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DISTANCE PRESERVERS FOR LOBACHEVSKY SPACE

ALEXANDER BELTON, DOMINIQUE GUILLOT, APOORVA KHARE, AND MIHAI PUTINAR

ABSTRACT. We obtain a complete description of the class of entrywise preservers of
Lorentz—Gram matrices. This resolves, for the case of constant negative curvature,
the classification of entrywise preservers obtained by Schoenberg in the zero-curvature
(Euclidean) and constant-positive-curvature (spherical) settings. These preservers
admit a Lévy—Khintchine-type representation and their asymptotic characteristics
are related to Krein’s classification of screw lines in Lobachevsky space. Connections
with complete Nevanlinna—Pick kernels and Bochner subordination are also obtained.
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1. INTRODUCTION

The classification of functions that, when applied entrywise, preserve a distinguished
class of structured matrices has a long history, with contributions from Schur towards
the start of the twentieth century, then proceeding via Pélya and Szegé to the seminal
work of Schoenberg, and more recently to entrywise preservers of moment matrices
[6] and of totally positive kernels [7]. Fundamentally, these results are all obtained
by exploiting properties of positive definiteness and the many tools available in this
setting. While these classifications encompass Euclidean and spherical geometry (zero
and constant positive curvature), the corresponding results for hyperbolic geometry
(constant negative curvature) had been lacking until now.

Here, we establish a complete classification for preservers of Gram-type matrices with
Lorentzian signature. Matrices with entries in [1,00) that have leading diagonal with
all entries equal to 1 and exactly one positive eigenvalue, counted with multiplicity,
are precisely the Gram matrices for infinite-dimensional Lobachevsky space L; these
matrices were named Lorentz—Gram by Loewner [23].

The entrywise transformations preserving all Lorentz—Gram matrices are shown
herein to form a rigid class related to Bernstein functions. By doing this, we see that
the classical Schoenberg classification for Euclidean and spherical distance geometry
has a precise negative-curvature counterpart.

We show that a function f : [1,00) — [1,00) sends the collection of Lorentz—Gram
matrices to itself when applied entrywise if and only if f has the representation

F) =141 + 8Ly / A—t)du(s)  (t>1), (L)
(0,00)

«

with the convention
¢ —1

= logt if =0,

where the order o € [0, 1], the drift 5 € Ry, the jump v € R, and the Lévy measure v
is a positive Radon measure such that

B>a(l+y+v((0,0))) ifac(01] (1.2)

so that v is necessarily finite in this case, and

/ min{s, 1} dv(s) < oo ifa=0.
(0,00)
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Euclidean Spherical Hyperbolic
Model (0%, dy) (S%°,dy) C ¢? (L,dp) C 12
Curvature 0 +1 -1

Gram invariant  da(z,y)? = ||z — y||? cosdy(z,y) = (x,y) coshdy(z,y) = [z,y]

Embedding d? conditionally cos o d positive cosh o d has exactly one
certificate negative definite semidefinite positive square
Matrix class squared distance: correlation: entries Lorentz—Gram: entries
entries in R, , zero in [—1,1], unit in [1,00), unit diagonal,
diagonal, conditionally diagonal, positive exactly one positive
negative definite semidefinite eigenvalue
Continuous Bernstein function absolutely monotone normalised Bernstein
preserver f vanishing at the origin  function with f(1) =1 function in logt plus a
regularised drift
- tr —1
Representation St Z Cnt” 1+0
f =0 o
o f, -|-/ (1—e ") dv(s) " +/ (1—¢%) dv(s)
(v Lévy measure) (0,00) (n >0, ,cn=1) (0,00)
Metric s 4/ f(s?) s — arccos(f(cos s)) s — arcosh(f(cosh s))
transform ¢
Established by ~ Schoenberg, 1938 Schoenberg, 1942 [36]  This article
[34, [35]

TABLE 1.1. Continuous distance preservers in constant-curvature
spaces. In each case, the transform ¢ o d is again a metric of the
same type when f acts entrywise to preserve the corresponding class of
Gram-type matrices.

This is the integrability condition for the Lévy—Khintchine representation of Bernstein
functions, which is no coincidence: we may re-write (1.1)) as

t* —1
—logt) (t>1),

where B is a Bernstein function that vanishes at the origin:
B(z) = Ba +/ (1= e du(s) (x> 0).
(0,00)
The validity of the inequality (1.2)) is equivalent to ¢ — ¢~ f(t) being non-decreasing
on (1,00). In terms of the Bernstein-function representation, this requirement becomes
B'(z) > a(l + v+ B(z) — B'(c0)z) (x > 0).

Every function f of this form, other than the constant function f =1, is a distance
preserver in the following sense: if d is the hyperbolic metric on £ then ¢ o d is also
a metric on £, where ¢ := arcosh o f o cosh. The naturalness of this relationship is
explained below; see Theorem

F(£) =1+ 71(1,0(t) + Bllog) + B(c0)
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To obtain the representation , we first show that every entrywise preserver has
two characteristics governing its growth, which we call its order and type. We then
show by elementary methods that the following functions are preservers for suitable
choices of the parameters:

t—t°, t—1+blogt, t—=14+p—pt t—1—qg+qt.

These examples allow us to conjecture a candidate class of preservers, which we prove
is stable under the natural closure operations. Finally, in Theorem [6.1] we show that
no other preservers exist.

Our proofs exploit the classification of screw lines in Lobachevsky space obtained by
Krein [20]. Their geometry, through the elliptic, parabolic and hyperbolic trichotomy
obtained by Krein, corresponds to the analytic classification of bounded preservers
of zero order, unbounded preservers of zero order and preservers of positive order,
respectively.

Bavaud has highlighted the relevance of entrywise preservers of Euclidean squared-
distance matrices to machine learning and data analysis [4]. Moreover, the ground-
breaking article by Krioukov and collaborators [22] opened up a vast range of applic-
ations of hyperbolic distance geometry; here we mention just a few [13] 29, 31]. From
this applied perspective, our study of inner transforms of hyperbolic distance is natural
and timely.

In particular, Lorentz—Gram matrices are also the Gram matrices associated with
kernels of real hyperbolic type [28]. Thus our classification is also the classification of
functions which operate on kernels of real hyperbolic type. In particular, the power-
preservation result obtained by Monod and Py [28, Theorem 3.10], that if a € [0, 1]
then K¢ is a kernel of real hyperbolic type whenever K is, appears as a special case of
the classification obtained here.

As consequences of our analysis, we are able to link the results obtained below
with the theories of complete Nevanlinna—Pick kernels (Section and Bochner sub-
ordination (Section . Furthermore, we resolve a question of Cohen and Lifshits
(Proposition concerning fractional Ornstein—Uhlenbeck fields on hyperbolic space.

To ensure our presentation is self-contained and accessible to the broad audience we
hope it to attract, we provide a detailed introduction to Lobachevsky space in Section
and full proofs of auxiliary results in Appendix [A]

We conclude in Section [8] with some reflections on what we have achieved and what
might be next.

1.1. Notation. We use standard mathematical notation, so that C, R and Q denote
the fields of complex, real and rational numbers. We let N denote the set of natural
numbers, starting at 1, whereas Ry and Z denote the sets of non-negative real numbers
and integers, respectively, with each including 0. A vector v € R” is a column vector
by default, with the corresponding row vector being v’ the vector 1, has n entries,
each equal to 1. The n x n identity matrix for the usual matrix multiplication is
denoted Id,, xn.

1.2. Acknowledgements. The authors thank the Mathematisches Forschungsinstitut
Oberwolfach for support and hospitality via the Fquivariant-kernel transforms and
Schur functions project within its Research Fellows programme, where work on this
paper was initiated. AB thanks the Isaac Newton Institute for Mathematical Sciences,
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Cambridge, for the support and hospitality of its Retreats programme, where further
work on this paper was undertaken via EPSRC grant EP/Z000580/1. DG was partially
supported by NSF grant #2350067. AK acknowledges support from the Government
of India via an ARG grant (ANRF/ARG/2025/011665/MS) from ANRF, a Shanti
Swarup Bhatnagar Award from CSIR and the DST FIST program-2021 TPN-700661.
Mihai Putinar was partially supported by a Simons Foundation collaboration grant.
Claude Opus 4.8, Opus 5 and Fable 5 were used to support the development of some of
the working in Sections 3 to 7 and the appendix. The authors have verified the content
of all Al-assisted material, including all references and mathematical claims, and take
full responsibility for the content of this paper.

2. PRELIMINARIES

Let ¢? = (2(Z. ) denote the real Hilbert space of square-summable sequences indexed
by the non-negative integers, with the standard inner product

o0
(x,y) = inyi for x = (zg,x1,...) and y = (yo, y1,- - .)-
i=0
We introduce a symmetric bilinear form, the Lorentz form:
o0
Cx =R () = [2,y] = zoyo — Y _ x5y = zoyo — (2, y),

=1

where we write ¥ = (zg,2’) € R @ (*(N); we will use this decomposition without
further comment and will also consider £2(N) as the subspace {0} @ ¢2(N) of £2. The
Cauchy—Schwarz inequality gives that

[z, 9)* < (z,2) {y,y)  forany z,y € £*.

In particular, the Lorentz form is jointly continuous when ¢? is equipped with the norm
topology.
We have also the hyperbolic Cauchy—Schwartz inequality

[z, 9] > [z, 2] [y, ] for any z,y € {z € £? : [2,2] > 0}; (2.1)

9
to see this, note that xg # 0 and the quadratic polynomial p(t) := [tz + y, tx + y| has
a real root, since

p(0)=[y,y] >0  and p(—yo/w0) = —(ta’ +y',ta" + ) <0.
We now specialise to the Lobachevsky space
L:={xecl’:29>0and [v,2] =1}. (2.2)

It is immediate that if z € £ then xg > 1, with equality exactly when 2 = e := (1,0).
In fact, any = € £\ {e} may be written uniquely in the form

x = ecosh @ + wsinh 6,
where 6 € (0,00) and w € £?(N) is a unit vector. Conversely, the vector
x =ecoshf +wsinhf € L

for any 6 € R, and any unit vector w € ¢£2(N). For the proof of both of these facts, see
Proposition
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In particular, there is a path
[0,1] — L£; t — ecosh(ta) + wsinh(ta)
from e to any x € £, which is therefore path connected, so connected, when £ has the
subspace topology given by the Hilbert-space norm. It now follows from that
[z,y] > 1 for any z,y € L,
since [z,z] = 1 and z — [z, 2] is continuous on L.
2.1. The hyperbolic metric. The hyperbolic distance r between points x and y in £

is defined by the identity
[,y] = coshr.

Symmetry of the resulting metric is immediate, as is the fact that a point in £ is at
zero distance from itself. Now suppose x, y € L are such that

1= [.’E,y] = ToYo — <Z'/, y/>
and let # := (1,2') € ¢? and similarly for §. Then

1=[z,2] =22 - (2,2)) < 22=1+ (' 2) = (2,2)
and similarly for yg, so
(&, 2) (9, 9) = wous = (#,9)"

Equality holds in the Cauchy—Schwarz inequality, so £ and ¢ are linearly dependent,
and since Zg = gjo = 1, we have that # = J and hence ' = 3/. Finally, we see that

:L'% = <£'7i'> = <3)7:l)> = y(2)7
so xg = yo and therefore x = y. This shows that the metric is faithful.

To establish the triangle inequality, we first recall the existence of a useful collection
of isometries. Given any x € L, we have that

[x —e,x —e] =[x,z] —2[x,e] + [e,e] =1 — 2z + 1 = 2(1 — x9).
Thus, if = # e, so that x¢ > 1, the vector
& c 62
2(330 — 1)

is such that [u,u] = —1. Hence the linear map

Ry : 0?2 = 02y y + 2[u, ylu
is such that
Ryu = —u, Rye =z, Ryx=e¢ and Ry (Ryy)=vy foranyyce 2.
Furthermore, if y, z € £? then
Ry, Ryz] = [y + 2[u, ylu, z + 2[u, z]u]
= [y, 2] + 4[u, y][u, 2] (1 + [u, u])

= [y, 2],

so R, is a bijection from L to itself that exchanges e and x and preserves the hyperbolic
distance.



DISTANCE PRESERVERS FOR LOBACHEVSKY SPACE 7

Now let x, y, z € L and let r, s, t € Ry be such that
coshr = [z,y], coshs =[y,z] and cosht = [z, x].

Let R = Ry if y # e and let R be the identity map otherwise. Then the triangle
inequality
r+s>t (2.3)

holds if and only if the same inequality holds with (z, y, z) replaced by (Rz, Ry = e, Rz),
and so, without loss of generality, we may assume that y = e. Applying cosh to both
sides of ([2.3)) and using the addition formula, we must show that

coshr cosh s + sinhrsinh s > cosht <= [z, €] [e, z] + sinhrsinh s > [z, 2]
<= x020 + sinhrsinhs > 2929 — (2/, 7).
Furthermore, we have that sinhu = v/cosh? u — 1 for any v € Ry, so

sinhrsinhs = v/[z,e]2 — 1/[e, 2]2 — 1 = \/(x% —1)(z2 - 1).

