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Abstract

Regular variation of distributional tails is known to be preserved by various
linear transformations of some random structures. An inverse problem for
regular variation aims at understanding whether the regular variation of a
transformed random object is caused by regular variation of components of the
original random structure. In this paper we build up on previous work and
derive results in the multivariate case and in situations where regular variation
is not restricted to one particular direction or quadrant.
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1. Introduction

The four authors of this paper are very much honored to contribute to this special
issue of one of the oldest journals in applied probability. We wish happy birthday and
a very long life to this excellent journal. Two of us, Thomas Mikosch and Gennady
Samorodnitsky, were inivited to contribute short papers to this special issue. With the
permission of the editors, we merged efforts leading to this longer and more substantial
paper.

In this paper we study regular variation of the tails of measures on R? most
importantly probability measures. Stated somewhat vaguely, it is well known that
regular variation tends to be preserved by various linear operations (such as linear
transformations of the space, convolutions, integrals, etc.) We would like to understand
to what degree the inverse statements are valid. That is, if the result of a linear
operation on a measure is regularly varying in the appropriate space, was the original
measure necessarily regularly varying as well?
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This type of questions is often referred to as inverse problems for regular variation,
and in the previous paper Jacobsen et al. (2008) a fairly complete answer to this
problem for certain non-negative linear transformations of one-dimensional measures
was given. Our aims in this paper are to treat the inverse problem in the multivariate
case and to get rid of the non-negativity assumption on the linear transformations. We
are fairly successful in our latter task, but only partially in the former one.

Now we will be more precise. Let R = R4\{0} and Rﬁ = @d\{o}, where R =
[~00,00]. Recall that a random vector X with values in R? is said to be regularly

o . —d
varying if there exists a non-null Radon measure pux on the Borel o-field of R, (that
does not charge the set of infinite points) such that

PsXe) o as 5 0o
P(XT>s) "™ |

where - stands for vague convergence on the Borel o-field of ﬁg; see e.g. Kallenberg
(1983) or Resnick (1987). Recall that, in this context, a Borel measure is Radon if it
is finite outside of any ball of positive radius centered at the origin. The measure px
necessarily satisfies the relation ux(tA) =t~ *ux(A), t > 0, for all Borel sets A, some
a > 0. We will refer to « as the index of regular variation and ux as the tail measure.
The notion of regular variation applies equally well to o-finite Borel measures on R?
that are finite outside of any ball of a positive radius centered at the origin. Specifically,
any such measure v is said to be regularly varying if, as above, there is a non-null Radon

—d
measure p on R, that does not charge the set of infinite points such that

v(s-)
v({y : llyll > s})

As in the case of probability measures, the limiting measure p scales with index o > 0.
We will write v € RV(q, 1). Of course, this language allows the measure v to be the
law of a random vector X, but in the case of random vectors it is even more common
to simply write X € RV («, pux).

To give a taste of linear operations on regularly varying measures we have in mind,
we proceed with examples. The reader will notice that these examples are more general
versions of the corresponding examples in Jacobsen et al. (2008).

v
— [, as§— 00.

Example 1. (Weighted sums). Let ¥;, j =1,2,... be (non-random) d x m matrices
and (Z1)) an iid sequence of regularly varying R™-valued random (column) vectors
with a generic element Z € RV («, uz). Then under appropriate size conditions on the
matrices (¥;), the series X = Z;’;l U, Z9) converges with probability 1, and X is
regularly varying with index o and

P(s7'X € )

— = 25N uzoUrt as s — oo, (1.1)
P(1Z] > s) 2 !

Jj=1

assuming that the right-hand side does not vanish; see Hult and Samorodnitsky (2008,
2010). This statement is always true if the sum is finite; see Resnick and Willekens
(1991), Basrak et al. (2002b).

Is the converse statement true? That is, if X is regularly varying, does it follow
that the iid vectors Z; are regularly varying as well? In Jacobsen et al. (2008) this
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problem was solved for iid real-valued Z; and non-negative scalars ¥; = 1);. (Here and
in what follows, we use the symbol 1; for scalars instead of genuine matrices ¥;.) It
was shown that (under appropriate size conditions in the case of an infinite sum), Z;
inherits regular variation with index a from X if the condition

> gt s£0, forall 0€R, (1.2)
j=1

holds. Moreover, if (1.2) fails, then one can find iid (Z;) which are not regularly
varying but X is regularly varying. In this paper we want to extend the result to the
multivariate case and/or drop the assumption of non-negative coefficients.

Example 2. (Products). Let Z € RV(a, pz) be a random (column) vector in R™ and
A be a random d x m matrix, independent of Z such that its matrix norm satisfies
E||AJ|*t¢ < oo for some € > 0. Then X = AZ is regularly varying with index a in
R%, and

P(S_lx S ) v 1
_ FE A 3 1.3
Pz >s) [’”ZO ] as s = 00 (1.3)

provided the measure on the right-hand side does not vanish; see Basrak et al. (2002a).
Once again, is the converse statement true? That is, if X is regularly varying, does it
follow that the vector Z is regularly varying (assuming that the random matrix A is
suitably small)? In Jacobsen et al. (2008) it was shown that, if A and Z are real-valued
and A > 0, then Z inherits regular variation with index « from X if and only if

E[A*T*] 0, forall 6€R. (1.4)

We would like to remove the restriction to one dimension and the assumption of non-
negativity.

As in the one-dimensional non-negative case, these questions turn out to be related to
a certain cancellation property of measures, which we address in Section 2. The proof
of the cancellation property requires some abstract Fourier analytic arguments. The
reader interested in applications of these results in the spirit of Examples 1 and 2 is
referred to Section 3-5. In Section 3 we study the inverse problem for weighted sums
of a multivariate iid sequence. In Section 4 we consider the corresponding problem
for matrix products, where the random matrix has diagonal structure. Some examples
in the case of non-diagonal deterministic matrices are given in Section 5. While the
results in Section 3 yield a rather complete picture for weighted sums, the results in
the remaining sections are of example-type leaving space for further investigations.

