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Abstract

Let fi1,. .., be d-dimensional probability measures in R? with mean 0. At each step we
choose one of the measures based on the history of the process and take a step according to
that measure. We give conditions for transience of such processes and also construct examples
of recurrent processes of this type. In particular, in dimension 3 we give the complete picture:
every walk generated by two measures is transient and there exists a recurrent walk generated
by three measures.
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1 Introduction

Let g1 and o be two zero mean measures in R* with finite supports that span the whole space.
On the first visit to a site the jump of the process has law p; and at further visits it has law us.
The following question was posed in [2]: Is the resulting walk transient?

More generally, one can consider any adapted rule (i.e., a rule depending on the history of the
process) for choosing between 1 and p9, and ask the same question. It turns out that the answer
to this question is positive, even in R3, as proved in Theorem 1.2 below. Moreover, in 3 dimensions
this result is sharp, in the sense that one can construct an example of a recurrent walk with three
measures, as shown in Theorem 1.5.

This naturally fits into the wider context of random walks that are not Markovian, namely where
the next step the walk takes also depends on the past. Recently there has been a lot of interest in
random walks of this kind. A large class of such walks are the so-called vertex (or edge) reinforced
random walks, where the walker chooses the next vertex to jump to with weight proportional to
the number of visits to that vertex up to that time; see e.g. [1, 9, 10, 11, 13]. Another class of such
walks is the so-called excited random walks, when the transition probabilities depend on whether
it is the first visit to a site or not, see e.g. [3, 4, 8, 12, 14].

In this paper we study transience and recurrence for walks in dimensions 3 and above that are
generated by a finite collection of step distributions. We now give the precise definition of the
walks we will be considering.
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Definition 1.1. Let pi,...,ux be k probability measures in R? and for each j = 1,...,k, let

1.8, ... be iid. with law p1;. Define an adapted rule £ = (£(i)); with respect to a filtration (F;) to
be a process such that (i) € {1,...,k} and is F; measurable for all i. We will say that the walk X
with Xg = 0, is generated by the measures u, ..., ur and the rule ¢ if

Xiv1=X; + 5%3

We say that a measure p in R? has mean 0 if fRd zp(dr) = 0. Also we write that a measure p

has $ moments, if E[HZ 1 } < 00, where Z ~ . We define the covariance matrix of p as follows:

Cov(n) = (E[Z:Z])},_,.

Note that if ;¢ is a measure in R?, then it has an invertible covariance matrix if and only if its
support contains d linearly independent vectors of R?. We will call such measures d-dimensional.

In this paper we are mainly interested in the following two questions:

e Let 1, ..., i be mean 0 probability measures in R?. What are the conditions on the measures
so that for every adapted rule £ the resulting walk is transient?

e For a given dimension d, how do we construct examples of recurrent walks generated by k
d-dimensional mean 0 measures? How small can this number k be made?

In Section 1.1 we state our results concerning the first question and in Section 1.2 about the second
one. Observe that Theorems 1.2 and 1.5 give a complete picture in dimension 3: any two mean 0
measures with 2 + 5 moments, for some 8 > 0, always generate a transient walk, while there is an
example of a recurrent walk generated by three 3-dimensional measures of mean 0 with a suitable
adapted rule.

1.1 Conditions for transience

Theorem 1.2. Let u1, o be d-dimensional measures in RY, d > 3, with zero mean and 2 + 3
moments, for some > 0. If X is a random walk generated by these measures and an arbitrary
adapted rule £, then X is transient.

The following result will be used in the proof of Theorem 1.2 but is also of independent interest,
since it gives a sufficient condition on the covariance matrices of the measures used in order to
generate a transient random walk X for an arbitrary adapted rule £.

For a matrix A we write A7 for its transpose, Amax(A) for its maximum eigenvalue and tr(A) for
its trace.

Theorem 1.3. Let 1, ..., be mean 0 measures in R%, d > 3, with 2 + 3 moments, for some
B8 > 0. Suppose that there exists a matrix A such that for all i we have
tr(AM; AT) > 22X max (AM; AT), (1.1)

where M; is the covariance matrix of the measure p;. If X is a random walk generated by these
measures and an arbitrary adapted rule £, then X is transient.
We will refer to (1.1) as the trace condition.

It turns out that the local central limit theorem implies the following lower bound on the number
of measures needed to generate a transient walk.



Proposition 1.4. Let py, ..., ur be mean 0 measures in d > 2k + 1 with 2+ 3 moments, for some
B8 > 0. Then the random walk X generated by these measures and an arbitrary adapted rule £ is
transient.

We will prove Proposition 1.4 in the beginning of Section 2 and then Theorems 1.3 and 1.2 in
Sections 2.1 and 2.2 respectively. Then in Proposition 2.6 in Section 2.3 we discuss the case when
the covariance matrices are jointly diagonalizable. We present a conjectured sufficient condition for
transience at the end of the paper.

