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Abstract. In this article we study the thermodynamic limit of the form factors of the
X X X Heisenberg spin chain using the algebraic Bethe ansatz approach. Our main goal is
to express the form factors for the low-lying excited states as determinants of matrices that
remain finite dimensional in the thermodynamic limit. We show how to treat all types of the
complex roots of the Bethe equations within this framework. In particular we demonstrate
that the Gaudin determinant for the higher level Bethe equations arises naturally from the
algebraic Bethe ansatz.
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1 Introduction

The computation of time dependent correlation functions for the spin chains remains one of the
most important and challenging problems in the field of quantum integrability. Recent numerical
computation of correlation functions based on the form factor analysis leading to predictions for
experimentally measurable quantities [32] have greatly enhanced the interest in this problem.

Typically we want to compute a ground state mean value of products of time-dependent local
spin operators. The most straightforward way to proceed with this computation is to introduce
a complete set of eigenstates of the Hamiltonian between the spin operators. For the most
interesting example of the two-point time dependent function one obtains a sum over all the
eigenstates of the spin chain

(s (t)ot) = Z exp(—iAEext + iAPexm)|<\Ijg‘Uﬂ\I/eX> ‘2’ a=xY,z.
\Ijex

Here AFqx and AP, are energy and momentum differences between the corresponding excited
state | Wex) and the ground state | ¥,) while the remaining coefficient is the form factor.

One can argue that the main contribution in the thermodynamic limit to the two point
function can be obtained taking into account only the low-lying excitations close to the ground
state. Thus the problem of the computation of the correlation functions can be reduced to the
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description of the low-lying excitations, computation of the corresponding energies and momenta
and finally computation of the form factors.

This scheme evidently can be applied to any quantum model but for the spin chains due to
the integrability all the quantities in this series can be computed explicitly. The first description
of the eigenstates was obtained by H. Bethe [4], however it is now well established that for
the computation of form factors and correlation functions the most efficient description of the
eigenstates is the algebraic Bethe ansatz introduced by Faddeev, Sklyanin and Takhtajan [33].
It is also the work of Faddeev and Takhtajan that permitted to describe systematically the
low-lying excitations [11, 12] in terms of holes (or spinons) and to compute the corresponding
energies and momenta. It was shown that the low-lying excitations can be defined in terms of
even number of real valued rapidities (hole positions). We would like to emphasise that this
number of holes remains finite in the thermodynamic limit.

Thus the remaining problem is a systematic computation of form factor for the quantum
integrable systems. This is a long-standing problem and numerous approaches were used to
compute these quantities [17, 25, 35]. For the spin chains the two main approaches to the
form factors and correlation functions are based either on the g-vertex operator algebra [16, 17]
or on the algebraic Bethe ansatz [25, 26]. Interestingly while the two approaches lead to the
same multiple integral representations for the correlation functions the form factor analysis
remained very different. The ¢-vertex operator approach leads to simple expressions for the
low-lying exited states for the spin chains without external magnetic field in particular for
the 2 and 4 spinon states for the X X X chain [1, 5, 6] and for the X X Z chain in the massless
regime [7]. The algebraic Bethe ansatz approach permitted to deal with the non-zero magnetic
field case leading to Fredholm determinant representations for the form factors [20, 21, 28]. These
representations turned out to be extremely useful for the asymptotic analysis of the correlation
functions [22, 23, 29]. However this approach did not permit to reproduce the results for the
form factors without an external magnetic field.

In this paper we propose an approach based on the algebraic Bethe ansatz solution for the
X X X spin chain without external magnetic field. The determinant representation we use as the
starting point for this paper were obtained in [25] using the Slavnov determinant representation
for the scalar products of off-shell and on-shell Bethe vectors [34], Gaudin—Korepin formula
for the norms of Bethe vectors [14, 15, 19, 27] and the solution of the quantum inverse prob-
lem [25, 31]. The form factors are thus represented as ratio of two determinants of M /2 x M /2
matrices, where M is the length of the chain. In the thermodynamic limit the matrices become
infinite and their analysis becomes rather complicated. In particular it can be shown that both
determinants (in the numerator and denominator) are divergent in the thermodynamic limit if
we consider the spin chains without external magnetic field.

The main goal of this paper is to analyse these determinants in the thermodynamic limit for
the low-lying excited states with finite number of holes and to take into account all the types
of complex roots. It turns out that contrary to the energy and momentum completely defined
by the position of holes the values of form factors depend also on the position of complex roots
of Bethe equations. The most systematic description of these complex roots for the low-lying
excited states without any assumptions (such as the string hypothesis) was introduced by Destri
and Lowenstein in [8] and further developed in [2, 36]. In particular it was shown that the
positions of complex roots are determined by the position of holes through a set of equations
very similar to the Bethe equations for a inhomogeneous spin chain with a number of sites equal
to the number of holes. These equations are called higher level Bethe equations. While energy
and momentum do not depend on the position of complex roots to compute the form factors
the solutions of these higher level Bethe equations should be taken into account.

To proceed with computations of form factors we will use the technique introduced in our
previous paper [24], where the simplest case of the two-spinon form factors is considered. We have
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shown that the ratio of two determinants can be computed for a long but finite lattice and leads
to a simple Cauchy determinant which has easily computable thermodynamic limit. However this
Cauchy determinant for a generic excitation is “perturbed” by a finite rank matrix depending
on the complex roots. We show in this paper that the form factors can be represented as
determinants of finite dimensional matrices. Moreover the main result of this paper is that the
form factors for the X X X Heisenberg spin chain in the thermodynamic limit can be written
as a ratio of determinants of finite matrices that involves in it a Gaudin matrix for the higher
level Bethe equations. We would like to mention that similar Gaudin matrix appears in the
framework of a different approach in [9].

The approach used in this paper turns out to be rather efficient for the computation of form
factors. In particular it was recently used for the computation of thermal form factors [3].

Finally it is important to point out that similar finite size determinant representations were
obtained from the BJMST fermionic approach [18]. It would be extremely interesting to better
understand the relations between these two methods and two types of determinant representa-
tions.

The paper is organised as follows: in the next section we give a technical introduction to
the algebraic Bethe ansatz, Destri-Lowenstein description of the low-lying excitation and de-
terminant representations for the form factors. In the Section 3 we introduce our method of
computation of ratio of two determinants (here we call it Gaudin extraction) and get the modi-
fied Cauchy determinant representation for the form factors. Finally in the last section we obtain
the final result and show how the Gaudin matrix of the higher level Bethe equations appears in
this framework.