2. The generalized cancellation property
Let p and v be o-finite measures on R%. We define the multiplicative convolution of
v and p as a (not necessarily o-finite) measure on R? given by
(v®p)(B) = / v(T'(B)) p(dx), any Borel set B C R?,
Rd

where Ty = diag(x) for x € R?.
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We start with the following result that will motivate the cancellation property
discussion in the sequel.

Theorem 1. Assume o« > 0 and let p, v be o-finite measures, such that p is not
concentrated on any proper coordinate subspace of R%, that is,

j:ill,l.f..,dp({x ca; #£0}) >0, (2.1)

v®p € RV(u,a) and for some 0 < 0" < «,

L s v Iy oty < oo (22)
and for each j=1,...,d,

oz (X sl > s/ lyil}) v(dy)
it e ) (x: x> ) =0 (2:3)

Then the family of measures on R given by

)= v(s-) \
et vep)({x: x| >s})’ = (2.4)

—d
is relatively compact in the vague topology on R. Further, any limiting (as s — 00)
point p. does not charge the set of infinite points and satisfies the equation

e ®p=p. (2.5)

Proof. By (2.1), we can choose 6 > 0 such that p({x: |z;| > 6}) > ¢ > 0 for every
j=1,...,d, and a sufficiently small §. For every j and s > 0,

p({x: lesl = 01w ({x: las > /6}) < (@ p)({x: x| > 5}).

Therefore,

d
v({x: |x]| > s}) Zl/ x: |zj| > s/d})

d
< (wep)({x: x|l > 0s/d}) Z

=1

< Swep)(ix: x> os/d))

r({ I%\ > 0})

By B, we denote the closed ball of radius 7 > 0 centered at the origin. Then we have
as s — o0,

¢ d(l/@p)({x: x| > GTs/d}) d o0r
a(Br) < 5 (wep)({x: x| >s}) - S(j) w(By) < oo
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Hence (us) is relatively compact (see Proposition 3.16 in Resnick (1987)). Let s, — o0

. —=d e .
be a sequence such that p,, — . in R, for some limiting point s,. Then u, does not
charge the set of infinite points. For a € R? denote

D, = {yGRg:p*<{z: zj = a;/y; for somejzl,...,d}) :0}.

The argument after (2.22) in Jacobsen et al. (2008) shows that there are at most

countable sets Ay, ..., Ag of real numbers such that
d
p(Da) =0, ac ] 45 (2.6)
j=1

Consider a such that
CL1>O7 ajZO, j:27...,d, aj¢Aj, ]:1,7d (27)

The set Cy(a) = []%

j:l[aj7 00) is bounded away from the origin and a continuity set for
the tail measure p of v ® p. Therefore

(v®p) (Sde(a))
et (v@p)({x: [x] > si})

= m Y | /D . Jer @)l (2.8)

I,C{1,....d

w(Ca(a)) =

where for I, C {1,...,d},
D(Iy)={z:2 >0 forjel;and z; <0 for j¢ I},
interpreting [0/0, c0) = R and writing for k¥ > 1 and v such that v; > 0 for j € I,
fer (v) = Msk( 1T lai/vi00) x T (—OO»—aj/|Uj|])o
Jelt JEly

Choosing € > 0 so small that ¢ := p({z : |21| > €}) > 0, and proceeding similarly to
the beginning of the proof, we get for I C{1,...,d} andz=1=(1,...,1),

for, (M) < pe, ({y: il > ai})
L(v@p)({x: |21 > aresi})
(v@p)({x: |Ix]| > s1})

Therefore, on D(Iy)N{z: |z1| < Msi}, M >0,

wep)({x: |z] > aresp/z})
vep)({x: %] > si})
C(al,&M)(\lea_‘sl % |zl|a+5,) .

fra,(z) <

IN
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Here C(ay,e, M) is a finite positive constant, and in the last step we used the Potter
bounds; see Proposition 0.8 in Resnick (1987). Recalling that (2.6) holds for our choice
of a, using (2.2) and the dominated convergence theorem, we conclude that for every
M >0, as k — oo,

/ fier. (2) plidz)
D(I+)n{z: |z1|<Msy}

= pe | T1 [as/2,00) x [T (=00, —a;/Iz] | oldz).
D(I+) JEIL j¢1+

Furthermore,

/ fior, (=) pldz)
D(I4)N{z: |z1|>Msy}
p({z: 21| > Msp})v({y : |y1] > a1/M})
(@ p)({x: [x] > si})
fotosicopar P02 5 211 > snan/ Iy ]}) v(dy)
(v@p)({x: [x] > si})

+

= A, + B .

Since
pl{z s Jal > M) < (Ms) @ [ ] pldz),
R

it follows from (2.2) that Ay — 0 as k — oo, once again for each M > 0, and by
(2.3), limps— o0 limsup,,_, . Br = 0. Thus we proved that for any a satisfying (2.7) and
I, C{1,...,d}, as k — oo,

[ ha Gt
D(Iy)
- po | 1T [a3/2500) x [T (=00, —a;/121] | p(da).
DU+)  \jely gl
Then, in view of (2.8),

1(Ca(a))

(]

/D(I )M* IT lai/z,00) x T] (=00, —a;/|2] | p(dz)

I,.C{1,..d} JELL J¢Iy

(s ® p)(Ca(a)) -

(2.9)

Using the continuity of measures from above, we can now extend (2.9) to any a
satisfying a; > 0, a; > 0,7 = 2,...,d. This means that the measures p and p, ® p
coincide on the set {x: z1 >0, z; > 0,5 =2,...,d}.

