. The equivalence was proved by Whitney; see, e.g., [0T92,
Lemma 2.3.8] or [Sta07, Theorem 2.4].

Denote by R(.A) the set of open connected components (“regions” or “chambers”)
of the complement R™\Uge 4 H of the hyperplanes. The following fundamental result
due to Zaslavsky [Zas75] (see also [Sta07, Theorem 2.5]) expresses the number of
regions of the arrangement A in terms of its characteristic polynomial:

#R(A) = (=1)"xa(=1). (28)

Let A be an arrangement in R™ and let L, 4 be a linear subspace in R" of
codimension d < n — 1. We say that L,,_4 is in general position with respect to A if
for every non-empty subset B C A

dim < ﬂ (H N Ln—d)) _ {n —d —rank(B), if rank(B) <n —d, (29)

HeB 0, if rank(B) > n —d.

Our aim is to find a formula for the number of regions in R(A) intersected
by L;_g. Consider the induced arrangement A|L,_g4, that is the arrangement in
Ly_q = R"? defined by?

A|Lnfd = {H NL, q4: HEe¢ .A}

It is not hard to show, using the fact that R N L,,_4 is connected in L,,_4 for every
R € R(A), that the regions of the induced arrangement are obtained by intersecting
the regions of A with L,,_4. Then, clearly, we have

#{REeR(A): RNLy_gq# 2} = #R(AL,_q).

LEMMA 3.1. Let A be a linear hyperplane arrangement in R"™ and let L, 4 be a
linear subspace in R" of codimension d < n — 1 that is in general position w.r.t. A.
Let

xat) = (1) Fayt (30)

k=0

2 In this definition we assume that the linear subspace L,_4 is in general position w.r.t. A and
that n — d # 1. This ensures that every H N L,_4 has codimension 1 in L,_4 (by (29)) and that
all these hyperplanes are distinct. Indeed, if H1 N L,—q = H2 N L,,—4, then both subspaces have
dimension n —d — 1 by (29), but, on the other hand, Hi N Hz has dimension d — 2 and hence,
HiN Hy N Ly_q has dimension n —d — 2 > 0 by (29), which is a contradiction. In the case that
L,,_q4 is a line in general position w.r.t. A, we define A|L,_q = {{0}}.



894 Z. KABLUCHKO ET AL. GAFA

be the characteristic polynomial of A. Then the characteristic polynomial of A re-
stricted to L,,_q4 is given by

d n
XAz, ) =Y (1) Fap+ Y (1) Fapth (31)
k=0 k=d+1
REMARK 3.2. It is easy to show that a, = 1, a,—1 = #A; see [Sta07, p. 400].
Moreover, the sequence ag, . .., ay is strictly positive [Sta07, Corollary 3.5] and uni-

modal [Sta07, Lecture 2, Exercise 9 on p. 419]. Let us also prove the identity
ag+ag+---=ay+az+.... (32)

By the second part of Zaslavsky’s theorem [Sta07, Theorem 2.5|, for every affine
hyperplane arrangement, the number of bounded regions in R(.A) is (up to the sign)
given by x4(1) = 3}_o(—1)""*a,. Since we are dealing only with linear hyperplane
arrangements, there are no bounded regions, whence (32).

Proof. If Ly, 4 is a line, then A|L,,_4 = {{0}} and x4z, , = t — 1, which is the
same expression as in (31) by (32) and since a,, = 1.

Suppose in the following that n—d > 2. It follows from (29) that for every subset
B C A,

rank(B), if rank(B) <n —d,
n—d, if rank(B) > n —d,
where the rank is in L, _4. Also, as we explained in the footnote, #(B|L,—q) = #B
because L,_4 is not a line. Using (27) (in dimension n — d) and then (33) we obtain

XA, J(8) = > (~1)#Bndmrank(BIL. )
BCA

d

= Z (—1)#8 4+ zn: Z (—1)#Byn—d—rank(B)

k=0 BCA k=d+1 BCA
rank(B)=n—k rank(B)=n—k

After noting that by (27) and (30),
Y. D=1y,

BCA
rank(B)=n—k

rank(B|L,_4) = { (33)

we obtain the required formula. O
Now we are ready to state the main result of this section.

Theorem 3.3. Let L,,_4 be linear subspace in R" of codimension d that is in general
position w.r.t. a linear hyperplane arrangement A. The number of regions in R(.A)
intersected by L,_4 is given by

#{ReR(A): RN Ly_q# 2} =2(ag41 + agesz+...),
where the ay’s are defined by (30) and we set ay, = 0 for k ¢ {0,...,n}.
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Proof. By (28) and Lemma 3.1, we have

Sho@k =23 h_gask,  fd=2s+1,

#{ReR(A): RNL,_ ol = . . _
{ ( ) a7 } {Zk:oak_QZk,:la%—l’ if d = 2s,

where we used that A|L,,_4 is an arrangement in dimension n — d. To complete the
proof, recall (32). O

3.2 Special case: the reflection arrangements. The above results can be
applied to the reflection arrangements in R™ of the types A,_1, Bpn, D,. These
arrangements consist of the hyperplanes

.A(Anfl)Z Ti = Tj, 1<i<j<n,
ABp): xi=uwxj, z=-x5 x,=0, 1<i<j<n, 1<k<n,
A(Dy): xj=xj, x=-x;, 1<i<j<n.

Theorem 3.4. Let L,_4 be a linear subspace in R™ of codimension d that is in
general position w.r.t. to one of the reflection arrangement A(A,_1), A(By), A(Dy).
Then the number of regions in this arrangement intersected by L,_4 is given, re-
spectively, by

R(A(Ap-1)|Ln—q) 2<[d+J Lz+3]+ )
R(A(Bu)| Ly, - B(n,d+1)+ B(n,d+3) +...),

R(A(Dn)|Ln_ ) (D(n d+1)+D(n,d+3)+...).

Proof. The characteristic polynomials of the reflection arrangements are (see Corol-
lary 2.2 on p. 28 and Section 5.1 in [Sta07])

Xt O =t =Dl (= 1) = o1 (34)
k=1
Xt (0) = (= 1)(E=3) ... (¢ — (20— 1)) = 3 (=1)" £ B(n, ke
k=0
Natoy(£) = (¢~ 1)t —3).-(t — (20— )t — (1 — 1)) = 3 (~1)"*D(n, k)t

(35)

where we have used (8), (13), (18). We stress that A(A,_1) is an arrangement in
R™, hence its characteristic polynomial has degree n. O
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3.3 Non-general position. The following lemma compares the number of open
and closed chambers intersected by an arbitrary linear subspace with the respective
number of chambers for a linear subspace in general position.

