AN APPROACH TO UNIVERSALITY USING WEYL m-FUNCTIONS
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ABSTRACT. We describe an approach to universality limits for orthogonal polynomials on the real
line which is completely local and uses only the boundary behavior of the Weyl m-function at the
point. We show that bulk universality of the Christoffel-Darboux kernel holds for any point where
the imaginary part of the m-function has a positive finite nontangential limit. This approach is
based on studying a matrix version of the Christoffel-Darboux kernel and the realization that bulk
universality for this kernel at a point is equivalent to the fact that the corresponding m-function
has normal limits at the same point. Our approach automatically applies to other self-adjoint
systems with 2 X 2 transfer matrices such as continuum Schrédinger and Dirac operators. We
also obtain analogous results for orthogonal polynomials on the unit circle.

1. INTRODUCTION

Let u be a probability measure on R with all finite moments,

/\fl” du(€) < oo,  ¥YneN.

We will always assume that p has infinite support (in the sense of cardinality; this is not to be
confused with boundedness of the support — p may or may not have compact support). Then
associated orthonormal polynomials {p;(z) 720 are obtained by the Gram-Schmidt process from
the sequence of monomials {27}52, in L*(R, dyu). The Christoffel-Darboux (CD) kernel is

Kozow) = 3 py(2)ps ().
3=0

It is the reproducing kernel for the subspace span{l,z,...,2" 1} in L*(R,du) and is a central
object in the theory of orthogonal polynomials [42]. We note that there are alternative notations,
with different placements of complex conjugate and/or summation up to n instead of n — 1.
Of particular interest are the rescaled limits of CD kernels
lim K, <§+Z7§+w> (1.1)
n— oo Tn TTL n
for an appropriate sequence 7,, — oo and z,w € C,£ € R. They are called universality limits
because the limit is often found to be a standard kernel: the most common phenomenon is bulk
universality, in which case gives a (suitably rescaled) sin(w — z)/(w — z), called the sinc (or
sine) kernel. The motivation for this line of inquiry comes from random matrix theory, where
universality limits describe the local eigenvalue statistics of unitary ensembles [I0]. The interest in
this “universal” behavior dates back to foundational work in random matrix theory by Wigner [51],
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who proposed local eigenvalue statistics of random matrices as a model for local statistical behavior
of resonances in scattering theory.

Universality limits were first studied at scale 7, = K,(£,€) and proved by Riemann-Hilbert
methods for a large family of purely absolutely continuous measures with real analytic weights
[10, 1T, 12, 13|, 22]. A breakthrough result by Lubinsky [28], with further developments by [15] [43]
48] 50], instead requires Stahl-Totik regularity [46] (a global condition) and Lebesgue point and
local Szegd conditions; most of those results are restricted to compactly supported measures (but
see [26] [35]). In this paper, we present a new approach to universality limits which is based on
Weyl m-functions.

We will always assume that p corresponds to a determinate moment problem, i.e., that there is
no other measure on R with the same sequence of moments; one of the equivalent characterizations
of this condition is that

lim K,(z,z) =
n—oo

for one (and therefore all) z € C\ R. This is equivalent to the limit point case in the language
of Jacobi matrices [44], Section 3.8]. In particular, any compactly supported p corresponds to a
determinate moment problem; so do the normalized exponential weights Che~ 1" d¢ for a > 1
and e~ Q®) d¢ for even degree polynomials Q with positive leading coefficient [I0, Section 2.5]. In
summary, the assumptions on p will be:

Hypothesis 1.1. pu is a probability measure on R with infinite support and finite moments. It
corresponds to a determinate moment problem (i.e. the limil point case).

In our first theorem, we conclude a universality limit from a nontangential limit of the imaginary
part of the m-function, defined on C; = {z € C | Im z > 0} by

1
m(e) = [ e due). (1.2)
Theorem 1.2. Let y obey Hypothesis . Let m(z) be its Stieltjes transform (1.2). Let £ € R and
assume that for some 0 < o < w/2, the limit

MO=—  lm am(e) (1.3)
a<arg(z—&)<m—a

exists and 0 < f,(§) < co. Then uniformly on compact regions of (z,w) € C x C,

lim Ky (5 tnokeo ST n(@&(a&)) _ sin(r(w — 2)) (1.4)
n—o00 Kn(f,f) 71'(@—2) '

(of course, the right-hand side is interpreted as 1 for w = z).

Remark. (a) Lebesgue-almost everywhere on R, the limit (1.3) exists. The limit f,(§) recovers
the a.c. part of the measure in the sense that

du(§) = fu(§)dE + dps(§) (1.5)

where ps is a measure singular with respect to Lebesgue measure. In particular, the set

Yac(p) ={£ € R | fu(&) exists and 0 < f,(§) < o0}

is said to be an essential support for the a.c. spectrum.
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(b) The point & € R is said to be a Lebesgue point of p if

i f(§—6,§+€)|fﬂ(5) B f“(f)|d3 -k ps((€ —¢e,£+¢))
elﬁJl 2¢ N 61¢H01 2e

=0 (1.6)

(more precisely, f, is usually thought of as an equivalence class of functions in L] (R, d¢), and
¢ is said to be a Lebesgue point of p if there is a choice of value f,(£) such that holds).
At any Lebesgue point of p, for any 0 < o < 7/2, the limit exists [39, Theorems 11.22,
11.23] and the two pointwise meanings of f,(§) (from or (1.6)) match. In particular,
Theorem applies at every Lebesgue point with 0 < f,,(§) < oo, so it applies at a.e. & in the
essential support of the a.c. spectrum.

(¢) Condition is unaffected by a change in the measure away from some neighborhood of &,
so it is a local condition on the measure.

(d) In terms of the m-function, the condition is optimal; it cannot be replaced by a normal
limit. There is a class of examples by Moreno—Martinez—Finkelstein—-Sousa [16] with a jump in
the weight where the normal limit lim,,;o Im m (& + iy) exists but rescaled CD kernels converge
to a different kernel.

Until now, the strongest results on convergence of rescaled kernels that were proven with local
conditions on the measure come from Lubinsky’s work [30 B1], where his conclusions establish
convergence in measure or convergence in mean. It was not previously known whether the bulk
universality limit can be concluded pointwise from only a local condition on the measure,
and this is explicitly stated as an open problem in [3I]. Theorem resolves that open problem.
Many of the previous results assume a compactly supported measure; this does not matter for our
approach and is another demonstration of its locality.

If the limit is to exist for some scale 7,,, taking z = w = 0 shows that the limit of K, (¢,£)/7,
must exist. Conversely, if this limit is finite and nonzero, the locally uniform convergence allows one
to change the scale from K, (&,&) to 7,. The growth rate of K, (&, &) depends on global properties
of the measure. For weights of the form e~ 2 d¢ with polynomials Q, K, (& &) has power law
behavior with exponent dependent on the degree of ) [10]. For compactly supported measures, the
linear behavior

L EAES)  fel)
n—oo n fu(f)

(where fg denotes the density of the equilibrium measure of the essential spectrum E = esssupp p) is
heuristically natural, but in order to prove it, some global assumption on y is needed. Maté—Nevai—
Totik [34] proved for Stahl-Totik regular measures [46] (a global condition) under the local
assumptions that f,(£§) > 0, log f,, is integrable in a neighborhood of &, and £ is a Lebesgue point
of both the measure p and the function log f,,, for the case E = [—2,2]; Totik [47] generalized this
to arbitrary compacts E C R. Of course, Theorem [1.2| can be combined with all such statements.
In fact, it is now clear that bulk universality at scale K, (&, ¢) and the linear behavior are two
separate questions which can be combined in their shared scope of applicability.

The approach to universality by localization and smoothing relies on a combination of Stahl-Totik
regularity and local assumptions on the measure at £. Initially this was proved by Lubinsky [28§]
for £ ¢ suppps with f,, continuous, strictly positive at &; this was generalized in various ways by
Simon [43], Totik [48], and Findley [I5] to & such that & is a Lebesgue point of p and f, obeys a
local Szeg6 condition in a neighborhood of £&. Our Theorem shows that regularity or the local
Szeg6 condition are not needed to conclude bulk universality at scale K, (&,€).

(1.7)
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Theorem generalizes all previous pointwise results on bulk universality at scale 7, =
K, (§,€). Bulk universality limits are sometimes formulated with a factor of n inside the kernel and
a factor of K, (&,€) outside. In most cases this is merely a presentational choice, since the results
are only proved to hold within a scope where holds; there are also examples [4, [7] for which
isn’t proved or expected; such mixed scale bulk universality limits don’t fall within the scope
of this paper.