2 Algebraic Bethe ansatz and the form factors

We consider in this paper the isotropic X X X Heisenberg spin chain without an external mag-
netic field

M
Hxxx = Y (00,00 1+ 0%0b 1 + 05,051 — 1). (2.1)
m=1

with periodic boundary conditions o}, ; = of. The main goal of this paper is the computation
of form factors

|F*(Te)|* = [(T 07| Do) |,

where | W) is the ground state of the Hamiltonian (2.1) and | We) is a low-lying excited state.
Note that the computation of the form factors for other spin operators (¢” or o¥) is equivalent
as we are dealing with an isotropic model. In this section we will remind the construction of the
eigenstates of the X X X Hamiltonian in the algebraic Bethe ansatz framework [33], determinant
formulas for the form factors for a finite chain [25] and a description of the low-lying excitations
following the Destri-Lowenstein approach [8].

2.1 Algebraic Bethe ansatz

In this subsection we give a brief reminder of the algebraic Bethe ansatz construction of the
eigenstates. The central element of this construction is the rational R-matrix acting in a tensor
product V1 ® V5 of 2 two-dimensional spaces V; ~ C?

1 .
RlQ(}\) = E(}\IlQ + 1P12),
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where Pjs is the permutation operator. It is the well-known rational solution the Yang-Baxter
equation. For the X X X chain it can be used as the local L-operator acting in the tensor product
of the auxiliary space V; and a local quantum space V,,,. Then the monodromy matrix can be
defined as an ordered product of local L-operators

i i A(N) B(N)
To(A) =R A—=]- - Ro[A—= | = .
o0 =ou(3-3) =+ ma3-5) = (60 D),
The operators A, B, C and D act in the same space as the Hamiltonian of the X X X chain and
their commutation relations follows from the RT'T relation for the monodromy matrices

Rap(A = W) Ta(N)To (1) = Ty (1) Ta(N) Rap(A — ).

In particular, this relation means that the transfer matrices
T(A) = tro To(A) = A(A) + D(A),

commute for different values of the spectral parameter
[T(A), T(n)] = 0.

It can be easily shown that the Hamiltonian can be obtained as the logarithmic derivative of
the transfer matrix

. d
HXXX = 21— 10g(T()\>) 5

and it means that the transfer matrix generates a family of conserved charges.

The eigenstates of the transfer matrix and thus of the Hamiltonian can be constructed using
the operators B as creation operators. We start from the ferromagnetic state with all the spins
up denoted | 0),

A- 4
A+

M
CN0) =0,  AN)|0) = ]|0), D(A)\O)z( )yo>, VA € C.

Then a state constructed by action of operators B(\) on this ferromagnetic state
[ U (AL,- - AN)) = B(A1) -+~ B(An)[0),

will be called a Bethe state or more precisely an off-shell Bethe state for generic parameters \;.
It is well defined as operators B commute for different values of the spectral parameter. A Bethe
state is an eigenstate of the transfer matrix (and thus of the Hamiltonian) if the spectral pa-
rameters satisfy the Bethe equations

N — A\NM Ny '
<a z) [ttty (2.2)
A+ 5 Aj— A —1

If these equations are satisfied we will refer to the corresponding state as an on-shell Bethe
state. To simplify the notations for any on-shell Bethe state in the following we define the
corresponding Baxter polynomial

g\ = [T =), (2.3)

N
J=1
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and exponential counting function

A=\ Mah i)
“(A)‘(H;) O 1) 24)

Using these notations the Bethe equations (2.2) can be written as

a\j)+1=0, j=1,...,N.

The corresponding eigenvalue of the transfer matrix 7 (u) can be written as

_ q(p —1)
T(pl{A}) = (a(p) + 1) R (2.5)

The dual Bethe vectors can be constructed similarly using operators C(\)

(WL AN) [ = (0]C(A) - C(AN),

once again they are eigenvectors of the transfer matrix with eigenvalue given by (2.5) if the
Bethe equations (2.2) are satisfied.

Finally we would like to mention that the isotropic XXX model has an additional SU(2)
symmetry. Every on-shell Bethe vector is a highest weight vector

M
SyB(A1)---BOW)[0) =0, Sy => o,
m=1

and gives rise to a multiplet of the transfer matrix eigenvectors with the same eigenvalue
[T\, AN)) = S T (A, .., ), €=0,1,...,M —2N. (2.6)

Note that the action of operators S_ can be considered as adding of ¢ quasiparticles with infinite
rapidities as

S_ = lim AB(A).

A—00

2.2 Ground state and excitations in the Destri—-Lowenstein picture

The ground state of the antiferromagnetic spin chains has a non-trivial form. It was first
identified in [37], where it was proved that the ground state is given by a Bethe vector with %
real roots of the Bethe equations. In the thermodynamic limit, it forms a dense distribution of
real Bethe roots and the corresponding density function p,(\) satisfies the integral equation

a 1
T2+ a2’

I

=
=
Xt

P + [ Ko=)y () Ka()) =
R

This is known as the Lieb integral equation, its kernel will be often denoted simply as K(\)

= K71(A). The solution of the Lieb integral equation can be obtained using the Fourier transform

1

Po(N) = 2coshm\’

The density of Bethe roots for the X XX model is supported over the entire real line, however
it diminishes exponentially at infinity. We will use this observation to distinguish, in a rough
sense, the bulk of distribution from its tails.
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The excited states over antiferromagnetic ground state are generated by Faddecv—Takhtajan
spinons [10]. In Bethe ansatz framework, it corresponds to the holes {0,}q<p, in the Fermi
distribution of the real roots. The density function for real roots of such an excited state
therefore admits the decomposition

P =N+ 3 oA =0 )+ [ K= pn)dy = KN,
a=1

The spinon excitations obey the fractional statistical law as the number of holes is always an
even number [10, 11]. Moreover, one can also show that energy and momentum of spinons is
given by the following expression in terms of the hole parameters

np
T
E.=F _ 2.7
© g+;2cosh7r9a’ (27)
Np T
P, =P, + Z arctan sinh 76, — 5 (2.8)
a=1

In the thermodynamic limit, the complex roots are expected to form particular configurations.
The string hypothesis gives a hierarchical organisation of Bethe roots into the string complexes
of different lengths that can be arbitrarily large. Despite the utility of string hypothesis, its
claim has been widely disputed. It has been known that strings of length greater than two do
not form in the thermodynamic limit for excitations close to the antiferromagnetic ground state.
Due to this reason, we will not rely on strong assumptions of string hypothesis. We will use
instead the Destri-Lowenstein picture [8], where all non-real complex roots can be organised
into close-pair (]Im Al < %) or wide-pair (]Im Al > %) categories. In this paper we will use
notations (¢¥) and (wt,w™) for close-pairs and wide-pairs respectively, where

