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Abstract. We introduce a non-Hermitian S-ensemble and determine its spectral density in
the limit of large 8 and large matrix size n. The ensemble is given by a general tridiagonal
complex random matrix of normal and chi-distributed random variables, extending previous
work of Mezzadri and Taylor (2025). The joint distribution of eigenvalues contains a Van-
dermonde determinant to the power 8 and a residual coupling to the eigenvectors. A tool
in the computation of the limiting spectral density is a single characteristic polynomial for
centred tridiagonal Jacobi matrices, for which we explicitly determine the coeflicients in
terms of its matrix elements. In the low temperature limit 5 > 1, our ensemble reduces
to such a centred matrix with vanishing diagonal. A general theorem from free probability
based on the variance of the coefficients of the characteristic polynomial allows us to obtain
the spectral density when additionally taking the large-n limit. It is rotationally invariant
on a compact disc, given by the logarithm of the radius plus a constant. The same density
is obtained when starting form a tridiagonal complex symmetric ensemble, which thus plays
a special role. Extensive numerical simulations confirm our analytical results and put this
and the previously studied ensemble in the context of the pseudospectrum. The numeri-
cal study of the local nearest-neighbour spacing distribution shows agreement between the
tridiagonal ensemble and two-dimensional Poisson statistics (independently of 3), whereas
we observe a (-dependence for the previously introduced ensemble.

Key words: non-Hermitian -ensemble; tridiagonal complex random matrix; characteristic
polynomial; free probability; logarithmic spectral density
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1 Introduction and main results

One of the most surprising features of the spectra of random matrices is that statistically they
behave like a two-dimensional gas of charged particles interacting with a logarithmic potential.
Indeed, the joint density of the n eigenvalues has the form of a Boltzmann factor e®# | where 3
is the inverse temperature and the Hamiltonian H depends on the ensemble of matrices. In
the classical Hermitian and circular ensembles, the inverse temperature is restricted to specific
integer values, namely 8 = 1, 2,4, which correspond to the dimension of the associated division
algebra with real coefficients [17]. In a highly influential paper, Dumitriu and Edelman [15]
developed a model of tridiagonal real symmetric matrices where 5 can be any positive real
number.

Because the logarithmic potential is the Coulomb interaction in two dimensions, it is natural
to ask if the same construction is possible for complex non-Hermitian random matrices. Here,
the classical ensembles introduced by Ginibre [20] essentially only provide such a static Coulomb
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gas at a single value f = 2, even if for real and quaternion valued matrix elements the joint
density of eigenvalues is more complicated and given by a Pfaffian determinant [19]. The local
repulsion then corresponds to 5 = 2.

In recent years, the two-dimensional Coulomb gas at a general value of $ has been intensely
studied, both in the mathematics and physics literature. Based on numerical simulations it
has been conjectured, that in the large-n limit, the point process undergoes a transition from
a constant, uniform density to the triangular Abrikosov lattice, at around § ~ 140 [4, 11], see [9]
for recent work. At 8 = 2, a realisation in terms of complex non-Hermitian Gaussian random
matrices exists, whose spectrum becomes a determinantal point process with a known kernel, as
already pointed out by Ginibre. Few rigorous mathematical results exist beyond the integrable
point 8 = 2. For general § > 0, the normalising constant or partition function of the point
process is unknown, that would be a complex analogue of the Selberg integral. The empirical
spectral distribution is given by the circular law, but the crystallisation to a lattice has not been
shown yet or is even debated. Apart from $ = 2 and the vicinity of 8 =~ 0 of distance 1/N,
where the eigenvalue correlations become Poisson [28], no rigorous results on the local limiting
statistic exist. Around [ = 2 non-rigorous, perturbative results [8] show the onset of strong
oscillations for 8 > 2 close to the edge of the spectrum, which have been observed to become
dominant close to the transition in the entire radial spectrum, cf. [9] for the most recent work.
An analogous construction to Dumitriu and Edelman [15] of a non-Hermitian S-ensemble would
be highly desirable.

Recently, two of the authors [31] introduced an ensemble of particular complex non-symmetric
tridiagonal matrices where the inverse temperature 8 is a continuous parameter. They con-
structed the joint density of complex eigenvalues, by establishing a one-to-one correspondence
between the random variables on the diagonal and lower diagonal of a particular tridiagonal
matrix on the one hand, and the complex eigenvalues and the first row of the diagonalising sim-
ilarity transformation on the other hand. The latter set of variables completely determines the
diagonalisation. The construction allowed them to construct the Jacobian and joint eigenvalue
distribution explicitly. This ensemble has several attractive features. Its normalisation is known
explicitly, corresponding to a Selberg type integral in the complex plane. The joint eigenvalue
distribution contains the logarithmic Coulomb repulsion in two dimensions at arbitrary inverse
temperature 8 > 0. However, it also contains an additional integral where the eigenvalues and
part of the eigenvectors are still coupled. So far, this has made it difficult to compute the eigen-
value correlation functions analytically, beginning with the global spectral density, even in the
limit of large matrix size n — oo. In particular, the ensemble of [31] does not reduce to the
complex Ginibre ensemble when setting 5 = 2. Furthermore, as we will see below, the tridiago-
nal ensemble introduced by [31] does not share the feature of a condensation onto a triangular
lattice either, at least up to the values of 8 ~ 5000 that we tested numerically. Therefore, the
remaining coupling between eigenvalues and eigenvectors seems to have a significant impact.
We note in passing that for n = 2 a normal matrix realisation exists [3] for a non-Hermitian
B-ensemble, which is trivially also tridiagonal. Because of normality the eigenvectors decouple,
and it agrees with the Ginibre ensembles for § = 2. This ensemble was used to formulate
a surmise for the local nearest-neighbour spacing distribution. Although it is known not to
be a good approximation to the limiting spacing distribution in the Ginibre ensemble [23], it
turns out to be a good approximation close to the Poisson distribution at 8 = 0, for 8 = 0-0.5.
This contrasts with the Wigner surmise for Hermitian random matrices, which is an excellent
approximation for 8 = 1,2, 4, but not close to 5 = 0.

In this work, we introduce an ensemble of general complex tridiagonal matrices. We will show
that it shares many of the attractive features and several open questions of the first ensemble [31]
that we just described. It turns out that the spectral density of the general ensemble is much
more stable with respect to an expansion in large matrix size and large 8. In that limit the
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global spectral density of the general and symmetric ensemble agree. The previously introduced
ensemble [31] is less stable in this limit, and we will show that to leading order the spectral
density becomes a Dirac delta at the origin. In the more general ensemble, the spectral density
is absolutely continuous and very simple, depending on the logarithm of the modulus of the
eigenvalue plus a constant. This limiting law seems to be a novel feature for non-Hermitian
random matrix ensembles. In the numerical study of the local nearest-neighbour (NN) spacing
distribution, we observe that the general tridiagonal model shares the statistics with a two-
dimensional (2D) Poisson point process of independent particles. Moreover, it turns out that
the local statistics are independent of 8. For the complex non-symmetric tridiagonal ensemble,
we find a (-dependence of the NN distribution which deviates from 2D Poissonian statistics.
We currently do not have an understanding of this difference.

The article is organised as follows. In the remainder of this section, we define the general
complex tridiagonal ensemble and present its features, the joint eigenvalue distribution, its
limiting spectral density and the main tool we use, the characteristic polynomial for centred
tridiagonal matrices, resulting from a large-3 (low temperature) expansion. In particular, we
will also explain the difference with the non-symmetric ensemble [31] and the agreement with
the complex symmetric tridiagonal ensemble, which has a simpler joint density, although it is
similar to [31]. In Section 2, we will introduce a map between arbitrary complex tridiagonal
matrices and their spectral parameter, compute its Jacobian and the joint probability density of
the eigenvalues. In Section 3, we study the large-5 expansion, which leads to centred tridiagonal
matrices, with vanishing diagonal. In Section 4, we explicitly determine the coefficients of the
characteristic polynomial for such ensembles. In Section 5, we determine the equilibrium density
for all ensembles using tools from free probability. In Section 6, we present numerical simulations
to verify our results. All the ensembles are also compared using the concept of pseudospectrum
and deviations from normality. We present a brief numerical study of the local NN statistics. In
Appendix A, we illustrate our results with matrix size n = 2, and in Appendix B, the spectral
decomposition of the symmetric ensemble is derived.

1.1 General complex tridiagonal ensemble

We first introduce a general tridiagonal, complex non-Hermitian random matrix ensemble of
dimension n. It takes the form

Qap Cn—1
bp-1 Gn-1 Ch2
T —
by a2 a
bi a

with aj,b;,¢; € C, bj,c; # 0, and all other matrix elements vanishing. In particular, we will
choose the following distributions for the matrix elements, assumed to be all independent:

Re(a;) ~ N(0,1), Im(a;) ~ N(0,1), j=1,...,n, (1.2a)
i, |cj| ~ XBj/2> arg(b;), arg(c;) ~ U(0,2m), j=1,....,n—1. (1.2b)

Here, N'(0,1) is the standard centred normal distribution with unit variance, ¢(0, 27) denotes
the uniform distribution, and xy is the distribution with density

fr(z) = !

=~ P lexp[—2?/2], x > 0. 1.3
T -
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The matrix 7" contains 2n + 4(n — 1) = 6n — 4 real degrees of freedom. In the following, we
will only consider matrices which are diagonalisable and have pairwise distinct non-vanishing
eigenvalues.

We are interested in the distribution of complex eigenvalues A\; € C, j = 1,...,n, of matrix T,
and thus in the diagonalisation

T = RAR™! (1.4)

with A = diag(\1,...,\,) and R € GL(n,C). The columns of R contain the right eigenvectors,
and the rows of R~! contain the left eigenvectors. These are in general distinct.! The diago-
nalising matrix R is unique up to permutations of the eigenvalues and (right) multiplication by
an invertible complex diagonal matrix, cf. Section 2. Below, we will also discuss two particular
choices of ensembles, first, the one introduced in [31] with ¢; = 1, j = 1,...,n — 1, which we
denote by T, see (1.5) below. The second choice is a symmetric tridiagonal complex matrix
denoted by S, with b; =¢;, j=1,...,n—1.

In [31], it was observed that the similarity transformation T = CTC! brings T to the form

T = =CcTrct, (1.5)
52 a9 1
by @
Wheregj =cjbj,7=1,...,n—1, and
1
Cn—1
C = e . (1.6)
Cp—1-""C1

The ensemble of matrices T was chosen as a starting point in [31]. Here, we will start from
the general ensemble 7" in (1.1), and later compare with an ensemble of symmetric matrices S,
which is defined by choosing b; = ¢; for j = 1,...,n — 1 in (1.1). Given the similarity transfor-
mation (1.5) the question immediately follows: Why are the ensembles 7" and 7" not equivalent?
The reason is the particular choice of distribution of matrix elements. In both cases, the ran-
dom variables are chosen as independent, with the a; complex normal, and in [31l, b; with
uniform phase and chi-squared distribution x;g, j = 1,...,n — 1 for its modulus |b;|. How-
ever, choosing the independent distribution x5/, for the moduli |b;| and |¢;| in T', the resulting
distribution g;(y) for the matrix elements b; = ¢;b;, given by the product of matrix elements of
matrix T resulting from the similarity transformation (1.5),

1 i8—2

9i(y) = B oy Y exp[—yﬂ, y >0,

is mot chi-square (1.3). Thus, the choice in [31] for Zj and the choice above in (1.2) for T
made here are different, and constitute distinct ensembles. Notice that the phase of b; remains
uniformly distributed.

Notice however, that for symmetric matrices any right eigenvector is also a left eigenvector [12].
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1.2 Joint distribution and limiting spectral density

We present our main results: the joint probability distribution function (jpdf) and the limiting
spectral density. In [31], it was shown, before choosing a specific distribution of matrix elements,
how to recursively construct an invertible map between the matrix elements a; and Ej and the
complex eigenvalues A and the diagonalising matrix R in (1.4). This step allowed to construct
the Jacobian explicitly, and then to derive the joint distribution of eigenvalues. In Section 2, we
will generalise this construction to the ensemble T, which is non-trivial because of the increased
number of degrees of freedom.

Theorem 1.1. The jpdf of the eigenvalues of the random matriz T (1.1) is given by

J %H ('“) T e Ml Ara), (L)
B j=1 1<j<k<n

where € Ry, A =diag(\1,...,\n), and Zg: s the normalization constant

n—1 2
o, n(Bn—p+4) Bk
ZE = g2 [IT (5

k=1

The function fr(A) that contains a coupling between eigenvalues and eigenvectors reads

exp(—gr(A,r,Ry)) \rk|2 21 IR 2d*Rid?r; 4, (1.8)
/(C(n 1) /(Cn 1\ {0} H H

=2

where r = (r1,...,r,) € C", 1 =1r; +--- 4+ 1, denote the first element of each right eigenvector
of T (the first row of the diagonalising matriz R in (1.4)), and Ry = (Ry,..., R,)" denoting
the first right eigenvector of T (the first column vector of R). The exponent gr(A,r), which is
positive, reads

1 1
= N _ = 12
gr(A,r,Ry) = 5 Te(TT") 5 ;_1 BYI (1.9)
It explicitly depends on the respective random variables aj, j =1,...,n, by andcy, k= ..., n—1.

Furthermore, it is rotationally invariant, gr(A,r,Ry) = gr(Ae'®,r,Ry) for all ¢ € [0,27) and
has the asymptotics

gr(A,r,Ry) = O(\)\jP) as \j - oo, forj=1,2,... n. (1.10)

The proof for the ensemble T in (1.5) was given in [31] and takes the same form as Theo-
rem 1.1. However, the integration in (1.8) for fz(A) becomes simpler, over only half as many
eigenvector components r; (compare (1.11)). The asymptotics (1.10) for the corresponding
function gr (A, r) becomes quartic instead.

It turns out that for the ensemble of complex symmetric tridiagonal matrices S, the same
simplification appears as for f#(A) in [31]. Since this ensemble belongs to the same universality
class as the general ensemble T, we briefly discuss the limiting spectral density here. The
corresponding function reads

n n—1
8
fs(A) —/ exp|[— ril2 72 || d%rp. (1.11)
- 1;[\ il kllll

The exponent gs(A,r), defined in the same way as in (1.9) in terms of matrix S, shares the same
asymptotic behaviour (1.10) and rotational invariance as the general case described above.
Let us come to the limiting spectral density for all ensembles considered here.
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Theorem 1.2. The spectral density p“(z) in the limit n — oo and low temperature regime
B> 1 is given for both ensembles L =T,S by

el

pl(z) = %(IH(Q) -1- ln(|z|2)) (1.12)

for |z| € [0,70] and zero otherwise, with rq = +/2/e. For the non-symmetric ensemble T
from (1.5), we obtain to leading order

oL (z) = 0 (2), (1.13)
which only has a singular component at the origin.

An important step in the derivation is that in the low temperature limit all three ensem-
bles T', S and T become centred to leading order, that is, the contribution from the diagonal
in (1.1) and (1.5) becomes subleading. Therefore, we explicitly compute the coefficients of char-

acteristic polynomials of centred matrices 1" with a; = 0 for j = 1,...,n, expressed in terms of
the remaining random variables b;, ¢; for j = 1,...,n — 1. Define the polynomial of degree n
15
Pn(z) :=det (21, — T)a;—0) = 2" + Z /<;§n)z"_%. (1.14)
(=1

We also define Py(z) = 1. These polynomials have the following properties, where we define
sums Zf:j to vanish for k < j.

