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On the thermodynamic limit of form factors in the massless
XXZ Heisenberg chain

N. Kitanind], K. K. Kozlowsk#, J. M. Maillet§,
N. A. Slavnov@, V. Terrad]

Abstract

We consider the problem of computing form factors of the massless XXZ Heisen-
berg spin-1/2 chain in a magnetic field in the (thermodynamic) limit where the
size M of the chain becomes large. For that purpose, we take the particular
example of the matrix element of the operator o* between the ground state and
an excited state with one particle and one hole located at the opposite ends of
the Fermi interval (umklapp-type term). We exhibit its power-law decrease in
terms of the size of the chain M, and compute the corresponding exponent and
amplitude. As a consequence, we show that this form factor is directly related
to the amplitude of the leading oscillating term in the long-distance asymptotic
expansion of the correlation function (c{o7, ).
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1 Introduction

The main purpose of this article is to open a way for the study of the form factors (or in general
of the matrix elements of local operators) of the massless XXZ Heisenberg chain in a magnetic
field in the limit where the size of the chain becomes large. For that purpose we will consider
a particular matrix element of the local spin operator o* between the ground state and an
excited state with one particle and one hole located at the opposite ends of the Fermi interval
(umklapp-type term). Although the present article is devoted to this special case, it will be
clear that the method we propose can be applied to more general cases as well.

As already mentioned in our recent work [I], this particular form factor is of direct interest
for the computation of the asymptotic behavior of the ¢* two-point correlation function. Let
us briefly recall how it appears in this context. In [I] we explained how to compute, from first
principles, the long-distance asymptotic behavior of some two-point correlation functions: the
longitudinal spin-spin correlation function in the massless phase of the XXZ spin-1/2 Heisenberg
chain and also the density-density correlation function of the quantum one-dimensional Bose
gas. In particular, for the spin chain, we obtained that the correlation function of the third
components of spin behaves at large distance m as

222 2. cos(2mp,.)
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In this formula p, stands for the Fermi momentum and Z represents the value of the dressed
charge on the Fermi boundary, the precise definition of these quantities being postponed to
Section 2.2l We announced in [I] that the coefficient F,, in (ILT]) is related to the thermodynamic
limit of the properly normalized aforementioned special form factor of the o® operator. We
prove this statement in this article.

The fact that the coefficient F,, should be related to this form factor is not really surprising.
It is well known that the leading asymptotic behavior of the correlation functions is defined by
low-energy excitations in the spectrum of the Hamiltonian. From this assumption, the form of
the asymptotics ([LI)) was predicted by the Luttinger liquid approach [2] [3 14l [5 [, [7, 8] and
the conformal field theory [9, 11l 10, 12] together with the analysis of finite size corrections
13 14, 15, 16, 17, 18, M9, 20, 21]. There the oscillating term in the asymptotic formula
corresponds to the process of a particle jumping from one Fermi boundary to the other. One
can expect therefore that the numerical coefficient in this term should be somehow related to
the corresponding form factor.

However, the precise relationship between the coefficient F, and the form factor under
consideration has been missing up to now. The first reason is that the methods mentioned
above hardly give any prediction for the exact value of the coefficient F,: an expression for this
amplitude was already given in [30}, [31], but only for the case of zero magnetic field, and its
physical meaning was not clear. The second reason is the absence of sufficient information about
the thermodynamic limit of form factors in massless models. The matter is that, in distinction
of massive models in infinite volume for which form factors were successfully calculated in series
of works (see e.g. [22] 23| 24, 25]), the thermodynamic limit of the form factors in the massless
case have a non-trivial behavior with respect to the size of the system. This phenomenon
was observed, apparently for the first time, in [28] for the model of one dimensional bosons.
Recently similar results were obtained in [29] for the free fermion limit of the XXZ spin chain.
This non-trivial behavior of the form factors with respect to the size of the system makes very
difficult their analysis directly in the infinite volume contrary to the case of massive models.



One of the main goal of the present article is to develop a method to resolve this problem.
We start with determinant representations for form factors for the finite Heisenberg chain
[36]. Then, acting in the spirit of works [28] 25], we proceed to the thermodynamic limit
of the specific form factor under consideration. This method allows us to obtain its leading
(power-law) behavior in terms of the size of the chain and to calculate the corresponding finite
amplitude. Remarkably, the exponent governing the power-law decrease of the norm squared
of this (umklapp-type) form factor in terms of the size M of the chain is equal to the critical
exponent 222 for the corresponding oscillating term in (L.TJ).

The article is organized as follows. In Section 2] we recall some well known results concerning
the XXZ chain, its algebraic Bethe ansatz solution and its thermodynamic limit. The main
result of the article is discussed in Section we define more precisely the form factor that
we investigate and we write explicitly its relation with the amplitude appearing in (LII); we
also recall the exact expression of this amplitude as computed in [I]. The next sections are
devoted to the proof of this result. In Section [4] we remind determinant representations for this
form factor in the finite chain that are suited for our analysis. It enables us, in Section [ to
compute its thermodynamic limit. Several technical results concerning this limit are given in
the appendices.

2 The XXZ chain: general results

The Hamiltonian of the integrable spin-1/2 XXZ chain, with anisotropy parameter A and in
an external longitudinal magnetic field h, is given by

H=HO —hs,, (2.1)
where

M
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In this expression, as well as in (L)), o, stand for the local spin operators (in the spin-1/2

representation where they are represented by Pauli matrices) acting non-trivially on the mt"*
site of the chain. The quantum space of states is H = ®%I:1Hm where H,,, ~ C? is the local
quantum space at site m. We assume periodic boundary conditions and, for simplicity, the
length of the chain M is chosen to be even. Since the simultaneous reversal of all spins is
equivalent to a change of sign of the magnetic field, it is enough to consider the case h > 0.

In the thermodynamic limit (M — oo) the model exhibits different regimes depending on
the values of the anisotropy A and magnetic field i [32]. We focus on the massless regime
(JA] < 1) and assume that the magnetic field is below its critical value h. [39]. All along this
article we use the parameterization A = cos(, 0 < ¢ < m.

2.1 The finite XXZ chain in the algebraic Bethe Ansatz framework

The central object of the algebraic Bethe Ansatz method is the quantum monodromy matrix.
In the case of the XXZ chain, it is a 2 X 2 matrix,
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with operator-valued entries A, B, C and D acting on the quantum space of states H of
the chain. These operators depend on a complex parameter A and satisfy a set of quadratic
commutation relations driven by the six-vertex R-matrix.

The Hamiltonian H(® of the XXZ chain is given by a trace identity [33] involving the
transfer matrix

T(\) =tr T(A) = A(\) + D(). (2.5)

The transfer matrices commute for arbitrary values of the spectral parameter, [7(\),7 (u)] = 0,
and their common eigenstates coincide with those of the Hamiltonian.