One of the standard applications of universality is to the fine structure of zeros near a point
& € suppp. We denote by §§”)(§) for j € Z the zeros of p, counted from ¢, i.e.,

<O <M << <M <

with no zeros of p, between fén) and f]('i)r By the Freud-Levin theorem [I7, 25] (see also [I]
Theorem 1.2]), the bulk universality limit ((1.4]) implies

Jim fUOKEDENE -7 @) =1 VieL (1.8)

(when it occurs at scale n, this uniform spacing of zeros is described as clock behavior). Avila—
Last—Simon [I] proved that and hold a.e. on X,.(u) for measures with ergodic Jacobi
parameters; we prove that these phenomena hold a.e. on X,.(u) for arbitrary measures u, thereby
solving a conjecture of Avila-Last—Simon [I}, p. 83]:

Corollary 1.3. For any measure pi obeying Hypothesis[1.1], (1.4) and (L.8) hold for Lebesgue-a.e.
§ € Tac(p)-

Theorem can also be formulated uniformly for a set of energies J C R:

Theorem 1.4. Let u obey Hypothesis and fix a compact set J C R. Assume that for some
0 < a<m/2, (L3) holds uniformly in & € J with 0 < fu(§) < oo for & € J. Then uniformly on
compact regions of (§,z,w) € J x Cx C, (1.4) holds.

The results presented so far are merely one facet of our approach; that approach naturally takes
place in the setting of a matrix version of the Christoffel-Darboux kernel and links universality
limits with normal limits of the m-function. To formulate this, we recall that p corresponds to a
sequence of Jacobi parameters a, > 0, b, € R, n =1,2,3,... such that

an(z) = anpn—l(z) + bn+1pn(z) + an+1pn+1(Z)

with the convention p_;(z) = 0. This second order recursion can be written as a first-order system,
and iterating that system gives transfer matrices in SL(2,C),

z=b _ 1
B0,2) = Alwnsbi2) - Alanbiis), Aletin) = (3 7) (19)
whose entries are

anpnfl(z) —ananl(Z)
where g,, denote the second kind polynomials for u, which are defined by

i) = [ 2= g

B(n,z):( Pu(2) —gn(2) )
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for n = 0,1,2,... and ¢_1(2) = —1. This is the standard transfer matrix formalism for Jacobi
recursion [44] Section 3.2]; the same transfer matrices are central to the Riemann—Hilbert approach
to orthogonal polynomials [I0, Section 3.2]. We define

S (@) Y %<Z>W> (1.10)

Sime pi(@a(w) 75 4j(2)a;(w)
and call this the matrix Christoffel-Darboux (CD) kernel. Its upper left entry is precisely the CD
kernel; moreover, through the other entries, the behavior of the matrix CD kernel also describes
the behavior of second kind polynomials and arbitrary eigensolutions of the Jacobi matrix.

Since m is a Herglotz function (analytic map C; — C..), its normal limits can only take values
in the closure

Kn(z,w) = (

It is common to study bulk universality in the presence of a.c. spectrum, corresponding to limits
1 € C4. However, in our results below, the case n € RU {00} is also allowed, and it corresponds to
qualitatively different behavior.

Likewise, trace-normalized real symmetric positive 2 X 2 matrices can be parametrized by a
parameter 1 € a For n € @, we denote

. 1 1 —Ren>
H o= eC, UR
T T+ ) (—Ren In|? e

o 0 0
o (00).

(1.11)

Denote also
. 0 -1
j= (1 0 ) (1.12)

o

M, (2) = eszIn

and define

and

o

1 . .
Ky (z,w) z/ e~ WHI B, et= 1 Hn gy
0

Note that this kernel can be computed much more explicitly. If we denote

Imn
n;:WZOforne(C+, hy, =0 for n € RU {o0}
then we have
. _ H, . _
) J(cos(hy (W — 2)) — 1) + 72 sin(h, (W — 2))
’Cﬂ(zaw) = ’ & ! ) for n € Cy,

N w—z
/%n(z,w) :I;Tn, for n € RU {oo}.

The quantities ]\;.I'ml%?7 will appear in our results as universality limits; they emerge in the proofs
as reproducing kernels of canonical systems (see Section 2) with constant trace-normalized Hamil-
tonians equal to H,, evaluated at unit length.

In particular, in some approaches to universality the sinc kernel seems to appear through its
Fourier transform; in our approach it appears as an eigensolution of a constant coefficient canonical
system, normalized by an initial condition. Note that if = ¢, that is H,, = %12, we obtain the well
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known Paley-Wiener (namely sinc) kernel. Moreover, note that the cos part only appears on the
off diagonal and thus does not appear in the scalar reproducing kernels.

We show that normal limits of the m-function at £ € R imply a universality limit for the matrix
Christoffel-Darboux kernel K,,, with scale

Tf(n) = trICn(§,£).
From now on, we will formulate all results in a version uniform over a compact set J C R; a
singleton set J = {&} is of course allowed.

Theorem 1.5. Let p obey Hypothesis[I.1] and fix a compact set J C R. If m has a normal limit

uniformly on J, i.e., there exists n: J — C, such that

lim (€ +iy) = n(&) (1.13)
uniformly in € € J, then
. 1 z w i
nhanc}o chn <£+T£(7’L)’£+T§<n)> —lCn(g)(z,w), (1.14)

uniformly on compact regions of (§,z,w) € J x C x C.

Since we allow 1 = oo, (|1.13]) should be understood with respect to the chordal metric on the
Riemann sphere C.

Remark. (a) Evaluating (1.14]) at z = w = 0 shows
1

lim %KH(&&) = Kn(6)(0,0) = Hy(e).- (1.15)

In particular, passing to the (1,1)-entry gives
Kn(&,8) 1 (1.16)

lim = .
n—oo Te(n) 1+ ()
Thus, when 7(§) # oo, it is trivial to pass from the scaling by 7¢(n) to the scaling by K, (&, ¢).

(b) (|1.16) recovers a central result of subordinacy theory [I8, 19]: written in terms of polynomials,

it means .
> j=0 Pj (€)? . 1
S0 (i€ +a5(6)7) L@
so the eigensolution p, (£) is subordinate if n(¢) = oo and not subordinate if n(¢§) € C; UR.

Similar considerations starting from (1.15) show that a subordinate solution exists at energy &
if and only if n(§) € RU {co}.

Theorem [I.5] can even be turned into an equivalence statement, if the kernels K,, are embedded
in a continuous family of kernels by a linear interpolation. We define for L > 0

Ki(z,w) = Ki1y(z,w) + (L = [L)(KLj41(2,0) = K1) (2,0)) (L.17)

The resulting kernels interpolate between projections to subspaces span{1, ..., z"~!}. We also point
out for £ € R the objects
ML(Z’ 5) =1+ (Z - f)jKL(Z, 5)7

because evaluated at integers, they give

B = BB = () ]): (118)
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Thus, the matrices My, serve as a linear interpolation for the matrices M,,, which were studied
before in studies of universality. In spectral theory the linear interpolation has been used for
Kr(£,€) in subordinacy theory for Jacobi matrices [I8] [19].

For the continuous family of kernels K, we prove that universality at the scale

7e(L) = tr K (€, €) (1.19)

is equivalent to a local condition: the existence of a normal limit of m at £&. We also point out some
other equivalent criteria.

Theorem 1.6. Let 1 obey Hypothesis[I.1] and fiz a compact J C R. The following are equivalent:

(i) m has a normal limit uniformly on J, i.e., (1.13)) holds for some n:J — C.
(i) For some H : J — Mat(2,C), uniformly in £ € J,

lim — K, (€, €) = H(E).

n—oo Tg (’n,)

(iii) For some M : J x C — SL(2,C), uniformly on compact subsets of (§,z) € J x C,
Jim My (€ 4 2/7e(L). ) = M(€. ).
(iv) For some K : J x C x C — Mat(2,C), uniformly on compact subsets of (§,z,w) € J x C x C,

. 1
Lh—{r;o @’CL(g + Z/TE(L)7£ + w/Tﬁ(L)) = K(ﬁ,z,w)

Moreover, in this case, H(§) = f{n(éw M, z) = 1\0477(5)(2'), and K(&, z,w) = IoCn(g)(z,w).

The equivalence of (ii) and (iv) in Theorem can be compared with a second approach of
Lubinsky [27, 29]. Lubinsky proves that for a measure y with & ¢ suppus and C~! < f, < C in a
neighborhood of &, a bulk universality limit holds for all z,w if and only if it holds on the diagonal
z = w. Our equivalence of (ii) and (iv) shows with no prior assumptions that the matrix bulk
universality limit holds for all z,w if and only if it holds at the center z = w = 0.