Proposition 1.3. The polynomials defined in (1.14) are either even or odd, depending on the
parity of their degree n. They obey the following three-term recurrence relation:

Pri1(2) = 2Pn(2) — bpPr_1(2) for n=1,2,..., (1.15)

with Ej = c;jbj. The coefficients ngl) defined in (1.14) are given by

(n) n-1 n-2 W—1—QN
Ky = (-1 Z by, Z by - Z by, (1.16)
71:23—1 ’72:25—3 ’)/g:l

fore=1,2..., L%J Note that K]En) consists of the product of £ sums. All sums can be extended
to begin with v; =1 for all j = 1,...,¢ as the additional terms vanish.

The exact form of the coefficients is known [33] when the polynomials (1.14) constitute
orthogonal polynomials on R, see also [29] where a related form was presented without proof,
cf. equation (4.3) below. Let us emphasise, however, that in general the coefficients in (1.15)
are complex, b; € C. In contrast, for real orthogonal polynomials with respect to some density,
the coefficients must be positive, as they represent the ratio of the squared norms of the monic
orthogonal polynomials. This property is used in [33]; thus, we present a detailed proof in
Section 4 without this assumption. A similar result on the moments of a specific tridiagonal
matrix with vanishing diagonal and the off-diagonal elements being real and positive is given
in [5] equation (5) with p = 1, which can be related to the coefficients of the characteristic
polynomial. However, we would like to emphasise that these proofs in terms of orthogonal
polynomials rely massively on the fact that, due to Favard’s theorem (cf. [10, Theorem 4.4]),
the existence of a unique probability measure for polynomials satisfying a three-term recurrence
is guaranteed if and only if the elements of the b; are real and positive for all j =1,...,n — 1.

The remaining steps of the proof of Theorem 1.2 will use Proposition 1.3 and results from free
probability, to compute the limiting density from the variance of the explicit coefficients ngn),
in particular, [6, Theorem 1.2].



Logarithmic Spectral Distribution of a Non-Hermitian S-Ensemble 7

2 Complex 3-ensemble

2.1 Spectral decomposition of tridiagonal matrices

Let .Z(n) denote the set of matrices T, of the form given in equation (1.1), with the eased con-
straints aj, bj,c; € C for all j, such that det(7) # 0 and the spectrum of T" is non-degenerate.
Note that the probability distributions in equations (1.2), define an absolutely continuous mea-
sure on the set of tridiagonal matrices (1.1). Consequently, the exceptional set of matrices with
degenerate spectra forms a set of measure zero and is therefore omitted.

We define

D(n) = {diag(z1,...,2n) | 2, € C, 2; #0, j =1,...,n}, (2.1)
An):{diag()\l,...,/\n)])\j,)\keC, )\j#)\k#o, 1§j<k§n},
R'(n) = {Re€GL(n,C) |T=RAR', T € Z(n), A € A(n)}. (2.3)

When T' € Z(n), the spectral decomposition of T' is given by
T = RAR™!, (2.4)

where A € A(n) and R € RT(n). This decomposition is unique up to a permutation of the
eigenvalues and the right multiplication R — RD, where D € D(n).
As a consequence, the spectral decomposition in equation (2.4) defines a bijection

FLo 2(n) — L(n) x RT(n), (2.5)
where
RY(n) = R"(n)/D(n),  L(n)=A(n)/6n, (2.6)

and &, is the symmetric group of order n. We restrict the domain of F7 to .%’(n) = .Z(n) \ B,
where

Ez{Tef(n)|bj:OOrcj:Oforsomeje{l,...,n}}.

Since the probability measure in equations (1.2), is absolutely continuous, we note that the set
of matrices not in .#’(n) has measure zero and is therefore omitted from our analysis.

Remark 2.1. If both ¢,—; = 0 and b,—; = 0 for any j in the matrix (1.1), we can perform
a direct sum decomposition. Specifically, we have

T=T;®Uj, (2.7)

where T is the principal sub-matrix obtained by keeping the first j rows and columns of T
In contrast, U; denotes the principal sub-matrix obtained by keeping the last j rows and columns
of T'. Thus, we can carry out our analysis on these two smaller-dimensional matrices, namely 77
and Uj, which are still tridiagonal.

Let
RT(n)={R e GL(n,C) | T = RAR™, T € £'(n), A € A(n)},
and

R”(n) = R"(n)/D(n).
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It was pointed out in Section 1.1 that the matrix ensembles consisting of 7" (1.1), respectively T
with its definition in [31], are not equivalent in a probabilistic sense. Nevertheless, there exists
the similarity transformation (1.5). We use this one-to-one mapping between the matrices
(not in distributions) in this section. Therefore, we can inherit the proofs from [31] with the
replacement b; — bjcj. Another way to see, why this is the right mapping, is to look into
the three-term recurrence relation of the characteristic polynomials. Again, one finds the same
recurrence, which is used in the proofs [31], for the general tridiagonal matrix after the suggested
replacement.

Lemma 2.2. Let r' = (ry,72,...,mn) and vt = (v1,...,v,) be the first and last rows of matriz
R e RT(n), respectively. We have

rj #0, v; #0 forallj € {1,...,n}.
Furthermore, the subset of RT(n) such that
ri4ro4 -4, =1,
spans a set of representatives in ﬁT(n)
Proof. See proof of Lemma 2.1 in [31]. |
Next, we aim to show that the bijection in equation (2.5) induces the injective map
Gl Z'(n) = L(n) X Hp X Vn,
where
Hy={reC"|rm+-+rm=1r;#0forj=1,...,n}, (2.8)
and
Ve ={v'=(v1,...,00)"' €C" |v; #0forj=1,...,n}.

From Lemma 2.2 and equation (2.5), it follows that G is single-valued. To prove the injec-
tivity of GT, we let

rf L
R = :(Rla---an) and R_lz :(115--'7111)7 (29)
r! L;

where R; denotes the j-th column of R and r} denotes its j-th row, with rj = r* and r}, = v*

from Lemma 2.2. Similarly, let LE. denote the j-th row of R~ and 1; denote the j-th column.?
Furthermore, as in the previous proofs, we will write

I‘;-lk =7'j1l1k +"'+rjnlnk = 5jk for j,k=1,...,n, (2.10)

where the notation on the left-hand side represents matrix multiplication between the row vec-
tor r; and the column vector 1, rather than the usual scalar product in C”. Finally, let (x);
denote the first entry of the vector x.

Theorem 2.3. Let A € A(n), r* = (r1,r2,...,7) € Hy and R = (Ry, Ra,...,R,)" € V,.
Then, there exists a unique R € ET(n) whose first row is vt and first column is R, and a unique
T € ' (n) such that T = RAR™', except for r' belonging to an exceptional set M C H, of
Lebesgue measure zero.

20ne should note that R; and L; denote the right and left eigenvectors in R and R™}, respectively.
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Proof. We start the proof by taking R from the set of representatives of ﬁT(n) defined in
Lemma 2.2. Let us write the matrix equations

TR=RA and R 'T=AR!,
as a set of vector equations

riA = b, jrt | +an_jart + et (2.11)

j n—j+1 7—1 n—j+1 j n—j+j+1» .

Alj = cn—jprlj1 + an—jt1lj + bn—jlita (2.12)
for j =1,2,...,n, where we have adopted the notation in equation (2.9). Let®> R = Ry denote
the first column of R and r! = r'. We want to show that given A, r} and Ry, with rtl; = 1,
where I; = (1,...,1)%, we can reconstruct 7', R and R~! uniquely from the recurrence relations

in equations (2.11) and (2.12), with boundary conditions ly = r, = 0 and by = ¢y = 0. For
j =1, in equations (2.11) and (2.12), we thus have

riA = a,rf + cpo1rh, (2.13)
Al = a,li + by—1ls. (2.14)
Write
a, = riAl, (2.15)
o (i), —an(r), (2.16)
(),
1
ry = p— (riA — anrl), (2.17)
bn_1 = r5Aly, (2.18)
1
12 = (All - CLnll), (219)
n—1

where in the above equations we have (r§)1 = R;. Notice that we successively express the left-
hand sides in terms of known quantities from the previous equations, i.e., a, in terms of A, r}
and 1y, then ¢,_1 in terms of these and (r5)1 = Ry etc.

In the case where ¢,—; = b,—1 = 0, the constructions in equations (2.17) and (2.19) fail.
Therefore, we refer to Remark 2.1 and decompose T into two smaller tridiagonal matrices.

Specifically, we express T as the direct sum
T'=T &Up-,

where 17 and U; are defined as in Remark 2.1. This decomposition reduces the problem to
two lower-dimensional matrices, which can be handled in two separate proofs. In general, if we
encounter j for which ¢,—; = b,—; = 0, we use the decomposition in equation (2.7) and carry out
separate proofs for T and U,,—;. The proofs will follow a similar structure to the one presented
here, as T} and U,,—; are tridiagonal matrices, albeit with lower degrees of freedom. Essentially,
we restate the theorem for these lower-dimensional matrices and then perform the proofs for T;
and U,,_; independently. Therefore, for the remainder of the proof, we assume that c,_; and b,,_;
are never simultaneously zero for any j, thereby ensuring that our constructions avoid any
singularities. Additionally, since the probability distributions defined in equations (1.2) are
absolutely continuous, for any fixed A, the set of exceptional points r} such that b,_; = 0 or
¢n—1 = 0 has measure zero in H,, and can therefore be neglected.

3Lemma 2.2 implies that the entries of R4 are all different from zero. Thus, R1 € V.
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The quantities in equations (2.15)—(2.19) solve the recurrence relations in equations (2.13)
and (2.14). We now check that the solutions are consistent with the equation RR~! = 1,,. From
the equations for a,, and r}, one is able to deduce that ril; = 0. Then, from the equation for a,,
and ly, one can show that r{ly = 0. Furthermore,

1
bn—l

rglg = (rgAll — anrgll) = 1.

Note that combining the orthogonality relations rf{ly = 0 and rily = 1 gives
riAly = ¢, 1,

as expected. Furthermore, by the orthogonality relations rfly = 1 and r§ly = 0, we have
rgAll =b,_1,

as expected.
When 1 < j < n take r}fl, r;-, 1,1, 1;, subject to the conditions

r}lj = r;-_llj_l =1, (2.20a)
il =15 1; =0, (2.20Db)
rt  A), —bp_iya(rt o), —ap_ita(rt_
Cn—j+1 = ( = )1 j+2((rjt)2)1 HQ( : 1)1 # 0, (2.20c)
Jj/1
bn—j—l—l = I‘;-Alj_l 75 0. (220d)
Define

Ap—j+1 = I';Alj, (221&)
riA). —bp_ir1 (vt ), — ap_irq (Tt

Cnj = ( j )1 J+1(tj 1)1 J+1( ])17 (2.21b)

(rj+1)1

1

I‘;+1 = c ‘ (I‘;A — bn,jJrlI';'_l — an,jHr;-), (221(3)
n—j

bn—j = 1Al (2.21d)
1

iy = E(Alj = Cn—ji1lj-1 = an—j1ly). (2.21e)

For any fixed A, we have b,_; = 0 for r;- 41 and 1; belonging to a set of measure zero in C". In
turn, r},, and 1; are rational functions of the elements of ri; therefore, b,_; = 0 only for ry
belonging to a set of measure zero in H,,. Note, a similar statement can be made when ¢, _; = 0.
Combining equations (2.20) with equations (2.21) and proceeding in a similar way too, when
7 =1, we prove that

1
t _ t . t X t\1.
I‘]_Hl] — 76 ] (r]A - bn,]JrlI'j_l - a/n7]+1rj)1] — O,

n—j
t = — (AL ol L) =0
riljy1 = rrj( j = en—j+1lj—1 — ap—j+1l;) =0,
n—j
t _ 1 A t t _
rigli1 = — (P5A —byjars g — an_jar;)li1 =0,
n—j
1

t t
r; L= —r; (A —cnjrljo1 — an—jly) =0,
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alongside

1
t — t . . . . ) =
I'j+1lj+1 = 'rj+1(A1j — Cn—jr1ljo1 — an*]+11]) =1,
n-=j

I';-Alj_;,_l = Cn—j,
t
rj+1Alj = bn—j~
The orthogonality relations
r}ﬂlk =0, rilii1 =0

for k=1,2,...,5 — 2, follow by induction and from the fact that by construction rE»Alk =0 if
l7 — k| > 1.
The boundary conditions by = ¢y = 0 terminate the recurrence relations. |

Remark 2.4. It is a well-known fact [30] that in non-Hermitian random matrix theory there
exists a residual symmetry in rescaling the respective right and left eigenvectors simultaneously
as follows:

ri—dyrf, L= di',  0#£d;eC,  j=1,...,n (2.22)
This transformation does not change the biorthogonality of left and right eigenvectors in (2.10),
nor does it change the eigenvalues. It is this rescaling that fixes the n — 1 additional parameters
C1,...,¢n_1 in ensemble T given in (1.1), compared to ensemble T given in (1.5). The matrix
elements of the diagonal matrix C' in (1.6) relating the two ensembles provides the rescaling
in (2.22), with d1 = 1, d2 = ¢—1, d3 = cp—16p—2, ..., dy = cp—1---c1. It is not difficult to
see that this rescaling together with b; — b;jc; maps the recurrence (2.13)—(2.19) above to the
recurrence (2.20a)—(2.21d) in [31].

2.2 Jacobian

The generalisation of the volume element calculation to the spectral decomposition of T € £(n)
from the non-symmetric matrix calculations, as seen in [31], is more computationally involved.
We need to introduce another n — 1 complex parameters, requiring a more careful adaptation of
the previous theorems. To begin, we noted in Section 2.1 that the 6n — 4 real matrix parameters
of T" are denoted by

a:=(an,...,a1), b:= (bp—1,...,b1), c:=(cp-1,-.-,€1),
and are in an injective correspondence with the 6n — 4 real spectral parameters
A= (A1, ), r:=(ry,...,m) and Ri = (Ri,...,Ry),

when r1+---+7, = 1. Recall, we previously defined {};}7_; to denote the n distinct eigenvalues
of T, {r;}I"; as the first component of the right eigenvectors and {R;}!" ; as the elements of the
first right eigenvector. There is a nuance in obtaining the 6n — 4 real spectral parameters since
there is an overlap between the sets {r;}7_; and {R;}}_, that needs to be addressed. Specifically,
we have r1 = R;. Furthermore, only n — 1 of r; are independent since r; + -+ 7, = 1. Let the
Vandermonde determinant be denoted by An(X) = [[1<;crcn(Aj — M)

Lemma 2.5. Let T = RAR™! be the spectral decomposition of T € £(n), where R is defined
in (2.9) and A = diag(A1,...,\n). We have

n—1 . j
An(A)? = W (2.23)

where v = (r1,...,7ry) is the first row of R and ry + - -+ 1y = 1.
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Proof. The proof follows analogously to the proof of [31, Lemma 3.3] when the substitution
b; — bjc; is made. |

The following theorem generalises [31, Theorem 3.1] to matrices of the form (1.1).
Theorem 2.6. We have
n—1 b iCj

a; || d?bpd?cs =
jI;[l / H Hk 17’k Hw o R

k=1

H d2ry, H AR, ﬁ d2);
j=1

Proof Let us first repeat the domains of the complex variables. We have {a;}7_; € C",
{b;}i= e C ! {etjo eCnT ! for the matrix parameters and {\; i €C {rj}jo e Cn i
With E (ri=1 and {R Y, €CT ! as spectral parameters.

