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Abstract Let vo(t), vi(¢), ..., vy(t) be the roots of the equation R(z) = ¢, where
R(z) is a rational function of the form

Wi are pairwise distinct real numbers, o > 0, 1 < k < n. Then for each real &,
the function e5"0® 4 £EV10) 4 ... 4 5@ j5 exponentially convex on the interval
—00 <t < 00.
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1 Roots of the Equation R(z) = ¢ as Functions of ¢

In the present paper we discuss questions related to properties of roots of the equation

R(z) =1 (1.1)
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as functions of the parameter ¢+ € C, where R is a rational function of the form

R =z- > —=* (1.2)

9
1<k<n <7 Mk

Wi are pairwise distinct real numbers, o > 0, 1 < k < n. We adhere to the enumer-
ation agreement!

K1 > U2 > o0 > Ay (1.3)

The function R is representable in the form

R(2) = % (1.4)
where
Q@) =@ —p)) - —p2) - - (2 — ), (1.5)
P@ERE-0Q (1.6)
are monic polynomials of degrees
degP=n+1, degQ =n. (1.7)

Since P (ug) = —ox Q' (k) # 0, the polynomials P and Q have no common roots.
Thus the ratio in the right hand side of (1.4) is irreducible. The Eq. (1.1) is equivalent
to the equation

P(z) —=1Q(z) = 0. (1.8)

Since the polynomial P(z) —tQ(z) is of degree n + 1, the latter equation has n + 1
roots for each t € C.
The function R possess the property

ImR(z)/Imz >0 if Imz #0. (1.9)

Therefore if Im¢ > 0, all roots of the equation (1.1), which is equivalent to the Eq.
(1.8), are located in the half-plane Im z > 0. Some of these roots may be multiple.

However if ¢ is real, all roots of the Eq. (1.1) are real and simple, i.e. of multiplicity
one. Thus for real ¢, the Eq. (1.1) has n + 1 pairwise distinct real roots vy (¢): vo(t) >
vi(t) > -+ > v,—1(t) > v,(¢). Moreover for each real 7, the poles i of the function
R and the roots v (¢) of the Eq. (1.1) are interlacing:

vo(t) > 1 > vi(t) > oy > (@) >+ >v,_1(t) > up > v, (1), VteR.
(1.10)

1 We assume that n > 1.
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In particular for = 0, the roots v (0) = Ax of the Eq. (1.1) are the roots of the
polynomial P:

P(R)=(@—2x0) - z—=A1D): - -(2—Xn), (1.11)
A > Up>A > U2 > A > > Ay > Uy > Ay (1.12)
Since R'(x) > O forx € R, x # uy,..., s, each of the functions v (¢),k =
0,1, ..., n,can be continued as a single valued holomorphic function to some neigh-

borhood of R. However the functions v (¢) can not be continued as single-valued
analytic functions to the whole complex ¢-plane. According to (1.4),

_ P'(2)Q(z) — Q'(2) P(2)

k@ 07(z)

(1.13)

The polynomial P’Q — Q' P is of degree 2n and is strictly positive on the real axis.
Therefore this polynomial has n roots i, ..., {, in the upper half-plane Im(z) > 0
and n roots 1, ..., ¢, in the lower half-plane Im(z) < 0. (Not all roots ¢1, ..., &,
must be distinct.) The points ¢1, ..., ¢, and 5_1, R g“_n are the critical points of the
function R: R'(¢x) =0, R'(¢x) =0, 1 < k < n. The critical values fy = R((x), T =
R(Z), 1 <k < n, of the function R are the ramification points of the function v(t):

R(v(t)) =t (1.14)

(Even if the critical points ¢’ and ¢” of R are distinct, the critical values R(¢”) and
R(¢”) may coincide.) We denote the set of critical values of the function R by V:

V=VTuVv, Vr={n, ....t,}, V ={t1, ... .1} (1.15)

Not all values #1, ... ,t, must be distinct. However V # . In view of (1.9),
Im#x >0, 1 <k <n.So

Vtc{teC:Imt>0}, V Cc{reC:Imt <0} (1.16)

Let G be an arbitrary simply connected domain in the ¢-plane which does not
intersect the set V. Then the roots of Eq. (1.1) are pairwise distinct foreacht € G. We
can enumerate these roots, say vo(t), vi(t), ... v,(t), such that all functions v (¢) are
holomorphic in G.