+ i
— j: -
z z 9

In the thermodynamic limit, close-pairs condense to form 2-string or quartet configurations.
Hence in the Destri-Lowenstein picture Bethe roots of an excited state are partitioned into

real roots:  {v; ?;1, (2.9)
2-strings:  {&F + 104, &, — 16,107, 8o = O(M ™), (2.10)
quartets: {&F +i80, &5 + 100, &, —104,&, — 104}, dg = O(M™), (2.11)
wide-pairs:  {wl, w; },, (2.12)

where 4, is called string deviation. We can combine all identifiers of non-real complex roots
found in equations (2.10)—(2.12) together to form a set of 7 = nog + 2nq + 2n,, higher-level
parameters

p= {ga}aﬁms U {gm ga}agnq U {Wa; @a}agnw-

We can show that parameters i are determined in terms of hole parameters {6,} through a set
of equations [8] called higher level Bethe equations

(i) +1=0, Va<n a(A)—ﬁA_@“_éﬁA_’j‘a+i (2.13)
/l’a - 9 — bl _a:1A_9a+%a:1)\_ﬁa_ia .
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while the density function for real roots is modified in the presence of complex roots as follows

peN) = g0+ 22D =B+ 22 DA ), ) = K
a=1 a=1

Equations (2.13) are similar to the Bethe equations (2.2), however they are inhomogeneous in
nature. The rapidities of holes are inserted in these equations as inhomogeneity terms and they
completely determine the positions of complex parameters. The emergence of the higher level
Bethe equations (2.13) to describe complex roots is one of the most important finding of [§],
and of [2] in a more general context of the X X Z model. This paper demonstrate that a similar
emergent structure can also be found for the form factors of the excitations of Destri-Lowenstein
type.
Equations (2.13) also determine the total spin or the eigenvalue of S* in terms of the cardi-
nalities ny, 7 of the holes and higher-level roots. It can be shown that
1 -
§ = 5Nk — 1.
With a fixed set of hole parameters {6,}q<n,, one can further show that it leads to a 2"+
dimensional degenerate subspace since equations (2.7) and (2.8) for the eigenvalues are also
valid for the excitations containing complex roots.

2.3 Form factors for the finite chain

In this section we briefly review the determinant representations for the form factors that are
obtained in the algebraic Bethe ansatz framework. The main object that we want to consider
is the longitudinal form factor

(Ve o}, | ‘I’g><\pg o7 We)

2 _
= T, )

(2.14)

In order to compute the matrix elements in this expression we should have the representation
of local spin operators in the algebra of monodromy matrix elements. This problem, known as
quantum inverse scattering problem, was solved for spin 1/2 chains in [25], where the following
relations were obtained

= (GAG) () (3)
= (1)e(3)7(3)
n=(5)8(5)7(3)

Using these relations, equation (2.14) can be reduced to the ratio of scalar products. A de-
terminant representation for this type of scalar products was obtained by Slavnov [34]. Let us
summarise this result: let the set {A1,..., Ay} be a solution of Bethe equations and {1, ..., un’}
be an arbitrary generic set of spectral parameters. Then the scalar product of corresponding
states is given by

I k(e — Ae — 1)
[Tk — Xe) (e = 115)

(U({Aata<n) | Y({#atasnr)) = On N7

Mk = a(pr)t(pe — Aj) — t(Aj — )

det M,
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The norm of the Bethe states is given by the Gaudin determinant formula [14, 15, 27]

Ity =
<\IJ({)\a}a§N) | \I’({)‘CL}GSN» - H];ék()\J _ )\k)

Nig =a' (A0 — 2miK (N — Ag).

det V,

Before employing these determinant representations in equation (2.14), we must first recall that
the X X X model possesses an additional sus symmetry. In the scheme of multiplet decom-
position (2.6) resulting from this symmetry, we can show that the only non-trivial value for
the longitudinal form factors comes from the triplet excitations. Moreover, the additional s
symmetry can be used to prove the following identities

(U1 |oy,| W) = —2(Wo |0y | Ty), (2.15)
(Wy o, W1) = (Vg |og,| W), (2.16)
(W1 [ 1) =2(Tp | Po). (2.17)

We can use these identities to rewrite the form factor (2.14) in terms of the matrix elements of off-
diagonal local operators. This technique however necessarily requires the use of Foda—Wheeler
version of the Slavnov formula [13]

2 .
(DN T 0T g, — )
H;’V<k<)‘j — k) Hj-vj(uk — 1)

(We({AIw) [ Y({pne)) = det M,
4
Mid =MW,
Wak = () (pe +0* " —pp™!, a=1,...,0
Therefore, we have seen that the form factors (2.14) can be expressed as the ratio of determinants
that have infinite size in the thermodynamic limit with a rational prefactor

qg(py — 1) ge(\p — 1) det M,, det (M|W)

|F1Z|2 = -2 . . 3
ge(pj — 1) Pt qg(A\p — 1) det Ny  det N,

(2.18)
j=1

where ¢, and ¢. are Baxter polynomials (2.3) for the ground state and the excited state.

Our goal is to compute the form factors in the thermodynamic limit where the matrices in
this determinant representation become infinite dimensional. In this limit, the close-pair roots
also condense to form 2-string or quartet configuration. As a result, the auxiliary function (2.4)
develops a singularity as it contains a pole in the string deviation parameter.

Since we are using the Destri-Lowenstein picture (see equations (2.9)—(2.12)) for excitations,
we will separately look at columns of the both Slavnov matrices classified into real, close-pair
and wide-pair blocks. First n, 4+ 1 columns of Slavnov matrix M, containing ‘real’ roots can be
written as

gk = O (W)t (T — Aj) — t(A; — Fr)- (2.19)

Note that we have enlarged the set of real roots to include a special parameter % by imposing
the following notation

. i
{¥iti<n+1={vj}i<n, U {2}
When it comes to the next block of columns containing close-pair roots

MEE | = ag(6F L10)H(EF — Nj £100) — t(N; — &F Fi0a)

gija
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we find that half of these columns have a pole in the string deviation parameter é,. However, it
can be properly regularised at the level of determinant using the following two relations

ag(f; =+ i(sa)ag(ga_ —i64) = 1+ O(6a),
tE, —X) =t(A—&F)
to recombine the columns as follows

MES e MO 4 ag (€, —id,) MET

giJ,a giJ,a gij,a°
This gives us a regularised expressions for the columns Mg~
M;_]a = 9(&; - iéa){t(gg - >‘j - iéa) - t()‘j - €a+ - i(Sa)}
+2mi{K (X — &) — K(A — &)} + O(da), (2.20)
while the remaining close-pair columns can be truncated to the leading order in d,

MEE = —t(\j — &) + 0(0a). (2.21)

g:J,a

Since the exponential counting function is constant in the region where the wide-pairs are
located

ag(z) =1, | Im z| > 1,
here we can write the columns of M, containing wide-pairs as simply

()= (23 - (==5) o

gija

Therefore we say that the total matrix M, has block decomposition given by equations (2.19),
(2.21), (2.20), and (2.22) arranged into the columns

My = (M| M| MG | MET | M),

Let us now turn to the rectangular Slavnov matrix M. in equation (2.18). It has columns
that can be organised into blocks corresponding to real, close-pair and wide-pair roots

M = (M) (A —%) — (=),

Mo = ac(N)t(N )—75(5+ ),
Mg = ac(M)t(h — &) — (& —N)),
Met, = ac(N)t(hy —wi) —t(ws = X)),
M, = ac(N)t(h —wg) —t(wg —;\j)'

In this case, the extra parameter gets added to the set of ground state roots since we have taken
the right action of the operator o}, in equation (2.16).