LEMMA 3.5. Let A be a linear arrangement in R"™ and let Ln_d,L;l_d be linear
subspaces in R™ of codimension d. If L,_4 is in general position w.r.t. A, then

{ReR(A): RNL, 4#{0}} ={ReR(A): RN L, 4# 2} (36)
and

#{ReR(A): RNL, ,#{0}} > #{R e R(A): RN L,_q # {0}}, (37)
H{ReR(A): RNL, ,#0} <#{ReR(A): RN Ly_q # D). (38)

The proof will be presented in Sect. 6.3.

4 Connection with conic intrinsic volumes

4.1 Definition of conic intrinsic volumes. We call a set C C R" a convex
cone if for any z,y € C and a,b > 0 it holds ax + by € C. In the 1940’s a spherical
counterpart of the Steiner formula was developed in [All48,Her43,San50]. In its
modern form (see [SWO08, Section 6.5], [San76, Section IV], and [ALMT14,GNP17,
MT14]), this formula expresses the size of angular expansions of a closed convex
cone C in R™:

P[dist?(8, C) < \] = Zﬁkn (39)

where 6 is a random variable uniformly distributed on the unit sphere S*~! ¢ R™ and
Br.n(+) is the distribution function of a Beta distribution with parameters (n —k)/2
and n/2. Since the functions (i ,,..., 0, are linearly independent, the formula
defines the coefficients v (C') uniquely. The quantities vo(C),...,v,(C) are called
the conic intrinsic volumes of the cone C. The normalization is chosen so that
these quantities do not depend on the dimension of the Euclidean space containing
C, and thus conic intrinsic volumes do not change if we consider C' as naturally
embedded into a space of higher dimension. Note that the kth conic intrinsic volume
vg(C) equals the (k — 1)th spherical intrinsic volume of C'N S"~! considered in
[GHS03,SWO08].

Following the notation of [ALMT14], for each k € {0,...,n}, define the kth
half-tail functional by

hi(C) = v (C) + vp42(C) + ..., (40)

where we set vg(C) =0 for k ¢ {0,...,n}.
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The conic intrinsic volumes satisfy a version of the Gauss—Bonnet theorem (see,
e.g., [SWO08, Theorem 6.5.5] or [ALMT14, p. 28]): if C' is not a subspace, then

1
ho(C):Uo(C)+U2(C)+:§, hl(C):Ul(C)jLUg(C)jL:* (41)
The conic analogue of the Crofton formula (see, e.g., [SWO08, pp. 261-262] or
[ALMT14, Equation 5.10]) is the following relation: if C' is a closed convex cone
that is not a subspace, then for every d € {0,...,n — 1},

han(C) = JPIC AW, # 0}] (42)

where W,,_4 is a random (n — d)-dimensional linear subspace in R" chosen w.r.t. the
uniform distribution on the Grassmannian.

4.2 Characteristic polynomial of linear arrangement and conic intrinsic
volumes. Let A be a linear hyperplane arrangement in R"™ with characteristic
polynomial

n

xalt) =3 (-1 Fapt.

k=0

The next theorem, conjectured by Drton and Klivans [DK10] and proved by Kli-
vans and Swartz [KS11], relates the coefficients of the characteristic polynomial to
the conic intrinsic volumes of the regions of the arrangement. We will give a com-
pletely different (and very short) proof of this theorem. Our approach was already
extended by Schneider [Sch, Theorem 1.2]. A generalization of the Klivans—Swartz
formula [KS11] was first considered by Amelunxen and Lotz [AL, Section 6], whose
work appeared after the first version of our paper.

Theorem 4.1. For every linear hyperplane arrangement A in R",

ap = Z vg(R), k=0,...,n.
RER(A)

Proof. Let W,,_q11 be a random (n — d + 1)-dimensional linear subspace in R”
distributed according to the uniform measure on the Grassmannian, where d €
{1,...,n}. With probability one, W,,_411 is in general position w.r.t. A. Thus, by
Theorem 3.3 we have

#{R S R(.A) RN Wh_q41 % @} = 2(ad + aqg4o + .. ) a.s.

On the other hand, for any R € R(A) it follows from (42) that

1
ha(R) = iE[l{RﬂWn,dH;éz}]-
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Summing up over all R € R(A) and combining the formulas, we obtain that for all
de{l,...,n},

> ha(R) M#Renmymwnﬁﬂ¢gﬂzw+wﬂ+“”
RER(A)

By (32), (41), and the equation above for d = 1, it also holds

Z ho(R) =ap+ag+....
RER(A)

Using the formula vy (R) = hg(R) — hi42(R) (which follows from (40)) we obtain
that for all k € {0,...,n},

Yo wR = Y mR) = D ha(R) =ax

ReR(A) ReR(A) ReR(A)
This completes the proof. O

4.3 Conic intrinsic volumes of the Weyl chambers. The Weyl chambers
of type A,_1, Bn, D, are the following convex cones in R™:

ClAp—1) ={(z1,...,2n) ER": 21 < x9 < -+ < T},
C(Bp) ={(x1,...,2p) e R":0< 21 <2 < -+ < 2p},
C(Dyp) :={(z1,...,2p) ER™": 0 < |21]| <2 < -+ <y}

Each Weyl chamber C' = C(G) is a fundamental domain for the corresponding reflec-
tion group G = A,,_1, By, or D,,. This means that all cones of the form ¢gC, g € G,
which are also called Weyl chambers without any risk of confusion, are disjoint and
that Ugeggé’ = R" holds true.

Theorem 4.2. The conic intrinsic volumes of the Weyl chambers of types A,_1,
B, D,, are given by
B(n, k)

onpl

D(n, k)
n—lpl”’

n

quMszlhqua&D=

n!

0k(C(Dn)) =

fork=0,1,...,n, where [Z], B(n,k), D(n, k) are as in (8), (13), (18), respectively.

Proof. To be specific, consider the A, 1 case. The coefficients of the characteristic
polynomial of the corresponding hyperplane arrangement are aj = [Z] ; see the proof
of Theorem 3.4. The regions in R(A,,_1) are the n! isometric Weyl chambers of the
type A,—1. By Theorem 4.1 we obtain

m — nluk(C(An 1)),

which proves the required formula. The B,, and D,, cases are analogous. O
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4.4 Random arrangements of hyperplanes in general position. Let A be
a linear arrangement in R™ consisting of m > n hyperplanes in general position; in
our terminology, this means that R™ is in general position w.r.t. A; see (29). By (27)
we have that

xalt) = §<—1>k(2)t"k +§<—1>’“(’Z). (43)

Applying (28) and using that the alternating binomial coefficients add up to zero,
we get

hence by the recursive property of the Pascal triangle,
n—1 m—1
R(A) = 2;0 < L ) =: C(m,n). (44)

This well-known formula, proved by Schléfli [Sch50, pp.209-212] for a general di-
mension, goes back to Steiner [Ste26] for n = 3; see also [GHS03, Lemma 8.2.1] for a
simple inductive proof and references. We already saw this formula in Example 2.10.