Let T = RAR™! denote the spectral decomposition of T. Denote by R; the first column
of R and let its j-th component be denoted by R;. We note that the first right eigenvector of T’
satisfies the equation

TR, = MR,
Hence, if we equate row j of this equation then

bnjtr1Rj-1+ an—jr1Rj + cnjRj11 = M R; (2.24)
for 1 < 57 < n with boundary conditions Ry = cg = 0. The differential of this equation is

Rj_1dbn_j+1 + Rjdan_j+1 + Rj+1dcn_j
= Rjd/\l + de [)\1 — an_j+1] — bn_j+1de_1 — Cn—dej+1~ (2.25)

Consider the first element of the von Neumann series

n

((1n - ZT)il)n = Z 1 _T]Z)\

]7

where right-hand side follows from the diagonalisation 7' = RAR™!. Taking the Taylor expansion
of both sides of the equation and equating the coefficients of the powers of z up to 22" 1,
interlaced with the rows of the eigenvector equation (2.24), we achieve®

O("): 1= En:rj, (2.26a)
j=1

O(zl) Coap = Z TN, (2.26D)
j=1
j=1: apRi+ch_1Rs= MRy, (2.26¢)
O(z2) : ai 4+ Cpo1bp_1 =%+ Ccp_1bp_1 = Z rj)\f, (2.26d)
j=1
O(z3) okt ap_1bp_1Cn_1 = Z T‘j)\?, (2.26¢)
j=1

“Note, for every even integer power 2j of z we introduce b,—_; and c,—;+1. To counteract adding two new
variables each even integer line we interlace in the rows of the eigenvector equation. This provides us with
a formula for the b;.
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j=2: x+cp_oR3= A\ Ro, (2.26f)
0(24) : * + bp_1¢n—1bp—2Cp—9 = Z ’r‘j)\?, (226g)
j=1

0(2’5) Dk Ap_obp_oCn_oby_1Ch_1 = Z rj)\?, (2.26h)
=1

j=n—1: x+c1 Ry = MRy, (2.26i)

0(22n—2) x4 biegbp_1cn1 = ZT‘j)\?niZ, (226J)

j=1

O(Zanl) i k4 arbicr - bp_1cp—1 = Z Tj)\?n_l. (2.261{)

j=1

Here, % denotes terms that have appeared in the previous equations, as exemplified in (2.26d).

We choose the ordering a,,, ¢p—1,bp—1,an—1,Cp—2,bp—2, ... such that the matrix of coefficients
for the differentials of the left-hand side is triangular. Hence, taking the wedge product line by
line gives

n—1 n—1 n—1
(=1)(n—D(n=2)/2 H Rjt1 H (b )?v ™t H cida A db Adc, (2.27)
j=1 w=1 i=1

whilst noting that we have re-arranged equation (2.25) such that the left-hand side of the
differentials of the eigenvector equations (2.26) is

Rj_ldbn_j_H + Rjdan_jﬂ + Rj+1dcn_j. (2.28)

Differentiating the right-hand side of equations (2.26), without the introduction of the rows of
the eigenvector equations, leads to

n n—1 n
d (Z rk)\i) = dre (M = M) 5> A ),

k=1 k=1 k=1

where we have used the differential relation

n—1
dr, = — g dr;,
j=1

as a substitution for dr,. Next, we note that the right-hand side of the differential of equa-
tion (2.24) is fixed by equation (2.28) to be

Rjd>\1 + de [)\1 — arnfj+1} - bn7j+1de71 — CnfdejJrl.

Taking the wedge product, line by line, of the right-hand side differentials of equation (2.26)
produces

[I

~1
j
it

<H rk> det [(Ai — X)) jmt,2ne1 (GAT) j=1, 21 | dE A ARy A dA. (2.29)
j 1,...,n

]: e ‘7
el k=1,...,n—1 k
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The determinant is calculated explicitly in the book by Forrester [19, equation (1.175)]. We
have

ST =) = Al (2.30)

1<j<k<n

Substituting equation (2.30) into equation (2.29), we produce

n—1 n
() (=)= D=2 TT ¢ (H rk> An(A)idr A dRy A dA. (2.31)
k=1

J=1

Note, to achieve the above result one needs to utilise that the wedge product is anti-commutative.
This allows us to swap the order of the wedge products and therefore obtain the same wedge
product that was seen in the non-symmetric matrix, wedged with the differentials of the inter-
laced eigenvector equation rows. Combining the equations (2.27) and (2.31), we obtain

n—1 n—1 n
I Ris: [[bici)* dandbade = (1) (H rk> An(A)*dr A dR; A dA.
j=1 i=1 k=1
Rearranging this expression gives
" re) A ()
daAndbAde=(—1)""! (ITizi ) An(N) dr A dR; A dA. (2.32)

1521 (¢;b))% ' T —y Ru

Using Lemma 2.5, specifically substituting equation (2.23) into equation (2.32), and squaring
yields the desired result. n

2.3 Proof of Theorem 1.1

Proof. The jpdf of the matrix elements of matrices T € Z’(n), distributed according to equa-
tion (1.2), can be expressed as

1 n—1 8 o 1 n ) n—1 ) n—1

ps(a,b,c) = T H |bjci| 2 “exp —3 Z la;|” + Z |bj]” + Z lcl* ||, (2.33)
B j=1 j=1 j=1 j=1

where the normalising partition function reads

n—1

2
n(Bn—p+4) k
75 = 2" I T <54> .
k=1
Notice one extra inverse power in the exponent %] — 2 in (2.33), compared to the y-distri-
bution (1.2). This is because when going to polar coordinates, the differentials d2bjd2cj will

contribute an extra positive power in the radii. By Lemma 2.5 and Theorem 2.6, we obtain

n—1 5 n n—1

El_92 2 2 2
[T 1bje5l> 2 ] d®aw [ d®brd’c
j=1 w=1 k=1

n ﬁ_ n B n
= (AN T Il T ] 1Rkl 2d* Red®ri—y [ d® Mo (2.34)
j=1 k=2 w=1
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The exponent in equation (2.33) can be expressed in terms of the squared Frobenius norm of 7.
Specifically,

n n—1 n—1
ITIE =T (TTT) = lag[* + > 101" + D lesl* (2.:35)
j=1 j=1 j=1
Next, we use the Schur decomposition to simplify the exponent further. Let
T =Q(A+ N)QT, (2.36)

where A € A(n), @ is a unitary matrix and N strictly upper triangular. Combining equa-
tion (2.36) with Theorem 2.3, we write

ITIE = AP+ 29" (A1, Ra), (2.37)
j=1

where g7 (X, r,R1) is a positive function defined by equation (1.9). Then by combining equa-
tions (2.33), (2.34), and (2.37), we obtain

n n—1 n—1
ps(a,b,c) [] da; [ [ d®bwd®ex = PT(A,r,Ry) [[ N [ d*rwd® Ruia
k=1

j=1 7=1 w=1

n n n n—1

1 157 2_gToar 8_ _

= e 2 2= M= RO AL ()P T Il 272 T 1Rkl 2 T @2y [ d2rkd?Ricr.
B j=1 k=2 =1 k=1

When going to polar coordinates, there is an apparent logarithmic singularity in the integration
over the radii |R|, with the jpdf being proportional to 1/|Ry| for each k = 2,...,n. However,
when expressing the variables in the trace (2.35) defining g7 (A, r, R1) in terms of variables R;, r;
and \;,° in particular the |cj|?, it becomes apparent from equation (2.26) that for all j =
1,...,n —1 we have |c,—;|> ~ 1/|R;j4+1]|?>. Therefore, we have an essential singularity from the
exponent that makes the integral over the radii |Ry| well-behaved at the origin.

Finally, integrating over r and R; leads to equations (1.7) and (1.8).

The equality

g' (A, r,Ry) =g¢T(A\,r,R;)  forall ¢ €[0,27),
follows from the observation that
|an—j41] = [0iAL], enjl = [rjALipal, [ba—jia| = |rjpa Al

for j = 1,2,...,n. Furthermore, the mapping A — Ae'® leaves the joint probability density
function of the eigenvalues invariant under rotation of the eigenvalues. To show that

g A, R1) = O(I\?)  as M\ — oo,
for k=1,2,...,n, we observe the following asymptotic behaviour:
an—jr1=0N\k), ey =0k),  bnjy1 = O(Mp),

as A\ > oo and j =1,2,...,n. This completes the proof. |

®For an explicit example at n = 2, see Appendix A, equation (A.4).
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3 Low temperature expansion 8 > 1

Throughout this section, if B denotes an n X n complex matrix, let its eigenvalues be given by
A (B), A2(B), ..., A\ (B), labelled such that

An(B)] < An1(B) < -+ < [Aa(B)].

We study the asymptotics of the eigenvalues of the two non-Hermitian $-ensembles T" and T,
focusing on fixed matrix dimension n and the limit 8 — co, known as the low temperature limit.

One might ask: what happens to the eigenvalues in this limit? For the Hermitian S-Hermite
and f-Laguerre ensembles, Dumitriu and Edelman showed in [16] that as 8 — oo, the eigen-
values crystallise, fixing their positions as the roots of the Hermite and Laguerre polynomials,
respectively. In this low temperature regime, the randomness of the eigenvalues is effectively
removed.

However, in contrast to the two-dimensional Coulomb gas, we have not observed numerically
a condensation of complex eigenvalues at large values of 3, in all three ensembles we consider
here. Nevertheless, the question can be asked if a simplification also occurs for our non-Hermitian
[B-ensembles at large 5.

To obtain asymptotic results for the eigenvalues of the non-Hermitian S-ensembles in this low
temperature limit, we first introduce two lemmas. The first, a perturbation theory lemma [14,
Section 4.3], is crucial for our analysis. A particular form of this lemma, applicable when A
and B are symmetric, will also be used and is detailed in [16, Lemma 2.1].

Lemma 3.1. Let A and B be n X n matrices, and let € > 0. Suppose the eigenvalues of A are
distinct. Define M = A+ eB + o(e), where o(e) defines a matriz in which every entry goes to
zero faster than e goes to zero. Let \;(A) denote the i-th eigenvalue of A for 1 < i <n and let x;
and y;r denote the right and left eigenvectors associated with A\;(A), respectively. Then, we have

L) = A(4)) = vl B

lim —
e—=0 €

Equivalently, for every 1 < i < n, the eigenvalue of \;(M) can be expanded as
Ai(M) = XN(A) + eijxi.

Succeeding this, we detail a second lemma [16, Lemma 2.3] in which one considers a x,-dis-
tribution where the degree of freedom r is growing.

Lemma 3.2. Letr > 0 and X be a random variable with distribution x,.. Then, as r — oo the
distribution of X — \/r converges to a normal distribution of mean 0 and variance 1/2.

3.1 General ensemble

Let Ts be a random matrix from the general complex B-ensemble of n x n matrices defined
in (1.1), scaled by ﬁ
Theorem 3.3. Let \;(T3) be the i-th eigenvalue of Tg for 1 <i < mn. Then,

1 1
Do),
vz e\

i distribution as 8 — oo, where
0 Vn — Telfn-1
Vi~ Ten 0

)\i (Tﬁ) —

V/2el?2 0 V1elf1
\/Ieiﬁl 0
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and 0;, ¢; are independent random variables distributed uniformly, 6;, ¢; ~U(0,27) for 1 <i <
n — 1. All other elements vanish. Let

P,?(z) :=det(z1y — Dy)

denote the characteristic polynomials of Dy, for 1 < k <mn. Then,

1
\/B (/\z‘(Lﬁ) - \/%/\I(Dn))
_ 1 SIS PPOOPPOD M + SIS ODPP )V + PPODPEL OV o)
Van PP ()PP ’

in distribution as B — oo for the independent random variables Re(M;j),Im(M;) ~ N(0,1),
|Uwl, |Vis| ~ N(0,3) and arg(Uy), arg(Vey) ~U(0,27) for IS w<n-—1and1<j<n.

Proof. Let D,, denote an n x n non-Hermitian tridiagonal matrix defined by equation (3.1).
We restrict ourselves to the set of matrices D,, with non-vanishing determinant and all eigenval-
ues distinct. As discussed in Section 2.1, the exceptional set of matrices with degenerate spectra
forms a set of measure zero. Associated to the i-th eigenvalue \; := \;(D,,), the matrix D,, has
right and left eigenvectors given by

PP ()

PnD—Q()‘i) 1
u; = . and v, = (Pr?—1()\f)a737?—2()\?)7 . 777(?()‘?)) . (3.2)

P§ (N
From equation (3.1), it follows that

[V/2n8Ts — \/BD,)] = 27, (3.3)

almost surely, where Z” is a random n x n complex tridiagonal matrix with independently
distributed entries

Mn Vn—l
Unfl

lim
B—00

zP = v (3.4)
2 1

Uy M

The matrix entries are distributed according to the following distributions: Re(M;) ~ N(0,1)
and Im(M;) ~ N(0,1) for 1 < j < n, |Ug|, |Vi| ~ N(0,1) and arg(Uy), arg(Vy) ~ U(0, 2m) for
1<k<n-1.

Since we are considering x,-distributions on the sub- and super-diagonals for increasing r,
the limit (3.3) follows directly from the application of Lemma 3.2. Hence,

1 1 1
T3 = —D, + ZD+0<),
T Ve " V2nB VB
in distribution as 8 — oo.
Using this, we express the eigenvalues of T as

Ni(Tp) = N <¢127LD,1 + \/2176ZD +o0 (\/13» :

in distribution for any 1 <¢ < n.
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Using Lemma 3.1, we expand the i-th eigenvalue of T as

1 1 viZzPy 1
Mi(Ts) = ——=Ni(Dy) + WVZVTUP +0<\/B), (3.5)

where 1 < ¢ < n, in distribution as 8 — oo.
Next, substituting the definition of Z¥ from equation (3.4) into equation (3.5), we obtain

VB (M(Tﬁ) )

1
\/ 2n

_ 1 >iso PPO)PP () M+ 3015 [Pl LADPPN)UL+ PP PP ()] +o(1)
V2n i PP PP (V) |
in distribution as 8 — oo. This concludes the proof. |

Remark 3.4. A similar result can be proven for a matrix Sg from the symmetric complex
(B-ensemble, scaled by \/7 To do so, in equation (3.1) we let ¢; = 6; for all j. Therefore the
resulting matrix is symmetric and we note that in equation (3.2) we have uj = v . The proof
then follows analogously.

3.2 Non-symmetric ensemble

Let Tﬁ be a random matrix from the non-symmetric ensemble of n x n matrices in (1.5), scaled
by 1/v/2n3. We now outline and prove the following theorem.