Breuer, Last and Simon [6] showed that under the assumption that £ is a Lebesgue point and m
has a finite normal limit at &, bulk universality at scale n of the CD kernel implies bulk universality
at scale n of the matrix CD kernel. Recently, Breuer [5] showed that under the same assumptions,
bulk universality with scale n is equivalent to convergence of B(n,£)~*B(n, &+ z/n). These results
follow effortlessly from Theorem namely, a finite normal limit for m already gives a bulk
universality limit at scale 7¢(n), and it implies by that the scales K, (§,§) and 7¢(n) are
proportional. Thus, one of those scales is proportional to n if and only if the other is.

In fact, our results naturally take place in a more general setting, with transfer matrices con-
sidered as the basic object. This will explain why our approach does not need compact support of
the measure. Moreover, this approach is to some extent model-independent and applies to other
self-adjoint settings with 2 x 2 transfer matrix formalisms such as Schrédinger and Dirac operators;
we note however that it does not automatically apply to orthogonal polynomials on the unit circle,
due to their unitary nature.

To state this general setting, we redefine all the basic objects; we will do so while reusing notation,
and in Section 2 we will explain the compatibility of the definitions above and below.

Hypothesis 1.7. Consider matriz-valued functions A, B : [0,00) — Mat(2,C) which are locally
integrable in the sense that their entries are in L'(]0,x]) for all z < oo, and have the property that



AN APPROACH TO UNIVERSALITY USING WEYL m-FUNCTIONS 8

A(z) > 0, B(z)* = B(z), and tr(A(z)j) = tr(B(z)j) = 0 for Lebesque-a.e. z, with j defined by
(1.12)). Let T : [0,00) x C — Mat(2,C) be the solution of the initial value problem
j0.T(x,2) = (—2zA(z) + B(x))T(x,2), T(0,2) = I (1.20)

and assume that (limit point case)
r / T(z,0)* A(2)T(z, 0)dz = oo. (1.21)
0

The condition tr(A(z)j) = tr(B(z)j) = 0 could equivalently be stated as A, B : [0,00) —
Mat(2,R). We chose the former formulation, since it is uniform for different signature matrices j.

Initial value problems of the form are called canonical systems or Hamiltonian systems
[2, 21]. The solutions T'(x, z) are jointly continuous, entire in z for each x, and det T'(x, z) = 1 for
all z, z. We define the corresponding kernels by

ICL(z,w):/O T(x,w)*A(x)T(x, z) dz. (1.22)

Moreover, the solutions T'(z, z) have the j-monotonic property in the upper half-plane
T(xo,2)* jT (22, 2) — T(x1,2)*jT (21, 2)
i

and the j-unitary property on the real line,
T(Qj, Z)*jT(III, Z) B .] _
- =

The condition ([1.24) is equivalent to T'(z, z) € SL(2,R) for z € R.

Due to ([1.23), Weyl disks can be introduced in this setting. By a standard abuse of notation, we
will use the same notation for an SL(2,C) matrix and for the Mo6bius transformation it generates
on the Riemann sphere C, with the standard projective identification of w € C with the coset of

(%) and oo with the coset of (). We denote Cy = C; URU {oo}. With this notation in mind, for
any z € C,, the Weyl disks are defined by

D(z,z) = {we C|T(x,z)w e Cy}

Due to (1.23), the Weyl disks are nested, D(z3,z) C D(z1,2) for 1 < x5. Thus, for each z € C,
the intersection N, D(z,z) is a disk or a point. It is a point if and only if (1.21)) holds, and in this
case, the Weyl disks define an analytic map m : C; — C4 by

{m(2)} = [ D(z,2). (1.25)
x>0

Theorem 1.8. Let T'(x, z) be as in Hypothesis , Let m be the corresponding m-function ((1.25)),
K1 the corresponding kernels (1.22), and 7¢(L) the scaling factors (1.19). The following are equiv-
alent:

(i) m has a normal limit uniformly on J, i.e., (I.13)) holds for some n:J — C,.
(i) For some H : J — Mat(2,C), uniformly in £ € J,

. 1
nglgo @KL(&O = H(E)

(iii) For some M : J x C — SL(2,C), uniformly on compact subsets of (§,z) € J x C,
Jim T(L,&TT(L, € + 2/7¢(L)). = M(, 2)

S O, S C+, 0 S I S €To (123)

0, zeR, z2>0. (1.24)



AN APPROACH TO UNIVERSALITY USING WEYL m-FUNCTIONS 9
(iv) For some K : J x C x C — Mat(2,C), uniformly on compact subsets of (§,z,w) € J x Cx C,

. 1
thgo @’CL(g + Z/Tf(L)7£+ w/Tf(L)) = ’C(f, Z,’LU).

Moreover, in this case, H(§) = Hy¢), M(&,2) = n(&)( z), and K(&, z,w) = l&n(g)(z,w),

In this setting it also makes sense to extract the scalar kernel

Ki(z,w) = <(1))* Kr(z,w) (é) (1.26)

and explicitly state the corresponding version of Theorem

Theorem 1.9. Let T(x,z) be as in Hypothesis . Let m be the corresponding m-function (1
and K, the corresponding kernels given by (1.22)), - Fiz a compact J C R and assume that

for some 0 < a < /2, (1.3 . holds umformly in & € J. Then uniformly on compact regions of
(& z,w) e J xCxC,

. Kr (5 troaeo st fu(é);(UL(é,f)) _ sin(r(@ — 2)) 1.2
L—o0 Kr(&,6) (W —z) .

These results have immediate applications to the Schrédinger equation
—0%y(x, 2) + V(2)y(z, 2) = zy(x, 2), (1.28)

with real-valued function V such that V € L'([0,z]) for all # < oo; universality limits for
Schrodinger operators were previously considered in a special case in [33]. To account for a boundary
condition

cos Bf(0) +sin Bf(0) =0 (1.29)
at the regular endpoint at 0, we fix § € [0,7) and consider the eigensolutions ¢(z, z), 6(z, z) at
energy z, with initial conditions

(3.1(25(0,2) 6z9(072)) _ gt R — (cosﬂ sinﬂ)
#(0, 2) 0(0,2) ) "B F= \sinf cosp

(for 8 = 0, these are the Dirichlet and Neumann solutions, respectively). These give rise to the

transfer matrices
B Oup(z,2) 0.0(z,2)
Tlw,2) =R ( o(x.2)  Hx.2) )

which obey an equation of the form (1.20) (see Section 2). As we will explain, a calculation gives
Koy (o) = [ Jo, O 2)0(m W) da o o ¢( w) dz (1.30)
fo )da: fo z,2)0(z, w) dx
Its (1, 1)-entry
L
L) = [ ol 2)30 wids (1.31)
0

gives reproducing kernels for subspaces in the spectral representation of the Schrédinger operator.
In particular, Theorems immediately apply to any half-line Schrodinger operator in the
limit point case at co. For concreteness, we state the corresponding version of Theorem [T.9}
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Theorem 1.10. Consider a real-valued potential V with V € L([0,z]) for all x < oo which is
limit point at co. Fiz B € [0,7) and consider the operator Hy g = —j—; +V on L?([0,00)) with
domain

D(Hyp)={f¢€ L*([0,00)) |f, f' € AC([0,2]) V& < 0o, —f" + V f € L*([0,0)), holds}.

Let m(2) be its Weyl m-function. Let J C R and assume that for some 0 < « < w/2, the limit
(1.3) converges uniformly in £ € J and 0 < f,(§) < co. Then uniformly on compact regions of

(&, z,w) € J x C x C, the kernel (1.31)) obeys (1.27]).

For a probability measure p on the unit circle 9D whose support is not a finite set, orthonormal
polynomials on the unit circle (OPUC) are denoted by ¢,,(2) and once again defined by the Gram-—
Schmidt process applied to the sequence {z"}32 . The reflected polynomials are

en(2) = 2"pn(1/7)
and the Christoffel-Darboux kernel for OPUC is given by the formula

o (2, 0) = @fL(Z)wz(vi):sz(Z)@n(w)’ (1.32)

see, e.g, [42]. As before, there are different conventions resulting in n+1 instead of n in this formula,
and different conventions for placement of the complex conjugate.
The Carathéodory function corresponding to u is defined by

i0 ,
F(z) = / €tz du(e®), z e D.
oD

e — 2

We prove the following:
Theorem 1.11. Fiz a compact set J C R. Assume that for some 0 < a < 7/2,
gu(§) = lim_5 Re F(z) (1.33)

z— )
—agarg(l—zef/‘s)fa

holds uniformly in § € J with 0 < g,(§) < oo for & € J. Then uniformly on compact regions of
(& z,w) e JxCxC,

eiin QQLL(E)Z;:ingié) kn (el(ng gu(§)knz(€i§’€i5) )7 el(§+ gu(g)knlfeigeﬁi&) )> Sln(l (w _ Z))
lim T = T (1.34)
n-soo kn (e, ei) 5w — z)

The exponential prefactor can be traced back to an asymmetry in the setup: the kernel
is the reproducing kernel for span{z’/ | j = 0,1,...,n — 1}. If the result was written in terms of
reproducing kernels for span{zjﬂn]/2 | 7 =0,1,...,n — 1}, which would be related to the CMV
basis, this factor would not be needed. Of course, this prefactor can be simplified in cases when
k. (€, ) /n has a limit, as is the case in prior results [T5, 24, (32, 41]. The linear behavior of the
Christoffel function is studied in great generality in [49]. For an OPUC analog of the result of [16],
see [3], 40].