Noting that 1 = [z,2] = 3 — (2/,2) and similarly for z, we need to show that

<'T/’ mI) <ZI7 Z/> > *<5L‘,, Z,>a

but this is an immediate consequence of the Cauchy—Schwarz inequality. Hence the
triangle inequality holds for the hyperbolic distance and

d:LxL—Ry; (x,y) — arcoshlz, y] (2.4)

is a metric.

2.2. Topology. The fact that the norm topology on L is the same as the topology
generated by the hyperbolic metric follows from the readily verified identity

(—y,x—y) =2((xo — v0)2 + [z, 9] — 1) for any x,y € L. (2.5)

If x(n) — z in norm then z(n)y — xo and, by (2.5), we see that [z(n),z] — 1,
hence xz(n) — x in the hyperbolic topology. Conversely, if z(n) — x in the hyperbolic
topology then [z(n),z] — 1. Furthermore, we have that

| arcosh x(n)g — arcosh zg| = |d(z(n),e) — d(z,e)| < d(z(n),z) =0

and therefore z(n) — x in the norm topology, again by (2.5).
The identity (2.5) may also be used to show that Lobachevsky space £ is complete
for both the £2 norm and the hyperbolic metric. In fact, as we can write

L={rxecl?: 20>1and [z,z] =1},

it’s clear that £ is a norm-closed subset of £2, so £ is complete for the ¢? norm. If the
sequence (x(n))zozl is Cauchy for the metric d then so is (z(n)o = coshd(z(n), 6))20217
using the reverse triangle inequality as above, and therefore (az(n))zo:l is Cauchy for
the norm, by (2.5). Thus there exists z € £ with z(n) — z in the norm topology. In
particular, we have that x(n)o — z( and therefore [x(n),z] — 1 by another application

of (2.5). This shows that £ is also complete for the hyperbolic metric.



8 ALEXANDER BELTON, DOMINIQUE GUILLOT, APOORVA KHARE, AND MIHAI PUTINAR

2.3. Lorentz—Gram matrices. We are interested in the equivalent of Gram matrices

for the bilinear form [-, -|; Loewner named these Lorentz—Gram matrices in [23]. These
will be characterised shortly: see Theorem
Let

M = U {M = [my;] € [1,00)" ™ : M is symmetric, m;; = 1 for any i} (2.6)

n=1
and

Myt :={M € M : M has exactly one positive eigenvalue}. (2.7)

1
Here and throughout, we count eigenvalues by multiplicity, so [ ] does not have
exactly one positive eigenvalue. 0 1

Lemma 2.1. If M and N are real symmetric matrices and their difference M — N is
positive semidefinite then M has at least as many positive eigenvalues as N .

Proof. This is a consequence of Weyl’s interlacing theorem: see [17, Corollary 7.7.4(d)].
]

Theorem 2.2. The following are equivalent for a matriz M = [mij]ijl e M.

(1) The matriz M € M.

(2) There exists v € [1,00)" and a positive semidefinite matriz A € R™™ such that
M =vvl' — A and Av=0

(3) There exists v € [1,00)" and a positive semidefinite matrix A € R™™™ such that

M=vvl — A,

(4) There exists v € R™ and a positive semidefinite matriv A € R™™™ such that
M =vvl - A.

(5) There exist z(1), ..., x(n) € L such that m;j = [x(i), z(j)] for any i and j.

Proof. We note first that tr M = n > 0, so M always has at least one positive eigen-
value.

If (4) holds then, by Lemma the matrix M has no more than one positive
eigenvalue and so (1) holds.

If (1) holds then, by the Perron-Frobenius theorem [17, Theorem 8.2.8] and spectral
decomposition for real symmetric matrices, we can write M = vv! — A, where the
vector v = (v1,...,v,)T has positive entries, the matrix A = [aij]?,jzl is positive
semidefinite and Av = 0. Furthermore, it holds that v? =m;; +a; > 1 and so v; > 1.
Hence (1) implies (2).

It is clear that (2) implies (3) and (3) implies (4), so the first four statements are
equivalent.

Given (3), we can write A = BT B for some matrix B with columns by, ..., b, € R™,
Setting z(i) := (v;,b!,0,0,...) € £2(Z), we see that [z(i),z(j)] = v;v; — bl bj = m;;
for any ¢ and j, so z(1), ..., z(n) € £ and (3) implies (5).

Finally, if (5) holds then
[2(1), ()] = 2(i)oz(5)o — (2(i)',2(5)") = (wu" = G);;  for any i and j,

where u := (z(1)o,...,2(n)g)’ € [1,00)" and G is a Gram matrix, so positive semi-
definite. Thus (5) 1mphes (3). O
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We note that M, is not closed under the Schur product: if

1 a b
Myp:=1la 1 a (a,b>1)
b a 1

then, by Proposition the matrix Msg € M;4 but M§26 = My 36 ¢ M, because
22>-1=7>6 and  2(4)*>—1=31 < 36.

The set M is also not convex: we have that My, € M4 and Ma7 € M;y but
Ms3)p4 & My, because

2012 —1=1>1, 222-1=7>7 and 2(3/2)>-1=7/2<4.

We note that My is closed under taking principal submatrices. If M € M, has
an m X m principal submatrix A, with eigenvalues

A< <A1 S0< N, and w1 < o < i,
respectively, then, by the Cauchy interlacing theorem [I7, Theorem 4.3.28],
1 < S pme1 S Acmgm—1 = An1 <0

and p.;, > 0 because A has positive trace.
We also introduce relaxations of M and M, where the leading diagonal is allowed
to be non-constant:

o0
M* = U {M = [mi]i =1 € [1,00)"*" : M is symmetric} (2.8)
n=1

and M7, = {M € M”*: M has exactly one positive eigenvalue}. (2.9)

A real symmetric matrix with trace at least one has exactly one positive eigenvalue
if and only if its second largest eigenvalue is non-positive. It follows that the sets M
and M7, are closed under pointwise limits.

We note also that M7, is closed under scaling: if M € M7, then AM € M7, for
any A > 1.

Remark 2.3. In previous work [§], we described those functions that act entrywise to
preserve real symmetric matrices with exactly k negative eigenvalues. The restricted
class of functions found there, namely the positive homotheties and, when k£ = 1, the
negative constants, may be compared to the far richer family of preservers that appears
here, where the entries of elements of M7, are constrained to lie in [1, 00).

3. DISTANCE PRESERVERS

Our initial aim is to classify the collection of functions of the form ¢ : Ry — Ry
such that ¢ o d is a metric on £. In particular, we must have that p(z) = 0 if and
only if x = 0. We will show the relationship between this property and the entrywise
preservation of M1y and M7, in Theorem

We begin our approach via the following result, which was announced by Krein
in 1948 [20] and appears as Theorem 6.1 in [18]. The great utility of this theorem is that
it replaces a non-linear geometrical question with a linear-algebraic spectral condition,
so bringing the problem within the framework of entrywise matrix preservers.
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Theorem 3.1 (Krein, 1948). Let (Q, p) be a set Q equipped with a map p : QX Q — R
such that

p(p,q) = plg,p)  and  p(p,p) =0 foranyp,q € Q.
There exists a map ® : Q — L such that

d(®(p), ®(q)) = p(p.q)  for anyp,q € Q

if and only if the real symmetric matriz
feosh p(aira5)]7_,
has exactly one positive eigenvalue for any q1, ..., qn € Q.
The eigenvalue characterisation of Lorentz—Gram matrices and Krein’s certificate of
isometric embedding into Lobachevsky space were recently rediscovered by Tabaghi

and Dokmanié¢ [37].
Given ¢ as above, we let

f :=cosh o ¢ o arcosh : [1,00) — [1, 00)

and note that the condition that ¢(x) = 0 if and only if z = 0 is equivalent to requiring
that f(t) = 1 if and only if ¢ = 1. Furthermore, if @ := £ and p := ¢ o d then the
initial hypotheses of Theorem are satisfied, and

cosh p(p, q) = (cosh o p 0 d)(p,q) = f([p.q])  forany p,g€ Q = L.
It follows from Theorem that if the matrix [f([x(z),x(])])]?jzl has exactly one
positive eigenvalue for any z(1), ..., z(n) € L then there exists a map

®:L— L suchthat ¢(d(z,y)) =d(®(z),®(y)) for any z,y € L.
In particular, if x, y, z € £ then

p(d(@,y)) + @(d(y, 2)) = d(2(z), 2(y)) + d(P(y), D(2)) > d((2), P(2)) = ¢(d(z,2))
and therefore ¢ o d is a metric on L.

We can summarise this working in the following theorem. The equivalence of (3)
and (4) will be shown below: see Theorem

We use the notation f[A] := [f(ai;)] to denote the result of applying a function f
entrywise to a matrix A = [a;;] and f[—] := A — f[A].

Theorem 3.2. Let ¢ : Ry — Ry be such that o1 ({0}) = {0} and let
f:]1,00) = [1,00); t — cosh(arcosht).

The following are equivalent.
(1) There exists a map ® : L — L such that

d(@(x), <I>(y)) = go(d(m,y)) for any x,y € L.

(2) The matriz [f ([z(i), 2(5)])]} =1 € My for any z(1), ..., x(n) € L.
(3) The map f when applied entrywise preserves My, that is, f[Mi+] C M.
(4) The map f when applied entrywise preserves M7, that is, f[M7, ] C M],.

Any of these four statements implies the following one.
(5) The map pod: L x L — Ry is a metric on L.
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The embedding ® in Theorem [3.2(1) is continuous if ¢ (equivalently, f) is.

By Proposition this leads to a strictly smaller class of functions than initially
considered: if J(x) = min{z, 1} then ¥ o d is a metric on £ but the corresponding
map f does not preserve the set Mi4 when acting entrywise.

Hence we modify our initial aim as follows: we seek to classify the collection of
functions of the form f : [1,00) — [1,00) such that f(¢) =1 if and only if ¢ = 1 and for
which the symmetric kernel

Lx L (100 (2,y) = f([z,y])
has exactly one positive square: for any z(1), ..., x(n) € L, the matrix

FIM] = [f ([ (@), 2(D)])]7 =1 (3.1)
has exactly one positive eigenvalue. By a slight abuse of terminology, we will call such
a function f a distance preserver for Lobachevsky space, or just a distance preserver for
the sake of brevity.

Thus f is a distance preserver if and only if f~!({1}) = {1} and f[-] sends the
set M1 to itself. In particular, we see that the class of distance preservers is closed
under composition.

Remark 3.3. A symmetric kernel K : X x X — [1,00) with K(z,z) = 1 forany z € X

is said to be of real hyperbolic type [28, 27] if and only if it admits a representation
K(z,y) = coshd(®(z),®(y))  (2,y € X)

for some ® : X — L. Equivalently, every matrix [K (xi,a:j)]?jzl has exactly one

positive eigenvalue. Thus the problem considered here is exactly the classification of

every function f such that f o K is of real hyperbolic type whenever K is.

It follows directly from Theorem that the Lorentz form [-,:] has exactly one
positive square, and so the identity function is a distance preserver (as it should be).

It also follows directly from Theorem that if, for arbitrary x(1), ..., z(n) € L,
the matrix f[M] in , can be written in the form vv? — A, where the vector v € R”
and the matrix A is positive semidefinite, then f is a distance preserver.

We now complete the proof of Theorem

Theorem 3.4. Given R = [rij]ﬁjzl € M* and m € N, we let n := km and define the
blow-up block matriz M = [myqly -y € M by setting

L ifp=gq,
Mpg =4 T p#aq p.qeli
rij ifp€Ci, q€Cj, i #j,
where C; == {(i —1)m+1,...,im} fori =1, ..., k. If R has at most one positive

eigenvalue then M € M.

It follows that if f : [1,00) — [1,00) with f(1) = 1 then f[—] preserves M4 if and
only if f[—] preserves M7, .
Proof. Given i € {1,...,k}, we note that if u € R" is supported on Cj, so that u, =0
whenever p ¢ C;, and 1au = 0 then Mu = (1 — r;;)u. This shows that 1 — r;; is an

eigenvalue of M with multiplicity at least m — 1 and k(m — 1) of the eigenvalues of M
are non-positive.
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Now foreachi € {1,...,k},let v; = m_l/Qlcz. and note that theset V- = {vy,..., vy}
is orthogonal to any vector u considered in the previous paragraph. Furthermore, we
have that

V;‘;FMV,L' =14 (m—1)r; =:¢q; and ViTMVj =mriy; =: gij (1 # j).