Of course, this argument can be repeated while distinguishing any coordinate k =
1,...,d, so that we see that the measures p and p, ® p coincide on each of the d sets
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{x:2,>0,2; >0,j=1,...,d}, k=1,...,d. Since the union of these sets is the
first quadrant [0,00)%\{0} we conclude that these two measures coincide on this set.

An identical argument can be used for all other quadrants of Rﬁ. Thus (2.5) holds and
the proof of the theorem is complete.

There is only an apparently small step remaining between the conclusion of Theorem
1 and the statement that v is regularly varying with index «. This step consists of
showing that (with p and p fixed) equation (2.5) has a unique solution .. Indeed, if
this could be established, then all subsequential limits as s — co of the family (us) in
(2.4) would be equal. In turn, (us) would converge vaguely and v would be regularly
varying.

Unfortunately, this step is not so small and it turns out that, in some cases, (2.5)
has multiple solutions; see the following discussion and, in particular, Remark 2.
Therefore, our next step aims at establishing conditions under which the solution to
(2.5) is, indeed, unique. We start by reducing the problem to a slightly different form.
Uniqueness of the solution to (2.5) would follow if the measure p had the following
property: within a relevant class of o-finite measures v, vs,

if ®p=rvo®p then vy =1s. (2.10)

This property can be viewed as the cancellation property of the measure p with respect
to the operation ®.

A similar situation was considered in Jacobsen et al. (2008), in which the case d = 1
was treated. There it was assumed that all measures are supported on the positive
half-line (0, 00). In particular, all regularly varying measures supported on (0, c0) have
tail measures proportional to one another. It is natural in this situation to study
the cancellation property if one of the measures vy, v, is such a canonical measure.
Correspondingly, one defines a measure v® on (0,00), a € R, with a power density
given by

v (dz) = ax™ (@t dy . (2.11)

Actually, Jacobsen et al. (2008) allow at this point for any real value of «. In the
present paper, we will look only at positive «, even though the statement of Theorem
2 below can be extended to the more general case.

The paper Jacobsen et al. (2008) addresses the question which measures p have the
following cancellation property:

v®p=v"®p implies v =1,

and it was shown that a measure p satisfying
o0
/ Y0V y2F0 p(dy) < oo, for some § > 0,
0
has this cancellation property if and only if
o .
/ YT p(dy) #0 for all # € R.
0
In order to understand the more general cancellation property (2.10), we start by

replacing the single equation by a system of linear equations that include only measures
concentrated on the positive quadrant of R<.
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For d > 1, consider the set Q4 = {—1,1}? equipped with the coordinate-wise

(binary) multiplication. Let al, ..., aq be positive numbers, (pv, v E Qd) be o-finite
measures on (0, 00)?, and (I/U ,VE Qd), i = 1,2, be two collections of o-finite measures
on [0,00)%. We assume that for a certain non-empty subset K of {1,...,d}
/( y 37 py(dx) < oo for each v € Qq and j € K, (2.12)
0,00
and for i = 1,2,
sup so‘jyff)({x x> s}) <oo foreachv e Qqandjc K. (2.13)
s>0

We now assume that these measures satisfy the following system of 2¢ linear equations.

Z VD @ puy = Z V2 & pyy for each v € Qq. (2.14)
wEQ4 wWERJ

The following result characterizes those measures (p,, v € Qq) which can be “can-
celled” in this system of equations.

Theorem 2. Let (pv7 vE Qd) be o-finite measures on (0,00)? and (1/1, ,UE Qd), =
1,2, be o-finite measures on [0,00)%. Assume that for some non-empty set C

{17"'7d}7
Vq(}i)({x:xk:0 foreacthK}):O, 1=1,2, v€Qqy, (2.15)

and that (2.12) and (2.13) hold for this set K. Suppose that for each j € K, my, ..
{0,1} and 64,...,04 € R,

> H oy / )’ H 21 p, (dx) # 0 (2.16)

vEQ k=1

..My €

with the usual notation v = (v1,...,vq) € Qq and x = (21,...,14) € [0,00). If these
measures salisfy the system of equations (2.14), then

yl()l) = 1/1()2) fO’i‘ each v € Qd. (217)

Remark 1. In applications to regular variation the measures (ngi), v E Qd), 1=1,2,

will appear as (restrictions to the different quadrants of) certain vague limits v in Rc_f?
hence will automatically put no mass at the origin. Hence the set K = {1,...,d} will
always satisfy (2.15). This is the maximal possible choice of K which requires the
largest possible set of conditions in (2.16). The smaller the set K can be chosen, the
fewer conditions one needs to check. If, for example, v is absolutely continuous, then
K = {1} and (2.15) gives 2¢ conditions.

Before proving Theorem 2, we consider some special cases. We start by considering
the scalar case, d = 1. In this case, the system of equations (2.14) becomes

1)

VWeap+vWep =P ep+rFep, (2.18)
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1)

Lom =780 +0)

vV @p_y + 8 @p_1+v ®p.

The only choice is K = {1} and the conditions (2.16) for the cancellation property
become

J" oz1+z9 + f xa1+19 1(d.’L’) 7& 0,
{ fOO a1+10 d;z:) _ fOOO J,‘a1+Z6 1(dx) # O’ 5 9 6 R . (2.19)

In dimension one the measure v*, a > 0, given in (2.11), is particularly important
when studying regular variation. Suppose that VZ-(2) =¢;v®, i = £1, where ¢y ,c_; are

nonnegative constants. If we choose a1 = a, then the assumption (2.13) automatically
(2

holds for the measures v;™ and v Assummg that the measures p;, p_1 satisfy (2.12)
and [|p;||2 = fooo % pi(dx), i= il, the system (2.18) takes the form

v @ pi+ Y @ pi = (erllpill 2+ callo—il|) v, i = 1. (2.20)

Notice that the two equations (2.20) already imply that (2.13) holds for the measures

V%l) and 1/(_11) as well. We therefore obtain the following corollary of Theorem 2.

