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ABSTRACT

1+1-dimensional integrable quantum field theories correspond to a sparse subset of
quantum field theories where the calculation of physically interesting observables can

be brought to explicit, closed, and manageable expressions thanks to the factorizability of
the S matrices which govern the scattering in these models. In particular, the correlation
functions are expressed in terms of explicit series of multiple integrals, this nonperturba-
tively for all values of the coupling. However, the question of convergence of these series,
and thus the mathematical well-definiteness of these correlators, is mostly open. This
paper reviews the overall setting used to formulate such models and discusses the recent
progress relative to solving the convergence issues in the case of the 1+1-dimensional
massive integrable Sinh-Gordon quantum field theory.
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1. INTRODUCTION

1.1. Scattering matrices for quantum integrable field theories

It was discovered in the early 20th century that the description of matter at low-
scales demands to wave-off some of the existing at the time paradigms governing the motion
and very structure of particles in interactions. This led to the development of the theory of
relativity on the one hand, and quantum mechanics on the other. In the latter setting, the state
of a physical system is described by a vector, the wave function, belonging to some Hilbert
space and supposed to encapsulate all the physical degrees of freedom of that system. On
the classical level, the time evolution of particles’ momenta and positions is governed by a
set of generically nonlinear ordinary differential equations which can be written in the form
of Hamilton’s equations. In its turn, the time evolution of a wave function is governed by
a first-order ordinary linear differential equation driven by the Hamiltonian operator. This
operator is obtained through a quantization procedure: its symbol is given by the classical
Hamiltonian of the system or, said differently, it is obtained from the classical Hamiltonian
upon replacing the classical momenta and positions by operators. While the success of the
approach was astonishing relatively to the amount of experiments which could have been
explained, soon after the early development of the theory it became clear that in order to
describe physics at even smaller scales or higher energies, one needs to develop a quan-
tum theory of fields which would bring together the quantum and relativistic features in the
setting of uncountably many degrees of freedom. In loose words, such a theory would be
reached by producing operator valued generalized functions, viz. formal kernels of distribu-
tions, depending on the space-time coordinates which would satisfy analogues of nonlinear,
relativistically invariant, evolution equations arising in classical field theory. While it was
rather straightforward to construct the quantum theory of the free field (and nowadays such
a construction is fully rigorous), the construction of interacting theories which are the sole
relevant for physics appeared to be a tremendously hard task, this even on a formal level of
rigor. The various approaches that were developed quickly met serious problems: the most
prominent being the divergence of coefficients supposed to describe the formal perturba-
tive expansions of physical observables around the free theories. Eventually, these problems
could have been formally circumvented in certain cases by the use of the so-called renormal-
ization procedure. The latter, while being able to produce numbers which were measured
with great agreement in collider experiments, eluded for very long any attempts at making
it rigorous. Some progress was eventually achieved for several instances of truly interacting,
viz. nonfree, quantum field theories within the so-called constructive quantum field theory
approach, see [35] for a review. While successful in rigorously showing the existence and
certain overall properties of such theories, the approach did not lead yet to rigorous and
manageable expressions for the correlation functions, which are the quantities measured in
experiments and thus of prime interest to the theory.

Among the various alternatives to renormalization, one may single out the S-matrix
program which aimed at describing a quantum field theory directly in terms of the quantities
that are measured in experiments. This led to a formulation of the theory in terms of matrix-
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valued functions in n complex variables, withn =0, 1,2, .. ., that correspond to the entries of
the S-matrix between asymptotic states. The S-matrix program was actively investigated in
the 1960s and 1970s and numerous attempts were made to characterize the S-matrix which is
the central object in this approach, see, e.g., [14,17]. However, these investigations led to rather
unsatisfactory results in spacial dimensions higher than one, mainly due to the incapacity of
constructing viable, explicit, S-matrices for nontrivial models.

The interest in the S-matrix approach was revived by the pioneering work of Gryanik
and Vergeles [16]. These authors set forth the first features of an integrable structure based
method for determining S-matrices for the 1+1-dimensional quantum field theories whose
classical analogues exhibit an infinite set of independent local integrals of motion. Indeed,
the existence of analogous conservation laws on the quantum level heavily constrains the
possible form of the scattering basically by reducing it to a concatenation of two-body pro-
cesses and hence making the calculations of S-matrices feasible. The work [16] focused on
the case of models only exhibiting one type of asymptotic particles, the main example being
given by the quantum Sinh-Gordon model. This 1+1-dimensional quantum field theory will
be taken as a guiding example from now on. It corresponds to the appropriate quantization of
the classical evolution equation of a scalar field ¢(x, ) under the partial differential equation

2
(02— 02)p + m? sinh(gg) = 0, (x,7) € R2. (1.1)

For this model, the asymptotic “in” states of the theory are described by vectors
=, ..., f® ) which belong to the Fock Hilbert space

+o00
b = P L*(RZ) withRZ = {B, = (B1.....Bx) €R": By > > B} (1.2)
n=0

This means that ™ e L2(R”) has the physical interpretation of an incoming 7n-particle
wave-packet density in rapidity space. More precisely, on physical grounds, one interprets
elements of the Hilbert space b, as parameterized by n-particles states, n € N, arriving, in
the remote past, with well-ordered rapidities 81 > --- > B, prior to any scattering which
would be enforced by the interacting nature of the model.

For the 1+1-dimensional quantum Sinh-Gordon model, the S-matrix proposed in
[16] is purely diagonal and thus fully described by one scalar function of the relative “in”
rapidities of the two particles:

B tanh[3 B —irb] 1 g?