Thus on the space spanned by V' the matrix M is unitarily equivalent to Q) = [q”]f’ =1
By Sylvester’s law of inertia, the matrix @) has the same inertia as

DQD = [52] (Tii + m_l(l — T’u)) + (1 - 52‘]‘)”]’]?,]‘:17
where D := diag(m~'/2,...,m~'/2). In particular, the matrix M has the same number
of positive eigenvalues as DQD. We note that

R—-DQ@D = diag(m_l(rn —1),..,m (g — 1)),

which is positive semidefinite, and so R has at least as many positive eigenvalues
as DQD does, by Lemma [2.1] and so at least as many as M does. Since M has at least
one positive eigenvalue, because its trace is positive, the first claim follows.

For the second, we assume f[—] preserves M1 and suppose R € M7 _. The previous
result gives that M € M, and so f[M] € M;,. We note that f[M] has the same
form as M, with r;; replaced by f(r;;) for all ¢ and j. Hence the matrix

[0 (f (ria) +m~ (1= f(ra))) + (1 = 655) f(rig)]} j=1
has exactly one positive eigenvalue, so letting m — oo gives the same for f[R]. The
converse is immediate. ([l

Corollary 3.5. A distance preserver f : [1,00) — [1,00) is non-decreasing on [1,00)
and continuous on (1,00).

Proof. For such a function f and any s, t € [1,00) we see that

Furthermore, we may assume s < ¢ and then

[: i] c Mi, — [f(s) f(t)] €M, = f(s) < f(b).

f) f(s)
Hence f is multiplicatively midpoint concave and non-decreasing. It follows that f is
continuous on (1, 00) [30, Theorem 71A]. O

Definition 3.6. Given a distance preserver f, its continuous reqularisation f is defined
by setting v := f(14+) — 1 > 0, which exists as f is non-decreasing and bounded below,
and then

fi[l,o0) = [1,00); t = (L+ 7)1y (8) + L(1,00) () f ().

We note that f is continuous and non-decreasing.

We claim that f[—] maps My into M7, . To see this, let M = vl — A e Mg,
where A is positive semidefinite and v € [1,00)". For any € > 0, let

M, := M +evvl =uul — A4, where u := V1 +ev.
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Then M. € M7, , by Lemma and the fact that M. has positive trace. Furthermore,
we have that M. € (1,00)"*" and so f[M.] = f[M.] € M, by Theorem (4)
Letting € — 04, we see that f[M.] — f[M] entrywise and f[M] € M7, as claimed.

This observation will allow us to reduce the classification of distance preservers to
the classification of the subclass of distance preservers that are continuous.

3.1. Two characteristics. In this section we show that every distance preserver has
two fundamental characteristics, which we call order and type in analogy with the use
of these terms in complex-function theory. They provide the basis for the classification
that we are developing.

Our first result provides a restriction on the growth rate of any distance preserver.

Proposition 3.7. Given any distance preserver f, the function

(1,00) = (0,00); £+ ff)__ll
1S MON-INCTeasing.
Proof. For any A € (0,1], let
Oy :[1,00) = [1,00); t—> At +1—A (3.2)

and note that ) is strictly increasing, (1) = 1 and 6 06, = 6, for every choice of A
and pu.

We know from Proposition that, given an integer m > 2 and a, b, ¢ > 1, the
matrix

N(m) S M1+ if and only if bz > H(m,l)/m(a)e(m,l)/m(c)

a,b,c

Since we have that f[N érg)c] = N}Z)) F(b).f (e i [ is a distance preserver then

F(VOr@0x(@) = \/0a(f(@)0a(f(©)  (ae>1, A= (m—1)/m).

Letting m — oo recovers multiplicative midpoint concavity once again:
fWac) =/ fla)f(e)  (a,c>1).
Taking a = ¢ gives that
f(0x(a)) = 0\(f(a))  (a2>1) (3.3)

and so

F(Oxu(@)) = F(0x(0(a))) = OA(f(Ou(a))) = Ox(0,(f () = Oru(f(a))
for A\=(m —1)/m and p = (n —1)/n. Since

M N
¥ = [ I nNeN M<nN),
j=m+1 7

we see that the inequality (3.3) holds for all A € Q N (0, 1] and so for all A € (0, 1] by
continuity. [For a = 1 the inequality is trivial and f is continuous on (1, 00).]
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If t > s > 1 then we can write s = A\t+1— A with A = (s —1)/(t—1) and (3.3)) gives
that
F(OA() = 0\(f(t) <= fFM+1—=X) = Af(t)+1—A
— (t-Df(s)>(s—-1ft)+t—1—-s+1
R NG
s—1 — t—-1
This gives the result. 0

We now associate two characteristics to any distance preserver that quantify its
growth rate.

Theorem 3.8. Given any distance preserver f, the following limits exist:

_ . log f(?) — Jim + ¢
= tli>r20 log 1 € 10,1] and  C:= tgngot f(@) € [f(14),00]. (3.4)

These are respectively the order and the type of f.
Proof. We know from the proof of Corollary that
F:(0,00) = (0,00); =+ log f(e")
is concave and non-decreasing, so
F(tx + (1 —t)xg) > tF(z) + (1 — t)F(xo) (t €[0,1], x >z > 0)
and, taking t = (y — x0)/(x — xg) for y € (zg, x),
Fly) = F(zo) _ F(z) = F(xo)

z > 0. (3.5)
Yy — 2o T — X
Hence
1 t F F —F — F - F
o= lim log f(t) _ lim Fz) lim () — Fzo) x — w0 _ lim F(z) — F(xo)
t—oo  logt =00 T z—>00 T — Zo T z—00 T — xg

exists and lies in R;.
It follows immediately from Proposition [3.7] that if ¢ > 2 then

f@O) <1+ (f(2)=1)(t—-1)=0() as t — 0. (3.6)
Hence there exists ¢ > 0 such that f(¢) < ct for all sufficiently large ¢, whence

logc+logt

a < lim =1.

t—00 logt
Furthermore, if t = e* and ty = €*°, with t > tg, then
F(x) - F(z _ _
(;_:EO(O) > a <= log(f(t)/f(to)) > alog(t/ty) <= t=f(t) > t5* f(to),
so t — t~*f(t) is non-decreasing on (1,00). As f is non-decreasing on [1,00), we see
that

Jim 470 5(6) = £(14) 2 1,

so C = limy_yoo t~f(t) € [f(14),00] and f(t) > f(1+)t* for all ¢ > 1. O
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3.2. Four examples. We now show through elementary arguments the existence of
four classes of distance preservers. They will be used to motivate our working and
illustrate our results.

If x € L then

=[x, 2] =22 - (2,2 = (@,2) <1+, ') =22

Hence if 2, y € L then [(2/,y')| < xoyo, by the Cauchy—Schwarz inequality, so writing
(o, y'))

[JJ, y] = ZoYo (1 -
ZoYo

gives the series expansions

(@' y') N ala — 1)<<x’,y’>>2 _ale—1(@=—2) <<x,’y/>)3—l—-~)

ToYo 2 ToYo

[z, y)* = xﬁyﬁ(l —a

and

xl’ ' 1 xlv ! 2 1 X
log[$ay]:10gxo+logy0—< y>_,(< y>> _7((
Toyo 2\ ToYo
Thus if a € (0,1] and
f1:[1,00) = [1,00); t > t° (3.7)

then the n x n matrix
[f1([2(@), 2(7)])] = D1.(D1,)" = DHy [(2(3)", 2(j)")] D,
where
D= diag(@(D), .., x(m)d),  #()" = 1) [2(i)o € C(N)
and H; is an absolutely monotone function on (—1,1).
Similarly, if b € (0, 00) and
fo:[l,00) = [1,00); t+— 1+ blogt (3.8)

then the matrix

[fo([2(0), 2()])] = Lisen + V1 + Loxav! — Ha[(x(0)", 2(5)")]

= (Lo +V)(In +v)" = v — By [(2(i)", 2(5)")],

where v := (blogz(1)g,...,blogx(n))”, the vectors x(1)", ..., z(n)" are as before
and Hs is an absolutely monotone function on (—1,1).

Since vv! is positive semidefinite, the Gram matrix [(z(i)", z(j)")] is positive semi-
definite and absolutely monotone functions preserve positive semidefiniteness, we see
that the functions f; and fs are distance preservers.

For a third example, given p > 0 and a > 0, we let

fs:[l,00) = [1,p) C[l,00); t=>14+p—pt @ (3.9)
We have that
f3([z,y]) =1+ p—plzoyo — (', y) ™"

ala+1)

=1+p —pxa"yaa(l +a(z",y") + 5

<ZC//, y//>2 4. '>’
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where x = (1, 2”) and y = yo(1,y"”). Therefore, with the previous notation,
[f3([2(@),2(7)])] = (1 + p)1,15 — pD ™ Ha [(x(i)", x(j)")] D7,
where the absolutely monotone function Hs is such that
fa+n—1
Hs(x) ::Z( o >m" (-l<z<1).
n=0

Hence f3 is a distance preserver. Moreover, letting a — oo gives the existence of a
family of discontinuous preservers of the form

1 ift =1,
t—
1+p ift>1.
Finally, if ¢ € [1,00) then
fa:[l,00) = [1,00); t+—>1—q+qt
is a distance preserver, since f4(1) =1, f1(t) = ¢ > 0 and Theorem shows that
AIM = (1117 + M = qM — (g~ D117 € My (M € Myy).

We can also show directly that f; preserves Mj,. Suppose M = [[IL‘(Z), x( j)]]?jzl for
some z(1), ..., z(n) € £ and, for each i € {1 ...,n}, let

y(i) := (Vax(i)o,y(i)'), where y(i) == (v/qa — 1, /qz(i)") € (*(N)

is produced by applying a scaled forward shift to z(i) and inserting /g — 1 as the first
coordinate. Then

@),y =1 —q+qlz@@), z(j)] = falM]i; (6,5 €{1,...,n}).
3.3. Positive semidefiniteness and conditionally negative definiteness. If
r:(0,00) = (0,00); z+— 1/x
is the reciprocal map and = = zo(1,2”), y = yo(1,y”) € L then
r(lz,9]) = 2g'yg ' (1= (") (3.10)
=gy (L+ (2" y") + ", y")? + ) = a5y ' R((2",4/"))

and the function R is absolutely monotone on (—1,1). Hence the entrywise map r[—]
sends M into the cone of positive semidefinite matrices S ; for convenience, we let

U {A = [a;;] € R"™" : a;; = aj; for any i, j} (3.11)

and S; :={A € S: A is positive semidefinite}. (3.12)
This is a variation on the following result of Bapat [2, Proof of Lemma 6], which is a

consequence of a result of Micchelli [26, Corollary 3.1].

Theorem 3.9. If A = [a;;] € SN U2, (0,00)™ ™ has exactly one positive eigenvalue
then its Hadamard inverse A°~! := [ai_jl] is positive semidefinite and infinitely divisible
[16].
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Remark 3.10. The Hadamard inverse is also relevant to the theory of complete
Nevanlinna—Pick kernels.
Given z = zo(1,2") and y = yo(1,y”) € L, we have from (3.10) that
-1, —1
1 _ %o Y%
[1"73/] 1- <.’E”,y”>'
Thus, letting B denote the open unit ball of £2(N), the Drury—Arveson kernel
1
1- <Zv U)>
can be seen as a perturbation of the restriction of the reciprocal Lorentz form to the

natural embedding {xo(1,2") € £ : 2" € B} of B into L. In particular, the reciprocal
Lorentz form is a complete Nevanlinna—Pick kernel [I, Theorem 3.10].

The working above for fy shows that if M = [x(i),z(j)] € M4+ then
log M = log[xo]1" + 1log[xo|" — Ha[(x(i)", 2(j)")] € N,

B x B — (0,00); (z,w) —

where xg = (2(1), ..., z(n)o)’ and
N = U {AeR™: A eS8 and viAv <0 for any v € C11,,}, (3.13)
n=1

the cone of conditionally negative definite matrices.
We note that the inclusion

log[M14+] €Ny = U {A = [a;j] € [0,00)"" : A€ N and a;; = 0 for each i} (3.14)

is strict: if B is the squared-distance matrix given by the points —y/a, 0 and /a € R
for some a > 0, so that

0 a 4a
B=|a 0 al| €N,
_4a a O
then
(1 e et
exp[B]=|e* 1 e*| &My,
|

by Proposition [A.4] since
el —2e% 1 = (2* —1)? > 0.

The collection N is precisely the set of all Euclidean squared-distance matrices; this
is essentially due to Schoenberg [33].

Remark 3.11. The concept of conditional negative definiteness is fundamental to
the construction of Gaussian fields with stationary increments. Following Faraut and
Harzallah (see [L1]), Istas [19, Theorem 4.1] showed that, on the finite-dimensional real
hyperbolic space L, := (£2({0,...,n — 1}) x {0}) N L, the kernel

P L, x L, = Ry; (2,y) — (arcoshlz, y]) >
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is conditionally negative definite, and so hyperbolic fractional Brownian motion with
Hurst index H exists, if and only if H € (0,1/2].

We conclude this section by recording the facts that if M € M NN then M € My,
and if M € M*NN then M € M;_, by [3, Corollary 4.1.5].

3.4. Additive representation for preservers. The result of Bapat and Micchelli
recorded above as Theorem allows us to prove the following theorem, which is our
first step towards finding an additive representation for preservers.