Corollary 1. Let a; = a > 0, and p1, p—1 be o-finite measures on (0,00) satisfying
(2.12). If the o-finite measures on [0, 00), Vfl) and v ), satisfy the system of equations
(2.20), and if the cancellation conditions (2.19) are satisfied, then 1/1-(1) =cv®, i = =£1.

Remark 2. Assume that all conditions of Corollary 1 but (2.19) are satisfied. For
example, if the first condition in (2.19) is not satisfied for some 6 = 6y € R, then the
measures

1)(dﬂc) = [¢; + a cos(fp log ) + bsin(bp log x)] v (dx), i=+1,

for a, b such that 0 < a? + b? < 1 solve the system of equations (2.20). Similarly, if the
second condition in (2.19) fails for some 6 = 6y € R, then the measures

ui(l)(d:c) = [ei+ (—1)"(a cos(fplog z) + b sin(fplog z)) ] v*(dz), i=+1,

with the same choice of a, b as above satisfy (2.20).

Another useful special case of Theorem 2 corresponds to the situation, where only one
of the measures (pv, v E Qd) is non-null; as we will see in the sequel this case naturally
arises in inverse problems for regular variation. We assume without loss of generality
that the non-null measure corresponds to the unity in Qq, v = (1,...,1). For simplicity
denoting this measure by p, we see that the system of equations (2.14) decouples, and
becomes

vM@p=v® ®p for each v € Qq.

However, the decoupled system of equations does not provide us with any additional
insight over a single equation, so the right thing to do is to drop the subscript and
consider the equation

Waep=v@ep (2.21)

for two o-finite measures (1) and v, If we interpret (2.12), (2.13) and (2.15) by
disregarding the subscripts, we obtain another corollary of Theorem 2.
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Corollary 2. Let ay,...,aq be positive numbers, p a o-finite measure on (0,00)? and
v v o_finite measures on [0,00)%. Suppose that the non-empty set K C {1,...,d}
satisfies (2.15) and (2.12) and (2.13) hold.

If the equation (2.21) is fulfilled, and

/0 » H 1% p( (2.22)

for each j € K, and 61,...,04 € R, then vV = (2,

In the case d = 1, the conclusion of Corollary 2 is the same as the direct part of
Theorem 2.1 in Jacobsen et al. (2008).

Proof of Theorem 2. The general idea of the proof is similar to the proof of Theorem
2.1 in Jacobsen et al. (2008). Fix j € K and define

h§””)( )=y v ({z: 0< 2 <wyi, k #4, 25 > y;}), v EQu, i =1,2

fory = (y1,...,yq) with all y > 0. It follows from (2.13) that all these functions are
bounded on their domain. The equations (2.14) then tell us that

/ h;wJ)(xl/Zla“'?xd/Zd) pvw(dz)
wWEQRY [0 OO)

[ ) ot

WEQR4
for each v € Qq, x > 0, k=1,...,d. Next, we define functions
(’U77;) — (’U,i) Y1 Yd ] —
9; ' (y) =h; (e,...,e%), veEQq i=1,2,

for y € R%, and finite measures on R? by

5" (dx) = (%97 pu) 0 Ty (dx)
where Tiog(y) = (logyi, . .., logya), ¥ € (0,00)¢. We can now write
> / (1) (g dy) =Y / 9z — y) u (dy)
WEQq weQq
for each v € Qq, z € R%. Therefore, the bounded functions
a3 ="V y) - 6"V (y), y eRL weQa,

satisfy

> / (@~ y) u{" (dy) = 0 (2.23)

WEQRJ

for each v € Qg, z € R%.
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For fixed my, € {0,1}, k=1,...,d, and j € K, we define a signed bounded measure

on R? by
Z Hvk “J

vEQqq k=1

and a bounded function on R? by

Z Hvk gJ

vEQR k=1

Then the system of equations (2.23) implies

| ota=vman =0, zer’, (2:24)

and we want to show that g; = 0 everywhere.

Notice now that the right-hand side of (2.16) is exactly the Fourier transform of
p; at the point s = (01,...,04). Let ¢ be the standard normal density in R?. Then,
in the standard notation for the additive convolution, we have ¢ * u; € L*(R?), and
the equation (2.24) tells us that g; * (¢ % p;) = 0. Let the symbol ~ denote the
distributional Fourier transform of a function or a signed measure. By Theorem 9.3 in
Rudin (1973) we have that, in the distributional sense,

supp(3;) C {s € RY: G(s)fiy(s) = 0} = {s € R : i (s) = 0} = 0,

where the last equation is just the condition (2.16). Therefore, we conclude that the

support of the Fourier transform g; is empty, hence g; = 0 almost everywhere. Since

the function g; is coordinate-wise right-continuous, we see that g; = 0 everywhere.
The 2¢ x 2¢ matrix A with the entries

d
Amy,....mq,v1,...,vq — H ’U]anv m; S {Oa 1}7 Vj S {_171}5 .] = 1a .. '7d7
k=1

= 2d2d71) Therefore, it follows from the definition

(”) = 0, hence g](-v’l) = g§v’2)

is non-degenerate (in fact, |det A| =

of the function g; that for each v € Qq4, g . We conclude

that

Vf)l)({ZI 0< 2z < Yk, k#]v Zj >yj})
1/1()2)({22 0< 2, < Yk, k#ja Zj >yj})

for each v € Qg, y € (0,00)? and j € K. This means that, for each v € Qg, the

measures Vl(, ) and V( ) coincide on the set {y; > 0} for each j € K. By the definition

of the set K we obtain (2.17) and, hence, complete the proof.