The solution of the quantum inverse scattering problem enables us to express local spin
operators in terms of the entries of the monodromy matrix [36] [37]:

v=TrF Y (=i¢/2) - tr (T(—i¢/2) o) - T F(—i(/2). (2.6)

In the Lh.s. o} denote a local spin operator at site k, whereas 0 appearing in the r.h.s. should
be understood as a 2 x 2 Pauli matrix multiplying the 2 X 2 monodromy matrix.

It turns out to be convenient to introduce a slightly more general object [26], the twisted
transfer matrix

T.(\) = A(N) + kD(N), (2.7)

depending on an additional complex parameter . For a fixed value of k, these twisted transfer
matrices also commute with each others, [7()),7.(x)] = 0, and hence possess a common
eigenbasis. The latter goes to the one of the Hamiltonian (2.2]) in the £ — 1 limit.

In the framework of the algebraic Bethe Ansatz, an arbitrary quantum state can be obtained
from the states generated by a multiple action of B(\) operators on the reference state |0)
with all spins up (respectively by a multiple action of C'(\) operators on the dual reference
state (0]). Consider the subspace H(M/2=N) of the space of states H with a fixed number N
of spins down. In this subspace, the eigenstates |1, ({i})) (respectively the dual eigenstates
(e ({p})]) of the twisted transfer matrix 7,(v) can be constructed in the form

| ¥e({1})) HB p)l0),  (we({ph)] = (0] HC 5) (2.8)

where the parameters p1, ..., uy satisfy the system of twisted Bethe equations

Yelpil{p}) =0,  j=1,...,N. (2.9)

Here, the function ) is defined as

’,:]z

Ve(w|{p}) = al Hsmh (g — v —1i¢) + kd(v
k=1 k; 1

sinh(p, — v + iQ), (2.10)

a(v), d(v) being the eigenvalues of the operators A(v) and D(v) on the reference state |0):
a(v) = sinh™ (v — ﬁ) d(v) = sinh™ (v+ %) (2.11)

The corresponding eigenvalue of 7, (v) on |¥({p})) (or on a dual eigenstate) is

B N sinh(py, — v —i() N sinh(v — pg — z{)
reolti) = o) TT e ) [T g (2.12)



Note that all this construction is also valid at k = 1, in which case we agree upon omitting the
subscript x in the corresponding quantities.

Not all the solutions to the system (2.9)) yield eigenstates of the operator 7,;(v). The detailed
classification of the pertinent solutions is given in [35] (see also [27]). For those solutions
corresponding to the eigenstates (the so-called admissible solutions), the system of the twisted
Bethe equations can be recast as

N . .
ap;) II sinh(ue =5 =10 _ 4 N (2.13)

d(pg) =% sinh(pg — pj +iC)

2.2 Thermodynamic limit

We outline here very briefly the thermodynamic limit of the model, more detailed analysis can
be found in [40, [34] [39].

The ground state of the infinite chain with fixed magnetization (%) can be constructed
as the M — oo limit of the finite chain ground state (2.8) at k = 1. Hereby the limit of the
ratio N/M is equal to an average density D whose value is related to the magnetization by
(%) =1-2D.

In order to construct the ground state, one first takes the logarithm of the system (2.I3]) at
k=1and N and M fixed,

N
Mpo(ps) = > O(uj — py) =2mny,  j=1,...,N. (2.14)
k=1

Here —M /2 < nj < M/2, with n; € Z for N odd and n; € Z + 1/2 for N even (recall that M
is assumed even). The functions pg(A) and 9(N),

sin —C sinh (7
po(A) = ilog <ﬁ> , Y(A) = ilog <$> , (2.15)
2

are respectively called bare momentum and bare phase (we choose the principal branch of the
logarithm). Among all the eigenstates obtained through (2.14]), we define the N-particle ground
state to be the state with the lowest energy in the sector with N spins down. It is characterized
by the (half-)integers n; = I; = j — (N + 1)/2 [40], and the corresponding roots \; are real
numbers belonging to some interval [—q, g| called the Fermi zone.

At the next step the length of the chain M as well as the number of spins down N are sent
to infinity at fixed limiting value of N/M. In this limit the Bethe roots A; corresponding to
the N-particle ground state condensate, \j11 — A; = O(M 1) (see e.g. i34]), and the system
(214) turns into a linear integral equation for the spectral density p(\)

A standard way to derive this integral equation is to introduce a ground state counting
function & (A\). Namely, let )\(é ) satisfy the functional equation

N

() - 7 20 - ) =2a (6= )., (2.16)

L Although there are evidences that the ground state can be described in that way, strictly speaking, to our
knowledge, this statement has been proved only in the case A < 0 [40), [34].



for a given value of f and with parameters Ay corresponding to the N-particle ground state.
Evidently, £(\) is the counting function, since M) = Aj and £(\j) = j/M due to equation

(@I4). The (finite-size) density of the N-particle ground state is defined by p(\) = d€/dA.
From (2.I6), it is equal to

N
1
omp(\) = ZK A=), (2.17)
k:l

with
sin 2¢
sinh(\ + 4¢) sinh(A — ()

KW\ =9 (\) = (2.18)

In the thermodynamic limit, the N-particle density p(A) goes to the spectral density p(A) of
the infinite chain with support on a finite interval [—¢, g]. In this limit, discrete sums of piecewise
continuous functions can be replaced by integrals via the Euler—Maclaurin summation formula

1 N N q
SIS D IR Ezj ) = [ o0 (2.19)

Thus, replacing the sum over k by an integral in (2.17]), we obtain the integral equation for the
density of the infinite chain,

+_/KAM () dpe = 5-pH(N). (2:20)

The average density D = limy, a7—.00 N/M is then given by

N q
. 1
D= lm - ; 1= /p()\) dA, (2.21)
- —-q

which defines the integration boundary ¢ in (2.20]).

Observe that the definition of the discrete density p(A) implies that p(A) can also be defined
as the limiting value
EQye) =€) 1

Aj)= 1l = 1 A SE—— 2.22
P( j) N,]\ifrgoo )\j+1 — )\j N,]\ilrgoo M()‘j—I—l — )\j) ( )

The method described above allows one to construct the ground state of the infinite XXZ
chain at fixed magnetization. For the XXZ chain in an external magnetic field, the magneti-
zation of the ground state is not an independent variable but depends on the magnetic field
h. Then the boundary of the Fermi zone ¢ in the equation (2:20) is defined from the condi-
tion £(¢) = 0 (instead of from (2.2I])), where () is the dressed energy satisfying an integral
equation similar to (Z20]):

+—/K (A —p)e(p)du =h —2p{(\)sin ¢ . (2.23)



The condition £(q) = 0 provides the positiveness of the energy of any excited state. We see from
([223) that the Fermi boundary g depends on the anisotropy parameter A and on the magnetic
field h, i.e. that ¢ is a function of the parameters of the Hamiltonian (2ZI). We remind that ¢
remains finite for non-zero magnetic fields, while it tends to infinity when h — 0. Throughout
the present article, ¢ will be kept finite in all the computations.