Theorem 3.12. Let f: [1,00) — [1,00) have the integral representation

F(t) = Ct* — / Frdu(s) (E> 1), (3.15)

Ry

where v € [0, 1], the finite Radon measure v is supported on Ry and C :=1+ v(Ry).
Then f is a distance preserver, with order o and type C' — V({O})l{o}(a), as long as o
and 1/](0,00) are not both zero.

Proof. Tt is immediate that f(1) = 1 and, as |st~571| < (etglogto)~! for all t > ¢y > 1,
we may differentiate under the integral sign to see that

f'(t) = aCto™! —|—/ st du(s) (t>1),
R4

which is positive as long as & > 0 or v # 0 on (0, 00). Hence f is strictly increasing.
Given any M € M4, we have that

f[M]:CMOO‘—/R M dv(s),

where [m;;|°® = [m{;] is the Hadamard power for any x. The first term CM°® is

of the form vv? — A, where A is positive semidefinite, by Theorem and the fact
that f; is a distance preserver. Moreover, Theorem gives that M°~* = (M°~1)°s
is positive semidefinite for all s > 0 and the result follows from another application of
Theorem the statement about characteristics is immediate. O

We note the following examples of the additive representation , where 4, de-
notes the measure with unit mass supported at x.
fit) =t ac(0,1] a=a, v=0
fas@)=14+p—pt™® p,a>0 «a=0, v=pi,
fat)=1—q+qt qg>1 a=1,v=_(q—1)

If f has the representation (3.15)) then f(t) = O(t*) as t — o0, so fa cannot have such
a representation. However, for any b > 0, if a € (0, 1) is sufficiently small then taking

the measure v = (a='b — 1)dg in (3.15) gives

alogt _
f@)=a bt —ab+1=14+b—= = 1+ blogt = fot) as a — 0+.
a

This motivates the introduction of the following two families of preservers.
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Given any « € (0, 1], any finite positive Radon measure v supported on (0, c0) and
any 3 > a(1 + v((0,00))), setting
t*—1
Q

fapu(t)=1+0

—i—/ (1 —t7%)du(s) (t>1)
(0,00)
defines a preserver: note that
f&ﬁ,u(t) = pgto! +/ st Ldy(s) (t>1)
(0,00)
and
h@AM%—@Mm—(ﬁ—l—V«&wDPJT—/i M°~* du(s).
(0% « (0,00)
For o = 0 we require § > 0 and v need not be finite but it satisfies the following
integrability condition:

/ min{s,1}dv(s) < oo <= i
(0,00)

(0,00) 1 18

dv(s) < oo.

We also insist that § and v cannot both be zero. Then setting

fopu(t) =1+ Blogt + /(o )(1 —t7%) du(s) (t>1)

gives a preserver. To see this, we first write f(t) := fo 5, (t) = 1+ B(logt), where

B(z) := px —i—/ (1 —e*)dr(s) (x >0).

(0,00)
Thus B is a Bernstein function with B(0) = 0 (see [32, Chapter 3]) and

fIM] =117 + B[log[M]] for any M € M.

As noted above, we have that log[M] € N, the closed cone of conditionally negative
definite matrices with non-negative entries and zeros on the leading diagonal. We
know that Bernstein functions are entrywise preservers of this class, because exp[—sA]
is positive semidefinite for any A € Ay and any s > 0, and so f[M] e NN M C M.

3.5. Closure under composition. The collection of distance preservers is closed
under composition. We show now that this is the case for the collection of preservers
that we have just introduced.

If g1(t) = 1+ Bi(logt) and g2(t) = 1 + Ba(logt), where B; and By are Bernstein
functions that vanish at the origin, then

92(91(t)) = 1 4 Ba(log(1 + Bi(logt))).

Since = + log(1 + x) is a Bernstein function that vanishes at the origin and the class
of Bernstein functions is closed under composition, the function gs o g7 is of the same
form.

Next we suppose « € (0,1], 5 > 0 and v is a finite positive Radon measure on R
and write

ﬂﬂ—Cﬁ—/‘

Ry

t—*dv(s) = Ct* (1 — é/ e dm(s)),
R4
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where
C>a:=1+v((0,00)) and vy: A (C—a)d(4)+v(AN(0,00)).

We also let
1
Y(t) == —= 57 %dy(s) = / t7" Ay (r),
C Jr, R

where 7 : A C™ g ((A — a) NRy), and we have that
C-1

0<v(t) v =—5—<1  (t=1)

If g is another function of the same form, so that
g(t) = C"t™ — / o dv(s)  (t=1),
Ry
then

g(f(0) =C'FO = [ F&)° dv(s). (3.16)

Ry
We know that, for |z| < 1,

I1-a)--(n—1-4)

/ > Oé/(
1-(1—=2)* = chz”, where ¢, :=

' > 0.
= n!
Hence we can write
oo
Ot~ f(0) = 01 (1= (L= (1)) = O 3 eat p(1)",
n=1

and therefore
) =o'’ — / t=%do(s),
R4
where, with x denoting convolution on R, the measure
(o]
oA C Z en (A + ad)
n=1

has total mass C® — 1 (which may be seen by taking ¢ = 1 in the previous expression

for f(t)*).
For the second term on the right-hand side of (3.16)), if s > 0 then

FOTT=C (L= ap(t) = CT Y dn(s)y ()",
n=0

where

= > 0.

—s) _s(I+s)---(n—1+s)
n!

f)y—% = /R t~"drs(r), where1s: A C™° Zdn(s)ﬁ(j"((A — sa0) QRJF)’

n=0
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and taking ¢t = 1 shows that 7, is a probability measure. It follows that

a(f() = C'C' e ¢ /R o) - /R + /R ) s

=o' — / =% dp(s),
R4
by Tonelli’s theorem, where
p:=Co —i—/ 75 dvj(s)
R+

has total mass C'(C* — 1) + (C' — 1) = C'C® — 1, as required.
We next consider the mixed cases. If

fO) =1+C1t"—1) +/ 1-t*)dv(s) (t>1)

(0,00)

and g(t) = 1+ B(logt) for a Bernstein function B that vanishes at the origin then f o g
has the same form, since

r— (14+2)* -1 and z—=1—-(14+x)"°

are Bernstein functions that vanish at the origin and this class forms a cone that is
closed under pointwise limits. Finally, as

flt) = Cta(l — w(t)) =  F(z):=log f(e®) =logC + ax + log(l — 1/1(63“")),

it suffices to show that F’ is completely monotone [32, Chapter 1]. We can write
&(x) :=1(e”) and then

Fla) = ot log(l—(e) =a+ Tk = a—(n) Y€,
n=0

where
&(x) = /R e " di,(r) €10,1) (x > 0).

It is immediate that £ is completely monotone and therefore so are the functions —¢&’
and " for any n > 1, as the class of completely monotone functions is closed under
products. As it is also closed under sums and pointwise convergence, we have the
closure result claimed.

Notation 3.13. We let R denote the collection of finite positive Radon measures
on R, and R the collection of positive Radon measures on (0,00) that satisfy the
Lévy—Khintchine integrability condition: such a measure v belongs to Rs if and only if

/ min{s, 1} dv(s) < oo.
(0,00)
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The working above shows that F := F; U F3 is closed under composition, where

flzz{f:tHCta—/

=5 dvi(s) | a € (0,1, vy € Ry, C =1+ Vl(R+)} (3.17)
R4

and

Fo = {f:tr—>1+ﬁlogt+/

(0,00)

(1 —t7)da(s) | (B,12) € (R4 x Ra) \ {(0,0)}}-
(3.18)

If By denotes the set of non-zero Bernstein functions that vanish at 0,

(1R 2Ry 2o 51:—1—/(0 R LCICE (R xR2)\{(0.0)}}. (3.19)

then we have that
Fo=A{f:t— 1+ B(logt) | B € By}.

We can unify the representations of F; and F3 if we make the following definition:

t*—1 . t* —1
= lim
o a=0 a—0+4+ o

Then f € F if and only if

= logt (t>1).

t*—1

fit)y=1+p + / (1 —t%)du(s), (3.20)
(0,00)
where a € [0,1], (8,v) € (Rt x R2) \ {(0,0)} and 8 > a(l + v((0,00))), and this
inequality is always satisfied if a = 0.
This form is immediate if & = 0, and if « € (0,1] then v must be finite, by the
inequality, and we can write f as an element of F; with

0= and A (€1 ((0,00))80(4) + (40 (0,00)).
We call a the order, B the drift and v the Lévy measure of f. We show below in

Section [3.7] that this terminology is appropriate.

3.6. Closure under pointwise limits. Since M is closed under pointwise limits,
so is its class of entrywise preservers. In this section we determine which functions
can be obtained as pointwise limits of sequences of elements of the class 7. We obtain
a collection of distance preservers which includes functions with a jump discontinuity
at 1, which is generated by mass from the Lévy measures escaping to infinity.
Suppose f, has the form for any n € N, with parameters (ay,, Bn, Vn), and
suppose that (fn(t)) is convergent, with limit f(¢), for all ¢ > 1.
It is immediate that f(1) = 1. Since () is bounded, we may pass to a subsequence
and assume that o, — « € [0, 1]. Furthermore, we have that
2an _ 1 Fa(2) — 1

>1+4+pplog2 = ————>p,>0,
Qn log 2

fn(2) > 14,

so we may pass to a further subsequence and assume that 5, — 5 € R;..
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For the sequence of measures (v,), note first that setting
Tt A (1 —e %) dun(s)
AN(0,00)
defines a finite measure on [0, 00|, since
s
S<1l-e®<s (s€0,1]) and 1—e'<1-e*<1 (s€][l,00).
e

[This also shows that v, € Ry if and only if 7, is finite.] Furthermore, we have that

en —1

Wn([O, oo]) = fule) —1— 0,

n
and so the sequence (m,) is bounded in C|0,00]*. Passing to a subsequence, there
exists a finite positive measure 7 on [0, 00| such that f[o oo 9 d7Tn = f[o o] 9 dmr for any

continuous function g : [0, co] — R.
In particular, for any t € (1,00) we may take

logt if s =0,
1—-t7°

X0 : [0,00] = R; s+ = it 0 < s < oo,

1 if s = o0.

Then
o —1 _
fn(t)_l_ﬁn :/ (1_t S)dyn(s)
Qn (0,00)

= / Xo(s) dmp(s)
[0,00]

— Xo(s) dm(s)
[0,00]

and therefore

o =1+p5

+ m({0}) log ¢ + / (1 —¢t%)dv(s) + m({oo}) (t>1),

(0,00)
where v € Ry is such that du(s) = (1 —e~*)~Ldn(s).
We now claim that if a > 0 then 7 has no mass at the origin and v is finite, with
B> a(l+v((0,0)) +m({co})).
To see this, we may first assume that «,, > 0 for all n and then

vn((0,00)) < B _ 1 for any n € N,
Qn

so each measure v, is finite and their total masses are bounded above by M, say. Now
suppose § > 0, € > 0 and the continuous function y; is such that

1 if0<s<e,

c .10, —10,1]; s+—
Xe : [0,00] 0, 1]; s {0 if s > 2e.
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Then
7r({0}) < / Xe(s)dm(s) = lim Xe(s)dmp(s) < / Xe(8) dmp(s) + 6
[0,00] n—00 [0,00] [0,00]
for some m € N and
[ @ dmao = [ o)1= ) dunls) < (1 - e
[0,00] (0,00)

As this upper bound may be made arbitrarily small by shrinking e, we see that 7 has
no mass at the origin, as claimed.
For the inequality, let 6 > 0 and € > 0 and consider the continuous function

(1—e®)"ls/e if0<s<e,
Xoo & [0,00] = Ry; s (1—e )1 ife<s<oo,
1 if s = oo.
Then

V([€,OO)) —l—ﬂ'({oo}) S/

o Xoo($)dm(s) < / Xoo(8) dmm(s) + 0

[0,00]

for some sufficiently large m. Now,

/[0,00] Yoo(8) A (s) = /(O,oo) Yeo(5)(1 =€) dvpm(s)

= /(0 )g_z_jizdl/m(s) +l/m([€,oo)) < I/m(((), OO)) < M.