) a1 = Dby U {2}

Note that unlike the Slavnov matrix Mg, there are no singular terms arising from close-pairs in
the matrix M,.. However we do encounter a similar issue at the level of Gaudin matrix for the
norm and the prefactor to its determinant. As we do not use the string hypothesis we will not
use here the form of the Gaudin determinant with complex roots obtained in [19]. Due to the
nature of this term, we judge it suitable to regularise it later.
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3 Gaudin extraction

We use our method of the Gaudin matriz extraction that was originally introduced in [24] for
the factorisation problem in equation (2.18).

The matrices resulting from this extraction are given by actions of inverse Gaudin matrices
on the respective Slavnov matrices for the each fraction of determinants

Fy =Ny "My, (3.1a)
= (" ) s’ 31

We note that Foda—Wheeler block remains invariant under this procedure of Gaudin extraction
and hence it will not enter our discussion in this paper. The matrices F, and F. solves the
system of linear equations respectively

()‘ g;j.k — 27“ZK Foik = ag(fu)t(f — Aj) — t(Aj — i), (3.2a)
1\/1 -1
ap (pig) Fesjp — 2mi Z K (g — pu) Feey = ae (X)) (A — ) — t(pe — Aj)- (3.2b)

=1

In this section we will compute the resulting infinite matrices F, and F. by solving integral
equations in thermodynamic limit. As this procedure is slightly different for two matrices, we
will treat them separately, starting with the matrix F,. In both cases, a special attention needs
to be paid to the effect of complex roots that are made up of close-pairs and wide-pairs in the
Destri—Lowenstein picture.

3.1 Integral equations for the matrix F,
We decompose the matrix F, into the following blocks
./_";J, fg;jyk, E<n,+1,

c+ .
‘Fg .a Fg;],m-—&—a—i—la a < ne,

c—
]:y iga = Fgjnrtnetatls a < g,

w+
‘7:9 iJa ‘F9§j7nr+2nc+a+1, a < Ny,
w—

]:g;j,a = ‘Fg%j,nr+2nc+nw+a+17 a < Ny

The system of linear equations for the block F; obtained from equation (3.1a) reads

ay(Nj)Fgin — QWIZK )F gk = ag(y)t(vk — Aj) — t(Aj — V&) (3.3)

Here we will follow exactly the same procedure as in [24], we write down an auxiliary meromor-
phic function Gy: C? — C with the property

Gg(Njs k) = alg('yj)fg;mk'

We replace the sum in equation (3.3) as integral over the contour going around the real line.
Since the auxiliary function a, can be estimated in the thermodynamic to be exponentially small
(large) over (below) the real line, we can write the following integral equation for the function G,

Gg(Aj, n) + - K(Aj = 7)Gy(7,3%)dT = (1 + ag (%))t (e = Aj)- (3.4)
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For more clarification, this generalised condensation property is discussed in Appendix A. Note
that this has been extended to include the extra parameter ,,4+1 = % Since ag(%) = 0 we
recover an integral equation identical to equation (3.4) obtained for all real roots. The solution
of this integral equation returns the Cauchy elements of the matrix F,; which are given by

T = 1+a9(7k) 4 (3 5)
g;3:k a’g()\j) sinh (g — Aj) |

Until this point the computation is identical to the two-spinon example [24]. We obtain a Cauchy
matrix from this procedure, however in this example it turns out to be a rectangular matrix.
Remaining matrix blocks which arise due to the presence of complex roots F¢* and F*#* are the
primary point of investigation of this paper. We find that its elements deviate from the Cauchy
matrix.

We obtain the following system of equations for blocks F°* coming from the close-pairs.

@y (N Feha = 2m > KAy = N)Fob, = =ty — &), (3.6)
=1
O (M) F o a 2mZK Foo = ag(5 —10a){t(&, — Xj— 10a) — t(Aj— &5 — 16a)}

—2mi{K (N — &) — K(A — &)} (3.7)

The regular condensation property can be used to convert the sum in these equations as integrals.
Thus from equation (3.6) we get the following integral equation for the function G,

Gy &) + [ KO- 1)Gy(r &) dr =t~ 1),
R
admitting the solution

Gg(\ &) = p1(X &) (3.8)

PL
2

On the other hand we get the following integral equation from equation (3.7)

S0+ [ KO=)Gy(r = &)ar
= ag(& —10a){t(€q — A —da) —t(A =& —10a)} — 2ni{K(\ - &) — K(A = &)}
Solving this integral equation gives us only a partial Cauchy matrix

Gg(A, &) = ag(§, —1da) {pl (A€o +1d0) — p%()‘jafa - iéa)}
+27mi{p1 (N €7) — p1(N 60)}- (3.9)

Similarly, integral equations for the wide-pairs read
g( A w+ > / ( o(T w*)) <t(w+ - A)) (t()\' - w+)>
KA—r1 i 2l )dr = —a 7} = 7o Ta
( Gy(T,07) t(wg — Aj) (A —wy)
admitting solutions

<Gg()\,w;:)> o (@(A,wﬁi _
3

%(/\,wa)
GO o ) (3.10)
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From equations (3.5), (3.8), (3.9) and (3.10) we obtain the components of the matrix F,

Fret — L+ a('?k‘) ™
#Eag(y) sinh (5 - A)
Feo = ag(ga_ — i(sa){ ™ n T }
gij.a al (A) sinh (&8 — Aj +16,)  sinhw(&q — Aj —id,)
2mi _
+ oy {pl )\]7§a) p1<)\j7€a)}7
ag(
w 27
}—g;;}ra: a’( {p1 (Aj,wa +1) — p%()‘jawa)}a
w— 27i B ]
‘Fg;j,a - ag( {p1 (Aj>@a) — p%(Ajuwa - 1)}7

where in .7-";"0* we have combined all the Cauchy terms together spanning over the set obtained
by the union