The conditions for the cancellation property in (2.16) and its special cases above,
are somewhat implicit. On the other hand, in the case of one dimension and a
single equation, the presence of a sufficiently large atom in the measure p already
guarantees the cancellation property; see Corollary 2.2 in Jacobsen et al. (2008). A
similar phenomenon, described in the following statement, occurs in general.
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Corollary 3. Let (pv, v e Qd) be o-finite measures on (0,00)¢, and let (1/1(,1), v €
Qd),i = 1,2, be o-finite measures on [0,00)%. Suppose that K is a nonempty set

satisfying (2.15). Assume, further, that (2.12) and (2.13) hold for this set K.
Suppose that these measures satisfy the system of equations (2.14). If for every

j € K there is v9) € Qq and an atom x1) = (xgj), e ,xfij)) of pyiy with mass w9 so
large that

(J)( gﬂ)) > /x;éxmx pv(g) dX Z /0 pv dX)

v#v () s00)
then the conclusion (2.17) holds.

Proof. An application of the triangle inequality shows that the assumptions of the
corollary, in fact, imply (2.16). Indeed, let j € K. We have, for any my,...,mgq € {0,1}
and 61,...,04 € R,

d
3| GO D | ETC
(0,00)¢

vEQq k=1
Z w(j) (ch»j))aj */ pv(J) dX Z /() 33 pv dX) >0
v#v(d) °0)

x;ﬁx(])

by the assumption, so none of the expressions in (2.16) can vanish.

We now put together Theorems 1 and 2 and obtain an inverse regular variation
result for multiplicative convolutions. It is a multivariate extension of Theorem 2.3 in
Jacobsen et al. (2008).

Theorem 3. Let a > 0 and p, v be o-finite measures on R? such that
p({x: 2 =0}) =0 foreveryi=1,...,d,

and (v ® p) € RV(a, ). Assume (2.2), (2.3) and

d d
[ Jasl TL el T] (stgna)™ plax) 0 (2.29
R k=1 k=1

foreach j=1,...,d, my,...,mq € {0,1} and 01,...,04 € R. Then the measure v is
regularly varying with index a. Moreover, the measures (us) in (2.4) converge vaguely

—d
as s — oo, in Ry, to a measure p, satisfying (2.5).

Proof. Because of the statement of Theorem 1, we only need to prove that any two
subsequential vague limits #(*) and v in that theorem coincide. Note that v(!) and
v are two solutions to the equation (2.5), so in order to prove that v =13 we
translate our problem to the cancellation property situation of Theorem 2. For v € Qq
denote

v = {x: z;v; > 0 for each j:l,...,al}7

and define
puol) = pl{x € Qut (il ) € ).
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Similarly, we define two collections of o-finite measures on [0, c0)?, (u&”, v E Qd), i =
1,2, by restricting the measures v and v® to the appropriate quadrants. By
assumption, v @ p = v@ ® p. Writing up this equality of measures on R? for
each quadrant of R?, we immediately see that the measures (p,, v € Q) and (z/i(f)7 v E
Qd), i = 1,2, satisfy the system of equations (2.14).

We let a; = a for j =1,...,d and K = {1,...,d}. Then (2.15) holds since the
measures v and v are vague limits in @g and, hence, place no mass at the origin in
R<. The assumption (2.12) follows from (2.2). The assumption (2.13) follows from the
fact that both v and v satisfy (2.5) and the scaling property of the tail measure
p. Finally, the condition (2.16) follows from (2.25) and elementary manipulation of
the sums and integrals. Therefore, Theorem 2 applies, and 1/1(,1) = 1/1(,2) for each v € Qq.
This means that v(1) = p(2),

Remark 3. If the tail measure p of v ® p satisfies
p({x: zy =0 foreach k € K}) =0 (2.26)

for some non-empty set K C {1,...,d}, then every measure p, satisfying (2.5) has the
same property:
pi({x: 2, =0 for each k € K}) =0.

Therefore the measures (uff), v € Qd), i = 1,2, defined in the proof of Theorem 3
satisfy (2.15), and we can apply Theorem 2 with this smaller set K. In other words, if
(2.26) holds, then the condition (2.25) in Theorem 3 has to be checked only for j € K.

We can extend Theorem 3 to the situation where the measure p puts a positive
mass on the axes. The next corollary follows from the theorem by splitting the space
R? into subspaces of different dimensions, by setting some of the coordinates equal to
zero. We omit details.

Corollary 4. Let a > 0 and p, v be o-finite measures on R? such that (2.2) and (2.3)
hold and v ® p € RV (a, ). Assume that for every Iy C {1,...,d} such that
p({xeRd: ;=0 forallie[o}) >0

we have for every I such that [y UT ={1,...,d},

[ et T ot T (sen(e) ™ plax) # 0 (2.27)

kel kel

for each j € I, my € {0,1} and 0, € R, k € I. Then the conclusions of Theorem 3
hold.

3. The inverse problem for weighted sums

In this section we revisit the weighted sums of iid random vectors introduced in
Example 1. We consider the special case of diagonal coefficient matrices. Our goal
is to apply the generalized cancellation theory of the previous section to investigate
under what conditions on the coefficient matrices regular variation of the weighted sum
implies regular variation of the underlying iid random vectors.
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Let (Z®) be an iid sequence of R%valued random column vectors with a generic
element Z and (d¥)) be deterministic vectors in R?. The ith coefficient matrix ¥;
is a diagonal matrix with d? on the main diagonal: ¥; = diag(d(i)). The following
theorem is the main result of this section. The corresponding result for d = 1 and
positive weights 1; was proved in Jacobsen et al. (2008), Theorem 3.3.