This shows that v is finite and also gives the bound claimed. B
It follows that if f : [1,00) — [1, 00) lies in the pointwise closure F of F then f(1) =1

and
t*—1

fO)=1+~+p + / (1 —t7%)du(s) (t>1), (3.21)
(0,00)
where a € [0,1], (B,v) € Ry x Ra and v € Ry, with 8 > a(1+~v+ y((O, oo))) and this
inequality is always satisfied if a = 0.
If v > 0 then this function is discontinuous at 1, but this is the only discontinuity that
can arise. To see that every such f can appear, we note that if 8 > a(1 +’y+1/((0, oo)))
and f,, € F has parameters («, 5, vy, := v + 7d,) then

B> a(l+v+v((0,0))) = a(l + v, ((0,00)))
and if ¢ > 1 then

Fult) =1 +/jta; L /(0 (s
_1+5ta_1+/ (1—t7%)dv(s) +y(1—t") = f(t) asn — oco.
a oo
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We also have a direct proof that every f of the form (3.21)) preserves Mi,. Given
any M = [m;]}',_1 € Miy, we let N = [nj]}';_; € S be defined by setting

1 if m;; = 1,
Nij = .
0 if mi; 75 1.
Since my; = 1 for all ¢, we see that

1 Nij

nl-j 1
and
1 nij Nk

ni; 1 ng| =14 2ngn png — (nfj + n?k +n2;) >0;

Nk; njk 1
if none, two or three of n;;, n;, and ny; are zero then this is immediate, and if only one
is zero then the corresponding principal submatrix A of M has determinant —(m;; — 1)%
say, where m;; > 1, contradicting the fact that A € M. This shows that N is 3-PMP
and therefore positive semidefinite [5, Theorem 2.7].

If we define f on [1,00) by setting f(1) =14~ and f(t) = f(¢) for all t > 1, then

fIM] = f[M] =N,

so it suffices to show that f[—] sends M1, into M3 4~ We now split into two cases.
If @ > 0 then

Ft) = oo —/]R Frdw(s)  (E> 1),

where

C= s and vo: A (C—v((0,00) =1 —7)(A4) + (AN (0,00)).

@
The argument proceeds exactly as before.
For a = 0, again the argument is unchanged: we have that

fIM] = (1 +~)117 + B[log[M]]

for some Bernstein function that vanishes at the origin, so f [M] € N and again we
have that f[M] € M3, by [3, Corollary 4.1.5].

We note that, for any f satisfying , the inequality 8 > a(1 + v + 1/((0, oo))) is
equivalent to requiring the function ¢ — ¢t~ f(¢) to be non-decreasing on (1,00). If f

is of the form (3.21)) then
tf'(t) — af(t)

= t(ﬁt“‘l + /(0

=pB—a(l+v+v((0,00))) —i—/(o )(s—l—a)t*sdl/(s) >0 for any t > 1

if and only if 8 > a(1 4 v + v((0,00))), since f(o Oo)(s +a)t™® dv(s) = 0 as t — oo,
by the monotone convergence theorem. To see that s — (s + a)t™® is v-integrable for

st=o1 du(s)) —a(l+7) =B —1) - a/ (1—t*)du(s)

,00) (0,00)
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any t > 1, we note that this function is bounded on (0, 00) and has a limit at the origin,
since

lim (s+a)t™® =« and lim (s + a)t™% = 0.

s—0+ §—00
It remains to consider integrability on (0, 1) if v is infinite, but then o = 0 and
0<(s+a)t*<s for any s > 0.

3.7. Uniqueness of the additive representation. If the map f : [1,00) — [1,00)
has the representation (3.21)) and f(1) =1 then

B .. log f(t)
W_f(l_k)_la a_tli{go IOgt

and (= Jim o f (1),

Given these parameters, the uniqueness of the measure v follows from standard Laplace-
transform arguments.

The first claim is immediate. For the second, we let F'(x) := log f(e*) for all x > 0
and note that, if @ =0,

F(x) logx
r oz

0<

1 1 1—e™%
+- log(m fA+)+ 8+ /(0700) — dl/(s))
and, if a € (0,1],

F(x)

1 1 — s
=a+ —log (e_amf(1+) + Ba (1 —e72%) + xe_am/ el
xr (0,00) xr

dy(s)>.
For the third, we have that

o f'(t) =B+ to‘/ st *dv(s) — B as t — 0o,
(0,00)

following the same manner of working as at the start of the proof of Theorem [3.12}
We also note that f is of finite type if a > 0, since
o g
P— @ [ —
Ci= tlggot () = a
in this case, and if @ = 0 then f has finite type C = 1+ v + 1/((0, oo)) if and only
if 8 =0 and v is finite, since in this case

f(t):1+’y+ﬁlogt+/(0 )(1—t78)d1/(8) (t>1).

4. THREE CONSEQUENCES FOR POSITIVE-SEMIDEFINITE KERNELS

Positive-semidefinite kernels may be obtained naturally from distance preservers.
Here, we record three consequences of this observation: a connection with complete
Nevanlinna—Pick kernels, a perturbation result that produces new preservers from old
and the non-existence of certain fractional Ornstein—Uhlenbeck fields.
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4.1. Complete Nevanlinna—Pick kernels. Consider a kernel on £ of the form
G:LxL—Ry; (z,y) — g(dz,y)), (4.1)
where g : Ry — Ry is continuous. We may write

G(z,y) = g(d(=,y)) = g(arcosh[z,y]) = h([z,y]),

where h := g o arcosh : [1,00) — R5..
The kernel G is positive semidefinite if and only if the matrix

(G ((i), 2(7))]7j=1 € S+
for any finite collection z(1), ..., z(n) € L.
If f:[1,00) = [1,00) is a distance preserver then its continuous regularisation f
maps M4 to M7, and the entrywise reciprocal r[—] maps M7, into S;. Thus if we
set g :=r o f o cosh then the kernel

G LxL—(0,00); (m,y) s —
([, y])
is positive semidefinite. This kernel is also infinitely divisible, which may be seen by
noting that f1 oro f =rofio f, where fi is as in Section

The kernel G is, in fact, a complete Nevanlinna—Pick kernel. By the Quiggin—
McCullough criterion [I, Corollary 1.12], a positive-semidefinite kernel K that takes
positive values is a complete Nevanlinna—Pick kernel if and only if, for every finite
collection of distinct points z(1), ..., z(n), the matrix

(4.2)

Feorol
K (x(i),z(j)) Jig=1
has exactly one positive eigenvalue. For G this matrix is the image of a Lorentz—Gram

matrix under the action of the preserver f , 80 G is a complete Nevanlinna—Pick kernel.
This reasoning extends to provide the following result.

Proposition 4.1. Let f:[1,00) — [1,00) be a distance preserver and let
K: X xX — (0,00)
be a complete Nevanlinna—Pick kernel such that K(z,z) <1 for every x € X. Then
Ki: X xX —(0,00); (z,y) = ]‘(K(av,y)_l)f1
1s also a complete Nevanlinna—Pick kernel.
Proof. We note first that, as K is positive semidefinite,
0< K(z,y)” < K(z,0)K(y,y) <1 (z,y € X)

and so Ky is well defined. Next, given z(1), ..., z(n) € X, the Quiggin-McCullough
criterion [1, Corollary 1.12] gives that

M := [K(z(i), z(j)) ]:jzl € Mi,.
Since f is a distance preserver, we have that f[M] € M7 . The reciprocal map r[—]

sends M7, into Sy, and therefore

(K (i), ()]}, = (r o H[M] € 5w
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Thus Ky is positive semidefinite and its reciprocal matrix is f[M], which has exactly
one positive eigenvalue. Another application of the Quiggin—McCullough criterion gives
the result. O

4.2. Perturbation of distance preservers. Krein [21], (4.14)] states that a kernel G
of the form (4.1)) is positive semidefinite if and only if

hilloo) > Rys t s | % du(s) = / e=108 1 i (5) (4.3)
R, R,

for some finite positive Radon measure p on Ry and this representation is unique.
A proof of the existence part of this claim was given by Faraut and Harzallah [12]
Théoreme 8.1]; uniqueness follows from the uniqueness of the Laplace transform.

By Bernstein’s theorem, this integral-representation theorem shows that the kernel G
is positive semidefinite if and only if the function z — h(e®) is completely monotone.
Then x — h(e™®) is absolutely monotone on (—o00,0), so is real analytic there. It
follows that h is real analytic on (1,00) and g is real analytic on (0,00), since the
functions log,  — —xz and cosh are real analytic also.

In particular, if f is a distance preserver then z — 1/f(coshz) = 1/ f(cosh ) is real
analytic on (0,00) and so f is real analytic on (1,00). We exploit this observation in
Section [6l

Corollary 4.2. If f : [1,00) — [1,00) is a distance preserver and h : [1,00) — R4 has
the representation (4.3)) for some finite positive Radon measure jn on Ry then

k:[l,00) = [1,00); t+— af(t) — h(t)
is also a distance preserver, where a := 1+ u(Ry).

Proof. Note first that h(t) < p(R4) for any t > 1 and so k(t) > a—u(Ry) = 1. We also
have that k(1) =a—h(l) =a—pu(R4) =1 and if ¢ > 1 then f(¢) > 1 and h(t) < h(1),
so k(t) > a — h(1) = 1. Hence k~'({1}) = {1}.

Furthermore, if {z(1),...,2(n)} C £ then, by Theorems and

[k ([2(@), 2()])] = a[f[([z(@), 2()])]] = [~ ([2 (i), 2(7)])]
=avv’ —ad — [G(z(i),z(4))]
—uu’ — B,
where u := y/av and B € §;. The final remark before Section gives the claim. [

We note that our class of preservers in F is closed under this operation: if f has the

form (3.21f), so that

() = 1+ 710 () + B

«

+ 1—t7%)du(s t>1
/(0700)( ) dv(s) ( )
with 8 > a(l +~v+ U((O,oo))), and

h(t) = /R £ du(s) = /(0 R LORVICIRN S
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for some finite Radon measure p on Ry, with a := 1+ p(R4), then

t*—1
1—t"°%)dn(s t>1),

af(t) —h(t) =1+ ayl(100)(t) +ap -

where 7 1= av + ji](0,00), and

aB > afa+ ay+ av((0,00)))

= a(l+ay + av((0,00)) + p(R+)) > (1 +ay + 7((0,00))),

as required.

4.3. Fractional Ornstein—Uhlenbeck random fields. In [I0, Section 13], Cohen
and Lifshits ask whether the fractional Ornstein—Uhlenbeck random field with covari-
ance

G : (z,y) — exp(—ad(z,y)*) (4.4)
exists on finite-dimensional real hyperbolic space £, for some a > 0 and o > 1. We
show here that this is not possible.

Proposition 4.3. Given any a > 0 and o > 1, there exists an integer n(a, o) such that
the fractional Ornstein—Uhlenbeck field with covariance G as in (4.4]) does not exist in

dimension n for any n > n(a,a).
Proof. As in 1’ we can write G : (x,y) — h([a:, y]), where here
h:[1,00) = (0,00); t— exp(—a(arcosht)®).

We suppose for contradiction that G is positive semidefinite. Given this, it follows from
that

F:R;y — (0,00); =+ h(e")
is completely monotone, so log o F' is convex [25, Lemma 4.3]. However, from (5.2]) we
have that

log F(z) = —a(arcosh(e”))” ~ —a(z + log 2)* as r — 00,

and x — —a(z+log2)* is concave. It follows that G is not positive semidefinite. Thus,
. . . . n .

for sufficiently large n there exist z(1), ..., z(n) € L such that [G(m(z),x(g))]i’jzl is
not positive semidefinite. O

We conclude this section by noting that a theory of invariant infinitely divisible
positive-definite kernels on symmetric spaces was developed by Gangolli, who obtained
a generalised Lévy—Khintchine representation: see [14, Theorem 3.31], noting that &
in (3.112) should be W.

5. SCREW LINES

The analytic characteristics introduced above have a direct geometric meaning. To
reveal this, we turn to screw lines in Lobachevsky space; these are curves where the
distance between two points depends only on the increment of the curve parameter.
Krein obtained a remarkable classification of screw lines into elliptic, parabolic and
hyperbolic types which we recall below. As every distance preserver transforms a
screw line into another screw line, Krein’s trichotomy imposes strong restrictions on
the asymptotic behaviour of preservers.
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We recall first that a continuous function ¢ : R — L is a screw line if there exists a
function A : R — R, called the metric function for the screw line, such that

d(l(z),L(y)) = Mz — y) for any x and y € R;
equivalently, we have that
[0(x),4(y)] = cosh ANz — y) for any x and y € R.

Note that a metric function is necessarily zero at the origin, even and continuous.
The simplest non-trivial example of a screw line in Lobachevsky space is

ly: R — L; x> (coshz,sinhz,0,0,...)

since [o(x), £o(y)] = cosh(z—y) and the corresponding metric function Ag is the identity
map.

Krein classified the possible metric functions that may arise in this context: see [20]
and [I8, Sections 26 and 27]. The function \ arises as the distance function of a screw
line £ if and only if A := cosh o A has exactly one of three possible representations:

T a— / cos(zs) do(s) (elliptic);
(0,00)
x +— acosh(bx) / cos(zs)do(s) (hyperbolic);
R4
1—
r— 1+ / Lzs(xs) du(s) (parabolic).
Ry S

The constants a € [1,00) and b € (0,00), the positive Radon measure o is supported
on R, has total mass a — 1 and no mass at 0 in the elliptic case, and the positive
Radon measure p is supported on R and is such that

/ duls) =00 and / du(s) < 0. (5.1)
(0,1] [1,00)

52 52

In the elliptic case, the function A is bounded and therefore so is A. In the hyperbolic
case, we have that

M:a and so lim @:b,
z—oo cosh(bx) z—00 T
since
h A
m ~ exp(A(z) — bx) as r — 00.
In the parabolic case, we may take any § > 0 and write
2
9 x 1 — cos(zs)
x4 (Alx) —1— —pu({0 —/ ————du(s
( ) 2 })> 0OUBIU(Le0) 287 )

2u(]0,1 du(s
Su((O,é))JFWJr;/HOO)’;g).
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Hence 2z 2A(z) — p({0}) as © — oo. The conditions (5.1) on p imply that A is
unbounded (see Proposition [A.10f). Thus A is also unbounded and this working shows
that

AMz) — 2logz — log p1({0}) € [—o0,00) as T — o0o.