Theorem 3.5. Let \; (fg) be the i-th eigenvalue of fg. Then, as f — o
1 1

G o ()

V2n (Gr) VB

i distribution, where Gy, is the matriz

Ai(Tg) —

0

n—1 .10, _1
V2 ¢

> 4

2 ,if2
\/;e 0
1,16,
Ve

and the 0;’s are independent random variables uniformly distributed in [0, 27], for 1 <i <n-—1.
The remaining matriz elements vanish. Let

> s

Py (2) = det(21; — Gy) (3.7)

denote the characteristic polynomials of Gy, for 1 <k <n. Then, as f — o0

~ 1
VB (M(Tﬂ) - \/ﬁ)\i(Gn)>
_ LSS PEOPEOD M + X5 PE ODPEQUL )
Van o PEN)PE () ’

in distribution, where Re(M;) ~ N(0,1), Im(M;) ~ N(0,1), |U;| ~ N(0,3) and arg(U;) ~

2
U(0,2m) are independent random variables.




Logarithmic Spectral Distribution of a Non-Hermitian S-Ensemble 19

Proof. Let G,, denote the n x n non-Hermitian tridiagonal matrix defined by equation (3.6).
Associated with the i-th eigenvalue of G,, namely \; := \;(G,), we have the right and left
eigenvectors

77%1()%)
PE (N
u; = ?( ) and vj:(PE,I(A;‘),PE,Q(/\;‘),...,7700()\;*)),

P§(N)

respectively, for 1 < k < n.
Now, by application of Lemma 3.2, almost surely we have

M, 0

Vanply — /5G] =20 = | Pt ] (38)
Ur M

lim
B—00

where Z% is a random matrix whose elements are distributed according to Re(M;) ~ N(0,1),

Im(M;) ~ N(0,1), |Uy| ~ N(0,3) and arg(U,) ~ U(0,2n) are independent random variables
foril<j<nandl <w<n-1.

Hence, as 3 — 0o, we can express the tridiagonal matrix T as

7oL e 1
= Js” +0<\/B>’

in distribution. In particular, for any 1 < ¢ < n, we have

Xi(Ts) = \i (\/12710” + \/217172G> +o <\/13> ;

in distribution as 8 — oco. Applying the perturbation theory result from Lemma 3.1, we obtain

~ 1 1 vizCy, 1
)\i(Tﬁ) = E/\Z(Gn) + \/m v;ruj +o <\/B> . (39)

Using the form of Z, defined by (3.8), and (3.9), we then have the desired result

~ 1
VB (M) = =G
1 S50 PE)PEN) Mg + 315 PEL () PE (M),

= +o(1),
V2n ?:_01 PIG()W)PIG()\;*) 1)
in distribution as 8 — oo, which completes the proof of the theorem. |

In the case of the non-symmetric tridiagonal ensemble, we apply the low temperature limit to
the continuous density function of the diagonal and sub-diagonal elements to illustrate a similar
limiting behaviour as in the general and symmetric ensembles. However, we keep the order
(’)(1 / \/B) on the super-diagonal at the same time. The reason is the following: If we neglect
this order at this stage, we find a matrix with all zero elements up to the sub-diagonal which
yields directly only zero eigenvalues.
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4 Characteristic polynomials of centred Jacobi matrices

In this section, we study the characteristic polynomials of the random matrices we derived in the
low temperature limit 8 > 1 in the previous section. As they both have only non-zero entries
on their sub-and super-diagonal, we keep the discussion general and treat the characteristic
polynomial of the general centred matrix T'|,,=0 denoted by Py (z) (cf. equation (1.14)). This
covers both cases D, in equation (3.1) and G,, equation (3.6) to which we will apply the results
of this section subsequently.

Proof of Proposition 1.3. The three-term recurrence (1.15) follows from the form of 7" with
vanishing diagonal elements a; and expansion of the determinant twice, for instance first with
respect to the first row and second with respect to the first column.

Recall, that we set Py(z) := 1. The first characteristic polynomials for n = 0,1,2,3 can be
calculated straightforwardly from determining the determinant and read

7)0(2’) =1,

7)1(2’) =z,

Pa(z) = 22 —51, (4.1)
733(2) =23 = (52 + bl)z

From these explicit forms of the characteristic polynomials for small n and the three-term
recurrence (1.15) without diagonal term it follows directly that the polynomials P, (z) are either
even or odd, depending on the parity of their degree n.

Let us emphasise again that the polynomials P, (z) are not orthogonal polynomials on R as
the coefficients Ej are complex and do not correspond to some real positive norm of orthogonal
polynomials.

We start with the observation that the three-term recurrence (1.15) yields a recurrence re-
lation for the coefficients. Inserting the notation from equation (1.14) for Pp,41(z), Pn(z) and
Pn—1(z) into (1.15) gives

|24 [5] 1252
S Z I{én+1)zn+1—%:zn+l+ Kén)znﬂ—%i’gnzna 7571 Z Rﬁnfl)zn—l—%.
(=1

|3

(=1 /=1
Comparing the coefficients in orders 212 for £ =1, ..., L"THJ — 1 yields for the coefficients
of Pp11(2)
Iign) —En for £ =1,
(n+1) lign) E (n_l) for{=2,..., LHT'HJ -1,
R ) ol  imtll . B (4.2)
Km bnm1 forﬁ—L7J—m, with n 4+ 1 =2m + 1 odd,
—bng,?l) forE:L”THJ:m—i—l, with n + 1 = 2m + 2 even.

We will treat the coefficient of the lowest order z° resulting from the last equation separately
below. From (4.1), we have that equation (1.16) is true for n = 0, 1,2, 3. We prove via induction
that this also holds for some n 4 1. Therefore, we insert equation (1.16) in the right-hand side
of equation (4.2) and find for £ =1

n

-1
(nJrl Z b'y — Z b'y

n
y=1 =1
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as claimed. We have for £ =2, ..., L"THJ —1forn+1even, and for £ =2,..., L”THJ forn+1
odd
( ) n—1 v1—2 Ye—1—2 n—2 Ye—2—2
+1 7 I 7 i — I 7
K’En = (_1)£ Z b’Yl Z b’YQ"' Z b’m - bn(_l)e ! Z b’Yl"' Z b’)%fl
y1=20-1 Yo=20—3 Ye=1 v1=2£-3 Ye—1=1
n-1 _ v1—2 _ 74—1—2~
= (_1)6 Z by, +bn Z by, -+ Z by,
y1=20-1 vo=2(—3 Ye=1
no n-—2 74—1—2~
= (_1)€ Z by, Z by, - Z by,
"{1:24—1 72:2@—3 ’ygzl

which proves equation (1.16) via induction for all coefficient resulting from order in z down to 2>
for n +1 = 2m + 2 even, and down to z' for n +1 = 2m + 1 odd. For the coefficient of the
lowest order z°, we have to treat even n + 1 = 2m + 2 differently, as the recursion is different.
Here, we obtain

2m+-2 7
/{7(71:—”1 ) = b5 2.
Iterating this recurrence, using the initial condition /4;52) = —31, and induction assumption

£ 2m) = (<1 ][ B,
/=1

we complete the proof of equation (1.16). We can further simplify the expression as follows: We
relax each lower bound of the nested sums to 1. One intermediate step reads as

Yp—1—2 Yp—2 Yp—1—2 Tp—2 20—2p Tp—2
E : b’}’p E : b’Yp+1 = § : b’Yp 2 : b'Yerl - E : b’Yp 2 : b%ﬂrl
Yp=20—2p+1 Yp+1=20—2p—1 Yp=1 Yp+1=20—2p—1 Yp=1 Yp+1=20—2p—1
for p = 1,2,...,¢ with 79 = n + 1. Following our convention for the sums stated before

Proposition 1.3, the second term vanishes as the upper bound of the inner sum is always smaller
than the lower bound, i.e.,

Yp—2<20—-2p—1 for 1 <, < 20— 2p. |

We observe that the coefficients of the characteristic polynomial P, (z) depend only on the
product of the sub- and super-diagonal entries. This matches the well-known fact that the
eigenvalues of a tridiagonal matrix depend only on the diagonal elements and the product of the
sub- and super-diagonal elements (cf. [12]), and the study of Jacobi matrices [21].

As mentioned already in the introduction, the expression for the coefficients equation (1.16)
is given in [33] for orthogonal polynomials on R and the same objects are also studied in [29]
without proof. The latter authors found the following expression:

/

K;gn) — (_1)Z Z 52.1 .. .Zil, (4.3)
{in}e{0,1,..n—1}

where the prime on the sum indicates that no two adjacent indices ever occur within ¢,. Note
that we adapted their result to our notation. The sum is defined in the following way: We start
to choose i1 in the full range i1 = 0,1,...,n — 1 and choose the next summation index such
that it runs only up to i; — 2 to have disjoint indices. Similar to the earlier remark, the first
summand will vanish for is > 4;. From this, it is straightforward to see that equations (1.16)
and (4.3) agree.
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Lemma 4.1. Assume that the random variables {gl}?;ll are independent of each other and have
all zero mean. From this, it follows that the coefficients nén) (1.16) of the polynomial Py(z) are
pairwise-uncorrelated of each other, have zero mean and variance

n—1 Y1—2 Ye—1—2
Var(kaén)) = Z Var (b, ) Z Var(by,) - - - Z Var (by,), (4.4)
=1 72=1 Ye=1

Ve=1,2,...,|%].

Proof. 1. The random variables {E}Z:ll are independent by assumption. Let us recall the
notions of independent and uncorrelated variables. For independent (complex) variables, the
joint probability distribution factorises, especially all moments (of possibly complex conjugate
powers) factorise. On the other hand, for uncorrelated variables only the covariance vanishes.
The latter is defined as

Cov(X,Z) == E(X,Z*),

for complex random variables X, Z. We show that Cov (Hén), /121) ) = 0 with £ < ¢'. From the
derived explicit form of the /ﬁgn)’s in equation (1.16), we find that it consists of ¢ nested sums,
with each of the intersections of index sets of the sums being empty. Hence, each coefficient
contains sums of a product of ¢ different b;’s. As the latter are independent complex random
variables with zero mean, the expectation of them can only yield a non-zero contribution if we
find contributions |b;|2. We observe that the expectation value E(nén), lig?)) for ¢ < ¢/ will vanish

as we have always one factor of a b; without a matching part b;.

2. The random variables {E}::ll have zero mean by assumption.

3. Next, we study the sum Z = Z; + Z5 of two independent complex random variables with
vanishing mean. The mean of Z is given by the sum of the means of Z; and Zs and, hence
vanishes. For the variance, we find

Var(Z) = Var(Z1 + Z2) = E(|Z1) + E(|Z2]%).

4. Let Z7 and Z5 be two independent complex random variables with zero mean. The mean
of the product Z = Z; Z5 vanishes and the variance is given by

Var(Z) = Var(Z;) Var(Z2).

Hence, the mean of mén) vanishes for all £ and the variance is given by (4.4). [

We will see in the next section how we can make use of the explicit formula for the coefficients
of the characteristic polynomials, using the results from Section 3 in the low temperature limit
to derive the equilibrium density of our non-Hermitian tridiagonal matrix ensembles.

5 Equilibrium density via free probability for 3 > 1 and n — oo

We determine the equilibrium density of all three tridiagonal matrix ensembles under consider-
ation in the low temperature limit S > 1. We find that the limiting density of the eigenvalues
agrees for the general and the symmetric tridiagonal matrix ensemble, leading to a logarith-
mic density, whereas the leading order contribution for the non-symmetric ensemble is given
by a Dirac delta. For this, we study their characteristic polynomials and apply the following
theorem from free probability, which determines the equilibrium density of the zeros of polyno-
mials with random coefficients. We slightly rephrase the result from [6, Theorem 1.2] for the
case of random variables instead of random matrices as coefficients, replacing the condition of
independent random variables by pairwise-uncorrelated ones.
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Theorem 5.1. Suppose that for any n we have a vector of pairwise-uncorrelated random vari-

ables Xén), Xln ,...,XT(Ln) with zero mean, unit variance and continuous distributions with den-
sities uniformly bounded by a constant M > 0 not depending on n. Let also aén),agn), . ,a,(zn)

be sequences of complex numbers. We consider the polynomial of degree n

=2 oV X (5.1
§=0

Then, the empirical spectral distribution of zeros of the random polynomials P,, converges almost
surely to a probability measure p as n — oo, when the coefficients ozjn) satisfy the following
conditions:

. an 7& 0 for every n,

e for almost every z, let

n a(n)‘Q .
z) = Z a(")’2227 (5.2)
=0 n

such that the limit U(z) = limy, 0 5= In(Qn(|2]?)) ezists as a locally integrable function
or a distribution,

e the probability measure p satisfies
1
= %AU(Z)lsup,

in the sense of distributions, on the support (sup) of p. Here, A = 0,07 denotes the
two-dimensional Laplacian.

Proof. We relaxed the stronger condition of independence of the coefficients X ™) to pairwise—
uncorrelateness. In [6, Theorem 1.2], the authors allow for random k X k matrlces C(

the polynomials which contain independent copies of the random variables X; (n), Hence the
condition of independence appears twice in their theorem, i.e., that the complex random vari-
ables X j(n) are independent and the random matrices C'](n5 are built up by independent copies
of the variables each. As we need only the case of £ = 1 (in the notation of [6] k& and n are

interchanged), we briefly revisit the key points of their proof.
We can assume without loss of generality that ‘a%n)} = 1 for each n. If we fix z and anal-
yse Py, ( ) from (5 1), we find that it can be treated as a random variable with mean 0 and variance

o?=3" 0’ (n) ‘ |z|?!. This follows from the fact that the X; ()s are pairwise-uncorrelated as

Var(Zan)X ) ZVar ) x ”) ’ +QZCOV )X(n) ‘. ;n)XJ(-”)zj)
=0 1<J
:Z‘agn)}2|z|2i,
i=0

where we used that the X J(n)’s have unit variance. Next, we need to prove that the random
variable P, (z)/o, which has zero mean and unit variance, has a bounded density function. We
have that P, (z)/0o is of the type

(1) n o™ (n) (n)
n n— n) & z n) &
—i—X() ; _|_..._|_X£) 1 (n) &0

Y
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where all X i(n) have a density function uniformly bounded by a constant M > 0 (by assumption).
Here comes now the crucial change in the proof for uncorrelated variables. In the work of
Barbarino—Noferini, where Y;, is the sum of independent uniformly bounded random variables
with zero mean and unit variance, they applied a result by Bobkov—Chistyakov [7] to prove
that Y,, is bounded by the very same constant M. Then, a matrix built up by independent
copies of this Y}, can be further studied. However, we can study this complex random variable
directly and do not need this step here. In order to complete the proof, the following two bounds
are needed:

P(o(Pu(2)/0) < u) < cu?,

cu
1

IP’(HP )/ ol > ) e Yu,v > 0,

where o(A) denotes the largest singular value of the matrix A. Let us recall that we deal here

with a much simpler case, i.e., P,(z)/o is a complex random variable for each fixed z rather

then a random matrix. The first inequality holds as we replace the squared singular value

of Pn(z)/o in this case of a 1 x 1 matrix by the absolute square. The second relation follows

from Chebyshev’s inequality. The rest of the proof stays the same as in the case discussed
in [6]. |

The remarkable point is that the coefficients of the polynomial P, (z) in this theorem are not
necessarily identically distributed. The condition of unit variance can be full-filled by pulling the
non-unit variance of the coefficients into the complex coefficients oz( ). We apply this theorem on
random polynomials to the characteristic polynomials of the non—Hermltlan tridiagonal matrix
ensembles, to obtain the limiting distribution of the eigenvalues of the ensembles which equals the
distribution of the zeros of their characteristic polynomials. In the low temperature limit 8 — oo,
we determined an explicit expression of the characteristic polynomials in the previous Section 4
and derived in Lemma 4.1 the variance and mean of the coefficients. Using these results one can
in principle calculate the equilibrium density of the zeros of the characteristic polynomial P, (z),
which correspond to the eigenvalues of the centred random Jacobl matrix T'[q;=o (full-filling
the conditions of Lemma 4.1) via Theorem 5.1 by choosing {a )‘ = Var(bjc;). However, as
the above expression of the variances still contains the product of nested sums, it is difficult
to proceed in this general setting. Therefore, we will now turn to the explicit low temperature
limits we derived in Section 3.