Let us finally recall the definitions of the dressed momentum and charge, which are two
important functions characterizing the ground state. The dressed momentum is closely related
to the density as

A
=27 [ p(p (2.24)
[

Obviously, the thermodynamic limit £(\) of the counting function ¢ (M) can be expressed in
terms of the dressed momentum according to £(A\) = [p(A) + p(¢)]/2n. The dressed charge
satisfies the integral equation

/K A—p) Z(p)dp =1, (2.25)

and can be interpreted in the XXZ model as the intrinsic magnetic moment of the elementary
excitations [39]. The quantities Z = Z(q) and p, = p(q) = 7D (Fermi momentum) enter the
asymptotic formula (LT]).

The excitations above the ground state can be constructed by adjoining particles and holes
to the Dirac sea [41], 42 [43] [44], [45] [40} [46]. In other words, an excited state above the ground
state corresponds to the replacement of a finite number of the (half-)integers I; = j— (N +1)/2
parameterizing the ground state by some different ones, not belonging to the original sequence.
In general, this induces a shift of the Bethe parameters {u} describing this excited state with
respect to the ground state Bethe roots {\}, and possible appearance of complex roots.

3 Statement of the result

We are now in position to be more precise about the result we prove in this article.

We study a particular form factor of the o operator, involving a very specific excited state,
namely the one with one particle and one hole located on the opposite ends of the Fermi zone.
For definiteness, we consider the case where the spectral parameters of the particle and hole
are respectively equal to £¢. This means that the (half-)integers which characterize this state
through ([214), that we will denote I} (j = 1,...,N), coincide with the ground state ones
(I; =1;) for j =2,...,N, but differ at j = 1: I{ = N +1— (N +1)/2. There exists another
way of describing the same eigenstate: by shifting the ground state (half-)integers by 1, i.e.
by setting I]’» =j+1— (N +1)/2. In the framework of this approach, we can consider the
aforementioned excited state as a limit of a twisted ground state. Indeed, similarly to (2.14))
different eigenstates of the twisted transfer matrix are characterized by sets of (half-)integers
n; in the logarithmic form of the twisted Bethe equations (2Z13)),

N
Mpo(115) 279 — pg) = 2wn; —if3, j=1,...,N, (3.1)
k=1



where k = €. In the case n; = I;, we call the corresponding eigenstate the twisted ground state.
In that case and at 8 = 27, the equations ([B.1]) reduce to (2.I4) withn; = I} = j+1-(N+1)/2,
and, thus, the twisted ground state becomes the excited state described above.

Our result is the following :

In the thermodynamic limit, the normalized form factor of the o* operator between the
ground state | ({\})) and the excited state (1p({u})| defined above is related to the amplitude
|Fy|? (which is a finite number) appearing in the asymptotic formula (L)) for the longitudinal
spin-spin correlation function as

N O _
N <2w> e T E ~ P 32

In other words, it means that the modulus squared of the corresponding form factor behaves as

|Fy|? (%)7222 for M large. It is remarkable that the exponent 222 governing the modulus
squared of the form factor power-law decrease in terms of the size M of the chain is exactly
equal to the exponent for the power-law behavior of the corresponding oscillating term in the
correlation function (L), but there in terms of the distance m separating the two spin opera-
tors.

This result will be proven throughout Sectionsdand Bl There, the above special form factor
will be computed and its thermodynamic limit will be taken.

In order to complete this statement, let us recall the explicit value of the amplitude |F,, |?
obtained in [1]:

B2 = 2G(2,2) sinp,
7 TZ

2 2 ~
> - [27 p(q) sinh(Qq)]f22 - ef1=Co 'A(B)‘gzgm- (3.3)

Here the notation G(a, z) represents the product of Barnes functions G(a,z) = G(a+z)G(a—1x)
(c¢f [A2)). The constants Cy and C; are defined in terms of the dressed charge Z:

[ 2Nz
Co= / Snh2(h — p—ic) (3.4)

Z—-7Z(\)
tanh(q — \)

Y LR ax. (3.5)

did 2Z
tanh(A — p) ot
—q —q
Finally, the coefficient .Z(ﬂ) is given in terms of a ratio of Fredholm determinants:

2
det [I + ﬁUgI)(w,w')]

det [I + 5= K|

A(B) =

o5 [2a—i¢)—2(—q—i()] (3.6)

In this expression, the integral operator I + K /27 occurring in the denominator acts on the
interval [—gq,¢q] with kernel ([2ZI8]), whereas the integral operator appearing in the numerator
acts on a contour surrounding [—q, ¢] with kernel

P2 (K (w — w') — Ky(—q — w')]
- PEwHC) — Bt BEw—i) ’

)
U*q

(3.7)

(w’w,) =



where
K.«(\) = coth(A +i¢) — kcoth(A —i¢), &k =é". (3.8)

The function Z(w) appearing 3.0, [B.7), is the im-periodic Cauchy transform of the dressed
charge Z,

q
_ 1
Z(w) = 5 /coth()\ —w) Z(A)dA. (3.9)
—q
Observe that it has a cut on the interval [—q, g] and satisfies the following properties:
Zlw+i¢) —zZ2(w—1i¢) =1— Z(w), (3.10)
Zi(w) — 2 (w) = Z(w), w € [—q,q]. (3.11)

The equation (3.I0) follows from (2.25). In (B.I1]), Z+ stand for the limiting values of Z when
R is approached from the upper and lower half planes.

Remark 3.1. Equation ([B.3]) contains the limiting value of .Z(B) at # = 2mi. We did not set
(B = 2mi directly in (3.6)-(B.8), as it may cause problems at some particular values of A. For
example, at A =0 (¢ = 5, Z(\) = 1), the kernel B.7) becomes ill-defined when 3 = 27i. It
should therefore be understood in the sense of the limit g — 27, the latter being well defined.

4 Special form factor for the finite chain

The solution of the quantum inverse scattering problem (2.6) and determinant representations
for scalar products [38], B6] give a possibility to express, for the finite chain, arbitrary form
factors of local spin operators as finite-size determinants [36]. We explain here how to obtain
such a representation for the special form factor defined above. Then, following the ideas of
[25, 1], we transform the obtained determinant to a new one, more convenient for the calculation
of the thermodynamic limit.