S = ithh = -———.
#) tanh[ B + imb] W 287 + g2

(1.3)

This S-matrix satisfies the unitarity S(8)S(—f) = 1 and crossing S(8) = S(ir — B) sym-
metries. These are, in fact, fundamental symmetry features of an S-matrix and arise in many
other integrable quantum field theories. Within the physical picture, throughout the flow of
time, the “in” particles approach each other, interact, scatter and finally travel again as asymp-
totically free outgoing, viz. “out,” particles. Within such a scheme, an “out” n-particle state
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is then parameterized by n well-ordered rapidities f; < --- < 8, and can be seen as a com-
ponent of a vector belonging to the Hilbert space

+o0
bou = P L*(RL) with RZ={B, = (Br,....Bs) €R" : 1 <--- < Bu}. (14
n=0

The s-matrix will allow one to express the “out” state g = (g@,...,¢®,...) which results
from the scattering of an “in” state f = (f©@,..., f® .. )as
n
gPBr... . Bn) = [ 8Ba—=B5)- B B1). (1.5)
a<b

Note that in this integrable setting, there is no particle production and that the scattering is
a concatenation of two-body processes.

Over the years, it turned out to be possible to characterize thoroughly the S-matrices
for more involved quantum field theories underlying to other integrable classical field theo-
ries in 1+1 dimensions. Such models possess several types of asymptotic particles which
can also form bound states. Then, the “in” Fock Hilbert space is more complicated and
takes the form @25 L2(R”, ®"CP?) where the L2-space refers to ®"C? valued func-
tions on RZ, with p corresponding to the number of different asymptotic particles in the
given theory. The most celebrated example corresponds to the Sine-Gordon quantum field
theory. Building on Faddeev—Korepin’s [22] semiclassical quantization results of the solitons
in the classical Sine-Gordon model, one concludes that the underlying quantum field theory
possesses two distinct types of asymptotic particles of equal mass, the soliton and the anti-
soliton, as well as a certain number, which depends on the coupling constant, of bound states
thereof. These all have distinct masses and are called breathers. Zamolodchikov argued the
explicit form of the S-matrix governing the soliton—antisoliton scattering [39] upon using the
factorizability of the n-particle S-matrix into two-particle processes, the independence of the
order in which a three particle scattering process arises from a concatenation of two-particle
processes as well as the fact that equal mass particles may solely exchange their momenta
during scattering, this due to the existence of many conservation laws. This enforces that the
S matrix satisfies the Yang—Baxter equation, which originally appeared in rather different
contexts [5,37], and strongly restricts its form. We do stress that the Yang—Baxter equation
is the actual cornerstone of quantum integrability, so that it is not astonishing to recover it
also in this setting. The missing pieces of the Sine-Gordon S-matrix capturing the soliton—
breather and breather—breather scattering were then proposed in [18]. Nowadays, S-matrices
of many other models have been proposed, see e.g., [1,38].

1.2. The operator content and the bootstrap program

1.2.1. The basic operators

Having in mind the per se full construction of the quantum field theory, identifying
the content in asymptotic particles, viz. the “in” particles’ Hilbert space b,, and the S-matrix
which describes their scattering only arises as the first step. Indeed, one should build, in a way
that is compatible with the form of the scattering encapsulated in the S-matrix of interest, a
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family 0, of operator-valued distributions, o running through some set §. More precisely,
the Oy should be distributions acting on smooth, compactly supported functions d(x) of the
Minkowskian space-time coordinate

x = (xo,x1) € RM withx -y = XoYo — X1V1- (1.6)

Then Oy [d] is some densely defined operator on §;, whose domain could, in principle,
depend on d. It is useful from the point of view of connecting this picture to physics to
express O directly in terms of its generalized operator valued function

0y[d] = /Rz d?x d(x)0g(x). (1.7)

In fact, in physics’ terminology, it is the O, (x)s which correspond to the quantum fields of
the theory. Moreover, as will be apparent in the following, it turns out that in most handlings
Oy (x) does actually make sense as a bona fide operator valued function on the Minkowski
space having a well-defined dense domain. Hence, unless it is mandatory so as to make an
appropriate sense out of the formula, we will make use of the generalized function notation
Oy (x).

On top of being compatible with the scattering date, the operators O, (x) should
form an algebra, viz. the product Oy (x)O4/(y) should be a well-defined dense operator for
almost all x and y, and satisfy causality, viz. that for purely Bosonic theories as the Sinh-
Gordon model

[0a(x), 0ar(¥)] = 0u(¥)0w () = O (y)0u(x) = 0 if (x — y)* <0, (1.8)

namely when x — y is space-like. The family O, (x) should in particular contain the per se
quantized counterparts of the classical fields arising in the original evolution equation, for
instance, ®(x) or e”®(x) in the Sinh-Gordon quantum field theory case. Moreover, these
operators should comply with the various other symmetries imposed on a quantum field
theory, such as invariance under Lorentz boosts of space-time coordinates or translational
invariance. In the quantum Sinh-Gordon field theory on which we shall focus from now on,
the latter means that the model is naturally endowed with a unitary operator U, such that
for any operator O(x)

Uz, - O(x) -U;yl =0(x +y). (1.9)

The operator Uy, acts diagonally on b;, given in (1.2):
Ur, - f = (U9 - @ o ™) with f = (FQ ™) (1L10)
and where

vy S (B,) = eXp{i > p(Ba)- y}f‘"’(ﬂ,,), (1.11)
a=1
with p(8) = (m cosh(8). m sinh(B)) and B, = (B1.. .. fu).

Should the construction of quantum fields fulfilling to the above be achieved, the
ultimate goal would consist in computing in closed and explicit form the model’s vacuum-
to-vacuum n-point correlation functions:

(Ole (x1)--- Ou,, (xn)) = Trf)m [P00a1 (x1)--- Ou,, (xn)PO]v (1.12)

4100 K. K. KOZLOWSKI



with Po being the orthogonal projection on the O-particle Fock space. We do stress that
the above objects are still generalized functions and, as such, should be considered in an
appropriate distributional interpretation. That will be made precise below.

1.2.2. The bootstrap program for the zero particle sector
By virtue of the above, in the case of the b, Hilbert space, one may represent an
operator O(x) as an integral operator acting on the L2-based Fock space

ox)- f =) f,....0"x)- f,...) (1.13)

with 0™ (x) : b, — L?(R™). Later on, we will discuss more precisely the structure of the
operators 0 (x) that one needs to impose so as to end up with a consistent quantum field
theory. However, first, we focus our attention on the 0" space operators whose action may
be represented, whenever it makes sense, as

m
o) f =" / A" BMon (B [ [{e™ 2P £ (B,,). (1.14)
m=>0 RZ a=1

The oscillatory x -dependence is a simple consequence of the translation relation (1.9) along
with the explicit form of the action of the translation operator (1.11).