As on the real line, it is well known [39] that is the density of pu with respect to Lebesgue
measure on R, and that its pointwise existence is implied by Lebesgue point conditions.

Let us now outline our approach. Matrices My (z,&) = T(L,&)~'T(L, 2) have been used before
in considerations of universality. They can be motivated by variation of parameters; more substan-
tially, since T'(L,&) € SL(2,R) and M (£,&) = Is, they can be viewed as a gauge transformation
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of a j-inner entire function T'(L, z) into the Potapov—de Branges gauge. If for the purpose of this
motivation we assume that £ = 0, then this is exactly in the setting of de Branges canonical systems
[8, B7], which are initial value problems of the form

JOM(x,2) = —zH(x)M (z,z) M(0,z2) = I, (1.35)

with entries of H locally integrable, H(x) > 0 and tr(Hj) = 0. We review elements of this theory
in Section 2

Canonical systems are very natural objects from the perspective of inverse spectral theory. The
main reason for this is the de Branges correspondence, which can be seen as a (more sophisticated)
analog of Favard’s theorem for canonical systems. That is, up to some normalizations discussed
in Section for any Herglotz function there exists a unique associated canonical system. In
his foundational paper [28], Lubinsky developed the idea to conclude from convergence on the
diagonal, convergence off the diagonal by comparing it with a reference measure and using an
inequality between reproducing kernels called Lubinky’s inequality. In this approach, it is necessary
to construct a new measure which dominates both, the original measure and the reference measure.
Due to Favard’s theorem this is a powerful tool for orthogonal polynomials and has been used by
several authors [43] [48]. However, for classes of differential operators without Favard’s theorem, this
approach causes difficulties, whereas our theorems automatically apply. In Section [3| we describe
the homeomorphisms which are derived from the de Branges correspondence.

Besides the de Branges correspondence, our paper relies on the flexibility of canonical systems
to perform operations which would not be possible within the setting of orthogonal polynomials.

The proof of Theorem [I.§relies on a rescaling trick at the level of the canonical systems. Namely,
the action of rescaling the spectral parameter z in the m function is explicitly linked to a rescaling
of the x-variable for a trace-normalized canonical system. The scaling trick was initally found by
Kasahara [20] for Krein strings and used by Eckhardt-Kostenko—Teschl [I4] and Langer—Pruckner—
Woracek [23] for canonical systems to investigate large energy asymptotics of the m-function. Our
realization is that this can also be used in the other direction to prove matrix universality, by
“zooming in” towards £ € R instead of out towards co. Also, whereas they use the rescaling trick to
conclude properties of the m-function, we use the m-function to conclude universality limits. This
will be presented in Section [

We also emphasize that although the matrix CD kernel leads to particularly elegant results, the
results for the scalar CD kernel are substantially stronger, because the imaginary part of a Herglotz
function has substantially better boundary behavior than the real part; for instance, even for purely
a.c. measures with continuous density, Rem doesn’t necessarily have finite normal limits. Thus,
removing the influence of Rem was of great interest to us. In order to achieve this, we had to find
a new shifted rescaling trick with a shift in the value of m, which is presented in Section 5]

The application to orthogonal polynomials on the unit circle requires some additional arguments;
this is presented in Section [6}

Acknowledgements. We are grateful to Harald Woracek and Peter Yuditskii for very helpful
discussions.
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2. CANONICAL SYSTEMS AND CHRISTOFFEL-DARBOUX KERNELS

2.1. Christoffel-Darboux kernels and Weyl disks. Let us start in the setting of Hypothe-
sis The solution T'(x, z) is considered in the sense of the integral equation

L
T(L,z) =1 — /0 j(—=zA(z) + B(x))T(z, z) dx.

In particular, T is locally absolutely continuous in x for each z, jointly continuous in z and z, and
entire in z for each x. Jacobi’s formula for the derivative of the determinant shows det T'(x, z) = 1.
Differentiating the form T'(z,w)*jT(x, z) with respect to z yields

L
T(L,w)* jT(L,z) — j = (W — z)/o T(x,w)*A(z)T(x, z) dx. (2.1)

With kernels defined by (1.22)), this gives an analog of the Christoffel-Darboux formula,
T(L,w)*jT(L,z) — j

w—z

Moreover, the case w = z € R in shows the j-unitary property (1.24)), i.e., T(L, z) € SL(2,R)
for z € R, and the case w = z € C,. shows the j-monotonic property which leads to the Weyl
disk formalism.

The j-monotonic family {T'(L, z)} parametrized by L € [0, 00) is subject to a gauge transforma-
tion [2]

Kir(z,w) = (2.2)

{T(L,2)} = {U(L)T(L, 2)}

where U(L) € SL(2,R) for each L. Recall that U(L) € SL(2,R) is equivalent to U(L)*jU(L) = j,
so gauge transformations don’t affect j-monotonicity, the Weyl disks, m-function, or matrix CD
kernels. In particular, choosing U(L) = T'(L,0)~! leads to a new j-monotonic family

M(L,2) =T(L,0)"'T(L, 2) (2.3)
which is in the Potapov—de Branges gauge
M(z,0) = I, V. (2.4)
A direct computation then shows that M (z, z) solves
JOsM(x,2) = —zH(x)M (2,2), H(z):=T(z,0)*A(z)T(x,0). (2.5)

This reduces an arbitrary Hamiltonian system to a canonical system of the type (1.35)). It is also
notable that the antiderivative of H appears in the kernel: directly from (|1.22)) it follows that
L L
/ H(z)dzx = / T(x,0)" A(x)T (z,0)dx = K(0,0).
0 0
Although we use 0 as a special reference point in this section, later in our work, transformations
of the form ([2.3) will be preceded by an affine transformation in the spectral parameter; instead of

considering a family T'(L, z), we will study the families T'(L,£ + z/r), where ¢ € R and r > 0 is a
scaling parameter. Taking the limit as 7 — oo will correspond to universality at the point &.
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2.2. Canonical systems and de Branges theorem. The case B = 0 corresponds to the impor-
tant special case of de Branges canonical systems; in this case we will follow the notation .
It is also common to refer to H as a Hamiltonian. Throughout we only consider canonical systems
on an interval [0, Lg), where Ly € (0, 00|, with the property

Lo
/ tr H(x) dz = oo. (2.6)
0

This property precisely corresponds to the limit point case [37], i.e., the case in which Weyl disks
shrink to a point as x — Lg, thereby defining the m-function or Weyl function of the canonical
system by . Comparing with explains why we could use ([1.21)) as a characterization
of the limit point case in Hypothesis [I.7]

It is very convenient to pass to trace-normalized canonical systems, i.e., impose

trH =1

Lebesgue-a.e.. To help notationally distinguish the settings, we will denote the parameter by t or
T when discussing trace-normalized canonical systems. Due to the limit point assumption ,
we always consider trace normalized Hamiltonians on the full half line [0, 00).

An inverse theory of canonical systems was studied by Potapov and de Branges [§, [36]. In
particular, if we restrict to trace-normalized canonical systems and consider as equal Hamiltonians
which agree Lebesgue-a.e., there is a remarkable bijective correspondence due to de Branges:

Theorem 2.1 (de Branges [8]; see also [37], Theorem 5.1]). Each Herglotz function is the m-function
of a unique trace-normalized canonical system (1.35]).

Any canonical system can be reduced to the trace-normalized case by a reparametrization of the
interval, and this doesn’t affect the m-function of the canonical system:

Lemma 2.2~([38, Proposition 1)). Let H be the Hamiltonian of a limit-point canonical system on
[0, Lo) and M the solution. Then

o(L) = /0 o F ()

defines an increasing, locally absolutely continuous surjection a : [0, Ly) — [0,00), a function M is
uniquely defined by

M(z,z) = M(a(z), 2), (2.7)
and M (t,z) is the solution of a trace-normalized canonical system with the Hamiltonian H obeying
H(z) = H(a(z))d (x). (2.8)

The two canonical systems have the same Weyl m-function.