From now on, we will consider eigenstates of the twisted transfer matrix only for x belonging
to the unit circle, i.e. k = e”, where 3 is pure imaginary. This restriction is not crucial, but
convenient. The matter is that, due to the involution AT(A\) = D()\) (f means Hermitian
conjugation), the operator e=#/27,(\) becomes self-adjoint for [x| = 1 and X\ € R. In such a
case, the roots of the twisted Bethe equations (B.I]) are real or contain complex conjugated pairs.
In its turn, the involution Bf(\) = —C()\) guarantees the duality of eigenstates (1, ({u})| =

(DN ({uh).

4.1 Special form factor and scalar product

Consider the following operator Q,,, giving the number of spins down in the first m sites of
the chain:

m

1
Q=53 (1-07). (4.1)
n=1
It is easy to see that
m
1+4x 1—k
eﬁgm:H< L -05>7 = ef (4.2)

n=1



and we have

0 so., -
2D, 86 amin 1 =041,
where the symbol D,, stands for the lattice derivative: D,,f(m) = f(m + 1) — f(m). Also,
note that e’2m is a polynomial in £ which becomes the identity operator whenever 3 = 2min,
n € Z.
The operator (£.2) admits, through the solution of the inverse problem (28], a simple
representation in terms of the twisted and standard transfer matrices:

SO T (=) T (= %), (44

n € 7, (4.3)

We use this representation and consider the following matrix element of e3<m:

WL} [ (A}) = (Wu({eDI T (= %) T (= %) [w({A}), (4.5)

where [1)({A})) is the ground state in the N-particle sector, and (¢, ({pt})| is an eigenstate of
the twisted transfer matrix 7,. Then

el Hi\" \ L6
) ) (46)

Setting v = —% in (2.12), we obtain

(IO [ ({A}) = e Ea=lrot) =ty () ({A}), (4.7)

Let us now differentiate (4.7) with respect to § at 5 = 2mi. Hereby, at 3 = 274, the state
(Y ({p})] becomes an eigenstate of the standard transfer matrix. As it does not coincide with
the ground state, it is orthogonal to the last one, and thus,

EDIQu (D) = (7 E 0w 1) St @l O], - @8)

(e[| P2m [(A})) = (

Using also (4.3) we find that the special form factor we want to compute can be obtained in
terms of the normalized scalar product between the ground state |¢¥({A})) and the twisted

ground state (. ({p})| given by BI)) with n; = I;:

WD Ima WODE o (P &

P - e DE <2> %25 (u. “})‘BZM’ (49)
with

” W)\

S 1A) = (H%({M})H - ||¢<{A}>||> ’ (4.10)

and where Pey = > N Ipo(pj) — po(A;)] is the total momentum of the excitation. Deriving

(Z9) we have used that (¢R({u})|1/)({)\})> is real at |k| = 1.
In (4.10)), the parameters p; satisfy the system of twisted Bethe equations (B.I]) with r; = I;
and, hence, are functions of 5. In particular, they are taken to be

oo =2 J=1....N. (4.11)

Then, in the Lh.s. of (@), the set {y;(8 = 2mi)} describes the excited state considered in
Section Bl with a particle at ¢ and a hole at —gq.

10



4.2 Determinant representation

Thus, in order to study our special form factor, we can use the determinant representations
for the scalar product between an eigenstate of the twisted transfer matrix with any arbitrary
state of the form (2.8]). Let us recall these representations.

Proposition 4.1. [38, [36] Let u1,...,un satisfy the system [239) and A\1,...,A\n be generic
complex numbers. Then

N
{ HO M ({u) = @D T BOY)I0
j=1

P RL(N dety Qu({ads M} {)), (412)
1;[1; sinh(ug — pp) sinh(Ap — Ag)

where the N x N matriz Q. ({p}, {\}[{r}) is defined as

N
() (L}, AN D) = alw) tpg, M) [ sinhpa — A =€)
a=1
N
— kd(Mp) (s ) [ sinh(ua — A +i¢),  (4.13)
a=1

with
—isin(
t(p, A) = .
(1, 2) sinh(pu — A\) sinh(pu — A —i()

(4.14)

Note that, due to the Bethe equations (2.9)), the entries of the matrix Q. ({u},{A} | {u})
are not singular at Ay = p;. In particular, if A\; = p; for all j = 1,..., N, then we obtain the
square of the norm of the twisted eigenstate (1, ({u})|1s({1})) (recall that |x| = 1), which
reduces to

N
N lb—[lsinh(ua — p — iC)
s ({u D bs({1})) [2iM pi(pg) alpg) d(pg)] =
i=1 [T sinh(ua — pp)
a;ll;g_bl
x dety '), (4.15)
with
(1) K(pj — i) alp) &
M) s J 5 _ _
O = djk + oM p () 2mM py(p) = —ilog ) a_lK [t = fha)- (4.16)

In the case of interest (scalar product of the untwisted ground state | ({\})) with the s-
twisted one (1. ({¢}) |), one has two different representations for the scalar product. On the one
hand, it is possible to apply equation [@I2]) when |1 ({\})) in understood as an arbitrary state.
On the other hand, one can consider |({\})) as an eigenstate (for k = 1), interpret (. ({u}) |
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as an arbitrary state, and apply formula (£I2]) with A\ <> x. Thus, one can obtain two different,
but equivalent representations for the scalar product (¢, ({u}) [ ({\})). We do not give here
the explicit formulae (which can be easily derived from (£12))-(4.I4])) as these representations
are not convenient for the calculation of thermodynamic limits. In order to obtain new formulae
that are appropriate for such goal, one can extract the products of sinh_l(ﬂk — );) from the
determinant of the matrix €, (see [1, 28 25]). As a result, one obtains two new representations

containing Fredholm determinants of integral operators of the form I + 5 U gt )( w'), with
kernels
N
~ (2 sinh(w — pg) Ke(w —w') — K0 —w')
Ue( )(w,w') T H sinh(w— Ag) V! ! ’ (4.17)
a=1 a + (w)__ﬁv; (w)
N
~ inh(w — A;) Kg(w—w') — Kg(w—0)
R AR b a)  Zr il , 4.18
g (W) 1_11 sinh(w’ — pg) V_(w') — kV4 (w') (4.18)
Here 6 is an arbitrary complex number, K, is given by (8.8), and
N . .
{A\}n sinh(w — A\ £4()
V. =V = . 4.19
+(w) * <w | {u}n 1_11 sinh(w — pg £C) (4.19)

These integral operators act on a contour surrounding the points {A} (resp.{xt}) but no any

other singularity of (79()"“ ) (w,w"). More precisely, one has the following proposition (see Ap-
pendix A of [I] for the proof):

Proposition 4.2. [1] Let \1,...,An satisfy the system of untwisted Bethe equations and
Wi,y N Satisfy the system of k-twisted Bethe equations ([2Z9). Then

oy sinh(pa = X — i) T NN R Y
oo = T] =ERe2e 28 T {amaon [z 1]

1—«&

“VIN0) — /v N(9)

- det [I+—U(A)( ')], (4.20)

and

WDl () = ] S =0 1) fj{ ()0 {722 ]}

sinh(pg — Ap)
ab=1 Ma b

X S e By a0 /
V_(0) — kV,(0) dt[”f =Uy" (w, )]. (4.21)

We would like to emphasize that equations (4.20) and (4.21]) describe scalar products for
the finite XXZ chain even though they contain Fredholm determinants of integral operators.
In fact, it is not difficult to see that the integral operators UG(A’“ ) are of finite rank and hence

the Fredholm determinants can be reduced to usual determinants of N x N matrices [1].