The strip S,

Sy, ={t € C:|Imt| < h}, where h = min Imz, (1.17)

1<k<n
does not intersect the set V. So n + 1 single valued holomorphic branches of the

function v(¢), (1.14), are defined in the strip Sj,. We choose such enumeration of these
branches which agrees with the enumeration (1.10) on R.
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From (1.6) and (1.2) it follows that the polynomial P is representable in the form

P(2) =20() — D Ox(2), (1.18a)

k=1

where

0i(2) =01@)/(z— ), k=1,2,...,n. (1.18b)

2 Determinant Representation of the Polynomial Pencil P(z) — 7 Q(2)

The polynomial pencil P(z) —t Q(z) is hyperbolic: for each real ¢, all roots of the Eq.
(1.8) are real.

Using (1.18), we represent the polynomial P(z) —tQ(z) as the characteristic poly-
nomial det(z/ — (A + tB)) of some matrix pencil, where A and B are self-adjoint
(n+ 1) x (n + 1) matrices, rank B = 1. We present these matrices explicitly.

Lemma 2.1 Let A = |lap 4|l and B = ||bp 41, 0 < p,g <n,be (n+1) x (n + 1)
matrices with the entries

a0 =0, app=pp forp=12 ....n,
apg =0 forp=12,....,n,q=12,...,n, p#gq,
ao,p =apo forp=12 ... n, 2.1)
and
boo =1, allother by, vanish. (2.2)
Then the equality
n
det(zl —A—1B) = (z—1)- Q(2) = D_ lao i’ Ok (2). (2.3)
k=1
holds.

Proof The matrix zI — (A + tB) is of the form

z—1 —do,1  —do2 -+ —AOm—1  —A0n
—ao,1 Z— KU1 0 s 0 0
—ans 0 — . 0 0
d—(A+iB)=| 2 T
—agp,n—1 0 0 2T Mn—1 0
~ao, 0 0 0z
We compute the determinant of this matrix using the cofactor formula. O
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Comparing (1.18) and (2.3), we see that if the conditions
lappl*> =ap, p=1,2,...,n (2.4)
are satisfied, then the equality
P(z) —tQ(z) =det(zI — A —tB) 2.5)

holds for every z € C, t € C.
The following result is an immediate consequence of Lemma 2.1.

Theorem 2.2 Let R be a function of the form (1.2), where 41, (L2, . . ., |4y are pairwise
distinct real numbers and a1, a2, . .., oy, are positive numbers. Let Q and P be the
polynomials related to the the function R by the equalities (1.5) and (1.18).

Then the pencil of polynomials P(z) —t Q(z) is representable as the characteristic
polynomial of the matrix pencil A + tB, i.e. the equality (2.5) holds for every 7 €
C, t € C, where B is the matrix with the entries (2.2), and the entries of the matrix A
are defined by by (2.1) with

a()’pz vanP’ p=172"‘~’n, (26)
wp are arbitrary* complex numbers of absolute value one:
lwpl =1, p=1,2,...,n. 2.7

Corollary 2.3 Let R, A, B be the same as in Theorem 2.2. For each t € C, the roots
vo(2), vo(t), ..., v,(t) of the Eq. (1.2) are the eigenvalues of the matrix A + t B.

Lemma 2.4 Let R, A, B be the same as in Theorem 2.2, vo(t), vo(t), ..., v,(t) be
the roots of the Eq. (1.2) and h(z) be an entire function. Then the equality

> h(ui(t)) = trace {h(A + ¢ B)} (2.8)
k=0
holds for every t € C.

Proof We refer to Corollary 2.3. If v is an eigenvalue of some square matrix M, then
h(v) is an eigenvalue of the matrix 2(M). In (2.8), we interpret the trace of the matrix
h(A + tB) as its spectral trace, that is as the sum of all its eigenvalues. O

2 We will use the freedom in choosing w), to prescribe signs = to the entries ag, -

@ Springer



444 V. Katsnelson

3 Exponentially Convex Functions

Definition 3.1 A function f(f) on the interval a < ¢ < b is said to belong to the class
W,.p if f is continuous on (a, b) and if all forms

N
D fl+16L (N=1,2,3,...) 3.1
r,s=1
are non-negative for every choice of complex numbers ¢1, &2, ... , {y and for every
choice of real numbers ¢, f2, ... , fy assuming that all sums ¢ + ¢, are within the

interval (a, b).