5.1 General ensemble

To derive the limiting spectral density of a matrix drawn from the general complex (-ensemble
in the low temperature limit, consider the characteristic polynomial of the scaled matrix D,
from Section 3.1. Specifically,

0 Vn — lelfn-1
Vn — Telfn-—1 0 Vn — 2¢i¢n-2

V26l 0 Vel
V1eif 0
where 0y, ¢y ~ U(0,27) are independent and identically distributed random variables. To apply

Theorem 5.1 we incorporate a factor of v/2 in front of D,.® This is because after applying
the low temperature limit, where we effectively performed the one-dimensional limit of the

SIn particular, we need a factor of v/2 in front of each random variable of the form €', with 6 ~ U(0,2m).
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chi-distribution while keeping the angular component fixed, we are left with a one-dimensional
random variable in each sub- and super-diagonal entry. However, due to their explicit form, these
lead to complex-valued entries. Thus, we effectively have a one-dimensional random variable,
in complex representation as a phase. According to the methodology of the authors of [6], this
should be interpreted as a one-dimensional random variable multiplied by a complex coefficient.
However, we cannot do this because the real and imaginary parts of the variable ', with
0 ~ U(0,27), are not independent. Therefore, we interpret the matrix entries as complex
random variables, whose real and imaginary parts contribute equally, i.e., each contributes to
half of the total variance. By multiplying with the factor /2, we take this into account.

Let PP (z) denote the characteristic polynomial of D,, with byc, = 0ei0ct00) g =1, .. n—1.
Lemma 5.2. The coefficients nén’D) of the polynomial PP (z) are independent, have zero mean
and variance given by

b n—1 Y1—2 Ye—1—2
Var(sf"?) = 323" 3 0 42 (5.4)
71=1  72=1 ~Ye=1

for all€:1,2,...,L%J.

Proof. We utilise Lemma 4.1 with bjc; = jellitéi) for j =1,...,n — 1, where 0; ~U(0,2m).
First, we check whether these random variables have zero mean. We study a complex random
variable of the form Z := ae'™?, with a € R, § ~ U(0,27) and m € N. We assume that m = 1
without loss of generality as the exponential function is periodic. The mean of Z vanishes since

a 2w
E[Z] / e?ds = 0.
0

T or
Next, note the variance of a complex random variable W is defined by
Var(W) = E[[W[*] — [E[W]].
Applying this definition to the random variable Z, we find
Var(Z) = EHaeie‘Q] —}E[aeig] ‘2 =a’.

Hence, we have Var(b;c;) = g% for j =1,...,n — 1. Utilising Lemma 4.1 allows us to conclude
the result stated in equation (5.4) as desired. [

As established in the previous sections, the random coefficients of the characteristic poly-
nomial PP (z) satisfy the necessary conditions for appl(yin§ Theorem 5.1. To simplify the
polynomial QF(x), constructed from the coefficients ‘aen)| = Var(mén’D)), we analyse these

polynomials using generating functions. Consequently, we state the following lemma.
Lemma 5.3. The polynomials

|
QP(z) = Var(/i§n’D))x"_2€,
=0

w[3
[

with Var(/ﬁén’D)) given by equation (5.4) for £ = 1,..., L%J and Var(ﬂén’D)) = 1, satisfy the
following three-term recurrence relation:

Qrii(z) =2Q) (x) +n*Q) 1 (x), n>1 (5.5)
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Proof. From the variance at £ = 0, we have Qf (z) = 1 and QP (x) = 2. The rest follows from
Proposition 1.3 with Var(—byc)) = 2 for £ =1,...,n — 1. [ |

Proposition 5.4. We find the following rewriting of the polynomials QP (x):

(D" Em)2R 1w
Qr(z) =) (K)2(n — k)! <2+2>k’

k=0

where (a)p :=T'(a + b)/T'(a) denotes the Pochhammer symbol.

Proof. We use the fact that the polynomials QY (x) satisfy the three-term recurrence rela-
tion (5.5) and study them via the method of generating functions. The latter is defined by

q(z,z) = Z oz c (5.6)

We study a differential equation for ¢(z, m), with differential operator D, := 0,20, = 202 + 9,,

()
D.q(z,z) —xz n'n' Z n—l n—l) 2" = xq(z,2) + 2q(2, ).

The definition ¢(z,z) = e *r(z,x) leads to
20%r(z,x) + (1 —22)0.r(2,2) — (x4 )r(z,z) = 0,

which is Kummer’s differential equation in variable 2z, cf. [32]. We can thus immediately write
down the two independent solutions

1

q(z,x) = c1e”*U <

27 i

1
5 + 3,1;22) + e M <2 + z 1'22) ,

where U(a,b;y) denotes the confluent or Kummer hypergeometric function and M (a, b;y) Tri-
comi’s hypergeometric function. The initial conditions ¢(0,z) = 1 and 0,q(z,x)|,=0 = z fol-
low from the definition (5.6) and the two lowest order polynomials which determine the con-
stants c¢1, co in the solution of the differential equation. Because U(a,1,z) has a logarith-
mic singularity for z — 0 [32, equation (13.2.19)], we have to set ¢; = 0 and co = 1, as
M(a,b;y) = 1Fi(a;b;y) is unity at the origin. The second boundary condition can be easily
checked from the derivative of M(a,b;y) at the origin using [32]. Finally, the explicit form
(5.4) follows from writing out the hypergeometric function 1 F(a, b; z) as a series and using the
Cauchy product

. 1z 2 (—1)kk & e (a)p2F
e 1F <2+2’1’22>:Z Ll Z nlnl ZZ klklnfk)lz’

k=0 ’ n=0 n=0 k=0

Witha:%—i—%. [ |

We observe that the polynomials QP (z) in (5.4) are the Meizner—Pollaczek-polynomials,

denoted by PT(L)‘) (y; ¢) in its hypergeometric representation [27, Section 9.7]
P (y; ¢) = (A )," Ty (<, A+ iy; 2X0; 1 — e ).

We obtain the polynomials Q2 (y) with the choice A = %, ¢ = —% and y = —5. The Meixner-
Pollaczek polynomials appeared already in another context of random matrlces namely the
study of moments and hypergeometric orthogonal polynomials in [13].

Combining all results, we are now in the position to compute the equilibrium eigenvalue
density (1.12) of eigenvalues of the general complex tridiagonal matrix T3 in the low temperature.
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5.1.1 Proof of Theorem 1.2, equation (1.12)

We derived Lemma 5.2 for the variances of the coefficients of the characteristic polynomial of
matrix D,. To apply Theorem 5.1, we observe that we found an expression for the characteristic
polynomial of D,,, such that the coefficients of this polynomial in z are independent, have zero
mean and the variance is given by (5.4). Moreover, we proved in Lemma 5.3 that the expressions

for the variances of the coefficients ngn’D) are the coefficients of the polynomial Q (x). We define

the parameters a,(cn) in Theorem 5.1 by the square root of the variances 4/ Var (K,](CmD)) and find
that we have to study those polynomial, whose coefficients are the variances of the coefficients
of the characteristic polynomial of D,, as a polynomial in |z|?, i.e., we study QT[L)(MQ). To find
the corresponding limit for the matrix Tz, we have to take the scaling due to Theorem 3.3 into

account. Recall that we denote the characteristic polynomial of the matrix T3 by
PL(2) = det(z1,, — Tp),

whereas the characteristic polynomial of D,, from equation (3.1) is defined as
PD(2) = det(21,, — Dy,).

We conclude that these two characteristic polynomials are related due to Theorem 3.3 as

PI(z) = [z~ MT) = ] ( -

i=1 i=1

= %P,?(\/%z) +o0 (1

e (5.7)

We will only take the leading order of the low temperature limit 5 > 1 into account and comment
on possible corrections later. Recall that for calculating the limiting density we have to take
the variance of the coefficients of the characteristic polynomials into account which yields the
following result due to Proposition 5.4 and Theorem 5.1:

= i g (G (R v (5))
i (G G (L) o(3))

|
= nh—>Holo % In ((—1)"(2nn)n o Fy (—n, % +nlz% 1; 2) +o (;)) .

In the second step, we have replaced the sum by Gauss’ hypergeometric function which truncates.
Notice that the prefactor in (5.7) gets squared as we now consider the polynomial Q~ ((2n)|z|?)
of the variances. To compute the limit of the hypergeometric function, we assume that we can
first expand in the first argument as it diverges faster than the second argument, because we
have |z| < 1 in the corresponding scaling limit. We apply the large n asymptotics given in [1,
equation 15.7.3] with arg(—2n) = 7 for n € N:

1 jeimnl=[? L 1
Fi(-n,-+n]z%12) =———(—2n —2nkl <1+O<>>
21 ( 2 12 ) I - n|z|2)( ) 2n

]. _9 1 2 ].
e ez (Lo ().
* F(%+n|z\2)e (=2n) ( * 2n

U(z)
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Using the Stirling formula to approximate I'(z) for large x as [22, equation (8.327)]
1
D(z) ~ 2 Y2e72\/2r <1 +0 <)> ,
x

we conclude

1 2.1. _ i inn|z|? n|z|? —n|z\2 —1_nz? 1
gFl( n,2+n|z| ,1,2) —\/ﬁe (—n|z?) (—2n)">2 1+0 5

b lalaf?) o ot (10 (1))
O o 2y o)

+ \156”“%'2'2)(—2/12\2)“Z'2<—2n>—5- (5-8)
s

Q

To calculate the limit U(z), we have to find an expression for the logarithm of this approximation.
\li\‘fe use the following rewriting of the logarithm of the sum of two complex variables a, b with
b

> 1

lal

In(a+b) =1In(la+b|) +iarg(a+b) ~ In|b| +iarg(a + b) (5.9)

for ||b“ > 1, where arg(a+b) € [0,2m) is the argument of the complex variable a+b. It vanishes in

the limit n — oo because of the factor 1/(2n). We proceed by implementing the approximation
of the hypergeometric function into the logarithm and we set

b npPlr—1)g-nlz2 L2\nlz? 1
a=——e 2 z , 5.10
b= e B (o)
V2T \/—72n
and observe that
|£|| _ ef2n|z|2+2n(’2‘2/2>2n|z|2 <1 for n — oo. (5.11)

Note that the value of ‘%‘ is not always close to zero for all values of z € C as n — oco. This
is because the exponent in equation (5.11) can be positive or negative, depending on the value
of z, for example, when z is close to zero.

For values of z where the exponent is positive, we instead consider |§‘, which decays to zero
as n — oo. In this case, we rewrite equation (5.9) as

In(a +b) =~ In(|a]) +iarg(a + b), (5.12)

and carry on with the proof using this approximation.

To proceed, we therefore need to consider two cases, depending on the specific value of z,
since the sign of the exponent in equation (5.11) depends on z. This will determine whether } 3 ‘
or ‘ b‘ decays to zero. These two cases are:

1. For values of z where the exponent in equation (5.11) is negative,
Therefore, we use equation (5.11) to approximate the logarithm of equation (5.8).

2. For values of z where the exponent in equation (5.11) is positive, |3} < 1asn — oo.
Therefore, we use equation (5.12) to approximate the logarithm of equation (5.8).
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However, in both cases, equation (5.13) will lead to the same spectral density in equation (5.16),
regardless of whether we take a or b in equation (5.10). Thus, for the remainder of the proof, we
focus on the case described in equation (5.11), substituting equation (5.9) into equation (5.13).
The proof for the other case follows analogously and is therefore omitted. Nevertheless, more
care must be taken because equations (5.14) and (5.15) are slightly different, as the signs of m;
and mo will be flipped.

Next, we approximate the prefactor of the hypergeometric function using the Stirling formula
again,

(=1)"n! (=1)"e ™
T

Bringing all together, we find

1 —1)"n! 1
U(z) = lim —In <()n2F1 (—n, = 4 n|z)?%; 1;2))

n—o0 2n (2n)" 2
1 —3+|2)2 2_1) (1,2 —nl=?
znh_)rgoﬁln((—l)”e"( = 9n =P =1 (122) )
= mo + m|z|* + ma|z* In(|2]?), (5.13)
where we obtain
ir 3 1 1  In(2) 1
mo=y —g Tl =gt m= g (5.14)

Calculating the Laplacian yields
AU (z) = my + 2ma + mo In(|2[%).

We conclude that the equilibrium density of the general tridiagonal matrix ensemble is given by
pl(2) =no+mn(|z*),

valid on its support to be determined, where the constants g, 11 are defined by

1 In2 1
= 2mg = —— + — = =——. 1
No = my + 2my 5 + 5 n = ma 2 (5.15)
The function p’(2) is a density as long as p?(z) > 0. We define the radius of the complex
variable z by r := |z|, and determine the support also called droplet via the following condition

N0+ M log(rz) >0 & r<exp (—2?70) ,
m

where we used that n; < 0. We denote
2
rQ = exXp <—770> =14/ — ~ 0.858.
2m e

The support [0, 7] is determined by the ratio of the two constants 7y, 71 and therefore inde-
pendent of the normalisation. We still have to normalise the density properly. Therefore, we
define

o

70 To
A= / d?zpl(2) = 27T/ drrpl(z) = 277/ drr(no +m ln(TQ)) = —mme M = i
C 0 0 €

Our final result is the following normalised equilibrium density

pl(z) = %ﬁT(z) = ;;(ln@) —1-In(|2[*)) ~ —0.133 — 0.433In(|2|?). (5.16)

To prove that this result also holds for the symmetric ensemble S, we choose ¢; = 0; for all j
in equation (5.3). The result then follows a similar calculation to the one presented above.