Remark 4.1. We gave here two different representations for the same quantity, because we will
use both of them. Namely, we will substitute ([20) for one scalar product (¢ ({u})|({A}))
in ([4I0) and (4.2I]) for the other one, despite the evident fact that these scalar products are

12



the same. This way seems to be slightly strange, but it leads directly to equation ([B.3]). Due
to the equivalence of the representations (£20)) and (@2]]) one can use, of course, only one of
them, coming eventually to the same result. The last way, however, requires some additional
identities, since the equivalence of the representations (£.20) and (4.21]) is non-trivial.

It remains to apply all these results to our special form factor, which was expressed in
terms of the normalized scalar product S](\';) through (@9]). Substituting (£20), (£.21]), (£.15)

in (AI0), and using the Bethe equations (ZI3]), we obtain a representation for S](\';) as a product
of three factors:

SV {ny. ) =AY - DY - exp O (4.22)

)

with

9 V4 _
PR = (e =) H< 4«2M2><<f§v5< ) ) 423)

J=1

N

%) sinh(A, — pp — Q) smh(,ub—)\ — ()
C = 1

oN Z °8 sinh(A\, — A\p — iC) sinh(pg — pp — iC)’

(4.24)
a,b=1

and
(k — 1) det {I + ﬁﬁ(gf‘)(w,w’)} det {I—F ﬁﬁég)(w,w’)]

AR = — : 5 L (4.25)
(VJ: ((91) —kV_ (91)) (V_ (02) — KV+(92)) -dety ejk -dety @Jl]z

Recall that the representations (£20]), (£21]) contain an arbitrary complex parameter 6. Here
we have used two different parameters ¢, and 0 for each of the scalar products. In the following,
we shall set #; = —q and 65 = q.

5 Thermodynamic limit of the special form factor

We compute now the large size behavior (N, M — oo, N/M — D) of the special form factor
represented in ([A3)), (A.22)). We need first to characterize how the parameters y; of the s-twisted
ground state Bethe Ansatz equations behave in this limit. More precisely, how they are shifted
with respect to the parameters A; of the untwisted ground state. This will enable us to take the
thermodynamic limit in the expression ([£.22) for the normalized scalar product. Whereas it is

quite straightforward to evaluate the limit of the factors .Ag\';) and Cé”}, (see Subsection [£.2)),
we will see in Subsection [5.3] that the factor D](\';) ([#£23) requires more attention.

5.1 Twisted ground state and shift functions

In order to study the k-twisted ground state |, ({u})) in the thermodynamic limit, it is
convenient to introduce, similarly as for the untwisted case (see (2.I6])), a twisted counting
function &, (u) satisfying &.(u;) = j/M. Its explicit expression is given by

N .
én(w):ipo( ) — Lzﬁ(“}—#k)—i-ﬁ—k ip

2 o oM 2rM’ (5.1)
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with pg and ¥ given by (ZI5). The corresponding discrete N-particle density p,.(p) = %%

coincides with the function defined in (£I8]). It also coincides, at # = 0, with the N-particle
density of the ground state p(A). It is easy to check that both functions p,.(A) (for k # 1) and
p(A) go to the same function p(A\) ([222]) in the thermodynamic limit.

Using the counting functions for the ground state (ZI6]) and twisted ground state (&),
one can define shift functions describing the displacement of the spectral parameters {u} with
respect to ground state ones {\}. One can actually introduce two shift functions:

F(N) =ME(y) — €], Falpy) = M[&(y) — &(N))]- (5.2)

Both have the same thermodynamic limit which we, from now on, denote by F(\). One can
easily verify that

FOy) = lim 4N

N,M—o0 )‘j+1 - >‘j ' (53)

The subtraction of the equation (2.I4]) with n; = I; (Bethe equation for the ground state) from
(B1)) (Bethe equation for the twisted ground state, corresponding to the same number 7; = I;)
and a replacement of finite differences by derivatives and of sums by integrals as in (2.19]), leads
to the integral equation for the shift function F'

FO)+ 5o [ KO 1) F () ds = A (5.4)

o’

Comparing this equation with the one for the dressed charge (2:25]), one obtains

BZ(N)
FA) = ———=. 5.5
=0 (55)
Thence, for M large enough, the spectral parameters p; are shifted with respect to the ground
state ones \; by a quantity €; = p; — A; which can be computed for large M
BZ(Xj)

L S — —2 ) —
€j 2miMp() +O(M™7), j=1,...,N. (5.6)

5.2 Thermodynamic limit of A and C’éi{,

We first compute the limits of C’éif"]z, and A%). These limits are quite simple to calculate since
it is enough to take into account only the leading order of the shift (5.6]).

We have already seen that, in the thermodynamic limit N, M — oo, discreet sums over the
parameters \; can be replaced by integrals via (2.19]). It is also easy to see that

N q
. 1
W 11 (1+57000) = d [100parG. 5.7)
= —q
. 1
N}\}[rgoo det [53‘19 + MV()\j, )\k)] = det[/ + Vp|, (5.8)

provided f(A) and V' (A, p) are piecewise continuous on [—¢,q]. In (5.8]), det[I + Vp| refers to
the Fredholm determinant of the integral operator I + Vp acting on the interval [—gq, g] with
kernel V' (A, u)p().
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The thermodynamic limit of CO(HK, is straightforward to obtain using (5.6):

. h(Aj — A\ — e — iC) sinh(\j — Ay + € — iC)
1 () _ 1 sin & — €k ;
NJ\}}EOOC N]\}Irgoo Z o8 sinh(A; — A\, — i) sinh(A\j — Ay + €5 — € — iC)
N e
= — N}\i/lrgoo 2 16j €k Ox; 0, logsinh(\; — Ay —i¢) = 4—77200’ (5.9)
)K=

where Cy is given by (B.4]).
Let us now consider the different factors in (4.25]). As the limit of p(\) and p.(A\) coin-

cides with the ground state density p()), both determinants dety @ﬁ’“ ) go to the Fredholm
determinant of the operator I + K /27:

lim dety @( ) = det [I + K/2~] . (5.10)
N,M—oco

A direct application of (5.7 leads to

: _ —BE(wic)
ijl\}[rgoovi(w) e . (5.11)