5 i
(Yo tness = Pudosar U {5} U (€ e

This follows from the fact that half of the close-pair columns behave similarly to the real columns.
This breaking apart of close-pairs is an important observations and it also holds true for Fe.
3.2 Integral equations for the matrix F,

We apply the decomposition of the matrix F, into the blocks of columns by following the Destri—
Lowenstein picture

ek = Fesh i J < n, (3.11)
‘FeCJlga = ]:€§]€anr+a7 a < N, (312)
}—gza = Feiknrtnetas a < Ne, (3.13)
‘F;Ulj—a = f€§k7nr+2nc+a7 a < Ny, (314>
‘F;Ul;a = f6§k7nr+2nc+nw+a7 a S Ty - (315)

The system of equation (3.2b) for the block of real columns F (3.11) can be rewritten as
Z3
a;(Vj)fg;k,j — 2mi Z K(vi —)F e
=1
= ac(M)t(he —75) = t(75 = M) +2THZ{K ) ha + K = &) Fha)
+27”Z{K W) Fota + K (v — 0 ) Fp o} (3.16)

Let us follow exactly the same procedure as before, we write down an auxiliary meromorphic
function G.: C2 — C with the following property

Ge (”Yja 5\k) = a/e(’Yj)]:e;k,j'

A generalised condensation property (Appendix A) can be applied here again. Let us first
convert the sum on the left hand side of equation (3.16) into a contour integral

My .
Ge(y,)\k)
27“ZK Fewr = </R la /R+> %I ()
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where the integrals on edges of the contour at infinity vanishes as the integrand decays for
large v for any function G, that is bounded at infinity. Furthermore, we can use the fact that
exponential counting function gets exponentially small and exponentially large in M in the
corresponding half-planes, to obtain integral equation for the auxiliary function G,

Ge(v, M) + K(y = v)Ge(v, M) dv
R-+ia
. v . o Ge<9a75‘k)
= (Ut ac(M)e(h =) = 2mi 3L K =00 =55
—|—27TIZ{K ‘Fec—li;a (/)/j_ga )‘Fé:;a}
+27T1Z{K wa ) Fena + K (v = @) P} (3.17)

Let us now turn our attention to blocks }"gi of columns for close-pairs. In this case, we can
write the system equation (3.2b) altogether as

al(¢h) J-cec; o~ 2mK(200)F ) Qmi K (&5 — i +100) Fespy
(ga ) e; k: a 27T1K( 216, )‘FC+ K(fa_ - i(sa)fe;k,l

e;k,a =1
s (K (o — & +i+1(0a+ ) For, +1(8a — 0))FCE,
—2 o ekt | —or ¢
> (K@a 615+ 0) Py Z e i
b#a
A (K (Ea —wp +1+100) Frp s (§a—wb+15 )FU,
S (e T ) - (M T

S t(j\k_§+)> (15(5+ —5\1@)>
= (A < e = @ % . 3.18
(M) (t(Ak —-£&) t(& — M) (3.18)
In the presence of close-pairs, the Gaudin matrix N, contains singular terms. In particular they
appear in the derivative of the counting function

0, (&) = regag(€7) + 2mikK (£2id,),

where K (+2id,) contains simple poles in §, with same sign for both residues since the function K
is even. Therefore the rearrangement of singular terms in equation (3.18) allows us to see that
there is a pairwise degeneracy in close-pair columns.

— FS = (2i6,)F4 (3.19)

,Ja ej,a ej,a’

Let us therefore recombine close-pair columns of the matrix F, so that F¢* is replaced by the
regularised difference F¢2 from equation (3.19), where the string deviation term thus extracted
from the determinant of F. can be used to regularise the same simple divergence in ¢, in its
prefactor.

We can now write down the following equations for the recombined close-pair columns

Fio = (1+ac(N)t(h —&F) - K(gj—u)Ge(y,}j)du—ZK(gg—eb)w

R+ia b—1 a,e(eb)
— (reg () — 2MK(O)F, + 2 Y K (684 5 ) 7o
b#a
+ 2 Z K (& — wp) FU, +2ni Z K(&a— @y +1)FL. (3.20)

b=1
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Meanwhile we can eliminate the difference of columns terms F¢2 in the pair of equations (3.18)
by adding them together. This leads us to the system of equations

& (€)FE5 , — 27712{21( — &) + Koo — &)} T,

— 2y KO (g —wp— ;>f;”jb—2mZK (éa — @+ )fli’;b
b=1 b=1
R+ia

G. (65, 1))
— (©) (¢, — 6)—2 20
2ri E K 0p) a0 (3.21)

Here we have used the short-hand notation K (% in equations (3.21) and (3.20) that stands for
the combination

K@) :K(A— ;) +K(/\+;>.

The derivative of the higher-level auxiliary function a’ (2.13) is obtained from the combination
@'(a) = rega’(§)) +rega’(¢,).

On the contrary for the wide-pairs we directly obtain the relations
d(wg) = d'(w™), d(@e) =d' (@)

that allows us to write
w i C—
(wa ./Teja—QﬂlZK < a_€b+2>Fe;j,b
—27?12[( o — Wp) eja—2W1ZK —wb+1)}'e;a
b=1
= (1+ae(5\j))t<5\j—wa—l> —/ K(wa—V—Fl)Ge(V,}\j)dV
2 R+ia 2
o Ge (05, 3;)
— 9 K — 0, + LA AR VA 3.22
> ( " 2) . (6:) .
and

( e]a_27TIZKC)< - &+ >fec;b

—QWiZK((Da wp — 1) FY —27TIZK W — Wh ]:“7’;

=(1+ ae(&))t(% — G + ;) - /RMK@“ . ;) G. (v A))dv
—zmg;K< —9;,—2)%. (3.23)
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Equations (3.17), (3.20), (3.21), (3.22) and (3.23) describes an intricately coupled system of
linear integral equation for the function G. and a linear system of equations for the remaining
matrix elements for close-pairs and wide-pair. Note that these two subsystems are highly cou-
pled with each other too. Our goal is to first solve the integral equation for the function Gk,
giving us the columns corresponding to real excited state roots. Computing the convolutions
of its solution would then give us a separated finite system of equations for the columns that
corresponds to the complex roots. This finite subsystem for complex roots emerges as a higher-
level version of the original system of linear equations for the Gaudin extraction. This result
will be proved in the upcoming section, with a certain assumption on the hole spectral param-
eters.