2.3. Jacobi recursion. Let us consider the setting of Hypothesis and recall how it relates to
canonical systems. Let {B(n,z2)}52, be the family of Jacobi transfer matrices (1.9). Then the
matrices

. . . -1 0
T(TL,Z) :le(n7Z)]17 J1 = ( 0 1)

form a j-monotonic family whose Weyl function is the same function m(z) obtained as the Stieltjes
transform (1.2)) of the orthogonality measure p [44] Section 3.2]. By a direct calculation starting
from (1.9), matrices M (n, z) defined by (2.3)) obey

M(n+1,z) = M(n, z) + 2T(n,0) "' NT(n,0) M (n, 2), N= <(1) 8) .
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This can be extended to a solution of a canonical system by linear interpolation: define for x > 0
M(z,z) = M([x],2) + (x — [« )(M (2] + 1, 2) — M([z], 2)).
This is the solution of a canonical system ([1.35|) with piecewise constant Hamiltonian
H(z) = —jT(|z],0) ' NT(|z],0) = e[z} (0)"e|4(0),  en(2) = (pal2) an(2)),

as is seen by a direct verification; linear interpolation works because T'(n,0)~*NT(n, 0) is nilpotent.
Moreover, from (1.35) and HjH = 0 we see that on intervals [n,n + 1],

M(L,w)*H(LYM(L, z) = M(n,w)*H(n)M(n, z), Len,n+1]
and a direct calculation gives
M(n,w)"H(n)M(n,z) = ep(w) en(z) (2.9)

so if we follow the general definition of matrix CD kernels from ([1.22)), (2.9) shows that they are
linearly interpolated,

Kr(z,w) =K,(z,w) + (L —n)e,(w) en(2), Len,n+1]. (2.10)

Iterating this on intervals of length 1 recovers the formula (1.10]), and (1.17) is immediate; thus, this
explains that the general definition ([1.22)) of the matrix CD kernel is compatible with the definition

we gave for the orthogonal polynomial setting ([1.10)), (1.17]).

2.4. Schrodinger operators. We briefly comment on the Schréodinger equation (1.28). The
second-order eigenfunction equation gives a first-order evolution of transfer matrices,

JOT(x,2) = (—zA(z) + B(2))T(x, 2),
where a direct calculation using REl = Rj gives

A(z) = Rg (8 2) Rj, B(z)=Rg (‘01 V(()x)) Rj.

T(z,w) A(@)T(2,2) = ex(w)"ex(2), () = (d(x,2) 0(z,2))
which justifies the formula .

From here,

2.5. Constant Hamiltonians. We are particularly interested in canonical systems with constant
Hamiltonians. Constant trace-normalized Hamiltonians are parametrized by n € C,, i.e., they are
of the form H(t) = Ifln for a unique n € C,..

Note that f{n is singular if n € RU {oo}. That is in this case we can write

By o ! 1 (0
n—’UnUn, ’Un—ﬁ _177 Voo = 1)

Example 2.3. Fix n € C,. The canonical system with the constant Hamiltonian H(t) = fIn,
t € [0,00) has the following properties:

(a) the solution of the canonical system is
M(t, z) = ' (2.11)

This is also expressible as
i = fo s S e

(2.12)
Iy +tzjH, n € RU{oo}
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(b) the m-function is a constant function, m(z) =n for all z € Cy.
(c) the kernel is

Jj(cos(thy(w — z)) — 1) + I,;I—: sin(thy, (@ — z))

w—=z

Ki(z,w) =

Proof. (a) (1.35) has a unique solution, so the first claim follows by direct verification by plugging
in (2.11)) into (1.35)). Expanding (2.11)) into a power series, using

(jH,)? = =h2I, (2.13)

and separately summing even and odd terms, we obtain (2.12)).

(b) Let us again use projective coordinates n = 11/n2. By a direct calculation, (Z;) is an
eigenvector of jI;[n. Thus, it is an eigenvector of M (t,z), so M(t,z)n = n € C, in the projective
sense. In other words 7 is in each Weyl disk. Since the canonical system is in the limit point case,
this proves that m(z) = 7.

(c) follows from ([2.2) and [2.12), using H,jH, = hZj. O

This explains the quantities Mn, I%n from the introduction; they appear from canonical systems
with constant trace-normalized Hamiltonians evaluated at ¢t = 1.

3. CONTINUITY PROPERTIES

The de Branges bijection, recalled in Theorem is central to our approach. To proceed, we
have to define some metric spaces.

Let X,Y be metric spaces; assume that X is not compact but has compact subsets {S,}%
such that S, C int S, 11 and UpenS, = X. Then the topology of locally uniform convergence on
C(X,Y) is metrizable, with one choice of metric given by

€S,

= Z 27" min{1, sup dy (f(z),g(x))}.

Let 9 be the set of all analytic maps C, — C,. Note that this is the set of Herglotz functions,
enlarged by constants in R U {co}. We view 9 as a subset of C(C,,C,); this is the setting of
Montel’s theorem [45, Chapter 6], so 91 is a compact metric space.

Let $ be the set of all trace-normalized Hamiltonians on [0, 00), with the topology of locally
uniform convergence of their antiderivatives, i.e., the distance between Hamiltonians H;, Ho is

given by
[ o [ dt}

Let & be the set of all solutlons M (t, z) of canonical systems with trace-normalized Hamiltonians,
viewed as functions of (¢,z) € [0,00) x C, with the topology of locally uniform convergence, i.e.,
that inherited from C([0, 00) x C,Mat(2, C)).

Let R be the set of all kernels — all functions KC;(z,w), viewed as functions of (¢, z,w) € [0, 00) X
C x C, with the topology of locally uniform convergence, i.e., that inherited from C([0,00) x C x
C,Mat(2,C)).

Let us now turn to continuity properties of the de Branges bijection between trace-normalized
Hamiltonians and m-functions.

d(Hy,Hy) = ZZ ”mm{ , sup

Te[0,n]
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Theorem 3.1. Let H, H, be trace normalized Hamiltonians on [0, 00); m,m,, the corresponding m-
functions; M, M the fundamental solutions; and {K}}1>0,{KL}r>0 the associated kernels. Then
the following conditions are equivalent:
(i) mn, — m in M;
(i) Hy, — H in $;
(ii) M, — M in &;
(iv) K" — K in R.

Proof. The equivalence of , , and ({i)) is well known and presented already in [14], see also [37]
Chapter 5]. Some of these references formulate (i), (ii) with pointwise convergence, but also note
that this corresponds to the same topology by applications of the Arzela—Ascoli theorem. Thus, it
remains to show the equivalence of and .

= : It suffices to prove uniform convergence

sup |KP(z,w) — Ki(z,w)| — 0, n— oo (3.1)
(t,z,w)€ES

on compacts of the form S = [0,7] x S; x Sy C [0,00) x C x C.
Consider first a special case: if 51 N Se =0, (3.1) follows immediately from

w—z

Ki (z,w) =

by locally uniform convergence M,, — M. 5
Now assume that S; N Sy # (. Choose R > 0 such that S; U Sy C Bg(0) and consider S; =
0B2r(0). Since the kernels are entire functions of z, we obtain by the maximum principle that
sup |Ki'(z,w) — Ki(z,w)| < sup [K} (2, 0) — Ki(z, )|
z€S1 2651
Apply to this inequality sup;cp7)SuPyes,- Then the right-hand side goes to 0 as n — oo by the

special case noted above, because 51 NSy = 0. Thus, (3.1) holds in general.
= (i): This follows from M, (t,2) = I + 2jK}(z,0). O

In other words, the correspondences between 901, $), S, R are homeomorphisms. Since 9 is a
compact metric space, so are $,S, R.

4. UNIVERSALITY FROM NORMAL LIMITS OF m

In this section we prove Theorem [I.8 and its orthogonal polynomial consequences. The key will
be to consider a family of trace-normalized canonical systems parametrized by (£,7) € J x [1,00)
and investigate whether this family has a continuous extension to J x [1,00]. Here [1,00] is used
with the metric inherited from, say, the Riemann sphere @; it is used as a compact interval. An
abstract metric space argument relates existence of a continuous extension to uniform convergence:

Lemma 4.1. Let F: J x [1,00] = Y be a map to some metric space Y, such that the restrictions
Flyx[1,00) and F|jx ooy are continuous. Then F is continuous if and only if F(§,r) — F(§,00) as
r — oo uniformly in &.