Let X1,..., X, be ii.d. random vectors on the unit sphere S*~! such that their
common distribution is centrally symmetric and assigns no mass to any (n — 2)-
dimensional great subsphere. The hyperplanes Xf, ..., X5 which are in general
position a.s., divide R" into C(m,n) random cones. We choose one of these cones
uniformly at random to obtain the random Schlifli cone C,, in R™ introduced by
Hug and Schneider in [HS16].

The next result of [HS16] (given there with a slightly different notation) calculates
the expected intrinsic volumes of a random Schléfli cone. This theorem easily follows
from Theorem 4.1.

Theorem 4.3. For any random Schlifli cone Cy, in R", it holds

1 m
EUk(Cm):CW<n_k>, k:07...,n.

Proof. Let A be the arrangement consisting of the hyperplanes X%, . ,XT#. We
have

1
Evg(Cn) = WE ‘y vig(R).

On the other hand, it follows from Theorem 4.1 and (43) that

3 uk(R)—<nTk> as.,

ReR(A)

which completes the proof. O
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REMARK 4.4. As readily seen from the proof, this result holds true for any deter-
ministic vectors X1, ..., X,, that are in general position. The essential randomness
here is in the uniform measure on the C'(m,n) elements of R(A).

5 Asymptotic results

In this section we use the exact expressions of Sect. 2 to study the asymptotic
behavior of the probability that the convex hull of a symmetric random walk or of a
random walk bridge absorbs the origin. The cases A,,_1, By, and D,, are very similar.
We work in the setting of Theorems 2.1, 2.3, 2.7, which assume the exchangeability
of increments, the assumption of general position, and in the cases B,, and D,
the symmetry of the distribution of increments. Recall that H,, 4 C R? denotes the
convex hull considered in any of these theorems.

5.1 Asymptotics in constant dimension. The following theorem gives the
asymptotics of the non-absorption probability in the case that the dimension d
is fixed and the number of steps n tends to infinity. In the case d = 2 this re-
sult was obtained by Vysotsky and Zaporozhets [VZ17]. We write =, ~ 1y, if

i n—oo
limy, 00 Tn/yn = 1.

Theorem 5.1. For any fixed dimension d > 2, under the assumptions of any of
Theorems 2.1, 2.3, 2.7, it holds

2(logn)?~* .
PO ¢ H,q] ~ “@Dh in the A, _1 case,
oo %, in the B,, and D,, cases.

Proof. In the A,_1 case, we can use the well-known asymptotics of the Stirling
numbers [Wil93]: for a fixed k € N,

Substituting this formula into the statement of Theorem 2.1 (see also (10)) and
noting that the term [g] dominates all other terms, we obtain

2 ([n n 2 [n 2(logn )4t
P H,q =— ) o~ = ~
[0 ¢ Hudl n! ([d] * [d - 2} * > n—oo nl [d] n—oo (d—1)n
In the B,, case, the definition of B(n, k) given in (13) yields

B k) =@n—1)1 3 !

N e T BRI Y

@n-pt o 11 k
nooo kI 3 on — 1

(2n — )N
nsoo  2FK

(logn)",
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where, in order to pass from the first line to the second one, one shows (by an omitted
standard argument) that the contribution of all terms in the sum where at least two
indices i,, and i; are equal is o((logn)¥). Substituting the above asymptotics for
B(n, k) into the statement of Theorem 2.3 (see also (15)), and noting that the term
B(n,d — 1) dominates all other terms, we obtain

(Bnd—1)+ Bn,d—3)+...) ~ Bmd=l

ALY n—00 2nn!

P[0 ¢ Hypa] =

Using the asymptotics of B(n,d — 1) and the Stirling formula, we obtain

(2n — 1)1 (logn)d—! (logn)d—1
POF Hudl | 2y 201 (d — 1)1 a0 272(d — )i/

The computation for the D,, case is similar to the one for the B, case and yields
the same result. O

5.2 High-dimensional asymptotics: central limit theorem. Consider the
convex hull H,, 4 of a symmetric random walk (or any random walk bridge) of length
n in a high dimension d. It is clear that if n is sufficiently small, then the absorption
probability should be close to 0, whereas for sufficiently large n the absorption
probability should be close to 1. Hence, at some value of n (which is a function
of d) there should be a phase transition from non-absorption to absorption. This
transition was studied by Eldan [Eld14] and in the subsequent paper by Tikhomirov
and Youssef [TY17].

In this section we provide a precise description of the location of this phase
transition. It will be convenient for us to make d = d(n) a function of n rather than
considering n as a function of d. The next theorem shows, in particular, that the
absorption probabilities P[0 € H,, 4(,,)] exhibit a phase transition at d(n) ~ %logn
for symmetric random walks and d(n) ~ logn for random walk bridges.

Theorem 5.2. Let the dimension d = d(n) be such that for some a € R,

d(n) = ulogn 4 a\/ulogn + o(y/logn),

as n — oo, where uw = 1 in the A,,_1 case and u = % in the B,, and D,, cases. Then
under the assumptions of any of Theorems 2.1, 2.3, 2.7,

1 [ e
lim P[0 ¢ H, )] = Ton / eV 2qt, (45)

n—o0

Proof. Consider the case A, first. By Theorem 2.1 (see (10)), we have

P[oan,d(n)]zjl<[Z]+[df2]+...>. (46)
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A classical result of Goncharov (see, e.g., [FS09, Sec. IX.5] or [Nev00, p. 63]) states
that the Stirling numbers of the first type satisfy a central limit theorem (CLT) of

the form
lim 1(2[ ] = 1/a e P2at (47)
n—oo n! — o V2T J '

On the other hand, the Stirling numbers of the first kind are unimodal (in k)
being the (signed) coefficients of the characteristic polynomial of a hyperplane ar-
rangement; see Remark 3.2 and (34). Combining this fact with (47) and the uni-
modality of the standard normal density, we see that the mode m,, of the sequence
(4] satisfies

my, = ulogn + o(y/logn). (48)

Hence if a < 0, then [}}] are monotone increasing in k for k < d(n), and thus

d(n)+1

n,Z[}<PO¢ dn)Sni 2 [] (49)

By the Goncharov CLT (47), this implies the required (45) for a < 0. The
proof for a > 0 follows analogously by considering the complement probabilities
P[0 € H,, q()) and using the monotonicity of (4] for k > d(n). Finally, the case
a = 0 is easily treated using the continuity of the standard normal density. This
completes the proof of Theorem 5.2 in the case A,_1.