3.3 Emergent subsystem involving the Gaudin extraction of higher level

The integral equation (3.17) can be solved to obtain

5 5 o] S Ge(0a, A
Ge(1,A5) = (1+ac(A5))ps (% -5 10) - 2mZp1(7,9a)a(/()J)
+2mZ{p17£a +p1(7,6)} eja+27rlz,01 v, F,
+2mzp1 V@ ) F s (3.24)

where the function p, satisfy the integral equation

pulh) + [ KO v)pulvsp)d = K= ). (3.25)

The exact form of the solutions for each of the terms in equation (3.24) is found in the Ap-
pendix B. The specific combination that is obtained for close-pairs as a result of equation (3.19)
leads to the conclusion that all the coefficient terms for complex roots have the exact same form,
which is given by the density term for the complex roots

1 1
N)\ = ——
PN 2w A2 + 1

Therefore it would seem appropriate to construct a common combined block F corresponding
to the complex roots as

Fra=Fu (3.26a)
Finera = FUF, (3.26D)
ijnc+nw+a ‘F’]*a (326(3)
Equation (3.24) can be rewritten in terms of it as
v m(T+ac(A Ge(0a,A5) d
Ge ,)\-—— 27 0,) + 27i o) Fja- (3.27
(7. A)) Sy - ﬂthv 0 W;pv fia)Fja- (3.27)

This solution will give us first n, columns of the matrix F. that corresponds to the real roots of
the excited state. The next block is made up of derived columns for close-pairs ng obtained
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in equation (3.19). The convolution integral can be reduced to the individual components of G,
given in equation (3.27) above, leading us to the following expression

K (&5 = v)Ge(Ag)dv = m(1+ ae@-)) K& —v)ny ( - i>dy

R+-i0 R+i0

—omi ) {/Kg plye)d} (, i)

Fony { / K(&F — v)p(v — ua)du}]—" (3.28)

Let us recall that F, (3.26) is an another block of columns containing close-pairs and wide-
pairs, distinct from F¢2, all of which are embedded in the matrix F,. Since the equation (3.28)
computes a part of equation (3.20) solving for feCA, we immediately find out that the last term
in this equation (3.28) can be cancelled upto the determinant by subtracting linear sum over
columns Fe. In other words we find that the coefficients of the last sum in equation (3.28)
are not important for the purpose of computing determinant of F.. Hence we do not compute
convolutions with p in the last term and we shall treat it as free coefficients {xq }-

We note that as product of rational functions K1 (£t —v) and p(v — i) = K1 (v — fi), it is an
integrable function which we will write as undetermined coefficients x from novx? on. This leaves
us with the convolutions of p1 (v, A + §) and p%(y, 0) with the shifted Lieb kernel K (T — v).
As it turns out, convolution integrals involved here can be evaluated directly from the integral
equation (3.25) by deforming its contour

‘ 1
p5<§‘” +2> Rl <V " ) V= gmt A ),
pr& O+ [ K(ES =)o O)dv = Ki(] = 00
+ia
This gives us a very similar expression

Ge (0, Aj) LS
FGa = . -2 <a - - )’J 2 Fiv (3.29
% sinhw(N; — & — 3) Wlth & o’ (6,) t m;% Gbe (3:29)

The remaining block consists of higher-level columns F block as introduced in equation (3.26).
Previously, we have obtained equations (3.21), (3.22) and (3.23) for elements of these columns.
Now the remaining convolutions integrals involved in these equations can be computed after
substituting the expression (3.27) for G.:

KO (& —v)
/ K(wt —v) | Ge(v, Aj)dv
R+ic K(a}_ _ y)
KO (¢ —v)
\j wt —v v X+ = v
i K ~v) Ge(X),0a)
_ QWI; {/Rm gg:i - Z; p1(v,0,)d 2 (0)
7l KO —v) N
+ 27 K(wt —v) | p(v — fig)dv p Fjq,
S () e



Form Factors of the Heisenberg Spin Chain in the Thermodynamic Limit 17

The convolution integrals thus obtained, unlike in the case of similar convolutions with shifted
kernel K(© or K, needs to be explicitly calculated. The explicit results for these calculations
are presented in Appendix C. By substituting these results, we obtain a finite linear system
of equations for F elements. We can also check that it takes a similar form in all three cases
corresponding to the close-pairs and wide-pairs, this combined system can be written as

' (fia) Fia 27rlzK — [ip) Jb——QWIZp a(e(béb;\j). (3.30)

This subsystem bears a striking resemblance with the original system of linear equations for the
Gaudin extraction (3.2). The left hand side can be interpreted as the action of inverse of the
higher-level Gaudin matrix

Noaw = & (f1a)0ap — 271 K (fia — fip)- (3.31)

On the right-hand side of equation (3.30) we have the matrix formed by density function " for
complex roots

RE = —2mi p(jiq — Op). (3.32)

a

In terms of it we can write equation (3.30) in the following way

= ~ Ge eaa 5‘

F=H {(,])] : (3.33)
ae( a) a<ng

where the matrix H solves the higher-level equivalent of the Gaudin extraction

H=N"'R" (3.34)

Substituting equation (3.26) into equation (3.27) gives us an auxiliary system for the matrix
composed of G (Ha, )\j). It can be written in the matrix form as

(T, — RE(AD ™) [Ce0as M) o, = Linhﬂ(; — )] o (3.35)

The dressed matrix R is given by the expression
RY — Ry — (R AR

in which the matrix R, is defined in similar manner to the matrix R" (3.32) as
Rsab = —2mipp (0o — Ob)

whereas the matrix A/, is the diagonal matrix composed of
Aoy = .(0a)0ap

Let us note that when the hole parameters {6,}qs<n, are chosen within the bulk of the Fermi
distribution, all the diagonal elements of this matrix scale as Ag,, , ~ M. Hence the system
equation (3.35) completely decouples to give the following expression upto leading order

. 1

Ge(0a,N\i) = v o(M™).
(6 ) Sinhw()\j—Ga)+ (1)
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Substituting this decoupled expression into equations (3.27), (3.29) and (3.33) allows us to
write the elements of F, as follows. Taking a cue from the similarity of the expressions (3.27)
and (3.29), we will write the blocks F and F¢2 as

rer _ (L4 ac(Y))) 1 i S Pk = 6) ! 3.36
}—e;ﬂ?k al (k) smhﬂ'(5\J — ’Yk) mbz; a’(6y) Slnhﬂ'(j\j - 9b) 7 (3.36)
‘Ferzi'—;lr—i-a = m(1+a.(A;))

nh

1 = pn(Eat 5 —0b) 1
- — —2 - .
. {sinhw()\j — & — %) mbz; al(6y) sinhw(/\j — 9b)

(3.37)

This forms an infinite sub-block of F. which can be written as sum over columns of a larger
Cauchy matrix that can be constructed using all real roots including holes. Notice that we have
cancelled the linear sum over columns of the matrix F sub-block in equations (3.33) and (3.29)
while writing above equations (3.37) and (3.36) for F/°" since these terms are automatically
cancelled in the determinant of the matrix F.