Proof. If F is continuous, then it is uniformly continuous on the compact (in R x C) J x [1,00].
This uniform continuity implies uniform convergence F(-,r) — F(-,00) as r — 0.
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For the converse, it suffices to prove continuity of F at points (£,00) by proving convergence
along sequences (&,, 1) — (£,00). Note

dy(F(fn,Tn)7F(§,OO)) < dy(F(gn,Tn),F(fn,OO)) —‘rdy(F(fn,OO),F(f, OO))

The first term is small for large n by uniform convergence (even if r,, = 0o0) and the second is small
for large n by continuity on J x {oco}. O

The family of canonical systems which we wish to consider can be described by their m-functions.
Starting from a function m € 9t (which will later be chosen to be the function from the statement
of Theorem , we define

mer(2) =m(§+2/r),  (&r) €Jx[1,00) (4.1)

and view this as a map J x [1,00) — M. The first observation is that if this map has a continuous
extension, that extension inevitably has constant functions at r = co:

Lemma 4.2. Fizm € M and £ € R and consider the functions m,(z) = m({+z/r) forr € [1,00).
If the functions m,. converge in M as r — oo, the limit is a constant function, i.e., m, — n for
somen € C,.

Proof. Without loss of generality assume { = 0. Denote by f € 9t the limit of m¢, as r — oo.
Then for any y > 0,

£Giy) = Y iy /) = ligg m(ic)
by the change of variables e = y/r. This implies that f(iy) is independent of y, so f is constant. O

We note that Lemma [£.2] would not be true sequentially: there exist m € 9t and sequences
rn, — oo such that m,  converges in 9 to a nonconstant Herglotz function. For example, using the
branch of In on the right half-plane with [ImIn| < 7/2, we can define for z € C4

m(z) = iexp (;//22 sin ln(—iz)) .
This is a Herglotz function because sin maps the region |Im| < 7/2 into the region |Im| < e™/2,
Moreover, since m(z/e?™) = m(z), the family of rescalings m(z/r) is compact and indexed by
logr € R/(277Z). Thus, any subsequential limit of m(-/r,) in 9 with r, — oo is of the form
m(z/r) for some r € [1,?7).
Next, we interpret the existence of a continuous extension for the family in terms of normal
limits and nontangential limits of m:

Lemma 4.3. Let m € M and let n : J — CL be a continuous function. The following are
equivalent:

(a) The map J x [1,00] = M given by

_m(E+z/r) rell, o)
mer(2) = {n(é) o (4.2)

is continuous (with respect to the metric on ).

(b) (uniform nontangential limits) For each o € (0,7/2], uniformly in & € J, m(§ + z) — n(§) as
z—=> 0 witha<argz <7 —a.

(¢) (uniform normal limits) m(& +iy) — n(§) as y 1 0, uniformly in £ € J.
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Proof. (a) = (b): For any a > 0, the set S = {( = €® | ¢ € [, 7 — a]} C C; is compact. By
uniform continuity of me¢ ,.(¢) in ¢ € S, letting r — oo with z = /r, it follows with m({+2) — 1(¢)
uniformly in &.

(b) = (c): is trivial, by taking oo = 7/2.

(¢) = (a): it is obvious that me, is continuous on J x [1,00) and on J x {oo}. Thus, it
suffices to prove convergence along sequences (&,,7,) — (£, 00) with r,, # oo for all n.

Assume first that such a sequence is chosen so that mg, .. — f € 9. Evaluating, in particular,
at ( =iy, y > 0, we get

m(&n +iy/rn) — f(iy), n— oo.

Meanwhile, (c) implies that m(&, +iy/r,) — n(€), so we conclude f(iy) = n(¢) for all y > 0. This
determines uniquely the Herglotz function f as f = n(§). Thus, the constant Herglotz function
n(€) is the unique accumulation point along sequences (&, r,) — (£, 00) with 7, # oo for all n;
by compactness of 9, this shows that me, ,,, — n(§) in M as n — oo, which gives the desired
continuity. O

Let us consider trace-normalized canonical systems corresponding to mg , and denote the Hamil-
tonians, solutions, matrix CD kernels, and scalar CD kernels by He ., M¢ ., K¢, K¢ ., respectively.
Since mg,1 is constructed from m by a shift of the spectral parameter, combining the shift by &
with the gauge transformation and a trace-parametrization (Lemma , it follows that

[ Heatrar = ka0 (43)
Mg (t,2) = T(L, )" T(L,& + 2) (4.4)
(Ke1)e(z,w) = Kp(§+ 2, +w) (4.5)

where the trace-normalized parameter ¢ is a monotone increasing function of L. By taking traces
of both sides of (4.3]), we see that
t=7e(L),

with 7¢(L) = K1 (£,€) as defined by (1.19).

Next, we note how scaling in r € [1, 00) affects the canonical systems:

Lemma 4.4. The effect of the scaling by v in (4.1) is as follows: the Hamiltonian scales as

He o (t) = Hea(11), (4.6)
the fundamental solution is given by
Me ,(t,z) = Me1(rt, z/r), (4.7)
and the corresponding kernel (K¢ ) is given by
1
(Ker)e(z,w) = —(Kea)re(2/r,0/7). (4.8)

Proof. If we had taken (4.6)) as the definition for arbitrary r, the scaling (4.7) and the scaling
mer(2) =mea(z/r), z€Cy

would follow by direct computation, see [I4, Lemma 2.7]. In particular, this matches our definition
(4.1), so by bijectivity of the correspondences, this proves (4.6)) and (4.7). We also have

M r t’ *JM, r t7 -7
(Ke.r)i(z,w) = et w) jMe r(t,2) —

w—z
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_ I Mea(rt,w/r)"jMea(rt, 2/1) — j

r w/r —z/r

_ %(/cg,l)ﬁ(z/r,w/r). 0

Due to the homeomorphisms provided by Theorem [3.1] the existence of a continuous extension of
the family {m¢ } can equivalently be checked at the level of the associated objects He .., Me ,, K¢ .
Moreover, by Lemma[.2|any continuous extension must correspond to constant Hamiltonian canon-
ical systems at r = oo.

If me oo (2) = 1(€), then applying scaling formulas to the constant Hamiltonian canonical systems
from Example and noting that H , M , K correspond to evaluation at ¢t = 1, we obtain

Hg,oo(t) = Hﬁ(ﬁ)’ M&oo(t, Z) = Mn(i) (tz), (IC&OO)t(z, w) = thn(g) (tZ, tw).
The following lemma characterizes the possibility of continuous extensions in terms of Hamilto-
nians:

Lemma 4.5. The family of trace-normalized Hamiltonians He , parametrized by (§,7) € J x [1,00)
has a continuous extension to J x [1, 00] with constant Hamiltonians He o (t) = Ifln(é) if and only if

lim 7/ H§1 dt 77(5 (49)

T—00 T
uniformly in € € J.
Proof. For any T' > 0, by the formula

f/ H&r / Hgl Tt dt = 7/ Hfl (410)
0

If He, — ﬁn(&) in$Hasr — oo, using 7' = 1 and r = 7 — o0 in gives the uniform
convergence in . Conversely, if holds uniformly in &, then for any T > 0, the integral
extends continuously to (§,r) € J x [1,00]; by compactness of §, this implies continuity of
the map J x [1,00] — 9. O

By similar arguments, the scalings , imply the following lemmas:
Lemma 4.6. This family of solutions of canonical sysfems Me (t, z) has a continuous extension
to a map J x [1,00] = & with functions M¢ o (t,2) = My (t2) if and only if
lim Me(r,2/7) = My(e)(2) (4.11)
uniformly on compact subsets of (§,z) € J x C.

Proof. If M¢, — Mg o in & uniformly in ¢, evaluating at ¢ = 1 and using 7 = r gives (4.11).
Conversely, if (4.11]) holds, then for each ¢ > 0, z € C, the function

Mg r(t, 2) = Me 1 (rt, 2/1r) = Mg (rt, (£2)/(rt))
extends continuously to J X [1, 00] with values Mg o (t,2) = Mn(g)(tz). Thus, by compactness of
S, Me - is continuous on J x [1, co]. O

Lemma 4.7. This family of kernels K¢ » has a continuous extension to a map J x [1,00] — 8 with
functions (K¢ o0)t(2,w) = tl&n(g)(tz,tw) if and only if
1 .
A —(Ke1)r(2/7,0/7) = Kye) (2, w) (4.12)

uniformly on compact subsets of (§,z,w) € J x C x C.
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Proof. If K¢, — K¢ oo in £ uniformly in &, evaluating these kernels at ¢ = 1 and using 7 = r gives
(4.12)). Conversely, if (4.12)) holds, then for each ¢ > 0, z,w € C, the function

1 t tz tw
(Ke,r)e(z,w) = ;(K:E,l)rt(z/rv w/r) = E(Kf,l)rt (rt’ rt>
extends continuously to J x[1, co] with values (K¢ o0 )¢ (2, w) = tl&n(g)(tz, tw). Thus, by compactness
of &, K¢, is continuous on J x [1, c0]. O

Until now, everything was derived from a starting function m € 9. By taking that to be the
Weyl function in the setting of Hypothesis and linking the objects T(L, z), Kp(z,w) to the
continuous families indexed by (£, r) above, we will obtain the proof of Theorem

Proof of Theorem[I.8 Combining the lemmas above, we conclude that the following statements
are mutually equivalent:
(i) m(€+ iy) = n(€) as y | 0, uniformly in £ € J;
(ii") there exists continuous 7 : J — C such that @D holds uniformly in £ € J;
(iii’) there exists continuous 1 : J — C; such that (4.11)) holds uniformly in ¢ € J;
(iv’) there exists continuous 7 : J — C, such that (4.12) holds uniformly in ¢ € J.