We now turn to the case B,. We will use the powerful theory of mod-Poisson
convergence developed in [FMN16,KN10]. Once established, the mod-Poisson con-
vergence yields many limit theorems besides the CLT.

Let X,, be an integer-valued random variable with the distribution

P[X, = k] = B(n,k), k=0,...,n. (50)

2nn)
Note that the probabilities indeed sum up to one by (13) with ¢t = 1.
We claim that X, satisfies a central limit theorem of the form

X, — 11
An T plogn i) N(O, 1), (51)

1/%logn e

where N(0,1) is the standard normal law. This is analogous to (47).
Denote by (x), = z(x +1)...(x + n — 1) the rising factorial. By the definition
of B(n, k) given in (13), the moment generating function of X, is

1 ] (ez)gn
2% (%ez)n '

E[e*%"] =
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Recall that (z), ~ n*T'(n)/I'(x) as n — oo. This holds locally uniformly in z € C
and follows from the Weierstrass infinite product formula for 1/T'(z). Using this
asymptotics and the Stirling formula, we obtain the following.

LEMMA 5.3. For the sequence X,, defined in (50), locally uniformly on C we have

. E[e*X"] 2°°T($e%)
lim — = .
n—00 e(Elogn)(ez—l) 2\/77{‘(82)

(52)

The denominator e(z18™(€ =1 o the left-hand side is the moment generating
function of a Poisson distribution with parameter % log n. Hence (52) states that X,
converges in the mod-Poisson sense. This implies the CLT (51) by the general theory
of mod-Poisson convergence; see [KN10, Proposition 2.4, Part (2)].

The rest of the proof is completely analogous to the case A,_1. The probability
mass function of X, is unimodal by Remark 3.2 and (35), and its mode satisfies (48)
(with w = %) by the established CLT (51). By Theorem 2.3 (see (15)) combined
with the definition of X,, given in (50) and the unimodality of B(n, k), we see that
if a < 0, then

P[Xn <d(n) = 1] < P[0 ¢ H,, ()] < P[Xy < d(n)]. (53)

This is analogous to (49) and proves the required (45) in the B, case for a < 0. The
case a > 0 is covered as above.

The D,, case is completely analogous to the B,, case and yields the same asymp-
totics. 0

COROLLARY 5.4. It holds
d(n)

0, if imsup, o 2102m < Ls
lim P[0 & H, gom] =< 1 if lim inf dn)_ - 1
oo n,d(n) ) n—0o0 ylogn )

1/2, ifd(n) = ulogn + o(y/logn).

Proof. The third case follows by taking @ = 0 in Theorem 5.2. The other two cases
also follow from Theorem 5.2 since the probability P[0 ¢ H, 4] is increasing in d if
we restrict d to be even or odd; see Theorems 2.1, 2.3, 2.7. O

5.3 High-dimensional asymptotics: large deviations. In this section we
give the asymptotics for the absorption (non-absorption) probabilities in regions of
large deviations, where the random walk or bridge makes too few (respectively, too
many) steps compared to a typical mode described in the previous section. The
first results of this kind were obtained by Eldan [Eld14], who proved that for some
constants 0 < ¢; < ¢z, non-absorption (respectively, absorption) occurs with a high
probability provided that n < ec1d/logd (respectively, n > echlOgd). Tikhomirov and
Youssef [TY17] removed the log d factor and replaced the bounds above by n < e¢
and n > e®? respectively.
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The authors of [Eld14] and [TY17] considered the following four models: a Brow-
nian motion sampled either at times 1,...,n or at the points of a homogeneous
Poisson point process restricted to [0,1]; a simple random walk; and a Rayleigh
random walk (whose i.i.d. increments are uniformly distributed on the unit sphere
Sd_l). Our result presented below is sharp and holds true for any increments that
satisfy assumptions of any of Theorems 2.1, 2.3, 2.7. In particular, it is valid for a
Rayleigh random walk and for a Brownian motion sampled at times 1,...,n. Fur-
ther, our result can be easily adapted to a Brownian motion sampled at the jump
times of a Poisson process since the increments in this model are exchangeable; in
fact, conditioning on the number of jumps in [0, 1] makes the times between jumps
exchangeable. However, without the general position assumption, we are able to
cover only one of the two large deviation modes: our Theorem 5.7 implies that the
probability of non-absorption is polynomially small in the number of steps n pro-
vided that n > e?*9)? (for symmetric random walks) or n > e(1*9)4 (for random
walk bridges). Thus simple random walks on Z? are not fully covered.

Theorem 5.5. Suppose that d(n) = uz,logn € N with lim, . x, = x for some
constant x > 0, where uw = 1 in the A, _1 case and u = % in the B, and D,, cases.
Then under the assumptions of any of Theorems 2.1, 2.3, 2.7,

nfu(cl,‘n 10g In*an”l) L(x)

0¢ H if 1

FOE Huaol o ™ rratogn 1—a2 17 <L
—u(z, logz,—x,+1) L

L (@) e,

PI0 € Hraem) o V2rzulogn  x24—1’

where L(x) = %x) in the A, case and L(z) = %{“E%Z) in the By, and D,, cases.

REMARK 5.6. Taking the first two terms of the Taylor series for zlogz —x+1 yields

n—uw(zlogz—z+1) ($) {uxlogn}

]P[O ¢ Hn,[umlogn}] n:oo \/W 1_ , ifx <1,
—u(zlogx—x+1) {ux logn}
]P[O S Hn,[uzlogn}] z (:E)x , ifx>1,

n 00 V2mzulogn -1

where {y} = y — [y] denotes the fractional part of a y > 0.

Note that the function xlogxz — x + 1, > 0, is the large deviations function of
a standard Poisson distribution.

Proof. By Example 3.8 in [FMN16], for any fixed k € Z we have

1 n nf(:):n log xp,—x,+1) xfk
n! n—00

xplogn + k V2rzlogn  T(z)
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Similarly, by the general theory of mod-Poisson convergence [FMN16, Theorem 3.4],
which applies since the limit in the right-hand side of (52) is an entire analytic
function non-vanishing for real z, we have

n- (gcnloga: —z,+1) 2‘”F(x/2 7]{/2

)
)
)
)

1 1
B( ' o nl k) ~
g Z gt los ) Vrrlogn 2y/nl(x

1 D( L loan it k) n =3 (@n 108 Tn—2nt1) 92T (5 /9
— n, —Tnlogn ~
2n—1n) g io8 n—oo Vrrlogn 2/7l(x

)

k2

Then the claim follows by summation over even k in the A, case or over odd k
in the B,, and D,, cases such that k > 1if z > 1 or £k <0 if z < 1. The summation
is justified by the dominated convergence theorem and the second statement of
Theorem 3.4 in [FMN16]. 0

Recall that for any tuple of random vectors (£7,...,&,) in R? that satisfies all
the assumptions of any of Theorems 2.1, 2.3, 2.7 except the general position one,
H! . denotes the convex hull of the corresponding type.