1.2 Recurrence

We now define a random walk in d dimensions, which is generated by d measures that are fully
supported in R? and we will prove that it is recurrent.
Let eq,...,eq_1 be the coordinate vectors in Z?. We consider a random walk (Xn,n=0,1,2,...)
on Z%, d > 3, defined in the following way. Fix a parameter v > 0, and for z = (xo,...,Tq-1) € Vi
define o(x) = min{k : |z}| = maxj—g . q—1 |2j|}. Then

Xn+1 = Xn + §n+1,

where &, 11 = Fe,(x,) With probabilities m and &,11 = tey, for k # o(X,) with probabilities
m. In words, we choose the maximal (in absolute value) coordinate of X,, with weight ~ and
all the other coordinates with weight 1, and then add 1 or —1 to the chosen coordinate with equal

probabilities.

Theorem 1.5. For each d > 3 there exists large enough g4 such that the random walk X is recurrent
for all v > 4.

We will prove Theorem 1.5 in Section 3. The proof of this result relies on the explicit construction
of a suitable Lyapunov function, but it is rather involved, so in Section 3 we also give simpler
examples of a finite number of d-dimensional measures and adapted rules that generate a recurrent
walk in d dimensions.

2 Proofs of transience

In this section we give the proofs of the results on transience. We first prove Proposition 1.4, since
its proof is short and elementary.

Proof of Proposition 1.4. In order to prove this proposition, let us first give an equivalent def-
inition of the random walk that we are considering.

For each j = 1,...,k, let g{,gg, ... be i.i.d. with law p;. For an adapted rule ¢ we define for all
jed{l, ... k}

i

r(j,i) = 1(£(m) = j)

m=1

and then writing 7; = r(£(i),7) + 1 we let

Xip1=Xi+ Cf(z)



It is easy to see by induction that the process X has the same law as the process of Definition 1.1.
Let R > 0 and for every n we define the event

Ay =431, ik >0t +...+ig=nand Y Y ¢/ € B(0,R)

We now fix a choice of iy,..., i such that iy + ...+ iy = n. Then by [5, Corollary/Theorem 6.2]
we get for a positive constant c

since there must exist some i; which is at least n/k. It is easy to see that the total number of
k-tuples (i1, ...,14;) with i; > 0 for all j and Zj i; = n is equal to (Z:}) Since (";gf;l) < enFl,
for a positive constant ¢, we deduce that

k—1 CIRd

rpd T _
P(A,) <R nd/2  pd/2—kt1’

which is summable if d > 2k + 1. Hence, from Borel-Cantelli we obtain that a.s. only finitely many
of the events A, happen.
Now notice that for every n we have

{X, € B(0O,R)} C A,,

and hence we deduce that a.s. for all sufficiently large n, the random walk at time n will stay
outside of the ball B(0, R). Since this is true for any R > 0, we get that if d > 2k + 1 the random
walk is transient. I

2.1 Trace condition and transience

In this section we give the proof of Theorem 1.3. First we state and prove some preliminary results.

The following lemma is a standard result, but we state and prove it here for the sake of completeness.

Lemma 2.1. Let (S;) be a random walk generated by k zero mean measures and an arbitrary adapted
rule €. Let Fy = 0(So, ..., St) be its natural filtration. Let av,rg > 0 and define p(x) = |jz||~* Ary©.
If the process (p(St)) is a super-martingale, then S is transient, in the sense that a.s.

|St]] = 00 as t — oo.

Proof. We first show that a.s.

lim sup ||.S¢|| = oo. (2.1)
t—o00

Indeed, there exist u € S¥™!, ¢ > 0 and h > 0 such that for all j € {1,...,k}
P(<Z]7u> > E) > h,
where Z; ~ pj;. This implies that for all m,n € N we have

P((Sptm — Sn,u) >em | F,) > h"™.



Hence this shows that a.s. limsup, |(S;, u)| > em/2 for all m, and so (2.1) holds. Clearly, this
implies that a.s.

htrgg)lfgo(St) =0. (2.2)

Since (¢(St)) is a positive super-martingale, the a.s. super-martingale convergence theorem gives
that lim; oo ©(St) exists a.s. and thus from (2.2) we deduce that a.s. lim; o ¢(St) = 0, which
means that a.s. ||S;|| = oo as t — co. O

The following lemma shows that if the covariance matrices of the measures used to generate the
walk X satisfy the trace condition (1.1), then there is a function ¢ such that ¢(X) is a super-
martingale.

Lemma 2.2. Let p(z) = ||z||™ A1, for x € RE. Let py,...,pux be zero mean measures in RY
with 2 + B moments, for some B > 0, and with covariance matrices My, ..., My satisfying for all
i=1,...,k

tI‘(M,L') > 2)\max(Mi)~

There exists a > 0 small enough and a constant o so that if ||x|| > ro, then for alli=1,...,k if
Zi ~ [

Elp(z + Zi) — ¢(z)] < 0. (2.3)

Proof. It suffices to prove (2.3) for a fixed i¢. Since the covariance matrix M; is positive definite,
there is an orthogonal matrix U such that UM;U” is diagonal with non-negative eigenvalues. The
matrix UM;UT is the covariance matrix of the random variable U Z;.

Since U is orthogonal, we get that for all x

Uz + Zi)) = ¢z + Z;) and o(Uz) = p(x). (2.4)

In order to prove the lemma, we will apply Taylor expansion up to second order terms to the
function ¢ around Ux evaluated at UZ;. We will drop the dependence on ¢ from UZ; and write
simply Z and x instead of UZ and Uz in view of (2.4) to lighten the notation.