In order for 0(® (x) to comply with the scattering data encoded by S, one needs to
impose a certain amount of constraints on the integral kernels M(()?,)n
principles of quantum field theory impose that, in order for these to correspond to kernels
of quantum fields, the M((,?,)n
R” of a meromorphic function 317,,(,0) (B,,) of the variables B, belonging to the strip

(B,,,).- Firstof all, general

(B,,,) have to correspond to a + boundary value 5‘7,,(201 (B,,) on

S ={zeC:0<3(z) <27} (1.15)

Traditionally, in the physics literature, the functions 37,,(,0) (B,,,) are called form factors.

Further, one imposes a set of equations on the ,’f*‘,,(,o)s. These constitute the so-called
form factor bootstrap program. On mathematical grounds, one should understand the form
factor bootstrap program as a set of axioms that one imposes as a starting point of the theory
given the data (b;,, S). Upon solving them, one has to check a posteriori that their solutions
do provide one, through (1.14) and (1.16), with a collection of operators satisfying all of the
requirements of the theory discussed earlier on.

The bootstrap program axioms take the form of a Riemann—Hilbert problem for a
collection of functions in many variables. In the case of the Sinh-Gordon model, since there

are no bound states, these take the below form.
Form Factor Axioms 1.1. Find functions 79 n €N, such that, foreach k € [[1;n] and

fixed By € F, a # k, the maps By +— 37,,(0)(;9,,) are
e meromorphic on . ;
e admit +, resp. —, boundary values ¥, (.?_ on R, resp. 37,,(?,) on R + 2in;

n;

e are bounded at infinity by C - cosh(¢N(Bx)) for some n and k independent {.
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The ¥ (V( o satisfy the multivariate system of Riemann—Hilbert problems:

(i) agreeing upon Bap = Ba — Py, one has (1. ..., Bas Bat1. - Bn)
= S(Baat1) - Fa” (B1.- .. Bas1.Bar - Bu);
(i) For B1 € R, and given generic B, = (Ba, ..., Bn) € "L, it holds

Fa2(B1 +2in, ) = F 0 (Bl B1) = [T - 2s(ﬁa1) 7 (B,);

(iii) The only poles of 37,,(0) are simple, located at inr shifted rapidities and

—iRes(F, 0, (@ +in, B, 8,) -do,a = B) = {1 ~[]s —ﬂa)} L FOB,):
a=1
(iv) F (O)(ﬁ,, + fe,) = . 37”(")(,3”) for some number s, and with
e, =(1,...,1).

Note that the reduction occurring at the residues of ¥, 7,© )(ﬂ ) when B, = i can
be readily inferred from (i) and (iii).

One may already comment on the origin of the axioms. The first one illustrates
the scattering properties of the model on the level of the operator’s kernel. The second and
third axioms may be interpreted heuristically as a consequence of the LSZ reduction [25],
and locality of the operator, see, e.g., [2,34] for heuristics on that matter. Finally, the last
axiom is a manifestation of the Lorentz invariance of the theory. The number s, arising
in (iv) is called the spin of the operator. Moreover, the number £ depends on the type of
operator being considered. Finally, for more complex models, one would also need to add an
additional axiom which would encapsulate the way how the presence of bound states in the
model governs certain additional poles in the form factors, cf. [34].

1.2.3. The bootstrap program for the multiparticle sector
It is convenient to represent the action of the operators 0" (x) in the form

@) - ) = 3 [P0} mx [y [F™] (16)

m=>0a=1

There Mc(,m) (x | y,) are distribution-valued functions which act on appropriate spaces of
sufficiently regular functions in m variables. The regularity assumptions will clear out later
on, once that we provide the explicit expressions (1.18) for these distributions. In fact, it is
convenient, in order to avoid heavy notations, to represent their action as generalized integral
operators

M (x | y,)[f™] = /]R A" M, (Vi B) [ [{e7PP*} P (B,),  (117)
a=1

in which one understands of the kernels M,(, om (Y us Bm) as generalized functions.
The last axiom of the bootstrap program provides one with a way to compute these
kernels. Heuristically, it can be seen as a consequence of the LSZ reduction [25]:
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v)
M), (0t B,y
= Mr(l—)l;m+1 (a;l; (al +in, ﬂm))

m a—1
+270 Y Sansp, [ [ SBe — 1) - My (i (Bre- . Ban . Bum)).

In the above expression, Ba means that the variable 8, should be omitted and .,
refers to the Dirac mass distribution centered at x and acting on functions of y. Finally, the
evaluation at «; + iz is understood in the sense of a boundary value of the meromorphic
continuation in the strip 0 < J(z) < & from R up to R + izr. This axiom is to be comple-
mented with the initialization condition M((,?Bl @8, = .‘Fn(? J)r (B,) when B, € R” . Itis direct
to establish that the recursion may be solved in closed form allowing one to determine the
distributional kernel M. (°) m(&n; B,,) in terms of F, 7,0 B,):

min(n,m)

M B) = D Y Y H{znsak 8, )8(&n | &)

p=0  ky<-<kpiy#-Fipa=1
1<kgs<n 1<iz<m

xS(BNM | B,) - Frim—p— (P +inen_p, BP).  (1.18)
There, we have used the shorthand notations oc() (oekl, .oy 0k,) and a(z) =
(g, ... 0y, ,) where {€y, ... . Ly—p} = [1;n] \ {ka}?, €1 < -+ < €y_p, and analogously

W= B Biy) and B = By B, Where {nojm—p} = [Lm] \ {ia)]
J1 <+ < jm—p. Moreover, we have introduced

p n—p
s(an | D) =[] [] st — o).

a=1 p=1
ka>Zb
V4 m
s(BS" | B,) H [1sBs—8i)- [] sBia — By
a=1 p=1 a>b
b<ig ig>ip

Finally, we agree upon YN = (N.....y1) for any ¥y = (Y1,.-.,¥YN)-
It is clear on the level of the explicit expression (1.18) that this generalized function
is well defined, even though it involves a multiplication of distributions.