The elements of the remaining columns can be found from

- . Tho 1 -
./—"j,a - 77(1 + e (A])) ZHmbm, H == N_th. (338)
b=1 J

Equations (3.36)—(3.38) collectively describe the matrix F, in the presence of bound state. Let
us stress on the importance of the result (3.38). We have found a finite linear subsystem (3.30)
to describe this block of columns. We also show that it can be interpreted as an auxiliary
system (3.34) arising from the extraction of higher-level Gaudin matrix A" (3.31).

4 Form factors as determinants of perturbed
Cauchy matrices

We have previously shown that ratio of determinants can be replaced by a single determinant
using Gaudin extraction. In this paper we have taken this approach further as we considered
form factors for excitations containing complex Bethe roots in the form of 2-string, quartets
or wide-pairs. The presence of such complex numbers is the main source of perturbation to a
predominantly Cauchy matrix structure obtained from Gaudin extraction with real Bethe roots.
Inserting all the results obtained in this paper into (2.18), we obtain the following determinant
representation for form factors

M M
M_q M

2 . .
2 _ qy(ﬂa —1i) Ge(Aa — 1)
Fr =2 g = 4 g (4

a—1 Qg( a 5 5+l
Functions ¢4 and g, in the prefactor of equation (4.1) are Baxter polynomials for the ground state
and the excited state respectively. It is defined as the product (2.3). The g, in the denominator
is defined identically to g. except for close-pair roots where g, is regularised as follows

— J’_ . . 1 + . .

qe(&q +10a —1) = 5 qe(&g +10a — ).

210,

In this way it absorbs the factors (2id,) previously extracted from the determinant of F. into
the prefactors by the virtue of equation (3.19). The matrices F, and F. in equation (4.1) are
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perturbed Cauchy matrices obtained from the Gaudin extraction. Columns of these matrices
are as follows:

Fo= (Fgt | Fg | FyT 1 FS),
Fe= (FIH | Fo | W),

It contains large Cauchy submatrices ]-";C+ and FJ°" in both cases:

1+ a(%k) m
rc'+ — 4.2
gij.k af(Aj) sinha(y, — Aj)’ (42
1 s

Fret — , 4.2b

g;J;mrta+l ug(}\j) Sinhﬂ'(f; _ )\j) ( )
et _ m(1+a.(\))) 1 B 2#1% Pr(vk — Ob) 1 (4.3a)

ek o () sinh 7 (A; — 1) — a,(0p) sinhm(X;—6) |
Foot e =m(1+0ac (X))

1 'h o 9 1
S : —277in"(5 2 ) . (4.3b)
sinh7(X\j — & — 3) b1 a (6) sinh 7 (A; — 6)

Note that this also includes a partial contribution of close-pairs (whenever it is present) since
we have seen how close-pair contribution splits into two halves where one part behaves as if it
was a contribution from a real root. The non-trivial perturbation to this presentation contains
a mixture of other half of the close-pair columns and wide-pair columns. In the matrix F,, these
perturbed columns due to complex roots takes the form

oo — % _i5a){ 7T . 7r }
gij,a ay(As) sinhm (&5 — Aj +16,)  sinhw(&q — \j —i6,)
2mi
+ APl )"7§I —Pl)\',fg s
a,g(Aj){ (A& = (N6}
2mi
wt ' o '
giJ,a a{q()‘j) {p%()‘mwa + 1) p%(/\jawa)}7
w— 2mi B ~ '
Fgja= W{P%(%wa) —p1(Ajs@a — 1)}

Whereas the perturbation due to complex roots in the matrix F. takes a more unified form,
where a block of columns F, unifying remaining pair columns and wide-pair columns takes
shape. Moreover it can be expressed using a Cauchy convolution relation

~ . Tho 1
Fro=m(1+a.() Y Hup—r——
sa =140 ()) b:lH ’bsinhﬂ()\j —0p)

We say that the kernel of this convolution H is a result of higher-level Gaudin extraction because
it satisfies

H=N"R" (4.4)
where the matrix A is a Gaudin matrix corresponding to the higher-level Bethe equations (2.13)

~//\'V/.a,b - a/(ﬂa)éa’b - 27T1K(/la —_ [Lb)
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Let us recall that R” is a matrix of complex density function (3.32) as shown below
7%2712 = —27ip(0y — fip) = —27TiK% (0o — f1p)-

In addition to the columns .7?67 we also have a trivial perturbation due to Foda—Wheeler
columns W present in F.. It does not participate in Gaudin extraction and hence retains
its original form

Wit =a,(A5) =1, W2 =a,(&;) (N +1) = A;.

Finally we would like to point out that the determinant representation (4.1) can be further
simplified. Similar to our approach in [24], we can show that the determinants of dominant
Cauchy matrices can be factored out using the “Cauchy extraction” [30]. Briefly, this process
includes taking an action of an inverse matrix in such a way that the action on largest Cauchy
block present in F, and F. is trivial. Whereas result of its action on the columns of finite
rank perturbation (non-Cauchy columns) is non-trivial. To the level of their determinants, the
resulting matrices can be reduced to finite matrices Q4 and Q. whose elements can be written
as explicit integrals containing an auxiliary function jointly determined by the excited state and
ground state. This allows us to write down the following formula

n Nh ~a o 9 _ l
ﬁH‘le b=1 (,“ R b~ 3) det Q, det Q.. (4.5)
Ha7b(:ua - My — 1) Ha}éb(ga - ab) n Th

|Fal? = M7 S({0a}52)

The function S in equation (4.5) is the spinon scattering factor that is obtained from the ther-
modynamic limit of the determinants of the Cauchy matrices which we had extracted. It is can
be expressed in terms of the Barnes G-function

np+2 np(np—2)+2 np(np—3)+2
2 2 2 T 2

S({atals) = (=1)

L qctei )
G2 (3) g G5+ 52)G (5 + “5™)

The detailed derivation of this formula as well as explicit form of finite matrices Q, and Q. will
be given in a forthcoming publication. However it is worthwhile to remark that F. is expressed
as sums of Cauchy terms in hole rapidities with coefficients given by H. The action of an inverse
Cauchy matrix can be taken in such a way that the higher-level matrix H equation (4.4) gets
directly embedded in Q. occupying 7 = %+ — 1 columns in Q..

Similarly, we can see that columns of F/°t (4.3) include sums of Cauchy terms in hole
rapidities with coefficients scaling as M1 since we have a’,(6,) ~ M for holes located in the
bulk. As a result of the Cauchy extraction, this summation term gets resolved into individual
columns, one for each rapidity. These columns are embedded into the Q. in equation (4.5) after
rescaling them with a factor of M. This is how we obtain the power law M~ in prefactor of
equation (4.5).