So, let Z have covariance matrix M which is in diagonal form and with diagonal elements Ay, ..., Ag.
Let Z = Z1(||Z|| < ||z||/2). Note that if a.s. || Z|| < B for a positive constant B, then Z = Z if
|lz|| > 2B. The calculations below are a bit simpler in this case, since Z would have mean 0 and
the same covariance matrix as Z.

If ||lz|| > 2, then Ha: + Z‘ "% In what follows we abbreviate

Zlandsogo(a;—FZ):H

Op(x) *p(x) ()
! — " = " = v/
pi(x) = oz, P () Or;0x;’ Pigie(T) O0x;0x 0z,

Applying Taylor expansion to ¢ up to second order terms gives for some 1 € (0,1)

d
~ ~ 1 o~ ~
oo+ 2) = pla) + (Vo(a). D) + 5 3 W@V ZiZ+ 5 Z i@ +n2)2iZ; 2
',j 1 ,J,k |
= p(z) + (Ve(a Z oy () 2:2; + Z ol +12)ZiZ; 2,
».7 1 ,],k 1
_ Z Ol (2)Z:2;1 <||Z|| > Hm”) .

1,j=1



Claim 2.3. There exist positive constants C,C1 such that for all i, j

~ C Ch
‘E[(Vg@(m),@” < [z~ and E[Z;Z;1(|Z] = [lx]|/2)] < 2P
Proof. By Holder’s inequality we have
PHIE[|Z|2) K
ElllZzl[1(1Z] = llzl/2)] < < :
]|+ B s
Since E[Z] = 0, we have E[Z] = E[Z — Z], and hence
~ K
[&[2]] = ietz1012) = lai/2 ) < BOZIL02Z1 > ol /2) < o
For the first term of the Taylor expansion we have for a positive constant C
Efeveton 2| = 3 ot [efz]] < 3 et [o[2] < e -
i — lafler2 LU= & oot = lal]etBES [l A
For all 4,7 we have by Holder’s inequality again
1
ElZiZ;1([|Z] = |[=]]/2)] < E[I!ZHQl(HZH > HxH/?)] < T2l
thus proving the claim. O

We continue proving Lemma 2.2. For the second order terms we write
E[Z:Z;] = ElZ:Z;1(12) < |211/2) = BlZiZ;] - E[Z:2;1(12]| > |}«/2)],
and hence since for i # j we have E[Z;Z;] = 0, by Claim 2.3 we get

Co

d
-~ Cy
E[22] < and | el@BZRL021 2 00 /2)| <
i=1

Since for all ¢ we have E[Zf] = )\;, we obtain

d d 2 2 d 20y . _d )
" 21 —OZHH?H +a(a+2)xi . ax; ()\z(a-i-z) Zj:l )\])
Z %‘i(x)E[Zi] = Z)\i Tl = Z DR . (2.5)
=1 =1 ]

The rest of the second order terms can be bounded as follows:

-~ ala+2)illel |15 - ala +2)[zillz;| G Cy
> h@r[zz)| = X T Ea L Blag)| < X T o < e
- —~ =l —~ =l (o] P flac]
i#j i#£j 1#]
For the remainder in the Taylor expansion we have

Cy
= < )
|l +nZ|je+3 ~ [l

max |7 (7 + 775)‘ <

2Jy

6



since HZH < |lz||/2. We want to control E[p(z + Z) — ¢(x)]. We write
Elp(z+ 2) - ¢(@)] = E|p(a + 2) — p(z + 2)| +E|¢(w + Z) - o(a) (2.6)

and by Markov’s inequality since IE[HZ HQ"’B} < 00

Cs

E|ow +2) -~ (e + D] < B2 2 121/2) < s

Since B > 0, if we take 0 < o < 3, then we obtain that there exists a constant rg > 1 so that for
]| > o

B[(vo. 2]+ 1|3 vte e|ziza (121 2 1 ”)] LS [B[ente +n2,%]|

ij=1 i.5.k=1

‘IE[ (z+7)— x+Z”<fZ<p Z]|. (2.7)
,5=1

The assumption on the trace of the matrix M gives that for a small enough (smaller than )
Z;-lzl Aj > Ai(a+2) for all ¢, and hence using (2.5) we get for |z|| > rg

d
> ¢i(@)E[Z] <0.
i=1
This and the inequality (2.7) finishes the proof. O]

We now have all the required ingredients to give the proof of Theorem 1.3.