Moreover, the function 7 then must be the same in all four statements. Clearly, (i’) is precisely
Theorem (1) Let us compare the other statements to those in Theorem |1.§
Since the family is in the limit point case, for each £ € J,
Lh_r};O Te(L) = oo.
Moreover, 7¢ is monotone increasing in L for each £, so convergence is also uniform on compact
intervals by Dini’s theorem,

lim inf 7¢(L) = oo. 4.1
22, et = o0 (419)

Thus, in the reparametrization from (&, L) to (&,t) = (&, 7¢(L)), uniform convergence statements as
L — oo are equivalent to uniform convergence statements as t — oco.

Using (£.3), (.4), with ¢ = 7¢(L) given by (L.19), statements (ii’), (iii’), (iv’) above turn
into statements (ii), (iii), (iv) of Theorem and the proof is complete. O

Proof of Theorem[I.6 This is mostly just a special case of Theorem [I.8] The only difference is in
condition (ii), which is stated here over the sequence indexed by n. Obviously, if

. 1
L11_>H;O @’CL@,&) =H, (4.14)

then )
lim —— K, (&€ = H. 4.15
Jim, K60 (4.15)

Conversely, using linearity of K1 (£,€) in L € [n,n + 1] for each n,

LKL(f,ﬁ) ICTL+1(§7§)+(175)

7e(L)

1 1
D) re(my (69

where e
_ Te n+ —-n
s = Te(n+1)(L —n) +me(n)(n+1— L) € [0,1],

so these are convex combinations of ﬁlCn(f ,€). Thus, (4.15)) implies (4.14)). O
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Proof of Theorem[1.5. This follows from the implication (i) = (iv) in Theorem 0

5. UNIVERSALITY FROM NONTANGENTIAL LIMITS OF Imm: RESCALING AND SHIFTING

When we only have at our disposal the limit behavior of Im m, the situation is more complicated.
The following lemma reinterprets nontangential boundary limits of Im m in terms of continuity in
M, by showing that we can correct the behavior of Rem as r — oo by an additive action.

Lemma 5.1. Assume that for some 0 < a < w/2, holds uniformly in & € J and denote
cer =Rem(&+i/r), (& r) e J x|[1,00).
Then mg , — c¢p — imfu(§) in M as r — oo, uniformly in § € J.
Proof. Precomposing all the functions
Mg = Mg — Ce
with the Cayley transform v : D — C,; and multiplying by —¢ gives analytic maps
ger = —tmg 0y : D — {weC|Rew > 0}.

Fix some radii 0 < R; < Rz < 1 such that the image v(Dg,(0)) is contained in the sector {z |
a < argz <7 — «a}. The complex Poisson representation (Schwarz integral formula) applied to the
circle of radius Rs around 0 gives

o .
9er(¢) = ilm g ,(0) + gzzzz—i_g Re gg,r(Rzew)%- (5.1)
Note that Im g¢ ,(0) = Reme (i) — ce,» = 0. The kernels obey
| TRl 4 do
cPr, @70 Rget® — (| 2w
so for (&,,7,) — (§,7), uniform convergence Rege, », — Rege, on the circle |(| = Ry implies

uniform convergence g, », — g¢,r on the disk Dg, (0) and therefore uniform convergence me,, ,,, —

me, on the compact y(Dg, (0)). By compactness of 91, this implies locally uniform convergence
mgn;'rn — m&ar on C+ D

Lemma [5.1] paves the way for the following modification of the strategy from Section [ let us
consider the family of m-functions indexed by (&,7) € J x [1, 00] given by

- m(E+z/r)—ce, TE|Ll00
mg,r(z) =1 ( / ) & [ ) (52)
i fu(§) T =00
By Lemma [5.] this is a continuous family. We also consider the corresponding trace normalized
canonical systems, denoting the Hamiltonians, solutions, matrix CD kernels, and scalar CD kernels
by He ., M¢ ., K¢ r, K¢ r, respectively.
The necessary additive shift to the Weyl function can be implemented by action by a triangular
matrix. The action by a matrix A € SL(2,R) at the level of the m-function by
ma(z) = A7 m(z)
(recall that we use A~! also for the generated Mobius transformation) corresponds to

Hy=A*HA, Myu=A"'MA, Ky =AKA
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(this is a combination of several lemmas in [37] and a direct calculation for the kernel). We emphasize
that this does not preserve trace normalization. The translations like those in ([5.2)) are encoded by

matrices of the form
1 a
A= (O 1) , a€R,

and we emphasize the observation that for such A, A((l)) = ((1)

(6) 4(s) - (0) <)

This is a crucial observation: it tells us that the scalar CD kernels are unaffected by A, except for the
fact that trace-normalization changes the parametrization. Although it is possible to reparametrize
explicitly, this reparametrization is nonlinear and impractical. We will instead deal with this more
implicitly and formulate the conclusion this way: as families of functions of (z,w) € C x C,

{(Ker)i(z,w) [ £ € [0,00)} = {(Ker)e(z,w) [ £ € [0,00)}

for any (¢,r) € J x [1,00). Combining this with the previous section shows that

{3r0 (4 26+ 2) 1L € 0,00} = {(Rehtzw) | 1€ D)} 5.3

) implies

Since we wish to work at scale Kr,(&, &), it is important to observe that that scale is unbounded.
For orthogonal polynomials, it is a well-known fact that Z;io p;(£)? = oo corresponds to a lack of
point mass in the measure and is equivalent to

gl_r}(l)e Imm(&+ i) =0. (5.4)
The same holds for canonical systems:

Lemma 5.2. Let m: C. — Cy be the Weyl function of a canonical system. For any £ € R, (5.4))
s equivalent to

Jlim K (€,€) = oc. (5.5)

Proof. We first note that the claim is translation invariant, so it suffices to prove the case £ = 0,
and that it is gauge-invariant, so it suffices to prove the case of canonical systems.
Since m # oo, there are uniquely determined a > 0,b € R and a measure p such that

m(z):az+b+[ <§iz _1—552) du(§), /%gd,u({) < 0.

Moreover, lim._,g e Imm(ie) = p({0}). This limit is zero if and only if the operator of multiplication
by € in L*(R,du(€)) does not have an eigenvalue at 0.
Denote the Hilbert space

L? {f:(O,oo)%(CQ:/Ooof*(x)H(x)f(:r)dx<oo}.

The canonical system relation, with a Dirichlet boundary condition at 0, is the linear subspace
T C L% & L% defined by

T
T = {(f,g) € Ly @ Ly | £(T) - £(0) =j/0 H(t)g(t) dt VT € [0,00), (0 1) f(0) =0}«
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Its kernel is the set of (f,0) € T; elements of the kernel can only be scalar multiples of f(t) = e; =
(1 O)*. To check whether these lie in the Hilbert space, note that

L
Kr(0,0) = / e} H(x)eydx,
0
so T has a nontrivial kernel if and only if lim;,_, . K1, (0,0) < co. This concludes the proof. O

The discussion so far indicates that instead of ¢, we would prefer to parametrize the kernels by
aer(t) = (Ke.r):(0,0).

By Lemma @ and our assumption on m, the functions g, correspond to measures without a
point mass at 0. Thus, for each &, r, viewed as a function of ¢, o¢ , : [0,00) — [0, 00) is an increasing
surjection. By Dini’s theorem,

li inf () = 0. 5.6
tin’olo (E,r)é?x[l,oo] I, ( ) o ( )

Moreover, o¢ ,(t) is jointly continuous in &,r,t, since (K¢ ) is.

However, o¢ » may not be injective, so it is not a good candidate for a parameter. This is related
to the notion of singular intervals; in the orthogonal polynomial case this noninjectivity is connected
to the possibility that p,,(§) = 0. Thus, we will not reparametrize by s = o¢ ,-(¢), but we will study
the set on which o¢ »(t) = 1 and proceed more indirectly:

Lemma 5.3. The set
S={(nrt)eJx[1,00] x[0,00) | o¢,(t) =1}
is a compact subset of J x [1,00] x [0,00).