Theorem 4. Assume that the series X = 37, W, Z) converges a.s., X € RV(a, ux)
and for some 0 < §' < «,

> a7 < oo (3.1)
i=1

Suppose also that all non-zero vectors (d")) have non-vanishing coordinates. If for all
j=1,....d, formy,...,mg € {0,1} and 0,...,04 € R,

d d
> [|d§l)|a [T 11 (Sign(dé”))m’“} #0, (3.2)

1=1 k=1 k=1
then Z is regqularly varying with index o and (1.1) holds.

Remark 4. Of course, if some of the non-zero vectors (d(”)) have vanishing coordi-
nates, we can use Corollary 4 instead of Theorem 3, and obtain regular variation of
the vector Z under a more extensive set of conditions than (3.2).

We start the proof with the following lemma.

Lemma 1. Assume the conditions of Theorem 4 but the vectors d;, i =1,2,..., may
also contain zero components. Then, for any Borel set A C R? bounded away from the
origin and such that A is a ux-continuity set,

P(s7'X € A) NZP(Sil\PiZ €A), s—o0. (3.3)
i=1

Proof. For every j = 1,...,d, we may assume that there is i(j) = 1,2, ... such that
d;i(m # 0 for, if this is not the case, we can simply delete the jth coordinate. Denote

Y@ =X — W) 7,.(3)

and choose M; > 0 such that P(||[YY)| < M;) >0, j =1,...,d. We have for s > 0
and j =1,...,d,

P(IX] > 8) = P(YY| < M) P(1df )1 25| > s+ M;)
and the regular variation of X implies that there is C; > 0 such that
P(1Z,] > $) < CP(X] > ), s>0,
and therefore there is C' > 0 such that

P(|Z|| > s) <CP(|X]| >s) foralls>0. (3.4)
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We write X, = 37| ¥,Z®) and X9 =X — X, for ¢ > 1. In the usual notation,
Ac={y eRl d(y,A) <€}, Ac={ycA:d(y,A°) > ¢},
we have

P(s71Xy € Al P(IX?]]) < es)
< P(s7'X € A) < P(s'X, € A%) + P(||XY]| > es). (3.5)

Proceeding as in the Appendix of Mikosch and Samorodnitsky (2000) and using (3.4),
we obtain

lim hmsupw —
1= soo  P||X|| > s)

Therefore and by virtue of (3.5) it suffices to prove the lemma for X, instead of X. In
what follows, we assume ¢ < oo and suppress the dependence of X on ¢ in the notation.

...........

P(s'X € A,)
< ZQ:P( gz eay+ 89D (p iz 3¢ 2
< 2 sV 5 T .
Hence, by (3.4) and regular variation of X,
L P(sT'XeA) . 3 P(sTZ e A)
pux (A < liminf ————"— < liminf =~
s=oo P(||IX]| > s) s—00 P(IX] > s)

Letting € | 0 and using that A is a ux-continuity set, we have

(A) <1 inf ?:1 P(571WJZ € A)
1754 < limin s
s—o0 P(IX][ > s)

and (3.3) will follow once we show that

Zq._l P(sfl\Ilj Zc A
i (4) > limsup 2=
TR > )

Let 0 :=inf{||x|| : x € A} > 0. For 0 < € < § write

q

P(s'XeA) > P||Js'wzW ed,| Y wz0| <se
i=1 1<I#i<q
q .
> > PlswzWeA | Y wz0| < se
=1

1<i#i<q

q(qg—1)
2

(P(|ZI| = s3/M))?
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q
—1yy .7() _ q(¢—1) 2
> ;P (s 0,20 ¢ A) 5 (P(IZ]| > s6/M))
—qlg =) P(|Z] = s6/M)P(||Z]| = se/((¢ —1)M)).
Thus by regular variation of X and (3.4),

. P(s7'X € A9) _ . P (sTIUZ e A)
ux(A€) > limsup —————= > limsup ==

Letting e | 0 and using the px-continuity of A, we obtain the desired relation (3.6).

Proof of Theorem 4. It follows from Lemma 1 that the measure
p(-)=> P(WZe-) onR
i=1

is regularly varying with index «. Note that 4 = v ® p, where v is the law of Z (a
probability measure), and
o0
p=> baw,
i=1

with the usual notation 6, standing for the unit mass at the point a € R?. Note that
the conditions of Theorem 3 are satisfied; in particular (2.3) holds because the measure
p has bounded support. Therefore, the conclusion of Theorem 4 follows.

Example 3. Consider the vector AR(1) difference equation X; = UX;_; +Z;, i € Z,
for an iid R%valued sequence (Z;) and a matrix ¥ = diag(d) for some deterministic
vector d € D? with nonvanishing coordinates. A unique stationary causal solution
to the AR(1) equation exists if and only if max;— . 4|d;| < 1 and Z; has some
finite logarithmic moment. A generic element X of the solution satisfies the relation

X 4 Z;io WIZ;. Assume that X is regularly varying with index a > 0. Then (3.1) is
trivially satisfied and (3.2) reads as follows: for every j =1,...,d, any m; € {0,1},0; €
R,i=1,...,d,

d

4 d d _
|dj|a H |dk|i9k H(Slgn(dk))mk <1 — |dj|a H |dk|i9k H(Slgn(dk))mk> 1 7é 0,
k=1

k=1 k=1 k=1

This condition is always satisfied. Hence any Z; is regularly varying with index a > 0.

A special case of the setup of this section is a sum with scalar weights, of the type
X =37, Y Z%) | where (1;) is a sequence of scalars. Applying Theorem 4 with

dg-i) =1, 5=1,...,dfor i =1,2,..., we obtain the following corollary.