Proof of Theorem 1.3. Let rg > 1 be the constant of Lemma 2.2. Let ¢(x) = ||z||~* Ary @, for
a > 0 as in Lemma 2.2. Notice that when ||z > 7o, then @(z) = ¢(z) = ||z]|”*. We will first show
that if Y; = AXy, then

Elo(Yir1) | Fi] < o(V2). (2.8)
Since ro > 1, we have ¢(z) < ¢(x) for all z. So we get

Elp(Yitr) — o(V2) | Fi = El(¢(Yerr) — (Ye))L([Yell = 7o) | Fe]
+ E[(6(Yeg1) — oY) L([Yell < 7o) |
< E[(e(Virr) — e(Yo)L([Ye]l = 7o) | Fi]

since @(Yy) = ry @ if ||Y3]| < ro and @(x) < ry® for all . Since the covariance matrices of the
measures used to generate the walk Y satisfy the trace condition (1.1), Lemma 2.2 gives that

E[(p(Yer1) — oY) L([Y2ll = o) [ F2] <0

and this completes the proof of (2.8). Therefore by Lemma 2.1 we get that a.s. ||AXy|| = ||V — oo
as t — oo. Since for all ¢ we have ||AX¢|| < ||A]| ||S¢]| and [|A] > 0, we deduce that a.s.

| X¢]| = 00 ast — oo,

which concludes the proof of the theorem. O



2.2 Two measures in 3 dimensions

In this section we give the proof of Theorem 1.5.

Proposition 2.4. Let My, Ms be 3 x 3 invertible positive definite matrices. Then there exists a
3 x 3 matriz A such that

tI‘(AMZ‘AT) > 2Amax(AMiAT) Vi=1,2.

Proof. We prove Proposition 2.4 by constructing the matrix A of Theorem 1.3 directly.

Let p1, o have covariance matrices My, and My respectively and & ~ p; for ¢ = 1,2. Since M is
positive definite, there exists an orthogonal matrix U such that UM;U7 is diagonal, i.e.

UMUT =

oS O R

0
b
0

o O O

where a,b,c > 0 are the eigenvalues of M;. If we now multiply the vector U&; by the matrix D

given by
1

%?0
DZO%?’
00%

then Cov(DU&;) = I, where I stands for the 3 x 3 identity matrix.

So far we have applied the matrix DU to the vector {; and we have to apply the same transformation
to the vector &. The vector DU&; will have covariance matrix Ms. Since it is positive definite, it
can be diagonalised, so there exists an orthogonal matrix V such that

M 0 0
VMaVE = 0 X 0 |,
0 0 X

where A1 > Ao > A3 > 0 are the eigenvalues in decreasing order. Applying the same transformation
to DU¢; is not going to change its identity covariance matrix, since V is orthogonal.
The condition we want to satisfy is

AL+ Ao+ Az > 2),,

for all # = 1,2,3. Since the eigenvalues are in decreasing order, it is clear that this inequality is
always satisfied for ¢ = 2,3. Suppose that Ao + A3 < A;. Multiplying DU&, by the matrix

2
X
B = 01

1
0 0

0
0
1

will give us a random vector with covariance matrix

A 00
0 X O ,
0 0 A3



which clearly satisfies the trace condition (1.1). Multiplying V DU¢; by the same matrix will give
us a vector with covariance matrix

A2
Al
0
0
A1 O

which satisfies the trace condition (1.1), since Ao

Proof of Theorem 1.2. By projection to the first three coordinates, it is clear that it suffices to
prove the theorem in 3 dimensions.
In d = 3, the statement of the theorem follows from Theorem 1.3 and Proposition 2.4. O

Remark 2.5. It can be seen from the proof of Proposition 2.4 that if the measures puy and po are
supported on any 3 dimensional subspaces of R, then a walk X generated by these measures and
an arbitrary adapted rule is transient.

2.3 The diagonal case

In this section we consider a particular case when for some basis of R¢ the covariance matrices are
in diagonal form and invertible. In this setting we prove that a random walk generated by d — 1
measures and an arbitrary rule ¢ is transient.

Proposition 2.6. Let d > 4 and p1, ..., qg—1 be mean O probability measures in R® with 2 + 3
moments, for some 3 > 0. Let My, ..., My_q be their covariance matrices and suppose that M; M; =
M;M; for alli,j. Then there exists a d X d matriz A such that

tr(AM; AT) > 2 max (AMATY V i < d — 1.

Therefore, a random walk X generated by the measures (,ui)?;ll and an arbitrary adapted rule £ is
transient.

Before giving the proof of Proposition 2.6 we prove the following:

Claim 2.7. Let My,...,My be d x d invertible diagonal matrices with positive entries on the
diagonal. For A # 0 we define

_ [AM; AT |

Then the minimum of W(A) exists among all diagonal matrices A and the minimizing matriz A is
tnvertible.

Proof. Since M; is an invertible positive definite matrix, we can write M; = BjBJT = B?, where
B; = BjT is an invertible matrix.

Since scaling A does not change the ratio in (2.9), we may assume that ||A|| = 1 and restrict
attention to such matrices. It is easy to see that the set S = {A diagonal : ||A|| = 1} is compact
and the function f;(A) = ||AM;AT|| is continuous on S.

Let g;(A) = tr(AM;AT) = tr(ABjBJTAT) = ||ABj|?, where [|C|* = szzl ¢;; and we used
tr(CCT) = IC]*.



Since B; is invertible, we have AB; # 0 for A # 0, so g; does not vanish on S. Thus as g; is
continuous on S, we conclude that

is continuous on S and hence has a minimum.

Let A be the minimizing matrix with diagonal elements A1,..., Ay > 0. We will show that A is
invertible. Suppose the contrary and assume without loss of generahty that Ay = 0.