The class W, , was introduced by Bernstein (1928), see Sect. 15 there. Somewhat
later, Widder also introduced the class W, , and studied it. Bernstein called functions
f(x) € W, , exponentially convex.

Properties of the class of exponentially convex functions

P1.If f(t) € W, p and ¢ > 0 is a nonnegative constant, then cf (t) € W, 5.
P2.If f1(t) € Wap and f2(t) € Wap, then f1(2) + f2(t) € Wap.

P3.1If f1(¢) € Wy p and fo(t) € Wy p, then f1(t) - fo(t) € Wap.

P4. Let { f,(t)}1<n<oo be a sequence of functions from the class W, 5. We assume
that for each ¢ € (a, b) there exists a limit f(z) = lim,_ ~ f,(¢), and that f (1) <
ooVt € (a,b). Then f(t) € Wy p.

From the functional equation for the exponential function it follows that for each
real number u, for every choice of real numbers 71, #2, ..., ty and complex numbers
¢1, &, ..., CN, the equality holds

N 2
D g = > 0. (32)

r,s=1

N
Z gy
p=1

The inequality (3.2) can be stated as

Lemma 3.2 For each real number &, the function %' of the variable t belongs to the
class W_xo, c0-

The term exponentially convex function is justified by the following integral represen-
tation for any function f(t) € W, p.

Theorem 3.3 (The representation theorem) For the representation

fx) = / o (dg) (a <x <b) (3.3)

§€(—00,00)

to be valid, where o (d§) is a non-negative measure, it is necessary and sufficient that

f(x) € Wa,h~
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The proof of the Representation Theorem can be found in Akhiezer (1965) (Theo-
rem 5.5.4), and in Widder (1946) (Chapter 6, Theorem 21).

Corollary 3.4 The representation (3.3) shows that f(x) is the value of a function
f(z) holomorphic in the strip a < Rez < b.

4 Herbert Stahl’s Theorem

In the paper Bessis et al. (1975) a conjecture was formulated which is now commonly
known as the BMV conjecture:

The BMV conjecture Let U and V be Hermitian matrices. Then the function
@(1) = trace {V TV} 4.1

of the variable t belongs to the class W_s oo-
If the matrices U and V commute, the exponential convexity of the function ¢,
(4.1), is evident. In this case, the sum

N N N *
> ol +1)5,¢; = trace U/ (Ze"‘vg“r)(z e‘fvg“s) (eY/%y*
r=I1 s=1

r,s=1

is non-negative because this sum is the trace of a non-negative matrix. The measure
o in the integral representation (3.3) of the function ¢, (4.1), is an atomic measure
supported on the spectrum of the matrix V.

In the general case, if the matrices U and V do not commute, the BMV conjecture
remained an open question for longer than 40 years. In 2011, Herbert Stahl proved the
BMV conjecture.

Theorem 4.1 (H. Stahl) Let U and V be Hermitian matrices.
Then the function ¢(t) defined by (4.1) belongs to the class W_qs oo Of functions
exponentially convex on (—o00, 00).

The first arXiv version of Stahl’s Theorem appeared in Stahl (2011), the latest arXiv
version—in Stahl (2012), the journal publication—in Stahl (2013).

The proof of Herbert Stahl is based on ingenious considerations related to Riemann
surfaces of algebraic functions. In Eremenko (2015), a simplified version of the Herbert
Stahl proof is presented.

We present a toy version of Theorem 4.1 which is enough for our goal.