5.1. Consequences for distance preservers. Suppose f : [1,00) — [l,00) is a
continuous distance preserver with corresponding metric preserver ¢ and embedding
map ¢ from Theorem [3.2]

If £ is a screw line then so is ® o ¢, with metric function ¢ o A, since

d(®(€(s)), @(L(1))) = @(d(£(s), £(1))) = o (A(s — 1)) for any s and ¢,

and coshopo A= focosho A= foA.

In particular, the screw line ® o ¢y has metric function ¢ o Ay = ¢ and therefore
the function cosh o ¢ = f o cosh must have one of the three forms above. Which form
appears is controlled by the characteristics

. log f(2)
o := lim
t—oo logt

If o« =0 and C < oo then f and A are bounded, so A is elliptic. If « =0 and C = c©
then f and A are unbounded, so A cannot be elliptic. Nor can A be hyperbolic, since

€ [0,1] and C:= tli)m t7f(t) € [1,00].

A@) iy f(cosha)
= lim 2 =0 fi b>0;
z—o0 cosh(bx) 00 (coshx)b or any 0> 5
this holds because
(coshz)® log f(t) _ b —b —b/2
— =2 d <=— <=t t) <t .
o) cosh(bx) an logt — 2 f®) =

Hence A is parabolic in this case. Finally, if & > 0 then
A
cosh(z))zx) ~ 217%(cosh )™ f(coshz) — C2'7* as z — oo,

so A is hyperbolic, with a = C2'~ and b = «. In particular, we see that C' must be
finite if f is continuous and a > 0. We summarise this working in the following table.

a=0, C <oo elliptic

a=0, C =oco parabolic

a>0, C <oco hyperbolic a=C2"% b=a«
a >0, C =00 impossible

Thus the analytic dichotomy between zero and positive order and between finite or
infinite type is precisely Krein’s geometric trichotomy.

We conclude this section by noting that if & = 0 and C' = oo then the representing
measure g can have no mass at 0. To see this, we note that

arcosh e¥ = log(ey +Ve — 1) ~log(2¢Y) = y + log 2 as y — 00, (5.2)
so setting y = log cosh x gives that

2y 2f(e¥) ~ 2(arcosh e¥) "2 f(e¥) = 2272\ (z) — mg := 1 ({0}) asy — oo. (5.3)
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We let v := (e¥,e?,e3)! € (1,00)3 for y > 0. Then vv! € M}, and therefore
Ty _ i+5)yy]3 *
FIvT] = [f)]E e My,

If mg > 0, it follows that

4 9 16
2
Sfvvil= |9 16 25 as y — 0o.
moy
16 25 36

As this matrix has determinant —8, it cannot lie in M7, . Hence we must have mg = 0.

5.2. Four examples of screw-line representations. To illustrate these ideas, we
show how the four examples of Section correspond to screw lines and derive their
representations.

If fi(t) =t for some a € (0, 1] then Aj := f; o cosh is hyperbolic and

(coshz)® = 217 cosh(az) — /Rcos(xs) dog(s)

for some finite positive Radon measure o, with total mass aa((O, oo)) = 2l7e 1.
Re-arranging, we can write

h(z) := 2'7%cosh(az) — (coshz)® = /R cos(zs) dog(s),

whence

B (z) = a2'~*sinh(azx) — a(cosh £)* ! sinh x
and A’(z) = a*2'"%cosh(azx) — a(a — 1)(cosh 2)* 2 sinh® 2 — a(cosh z)*
= a?2'"% cosh(az) — a(a — 1)(cosh z)*2(cosh? z — 1) — a(cosh z)*
= a%2'"% cosh(az) — a*(cosh z)® + a(a — 1)(cosh x)*~2
= a’h(z) + a(a — 1)(cosh z)* 2.

If ¢ is the inverse Fourier transform of the Schwarz function x + (sechx)?~% (see
Proposition [A.6]) then

a(y) = 217T/Re—ixy(sechx)2—a do — 2iWB(2 - c;—k zy’ 2— a2— zy) (y € R),
where B denotes the beta function, by Proposition Setting
p) = 2= ay) forany y e B
and
g(z) = /R+ cos(zs)p(s)ds = ;/Rei‘”yp(y) dy for any x € R,

02g(z) — ¢"(x) = a(1 - a) / ¢=g(y) dy = a(1 - a) (sech z)?~°.
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Hence k := g — h is such that a’k — k" = 0, and so there exist constants A; and A,
such that
g(z) = h(x) + Ay cosh(ax) + Ag sinh(ax) for any = € R.
Now
0= g/(O) — h,<0) = aA2 — AQ =0
and then
Ay =sech(az)g(z) — sech(azx)h(z) - 0 — 2174 42172 = as r — 0o,

since g is a Schwartz function. Thus g = h, which shows that o, is absolutely continuous
with respect to Lebesgue measure and

a 1— 2 - s 2-a—1
do, af a) ( a+1s a 28) for any s € (0, 00).

ds  20-1x(a2 4 s2) 2 ' 2
If fo(t) =1+ blogt, where b € (0,00), then & = 0 and C' = o0, so Ay := fo o cosh is
parabolic and we have that
1 —
blogcoshx = / w dpp(s) (x >0),
Ry s

where pp = buy is a measure supported on (0, c0).
By Proposition and the theorems of Fubini and Tonelli, we see that

tanht = / sech? u du = / / cos(su) s cosech(ms/2) ds du
[0,¢] [0,t] /R4

= / / cos(su) du s cosech(mws/2) ds
Ry [O’t]

in(st
—/ sin(st) scosech(ms/2) ds.
Ry S
Noting that
in(st
sin(st) s cosech(ms/2)
extends to a continuous function on Ry bounded by s — |t|scosech(ms/2), which is
integrable by Proposition [A.7], we have that

. 1_
log coshx = / / sin(us) scosech(ms/2)dsdu = / M s cosech(ms/2) ds.
[0,x] JR+ S Ry S
This shows that g is absolutely continuous with respect to Lebesgue measure and has
density
dpp

T bs cosech(ms/2) for any s € (0, c0).

For f3(t) =1+ p— pt—?, where p € (0,00) and a € (0,00), we see immediately that
the function As := f3 o cosh is elliptic, since f3 is bounded, and Proposition gives
that

fa(coshz) =1+p— / cos(zs) drq(s),
(0,00)
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where 7, is absolutely continuous with density

FE DY
ds  7l(a) 2
For f4(t) = 1 — q + qt, where ¢ > 1, we see immediately that Ay := f4 o cosh is
hyperbolic, with

. 1l—g+qcoshzx
a = lim
T—00 coshz

=q, b=1 and o= (q—1)dp.

6. CHARACTERISATION OF DISTANCE PRESERVERS

In this section we will establish the following theorem, which shows that F \ {1} is
the whole family of distance preservers.

Theorem 6.1. If f : [1,00) — [1,00) acts entrywise to preserve My then f has the

representation

f) =147+ 51

Q

+/ (1—t7%)dv(s) (t>1),

(0,00)

where o € [0,1], B € Ry, v € Ry and v € Ry are such that B > a(1+ v+ v((0,00)),
which is always satisfied if o« = 0.

To prove this result, we first suppose f to be continuous and resolve separately the
positive-order and zero-order cases, and then use the notion of continuous regularisation
to settle the general case.

6.1. The continuous positive-order case. We claim first that if the continuous
distance preserver f has order a € (0, 1] and type C' € [1,00) then the kernel

K i (z,y) = Ce®@H) — f(eV) (2, > 0)

is positive semidefinite.

To see this, we let x1, ..., z, > 0; it suffices to show that
[Cea(wﬁwj) — f(ewi+zj)}zj:1 =D[C - e*a($i+xj)f(e“i+f”j)]:j:1
is positive semidefinite, where D := diag(e®*!, ..., e**n). We have that

[C _ e—a(xi+xj)f(€xi+xj)]zj:1 _ Clnlg _ D_lf[vVT]D_l,

where v := (e™,...,e"™)T € (1,00)". As f is a distance preserver and vv! € M},

we see that
M =D fvw!D™ ! e M},
by Sylvester’s law of inertia. Given any xg > 0, the same working holds with v replaced

by vo = (%0, e, ...,e")T € (1,00)"*!, and the corresponding matrix
T
moo m
My = S 1
[ m M ] 1+
where

mpg = ¢ 20 f(20) and m = (7o) f(erore)

we note that
moo — C and m — C1, as xg — 00.
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Given any non-zero x € R™, the matrix My acts on the two-dimensional space spanned
by (1,0)7 and (0,x)7 as
T

M/:: [moo mx].

x'm xTMx

By the Poincaré separation theorem [I7), Corollary 4.3.37], the matrix M’ has no more
than one positive eigenvalue. It has exactly one because mgo > 0 and either x” Mx > 0,
in which case M’ has positive trace, or x’ Mx < 0, in which case M’ has negative
determinant. Thus

(mTx)?2  C?(17x)?

moo(xT Mx) — (m'x)? <0 «—= xTMx <
moo C

=Cx"117x,

whence x”(C117 — M)x > 0. This shows that K is positive semidefinite, as claimed.
We now turn to the following version of a theorem due to Widder [39, Theorem VI.21]:
if the Hankel kernel

(0,00) x (0,00) = R; (z,y) — h(z +y)

is positive semidefinite and h is analytic on (0,00) then there exists a finite positive
Radon measure i on R such that

h(z) = /R e du(s) (x> 0).

Thus f has the representation

£(t) = Ot — / Frdu(s) (E> 1), (6.1)

R

where p is a finite positive Radon measure on R; by continuity, this identity also holds
if t = 1. To conclude, we show that u is supported on R .
If a, b € R are such that a < b < —a and ,u((a,b)) > 0 then b+ o < 0 and

C—tf(t) = /R £ dp(s) > /( ) £ dpu(s) > p((a, b))t = 00

as t — 0o, which is a contradiction; we recall that f(t) = O(t) as t — co. Hence p has
support in [—a, 00). Moreover, we can write

du(s) = —a})t” S du(s),
/[_W)t u(s) = p({—0)* + /(_m)t u(s)

so we may assume that p has support in (—a, 00).
Finally, we know that A = f o cosh is hyperbolic, with b = o and a = C2'7?, so
there exists a finite positive Radon measure ¢ on Ry such that

f(cosht) = acosh(bt) — /R cos(st) do(s)

and therefore

I:= / (cosht)™* dpu(s) = C(cosht)® — C2'~% cosh(at) + / cos(st) do(s)
(—Ot,OO) R

+
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is bounded for all large ¢. If 1((—a,0)) > 0 then pu((—a, —¢]) > 0 for some € € (0, @)
and

I > p((—a, —¢])(cosht)® — 0o as t — oo,
which is a contradiction. Hence p is supported on Ry and so f € F7, which gives the
result.

6.2. The continuous zero-order case. We now suppose f is continuous and has
zero order, and let

¢ Ry =Ry z— f(e¥).
Then ¢ is continuous and non-decreasing on R and real analytic on (0,00). We also
have that ¢(y) = o(y?) as y — ooc: if f is of finite type this is immediate, and it follows

from (j5.3]) otherwise.

We will show first that —¢” gives rise to a positive-semidefinite Hankel kernel. For
any x := (20, 21,...,7,)" € (0,00)" ! we let

vi=(e®, e ... e®)T € (1,00)" !

and note that

€T mT
f[VVT] _ [¢(fn(]) M] c T_H

where m := (¢(xo + 21),...,P(xo + xn))T and M = [¢(z; + z;)]}';—;. It follows from
the Haynsworth inertia formula [I5] that the number of positive eigenvalues of f[vv7]
is one more than the number of positive eigenvalues of the Schur complement

M — ¢(2z0) 'mm?,

so this last matrix must be negative semidefinite. Hence

1 = 2

T n

My < ( ; :co+x-> for an e R".