1.2.4. The road towards the bootstrap program

The first calculation of certain of the operators’ kernels was initiated by Weisz [36]
who built on the full characterization of the S matrix of the Sine-Gordon model to argue with
the help of general principles of quantum field theory an expression for the kernel M(o) (a; B)
of the electromagnetic current operator only involving one-dimensional variables «, 8. The
setting up of a systematic approach allowing one to calculate all the collection of kernels
characterizing an operator starting from a given model’s S-matrix has been initiated by
Karowski and Weisz [19] who proposed a set of equation satisfied by that model’s equiv-
alent of an(O) (B,,)- These allowed them to provide closed-form expressions for two-particle
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form factors in several models. However, these equations were still far from forming the full
bootstrap program as described above.

After long investigations [3e, 31,33] which revealed a deeper structure of the form
factors of the Sine-Gordon model, Smirnov [32] formulated the equivalent of axioms (i)—(ii)
in that model. Subsequently, Kirillov and Smirnov [2e] proposed the full set of the bootstrap
program axioms, exemplified in the case of the Massive Thirring model; see also [34].

2. SOLVING THE BOOTSTRAP PROGRAM

The resolution of the bootstrap program was systematized over the years and these
efforts led to explicit expressions for the form factors of local operators in numerous 1+1-
dimensional massive quantum field theories, see, e.g., [34]. The first expressions for the form
factors were rather combinatorial in nature. Later, a substantial progress was achieved in sim-
plifying the latter, in particular by exhibiting a deeper structure at their root. Notably, one can
mention the free field based approach, also called angular quantization, to the calculation of
form factors. It was introduced by Lukyanov [26] and allowed obtaining convenient represen-
tations for certain form factors solving the bootstrap program. In particular, the construction
lead to closed-form and manageable expressions [1e,27] for the form factors of the expo-
nential of the field operators in the Sinh-Gordon and the Bullough—Dodd models. Later,
Babujian, Fring, Karowski, Zapetal [2] and Babujian, Karowski [3, 4] developed the more
powerful K -transform approach which will be described below on the example of the Sinh-
Gordon model. The construction of [3,4] was improved in [15,24] so as to encompass more
complicated operators, the so-called descendants of the Sinh-Gordon exponential of the field
operator.

2.1. The 2-particle sector solution

The constructions of solutions to the bootstrap program starts from obtaining a spe-
cific solution to the equations (i)—(iv) when n = 2, i.e., for two variables. This was first
achieved in [19].

Lemma 2.1 ([19]). Let 5‘72(0)(/31 ,B2) solve ()—(iv) atn = 2. Then, there existk €{1,...,£/2},
% € C,a=1,...,k, such that, with 1, = B1 — B2
k

372(0)(/317132) =N, H{Sinh[ﬁlzT_%a] -sinh[h%]}e?(ﬂl+ﬁ2)l"(,312) (2.1

a=1

for some No € C and where F is given by the integral representation valid for 0 < J(8) < 2m:

+00 . T ‘ L 1
F(B) = exp{—4/0 dx sinh(xb) - sinh(xb) - sinh(3x) cos(%(in —,3))}» (2.2)

x sinh?(x)
with b = % —b.
Proof. Axiom (iv) ensures that fz(o)(ﬂl,ﬂz) = ¢7 B1tPIE (B, — B,) for some function

F(p) that is holomorphic on the strip 0 < J(8) < 2, bounded at infinity by C cosh(£8),
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and such that F_ (B + 2in) = S(B)F+(—B) =F(B), B € R. One first looks for a particular
solution to this scalar Riemann—Hilbert problem, namely a holomorphic function F in the
strip 0 < J(B) < 27 which behaves as F(8) = 1 + O(872) as %(B) — oo uniformly in
0 < J(B) < 2m and satisfies F_ (B + 2iw) = S(—B)F+(B) =F+(—B), B € R.

Starting from the below integral representation

+00 . i ‘ i 1
S(ﬂ)zexp{S/o dxsmh(xb) sinh(xb) - sinh(5x) sinh(g)}, 2.3)

x sinh(x)

one readily checks that the solution is provided by the below 2ix-periodic Cauchy transform

F(B) = exp{/}R ﬁ—jr coth[%(s — ﬁ)] In S(s)}. 24

The s integral can then be taken by means of the integral representation (2.3) for In S(s) and
leads to (2.2). Now it is easy to check that the holomorphic function G(8) = F(8)/F(8) on
the strip 0 < J(B) < 27 admits £ boundary values and satisfies G_ (8 + 2ir) = G (f) for
B € R and is bounded by C cosh({9(B)) as 9(B) — oo in this strip. As a consequence, it
admits a unique extension into a 2im-periodic entire function bounded by C cosh(¢f) and
hence is of the form Py(ef), where P is a Laurent polynomial of maximal positive and
negative degree £. Since it is 2im-periodic and even, Py (e?) necessarily takes the form

k
Pg(eﬁ) = l_[{sinh[ﬁ _2%‘1] -sinh|:’3 -;%a:|} for some 2k < £. (2.5)

a=1
|
2.2. The n-particle sector solution
Proposition 2.2. Consider the change of unknown functions
n
FiOBn) = [ ] FBap) - K7 (B)  with Bap = Ba — By, 2.6)

a<b
with F as defined through (2.2). Then rv,,(o) solves the bootstrap axioms (1)—(iv) if any only if
o X ,So) is a symmetric function of B8,,;
) JC,SO) is a 2ir periodic and meromorphic function of each variable taken
singly;
() the only poles of JC,(lo) are simple and located at B, — By € in(1 + 27Z). The
associated residues are given by
Res(K?(B,) - dBi1, B1a = in)

i - ]_[Z=3 5(B2a) ) ”
— . . e]{ )
F(in) [Tams{F(B2a +in)F(B2a)} a(Bn) @7

where B = (B3, ..., Bn);
V) KO (B, + 0€,) = b= - KO(B,,).
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This first transformation simplifies the symmetry properties of the problem. How-
ever, the inductive reductions provided by the computation of the residues are still quite
intricate. The idea is then to proceed to yet another change of unknown function, this time
by means of a more involved transform. The latter will then lead to structurally much sim-
pler, and thus easier to solve, equations satisfied by the new unknown function. As already
mentioned, the dawn of this approach goes back to [1e,27] and it was put in the present form
in [2-4]. In particular, we refer to [3] for the proof.