Theorem 5.7. For every ¢ € (0, 3) there exist § = §(¢) € (0,1) and C = C(g) > 0
such that for all n > e/ (v=¢)

Pl0 € H) 4 >1—Cn™,
where uw = 1 in the A,,_1 case and u = % in the B,, and D,, cases.

Proof. In the case when the general position assumption holds, Theorem 5.5 implies
that P[0 ¢ H, 4] < Cn~° for some 6§ € (0,1) and C' > 0 since d < (u — ) logn
and xlogx —x + 1 is bounded away from 0 if x is bounded away from 1. The claim
follows by Proposition 2.12. O

It is natural to assume that Theorem 5.7 is sharp in the following sense:

Conjecture 5.8. For every ¢ > 0 there exist 6 = d(¢) € (0,1) and C' = C(e) > 0
such that for all n < e¥/(ut 5)

Bl0 ¢ H) ] >1-Cn™,

where u = 1 in the A, _1 case and u = 5 in the B,, and D,, cases.

6 Proofs: Random convex hulls and Weyl chambers

In this section we prove our main probabilistic results Theorems 2.1, 2.3, 2.7 on ex-
act absorption probabilities under the respective general position assumption. Here
we also prove Proposition 2.12 which estimates absorption probabilities for general
random walks. The proofs are based on the same general approach but the partic-
ular details are rather different. For the reason of notation, we present together the
proofs of Theorems 2.1, 2.3, and 2.7, and prove the other two results separately.
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6.1 Reflection groups A,,_1, By, D,: Proofs of Theorems 2.1, 2.3, and 2.7.
We identify the elements of the Coxeter groups A, _1, By, and D,, with orthogonal
transformations g : R™ — R"™. The Weyl chambers C(4,,-1),C(By,), and C(D,,) are
respective fundamental domains for the actions of these groups. The action of A, _1
leaves the hyperplane L given by the equation x; + --- + x, = 0 invariant, hence
C(Ap—1) N L is a fundamental domain for the action of A,,_; restricted on L.

Let &1, ..., &, be random vectors with values in R? (written as columns), and let A
be the random d X n-matrix with columns &1, ...,&,. We regard A as a random linear
operator A : R” — R%. The kernel Ker A of this operator is a random linear subspace
of R". Recall that H, 4 is the common notation for the convex hulls considered in
Theorems 2.1, 2.3, 2.7.

LEMMA 6.1. Let G be any of the Coxeter groups A,—_1, Bn, Dy, and let C denote the
respective domain C(A,,—1)NL,C(By,), or C(D,,). Suppose that the tuple (&1, ...,&,)
satisfies all the assumptions of the respective Theorem 2.1, 2.3, or 2.7 except the
one on general position. Then for every g € G,

P[0 € H,, 4] = P[Ker AN (gC) # {0}].
Proof. We are interested in the probability of the event
B = {Ker AN (9C) # {0}} = {Kex(4g) N C # {0}}.
Denote by ey, ..., e, the standard basis of R”, and recall that
S1=68, S2=&+&, ..., Sa=&+ - +&.

Type A,_1. The elements of A, _1 are the orthogonal transformations of the form
go : R" — R™ where o € Sym(n) is a permutation on n elements, and

gg(ek) :e,,(k), k:L...,n.
It is easy to check that the columns of the matrix Ag are &;(1), ..., & (n). Hence,
E = {3z € O\{0}: &yw1 + -+ + Epnytn = 0}

There is a bijective correspondence between z = (x1,...,2,) € C\{0} and y =
<y17 oo 7yn—1) € Rggl\{o} given by

Y1 =22—21, --+y Yn—1=Tp — Tn-1
or, equivalently,
T1=Yo, T2=Yo + Y1, -5 Tpn=Yo+ "+ Yn-1,

where 39 € R is chosen to fulfill the condition x1 + --- 4+ z,, = 0. So the event E
occurs if and only if for some o, ..., y,—1 with the restrictions above,

Eo)¥o + Eo2) (Mo + Y1) + -+ &y (Yo + - + Y1) = 0.
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Rearranging the terms, we can write this as

Yooy + T &) T¥1(&o2) T+ &om) + + Yn—185m) = 0.

Using the assumption & + - - -+ &, = 0 a.s., yg disappears and we can transform the
above as

Y161y T ¥2(6o) +€o2) T F Yn—1(§o) + -+ Eom_1)) = 0.

The exchangeability assumption (5) on the distribution of (&i,...,&,) implies
that

d
(ga(l)a 50’(1) + 50’(2)7 s 7&0’(1) +eet go(n—l)) = (Sla Sa, ... 7Sn71)'
Hence we obtain the required relation

PIE] =P[3(y1,- - yn-1) € RGN0} 4151 + 4252 + - + yn-1Sn1 = 0]
= P[O S COnV(Sl, So, ... ,Snfl)].

Type B,,. The elements of B, are the orthogonal transformations of the form

goe : R" — R", where o € Sym(n) is a permutation on n elements, € = (e1,...,&p) €
{=1,+1}", and
gaﬁ(ek) :6]€€g(k), k= 1,...,n.
Note that the columns of the matrix Ag are €1§5(1),--.,EnSs(n), @ One can see by
computing (Ag)ey,...(Ag)e,. So we can write the event E in the form
FE = {EL’L' € C_'\{O} 6150(1)1'1 —+ -+ sn&,(n)xn = O}. (54)

There is a bijection between z = (z1,...,2,) € C\{0} and y = (y1,...,9n) €
Rgo\{()} given by

TL=Y1, T2=Y1+Y2, -y Tn=Y1+ "+ Yn.
Hence we can write the condition for the event E as
e1&oyy1 + 2852 (Y1 +y2) + -+ Enbom) (Y1 + -+ yn) =0,
or equivalently,
y1(e1éo() + -+ endom)) T y2(€28002) + - F Enbom)) T+ Uncnbom) = 0.

The symmetric exchangeability assumption (4) on the distribution of (&1, ...,&,)
implies that

d
(e16o(1) T+ +enéo(n), €2602) +* + Enéo(n)s - - - Enbo(n)) = (Sny Sn—1,- -+, 51),
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hence we obtain the required

P[E] = P[3y € RE,\{0}: 4150 +y2Sn—1 + -+ + ynS1 = 0]
= P[0 € Conv(Sy, S2,..., )],

Type D,,. This case is very similar to the B,, case as the elements of D,, C B,
are the orthogonal transformations g, . such that €1 ..., = 1. There is a bijective
correspondence between z = (z1,...,2,) € C\{0} and y = (y1,...,yn) € (R X

Rgal)\{()} given by
r1=y1, v2=|yl+y2, ..., Tw=|nl+y2+- +yn
So we can write the condition defining the event F in (54) in the form
e1&oyy1 + 2oy (Y1l +y2) + -+ enéom) (Y1l +y2 + -+ +yn) = 0.