Yy My S o ;1 Yi ( i) Yy

In particular, if y € R” is such that 17y = 0 and z, := max{z1,...,z,} then

’Z yio(wo + i)
=1

since ¢ is non-decreasing, and we can let xg — oo in such a way as to make
¢(xo + 2+) — d(20)
¢(220)
To see this, we suppose for contradiction that € > 0 and X > 0 are such that
(6(z0 +2.) — d(x0))” > e26(2w0)  for any 2o > X.
If xg > max{X,2z,} and the integer k € (zo/(2x4), zo/z+) then 2kz, > x¢ > kz. and

= > wi(0ao + ) = 6(w0)| < D Iyl (6o +.) = 6(a0)).
i=1

=1

— 0.

k
d(2z0) > ¢(2x0) — Z xo +ixs) — d(xo + (i — 1))

=1

zk:\/ 2(xo+ (i — 1)30*))

| \/
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SO
2

o€ 9
Vo (2xg) > ke > 5 —  ¢(2x0) > @xg,

T *

*

which contradicts the fact that ¢(y) = o(y?) as y — oo.

This shows that M is conditionally negative definite. We now suppose y’ = (v, —v)
for some v € R and x = (zg,21,...,Tm, 21 + 0, ..., 2m +0), where 1, ..., T,y > 0
and 6 > 0. This shows that the second-order forward-difference matrix

[Qb(xz'i‘xj)_2¢(xz+$]+5)+¢(xi+xj+26)]z] 1 [ ¢(‘rl+$])]z] 1

is negative semidefinite, where the forward increment (Ask)(t) := k(t+0) —k(t) for any
real-valued function k defined on (0,00) and any § > 0 and ¢t > 0, with A2 := A5 o As.
If k is real analytic on (0, 00) then it may be shown by Taylor expansion that

§T2A2k(x) = K'(x)  as & — O+
Hence the matrix
(0" (i + 25)]7 1
is negative semidefinite for any z1, ..., , > 0, as claimed.

We now use [39, Theorem VI.21] again to obtain a finite positive Radon measure
on R such that

() = /R e du(s) (x> 0).

We claim that p is supported on [0,00). This representation gives that ¢”(x) < 0 for
any z > 0 and therefore ¢ is non-increasing. It is bounded below by zero, as f is
non-decreasing on (1,00) and ¢'(z) = e* f'(e*) > 0, so

/ ¢"(z)dx = ¢'(1) — lim ¢'(z) < oo.

T—00
However, if § > 0 is such that ¢ := p((—oco ) > 0 then
—¢"(x) > ce®® (x >0) / ¢"(x)dx > c/ %% dz = oo.

Hence —¢" is completely monotone, by [39, Theorem IV.12a], so ¢’ is also completely
monotone. Since f > 1 and f(1) = 1, it follows that the function B := ¢ — 1 € By.
Thus we can write f(t) =1+ B(logt) and again we have the representation claimed.

6.3. The general case. To conclude, we let f be a distance preserver and recall the
continuous regularisation

f(1+) ift=1,

f:[l,oo)—)[l,oo);t%{ ) .

Then f is continuous and acts entrywise to map M;j, into Mj,. Since f is non-
decreasing, we see that f := f(14+)'f maps [1,00) to itself and so f[—] sends My,
into itself. Hence there exist a € [0,1], 8 > 0 and & € Ry such that 8 > a(14-2((0,00)))

and
R A1

fty=1+5

+ /(0700)(1 — ) di(s)  (t>1).

(07
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Thus
t*—1

£ = 1+ 7l () + 8L 4 /(O A=)

where v := f(14) — 1, 8 := f(14)5 and v := f(1+)P, with
B=fAH)B > fAH)al +((0,00)) = a1l + 7+ v((0,00))).

We include the degenerate case where «, § and v are all zero, as long as v > 0.

7. MULTIPLICATIVE REPRESENTATION AND SUBORDINATORS

In this section we introduce a multiplicative representation for continuous distance
preservers and show a connection to the theory of Lévy processes.

We recall first that if f : [1,00) — [1,00) is a distance preserver then (log o f)[—]
maps My into N. If f is also continuous then it follows [12, Corollaire 8.2] that

f(t) =t%exp (/(0 )(1 —t7%) du(s)) for any t € [1,00), (7.1)

where o € R and the positive Radon measure p € Ro. We call this the multiplicative
or exponential Bernstein representation of f.

We see immediately from ([7.1]) that

1 t 1—-¢t7°
ng():a—i-/ dup(s) = « as t — 0o,
logt (0,00) logt

so our use of « is appropriate: it is the order of f and so « € [0,1]. The type

— —a — : __4—S — ;L((0,00))
C tlggot f(t) exp(tlgglo /(0700)(1 t )d,u(s)) e € [1, 00,
so f has finite type if and only if the measure p is finite. In particular, if & > 0 then p
must be finite.

7.1. The relationship between additive and multiplicative representation. If
the continuous distance preserver f has infinite type then @ = 0 and there exists a
Bernstein function B € By such that

/(0 )(1 —e ™) du(s) =log f(e”) =: F(z) =log(1 + B(z)) (x >0).

We see that p is the representing measure for the Bernstein function F' and so every
Lévy measure p € Ro may appear when o = 0.
If f has finite type then we have that

Ce** exp(—/ e " d,u(s)) = f(e") = Ce™ — / e **du(s) (x >0),

(0,00) Ry

where the finite positive Radon measure v on R has total mass ¥(R;) = C' —1. Thus,
if Lo denotes the Laplace transform of a measure o, we see that

X qyn+l
(L)) = Cea(1 — =) = eor 3 EUT 2 (L") (x)
n=1 :
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and, equivalently,

LO_*TL

3\'—‘

(Lp)(z) = —log(1 — C~ e ™ (Lv)( Z
n=1

where the finite positive Radon measure
0t A CT((A—a)NRy).

Hence if f has representation ((7.1) and is of finite type then pu is supported on [a, 00)
and the measure

> n+1
do — exp, (—p) = Z (7.2)

n=1

is positive. Conversely, if the finite Radon measure p on R is supported on [a, 0o) for
some « € [0,1] and ((7.2) is positive then the function f defined by (7.1)) is a continuous
distance preserver.

To provide an example to illustrate this working, we suppose ¢, d € (0,00) and
consider f defined by (7.1)) with « € [0,1] and p = ¢dy, so that

f(e¥) = e exp(c(1 — e_dm)) = ¢ exp(—ce %) (x >0).
If (y1,v2,93)7 € Ry then v := (e¥,e%2,e%)T € [1,00)3 and f[vv!] = DAD, where
D := 2 diag(e™¥, ™2, %) and A= [exp(—ce_d(y#yﬂ')))]?’jzl.

Given h € (0, c/9],we set

h
yi::—flog(i 7>zo (i=1,2,3).

Then
—cexp(—d(yz‘ + yj)) = —ijh

and, letting z = e~ ",
€_h 6_2h 6_3h 1 T $2
_ |,—2n _—4h _—6h| _ 3 .5 *
A= e e e =z |z z° 2°| € M,
o3k  o—6h ,—9h 22 g5 48

since A has determinant —2'°(1 — 2)3(1 +2) < 0.
It follows that f is not a distance preserver for any o > 0 and any ¢, d > 0. It is
clear that the positivity constraint on the measure defined by ([7.2) is violated, as
> (_1)n+1 2 C3

*Nn C
Zing Y —05d—552d+€53d—"‘

n=1

has negative mass at 2d.
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7.2. Four examples of multiplicative representation. The representation
of the function f; is immediate: the constant o = a and the measure u is the zero
measure.

For fo, we note first that

—S

log(1+z) = /(0 )(1 — e*“)% ds (z > 0); (7.3)

to see this, we let
H:(0,00) x [0,00) = R; (s,2)— (1 —e *)—

and note that

/ aH(s x)ds = / e~ (1F2)s qg — ! (x >0)
(0,00) Ox (0,00) 14z

so ([7.3)) holds if we can differentiate under the integral sign. For any s € (0, 00), the
mean-value theorem gives r € (0, s) such that
1—e™%8
s
and therefore the right-hand side of (|7.3]) is well defined. We also have that
OH
37(& z)

and differentiation under the integral sign is valid, as this upper bound is an integrable
function of s on (0, 00) and is independent of x.
Thus if b € (0,00) and ¢ € [1,00) then

=zxe " € [0,x]

<e? (s>0, x>0)

—r/b
1—ebslost)C g _/ 1t dr, (7.4
( )s s (OOO)( )——dr, (74)

log f(t) = log(1+blogt) = /

(0,00)

so the representing measure in (7.1 is supported on (0, c0) and is absolutely continuous
there with density s — e~*/®/s; we note that

—s/b —u
/ L ds=b € qu<b< oo
(0,00) 1+s s (0,00) 1+ bu

To find the representation ([7.1)) of f3, we note that
p . _ p 2
o £50) = o1+ ) +log(1— L) = “tog(1— 2 5 1og(1— P )
g f3(t) = log(1 + p) + log ol el - o7 e(l- 07
and use the fact that

log(l1—z) = Z— (-1<z<1)

to write
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where the representing measure
Mp.a ‘= Z - (7) 5an
o nip+1
has total mass log(p + 1).
Furthermore, we can set r := (¢ — 1)/q and use the working for f3 to write

n

o )t~ (L) (7)) < 520

t—qt+qt t—tr 1—r n

Hence fy = f1,,,, where
R oL
n=1 n q
has total mass logq.

7.3. A probabilistic interpretation. In this section, we follow [9] but with some
changes of notation to avoid clashes with that used elsewhere.

A subordinator is defined to be a non-decreasing Lévy process, that is, a stochastic
process S = (Su)uer, With non-decreasing cadlag paths and independent stationary
increments, such that Sop = 0; we regard the index w as representing time.

The possibility that S increases to oo in finite time is included, so we let the stopping
time ¢ := inf{u > 0: S, = oo} and then, conditionally on {u < (}, it holds that the
increment Sy, — .5, is independent of the right-continuous and complete o-algebra
generated by {Sy, : w < u} and has the same distribution as S,,.

Given a subordinator S, its Laplace exponent F is defined by the identity

E[efmsu] — equ(gc) (1‘ > 0)7

—x oo

with the convention that e = 0 for every x. Then F' has the form

F(x)=k+dx —|—/ (1 —e *%)dIl(s) (x >0),
(0,00)
where the killing rate k € R4, the drift d € Ry and the Lévy measure II € Rs.
Conversely, every such triple gives rise to the Laplace exponent of some subordinator.
The lifetime ¢ has an exponential distribution with parameter k, so that { = oo if
and only if £ = 0. Such subordinators are called strict.
An example of a strict subordinator is the Gamma subordinator I' = (I'y),>0 with
Laplace exponent Fr such that

Fr(z) = log(1 +2) = /(O )<1e—m>i ds  (x>0),

where the integral identity follows from (7.3). A Gamma random variable X with
shape a and rate b has density function

a
b a—1_—bx

R Ry;
+ — +,$'—)F(a)$ e

and Laplace transform



42 ALEXANDER BELTON, DOMINIQUE GUILLOT, APOORVA KHARE, AND MIHAI PUTINAR

so I', is a Gamma random variable with shape a = u and rate b = 1.
Given any continuous preserver f with multiplicative representation , we see
that
F(z) :=log f(e") = ax + / (I —e*)du(s)
(0,00)
and there exists a strict subordinator S such that

E[efxsu] _ e*UF(‘T) for any x,u > 0.

Henceforth we assume f is a continuous distance preserver with order o = 0. We
also have a Laplace exponent from the additive representation of f: we let

Glx) = f(e®) = 1+ fa +/ (1= e ) du(s) (x> 0)
(0,00)
and H := G — 1 € By. Then there exist subordinators R and T, with T strict, such
that
Ele *f] = G  and E[e*Ts] = ¢ wH (@) for any z,u > 0.

From the fact that F' = log G, we see that if Ugr is the renewal measure of the
subordinator R [9), Section 1.3] then

1
e dU =E / e e qy| = / e UG qoy = — = ¢ F@) — Fle—o5),
/]R+ R(y) |: E, :| R, G(m) [ ]

Hence Ug is equal in distribution to the law of Sj.
From the fact that F' = log(1 + H) = Fr o H, we have the Bochner subordination
[9, Proposition 8.6]

SeE T, (u>0),
where 2 denotes equality of distributions and the processes I' and 1" are independent.
The continuous distance preserver fa(t) = 1 4 blogt has order a = 0 and additive

representing measure v = 0, so H(z) = bx and T,, = bu, whence 5, 4 bI'y; note that

1
1+ bz

E[e=%u] = ( )u = exp(—ulog(l + bx)) = exp(—ulog fo(e®)) = E[e~*54],

as required.
The continuous distance preserver f3(t) =1+ p— pt~® has order a = 0 and additive
representing measure v, , = péy, so H(z) = p(1 —e~*) and

Ele~*T4] = exp (up(e™** — 1)) (u,z > 0).
If N, denotes a Poisson random variable with mean x then we have that T,, 4 aNp,
and therefore S, 4 aNpr, for all u > 0, so S is a negative-binomial process.