Similarly,

N sinh(w — A,) s
N}\i/[rgoo 11 m = ¢ PEW) w uniformly away from [—gq, q]. (5.12)

Substituting (B.11]) and (512]) into (£17) we have that, at 6, = —

I = / RGN /
li — UV =——U 1
N im U (w,w") 57U (w,w'"), (5.13)

where the kernel UE);) (w,w") is given by [B1). It is also easy to see that, when 65 = ¢ and £ is
purely imaginary,

N 510 no (oY,
lim UM (w,w'") = 5 Z,U,q (—w, —w"), (5.14)
7r

where  means hermitian conjugation. A simple algebra based on ([B.I0]) leads to

N,M—oc0

. hg 2 B
lim AR = ( — 522) A(B), (5.15)

where A(3) is given by (3.0).

5.3 Thermodynamic limit of the Cauchy determinant

As already mentioned, the thermodynamic limit of the factor Dg\';) ([#23) is the most com-
plicated to obtain. Although the final result for this quantity can be expressed in terms of
the limiting value of the shift function (5.5]), the approximation (5.6]) is not enough for the
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intermediate analysis. The reason is that D](\'f) contains the square of a Cauchy determinant
which has poles at p; = A;. These singularities are compensated by the zeros of

However, this compensation takes place if and only if the parameters p; ezactly solve the set
of twisted Bethe equations, which means that it is not enough to consider only the first order
of the shift function as in (5.6]). Therefore, to compute the limit of D](\’f), we should work with
the exact formulae for the N-particle shift functions F' and F), (52) defined in terms of the
two counting functions & (w) and é,{(w) [(2.16), (5.1), their limiting values being only taken at
the end of the computation.

In order to re-write (£23]) in terms of the shift functions F and F),, we also introduce the
functions

sinh(A — p) sinh(\ — p)

oA p) =———=—=,  p)=7F, (5.17)
5()\) - 5(:“') gn()‘) - §n(l~6)
which fulfill
PN =N =500, @A) =6 = (V). (5.18)
Note that ¢ and ¢, have the same thermodynamic limit denoted by .
Proposition 5.1. The product D%) (@23) admits the following factorization:
() S 200 A B (g 1)
DY = HIF]- H[=F] - ®[¢] - olpu] - [ ] 557055055 (5.19)
N ]Hl G(Njs 115) D115, )
The functions H[F) and ®[@] are defined as
N - - N - -1 N . r
- F(\j) — F(\) F()\)) sin(mF'()}))
H[F] = 14 =22 R 14+ —- —_— 5.20
¥l H J—k 1_:[ J—k 1:[ wF(A\) (5.20)
>k Jk=1 j=1 J
" Jj#k
Hk [p(Njs M) @(panes )]
Plp] = : (5.21)
l_.[ @(M]a)‘k)
Gik=1
J#k

and the function H[—F,i] (respectively ®[p,]) can be obtained from (5.20) (resp. (5.211)) by the
replacement F(X) — —F.(u) (resp. ¢ — Pg).

Proof — Using the definition (ZI6]), (5.1 of the counting functions, one can easily see that

RV (@) _ omidféw)—é. @I, (5.22)

V_(w)
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which leads to

Jj=1

o

2miMIE) <)) _ 1) (ef%iM[é(w)f&(w)] _ 1)

I
=P
/N /N

o2miM (€ (115) =€ (X)) _ 1) <e—2mM[é(uj)—é(Aj>] _ 1)

<.
Il
—_

—-

[4 sin(wﬁ’,@(uj)) sin(ﬂ'ﬁ’()\j))} . (5.23)

<.
Il
—

Here we have used that é()\j) = é,i(,uj) = j/M, and the identity

N
7 [€0u) = &G + €nliy) = &0y)] =0 (5:24)

J=1

which is a consequence of ([2.16), (B.1).
The remaining part of the proof is quite trivial. It is based on the expression for the Cauchy
determinant in terms of double products

N

[T (uj — ug)(vg —v;)

1 .
dety ( ) = g2k
Uj — Vg

where u;, v; are arbitrary complex numbers. Substituting the explicit expressions for all the
factors into (5:I9)), and using again &(Aj) = &x(p;) = j/M together with the definition of F
and F), (52), one easily reproduces the original representation (£.23]) for D](\’;"). O

— , (5.25)
lkl (uj — vg)

J.k=1

Since the functions (A, u) and @, (A, @) are not singular at A\, u € [—q, q|, the thermody-
namic limits of the last three factors in the r.h.s. of (5.19]) can easily be calculated similarly as
in the previous subsection. Using (5.6]) we find

N 5
fim_[g]- 0fp,) - ] 20w ol )
N,M—o0 jaie P(Aj, 115) Pr (1155 Ag)
q
62
= exp{ ~ 2 Z(X) Z (1) 0x0y log (A, i) dA du} (5.26)
—q

It remains to compute the limiting values of H[F], H[—F}]. To do this, it is convenient to
split H[F] into two factors: H[F| = H1[F] - Ha[F], with

= 5100~ ] (1 P
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N N A -1 N . A
Hy[F] = exp [ij) FO) - F(ANJ-H)]] 11 (1 n Fﬁj) 150 62
j=1 1 ™ J

g k= j=1
J#k
1 (2) being the logarithmic derivative of the I'-function (¢f Appendix [A.T]).

Proposition 5.2. The thermodynamic limit of the factor H\[F] (5.27) is given by

9 2
Wim ogmnlF1 =~ [ (G =gs)) ol ara (5.20)

—q

Proof — Due to the smoothness of F' and £, there is an €, 0 < € < 1, such that, for M large
enough,

F(N) —FOw) | _

F(\j) — F (A
— M <€, uniformyin);, Ag. (5.30)
] [e—

(A7) =€)

The logarithm of the double product in the r.h.s. of (5.27]) can therefore be expanded into its
Taylor integral series of order 2

N FOu) — F( 2 (1) KL FOG) - FOw)
e 1+ P EO) et (0 )

n=1 i>k

N 1 9 ~ ~ 3
1 -1 Fy) = F()
B Z/dt b POp-FOw)? < Aj - 63D

M &)—€()

~—

The expressions under the double sum over j and k being not singular at \;, Ay € [—q, ¢], the
thermodynamic limit of the integral remaining terms in (5.31)) vanish due to the M3 pre-
factor. The contribution issued from the n = 1 term cancels with the pre-factor in (5.27]) since

N £ - N ~ N
y Z =25 P _ Y DFO) = FOw—js1)]. (5.32)
Ik VJ#:k =1

Thus, the limit of log H; reduces to the one of the term n = 2 in the expansion (5.31]), which
ends the proof. O

Proposition 5.3. The thermodynamic limit of the factor Hy[F] (5.28) is given by
2, 2 N
fim _(Hlf]- 87T ) 61 Fa) 61 F(g) - 0

N,M—oco
[ TE2(\) — F2(q) P2\ - F*(—q)
R e R e LY B

—q

where G(z) is the Barnes function (A.T).
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Proof — The product over k in (5.28)) can be expressed in terms of I'-functions as

N F()\j)>_1 N sin(m F 2(5)
7 = ~ . 34
jgl (1 Tk ]Hl mk 1;[ LG+ EA)( = F(Av—j41) .