Rearranging the terms, we obtain the equivalent representation

ly1l((sgny1)eréoy + €2602) + -+ + €néo(n))
+y2(e2852) + +Enéom)) + 0+ Unnéom) = 0.

Recall that S = & + -+ + &,—1 — &,. The invariance assumption (16) on the
distribution of (&1, ...,&,) implies that

(e1€) + -+ Enbom)> —€1&0(1) T + Enom),
d *
5250(2) +eoet Enfa(n)a s 7€n§U(n)) = (STH Sn7 Sn—1y- s Sl)
So we obtain that

]P)[E] = ]P)[Ely € RgO\{O} ylsn + yQSn—l + o+ ynsl =0
or y15, + y2Sn—1+ -+ ypS1 = 0],

hence
P[E] = P[0 € Conv(Sy,...,Sh—1,5,) or 0 € Conv(Sy,...,S,—1,5)].
To complete the proof of Lemma 6.1, we need to argue that
Conv(Sy,...,Sn-1,5,)UConv(Sy,...,S,-1,S;) = Conv(S1,...,S,,S:). (55)

The left-hand side is a subset of the right-hand side by definition of the convex hull.
To see the converse inclusion, consider any convex combination

=015+ +op_2S,-2+ 15,1+ apSy + OZ:LS;:
If o, > @}, then by the identity S;; = 25,_1 — S, we obtain

r=0151+ -+ o252+ (an—l + 204;:)571—1 + (an - Oé:;)Sn,
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which represents x as a convex combination of Si,...,S5,_1,5,. Indeed, the sum
of the coefficients did not change, and hence equals one. This also ensures that
the coefficients do not exceed one since all of them are non-negative. Similarly, if
an < ) we obtain representation of x as a convex combination of Si,...,S,_1,

ns

S 0

We are now ready to complete the proofs of Theorems 2.1, 2.3, and 2.7. Applying
Lemma 6.1 to all ¢ € G and taking the arithmetic mean, we obtain

1 _ EN
P H,4=-— PKer A =
0 Haal = 55 D PIKer AN (40) # {0}] = 2. (56)
geG
where the random variable
N =D Liker An(eC)20}} (57)
geG

counts the number of chambers of the form ¢C, g € G, intersected by Ker A.

In the A,_1 case, N equals the number of closed Weyl chambers of type A,_1
(non-trivially) intersected by L N Ker A, as readily seen from the equation Ker AN
(gC) = (LN Ker A) N g(C(A,_1)). In the B, and D,, cases, N equals the number
of closed Weyl chambers of the respective type that have a non-trivial intersection
with Ker A.

It remains to use the following lemmas, whose proof is postponed for a moment.

LEMMA 6.2. (Type A,—1) Under the assumptions of Theorem 2.1, L N Ker A a.s.
has codimension d + 1 in R™ and a.s. is in general position w.r.t. the arrangement

A(An_1).

LeEMMA 6.3. (Type B,, and D,,) Under the assumptions of Theorems 2.3 or 2.7,
Ker A a.s. has codimension d in R™ and a.s. is in general position w.r.t. A(B,,) or,
respectively, A(D,,).

These lemmas, combined with Lemma 3.5, imply that the value of N does not
change a.s. if we replace C' by C' in the definition of N. Hence N is a.s. a constant
of the value given by Theorem 3.4, and then Theorems 2.1, 2.3, and 2.7 follow.

6.2 General position: Proofs of Lemmas 6.2, 6.3 and Proposition 2.5.

Proof of Lemma 6.2. We use 31,..., [, as coordinates on R™. Recall that Ker A is
the set of solutions to the system of effectively d linear equations 11+ - -+ 3,&, = 0.
Define the linear function 7" : R” — L that maps (51,...,0,) to (81 —0b,..., 08, —b),
where b = %(ﬁl +---+[,). Note that T(Ker A) = LNKer Aa.s. by & +---+&,=0
a.s. Since Ker T = Lt = {(a,...,a): a € R} belongs to Ker A a.s., the kernel of the
restriction T'|ger 4 also is L+ a.s. Hence

dim(LNKerA) =dim(KerA) —1=n—-d—1 as.,
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where the last equality holds since &1,...,&; are linearly independent a.s., which
in turn easily follows from the a.s. linear independence of Si,...,S; given by the
general position assumption of Theorem 2.1. Therefore the rank of A equals d with
probability 1.

Let us prove that L N Ker A is in general position w.r.t. A(A,_1). Take a linear
subspace K C R" of dimension k that can be represented as the intersection of
hyperplanes from A(A,_1), i.e., hyperplanes of the form g; = ;, 1 <i < j < n.
According to (29), we need to show that

k—d—1, ifk>d+1,

dim(K N LNKerA) = .
0, ifk<d+1.

Similarly to the above, we have T(K NKer A) = K N L N KerA as. and the
kernel of the restriction T'|gnKer 4 &.S. is the one-dimensional linear space L+, Thus
it suffices to show that

k—d, ifk>d+1,

dim(K N Ker A) a.:s.{l Fh<dil

The linear subspace K is given by a system of equations of the following type:
the variables (31,..., 3, are decomposed into k non-empty groups and required to
be equal inside each group. Since (&1,...,&,) is an exchangeable tuple and we can
apply a suitable transformation from the group A,_1, it can be assumed without
loss of generality that K is given by the equations

m=p==0, M =B0h+n1=""=0nh - W:=DBi_+1=""=Dn,

for some 1 < i1 < -+ < ip_q < i :=n.
Using 71, ..., as coordinates on K, observe that K N Ker A is given by the
equations

Y€+ + &) F e+ +6) o G+ 60) =0,
which imply that
11Si, +72(Si, —Si,) + - +7%(0— S, ) =0 as.

Let K = dim K > d+ 1. Then with probability 1, the rank of this system of equa-
tions is maximal (namely, d) because S, ..., S;, and hence, S;,, S;, — S; - Si, —
Si,_,, are linearly independent a.s. by our general position assumption. We have
used that iq < ip = n. Then K N Ker A, the space of solutions of the system, has
dimension k — d a.s. as required.