We prove that if we replace Aq = 0 by a small € > 0, then we get a matrix A, with U(A,) < U(A).
Let the diagonal elements of M; be (a ) '_1, which are all strictly positive. Then for the matrix M;
we will have for s such that ||M;|| = a®

)\max(gMiAv) _ )‘Sai
tI’(AvM,LAV) Zj /\ja;" .

If ZE has the same elements as A except for the (d,d) element which is replaced by € > 0 such that
.,d—1landall j=1,...,d —1, then

3

tr(A.M;A,) = tr(AM; A) + eal,

while Amax(AeM; Az) = Amax(AM;A).

Replacing each 0 element of A by a sufficiently small number gives a matrix with smaller value
of U, which contradicts the choice of A. Hence this shows that A is invertible. O

Proof of Proposition 2.6. Since M;M; = M;M,; for all ¢, j, it follows (see for instance [7, Theo-
rem 2.5.5]) that there is one orthogonal matrix that diagonalizes all the matrices M;. So from now
on we suppose that the M;’s are diagonal.

Recall the definition of ¥ from (2.9). Let A be the d x d invertible matrix that minimizes ¥ among
all diagonal matrices (recall Claim 2.7).

Write ]\’Z = gMng and
J= {]<d—1 | J” _qj(ﬁ)}.

Since A and M; are diagonal invertible matrices, it follows that ]\Z is also a diagonal invertible
matrix. For each j < d — 1 we can find v; € R? such that |lv;|| = 1 and M;v; = ||M;|jv;. Note that
since ]\Ajj is diagonal, it follows that v; can be chosen to be one of the standard basis vectors of R,
Let w € R? have ||w|| = 1 and w L {v1,...,v4_1}. Then w will also be one of the standard basis
vectors of RY.

Next, we separate two cases. . .
Case 1: For some j € J there is u; L vj with [|u;|| =1 and Mju; = |Mj||u;. In this case,

tr(M;) > (Mjv;,v5) + (Mjug,ug) = 2|| M|, (2.10)

where the strict inequality follows from the fact that ]\/Z] is invertible. Hence in the case where
|3
J

‘ has multiplicity at least 2, we are done.
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Case 2: For each j € J the leading eigenvalue H]\%H of ]\7] has multiplicity one. We will show
that this case leads to a contradiction; that is we can find another matrix with smaller value of ¥
contradicting the choice of A as the minimizer.

Let A; be the d x d matrix such that Acw = (14+¢)w and A,z = z for all z L w. Note that A, will
also be diagonal, since w is one of the standard basis vectors of R.

Let us denote by 7; the second largest eigenvalue of ]\Ajj Then the assumption of case 2 implies
that for each j € J we have v; < |[M;| and || M;y|| < ~;lly|l for all y L v;.

Choose & > 0 such that (1 + &)2||M;|| < tr(M;)¥(A) for all i ¢ J and (1 + )%y, < ||]\/Z]H for all
jed.

Note that since A. is diagonal, AT = A, and AA, is diagonal satisfying

|AM; A

U(AA) = max Joifell
1<i<d=1 tr(A. M, A.)

By completing {w,v;} to an orthonormal basis {b;,}|%,_; of R? we see that for all i < d — 1
tr(AM;AL) > tr(M;), (2.11)

since tr(M) = 2% _ (Mby,, by,) for any matrix M and any orthonormal basis. The strict inequality

m=1

follows again from the fact that the matrix A.M;A. is invertible. Also
JAMG AL < [[A|P (M| = (1 + )| M|
and for j € J we have for all y L v;
| A-M;Asyll < (14 )| M (Aey)]| < (1 + )yl Ayl < (L +e) >y,
since Acy L v;.

We conclude that W(A.A) < ¥(A) by considering separately in the max defining ¥ the indices i ¢ J
and i € J, and applying (2.11). This contradicts the choice of A as a minimizer and establishes
that case 2 is impossible. O

3 More measures may yield a recurrent walk

In this section we prove that the random walk described in Section 1.2 is recurrent. First we give
the simpler example that was mentioned in the Introduction.

Let S%~! be the d-dimensional unit sphere, i.e. S=! = {z € R? : ||z|| = 1}. Let C1,...,Cy be caps
that cover the surface of the sphere with the property that the angle between any two vectors from
the origin to points on the same cap is strictly smaller than 7 /2. For every cap C;, fori=1,...,k,
we write m(C;) for the vector joining 0 to the center of the cap C;. Then we choose v;1,...,v;4-1
to be d — 1 orthogonal vectors on the hyperplane orthogonal to m(C;).

For every = € RY, we write C(z) for the first cap in the above ordering such that the vector joining
0 and z intersects that cap.

Theorem 3.1. Let X be a walk in R? that moves as follows. When at x it moves along the direction
of m(C(z)) either +1 or —1 each with probability 1/2 and along each of the other d — 1 directions,
i.e. along the vectors viz) 1,. .., Vi@w)d—1 i moves independently as follows: £1 with probabilities
£/2 and stays in place with the remaining probability. Then X is a recurrent walk, i.e. there is a
compact set that is visited by X infinitely many times a.s.

11



Remark 3.2. It can be shown that the ratio of the area of the unit sphere to the area of a cap
as defined above with angle 7/2 is equal to 2/1; ) ( 21, 2), where [ is the regularized incomplete
beta function. It is then elementary to obtain that the last quantity can be bounded below by
24/2+1 ~ (s that in the above theorem at least 29/2T! measures are needed.