30 G. Akemann, F. Mezzadri, P. Pafiler and H. Taylor

Remark 5.5 (corrections in 1/3). As we calculated the leading order of the equilibrium density
in the low temperature limit 5 > 1, we will comment on the order of the sub-leading terms. We
start from (5.7) and perform the product as

Tt ) o (5 )ZH( )

J=1k#j

P (2) =

() (SR o)) o

=1 j=1 k#j,i

We observe that we can express the lower order terms in terms of derivatives of the characteristic
polynomial P2 (\/ 2nz) as

PR (V) + Zo(

We normalised the matrix T by 1/ \/m such that the eigenvalues are supported in a compact
disc. Therefore, we expect the characteristic polynomial P! (z) to be bounded on the support
of Tg. Hence, the quantity - ng ( 2nz) is bounded, too. Furthermore, we use the fact
that the derivative of the characteristic polynomial P ( 2nz) is given by the sum of the char-
acteristic polynomials of all ((n — 1) x (n — 1))-dimensional sub-matrices of D. The latter are
normalised with respect to a factor 1/(2n — 1)“z (by an induction hypothesis, this normalisa-
tion is of the same order for all n). Notice that we get another factor of \/2n for each derivative
as we act on the variable 2’ = v/2nz.
It follows that the first correction reads

PI(:) =

) PP (V2nz). (5.17)

n—1

0 (\}B) (\2/? (2n —1)"7 x norm. = o <\}B> (1 - 21n> * % norm,,

where “norm.” denotes the fixed norm of the characteristic polynomial of D,,. We observe that
the leading order is independent of n. For the i-th order correction in 3, we find

i

1 i\ 'z
0] , 11— — X norm.
5% 2n

for : = 1,...,n. For the calculation of the equilibrium density, we need the polynomial built
by the variances of the coefficients of PI (). Therefore, we have to estimate the correction to
each coefficient separately and calculate its variance. For z"~!, we have only one contribution
coming from the first correction term in (5.17). Using the independence of the matrix elements
of D, as we did previously, it is clear that the variance splits and we obtain a correction of order
0(%) for the second highest coefficient in z. Hence, we conclude that

1

n22 L Y L n|\z
O ) + e Yoo () @i \))

where the Qfﬁi (2n|z|?) is the polynomial of the variances of all ((n — i) X (n — i))-dimensional
sub-matrices of H for i = 1,...,n. We estimate the leading order in n by

D (2n|2[?) <1+Z < >>>
n(2"122)) i 2i1n (HZ </61>>

n—oo 2n

U(z) = lim 1ln<

n—o00 2n

U(z) = lim 1ln<( e

. 1 1
= lim —1In
n—soo 2n, (2n)"
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where we find that the first correction term in orders of 5 is massively suppressed in the large
n-limit. This is the reason that the radial density of the general and the symmetric tridiagonal
ensemble shows universality in 8 in the large n-limit. This contrasts with the behaviour for
n = 2, which is discussed in Appendix A.

In the non-symmetric ensemble, we have that the coefficients of the polynomial Q% (]2\2) still
contain an explicit -dependence (cf. Proposition 5.9) which makes the study of the correction
terms much more evolved.

We conclude by determining the moments of our radially symmetric logarithmic density.

Lemma 5.6. The radial moments of the rotational symmetric density p"(z) for the general and
symmetric ensemble L =T, S are defined by

r0
my :—/ dr r?k+1pl(2) (5.18)
0

fork=1,2,... with |z| =r. They are given as

el 1 1 2\*
_ _ 2\ 5.19
= (k+ 1)2T0 2m(k 4 1)2 (e) (5.19)

Proof. Due to the radial symmetry of density p”(z) we study only the non-vanishing radial
moments defined in equation (5.18). We parametrise |z| = r and insert equation (1.12), which
leads to (5.19) using elementary integrals. |

The moments seemingly do not correspond to any interesting combinatorial objects, unlike
the semi-circle, which relates to the Catalan numbers.

5.2 Non-symmetric ensemble

To derive the limiting spectral density of the non-symmetric tridiagonal matrix ensemble in the
low temperature limit (5 > 1), consider the characteristic polynomial of the scaled matrix G,
from Section 3. Specifically,

0
V= Telba-1

1
VB
0 1
VB
if2 1
V2e 0 . 75
Vi1ef?r 0

where 6; ~ U(0,27). We introduced here a factor of v/2 in front of G,, compared with the
notation in Section 3, for the same reasons as discussed for the non-symmetric ensemble in
Section 5.1. We now consider the polynomial P$(z), defined in analogy to equation (1.14),
associated to the rescaled random matrix G,,.

Lemma 5.7. The coefficients fién’G) of the polynomial Pf(z) are independent, have zero mean

and variance given by

G 1 n—1 m-2 Ye—1—2
Var(nén’ )) = 5 Z 1 Z Y2 Z Ve (5.20)
n=1l 7=l Ye=1

for allﬁzl,Q,...,L%J.
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Proof. We have b;c; = %eieﬁ for j=1,...,n—1, with 8; ~ U(0,27). The rest of the proof
is completely in parallel to the one of Lemma 5.2 for the general ensemble. |

As in the previous subsection, we conclude that we have all conditions of the random coeffi-
cients of the characteristic polynomial P (z) to apply Theorem 5.1. Therefore, we define

ol = Var(x{)). (5.21)

To simplify our calculations, we will evaluate the function Q% (z), defined in (5.2), in terms of
the Hermite polynomials.

Lemma 5.8. The polynomials

5]
Qg(a:) = Z Var(fi,(gn’G))x”*%,
k=0

with Var(/@,gn’G)) given by equation (5.20) for k =1,..., L%J and Var(/i((]n’G)) = 1, satisfy the
following three-term recurrence relation:

n
*Qg—l(ﬂf)‘

B

Proof. This follows from Proposition 1.3 with Var(—b;c;) = % forj=1,...,n—1. |

Qi (x) = 2QF () +

Proposition 5.9. The polynomial QS (z) is given by

L
Q5 (x) =

J=0

]

|3

n!

CESTICO

Proof. We begin by simplifying the expression for the nested summation of Var (K](gn’c)) defined
in equation (5.20).
Let B,, denote an n x n Jacobi matrix defined as follows:
0 vn—1
_ i |veeT o0
V2 KRRV
v 0

Utilising the notation of equation (1.15), the characteristic polynomial of B, is given by

B, :

Py(x) =Y wlBar—2m, (5.22)
m=0
where
(n B) (_1)m n—1 7m71_2
O T Z SRR Z Y- (5.23)
y1=1 Ym=1

Next, we note that defined in [32, equation (18.7.11)] the probabilist’s Hermite polynomials
He,, (z) satisfy the three-term recurrence relation

Hept1(z) = 2 Hep(z) — nHep—1 ().
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Identifying the recurrence coefficients by in equation (1.15) for Hermite polynomials and using
Proposition 1.3, alongside the explicit form of the Hermite polynomials [32, equation (18.5.13)],
we obtain

L

ME

] l3)

_ (n,He) ,,n—2m __ | (_1)m n—2m
He,(z) = Ko =nl! Z ml(n = Qm)!me (5.24)
m=0
for
He) Vi—1—2
Iil(m ° = Z 1 - Z .- (5.25)
Mn=1 n=1

(n7G

Now, we can derive an expression for k., ) by comparing the closed forms of the characteristic
polynomial in (5.22) and the Hermite polynomial. Specifically, by equating the equations (5.22)
and (5.23) with (5.24) and (5.25), we find

1 — y1—2 Ym—1—2
P = T e 3
n=1 7=l Ym=1
(n,G)
Thus, we can express Var(kal ) as
— v1—2 Yi-1—2 ol
Var (" 3 Z N e D om= 2lﬂlll (n— 20!’
71=1 7=l n=1
as desired. m

Combining the results discussed above, we are now ready to compute the limiting spectral
density of the eigenvalues of the non-symmetric tridiagonal matrix T in the low temperature
limit.

5.2.1 Proof of Theorem 1.2, equation (1.13)

Proof. We begin by defining the parameters a,(gn) in Theorem 5.1 using equation (5.21). By

Lemma 5.7 we know that these parameters are independent, have zero mean and variance
,/Var(/-i,(f G)). Thus, our polynomial P%(z), as defined by equation (1.15), takes the form
outlined in (5.1).

Next, we consider the polynomial QG(|Z|2), which is associated with the matrix G,. To
determine the corresponding limit for the matrix Tg, we must also account for the scaling
determined in Theorem 3.5. Recall that the characteristic polynomial of the matrix TB is denoted
by 777? (2) and that of G,,, denoted by PS(z), is given by equation (3.7). Therefore, we conclude
that

n

PL(2) = H(zf (Tp)) :H<z Gn)+o<\/13>> (2n) —— PS5 (V2nz).

=1 =1

in distribution as 8 — oo. Utilising Proposition 5.9, we establish the following:

2 n! |z

1
2 ji(n—2j)! 2% B7n% ~ (2inyB)"

‘2(n72j)

“(2n|z?) = He,, (2in/B]2|?). (5.26)

1
(2n)"
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However, the difficulty is that the scaling parameter n appears in both the argument and the
coefficient of the Hermite polynomial in (5.26). Therefore, before taking the limit of the log-
arithm we apply the multiplication theorem for Hermite polynomials [32, equation (18.18.13)],
applied to (5.26) to produce

; e, (2in z?) =
Ginyg)" en (BnVAIEF) = 2
J

J
L

—
NIE
[,

|+ 1\’ n! q (| |2)
- €y 9245\ |2
4Bn? ) jl(n—2j)l20 = ¥

n!
Jl(n —25)127

ISR

Q

Hen_gj(\z|2).

o

<

In the second step, we are neglecting higher order terms in 1/3. For the latter sum, there is the
following identity [32, equation (18.18.20)]:

|
on _ n: (1212
A= 2 gy e ()
and thus we arrive at the following approximation for the limit

: 1 2n
U(z) ~ nh_)r&%logﬂz\ ) = log|z|.
It is well known that the logarithm is the Green’s function for the Laplacian in two dimensions,
and thus we obtain from Theorem 5.1

T 1 1
P(z) = - AU(2) = 15(2) (2).

After appropriately normalising this is equation (1.13), in coordinates z = = + iy. |

6 Numerical simulations, pseudospectrum,
and local nearest-neighbour spacing

In this section, we study the tridiagonal matrix ensembles numerically and compare the equilib-
rium densities for T (1.12) and for fg (1.13) derived in the previous section in the limit of low
temperature 5 > 1 and large matrices n — oo with the numerics.

We begin with two scatter plots of the complex eigenvalues of the general tridiagonal random
matrices T3 and fﬁ in Figure 1 left respectively right, for the same number of realisations,
matrix size and S = 6. In both cases the spectrum is rotationally invariant, as expected. For
this reason, below we will only present plots for the radial density of the modulus |z|. However,
already for a single value of § the ensembles show very different features. While the spectrum
of T in Figure 1 (left) is smooth, with a strong peak at the origin, that of fg looks almost flat,
with pronounced concentric rings, including at the origin and at the edge.

In Figure 2, the radial density p(|z|) of the complex eigenvalues z is plotted for L = T,T
for different values of f = 1/2,2,1000 in different colours, for the same size and number of
realisations as in Figure 1. For the general tridiagonal model T (left), we observe that the
histograms of the radii |z| look very similar for the plotted S-values over a range of 3 orders of
magnitude. Only near the origin small differences can be seen. We conclude that the spectral
density of the general tridiagonal ensembles Tz seems to be universal for a large range of 3 in the
limit of large matrix size n. This shows that although we are only able to compute the limiting
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Figure 1. Spectral density of the complex eigenvalues of T (left) and fg (right), for 100 matrices of
dimension n = 5000, both with § = 6. The spectral density is normalised by /2np.
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Figure 2. Histograms of the radial density of the complex eigenvalues for 100 matrices of size n = 5000
of the ensembles T3 (left) and Tp (right), at 8 = 1/2 (yellow full curve), § = 2 (green dashed curve) and
8 = 1000 (magenta dotted curve).

spectral density for matrices T in the limit of low temperature § > 1, due to universality the
result will be a good approximation also for small 5 down to 8 = 1/2, when n is large, too.

For the radial density of the ensemble T, i, the situation is different. We observe that all three
curves for different values of § = 1/2,2,1000 share a flat density and a peak at the edge of the
spectrum, which also appears to be universal. However, at large § — which is the limit in which
we derived the global density — a strong peak at the origin develops, in addition to small peaks
within the spectrum. We conclude for the non-symmetric tridiagonal model the equilibrium
density pT'(2) = §(x)d(y) (1.13) completely dominates the spectrum in the limit of large 3 and n,
and that we cannot resolve the subleading, potentially universal features of the density in this
limit. The tails of the peak at the edge may be different for small to intermediate 8 too, but
such a local analysis is currently not feasible. We will discuss in the next subsection what could
be the reason of this singular behaviour, introducing the notation of a pseudo-spectrum, which
plays an important role here.

In Figure 3, we give a visual (left) and quantitative comparison (right) between the radial
distribution of the numerically generated general tridiagonal ensemble T and symmetric ensem-
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Bl 1
() . 2 | 100 | 1000

100 (5000) 7.60 | 4.57 | 10.70 | 11.73
T | 1000 (1000) 3.25 | 1.35 | 3.60 | 4.02
5000 (100) 1.38 | 1.41 | 1.39 | 1.38

100 (5000) | 9.84 | 5.74 | 10.62 | 11.82
Ss [ 1000 (1000) | 4.10 | 2.24 | 3.59 | 4.15
5000 (100) | 2.22 | 1.38 | 1.37 | 1.34

||

0.2 0.4 0.6 0.8

Figure 3. Comparison between analytics and numerics for T and Sz. The histogram (left) shows the
distribution of the radii for an ensemble of 100 matrices of size n = 5000 for the general ensemble T
(magenta) and symmetric ensemble Sg (light red) for S = 100. The region where both distributions
agree is purple. The black curve gives the analytical expression for the density (1.12). We also give the
Kolmogorov—Smirnov distances (right) in units 1072 between the numerics and the analytical result (1.12)
for both ensembles for various matrix sizes n, ensemble sizes m and § values.

ble Sg at 8 = 100, keeping the same matrix and ensembles size. The left plot shows coloured
histograms in magenta and red, respectively, versus the analytical solution (1.12), which we
derived in the low temperature limit for n — oo (magenta curve). We observe an excellent
agreement within both matrix ensembles. Moreover, the distributions of the two models show
only small departures from each other and from the limiting spacing density. To estimate the
systematic error between the analytical result (1.12) and the numerics of the two matrix ensem-
bles Tz and Sg, we calculate the Kolmogorov-Smirnov distance d for 4 different values of § in
units of 1072 in the table of Figure 3 (right). The Kolmogorov—Smirnov distance d between two
distributions f and g is defined as

d = max|F(z) - G()| € 0,1),

given in terms of the respective cumulative distributions F' and G of f and g. The Kolmogorov—
Smirnov distance d is independent of the binning into histograms.

As a reference, we give the same measure of error for the constant spectral density of the com-
plex Ginibre ensemble GinUE with the same ensemble size n = 5000 and realisations m = 100,
which produces d = 0.17-1072. Note that the range of error for the equilibrium density p”%(2)
of both ensembles is always comparable and shows the same systematic when increasing 3, n
and m. We observe that the best agreement between the derived analytical result and numerics
is given for large n = 5000. However, the Kolmogorov—Smirnov distance is still by one order
larger than for the same ensemble of Ginibre matrices. For the largest n, where we see the best
agreement in Kolmogorov—Smirnov distance, we can go to even larger g = 5000, 7000, 50000 and
find that d is not reduced further, i.e., we have d = 1.37,1.39, 1.37 in units 10~2, respectively.