Let now £ < d + 1. Take some linear subspace K; D K that can be repre-
sented as the intersection of hyperplanes from the arrangement A(A,,_1) and satis-
fies dim K7 = d + 1. Then apply the above to get dim(K; NKerA) =d+1—-d=1
a.s. This yields dim(K NKer A) < 1 a.s., but since L~ ¢ K NKer A a.s., we in fact
have dim(K NKer A) = 1 a.s., thus completing the proof. O

19"
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Proof of Lemma 6.3. Consider the B,, case first. By the general position assumption
imposed in Theorem 2.3, the vectors Sy, ..., Sy are linearly independent a.s. Hence
&1, ..., & are linearly independent a.s. and the rank of the matrix A equals d with
probability 1. Then the codimension of Ker A equals d a.s.

Letting fi,..., 0, denote the coordinates on R"™, observe that Ker A is given
by £1&1 + -+ + Bn&n = 0. To prove that Ker A a.s. is in general position w.r.t.
A(By,), take a linear subspace K C R™ of dimension k that can be represented as
the intersection of hyperplanes from A(B,,), that is, hyperplanes of the form

Bi=p; 1<i<ji<n), Bi=-F 1<i<j<n), Bi=0(1<i<n).
According to the definition of general position (see (29)), we have to show that

k—d, ifk>d,

dim(K N Ker A) = _
0, if £k <d.

The linear subspace K is given by a system of equations of the following form.
The variables fi,..., 3, are decomposed into k + 1 distinguishable groups, all of
which must be non-empty except the last one. All variables in the last group are
required to be 0. For the remaining variables, there is a unique choice of signs, which
multiplies each variable by 41 or —1, such that the sign-changed variables are equal
inside every group except the (k + 1)st one.

Since the tuple (&1,...,&,) is symmetrically exchangeable and we can apply a
suitable transformation from the group B,, it can be assumed without loss of gen-
erality that K is given by the equations

Nni=p=-=0, n=0%wn="=0 - W=D0i_+1==0,
Bixt1="+"=PBn=0,
for some 1 < iy < --- < 1 < n. We consider vy, ...,7 as coordinates on K. Then,

K NKer A is given (inside the linear space K) by the system of equations

N+ +G) + G+ &)+ (G o+ 6) =0

Using the partial sums, this can be written as
Y185, +72(Si, — i) + -+ + (i — i) = 0.

Let first k = dim K > d. Then with probability 1, the rank of this system of
equations is maximal (namely, d) since S;,, ..., S;, and hence, S; , S;, —S; S, —
Si,_., are linearly independent a.s. by our general position assumption. Then K N
Ker A, the space of solutions of the system, has dimension k — d a.s. as required.

Let now k < d. Take some linear subspace K; D K representable as the in-
tersection of hyperplanes from the arrangement A(B,,) and satisfying dim K; = d.
Applying the above to K, we get dim(K; NKer A) = d —d = 0 a.s., which yields
dim(K NKer A) = 0 a.s., completing the proof in the B,, case.

172"
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The D,, case can be treated similarly, and we highlight only the main differences.
Let K C R” be a linear subspace of dimension k that can be represented as the
intersection of hyperplanes of the form 3; = +£3;, 1 < i < j < n. Then K has
exactly the same form as in the B,, case, but since the arrangement A(D,,) does
not include the hyperplanes 3; = 0, the last group of variables (that are required to
be 0) cannot contain exactly one element. Applying an appropriate transformation
from the group D, allows to change only even number of signs, therefore we can
assume that K either has the same form as in the B,, case, or is given by

m=0==08 . V-1:=0PLhot1=""=0B_,,
Ve = Bip_141 = = Bn—1 = —Bn,

for some 1 <11 < -+ < ip_1 < i := n. In the former case, the same argument as in
the B, case applies. In the latter case, K N Ker A is given (inside the linear space
K) by

YSi, +72(Si, = Si,) + -+ (S, — Si_,) =0,

where we recall that S} = S,_1 —&,. From now on, we can apply the same argument
as in the B,, case, but with S, replaced by S;:. O

Proof of Proposition 2.5 and Theorem 1.1. It suffices to prove the equivalence of (i),
(ii) and (iii) in Proposition 2.5, because then Theorem 1.1 follows as a particular
case of Theorem 2.3.

Proof of (i) = (ii). Assume by contraposition that § := P[§; € H| > 0 for some
affine hyperplane H = Hy+ v, where Hj is a hyperplane passing through the origin.
Since the distribution of &; is symmetric, we have P[Sy € Hp] > 62 > 0 and hence,

P[Sy € Ho, S4 € Ho, ..., S € Ho] > 6°* > 0,

a contradiction to (i).

Proof of (ii) = (iii). Let Hy be given by the equation f(z) = 0, where f : R — R
is a linear functional. By (ii), we have P[S; € Hyg| = 0. Let ¢ > 2. Using the identity
f(S;) = f(Si—1) + f(&), we obtain

P[S; € Hy| = F[f(S:) = 0] = / PLF(€) = —y) P/ (Si—1) € dy] = 0

since by (ii), P[f(&) = —y] =0 for all y € R.

Proof of (iii) = (i). The vectors S;,, ..., S;, are linearly dependent if and only if \S;,
can be linearly expressed through S;,,...,S;, , for some 2 < k < d, or if S;, = 0.
The latter event has probability zero by (iii). To prove that the former event also
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has probability 0, denote by lin(y, ..., yx—1) the linear subspace spanned by vectors
Y1, .., Yr—1 € R% Then

]P)[S’Lk S hn(Silv s 757;1971)]

- ]P)[Slk - S’L'k_1 e lin(S7117 ttt SZk—l)]

= / P[SZA — S'ik,—l S lin(yl, ey ykfl)] P[Sil S dyl, ceey Sik—l € dyk,l]
RE—1

= ]P)[Sik_ik—l € hn(yh ey ykfl)] P[Sh € dyl? ceey Sik—l € dykfl]
Rk}—l

=0

since the integrand is 0 by (iii). Hence the probability that S;,,...,S;, are linearly
dependent is 0. 0

6.3 Non-general position: Proofs of Lemma 3.5 and Proposition 2.12.

Proof of Lemma 3.5. Let us prove (36), that is
{ReER(A): RNL, ¢4#{0}} ={ReR(A): RN L, q+# 2}. (58)

Since 0 ¢ R, the assumption RN L,_4 # @ clearly implies that RN L,,_4 # {0}. To
prove the other inclusion in (58), we assume, by contraposition, that RN L,_g4 # {0}
but RNL,_q = @. Note that R is a closed polyhedral cone, that is an intersection of
finitely many closed half-spaces whose boundaries are hyperplanes passing through
the origin.