Proposition 2.3 ([3]). Let £, € {0, 1}" and p,(,o) (B, | £n) be a solution to the below con-
straints:

(@ B, — p,(,o) (B, | £,) is a collection of 2im-periodic holomorphic functions on
C that are symmetric in the two sets of variables jointly, viz. for any o € ©,, it
holds pi” (B 145) = pi” By | €a) with B, = (Bory: -+ Bom):

) P (B +im, Bl | 1) = g(£1,€2) p 5 (BL | £2) + h(Ly, L | BL) where h does

not depend on the remaining set of variables £, and
-1 .
sinnb)F(im)’

© PO (B + 0 | £y) =% piO (B, | Ln).

Then, its KX -transform

Ka[PP)B) = (—D‘”]‘[{l—iw}-n‘f’(ﬂn|en), 2.9)

£,€{0,1}" a<b Smh(ﬁab)

inwhich €, =Y " _, L, solves ()-(IV).

g(0,1) =g(1,0) = (2.8)

Note that arguments were given in [15] in favor of some form of bijection between
certain classes of solutions to (a)—(c) and (I)-(IV). However, we do stress that, so far, the
question whether there does exist a clear cut correspondence between all solutions to (a)—(c)
and (I)-(IV) is still open.

3. TOWARDS PHYSICAL OBSERVABLES AND THE CONVERGENCE

PROBLEM

The resolution of the bootstrap program provides one with the expressions for the
integral kernels of certain operators which are candidates for the quantum fields of the 1+1-
dimensional Sinh-Gordon quantum field theory. However, for this construction to really
provide one with the quantum field theory of interest, one should establish several facts.
First of all, the operators so constructed should form an algebra in the sense discussed in Sec-
tion 1.2.1. By virtue of the translational invariance (1.9), this means that, for any n,m € N,
the series of multiple integrals arising in the operator product U;lenol (x)02(0)P,,, where
Py, is the orthogonal projector on the k-particle Fock space, should converge in the weak
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sense. Namely, for any sufficiently regular functions e, — f ™ (e,,) and B8,, — g™ (B,,)
belonging respectively to a dense subset of L2(R”) and L*(R"), and for any d € € (R?),

ay ) 00 (g .
g/n& (2:1)@{/]1@ (e )nf (@) My (@i y)

2 ip(va)x \ | d"pg (02) (m)
X {/ d*xd(x) l_[e Py } {/]R';‘ (271)”’ m VB (Bm) (3.1

a=1

should converge. The simplest case corresponds to establishing the convergence of the series
of multiple integrals subordinate to operator products P01 (x)05(0)Py, viz. forn = m = 0.
Since the zeroth Fock space is one-dimensional, this exactly amounts to the convergence
of the series of multiple integrals which represents the two-point generalized function
(01(x)05(0)). However, even for this specific instance, proving this property on rigorous
grounds remained an open problem for a very long time. It has only recently been solved by
the author [23] in the case of space-like separation between the operators, viz. x2 < 0. The
scheme of proof of this result will be discussed in Section 4. From the proof’s structure, it
is rather clear that one can build on minor modifications of this method so as to establish
convergence in the time-like regime, i.e. when x2 > 0, although this has not been done yet.
Moreover, the combinatorial expressions for the kernels M,(, om(0tn; B,,) in terms of the base
form factors %, VAN , 0 < p < m + n indicates that the method outlined below would also
allow one to tackle the convergence problem for general multipoint correlation functions.

Once that the convergence problem is solved in full generality, hence guaranteeing
that the operators O, (x) do form an algebra, one still needs to establish the local commuta-
tivity property of the quantum fields which ensures causality of the theory. The method for
doing so is now well established. Indeed, under the hypothesis of convergence of the han-
dled series of multiple integrals issuing from the operators products, Kirillov and Smirnov
showed this property in the Sine-Gordon case in [2e,21]. Their method readily applies to
the Sinh-Gordon case. Hence, convergence is the only remaining problem so as to set this
construction of quantum field theories on rigorous grounds.

3.1. The well-poised series expansion for two-point functions

First of all, by translation invariance, it is enough to focus on (01 (x)0,(0)). Recall
that, at least in principle, this quantity is a generalised function and should thus be under-
stood, in the first place, as the formal integral kernel of the distribution (0;0,). For d €
€x (R?), provided convergence holds, one has

1
i02)ld] = | dxd(ofor0x) = 3 4] (32)
n>0
with
ap _
(01,02) — (o1) (02) 2 im[t cosh(B,)—x sinh(B4)]
sl = [ L E e )M B0 [ xd(x)al"ll{e )
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It is a direct consequence of the kernel reduction axiom (v) and of Lorentz invariance (iv)
that
<« ) <«
M (B 0) = 5,0 (B + iney) = ™2 7,00 (B ). (3.3)

This identity, along with the growth bounds in each S, of the form factors %, 7,0 (B,,), ensures
the well definiteness of the n-fold integrals since the space-time integral over x produces
a decay in each f, that is faster than any exponential e**fa, %(B,) — +oo. By virtue
of the Morera theorem, this rapid decay at infinity along with the holomorphy properties
of the integrands allow one to deform, simultaneously for each integration variable B,
a =1,...,n, the integration curves to R + iZsgn(x) when x is space-like and, when x
is time-like, to y(R) where y(u) = u + iv*(u), where 9 is smooth, || < 7 /4, and such that
there exists M > 0 large enough and 0 < & < /2 so that #(u) = —sgn(¢)sgn(u)e when
|u| > M. This operation turns the §,, integrals into absolutely convergent ones irrespectively
of the presence of d(x). In particular, for the space-like regime, one gets that

¢ ) — on(®) 2 5 (1) 7 (02) (g - Cosh(ﬂa
10102 e"x/dxd(x)/ (27[)” n01 (B,)F, 02 (Bn )1_[ mr

a=1

in which r = v/x2 —¢2, tanh(¢) = ¢/x while
n(x) = inso, + (i5sgn(x) + ¥)(so, + so,).