Theorem 7.1. Let S be the strict subordinator with Laplace exponent

F:Ry >Ry z— (I —e*)dul(s) (n € Ra)
(0,00)

and let T' be a subordinator that is independent of I'. Then S, 4 Tr, for all u > 0 if
and only if T has zero killing rate and Laplace exponent H such that F =log(l + H).
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Proof. If T is a subordinator with Laplace exponent Fp that is independent of I' then
conditioning on I',, gives that

E[e *Tru] = E[e Tuf(@)] = ~ulFroFr)(@),

Hence S, 4 Tr, holds for all w > 0 if and only if F' = Fy o Fp = log(1 + Fr).

If T has zero killing rate and Laplace exponent H then Fr = H and so S, L r, for
all u > 0.
Conversely, if S, 4 Tr, for all u > 0 then F' = log(1 + Fr), so Fr = e — 1. In
particular, we see that T has zero killing rate, since F'(0) = 0, and the result follows.
O

Corollary 7.2. Suppose S, T and p are as in the statement of Theorem[7.1 If p is
finite then Sy 4 Tr, for all uw > 0 if and only if

= (-1
0= 00— exp,(—p) = > —4—
n=1

*T

n!'u

is a positive measure, in which case the Lévy measure v of T equals exp(u(((), oo))) o.

8. CONCLUDING REMARKS

Schoenberg’s classical theorems identify the entrywise transformations compatible
with Euclidean and spherical geometry through positivity and conditional negativity.
The results obtained above complete this picture for spaces of constant curvature by
treating the remaining case, that of hyperbolic space. The replacement of positive-
semidefinite Gram matrices by Lorentz—Gram matrices changes the underlying spectral
condition from positivity to the requirement of exactly one positive eigenvalue.

Several classical structures meet in the resulting classification. Krein’s screw lines
give geometric meaning to the order and type of a preserver; Bernstein and Lévy—
Khintchine representations describe its analytic structure; taking the reciprocal leads
to complete Nevanlinna—Pick kernels; the multiplicative representation for continuous
preservers admits an interpretation through subordinators. These are all different
manifestations of the same one-positive-square phenomenon.

It is natural to ask how much of this picture persists beyond real hyperbolic space.
In particular, one might consider entrywise transformations for rank-one symmetric
spaces, for the fixed-dimensional case, where preservation is required only up to a
prescribed matrix size, and for more general indefinite structures with a fixed number
of positive squares. In each case the central question will be whether the constraint
continues to result in a tractable functional calculus comparable to the Bernstein-type
structure obtained here.

APPENDIX A. MINOR PROOFS AND AUXILIARY RESULTS
Proposition A.1. Any xz € £\ {e} may be written uniquely in the form
x = ecosh @ + wsinh 6,

where 0 € (0,00) and w € (*(N) is a unit vector. Conversely, the vector

z =ecoshf +wsinhf € L
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for any 0 € Ry and any unit vector w € £*(N).

Proof. If x = (z9,2") € L\ {e} then 2/ # 0 and 2% = 1+ (2/,2) > 1, so xp > 1. Hence
there exists 6 € (0,00) such that 2 = ecosh@ +w s, where w = s~ ! 2’ and s > 0 is such
that
s = (2/,2') = 23 — 1 = cosh? § — 1 = sinh? 6.
This gives the representation claimed. For uniqueness, if
x = ecosh 01 + wy sinh #; = e cosh 0y + w9 sinh 69

then cosh 0; = [e, 2] = cosh 0, so 0; = 6y and wy = ws.
For the converse, we have that

[z, 2] = [e, €] cosh? @ + 2[e, w] cosh fsinh § 4 [w, w]sinh? § = cosh? § — sinh?d =1. O
Lemma A.2. Let (X,d) be a metric space and let 6 € (0,00). Then
d: X xX —Ry; (z,y) = min{d(z,y),d}
s also a metric on X.

Proof. The only non-trivial thing to check is that the triangle inequality holds. For
this, let x, y, z € X and note that if d(z,y) > 0 or d(y, z) > ¢ then

d(x,y)+d(y,z) >6>d(z,2).
Finally, if d(x,y) < ¢ and d(y, z) < ¢ then
d(z,y)+d (y,2) = d(z,y) +d(y,z) > d(z,2) > d(,2). O
Proposition A.3. Fiz ¢ € (0,00) and let
¥ :R = R; x+— min{x,d}.

Then 9~1({0}) = {0} and ¥ o d is a metric on L, where d is the hyperbolic metric, but
the kernel corresponding to

f:[1,00) = [1,00); t+> coshd(arcosht) = min{t,coshd}
does not have exactly one positive square.

Proof. 1t is immediate that ¢~!({0}) = {0}, and ¥ o d is a metric by Lemma
Furthermore, if h := §/2 and

x(i) := (cosh(ih),sinh(ih),0,0,...) € L (1=1,2,3,4)
then [x(i), z(j)] = cosh((i — j)h). Hence if M := [[x(i),ac(j)]}?jzl € Mi4, a:=coshh
and b := cosh § = cosh(2h) = 2a? — 1 then

1 a b b
a 1 a b
fIM] = ¢ M,
b a1 a
b a 1

since
ul fIMlu=4+6a+6b>0 and vIf[M]v=4—6a+2b=2(a—1)(2a—1)>0
for orthogonal vectors u := (1,1,1,1)" and v := (1, 1,1, =1)” with u” f[M]v =0. O
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Proposition A.4. Given any a, b € R, the matriz

1 a b
A=Myp:=|a 1 a
b a 1

has eigenvalues

1—-b, 1+ %(b —V8a?+b?) and 1+ %(b+ V8a? +b?).
If a = b then A has eigenvalues 1 —a and 2a + 1 with multiplicities 2 and 1 respectively
and if A € M then A has exactly one positive eigenvalue if and only if b < 2a® — 1.
Proof. 1t is readily verified that
det(M — A) = (A= 14+b) (A — (b+2)\ —2a* + b+ 1).
The claims follow in a routine manner. ]

Proposition A.5. Given any a, b, ¢ € R and m € NN [2,00), the 2m x 2m block

matric
B, b1,17

b1,1L B,

where By := (1 — 2)Idymsm + 21, 1L for any x € R, has eigenvalues 1 —a and 1 — ¢ of
total multiplicity 2m — 2, and

A= N(m) —

a,b,c * ’

%(2 +(m—1)(a+e) £ /(m—1%a— P 1 4mZtR).
Thus A € M* has exactly one positive eigenvalue if and only if
m2b? > (1+ (m — 1)a)(1 + (m — 1)c).
Proof. If v.€ R™ is orthogonal to 1,, then (v @ 0,,)” and (0, ® v) are eigenvectors

of A with eigenvalues 1 — a and 1 — ¢, respectively. This proves the first claim.
On the space spanned by (1,, ® 0,,,)7 and (0,, ® 1,,)7, the matrix A acts as

1—a+ma mb
mb 1—c+mc|’

The result follows. ]

Proposition A.6. For any b € (0,00), the function x +— (sechz)® is a Schwartz
function on R.

Proof. We recall that

—sechz = —sech x tanh x and — tanh 2 = sech? z for any z € R.
dx dx

Furthermore, we have that
| sech z| < 2¢~ 17! and |tanhz| <1 for any = € R.

We claim that the nth derivative of x — (sech z)? is a finite linear combination of terms
of the form (sechz)¢(tanhz)™, where ¢ > b and m € Zy. This is true for n = 1, so
holds by induction, as

d
— (sech z)¢(tanh 2)™ = —c(sech 2)¢(tanh )™ + m(sech z)*?(tanh )™
x
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The result follows. O

Proposition A.7. For any b € (0,00) and any n € N, the function x — ™ cosech(bx)
1s integrable on R.

Proof. Note first that
T . 1 1

lim ——— =lim ———— = -

750 sinh(bz) 250 beosh(bz) b’
so the function x — z" cosech(bz) can be made continuous at the origin. Furthermore,
if  # 0 then
n 2n+Dlz™  Cn+1)!
pIntl[g|2ntl — T p2ntl ||

‘ x
sinh(bx)
and the result follows. O

Proposition A.8. Ifx € R and b € (0,00) then

\ <

/ cos(zs) sech(bs) ds = x sech(mx/2b),
R, 2%
s0

sechx:/ cos(zs) sech(ms/2) ds
Ry

and sech’?z = / cos(zs) s cosech(ms/2) ds.
Ry

Proof. Tt is readily verified that cosh has a simple zero at (2n + 1)7i/2 for any n € Z
and is non-zero otherwise. Furthermore, if x € R then

(2 — (wi/2))e'™ e/ n2/2

= —1€

li =
z—>17rrlz‘l/2 cosh z sinh(mi/2)

Hence, by Cauchy’s residue theorem, if N € N then

1Tz
dz = 2me /2

/[N,N]U[N,N+7ri]u[N+7ri,N+m‘]U[N+m‘,N] cosh z
where [z, w] denote the directed line segment from z to w.
If z= N+ iy € [N,N + 7i] then

e~ eV eV

T 2Ny 1 ]

1Tz
€

e+ e *

and similarly if z = —N + iy € [-N — i, —N] then

ez e—xyeN - €N
e*+e 7| |1+ e2N-2y| = 2N _ 1’
SO
eizz 47T6N
’/ ‘ >SN 1 —0 as N — oo.
[N,N+mi]U[—N—mi,—N] Cosh z eV —1

Furthermore, we have that

/ ¢ dr= / ¢ du = 2/ cos(xt) sech t dt
[-N,N] coshz [—N,N] coshu 0,N]
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and

elrz eixuefﬂ':t
/ o dz = / Ay Ap— du = 26_”/ cos(xt) sech t dt,
[~ N+mi,N4mi] Coshz (-, ] cosh(u + i) [0,N]

since

U, —u ,—T
cosh(u + mi) = cc +26 ¢ — _coshu.

Rearranging and letting N — oo, we have that

Qe T%/2 T

2(1+e ™) - 2 cosh(mz/2)

/ cos(xt) sechtdt =
Ry

and hence

1
/ cos(zs) sech(bs) ds = / cos(zr/b) sech(r)dr = x sech(mx/2b),
R+ b RJr 2b

as claimed.
The second identity follows immediately. For the third, note that the second gives
that

1 :
sech? z = 1 / / e'" sech(mu/2) sech(m(v — w)/2) dudv.
R JR

Now,

/ sech(mu/2) sech(mw(v — u)/2) du
R

PN

1 1
= /R T2 1 e—mu/2 gn(v—u)/2 | on(u—v)/2 du

R, b+t lem/2t=1 4 emmv/2¢ 7t

2b t
== dt b=e™/?
7 /R+ @+ 1)+ 0 (b=e™7)
2b t t
= — dt b#1
7r(b2—1)/R+t2+1 t2 4 b2 (b#1)
1 2+ 1\
-t
27 sinh(mv/2) 2402/,
B v
~ 2sinh(7v/2)’
which is an even function of v, and therefore
sech?z = / cos(zs) s cosech(ms/2) ds. O
R

Proposition A.9. If x € R and b € (0,00) then

btiz b—izy 2"7%) bz |2
/R+ cos(zt)(secht)” dt = 2 B( 5 ) T(b) ‘F< 2 )’ 20,
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where the beta and gamma functions
I'(z)l'(w)

B(z,w ::/ 71 —)vtde =
(z,w) - (1-1) Tz 1 w)

for any z, w € C such that Rz > 0 and Rw > 0.

and L'(z) ::/ t*~le~tdt
Ry

Proof. The substitution ¢ = (1 + s)~! gives that

/ i1 - tde = / (1+s)7*"wswds.
[0,1]

Ry

Hence

b“‘l.’,U b—ix i _b (b—im)/?%
B< 2 2 )-/R+(1+s) § s

:/ (871/2+81/2)7b87ix/2%
R+

s
=2 / (e¥ + e ¥)"bel®¥ dy (s=e%)
R

= 22_b/ cos(xt)(sech t)® dt.
Ry

The final claim now follows from the well known identity linking the beta and gamma
functions and the fact that I'(z) = I'(Z) for any z € C with ®z > 0. O

Proposition A.10. Let p be a positive Radon measure on (0,00). The function

1- cc;s(st) du(s)

(0,00) §

T R=>Ry; t—

1s bounded if and only if the integral
d
I ::/ ,ugs)
(0,00) 9§

Proof. We follow the proof of [38, Theorem 3].
Since s — (1 — cos(st))/s* has a limit as s — 0+ and
1 —cos(st) 2
0< 2 < 2

if T is finite then f is bounded, with 0 < f(¢) < 2I for all t € R.
Conversely, suppose M > 0 is such that 0 < f(¢) < M for all ¢t € R and let

is finite.

Jeal(t) ;:/[ ]H()S(Sﬂd,u(s) (0<e<a< o).

g2

Then, by Tonelli’s theorem and the dominated convergence theorem, we have that

by, = 1 Feat)dt = / (1 B sm(ns)) d,ugs) R / dugs)
[0,n] [e,a] [e,a]

n ns S S
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as n — oo. Furthermore, we know that

0< fealt) < f(t) <M for any t € R,

so 0 <b, <M for all n. Hence 0 < f[e . du(s)/s?> < M and, as M is independent of €

and a, it follows that I is finite, with 0 < I < M. O
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