Proof of Theorem 3.1. We define () = log||z||, for z € R?. Then by Taylor expansion to
second order terms we obtain for some n € (0, 1)

d
oz +nZ
p(z+2) = p(x) +{Ve(2), Z) + 5 § &r@ ZZ 3, §j %&U azk)z-zjzk.
,7,k=1 Bt

For each i and positive constants C, C', since Z is bounded, we have

8790 — T 0% = Zj#i %2 o and max Pplx +n2) & < ¢
Or;  |lz]*"  OxF [Jo]|* igk | 0x;0x;0xy |~ |z +nZ|® ~ [=[?
Let ug,...,ug be the vectors (basis of R?) as defined in the theorem. We now write both x and Z

in this basis, i.e. we have that x = Zle xiu; and Z = Zle Ziu;. Then for i # j, by independence,
we get that E[Z;Z;] = 0, while ]E[Zf] =1 and for all ¢ > 1 we have that ]E[ZZQ] = ¢. Hence, putting
all things together we obtain that

(1+¢e(d—3)|z||* +2(s — 1)2?

ZE: 8wzaxj Zi) = [l (3.1)

For the first coordinate x1 of x, when decomposed in the basis described above, we have that
x1 = ||z cos b,
where  is strictly smaller than 7/4, so there exists 6 > 0 so that cosf > (1 4 §)v/2/2. Hence, we
can now bound (3.1) from above by
2

il (2(5 1)+ Mu be(d— 3))) ,

]

which can be made negative by choosing ¢ small enough. Notice that in absolute value the last
expression is at least ¢ ||:c||_2 for a positive constant ¢, and hence since Z has mean 0, it follows
that for ||z|| large enough we have

1 ()
2 =1 (9:13181']

d 3
1 Z E[a(’o(x_'—nz)zizjzk} < E[Z:Z;)|.

3! eyt 0x;0x;0xy,

2,
Therefore we deduce that for ||z|| > 7o
Elp(s + 2) — plz)] < 0. (32)

We now show that this implies recurrence. By the same argument used to show (2.1) we get that
a.s.
limsup || X¢|| = oo
t—o00

Let T,, = inf{t > 0 : Xy € B(0,r0)}. By (3.2) we obtain that go(XtATm) is a positive super-
martingale. Hence the a.s. martingale convergence theorem gives that lim_, . cp(Xt/\TTO) =Y
exists a.s. and is finite. If 7;,, = oo with positive probability, then since p(z) — oo as x — 0o, then
lim go(Xt/\TTO) = oo with positive probability, which is a contradiction. Therefore, T, < co a.s. [
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We will now give the proof of Theorem 1.5.

Proof of Theorem 1.5. By [6, Theorem 2.2.1] or analogously to the last part of the proof of
Theorem 3.1, to prove recurrence it is enough to find a nonnegative function f such that f(z) — oo
as x — 00, and

Elf(Xnt1) — f(Xn) | Xn=12] <0 for all large enough x. (3.3)
Before presenting the explicit construction of such a function, let us informally explain the intuition

behind this construction. First of all, a straightforward computation shows that, if Y is a simple
random walk in Z?, then

d—1 1 _
E[llYniall = [Yall [ Yo = 2] = ETREN O(||z[I72),
1 .
E[(IYas1ll = I1¥al)? | Yo = 2] = 5 Ozl ol

One can observe that the ratio of the drift to the second moment behaves as éﬂ;ml'; combined with
the well-known fact that the SRW is recurrent for d = 2 and transient for d > 3, this suggests
that, to obtain recurrence, the constant in this ratio should not be too large (in fact, at most %)
Then, the second moment depends essentially on the dimension, and thus it is crucial to look at
the drift. So, consider a (smooth in R?\ {0}) function g(x) = ©(||z||); we shall try to figure out
how the level sets of g should be so that the “drift outside” with respect to g “behaves well” (i.e.,
the drift multiplied by ||z|| is uniformly bounded above by a not-so-large constant). For that, let us
look at Figure 1: level sets of g are indicated by solid lines, vectors’ sizes correspond to transition
probabilities. Then, it is intuitively clear that the case of “moderate” drift corresponds to the
following:

e the “preferred” direction is radial, the curvature of level lines is large, or

e the “preferred” direction is transversal and the curvature of level lines is small;

also, it is clear that “very flat” level lines always generate small drift. However, one cannot hope
to make the level lines very flat everywhere, as they should go around the origin. So, the idea is to
find in which places one can afford “more curved” level lines.

Observe that, for the random walk we are considering now, the preferred direction near the axes is
the radial one, while in the “diagonal” regions it is in some intermediate position between transversal
and radial. This indicates that the level sets of the Lyapunov function should look as depicted on
Figure 2: more curved near the axes, and more flat off the axes.

We are going to use the Lyapunov function

T (e
£) = (o el
where « is a positive constant and ¢ : S~ — R is a positive continuous function, symmetric in
the sense that for any (ug, ..., uq_1) € ST we have p(ug,...,uq_1) = O(T0Us(0)s - -+ > Td—1Ug(d—1))
for any permutation o and any 7 € {—1,1}¢. By the previous discussion, to have the level sets as
on Figure 2, we are aiming at constructing ¢ with values close to 1 near the “diagonals” and less
than 1 near the axes.