Hence, provided convergence holds, one has the well-defined in the usual sense of numbers
representation for the two-point function

{o1(x)02(0)) —e"mzn' / (zjr)nf,,@l)(ﬂ )70 (B, )]‘[e—mrwsh(ﬂa> (3.4)

3.2. Convergence of series representation for two-point functions
Thus, the well-definiteness of the two-point functions boils down to providing an
appropriate upper bound for the below class of N-fold integrals for »x > 0,
N

N
Zn(x) = /R VB [T et [THe 2 b sy [pigP] 8x) K [P 1B w).

a#b a=1
3.5)

The two-body potential w is defined through the relation F(1)F(—1) = e®?),

Theorem 3.1 ([23]). Assume that there exist C1, Cy, and k € N such that given s € {1, 2},

N
P By 1ew)| = €Y - [Te% forany by e (0.7, (3.6)

a=1

uniformly in N. Then, it holds

_ 372bb - N2 1

The proof of this theorem was the goal of the author’s work [23]. The proof relies on
Riemann—Hilbert problem techniques for inverting singular integral operators of truncated-
Wiener-Hopf type along with the Deift—Zhou nonlinear steepest descent method [12, 13],

4108 K. K. KOZLOWSKI



concentration of measure, and large deviation techniques which were developed for dealing
with certain S-ensembles multiple integrals [7,9,28], and some generalizations thereof to the
case of N-dependent integrands in N -dimensional integrals as it was developed in [8].

4. THE PROOF OF THE CONVERGENCE OF THE FORM FACTOR SERIES
In this section we shall describe the main steps of the proof. The details can be found
in Proposition 3.1 of [23].

4.1. An simpler upper bound
The starting point consists in obtaining a structurally simpler upper bound on Z  (x)
when x > 0.

Proposition 4.1. There exists C > 0 such that
|Zn ()| = (C-In NN - maxpefony] Zv.p (2)] @1
where 2N, p(x) = [gn-p AN PA [p, dl’vZ)N p(AN—p.vp) whose integrand is expressed as

4
onpAN—p.vp) = [[{e7""0} H{e Vwha)y

a=1

N_
x H{ewN(vab)} . 1_[ {ewN(lab)} . ﬁ l_[p{ewtm;zv(va—kb)}_ 4.2)
a=1 p=1

a<b a<b

Above, we have used the N -dependent functions
VN(A) = xcosh(zyA), wy(A) =w(tnd), wiesn(A) = Wity d), (4.3)

with ty = In N and

Wior(A) = W(A) + Vazp,0+(A)  Withvgy(A) = ln(

sinh(A + ic) sinh(A — iot)) @.4)

sinh(A + in) sinh(A — in)

4.2. Energetic bounds
Proposition 4.2. The partition function 2y, () admits the upper bound

Znp(x) < exp{—NZinf{SN,%[,u, v] (e, v) € MER) x MI(R)} + O(Nr%,)}, 4.5)
in which the control is uniform in p € [0; N, and where
1
Bl v] = N{f / Py + -0 | VN(s)dMs)}
(1 f)z

_C / wi (s — u)dv(s)dv(a) — / wi (s — u)dpu(s)da )

= 101=) [ W s = 00,

One may obtain such an upper bound within the standard approach to establishing
large deviation bounds for N -fold integrals as pioneered in [7], adjoined to the local regular-
ization of the empirical distribution of the integration variables proposed in [28], and some
fine bounds due to the N-dependence of the integrand which were also considered in [8].
The details can be found in Lemmata 4.2—4.3 of [23].
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4.3. Characterization of the minimizer and a lower-bound minimizer

The upper bound established in Proposition 4.2 does not allow one to conclude
directly on the convergence of the series. Indeed, even if one could prove that the infimum
in (4.5) gives a strictly positive number, the N -dependence of the energy functional could
make the infimum N -dependent and, in principle, the latter could give rise to a behaviour in
N which, when multiplied by the N 2 prefactor, could turn out to be subdominant with respect
to the corrections O(N rj%,). Hence, the longest part of the proof is devoted to obtaining some
sharp and explicit lower bound for the infimum which can then be computed in closed form
so that one may explicitly check that the above scenario does hold.

For that purpose, one starts by showing

Proposition 4.3. For 0 <t < 1 En, admits a unique minimizer (Méff 2 , ve(év ’t)) on

MI(R) x MI(R). Similarly, En o and &y,1 admit unique minimizers on M1 (R).

This is established by showing that, for 0 < ¢ < 1, &y, is lower semicontinuous
and strictly convex on M (R) x M!(R), has compact level sets, is not identically +oo, and
is bounded from below. In principle, this result could be already enough to obtain sharp
in N estimates for En [Min”), véﬂv ’t)]. Indeed, by relying on the analogous to the case of
B-ensembles variational characterization of the minimizers and showing that these are actu-
ally Lebesgue continuous with compact connected supports, one may establish a system of
two-coupled singular linear integral equations of truncated Wiener—Hopf type depending
on the large-parameter N. These may be analyzed within the method developed by Krein’s
school after generalizing the work [29] and solving the 4 x 4 associated Riemann—Hilbert
problem in the large- N regime by the Deift—Zhou nonlinear steepest descent method [12,13].
However, these steps would definitely lead to an extremely cumbersome and long clamber,
especially taken the minimal amount of information one needs, in the end, from such han-
dlings. Therefore, it is more convenient to reduce the numbers of minimizers which ought
to be thoroughly determined by providing a lower bound for &y [y,éf}’ ’t), ve(c],v 2 ] whose esti-
mation would demand less effort while still leading to the desired result.