Remark 6.1. As a technical remark, we would like to point out that for the calculation of the
Kolmogorov—Smirnov distances, the data is normalised with respect to a flat measure, which
gives a much simpler numerical computation of the cumulative distribution. Therefore, we
compare with the limiting density, which is also normalised with respect to the flat measure, i.e.,

70
1:/ dr p>Hat(z).
0

Since this only affects the overall scaling of the function, both for analytics and numerics, the
calculated Kolmogorov—Smirnov distances still provide a good estimate of the systematic error.
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6.1 Contours of e-pseudospectra for non-Hermitian tridiagonal matrices

It is well known that the numerically determined eigenvalues of a non-normal matrix do not
always provide a complete picture of the matrix properties, particularly its resonances and
stability. In many cases, the spectrum alone is insufficient to capture the sensitivity of the
matrix to perturbations. This limitation motivates the study of the pseudospectrum, a concept
introduced in [34]. The pseudospectrum extends the analysis of the eigenvalue spectrum to
incorporate the effects of perturbations and the behaviour of the resolvent.

The pseudospectrum can be formally defined as follows.

Definition 6.2 ([34, equation (2.1)]). Let A € C"*™ and € > 0. The e-pseudospectrum A¢(A)
is the set of z € C such that

H(zln - A)_IH > e L

The matrix (21, — A)~! is known as the resolvent of A, and the spectrum o(A) consists
of those z € C where the resolvent does not exist (i.e., the eigenvalues of A). Following the
convention in [34], for z € o(A), we set

(21, — A)*lﬂ = 00.

An alternative definition of the e-pseudospectrum is given in terms of the 2-norm and the smallest

singular value of (21, — A), denoted by spin(21, — A). Specifically, when || - || = || - ||2, it holds
that

A 1
Definition 6.3. For || - || = || - ||2, the e-pseudospectrum A (A) is the set of all z € C such that

Smin(z1ly, — A) = i‘nf I(z1, — A)x|]2 < e.

[[xl[2=1

For normal matrices (matrices which satisfy AA* = A*A), the behaviour of the resolvent is
relatively straightforward: the e-pseudospectrum consists of the union of balls of radius € centred
at each eigenvalue in the complex plane. This reflects that the eigenvalues of normal matrices
are stable under small perturbations, and the matrix properties can be understood purely from
the spectrum.

However, for non-normal matrices, the situation is more complicated. Even when z is far
from the spectrum, the norm of the resolvent H (21, — A)~! H can be large. This occurs because
non-normal matrices can have eigenvalues that are extremely sensitive to small perturbations.
As a result, the e-pseudospectrum of a non-normal matrix does not simply form e-balls around
the eigenvalues. This behaviour is described in [34, Theorem 2.2].

A significant result that connects the spectrum and the pseudospectrum is the Bauer—Fike
theorem, which provides bounds on how eigenvalues behave under perturbations.

Theorem 6.4 (Bauer-Fike theorem). Let A € CN*N be diagonalisable, such that A = VAV~
Then, for any € > 0, with || - || = - ||2,

oA+ Ae - AE(A) Coa+ Aem(V)a

where

Ac={z€C||z| <€} and k(V) = |||‘|/V|1||| is the condition number of V.
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Figure 4. The plots show the e-pseudospectra of T (left) and TB (right), for n = 1000, compared to its
eigenvalues (dots) for 5 = 2. The contour scale represents 10~ ¢.

This result shows that for diagonalisable matrices, the pseudospectrum A (A) is contained
within a neighbourhood controlled by the condition number (V') of the eigenvector matrix V. In
the case of non-normal matrices, where (V') can be large (see Section 6.2), the pseudospectrum
provides an enlarged region around the spectrum.

Proposition 6.5. For arbitrary € > 0, the e-pseudospectrum is given as

lc1] ~ xp/2  for Lg = Tg,

2 2
a1 e 2 - 1 _
Z = \/m‘ + mp <€ } with ’61’ ~ ﬁxﬂ for Lﬁ = §6’ (6.1)

Cc1 = 1 f07” Lﬁ = Tﬁ

AE(LB) = {Z eC

and Re(a1),Im(ay) ~ N(0,1).

Proof. First, we will use Definition 6.3 to compute the e-pseudospectrum of the general tridi-
agonal matrix T3. Thus, to analyse the 2-norm of the vector (21 — Tp)e,, consider the equation

(210 = Ts)enllo = ‘

0 0 c1 o a '

This yields

2|zaj| a1

2
(1~ Tp)eallz = \/ 1212 = 2o costang(ea) + L

Next, we must establish that the vector e, minimises this expression over all unit vectors
x € C". To do so we must use the Cauchy-Schwartz inequality since Var(|c;|) > Var(|c1])
for j =2,...,n—1 when |cy| ~ Xgw/2 for general tridiagonal matrices Tjg and |ey| ~ %Xﬁw for

symmetric tridiagonal matrices Sg. Note that the entries on the sub- and super-diagonals are
of the same order for the general tridiagonal ensemble.
Assuming we have a vector x with ||x||2 = 1 one obtains

(210 = Tp)x|l2 > \/‘ <z - V;%) Tn

2

cl af . .
2he (m <¢m‘z ))
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.
a1

2np

*
n

We can choose a representative, such that the variable Re(%ﬁxn_l( — z*)a: ) is positive,

without loss of generality. Therefore,

(215 — Tp)x||2 > \/\ <z— m) Tn

which implies that e, is the infimum. For the non-symmetric ensemble, we have ¢; = 1 for
j=1,...,n—1, which is independent of 3. |

2

9

Asn — oo or § — 00, the e-pseudospectrum converges to e-balls centred at the origin for all
three matrix ensembles. However, for small n and 3 the randomness displayed in |c; | altering the
radius of the contours results in a significantly different situation for the general and symmetric
tridiagonal ensemble, cf. equation (6.1).

6.2 Measures of non-normality

As discussed in the previous section, the e-pseudospectrum becomes more important as the
degree of non-normality grows. However, the latter is too complex to be determined by one
parameter completely. There are several possible measures of non-normality, which are discussed
in [34, Section 48]. To show that the degree of non-normality is much larger for the non-
symmetric tridiagonal matrices than for general/symmetric tridiagonal matrices, we consider
the condition number of the diagonalising matrix as a measure. This quantity can be easily
derived numerically. B

As previously, we assume that the matrix Lg = Tp, Sg,T3, can be diagonalised by ma-
trix Rj, as

Lﬁ = RLALRZI,

where A is a diagonal matrix containing the complex eigenvalues of Lg. The condition number
of the diagonalising matrix Ry (which contains the eigenvectors) is also defined as

Smax(RL)

H(RL) = Smin(RL),

where spax(Rr) and Spin(Rr) are the maximal and minimal singular value of Ry. Recall, that
the diagonalising matrix Ry, is not determined uniquely and one has to fix a representative. The
condition number is bounded by 1 < k(Ry) < oo, where the condition number x(Rr) = 1 is
possible if and only if the matrix Lg is normal. Therefore, we will give the condition number
of the diagonalising matrix as a measure of non-normality for matrix ensembles of m matrices
of size n = 100, 500, 1000 and values 8 = 1/2,2,100,1000 each in the Table 1. We observe that
the condition numbers are of order at least 10'? times larger for the non-symmetric ensemble
compared with the general and the symmetric one. This confirms the observations we have
made thus far, as the spectrum of the general tridiagonal matrix ensemble is quite stable for
large n and different 5 and we calculated the equilibrium density which describes the numerics
for a large range of ensemble sizes. For a better comparison, we also give the condition numbers
for the same ensemble sizes of complex Ginibre matrices (normalised such that the droplet is
the unit disk) in the last three rows of Table 1.

It is known that Ginibre matrices are not normal but their scatter plots can be described
very well by the spectrum. We observe that the values of the condition numbers are of the same
order as for the general and the symmetric tridiagonal matrix ensemble. Moreover, Chalker and
Mehlig [30] derived that the eigenvalue condition numbers scale as O(\/N ) as N — oo, which
indicates a mild degree of non-normality (cf. discussion in [34, Section 35]). Edelman proved



40 G. Akemann, F. Mezzadri, P. Pafiler and H. Taylor

Table 1. Condition numbers. We give the condition numbers of the matrices of eigenvectors for matrix
ensembles of m matrices of size n = 100,500, 1000 and 8 = 1/2,2,100,1000 each for the general tridi-
agonal matrix T, the symmetric matrix Sg, the non-symmetric matrix fg and the Ginibre ensemble
corresponding to 5 = 2.

B
n(m) 1/2 2 100 1000
100 (1000) 38.83 42.09 41.20 41.67
Ts 500 (500) 105.81 116.81 124.03 114.04
1000 (100) 156.14 177.47 178.90 181.97
100 (1000) 26.47 36.33 42.40 41.70
Sg 500 (500) 77.95 101.37 114.83 111.19

1000 (100) 118.67 154.42 188.21 177.21
100 (1000) | 2.57-10%3 [ 3.12.10% | 3.10-10™ | 2.99-10™3

Ty 500 (500) | 3.90-10™ | 3.87-10" | 3.87-10° | 3.79-10™
1000 (100) | 4.06-10™ | 4.06-10° | 4.12-10™ | 4.08-1073
100 (1000) 98.13

Ginibre | 500 (500) 405.45
1000 (100) 70447

in [18] that the slope of the linearly growing condition number of a dense random matrix in the
dimension is given by Cg = 2¢7/2, with Euler’s constant ~. However, we want to emphasise that
this condition number, studied by Edelman and others, refers directly to the random matrix X,
rather than to the matrix of eigenvectors. We refer the reader to the literature [18] for a formal
definition. We checked that the calculation of this measure of non-normality yields qualitatively
the same picture as we have seen in Table 1, i.e., the values of this quantity are of the same
order for the general and the general tridiagonal ensemble while the results for the non-symmetric
model are of orders of magnitudes larger.

There exist also other measures of non-normality such as the departure of normality (in-
troduced by Henrici [26], see also [34, Section 48]). We observed that the computation of
this quantity is in the case of our matrix ensembles extremely sensitive to the machine preci-
sion and we therefore cannot observe large differences between the tridiagonal matrix ensem-
bles.

6.3 Local nearest-neighbour spacing

We study the local statistics of the discussed tridiagonal matrix ensembles. For a set of n
complex eigenvalues Ay, ..., \,, we define the NN of the eigenvalue A; as s; = min;«; [A; — Aj
and study the distribution p(s). It is convenient to normalise p(s) and its first moment to unity.
We consider 500 matrices of size N = 5000 for each of the three discussed tridiagonal matrix
ensembles. For the general and symmetric matrix ensemble, we study the bulk of the spectrum,
i.e., radii in the interval [0.1,0.6] C [0, 1/2/e] with /2/e ~ 0.858 to stay away from the edge (cf.
Figure 2 (a)) and unfold the spectrum with the square root of the analytically known spectral
density (1.12) (discussed in detail in [2]). In both cases we find that the local NN spacing
distribution (after rescaling the first moment to unity) looks for various § = 1/2,2, 1000 similar
to the statistics of a 2D Poisson process of independent particles (8 = 0) with (6.2) [24]. This
is clearly not the NN spacing of a 2D Coulomb gas at the inverse temperature § and we neither
expected this nor understand this behaviour at the moment. For the non-symmetric model, we
cut off the large peaks at the origin and the edge of the spectrum, i.e., consider radii in [0.02, 0.44]
(cf. Figure 7 (b)) and find a different behaviour compared to the other ensembles. The maximum
of the distribution is shifted to the right with respect to Poisson, and we observe -dependence
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Figure 5. We present histograms of the NN statistics for the ensembles T}, Sg, and fﬁ from top to
bottom row. For all ensembles we consider S = 1/2,2,1000 in the plots from left to right. Additionally,
we give the analytical known results for 2D Poisson (8 =0) (6.2) (red full) and for complex Ginibre
(8 =2) (6.3) (black dashed). We observe an agreement of the NN statistics of the ensembles T and Sz
with 2D Poisson independently of 8. In the last row, we also plot the numerical distribution of the
symmetry class AIIT (dot-dashed blue) which agrees well with 3 = 1/2. The ensemble T shows a -
dependence, and it overshoots the maximum of the complex Ginibre ensemble for § = 1/2,2, whereas it
is in better agreement for 8 = 1000.

of the distributions. For comparison we plot the analytically known NN distribution (6.3) [23]
of the complex Ginibre ensemble (8 = 2) as a black dashed line, see Figure 5,

1 2

pg\;is(s) =2I (1 + 2) se_F(l"‘%)QSQ -

00 241, —s2 - -

P 25 J e 1—\(1 +] . )

Ginibre ' |
s) = Eun(s % with Exn(s) = . ’ o5
Pax o (8) e ( );I’(l + 4, 52) i (8) jl_Il G+ 63
Ginibre

where the first moment of pg"**¢(s) still needs to be normalized via the numerically computed
factor 1.1429 cf. [23]. The first moment of ppY. (s) is one. In the last row of Figure 5, we give
also the local NN distribution in the bulk of class AII' as representative of the supposedly three
universal local bulk statistics in non-Hermitian random matrices (see for further discussion [25]).
We numerically generate an ensemble of 500 matrices of size 2N = 5000, where each eigenvalue
is doubly degenerate. We illustrate the NN distributions for the simplest representatives of
each separate universality class in Figure 6. Here, class AI' (red dashed) consists of complex
symmetric matrices, class A (black full) is the complex Ginibre ensemble (cf. equation (6.3))
and class AIIT (blue dot-dashed) contains complex self-dual matrices. It was found in [3] that
the local NN statistics of the classes AIT and AIIT can be effectively described via the statistics

of 2D Coulomb gases at 5 = 1.4 and § = 2.6, respectively. For class A, the exact correspondence
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Figure 6. We compare the NN distributions of the numerically generated statistics of 500 matrices of
size N = 5000, respectively 2N = 5000 of classes AI' (red dashed), respectively AII" (blue dot-dashed)
with the analytically known results of class A (black full) and a 2D Poisson process (magenta dotted).
We normalised the distribution with respect to the first moment of the NN statistics each.

with a 2D Coulomb gas at g = 2 is well established. Additionally, we give also the 2D Poisson
statistics (magenta dotted) from equation (6.2) in Figure 6.

In Figure 5, we find a surprisingly good agreement with the bottom left plot, i.e., 5 = 1/2,
which we currently do not understand. Moreover, we do not understand the shown convergence
towards Ginibre for larger § at the moment. Hence, the coupling of the eigenvectors plays an
important role and needs further study in the future.

A  Results for n = 2
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Figure 7. Histograms of the radial density of complex eigenvalues for 50000 matrices of size n = 2 of the
ensemble T (left) and Tp (right) at § = 1/2 (yellow full), 5 = 2 (green dashed) and 8 = 1000 (magenta
dotted).

It is well known, that the small n statistics of non-Hermitian random matrices is not always
a good approximation for the large n-limits, as pointed out in [23] for Ginibre matrices. This
is also what we observe here. For the general ensemble Tj, it is clear from Figure 7 (a) that
we do not have S-universality here, i.e., we see a distinct behaviour of the radial distribution
for various  at n = 2. For the non-symmetric tridiagonal ensemble T, we see in Figure 7 (b)
that for small 5 = 1/2,2 we have a relatively large support of the eigenvalues where a large
amount concentrate near the origin. For 8 = 1000 we have one large peak which is not placed
at the origin and the eigenvalues are supported in a small neighbourhood of this radius. As
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n = 2 is the simplest case of these non-Hermitian ensembles where we can study the jpdf and
average spectral density, we will show the results and comment on the differences compared to
the previously derived large n-results.