This means that Hy[F] can itself be factorized into two factors,
Hy[F) = HY) [F) - H [P, (5.35)
with

N .
aV[E H o VD FO) (5.36)

H§2) [F] being obtained from (5.36) by the replacement F()\;) — —F(An_j41)-

We first consider Hél)[F] Let F_ = F(é_l(())) Evidently, F_ — F(—gq) in the thermody-
namic limit. We use the fact that the shift function F(Aj) is bounded uniformly for any value
of N. Thus we can use the following bound |F();)| < n for some n € Nand j =1,...,N.

Then we represent Hél)[ﬁ | as

O[] = ﬁ (j)er@F- ”Hl I+ F )e(F()‘) FL)(5) ﬂ F )P0 -FovG) 557
2 - . ~ . .
o PGHED) o T+ FOy) - j+F()\ ))

Using (A10), (B.4) we find

H )etiE _GIV+1)G( +F ) B (NY(N)+1-N) (5.38)
L+ F.) G(N+1+F.) |

and thus, applying the asymptotic formulae (A.3), (A.9) we arrive at

72 NP et F- _
lim N= H U)eiA — G(l + F(—q)) .eF(2 Q).(l—logQﬂ'). (5.39)
N,M—00 T+ Fo)

7=1

The limit of the second finite product in (5.37) evidently is equal to 1 due to Fi(\;) — F_ =

O(M~Y) for j = 1,...,n — 1. Finally, in order to compute the limit of the last product in

(BE3T) we can use Taylor integral representation for the logarithms of I'-functions (recall that
FO\)] < n < j)

N . 7 ; N
FL)ePO)—Fo)0) 1
1 Trrvzre il EP VLU Cel

j=n

33

j=n

DO =

1
/ a1 — 0 [0 (BOG+ ) B O) — 0" (Pt +5) B2 § . (5.40)
0



The limit of the first sum in (5.40) is obtained by applying Lemma [B.2] proved in Appendix
Bl Indeed, as the counting function is invertible and satisfies £(\;) = j/M, we write F();) =

F(£7'(4)). Then, using (B9), we find

= o PPN @) - F2(¢71(0))

li "G)[F? — F2(\))] = — : 41

S [F - o) = [ . dr (5.41)
j=n

Recall that D = limpy p/—o0 IN/M is the average density, so that, after the change of variables

¢~ 1(z) = A, we obtain

N

9oy g
lim P (j) [FE _FQ()\].)] _ F2(\) = F*(—q)
1

DETE) p(N) dA. (5.42)

N,M—o0 4

J= —q

Finally, the same transformation on the function F' allows us to apply, uniformly in ¢,
Lemma [B3] to the second sum in (5.40), hence proving that its thermodynamic limit is zero.
Substituting these results into (5.37]), we obtain that

2,
lim <H§1> (B N5 ‘”)
N,M—oco

5 DETE) p(\)dA|. (5.43)

= G(1+ F(—q)) -exp [F(Q_Q) (1 —log2m) — 1 [F*(\) = F*(=q)

(2)

The thermodynamic limit of H, [F | can be deduced from the previous calculation due to
the fact that F(Ax_j41) = F({fl(% - +)). O

The limit of H [—FH] is obtained in the same spirit as above. Since the limits of F', p and é
coincide with those of their k-deformed analogs, the result is given by (5.29]) and (5.33]) provided

that one makes the replacement F' — —F'.

This enables us to obtain the thermodynamic limit of D](\';):

Proposition 5.4. The product DE\';) admits the following thermodynamic limit:

B222 5222 52
im <D§$) M_%?) = G?(1,22) [p(q) sinh 2q] 2e2 e” a2, (5.44)
b —00

where Cy is given by BH). We remind that G(a,z) = G(a — 2)G(a + z) and Z = Z(q).

Proof — Using the expression (B.5]) of F' and the symmetry properties of Z, p and &,
Z(A) = Z(=A), p(A) =p(=A), and &) =D —¢(=A),
we obtain from Propositions (.2 (B3] that

| 5 B2 B[ (20 = Z(n)’
N}é[n_l)oo <DN N~ 2 >_G2(1,%) exp lﬁ/<m> p()\)p(,u)d)\d,u]

9 q

X exp [— s [ 20020 030, log el e -

—q

B [ 72(\) — 22
2 | €0 - €la)”

20



After some simple algebra the combination of integrals in (5.45]) can be reduced to the constant
Cy (B5), and the result takes the announced form. O

5.4 Results for the normalized scalar product and special form factor

Putting together the individual limits (5.44]), (5.9) and (5I5) yields

2
gz

2
B2z g2 -
G(zjﬁ_Z)] [p(q) sinh2q] 212 @ 4n2 (C1—=Co) A(B)

2 sinh g
BZ

2,2
lim (S](\’f)- M5 ) _
N,M—oco

(5.46)

The limits being uniform in § and its derivatives, we take the second [ derivative at 8 = 2mi
and obtain

lim <— 935y (5.47)

N,M—oco

B=2m1

. Mw) 1 <G(2,z)>2 1= A(p) |
2 T2 [p(q) sinh 2q] 222 | g=omi’

We still need to compute the excitation momentum P, in (49) to finish our proof. We
have

N q
WP P = i Sl - )] = [z (5.48)
J= —q
The integral equations (2.20)), (2.25]) for the density and the dressed charge then lead to
q q
/pa()\) Z(N)d\ =27 / p(A)dA =2p,., (5.49)
—q —q

due to (224]). Substituting (549) and (547) into (£9) and comparing the result with the
amplitude (B.3]), we finally arrive at (3.2)).