Corollary 5. Let o > 0, and suppose that for some 0 < § < «,

Z |9i*° < o0 (3.7)
i=1
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Assume that the series X = > 2 ; Z) converges a.s. and X is reqularly varying
with index o. If

D et # 0, 6€R, and (3.8)
j=1

SOowst £ N gt BeR, (3.9)
j:pi>0 Jup; <0

then Z € RV («a, pz) and the tail measure pz satisfies

P(s71Xe) o
W — Yy pz() +v_pz(—), s— o0,
where
ve= ) Uy and o= ) ful (3.10)
Jiap; >0 jiap; <O

Remark 5. Corollary 5 has a natural converse statement. Specifically, if either (3.8)
or (3.9) fail to hold for some real 0, then there is a random vector Z that is not regularly
varying but X = 377, ¥, Z() is regularly varying. Indeed, suppose, for example, that
(3.8) fails for some real §y. We use a construction similar to that in Jacobsen et al.
(2008). Choose real numbers a, b satisfying 0 < a? + b*> < 1, and define a measure on
(0,00) by

vo(dzr) = [1 4+ a cos(0y logx) + b sin(fy log )] v (dz) , (3.11)

where v® is given in (2.11). Choose r > 0 large enough so that vg(r,00) < 1, define a
probability law on (0, c0) by
po(B) = vo(B N (r,00)) + [1 = vg(r,00)]15(1) for any Borel set B,

and a probability law on R by

pe (1) = %Mo(') + %uo(—-)

Obviously, u. is not a regularly varying probability measure. Therefore, neither is the
random vector Z = (Z,0,...,0) regularly varying, where Z has distribution p,.

Since the vector Z is symmetric, the series X = 3", ,Z() converges a.s. under
the assumption (3.7); see Lemma A.3 in Mikosch and Samorodnitsky (2000), and the
argument in Jacobsen et al. (2008) shows that X is regularly varying with index a.

On the other hand, suppose that (3.9) fails for some real 6. Define v as in (3.11),
and define another measure on (0, 00) by

vi(dz) = [1 — a cos(y logx) — b sin(fy log x)] v (dz) .

Convert vy into a probability measure uo as above, and similarly convert vy into a
probability measure u;. Define a probability measure on R by

p () = %Mo(') + %m(—-)
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Once again, let Z = (Z1,0,...,0), where Z; ~ u.. Then Z is not regularly varying,
and neither is the vector

Z_ Z7 if0<04§1,
“\ Z-E2Z), ifa>1.

As before, the series X = >°7° 4;Z(") converges a.s. under the assumption (3.7), and
X is regularly varying with index a.

We proceed with several examples of the situation described in Corollary 5. We say
that the coefficients 11,1, . .., are a-regular variation determining if regular variation
of X = Zfil ¥, Z(%) implies regular variation of Z. In other words, both conditions
(3.8) and (3.9) must be satisfied.

Example 4. Let ¢ < co and assume that ¢, = 1,7 =1,...,q, ¥ =0 for ¢ > ¢q. By
Corollary 5 these coefficients are a-regular variation determining and P(s™1X € +) ~
qP(s7'Z € -) as s — 0o. For d = 1 (only in this case the notion of subexponentiality
is properly defined) this property is in agreement with the convolution root property
of subexponential distributions; see Embrechts et al. (1979); cf. Proposition A3.18 in
al. Embrechts et al. (1997). Indeed, if X is a positive random variable then regular
variation of Z implies subexponentiality.

Example 5. Again, let ¢ < oo and ¢; = 0 for j > ¢. If, say, [1|* > Z?:z [4;]%, then
both conditions (3.8) and (3.9) are satisfied and therefore the coefficients are a-regular
variation determining. This is, of course, the same phenomenon as in Corollary 3.
In the special case, ¢ = 2, if ¢; # —1b, then the coeflicients are a-regular variation
determining. On the other hand, If ¥y = —1)5, then condition (3.9) fails, and the
coefficients are not a-regular variation determining. This means that regular variation
of X =7, — Z5 does not necessarily imply regular variation of Z.

4. The inverse problem for products

We now apply the generalized cancellation theory to Example 2 above. We con-
centrate on the case of multiplication by a random diagonal matrix. Specifically, let
A = diag(A4,,...,A,) for some random variables (A;), i = 1,...,d. The following
theorem is an easy application of Theorem 3.

Theorem 5. Assume that P(A; =0) =0 forj=1,...,d. Let A =diag(4,,..., Aq).
Let Z be a d-dimensional random vector independent of A, such that X = AZ is
regularly varying with index o > 0. If E||A||**% < oo for some 6 > 0 and

d
E <|Aj|“ TT Ak (Sign(Ak))mk)> #0 (4.1)

k=1

for each j = 1,...,d, my,...,mq € {0,1} and 0;,...,0; € R, then Z is reqularly
varying with index o > 0. Moreover, (1.3) holds.

A special case is multiplication of a random vector by an independent scalar random
variable, corresponding to A1 = ... = Ay = A for some random variable A. The
following corollary restates Theorem 5 in this special case.
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Corollary 6. Let A be a random wvariable independent of a d-dimensional random
vector Z such that X = AZ is reqularly varying with index o > 0. If E|A|** < oo for
some § >0 and

E|A|*TY £0, 0eR, (4.2)
EAST® £ BATY g eR, (4.3)

then Z 1is reqularly varying with indexr o > 0. Moreover, the tail measure pz of Z
satisfies

P(s7'X e)

Y EA% )+ EA® —.
P(Z[>s) G uz() + EA% pz(—), s— o0,

where Ay = max(A4,0), A_ = max(—A,0).

Using terminology similar to that of the previous section, we say that a random variable
A is a-regular variation determining if regular variation with index o« of X = AZ implies
regular variation of Z. Corollary 6 shows that if A satisfies both conditions (4.2) and
(4.3), then A is a-regular variation determining. On the other hand, a construction
similar to that in Remark 5 shows that, if one of the conditions (4.2) and (4.3) fails,
then one can construct an example of a random vector Z that is not regularly varying
but X = AZ is regularly varying with index «. Therefore, conditions (4.2) and (4.3)
are necessary and sufficient for A being a-regular variation determining.