A direct calculation shows that one has a simpler representation for &y in terms

of functionals only acting on one copy of a space of bounded measures:

Enslu,v] = Z 81(\7)[0,(11)] with o' = 1v + (1 —1)p, (4.6)
v==%

in which 81(v+) is a functional on M (R) while 81(\,_) is a functional on Mgl_l) (R), the space
of signed, bounded, measures on R of total mass 2¢ — 1. These take the form

e\ o] = %/VN(S) do(s) — % /mﬁ)(s —u) - do(s) do (u), 4.7
gy o] = —% /m;)(s —1)-do(s) do(u). (4.8)

The two-body interactions appearing above involve w and vy, introduced in (3.5) and (4.4)

wh () = w) + %UZJTB,O+ (u),

w%)(u) = II)(:E)(TNM) with 4.9)

w () = —%U2nb,0+ (u).
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By going to Fourier space, one observes that

2 sinh(bA) - sinh(7bA) - 4.10)
Asinh(5 1) - '

€] = /d)k|?7 ol
where % [o](A) stands for the Fourier transform of the signed measure o. Thus,

B [0 009) = €[ 4 (1] = EPEY). @

I3 1(v+)

In the last line, we have used that is lower-continuous, has compact level sets, is strictly

convex on M!(R), bounded from below, and not identically 400, so as to ensure the exis-

tence of a unique minimizer thereof: 81(\,+) [ae(év )] inf{81(v+) [0] : 0 € M'(R)}.

4.4. Singular integral equation characterization of the minimizer o, ( )

By using the variational characterization of the minimizer, see e.g., [11] for an expo-
sition in the B-ensemble case, one reduces the construction of oe(év ) to finding a solution to
a singular integral equation on the Sobolev space H([ay; by]) driven by the operator

b

SnIp)(E) = ][ " (@) [rx & — )] - dnd. 4.12)

N

Indeed, upon introducing the effective potential subordinate to a function ¢ € Hs([ay;bn]),

by
Vivanlgl) = Vv (€) — f WPy (& = m]- $Gndn. 4.13)

one may formulate

Proposition 4.4. Letay < by and Qéév) € Hy(Jan;bn]), 1/2 <5 < 1, solve

1
Voo Va0 = Snleg”]0n) onlan:bal, (4.14)
be subject to the conditions
by
@O0 forgelanibnl [ @@ =1 @.15)
an

and

Vet 08 ](€) > inf{Vyer[ @] () : n € R} forany & e R\ [an:bn].  (4.16)

(V)

Then, the equilibrium measure ocq ° is supported on the segment [ay; by] and continuous

in respect to Lebesgue’s measure wzth density Q( )

oM (&) = V(bx —§)E —an) hn () with hy € € (lan:bn])). (4.17)

The above proposition thus provides one with the following strategy for determining

. Moreover, the density takes the form

the equilibrium measure. One starts by solving the singular integral equation (4.14) for any
endpoints a; and by . The inversion should be carried out in an appropriate functional space
which is dictated by the local structure (4.17) of the equilibrium measure’s density, as can
be inferred from an analysis of the systems of loop equations associated with the probability
measure on R naturally subordinate to the energy functional & 1(\,+). The fact that Sy should
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be inverted on H([ay; bn]), 0 < s < 1, imposes a constraint on ay and by. A second
constraint is obtained from the fact that the equilibrium measure has unit mass (4.15). This
is still not enough so as to be sure that the solution constructed in this way provides one with
the equilibrium measure. For that to happen, one still needs to verify that the two positivity
constraints (4.15)—(4.16) are fulfilled. The realization of such a program demands to have
a thorough control on the inversion of $p. The latter may be reached within the scheme
developed in [29], by solving an auxiliary 2 x 2 Riemann—Hilbert problem.

4.5. The Riemann-Hilbert based inversion of the operator
In the following, we adopt the shorthand notations
ay =tyan, by =tnby, Xy = tn(by —an). (4.18)
Consider the Riemann—Hilbert problem for a 2 x 2 matrix function y € M>(O(C \ R)):
 x has continuous £-boundary values on R;

* there exist constant matrices x4 with )( 75 0 such that when A — oo,

iAX N
—S) € 1 i1)2°3
Pra () ( -1 0 ) i 3)712

671263
x (I + 52 + 222 1 0(A7%)-0(), A eHT,

x(A) = s
Pry(X) - ( —01 3 e ) -(ik)%(”

1

x (I + 52 + 222 1 0(A7%)-0), AeH,
in which the matrix Q takes the form

1)
0 X - MM @y (D)
A) = 12 with q; = _ :
o ( G g+ A ) a1 = O 212 — 212) - !

o x+(A) = G4(A) - x—(A) for A € R where

ei)LYN 0
GX(A) = ( l . R(A) _e—i}.fN

sinh(rbA) - sinh(bA) - sinh(5 1) '

with R() = 2
coshz(%k)

Here s, = sgn(%A), O(A) stands for the ring of holomorphic functions on A, while the
O remainder appearing in matrix equalities should be understood entrywise. Moreover, we
point out that the matrix Q appearing in the asymptotic expansion for y is chosen such that
x has the large-A behavior

1) = 50 - (Finro, xem®, (4.19)

with )((To/of () bounded at oco.
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The Deift—Zhou nonlinear steepest descent method [12,13] allows one to reduce the
above Riemann—Hilbert problem into one that is uniquely solvable by the singular integral
equation method of [6], provided that N is large enough and by — ay > ¢ > 0 uniformly
inN.

The solution y then provides one with a full description of the inverse of S .

Proposition 4.5. Let 0 < s < 1. The operator Sy : Hs([ay;bn]) — Hs(R) is continuous

and invertible on its image:

b d
Z®R) = {H cH®): [ e

More specifically, one has the left and right inverse relations

Wy oSy =id oan([aN;bN]) and Sy o Wy[H|(§) = H() a.e. onlan;by]

= 0}. (4.20)

forany H € X5(R). The operator Wy : X5(R) — Hg([an;bn]) is given, whenever it makes
sense, as an encased oscillatorily convergent Riemann integral transform

2 _
walH]E) = X /R a /R I mien A E=a (1, e PN F[H) (e o),

+2ie’ 24 JR4ie 217 “21)
where &' > 0 is small enough. The integral kernel
1
WA, p) = m{% “x1nA)xz2(n) — X11(M)X12(A)} (4.22)

is expressed in terms of the entries of the matrix y.