Theorem 4.2 Let U and V be Hermitian matrices. We assume moreover that

1. All off-diagonal entries of the matrix U are non-negative.
2. The matrix V is diagonal.

Then the function ¢(t) defined by (4.1) belongs to the class W_xo, 0.
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Proof For p > 0, let U, = U + pl, where [ is the identity matrix. If p is large
enough, then all entries of the matrix U, are non-negative. Let us choose and fix such

p. Itis clear that
eU+fV — 67'0 eU/)+lV. (42)

We use the Lie product formula

UtV — Tim (eUr/m !V Imym, (4.3)
m—00

All entries of the matrix eY»/™ are non-negative numbers. Since matrix V is Her-

mitian, its diagonal entries are real numbers. Thus

etV/m — diag(@lvl/m, etvz/m’ . etvm/m)’

where vy, vy, ..., v, are real numbers. The exponentials e’ vji/m are functions of ¢
from the class W_q 0. Each entry of the matrix eUr/m otV/m ig g linear combination
of these exponentials with non-negative coefficients. According to the properties P1
and P2 of the class W_x, o0, the entries of the matrix eUro/m otV/m are functions of the
class W_, oo- Each entry of the matrix (eUn/m etV/Imym i a sum of products of some
entries of the matrix eUs»/™ ¢'V/™ According to the properties P2 and P3 of the class
W_ 000, the entries of the matrix (eUr/™ ¢!V/™)™ are functions of ¢ belonging to the
class W_xo,00. From the limiting relation (4.3) and from the property P4 of the class
W_ .00 it follows that all entries of the matrix eV 'V are functions of ¢ belonging to
the class W_xo,00. From (4.2) it follows that all entries of the matrix eU*1V belong to
the class W_o 0. All the more, the function ¢(t) = trace {eY*1V), which is the sum
of diagonal entries of the matrix eV +"", belongs to the class W_ oo, . O

5 Exponential Convexity of the Sum e570® ...} & ®

Let £ be a real number. Taking /(z) = ¢5? in Lemma 2.4, we obtain

Lemma 5.1 Let R be the rational function of the form (1.2), vo(t), v1(t), ..., V()
be the roots of the Eq. (1.1). Let A and B be the matrices (2.1), (2.6), (2.2) which

appear in the determinant representation (2.5) of the matrix pencil P(z) — t Q(z).
Then the equality

n
Ze‘f U@ = trace{ef AT EB)Y (5.1)
k=0
holds.
Now we choose w), in (2.6) so that all off-diagonal entries of the matrix U = £ A
are non-negative: if § > 0, then w, = +1,if § < 0,thenw, = —1,1 < p <n.

Applying Theorem 4.2 to the matrices U = £ A, V = £ B, we obtain the following
result
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Theorem 5.2 Let R be the rational function of the form (1.2), vo(t), vi(t), ..., v, (¢)
be the roots of the Eq. (1.1). Then for each § € R, the function

n
g(1.6) Z> ) (5.2)
k=0

of the variable t belongs to the class W_x, 0.

Theorem 5.3 Let f € W, ,, where — o0 <u < v < +00. Let R be the rational
Sfunction of the form (1.2), vo(t), vi(t), ..., v,(t) be the roots of the Eq. (1.1). Assume
that for some a, b, —00 < a < b < +09, the inequalities

u<wy()<v, a<t<b, k=0,1,...,n (5.3)

hold.
Then the function

FOO 2 fuo) (5.4)
k=0

belongs to the class Wy p.

Proof According to Theorem 3.3, the representation

fx) = / ¥o(dE), Vx e (u,v)
§€(—00,00)

holds, where o is a non-negative measure. Substituting x = v (¢) to the above formula,
we obtain the equality

fr@) = / S Do (dg), Yie(a,b), k=0,1,...,n.

§€(—00,00)

Hence
F(t) = / g(t,&)o(d§), VYt e (a,b). (5.5)
§e(—00,00)
Theorem 5.4 is a consequence of Theorem 5.2 and of the properties P1, P2, P4 of

the class of exponentially convex functions. O
Example For y > 0, the function f(x) = e s exponentially convex on (—o00, 00):
e = Jie(eso.00) €F0(dE), where o(dE) = #ﬁe—fz/‘ws.

Thus the function F (1) = > }_e? ¥ ()? {5 exponentially convex on (—oo, 00).

Remark 5.4 Familiarizing himself with our proof of Theorem 5.2, Alexey Kuznetsov
(http://www.math.yorku.ca/~akuznets/) gave a new proof of a somewhat weakened
version of this theorem. His proof is based on the theory of stochastic Lévy processes.
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