Conclusion

In the present article, we have initiated the development of a method to study form factors in
the massless regime of the XXZ Heisenberg spin chain. In particular we have given explicitly the
thermodynamic limit of a special form factor in the XXZ chain. This form factor corresponds to
the matrix element of the operator 0% between the ground state and an excited state containing
one particle and one hole on the different ends of the Fermi zone. It is clear however that our
method can be applied to other form factors as well, where excited states contain arbitrary
number of particles and holes in arbitrary positions. This method can also be applied to other
integrable models, for example to the system of one-dimensional bosons.

One of the unsolved problems is to prove that at zero magnetic field our result coincides
with the amplitude predicted in [30, B1]. The limit A~ — 0 corresponds to the limit ¢ — oo
in (£40). It is easy to see that the constants Cp, C1, A, p(q) sinh 2¢q, being finite for finite
q, become divergent at ¢ — oco. We were able to prove that the total combination giving F,
remains finite for A = 0, but we did not obtain a simple expression for its value in this limit.
We succeeded nevertheless to compute explicitly this quantity in the vicinity of the free fermion
point (¢ = %) up to the second order in € = > — % Our computation confirms the result [30] [31]
up to that order.

™
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A y-function and Barnes function

We recall in this appendix the definitions of the i-function and the Barnes function, as well as
several standard formulae that are useful for our study.

A.1 The y-function and its derivatives

d

The y-function is defined as the logarithmic derivative ¥(z) = p logI'(z) of the I'-function.
z

The multiplication property of the I'-function implies that,

w(")(Z—Fl) —1/1(")(2) — % (A.1)
It follows from (A.T]) that

= —1)"

k=0 '

When z — oo with —7 < arg(z) < 7, one has

Y(z) =logz — 5=+ 0 ( ! ) p(py = EVT 0D (ﬁ) . (A.3)

22

For n > 1, the n''-derivative of the 1-function admits the following integral representation:
! z— 11
/ v logtw (A.4)
1—-2z
0
The latter implies in particular that, for z > 0,
()" () >0, n>1. (A.5)

It is also easy to see that

1
/x <logm 1> dx > 0, z > 0. (A.6)
0
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A.2 The Barnes function

The Barnes function G(z) is the unique solution of

: d?
G(1+2)=T(2)G(z), with G(1)=1 and 3 log G(z) > z > 0. (A.7)
It has the following integral representation
2(1—2) =z f
logG(1+2) = 5 + 5 log2m + [ x¢(z)dz, R(z) > —1. (A.8)

0

The Barnes function has the following asymptotic behavior when z — oo, —7 < arg(z) < 7:

22 1 322 2 , 1
logG(1+2) = (7 — E) log z — = + §log27r +¢'(-1)+ O<;), (A.9)
Due to (A7), one has
N-1
Z logT'(k + a) =log G(N + a) — log G(a). (A.10)
k=0

B Sums with logarithmic derivatives of I'-function

In this appendix, we explain how to compute the thermodynamic limit of some sums involving
the ¥-function and its derivatives.

B.1 Finite sums involving v-function

Lemma B.1. Forn >0, a # —1,—2,..., and an arbitrary complex «, one has the following
identity
L (N+1) _ () et
n « n 'I’L
Zw (kta)e = ———- v (N+a)e —p™(a) n! ]; G . (B.1)

Proof — Denote the Lh.s. of (B) as f(«),
N
a)=> " (k+a)e. (B.2)
k=1
Shifting k by k + 1 and using (A.T]), we obtain

N—-1
fla)=e* > ™ (k+a+1)e”
k=0

N-1 N-1 - a(k+1)
_ (n) k+ a) eak + (_1)nn| 67
=€ Z_ P L (ki + )]
k=0 k=0

N-1  o(k+1)
= @ f(0) + ¢4 (a) — OOV +0) + (—1)"n!

Then (B.I) follows immediately. O



Taking derivatives of (B.Il) with respect to o at a = 0 one obtains formulae for the sums
of the type w(")(k + a)kP. Let us give explicitly several of them.
One has for p =0, n =0,

N
> Wk +a) = (N +a)p(N +a) — ap(a) — N, (B.4)
=1
and for p =0, n > 1,
N
>4 (kta) = N+a)¢<n>(N+a)—a¢<n>(a+1)+n(¢<n—1>(N+a)—¢<"—1>(a+1)). (B.5)
k=1

One also has forp=1,n=1,

N
Skl a) = FFOEELZ iy gy 4 WDy g1y
k=1
20 -1 N-—-1
- (BN @) = Y@+ 1)) + =5, (B6)
and forp=1,n > 2,
al (N+a)(N+1-a) ala—1)
D k" (k+a) = 5 YN +a) + 5 Y™ (a+1)
k=1
_ @ <1/1(”’1)(N—i—a)—zp("’l)(a—i—l)) _ @ <¢<nf2> (N +a)— (=2 (a—|—1)>.
(B.7)
B.2 More complicated sums
We now consider sums involving in addition some regular function(s).
Lemma B.2. Let f € C1([0,a]) for a > 0. Let us consider the sum
N.M al
SPMI = 301 (F) = O] 9 ) (B.3)
k=1
In the limit N,M — oo, N/M — D with D € [0,a], it tends to
D
SN p / 0 —t FO) 4 (B.9)
0

Proof — We have

N
S =% (¢'<k> -

k=1

%) %/lf’<%> dt+§:%/lf’<%> at. (B.10)
0 0
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It is easy to see that the first sum vanishes in the limit considered. Indeed, setting ||f| =

Sup[&a} ‘f‘7 we get USing m, (M) and (M),

Nooo Nk [kt Il
;1<¢(k)_E>M!f<M> kZ
= UL v s w4 w0 w1 = U ”[ gN+O()]. (B.11)

Thus, the limit of S§N’M) [f] reduces to one of the second term in (B.10), which is quite straight-
forward due to Euler—-Maclaurin summation formula

1

N 1 D D
X (K / @)~ 1)
Nmmst’[f]:N,mwkZM/f (57) = [ [ romae= [ FO=T00q,
0 0 0

=1 0
(B.12)

and Lemma [B.2]is proved. O

Lemma B.3. Let F, f € C'([0,a]), with a > 0. Let n € N be such that | F|| = supyg,q [£'] < n.
Then, for m > 1, the sum

SO ) = 3 [f(%) 9 (P(2) + k) = 70) 6 (P(0) + k)} (B.13)

vanishes in the limit N, M — oo, N/M — D with D € [0, a].

Proof — We have
1
SO ) = ik/dt[ ¢(m< (§Z>+kj)
0

w1 (50) ' (G) v (F (5) +9)

Due to (A5), (AB) (—1)™ 1™ (2) is positive monotonically decreasing function for z > 0.
Then one has the following estimate

(B.14)

/ / N
s,y < LB S g [cymptmen = iy + ot wm = ).
(B.15)

The last sum is readily computed by (B.). It is easy to see that it is a O(log N) at most. [
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