Proof. Since o¢ . (t) is jointly continuous, the set S is closed as the inverse image of {1}. By (5.6),
the set S is contained in some compact of the form J x [1,00] x [0,T], T < oco. Thus, as a closed
subset of a compact set, S is compact. O

Another necessary observation is that o¢ , are bijections for r = oco:
Lemma 5.4. For any £ € J, there is a unique t such that (§,00,t) € S, and it is given by
t=1+n"f.(¢%
Proof. Starting from

(Ke o)t (z,w) = tKiry, ¢ (2, tw)
a direct calculation gives

sin (2t - 2))

K, 0o)t(z,w) = — 5.7
( &, )t( ) Ffu(ﬁ)(w—z) ( )
and in particular
~ t
K¢ oo):(0,0) = —————.
(Reoe)0.0) = T e
From this the claim is obvious. O

Now we can collect these observations and find our universality limit in the set of kernels (Kg,r)t
with (§,7,t) € S.
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Proof of Theorem[1.9 Let us set r as a function of &, L as

r=r(§ L) = K(§¢).

By Lemmal[5.2] r(¢, L) — oo as L — oo.
By (5.3) there exists t(£, L) such that

1 z w N
- K — (K
wot (et D) T Eerenlen (o
(note that ¢(&, L) is not necessarily unique). By comparing values at z = w = 0 we see that

1 -
mKL(fvf) = (K&T'(&L))t(g,L)(O,O) = O¢.r(¢,L) (t(f’L))

and since the left-hand side equals 1, we conclude that

&7 L),tE L)) eS.
The property (§,7(€,L),t(¢, L)) € S together with r(£, L) — oo and Lemmas implies that

Jim #(6,2) =1+ T fu(€)?

so continuity of reproducing kernels gives

Jim (e e )ee,n) (2 0) = (Ke oo 1427, (692 (2, 0). (5:8)
Inserting our definition of ¢(¢, L) and evaluating the right-hand side using (5.7]), we have proved
that
. 1 z w sin(m f,,(§) (W — 2))
lim —Kp [ &+ SE+ ): ALEAL 5.9
Lo (6, L) " ( r(& L) " r(& L) T fu(§) (W — 2) (59)

and by our definition of r(&, L), this is the same as saying that

. 1 z w _sin(7rf, (&) (W — 2))
MR (5 TR0 KL@@)) S T O@—2) (5.10)

From here, the theorem as formulated follows by a linear rescaling of z, w by a factor of f,(§). O

&+

Proof of Theorems[1.J} [I.10 Given the reductions of Jacobi matrices and Schrodinger operators

to the setting of Hamiltonian systems, these are direct corollaries of Theorem [1.9 (]
Proof of Theorem[I.4 This is the special case J = {¢} of Theorem O

6. ORTHOGONAL POLYNOMIALS ON THE UNIT CIRCLE

Orthogonal polynomials on the unit circle obey the Szeg6 recursion, which gives rise to the
sequence {a, 152 of Verblunsky coefficients «, € D associated to u. The recursion can be written
in matrix form as

S(n+1,2) = Alam, 2)S(n, 2), A(an,z)=1< z ‘O‘“>, S(0,2) = Iy.

/1 — |2 \—n2 1

7= )

the signature matrix corresponding to the unit disk. The crucial property of the Szeg6 recursion is:

We denote by



AN APPROACH TO UNIVERSALITY USING WEYL m-FUNCTIONS 25

Lemma 6.1. For any o, € D and z # 0,
Alan, 2)* T Alan, 2) <1 — |z 0 >

‘z| |Z‘_1 -1

which is a positive matriz for 0 < |z| < 1, and a negative matriz for |z| > 1.

The proof is a straightforward calculation. Note that division by |z| compensates for the fact
that det A(a,,2z) = z; it effectively normalizes the matrices to unit determinant. The directions
of inequalities in Lemma may seem opposite from what is desired; this will be rectified by
conjugating A(ay, z) and S(n,z) by the matrix

i=(1 o)
=1 7)

the matrix corresponding to the Cayley transform. The Cayley transform allows us to switch
between signature matrices by

We also denote by

1
(the factor 1/2 corresponds to det C = 2i and would vanish if we had normalized the determinant
of C). The values of the Carathéodory function F'(z) are uniquely determined by

(F(Z) + 1>*S(n7z)*js(n’z) (1€(Z;J—FD <0 VneN,zeD

F(z) -1 (z
and this condition can be written (note j1Jj; = —J) as
(’F 1(2)> C*j18(n, 2) 1T 1 S(n, 2)j1C (’F 1(2’)) >0 VneN,zeD. (6.1)

Now we are ready to transform and embed the Szegd transfer matrices into a canonical system. This
embedding is inspired by a method used by Damanik—Yuditskii [9], where comb domains related to
OPUC were mapped to comb domains periodic in the spectral parameter.

Lemma 6.2. The functions
T(n,z) = e~ "*2C1j1S(n, e'*)aC

are a j-monotonic family of entire j-inner functions and obey T(0,z) = Is. They have unit deter-
minant and are in the limit point case with m-function

m(z) = iF(e*?).
Proof. In terms of T'(n, z), Szegd recursion rewrites as T'(0, z) = I,
T(n+1,2) = La(2)T(n,2),  Lu(2) = e /27 i A(ag, )i C.
Now Lemma [6.1] implies that
L (2)"jLn(z) —
for |e**| < 1, with the sign of the inequality switched for |e**| > 1. Multiplying by T'(n, z)* from
the left and T'(n, z) from the right implies the j-monotonicity.
The scalar factor e~""*/2 compensates for det S(n, e??) = ¢

<0

and ensures det T'(n, z) = 1.
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Plugging in €** in place of z in (6.1)) and using C*JC = —2ij gives
(zF(le )) T(n,z)*(—ij)T(n, 2) (zF(le )) >0 Vn € N,

Since OPUC are always in the limit point case, this uniquely determines the value iF(e'*) and
allows us to read off m(z) = iF(e%). O

To embed this in a canonical system, we note that a direct calculation gives

iz/2 0 .
_ 1. (e . 1. .
Ln(@7 Ln(z) = €70 ( 0 eiz/2> §1€=C e I e
and therefore
Ln(0) ' Ly(2) = C 1?7 /2C = e5/2,
Thus the matrix functions M (n, z) = T'(n,0) 1T (n, z) obey
M(n+1,z) = T(n,0) 'L, (0) " L(n, 2)T(n, z) = T(n,0)"1e* /2T (n,0) M(n, 2)

and they are interpolated on [n,n + 1] by the canonical system

0. M(z,2) = H(M(r,2),  Hlx)= 35 T(|), 0037 ((),0) = ST (|}, 0)T(L ], 0).

Note that H is once again a quadratic expression involving entries of the transfer matrix, which
allows to recover results from subordinacy theory from OPUC. We omit further details and turn to
the kernels in order to prove Theorem [1.11

Now we have two kernels at our disposal: the Christoffel-Darboux kernel for OPUC given by
and the scalar kernel obtained by the prescription for canonical systems ,

ey = (1) LT 0223 (1)

The two are closely related:

w—z

Lemma 6.3. For all z,w € C,
o o 2% (W —
eiln(sz)/zkn(e”,e’w) = 72(10 2) K, (z,w). (6.2)

T 1 — ei(z—w)

Proof. In terms of orthonormal polynomials ¢,,, second kind orthonormal polynomials 1, and the

reflected polynomials ¢ and ¢} (z) = 2™, (1/Z), the Szegé transfer matrices are of the form

(Men(2) Fn(2)) Hn(2) — (=)
Stn,2) = (Ew:;(z) — () L(en(e) + w:;<z>>> :

7,61 (g) = et (7).

so using (C™1)*jC~! = L7, we obtain

o]

A direct calculation gives

i efin(zfﬁ)/Z * (12N, % [ o3 ) 12\ o (iw)
Kn(zw) = =5 ———— (£3(e)eh (™) = gnle)pn(e™)) -

Comparing this with (1.32)) gives (6.2)). O
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Proof of Theorem[I.11 A limit of Re F along a sector implies a limit of Im m(z) = Re F(e**) along
a suitable sector. Thus we obtain for some 0 < 8 < 7/2,

lim Imm(z) = g.(§).

z—&
Barg(z—§)<m—p

Comparing this to (1.3)) gives f,(§) = g, (§)/m. Moreover, by (6.2,
kn(eiga 61’5) =2K, (fa 5)

Now substituting & + z/k, (€%, €%), € +w/k, (%, ) in (6.2) instead of z,w, we conclude that the
left-hand side of (1.34) is equal to

- Ko+ mroroee & T mnork.es)

Using the conclusion of Theorem [I.9] and rescaling z, w by a factor of 27 completes the proof. O
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