13



case 1:
case 2:

case 3: : z;
case 4:

Figure 1: Looking at the level sets: how large is the drift? We have very small drift in case 1, very
large drift in case 2, and moderate drifts in cases 3 and 4.

\J

Figure 2: How the level sets of f should look like?
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By symmetry, it is enough to define the function ¢ for u € S ! such that uy > ur,..d-1 = 0
(clearly, it then holds that uy > 0), and, again by symmetry, it is enough to prove (3.3) for all

large enough = € Z¢ of the same kind. For such u € S¥~! abbreviate sj =uj/ug, j=1,...,d—1;
observe that, if u = x/||z||, then s; = z;/x9. We are going to look for the function (for u as
above) p(u) =1 —aw(s1,...,84-1), where 1 is a function with continuous third partial derivatives

on [0,1]47! (in fact, it will become clear that the function v extended by means of symmetry on
[—1,1]¢ has continuous third derivatives on [~1,1]%; this will imply that o-s in the computations
below are uniform).

Next, we proceed in the following way: we do calculations in order to figure out, which conditions
the function 1 should satisfy in order to guarantee that (3.3) holds, and then try to construct a
concrete example of 1) that satisfies these conditions.

First of all, a straightforward calculation shows that for any e € Z? with ||e|| = 1 we have
(x,€e) ! 1 (z,e)? 1 9
o+ ell* = flal*(1 + a1 + 5o — sa(2 = a) o s ozl ), (34)
> 2l 2 ll* [le]?
as x — 00.

In the computations below, we will use the abbreviations

oU(sty.. oy Sq-1) .
= R =1,...,d—1
,l/)] asj ) j ) ) )
82¢(81 .. Sdfl)
o= R =1,...,d—1
wl‘] aszasj 9 Z’j ) b

Let us now consider z € Z%. From now on we will refer to the situation when zg > z1,..d-1 =0
as the “non-boundary case” and x9g =21 = -+ = Ty, > Tipy1 > ... > g1 > 0 for some m > 1
as the “boundary case”. Observe for the boundary case the corresponding s will be of the form
s=(1,...,(1)m,Sm+1; - - -, Sd—1); here and in the sequel we indicate the position of the symbol in a
row by placing parentheses and putting a subscript. Also, in the situation when only one coordinate
of the vector s changes, we use the notation of the form 1 ((3);) for ¥ (s1,...,8j-1,5,8j+1,...,54-1),
possibly omitting the parentheses and the subscript when the position is clear.

First we deal with the non-boundary case.

Let us consider z € Z% such that zy > z1,..d-1 > 0. Again using (3.4) and observing that (recall
; -1 —2 - -1 -2 -

sj = j/x0) 77 = sj(L+ag +zy° + o[z 7?) and 4y = s;(1 — 25" + 2" + of[|z[7?)), we

write

E[f(Xn—i-l) - f(Xn) ‘ Xn = H?]

—(1 = arp(s))||=|* + m [(1 — (32, %))II% —eo||®

+ (1 _ aw(mfjrl,...,%))”x—i-eo]]a

s

J=1

S e = esll® 4+ (1 av () ) o + ¢

d—1

=||:cra{ ST d=T) )[(1aw —az ot -5 2 G+ olllel )

1,j=1
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T o 1 x3 1 9
x (1-aris + 502 - a) s s o2l )
H\P 2ffz]? 2 EENEE
d—1

@_w)_az 2 =5 2 ol ™)

,5=1

« 1 1:0

Zo 1 _92
x (14 a0+ —sa2—a) 0 o2l )
[ | [ e

—2(1 - aw(S))]

d—1

« 1
Ty 7+d—1 ;[ 1—aw(s))+(1—aw()+ax0 W — xa%)

S (TS o L S N M)
— — - — . ol ||
2l " 2al? 2 EEMEE

+ (1= avs) - any ) - 5505

a 1 1 .
(1o + wﬂw‘zam‘aWﬁPWMw+””“')ﬂ}
e v [1mavs) @-a)i-av(s) 2 s asiy
‘M””{v+d—1[ TR T AP DI C O

—*EZ&%¢ +omn%]

3,j=1

P (A=D1 —ad(s))  @2-a)l-ay(s)) 25 _(2-a)l—ai(s))
v+d-1 2|]? 2|? [ 2| )?
-1 1 41
N Z ”xujz% - *Z 2¢ + of[l ]~ 2)] }
j=1
= —afz|*7*®(z, ¥) + ol|z]* 7 (v @1(x, ¥, v, 0) + aPa(z, w, g a)), (35)

where @1 and ®5 are uniformly bounded for large enough z, and

d—

ﬂf2 .’EQ
a(r. 1) = ”#—2+ﬂi(§j]%+ 3 st (36)

1,j=1

The idea is then to prove that, with a suitable choice for v, the quantity ®(x,1) will be uniformly
positive for all large enough x, and then the second term in the right-hand side of (3.5) can be
controlled by choosing large v and small «. This will make (3.5) negative for all large .