Lemma A.1. In the low temperature limit 3 > 1, the jpdf of the eigenvalues of the 2 X 2 matriz
L=1T5T, is given by

=dal? A2 Dol A1 — Ag|? 2472
pg()‘)%cg”/\l Xo|Pe e Tl ¢ 0<|142|> with ngiﬂ- (A1)

Bzl "
S S ﬁ P\l‘ ‘)‘2|2 . S 21757'('
= = IAp—Ag|2 A2 [agl? = 921-8
PTO) ~ CT Iy = gffe a2 —m bl =08y o =2 T (A.3)

where Ko(x) denotes the modified Bessel function.

Remark A.2. We observe in the symmetric ensemble with n = 2 that the function gg(A,r)
contributes only as a normalisation factor. This can be understood because a 2 x 2 matrix which
is complex symmetric can be made normal by fixing only one phase. As the Frobenius norm
is invariant under this change one can assume that a 2 X 2 complex symmetric matrix is also
normal, i.e., it can be diagonalised via a unitary transformation.

Let S = (2! g1) be a complex symmetric matrix with a1, as,c; € C. The normality condition
SST =SS yields one equation

a1ci + cras = ajer + cjas.
We choose polar coordinates a; = re©1 ay = 19192 and ¢; = sel? with r1,72,8 € [0,00),
©1,03,p € [0,27). After some basic algebraic computations, one finds the condition

i®y i©9
e2150 _ T2e 7’16

roe~i®2 — pie—iG1’

i.e., the normality condition for a 2 x 2 complex symmetric matrix can be expressed by fixing
one phase.

Proof. We apply the method of steepest descent for large 8 > 1 to calculate the function f7,(A)
for L =1T,8, T. As the [-dependent part in the expression of fr(A) is the same for all three
ensembles under consideration, the saddle point analysis can be performed before specifying the
ensemble. We denote the S-dependent part of fr(A) as

8_ 5_
ff(A,Rl)Z/GXP(—QL(A,r,Rl))VlP 21— |2 2%,
C

where the Rj-dependence drops out for the ensembles S and T. Note that the function
g (A, r,Rq) explicitly depends on the choice of the ensemble via its definition in equation (1.9)
and the expressions of the matrix elements in terms of the spectral parameters. We use the
following formula for a two-dimensional integration via steepest descent:

2m h(xo)eMp(XO)
h Mp(x)d ~ 20 N
/ (x)e b4 ot p( 0))1/2 as M 00,

where Hp(xp) is the Hessian matrix of p evaluated at xg, which is a global maximum/ minimum
of p(x). We denote the real and imaginary parts of r1 as (x,y) and rewrite ff (A, Ry) as follows:

A Rl / dl’/ eXP gL(A, r, Rl)) eg 10g[($2+y2)((1—:ﬂ)2+y2)]'
a:2+y )((1 —:c)2+y2)




44 G. Akemann, F. Mezzadri, P. Pafiler and H. Taylor

Hence, we are looking for the maximum/minimum of the function

p(z,y) = ilog[(ﬂc2 +7) (1 —2)* +97)].

We find that only (z,y) = (1/2,0) yields % = % = 0. The determinant of the Hessian at xq
is negative. Hence, we have a saddle point. Moreover, we observe that p(x,y) — —oo for
(x,y) = (0,0) and (z,y) = (1,0). Hence, the contribution of p(x,y) vanishes at these points.

For z,y — oo, we have a logarithmic divergence of p(x,y). It follows that

24-Br

fL(ARy) = exp(—gL(A,1/2,R1)),
for B > 1. To specify this function further, we have now to specify the function g (A, Rj)
for each matrix ensemble L = T, S5,T, where the R; dependence only appears for the general
ensemble T', which makes another integration over the complex variable Ry necessary.

Case L = T': Using the recurrence relations which were constructed in the proof of Theo-
rem 2.3, we find the following expressions of the matrix entries in terms of the spectral coordi-
nates:

r1(1—71)(A1 — A2)

az =ri(A — A2) + Az, c1 = 7 :
2
a; = —7“1()\1 — /\2) + A1, by = RQ(/\l — )\2), (A4)
which simplify as follows for 1y = 1/2 to
AL+ A AL — A
ay = ag = 12 2, Ccl = 14R22’ blsz()\l—)\Q).

With these expressions and the definition of the function gr(A,r, R;) in equation (1.9), we find
at 1 = 1/2

gT(A, 1/2, RQ) =

A= Xof? | [AL— A 2 1
— R .
s N S T

We can now calculate the function fr(A) (cf. equation (1.8)) as follows:

_ fA(ARY)
fT(A)—/(C\{O} R,

5-83,2 g2 —2o)?
: 5 o /md|R2||R2|—1e—“£2<|R22+56R2|2>
0
5—8,2 a2 _ 2
_ 2 Pm G%KO M ’
B 4

where we used the integral representation [22, equation (8.432) (7)] of the modified Bessel func-
tion Ko(z). The joint probability density in equation (A.1) follows now from equation (1.7).

Case L = S: Using similar recurrence relations as presented in the proof of Theorem 2.3
adapted to the symmetric ensemble described in equation (1.11) and below, we find that
gs(A,r;) = 1 at r; = 1/2. Hence, the factor fg(A,r;) gives only a constant contribution
yielding the result in equation (A.2).

Case L = T': Via the recurrence relations detailed in the proof of [31, Theorem 2.2], we find
at 1 = 1/2

~
~

B LA T Vs >\2!4,
4 32
which yields the joint probability density in equation (A.3). |

97(A,1/2) =
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Using the results of Lemma A.1, we compute the average spectral density, which is defined as

pt(\) = /C da PE(X, \g).

Proposition A.3. In the low temperature limit 8> 1, the spectral density of the 2 X 2 matriz
L=1T5T, is given by

1 2 B B3 BAP
T _ —|Al s L P
p(A) = e 2F2(1+ A4+l -+ o : A5
W mF(1+ 5,1+ 53+ @% 2’7 72772 27 2 (A.5)
1 2
Syy —[Al
P ()‘)_ IFI( +17 ) ) ) (A6)
r25+1
NI 8 k+1)
€ A Zk 0 F(k+1 |)‘|2kD g—k—l(l)

Ty
)= AT (5 +1)D_s_,(0)

for A€ C. D,(x) denotes the parabolic cylinder function.

Remark A.4. We observe that spectral densities of the general ensemble T and the symmetric
one S agree as /2 + 1 ~ /2 4+ 3/2 in the low temperature limit 8 > 1, which reduces the
hypergeometric function 2 F» in equation (A.5) to the same 1 F} as in equation (A.6).

Proof. To perform the complex integral we choose the new coordinate w = Ay —\ and take polar
coordinates for A and w, i.e., A = re't and w = roe'?? with ry,ry € [0,00) and 01,6, € [0,27). It
follows that the angular-depending part of the integral is of the same form for all three ensembles
L=T,S, T, i.e., we have to perform the following integral:

21
d@g e~ TIT2 cos(01—62) )

0

Therefore, we apply the addition theorem for the cosine and use [22, equation (3.338) (4)]. The
result is given in terms of the modified Bessel function of the first kind Iy(x).
Case L =T: We are left with the following radial integral:

T r [ B+1 —p2_ 13 3
p' (\) = 27Cj / drorh e Iy(r1re) Ko <42> .
0

We use the summation formula [22, equation (8.445)]

0 ka
Io(x) = ];0 PTG (A7)

Next, we swap the summation and the integration. Therefore, we apply Tonelli’s theorem (we
use the counting measure over N to identify the summation as an integration), as the function
is positive for all 7y € [0,00) and k € N,

T T —r2 — %k * B+2k+1 _n 7“%
= p ()\) = 277056 kzo m . dTQ Ty e 4 K(] Z .
We change variables to ¢ = 73 /4 and find

T\) = 27T o o~ 2P e s ~t g
:>p18()\)—277' 56 Zm ; dttz""e ()(t)
k=0
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.2k B+2k—2k+1 T8 +k+1)>
— 2770%1671% Z Tl F k 1 5 \/EQ*%*k*l (?8 3)

= T+ L(5+k+3)

B 2 2
oo 305+ 4 s B B3 B
=22 T‘-QWC’BE 12F2 1+§71+§;17§+§75 )

2 2

where we used [22, equation (6.621) (3)] and 2F}(a,b;¢;0) = 1 in the first step. We are now left
with the calculation of the normalisation such that

_ T
L_Adhyﬁy

Using a change of variables ¢ = 77 and [22, equation (7.522) (5)], we find

o0 B B .3 B r?
d —ri FKrll+—=1+=1 -4+ —; 1
/0 ryrie 2 2( 9’ SR 9

N———
I
|
[\
S
N
=
+
1S
—_
+
RSN
N o
+
0| @
DN =
N————

This proves equation (A.5).
Case L = S: These calculations are detailed in [3].
Case L =T: We start from the radial integration of the form
3 _ 1o

pg()\) = ZWKg/ dr rg“e’@’T’TzIO(Tlrg). (A.8)
0

We again apply the summation formula equation (A.7), change to the variable w = r% and apply
[22, equation (3.462) (1)]. We find

~ - o 2k
T . T g2 1 B+2k+2 B 1
PN =T gL <2 e 1) M N

In order to calculate the normalisation, we start from the integral representation in (A.8) and
apply integration over A € C. Using [22, equation 6.614 (3)] and [22, equations (9.220) (2) and
(9.215)] to evaluate the resulting Whittaker function, we find

o0 4
7 7 1 _T2 T B
/chme:w?KﬂT / dryry*lem 5 = 22 n2 KT (”z) D_145)(0),

where we applied [22, equation (3.462) (1)] and D, (x) denotes the parabolic cylinder func-
tion. |

B Spectral decomposition of symmetric tridiagonal matrices

Let S(n) denote the set of matrices S, where

Qnp, Cn—1
Cn—1 0an—-1 Cpn—2

S= ;

c1 ax

with aj,¢; € C, such that det(S) # 0 and the spectrum of S is non-degenerate. The sets D(n)
and A(n) are defined in the same way as in equations (2.1) and (2.2). We adapt the definition
of R(n), defined in equation (2.3), to be

R%(n) = {R € GL(n,C) | S = RAR™', S € S(n), A € A(n)}.
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When S € §(n), the spectral decomposition of S is given by
S =RAR™, (B.1)

where A € A(n) and R € R%(n). The spectral decomposition in equation (B.1) is unique up to
a permutation of the eigenvalues and the right multiplication R — RD, where D € D(n).
Consequently, the spectral decomposition in equation (B.1) defines a bijection

F3: 8(n) — L(n) x R%(n), (B.2)
where £(n) is defined by equation (2.6), and R (n) = R®(n)/D(n).

Lemma B.1. Letr = (rq,...,7,) and v = (vy,...,v,) be the first and last rows of R € R(n),
respectively. We have rj # 0, v; # 0 for all j € {1,2,...,n}. Moreover, the subset of R*(n)
such that ri + 1y + -+ 1, = 1, spans a set of representatives in R°(n).

Proof. The proof follows analogously to the proof of Lemma 2.2. |
Next, we aim to show that the bijection in equation (B.2) induces an injective map
G%: S(n) = L(n) x Hp,

where H,, is defined by equation (2.8). It follows from equation (B.2) and Lemma B.1 that the
map G° is singular valued. Our next goal is to prove the injectivity of this map. To do so, we let

ry
R=]: and R '=(li,....1,), (B.3)
ry,
where r} = (rjtssrin), i = (L, ..., lnj) for j=1,...,n

Theorem B.2. Let A € A(n) andr = (r1,...,r,) € Hy. Then, there exists a unique R € R%(n)
whose first row is v, and a unique S € S(n) such that S = RAR™.

Proof. Take R from the set of representatives of R®(n) defined in Lemma B.1. Let us write
the matrix equations SR = RA and R~'S = AR~ ! as a set of vector equations

I';A = En_j“r;-,l + an_j+1r§ + En_jr;+1, (B.4a)
Al = Crjiilj1 + an—jily + Gnjljpa, (B.4b)
for j = 1,...,n, where we have adopted the notation in equation (B.3). Upon letting r} = r, we
want to show that given A and r! with r{l; = 1, where 1; = (1,...,1)", we can reconstruct S, R

and R~! uniquely from the recurrence relations in equations (B.4) with boundary conditions
¢ =0,1g=0 and rg = 0. The vectors 1[‘}31 41 and l, 41 are undetermined.
Write

an = riAly, (B.5a)
Cno1 = \/ — a,r All, (B.5D)
rh = e (I'lA anry), (B.5¢)
I = —— (AL — anly). (B.5d)

Cn—1
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In the case where ¢,_1 = 0, the construction in equation (B.5b) fails. Therefore, we decompose S
into two smaller-dimensional symmetric tridiagonal matrices. Specifically, S = S & U,_1,
where S; denotes the principal sub-matrix of S € S(n) obtained by retaining the first row and
column of S, and let U,,_1 represent the principal sub-matrix obtained by keeping the last n — 1
rows and columns of S. This decomposition reduces the problem to two lower-dimensional cases,
which can be handled in two separate proofs. In general, if we encounter a j for which ¢,—; =0,
we use a similar decomposition and carry out separate proofs for the lower-dimensional matrices
that we form since they are symmetric tridiagonal matrices. Therefore, for the remainder of
the proof, we assume that ¢,—_; # 0 for all j, thereby ensuring we avoid any singularities in our
constructions.

The quantities a,,, ¢,—1, r{ and 1; solve equations (B.4) for j = 1. Next, we shall check that
they are consistent with the condition RR~! = I. One finds

1 1
rt211 = ﬁ(rﬁj\ll — an) =0, r'ilg = E—l(rgAll — an) =0,
n— n—
ril, — 2 (Al — aply) = 1
2lo = 1— aplh .

When 1 < j < n take r;_l, rt

5 1;_1, 1;, subject to the conditions

r}lj = r;_llj,l =1, r;-lj,l = r?_llj =0, Cn—jt1 = I';Alj,l # 0.

Define
p—j+1 = r;Alj, (B.6a)
Cn—j = \/(rE.A - an_j+1r; - 'cvn_j+1r§-_1)Alj, (B.6Db)
rh, = ,Cvnl_j (P5A = ap—jarh — Cuojars ), (B.6c)
Liy1 = 5:_],(1\1;‘ = an—jy1lj = Enjialj-1). (B.6d)

We can demonstrate that equations (B.6) solve the recurrence relations in equations (B.4). Next,
we need to establish consistency in the same way as in the step for j = 1. To begin, we note
that ¢,—; = r},Alj = riAlj;, since S is a symmetric matrix. Thus,

1 1 ~
I‘;-_Hlj = ~7(I‘§Al] - an_j+1) = O, r;+1lj_1 = ~7(I‘§-Alj_1 - Cn—j+1) = 0,
Cn—j Cn—j
1 1 ~
r;'lj—kl = = (I‘;Al] — an_j+1) = 0, I‘;illj_ﬂ = = (I‘;ilAlj — Cn—j-‘,—l) = 0,
Cn—j Cn—j

1
rjljs = T(rj+1Alj) = 1.

n—j
The orthogonality relations r}Hlk =0, I'Z:lj_l'_l =0, fork=1,...,5— 2, follow by induction and
from the fact that by construction I‘;Alk =0if |[j — k| > 1. The boundary condition er_l =0
terminates the recurrence relations. |
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