The remaining elements of finite matrices Q4 as well as Q. can be written explicitly as in-
tegrals with certain auxiliary functions. Together with the rational prefactor in equation (4.5),
they are functions of complex roots which are themselves determined implicitly from hole posi-
tions {6, }7" through the higher level Bethe equations (2.13). Further treatment of these objects
deserves special attention and it will be dealt in a future publication. We will also provide the de-
tails of computations involved in the Cauchy extraction that allowed us to write the determinant
representation (4.5) starting from equation (4.1).
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5 Conclusions

We have shown that all types of complex Bethe roots can be taken into account in the frame-
work of the “Gaudin extraction” approach introduced in our previous paper. We show that
the form factors for the low-lying excited states can be computed as determinants of Cauchy
matrices perturbed by a finite rank matrix (with a rank less than or equal to the number of
spinons). It means that the result can be written as a Cauchy determinant easily computable
in the thermodynamic limit (and leading to the product of the spinon scattering factors) and
a determinant of a finite dimensional matrix containing all the dependency on the complex roots.
In particular we show how the Gaudin determinant of the higher level Bethe equations emerges
in the framework of this approach.

A Condensation property for meromorphic functions

In the proposed method, we find it sometime useful to extend the reach of condensation property
to include meromorphic functions [24]. For this purpose let us consider a meromorphic function g
with a set of simple poles {z, }qo<pn non overlapping with Bethe roots {z,} N {\,} = @. Since we
have,

—2miMp(z)
Aa) = Res —————
9(%) o G a(z)

9(2)

we can convert the sum

Ly = p(A) o p(2a)
M ;g()\a) - </R+ia - /Ria)g(/\)Ha()\)d)\ + 27Tlazz:1 T+ az) Res g(zq)-

It is necessary to have the function ¢ diminishing sufficiently rapidly at the tails, so that the
edges of the contour can be ignored. We also assume that poles of the function g are within the
bulk of distribution where we can write

a(u) -0 (e—sign(lm V)M) ]

This would allow us to convert the sum over Bethe roots for a meromorphic function to a density
integrals with extra residue terms

1 N
M;Q(Aa) :/]R

We refer to this as generalised condensation property.

gNpNdA + 211 NPF(ZG)
a=1

a(za) Res g(zq)-

+ia

B Integral equations for generalised density functions

Let us first consider a generalised form of integral equation

Pa(A, 1) + /}RK(A — V)pa(v, p)dv = Kq(A — p).

The solution of this integral equation depends on the parameter y € C and scaling parameter
a € R. Since K, (A — ) has poles at p =+ ia, we find that its Fourier transform has branches

e—a\t|—iut

Tqet’ [ Im | < a,

sinh(cat) e ~i#t
14e 7t

Pa(t, 1) =

Isi>0 , olmu>a, o==l.
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In particular, we are interested in the cases a = % and a = 1. We know that the pi (A, p)
2

represents the generalisation of Lieb equation for the ground state density p,. We find that this
solution can be extended to the entire region | Im pu| < %

1 1
M) =pgA—p) = — inside |I - B.1
pL(A 1) = pg(A— ) Seosha(i gy e |Tmpf < 3 (B.1)

Note that this also applies to the limiting case p1 (/\, % — iO) and it translates to the solution of
2
deformed integral equation

i 1 i
A, = —10 K\ — ——i0)dv=t{A— =
p;( '2 1>+ R+i0 ( V)p;(%? 1) Y < 2>’

which we frequently encounter in our computations. Hence the extensibility of solution for p,

in the form equation (B.1) means that we obtain the Cauchy matrix.

However in the outside |Imp| > 2 we get different branch of the solution to the integral

2
equation

1 1 A—u A— U 1
S T _u(- I -
p%(/\,,u) 471'{ (2 2ic ) < 2ic >}’ g =g

The solution p; (A, ) inside |Im p| < 1 is obtained as
1 A—pu A—p 1 A—p
pl(A’“)_zm{\I’(H 2 )JF\I'(l 21) \I'<2 2 )
2 2i

while outside in |Im p| > 1 we get

1 1 i
A = =Ki(A—u—— I > 1.
P = S T = T i0) %( a 2)’ g
Note that in particular we have the factorisation identity that can be invoked for the close-pairs
i i 1 1 1
A pp— = A — = =Ki(A— I < =
pl( e 2)+p1( ,u+2) 27 (= )2 4 1 1(A=p),  [Impf<g

C Density convolutions

In this appendix we give the results of convolution integrals that were encountered in Section 3.3.
We will tabulate them into different categories according to its kernel and density function
involved in it.

Density convolutions with K(©)

For this part it is important to note that the Fourier transform of the kernel K @0\ =K ()\
+ %) + K(/\ — %) takes a simple form

— ‘

KO(t) = e (147 ).

With the density term pi:
2

/ K& —v)p1 <u, A+ 1>dy B L K(&F =),
R 2 2 27'(' R+
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With the density term p1:

1 :
/ K& —v)p1(v,0p)dv = o /. <<’a*9b>t*L‘dt K3 (€0 — ).

With the density term p: For the density of complex roots, it is necessary to distinguish between
close-pairs and wide-pairs. We can write the results in the three distinct scenarios as

pv — &) K (& — &) — Ka2(§a — &)
/ K© plv—wp) | dv = K(& —wp —1)
p(v — wp) K(& —wp +1)

Density convolutions for K shifted by wide-pairs
With the density term pL

K(wf —v) i 1 / Lt [ewat\ ¢ 1 K1 (wa)
. A+ - |dv = h— @ dt = — 2 N
/m(K(w; )) pl(y’ +2> o e e \ewat )€ Y T o K (@, - )
With the density term py:
K(w;z' — ]/) B 1 . t ei(wa_eb) ¢ _ K% (wa - 91) + 1)
/R <K((Da_ _ y)) p1(v; Op)dr = = /RJr sinh B (e—i(wa—Bb) e dt = K% (@0 —0y—1) )

With the density term p for close-pairs:

J (R 0) o= e (Siecai) o= (568 70)

With the density terms p for wide-pairs:
/ K(wf —v)p(v —wp)dv =
R

0,
+ ~ _ 1 . i(wa—wp)t
K(w, —v)p(v —ap)dv = — sinht(e™ — 1)e!@Wa=“r)iqt
R T JRE
= K(wg —wp +1) — K(wg — @),
.
R+
K (&

)

= (
/RK(JJ; —v)p(v—wp)dv = - sinht(e™! — 1)e {we=@)tqy

= (

—wp —1) — K(wg —

/ K(w, —v)p(v —ap)dv =0.
R
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