Now, in order to obtain a simplified form for (3.6), we pass to the (hyper)spherical coordinates:

$1 = rcosfq,

S9 = rsin 6y cos 6s,

Sg—g =7sinfy...sinf, _3cosb4_os,

Sg—1 =1rsinfy...sinf;_3sin4_o.
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=

0 =0 260 \/ a

Figure 3: On the construction of h

Since ”2!2 =1+7r2% and (abbreviating ¢/ = a—lf and ) = ?)27“5 )

0

d—1 d—1
1 1
! z : / " z : "
1/% = ; — Sjwjv rr — ﬁ Sisjd)ij?
‘]:

ij=1
we have
_ 1 1 2 / T2 "
@(m, )_ 1—1—7“2 - 9 +(1+T )(Twr+ 2¢rr>
1+7r2/ 172 N
- ((1 St ¥).)- (3.7)
Now, we define the function 1 (it will depend on 7 only, not on 61, ...,0,4_2) in the following way.
First, clearly, we need to define v (r) for r € [0,v/d — 1]. Then, observe that
d—1 2
1—7r d—1
dr = .
/O A= Y0 (3.8)

so, for a suitable (small enough) €y we can construct a smooth function h with the following
properties (on the Cartesian plane with coordinates (r,y), think of going from the origin along
1—

= ’"—22 until it intersects with y = 7’;22 and then modify a little bit the curve around the
Yy 4eg Yy (1+r2) Y

intersection point to make it smooth, see Figure 3):

(i) 0 < h(r) < % for all r < 2¢¢ and h(r) = % for r > 2eq;

(ii) A(0) =0 and h(r) ~ % asr — 0;
0
(ii) A= h(r) > § for r < eg;

(1472)?

(iv) b:= [V h(r)dr > 0 (by (3.8) it holds in fact that b € (0,1));

17



v) [y h(u)du > (d 1)3/2 for all r € (0,v/d — 1].

Denote H(r) = [; h(u)du, so that we have H(v/d —1) = b. Then, define for r € [0,v/d — 1]

P(r) =

Vd—1 v v
/r <Hv(2 = 3(d—b 1)3/2> v

For the function 1 defined in this way, we have r2¢/(r) = ﬁ — H(r), so h(r) + (r*¢/(r)) =
b(d — 1)~3/2r2. By construction, it then holds that
1—r?

. 2700\ _1)-3/2.2 1
. ((1 Tt (r2/(r)) ) > bd— 1) A 2, (3.10)

and this (recall (3.6) and (3.7)) shows that, if v is large enough and « is small enough then the
right-hand side of (3.5) is negative for all large enough z € Z¢.

To complete the proof of the theorem, it remains to deal with the boundary case.

Let zp = 21 = -+ = Ty > Typy1 > ... > xq—1 > 0 for some m > 1. Using (3.4) (up to the
term of order ||z||~! in the parentheses), using the fact that ¢ is invariant under permutations and
observing that zp and ||z|| are of the same order, we have

E[f(Xn+1) — f(Xn) | Xn = 7]

« 7+m Lo—
= —(1—ar(s))l|=]* + Mytd—1) [(1 — anh(( zol

) )llz = eo®

+ (1 — (52, (52 s S jg;l))ux el

+ 3T dZ [(1 — o (550) )l = e + (1= aw () )+ e

Jj=m+1
=qua{2(7'fﬂl>[(1—a(w<s>—ﬁwo(nxu—l)))(l aqys +olllzl™)
+(1a(w<s>§f§j 3 2 ool ) ) (1 @72 + ol )

k=m+1
—2(1- Oﬂb(S))]

1 d—1 1 ¥ y 1
+2<v+d—1>j:m+1[( —a(we) = 22+ olllel™) ) (1 - otz +ollel ™)

(1-a(w(s) + ‘/’0 +ollal ™)) (1+ ot +olllzl ™)) — 201 - aw<s>>] }

B . N+ m 1 m—1 d—1 )
= allz] W[xo(k v+ 20, +k;+lskwk)+o<uxu ) (3.11)
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(observe that in the above calculation all the terms of order ||x||*~! that correspond to the choice
of coordinates m + 1,...,d — 1 of z, cancel).

Now simply note that by the property (v), we have ¢/(r) < 0 for all » € (0,+/d — 1]. Observe also
that for some positive constant dy it holds that ¢'(r) < —dg for all r € [1,4/d — 1]. Then (recall
that in the boundary case sy =1 and s; > 0 for all j =2,...,d — 1) we have

j 1
W=yl <0forall j=1,...,d—1 and ¢}(s) < — do -
r _

This implies that the right-hand side of (3.11) is negative for all large enough 2 € Z¢ and thus
concludes the proof of Theorem 1.5. O
A conjecture

We end this paper with an open question:

Conjecture 3.3. Let 1, .., jtq—1 be d-dimensional measures in R%, d > 4, with 0 mean and 2+

moments, for some 8 > 0, and £ an arbitrary adapted rule. Then the walk X generated by these
measures and the rule £ is transient.

To answer this question, by Theorem 1.3 it suffices to prove the existence of a matrix A satisfying
the trace condition (1.1). So far, we were able to prove it in the case when the d — 1 covariance
matrices are jointly diagonalizable.
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