Given some face F of R, we denote by lin F its linear hull and by m € {0,...,n}
the dimension of lin F' (we assume that R itself is a face). The relative interior
relint [ of the face [ is defined as the interior of F taken w.r.t. the linear hull lin '
as the ambient space. It is known that R is the disjoint union of the relative interiors
of its faces. Hence, there is a face F' # {0} of R such that L, _4Nrelint F # @. Since
R is a cone, the dimension of F' is at least one. Note that F' # R by the assumption
that RN L,,_q = &, hence dim F = m ¢ {0,n}. Since L,_4 is in general position
w.r.t. A, the dimension of the linear space Vj := L,,_q Nlin F' is max(m — d,0). In
fact, it equals m — d # 0, because otherwise we would have L,,_4 Nlin F = {0},
which is a contradiction. Thus, we can construct linear spaces V; and V5 such that
linF =V Vi, Ly_q=Vo® Vo, and Vy & V1 & Vo = R™. We then have dimV; =d
and dim Vo = n — m # 0. Note that V; and V5 can be taken so that V(LV; and
VoLV, but we do not necessarily have Vi L V5.

Take some = € L,,_g Nrelint F. The support (or tangent) cone of R at its face F'
is defined as

A(F) = pos(R — x) = {y € R™: 3¢ > 0 such that = + ey € R},

where pos(M ), the positive hull of M, is the minimal convex cone containing the set
M . Tt is known that A(F) is a closed convex cone containing lin ' and not depending
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on the choice of z € relint F'. This assumption on x also ensures that thereisa d > 0
such that B
Bs(z) "R = Bs(z) N (x + A(F)). (59)

Let z € R be some point from the interior of R. Write z —x = vg+v1 +v2 € A(F)
with v; € Vi, i = 0,1,2. Since —(vg + v1) € lin F' C A(F), we have vy € A(F). In
fact, the same argument applies to any point in a sufficiently small ball around z.
Observe that vy is the projection of z — x onto V5 along Vj @ Vi, and that the
projection of the ball around z —  covers some set of the form B, (vy) N V3, where
B,/(v3) is the ball of radius " > 0 around ve. This proves that B, (v2) N Vy C
A(F), but since Vp & Vi = lin F' C A(F'), we even have B,(v2) C A(F) for some
0 < r < 7' by the convex cone property of A(F). Then, by the same property,
B.,(ev2) C Bs(0) N A(F) for all sufficiently small e > 0. Hence, using (59), we get
Ber(x +ev2) C Bs(x) N (z + A(F)) C R. This implies that o + vy is in the interior
of R, which is a contradiction because we also have x € L,_g4, va € L,_q4 and,
consequently, x + cvg € L,,_4.

Now we prove (37); the proof of (38) is analogous. So, we need to prove that

#{ReR(A): RNL,_4#{0}} > #{R € R(A): RN Ly—a # {0}}.

Let Gr(n —d,n) be the Grassmannian of all (n — d)-dimensional linear subspaces in
R™ endowed with the following metric: the distance between two linear subspaces M
and N is defined as the operator norm of the difference of the orthogonal projections
in R™ onto M and N. This metric coincides with the Hausdorff distance between
the sets obtained by intersecting M and N with the unit ball in R™; see Akhiezer
and Glazman [AGS81, Section 39]. Hence the Grassmannian Gr(n — d,n) is a com-
pact metric space. There is a unique probability measure on it (the Haar measure)
invariant under rotations of R™.

The set of subspaces that are in general position w.r.t. A is dense in Gr(n—d,n).
Indeed, the complement of this set has zero Haar measure by [SW08, Lemma 13.2.1],
and the Haar measure of any ball in Gr(n — d,n) is strictly positive, which is a
consequence of the compactness of Gr(n — d,n) and the transitivity of the action of
the orthogonal group on Gr(n — d,n). For any chamber R € R(A), the set

{M € Gr(n—d,n): RNM = {0}}

is open in Gr(n —d, n). Therefore, there exists a neighborhood U of L/, _, such that
for all linear subspaces M € U we have

{ReR(A): RN M ={0}} > {ReR(A): RNL,_,={0}}.

We finish the proof by taking M € U that is in general position w.r.t. A and noting
that by (36) and Theorem 3.3, it holds

#{ReR(A): RNM = {0}} = #{R € R(A): RN Ly_q = {0}}.
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Proof of Proposition 2.12. For concreteness, we consider the case B, and prove only
the inequality

P[0 € H,. 4] < P[0 € H], ).

Recall that (&],...,&,) is a symmetrically exchangeable tuple of random vectors
in R? and H] ;= Conv(Sy,...,S,) is the convex hull of the partial sums ) =
& +---+¢&.. Let A’ be the d X n-matrix with columns &I, ...,§),. By Lemma 6.1,
EN’
Iy
Pl0 € H,, 4] = Sl

where N’ is the numbers of closed Weyl chambers of type B, (non-trivially) inter-
sected by Ker A’:

N'= 3 Liker ane0)£ {03}
9€B,

We imposed no general position assumption on (7,...,&),) and we cannot claim
that Ker A’ is in general position w.r.t. the arrangement A(B,,). In particular, the
random variable N’ need not be a constant a.s. Moreover, we do not even known
the exact codimension of Ker A’, but we can claim that it is at most min(d, n). Let
F C Ker A’ be any random linear subspace of R™ of a.s. codimension d. For example,
we may define it as follows. Put £ = min(d — codim(Ker A’),n) and take F =
N, XiJ' N Ker A’, where X1,...,X,, are i.i.d. random vectors that are distributed
on S*~! and independent of A’.

Clearly,

EN -
PO € H), ) > 5o where N = 37 Lipngay(0)-
geB,,

By Lemma 3.5, we have N > N a.s. for N defined by (57) with G = B,,. By (56),
the claim follows. O

7 Open questions

Our results, except the estimates of Theorem 5.7 and Proposition 2.12, do not apply
to simple random walks on the lattice Z?¢. The next problem does not seem trivial
even for d = 2.

Problem 7.1. Let Si, ..., S, be a simple random walk on Z¢ starting at the origin.
Compute exactly the probability that Conv(S1y, ..., S,) contains the origin. Compute
exactly the conditional probability that Conv(S1, ..., S,_1) contains the origin given
that S, = 0.

Problem 7.2. Prove analogues of Theorems 5.2 and 5.5 for the simple random
walks (and bridges) on Z¢.
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The answer to the next question should be non distribution-free (for = # 0) and
seems to be unknown even in the case of standard normal increments.

Problem 7.3. Let S1,...,S, be a random walk in R? starting at the origin. Com-
pute the probability that Conv(Sy,...,S,) contains a given point z € R%.

The same question makes sense for a Brownian motion.

Problem 7.4. Let {B(t): t > 0} be a standard Brownian motion in R? starting at
the origin. Compute the probability that Conv{B(t): 0 < t < 1} contains a given
point = € R
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