Jacobsen et al. (2008), Theorem 4.2, proved this result for positive A. They gave
various examples of distributions on (0, co) which are a-regular variation determining,
including the gamma, log-normal, Pareto distributions, the distribution of the powers
of the absolute value of a symmetric normal random variable, of the absolute values
of a Cauchy random variable (for a < 1) and any positive random variable whose
log-transform is infinitely divisible. The condition in (4.3) rules out a whole class
of important distributions: no member of the class of symmetric distributions is a-
regular variation determining. Even non-symmetric distributions with FAY = EFA®
are not a-regular variation determining. For a further example, consider a uniform
random variable A ~ U(a,b) for a < b. If a = —b, then A cannot be a-regular
variation determining since it has a symmetric distribution. On the other hand, an
elementary calculation shows that in all other cases both conditions (4.2) and (4.3) hold.
Therefore, the only non-a-regular variation determining uniform random variables are
the symmetric ones.

In financial time series analysis, models for returns are often of the form X; =
Ay Zy, where (A;) is some volatility sequence and (Z;) is an iid multiplicative noise
sequence such that A; and Z; are independent for every ¢t and (X;) constitutes a
strictly stationary sequence. In most parts of the literature it is assumed that the
volatility A; is non-negative. It is often assumed that X; is heavy-tailed, e.g. regularly
varying with some index a > 0; see Davis and Mikosch (2009b,a). Notice that A; and
Z; are not observable; it depends on the model to which of the variables A; or Z; one
assigns regular variation. For example, in the case of a GARCH process (X;), (A:)
is regularly varying with index a > 0 and the iid noise (Z;) has lighter tails and is
symmetric. On the other hand, if one only assumes that X, is regularly varying with
index o and E|Z|**° < oo for some § > 0 and Z is symmetric, one cannot conclude
that A; is regularly varying.



20 E. Damek, T. Mikosch, J. Rosiniski, G. Samorodnitsky

5. Non-diagonal matrices

The (direct) statements of Examples 1 and 2 of Section 1 deal with transformations
of regularly varying random vectors involving matrices that do not have to be diagonal
matrices. On the other hand, all the converse statements of Sections 3 and 4 deal
only with diagonal matrices. Generally, we do not know how to solve inverse problems
involving non-diagonal matrices. This section describes one of the very few “non-
diagonal” situations where we can prove a converse statement. We restrict ourselves
to the case of finite weighted sums and square matrices.

Theorem 6. Let X = 25:1 V;Z;, where Z;, j = 1,...,q, are iid R¢-valued random
vectors and ¥;, j = 1,...,q, deterministic (d x d)-matrices. Assume that X €
RV(«, ux) for some a > 0. If all the matrices ¥;, j =1,...,q are invertible, and

q
N 71 (5.1)
=2

where (V1) = mingega-1 |V12| and ||V;|| is the operator norm of ¥;, j = 1,...,q,
then Z € RV(«, nuz) and pz satisfies (1.1).

Proof. An argument similar to that in Lemma 1 shows that under the assumptions
of the theorem a finite version of (3.3) holds: for any Borel set A C R? bounded away
from the origin such that A is a continuity set with respect to the tail measure ux,

q
P(s'X € A)~> P(sT'WZe A), s—o0.

i=1

This allows us to proceed as in Theorem 1 to see that the family of measures
P(s7'Z € -
((S)> (5.2)
P(IX|>5s) ) 5,
is vaguely tight in @gl, and any vague subsequent limit . of this family satisfies

q
px = Z,u* o \IJ;1 . (5.3)
j=1

Let T = W;lq/l, j=2,...,q. Then by (5.3), for any measurable set B C R? bounded

away from zero,
q
4o(B) = ux(01B) — 3 (T B). (5.4)
j=2
Replacing B with T;B for j = 2,...,q and iterating (5.4), we obtain for n =1,2,...,

pe(B) = px(¥1B)— Z (U1 T;B) +ZZM*TTB

Jj= J1=2 j2=2
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n q q

SEDES TS ux (T, - Ty, B) (5.5)

k=0 J1=2  jr=2
q

q
1)+ Z Z pi(Tj, .y - Ty, B) .

=2 jnt1=2
Clearly, for every n > 1 and j1,...,jn+1 = 2,...,¢,
n+1
g 0f 2] > inf |] (y )t H (K2 (5.6)

Jn+4+1 "t

Furthermore, it follows from (5.3) that, for some ¢ > 0,
p({z € R4 |z > 8}) <cs™™, s>0.

Therefore we conclude by (5.6) and (5.1) that

q
Z Z Tjn+1 Ty, B)

.771+1 =2

IA

n+1 o
i3 3 (Gt )

J1=2 Jn+1=2

n+1

q
¢ (inf |z]) " (3(T1)) D3y —0.
=2

zEB

Thus by virtue of (5.5),
n q q
pe(B) = lim Y (=1)F Y > ux(Ty, - Ty, B) -
k=0 J1=2 Jr=2

This means that p, is uniquely determined by the measure px. Hence all the subse-
quential vague limits of (5.2) coincide. Therefore, Z € RV (a, uz) and (1.1) holds.

Remark 6. Note that in the special case of diagonal matrices (¥;) with identical
elements on the diagonals, the conditions in Theorem 6 coincide with those in Example
5 above.

Remark 7. The conditions in Theorem 6 can be slightly weakened by assuming,
instead of (5.1), that

q
>3 A, (5.7)
j=2

for some invertible matrix A. Indeed, regular variation of X implies regular variation
of the vector AX, and regular variation of the AZ implies regular variation of Z. It is
not difficult to construct examples where (5.7) holds but (5.1) fails.
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