These pieces of information, along with the explicit, uniform on C, large-N expan-
sion of the solution y to the above Riemann—Hilbert problem and several technical estimates
which allow one to check that (4.15)—(4.16) hold, allow one to formulate

Theorem 4.6. Let N > Ny with Ny large enough. Then the unique minimizer oéév ) of the
Sfunctional & 1(v+) introduced in (4.7) is absolutely continuous in respect to the Lebesgue mea-
sure with density nglv) and is supported on the segment [an; by]. The endpoints are the
unique solutions to the equations

(bn)2ebn

ay +by =0 and ¥ - t(2bn) - {1 4+ O((by)3e 2V A=)y = 1,

forany 1 > ¢ > 0, and the remainder is smooth and differentiable in by . Above, one has
_2¢ T(b,b)
32n)3  bbHD

while, upon using the constants wy introduced below in (4.24),

_ 6 wiws3 1
t(Xy) = ——=32+w, —wy — o~ 14+0[=—). (4.23)
(XN)2 (1953 XN—+00 XN
In particular, by is uniformly away from zero and admits the large-N expansion
— Inln N
by =InN —2InlnN —Ind + O ).
In N
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Finally, the density lev) of the equilibrium measure is expressed in terms of the
integral transform of the potential lev) = Wn[Vyl/(Ntw).

In the statement of the theorem, we made use of the coefficients wy arising in the

1—ibA,1—ibA, 1 —i2 3 (i)
r ) 2 =Z( 13) 2 o).
ibA,ibA, 1% = AT

A — 0 expansion below
p2ibA f2ibA 5id

i,\—7F2
A3bbelrxn

+i
2

N= N|—=
(ST NP

—i

(4.24)

4.6. Estimation of the minimum
(N)

The closed-form expression for oy ° in terms of the solution y to the above Rie-
mann—Hilbert problem and the close relation between the two-body interaction in the poten-
tial and the S operator’s kernel allow one to exploit the system of jumps for y so as to recast
81(v+) [ae(év ) ] only in terms of N, by, and x evaluated at special points:

2.2by

81(v+) [Uéév)] = % cosh(bn) + };;T{X%z(i) + 2[x12@ x5 O — x11 D1 O]}

xebn

4N
Once that one arrives to the above closed expression, it is a matter of direct calculations which

{1+ e + 0, (0)[2x11G) + ix12()] — 2x21:-(0) x12(D) }.-

build on the uniform on C large-N asymptotic expansion for y provided by the nonlinear
steepest descent so as to infer the large-N asymptotics
Proposition 4.7. One has the large-N asymptotic behavior

3m4bbi, 974bb {1 21
4(bn )02t (2by)  8(bn)*t2(2bN)

SUCUE

g |+ o)

(4.25)

bn s

where t is as introduced in Theorem 4.6 and we have rescaled the wy variables:

_ _ 1
wy = 2bNW1,  wy = 2(bN)2Wa, withibg = 1 + O(E—) as N — +oo. (4.26)
N

Together with Propositions 4.2—4.3 and the lower bound in (4.11), the above theorem
yields Theorem 3.1.

5. CONCLUSION

In this paper we reviewed the bootstrap program approach to the rigorous construc-
tion of 1+1-dimensional integrable quantum field theories arising as appropriate quantiza-
tions of integrable classical evolution equations of 1+1-dimensional field theory. This was
done on the example of the Sinh-Gordon quantum field theory which is the simplest and
nontrivial instance of such model. The approach starts by proposing an appropriate Hilbert
space on which such a model is realized. Then, it produces the form of the S-matrix which
governs the scattering in such a case. This S-matrix arises as a solution of certain symmetry
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constrains on the scattering in a relativistically-invariant theory along with the requirement
of the factorizability of scattering into a concatenation of two-particle processes. Then, the
quantum fields, which are operator-valued distributions on functions of the space-time vari-
ables, are constructed as integral operators whose integral kernels satisfy a set of equations,
the bootstrap program axioms (i)—(v), which should be taken as the basic axioms of the
theory. These axiomatic equations strongly depend on the form of the S-matrix for the given
theory. It turns out that the bootstrap program equations can be solved explicitly with the
help of the algebraic setting provided by the quantum integrability of the model and, in par-
ticular, the Yang—Baxter equation satisfied by the S-matrix. Once one ends up with the set of
explicit solutions to (i)—(v), it remains to check the consistency of the whole construction, in
particular, that the so-constructed quantum fields do form an algebra and that they commute
at space-like separations. The latter requirement is crucial for guaranteeing the causality of
the so-constructed theory and thus it being viable as a per se quantum field theory. To check
these last steps of the construction, one must show that the series of multiple integrals result-
ing from the integral operator’s multiplications do converge. This was a long standing open
question in this field and its solution [23], in the simplest case scenario, was discussed by the
author in the last section of this paper.

There are still numerous open questions related to these topic: first of all, to imple-
ment the method of [23], for establishing the convergence of form factor expansions for the
time-like separated two-point functions as well as the multipoint correlation functions in all
possible regimes of separation between the operators. These questions definitely seem to
be manageable within a finite time. Further, one would like to extend the methods of prov-
ing the convergence to more challenging but also more physically relevant models such as
the 1+1-dimensional integrable Sine-Gordon quantum field theory. There, the multitude of
asymptotic particles, along with the presence of bound states and equal mass asymptotic
particles, will definitely be a challenging, but hopefully surmountable task.

Last but not least, one should provide a thorough description of the correlation
functions in the infrared limit, viz. when the Minkowski separation between the operator
approaches zero. In the case of the two-point function given in (3.4) that would correspond
to extracting the r — 0 limit.
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